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Ha ¢isurosi-meopemury aesxcumsv 6i0nosidasvricmsd 3a
YWUCTNOTY A0INHUL WAATIE No6Ydoeu meopii y 6opomvbi

3 NPOYBIMAUVUM HEHOMEHON0TUHUM NIOTOIOM,

3 AUTLOMAHKOBUM HCOHSNIOBAHHAM PIBUNHUMU NOHAMMAMY,
3 BUCYULAUBOIO MABMOA0RIEI BE3ZMICTNOBHUL POPMANIZMIE,
3 20MOUUHOUIAMY, WO NOPOIAHCYIOMBCA HEPEAAICTNUNHUMY
2inome3amu.

Loic. 3atiman, 1979.

IlepeamoBa

VBazi Huraua IponoHyeEMO KypC, sIKUHl aBTOP UYWTA€ B OCIHHBOMY
cemectpi crygentam III kypcy dizmuanoro dakymasrery JIbBiBCHKOTO
VHIBEpCUTETY, IO CIeliai3yoThCs Ha Kadeapl TeopeTuvHol hi3uku.

DakTUIHO TIeHl Kypc € BCTYIIOM [0 CreriaJjilamii 3 Teopil cucrem
faraThOX B3AE€MOJIIOUMX JACTHHOK. VIOr0 MOXKHA PO3IJISATH SIK TIep-
11 3HaH#OMCTBO 3 METOJAMU CTATUCTUYHOI MexaHikn. CKjagHicTh 1mo-
JISITAE B TOMY, IO CTYIeHTH oo 3akingusu 11 kypc i 1me ve ciryxain
JIEKTTi# Hi 31 cTATUCTUYIHO! (DI3UKM T3 TEPMOJUHAMIKY, Hi 3 KBAHTOBOI
MexXaHIKu. 3 yBaru Ha I1e¢ BUKJIAJ MaTepialy TPOBOJAMMO TakK, 100 #o-
T0 MOIVIM PO3YMITH CTYIEHTH, siKi MalOTh 3HAHHS B 00Cs3] 3arajpHOTO
KypCy MeXaHiKu, MOJIEKY/IapHOI (i3mku Ta Hadmpocrimi Bigomocti 3
aToMHOI Ta KBaHTOBOI MexaHiku. [le Tako)k MO3HAYM/IOCH 1 HA CIIUC-
Ky PeKOMeHI0BaHOl JiTeparypu. Opurinajbsi cTaTTi Ta MOHOTpadil
BUMAaraloTh 3HAHHS CTATUCTAYHOI Ta KBAHTOBOI MeXaHIKW, TOMY HE
O0TSIXKYIOUM TIefl CIUCOK, MU Bigibpasu Jinime KjacuaHi poboTu i Ti,
siki 0e311ocepeIHhO CTOCYIOThCS TeMu Harmol KHKK#. llogaemo Ta-
KOX CTaTTi 3 eKCIIEPUMEHTAJIbHUMU BUMIPIOBAHHAMU, 3 STKUX B3SITO
irocTpaTUBHUN MaTepias Ta YuUCIOBl JaHI JUIsi KOMII'IOTEPHUX pPO3-
paxyHKiB. Pazom 3 TmM aBTOp HaMaraBCsd CTPOTO 3 TEPINUX ITPUHIH-
TIiB OTPUMATHU HU3KY BAKJIWBUX 1 JAJIEKO HETPUBIAJLHUX PE3Y/IHTATIB
KJIACMYHOI 1 KBAHTOBOI Teopiit 6araTo9acTUHKOBUX CHCTEM, sIKi HE Ha-
BOJSTHCA B PAMKAX YHIBEPCHTETCHKOI MPOTPAMU KyPCy TEOPETHIHOL
dizuknu, a megdki 3 Hux oTpmMmaHi TyT Buepiie. [Ipu npomy gemomHc-
TPYEMO JiesiKi mareMarudni “xurponii'ra “rproku'3 apcenasy, siKkum
TIOBUHEH BOJIOJITH KOXKEH (DI3UK-TEOPETHUK 1 sIKi CTAX0Th Y TPUTOII T
9ac pO3B’SI3yBaHHS PI3HUX 33/1ad.



Jesiki BUHOCKY Ta BCTABKYW HABEIEHI B KHIXKIT MOXJINBO ¥ HE Ma-
IOTh, Ha TEPINUil TOTJISII, TPSIMOTO CTOCYHKY J0 TpobJieM, 110 BUBYA-
IOThCS, ajle TOTMOMOXKYTH UWTadeBi Jiermie mepeiTH yCTuil YaCTOKiJI
dopmyir.

Maro mpuemumit 0608’ 130K BucaoBuTy noasky T. Kymiesi, A. Po-
BEHYAKOBI, SKi MPOYNTAIN PYKOIUC Ii€] KHUKKHU 1 3pOOM/IN KOPUCHI
3ayBaxkenHsi, B. Murasiesi, O. Kuirininekomy, B. Tkauykosi 3a o6ro-
BOPEHHS Ta JOMOMOTY y MiATOTOBII KHIXKKHU 10 ApyKYy, a O. KikTesiit
3a KOMII'FOTEpHUH HabIp.

Kamxkka po3paxoBaHa Ha CTYIAEHTIB, sIKi TPUCTYIAIOTH JO BUBYEH-
Hs Teopii cucreM H6araTbOX TiJI, BOHA TAKOXK Oye KOpUCHA i acmipan-
TaM Ta MOJIOAVM yUIEHUM.

Ilsan Baxapuyx
JIbBiB, uepBenn, 1999.



FTABA I

BCTVII

§ 1. OcHoBHi MOHATTS

CrarucTuyHa MexXaHiKa MOSICHIOE BJIACTUBOCTI (DI3UYIHUX CUCTEM,
IO CKJIAJAIOThCA 3 6araThbox YacTHHOK. BoHa /ae 3MOTY yCTaHOBUTH
3B’130K MiX (DI3UIHUMEU 3aKOHAMHU MIiKPO- Ta MaKPOCBITY 3a IOTIOMO-
TOI0 TAKOTO TIOHATTS SIK IMOBIDHICTH peaJii3aliii KOKHOrO i3 CTaHiB, B
SIKOMY MOXK€ 3HAXOJUTHUCh HAraTOvYacTUHKOBA CHUCTEMA Ta PO3PAXYH-
Ky cepeHixX 3HaueHb ¢iznununx Beauund. Came 11l cepeIHi 3HAYEHHS,
K MaKPOCKOIIIYHI BEJIMUNHA ¥ CIIOCTEPITAIOTHCA B JOCIIiTaX.

Mu 6ymemo BuBYaTH (bi3WUHI BJACTUBOCTI MAKPOCKOMIYHUX CHUC-
TEM, BUXOASIYN 3 TEPIIONPUHITAITHUX PIBHIHb PYyXy I CYKYITHOC-
Tl 9aCTWHOK: y KJACUIHOMY BWIIQJIKy — I€¢ piBHsHHA HpIOTOHA, & y
KBaHTOBOMY — piBHsiHHs [aiizenbepra g omeparopa iMIIyJibCy.

Ilounemo HaIm po3TIAN 3 HedKWX O3HAYEHb, HAraJyBaHHS Bi0-
MOCTEHl 3 TEOPETHYHOI MEXaHIKW 1 MOJEKY/ISIpHOl (pizuku Ta JOMOB-
JeHoCTeH 1Moo mo3nadeHb. OTxke, poariisHeMO cucteMy N OIHAKO-
BUX YACTWHOK, MAaCH 1M, 10 PyXaloThcst B [D-BuMmipHOMY TIpoCcTOpi 006-
MexxeHoMy ob’emom Bestmamau V. Hac OymyTh 1ikaBuTu BJIaCTHBOCTL
CHCTEeMM K TaKOl, a He Ti, IO 3yMOBJIEHI HASBHICTIO IOBEPXHI, AKa
0bMexye 001aCTh, Je PO3TAITOBaHI YacTuHKU. ToMy Hexait 06/1acThb, B
sIKift pyXaroThCs 9acTUHKHU, Ma€ ¢opmy D-BumipHoro Kyba 3 pedbpom
L,V = LP. B ocrarounux po3paxyHKaX PO3BOJMMO MexKi 06acTi Ha
6e3MeXHICTh, OTHOYACHO 301IBITYEMO 1 KiTBKICTh YACTUHOK TakK, 00
36eperTu mocTiitHoW0 X cepenmio rycruny p = N/V | a came:

V—-00, N—o00, p=N/V =const.
I1s omepariis BizjoMa SIK TepMOJUHAMITHUN T'PDAHUIHUN ITEPEXi.

ITonoxeHHS YaCTUHKM 3 HOMEPOM j y BUOpaHiil JeKapTOBiit
CuCTeMi KOODAMHAT BU3HAYA€ PaJlyC-BEKTOP I; 3 KOMIOHEHTAMMU
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(', 22, ..., 2P). Cyxynnicrs koopmuHaT r1, ..., Iy BU3HAYAE TPOC-

TOpOBY KOHMIr'ypalifo 9acTWHOK y nesikuit momeHT uacy ¢. Hexait
Py = Pn(r1, ..., ry) dYHKIIS, K8 BU3HAYAE TYCTUHY IMOBIpHOCTI
peastizarii Takoi kKou(iryparii. I[Ipugomy cyma imoBipHOCTE peastiza-
il 6yIb-9IKOT 3 MOXKJIUBUX KOHMITypalliit TOPiBHIOE OJUHUIL:

/.../PN(rl, .., TN)dry, ..., dry = 1.

o piBHiCTH HA3WMBAIOTH YMOBOIO HOpMYyBaHHS it GyHKIUT Py. Tyt
iHTerpyBaHHS 32 KOOPJWHATAMEU YACTUHOK BiIOYBAETHCSI MO YCHOMY

ob6’emy V:
L/2 L/2 L/2
/drj:/ dx;./ da;?.../ dxf
—L/2 —L/2 —L/2

®izuyni BJIACTUBOCTI 3aMKHEHOI KOHCEPBATUBHOI CUCTEMU JaCTH-
HOK OYEBUJIHO HE 3aJI€XKATh BiJ| TOTO, B fKiif TOUIl IPOCTOPY BUOpaTH
mMoYaTOK KoopAauHaT. OTXKe, KO MEPEHECTH TMOYATOK KOOPAUHAT Ha
JesIKUil OBIIBHUY CTajuil BEKTOP a, TO pyHKIls po3moiay Py mo-
BUHHA 3a10BOJIbHATU YMOBY:

Py(ri +a,ro4a, ..., ry+a)=Py(ry, ..., ry).

VY cucremi HEB3aEMOIIOUNX YACTUHOK, ab0 K KaXKyTh, B i/1€aJb-
Hilf cucTeMi, TIOJIOXKEHHS Oy/Ib-sKOI 3 HUX € PIBHONMOBIpHUMHU — BH-
JIlJIEHNX TOYOK TpocTopy He icaye. Tomy st ieabHUX YaCTUHOK

Py(ry, ..., ry) = const.

A 3 yMOBM HOPMYBAHHSI MaEMO

const /.../drl, o, dry =1

constVN = 1.

abo

OTke, 1710 HEB3AEMOIIOUNX IACTHHOK

PN(I‘l, I‘N) = >~ -



IloBua enepris F cucreMu OJIHAKOBMX YACTHHOK, IO OIUCYETHCS
3aKOHAMHU KJIACHIHOI MEXaHIKM, CKJIAJAEThCA 3 CyMU 1X KIHETHIHOI Ta
TIOTEHITIaJIGHOI eHeprii:

E=K+o.
Kinernuna eneprist
N p2
K= —L
jz; 2m’

Jie iMImysIbe j-oif 9aCTMHKH pj = MVj, a MBUJKICTE V; = Tj. Kpamn-
KOO HAJ[ BEJIMYMHOI0 IIO3HAYAEMO IIOXIJHY 32 9acoM (Ie HO3HAYEeHHS
BBiB me Hetoron). [ToreHniasbpraa eHepris 3a/1€KUTh Bif IPOCTOPOBOT
KoH(DIrypairii 4aCTHHOK:

<I>:<I>(r1, ey I‘N).

Oyukiis [aminerona, To6TO enepris F, 1o 3amncana depe3 Ko-
OPJAVHATH Ta KAHOHIYHO CIPSXKEHI JIO HUX IMITYJIBCH

N
H:Z——I—Cb(rl, ceey TN).

fx BimOMO 3 MOJEKYJAPHOI (DI3WUKU, MBUIAKOCTI YaCTHHOK CHUC-
TEeMHU, IO 3HAXOAUThCS TpU CcTadiit Temmnepatypi 1', posmomiieHi 3a
3akoHOM Maxcesia:

—mv?
w(vj) — Ce mv]/ZT’
NpUYOMY TeMIepaTypy 6epeMo B eHepreTuIHuX OJUHUISTX, TOOTO I

T vu pozymiemo kT, ne kp — crana Boabnmana, a T’ — BUMiprOeMO
B rpajaycax Keaseira. Cramy C 3HaAX0AMMO 3 YMOBU HOPMYBAaHHS

/w(Vj)de =1,

abo . . N
1 2 D —mv2/2T
/ dv; / dvy ... / dvy Ce i = 1,



1 D

J€ KOMIIOHEHTH IIBHIKOCTI ¥ N 3MIHIOIOTHCA HA BCiM mificHii

‘ . T
ocl. Ockiipku

a iHTerpaJt
Caa? T
e dx =/ —,
a
—0o0

TO 3 YMOBM HOPMYBaHHS MAa€MO

il
clhvVZ=| =1
m

Omxe, posmomis Makcsesia

m \D/2 2
wvi) = (g7) ™

Pozmonis 3a mBUAKOCTIME 11 CYKYTHOCTI N 9aCTUHOK BU3HAIAEMO
K J00YTOK:

N
w(vi,...,VN) = H w(v;),
j=1

abo
m

w(vy,...,VN) = (ﬁ)

BBememMo MOHATTS CepeHbOro 3HAYeHHsT (PI3UYHOI BEJIMIMHU, AKe
Oy/1eMO0 [IO3HAYATH JIAMAHUMU JyXKKaMu (.. .), ab0 PUCKOI HaJ BUpa-

N
e~ et mv?/QT'

30M (...). Hampukia, cepejHe 3HAUEHHS MIBUIKOCTI

(vj) = /w(vj)vjdvj =0

— inTerpas Bijx HermapHO! (DYHKIH] y CUMETPUYHNX MeXKaX JIOPiBHIOE
HyJsteBi. A cepejiHe 3HAYEHHST KBAIPATA IIBUIKOCTI

10



= ()" () [ e
- o) () s

TYT BBEJEHO TUMYACOBe IPOMiKHe no3Hadenust a = m/27T. Orxe,
T
<v]2> =D—.
m

Tenep Mu MOXkeMO 3HaWTH cepesHE 3HAYEHHST MOBHOI KiHETHYIHOI
eHeprii cucremu:

N VJQ N m
(K) Q=25
Jj=1 Jj=1
Nom T ND
=2 30n==3T

1

J

g TpuBuMipHOl cuctemu D = 3 cepeHsa KiHETWYIHA €HEprid B PO3-
PaxyHKY Ha OJHY YaCTHHKY

— nobpe BiioMUil pe3yabTaT.
CepeHe 3HAUYEHHS TOTEHITIAIBHOI €Hepril BU3HAYAEMO 33 JOIIOMO-
roro dyHKIii po3noaity Py:

(I)>:/.../PN(I'l,...,I‘N)(I)(I‘l,...,I‘N)dl‘l,...,dI'N.

11



Buyrpimnusg enepris F cucremu KiacuaHUX 9acTUHOK (TOOTO THX, M0
MIIKOPSIOTHCS 32KOHAM KJIACWYIHOI MEXaHIKM) € CyMOI0 CepeJHIX 3Ha~
YeHb KiHETWYHOI T3 MOTEHITaIbHOI €Hepriii:

B = (K) + (@),

abo 5

Came 119 BeJIMYMHA BXOIUTDH JIO MEPIIOTO 3aKOHY TEPMOJUHAMIKY:
dE =TdS — PdV,

TyT S — enrpormis, P — Tuck.
BibHOIO €HEpTi€io CHCTeMH Ha3WBAIOTH BEJUUHHY

F=F TS,

dF = —SdT — PdV.

3BiJICH BU3HAYAEMO €HTPOIIIO

oF
S(ﬁQV

or
£-ror(Gr),

1 MU OTPUMYEMO BaKJINBE CIIiBBLIHOIIEHHS:

Temep

0
E=2(3F
ne obepreHa Temmeparypa [ = 1/7T. 3uaoun Benmmumunm F Ta F
MOXKHa 3HafiTi piBHsAHHA crany P = — (0F/0V),, TemmoeMuicTh

Cy = (OF/0T),, ra inmi repmopuramivyni dyHKIil MaKPOCKOIIYHOT
CHUCTEMH.

i maswBaOTH TAKOXK BLILHOW eHeprieo IeJbMroIbIa.

12



®izuygHi BiracTUBOCTI cucTeMu 0araTb0X YaACTUHOK MOXKHE BUBYATH
33, JOTTOMOTOI0 PO3B’sI3Ky CHUCTEeMU PiBHAHBL pyxy HbroTOHA:

mi‘j:—Vj@, j=1, 2,...,N.

KinekicTs piBHgHB 1€l cucreMu jgopiBuioe DN . 3a J0IOMOIo0 KOM-
MIOTEPIB TOCTATHBOI TOTYXKHOCTI MOXKHA, PO3B’A3aTH TaKy CHUCTEMY
piBHSHB s DI3UIHUX CUCTEM, YUCI0 YACTUHOK SKuX N JIOpiBHIOE
BiJ KIJIBKOX JECATKIB J0 TUCAYl. 3BUYARHO HOKJIaIa0Th N = 2M, e
M = 5+ 10. Iaa Takoro 3uauenns umcjga N Bxke mgobpe cmocrepi-
raf0Th CTATUCTUYHI 3aKOHOMIPHOCTI. 3HA0YM KOODPIAWHATHU T4 IIBUJI-
KOCT1 9aCTHHOK y OyIb-sKuii MOMEHT dYacy ¢, MOXKHA pPO3PaxOByBa-
TH TEPMOIUHAMIUHI (PYHKITT MaKpPOCKOMITHOI PIBHOBAaXKHOI CHCTEMU
3 JOCTATHBOIO TOYHICTIO, IPUIOMY TEMIIEPATYPY BU3HAYUAIOTH UTEPE3
CepenHE 3HAYCHHS KBaJpaTa IMBAIKOCTI YaCcTHHKH: 1 = m(v?) /D.
Taxwnit mpsiMmuit Tiaxig Mae HA3BY METOHYy MOJIEKYJISIPHOI IWHAMIKH
(MD-wmerog).

Tammit migxin, sigmomwmit sik meron Monte-Kapno (MC-meron),
TPYHTYETHCS HA MOAeoBaHHI (DyHKINT po3moaiay Py.

O6uBa 11l MAX0AU MAIOTh BayK/IMBE 3HAYEHHH B TEOPETHYHIN ]i-
3uri. X04a I1i METOAX ¥ MAIOTh JedKi OOMEXKEHHS I0I0 3aCTOCYBaH-
He, IX PO3IVISIAIOThH K KOMIT IOTEPHI €KCIIEPUMEHTH, 3 Pe3yIbTaTaMu
KX TIOPIBHIOIOTH aHAJITUYHI PO3paXyHKM 06AaraTbox 3a7ad, a TaKOXK
MIPOBOASATH AIIPO0AIIii0 PI3HUX HAOIMYKEHNX IIiIXO/IB, SIKi PO3BUBAIOTh
B Teopil 6araToYaCTUHKOBUX CUCTEM.

B ocHOBY Hammx J0CTiIXKEHb BIACTUBOCTEN MaKPOCKOIIIYHUX CHUC-
TEeM MU ITOKJIaJeMO BUBUYEHHS 1X 33 JOIIOMOT'OI0 MiKPOCKOIIIYHUX PiB-
HAHDb PyXy g QJIOKTyaIlilf IyCTUHA 9aCTAHOK.

§ 2. ®roKTyanil ryCTUHN 9aCTHHOK

IlenTpanbay PO/Ib B yCHOMY HAINOMY TOAJIBIIOMY BUKJIAJ1 Bifi-
TpaBaTUMe TMOHATTS JOKAJIBHOI TYCTUHU YaCTHHOK Ta 11 durokTyaryi.
VY 3B’SI3Ky 3 UM YBEIEMO JI0 PO3IJISIAY I'YCTUHY YaCTUHOK n(r) y TOU-
i r 3a momomorom d-dyrkiil Jipaka:

N
n(r) =Y &(r—r;).
j=1
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Il BetmamHa HOPMOBaHA TaK, IO IHTErPaJI Bij HEl IO yChoMy 006’emy
V' 1ae moBHE YKCJI0 YACTHUHOK:

N
/ dr—Z/ér—r] :21 N,
Jj=1

CcepeJHE 3HaUYEeHHA I'yCTUHU

1 N
:V/n(r)drzvzp

VBememo Terep QIIIOKTYAIi0 TYCTHHA YaCTUHOK, TOOTO BiIXuIeH-
Hs n(r) BiJ CEPeIHBOTO 3HAUEHHS:

An(r) = n(r) - {n(r)).

Pozkitagemo i1 six dyukuio r y psag @yp’e:

1 .
== N
% zk: k

Any = /An(r)eikrdr.

Tyt xBuasoBuit Bektop k = (27ny/L, 2nng/L, ..., 2nnp/L), ne
ni, no, ..., np =0, £1, £2, .... IlizcymoByBaHHS 38 XBUJILOBUM
BekTOpOM k o3Hauae Take:

ZZZ

ni=—00 np=—00

IIpn TepMmommHAMiYHOMY TPAHWYHOMY IIepexoji, Koo V — 00, Cy-
MU 3aMIiHIOEMO iHTerpaJiaMu 3rigHo 3 ¢popmystoio Eitnepa-Makopena
(dus. @uxrenrossn I'. M. Kypc mudepenimansHoro u uaTerpajisHO-
ro ucuncuenusi. T. II. M.: Hayka, 1970. C. 540-544):

S = [ f@yde = 5l5(x) = FO)+ 57 ()~ £ 0)
n=0

14



By, — k-re uncao Bepuynni (By = 1/6, By = 1/30, ...). Leit psaz,

B3arajii KaXkKy4u, € aCUMITOTUIHUM. ¥ HAIOMY BUAJKY

Z:/dnl.../dnpz— dk' ... — | dkP = D/dk,
- 27 27 (2m)

—0o0 —0o0 —0o0 — 0o
ne k' =2mny/L,... kD = 27np/L — KOMIIOHEHTH XBUJILOBOTO BEK-

Topa. Kpim TOro, mMu 3ajuimaemMo Jjuine mepmmnii Beayduil JTOMaHOK
npu V — 00: HACTynHui IOJAHOK 1 J0gaHKW 3 4ducjiamu Beprysuil
MalOTh, ¥ MOPIBHSIHHI 3 mepmuM, Hopsaok 1/V 1 maioTh 3HEKa9e
MaJInii BHECOK.

O6uuciumo koedinient Pyp’e dirrokTyarii rycrunm:

Any = /e_ikr{n(r)—%}dr

j=1
N .
= Z/e_lkré(r—r])dr— —/e_Zkrdr
j=1
N -
= Zefzkr] _V(Sk,Ov
j=1

e

1 . 0, k+#0,
ko= /e’krdr = 7
Vv 1, k=0.

— cumBott Kporekepa. Lle sierko mokazaru. Crpasi, [jist OJHOTO BU-
Mipy (HAIPUKJIAT, Y3I0BXK ) el iHTerpas T0PiBHIOE

L2 L2
1 . 1 )
z / ezk;lgcdx — z / ezQTrnla:/Ldl_
~L/2 ~L/2
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emrnl _ e—mrnl 0’ ni 75 0’

2imny 1, ni=

Orxe,

abo

Anyg =
N .
S ek k £0.
j=1

Hanani mu 3aBxkan Oymemo Bugiiary wienn 3 k = 0 1 posrigmgara X
okpemo. A remep mexait k # () i 03HAYNMO HOBY BEIMUWHY Pk TaKUM
CIiBBIJHOIIIEHHSIM:

Any = \/Npk

1 oTxKe,
1 N
—ikr;
= — e i, k#0.
i \/N].Z:l . K7

Came 11 BeTMUMHA, KA € CIEMiaIhHO HOPMOBAHUM KOE(DiIieHTOM
®yp’e PuroKTYyaIil ryCTHHE YaCTUHOK CUCTEMH, ¥ Oyje BimirpaBaru
TOJIOBHY POJIb B HAINWUX JOCTIXKEHHAX. BOHA CHMETpUYIHMM YHHOM
3aJI€KUTH Bl KOOPAMHAT YCIX YACTHHOK 1 11 MOXKHA PO3TVIIIATH IK
3MiHHY, 0 ONHUCYE CUCTEMY B Iijiomy. ToMy BeJndmHy py Ha3UBa-
FOTh KOJIEKTUBHOIO 3MiHHOI0. Crocib ommcy cucreMu, KOJIU 3aMiCTh
IHIWBiAya/IbHUX 3MIHHWX Iq,...,TN BUOPATH BEJWYWHY pk, HA3WBa-
FOTh METOJOM KOJIEKTUBHUX 3MIHHUX. ¥ 3B’3KYy 3 UM TOTPIOHO 3p0-
OuTu JeKisbKa 3ayBakeHb. llo-miepime, BeindnHa pi € KOMILIEKCHOTO.
Omxe, 3vinauME € JificHa i ysaBHa 11 yactuau. [lo-npyre, He BCi BO-
HY € HEe3aJIe)KHUMH, OCKIJTbKW Ma€ CHUIy CHiBBIIHONIEHHS pp = p_k.
Haperrri, mepexis Big inauBigyaabaux 3MIiHHUX I, ..., N 10 KOJIEK-
TUBHUX 3MIHHUX Pk HE € TAKUM IIPOCTUM, OCKIJIbKM KiJIBKICTH 1H/IU-
BiyaspHuX 3MiHHUX AopiBHIOE N D, a KUJIBKICTH BEIUYIUH pk € 0e3-
MEXHOI0, TOMY IO KiJbKICTh MOXKJWBUX 3HAYEHb KOMIIOHEHT XBU-
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JIBOBOTO BekTOpa k € 6e3mexknorw. OrTxke, cepell 3MIiHHUX pi € 3aii-
Bi. Tomy ommc cucrem 3a JIOTIOMOTOIO BEJINYWH Py 1HKOJIM HA3WBAIOTh
“mMeTomoM 3aiBrx 3MiHHEX'". Y KBaHTOBi#i MeXaHilll BUHHKAE IIE OI-
Ha, TPYJAHICTb 3yMOBJIEHA THM, 10 XBUJILOBI (QyHKIII GaraTodepmion-
HUX CUCTEM € aHTUCUMETPUIHUMHU BiTHOCHO IEPECTAHOBKY KOOPIWHAT
YaCTWHOK I'1,...,ry. OTXe, X HEMOXIMBO 300pa3uTn depe3 3MiHHI
pk- e MmoxkuBO 3pobutu jumie st 6araro0030HHUX CUCTEM, XBU-
JIbOBI (DYHKINI IKUX € CAMETPUYHUMY BiTHOCHO TTEPECTAHOBKU KOOP-
JNUHAT 9aCTUHKYU. MeTo ] KOJeKTUBHUX 3MIHHUX OYB PO3BUHYTHI IIIE ¥
1950-x poxax [1-4] 2.

Mu yHUKHEMO 1uX TpobJieM THM, 1110 He OyAeMO PO3IVISIaTH BeJIH-
9WHU Pk B 9KOCTI He3a/IeKHUX 3MiHHWX. Hac BOHU IIKABUTUMYTH K
disnuni Besmunan — durokTyanii ryctuan 9acTuHOK. Mu mpamroBa-
TUMEMO 3 IHIWBIAyaILHUMU KOODAWHATAMYM YaCTUHOK SK 3 He3aJIexXK-
HUMU 3MiHHUMY, & Y KBAHTOBOMY BUIIQJIKy OOMEXWUMOCH, 38 JEeIKIMEI
BUHSTKAMM, BUBUEHHSIM CHCTEM, IO CKJIAIAI0THCS 3 003e-JaCTUHOK.

§ 3. IlorenmiajbEa eHEpPrig cUCTEMN 6AaraThOX YaCTHHOK

s Toro, o6 TpomeMOHCTPYBaTH eheKTUBHICTL BUBUEHHS (Di-
BUYHAX BJIACTUBOCTEH 33 JOTOMOTOI0 BEIMYUHU Pk PO3IVISHEMO II0-
TEeHI[aJIbHY eHeprito 6ararogacTuHKOBOI cucremu ¢ = ¢(rq, ..., ry).
[IpunycTumo, 110 BOHA CKJIAIa€THCS 13 CyMHU IIOTIAPHUX B3aEMO/III Mixk
YJaCTUHKaMMU:

1 N N
o= Y @) =50 > @ri ).

1<i<j<N i=1 j=1
(i#7)

Mu, xpim Toro, npunyckaemo, mo dyukuia P (r) 3amekuTs e Bif
BificTaHl MiX JBOMa JaCTMHKAMU, TOOTO, IO BOHA 3AJIEXKUTH BiJl MO-

Q.HiTepaTypa 3 Teopil KOJIEKTUBHUX 3MIHHUX € HaJ3BHYAfHO YUC/IEHHOK. B
2KOTHOMY Pa3i He cTaBisau cobi 38 METy OXOmWTH il BCIO (MeTa HAIOI KHUKKH €
iHIIOI0), MW HABOJMMO TYT JIAIIE Ti JEKiNIbKa MPallb, B SKUX 3aKJIAJEHO OCHOBH
IBOTO METOLY JOCTiIKEHHS KJIACUYHUX 1| KBAHTOBUX CHUCTEM 0araTbOoX YaCTUHOK.

Besmmkunit BHECOK Yy PO3BUTOK TeOpii KOJIEKTUBHUX 3MIHHUX Ta IX 3aCTOCYBAHHS
0 pisHux Gizuunux mpobiseMm 3pobuB Bimomuit ykpaiucekuit ¢isuk 1. P. FOxHoB-
CBKWIi, IKUI MPAIioOBaB y el 9ac Ha Kadenapi Teopernyanoi ¢isuku JIbBIBCHKOrO
yHiBepcurery i ouosoBas ii y 1958-1970 pokax
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JlyJIst BEKTOpa ' = I; — Ij 1 OTKe:
O(|ri —rj|) = 2(r), r=|rl.

Dynkuia P(r) € NOTEHIIAJBLHOI €Heprielo B3aeMOJil MiXK JBOMA
9aCTHHKAMU, YaCTO 11 HA3WBAIOTH IIPOCTO ITOTEHINAJJI0OM B3aeMO/Iii abo
IPOCTO IMOTEHIHAIOM (XO4a MOTEHI[aJ Ma€ iHITy pO3MIpHICTB, HiX
eneprisg). Mu Takoxk OyIeMO JOTPUMYBATUCH IMX MOXKE He 30BCIM
TOYHUX HA3B, ajie BOHM yBilnum y dizudauit Gossk/op i He BUKJIN-
KalOTh HEOPO3yMiHb.

Mix HeATpaJbHEMK aTOMaM{ I[IOTEHITAJ Ha BEJIUKHX BiacTa-
HAX Mae XapakTep mpuTaTamEa ~ 1/r%. Ile Tax 3Bame Bam-7ep-
BAAJIbCIBChKE NIPUTATAHHS, MEXaHI3M SIKOT'O JA€ JINIIEe KBAHTOBA MEXa-
HiKa 9K B3a€MOJII0 MiXK BIPTYaJbHUMU €JeKTPUYHUMU TUNOJBHUMU
MoMeHTamu aToMiB. Bau-zep-BaasibciBeskuit xsict norenniany $(r) e
OPUYIUHOIO TOTO, III0 ATOMU PiIVHYN 3HAXOAATHCS y 3B’A3aHOMY CTaHI 3
JIESIKOIO0 DIBHOBAXKHOIO I'yCTUHOIO p. MixXK IHINMM, $IBUIIE CKJICIOBAHHSA
CIPUYWHIOIOTh TaKOXK cuian Ban-nep-Baasbca.

Ha masmmx BifcTaHSX IMOTEHINAT IHTEHCHBHO 3POCTA€ BHACJIIOK
[EPEeKPUBAHHS aTOMHUX 000/10HOK. lle mepekpuBaHHs 1a€ CKJIaIHUI
XapaKTep 3aJIeXXHOCTI MOTeHIiay Bif BifgcTaHl 7, sSKe TacToO MOje-
JIFOIOTH €KCIIOHEHI[IaIbHOI0 3aJIEXKHICTIO ~ exp(—r/a), me a — “mia~
Merp"aroMa BeJIMYMHONO B JIeKiJbKa aHTcrpem. Takuit xapakrep Biji-
IITOBXYBAHHS BiJIONBa€ 3a/IeXKHICTh BiJl BiJICTaHe! XBUIBOBUX (DYHK-
[iif, M0 ONUCYIOTh paJiiajbHUI PO3IOJLJ €JIEKTPOHIB B aromax. Ta-
Ky BIIIITOBXYBaJbHY YaCTHHY IIOTEHIaTy HA3WBAIOTH IOTEHITIAJIOM
Bopua-Maiiepa.

YacTo BiAMTOBXYBaJIbHY YACTHHY IIOTEHIATY MOJETIOITH 3a-
JIEXKHICTIO ~ 1/7™ 3 BeJIMKUM CTEeleHeM N, siKa Hi3BIJKK He BUILIUBAE.
Haitgacrimre mpuiimMators n = 12, 1 1oma049n 10 TAKOTO IOTEHINAJLY
BIIITOBXyBaHHS Il BaH-IEP-BAAJbCIBCHKE MPUTATAHHS, OTPUMYEMO
3HaMeHuTH# noreniiaa Jleanapma-lxkomHca

wo-1e[(2)- ()]

3 TIMOWHOIO MOTEHINAJBHOL SIMU £, Y TOUI I = a2/6. 1le#t norenmi-
aJl TaBHO 1 3 yCHIXOM €eKCILIYyaTyIOTh y PI3HOMaHITHHX 3aJadaxX Teo-
pil 6araToYacTMHKOBUX CUCTeM. [HOAI pe3yibTaTé PO3PaXyHKIB CITO-
CTEPEeXKyBAHUX BEJIMYMH IOJAI0OTH 3 OararbMa 3HaYymuMu udpamu
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1 CKJIaQ[Ia€THhCH BPaKEHHs, 10 aBTOPH IWX JOC/IKEHb (heTuimm3y-
0Th TToTeHmiaT Jlerrapaa-JIkonca i Bxke 3a0yBaioTh, IO BiH € JIUIIIE
rpy0OOr0 MOJIEJITIO TPSIMOI B3a€MO/Iil TBOX HeWTpaJbHUX aromis. s
NPUKJIAAY Ha puC. 1 300parkeHO MOTEHIaJ] B3aEMOJIl MiXK aroMaMu
reJio.

Puc. 1. Enepris B3aemozii mixx aromamu He: morenmiasn Jlemmapma-/IxoHca 3
mapamerpamu € = —10.22 K, a = 2.556 A.

Pozkiagemo dyukuito ¢(r) y psg @ype:
1 ikr
O(r) = v Z e,
k
1e xoedimierT Pyp’e eneprii mapHOI B3AEMOJIIl MiXK JaCTHHKAMMU

Vg = /e_iqu)(r)dr.
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Ilepeitgemo B mpomy Bupasi 10 chepuIHUX KOOPAWHAT:

o] 27 T
/dr = /TQdT/dgo/sinOdG,
0 0 0

iHTerpyBaHHS 33 T BiOyBa€ThCI B H€3MEKHUX MEXKAX, OCKIIbKH, K
MU JIOMOBJISIACH, 06’eM V' — 0o, Bukopucraemo toit dakr, mo P(r)
3aJIeKUTh Bifg Momysid r i g koedinienra Pyp’e orpumaemo:

0 T 27
v = /TQCD(r)dr/eik"cosesinOdH/dcp
0 0 0

= (#ige 3amina : x = cos@)

I
o

1
r2®(r)dr2m / etkredy
“1

ezkr o e—zkr

drr’d(r)2
rred(r)2m .

I
o — g

4
drr®(r) k_: sin kr.

I
o —

OcTtaTogHo
oo

4
v = %/r@(r) sin kr dr.
0

Ax 6aanmo,
Vk =V =V, k=K

i orxke, koedirienT @yp’e mapHOT B3AEMO/Iil TAKOXK BaAJIEKUTH JIUIIIE
BiJT MOyt XBHJIBOBOTO BeKTOpa K.
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IIpsame neperBopenns @yp’e npu cripsimoByBanHi 06’emy V' 10 6€3-
MEXXHOCT1 Y TEpMOJIWHAMIYHIY TPaHUI A€

O(r) = (271r)3 /Vkeikrdk.

OckinbKu vy, 3a/1€KUTh Bif Momysist K, TO B mibOMY iHTErpaJsii 3pydHO
nepeiTu 10 chepUIHUX KOOPAWHAT y IPOCTOPI XBUJILOBOI'O BEKTODA
k i BukoHaTV iHTErPyBaHHS 33 KyTaMM, TaK K MU IOHHO 3POOUJIH:

1

o2y

®(r)

/ kv, sin krdk.
0

IloBepreMOCH 10 TOBHOI TTOTEHIIIAILHOI €HEpTil

ARG |
- - = ik(r;—r;)
o = 522 VZykeL ri—T;
i=1 j=1 k
i#]j
1 N
- k(r;—r;) _E
= Gy Z Z =2 1y
k i=1 j=1 7j=1

Mu Ty npocro pomasnu i BigHsm wieHu 3 ¢ = j. Buginumo temep
JOIaHOK 3 k = 0:

1 N N N
P = SV Z1><Z1—Z1
=1 =1 J=1
1 N N
ikr; k
+ Wzyk Ze‘ereZ” N
k#0 i=1 7j=1
1 1
= —u(N*-~N)+_—N x—1).
QVVO( )+ 5V IZ;OVk(PkP k—1)
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Tyt Mu CKOPUCTATNCH O3HAUEHHAM BeIWIWHU pk. OCTATOYHO TOBHA
TIOTEHI[IaJIbHA €HEepTisl CHCTEMU

NN—I
¢ = ( V0+Z Ve(prp—x — 1)

k;éo
Ockinbkn
Pk = Pk
TO
PkP—k = PkPk = |Pk|2
Tomy

N(N —1)
b = (2 VO—I—Z ve(|px)? — 1).
k;éO

Mu orpumaju BaxK/JWBWI PE3y/IbTaT: MOTEHINaJbHA eHepria Oa-
raTOYaCTUHKOBOI CHUCTEMH € KBaPATUIHO (DYHKINE KoedimieHTiB
®yp’e drOKTYyaliil JOKAIBHOI TYyCTHHU YaCTUHOK. T00TO 3a/1€KHICTD
P Biz pk € TAKOIO XK AK 1 3JIEXKHICTD TOTEHITIATFHOI €HEPTil TapMOHIY-
HOTO OCITMJIATOpA BiJl KoopAamHaTH. BiKe 3Bincu MOXKHA CIONIBATHCH,
10 KOJIMBAHHSI TYCTUHU YaCTWHOK, NMPWHANMHI B TOJIOBHOMY HaOJ/IH-
xkenHi, € rapmoniaaumu. [le i € ogHi€r0 3 epeBar BUBYEHHS CHCTEM
6araTh0X YACTHHOK 3a JOITOMOTOI0 KOJEKTUBHUX KoopauHaT. OCKiihb-
KU TeOPid TAPMOHIYHOTO OCITUIITOPA, 9K KJIACHIHOTO, TaK i KBAHTOBO-
ro, 700pe PO3BUHYTA, TO HEOOXITHO JINIIE BAAJIO IepedOPMY/IIOBATH 11
pe3yJIbTaTy Ha HAIl BUNA0K (y 1boMy Bes mpobsemal). AHrapMoHizm
WX KOJINBaHb TAKOXK MOXKHA BPaXyBaTH, BUKOPUCTOBYIOUN HaO/IMKe-
HI METOJIX 3 TEOPil AaHIAPMOHIYHOTO OCIUJISTOPA.

Ha 3aBeprienns 1p0ro maparpada obuucanmo xoedimiear Pyp’e
norenmiaay FOkaBu:

2
O(r) = Z—eef’” .
r
IIpu » = 0 oTprMaeMo eHepTifo KyJIOHIBCHKOI B3AEMO/Il 3apsIiB ¢ =
Ze ta g2 = e. Maewmo:

4 T 4 T
v, = %Ze2/ew sinkr dr = %262 Im/ewelkrdr
0
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Ocrarouno
vV —
IIpu 3 = 0 3maxogumo koediriert Pyp’e IId KYIOHIBCHKOTO ITO-
TEHTTiaJTy

Am 7 e?
vV — 7

Hesaxxko nepekoHaTrcCh, 1m0 Take 3aadeHHs Koedimienra @yp’e y nps-
MOMY IIEPETBOPEHH] CIIPaBJl Jla€ KYJIOHIBCHKUY IIOTEHIIAJI:

1 7 4dre? |
q)(?") = ﬁ/k? sin kr dk
0

24 % 2
e” 2 sinz e
= _— dw:—’
T T T
0

x = kr, a inrerpas popisuioe 7/2.
Jna norenmiany FOxkaBu npsame neperBopenns @yp’e mae:

1 [ 4nZe?
o(r) / "7 ksinkr dk
0

~ on?r k2 4 5
Ze? /oo ksin kr Ze2 d /°° etkr i
= = —— e —_—
T oo k2 + 22 r dr R e

= (3a TEOpEeMOI0 IIPO JIAIIKN)
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§ 4. Kimernuna eneprig 6araT09acTUHKOBOI CUCTEMU

Pozrigmemo Tenuep KiHeTI/ILIHy eHepriIo cucremu N OJHaKOBHUX YacC-
THUHOK

SIKYy MOXKHA 3aIMCATH 1 9epe3 IMIyIbCH JaCTHHOK

p2
E —J, pj = mv; = mr;.

[IpuBabmBOIO € CIIpoba 3aINCATH KiHETUIHY €HEPrilo 4epe3 y3araJib-
HEHI IMBUIKOCTL Pk, IKi BUBHATAEMO 3 BEJTUINH

LN
_ Z ik

6epyq1/1 HOXi,Z[Hy 3a 9aCOM:

(—ikr;) e kT

Mz

]=1

Opnax o6epHyTrH IO PIBHICTH i 3ammcaTy MBUIKICTH V; Yepe3 py Ha-
BiTh y BUIUIsl OE3MEXKHOI'O PsLy € Jy>Ke He 1pocTa 3ajada. Tomy
TOYHO 300pa3uTy noBHY dyHKHi0 [amisisroHa.

H=K+9,

qepe3 BEJIMYUHU Pk Ta Pk HEMOXKJIUBO.

OnHak copoOyeMo BKa3aTH OIMH 3 MOXKJIMBHX IIJXOMIB J0 Ii€l
3aJ1adi i 3HakIeM0 O6oail HabIMXKEeHO BUpa3 KIHETUYIHOI eHepril yepe3
Pk-

Posrngremo Beamuuny

S T o = > B prpie
2 2 -
k#0 k#0
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sIKa, MA€ BUTVISZ CYMU KIHETWYHUX €HEepTiit “gacTwHOK'"3 HeBimoMmMm
MacaMu My 33 yCiMa MOXKJINBUMU 3HAYEHHSIMU XBUJIHOBOTO BEKTODA.
IlincTaBuMo gBHUI BUpa3 BEIUUUHU P!

N N
Z %‘pk‘Q _ Z my 1 Z Z kv;)(kv))e —ik(rj—ry)

k#£0 k#£0 y=1 =1

<3 T Stk 2t
k0 = j=11=1
G#D)

Mu okpeMO BUIIIUIN JOJAHOK 3 j = [. Y mepIioMy J0JaHKYy BUHW-
Ka€ MOXKJIMBICTD TJICYMyBaTH 33 HAIPAMKAMU XBIJILOBOTO BeKTOpa kK,
OCKIJIBKY Maca My 3aJIeKUTh 33 HAIINM IPUIYIIeHHAM JINIIe Bl MO-
nyutst k. J1jist KOHKPETHOCT] PO3IVISHRMO TPUBUMIpHU# Bunagok D = 3
1y TepMOMHAMIYHIN MexXKi

Z my(kv;)? V /dkmk(ij)Q.

m V—>c>o (27T)

[Tepeiigemo B inTerpasi mo cepuunux koopauuar (k, 6, ¢), Bubupa-
I0YM BICh 2 y3JIOBXK BEKTOpPa Vj:

w

V-0
k

o0 27 sy
z:mk(kvj)2 = (2‘;) /dek/dgp/siné do mkkgv? cos® 6
0 0 0

kgdk

= (3amina x = cos )

d(p mik?v 2/ z2dx

k2dk dgp myk>v; 2—
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o0 27 T mkaUz
k2dk/d<p/sm9d9 3 J

0

2
= V[ e
(2m)3 3 7

Omxke oTpuUMy€EMO, 1110

Tenep maemo

E:'?;ka| =~ 3N : vj
k#0 k#0 j=1
1 N N
- —ik(rj—r;)
D NI
k#Oy 1l 1

Sadikcyemo Terep mMacy my:
mpk® = m, my, :m/kQ.
3BaxKarYu Ha, Te, MO KITHKICTh HE3AJEKHUX 3MIHHUX Py TIPU TIEPEXOT
T T N  h (RTIE ¥ BRI o Y

nopisaioe 3N (y mac D = 3), a orxke, Kigbkicts “norpibaux'upu
TaKOMY Tepexo/i 3uadens k mopisaioe 3NV:

leBN.

k£0
Y pe3ysbTaTi MaeMo
N 2
mr,. 2 mv;
> Sl = 3 5*

k£0 j=1
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N N
1 (ij)(le) —ik(r;—r
a2 2 m e M.
kA0 j=1 1=1
(G#D

Ko mpunycTuTH, M0 APYTUN JOJAHOK A€ MaJli BHeCKH y hizuvHi
XapaKTEPUCTUKM CUCTEMH BHACJIIOK TOTO, O BIH Mae€, Ha BIAMIHY BifT
MIEPIIOro, B¥XKe MBOYACTUHKOBUI XapakTep, TO HAOJIMKEHO KiHETHIHY
€HEepPrio MOXKHA 300pa3uTH TaK:

m..,
K= Z W\Pk\Q-
k0

Omxke, mOBHUI raMiIBTOHIAH CUCTeMU 0AraThOX YACTUHOK HADIUKEHO
MOKHA 300pa3uTH sIK TAMIJIBTOHIAH CYKYITHOCTI TAPMOHITHUX OCIIHIISI-
TOPIB.
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' TABA II
KJIACNYHI CUCTEMN

§ 5. Pirganrnsg pyxy ang koedimiertis Pyp’e
dmokTyanii ryctuan

Buxongaun 3 iHTYITHBHUX MIpKyBaHb, MH OYIKy€MO, IO Y PiBHO-
BAXXHOMY CTaHi 1 1032 KPUTUYHUMU TOUYKAMU (DJIIOKTYaIl TyCTUHA
YaCTUHOK y piawHi, € He3HauyHuMU. A0, K KaxKyTb, (PIFOKTYyAIll €
HEPO3BUHEHWMH 1 MOXKHA, CIIOIIBATHCH, IO XapaKTep KOJUBAHD I'YCTH-
HU YaCTUHOK Maiike rapMmoniunwmit. HeminittHicTs durrokTyariit urre
“3abapsiiroe 0bepTOHAME OCHOBHI TapMOHIKA. 3PO3yMLIO, IO I Mip-
KYBaHHS BTPAYaiOTh CUIY, IKIIO (BJIIOKTYAIll € CUIFHOPO3BUHEHUMH,
K HANPWKJIAI, B OKOJII KPUTHIHOI TOUYKH ab0 TPHU TypOYyEHTHOMY
pyci pizmau. Hami criomiBansas miacuiiroe TakoXK Te, IO MOTEHIa/ b
Ha eHeprid 6araTOYacCTHHKOBOI CUCTEMU € KBAJIPATHIHOIO POPMOIO 33
BEIMIMHAMU Pk, & KIHETUIHA €HEPTid B JeIKOMY HaOJIMKEHHI TaKOXK
€ KBaJIPATUIHOI0 (DOPMOIO 33 y3araJibHEHUMH IIBUIKOCTAME Pk. OT-
2Ke, PLIWHI MU 31CTaBJISEMO SK 11 MOJIEIb CYKYITHICTh MaiixKe JIHITHIX
ocrimyisiTopiB. YacToTu KOJMBaHb T'YCTUHW Ta CEPEIHI KBaIPATHUIHI
durroKTyallil € CrocTepeKyBajbHUMY BeJIMUMHAMU. TOMy HAIuM 3a-
BJIQHHSIM € PO3PAaXYHOK ITUX BEJIUYWH, BUXOAIIN BXKe He 3 “MipKyBaHb
Ha, TaJblax", a 3 MEePIIONPUHITUIHUX PIBHSIHD 1 3 KOHTPOJIHOBAHUMHI
HAOJ/TMKEHHSIMU.

Hamra mera — 3HaiiTu piBHSHHS PyXY U BEJIMIUH Pk, BAKOPUCTO-
Bytoun piBHsHHS HbioToHa 18t j-Toi wacTuaku'. Ofumncammo meprry
TIOXiTHY 3a 9acOM BiJl py:

N

1 .
e — —— S (—ikij)e kT,
o=z (i)

Jj=1

"Jurau moxe 3mepHyTHCH Takox 10 Monorpadii [1] (rrara 2) Ta [5] (C. 309-
314).
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ze
I"j =Vj
— MBUAKICTH j-TOl YacTuHKU. BizbMeMO JIpyry moximHy:
1 N
P —— {(—ikf‘j)e_’krj n (—ikfj)%—lkfj}.

N =

Buryanmo 3 115010 piBHSAHHS IPUCKOPEHHH I'j 33 JIOIOMOT'O0 DiBHAH-
g HproToHa

’ITLI'J == *Vj(I).

Temep maemo:

Z fzerZ kV Nie zkr] kVJ

J=1

[Mepeitmemo g0 obumciienHs rpajienTa moTeHIiajbHol eneprii . Oc-
Kinpku ¢ Mae mpocTuil BUpa3 depe3 BEJIMUUHU Py, 3PYUHIIIE IIyKaTH
neit TpaJieHT MIIIXoM Iu(EePeHIiIOBAHHS 33 HUMU:

od
Vvie=)" avqu’

a#0 "9

etar;

1 .
Vipq = \/—N(—ZQ) ,
Z —zqr 8(1)

q#O 9pa
Temep HaAra aeMo, 10
N(N —1) N
b=——- — _x — 1).
57 V0+ZVk2V(PkP k1)
k=0
OTxe,
0P N 9
— = V;—p_
Ipq aqyPma =
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MHOXXHWK 2 BUHUKA€E TYT TOMY, 10 XBUJIbOBUil BeKTOp K y BuUpasi
g ¢ mabysae sk HOAATHI, Tak i Bif €MHI 3HAUEHHS: OTYKe, ONWH pa3

k=qipk = pq, @ npyruit paz k = —q i p_x = pq- I patienT

V¢ = Z —iq) qu q€ .
q7#0

ITligcraBumo itoro y Bupas misa py:

N
1 —ikr; (kq) VN i
_—5:6 ]E ———Vgp—q€ Vi~
VNS ao ™V

Buginumo y cymi 3a q jgopanok, kou q + k = 0 okpemo, a miciist
IBOTO MOYKHA, CKOPUCTATUCH O3HAUYEHHAM Pk I OCTATOYHO 3aInCaTh
TaKe DIBHIHHS:

e (kv )2

Mz

]=1

B} N

e = —k kPRt E kQ)VqP aPk+q
q#0
q+k#0

e KT (kv;)?.

Mz

]=1

Ak 6aunmo, MU OTpUMAJIM CKJIajHe HejiHifiHe piBHsHHS. [0 TOTo XK
B HBOT'O BXOJATh, KPiM BeJIMUUHHU Pk, TAKOXK IMIBUIKOCTI YACTHHOK V.
st Toro, o6 TpOCYyHYTHUCH JaJli, 3aMiHUMO BEJIUIUHY (ij)2 ii ce-
PeHIM 3HAYEHHSIM, TOOTO BUKOHAEMO YCEPETHEHHS 38 IMBUIKOCTSIME
gacTuHOK. IIIBMAKOCTI, IK MM 3HAEMO, PO3IOJIiJIEHI 33 PO3IOIiIOM
MakcBesia. Bynemo BBa)kaTw, IO BHECOK y PIBHSIHHSI OCTAHHBOTO
JIO/IaHKA, 3BAXKAI0UM HA MAaKPOCKOIIIYHE YUCJ0 YaCTUHOK Y CHUCTEMI
(N — oc), maso Bigpisaarumerscs, sxmo (kv;)? saminuTy B HBOMY
Ha CepejiHE 3HAauUeHHs. PO3IISHEMO IIe CepeHE OKPEMO:

(kvj)?) = / w(v;)(kvj)2dv;

3/2 2
_ ) —mvZ /2T A2
/ Wi (%T) 7 (levy)”
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VBememo cdepudHi KOOPAWHATH y MPOCTOPI IMIBUIKOCTEHR 1 CIpsi-
MyeMo Bich z y3moBxk BekTopa k. Kpim Toro, injekc j MO)xHa 3HSTH,
OCKIJIbKY BiH HIMW7IA:

() = (7

OTxe,

m

)3/2 2k 3

. m
= (HpOMl}KHe IIOBHAQYEHHI | @ = ﬁ)

)3/2 i

)" e e () - L

2w T

32 .
) /Ude/dgo/sin 0 doe=" /2T |22 cos? ¢

0 0 0

o0

) 3/2 27T]€22 / ,U2,026—7m)2 /2Td1)
3

0

2 o2
<di> /e‘w2 dv
o

0

22

kji@ﬁ
do 2V «
2T

8

((ev;)?) =K

MoxkHa TigifiTH 10 IIHOTO Pe3Y/IbTATy 3 iIHMUX MipKyBaHb. Ilepen-
ycim ycepemuumo supas (kv;)? 3a Kyramu i nepermiemo #oro uepes
cepeHE 3HAYEHHS KIHETUYHOI €Heprii CUCTeMMu:

((kv;)?)

1 1. ,m{?) 2 2k2

—kP?) = kP —L 2 =22 (K)/N
s ) =3k =, = 3 Y
2k2 3 T

bty L

3m 2 m’

OCKIJTBKY CepeJIHE 3HAYEHHS KIHETUYHOI €HepTii 3 pO3PaXyHKY Ha OTHY
gacrurky (K)/N = 3T/2.
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Temnep nare piBHsHHST HaOYBa€ TAKOTO BUIVISIITY:

. T
P = —k*—uvppk — kK —pk
mV m

vIN
+ Z —— (kq)Vgp—qPx+q
mV
a#0
q+k#0

1 Y T
b —ikr; | (v )2 — kz_] _
\/N;e |:( V]) m

Ile piBHSHHS € TOYHMM: MU JOJAJIH i BiOHSIA TOMAHOK 3i cepeaHiM
snadennsm sesnanan (kv;)?. BuafiTu floro ToUHMI PO3B’AZ0K HEMOK-
JINBO, TOMY HEOOXiTHO PO3BUHYTH HAOJUKEHI METOJIH.

§ 6. T'apmonriuAe HAOIMKEHHS

Benmuuunu pi onucyoTs QIIOKTYyaIil TyCTHHA # MOXKHA CIIOJiBa-
THUCH, IO Y PIBHOBAaKHOMY CTaHI JIJII TAKUX CUCTEM SIK Ta3 UM PiIwHA
iX 3HaYEHHS 3Ie0LIBIIOr0 30cepeKeHi B oKoti HyId. TobTo pk € Ma-
JIIMU BeJINYMHAMU, a IX PO3HOALI OISt HyJIbOBOIO 3HAYEHHS MOXKHA 3
JIOCTATHBOIO TOYHICTIO BBaKaTH BUIIPAB/IAHUM.

SIKIIO0 CKOPHCTATHUCh MM MPUIYIIEHHAM 1 B TOYHOMY DiBHAHHI
PyXy IJsT px 3HEXTYBATH HEJIHIMHUMN JOJaHKAMU HPOIOPIiHIMA
710 TOOYTKY p—_qPk+q, @ TAKOXK 3HEXTYBATH (PIIOKTYaIli€I0 BEJIUINHHA
(kv;)?, To Mu oTpumaeMo BUpa3, MO 36ira€ThCS 3 PIBHSHHSAM DyXy
JII TADMOHIYHOTO OCITUIATOPA!

Pr + wipr = 0,

Jle 9acToTa

Omxe, B IbOMY HYJIHOBOMY HAOJVMKEHHI HaIllle PIBHSAHHS ONUCYE rap-
MoniuHi kosmmBaHHS Koedimiertis @yp’e dirrokTyariiit JoKaIBHOI TyC-
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TUHY YACTUHOK 3 HE3AJEKHUMN Xa0THIHUME (pa3amMu 11 PI3HUX 3HA-
YEeHb XBUJIHOBUX BeKTOpiB:2:

iwgt

P ~ ek

a
Px = W Pk-
ITe nabikeHHs: HA3UBAIOTHL HAO/IMKEHHAM BUNAaAKOBUX (260 Xa0Tmd-
uux) das. Hacro BxkuBaTh TepMin RPA-nabivkeHHs: Bij mepmx
gitep arraificbkkux ciis Random Phase Approximation.
Posriigremo cucremy HelTpasbHEX JaCTHHOK. CIPAMOBYEMO XBH-
JIbOBUit BeKTOp Kk 10 Hys1s1 1 mpuyckaemo, 1o

vy = / ®(R)dR
He JIOpiBHIOE HyJieBl. Y I[bOMY BHUIIQJKy 9acCTOTa
wr = ke,

ze
ey Ly N
m m v
OT:ke, 9aCTOTa JHIAHO 3aJ€KHATH BiJ MOIYJIA XBHJILOBOTO BEKTOPA
k, Tobro Ham Bupa3 Juid wj OLUUCYE 3BYKOBI KOJMBAHHS Yy CUCTEMI.
ITpuuomy BeqmumMHA ¢ € MBUAKICTIO 3BYKY.

IlikaBo mopiBHATH BUpa3 Mg €, IKUH MU OTPUMAJIN 3 IWHAMIT-
HUX PiBHSHB PYXY, 3 TUM, IO Ja€ TEPMOANHAMIKA. 33 O3HAUEHHSIM B
TEPMOJINHAMII KBaJIpaT IIBUIKOCTI 3BYKY

o 1dP
“Tm dp’

2 ABTop BBakae, WO yci 33,1341 y roI0BHOMY Hab/KeHH], 260 3a1adi, SKi Ma-
I0Th TOYHUM PO3B’SI30K MOXKHA 3BECTH [0 JIHIAHOIO rapMOHIYHOIO OCIIAJISATOPA
Ta KBaJApaTHOro piBHaHHA. IIpobseMa jmmie y BragyBaHHI a00 BIaJIoMy BHGODi
nisaxy 10 uporo. Came M MuCTEITBOM I 3afiMarOThCst (hi3MKU-TEOPETHKH.

A Bzarayi i xkurTd Ha 3emyd TAKOXK migKopene purMam. € pi3Hi TUM pUTMIB,
AKi 3MIHIOIOTh AKTHBHICTH YCBOI'O KWBOIO. TaK 3BaHWUI HUPKAJIAHHUN PUTM €
NPUYUHOIO HAIIOTO JUCKOMMOPTY IPU IepeseTi 3 OJHOr0 KOHTUHEHTY Ha iHIIWi
(Mx mpuxommMmo mo cebe Jmmie nech 33 ECATh OHIB), aje caMe HOMy JIIOIUHA
3aBSUy€ HOPMAJIFHOMY CTAHOBI B yMOBaX apKTUYHOrO JHs ab0 apKTUYIHOI HOGI.
[MupkaHya/ pHI pUTME IPOrPAMYIOTh 3UMOBY CIIJITYKY TBAPHH Ta CE30HHI Mirpariii
nraxiB. €, HATPUKJIIA, MBTOPATOAUHHIN PUTM, SIKUI BIIMBAE HA IIPOyKTUBHICTH
Hamoi ysBu Ta ¢daHTasil...
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e tuck P = —(0F/0V)p. 3annmemo piBHSIHHS CTaHy JUIsi HAIIOL
cucremu, T06T0 3anexuicts P = P(T,V) 3a JonoMorow Tax 3BaHOTO
BipiaJIbHOTO PO3KJIAAY BiJIOMOTO 3 KYypPCY MOJEKYJIApHOI (hi3uKu:

_N N _ —O(R)/T
P_VT{1+2V (1—e )R 4+ ...

KpaITKaMy TI03HAYEeHO JI0JaHKH MPOTIOPIIHHI 10 p? Ta BUIMX CTETeHiB

I'yCTUHHU.
- {1 o fa- e—<1><R>/T)dR}

Temep
1 oTXKe,
T T
A =—+p— /(1 — e 2B/TgR.
m m

SAkmo BBaKaTH nOTeHuiajbHY eHepriio ®(R) Majoi0 BEJMYMHOI
O(R)/T << 1, T0 PO3KJIaJ EKCIOHEHTU B DsiJ| JIA€

T T [®
02:——5—,0—/ (TR)dR
m

m

abo T
A~ + p@.
m m
Orxe, MU OTPUMAJIHN BHpPa3, IO 30Ira€Thbca 31 3HANEHNMH BUINE 3
piBHaHL pyXy. lle € 03HAKOI0 CaMOY3TOMKEHOCTI HAIIOI Teopii.
Posriigremo Temep crmcTeMy 3apsXKEeHUX YaCTUHOK — ILTa3My. Y

§3 mu 3uaiinLm koediient v, = 4me? /k?, e — zapsy vacrunku. s

YaCTOTH 3HAXOIIMO
[ T 4Amwe?N
W = k22— + .
m mV

IIpu k£ — 0 3HAXOUMO YACTOTY KOJWBAHL (DIIIOKTYAIllill TyCTHHY

dwe2 N
Wy = .

mV

g BemuuuHa BijjloMa B TeOpil m1a3Mu sk “9acToTa IUIa3MOBUX KOJIU-

BaHb'"ab0 JIeHI MIOpiBChKa JacToTas .

8 Ipeins Jlensmrop (1881-1957) — amepukancekuii bisuk i ximik, sxuit B 1929
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§ 7. Crpykrypruii ¢dakrTop

Ax mu bauwm y §3, mOTeHIIaTFHA €HEPTist CHCTeMU JaCTUHOK P
€ KBa/IpaTUvIHO0 (HOPMOIO 010 BejuuuH pk. Lle o3Hadae, mo cepe-
He 3HaveHHs (P) 3a/I€KUTH BiJl CEPeIHBOKBAIPATUIHOI (DIIFOKTYAIHT
(|pq|?). g Bemauma Ma€e Ha3By CTPYKTYPHOTO (hakTOpa

Sq = (lpal®)

i Biflirpae BaK/IUBY POJIb y TE€OPil CHCTEM B3a€MOII0UNX JaCTHUHOK.
CrpykTypHuit (hakTOp MOXKHA BUMIPIOBATH y JOCIIaX 3 PO3CisiH-
Hs1 BUnpoMinoBanus. Hexail, Hanpuk/am, Ha JOC/IIKyBaHy CUCTEMY
YaCTHHOK TAJIA€ Iy 90K PEHTT €HIBCHKUX TPOMEHIB 3 XBUJIbOBAM BEKTO-
pom k (k = 27/, A\ — moBxkuHa xBuwIi). AMIUTITY/ 18 1a/1al0901 XBIJIi B
TOUI, /16 3HAXOUTHCS j-Ta JACTHHKA Ma€ MHOKHUK €K' 3 aMILTiTy-
!/
JTa, XBUJI, IO PO3CisIach — MHOMKHEK e'K T k' — xBrbOBHIA BEKTOP
TiCI PO3CIAgHHS. 30CEpebMO yBary Ha MPYKHOMY PO3CISTHHI, KOJIN
k' = k, ro6ro nosxkuma xBu He 3MiHIOeTHCs. OTXKE, y TOUKY CIIOCTE-
PEXKEHHST XBUJIS MOTPAILISIE 3 aMILITYI010, JOMHOXKEHOI0 Ha (DaKTOP
€U eq=k —k, q # 0, sIKuif BpaxoBye JOJATKOBY Pi3HUIF0 ¢as.
IToBHa ammIiTy1a TOPIBHIOE CyMi 3a yciMa JacTHHKAMU. KMo B3ATH
KBaJpaT i1 MOJyJIsl, TO OTPUMAEMO 1HTEHCUBHICTEH PO3CITHOI XBUJI

N
I~ ) e,
j=1

Orxe, Mu 6a9nMO, IO IHTEHCUBHICTEH | TPOMOPIHHA, 10 | pq|2. ko
el BUpa3 yCEPEIHUTH 3a yCiMa MOXKJIUBUMU KOHMITYpaIlisIMu, TO

=18,

ge IV — jesikuit MHOMKHMK IIPOMOPIHIHOCT.
st Toro, mob 3’sicyBaTy #OTO 3MICT, OOYUCIMMO CTPYKTYPHWUIA
daKTOp I HEB3AEMOMIIOUNX JYaCTHHOK. Maemo:

1
S0 = Apal) = g [rs oo [ draloal

POIIi MepmIvii yBIiB MOHSITTS IJIa3MU 1 IUIA3MOBUX KOJIMBAHb, jiaypeatr HobemBebkol
npewmii 3 ximii 1932 poky 3a BiIKPUTTS Ta JTOCTiIKEHHS B XiMil IOBEDXHEBUX ABHIIL.
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= NLVN/drl /drNZZeiq(””)

i=1 j=1

1 N N N
- a(ri—r;)
b KRR RV D SRS 9D DL

j=1 =1 j=1
i#]

1 )

= N {N VN + N(N - 1)VN2/dr1 /ererfz)}
N-—-1
= 1+ T(V5q70)2 =1.
Ocrannst piBHICTH BUILIMBAE 3 TOrO, 1m0 q # 0.
Orxe, g igeansHOro Taszy S, = 1 i iHTeHciBHiCTH po3cisHHS

I = I° Tobro muoxkuuk [° € iHTeHCHBHICTIO PO3CITHHS BHIPOMI-

HIOBAHHSI Ha CUCTEMi HEB3aEMOII0UNX JYaCTUHOK. CTpyKTypHUii bak-

TOp S; eKCIIepIMEHTAJILHO BU3HAYAEMO SIK BiJIHOIIEHHS IHTEHCUBHOCTI

PO3CIdHHA BUIIPOMIHIOBAHHYA Ha CUCTEM1 9aCTWHOK JO 1HTEHCUBHOCTIL

PO3CIIHHS HA TaKil Xe CHUCTeMI, ajie HeB3aEMOII0UNX JACTUHOK.
JloB:K1HA XBUWJIHOBOTO BEKTOPA PO3CITHHA

g = |k —k=VE2—2Kk+k2=Fk2(1—cos0)

0
= 2ksin — = — sin —,

2 A 2

ne kyT poscigaaa 0 = k'k. Orxe, npu 3a1amiit 10BKuHI XBII \, 3Mi-
HIOIOUN KYT PO3CITHHSA 0 1 TApaxoByHOUN UHUCIO PO3CITHUX KBAHTIB
BUMIpPIOEMO CTPYKTypHHI dakTop S,. g npuknary Ha puc. 2 Ha-
BOAWMO CTPYKTypHUI (paxTop pigkoro Ar BumipsiHoro B [6] meTomom
HetirponHoi pudpakmnii. Ha puc. 3 306paxenHo crpykrypHuit akTop
pizxoro “He, sumipsnuii B [7).

Ilepeiimemo Temep g0 OOYUC/IEHHST CTPYKTYPHOTO (PAKTOpa 3 BU-
KOPUCTAHHSAM PO3B 43Ky DIBHSHHS JJIA BEJIMYUHHI Pg y TAPMOHIIHOMY
HabsmxkenHi. OTxke, OCKLIBKHI

Pq = WqPq,
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2.5

1.5

Puc. 2. Crpyxrypruit paxrop pimkoro Ar. Bumipw BukoHaHi MeTOmIOM HeHTPOH-
HOT mudpaxmii mpu Temmeparypi T = 84.0 K ta rycruni p = 0.0213 A3 [6].

TO

3 immoro 60Ky

|pQ|2 = W§|Pq|2-

: 1 —iqri
o= s T v,

j=1

T3P Y Sy (av,),

j=1 i=1 j=1
(i#4)

Ycepegaumo 1€l BUpa3 3a MBUAKOCTIME Ta KOHMIrypamismu. 3
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1.25

1.00

0.75

g A7

Puc. 3. Crpyxrypruit dbaxTop pimkoro “He. Bumipy BuKOHaHI B [7] meTomoM Heit-
TpoHHOI qudpaxi. st imocTpanii B3ITO pe3yabTaTy MIPU ABOX TEMIIEPATYpPax:
T =138 K ta T = 4.24 K. Pigxmit *He, ua BiMiHY Bij pimkoro Ar, € KBAHTOBOIO
PiAMHOO, OTHAK 3B’SI30K MiXK IHTEHCHUBHICTIO PO3CisiHHSI YACTUHOK i CTPYKTYPHUM
GbakKTOpOM, KU HABEIEHO Yy TEKCTi, 3PO3yMLIO, € OJHAKOBUI /Il KJIACUIHUX i
KBAaHTOBUX DPiIyH.

ypaxyBaHHAM TOTO, MO mpu i # j Bemmumra ((qv;)(qv;)) =
((avy){(av;)) = 0, ockimbku (v;) = 0, a Takox, sk Gy/a0 BxKE 1O-
xasao, 1o ((qv,)?) = ¢T)/m,

T
2 2
wiS, = q°—,
q™~q q m,
3HaXO0IUMO CprKTypHI/Iﬁ d)aKTOp

2T

Sq - q—2

qu

Axmo ckopucTaTUCh BUPA30M I KBaJAPaTa YaCTOTH, AKWH MU
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BHANILIN B TADMOHITHOMY HAOJ/IMKEHHI, TO

2 2

qT T  oNuy,

S:— _— _
e m [m+qu

abo 0CTaTOYHO

1
q_l—l-ﬂ%yq

— cTpyKTypHuit dhakTop y HabyimxkeHHI XaoTHIHUX (ha3.
Hocaignmo nosroxemisoBy Mexy (¢ — 0) crpykrypHOro ¢dhaxro-
pa. Ockinpkn npu ¢ — 0 "acToTa w, = gc, TO

T
Sp = lim 5, = —.
q—0 mc
[MIBuakicTs 3ByKY ¢ BU3HAYAETHCS 130TEPMITHOIO CTUCAUBICTIO 0. 3a
O3HAYEHHIM

b (), (), ), e

1 TAKUM YHHOM
So = pTsp.

Xoua My OTpUMAJIH 1€ CIIiBBiIHOIIEHHS 3 HAOIMKEHUX (POPMYJI, Ol
HAK BOHO € TOYHUM i BIirpae BUHATKOBY POJIb V TeOpil piiKOTO CTaHy.
JoBonsTs #ioro y crarmcTHuHii MexaHini [8]: cepeHbOKBaIpATHIHY
GITIOKTYaIli0, Ky IPEeJCTABJISE BEIUINHA S(), PO3PAXOBYIOTH TEPMO-
JMHAMIYHEM METOJ/IOM 1 IIOKa3yI0Th, 110 3 MHOXKHUKOM 1/pT" BoHa J0-
piBHIo€ 2¢7. lle piBHIHHS 1a€ 3MOTY JOBU3HAYATH CTPYKTYyPHU dak-
Top B obsracTi ¢ — 0, ockinbKu BuMipIoBaHHS S, y Tiit 001aCTi 1aI0TH
BEJIMKI MOXMOKU: HEMOXKJIMBO BIIPI3HUTH YaCTUHKH, IO PO3CISINCH
Brepen (¢ = 0, 6 = 0) Bix Tux, 9Ki TPOXOAATH Yepe3 MiIleHb Oe3
POBCiHHSI.

§ 8. Cepenns noreHmiajpHA €HEPrid i TepMoauHEaMivHi byHKIIIT
Cepeme 3HAUEHHS €HEpril
E = (H) = 3T'N/2 + (),
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JIE CepeHs TOTEHIaJIbHA eHEPTis

N(N —-1) N
(@) = =S+ > 5val(Sy — 1),
q#0
Sq = (Pap-a)-

Aximio y meit Bupa3 miICcTaBUTH 3HAWIEHWH y TTOTIEPEeTHROMY Tapa-
rpadi crpykTypHUt pakTop, TO

N 71 1
<<I)> O+ZQV (1+5Nyq—1>a

abo

N(N-1) T (8%v)°
S chiin ) WA I e G a7
@) 2y " 22;1+5%%

Tenep maemo 3Mory 3 Bupasy £ = 0(SF') /0 3naiiTu BinbHY eHep-
riro F':

I

BF:/EM+C,

ne sejmanaa C' = C(N, V') He 3anexnTh Bij 06epHEHOT TeMIIEpaTypu
5. Orxxe Maemo:

B
;W:;MM+C+A<®w.

IIpm B — 0, iHTerpanbHMit YaeH y MpaBiif YaCTHHI HOTO PIBHIHHS
JOPIBHIOE HYJIEBI, a B JIBIff 4aCTWHI MW TOBMHHI OTPUMATH BLIBHY
eHeprito imeasrHOTO Tazy Fjy, OCKUIBKM MiXKYaCTHHKOBA B33a€MOIid
TIPU TaKWX BHUCOKWX TEMIIEpPATypax He BiJirpaBaTuMe HiFKOI POJIL:

3 C
F; —NIng8 + —
1= oo+ 3

Temep
8
B(F - Fa) = /0 (@)ds
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i y RPA-nabamxensi

BF —Fig) = ( 5V0+Z2V / <1+5 » 1>d5
vV

q#0
N(N -1 1 N N
= (2V )ﬂyo—l-igé:o [ln <1+/vaq) —/vaq} .

3 piBHsiHHS craHy s igeasbHOro razy P = N/GV ta 3 Bupazy P =
—(0F/0V ) moxHa 3Haiitu 3anexHicts cranol C Big N ta V:

C = —NIn (V/Nconst) .

o ckpamy const BXOOSTH TNBKU (PYHIAMEHTAIbHI KOHCTAHTH, SKi
MOKHA 3HATH JIUIIEe METOJaMU CTATHCTUIHOI MexaHikn [8-10]:

F,; = NTln (ﬂ?’/QNconst/V) = NTIn (N/\g/ev) )

ne e = 2.718... — ocHOBa HaTypajbHuUX JorapudmiB, a A =
(2rh?3/m)"Y/? — noBxwma TerToBoi XBU e Bpoiirs.
OcraTouHo BijibHA eHepris B HAOJIMKEHH]I Xa0TUIHUX (a3

N(N —1) 1 N N
F = Fid + TUO —+ % qZ;éO |:1n <1 + ﬂvl/q> — ﬂvl/q:| .

Judepen itoBaHHIM THOr0 Brupaly 3a ob’emom V MoxKHA 3HAi-
Tu piBHsgHHS cTany. OJHAK CJIiJ] MTaM’aTaTu BaXXJIMBY 0OCTaBUHY: TIe-
pen nudepenniroBanHaM 3a V moTpibHO mepelTu Bij miJCyMOBYBaH-
HS 3a XBUJIBOBUM BEKTOPOM q Jo iHTerpyBanus, y — V [ dq/(27)3,

q
V — o0o. Orxe

N? \% dq N
F =F — | —=In |1
id _'_ 1/0 + 25 ( ) ( + /8 ) / 27T 3 Vq
1 piBHSHHS CTaHY

B OF B R 1 dq
P = - <W>T_P1d+7_% (27T)31H(1+ﬂp1/q)

I 1/ dq PVq
2) (2r)3 14 Bpy,’
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ne Py = pT — ruck ineansuoro razy, p = N/V. Tudepenuiroemo neit
BUpAa3 3a I'YCTUHOIO p 1 3HAXOAMMO KBaJpaT MIBUIKOCTL 3BYKY C:

274 T Z Bovg ’
mc” = V) — —= —_—
PO SN e 1+ Bpry

Y ne piBHAHHA MOXKHA 3aMicTh QyHKIHII v, mijcrasury ii Bupas
uepe3 CTPYKTypHmil (pakTop Sy:

T

2 2

me —T+pu0—2N E (Sqg—1)=.
a#0

e came MoxXHa 3pobuUTH #f y BUpasi JjId CEPeIHBOTO 3HAYUEHHS TO-
TEHITIATFHOI eHeprii

N T S, —1)?
@)= -5 >
q
q#0

AXI0 3 HOTO PIBHAHHA BUJIYYUTHU 33 JOMIOMOTOIO ITOMEPEIHBOTO Be-
JIMYUHY Vg 1 TI0JaTH CepeHIo Kinetnuny eneprito 3NT'/2, 1o orpuma-
€MO BHYTPIIIHIO €HEPTiI0 CUCTEMU

E me?2 T o f 2
N_T+T—m§)(sq—1) (S—q—1>.

Mu orpumau BaXK/IMBU PE3Y/IbTAT: BCTAHOBJIEHO 3B 30K MiXK BEJIU-
YWHAMU, 110 BUMIPIOIOTHCA. TakuM 9IMHOM, Pe3yJIbTaTh PO3PaXyHKY
BXKe He 3aJIeXKaTUMYTh BlJ IapaMeTpiB MOTEHIaJly, a JIUIIe BiJ Xa-
PaKTEPy HAIWX HAOJIUKEHbD.

§ 9. Ilmazma

Pozristnemo B 1iioMy ejeKTpOHENRTPaIbHY CyKYyIIHICTH 3apsijKe-
HUX 4YaCTWHOK (mrasmy). g crpolenHs BBaXKaemo, mo N gacTu-
HOK, KOXKHA 3 AKWX Hece 3aps] e, PyXaioThCd B IIOJI KOMIIEHCYIOUOTO
3apsily PIBHOMIPHO po3nojiienoro 3 rycrunoio (—eN/V') y npocropi
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o6’emom V. Ile Tak 3BanHa Mojesb xKeje. Taky cucremy 4acTo Ha3W-
BAIOTh TAKOXK €JIEKTPOHHWM ra3oM y KoMrercyoodomy mou (e < 0). Ii
TIOBHA TTOTEHITiaIbHA, €HEpris

2 / 2 N
o — 1 —eE // drdr/ e NZ/ dr
2 V r —r'| V.~ ] |r—rj

N(N —1) N
DAL + (;) W”q(ﬂq/’fq —1),

+

ne v, = 4me?/q* — xoedimienT Pyp’e KyTOHIBCHKOI eHepril BiAITTOB-
XyBaHHSI JJBOX YaCTUHOK. TyT mepmnii 10/IaHOK TTPEJICTARJISIE €HEPriio
BiIIITOBXYBAJIbHOI KYJIOHIBCHKOI B3a€MO/Iii PIBHOMIPHO PO3IIOiIEHO-
r0 KOMIIEHCYI090r0 3apany (domy). JIpyruii JoJaHOK — Il eHepris
IPUTATAHHS MiXK JacTWHKaMu (ejgekTpoHamu) i 3apsigom domy. Tpe-
Tilf Ta YeTBEPTHUH JOJIAHKU ONHUCYIOTh €HEPrii0 KYJIOHIBCHKOI'O MiXKe-
JIEKTPOHHOTO BiIITOBXyBaHHs. [HTEIDyBAHHS 3a T Ta T Big0yBaETHCS
1o BceoMy o0’emy V.

VY meprioMy omaHKy POOMMO 3aMiHy 3MIHHUX 1HTEI'DyBaHHs: 3a-
micts r BBOTEMO R = r — r . Bracsigox TOTO, IO TEPETBOPEHHS
JiiHiline, sikobiaH mepexony JopiBHIOE ojmHuIl. Temep inTerpas 3a r
beperhes 1 mae 06’em V. AHAIOTIYHO y APyroMy JIOJAHKY 3aMICTh I
Bepemo R = r —r; i mincymoByBannd 3a j mac N. OTxe, 3 ypaxyBan-
HAM TOTO, O Vg—o = [ €2dR/R nepmi Tpu ponanku y supasi ais ¢
JIaI0Th:

e2N? [dR e2N? [dR N(N—1) [ ¢ N [é
= = [ R= “dR.
w /R v J R T w / R Y% / R

s Beqmumua y TepMOAMHAMIYHOMY TIpaHWYHOMY mepexogi N —
oo, V — 00 3HHKAE MOPIBHAHO 3 BHECKOM BiJ OCTAHHBOI'O [10-
nauka y O, axuit € ~ N (npuragaiimo, 1o 1pu TaKOMy I[€pexosi
g — V[ da/@2m)).

TakuM YMHOM, OCTATOYHO IOTEHIIAJIbLHA E€HEpPrist eJIeKTPOHHOTO
ra3zy B KOMIEHCYIOUOMY TOJIi

N
¢ = E : 577 Va(Pap—q — 1)
2V
q#0
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Buaiizemo renep cepenne 3HadeHHs (P) BUKOPUCTOBYIOYM CTPYK-
Typuuit pakrop B RPA-nabanxenni:

B N T (5N4ﬂ'62/q2V)2
(@) = Z qu(sq -b= 2 Z 1+ BN4me2 Vg2
q#0 q#0

VBeneMmo mo3HAYEHHS JJIs TaK 3BAHOTO obepHeHoro pajiyca Jlebas

N 4re?\ M2
wp = |—
D (V T ) 3
paziyc Hebast rp = 1/xp. Iepeiigemo Bix nigcymMoByBaHHS 3a q 10
IHTErpyBaHHS 1 BUKOHAEMO iHTEIDYBAHHS 33 KyTaMU:

s 2 7.2\2
@ - LV 47r/q2dq7(%D/q )
2 (2m)3 1+ 3% /q?
T i dx TV 33 o TV 3w
3 D D
- = arct = us
2 D / 2 +1 a2 OB Ar? 92

0

Orxe, OCTATOYHO 3HAXOIAMO

TV%%
8t

(@) =

st Toro, mob orpuMarn nosHy eHeprito F gogamo no (P) cepenne
3HAYEHHS KIHETWIHOI €Heprii:

3 TV s}
E=Z=TN - D
2 8
abo
3 3 [N

Buxkopucraemo 3uaiineHuit Bupa3 I po3paxyHKy BiJIbHOI eHepril.
Maemo

0
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3BIJIKU
GF = /Edﬂ—l—const.

YpaxoBytouu, 1o upu e = () MU IOBUHHI OTPUMATHU BIJIbHY €HEPriio

imeaspHOTO razy, aia AF = F — F;; 3HaxoamuMo
N /
BAF = —|ef? 7T?N///:;)I/Qdﬁ—I—const ,

N
BAF = —|e|3\/ TNE [33/2 + const .

Crasy imrerpyBaHHs Bu3Ha9aeMo 3 ymoBw, 1o 1pu 3 — 0 (17" — o0)
. . . !
BliabHa eHepris ' — Fjy 1 3naxomumo const = 0. Orxe,

BF = BF;y — —|e|3 Nﬁ?’/?
Ocraro4no:
F=F,;—= NN
TV
3HaiiieMo piBHAHHS CTaHY. 3a O3HAYCHHAM
p__[(9F
ov ),
3Bigcu
le> N [7N
P=P,; ——4/ —
! 3 VVTV
abo 3/2
3
p_Np e (N T
\% 3 \V T

Suaiteni Bupasu 30iraroThes 3 pedyabratamu Teopil Jdebas i ['rok-
KeJTsl JIJTsl CHJIBHUX €JIEKTPOJITIB, fKi BoHM 3Haimum me 1923 poxy?.
[Tiznime mu geraspHINTE JOCTIIUMO IF0 CUCTEMY.

4 Mebati ITemep Hosed Birveeavm (1884-1966), dbisuk i ximik. Jlaypear Hobe-
JBCBKOI rpeMmii 3 ximii 1936 poKy 3a IOC/TiKEeHHS TUIOJIHHIX MOMEHTIB Ta BHECOK
Y BUBYEHHsI CTPYKTYD MOJIEKY/L.

Ioxxeav Epix Apmarn Apmyp (1896-1980) — ocHOBHI pobOTH 3 TEODIl €IEKTPO-
JITiB Ta KBAaHTOBOI XiMii, 30KpeMa 3 KBAaHTOBOI T€Opii apOMATHIHUX CIIOIYK.
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§ 10. Mogens 3 ¢da30BUM mEpeXOaOM

Meta mporo maparpada JOCTIAATH Ha MPUKJIALL TPOCTOT MOIEi
dazoBuit nepexis, BUKOPUCTOBYIOUM 3HANIEHUN CTPYKTypHMT (dak-
TOp Sy. IlpuHIUIIOBMM y TakoMy JOCTIIXKEHHI € XapaKkTep MixKdJac-
THHKOBOI B3aMOii.

Bzaemofisi MixK HeWTpATHHUMHU YAaCTHHKAMU (aTOMU, MOJIEKYJIH )
XapaKTEePU3yEThCA CAJIBHUM BiJIITOBXYBAHHSAM Ha MAaJAX BiICTAHIX
R, ockijilbKM BOHM MAalOTh IIE€BHI PO3MipW, 1 TaK 3BaHUM BaH-IEP-
BaaTbCIBCHKIM TIPUTATAHHAM Tporopritiamv 10 1/RS ma semmkmx
Bizcrangx. TumoBa 3ayexHicTh eHeprii MikaroMmuol B3aemonii P(R)
Bij BifcTani R cxemarndno 300pakena Ha puc. 4. Cuyin mpuTsarasus
BIANOBIIAIOTE 3a Te, IO CHCTEMa YACTHHOK MOYXKe CKPAIJIIOBATHUCH Y
pinwHy, a TpW TOHUKEHHI TEMIIEPATYPU MEPEXOIATH Y TBEPIAUl CTAH.
Cunir BiIIITOBXYBAHHS HE JO3BOJISIIOTH YACTHHKAM KOJIATICYBATH.

ITepexomu 3 ra30moi6HOIO CTaHy y PijaKwuii, a jgaJi y TBepauil cTaH
€ TPUKJIAJIOM (Pa30BUX MEPEXOIB. 3 MOy MATeMaTHKM TOUKa (da-
30BOI0 IIEPEXO/LY € TOYKOI0 HEAHAJITUYHOCTI TEPMOMHAMITHUX (DYHK-
uit. Hampukian, saxio edepris F K QyHKIS TEMIEPATYPU BUSIBJISIE
HeanaJiTuuHiCTh pu 1’ = T, To mpwu it Temmeparypi BigbyBaeThCHA
dazoBuit mepexi.

Ockisibku 3a (hbazoBuii epexij] BiAIOBIJaJbHOIO € IIPUTATYBAJIbHA
YaCTUHA MOTEHIIAJbHOI €Hepril ¥ Hac IIKaBUTh CcaMe MaTeMaTUdIHU
MexaHi3M foro BuHUKHEHHS, Bi3bMiMO P(R) y CIPOIIEHOMY BUIVISI:

e*R/a
(I)(R) - _(I)OR—/a’

ne $g, a — mapamerpu moTeHIiaMLy, 10 MaOTh BiAMOBIIHO PO3Mip-
HICTb €Hepril Ta JOBXKWHMU.

Koedinient ®yp’e niel dyuxmil Mu 3uaimum y §3:

4 Ara’d

/e T 1+ (qa)?

Vg = *(I)o

IloBna emepria cucTemu

E= ;TNJF (D),
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0.00

z=R/a

—-0.50

Puc. 4. Mogess norennianpuol eneprii MixkaTOMHOI B3a€MOii — Iy HKTHPHS, KPHU-
Ba, ®o = 1; cymymHa KpuBa — noTermian Jlennapga-Ixonca, ry = @ /4e.

Jle CepejIHE 3HAYEHHs TTOTEHIAIBHOT eHeprii, K 0y/I0 moKa3aHo y §8,

N, )2
<(I)> — N(Nil)yo—zz (ﬁV 4)

N
2V 2 q#o 1+/8qu
N(N-1) T V
= 2V Ty - ———4
o 0T o)

X

7 24 (B Amad Do/ 1+ (g0)?])°
N B 430/ [1 + (qa)?]

YBegeMo o3HAYEeHHS

N
V47ra3<1>0 =T..
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Temep

/ =
X T
/ [1+ (ga)? l—l—(qa) T}

3aMina 3MiHHUX IHTErpyBaHHS

1 d
ga==z. q=-x, dq=—
a
Jae
(N —1) T.V T,
) = —
(®) 2 © 4An2a3 T
e

dx
(14 22)( —i—a:z T./T)

Tlepeiimemo 10 06UYMCIEHHS BOTO IHTEI'PAJIAS

(22 41— 1)dx
(22 4+ 1)(2?2 +1 - T./T)

~
|
0\8

Il
oy

o0

1 1
{x2+1Tc/T (224 1)2+1-T,/T

1

}ao

o0 oo
_ 1 T / dzx n T/ dz
T. 2+1-T.)T T.) z2+1
0 0
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Posryisinemo criogaTky BUITAI0K, KOJIA

T
1— TC > 0, T >T..
IIpocre inTerpyBanus 1ae

00
T

V1-T./T

T
+ —-arctgx

arct
g ; T,

1= (1‘%>¢1_1T/T

0

B (1 £> /2 N T
T.) \J1-T., )T T.2
Ocraro4yno

T
I—W—<1—\/1—TC/T>, T>T.

T 2T,
[Tepeiiemo Tenep /10 BUMAKY, KOJIK

T,
1—%<0, T <T..

™ [ d T
Xz s
T=(1-=)/_*® -7
( TC>/:U2—%2+T02’
0

A€ MU BBEJIN BCJIMIUHY

Maemo

T,
2 cC
= —-1>0.
V4 >

[e.e]

Jami ms 3py9YHOCT] TTeperno3HaYNMO 3MIHHY IHTEIDYBaHHA T HA
106 He TIyTaTH 11 3 BeIMUIWHOIO ¢, 1 O0YUCTUMO TIeii IHTerpaj y Cenci

TOJIOBHOTO 3HAaYeHHS 0e3 3ailBUX KOMEHTApPIB:

oo »—e o0
dt . dt n dt
= lim
12— 2 e—0 2 — 2 12 — 52
0 0 n+te
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00
+e

= 1 ‘%—l—t
n —_—

2 x—tl|, 2 w—t
1 2 —¢ 1 2+ ¢
= lim<——1In —In
e—0 » € 2 —€

— lim | 22TE 2,
e—0 22 2% — ¢
Takum YrHOM,
T
I=—— T<T,
2 Tc’ c

Omxe, 1151 CepeaHbOl MOTEHIHAJBHOI €Hepril HAITol MOJIeJi MaEMO:

@y — =Dy QVO—MLJUﬂ,Tzﬂ,

2 ¢ Srad

(N=1) T,V
(@)= 5T~ g, T<T.

Sk 6aunmo, Bejmunna (P) sk dyHKIIsS TeMIepaTypy BUSIBJISIE HEAHA-

JiTugHicTh y Touti 1" = Tp.

3HaiiieMo BUIBHY €Heprifo:

B
B(F — Fyg) = /0 (®)d5.
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Hns remueparyp T > T, To6ro mus 5 < (. = 1/T, maemo

ﬂ@ﬂ—Ew:=[f{—UV1Ln rw’@«—dl—ﬁf)}ﬂi

2 " 8mad

3BijCcH 3HAXOIUMO, III0

(N —1) T.V. VT TAN3/2 VT
P Fa- CLV VT Ty VT
d 2 ¢ 8rad®  127a3 T 1ordd

T
T>T.

Hnsa remneparyp 1 < T, a otxke, 3 > (.

Be B
B(F - F) = /0 (®)dB + / (@)dg

R B e

2  87a’

o [

ab0, IHTErpy0Yn, 3HAXOIUMO

(N —1) T.V. VT
F=F,— " _Jp _ L
id 2 ¢ 8mad ' 12nad’

T < T..

BinpHa eHepris € HeepepBHOIO (PYHKITIEIO 1 TAKOXK BUSIBJISE HEAHAJTI-

TUUHICTE B Toumi 1 = T,.
Buaiinemo renep pisusuust crany P = —(9F/9V)p, N — oc:

T Tv, T
p_L _ Lt _
v w2 T2md VS
T To,. T T Ve 3/2 T v, v\ 1/2
ol Tu T T g T
v 20?2 127ad + 127a3 v + S8mad v v
v 2> Ve,
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e

V da’d
v= ="

N T T
st MOCTaTHBO MAUX 3HAYEHB 00’ €MY U TUCK MOXKE CTATH BiJl' €MHUM.
Copasai, P < 0, gkmo v < vg, Je vy 3aI0BoJbHSIE yMOBY P = O:

Vg :671'(13(17 m),

mepeJ] paJuKajoM BUOMPAEMO 3HAK MIHYC, TOMY IO HAIe PiBHSH-
Hs Ma€ CeHC Jmie g v < V.. KpiM TOT0, MOBHHHA BUKOHYBATHUCH
ymoBa 1T > 2 /3. Lleit “Hemosik"Big'eMHOrO THCKY € OCOBIMBICTIO
HAIol MOJEJIi: CHCTEeMa MOXKe KOJIAIICyBaTwh, TOOTO CaAMOBLJIHHO CTHC-
KaTHCh BHACJIIOK TOYKOBUX PO3MIPIB YACTHHOK, IO IPUTATYIOTHCS.
SayBaxkumMo, IO MiJ 9ac aHaIi3y WX PIBHSHBL € HeOe3meKa 3aXoru-
THCH e(DeKTaMHt, Kl IOpPOIKeHI camMuM HadmKkeHHaM RPA.

O6uncarmo Temep eHTpomio Jis Hammol mogeai S = —(0F /0T )y

=8Sg———, T<T..

5= g T<Te

Vv 174 T.\3/2
5 = su gt (- 2)
4~ Tonad | 12mad T
1/2

Vi (1—5)/, T>T.

Smal3T T '

Jle €HTPOIIA 11eaJTbHOTO Ta3y

v
Sid = Nh’l <m) .

EnTpornist € nenepepsHoio dyHKIN€I0 Temeparypu pu 1 = T,.
Haperri, 069ncaInMo TeImIoeEMHICTh

OF a5 P F
p—t _— :T —_— - — [ .
o =(5), -7 (), - (5m),
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Bukopucraemo 3maitgenwit Bupas miast (P), momamo cepemne 3ua-
YeHHsI KiHEeTHYHOI eHeprii # orpumaemo cepejHio enepriio F. Ilicis
IBOr0 Bi3bMeMO moximHy 3a 1’ Bim F abo Bim emrpomii S, abo apyry
noximgHy Bim F':

Cv 3, V. (LN L
N 2 16aNa® \ T 1—1,/)T
Cy 3
vV T
=5 T<T

Tern0eMHICTh TAKOXK € HEAHATITUIHOO (DYHKITIEI0 TEMIIEPATYPH 1
BUSIBJISE CUHTYISAPHICTE B ToUrl 1’ = T,. Xig TepMonnaaMiaanx QyH-
KIi#f B OKoJii TOYKM (a30BOTO TEPEXOy NMPUHHSATO ONNCYyBaTH CTEIe-
HEBUMU 3aKOHAMU 33, JIOTIOMOT0I0 TaK 3BAHUX KPUTUIHUX TMTOKA3HUKIB
ab0 KPUTHIHUX iHIEKCiB®.

30KpeMa, IS TEIIOEMHOCTI:

T —Q
CVN<].—TC> ) T_>ch

Jle (¢ Ha3WBAIOTh KPUTUYHUM TTOKA3HUKOM JJIs TEIJIOEMHOCTI. ¥ Ha-
moMy BHIAAKYy o = 1/2.

Ha puc. 5 306paskena 3a/1€KHICTh TEIJIOEMHOCTI Bij| TEMIIEPATYPH.
3a xnacudixamiero I1. Ependecra’, maemo nmpuxiaz dpazosoro mepe-
X0Jty 2-T0 pojay: Koo po3puBy npu 1 = T, 3a3Ha€ gpyra moxijiHa 3a
TEMIIEPATYPOIO Bij BiIbHOI eHeprii F.

Ha 3aBepienns HaBeneMo IIIe JBi, MOXKe HECTIOAiBaHi, MOJIeTi, TKi
LrocTpyoTh MexaHi3Mm ¢ra3oBoro nepexony. IIpukiiamom HeaHATITHY-
HOCTI MOKe CJIY?KWUTH MAsITHUKOBUI PyX KYJIBKU 3 JUTAYOT0 OL/IbsApLy

5ITjist pO3paxyHKy IMX BeJMUMH GYJIH DOSBUHYTI MOTYKHi MaTeMATHIHI Me-
TOIY, B OCHOBI SIKMX € METOJ PEHOPMAJH3aIifHOl rpynu, mo OyB 3am03WdeHuii 3
KBaHTOBOI Teopil mosist. IIpu 1iboMy eheKTUBHIM BUSIBUBCS CIIOCIO aMEPUKAHCHKO-
ro ¢izuka K. Binbcona 064uc/IeHHS KDUTHYHIX IIOKA3HUKIB 33 JOIIOMOI0I0 Teopil
30ypeHs 3a MaJIIM [IapaMeTPOM, 10 € BiIXWJIEHHSM PO3MipHOCTI npoctopy D Bix
90TUPBOX, € = 4 — D — 1ak 3BaHmii e-po3kian (Hobemiscbka mpemis 1982 poky).

811. Epengpecmn (1880-1933) — Bimommit disuk-Teopervk, skumit 3p06UB BHECOK
y pi3Hi gitgaku ¢izuku. Bin 6yB y4eHnM mBuiie 3 KpUTUYHIM, HiXK [IPArMaTHY-
HUM CKJIAJIOM MUCJIEHHS, II[0 ITO3HAYMIIOCH SIK Ha MOr0 HayKOBHX IIPAISAX, TaK i HA
ocobucromy Tpariunomy xutTi. II. Ependect 3Beprascss no 6ararnox yHiBepcH-
TeTiB pi3HMX KpaiH i TakoXk 10 JIBBIBCHKOrO yHiBepcuTery, o6 3afHSITH MOCALY
npodecopa TeopeTudHOI Gi3uKu.
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i aNa3/V =1
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Puc. 5. Temnoemuicts Momensrol cucremu 3 Ga30BUM IEPEXOIOM.

TI0 JIETO yBIrHY Tl TOBEPXHI cTOJMA. SIKIIO MPUBECTH KYJIBKY B PyX He-
BEJIMKWM 3YCUJIJISIM, TO MaeMO 3Buuaitai komuBauHs. [lpu 36imbImen-
Hi BEJIMYUHU TIPUKJIAJEHOI CHJIM TAKOXK OYyIeMO MaTW KOJUBHUN PyX
3 yce bimpmoro aMmiiTymow. OfHAK, SKIO CHIa MEPEBUINYE TEIKe
[OPOTOBE 3HAUEHHs (TOYKA HEAHAJITHYHOCTI), TO aMILIITy/1a 3POCTAE
HACTLIBKHY, IO KYJIbKA IIPOCTO IaJa€ 3i CToJy, TOOTO BigOyBaeThCs
pi3ka sKiCHa 3MiHA XapakTepy pyXy KyJIbKu i oTKe, MaeMo (az3oBuii
mepexif.

UikaBuit, Ha HAII [TOIVIS], IPUKJIJl CBOEPIIHOI HEAHAITUIHOCTI
€ y IpuT4i BiZIOMOro MIOTJIaHJCHKOTO (isocoda, icTopuka, eKoHOMic-
ta Hesiga IVroma (1711-1776) npo rycky ra censinuna. “Ilomas ryc-
K3 Uy€ XOJIy CeJITHWHA, SIKUU MPUXOJUTH 11 roayBaTh. 3 IIHOIO BOHA,
BUBOAUTH TAKWil 3aKOH: “3ByKU KPOKIB CEJISTHUHA O3HAYAIOTH OJIN3b-
Ky rogiBmio". Ta Ha JMX0, OJHOTO PAHKY CEJSHUH MPUXOJIUTD, 100
ckpyTurH Tit mmro. Ock 1 mpuKIa TOTO, STK HEOE3METHO BUBOJNTH 3a-
rajbHUM 3aKOH Ha mijcTaBl okpemux crnocrepexens". (XKaksin Proc.
[Moctyn cyuacuux igeit. Kuis: Ocmoru, 1998. Ilepekaan 3 dpaniysn-
kol Bikropa ITToBkyHa).
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§ 11. IMapra ¢ysKIig po3momiay
Y cTpykTypHOMY (haKTOpi
Sq = (pap-a)

po3nmumeMo yCEpETJHEHHA ABHUM YUHOM!:

N N
_ —iqr;
S¢ = (—= e

1 1 —iq(r;—rj
= 1+N22/dri/drijg(ri,rj)e q(rs J),

Fz(ri,rj):VQ/ drl.../ dI‘NPN(I‘l, I‘N),

TYT IITPUXHU O3HAYAIOTH, IO IHTEI'DYBAHHA 32 -0I0 Ta j-OI0 KOODIHU-
HaTaMU BIJICYyTHE.

®ynknio F5(r;, r;) HA3UBAIOTH HAPHOIO QYHKIIE PO3MOAiLy abo
6inapuor dyukIien. Bora Bu3Havae rycTHHy #IMOBIPHOCTI B3a€MHOTO
PO3TANTyBaHHS -TOI Ta j-TOI YaCTWHOK TPU JOBLIBHUX PO3MIIIEHHSIX
ycix inmmx (N — 2) 9acTUHOK, IPUIOMY

1
W/dri/derg(ri,rj) =1.

s ywmoBa BuIIMBag 3 yMOBU HOpMYyBaHHsS s Gyl Py. Ak i
nosua N-wacturkoBa (yHKIis posnoginy Py, Beamauna Fh(r;,r;) y
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IIPOCTOPOBO OJHOPIJIHIN cucTeMi HE 3aJIEXKUTH Bl TPAHCJIAIII Y TIPOC-
TOpi Ha JOBLIBLHUII BEKTOD a:

FQ(I'Z',I']') = Fg(ri + a, r; + a).

le o3nauae, mo Fo(r;, rj) y TaKi#f cuCcTeMi 3aJIeKUTh JIUIIE BiJT PI3HUIT
KOOPJIMHAT I; Ta T, a GaKTUIHO BiJ| BiJCTaHl MiXK YaCTHHKAMHU, SKIIO
B3a€EMO/Iis MiK HUMU HE 3aJIEKUTh BiJ| Opi€HTAIil:

Fy(ri,rj) = Fa(ri — rj) = Fa(|r; — rj).

TaxkuMm 9uHOM CTPYKTYypHUH (HhaxTop

1 N N 1 '
S= 14y L g [ e [ s Pl e

i=1 j=1
(i#7)

Ilepeitnemo o HOBHX 3MiHHEX r Ta R,
r,=r,

I'Z':I'+R

3 aKOOIaHOM TIEPEeXOTy, IO JOPIBHIOE OUHUIN:

1 N N 1
§ :E : —iqR
Sq 1 N V2 /dr/dR FQ(R)e ar,

i=1 j=1
(i)
Terep My MagMo 3MOTY TIPOIHTEIPYBATH 3a 3MIHHOIO I (iHTerpas mae
o6’em V') Ta nigcymysaru 3a i Ta j (1o gae N(N —1)) i crpykrypHuit
dakTop
N -1 -
Sy =1+ —— / Fy(R)e R (R.

Ha Besmukux BigCcTaHSIX MiXK YaCTUHKAMU B3aEMOJMiS CIIJAE 1 IXHE
B3A€MHE PO3TAIIyBaHHS HE CKOpesboBane: dyukiia P(ry,...,ry) —
1/VN. Tomy Fy(R) — 1 mpu R — oo. Y Teopil pifnH BBOJATE TaKOXK
dyHKIIITO

h(R) = F5(R) — 1,
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SIKy HA3WBAIOTh IIOBHOIO Kopessiuifinoio dyskuieo, h(R) — 0, R —
00. ¥ 3B’g3Ky 3 UM I iHTerpajoM 3pydHO BUILIATHU IO OJWHMUITO:

S,=1+ % /[FQ(R) — 1+ 1Je"'aR gR,

N -1 .
Sq=1+—— /(F2(R) — e R gR + (N — 1)dq0-

Mu ckopucCTauCh THM, IO
/ dRe™ R = V5.

Ocrarouno mpu q # 0 3HAXOAUMO:

N — .
Sy=1+5 / [Fo(R) — 1]e=® dR.

3BopoTHe neperBoperHa Pyp’e 3a 03HAYCHHAM JAE:

1 iqR
FQ(R) = 1+m2(5q— 1)€q .
q#0
s dbopmyna nae 3MOTy BU3HAUUTH TApHY (DYHKILIO PO3MOMALIY, SIK-
0 Bij[OMi 3HAYEHHS CTPYKTYPHOTO (DaKTOpa, SKWI BU3HAYAECTHCS Y
JIOC/TiTax 3 PO3CISIHHS PEHTI€HIBCHKUX NMPOMEHIB ab0 HEHTPOHIB.
s daktrnaHOro po3paxyHKy HapHOi (yHKIIT po3mogiay 3a
cTpyKTypHuUM hakTOpoM y Bupasi qis Fo(R) mepexomumo Bijg mij-
CyMOBYBAHHS 33 XBHUJIbOBAM BEKTOPOM ( /0 IHTEIDYBaHHS, MalO4du
Ha yBas3l TepMoAWHaMiuHWH TpanwgHuit nepexin V. — oo, N — oo,
N/V = p:

1 iq
FQ(R) =1 + W /dq(Sq — 1)6 R.

Haui nmepexogumo 510 cepudHOl CuCcTeMr KOOPAMHAT y HPOCTOPI q,
CIIPSIMOBYEMO BiCh 2z y3710BXK BeKTopa R, iHTerpyemo 3a Kyramm, Tax
sk 11e O6y10 3pobseHo y §3 i 0CTaTOYHO MaeMO

1 [o¢]
LR =1+ —— — i )
»(R) +2W2pR/(Sq 1)gsingR dg
0
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Tax camo g5t CTPyKTYPHOro pakTopa micJist iHTerpyBaHHs 32 KyTaMu
OTPIMYEMO

p
2712q

Sq=1+ /(F2 (R) — 1)RsingR dR.
0

Cawme i Bupasu € Tumu “pobounmu popmysamu'", SKUMUA KOPUCTYIO-
ThCS, OTIPAITBOBYIOUN eKCIEePHIMEeHTAIbHI 3HAUeHHS I Sy .

g npukiany Ha puc. 6 3006paxkeno rpadik dyskmil Fo(R) s
pimxoro *He. IIi pesymsrarn vmu B3sm 3 [7].

3pobumo BaxkJmBe 3ayBakeHHs. OCKIIBKE CTPYKTYpHUi (hakTop
€KCITEPUMEHTABPHO BU3HAYAETHCS IS 00MexeHol 06/1acTi 3HadeHb
XBWJIBOBOTO BEKTOPA ¢, ¢min < ¢ < (max, TO meperBoperus Dyp’e
ae 3aiiBi MaKCUMyMHU Ta OCHUWJIAIIl Ha 3aJjexsocti Fh Bim R. To-
My po3paxyHOK OiHapHOI (DYHKIIT 32 €KCIIepUMeHTAIFHUMNA TOYKAMU
CTPYKTYpHOTO (paKTOpa i OfiepKaHHS JJisd HEl JOCTOBIPHUX 3HAYEHD
noTpebye HeabUsSIKuX 3yCU/ib Ta BMiHHSI.

| B(R)

1.25

1.00
| 4

0.75

0.50

0.25

R, A
000 L 1 L 1 " 1 L 1 L " 1
0 2 4 6 8 10 12

Puc. 6. Tapwa dbysxnis posnoziay pizkoro “He.
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§ 12. IMapra ¢yskmia po3moaity miazMu

Suaitemo mapHy GYHKINIO PO3TOMIY I KJIACUIHOTO €JIeKTPOH-
HOro razy. BukopucroByroun RPA-mabimKeHHS [Jis CTPYKTYPHOTO
dakTopa,

_ 1
-
1 —+ A7 Bl/q

Ta, BPaxXOBYIOYH, IO I TaKOI cucremu Koedimiert Pyp’e ereprii map-
HOI B3a€MOJIil

q

dme?
Vg = )
a 2
3HAXO/MMO
1 %4 : 1
BR) = 1+ ———— [eB | ———— —1)d
2(R) +N_1(27T)3/e (1+%%/q2 ) a
_ —”—%Lzeiqf‘i: 7y Vel
47rN—1q7é0 q? + 2, 4t N—1 R

Tyr Mu Bukopucranu nepersopenns @yp’e g norenmiany FOxkaswn,
dKe 3Hadmm pamime B §3. OTxe,

Are? N 1
AR —1-TENT V. un,

Ocrarouno pu N — oo, V — oo, N/V = const, HexTyoun wieHaMu
~ 1/N 3Haxommmo

Fy(R)=1— © R
AT RT '

ITpu R — oo nmoBHa Kopesndniiina ¢yukmisa h(R) = Fo(R) — 1 nps-
MY€ JI0 HyJisI, 9K 1 MOBUHHO OyTu. SIK10 Om /Ba 3apsiu, KOPEJISIHI0
MiX SKUMHU BOHA omwucye, mepebyBasu y Bakyywmi, komu »xp = 0, TO
3menmensst h(R) #mwio 6 3a KyJaoHIBCBKUM 3akoHOM ~ 1/R. Ypaxy-
BaHHSA 0AraTrovacTUHKOBUX €(EKTiB MPUBOAUTH 10 €KPaHyBaHHS 3a-
PAMiB 1 IK HACALIOK MaeMO 3aMiCTh KYJIOHIBCHKOTO MTOTEHITATy eKpa-
HOBAHWIi TOTEHIAN 1 MBUKE eKCIOHEHIiaIbHe psiMmyBanus h(R) 10
HYJIS.
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fAx 6aunmo, Juis Bigcraneir x = xpR < Ry,

62 R
1— & R0 —
RoT® :

OinapHa (yHKIS po3mojaity HabyBae BijemHux 3Ha4UeHb. lle Hedi-
3uvHa 00/1aCTh, TOOTO 006J1acTh HeI3MIHUX 3HAYEHD HAIIOl (DYHKIIIT
posmoziny Fo(R), OCKIIBKY 33 O3HAUEHHSIM BOHA MA€ 3MICT I'yCTUHU
imosiprocti 1 Fo(R) > 0. Hedisuuna noseginka dysxuii Fo(R) — ue
pe3ysbraT Hamux HabimKeHb. OTxe, HAOIMKEHHS XaOTUIHUX (Pa3 €
KOPEKTHWM JIAITE JJI9 BEJUKUX 3HAUYEHb K.

§ 13. ITapra ysKIig 19 Mozmesi 3 (a30BUM MEPEX0a0M

Jocaignmo mapHy OYHKINO PO3IOALLY IS CHCTEMHU, 9K, BUABJISIE
dazopuit mepexin. Haramaemo, mo Hamma MOAEIb 33Ta€THCS TAKOO
€HEepTi€lo ITapHOl B3a€MO/Iii:

e*R/a
P(R) = —Pg——
(B) =~
a 1T koedirmieatr Pyp’e
Aradd
Vg=————.
T 14 (ga)?

Tenep jutst maproi MyHKIHT PO3MOALLy MaeMO:

1 iaR. 1

1 . 1
=ty le R<1—TC/T<1+<qa>2> 1)

1 ) T./T
- 1 iqR. c
+ > e 1+ (qa)?2 — T,)T

60



Jie
1.

T

3sigcu g T > T, KoJn BeJIMYIUHA ¥ € JIHACHOI0, MAEMO IIEPETBOPEH-
g Dyp’e mia morenmiany FOkasu abo eKpaHOBAHOTO KYJIOHIBCHKOTO
TIOTEHITIAJTY 1 TOMY JIETKO 3HAXOIMMO

w=1—

T. ef%R/a
dmadpT R/a ’

/ T,
w = 17?6, 72 > 0.

Orxe, binapHa DYHKIS HAOIUKAECTHCA IO OSUHUIT IIPK BEJIUKHX Bif-
CTaHSX TOJOBHUM UYMHOM 33 TMTOKA3HUKOBUM 3aKOHOM, TOOTO KOPEJSIl
MiXK 9aCTHHKAMHY IMBUIKO CIAIAI0Th. Besmunny & = az | Ha3WBAIOTH
KOPEJISIITHOI0 JOBXKUHOK. fKINO TeMieparypa J0CAra€ KPUTUYIHOI,
T =T, » = 0, To KOpeJdIliiiia JOBXHHa £ — 00 1 MH MaeMO Ja-
JIEKOCSIXKHI KOPeJSIlii, gKi CITaIaf0Th 3 BiACTAHHIO 3a KYJIOHIBCHKUM
3aKOHOM:

Fy(R)=1+

1
dmapR’
XapaKkTepHOI O3HAKOK TOUYKK (ha30BOTO MEPEXOJY € HAABHICTH Ia-
JIEKOCSIKHUX Kopessmiit. Iamumu cimoBamu, y Toumi T = T, cucrema
PAaITOBO CTAE CUJIHLHO CKOPEJILOBAHOI0, ab0 “XopcTkor", kosu i1 Bij-
nagjeni objiacti mobpe “Biguysators"omgHa 0qHY.

O6epHena kopesisiiiiaa goBx)kuHa 1/ = 3¢/a TpsaMye 10 Hyss 32
CTEMEHEBUM 3aKOHOM:

T v
”:<1_TC> ., v=1/2.

Ilokazuvk v, skuit BU3HAYAE 3aKOH 3MEHITIEHHST 00€PHEHOI KOPEJIATIii-
HOl JOBXXWHU, HA3WBAIOTH KPUTUIHUM TOKA3HUKOM. MixX KpuTUYIHUT-
MU TIOKa3HWKAMU ICHYIOTH II€BHI CIiBBIJHOIINEHHS, AKi BUILJIUBAIOTDH 3
iX O3HaUEeHHS, 3aTaJJbHUX TEPMOIUHAMIUHUX PIBHAHDL Ta JEAKUX MIPU-
TIyIIEHb.

Bigome criBBigHOITEHHS MiXK KPUTHIHIMEA ITOKA3HUKAMHA KOPEJIs-
M#AHOI JOBXKWHU ¥ Ta TEILIOEMHOCTI (v

T\~
CV:(l_T> )

F(R) =1+
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a=2—Du.
ko noksactu D = 3 (TpuBMMIpHWI BUNAJIOK), TO OTPUMAEMO, IO

2—-3 L_1
o= — _- = —

2 2
dK y Hac i OyJsio pamitre.

IMepeitnemo Temep 10 BUMAJKY, KO TeMiepaTypa T HUXKYa, HIXK
TemmepaTypa ¢azosoro nepexony T,.. Orxe, T < T, i Besumumna 2% <
0, T06TO 3 € ysiBHOWO, ¢ = i|x|. s 3naxomkennss napuoi GyHKIHT
F5(R) pobumo norpibHi 064uucIeHHs:

1 zqR 47 _ 1 ciaR 47
Z — ([l/a)? v—oo (2m)3 / q* — (I%I/a)2dq

— (i)

i/oo gsingR do — cos(|»|R/a)
R (/a2 =" R
0

me#t iHTerpaa po3yMieMo y CEeHCi MOJIOBHOTO 3HaUeHHs 33 Korri.
Itst mepeBipku obuncianmo kommonenTy Pyp’e mporo Bupasy:

/e—iqRMdR: 4?”/ singR cos(||R/a) dR
0

R
2 0.0)
= % l1r% e " {sin[(q — |»|/a)R] +sin[(q + |»|/a)R]} dR
V— 0
T inim [ e R @R | itatlA/oR] gR
q v—0 0
27 i T [ = + L }
= — lmmlm - -
q v—0  |v—ilg—|x/a) v—i(g+]|x|/a)
2 [ q—|x/a q+|x|/a ]
q v=0 (V2 +(q—|xl/a)>  v*+ (¢ +|x/a)?
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_ 4
@ = (]xl/a)?’

4K 1 TOBUHHO OyTH.
Ax 6aunmo, mapHa QYHKINA PO3TOILITY

T. cos(|»|R/a)
F(R) = dra?pT R

BUSBJISE JAJIEKOCIKHUN XapaKTep KOPEJIiil i MaeMO CTeleHeBe 3
OCIIJIAIIAMY MIPSIMyBaHHS J0 oquHuIi mpu R — oo. Ocrumisiil BKa-
3yIOTh HA TIEBHE ITPOCTOPOBE BIOPSIIKYBAHHA JACTUHOK Yy CHUCTEMI.

Bunukaenns HeaHaJiTUYHOCTI IO TEMIIEPATYPI, IK y mapHiit hyH-
K1iil) po3noiiy, Tak i B repmoguHaMivanx (HyHKIIAX, K MU JOCJII-
mKyBaan B §10, ToB’a3aHe 3 TOBEIHKOIO CTPYKTYPHOTO (hakTopa Sy
npu g — 0. IIpoctmit amasi3z mokasye, 1o TOYKa HEAHAJITUIHOCT] IpH
T = 1. BuHUKaE, KOJIM 3HAMEHHHUK CTPYKTYPHOIO (pakTopa S, IIpH
q = 0 obepraeThcst B HYJIb:

N
1+ /607’/0 =0, ﬂc = 1/Tc

3po3yMisIo, IO Iie MOXKJIMBO JIIIE KO (Gyp’e-00pa3 MOTeHIiaIy v,
npu ¢ = 0 € BesinunHOIO Bim'eMuOI0, 1y < 0. OCKIIBKE CTPYKTypHUit
dbaxrop Sy—o = pT'sr, 10 B Touni T' = T, (B giiicHocTi — me Jinisg
T. = T.(p)) obeprena i3orepmiuna cTHCAMBICTL ;' Takox obepra-
erbest B Hysb. Orike, MoOBa iijie npo Touky, B sikiit (OP/OV)pr = 0 i
HOPYIUIYETHCS YMOBa TEPMOJMHAMIYHOI CTIHKOCT] cucreMu (361i1bIieH-
He 00’emy ipu T’ = const TOBUHHO TIPUBOJAUTH J0 3MEHINEHHS TUCKY ).
Harri BucHOBKU He 3aJiexkKaTh Bij| IpUAHATAX HAOIMXKEHD 1 MAIOTh 3a-
TAJbHUIA XapaKTep.
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FJIABA III
KBAHTOBI CUCTEMH

§ 14. KBanTORi piBHIHHS PyXY JJid (DJIIOKTYyaIliii ryCTHHN

Y kBaHTOBIit MeXaHIIl KOXKHIH disnuniit BewunHI f CTABIATH y
BiAMOBIHICTE OmepaTop f IPUIOMY TakK, 10 BU3HAYUEHE CIIEI[aJbHIM
YUHOM CEePEHE 3HAYEHHS IIHOTO OTMEPATOPA JOPIBHIOE CEPETHBOMY
sHadenrro dizmanoi semammu! [11]. OmepaTopw mioThH Ha XBUIHOBI
dyHKIII, 9Ki BU3HAYAIOTh KBAHTOBOMEXAHIUHUN CTAH JOCIIKYBAHOL
cucremu. Ko xBuiboBa (DYHKINSA 33/aHa 9K (PYHKIS KOOPIUHAT
YaCTHHOK, TO OIEPaTOp KOOPJAWHATH I; JOPIBHIOE CaMiit KOOPIUHATI,
a omeparop iMmynbcy pj = —thVj, To6TO 3 TOYHICTIO /0 MHOKHUKA
36iraeThCs 3 omeparopoM I'pajierTa V ;. Omeparop mBmaxocTi dac-

THHKE I'j = P;j/m. Ile CHIBBI/IHOIEHH dopMaTBEHO MOXKHA OTpUMATH
3 K/JIACHIHOIO BUpa3y I'j = P;j/m, AKINO HaJ BeJIMYUHAMYU MIBUIKOCTI
Ta IMIYJIbCYy IIOCTaBUTH CHMBOJI OIl€paTOpa — JIaMaHy IyKKy. Tak
camo (pOpMaIbHO OTPUMYEMO 3 KJIACUYHUX PiBHSHB Pyxy HbioToHa

mr; = —V;®,
pj = —V;®,
ne & — moTenmiagbHA eHepris, KBaHTOBI piBHsSHHa [aiizenbepra’:
m/r\] = —Vj(I),
p; = —V;o.

1I_[i Ta HABEIEHI HUXKYE eJIEMEHTAPHI BiZIOMOCTI 3 KBAHTOBOI MEXaHIKY BUKJIa-
JAThCd y Kypci aromMuOl dismkm i ix KOCTATHBO IS HOZAJIBIIONO PO3YyMIiHHS
MaTepiairy.

Taiizenbepr Bepuep Kapa (1901-1976) — mimerpkumit disux-reoperux, 1925
POKY CTBODHUB IEPIIMii, MATPUIHMIA BapiaHT kBaHTOBOI MexaHiku (HoGesiBcbka
mpemist 1932 poky).
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Omneparop Dj He NEPECTAB/IAETLCA 3 KOOP/WMHATOIO I'j, SIK Ie Oy-
JIO y KJIACWYHI MexaHimi Jjis BeqwdnH p; Ta r;. Hampukman, mas
OJTHOBUMIPHOTO BUIIAIKY

xp — px = ih,
R L d
p=—ih—.
dx
Hama meta, 9K 1 y KJIaCHYHOMY BUIIQJKYy, — 3HAUTU DPIBHIHHSA

PYXy Ajst GIIFOKTYyaIll TyCTHHN YaCTHHOK Py, 3BECTU HOTO 70 PIBHSIH-
HsI JIjIsI TAPMOHIYHOTO OCITUJISITOPA, OOYMCINTH 9aCTOTH KOJIMBAHD Wi
Ta, CepeIHbOKBAAPATHIHY (DJIIOKTYAI0 (pkp_k) 1 PO3paxyBaTH 3a Ix
JOITOMOTO010 (Di3UYHI XapaKTePUCTUKA KBAHTOBUX CHCTEM.

Ilepum KpokoMm y it mporpami € mo6ymoBa PIBHAHHS PYyXY, SIKY
MHF ITOYHEMO 3 TOrO, IO 3HAKAEMO MOXiTHY 32 4acoM Bif (pJIroKTyaril
TYyCTHUHH pPk:

1 N
—ikr;
_ — e 7,

T UN ]Zzl

Cawme ToMy, IO omepaTop pP; He MepecTaB/ISEThCA 3 I'j, & OT¥XKe, 1 oTle-

paTop I'j He IepecTaB/IsgeThCd, abo fK KaxKyTh, He KOMYTYy€ 3 KOOP-
JUHATOIO T'j, MA IIOBHHHI YBayKHO IIJIXOJWTH JO B3ATTS IOXITHHUX Y
kBaHTOBIi#t Mexanimi. [loxinuy Bix py 3a 9acom t Bi3bMeMO, TTOTIEPETHBO
PO3KJIABINY B PAJ €KCIIOHEHTY B O3HAYEHHI P!

N N
| e 1 , 1, ,
pe = —= e M= —=% 31+ (—ikr;) + o (—ikr;)(—ikr;)
VN & VN 2

1
+ g(—ikr]’)(—ikl‘j)(—ikr]’) + .o g,

N
e = %N;{Hkrj) (k) (k) 4 (k) (k)]

+ % [(—iki;)(—ikr;)(—ikr;) + (—ikr;)(—iki;)(—ikr;)
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—ikp,; —ik
+ % [( mpj)(—zkrj)—l—( ik ])( pj)}
—ikD: _

+ (—ikrj)(—ikrj)(_ii:;pj)} +%[...} +}

Jlitst repexo/y 10 KBAHTOBOMEXAHIIHUX PIBHSIHD CTABUMO y I[OMY
BUpa3l CUMBOJIA ONIEPATOPIB:

.1 L[ (—ikp))

+ % [(_i::f)j) (—ikr;) + (ikrj)(_ii;f’i)}
- % [(—z’:pj) (—ikr;)(—ikr;) + (—ikr;) (_i:pj) (—ikr;)

+ (_ikrj)(_ikrj)%} +% ] +}

Temep Haragaemo, IO OMEPATOP IMITYJIBCY
pj = —ihV;

i OyemMo TOUEPTroBO, MPUTAIYI0UN BEKTOPHUM aHa i3, PO3PaX0OByBaTH
BEJIMYMHU, sIKi BXOJATH y KBajpaTHi ayxKu. OTxke,

C0P) (itcry) = 210109 ) k)] + (—iery) P

m m m
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thz 4 (—ike)) (_i:f)j)'
Hauti
(—z:bpj) (—ikr,)(—ikr,) = —%[(kvj)(—ikrj)](—ikrj)
+(*Z.krj) (_ZTI:LIA)J) (*ikl‘j) — %kQ(fikrj)
(i) 09 ) k)] + (i) k) R
= 2%18(—1'1«]-) + (—ikr;)(—ikr;) (i:;ﬁj)'
Hapermrri

(—ikp;)

m

(—ikr;) (_i:f’j ) (Cikr;) = (—ikrj)%kZ 4 (—ikr,)(—ikr;)

~

[ligcraBumo 3HaieH] BUpa3u y PIBHSHHS IS Py

~ zkpj th . (=ikp;)
pe = \/_Z{ + 5ok 4 (k)

m

+ 31 [3£k( z’krj)+3(—ikrj)(—ikrj)(—ikpj)]

N .
+ %[...H...}:\/—lﬁg{%lﬂlﬂiker---]

+ [14 (—ikr;) + %(—ikrj)(—ikrj) + .. ]%} ‘

Axio 6u Mu B3stim OibIlle JOMAHKIB, TO HEBAaXKKO 3ayBAXKWUTHU, IO
Psiu B KBRJIPATHUX Jy»KKaX 30MpParOThCs B €KCIIOHEHTY:

_ _ kp )
§ : k‘2 ikr; ikr; ( 1KPj .
p v N { e S m
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OcTaToyHO MaeMO:

-~ ih 2 —ikr; ka])
Px = 2m Z

Marouwu 1eit Bupa3, 6epemo aApyry noxinay 3a gacom. OTxke,

) N
- ih -~ 1 d i ler (—Zkf))
_ k2 § ikr J .
Pk 2m Pt VN = dt {e ’ m }

Y mepmuit JOJAHOK MiACTABALEMO 3HANIEHN BUITE BUPa3 71 Pk, & B
JIpyroMy JI0JIaHKy 6epemo noxigHy sik Bijx 1obyTky. [lprnaomy noximgay
BiJl €KCTIOHEHTHU MU IIOUHO OOUUCTIOBAIN TPHU PO3PAXYHKY Py . Llicis
IIEOTO

~ ih ih 1 ke (—1kDj)
— k2 _kQ - ikr; \"82Pj)
Px om om " Pk + N Z e

N
1 o ke _ike. (—1kDj)
§ : k2 ikr; tkr; \ "R 9/
+ N o { <2m ° e m )

Temmep maemo

N

= hk? 1 zkp )
- (I —/{72 —ikr; \" ")
A e

N
1 Z e—ikr kay Z _ikr; kay)
v N j=1 m

Ham 3amummmuioch IBHO PO3MUCATH TYT OCTaHHIM nomaHok. OCKUIBKT
paBa JYaCTWHA PIBHSHHS JIJIsT OEPATOPA IMIYIBCY 30ira€ThCs 3 KJia-
CUYHUM BHUPA30M, TO BUKOPUCTAEMO JJId HBOI'O PE3YyJbTaT, AKUN Mu
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gHAdIM y §5:

(—ikp;) _ (ikV;)®

m m

ik VN iqrs
~m Z(_Zq)TVquqe 7.
q#0

Orxe,

Z —ikr; ka]) _ Z @ %P—q i\f: e—i(k-HI)rJ
m
j=1

a#0
k2 N (kq) VN
= TV Pk K+ Z T v VeP-aPktas
a#0
k+q#0

TOOTO 1€il JOJAHOK y PiBHSHHI Jj1s p) 30iraeThcs 3 BiATOBITHUM 10-
JAHKOM Yy KJIACUYHOMY DIBHSHHI JJI Pk

Temep My MOXKeMO 3aIIUCATH OCTATOYHUM BUTJISIT KBAHTOBOT'O PiB-
HAHHSA PyXy s QPJIIOKTYAI#l JJOKAJIHHOI TYCTUHU YACTUHOK:

- nk2\® K N

Pe = —\ 5, ) Pk= Ve Pk k 1+ Z qp aPk+q
70
k+q#0

o ikr; (kpj) — hk? (kpj)
o \/_Z 2

m

Ile piBagiHHS, 1K 6a9MMO, CBOEIO CTPYKTYPOIO [Iy2Ke HATaIy€ Bii-
TIOBiHe KJacW4He DiBHAHHS. ToMy HaIli TOTAJTBIN KPOKU OyIeMo
pOOUTH, 03WPAIOYNCH HA33J, ajle IaM aTaiiMo, 10 MU JOCTIIKYEMO
BCe-TaKM KBAHTOBY CHCTEMY.
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§ 15. Po3B’430K KBAaHTOBOTO PiBHAHHS PyXYy
Jyis (IIIOKTYAIliil IycTUHA

Posp’si3yBaru TOUHI pIiBHSHHS PyXy IS Pk, 9K 1 Y KJIACHIHOMY
BUNAAKY, HeMae 3Moru. Harle 3aBIaHHS moIATae B TOMY, 00 3HAM-
i HabJMKeH] Po3B’si3ku. Jjist I[HOT0 CITPOCTMMO CaMe PiBHSIHHS, BU-
KOpHUCTOBYyIOuUN Jiesiki npunyinernss. lepefigemo g0 nunx HabJnKeHb.
Ilo-nepmie, He OymeMo BpaxoByBaTH, fK 1 Yy KJIACHYHOMY BHUIIQJIKY,
YIEHIB ~ p_qPqtk; TOOTO KBaJIPaTUIHUX 33 (PIIOKTyalliIMU TIyCTH-
Hu. [lo-gpyre, mpoBeneMo ycepegHEHHS MHOXKHUKIB 3 OIIEpATOpaMH
iMITysIbCiB. Y KJIACHYHOMY BUIIQJIKy MOMY BiJIIIOBi/Ia€ yCcepesHEHHS 33
MIBUIKOCTSIMYA 9aCTUHOK. Y KBAHTOBOMY BUIIA/IKY € JOJATKOBE HAOIM-
JKEHHSI, SIKe TI0JISITa€ Y PO3IINEIJIEHH] yCcepeIHeHb 338 KOODNHATAMHU Ta
MIBUJIKOCTAMHU. Y KJIACHYHOMY BUIQJKY II yCEpPEeIHEHHS He3aJIeXKHi.
OTxe, Hexait

(1) — (kD)) = 5k*(52)

— ~k29 = A/
™o = 3 N’

3

A~

ne (K) — cepe/He 3HaUEHHS KIHETHYHOI eHeprii cucremu N YaCTHHOK,
TOOTO CepesiHe Bij omepaTopa

Mu CKOpHUCTAJNCH TUM, IO 9K 1 ¥ KJIACUIHOMY BUTAJKY, YCEPETHEHHS
3a HanpsaMkamu nae 1/3. Kpim roro, cepesnne 3HaueHHSI f)? 0YEBUIHO
HE 3aJIEXKUTh BiJl IHJEKCY j. 3p03yMLiJIO, [0 Ternep KiHeTUIHa, eHeprist
(K) Bxe me popisrioe npocro 3NT/2. Hasits npu T' = 0 K, acui-
JIOK TIPUHIWITY HeBm3HAadeHocrTel laitzenbepra, kinernana eHepris He
JIOPIBHIOE HyJieBl (eHepris HyJLOBUX KOJMBaHB). Jlasi:

(kpj) — ((kp;)) = (k(P;)) =0, (p;) =0

— OCKIJIBKU CHCTeMa, 9K IiJIe, HepyXoMa, TO CepeJHE 3HaUeHH IMITy-
JIBCY JaCTUHKY JOPIBHIOE HYJIEBI.
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Ilicna mux Hab/IMKEHbP MAaEMO TaKe PIBHIHHS:

o~

P+ wipk = 0,

Jle 9aCTOTa

2m

9 2

hk? +k2 N+k22<K>
WE = — VL — —_— .

V.. m3 N

OTike Mu, 9K 1 CHOAIBAINCEH, OTPUMAJIN KBAHTOBE DIBHIHHS JJIS Tap-
MOHIYHOTO OCITHJIATOPA 3 YaCTOTO0 wy. Po3B’a30K itoro
iwgt
px ~ ek
OTIMCY€ HEe3aracarovi rapMOHIYHI KOJWBAHHHS I'YCTUHN YaCTHHOK CHC-
TEMU.

Bupas mis gacTotm wy € CyTTEBO IHNIMM Yy TOPIBHSHHI 3 KJa-
cuuHOI0 (bopmynoro. BaxknmBuMm, OnHAK, € Te, IO IPH IEPEXOAl M0
KJIACHMYHOI'O BHUIIAJIKY (POpMaJIbHUM LpsiMyBaHH#AM crajol Ilianka 10
uyasa (h — 0), i xomu npu npomy (K) — 3NT/2 mu oTpuMmyemo Jist
YaCTOTH KJIACWYHUN BUpa3 3HaliaeHnit pawimnie y §6:

k2N n k2T
W =1\ —uvp + —.
mV m
[e € 03HAKOI0 Y3TOIKEHOCTI HAIIOTO OMUCY Ta TPUIHATUX HAOJIMKEHb
y KJIACHIHOMY 1 KBAHTOBOMY BUTIQTKAX.

§ 16. Emeprernunuit cnekTp piakoro remio ‘He

BacTocyiiMo oTpuMaHi pe3ysbTaTH IS JOC/IIZKEHHS] €HepreTud-
HOTO CIIEKTpa KBAHTOBUX DiauH. PinuHa moywHae BUSABIATA KBaH-
TOBI BJIACTMBOCTI, KOJIM JIOBXKWHA TeIJIOBOI xBwji je Bpoitaas A =
(27h? /mT)l/ 2 crae CHiBMIDHOIO 3 CEPEIHBOIO BiACTAHHIO MiK dac-
THHKAMU (T), Ky MU BU3HAUEMO CTiBBigHomemmsam 47 (r)3 /3 = V/N.
ITpu A > (r) piguHa € KBAaHTOBOIO, TOOTO 38 YMOBU

orhi2\ /2 3V \ V3
<mT> ><47TN> ’
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a orxke, mipu Temneparypax 1" < Ty, me Tak 3BaHA TEMIIEPATypa BU-
POJ>KEHHST

Th = 0
0 3V

m

B 27 h? <47TN)2/3

IIpukitagoMm Takoi KBaHTOBOI PIAWHM € Piakwmit Tesiit. Y mpupoi
ICHYIOTBH JTBa, CTIMIKMX i30TOIM TEJIif0, a caMe 4He Ta *He. Bignosimmo
MaeMo 1Bl kBauTOBI pisman. Pigkuit *He, aroMu skoro MamoTh CIHiH,
10 JOPIBHIOE HyJieBi, € 603e-4aCcTHHKAMU 1 yTBOPIOIOTH, CKPAILIIOI0-
uuck ipu remmeparypi 4.2 K, 603e-piguny. dus pigkoro *He mpu #ioro
HOpMasTbHiK ryctmEi N/V = 0.02185A 73, Temmeparypa BupomKenns
Ty ~ 15.5 K. To6ro pinkuit *“He HaBiTH B OKOJII TeMIEpaTypy KUTIiHHS
€ CyTTEBO KBAHTOBOIO PiAMHOIO, Ky IOTPIOHO OMMCYBATH 3aKOHAMHU
KBaHTOBOI MEXaHIKU.

Arovmu 3He mators cmim 1/2 i € depmi-gactmakamm. Bimmosiz-
Ho pigkuit SHe e depwmi-pigunoro. BiactusocTi mux mBox pigme pa-
JMKAIBHO pisHsThCs. Sokpema pimkuit ‘He mpu temmeparypi Ty =
2.17 K mepexouTh y HAAIIVHHAN CTaH — TOOTO HAOYBa€ BIaCTUBICTD
IpoTiKaTH uepe3 TOHKI Kaminsgpu 6e3 Tepra. Pigxmit *He mpu Taxiit
TeMIIepaTypi He IEePeXouTh y CTaH Ha IInHHOCTI. I juine npm Haj-
HU3bKUX TeMmieparypax ~ 3 mK mepexoquTh y HaaUIUHHUN CTaH 3
AHI30TPOMHUMY BJIACTUBOCTSIMU, TPUIOMY MEXaHI3M MEPEXOIy CYTTE-
BO immmit, mixk y *He. Ileit Mexani3M MOiGHUI 10 CIAPIOBAHHS eJIeK-
TPOHIB y KYIEPIBChKI Mapy B HAJIPOBIIHUKAX.

SIkmo y cucTeMi YaCTHHOK € KOJIMBAaHHA TYCTHHH 3 YaCTOTOIO Wy,
TO JIJIst TOTO, 100 mepeBecTH i1 y 30ymKeHuil cTaH, TOTPIOHO BUTpA-
TUTH KBaHT eHeprii I, = Nw,. Taxuit nporec BinOysaeTbcsa npu He-
TIPY>KHOMY PO3CIsTHHI HEHTPOHIB y KOHIEHCOBAHWX TLIAX, 30KpPEMa y
KBaHTOBUX pimmuax. Hampuwkiam, mexail HeUTPOH 3 MOYATKOBUM iM-
mymscom fik i emeprieto h2k?/2M (M — waca HeHTpOHA) PO3CIIOETHCS
HENPYKHO HA CUCTeMi JacTWHOK. llicig po3cigaHHg iMIyabc HEHTPO-
Ha fopiBHIOE FiK , a eHepris R2k? /2M .Y pe3ysbTraTi TAKOTO IPOIECY
HEATPOH “mepenac KBaHTOBIH pianHi immyase hq, q = k —k i Brpauae
eneprito i2k?/2M —h?k'2)2M = E,, sixa iine wa nepeseen s piauam
sIK 1j10r0 y 30y kernit cran. Taknit 30y/>KeHuil CTaH TPAKTYIOTh SK
BUHUKHEHHS €JIeMEHTapHOro 30y/IKeHHs 3 iMmyascoMm hiq 1 eHeprieio
E,. Tomy 30ymKeHuit cTaH KOHJIEHCOBAHOTO TiJla MOMKHA PO3IVIANATH
sIK CYKYITHICTh OKPEMUX €JIEMEHTAPHUX 30y/KEHb.

Po3B’sa3km kBaHTOBUX PiBHSHB PyxXy mid KoedimienTa Pyp’e durro-
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KTyallil I'yCTUHN YaCTUHOK Pk, 9Ki MU 3HAUIIIN y HONEPEeTHBOMY IIa-
parpadi, BKa3yoTh Ha Te, IO B CHCTEMI iCHYIOTh ejeMeHTapHi 30y-
JI’KEeHHS 3 eHeprieio B = hwy:

RE2\? R2k2 (N 2 (K)
B = (—> T \VETIN

2m
fximo B nbOMy BuUpa3i BUKODMCTATH HYJIbOBE HAOJIMIKEHHS JJIs Ce-

DEJHBOrO 3HAYEHHsT KiHeTndHOl eHepril (K') cucremn 603e-9aCTHHOK,

TOOTO B3sTH €Heprito imeanbroro 603e-rasy (K) =0 npu T =0 K, To
Mu oTprMaemo dhopmyrry Boromobosa® [12]:

R2k2\?  R2k2N
B, — <_> L EEN

2m mV

et Bupaz M. Borosiro6os 3maitmos me y 1947 pori 3a mgomomo-
rOI0 OPUTIHAJIBHOTO METOMY HAOJMKEHOTO BTOPUHHOTO KBAHTYBAHHS.
QakTUYHO B IIiif #OT0 Tparl BIepie 0yJ0 MOKa3aHo 9K 00UIMCIIOBATH
€HEPTEeTUIHUH CIIEKTDP KOHJIEHCOBAHOTO Tijia

s rakol cucremu K pinkuit reqiit mpu k — 0 dopmyna g Ey
OIHCY€E 3BYKOBi KoJinBaHHsI, TOOTO (pOHOHHY 06J1aCTh CIEKTpPAa:

Ek = Chk,

e

L, N 2 (K)
c=,|— | vw=+—"
'V 3N
— TIBUAKICTH 3BYKY.
IIpu k — 00 Ma€MO eHepPTreTUYHUil CIIeKTP BIIPHUX YACTUHOK:
R2k?

B = .
b 2m

8M. M. Bozoamo6os (1909-1992) — BusarHumil yueruit, H0ro 0CHOBOIIOI0XKHI i1el
Ta QPyHIAMEHTAIbHI PEe3Y/ILTATH B MEXaHII, MaTeMaTurl i (i3uii 3Ha9HOI0 MipOI0
BU3HAYI/IM O0INYYS i PiBeHb CYIACHUX JOCTIIIKEeHb B IUX raay3dx Hayku. Y Kuesi
BiH 3acHyBaB IHCcTUTYT TeopeTnuHoi ¢izukm Akanemii Hayk Ykpainu, sxuii Terep
Ha3BaHO ioro iMm’sim. HeomaopazoBo GyBas y JIbBoBi, Ha kadenpi Teopermanol
dizuknu JIbBiBCHKOrO yHiBepCHTETY Ta ¥ JIbBiBCbKOMY Bigminenui Incturyry, saxumit
BiH CTBOpUB.
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Ha puc. 7 306parkennit eKCIIepUMEHTAIBHO BUMIPSTHUI €HEPreTrd-
muii ciexktp pigxoro *He y nocrizax 3 Hempy»KHOTO po3CistHEST HeHT-
pouis [13].

E,, K

16 4

12 -

. g, A7
00 05 1.0 15 20 25 30

Puc. 7. Crextp enemenraprnx 36ymxens y pigkomy ‘He.

fKicHO Taky 3asieXKHICTh eHepril esieMeHTapHUX 30y KEHD Bij| iM-
nysaecy hk moctymoBaB 1941 poky JI. . Jlanmay y denoMeHOJO-
riYHOMY MOSCHEHHI SIBMITA HaAIIMHHOCTI pimkoro ‘He, axe Bigxpus
II. JI. Kamina 1937 poxy*. Kpusa E) Mae XapakTepHHH MiHIMYM,
KU HA3UBAIOTH POTOHHUM MiHiMyMmom. Hazsa minia Bijg moMuikoBo-
IO IPUTIYIIEHHS, 110 BUHUKHEHHS [[HOT0 MiHIMYMY € HACJ/Ii IKOM BUXPO-
Bux (porariiiaux) pyxiB y pizmai. Hacupasai, miniMmyM 3yMoB/eHuMit
HAsBHICTIO OJIMXKHBOTO TOPSJIKY B PijuHi, TOOTO HEPIIUM MaKCHMY-
MOM Ha CTPYKTypHOMY (bakTopi Si. Bin € XapakTepHuMm A 9acToT
KOJIMBAHBb CTPYKTYPHO HEBIIOPSIKOBAHUX 9K KJIACUIHUX, TaK i KBaH-
ToBoux cucreM (piguau, aMopdHi Tija) I IePeTBOPIOETHCA B HYJIb JIJIst

43a mi mocmimkenns Bmacrusocreit pimkoro ‘He JI. JI. Jlanday (1908-1968)
Haroposkernuit 1962 poxy HoGesiscbkowo npewiero. I1. JI. Kaniya (1894-1984)
orpumas HoGemiBcbky mpemito 1978 poky 3a dbyHIaMeHTaIbHI BiIKPUTTS ¥ Tary3i
}i3uKM HU3BKUX TEMIEPATyP.
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KpucTagivHoro Tina (Ha 1mMOABOEHIH BimcTani 10 mexi 30nm Bpiwoe-
Ha).

Mu rOBOpPH/IM TYT IIPO eHepreTwdHmit ciekTp pigkoro ‘He. CrexTp
pinkoro 3He, sx cucTemu dbepMioHIB 3 ICKpaBIM BUSBOM iHIUBITya s b-
HUX XapaKTEPUCTUK YaCTUHOK, BiApi3HIETHCA Bix crekTpa HaraTobo-
30HHOI cucTeMu i Jy1s #oro onucy HeobxigHi inmi migxoan. Mu, ogHax,
cpobyeMo JIOCinTY KOJEKTHBHY TijKy crexTpa pigkoro “He, mpu-
poJia KO — IIe TaKOXK KOJIMBaHHS rycruHu. lIpudomy He OGparumemo
70 yBaru i Te, mo pigkuit He Ipu HaHU3BKIX TEMIEPATYPax € HaJl-
mwimaanM. OTKe, y Tak 3BaHill TigpogmHaMivHil Mexi, koau k — 0,
MaEeMO 3BYKOBI KOJIMBAHHS 3 JIHINHOIO 3aJI€’KHICTIO €HEPTil BiJ XBU-
JILOBOTO BEKTOPA, SIKY MU BUIHUCAJIM BUINE. JAMUINIEMO PIBHSIHHS /TSI
mBUIKOCTE 3ByKY aBOX pimun, ‘He Ta SHe:

A

it — ot 2 (B
404—P4V0+3 N )
4

2 ((K
m3C§=P3V0+§ % )

3

sHauku “3"Ta “4"6ing BeIWMUYMH BKA3yIOTh, IO BOHW CTOCYIOTHCS J0
3He Ta *He Bignosigao. Baskimso, mo koedimienr ®yp’e vy g obu-
JTIBOX cucTeM € ogHakoBuM. CrpaBjii, eHepriio MiXKaTOMHOT B3aEMO/TiT
BU3HAYAIOTH CTPYKTYDPH €JIeKTPOHHEX 0GO0IOHOK, sIKi m/1st aroMmis >He
i “He € ommaxoBuMmu, a He MacH ixuix gaep®. OTiKe, MI MaEMO 3MOTY
BIJIYYUTH 3 IIUX JIBOX PIBHAHB BEJUYUHY V() 1 YCTAHOBUTH CIiBBIJIHO-
ITEHHST

2 (K 2 (K
4 3

3 IKOTO MOYKHA BU3HAYUTH, HAIPUKJIAL, CEPETHI 3HAYEHHS KIHETUIHOL
eHeprii.

53po3yMmiso, 0 MU BiZBOIKAEMOCH Bif| HECYTTEBOI PI3HUII, SKA BUHUKAE Y TI0-
cramiabaTuaHOMy HAOJIMKEHHi, BHECOK SKOT0 Y MiKATOMHUI HOTEHIIAJ IIPOIOp-
IMAHWI 70 KOPeHs KB3APATHOIO 3 BLIHOIIEHHS MACU €JIEKTPOHA 0 MACH SIpa.
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§ 17. CrpykrypHuii (pakTOp KBAaHTOBOI PiIuHU

Tenep Moxemo mepeiiTu 10 PO3PAXyHKY CTPYKTYPHOTO (haKkTopa
KBaHTOBOI CHCTeMU HaraTboX JYaCTHHOK

= {|px*) = (prp—)-

[Tounemo 3i 3HAlIEHOrO HAMU BUPA3y JJIsl IEPIIOl TOXiTHOI 33 9acoM
BII Pk:

- ih 2 —zkrj ka])
=5 -k Z

9

AKAA ITOMHOXKHNMO CIIpaBa Ha p_k:

- P-k:

-~ _ Zh 2 — kr ka.])
PrP—tc = 5k prpoke+ —= Z i

O6uucMMo Jif0 ormepaTopa IMITyJIbCy Pj, TaM’ STalun, M0 OTepaTo
VR )

V; nie 9K Ha BeJIMINHY p_k, TaK 1 JaJii Ha XBUJIBOBI QyHKIII, AKi TyT,

3pO3YMiJI0, He BUIIMCAHI:

(—i:f)j)pk _ _%lzl(_im \“F (= i;pj)
_ (—ik)(::)(—ih)ij‘; N Pk(_i:;pj)-

Y pesysbTari MaeMo

N

ih ihk? 1 ke, zkp
Prep— k——kpkp K~ Z Pk\/—z k ])

o~

Terep MOMHOXKXNMO OIIEPATOP Py 3J1BA HA P_k:

ih

_ zkp )
— k‘ tkry; \" "2 g )
p_kPi = o KP—KPK Pk _Z

76



Omrxe, pizHUIS

~ o~ k2
P—kPr — PxpP-x = th—.
m

Mu 3Hajimim mepecTaBHi ab0 KOMYyTalliiiHi CIiBBIIHOIEHHS MiX OTIe-
paTopoM (QJIIOKTYyallil IyCTHHU YaCTUHOK p_) Ta 11 MepITor0 MOXiTHOK
33 9aCOM.

3 yBaru Ha Te, IO PIBHIHHS PYXYy IJS p_k y NPUAHATOMY Ha-
O/IMKEeHH] € PIBHIHHAM JJIsI TADMOHITHOTO OCITUISITOPA, HABEIEMO 16~
TAJIBHIIIE aHAJIOTII0 3 KBAHTOBUM JIIHITHUM TApPMOHIYHUM OCITUJIATO-
POM Macoi0 m Ta 4acTOTOI0 w. ¥y KJIACHYHOMY BUNAJKY (pyHKIs ['a-
MIJIBTOHA TAKOT'O OCIUJIATOPA

2 2
P mw
H=—+ —a:2,
2m 2
T — KOOpJIWHATA, P — IMIYJbC. ¥ KBAHTOBOMY BUIAJIKY BlIIIOBITHUM
omepaTop eHepril abo ramiJbTOHIAH

IPUYOMY KOODJIMHATA Ta OIEPATOp IMIYJIbCYy HiJKOPEHI yMOBI, $Ka
BU3HAYAE TIEPECTABHI CITIBBIJHOIIEHHS MiXX HUMMU:

xp — px = ih.

Omneparop IMITy/IbCy TIOB’sI3aHUM 3 OMEPATOPOM IIBUJIKOCTI K 1 KJjia-
CUYHI BEJIMYINHY, CIIiBBITHOINIEHHAM

p = max,
a 1epecTaBHi CIIBBIHOIIEHHS MalOTh BUTJISII:

T — tx = th—.
m

Tobro Maemo moBHY aHAJIOTIIO 3 EPECTABHNM CIIiBBIAHOIIEHHIM MiXK
p_k Ta py AaS Kokaoro k i3 dopmamsmoo saminon 1/m ma k?/m
abo m ma m/k?. 3eepraevo ypary UnTaua Ha BasK/JIMBY JeTaib. A
came, Harma 3amina Macu m Ha m,/k? TOBHICTIO y3rOKyeThCs 3 Ti€lo,
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mo mMu Maau y §4, je Oy HaMaraHHs 3aIUCATH KIHETUYHY €HEprito
KJIACUYHOI CUCTEMW YaCTWHOK Uepe3 y3araJbHeH] IMMBUIKOCTL Pk.

JlaJti ToBHA €HEepris OCHUISITOPa JOPIBHIOE CEPETHEOMY 3HAYECHHIO
Big omeparopa [aminsrona

i, sk m06pe BizoMo, HAOyBaE TakKWxX 3HAYEHb [11]:
E=hw(n+1/2), n=0,1,2...

Omxke, 32 aHAJIOTIEI0 MOXKJIWBI 3HAYEHHS €HEPTil KBAHTOBOI PiauHU
E..., Nk, oo — § hwk(nk + 1/2)7
k

1€ KO2KHE KBAHTOBE YMCJIO
nk = 07 17 27

Kpim Toro, sk y KJIacHYHOMY, TaK I KBAHTOBOMY BHUIIAJIKAX CEPEIHE
3HAUEHHS TOTEHI[AJIBLHOI €HEPTil OCIWISATOPa JIOPIBHIOE CEPeTHBOMY
3HAYEHHIO fOTO KiHETWYIHOI €Heprii, a OTXKe,

2
mw® o E
2 <I > 2 )
TAKIM 9UHOM P
2y
(%) = —

abo, TiICTaBAIIOYN BUPA3 €Heprii, MaeMo:

(z?) = %(1 + 2n).

Towmy 3a aHaJjIOTi€I0 3HAXOMMO CEPEIHHOKBA/IPATUYIHY (DJIIOKTYa-
mito rycrurEE (mam’aTaiivo Tpo 3aminy m — m/k?):

hk?
2y
owl?) = 5

1+2 .
wk( + 2ny)
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Mu orpumasiu BaxkuBuit pesysasrar. DakTHIHO BECH TOAAJIBINNA PO3-
TJIS1], BJIACTUBOCTEH KBAHTOBUX CUCTEM I'PYHTYETHCS Ha, [IEOMY PIBHSTH-
Hi.

VBemeMo 3pydHi MO3HAYEHHS, I [THOTO MIEPENHUIIEMO BUPA3 JIJId
YACTOTU Wy TaK:

e [T
- 2m Vl/k

Wk om )

ne edpextuBHm KoedirienT Oyp’e eHepril MixKIaCTUHKOBOI B3a€MOIi1

2V -
EREA

Jasi mo3HaYMMO CKOPOYEHO pPaJiuKaJl:

vy = v+

. 2N /| h?k?
o = —vy ) —.
k vV k[ 2m
Tenep gacrora:
hk?
W = 7 Q,
2m

a CTPYKTypHuii pakTop KBAHTOBOI PiAUHU

14+ 2ny
(697 '

Sk = (loxl*) =

Jlj1st OCHOBHOTO CTaHy, KOJiX yCi KBaHTOBI umcia ny = 0, 70610 g
remmeparypu 1' = 0 K crpykrypauIit dpaxrop
1
S = —.
ay
3pobumo 11e o/iHe 3ayBarKEeHHS. ¥ KJIACUIHOMY BHIIQJIKY MU MaJIu
TaKni PO3B’I30K:
k2T
(prpi) = —.
mwj,
Y KBAHTOBOMY BHUIAIKY

2
(prp—x) = m—wk_(nk +1/2).
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Tobro sikio dopmansao Temueparypy T’ 3aminntu Ha hwy (nk +1/2),
TO 3 KJACWYIHOTO BUMAJIKY OTPUMAEMO KBAHTOBWiU Bupa3. Taka 3a-
MiHa O3HAJaE, IO €HepTit0 KJIACUYHOTO OCIMIATOpa 1 mpu mepexosi
JI0 KBaHTOBOTO ONHUCY 3aMIHIOEMO HA CEPEIHI0 €HEpTil0 KBAHTOBOTO
ocrnaropa’ E = hwy, (ny + 1/2).

Mu orpumaJiv BUpa3 JJjs CTPYKTYPHOro ¢akropa Sy, AKuil 3a-
JIEXXUTH BiJi KBAaHTOBOTO YHCJA M), TOOTO BiJ TOTO, B SKOMY CTaHI
3HAXOUTHCs BioBigHUI ocumisaTop. st nepexojy J0 CTaTuCTUY-
HOT'O OIUCY HEOOXiTHO BUKOHATHU yCEpeHEHHsI YUCeJ 3AIM0BHEHHS 7.
KBanTOBE UnCIIO N) JOPIBHIOE KITHKOCTI OCIUIATOPIB 31 3Ha9KOM K 1
TOMY HOTO ITle HA3WBAIOTH YUCJIOM 3aIIOBHEHHS.

ImoBipHICTE TOTO, IO OCIUIATOP 3HAXOAUTHCI TIPU TEMIEPATYpPi
T y crani 3 eneprieio E nopiBHIOE:

w = const e_E/T,

E = hwg(nk + 1/2).

O‘leBHJIHO IIOBUHHA BUKOHYBATUCH yYMOBa HOPMYBaHH:

o0
Z w=1.
nx=0

Ocranusg piBHiCcTh (Cyma ycix IMOBIpHOCTEl JODIBHIOE OJMHWUIN) JAE:
oo
const Z e Twr(ne+1/2)/T _
nr=0

3Biacu 3HAXOIUMO cONst — CTajy HOPMYBaHHS.
Temep cepenne 3Ha4YeHHA Ny JTOPIBHIOE
k

N S e wn(mct1/2)/T
nk=0
<nk> = Z mw = . 00
nx=0

6He 3a6yBaiimMo Tpo HATIY JOMOB/IEHICTH BIMIPIOBATH TEMIIEPATYPY B €HEpTe-
TUYHUX OJUHUIIAX.
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oo
Z nke—ﬁwk nk/T
nx=0

[o.e]
Z e*hwknk/T
nE=0

Bre=hwy /T

Br=hwy /T
e_ﬁk
1— e P

B 1
ehwk/T 17

Br=hwy /T

ITi oueBmaHI EpeTBOPEHHSA HE MOTPEOYIOTH KOMEHTAPIB.
Mu orpumasn posnomia Bose-AiHmTaiiHa:

1
(o) = o 7

Omxe, 3 ypaxyBaHHSIM KBAHTOBOMEXAHIIHOTO 1 CTATUCTUYHOTO yCe-
peIHEHHST

hk?
mwi

hk? 2 hk? hwy,
S, — 1 = th [ —= ) .
" 2wy ( * elwi/T — 1) Qmwkc < 2T
I[ikaBO TIOMMBATHUCH Ha I BUPA3W y HU3BKO- Ta BUCOKOTEMIIEPA-

TYPHUX Me¥XKaX. ¥ MepIIoMy BUHAAKY, Koam 1 — (0, KoTaHT'eHC Timep-
OoTiuHUi TPAMYy€E 10 ONWHUIL 1

S = (prp—x) = 5 —— (1 + 2(nu)),

hk? 1
k= = —.
2mwy o

[Tpuuomy y BUpasi Jyist v, CepeHE 3HAYEHHS KiHeTHIHOI erepril (K)
noTpibHO TakoXK OpaTy mpu TemiepaTypi abCOJIOTHOTO HYJIS.
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Tleprma piBaiCTS y 1Mt popmysii moxke OyTu 3amnmcaHa depe3 eHep-
reruunnit crektp Fy = hwyg:

n2k?
- QmSk )

E,

Otxe, MU OTPUMYEMO 3B’SI30K MiXK CIOCTEPEXKYBAHUMHU BEIHIH-
HaMW — €HePTIi€I0 eJIeMeHTapHUX 30y/KeHb Ta CTPYKTYPHUM (HaKTO-
pom, sikmit BuminBae 3 Teopii M. Borosobosa 1947 poky, a mizxirmre
1954 poky mneit 38’130k iHmmM MerogoM Bcranosus P. @eitnman [5].
®opwmysa Borosobosa-Peitnmana € Tounoto Jjmie upu k — 0:

Ey = hke, Sy = ﬂ

2me
OmHak BOHA BUKpPWBAE MeXaHi3M (pOpMyBaHHS POTOHHOTO MiHi-
MyMy: MaKCUMyM CTPYKTYPHOTO (akTopa mpu k ~ 1.91A7!, axmit
3yMOBJIEHUI HASBHICTIO OJMKHBOTO TIOPLAJKY V PiAWHI ¥ TPUBOIUTH
JI0 TIHOTO XapPaKTEPHOTO TMPOTWHY Ha KpuBiit Fj. l1d xpuctamigamx
Ti1 neit minimym Fj, SK 3a3HA9aJI0Ch, JOPIBHIOE HYJIEBl 1 BU3HaAYaE

IOIBOEHY BijicTaHb 10 MeXi 30HM Bpijuroena.
B obnacti Bucokux temmeparyp 1' — 00 MaeMO Iepexin 0 Kjia-
cnanol Mexaniku (A — 0). Y upoMy BUIAJKY BUKOPUCTAEMO DO3KJIA]

KOTAQHI€HCa IIPU MaJINX 3HAYEHHIX apI'yMEHTa:

kiQmwk ﬁwk T

Takum 9uHOM, Y 1IBOMY HAOJIMKEHH]

Tk? k2T
Sk:mwQZ 2. N | k22(K)\’
K m(m’/kv+E§T>

st ximerwanoi eHeprii 6epemo ksacwunuit Bupasd (K) = 3NT/2 i
OCTaTOIHO

k2T /m 1
Sk = E2 N k2 - 1 N

— 9K 1 TOBWHHO OyTH!
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Omrxe, 3HAlIEH] 3HAYEHHS CTPYKTYPHOTO (bakTopa y IUX rpa-
HAYHUX BUMAIKAX JEMOHCTPYIOTH MOBHY Y3TOIXKEHICTH KJIACUIHOTO
i KBAaHTOBOT'O OIMHUCY CTPYKTYPHUX XaPAKTEPUCTUK CUCTEMU HATaTHOX
YaCTUHOK, KW MU 3anpOonoHyBaju. Mu OTpuMaju BaxKJIUBUN pe-
3yJbTAT. 3aBASKHA TOMY, IO y BUPA3 JJIS () BXOIUTH CEPEIHE 3Ha-
YeHHsI KiHeTWYHOI eHeprii, 3HalineHl (opMy/n MpaIfoloTh B HU3BKO-
TeMIepaTrypHiit, To6TO KBaHTOBi# 00J1aCTi, 1 BUSBJISIOTH MOXKJIUBICTH
HEMEePEepBHOTO TTEPEXOIY 10 KiaacuaHoro Bunaaky. O6’e1HaHHS B OJHO-
My BEpa3i IUX JBOX I'PAHUYHUX BUMAJIKIB B TEOPil 6araTOYaCTHHKOBUX
CUCTeM €, paIre, BUHATKOM, HiXK ITPABUJIOM.

§ 18. Teopema npo gudepeHIilOBaHAS CEPEeaHIX 3HAYEHD 32
mapaMeTpoM

YV KJIaCHYHOMY BUIAJKYy CEpeIHi 3HAYEHHS BEJWYWH, 9Kl 3aJje-
2KaTh BiJl KOOPJAWHAT ¢ Ta IMIYJIBCIB P, BU3HAYAIOTHCS 33 JOTIOMOTOIO
byskii posmogizy T'i66ca’:

w(q7 p) ~ e—H(q,p)/T’

ne ramineronian H(q,p) = E — 1e eHeprig CucTeMH, sKa 3aIiCa-
Ha Jepe3 KAHOHITHO CIPSKEHl y3araJibHeHl IMIY/IBECH Ta KOOPAUHATH.
Y KBaHTOBOMY BUIAJKY (DYHKINS PO3IMOMALILY 3aJIEXKNTH BiJi HOMEPA
KBaHTOBOTO CTaHY 1 BU3HAYAETHCS €HEPIi€I0 CUCTEMU B IIBOMY CTaHI
E,:

Wy ~ e En/T,

Hanpukian, cepenne 3Ha9eHHS eHeprii
S Epefn /T
n

B= S e~ Bn/T

Hanmani gias BusHadeHocTi OymeMO pO3IVISIATH KBAaHTOBUI BHITa-
JIOK, a Mi3HilIe 3poduMo IIepexin i 7o KIacudIHol MexaHikn. Beanunta,

"Ti66c dorcosatia- Yinnapd (1839-1903) — amepukraHChKmit (hi3HK-TEOpETHK, OC-
HOBOTIOJIOXKHUK CTATHCTUIHOI (Di3WKH, OJWH 3 TBOPIHB BEKTOPHOTO YUCJ/ICHHS.
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e—En/T

—H/T’ e

€ JiarOHAJIbHUM MaTPUYHUM €JIEMEHTOM OIIepaTopa €
H — omeparop erepril abo oneparop 'aminbroHa cucTeMu:

efEn/T _ (eflfl/T)Tm.

Hayi jyist cupoieHHs 3alnciB I03HAYAEMO, SIK 1 paHimie, obepHeny
remneparypy Besmuuuoo S = 1/T. Tenep Bequuuna

Z e_ﬁEn = Z(e_ﬁﬁ)nn
n n

JIOPIBHIOE CyMi JIarOHAJIHHUX MATPUYHUX €JIEeMEHTIB, fKa Ma€ Ha3BY

ns.
Sp e_ﬁH = Z(e_ﬁH)nn-

“rimy p"'e:
n

Z E,e PEn — Z(ﬁeiﬁﬁ)nn
n

Besmunna

n

TAKOX € IIITYyPOM MaTPHIT He PH:

Z(I:Ie_ﬁﬁ)nn = Sp He PH,
n

Orxe, cepeiHe 3HAYEHHST €HEPTil
E = (H)=Sp (He "M)/spe M
0 : : 0 :
L L s _ _ 9 A
6ﬁ(Spe )/Sp e a5 n(Sp e 7).

VBemeMo BeJnUWHY, Ky HA3WBAOTH “‘cTarwcTwdHa cyma'abo “‘cyma
by |
craniB":

Z=Spe” H
Ternep cepeate 3HAYEHHS €HEPTil
0
E=——(nZ).
55(2)

810 omepamil0 HA3WBAIOTH OGUMC/ICHHSM cainy wMarpumb. 3Bigcu Ha3Ba
“mmyp": Big HiMerbkoro Spur, T06T0 cig. Ii 9acTo MO3HAYAIOTH 3aMICTh SP TAKOXK
gk Tr: Big anrmificbkkoro Trace — cuif.
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TIpuragaemo 38’5130k Mixk eHepriero F Ta BLIbHOIO eHeprieo F
0
E=—(BF).

OT:ke, TOPIBHIOIOYH €l BUPA3 3 MOMEPEIHIM, IPUAMAEMO, IO
BF = —InZ.

Crpore noBejieHHs 1€l PIBHOCTI MU 3aJIMIIIAEMO, OCKIJIBKH BOHO TTPO-
BOJUTHCS y 3aTajIbHOMY KypCl CTATHCTHIHOI MEXaHIKM.

Hexait Temep BiibHA eneprisa F' € QYHKINEH IeIKOTO TapaMeTpa
A (HampukIam, 1e m — Maca JaCTHHKH, e — i1 3apszg, V — ob’em
cucremu i T.11.). Bizbmemo Bij BimpHO! eHepril

1
F=—-Inz
g
TIOXiTHY 3a TTapaMeTpoM A:
or _ 107
oN  BZON

[Ipuramaemo, mo MIIyp MaTPWIl HE 3aJ€XKUTh BiJl PeICTaBIEHHS,
TOOTO BiH € iHBapianToM. OTXKe, [IJIst HOTO PO3PAXyHKY MOXKHA BUODa-
Tu OyIb-9Ky TOBHY cucTeMy (DYHKIIH, 30KpeMa TaKuX, sIKi HE 3aJje-
xaTh Bix A. Tomy moxinny 3a A MOXKHA BHECTH MiJ 3HAK MATPUIHOTO
eJIeMeHTa!

oZ 8 ; ) ; 0H _,p
-~ =2 —BH _ (.~ BH — _ Zt —BH
o P Sp{m(e )} ﬂSp(aAe )

Omrxe,

o\ Z

A Spe i \aa

A 9H —pH .
OF 1, (8_He_ﬁﬁ> CSp (e ) ap

Mu OTpUMaJIA OY2XKE BaKJIMBUI pe3ysbTaT:

or _ o,
oN o
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TobTo moxigHa 3a mMapaMeTpoM A Bif BiIbHOI €Hepril JOPIBHIOE cepes-
HBOMY 3HAYEHHIO TIOX1THOI BiJI raMiJIPTOHIaHY 3a MM TIapaMeTPOM.

s pirnicTs fa€ 3MOry oTpUMaTH HU3KY BaxKjuBux dopmys. He-
xail omepaTop eHeprii

oH _ Lif’_f _ 1B
om  m24&~ 2 m 2m’
~ N ~2
oOH b;
" om 2

VBaxkaeMo, IO MOTEHIaJbHA €Hepria He 3aJ€KUTh Bil MacH JacTH-
voK. OTxXKe,

OF OH., P
“Mom T _m<8—m> = <Z >)

— cepejHe 3HadeHHda KinermdHol eneprii. Tobro cepegHe 3HaYEHHS
KIHeTUYIHOI eHeprii

N ~2
o\ by, __OF
()= (0 5) =

A — mapameTp BMUKaHHS B3aeMmoil. Temep

OF  9H())
= e = (@
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Omxe, KO BisloMe Cepe/IHE 3HAYEHHs] NOTEHIaIbHOI erepril (P), To
MOXKHA 3HANTH MMOBHY BLIBHY €HEPTio

F= /<<I>>d)\ + const.

“Crasy"Besmmunny const Bubepemo tax, 1mob mpu A = 0 Mu MaJjIu Bijib-
HY €Heprilo CHCTEMU HEB3a€MOMIIOUNX YACTUHOK (6e3 MOTEHITIaJILHOL
eHepril), Ky MO3HAYUMO K F{:

1
F=F+ /((I))d/\.
0

OTxe BUXOIUTH, SIKIIO MU 3HANIEMO CEePeHE 3HAUEHHS MOTEHIIA/b-
HOI eHeprii, T0O MOKHA OOYUC/IUTU IIOBHY BLIBHY €HEpIiio, a 3a HEIo
cepejiHE 3HAYEHHS KiHEeTWYHOI eHepril Ta inmi TepMmomuHamivuni QyH-
KIii.

dAxmro Temmeparypa T = 0, To 3 piBugaag F' = E — T'S, maemo
F = F. Tomy npu T = 0 3Hax0111M0:

on _ of,
o ‘on”
VY KJIaCMYHOMY BUTIKY (HOPMYJIa

or <8H >

oX ‘oA
36epirae CBOIO CujLy: HEOOXIIHO JIMIIe i 3HAKOM (. ..) PO3yMiTH KJjia-
cuuHe ycepemHeHHs Ta Te, mo H = H(q,p) — e xiacudHa (DyHKIA

laminbToHA.
Hageemo mpukiia. ¥ Teopil KjaacnyaHO! m1a3Mu My 3HARTILIN, 110

TV
LAY

(@) =

e obepuenwuit pagiyc lebas

N 47re? 1/2
%:<V T > '
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3a napaMerp BMUKaHHS B3aEMOJIl A BUOEpeMO MHOXKHUK Oljist IOTEH-
riasbHOl emeprii: dopmaabHO HeobxinHa 3amina e? ma Ae?. OTxe,

(AD) = TV)\3/2%3
8T
a BiJTbHA eHepris
TV 2
F = Fd——% /)\1/2d>\ Fd—8—vg 3.

B ocraTounux pedyabraTax 3po3yMmiso moxgagemo A = 11

Cawme 1eit pe3ysIbTaT MU 3HANIIN paHiIie.
Ao 3a mapamerp A Bubpatu xoediriert @yp’e eneprii B3aeMo-
Jil V4, TO Hallla Teopema J1ae

<(5H > oF
Ovg Ovg
Mpu BUKOPHUCTOBYEMO TYT IO3HAYEHHS (DYHKIIOHATIHHOI TTOXiTHOL, Ma-
foun Ha yBasi mepexig V. — oo, N — oo, N/V = const go neme-
PEPBHUX 3HAYEHb KOMIIOHEHT XBUJILOBOI'O BeKTOpa q. Kpim Toro, jyis
BU3HAYEHOCTI Oind g CTaBMMO BEKTOPHHI 3HAYOK (. fIKIo Kowmo-
HEHTH BEKTOPA ( € JUCKPETHUMY, MAaEMO 3BUUAHY TOXinHy. 3 BUpa3y
s oiepaTopa eHeprii H ojep:KyeMo
o0H N N _1)
dvq  2v PafmaT )
3 mx HOPMYJT OTPUMAEMO 3PYIHE PIBHAHHS Il OOUNCIEHHS] CTPYK-
TypHOTO (bakTOpa:
2V OF

N 51/q
k1o a1 BiIBHOT eHepril KJIaCUIHOI CUCTEMU B3ATHU BUpa3 y HabJiu-

KeHHI XaoruyHux (a3 3 § 8, To orpuMaemMo 3HaMOMY HaM (HOPMYITY
s Sy.

S,=1+—
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§ 19. Teopema mpo Bipiau

CroprCTaftMOCh TEOPEMOIO TIPO Te, IO CEPeIHE 3HAUEHHS MOXiJI-
HOI Bijg omepartopa l'amibToHA 3a JEeSIKUM TapaMeTPOM A JOPIBHIOE
IOXiMHIM BiT BUTBHOI €Heprii 33 MM IapaMeTpoM:

oF 0l
-
Hexait ramMinbTOHIAH IOCTIIZKYBAHOI CUCTEMHM MAa€ CTaHIAPTHUM BU-

IJIS)], CyMU KIHETHYHOI €Hepril Ta IOTEHIIaJbHOI eHeprii IornapHuX
MI>KYaCTUHKOBUX B3aEMOIiii:

52
A=Y 224 3 -

i>1 1<i<j<N
3pobumo 3aminy 3MiHHUX,

’

rj = Arj,

y pe3yabTaTi SKOi raMiJIbTOHiaH

~79
S 1 pJ ’ /
H=33> 55+ >, ®Q\r-r)),

i1 1<i<j<N
a ToXiJIHa,
OH 2 D} C
o= w2 axAnn)
i>1 1<i<j<N

OueBugHO, MmO

OP(\R’ R 0®(\R' 1. )

oA OR'
TOMY
a / / 1 / / / / !

. . /
3HIMaEMO IITPUXU 3aMIHOIO r, =r; /A
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2m —
Jj= 1<i<j<N
Temep
oF 2 1
o _X<K> + X< Z (ri — 1) Vi @(|r; — 1)),
1<i<j<N

Jie cepejlHE 3HaYEHHS KiHeTUYHOI eHepril

p.
K = —-J
(K) = (3 55)
Jj=1
Hexait mapamerp
A=L=V"?

— pebpo Kyba, B IKOMY € Hallla, CUCTeMa,
1
dAzzgv—W%ﬂﬂ

Orxe, MaeMo

oF 2 1
VIS = s ) Yo (i) Vil ryl),

1<i<j<N
abo
oF
BV o = —2(K) + D (ri—r)Viyd(r — 1))
1<i<j<N
IMpuragaemo, mwo tuck P = —(9F/0V)p 1 3anmmemo, 110 piBHICTSH
TaK:
2(K) 1
P= A W< Z (r; —1;)Vi®(|r; —rj))).
1<i<j<N

Hpyruit nogaHoK y npasiit wacTuHi 1i€l piBHOCTI Ma€ Ha3By Bipiasy
(aam. vis, mn. viries — cuiia, moTy>kHICTH, eHepris). Tomy 1o piBHICTE
HA3WBAIOTh TEOPEMOIO Bipiajy. Y kjacwaHiit ¢izuri i1 BcTaHOBUB 1 7aB
Ha3By HiMenbkuit ¢izuk P. FO. E. Knaysiyc me 1870 poxky.

Hepaxxko mobauuTtu, 1o s D-BUMIpHOI CHCTEMU 3aMiCTh UHCTIA
3 y mux dopmysax ciig mocraBuTy 3uadeHusd D.
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§ 20. BinsHAa eHeprig KBaHTOBOI piguHU

Marouu Bupa3 [Jjisi CTPYKTYPHOTO (paKTopa KBaHTOBOI CHCTEMU,
3HAWIEMO CEpPEeTHE 3HAUECHHS ITOTEHITaIbHOI eHeprii:

N(N —1) N
(@) = oy 0 + Z qu(sq —1)
a7#0
~ N(N 1) N 14 2(ng)
- 2V VO_I_ZQVVQ{ ay 7
q7#0
1

2V -
- —(K).
+3N2< )

*_

Yq

Vq

Ilepen Tnm, stk TepexoguTH /10 OOYMC/IEHHST BIIBHOI eHeprii, 3pobu-
MO Take 3ayBakeHHs. CKOpHUCTAEMOCH THM (PaKTOM, 10 TapHA (PYyH-
KI[ig pO3MOJILILY

7151 Takol Goze-pinunn ax ‘He mopisrioe nynesi mpu R = 0, oCKiJIbKT
aTOMU MalOTh PO3Mipu 1 #MOBIPHICTB 1X B3a€MHOT'0 PO3TAIIYBAHHSI HA
BifcTami Menmii, Hixk “miamerp"aroma mopiBaioe HyJseBi. OTxe,

1
N2 Sam =1
a#0
Ile mae 3mory 3ammcaTv CEPEHIO TMOTEHINIAJBHY €HEPrif0 TaK:
N(N —1) . 2V .

N
() = ?Vo-l-g;oﬁ (Vq - §W<K>) (Sq—1)
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_ NN (K) N .
= ST DTS-+ SvvalSe— 1)
q#0 q#0

N(N —1)
= T”ﬁzgv 205 = 1)-
q70

Tobro Branock 3amucarn Besmanan (P) Ta S, auine depe3 ebekTHB-
uuit xoedinient Pyp’e mMixkaTOMHOI B3aEMOTIIl v .

Bymemo nmocmimkyBatu cucreMy 3 0603e-JaCTUHOK, IPUKJIAIOM
gkol e pigkuit *He. Taka cucTeMa XapaKTepu3yeThCS THUM, IO IPU
TeMriepaTypi abCOFOTHOTO HYJS 33 BIICYTHOCTI B3a€MOil MiX dac-
TUHKAMU 11 eHeprist JOPIBHIOE HYJIEB: yCl YaCTMHKM MAOTh HYJIbO-
Bi 3HauenHs immysbciB. e Tak 3Bane sBuie Boze- AitrmraiiniBesKol
KOHJIEHCAIll — KOHJIEHCAIlil YaCTUHOK B iMITyJILCHOMY IIPOCTOPI.

BuxkopucraitMo Hy/IbOBe HaOIMKEHHS IS CEPETHBOTO 3HAYEHHS
kineruunoi emeprii (K) = 0 — T06TO Bi3bMIMO KiHETHUHY eHepriro
imeaspHOrO 603e-razy mpu T = 0 K Tak, mo 1/(’1" =1y.

YBenemo mapaMeTp BMUKaHHS B3AEMOJIl, Vg — Ay, 1 obuucammo
BlLJIBHY €HEPI10

1

F = Fa+ /((b)d)\,
0

ne F;; — BinbHA eHeprisa imeajpHOTO rasy, a

AP = N(N 0+Z2qu {1—|—2<nq>1}’

«
q#0 4

\/ 2N | /n2 g2
o =

— MH He HaBaHTaXKye€MO (v, JOJATKOBHM IHIEKCOM A, AKHI CBITINB
6u i1 3aJ1€eKHICTh Bij] HHOTO, OCKIJIBKY I[€ TUMYACOBE TO3ZHAYEHHSI.
Hami maemo:

TYyT

1

F = E-d+/d>\ MVOJFZEVQ{Ml}

) 2V s 2V 0y
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1
B N(N —1) N 1+ 2(n,)
= Ed+TVO+Zqu /Tdk_l
q#0 0

Posrnsguemo inTerpas

87

/11+2<nq>d)\:/ql+2<nq> Dy

0y oy doyg
0 1

Mun 3pobmu 3amiHy 3MiHHOI iHTerpyBaHHA: 3aMicTh A BBeIH . OO-

YUCJIUMO TTOXITHY
daq N h2 2\ 1
= —VU, —_—
dA v g’

h%¢®> /N
daq Y om /
1

Qq
1+2(n n%q?/2m
d/\— 142 d
[ o [0 2,
1

Tenep inTerpan

0

Qq

h%q?/2m dayg
% (g = 1) + 2/ ePhPqPaq/2m _ 1

IToza imTerpasom Ta Ha #0ro BepxHi#l Mexi BeqwuMHA (rp Oeperbcs

mpu A = 1:
[ e
N v ") om

.. . 2 2 2 2
. Jauti e 3amina @ = P77 @a/2m  dy — 5}12—731:E doy. OTxe, HAII
1HTer paJj

g eﬁh2q2aq/2m
/ doyg / dx
2.2 = 2 2
eBl?¢?aq/2m _ 1 xﬁf;q (x_l)
1 eﬂh2q2/2m m
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eﬁh2q2aq/2m

1 1 1
:_,6h2q2/2m / de <5_:1c—1>

eBh2q2/2m

{ln (1 — e_ﬂh2q2aq/2m) —1In (1 — e_ﬁh2q2/2m) } .

1
~ BR2¢?/2m

Tenep BibHA eHeprist

N(N -1 1 h2q? N
F = F +7( )VQ—F—Z{ q(aql)—yq]

2V 2 o0 2m Vv
1 2> 1 2 2
+ = In (1 — e_ﬂh q 0‘4/27”) _ = In (1 _ e—ﬁﬁ q /Qm) )
p3 03
HepeTBopI/IMO BI/IpaB y KBa,Z[paTHI/IX I[y}KKa,X:
h2q2 N thQ )
5 (@ —1) = pvg = = (ag — 1)%

OT:ke, 0CTaTOYHO

N(N —1 h2q?
F = Fid—l—¥uo—2—q(aq—l)2

Axmo nokgactu remmeparypy 1' = 0 K, To BijnHa enepris 36iraerbest
3 BHYTPINIHBOIO €HEPTIEI0, 9Ky Ha3WBAIOTh €HEPTi€I0 OCHOBHOTO CTAHY:

N(N —1 h2q>
EOZ%Vo—Z—q(aq—I)Q.

Binwrua enepris izeansroro 6o3e-razy npu 1" = 0 K nopisaioe HyJesi.
YBemeMo mo3HaYeHHd

1
AFjq = Fig— — Z In (1 - e*ﬁh2q2/2m)
a7#0
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1 3ammmIemMo BITbHY €HEprilo Tak:

1
F=AFq4+ Ey+ 3 Zln (1 — eiﬁaqhzqg/Qm) .
q7#0

V raxiit kBanTOBI# 603e-piquHi g9k pimkuit ‘He Binfysaernes dhazo-
BUil mepexin npu medakiit temneparypi 1' = T)\ — mepexin y HaAIINH-
Huit cran. PazoBuit mepexin BiOyBaeThbCs 1 B ifeaspHOMY 603e-rasi
npu 1" = T,. Ilpuyomy jjis remneparyp 1" < 1;

F;, = Zln <1 —e ﬁ )
q#O
Tomy AF;q = 0. Orxe, st T < T,
F = EO + % Z In <1 — eiﬁh2q2aq/2m) )
a7#0

Mu 3malimau BiibHY eHeprito y Habmmxkenui Borosiobora. IloBaa
BHyTpimHS enepria npu 1’ < T,

E = aﬁ(ﬁF = Eo+ 57 Zln( e*ﬁ"ﬁq%q/?m)
q#O
n?¢? fﬁh2q2aq/2m
_ om %q€
o EO+Z {n 7ﬁh2q agq/2m
q#0
abo B,
E= E0+Z Eq/T 1
q#0
ze
h2q2
a= 5 %
2m

Hociignmo 3aaexHicTs BHYTPIIHBOI eneprii F Bij Temueparypu.
IIpu T' — 0 BaxK/IMBUMU B iHTerpaJii 3a ( € MaJli 3HAUEHHS XBUJIHOBOTO
BEKTOpa, KOJIu

E, = hcq, q—0
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heq
E—E()—I—Ziehcq/T 1
a#0
Ilepexommmo TyT Bif migCyMOBYBaHHS 33 ( JO iHTEIDYBAaHHS:

\% heq
E = Byt —— [ dg—ol —
0t (277)3/ ehea/T

o0

v 9 heg
Ey + —(27r)347r/q dqiehﬂq/T —
0

3amina 3MiHHOT iHTErPyBaHHS:

heq T
— =z .
T ' 1= 5"

V T 3T 3
E=E+—=T|— dx.
0+2772 (hc) /635—1 *

eit imTerpan gobpe Bimommii:

T I3 7T4

do = 2.
/ew—l 15
0

Temep

OcTtarouro -
VT
E=FEy+-—0
0t 3R
a TEIJIOEMHICTH 5
o2 (T
Cy=V—1[—) .
v 15 <hc>

Came Taky 3aJ/IeXKHICTh TEIJIOEMHOCTI BiJ] TeMIEpaTypu i Crocrepi-
rafoth y pimkomy ‘He mpu T — 0 K. BayBaxkumo, o BUpa3y JJIs
3aJIeXKHOCTI enepril £ Ta TemoemuocTi Cyy Bif TeMmepaTypu Taki sk
i y woproro sunpowminioBanus (3akon Credana-Boasnmana). Ie e
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HACJIJKOM JIIHIAHOI 3a/1€2KHOCTI eHepreTuIHoro cuekTpa Fy Bij xsu-
JILOBOTO BEKTOPA ¢ sK Jist (POTOHIB, TaK i s 3BYKOBUX KOJIMBAHb
y pigwmsi. [loTpibHO numie nam’araTu, M0 y ¢GHOTOHIB € JBI HE3ATEKHI
TIOJIIPW3Aliil, a JJist (DOHOHIB y PiAWHI Jinilie OHa — HO370BXKHa. ToMy
Juist HOTOHIB I BUPA3u yABIUl OiIbII.

Icropuano ckaasocs Tak, moO came Ig “KyOiuHa 1OBemiH-
Ka'"TeryI0EMHOCT] PiIKOTO TeJIifo0 TPU HU3BKUX TEMIIEPATYPaX 1 HABEJIA
JI. 1. Jlagmay Ha AyMKYy TOCTYJIIOBATH IOYATKOBY IJIAHKY €Hepre-
THYHOTO cIeKTpa pigxoro *He akycTuunoro, To6TO JHIHHOIO 3a/ex-
HICTIO BiJ] XBHJILOBOTO BEKTOPA.

ITikaBo o6unCIMTH eHeprifo HyIHOBUX KOJIMBAHE pigkoro ‘He, 106-
TO €HEPTiio OCHOBHOTO cTaHy Fg. jist IbOTO MEpernuinemMo BeJINYnHy
E stuimie uepes CIIOCTEpeXKyBaHI BEIUIUHU, & CaMe depe3 IIBUIKICTh
3BYKY € 1 CTpyKTypHE daxTop S;. CKOPUCTaEMOCh TUM CaMUM IIPH-
omowMm, 1o # y KyacuaHi# Teopii. OTxke, 3uaiimemo tuck mpu 1 = 0 K:

£21/ - / dq ﬁ(a —1)2
2v 0 (2m)3 8m ¢ ’

Ey =

(ag — 1)2

_8E0 B N2y, / dq h%¢?
oV 2v2 (2m)3 8m

dq h*¢* oy — 1 2Nv h2q?
T a1 (20
(2m)2 8m  aq V2 2m )’

2 / dq h¢* (a, —1)?
2 (27)3 8m  ap

abo

P=p

2

Hani 6epemo noxigay 3a rycruaoo OP/0p = mc® i 3HaX0AUMO, 1110

, N V/ dq h2¢% 1 1\?
met = vy — =— — —— .
V7 2N ] (21)3 8m oy Y ag

ITligcraBumo 3Bijgcu vy y Bupa3 s exeprii Fy:

E 2V [ dq h2¢? 1\? 1
_OZK__/ B LI R R S AL
N 2 N J (2m)3 8m Qg 4 4
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Bpaxosyioun, mo B npomy nHabuwkensi a; = 1/S; i moBeprarouncs
JI0 TIJICYMOBYBAHHS 33 IMITYJIBCAMU OCTATOYHO MAEMO

E 2 2.9
o mc hq(Sq_)<1 3 1)

N 5 N Sm tas T
q#0

45, 52

Mu pocsirin MeTu: it pO3paxyHKY eHepril OCHOBHOI'O CTaHy HaM He
oTpibHO 3HaTH HOTeHNiaNbHy eHeprito O (R). OTxe, 3nadenns Fy/N
He 3aJIeXKaTUMe BT mapaMeTpiB MOTEHIaLy, 0 MOJIEIIOE B3a€EMOJIII0
Mixk aromamu ‘He.

HaBegemo pe3ysbrarT KOMII'IOTEPHOTO IHTEI'DYBAHHS 3 BUKOPUC-
TAHHSM €KCIIePHMEHTAJIbHUX 3HaIeHb i ¢ Ta Sy Fy/N = —5.31 K.
e 106pe y3roazKyeThCs 3 eKCIIepUMEeHTaIbHIM 3HadeHHsaM B /N =
—7.13 K, 3Baxkaroun Ha Te, 110 MU BUKODPUCTAJN JIUIIE HYJIHOBE Ha-
OJIMKEHHS.

Mu moryin 6u BuIydnTHu CTaLy Vg 1 Bigpaly 3 PiBHAHHS IJIs TUCKY:

Wq* (Sy —1)°
=P -
VD S

a7#0

§ 21. Cepennd KiHeTWYHA €HEPrid i PO3MOALT YaCTHHOK
3a iMmyJabpcamMu y KBaHTOBIill pigumai

Cepesae 3nauenHs Kinernuanoi exeprii K = (K) po3paxoByeMmo 3
BIILHOI eHepril, qudepeniooan 11 3a “mapamerpoM"\ = m, ne m —
Maca JYaCTHHKH:

oF

K — —m——
m@m

Bizsmemo g5 BijibHOI eHepril 6araTob6030HHOI CHCTEMHU BHpPa3, CIIPa-
BeJIJINBUAY DX HU3BKUX TeMIlepaTypax:

0
K= fm% Eo+ﬂ(§)ln<leﬁ2ma> = Ko+ Kj,

e KIHeTUYHa €Heprig B OCHOBHOMY CTaHI
3E0 hg 2 9
Ko = - Z om { (ag—1)
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oy, 8m oy
1 OTXKe,
R2q? (ay — 1
o= DG
a7#0 4
Yacruua KiHeTndHOI eHepril, sika onucye 30y/»KeHl cTaHu
8 1 2.2
- Y )= __—Bh*q*aq/2m
K = m@m BZln(l e a )
a#0

1 1 2 2
el —Bh*q*aq/2m
- mﬁ Z 1— efﬁh2q2aq/2me !
20

y ﬁh2q2 h2q2 1 2N h2q2
om? ™ Pom 20, V1) T2
n%q?/2m [ 1 ]

= — g — — (a5 —1)] .
Eq/T _ 4 q

a0 © a/ 1 20y
Takum 9uHOM,
?q%1 1
Ki=) -5 ot o (nq)-
a#0

IToBHe cepejiHe 3HaUEHHST KiHETWYHOI eHEpPril:

h%q? [(a ~1)% 1 ( 1
K= a +-lag+— ) (ng) |-
pors 2m 4oy 2 0y
SKIo momaTH cepeiHi 3HAYEHHS KiHETHWYHOI eHeprii K = (K )

T3 TOTEHINAJbHOI €Hepril, MU ITOBUHHI OTPUMATH TOBHY BHYTPIITHIO
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eneprito F. IlepeBipumo 11e:

- ¢ [(ag—1)2 1 1
F = (K P) = 4 Z -
-+ (0= 5 el 5 (o 1) tna)]
N(N - 1) N [(1+2(ng) N(N -1)
[ _—_— 1 =
oy T (;) Yk < g oy 0
[72¢? (g —1)> N ( 1 >}
+ Ly oy — 1
(;) | 2m 4oy 2V 1\ qq
[h2q% 1 1 N (ng) N(N —1)
= 2T (00 5yt g et | = X
s 1% (g~ 1) W*(ef 1) (1
ol 2m 4oy 2m 4 oy
h2q2 1 0‘2 -1
+ Z(nq>2 3 |%t
a70 E 1
N(N —-1) 1« h2¢? (1 ag+1
= —_— —_— —_ 1 —_—
1% Ty ; 2m (2 ) 0y 0y
h2q2
+ Z<nQ> 2 Oéq.
m
a#0
Orxe, MA OTPUMAJIA BAPA3
B = FEo+ Z Ey(ng),
a7#0
N(N —1 h2q?
Ey = NV ~1) Ve )Vo — 2 %m (g — 1),
q7#0

K7t 30ira€ThCs 3 paHimie 3HANICHUM.
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CepeiHIO KiHETUYHY €HEPTII0 CUCTEMU 33 JOMOMOIOI0 DPIBHSIHHSI
ag = 1/S, nerko nmepenucaTn yepe3 cTpyKTypHUi dhakrop S,. 3oKkpe-
Ma JIJIS OCHOBHOT'O CTaHY 3 PO3PaXyHKY Ha OJHY YaCTHUHKY

2 2 2
K() - 1 h q (Sq — 1)

N N 2m 45,
q#0

Ieit Bupa3 gae 3MOIy DO3paxyBaTH CEPENHE 3HAYEHHS KIHETHYHOL
eneprii maammmaroro “He mpu Temmepatypi abcomoraoro mysts [14]:
Ky/N =121 K.

3HaiiieMo Temep pO3MO/iI YaCTHHOK 3a iMmyabcaMmu. Bynemo Bu-
XOAUTH 3 TAKMX MIPKyBaHb. SIKIO YaCTUHKA Ma€ KiHETHYHY €Hepriio
h%q?/2m, a cepejHe UMCIIO YACTHHOK JIOPIBHIOE Ny, TO cepejHst KiHe-
TUYHA €HepTis

Towmy, nopiBuiOOYHM 1ieit Bupa3 3i 3HaljgeHwuM Builne 3HAaUYeHHIM K

Ma€EMO ( )2
ag—1 1 1
N, —=~~9 =7 —
4aq + 2 <Oéq + aq) <nq>7

ko ¢ # 0. Haragaemo, mo (ng) — Ie cepeHe Ync/Io eleMeHTapHIX
30y/I2KeHb. 3ayBasKUMO, IO IIiICYyMOBYBAHHS 33 XBUIHOBUM BEKTOPOM
q BigOyBaeThca 3a yciMa 3HaUeHHAMM 33 BUHATKOM q = 0. Tomy i Ng
MaeMo jmme st g # 0. fxmo a4 = 1, To6T0 1, = 0 (izeasnpHuit raz),
TO cepeJHE 3HAUEHHS KiTbKOCTI YaCTHHOK, IMITYJIbC 9KUX JOPIBHIOE q
HabyBae BUTIALY po3momiay Boze-Aftamraiina:

1

Nq = BRRE2m _ 1"

Haramaiimo, mo remmeparypa 1 < 1.
Hexait Tenep Temmeparypa 1’ = 0, a orxke i (ng) = 0. Tomy
(g — 1)?

N f—
g 4ag

q# 0.

IToBHa KiIBKICTH YACTHHOK

N =No+ > Ng.
q#0
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ae No = Ng—o. 3Bigcu

MFN—Z%—%Z(%ﬁ%) (nq)

q#0 ¢ q#0 e

— 1e Tak 3BaHui 603e-KOHIEHCAT: TOOTO KiJIbKICTh YACTHHOK PiIWHH,
IMIyJIbC IKWX JOPIBHIOE HYJIEBi. [HIMMMYT cioBaMm, 1ie YMCIO0 JacCTH-
HOK, gKi “ckorgencoBani"y cran 3 q = 0.

Bignocue 3anoBuenns 6o3e-kongencary (BK) mpu 7' =0 K:

No | 1§ (og—1?
N D
a#0

fBure 603e-KOHEHCAIT € XapaKTepHUM i 0araTobD030HHUX CHUC-
TeM, I IKUX HeMae npuHnuny 3aboporu [aymi. dckpasum npukia-
JIOM € JIa3€ep, y SKOMY B CTaHi 003e-KOHIEHCAI] 3HAX0AATHCSI (DOTOHMU.
fBuie 603e-KOHIEHCAITl CIOCTEPIraeThCd 1 y HAMIIINHHOMY ‘He. Op-
HaK IS po3paxyHKy Kinekocti BK y peamsromy “He msa dopmymna
HempuiaTHa. fKmo mincrasutu o = 1/5, 1 pospaxysaru Ny/N mns
OCHOBHOTO CTaHY, TO IHTETI'PAJbHUI WIEH € OLIBINNM 33 OIUHUITO 1 IUC-
Ji0 Ny crae Big'emunm. lle npocTo o3nadae, 1o Ha BigMiHy, CKaxXiMo,
Big emepril Bestmumua Ny € aymmmsimom g0 zHabauxkenb. s i1 “Be-
peuBicTh "3MyIIlye POZBUBATH MTOTYXKHII METOAN PO3PAXyHKY, HixXK
Ti TPOCTI HAOJMKEHHSI, SIKI MU TyT IPOMOHYeMO. BusBigerhcs, 110
sualigena Tyt dhopmyna misg No/N mpu T'= 0 K — ne sume mepri
JIBa YJIEHW PO3KJIAJy €KCIIOHEHTH.

3i 3pocranaam Temmneparypu BK po3muBaeTbes, oCKiTbKY 36115-
IIYETHCsT CEPEIHE YHCIIO eleMeHTapHnX 30yKeHb (ng). Temmeparypy
T., mpu kit Ny = 0, Ha3UBAIOTHL TOYKOIO DO3e-KOHIEHCAII. ¥ IIiif
Tourl BifOyBaeThesa (az3oBmii mepexis. BeaxkaroTs, 1m0 mepexi pigKo-
ro *He y majnueHmit cTan cynpoBomKye sunnkaennsa BK. To6To, mo
Touka 603e-kouzgeHCamil T, 30ira€TbCs 3 TEMIEPATYPOI0 A-TIEPEXOIY
T. BayBaxkumo, OJIHAK, IO 3B’SI30K MixK sBUIIEM 603e-KOHIAEHCAIl] 1
HasuaHicTIO HE Takuil npoctuit. IIpu T' = 0 K B ineansHOoMy 603e-
rasi Ny = N, TobTo Mmaemo crosimcorkoBuit BK, aje 1msa cucrema me
€ HAAIUIMHHOIO. Y PiIKOMY ‘He npu T = 0 K BK cranoBuTh Jntie
Hesesuky 1010, No/N ~ 6%, aje pizguHa € IOBHICTIO Ha/IUIMHHOIO.

Temneparypy 603e-koumencariii 71, jerko 3uatitu 3 ymoBu Ny = 0
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JUId i1eaibHOTO 603e-rasdy, Koau oy = 1:

1
N = Z 6h2q2/2mTc o 1
a#0

Ilepexonmmo Bif miICyMOBYBAHHS 3a 10 iHTEIPYBAHHS i iHTEIPYEMO
3a KyTamu y ChepuIHuX KOOPINHATAX:

N Vo [T ada
@p " Jy e 1
VBesiemo HOBY 3MiHHY iHTerpyBamna x = h2q®/2mT,. # oTpuMaeMo:

1% <2mTC>3/2/°° Jzdz
0

- (2m)2 \ h? et —1’

Vr N 33— / * Jxdz
2 Ve Jy e —1'
me Ae = (2nh? /mT,)'/? — nopxuma Temnosoi xsui me Bpoitas mpu
Temeparypi 6o3e-koumencarii 1.
O6unciiroemo inTerpad:

v dr = Ve dzx

0 et —1 0 1—e®

= (PO3KJIQJ] y PpsJT 33 CTEIEHSIMUA € )

00 o0
= / \/EZ e "dr = (3amina y = nzx) =
0 n=1

oo 1 fo'e)
=) =5 ye Ydy,
S v

et inrerpas gopisaioe ramma-bysknil Big 3/2, T'(3/2) = /7/2, a
cyMa 3a O3HauYeHHAM € ja3era-ynkuieo Pivana ((3/2) = 2.612. Or-

/Oo foldx _ VT (3/9).
0 e

2
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Y pe3yabrari MaEMO Take PiBHOHHA HA TeMreparypy 003e-
KOHJIeHCAIll B iJleaIbHOMY Tra3i:

N
VAE’ = ((3/2).

3Bizcu TemmepaTypa 603e-KOHIeHC ATl

1= 22 e "

YucegapHO I TYCTUHU PiIKOTO ‘He N JV = 0.02185A 3 remmepa-
Typa T, ~ 3.13 K, i € 7ocuTh GJIU3BKOI0 JO TEMIIEPATYPU A-TIEPEXOTY
T\ = 2.17 K. Came g O6au3bKiCTH TEMIEPATYpP 1 HAIITOBXHYJIA HA
JYMKY, IO SBUINA, HAIILIMHHOCTI Ta 003e-KOHIEHCAIll € CYIIy THIMH.

§ 22. 3apamxenuii 603e-ra3 mpu ' = (0 K

PosrnsremMo kBaHTOBY cucTeMy 3apsijiKeHUX Oe3CmiHOBUX 003e-
YaCTUHOK, TOOTO YACTWHOK, IO IiJIKOPSIOThCS crarucTuil bBoze-
Aftmmiratina. BBakaemo, IO YACTHHKYM PYXaAIOThCA B OIHOPITHO-
My HelrTpasiizyodomy ¢oni. Taky crcremy HA3WBAIOTH 3aPSAKEHAM
603e-razoM. BoHa € aHAJIOTOM €JeKTPOHHOTO Ta3dy B KOMIEHCYIOYO-
My TOJi, KJIACHIHY Teopito gkoro mum Magu B § 9. 3aszmaummo, 1o
Yy KBAaHTOBOMY BHUIAJKY €JEKTPOHHWII ra3 — 1e ¢epmi—Tra3, OCKijihb-
KV eJIEKTPOHU MAaOTh CIiH DPiBHWMH 1/2 1 MigKOPSIFOTHCS CTATHCTHINL
Depui-/lipaka. Baxxko 3HaiiTu peasizariiio y Ipupoji CUCTEMU, SKY
6 Moze/IoBaB 3apsipKennit 603e-raz”?. OJHAK TAKa MO JA€ 3MO-
ry BunpoboByBaTH €(DEKTUBHICTH MATEMATUIHUX METOJIB Ta HaO/IH-
JKeHb, 1110 3aCTOCOBYIOTH B Teopil bararoyacTuHkoBux cucrem [15,16].

OCKiTbKE B CHCTEMI € KYJIOHIBChbKa B3a€MOJisI, TO 11 KoedimieHT
Dyp’e

4me?
Vg = 2 qg#0; v;=0¢=0

®Take yTBOpEHHS SK KyIepiBChKa €J€KTPOHHA IMApa B MOJEN HAIIPOBiTHIKA
Bapgina-Kynepa-IlIpuddepa Baxkko TpakTyBaTu, sk 603€-9aCTUHKY, OCKIIbKN
e/IeKTPOHY B Hill po3ziieHi y mpocTopi Ha BigcTams~ 103 = 10%A.
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1 cepejiHsl MTOTEHIIa/IbHA EHEPTis
N
(@) = Z W’/q(sq - 1),
a7#0

3 ypaxXyBaHHSM TOTO, IO CTPYKTypHuit dakrop Sy = 1/ mpu T' =
0 K, nopiBHIOE

(®) = Vq (1/\/ —Vq h;m - 1) .
q#O

Mu B3sttu 17151 v HabJIHsKeHuMit Bupas 3 (K) = 0, gk 1 y momepeaHsoMy

maparpadi.
VBenemMo XapakKTepHUHN NI 1€l 33/1a9i XBUJILOBUM BEKTOP (o Ta-
KUM DPIBHSHHSIM:

2N h”_gzme?mi: P 4
VvV R2 q* q )’

4 16N we*m  16mN
=Ty TR T Vag '’

TOOTO

h2

ap = —
me?

— pagziyc Bopa.
Temep

= V Wﬁ 7'['62 i 1 -
= v !“<1+@M% Q’

a 3aMiHa 3MiHHOI = = ¢/q( Ja€

<®—Nf%/a<——L—-1>
. NS

0

105



Orxe,

62

(@)/N = ol

a TOTPiOHMIT HaM iHTerpas

Samina:
1
x:t*1/4, dx:—1t75/4dt; r=0, t=o00;x =00, t=0.

Temep mam inTerpas

oo o o]

/t (14 )73/275/4qt = —%/tl/“(l + 1) ?4t.
0 0

N)I»—\

ITpuragaemo o3navenHsa B-inrterpasna Eitrepa [17]:

I'(2)I'(y)

" A4 t) VA = ==
x+y)
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ge I['(x) — ramma-byskmis. Y wac:

1
—Z:x—l, x = 3/4,

3 L.
5~ Y )
TOOTO
y=—x+3/2=3/4
Orxe,
I _F(3/4)F(3/4)
2I(3/2)
1 OCKIJIbKH

(3/2) =T <1 + %) - Ir(/2) = g

TO OCTATOYHO
I 1%(3/4)
B V.

CepeiHst IOTeHIIAIbHE, €HEPTis
e? I?(3/4)

<(I)>/N = *?QOT-/

(167N
©=\Va B .
BaHpOBaIII/IMO HpHpOILHI/II';I 1A KyJ'[OHiBCI)KI/IX CHUCTEeM IIapaMeTp

Heiea bHOCTI 75, KW yBiB K. Bpaknep, gk BigHOIIEHHS CepegHBOL
BizicTaHl Mixk dacTuHKaMu (r) 10 GOPIBCHKOTO pajiiyca ap:

rs = (r)/ap.

et mapamerp yacro Ha3uBaiOThH napaMmerpom bpaksepa. CepenHio
BiZICTAHb BU3HAYAEMO 3 00'€My, IO IPHUIIAIAE HA OSHY JACTHHKY:

107



2| <

4
§7r(a3rs)3 =

Y HOBUX ITO3HAUYEHHIX

1/4
qoz( 1673 > :i121/47,;3/4’

apdmayrs ap
2 191/4 2 . 19l/4
_ 12 s e a2 12777
<(b>/N - ap 7T3/2 Ts I (3/4) - 2aBTs 71_3/2 I (3/4)

YBeieMo XxapakTepHy OJMHUII0 BUMIPY eHepril KyJIOHIBChKUX CUCTEM,
sIKy HAa3WBAIOTH Pigdeprom:

62 me4
IRy = — = —
Y 20,3 2h2 ’
YUnCEJIBHO
1Ry = 13.6 eV.

Omrxe, y pigbeprax

@y = - (2

™

3/2
) sy,
YUCEJIBHO

(®)/N = —1.003848 x r;3/* Ry.

IloBHy eneprito 3HalizeMo iHTErPDyBaHHSIM 33 TTaPaMETPOM BMWU-
KaHHS B3a€MOJIIT \:

1
E=Ejy+ /((I)}d/\,

0

2

mapaMeTp A\ BBOIEMO 3aMinomo e Ha Ae’. Kpim Toro, y mamiit 3a1adi

Eq,=0.

OTxe,

1
o=/
0

T T N3 w5

(£N> FQL\/;/ZD%AV%A _ eNriBM) 4
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E/N = —0.803079 x r7%/* Ry.

Kineruuny eneprito Bu3Ha4a€MO depe3 MOXiJHY 33 MACOI0 Bij TIOBHOI
eHeprii

;lE z51 (_f) ['2(3/4)

() = —man=(mg (-5) =7

1/4
167Ne2\* d i L,
Vh2 dm 4
Orxe,
1
K)=—-F
(K) L

tak mo (K) + (®) = £ — ax i moBuHHO OyTH.

L1 mepeBipKy y3roIKEHOCT] 3HAIEHNX BUPA3iB CKOPHUCTAAMOCH
TeopeMmoro Bipiaay 3 §19.

Aximo moTeHIia I KyJIOHIBChK T

2

e
O(jr; —rj|) = ——
(‘ ) ]|) ‘ri_rj|’
TO BipiaJt
2 2 2
e d e e
rj—ri)Vyi— =R;j——— = —
(r; i) ”|ri—rj\ Z]dRij R;; Rij’

Rij = [r;i — ;]

JIOPiBHIOE CaMOMY TOTEHITaJIOBI 3 MPOTUJIEKHUM 3HAKOM. ToMmy 3a
TEOPEMOIO BipiaJy

oF
BVW = -2(K) — (D).
Ockinpknu A v
_ 3 —_
37(((137'5) N’
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TO

i_ o 0 _Ea
oV dlmV  30lnr, 3 Or,

Orxe, i1 KyJIOHIBCHKOTO TTOTEHIAY TeOpEMa Bipiaay Mae Takmit
BUIVIA;

IIpu T' = 0 K BinbHa enepris F' = F i ockiibku

E = —const x 7"5_3/4,
" OB 3
— =—-F.
s ors 4

Maemo TTOBHY y3TOXKEHICTH 3 TEOPEMOIO Bipiajy TOMY, IO
1
<K ) = *ZE )

5
(®) =-FE.
4
Enepreruununii criekTp 3apsi>KEHOT0 003e-ra3y 3HaXOAUMO 3 3a-
raJbHOI (POPMYJIH, B AKY HEOOXITHO IiICTABATH ABHUM BUPA3 JJIg KO-
edimienra @yp’e vy:

e o

ne wy = y/4re?N/mV — gacrora nia3MoBUX KOJMBaHb, IKYy MU BBO-
quan pamime. Orxe, npu k — 0 eHeprig 30yMKeHb HE TPIMYE 0
HYJISA, & JOPIBHIOE fiwy.

Hocmaignmo mapHy GYHKITN0 PO3MOALIY, IKY 3 YpaXyBaHHIM SIBHO-
ro BumIIsiy cTpykTypHOTO (baktopa Sy = 1/4/1 + (go/k)* 3amucyemo

TaK:

F)(R) = 27r2pR/ ( NESCYOL 1) ksin kR dk.
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IMicas nepexomy jo 6Ge3posmipaux 3minaux ¢ = k/qo Ta = = Rqo
MagEMOo:

4 (4\ VA3 poo 1
R =1+-(=) =— ——— 1| gsingz dq.
2(R) —\3 o s gsingzr dq

Ileit Bupa3s MOx»KHA 3HAYHO CIIPOCTUTH 1 NMPUBECTH [0 3PYYHOIO
JUISI 9UCEJIbHUX PO3PaXyHKIB BUIJISITY, BUKOPUCTOBYIOUN IHTEr'DaIb-
He mepersopenust Mesutina [18]. Ilepersopennss Mestina dhaxTuaHo
€ meperBoperHaM Jlamnaca (Km0 3aMicTh 3MIHHOI BUKOPUCTOBYBATH
iT morapudm)!?, axe ceoero weproro € nepersopennam Pyp’e y KOMII-
JekcHii myromuni. Maemo [18]:

2mi
—1<Res<1

sin gr = = / (gzx)~°I'(s) sin (%) ds,

inTerpyBaHHS 332 KOMILIEKCHOIO 3MIiHHOIO S #i7je y3J0BXK YSIBHOI OCi Bif
(—ioco) mo (+ioc) Tak, moEb AificHa YacTHHA S 3aIMINAIAch ¥ CMy3i

10Mix immrmM, Ham OpraHi3M TAKOXK BUKOPHCTOBYE JIOTApIMMIUHY IIKATY s
omparoBasHs iHdopMaril 3 HaBKOIUIIHLOrO CBiTy. CIiBBiIHOIIEHHS MiX CTAMY-
siom [ dizuunoro nogpa3uuka i BignosigauM (diziosorivanm BiguyTTam S € jora-
pudbwmiaanm, S ~ k Inl, k — crana BeauduHa.

Take cuiBBigHOIIEHHS iCHY€E, HAIPUKJIA, MiK BHCOTOIO 1 YaCTOTOIO 3BYKY, MixK
3BYKOBHM THCKOM 1 I'y4dHiCTIO. BimHOImEHHS 9acTOT CyCiTHIX OKTaB MY3WYHOTO
a3y OOpiBHIOE nBOM. Jljist OPIBHAHHS HOT 33 BHUCOTOIO B JIOJISIX IIIBTOHIB BHKO-
PHUCTOBYIOTH OJMHAIIO 3 Ha3BOI “nent" (yorapudm mecarkoswmit, a k = 1200/1g2).
PiBeHb iHTEHCUBHOCT] 3BYyKy BU3HAYAIOTE B Gesax, k = 1 (Takox s JeCITKOBOTO
sorapudma) abo B germmbenax, kom k = 10. Came ToMy, 10 3aKO0H € JorapudMid-
HHUM, BiH Jae€ 3MOTy HamIOMy BYXY CHPUHAMATH HA3BUYANHO IMUPOKUY IialTa30H
YaCTOT Ta IHTEHCUBHOCTEH: 33 YaCTOTOI0 V JIIOOUHA PO3Mi3HAE 3BYKH B Jialta30HI
V1 <o, va/v1 ~ 103, a 3a ammaiTygoro Tucky Bix Py 10 P, mpuaomy Ps/Pr ~ 107!

ITkaJia 30pAHUX BEIUYUH M TAKOXK € jorapudmivnon. 30psiHa, BEJUYUHA HE
Ma€ KOMHOTO BiTHOIIEHHS IO PO3Mipy 3ipKu i Xapakrepu3ye jume ii O/mck abo
cBitHicts (cmny cBiwia) I: m = —0.41g(1/1lo), crana Ip € posinbHOW0, Ii BCTa-
HOBJIIOIOTH 33 “crannapranmu'3ipkamu (Hanpukiazn, Bera mae BisyasbHy 30pamy
Bemaury m = (). Hame reo36poene oko Moxke GaunTn 3ipkm 10 6-i Bemmanam, a
¥ CydacHwii Tesieckon — 110 m = 22+ 23. A, B3araJi, 4y TJIMBICTh HAIIOTO OKA € He-
CIIOIBAHO BEJIMKOIO — BOHO MOKe PEECTPYBATH JeKinbka (horomis. Moro diziomo-
rigHwmit mopir — e oguH (GoToH, TO6TO, 06 36y IUTH PEETOP JOCTATHRO OJHOTO
doToHa, ogHAK [UIs TOrO, 00 MO30K CIpUUHSB Ie “IoBigoMIeHHs " TOTPiOHO 5+ 8
doronir. OTke, NOpIr CIPUHHATTS TOPIBHIOE JeKiabKoM (oToHaM. X0o4ua MabyTh
€ 1 migmoporose CIpUiHATTA. ..
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—1 < Res < 1. IlixcraBisiemo 1€ 300paKeHHST CHHYCa, Y IIOIIEPEITHIO
bopmyiy:

FQ(R>:”§<§>MT?/4 [ eereewsn () 5

2m;’
—1<Res<1

oo ., 1
Q(s)=/0 J— <W_1)dq.

Inrerpyemo B Q(s) vactunamu:

o0

Q(S) _ qfs+2 1 .
(—s+2) \V/1+1/¢* .

2 > 4 2
2—3/0 q 1+ q") g

Ilepmmit ogamok mOpiBHIOE HYyJIEBI 1 mic/da 3aMiHm =t
1 > s/ 3/2
Qs) = — T (1 4 6) 7 2dt
=) 2(2-s) /0 1+9) ’

a 3 BukopucranuaMm B-iarerpasa Eitnepa, axuit Mu ByKe MaJInd B I[HOMY
maparpadi, OTpUMYEMO:

CT(1 - s/4T(1/2 + 5/4)

Q) 2(2 — 5)I'(3/2)

I(1—s/4)(=1/2 4 s/4)
8T (3/2) ‘

Jpyra piBHICTH TyT OTpmMaHa 3a JOTOMOTOIO CIIiBBITHOIIEHHS
2I'(z) =T'(2 + 1). Hani Bukopucraemo iumry Biactusicts ['-yHKIi:

L'(z)I'(1 — 2z) = 7/sin(mz),

y HaC

112



[Migcrasumo neit Bupad y Q(s), a Q(s) y dopmyny misa napuoi dys-
KITiI:

1/4
Fy(R) = 1 _% <é) PA__ T

3 5 4T(3/2)
" / st LA —s/4) Sin(ﬁ) ds
'(3/2—s/4) 4 ) 2mi
—1<Res<1

Cxopucraiimoch 1e oguuM o3HaueHHsM B-inrerpasa Eiiepa:
() !
(Z) (y) _/ tz—l(l —t)y_ldt.
I'(z +y) 0

Tenep, nokmasmu y = 1/2, z = 1 — s/4, 3uaiigemo

4[4\ m
mw = 1-2(3) Y ramras

1 1 s\ ds

\—1/2 - 1/4\—s : ooy B2

x /Odt(l £) / (') r(s)sm(4)2m..
—1<Res<1

Bukopucraemo temep obeprene mneperBopenHs Mesutina [18] 1 ocra-
TOYHO OTPUMaAEMO!

1/4 3/4 1 )
1@(3):1-3(%) Is /(1—t)—1/26—w<t/4> " sinfa(t/4)/4)dt.
0

T\ 3 T

Ileit Bupas 3pyunuit g HOC/TiRKEeHb MapHOI MYHKITT PO3IOIiIy
K HA MaJIMX, TaK 1 Ha BEJUKUX MIXKYACTUHKOBUX BijcTaHsx. Kpim
TOTO, CKIHYEHHI MeXK1 IHTerpyBaHHI 3HAYHO CIPOIILYIOTH BUKOHAHHS
KOMTII'FOTEPHOTO iHTerpyBaHHsi. Bike 6e3mocepeHbo 3 IbOTO BUPA3Y
Jierko G6agawrw, o Ha Beawkux Bincransx Fo(R) npsmye 0 omuHMN]
K OCITMJIIOI0Ya, €KCIIOHEHITIaAbHO craaaa pyukig. Ha maaux Bigcra-
HAX BHKOPHCTAEMO TAKe 300ParKeHH:

2 (a\VApIt .
Fy(R)=1-— (—) r Im/ (1—1)"Y2exp (—xe_lztl/‘l) dt.
0

T\ 3 T

113



PoskiamaemMo exkcronenTy y psj i, mam’draioum O3HAYEeHHS DB-
inrerpaJsa Eityiepa, orpuMmaemo napHy GYHKIHO PO3MOMIIY TTPU MAJIHX

x:
B(R) = 1- % (%)1/4 Ti/41m /01 di(1 — 1)~/
o Sy 2 (4)" s
X ;( 9;):1 sin (Tﬂ) /01(1 — £)"Y2gmiAgy,
i omxe,
rm=1-2(5) e 3 CRE A ()

m=0
=1 —0.84557r3/4(1 — 0.635412 + 0.13708z> + ...).

Hagemeni meperBopenns mapHO! (GYHKINI PO3MOIIY € SCKPABOIO
LIIOCTpAIli€o MPaKTUYHOTO 3aCTOCYBAHHS IHTEI PAIBHOTO IIEPETBOPEH-
Ha Mejutina. CrnozgiBaemock, mo Yurad BigdyB #0ro eeKTUBHICTS i
3MOXKe BUKODHUCTATH Ie B IHIUX 33/1a9aX.

§ 23. Bo3ze-koHI€eHCAT y 3apdaKeHOMY 003e-rasi

Ilepeitmemo Temep 10 0OYMCIEHHST KiJBKOCTI 003€-KOHIEHCATY B
3apsKeHoMy 003e-Tas3i Ipu TeMIepaTypi abCOTIOTHOTO HYJIS 3aJIeXK-
HO Bij mapamMerpa HeigeaabHOCTI Bpakuepa 5. Buxogumo 3 Bupasy

N 1 ag — 1)?
No_p Ly (ag—1)°
N N
a#0
Ilepexomumo Bim mimCyMOBYBaHHS 33 ( JI0 IHTErPYBaHHSI, 1 OCKiJIb-
KW (v 3JICKHUTH JIAIIE BiJl MOIY/IA ¢, TO y chepuIHNX KOOpAWHATAX
iHTer'DyBaHHS 33 KyTaMU JIA€:
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No 14 7 o (g — 1)

AU N R I A

N N(27)3 71-/q 4ay e
0

o0

_ 4 3/I2(\/1+1/x41)2d1,
0

3N

OTXKe,

Je iHTerpaJ
oo

! :/x2<m—1>2d
1 VIt 1/t

IToBuasibHO HaBeCTHU JeTaIbHUI PO3PAXYHOK ITHOTO iHTErpaJsia:

x.

0

T 1
I —/z2 V1+1/zt =24 —— b du,
) V1+1/z4

I = Iy + L1,

I = /mQ(\/l +1/2* — 1)dx,
0

1
Iy = | 2?2 | ——— — 1] dz.

Hesaxxko mocmimwTu miginTerpanbHi (QyHKINI y MUX iHTErpajax
Ha BEPXHINM Ta HMXKHIM MeXKaX 1 IepeBIpUTH, IO IHTErpaan iCHYIOTh.
IaTerpyemo wactunamm:

3 o

no= S (Virye-)

0
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o
/m31 1 4
— [ e | dx
32 /1+1/2%\ 2°
0

B zfi;dx
3 ) x? /1 +1/z*

Pobumo zaminy:

1 —1/4 1 —1/4-1
_$4 :t7 =1 / , dm:fzt / dt,
MPUIOMY
rz=0, t=o0; r=o00, t=0
Y pesymibrari
Ji I'(z)C(y)
1 _ _ )Ly
Iiw == [ t3/4(1 +¢) V2 = 22\
1 6/ (1+1) 60(z +y)

0

Jle MU 3HOBY CKOpUCTaJIuCs o3HadeHHsM B-imrerpana Eitrepa [17]:

3 1

TOOTO

OctaTouno

~I2(1/4)  T?(1/4)
S 60(1/2) 6T

ITepexomumo 10 06UUCIeHHS IPYTrOTo iHTErpasia

I

1

I = /332 — 1| dz
) V1+1/z4

o0

z3 1
2 )

0
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) ()

1 OCKIJIbKM TEPINUil 4JIeH JOPIBHIOE HYJIEBL, TO
2 [ 1 1\ %2
I = ——- | 5|1+ — dx
12 3 / x2 ( * x4)
0

= —%/}‘Wﬂ1+ﬂ—w%w
0

Mu cKOpPUCTAIUCEH TI€I0 K 3aMIiHOI0 3MIHHUX, IO ¥ Y TOMEPEIHBOMY
imTerpasi i 3a0BY 3BogMMO [19 10 B-imTerpasa:

r—1=-3/4, —y—x=-3/2, z=1/4, y=>5/4
OTxe,
L(1/4)T(5/4)

he = =—4r 7

CKOpHUCTAEMOCH TUM, IO

I(5/4) = T (1+ %) _ %r(

re -1 (1+3) =50 (3) - &

o 1T%(1/4) L,
276 2y 20t
Taxum anHOM,
1 1
L=In+ho=1In—-Ihi=-In
2 2
1 OCTATOYHO:
I2(1/4)

I =

127
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st kimbkoCcTi 60O3€-KOHIEHCATY MaEMO

No _ . Vgg I*(1/4)
N 82N 127
Ockinbkn
L 1/4 —3/4
q0:£12 Ty,
TO
No L4 s S 123/4 794 121 /4)
— — - — r
N R R SN

2
P WD s g9
S 6. 124/ . e

Baunmo, 1o 3i 36igbINEHHIM TapaMeTpa HeigealbHOCTI T 603e-
KOH/IEHCAT PO3MUBAEThCs. 1Ipu 3HauHOMY 30ijbIIEHH] 7' HAIT BUPa3
Jla€ BiJI'€MHI 3HAYEHHS YUCJIa YACTUHOK 003e-koupeHcary. Od4eBuIHO,
1€ BKa3y€ HA HE3aCTOCOBHICTH I[HOTO BUPA3Y 0 BUBYEHHS CUIbHOHE-
1leaJIbHUX CUCTEM: Teopid mpailffoe npu 7 — 0.

Ha npomy moxxHa Oys10 6 3aBepiuTu Hain po3ris. Llikaro ogHak
po3paxyBaru Ie pa3 iHTerpaj [; iHIIMM HUISIXOM 1 3BeCTu #oro o
[OBHOT'O eJIIITUYHOrO iHTerpasa nepioro poay K (z).

Ilounemo 3 imTerpana [1o y BUTVIANL, KW BiH Ma€ Iepes Iepexo-
JOM 10 3MIiHHOI t:

2 [ xt
Ly, = -3 /0 mdw = (inTerpyemo vacTuHaMM)

o

1 [ 1
§/ (1+2*) ?de = —S Iy,
0 0

1
= 51‘(1—}—1'4)71/2 5
1 [ dx
L =5+ 5= —/
0

3 V14t

Samina )
11—z ~ cose, x2:1—cosg0’
1+ 22 1+ cose
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d
de = — 2
14+ cosy
Ja€

K(1/V2),

Jle TIOBHMI eJlinTuyanuit imTerpas mepmoro poxy ! [19]

/71'/2 do
—Jo 1 — k2Zsin? ¢

5/4
No gl (VT (L))
N Ar \ 3 V2

K (%) = 1.8541.

TlopiBHIOIOUY Tielt BUpa3 3 MOMEPEIHIM, 3HAXOANMO IiKaBe CIiBBiIHO-
TITeHH:

1 (4 5/4K 1\ T2(1/4)

4 \ 3 V2)  6-12Virny/m’

K (i> - L/Z‘FQ(1/4) — 21,
V2] 2(my/2)? 4./7

3a J0TTOMOT0K BiJJOMOTO CIIBBiTHOIIEHHS JJIsI TaMMa-(DyHKITIi,

VY pesysbrati

TOOTO

s

zsinmz’
npu

Ma€EMO, II0

UMix immm, came meit imrerpan mpu k = 1 / V2 Bu3HAYAE mEpiOZ KOIMBAH
MaTEMATHIHOTO MASTHUKA 3 MAKCAMAJIbHAM KyTOM BiIXWIeHHS T /2.
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(D)4

"(3) (1) () -

§ 24. OgroBUMIipHUIi 603e-Ta3

Tlepeitgemo Temep a0 JOCTIIKEHHS IIIe OHIET MOIEIHFHOI CHCTEMMU
— OJHOBUMIpHOro 003e-razy 3 0-momibHuM, TOOTO KOHTAKTHUM, BijI-
[ITOBXYBAaHHAM MiXK dactuHKamu. Llg Momesp mikaBa Ime ¥ THM, IO
Ui Hel € TouHMM po3B’a30K. OT:Ke, Ha Hili MOXHA [IEPeBipaTH Ha-

CKLIBKHU J00pe IMpaIfiol0Th HaOIMKEHI METOIH.
Hexait napuwnii morentia

®(z) = od(z),

BesmmunHa Py Mae po3MipHICTH “eHeprig X M0BXKMHA'", OCKLIBKH PO3-
MipHiCTh JenbTa-pyHKINI € 0bepHeHO0 10 1T aprymenTta. Koedirient

Dyp’e

vy = / e () dr = Py,

2N h2q? / a0\ >
aq—\/1+71/q/%— 1—|—<E ,

Jle XapaKTepHUH IMIIy/IbC, & TOYHINIE XBUILOBUN BEKTOD

2N = 2m
Vo VR0

_ [4Pomp N
q0 = h2 ) p= V

a pyHKIIisS

i
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O6uuc/uMO eHepriro OCHOBHOI'O CTaHY

Y repmomuraMivHiit Mexi N — 0o, V — 00 mepexonmMo 10 iHTerpy-
BaHHS:

oo

N? V h2q? qo 2

E = —&g—— [ de-L |1+ (L) -1
ov * " 2r | “8m +< )

oo

o] 2
N? V K 1
= D o (2142 1) da
oV 7 ox8m qo/:c ( +a:2 dz
0

Tyt Mu 3pobuan 3aminy 3MiHHO!: T = ¢/qo. OTKe, eHepris

E_pdo _ ah*

N 2 8rpm’

Je iHTerpaJt
oo

2
I:/x2<\/1+i2—1> da.
T
0

Veesemo ofuHUIIO BUMipy emeprii A2p?/2m. Y TWX Of@HUIAX
€HEPTid 3 PO3PAXYHKY HA OJHY YACTUHKY

h2p2
-£ /=L N.
¢ /Zm

VYBememMo TakoXK 0e3po3MipHUil TapaMeTp HelgeabHOCTI

h2
Y= q)O —p 9
m
pPo JBPp*
2 om
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Temep

@k I 4
£ = — =7 — I.
8rpm ~ h2p?/2m 47 p?
Ockinbkn
@\’ 4Pgmp ’ h2p 2 \*? 3/2
<p> 2 (7 ——dmp/ p) A
TO

2
52'}/*;’73/21.

O6uucaumo inrerpas I:

o0
1 [ 1
I = /x2{1+—2—2 1—|——2+1}dx
x T

0

= /{2x2+12w\/1+w2}da€
0

o0

2 3 2 2\3/2
= = ——(1+

0

IIpu z — oo ayxkKa

lim <gx3 +z— ;(1 + x2)3/2>

z—o0 \ 3

2, 2 4 1\%?
= xh_)ngo 3T —l—:c—gx <1+?>
3
2

[2 2
= lim |=2® 42— 1+ +
T—00 _3 3 xr

S LI (N |
- Tw ) T
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OTrKe, BHECOK A€ JIUIIE HUXKHS MEXKA:

2
I =_.
3
Eneprisa

4

627—5’}/3/24— .

Hasegemo mjis m0BigKu 3 TOYHOTO PO3B’sI3Ky HACTYIHUN HWIEH PO3-
krany: (1/6 — 1/72)2. LlikaBo, o mpu 7 — 00, TOYHE 3HAUCHHS

Bukopucraemo Teopemy mpo Bipias:

oV i)+ (S (=) Vgl — ).

oV —
1<i<j<N

Y mac D = 1 — ognoBuwMmipHa 3ama4ua. Maemo

d d
x%q)(x) =zdy—d(x)

(2V)(z) = "

_ _%5(@%;5 — Pys(z) = —d(x),

TYT MU CKOPUCTAJIMCh BJIACTUBICTIO zesbra-pyHKIil (moxigua Bij
Jesbra-pyHKIHl JIOPIBHIOE NOXIJHI 3 MiHycoM Bijg “nuBLIi30Ba-
HO1"(DyHKII, 0 CTOITH MOPYY 3 HEH), a TAKOXK THUM, IO MTOXiTHA
Bij maproi dymkiil posmogizy Fi(0) = const (aue. ximerp mporo ma-
parpada) i, oTxe, xFQI(z)(S(x) = 0. Mu 3HOBY Ma€MO IPUKJIAL, KOJIK
Bipias cm1 HOPIBHIOE 3 MIHYCOM CaMOMY IIOTEHITIAJIOBI:

VOF/0V = —2(K) — (D).
O6uuciumo iy wactuny (I'=0K 1 F = E):
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3%2
VIE (s L)

°)% 2 2 8mpm
12 p? 2 32
- Yo {‘“g—ﬂ }
Orxe,
h?p? 2
NEE oy 2o = oty - (o)
2m 3
abo 122
p 2 3/2
N—— < — — =—(K)—-F.
Qm{ T+ } (K)
3BijgcH cepenHd KiIHETHYHA, eHepris
h?p? 2
K) = —E——L N{—y+ 2432
(K) 2m { 7+37rfy
h2p2 4 3/2 2 3/2
= o {7+ 3 el }
= @Ni 3/2
2m 3w '

3 po3paxyHKy Ha OJHY YACTUHKY

ﬁ]\[ — 373/2
2m 3

(K)/

a cepejiHE 3HAYEHHs IOTeHjaibHOI eneprii () = F — (K):

)

h2 2 4 9 9
(D) /N_p = (1 _ _71/2> 2B ;73/2‘

m 3 3

Tenep posrisHemo mpobiemy 603e-KoHjeHcaTy. BigHocHA Kijgb-
KiCTh JaCTUHOK 003e-KOHIEHCATY
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abo

Je HTerpaJ

I, = 7( 1+1/x2_1)2dw
/ V1+1/2?

_ 0/{\/1+%—2+7%1/x2}dx

7 14+ 22 T
= —_— 24+ ——>3dx
xT ‘/1+$2

0

npu ¢ — 00 QYHKINS i IHTerpaasoM ~ 1/x4 — 0, ampu x — 0, BoHa

~ 1/z, Tomy inrerpas € jorapudmivao po3dikaum. e Brazye Ha e,

o 603e-KOHIEHCAT B OJHOBHMIpHOMY 003e-Ta3i BiACyTHIil.
Ilepeiimemo o mapHOl BYHKIIT PO3TOMLITY

1 . 1
B(R) = 1+—/ eFR [ ——— 1) dk
27I'p —00 14 (QO/k)Z

e 1
= 1+ Q0 <7 — 1) cos qxdq.

™ Jo \V1+1/¢?

Tyt 6e3po3mipsi 3minHl ¢ = k/qg, * = qo R, Kpim TOro, Mu BpaxyBaJin,
o interpaJj Bijg HemapuOol ¢yHKHil ko0 € sinkR y cumerpuaHux
MeXKaX JIOPiBHIOE HYJIEBI.

Bukopucraemo, gk i B Teopil 3apsamxeHoro 603e-ra3y, iHTer pajabHe
nepersopenns Mesurina [18]:

1 s s
COSqT = 5 / (gx)"°T'(s) cos (7) ds,

YI¥)
0<Res<1
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IHTErpyBaHHS e y370BXK YSBHOI OCI KOMIIEKCHOI 3MIiHHOI § Bif
(—ic0) 1o (+ic0), mpuduomy aificHa YacTHHA 3MIHHOT § 3AJIMIIAETH-
cay cmysi 0 < Re < 1.

Orxe,
7r3) ds

FQ(R):H:—‘; / 2=T(s)Q1(s) cos (—

2/ 2mi’

0<Res<1

A= [T [ar 1]

ITepersopumo (Q1(s), iHTErpyt0UYM HOr0 YacCTHHAME:

—s+1

Qi) = L—a+ye)2-1)|”

0

1o ~
- / g5 (1+ 1/¢%) % dg.

[lepmuit nomamok jopiBHIOE HyJseBl Tomy, mo 0 < Res < 1, a B in-
Terpai pobuMo 3aMiHy ¢? = t i IMIIEMO JTAHITIOMKOK IIePEeTBOPEHb,
TMOMIOHUX 10 TUX, sIKi MU MaJid B TE€OPii 3apsi?KeHoro 603e-ra3y:

Qi(s) = —ﬁ /OOO t5/2(1 + )3/ 2dt
 T(1-s/2T(1/2+5/2)  T(1—s/2)T(s/2—1/2)
2I'(3/2)(1 — s) B 41(3/2)
(1 —s/2)

T AD(3/2)T(3/2 — 5/2) cos(ms/2)”

Omxe, myst maprol (PYHKINT PO3MOIILY MAEMO:

q0 / ()1 —5/2) ds
ps 22\ o/ 4) B2

B 4pr(3/2)0<Res<1 r'(3/2—s/2) 2mi’

F(R) =1

Temep BuKOpHCTaEMO iHIe o3HadeHHsd B-inTerpasna Eitrepa 3 Mexxamn
inTerpysanug Big 0 7o 1 i oTpuMaemo:

ds

FQ(R):1_4pF(3/Z§I‘(1/2)/O dt(l—t)_l/Q/ (x\/f)_SF(s)%.

0<Res<1



Hapemri y nosigauky [18] snaxogumo obeprene nepersopentst Meji-
JTiHA:

Fy(R) =1 1 /1(1 — )" 2emaVigy,
? 4pT'(3/2)T'(1/2) Jo

Ockinexu qp = 2p,/7, TO OCTATOTHO
F(R_l_\/_/ 1/2—$\[dt

abo 3aminoro t = sin? § 3BojuMo Teit Bupas j10 Taxoro [15]:
9 /2 )
Fy(R)=1- ﬂ/ sin§ e=@5n04g,
™ Jo

3BiacHU, PO3KIAMAIOYN E€KCIOHEHTY B PsiJl, MIC/Is eJeMeHTapPHOTO
iHTerpyBaHHS 3HAEMO OBE/IIHKY MApHOI (DYHKIIT PO3MOALLY Ha Ma-
JIIX BlJICTAHSIX:

Fy(R) = 2\F <1—%x+%3+ )

Ha Besmkux BifcTaHSX BeAydnuit 4ieH aCHMITOTUKY JIETKO 3HANTH,
SKINO 3pobuTy 3aMiny x sinf = z:

Fy(R)=1- i/ — 22 /x?) V277,

Tenep npn x — 00 Maemo

2 > 2
F>(R) = vl ze fdz=1— 2V

mx? ), x?’
Mu me pas mepekoHaIUCh B eeKTUBHOCTI mepeTBopeHs Mesutina B

3a/lauaxX TaKOr0 THILY, SK JOC/IKEHHS TapHOl (DYHKINI po3momiiy
MOJEJIbHUX CHUCTEM.
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§ 25. Bo3ze-ra3 3 TBepaux chep

Posrisremo Temep TPpUBUMIPHY CHCTEMY, IO CKJIATAEThCT 3 603e-
YACTWHOK, JJIsl SIKUX MTOTEHIiaabHa eHepris B3aemonil ®(R) Biaminaa
Big Hysst jimmie ipu R = 0 (KOHTakTHE BiIIITOBXYBaHHS), TOOTO

®(R) = const - 6(R),
Vg = const.
Mu mokm 1110 He KOHKPETU3YEMO ITI0 CTAJIY BEJIMYUHY CONst, JuIe 3a-
YBasKMMO IO i1 po3MipHicTh s10piBHIOE “enepria X (nosxuna)>" . dkimo
3a XapaKTepHY JOBXWHY BuOpatu “miamerp'"aToma a, TO XapakTep-
HOIO eHepriero € Besmanua ~ h? /ma? i Tomy

h? 3 h%a
const ~ ——a” = —.
ma m
Bubepemo MHOXHUK MPOIOPINHAHOCTI piBHUM 47, TOII

4rh?
Vg =

a.
m

Y TakoMy BUIAJKYy 3HaYEHHS JUdEpPEeHIlaJbLHOTO Mepepidy Po3cisH-
HY YACTUHOK OJHA Ha OJHi# 30ira€ThCad B rOJOBHOMY HAOJIHKEHHI 3
TUM, [0 OTPUMYEMO 3 TOTEHIAJBHOI €HEPTiero s TBepaux cdep
miamerpa a: $(R) =ocompu R <ai ®(R)=0mnpu R > a.

Tamumu caosamu, Bupa3 ®(R) 3 gesbra-(byHKIIEI0 MOXKHA BUKO-
PUCTOBYBATH JJIsT CUCTEMU TBEPAWX CGep 3aMiCTh CIPaBKHBOTO II0-
rerniany. Tomy Bunmcanunit Bume Bupas ;s O(R) HasuBaoTh I1e
[ICEB/IOTIOTEHITIAIOM TBEPAUX cdep ~.

IlizpaxyemMo 3 MM TICEBIOMOTEHIIAIOM €HEPTiI0 OCHOBHOTO CTAHY
6araTob030HHOI crCTEMM:

B N(N —1) g’ 1)2

S A O LT
q#0

N(N —-1) h?q? 2N h2q?
S S A S 24 14 2 i
oy 0 (;) ’m TT N on :

12floro yrin me 1936 poxy iramiiicekumit bizuk E. ®epmi (1901-1954) mrst ormacy
B3aemomil Heiirponis 3 sapamu. Bin maypear Hobenischkoi mpemii 1938 poky 3a
BIAKPUTTS MITYIHOI PATI0AKTUBHOCTI, CIPUINHEHOI 60MOapLy BAHHSIM MOBIIEHIMY
HelTpoHamu. [leTasibHe BUBYEHHs MOJe/ TBepaux cdep HasezneHo y [20].
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ME BpaxyBaJId, Mo v, = Vy. Ockinekn byHKIig v, He Masie 3i 3011b-
MMEeHHsIM ¢, TO Te# BUpa3 MIiCTUThL po36ixkHICTh Tpu ¢ — 00. Crpasi,
y IpYTOMY JOZAHKY BHpPa3 Iij] 3HAKOM CYMHU IIPH ¢ — OO Ma€ BeaydIy
aCEMITOTHKY ~ 1/q2, a cam meil J0aHOK JOPiBHIOE

Loy (N, P\ _ (N YV m [dq
sm \V °/ om ) veee \V ') @rp2n2 ) @

B N \? Vv m4/°°d_
- v @mnEa ), T T

st po3bikHiCTH 3yMOBJIEHa, TUM, 110 MU BHKOPUCTOBYEMO HAOIMKE-
HI TICEBJIOTOTEHIHA. 1i MOXKHA T036yTHCh, 1 [JIST IIROTO BUMHIMO
rak. JJomamo i BimriMemo 1ielt Bupa3 y mpasiit vacTturi dopMysn 1
€Hepril:

E = N(J;’iv”y_ 8_q< /h“)
- (R (5]

N2 1 140
= o |(l-w D e
Voo 2V Vq#ohq/m

2
V. h%gk <, / 1 1
— —A4 1+ —=-1] —— .
@7 8m 7rq0/0 T +x2 P dx

Mu mepeitiin Bif miCyMOBYBaHHS 33 ( JO IHTEIDYBaHHS, BUKOHAJIM,
K 3BUYHO, IHTEI'PYBAHHS 33 KyTaMu i yBeau 0€3p0o3MipHY 3MiHHY iH-
TEIPYBaHHSA T = ¢/qo, Jle XapaKTepHu#i MacmTab BUMIPY XBUJIBOBUX
BEKTOpIB ¢p BUOPAHO 3 yMOBH

2N P (@)
V02m_q’
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TOOTO
A4mN

—— 1.
h2V
O6uuciumo iHTerpas, 1o BUHUK:

/0°°x4[(¢m_1>2_ﬁ i

qo =

o 1 1
4
——/0 x <2+—2—2\/1+1/x24—4>dm

_25+x3z°o
—\5T T3 1),

- 2/ /1 +1/22dx
0

2 4
- =

2
15 15

TyT BHECOK MAlOTh JIMIE ABA OCTAHHIX JOJAHKW HA HUXKHIH Mexi.

Bepxuga Mexxa jga€ HyJbOBHI BHECOK. ¥ IIBOMY JIETKO ITEPEKOHATHUCE,

SIKITIO 3/1HCHUTY PO3KJ/IaJj PaJUKaJiB y psj 3a crenedsvmu 1/ z2.
Orxe, eHepris

]\[2 1 Z IZ0) \% h2qg Si

E=—ypl1- = .
o V2 2@ im | T 2P 8m 0T

q#0
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A 3apa3s BuunuMo mock ‘“xkaxsuse". Iloksagemo, 1o He vy, a 1y
TIOMHOYKEeHe Ha, KPYTUIy JIy»Ky y IhOMY Bupasi aopismtoe 4mhZa/m,
TOOTO TIOKJIaaeMO po30iKHUiT BUpa3 PIBHUM CKiHUYEHHIN BeIUINHI:

1 7 Ath2a
Yo 1__2 2,2 =
Vq#ohq/m m

Mmn BBarkaeMmo, IO y TOYHIN Teopil TyT He MOBWHHO BHUHUKATH PO3-
6izkmocTi'®. 3 mBOro BMpasy BM3HAUAEMO Vg i MiCTABISEMO y JIPyTHit
OMaHOK B emeprii F. OCKi.HI)KI/I mepmuil JI0JIaHOK y €Heprii ~ a, a
ApyTHil TIPOTIOPIIfiHMT 10 qf ~ a®2, to mam ,HOCT&THLO y Ipyruit
Ti/ICTaBATH JTETITE HyIH0Be HAOMIKeHHS vy = 4mh?a/m i ocraTodmo

3HAXO/[MO
2rh2a 128 /pa3
E/N=—-—>p]|1
/ m ' 15 15

ITapua dyHKIis po3mOiay HAMOI MOeI TiC/sT mepexoLy a0 6e3-
PO3MIpHUX 3MIHHUX € TaKOIO:

1
Fy(R) = — 1| ksinkR dk
2( ) 27r pR/ (qo/k) sin

oo
1
= 1+q70 —————— — 1) gsingz dq.

21%pR Jo \\/1+1/¢2

3acToCy€EMO J0 ITHOT0 BUPA3Y, SK 1 JJIS MOJIE] 3apsI2KEeHOro 603e-ra3y
Ta OJIHOBUMIpHOTO 603e-Ta3y, nmeperBopeHHs Mejutina:

3
B 9% s . <7rs> ds
F(R) =14+ —— r — | —
2( ) + 27T2pI / r (8>Q2(3) s 2 o’
—1<Res<1

1311e marasye nmpouenypy peryssipusarii po36ixHOCTEH y KBAHTOBIH €IeKTPOIH-
HaMimi: po306iKHOCTI, 1[0 BUHUKAKTH, BAAETHCI 3aX0BATU y MACY Ta 3aPsL €JIeK-
TpOHA, TOOTO IMepeHopMyBaTH iX. BBaxkaTh, mo 11i po36i?KHOCTI KOMIIEHCYIOThCST
CHJIaMU HEeeJIEeKTPOMArHITHOIO IIOXO/IXKEHHH, TaK M0 CIOCTEPEXYBaHI Maca Ta 3a-
P4 eIeKTPOHA € CKiHYeHHUMH BeInIrHaMU. B IIbOMY i BUABIAETHCA BHYTPIlIHS
HEY3TrO/IKEHICTh KBAHTOBOI ejleKTpomuHaMmiku. TyT y Hac cUTyamis Iemo Kpamia,
OCKIJIbKM y TOYHIiH Teopil i1 3HAKOM CyMU 3a ¥ IbOMY BUPa3i 3aMiCTh Vg CTOITh
TaK 3BAHA AMILIITYIa PO3CISTHHS, KA 3aJIEXKUTh BiJ ( i 3a6e3meuye 361KHICTh 1€l
CyMH.
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> —s+1 1
Q2(s) = /0 gt (W—l)dq

micJIs IHTerpyBaHHS YaCTUHAMU
= 1 yCiX IEpeTBOPEHDb aHAJIOTTYHUX

J1o mortepetHiX 3 § 22 Ta § 24

B w['(3/2 — s5/2)
4T°(3/2)T(2 — s/2) sin(ws/2)

3 1
Fy(R) =1— q—o/ t/2(1 — )12 Vi gy,
0

472 px
abo iy
8a : —xsin
F(R)=1- o sin?@ e 9 .dp.

ITpu manux z imrerpan gopisaioe 7/4 1 napra dysakmig ~ (1 —
2a/R), e Bijmorinae neprmM aBoM aojarkam y supasi (1 —a/R)?,
AKANW OpIMy€ [0 Hyad npu R — a, 9K 1 moBuHHO OyTH i MO
TBepaux cdep. Ha Bequkux BifcTaHax 3aMiHa 3MIHHOI IHTETrDYBaHHS
rsinf = z mae

8a r
F(R)=1-— 2(1 = 22/2%) e 4.
{(R) = 1-— [ 2022
3Biacu mpu r — oo iHTerpast aopisHiOE 2 i mapHa QyHKITiS

1 a\4
F =1l (= — 00.
2(R) i (mpad)o P (R> , R— o0

Iligpaxyemo 11e BiZHOCHY KUIBKICTH 003€-KOHIEHCATY IIpH
T=0K:

No 17iz(0‘q*1)2

N N 4oy
a70

_ 4 V47rq0 1 1 J
Voo 4(27)3N J, Vit :1;2 /71“/962 &
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3

3
QO o / 2 2 X >
872p Jo ( V1+ a2
3

_ 40 > / 2 2 z
= 1— 221+ 22 —22° — —— | dx
0

82 p V1+ 22
% =
= 1-2 [ (1+22)3/2 933—\/1%—9:2}
8mep |3 0
_ % 1
8m2p 3’

Moxkua cripo6yBaTy 3HANTHU 3 IIHOTO BUPA3Y YUCeJbHE 3HAYEHHS Kilb-
KoCTi 6o3e-KomeHcaTy s pigzkoro ‘He mpu TemmepaTypi abcomor-
Horo Hys1st. Bubepemo giamerp atoma a = 2.556 A(came me smauenns
dirypye y momenbromy norenmiauni Jlemnapaa-lxonca mis remio), a
piBHOBasKHY TycTury p = 0.02185 A~3:

No
— ~(0.091.
N

e uncio mocTaTHBO JO0OPE Y3TOMXKYEThCS 3 6araTbMa TEOPETHIHUMA
PO3paxyHKaMU Ta €KCIEePUMEHTAJbHIMY BUMIPaMU, SIKl IPYHTYIOThCS
Ha Pe3y/IbTaTax JOCIiIIB 3 TJINOOKO HENPYKHOTO PO3CITHHS HEHTPOHIB
Ha pigxomy *He.

§ 26. KBanTOBUii €1eKTPOHHMIA ra3

IIpukamoM cucTeMu, sIKYy MOJEJIO€ KBAHTOBUI €JIEKTPOHHUIN Ta3
€ eJIEKTPOHHU IIPOBiTHOCTI B MeTasax. TeMiepaTypa BUPOIKEHHS Ta-
KOl CHMCTEeMW, BHAC/IJIOK MaJioi MacW ejIeKTPOHAa, € BUCOKOI Ty =
2mh?(4mp/3)?/3 /m = 47Ry/r? ~ 10° K. Tomy npu 3Bmaitnux Temme-
paTypax eJeKTPOHHUI ra3 y MeTajaX € CUILHO BUPOIKEHOI0 KBaHTO-
BOIO CHCTEMOIO 1 ¥ 3B’3KY 3 IIUM BaKJIMBUM € JIOCJIiIKeHHS HOT0 BJIac-
TuBOCTEH npu abcosrorHOMY Hysi. EjexkTponm, sk depmi-gacTrHKN
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3 BJACHMM MeXaHIYHUM MOMEHTOM (CIiHOM), s$IKMii JOpiBHIOE fi/2,
migkopsiorhea npuanunosi [laymi. Ile o3nadgae, mo gaxmo He Opartu
JI0 yBaru KyJIOHIBCHKOI B3a€MO/Iil, TO 3 MEBHUM 3HAUEHHIM IMITYJIHCY
p = hk y cucremi MOXyTh mepeOyBaTH JIMINE JBA €JIEKTPOHU: OIUH
3 IPOEKINEI0 Ciny fi/2 y3m0BkK Jeskol ocl (Hampukiiaz, ocl z) i apy-
Uit — 3 TMPOTWJIEKHOI0 Tpoektieo criny. OTxe, Tpu TeMmmepaTypi
abcostrorHOro Hys1st N /2 eexkTpoHis 31 cruinom “yBepx", nparay4au ma-
T HAWMEHIIy €HepPrilo, NOCTYIIOBO 3al0BHIOITH “no3uii"six |p| = 0

JI0 MaKCUMAJBHOTO 3HaUeHHs |p| = fikp, gKe HA3WBAIOTH IMITYJIBCOM
Depwmi:
N
7= 20
k
k<kp

ab0 Tic/Is 3BUYANHOTO MepexoIy J0 iHTerpyBaHHs

N hr
N_ Ve / k2dk,
2 (2m)3 0
N VhE
m2 3

3Bimgcu
kp = (37%p)'/3.

KoxkHa JacTHHKA Ma€ KiHeTHuny eneprito /i2k? /2m, Tomy iX OBHA
enepria mpu T' = 0 K mopiBaIoe

. h2k? [
K), = 2 — =2 ——dr— k*dk
(o Z 2m (2m)3 "om 0

k

k<kp

VRV e
2m2m 5 ™ 35 2m 5 2m

Benuuuny ep = EQk% /2m wnasusarors enepriero ®epmi. Takum qu-
HOM, CepemHsI KiHeTHYHa €Heprid CHCTeMM HEB3aeMOIiIounx (epmio-
HIiB 3 PO3PaXyHKY Ha OJHY YAaCTUHKY

<K>0:§E
N 5
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Tlepeiigemo Temep 10 OOYMCIEHHST CEPETHROTO 3HAYEHHS TTOTEHITI-
aJTLHOI €HepTil eJIeKTPOHHOTO Ta3y:

(@) = Z %Vq(sq - 1),
a#0

. -1/2
2N 2> 4(K)y /[ h%¢?
=1+ - :
S <+qu/2m+3N om

Mu migcraBuiu B CTPpyKTypHUN (DAKTOP HYy/IHOBE HAOJMKEHHS KiHe-
tnaraol eneprii. Ile BigmoBimae HabMMKeHHIO, iK€ MM PAaHINIe NpH-
tiHsm JyTst 603e-ra3y 3 TIC PI3HUIEI0, IO TaM HYJIHOBE HAOJMKEHHS
CEPEeHBOTO 3HAUYEHHS KIHETUIHOI €Hepril JOPIBHIOE HYJIEBI.

fAxmo y Bupasi gna S, mocraButn v, = 0, TO MU TIOBUHHI OTpPHU-
MaTu CTPyKTypHuil pakTop imeasbHoro dpepmi-razy:

N 9 9\ ~1/2
50 = 1+%<K>o/ﬁ_q |

3 N 2m

3]

Hacnpasni, g dyskiig € jumne HAOJIUKEHUM BUPA30M 0 TOIHOTO
3HAYEHHS] CTPYKTYPHOrO (akTopa igeannHoro depmi-razy mpu 1T =

abo
—1/2

0
Sy =

PEe3YJIbTAT:

52 = 4kp 16

Taxa HEy3ro/IKeHICTh 0YiKyBaJlach, 1 BOHA € HAC/IIJKOM TOTO, IO Ha-
OJIMKeHHSI, sTKi MY TPUAHSJIN TPU YCepeIHEH] 3a iMITy/bcaMu B PiB-
HAHHI PyXy I Pk, A00pe mpamiooTh jisi 003e-9acTUHOK, aJjie He
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IAl0Th TOYHOTO PE3yJIbTary s (hepMi-4aCTHHOK. XOda HAIl BUPa3
st Sg SIKICHO JOCTaTHRO 100pe omucye (PyHKIIOHAJIHHY 3AJIEKHICTH
P MaJIUX 1 BEJIMKWX 3HAYEHHIX XBUJILOBOTO BEKTOPA:

Viag 55 (a\, o
0= 2 kr 16 \kr e 4

1, q — 00

Tomy MOXKHA CIOIIBATHUCE, IO IHTETPAIHHI XaPAKTEPUCTUKHU THUITY Ce-
penHboi eHeprii Oy/yThb TOCTATHBO OJIU3BKI 0 TOYHUX.

Mu 1pomOBXKMUMO HAIi JOC/IIKEHHSI, 1, BAKOPUCTOBYIOYU BUPA3
TS Sg, 3aMUITEMO MMOBHUN CTPYKTYypHUil (pakTop Tax:

2N h2q?
qusg/\/uvuq(sg)?/%.

Tenep cepesHst MOTEHITIAJBHA €HEPTis

N SO
(@) = ZWVQ a —1
a0 1 sy [ T
Ve 2m
N
= D opvalSg—1)
q#0
N 1
+ Z — 1,59 —1

q#0 2V ! 1+ gy (50)2 h2q2
y e 2m

Bynemo no 4uepsi po3paxoByBaTy Iii ABa Jomauku. [lepmmit momanok,
SKWil HA3UBAIOTH OOMIHHOIO €HEPTIEI0, PO3PAXYEMO TOUHO :

N
A(®) = Zﬁyq(sgq)
a#0

“Hassa moxomurs Big Toro, mo A;(®) # 0 yumre ToMy, MO CTPYKTYpHU hak-
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N o
- 47T6247T/ (89 —1)dq
0

(27)3 2V 7
2
_ NE /  V5aq/2kr 1) dg
1+5q2/4k2
2kp\/7 =
- NS 1+ 5q?/4k?% )
n <\/5 z/ 0
_ 7N622kF

Eav

Ha BEpXHiit Mexi BUpa3 y JyKKax gopiBrioe Hysesi. Cupasi:

2k
F\/1+5q2/4k2 —q=q\/1+4k%/5¢% —

1 4k2 2 k2 1
= 142284 g = ZZE (=) =
q—>°°q< 3 5¢> * > 1 5%5 g * <q3>

dx i B Teopil 3apsamxkeHoro 603e-Tra3y BUKOPUCTAEMO MapaMeTp
HeimeanbHOCTI Bpakuepa rg, a €HEprito BUMIPIOEMO B pindeprax:
Ay (P e? 2k 4
A®) e 2%kp ——~ _agkrRy

N 7T\/5 7r\/5

4 (9x\'? 1 1.092788
= () “Ry=_ —""""""Ry.
7T\/5 < 4 ) Ts Y Ts Y

Tounutt pesyabrar s i€l Bequaunau (HOro JIErKO I paxyBaTH, BU-
KOPUCTOBYIOYM HaBeJEHNMIi BUIIE TOUHMI BUpa3 1yist S,) € Takwuif [5]:

Ay(P) e? 3k 0.916331R
N x4t Ts o

TOD i/IeaTbHOr0 KBAHTOBOI'O Ia3y, HA BiAMIHY Bim KJIACHYHOrO, He JOPIBHIOE OU-
: 0 _ _ 0

i (mis 6oze-rady S, = 1 mume mpu I = 0 K). A cBoero uepromo S; # 1,

BHACJ/IJ0K TaK 3BAHOTO OOMIHHOTO e(eKTy, N0 BUILIMBAE 3 KBAHTOBOMEXAHITHOTO

IIPUHIMITY TOTOXXHOCTI YACTUHOK, 1 SIKM BUMarae, mob XBmIboBi QyHKINT OqHAKO-

BUX YaCTUHOK MAJIM TIEBHY CHMETDPIIO0 BiJHOCHO OOMiHY YaCTHHOK MICI[SIMU: BOHU

€ cuMeTpuyHi 171 603e-9aCTUHOK i aHTUCUMETPUYHI 1151 (pepMi-9acTHHOK.
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IMepexopumo 10 o6uucaenus: apyroro goganka B (P), skuit Hazw-
BAIOTH OOMIHHO-KOPEJIAIIHOI0 €HEPTIiCO:

N 2N h2q?
q7#0

NG /00 1 1
mJ0 \/1 + q5/q* + 4k3./5¢? \/1 + 4k2, /5¢2
A€ XapaKTEPHY BEJINYUHY XBHUJIBOBOI'O BEKTOPaA

qo = (167TN/VaB)1/4 — 121/47“5_3/4/(13

dq,

MW BXKE MaJii B TeOpil 3apskeHoro 603e-ra3y.

Ko Mu copobyeMo PO3KJIACTH IiiHTEIPAJIBHUN BUPA3 y PsJl 38
KOHCTAHTOIO B3aeMofii e? ao qé, TO OTPUMAEMO B JiHiftHOMY HabJu-
>KeHH] po30iKHMIT HA HMXKHIN Mexi iHTerpaJ:

N (/)
Ao(d) = 27r/o [1+ 4k /5¢%]

Ne2 (5% qél
~ —— = —Ingq.
q—0 27 4 Iﬁ%

3/2

Ockinbky BUXiTHWN iHTErpas €, sik HEeBaXKKO IepeBipuTH, 301:KHUM,
TO 1e 03HaYaE, o BesmanHa Ao (P) € HeanamiTuaHOIO QYHKIIEH KOH-
crauTy B3aeMosii. A jorapudmivuna po3bixkuicTs “HaTsakae"wa Jora-
pudMivHy 3a/I€XKHICTH 0OMIHHO-KOPEIAIiiHOI eHeprii Bij mapaMerpa
HeljleaJibHOCTI T 1pu 7 — (.

s Toro, mob “BumepTu'1I0 HEaHAJITUYHICTH, 3pOOUMO HU3KY
[I€PETBOPEHb:

' q

62 00
T o \ ot aka2/5 b ah o+ K/

a MIKOPEHEBWH BUpa3 y MEpIIOMY iHTerpaJi

A2<q)> dQ7

4
¢'+ 2hrd + ) = (@ + #0)(0” + ),
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2
P 31@%(1 +v1 —¢),

2
4= 20— VT2

25 (g \* 100 100 [ 4 1/3r
E = — _ = —:: = — _— .
4 \kp 3ragkr 3w \ 97 s

Mincrasiasiemo 1i Bupasu y Aq(P) it iHTerpyiiMo wactuHamu y mep-
IOMY 1HTer'paJii, a JAPYTHUil BI3bMIMO TOYHO:

2

A2<q>>_zvf/°o NI a dg
T Jo \/(q + 27)(q* + »3) \/q2—|—4k%/5

Ne2 /A2 _'_ 2 q
™ VG —5—%% 0

0o d q 4 >
2 2 2 2
— VE+ 7 | ——=—= | dg—\/¢*+ Zk .
/0 "dq (\/q2+%§> 5T

Ha 6e3mexxHOCTI BUpa3 y MEPIIOMY JOJaHKY yV (DITYPHUX TyKKAX
CKOPOYYEThC 3 BIAMOBLIHUM BUPA30M y TPETHOMY JOIAHKY:

2 0 2 2
Do) = NE (Tk / ,/32¢;;q21q%2).
0 2 2

Pobumo zaminy

oo

q=r0tgp, ¢=0q¢q=01ip=7/2 q=oc.
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Temep

e2 2 w/2
Ag(®)y = N— | —=kp — 1 —k2sin®p dp |,
2(P) . (\/5 P %1/0 sin® ¢ dp

e

[Tepes HaMu MOBHUI eyinTHYHUN iHTErDaAs JApyroro poay [19]:

/2
E(k) = / 1 — k2sin? ¢ de.
0

OT:ke, 0OCTATOYHO:

22 14+ V1
A (D) :Ne——5kp 1— 1tvl—e
™

Jie MOJIYJIb eJIITUYHOrO 1HTEerpaJsa
2¢/1—¢
1+V1I—¢

Hocnignmo noseninky sBesmanan Aq(P) sk dbysknii € npn & — 0.
Jst eninTuasoro inTerpana maemo [19]:

1/, 4 1\,
=14-(ln——=)kE2+...
E(k) =1+ 3 <lnk, 2) +oen

Je TOIaTKOBUN MOIYJIb

E =+1— k2

ITpu € — 0 momysb

a JOJATKOBUN MOLYJIb
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Temep Jrerko oTpuMyeMo

1
E(k):l—%lna—l—%(3ln2—§>—i—..., e — 0.

O6wminHO-KOpesiitHa eneprist mpu € — 0

2kpe [1 3/1
Aop(d) = N—= 2] g G
o) =N (et (- mz)

abo B pigbeprax Ha OJHY YACTHMHKY B 3ammci depe3 mapamerp Bpak-
1
HEpa

Ap(®) 55 5V5 || | 100 ( 4 >1/3 +3 (% - 21n2>

pu— 1 —_— —_— —_
NRy 372 0 * 372 | " |37 \on
= 0.377602 Inr, — 0.547123.

Biamosigauit BHECOK 110 TOBHOI €HEPTil 3HAXOUMO IHTET Py BaAHHSIM

33 MapaMeTpoM yMuKaHHS B3aeMmozil A. OTike, 3amina e? ma \e? mae:
Ag(AD) = N2Cy In(Ary) + Ca)?,
TyT TEMYacoro mu mnozHadwaum Cp = 0.377602NRy i Cy =

—0.547123NRy. Tenep

15Ceper disukis-TeopeTrkip icHye rikase moBip’st. KO B OCTATOYHIX PE3yIb-
TaTaxX TeOpil BUHUKAE YUCIO D, TO 3 IHEI0 TEOPI€I0 I[OCh HE rapa3n abo IIPOCTO
BOHA, HEIIPABUJIbHA. X0Ya € 1 Taki BUHATKMA SK MOMEHT iHepIfi TBepmol Ky/i Ta
cepenHd eHepriga imeanpHOro depmi-rady, ae BoHO BurHKAE 9k (D + 2), D — po3-
MIPHICTD IPOCTOPY, 3aBAAKA 90MYy 9IHCJI0 5 1 yBilimio mo A2 (D). Mosa iine came
PO MHOXKHUK 5, & He, CKaxKiMo, mpo 1/2 = 0.5, uu mpo 3010THil mepepi3 rpekis
(v/5—1)/2, saxwmit, 30KpeMa, BU3HAUAE PiBHI €HEPrii €IEKTPOHIB HA T-3B’I3KAX ¥ MO~
Jsiekysii OyTasieHy. A B3arajii, HiKaBUM € Take 3allUTAHHS: 9K 9ACTO TPAILIAIOTHC
y dopmymax Ti um Ti wncoi koedimientu Tury 2,1/3,v/2, 7, (27)3, . . . Craximo,
9rCII0 7 TPAILISETHCS I pifmie, HiXK 5, a KOeMIieHTH y BUINIALl CyMU YUCTIA T
a60 IHIOro TPAHCIIEHIEHTHOTO YKCJIa 3 PAIIOHAIBHUM YUCJIOM — HACTLIBKY PiJl-
KiCHe siBHIe, II0 MHUMOBOJII BUKJIUKAE Ii03PY Yy IPABWJIBHOCTI TAKUX (HOPMYJI.
Xoua i Taki “kKeHTaBpM'"MOXYTh BUHUKATH HPY HAOJIMKEHOMY DPO3B’SI3Ky 33/ad,
HAIPUKJIALT, BapiamiiHuM MeToI0M.
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1 1
AoE = /Ag(fb)d/\:/ (ACL I + CiAIn A+ Co)) dA
0 0
)\2 AQ /\2 AQ 1
= [7011117‘5+01 <71n)\z> +027:| .
e e
= 7IIITS_I+7

abo
AoFE/ NRy = 0.188801In 7, — 0.367962.

Ax Mu i ouikyBasm, MaeMmo JorapuMidHy 3a/IeXKHICTH OOMIHHO-
KOpeJISIiitHOl eHepril Bij mapamerpa ry mpu s — (. Came Taky Jora-
pudMIivHY 3aJI€KHICTh Ta€ i TOYHA TEeOpisd, OMHAK CTaJIi, 3PO3YMLIO0, €
inmvm [5]: MEOKHEUK TIepes torapudmowm gopisatoe 2(1 —1In 2) /72 =
0.062181, a Biabuuit wien — (—0.096). Tounimmuii pesyabrar MoXKHA
OTPUMATH, SIKIIO 3 IIMX BUPaA3iB ardepeHIiroBaHHIM 338 MaCOI dac-
TUHKY M 3HANTHU CEePeTHIO KIHETUYHY €HEPTii0 CUCTEMHU <K' ) 1 BUKOpUC-
TaTu i1y dpopmysni aya cTpyKkTypHOTo daxTopa S, 3aMiCTh HYIHOBOTO
HaOJIMKEHHS <I%' )0-

IIpaBga, mu i HE CIOAIBAINCH, IO I CUCTEMU (DepMi-IaCTHHOK
3 IX SCKpaBO BUpaXKeHUM “iHauBimyasizMoM"Hall Iiaxij Ha OCHOBL
BpaxyBaHHS KOJEKTUBHUX €(eKTiB depe3 (DIIOKTYAII0 TyCTHHE dac-
TUHOK Oy/le TaKuM YCIIITHUM, $IK i Jjis 6Gararobo30uH0l cucremu. O-
HaK, 1 IpU TaKOMY MiAXOAl MOXKHA JEI0 MOJIMIIMUTH CUTYAI0, AKIITO
BIATHUCH JO TAKOl XUTPOCTI. YCEPEIHEHHS 33 IIBUIKOCTIMU, STKE MU
3aCTOCOBYBAJIM IIPY PO3B’A3yBaHHI PIBHIHHA PyXY [JIS BEJIUYUHU P,
y KBAHTOBOMY BUIIQJIKy € 3HAYHO CKJIQJHIMNM, 3aILIYyTAHIIINAM, HIXK Y
KJacuIHOMY. TOMy JI0 BEIWYWHUA <I§' ), 1[I0 BUHWKAE, CJILJ| 10TV BHE-
CKH, sIKi MU He BPaxyBaJIH, i 3 OTJIATYy Ha IIe (R’ ) MOXKHa BBaxKaTH “Bi-
gparM mapamerpom". et “Binpamit mapamerp"npaMye y KiacudHii
MeXi JI0 cepeIHhOro 3HaYeHHs! KiHeTuaHOT eHeprii cucremu 3NT /2. Y
KBAHTOBOMY BUIaJIKy, 30kpema mpu 1" = 0 K, #toro moxxua Bubparn
Tak, mob cKaximo, oOMiHHa eHepris B Harmiit Teopil 36irtack 3 TOU-
HUM pe3yJbTaToM, ab0 MOXHA, BUOpaTu 11 3 yMOBU MiHIMyMYy TOBHOI
eHeprii. 3aJuaeMo I TpocTi BrpaBu duradesi.
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§ 27. BinbHa eHeprig KBaHTOBOI pPiauHU.
Camoy3romkeHunii miaxig

Y naparpadi §20 mMu 3HANILIN BIIbHY €HEPrifo KBAHTOBOI PiIUHI
IHTErpyBaHHSIM CEpeIHLOTO 3HAUYEeHHS ITOTEHINAIbHOI eHeprii 3a ma-
paMeTpoM BMUKaHHS B3aeMomil. Ilpwdaomy Mum oOMeXmInch TaM Ha-
OJIMKEHHSIM, KON y BUPadi fjs QYyHKINT o cepeHe 3HAYEHHS KiHe-
TUYHOI €HEPTil MOKJIAJEHO PIBHUM HYJIEBI, <R' ) = 0. Lle Bignosinae
TOMY, I[0 KiHETWYHA €Hepris ifeajbHOro 603e-ra3y JOPIBHIOE HyJe-
Bi, X04a cepejiHE 3HAYEHHS KiHeTHYHOI eHepril pigkoro “He mopisaioe
~ 14 K 3 po3paxyHKy Ha OJHY YaCTUHKY. Take HAOJIMKEHHS IIpU-
BOJUTH JO Pe3yabTaTiB Teopii BorosrboBa i € cnpaBeqiuBuM mpu
TeMIlepaTypax, OJU3BKUX J0 a0COIOTHOTO Hy/d. lIpum BuIMUX TeM-
nepaTrypax, 30KpeMa JJIsl JOCIIJI>KEHHS BJIACTUBOCTEN PIITKOTO ‘He B
OKOJII TOYKU A-IIEPEXO/Iy B HAJIJIMHHUI CTAH MOTPIOHO BPaXOBYBATH
semanny (K) y dynxuii ay. TIpo me cigauTs Te, mo Bxe izeams-
Huit 603e-1a3, Jie TOBHA BHYTPIIIHS €HEpris JTOPiBHIOE <K ), BUSIBJISIE
(s M7 BiKe 3a3HadaIM) (Ha30BUIl IIEPeXis i TEIUIOEMHICTD € HeaHaIi-
Tranoi0 (pyHKIieo Temmneparypu. ®azosuii mepexin y pigxomy ‘He e
“crioTBOpEeHUM "MIXKATOMHOI0 B3a€MOJIEI0 (haA30BUM IIEPEXOJIOM B ije-
aspHOMY 003e-rasi. TobTo MexaHi3M A-Iepexojy AUKTYETHCS CTATHC-
TrKo0 Boze-AftHirTalina, SKiit miIKOpITHCS aTOME “He.

Orxe, BuHUKAE 1pobJieMa 00YUCIeHHs BIIbHOI eHepril 3a (popmy-
JIOIO

1
F= Fz’d+/(‘1>>d)\,
0

_ N(N 1) N 1+ 2(ng)
(AP) = — )\1/0—{—(%;02‘/1/(1/\{ o —1p,

2N h2q?  4(K)y / h?¢?
=4/14+ =\ — .
“a Ty Vq/2m+3N om

i Bupasu mu Bunucaau 3 § 20, 3 TuM, 10 BBEIU TapaMeTp BMUKAH-
HS B3a€MO/Ii 3aMiH0I0 v, Ha Avg. IIpudomy 3Ha90K A\ Ipu cepeHbOMY
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3HaveHH] KineTn4dHol eHepril (K)) migxpecsioe 11 3ajieKHICTD Bij| Ia-
pamerpa BMUKaHHA B3aeMomil A. Takum amrOM!:

1

F = Fm+/dA N( 0+22V [1+jq<nq>—1]

0 a7#0

1
N(N —1) N 14+ 2(ng)
= F R S - Z L TNVAl gy
id + Y v + Z Y Vg / o d\ —1
q#0 0

3ocepeuMo yBary Ha iHTerpasi 3a A i 3po6UMO B HROMY 3aMiHy 3MiH-
HUX:

1
/1+2<nq>d/\:/1—|—2<nq> ar
/ ayg doy ®

TYT BEPXHA ME2Ka

2N R2¢?  4(K) /| h2¢?
g 1 _ —
Y \/+qu 2m+3N/2m’

— KIHeTUYHA €HepTisl CUCTEMU B3aEMOJIIIOUNX YaCTUHOK, a HUXKHS Me-

4 (K)o / h*¢*
% = \/“57/%’
(K)o = (K)x=0

— KIHETWYHa €Hepris igeaJ bHOro ra3y. Temep

doy 1 2N N 2 V d(K)y h2k?
—— = |V P—— .
d\  2a, V \'? 3NZ d) 2m
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Mu me Maemo sBHOT 3asexxuocTi Besmunan (K ) ) Big mapamerpa A, To-
My CKOpHCTaeMoch Jyist oxiguoi d(K))/d\ 11 mesikum ycepeHennm
BHAYCHHSM:

d{K)\ _ (K)x=1 — (K)x=0

S = AL IERS (k) — (i),

ockinbku AX = 1. A6o MokHa 3anucaTy e i Tak:

1 1

W T [ K, / [ an= 1) = (5,
0

0

Mozkna Takoxk CKOpuCTaTUCh HabvkeHuM Bupasom s (K)y,
akuit Mu orpumasu B §21, mo Bigmosimae Teopii Borosrobosa. Onrax
BiH, sIK MU 3HAEMO, € 100pPUM JIUIIIE IIPY HU3BKUX TEMIEPATYpaxX.

Ilicnisg Takoro ycepemHeHHs MOTpiOHUI HAM IHTEIpaj Jerko Gepe-
ThCs TOMIOHO [0 Toro, akuit Mu Maau y §20. Bunuimemo pesyabrar
JJIS BLIBHOI €Heprii:

R R
a7#0
y (ag — ad)h?q* /m .
SNy V£ A((K) — (K)o) /3N

1 2Ny, |V
* 5 2 SNy 7 4K — (R

X {ln (1 — e_m#q%‘q/gm) —In (1 - e_ﬁh2q2a2/2m>} )

ne F;; — BinbHA eHeprid imeaspHOrO 603€-Ta3y.

dxmo npuiiaaru tyT, mo (K) = (K)o = 0, To 111 BibHOI eHep-
rii F' My mpuxoamMo 10 BUpaly, 3Haiimenoro y §20, axumit metasbHO
JOCJILIPKEHO JIJIsT MOJEIBHUX CUCTEM. BaXKIMBOIO € TAKOXK iHIIA, BJIaC-
TuBICTH 1€l hOpMy/In: Yy KBA3iKJIACHYHIN rpaHuill, KOau (pOPMaJIBHO
nokjactu A — 0, BOHA TIEPEXOUTh Y BIIBHY €HEPTif0 KJIACHIHOI CUC-
Temu gacTuHOK y Habymxkenni RPA. Cuopasai, npu TakomMy mepexoi
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nepmuii JJOJAHOK y KBaJIPATHUX JyKKaX JIOPIBHIOE HYJIEBL, a PI3HUIA
Jiorapudmin

{ln (1 — e_ﬁh2q2a4/2m> —In <1 — e_5h2q2a2/2m> } o ln(aq/ag)

B OIN  4(K)\ /A(K)y 1 N
h:oln\/(v“ﬁgW) /5 N 2" (”57%)-

Mu BpaxyBaJu, 10 y il TPAHUI CepeHs KiHeTndHa eHepris (K) =
(K)o =3NT)/2.

Y pesysbraTi [uig BiIbHOI eHeprii orpuMyeMo Bupas, skuit 36ira-
€ThbCs 3 TUM, 110 OyB 3HAMTeHWH v §8 /I KIACHIHUX CHCTEM.

Orxe, MU MaEMO y PO3TOPSIXKEHH] /TS BIIBHOI eHeprii hopmysty
Ky y3TOIKEHO Ha YChbOMY 1HTEpBaJI TEMIIEPaTYp.
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'’ TABA IV
HEJITHINHI ®JIIOKTYAILTIL

§ 28. Bumii HabamKeHHT Y Teopii KJaCUYHNX PiauH

Jlo mporo 9acy Mu JOCJIIIKYBaJjId BJIACTHBOCTI CHCTEMH HaraTbox
9aCTHHOK HA OCHOBI JIIHIWHOrO PIBHSHHA PyXy s (QJIFOKTYAIil Tyc-
tuan. AkicHO HOBI 0cobsmBOCTI (DIZMIHUX BIACTUBOCTEN BUHUKAIOTH
TIpM BPaxyBaHHI HeJiHIfHOCTI (IIOKTyalift rycTuHE 9acTHHOK. Ilo-
cTaBUMO €0bi 3a Mery 3HaiiTh mepmni mocTRPA-monpasku 10 pisHUX
Gi3nUHNX XapaKTEPUCTUK JOCTIIKYBAHUX CUCTEM.

TToBepreMoCh 10 BUXITHOTO PIBHSIHHSI JJIS P 3 §5 ycepemsHeHoTo
sa meugkocrsvu, ko ([(kv;)? — k2T /m]) = 0:

" k2 N o T
Pk = ——Vkpx — k" —pk
mYV m

VN
+ Z — (kq)vgp—qpi+q-
mV
a7#0
q+k#0

3ampormoHyeMO Temep MPOCTHH MeToy] HaOJIMKEHOTO PO3B’S3-
Ky TIbOTO pIBHSIHHSI, sIKWil mae 3mory 3uHaiitm mHactymae mOCTRPA-
unabsmxenns. [Ipuitmaemo, 1o

P—aPk+q = A(k7 Q)pk,

ne A(k,q) — mokwu 10 HEBiOMa BeIMYNHA. 3PO3YMLIO0, 10 Tie Habm-
xkenns. OHAK BUJIHO, 110 IPYU YCEPEIHEHH] JIiBa i TpaBa YacTUHU el
piBHOCTI fopiBHIOIOTH HyJeBi. OTXe, cynepeunocti Hemae. JloMHOXKU-
MO IIe PIBHSIHHSI Ha BEJIUUWHY p_) 1 BI3bMEMO CepejHe:

(p—xpP-apPitq) = Ak, q)(p—1kpK)-
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k1o npwuitaaTH, M0

A(k, ) — <I0*kp—qpk+q>
(Pxp—x)
TO 3HOBY CynepeqHOCTi HEMae. OT}Ke, BUpa3

(P—xP—aPk+q)

P—aPk+q = Pk
are (Prp-1)

€ 106puM HaOIMKEHHAM JI0 P—qPk+q-
Axmo mincraBuTH Teit BUpa3 y PIBHAHHSA IS Pk, TO MU 3HOBY
MPUXOIAUMO IO OCHUIATOPHOTO PiBHSIHHS

P + wipr = 0,

B AKOMY YaCTOTa W} BU3HAYAETHCA TaK:

k> N k2T VN (p—kP—qPk+q)

2 qFk+q

Wi = ——up +— — E — (kq)y,———.

bomv a0 my <D {Pp-1c)
q+k#0

Marouu 9acToTy, MOYXKEMO Telep 3aMuCaTH i BUPa3 JJIst CTPYKTYP-
HOrO (PaKTOpPa

( - k2T
PkpP—x) = mw%-
OTxe, MA OTPUMYEMO DiBHSIHHS:
( > k>T 1
PkP-k) = .
m Efffyk4_ffZi__ 3 qu(k » (P—kP—aPtaq)
%4 1% 1 _
s (Prp-x)
q+k#0
Beanunna

1
{(P—kP—aPkta) = \/—NS3(*k, —q,k+q)

! Tus. Bumocky wa c. 33.
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3a O3HAYEHHSM € TPUYACTUHKOBUM CTPYKTYPHUM (PAKTOPOM, a Iap-
HU CTPYKTYypHHUit pakTop, sik MU 3HAEMO

(Pxp—x) = Sa2(k) = Sk.
OTxke, MAaEMO pIBHSHHS, K€ IIOB’3y€ IAPHUI Ta TPUIACTHHKOBUIA
CTPYKTYPHI (haxTOpPH:
1

Sk: )
1+/8%I/k—|—ﬂk

Jle TaK 3BaHUIl MacOBHil orepaTop abo MOJISIpU3ariiitHmi onepaTop2

1, — _% S 6y, (kq) S3(—k, —q,k +q)

2
! k Sk
a+k#0

3aIpOIOHYEMO Telep s TPUIACTHHKOBOI'O CTPYKTYPHOTO (ax-
TOpa HaOJIVKEHHS, sIKe IoJIsrae y fioro pakropusanii Ha IapHi CTPyK-
TypHI daKkTOpH i sike HA3WBAIOTH KOHBOJIIOIITHUM HAOJIMIKEHHSIM:

S3(—k,—q,.k+q) = SkSqS|k+q|.

Temep
1 (ka)
Hk:_v Z L2 BrgS¢Sik+q:
a7#0
a+k#0

a JIJIsi CTPYKTYPHOTO (haKTOpPa OTPUMYEMO:

N 1 kq
S =1 1+8—=v,— = E —( 5 ) ﬂl/quS|k+q‘
1% \% k
a#0
k+q#0

?Haspa minma 3 KBAHTOBOI €JIEKTPOJUHAMIKIL, € J/IS TAK 3BAHIX eTeKTPOHHIX
ta doromrmx byHKH [ piHa CTpyKTypa psmiB Teopii 36ypeHh TAa OCTATOUHHX
PIBHSIHB ISl HUX € ITOIiOHOIO 10 TOTO, 0 MY OTPUMYEMO TyT. MacoBuit omepaTop
a€ IIEPEHOPMYBAHHS MAaCH €JI€KTDOHA, & MNOJIAPH3aIliHMWil OIlepaTop BU3HAYAE
TIOJISTPU3AIi0 BaKyyMy. A B3araji, Taka aHAJIOTIS € HAC/IIKOM TVIMOIIOro 3B’SI3Ky
MiXK MaTeMaTHIHUMH METOJAMH KBAaHTOBOI T€OPIl IO/ i CTATUCTUYIHOI MEXaHIKH.

149



Ieit Bupaz npu 3amanomy koediniearosi Pyp’e eneprii B3aeMoil vy €
iHTerpaJibHUM PIBHAHHAM IJjIsi CTPYKTYypPHOTO ¢drakTopa. Tounwmit pos-
B’S130K TaKOT'O iHTEI'PAJBHOTO PIBHSIHHS — 1€ OKpeMa podjemMa, a TyT
Mu 0OMEXUMOCH HOTO HAOIMKEHUM PO3B’'a3KOM. 3a3HAUMMO JIUIIIE,
IO Ha Ile PIBHAHHA MOXKHA JUBUTHUCH 1 9K HA 1HTerpPaJibHE PIBHAHHSI
Jutst QYHKINI Vg, KO Bimomwuit € cTpykTypHuit dpaxtop Sk. Tobro
MOXKHA PO3B’s13yBaTy 00EpHEHY 33/1a9y: 3a BiJIOMOIO CTPYKTYPOIO Bijl-
TBOPIOBATU MIiKYaCTUHKOBY €HEPTII0 B3aEMOIII.

ITepexommmo 10 HAOIUKEHOTO PO3B’SA3KY. 3 IIEI0 METO0 y TOJISPH-
3alliifHnil OITepaTOp MiJACTABISIEMO HYJIbOBE HAOJIMKEHHS JJIS CTPYK-
TypHOTO (pakTOopa

1
R B
1 OTpUMyeMO:
1 (kq) 1 1
I, =—— By ~ ~ .
v qzaé%) k L+ 87y 1+ BT Vg+x

q+k#0

3pobumo JesiKi TIepeTBOPEHHS JJIs TOTO, 06 CIIPOCTUTH T BHpas3.

Orxe,
1 (ka) B
L = 5 >, T
v a#0 B 1+ By,
aq+k#0
1
X —14+1

1+ 5%V\k+q|

_ 1 3 (ka) BYve  BYVkiq
N a0 k? 1+5%Vq1+5%’/lk+ql

q+k#0
1 3 (ka) By,
2 N, -
V q;éO k 1+,6qu
aq+k#0
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Ocransiit J04aHOK JIOPIBHIOE HYJIEB 3 Cnpasui, mig 3HaKOM cyMu Ma-
€m0 HenapHy (bYHKII0 Bix q: npu 3aMidi q #Ha (—q) dyHKIig 3MiHI0E
3uak. MoxXHa MipKyBaHHS IEePEHECTH Ha, IHTerpaJ 3a : IHTeI pyBaHHSI
3a KyTaMu ma€ HyJab. Ji#icHO, y TepMOIVHAMITHIN IpaHUIl

1 (ka) Py,

vV Z 2 N
v q#0 WL+ By
q+k#0
1 v o] 27 g
2 .
= — d d 0 do
v (geyt | o' [ e [
0 0 0
/BVq
X — cos 0 =0,
k? +/6%Vq
OCKIJIbKH
T 1 x2 1
/sin@cos@d@z/xdx:7 =0,
0 -1 -1
e
T = cos 0.

Tomy mosgpusamniiamit onepaTop

1 Z (kq) ﬁ%’/q 5%V|k+q|

Ty, = — .
N k2 1+5%Vql+5%y\k+oﬂ

a#0
q+k#0
Haui
(kq) - (kaq+k_k) = (kaq—l_k) _kQa
(ka) (k,q + k)
2o M e

%Hanseneni auykye MipKyBaHHS MAIOTh CHJTY JIMIIE 33 YMOBH, IO TIOTEHITAJ Vg
JOCTATHBO TIBUJKO CIAIAE TIPU ¢ — OO Tak, mob 3a6e3meunTu 361K HICTH iHTEr pa-
JIa 33 MOJyJ€M XBHJIBOBOTO BEKTODA (.
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1 Tenep MU MaEMO

N N
m, — b Byvg BV Vik+dl
§: N N
a#0 1+ Byvg 1+ By Vikiql
aq+k#0

n 1 Z (kk+a) BFv  BFVig
N a0 K21+ B3 1+5%”Ik+cﬂ
q-+k#0

B ocrannbOMY J0ZAHKY 3p06iMO 3aMiHy 3MIHHOI IiJCyMOBYBaHHS
’ ’ /
k+q=—-q,aorxe,q=-k—q =—(k+q ). Mu 6auumo, 1o npu
Takiit 3amini BiH JopiBHIOE BesmawHi [ 31 3HAKOM MiHYyC, KO B3ATH
JI0 yBaru moIepenHiit Bupa3 [is moJIgpu3aliinoro omneparopa. TooTo
MU OTpUMaJH PiBHAHHES A1 1, 3 IKOTO 3HAXOJMMO OCTATOYHO:

TN o BYvy BT Vicrd
- o = .
2N a0 L+ Byvg 1+ By Viktql
a+k#0

3pobuMo siesiKi IepeTBOPEHHS Hal HOJIAPU3ALIAHIM OIIEPaATOPOM.
VYBememo edekTUBHUN TOTEHITIAT

N
j)(R) — iZMeiqR
1+ 88y ’
a#0 v

JUIsl SIKOT'O 3BOpOTHE 1eperBopenHs Pyp’e € Taknm:

B _ / e R (R)dR.
1 —+ /Bvl/q

Ter[ep Yy X IIO3HAYCHHAX HOJIHpI/IB&].[ifIHI/IfI orepaTop
1 (N\? :
I, = Q|+ dR | dR
owle) X
a#0
q+k#0
x e "R G(R)e IR §(R)
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— 1 <E>2/dR/dR’e‘ilei(R)é(R/)Vé(R+R/)

“oaN \Vv
_ N —ikR 5,2
= 5y [ R e MR (R).

Mu cKOpUCTaIUCH TYT OJHUM i3 300parkeHsb genbra-QyHKIl lipaka:

npudomy BuiiydeHHst To4oK q = (0 Ta q = —k 5ae 3umMKa4e majnit
BHeCOK ~ 1/V. OueBuano y Tepmopunamiuniii rparuni V — oo

B) = s [ @ Ta

Jlenbra-QyHKINS Bifi BEKTOPHOTO apryMeHTa € IIPOCTO JO0YTKOM
IesibTa~-PYHKIH Bif KOMIIOHEHT BEKTOPA:

Orxe, OCTATOYHO TOAPUIAINHHEY omepaTop HAOyBa€ KOMIIAKTHOTO
BUIVIAZY:

N
2V

Haragaemo, mo Mu 3Haiinuim neit Bupa3 y KOHBOJIOMNAHOMY Ha-
OmkenHi. Ko BuUMTH 3a 1€ HAODJMKEHHS Y TPUIACTUHKOBOMY
crpykrypaomy dakropi S3(—k,—q,k + q), T0 B HHOMY BHHHKAIOTH
JOJIAaHKY, 10 MAIOTh JOJATKOBE MiJICYMOBYBAHHS 33 XBUJILOBUM BEK-
ropom. OTKe, MOASpU3ALIAHIN OepaTop 3HaMIEHO Ty T, 06pa3HO Ka-
XKy4uu, B HabIMKeHH] “onHiel cymu 3a xBuyiboBuM BeKTOpoM'. Taka Te-
opig 30ypeHb 3a KIIBbKICTIO CyM 33 XBUJIBOBAM BEKTOPOM /TSI JIESIKUAX
Mojiesiell piIBHO3HAYHA PO3KJIAIOBI 33 XapAKTEPHUM JIJIsT HUX MaJIuM
mapamMeTpoM. K 1e €, HAMPUKJIA, JJIsT MOJE/l eTeKTPOHHOTO Ta3y.
Xoua, K Mu 1106a4MMO, 1 B Miif MOJei HeMae “aucToro’ po3kiaaLy 3a
MajuM mapaMerpoM. OgHak s OLIBIIOCTI 33/1a 119 Teopis 30y peHb
€ PO3KJIaJIOM HE 33 MaJIUM IapaMeTpPOM, a PA/JIIIe IUCJIOBOIO TEOPIEo
30yperb: TOOTO KON KOXKHWI HACTYIHWM UIeH psity Teopii 30ypeHb

I, = e *RP2(R)dR.
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9UCeJIbHO 3HAYHO MeHmmwmit, Hixk monepeaniit. [la mamm3na mos’sa3ana
3 JOJaTKOBUM IHTEIDYBAHHSIM, SIKE BiIOYBAETHCS TI0 yCE TOTOJIOTIIHO
CKJIQIHITIIOMY 1 BCEe MEHIIOMY 00’€My y IPOCTOPI XBUJIBOBUX BEKTO-
piB. Came Taka Teopisa 30ypeHb MOxKe OyTu epeKTUBHO0, HAIIPUKJIAT,
y TiApoauHAMII TPU PO3BUHEHOMY TYypOYJIEHTHOMY PyCi, KO BaXK-
JIMBUM YMHHWKOM € HEJIHIWHICTH PIBHAHB 1 HEMa€ MaJIOTo TlapaMeTpa.
Xou4a 3p0o3yMmiJIo, 110 “cTporicTh " X TBepKEHb € Ha PiBHI 3aKJIMHAHD
i me MoXKe 33TOBOTLHATH HaC.

§ 29. ITapra ¢yHKIig pO3MOALIY 3 ypaXyBaHHSM BHIIIX
MOIPaBOK

Hamwwv 3aBganaam € obumciienrs mapHOi (DYHKINT PO3MOmLY
F5(R) y uabiuKeHH], sike BIIIOBIA€ 3aIPOIOHOBAHOMY Y IOIEPEJI-
HROMY maparpadi mist crpykryproro ¢akropa. Otxke, 3HaimeMo
F5(R) y niniiftHoMy HaOJIMKEHH] 32 MOJISPU3AIIAHIM OIEPaTOPOM. 3
III€I0 METOI0 CTPYKTYPHUN (DAKTOP BAMUIIEMO TaK:

1 1
X
1+ 8%, 1+ /(14 B%w)

Sk =

1 N
B 1+ﬂ%w{1_nﬁu+67WJ+“}
_ 1 Ny
= 1+ﬂ%yk Hk/(1+/8VVk:)-

Mu obmexunuch TyT JgiHiftHuMET unernamu 3a [1;. Temep

2 2
L = ! 1+1
1+ 3%, 1+ 8%,

2

N N N
v S U
- 4~l5%§—+1 —1-2 ﬂV;’ ﬁV;
1+/871/k 1+57V}€ 1+6vl/k
Orxe, B 1[bOMY HabJIMKEHHI:
N N
v Vk v Vk
Sy —1 — V0, 20, —
1+ ﬂ%uk 1+ ,ﬁ%ljk
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2
B,
N 1,
1 + Bvl/k

3a o3HAUYEHHSM MapHA (DYHKINSA PO3MIOILITY

Fa(R) =1+ % $(Sk — 1elR,

k20

IligcraBasteMo Croau HAIT BUPA3 I CTPYKTYPHOTO (hakTOpa:

- 1 )
Fy(R) = 1-®(R)— Y R,
k40
2 Byvr ikR

+ =) —L—Te
N 1+6%Vk

2
_ _Z vak I, 'R
1 —I—IBNI/k

k40

Jie 9K 1 paHile KOPUCTYEMOCH TAKUM IIO3HAYEHHAM JId €(pEKTUBHOTO

TIOTEHIaJTy:
p 1 wr BT
O(R) = - MRV
N k;éO ]. + ﬁvyk

Hacrynnauit nonanox 8 F(R) Takwuii:

_ %ZeikRHk _ 7%261'1& <%)

k=40 k0
: !~ / / 1 ~
X /eZkR d*(R)dR = 5<1>2(R).

Jani mjis epeocTanHboro nqoganka y supasi st Fo(R) maemo:

$1(R) = _Z ﬂv’/k I, 'R
k;éo 1+/8V1/k
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B e R N —ikR' 52/ p'\ 112’
_Z1+5Nuk s /e (R )dR

k=0
N = ! ~ !
= V/dR d(|R —R|)P*(R).

Hapemri ocransiit qonanox 8 Fh(R) Taxwuii:

2
&)Q(R) = __Z<1—}B—‘I;I;\?Uk> erikR

2
LB )

k40

N 2 N4 /
= oy | RE(R)2(R - R)).

TyT BBeZIEHO CKOpOUEHE TO3HAYEHHS I8 BEJINYNHM, IKa IIPOCTO 3BO-
JIATHCS IO TIOXiTHOI 33 00EpHEHOI0 TEMIIEPATYPOIO BiJl epeKTUBHOTO
TIOTEeHIaJIy:

1 BN 2

~ Eaay ) .

®3(R) = — VR ) kR
N 1+ A%y

= Zv”’“( dﬁ) [

Orxe,
ba(r) = o [dR'E(H)5? ( d ) Lo(r-R))).
2V 15}
Tenep napHa QYHKIIST POTOILTY

Fy(R) = 1 — &(R) + 1q>2(R) +31(R) + Ba(R).
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IMepuwi tpu momarku B Fh(R) € pPO3K/IAJOM eKCIOHEHTH Bij
(—®(R)). 3posywmiso, IO Take TBEP/KEHHS HE € I[EPEKOHJIN-
BHUM, OCKIJIBKH 33 TPBOMa UJIEHAMU PO3KJIAJNy HEMOXJ/INBO “Braja-
mn"pyrkmiro. OmHak iHIN TOTYXHINN METOAM PO3PAXYHKY MapHOT
dyHKOil 7al0Th B IOJIOBHOMY HAOJIMXKEHHI caMe eKCIOHEHTHUU BU-
s, Jlo 1poro MokHa migifity 3 iHmoro 60ky. MoxHa HaMaraTuck
306pasuTh TouHMH BUpas it Fo(R) B €KCIOHEHTHOMY BUTJISAI, II00
BOHA, MaJjia CTPYKTypy po3mnoairy Boabimana. Bezposmipua dyskiis,
sKa CTOITH B IIOKA3HUKY €KCIOHEHTY, Ma€ Ha3BYy IIOTEHILATy cepel-

w01 crym. B rostoBrOMy HabsmrkenHi 1e i Oyne edbekTrBHMI MOTEHIII-
a1 ®(R). Tomy

Fy(R) = e *® £ Ad(R).

Ie i € mam ocraTovyHmit BUpas.

§ 30. ITapra ¢yHKIig PO3MOILIY €IEKTPOHHOTO ra3y

Pospaxyemo siBumit Buryisin mapuol (yHKIT po3momiay Mmogei
€JIEKTPOHHOI'O a3y, BUKOPUCTOBYIOUN 3 IIOIEPEIHBOI0 aparpada 3a-
raJbHUA BUpAa3:

Fy(R) = e *®) 4 AD(R).

Hacammnepe, 3raitqemo edeKTUBHAY TOTEHITIAT

- 1 4re? /g -
®(R) = f— ‘aR
() BV§)1+,3N47762/Vq26

v 2
V por + 35, R
nie obeprennit pajaiyc lebast
4dme? N
up =1\/B v

Cawme 11eit, a He KyJOHIBCHKUH MOTEHIHAJ “BiIUyBaiOTh " yacTUHKYI
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B Takiit cucremit. Bracijok 6araToqacTHHKOBIX KOPEJISIiil KyIOHiB-
cexwmit morenmian 4me? /q? expamyerhes i crae piranm 4me? /2(q)q?, me
JlieJIeKTpUYIHa, (DYHKITiS €JIEKTPOHHOTO Ta3y

2
4
5(q)21+q_§

st obumciennss seqmaman AD(R), w0 CKIaTaeThes i3 cywmm
®1(R) Ta $o(R), 3HANAEMO CHOUATKY SIBHUI BUPA3 JJIA TOXITHOI 3a
B Bix ®(R), sika BxoauTh y dyHKIi0 Po(R):

) d\ 1- 2 d lﬂeQ_%DR
5(‘@)5””“*(‘@)5[? ]

— B (_i) %e—%DR — 322 d(;I{BD c—F,

d d (4nBN\Y? 1, (4ne NN
sy = o (FEER) — g2 (TE)
dB A 2 Vv

Omxe, MaeMO
d\ 1- Be?np
2( _ - »pR
I} < dﬁ) ﬁq)(R)— 5 ¢ .

Tenep 3amumemo siBHul Burysy byskuii $o(R):

~ B N YV 562%1) —%D\R—Rl|

N Be?»p (Be2)2 e~
— Pe Db e

—xpR-R'| R’
9 e dR

*Mu HasmBaemo ioro morenmiamoM deGas-FOkapu. II. deGait i E. I'okkemns
3HAMILIN 1€t moTeHnia npu nobymoBi Teopii esekrpostitie 1923 poxy. B 1934 po-
ni X. FOkaBa 3anpononyBaB 0OMiHHY TEODiIO SIEPHMX CHJI i OTPUMAB Y TaKOMY
BUIVIS] ITOTEHIIA/I B3AEMOLIl MiXK HYKJ/IOHAMH, B SKOMY POJIb Pa/Iiyca eKpaHyBaH-
Hs1, TOOTO pajiyca Aii aIepHUX CUJI, BiOirpa€ KOMITOHIBChKA JOBXKWHA XBUJI IS
miona: A = h/mxrc, mr — maca mona. HOkaBa nepexbaaus He jume came iCHY-
BAaHHS TOHA, aJe 3HAIOYH, IO Il paiyc € ~ 107 cm “Bragas" Takox BeTmIUHY
#ioro macu. Ilpupozna i copaszi po3KONIye Pi3HOMAHITHICTIO SBHIN, aJI€ € O3, IJIH-
BOIO 100 MATEMATUIHOIO apCEHATYy JIst iX OImHCY (IUB. BUHOCKH Ha C. 33 Ta Ha
c. 119, a rakox [11] Ha c. 417-419).
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OyuKITig

- N ,6*%D|R*R,\ 672%DR/
() =~ [ R

Bizememo cymy dynkiit ®1(R) ta $o(R):

—2xpR — R—R, ’
= eyt [[ar | T D e
v R? | R-R| 4
abo
N N /efQ%DR/f%D|R7R/| 1 %D
A®(R) = ——(Be? 3/dR _ZD

Ilepeiimemo no 6€3po3MipHEX 3MIHHAX 1 3aIuimeMo 0 (DyHKITIO
TaK:

AB(R) = (06270 (2),

/6—2:5/—|x—x/| 1 1
= d N

r=xpR

e

MOXKHa BUPA3UTH 4Yepe3 IHTeIPajbHy OKA3HUKOBY (DYHKIIIO.
JiticHO, meperno3HauInMO st 3PYIHOCTI 3MIHHY IHTErDyBaHHS

x =y
J(z) / ay < L 1)
) = - —
YT Ix—yl 4

i mepeiiemMo 10 chepudHUX KOOPIUHAT, BUOWPAKYN BiCh 2 Y3/I0BXK

BEKTOpa X:
o) 2T ™ —2y » 1 1
/y2dy/d /81n9d9 > (——),
) ) (0 p 4
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Jle BeJIMIuHa

p= /22— 2zycos b + y2.

¢k HOBY 3MiHHY iHTErpyBaHHS 3aMiCTh KyTa 6 Bi3bMeMO p:

dp — a:ysm@am7
p

p=lz—ylupu =0 i p=z+yupub=m.

Orxe,
5 00 —oy Tty
T [e _ P
J(z) =T d p(l—— dp.
-] -
0 lz—yl

Jlasti, He KOMEHTYI09Hu, POOMMO HU3KY ITPOCTUX O0UUC/IEHD:

9 006723/ Tty 1 Tty
J(z) = ?/—dy —e P +Z(1 +p)e?
5 Y o=yl o=yl
27 00672?4 3
- 2 _ 2 (o—(aty) _ —la—yl
e S TG )
0
1 —(x —|z—
+ 7@ e o —yle ] Ly
T e oyl
= 5 | ey 8 e ey - 3) fay
0
T e Y yi
= —Qe " |(z=3) | —d —g
e (@9 [ i [y
0
y —x—y % r—3y
- [/e (Iy3)dy+/e (yw3)dy]
I_O Y T Y J
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= ez -3 {Zeygydy/meyydy}

0

T

oo
+ e° /e_gydy+/e_y dy
0 0

e T
+ (x+3)e” | —dy —¢€" / e dy
X y X
3y Y "
™ _ e v —e B
= — -3 d —d
e ra=) | [+ [y
0 T
oo 3y
1 - 1
+ e* [5 +1-— e_x] + (z + 3)e” ery - €I§G—3Jf

T

VBeeMo iHTerpaJbHy MOKA3HUKOBY (DYHKILIO

x® —zt
El(z) _/6 dt

]
1

1 3aIUIIIEMO HaIlll IHTEI'paJ TakK:

o0

T e Y et
—dy = dt =F
/ W / " 1(z),

1

—3y —3xt
e—dy:/e dt = By (3z),
Y t

a pi3HUII

e — eV . e 3 — eV .
/ Ty = iy [ Sy = Jim (By(30) B ()]
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Bukopucraemo poskiaj [21]:

oo )
Ei(z) = — —lnz—Z%, z— 0,
n=1

v = 0.577215664 — crana Eitnepa. 3a #oro g0moMorow 3HaxoIuMo,

110
T ey _ e Y
[y —-ms
Y
0

Orxe, ocTraTo9HO

J(x) = %{%(eﬂ" —e ) 4 (z —3)[~In3+ Ei(z)]e ™

n @+a&a@m}

sesmunsa J(r) — 0, mpu x — oo i J(z) — —7 Inz, mpr z — 0.
TTomrpaBka 710 epekTUBHOIO TOTEHIALY

62

A®(R) = =7 (@),

Jle IapaMeTp HelleaJIbHOCTI € = Be?xp. dk i edbexTrBHMIT MOTEHIIAT
®(R), ng nonpaska 3a O3HAYEHHSIM HE Ma€ PO3MIPHOCTI.

§ 31. CrpykrypHuii ¢pakTop KJIACHIHOTO €JIEKTPOHHOTO Ta3y
3 ypaxXyBaHHYM BHINVX IIOIIPABOK

Pospaxyemo Bemmuuny Il AN IUTa3MH, KOMH Vg = Ame? /q2,
q # 0. Edexrusnuit norennian ¢(R) 6ys pospaxoBanuii y nomnepes-
HBOMY Taparpadi, ToMy TOJIApU3AILIIHHEN OmepaTop:

N , e? ?
I _ —ikR = _—»pR
k B\ € (ﬂRe > dR
N dr [sinkR ,(8%)? o n
_W?/ R g R
0
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= —%4%(,662)2 76_2”DR¥dR.
0
Orxe,
Iy = *27fp(ﬁ€2)2éfk,
e
I = 7e—2“DR$dR.

0

Jitst obumcIerHs MBOTO iHTErpaJia Bi3bMEeMO Bijl HBOTO TOXiAHY 3a
apaMeTrpom k:

d—lf = /62”DRCOS kR dR = Re/e2”DRe’kR dR
0 0
672%DR+ikR o0
= Re ———m——
—2xp +ik |
- R 1 2xp + 1k

o — ik (2mp)? + K2

2xp 1 1

(22¢p)2 + k2 2xp 1+ (k/23p)?’

Orxe,
dIy, 1 1

k.~ 2sep L+ (k/25ep)2

Temnep inTerpyemo:

dly, 1 .

- k=
dk* 14 k*2’ 2xp’

dk*
I, = T2 + const,
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I, = arctg k* + const.

OCKIIbKY 3 03HAYEHHS BUILIUBAE, IO

Ik:O = 05
To const = 0, 1 ocTaTO4YHO
k
I = arctg——.
2xp
Temep
2wp , o oo k Be? s%, k
I = —— tg—— = ——— —=arctg—.
’“ R (der)arcte 2 kY

Orxe, cTpyKTypHEIT PAKTOP €IEKTPOHHOTO Ta3y B IHOMY HabJIMKeH-
i [14]:

_ 1

1+ 33 Jk? — Be2scharctg(k/23p) /2K

Sk

K BUIHO 3 IBOTO BUPA3Y, npu k — 0O CTPYKTYPHUH (HAKTOP MPIMYE
70 omuEmT ByKe He ax 1/k?%, a mpomopritiro 1o 1/k, To6To crabme,
HIX y MepIoMy HabJIMKEHHI.

§ 32. Emeprig KJIaCHYHOTO €JIEKTPOHHOTO Ta3y.
Bumi a0 mxenHs

Ak 6yso mokazaHo y §9, cepesHe 3HAUEHHS TTOTEHITAIBHOI eHepril
€JIEKTPOHHOTO Ta3y, AKWH PYXa€ThCA B TOJI PIBHOMIPHO PO3MOIITEHO-
TO y IIPOCTOPI KOMIIEHCYIOYOTO 3aps Ly

N

(@) = Z —Vg(Sq— 1),
2V
70
4re?
Vg = 2
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Banuiemo neii Bupas uepes napry dyskuito posnoxainy Fy(R), Buko-
PHUCTaBIIM T€, IO CTPYKTypHUiT pakTop

N -1 .
Sy=1+5— / [F3(R) — 1]~ R 4R,

Orxe,
@) = M= [amyirm - ar,

Jle KYJIOHIBCHKUH TOTEHIIAJ

s mapuOl QyHKINI PO3mO/Iiay Bi3bMEeMO BUpa3, KWl MU 3Ha-
vimtu y §29 i B pe3ysbrari

(®) = N(gfiv_l) / % (e—m) 14 Aci(R)) dR.

Baenemo nmosnauenus

N(N—-1) (€[ 4
AME="——"[— (B _q
! 2V / R (e )dR’
NN 1) [ -
Ao E = G / RA(I)(R)dR,

Tax IIo

Cnouarky po3risiHemMo mompaBky AjF. Yeememo 6e3po3mMipHy
3MiHHY T = »p R 1 BUKOHa€MO IHTerpyBaHHS 33 KyTaMMU:

NN-1) & [ =
A E = ¥6—24ﬂ'/$ [exp (—Eex > - 1] dz,
0
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Benuuuna € € Mmasium napamerpoM Teopii. 3pydHO 3aMiHO0 T = &t
3AIMCATH ITI0 TIOTPABKY Y TAKOMY BUTJISI:

ME/(N = 1) = TS 3(e),

Ji(e) = 7t [exp (—e?) - 1] dt.
0

AmasroriyHo 3HAXOMMO BUpPa3 JJIs TIOIMPABKA

N(N —-1)N e2
T oV VvV (56 ) —]23

—2y—[x—y|
e 1 1
ng/dx/dy 3 < ——>.
Ty x -yl 4
Ockinpky BeanunHa Jo € 3BUYAMHNM UYHUCIOM, TO IMOOpaBKa AgFE ~

g2

AoE = —

ze

62

AsE/(N = 1) = —T——J,.
2B/(N =1) 5am2 2

Iarerpan Jo HEBaXKKO po3paxyBaT1/1 Pobumo 3amimy 3MiHHEX, a came
3aMiCTh X BBOJUMO Z = X —

—2yz 1 1
== /dy/ 2|z+y|< 1)'

s BHYTPIITHROTO iHTErpaJjia BBOAMMO CGepUUIHi KOOPIUHATH i

27 ™

e~
Jo = /dy 3 /dgp/sian@
Y

0 0

T 11 d
X /z2ez <— — —) i .
/ z  4) /22 + 2zycos O + y2
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Iarerpyemo 3a kyramu i BUKOHYEMO TPOCTi BipaBu 0€3 KOMEHTapiB:

J2

O=m
N +2zy0089+y2’0 .

o0
~% 1 1 —|z—
/dy6 i 27T/226—z <___> 2 +yl ===yl
Y ) z 4 2y
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1 -2y _
(4m)? 5/ <y +

0

1
4

o0
Jos
0

Ipyruit inTerpasn JTOPiBHIOE

oo
1 3 1
1 / c Wy
0
a nepun
s 2y 3y x —2y —3y
/ c " ~¢ dy = lim idy
Yy v—0 Yy
0 v
oo oo
e—2y e—Sy
= lim / dy — / ——dy | = (3amina y = vt)
v—0 Yy Yy
v v
% 6721/t x 6731/1}
= lim / dt —/ dt
v—0 t t
1 1
= liII?(l) {E1(2v) — E1(3v)},
v—

Jle iHTerpasibHa MOKa3HUKOBa (byHKIs F1(2z) Mae Taknit poskaz [21],
SIKUM MU BXKe BUKOPUCTOBYBAJIN:

()"
Eq(z) :—fy—lnz—z:l p— z — 0,
n—=

v = 0.577215664 — crana Eiepa. 3a J0MTOMOr00 IIEOTO PO3KJIAILY
3HAWIEeMO, 10
o
/ e 2Y _ o3y
Y

0

3
dy =In—.
Y n2

Y pesysabraTi
3 1

1
JQ = (47{')2 <21n§ —+ ﬁ) y
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a eHepris
13 1
AsE/(N 1) = -T= (2 + .
JB/(N - 1) (2 S+ )

[Tepeiiemo Temep 0 AOCTKeH S iHTerpata Ji (&) 3 MeTow Horo
po3kJIady 3a crenersmu €. Akmo mokaactu € = (), To BuAHO, mo J; =
oo — imTerpan posdiraerbeda. OCKUIbKE iHTerpas icuye mpu € # 0,
TO Ile 03HAKA TOro, 1O J1(€) € HeaHATITUIHOK (DYHKIHE Tapamerpa
HeleabHOCTI €. fKINO eKCIOHEHTY IIi/T iHTerPaioM PO3KJIACTH Y PSII,
30epiraroun JUIlle 1Ba YIEHW PO3KJIATY, TO

oo
/e ftar =
0

IIpn oMy
ME/(N—-1)=——=-T—xnp=——=xp

— peayabTar Teopii debaga-['tokkess, akuit Mmu 3Hadmm panime y § 9.

SIKIO B3ATH T HACTYIHUY WIeH PO3KJIATy €KCIIOHEHTH Y BHUPAa-
31 gist Jp(e), To orpumaeMo po36ixkHi imTerpamu. OTxe, s TOTO,
o6 3HalTH BurIsy MyHKIN Ji(€) mpu Maaux €, HOTpiOHU ToHmmiT
aHaJII3:

I e ¢t e ¢t i
Ji(e) = /t{exp (— ; > -1+ . }dt — /e—etdt
0 0
1 I —et —et
= ——+/t{exp(—e )—1—0—6 }dt.
€ t t
0

Po3zi6’emo 11eit imTerpas Ha JBa, YBIBIM JEeIKUM MapaMeTpoM ty mpo-
MIXKHY MeXY IHTerpDyBaHHS:

Ji(e) = —é + Jii(e) + Jia(e),
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to

—et —et
Ji (&) :/t{exp (—et ) —1+et }dt,
0
3 —et —et
J12(€):/t{exp(—et )—1—i—et }dt.

to

[Toku mo moBimbHUIT TapameTp ty BubepeMo Tak, mob ty — 0o Tpu
¢ — 0, a Takox, 1mob etg — 0, € — 0.

VY mepmomy iaTErpasi podbuMo pO3KJIa[] 33 CTEIEHSIMU €, & B IAPY-
romMy — 3a crenensMu e ' /t.

Orxe,

to

1— —eto t2 e
Ju(e) = % - 50 + /te6 .
0

Hauri

to

1 _ e—Et() t2 1
Ji(e) = ——— — 94 [ te vt
€ 2
0
OCKIJIbKY HACTYTIHI YJIEHW PO3KJIaNy JaIyTh B eHepriio AjF BHECOK,
IPOIOPIIMHNUI S0 BHINOTO CTEIeHs €, HiK €2, IO BUBOJAUTH HAC 33
Mexki HABJIIKeHHST, TPOJAMKTOBAHOIO BemanHOI0 AgF ~ £2.

Pobumo zaminy = = to/t, t = to/x

1—e o 42 1
Jll(a) = f — 50 —I—t%eEEg <%) s

Jie iHTerpaJibHa MOKa3HNKOBA (PYHKILisT

En(2) =/e —dz,
1

X

y Hac n = 3, BUKOPUCTAEMO PO3KJIaz [21]:

22 3 1 23
Eg(z):?<—lnz—’y+§>—|—§—z—|—§+... .
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Temep

e 1
— te*+—+0|=5]|.
oe” + 6o + ( t%)
3sigcu npu € — 01 tg — 00, ety — 0, 3HAXOAUMO:
1 3
Jii(e) == | In ty — - .
11(€) 2<Il 0 ’Y+2>
[Tepeiimemo 10 obunceHHs 1HTEI pasa

o0

y o 76n€t dt.

tn—l

Saumina t = tgx mae

3

J12(6) — i (_) 1
n=2

nl tg_g Enfl(nEtO)'

Enementaprauit amasiz mokazye, mo mpu € — 01 tg — oo, etg — 0
BUXKUBAE JIUIIE TEPIUHM YJIE€H IHOT0 Py, SKUi JTae:

1 1
J12(E) = §E1(26t0) = *5(’7 + In 2Et0).

Tenep 3naxoqumMo cymy

1 3
J11(€) + Jlg(E) = 5 (hl to — v+ _)

2

1 3 1
—= —y+—-—=In2
2(’7—|—1H26t0) 7—}—4 5ln 2¢

i, oTKe, OCTATOTHO

1 3 1 1
Jl(g):—g—’y+1—§ln2—§1n6
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BaxsmBum € Te, 1m0 npomikHuit napaMerp lg BUIIAB 3 OCTATOYHOI'O
pesyabrary. Tak i moBuHHO OyTH, a/pKe f) € JOMOMIXXKHUM TTapaMer-
POM, AKU# He BIJIMBAEC HA OCTATOYHUU pe3yJsbTaT.

s mompasku A E maemo:

T 2 3 1
AlE/(N—l)—g{—a—%lne—l—eSQ (Z—'y—ﬁln 2)}

CepeiHe 3HAUEHHS MOTEHITIAJBHOI €Hepril, ke BU3HAYAECTHCI CY-
Moro BupaziB A1 F ta Ao F, HabyBae BUTIATY:

<<I>>/(N1):g{6+§lna+s2 <’y+%ln3§>}.

Omxke, MaEMO HeaHAJTITUYHY 3aJI€XKHICTH €HEPTil Bij mapaMerpa Hei-
neasbHOCTL €. JlorapudMiuHa 3a/eXKHICTh (DI3UIHNX XaPAKTEPUCTUK
BiJT KOHCTAHTH B3a€MO/Iil € XapaKTEepHOI0 PUCOI0 KYJIOHIBCHKUX CHC-
TEM.

§ 33. Bums meniniiiaux ¢urokTyarniit Ha TepMOAMHAMIYHY
HECTIKiCTh

Hacammepes 3pobumo feski BUCHOBKY 3ara/IbHOTO XaPaKTePy IIo-
JI0 BHECKY HeJIHIWHUX (IIIOKTYyaIliil y 3CyB TOYKU HEAHAJITUIHOCTL
BUIBHOI eHeprii. ¥ §13 Mu roBopmin, IO TOUKY HECTIHKOCTI CUCTEMH,
ko (OP/0V)r = 0 (3a ymoBum, mo vip—o < 0) MOXKXHA BU3HAYH-
TH 3 YMOBU PIBHOCTI HyJIEBl 3HAMEHHUKA CTPYKTYPHOro (pakropa Sk
mpu k = 0. OTxe, 3 ypaxyBaHHIM TOJsIpu3ariinoro omeparopa I,
3HalIeHoro y § 28, piBHaHHS s KpuTudHOl Temmeparypu 1 =T, €
TaKWM:

N
17/80V|V0‘+Hk=0:07 ﬂczl/Tc

N T. B.Nv,/V \?
T, = —|vo| + (—Q> .
\% qz;é;) 14+ BNy, /V

abo

TobTo BpaxyBaHHS HETIHIHHOCTI (DIOKTYyaIil T IBUITYE 10 KPUTHUY-
HY TEeMIEepaTypy.
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[Mopanbmmit posriisy mpoBeieMo Ha IPUKJ/Ial MO, Ky M1 BBe-
B § 10. Edpexrusnnii noreniian ¢(R) s niel mogesi micig migcra-
HOBKHU $IBHOTO BUTISAY Koedirieata Pyp’e eHeprii MiKIaCTHHKOBOT
B3aeMO/ii v, HabyBae BUIJIALY

- _ Bpv. o
(I)(R) - Z 1 +ﬁ;l/q anr

1 4 .
— _Bdrg— iqR
g Oavgi(x/a)%rq?e

e—*R/a

= —F% R/a

ze

% =/1=Bplvo| = /1 — dmpa’dy/T.

Ockinbku 1eit epekTuBHMI MOTEHIHAT (POPMAJIBHO 306ira€Thcst 3 To-
rermianom Jebas mpu 3amini (—a®g) ma e? i »/a ma »p, T0 i MONA-
pusaniianii omeparop Il Ay Hamol Mozgeri 36iraeTbCs 3 LOJIAPU3a-
IIHIM OMepaTOPOM KJIACHIHOTO eJIEKTPOHHOTO ra3y (aus. § 31):

1 ka
I, = —27rp(—ﬂa<1>0)2garctg (E)

B O\ “ arctg(ka/2s¢)
= —27rpa (T) Ta .

CrpykTypHuit paxTop

47 pa’dg @0\ ? arctg(ka/2)
=1 /{10 g SESEE) L
St /{ T( 1 k2a2) ¢ ( T ka

Hynr 3namenHnka crpykTypHOro daxkropa npu k = (0 Bu3Ha4ae pie-
HIHHSA JIg KpUTUIHOI Temneparypu 1’ = T,:

oy mpad [ D 2
1 —dmpa® — — — ] =0,
Pa 1. A ( T, i
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YBegeMo mo3HadYeHHS

Ty = T/ plwo| = T./4mpa’®y

C
1 3anuIreMo OTpUMaHe PIBHSIHHS TaK:
LN
T  16mpad T2’

abo
TH3Tr — 1) =,

TYyT

e = (16mpa®) 2/,

OckisbKny [t peaibHUX cucTeM Bejimansa € ~ 1/10, To ne piBHsSHHS
MOKHA PO3B’A3YBaTH ILIAXOM PO3K/IaLy 1) 33 MajauM mapaMeTrpoM
e. lIpu € = 0 Temueparypa 1, = 1, ToMy HaIll PO3KJIa/] HOYHHAETHCS
3 OMUHUII:

Tc*zl—i—als—i—agaz—i—....

IlincTaBuMO Teit PO3KJIAT y PIBHAHHS, PO3KJIaAeMO HOT0 JIiBY 9acTH-
HY y Psifi 33 € 1 IpupiBHIEMO KOeMIIIEHTH IPU OHAKOBUX CTEIEHSX
TapaMeTpa € y JiBi#f Ta IpaBiit YacTUHAX:

(14 a1+ age® +...) 3 (a1e + age® +...) = ¢,

3BijICH

Taknm 9arHOM, 3HAXOINMO

Tr=1+4+e—e*/3+4....
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Orxe, weminiitai durokryanii wesnauno (~ 10%) nigsuimyooTs
KPUTUYHY TeMIIepaTypy, 3HaiijeHy B HAOJIMKEHHI XaoTwdHuX (Pas.
om0 TepMmoguHaMiaanx (PYHKIIIH, TO BOHN TOTPEOYIOTH, 9K MU Ha4du-
JIV Ha, TIPUKJI/L KJIACUIHOTO €JIEKTPOHHOTO Ta3y, CKIAIHIMIX PO3pa-
XYHKIB TIpy OOUUCJIEHH] CEpeIHbOTO 3HAUEHHS TOTEHIIaIbHOI eHeprii
3l BHAWAEHUM TyT CTPYKTYPHUM (PAKTOPOM 1 MU IX PO3IVISIATHA HE
Oymemo.

§ 34. Heuniniitai ¢pmokTyanii y KBAaHTOBUX pigmHAX

SyMUHUMOCH Terep Ha aHAJMI31 KBAHTOBOMEXAHIYHOTO PIBHIHHS
PyXy mjst pJIOKTYaIli#l JTOKAJIBHOI TYCTUHYA YaCTUHOK 3 YPaXyBaHHSIM
HeJIIHIMHUX 9JIeHiB.

IToBepreMOCH 10 BUXiIHOTO DIBHSIHHS IS Pq, 3Hafinenoro y § 14.
OckinbKE MU 0OMEKYEMOCH JIUIIE €JIEMEHTAPHO0 1H(MOPMAIEO TITO/T0
METO/IB KBAHTOBOI MEXaHIKM, 3B€IEMO HAIIlE PIBHSIHHS JJIs Pk YCEPe-
HeHHAM “3a iMmyabcamu' 1o KiacuaHoro piBagaHa. OTXe, 9K 1 paHi-
e, pobumMo 3aminy:

(kp;)® — hk*(kp;)

Uy — 1k (k)
m2

m?2 )

_1RD)) 2k (K)

3 m2  3m N’
TYT BPaXOBaHO, IO CepeaHE 3HAYCHHA iMHyJIbcy YJaCTUHOK rILOpiBHIOG
HYyJIEBI

(kp;) = k(p;) =k-0=0,
a cepeslHS KIHETUYHA €HEPTisd 3 PO3PaXyHKY Ha OFHY YaCTHHKY
(K _ (B,

N om’’

Temep piBHAHHS /IS BEIMYWHU Py CTAE TaKUM:

2m

VqP—aqPk+q— 3m N

m2\? KN (ka) VN 212 (K)
”““( )"“‘E”’“V”” ; ™V

a+k#0
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Hacrymrauit kpok — e Hab/IMXKeHe ypaxyBaHHS HEIIHINHOTO I10-
JAHKA, ~ P_qPk+q- MU CBIZIOMI TOTO, IO yCEpeIHEHHS 32 IMITYy/IhCaMH
MPOBEJIEHO Iy Ke CIIPOIIEHO: 6€3 ypaxyBaHHS TOTO (DAKTY, 10 y KBaH-
TOBOMEXAHIYHOMY BUIQJIKY YCEPETHEHHS 33 IMITYJIBCAMHU 1 ycepe HeH-
HSI 32 KOOPJWHATAMU He € He3aJeKHUMU. AKypaTHile ycepe HeHHs
IOPOJUTH y PIBHAHHI JIOMATKOBUM dYJI€H, SKWM TAKOXK MaTHUME i
CyMOBYBAHHS 33 XBHJIbOBMM BeKTOpOM (. Tobro itoro BHecok Oyjie
TaKOTO K TUIY, 9K 1 3aJUIIEHOTO HEeJIHIHHOTO JOMaHKa B PIBHSHHI.
Kpim Toro, Bin npuBese BXKe 10 3aracalounx KOJIUBAHB JId (DJIIOKTY-
ariit rycTuHu 9acTUHOK cucteMu. PopMasibHO 1€ yCepe HeHHST MOXKHA,
IIPOBECTH 1 TOYHIIIE 32 JOIIOMOTOI0 TOTO YK IIPUMOMY, 338 SKUM MU Bpa-
XOBYBaJIM HeJIiHINHI oK Tyamnii y KJIaCuIHOMY BUTIAJKY. ¥ BaXKaEMO,
1110 0OTOBOPIOBAHU JIOJAHOK y PIBHSHHI PyXy € MPONOPIiitHuil 10 py,
a MHOXKHWK TTPOIIOPITIMHOCT] 3HAXOMMO MHOYXKEHHSM ITi€l PIBHOCTI Ha
P—k 3 HACTYITHUM yCepeTHEHHIM:

=B
m2 kPk;

7zkr (kp]) 7hk (kp])
0%

1 kp,)? — hk?(kp;
By <pk\/_szr(p) 2(p)>

m

AxIo ycepemHeHHs 3a IMITy/IbCAMHU Ta KOOPAWHATAMU PO3UEILTIOEThH-
Cst, SIK 1€ € Y KJIQCH9HIil MeX1, TO MU OTPUMAEMO 3HAKOMUIL pe3yIib-
tat: By = 2k*(K)/3mN. Jlng TOYHIMOro ypaxyBaHHA KBaHTOBO-
MEXaHIIHOTO yCepeIHeHHs TOTPIOHI CKJIAIHITI PO3YEIIEHHS B I[HOMY
BUpAa3i, MOKHA TAKOXK BBaxKaTh By “BlIbHUM ImapameTpoM' Teopil, aje
TIOC/TIOBHMI TiAXIT — Iie 3HOBY MUCATH PIBHAHHS PyXY JJIs 0OTOBO-
PIOBaHO! BEJIMINHU.

Mu me 6ymemo 6paru IIHOTO 0 PO3IJIAILY, & MIPOJOBKUMO AHAJII3
BUITUCAHOT'O PiBHSIHHS

Bemmuuny p_qpkiq 9K 1y KJIaCHIHOMY BHUIIAJKY 3aMiHIOEMO Ta-
KUM BUPA30OM:

1 53(_1{7 _q,k+Q)
P—aPk+q — pk\/ﬁ Sk .

Y pe3yabTaTi pIBHAHHS [IJIsT BEJIUYUHU Pk HAOYBAE TAKOT'O BUTJISIY:

;;k + W]%pk - 0>
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Jle 9acToTa

MPNF RN 28 (K)
mYV k 3m N

B Z kq) S3(—k, —a.k+q)
Vq Sk
o ;
a-+k#0

Bukopucraemo KOHBOJIOIiiHE HAOJMKEHHS [JIsi TPUIACTHHKOBOTO

CTPYKTypHOTO (hbakTopa:

53(_ka —q,k+ q) = ‘S’kSqS|k+q|v

4aCcTOTA,
th{ 2N / 2k
W —
p2p2 1/2
_ 5,9 o
g Vq |k+q] om ’
q+k#0
e
2V
Vk =V + 3N2<K>
Tenep cTpyKTypHHIil PaxTOpP
hk? hk? huwp,
S = 1+2 = th | —
F mek( + 2(n) mwkc <2T)’
ne (ng) — ue cepenne uucio 3anosuenus. Ilpu T = 0 K senuuuna
(nk) = 01 crpykTypHuUit dhakrop
hk?
Sk = )
2mwy,
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h2k2 4 h2k2
S, = 1+ —uk — >
3 2m

2 (ka) )
Ty Z 12 2 Y4 Slk+ql/ 2m} :
a7#0
q+k#0

eit Bupa3 momibHO [0 KJIACHIHOTO BUMAJAKY MOYXKHA PO3TJISIIATH
SK iHTerpa/ibHe PiBHSHHS JJIsi CTPYKTYpHOTO (akTopa S) Ipu BiI0-
MOMY TIOTEHI[a/l MiXKATOMHOI B3a€MOJil Vg. 3a HUM MOXKHA TaKOXK
po3B’si3yBaTH it obepHEHY 3aJiady PO BIATBOPEHHS eHepril mixKdac-
TUHKOBOI B3a€MO/Iil, SIKIIO 3a/aTH CTPYKTypHuit dhakTop. Bukonaemo
JIesIKi TIepeTBOPEHHS:

Lo 52k2+§<f(> B2 k>
sz - v/ 2m T3°N / om

2 (kq) h2k?
-7 2 g2 a%eSiral [ 5
aq#0

q+k#0

st mBummol 3612KHOCTI CyMU 3a ( 3allWINEMO Tiei BUpa3 TakK:

1 - h2k2 4 > h2k?
_ f— _I/ —
Sl% F 2m

2 (kq) n2k?

- v 2 2 YeSSkea = 1) [ 5
q#0
q+k#0

To6T0 MU [OMATH HYJIb:

1
v Z (ka)ry Sy = 0,
a#0
a+k#0

® Tus. punocky mHa c. 151
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OCKLJIBKY T1JICYMOBYBaHHS 33 BEKTOPOM ( 1JI€ IO BCbOMY ITPOCTOPY, TO
9UCJIO Bi'€MHUX 1 JOJATHIX OJHAKOBUX 33 MOJIYJIEM IOJAHKIB y It
CyMi € OTHAKOBUM. BHECOK OJHOTO BWJIyYEHOIO JOJAHKA 3 YMOBOIO
q+k # 0 me 6epemo 1o yBaru, Tomy o Bie ~ 1/V i npamye 10 Hysis
y TepMoamHaMivuHil Mexi. [lami Mmaemo

Lo VR
T 2N 2m \(S2
1 (kq) 2V -
t ¥ > 2 Ya5a(Sjical = 1) = g (K)-
a#0
q+k#0

Ak mynboBe HabMKeHHS OepeMo mepInuil T0MaHOK y IpaBiil gacTuHi
IIBOTO PIBHSIHHS:
V R%E? (1 1
=——|—=-1]).
"7 oN 2m \ S2

Y mHacrynHOMy HAOJIMXKEHH] Mij] 3HAK CyMU MiJCTABJISIEMO Iie 3HAYEH-
Hs V4 1 30epiraemMo ocTaHHi# J0JaHOK y nouepeHiit dbopmyii, mo €
TIPOTIOPINHHUM J0 CEPEIHBOTO 3HAYEHHS KIiHETWIHOI €Heprii:

y - Y ER(L
"7 2N 2m \ 82

|4 n*q* (kq)

2N?2 Z om k2
a7#0

q+k#0

(5~ 54) Gterat = 1) = 2y R

X

Ileit Bupas BXKe IIJIKOM TPUIATHUN I MTPOBEIEHHS KOMIT IOTEPHUX
po3paxyHKiB ¢yp’e-06pa3y MiKATOMHOTO TOTEHIAIy Vg, 38 SKAM
obeprenum meperBopentsaM Pyp’e 3maiimemo i cam morenmiag $(R).
IlizHinre Mu TOBEPHEMOCH O ITHOTO TTATAHHSI.
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§ 35. Eneprig KBaHTOBUX MOJICJIbHAX CHCTEM.
Bumi HabamxenHs

Ilepeiiiemo n0 anasizy BHECKY HesiHifiHuUX (UIOKTYyariil rycTuHn
YaCTUHOK CUCTEMH JI0 TaKOl (DI3UUIHOI BEJIUINHI K CEPeHS eHepris.
Harm po3risin 6ymeMo IpOBOSUTH Ha MPUKJIAIL MOIETeH 3apsaIKeHOro
603e-ra3y, OMHOBUMIPHOTO 603€e-Ta3y 3 KOHTAKTHUM BiJIIIITOBXYBaHHIM
MiXK YaCTHHKAMU Ta KBAHTOBOTO €JIeKTpOHHOro ra3y. Mu geranbHO
JIOC/TIPKyBaIn Il Mojesii y momnepegHix maparpadax y HabjmmKeHHI
RPA. Tenep obumcaumo jjis HEX eHeprito y mocTRPA-mabnmxenni
npu abcosirorHOMY HyJi Temueparypu. [lounemo 3 Toro, mo Bupas
JUTST CTPYKTYPHOTO (aKTOpa 3 IMOMEPeTHBOr0 maparpada 3amluiemMo
AK

1 4 (K) o h2k?
S R A
1/2
2 (kq) h2k?
- a2V Z L2 V494 5k+q] 9 )
a#0
a-+k#0
iy,
Qg = Vyk om

1 pO3KJIaIeEMO B PsiJl 38 MaJIOI0 BEJIMYMHOIO, TOOTO 33 CYMOIO JPYyTOro i
TPETHOTO TOJAHKIB, 0OMEKYIOUINCh, 3PO3YMIIO, JIHINHIMHU YI€HAMU:

1 2(K) | h%k?

S, = ——=- 1L —
k ar 3 N/ “om
+ 1 Z (kq) l/q h2k2
Vv Z k2 aqQiiq| 2m
aq+k#0

[lig 3HakoM cyMu 3a  CTPYKTYPHI (DAKTOPU B3SITO y HYJIBOBOMY Ha-
osmmkenni. Iligcrasisiemo neit Bupas3 y 3arajbHy (HOPMY JJist Cepei-

180



HBOT'O 3HAYEHHS IOTEHIIAJIHLHOI eHepril

N - 1)
() = V0+Z_Vk (Sk—1)
k20
= (®)o+ (D)1,
e
N(N —1) N (1
(@) = =550 +1(Z#)WV’“ (a_k - 1>

— HyJIbOBe HaOJIMKEHHS, sTKe MW JOCTIIKyBaan panime, a moctRPA-
TIOTIPABKA

<q>> o 2322
3Vk7é0ahk/2m

(ka) v
QZZ 3ﬁ2k2/2m k2 aqa|k+q|

k0 qz£0
q+k#0

Harmmi ¢dopmynu mpamntoBaTuMyTh, KO (Gyp’e-00pa3 MiKIaCTUHKO-
BOI'O MIOTEHINAJY vy 3a0e3mednTsh 30iKHICTh IIUX CYM.

Matoun ni 3arajibHi BUPa3H, epeii1eMo 10 KOHKPETHUX PO3paxyH-
kiB. [Tounemo 3 mojei 3apsikeHoro 603e-razy i obuncanmMo mepruit
JonanoK y dhopmysti gurst (P)1. Ilpu mpoMy BUKOHYEMO BK€e 3BUYHI JI/Ist
HAC OOYUCIEHHS, TOMY iX He KOMEHTYEMO:

Al - Z 3h2k2/2m

B _<K> 1 4 47r622m/°° dk
RO KL+ ab /K7

= (3amina z = k/qp)

A 4 o0
- (K 41 4\—3/2
( >37ra3q0/ x5 (14 z%) dz

181



— (samina z* =1t)

= —<f(>#/ Y41+ )73 2dt
0

3mapqo
_ A LG/AT/4) o T3(1/4)
= K 3mapqol(3/2) (K 6m3/2azq

IpHraIyeMo, mo AIs el Moge o = (16mN/Vap)l/4.

CepefHe 3HaYMEHHS KIHETUYHOI €HEepTil B HYJIBOBOMY HaOJIMKEHHI
Oepemo 3 §22:

(K) =N <40 2(3/4).

Smy/m
Tenep
e2 F2(1/4)I‘2(3/4)
A= —
2ap 1573
1 OCKIJIBKH

I(1/4)0(3/4) = 7 /sin (%) = V2,

TO OCTaTO4YHO 2
A{/NRy = ———.
1/NRy T

ITepeiimemo 10 obuncienHs apyroro nojanka B (P)q:

N Vg (ka) vy
Ay = .
272 1;) a2k /2m (;) k2 aqoiiq)

q+k#0

aitmemock cymoro 3a q:

1 Z (ka) v
4 o k2 agQkiqf
q+k#0

1 > 4re? [T kqx
e [T [ e
Voo (27) 0 agk® o1 Qpq
Mu mepefttiiu TyT BiJ mMiICYyMOBYBAaHHS 33 ( J0 iHTEIPYBaHHS y cde-
puuHiit cucTemi KoopawHAT, BUOpaBIIM BiCh 2 y3J0BXK BekTOpa K,
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MPOIHTEIPYBaIN 33 a3UMYTAJIBHUM KyTOM ¢ y Mexax Big 0 1o 27
i 3pobuiin 3aMiHy 3MIHHUX JJIsT TIOJISIPHOTO KyTa, & = oS 6, Tax 1o

|k +q| = Vk? + ¢% + 2gkx. dani

2 00

1 Z ka) vy € qdq
% o k2 agaptq Tk Jo V1+qt/¢

aq+k#0

/1 z(k? 4 ¢ + 2kqx)
X dz =
—1 V(B + ¢ + 2kqx)? + ¢

= (3amicts x 3amina : p° = k? 4+ ¢ + 2kqx, pdp = kqdz)

2 00

2 qdq

ko V1+qi/dt

1 /k+q (p? — k2 — ¢®)p?
|

X = p dp
26°¢ Jjo—q)  /PrH ]

= (imTerpan 3a p 3aMiHOIO Y = p* 3BOAMTHCS 110 TabIMIHOTO )

ez [ qdq 1

Tk Jo 1+ /e 2k

(p2 e @, PPV g
2
90

k+q

X

In

4 4

|k—aql

} |

Tenep migcTaBuMO 1€l pe3yabTaT v BUpa3 masd Ag, B GKOMY Tie-
petimenmo o imTerpyeanus 3a k i micsist iHTerpyBaHHS 3a KyTaMu Ta
3HEpO3MipIOBaHHs 3MiHHUX iHTerpyBanust (r = k/qo, ¥ = q/qo) o1-

-3 \/ Pt +4h
2

=— | ——1 (k- k+q)t + ¢
SWkg/O PN (k=) (k+a)* + ¢

(q+k)?+V(@+k)' '+
+ (k+q)*\/(k — @)* + ¢ — g¢ln
’ (a— k)2 + /(g —k)*+q

183



PHUMY€EMO:

e2 B

Ay=N——
2 aB47r2’

Jle TBOKDPATHUU 1HTerpaJ:

B = /Ooda:/ood it —(z—y)*\/1+ (z+y)t
| y<1+x4>3/2m{< Y*V1+ @ +y)

} |

(x+9)2+ 1+ (x+y)?
(z—y)?+ 1+ (z—y)*

b @ty VITE 9 -

Komn'torepre 009HCIEHHS IIHOTO iHTErpaja JTae:
B =1.573

1 Temep OCTATOTHO
B
Ag/N Ry = — = 0.0797.
272

IlonpaBxky EM JIo TTOBHOI eHeprii F 3HaiigeMo iHTerpyBaHHIM Ce-
penuboro 3uadeHHs (P); 3a mapaMeTpOM BMUKAHHS B3aE€MOJIl A, AKuii
BBOAUMO 3aMiHOW0 €2 Ha \e?:

2 B e?
AP); = NN [ ———+ — | —
AD)s ( 157T+27r2> 2ap’

1
EW = / dN(®)1,
0

() __ . B _
EY/N Ry = Tor + i 0.0186.
Orpumane uncenbHE 3HAUEHHS INi€l BEJIUYUHU € JEIMI0 3aHUKEHUM:
TouHe 11 3HadYeHHs nopisHioe 0.0280.
IloBHa emepria

0.803079
E/NRy = T + 0.0186.
Ts
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ITepexomumo Temep 70 OnHOBUMIpHOI Mozesni, Ko v, = Pg md
ycix 3Hauenb ¢. Y Buxigaomy Bupasi qyst ($); obumcimmo nepmmit
JOJIAHOK, ITO3HAYMBIIK HOTO Yepes AW

o s 0
T8 2 o 12t @R
B 7(IA(> 2mP /OO xdx _7<IA(> 2mP
N 3 Rh2qom (1+22)32 3 h2qor’

qo = \/4®omp/h2.

OcCkinbKH y HyJIbOBOMY HAOJIMXKEHHI KiHETWYHA eHepris (IuB.
crop. 124)

. h2p2
(&) [ 5o N =23,

TO

2m 9 72
Hpyruit gomasox y (®);, sxuit Mu mosuaummo depes A mepe-
TBOPUMO TaK:
(kq) 1 1
AR Lo
212 gé%% h2k2/2m k2 g o)
q+k#0
v (ka) 1 ( I )
= Vg— -1
212 g;oz#% a2k 2m k2 g \ i)
aq+k#0
e (2, ) (T )
- v [ — —1 1
2 g:;% aph?k?/2m k2 \ay Ccrq
q+k#0
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N Vk (kq) ( 1 )
+ — v, -1,
212 1;0(%;0 adh?k?/2m k2 7 Qitq|
aq+k#0

MW, IK 3BUYHO, JOJAJIN TYT HYJb 3 yCiMa 3aCTepeKEeHHAMU, PO dAKi
. N 2
fimta MoBa Bume. Hepmmit noganok B A mosmaumvo gepes Ag ),
nepeiieMo B HOMY Bij mijcymMoByBaHHs 3a K Ta q 10 iHTerpyBaHH4,
3HEXTYEMO 3HUKAIOUO0I0 B Mexi V' — 00 BesinunHOIO Bijt ymoBu q+k =
0 i 3Hepo3mipmMo 3MiHHL, T = k/q0, ¥ = ¢/qo:

A® _ E 1 2m<1>(2)
L 2 (2n)2 R2
(S oo —3/2 -1/2
Y 1 1
X /oodx/oodymg <1—{—$2> <1+y2> —1]
1 —-1/2

1+ — —1

: ( +(w+y)2> ]

abo TiCIs eTeMEeHTAPHUX TIEPEeTBOPEHb

A® [N 7
1 2m b

T2
e

o0 dZL' [e's) y2
C = — | dy— -
/0 <1+x2>3/2/o y<<1+y2>1/2 y)

T4y |z —y ]

Vi+t@+y)? Ji+(@—y)?

Bunaerscs, 1o 1eit inTerpas MoxkHa “B3aTH pyKamu', SIKIMO HaJI
HUM TPOXH “TIOYaK/IyBaTH": IHTErPYI0OYN YaCTUHAMY, PO3OMBAIOYN i0-
r0, HAIIPUKJIJ, 32 3MiHHOIO ¥ Bij 0 710 & 1 Big & 10 00, IOBEPTAIOYU
TIOTiM #0T0 [0 TIOMepeHLOro BUMIALY i T.10. Mloro koM toTeprmit po3-
PaxyHOK Jia€:

C = —0.182.
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2)

Bemuauny Ag MOXKHA mepersoputu 3aminoio k +q = —p (robro
p 3awmicTh Q) wie i Tak:

@ _ N 2m o2 1 k(k +p) 1

Ay = 22 12 ZZ k203 k2 a__l -1).
k=0 p#£0 p
k+p#0

3amnuiremMo 10 piBHICTD:

@) N 2m 2 1 @)
s () ()

k40 p£0 Qk+p|
k+p#0
1 oTxKe,
N m 1 1 1
% &) G
! 212 h2 1;)};) k'QOzz Qy a|k+p|
k+p#0
OcraTouno
A [Pt O,
! 2 2r2 '’
JIe craja
oo oo
o = / dx#/ dy [~ 1
o (L+a2)32 ), V1+y?
Tty \x — y\ _g
Vit(@+y)? 1+ '

OueBniHO, 1[0 IOBUHHA BUKOHYBATUCH PIBHICTH
!/
"= -2C,

10 1 miATBEPIKYE KOMII'IOTEPHUN PO3PaAXyHOK.
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TleperBopumo Tenep apyruit gomanok B A2

N 2m 1
AP = o3 ( 1>
q+k7é0

= (i: gq=-p—k)

V2 h2

1 k(k + k(k +p) ( 1 1)
k;éO p;éO k %
k+p#£0

m®E 1 1 1 1
h? Vv Z ka3 Vv Z <ap )

k40

Ty, no-nepie, JI0JaHOK, 10 MICTUTH CKaJsApHUii 106yToK (Kp) BHAC-
JIITOK HEMapHOCTI BUPa3y Mia 3HAKOM CyMu, AopiBHIOE HyJeBi. Ilo-
JIpyTe, MU 3HEXTYBaJIH YMOBOIO k + p # 0: y TepMoguHaMiuHil Mexki
nonanok 3 k + p = 0 He mae BHecky. Cymu, 110 3a/IUIIUIUCEH JIETKO
obuncyimTr “pyKaMH”. IIpu V — oo maemo:

—Z _ i/m ﬁ_l/wﬂ
s k2 o J_ K203 7w )y k2o
1 o xdx B 1 1 1
mq0 Jo (14 22)3/? mqo V1 +a? | Tqo’
1 1 1 o 1
B )4 L)
Vp;éo ay 2 J_ oy
q [ T q T g
0 0 0
== — —1|de==(V/1+22 -2 =.
m™ Jo <v1+x2 > 7T( )0 m
Temep
2
) mdg 1
B2 =N
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ab0 depe3 Oe3po3MipHUit TApaMerp HeleaJbHOCTI 7Y

h?p? 2
AP JNZE 22
2 / om  n2)

VY pesysabrari, 30upaoyun Bce Pa3oM, MaEMO:

(I) — A( ) A(2) A(2)

2 2 9
/Nh <2+C§> = 0.16292.

. - - . h2 2
Bignosiganii BHECOK B eHeprioo € = F / N =%~ uzmauaemo depes ma-

paMeTp BMUKAHHS B3a€MO/Iii:

72 2 2
€=53 < +C 9) 0.081~

Toune 3nauenns koedimienTa 6isst 72, SK MU BKe 3a3HAUAIHI, JI0-
pisaroe (1/6 — 1/72) ~ 0.06535.

HapemTi 3ynnaErMOCh Ha MOJEI KBAHTOBOTO €JIeKTPOHHOTO Ta3y,
Ky Mu BuBYaJu B § 26. OckinbKu A1 11i€l MOmesTi cepeHs KiHeTuIHa,
€Heprid He € MAJIOI0 BeJUIUHOIO, TO ¥ PO3KIA I CTPYKTYPHOTO (hak-
TOpa Sy BUKOPUCTOBYEMO BEJIWMUWHY (i, B SIKifl 3aMiCTh MOTEHITIATY
V), Gepemo edexTHBHUI TOTEHIHA V), 0 MicTUTh y cobi (K). ¥ pe-
3yJIBTATL y MOMPABI J0 CEPEIHBOI0 3HAYEHHS IOTEHIiaJIhHOI eHepril
()1 BaMIMIATHCS TUIBKY APYTHil JOJAHOK (3 CyMOM 33 (), IIPHIOMY,
OCKIJIBKY BIH ~ Vg, TO BeJIMYUHNA (vj, B HHOMY MOXKHA B3ATH JIUIIE B

HyJTLOBOMY HabKenHi, ay = 4/ 1 + 4k? 2. /bk2, 1, oTke, micis mepexo-

Iy BiJ MiJCYMOBYBaHHS 33 XBUJILOBUMU BEKTOPAMU JO IHTEI DyBaHHSI

2V2 h?

o 9 9 x 4k —3/2
X /0 47rkdk/0 27rqdq/ dack (1_{_%)
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~1/2 9\ —1/2
4 4
X 1+ﬁ 1+ 2kp ,
5q? 5p2
p = |k+q|=Vk>+q¢*+2kqr .

O6uncroemo inrerpan 3a z. Ilepefimemo g0 HOBOT 3MIHHOI iHTErpY-
BaHHS P 1 3BOAMMO IHTErpasu, [0 BUHUKAIOTh, JO TAOJIAIHUX:

1
/ dx w
-1 \/1+4k%/5p2

1 4 4
= Tok2g? {(k+Q) {Q(kQ)2+3'gk12v] \/(/H'Q)2+gk%

4 4
+W—qﬂ%k+qf+3-y%}Jw—qv+g@~

k4 q+/(k+q)+ 2k
i3]

4 4
+ =k [4(k2+q2)+3-g 2
|k — gl +/(k = q)? + 5k

Tenep micyis mepexony B (P); 10 6€3po3MipHUX 3MIHHUX IHTEIDY-
Bamns, y = kv/5/2kr, z = qv/5/2kr, 3HAX0TMMO

D
P NRy = —
(®)1/ NRy = .

Je uncyio DD BU3HaYae MOABINHMI iHTErpaJ:

D = /dy/ dz— i/zm{_(y+z) [2(y — 2)* + 3]
X \/yTHy—Z\[ (y+2)* +3]V(y—2)?+1
PR s o

+ 4@+ +3]In

i

ly (y—2)%+
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Kowmm’torepre iHTerpyBaHHS [1a€:

D = 5.44.

IMompaska AFE 10 emHepril yepe3 iHTErpyBaHHS 32 MapPaMETPOM BMU-
KaHHs B3aeMozil jopisHioe nosoBuai (P)1:

D
AFE/NRy = 2= 0.069.

o BenumumHy HEOOXiTHO MOAATH JO OOMIHHO-KOPEJAIiiHOI eHepril

A2E/NRy 3 §26.
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F'TABA V

MMOTEHIIIAJIN MI)KYACTUHKOBUX B3AEMO/IIN
I CTPYKTVYPA PIINH

§ 36. ExpanyBanmnsg 3apgiiB. /lierekTpuuna pyHKImis

SaHypuMo JesKuii TPOOHWY 3apsi)] BEJIUYUHU Z€ B eIEKTPOHHUMN
ra3 y Touni Ry i 6ymemo BBaxkaTu #ioro sepyxomum. Hac rikaBurume
norennian ¢(R), skuit creoproe 3apsy y Touni R. ¥ Bakyywmi noren-
mian e kyuaoniseskum ¢(R) = Ze/|R — Ry, a y cepenosuini 3apsiz
eKPaHYy€eThC, 1 0T0 i cTae KOPOTKOCSIKHOIO.

Jist 069IuCIeH S THOTO TOTEHINaTy BUXOIUMO 3 piBHsHHS [lyac-
COHA

VZp(R) = —47p(R),

Jie TYCTUHA, 3aps/IiB
p(R) = Zed(R — Ry) + eAn(R).

Ilepmmmit momamoK — rycTmHA TPOOHOTO TOYKOBOTO 3APSIy, AKUH MU

3aHypWIn y cepenonuine. Ipyruit 1oJaHOK — CepelHe 3HAYEHHS Bifl-

XWJIEHHS TYCTUHU eJeKTPOHHOTO rady B Toumi R Bim Hysnsa, gke Bu-

HUKa€ BHACTIJOK #oro 30ypeHHs mpobHUM 3apsigoM. Haramaemo, 1o

€JIEKTPOHHUI Ta3 PYXAEThCA y TOJI KOMITEHCYIOUOro (POHY, TaK IO

CEpeJIHE 3HAYEHHS 3aPAny y Oymab-sKiil TOYI JOPIBHIOE HYJIEBI.
3aiticammo Dyp’e-repeTBOPEHHS:

1 .
p(R) = v D oreR,
k
1 ik(R—R,
S(R — Ro) = Vzk:e (R-Ro),
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1 .
An(R) = v E VN pee’ R
k

IlincraBisiemo ni Bupasu y piBuaauag [lyaccona i misg KOMIOHEHT
Dyp’e oTpUMAEMO:

k2o, = dreZe MR 4 47re/Npy.
Jlist BUBHAYEHHS Py CKOPUCTAEMOCH PIBHSIHHSAMU JJIA J, KJIACHIHAM
abo KBAHTOBUM, sKi Mu 3Hadimuin y § 5 Ta § 14. I1i piBHaHHEA OTPi6HO

JIOTIOBHUTHU UJ€HAMHU, SIKi BPAXOBYIOTh B3a€MOII0 TPOOHOTO TOMITI-
KOBOTO 3apsIy 3 €JIEKTPOHHUM Ta30M Ta KOMIIEHCYIOUNM (HPOHOM:

, e2 Ze2N [ dr
¢ = -
Z |R0 — r]| 1% / r

o \/N Z 47T62Ze,iqR0p
q° 4
a#0

Omxe, y paBy 9aCTUHY PIBHSHHS JJIS P) TOTPIOHO IOmaTH WIeH

N /
— E e Wi L — E e'dto E
VN = m T q? mV\/

—i(k+q)r;

N 4me?Z Are?Z (kq)
_£ me e*ZkRO + Z e ( Q) 6ZqR0pk+q

2
V. m v’ mV
k+q#0

Jpyru#t 1omaHOK BUBOAWTH Hac 3a Mexi Habmmkenus RPA,| tomy B
TAPMOHITHOMY HAOJIMKEHHI PIBHSIHHS I (DIIOKTYaIlil TYCTHHA 9acC-
THHOK HAa0YBa€ TAKOI'O BUIVISLY:

.. \/N47T€2Z .
Pk —|—wipk = 7776 ZkRO‘

Take X pIBHIHHA OTPUMAEMO i Y KBAHTOBOMY BWIIQJIKY, JIWIIE IIiJT
9acTOTOI0 W MOTPIOHO po3ymiTu 11 KBAHTOBU BUPA3.
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HKH_[O BBECTU BEJIMYUHY

\/_47reZ _ikRo

Nk = Pk + —— % mwk

TO JUI px MAEMO PIBHAHHI T'apMOHIYHOTO OCIUJIATOPaA 31 3MIMIEHUM
PIBHOBaXKHUM ITOJIOKEHHSIM:

ik + wipmk = 0,

1 oTXKe,
Me = TWETMk-

3ayB:a>KyeMo, 10 KOOPAWHATHU MTPOOHOTO 3apsany € (pikcoBaHMMU, 1 TO-
vy Rg = 0, a oTxke,

(—ikv;) e~ krg

Mz

.1
Tk = Pk = N

j=1

Yeepe Henns i€l piBHOCTI BHACHIIOK Toro, mo (v;) = 0, mae M = 0,
ToMy i T = 0, a 3BiiCM MaeMO JJId CepeTHBOTO 3HAUEHHS (DJIIOKTYAIU]
TYCTHHHU, 1HYKOBaHOI TPOOHMM 3apsiioM:

—_ _VYNine? ) g,

\% mw,%

A
=

IlincraBumo ueit Bupas y pisusuHd llyaccona i ocrarodno 3Haii-
JIeEMO, IO
dreZ iR,

= ———e€
Pk 2z (k) 5
ze JiesiekTpudHa PyHKITST

IS S
1 — (wo/wk)?’

wo = \/4Ame?N/mV — nnasmosa gacrora.
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§ 37. ExpanoBaHi moTeHITiam

Tlepeiigemo Temep o0 JOCTIIKEHHS €KPaHOBAHWX ITOTEHINAIB 3
BUKOPUCTAHHSM 3HANIEHOT OPMYJIN JJIsl TIeTEKTPUIHOT (PYHKITI.

PosrnigremMo oKpemMo KJIaCWYIHWM BUMAA0K. BUKOPHCTOBYIOUN BU-
pas3 jist Wy Ta Wy, (auB. ¢. 34), JIETKO 3HAXOIUMO

OTxe, eKpaHOBUII TOTEHITIA TPOOHOTO 3apsTy € moTentiansom Jlebas-
IOxaBnu:

1 dres .
R) — — ik(R—Ro)
#(R) V 2= k2e(k)

i3 dne? e®-Ro) _ _AMCT_ —soplR—Ro|
VK248 R — Ry

Ilepexomumo 10 KBaHTOBOrO BumaaKy. CIOYATKY JOCTIIUMO €K-
PaHyYBaHHS y 3apsKeHOMY 003e-Ta3i, KOJU KBaJpaT 4aCTOTH

hE2\ 2
wi = (ﬁ) + W,

i giegexkTpuyHa QYHKISA
q0\*
elk)=1 (—) ,
(k) =1+ (%
qo = (167N/Vag)"/*.
IToTenmian ekpaHOBaHOTO TPOOHOTO 3aAPSI Ty

Z 47T€Z e k(R*Ro) )
k214 (qo/k)"]

Hanami naa 3py<HOCTI 3ammcy npoOHUI 3apsj PO3TAIIyeMO Yy IIO9aT-
Ky koopmmuHaT, Ry = (0. Bukonaemo jekijbka NpOCTHMX BIPAB HA/I
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koedimiearom Pyp’e MHOTO MOTEHITAJLY:

Admres k2 k2
K21 + (qo/k)Y e )

1 1 1
— dreZ-
e 2<k2+iq§+k2—iq§>

1 [ 4dmweZ n dmre/
2\k>+k} K2+k3)°

Ae .
im/4 L+

= qo /2 )

1—1

ok

0TKe, M Ma€EMO IiBCyMmy nBox moreHmiajir Jlebas-FOkaru 3 obepre-
HUMU pajiycamu ki ta ko. Tomy

k1 = i'/gy = qoe

ky = (—1)2q0 = qoe ™/ = qq

e 6—k1R + e—sz
pR) =2

IlincTaBuMO SIBHI BHpa3W [Jid BeJUYIHUH k1, ko 1 OCTATOYHO 3HAMIEMO:

6Z —aoR \/i
p(R)=—Fe ™ V2 cos(qoR/V/2).
Ak 6aunmo, y KBAHTOBOMY BUIIAJIKY [TOTEHIAJ 3aracac TaKOXK 33 EKC-
HOHeHHia,JH)HI/IM 3aKOHOM, aJi€e € OCOUJIIOI0YUM.
Posrnsgremo Temep eKkpaHyBaHHSA Yy KBAHTOBOMY €JI€KTPOHHOMY Ta-
3i. KBagpar gacrorn

o (BT o 4(K)o K
“e =\ o YTITN om

cepeast KimeTuuma enepris (K)o/N = 3ex/5 = 3h2k%/10m. [Tierex-
TpudHa, QYHKIST
kY RRRR + g

k) = ;
) = e
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a eKpaHOBaHWU TTOTEHIAJI

dres (k2 4k2) KR
(‘O(R VZ k4 4k2k2+q € :

3HOBY POOMMO IPOCTi IEPETBOPEHHI:
B SRER 4 gd = (7 4 oR) (R 4 5),
2= SRR+ VI o),
A=K VT e,

25 (g0 \* 100 100 /4 \?
e=—|—) = =— | — Ts.
4 \kr 3rapkr 37 \ 97 #
Hauri

dres (k2 + %k%) B 4re (k2 4k2)
KA+ Ak2k2 4+ qf (K2 4 ad) (k2 + 53)

1 1
— 2meZ
i (k2+%% * k2+z§>

8
5

2 — 5 — 3 1 1
353 — 313 k2 + 52 k2 + 53

+2res

-y 1 n 1 n 2meZ 1 1
= 2me — .
k2 + 32 k2 + 53 VI—e \k2+33 k>+53
Mu 3HOBY 3Besin 33734y J0 JiiHiHOI KOMOiHaIil morenmiaais ebasi-
IOxaBu:
Z
oR) = (e el

eZ 1 (6—%2R _ 8—%1R) )

+ f%/l—&t
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1/3
dAxmo £ < 1, Tobro Kosm mapamerp Bpaxmepa r; < %B (%r) /

TO %% > 0, %% > (0, a BeIU9IMHU 2¢] 1 3o € JIUCHUMU 1 MaIOTh 3MICT
obepHEeHNX PaJiiyCiB eKpaHyBaHHSI.

Axmo € — 1 3HUBY, PO3KPUBAEMO Y APYTOMY JOJaHKY HEBU3HA-
YEHICTH 1 3HAXOIUMO

I

€2 o 25R GZkF\/E —kpr\/2/5R
»R) = =€ +— £e .

Komm £ > 1, To BeIuumHT 31 1 29 € KOMIIJIEKCHUMMU:

2 2

= kp\/g\/ 1+ive—1= kp\/g61/4(cosc5+isin5),
2 . 2 14 .

wo =kp = 1—ive—1=kp 56 (cosd —isind),

1
0= Earctg\/g -1

hY ObOMY BUIIQJAKY HOTeHHiaH
Z /57F
()O(R) — %ekoR 2/5 51/4 cosd cos (kFR /2/5 51/4 Sin(S)

eZ 1 —kpR\/2/5 e/4cos s ; 1/4
+ = ——eF ’ €39 gin (kFR\/2/5 £ sm5>.
R \e—1

Komm e — 1 3Bepxy, § — e —1/2, ro gua p(R) orpumaemo
noriepeiHI0 (hOpMyILy, SIK 1 HIOBUHHO OyTH.

OTxe, IKITO TapaMeTp HeiTeabHOCTI 7'y 3POCTAE, TO eKPAHOBAHUH
[IOTEHITiaJI IIPOOHOIO 3apAay CTAE OCIUIIOIYNM. [HIMMMHA CJIOBAMH, Y
Takifl CUJIbHOHEiTea bHIM CHCTEMI CTa€ MOXKJIMBUM IIPOCTOPOBE BIIO-
pankysanus gactuaOK. OTXKe, TOuka € = 1, abo 75 ~ 0.2 € ToUKOI0
HEAHAJITUYHOCTI TOTEHIay. ¥ Imilf To4mi Bij0yBaeThCa 3MiHA PEKU-
MY TOBEJIHKU TTOTEHINAIY: BiJl 3BUYAHOTO MOr0 3aracaHisd JI0 OCITH-
JIFOF0UOro 3aracanus. To6To Maemo cBoepiguuit “dazoBuit nepexin''mo
TYCTUHI.
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§ 38. BiaTBOopeHHS mOTEHITIAILHOI €HEPril 3a
€KCIIEPUMEHTAJIbHO BUMIPIHUM CTPYKTYPHHM (haKTOpOoM

Mpu Bxke OOTOBOPHIM MOXKJIUBICTDH 3HaAXOAUTH KoedinieHT Pyp’e
eHeprii B3aeMoil v, 33 BIJOMIMNI 3HAYEHHAMH CTPYKTYPHOTO (PaKTO-
pa Sy. Temep Mu geraspHiNIe 3ynMHIMOCEH Ha Ii# mpobsemi. Ilounemo
3 KJIACUYHOI PijuHu.

Bunmmemo 3 § 28 piBHAHHS 11 CTPYKTYPHOTO (PaKTOPa KIACHY-
HOI CHCTE€MU B3aEMOJII0UNX YACTUHOK 3 yPaXyBAaHHAM BHUIIUX IOIPA-

BOK: 1
o =1+ Bpvg + 1,
Sq

JIe TIONIAPU3AIIHHTI OTlepaTop

I, = —g / e RP2(RVdR,

Z Bpvy, okR
L+ B

k;éO

Bymemo poss’sa3yBaTu me piBHSHHS JIJId Vg, METOIOM iTeparliil, mokJia-
matoun cnodarky I, = 0. Orike, B iboMy Hy/IHOBOMY HaOJIMKEHHI

yq:T% (Si—l)
q

1 moTeHITiaI
e QyHKIg

Mag Ha3By “mpsaMa kopensiiiiaa ¢yskmia". g zHaszea Bigobpaxkae i1
3B’s130K 3 mpsaMoio P(R), a He OIIOCEPEIKOBAHOI B3aE€MOIIEIO.

Hacrynna iTeparis osHaudae, mo y Bupasi g eeKTUBHOTO II0-
rerniany $(R), axkuit BusHadae 11, HoTpiGHO MiZCTaBUTH HyIH0BE Ha-
OIMKeHHs IS Vy. Y Pe3y/IbTaTi

5 Y et - 8,) ~ —h(R)
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TOOTO e(PEeKTUBHMI TOTEHINAJ JOPIBHIOE MOBHIM KOpessIiiiaiit QyHK-
nii h(R) 3 obeprernm 3HakoM. Ilogasbmi iTeparii BUBeaAyTh HAC 3a
Mexi mpuitaaTux HabmxKeHb. ToMy 00MEXYEMOCH ITUMU JBOMA iTE€pa-
IiSIMU 1 3aIIMIIEMO Hallle BUXi/IHe DIBHAHHS JJId I/, B KOODJUHATHOMY
300parKeHHi:

O(R) = ~TC(R) — 3 Y ™11, /6p

abo
T /= 1 . 4
®(R)= TC(R)+ = [ dR®*(R)= ) eaBR-R)
(B)=1CR)+ 5 [(RPER)GY
q
[MincymoByBanus 3a q 3 MHOkHUKOM 1/V nae nensra-dyHKIi0, ska
3HIMA€ IHTEI'PYBAHHS 33 IITPUXOBAHOI0 3MIHHOIO R’ iwmu OTPUMYEMO:

®(R) = ~TC(R) + %ciﬂ(R).

OcraTouno y npuitHaToMy HaOJIMKEHH]
r 2
®(R) = ~TC(R) + S h*(R).

3ayBaxkuMo, O Ha BEJIWKHX BifcTaHdX, Koau R — oo, apyrum
JIOMaHKOM y TIpaBiii YaCTWHI ITHOTO PiBHSIHHS MOXHa 3HexTyBaTu. Lle
BUILJIMBAE 3 TOTO, IO MPW PO3BEJIEHHI JBOX YACTUHOK Ha 0Oe3MexHy
BiZicTaHb KBaAPAT NOBHOI Kopessniitnol dbyukuil h(R) upsmye 10 Hy-
ag mBuaie, Hixk ¢(R), ockinpku mapHa (byHKIsl PO3IOALILY IPOIOp-
niitea 10 GosbiManiscskoro dakropa exp[—®(R)/T|. Takum uunoM,
OTPUMAEMO, IO

C(R) = —-pP(R), R — 0.

Orxe, JUIs BU3HAYEHHS I[IOTEHIHAJJIy MiXKaTOMHOI B3a€MOIIl HaMm
3aJ/IMINNMJIOCh PO3PAXyBATH HPSIMY Ta ITOBHY KOpeJsiiiHi (pyHKIHT 3a
€KCIIEPUMEHTAJbHIMY 3HAYEHHSIMH CTPYKTYPHOIO (DaKTOpa:

1 o 1
CR)=—— 1——= ingR d
( ) 271_2pR/0y ( Sq) qSIHq q7

1

h(R) = ——= S, — 1) gsingR dq.
(F) = gz [ (5= asinaR dy
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st kpamoi 30iKHOCTI IMX iHTErpajiB CKOPUCTAEMOCH TAaKUM
“rprokom". PosrisremMo ogeBuaHy piBHICTH

(1Siq>(sq1):(sq1)(15iq>,

IOMHOXKHUMO 11 Ha eZqR/N 1 macyMyeMo 3a yciMa 3HaUeHHSIMU XBH-
JILOBOT'O BEKTOPA (. ¥ PE3YJIbTATI MAEMO TaKe PIBHSIHHSI:

I(R) = h(R) — C(R),

Je iHTerpaJt

I(R) = %Z (1 - s%) (Sy — 1)e’aR

L[S =12
p— S R d .
Voo 272pR /0 5, oomdanmdd

Kpallie Ii/[JIa€ThCs iHTerPyBaHHIO, OCKIJIBKY HiAiHTEr paibHa (DYHKIIis
3HAYHO IIBHUJIINE IPSIMYE 10 HYJIS IIPU ¢ — 00, HiXK y Bupasax h(R)
ta C'(R).

Iarerpas I(R) € npocro 3roprroo dyukniit h(R) i C(R). Cupas-
i, SIKIIO mifcTaBuTy 3amicTs Beamanan (S, — 1) 11 dbyp’e-306pakenns:
qepe3 h(R), TO oTprMaEMo, 1o

1 1 RN R / /
— o iqR —iqR
I(R) ¥ Eq (1 Sq) glaR /e h(R)dR

— p/h(R’)C(|R—R’|)dR’.

Takum unHOM, MU 3Haiinum, mo 3roprka [(R) mosuoi h(R) Ta mnps-
moi C'(R) xopessuiitanx (DyHKI[# JOPIBHIOE X Pi3HUI — Il PiBHSH-
He Bijome sik piBrsinEs Opmmraitna-Ileprixe. Voro 3aIIPOIIOHYBaJIN
JI. Oprmrraitae ta @. Ileprike me 1914 poky, KOaw JOCTiIKYBaIH
SIBUIIE KPUTHYHO! onaJtecrenti' . @aKTHIHO e CIiBBiIHOIIEHHS He €

'@, Iepnire (1888-1966), mimepmanachkuit bisuk — ocHOBHI po6oTH 3 di3uKu
PiMH, OITHUKY, €IEKTPOMArHETU3MY, CIIeKTpOCKomMii. 3a BinkpurTs (a3okoHTpaC-
THOTO MeTOy Ta (ha30KOHTPACTHOrO Mikpockoma Haropokenuit HobemiBcbkoio
npemieo 3 ¢izuku 1953 poky. JI. C. Oprnwmatin (1896-1941), minepranmchrmit
di3uk — ocHOBHI poboTu 3 Gi3uky i ximil ra3is Ta piguH.
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PIBHSIHHSIM, @ JIUIE O3HAYEHHAM MPIMOI KOPEJIIiiaOl hyHKIII.

TloBepHEeMOCH 710 HaIOI 337a49i PO3PaXyHKY MOTEHIIAJIBLHOI eHep-
rii. IlincraBumo 3 pisusinas Opuinraiina-Ilepuike dyukunio C(R) y
Bupa3 Jyis norerniany $(R):

®(R) =T |I(R) — h(R) + %hQ(R) .

Axo mikaTomHua Bimcrans R € MEHIO0, Hixk “miamerp"aroMa a, TO
napua ¢ysKuig posnogity Fo(R) =01

hR)=-1, R<a.

TobTo Ha Maymx BiCTAHAX JIs PO3PAXyHKY IMOTEHIAJIY JTOCTATHBHO
pospaxysaru inrerpas I(R). [Ipudomy npu R — 0, poskjasarodn
cunyc mig inrerpasom B I(R) y pan 3a cremensivu R, MagMo

d(R) = ®(0) — [gR2 + ...,

o(0) =T [1(0) + g} :

T [®(S—1)? 4
Iy = 1 d
0 127_r2p/0 Sq q aq,

neit inTerpas icaye, Ko S, Upu ¢ — OO TIPAMYE JI0 OJUHUIL ITBH/I-
me, mix 1/¢%. Jljig BUKOHAHHS YMCIOBUX PO3PAXYHKIB BizbMeMO 3 [6]
€KCIIEPUMEHTAJIbHI 3HAYEHHHA CTPYKTYPHOro (haxTopa PiIKoro apro-
Hy (muB. puc. 2 Ha c. 37). Pesysbrarn nnx obunciens 306paxkeHi Ha
puc. 8. fdx Gaummo, Halm PO3PAXYHKU SIKICHO BiITBOPIOIOTH XapaK-
Tep MIXKATOMHOTO IOTEHINaJIy 3 MOTr0 BiAINTOBXYBAJIHLHOIO YACTHHOIO
(TBEpIMM KOPOM) 1 IOTEHIaIbHOK SIMOIO.

IloBeninku mpsiMoi KOpesdaniitaol (GyHKINI Ha BEJIUKUX BiICTAHAX
Ta, napHOT (YHKIT PO3MOILY HA MajuxX BiJICTaHSAX, PO sKi HILIa
MOBa BUIIE, y BUNaAKy norerniaiis $(R), 1o MBUIKO CHAIAIOTH IPU
R 2 a i mators TBepay cepuesuny g R < a (a — piamerp aroma),
JafoTh 3Mory cgopmy/oBaTu HabJIMKEHHs, BijoMe B Teopii pigkoro
CTaHy K CEPelHbO-CHEepUIHa MOIETD:

C(R) = —3®(R), R>a,

202



175 | .
150 | .
125 | .
100 | .
5 .
50 | .

Puc. 8. Bigreopenwuit morenian 3aeMomii Mik aToMmaMur aprony. 3a eKcrepiuMeH-
TaJILHUMU JAHUMHY IS CTPYKTYpHOTO hakTopa 3 [6], T = 84.0 K, p = 0.0213 A2,

FQ(R):Ov R <a.

i pieusguug pasom 3 pisugausSM Opamraitaa-llepHike yTBOPHOOTH
3aMKHeHy cucremy. g tBepaux cdep, koau ¢(R) = 0 mpu R > a
Il CUCTeMa DIBHSHb Ma€ TOYHUN aHAIITUIHUI PO3B’SI30K.
Ilepeiinemo Temep mo mociimKeHHS KBaHTOBUX cucTeM. Harmma me-
Ta — IIe ODYMC/IeHHsT eHepril B3aeMoil MiXK JBOMa aToMaMu y BaKy-
ymi. THIIMME ciioBaM#, SKIO PO3IVISHYTH CHCTEMY, $Ka CKJIAJIa€Th-
CsI JIWIIIEe 3 JIBOX ATOMiB, TO €Heprist B3aeMOmii MiXK HUMUM JOPIBHIOE
®(R). Hdns cucremu, 1m0 CKIAJAETHC 3 N TONAPHO B3AEMOIIOUNX
Mixk €060t aromiB uepe3 morenmian P(R), came dbyukmia P(R) i€
BIITIOBIZATIBHOO 33 CIOCTEPEXKYBAHY CTPYKTYDY, K& BUABJIAETHCI Y
cTpykTypHOMY dakTopi S,. IIpu BucoKuX TeMmepaTypax Taka CHCTe-
Ma 3HAXOJUTHCH Y I'a30BOMY CTaHI, IIPU 3HUXKEHH] TEMIIepaTypu BOHA
3PLIKYETHCA 1 9K HACTLIOK — CTPYKTYPHU#M (DAKTOP Ma€ ICKPABO BU-
pakeHi MakcuMyMmu Ta Minimymu. [Ipw momaabmioMy 3HUXKEHHI TeM-
IIepaTypy CUCTEMa ATOMIB, SIK [IPABUJIO, IIEPEXOAUTh Y TBEPANU CTaH 3
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TIEI0 Y¥ 1HINOK KPUCTAIIYHO CTPYyKTYypor. OHAK y BUMIAJAKY PiIKO-
ro ‘He 3HIKeHHs TeMIIepaTypy He MPUBOINTE 0 HOTO TREPIHEHHS,
SIKIITO TUCK MEHINNH, HiXK ~ 25 aTM, 1 MU MaeMO PiAWHY, IKy OIMUCYEMO
KBAHTOBAMU 3aKOHAMHU. ¥ IBOMY BUIIJIKy 3B’S30K MiXK ITOTEHI[IAJIOM
®(R) i crpykTypHEM (bakTOpOM S, € IHmNM, HIXK y KIACHIHIH Teo-
pii. 3po3ymio, 1o BiATBOPEHNMit TTOTEHITiAT He TIOBUHEH 3aJIeKATH Bij
TOI'O, B IKOMY aI'DETaTHOMY CTaHI 3HAXOJUTHCH PEYOBMHA 1 SKUMU 3a-
KOHAMU, KJIACHYHUMU YU KBAHTOBUMHU, OIUCYIOTH 11 Bjacrusocti. Oc-
KIJTBKY TIPU ITHOMY 3MIHIOEThCS JINITE MeXaHi3M (OpPMyBaHHS CTPYK-
TypHOro ¢axropa S, moremmiagom $(R) i Bce 3amexuTh BiJ TOrO,
HACKLIbKM J00pe mpaIioioTh Hamn Habyuxeni piBagaHs. Ckaxkimo,
Ko 67 B OKOJTi Temmeparypn xKuminrHs pigkoro ‘He T, ~ 4.24 K, pin
ONIMCYBaBCSA OU KJIACHYHUMU 3aKOHAMU, TO ITOTEHIaJI, BiITBOPEHUI 3
dopmysin, Ky MU BUIUCAJIU BUIle, 30ircg 6 3 mOTEHIaI0M, 3Hal-
JIEHUM 3 KBaHTOBUX piBHsHBL npu 1 — (. OpHak pinkwii remi#t npwm
T ~ 4.24 K € KBAaHTOBOIO CHCTEMOIO, JAJEKOIO BiJl KJIACHYIHOTO OIHCY,
SIKUI CTa€ MOXKJIMBUM BWUIIE TeMIepaTypu Bupokenus 1p ~ 15.5 K.
Haseneni Tyr MipKyBaHHS IDaBUJIbHI JUUIsl aTOMIB iHEPTHHX ra3iB, y
SIKUX €JIEKTPOHHI 000/IOHKHY € KOMITAKTHUMY 1 He “nedopMyoThes ' mpu
ix B3aemHOMy 30smkeHHi. Curyalis 3HAYHO CKJIAIHIINA Y BHUIAIKY
CUCTEMU ATOMIB IEPEXiTHMX MeTaJiiB, d-ODOJIOHKK SIKUX JIOCTATHBO
IPOTSIKHI 1 TEPEKPUBAIOTHECS MiXK CYCITHIMU aTOMaMH.

Ilepeiiemo Temep /10 Teopii BiITBOpEHHS MTOTEHINATY Y KBAHTOBO-
My Bumagky. Ilepemycim Mu MaeMo Ha yBa3i TOTEHITIAT B3A€MO/IIT MiK
aromamu rejito. [Ipuramaiivo (qus. § 34), mo B HYJILOBOMY HAOJIHU-
xkenti, kKoediniear Pyp’e eHepril Mi>K4aCTUHKOBOI B3a€MOIT MOXKHA,
3aIIUCaTH 4epe3 crpyKTypHuil dpakrop mpu 1" = 0 K:

_ Ve 1
YT N am \ 52

1 IOTEHITiaJI
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1 h2q¢? (1 :
- [ T iqR
®(R) qu: o (Sg l)e

1 Am [>™/1
d(R) = —

(R) 272pR 4m <52

VY HacTymHOMY HaOJIMKEHHI MaeMO TIOTPABKY

1 K
A T 9N2 ZZ 2 5 S (Slk+q\ ~1)e .
2m k Sq
k+#0 q#0

Ilepexommmo TyT Big cym g0 imrerpasis 3a k Ta q, BUKOpUCTOBYOUM
cdepryHi cUCTEMU KOOPAWHAT Y MPOCTOPL XBUJILOBUX BEKTOPIR:

— 1) ¢>singR dgq.

1 h2 o) 0 1
APR) = ———5—x — dk sinkR | d 5/ d
(R) SR X ; sin /0 qq B T

x (Siq_sq) (S,— 1),

e p=\/k?+ q? + 2kqz.

Hagsememo po3paxyHKu 3 BUKOPUCTAHHIM CTPYKTYPHOTO (DakTopa
Sq(T') 3 [22], ne Bin Bumipsuit y nudpakiiinux JocIiiax Ipy pisHIX
remneparypax. Ham morpi6ro smaru S, npu 1 = 0 K, amke came i
3HaYeHHA S, BXOAATh y HaBeseHi Buine ¢popmynu. [Ipusesenna crpyk-
TypHOTO (PaKTOpa JO TEMIEPATypH aOCOTIOTHOTO HYJS 3A1MCHUMO 33
JIOTIOMOTO10 (hOpMY/IT

Sy(T) = Scth<fq;/s>,

Sq = SQ(T = 0)7

gy mu BuBesn y § 17. Baxknugro, 1o 115t (popMysia € TOTHOK TP Ma-
JINX 3HAYEHHSIX XBUJILOBOTO BEKTOpa. 3 iHIIOro 60Ky, came mpu g — 0
CTPYKTypHU (HaKTOp 3a3HAE HAUOLIBIIMX 3MiH, KOJIU 1 TEMIEPATYPa
npsimye g0 myssi. Orke, 3 miel dpopmysn ta 3 ymosw, mo S, = hg/2me
npu ¢ — 0, ME MOXKEMO BiITBOPUTH CTPYKTYyPHUM (PaKTOpP y JOBIO-
XBUILOBiM obstacti. Pe3ynbraru mux obumciens momaHi y Tabu. 1, a
TaKOXK 300pakeHi Ha puc. 9.

205



Tabmn. 1. Cmpyxmyprud daxmop pidxozo ‘He npu T = 0 K.

q, A-1 Sq q, A1 Sq q, A-1 Sq q, A1 Sq
0.00 0.000 1.65 0.775 3.30 0.949 4.95 0.989
0.05 0.017 1.70 0.865 3.35 0.954 5.00 0.988
0.10 0.033 1.75 0.965 3.40 0.959 5.05 0.987
0.15 0.053 1.80 1.069 3.45 0.964 5.10 0.986
0.20 0.069 1.85 1.172 3.50 0.969 5.15 0.985
0.25 0.084 1.90 1.263 3.55 0.973 5.20 0.985
0.30 0.098 1.95 1.334 3.60 0.978 5.25 0.985
0.35 0.111 2.00 1.377 3.65 0.983 5.30 0.985
0.40 0.123 2.05 1.387 3.70 0.988 5.35 0.986
0.45 0.134 2.10 1.365 3.75 0.992 5.40 0.986
0.50 0.145 2.15 1.330 3.80 0.997 5.45 0.987
0.55 0.155 2.20 1.290 3.85 1.001 5.50 0.988
0.60 0.165 2.25 1.248 3.90 1.005 5.55 0.989
0.65 0.175 2.30 1.203 3.95 1.009 5.60 0.990
0.70 0.184 2.35 1.157 4.00 1.012 5.65 0.991
0.75 0.194 2.40 1.116 4.05 1.014 5.70 0.992
0.80 0.204 2.45 1.085 4.10 1.016 5.75 0.993
0.85 0.215 2.50 1.061 4.15 1.018 5.80 0.994
0.90 0.227 2.55 1.040 4.20 1.018 5.85 0.995
0.95 0.241 2.60 1.021 4.25 1.018 5.90 0.995
1.00 0.256 2.65 1.004 4.30 1.017 5.95 0.996
1.05 0.273 2.70 0.989 4.35 1.016 6.00 0.997
1.10 0.293 2.75 0.976 4.40 1.014 6.05 0.997
1.15 0.315 2.80 0.965 4.45 1.012 6.10 0.998
1.20 0.340 2.85 0.956 4.50 1.010 6.15 0.998
1.25 0.368 2.90 0.949 4.55 1.007 6.20 0.999
1.30 0.399 2.95 0.944 4.60 1.005 6.25 0.999
1.35 0.433 3.00 0.941 4.65 1.002 6.30 0.999
1.40 0.472 3.05 0.939 4.70 1.000 6.35 1.000
1.45 0.515 3.10 0.939 4.75 0.997 6.40 1.000
1.50 0.566 3.15 0.940 4.80 0.995 6.45 1.000
1.55 0.626 3.20 0.942 4.85 0.993 6.50 1.000
1.60 0.695 3.25 0.945 4.90 0.991 6.55 1.000
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Puc. 9. Crpykrypuuit dakrop pimxoro “He. CymiasHa KpuBa — eKCTPAIIOISILis
Sq mo tremneparypu T’ = 0 K, pom6GrkamMy 03HAYEHO EKCIIEPUMEHTAIbHI 3HAYEHHS
mpu 1'= 1.0 K [22].

[Micig mporo 3HalijeH] 3HAUEHHSA S, MiJCTABISEMO y BUPA3 JJIS
®(R) i pospaxoByemo HeoOximuuii inrerpas 3a ¢. I'padiuno pesysn-
TaTh OuX ob4YmcIeHs 300paxkeni Ha puc. 10.

) .

3ayBaXnMo, IO MU BAUKOPUCTAJIN TYT 3B'SI30K MIX Vg Ta CTPyK-
TypaEM dakTopoMm S, y Habmmxenni Boromobosa, xomm y dyHK-
il ; CepeJHE 3HA4YeHHsI KIHETMYHOI eHeprii CMCTeMH MOKJIaJacMO
piBanm mHynesi, (K) = 0. fkmo 36epiratu 1eit JogaHoK B g, TO
v, 3miHIOEMO Ha edexTuBHmit KoedimienT ®Pyp’e eneprii B3aemoii

vy =vg+ 2V<R' )/3N2. Ouesujno, 0 HOBUH MOTEHIiAT 36iraTHMe-
ThCs 31 3HaMIEHUM 33 BUHATKOM ToUKM R = (0, 1e BUHUKae pi3HUIS
Ha, JebTa-ToiGHmit nomanok 6(R)2V (K)/3N2.

Matoun 3Ha4UeHHS CTPYKTYPHOrO (DAKTOpa, MOXKHA PO3PaxyBaTd
TaKOXK 1 mapHy (PYHKIIIO0 PO3MOALLY, 1 TPsAMY KOPeJSIiiiHy QpyHKIi0
C(R) 3a ix o3navyenusivu. IlapHy (DyHKII0 PO3IOALLY MU HABOIMJIA
sk imocrpanito y § 11 mva puc. 6. Pesynsrarun pospaxyuky C(R) upwu
TeMIepaTypi abCOTIOTHOTO HYJIsI 300parkeHo Ha, puc. 11.

Ha 3aBepriensst orpuMaeMo JesiKy iHgOpMaIio 1po aCUMITOTHKHI
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Puc. 10. Bigrsopenuit morenmians B3aeMomil MiXK aTOMaMy TeJiio. CyuiibHOI0
KPHBOIO 300paKeHo pe3yibrard, orpuMani B RPA-HabImKeHHI, IITPUXOBAHOI —
i3 ypaxysaHHsIM HesiHIMHUX duokryaniit (moctRPA-HabmxeHHs ).

byt C(R) ta h(R) upu R — co. [Touremo 3 mpsmMol Kopesaiiinol
dyHKIIII:

1 > 1 .
C(R) = m/o (1S—q>qsqu dg
= (i)

1 1_i cos qR|™
~ T 212pR! S,) R

1 o0 d 1
- Lgl1- = .
27r2pR2/o cosal g, [q< Sq>] 44

VY mepImoMy J0JaHKy BEPXHS MeYKa Ja€ HYJIHOBUN BHECOK, & HUK-
HS MeXKa 3 ypaXyBaHHSM TOro, mo S, = hg/2mc upu ¢ — 0 1 Bu-
3HaYAE IIYKAHY BEJIYYy AaCUMITOTHUKY, OCKLIBKYW 1HTETPAJbHUN HJIeH
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Puc. 11. IIpsiva xopensmiiina dyrxuis pizkoro *He mpu T = 0 K.

TIPW TOZAJIBITIOMY IHTEIDYBAaHHI YaCTMHAMU JIaCTh JOJATKOBI CTeleHi
obepuenoi Bigcrani 1/R. Orxe,

mc

C(R) = _TFQHPRQ’

R — o0

— TOYHUU PE3yJIbTAT.

Tax camMo MW MaeMO 3MOTy 3HAUTH BeIydy aCUMITOTHKY ITOBHOI
KOPEeJISIIiitHOT (DyHKIIT:

1 o0
h(R) = —— Sq—1)gsingR d

cos qR |~
"ot TR
P 0

= (imTerpyeMo 4acTUHAME) =

1 o d
- il —1)] dg.
T /O cosqR a7 [q(Sq —1)] dq
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BceraBku Ha 000X Mekax y MEPIIOMY JIOAAHKY Jai0Th HYJIb 1, OTXKeE,
IHTETIPYEMO JTaJTi YaCTUHAMMU:

1  singR d o

h(R) = R R d—q[Q(Sq —1)] .

1 o] ) d2

Ak 6auumo, mepmuii TOIaHOK JIOPIBHIOE HYJIEBI, TOMY IIPOJIOBXKYEMO
IHTETrPyBaTH YACTUHAMMU:

o0

1 cosqR d?
WR) = —— SBaT L g
() om2pR® R a2 905 )]O

1 o d?
m/o COSqu—qg[Q(Sq —1)] dq.

Tenep neprmuit 101aHOK B I[FOMY PiBHSIHHI Ha HVMXKHIN MeXi 3 ypaxy-
BAHHSM TOrO, 0 S, = hg/2mc npu ¢ — 0 BxKe He JOPIBHIOE HyJI€Bi
i came Bin gae Begyuy acumnrotuky bysxuil h(R), ockiabku inre-
I'PYBAHHAM YaCTWHAMH JIETKO IIOKAa3yEMO, IO APYTHH JOSAHOK A€
crapuii creneni 1/R:

h

——— -, R—0.
212 pmeR*’ -

h(R) =

Ile Tako TOUHmMIT pe3yabTaT. VIOro miKaBO MOPIBHATH 3 aCHMITOTH-
KOO TIapHOI (DYHKINI po3moiLy st 603e-ra3y TBepaux cdep 3 § 25.

Ha xasb, meit Tpok 3 iHTErpyBaHHIM YACTUHAMHU HE TPOXOIUTH
JUIs BU3HAYeHHs acuMmnToruku norenniany P(R) y KBaHTOBOMY BU-
MaJKy, OCKIJIbKY, 9K 6a9nMO, BHECOK y CTEMEHEBY aCUMITOTHUKY JIa-
I0Th JIWIIe HemapHi CTeleHl Po3KIaay CTPYKTypHOTo (akTopa S, 3a
creneasmu ¢. [lapHi creneni npuBOAATH 10 €KCIIOHEHITIAJIBHOIO 3ara-
cagfs upu R — oo.

BigrBopenHs MiKaTOMHOTO MOTEHIAJy 33 BA3HAYEHUM y Iudd-
PaKIifHNX eKCIepUMEeHTaX CTPYKTYPHUM (PaKTOpOM € TPUKJIATIOM
obeprenoi (3BopoTHOT) 3agaui. [Ipw 1FOMY BaXKJIUBY pOJIb Bimirpa-
IOTHh TIOPSIJT 3 TOYHICTIO €KCIIEPUMEHTY 1 MeXK1 XBUJIBOBOTO BEKTOPA,
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Qumin < ¢ < Qmax, B 9KUX BiOyBa€ThCS BUMIPIOBAHHS, IO IUKTY-
FOTHhCST TAKOXK EKCIIEPUMEHTOM Ta MOXKJIWBOCTIMW TPUJIAJIIB. 3 TEO-
pii meperBopenns Pyp’e 7006pe BiTOMO, 110 OOPUB MEXK IHTETPYBAHHS
TNPU3BOJAUTE 10 3alBUX, HECIIPABXKHIX, TOOTO HEICHYIOUUX OCIIMJIATIIN,
y HamoMmy BUMaKy Ha kKpusii ®(R). Ciig TakoX mam’siTaTH, IO Be-
JINKi 3HAYEHHSI XBUJILOBOTO BEKTOPA ¢ BIAMOBiIA0TH 3a (popMyBaHHS
npsimoro 300pazkennst $(R) npu masmx R i masnaku. 3 inmoro 6oky,
He TTOBUHHO O6yTH 6€33aCTepeKHOI JOBipH #f 0 TEOPETHIHUX BUPA3iB,
OCKIJTbKH, TIO-TIEPITIE, TEOPid TaKOXK Ma€ CBOI MexXKi 3aCTOCOBHOCTI, 3y-
MOBJIEHI THMU HAOJIMKEHHSIMU, 3aBAAKNA JKUM i BIAETHCS OTPUMATH
ocraTovHi popmyau. A mo-apyre, KpiM MOmapHOl B3aeMOIl MiXK aTo-
MaMW, € TPUYIACTHHKOBI 1 BUIT B3a€MO/I1, K1 Tal0Th CBiff BHECOK, CY-
MipHUI 3 BHECKOM BUCOKHUX HAOJ/IMKEHDb BiJl MapHUX B3aeMOziit. Jlure
BCEeOIUHMIT aHAI3 yCIX IUX YMOB Ja€ 3MOTY OTPUMYBATHU JOCTOBIpHY
indpopMaIrio Tpo XxapakTep MiXKaTOMHUX B3a€MOJH.

§ 39. KopoTkocsxkHi Ta 1ajIeKOCIKHI MI>)KIYaCTHHKOBI B3a€MOIi1

IMorennianbaa enepria Blaemozil mixk gactuakamu P(R) ax dyn-
kuist R iHTencuBHO 3pocTae Ha Masmx Biacramsx R S a (o — “mia-
MeTp"JaCTWHOK ), IO BPAaXOBYE IX BIIINITOBXYBAaHHS, 1 Ma€ IPUTAITY-
BaJIbHUY XBICT HA BEJIMKUX BiJCTaHAX. SIKINO YaCTUHKM HECYTh Ha
€001 3apsiu, TO JJIs ONHOMMEHHO 3apsIXKEHUX YaCTUHOK Iefl XBiCT,
3po3yMijio, € BimmroBxyBajabHuM. B objacti ¢ < R S 2a Benwun-
na ®(R) Mae xXapakTepHy IOTEHI[a/bHy siMy. BHAC/IIOK IMIBUIKOTO
3pOCTaHHs ToTeHIaxy mpu R < a #oro MoxKHa MOIETIOBATH Ha ITiit
JIJISHIT TOTEHITaJI0M TBepauX cdep:

o, R<a,

O(R) =
0, R > a.

Biacue meit TBepauit KOp y MOTEHITAI i € BIAIOBIIaIbHEM 32 OJIHK-
Hilf TIOPSIZIOK Y PiAWHI, KNl BUsIBJISE TapHA PYHKIliST PO3TOMILILY CBO-
iM TepImM XapaKTepHUM MakcumMyMom B objacti R ~ a. Bix'emna
YaCTUHA IOTEHIAJNY BIANOBITAE 32 YTPUMAHHS CHCTEMH YACTHHOK Yy
3B’s13aHOMY DiBHOBaKHOMY pimmuHOMY cTaHi. KpiMm Toro, ax mMu Oa-
gman y § 10, BOHA TakOXK CIpUYIWHIOE (Ha30BUil TIEPEXi.

211



Buxogsgun 3 1p0ro, AOMJIBHO PO3IIJIIOBATA BHECKH, CKAaXKiMO y
CTPYKTYypHU (akTop, PI3HWX JIASHOK MoTeHIiaay. Take po3jijieH-
He Ja€ 3MOTY JOCATTU KPAIIUX Pe3yIbTaTiB B OMUCI BJIACTUBOCTEH
0araToYaCTHHKOBAX CHCTEM. Y HAOIMKEHHI XaO0TUYHUX (a3 Ie MOXK-
Ha 3pobuUTH Tak: po3i6’eMO TMOBHUI MOTEHINAT Ha CYMY JBOX YaCTHH 1
BiANOBIIHO 15t #1000 (Dyp’e-300pakeHHsT MaEMO

_ ,HS LR
Vg =V, "+,

ne ingekcom “HS"mosmauena tioro simmrosxysanbha gactuna (Hard
spheres — TBepai cepn), a JaIEKOCSIKHA IACTUHA MO3HAYEHA 1HJIEK-
com “LR"(Long-range — najekocszkuumit ). 3ayBarXKuMo, mo KoedimienT
®yp’e muist moTeHI ALy TBEpAUX cdep He icaye. OHak OyaeMo BBaXKa-
TH, 0 MU 3aMiHUIU HOTO JOCTATHRO TVIAJKOI (PYHKIIIEI0, aXK TaKOIo,
o Qyp’e-TIePEeTBOPEHHS CTAE€ MOXKJIUBUM. JlAJIEKOCSXKHUM TIPUiTHS-
TO HA3WBATHU [OTEHIaJ, AKuil noBoauTh cebe npu R — oo sax 1/R™,
0 <n < D, D — sumipaicts mpocropy. TyT mix Tepmirom “mamexo-
CKHA"'OyIeMo po3yMiTh He 000B’I3KOBO 3a/IEXKHICTh TUITY KYJIOHIBCh-
koi ~ 1/R, a BCe Te, 0 3a/IMIIUIIOCH BiJ| OTEHIIAJLY TCJIst BULIEHHS
3 HBOT'O Bi/IIIITOBXYBaJbHOI YaCTUHHU.

Poariisinemo Temep crpykrypHuUit dakrop y Habamxkenuni RPA.
[Tounemo 3 KJIACUIHOTO BUTIAJIKY:

1 1
L+ Bpvg 1+ Bpulls + Bpult

Sq =

1 1
X .
1+ BprtS = 1+ BpvlR/(1 4 Bprits)

3a O3HAYEHHAM BEJINYNHA

SHS — 1
q 1+/6PV£S

€ CTPYKTYPHEM (PAKTOPOM MOIEJBHOI CHCTEMH, YACTUHKK SIKOI B3a-
E€MOJIIOTEH 3a JOIOMOIOI0 “3IUIa KeHOoro"moTeHiary TBepaux cdep.
Towmy noBHUiT cTPYKTYpHUH (DAKTOP MOXKHA 3aITMCATH TaK:

SHS
[
4 1+ﬁquLRS§IS
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Mu orpumasin BaxkJmBui pedysbrar. JificCHO, Terep Mu MOYKEMO BIKE
“3a0yTH'" HAIllE BUSHAYEHHST .S’f S gepes yp’e-06pa3 KOPOTKOCIIKHOIO

TIOTEHT ATy Uf S

i BBaxkaTwW, 10 3aJaHOI0 € (DYHKINA Sf S. dk 3ma-
XOIUTH Sf S — ne Bxe iHma npobsiema. Hacrmpapai ckazame — 1e He
TPOCTO CJIOBECHE JOCSATHEHHS MeTH, codicThKa — BOHO Bigobpakae
MaTeMaTUIHY TPOIEAYPY IiICyMOBYBaHHS 0E3MEXKHOTO DALY UJIEHIB
TIEBHOTO THITY, 110 OTPUMYEMO TIpU (POPMATBHOMY PO3KJIaJ L TOTHOTO
BUpa3y JIs Sy 3a BEJTITHOIO uf .

3 mum BUpazoM g S, MOXKHA PO3PAXOBYBATH Pi3HI (izwuni Xa-
PaKTepuCTUKU. 30KpeMa, MOXKHA, 3HalWTH KputuuHy Touky 1 = T,
TIPUPIBHIOIYN 3HAMEHHUK S, 10 Hyns mpu q = 0, axmo i < 0:

T. = p|lvE®|SES.

Hpuaomy swavenns S Moxma BupazuTi yepes crucusicTs cucre-
vu “TBeprmx cdep' S (. § 7):

opPHS
HS HS

_ _ or
So'° = pTsyp —Z/< o >T,

ne PTS — pipusmns cramy ms miei cucremu. Hampukias, Mu MozkeMO
CKOPHUCTATHUCH piBHSHHSM cTany Ban-nmep-Baasbca, BioMmoro 3 Kypcy
MOJIEKYJISIPHOI (bizmku:

TN
pHS _
V —bN’

ne crama b = 2ma®/3 mopiBHIOE WoTHPHOM 06’€MaM TBepAol cdepu
JlaMeTrpa a:
pHS _ L
1—4n
TyT 6e3po3mipra TycTmHA 1) = Tpa’ /6 € BiHOMEHHAM BJIACHOTO 06'-
€My JaCTHHKU J0 00’eMy, IO NPUNaIae Ha OJHY YaCTUHKY B CHCTEMI.
Mu zasmmmaemo YuTadeBi MOTaIbINUN aHAJI3 TEPMOIMHAMIUHUX

GbyHKIII# 33 JOIOMOT00 TOBHOTO BUPA3y JJIS CTPYKTYPHOTO (DaKTOPa.
IIepettnemo mo kBarTOBOTO BUMAAKY. CTPYKTYpHHUi (hakToOp

5 _ 1 B 1
= -
Vit B/ B s RS s/ B

2m

213



1 1
\/1+ 2N HS \/1+ 2N LR (1+ 2N HS E)'

2m

K iy KJIacCMIYHOMY BHUIA/IKY, YBEJIEMO CTPYKTYPHIN (DaKTOP TBEPINX
cdep

SHS 1
! |4 20,0 | P '
+ V 2m
Tenep noBHUMit cTpykTypHUit paxTop
SH S
K 2N in HS\2 | P
\/ L+ v (57 =

ITikaBo 3ayBaxuTw, 1m0 MOAIOHWI BUpa3 MU BXKE MaJid B TEOPil KBaH-
TOBOTO €JIEKTPOHHOT'O Ta3y, IPUIOMY POJIb Sf S Bimirpasas cTpykTyp-
Huit paxTop imeanbHOTO depmi-razy.

3a JOIIoOMOTrOI0 3HAMIEHOr0 BUPA3y MOXKHA 00YMCINTH Pi3HI BIAC-
TUBOCTI KBaHTOBOI pimmuu. Hampuknam, mpm ¢ — 0 maemo, 9K i mo-
BuHHO OyTH, S, = fig/2me, ne MBUAKICTH 3BYyKY BH3HAYAETHCS JIIIIE
“LRuacTrHOIO TOTEHIiaLy:

c=/pviB/m.

3 IBOTO PIBHAHHS MOYXKHA BU3HAYUTH TIPU 33 JaHOMY €KCITEPUMEHTATh-
HOMY 3HAU€HHi ¢ apamMeTrp a, To0To niameTrp TBep/ol cdepn, sKuit y
HAC TMOKY IO € JOBLILHUM. [HImwmit miaxis 10 3HAXOMIXKEHHS BiJIBHOTO
mapaMeTpa a — Iie Pi3HOTO TUILy ONTUMI3AIliiHI IpOoTeaypH i, 30Kpe-
Ma, MiHIMIi3alligd eHepril CUCTEMU.
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IIicaamosBa

ABTOp 3aBepIiye 110 KHUXKKY 3 HAIEI0 HA Te, Mo duTad, aKuil po-
OuB TyT mepIn KPOKHU 0 mpobjiemu 6araTrbox Tijl IK (Pi3UK-TEOPETHK,
3MOKe 3aCTOCYBaTU HAOYTi 3HAHHS JJIs BUBYEHHS CIIEIaJIbHOI JiTepa-
TYPHU 1 XKyPHAJbHUX CTaTe, 8 TAKOXK CAMOCTIMHO BECTH JOCJIiTHUILKY
JISLIBHICTD.

Mu mamaraauch yBectu Uurtadua g0 TUX TpobjeM y Teopil Kiia-
CHYHUX 1 KBaHTOBUX PiIWH, Kl € JJjIs HBOTO JOCTYIHUMH MICIS 3a-
KiHYeHHS JIpyroro Kypcy ¢isuanoro dakynsrery yHiBepcurery. Ilo-
3a HAIIOIO YBAro 3a UIMMIaCh TeOpid KpUCTaJiaHoro crany. IIpocto
TYT MU OOMEXKUJIUCS PO3IVISIIOM CaMe HEBIIOPSIIKOBAHUX DPiBHOBAXK-
HUX 0AraTOYaCTUHKOBUX CUCTEM.

Mu 3Beprasu yBary Ha JIedKi JeTaJi MaTeMaTHIHOrO “00JaIlTy-
BauHa" Pi3nuHIX MOjeelt, mob 9iTKO 3adikCyBaTH IPUHHATI TPUITY-
IeHHsT 1 HADJIMKEeHHsT Ta OKPeCJnTH MexXi ix 3acrocoBrocti. Jocrar-
HBO OOTrOBOPIOBA/IM HADJ/IMMKEHHS, TKUX HE YHUKHYTH B TEOpil cuc-
reMm DaraThox Tij. Hamaraauch 1mokasaTu, 10 MUCTELTBO JOCTIiJHUKA,
mOJIATAE caMe B yMiHHI “BrajaTtu', B SKOMy MicHi mOTpiOHO “BxOmu-
Tr"PIBHAHHS TaK, MO0 BUTSATHYTH 3 HUX SKOMOTa OijbIe iH(pOpMa-
mii. /ToBenenus mesdkux pe3ysabTaTiB “mo umcia, ske BUMIPIOETHCA B
JOC/Iiax, Maji0 Ha MeTi MOKAa3aTh, IO JUCTAHINS MiXK (QyHIaMEH-
TAJbHUMY PIBHAHHAMY 1 UM TUCJIOM HE € aXK TAKOI0 3HATHOIO.

TBopuicTs (bi3nKiB }KUBUTHCA HE30ATHEHHOO BipOIO B Te, 110 (Hop-
Myaa byHIAMEHTAILHIX 3aKOHIB OXOILTIOIOTE 1 HA Iy TTEB] IPUHITAIIN
Byrrs, came g Bipa i mToBxae ix 4ac Bijl 4acy Ha BUCHAXKJ/IMBI Me-
Tadizuani O/ykaHHa 6€310piKKaAMHU TTOTOMOIYHOCTI B HAMI] 3HAUTH 1
MIO0JIATH TLIsIX 10 neprnonpwaund. Ha mamm norisy, 3aBgannas di3uka-
TEOPETUKA II0JIATaE HE Y KOHCTPYIOBAHHI IIPOCTUX 3aJIE2KHOCTEN MIiXK
Gi3vIHUMY BEeIUYNHAME, SIKi MOXKHA, TPUKUIHO BCTAHOBUTH, CKAXKi-
MO MeTooM po3MipHOCTeil (x04a i e BaXkjIMBO), & B yCTAHOBJICHHI
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dyHIAMEHTATFHAX 3aKOHIB T BMiHHI 3 IEPIIONPAHIUITHUX PiBHSIHb,
TaKWX siK piHsiHHS HhloTOHA Yy KIacuuHiit mexaHimi un pisusaas [aii-
3eHbepra y KBaHTOBIM MeXaHIIl, sIKi OXOILTIIOTH 1 MICTSIThH y CO01 He-
30arHEHHO TOHKI # TnOOKi 3B’SI3KW MiXK SIBUIAMY, BUIYyYIaTH IIHOK
BJAJIMX Ta KOHTPOJILOBAHUX HAOIMXKEHb MeXaHi3MU (DI3MUIHUX 3aKO-
HOMipHOCTE# 3 ycim ixuiM 6ararcTBoM i Kpacoio i 1um Oomait xoua 6
TPOXU CKOPO4YyBaTH Bijcraub o IcTuan.
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