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1. O01mue moJ1oKeHus

Llenpto naHHOW pabOTHI SBISETCS MONBITKA MOCTPOUTH HATJISAJHBIC T€OMETPUYECKHE
MOJICJIA, CBSI3aHHBIE C XapaKTEPHCTUKAMU HEKOTOPBIX KIJIACCOB 3JIEMEHTApHBIX YaCTHII.
Mogenu, Mo BO3MOKHOCTH, HEPOTUBOPECUYHMBBIC U HE BHIXOISIIHE 32 PAMKHU CYIIECTBYIOLICH
(bu3nvecKoil Teopun.

B ocHOBY mocTpoeHHs Takux MoJieniel Oblia MoJJ0KeHa BHEIIHSS CX0KECTh (DOPMYJIIBI
I'emi-Manna w HUmImmKuMel, CBS3BIBAIOIIAS XAPAKTEPUCTUKH SJIEMEHTAPHBIX YACTHIL:
ANIEKTPUYECKUH 3apaa @, mpoekuio nzocnuna I u runepsapsin ¥

Y
Q=TI+, (D

U Hamed (GopMymbl JUIS BBIYUCICHHUS IUIONIAJM MHOTOYTOJIbHUKA, PACIIONIOXKEHHOTO Ha
LIEJIOYUCIIEHHON PELIETKE

r
F=B+?, (2)

3nech B - yncio y3710B (TOYeK) pelETKH, UMEIOIINUXCSl BHYTPU MHOTOYToJIbHUKA, U I - 41CII0
y3J10B pPEUIETKH, PaCIIOIOKEHHBIX Ha CTOPOHAX (Ha rpaHMIle) MHOTOyrojabHuKa. @opmyiy (2)
He Hajo myTaTh ¢ popmyroi [Tuka:

r
F=B+?—1 (3)

Ot10 pasHbie (GOpMyIIBI, XOTS U OYEHb MOXO0XKHE MO CBOEH cyTu. s BBIYMCICHUS
mwioman no ¢opmyise [Ilnka MHOrOyroJbHUK JOJDKEH pacroiararbCs Ha LEJI0YMCICHHOM
peméTke TakuM 00pa3oM, YTOOBI €ro BEPLIMHBI HAXOAWJIHCH 00S3aTeNbHO B y3Jax JaHHON
pemérku. @opmyna xe (2) Mo3BOJAET HAXOAUTH IUIOLIA/b B TE€X CIIydyasX, KOIrJa BEPIINHbI
MHOTOYTOJIbHUKA PACHOJOXKEHBI TOYHO B MeXKAO0Y3ausix naHHod pemérku (Puc 1). [ns
PEMETKU ¢ KBAIPATHOM STYEUKON TOUKOW MEKI0Y3JIUs OyJeT TOUKa MepeceueHus TuaroHaIeu
SUENKN

IIpumep: F=5+ % =6,5
/ O L D)
/
|
Puc. 1

®opmyny (1) camu HU3HKM HA3BIBAIOT aOCYPIHOM, T.K. OHA CBSI3BIBACT, KA3aJIOCh OBI,
COBEPILEHHO pa3NuyHble BeaMuuHbl. Ho oHa Bcerma na€r mpaBWUIIbHBIN pe3ynapTarT Jyis
ME30HOB, 0aproHOB H KBapkoB. C Touku 3peHus ¢pusuku hopmyna (2), Ha MEpBBIA B3I,
TaKke abcyp[Ha, T.K. B paBOi €€ YacCTH CTOAT HyJbMEpHbIC BEJIMYMHBI (TOUYKH), @ B JIEBOM
4acTH — IByMEpHasl BEIMYMHA (IUIOIIA/b).

YroObl OCYIIECTBUTH 3ayMaHHOE MOJAEIUPOBaHNUE, HEOOXOIUMO MTPUBECTH BEIINUUHBI
I n Y B coorBercTBUE ¢ BenuuuHamu B u I'. I1o cBoelt CyT TOUKK B HE OTIMYarOTCsA OT TOYEK
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I'. YtoOwr mocTpouts cootBeTcTBHE ¢ I U ¥, Mpeanonaoxum, uyTo Kaxkaas Ttodka (B wmm I)
SBJISICTCS. HOCUTEIEM HEKOTOporo 3apsza. [lpuuém 3apsasl MOTYT OBITh KaK MOJIOKUTENbHBIE,
TaK U OTpuUlarenbHble. /|11 Me30HOB M 0apHOHOB BenuuuHa Y - Bcerjaa Lenoe 4ucio, B TO
BpeMs Kak I MoxeT ObITh JApOOHBIM. 371ech Mbl BBOAMM Juid BenuuuH I u Y oOmiee

1
KBAHTOBAHUC, ITPUHAB 3a HAMMCHBIIICC a0COJIIOTHOE 3HAYCHHE BCIIMYUHY E . HaHOMHI/IM, 4qTo

3TO TOJBKO MaTeMaTh4yeckast Mozieb. Pacimmdpyem 310 nosoxxeHue 6osee moapooHo.
Ecin snemeHTapHas dacTMla HMMEET MPOEKIHUI0 H30CHMHA paBHYyO, 1, TO Mbl

1 1
OpeaACTaBsIEM 3TO B HAICH MOJCIIM KakK E+E Ecmm I = 0, TO AJId HAICH MOJCIHN 3TO

BBITJISLAUT KaK 5732 (mpuMeEM Kak akCHoOMY).

Hemuoro no-npyromy obcrout aeno ¢ runepsapsaoM. Kak ussectHo, ¥ = B + 8, rne
B - GapuonHbIl 3apsa (He myTath ¢ yucioMm B B ¢opmynax (2) u (3)), § - ctpaHHOCTb. B
Haleil MOJeNH Mbl MacIiTabupyem (KBaHTyeM) KaXIyl0 W3 3TUX BEIIMYMH B OTICIBHOCTH.

T.e.,ecnu B =1, 5 =0, To MBI IpeCTaBISAEM 3TO KaK %+E u %—% .

[To3Bonum cebe  HeOomplIOE  OTCTYIUIEHME M HEMHOTo  mHo(aHTazupyem.
[Ipennonoxum, yTo Ha Oojee HU3KOM YPOBHE OAPHOHHBIN 3apsii U CTPAHHOCTD SIBJISIOTCS 10
CYTH 4YEM-TO OJHMM (KaKMM-TO 3apsiioM) W TOJBKO IMOJ BO3ACHCTBHEM KaKUX-TO CHII
O0BEIUHSIOTCA WM YHHYTOXKAIOTCS Ha 0ojiee BBICOKOM YpPOBHE, IZIe Mbl U HAauMHAeM HX
pa3nuyath Kak OapHOHHBIN 3apsi/l U CTPAHHOCTh. B MONB3y Takoro mpenrnoyioKeHUs MOXKHO
MPUBECTU TOT (GAKT, YTO OAPUOHHBIL 3apsi0 U CMPAHHOCHbL HUKO20A He Oblearom 00HO020
3HaKa.

Wtak, 3HaueHNe NPOEKUUU M30CIHMHA I MBI IOCTaBWIM B COOTBETCTBUE BHYTPEHHHUM
TOYKaM HaIIero MOAEIMPYEMOTr0 MHOTOYTOJIbHUKA, a 3HaYeHHe rumepsapsjga Y - Toukam
MHOTOYTOJIbHUKA, PACIIOJIOKEHHBIM Ha €r0 IPaHuLe (Ha CTOPOHAX).

Tenepp HaM KakuM-TO 00pa3oM HaJ0 TOCTPOUTH LEJIOYHCICHHYIO PEIETKY,
«0XKHMBUB» €€ TakuM 00pa3oM, 4TOOBI y3JIbl PEIIETKU CTad HOCUTENIAMHU «3apsanoB» I u Y.
3nech Ha TIOMOIIb HAaM MPUXOISAT T'€OMETPUYECKHE OO0pasbl CyHepMYJIbTHUIUIETOB, TIJI€
00BbEIMHEHBI JIEMEHTAPHBIE YaCTUIIbI, UMEIOIINE OJMHAKOBBIM CIIMH M OapHOHHBIN 3apsn. B
3THX MOJAETAX BenuunHa I 1 BenmuurHa Y pacronaraioTcsi Ha OpTOrOHAJIBHBIX OCSX.

IIpencraBuMm, 4YTO Halle MOJEIMPYEMOE H30MPOCTPAHCTBO COAEPKUT B3aUMHO
OPTOTOHAJIBHBIE IIJIOCKOCTH — HOCUTENH <«3apspo» I m Y. lIpuuéM 3HaKu «3apsaoB»
YepeayIoTCs TI0 TUIOCKOCTSIM, M TUIOCKOCTH PACIOJIOXKEHBI Ha OJJMHAKOBBIX PACCTOSHUSAX JPYT
ot apyra (Puc. 2).
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PaCCMOTpI/IM IIJIOCKOCTb,  ABJIAIOINYIOCA  OPTOrOHAJIBHBIM  CCUCHUCM  OAHHBIX

wiockocteit I u Y. Ha 3TOM cedeHMHM MBI yBUAMM PEHIETKY, 0Opa30BaHHYIO MPOEKIUSIMU
miockocrten =1 n =Y.

Puc. 3

Ho »10 emé He Ta pemérka, KOoTopas HeOOXOoauMa HaM JUIs JabHEHIIEro

MOZCJIMPOBAHUsA, T.K. Y3JIbl €€ JIeKAT Ha IepecedyeHur npsmelX I U Y, 1 TakoMy Y31y MOKHO

npunucarh Kak «3apaa» I, tak u «3apsa» Y. Heobxoaumyro HaMm peméTky Mbl PacHOI0KHM
nox yriaom 45° k pemé€rke, nokasanHoi Ha Puc. 3.

. . [~ 3
N N
+ N %
X AN
N v ~ ’ ‘\
. N

Y

Puc. 4

OcHoBHas pemi€rka, HeoOXoaAUMAasi HaM JUIsl MOAETMPOBAHUS, MTOKAa3aHa CIUIOIIHBIMU
JUHUSMH, a PEIIETKa «3apsAaoB» (CHIOBBIX JTUHUN) — MyHKTUPHBIMHA. Kak Buaum u3 Puc. 4,
Ka)KJIbI1 y3€JI OCHOBHOM PELIETKY TEIEPh SABJIICTCS HOCUTEIIEM ONPEIEIEHHOIO 3apsia.
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2. MoaeanpoBaHue XapaKTEePUCTHK IJIeMEHTAPHBIX YaCTHIL

Tenepp MBI MOXEM NPUCTYNHTh K IOCTPOCHHIO T'€OMETPUYECKHX MOJENen
XapaKTEPUCTUK HEKOTOPBIX 3JIEMEHTAPHBIX YaCTHLL.
ITocTpouM MOJ€nb HEUTPOHA.

n: I=—§; Y=B+S5=1+0;

B namreii mogenu Benmmuubbl I 1 Y OyayT BRITJISACTH TAKUM 00pa3oM:

1:_1; Y= +1+1 + +l—l.
2 2 2 2 2

T.o. 3apsanoBble  XapaKTEpUCTUKM  HEUTPOHA,  IPEACTABICHHBIE B  BHUJC

1
MHOTI'OYTOJIbHUKA, 6y,HeT HUMCTb OJHY BHYTPCHHIOKO TOUKY C 3apsA10M —E " YCTBhIPC TOYKHU Ha
1
CTOpOHAX MHOI'OYI'OJIbHHKA: TPHU TOYKHM C 3apsgoM + E U OJHY TOYKY C 3apsa10oM _E .

. N . 1 1
VYcnoBuMes cuuTaTh, YTO KaKIbIM y3€Nl PEIETKH HEcET 3apsia Jnbo +E 1100 Y U, B

3aBHUCHMOCTH OT TOT'0, KaKOW MPOCKITUHU IFIOCKOCTH OH MPUHAJICKHT, 3TO OyIET 3aps JIU00
I, mu6o Y.

O4YeBUIHO, YTO TAKUM 0OpPa30M MOXKHO TIOCTPOUTH HECKOJIBKO Pa3IMYHBIX MOJEICH
(Puc. 5). 3aberas Bmepén, CKaxem, 4YTO MOJENIU DIEMEHTAPHBIX YaCTUI[ HECKOJIBKO
«CTa0WIIM3UPYIOTCS TOCJIE TOTO, KaK Mbl PACCMOTPUM MOJICJIHM KBapKOB M BBEIEM 0O0IIee
MPABUJIO U1 TIOCTPOCHUS MOJTHOW MOJIENU DJIEMEHTAPHOM YaCTHIIBI U KBAPKOB, U3 KOTOPBIX
OHa COCTOHUT. Taky MOJIEib YCIIOBHO Ha30BEM TEHbIO JJI€eMEHTAPHON YacCTHIIbI Ha Cpe3
MOJICIIUPYEMOT0 U30TPOCTPAHCTBA.

Y

+Y

., %,
- C =

Puc. 5
Mogens MpoTOHA BBITJIIIUT TOYHO TAK JKE, 3a HCKIFOUEHUEM TOTO, YTO BHYTPEHHSS TOYKA B
MOJIETU MHOTOYTOJbHUKA MPOTOHA MAODKHA HOCUTH 3apsia  + E T.e. Mozenp mpOTOHA

CABHMHYTAa OTHOCHUTCIBLHO MOJCIIN HCﬁTpOHa Ha OJHY CHUJIOBYIO IINIOCKOCTBH BOOJIb IUIOCKOCTEH
Y.

[TocTpouM MOJENb 2.~ THUIIEPOHA
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> :I=-1; B=1; S=-1.

B namei Mogenu «KBaHTOBAHHE)Y XapaKTCPUCTUK 2_ TUIICPOHA NIPUMET TaKoM BU/I:

Kl

e :

Puc. 6

O4eBUIHO, YTO TOAYYUTH MOJENL 2,' THUIIEPOHA MOXKHO CIBHIOM MOJENU 2,

THIIEpOHAa BIOJb IUIOCKOCTEH Y Ha OAMH CHUJIOBOM ypoBeHb (IUIOCKOCTH I), Tak 4YTOOBI
BHYTPEHHHUE TOUKH MOIYYWIN 3apsy + > Kaxkaas. Takke COBEpLICHHO OYEBUIHO, YTO IaHHAs

MOJIEJIb HE OJHO3HAYHA.

Mogenu IByX CleAylOmMX 4acTui Y,  TumepoHa A’ THIepoHa ¢ TOYKM 3peHHS
HalIMX ITOCTPOCHUM COBEPIICHHO ONMHAKOBBI, T.K. BCE Xapakrepuctuku I, B, § y oTux
gactul] oguHakoBel: I =0, B=1, §=—1. [lns Hamell MOJENIN 3TH XapaKTEPUCTHKHU OyayT
UMETb TaKOW BUJI:

T+

+Y 7 ) f‘/ \::-'._'f

Puc. 7
_ + . 0
Kak BUIUM, MOJIEJIU TUIIEPOHOB 2, M 2, OTJMYAOTCS OT MOJEJIEN THIIEPOHOB 2, |

A" pasBoporom Ha 90 rpaxycos.
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B 5TOM ceMelicTBe GapHOHOB PACCMOTPHUM MOJENH €IIé ABYX TMICPOHOB & H &' .

OHu omIMyaroTcs JApyr OT Jpyra Tojdbko 3HakoM 3apama 1. lna 2 umeem:

_ 1
I = _E; B=1; §=-2. Jlng nocTpoeHUsI MOJICTT UMEEM TaKOE MIPEICTABICHHE:

(x]

ByneM cTpouTh MHOTOYIrOJIbHUK, KOTOPBIM UMEET 6 TOYEK Ha I'PaHUIIE U OJHY TOUKY
BHYTpH.

Puc. 8

OueBHIHO, YTO TIEPEXO] OT MOJACTH THIIEpOHA =~ K MOJEIM THIepoHa &'

OCYIIECTBIISICTCS CIBUTOM BJIOJIb IJIOCKOCTEH ¥, KaK 1 B IPEABIAYIINUX CITydasx.

Paccmorpum emé ogHO CceMeMCTBO M3 8-MHM YacTHll, HA3bIBAEMbIX ME30HAMU W
00BEAMHEHHBIX TAKXKE B CYNEPMYJIbTHUILIET.

OCTpOUM MOACJIHN IEPBBIX ABYX ME30HOB u . CXKay Cco OH, C HaIlell TOYKH
I y K" u K*. Mexny coboii,

3pEHHSI, OHU Pa3IMYaIOTCs TOJBKO 3HAKOM 3apsina 1.

1
Ta K°: I= _E; B=0; §=1. Jlns nocTpoeHUs] MOJICTHU 3aIUIIEM:
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+Y'.

Puc. 9

0 vy o
CneunyB mozenp K~ Me30Ha Ha OAMH CUJIOBOM YpPOBEHb BJOJIb IUIOCKOCTEH Y,
nonyunM Mojenb K* me3ona. 3amernM Taxke, 4yTo Mozaenud K * Me30Ha U HEUTpPOHA 1 TIOKA

COBCPHICHHO HCPA3JIMIUMBI, 4 TAKIKEC MOACIIN K" me3oHa n IMPpOTOHA p. Ho Mb1 IIOMHHUM, 4YTO

IpEACTAaBJICHHLIC MOJCIN HC CIMHCTBCHHLI.
PaccmorpuM Momenu 7 W & Me30HOB. s 77 : I=-1; B=0; S=0, Te.
MMeeM TaKoe MPeACTaBICHHUE JIJISI MOJCIIU:

LI P DL N |
2 2 2 2 2 2

Puc. 10
Mogens 77 Me30Ha MOJyYaeTcs W3 MOJEAM 7 ME30HA TPAJULUOHHBIM CIBHUIOM.
3aMeTHM, YTO MOAENU 7 W 2, TakkKe IOKa HEPasIMYMMBbl. JTO MOXHO CKa3aTh U O
MOJIETISIX YaCTHIl Z* U 2. .
0 0 .
ns me3oHOB 77 U 7 3HaueHus I, B w § OJOWHAKOBBI W PABHBIL:

I1=0; B=0; §=0, T.c. nmomyyaem:

He mpuberas k mOCTPOCHHUIO, MOXHO 3aKJIIOYNUTh, YTO MOJIEIN 3THX ME30HOB MOXKHO
TIpeICTAaBUTh TaK Xke, Kak ¥ Mojienu runeponos 2. u A’ (Puc. 7).
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B 3TOM cynepMyIbTHILIETE HAM OCTAJIOCh PACCMOTPETH €IIE TBE MOJIEIH JIJII ME30HOB
|
K u K .

- 1
Hnsa K~ umeem: I = _E; B =0; §=-1. [Ing Hamero MOJEIUPOBAHUS MTOTyIAEM:

+|

+Y ’

Puc. 11

—0
ITepexonq k ™monmenmun K  Me30Ha OCYHIECTBIISIETCS OIATH K€ CABUTOM BJIOJb
miockocTeit Y.
3ametum, uto K~ sBnserca antuyactuned K= me3zona. UToObl IIEPEUTH OT OJHOM

MOJIETH K IPYTOl B 3TOM ClIy4ae, He0OOXOIMMO COBEPIIUThH CHAYalla CABUT BJIOJb MIIOCKOCTEH
Y Ha oauH ypoBEeHb, a 3aTeéM NPOU3BECTH I[OBOPOT BOKPYI BHYTPEHHEH TOYKHU
MHoroyrojrHuka Ha 180 rpamycos.

PaccmoTpum  eme oaMH  CymepMysbTHIUIET, cocTosimuii w3  10-tu  GapuoHOB,
Ha3bIBAEMbIX PE30HAHCAMU.

Tak ke, Kak M B MNpeAbIAYIIUX CIy4asx, OyleM paccMaTpuBaTh IMapbl 0OapHOHOB,
pasnuyaromuyecs sl HaC TOJIbKO 3HaKOM 3apsija 1.

ITepsas Takas mapa OapuonoB A u A" . Jlna A" umeem: [I= —%; B=1; §=0.

[IpencraBnenue 1jst MOAETH UMEET BU/L:

T.e., MBI UMe€eM ISl IOCTPOEHUSI MOJENIU TPU BHYTPEHHUX TOYKH, MPHUHAICKAIINX
OTPHULIATETILHBIM YPOBHSIM, W UYETHIPE TOUYKH Ha TpaHUIE. TpH U3 HUX C TMOJOKUTEIHHBIM
3apsJIOM M OJIHA C OTPUIIATEIbHBIM. Takux mMojesne Mbl emé He cTpouau. [lokakeM ouH U3
BO3MOJKHBIX BapHaHTOB.

10
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A

+Y° g S “H

Puc. 12

CaBuHyB 3Ty MOJEIb HA OJMH YPOBEHb BJOJIb IUIOCKOCTEH ¥, MOMyYMM MOJENb
Oapriona A" .

PaccMoTpuM BTOPYIO mapy storo myabrumiera: A u A*. g A’ :
Y M y

I=—l; B=1; §=0.
2

Cpa3y MoxeM cka3aTb, YTO MOJIENIb 3TOr0 OapHOHA BHELIHE BBIMJISIIUT TaK JKe,KaK U
Moieltb HelTpona (Puc. 5). A Moenb 6aprona AT BHENIHE COBIANAET ¢ MOJEIBIO MPOTOHA.

Crenyromas napa GapronoB ¥~ u ¥ uMeer Takue XapakTepUCTHKH:
g Yo I=-1; B=1; S=-1,
msn Yt I=+1; B=1; S=-1.

OueBUIHO, YTO MOJEIH MX OYAYT MICHTUYHBI MOJEJSIM COOTBETCTBEHHO THMIIEPOHOB

Y~ m X". DT0 xKe MOXKHO CKa3aTh M 0 MojielsX 6apuonoB Y, B~ u B . VIx Mozenu 6yayT
0

L

0 —m— =
OANHAKOBBI C MOACIISIMU T'HIICPOHOB 2 , & M & COOTBCTCTBCHHO.

OcTtanock paccMOTpeThb MOCIEAHUN NECSThIi OapHOH 3TOTO CYNEPMYJbTHILIETa —

rurnepod Q. J{isg Hero uMeeM:
I=0; B=1; §=-3.
[TonyyaeMm Takue MOJEIbHBIE XapaKTEPUCTUKH:
1 1 1 1 1 11111

I=+——— B=+_—+_; S=——"———————— .
2 2 2 2 2 22 2 2 2

O,HHa N3 BO3MOXKHBIX MOIIeJIefI IJIg 3TOr0 TUuIepoHa 6y,Z[GT HMETh TaKoi BUA:

11
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. .\.I ", -
. T e

Puc. 13

12
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3. MoaeanpoBaHne XapaKTePUCTUK KBAPKOB

Tenepb NpUCTYNIUM K MOAETMPOBAHHIO KBAapKOB. 3aMETUM Cpa3y, 4TO OapHUOHHBIN

1 y

3apsil KBapKOB — JPOOHOE YUCIO U HPHUHUMAET 3HAYCHMS ig. 3Ha4yeHus1 NPOEKUUi
M30TONMYECKOr0 CIHMHA OCTAIOTCA B HPEXHMUX Ipenesax, T.e. HauMEHbIas aOCOJOTHAs

1
BennuuHa I paBHa 3 OOmiemMacmiTaOHBIM HAaUMEHBIINM 3HAYEHHEM B JAHHOM CITydae

SABJIICTCA 4YUCIO0 g . UMeHHO 10 3TOM BEIMYUHBI MBI U 6YI[6M «KBAHTOBATb» XapPaKTCPUCTHUKU

kBapkoB I, Bu §.
Paccmorpum napy kBapkoB d u U, OTAMYAONINXCSI 3HAKOM MPOEKIMHU U3ocTuHa. J1Jis
KBapka d UMeeM TaKue 3HAYCHHs XapaKTePUCTHUK:

[Toctpoum onaHY H3 BO3MOXHBIX Mojeneil kBapka d, riae OyaeM HMeTb TpHU
BHYTPEHHUE TOYKU U YEThIPE TOUKU Ha IPaHMIIE MOJAETUPYEMOTO MHOTOYTOJIbHUKA.

+Y & +|

Puc. 14

3ameTuM, 4yTO MOJENb KBapka d momobHa monenu OaproHa A”. Ho MBI HE TOMKHBI

3a0bpIBaTh, YTO MacmTad pEemeETKH KBApKOB B TPU pa3a MEHbIIE MacmrTada peméTKu
3JIEMEHTAPHBIX YaCTHI], T.K. B IEPBOM CIIyyae MaCIITAOHOE YUCIIO % a BO BTOPOM - 5

CaBuHyB BIOJb IUNIOCKOCTEN ¥ Mozenb kBapka d Ha OJUH CUJIOBOW YPOBEHb, IOJIy4YUM
MoJienb kBapka U.
PaccmoTrpum kBapk

13
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B MOILGJ’IBHO-MaCIHTa6HI)IX BEINMYMNHaAX NUMEEM.

Mo:keM OCTPOUTH TAKYIO0 MOAECIIb.

g

Y L 4l N

Puc. 15

3aMeTHM, 4TO MOJIC)Ib KBapKa § MOoJ00Ha MOJICIIH THIIepoHa Q- .

PaccmoTpum Mognenu octaBHIMXCS TpEX aHTUKBapkoB. HaunéM c paccMoTpeHus
MOJIENIU aHTHUKBapKa

B BemmumHax AJI MOACTTUPOBAHUA 3TO BBITJIAAWUT TAK:

1 1 1 1 1

I=+———; B=———; S=+—+—+
6 6 6 6

1 111 1
—+—+—+—+—.
6 6 6 6 6 6

T.k. MozlenM KBapka § U aHTUKBapka § HMMEIOT IO JBE pa3HO3apsIHble BHYTPEHHHE
TOYKH, TO, TIOBEPHYB MOJENb § KBapka Ha 180 rpaxycoB BOKpYT OJHOW M3 €ro BHYTPEHHUX

TOYEK, MbI MTOJIyYUM MOJEb AaHTUKBApKa § .
PaccmoTpuM aHTHKBapK

d: I=—; B=——; §=0.

I[JISI MOZACIIMPOBAHUA TTOJYUACM:

14
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I=+1+1+1; B=—1—1; S=+1—l.
6 6 6 6 6 6 6

T.o., 94TOOBI mepelTH OT Mojenu KBapka d K MOJENU aHTUKBapka d , HEOOXOIUMO
BBITIOJTHUTH KOMIIO3UIIMIO MpeoOpa3oBanmii: moBopoT Ha 180 rpamaycoB BOKPYT BHYTpEHHEU
TOYKM W CABHUI BIOJb IUIOCKOCTEH Y Ha OJWH CHUJIOBOM YpPOBEHb. AHAJIOTHMYHO

OCYHECCTBIAIOTCA B3aMMHBIC IIEPEXOAbl OT MOACIIN K MOACIIN IJIA KBapKa Uu ATUKBapKa U.

15
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4. IlocTpoenue odmIed MoaeTH

Tenepp nepexoauM K caMOM MHTEPECHOM YacTH HAILIEr0 MOJAEIUPOBAHUS, @ UMEHHO, K
00BEAMHEHNUIO IBYX MOJIEJICH: 3JIEMEHTAPHBIX YaCTHUI] U KBAPKOB B €IMHOE LIEJIOE.

Camoe rnaBHOE 31€Ch — 3TO TO, YTO HAIM ILEJIOYHUCICHHBIE PEUIETKH CO CBOUMH
CHJIOBBIMH JIMHUSIMH «0€300JI€3HEHHO» HAKJIAbIBAIOTCS APYT Ha npyra. Jpyrumu cioBamw,
YMEHBIIMB MacIITad perméTKy, Ha KOTOPO MOIENUPOBAINCH JIEMEHTApPHbIE YaCTHULIbI, BTPOE,
MBI TIOJIy4YMM PEIIETKY I MOJAEIMPOBAHUS KBAPKOB.

W3 Teopun »SIIEMEHHTApHBIX YacTUI[ H3BECTHO, YTO CBOOOJHBIX KBapKOB HeE
cymiecTByeT (1Mo KpaiiHe Mepe MX HHUKTO emlé He oOHapyxwia). [losToMy MBI cTaBuUM Uist
HAILIEro MOJEIMPOBAHMS 3a/1a4y MOCTPOUTh MOJIENb 3JIEMEHTApHON YacTUIIbl TAKUM 00pa3zoM,
yTOOBl Ha €€ IO MOXHO OBLIO Pa3MECTHTh COOTBETCTBYIOUIME JUISI 3TOM YacTHIIbI
Monenu KBapkoB. IIpuuém Takum o00pa3om, 4TOObI MOJAEIM KBAapKOB Jpyr Jpyra He
MIEPEKPHIBAIM U HE BHICOBBIBAJIUCH 3a IPAHULIBI MOJIENIEH AIeMEeHTapHbIX YacTull. OJIHAKO, Mbl
JIOTyCKaeM, 4TO KacaHUE€ MOJEJIed KBApKOB CTOPOHAMM WM BEPIIMHAMH BO3MOXHO. Bo
BCSIKOM CIIy4ae, 3TO He HapyILIaeT CaMUX MOJENIEN KBapKOB.

Ha nepBblii B3rs KaXeTcsl, 4To 3a7ada OYeHb POCTa, HO Mbl yOenumcst ceifuac, 4yTo
9TO JaJIEKO HE TaK.

YroObl HE BO3HUKAJIO NPOTUBOPEUMs C YABOEHHEM BcexX Xapakrepuctuk Q, I, Y
3JIEMEHTAapHON YacTULbl NPU OOBEIMHEHUH JBYX MOJeel (3J1. YacTHUIlbl U KBapKOB), OyneM
CUNTaTh, YTO MEPBBINA 3TAll HAIIErO MOJAEIMPOBAHUS ONPEACIAeT JIUIIb NOAXOAANIYI0 hopMy
(KOHTYp) 3JIEMEHTApHOM YaCTHIIbI, @ BCE 3aps/IHbIC XapaKTepuctuku, T.e. O, I, Y BHOCAT B
MOJIEJIb TAHHOM YacCTHILIbI €€ KBAPKU.

Haunéwm ¢ cambix mpocteix Moneneid (Q° runepona u A~ OapuoHa, T.K. MOJEIH STHX
YaCTHIl U MOJIETH KBapKOB, HX «HACEISIOUINX», MTOA00HBI. [ Q7 MOXHO MOCTPOUTH TaKylo

MOJIeITh (ITOMHUM, 9T0 ()~ COCTOWT U3 TPEX KBAPKOB § .

L] | - <Y
- - . i : [ : +Y
I.‘\. 1'\__ ol : “‘llr
P - (‘_},f—_ -
= . / i +Y
. [ EE
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B 2
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. £ n /(‘ |
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- ~ v .
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“'.‘I 2 \.\ - ]
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i
. 1 e ) | _|
Ls I -u i v X LS ) +|
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Puc. 16

Kak Buaum u3 Puc. 16, Takas monmenb BO3MOXXHA. 3/1€Chb HE HaApyILIEH HU OJMH
CUJIOBOM ypoBeHb. KpoMe 3TOro Hazio 3aMeTUTh, YTO 3TO HE €IMHCTBEHHAs] MOJEIIb TUIIEPOHA
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¢ ero kBapkamu. He Hapymas XpOMOJMHAaMHMKH, MbI pPACKPaCUM HAllM KBapKud B
COOTBETCTBYIOLIME I1BeTa. KpacHbIMU TOYKaMU MOKa3aHbl y3JIbl PEHIETKH, COOTBETCTBYIIME
Mojieny, npezacTaBieHHol Ha Puc. 13, a uépHble COOTBETCTBYIOT MOJeiM KBapka — Puc. 15.
Ecnu kpacHble TOYKM COBNAAAIOT C YEPHBIMH, TO MbI OCTaBISiEM HMX B KPACHOM LIBETE.
HaHOMHI/IM, 4qTo BCIINYHHBI 3apAd0BbIX XapaKTCPHUCTHUK 3JI€MCHTapHOI>'I HJaCTHUIIbI
OTIPENIENIAIOTCSA CYMMOM COOTBETCTBYIOIIUX XapaKTEPUCTHUK €€ KBAPKOB.

He BBI3BIBaeT 3aTpyIHEHHIA U TOCTpOEHUE MOJen A~ GaproHa, KOTOPBI COCTOUT U3

TPEX KBapKoOB d.

[~ - L- - .

. - B I 1 -
|- B -
Y HEERE RS EL
+Y ERE =11, E ]
-Y ra .___. /_J_, .f._, - / &8 _I
Puc. 17

3aMeTI/IM, 4TO 3TO HC CAUMHCTBCHHOC IIOCTPOCHHUEC MOICIU 6apI/IOHa A" . MoxHo

W3MEHHUTh BHEIIHIOK MOJIENb 3JIEMEHTAPHOW YaCTULIBI U COOTBETCTBEHHO HACTPaumBaTh MOJ
HEeE MOJIENIN BXOASAIINX B HEE KBAPKOB.
CnBurasi JaHHYIO MOJIENb BJIOJIb TUNIOCKOCTEHW ¥ HA OJMH CUJIOBOM ypOBEHb, MOTydaeM

Mozesb Gapuona AT, koTopslit comepxkeT Tpu kBapka U.

Janee OymeM paccMaTpuBaTh MOJCIH SJIEMEHTAPHBIX YaCTHUIl, WIS B OOpaTHOM
MOpSAJIKE K Hayally HAIllero UCCIIEOBAHMUS.

Ha Puc. 11 6bna npeacraBnena Mmosens K~ Me30Ha. DTOT ME30H COCTOUT U3 KBapKa §

u anTukBapka U .

||
Sl i 4 1
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_|_1|||l' :'." z.--
i \_\+I
Y .
Puc. 18

B cooTtBercTBUM C npaBujiaMu XpOMOJUWHAMHUKH, HBET YACTUIBI HOJIZKCH OBITH

HEUTPaJIbHBIM, IIOITOMY, €CJIM Yy HaC KBapK § UMEET XKENThIA 1BET, TO aHTUKBapK U nomkeH
MUMETh L[BET (PHOJIETOBHIH.
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—0
v 0
Ml AyMaeM, 4YTO IIOCTPOCHHUEC MOACICH MC30HOB K+, a takke K m K He

BBI3bIBACT 3aTPyAHEHU.
Paccmotpum moznens 7~ me3oHa (Puc.10). OH coctout u3 kBapka d 1 antukBapka U .
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Puc. 19

B nannoii Mmonenu kBapk d UMEET CHHUM LIBET, CJIeI0BAaTEIbHO aHTUKBapK U nomkeH
HMMETh LIBET OPaHKEBBIM.

CorynacHO TEOpUM XPOMOJMHAMUKH, KaKIbli M3 KBAPKOB MOXKET NPUHUMATh TpU
pa3IMYHBIX I[BETAa: CUHMM, KpacHbIM, x&ntelid. Torga aHTHKBapku OyAyT HMMeTh LBETa:
OpaHXEBBIH, 3€IEHBIN, (DHOIETOBBIA COOTBETCTBEHHO. MBI HE JOJKHBI TAKXKE 3a0bIBATh, YTO
Ha Puc. 19 nokazana Bcero Juuib 0J1Ha U3 BO3MOXKHBIX MOJIETIEH.

AHAJIOTHYHO CTPOMTCS ¥ MOJIENb /7' ME30HA.
PaccmotpuM  Mozens 7' Me3oHa. Mbl TOBOPMIIMLYTO BHEIIHAS €ro MOJIENb
(oGomouka) cxoxka ¢ Mogenbio Y. runepona (Puc.7). 7' Me30H MOXKET COCTOATH M3 JTH06Or0

KBapKa W AHTHKBAPKa, TOYHO Takxke, Kak u Me30H 7. [lokaxem momens z° Me30Ha,

COCTOAILIICTO U3 du d KBAapKOB.

Puc. 20

He TPYAHO 6YI[6T MNOCTPpOUTb U MOJCIIb 7]0 MC30Ha, COCTOALICTO U3 § U § KBAPKOB.

MO]IGJ'H/I MOTr'yT pa3jin4aTbCAd U BHCIIHUM BHUAOM, U BHYTPCHHUM PACIIOJIOKCHUECM KBApPKOB, a
TaKK€ 1 BHCIIIHUM BUJIOM MOI[CJ'IGIZ CaMHUX KBApKOB.

—

Paccmotpum Mozens E- runepona (Puc. 8). DTOT runepoH cOCTOUT U3 ABYX KBapKOB

S ¥ OIHOTO KBapka d. 371eCh KBapKH § UMEIOT CUHHUI M KPAaCHBIN 1IBETA, & KBAPK d- HKEITHIM.
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Panee Mb1 YOOMHUHAJIA, YTO BHCIIHEC MOJCIIb = THIICPOHA CX0Ka ¢ MOACIIBIO YaCTULIbL

H = OapuoHa, OTHOCSMIETOCS K TPyIIe Pe30HAHCOB. Takoil 0apuOH COCTOUT TaKXKe U3 ABYX S

KBapKoB M oaHOro kBapka d. Iloka)keM BO3MOXKHYIO €ro MOJielb, OTJIMYHYIO OT MOJEIIH,
nokaszaguou Ha Puc. 21.
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Puc. 22

0 *0

UE". A MOXHO 3TU MOJEJIU MOITYYHTb,

AHAJIOTUYHO CTPOSITCS MOJEIN YacTHI[ =

*

HCIIONB3YS CABUT COOTBETCTBYIOIIMX MOJIENIeH JacTuIl 2~ U 2~ .

Teneps paccMoTpuMm Mozenu dactun ».° u A’ runepoHos. Bremnuii Bua mozenu

npesicTaBieH Ha Puc. 7. HecMOTps Ha TO, YTO 3TO pa3HbIE YACTHUIBI, COCTOAT OHM KaxKJas U3
TPEX ONMHAKOBBIX KBapKOB: d, U 1 s.
[TokaxeM BO3MOKHBIE MOJIEIH STUX YaCTHII, a TAKKE YACTHIIEI pe3oHanca ¥ .
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Puc. 23

Ha Puc. 23 kBapk d noka3aH KpacHbIM IIB€TOM, KBapK U - CUHUM, a KBapK § - KENTHIM.

3amMeTHM Takyl0 0cO0e€HHOCTH Hallero MojaeaupoBaHusi. Eciu monean gacTun
ABUIATh BAOJb INIOCKOCTEH Y, To kBapku d 1 U 0yayT Bcé BpeMsi MEHATbHCA MeCTAMU, B
TO BpeMsl KaK KBapK s 0y/eT 0CTaBaThCsl CTA0MIbHBIM.

PaccmoTpum odepennyro gactuity »,” rumnepoH. OHa COCTOUT M3 IBYX KBapKoB d

OTHOTO KBapKa s. BHemHss 4acTeh MOJenu Q. THIEpoHa mokazaHa Ha Puc. 6. Cpasy

CKa)XeM, YTO B MOJeJb, MOKa3aHHYyIo Ha Puc. 6, 3T Tpu KBapka ymakoBaTh HaM HE yJajocCh,
MO3TOMY MBI H3MEHHIIN «000JI0UKY» MOJICIH.
Taxxke HOKaxeM OIHy U3 BO3MOKHBIX Mojiesieli u 6aprona ¥~ .
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Puc. 24

Ha nanHbIX MOJENsIX KBapK s - XKENTHIN, a KBapku d - CUHMH U KpacHbIil. OueBUIHO,
YTO CMEIAsCh BJOJIb IUIOCKOCTEH ¥ Ha OJMH YpOBEHb, MBI IOJyYUM MOJIEIIU TUIIEPOHOB 2. "

u Y™ . MOXHO NOCTPOUTH, HATPHUMED, MOJIENb THIIEPOHA Y, , IJ€ KBapKH d COBEPIIEHHO HE

HUMCIOT TOUYCK KaCaHUsl.
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Tenepb MpUCTYNUM K MOCJIEIHEH YacTU HAIIero MCCIEJOBAHUS — MOJAEIUPOBAHUIO
HEWTpOHA M mpoToHa. Kak M3BECTHO, HEUTPOH COCTOUT W3 TPEX KBApKOB: /Ba d KBapKa U
omuH U xBapk. COOTBETCTBEHHO, NMPOTOH uMmeeT nBa U kBapka u oauH d . 3aMeTUM, 4YTO
MOMCK MOJIEIN HEMTPOHA JOCTABUI HAM HEMAJIO XJIOTOT, HO B KOHEYHOM UTOTe Takas MOJAEIb
ObLTa ocTpoeHa. B Ty «00009Ky» HEUTPOHA, YTO IMOKa3aHa Ha PUC. 5 «ymakoBaTh» JaHHbBIE
TpU KBapKa MPOCTO HEBO3MOXXHO. HaM ynanock mocTpouTh MOAENb HEUTPOHA U MOZEIU
KBapKOB, yJIOBJICTBOPSIOIINE BCEM HEOOXOIUMBIM YCIIOBHUSIM.
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Puc. 26

B Monenu nelitpona kBapk U mnoka3aH CHUHUM, a KBapkH d - KPacHbIM M KENTHIM.
TpaauIMOHHBIM CABUIOM MOdXy4YaeM Mojenb npotoHa. Kak Bunum u3z Puc. 26, kBapk U kak
OBl 32)KaT MeX1y KBapkamu d . B Mojenu mpoToHa, ecTeCTBeHHO, OyeT oOpaTHasi KapTHHA.

MBI HOMHHMM, YTO CPEM YacTHIl PE30HAHCOB CyiecTByeT A’ GapvOH, KOTOPBIA MO

BCEM MOJEIBHBIM XapaKTEPUCTUKAaM COBMaAaeT ¢ HedWTpoHoM. [loaToMy Ham HEOOXOAMMO
MOCTPOUTH MOJEINb, OTIIMYHYIO OT TOM, KOTOpas Moka3zaHa Ha Puc. 26, HO OTBEYAIONIYI0 BCEM
HGOGXOI[I/IMLIM TpCGOBaHI/IHM Hamero MOACIMPOBAHUA U TCOPUH.

Bapuon A’ cocrout Taxke u3 AByX KBapkoB d u omHoro kapka U . Takas monensb

CYLIECTBYET.
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Puc. 27

3nech KBapku d UMEIOT JKENTHIN U KpPAaCHBIN L1BET, a kKBapK U - cuHuil.

MoxHo mnodaHTa3upoBaTh M NPEANOJIOXKUTH, YTO OJMHAKOBbIE KBAapKHU, KaKk U
OJTHOMMEHHBIE JIEKTPUUECKUE 3apsi/ibl, OTTAIIKUBAIOTCS, Hanpumep, kBapku d u d (umu U n
U), a pasHOMMEHHBIE — IPUTATHBAIOTCA. Toraa Mojaelb HeHTpoHa OyAeT yCTOMYHNBEE MOIETH
A’ GapuoHa. A ecinu Npeanonokurh, uto cazka U - d - U kpemue uem d - U - d cBs3ka, TO

IIPOTOH OKaXeTcsd Oojee KU3HECTOMKMM, 4YeM HelTpoH. KBapk § MOXHO cuMTaTh

HEeHTpaJIbHBIM IO OTHOLLIEHMIO K JPYTUM KBapKaM U ce0e MOA00HbIM.
MBI pemniny BBECTH HEKYIO MOJIEIIBHYIO XapaKTEPUCTUKY dJIEMEHTApPHBIX YacTUL. MbI
Ha3BaJau €€ IUIOTHOCTBIO JJIEMEHTApPHOM 4YacTULbl. Bbluucisercs Takas IUIOTHOCTH I10

crenyrorniel hopmyie:

Sk
Jt = ZS— , (4)

t

rIe ZS . - CyMMapHas IUIOLIaJb MOZEIEH KBAPKOB, BXOASIIUX B JaHHYIO MOJEIb
3JIEMEHTAPHOM YaCTHLBL, a S, - IUIOINAZAb MOJEIH CaMOM YaCTHLIBI.
JUis BeIYMCIIEHHS IIOTHOCTH J, , TENEPh YK€ HAa CaAMbIX 3aKOHHBIX MaTEMaTHYECKUX

OCHOBaHUSX, OyJIeM UCTIOIb30BaTh popMyiy (2).
Omnpenenum MmIomaan MoAeIel KBapKoB.

S, =S, =3+3_5.5 —2:3_¢
2 ‘ 2

O‘ICBI/II[HO, qTo mjomajiab MOJCJIM  aHTUKBApKa paBHa IUIoMaad  MOACIIH
COOTBETCTBYIOIICTO KBapKa. BerancanM mioTHOCTH MMOCTPOCHHBIX MOL[CJ'IGﬁ SJIEMEHTApPHBIX

HJaCTHII.
J .= 3S5 = 3 i 68 = 0,333."

Q 9 2+ —
2
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[TosiBiierne ko3P puIerTa 9 mpu BEIYUCICHUH TUTOMIAAN S __ OOBICHICTCS TEM, YTO

peméTKa Uil MOJECIMPOBAHUS DJJIEMEHTAapHBIX YACTHUIl B TPU pas3a KPYNHEE PELIETKU I
MOZEIIMPOBAaHUs KBAPKOB.

SA_=9(3+EJ=45; J. =350 _333..
2 T
4 S +8-
s =91+2|=27; J=22720 9 407...
x 2 x 27
S, +8-
s —92+3 =36; J =1 _"U_-0277.
. 2 - 36
S +5-
S,=8,=8_=36; J, =207 20333,
s. =9 1+8)=36: J_ =25 g
= 2 2 36
S, =S20=9(2+i)=36, =S8t S g gy,
2 : 36
SZ_ =S20; JE—=J20)
S, =8, =9(1+;)=27 J,=7,25% 50 555,

N B KkadyecTBE TMOCIENHETO 3aMEUaHUd OTMETHUM, 4YTO TMOJOOHBIA IMpolecc
MOJICIMPOBAHUS, KaK HaM Ka)KeTCs, BO3MOYKHO OCYIIIECTBUTH IIPH TTOMOIIK KOMIIbIOTEpa. IDTO
MO3BOJIMIIO OBl OTHICKATh BCE BO3MOXKHBIE «KBAapKOBBIE YIMAKOBKW» M Pa3HOBUIHOCTH
MOJIEJICH AJIEMEHTAPHBIX YaCTUIl. A MOXXET OBITh, O3BOJIMIIO OBl U CMOJACIUPOBATH PEAKITUN
B3aMMHBIX MPEBPAIICHUH 1 PACTIaIOB JIEMEHTAPHBIX YACTHIL.
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5. XapakrTepucTu4yeckoe ypaBHeHH e

Kak y>xe ormeuanocs Beiiie, hopmyna MmoaenupoBanus (2) u popmymna [Tuka (3) — 310
pasHble GOPMYIIBI, XOTS B OUY€Hb IIOX0KHE BHEIITHE.

HanmomHuM, a7 BBIYMCICHHS IUIOIAAM MHOTOYTOJbHHMKA, BEPUIMHBI KOTOPOTO
PacCIIOIOKEHBI TOYHO B MEMKI0Y3JIUSAX [EIOUNCICHHON PEIIETKN MBI MOJIb3yeMcst (GopMyIIoit
(5) (aty *e dhopMyiry MBI UCHONB3YEM JUIS MOICIUPOBAHUS 3JI. YACTUIl U KBApKOB). Touku
MEXIOY3JIHid, B JAaHHOM CJyd4ae, HaxOJATCSd Ha MEpecedyeHUH IHaroHaiell KBaJpaTHKOB
LIEJIOYUCIIEHHON PELIETKHU.

r
F=B+?, (5)

31ech B - 4YWCIO Y37IOB LIEJIOYMCICHHOM PEIIETKH, PACIOIOKEHHBIX BHYTPU JaHHOTO
MHOTOYTOJIbHMKa, a [ - 4HCIO Yy3710B, pACHOJOKEHHBIX HAa TPaHUIE JaHHOTO
MHoroyrosbsHuka (Puc. 28).

Puc. 28

B nannom npumepe B paBHo 5, I' paBHo 3, mo ¢opmyne (5) nomydaem F = 6,5
KBAJpaTHBIX €IMHUI] IeJouucieHHoN pewmérku. He TpyaHo yOeautbesi, pa3OuB JaHHBIM
MHOT'OYTOJIbHUK Ha COCTABJIAIOIINE €0 MPSAMOYIOJbHUKU M MPSIMOYTOJIbHBIE TPYTOJIBHUKH,
YTO 3TO ACUCTBUTENIBHO TaK.

MOXHO NpeAnonoXuTh, 4To (Gopmyna (5) — 3TO BCEro JHIIb YACTHBIM Cirydai
n3BecTHOM (opmyinbl Iluka (6) s BBIMMCICHMS IUIOIAAM MHOTOYIOJIbHMKA, BEPIIMHBI
KOTOpOT'0 pacIoJIOKEHBI B y3JIaxX LieJ0unciIeHHol pemérku (Puc. 29).

*

F=B*+FT—1 (6)

Puc. 29

OueBugHo, uto B u B u I' u I'", ma dopmyn (5) m (6) He MOTYT OBITH
OJTHOBPEMEHHO PaBHHI JIPYT JPYTY.
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MHoroyrojapHuK, MokazaHHblii Ha Puc. 29, MOXHO MONy4YUTh U3 MHOIOYTOJIbHUKA,
noka3aHHoro Ha Puc. 28, sneMeHTapHbIM CMeIleHHEM Ha Jito0OH M3 BEKTOpPOB (i%,i%),
npuyéM, 3HaKU nepea KodPpPUIUEHTaMH CMEILEHHS 3/1eCh HECOTIIaCOBAHBI.

Tenepp, 4TOOBI BHIYUCIUTH IJIOLIAAb TOTO MHOTOYTOJIbHUKA, HAJI0 BOCIOJb30BaThCS
dopmysoit (6). 3meck B =3, I' =9 (Puc. 29). OueBHaHO, MOJTyYaeM TOT e PE3yJbTar:
F=6,5.

B Teuenue 15-tm nmocinemaHMX JET aBTOpP, BPEMsS OT BPEMEHM, BO3BpaLAJICA K 3TUM
(dbopMyraM, MBITAsICh HAUTH 3aBUCHMOCTH WM (POpMYITy TpeoOpa3oBaHus IS BETHUUWH B u
B u I' u I'" . B utore aBTOp c/ieaj BBIBOJI, YTO 3TO COBEPUIEHHO Pa3HbIe (JOPMYJIBI, XOTS U
OYeHb TOXOXHMe. Mbl He TMPHUBOAMM 374ECh Jl0Ka3aTelabCcTBa 3TUX (QopMmyn, a
3aMHTEPECOBAHHOTO YMUTATENS OTCHIJIAEM K COOTBETCTBYIOIIEH uTeparype [3].

Teneps nonsiTaeMcs B3MISIHYTh Ha 3TU (hOPMYJIbI I1a3aMu (pu3UKa. Mbl HMEeM HEKYIO
(mepBO3aHHYI0) PEHIETKY, B y3JaX KOTOPOH COCPENOTOUYEHA KAKAsS-TO «METa’dHeprus» (y3Jibl
peméTku). C TOYKHM 3peHust PU3UKH IO (b MHOTOYTOJIbHUKA MOYKHO paccMaTpuBaTh, Kak
SHEPTHI0, KOTOpast B HEM conepxkeTcs. Kak TOIbKO MBI CTPOMM Ha 3TOM PEIIETKE KAKOU-TO
MHOT'OYTOJIbHUK, BEPIIMHBI KOTOPOI'O PACIOJI0KEHBl B MEXIOY3IUAX (WIM B y3/1ax) HaleH
PEIIETKH, «METa’ HEPTHs» PEIIETKU MPEeBpaIaeTcs sl HAaIlllero MHOTOYroJIbHUKA B JIBa BHUJIA
KOHKPETHOW dHepruu: sHeprus ¢opmel - E, =1 (MOXHO CKa3arh, 4YTO 3TO aHajuor

KUHETUYECKOW JHEpPruM) U HHeprus copaepxkanus - E_ =B (aHamor noTeHUManbHOU

sHeprun). Torna equnuily B Gpopmysie (6) HaIO MPEACTABIATh, KaK CIUHUILY «METadHEPTHUN)
pemérku: e,. 1 dopmyisl (5) u (6) MOXXHO IIepenucaTh CIeIyIOIIM 00pa3oM.

c

E!I)
E=E +T, (7)

*

* E¢
E=EC+T—80. (8)

Beeném obosnauenus: AE, = E. - E_, AE, = E; — E,, . Torna u3 dpopmyn (7) u (8)

IIoJIyda€M TaKOC€ BBIPAKCHHC!

AEdJ
e =AE +—= )

®opmyna (9) Mmoka3bIBaeT CBS3h CAMHHIBI «METAdHEPTUW» PEMETKH C dHEPTUEH
(bopMBI U cotepKaHus.

Ecmn mexny Benmmuumnamu ¢opmyn (5) u (6) (miu (7) u (8)) cymecTByeT moJHas
HEONPEENEHHOCTD, TO 3aBUCHMOCTh MEXY BennunHamu AE, u AE, BCE-Taku yCTaHOBHTH

ynaércsa. AE, npuHuMaeT 3HA4YCHHS {0,—1,—2,—3,...,—n}, B COOTBETCTBHU C 4YEM,

AE
BEIMYMHA T“b MPUHUMAET 3HAYCHUS: {1, 2,3,...,n+1}. OTKyZa MOKHO 3amucaTh:

AE, -AE,

#=—n~(n+l). UroObl He myTaTb YHWCJIa M C YUCIAMHU HATYpPaJIbHOIO pAJa,
AE,-AE,

MepenuieM ModydyeHHYIo (Gopmyiy, B BUIE: — 5 = —k-(k + 1), 3necy k mpoberaer

3HAYEHUs {0, 1,2,3,..,n } Hcnonb3ysa mocnenaHee BbIpaxkeHne u ¢Gopmyiny (9), MOXHO
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COCTaBUTL KBaJApPaTHOC YPABHCHUC «OHCPTCTUUCCKOTO» COCTOAHHMA MHOI'OYTOJIbHUKA.
Ha3oBéMm ero xapakTepHCTHYECKUM YpaBHEHMEM MHOTOYTOJIbHUKA, PACBIIOJOKEHHOTO Ha
LIEJIOYNCIICHHOMN PEIIETKE.

E'—e,E—k-(k+1)=0. (10)

AE

Kopusimu ypaBrenus (10) Oyayrt Benuuunsl AE, u ? . a como ypasrenne (10)

HaIpsIMyI0 3aBUCHUT OT 3HAUEHHUS YHCEJ HATYPaJIbHOTO psiJia, TOMOIHEHHOTO HYJIEM.

HemHoro orBieuémcs © TOrOBOPUM O TOM, Kak BBIBOAATCA (CO37aroTCA)
(byHIaMeHTaIbHBIC ypaBHEHHS (PU3NIECKUX TEOPHIL.

Bo-nepBbiX, (yHIaMEeHTalbHBIE YypaBHEHMs SBIAIOTCS 0000mIeHHeM (Qopmy,
MIOJIyYE€HHBIX B pE3yJbTaTe MPOBOAUMBIX (PU3NYECKUX IKCIIEPUMEHTOB (HAlIpUMEp ypaBHEHUS
Jlarpanxa, Makcsenna ...).

Bo-BTOpBIX, HA OCHOBE YHCTO TEOPETHUECKUX HCCIIENOBAaHUM (Hampumep ypaBHEHUS
DUHIITeHHA).

B-TpeTbux, Ha OCHOBE Yy>X€ HMEIOLIErocs pELIeHUs B BUAE MaTeMaTH4YECKOU
(bopMyIbL.

Paccmotpum Gosee moapoOHO TOCIETHUN CTyda.

B cBoé Bpems Opsun Illpénunrep crpomn cBoé€ ypaBHeHue ((pyHAaMeHTaIbHOE
ypaBHEHHE KBAaHTOBOM MEXaHUKH) OTTaJKUBasch OT (opmyisl ne bpoins ans mimockoi
BOJIHBL. OTa (popmyia Oblia B3sta LIpénuHrepom B KauecTBe pELICHUs YpaBHEHUS, KOTOPOE
OH 3azmaics noctpoutb. M moctpoun. Kak m3BecTHO, 3T0 auddepeHnnanbHoe ypaBHEHHE
BTOPOTro Nopsiika. B o01em Busie Takue ypaBHEHUS MOKHO 3aIIUCaTh:

Cf o a b
dx2+adx+bf_0 (11)

B wmarematuke cCymiecTByeT METOA JJs pelieHus Takux IuddepeHrantbHbIX
YPaBHEHUH.

CHauana pelaercs XapakTEpUCTHUECKOE YPaBHEHUE B BUJE KBAJAPATHOIO YpaBHEHUS
k* + ak + b =0, a 3aTeM, Ha OCHOBE NOJYYECHHBIX PEIICHHUI, HAXOAATCS PEIICHUS YPABHEHUS
(11).

A Ttemepr modaHTazupyeM M TpeIncTaBuUM, 4To ypaBHeHHE (10) sBIsSeTCS HEKHM
XapaKTepUCTHUECKUM YpaBHEHHEM i1 Kakoro-to auddepeHnansHoro  ypaBHEHUS,
OIMCHIBAIOLIETO HEKOE (pu3nueckoe siBjaeHue. Toraa MOKeM 3alucarh:

d’¢ _, d&_ =
s k(k+1)-£=0. (12)

VpaBuenue llpénunrepa nis BoAOPOI0NI0100HOTO (MMPOCTEHINIET0) aToMa UMEET BUJT
(cm. ([8], cTp. 197)):

2
du 2/3%+ g_H+1] (13)
r

ar’ I

r r

B ypaBuenun (13) mapamerp [ — siBasieTcss BTOPBHIM (ITOCJI€ TJIABHOTO KBaHTOBOTO
YHClia) KAaHTOBBIM YHCJIOM (€r0 Ha3bIBAIOT OPOUTAIBHBEIM) U MPOOETaeT TOYHO TAKUE JKE
3HAYCHMsI, UTO U mapameTp k B ypaBHeHuu (12).
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Buemnss cxoxects ypaBHeHud (12) u (13), mo Oonbmiomy cyé€ry, HU O 4€M He
TOBOPUT, HO, He 00y3aplBasg Hamy (U3UKO-MAaTEeMAaTHUECKyl0 (DaHTa3uio, MOKHO
MPENIOJIOKUTh, YTO BBIIIEU3IOKEHHOE MOJCIUPOBAHUE XapaKTEPUCTUK 3JIEMEHTapHBIX
YacTUI] M KBapKOB, MOXET ObITb, U HECET B ce0e HEKOTOpPOE PALMOHAJIBHOE 3EPHO IS
(bu3nIecKoil HayKH.
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6. BoiTarusanue

B nepBbIX 4yacTaX HalIero MCCIEI0BaHUS Mbl HE pa3 MOAYEPKUBAIN, YTO MTOKAa3aHHBIE
MOJIENIM XaPAaKTEPUCTUK JIEMEHTAPHBIX YACTULl U KBAPKOB HE OJHO3HAYHBI. XapaKTEPUCTUKH
OJTHOM W TOM K€ YaCTUIBl MOKHO TNPEACTaBUTh B BUAE MHOTOYrOJbHHKA, BOOOIE TroBOpS,
OECKOHEYHBIM MHOXKECTBOM cmoco0oB. Ceifyac MBI MOKa)kKeM OJIHO, MHTEPECHOE Ha HaIll
B3IJIAJl, CBOMCTBO MHOTOYTOJBHUKOB, BEPIIMHBI KOTOPBIX PACIOIOKEHHBI B MEXAOY3JINAX
(y3max) nenouucieHHou pemérku. Ha30BEM 3TO CBONCTBO BHITSTMBAHUEM MHOTOYTOJIBHUKA.

PaccMoTpuM  MHOrOYrojIbHMK, BEpHIMHBI KOTOPOIO pAaCIOJIOKEHbl TOYHO B
MEXI0Y3/IHsIX enounciaeHHoi pemérku (Puc. 30).

Puc. 30

[TepecTpouM AaHHBIM MHOTOYTOJBHUK cleaytomuM oopazom (Puc. 31).

N

Puc. 31

[To Tomy, Kakyro IJIONIAJb 3aHUMAET MHOTOYTroJIbHUK Ha Puc. 31 mo cpaBHEHHIO C
MHOroyrojipHukoM Ha Puc. 30, MOXHO cyauTh O BbITArMBaHUM. [Ipm 3TOM HM 3Heprus
(hopMbI, HU SHEPTUs coAepkKaHus He U3MeHWwIuch. Ho mpogomkum Hamie BeiTaruBanue (Puc.
32).

//’
2
/

B

Puc. 32
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OueBHUIHO, YTO MPOAOIKAS STOT MPOLECC, MOXKHO BBITSAHYTh HAlll MHOTOYTOJIbHUK Ha
m000¢e jKemaeMoe paccTosHUE, He HapyIas SHEPTUio (OpMBI U 3HEpPrUIo coaepkanusd. Kpome
TOrO, MBI MOXXEM €ro emi¢ M MepeOpPHEeHTHPOBaTh, MPH ATOM OCTABISS HEMOABHKHOM,
HaIlpuMep, HUKHIOIO JIEBYIO BEPILIMHY Hallero MHOroyrosibHuka (Puc. 33).

/
/]

[r

///

Puc. 33

SIcHO, YTO Tako€ BBEITATMBAHHME HE OJHO3HA4YHO. YuTaTenb caM MOXKET B JTOM
yOeIUThCS, BBIMIOJIHUB HECKOJBKO TOCTPOCHH MHOTOYTOJILHUKOB Ha IEIOYHCICHHON
pemérke. [Ipu 3ToM HEOOXOIUMO CIICAUTH, YTOOBI YUCIIO Y3JIOB, PACTIONOKEHHBIX HA TPAHUIIC
MHOTOYTOJIbHUKA, W YHUCJIO Y3JI0B, PACIIOJIOKEHHBIX BHYTPU MHOTOYTOJbHHKA, BCErIa
0CTaBaJIOCh ITOCTOSTHHEIM.

Ha mamr B3riisig 3T0 CBOMCTBO MOKET OBITh HATJISTHOW MILTIOCTPAITNEH TBOHCTBEHHOTO
TIOHSTHS: YaCTUIIa — BOJTHA. MHOTOYTOJIbHUK (YaCTHIIA) MOXKET OBITh «CTSHYT» KOMIIAKTHO Ha
[[ETOYMCIIEHHOM PEMIETKE, a MOXKET OBITh U «pa3MazaH» 10 OECKOHEUHOCTH.
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7. KBantoBanue

Krnaccuueckoe MOHATHE KBAaHTOBAHMS CBSI3aHO CO CTPOEHHEM aroMa. Mbl jenaeM
MIPENIOJIOKEHNE, YTO KBAaHTOBAaHME — 3TO (PyHAAMEHTAJIbHOE SIBJICHHE IPUPOJIbI, KOTOPOE
PacnpoCTpaHAETCs U Ha AIIEMEHTAPHbIE YaCTULbI U KBAPKH.

BcmMnomMHMM akcMOMYy, Ha OCHOBaHMHM KOTOPOM CTPOMIIOCH HAlle MOJEIUPOBAHME.
Benuuunsl I u Y=B+S Mbl IPeICTaBIIM B BUAEC CyMMBI IpoOeH, Kaxaas U3 KOTOPbIX paBHA

1 1
6o iE B Cllydae 3JIEMEHTapHBbIX YacTull, JHOO ig B cilydae KBapkoB. [Ipu sTom

YIOMUHAIA TEPMHUH «KBAHTOBAHUE.

BosBpariasich k BHelTHeMY cXOACTBY ypaBHeHUH (12) u (13) MOXHO BBECTH TIOHSATHE
«KBAaHTOBAaHME» Ha MOJEIBHOM YpPOBHE IO AaHAJOTUM C KBAaHTOBAHMEM B KBaHTOBOI
MexaHuke. Torja OJHUM M3 MOJENbHBIX KBAaHTOBBIX YHCEN MOXXHO Ha3BaTh mapamerp k
ypaBHeHus (12). Kcratu, mapametp k mpoOeraer TOYHO TaKHe >K€ 3HAYCHHs, KaK H
opOuTansHOE KBaHTOBOE uncio /. HamoMHuM, 94T0 9uciio k moirydaercs: U3 BhIPaKeHUs

—%=k-(k+l). (14)

Yucno k Oynem Has3bpIBaTh TIJVIABHBIM MOJETBHBIM KBAHTOBBIM YHCIOM. T. 0. TJaBHOE
KBAHTOBOE YMCJIO HAIIEro MOJEIMPOBAHUS OTBEYAET 3a SHEPrUIOT (OPMBI U COJEpPIKAHMS
2JIEMEHTApHON 4YacTullpl (KBapka). EcTecTBEHHO ompenenuTh €€ JBa KBAHTOBBIX YHUCIA.
Cnemaem »3TO Ha mOpuMmepe MoJenu HeuTpoHa. IloMHMM, 4dYTO I HEWTpOHA

1 1 1 1 1
I= _E; Y= +E+E + +E—E . Yl MBI OyziemM TOBOPUTH, UTO ISl IPOCKITUN H30CTTHHA

HEHTpOHAa HaTMEHbIee KBAHTOBOE YHCIO pPaBHO I =1(0,1). OTO 3HAUUT, YTO 3HAYCHHE

M30CIIMHA PaBHO OJHOW ApoOHM co 3HakKOoM MuHyc. KBaHTOBOe umcno i OyJaeM Ha3bIBaTh
BHEIIHUM KBaHTOBBIM YHCIIOM. AHAJIOTWYHO BBOJMM M BHYTPEHHEE KBAHTOBOE YHCIO Y. Jls
HEHUTpOHA IE€pPBOE BHYTPEHHEE KBAaHTOBOE YWUCIO PABHO ) = 4(3,1). T. e. 3HaueHue
THIep3apsaa CKIaJbIBAaeTCsl U3 CyMMBI YETHIPEX OpoOeii: TpEX CO 3HAKOM IUIIOC U OAHOH CO
3HaKOM MHUHYC, O 4€M TOBOPST 4YMCIIAa B CKOOKax. BTOpBIM M30TOMMYECKUM, BHYTPEHHHM

1 1
KBAaHTOBBIM YHCJIO JUIl HEHTpoHa OyJeT uucio i = 3(1 2) T. K. 1 =—3 313 B stom

ciIydac BHEIITHUI BUO MOACIIN 00s13aTEIBLHO HU3MCHUTCHA, T. K. UISMCHUTCSA YHUCJIO BHYTPCHHHUX
TOYEK MOJENBHOIO MHOTOYTOJIBHHKA, HO XapAKTCPUCTUKNA HEUTPOHA OCTaHYTCS NPEKHUMH.
ByieM roBoputh, 4TO HEUTPOH NEPEUIEN B HOBOE YHEPTETUUECKOE COCTOSTHUE.
Pa3BuBas Hanry (aHTa3uio B 3TOM HalpaBJIEHUH U NIpUpaBHUBAs KOI()UIIMEHTHI IpU
d du

¢byskmmax & u u, 1 K03)OUIUEHTH TIPU WX TPOU3BOIHBIX Te u I MIOJIy4aeM YCJIOBHS
r

nepexona ypaBHenus (12) B ypasHenue Ilpémnunrepa (13), ommcwiBaromiee COCTOSHUE
BOJIOPOOII0A00HOTO (TIpocTeiiiero) aroma. T. e. moiry4aeM CUCTEMY ypaBHEHUH:

=2-p
k(k+1) 1+1)_a (15)

r’ r
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2mE
3Has, yto f =, [— ':2
OTKyJa: 2m __ e W
T T T 4E

rae E — sHeprus atoma, m - peleTsIBUCTCKas Macca dJIEKTPOHA.
C npyroil CTOpOHBI —
2m

cucteMsl (14) umeem BeIpakeHUE TSI ¢

Wcukntouast ¢ U3 mociaeIHUX IBYX BBIPaKEHUH, MOTyYaeM:

Ze’e}
4E

([8], ctp. 196) umeem: B> =-2=

q= %[1(1+ 1) rk(k +1)]

_ _%[1(1+ 1)-r2k(k +1)]

T'eomempuyeckoe modenuposanue

e, _2mE
4 n
(15)

=——-. M3 BTOpPOro ypaBHEHHU:

(16)

3nych Ze — 3apsj sAApa, e — 3apsij dIEKTPOoHa, Z - YUCIIO NMPOTOHOB B sIpE, €, - IO CyTH

MIOCTPOECHUSI MOJIETIEN — 3TO KBAHT BHEPTUU MOJEIMPYEMOIO MPOCTPAHCTBA XaPAKTEPUCTHUK

QJICMCHTAPHBIX YaCTUI] 1 KBAPKOB.

Bpsin nm 3a Beelt 3Toi MareMaTHUeCKOl (haHTa3uel ecTh XOTh KaKOW-TO (hM3NIEeCKUA
cmbici. Ho 06 3Tom MoryT cyauts Tosbko (usuku. Kcratu ckazath, ¢paHIly3ckuil Gu3mk
I'acton Kazanosa [9] mokasan, uro ¢opmyna ['enn-Manna m Hummmkumer (1), Ha ocHOBe
KOTOPOM CTPOMJIOCH 3TO TE€OMETPUYECKOE MOJEIMPOBAHUE, HE IMPOTUBOPEUYUT TEOPHH
JAenTOHOB. MBI OTMETHIM 3TO IOTOMY, 4YTO YypaBHeHue (13) omuchiBaeT cOCTOsSHUE
MIPOCTENIIETO JIGNTOHHO-0APHMOHHOI0 aToMa (aTOM BOJOPOAA: OJUH €JIEKTPOH, OJUH IPOTOH,
JUTSL KQKJIOTO M3 KOTOPBIX cripaBemiuBa ¢popmyina (1) u popmyna (10)). B cBeTe 3T0Tr0, MOKHO
TOBOPUTH O BO3MO>KHOCTHU MOJJOOHOTO MOAEITUPOBAHUS U JUIsl aTOMOB.
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