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1. O01Me moJI0KeHus

Llenpto naHHOW pabOTHI SBISETCS MONBITKA MOCTPOUTH HATTISAJHBIE TEOMETPUYECKHE
MOJICJIA, CBS3aHHBIE C XapaKTEPUCTUKAMH HEKOTOPBIX KIJIACCOB 3JIEMEHTApHBIX YaCTHII.
Mopgenu, Mo BO3MOKHOCTH, HEIPOTUBOPECYHMBHIC M HE BHIXOAAIINE 32 PAMKHU CYIIECTBYIOLICH
(bu3n4ecKoil TeopuH.

B ocHOBY mocTpoeHHs TakuxX MoJielniei Oblia MoJI0KeHa BHEIIHSS CXOKECTh (DOPMYJIBI
l'emn-Manna W HUmmmkumbl, CBS3BIBAIOIIAS XAPAKTEPUCTUKH SJIEMEHTAPHBIX YaCTHIL:
ANIEKTPUYECKU 3apsa @, mpoeKuro n3ocnuna I u runepsapsin Y

Y
Q=I+3, (1)

u Hameid (GopMmynbl JUIS BBIYMCICHHUS IUIOMAAM MHOTOYTOJBHUKA, PACIOJIOKEHHOTO Ha
LIEJIOYUCIIEHHON PElIETKE

F=B+§, )

3neck B - uncio y3mnoB (To4YeK) peméTKy, MMEIOIIMXCS BHYyTPU MHOTOYTOJIbHUKA, U I - 4uCIo
y3JI0B PEIIETKH, PACIIOIOKEHHBIX Ha CTOPOHAX (HA rpaHuIle) MHOTOyroilsHuKa. Dopmyiy (2)
He HaJo myTath ¢ hopmyoi [Tuka:

F=B+§—1 3)

D10 paszHbie (OPMYJIbI, XOTS U OYEHb MOXOXKHE MO CBOCH CyTH. JJIs BBIYMCICHUS
wiomaan no ¢opmyne [Inka MHOTOYrOJBHUK JOJDKEH pacroiaraTrbCs Ha LEJIOYHMCICHHOM
pemérke TakuM o0pa3oM, YTOObI €ro BEPIIMHBI HaXOIWIHCh 00S3aTEeNbHO B y3/1aX JTaHHOM
pemétku. Gopmyna xe (2) mo3BoyigeT HAXOAUTH IJIOIIAb B TE€X CIyyasX, KOrJa BEPIIMHBI
MHOTOYTOJIbHUKA PACIOJIOKEHBI TOYHO B MeKA0Yy3aumsax maHHou pemérku (Puc 1). s
PEIIETKH C KBaIPaTHOM SYEHKON TOUKOW MEXI0Y3IHs OyIeT TOUKa MepeceueHus AuaroHanei
SAYEHUKHU

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

®opmyiy (1) camu ¢hu3uKH HA3BIBAIOT aOCYpPAHOMN, T.K. OHA CBS3BIBACT, Ka3ajloCh OBI,
COBEpIIICHHO pa3HyHble BenWYMHBI. Ho oOHa Bcerma Aaért MpaBWIBHBINA pe3yibTaT IS
ME30HOB, 0apnoHOB U KBapkoB. C Touku 3peHus pusuku dhopmyna (2), Ha MEPBLIA B3I,
TaKke abcypnHa, T.K. B IIPAaBOM €€ YacTH CTOAT HyJbMEpHbIC BEJIWYHHBI (TOYKH), & B JIEBOM
YaCTH — IBYMEpHas BeJIMYrHa (TUIOIIA/b).

YroOBl OCYIIECTBUTH 33yMaHHOE MOJECITUPOBaHUE, HEOOXOIMMO MTPUBECTH BEIIMUUHBI
I'u Y B coorBercTBHE ¢ BennurHaMu B u I'. [1o cBoeil CyTu Touku B HE OTIIMYAOTCS OT TOYEK

-3-
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I'. Uto6s1 mocTpouth coorBercTBUE ¢ I U Y, mpennoynoxum, 4ro kaxaas touka (B umu I
SBJISICTCS HOCUTEJIEM HEKOToporo 3apsija. [lpudaém 3apsasl MOTyT OBbITh KaK MOJIOKUTENbHBIE,
TaK W OoTpularenbHble. /11 Me30HOB M 0apHOHOB BenuuuHa Y - Bceraa Lenoe 4ucio, B TO
BpeMs Kak I MoxeT ObITh JApOOHBIM. 371ech Mbl BBOAMM Juid BenuuuH I um Y oOmiee

1
KBAHTOBAHUC, IIPUHSAB 3@ HAMMCHBILICC a0COJIFOTHOE 3HAYCHHE BCIIMYUHY E . HaHOMHI/IM, 4qTOo

9TO TOJIBKO MareMaTHuecKkasi Mozens. Pacimdpyem ato monoxxenue 6osnee moapooHo.
Ecnu snemeHtapHas dacTuIla UMEET MPOCKIUIO H30CMUHA paBHyl, 1, TO MBI

. 1 1 .
MPEJICTABISIEM 3TO B Hallled MOJEIH Kak E+E Ecmu I = 0, To misg Hamiein MOJCIH 3TO

1 1
BBITJIAAUT KaK E - E (HpI/IMCM KakK aKCI/IOMY).

Hemnuoro mo-npyromy o6crout neno c runep3apsaom. Kak uzsectHo, ¥ =B + S, rie
B - GapuonHsblii 3apsaz (He myTath ¢ uucioMm B B ¢opmynax (2) u (3)), S - ctpanHoCcTh. B
Hamel Mojaenu Mbl MaciiTabupyeM (KBaHTyeM) KaXIyl0 M3 ATHX BEJIMYUH B OTACITBHOCTH.

T.e.,ecnmu B =1, 5 =0, To MBI IpeICTABIIIEM 3TO KaK l+ — " l—l .
2 2 2

[To3BommM cebe  HeOompmIOE  OTCTYIUIEHME ¥ HEMHOTO  THO(aHTa3upyeM.
[Ipennonoxum, yTo Ha Gojee HU3KOM YPOBHE OapHMOHHBIN 3apsia M CTPAHHOCTD SIBJISIIOTCS IO
CYTH 4YeM-TO OIHHUM (KaKMM-TO 3apsiioM) W TOJBKO IOJ BO3IACHCTBHEM KAKUX-TO CHII
O0BEIUHSIOTCS WM YHHYTOXKAIOTCS Ha 0ojiee BBICOKOM YpPOBHE, IZie Mbl U HAauMHAaeM HUX
pasnuyath Kak OapuUOHHBIN 3aps] U CTPAHHOCTb. B MOJIb3y TAaKOro MpearnoyoKeHUs: MOXKHO
MPUBECTH TOT (PAKT, YTO OAPUOHHBIU 3apsA0 U CMPAHHOCMb HUKO0204 He 0b18arom 00HO20
3HaKa.

Wtak, 3HaueHNe MPOEKIMU M30CIMHA I MBI IOCTaBWIIM B COOTBETCTBHE BHYTPEHHUM
TOYKaM HaIIero MOJAEIMPYEeMOT0 MHOTOYTOJIbHMKA, a 3HaueHHe Tumep3apsaa Y - Toukam
MHOTOYTOJIBHUKA, PACIIOJIO)KEHHBIM Ha €ro IT'paHuLe (Ha CTOPOHAX).

Tenepp HaM KakuM-TO 00pa3oM HaJ0 TOCTPOUTH LEIOYHUCICHHYIO PEIETKY,
«0XKMBUB» €€ TakUM 00pa3oM, 4TOOBI Y3JIbl PEIIETKU CTAJIM HOCUTENAMHU «3apsao» I u Y.
3nech Ha TOMOIIbL HAaM NPUXOIAT T€OMETPHUECKHEe 00pasbl CyNepMyJIbTHUIUIETOB, TIJIE
00BbEIMHEHBI YIEMEHTAPHBIE YaCTHULIbI, UMEIOLINE OJUHAKOBBIM CIIMH M OapuOHHBIN 3apsan. B
3THX MOJAETAX BenuynHa I 1 BenmuurHa Y pacnonaraioTcsi Ha OpTOrOHAJIBHBIX OCSIX.

[IpencraBuMm, 4YTO Halle MOJEIMPYEMOE M30IPOCTPAHCTBO COAEPKUT B3aUMHO
OPTOTOHAJIBHBIE IIJIOCKOCTH — HOCUTENH «3apsaoB» I u Y. IlpuuéMm 3Haku «3apsaoB»
YepeayoTCs 10 MIOCKOCTSAM, U INIOCKOCTH PACHOJIOXKEHBI HA OJJMHAKOBBIX PACCTOSHUAX JIPYT
ot apyra (Puc. 2).
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PaCCMOTpI/IM IUIOCKOCTDL,  ABJIAIOHIYIOCA  OPTOIrOHAJIbHBIM  CCUCHUCM  JAHHBIX

wiockocteit I u Y. Ha 3TOM cedeHMM MBI YBUAMM pEHIETKY, 00pa30BaHHYIO MPOEKIUSIMU
miockocren + 1 u =Y.

Puc. 3

Ho »t10 emé He Ta pemérka, Koropas HeoOXoAMMa HaM JJs JlaJbHEHIIEro
MOJEJIMPOBAHUs, T.K. Y3JIbl €€ JIEKAT Ha IepecedyeHur npsmelX I u Y, 1 TakoMy y3i1y MOKHO
npumnucarh Kak «3apaa» I, tak u «3apsaa» Y. HeoOxoaumyro HaMm peméTKy Mbl pacHoIOKUM
nox yriaom 45° k pemérke, nokasanHoi Ha Puc. 3.

<
\
\
N \ s AN
~ N7
S
. ,

Puc. 4

OcHoBHas pemérka, HeoOXoaAUMas HaM JUIsl MOAETHPOBAHMUS, NTOKAa3aHa CIUIOIIHBIMU
JUHUSMH, a PEHIETKa «3apsI0B» (CHIIOBBIX JIMHUN) — MyHKTUPHBIMHU. Kak Buaum u3 Puc. 4,
Ka)KJIbIM y3€J1 OCHOBHOM PELIETKU TEIEPh ABJISICTCS HOCUTEIIEM OIIPEACIEHHOTO 3aps/Ia.
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2. MoaeanpoBaHue XapaKTePUCTUK 3J1eMEHTAPHBIX YaCTHII

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

n: I=—%; Y=B+85=1+0;

B nameii mogenu Benmmuubbl I u Y OynyT BBITISAIETh TAKUM 00pa3oMm:

I=—l; Y= +1+l + +l—l .
2 2 2 2 2

T.o. 3apsAd0BLBIC XapPaKTCPUCTHUKU HeﬁTpOHa, MMPpEACTAaBJICHHLIC B BUIC

1
MHOTOYTOJIbHUKA, OYJIeT UMETh OJHY BHYTPEHHIOIO TOUKY C 3apsIOM —3 U 4eThIpe TOUKH Ha
1 1
CTOPOHAaX MHOTOYTOJbHHKA: TPU TOYKU C 3apsioM +E U OJHY TOYKY C 3apsiioM —3

; . 1 1
YcnoBumcs CUNUTAThb, YTO KaXIbIK Yy3CJI PCIUICTKU HCCCT 3apsn 1100 +E 1100 —E H, B

3aBUCHMOCTH OT TOTO, KAaKOHM MPOEKINH IFIOCKOCTH OH MPHUHAUIEKHT, 3TO OyAeT 3apsn 100
I, mu6o Y.

OueBuIHO, YTO TAKMM OOpa3oM MOYKHO MOCTPOUTH HECKOJIBKO PA3IMYHBIX MOJEINEH
(Puc. 5). 3aberas Bmepén, CKaxeMm, YTO MOJETH JJIEMEHTAPHBIX YaCTHI HECKOJIBKO
«CTaOMIM3UPYIOTCS» TOCHE TOTO, KaK MBI PACCMOTPUM MOJICNIM KBapKOB W BBeIEM oOriee
MIPABUJIO Il IOCTPOCHUS MOJTHOW MOJENN AJIEMEHTAPHON YacTHIIbI U KBapKOB, U3 KOTOPBIX
oHa cocTouT. Takyro MOJENb YCIIOBHO HAa30BEM TEHBIO JIEMEHTAPHOI YacTHIBI HA cpe3
MOJICIIUPYEMOTO U30IPOCTPAHCTBA.

"

+Y

‘\.

. l-' =
Puc. 5
Mojens MPOTOHA BBINISIIUT TOYHO TaK JKE, 3a HCKIIFOUEHUEM TOTO, YTO BHYTPEHHSS TOYKA B
1
MOJIETI MHOTOYTOJIbHUKA TIPOTOHA JOJDKHA HOCHUTBH 3apsn + E T.e. Momens MpPOTOHA

CABHMHYTAa OTHOCUTCIBLHO MOJCIIN HeﬁTpOHa Ha OJHY CHJIOBYIO INIOCKOCTH BAOJIb IUIOCKOCTEH
Y.

[TocTporMm MOIETb Y, THIIEPOHA
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> :I=-1; B=1; S=-1.

B Harmei Moienn «KBaHTOBAHHME» XapaKTEPUCTHK ), THUIEPOHA IPUMET TAKON BHI:

Kl

+Y >

Puc. 6

OueBUIHO, YTO MOJYYHTh MOJENb 2,° THUIIEPOHA MOXKHO CIBHTOM MOJEIH 2.~

TUTIEPOHA BJIIOJIb IUIOCKOCTEH Y Ha OJMH CHUJIOBOM ypOBEHBb (IUIOCKOCTH I), Tak YTOOBI
1
BHYTPCHHUC TOYKHU IMOJTYUUIIN 3apA] + E Kaxnaad. Taxke COBCPUICHHO OYCBHUAHO, YTO JaHHAA

MOJCJIb HEC OJHO3HAYHAa.
Mogenu ABYX CJIICAYIOIIUX YaCTUIL 20 TUIICPOHA U AO runepoHa € TOYKU 3pCHUSA

HallMX IOCTPOEHUM COBEPIICHHO OJMHAKOBHI, T.K. BCce Xapakrepuctuku I, B, § y stux
yactul oguHakoBel: I =0, B=1, §=-1. Jlns Hameil MOJENN 3T XapaKTEPUCTUKH OyIyT
HMETh TaKOU BU;

I:+l_l; B=+l+l; S:—l—l
2 2 2 2 2 2

T+

R 7 o

Puc. 7
_ + . 0
Kax BHIMM, MOJICIIH THIIEPOHOB X, M 2, OTJIMYAIOTCS OT MOJEJIEH THIIEPOHOB 2, U

A" pasBoporom Ha 90 rpamycos.
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B 5ToM cemelicTBe GapHOHOB PACCMOTPUM MOJETH €IIé JBYX TMIEpOHOB = u Z°.

OHM oOTIMYalTCA Jpyr OT Jpyra ToJbKo 3HakoMm 3apsana 1. Jlnga E-  umeewm:

_ 1
I = _? B=1; §=-2. Jlna nocTpoeHUst MOJEIN UMEEM TaKOE MIPEICTABICHHE:

[x]

bynem cTpouTh MHOrOyrojbHUK, KOTOPBI UMEET 6 TOYEK HA TPAHULIE U OJHY TOUKY
BHYTpH.

Puc. 8

OueBUIHO, YTO MEPEXOJl OT MOJEIU THUIEepOHA =~ K MOJEIM THUIEPOHA =’

OCYIJ_IGCTB.H}ICTCSI CABUI'OM BIOJIb HHOCKOCTeﬁ Y, KaKk 1 B HpC,Z[LII[YH_II/IX cnyqas{x.

PaccmoTpuMm em€ ogHO CEeMENCTBO M3 8-MHM 4YacTHIl, HA3bIBAEMbIX ME30HAMH U
00BbETUHEHHBIX TAKXKE B CYyNEPMYJIbTHILIET.

[TocTpouM Mozenu TepBhIX ABYX Me30HoB K’ u K*. Mexmy coboii, ¢ Hamel TOYku

3pCHUs, OHU PA3JIMYAOTCA TOJIBKO 3HAKOM 3apsaa I

1
Jna K': I= _E; B=0; S=1. [Ing noCTpoeHUs MOJICIN 3aIUILIEM:
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+"1f'.

Puc. 9

CnBunyB mognens K " Me30HA Ha OJMH CHIIOBOW YPOBEHb BIIOJb IIOCKOCTEH Y,
MOJy4YuM mMozaenb K * Me30HA. 3aMeTUM Takke, 4To Moaenu K ’ Me3oHa U HEUTPOHA 1 TIOKA

COBEPILICHHO HEPA3JIMYMMBI, a Takke Mojaend K& me3oHa u mpotoHa p. Ho MbI MOMHHM, 9TO

MIPEICTABIICHHBIC MOJICIIH HE CTUHCTBEHHHBI.
Paccmorpum momenn 7~ uw &t mesonoB. s #7: I=-1; B=0; §=0, Te.

HMEEM TaKO€ MPEACTABIICHUEC TJIs1 MOJACIIN:

:_u; h"f. |
+Y = |
Puc. 10

Mopenbs 77 Me30Ha HONyYaeTCs W3 MOICIU 7 ME30HA TPaAMIMOHHBEIM CIBHUTOM.
3aMeTHM, YTO MOJAENHM 7z W 2, TakKe MOKa HEpasIMYuMbl. ITO MOXHO CKa3aTh W O
MOJIEIISIX YacTULl 7~ U 2, .

Jns wmesonoB 7' u 7" smauenms I, B u S OJMHAKOBl M  PaBHEL

I1=0; B=0; §=0, T.e. nonyyaem:

He npuberast k mocTpoeHUI0, MOXKHO 3aK/IIOUUTh, YTO MOJEIN 3TUX ME30HOB MOXHO
IIPeICTaBUTh TaK e, Kak U Mojiesu runeponos .’ u A’ (Puc. 7).

-9.-
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B sToM cynepmynbTUILIETe HAM OCTAIOCh PACCMOTPETH €IIE IBE MOJIEIH /I ME30HOB
_ —0
K un K .

Hnsa K~ umeem: [I= _E; B=0; §=-1. [Ing Hamero MoaeNupoOBaHusl IOIy4acM:

5

+|

+Y g

Puc. 11
—0

Ilepexonq k ™monmenmun K  MeE30HA OCYLIECTBISIETCA OIATh K€ CIABUTOM BJIOJb
miockocTeit Y.
3amerum, uto K~ sBisercs antmyactuneii K* me3ona. UToObl mepelTH OT OJHOM

MOJIENU K IPYTOi B 3TOM clly4ae, HeOOXO0IMMO COBEPIIUTH CHaYalla CABUT BJOJb INIOCKOCTEN
Y nHa omuH ypoBeHb, a 3arTeM IPOU3BECTH IIOBOPOT BOKPYI BHYTPEHHEH TOYKHU
MHOTroyrojibHuKa Ha 180 rpamycos.

PaccmoTpuMm emie OAMH CyNEpMYJIbTHIUIET, cocrosumii u3 10-tu  GapHOHOB,
Ha3bIBAEMBIX PE30HAHCAMHU.

Tak ’xe, Kak M B TPEABLAYIINX CIydasx, OyJIeM paccMaTpuUBaTh Mapbl OapHOHOB,
pasnuyaronrecs A Hac TOJIbKO 3HAKOM 3apsia 1.

[epBast Takas mapa GapuoHoB A~ u A™. lns A~ umeem: I= —%; B=1; S=0.

HpeI[CTaBJ'IeHI/Ie JJI1 MOACIIN UMECT BU:

I=—1—1—1; B=+1+1; S=+1—1.
2 2 2 2 2 2 2

T.e., MBI UMECM IJId IMOCTPOCHUA MOACIIM TPpU BHYTPCHHHUX TOYKH, NPUHALICKAIINUX
OTpULATCIIBHBIM YPOBHAM, W YCTBIPC TOYKMU Ha I'PaHUIIC. TpI/I N3 HUX C IIOJIOXKUTCIBbHBIM
3apsAaA0M U OJHA C OTPHULATCIIbHBIM. Takux MO,Z[CJ'IGI‘/JI MBI CH_[é HC CTPOHJIN. IToxaxxem OOHH M3
BO3MOJXHBIX BAPHUAHTOB.

-10 -
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vl ] (e “l

Puc. 12

CIBUHYB 5Ty MOJENb Ha OJMH yPOBEHb BIOJb IUIOCKOCTEH Y, MOIyYdUM MOJEIb
Oapuona A*.

PaccmoTpuM BTOpyIo napy 3toro myistumnera: A u A*. Ina A :

1:_1; B=1; §=0.
2

Cpa3y MOXKEM CKas3aTb, YTO MOACIBb 3TOI'O 6ap1/10Ha BHCIIHEC BbITJIAOUT TaK KC,KaK U
Mmozenb Heiitpona (Puc. 5). A monens 6apuona A* BHEIIHE COBIAAET ¢ MOIEBIO IPOTOHA.

Crenyromas napa 6apuoros ¥~ u ¥+ uMeer Takue XapaKTepHCTHKH:
ma Y~ I=-1; B=1; S=-1,
ma Y I=+1; B=1; S=-1.

O‘-ICBI/II[HO, YTO MOACIIN UX GYIIYT NACHTUYHBI MOACIIM COOTBECTCTBCHHO FI/IHepOHOB
Y~ u X*. D70 %Ke MOXKHO CKas3aTh M 0 Mojensx 6apronoB ¥, B~ u 2. Ux Mozxenn OymyT

0

OANHAKOBBI C MOACIISIMU T'MIICPOHOB 20 , ="M E° COOTBETCTBEHHO.

OcTtanock paccMOTpeTb IMOCIEAHUN JecAThlii O0apHOH 3TOr0 CyNepMyJIbTHILIETa —

runepon Q. Jlng Hero uMeem:

I=0; B=1; S=-3.

[Tonyyaem Takue MoJieIbHbIE XapaKTEPUCTUKH:
=it g A1 g 111111
2 2 2 2 2 2 2 2 2 2

OpHa U3 BO3MOXHBIX MOJIENEH /IS 3TOTO TUIepoHa OyAeT UMETh TaKOW BU/I:

-11 -
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3. MoaeanpoBaHne XapaKTEePUCTHK KBAPKOB

Tenepb NPUCTYNIUM K MOJETUPOBAHMIO KBAapKOB. 3aMETUM Cpasy, YTO OapHMOHHBIN

1 .

3apsil KBapKOB — JPOOHOE YHUCIO W IPUHUMAET 3HAYCHUS ig. 3Ha4yeHuss NPOEKUUi
M30TOIMYECKOr0 CIHMHA OCTAIOTCA B NPEXHHUX Ipenesax, T.e. HauMEHblIas aOCOOTHas

1
BennuuHa I paBHa 3 OOmemacmTaOHBIM HAaWMEHBITUM 3HAYCHHEM B JaHHOM Clydae

SABJIACTCA YUCIIO g . Umenno a0 9TOM BEJIWYUHEI MBI U 6YI[€M «KBAHTOBATbL» XaPAKTCPUCTUKU

kBapkoB I, Bu §.
PaccmoTpum napy kBapkoB d U U, oTIMYaIOIUXCs 3HAKOM MPOEKLIUHU U3ocnuHa. s
KBapKka d UMeeM TaKue 3HAYCHHS XapaKTEePUCTHK:

[Toctpoum oaHY H3 BO3MOXHBIX Mozeneil kBapka d, rae OyaeM HMeTb TpHU
BHYTPEHHUE TOYKU U YEThIPE TOUKU Ha TPaHUIIE MOAEIUPYEMOTO MHOIOYTOJIbHHKA.

+Y & +|

Puc. 14

3ameTuM, 4TO MOJENb KBapka d momoOHa Moaenu OapuoHa A” . Ho MbI HE JOJKHBI

3a0bIBaTh, YTO MacIITad pEmETKH KBAPKOB B TPU pa3a MeEHbIIE MacmrTada peméTku
1
AIIEMEHTApHBIX YaCTHII, T.K. B IEPBOM CIIy4ae MaclITaOHOE YHCIIO rt a BO BTOPOM - 3

CnBuHyB BI0JIb TJIOCKOCTEN ¥ Mozenb kBapka d Ha OAUH CHJIOBOW YPOBEHbB, TOJTYUYUM
MoJenb kBapka U.
PaccmoTpum kBapk

s: I=0; B=—; S=-1.

G | -

-13 -
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B MOILCJ’II)HO-MaCHITa6HLIX BCJINYHNHAX UMEEM.
1 1 1 1 111111

I=+——; B=+—+—; §S=———————————— .
6 6 6 6 6 6 6 6 6 6

MosxeM noCTPOUTH TaKyl0 MOJIEb.

\'\ . g / -~
.. A
A ;}g

Y | 4] N

Puc. 15

3aMeTHM, 4TO MOJIeTIb KBapKa § MOJ00Ha MOJieNny TurepoHa Q.

PaccmoTpum Mopenu ocTaBIIMXCS TpEX aHTHUKBapkoB. Hauném c paccMoTpenus
MOJIEJIM AaHTUKBapKa

s I1=0; B=—§;S=1.

B BemmumHax AJI MOACTTUPOBaHMA 3TO BBIITIAANUT TaK:

1 1 1 1 1

I=+———; B=———; S=+—+—+
6 6 6 6

1 11 1 1
—+—+—+—+—.
6 6 6 6 6 6

T.k. MozienM KBapka § M aHTHKBapka § HMEIOT IO JBE pa3HO3apsIHble BHYTPECHHHE
TOYKH, TO, IOBEPHYB MOJENb § KBapka Ha 180 rpaxycoB BOKpYT OJHOH M3 €ro BHYTPEHHUX

TOYEK, MBI ITOJIy4UM MOJIENIb AHTUKBAPKA § .
PaccMmoTpuM aHTHKBapK

d: I=—; B=—l; S=0.

I[J'ISI MOZACIINPOBAHUSA ITOJTYHaCM:
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I=+1+1+l; B:—l—l; S=+l_l.
6 6 6 6 6 6 6

T.o., uTOOBI mepeiiTi OT Mojenu KBapka d K MOJENH aHTUKBapka d , HEOOXOIUMO
BBITIOJIHUTh KOMITO3HITHIO TIPeoOpa3oBaHuii: OBOpOT Ha 180 rpamycoB BOKpYT BHYTpEHHEH
TOYKM M CHBUT BJOJb IUIOCKOCTEM Y Ha OIMH CWIOBOM YpOBEHb. AHAJIOTMYHO

OCYHICCTBIIAOTCA B3aMMHBIC IIEPEXOAbl OT MOJACIIN K MOACIIN UL KBApPKa Un ATUKBApKa U.
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4. IlocTpoenne o0eid MoaeH

Tenepp nepexoauM K caMOil HHTEPECHOM YacTH HAIIEro MOAEIUPOBAHUsA, & UMEHHO, K
00BEAMHEHHUIO IBYX MOJIEJICH: 3JIEMEHTApHBIX YaCTULl U KBAPKOB B €IMHOE LIEJIOE.

Camoe rnaBHOE 34€Ch — 3TO TO, YTO HAIUM LEJIOYUCICHHBIE PEMIETKH CO CBOUMH
CHJIOBBIMH JIMHUSIMH «0€300JI€3HEHHO» HAKJIaIbIBAIOTCS APYT Ha apyra. Jpyrumu cioBamw,
YMEHBIINUB MacITad peméTku, Ha KOTOPOH MOJIETHPOBAINUCH AIEMEHTAPHbBIE YaCTHUIIBI, BTPOE,
MBI MTOJIYYUM PEHIETKY JUIsl MOAECITUPOBAaHNUS KBAPKOB.

W3 Teopum »SIEMEHHTApHBIX 4YaCTHIl HW3BECTHO, 4YTO CBOOOJIHBIX KBapKOB HeE
cymiecTByeT (1o KpaiiHeH Mepe uX HUKTO emié He oOHapykui). [losToMy MBI CTaBUM ISt
HAIIIer0 MOJEIUPOBAHMS 3a7auy OCTPOUTH MOJIETh JIEMEHTAPHOMN YaCTUIIBI TAKHUM 00pa3oM,
yTOOBl Ha €€ IUIOIAA MOXHO OBLJIO pPa3MECTHUTb COOTBETCTBYIOLIME ISl 3TOM YacCTHIIbI
Mozaenu KBapkoB. I[lpuuém Takum oOpa3om, YTOOBI MOAENH KBapKOB JApPYr Apyra He
MEPEKPHIBAIM U HE BHICOBBIBAJIUCH 33 IPAHUILIBI MOJENIEH AIeMEeHTapHbIX YyacTull. OJIHAaKO, Mbl
JIOMyCKaeM, 4YTO KacaHue MOJeNIed KBAapKOB CTOPOHAMM WJIM BEPIIMHAMHU BO3MOXHO. Bo
BCSKOM CJIy4ae, 3TO HE HapylLIaeT CaMUX MOJeJIel KBapKOB.

Ha mepBsIii B3I KajKeTCsl, YTO 3a/1a4a OUY€Hb MPOCTa, HO MBI YOeaAuMcs ceifuac, 4To
9TO JaJIEKO HE TaK.

UroObl HE BO3HUKAIO NPOTHUBOpPEUMsI C yJIBOEHHEM Bcex xapakrtepuctuk Q, I, Y
3JIEMEHTAapHON YacCTHULbl IPU OOBbEIMHEHUH JIBYX MOJeel (3J1. YacTHUIlbl U KBapKOB), OyJieM
CUMTAaTh, YTO TEPBBIN dTAll HAILIIETO MOAEIUPOBAHUS ONPEAETSET JUIIb MOAXOIAIIY0 hopMy
(KOHTYp) 2JIEMEHTApHOM YaCTHUIIbI, a BCE 3apsiAHbIC XapaKTepucTtuku, T.e. @, I, ¥ BHOCAT B
MOJIEJIb IaHHOM YacTHIIbI €€ KBapKHU.

Hauném ¢ cambix mpocThix mozeneit {2° runepoHa u A 0OapuoHa, T.K. MOJIEIH ITHX
YacTUI] U MOJEIHN KBApPKOB, UX «HACEISIIOIUX», MOA0OHBI. [l ) MOXKHO MOCTPOUTH TaKyIO

MoJieNb (IOMHHUM, 4TO €2~ COCTOUT U3 TPEX KBApKOB § .

HEEE Y
T i T T1=+Y
aCRE . : “'Y
1 _.?,r.'-.___ L
it = / - +Y
= ; it
-, o, 7 {‘:{
-
] - é.f L]
. \. / |
~, 3 LAT 14 .
b B il
- E E SN B
T v . n
" .
. ’ ™
T <
\,‘." z \-\ . =
; ; A \. B &
F ol
o » il ] AN N |
4 - e g +|
2 I I B -l
Puc. 16

Kak Bumaum wu3 Puc. 16, Takas mMoaenb BO3MOXHA. 3/1€Ch HE HapylleH HU OJUH
CI/IJIOBOP'I ypOBeHB. KpOMe 3TOI'0 Haa0 3aMCTHUTH, UYTO 3TO HCE CAMHCTBCHHAA MOACIIb FI/IHepOHa
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¢ ero kBapkamu. He Hapymas XpOMOJMHAMMKH, Mbl pPACKPaCMM HAllM KBapKud B
COOTBETCTBYIOIIHE IBeTa. KpacHBIMM TOYKAaMH TOKa3aHbI y3JIbl PEIIETKH, COOTBETCTBYIINE
MOjieny, npecTaBieHHol Ha Puc. 13, a 4yépHble cOOTBETCTBYIOT MoJenN KBapka — Puc. 15.
Ecnu kpacHble TOYKHM COBNANAIOT C YEPHBIMH, TO MBI OCTaBISieM WX B KPAacHOM IIBETE.
HaHOMHI/IM, qTo BCINYHNHBI 3apAd0BbIX XapaKTCPUCTHUK BHGMGHTapHOﬁ HJaCTHUIIbI
OTIPEIEIISIFOTCS. CYMMO# COOTBETCTBYIOIIUX XapaKTEPUCTUK €€ KBaPKOB.

He BBI3BIBaCT 3aTpyNHEHHI U MTOCTPOECHUE MOJenu A~ OapHoHa, KOTOPBI COCTOUT U3

TPEX KBapKOB d.

| “ :'-.- |- - -

- ,
. = Bl | -
£ e |« B ®

Y ST L 1T T A
+Y - AL e » ! .

- G ' sy o "
e =

Puc. 17

3amMeTuM, YTO 9TO HE EIMHCTBEHHOE IMOCTPOCHHE Mojenu OaproHa A~ . MoxHO

W3MEHHUTH BHELIHIOK MOJEJb 3JIEMEHTAPHOW YaCTULbl U COOTBETCTBEHHO HACTpPaumBaTh IOJ
HEeE MOJIENIN BXOJSAIINX B HEE KBAPKOB.
CnBuras JaHHYI0 MOJIENb BJIOJIb INIOCKOCTEW ¥ HA OAMH CUIIOBOW YPOBEHbB, NOIyYaeM

MoJiens GapruoHa AT, KOTOpBIi comepskeT Tpu kBapka U.

I[aﬂee 6YI[6M paccMaTpuBaTb MOZIACIIN SJICMCHTAPHBIX 4YaCTHUL, HASA B O6paTHOM
MOpAAKE K HaYaJly HAIIETO UCCICIOBAaHUS.

Ha Puc. 11 Opina npeacrasnena mojenb K~ Me30Ha. DTOT ME30H COCTOUT U3 KBapKa §

u aHTukBapka U .

| |
% il v
B it
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I ] r
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= ) Ar) . §
G F-
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i B -l
+Y e
- ."._\+I
=Y
Puc. 18

B coorBercTBHU C ImpaBujIaMH XPOMOJUWHAMHUKH, HOBET YaCTUIBI JOJKCH OBITH

HEWUTpaIbHBIM, IIO3TOMY, €CIIM Y HAC KBAPK § UMEET >KENTHIM IBET, TO aHTUKBapk U noipkeH
UMETb L[BET (PUOJIETOBBIM.
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—0
MBI nymaeMm, 4TO IIOCTPOEHUE MOJENEd ME30HOB K ", a takke K ' u K wHe

BBI3bIBACT 3aTPyAHEHU.
Paccmotpum moznens z~ me3oHa (Puc.10). On cocrout u3 kBapka d u anTukBapka U .

| | K -~

L . ~ .f' i

- =
TN
: '.‘ o i
y - /-" .
B - - F 1
) ElR .
J - at
+Y - TN
Y ’ - =
|
Puc. 19

B nannoii monenu kBapk d UMEEeT CUHUH LIBET, ClIeIOBAaTEIbHO aHTUKBapK U NOJKeH
HUMETh LIBET OPAHKEBBII.

CoriacHO TEOpUM XPOMOAMHAMHUKH, KaXIblii M3 KBAPKOB MOKET MPUHHUMATH TPU
pa3IMYHBIX 1IBETA: CHHHM, KpacHbId, kENThIA. Torma aHTHKBapku OyayT HMMETh IIBETA:
OpaHXEBBIH, 3€EHBIN, (DUOIETOBBI COOTBETCTBEHHO. MBI HE JOJKHBI TaK)Ke 3a0bIBATh, UTO
Ha Puc. 19 mokasana Bcero JUIIb OJHA U3 BO3MOKHBIX MOJICIIEN.

AHAJIOTHYHO CTPOUTCSI M MOJIENTb 7 ME30Ha.
PaccMoTpum Mozienb 7' Me30Ha. MBI TOBOPHUIIN,YTO BHELIHSAS €0 MOJeNb (060104Ka)
cxoxka ¢ Mozienbio Y. runepoHa (Puc.7). 7' Me30H MOXKeT cOCTOATh U3 M06Oro KBapka u

AHTHUKBApKa, TOYHO TAKKEC, KaK 1 MC30H 7]0 . IToxaxxem mMoJieNIb 71'0 ME30HaA, COCTOAIICTO U3 d

n d KBapKoB.

Puc. 20

He tpyaHo GyseT MOCTPOMTHL M MOJIEb 77’ ME30HA, COCTOSNIETO M3 § U § KBApKOB.

Mopnenu MOTYT pa3inyaThCsl U BHEIIHUM BUAOM, U BHYTPEHHUM PACIIONOKEHHEM KBApKOB, a
TaK)K€ U BHEIIHUM BUIOM MOJIEJIEH caMUX KBApPKOB.

—

Paccmorpum monens E- runepona (Puc. 8). DTOT rumepoH COCTOUT U3 ABYX KBapKOB

$ ¥ OHOTO KBapKa d. 311ech KBapKH § UMEIOT CUHUM U KPACHBIN LIBETA, a KBAPK d- KENTHIM.
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Puc. 21

Panee Mu1 YIOOMHHAJIN, YTO BHCHIHC MOJCIIb = rHIIepoHa CX0Ka ¢ MOACJIbIO YaCTHUIIbL

*,

=~ 0apHoHa, OTHOCSIIETrocs K rpyIIe pe30HaHCOoB. Takoi 0apuoH COCTOHUT TakXe U3 JABYX §

KBapKoB M oaHOro kBapka d. IlokaxkeM BO3MOXKHYIO €r0 MOJIelb, OTJIMYHYIO OT MOJEIH,
nokaszagHou Ha Puc. 21.

‘ i o | | s
- - o/ |1 L7
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I [ .
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YO+ +H -l -l
Puc. 22
AHanoruyHo crposarcs Mozenn yactun = uE". A MOXHO TH MOJENH MONYUHTh,

*,

UCIOJIb3YS CABUT COOTBETCTBYIOIIMX MOJeel yacTul E- u B
Tenepsr paccmotpuM Moienu yactul, Y. u A’ rumepoHos. BHemnwmii Bux mMomenu

npeacrasieH Ha Puc. 7. HecMoTpst Ha TO, 4TO 3TO pa3HbI€ YACTHUIIbI, COCTOSIT OHHM Kaxkaasi U3
TpEX OJIMHAKOBBIX KBapKoB: d, U u s.
[TokakeM BO3MOXHBIE MOJIETIH 3TUX YACTHII, & TAK)KE YACTHUIIBI pe30HaHca Y 0
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Puc. 23

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

3aMeTUM TaKyl) OCOOEHHOCTH Haliero mMojaeaupoBaHusi. Eciu moaenu yacTuu
ABHUIaTh BI0Jb IJI0cKOcTel Y, To kBapku d m U OyayT Bcé BpeMsi MEHATHCA MeCTAMU, B
TO BpeMsl KaK KBAapK s 0yJeT 0CTaBaATHCHA CTA0MJIbHBIM.

PaccmoTpum odepennyo yactuity 2, rurnepoH. OHa COCTOUT M3 ABYX KBapkoB d
OJTHOTO KBapKka s. BHemIHss yacTh MOAENM Q.  THIEpOHa MokasaHa Ha Puc. 6. Cpasy

CKa)XeM, YTO B MOJIEJb, MIOKa3aHHYI0 Ha Puc. 6, 3Tu Tpu KBapka yrnakoBaTh HaAM HE yJaJiOCh,
MO3TOMY MBI H3MEHWIN «000JI0UKY» MOJIEIIH.

Takoke MokakeM OfHYy W3 BO3MOXHBIX MOJIesiei u Oaprona ¥ =

S T |
—— 1 g A I O L R L O
—j. et i‘ Y
. [ b 1S Py _.":..I B i 1.|,r
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Puc. 24

Ha naHHbBIX MOJENSIX KBapK § - XKENTHIN, a KBapku d - CUHUI U KpacHbI. O4eBUIHO,
YTO CMEIIAsCh BIOJb IIOCKOCTEH ¥ Ha OAWH ypOBEHb, MBI [TOJTYYHUM MOJICTH TUIICPOHOB D, "

u Y™ . M0kHO IOCTPOMTB, HAPUMEP, MOJIENb TUIIEPOHA Y.~ , TJie KBapku d COBEPIIEHHO He

HMCIOT TOUYCK KaCaHHU.
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Puc. 25

Tenepp MpUCTYNMM K MOCIEAHEH YacTH HALIEr0 HUCCIEHOBAaHUS — MOJACIHPOBAHUIO
HEeWTpoHa W mpoToHa. Kak M3BECTHO, HEUTPOH COCTOMUT M3 TPEX KBAPKOB: /Ba d KBapka U
omuH U xBapk. COOTBETCTBEHHO, MPOTOH uMmeeT aBa U kBapka u oAuH d . 3aMETUM, UTO
ITOMCK MOJIEJIN HEUTPOHA TOCTABUJI HAM HEMAJIO XJIOMOT, HO B KOHEYHOM UTOTE TaKasi MOJEIb
ObL1a mocTpoeHa. B Ty «o0omouky» HEMTpOHA, YTO MOKa3aHa Ha Puc. 5 «ymakoBaTh» JaHHbBIE
TPU KBapKa IMPOCTO HEBO3MOXHO. Ham ynanock MOCTpOMTH MOJAENb HEWTPOHA U MOJEIU
KBapKOB, yIOBJIETBOPSIONINE BCEM HEOOXOIUMBIM YCIIOBHSIM.

B
e
o

FY oY 4o+ A
Puc. 26

B Monenu neiitpona kBapk U mokazaH CUHMM, a KBapku d - KPACHBIM U KEJITHIM.
TpaauuMOHHBIM CIBUTOM IOJy4aeM Mojeib npotoHa. Kak Buaum u3 Puc. 26, kBapk U kax
OBI 3KaT MKy KBapkamu d . B Mojenu nmpoTtoHa, eCTECTBEHHO, OyIeT oOpaTHasi KapTHHA.

MBI IOMHHM, YTO CPeAH YacTHIl Pe30HAHCOB cymecTByeT A’ GapuoH, KOTOpHIi MO
BCEM MOJEIBHBIM XapaKTepUCTUKaM COBMagaeT ¢ HeWTpoHoM. [loaToMy Ham HEOOXOAMMO
MOCTPOUTH MOJIETb, OTJIMYHYIO OT TOM, KOTOpas mokaszana Ha Puc. 26, HO OTBeUaloIIyI0 BCEM
HEe0OXOIUMBIM TPEOOBAHUSM HAIIIETO MOAECTUPOBAHUS U TEOPHH.

Bapuon A’ cocTouT Takke m3 ABYX KBapkoB d u oxHoro kBapka U . Takas mosenb

CYLIECTBYET.
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Puc. 27

3nech KBapku d UMEIOT JKENTHIN U KpacHBIN LIBET, a KBapK U - cuHuil.

MoxHo mnodaHTa3upoBaTh M NPEANONOXKUTH, YTO OJMHAKOBBIE KBAapKH, Kak U
OJTHOUMEHHBIE 3JICKTPUUECKUE 3apsi/ibl, OTTAIKUBAIOTCS, Hanpumep, kBapku d u d (umn U u
U), a pasHOMMEHHBIE — IPUTIATUBAIOTCA. TOrMa MOIeNb HEUTpoHa OyAeT yCTOWYNBEE MOJIEIH

A’ GaproHa. A ecnu IpeAnoNoKuTh, uTo cBa3ka U - d - U kpenue yeM d - U - d cBs3ka, TO

MPOTOH OKaXeTcsi Oojee JKU3HECTOMKMM, dYeM HeHTpoH. KBapk § MOXHO CUYHTaTh

HEHTpaJIbHBIM IO OTHOIICHMIO K JPYTUM KBapKaM U ce0e MOJ00HBIM.
MpbI pemniay BBECTH HEKYIO MOJIETIbHYIO XapaKTepPUCTUKY 3JIEMEHTAPHBIX YacTUll. Mbl
Ha3BAIM €€ IUIOTHOCTBIO 3JIEMEHTAPHOM 4YacTULbl. BpIUMCISIETCS Takas IUIOTHOCTH IO

cnenytomen Gpopmye:

S
J, LS =3 4)
St
rae ZS x - CyMMapHas ILIomaab Mojeen KBapKOB, BXOIAIIUX B JaHHYIO MOJICIb

3JIEMEHTApHOM YacTullbl, a §, - IIOLAJb MOJEIN CaMOM YaCTHULIBL.

I[JISI BBIUMCJICHUS TUIOTHOCTH J. ¢+ » TCICPb YK€ Ha CaMbIX 3aKOHHBIX MATECMATHYCCKUX

OCHOBAHUSX, OyJIeM UCIOJIB30BaTh hopmydy (2).
Onpenenum mIoaad MoJieJield KBapKOB.

4 8
S,=8,=3+—=5; S =2+-=6.
2 2

O‘-IGBI/II[HO, qTo mjomajiab MOJACIM  AaHTUKBApKa paBHa IUIOMAaaud  MOJACIIA
COOTBECTCTBYIOIICT'O KBapKa. Berancanm miuoTHOCTH IMOCTPOCHHBIX MOI[CJ'IGﬁ OJIEMCHTAPHBIX

qaCTHII.
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HosiBnenne kospduurerTa 9 npu BLIMUCICHUH TUIOWAAN S OOBACHSETCS TEM, YTO

peméTka Uil MOJECIMPOBAHMS DJIEMEHTApPHBIX YACTHUIl B TPU pas3a KPYNHEE PELIETKU I
MOZEIIMPOBAHUS KBAPKOB.

S, = 9(3+§j —45. g =3 fsd — 0,333...
4 S, +S-
s _=o1+2]=27. J =220 _ 0 407...
K 2 K 27
S, +8-
s =9of2:4 =36; =1 U =0.277...
. 2 . 36
S, +5-
Sa.=8,=5_ =36 J, = s —0,333...
s =of1+8)=36: g =38 g
= 2 = 36
S, =S20=9(2+i)=36, J, =280t g4y
2 : 36
SZ_ =S20, JZ—=J209
2
S, =8, =9(1+§]=27 J, =0, 255 555,

M B KayecTBe TIOCIEJHETO 3aMEYaHUs OTMETHUM, 4YTO TMOAOOHBIM mpolecc
MOJIETUPOBAHUS, KaAK HaM Ka)KeTCsl, BO3MOKHO OCYIIECTBUTDH MPU MMOMOIIY KOMIBIOTEPA. DTO
MO3BOJMJIO OBl OTHICKAaThb BCE BO3MOXKHBIE «KBApKOBBIC YIAKOBKW» M Pa3HOBUIHOCTH
MOJIeJIel 3JIEMEHTAPHBIX YaCTHIl. A MOXET OBITh, TIO3BOJIMIIO ObI M CMOJICIIMPOBATH PEAKIHH
B3aMMHBIX [IPEBPAICHUN U PACIAL0B 2JIEMEHTAPHBIX YACTHILI.

-23.-



Dpany ['epman ['eomempuueckoe mooenuposanue

5. XapakrepucTuyeckoe ypaBHeHuUe

Kak y>xe ormeuanocs Beiie, hopmyna moaenupoBanus (2) u popmymna [luka (3) — 310
pasHbIe GOPMYIIBI, XOTS M OYEHB TIOX0)KHE BHEIITHE.

HanmomHuM, ans BBIYMCICHHS IUIOIIAAM MHOTOYTOJbHHMKA, BEPLIMHBI KOTOPOIO
PacCIIOIOKEHBI TOYHO B MEMKIA0Y3IUSAX IICTOUYUCICHHON PEIIETKH MBI TIOJB3yeMcsl POpMyIIToit
(5) (aty *e dhopmyiny MBI UCHONB3YEM ISl MOJEIMPOBAHUS AJI. YACTHIl M KBApKOB). Touku
MEXJOY3JIMiA, B JAHHOM CJyd4ae, HaXOIITCs Ha IEPEeCeYeHWH TUaroHajei KBaIpaTHKOB
LIEJIOYUCIIEHHON PEIIETKHU.

F=B+§, (5)

3M1ech B - 4YHCIIO Y3IIOB IEJIOYHMCICHHOW PEIIETKH, PACIONIOKEHHBIX BHYTPU JTaHHOTO
MHOTOYTOJIbHUKAa, a I - 4YuCcio Yy3JI0B, pPAcCIOJOXKEHHBIX Ha TPaHUIE JTaHHOTO
MHoroyronbHuka (Puc. 28).

Puc. 28

B nmannom mpumepe B paBHo 5, I' paBHo 3, mo dopmyne (5) momyuaem F = 6,5
KBaJIpaTHBIX €AMHMUII IIeJIounciIeHHON pemérku. He TpyaHo yOenuTbes, pa3OMB JaHHBIN
MHOT'OYT'OJIbHUK Ha COCTABJIAIOILKE €0 MPSMOYTOJIbHUKU M NPSIMOYTOJIBHBIE TPYTOJBHUKH,
YTO 3TO IEUCTBUTEIIBHO TaK.

MOoXHO MpeAnonoxkuTh, 4To ¢Gopmyna (5) — 5TO BCEro IUIIb YAaCTHBIM ciydaid
n3BecTHOM (Qopmynbl [luka (6) 11 BBIUMCICHUS TUIOIMIAAM MHOTOYTOJIbHUKA, BEPIIMHBI
KOTOPOI'0 pacroyIoKeHbl B y3J1ax 1ejaouyrciaeHHoi pemérku (Puc. 29).

*

F=B*+%—1 (6)

Puc. 29

Ouesugno, uto B u B° u I' u I'", nna ¢opmyn (5) u (6) He MOTryT OBITH
OJTHOBPEMEHHO PaBHBI JIpyT APYTY.

-4 -



Dpany ['epman ['eomempuueckoe mooenuposanue

MHoOroyroiapHuK, MmokasaHHblii Ha Puc. 29, MOXXHO MONy4YUTh U3 MHOTOYTOJIbHHKA,
MOKa3aHHOTO Ha Puc. 28, sneMeHTapHBIM CMeEIleHHEM Ha JI000H M3 BEKTOPOB (i%,i%),
mpuuéM, 3HaKU niepes KodpUIMeHTaMHi CMEIIeHH 3[1eCh HECOTTIaCOBAHBI.

Tenepb, 4T0OBI BEIYUCIUTH TUIOIMIAH TOIO MHOTOYTOJIBHUKA, HAJI0 BOCIOIB30BATHCS
dopmynoit (6). 3mecs B =3, I'' =9 (Puc. 29). OueBHIHO, IIOMYYaeM TOT K€ Pe3yiIbTaT:
F=6,5.

B teuenue 15-Tu mocnegHuX JieT aBTOp, BPEMsS OT BPEMEHH, BO3BPAILLAJICS K 3TUM
(dbopmynam, MBITAsCh HAUTH 3aBUCHMOCTh WK (HOpMyITy TpeoOpa3oBaHus IS BeIHYUH B u
B u I' u I'". B utore aBTOp cie1an BBIBOJ, YTO 3TO COBEPIIEHHO Pa3HbIe (hOPMYIIBI, XOTS U
OueHb TMOXOXHe. Mpbl He MPHUBOAUM 3Aech JOKazaTenbCcTBa dJTUX (opmyrn, a
3aMHTEPECOBAHHOTO YMUTATENS OTChIIAEM K COOTBETCTBYIOIIEH siutepatype [3].

Tenepb momnbITaeMCs B3MISIHYTh Ha 3TH (OopMyJibl T1azamu Gu3uka. Mbl HMeeM HEKYIO
(mepBo3aHHYI0) PEMIETKY, B y3JaX KOTOPOH COCPEIOTOUEHA KAKAsI-TO «METa’dHeprus» (y3Jbl
pemérkn). C Touku 3peHust (U3UKH TIIOIIAThs MHOTOYTOJIbHIKA MOXKHO paccMaTpuBaTh, Kak
SHEPruI0, KOTopas B HEM cofepxercs. Kak TOJbKO MBI CTPOMM Ha 3TOW PEHIETKE KAaKOM-TO
MHOTOYTOJILHUK, BEPIIMHBI KOTOPOTO PACIOJIOKEHBI B MEXKIOY3NMUAX (WM B y3Jax) Haien
PEIIETKH, «METa’ HEPTHs» PEIIETKU MPEeBpaIlaeTCs ISl Halllero MHOTOYTOJIbHUKA B JIBa BU/1A
KOHKPETHOW sHepruu: sHeprus ¢opmbl - E, =I" (MOXHO CKa3aTh, YTO 3TO AHAJIOT

KMHETHYECKOW DHEpPruM) M DHeprus cojepxkanus - E_ =B (aHanor NOTCHLUAIBHOU

sHeprum). Torma equnuity B opmyse (6) HaIO MPENCTaBIATh, KaK SAHHUIY «METadYHEPTHI)
pewéTku: e, . U popmynsl (5) u (6) MOkKHO niepenucarh CIeAyOIUM 00pa3oM.

Ell'
E=E +T, (7)

*

* E¢
E:EC+T—80. (8)

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

IIoJIydaeM TaKO€ BBIPAXKCHUC:

AEdl
e =AE +—— )

®opmyna (9) moka3bIBaeT CBSA3b CAMHHUIIBI «METAdHEPTUM» PEIMIETKH C dHEPTHUEH
(bopMBI U cotepKaHHUs.

Ecmn mexny Bemmuunamu dopmyn (5) u (6) (wim (7) u (8)) cymecTByeT moJiHas
HEOMPE/IeIEHHOCTh, TO 3aBUCUMOCTh Meky BennunHamu AE, u AE, BCE-Taku yCTAHOBHUTH
ynaércs. AE, npuHuUMaeT 3HAYCHHS {0,—1,—2,—3, ...,—n}, B COOTBETCTBHH C 4YEM,

AE,
BEJINYMHA > IIPUHUMAET 3HAYCHHUS: {1, 2,3,...,n+1}. OTKyZla MOKHO 3amlucaTh:
AE, -AE,

5 =—n-(n+1). UroObl He myTaTb YHCJIa M C YUCIaMU HATypaJbHOIO psfa,

AE, -AE,

MepenuileM ModyuYeHHYIo QopMmyly, B BHIE: = —k-(k+1), 3neck k mpoberaer

3HAUYEHMS {0, 1,2,3, ...,n}. Ucnone3ys mocnennee BeipaxkeHue u Gopmyny (9), MOXKHO
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COCTAaBUTh KBaJpaTHOE YpPAaBHEHUE «IHEPI€TUYECKOT0» COCTOSHUS MHOTOYIOJbHUKA.
Ha3oBéMm ero xapakTepUCTHUYECKUM YpaBHEHMEM MHOTOYTOJIbHUKA, PACBIIOJOKEHHOTO Ha
LIEJIOYHUCIICHHOMN PEIIETKE.

E'—e,E—k-(k+1)=0. (10)

AE,

Kopusimu ypasnenus (10) Oynyt Bennuunsl AE, u , a coMo ypaBHeHue (10)

HaIIpsIMYIO 3aBUCHT OT 3HAYEHUS YUCEN HATYPAIBHOIO PsAJa, JOIIOTHEHHOTO HYJIEM.

HemHoro orBieuémcss M NHOroBOpUM O TOM, Kak BBIBOAATCA (co3aaroTcs)
(byHIaMeHTaNbHbIC ypaBHEHHUS (PU3MYECKIX TEOPHUH.

Bo-nepBbiX, (yHIaMeHTalbHblE YypaBHEHMs SBIAIOTCA 00o0OImeHuemM (opmyi,
MIOJIyYEHHBIX B p€3yJbTaTe MPOBOAUMBIX (PU3NYECKUX IKCIIEPUMEHTOB (HAaIpUMEp YpaBHEHUS
Jlarpanxa, MakcBenia ...).

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

B-TpeTpux, Ha OCHOBE YK€ HMEIOIIETOCs PEIICHWs B BHJIE MaTeMaTHYECKOU
(bopMy B

Paccmotpum Gosee moapoOHO MOCIETHHUM CITydail.

B cBoé Bpems Opsun llpénunrep crpomn cBoé ypaBHeHue ((pyHAaMeHTaIbHOE
ypaBHEHHE KBAaHTOBOW MEXAaHWKH) OTTAJKHBAsICh OT (GOpMyJbl Ae Bpoiins s miockoi
BOJIHBL. OTa (opmyna Oblna B3sta LIpénuHrepom B KauecTBe pelICHUs] YPaBHEHUS, KOTOPOE
OH 3azaincs noctpoutb. W moctpomn. Kak m3BectHO, 3T0 auddepeHnnansHoe ypaBHEHHE
BTOPOTro Nopsiika. B o01em Buie Takue ypaBHEHHSI MOKHO 3aIUCaTh:

d*f df
+a—+bf =0 11
o / f (11)
B MaATCMAaTUKEC CyIJ_IeCTByeT METO4 OJId peI_HeHI/ISI TaKUX ,Z[I/I(l)(i)epeHL[HaJIBHBIX

YpaBHEHUM.

CHayana pemaeTcsi XapakTepUCTHUYECKOE YpaBHEHHE B BUJE KBAJIPAaTHOTO ypaBHEHUS
k* + ak + b =0, a 3aTeM, Ha OCHOBE TIOJYUCHHBIX PEIICHUH, HAXOIATCS PEIICHNS YPABHEHHUS
(11).

A Tenepp modaHTazMpyeM U TMpeacTaBuM, 4to ypaBHeHue (10) sBiseTcs HEKUM
XapaKTepUCTHUYECKHUM YpPaBHEHHEM IS  Kakoro-to Iu¢¢epeHIranbHOr0  ypaBHEHUS,
OIMCHIBAIOLIETO HEKOe (hr3nueckoe siBjaeHue. Toraa MokeM 3ammucarh:

d*¢ dg
PR

(k+1)-&=0. (12)

VYpasuenue lllpénunrepa 11t BoIopoa0no100HOT0 (TPOCTEHUINEro) aToMa UMEET BHT
(cm. ([8], cTp. 197)):

d’u du I\+1
Y et g _1i+1) d =0 (13)
dr dr |r r

B ypaBuenun (13) mapamerp ! — siBsieTcss BTOPBHIM (ITOCJIE€ TJIABHOTO KBaHTOBOTO
YHClia) KAaHTOBBIM YHCJIOM (€r0 HAa3bIBAIOT OPOWTAIBHBIM) M MPOOETAaeT TOYHO TAKUE JKE
3HAYEHMsI, 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 HeE
TOBOpUT, HO, He 00y3apiBasg Hamly (QU3UKO-MaTeMaTHUeCKyl0 (aHTa3uio, MOKHO
MPENIOJIOKUTh, YTO BBIIIEU3IOKEHHOE MOJECIUPOBAHUE XaPaKTEPUCTUK SJIEMEHTApHBIX
YacTUI] M KBapKOB, MOXET ObITb, U HECET B ceOe HEKOTOPOE PALMOHAJIBHOE 3€PHO JUIS
¢bu3nvecKoil HayKu.

_27 -



Dpany ['epman ['eomempuueckoe mooenuposarue

6. BoiTarusanue

B nepBbIX 4acTaX Halero UCCIEI0BaHUS MBI HE pa3 MOAYEPKUBAIIH, YTO MTOKAa3aHHBIE
MOJIENIA XAPAKTEPUCTUK JIEMEHTAPHBIX YaCTULl U KBAPKOB HE OJHO3HAYHBI. XapaKTEPUCTUKU
OJTHOM M TOM K€ YacTUIBI MOKHO TNPEACTaBUTHh B BUAE MHOTOYrOJIbHUKA, BOOOIE TOBOPS,
OECKOHEYHBIM MHOXECTBOM croco0oB. Ceifdyac MBI TMOKa)K€M OJIHO, MHTEPECHOE Ha HaIll
B3IJIAJl, CBOMCTBO MHOTOYTOJbHUKOB, BEPIIMHBI KOTOPBIX PACIOJIOKEHHBI B MEXAOY3JIUAX
(y3nax) uenouuciaeHHoM peméTku. Ha3o0BEM 3TO CBONMCTBO BBITATMBAHUEM MHOTOYTOJIbHUKA.

PaccMoTpuM  MHOTOYroOJIBHMK, BEpPLIMHBI KOTOPOIO  pAaCIOJIOXKEHbl TOYHO B
MEXI0Y3IHsIX Lenounciennon pemérku (Puc. 30).

Puc. 30

[TepecTponM JaHHBI MHOTOYTOJILHUK clieaytoummM obpasom (Puc. 31).

N

Puc. 31

[To ToMy, Kakyr IUIOLIAb 3aHUMAET MHOTOYroJibHUK Ha Puc. 31 mo cpaBHEHHIO C
MHOroyroipHukoM Ha Puc. 30, MOXHO CyIuTh O BbITArMBaHUM. [Ipu 3TOM HM B3Heprus
(hopMbI, HU SHEPrUs coAepxaHus He u3MeHwIuch. Ho mpogomxum Hamie BeiTsruBanue (Puc.
32).

="

s
174

Puc. 32
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OueBHIHO, YTO MPOAOIIKAS STOT MPOLECC, MOXKHO BBITSAHYTh HAlll MHOTOYTOJIbHUK Ha
1000€ ’KemaeMoe paccTOSHUE, He HapyIast SHEPTuio (OPMBI U 3HEPTHIo coaepkanusd. Kpome
TOrO, MBI MOXXEM €ro emi¢ M IepEeOpPHEHTHPOBAaTh, NPH ITOM OCTABISAS HEIOABHKHOM,
HalpuMep, HIKHIOIO JIEBYIO BEPILMHY Halllero MHoroyrojsHuka (Puc. 33).

M~

\\_

//

Puc. 33

SIcHO, YTO Tako€ BBITATMBAHHME HE OJHO3HA4YHO. YuTarenb caM MOXKET B 3TOM
yOEIUThCS, BBIIOJIHUB HECKOJBKO IMOCTPOCHH MHOTOYTOJNILHUKOB Ha IICIOYHUCICHHON
pemérke. [Ipu 5ToM HEOOXOIUMO CIAEAUTH, YTOOBI YUCIIO Y3JIOB, PACTIONOKCHHBIX HA TPAHUIIC
MHOTOYTOJIbHUKA, W YHUCJIO Y3JIOB, PACIIOJOKEHHBIX BHYTPU MHOTOYTOJBHHMKA, BCErIa
0CTaBaJIOCh ITOCTOSTHHEIM.

Ha mamr B3riisig 3T0 CBOMCTBO MOXKET OBITh HATJISITHOW MILTIOCTPAIIEH TIBOMCTBEHHOTO
TIOHSTHS: YaCTUIIA — BOJTHA. MHOTOYTOJIbHHK (YaCTHIIA) MOXKET OBITh «CTSHYT» KOMIIAKTHO Ha
LIETOYMCIIEHHON PEMIETKE, & MOXKET OBITh U «pa3Ma3aH» 10 OECKOHEUHOCTH.
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7. KBantoBanue

Knaccuueckoe MOHATHE KBAaHTOBAHMS CBS3aHO CO CTPOEHHEM aroMa. Mbl jenaeM
MPEIOI0KEHNE, YTO KBAHTOBAaHWE — 3TO (PyHAaMEHTAIBHOE SIBIICHHE MPUPOMBI, KOTOPOE
pacIpoOCTpaHsAETCs U Ha SIIEMEHTApPHbIE YaCTULBI U KBAPKH.

BcMnoMHMM akcMOMY, Ha OCHOBaHMM KOTOPOM CTPOMIIOCH HAIle MOJEIUPOBAHME.
Benuuunsl I u Y=B+S Mbl IPEeICTAaBISAIN B BUAE CYMMBI IpoOei, Kaxaas U3 KOTOPhIX paBHA

1 1
6o iE B Clly4ae 3JIEMEHTapHbIX YacTull, JHOO ig B ciy4yae KkBapkoB. [Ipu sTom

YHIOMUHAJN TEPMUH «KBAHTOBAHUEY.

BosBpatasich k BHeNTHEMY CXOACTBY ypaBHeHu# (12) u (13) MOXHO BBECTH TIOHATHE
«KBAaHTOBAaHME» Ha MOJCIHHOM YypPOBHE IO aHAJOTMHM C KBAaHTOBAaHHEM B KBAaHTOBOM
MexaHuke. Torma oJHUM M3 MOJEIBHBIX KBAaHTOBBIX UYMCEN MOXXHO Ha3BaTh mapamerp k
ypaBuenus (12). Kcratu, mapamerp k mpoOeraetr TOYHO TaKHe >K€ 3HAYCHMs, KaK U
opOuTanpHOE KBaHTOBOE uncio /. HanmoMHuM, 4To uncio k moyvaercs U3 BbIpasKeHUs

_AE, -AE,

=k-(k+1). (14)

2
Uucno k OyneM Ha3plBaTh TJIABHBIM MOJENBHBIM KBAHTOBBIM 4YHCIOM. T. 0. TJIaBHOE
KBaHTOBOE YKCJIO HAIIEr0 MOJEIMPOBAHMSI OTBEUAET 3a 3HEPTUIOT (POPMBI M COJEpKaAHUS
JJIeMEeHTapHON 4YacTullbl (KBapka). EcTecTBeHHO ompenenuTh emé JBa KBAHTOBBIX YHUCIA.
CnemaeM »3TO Ha mnpuMepe MoAenu HeutpoHa. [lomHMM, dro s HEUTpoHA

1 1 1 1
I= _E; Y= +E+ E +| + E_E . U MBI OyieM roBOpUTH, UTO ISl IPOSKIIUU M30CITHHA

HEWTpPOHA HATMEHbIIEE KBAHTOBOE YMCIO PaBHO I =1(0,1). OTO 3HAYUT, YTO 3HAYCHHE

M30CIIMHA PaBHO OAHOW JpoOu co 3HakoM MuHyc. KBaHTOBOe 4mcio i OyneM Ha3bIBaTh
BHEIIHUM KBAHTOBELIM YUCJIOM. AHAJIOTUYHO BBOJUM M BHYTPCHHCC KBAHTOBOC YUCIIO Y. I[JISI
HEUTpOHA TMEpBOE BHYTPEHHEE KBAHTOBOE YHUCIO PABHO y=4(3,1). T. e. 3HaueHue

rUInep3apsa CKJIaAbIBacTCsA U3 CYMMBI YETBIPEX ApoOei: TPEX CO 3HAKOM ILIKOC U OJHOU CO
3HaKOM MHHYC, O 4éM TOBOpAT YMCia B CKOOKax. BTOpbIM M30TOMMYECKUM, BHYTPEHHHM

1 1 1
KBAaHTOBBIM YHCJIO JJIi HEUTpoHA OyAeT YHClIo i = 3(1,2), T. X. I= —E—E+E. B »Tom

cllyyae BHEUIHHWH BHJ MOJIENN 0053aTeTbHO U3MEHHUTCS, T. K. N3MEHHUTCSI YHCIIO BHYTPEHHHUX
TOYEK MOJICIIBHOTO MHOTOYTOJIbHHKA, HO XapaKTePUCTUKH HEUTPOHA OCTAHYTCS MPEKHUMHU.
Byniem roBopHTh, YTO HEHTPOH MEpenIén B HOBOE YPHEPIeTHIECKOE COCTOSTHHUE.

Pa3BuBas Hamry (aHTa3uio B 3TOM HalpaBICHUHU U MpHpaBHUBAs K03()ULMEHTHI pu

dé  du
byukmusax & U u, ¥ KO3PUIMEHTHI TIPH UX TPOU3BOIHBIX o 1, TonyuaeM ycrosus
r

nepexona ypaBHeHus (12) B ypaBHenue Ipémunrepa (13), ommcwiBaromiee coCTOSHUE
BoAOpoomoA00HoT0 (TIpocTeiiiero) atoma. T. e. modyyaem cucTeMy YpaBHEHUH:

e,=2-p
k(k+1)=—l(l_|2- )_a (15)
r r
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2mE 2mZe’ . 2mE
3nas, 4to f = |- mz ugq= m—ze ([8], cp. 196) umeem: B’ = S __ mz ,
h h 4 h
OTKyJa: — = —i WIH
T T T 4E
2 2
-h
E=-2""1 (15)
8m
rne E — sHeprus atoma, m - peieTsBUCTCKas Macca 3JIeKTPOHa.
y n’  Ze Ze*  4E
C npyroii CTOpOHBI — = . Torma =——. W3 BrOpOrO YypaBHCHHS
2m q q e,
cucteMsl (14) umeem BeIpaKeHUE IS ¢
1 2
g=—|10+1)-r2k(k +1)]
r
Hcukiioyast ¢ U3 MOCIETHNX JBYX BBIPAKEHHM, TTIOITyYaeM:
ﬂ=—1[l(1+1)—r2k(k+1)] (16)
4F r

3nych Ze — 3apsal A1pa, e — 3apsj JJIEKTpoHa, Z - 4HUCIO0 NPOTOHOB B sJpe, €, - IO CyTH
IIOCTPOEHUSI MOJIETIEN — 3TO KBAHT 3HEPTUU MOJEIMPYEMOIO IMPOCTPAHCTBA XapAKTEPUCTHUK
JIEMEHTAPHBIX YACTUI] U KBAPKOB.

Bpsin nu 3a Beelt 3T0i MaTeMaTHuecKoi (haHTa3uel ecTh XOTh KaKOH-TO (U3NUeCKUi
cMmbicit. Ho 06 atom moryT cyauth Toibko (u3uku. Kcratu ckazarb, dhpaHIry3ckuil Gu3nk
I'acton Ka3zanosa [9] mokasan, uro ¢opmyna I'emui-Manna u Hummmxumer (1), Ha ocHOBe
KOTOPOM CTPOMJIOCH 3TO TE€OMETPUYECKOE MOJEIMPOBAHUE, HE IPOTUBOPEUYUT TEOPHH
JeNTOHOB. MBI OTMETHIM 3TO IIOTOMY, 4YTO YypaBHeHue (13) ommchIBaeT cocTOsHUE
IIPOCTENIIErO JIENTOHHO-0apHMOHHOIO aToMa (aTOM BOJOPOAA: OJUH €JIEKTPOH, OJUH IPOTOH,
JUISL KQXKJI0TO U3 KOTOPBIX cripaBeanuBa Gopmyina (1) u popmyna (10)). B cBere 3TOro, MosxHO
TOBOPUTH O BO3MO>KHOCTHU MOJOOHOI0 MOAETUPOBAHUS U JUIsl aTOMOB.
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