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Konebauus

YACTbH 1. KOJEBAHUA U BOJIHbBI

Koneboanuamu Ha3bpIBAIOTCS MPOLECCH B TOW MM UHOW Mepe MOBTOPSIOIIUECS
BO BpeMeHHU. Pa3znuunble KojeOaTellbHbIE IMPOLECCHl OMHMCHIBAIOTCS OJMHAKOBBIMH
YPaBHEHUSIMU U XapaKTEPUCTUKAMU.

§1 OOmume cBeeHus 0 KOJIeOAHUAX
1.1 Knaccugpurayua xoneoanuii

B 3aBucuMocTu ot pusnyeckoit npupoabl MOBTOPSIOIIETOCS Ipoliecca pa3iu-
YaroT KoJIeOaHus:
— mexanuyeckue (KonebaHUsI MaTHUKOB, CTPYH, YacTel MalllMH U MEXaHU3MOB, CO-
OpY>KEHM, aBJI€HUs BO3/lyXa PU PaCHpOCTPAHEHUH B HEM 3ByKa U T. 11.);
— 9nekmpomazHumusle (KonedaHus NEPEMEHHOI0 JIEKTPUYECKOI0 TOKA B LIETIH; KO-

nebaHusl BEKTOPOB AJICKTPUUECKOW HampspkKeHHOCTH E u mMarHuTHOW mHAykuuu B
NIEPEMEHHOTO 3JICKTPOMArHUTHOTO TIOJIS U T. 11.);

— ekmpomexanuueckue (konebanmsi memOpansl TenedoHa, nuddysopa dIEKTpo-
JMHAMHYECKOTO TPOMKOTOBOPHUTEIIS U T. II.).

Cucrema, coBepliarolias KoyieOaHHs, Ha3bIBacTCS KOJICOATCIILHON CUCTEMOM
WIN 0CYUAIAmopom. B 3aBUCHMOCTH OT XapakTepa BO3JCHCTBHS, OKa3bIBAEMOI0 Ha
KOJICOATEIbHYIO CHCTEMY, Pa3IHYaOT KOJICOaHus:

— COOCTBEHHBIC;
— 3aTyXalolIue;
— BBIHYXJICHHEIC.

Co6cmeennbimu Ha3BIBAIOTCS KOJICOAHHS, KOTOPBIC MPOUCXOJAT B CHCTEME,
IIPEOCTaBICHHON caMol cebe Iocje TOro, Kak e€i OblI COOOIIEeH TOTYOK, JIMOO OHa
ObLTa BBIBEJICHA W3 ITOJIOKCHHS PABHOBECHSI.

3amyxarowumu Ha3BpIBAIOTCA CBOOOJHBIC KOJCOAHUS, aMIUIMTYAa KOTOPBIX
YMEHBIIIAETCS C TCUCHUEM BPEMEHHU. 3aTyXaHUe MEXaHHUECKUX KOJICOaHHUH CBSI3aHO C
HAJIMYUEM CHJI TPEHHUS M CONMPOTHBIICHUA. 3aTyXaHHE KOJICOAHUH B 3JIEKTPUUCCKHUX
KOJICOATEIBHBIX CHCTEMaX 00YCIOBICHO TEIJIOBBIMH MTOTEPSIMH B TIPOBOTHUKAX.

Buinysicoennvimu Ha3pIBarOTCS KOJcOaHUs, B MPOIECCEe KOTOPBIX KOJICOIIOIIA-
SCsA CHCTEMa IMOJBEPracTcs BHEIIHEMY TEPUOIUYCCKA H3MCHSIOIEMYCS BO3JICH-
CTBHIO.

1.2 Xapaxmepucmuku Koneéanuii

1. Mznosennoe snauenue Koneonioweiica eenuuunse &t)
gt)="f(t)=f(t+T), (1.1)

rane  f(t) - 3amammas nepuonmyeckas GyHKIHS BPEMEHH.

KoneGmromniasi BenmuynHa ONpeeNsieT MoJoKeHne (KOOPAMHATY) UIU COCTOS-
Hue (3apsn, JaBi€HUE, TEMIepaTypy, CKOPOCTb) KojieOaTelbHOW cHCTeMbl (Tena,
AJIEKTPUUYECKOTO KOHTYpa).



Konebauus

2. Amnaumyoa xonedanuii (A) — MaKCHMaJIbHOE 3HAYCHHUE KOJICOFOIICHCS BEJIH-
YUHBI. AMIUTUTY1a — TIOJIOKUTEIbHAS BETMYNHA.
3. Ilepuoo xonevanuu (T) — BpeMsi OJHOTO MOJHOTO KOJICOAHHUS:
t

T=—.
N
[T]=c
4. Yacmoma xonedanuii (v) — 9ucio KoneOaHUil 3a €eIMHUILY BPDEMEHU. V :%
1
vV=—. 1.2
= (1.2)
[vI=1/c
5. Yenosasn unu yuxknuueckasa ywacmoma (®) — 9UCI0 KoneOaHMiA 3a 21T CEKYH]I.
m:2nv:2—n. (1.3)
T
[@]=pan/c

6. @aza konebanuii (¢) — BENUINHA, ONPEICISIONIasi MTHOBEHHOE COCTOSIHUE KOJIe-
OaTenbHOTO MpoIliecca

9 =(ot+qo), (1.4)
rne Qo — HavanbHas (asa (3nauenue dassl npu t=0)

[]=pan
§ 2 'apmoHnyeckue KoJeOaHUA

Tapmonuuecxue Koniebanus — KOHC6aHI/IH, IMpU KOTOPBIX KOJIC6J'IIOHIB.HC§I BC-
JIMUNHA U3MCHACTCA 110 3aKOHY KOCHHYCA WJIN CUHYCaA!

E_,(t) = é;max COS((DOt + (PO) (21)
501041
g(t)zﬁ.,max Sin(m0t+(po)' (2-13)

O6a mpexacTaBieHusl paBHOMpPaBHBI. B nanbHeiem mbl OyjeM CUUTaTh, 4YTO
KOJ'IC6J'IIOH.I&SIC$I BCIMYMHA U3MCHACTCA 110 3aKOHY KOCHHYCA.

AMIUTY1a KoJeOaHuil ¥ HavanbHas ¢aza onpenessitoTcsl HadyaabHbIMHU YCIO-
BHAMH, 4 4aCTOTA U IICpUOO — CBOMCTBaMU KOJIG63T€JIBHOI>'I cucreMsl. Eciu xotd 6I>I
OJIMH U3 3THX IMapaMCTPOB U3MCHACTCA BO BPCMCHU, TO KOJ'I€6aHI/IH HEC 6yI[yT rapmMo-
HHUYCCKHUMU.

HOCMOTpI/ITe JEKIINMOHHBbIC )]eMOHCTpaIII/II/I:
1. MasTHHK — 3aIIMCh KOJIEOAHUI IECKOM.
http://www.youtube.com/watch?v=ta3u4S62 zM
2. CuHycounjaa Ha ociiuiorpade.
http://www.youtube.com/watch?v=E8HwyQMKycc
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2.1 Ckopocmb u yckopenue npu 2apmMmoHU4ecKux Koieo0anusax
CKOpOCTh KOJICOTIOMICHCS TOUKH:

v="= ~ A SiN(gt + Qg ) = —Vmay SIN(@t + g ) = Vmay cos(ooot + Qg + g) . (2.2)

A€  Umax —A®o — MaKCUMaIbHOE (aMIUTUTYAHOE) 3HAYEHNE CKOPOCTH.
VYckopeHue Koaeomoniencss TOUKH

_d’¢
dt?
A€ Aqax = AO)S — MaKCUMaJibHOE (aMIUTUTYHOE) 3HAYECHHUE YCKOPEHHUSI.

a = —Awj cos(mgt + g ) = —a1ay COS(ot + Qg ) = By COS(0ot + Qg + 1), (2.3)

&va ['apMoHMUeckue KoieOaHus MOX-
, HO TNpencTaBuTh rpaduuecku. s ciy-
a(f)\ A®, qasg (po=0 OHM MMEIOT BUJ, MOKA3aHHBIHI

A Ha puc. 2.1. U3 dopmyn (2.2) u (2.3) u
CpaBHEHHsI TpPapUKOB MOXKHO CJeIaTh
CJICAYIOIINE BBIBOIBL:

\ ! - &(t) 1 a(t) konebnroTCcs B MpoTHBOdA-

3e, To ecTh a(t) omepexaer &(t) no aze

/ \ Ha TT;

— v(t) omepesxaer &(t) mo dase Ha m/2.

Pucynok 2.1

2.2 Jlughghepenuyuanvroe ypasnenue capmoHuiecKkux KoaeoOaHuil

CornacHo ypaBHeHuto (2.3)

d’g 2
a2 ~ A cos(m,t + ;)

CpaBHUB JJaHHOE BbIpaxkeHue ¢ popmyroit (2.1), MOKHO caienaTh BBIBOJI, YTO

2
%z —mé&, WIH:

d2
-a§+m&:o (2.4)

CornacHo 0603Ha‘-ICHI/I51M, IIPUHATBIM HLI-OTOHOM, IMPONU3BOAHBIC 110 BPCMCHHU
0003HAYarOTCS CJIcayromum 06p8.30M2

%_. dg .
et =¢. (2.5)
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Torna nuddepenmanbaoe ypaBHEHNE TAPMOHUYECKIX KOJICOaHHI MOKHO 3a-
nucath B BUJIE:

E+ i =0. (2.6)

VYpaBuenue (2.4) HazbIBaeTcs OuphepenyuanibHvlm ypaeHeHuem 2apMoHUYECKUX
Kkonebanui. OHO TIpeACTaBISIET cOOOM JIMHEWHOE OJHOpoaHOE AuddepeHnaIbHoe
ypaBHeHHE BTOoporo nopsnaka. JuddepennmnpoBanue Beaercs no BpeMenu t.

Ecnu npu ananuze Qu3nyeckux MpoleccoB TOM MM MHOM MPUPOJIBI, ClENaH-
HBIX Ha OCHOBE 3aKOHOB U MPUOJIMKEHNH, BOSHUKAET YPaBHEHHE MOJ0O0HOTO BHUJIA, TO
ATO O03HAYAET, YTO PACCMOTPEHHAs CUCTEMA MOXKET COBEpIIATh FAPMOHUYECKHUE KO-
nebanus. Yactora konebaHuit OyeT OnpeaesaThCsl CBOMCTBAMU CaMOM CHUCTEMBI.

§3 IIpumepsl cucTeM, COBEPLIAIOIIMX TAPMOHUYECKHE KOJTeOaHUSA
3.1 Ipyscunnviit maamuux

Ipys>tcunnslit MaamHuuk — T€JI0 Maccor M, KoJeoroleecs Ha MPYKUHE KECT-
kocThio K (puc. 3.1). Eciii cMecTUTh IIapuK OT TOJIOKEHHUST pABHOBECHUST HAa PacCTOsI-

HME, PABHOE X, TO BO3HMKWIAs cuna ynpyroctu (F g =—kX) crpemurcst BepHyTh ma-

PHUK B ITOJIOKCHUC PABHOBCCHA. HpI/IMCHI/IB BTOpOﬁ 3aKOH HLI-OTOHa, MOJKHO IIOJIY-
YUTH CJICAYIOMICC YPABHCHHUC.

d?x Kk
——+—x=0. (3.1)
AAAAN dt? m
| V V V V \/ X X 5
d-°x
rme a:dt—2 — YCKOpEHHE, TOJIy4YeHHOE
VOV vl_fv ( > X IIIAPUKOM.
ynp BBenem o0o3HaueHue:
Pucynok 3.1 k = 5. (3.2)
m

r€ o — 9TO PU3MUECKHI MapaMeTp, XapaKTepU3yIoIIHii Koyie0aTeabHbIe CBOMCTBA
CUCTEMBI 1 Ha3bIBAEMbII cOOCmMEeHHOll Yacmomoil KoieOaHui.
Toraa ¢ yuetom (3.2) ypaBuenue (3.1) MoxHO mepenucarh B BUJIE:

X+ 05x=0, (3.3)

VYpasuenue (3.3) HazpiBaeTcs qudPepeHnaTbHBIM YpaBHEHUEM ITAPMOHUYECKUX KO-
nebanuit. O01Iee penieHne 3TOro ypaBHeHUsI UMEET BU:

x(t)= Acos(wgt + @, ). (3.4)

[lepuon konebanuil NpyKMHHOTO MasiTHUKA:

T =E=2n\/ﬁ | (3.5)
®q k

12
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B paccMoTpeHHOM npuMepe cuiia 1o cBoeu npupoje ynpyras. Cuiia HHOTO
MPOUCXOXKICHUS MOXKET OOHAPYKHBATh TaKyl >X€ 3aKOHOMEPHOCTh, TO €CTh
OKa3bIBaThCsl paBHOW — KX, rie K — mMocTOsiHHAS MOJIOKUTENbHAs BenuunHa. Cu-
Jbl TAKOTO BUJA, HE3ABUCUMO OT UX HMPUPOJbI, HA3BIBAIOTCA KGAZUYNPYZUMU.
IlocMoTpHUTE JIEKHUOHHYIO 1€eMOHCTPAIUIO:

I'py3bl Ha IIpyKMHAX.
http://www.youtube.com/watch?v=VR3HXUWvVFOU

3.2 Qu3uueckuit MaasmHuK

Du3uueckuii MaasmMHUK — TBEPJIOE TEJO, CIIOCOOHOE COBEpIIATh KOJieOaHUs
OTHOCUTEIBHO HEMOJBM)XHOW TOPU30HTAIBHOW OCH, HE MPOXOIAIIEH uepe3 LEHTP
Macc.

OTKJIIOHUM MasiTHUK Ha yrojl o OT MOJOoXXeHUsi paBHOBecusi (puc. 3.2). Ilpu
5TOM BO3HHMKAET BPAIAIOIINII MOMEHT, KOTOPBIA CTPEMUTCS BEPHYTh MASITHUK B I10-
JI0’KEHUE PABHOBECHSL:

M =-mglsina,
m — macca MasiTHHKa, | — paccTosHue Mexay Toukoi moaseca O u neHTpom Macc C.
3Hak “—" 03HAy4aeT, YTO MOMEHT CHUJIbI TSIKECTH CTPEMUTCS YMEHBIIUTh YTOJI OTKIIO-
HEHUS MasiTHUKA.

bynem cuutarh, 4TO Yroia OTKIOHEHHS Mai (A0
3°+5°), pu 3TOoM Sinat~a (o JOMKEH OBITh BBIPAXKCH B
paauanax). [I[puMeHUB OCHOBHOM 3aKOH JMHAMHUKHU Bpallia-
TEJIBHOTO JIBUKEHUS, TOIYUYUM

d?a  mol
dt J
rie  J — MOMEHT HMHEPIMU MAasTHHKAa OTHOCHTEIHLHO OCH
KOJICOaHU.
d?a
€= F — YTII0OBOE YCKOPEHUE MasTHUKA,
Pucynok 3.2 BBenem o0o3HaueHuE:
mgl
w2 =190 (3.7)
J

Torna nuddepenimanbHoe ypaBHEHUE TApMOHUYECKUX KOJICOAHU 3aMUIIeTCs] B BU-

ae.

a + coéoc =0 (3.8)

Pemenue ypasuenutii (3.6) u (3.8) umeer Bu:
a(t)= oty COS(0ot + @, ), (3.9)

rie A=0— aMIUINTyJa KojieObaHui, TO €cTh HAauOONBIIMKM yroi, Ha KOTOPBI
OTKJIOHAETCS MasiTHUK.
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CnenoBatelibHO, Manble Konedanus @Gu3uuecko20 MAaAmHUKA AGAAIOMCA
2APMOHUYECKUMU.
[leproa rapMOHMYECKUX KOJeOaHul (PU3NUECKOTO MasiTHUKA

T=2"_on | (3.10)
N mgl

3.3 Mamemamuueckui mMaamHukK

Mamemamuyeckuii MaaAmMHUK — 3TO MaTepUalbHas TOYKA, MOJBEIICHHAs HA
HEBECOMOI HEpacTsLDKUMOW HUTH W COBEpIIAIoNIas KoJeOaHWs B BEPTHKAIbHOU
IJIOCKOCTH IO/, IEVCTBUEM CHJIBI TSKECTH.

XopomuM OpUOIMKEHHEM K MaTeMaTHUYeCKOMY MAasiTHUKY CIY>KHT He0OJIb-
IIOK IIApUK Maccoi M, MOABCIICHHBIH Ha AIMHHOW HUuTH aiauHou | (puc. 3.3). Mate-
MaTHYECKUN MAasITHUK MOYKHO paccMaTpuUBaTh Kak MpeAesibHbIN ciaydail PU3nyecKoro
MasATHMKA, Macca KOTOPOI'0 COCPEIOTOUYECHA B OJTHOU TOUKE.

JIBmxeHne GpU3MIeCcKOro MasiTHUKA OMUCHIBACTCS ypaBHeHHEM (3.6).

2
da  mgl ——
2 + —gO(. = O . // 1 \\
dt J y L/\
/o OL\I
Ecau HUTH jqiMHHAsA, TO MIAPUK MOXKHO CUYUTATh / i \
o . /
MaTepuagbHOM TOYKOM. MOMEHT nHepuuu J mapuka ot- ~ I
HOCHTEIIBHO OCH KOJIeOaHMi B 3TOM CITydae paBeH: . ,’1\)
\_/
2 o d
J=ml". mg
[Tepuon KonebaHuit MaTeMaTHIECKOTO MasTHUKA Pucynok 3.3

2
T=2n /mzzn\P. (3.17)
mal g

N3 conocrabnenus ¢popmyi (3.16) u (3.17) monyyaercs, 4To0 MaTeMaTHUYECKUN
MAasITHUK C JUTMHOH

J
=— (3.18)
Poml
OyIeT MMETh TaKOH K€ Mepro KoJieOaHui, KaK v TaHHBIN (U3UIEeCKUI MasTHUK.
Benmuuuny (3.18) Ha3pIBalOT MPUBEICHHOW JJIMHOW (PU3UYECKOTO MAasiTHUKA.
Takum 00pa3om, npueedennasn oauna Guzuuecko20 MAAMHUKA — 3TO JIJIMHA TAKOTO
MaTeMaTU4YeCKOro MasiTHUKA, Mepuoj Kojie0aHUM KOTOPOTO COBNAJAET C MEPUOOM

KoJIeOaHMi JaHHOTI'O (1)I/I3I/I‘IGCKOI‘O MasjaTHHKA.

IHocMoTpUTE TEKIUOHHYIO JEeMOHCTPALUIO:
dusnyecknii MaATHUK.
http://www.youtube.com/watch?v=DoyyKODtvzo
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3.4 Konebamenvuulii KoHmyp

Konebamenwnutii konmyp — 11e1b, cofepskaiiasi KaTylkKy WHIYKTUBHOCThIO L
U KoHeHcaTop émkocthio C (puc. 3.4).

Konebanust B KOHType MOYKHO BBI3BaTh, COOOIIUB 00-
KJIaJIKaM KOHJICHCATOpa HEKOTOphIM HadalbHBIA 3apsn. 3a-
C = L mkaéM ko K B monoxkenue 1 (puc. 3.5). Ha oGkmagkax
BO3HHUKHYT JIBa PAa3HOMMEHHBIX 3apsiia +q u —(. Mexmy HuMu

BO3HHUKHCT 3JICKTPUUCCKOC ITOJIC, DHCPI'UsA KOTOPOTro
2

q
Pucynok 3.4 W, =—. (3.19)
2C
1K 2 Ecny 3aremM OTKIIFOYMTH UCTOYHUK HANPSKEHUS U 3a-
l MKHYTb KOHJIEHCATOp Ha MHAYKTUBHOCTH (Kito4 K — B mono-
- c | KCHHUH 2), TO KOHACHCATOP HAYHET pa3psDKAaThCs, B KOHTYpPE
T noTe4€T TOK. B pesysbrare 3TOro 3HEprust JIEKTPUYECKOro
noJisi OyJeT yMEHbIATHCS, 3aTO BOSHUKHET MarHUTHOE TOJIE C
SHEPTUEH
Pucynok 3.5
2
LI
W, =—, (3.20)
2

KOTOpasi Bo3pacraer. AKTUBHOE colnpoTuiieHne R=0, mo3ToMy moJiHasi S3HEprusi He
pacxoayercsl Ha HarpeBaHUE MPOBOJOB U OCTAETCS BEIMYUHON MOCTOSHHOM

W,, +W,, =const

501041
2 2

9 .= _const. (3.21)
2C 2

[Iponuddepenumpyem ¢ynkumio (3.21) mo BpemMeHHU, IPOU3BEAEM COKpallie-
HUS U, pa3/iesiuB KaXIbli WieH ypaBHeHUs Ha L, momydnm:

N (3.22)
gt LC” at
2
Tak Kak 110 OIpeeIeHUI0 @ =/, 10 ﬂ = M .
at at  gr

Ha ocHOBaHMM 3TOT0 MOKHO 3alHCaTh:

d’g 1
——+—0q=0. 3.24
2 107 (3.24)
BBenem o003HauyeHuE
1 2
- —® 3.25
(c ° ( )
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u npuBeaéM ypaBHeHue (3.24) k Buay:

g+ w5q=0. (3.26)
Pemenniem 3Toro ypaBHeHus ABIsAE€TCA QyHKIUSA

g= Grax COS(®of+ @), (3.27)

A€  (max — MAaKCUMaJIbHOE (aMIUTUTYAHOE) 3HAUEHUE 3apsia.

Takum oOpazom, 3apad na 00KnIAOKaAX KOHOEHCAMOPAa U3MEHAEmca no 2ap-
MoHuueckomy 3akony. llepron konebaHuil KoaedaTeIbHOIrO KOHTYpa ONpeAesaeTCs
o ¢popmyJie, KoTopasi Ha3sIBaeTcs gpopmynou Tomcona:

21

=" -on/LC. (3.28)
®o
HarImeeHI/Ie Ha KOHJEHCATOopE:
u=9- qm—cﬁxcos(cooﬂ ©g)= Upax COS(0p 2+ g ), (3.29)

e Unax=Qmax/C — aMIUIHTyTHOE 3HAUCHHUE HATIPSOKCHUS.
[Tponuddepennmporas dyHknuo (3.27) MO BpeMEHH, MOTYyYUM BBIPAXKCHUE
JUTSI CHJTBI TOKa:

I = =g Grax SIN(0g 1+ Qg ) = /oy cos(mom ®g + gj , (3.30)

ra€  lnax=®o0max — AMIUIUTYIHOE 3HAUEHUE CUJIbI TOKA.
Takum oOpa3om, cuiia Toka ornepexaet 1o ¢aze HalpsHKCHUE Ha KOHICHCATOpe
Ha 1/2.

84 Dueprusi KoJaedaHUN

Konebanust npy>XMHHOrO MasTHHKA COBEpUIAIOTCA MOJ ACHCTBUEM YIPYrou
cwibl. Ilomenyuanvran Inepeus rapMOHNYECKOTO KoeOaHus

o

W > A? cos? (gt + @ ). (4.1)

T2

Kunemuueckasn IHepzus rapMOHHUYICCKOTIO KOJIEOAHHMS

2
W, :ngAwa sin? (ot + @ ). (4.2)

[TonHast MexaHU4YecKasi 3HEPrusi TAPMOHUYECKOTO KOJIEOAHMS:

W =W, +W,_,
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2
W="2205in2 (wyt+ @ ) + ﬁcosz(cool‘+ Pg)=
2 2 , (4.3)

:%[sinz(mow ®o )+ €os% (ot + ¢y )]:%

Tak Kak coryacHo (3.5) k= ma)g (cm. §3, m.3.1).

Takum 06p330M, ROJIHAA IHEpecUA 2APDMOHRUUECKO20 Kojlebanusa ocmaémcs
G6CIUUUHOU NOCMOAHHOIL.

X W= ﬁ. (4.4)

/ ['padukn 3aBUCUMOCTH KHUHETHYE-
CKOW M TOTEHIMAJIbHOW SHEPTrUU OT
BPEMEHHM IpEACTaBIEHbI HAa puc. 4.1.
YacToTa M3MEHEHUS SHEPTUHU B 2 pa3a
MPEBBIIAET YacTOTy KoseOaHuil. B
MOMEHTBI HAMOOJBILIETO CMEIIEHUS X
noteHuuanbHas sHeprusa W, noctu-
raeT makcumyma. [Ipu npoxoxnenun
CUCTEMOM IIOJIOKEHUHU PABHOBECHS
(x=0) moTeHIMaIbHAS SHEPIUs paBHA HYJIIO, & KHHETUYECKask SHEPTHsl MaKCUMaJIbHA.
HauGomnpime 3HaueHrs KHHETUYECKON M MOTEHIIMATBHONU YHEPTUH PaBHBI MEXTY CO-
Ooi.

Wn,Wk

Pucynok 4.1

§5 Ciio:keHne rapMOHMYECKHX KOJIeOaHNH

JIrob6as xonebaTeabpHas cCHCTEMa B 06H_I€M ClIydac MOXKCET COBCpIIAaTbh OJHOBPC-
MEHHO HECKOJIbKO KoyicOanuii. CaokeHHue HECKOIBKHUX KOJeOaHWH 3HAYUTEILHO 00-
JEr4acTtcia M CTAaHOBUTCA HaAlJSAHBIM, CCJIH 1/1306pa>1<aTL KOJICOaHMS l"pa(i)I/ILICCKI/I B
BHAC BCKTOPOB Ha INIOCKOCTH.

5.1 I'paghuueckoe uzoopasrcenue capmonuyecKkux Koae0anuil.
Bexkmopnaa ouazpamma

N3 npounsBonbHOM ToukH 0, B3ATOM HA OCH X, OTJIOKHUM BEKTOD JUTHHOU A4, 00-
pasyroluii ¢ ocbto 0X yroi ¢o, paBHbII HauaabHOH (ase (puc. 5.1).
Ecnu npuBecTu 3TOT BEKTOp BO BpalleHUE
A \0)0 C IOCTOSIHHOM YTJIOBOM CKOPOCTBIO ®p, TO IPO-
eKIIMsl KOHIIA BEKTOopa OyJleT mepeMenaThes 1Mo
ocu x B ipeaenax ot —A4 no +A4. C teueHuem Bpe-
E MEHU yroJy OyAeT U3MEHSTHCA 110 3aKOHY

\

1
1
i | ¢ =mol+ P,
0 X X, X X
CooTBETCTBEHHO, MPOEKLUs BeKTopa A Ha OCh X
PHC}/HOK 5.1 HU3MCHACTCA 110 3aKOHY
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TO €CTh COBCPIIACT 'apMOHHNYCCKHC KoJICOaHM.

N3 cka3aHHOTO CIEIYET, YTO 2APMOHUYECKOE KOleDaHue modxcem Ovlmp 3a-
0aHO C NOMOUbIO 8eKMOpPA, OJIUHA KOMOPO20 pPAGHA aMnIumyoe Ko1ebanus, a
HanpaeeHue eeKmopa odpasyem ¢ 0cvlo X Y2071, pasuulil (haze koneovanus. 1lomny-
YEHHAasl CX€Ma Ha3bIBACTCSI 6eKMOPHOU OUAZDAMMOIL.

5.2 Cnoscenue 00UHAKOBO HANPABIEHHBIX 2APMOHUYECKUX KOJ1eOaHUTL

a). Cnoscenue Konedbanuil 00HO20 HANPABIEHUA U OOUHAKOGOIU YACHMOMDbL.
O] = M, = 0. CMelieHne x KoaeOIroIeics: TOUKU OyJeT paBHO CyMME CMELICHUH X1

" X2, KOTOPBIC OIMUCBIBAOTCA YPABHCHUAMM:

X, = A cos(aot + (P01)

: 5.1

O0a xonebaHus NPEACTABUM B BUJIE BEKTOPOB A U A U CIOXKUM HX IO IIpa-

—

BUITy mapajuienorpamma (puc. 5.2). Ilpoekius BekTopa A Ha OCh X paBHA CyMMe
TIPOCKITUI ClIaraeMbIX BEKTOPOB:

X=x1%Xx>.

Clie/I0BaTeIbHO, BEKTOP A mpecTaBisier co6oil pe3yabTupyIoliee Konebanue.
DTOT BEKTOP BPAILAETCS C TOU K€ YIIIOBOU CKOPOCTBIO Vg, KAK U BEKTOPBI ,21 u 2&,
- TaK YTO pe3yJIbTUpPYIOLee ABMKEHUE OyJleT
A rapMOHUYECKUM KOJEOaHHEM C TOM K€ 4a-
CTOTOM ¢, AMIUIUTYA0U A W HavyaJbHOHU (ha-

301 Qg

R

x=Acos(mot + ¢g). (5.2

AMIuTyaa U HadajdbHas (asza pe3ynbTupy-
IOLIETO KOJICOAHUsI OMpPENENSIIOTCS COOTHO-
HICHUSIMU;

X A= \/42 + /422 +2AA COS((Poz —¢p1).(5.4)

singg; + A sin
tg g = AsiN@g; + ASINQg, . (5.5)
Pucynok 5.2 A oSy + A COSQPg,

AMIIIUTY 1A pe3yabTUPYIOLIEr0 KoJieOaHUsl 3aBUCUT OT pa3HOCTH (a3. Ecnu:
1) @gp — oy =2mm,tne m=0, 1,2, ...,To A=A + A,.
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0). Cnostcenue Konedanuil 00HO20 HANPABNECHUA C PA3TUYHBIMU, HO ONU3KU-
Mu yacmomamu. B pe3ynpraTe MoJydaroTcsl HErapMOHUYECKUE KoyeOaHus Ha3bIBa-
EMBbIE OUCHUAMU.

Yacrora omHOro KojeOaHus ®, yactora BToporo — (o+Aw). Ilo ycioBuio
Aw<<wo. byaem cuuTarh, 4TO aMILTUTYIbI 000OUX KOJIEOAHUN OJMHAKOBBI U PABHBI A.
Havanbnbie ¢a3br 06oux konebdanuit paBHbl Hymo CkiaabiBaeMble ypaBHEHUS OyIyT
UMETh BUJI!

X, = Acosot, (5.6)

X, = Acos(o + Ao)t. (5.7)
PesynbTHpyloliee KojebaHne OIMMIIETCS YPaBHEHHEM
Awt
X = X; + X, = A(cos ot + cos(m + Aw)t) = 2AcosT®coscot

(BO BTOPOM COMHOYHUTEIE

npeHedperaemM  cliaraeéMbIM
A®/2 110 CpaBHEHUIO C ).

YpaBHEHHE, OIUCHI-

, Baromee OMeHHs, UMECT BUI:

X :‘ZACOSA—;t cosmt. (5.8)

Pucynok 5.3 I'padpuk GyHKumn
(5.8) man Ha puc.5.3. AMm-

. Ao
mwintyaa ouennii Af) = ‘2AC0$7 . [luknuueckas yactora A® Ha3bIBAETCS L[UKJIK-

. . . . 2n
yeckoi yactoroil Ouenuit. [lepuon Ouennit Ty, =—.
Ao
IlocMoTpHTE JICKIIMOHHBIE JEMOHCTPALHMH:

1. 3anuce OMeHnii HECKOM.
http://www.youtube.com/watch?v=sA8YXxTrS5dU

2. buenue Ha KamMepTOHAX.
http://www.youtube.com/watch?v=gfC3HXepxgE

3. buenus na ocumnorpade — 1.
http://www.youtube.com/watch?v=-sjLkrjJkxU

4. buenus Ha ocumuiorpade — 2.
http://www.youtube.com/watch?v=EnFerUQeiWo

5.3 Cnootcenue 63aumno nepneHOUKYIAPHBIX KO1eOAHUTL

a). Cnoscenue Konebanuil 00unaxkoeou yacmomepl. Hauano orcuyera BoiOepeM Tak,
yTOOBI HauajbHas (ha3a mepBoro kojiebaHusi ObLIa paBHa HyJi0. Torga ypaBHEHHUS
KoJ1e0aHMl 3aITUITYTCS CIAEAYIOIMUM 00pa3oMm:
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X = A cosmt

, 5.10
y = A, cos(ot +a) (.10)

e o=@y — Py — Pa3HOCTH (a3 CKIAAbIBAEMBIX KOJIEOaHUM. DTH J1Ba YPABHEHMUSI
COCTABJISIIOT CHCTEMY, KOTOpas 3aJaeT TPACKTOPHIO JBMXKEHHS B MapaMeTPUYECKOM
¢dopme. UTOOBI MOMYyUYUTh YpaBHEHHUE TPAEKTOPUHU B OOBIYHOI (hopMe, HA/lO UCKIIIO-
yuth U3 (5.10) mapamerp t. B pesynbrate noayuum:

X 2
o f\f 2y
VYpaBaenue (5.15) mpeacraBiser coOOM ypaBHEHHE DJUIMIICA, OCH KOTOPOTO
OpPUEHTUPOBAHbl OTHOCHUTEIIBHO KOOPIAMHATHBIX OCEW X M Y Mpou3BoJibHO. OpHeHTa-

IIUST OCEH AJUTUTICA U €TO pa3Mephl 3aBUCAT OT aMIUIATY]I CKJIaIbIBAEMBIX KOJICOaHUM
U pa3HOCTH (a3.

cosa =sin’a. (5.15)

y A YacrtHble cinyydau.
R 1. PazHocTh (a3 ckinagpiBa€MbIX KOIeOaHUM
A, o =A@ =0. B stom cnydae ypaBuenue (5.15)
A, IpPUMET BUJ
! X
R y:%x. (5.16)
12
_______________ DTO ypaBHEHHUE NPSIMOM, MPOXOASILEN yepes
Pucynok 5.4 Hayajo koopauHat u jexamen B | u Il veTBepTax
(puc. 5.4)
y 2. PasHocte (a3 ckiagpiBaeMblx —KojeOaHUM
_______ Av a=Ap=4m.
Azé VYpaBuenue (5.15) npumeTt BUI;
| A
| - y=-"x (517)
&
_______________ | DTO ypaBHEHHUE MPSAMON, NPOXOASIIEH Havaao KO-
opauHatr u Jexamed B Il m IV uyerBepTax
Pucynok 5.5 (puc. 5.5):
3. PasHocth (a3 CkIaApIBaCMBIX KOJICOAHUU
T
a=Ap=1—.
2

VYpaBuenue (5.15) nepexoauT B KAHOHUYECKOE ypaBHEHHUE AJIIUIICA!

v % -1, (5.18)
ITosryocn smmunca paBHbl COOTBETCTBYOMMM amiumatynaM. Ecmm A=A =R, 1o
AJUIHAIIC BBIPOKIAETCS B OKPYIKHOCTD
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X+ ) =FR. (5.19) y

T
Cayyam o=n/2 u o=A@=—m/2 OTINYAIOTCS —
HAMpaBJICHUEM JBMKCHUS TI0 DIUIHICY WIH 2
OKpYHOCTH (pHC. 5.6).

6). Cnodcenue 63aUMHO-NEPNEHOUKYAPHBIX 1 A X
Konebanuii ¢ Kpamuovimu yacmomamu (4acto-

TBI OTHOCATCA Kak Iieible uncia). Touka B pe- T
3yJlpTare Oy[eT IBUraTbCs BJOJIb 3aMKHYTOMN A OLZE
KPHBOii, (hopMa KOTOPOH 3aBUCHT OT OTHOLICHUS

amruttyn A, /A, KpaTHOCTH YacToT ®,/®; H Pucynok 5.6

Pa3HOCTH HAYAIIBHBIX a3 AQ.

3aMKHYTBIE TPAGKTOPUU TOYKH, OJHOBPEMEHHO COBEPIIAIOIICH TapMOHHYE-
CKHE KOJeOaHHs B JIBYX B3aWMHO TMEPICHIUKYISIPHBIX HANPaBICHHUSX, HA3BIBAIOTCS
guzypamu Jluccarxcy. ®urypsl Jluccaxy BIUCHIBAIOTCS B MPSMOYTOJIBHUK, CTOPOHBI
KOTOPOTOo TapajuieibHbl ocsiM kKoopauHaT OX u Oy u paBHBI COOTBETCTBEHHO 241 H
24;. OTHOLICHHE YACTOT ®, / ®, PaBHO OTHOILICHWIO YHUClia KacaHuil ¢urypst Jluc-

CaXXy C TOPHU3OHTAJIBHBIMHU KW BCPTHUKAJIbHBIMH

y .
CTOPOHaMH TMPSMOYTOJIbHUKA, B KOTOPBIA OHA
A2 BIIMCAHA.
w n
[ ) = (5.20)
Q)] n
Ea¥! A, X X Y
Ilpumep: Yucno xacanuii Gurypsl ¢ TOPU30H-
A, TaJbHBIMH CTOPOHAMM: Ny=4, YUCIIO KACAHUI C
KL BEPTUKAJIBHBIMH CTOpOHamMH: Ny=2 (puc. 5.7).
AR, OTHollIEeHHE YacTOT
®, 4
Pucvnox 5.7 Y ="=2,
®, 2

IlocMoTpHUTE JIEKIUOHHBIE IEMOHCTPALIMH:
1. @urypsi JIuccaxy: 3anuch NECKOM.
http://www.youtube.com/watch?v=rdWWvjH8cPM
2. ®urypsl Jluccaxy: ocumimorpad.
http://www.youtube.com/watch?v=hUu653khUIE

§6 3aryxaromme Kosed0aHuA
6.1 3amyxarouwue Konedbanun npysHCUHHO20 MAAMHUKA

B PC€aJIbHBIX YCJIOBHUSIX Ha IIApUK MACChl M, COBepHIaI-OH.II/Iﬁ KOoJICOaHMS BJOJIb
ocu 0X nmoa ACUCTBUCM CHJIbI YIIPYTOCTH Fynp: —kX, ACUCTBYCT TAKKC CHJIa COIIPO-

TUBJNIEHUs (BSI3KOro TpeHus). [Ipu Maibix CKOpPOCTSIX OHA MPOMOPIMOHAIIBHA CKOPO-
CTH
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dx
F =—rv=—r—, 61
c=ro=-r (6.1

6 ¢

rae I — kodpPUIMEHT CONMPOTHBICHUSA. 3HAK 00yCJIOBJIEH TE€M, YTO CHJa U

CKOPOCTh MMEIOT MPOTUBOMOJIOKHBIE HampaBlieHUs. B 3Tom cilydae BTOpOM 3aKOH
Hrrotona 3anuiercs B BUIE

dx  d?x

—kx—r—=m—-

. 6.2
Ly (6.2)

PaznenuB o0e yacTu Mojgy4eHHOTO YpaBHEHUS Ha M, MEPEIUIIEM €ro CIeayIo-
M 00pa3om:

2
dx rax, ko, (6.2a)
dt mdt m
NN
X+ 2BX + 05x =0, (6.3)
rae 0003HAYCHO:
r , k
pP= om’ Wp = m’

Benuuuny 3 Ha3bIBaloT K0apPpuyuenmom 3amyxanus. o, — coOCTBeHHas ya-
CTOTa KOJIEOAHUM, TO €CTh YaCTOTa, C KOTOPOM COBEpIIAIUCh Obl CBOOOIHBIE KOJieha-
HUS IPU OTCYTCTBUU TPEHHUS.

VYpaBHenue (6.3) Ha3bIBAIOT QU GepenyuanbHbim ypasHeHuem 3amyxaroujux
Kkonebanui. Ecnu 3aTyxanue HeBenuKo (f<wy), TO pelieHrne nMeeT BU/I;

] _ APt
' L X(t) - AOe COS((x)t + (PO)’ (6-4)
Ay A(1) A(H’?—)
S _ [ 2 a2
/\/\ re o=+05—p°, (6.5)
' \ ; ® — 9acTOTa 3aTyXaloIMnX KoJIeOaHU.
\/ U CornacHo (6.4) IBU)KEHHE MasiTHUKA MOX-
HO paccMaTpuBaTh KakK KoJicOaHHE C YaCTOTOM ® U
aMIUTUTYA0N A, U3MEHSIOLENCS M0 3aKOHY

A=At)=Aje Pt 6.6
Pucynok 6.1 () %o (6.6)

I'paduk Gpyukuuu X(t) naH Ha pucyHke 6.1.

HOCMOTpI/ITe JEKIINOHHBbIC )IeMOHCTpaIII/II/I:
1. 3aryxaromue KojieOaHHUS MasTHHKA.
http://www.youtube.com/watch?list=PL9F96E1E5307658DB&Vv=uiOh6PfBvBM
2. 3aryxaromue KojaebaHusi KaMepTOHa.
http://www.youtube.com/watch?v=LPOulGWRtFs&list=PL9F96E1E5307658DB
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6.2 3amyxarowue Konedanusn 6 KoiedoamebHOM KOHmMype

Besikuii peanbHbIl KOHTYp (puc. 6.2) o0nagaeT akKTUBHBIM CONPOTUBICHUEM
(R#0). DHeprus, 3amacéHHas B KOHTYpE, PACXOAYeTCs B 3TOM COMNPOTHUBICHHU Ha
R HarpeBaHue, IOATOMY CBOOOIHbIE KOJIeOaHUs 3aTyXaloT.

[lotepu sHeprum paBHBI KOJIMYECTBY TEIUIa, BBIICIUB-
HIeMYyCsl Ha aKTUBHOM COTMPOTHBIICHUU:

c L —dW,, +W, )=8Q. 6.7)
3nak “— mepen auddepeHImasoM 03HAYAET, UTO DHEPrus
YMCHBIIIAETCSI.
PucyHnok 6.2 2 L]2
Cormacro (3.19) 1 (3.20): W, =2—C, W, ==

Io 3axony Jxoyims — Jlerma 8Q = | *Rdt .

CnenaB moacTaHoBKY B (6,7) ¥ MPOBEAsi MATEMaTHIECKHE MPEOOPA30BAHMS, TTOTYIUM
muddepeHnranTsHOe YpaBHEHUE BTOPOTO MOPSIKA:

d’g Rdq 1
— Ay~ 9=0 6.10
dt? L dt ch (6.10)
Nnin
g+ 2Bg+0ig=0, (6.11)
rue
_R 2_ 1
P=or P =

VYpaBaenue (6.11) mo ceoeMy Buay coBmajaaer ¢ quddepeHnalbHbIM ypaBHe-
HUeM (6.3) JuIs 3aTyXxaloluX MEeXaHWYeCKuX KosneOaHnui. Ecnm 3aTyxaHue HEBEIIHMKO
(B <wg), TO ero pemieHre UMEET BHI:

(D) = goe™ cos(wt+¢p), (6.12)

rae o= oog - B2 — 4acToTa 3aTyXaroumx KojeOaHui. (6.13)

I'paduk Gyukuuu ((t) umeer Tot xe Bu, uto u X(t) (cm. puc. 6.1).
ITocMoTpHTE JIEKIIMOHHYIO 1EMOHCTPAIMIO:

3aTtyxaronue kojaebdaHus Ha d3KpaHe ociusuiorpada.
http://www.youtube.com/watch?v=dmeyXD5zIjU

6.3 OcHoenvle xapakmepucmuku 3amyxarouux Koaieoanuii

Bennunnamu, XapakTepu3yOIIMMH 3aTyXaroIIue KojieOaHus, SIBISIOTCS.

1. Koagppuuuenm zamyxanusn () — ckanspHas Gpusndeckas BEIUINHA, XapaKTe-
pHU3YIOIIasi CKOPOCTh 3aTyXaHHS.

[Bl=1/c
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Jlns MexaHW4YeCKuX KoJeOaHuit

B=—" (6.14)
2m

JU1s 3IeKTpOMAarHUTHBIX KOJIeOaHU
R

=—. 6.15

B=>7 (6.15)

Yem Oosbiie K03(PPHUIMEHT 3aTyXaHUS,
TeM OBICTpPEE YMEHBIAETCS aMIUIUTYIa

Pucynok 6.3

(puc. 6.3).
2. Bpemsa penakcayuu (t) — BpeMs, B TCUCHHE KOTOPOI'0 aMILUIUTYyAa KoeOaHUMH
yMeHbIaeTcsi B e =2,71... pa3 (e — OCHOBaHHE HATypaJIbHBIX JIOTapu(hMOB).

.1 (6.16)

B

3. Jloczapugpmuueckuii oekpemenm 3amyxanus (\) — Oe3pa3MepHas BEIUYHHA,
KOJTMYECTBEHHAS! XapaKTEPUCTHKA OBICTPOTHI 3aTyXaHUs KoJieOaHUM, YMCICHHO PaB-
Has HaTypaJIbHOMY JIOTapu(My OTHONICHHS JABYX CICIYIONIUX APYT 3a APYrOM am-
wmtyn Af) u At+ T) B OgHY U Ty Ke cTOpoHY (cM. puc. 6.1)

R . U (6.17)
At+T)

Jlorapupmuyeckuii AEKpEMEHT 3aTyxaHusi U KO3((PUIIMEHT 3aTyxaHUsl CBSI3aHbI CO-
OTHOLIEHUEM.

A=BT. (6.18)

4. Yucno konebanuii 3a epemsn peraxcauuu — Ne.
e:l:ilzi. (6.19)

T BT A

5. Moopomnocms xonebamenvuoui cucmemot (Q) — 6e3pasMepHas puznveckas
BEJIMYMHA, XapaKTepu3ylomias yObUIb SHEPTUU 3a MEPUOJl U PaBHAS MPOU3BEICHUIO
27 Ha otHomeHue dHepruu W(t) konedanuil ccTeMbl B IPOM3BOJILHBIH MOMEHT Bpe-
MeHHU t K yObLIIM 3TOM SHEPruu 3a oAuH nepuon 7.

_, WY
Q—ZnAM4, (6.20)

rae AWr =W - Wi+ T).

Eciu 3aTyXaHUC HCBCJIIMKO, TO I[O6pOTHOCTB OoNpCACIIICTCA 11O COOTHOICHHIO!
o=". (6.21)

Bonpmmm 3nauenusiM Q cOOTBETCTBYET cllaboe 3aTyXaHUE.
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6. Onepzua konedpanun. Tax Kak sHeprus KojeOaHUN NPOMOPLUUOHATBHA
KBaJpaTy aMIuuty bl (cM. popmyny (4.4)), TO 3aKOH U3MEHEHUSI YHEPTHUM TIPU 3aTy-
XaroUMX KoJie0aHUsAX NPUMET BUJIL:

W (t) =W,e 2Pt (6.22)
I7ie B COOTBETCTBUU C (4.4):
W = % : (6.23)

6.4 Anepuoouueckuii npoyecc

Cornacho (6.5) yacTtoTa 3aTyXarIux KojieOaHui

2 2 27
0=+ —B", =—.
®
Ecmu B =®(, To yacToTa 3aTyXarwluX KoJeOaHuil oOpaiiaercss B Hylb, a I1e-
pHOJ — B OECKOHEUHOCTb, TO €CTh IBUJKEHUE NIEPECTACT ObITh EPUOJIUUECKHUM.
Ecmu > ®g, TO 1BHXKEHHE HOCUT alepUOUUYecKuil (HemepuoauyecKuil) xa-

pakTep. DTO O3HAYAET, YTO BBIBEJCHHAs U3 IOJOKEHUS PAaBHOBECHUSI CHCTEMa BO3-
BpalaeTcs B MOJIOKEHUE PABHOBECHUS, HE COBepIlIasi KoJeOaHui.

Taxum o6pazom, npu = m, KoaedaTeNbHas CUCTEMA NIEPEXOIUT K allepUOIU-
YEeCKOMY IpOIIECCY.

Ha mpaktrke HepeKko BOSHUKAET 3aj7a4a MOTalieHusl KoJie0aHuH B MOMEHT UX
BO3HUKHOBEHUS (HarpuMmep, KoiaebaHusi CTPEIKH U3MEPUTEIHLHOTO Mpudopa, Koieda-
HUW Ky30Ba aBTOMOOWJISI). Y CTPONCTBA, KOTOPBIE TMO3BOJISIIOT YBEIUYHUTh 3aTyXaHHE
KOJIe0aTeIbHON CUCTEMBI, Ha3bIBAIOTCS deMughepamu Vi amMopmu3amopamu.

§7 BbiHy:XKJAeHHbIE KOJIeOAHMS

YtoOnl BEI3BATH BBIHYKACHHBIC KoneOaHus HY’>KHO OKa3bIBaTb Ha CHUCTCMY
BHCITHCC NICPHUOJUICCKU N3MCHAIOIICCCA BOSI[GI\/JICTBI/IC.

7.1 Boinystcoennvie mexanuuecKue Kojiedanus

B kadecTBe K0j€0aTETbHON CHCTEMBI PACCMOTPUM MPY>KUHHBIA MAasTHUK, CO-
Beparomuii kosnedanus Baosib ocu 0X (cM. m. 3.1). IlepemenHas BHEIIHss cuIa,
MPUJIOKEHHAs! K CUCTEME U BBI3BIBAIOIIASI €€ MEXaHUYECKUE KOoJieOaHuUsl, Ha3bIBACTCS
sviHyHcOarouienl cunoi. [1ycTh BBIHYKIAIOIIAs CUJIA U3MEHSETCS 110 3aKOHY

F(t) = Fy cosQt, (7.1)

rae ) — yactora BeIHYXJarouied cuiibl, a Fo — ee amrmunryqHoe 3Hauenue. Kpome
BBIHY’K/JIAIOIIEH CUJTBI HA MasiTHUK JIEUCTBYIOT TaKXKe T€ CHJIbL, YTO U MPU CBOOOIHBIX
KOJe0aHUsIX, TO €CTh KBa3UYIpyTasi CUjla U CUjia COmpoTuBieHus (cm. 1. 6.1). 3anu-
meM BTOpoi 3akoH HerotoHna:
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d?x

—kx - rd—x+ FocosQt =m—-.
dt dt*

PEBI[GJ'H/IB 5TO YpaBHCHHUEC HA M, IICPCITUIIECM €TI0 B BUJIC:

2
ﬂjLL%Jrkx:icoth, (7.2)
dt> mdt m m
NN
X + 2BX + wgx = f,cosQt, (7.3)
rac
F r k
f=-" =—, wi ==
" m P 2m " m

VYpaBuenue (7.3) aBisiercs ougpghepenyuanbHbvim ypasHeHuem blHYyHCOEHHBIX
Mexanuyeckux Konaebdanuit. I3 Teopun nuddepeHmaibHbpIX ypaBHEHUN U3BECTHO,
yTO 00Ilee pEelIeHHe TaHHOTO HEOJHOPOIHOTO AudGdepeHIInaTIbHOTO YpPaBHEHUS
pPaBHO CyMMe€ OOIIEro pEIICHHUs COOTBETCTBYIOIIETO OJHOPOIHOTO YpaBHEHUS U
YaCTHOT'O PEUIEHUS HEOIHOPOIHOTO:

X0 = %0+ (D).

Oo1iee perieHrne OJHOPOAHOTO YPaBHEHUS yKe u3BecTHO (cM. hopmyiy (6.4)):

X ()= Ae P cos(wt+ ).

MOo>XHO TOKa3aTh, YTO YaCTHOE DPEIIECHHUE, YAOBIETBOPAIOIIEE MPaBOW YacTH
ypaBHeHus (7.2), UMEeT BUI:

X, (t)= Acos(Qt + ).
AmmaTyaHoe 3Hadenue X (f), pasnoe Aje P!, moce mauana BeIHYKICHHEIX

Kosebanuii 6oJiee i MeHee ObICTpO ymMeHbInaeTcs. ClieoBaTeNbHO, Yepe3 HEKOTO-

poe Bpems T mocje Hadaia Kojeba-
X=ACOS(Qt+(|) 0) HUIl cBOOOJHBIE KOJIEOAaHUs MasTHU-
Ka TPAaKTHYECKd MPEeKpalaroTCs:
X0 = X% (f). MasgTHUK TIEpEXOJUT B

e Pt

COCTOSIHUE YCTAaHOBUBILMXCS  BBI-
HY)KJIGHHBIX KOJeOaHMi, KOTOpHIE
> COBEPIIAIOTCS C YacTOTOW BBIHYX-

t .
naroniei cuibl (cM. puc. 7.1):
U U U U U U X(t)=Acos(Qt +o),  (7.4)
T J
vV
MEPEXOJIHBI  YCTAaHOBUBILIUECS rac ¢ — npeacCTaBIsACT co00li Beu-
ponece KoneOaHus YUHY OTCTaBaHusA MO (ha3e BBIHYX-
Pucynok 7.1 JIEHHOTO KoJieOaHusI OT 00YCIIOBUB-
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el ero BBIHYXKJAIOUICH CUJIbl. AMIUTUTY/Ia 3TUX KoJeOaHui A 1 3HAUYEHHE ( OIpe-

JEISIFOTCS KaK TapamMeTpaM# CHCTeMBI (M, ®g), TaK ¥ MapaMeTpaMU BBIHYKIAFOIICH
cuisl (Fo, Q).

A FOZ (7.5)
m\/(@g—gf) + 48202
28O
tge=— <Pt 7.6
g o (7.6)

['paduk 3aBUCUMOCTH aMILTUTY 16l A BEIHYKACHHBIX KOJeOaHU OT 4acTOThl (2
BBIHYX/IAIOMIEH CUJIbl (T.€. aMIUTUTYTHO-YaCTOTHAs XapaKTePUCTHKA) MMEET BUI,
IIPEACTABIECHHBIN Ha puc. 7.2.

Eciim =0, 10 ¢=0.B stom ciiyuae

F, F
A=A, =—2-=—2 (7.7)
mo; K

>

AMIUTYy Ac; HA3bIBAIOT CHAMUYECKUM
cmeujenuem (CTaTHYECKON aMIUTUTYJ0W) MasiTHHKA A,
U3 TOJIOKEHUsI PAaBHOBECH IOJ IEUCTBUEM IIOCTO-
SIHHOM cuJIbI Fo.

Ilpu Hexkortopo#t wacrore (2,, Ha3bIBACMOU

PE30HAHCHOMW, aMIUTUTYa JOCTHraeT MaKCMManbHO- A,
ro 3Ha4YeHus A4,.
Henenue pesxozo eo3pacmanus amniaumy- Q:o(Do 0
Obl GBIHYHCOCHHBIX KOe0aHUil npu npuodaudice-
HUU YACMOMmMbL GbLIHYHCOAIOWiEll CUilbl K CO0-
CMEEHHOIl uacmome ©y HA3bl6AeMCA PE3OHAHCOM.
HUT00BI OIpe/eNIUTh PE30HAHCHYO 4acToTy (2, Ha/lo NCCIICA0BATh BEIPAXKCHHE

Pucynok 7.2

(7.5) Ha skctpemym. [lpu 3TOM 111 pe30HAHCHOM YAaCTOTHI MOJYUYUTCS CIEAYIOIIEE

BBIPAKECHUE:
Q, =+Jof —2B% . (7.8)

B< BB [ToncTtaBuB 3T0 3HaueHuWe 4acToThl B (7.5), MOIydUM
1 3 BBIpaKCHHE JIJIS1 PE30HAHCHOM aMILTUTY IbI:

A=
Ps 2mB1/(o(2) - [32
! N3 (7.9) cnenyet, uto nipu =0 (cua cOnmpoTUB-
Q, % Q jenus HeT) aMIIIMTY/Ja IPM pe3oHaHCE 0Opalanach Obl

B OCCKOHEYHOCTh. Pe30HaHCHAs YacToTa IMPH 3TOM COB-
rmaja ObI ¢ COOCTBEHHOM YaCTOTOM M.

(7.9)

Pucynok 7.3
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N3 (7.8) u (7.9) Takxke cienyer, 4TO 4YeM MEHbIIIE 3, TEM BBIIIE U paBee Jie-
KUT MaKCUMyM KpuBO# (puc. 7.3).

Jnst B <<®( OTHOLIEHUE PE30HAHCHOM AMIUIUTYAbI K CTATUYECKOW paBHO J00-
POTHOCTHU CUCTEMBI:

Ap = 7.10
A Q (7.10)
JloOpOTHOCTB, TAaKUM 00pa30M, XapaKTEpPHU3yeT PEe30HAHCHBIE CBOMCTBA KOJIe-
0aTeIbHOTO KOHTYpA.
IMocMoTpUTE JIEKIIUOHHBbIE JeMOHCTPALIVN .
1. Pe3oHaHC JOCKH C MOTOPOM.
http://www.youtube.com/watch?v=_XbGCogAOgc
2. Pe3onanc: kojiebaHus CBA3aHHBIX MAsITHUKOB.
http://www.youtube.com/watch?list=PLOEF568B1B4D11D88&v=ux27Dovb9Fs
3. MexaHMYeCKH 4aCTOTOMEP: PE30HAHCHBIN SI3bIYKOBBI YaCTOTOMED M 3BYKO-
BOM TeHepaTop.
http://www.youtube.com/watch?v=4CBOfGaluTE
4. Jluneiika u cTpys BOJBI.
http://www.youtube.com/watch?v=661VogXjkWg

7.2 Boinyscoennsle Konebanus 6 KoiedbamenbHoM KOHMype

YtoObl BBI3BATH BBIHYXKJEHHBIE KOjeOaHus B KolieOa-

R TEeJILHOM KOHTYpE, HY>KHO BKJIIOUYHUTB IOCIIEIOBATEIBHO C dJIe-
MEHTaMH KOHTYypa IepeMeHHyo 3¢ (puc. 7.4):
C = L g(t) =g, COSQA, (7.11)
5 I€ €y — aMIUTUTYHOE 3HAYCHUE HJIC.

[Tomyunm muddepennmanbHOoe ypaBHEHHE BBIHYKICH-
Pucynok 7.4 HBIX KOJIEOAHUM, IPUMEHUB 3aKOH COXpaHEeHUs sHepruu. B ie-
BYIO 4acTh ypaBHeHus (6.7) (cM. § 6, n. 6.2) 1o6aBUM 3JIeMEH-

TapHyI0 paboTy, KOTOPYIO COBEPIIAET HCTOUHUK 3JIC:

SA=clat. (7.12)

YpaBuenue (6.7) npumMeT BUI:
—d(W,, +W,)+5A=38Q. (7.13)
[IpoBens Takue sxe mpeodpa3oBaHus, KaK B I1. 6.2, MOIYYUM CIEAYIOLIEE YpaBHEHHE:

2
d—q+5d—q+iq=8—°cos§2t (7.14)
dt> Ldt LC L

HIIN:

q+2Bq+co§q:8T°coth. (7.15)
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Konebauus

3nech B U ¢ ONPENENAIOTCS TEMH K€ (POpMyJilaMH, YTO B ClIydae 3aTyXaroluX KO-
nebanuii (cM. 11.6.2).

VYpasuenue (7.15) siBnsercs oughgpepenyuanvuvim ypasHenuem GblHYHCOEH-
HBIX 2J1EKMPOMAZHUMHBIX Koiedanuii. OHO UMEET TOT ke BUJI, YTO U AuddepeHu-
aJIbHOE YPAaBHEHUE BBIHYKJEHHBIX MeXaHHuecKux kosuebanuii (7.3). CnenoBarensHo,
€ro pelIeHNe TaKKe IPEICTaBUM B BUJIE:

9() = q () + g,(9),

rae  Qy(t) =qgge P cos(mt +¢y) — obmee pelenne OmHOPOAHOTO AuDbepeHI-
QJIbHOT'O YpaBHEHUS,
qz(t): Jo COS(Qt + (p) — YaCTHOE pelIeHHe JTaHHOI'0 HEOJHOPOJIHOIO ypaBHE-

HUSL.
[Ipu ycTaHOBUBIIMXCS BBIHYKJICHHBIX KOJEOAHUSX 3apsii U3MEHSIETCS IO Tap-
MOHHYECKOMY 3aKOHY:

q(t)= g, cos(Qt + ). (7.16)

AMIUTUTYIHOE 3HAYEHUE 3apsaaa (o U cABUT (a3 @ HaxoAsTcs mo Gopmyiiam,
AQHAJIOTUYHBIM ISl MEXaHUYECKHUX KOJIeOaHMil:

& €
Qo = : = L ) (7.17)
L\/( 2_Q2)2 4R20)? 1 )2
g +4p Q R2+(QL—)
ac
280 R
R (718)
OJO—Q oL -~
ac

B popmymnax (7.17) u (7.18) mpousBeneHa 3aMeHa:
== 0o ==
2L *JLe

['paduk 3aBHCHMOCTH 3apsia ( oT 4acToThl (2 coBnanaet ¢ rpadpukom 4 =f(€2)
JUTSl BBIHYKJICHHBIX MEXaHUYECKUX KoJjiebaHuii (cMm. puc. 7.3)
Cuna Toka B K0s1€0aTeTbHOM KOHTYpE MPH YCTaHOBUBILUXCS KOJIEOAHUSIX

=99 —oQsin(Qt +¢)=1, cos(Qt +Q +Ej
ly | dt 2

R,=0 ,(7.19)
R, rie lg=0yQ2 — ammaurysa Cuibl TOKa,

i
P=0Q +§ — caBur (a3 MKy TOKOM H TIPH-

JIO’)KCHHBIM HaIPsHKCHHUEM.
, 0 ['padmku 3aBUCHMOCTH CHIIBI TOKa lg OT
Q) ipu paznuuHbIX R (cM. puc. 7.5) Ha3bIBarOTCS
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Konebauus

PE3OHAHCHBIMU KPUBBIMU . Pe3onaHcHas nuMKInMyeckas 4acToTa Qp’ COOTBCTCTBYIO-

1asi MAaKCUMYMY aMIUTMTYbI CHJIBI TOKa B KOHTYpE, HE 3aBHCHT OT aKTUBHOTO CO-

npotuBieHus R:

=0y = L (7.20)
JLC

SIBnenue pezoHaHca UCIHOJIB3YIOT B aKyCTHKE VISl YCWJICHHS 3BYy4YaHUSI MY3bl-
KaJbHBIX MHCTPYMEHTOB, B JIEKTPOTEXHHUKE — JIJIT U3MEPEHHS 4acTOTHl TOKA, B pa-
JIUOTEXHHUKE — JUIS BBIICTICHUS HY>KHOTO CUTHAJIa U3 IPYTUX, OTIIMYAIOUINXCS 4acTo-
TOM, a TaK’kKe B MHOTOKaHAIbHOU Tenerpaduu u TenedoHun.

Pe3onanc moxker ObITh NpUUMHOM aBapuid U kartactpod. Ilepuogmueckue
TOJYKU OT MOPIIHEBBIX MAIWH, CHJIOBBIX BAJIOB TypOMH, MPOIEIEPOB MEPEIAIOTCS
Ha (pyHIaMeHTanbHBIC W Apyrue yacTu MamuH. [losromy, Hampumep, coOCTBEeHHAS
yacToTa BUOpalLMii KOpItyca Kopaliisi MiIM Kpblla camoJieTa JOJKHA 3HAYUTENIbHO OT-
JAMYAThCSl OT YaCTOThl BO3MYIIAIOIIEH CUIIbI, OOYCIIOBIEHHON BpallleHUEM CHIIOBBIX
BUHTOB. AMIUTMTY/y OMACHBIX PE30HAHCHBIX KOJeOaHUH TaKK€ YMEHBIIAIOT, YBEIH-
9B KO PUITMEHT 3aTyXaHus (3TO JeNaeTcsl B aMOPTU3aTOpe aBTOMOOMIIA). SIBieHue
pEe30HaHCa CTAHOBUTCS HE3AMETHBIM.

p
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§8 OOmue cBegeHusi 0 BOJIHAX

Kpome mexannueckux koiaebaHui OTAEIbHBIX TEJ B MPUPOJE IIUPOKO PACHPO-
CTpaHEHBI KOJCOAHMS CTUIONIHBIX TBEPABIX, KUIKUX U Ta3000pa3HbIX cpea. DTH KO-
nebaHus He OCTAIOTCS HA TOM MECTE, IJIe OHM BO3HUKIIU, & PACTIPOCTPAHSIIOTCS B MPO-
CTpaHCTBE.

Bonna — 510 nipoliecc pacnupocTpaHeHus KojaeOaHu B MPOCTPAHCTBE.

8.1 Knaccugukauus eonn

B 3aBucumoctu oT (hru3nUecKoil mpUpoabl HCTOYHUKA KOJIEOAHUI BOJIHBI JAEIIST
Ha:
— MEXaHU4YecKHe (3ByKOBBIE, YIapHbIe, CEHCMUYECKHE U T.1.);
— BOJIHBI HA IOBEPXHOCTHU KUJIKOCTH;
— JJIEKTPOMArHUTHbIE (IIKaJa 3JEKTPOMArHUTHBIX BOJH B MHTEPBAJE OT pPajuo-
BOJIH JI0 TaMMa-U3JIy4eHUS).

MexaHH4eCKMMH BOJIHAMM HA3bIBAIOTCS MEXAHWYECKUE BO3MYILECHUS, BO3HHU-
Kalolye B yIpyrou cpene, No3TOMYy MEXaHUYECKUE BOJIHBI UMEIOT BTOPOE HAa3BAHME
— ynpyzue BOJHBI.

[ToBepXHOCTHBIE BOJHBI PACHPOCTPAHSAIOTCS BAOJb CBOOOJHON MOBEPXHOCTHU
YKUAJIKOCTU WM BIOJIb ITOBEPXHOCTHU JBYX UJKOCTEH, KOTOpbIE HE CMauuBaroTcs. B
NOBEPXHOCTHBIX BOJIHAX YACTHULBI KUJAKOCTH OJHOBPEMEHHO COBEPUIAIOT IOIEpeY-
HbIE U MPOJIOJIbHBIE KOJIEOAHUs, ONUCHIBAs SJUIMITHYECKUE WM 00Jiee CI0KHbIE Tpa-
EKTOPHHU.

B 3aBucuMocTH OT B3aUMHOW OpHEHTAIlMM HAMpaBlieHUS KoJeOaHUl W
HaIpPaBJICHUS PACIIPOCTPAHEHHUSI BOJIH Pa3JIM4aroT:

— IOIIEPEYHBIE BOJIHBI
— MPOAOJIbHBIE BOJIHBI.

BosnHa Ha3bIBaeTCs nonepeunoit, eciv HanpaBieHUe KOJIeOaHUM YaCTHUIl CPEIbI
NEPHEeHAUKYJIIPHO HAMPABICHUIO paclpocTpaneHus BoJHbI (puc. 8.1 a).

g BonHa Ha3biBaeTca  HpOo00IbHOIU, €CIH

HaIpaBjeHUE KOJIEOAHUN YacCTHI] CPelbl MPOUCXO-
a) JIUT BIIOJIb HAIIPABJIEHUS PACIPOCTPAHEHUS BOJIHBI
‘ ‘ v (puc. 8.1 6).

Ilonepeynbie BOIHBI BO3HUKAIOT TOJIBKO B
TBEPIBIX cpenax. I[IpomonpHbIE BOJHBI BOZHUKAIOT
B TBEPABIX, )KUJIKUX U ra3000pa3HbIX cpeaax.

- § - 0) PacnipocTpaHssiCh OT HCTOUHMKA KOJIEOAHMIA,
v .

BOJIHOBOM TPOLIECC OXBATHIBAE€T BCE HOBBIE 00JIa-

Pucynox 8.1 cTu npoctpancTBa. O0IacTh MPOCTPAHCTBA, B KO-

TOPOM CyLIECTBYET BOJHOBOW IPOLIECC, HA3BIBACT-
CsL 607IHO6bIM nonem. Pponm 60aHbl — IIOBEPXHOCTH, KOTOPAsk OTAEIAET YacTh MIPO-
CTPaHCTBA, y’K€ BOBJICUEHHYIO B BOJIHOBOM Mpoliecc, OT 00JacTH, B KOTOPOM KoJyieda-
HUS elIé He BO3HUKIN. B 3aBUCMMOCTH OT reoMeTpun (hpOHTA BOJIHBI JIEHST Ha:
- miockue (puc 8.2a);
- cepuueckue (puc 8.20).
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CTpeJIKI/I Ha PUCYHKC YKa3bIBAlOT HAIIPABJICHUEC PACIIPOCTPAHCHHW A BOJIHBI.

N\ N
@ponm eonHbl @ponm 6oHbI

a) 6)
Pucynox 8.2

[Imockue BOJHBI BO3HHKAIOT OT IJIOCKOTO WJIM YIQJICHHOTO HCTOYHMKa. Mx
BOJIHOBBIE ()POHTHI MPEACTABISIOT co0o Tuiockoctu. Cepruueckre BOTHBI BO3HH-
KafOT OT TOYEYHOTO MCTOYHUKA B MPOCTpaHCTBE. VX BOITHOBBIC (POHTHI MPEACTAB-
JSI0T c000# chephi.

IMocMoTpHTE JIEKIIMOHHBIE TEMOHCTPAIIHM:
1. Mexannuyeckue MOAEIN BOIH — 1.
http://www.youtube.com/watch?v=YJrtkpR1s24
2. Mexannuyeckne MOJIEIN BOJIH — 2
http://www.youtube.com/watch?v=uKI69DROHZI

8.2 Xapaxmepucmuxu 6011

["apMoHHMYeCKast BOJHA — 3TO OSCKOHEUHAss CHHYCOUalIbHAS BOJIHA, B KOTOPOU
BCE M3MCHEHHS COCTOSIHHS MPOUCXOIAT IO 3aKOHY CHHyCa WM KOCHHyca. Takue
BOJIHBI MOTJIM OBl PAacIpOCTPAHATHCS B OAHOPOIHOU cpese 0e3 UCKaXKCHHS (HOPMBI.
Ha puc. 8.3 man npoduib monepeyHoi BOJIHBI B KAKOH-TO MOMEHT BpeMEHH t.
OCHOBHBIMH XapaKTEPUCTUKAMHK BOJIHBI SIBJISIFOTCSI:
Jlnuna eoanst (A) — pacCTOSTHUE MEKIY OJIMDKAWITUMU TOYKAMHU, KOJICOIFOIIH-
MUCS B OJTMHAKOBOM (haze (puc. 8.3).
Ilepuoo ronedanuii (T) — BpeMs, B TEUCHHUE KOTOPOTO COBEPIIACTCS OJMH MOJHBIN
£ LIUKJI KOJIEOaHUH.
Amnaumyoa (A) — MakcHMMajabHOE OTKIIOHCHHE (hH3HUe-
h /\ / CKO¥ BEJIMYMHBI OT MOJIOKECHUS PABHOBECHS.

‘ \/( \/( ¥ JInnHa BOJHBI M IEPHOJ CBA3aHbI COOTHOIIEHHUEM:
A
A=0T, (8.1)

PucyHox 8.3 IZI€ U — CKOPOCTb PaCpOCTPAHEHHUS BOJIHBI.

Jlannast dopmyna crnpaBenuBa i BOJH JF00OH
npupozbl. Mcnons3ys cootHomenue (8.1), MOKHO J1aTh IPyroe onpeneieHue IITHHBI
BOJIHBI.

Jlnuna 601Hbl — 3TO PacCTOSHUE, HA KOTOPOE PACHPOCTPAHSIETCS (POHT BOJIHBI
3a BpeMsi, paBHOE MEPUOTY KOJICOAHUI.
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Yacmoma (v) — 4ucio KoJieOaHUH 32 SIUHHILY BPEMCHH:
v=1T.
N3 (8.1) nonyuum
A=—. (8.2)

HGpI/IOI[ HN3MCPACTCA B CCKYHAAX, 4aCTOTA — B I'CpHax.

§9 IL1ockasn MOHOXpOMaTHYECCKasl BOJIHA

['apMoHHUEeCcKas BOJIHA HA3bIBACTCS MOHOXPOMAMUUECKOU, €CIU €€ 4acTOTa V
U aMIUTUTYJia A ¢ TEUEHHEM BPEMEHU He MEHsSII0TCsl. Eciu GpoHT BOTHBI MpE/ICTaBIIS-
€T cOOOM IJIOCKOCTh, TO BOJIHA HA3LIBACTCS MJIOCKOMU.

9.1 Ypagnenue nnockoit monoxpomamuueckoil 60-1Hbl

VYpaBHEHHEM BOJHBI HA3BIBAETCS BBIPAXKEHHE, KOTOPOE OMpEAeIsieT, KaKk cMe-
menre & KoneOmromencs 4YacTHIbl 3aBUCUT OT KOOPAMHATHI X M BpeMeHH {:
= Z;(X,t). Ocp 0X COBMECTUM C HaIpaBICHUEM PACHPOCTPAHEHUs BOJIHbI. BOIHOBBIE

MOBEPXHOCTH IUIOCKOM BOJIHBI OYIyT MEpHeHIUKY-

X=0 JsipHBI ocu X (puc. 9.1).
BOJIHOBOU Konebanus Touek, gexanmx B miaockoct X =0,
L~ ¢ponm TO €CTh KOJIEOAHUSI UCTOYHHUKA, UMEIOT BU/I:
0 . £(0,t)= Acos ot .
X=0T
Yto0bl KOJIEOaHUSI PACIPOCTPAHUINCH OT IUIOCKOCTH

X=0 10 IIOCKOCTH C MPOU3BOJIBHOW KOOPJIUHATOM X,

Pucynox 9.1 HY>KHO BpCMs1

7€ U — CKOPOCTh MepeMelieHrs (ppoHTa BOJIHBI.
OTO 3HAUYUT, YTO KOJIEOAHHUS YACTHII, JIeXKAIIUX B TUIOCKOCTU X, OyAyT OTCTa-
BaTh 110 BpEMEHU Ha T. IX ypaBHEeHUE UMEET BUL:

g(x,t)= Acos oo(t —ﬁ) (9.1)
v
VYpasuenuro (9.1) MoxHO mpuaaTe Apyroit Bua. J{Js 3TOro BBeEM BEIUYUHY
21
k=—o1, 9.2
. (9.2)

KOTOpasi Ha3bIBAETCS BOJIHOBBIM YHUCIOM. Bo.imoéoe uucio moKa3blBaeT, CKOJIBKO
JUITMH BOJIH YKJIaJIbIBaeTcs Ha pacctosHuu 6,28 m. C yuerom (9.2), a Takke TOro, 4TO

= 27/ ,a A=0T, nomy4um:
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2nt  2nX
g(x,t)= Acos (T - Tj :

nIn
&(x,t)= Acos (ot —kx). (9.3)

VYpaBuenus (9.1), (9.3) Ha3bIBAIOT ypasHeHUAMU NIIOCKOU De2yuiell 60IHbL.
®pOHT BOJHBI MPEACTABIISIET COOOH MIOCKOCTh MOCTOSHHON (ha3bl. 3aduKCH-
pyeM kakoe-nrb6o 3HaueHue (a3nl B ypaBHeHuHu (9.3), MOJI0KUB, UTO

(ot —kx)=const.

[Iponuddepenipyem 3To BeIpakeHHe 110 BpeMeHU U ipeodpazyem ero. [lomyunm:

dx_ o
dt k-

X o
3HadyeHue E =70 AacT CKOpPOCTb, C KOTOPOU MEPEMCIIACTCS (ba3013a51 IIJIOCKOCTb:

v=—, (9.4)
k
Takum oOpa3zoM, CKOPOCTh pacCIpOCTPaHEHUS TAPMOHUYECKON BOJHBI — 3TO
CKOPOCTh TepeMelieHus: (pa3oBoM MIOCKOCTH, MOATOMY €€ Ha3bIBAIOT (ha3060il CKO-
pocmbio (V="0y,.).
BouHBI pacnpocTpaHsatoTCs ¢ KOHEUHOM CKOPOCTBHIO, 3aBUCSIIEH OT MPUPOJIBI
BOJIHBI U CBOMCTB CPEJIbI.

a) B TBEPIBIX TEaxX:
CKOpocCTh pacnpocTpaHEHUs TPOJOJIbHOMN BOJIHBIL:

v=_|—, (9.5)
P

rae E — Moxynb FOHra, p — mioTHOCTH Cpelibl.
CkopocTh pacnpoCTpaHEHUs MOTEPEUYHON BOJHBI:

v=_|—, (9.6)
P
rae G — Moaysb caBuUra.
0) B razax:
CKOpOCTh pacrpoCTpaHeHHUs MPOT0IHHON BOJHBI (3BYKa):

U= 1/% (9.7)

i Y — MmoKa3aTenb aanabdatel raza, M — MossipHas macca rasza, R — monspHas razoBas
MOCTOSIHHASA, | — TepMOJMHAMHUYECKas TeMIIepaTypa.
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9.2 Boanosoe ypasnenue

VYpaBHenue 10001 BOIHBI SBISIETCS pemeHneM auddepeHnnanbHoro ypaBHe-
HIESI, Ha36IBAEMOT'O 60JIHO6bIM. J[JIsl TITIOCKOH MOHOXPOMATHUYECKOM BOJIHBI, PaCIpo-
CTpaHsroIeiics BIoyb ocu Ox, OHO UMEET CIIETY IO BHI:
2 2
o€ 1 0°€
2= .22 (9.10)
2 2 2
OX v° ot
Ecinu npu ananuse GpU3HYECKUX MPOLIECCOB TON MM WHON MPUPOJILI BHITEKAET
ypaBHEHHE MOJ0OHOr0 BHIA, TO 3TO O3HAYAET, YTO B JAHHOMN cpele BO3MOXHO BO3-
HHUKHOBEHHUE BOJHOBBIX IPOLIECCOB.
B TpexmepHOM IpocTpaHcTBe BOJIHOBOE ypaBHeHue (9.10) mpumer Bu:
2 2 2 2
o€ 0°€ 0€¢ 1 0
+ + =—.- 2

ox2 oyr o v? ot

(9.11)

9.3 Ilepenoc snepzuu eonnoil. Bexkmop Ymosa

Yactuusl cpeibl, B KOTOPOH paclpoCTpaHsIETCs BOJIHA, HE MEPEMEIAI0TCS I10-
CTYIATENbHO, @ COBEPIIAIOT KOJIEOaHHsI OKOJO CBOMX IOJOXEHHI paBHOBecus. 3a
cuéT 3TUX KojeOaHui cpena, B KOTOPOI pacnpocTpaHseTcsl BOJIHA, 00IaJaeT JOMOo-
HUTEIBHBIM 3aI1ACOM 3HEPrUU. DTa SHEPrUs JOCTABISAETCA OT UICTOYHUKA KOJIEOAHMI
B Pa3JIMYHbIE TOUYKHU CPEJIbl BOJHOM, CJIEOBATEIBHO, BOJIHA IEPEHOCUT SHEPTHIO.

[IepeHOCHMYIO HEPTHIO XapaKTEPU3YIOT HIOTOKOM SHEPTHUH.

ITomox 3nepeuu (O) — ckansgpHas pu3nueckas BEIUYMHA, YHCICHHO paBHAS
KOJIMYECTBY SHEPIHM, MEPEHOCHMOMY BOJHOW Yepe3 HEKOTOPYIO IMOBEPXHOCTh 3a
€JUHUIlY BPEMEHU:

O = aw . (9.19)
dt

kb]:EEE::BT.
C

I[J'I?I XApPaKTCPHUCTUKKU TCUHCHUA OSHCPIUH B PA3JIMYHBIX TOYKAX IMPOCTPAHCTBA
BBOAWUTCA BCIIMYHMHA, HAa3bIBACMasl IIJIOTHOCTBIO ITOTOKA SHCPI'UH.

ITnomnocme nomoka 3nepeuu (| ) — BeKTOpHas (GpU3nUUecKas BEINIMHA, YUC-

JICHHO paBHAasl YHEPTUH, MEPEHOCUMON 3a €IUHUILY BPEMEHH Yepe3 eIMHUYHYIO TI0-
IaIKy, PACIOJIOKEHHYIO MEPIEeHANKYISIPHO HAIMPABICHUIO PaCIpOCTPaHEHHUs BOJI-
HBI:

dw

= 9.20
ds, dt (5.20)

j

35



Boinel

Hamnpagienue BekTOpa IJIOTHOCTU MOTOKA SHEPTUU COBIIAJIA€T C HAMPABJICHU-
€M CKOpPOCTHU PaclpOCTPAHEHUS BOJIHBI:

_— . 9.21
dS, dt v (5.20)

=_ . 0_ dW 7
J=1] v

Bekrop minoTtHocTH moTOKa 3Hepruu Brepsble ObL1 BBeaeH H.A. YMOBBIM u,
[I03TOMY, Ha3bIBAETCS 6eKMOPOM YMo6a.

O6vémnan nnomuocms Inepeuu (W) — ckajmsipHas (U3NUECKass BEITMUMHA,
YHUCIICHHO PaBHAsl YHEPTUH, 3aKJIIOUEHHON B €JUHUIE 00BEMA.

dw
w=—-.
dv
Cpennee 3HaueHre 0OOBEMHOM MIIOTHOCTH SHEPTHH B KaXI0W TOUKE PaBHO:
A’
<W>= pT . (918)

rae p — IUIOTHOCTh CPEABI
[170THOCTH IOTOKA SHEPTUU CBSI3aHA C 0OBEMHON MIOTHOCTHIO SHEPTUU COOT-
HOLIEHUEM:

j=wv. (9.22)
B BekTopHOM BuIE

-

j=wd, (9.23)

rIe U — BEKTOp, MOAYJb KOTOPOTo paBeH (a30BOi CKOPOCTH, a HAaIpaBJICHHE COBIIA-

JIAaeT C HAMPAaBJIEHUEM PacCIpOCTPaHEHUS BOJIHBI (M MEPEHOCa YHEPTUN).
CkansipHast BenuuuHa |, paBHasg MOAYJIO CPEHEro 3HAYEHUs! BEKTOpa YMOBa,
Ha3bIBACTCA UHMEHCUGHOCHMbIO 60JIHbI. [[1151 3ByKOBOW BOJIHBI — WHTCHCUBHOCTBIO

3BYKa WJIHM CUJIOH 3BYKa.
2 2

. Ao
I:\<j>\:v<w>:p—v. (9.24)
2
PacnpocTtpanenue ynpyrux BOJIH B CPENE He€ CEA3AHO C NEPEHOCOM MACCHL.
[Tpu koneOaTenbHOM ABMKEHUU YACTHUI] HPOUCXO0OUM NEPEeHOC IHEPeUU 33 CUET Tie-
peradu €€ OT OJJTHOU YaCTULBI K APYTOH.

§10 3ByKoBBI€ BOJIHBI
10.1 Xapaxkmepucmuku 3eyka

3eyKkoevimu 6onnamu HA3BIBAIOTCA YIPYTUe BOJIHBI ¢ yactoTamu ot 16 'y no
20000 I'u, BocipyHUMAaEMbIE OpTraHaMU CJIyXa Y€JI0BEKa. ITH BOJIHBI SIBJISIFOTCS TIPO-
N0JIbHBIMU. OHU PacCpOCTPAHSIOTCS B TBEPJIBIX TEJAX, KUIAKOCTAX U razax.

Bonnbl ¢ yactotamu, MeHbIIUMH 16 1’1, Ha3bIBAIOT UHEpPazeykom; BOIHBI C
yactotamu, npessimaromumu 20000 I', Ha3bIBAIOT yiibmpazeyKkom.
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BocnpuaumMaeMbie 3ByKd MOKHO pas3iindyaTh 110 TPOMKOCTH, BBICOTE M TEMODY.
Kaxmoit u3 3TuX (PU3NONIOTHIECKUX XAPAKTEPUCTUK COOTBETCTBYET OIpeaeiICHHAS
du3nyeckas XxapakTepUCTHKa 3ByKOBOW BOJIHBI (Tadur. 10.1).

Tabmuna 10.1. XapakTepucTUKu 3ByKOBOW BOJTHBI

Du3NOIOrn4YeCKue duznuecKkue
— IPOMKOCTb — CHJIa 3BYyKa
— BBICOTA — 4acToTa 3BYyKa
— TeMOp — CIIEKTPaJIbHBIN COCTaB

I'poMkoCTh (Cuila 3ByKa) 3aBUCUT UCKIIIOYUTENBHO OT aMILIUTY/ bl KOJIEOAaHNUS.
BricoTa 3ByKa onpenensercs 4acTOTON ero KojaeoaHmii.

YroOb! BBI3BaTH OIIYIIEHHE 3ByKa BOJIHA JIOJDKHA 00J1aaTh HEKOTOPOH MUHU-
MaJIbHOM MHTEHCUBHOCTBIO, KOTOpAas HA3bIBACTCS HOPO2OM Cabluiumocmu. Ilopor
CJIBIIIMMOCTH 3aBUCUT OT YacCTOTBI 3ByKa W pasjinyeH I pa3HbIx dojei. Hanbonee
qyBCTBUTEIHHO yXO0 K wactoTam oT 1000 mo 4000 I'. HTEHCHMBHOCTH 3ByKa MpH
srom mopsiaka 107 Br/m” (puc. 10.1).

Ipu uuTeHcHBHOCTAX 1+10 BT/M° BOIHA MEpecTaeT BOCIPUHUMATHCS Kak
3BYK, BBI3bIBas B yX€ OILYIICHHE OOJM U JIaBJICHHUA. JTO 3HAYEHUE MHTEHCHBHOCTH
Ha3bIBACTCA MOPO2OM 0071€6020 OULy-
) wienusa. Ilopor 0607€BOro ONIyIICHUS
|B1/m L, 15 TaK)Ke 3aBUCUT OT 4acToThl (puc. 10.1).

- 7 ~~_—~ 120 Yposenv zpomrkocmu (L) ompe-

%) Iopoe 6onesoeo owywenus

10 100 JesSeTcs Kak Jorapu(M OTHOIICHHS

10°C 80 MHTEHCUBHOCTH | TaHHOTrO 3ByKa K HH-
6 . TEHCUBHOCTH lg, Ha IOpOre CIBIIIHAMO-

108f jGO CTH (|0z10‘12 Br/m? IpH CTaHIApTHOM

10 - 7 40 gactote 1000 I'm):

1 0-10_ lopoz crviuwumocmu._, | 20 |

164 do L= IgE. (10.1)

|
20 200 2000 20000 Vv,I'n

— *
Pucynok 10.1 [L]_B (Ger”)
OO6b1yHO monb3yoTes B 10 pa3 mMeHb-

UMM €AUHUALIAMHU — Oeyubenramu (nb).

Bech nuanazoH MHTEHCUBHOCTEH, MPU KOTOPHIX BOJIHA BHI3BIBAET B YX€ 3BYKO-
BOE oulylIeHue (0T 102 10 10 BT/Mz), COOTBETCTBYET YPOBHSIM I'poMKOCTH OT 0 110
130 ob (cM. mpaByto och Ha puc. 10.1).

NHTEHCUBHOCTD 3BYKa SBISIETCA €r0 00bEeKMUGHOU XapPaKTEPUCTUKOM, HE 3a-
BUCSIIEH OT 3BYKOBOI'O OUIYIICHHS. YPOBEHb 'POMKOCTH SBJISIETCA CYObEKMIUGHOU
XapaKTepUCTUKOM, TaK OH KaK 3aBUCHUT €IlI€ U OT UHTEHCUBHOCTH |y, KOTOpas B CBOIO
ouepeib 3aBUCUT OT 4acTOThl V. OOBSICHSAETCA 3TO TEM, UTO YXO YeJlOBeKa o0JaaaeT

pa3H0171 9YBCTBHUTCIIBHOCTBIO K 3BYKaM pa3Hoﬁ YaCTOTEI.
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10.2 Yavmpaszeyk

Yaempa3zeykom wHazpBatoTCS ynpyrue BOJHBI C YacTOTamMu OT 2: 10* no
10" I'u. VibTpasByKoBbIe BOMHBI ¢ yactoTamu mopsiaka 10° ' i BbIIIE HA3BIBAIOT
cunep3eyxkoevimu. J{1s1 TeHEpUPOBaHUS yIbTPA3BYKOB MPUMEHSAIOT MEXAHHUECKUE U
AJIEKTPOMEXaHWYeCcKue u3nyyarenu. [I[puMepomM MexaHMYECKOTo M3Iydaresisi HU3KO-
4acTOTHBIX 3BYKOB (v=20+200 xI'11) 607161110/1 ”THTEHCUBHOCTH SIBJIICTCSI CUPEHA.

OCHOBHBIM CBOMCTBOM YJbTpa3ByKa SBJISETCA TO, YTO OH MOJIOOHO CBETY MO-
KET U3IIy4yaThCsl B BUJIE Y3KUX HAIPaBJICHHBIX JIyde, TaKk Kak 00JiaJjaeT MaJlol JJTu-
HOM BOJIHBI. OTpa)keHHEe U MPEJIOMJICHUE YIbTPAa3BYKOBBIX MyYKOB Ha TPAaHUIIE pa3-
nena JBYX cpejl MPOMCXOJUT MO 3aKOHAM TeéOMETPUUYECKOM ONTUKH. YIJIbTPa3BYKH
CWJIBHO TOTJIONIAIOTCS Tra3aMd M BO MHOTO pa3 ciabee — kuukoctamu. Hampumep,
KO3(DPUIIHEHT MOTONIeHUsT yAbTpa3Byka B Bo3ayxe npumepHo B 1000 pa3 Oomblie,
4YeM B BOJIC.

AMITTUTYIBI CKOPOCTH U YCKOPEHHs KOJIeOATeITbHOTO JIBI)KCHUS YaCTHUIl CPe-
TIbI, @ TAKXKE aMIUIUTY/da 3BYKOBOTO JIaBJICHUS B YJIbTPa3BYKOBBIX BOJIHAX BO MHOTO
pa3 OoJIbIlIe COOTBETCTBYIOIINX BEJIMYWH JJIsI CIBIIIIMMBIX 3BYKOB. briaromapst 607b-
110 aMIUTUTYJIe 3BYKOBOT'O JIaBJICHHS, CO3/1aBA€MOI'0 MOIIHBIMH YJIbTPa3BYKOBBIMU
U3ITydaTesiMU, B KUAKOCTSIX BOSHUKAET SIBIICHUE KAgUMAaWuu — B HEW HENPEPHIBHO
00pa3yroTCs M UCYE3aI0T BHYTPEHHHUE Pa3pbIBbI CIUIOMIHOCTH. Vicue3HOBeHHE 3THUX
Pa3phIBOB, UMEIOMIMX BUJl MEJIbUAUIIUX IMYy3bIPHKOB, COMPOBOXKIAETCS KpPaTKOBpe-
MEHHBIM BO3paCTaHHUEM JABJICHHS IO COTEH U Jlaxe Thicsd atMocdep. [loatomy yib-
Tpa3ByKu 00JIaIal0T JPOOSIIINM JIEUCTBUEM — OHU Pa3pyIIalOT HAXOIAIIUECS B JKU/I-
KOCTHU TBEPbIE TE€JA, )KUBbIE OPTaHU3MBbI, KPYITHBIE MOJIEKYJIbI U T.1.

Hpobsiniee AeiicTBUE yIbTPa3BYKOB HCIONB3YIOT JUJISl CO3JaHUS dMYJIbCUU U
CYCIIEH3UH, CHATUSI TUICHOK OKUCIIOB U 00€3’KUPUBAaHUS TTOBEPXHOCTEH JeTanei, cre-
pUIM3AIUY KUAKOCTEH, pa3MenbueHus 3€peH GoToamylibeuil u T.4. Paspymatoiee
JEHCTBUE YIBTPA3BYKOBBIX BOJIH B )KMJIKOCTH Ha TOBEPXHOCTH TBEPAOIO TeJia 3aMeT-
HO yBEJIMYUBACTCS MPHU BBEJCHUU B KUIAKOCTh MEIKHX aOpa3HBHBIX YaCTHUIl. ITO SIB-
JIEHUE UCIOJIB3YeTCs ISl YIAbTPa3ByKOBOrO HNUIM(GOBAHUS U MOJUPOBAHUS, a TAKKE
«CBEPJICHUS» OTBEPCTHH pPa3inU4HON (POPMBI B CTEKIIe, KEpaMHUKE, CBEPXTBEPIBIX
CIUIaBaxX U KpUcCTaJUIax.

VYapTpa3Byku yCKOPSIIOT MPOTEKaHHWE MporieccoB Au(pdy3uu, pacTBOPEHUS U
XUMUYECKUX peakuuil. VX NpUMEHSIOT M1 KOHTPOJIbHO-U3MEPUTEIbHBIX Leen
(runmposiokanus, AehEeKTOCKOIHUs, W3MEPEHUE TOJIIMWHBI TPyOOIPOBOJOB U CIOS
HAaKUIU U T.J.), @ TAKXKE JUIsl OCYIIECTBICHUSI U YCKOPEHUS! TEXHOJOTHUYECKUX MPO-
LIECCOB.

10.3 Ungppazeyk

Hueppaszeyk — 510 yrpyrue BOJTHBI C YACTOTAMH HUXKE 00JIaCTH CIBIIITUMBIX Ye-
J0BeKOM 9acToT. OOBIYHO 32 BEPXHIOI T'PAHMIYY MH(PpPa3ByKa MPUHUMAIOT YaCTOTHI
16+25 I'u, HWXKHSAA TpaHuIla He omnpenesieHa. Mudpa3Byku comepkarcs B 1Iyme at-
Mocdepsl, B mryme jieca 1 Mopsi. MictournkoM nH(PPa3BYKOBBIX KOJCOAHUI SBIISIOTCS
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I'PO30BbIE pa3psAbl (TpOM), a TAK)KE B3PBIBbI U OPYJIMKAHBIE BBICTpENbl. B 3eMHOI KO-
pe HaOII0JAI0TCS COTPACEHUS U BUOpAIi HHPPA3BYKOBBIX YaCTOT OT CAMBIX pa3HO-
00pa3HbIX HICTOYHUKOB, B TOM YHCJIE€ OT 00BAJIOB, B3PHIBOB, IBUKEHUS TPAHCIIOPTA.

Wudpa3Byk Mano MOriomaercs B cpee, N0o3TOMY HH(Pa3BYKOBBIE BOJHBI B
BO3JlyX€, BOJE U 36MHOM KOpPE MOT'YT PACIPOCTPAHATHCS HA OUYEHb JAJIEKUE PACCTOsI-
HUA. JTO SBJICHHE HAXOJWUT NPAKTHYECKOE NIPUMEHEHHUE B 3BYKOMETPHUH, IIPU OIpeE-
JIEJICHMH MECTa CWJIbHBIX B3PBIBOB, J1a€T BO3MOXKHOCTb MPE/ICKa3aTh CTUXUIHOE O/
CTBUE — I[yHaMH. 3BYKHU B3pBIBOB, COJEpKAIIUE OONBIIOE KOJUYECTBO MH(PPA3BYKO-
BBIX 4acTOT, IPUMEHSIOTCS AJI UCCIIEIOBAaHUS BEPXHUX CIOEB aTMOCQEpHI, s UC-
CJIEIOBAHUs CBOWCTB BOJHOM CpPEJIbI.

§11 Nurtepdepenuust BoaH. CTosTune BOJTHbBI
11.1 IHpunyun cynepnozuuuu éonn. Humepghepenyusn éonn

Kozcepenmnocms — coriiacoBaHHOE MPOTEKAHUE BO BPEMEHU U MPOCTPAHCTBE
HECKOJIBKMX BOJTHOBBIX IPOLIECCOB.

Kozepenmmnuoie 60nnbt — BOTHBI, pa3HOCTH (a3 KOTOPBIX OCTAETCS MOCTOSHHOM
BO BpeMmeHU. KorepeHTHbIMH MOTYT OBITh TOJBKO BOJIHBI, UMEIOIIHUE OJIMHAKOBYIO
4acToTy.

Hanoxxenue KOrepeHTHBIX BOJIH, B PE3yJIbTaTe€ KOTOPOro KOJICOAHUS B OJHMX
TOYKaX YCWJIMBAIOT, & B IPYTUX OcHaOsIOT APYT APYra, Ha3bIBA€TCs SIBICHUEM UHMEP-
¢hepenyuu. BoiHbl HaKIaABIBAIOTCS OJHA HA APYryl0, HE BO3MyIas Apyr apyra. Pe-
3yJBTUPYIOIIEE CMEUIEHUE PABHO T€OMETPUUECKON CyMMe CMEIIeHUH , KOTOphIE TO0-
JTy4aroT YacTHUIbl, YYACTBYIOIIME B Ka)XOM M3 CJIAralolIUX BOJHOBBIX MPOIECCOB.
DTO yTBEpKIECHUE HA3BIBACTCA HPUHUUNOM CYREPROZUUUU GOJIH.

11.2 Cmosauue eonnnt

Cmoauue 601Hbl — 3TO KOJIEOATEIBHBIN NPOLECC, BOSHUKAIOUINM B PE3YJIbTATE
cioxeHus: (MHTepdepeHnn) IByX BCTPEUHBIX OErylIMX BOJH C OJIMHAKOBOW aMILIH-
TYZAON U YaCTOTOM.

Ha npaktuke crosure BOJIHBI BO3HUKAIOT NPU OTpakeHUU oT nperpan. Ilaga-
Iol1asi Ha perpaay BoJiHA U Oeryuiasi €l HaBCTpeuy OTpakKeHHasl BOJIHA, HAKJIaIbIBa-
ACh APYT Ha Jpyra, JAlT CTOAYYIO BOJHY. YPAaBHEHHME CTOSUEH BOJIHBI MOJIy4arOT
CJIOKEHHUEM CJIEYIOLINX YPaBHEHUM!

£,(x,t)= Acos(mt — kx) — nanaromas BonHa;

£,(x,t)= Acos(ot + kx) — oTpaxkennas BonHa.

[TpeobpasyeM pe3ynbTaT o Gopmysie KOCHHYCa CyMMBI:
E(x,t)=&,(x,t)+ &, (x,t)= Acos(wt — kx)+ Acos(ot + kx) = 2 Acoskx - cosmt
&(x,t)=2Acoskx - cos ot . (11.1)

VYpasuenue (11.1) Ha3biBaeTCs ypasnenuem cmoaueil 0JIHbL.
Bemnuuna
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2 Acoskx = A(x) (11.2)

Ha3bIBAETCS AMIUIMTYIOM CTOSYEN BOJIHBI.
3amenuB B (11.2) BomHOBOE umcio K cormacHo ¢opmyse (9.2), momydnm:

A(x)= 2Acos%x. (11.3)

27 27
1. Ecmu COSTX=1, T.€. 7X=inn, rie n=0,1, 2, ..., To aMmmuTyaa Kojeoda-

=2A.

Toukn, B KOTOPBIX aMIUTHTYa KOJIeOaHUH MaKCUMallbHA, HA3bIBAIOTCS HYYHO-
cmamu (puc. 11.1 6). KoopauHaTel my4yHOCTENH:

HUM JOCTHUI'a€T MaKCHUMAaJIbHOI'O 3HAYCHU A A(X)max

Xy =N—. (11.4)

2. Ecmu COSZK—NX:O, T.€. %Xzig(Zn +1), rae n=0, 1, 2, ...to A=0.

Touku, B KOTOPHIX aMIUTHTYAa KOJieOaHM paBHA HYJIO, HA3BIBAIOTCS Y31aMU
(puc. 11.1 6). KoopiuHaThl y3710B:

Xyan = (20 +1)%. (11.5)

g E_, nydynocnmu

A

Pucynok 11.1

Touku, HaxOAsIIMECS B y3J1aX, KOJIeOaHUM HE COBEPIIAOT. Y3JIbl U MyYHOCTH
Ipe/ICTaBIsAET CO00M HE OJIHY TOUKY, a TUIOCKOCTH, TOYKH KOTOPBIX UMEIOT 3HAYCHUS
KOOpAMHAT, onpeaeasiembie Gopmynamu (11.4) u (11.5).

N3 dopmyn (11.4) u (11.5) cnexyeT, 4TO pacCTOSIHUE MEXKIY COCCITHUMH ITyd-
HOCTSIMHU, TaK K€ KaK M pacCTOSIHHE MEXy COCEAHUMHU y3JiaMu, paBHO A/2. Paccros-
HHE MEXy OJIMKAWITUMHE y3JI0M H ITyYHOCTBIO — A/4.

PaccMoTpeHHbIN Ciy4yail OmUChIBae€T 00pa3oBaHUE CTOSYEH BOJIHBI, OTPaXKEH-
HOW OT MeHee IUIOTHOM cpenbl. ['padmk Takoil cTOsYEH BOJHBI MPEICTABIICH Ha
puc. 11.1 a. [IpumepoM siBisieTCsl BOJIHA, BOSHUKAIOIIAA B METANIMYECKOM CTEPIKHE C
HE3aKPEIJIEHHBIMUA KOHIIAMHU.
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Ecnu otpaskenue nmpoucxoaut ot Oosiee TIIOTHON Cpefbl, TO OTpaKEHHAas BOJI-
Ha MeHseT a3y Ha m. B stom ciywyae ¢popmyna (11.4) gact koopauHaTy y3ia, a
dbopmyna (11.5) — koopauHaATY IMy4YHO-
CTH, T.C. Y3JIbl U IIyYHOCTH MEHSIOTCS g
mectamu. ['padux BOJIHBI TpencTaB-
ned Ha puc. 11.1 6. Takas BoaHA BO3-
HUKAeT, HalpuUMeEp, B 3aKPEIICHHON N
ctpyne. [ns cpaBHenus Ha puc. 11.2 N X
naH rpaduk Oeryuiei BOJIHBI. ~———”

B ynpyrom crosuer BOiHE
SHEPrUsl MEPUOTUUECKH MUTPUPYET OT Pucynox 11.2
y3JI0B CTOSIYEH BOJHBI K IMTyYHOCTSIM U
obOpatHo. OHaKO B CaMHX y3JaX U MyYHOCTSIX IUIOTHOCTh MOTOKA SHEPTUHU TOXKIE-
CTBEHHO paBHa Hymo. CpeaHee 3a MEpUOJl 3HAUEHUE TUIOTHOCTH MOTOKA DHEPTHUU
paBHO HYJIO B JII000# TOYKE CTOSUEH BOJIHBI, TaK Kak JBE OEryIiue BOJHBI, 00pasy-
IOIIME CTOSUYI0, EPEHOCAT 3a NMEPHUOJ] PaBHbIE KOJIMYECTBA YHEPTUU B MPSIMO MPOTH-
BOIIOJIOKHBIX HampaBiieHUusX. [103ToMy cTosiure BOJTHBI U MOJIYYHJIA CBOE HAa3BaHUE.
IMocMoTpHUTE JIEKIMOHHbIE JeMOHCTPAIIUMN:

1. Ilonepeunbie cTOsIYME BOJIHBI HA PE3UHOBOM IIHYPE

http://youtube.com/watch?v=MK1GliBxUz4
2. Ilonepednble cTOSTYME BOIHBI Ha TUHEHKE CO CBOOOAHBIM KOHIIOM
http://youtube.com/watch?v=BSkje44cPbhQ

3. «Crosasi BOJHA» Ha dKpaHe ociiorpada
http://www.youtube.com/watch?v=gxgngaCzD6qg

b t,=tyrat

11.3 Cnoscnote 6onnwt. I pynnosas ckopocmo

[Tonsitue ¢dazoBoM CKOPOCTH MPUMEHUMO TOJIBKO K CTPOr0 MOHOXpOMAaTHue-
CKMM BoJiHaM. Takue BOJHBI pealibHO HE OCYIIECTBUMBI, TAK KaK OHU JOJIKHBI CylIe-
CTBOBAaTh HEOTPAHUUYEHHO JIOJITO BO BPEMEHH, U OBITh OECKOHEUHO MPOTSXKEHHBIMU B
npoctpaHcTBe. Ha mpakTuke nmpuxoauTcs UMETh JIeNI0 ¢ 0oJiee WM MEHEee CIIOKHBIM
BOJTHOBBIM MMITYJIbCOM, OTPAHUYECHHBIM BO BPEMEHU U B MIPOCTPAHCTBE, U HE SIBIISIO-
muMcst cuHycouaoi. OCHOBBIBAasICh Ha MPUHIUIIE CYNEPHO3ULIUUA, MOXKHO JFOOYIO
CJIIOXKHYIO (HE CHHYCOUJAJIbHYIO) BOJIHY Pa3jIOKUTh HA HEKOTOPYIO CUCTEMY CHUHYCO-
UJAIBHBIX BOJIH, T.€. IPEJICTABUTH €€ B BUJIC 2PYNAbL 80JIH, KOTOPYIO TaKXKe Ha3bIBa-
10T 60JIHOGbIM NAKEMOM.

I'pynna eonn (601106011 nakem) — COBOKYITHOCTb OOJIBIIIOTO YHCIIA CUHYCOH]T
C 4aCTOTaMH, KOTOPBIE MaJIO OTJIMYAIOTCS IPYT OT Jipyra. COBOKYIHOCTh YacTOT 3TUX
CUHYCOUJIATBHBIX BOJIH Ha3bIBACTCS CHEKMPOM YACHOmM PACCMATPUBAEMOTO BOJHO-
BOT'O MAKETA.

[Tpu orcyrcTBUM mucnepcuu (cM. §9) Bce MIOCKHUE BOJHBI, U3 KOTOPBIX CKJIa-
JIBIBACTCS BOJHOBOM MAKET, PACIPOCTPAHSIIOTCS C OJMHAKOBHIMHU (Pa30BBIMU CKOPO-
CTSIMU U, NTO3TOMY, HE CMEUIAIOTCA JIPYyr OTHOCUTENBHO Apyra. B aTom ciydae cko-
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POCTh PACIPOCTPaHEHUs BOJHOBOTO IMAaKeTa COBHAAAeT C (Pa3oBOW CKOPOCTHIO U, a
caM IakeT COXpaHsaeT (popmy.

[Ipy HanM4YUMM AUCHEPCUU COCTABIIAIOUIME BOJIHOBOTO IAKETa UMEKOT PA3HbIE
BOJIHOBBIC YHCJIa K U pacrpoCTpaHsFOTCS ¢ pa3HBIMHU (pa30BBIMH CKOPOCTSMHU. B pe-
3yJIbTaTe COCTABJISIONIUE MTAaKeTa Oy yT CMEMIAThCs APYT OTHOCUTEIBHO JAPYyTa, a cam
MaKeT B MPOIECCE PACTIPOCTPAHCHUSI OyAET MEHITH CBOIO (hOpMY.

Takum 00pa3oMm, CKOPOCTh PAcCHPOCTPAHEHHUS PEaTbHON CJIOKHOM BOJIHBI B
JUCTIEPTUPYIOIIEH cpesie He COBMajaeT ¢ (pa3oBoil CKOpocThio. B aTOM citydyae BOJ-
HOBOMY MAaKETy MPUIHUCHIBAIOT CKOPOCTh U, MOJ KOTOPOl MOHUMAETCS CKOPOCTh Ie-
peMenIeHUs] TOYKU ¢ MAKCUMAaJIbHOM SHEpruen. DTy CKOPOCTh Ha3bIBAIOT IPYIIIOBOM.
DHeprus NponopuUOHalibHA KBAAPATy aMIUTUTYAbl, HO3TOMY TOYKA C MaKCUMAaJIbHOM
SHEPruer MMeeT MaKCUMaIbHYI0 aMIUIUTYY.

I'pynnoeasa ckopocms — CKOPOCTb NEPEMEILEHNS TOUKM C MAKCHUMAJIbHON am-
muTyaou. TakuM o06pa3oM, TpyIIoBasi CKOPOCTh XapaKTepU3yeT CKOPOCTh, C KOTO-
POl BOJTHOBOM MakeT (rpynna BOJH) NEPEHOCUT SHEPTHUIO.

[Tonyuum Gopmyny mis pacué-

“xD) " Ta TPyHIoBou ckopoctu. IIpenmnosno-
/\ )KUM, YTO BOJIHOBOM makeT (puc.

B ~_/\ N_~_C 2) 11.3a) COCTOMT W3 [ABYX IUIOCKHUX

N \/ \/ v X BOJIH C OJJMHAKOBBIMU aMILIUTYJIaMH,

OJIM3KUMU 1O 3HAYEHUIO YacTOTaMU

o u (0+do), 1 BOTHOBBIMU uMCTa-
mu k u (k +dk). Ha pucynke 11.3 6
JaHa «MOMEHTaJIbHAs (oTorpadus»

6)
3TuX BOJIH. OJIHA BOJIHA M300pakeHa
CIUIOIIHOM JIMHUEH, npyras — MyHK-
Pucynox 11.3 THPHOA.

HNHTEeHCMBHOCTD BOJIHOBOI'O
nakera OyJeT MaKCUMaJIbHOW B Touke A, rae (a3pl 00euX BOJIH B JaHHBI MOMEHT
BpeMeHU coBmajaT. B Toukax B u C BoiaHBI HaxoasTcs B mMpOTUBO(A3E, TOITOMY
WHTECHCUBHOCTH TTaKeTa paBHA HYIIIO.

Hamuimem ypaBHEHHS BOJIH:

&, = Ay cos(ot — kx), (11.6)
&, = Aycos[(o+ dm)t — (k + dk )x]. (11.7)

B Touke ¢ MakCHMaJIbHBIM 3HAYCHHEM aMIUTATY bl (Touka A Ha puc. 11.3au 11.3 6)
¢da3pl 00enx BOJIH COBMAAAIOT, MO3TOMY B 3TOU TOUKe (pa3bl HE JIOJKHBI 3aBUCETh OT
BOJIHOBBIX uucen K u (k + dk). DTO O3HaYaeT, 4ToO MepBas MPOW3BOIHAS (a3bl

¢ = ot — kX o BomHOBOMY yncity K g0mKHA OBITh paBHA HYJIIO:
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do_y.
dk
Hanném nponsBogHyto:
99:'[-QQ—X:O
dk dk
Orcrona:
x_do
t dk’

X .
OTtHoueHue T MPEICTaBIAECT COOOM TPYMIOBYIO CKOPOCTH U, TaK KaK OHO OTIpEJesi-

€T yCJIOBUE, IIPU KOTOPOM aMIUIMTYyAa MaKCUMallbHa. Torna rpymnmnoBas CKOpocTh Oy-
JIET paBHa
_do

u=—o. (11.8)
dk
TakuMm 00pa3oM, MOHOXPOMATHUUYECKAs BOJHA XapakTepusyercsa (a3oBOi CKO-

© .
POCTBIO U = E, KOTOpasd paBHa CKOPOCTHU IICPCMCIICHUA (1)330BOI/I IINTOCKOCTH, a BOJI-

. . )
HOBOW MakeT XapaKTepu3yeTcs rpynrnoBoid CKOPOCThiO U TR KOTOpasi paBHa CKO-

POCTH MEepeHOca SHEPTUU BOJIHOBBIM NAKETOM (TPYMIO BOJH).
Boipaxenuto (11.8) nns rpynnoBoil CKOPOCTH MOKHO NPHUAATH APYroM BUJL.
3aMeHHB ® Yepe3 nmpousBeacHue vk, momydum:
U d(vk) do

v+k—.
dk dk

Jlanee HanuieM:
do dov dA

dk dr dk
Yudrewm, 4To BOJIHOBOE uuciio K =27/, Haiiném 3amucaHHble MPOU3BOAHbIC (TIOMPO-
OyiiTe BBIMIOJIHUTH 3TU MPeoOpa30BaHUs CAMOCTOSITENBHO), TOTYYUM

Uu=v—-A—, (11.9)
rae A — JJIrHa BOJIHBI.

v
Ecnu ¢a3oBast ckopocTb He 3aBUCUT OT JUIMHBI BOJIHBI (a = Oj, To v=U. Ec-

do
au (pa3oBasi CKOPOCTh 3aBUCUT OT JJTMHBI BOJIHBI | — # 0 |, TO ¢a3oBas u rpymnmnosas
v )’

CKOpPOCTH He coBmaaaroT, [[oHSATHE IpyNnmoBOM CKOPOCTH MPUMEHHMMO TOJIBKO IIPH
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YCJIOBHUH, YTO IOIJIOIIEHUE YHEPTUM BOJIHBI B TAHHOM cpene HeBenuko. [Ipu 3Haum-
TEJIbHOM 3aTyXaHHWH BOJIH IIOHITHE TPYIIIIOBOM CKOPOCTH yTPAYMBAET CMBICI.

[Ipn rugposiokanuy, pagdoiOKalUd U T.J. U3MEPSAIOT MUMEHHO TIPYIIIOBYIO
CKOPOCTbh, TaK KaK OOJBIIMHCTBO MPUEMHBIX YCTPOMCTB MOTUHHSICTCS MPUHLIUITY CY-
NEPIO3ULINH, KOTOPBIM O3HAYAET, YTO PE3YyJIbTAT HECKOJBKUX OJHOBPEMEHHBIX BO3-
JNEHUCTBUN MpECTaBIseT COOOM MPOCTO CyMMY pPE3YyJIbTaTOB, BBI3BAHHBIX KaXIbIM
BO3JIEVICTBUEM B OTJIEIIBHOCTH.

§12 D¢ ekt Jonnepa B akycTuke

Ippexkmom /lonnepa™ HazpIBaeTCS U3MEHEHHE YAaCTOThI BOJIH, PETUCTPUPYE-

MBIX TPUEMHHUKOM, KOTOPOE MPOUCXOAMT BCIEICTBUE JBIKEHUS HMCTOYHUKA ITHX
BOJIH U pueMHuKa. Hampumep, npu npuOimKxeHNN K HETIOABIKHOMY HaOJII0AaTeIN o
OBICTPO JIBMXKYIIETOCS IMOe37]a TOH 3BYKOBOTO CHTHAJa IMOCIEAHETO BHIIIE, a MpHU
yJIaJeHuH 1oe3/a — HIKE TOHA CUTHajia, To-

_
N Y JABAEMOT'0 TEM K€ ITOE3/I0M, KOrAa OH CTOUT
/
/ \ Ha CTaHIINH.
u / \ I1
R 4 A o [Iycts npuemuuk 11 3ByKOBBIX BOJIH B
(C \ / ra3zoo0pa3Hoil (WU KUJKOM) cpelie Hemo-
o Ao NS IBWKEH OTHOCUTEIBHO Hee, a UCTOYHUK U
X yHamasiercss co CKOpocTbio U;. CKOpOCTh

HalpaBjIeHA 110 NPAMOM, COCIUHAIONIEH HC-
TOYHHMK W mpuemHuk (puc. 12.1). Ty — nepu-
0J1 KoJIeOaHUil HICTOYHUKA. 32 3TO BPEMSI HCTOUHUK MIEPEMECTUTCS Ha PACCTOSTHUE

Pucynok 12.1

X =0Ty =L, (12.1)

Vo
III€ Vg — 9aCTOTa KOJI€OaHNI NCTOYHUKA.
[Ipyn nBM>KEHUM HMCTOYHUKA JJIMHA BOJHBI A B Cpelie OTIMYAETCS OT JJIUHBI
BOJIHBI 7\.0 HpI/I HCITOABHUKHOM HNCTOYHHKC:

7\, = 7\40 + U]_TO = ('U + Ul)TO
NN
p=2t0% (12.2)
Vo

rae v — (a3oBas CKOPOCTh BOJIHBI B CpPE/IE.
YacToTta, KOTOPYIO PErUCTPUPYET NPUEMHUK:
N
=0 (12.3)

(%
1+-1
v

N3 ananuza popmyisl (12.3) MOXKHO caenath Caeay Ol BBIBO/I;

V=

v
A

Ecau ucmounux ydaﬂﬂemc;l om npueémHnuKka, mo dacmoma NPUHUMAEMOZCO
cuznana ymensuiaemcs.

44



Bomnbl

Ecnmu MCTOYHHMK HENMOJABUXEH, a IMPHUEM-
HUK NPUOINKAETCA K HEMY CO CKOPOCTBIO

% U, BHOJb COCAMHSAIOMIEH HMX NPSIMON
" U, 11 (puc. 12.2), TO uIMHA BOJIHEI B Cpefie
(%] ;
A=hg=—-. (12.4)
. Ao Vo

CKOpOoCTh pacupOoCTpaHEHHS BOJIHbI

Pucynox 12.2
OTHOCHUTEIILHO IPUEMHHUKA paBHA U+ V.

YacToTa, KOTOPYIO pETUCTPUPYET TPUEMHHUK:

v=C"%_ v0(1+ 0—2) (12.5)
Ao v

W3 ananuza Gpopmynsl (12.5) MOKHO caienath CieIyIONIHid BEIBO:

Ecau ucmounux npu@zum‘aemc;l K RpUEMHUK), MmO uacmoma npuHumae-
MO20 CUZHAJlq yeeliudueseaemcs.

Ecnu HanpaBieHusi CKOpOCTel He COBNAAAIOT C MPOXOSALIEH Yepe3 NCTOUHHUK
U IpPUEMHUK TpsMoH, To B gopmynax (12.3) u (12.5) Hamo OpaTh MPOEKIUU ITUX
CKOpPOCTEMN Ha HAIIPABJICHUE YKA3aHHOM ITPSAMOM.

§13 YpaBHenuss MaxkcBeJia

VYpaBuenus MakcBemia — 310 GyHAaMEHTAIbHbIE YPaBHEHUS KJIACCHYECKOM
MAaKpOCKOIMUYECKOMN JIEKTPOAUHAMUKH, OMUCHIBAIOIINE SJIEKTPOMATrHUTHBIE SIBIICHUS
B 1100011 cpenie, B TOM 4yucie u B BakyyMe. OHu copmynupoBansl B 60-x rogax XIX
BEeKa aHIJIMHUCKUM ydeHBIM JIk. MakcBe/lIoM Ha OCHOBE 0O0OOIIEHUS IKCIIEPUMEH-
TaJIbHBIX 3aKOHOB, KOTOPBIE YCTAHABJIMBAKOT CBS3b MEXKIY JJIEKTPUUYECKHMMU U Mar-
HUTHBIMH SIBJICHUAMU. MakcBeinn pa3Bui uaen Mainkia @apanes o ToM, 4TO B3aUMO-
JNEUCTBUE MEXKIY DJJIEKTPUUECKH 3aPSKEHHBIMU TEJIAMU OCYILIECTBISAECTCS MOCPEN-
CTBOM JJIEKTPOMArHUTHOT'O TOJISI.

IlepBoe ypaBHeHUE ABISIETCS 0000IIEHHEM 3aKOHA JIEKTPOMAarHUTHON MHIYK-
nuu. CorinacHo 3TOMY YpaBHEHUIO

jﬁédl”:—jjz—?ds”. (13.1)
L S

WNuterpan, crosimuii B neBoi yactu ypaBHeHus (13.1), mpeacraBisier co0oit
HUPKYJSIIUIO BEKTOPA HANPSHKEHHOCTH DJIEKTPUYECKOTO MOJIA MO 3aMKHYTOMY KOH-
Typy. B cBOI0 ouepesb HMpKyIAUUs BeKTopa E umcnenHo paBHa paboTe, KOTopas
COBEpUIACTCS MPU MNEPEMENIEHUN €IUHUYHOTO IMOJOKUTEIBHOTO 3aps/ia MO 3aMKHY-
TOMY KOHTYpY, T.€. OHa MpEACTaBIseT COOON 3IeKTpoIBIKYIIyI0 cuiy. [lpaBas
4YacTh YPAaBHEHHUSI 1A€T CKOPOCTh U3MEHEHUS MTOTOKAa BEKTOPAa MArHUTHOM MHIYKIIMU
yepe3 NOBEPXHOCTh, OTPAHUYEHHYIO JaHHBIM KOHTYPOM.
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Takum o0Opa3zoM, U3 3TOr0 YpaBHEHHUS CIEAYET, UTO HEPeMEeHHOe MAZHUMHOE
noae gcezoa noposicoaem guxpegoe yieKkmpuueckoe noje. Hanane npoBoasIero
KOHTYypa He 00s3aTeIbHO, OH MO3BOJIAET JUIIL OOHAPYKUTh BOZHUKAIOILIEE IJICKTPU-
YECKOE MOoJIE.

3HaK «—» COOTBETCTBYET MNpaBuiy JIeHUa s HanpaBJICHHUS WHIYKIHXOHHOTO
TOKA.

Btopoe ypaBHeHue siBiseTcsi 00001IeHreM Ha TEPEMEHHBIE MOJIs SKCIIEPUMEH-
TajgpHOrO 3aKoHa buo-CaBapa-Jlannaca, yTBEpKIat0IIEr0, YTO BOKPYT IPOBOJHUKOB
C TOKOM CYHIIECTBYET MAarHMTHOE Moje. MakcCBeIl MPEaNoaoKHuI, YTO MarHUTHOE
I0JIE MTOPOKIAETCS HE TONBKO TOKAMH, TEKYIIUMH B MPOBOJHUKE, HO U MEPEMEHHBI-
MU 3JIEKTPUUYECKUMHU TTOJISIMU B IUDJICKTPUKAX WU BaKyyMe.

Bropoe ypaBHeHnne MakcBesia uMeeT BU:

- . OE )\ -
Hdl = +egq— |dS, 13.2
PR =[] Topon + c50°, (13.2)

-
JHpOB — INIOTHOCTH TOKA IIPOBOAUMOCTHU.

BCJ’II/ILII/IHa, IMpoIropuroOHaJIbHAasA CKOPOCTHU H3MCHCHUSA JJICKTPHUUYCCKOI'O IIO0JIA
BO BpCMCHU, ObL1a Ha3BaHa MaKCBEIIJIOM MOKOM cmeuienuAn.

€60~ = ]y — IVIOTHOCT TOKA CMEIEHHUS,
ot

TepMHH «TOK CMELIEHUS» SABIISIETCS YCIOBHBIM. [10 CyliecTBy TOK CMeleHUs —

3TO M3MEHSIOUIeecs] CO BpPEMEHEM JlieKTpuueckoe mnoie. M3 Bcex ¢usnyeckux

CBOMCTB, MPUCYIIUX TOKY IMPOBOJMMOCTH, TOK CMEUIEHUS 00JIalaeT JUIlb OJHUM —

CIIOCOOHOCTBIO co31aBaTb MAarHUTHOC ITO0JIC.

Tok cmemenns umeeTcs Be3Jie, 1€ €CTh U3MEHSIOIIEECs CO BPEMEHEM IEKTPUUECKOE TIOJIE.
OH cymiecTByeT M BHYTPH NPOBOJOB, 10 KOTOPBIM TEYET MEPEMEHHBIN 3eKTpruueckuid Tok. Ho
BHYTpPHU MPOBOJIOB TOK CMEILIEHHUS ObIBAET MPEHEOPEKUTENHHO MaJl 10 CPAaBHEHUIO C TOKOM IPOBO-
JUMOCTH.

[TonHBIM TOK, paBHBIM CyMM€ TOKa CMEIIEHUS U TOKA IPOBOAMMOCTH, BCErAa
SABJISIETCSA 3aMKHYTBIM.

Takum 00pa3oM, U3 BTOPOrO ypaBHEHUS CIELYET, UTO HEPEMEHHOE I/IeKMpPU-
yecKoe noJyie npueoOUm K nOA61EeHUI0 NEPEMEHHO20 MAZHUMHO20 NOJIA.

Tpernbe ypaBHEHUE:

ffBdS =0, (13.3)
S

T.€. MOTOK BEKTOpa MAarHUTHOW WHAYKIMU 4Yepe3 MPOU3BOJIBHYIO 3aMKHYTYIO IIO-
BEPXHOCTh S paBeH HYJI0. DTO O3HAYAET, YTO CBO0OOOHBIX MAZHUMHBIX 3APAO0E 6
npupooe nem, a JTUHUW MAZHUMHOU UHOYKYUU 3AMKHymbl. MarHuTHOE MOJe Mo-
POXKIAEeTCS DIEKTPUUECKUMU TOKAMU WJIU JIBUKYIIMMUCA AIEKTPUUECKUMU 3apsiia-
MU.
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UerBépToe ypaBHEHHE sBIsieTCS 00001IeHHeM TeopeMbl ['aycca st 3lIeKTpo-
CTaTUYECKOTO TOJISI Ha JI000€ 3JIEKTPUUECKOe MMoJIe, Kak CTallMOHApPHOE, TaK U mepe-
MEHHOE:

N
ffDdS = 3 q (13.4)
S

k=1

T.€. IOTOK BEKTOpa 3JIEKTPUUYECKOTO CMEILEHHUS 4Yepe3 MPOU3BOJIBHYIO 3aMKHYTYIO
HNOBEPXHOCTh S ONpEAENsieTCs AJIEKTPUUECKUM 3apsA0M, HAXOIAIUMCS BHYTPH 3TOU
IOBEPXHOCTH (B 00bEMe V, OrpaHUYCHHOM MOBEPXHOCTBIO S). DIEKTPUUYSCKOE IMOJIC
OPOXKAAETCS 3apsiAaMH.

VYpasuenus Maxkcpenna (13.1-13.4) He 00pa3yroT MOJIHON 3aMKHYTOM CHCTe-
MBI, TIO3BOJISIFOLIEN PaCCUUTHIBATH 3JIEKTPOMArHUTHBIE MPOLECCHl IPH HAIMYKUU Ma-
TepI/IaJ'IBHOI/I cpenbl. VX IOMOMHSIOT COOTHOMICHHSIMH, CBSI3BIBAIOIIIME BEKTOPE E U
D, B u H,artake J.CBsi3b MeX/Iy STHMHU BEIHIMHAMH ONPEIEISIETCS CBOICTBA-
MU CpeJIbl U €€ COCTOSTHUEM.

OTU COOTHOILIEHUS HA3bIBAIOT YPABHEHUSMHU COCTOSHUS WJIM MaTe€pHaIbHBIMU
ypaBHeHUsMUA. OHHM OTMHCHIBAIOT 3JIEKTPOMATrHUTHBIE CBOWCTBA CPEbl U IS KaXKIOM
KOHKPETHOM Cpe/ibl UMEIOT ONpeAeeHHY0 (popmy. g OONbIIMHCTBA U30TPOITHBIX
Cpell ypaBHEHUS COCTOSIHUSI UMEIOT IPOCTYIO JIUHENHYIO (GOpMYy:

B =poH, (13.5)
D =egg,E, (13.6)
j =oE, (13.7)

rAe € — OUDJIEKTPUYECKAs] TPOHULIAEMOCTh CPEbI,

L — MarHUTHas MPOHUILIAEMOCTh CPEbL,

G — yAeNbHAas 3JIEKTPOIPOBOAHOCTh CPE/IBI.

N3 ypaBHenuii MakcBemna ciaeayer, 4YTo HEPEMEHHOE JJIEKTPUYECKOE I0JIE
MOPOKJAET MAarHUTHOE IOJIe, KOTOPOE TOXKE OKA3bIBAETCSA NMEPEMEHHbIM. Takoe me-
PEMEHHOE MarHMTHOE MOJIE B CBOK OYEPEAb MOPOXKAAET ANEKTpUYeckoe u T.4. Ot-
CI0JIa CJIEyeT BaXHBbIA BBIBOJ O CYUIECTBOBAHMU HOBOTO (PU3UYECKOIO SIBJICHUS:
INEKMPOMAZHUMHOE NOJIe CHOCOOHO CYUWEeCcmE08ams CAMOCMOAMENbHO — 0e3
INEKMPUYECKUX 3apaooe u mokoe. IIpu 3TOM HM3MEHEHUE ero COCTOSHHS 00s3a-
TEJIHLHO MMEET BOJIHOBOM Xapakrep. Takum o0pa3om, €ciau B HEKOTOpOW 00JIacTH
IPOCTPAHCTBA BO30YAUTH C MOMOIIBIO KOJIEOIIOUIUXCS 3aps0B MEPEMEHHOE DJIEK-
TPOMArHUTHOE TI0JIe, TO OHO OYJIeT PacHpOCTPaHATHCS C HEKOTOPOWM CKOPOCTHIO B
BUJIC JIEKTPOMarHuTHHIX BOJTH (OMB).

InekmpomazHumHaa 60 1Ha — TEPUOIUYECKAS IOCIEA0BATEIBHOCTh B3aUM-
HBIX MPEBPAIICHUIN 3JIEKTPUYECKOTO U MArHUTHOTO MOJIEH, pacHpOCTPAHSIOUIUXCS B
IPOCTPAHCTBE B BUJIE KOJEOAHHI BEKTOPOB HAMPSHKEHHOCTEHN 3TUX TOJIEH.
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B cinyyae ogHOpOIHOM HEUTpaTbHONW HEMPOBOMSIICH CPEIbl C MOCTOSTHHBIMU
MIPOHULIAEMOCTSIMU € U |l U3 CUCTEMBbI YpaBHEHHI MakcBeilia nojiy4yarT ypaBHEHUSA
BUJIA:

0°E  0%E O°E 0%E

+ + =gne _—, 13.8
PPV R G e (138)
o°H o*°H o%H o%H

+ + =€gpEUQUh—5— - (13.9)
ol oy a2 oHoRe

VYpasuenus (13.8) u (13.9) npencraBnstor co00il TUMUYHBIC BOJTHOBBIC YPaB-
HeHus (cM. Gopmyny (9.11)). Besikast GyHKIMS, yA0BIETBOPSIONIAs TAKOMY ypaBHE-
HUIO, OMKCHIBAET HEKOTOpYyl BOiHY. CrenoBatenbHO, ypaBHeHus (13.8) u (13.9)
YKa3bIBAIOT HA TO, YTO 2JIeKMPOMAZHUMHbBIE NOJIA MOZYHL CYULECMEOB8AMY 8 8U)e
anekmpomazuumnplx 60an. CpaBHeHue ¢ BoipaxkeHuem (9.11) mo3Bomsier craenathb
BBIBOJ] O TOM, YTO (pa30Basi CKOPOCTh AIEKTPOMArHUTHBIX BOJIH paBHA

o -t (13.10)

" \Eo€HoH

§14 DjekTpoMarHMTHbIE BOJHbBI
14.1 IInockas 31eKmpomazHuUmMHAA 80IHA

PaccMOTpHUM 3JIEKTPOMArHUTHYIO BOJIHY, PAaclpOCTPAHSIONIYIOCS B HEUTpalb-
HOI1 HeTpoBoAIIEl cpesie ¢ MOCTOSHHBIMU ITpoHUIaeMocTsaMu € 1 u ( ] =0, e=const,
pu=const). HampaBum ock Ox mepneHAMKYJISIPHO BOJHOBBIM IOBEPXHOCTAM. Toraa
BekTOphl E m H, a, 3HAUMT, ¥ MX KOMIIOHEHTHI 10 KOOPAMHATHBIM OCAM HE OYIyT

3aBUCeTh OT koopauHat Y u Z. [Ipu stom ypaBuenus (13.8) u (13.9) ynpomarorcs u
MPUHUMAIOT BUI:

0°E, = (14.1)
=E€&pe —, .
aXZ 0E Kol 8t2
0°H, o%H,
=¢€pE . 14.2
Sl CoBHoR T (14.2)

—

Wnnekcel Y u zZ ipu Ey n H; moguepkusaror T0, 4T0 BEKTOpHI E M H nampas-
JICHBI BIIOJIb B3aUMHO MepreHauKyIsapHbIx oceir 0y u 0z. B atom cmywae E4=E,=0, a
Hyx=H,=0. Konebanus 31eKTpu4eckoro ¥ MarHUTHOIO BEKTOPOB B 3JIEKTPOMArHUT-
HOM BOJIHE MPOMCXOAAT C OJMHAKOBOU (pa3oil. Ecnu cumtaTh, 4TO HavyalibHbIE (ha3bl
konebanuii a;=o,=0, To pemenue ypaBuenuii (14.1) u (14.2) 6yner uMeTh BU/I:

E, = E, . €O (ot —kX), (14.3)

y max

H, =H,., cos(ot —kx). (14.4)
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27
B sTux hopmyrnax @ — MUKIMYIECKas 4acTOTa BOJHBI, K = 7 — BOJIHOBOE YHCIIO,

YMmuoxuB ypaBHeHue (14.3) Ha enuHu4HBIN Bektop ocu 0y, a ypaBHEHHE
(14.4) — na equHUYHBIN BeKTOp ocu 0Z, MONy4YUM ypaBHEHHE TUIOCKOW JIEKTpOMAr-
HUTHOW MOHOXPOMATHYECKON BOJIHBI B BEKTOPHOM BHUJE:

£ x E =E,,, cos(mt —kx), (14.5)

— —

H=H,, cos(ot—kx). (14.6)

max

Ha puc. 14.1 noka3ana «MomeHTanbHas (OTO-

rpadus» IUIOCKOM MOHOXpOMAaTHYECKOW BOJHBL U3

Pucynok 14.1 pHCYHKa BHIHO, 4TO BekTophl E u H o6pasyior ¢
HaIIPaBJICHUEM PACIPOCTPAHEHUS BOJHBI IPABOBUHTO-

— —

BYIO cucTteMy. B dukcupoBaHHON TOUKe MpOCTpaHCTBA BeKTOphl E u H u3menstor-
Csl CO BpPEMEHEM I10 TapMOHUYECKOMY 3aKOHY.

14.2 Ocnosnvle ceoiicmea IneKmpoMaZHUMHBIX G0JIH

1. DnekTpomMarHuTHBIE BOJHBI — 3TO 3JIEKTPOMATHUTHBIE KOJEOAHHsI, pacripocTpa-
HSIOIIMECS B MMPOCTPAHCTBE ¢ KOHEYHOW CKOpocThio. M3 Teopun MakcBeia ciie-
IyeT, UYTO 3JEKTPOMArHUTHbIE KOJeOaHUs PacTpOCTPAHSIOTCS B BaKyyMe CO CKO-
pPOCTBIO CBETA:!

g _oo 1 3908 (M/c). (14.9)

OMB m

2. CKOpOCTh pachpOCTpaHEHUS JICKTPOMArHUTHBIX BOJH B OJHOPOIHOW HM30TPOTI-
HOU Cpee paBHA

o o1 _ ¢ (14.10)

M Jegemon e

T.C. OHa MCHBIIC CKOPOCTU JJICKTPOMAIrHUTHBIX BOJIH B BAKYYMC.

3. DnexkTpoMarHUTHas BOJIHA — IMOTNEpeYyHas BOJHA. JTO O3Havaer, uro E L 0,

H L3, T.e. HanpaBienue koneGauuii BektopoB E m H mepneHamkysspHo
HaIpaBJIEHUIO PaCIpOCTPaHEHUS BOJIHBI.

4. DnexkTpoMarHUTHbBIE BOJHBI EPEHOCAT IHEPIHt0. OObEMHAS INIOTHOCTh SHEPTUU W
AJIEKTPOMArHUTHOTO TOJISl CKJIAbIBAETCS U3 O0BEMHON IUIOTHOCTU SHEPIUU JIEK-
TPUYECKOT0 MO W,, U 00bEMHON IJIOTHOCTH SHEPTUM MAaTrHUTHOT'O MOJIS W, |

ggoE” + pioH ?

14.11
5 5 (14.11)

W=W,; +wWy, =

3 TCOPHH IJICKTPOMAIrHUTHBIX BOJIH CJIICAYCT, YTO B J000H MOMEHT BpCMCHH
OTH BCIIMYHWHBI OANHAKOBBI. CJ'IGI[OBaTeJIBHO

w=gg,E” = pp H?. (14.12)
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[lepeHoc »HEpruM BOJIHOW MPUHATO XapaKTEPU30BaTh BEKTOPOM ILIOTHOCTHU
MOTOKa 3Hepruu. JJis MeXaHUUECKUX BOJIH 3TOT BEKTOP HA3bIBAETCS BEKTOPOM Y MO-
Ba. Bextop YMoBa paBeH Ipou3BEACHUIO O0BEMHOM IMIOTHOCTH SHEPTHU HA BEKTOP
¢$a30BO¥ CKOPOCTH BOJIHEL, T.C.

j=wd.

st 37eKTpOMarHuTHBIX BOJH BBOJSIT aHAJOTMYHBIM BEKTOpP, KOTOPHIA Ha3bl-
BAlOT BEKTOpoM [lolHTHHTA.

Bexmop Hounmunza S- BEKTOpHas (u3nyecKas BEJIUYMHA, YHCIEHHO PaB-
Hasl DHEPI'UH, IEPEHOCUMON dJIEKTPOMATHUTHOW BOJIHOM 32 €MHHUILY BPEMEHH 4Yepe3
€IUHUYHYIO IUIONIAJKY, PACIIONIOKEHHYIO NEPIEHAUKYJIIPHO HAIPABICHUIO PaCIIpo-
CTpPaHEHUsI BOJIHBL.

[Tonyuum dopmyiy, cBs3bIBarOIy0 BeKTOp [loMHTHUHra ¢ XapakKTepUCTUKAMU
anexkTpoMarauTHou BojiHbI. CornacHo (13.10)

1

v=— (14.13)
V €oEHoH
Torna monyns Bektopa [loiinTiHra OyaeT paBeH
S:wv:880E2 L — |20 g2 (14.14)

VE€oEHoH | HoM

YuursiBasi, 4To 880E2 = pupH 2 | IIOJIYYUM BBIPAXKEHHE IS PAcyéTa MrHOBEH-
HOr0 3HaueHus Bekropa [lonHTHHra:

oot -E-E
S=VE E'E _EH -k __H_ cos?(ot - kx). (14.15)

VHoH

Bektopet E u H B3aumMHO neprieHIuKyJIspHBL, T.€. yroda Mexay HumMu 90°,
asin90° =1.

CnenoBarenbHO, BeKTOp II0OMHTHHra MOYKHO IIPEACTABUTH KaK BEKTOPHOE MPO-
u3Be/ieHNe BeKTopoB E u H

S=ExH. (14.16)

Hampapiienne BekTopa S COBIIQJaeT C HaIpaBJICHHEM IIEPEHOCA DHEPIHH.
Cpennee 3HaueHue Bektopa [loMHTHMHra ompenenseT MHTEHCUBHOCTH JJIEKTpOMAr-
HUTHOM BOJIHBIL;

| =<S>= w (14.17)
TaK KaK CpeIHEe 3HAYEHHUE cos’ (oot - kX) 3a mepuoJ1 paBHo 1/2.

5. DIIeKTpOMarHUTHBIM BOJIHAM, KaK W JIOOBIM BOJIHAM, NMPUCYIIH UHTEphEepeHus,
nupakius, a TAKKe MOJISIpU3aIusl.
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6. DnexTpoMarHUTHbBIE BOJHBI MOTJIOMIAIOTCS CPEOi, a B AUAJICKTPUKE, KPOME ITO-
ro, IPETEPIIEBAOT AUCIEPCHUIO.
IlepBble ONBITBI C HECBETOBBIMHM 3JEKTPOMArHUTHBIMU BOJIHAMH OBUIM OCY-
mectBiaeHsl [. I'epriem B 1888 romy. Ilepemada cooOmieHrs ¢ TTOMOIIBIO DJIEKTPO-
MarHUTHBIX BOJIH Obli1a BriepBbie ocyuiecTBieHa B 1896 rony A.C. ITonoBbiM.

HOCMOTpHTe JEKIINOHHBbIC IleMOHCTpaHI/II/I:
1. TlonepeyHOCTh BOJIHBI
http://youtube.com/watch?v=b8aGmez3gPQ
2. 'YcraHoBKa Jij1sl HAOMIOACHHS TPEXCAHTUMETPOBBIX BOJH
http://youtube.com/watch?v=IuSbE4QmuUl
3. Ky0 u npu3ma Ha IyTH TPEXCaHTUMETPOBOI BOJIHBI
http://youtube.com/watch?v=rj2TYm_S630
4. TpexcaHTUMETPOBBIE BOJIHBI: 3aKOH OTPAYKEHUSI (JIMAJIEKTPHUK)
http://youtube.com/watch?v=-JdhiLKZeXs
5. TpexcaHTIMETPOBBIE BOJHBI: MHTEP(EPEHIIUS ITPU OTPAKEHHUH (TIPOCBETIICHHUE)
http://youtube.com/watch?v=pgSgxkAscOY
6. TpexcaHTUMETPOBBIC BOIHBL: JUAICKTPUUECKAs JINH3A
http://youtube.com/watch?v=yRjOCOETIXQ
7. TpexcaHTUMETPOBBIE BOJIHBL: IUAJIEKTPUYECKas [PU3Ma
http://youtube.com/watch?v=dBOQTvLwWiEQq8
8. Pemi€érka — 3epkaiio [uist TPEXCAaHTUMETPOBBIX BOJIH
http://youtube.com/watch?v=S2MNOtK2Weg

14.3 Illkana 31eKkmpomazHUmMHbBIX 60J1H

DNEKTPOMArHUTHBIE BOJIHBI MPHUHSTO YCIOBHO KIAaCCU(UIIMPOBATH MO JITMHAM
BOJIH B BakyyMe A =C/v wiu 1o yacrore v =w/27n (puc. 14.2). Mexay coceTHUMHU
JMana3oHaMU ITKaJIbI AJICKTPOMArHUTHBIX BOJIH HET PE3KUX TpaHull. bonee moapoo-
Has Kiaccudukanus aana B tabnuie 14.1.

DA T N AU I TR JU SRR SR SRS SO S A IO S
(=) =) o o (=) o o ©
PRI S T — T B - -~ B N - T~ L~ N~ B~ B -~ B~ B~ B~ R~
S 5 = = = = : = 3 = =
T 2 &8 & 4 5 & %3 3 & 3 oz :: 2 oz 8
g < o — o 4 5 £ 3 = = 5 4 4 —
— — = = S 9 ; o 5
S o S - o . o
S — — o
i
< e} © ~ =] (&2} S b S 2 3 3 1 5 3 3 & bS]
o o o 9 o © © o O o o o o ° o o o o
— — — — — — — — — — — — ~ — — — —
o o . o o A o ] o L [ L LA o o o o
oS H o o @ & B 17 T <2 TN < B W B - S o B
Y
)1 |§I ] 1
S|V - Tanm
Paouosontuvl Hugparpacnoe | 3| Yrompa amma
uzyyetue IE\ (ﬁumemoeoe usjiy4eHue
=
2| usnyuenue
% L J
-
3 Penmeenosckoe
S uznyuenue
Q
Pucynox 14.2
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Boinel

Paznuunbie BUBI JIEKTPOMArHUTHOTO U3IYUYEHHUS] OTIIMYAIOTCS JUIIb JIIUHON
BOJIHBI (WJIM, YTO TO K€ caMoe€, 4acToToi). B 3aBUCHUMOCTH OT JJIMHBI BOJIHBI (4aCTO-
ThI) MEHSIIOTCSI CBOICTBA BOJIH, MX JCHCTBHUSI, CIIOCOOBI MOJTYYEHHUS] U Ha3BaHUS OT-
JEIbHBIX YYaCTKOB.

Tabmuua 14.1. IlIkana 351eKTpOMarHUTHBIX BOJIH

Ha3Banwue nuana-

[IpumepHBbIl [rana3oH JJIMH BOJH

Jnamna3oH 4actoT

30HAa BOJIH
M JIpyrue e MHHIIbI I'n
HuskouacToTHbIE
ANEKTPUICCKUE
KoJie0aHus o+ 10" o + 100 kM 0+ 3-10°
PajioBotHbI 107 +10"° 100 kM + 1 Mm 3-10° + 3-10"
Nudpaxpacnoe
M3y dCHHE 2107 +76107 | 2mMm+760um | 1,5-10" +4,0.10"
Buaumoe
3Ty IeHHe 7,6-10 '+=3,810 77| 760+380um | 4,010 +8,0-10"
VYabTpaduoneroBoe
3Ty UeHH e 3,810 =310~ 380 + 3 M 8,0-10"* + 10"
PentrenoBckoe
U3ITy9YCHHE 10 %+ 10 " 10 HM + 1 im 310" + 3.10%°

['amMmma-uziyuenue

-11
10— u meHee

10 M u MeHee

3-10" u BbIIIE
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YACTDb 2. BOJTHOBASA U KBAHTOBAA OIITUKA

816 IlpeaBapuTeJbHbIE CBeIEeHHUS

Onmuka — 310 pazaen GU3MKHU, B KOTOPOM HM3YyHarOTCSl CBOMCTBA CBETa, €ro
¢usnyeckas MpuUpoaa U B3aMMOJEHUCTBUE ¢ BellecTBOM. 1101 cBeTOM B ONTHKE MOHU-
MalOT 3JIEKTPOMArHUTHBIE BOJIHBI C YaCTOTOH V OT 1,5-10" 1o 3-10% ', coorser-
CTByIOIIME HH(paKpaCHOMY HU3IYUYEHHUIO, BUIUMOMY CBETY M YIbTpaduoneToBOMy
U3Iy4YeHUI0. OJTy OO0JacTh YacTOT MPHUHSATO HA3bIBaTh ONMUYECKOU 001ACHmbIo
cneKkmpa >IEKTPOMArHUTHOTO u3NydeHus. Eil cOOTBETCTBYIOT AJMUHBI BOJH A OT
210 mo 10° M. BuammoMy cBETy COOTBETCTBYIOT MIMHBEI BOXH oT 3,8-107 10
7,6-107" M.. Hapsimy ¢ BOJIHOBBIMH CBOWCTBAMH B ONTHYECKOH OONACTH H3ITyYCHHS
IPOSIBIISIOTCS U KBAHTOBBIE CBOICTBA CBETA.

Takum 00pa3om, MO COBPEMEHHBIM MPEICTABICHUSM CBET 00JagaeT IBOIi-
CTBEHHOW NPUPOJOM, T.€. EMY IIPUCYL] KOPILYCKYJISIPHO-BOJIHOBOU JTyaIu3M.

16.1 Hexomopule céedenus u3z zeomempuieckoli OnmuKu

I'eomempuueckoii onmukoil Ha3bIBAIOT YaCTh ONTUKHU, B KOTOPOW U3y4YarOTCS
3aKOHBI paclpOCTPAHEHHUs CBETA B MIPO3PAUYHBIX CpPeJaxX Ha OCHOBE MPEACTABICHUS O
HEM, KaK O COBOKYIHOCTHM CBETOBBIX Jyuei. [lon yyoM MOHMMAIOT JIMHUIO, BIOJIb
KOTOPOU MEPEHOCUTCS SHEPTHS JIEKTPOMArHUTHON BOJIHBI.

OCHOBY T€OMETPUYECKON ONTUKHU 00Pa3yroT YeThIpe 3aKOHA: 1) 3aKOH MpPsIMO-
JUHEWHOrO0 PacHpOCTpAHEHUsI CBETa; 2) 3aKOH HE3aBUCUMOCTU CBETOBBIX JIyYei;
3) 3aKOH OTpakeHUs cBeTa; 4) 3aKOH MPEIOMIICHHUS CBETA.

3aKOH MPSMOJIMHEMHOTO PACIIPOCTPAHEHUSI CBETA: 8 OOHOPOOHOU cpede ceem
pacnpocmpanaemca nPAMOIAUHENHO. DTOT 3aKOH SIBISETCA MPUOIMKEHHBIM: MPHU
MPOXOXKICHUU CBETAa Yepe3 OUCHb MaJlble OTBEPCTHUS HAOJIIOAAIOTCS OTKJIOHEHUS OT
IPSIMOJIMHEHHOCTH, TEM OOJIBIINE, YEM MEHBIIIE OTBEPCTHE.

3aKOH HE3aBHCUMOCTH CBETOBBIX JIyY€H: JIyuu npu nepeceueHuu He 603My-
wiarom opyz opyza. llepeceyeHus: aydeil HE MEIIAIOT KaKIOMYy M3 HUX paclpocTpa-
HSTHCA HE3aBHCUMO JAPYT OT Apyra. ITOT 3aKOH CHPaBEJIUB MPU HE CIUIIKOM OO0JIb-
IIMX UHTEHCUBHOCTAX CcBeTa. [IpM MHTEHCUBHOCTSIX, JOCTUTAEMbIX C OMOIIBIO Jla3e-
POB, HE3aBUCHUMOCTh CBETOBBIX JIyUel MepecTaeT cOOI01aThCsl.

[Ipu nageHuu aydeil cBeTa Ha rpaHUIly pa3jeia ABYX Cpel MPOUCXOMAST siBJe-
HUSI OTPAKECHUS M TPEIIOMIICHHS CBETOBBIX Jiyueld (puc. 16.1).

Yenom nadenusn HazbpIBalOT yroja oL MEXIY MaJalolIMM JIy4oM A CBeTa U Mep-
NEHIUKYJISIPOM K TPAHHMIIE pa3zielia IBYX Cpell, BOCCTAHOBJIEHHBIM B TOUKe najeHus 0.

Yenom ompascenus na3pIBaloOT yroia y MexAy OTpaXEHHBIM JiydoMm B cBera u
MEPIECHIUKYJISIPOM K TMOBEPXHOCTU OTPA3UBILIEH CBET, BOCCTAHOBJIECHHBIM B TOUKE
nagenus 0.

3aKkoH OTpaxeHUs: 1) yeon nadenusn o. pasen y2iy ompascenus y; 2) naoaio-
wuil ayu A, ompasxicénnvtii 1yy B u nepnenouxynap, 60ccmano6ieHHbll 6 MOUYKY
naoenus 0 nexcam ¢ 00HOI NIOCKOCMU.
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Yenom npenomnenusn nazpiBarot yroin 3 mexay sgydoM C, OpoIIeIIINM Yepes3
TpaHuIly pasfenia ABYX Cpell, U MEepIEHINKYJISIPOM K I'paHHUIIEe, BOCCTAHOBICHHBIM B
Touke npenomiieHus 0 (puc. 16.1).
3akon mnpenomsieHus CHemwnyca: 1) mpe-

A B aomaénunstil ayy C, nadarwowiuil 1yy A u nepnen-

OUKYAD, 60CCMANOBTEHNBLI 8 mouKe nadenusn 0

N Jiexcam 6 00HOU NOCKOCmU;, 2) OMHOUIEeHUEe CU-

cpeda I Hyca y2ia nadeHus K CUHYCy y2ia npeiomaieHus

cpeoda 2 0 ecmp GeIUYUHA NOCHMOAHHAA 0711 OAHHBIX 08YX
cpeo:

PAC sme_p, . (16.1)

sinf3
Pucynok 16.1
BenuunHa Ny; Ha3bIBAaeTCs OmMHOCUMENb-

HbIM nokKaszaméejiem npejiomjieHus CpCabl 2 OTHOCHUTCIIBHO CPCIbI 1 OTHOCI/ITCJIB-
HBIM MOKa3aTeib MPCIIOMIICHU A n21 PaBCH OTHOIICHHIO a6COJII'OTHBIX moKas3arejieu
MpeIoMJICHHS Ny U Ny 3TUX CPEI:
Ny =2 (16.2)
n
A6COJ"0melM nokaszameiiem npejilomjleHuA CpCI[BI HA3bIBACTCiA ITOKA3aTCIIb
TPEIOMJICHUS CPEllbl OTHOCHUTENIBHO BakyyMa. OH paBeH OTHOIICHUIO CKOPOCTH CBE-

Ta B BAKYyMC K CKOPOCTHU CBCTA B ,HaHHOﬁ cpeac:

n=—, (16.3)

e ¢=3-10° M/c ckopoCTh CBeTa B BaKyyMe, U — CKOPOCTh CBETA B JAHHOIL Cpee.

Ecnu ny>n;, To cpena 2 Ha3pIBaeTCsl ONTHYECKU O0Jiee TUIOTHOM M0 CPaBHEHUIO
co cpemont 1. Ecinm ny<n;, To cpena 2 HA3bIBAETCS ONTHUYECKHM MEHEE IUIOTHOW IO
CpPaBHEHHMIO CO cpenou 1.

Cnencrus u3 3akoHa CHesnyca:

1. IIpu nepexone aydya cBEeTa U3 ONTUYECKHM MEHEE TUIOTHOM B ONMTHYECKH 00-
nee TIoTHYI0 (Ny>N1) yroa mpenomMieHus 3 MeHbIne yria naaeHus o. [Iperomnén-
HbIil 1yy C B TOUKe MaJieHUs Jyda OTKJIOHSIETCS B CTOPOHY MEpHEHAUKYJsIpa K rpa-
HUIIC pa3jena aByx cpen (puc. 16.1).

2. Ilpu mepexoje ayya CBeTa U3 ONTUYECKHU 00Jiee IUIOTHON B ONTHUYECKU Me-
Hee TUIOTHYIO cpeny (Np<Np) yroia mpenomsieHus B Oosbiie yria nageHus o. Ilpe-
nomaEHHBIN yd C B TOUYKE MaJieHUs Jiyda OTKIIOHSETCS OT MEepHeHAMKYJsIpa K rpa-
HULIE pa3zielia IByX Cpel.

[To Mepe yBenuueHus yriia MajicHust o yroJi npesoMyeHus 3 pacTeT, ocTaBasCh
BCe BpeMs Oonplie yria o. HakoHel, mpu HEKOTOPOM yTiie MajJeHHs 3HAaUeHHUE yriia
npeaoMiIeHus: puoan3uTces K 90° u npenoMIEHHBIN JTyd MOKUJET M0 TPaHUIIEe pa3jena

cpen (puc. 16.2a). Yroa mageHust O, COOTBETCTBYIOLIMH YINy MHPEIOMICHUS

=90°, Ha3bIBaeTCsl npedenbHbIM Y210M NOAH020 ompadicenus. OH onpeenseTcs u3
yCIIOBHUS:
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SiNQL,, =Ny (16.4)

Ecin o> oy,
n, >r]2< N,
n, 2t
Oyl 2
a)

TO TIPOUCXOJUT HOSIHOE 6HYympeHHee ompadiceHue (puc. 16.20).

n, Ny,<N,
N,

a>a Y=

1p

0)

Pucynok 16.2

HOCMOTpI/ITe JCKIMUOHHBIC TCMOHCTPALMN .

1. IomHOE BHYTpEeHHEE OTpaKEHUE

http://youtube.com/watch?v=HN37Jz8DHY (g

2. Mogjeins cBeToBOIa

http://youtube.com/watch?v=GQOrykfls0eQ

16.2 @omomempuueckue senuuunwvl

PEBI[GJ'I OIITUKH, B KOTOPOM pPaCCMATPUBAIOTCA BOIIPOCHI U3MCPCHHA SHCPIUHU,
HGpCHOCHMOfI OJICKTPOMArouTHBIMU BOJIHAMH OIITHYCCKOTO AMWAIlla30HAd, HA3bIBACTCA

domomempueii.

Hami rias BOCIIPUHUMACT M3 BCCTO JUAIla30HA 3JICKTPOMArHUTHBIX BOJIH JIMIIb

Kk
1,00

/
0,80 Ly
0,60 /
0,40 / \

0,20

N
400 440 480 520 560 600 640 680 720

A, HM

Pucynok 16.3

y3KUI y4acTOK, HA3bIBAEMBII BUIUMBIM
CBETOM. JTOMY Y4YacTKy COOTBETCTBY-
10T JUIHHBI BOJIH OT 380 HM go 760 HM.
UyBCTBUTEIIBHOCTh TIJla3a K CBETY C
pPa3HBIMM JIJIMHAMH BOJIH HEOJMHAKOBA.
OHna mMeeT MakCUMyM OpH A=555 HM
(3eneHas yacTh CIEKTpa) U OBICTPO Ma-
JaeT K HYJI0 MPU YJIaJeHUH OT ITOro
makcumyMa (puc. 16.3). Ha stom rpa-
(¢uKe 1Mo ropU30HTAIBLHON OCH OTJIOXKE-
Ha JJIMHA BOJIHBI A, IO BEPTUKAIbHON —
OTHOCHUTEJIbHASL CIIEKTpaJIbHAsI YyBCTBHU-
TEJIBHOCTH I'J1a3a K.

Ommuocumenvnasa cnekmpanvHaa uyecmeumenbHocmsy K, — 3TO OTHOILIECHHE
YYBCTBUTEIBHOCTH MPU JTAaHHOM JUIMHE BOJIHBI K UYBCTBUTEJIBHOCTU MPU A=555 HM.
Jlnst nvebl BoaHbl A=555 uM K, paBHa enunuiie. [Ipu TOM ke MOTOKE SHEPTUU OIle-
HUBaeMasl 3pUTEIbHO MHTEHCHUBHOCTbH CBETA JUISl APYTMX BOJH OKAa3bIBAE€TCS MEHb-
meil. COOTBETCTBEHHO, K JUIsl 3TUX JAJIUH BOJH MEHbBIIE €IUHULIBI.
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3HauYeHHUsI OTHOCHUTEIBHOM CHEKTPaJbHON YYyBCTBUTEIBHOCTH OOpaTHO MpPO-
NOPLMOHAIBHBI 3HAYEHUSM ITOTOKOB JHEPIHMH, KOTOPHIE BBI3BIBAIOT OJWHAKOBOE IIO
WHTEHCUBHOCTH 3PUTEIIBHOE OLTYIICHUE:

L-__22 (16.5)
K,, do®
rae dd, — MOTOK SHEPrHH, U3TyIaeMblil B HHTEPBAJIC JJIMH BOJIH OT A 10 A+dA.
Hanpumep, ecimu K;,=0,5, TO 3T0 03Hay4aeT, 4TO I MOIYUYCHHs 3PUTEIBLHOTO OIILY-
IICHUs TaKOW K€ MHTEHCUBHOCTU CBET JAHHOMW JUTMHBI BOJHBI JOJDKEH UMETh TUIOT-
HOCTh IMOTOKA YHEPTUU B J[Ba pa3a OoJIbIIyI0, 4eM cBeT ¢ K;=1.

B cBsi3u ¢ TakuMu OCOOEHHOCTSIMU TJia3a KOJMYECTBEHHBIE XapaKTEPUCTHKU
CBETOBBIX MMYYKOB OIICHUBAIOTCS HE MO SHEPTHUH, KOTOPYIO OHU MEPEHOCST, a 10 3PH-
TEJIBHOMY ONIYIICHUIO.

JIyst XapaKTepUCTUKH MHTEHCUBHOCTH CBETA C YYETOM €r0 CIIOCOOHOCTH BBI3BI-
BaTh 3PUTEIBHOEC OIMYIICHWE BBOAUTCS BenuunHa P, Ha3plBaeMas CBETOBBIM ITOTO-
KOM.

Csemoesoit nomok (D) — 310 pusrueckas BeJIMUNHA, paBHAS MOIHOCTH BUIM-
MOW YaCTH M3JIyYCHHUS, KOTOPOE PACIIPOCTPAHSETCsl BHYTPU JAHHOTO TEJIECHOTO YIJIa,

Y OLICHUBAEMAs I10 JICMCTBUIO 3TOTO U3JYYECHUSI HA HOPMAaJIbHBIN TJ1a3.

TenecHwtit y2on — 310 yroi, 00pa30BaHHBIN KOHHYECKON MOBEPXHO-
CThIO M YHCJIECHHO PaBHBIH OTHOIICHUIO IJIOLIAAM S, BBIpE3aeMOii
STHM KOHYCOM Ha MOBEPXHOCTH cephl paarycoMm I, K KBaapaTy pa-
nuyca 3tou chepsl (puc. 16.4):

r

Pucynox 16.4 TenecHsI yron usmepsercs B ctepaguanax (cp).
Ecnu TenecHbIil yrojl onvpaeTcss Ha HEKOTOPYIO IIONIAIKY
S1, HOpMaTh K KOTOPO# COCTaBJISET Yroi o ¢ paguycoM (cum. puc. 16.4), To

S, cosa

r.2

Q= (16.7)
[TonHbI# TeaeCHBIH yroa BOKPYT TOUYKH paBeH 41 cTepaauaH.

Jns maTepBasia dA CBETOBOM MOTOK OMpeAeNseTcs KaK MPOU3BEIECHHE MOTOKa
OHCPIrUHU Ha COOTBCTCTBYIOIICC 3HAUCHUC (1)YHKI_II/II/I K}L:

dd =K, dd,. (16.8)
[ToyHBIN CBETOBOM MOTOK PABEH
Y
®= [K,dD, . (16.9)
M

rae d®, — MOTOK PHEPTHH, U3TyIaeMblil B UHTEPBAJIC JJIMH BOJH OT A 10 A+dA.

Hcrounuk cBera, pa3MepamMu KOTOPOrO MOXHO IpPEeHeOpedb MO CPaBHEHUIO C
paccTosiHUEM OT MecTa HaOJIIOIEHUs 1O UICTOYHUKA, HAa3bIBAECTCS moyeunvim. Toueu-
HbI€ UCTOYHUKHU XapaKTEPU3YIOT CUJION CBETA.
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Cuna céema (l) TOYEYHOTO UCTOYHHKA B TAaHHOM HAIPaBICHUH — (PU3UICCKAs
BEJIMYMHA, paBHAs CBETOBOMY IOTOKY, IPUXOAAIIEMYCS Ha €UHUILY TEJIECHOTO yria:

| = do
dQ
Cuna cBeta uamMmepsiercss B kanjenax. Kangena (ka) siBiasieTcss OJHOM M3 OCHOBHBIX
equauI] MexyHapoaHoit cuctemsl (CH).

(16.10)

Kanoena paBHa cuiie cBeTa B 33JJaHHOM HAaINpaBJIeHUH UCTOYHHUKA, UCITYCKAIO-
HIEr0 MOHOXPOMAaTHYECKOE U3JIYUYEHUE YaCTOTOU 540-10" 'y, cuma W3JIy4YEeHUs KOTO-
pOTO B 3aJ]JaHHOM HarpaBJieHUH cocTaBisieT 1/683 Bt/cp (cp — crepaauan).
Ecnu To4euHbIit UICTOYHUK H3JIy4aeT PaBHOMEPHO IO BCEM HANPABJICHUSM, TO
OH HAa3bIBACTCS U30MPONHBIM. J{J11 N30TPOIHOTO MCTOYHHUKA BBIMOJIHSAETCS CIEAYIO-
1iee COOTHOIIEHUE:
()

:E’

rae @ — MOJIHBIM CBETOBOM IMOTOK, U3y4aeMbld UCTOYHMKOM. Ha OCHOBaHWH 3TOTO
COOTHOILICHUS] BBOJIUTCS €IMHUIIA U3MEPEHUSI CBETOBOIO IMMOTOKA — JIFOMEH.

| (16.11)

JIromen (M) paBeH CBETOBOMY IMOTOKY, M3JIy4a€MOMY HU30TPOIHBIM HUCTOYHU-
KOM C CHJIOM cBeTa B | K1 B Iipejienax TeJieCHOro yria B 1 crepaauaH.

OnbITHBIM MYTEM YCTAaHOBIIEHO, YTO CBETOBOMY IOTOKY B 1 1M, 00pa3oBaHHO-
My H3JIy4YE€HUEM C JJIMHOM BOJHBI A=555 HM, COOTBETCTBYET IIOTOK JHEPrUU B
0,0016 Bt. CBeToBOMY MOTOKY B 1 1M, 00pa30BaHHOMY H3JIyYE€HHUEM C JIPYyTOH A, CO-
OTBETCTBYET IMOTOK 3HEPTUU

®, =0,0016/K, Br. (16.12)

Ocsewennocms (E) — dbusuueckas BeaIu4rHa, paBHAsE OTHOIICHHIO CBETOBOI'O
IOTOKA K IUIOIIAaINd OCBEIIAEMOM TOBEPXHOCTH:

E=—. (16.13)

OCBGHICHHOCTB HN3MCPACTCA B JIFOKCAX.

JIwkce (1K) — OCBELIEHHOCTh, CO3/laBaeMasi CBETOBBIM IOTOKOM 1 JIM, paBHO-
MEPHO pacIpeiesICHHbIM Ha uiomaau | M.

Ecnn moBepXHOCTH OCBEHIAETCS TOUYEUYHBIM HCTOYHUKOM, TO OCBELICHHOCThH B
KaKJ0M TOYKE MOBEPXHOCTH MOXKET OBITh pa3iuyHON. Ee MOXHO BBIpa3WTh uepes
cuiy cBeta |, paccTosiHue I' OT TOBEPXHOCTH U YroJl O MEXKJy HOPMAJIbIO K MOBEPX-
HOCTU N W HAINPABJIECHUEM HA UCTOYHUK:

| cosa
r

(16.14)

3anucaHHOE COOTHOLIEHNE Ha3bIBAETCs 3aKOHOM OOpaTHBIX KBaJpaToB.
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BoanoBas onTuka

Bonnoeasa onmuka — pas3acia (I)I/IBI/IKI/I, H3yanOI[II/Iﬁ OIITHYCCKUC SABJICHUA, B
KOTOPBIX ITPOABIIACTCA BOJHOBAA ITPHUPOJAA CBCTA. K HuUM oTHOCATCSA I/IHTCp(I)CpCHIII/I}I,

mudpakuus, nojaspusanua. B aiekTpoMarHuTHON BOJIHE KOJIEOIIOTCS BEKTOphl E u

H . Kak mokaspiBaeT ombIT, (U3HOIOTUYECKOE, (POTOXUMUYECKOE, (POTOIIEKTpHUE-
CKO€ U JIpyTHE JCUCTBUS CBETA BBI3BIBAIOTCS KOJECOAHUSIMU BEKTOPA HANPSHKEHHOCTH

anekTpudeckoro noias E. IlosTomy BEKTOp HANpsHKEHHOCTH 3JIEKTPUYECKOIO IMOJIS
HA3bIBAIOT C6EMOEbIM 6EKMOPOM.

§17 UnrtepdepeHuus cBera
17.1 Humepgpepenyun. Kozepenmunocma

Humepghepenyun céema — 310 SBICHUE HAIOKEHUSI KOTEPEHTHBIX CBETOBBIX
BOJIH, B Pe3yJIbTaTe KOTOPOTO MPOUCXOJUT MepepacnpeeieHue IHEPTUU CBETOBOIO
noJisi, T.. 00pa3yloTCsl CBETJIbIC y4acTKU (MAaKCUMyMbl) U TEMHBIE YYacTKU (MUHU-
MYMbI) HUHTEPPEPEHIITMOHHON KAPTUHBI.

Kozepenmmnuie 601npl — BOIHBI, pa3HOCTh (Pa3 KOTOPHIX B JAHHOW TOYKE MPO-
CTpPAaHCTBAa OCTAETCs MOCTOSHHOW BO BpeMeHH. KOrepeHTHBIMU MOTYT OBITH TOJIBKO
BOJIHBI, UMEIOIIME OJIMHAKOBYIO YaCTOTY.

CBeT OT 0OBIYHBIX UCTOYHUKOB SIBJISIETCA HEKOT€PEHTHBIM. {7151 mosyyeHus ko-
TEPEHTHBIX CBETOBBIX BOJIH ITPUMEHSIOT METOJ| pa3/ieJICeHUsl CBETa OT OJJHOT0 MCTOY-
HUKA Ha JIBE€ WIM HECKOJIBKO BOJH. B Kakqoil M3 HUX IPEACTABICHO U3IyYE€HHUE O-
HUX U T€X XK€ aTOMOB HMCTOYHHUKA, TAK YTO ATU CUCTEMBI BOJIH KOT€PEHTHBI MEKIY
co00l. 3aTeM BOJIHBI MPOXOAAT WM Pa3HbIE PACCTOSA-
HUS, WIK UAYT B Pa3HbIX cpefax, MOCIe Yero uX BHOBb
HAKJIaJbIBatOT. Pa3HOCTh ONTUYECKUX JUIMH MYTEH (CM.
n. 17.2), npoxoauMbIX UHTEPPEPUPYIOIIMMHU BOJTHAMU
HE TOJKHA OBITh OYEHDH OOJIBIIION.

Pa3nenenue cBera MOXHO OCYIIECTBUTH MYTEM
€ro oTpakeHus WiK npenomiaeHust. OauH U3 crnocoOoB
MOJTyYeHHUsI KOTEPEHTHBIX BOJIH IMOKa3aH Ha puc. 17.1.
Ha mytu ucrouHuka cBera MOMEMIAIOT Y3KYIO JHa-
dparmy /I, koTopast BbIACNSET Y3KOHAIIPABICHHBIN MMy- A 11 9
YOK. 3aT€M 3TOT MY4OK PA3AEISIOT Ha 1B C IOMOUIBIO PucyHok 17.1
nperpaasl 11 ¢ giBymMs: maneHbkumMu oTBepcTusAmMu. MH-

TepdEPEHITMOHHYIO KapTUHY HAOIIOAAIOT Ha dKpaHe 3.

17.2 Ycnosua makcumymos u MUHUMYMO8 uHmeppepenyuu

PaccMoTpum HasloKeHUE ABYX CBETOBBIX BOJIH, BO30YKICHHBIX KOT€PEHTHBIMU
UCTOYHUKAMU S1U Sy, B Touke M (puc. 17.2). OTu BOJIHBI ONUCHIBAIOTCS YPAaBHECHMUSI-
MU:

E,(t,x;)= A cos(wt —kx, ) (17.1)
E,(t,x,)= A, cos(ot —kx,) (17.2)
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AMIUIUTYAY Pe3yJbTUPYIOLIETO KOJICOaHHs OMpPENeINM METOJOM BEKTOPHBIX
qyarpamm:

A% = AZ+ AZ +2A A, cosAp (17.3)

MHTEHCUBHOCTL BOJIHBI IMpOoNoOpuMrOHAIbHA

2
kBajapaty ammutyasl | ~ A°. C yueTrom 3TOro B
cootHomeHuu (17.3) 3aMEHUM aMIUIUTY/IbI Yepe3
WHTEHCUBHOCTH U TOJTYyUUM:

Pucynok 17.2 =13+ 1, +2\/l1 ,-cosAe (17.4)

Ecnu BonHBI HEKOTepeHTHBIE, TO AQ OyIeT HEMpepbhIBHO MEHATHCS, a COSAQ

OyJleT MPUHUMATH C PaBHOW BEPOSTHOCTHIO JItOOBIE 3HadeHus oT —1 1o +1. Cpennee
3HaueHHuEe COSAQ 1Mo BpeMeHH paBHO HYII0. OTCI0/1a MOKHO CHENATh BHIBOI, UTO MPH

HAJIOKCHUN HCKOI'CPCHTHBIX BOJIH PC3YJIbTHPYHOIIAA MHTCHCHBHOCTD CBE€TOBOM BOJI-
HbI paBHA CYMMC I/IHTCHCI/IBHOCTeﬁ, CO31aBaCMbIX Ka}K,HOﬁ N3 BOJIH B OTACJIIBHOCTH:

=1, +1, (17.5)

Ecnau BoJIHBI KOTEpeHTHBIE, TO COSAQ HMEET MOCTOSIHHOE BO BpPEMEHH (HO
CBOE€ JUIsl KaKJI0OM TOYKHM MpocTpaHCTBa) 3HaueHue. Ecaum CoOSA@ >0, to | > 1, +15;
eciu COSA@<0, to | <l +1,. Takum 00pa3om, IpU HAJIOKEHUH KOIEPEHTHBIX

BOJIH IPOUCXOJIUT IEPEPACIPENCIICHUE DHEPIUHU, B PE3yJbTaTe KOTOPOIO B OIJHUX
00J1acTAX BOJHOBOIO MOJIi MHTEHCUBHOCTh BOJIHBI YCUJIUBAETCS (BO3ZHUKAIOT MAKCH-
MYMBbI), @ B IPYTHUX — HHTEHCUBHOCTb YMEHbIIAETCS (BOZHUKAIOT MUHUMYMBI).

YcraHoBum yCJ10BUsA Ha6J'IIOI[eHI/I$I MaKCMMYMOB 1 MUHUMYMOB.

1. HTeHCMBHOCTH MaKCUMaJbHa, €Ccliu B BeIpakeHuu (17.4) COSAp =1, unu
Ao =2mm, (17.6)

rae m=0, 1, 2, 3..., T.e. nenoe unciao. Yucio M HaA3bIBACTCS MOPSIKOM MaKCUMyMa.
VYcnosue (17.6) sBseTCS yCIOBUEM MaKCUMYMOB HHTEP(EPEHIIUH.

2. MlHTeHCMBHOCTH MUHUMAJIbHA, €clii B BeIpaxeHuu (17.4) cos A = -1, unu
Ap=(2m+1rn (17.7)

rone m=0, 1, 2, 3,...
Ycnosue (17.7) siBasieTcst yclioBUEM MUHUMYMOB UHTEphEpPEHITUH.

VYcnoBusaM MakCUMyMOB U MUHUMYMOB MOKHO MPUAATh ApYyroit Bui. Jis 3to-
ro HalJIeM pa3HOCTh (a3 BOJH, OMUChIBaeMbIX ypaBHeHusMu (17.1) u (17.2):

BemnunHy X, — X; = AX Ha3bIBaIOT 2€0MEMPUHECKOU PAZHOCHbIO X00d.

k = 27/\ — BoHOBOE YHCIIO.
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Ecnmu wnTepdepupyromme Tydn TPOXOAAT Yepe3 JBE OTHOPOIHBIC CPEIbl C
Pa3IMYHBIMHU MMOKA3aTEISMU MPEJTOMIIEHUS N1 U Ny, TO BMECTO F€OMETPUYECKON pas3-
HOCTH X0J1a AX BBOJISIT TIOHATHE Onmuueckoil paznocmu xooa A (puc. 17.2):

A = n2X2 - nlxl, (179)

rae L =nX —onTuyeckuid myTh B OJHOPOJAHOM cpeie.

Onmuueckuii nymp — 3TO CKaJsIpHAas BEJIMYMHA, YMCIECHHO paBHas MpOU3BE-
JCHHUIO TI0Ka3aTessl MPEIOMIIEHUS CpPElbl HA T€OMETPUUYECKUNW MYyTh, NMPONIACHHBIN
BOJIHOM.

Torna, ucnonwszys cootHomenus (17.6), (17.7), (17.8) u (17.9) u 3ameHuB
BOJIHOBOE€ YHCJIO Y€pPE3 JIIMHY BOJIHBI, MOKHO MOJIYYHUTh:

Az Zm%, (17.10)
A
A=(@m+2 (17.11)

rae m=0, 1, 2..., T.e. 1IeJ0€ YKCIIO.

Cootnomenue (17.10) ompexnenser ycioBUE MaKCUMyMOB HWHTephEpeHIUU.
Makcumym unmepgpepenuyuu nadarwoaemcsa, eciu ONMuUYEcKas pasHoOCHb X004
08YX 60JIH PAGHA YEMHOMY YUCTLY NOJIYBOTIH.

Cootnomenue (17.11) ompenensier ycioBue MHUHUMYMOB HWHTEp(hEpEHITUH.
Munumym unmepghepenyuu nabdaOAEemMca, eciu OnmMuveckas pasHoCmb X004
08YX 6OJIH PAGHA HEYEeMHOMY YUCIIY OJIUH GOJIH.

Tabnuua 17.1. YcnoBus MaKCUMyMOB 1 MUHUMYMOB UHTep(epeHInu

~caosue Ap =2mn A= Zm&
MaKCUMYMOB 2
VYcnoBue A
Ap=(2m+1n A=02m+1)—
MUHHAMYMOB 2

Ecnu BonHa oTpakaeTcst OT onTUYECKH OoJjiee TIIOTHOM cpefibl, To (ha3a KoJe-

—

Oanuii BekTopa E m3MeHseTcs Ha MPOTHBOMOJIOXKHYIO, T.€. Ha T. ONTHYECKUI MyTh
IIPY 3TOM U3MEHUTCS Ha MTOJOBUHY JUIMHBI BOJIHBI.

L:nx—% WIH L:nx+% (17.12)

§18 HUurepdepeHunsi B TOHKUX MIEHKAX

Nutepdepeniuio cBera MOXKHO HAOJIIOATh KaK C MOMOIIBIO CIICHUAIBHBIX OIl-
TUYECKUX YCTPOMCTB, TaK U B €CTECTBEHHBIX yCIOBUsAX. [I[prmMepoM MOXKeT OBIThH pa-
Jy>KHasi OKpacka TOHKUX TUIEHOK (MBUIbHBIX MY3bIpel, MIIEHOK HedTHU WU Macja Ha
MOBEPXHOCTH BOJIbI, MPO3PAYHBIX IJIEHOK OKCHJIOB Ha TMOBEPXHOCTIX 3aKaJECHHBIX
METa/NIMYecKux neraieil u T.1.). OOpa3oBaHHe YaCTUYHO KOTEPEHTHBIX BOJH IPH
3TOM MPOUCXOAUT M3-3a OTPAKEHUs MAJAIOIIET0 Ha IUIEHKY CBETa OT BEPXHEW U
HI)KHEW TTIOBEPXHOCTEM TUIEHKMU.
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Paccmorpum IIJIOCKOIIApaJUIENIbHY O
NpO3pavHyl0 TUIEHKY TOJIIWHOW O, HAa KOTO-
pyH0 MajaerT IUIOCKAas MOHOXpOMAaTH4ecKas

2 BOJIHA C JJIMHOM BOJHBI A. [Ipeanonoxum, 4to
1o 00€ CTOPOHBI OT MIIEHKW HAXOJUTCS OJHA U
Ta X cpeaa, Hampumep, Bo3ayx (puc. 18.1).
BosmHy MO0XHO paccMarpuBaTh Kak mapal-
q JeNbHBIN my4dok dydeid. [Inénka orOpackiBaet

BBEpPX JBa MapajUleJbHbIX IMy4yKa: OJUH oOpa-
30BaJICAd 32 CUET OTPAXKEHHS OT BEPXHEW rpa-

0O HU, BTOPOM — 3@ CYET OTPAKEHUS OT HUKHEU
Pucynok 18.1 rpanu (mydku Ha puc. 18.1 npeacraBieHsl iy-
YaMH).

Paznocth xoma, mpuoOperaemas gydyamu | U 2 10 TOTO, KaK OHU COUAYTCA B
touke C, paBHa

A=(AO+0C)n-BC (18.1)

re N — mokKa3aTeiab IPEJIOMIICHHS TUIEHKH.

1o 3akony npenomieHus
sina
—=n. (18.2)
sinf3

HpOBG,IIGHI/IG MAaTCMaTHYCCKHUX HpGO6p&30BaHI/Iﬁ AacCT CJIICAYIOIICC BBIPAKCHUC!

A=2dVn? —sina. (18.3)

B Touke C oTpakeHHe BOJHBI MPOUCXOAUT OT ONTUUYECKHU O0Jjiee IIOTHOM cpe-
1bI, 03TOMY (haza KonebGanuii Bektopa E m3mensiercst Ha 1. B Touke O oTpakemue
IPOUCXOJUT OT ONTHYECKHM MEHEee IJIOTHOM Cpeibl, MO3TOMY M3MEHEHUs (a3bl HE
npoucxoaut. B urore mexnay aydamu 1 ¥ 2 BO3HHUKAET NOIMOJIHUTEIbHAS Pa3HOCTb
¢a3, paBHas . Ee yuyuThIBatOT, BIYUTAS U3 ONTHYECKOM Pa3HOCTH X0Ja A MOJIOBUHY
JUIMHBI BOJIHBL. B pe3yinbraTe noayuum

A:Zd\/nz—sinza—% . (18.6)

U3 dopmynsr (18.6) ciaemyer, uro mpu HOCTOSHHBIX d, N, o 3HaYeHHEe A s
BCel MJIEHKU OyneT OJAHUM M TE€M K€, & UHTEHCUBHOCTh OTPAaXEHHOIO OT HEE CBETa
OJIMHAKOBA JUIsl JTFOOOM TOYKH MOBEPXHOCTU. HTEp(hEepeHIIMOHHBIX OJIOC HET, U B
3aBUCUMOCTH OT 3HAYE€HHI A MHTEHCUBHOCTh OTPaKEHHOI'O CBETa JIMOO MaKCHUMalb-
Ha, MO0 YMEHbIIAETCs IO HYJIS.

J1J11 BOBHUKHOBEHUSI MHTEP(EPEHIIMOHHBIX MOJIOC B OTPAKEHHOM CBETE HEOO-
XOAMMO, 9TOOBI 100 TommuHa MIEHKH d, MO0 Yroi MmajeHus o A Pa3HBIX TOYEK
NOBEPXHOCTH U3MEHSIUCh. COOTBETCTBEHHO, paccMaTpuBasi UHTEP(EPEHIIMIO B TOH-
KUX TUIEHKAX, Pa3JIM4aloT MOJIOCHl PABHOTI'O HAKJIOHA U MOJIOCHl PAaBHOU TOJIIHUHBI.
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Ilonocer pagnozo naknona nabmona-
IOTCSl B TE€X CJIyYasiX, KOT/ia Ha MJI0CKomaparl-
JICNIbHYI0 TOHKYIO TUIEHKY MaaaeT MoJ pas-
HBIMH yTJIAMU Ol1, Ol CXOSIIUNACS (WA pac-
xonsmuiics) mydok cBetra (puc. 18.2). Tak
KaKk TonmMHa TUIEHKH O M ee mokaszaresb
IIPETOMJICHHUS N BE3/Ie OJIMHAKOBBI, TO OITH-
Yyeckas pPa3HOCTh XOJla MHTEep(EpUPYIOMINX
JTyded W3MEHSETCS BIOJIb IOBEPXHOCTH
IEHKA M3-3a U3MCHEHHS yIJia TaJCHUS Ool.
YcnoBus mHTEpDEpPEHIIUN I BCEX JIydeH,

d

Pucynoxk 18.2

magaromux Ha IMOBCPXHOCTDH IUICHKHU U OTpaXaromuxcs oT HEeE moa OAHUM U TEM XKC
YTJIOM, OANHAKOBBI. HOBTOMy I/IHTep(l)epeHLII/IOHHaSI KapTHHA B 3TOM CJIy4ac HAa3bIBA-
CTCA I10JI0CaMU paBHOI'O HAKJIOHA. ITonocer PAaBHOI'O HAKJIOHA Ha6J'IIOI[aIOT Ha 9KpaHC

3, KOTOpbIN YCTaHOBJIEH B (DOKAJILHOM TIIOCKOCTH JUH3BI JI.
Ilonocel pasnoit moawunel HAOMIONAIOTCS TPU OTPAKEHUM MAPaLIEIbHOTO

C

R R

\/

YA XX X'\
dm T2

N7 DY, 7,7, A7, 7, 7,77 7
w G s xS w3

I

»
Y

A

Pucynox 18.3

Pucynok 18.4

nmy4Ka Jydei (yroi maaeHus o = Cconst)
OT TOHKOM MPO3PavyHOM IUIEHKH, TOJIIIIH-
Ha KOTOpoil d HeoJWHAKOBa B Pa3HBIX
MecTax. Y CJIOBUSI UHTEpPEpEeHIInU Oy IyT
OJIMHAKOBBI B T€X TOYKAaX, KOTOPBIM CO-
OTBETCTBYIOT OJIMHAKOBBbIC 3Ha4YeHHs O.
[ToaTromy paccmaTpuBaemas wuHTEpde-
PEHLIMOHHAsI KapTHUHA HAa3bIBAETCS MOJIO-
caMM paBHOW ToNIIMHBL [IpumMepom mo-
JIOC PABHOM TOJILIMHBI SIBJISIFOTCSI KOJIbLIA
HeroTona.

Konvya Horomona HabnmomaoTcs
B TOM CITy4ae, KOrJa BbITYKJIas MOBEPX-
HOCTb JIMH3bl Majoil KpUBU3HBI CONPH-
KACAeTCs C IUVIOCKOM MOBEPXHOCTBIO XO-
pOLIO OTHOJIMPOBAHHOM TUIACTUHKH, TaK
YTO OCTAIOUIAsICA MEXAY HUMH BO3IyII-
Hasl MPOCJOWKA MOCTENEHHO YTOJIAET-
cs OoT HeHTpa K kpasm (puc. 18.3). Ecnu
Ha JIMH3Y MaJaeT My4YOK MOHOXPOMATH-
YECKOr'0 CBETAa, TO CBETOBBIE BOJIHBI, OT-
paxX€HHBIE OT BEPXHEW WM HUKHEWU Ipa-
HUI[ 9TOM BO3AYIIHOW MPOCIOWKHU, OY-

nyT uHTepdeprpoBaTh MKy co0oil. IIpr 3TOM mosyyaeTcs cieayrolias KapTuHa: B
LHEHTPE — TEMHOE MSTHO, OKPYKEHHOE PSIIOM KOHIIEHTPUUECKUX CBETIBIX U YEPHBIX

KoJ1el] yOwIBaromei mupusl (puc. 18.4).
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PaccmoTpeB untepdepeHno B OTpaXXEHHOM CBETE, MOKHO MOJIY4YHUTh (HOPMY-
JIBl IS pacy€ra paanyca TEMHBIX KoJiell HproToHa:

r,=+MRA. (18.9)

nn:JQm+nR%. (18.10)

rae Iy — paadyc Kosibla, UMEIIEr0 HOMEP M;
R — paanyc KpUBU3HBI JIMH3HI.

JInst CBETIIBIX KOJIeI:

ITocmMoTpHTE JIEKIMOHHYIO IEMOHCTPALMIO:
1. Unrepdepennuus aByx BoaH. bunpusma Openens

http://youtube.com/watch?v=1u6l0020NcQ

§19 IIpumenenue unrepdepeHnu

Ilpoceemnenue onmuku. utepdepeHius npu OTpaxEHUH OT TOHKUX TIEHOK
JIEKUT B OCHOBE MPOCBETICHUSI ONTHUKU. [[poxoxkaeHune cBeTa 4epe3 KaxIyr mpe-
JIOMJISIFOILYIO TIOBEPXHOCTh JIMH3bI COMPOBOKIAAETCS OTpakeHUEeM npuMepHo 4% mna-

17 JAIOIIEro cBeTa. B ClI0KHBIX 00bEKTUBAX TAKUE OT-
5 paXXEeHUsI COBEPIIAIOTCS MHOTOKPATHO, U CyMMap-
GO5CYY Hasl I0TEPsI CBETOBOI'0 MOTOKA JOCTUIAET 3aMETHOU
BEJIIMYMHBI. B IIPOCBETIIEHHOW ONTHKE IS yCTpa-
d n HEHUSI OTPAKEHHUSA CBETa HA KaXIyH CBOOOIHYIO
v — N<N; TOBEPXHOCTH JIMH3bl HAHOCUTCA TOHKas IUIEHKA
— _ n BEIIIECTBA C MOKA3aTEJIEM MPEIIOMIICHUS MEHBIIUM,
PucyHoxk 19.1 yem y nuH3bl (puc. 19.1). TommuHa muéHky moaou-
paeTcs Tak, 4TOOBI BOJIHBI, OTPAKEHHBIE OT 00EUx

€€ MOBEPXHOCTEM, MOTalllalid IPYT APYyra.

PaccuyntaeM MUHUMQJIBHYIO TOJIILMHY IIJIEHKHA, HAHECEHHOM Ha ITIOBEPXHOCTH
auH3bL. JIyuu 1 u 1, oTpax€nHbie OT BepXHEH M HIDKHEH rpaHeid, KOTepeHTHBI U Oy-
nyT uarepdepupoBarb. B coorBerctBum ¢ popmynamu (18.6) u (17.11) 3anumem:

2d+/n? —sin?a = (2m +1)%. (19.1)

BosnHa aBaxael oTpakaeTcsi OT ONTHYECKH OoJiee TIIOTHOM cpejpl. daza KoJie-

Oanuii BekTopa E nBakapl M3MeHseTCs Ha MPOTHBONOJOXKHYIO, T.€. B PE3yJbTATe
OHA HE MU3MEHUTCSA. DTO O3HAYAET, YTO PA3HOCTh X0Jla paCCMAaTPUBAEMBbIX JTy4YeH TaK-
K€ HE U3MEHUTCA.

CseT najsaeT HOpMaibHO, T.¢. yrou nagaeaus oo =07, sin0” =0. C yyeTom 3T0-
'O TOJTYYHM:

2dn:Qm+D%. (19.2)
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Orcrona crnemyer, 4TO TOJNIIMHA IUIEHKH, COOTBETCTBYIOIIE MHUHHMYMY WH-
TEHCHUBHOCTH OTPAKEHHOTO CBETA pPaBHA!

d= M (19.3)
4n
MuHuManbHas TONIIKMHA IEHKK Oy et pu ycnoBuu m=0:
A
d.. =" 19.4
min = (19.4)

benblii cBeT — 3TO CBET, B KOTOPOM MPUCYTCTBYIOT BCE IJIMHBI BOJIH BUIUMOTO
nuariazoHa. TONIMHY TUIEHKH MPUHATO PAaCCUMTHIBATH JUISl CPEHEW YacTH CIEKTpa
(A~550 HM), MO3TOMY NMPOCBETICHHAS ONTHKA NMEET CUPEHEBATHIH OTTCHOK (KpacHas
U (hUOJeTOBAs YaCTHU CIIEKTPA HE TacsATCsl).

["ammenue cBeTa HE O03HAYaAET MPEBpAIlEHUE CBETOBOM ASHEPruu B Japyrue (op-
Mbl. Kak u npu uHTepdepeHny MexaHnueCK1X BOJIH, TalliIeHUEe BOJH IPYT JPYTrOM B
JTAHHOM YYacTKe MPOCTPAHCTBA O3HAYAET, YTO CBETOBAs SHEPIHs ClOJa MPOCTO HE
nonanaer. ['amenne oTpakEHHBIX BOJH, CJIENOBAaTEIbHO, O3HAYAET, YTO BECh CBET
POXOJIUT CKBO3b OOBEKTHB.

Humepghepomempui. SIBnenne natephepeHIINN UCTIONIB3YIOT B PSAAC JOBOJIBHO
TOYHBIX MPUOOPOB, KOTOPHIC HA3BIBAIOTCS uHmepphepomempamu. urepdhepomerp

Kamena mpuMeHsieTcs: JjIs TOYHBIX WU3MEPEHUN U3-
4 MEHEHHS TOoKa3arelisi MPEJOMIICHUSI Ta30B B 3aBU-
CHMOCTH OT TEMIIEPATYPhl, 1aBICHUS U BIAKHOCTH.

Cxema wunHTepdepomeTpa NpeACTaBlIeHa Ha
puc. 19.2. JIBe TOJICTbIE OJMHAKOBBIE ILJIACTUHBI
YCTaHaBIMBAIOTCA MapaJUiesibHO Apyr Apyry. Mo-
HOXPOMATHYECKHUN CBET OT MCTOYHUKA S MajacT Ha
MOBEPXHOCTH MEPBOM IIACTHHBI MO/ yIJIOM, OJn3-
PucyHoxk 19.2 kUM K 45°. VI3 nepBoy niiacTUHBI BBIWJIET JBA J1y4a,

UIYIIMX HA HEKOTOPOM PACCTOSIHUM APYT OT JIpyra.

Ha ux nytu nomemarorcs ktoBeTbl Ky u K. Ecniv 0JIHY U3 KIOBET 3alI0JIHUTH Ta30M C
M3BECTHBIM MOKA3aTeJIEM IMPEIIOMIICHUS, a BTOPYIO — Ta30M, MOKAa3aTeNlb MpPeIoMIIe-
HUSI KOTOPOTO MU3MEPSETCSI, TO MEXY JIydaMH BO3HHMKAET JIOMOJHUTENIbHAS PA3HOCTh
xoJa. 3aTeM 3TH Jy4YHu NaJal0T Ha BTOPYIO MJIACTUHKY. M3 HEE€ BBIXOIUT yKE UEThIPE
Jay4da, IpUYE€M BTOPOU M TPETUH HAJIOXKATCS IPYyr HA Apyra. B pesysbraTre BOZHUKHO-
BCHHS JIOTIOJHUTEIBHON Pa3HOCTH XoAa MHTep(hEpeHIIMOHHAs KapTHHA CMEIIaeTCs.
ITo cmemenuto nHTEPPEPEHIIMOHHON KaPTUHBI ONMPEICIISIIOT N3MEHEHHE TTOKa3aTes
MPEIOMIICHUS, TPOLICHTHOE COJIEPKAHUE PUMECH U T.J.

1i 2|3

——————

[

2
II

S

820 /Indpaxkuus cBeTa

Judpakuust o0yciioBIeHa BOJIHOBOU MPUPOION CBETA U HAOIIOAAOTCS TIPH €TO
pactpoCcTpaHEHUU B Cpefie C Pe3KO BBIPAKEHHBIMH HEOJIHOPOIHOCTSIMU. B y3xom
CMBICIIE Ou@pakuyus — 3TO CIIOCOOHOCTh CBETOBOW BOJHBI OrHOaTh MPEMSATCTBUS,
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pa3Mepbl KOTOPBIX COM3MEPUMBI C JJIMHOW BOJIHBI, M TIoNaAaTh B 00J1aCTh T€OMETPHU-
YECKOHW TEHH.

Mexny unrepdepenuuein u audpakuueid HET CyIIECTBEHHOrO (hU3UUYECKOTO
paznuuns. O0a sSBIEHUS 3aKII0YAI0TCS B IepepacnpeieIeHU CBETOBOTO MOTOKA, KO-
TOPOE MPOUCXOAUT MPHU HAJIOKEHUU KOTEPEHTHBIX BOJH (Cynepno3uiiuu BojH). Ile-
pepacrnpe/eneHue THTEHCUBHOCTH, BO3HUKAIOIIEE B pe3yJIbTaTe CYyNepIrioO3UIIMK BOJIH,
B0O30y>K/Ia€éMbIX KOHEUYHBIM YHCJIOM JHCKPETHBIX KOre-
PEHTHBIX MCTOYHHUKOB, MPUHATO HA3bIBaTh HHTEpP(]epeH-
nuel BoiH. Ilepepacrpenenenrie HUHTEHCUBHOCTH, BO3HU-
Karollee B pe3ysbTare CyNepHo3UIMH BOJIH, BO30OYKIaae-
MBIX KOTEPEHTHBIMA HWCTOYHUKAMHU, PACIOJIOKEHHBIMU
HENPEPHIBHO, MPUHATO HA3bIBaTh AU(GPaKIIMEH BOJH.

[IpuOIMKEHHBII METOH, C IOMOIIbI KOTOPOTO
MOKHO PacCUUTaTh 3aKOHOMEPHOCTH AU(PPAKIIMOHHBIX
KapTUH, Ha3bIBaeTcsi npunyunom Irwiicenca-Dpenens.
OcHoBHbIe noJ0keHus npuHuumna ['toirenca—Openens:

1. Kaxnayto Touky poHTa BOJHBI MOKHO PaCCMaTPUBATh, KAK UCTOUYHUK BTOPUYHBIX
cepuueckux BoiH (puc. 20.1).

2. BTtopuunbie BOJIHBI KOTEPEHTHBI, TO3TOMY OHU UHTEPHEPUPYIOT MEKTY COOOM.

3. Ammutyaa kosieOaHHMi B J1000H TOUKE OIpeenseTcs Kak pe3ysbTaT UHTepde-
PEHITMN BTOPUYHBIX BOJIH OT OECKOHEYHOTO MHOYXECTBA BTOPUYHBIX UCTOYHUKOB,
T.€. B Touke A (puc. 20.1) HaK/1aIbIBA€TCSI MHOXKECTBO JTy4ei.

Pucynok 20.1

20.1 Jugppaxkyuonnas pewmémxa

Jugppakuuonnas pewrémka — 310 CICKTPAIBHBIM ONTUYECKUN TPUOOP, Mpe/I-
HA3HAUYEHHBIN I Pa3j0oKEHUSI CBETA B CIEKTP U M3MEPEHUs UIMH BoJIH. OHa mpen-
CTaBJsieT cOOOM IMIOCKYI0 CTEKJIIHHYIO TUIACTUHKY, Ha KOTOPYIO C MOMOIIbIO JEJH-
TEJIbHOM MAalIWHBI Yepe3 CTPOTr0 OJMHAKOBBIE MHTEPBAJIBI HAHOCIT MNapaliieIbHbIE
mTpuxu. [[poMeKyTKH MeXAy IITPUXaMU MMPO3PAayYHbI JJIsI CBETOBBIX JIyYed U Urpa-
10T pouib meneil. ITpuxu paccenBaroT 1y4u U, HO3TOMY, SIBIISIFOTCS HEMTPO3PAUHBIMHU.
OCHOBHBIM MapaMETPOM PEUIETKH SIBJIIETCA PACCTOSTHUE MEXIY CEpEeIUHAMU COCEJ-
HUX IITPUXOB, KOTOPOE HA3BIBAIOT nepuodom U (nocmosannoit) ougppaxuuonnoi
peuémxu.

d=a+b, (20.1)

rlie a — MUpPUHA e, b — pa3mep
npenarcTBus (cM. puc. 20.2).

Ha 1 MM MoxeT ObITh HaHe-
cerno 10°+10° mTpHXOB, a HEPHOL
PEIETKM MOYKET MMETh 3HAUYCHHE
(1+10) MkwMm.

Paccmorpum  nudpakumro
napayuieabHBIX Jyded. UToOsnl mo-
JY4YUTh MYyYOK MNapajuleNIbHbIX JIy-
4yell 0OBIYHO MCMOJIb3YIOT HEOOJIb-

Pucynoxk 20.2
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ol uctouHuk ceera. Ero momemaroT B ¢okyce coduparomieit auu3bl. Jlyun nocne
JMH3BI UAYT TapaJuiebHO APYT Apyry. PacmpeneneHne MHTEHCUBHOCTH W3YYaloT C
MOMOIIIBIO BTOPOU JIMH3BI, HAXOSIICICS 32 PEMIETKON U SKpaHa, PacIoI0KEHHOTO B
(b oKaNbHOM IJIOCKOCTH ATOM JTUH3HI.

[TycTh cBeTOBas BOJIHA MAJIA€T HA PEIIETKY HOPMAJIBHO (T.€. MEPIEHIUKYJIISIPHO
€€ TOBEpPXHOCTH). M3 KaxI0il IIenu BBIXOJAAT Jy4d IO BCEM HaIpaBICHUSM
(puc. 20.2). BeibepeM u3 MHOKECTBaA Jyuyei T€, KOTOPhIE OTKJIOHWINCH HA YTOJ ( OT
MIEpPBOHAYAILHOIO HANPAaBICHUA. YTOJ ( Ha3bIBaeTcs yeaom ougppaxyuu. C mnomo-
IO JIMH3BI 3TH JIyYH MOKHO coOpaTh B OJIHY TOUKY Ha 3kpane (puc. 20.3). Tak kak
B Ty TOYKY JyYd NPUXOJAST C HEKOTOPOW MOCTOSHHOM Pa3sHOCTHIO X0Jia, TO OyjAeT
HaOII0IaThCs UX UHTEPPEPEHIINS.

J{nst Toro 9T0OBI HAOIIOIAJICS MAKCUMYM, JIOJDKHO OBITH BBIITOJHEHO yCJIOBHE:

A:Zm%, (20.2)

2\

N

rae A — pa3HOCTb X0/ JIy4eid, A — IJTMHA BOJIHBI,
m=0, 1, 2, 3 ... — mopsok (HOMep) AUPPAKIUOHHOTO MAKCUMYMaA.
% 57 tpeyroisHuka ACB (cwm.
7 puc. 20.2) MOXHO HaWTH
/ I COOTBETCTBYIOIIUX  TOYEK
= COCEHUX IIEJICH:

N3 npsMoyrosibHOTO

ZZ .
Pa3HOCTh XOJa JIy4yed OT
A=dsing. (20.3)

RN

\
1
|
N

)
-
—

Hudparupyromue
"4 W JIYYHU OT BCEX APYIHUX COOT-
-2-ii MakKc. -l-i makc. 0-it Makc. 1-i Makc. 2-it Makc. BCTCTBYIOIIUX TOYCK CO-

CeHUX  Imener  OyayT

UMETh TAKYIO K€ Pa3HOCTb

/\ A /\ j\ /\ X0/la B TOM € HampasJe-

I 1 m-0 m-1 — HuU. Jlpyrue mapsl mieneiu

MOKHO paccMOTpeTh aHa-
JIOTUYHBIM ITYTEM.

IIpupaBHAB BbIpaxe-

Hus (20.2) u (20.3), moyduM yclIoBHE TJIABHBIX MAKCUMYMOB ISl TH(PPAKITMOHHOM

PELLETKHU:

Pucynok 20.3

dsing=mA. (20.4)

JudpakuMOHHYI0 KapTUHY MOJY4YaroT Ha 3KpaHe, KOTOPBIM pacrnojiararoT B
(okabHOM TIOCKOCTH coOuparoment TuH3bl. Judpakunonnas kapTuHa OyaeT UMeTh
BUJI Y3KHUX CBETJIBIX II0JIOC, PA3JEIEHHBIX TEMHBIMUA MPOMEXKYTKaMU. LleHTpaibHBbIi
MakcuMyM (M=0) numeeT HauOOJIbIIIYI0 HHTEHCUBHOCTh. Bee npyrue pacmnosararorcs
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CUMMETPUYIHO OTHOCHUTEIHHO IIEHTPAJILHOTO MakcCMMyMa crpaBa u ciieBa (puc. 20.3).
ITo Mepe yaasnenust oT IeHTpa UX UHTEHCUBHOCTh YMEHBIIAETCS.

CornacHo (20.4) 1ON0XXEHUST MAaKCUMYMOB 3aBUCST OT JJIMHBI BOJHBI A. [Ipu
OCBEIICHUH PEIIETKH OENIbIM CBETOM Ha dKpaHe HaOII0JaeTCs HeOKpaIleHHBINH 1IeH-
TPaJIbHBI MAKCUMYM HYJIEBOTO TIOPAJIKA, a TI0O 00€ CTOPOHBI OT HETO — AU PaAKIIMOH-
HbIE CIIEKTPHI 1-r0, 2-T0 U T.4. OpsiAKOB. CHEKTPhl UMEIOT BUJ PAAY’KHBIX MOJOCOK,
y KOTOPBIX HaOII0/1aeTCa HEMPEPHIBHBINA MIEPEXO OKPACKH OT (hPHOJIETOBOTO I[BETA Y
BHYTPEHHETO Kpas CIIEKTpa K KpaCHOMY Y BHEIITHETO Kpasl.

JupakiMOHHBIE PEMIETKU XapaKTEPU3YIOT paspeutarouieii CROCOOHOCHbIO.

Paspemraromeld cmocoOHOCTBIO CIEKTPAIbHOTO MpUOOpa Ha3bIBalOT Oe3pas-
MEPHYIO BEJIMUUHY

_
AN

rae AL =A, —A; — MUHUMaJIbHAsA Pa3HOCTb JJIMH BOJH JBYX CHEKTPaJbHBIX JIMHUM,

R (20.5)

IIPU KOTOPOU 3TU JIMHUH BOCIPUHUMAIOTCS Pa3/IEIbHO.

Pa3pemaronryo crocoOHOCTh PEIIETKH MOXHO pac-
CUUTATh, MOJB3YSICh YCIOBUEM Pases, mo KoTopoMy JIBE MO-
HOXPOMAaTHYECKHE CIIEKTPAJIbHbIC JIMHUUA BUJIHBI PA3JAEIbHO
B TOM CJIy4ae, KOT/Ja IJaBHbIM MAaKCUMYM OJHOW JIMHHUM IO-
najjaeT Ha MECTO OJIKalIlero K HeMy MHUHMMYMa BTOPOU

Ao Ay nunuu (puc. 20.4). U3 3TOr0 yciaoBus cienyer, 4To paspe-
Pucynox 20.4 Iaromiasl CmoCOOHOCTh TU(PPAKITMOHHON PEIIETKH
R= _mN, (20.6)
AA

rae N — 4ncimo mTpuxoB pemeéTkd, M — MopsiioK AUGPaKIMOHHOTO Makcumyma. B
pemeTke OoJibliias pa3pelniaroiias CIoCOOHOCTh TOCTUTAETCS 3a CU€T OOIBIINX 3HA-
yeHuit N, Tak Kak TOpSTIOK M HEBEIHK.

20.2 lugppaxuusa penmeenosckux yueil

Ilpocmpancmeennoii, unu mpéxmephoii, TuHPaKIMOHHON PEIIETKON Ha3bI-
BACTCs TaKas ONTHYECKU HEOJHOPOIHAs Cpelia, HEOJHOPOIHOCTH KOTOPOU IEpUOaU-
YecKU MoBTOpstoTcs. [IpuMepoM mpocTpaHCTBEHHOW NUPPAKIMOHHOW PEIIETKHA MO-
KET OBbITh KpUCTAJUIMYECKasi peuIéTka TBEPAOIo Te-
na. YacTuupl, HaXO4IIKMECS B y3JaX dTOM PEHIETKH
(aTOMBbI, MOJIEKYJIbI, HOHBI), UTPAIOT POJIb YIOPSAO-
YEHHO pAaCIIOJI0KEHHBIX LEHTPOB, KOTOpHBIE KOTe-
PEHTHO paccenBaroT cBeT. [IoCTOsAHHBIE KpUCTAILIN-
qeckux peméTok TBepasix Ten (0~5-107" ) 3Haun-
TEIBbHO MEHBIIE JUIMH BOJH BHJIMMOIO CBETa
(7»,”1,1,(;375-10_7 M). TloaTOMy myis BHIMMOTO CBETa

Pucynoxk 20.5 KPUCTAJIJIBI SBJISIIOTCSI ONTUYECKU OAHOPOJIHOM cpe-
nou. B TO ke BpeMms 111 PEHTICHOBCKHUX JIy4yeu
(kpeHTr‘=10_11+10_9 M) KpPHUCTAJIJIBI IIPEJICTABISAIOT COO0H €CTECTBEHHBIE PEIIETKY.
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Judpakunio peHTTeHOBCKUX Jydel Ha KpUCTallJIaX MOYXHO TPAaKTOBAaTh KaK pe-
3yJbTaT UHTEPPEPEHLUN PEHTTEHOBCKOTO HM3IYUYCHHS, 3€PKAIbHO OTPAKAIOIMIETOCS
OT CUCTEMBI NapaJIeNbHbIX MJIOCKOCTEH. JTH MIOCKOCTH MPOXOJAST Yepe3 y3Jbl KpH-
CTAJUIMYECKOM PEMETKH M HA3bIBAIOTCS AMOMHLIMU NAOCKOCMAMU KPUCMALLA
(puc. 20.5). Paccrosiaue d Mexay COCETHUMH aTOMHBIMH TUIOCKOCTSMH Ha3bIBaeTCs
MENHCNIAOCKOCIMHBIM paccmoanuem. YTon 0 Mexay MmaJaroumM Jy4YoM U aTOMHOU
IUIOCKOCTBIO KPUCTAJIIA HA3BIBACTCS Y2/I0M CKOIbIHCEHUSA.

PasHocTh x0na myden, OTpaKEHHBIX OT IBYX COCEIHUX MEXKATOMHBIX IUIOCKOCTEN

A=BC+CD=2dsin0. (20.8)
I[JIH TOTO, IITO6I)I Ha6JHOI[aJIC$I MAaKCHUMYM, JOJIKHO BBIIOJIIHATBCA YCIIOBUC!
A:Zm%. (20.9)

[TpupaBusB cootHomenus (20.8) u (20.9), nonyunm:
2dsin@=mA. (20.10)

Ota hopmyna HazbiBaeTcs Gpopmynoi Bynwsda-bparra.

Judpakuust peHTTeHOBCKUX Jy4yell OT KPHUCTaNIOB HAXOAUT JBa OCHOBHBIX
IPUMEHEHUS:
1. HccnenoBaHue CIEKTPaIbHOIO COCTaBAa PEHTTEHOBCKOIO M3IIy4YEeHHs (PEHTT€HOB-
CKasl CIIEKTPOCKOIIHS).
2. VI3yueHue CTPYKTYphl KPUCTAIIIOB (PEHTTEHOCTPYKTYPHBIN aHATU3).

§21 BzaummoneiicTBHE CBETOBBIX BOJIH C BELIECTBOM

Ha xapakrep pacnpocTpaHeHHs 3JIEKTPOMArHUTHBIX BOJH CYIIECTBEHHO BJIMS-
€T cpella, B KOTOPO# OHU pacnpocTpaHaroTcs. CoracHo npeAcTaBiIeHUsIM KilacCuye-
CKOW AJIEKTPOHHOW TE€OPHUH, NEPEMEHHOE 3JIEKTPOMArHUTHOE I0JIE CBETOBOW BOJIHBI,
pacnpocTpaHsoleecs B IUAJIEKTPUUECKON Cpejie, BhI3bIBAET BHIHYKICHHbBIE KOJieOa-
HUS CBA3AHHBIX 3apAJI0B (3JIEKTPOHOB U MOHOB), BXOJIAIIIUX B COCTaB MOJIEKYJ CPE/IbI.

Macca nOHOB HaMHOT'O OOJIbIIIE MAaCChl AIEKTPOHOB U OHU COBEPIIAIOT 3aMET-
HbIE KOJeOaHUs MOJ JCHCTBMEM HH3KOYACTOTHOTrO (MH(paKpacHOro) minydeHus. B
00JIaCTH YacTOT BUIUMOTO U YIbTPa(pUOIETOBOTO U3ITyUYECHUS OMPEACIISIONIYI0 POJIb
UTPAIOT BRIHYXKJCHHBIC KOJICOAHUSI BHEIIHUX, HanOoJee ci1abo CBSI3aHHBIX dJIEKTPO-
HOB. biarogapsi BbIHYKJACHHBIM KOJEOAHUSM, JJIEKTPOHBI M3Iy4alOT BTOPUYHBIC
BOJIHBI, KOTOPBIE PACIIPOCTPAHSIOTCS IO BCEM HAIIPABIICHUSM.

Ecnum cpena ontrueckn 0gHOPOJHA, TO PACCTOSHUE MEXIY YaCTULIAMU CPEIBI
MEHBUIE JJTMHBI CBETOBOM BOJIHBI. [103TOMY BTOpUYHBIE BOJIHBI, U3]Ty4a€MbI€ MHOKE-
CTBOM COCEJIHHMX MOJIEKYJ, KOT€PEHTHbl U MHTEPPEPUPYIOT MPU HATOKEHHH, racs
JIpyT Apyra BO BCEX HAIPABJIICHUSIX, KPOME HAMNpPAaBICHUS MEPBUYHON BOJIHBL. B pe-
3yJbTaTe MHTEP(EPEHIIMU B OJHOPOIAHOM M3O0TPOIHON cpene oOpa3yeTcs: MpoXois-
masi BoJHA, (pa3oBasi CKOPOCTh KOTOPOM 3aBUCUT OT YacTOThI, a HAIpPaBJICHUE pac-
IIPOCTPAHEHUS COBIIA/IAET C HAIPABIEHUEM PACIIPOCTPAHEHHUS IEPBUYHOMN BOJIHBI.
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B HeogHopoHOM cpene BTopuuHbIe OOKOBBIE BOJIHBI HE racsT Apyr Apyra. Pe-
aJbHBIE CPE/bl ABJISIOTCS HEOAHOPOIHBIMU, TO3TOMY B PEAIbHBIX Ccpefax HaOJrofa-
IOTCSl TAKWE SIBICHUSI KaK PACCESIHUE, AUCIEPCHS, MOJTHOEC BHYTPEHHEE OTPAXKEHUE.
Ha rpanune pasnena nByx cpea BOJHBI MOTYT MCHBITBIBaTh MPEJIOMIIEHUE, OTPaXKe-
HUE U T.J.

21.1 Paccesanue ceemoenix 6011

Pacceanuem ceema Ha3bIBacTCs SIBICHHUE MPEOOpPa30BaHUsl CBETA BEIIECTBOM,
COIIPOBOXKAAOIIEECS M3MEHEHWEM HaIpaBJIEHUS PACIIPOCTPAHEHMsI CBETa U IMPOSB-
Jstronieecs Kak HeCOOCTBEHHOE CBeUEHHE BellecTBa. Kak yxe oTMeyanoch BbIIIE, B
OJTHOPOJHBIX Cpelax BTOPUYHBIC BOJHBI, U3TydaeMble KOJCOTIOMUMHUCS IIEKTPOHA-
MU, TacsaT ApYT Apyra BO BCEX HAMPABICHHSIX, KPOME HAMpPaBJICHUS MEPBUYHOMN BOJI-
Hbl. [ToaTOMY paccesiHus cBeTa B OJHOPOJHOM CPeNle HE MTPOUCXOAMT.

B HeoaHOponHOM cpele BTOpUYHBIE BOJIHBI AUGPArupyroT Ha HEOJHOPOIHO-
CTSX Cpelbl M AT AUPPAKUMOHHYIO KApTHUHY, KOTOpas XapakTEepU3yeTCsl pPaBHO-
MEPHBIM pacipeieIEHNEM HHTEHCUBHOCTHU MO BCEM HAIIPABJICHUSIM.

Cpenpl ¢ SIBHO BBIPAXEHHOM ONTHUYECKOW HEOJHOPOJHOCTHIO HA3bIBAIOTCS
mymuvimu cpedamu. K Hum otHocsTCs: 1) IbIM — B3BECh B ra3e MeIb4aillinx TBEp-
JIBIX YACTHIl; 2) TYMaH — B3BECh B ra3e MEJbUAUIINX KUIKUX YACTHUIl; 3) B3BECH WM
CyCIIEH3UH, OOpa30BaHHbIC IUIABAIOLIUMHU B JKUAKOCTU TBEPIAbIMH YaCTHUIIAMU;
4) sMyJIbCHU — B3BECH MEJbYANIINX YACTUI OJJHOM JKUAKOCTH B JPYroi, HE PacTBO-
pAroLIen nepeyro. IlpumMepom aMynbcuu SBISIETCS MOJIOKO.

Jlasxe oueHb THIATENBHO OYMIICHHBIE a3bl U )KUJIKOCTH B HEKOTOPOU CTENEeHU
pacceuBaroT cBeT. [IpuunHOil 3TOro ABIAOTCS haykmyayuu naomuocmu (OTKIOHE-
HUS TUIOTHOCTH OT CPEAHUX 3HAYEHUH, HAOII0JaeMbIe B TIpeesiax MaJIbIX 00BEMOB).
Oty praykTyanuu BbI3BaHBI OCCHOPSAOYHBIM JIBIKEHHEM MoJieKyn BemiectBa. O0y-
CJIOBJIEHHOE UM PACCESIHUE HA3bIBAETCS MOJIEKYAAPHBIM.

MouieKkyIsipHBIM paccestHueM 0ObsICHsIEeTCSl rojlyooi 1BeT Heba. M3-3a Gecno-
PAOYHOTO JIBUJKEHUSI MOJIEKYJT B aTMOC(epe HEMPEPHIBHO BOZHUKAIOT MECTA CTyIIe-
HUSL U pa3peXeHus: BO3AyXa, KOTOPhIE PacCEeUBAIOT CBET. IHTEHCUBHOCTH paccesiHHO-
ro CBeTa OOpaTHO MPOIMOPIMOHATIbHA YETBEPTOM CTENEHU JJIMHBI BOJIHBI, MOTOMY
rojyOble U CHHUE JIy4d PAacCEUBAIOTCS CUJIbHEE, YEM KEJIThie U KpacHble, 00yciaB-
nuBas ronyooi nuser Heba. Korma CosHile HAXOIUTCS HU3KO HaJ TOPU30HTOM, pac-
IPOCTPAHSIONIMECS OT HErO JIyYd IPOXOAT OONBIIYIO TOJIIY PACCEUBAIOIIEN CPEJIbI.
B pesynbrare 3TOr0 OHM OKa3bIBalOTCS OOOTAIIEHHBIMHU OONBIIMMHU JUIMHAMU BOJIH.
[ToaTOMy HEOO Ha 3ape OKpaIIMBAETCS B KPACHBIE TOHA.

21.2 Iloznowenue ceemogvix 60J1H

Iloznowenuem ceema Ha3bIBACTCS SIBIICHUE YMEHBIIEHUS SHEPIMU CBETOBOM
BOJIHBI IIPH €€ PacIpOCTPAHEHUU B BELIECTBE, IPOUCXOAIIEE BCIAEACTBUE Ipeodpa-
30BaHMs SHEPTUM BOJHBI BO BHYTPEHHIOIO dHepruto BemiectBa. [lorionienue csera
MO>KET BbI3BaTh HAarpe€BaHUE BEIIECTBA, BO30YKICHHE U MOHU3ALUIO ATOMOB WJIH MO-
JeKyJ1, (POTOXUMHUYECKHE PEaKIMU U IPyrre MPOLECChl B BELIECTBE.
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NutencuBHOCTh | 37EKTPOMAarHUTHOW BOJHBI, MPOLIEAIIEH MOTJIONIAIOIINMA
CJIOM TOJIIMHOM X, onpenensercs 3akoHoM byrepa—JlambGepTa:

| = 1,0, (21.1)

rae lo — ”HTEHCUBHOCTH AJICKTPOMArHUTHON BOJTHBI HA TPAHUIIE CPEJIbI,
U — KO3 PUITUESHT TOTJIONICHHUS, 3aBUCAIINN OT XUMUYECKOW TIPUPOJIBI B COCTO-
STHUS CPEIbl, & TAKXKE OT YaCTOTHL.

21.3 Ilpenomnenue c6emosulx 60H

Ilpenomnenuem céema Ha3bIBACTCS WU3MEHEHUE HAIMPABIICHUS PACIPOCTpPaHE-
HUS BOJHBI B HEOJHOPOIHOM cpejie, 00yCIOBICHHOE 3aBUCUMOCTBIO (pa30BOM CKOPO-
CTH OT CBOMCTB cpenbl. Pa3nmnuaroT nmpejoMiieHne Ha TIOCKON TpaHMIIe pa3jiesia IByX
OJTHOPOJHBIX Cpel M MPETOMIICHHE JIEKTPOMArHUTHBIX BOJIH B TUIABHO HEOJTHOPOJ-
HOM cpefie (B MaciiTade JJIMH BOJTH).

[IpenoMnenue cBeTa Ha IUIOCKOM TpaHUIIe pas3zeiia ABYX OJHOPOJHBIX Cpel,
noauuHseTcs 3akony CHemnyca (cM. §16, . 16.1).

OT rpaHuUIBl pa3jena IUAJICKTPUKOB PACIIPOCTPAHSIIOTCS JIBE TUIOCKUE BOJIHBI —

OTp@XEHHast U MpeloMieHHas. [Ipu 5TOM MHTEHCHBHOCTH najaromiei somusl |,

OTpaXeHHOH |, ¥ IPeTOMICHHOM | ., CBSI3aHBI COOTHOLICHUSIMH

2 2
n-1 2n
| =1 — | loen = ool —— | 21.2
otp “aﬂ(n+lj p Z‘(nJrlj ( )

rje N — nokas3aTelsb MPEIOMIICHUS CPEABI.

[IpenomneHnue 3JIEKTPOMAarHUTHBIX BOJH B IUIABHO HEOJHOPOIHOW cpene
Ha3bIBAIOT pedpaxyueit. Pedpakiyeil 00bSICHIIOTCS MHOTHE SIBJICHUSI IPUPOJIBI: MU-
paxkul, 3ByKOBBIE KaHaJIbl B OKeaHe 1 arMocdepe, CBEpX1abHIO CBS3b U T.]I.

21.4 Tlucnepcus ceemogwvix 601H

Jlucnepcueii ceema HaA3bIBACTCSI 3aBUCUMOCTHh (PA30BOM CKOPOCTH SJIEKTPO-
MarHUTHOM BOJIHBI B CpeJie OT €€ 4acToThl. Cpelibl, B KOTOPBIX (Pa3oBasi CKOPOCTH 3a-
BUCUT OT YacTOThI, Ha3bIBAIOTCS Oducnepzupyrouwiumu cpeoamu. dazoBas ckopocTb
3JIEKTPOMATHUTHON BOJIHBI ¥ =C/N, TJie ¢ — CKOPOCTh CBETA B BAKyyMe, N — MOKa3a-

Teb mpesioMiieHust cpeqbl. CKOPOCTh CBETa B BaKyyMe BEJIMUMHA MOCTOSIHHAS, IO-
TOMY CYIIECTBOBAaHHE AMCIEPCHHU B cpele 00y-

n [‘[OPJVICUH)HCUZ CJIOBJICHO TEM, YTO ITOKA3aTCJIb ITPCIIOMIICHUA CPC-

==
a ZbI N 3aBUCUT OT YaCTOTHI .
2 ___n=1 Ecnun nokasarens npeaomMiaeHuss MOHOTOHHO
Z BO3pPACTAET C YBEJIMYEHHEM YACTOTHI, TO JUCIIEP-

CHA HA3BIBACTCA HopMaJleOﬁ. Ecan BCIICCTBO

{Hopmanvnas .
= MOTJIONIAET YacTh Jy4yel, TO B 00JIaCTU MOTJIOIIe-
0 ' ™ HU M BOIM3M Hee HAOIIOJAETCS AHOMAIbHAA
Pucynox 21.1 nucniepens. [Ipy anomanbHON AuCnepcuu MoKasa-

70



BonHoBas ¥ KBaHTOBAs ONTHKA

TeJIb MpEJOMIICHHS YObIBaeT C yBeJnueHueM 4acToThl. Ha puc. 21.1 nokazana 3aBu-
CHMOCTb ITOKa3aTeNs MPEIOMIICHUS 11 HOPMAJIbHOM U aHOMAJIbHOW TUCIIEPCHUEM.

OO6BIYHOE CTEKJIO, HampuMep, Npo- JIyu 6enozo ceema
3payHoO IS BUJMMOTO CBETa, U B 3TOH 00-
JaCTH 4YacTOT HaOMI0JaeTcs HOpMalibHAs
nucriepcusi ceeta B crekne (puc. 21.2). be-
JIBIA CBET, MPOMNIS uepe3 mpu3My, 00pa3yer S
panyXHblii cnekTp. PHUOJETOBBIN Jyd Ipe-
JOMJIIETCSl OOJbIIE, TaK KaK HMMEET OOJIb-
IIy10 4acToTy. B obnactu nundpakpacHoro u et
yIbTPAPUOTIETOBOTO U3JIYUYEHUS IIJIsi OOBIU-
HOTO CTEKJa HaOII0JaeTCs aHOMaJIbHAS
IUCIIEPCUsl, TaK KaK OHO IIOIJIOIIAET 3Ty
4acThb CIIEKTpa.

Ecnu B HEKOTOpOM AMana3zoHe 4acToT (pa3oBasi CKOPOCTh BOJHBI HE 3aBUCHUT OT
YacCTOTHI, TO TOBOPAT, YTO AUCIIEPCUS OTCYTCTBYET. [I[puMepoM Takoil BOJIHBI SIBIISIET-
Cs DJICKTPOMArHuTHas BOJIHA B BAKyyMe.

PeanbHble UCTOYHUKHN CO3JAIOT MEPEMEHHBIE 3JIEKTPOMATrHUTHBIE MO, KOTO-
pbI€ ONUCHIBAIOTCS HEMOHOXPOMATHYECKMMH BOJIHAMHU. [Ipu HccrnegoBaHUM Takux
noJiel MpeJIoaraeTcs, YTo IMoJie B TaHHOW TOYKE MOXKET ObITh MPEJCTaBICHO CY-
HEePIIO3UIIMel OCCKOHEUHOr0 YKciia MOHOXpoMmaTHueckux BoiH (cM. §11, m. 11.3),
T.€. BOJIHA MPEACTABIISIETCA B BUJI€ TPYNIIBI BOJH WJIA BOJIHOBOTO MakeTa. BoaHoBOM
IIAKET XAPaKTEPU3YIOT TPYIIIOBOM CKOPOCTBIO, KOTOpasi COOTBETCTBYET CKOPOCTH
pacrpoCTpaHEHUs SHEPruu nojisi. B aucneprupyromeil cpeie TpoOUCXOaUT UCKAKE-
HUE (POPMBI TPYIIIEI BOJIH B MPOIIECCE UX PACTIPOCTPAHCHHS U BOJIHOBOH IMAKET C Te-
YEHHEM BpEMEHU paciuibiBaercs. [loHsTre rpynnoBoi CKOPOCTU MPUMEHUMO TOJIBKO
MIPY YCIIOBHUH, YTO TOTJIOIIEHUE SHEPTUM BOJIHBI B JAHHOU cpejie HeBenuko. [Ipu 3Ha-
YUTEJIbHOM 3aTyXaHWH BOJIH MOHATUE TPYNIIOBOM CKOPOCTH yTpauyumBaeT cmbici. Ta-
KOW clydald MMEeT MECTO B 00JIacTM aHOMaJbHOU aucrnepcun. B 3Toit obGnacTu mo-
[JIOLIEHUE OYEHb BEJIMKO U MOHATHE TPYIIIOBOM CKOPOCTH OKA3bIBAE€TCSI HEPUMEHU-
MBIM.

JIyu kpacnoeo ceema

Pucynoxk 21.2

Jucnepcust BOJIH 00ycCIaBIMBAaE€T MHOTHUE MPUPOIHBIC SIBJICHUS U IIUPOKO HC-
MOJIb3yeTcsl B TexHUKe. Hampumep, Bce pasHOBUIAHOCTU Paayr OOBSICHSIIOTCSA CIEK-
TPaJIbHBIM pacIIeTIeHHeM (MU3-3a JUCIEPCUH CBETa) U AU(paKIMeld COTHEUHBIX JIy-
yell B JOXKJIEBBIX Karuisix. [{ucnepcust BOJIH B MOHOC(EPHOU I1a3Me OompeesisaeT ya-
CTOTY PaJMOCUTHAJIOB, OTpPaXKAIOIIMXCA B JaHHOM ciioe moHocdepsl. Ha nucnepcun
BOJIH OCHOBAaHbl MPUHLMIBI JIEUCTBUS MHOTHUX PAJUOTEXHUYECKHX, ONTHYECKUX H
JIPYTUX YCTPOUCTB: pePpakTOMETpPOB, aHTCHH C YAaCTOTHBIM CKaHUPOBAHHEM, JUa-
rpaMM HaIpaBJIC€HHOCTH H T.J.

21.5 /laenenue ceemoeswix 6011

/lagnenuem ceema Ha3bIBACTCS JABJIECHHUE, KOTOPOE MPOU3BOAST DJIEKTpOMAr-
HUTHBIE CBETOBBIE BOJIHBI, NIAJAIOLIME HAa IOBEPXHOCTh KaKOro-inbo Ttena. B kBaHTO-
BOM ONTHKE CBETOBOE JIaBJICHUE SIBJISETCS CIEJICTBUEM TOTO, 4TO Y (POTOHA UMEETCs
umnyibe P . Ilpu cToakHOBeHHH (OTOHA C TOBEPXHOCTHIO TEJa 3TOT UMITYJIbC IIEpe-

AacTCA aToOMaM HJIM MOJICKYJIaM BCIICCTBA. AHaNOTHYHO 9TOMY, AABJICHHC I'a3a pac-
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CMAaTpUBACTCA KakK pe3yJIbTaT IEepeladyd UMILYJIbca MOJIEKYJIAMHU Ta3a 4acTHILlAM Ha
IIOBEPXHOCTHU CTEHKHU COCY .

N3 Teopun MakcBemina MOXKHO MOJIY4YUTh (QOpMyIy Il pacyera JaBJICHHS,
IIPOU3BOIUMOTO JIEKTPOMArHUTHBIMU BOJTHAMH:

p=Q1+r)w, (21.3)

riae W — 00beMHasl INIOTHOCTh SHEPTHH YJICKTPOMArHUTHBIX BOJTH,
I — K03 GUIUEHT OTpaKEeHUS (€CIM MOBEPXHOCTh 3epKaibHas, To I =1, eciau
MOBEPXHOCTh a0COIOTHO YépHasi, To I =0, u eciu Teso cepoe, To 0 <r <1).

DKCIepUMEHTAIBHO JIaBjieHue cBeTa ObLI10 noka3zano onbitamu [1.H. JleGenena.

§22 IHoasipu3zamus cBeTa

DJIEKTPOMArHUTHBIE BOJIHBI SIBJISIFOTCS MONEPEYHBIMU. DTO O3HAYAET, YTO BEK-

TOp HANPSKEHHOCTH JIIEKTPHUECKOro Momsi E M BEKTOp HAIPSHKEHHOCTH MATHHTHO-
 To mojist H (E L H) koneGmoTcs B IIIOCKOCTSIX, Hep-

E MEHJIUKYJISIPHBIX ~ HANpPaBJICHUIO  PaCIpOCTPaHEHUS
BOJHBI (puc. 22.1). Kak oTmedanoch paHee, BEKTOP

HAMPSDKEHHOCTH YJIEKTPHUECKOro mois E HasbiBaeTcs

CBETOBBIM BEKTOpOM. HampapieHue konedaHuii cBETO-

BOT'O BEKTOpa € TCUCHUCM BPEMCHU MOKCT NU3MCHATH-

" Pucynok 22.1 AL

Ecnmu Bce HampaBiieHUsi KojeOaHWUH CBETOBOTO
BEKTOpa B IJIOCKOCTH, TIEPIICHANKYISIPHON HANIPABICHUIO PACTIPOCTPAHEHUS BOJHBI,
PaBHOBEPOSITHBI, TO CBET HA3bIBACTCS HENONAAPUIOBAHHBLIM W €CHECHIBEHHbIM.
Ecnu xonebanus BeKTOpa KaKUM-THOO 00pa3oM YIOPSAOYEHBI, TO CBET HA3BIBACTCS
noONAPU308aAHHBIM. YTIOPAIOUCHUE B OPUCHTAIIMM BEKTOPOB HANPSIKEHHOCTH JJICK-

Tpuueckoro E u marmutHOro H mnosneil cBeTOBO BOJHBI B IJIOCKOCTH, MEPIEHIU-
KYJIIDHOM CBETOBOMY JIydy Ha3bIBacTCs noiapusayueii céema. I1o11pu3oBaThCs MO-
I'YT TOJIBKO ITOIIEPEYHBIE BOJIHBI.

Jlji TOro 4To0bl ONpPENEIUTh, NOJISPU30BAH CBET WM HET, UCHOJIb3YIOT IpUOO-
pBl, KOTOpbIE NPOIYCKAalOT CBET TOJBKO C OIpere-

anaiusamop

JICHHBIM HampaBlieHHeM Bektopa E (puc. 22.2). B
3aBUCUMOCTH OT Ha3HAYE€HUs UX Ha3bIBAIOT IMOJISAPU-
3aTopamMH WM aHainu3atopaMu. Eciu cBeT Henossipu-
30BaHHbIM, TO IpPU IOBOPOTE AHAIN3AaTOpPa BOKPYT
TOPU30HTAJILHOW OCH MHTEHCUBHOCTH CBETA, BOCIIPH-
HUMaeMOro (poTONpUEMHUKOM, BCEra OJHA U Ta Ke.
Kpome mnonsipu3oBaHHOTO CBETa CYILIECTBYET
YaCTHYHO TOJSIPU30BaHHbBIN CBeT. B 3TOM ciyuae Pucynok 22.2
HampaBJI€HUE CBETOBOTO BEKTOPA TaKkKe U3MEHSETCS
Xa0TUYECKH, HO UMEETCS] HEKOTOPOE HAIpPaBIICHUE, TPH KOTOPOM B CPETHEM aMILIH-
TyJa KonebaHuit 6ospiie. J{ast 3Toro cityyasi BBOAST MOHITHE CHIeHeHU ROApU3a-
yuu: Bpamias aHaIu3aTopP, ONPEACISIIOT 3HAUCHUSI MAaKCUMATbHON |max ¥ MUHUMAITB-

O
GdomonpuemHux
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HOU |pjn MHTEHCHUBHOCTH, BOCTIpUHUMAaeMoi (poronpuemMHukom. CTeneHs nosspusa-
LIUN OIIPEAEISIETCS BBIPAKEHUEM:

|3:|max_I

min_ (22.1)
Imalx + Imin

Jlist HeOASIPU30BAHHOTO CBETA | max=Imin, cTENIEHb MOMsIpU3anuu P=0.

Ecnu Henmonsipu30BaHHBIN CBET MPOXOAUT YEpPE3 MONAPU3ATOP, TO OH CTaHO-
BUTCS JIMHEHHO WJIM TUIOCKO MOJIIpU30BaHHBIM cBeTOM. [Ipu atom |min=0, a crenenb

noJIsipU3aluu paBHa 1.

0’ [T10ckoCTh, B KOTOPOW MPOUCXOAAT KOJeOaHUS BEKTOpa
E u koTopasi HPOXOAHMT Yepe3 HAMPABICHHE PACIPOCTPAHCHHS
BOJIHBI, HA3bIBACTCA HJIOCKOCHMbIO NOJIAPUIAUUU.

JIns TMHEVNHO MONSAPU30BAHHOTO CBETA CIIPABEIIIMB 3aKOH
Mantoca. Ilycte kKonebaHHUs 3JIEKTPUYECKOIO BEKTOPA MPOUCXO-
JST B BEPTUKAJIBLHOM MJIOCKOCTH M aMIUIUTY1a KojebaHui paBHa
Eqy (puc. 22.3). Ecnu och ananuzatopa 00’ moBepHyTa Ha yroj ¢
110 OTHOIICHHIO K HAMPABJICHUIO MOJISIPU3AIUH, TO K (OTONPUEMHUKY TTPOUIET CBET C
aAMIUIUTYIOU

Pucynok 22.3

HNuaTeHcuBHOCTD IMPOIIOpHOUOHAJIbHA KBAAPATY aMIUIMTYAbI, IIOOTOMY
| =1,c0s° @, (22.2)

rae lop — MHTEHCUBHOCTH MOJSPU30BAHHOTO CBETA, MAIAIOLIEr0 Ha aHAIU3aTOpP;

| — MHTEHCUBHOCTH CBETA, BBILIEAUIETO U3 aHATIU3ATOPa;

(@ — Yroja MeXJy IJIOCKOCTBIO MOJISIpU3aly JIy4a, NaJarollero Ha aHaIu3aTop
U TUIOCKOCTBIO MPOIYCKaHUs aHaJIu3aTopa.

Bripaxxenue (22.2) Ha3wsiBaeTcs 3akonom Mantoca.

B peasbHBIX yCIOBHUSX HEOOXOAMMO YUYUTHIBATH, UTO DJIEKTPOMArHUTHBIC BOJI-
HBI OTPAXAIOTCA U MOTJIOMIAOTCS, T.€. JUIsl peasIbHBIX YCIOBHM 3akoH Maitoca Oyzaer
BBITJISZIET CIIEAYIONIUM 00pa3oM:

| =1,(1—k)cos o, (22.3)
riae K — Koo QUIreHT, y9uTHIBAIONINH TOTEPH HA OTPAKECHHE U MOTIIOMICHHE.

§23 Cnoco0bI mostyuyeHusi NOJAPU30BAHHOIO CBETA

23.1 Ompasicenue om cpanuyvt pazoena 08yx OuIeKmMpuKos.
3axon bprocmepa

CBeToBbI€ JIyuH, IPOXO/Isl Uepe3 IPaHMLly pasziesia AByX Cpel C pa3HbIMH IOKa-
3aTeNIsIMU MPEJIOMIIEHUS Ny U Ny, UCHBITBIBAIOT OTpakeHHE WU mpesiomieHue. Ortpa-
KEHHBIN U NIPEJOMIIEHHBIN JIyUM BCEra OKa3bIBAIOTCS YACTUYHO IOJISPU30BAHHBIMU.
B orpaxénHoM cBeTe KoJieOaHUs MPOUCXOIAT MPEUMYIIIECTBEHHO NEPIEHAUKYIIIPHO
IUIOCKOCTH TaJIeHUs JIy4a, B MPEIOMJIEHHOM — B IUIOCKOCTH majeHus (puc. 23.1).
J1. Bproctep 3KkCiepuMEHTAIbHO YCTAaHOBHII, YTO OTPaXKEHHBIH JTyd OyI€T MOTHOCTHIO
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NOJIAPU30BAH, €CIM OTPAXEHHBIM M NPETOMIIEHHBIA JTy4d NEPHEHANKYJSPHBI APYT
npyry (puc. 23.2). CoOTBETCTBYIOIIMI yroy NaJeHusl Ha3bIBalOT yeinom bprocmepa u
0003HAYAIOT OLg.

ol o o | Ol
cpeoa 1, n, cpeoa 1, n,
cpeda 2, N, cpeoa 2, N,
: B
Pucynok 23.1 Pucynok 23.2

VYron bprocrepa onpenensiercs clieyoumm o0pazom:

tgog =2 =ny,. (23.1)
1

Bripaxxenue (23.1) HazwiBaeTcs 3akoHoM bprocrepa: Ceem, ompasicénutii om
Zpanuybl 08yX OUINEKMPUKOB, NOTHOCMbIO TUHEHHO NOAAPU3O8AH NPU Y2ile nalde-
HUA, MAH2EHC KOMOPO20 pPAGeH OMHOCUMENbHOMY ROKA3AMENl0 NPe1OMICHUs
cpeosl, ompadicaroujeil ceem.

23.2 Ilpenomnenue ceema 6 moHKOU NIAACMUHKE

Tak xak cBeT, OTpaXEHHBIM OT IPAaHULIBl pa3jeiia ABYX JAUIIEKTPUKOB OKa3bl-
BAETCSA YACTUYHO (WUJIM MOJIHOCTBIO) MOJSPU3OBAHHBIM, TO MPOXOISAIINI CBET TaKKe
4acTU4HO Tnosisspusyercd. [IpeumMyliecTBeHHOE HanpapiieHWe KOJeOaHuil eKTpruye-
CKOr0 BEKTOpa B MPOLIECANIEM CBETE COBIANAET C IJIOCKOCTHIO MPEJIOMIICHHS JIyya
(puc. 23.1, 23.2). MakcuMainbHas MOJApU3AIUs MPOXOJAIIECT0 CBETa JOCTUTaeTCs
IpY MaJIeHUH oA yriioM bprocrepa.

CrerneHp NOJSIPU3ALMH TPOXOIAILIErO CBETA MOKHO MOBBIIIATH, TOJABEPras €ro
Py MOCIEN0BATENBHBIX OTPAXKEHUI U MPEIOMIIEHUNA. DTO OCYILECTBISAETCS B CTOIIE,
COCTOSILLEN M3 HECKOJIBKUX OJUHAKOBBIX W NApaJUIENbHBIX JIPYTr APYTY IUIACTUH W3
IPO3PAavyHOro AMAJIEKTpUKA (HallpuMep, CTEKJA), YCTAHOBIEHHBIX MOJ yrioM bpro-
CTEpa K MaJarplleMy cBeTy. Eciu 4Mciio mIacTUH JOCTaTOYHO BEJIUKO, TO MPOXOJs-
M Yepe3 CTOIMY CBET OKA3BIBAETCS TOKE MPAKTUYECKH JIMHEHHO MOJISIPU30BAHHBIM.

23.3 /lgoitnoe nyuenpenomienue

B ontudeckn aHM3OTPOMHBIX KpHUCTaIaX HAOJIOMACTCS SBICHUE 0BOUHO20
Jiyuenpenomiaenusn. ITo SBICHUE COCTOUT B TOM, YTO JIyd CBETa, MAJAOIIMKA HA MO-
BEPXHOCTh KpPUCTAJJIA Pa3BaluBaCTCs B HEM Ha JIBa ITPEJIOMIIEHHBIX JIyya CO B3AaUMHO
NEPHeHAUKYIAPHBIMU TUIOCKOCTAMH KosieOaHuii. OOuH W3 JIydedl TOMYMHSAETCA
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OOBIYHBIM 3aKOHAM TPEIIOMIICHHSI B YAOBJIETBOpseT 3akoHy CHerunyca (cm. 1. 16.1),
MIOATOMY €T'0 Ha3bIBAIOT OOBIKHOBEHHBIM JIy4OM U 0003HauUaroT OykBoi o (puc. 23.3).
Bropoii n1yu 0603HavyatoT OyKBOM e W Ha3bIBAIOT HEOOBIKHOBEHHBIM. OH HE JIC)KUT B

IUIOCKOCTH TaJACHUS M HE TMOAYUHSIETCS 3aKOHY
N Cuennuyca. Hanpumep, ecnu gaxke cBeT majaaet HOP-
/) A++++=e ManbHO (puc. 23.3), HEOOBIKHOBEHHBIHN JIy4 MPEIOM-
asiercst. Kpucramnel, obnanaromye JBOHHBIM JIyde-

> —e—e—e—e=5 TPEIOMICHHUEM, IOAPA3AECIAIOTCS Ha OIHOOCHBIC H

/ JIBYOCHbIE. Y OIHOOCHBIX KpPHUCTaUIOB HMEETCS

M/ HaIpaBJIeHHUE, BIOJIb KOTOPOTO OOBIKHOBEHHBIN U He-
4

OOBIKHOBEHHBIN Jy4H DPACIPOCTPaHSIOTCS HE pase-
JAACh. OTO HAIpaBJICHUE HA3bIBACTCS ONMUYECKOU
ocvio xpuctaima. OnTuyeckas ocb — 3TO HE NpsiMas
JIMHUS, TIPOXOJSINAs Yepe3 KAKYIO-TO TOUKY KpPHUCTallla, a ONPENEICHHOE HalpaBiie-
Hue B Kpucrtauie. Jlro0as npsimas, napauieiabHasi JaHHOMY HallpaBJIEHUIO, SBIIAETCA
ONTUYECKON OCBIO KpUCTAJLIA. Y IBYOCHBIX KPUCTAJJIOB TAKUX HAIIPABJICHUH J(Ba.
N3 xpucraminoB, 00JaJaOMIMX JABOWHBIM

Jy4eTpPEIOMIICHUEM, W3TOTaBIMBAIOT HOAPU3A- M
uuonuvte npuzmvl. OIHOW W3 HHUX SBJISIETCA B . C
npuzma Huxonsa. OHa BeIpe3aHa U3 KpHUCTaJlIa ! ¢ L |
HCIIaHJICKOTO IIMara Tak, uro ee rpanu AB u CD ! b
napayiesbHbel  ontuyeckod ocu MN  kpucranna
(puc. 23.4). Ilpu3ma pazpe3aHa o JUaroHAIbHOM
mrockoct AC U CKJeeHa IO 3TOM NMOBEPXHOCTH
TOHKHM CJIOEM ONTHYECKH M30TPOIHOIO BEIIECTBA, KOTOPOE HA3BIBAETCS KAHAJCKUM
Oasib3amoM. J1j1si OOBIKHOBEHHBIX Jydel KaHaJCKHUMl Oanb3aM sIBISETCS Cpeloil OnTH-
YeCKHM MEeHee IUIOTHOM, yeM maTepuain npusmsbl. Jjisi HEOOBIKHOBEHHOTO Jyya OH SB-
JSIeTCsl ONTUYECKU OoJiee MIOTHOM cpenoil. CBeT majgaeT Ha MpU3My HOPMAJIBHO K €€
rpanu AB. OOGbIKHOBEHHBIN U HEOOBIKHOBEHHBIN JTyUH PACIPOCTPAHSAIOTCS B MIPU3ME,
HE MPeIoMIISISCh, 10 CI0osl KaHajacKoro Oanb3ama. Pasmepbl mpusmbl moa0HparoTcs
TakuM 00pa3oM, 4TOOBI yroj majeHus OOBIKHOBEHHOI'O Jydya Ha NmoBepXHOCTh AC
Obu1 OoJIblIIE MPEENIBHOTO YyIiia BHYTpEeHHEro oTpaxeHus (cMm. m. 16.1). Ilostomy
OOBIKHOBEHHAsI BOJIHA MTOJIHOCTBIO OTPAXKAETCS OT CJI0sI KaHAaJICKOro Oanb3aMa (JIyd o
Ha puc. 23.4). HeoOBIKHOBEHHBIN JTyd e CBOOOHO MPOXOIUT Uepe3 ciioi Oanb3aMa u
BTOPYIO IMOJIOBUHY MOJSPU3ALMOHHON NpU3Mbl. TakuM 00pa3oM, MOJIIpU3alMOHHAS
MpU3Ma MOXKET ObITh UCIIOJIb30BaHa KakK MOJISpU3aTOP.
ITocMoTpHTE IEKIMOHHBIE IeMOHCTPALIMH:

1. Tlonsipyzarysi ECTECTBEHHOIO CBETA IIPH OTPAXKEHUH OT CTEKIIA

http://youtube.com/watch?v=UdmgVCi9VPY

2. Yron bprocrepa

http://youtube.com/watch?v=WickU6F8GrA
3. EcrectBennbiii BumpMeIi cBeT. Tpu mossipuszatopa. 3akoH Maioca
http://youtube.com/watch?v=xDIVIk7Jf3I

Pucynok 23.3

Y

'N
Pucynok 23.4
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4. TlonspuszaTop 1 aHAIM3ATOp /ISl BUAMMOTO cBeTa — 1

http://youtube.com/watch?v=TXeG2Tz0hb4

5. Tonspuzarop u aHaM3aTop ISl BUMMOTO CBETA — 2
http://youtube.com/watch?v=wR-WPocc128

6. JIBoitHoe jmyuernpenoMiieHue (KpUCTaLT UCTIaHICKOTO IITaTa).
http://youtube.com/watch?v=PsOFcQY 2y2K http

7. JlpoiiHoe jyuernpenoMiieHue (BUIMMBINA CBET)
http://www.youtube.com/watch?v=xDgXUOKXxNK(g

§24 HckyccTBeHHOe ABOIHOE Jydenpesomiienne. Idddext Keppa

JIBOlHOE JIy4enpeaoMIICHUE MOKET BOSHUKATh B MPO3PAUHBIX TEJIax MOJ BIIU-
STHUEM BHEIIHUX BO3JECHUCTBHU. B wacTHOCTH 3TO mpo-
HCXOIIUT TpHU MexaHudeckux nedopmarusax ten. [lo-
MECTUM CTEKIISIHHYIO TJIAaCTHHKY Q MeXIy CKpeuieH-
HeIMU TIoJsipu3atropamu P u P’ (puc. 24.1). Ecmm
CTEKJIO He 1e(OpPMHUPOBAHO, TO TaKasi CUCTEMa CBET HE
nponyckaer. Eciau miacTUHKY CkaTh, TO CBET HAadM-
HaeT npoxoAuTh. HabGmrogaemast B mpomeimmx rydax
- ¥ - KapTHHA OKa3bIBACTCS HWCICIIPEHHON MBETHBIMHU TIO-
nocamu. [lo pacmoyioxKEHUI0 MOJIOC MOYKHO CYIUTh O
pacrpeesieHUd HanpsKeHUH BHYTPHU TUTACTUHBI, TaK
KaK Kaxjas Takas I0JIOCa COOTBETCTBYET OJMHAKOBO Je()OPMUPOBAHHBIM MECTaM
MJIACTUHKH.
Bo3HnukHOBEHHE ABOWHOTO JIYYENPEIOMIICHHUS B KUIKOCTIX U aMOP(HBIX Te-
Jax MOJ| BO3ICUCTBHEM DIICKTPUUECKOTO T0JIsI Ha3bIBaeTCs Ighghexmom Keppa (oOHa-
pyxeH B 1875 rony). Cxema yctaHoBku JiJis ucciienoBanus s dexra Keppa nokazana
Ha puc. 24.2. Mexay CKpELIeHHbIMU MOJIsSIpU3a-

P_ v Q __P

Pucynok 24.1

topamu P u P’ momemiaercs siueiika Keppa, koto- /0 \0 ,
pas mpeacTaBisieT co00M TrepMETUYHBIN COCy[ C P (’]/ \P
KUJKOCThIO. B cocyll BBEAEHBI IJIACTUHBI KOH- / TR m
neHcaropa. Eciau Ha macTHHBI TOJATh HAIpsKe- Ju — T I)l\
HUE, TO TMOJl JCUCTBUEM OHJIEKTPUYECKOTO MO 0/ o
KUJAKOCTh TPHOOPETAET CBOWMCTBA JIBOSIKO TIpE- / PrCyHOK 24.2

JOMIIIOIETO0 KpucTauia. Bo3HuKmasg Mexnay
OOBIKHOBEHHBIM M HEOOBIKHOBEHHBIM JIydaMH pa3HOCTh (a3 MpomnopLHoHaIbHA
KBaJpaTy HANPSLKEHHOCTH JIEKTPUYECKOTO MOJIA:

Ag = 27BIE?, (24.1)

rae | — myTs, npoiiaeHusbli Tydamu; B — nmoctosiaHas Keppa.

ITocrosinnass Keppa 3aBUCUT OT BEIIECTBA, €r0 TEMIEPATYPHI, JJIUHBI BOJHbI
ceera. M3 xuakoctedt HamOosblied mocrossHHoM Keppa obnamaer HUTPOOEH3OI.
Oo0bscustcs adgdexkr Keppa paznuuHON NOIIPU3YEMOCTHIO MOJIEKYJ IO Pa3HbIM
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HAIPaBJICHUSAM IO/ JEUCTBUEM 3JIEKTPUYECKOro noiid. Bpems, B TedeHue KOTOporo
YCTaHABIIMBAETCA IMPEUMYILECTBEHHAsT OPUEHTALMsl MOJIEKYJ, COCTaBIISIET MOpAKa
107" ¢. IMosToMy stueiixy Keppa MOXHO HCIOIB30BaTh KaK GE3bIHEPLHOHHBIN CBETO-
BOH 3aTBOp. B oTCcyTCTBHE MO 3aTBOP OyAET 3aKPBIT, NP BKIIOUECHUH HANPSIKEHUS
3aTBOP MPOMYCKAET 3HAYUTENIbHYIO YacTh CBETA, MPOLIEAIIEr0 Yepe3 MepBblil aHau-
3aTop P.

§25 BpameHue miI0CKOCTH MOJISIPU3ALUU

[Ipu npoxoxkACHUH MOISIPU3OBAHHOTO CBETA YEPE3 HEKOTOPHIE BEIIECTBA MPO-
UCXOJUT MOBOPOT IJIOCKOCTH IMOJISPU3ALNN CBETOBOM BOJIHBI. DTO SIBJICHHE Ha3bIBa-
€TCSl epaujenuem naiocKkocmu noasapuszayuu. Bemectsa, KOTOpbIE CIIOCOOHBI MTOBO-
pavyurBaTh MIOCKOCTh MOJIIPU3ALMH MMAJAI0NIMX HA HUX CBETOBBIX BOJIH, HA3bIBAIOTCS
onmuuecku akmueHvimu eeujecmeamu. ONTUYECKU AKTUBHBIMU MOTYT OBITH Kak
KUJKOCTH, TaK U KpucTauibl. Hampumep, pacTBopel caxapa, IIFOKO3bI, CKHIIHIAP,
KMHOBapb, KBapll U T.1. Pa3nnuaroT npaBoe BpallleHHE, WU MOJOKUTEIbHOE, U Je-
BOE, WU oTpulaTenbHoe. [lpu mpaBoMm BpallleHWU TIOCKOCTh MOJIIPU3ALMK [TOBOpa-
YUBAETCS M0 YaCOBOM CTpeNKe Ui Jyda, MaJarolero B ria3 Habatomarens, npu Je-
BOM — B IIPOTHUBONOJIO)KHOM HaIlpaBJICHUU.

JUist oNTHYECKH aKTUBHBIX KUIKOCTEH YroJjl MOBOPOTA (p IIIOCKOCTH MOJISIPU-
3aLMM ONPEAEIIAETCS COOTHOILEHUEM:

o=[a]lc, (25.1)

rae | — TommmHA C10s KUIKOCTH;
¢ — KOHIIEHTpAIIUS pacTBOPa;
[a] — yzenbpHas MOCTOSIHHAsS pacTBOpPa, 3aBUCSILAs OT IPUPOAbl BELIECTBA.
VYron moBopoTa IUIOCKOCTH NOJISIPU3ALUKM KPUCTAJUIMYECKUMH BELIECTBAMU
ONPEIEISIETCS COOTHOILIEHUEM:

p=al, (25.2)

rae | — myTh, MPOHACHHBIN JIy4OM B KPUCTAILIE;

a — MOCTOSTHHAS BpAIlleHUSs!, 3aBUCAIAS OT JUIMHBI BOJIHBI.

Ecnu Mexny nByMsi CKpEIIEHHBIMH TOJISIPU3aTOpaMU MMOMECTUTh ONTUYECKHU
aKTUBHOE BEILIECTBO (KpUCTAJUI KBapiia, MPO3pavyHyI0 KIOBETY C PaCTBOPOM caxapa U
T.I1.), TO TIOJI€ 3peHUsI MpocBeTIsieTcsl. UTOOBI CHOBA MOIYYUTh TEMHOTY, HYXHO IO~
BEPHYTh OJWH U3 MOJAPU3ATOPOB HA YroJl (, KOTOPHIM ompenensercs hopmyliaMmu
(25.1) u (25.2). B caydae pacTBOpa, 3Hasi yJEIbHYIO IOCTOSHHYIO BpalleHus |a
JAHHOTO BEIECTBA W JUTUHY |, MOKHO, U3MEPHB yroJI TIOBOPOTA (), HAUTH KOHIICH-
Tpamuio pactBopa. Takod crmocoO ompeesaeHus KOHLIEHTpAIMu PacTBOPOB MpHUMe-
HSIOT B IPOM3BOJICTBE PA3JIUYHBIX BEIIECTB.

KBanToBass onTukKa

Keanmoegoit onmukoii Ha3pIBacTCs pa3/iell ONTHUKH, 3aHUMAIOIINNCS U3YYCHU-
€M SIBJICHHI, B KOTOPBIX ITPOSIBJISIFOTCS KBAHTOBBIC CBOKMCTBA cBeTa. K TakuM sIBIICHU-
SIM OTHOCSATCS TEIUIOBOE M3iyudeHue, porornekrpuueckuii addexr, adhdexr Kommro-
Ha.
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826 TemaoBoe m3ayuenue. 3akon Kupxroga

Bce Tema B TOM WM MHOW CTENEHU HW3JIYYAOT SJIEKTPOMArHUTHBIE BOJIHBL.
Hanpumep, cuinbHO HarpeThie Tejaa CBETATCS, a MPU OOBIYHBIX TeMIepaTypax sBIsi-
IOTCSl UCTOYHUKAMHU TOJIbKO HEBUIUMOIO MH(GPAKPACHOTO W3-
JTy4YEHUs.

InekmpomazHumHoe u3iyueHue, ucnyckaemoe eeuie-
CmMEOM U 8O3HUKAalOWiee 3a cuém e20 GHYmpeHHell IHepull,
Ha3bvleaemcsa menaoevim. OHO 3aBUCUT TOJIBKO OT TEMIIEpATy-
PBI U ONITUYECKUX CBOMCTB U3JIy4YalOUIEro Tea.

OKpy>XUM H3JIydarllee TeJlo 000JOYKON C HJIeaIbHO
oTpaxaromiei moBepXHOCThIO (puc. 26.1). Bo3nyx u3 06om10uku
yaanuMm. OtpaxxéHHOe 000JIOYKOW HM3JTydYeHHE, yIaB Ha TeJo,
MOTJIOTUTCA UM (YaCTUYHO WJIM TMOJHOCTHIO). ClienoBaTenbHO,
OyJleT IPOUCXOAUTh HEMPEPHIBHBIN 0OMEH PHEPrueit MeKy TeJIOM U 3alOJIHSIOIIUM
000JI0YKY U3ITy4YEHHUEM.

Ecnu pacnpeneneHue 3HEPruyM MEXAy TEIOM U HU3IYYEHUEM OCTACTCS HEH3-
MEHHBIM ISl KQKJAOW JJIMHBI BOJHBI, TO COCTOSIHUE CHUCTEMBI «TEJO — U3ITyYEHUE)
HAa3bIBACTCSI PABHOBECHBIM. Tenjioeoe usiyyenue — eOUHCMEEeHHbLI U0 U3IYYeHUA,
KOMOpblil MOMHCEM HAXO0OUMbCA 6 MEPMOOUHAMUYECKOM PAGHOBECUU C U3YUAIO-
wumu menamu. Bce ocTanbHbIe BUABI U3JIYUYCHUSI OKA3bIBAIOTCS HEPABHOBECHBIMU.
[Ipu paBHOBECHM pacXo]l SHEPTUHU TeJla Ha TEIJIOBOE M3JIyUYeHUE KOMIIEHCUPYETCS 3a
CYET MOTJIOUICHUS TEJIOM TAKOT0 € KOJINYECTBA SHEPTUHU MAJAIOIIEr0 Ha HEro U3y-
yeHus. PaBHOBeCHOE M3ITydYeHUE yCTAHABJIMBAETCSA B aua0aTHYECKH 3aMKHYTOH CH-
cTeMe, T.e. TaKOM, KoTopas He OOMEHHMBAETCS TEIUIOM C BHEIIHEH cpemoi. B Takoii
CHCTEME BCE Te€JIa HaXOIATCA MIPU OJHOUW M TOU K€ TEMIIEpATYPE.

Pucynok 26.1

26.1 Xapakmepucmuku menio6ozo usiy4yeHus

B ¢usnueckoit nurepatype HET €AMHOW TEPMHUHOJOTMH B OTHOILIEHUM BEJIU-
YMH, XapaKTEepPU3yIOLUUX TEIJIoBoe u3iydeHue. [1oaToMy Mbl MpUBOAMM B CKOOKax
BTOpOE Ha3BaHUE (PU3HUYECKON BEIIUYUHBI.

uepeemuueckuii nomok (®,) — cxanspHas u3MUEcKas BEIMYMHA, paBHAS
DHEPIUM DJIEKTPOMATHUTHOIO M3JIyYEHHUS BCEX YYaCTKOB CIIEKTpa, U3Iy4aeMoM 3a
€UHUIY BPEMEHU:

_aw
Coodt
W
JIyist cpetHuX BETMYUH D, = e (26.1)

[CDB]:I[—X(:BT.
C

Duepzemuueckas ceéemumocms (uznyuamenvrnocms) (R,) — ckanspras pusu-
YyecKasi BeIMYKMHA, paBHAS SHEPTHH, U3Iy4aeMO# C ¢IMHUIIBI TOBEPXHOCTHU 32 CTUHU-
IIy BpEMEHHU BO BCEM Jiamna3oHe JIuH BoyH (0T 0 10 «):
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-
dS
JI1st cpeTHUX BETMYMH R, = % (26.2)
Jbx Bt
R,|I=5=—
RJ==5=—

CnekmpanbHas na1OMHOCHb IHepeemuueckoi ceemumocmu (UCnycKamenb-
Hasa cnocodnocms) (I, 1) — ckansipHas (U3MYecKas BeJIMYMHA, PaBHAsI SHEPIHH, W3-

quaeMOﬁ C CAWHHUIBI ITOBCPXHOCTH 3a CAMHUIY BPCMCHU B CIMHUYHOM HHTCPBAJIC,
BBI6paHHOM BOJIM3H 3aHaHHOﬁ JJINHBI BOJIHBI:

dR,

3HaUYE€HHUE CHEKTPAIBbHON IUIOTHOCTH 3HEPreTHYECKOW CBETHMMOCTU (MCIyCKa-
TEJIBHON CIOCOOHOCTH) 3aBUCHUT OT JJIMHBI BOJHBI, TEMIEPATypPbl, XUMHUUECKOTO CO-
CTaBa TeJla U COCTOSIHUSI €r0 MOBEPXHOCTH. DHEPreTUYEeCcKas CBETUMOCTh (M3JIyda-
TEIbHOCTh) U CHEKTPaJIbHASI MJIOTHOCTh YHEPreTUYECKON CBETUMOCTH (MCITyCKaTEb-
Has CIOCOOHOCTH) CBsI3aHBI COOTHOIIICHHEM

R, =[r tdi. (26.4)
0

Ioznowamenvnas cnocoonocme (Monoxpomamuueckuii Koygpgpuyuenm no-
2nowenusn) (o, 1) — 0e3pasmepHas pu3HUECKas BEIMIMHA, TOKA3bIBaIOMIAs KaKas J10-
JIsl SHEPTMH DJIEKTPOMArHUTHBIX BOJIH, MAJAIOIINX HA TEJIO0, TOTIOMACTCS UM:

dwﬂ. (26.5)

A1 =
dWHaz[
ITo onpeneneHuto moryonaTeabHas ClIOCOOHOCTh HE MOXKET OBITh OOJIBIIE €UHUIIB.
[TormomarensHast CIOCOOHOCTh PEAIBHBIX TEJT 3aBUCHUT OT CBOMCTB BEIIIECTBA U CIICK-
TPaJIBLHOTO COCTaBa MAIAOIIETO H3TyUCHHS.

26.2 Knaccugpuxauusa men

Abcontomno uépnvim menom HA3bIBACTCS TEJIO, KOTOPOE IMOJTHOCTBIO MOTJIO-
IaeT BCE MaJarolee Ha HeTo U3yUYeHUEe HE3aBUCUMO OT €0 CIIEKTPATIbHOTO COCTaBa
U HaIpaBJICHUS MAJArONIer0 M3Iy4YeHHs, HIYEero He oTpaxkas u He mporyckas. Cre-
J0BaTEIbHO, MOTJIONIATEIbHAS CIIOCOOHOCTh a0COMIOTHO YEPHOTO TENNa TOXKIECTBEH-
HO paBHA IUHUIIE:
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Wunekc S — 3To nepBast OykBa HEMENKOT0 clioBa SChwarz — yépruiil.
AOCOIIOTHO 4Y€pHBIX Tell B Ipupojie He cymectByer. Caxxa M IUIaTUHOBAs
YepHb MMEIOT MOTJIONIATENIbHYI0 CIIOCOOHOCTh, OJMM3KYIO K €IMHHUIIE, HO B OTpaHU-
YEHHOM MHTEpBaje JUIMH BoJH. B nanexoi uHdpakpacHoit oba-
\ CTH MX MOTJIOIATENbHAs CIIOCOOHOCTh MEHBIIE €AMHUIIBI.
NV N Moaenbio abCcoTOTHO YEPHOTO Tea MOXKET CIY>KHUTh MO-
/><) YTH 3aMKHYyTasl TOJOCTh ¢ HEOOJBIINM OTBepCTHEM (pHC. 26.2).
\ > 4 / N3nyueHue, mpoHUKILIEE BHYTPh MOJOCTH uyepe3 oTBepctue O,
:[” O MHOrokpaTHO OTpaXkaercsi OT CTeHOK. IIpH KaXIOM OTpaKeHHH
4acThb HHEPIUM MOIJoIAeTcs. B pe3ynbraTe 4ero npaxkTU4eCcKu
Pucynoxk 26.2 BCE€ M3JIy4YEHHE JIF0OON 4acTOTHI MOJHOCTHIO MOTJIONIAETCS CTEH-
KAaMH IIOJIOCTH HE3aBUCUMO OT MAaTEpHaIIA.
B Teopun TennoBoro M3iydeHUs HAPALY C NOHITHEM aOCOIIOTHO YEPHOIO Te-
JIa 9acTO IMOJIB3YIOTCS APYrov HACATN3UPOBAHHON MOJENBIO PEATBHBIX TEI — CEPhIM
TEJIOM.
Cepbim menom Ha3bIBAaCTCS TEINO, IMOTJIOHIATENIbHAST CIIOCOOHOCTH KOTOPOTO
MEHbIIE €MHMIIBI U HE 3aBUCHUT OT JIJUHBI BOJHBI (YACTOTHI) U3TYyUYEHHUS U OT abco-
JXOTHOHM TeMIEpaTyphl.

e

Oueprus dW ,,, magaromas Ha HEIPO3paYHOE TEJIO, PABHA CYMME OTPaKEHHOM
dW oy, 11 morstomennoit dW,,,,, SHEprHuit:

dW ., =dW, ., +dW

TIOTJI oTp *

Pa3nenuB s10 cootHomenue Ha AW ,,,, moTydnm:

a’k,T + pX,T :1. (267)
rae
dWOTp
_om 26.8
PaT dW ( )

maj

BEJIMYHMHA, Ha3bIBaEMasi OTPAKATEITHHOU CTIOCOOHOCTHIO.

Ompasicamenvhas cnocoonocms (p; 1) — 6e3pasmMepHas Gu3nvecKas BEINIH-
Ha, TIOKa3bIBAIOIIasl, Kakasi JOJsl SHEPTrUU SJICKTPOMArHUTHBIX BOJIH, MAJArOIINX Ha
TEJI0, OTPAKACTCS MM.

OTtpakarenbHas pP; 1 CHOCOOHOCTh 3aBHUCHUT OT CBOWMCTB BEIIECTBA MU CIICK-
TPaJFHOTO COCTaBa MaA0IIETo U3My4deHus. [ peanbHbIX Te :

O<a, <1 u O<p, <1, (26.9)

OrtpasxarenbHas ClIOCOOHOCTh a0COIOTHO YEPHOT'O TEJa paBHA HYJIIO, T.€. P; 15 =0.

Henp03paqHI>Ie TCJId, Y KOTOPBIX IIOIIOIIATCIIbHAA CITOCOOHOCTh PpaBHa HYJIIO, HC U3-
Jy4aroT U HC IIOTJIOIIAIOT 3JICKTPOMAIHUTHBIX BOJIH: OHH ITOJIHOCTBIO OTPAXKAIOT IId-
Jaromiee Ha HUX H3JIYUYCHHUC. Ecnn OTPAKCHUC IIPHU ITOM IPOUCXOIUT II0 3aKOHAM
FGOMGTpH‘-IGCKOI?I OIITUKH, TO TCJIO HA3BIBACTC 3€PKAIbHbIM. I[J'I?I 3CPKAJIBbHBIX TCII:
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PaT =1, o, 7 =0. (26.10)

AOGCOTIOTHO 3€pKAIBHBIX TEJI B MPHUPOJIE TaKKEe HE CYHIECTBYeT. biu3koil K
3epKaJly SIBJICTCS MOBEPXHOCTH cepebpa (p;, 1~ 0,95).
IMocMoOTpHUTE JIEKIHOHHYIO IEMOHCTPALMIO:
Kak 6enoe cnenars uépubiM. Natirlich!

https://www.youtube.com/watch?v=I-66WY|OB1s

26.3 3axon Kupxzogha

Mexy ucIycKaTeabHON U MOIJIONIaTeIbHOW CIIOCOOHOCTSIMU HEMPO3PAYHOTO
Tela MMeEeTCs CBA3b. PaccMoTpuMm cienyrounuii skcrnepuMeHT. [lycTh BHyTpu 3a-
MKHYTOM BaKyyMHpPOBAaHHOW OOOJIOUKH, TeMIeparypa KOTo-
pOil TIOCTOSTHHA, HAaXOAATCS HECKOJIBKO Ten (puc. 26.3). OTu
Teaa MOTYT OOMEHHMBATHCSI SHEPTUEH MEX Ty OO0 U 000J104- @
KOM TOJBKO MyTEM HMCIYCKaHUS W TOTJIOIICHUS AJIEKTpOMar-
HUTHBIX BOJIH. OIIBIT MOKa3bIBAET, YTO YE€pPE3 HEKOTOPOE Bpe-
Ms BCE Tejla MNPUMYT OJMHAKOBYIO TEMIEPATYPY, PaBHYIO @
Temiepatype o0onouku 7. B TakoMm cocTostHMM Teno, o0iia-
natouiee 0obllIe NCIYCKATEeNbHON CIIOCOOHOCTBIO I 1 Teps- Z
eT OOoJbIlle PHEPTUH, YEM TO TEJO, Y KOTOPOTO HCITyCKaTelb-
Hasi CIOCOOHOCTh MeHbIe. Tak Kak Temneparypa Tell He Me-
HSIETCs, TO TEJO, UCIyCKaroliee OOJIbIIEe SHEPruu, JIOJKHO
OoJIbIIIE €€ TTOTJIONIATh, T.€. 00J1agaTh OOJbIICH MOTJIOMATEIbHON CIIOCOOHOCTHIO.

Takum oOpazom, yeM OoJibllle UCIyCKaTelbHasi CIOCOOHOCTD I 1 TeM OO0JIbIIe
norjomareiabHas cnocoOHOCTh o, 1. B 1895 roay nemeukuit puszux Kupxrod ycra-
HOBWJI, YTO

Omnowenue ucnyckameuabHoli cnOCOOHOCMU K NO2I0OUAMETbHOU CROCOO-
HOCMU He 3a8Ucum om npupoovl me, a A6AAEMc:A 0 6cex mej 0OHOU U moil Jce
YHUgepcanvHoul YyuKyueil OJ1UHbL 60SIHbL U MEMNePamypbl.

Pucynok 26.3

r r r
AT o AL S AL o = (0T, (26.11)
Ot )y \OnT )y 00T /g

rae u"aexcol 1, 2, 3 ... oTHOCcATCS K pa3HbIM TenaMm. CooTHoieHue (26.11) Ha3biBa-
etcs 3akoHoM Kupxroda.
Jis aOCcoNOTHO 4YEPHOrO Tena IOINIOATeNbHasl CIIOCOOHOCTh Oy g =1.

CrnenoBarenbHO, U3 cooTHoIIeHUs (26.11) BbITEKaeT, YTO UCIMyCKaTeIbHAs CIIOCO0-
HOCTb I; 7 s Takoro tesa paBHa f(A,T). Takum oOpa3om, yHuBepcanbHas (YHKIUS
Kupxrogda — 310 ucnyckarenapHas ciocOOHOCTh aDCOIOTHO YEPHOTO TEIA.

[Tocne ycranoBienus 3akoHa Kupxroga crano oueBUIHBIM, YTO NIEPBOOYEPE-
Hasl 3a/ladya TEOPUU TEIJIOBOTO M3IyYEHMs] — HAWTH, KaK HCIyCKaTellbHas CIoCco0-
HOCTh a0COJIFOTHO YEPHOTO TeNa I, 75 3aBUCUT OT JUIMHBI BOJIHBI A U TeMIepaTypsl 7.

Pa3naras u3nydyeHue nojaocTu ¢ O4EHb MAJICHBKUM OTBEPCTUEM B CIEKTP U H3-
Mepsisi UHTEHCUBHOCTh PAa3JIMYHBIX YYAaCTKOB CIIEKTPa, YAAIOCH 3KCIEPUMEHTAIBHO
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Haiitm Bun (GyHkiuu f(A,T). Pesynbrarhl 3TOr0 3KCHepMMEHTa MPEICTABJICHBI Ha

rpaduxke (puc. 26.4). U3 ananuza rpaduka ObUTH ClI€TaHBI CIEAYIOIINE BHIBOIBI.

1. DHepreTUYecKuil CIEKTP TEIUIOBOTO H3JIYYEHUS SIBJISICTCS HEMPEPHIBHBIM, T.€. B
HEM MPHUCYTCTBYIOT BCE JJIUHBI BOJIH OT 0 10 oc .

2. B obmact ManbIx 1 OOJBITUX JIJTMH BOJIH U3ITyYCHHE MAJIO.

3. KpuBbie UMEIOT MaKCUMYyMBI, T.€. CYIIECTBYET JJIMHA BOJHBI, P KOTOPOH JIyde-

Vyms UCITyCKaTeIbHasl CIIOCOOHOCTh aOCOIOTHO YEPHO-

T>T,>T) ro Tejla MpuHUMaeT HauOoJbiiee 3HayeHue. C mno-
BBIIIIEHUEM TEMIIEPATYPbl MAKCUMYM CMEIAETCS B
CTOpPOHY 0o0Jiee KOPOTKUX JIJTMH BOJIH.

4. ITnomanb, oxBaThiBaeMas KPUBOM, MAET M3ITyda-
TEJIBbHOCTh a0COJIOTHO YEPHOIO Tejla MPU COOTBET-
CTBYIOLIEH TeMIeparype.

5. U3nyvartenbHOCTh  aOCOMIOTHO  YEPHOrO  Tema
CUJIBHO BO3pACTAET C TEMIIEPATYPOH.

/il

0 Moy Momy Aoy A Ha ocHoBe 3TuX BBIBOJIOB U JPYTUX DKCIIEPU-
Prcymok 26.4 MEHTOB ObLJT YCTAHOBJIEH P/l 32aKOHOB TEIJIOBOTO U3-
JTY4YEHUS.

IMocmoTpuTe JIEKIMOHHYIO IEMOHCTPALIMIO:
[Toxonnas dasira wim 3akod Kupxroda
https://www.youtube.com/watch?v=ShDqf3GsiZc

§27 3akonsbl Credana — boabumana u Buna

[To 3akony Credana — bonbimMana uziyuyamenvnocms (InepzemuuecKkan cee-
mumocmsp) adOCONIOMHO 4EPHO20 mena NPONnOPUUOHANLHA Yemeepmoll CHeneHu
€20 a0dCcoIIOMHOI memnepamypol’

R, =oT*, (27.1)

- 214
rae 6=5,67-10"° Br/(M°K?) — mocrosiHast Credana — bonpimana.
JJis cephIX TN 3TOT 3aKOH MPUMEHSIOT B CIEAYIOIIEM BUJIE:

R, =aoT?, (27.2)

rjae o — KO3(PPUIMEHT MOHOXPOMATHYCCKOTO TOTJIONIEHUsS (TOrIomaTe/IbHAs CIIO-
COOHOCTB).

B. Bun nHamen nojgoxxeHne MakcuMyMma (DYHKIIMM U 3aBUCHUMOCTh MaKCHMaJlb-
HOTO 3HAYEHHs UCITYyCKATEeIbHON CIIOCOOHOCTH a0COMIOTHO YEPHOTO TEJNa OT TeMIIepa-
TYPHI.

Jlnuna 60nHbl, HA KOMOPYI0 NPUXOOUMCA MAKCUMATbHOE 3HAYEHUE CHeK-
mMpPAnbHOU NIOMHOCHU IHEP2eMUYECKOU C6emUMOCmU (UCNYCKAMEIbHOU Cho-
coOOHOCmU) adCONOmMHO 4EPHO20 mena, 00pamHo NPONOPUUOHATbLHA €20 adco-
JIIOMHOU memnepamype:

b
A max T (27.3)

e b=2,9-10"° m-K — nocrosunas Buna.
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Bripaxxenue (27.3) Ha3bIBalOT 3aKOHOM cMmelleHus: Buna.

Maxcumanvnoe 3HaueHue CHEKMPAIbHOU NAOMHOCHMU IHEPZEMUUECKOU
ceemumocmu (UCNYCKAMEAbHOU CROCOOHOCMU) AOCOIIOMHO YEPHO20 meaa npo-
NOPUUOHATILHO RAMOIU CHENEHU €20 ADCONIOMHOI meMnepamypol.

(rr )max —cT?, (27.4)

rae ¢=1,3-107 BT/(M3'K5) — IIOCTOSHHAS BEJIUYUHA.
Bripaxkenue (27.4) Ha3pIBalOT BTOPbIM 3aKOHOM BuHa.

Bce mombiTku TeopeTHdeckoro 000CHOBAaHUS YKCIEPUMEHTAIIBHO HaWIEHHOTO
Buna ¢yukiuu Kupxroda f(k,T): I, 1.5 B PaMKax KJIaCCUYECKOW (U3MKU OKa3a-

JIUCH O€3YCIEIIHBIMH.
IMocMoTpHTE TEKUMOHHYIO 1€MOHCTPAIUIO:
3akoH cMmelenuss Buna

https://www.youtube.com/watch?v=SY G-hTIs954

828 TI'mnore3a [lnanka. @opmy.aa [lnanka

B 1900 romy M. [Inank BBIABHHYJI HOBYIO THIIOTE3Y O MPHUPOIE H3ITYUCHHS.
CyTb 3TO# TUNOTE3bI 3aKJIIOYACTCS B CIEAYIOLIEM:

Inekmpomaznumuoe uziyueHue UCnycKaemcs ¢ euoe OmoeabHbIX NOpYuil
IHepeuu (K6aHmMos), e1UUUHA KOMOPHIX NPONOPUUOHATILHA YACMOMeE U3NYYEHUS.

DHeprust KBaHTa:
e=hv, (28.1)

II€ V — 4acTOTa U3JTyYEHUSI.
Koadduruent nponopruuoHaisHocTH h BriocneacTBrKM ObLI Ha3BaH MOCTOSH-
Hou IlnmaHka.

h=6,63-10"* IIk-c.

Hcrnonb3ysi COOTHOIIEHUE, CBA3BIBAIOIIEE CKOPOCTh, JJIMHY BOJHBI M YacTOTY
C =AV, DHEPrUIO KBaHTa MOKHO BBIPa3UTh (HOPMYJIOi

hc
A
Ha ocnoBe cBoeii runore3sl M. [1nank pa3paboTan KBaHTOBYIO TEOPHIO TEILIO-
BOTO u3NyudeHud. Emy ypamoch HallTH NpaBUIIbHOE BBIpaXKeHUE I (YHKIUU

Kupxroda, T.e. momyuuts popmyiy aist pacuéra UCIyCKAaTEIbHON CIIOCOOHOCTH a0-
COJIFOTHO YEPHOTO Tena I, 1 . JTa GopMyJia UMEET BUL:

g (28.2)

2mhc? 1
r = . , 28.3
A,T,S 7\(5 he ( )
expl — |1
AKT

IJIc ¢ — CKOPOCTh CBETA,
k — nocrosunas bonbimana.
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®opmyna (28.3) naseiBaercs gpopmynon Ilnanka. Kpusble, pacCUuTaHHbIE IO
3TOM (PpopMyIie, COBMAIN C SKCIEPUMEHTAIIBHO MOJYYCHHBIMA KpUBBIMH (pHUC. 26.4).

o0
Eciu B BeIpakeHue R, = er,Tdk (cMm. dopmyny (26.4)) nmoacTaBUTh 3HAYEHHE HC-
0
MyCKaTeIhHOW CITOCOOHOCTH B COOTBETCTBHH ¢ (popmyioit [lmanka u mpouHTErpUpo-
BaTh, TO MOKHO MOJy4uTh 3akoH Ctedana —bonbimana. Eciu B3siTh TPOU3BOAHYIO

(yHKIMH I', 1 ¢ 1O JUIMHE BOJHBI A U IPUPABHATH €€ K HYJII0, TO MOYKHO PACCUUTATh

b — mocrostuayto Buna. IlonydeHHoe 3HaYeHHE COBIAZAET C IKCICPUMEHTATbHBIM
3HaYCHHEM. DTO SBJISCTCS MOATBEPXKICHUEM ITPAaBIIILHOCTH Teopuu I lranka.

Takum 00pa3oM, MOKHO YTBEPIKIIATh, UTO C8eHLy, KPOME BOSIHOBLIX CEOILCHE,
RpUCyuU MaKice u KOPRycKyJIapHble C60UCMEdA.

§29 Omnrnyeckasi MUPOMeETPHS

YcranoBnenne 3akoHoB Credana — bonmpiiMana 1 Buna 1mo3Bosnio co3gaTh
npuOOpkI JJIsI U3MEPEHUS TEMIIEpaTyphbl, padoTaronue 0e3 KOHTAaKTa C pacKajleHHBI-
MU TEJIaMHU.

COBOKYIMIHOCTh METOAOB HM3MEPEHUSA TEMIIEPATypbl, OCHOBAHHBIX Ha 3aKOHAX
TETJIOBOTO U3JIyUYEHUs, HA3bIBACTCS onmuyeckoi nupomempueii. [Ipudopsl, npume-
HSAEMBIE ISl 3TOT0, HA3bIBAIOTCS HUPOMEMPAMU.

JleficTBUE paduayuoHnbiX nUpomMempo8 OCHOBAHO Ha (POKYCHPOBKE HU3ITyue-
HUSI pacKaJe€HHOM MOBEPXHOCTH HA HEKOTOPOM TEIUIONPUEMHHUKE. SIPKOCTh PE3KOTO
(choKyCHpPOBAHHOTO0) U300pAKEHUS HE 3aBUCHUT OT PACCTOSHUS 10 00BEKTa, €CIIU OHO
BEJIMKO MO CPABHEHUIO C (POKYCHBIM PACCTOSHUEM O0BbEKTHBA. BaxkHBIM SIBIISIETCS TO,
YTO CO3/1aBaeMOe OOBEKTUBOM M300pakKeHHUE JOJDKHO TOJIHOCTBIO MIEPEKPHIBATH TEII-
JIONIPUEMHHUK.

[IpenBaputenbHO MUPOMETP TPATYUPYIOT MO abcooTHO uépHOMy Teny. Ho,
MOCKOJIBKY M37y4aTeIbHOCTh PACKaJICHHOW MOBEPXHOCTU MEHBIIE U3JTy4aTeIbHOCTU
abcosmroTHO 4Y€pHOTro Tena (mo 3akoHy Kupxroda), usmepeHnnas paauandoHHas TeM-
reparypa OKa3bIBa€TCsl MEHbIIE ACHCTBUTENIbHON. COOTBETCTBYIOIINE MOMPABOYHbBIC
KO2(pPUIIMEHTHI UMEIOTCS B CITPABOYHHKAX.

JIelicTBUE APKOCHHBIX NUPOMEmPO8 OCHOBAHO Ha CPABHEHUU SIPKOCTH CBEYE-
HUS T€Ja, TeMIepaTypa KOTOPOro U3MEPSETCA, 1 HEKOTOPOTO APYTroro — HATH JIaMIIbl
HakanuBaHus. HaOmronenuwe Begercs dvepe3 KpacHbii cBetopmibTp (A=660 HM).
[IpumeHeHne 3TUX MUPOMETPOB CBsI3aHO ¢ MeTautyprueil. Ha ¢one nzodpaxeHus
CBETSIIETOCS OKOIIKAa JIOMEHHOM MM MapTEHOBCKOM meur HabJto1aeTCsl HUTh HaKa-
auBaHMs. Perynupys Tok depes3 JaMIouKy, T0OMBAIOTCS YPaBHUBAHUS UX SIPKOCTEH B
KpacHOM cBeTe. [Ipyu 3TOM HUTH JTaMIOYKHA CTAHOBUTCS HEBUIAMMOM, MO3TOMY TaKOU
MAPOMETP HA3BIBACTCSI TUPOMETPOM C «HCUE3AIOIIEH HUTHIOY.

[TupomeTp rpaagyupyercs 1o abCoJIOTHO YEPHOMY TETy — MPU U3MEHEHHUH TOKa
HaKaja MO0 HaxoJsIIeics B Moje HaONIOJEHUS IIKale CUUTHIBACTCS TEMIIeparypa
4yE€pHOI'0 TeJa, TP KOTOPOH HUTh «rcue3aeT». Tak Kak U3aydaTeIbHOCTh PEaIbHOTO
TeJla P TOM K€ TEMIIEpaType MEHbBIIIE, YEM U3Ty4aTeIbHOCTh YEPHOTO TENA, TO JJIA
JIOCTUKEHUS PABEHCTBA UX SIPKOCTEN pealibHOE TEJIO JOJKHO ObITh HarpeTo CUJIbHEE.
SpkocTHas Temrieparypa OKa3bIBa€TCs 3aBBILICHHOM.
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§30 Buemnwmii porodiiekTpudeckuii 3pPexr. 3akonnl porodddexra

Buewinum omoirghgpekmom HazbiBaeTCs SIBICHUE HCITYCKAHUS SJIECKTPOHOB

Ke

Pucynoxk 30.1

MOBEPXHOCTHIO BEIlECTBA 0] JEHCTBUEM CBETA.
DNEeKTPOHBI, BEUIETAIONINE W3 BEIIECTBA, HA3bIBAIOT-
csi homornekmponamu, a SNEKTPUYECKUN TOK, 00-
pa3yeMblii UMU TIPU JABUKEHUU BO BHEITHEM JJICK-
TPUYECKOM T10JIe, Ha3bIBaeTca omomokom. OTt-
KpbITO siBiieHue [. I'epuem B 1887 romy, oCHOBHBIE
3aKOHOMEPHOCTH ycTaHOBJeHb B 1888-1889 romax
A. H. CronieToBbIM.

UccnenoBanne 3akoHOMEpHOCTEH  (HOTOI(]-
dbexkTa MOXHO TMPOBECTH C TMOMOIIBIO YCTAHOBKH,
cxema KoTopoi n3obpakeHHou Ha puc. 30.1. Dkcme-
PUMEHTAJIbHBIE MCCJIE0OBaHUS MOKA3aJIM, YTO JaXe
HUYTOXHBIE 3arpsi3HEHUSI TMOBEPXHOCTHM MeTallia
CYILIECTBEHHO BIUSIOT Ha SMUCCHUIO 3JIEKTPOHOB MO/
neiictBueM cpeta. [loaromy ms uzyuenus Gporord-
dekTa mosb3yrTCs BakyyMHOU TpyOkoii. Ceer, npo-

HUKaIOIUH depe3 kBapieBoe okomko Kp, ocBemaer katon K. DnexkTpoHsI, ucy-
HIeHHBIC BeleACTBUE (hoTodPdeKTa, mepeMeniatoTcs Mo IeHCTBUEM dIIEKTPUUECKOTO

oJIsl K aHoay A.

B pesynbrare B nenu npudopa teueT POTOTOK, U3MEPSIEMBIN TaIbBAHOMETPOM
I'. HanpsikeHne mMexay aHOIOM M KaTOJOM MOKHO U3MEHATH C MOMOIIBIK MOTEH-

uuomerpa 1.

[Tomyyennast 3aBUCUMOCTh (hOTOTOKA | OT HanmpspKeHUs MEX Ty dekTpogamu U
(BosbTaMIIEpHAsl XapaKTEPUCTUKA) MpeacraBieHa Ha puc. 30.2. XapaKTepucTuKa
CHUMAJIach MPU HEM3MEHHOM CBETOBOM MOTOKE D.

N3 ananmza 3TOM KpUBOM MOKHO CZIEJIaTh CJICIYIOIINE BBIBOBI:

1. Tlpu HEKOTOpPOM HE OYEHb OONIBIIOM HAMPSKEHUH (POTOTOK JOCTUTAECT HACHIIIE-
HUs. DTO 3HAYUT, YTO BCE DJIEKTPOHBI, MCIIYLIEHHBIE KAaTOJIOM, ITONAJAKOT Ha
anof. Cuna Toka HachleHus |, Oyzner onpenensTbCsl KOJIMYECTBOM IEKTPOHOB,
HCITyCKa€MBIX KaTOJOM B €MHHUILY BPEMEHH IO IEUCTBUEM CBETA.

2. Tlonoruil Xox KpUBOM yKa3bIBAa€T HA TO, YTO 3JEKTPOHBI BBIJIETAIOT U3 KaTOJA C
pa3IMYHBIMU 110 Beln4yuHe ckopocTsaMu. [lpu Hanpsbxkenun U=0 yacTb 31€KTpo-

HOB JI0JIETAET JI0 aHOJla «CaMOCTOSITENIbHOY», 0e3 Io-
MOIIU YCKOPSIOWIETO MOJISL.

Jjist Toro 94TOOBI 0OPATUThH CHITY TOKA B HYJb, HY’KHO
MIPUJIOKUTH 3adepicusarouiee nanpsokenue Us. [lpu
TaKOM HalpsKEHUW HU OJJHOMY M3 3JIEKTPOHOB, JaXe
oOnaaarouieMy IpH BBUIETE M3 KaTOJa HAaMOOJBIINM
3HAYEHUEM CKOPOCTH Umax HE YAAETCA JIOCTUTHYTh
aHoja.

pd

Ve

U,

0
Pucynok 30.2
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Ha ocHOBaHWM 3KCIIEPUMEHTOB OBUIM YCTAHOBJICHBI CIEAYIOIINE 3aKOHBI (o-

To3(dexra.

1. ®OTOTOK HACHIMICHUS MPOMOPIHUOHAICH CBETOBOMY IIOTOKY TpPH HEHM3MEHHOM
CIEKTPaJIbHOM COCTaBE CBETA, MAAIOIIETO Ha aHO/I.

2. MaxkcumanbHass KHHETHYeCKas SHeprus (POTOAICKTPOHOB JWHEHHO 3aBUCUT OT
4acTOTHI NA/IAFOIIET0 CBETA M HE 3aBUCHT OT €0 MHTEHCHUBHOCTH.

3. Jlns Kakmoro BeIecTBa CyIIECTBYET MUHUMAJIbHAS YacTOTa CBETA V( MPHU KOTO-
poit eme Bo3moxkeH Ghotodddext. [Ipu v<vy (nmu npu A>Ay) dpotodrddexra HET.
JImuHY BOJIHBI Ao HA3BIBAIOT KPACHOIU 2panuyel pomoirgpghexma.

®doToadPdexT — sBieHUE OE3bIHEPIIMOHHOE. DTO O3HAYAET, YTO MEXIy Hayda-
JIOM OCBEIICHHS] U MOMEHTOM BO3HUKHOBEHHS PoTord(deKTa He MPOTEKAeT 3aMETHO-
ro BpeMeHu. OnbIThI, IPOU3BECHHBIE B MOCIEIHEE BpPEMSs, MOKAa3bIBAIOT, YTO MPO-
MEXYTOK BPEMEHHU MEX]ly HauajJoM OCBEHICHUS U MOSBICHUEM (POTOTOKA HE MPEBBI-
maer 10”7 .

C ToukM 3peHusi BOJHOBBIX Npe/CTaBiIeHUN 0 cBeTe (POTOdIP(HEKT 0OBSICHUTD
HE yAaloch. A. DUHIITEIH BBICKA3aJl THIIOTE3Y O TOM, YTO CBET HE TOJBKO H3JIydaeT-
Csl, HO TaK)X€ PaCHpOCTPAHSIETCS B IPOCTPAHCTBE U IOIJIOIIAETCS BEIIECTBOM B BUJIE
OT/ICJIbHBIX KBAHTOB 3JIEKTPOMArHUTHOTO U3NlydeHusa. KBaHT onThyeckoro auamaszo-
Ha U3JTyYEHHs Ha3bIBAIOT hOMmoHOM.

Bce ¢GoTOHBI MOHOXpPOMAaTHYECKOTO CBETAa YacTOThl V HMEIOT OJMHAKOBYIO
SHEPTHUIO

e=hv, (30.1)
riae h — nocrosinnas [lnanka.

B cnydae moromieHusi cBeTa BEIIECTBOM KaKIbIM ITOTJIONMICHHBIH (DOTOH ITe-
peaaeT BCIO CBOIO SHEPTHIO JIEKTPOHY. YacTh 3TOM 3HEPrUM 3JIEKTPOH 3aTPauvBacT
Ha COBEPIICHUE pabOThl BBIXOAA Ay, U3 BelecTBa. Padomoil evixooa Ha3bIBacTCS
MUHUMAaJbHasl SHEPTUs, KOTOPYI0 HEOOXOIUMO COOOLIUTH 3JIEKTPOHY VISl TOTO, YTO-
OBl yAQJIUTh €r0 U3 TBEPJIOrO WJIM KUIKOro Teja B BakyyM. OCTaTOK sHEpruu odpa-
3yeT KMHETUYECKYIO 3HEPIHI0 3JEKTPOHA, MOKUHYBIIErO BelecTBO. B 3TOM cityuae
110 3aKOHY COXPAHEHUS SHEPTUU JOHKHO BBIITOJIHUTHCS COOTHOILIEHUE

mvrznax
hv = Ay +—02, (30.2)
2
KOTOPOE Ha3bIBAETCs ypaBHEHHEM DUHIITEHHA 715 poTodPdekTa.
W3 ypaBHeHHs] DHHIITEHHA HEMOCPEICTBEHHO BBITEKAET BTOPOM 3aKOH (POTO-

addekra:
2
mvmax
2
TO €CTh MaKCHUMaJIbHasi KHHETHYECKasi SHePTrus (POTOAIEKTPOHA JIMHEWHO 3aBUCHUT OT

4acTOThI, TaK KaKk paboTa BHIX0/1a JUIsl IaHHOTO BEIIECTBA BEJIMYMHA TOCTOSTHHASL.
[Ipu v=vo kuHETHYECKAasi FHEPTHUs oOparaeTcs B HyJb. [Ipu aToM

hvg = Ay s (30.4)

=hv - ABLIX | (303)
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TO €CTh KpacHas rpanuia ¢potodddexra OyIeT onpenesiThCs MPUPOJON BEIECTBA.

Ecnu mpunoxuts 3aaepxkuBaroniee Hanpsbkenne Us, To (oToToK oOpaiaercs
B HyJIb. [Ipu 3TOM paboTa AIEKTPUIECKOTo MMoJisi OyIeT paBHA MAaKCUMAIIbHOW KUHE-
THUYECKOH SHEPTHH BBUICTEBIINX (DOTOAIEKTPOHOB.

mo?

M — Macca AJIEKTPOHA; € — 3apsijl AJIEKTPOHA.
CnenaB 3ameny B ypaBHeHuw (30.2), monyuum erie oaHy (GopMy 3amucu ypas-
HEHUs DUHILITEWHA:

hv=A,, +eUs. (30.6)

IHocMoTpHTE TeKIMOHHYIO 1€eMOHCTPAIHIO:
®doTodPdeKT — pa3psiiKka CBETOM.
https://www.youtube.com/watch?v=05N_7jk3GWU

831 ®oton. CBoiicTBa ¢oTOHA

Domon — 3TO QJICMCHTAPHAaA 4YaCTHIa, HC MMCIOIAasA MACChI IIOKOS M IBHIXKY-
rasacs CoO CKOPOCTBIO CBCTA. N3 3akoHOB peHHTI/IBI/ICTCKOﬁ MCXaHHKH M3BCCTHA 3aBU-
CUMOCTB MACCBI OT CKOPOCTH ABUKCHUAA!

m=—_"T0 (31.1)

1-v? / c?
rae My — Macca nokost yactuubl. M3 (31.1) Haitgem My:

my =my1-202/c? . (31.2)

DOTOH IBUKETCS CO CKOPOCTHIO cBeTa, T.e. v =C. U3 (31.2) cnenyer, uto ipu v =_C
mo=0.
3T0 03HAYaeT, YTo (POTOH CYIIECTBYET TOJIBKO B IBUKECHHUU.

Maccy ¢doTona Haitnem u3 GopMyIbl B3aUMOCBS3U Macchl U sHepru. [lo dop-

MyJie DUHIITENHA € = mc?. C IpyToi cTopoHbl dHeprust porona € = hv. [IpupaBHsiB
3T COOTHOIIEHUS, HaliileM Maccy OTOHA

m= h—;} (31.3)
C
Nmnynse poTtoHa
p=mc= h% (31.4)

Hcrnonb3ysi COOTHOIIEHUE, CBA3BIBAIOIIEE CKOPOCTh, JJIMHY BOJHBI U YacTOTY
C =Av, UMIYJbC (HOTOHA MOXKHO BBIPA3UTH (POPMYIION
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, (31.5)

r7i¢ A— JIJTMHA BOJIHBI B BaKyyMe.

§32 IddexT Komnrona

Haunbosiee oTueTIMBO KOPITYCKYJISIPHBIE CBOMCTBA CBETA MPOSIBISAIOTCS B sIBJIE-
HUH, KOTOpoe ObLI0 OTKPHITO B 1923 roay u HassiBaercs 3¢ dexrom Kommnrona. CyTh
SBJIEHUS 3aKIJIFOYAETCS B CIETYIOIIEM.
Ecnm Ha paccenBarolee BEIIECTBO HAIPABUTh ITyYOK MOHOXPOMATHYECKOTO
g PEHTTEHOBCKOI'0 M3JIy4€HHUs, TO JUIMHA BOJIHBI A’ pacce-
SHHOT'O M3JIyYEHHsI OKAKETCA OOJIbLIE JIJIMHBI BOJHBI A
PB najgarouiero. Cxema onsita KoMnrona npeacrabieHa Ha
puc. 32.1. Breinensembiii guadparMamMu IMy4O0K MOHO-
XpPOMAaTUYECKOTO PEHTIEHOBCKOIO M3JIy4YEHMsI HaIlpaB-
JsUICs Ha paccenBaroniee Beniectso PB. CriekTpaibHbIN
COCTAaB MCCIIENOBAICA C IIOMOIINBK) PEHTTEHOBCKOIO
cnekTporpada, cocTosuero u3 kpucramwia Kp u noHu3a-
ronHor kamepbl UK. Pasnocte AL =A"— A oka3anach
3aBUCALIEH TOJNBKO OT yriia 6, oOpazyeMoro Hampa,iie-
HUEM PACCEIHHOIO M3JIyYEeHHs C HAIPaBJICHUEM MEPBUYHOTO myyka. OT IJIMHBI BOJ-
Hbl A U OT NPUPOABI PACCEUBAIOLIETO BELIECTBA U3MEHEHUE JIJIMHBI BOJHBI AL HE 3a-
BHCHT.

Pucynok 32.1

Ak =" (1-cos0), (32.1)
meC

rjae O — yroi paccesHus, T.e. yroj MEXAy HalpaBJICHHEM IIEPBOHAYAILHOTO U pacce-
STHHOTO TIYYKOB; Mo — Macca MOKOs YaCTHIIbI, HA KOTOPOU MPOUCXOJIUIIO pacCesHuUE.
0O003HaYUM

=g (32.2)

1 Ha30BEM A — KOMIITOHOBCKOM JJIMHOU BOJIHBI.
[Moxcranoka B (33.2) 3Hauenuit h, Mg, C maeT A 37I€KTPOHA 3HAYCHHE

e =2,43-107 .

O¢pdext KomnTona MokHO 00BSICHUTH, pacCCMAaTPUBas paccesiHUE KaK MPOIIeCC
yOPYTroro CTOJKHOBEHHUS PEHTICHOBCKMX (DOTOHOB € MPAKTHYECKH CBOOOIHBIMH
anekTpoHaMu. CBOOOJHBIMU MOKHO CUMTaTh ciiabee BCEro CBS3aHHBIE C aTOMaMHU
ANIEKTPOHBI. DHEPrUsl CBSA3M ITUX AJIEKTPOHOB 3HAYUTEIBHO MEHBLIE TOH, KOTOPYIO
(OTOH MOKET MepeaaTh JIEKTPOHY MPU COYIaPEHUH.
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IIpn ynpyroMm B3aMMOJEHWCTBUM JOJDKHBI BBIITOJIHATHCS

B 3aKOHBI COXpaHeHus: umnyibca (puc.32.2) u sHepruu. Jlo
€
< 2
/ “._ .,  CTOJKHOBCHMs DHEprus dJICKTPOHA paBHAa MyC" (SHEprus Io-
5 :}Pd’ KOsl), UMITyJIbC paBeH HyJt0. [locie CTOIKHOBEHUS >SHEPTHs
-~ 2
~ AJIEKTPOHA paBHAa MC”, UMITYJIbC AJIEKTPOHA CTAHOBUTCS PaB-
—>/
R HBIM . DOTOH 1O CTONKHOBEHHSI UMEN MMILYIbC [y, SHEp-

Prcynox 32.2 ruto hv. Ilocne CTOJIKHOBEHHS MMITYJILC (DOTOHA CTAaHET paB-

HbIM Py, a oHeprus hv'.

TOFI[EI MOKHO 3alurcarhb CJICAYIOINUC COOTHOHMICHM, BbIPAKAOIIUEC 3aKOHbBI COXPAaHC-
HHUA UMITYJIbCA U S9HCPTUU COOTBCTCTBCHHO!

Py = Py + Pe (32.2)
mec? +hv=mc? + hv' (32.3)

Pemienne naHHOW CHUCTEMBI YPAaBHEHUN IIO3BOJISIET IIOJYYWTh YPaBHEHUE
(32.1). Takum ob6pa3omM, u3 teopun Komnrona cineayer, 4ro GOTOH NEPENACT DJIEK-
TPOHY 4YacTh CBOEH JHEPIMU U 4aCTb CBOETO MMIIyJbca. B pe3ynbpraTre yMEHBIICHUS
SHEPrUM MaJaroUero GoToHa JUIMHA BOJIHBI PACCEIHHOTO (JOTOHA YBEIMUMUBAETCS.
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YACTH 3. 3JJIEMEHTBHI KBAHTOBOM MEXAHUKH

JIeMEHThI KBAHTOBOW MEXAHUKMH

Keanmoesaa mexanuxa — 310 ¢puznueckas T€OpHs SABJICHUNA U MPOIIECCOB MHUK-
pomupa. [Tog MUKpOMHPOM TOHUMAIOT COBOKYITHOCTh OOBEKTOB, JTMHEHHBIC Pa3MEphI
koTOpbIX mopsiaka 107° — 107 M. Bo3HMKIIa KBAHTOBast MEXAHNKA B CBSI3U C PA3BHTH-
€M DKCHEPUMEHTANBHBIX HCCICIOBAHUN MO M3YUYEHUIO CBOWCTB TEIUIOBOTO H3IIy4de-
Hus, hoTod(hdeKTa, 3aKOHOMEPHOCTEH aTOMHBIX CIIEKTPOB.

§33 I'mnote3a e bpoiias

3aKOHBI KJIACCUYECKOM MEXaHWKH U KJIACCHYECKON 3JIEKTPOIMHAMHKHU OKa3a-
JMCh HETPUTOMHBIMU JJISI ONTUCAHUS TOBEACHUS MUKpodacThil. Heobxoammo ObLIO
NEPECMOTPETH MPEACTABICHUE 00 ANEKTPOHE B BUE MEXAaHMYECKOM YaCTHUIIbI, XapaK-
TEPU3yEMOI1 OIpeeIEHHBIMU KOOPJIMHATAMU U ONPEIEIEHHON CKOPOCTBIO.

B npornecce uzydeHus: npupobl CBETa BBISICHIIOCH, YTO B ONTUYECKUX SIBJIE-
HUSX HaOMIOAAaeTCsl KOPIMYCKYJSIPHO-BOIHOBOW nyanu3Mm. MHTepdepentus, nudpak-
IS ¥ TIOJIApU3aIlds TOBOPSAT O BOJHOBOM Mpupoje cBera, a GoTodddexT u 3pdekt
KomnitoHa — 0 Kopry CKyJIIpHOM.

B 1924 rony Jlyn ne bpoiis BIABUHYJ TUIIOTE3Y O TOM, YTO KOPRYCKYIAPHO-
60JIHO6AA 06OIICHEEHHOCHb CEOUCME UMEEem YHUBEPCAIbHBLIL XapaKkmep, m.e. ua-
Cmuubl ewiecmea Hapady ¢ KOPRYCKYJAAPHLIMU CEOUCHMEAMU UMEIOM MaKice u
so1noeble. CornacHo rumoTe3e e bpoiins, ABMKeHHe >JeKTpOHA MM KaKOH-THO0
JPYTOM YaCTHUIIBI CBA3aHO C BOJHOBBIM MTPOLIECCOM, JUTMHA BOJIHBI KOTOPOTO paBHA

h h
A=—=—o (33.1)
P mo
rae h — mocrostaras [Tnanka, P =My — UMITYJIbC YaCTHIIBI.
Ecnu rumoTtes3a crpaBeymBa, TO JOHKHA HAOTIOMATHCA TU(PAKIHS MUKpOUa-

CTHII.
N
B A !
_/ T’
C
Pucynoxk 33.1 Pucynoxk 33.2

B 1927 rony JI3Buccon u Jl>xepMep u3ydyanu pacCcessHUE dJIEKTPOHOB HA MOHO-
Kpuctaie Hukend. Cxema yCTaHOBKHM NpejcTaBieHa Ha puc. 33.1. B anexkTpoHHOI
nyiiKe 4 co3/1aBajics MOTOK 3JIEKTPOHOB, KOTOPBIM HAMPABIIAJICSA HA KPUCTAIT HUKEIIS
B. CKopoCTh 3JIEKTPOHOB OIPEAENNIACH YCKOPAIOIMM HANPSKEHUEM, CO3JaHHBIM
BHYTpH Nymku. HukeneByro MuiieHb MOXHO ObLIO BpalllaTh BOKPYT OCH, MEPIEHAM-
KYJISIDHOUM TUIOCKOCTH pHUCYHKA. [IpuéMHUK 31ekTpoHOB C Bpamajics BOKPYT TOH Ke

90



DJIEMEHThI KBAHTOBOW MEXaHUKH

OCH U PETHCTPUPOBAI JIEKTPOHBI, PACCESIHHBIE MHUIIEHBIO 110 BCEM HAIIPABICHUSM.
Ecnu 6b1 25eKTpoHBI BemM cedsl Kak KIACCHYECKHE YaCTHIIbl, TO OHHM JOJKHBI OBLIH
OBl OTpaXXaTbCsi OT MUUIEHU B COOTBETCTBHM C 3aKOHAMHU I€OMETPUYECKON OINTHUKH.
Ho oxa3anoch, 4TO MHTEHCUBHOCTh PACCESIHHBIX DJIEKTPOHOB PA3JIMYHA IO Pa3HbIM
HaIIPaBJICHUSIM — UMEIOTCS MAaKCUMyMbl I MUHUMYMBI YMCJIA 3JEKTPOHOB, PaCcCEsH-
HBIX TIOJ1 PA3HBIMU yTJIaMU, TO €CTh HaOMoAaIach qudpaKiiysl.

Ha puc. 33.2 naHa aumarpamma paccesiHus IO HANpaBJIEHUSM YUCIA DJIEKTPO-
HOB, PAaCCESIHHBIX MUIICHbIO B OTHOCUTEIBHO MAJAIOIIET0 Iy4yka 31eKTpoHOB N.
JlnuHa paguyc-BeKTOopa I, IPOBEAEHHOTO M3 LIEHTPA MUILIEHHU, MPONOPLIUOHAIbHA
YUCIIy 3JIEKTPOHOB, PACCESHHBIX B JAHHOM HANpAaBJICHUU. BUIHO, 4TO CyIIECTBYIOT
MAaKCUMyMbl 1 MUHUMYMBI YKCJIA 3JIEKTPOHOB, PACCESHHBIX MOJ Pa3HBIMHU YIJIAMM.
Pesynbrarel onbiToB J[pBHCCcOHA u J[>kepMepa MOKHO OOBSICHUTH, UCTIOIB3YS HIICO
ne bpoisist 0 BOJIHOBBIX CBOMCTBAX YaCTHULl. 3HAsl YCKOPSAIOUIYIO Pa3HOCTh NOTEHIMA-

aoB U YeK 2 MOJKHO paCCUHUTATb CKOPOCTH 3JICKTPOHOB!
2eU .
V=4,
m

e € — 3aps] 2JIEKTPOHA, M — Macca JIEKTPOHA.
3arem o gpopmyie (33.1) MOKHO HAUTU COOTBETCTBYIOIIYIO JJIMHY BOJIHBI 1€
bpoins:

k=h= h

mo [2emU .

Ecin mydok 371eKTpoHOB 00JiajjaeT BOJHOBBIMU CBOMCTBaMH, TO OH JOJDKEH
OTPAXKATHCSA OT KPUCTAUIA HUKENS TaK K€, KAK U PEHTTEHOBCKOE M3Jy4EHHE, T.C.
JOJKHO BBINOIHATHCSA yciioBue Bynbga — bparra:

2dsin®=m\,

riae d — MeXIIJIOCKOCTHOE PacCTOSIHHE, M3BECTHOE U3 PEHTTCHOrpadUIeCKUX UCCIie-
nosanuii. [ToncTaHoBKa peanbHbBIX JaHHBIX (3HaYeHHU O,0) nana 3HaAUCHUE JUTUHBI
BOJIHBI, COBIIAJAIOIIEE C JJIMHOMN BOJIHBI € bpois.

BonHoBBIE CBOMCTBA 3JEKTPOHOB Takke OBUIM OOHApPY>KEHBbI B OIbBITAX
I1.C. TaprakoBckoro u Jx. I1. Tomcona. beuna nonydena nudpakiyoHHas KapTHHA
3JEKTPOHHOTO Iy4Ka, TPOXOJIAIIEr0 Yepe3 TOHKYIO (TOMIMHOMN mopsiaka 1077 M) me-
TaInyeckyto (Gonbry. ONbIT OCYIIECTBISIICA cienyiomuM oopazom (puc. 33.3). Ily-
YOK JIEKTPOHOB, YCKOPEHHBIX PA3HOCTHIO MOTEHIIMATIOB MOPSIKA HECKOJIBKUX JECST-
KOB KWJIOBOJIBT, MPOXOIUI depe3 (Poabpry M momnajgan Ha (OTOMIaCTHHKY. DJIEKTPOH
npu ynape o GOTOIUIACTUHKY OKa3bIBaeT HA HEE TaKoe K€ JIeUCTBHE, Kak U (HOTOH.
[Tomyyennast Takum 00pa3oM dIEKTPOHOrpaMMa 30JI0Ta IIpeicTaBlieHa Ha puc. 33.4.

[Tonw3ysace momoOHbIMU (oTorpadusmu, ToMcoH mnpoBepusl GopMyry e
Bpoitns u onpenenun no ¢popmyne Bynsda — bparra nepuoa kpucramindeckoi pe-
HIETKU MeTajljla, 4Yepe3 KOTOPbIA MPOXOIUIN JIEKTPOHbI. Pe3yNbTaThl COBMANU C U3-
BECTHBIMU paHee JaHHBIMU PEHTI€HOCTPYKTYPHOI'O aHAJIM3A.
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DJIEMEHTBI KBAHTOBOM MEXaHUKH

Takum oOpa3zom, uzaes e bpoilid 0 BOJHOBBIX CBOMCTBaxX 4YacTHUL MOJy4YHIIa
AKCIEPUMEHTAIIBHOE MMOATBEPKICHHUE.

¢omo
Porvea N na1acmunKa
<
ITyuox N
2NIEKMPOHOB ™
Pucynok 33.3 Pucynok 33.4

ITocmoTpuTe BUACOPOJINK.
JlokTop KBanTy™m 1 3arajgka KBaHTOBOUW (PU3UKHU
http://youtube.com/watch?v=zGa9dfCRyss

§34 BeposiTHOCTHBII cMBbICJ BOJIH e bpoiiis. BosiHoBas pyHKumus

Bonnbl ne bpoins, cBA3aHHbIE ¢ IBMKYIIUMUCS YaCTUIIAMH BEILIECTBA, HE SIB-
JIAKOTCS DJIEKTPOMATHUTHBIMH, TO €CTh UX PACIPOCTPAHEHUE HE CBSI3aHO C PacCIpo-
CTpaHEHHWEM KaKOro-IM0O 3JIEKTPOMArHUTHOTO moJid. OHU UMEIOT CHelU(PUIECKYIO
KBAHTOBYIO IIPUPOJY, HE UMEIOIIYIO0 AHAJIOTUU CPEAX BOJIH, U3YYAKOIIUXCS B KIIACCHU-
YecKou (pusmke.

YToObI BBISICHUTH MPUPOAY BOJIH, HAIO BBIACHUTH (DM3UYCCKHN CMBICI aMILIH-
TyAbl 3TUX BOJH. BMecTo aMmmuTyasl A BIOEpEM HHTECHCUBHOCTH BOJIHBI, IIPOTIOP-

2
LAOHAIBHYIO KBaAPATy MOAYJISI aMILTUATY 1Bl ‘A‘ .

N3 omnbiTOB 110 AMGPAKIIUU 3JEKTPOHOB CIIEIYET, YTO MyYKH 3JIEKTPOHOB, OT-
PaXKEHHBIX WM PACCEAHHBIX IO PAa3HBIM HANPABJICHUAM, PACIPEAEIAOTCS HEOIUHA-
KOBO: B HEKOTOPBIX HAMpaBJICHUSIX HAOIIOJAETCS OOJIbIIIEE YHUCIIO JIEKTPOHOB, YEM
BO Bcex Jpyrux. C BOJTHOBOW TOYKHM 3PEHHUS] HAIMYME MAKCUMYMOB YHCIA 3JEKTPO-
HOB B HEKOTOPBIX HAIPABJIECHUSAX O3HAYAET, YTO ITHU HAIPABIECHUS COOTBETCTBYIOT
HanOOJIbIIICH MHTEHCUBHOCTH BOJIH Ji¢ bpoiinsa. Ecniu MHTEHCUBHOCTH BOJIHBI B J1aH-
HOM TOYKE MPOCTPAHCTBA OOJIbIIE, TO OOJIbIIE U BEPOSITHOCTH IMOMAaHUs IIEKTPO-
HOB B 3Ty TOUKY 3a 1 ¢. 9T0 Aa€T OCHOBaHWE T'OBOPUTH O CTATUCTUYECKOM, BEPOST-
HOCTHOM CMBICJIE BOJIH Ji€ bpoiis.

Keaopam modyna amnaumyowsl 601n 0e bpoiina ¢ dannoii mouke asnaemcsn
Mepoll 6epPOAMHOCIU MO20, YO YACMUWA OOHAPYHCUBAEMCA 8 IMOIL MOYKE.

YrtoOsI onucaTh pacupeielieHue BEPOSITHOCTH HAXOXKECHHUS YaCTHUIIBI B IAHHBIN
MOMEHT BPEMEHH B HEKOTOPOW TOYKE MPOCTPAHCTBA, BBEAEM (PYHKIUIO \p(x, Y, Z,t).

OTy (QYHKIHMIO Ha3bIBAIOT 60JIHOGOU WU hcu-gynkyueni. VIHTepnperanus TICH-
dbynkuuu 6su1a gana M. boprom B 1926 rony. OnpenensieTcss oHa Tak.
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Bepwlmnocmb dw mozco, Ymo vacmuua HaAxXo0umcsa 6 jnemenme 00vema

dV, nponopyuonansna keaopamy mooyns 6011080 PyHKyUU MZ .
dw =|y[*dV = y|*dxdydz. (34.1)

DuU3NYECKUN CMBICI UMEET HE caMa BOJIHOBAs q)YHKHI/IH Y, a KBaJpar e€ Mo-

2 2
Tyl — M . Bennunna M UMEET CMBICII HIOMHOCHU 6EPOAMHOCIU.

_dw Mz
dv
T.C. OIIPCACIIAACT BEPOATHOCTD Hp€6BIBaHI/I$I qaCTHIbI B HaHHOﬁ TOYKEC IIPOCTPAHCTBA.
[IpeObIBaHKE YaCTUIIBI TIe-THOO B IPOCTPAHCTBE €CTh JJOCTOBEPHOE COOBITHE U

€ro BEpOSTHOCTh JOJKHA ObITh paBHa enuHulie. [loaTomy BosiHOBas GyHKUIUS TOTK-
Ha YJIOBJIETBOPATDH YC108UI0 HOPMUDPOEKU 8EPOANHOCHEN.

Puw , (34.2)

+00
[ y[fdv =1. (34.3)

—00

BonnoBast QyHKIMS Wy SBISETCS OCHOBHOM XapaKTEPUCTUKOW COCTOSIHUS MUK-

pouactull. C €€ moMOIIBI0 MOTYT OBITh BBIYMCIICHBI CPEIHUE 3HAUYCHUS (DU3UUECKUX
BEJIMYMH, XapaKTEPU3YIOIINX MUKPOYACTHUILY, HAXOIALIYIOCS B COCTOSIHUH, KOTOPOE
OTMCBIBAETCSI BOJIHOBOUW (pyHKIIMEH .

§35 CoorHomenust HeonpeaeaénnocTu I'eiizendepra

B xiraccuueckoi MEXaHUKE B KaXJOM TOYKE TPACKTOPUH YACTUIIA UMEET OIpe-
NENEHHBIE KOOPAUHATHI X, Y, Z U ONPEAEIEHHBIA UMITYJIBC P € IPOCKUUAMU IO OCSIM

Px: Py, P; . OTIHIUTETBHON 0COOCHHOCTBI0O MUKPOYACTHIL SIBISICTCS. HATIMYNE Y HUX

Oyaln3Ma KOPIYCKYJISPHBIX M BOJHOBBIX CBOMCTB. BOJHOBBIE CBOMCTBa MHUKpOYa-
CTHUI] BHOCSIT OrPaHUYEHHSI B BO3MOXHOCTh IIPUMEHATh K TAKUM YaCTULAM MOHATHS
KOOPAMHATBI U UMITYJIbCA B UX KJIACCUYECKOM CMBICIIE.

N3 nudpakiimoOHHBIX OMBITOB CIEAYET, YTO YACTHUIIBI HE UMEION MPAeKMOopUU.
[ToaToMy omnmchIBaTh MX JBUKEHHE, 3aJaBas TOYHOE 3HAYECHHE KOOPAUHATHI U MM-
IyJbCa B KAXKABI MOMEHT BPEMEHH, KaK 3TO JENACTCS B KJIACCUYECKOW MEXaHUKE,
HEBO3MOXHO. OTHAKO MOYKHO yKa3aTb C HEKOTOPOM CTENEHbI0 TOYHOCTH BEIUYHMHY
TOM 00JIACTH MPOCTPAHCTBA, B KOTOPOW YACTHUIIA C TIOJIABIISIONIE OOIBIION BEPOSTHO-
CThIO OyZeT OOHapy>XeHa, U MHTEpBa] T€X 3HAYEHUN MMIIYJbCa, KOTOPHIM OHA MpHU
3TOM 00J1a]1aeT.

[Tycte AX,AYy,AZ 03HayalOT MHTEPBAIBI KOOPJAUHAT (HEOMPEACAEHHOCTh 3Ha-
YeHUI KOOPAMHATHI), B KOTOPHIX MOYKET HaXOJAUThCS YacTHIlA, OMMChIBaeMasi BOJHOM
ae bpoins, Ap,,Apy,Ap, — HHTEPBaIbI (HeomnpeAeN€HHOCTh 3HAYEHUI MPOEKLIUU

UMITYJIbCA), B KOTOPBIX 3aKJIIOUYEHBI MPOEKIMH €€ UMITyJIbca M0 ocsiM KoopauHat. He-
ONPENEIEHHOCTU 3HAYEHUN KOOPAUHATHI U MPOEKIUU UMITYJIbCA CBSI3aHbl COOTHOLIE-
HUEM:
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DJIEMEHTBI KBAHTOBOM MEXaHUKH

AX-Ap, 2%, (35.1)

h
rae h = 2— — nocrosguHas I1nanka.
T

AHaJIOTUYHBIC COOTHOIICHUS UMECIOT MECTO Ly u py AN\ pZ .

Ay-Ap, 2%, (35.2)

Az-Ap, zg. (35.3)

Cootnomenus (35.1), (35.2), (35.3) ycranoBnensl B. I'eiizen6eprom B 1927 roay u
Ha3bIBAIOTCSl coomHouieHuamu Heonpedenénnocmu Ieiizenoepea. OHu SBISIOTCA
MaTeMaTHYECKUM BBIPKECHHUEM OIHOBPEMEHHOTO HAJIMYWs y MHUKPOYACTHUI[ BOJIHO-
BBIX U KOPITYCKYJISIPHBIX CBOMCTB.

[Tapsr BenuuuH, BXOASIIMX B COOTHOIICHUS HeomnpenenénHoctu ['eitzenodepra,
Ha3bIBAIOTCSl KAHOHUUYECKU COMPSKEHHBIMU. Y TBEPKICHHUE O TOM, UTO HPOU3eedenue
HeonpeoenéHHoCmu 08YX KAHOHUYECKU CONPANCEHHDBIX GEIUYUH HE MOdcem Oblmb
no nopAoKy eéenuuunvl meHvuie nocmoannou Ilnanka # , Ha3pIBaeTCS MPUHLIUTIOM
HeonpenenéHHoctu ['eitzendepra.

W3 cooTHOmIEHUSI HEOTPEACTEHHOCTH BBITEKACT CIEAYIOILIEE: MUKPOUACMUYA
He MoJcem umenms 00HOBPEMEHHO 6NONHE OnpedenéHHble 3HAUEHUA KOOPOUHANb
X u umnynvca pPy,. Imo 3Hauum, Yymo yem mounee 0711 MUKPOUACMUUbL Onpede-

JIeHa 00HA U3 6eIUYUH — KOOPOUHAMA X UIU UMRYAbC P, , — mem 001buie Cmano-
eUmMCA HEMOYHOCMb 8 OnpedeeHUuU OpY2oil.

DHeprus M BpeMs TakKe SIBJISIIOTCS KAHOHUYECKU COMPSKEHHBIMU BEJIMYMHA-
MU. JIJ1s1 HUX cpaBeyIMBO COOTHOILICHUE HEONPEIeIEHHOCTH B BUJIE:

AE - At zg (35.4)

DTO COOTHOILIEHUE 03HAUYAET, UTO ecau uacmuya Hekomopoe epema At naxooumcs
6 HeCMAauUOHAPHOM COCHMOAHUU, MO IHEP2UA IMO20 COCHIOAHUA MOIHCem Oblmb
onpeoenena 1uUb ¢ HeKOMOPOIl MOYHOCMbIO 00 genuyunsl AE.

CooTHOLIEHNE HEONPENEIEHHOCTH YKa3bIBAET, B KAKOM MEpEe MOXKHO IOJIb30-
BaTbCs MOHATUAMU KJIACCUYECKOW MEXaHUKH, B YACTHOCTH, C KAKOW CTEIEHbIO TOY-
HOCTH MOKHO TOBOPUT O TpaekTopusax yactull. [loacraBus B (35.1) BMecTo Py mpo-
U3BEICHHE MU, , IOJyYUM COOTHOILIECHUE

AX-Av, >h/2m.

N3 Hero caemyet, 4To yeMm OOJIbIlIe Macca YacTHIIbI, TEM MEHBIIIE HEONPEeaeIEHHOCTH
e€ KOOpJMHATHI U CKOPOCTH M, CJIEJIOBATEIBHO, C TeM OOJbIIEH TOYHOCTBIO MpHUMe-
HHUMO TIOHSTUE TPACKTOPHHU.

CooTHoIIEHUE HEONPENECTEHHOCTH SBISECTCA OJHUM U3 (DyHIaMEHTATBHBIX I10-
JIO’)KEHUW KBAaHTOBOW MeXaHWKH. OHO TO3BOJISET OOBSICHUTH TOT (DaKT, YTO IEKTPOH
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HC MaaacT Ha AP0 aToOMad, a TAKKC OLICHUTH Pa3MCPhI HpOCTCﬁIHGFO arToMa U MUHU-
MaJIbHYIO BO3MOJXHYIO QHCPI'HIO 3JICKTPOHA B TAKOM aTOMC.

§36 BounoBoe ypaBHenue Illlpénnnrepa

VYpaBHeHUE JBUKEHUS B KBAHTOBOM MEXaHWKE JOJDKHO OBITH TAKUM, YTOOBI
OHO TIO3BOJISTI0O OOBSCHUTH HaOJIO/IaeMble Ha OIBITE BOJHOBBIE CBOWMCTBA YACTHII.
CocTrosiHME YacTUIIBl B IPOCTPAHCTBE B JAHHBII MOMEHT BPEMEHH 3a1a€TCSl BOJHO-

o o . 2
BON (pyHKITMEH \V(X, y,z,t), TOYHEE BEIIMYMHOU M — IUIOTHOCTBIO BEPOATHOCTH

HaxO0JICHUSI YaCTUI[bl B TOUKE C KOOpAUHATAMH X, Y, Z B MOMEHT BpeMenu t. [1oato-
My OCHOBHOE ypaBHCHHE KBAHTOBOW MEXAHUKH JIOJDKHO OBITh YpaBHEHHWEM OTHOCH-
TEIbHO (PYHKIIMH w(x, Y, z,t). DTO ypaBHEHHE JOJIKHO OBITh BOJHOBBIM, TaK KaK W3

HEro MOJIy4YaroT CBOE OOBSICHEHHE AKCIIEPUMEHTHI M0 JU(GPAKIIMKA YACTHUII.

OcCHOBHOE ypaBHEHHME KBAaHTOBOM MEXaHMKH OBLIO MOJydeHo B 1926 romy
3. lpénunrepom. IlIpénuHrep ycTaHOBWJI CBOE YpAaBHEHHUE, HUCXOHAS W3 ONTHKO-
MEXAHUYECKOW aHAJIOTHH. DTa aHAJIOTHsS 3aKJII0YAeTCsS B CXOJICTBE YpaBHEHUM, ONU-
CBIBAIOLIMX XOJ CBETOBBIX JIy4€l, C YPABHEHUSMH, ONPEAEIAIOINMA TPAEKTOPUH Ya-
CTHIl B aHAJWTHYECKOW MexaHuke. BoiHoBoe ypaBHenue IlIpéamnrepa MoxHO
Ha3BaTh yPaBHEHUEM JBUKEHUS KBAHTOBOM YacCTULIbl. 3a0amb 3aKOH 08UNCEHUS Ya-
CMuYbl 6 K6AHMOBOU MeXAHUKe — 3TO 3HAUUT ONPEEIUTh 3HaUeHHE |/ -QyHKIUHU B
KaXJIbIi MOMEHT BPEMEHU U B KaXJIOW TOUKE IPOCTPAHCTBA.

Mps1 Oyaem paccMmatpuBath ypaBHeHue LpéauHrepa ToabKo 1 citydasi, Korjaa
ncu-(QyHKUIHS HE 3aBUCUT OT BPEMEHH, T.€. | = \V(X, Y, Z). VYpasuenue llpénunrepa

IIPU 3TOM HAa3bIBAIOT YPABHEHHEM JUIsl CTALIMOHAPHBIX COCTOSHUNA. OHO 3alMChIBACT-
Csl B CICAYIOLEM BUJE:

2m
A\y+h—2(E—U)\|/:O (36.1)

rae A — oneparop Jlamiaca;
o'y o'y .
Ay = + + ;
ox?  ay? az?
M — Macca yacTulpl; i — nocrosiHHas [lnanka; E — nonnas sHeprus yacTuusl,
U — noteHuMaibHasi 3HEPIUs YaCTULIBI.
VYpasuenue lllpénunrepa no3BoisieT HAUTH NCU-(QYHKIUIO JAHHOTO COCTOSIHUS
Y, CIIE0BATENBHO, ONPEIEIUTh BEPOSITHOCTh HAXOKICHUS YaCTULIBI B PA3HBIX TOYKAX
IPOCTPAHCTBA.
B cooTBeTcTBMM CO CBOMM CMBICIOM MNCU-(QYHKIUS JOHKHA OBITh OJHO3HAU-
HOM, HENpPEPhIBHOM U KOHEYHOH. Kpome Toro, oHa JOJKHA MMETh HENPEPBIBHYIO U
KOHEYHYI0 Tpou3BOAHYI0. [lepeuncieHHsie TpeGOBaHUS HA3BIBAIOTCS CHAHOApHI-
Hbolmu ycnosuamu. B teopun nud@epeHnnanbHbIX YpaBHEHUN JOKa3bIBAECTCS, YTO
ypaBHeHue Buja (36.1) uMeer peuieHue, yA0BIETBOPSIONIEE CTAHIAPTHBIM YCIOBU-
M, JMIIb [IPU HEKOTOPBIX 3HAYCHUSX lapamerpa. B HameMm ciydae 3TUM napamMmer-
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POM SIBIISIETCSI MOJIHAS SHEPIUsl YaCTUIBl £. DT 3HAYEHUs MOJIHOW SHEPruu Ha3bIBa-
I0TCS coOcmeeHHbIMuU 3HaueHuamu. PemeHus, COOTBETCTBYIOIIME COOCTBEHHBIM
3HAUEHUSM E, Ha3bIBAIOTCS COOCMBEHHBIMU (PYHKUUAMU 3aJAUH.

COBOKYITHOCTh COOCTBEHHBIX 3HAUEHHI HA3bIBACTCA CHEKMPOM GeTUUUHDL.
Eciu 3Ta cOBOKYMHOCTh 00pa3zyeT JUCKPETHYIO MOCIEI0BATEIbHOCTb, TO CIEKTP
Ha3bIBaeTCad Ouckpemmuvim. Ecnu coOCTBEHHbIE 3HAYEHUS 00Pa3yIOT HEMPEPHIBHYIO
MOCJIEIOBATENBHOCTD, TO CIIEKTP HA3BIBAIOT HENPEPbIBHBIM UTU CHIIOULHBIM.

B ciyuyae nucKpeTHOro crnekTpa cCOOCTBEHHbIE 3HAUEHHS SHEPTHH U COOCTBEH-
HbIe PYHKIIUU MOKHO TPOHYMEPOBATh:

E, E,,Es,....E, (36.2)
Y1, W2, Vg Wi (36.3)

O BenmMYMHAX, KOTOPHIE MOTYT MPUHUMATh TOJILKO JMCKPETHBIC 3HAYCHHUS, T'O-
BOPAT, YTO OHU Keanmywmca. TakuM 00pa3oM, U3 OCHOBHBIX MOJOXEHHH KBaHTO-
BOI MEXaHUKH BBITEKAET KBAHTOBAHUE YHEPIHH.

Haxoxxnenue coOCTBEHHBIX 3HAUYEHUW W COOCTBEHHBIX (YHKIMM SIBISETCS
CJIO)KHOM MAaTEMaTHYECKOM 3aJlayei, IMOATOMY JAJIBIIE PACCMOTPUM TOJBKO HEKOTO-
pbI€ YaCTHBIE CITy4au.

§37 YacTruna B 6eCKOHEYHO I1y00KO# OTHOMEPHOI MOTEHIIUAJIBLHOM AMe

Ilomenyuanvnoii amoii Ha3bIBaeTCa 00JaCTh MPOCTPAHCTBA, B KOTOPOMU IO-
TeHIUalbHas »Hepruss U dacTuisl MeHblle HeKoToporo 3HadeHus U .. . Ecnu

U ax =, U MakCUMaJIbHasl SHEPrUsl 3aBUCUT TOJBKO OT KoopauHatsl x: U =U (X),

TO MOJYYUM OECKOHEYHO ITYyOOKYI0 OTHOMEPHYIO NOTEHIMAIBHYIO MY .
[TycTh ABMIKEHHE YaCTUIBI OTPAHUYCHO HEMTPOHUIIAeMbIMU cTeHKamu: X=0, X=I
(I —mmpuna siMbl). B 3TOM ciiyyae moTeHIMalIbHAs SHEPrUs yacTuilsl (puc. 37.1):

oo, ecimm X<0
U(x)=40, ecrm 0<x<I

U=oco U=oco oo, ecma X>|

[Tcu-pyHknms OyaeT 3aBHCETh TOJBKO OT KOOPJWHATHI X,
nosroMy ypasHeHue lpénunrepa npumer BUL:

0 | X d?y 2m
< 4+ _Ey=0, 37.1
Pucynok 37.1 d x2 " K2 v=0 (37.1)

U

TaK Kak MoTeHIManbHas sHeprust BHyTpu smbl U=0. Beenem o6o3HaueHmeE:

(37.2)

VYpasuenue (37.1) mpu 5TOM NEPENUIIETCS CIEAYIOIIIM 00pa3oMm:
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2
d—"z’mzw - 0. (37.3)
dx

W3 Teopun xonedaHuii U3BECTHO, YTO perieHue ypaBuenus (37.3) umeer Bu:

y(x)= Asin(ox+a). (37.4)

Jns HaxoxkAeHUs mapameTpoB (® U O UCIOJIB3YIOT FPaHUYHBIE YCIOBHS. 3a
npeaeabl NOTEHIHAIBHOM SIMbl YAaCTHIA IOMACTh HE MOXKET, MMOATOMY BEPOATHOCTH
0OHapyXWUTh YaCTHUILy, 4, CJIEIOBATEIbHO, U (PYHKIUS Y 3a MpEJeTaMH SIMbl PaBHBI

HyJ10. 13 ycoBusl HENPEPBHIBHOCTHU CIEAYET, UTO Y AOJDKHA OBITH paBHA HYJIIO U Ha
IPaHULAX SIMBI, T.€.

v (0)=w(1)=0. (37.5)

Torna moxuo 3amucats: y(0)= Asino =0. Tak kak A% 0, To oTcIoza cleny-
et, uto a:=0 (Sin0=0). JManbme 3ammenm, uto ()= Asinol =0.

[Ipu sToM
ol =+nx, (37.6)
rae n=1, 2, 3, ....(n=0 ormagaer, Tak KaK MPH ITOM IOJIy4acTCs,
yto Yy =0 DTO 03HAYaeT, UTO YaCTHUIIA HUTJIE HE HAXOAUTCS). n=4 E
3amenuB ® B ypaBHeHuu (37.4) no dopmyne (37.6), momy- *
Y1UM COOCTBEHHbIE 3HAYEHUSI BOJTHOBOU (DYHKIUU: n=3 e
3
. NnX
v, (x)= Asml—. (37.7) =2 |g,
n=1 E
Hcrnonp3ys yciioBUe HOPMHUPOBKH, MOKHO HAWTH 3HAYCHHUE KOA(- 0 !
¢unuenTa A:
5 Pucynok 37.2
A= |—.
I
2 . nmXx
Torna v, (x)= \/I:SInT : (37.8)
IToncraBum (37.6) B ypaBHenue (37.2) u HalijieM COOCTBEHHbIC 3HAUEHUS SHEPrUU
hd Nr YaCTHIIBI:
n=4 n=4
N\ 2p2
NN . E =" 02 (n=1,2,3,)
n=3 n=3 " 2mi?
L 1= (37.9)
Cnektp »Heprum oOKasajics
n=1 n=1 JUCKpETHBIM (pHc. 37.2).
0 I X 0 I X
Pucynoxk 37.3 Pucynok 37.4
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['paduku cobctBeHHBIX (yHKIUI M300paxkensl Ha puc. 37.3. Ha puc. 37.4 mno-
Ka3aHa IUIOTHOCTb BEPOSTHOCTU OOHApPY)KEHUS YaCTHUIBl B PAa3TUYHBIX TOUYKAX SIMBI,

2
paBHas M . U3 rpaduxoB cnemyeT, 4TO B COCTOSTHUH, HAIIpUMeEpP, C N=2 YacTHUIla HE

MOJKET OBITh OOHApYKEeHA B CEPEAMHE SIMBI K BMECTE C TEM OJMHAKOBO YacCTO ObIBAET
KakK B JIEBOM, TaK W IIPABOM IOJIOBUHE sIMbI. TaKO€ MOBEIAEHUE YaCTUIbI HECOBMECTH-
MO C MPEJICTABICHUEM O TPACKTOPUSX, TAK COTJIACHO KJIACCUUYECKUM MPEACTABICHUAM
BCE MOJIOKEHUS YACTHUILIBI B SIME PABHOBEPOSITHEI.

Mopenp yacTuilbl, HaXOJAIMICHCS B OECKOHEYHO TJIYOOKOW MOTEHIIMATLHOMN
siMe, TIPUMEHSIOT JUIsl OOBSCHEHHS DJICKTPOIPOBOJIHOCTH METAJIJIOB M TMOJTYIPOBO/I-
HUKOB.

®dusnka aToMoB U MOJICKYJI

§38 Arom BogOpOAA U BOAOPOAONOT00HBIE HOHBI

Amomom Ha3bIBaeTCs HaMMEHbINIAs YaCTHIIA BEIIECTBA, OOJaaroias BCEMHU
CBOMCTBaMH TAaHHOTO XHUMHUYECKOTO JJIEMEHTa. B cocTaB aToMa BXOAT MOJIOKHUTEb-
HO 3apsHKCHHOE SIIPO M DJICKTPOHBI, IBIDKYIITUECS B JIEKTPUUYCCKOM TTOJIE siapa. 3a-
psa sapa o aOCONMIOTHOW BEIMYMHE PAaBEH CyMMapHOMY 3apsay BCEX SJIEKTPOHOB
atoMa. MoHom Ha3bIBacTCS DJICKTPUUYCCKHU 3apsDKEHHAs 4acTUIla, KOTopas oOpa3yer-
Csl IPY IPUOOPETESHUH MITU TIOTEPE AIEKTPOHOB aTOMOM HIJTH MOJICKYJIOM.

[TpocTeitimuM aToMOM SIBJISIETCS aTOM BOJOPOJa, COCTOSIIIUN W3 OJHOTO TPO-
TOHA B SJpPE M OJIHOTO JJIEKTPOHA, JBUIKYIIETOCS B KYJIOHOBCKOM JJIEKTPHUYECKOM
nose sanpa. Booopooonoooonsimu noHamMu SIBISIIOTCS. MOHBIL, UMEIOIIUE SIAPO C 3apsi-

noM Ze u oauH 31eKTpoH. Hampumep, HOHBI OAHOKPATHO MOHW30BAHHOIO TEJHS —

++

He", nBykpatHo monmsosannoro mutus — Li'", TpéxxpatHo MmoHM30BaHHOTO Oe€-

puwmas — Be™ " n.g.
EMHCTBEHHBII 2JIEKTPOH BOAOPOA U BOJOPOIONOI00HBIX HOHOB JIBUKETCS B
KYJIOHOBCKOM I10JI€ Sipa ¥ 0071a1aeT MOTEHIUAIBLHO SHeprueil
2
1 Ze
U(r)=- iy (38.1)
47[80 r

Trac Z- HOpSIZIKOBBIﬁ HOMCD 3JICMCHTA,
I — paCCTOSIHUE MEXKAY SIAPOM H DJICKTPOHOM.

VYpasuenue lllpeaunrepa B 3ToM ciiydae NpuMeT BU/L:

2m 1 ze?
Ay +—| E+ —— |y =0, 38.2
Vs Iney T v (38.2)

rae £ —1onHas sHeprus 3JIeKTpOHa B aTOME.
Mps1 He Oynem pemath ypaBHenue [Ipénunarepa, a TOIBKO pacCMOTPUM KOHEY-
HbIE pe3yJIbTaThl pellieHus ypaBHeHuU (38.2).
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38.1 Keanmoewie uucna

BonHoBast pyHKIMS Y 3aBUCUT HE TOJIBKO OT MPOCTPAHCTBEHHBIX KOOPJIMUHAT,
HO M OT ICJIOUMCIICHHBIX mapamMeTpoB N,l,m. DTu mapaMeTpbl Ha3bIBAIOTCS K8AHMO-
evimu yucaamu. OXapakTepu3yem Kaxa0e U3 HUX:

1. n — rmaBHoe kBaHTOBOE uucio. [Ipuaumaer 3nauenus 1, 2, 3, ...., n. CooTBer-
CTBYET HOMEPY SHEPreTUUYECKOT0 YPOBHSI.

2. | — opburanpHOE KBaHTOBOE uncio. [Ipuaumaer 3navenus 0, 1, 2, 3, ..., (n-1), To
€CTh UMEET N 3HAUCHUI.

3. M — MarHuTHOE KBaHTOBOE uncio. [Ipuanmaer 3Hauenus 0,+£1,+2,...,£1, To ecTpb
umeet (21+1) 3HaueHMIA.

KoHkpeTHbIli HAOOp KBAHTOBBIX YHCENI OTMPEISIIET KOHKPETHBIA BUJl BOJIHO-
BOM (PYHKIIMM U, CIIeJIOBAaTeIbHO, GOpMY M pa3Mepbl JEKTPOHHOro obJiaka. 3Haye-
HUSMHU KBAHTOBBIX YHCEJ OMPEACIISIIOTCS TAaKK€ OCHOBHBIE JTUHAMHYECKUE XapaKTe-
PUCTUKU: SHEPTHUs JIEKTPOHA B aTOME, MOMEHT UMITYJIbCa, MarHUTHBIA MOMEHT, TIPO-
€KIIMM MOMEHTA UMITYJIbCa U MAarHUTHOTO MOMEHTA Ha HAIlPaBJICHUE BHEIIHErO Mar-
HUTHOTO MOJIS.

38.2 Keanmosanue 3nepzuu

VYpaBuenue (38.2) uMeeT OJIHO3HAYHBIE U HEMPEPBHIBHBIC PEIICHUS IS DJICK-
TPOHA, CBA3AHHOTO C SIPOM, MPU AUCKPETHBIX OTPUIATEIBHBIX 3HAYECHUSAX DHEPTHUU.
OTU 3HAUYEHHUS] SHEPTUH OTNPEACIISIOTCS COOTHOIICHUEM:

E,=——-2%, (38.3)

rae N —TiIaBHOE KBaHTOBOE umMciio, =1, 2, 3, ...
R =1,09-10" M — mocrosiHuas Punbepra;
¢ = 3-10° m/c — ckopocTh cBeTa;
h= 6,63-10_34 JIx-c — mocrossHHas [1nanka.

Ecnu mojcraButh 3HaYeHUs! MOCTOSIHHBIX B ypaBHeHue (38.3) u BbIpa3uTh
SHEPIUIO B 3JIEKTPOH-BOJIBTAX, TO OHO MIPUMET CIEAYIOIINNA BUA!

En:—E%?zz. (38.4)
n

Habop nuckperHbix 3HaueHuil sueprun E, oOpasyer sHepreTuueckuil CeKTp

aroma. CoctostHue ¢ N=1 Ha3bIBAETCSA OCHOGHBIM, COCTOSIHUSA ¢ N>1 HA3BIBAIOTCS 603-
0yHcOéHHBIMU. B OCHOBHOM COCTOSIHUM JJIEKTPOH MOKET HAXOAUTHCA CKOJIb YTOJHO
noiro. BaxxHelmM oTinnureM BO30YXAEHHBIX COCTOSHUN SBJIIETCS KOHEUYHOE Bpe-
Ms T )KM3HU DJIEKTPOHA B 3TUX COCTOSIHUSX: 12107 ¢. B OCHOBHOM COCTOSHHH aTOM
o0nagaeT MUHUMAIBHOM SHepTHei. UTOOBI mepeBecT aToM U3 OCHOBHOTO COCTOSTHUS
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B BO30YXKIEHHOE (T.€. B COCTOSIHME C OOJIbINEH PHEpPruei), emy HeoOXO0auMO CO00-
IIUTh SHEPTHUIO. DHEPTUIO MOKHO COOOLTUTH OJHUM U3 CIEAYIOIIUX CIIOCOOOB:
— 3a CU€T TEIIOBOTO coyAapeHus (I03TOMY HarpeTble Tejla CBETATCS — aTOMbI U3JIY-
YaroT, BO3BPAIIasiCh U3 BO30YXKIAEHHOTO COCTOSTHUSL B OCHOBHOE COCTOSIHUE);
— 32 CY€T CTOJIKHOBEHHMS aTOMa C JOCTATOYHO OBICTPBHIM JIEKTPOHOM;
— 32 CYET MOTJIOLIEHUS aTOMOM (POTOHA.

®OoTOH MpHu MOTJOUICHHH €r0 aTOMOM HMCUYe3aeT, MepeiaBas aToMy BCIO CBOIO
SHEPTUI0. ATOM HE MOXKET MOTJIOTUTh YacTh (POTOHA, TaK Kak (DOTOH SIBIIAETCA HEZe-
nuMbIM. [lornomaroTcst TONbKO T€ POTOHBI, IHEPTUSI KOTOPHIX COOTBETCTBYET Pa3HO-
CTH 3HEPrUil ABYX YPOBHEM.

DHeprus Bo30yKACHUS

E,=E,-E, (38.5)

rae  Ej —dHeprus 3J1eKTpOHA B OCHOBHOM COCTOSIHUM;
E,, — sHeprus snexTpoHa B BO30YKIEHHOM COCTOSTHUM.

Bemmunna

Op="" (38.6)
e
Ha3bIBACTCSI HOMEHUUALOM 6030YicOeHus (€ — 3aps]l DIICKTPOHA).

DHeprus 3JeKTPOHA B aTOME — BEJIMYMHA OTpUIlATENIbHAS, TOATOMY HaUOOJb-
1I€€ 3HAYEHNUE IHEPTUH, KOTOPOE MOMKET UMETh AMEKTPOH Ema=0. IIpu aTOM N cTpe-
MUTCSI K 0CKOHEUHOCTH (N—>00). ITO COOTBETCTBYET MOHHU3AIMU aTOMA, T.€. OTPBIBY
OT Hero anekTpoHa. Ilomenyuan uonuzayuu

E.
%= (38.7)

rae E; = —E; — oHeprus nonusanuu aroma.

Cpeny ONTHYECKUX CBOMCTB aTOMa Ba)KHEUIIIUM SIBJISICTCS €T0 CIEKTP H3ITyde-
HUs. Tak kKak jro0as CrieKTpaibHas JIMHUS BO3HUKACT MPH IEPEX0JIe C OJTHOTO dHEP-
TEeTUYECKOTO YPOBHS Ha JAPYroM, TO ONTHYSCKUMA CIIEKTP aTOMa BOJOPOJAa U BOJOPO-
JOTOJOOHBIX MOHOB SIBIISICTCSA JIMHEWUYaThIM. JIIMHBI BOJH CIEKTPATbHBIX JIMHUHA
OMUCKIBAIOTCSL 00001eHHON (popMyIioit banbmepa:

1 gt _t z2, (38.8)

27 2
A ne  ng

rae  Niy— HOMEp DHEPreTUYECKOrO YPOBHsI, HA KOTOPBIN MEPEXOAUT IIEKTPOH;
Nk — HOMEP PHEPTETUYECKOTO YPOBHS, C KOTOPOTO NEPEXOIUT IEKTPOH.

CrexTpaibHble JIMHUM MOPUHSATO TPYHNIUPOBAThH B CHEKTpalibHble cepuu. B
KKy CEPUI0 BXOAT BCE JIMHUM C (PUKCHPOBAHHBIM Nj, T.€. OTHOCSIIIHECS K TIepe-
X0y 2JIEKTpOHA (IIPU M3JIIYYEHUH) HA OJUH U TOT K€ HIKHUN YPOBEHb C Pa3IMUYHBIX
BepxHux. Ha puc. 38.1 mokazaHa cxema ypoBHEW >HEpPruu aroMa BOAOPOJA U €ro
CIIEKTPAJIbHBIE CEPUH.
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Cepurto ¢ Nj =1 (ng =2, 3, 4,...) Ha3bIBaIOT cepueil Jlaiumana. JlvHun HaXOIAT-
csl B 00J1acTH yIbTPaQHOIETOBOTO U3ITYUCHHUS.

Cepust ¢ nj =2 (ng =3, 4, 5,...) HocuT Ha3BaHue cepuu barvmepa. Yetvipe
MEepBbIE JIUHUHU 3TON CEPUM JIEKAT B BUAMMON YaCTH CIEKTpa U 0003HAYAIOTCS Yepes
Hq. Hg, H, Hs. Ocranbusie smuaun cepun banbmepa Haxonstest B 001acTH ybTpa-

(pMOJIETOBOTO U3ITyUYEHHUS.

Cepunicn;=3 (N =4,5,6,...) —cepua Ilawena,
ni=4 (ng=5,6,7,...) —cepus bpexkema,
ni=5 (nk=6,7,8,...) —cepus Ilghynoa.

HaXOAATCS B MH(paKpaCHOW 4aCTH CIEKTpa.

E,»B

=i
Cepus bpsxema

|
=
1
w MO s

—
21 Cepus Ilawena

[S——
-4 | Cepus banvmepa

N
=
1

AN
N
1

AN
_00
(@)
I
H

g
Cepus Jlatimana

Pucynoxk 38.1
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38.3 Keanmosanue opoumanvbHo20 MOMEHMA UMNYIbCA U
MAZHUMHO20 MOMEHMA

MoMeHT uMIyJibca 2JICKTPOHA B aTOME KBAHTYETCs 1o (hopMmyIie:
L =nl(1+1), (38.9)

riae | — opouranpHOE KBaHTOBOE YKMCIO. [Ipy 3aJaHHOM IJIaBHOM KBAaHTOBOM YHCIIE N,
opOuTaIbHOE KBAaHTOBOE YHCIIO IMpuHUMaeT 3Hauenus 0, 1, 2, 3, ..., (n—1). Cocros-
HUS 3JIEKTPOHA, 00JIaJAF0IIETO PA3INIHBIMKA 3HAYEHUSIMHA OPOUTAITBHOTO KBAHTOBOTO
YHCIIa, B ATOMHOM (PU3HUKE MPUHITO 0003HAYATh U HA3BIBATH CIEAYIOIINM 00pa3oMm:
ecin 1=0, TO cocTOsiHME 3JIEKTPOHA HA3BIBAETCS S—COCTOsHUEM; eciu =1, To cocros-
HHUE JJICKTpOHA Ha3bIBaeTcs p—coctosiuueM. CocrosHus ¢ 1=2, 3, u T.4. Ha3pIBAIOTCSA
COOTBETCTBEHHO O—, f— M T.1. COCTOSHUSMH, T.C. YK€ B MOPSIKE CICIOBaHMS OYKB
TaTUHCKOTO andaBuTa. 3HAUYECHUE TIIABHOI'O KBAHTOBOTO YHWCIIA YKA3BIBACTCS IEpe
YCIOBHBIM 00O3Ha4YeHHeM KBaHTOBoro uucia |. Hanpumep, snekrpon ¢ n =2 u 1=0
0003Ha4aeTCsi CHMBOJIOM 28.

XOTsl B KBAaHTOBOW MEXaHUKE TMpEICTaBIeHHEe 00 opOUTax, Kak U MpeIcTaBlie-
HUE O TPACKTOPHUAX SBJISETCS HEMPABOMEPHBIM, MOMEHT, OOYCIIOBIICHHBIN JTBH)KCHH-
€M DJICKTPOHA B aTOME, HAa3bIBAIOT OPOUTAIILHBIM MOMEHTOM HMIYyJibca. [[BrkeHme
AJIEKTPOHA B aTOME SKBHUBAJIEHTHO HEKOTOPOMY 3aMKHYTOMY KOHTYPY C TOKOM (op-
oumansnomy moky). CrenoBarenbHO, KpoMe OpOUTATLHOTO MOMEHTa HMMITYJIbCa
AJIEKTPOH 00J1aJ1aeT OpOUTATHLHBIM MAarHUTHBIM MOMEHTOM.

OTtHomreHne OpOUTaTLHOTO MAarHUTHOTO MOMEHTA 3JIEMEHTapHOW YaCTHIIBI K
e€ opOMTaTbHOMY MOMEHTY HMMITYJIbCa HA3bIBACTCS MAZHUMOMeXaHuYecKkum (Mn
2UPOMAZHUMHBIM) OTHOIIICHUEM. [ 3JIEKTpOHA OHO PaBHO

Pn__ € (38.10)
L 2m

r7e € — 3apsij AIEKTPoHa, M — ero Macca. 3HaK « — »yKa3bIBaeT Ha TO, YTO HaIlpaBJie-
HUSI MOMEHTOB MPOTHUBOMNOJIOKHBI. M3 cooTHomenuit (38.9) u (38.10) cinenyer, 4to
OpOUTATIBHBIM MarHUTHBII MOMEHT P, TaK)K€ KBAHTYETCSL:

D =g 10 +1), (38.11)
eh

Hg = om BEJIMYMHA, Ha3bIBa€Masi MarHeToHom bopa.
m

JUtst D1IeKTpoHa Ly =0,927-10% A-M°.
38.4 Ilpocmpancmeennoe Keéanmosanue

B knaccudeckoli MEXaHHUKE CUHUTAJIOCHh, YTO BCKTOPHI 0p6I/ITaJILHOFO MOMCHTa

—

UMIyJbca L M MarHUTHOro MOMEHTa P, MOTYT ObITb OPUEHTHPOBAHBI BO BHEIIHEM

MAarHuTHOM I10JI€ COBEPIICHHO MPOU3BOJIBHO. B KBAHTOBOM MEXaHMKE TOKA3bIBAETCH,
YTO CYILECTBYET MPOCTPAHCTBEHHOE KBAHTOBAHHUE:
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Bexkmop momenma umnynvca In1eKmpona umeem aunib maKkue opueHmayuu
8 npocmpancmee, npu Komopwix npoexyus L, eekmopa L na nanpaenenue Z

6HEWIHE20 MAZHUMHO20 NOJIAA NPUHUMAEN KEAHMOGAHHbLIE, UECT0YUCTIEHHblE 3HA-
uenus, Kpamuule h .
L, =mn, (38.12)

rmem =0, +1, £2, £3, ...., £ | — MarHuTHOE KBAaHTOBOE YKUCJI0. MAarHUTHOE KBAHTOBOE

—

YHCI0 MOXKET uMeTh (21+1) 3Hayenuii. CaemoBaTeaIbHO, MOMEHT UMITyJIbca L MOXkeT
UMETh B IpocTpancTse (21+1) opuenranmii.

AHaJIOTMYHO CHPaBENIMBO CIEAYIOLIEE YTBEPKACHUE:

Bexkmop maznumnozo momenma 31eKmpona umeem AUy maxKue opueHma-
uuu 6 NPOCMpancmee, npu KOMOPLIX NpoeKyus Py, 6ekmopa Py, Ha Hanpasie-

Hue Z 6HewHe20 MAZHUMHO20 NOJIA npunumaem K6aHmMoOG6AHHblE, UETI0OUUC/IEHHbLE

3HA4Y€HUA, Kpammnsvle Ug.
Pm, =Mug. (38.13)

IIpumep: NIEKTPOH HAXOIUTCS B p—COCTOAHHH, pH 3ToM I=1, m = 0, £1,
[Ipoekuuss OpOUTANBHOTO MOMEHTa HUMILYJIbCA MOMKET
UMETh caenyromue 3Hauenus: L, =+ia, L, =0, L, =-7.

11306pa3iM BEKTOp MOMEHTA HMITylbca L B BHje Hampas-
JE€HHBIX OTpe3KoB (puc. 38.2). Takas cxeMa Ha3bIBAECTCS 6eKMOP-
HOIl M0OeNblo amoma.

AHaJIOTMYHO M300pakat0T MAarHUTHBIM MOMEHT p,,. Bek-

TOPHYIO MOJIE/Ib HENb3s IOHMMATh OykBanbHO. E€ cnenyer pac-  Pucynok 38.2

CMaTpUBaTh KaKk COBOKYIMHOCTh MPABUII, TO3BOJISIIOLIUX MOTYYUTh

pe3yJbTaThl, CHPABEIVIMBOCTh KOTOPBIX IOJATBEPKIACTCS CTPOTMMHU KBAaHTOBO-

MEXaHUYECKUMHU pacuéTamu.

DKCTepUMEHTaIbHOE OMpEeICHHe MarHUTHBIX MOMEHTOB aTOMOB OBLJIO OCY-

mectBieHo LlltepuoM u I'epiaxom. B ux ombitax my4ok aro-
MOB TPOMYCKAJICA Yepe3 CUIbHOE HEOJHOPOAHOE MArHUTHOE
noJie, MepHeHIUKyJIspHOe My4yKy. HeogHopoaHoOCTh Mo J10-
CTUTajach 3a CU€T CENHUATBLHOM (HOPMBI MOTIOCHBIX CEPACUHU-
KoB 3jekTpomarnuta (puc. 38.3). Ha arombl myuka IoJmKHA

Pucynox 38.3 JEeHCTBOBATH CHJIA

0B
F, = pm&com.

IIpy XxaoTHYECKOM pacipenesIeHM MarHUTHBIX MOMEHTOB 110 HAIIPABJICHUAM B
IIy4Ke UMEIOTCS YaCTHULIbI, Y KOTOPBIX 3HAYEHUS yIila 0. U3MEHSIOTCA B peaenax ot 0
10 7. Y3KuH IIy4OK aTOMOB MOCJE MPOX0XKIECHUS MEXAY MOJIFOCAMU JI0JIKEH 00pa3o-
BaTh Ha SKpaHE CIUIOIHOW pacTsHyTbIi ciiel (cM. puc. 38.4). OnbIThl, MPOBEAEHHBIE
C cepeOpoM U IPYTUMU 3JIEMEHTAMU, IPUBEIN K HHOMY pe3yibTary. BmecTto cruiomi-
HOTO PacTSHYTOrO cliefia Ha 3KpaHe HaOJIONaINCh OTACIbHbIC JTUHUH, PACIIOIOXKEH-
HbIE CHMMETPUYHO OTHOCHUTENBHO ITy4YKa, NOJYYEHHOI'O B OTCYTCTBHE MOJsA. Hucio
BO3MOXHBIX MTPOEKIUI 3aBUCEN0 OT NpUPOAbl aroma. s cepedpa, amtoMUHMS, MEIH
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" IMICJIOYHBIX MCTAJIJIOB OHO PAaBHO JABYM, UL BaHaausd, a30Ta — YCTBIPEM, KHCJIOPOda
— IIATHU, Mapralna — meCTHu 1 T.I. OnbITHI H_ITepHa 41 Fepﬂaxa HC TOJIBKO IMOATBCPAHN-
JX MPOCTPAHCTBECHHOC KBAHTOBAHWC MOMCHTOB

bes nons
MMITYJIbCOB B MATHUTHOM I10JI€, HO M JaIH JKC- Oorcndaentoni
NepPUMEHTAILHOE IIOATBEPKIAECHUE BBIBOLY O mmpegyﬂbmam
TOM, YTO MArHMTHBIE MOMEHTHI JJIEKTPOHOB U
aTOMOB MMEIOT JUCKPETHYIO IPHPO/LY. 1] Ag,Na,K
MomeHnT ummynbca aroma (1 ero Mmaraut- C nozem | | 1] | V
HBIIl MOMEHT) PaBeH CyMME MOMEHTOB 2JIEKTPO- LTIl Mn
HOB. MOMEHTHI 3JIEKTPOHOB 3aMKHYTBIX 000J10-
YyeK KOMIIEHCHUPYIOTCSA, [OPTOMY CyMMapHBbIii FETEE LT Fe

MOMEHT 3JIEKTPOHOB COBIIAJAET C CyMMapHbIM
MOMEHTOM BaJICHTHBIX 3JIEKTPOHOB. Pucynok 38.4
VY 3jeMEeHTOB TEpPBON TPYMIIbI MEPUOIU-

YECKOM CHCTEMbl UMEETCSl OJIMH BaJEHTHBIM AMEKTPOH. DTOT BAJICHTHBIN 3JIEKTPOH B
OCHOBHOM COCTOSIHUM UMEET OpOMTaIbHOE KBAHTOBOE YKCIIO, PAaBHOE HYIIO, T.C.
AJIEKTPOH HAXOIUTCS B S-coctosinuu. U3 dopmyssl (38.9) caenyer, uro npu 1=0 mo-
MEHT UMITyJbca 3JeKTpoHa L paBen Hymto. [loaToMy BO3HHMK BOIpPOC O TOM, IpO-
CTPAHCTBEHHOE KBAaHTOBAaHUE KAK020 MOMEHTa MMITYJIbca OOHAPYKUJIOCh B OIbBITaX
repna u 'epnaxa? Jlyis 0ObICHEHHS MMOTYYEHHOTO pe3ybTaTa HYKHO ObLIO Mpe-
MOJIOKHUTh, YTO y AJEKTPOHA KPOME OpPOMTAILHOTO MOMEHTAa HMMITYJIbCa U COOTBET-
CTBYIOIIETO €My MarHUTHOTO MOMEHTa MMEETCS COOCTBEHHBIM MEXaHMYECKHH MO-
MEHT UMIYJIbca U COOCTBEHHBI MAarHUTHBIA MOMEHT.

38.5 Cnun snexmpona

B 1925 rony C. I'ayncmut u JIx. YienHOek Ha OCHOBE aHAJIU3a CIEKTPOCKOIH-
YECKUX JAHHBIX BBIABUHYJIH THIIOTE3Y O TOM, YTO SJIEKTPOH 001aAaET COOCHBEHHBIM

MOMEHMOM umnyiavca L, M COOTBETCTBYIOUIUM €MY COOCHIGEHHBLIM MAZHUMHBIM
Momenmom Pp, . DTOT COOCTBCHHBIN MOMCHT UMITyJIbCa ObLI Ha3BaH cnunom. Cio-
BO «CITUH» (aHTJI. SPIN) 03HAYaeT BepUCHHE.

Cnun cnedyem cuumamo 6HYMPEHHUM CE0IICHIEOM, NPUCYUUM ITIEKMPOHY
mak sce, Kax 3apa0 u macca. [IpennonoxeHre 0 CouHe IEKTPOHA MOATBEPKIEHO
OOJIBIIMM KOJIMYECTBOM OMBITHBIX (DAKTOB U CYUTAETCSI COBEPIICHHO JIOKA3aHHBIM.

N3 o01mux BBHIBOJOB KBAHTOBOM MEXaHUKHU CJIEAYET, YTO CHUH (T.€. COOCTBEH-
HBIII MOMEHT UMITYJIbCa WJIM CIIMHOBBIM MOMEHT) KBaHTYETCS 110 hopmyJie:

L, =74/s(s+1), (38.14)
S

rie S — CIMHOBOE KBAHTOBOE YMCIJIO, KOTOPOE ISl DJIEKTPOHA MOXKET MPUHUMATH
TOJIbKO OJTHO 3Ha4YeHUe, paBHOE 1/2.
[Ipoekiuus ciiHa Ha 3aJJaHHOE HAIIPABIICHUE TaK:Ke KBAHTYETCSI:

Ly, =mg 7, (38.15)
e Ui DJIEKTpoHa Mg=1S =+1/2.

104



DJIEMEHThI KBAHTOBOW MEXaHUKH

Yuciao Mg 00 aHAJOTUU ¢ M MOXHO ObUIO ObI HA3BaTh MArHUTHBIM CIIMHOBBLIM
yrciaoM. Ho Takoe Ha3zBaHWe peaKO mpHMeHseTcs. ['opas3mo yaiie, TOBOPS O CIHHO-
BOM KBaHTOBOM YHCJIE€ TOHUMAIOT IO HUM YHCIIO Mg, TO €CTh IMPUIIUCHIBAIOT CIIMHO-
BOMY KBaHTOBOMY 4uCIly 3HaueHust +1/2. Ciemyer, oaHaKO, [IOMHHTh, YTO YHCIIO S
YMEET TOJILKO OJHO 3HaueHue: S=1/2.

Jlst cCOOCTBEHHOTO MArHUTHOI'O MOMEHTA 2JIEKTPOHA ﬁms BBIIIOJIHSIOTCS] TAKUE

Pm, =—2u5«/SiS+1i. (38.16)

—

3HaK « — » YKa3bIBACT HA TO, YTO MEXaHHUYCCKHil Lg M MAarHUTHBIA Pp  MOMEHTHI

COOTHOIICHUA:

QJICKTPpOHA HAIIPpAaBJICHLI B Pa3HBIC CTOPOHLI.
HpOGKI_II/UI COOCTBEHHOI0 MAarHMTHOTO MOMECHTA QJICKTPOHA Ha 34aJaHHOC
HaIIPpaBJICHUC MOKCT IIPHMHHUMATDL CIICAYIOINHUC 3HAUYCHUA:

Pm,, =F2HpMs =Fu5. (38.17)

Munyc mosydaercs, eciid Mg= +1/2, moc — eciau Mg= —1/2.
Takum 06pa3zoM, NpoeKIUs COOCTBEHHOIO MOMEHTA UMITYJIbCA DJIEKTPOHA MO-
KET TIPUHUMATh 3HAYeHUs +7/2 u —h/2, a cOBCTBEHHOr0 MarHMUTHOTO MOMEHTa —

3HaueHus +py U —Up. B psg popmyii, B 4aCTHOCTH B BBIpAXKEHUE JIJIsl DHEPTUU, BXO-
ISIT HE CaMU MOMEHTHI, a UX Mpoekiuu. [1o3ToMy NpUHSTO TOBOPUTH, YTO COOCTBEH-
HBI MEXaHWUYECKUil MOMEHT (criuH) paBeH 1/2 (B eauHMIAX /), a COOCTBEHHBIN Mar-
HUTHBI MOMEHT paBeH MarHeTony bopa .

§39 Hpunuun [Maynau. llepuognueckasi cucrema 3j1eMeHTOB MeHaeneeBa

B 1925 rony B. Ilaynu ycTaHOBMJI KBAaHTOBO-MEXaHMYECKUIM 3aKOH, Ha3blBae-
MbId TipuHOUIOM [laynu wnm npuHnunoMm 3ampera llaynu. B cBoen mpocrtenmen
(bOpMyITHPOBKE OH 3BYUHUT TaK:

B 00HoMm u mom sxnce amome (unu 8 Kakou-iuo6o Opy20ii K6AHMOGOIU cucme-
Me) He Moycem Oblmb 08YX INEKMPOHO8, 001a0a0WUX 00UHAKOBGLIM HAOOPOM Ye-
mulpex Keanmogwvix uucen: N, |, m, M. HBIME cliOBaMU, 8 00HOM U mMoOM ce co-
CMOAHUU HE MOZYHl HAX00UMbCA 00HOBPEMEHHO 064 IIEKMPOHA.

MakcuManbHOE YUCIO 3JEKTPOHOB, HAXOJSIINXCS B COCTOSIHUSIX, OMKChIBae-
MBIX Ha0OpOM TPEX KBAHTOBBIX uncen N, |, M u oTiHyarommxcs TOJIbKO OpHUEHTAIH-
€ CIIMHOB DJIEKTPOHOB

N (n, I, m)=2,

TaK KaKk MarHUTHOE CITMHOBOE KBAHTOBOE YHCJIO MOYKET NMPUHUMATH TOJBKO J[Ba 3HA-
yenus +1/2 u -1/2.

MakcuMaibHOE YHCIIO 3JIEKTPOHOB, HAXOISIIUXCS B COCTOSHUAX, OIpeeisc-
MBIX JIByMsI KBAHTOBBIMH YuCIaMu N u

N (n, ) =2(21+1).
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—

[Ipu 5TOM yureHo, 4to BekTop L mpu 3amannom | moxxer npunumars (21+1)
OPUEHTALUH.

MakcuManbHOE YHCII0 DJICKTPOHOB, HAXOMISIIUXCSA B COCTOSIHHSIX, OIpe/elisie-
MBIX 3HAYCHHEM TJIAaBHOT'O KBAHTOBOT'O YKCIIa N:

N (n) =2 n’.

B 1869 rony .. MenaeneeB OTKpbUI NEPUOANYECKUN 3aKOH U3MEHECHUS XU-
MUYECKUX U (PU3UYECKUX CBOMCTB DJIEMEHTOB B 3aBUCHUMOCTH OT UX aTOMHBIX Macc.
Ecnu pacnonoXuTh XMMHUYECKHUE JIEMEHTHI B TMOPSJIKE BO3PACTaHUS WX ATOMHBIX
Macc, TO MEPUOJAUYECKH, YEepE3 MPOMEKYTKH, HA3bIBAEMBIC MEPUOJIAMU, DJIEMEHTHI,
OKa3aBIIMECs B OJJTHOM BEPTUKAJIBHOM psny (Tpyrie), oOHapyKUBAOT CXOJHbIC (Pu-
3UKO-XUMHUYECKUE CBOMCTBA. MeH/ieNieeB BBEN MOHATUE HOPAOKOB020 HOMEpPA Hiie-
MeHTa. Pacmnoyio’)KuB XMMHUUYECKHUE JIEMEHTHI B MOPSAJIKE BO3pACTaHUS UX HOMEpA, OH
MOJIYYMJT MOJIHYIO MEPUOJIMYHOCTh B U3MEHEHUH XUMHYECKUX CBOWCTB 3JIEMEHTOB.
IIpy 3TOM YacTh KIJIETOK MEPHOJUYECKON CHUCTEMBI OKa3ajgach CBOOOJHOM, TaK Kak
COOTBETCTBYIOIIME JIEMEHTHI eI€ He ObUIM M3BeCTHBI. Takum oOpazom, MeHaeneeBy
yAAJI0Ch PEACKAa3aTh Psii HOBBIX AJIEMEHTOB (rajuluii, CKaHIui, repManuii u 1.1.). B
JadbHEUIIEM BCE OTU DJIEMEHTBI ObLIU OTKPBITH. DU3NUECKUN CMBICI MOPSAIKOBOTO
HOMepa ObL1 ycTaHoBIIeH Pezepdopaom.

CoBpeMeHHas TeOopHs MEPUOINUYECKON CUCTEMbI OCHOBBIBAETCS HA CIIEIYIOIINX
MTOJIOKECHUSX

a) MOPSAJIKOBBIN HOMEpP Z XMMHUYECKOI0 JIEMEHTa paBeH OOIleMy YUCITY DJIeK-
TPOHOB B aTOM€ JIAHHOTO JIEMEHTA;

0) cocTosiHUE BJIEKTPOHOB B aTOME ONpEACIsIETCS HAOOpOM UYeThIpeX KBaHTO-
BeIX ymces: N, |, m, mg. Pacnpenenenne 371€KTPOHOB B aTOMax IO dHEPreTHYCCKUM
COCTOSIHUSIM JOJDKHO YJOBJIETBOPATH NMPUHIIUIY MUHUMYMa MOTCHUIUAIBHON SHEp-
THU: C BO3pACTAaHUEM YHCJIAa DJICKTPOHOB KaXKIBIM CICIYIONIUN JTOJKEH 3aHSATh BO3-
MO’KHOE SHEPTETUYECKOE COCTOSIHUE C HAMMEHBIIIEH SHEPTUEH;

B) 3aM0JIHEHUE AJIEKTPOHAMHU YHEPIreTUUYECKUX COCTOSHUN MPOUCXOAUT B COOT-
BETCTBMHM C IIpUHIUIIOM [laymnu.

COBOKYITIHOCTh 3JIEKTPOHOB B aTOME C OJWHAKOBBIM 3HAYEHUEM TJIABHOIO
KBaHTOBOT'O YKCJIa N Ha3bIBACTCS 31CKMPOHHBIM C/10eM (I1eKMPOHHOIL 0007104KOIL).
Paznuuarot crenyronme 3JeKTPOHHBIE CIOU:

K-cnoii, rimaBHOE KBAaHTOBOE YKCI0 N =1;

L-cnoii, rmaBHOE KBAaHTOBOE YHCIIO N=2;

M-cnoii, TTaBHOE KBAaHTOBOE YHUCIIO N=3;

N-cioii, TIIaBHOE KBAaHTOBOE YHCIIO N=4 U T.]I.

BHyTpu €105 37IEKTPOHBI PACIPEICIISIIOTCS 110 ROOYposHAM (R000OO0UKAM),
KaXXJ1asi U3 KOTOPBIX COOTBETCTBYET OMNpPEICTEHHOMY 3HaUYCHUIO OPOUTATIBLHOTO KBaH-
TOBOTO umcia l.

VY nérkux aToMOB CHayaja 3aIloJHSCTCS 000JI0YKA ¢ MCHBIIHMM N, ¥ JUIIb 3a-
TeM JOJDKHA 3allOJHATHCS DJIEKTPOHAMH cieayromas obojouka. BHyTpu naHHOMU
000J10UKM BHAYaJIe 3amojaHsroTes coctossaus ¢ | = 0, a 3arem cocTosiuust ¢ OOIBIIMMEI
I, BrioTs 10 1=(n-1).
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Hauunas ¢ xanmus (Z=19), HaunHaOTCS HapymIeHUs 3TOro nopsiaka. O0bscHs-
eTcsl 3TO cienyromuM obpa3om. [Ipu OGONMBITMX KBAaHTOBBIX YHCIAX N B3aUMOJCH-
CTBUE MEX]y JEKTPOHAMH B aTOME MPUBOJUT K TOMY, UTO COCTOSIHUS ¢ OOJIBIINUM N
Y MEHBIIUM | MOTYT MMETh MEHBIIIYIO SHEPTHUIO, YEM COCTOSIHUSL C MEHBIIUM N, HO C
O0onbmmM |, T.e. OBITh DHEpreTUYecKu 0oJiee BBHITOJAHBIMH. [103TOMY UMEIOTCS XUMU-
YECKHUE DJIEMEHTHI C HEJOCTPOEHHBIMHU MPEABIAYIIMMHU O00O0JIOUKAMHU, ¥ KOTOPBIX 3a-
CTPaMBaIOTCA MOCIEAYIOIINE.

Tabnuma 39.1 KBantoBsie yncna, XapakTepHU3YIOIIUE COCTOSHUE SJICKTPOHA B aTOME

KBanToBoe uucno u | Bennuuna, koro- ®opmyna [Ipumeyanue
€ro 3HaUCHUE pasi KBAaHTYeTCsI

1. 'maBHOE KBaHTO- DHeprus E, =—R—ChZ 2 () R=1,09-10" M-
BO€ YHCJIO n2 MOCTOsIHHAs Puj-
n=1,2,3,.... —— Oepra; .
COOTBETCTBYET HO- 13,6 > ¢=310"m/c -
Mepy PHepreTude- E,= oz Z“(98B) CKOPOCTb CBETA;

CKOT'O YPOBHS

h=6,63-10"*x-c
— IIOCTOAHHAasA
IImanka.

2. OpburansHoe
KBaHTOBOE
YHCII0

1=0, 1, 2,..., (n-1)

1. OpOuTanbHbIi
MOMEHT UMITYJIbCa
2. OpOuTanbHbII
MAarHUTHBIA MO-
MEHT

 L=a1(1+1)

Pm :MB‘VIEI +1)

1g=0,927-10"%

A-M? — MaTHETOH
bopa

3. MarauTtHoe
KBaHTOBOE YHUCJIIO
m=0,+1,+2,...,t1

1. Ilpoekius op-
OMTaIBLHOTO MO-
MEHTa UMITYJIbCa
Ha HalpaBJICHUE
BHEIIIHETO Mar-
HUTHOT'O ITOJIS

2. ITpoekiust Mar-
HHUTHOT'O MOMCHTA
Ha HalpaBIICHUE
BHEIIIHETO Mar-
HUTHOTO TTOJIS

L, =mnh

Pm, =Mug

z

po o
2n

nocrosiuHag [ iman-
Ka

4. ClIMHOBOE KBaH-
TOBOE YUCJIO
s=1/2

1. CoOcTBEHHBII
MOMEHT UMITYJIbCa
(criun)
2. CoOCTBEHHBIH
MarHuTHBIN MO-
MEHT

L =hyfs(s +1)

P, :—ZuB«/sis +1)

5. MarautHoe cou-
HOBOE YHUCJIO
m¢=+1/2

1. Ipoexmwst co0-
CTBEHHOT'O MOMCH-
Ta UMITYJIbCa

2. Ipoexmwst co0-
CTBEHHOT'O Mar-
HHUTHOTO MOMEHTA

. Ly, =mg 7

z

Yucao S uMeer
TOJIBLKO OJHO 3Ha-
yeHue: S=1/2, mo-
3TOMY  COCTOSIHHE
3JICKTPOHA B aTOME
onpeeIsIeTCs
HAabOpPOM UeThIpex
KBAHTOBBIX YMCEL:
n, I, m, mg. Yucno
M, Jaire Ha3bIBalOT
MPOCTO CITUHOBBIM
YHCIIOM
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OcCHOBEI d)I/IBI/IKI/I TBEPAOTO Teaa

YACTbD 4. OCHOBBI ®U3UKHU TBEPJIOI'O TEJA

Du3zuka meépoozo mena 3aHUMACTCS H3y4YeHHEM (DUIUYECKUX CBOWMCTB H
CTPYKTYPbl KPUCTAIUIMYECKUX TBEPABIX TEJ U MOBEJCHUEM JIEKTPOHOB B ATUX TEJIAX.

§41 Crpoenne TBEPABIX TeEJ

TBEpapIMU Ha3BIBAIOTCS TEa, KOTOPHIE 00JIAIal0T MOCTOSHCTBOM (HOPMBI U
o0bema. Paznnyaror kpuctasummueckue U aMmopgHbIe Tena.

XapakTepHON YE€pPTOU, OTIMYAOIIECH KPUCTAIIIMYECKOE COCTOSIHUE OT KHUJKOTO
U Ta3000pa3HOTo0, SBISETCS HATUYUE Y KPUCTAJUIOB aHU3O0TPONUU. AHU30mMpOnus —
3TO 3aBUCUMOCTH psJia PU3NYECKUX CBOUCTB (MEXaHMUECKHUX, TETUIOBBIX, dJIEKTPUYEC-
CKHX, ONTUYECKUX) OT HAIIPABIICHHUSI.

[IprunHON aHU30TPONMU KPUCTAILIOB CIYKHUT YHOPSJOUYEHHOE PACIIOI0KEHUE
4yacTull (aATOMOB, MOJIEKYJT), U3 KOTOPBIX OHH MOCTPOCHBL. Y OPSAOUYEHHOE PACIOJIO-
YKEHHUE YaCTUL] MPOSABISAETCS B MIPABUIBHOW BHEIIHEN OTpaHKe KpucTtaiuioB. Kpucrani-
JIbl OTPAHUYEHBI TNIOCKUMU TPaHSIMU, MEPECEKAIOIIUMUCS MO HEKOTOPBIMU, OTpeie-
JAEHHBIMU JIJI TAaHHOTO poja KpHUCTAJUIOB, yriamu. PackaibiBaHue KpUCTAJLIOB JIETYe
IPOUCXOJIUT IO ONPEACIEHHBIM INIOCKOCTSM, KOTOPBIE HA3BIBAKOTCA MJIOCKOCHAMU
CRauHOCMU.

[IpaBUIIBHOCTH TEOMETPUYECKON (POPMBI U aHU30TPOIHUS KPUCTAIIIOB OOBIYHO
HE MPOSBIIIOTCA MO TOM MPUYMHE, YTO KPUCTALIMYECKUE TENla BCTPEYAKOTCS, Kak
NIPaBUJIO, B BUJEC NOJAUKPUCHAI06, TO €CTh B BUJIE MHOKECTBA CPOCIIMXCS MEKIY
co0oM, OecropsiIoYHO OPUEHTUPOBAHHBIX MEJIKUX KPHUCTAIIOB. B mommkpucraiiax
AHU3O0TPOIHUS HAONIOAACTCS TOJBKO B Tpejaesiax KaXkJIOro OTIEIbHO B3SITOTO KpPH-
cTauiuka. AMop@HbIe Tena (CTeKI0, Bap W Jp.) MPEACTABISIOT CO0OM mepeoxia-
KIAEHHBIC )KUJIKOCTU M HE 00JIaJIal0T YETKO BBHIPAKEHHBIMU CBOMCTBAMU KPHUCTAJIJIOB,
T.€. ABJISIOTCA U30TPOITHBIMM.

41.1 /lechekmut 6 Kpucmannax

Heorpann4yeHHbI KpUCTAJUI, MOCTPOCHHBIN U3 SAEP U JJIEKTPOHOB, HAXOMS-
[MXCA MPU TEMITepaType adCOIFOTHOTO HYJISl B BO3MOKHOM HAWHM3IIEM 3HEpreTuye-
CKOM COCTOSIHMH, SIBJISIETCS aOCOJIIOTHO YIOPSAOYEHHBIM, MaTeMaTUUYECKU HJeallb-
HbIM. Beskoe OTKIOHEHHE OT 3TOro OAHO3HAYHO 3alaHHOTO MI€aJIbHOIO COCTOSHUS
Ha3bIBAIOT deghekmom. JlepexThl MOXKHO YCJIOBHO MOJEIUTh HAa MakpoAe(deKThl U
MUKpOJe(peKTbl. MaKpOCKOMMYECKUM HapyIIEHUEM CTPYKTYpbl PEIIETKH SIBISIOTCA
IPAaHMIBI KPUCTAJUIA, TPELIUHBI, IIOPbl, UHOPOJHBIE BKIKOYECHUS, LAPAIIMHBI U T. 1.
MuxkponedekramMu SIBISIFOTCS HHOPOJAHBIE aTOMBbI, OT/IEIbHBIE aTOMBI, 3aHUMAIOIINE
HEperyJsipHble MOJOXKEHUS B pelETKe: JAOMeHbl (007acTh CIOHTAHHOM 3JeKTpu3a-
UM WM HaMarHW4YMBaHUs), @ TAK)KE€ BCEBO3MOKHBIE 3JIEMEHTapHbIe BO30YKICHUS B
Kpuctajuie. MukpoaedekTsl 1e1sIT Ha TOU€UHbIE U JIMHEIHBIE.

Toueunwiit 0egpexm — 3TO HAPYLUICHUE KPUCTAIINYECKOU CTPYKTYPBI, pa3Mepbl
KOTOPOT'O BO BCEX TPEX M3MEPEHMSIX CPABHUMBI C OJJHUM WM HECKOJIBKUMH (HEMHO-
TMMH) MEXKIyaTOMHBIMU paccTosHUsIMU. [IpocTeiime Toueunble 1edeKThl KpucTa-
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na (cM. puc. 41.1): eakancuu — OTCyTCTBHE aTOMa WJIM MOHA B y3JI€ PEIIETKH (ITyCTOM
KBaJIpat, 0003HAUCHHBIH OYKBOU B); 6HedpéHHble amombl — aTOMBI (CBOHM WIH UY-
KKe), pacrojiararoniiecs Ha He3aKOHHOM MecTe Mexnay yinamu pemérku (C u D);

© 0 O O O O O amMoMbl 3AMEUeHUA — ATOMbI (4), 3amemaroIme 4YacTUIbI
o ol "lo o o o OCHOBHOIO BELIECTBA B y3JlaX PEIIETKH (ATOMBI IIPUMECH).

ATOMBI IIPUMECH MPUCYTCTBYIOT B KPHUCTaJUI€ BCe-

°© o ° °8° ° ° rna. [Ipobnema cuHTE3a KPUCTALIOB C 3a/laHHBIMU CBOW-

© 0 0 o o0 .8 O cTBaMM 3aBHCHUT B OCHOBHOM OT YHCTOTBHI MCXOJHBIX MaTe-

O 0 O O O O O DPHAIOB U OT CO3IaHUA TAKUX YCIIOBUH BBIPAILUBAHUSA KPHU-

o o .A 6 o o o CTalla, IPU KOTOPBIX HEBO3MOXKHO €r0 3arpsa3HEHHE IPH-

MECSIMH U3 OKpYy’Karoumeun cpefpl. B To ke Bpemsi, BBOAS

°© ¢ 0 0 0000 MPUMECH, MOKHO IO JKEJIAaHWI0 H3MEHSTh CBOWCTBA KpH-

Pucynok 41.1 cTajuia. BeeneHue HyKHOM NPUMECH B 3TOM CIIy4ae CTPOro

KOHTPOJIUPYETCSI.

Jluneiinwii deghexm >TO HapylIeHHE NMPABUIBHOCTH CTPYKTYPHI BIIOJIb JTHHUU
(He obOs3arenbHO mpsimoid). [Tonepeunbie pa3mepbl IMHEHHOro AeeKTa He MPEeBbI-
IIAl0T OJJHOTO WJIM HECKOJBKUX MEXKIyaTOMHBIX PACCTOSHUH, a JUTMHA MOXKET JOCTH-
ratb pa3MepoB KpUCTAIa. Y CTOWYUBBIMH, CTAOMIBHBIMU B KPHUCTAIJIC SBIISIOTCS
oucnokayuu. Jlucinokanuy HapylarOT IPABUJIBHOE YEpPEIOBaHUE KPUCTAIIMYECKUX
IIJIOCKOCTEH.

PeanbHblil Kpuctann oOjazaeT BCEMHU IEPEUHCICHHBIMU JEPEKTaMU U €ro
CBOMCTBA B CBA3M C ATUM JOJKHBI CYHIECTBEHHO OTIMYAThCS OT CBOMCTB HCaIN3H-
POBAHHBIX KPUCTAUIOB. JleeKThl CTPYKTYphl OKa3bIBAIOT CHIIBHOE BIUSHUE (KaK I10-
JOXKUTENIbHOE, TaK M OTPULIATEIbHOE) HA MHOTHE CBOICTBa TBEPABIX Ten. K HUM OT-
HOCATCS MPOYHOCTH, 3JIEKTPOIIPOBOJHOCTD, ONITUYECKUE CBOMCTBA U T. I. DTU CBOIi-
CTBa MOJYYWIN Ha3BaHWE CTPYKTYPHO UYBCTBHUTEIbHBIX. J[pyras rpymnma CBOWMCTB —
IUIOTHOCTh, MOJYJIU YIIPYTOCTH, YJENbHAS TEIUIOEMKOCTD, TUAJIEKTpUYECKas MPOHH-
[[aEMOCTh M JIp. — cJab0 3aBUCHT OT HECOBEPIICHCTBA CTPYKTyphl. VX Ha3bIBaoT
CTPYKTYpHO HEUYBCTBUTEIbHBIMU (HE3aBUCUMBIMH) CBOMCTBAMH.

41.2 Dnepzemuueckue 30Hbl 8 KPUCMANNAX

PaccmoTpum BOOOpakaeMblil mporiecc OObEIMHEHUS aTOMOB B KPHUCTAJLI.
[Tycts nepBoHayanbHO uMeeTcst N U30JUpPOBaHHBIX aTOMOB KaKOTr0-1M00 BEIECTBA.
IToka aToMbl M30JMPOBAHBI APYr OT APYra, OHH MMEKT NOJHOCTBHIO COBIIAIAIOIINE
CXEMBbI dHEpreTudyeckux ypoBHe#l (puc. 41.2, npaBas 4yacTh). 3allOJIHEHUE YPOBHEU
JJEKTPOHAMH OCYIIECTBIAETCS B KaXJAOM aTOME HE3aBHCUMO OT 3aIlOJHEHHS aHAJIO-
TMYHBIX YPOBHEH B Jipyrux aromax. [lo mepe cOmmkeHus aToMOB MEX]1y HUMHU BO3-
HUKAeT BCE YCUIIMBAIOLIEECS B3aUMOJEHCTBUE, KOTOPOE MPUBOJINUT K U3MEHEHUIO I10-
J0KeHus ypoBHEH. BmecTo oHOro oarHakoBoro Juist Bcex N aToMOB ypOBHSI BO3HU-
kaeT N oueHb OJIMN3KO PacHOJIOKEHHBIX YHEPreTUYECKUX YPOBHEH, 00pa3yrolux 30-

HY.
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IHepzemuyeckan 30Ha — 3TO 00IACTh NOMYCTUMBIX 3HAYEHUW SHEPTUH DJICK-
TPOHOB B KPHCTAJIJIE, COCTOSIIAs U3 OOJIBIIOT0, HO KOHEYHOTO YHCIIa OYeHb OJM3KO
PaCIoJIOKEHHBIX YPOBHEH YHEPTHUU.

2 3
S { 3
™ ™
— : ) s
— = S
= { S
) )
3 3
) } )
5 s
< { 3
—7
Pucynok 41.2 Pucynok 41.3

CocenHue dHEpreTUYeCcKue YpOBHU B 30HE OTCTOSIT APYT OT JApyra mpuOInu3u-
TenbHO Ha 1072 5B. BennumHa pacIieIUIeHus ISl pasHbIX YPOBHEH HE OJMHAKOBA.
Ha puc. 41.2 (neBas 4acTh) moka3aHo pacuierjieHue YPOBHEH B 3aBUCUMOCTH OT pac-
CTOSTHUS I' MEXAy aroMamH. Paciiernsienue ypoBHEH, 3aHSITBIX BHYTPEHHHMH JJICK-
TPOHAMH, OYEHb MaJIO. 3aMETHO PACIICTUISIIOTCS JIMIIh YPOBHU, 3aHUMAEeMbI€ BaJICHT-
HBIMHU D3JIEKTpOHaMHU. TakoMmy e pacIlIeIUICHUIO TOJBEPTaroTcs M 0ojiee BBICOKHE
YPOBHHU, HE 3aHATHIC JIEKTPOHAMH B OCHOBHOM COCTOSTHUM aTOMa.

Ecnu paBHOBecre MeXIy COCETHUMH aTOMaMH HACTyHaeT MPU PACCTOSHHH Iy
(cm. puc. 41.2), To MeXTy pa3pelIéHHBIMU 30HAMU 00pa3yrOTCs 3alpeiIéHHbIC 30HbBI
(puc. 41.3).

3anpewiénnan 30na — TO UHTEPBA 3HAUYCHUM SHEPTUU, KOTOPHIE SJICKTPOHDI
B KpUCTaJUIe MPUHUMATH HE MOTYT.

Ecnu paBHOBecue MeXay COCEIHUMH aTOMaMH HACTYMHaeT MPHU PacCTOSAHUM I
(cM. puc. 41.2), To cocegHue ypOBHHM NepeKkphiBatoTca. Yuciao ypoBHEH B Takou
CIIMBIIEHCS] 30HE PaBHO CyMM€ YPOBHEH, Ha KOTOPBIE PACHICIUISIIOTCS YPOBHHU OT-
JEIbHBIX aTOMOB.

DNeKTpUYecKue CBOWCTBA TBEPIBIX

npgo();%u_ TeN OOBACHAIOTCS pas/M4HBIM 3aI0THEHHEM

£ oM JIBYX BEPXHHUX Pa3pEHIEHHBIX 30H U LIUPH-
¢ HOM 3ampeii€éHHONM 30HBI. JHEpreTudeckKas
AE 3anpewen- 30HA, 3aM0JHCHHAsA BAJICHTHBIMHU JJIEKTPO-

E HAA 30HA  gamu, Ha3bIBaeTCA eaenmmuoil (puc. 41.4).
v bnwxaiimas k HeW >HEpreTuyecKas 30Ha, He
- - Banenm- o onnennas AJIEKTPOHAMH, HA3BIBAETCA 30-

HAA 30N oy npoeodumocmu. Mexay BaJeHTHOU

30HOM M 30HOM NPOBOAUMOCTH HAXOIMUTCS
Pucynox 41.4 3anpeniéHHas 30Ha. AE — mupuHa 3arpe-
IEHHOM 30HBI: AE=E.-FE
rae £. — 1HO 30HBI IPOBOAUMOCTH, £\ — MOTOJIOK BaJIEHTHOM 30HBI.
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DIIEKTPOHBI B TBEPABIX TENAX MOTYT NEPEXOINUTH U3 OAHOU pa3peIEHHON 30HbI
B Apyryto. [limsg mepexona 3JIEKTpOHA M3 BAJCHTHOM 30HBI B 30HY IPOBOJMMOCTH
HEOOXO/IMMO 3aTpaTUTh SHEPTUI0, PABHYIO IIMPUHE 3aNpeuiéHHOW 30HBI, Pacroio-
KEHHOM MEXy HUMHU (PHEPrui0 MOpsaKa HECKOJbKUX 3B). [[ns BHYTpU30HHBIX Ie-
PEX0JI0B JIOCTATOYHO COOOIIUTH YHEPTUIO MOPSIKA 107 5B.

B 3aBuCHMOCTH OT CTENEHU 3aMOJHEHUS BAJICHTHOW 30HBI 3JIEKTPOHAMU U ILHU-
PHUHBI 3alpenIEHHON 30HbI TBEPBIE TENA NEIATCA HA MPOBOJHHMKH, TOJIYIPOBOJIHUKU
U TUDJICKTPUKHU (U30JITOPHI).

——Cesoboonas 30na—| F— Cso6oonas sona Ceoboonas 3ona——
I— (30na
t—— nposooumocmu) —] [
AE 3anpewennas
A
AE| 3anpewennas 3ona 30HA
—e~e— Banenmmnas 30Ha_—] < 3anonnennas — - o
e — ate —] o> 3anoiHeHHas —]
—*.*— (301a npo6o- —] —*s*— eanenmnas — = e
% Jumocmu) — Fese—— 30Ha | — —]
— — e 30HA
a) memarn 0) nonynpPo8OOHUK 8) U30IAMOP

Pucynok 41.5

Ha pucynke 41.5 a 31eKTpOHBI 3aMOJHSAIOT BAJIEHTHYIO 30HY HE MOJHOCTBIO.
[ToaTOMy MOCTaTOYHO COOOIIMTH JIEKTPOHAM, HAXOMASIIMMCS Ha BEPXHUX YPOBHSX,
coBceM HEeGOIbIIyI0 HEpruio (~ 107> 5B) mmst Toro, 4ToObI MEPEBECTH UX Ha Gojee
BBICOKHME YPOBHHU. DHEPTHUsl TEIIJIOBOTO JABUKEHUS cocTaBisieT npu 1 K Benuuuny mo-
psiaka 107" 9B, a npu koMHaTHBIX Temmeparypax — 0,026 5B. CiieoBaTenbHO, IpH
TeMIIepaTypax, OTIUYHBIX OT a0COIIOTHOTO HYJIS, YaCTh AJIEKTPOHOB MEPEBOAUTCS HA
0oJiee BBICOKHE YPOBHU. J[OMOTHUTENbHAS SHEPTUsl, BbI3BaHHAS JEHCTBUEM Ha DJIEK-
TPOH 3JIEKTPUYECKOIO MOJIs, TAKKE OKa3bIBAE€TCA JOCTATOUYHOM JIJISl MEepeBOAA IIEK-
TpoHa Ha 0oJiee BBHICOKHE YpPOBHU. TakuM 00pa3om, KpHUCTaUl C MOJOOHON cxeMoM
SHEPreTUYECKUX YPOBHEN OYIET MPEICTABISThL COOO0M MPOBOJHUK (METAILI).

Ha pucynkax 41.5 6 u 41.5 B ypoBHuU BasieHTHOM 30HbI ipu 7=0 K nmomgHOCTHIO
3aHATHI AJIEKTPOHAMU — 30HA 3amojiHeHa. [[as Toro, 4ToObl YBEJIMYUTH IHEPTUIO
AJIEKTPOHA, HEOOXOAUMO COOOIIUTh MY KOJIMUYECTBO PHEPTUU HE MEHBIIIEE, YEM IIH1-
puHa AE 3ampeméHHON 30HBI. DIIEKTPUUYECKOE TMOJIE COOOUIUTH AJIEKTPOHY TaKYIO
SHEPTUI0 HE B COCTOSIHUM. [IpH 3TUX yCIIOBHUAX, JIEKTPUUYECKUE CBOWMCTBA KpUCTaJlIa
omnpenensroTcs mupuHon AE 3anpeménnoii 30861, Ecniu ona HeBenuka (AE<3 3B), To
SHEPTUs TEIJIOBOTO JBWKCHHUS aTOMOB PEHIETKUA OKa3bIBACTCS JOCTATOYHOMN IS TO-
ro, 9TOOBI IEPEBECTH YACTh AICKTPOHOB B CBOOOJHYIO BEPXHIOIO 30HY. ITH JIEKTPO-
Hbl OyAyT HaXOJUTHCA B YCJOBUSX, aHAJIOTMYHBIX TE€M, B KOTOPBIX HAXOJATCS Ba-
JIEHTHBIE 3JIEKTPOHBI B MeTajie. CBOOOIHAsA 30HA OKaXXETCs JIsl HUX 30HOM MpOBO-
TUMOCTHU. B 0CTaBIIEeHHOM 3JIEKTPOHOM MECTE€ BO3HHUKAET M30BITOK MOJOKHUTEIHHOTO
3apsaa — «abipkay. Asipka — 5TO KBa3n4acTUla, KOTOPOU MPUIIUCHIBAIOT €IMHUYHbBIN
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IIOJIOKUATENBHBINA 3apsia. OHAa BO3HUKACT NPHU HAPYLICHWH KOBAJIEHTHBIX CBS3E€U B
aToOMe KpHUCTaJljla OJIyIPOBOJHUKA, KOTJa KaKOW-TMOO0 BAJIEHTHBIN 3JIEKTPOH OJHOIO
U3 aTOMOB IOKHJIA€T CBOE MECTO. BenmecTBo ¢ TaKuM TUITOM IPOBOJUMOCTH SIBJISIET-
Cs ITOTYNPOBOIHUKOM.

Ecnu mmpuna 3anpeménnoil 30ubl Benuka (AE>3 3B), TerioBoe nBUKEHUE HE
CMOJKeT 3a0pOCUTh B CBOOOJHYIO 30HY 3aMETHOE YMCJIO AJIEKTPOHOB. B aTOM cityuae
KPHUCTAJUI OKa3bIBAETCS AUDIIEKTPUKOM (HU30JIATOPOM).

§42 DaexTpuyeckune CBOMCTBA TBEPIABIX Te

Bce TBEpabIE Tena Mo UX CHOCOOHOCTH MPOITYCKATh 3JIEKTPUYECKUM TOK JIEISAT
Ha IIPOBOJHMKH, NOJYIIPOBOAHUKHU U JUINEKTPUKU. TUIUYHBIMU NPOBOJIHUKAMH SIB-
JISIFOTCSL METAJLIBI, TUIIMYHBIMU JUAJIEKTPUKAMU — HOHHBIE KpucTaiuibl. [lomynpoBon-
HUKH — 3TO IIMPOKUH KJIACC BEUIECTB C KOBAJIEHTHBIM TUIIOM CBSI3H.

CrnocoOHOCTh BellecTBa MPOBOAMTH 3IEKTPUUECKUH TOK XapaKTepU3yeTcs
YACIBHOU NMPOBOAMMOCTBIO G WJIM YJIEJIBbHBIM COIIPOTUBIIEHUEM p. Y IE€IBHOE CONPO-
THBJICHUE CBA3AHO C yIEJIBHOU MPOBOJUMOCTBI0 COOTHOILIEHUEM:

p=—. (42.1)
c

[TpuOnu3uTENbHBIE UHTEPBAJIBI 3HAUEHUN P, KOTOPHIE UMEIOT METaJlIbl, MOJTY-
IPOBOJHUKH U JTUAIEKTPHUKH, IPEICTAaBIEHbI Ha puc. 42.1 u B Tabnuie 42.1.

IIpoeooHuku Tlonynposoonuxu Lusnexkmpuxu

10" 10° p,OM-M
Pucynok 42.1

Tabnuua 42.1. Y nenbHoe CONPOTUBICHUE SJIEKTPOTEXHUUECKUX MAaTEPUaIOB
paznuyHbIX KiaccoB mpu 20°C U MOCTOSTHHOM HaIpsKeHUU

Knacc marepuana | p, Om-m 3BaK O, B IMPOKOM Tun npoBogumMocTH
MHTEpBAJIE TEMIIEPATYP

[IpoBoaHUKMU 107%+ 107 | mosOKUTETBHBII DNIEeKTpOHHAs

[onynposoanuku | 10°+ 10** | orpunaTensHbIii DIIEKTPOHHO-BIPOYHAs

Jnsnnexrpuku 10"+ 10% | orpunarensubIit HNonHas u 25ieKTpoHHas

DneKTpuYecKrue CBOWCTBA OIMUCHIBAIOT rpad)KOM 3aBUCUMOCTHU CHJIBI TOKA OT
IIPUJIOKEHHOT0 HAaNpsDKeHUs. Ero Ha3bIBalOT BOJIBT-aMIIEPHOM XapaKTEPUCTUKOU
(BAX). ¥V MeranioB 3aBUCUMOCTb CUJIbI TOKA OT IPUJIOKEHHOTO HANPSKEHUS Mpe-
cTaBJsieT co0oit nmpsmyro JimHUIo (puc. 42.2).
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bonee JCTAJIBHO TOK XapaKTECPU3YIOT C IIOMOIIBI BEKTOpa INIOTHOCTHU TOKa | .

3HaueHHe MIOTHOCTHU TOKA 3aBHCHUT OT BEJIWYUHBI HaNps’KEHHOCTHU E QJICKTPHUICCKO-

| ro Tmons B JaHHOW Touke. 3aBucumocth | = f(E)
A

TaKK€ Ha3bIBAETCSI BOJBTAMIIEPHOM XapaKTEPHUCTH-
KOM.
V MeTaniaoB 3aBUCUMOCTH INIOTHOCTH TOKa OT
HaMpsHKEHHOCTH JICKTPUUECKOTO TOJIS TAKXKe Mpe-
(03 CTaBJIIET COOOM MPAMYIO JTUHUIO, TAK KAaK BBITIOTHS-
J €TCA YCIIOBUE

Pucynok 42.2 j =cE. (42.2)

Ot0 3akoH OMa, 3anucaHHbIi B mudepeHnuanbaoin hopme.
BonpramiiepHas XxapakTepuCTHUKA MOTYITPOBOJHIUKOBBIX U BaKYyMHBIX JHOOB,
a TaKXe JAPYTuX yCTPONUCTB MOKET UMETh O0Jiee CIOKHBIN BUJ (M. Tab. 42.2).

Tabnuua 42.2 [Ipumepbl BOJIbTAMIIEPHBIX XapaKTEPUCTUK

[TomynpoBOAHUKOBBIN E
A0

BakyyMmHbIi1 110z

I /
["a3opa3psaHas I

TpyGica g
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42.1 DnekmponpoeooHocms Memanog

B cnydae npeanbHOM KpHCTAJUIMYECKON PELIETKU 3JIEKTPOHBI MTPOBOAUMOCTH
HE HUCTIBITHIBAIMA OBl PU CBOEM JBIXKEHUU HUKAKOTO COMPOTUBIIECHUS U AJIEKTPOIPO-
BOJHOCTh METAJIJIOB OblTa OBl OeCKOHEUHO OoubInoi. OMHAKO KpHUCTAILTHYeCKas pe-
mETKAa HUKOT/Ia He ObIBaeT coBepIiieHHOW. HapyieHnus cTporoii nepruogudHOCTH pe-
METKK OBIBAIOT OOYCJIOBJIEHBl HAJIMYMEM NPUMECEH WM BAaKaHCHM, JUCIOKAlMi, a
TaK)K€ TEIJIOBBIMHU KOJIeOaHUSIMU PEIIETKU. PaccesiHue 371eKTpOHOB MPOBOAUMOCTH
Ha TEIUIOBBIX KOJIEOAHUSAX KPUCTATUIMYECKON PEIIETKU U aTOMaxX MPUMECU TPUBOIAUT
K BO3HHMKHOBEHHIO 3JIEKTPUYECKOTO CONMPOTUBJIEHUS] METAIIOB. UeM yuiie MeTaul u
YEM HIUKE TEMIIEPATypa, TEM MEHBIIE 3TO CONPOTUBIICHHUE.

Jlis OONBIIMHCTBA METAJJIOB NpPH TeMIlepaTypax, OJM3KMX K KOMHATHOM,
YAENBbHOE CONPOTUBIICHHUE JINHEMHO MEHSETCS C TEMIIEPATYPOU:

p=poL+at), (42.3)

rae po — yaenbHoe conporusienue mpu 0°C, t — remneparypa B °C, o — Temrepa-
TypHBIH KO3(PUIMEHT conpoTuBieHus. JJis 9UCTHIX METaUIOB B TBEPIOM COCTOS-
Hun o ~0,004 K.

3aBUCUMOCTh DJIEKTPUYECKOTO COMPOTHUBIICHUS OT TEMIEPATyphl MOJOKEHA B
OCHOBY pa0OThl TEPMOMETPOB CONMPOTHUBICHUS. Takoil TEPMOMETP MPEICTABIAET CO-
001 METAITUYECKYIO MPOBOJIOKY (0OBIYHO IJIATUHOBYIO), HAMOTaHHYIO Ha apdopo-
BBII WJIM CITIOJsIHOM Kapkac. [IporpaayrpoBaHHBIM IO TOCTOSHHBIM TEMIIEPATyPHBIM
TOYKaM TEPMOMETP COIMPOTHUBIICHUSI MO3BOJIIET U3MEPATh C TOUHOCTHIO MOPsIIKA He-
ckonbkux cothix (~0,05°C) rpagyca kak Hu3KHe, Tak U Bbicokue (10 600°C) temme-
patypsl. B mocieaHee BpeMs Bce Oosiblliee MPUMEHEHHUE HAXOAST TEPMOMETPHI CO-
MPOTUBJICHHUS U3 TTOJTYTIPOBOTHUKOB.
p VY 60JibII0 TPyNIbl METAIIOB U CIUIABOB MPHU
TeMIlepaType MOpsIKa HECKOJIbKO KEJIbBUH COIPO-
TUBJICHUE CKauyKoM oOpariaeTrcs B HyJIb (puc. 42.3).
Ot1o0 saBneHue ooHapykeHo B 1911 rogy nmis pTyTu u
Ha3BaHO ceepxnposodumocmsito. Temmneparypa Tk,
MIPU OXJIAXKIAEHUU JO KOTOPOH COBEPIIAECTCS MEPEXOT
B CBEPXIIPOBOJISIIEE COCTOSIHUE, HA3BIBAETCS TEMIIE-
paTypor CBEPXIPOBOASALIETO Iepexona. B nanbHew-
Ty T 1em GbuIM OGHAPYXKEHBI M APYrHe MaTepHabl, CIIO-
COOHBIE MEPEXOUTH B CBEPXIIPOBOJISIIIIEE COCTOSIHUE
(TaHTas, CBUHEI, HUOOWH, a TaK)Ke CIUIaBbl: TaJlIu]]
anobus NbsGa, rammmn Banaaus V3Ga u p.). DT MaTepHasbl TOJYYHIM HA3BaHHE
CBEpXITPOBOJHUKOB. TeMIiepaTypbl CBEpXIIPOBOAAIINX MEPEXO0I0B JeKaT B UHTEPBa-
ae ot 1,2 K no 18 K.

ITocMoTpHUTE JIEKIUOHHYIO 1€MOHCTPALUIO.
3aBI/ICI/IMOCTI> COHpOTI/IBHeHI/IH MECTAJIJIOB OT TeMnepaTypr
http://www.youtube.com/watch?v=NL1vjrwQN X8

Pucynok 42.3
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42.2 DnekmponpoeooHocmsb nOAYRPOBOOHUKOB

[TorynpoBOIHUKAMHU SIBJISIFOTCSI KPUCTAJUIMUECKUE BEILLECTBA, Y KOTOPHIX Ba-
JIEHTHasl 30HA MOJHOCTBIO 3all0JHEHA JIEKTPOHAMH, a HIMPUHA 3alpeliéHHON 30HBI
HeBennka (AE <35B). CBoe Ha3BaHME OHU TMOJYYWIH MOTOMY, YTO IO BEITUYHHE

3JIEKTPONPOBOAHOCTU 3aHUMAIOT MPOMEKYTOUHOE IMOJOKEHUE MEXKIY METAIIAMHU U
TURJICKTPUKAMU. Pa3nuvaroT moaynpoBOIHUKN ¢ COOCTBEHHOW M MPUMECHON TPOBO-
nuMocTbio. COOCTBEHHOM MPOBOAUMOCTBHIO 001a4al0T XUMUUYECKH YUCThIC MOTYIPO-
BOJIHUKH. DJIEKTPUYECKUE CBOMCTBA MPUMECHBIX MOJYINPOBOJIHUKOB OMPEACISIOTCS
MCKYCCTBEHHO BBOJIMMBIMH B HUX TTPUMECSIMHU.

42.2.1 Coocmeennan npogooumocms noaiynpo80OHUKOE

TUNUYHBIMU TOJYIPOBOJAHUKAMHU SBJISIFOTCS 3JIEMEHTBI UYETBEPTOM TPYIIIIbI M1e-
puoanueckor cucteMbl MeHieneeBa — repmManuil U kpeMauil. OHu 00pa3yroT pemeér-
Ky THUIa ajaMasza, B KOTOPOW KaXKJbId aTOM CBS3aH KOBAJICHTHBIMHU (IIapHO—
AIEKTPOHHBIMU) CBSI3SIMU C YETHIPbMSI PABHOOTCTOSIIIUMU OT HErO COCEISIMU. Y CIIOB-
HO TAaKO€ B3aMMHOE PACIIOJIOKEHHE aTOMOB MOYKHO NPEACTABUTHh B BHUJIE IJIOCKOU
CTPYKTYpBI, n300pakeHHOU Ha puc. 42.4. KpyXKku co 3HaKOM «+» 0003HA4arOT TO-
JIOKUTENIBHO 3apsKEHHBIE aTOMHBIE OCTATKU (T.€. Ty 4acTh aToMma, KOTopas ocTaércs
NOCJIE yAAJEHUs BaJEHTHBIX 3JIEKTPOHOB), KPYKKH CO 3HAKOM «—» — BaJICHTHBIE
AJIEKTPOHBI, IBOMHBIE TUHUH — KOBAJICHTHBIE CBA3U.

3ona I[Ipu  Temmepa-
npoBoouU- Type MopsiJIKa
mocmu n £ T=250+300 K Temo-
¢ BOE JBUKEHUE MOXKET

3anpeuwyen-
AE pa3opBaTh OTHCIbHbBIC

Has 30HA

_ TIapswl, 0CcBOOOAMB
Banenm- ° *— v oguH 5JekTpoH. Ilo-
Has 30HA . - KHHYTOE JJIEKTPOHOM
. e MECTO IEPECTAET OBITH

HEWUTpAJIbHBIM, B €r0
Pucynok 42.4 Pucynok 42.5 OKPECTHOCTH BO3HMKa-
€T U30BITOYHBIM MOJIO-
KUTEIBHBIN 3apsia +€ — oOpasyercs ablpka (Ha puc. 42.4 — MyHKTUPHBIN KpykoK). Ha
3TO MECTO MOKET MEPECKOUNUTh COCEIHUM 3JIEKTPOH. B pe3ynprare Aplpka HAUMHAET
TaK)Ke CTPAHCTBOBATH MO KPUCTAILTY, KaK U OCBOOOAUBIIIHIICS IJIEKTPOH.
Ecnu BHelIHee 3JeKTpUUECKOE MoJie OTCYTCTBYET, TO 3JIEKTPOHBI MPOBOIUMO-
CTU U JBIPKU JIBXKYTCSI XaoTH4eCKU. [Ipy BKIIIOUEHHUM MOJIS HA XaOTUYECKOE JIBUXKE-
HUE€ HAKJIAJbIBACTCSl YMOPSAIOYECHHOE [IBUKEHUE: AJIEKTPOHOB MPOTHUB MOJS U JIbl-
pOK — B HampaByieHuH 1oJis. O0a NBUXKEHUSI — U JABIPOK, U AIEKTPOHOB — NPUBOMIST K
nepeHocy 3apsiia BAOJb Kpuctaia. CiaeqoBaTeNbHO, COOCMEEHHAA INEeKMPOnpo-
600HOCHD ooycnaenueaemcs Hocumenamu 3apaoa 08yX  3HAKOG —
OMPUYAMENbHBIMU ITIEKMPOHAMU U NOJIOHCUMETbHBIMU ObIPKAMU.
C Touku 3peHUs 30HHOW TEOpUM TBEPJBIX TEI COOCTBEHHAasT MPOBOJIUMOCTH
BO3HUKAET B pe3yJIbTaTe MepPexo/ia JIEKTPOHOB C BEPXHUX YPOBHEU BaJIEHTHOW 30HBI
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B 30HY npoBoauMocTH (puc. 42.5) Ilpu 3ToM B 30HE NMPOBOJUMOCTH TMOSIBJISAETCS HE-
KOTOPO€ YHMCJIO HOCHUTENEH TOKa — 3JEKTPOHOB, 3aHMMAIOIIUX YPOBHHU BOJIU3M JHA
30Hbl. OJJHOBPEMEHHO B BAJICHTHOM 30HE OCBOOOXKJAETCS TAKOE )K€ YMCIIO MECT Ha
BEPXHHUX YPOBHSX, B PE3YJIbTATE YETO MOSABJISIOTCS JIBIPKHU.

VY cOOCTBEHHBIX TMOIYNPOBOJHUKOB KOJIMYECTBO AJIEKTPOHOB, MEPEIICANINX B
30HY MPOBOJAUMOCTHU, OYJET PAaBHO KOJIUYECTBY OOPA30BABIIUXCS JIBIPOK B BaJICHT-
HOM 30HE. Y IeJIbHasi TPOBOAMMOCTD G IIPOIIOPLUHUOHAIBHA KOHLIECHTPAMU HOCUTENEH
TOKa U UX MOJABHKHOCTH:

c=e(Np, + pup), (42.4)
rae N U P — KOHLEHTPAIUU DJIEKTPOHOB U JBIPOK COOTBETCTBEHHO,
l,ln — IIOABHIKHOCTD JJICKTPOHOB IIPOBOAUMOCTH,

38 p MMOABHIKHOCTB OBIPOK.

Iloosusicnocms — OTHOIIEHNE CPETHEH CKOPOCTH U HAIIPABJICHHOTO JIBMKEHUS HOCH-
TeJIeH TOKa K HaNPsKEHHOCTU E 37eKTpruuecKoro mosisi, BEI3BABIIETO ATO ABUKCHHE.

JInst cOOCTBEHHBIX TOJIYIIPOBOJHUKOB KOHIIGHTPAIIMS JICKTPOHOB pPaBHA KOH-
LEHTpALUU IBIPOK (N = P ), HOATOMY

c=en(u, +1p), (42.5)

DIEeKTPONPOBOTHOCTH COOCTBEHHBIX MOJTYMPOBOJHUKOB OBICTPO PACTET C TEM-
nepatypou 1, "BMEHSACH M0 3aKOHY

c =0 exp(— %) , (42.6)

rae  AE — mmpuHa 3anpeimeéHHon 30HbI,

k=1,38-10"% JIx/K — nocrosinnas bonbiMana;

Op — BEIWYMHA, ONpejeNsieMas CBONCTBAMU KOHKPETHOTO Marepuaia, cliado
U3MEHSIOIIAACA ¢ Temueparypor. E€ MOXHO cuMTaTh KOHCTAHTOM U1l JaHHOTO I10-
JyIPOBOIHHUKA.

Inc [IponorapudmupoBas cooTHoleHue (42.6), noary4um
AE
\ Inc=Inc, ———, 42.7
° okT 4z.1)

T.e. 3aBucuMocTh Incot 1/T sBnsercs nuneriHou. ['padux
3apucuMocTtd Inc ot 1/7T mist COOCTBEHHBIX MOYTPOBOIHHU-
KOB M300pakeH Ha puc. 42.6.

ConpoTuBIiieHHE TMOJIYNPOBOJAHUKOB B IIMPOKOM HH-

0 1/T TepBale TeMIIepaTyp H3MEHSETCs 110 3aKOHY:
AE
Pucynok 42.6 R =Rye?T, (42.8)

rie Ry — BenmmuuHa, ompenensiemMas CBOMCTBAMHM KOHKPETHOTO MaTepuana, ciiado
U3MEHSIOIAsAc ¢ Temneparypoi. E€ MOXHO cuMTaTh KOHCTAHTOM ISl JaHHOTO I0-
JTYTIPOBOJHUKA (HENB3s1 TOBOPUTH, YTO ITO HAYAIBHOE COMPOTUBIICHUE HIIA COMPO-

116



OCHOBEI d)I/ISI/IKI/I TBEPAOTO Teaa

THBJICHHE IIpU HyJe Temieparypsl). ['paguk 3aBHcHUMOCTH TeMIeparypsl OT COIpPO-
tusnenns R = f(T), npencrasnen na puc. 42.7.

W3meHeHne COMPOTHUBICHUS TMOJIYNPOBOJHMKA C R
U3MEHEHHEM TEeMIepaTypbl XapaKTepU3ylOT TeMIepa-
TYpPHBIM KO3 (DUIIMEHTOM CONIPOTUBIICHUS.

Temnepamypnuwtii K03¢ppuyuenm conpomuee-
HUA — 3TO BEJIMYMHA, YUCICHHO paBHAas OTHOCUTEIbHO-
My H3MEHEHHUIO CONMPOTUBJICHHS MPOBOJAHMUKA TPH M3-
MEHEHMH ero Temmneparypsl Ha 1 K:

RdT 0 =
Jnsi cOOCTBEHHBIX NOTYIPOBOAHUKOB M3 (42.8) 1 Pucynok 42.7
(42.9) MOXHO TIOJTYYHUTh:
AE
o1 =— : 42.10
T kT2 (4210)

N3 (42.10) cnenyer, u4To 1uig COOCTBEHHBIX MOIYIPOBOAHUKOB o1 <0 1 yObI-

BaeT 10 MOAYIIO C BO3pacTaHUEM TEMIIEPATYPHI.
HOCMOTpI/ITe JICKIMOHHYIO I€MOHCTPAIINIO.
3aBI/ICI/IMOCTB COHpOTI/IBJ'IeHI/ISI HOJ]YHpOBOI[HI/IKa OoT TCMHepaTypr.
http://www.youtube.com/watch?v=lvZpe9CC7c8

42.2.2 Ilpumecnaa npoeooumocms noJynpo8oOHUKOE

[IpumecHass MPOBOAMMOCTh BO3HHMKAET, €CJIM HEKOTOPBIC aTOMBI JIAHHOTO TI0-
JTYTIPOBOJHHMKA 3aMEHUTh B y3JaX KPUCTAIMYECKOW PEIIETKA aTOMaMH, BaJICHT-
HOCTh KOTOPBIX OTJIMYACTCS HAa €AWHMIY OT BaJICHTHOCTH OCHOBHBIX aTOMOB. Ha
puc. 42.8 a ycnoBHO m300pakeHa peniéTka repMaHus C MPUMECHIO MATHBAJICHTHBIX
atomoB ¢ocdopa. Jns o6pa3zoBaHusT KOBAJICHTHBIX CBSI3€H C cocensMu aTomy (¢oc-
dopa 10CcTaTOYHO YETHIPEX IIEKTPOHOB. Cle0BATENbHO, MATHIM BAJICHTHBIN DJICK-
TPOH OKa3bIBAETCS KaK ObI JIUIITHUM M JIETKO OTIIEIUISIETCS OT aToMa 3a CUET SHEPTHH
TEIJIOBOTO JIBHXKEHHUSI, 00pa3ysi CTPAHCTBYIOIINNA CBOOOIHBIN 2JIEKTPOH.

B, [ 1Ag;
~N |
Jlonopusie
E, YPOBHU
6)

Pucynok 42.8
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B oTnmmune or cOOCTBEHHOTO B TMPHUMECHOM IOJYIIPOBOJHUKE OOpa3oBaHUE
CBOOOJ/IHOTO 3JIEKTPOHA HE COMPOBOKIAETCS HAPYIICHUEM KOBAJICHTHBIX CBSI3€H, T. €.
oOpazoBaHueM JIbIpKU. B OkpecTHOCTH aTomMa MpUMECH BO3HUKAET U30BITOUHBIN TO-
JIOKUTENIbHBIN 3apsill, HO OH CBSI3aH C 3TUM aTOMOM M HE MOXET MEePEMEIAThCS 10
pemiétke. brmaromapsi aTomy 3apsiiy aToM NPUMECH MOKET 3aXBaTUTh MPUOJIM3UB-
IMIMICS K HEMY DJIEKTPOH, HO CBA3b 3aXBAYEHHOT'O 3JIEKTPOHA C aTOMOM OyJIeT He-
IPOYHOM U JIETKO HAPYIIAETCs] BHOBB 32 CUET TEIIOBBIX KOJICOAHUM PEIIETKH.

Takum 00pa3oMm, 6 noYnpo8oOHUKe ¢ RPUMECHIO, 8ATIEHIMHOCHLL KOMOPOU HA
eouHuyy 6onvuie 8a1eHMHOCHU OCHOBHBLIX AMOMO8, UMEEMCA MOAbKO 0OUH 6UO
Hocumeneil moxka — 3nekmponsl. COOTBETCTBEHHO T'OBOPST, YTO TaKOM MOJYIPO-
BOJHUK 00JIaJIaeT 2J1eKMPOHHOU RPOBOOUMOCHbIO VITH SIBISIETCS TTOIYITPOBOITHUKOM
n—-tuna (OT cioBa Negative — oTpUlaTeNIbHBIN). ATOMBI MPUMECH, MOCTABJISIOIINC
3JEKTPOHBI IPOBOJIUMOCTH, HA3bIBAIOTCSL OOHOPAMU.

[Ipumecn MCKaXxarT MOJE PEHIETKA. JTO MPUBOAUT K BO3HUKHOBEHHMIO Ha
JHEPreTUYECKON CXEME NMPUMECHBIX YPOBHEH, PACIIONIOKEHHBIX B 3aIPEIIEHHON 30HE
KpucTtaia. B ciydae monynpoBOAHUMKOB N—THUIIA IPUMECHBIE YPOBHH HA3bIBAKOTCSA
JOHOpHBIMU (pucC. 42.8 0). Ha cxeme Ag, — pa3HOCTb SHEPTHH JOHOPHOTO YPOBHS U

JTHA 30HBI TPOBOJAUMOCTH (PHEPTHUs AKTUBAIMU JOHOPHBIX TPUMECEH).
Ecnu sHeprust aktuBanuu ropa3fo MEHbIIE, YeM IIUPUHA 3anpeliEHHON 30HbI
(A, <<AE), To 5Hepruu TEIIOBOIO JBMKEHHUs NaXe IPU HU3KHUX TeMIepaTypax

OKa3bIBAETCS JOCTATOYHO JUIsl TOTO, YTOOBI IEPEBECTH IEKTPOH C JOHOPHOTO YPOB-
HSl B 30HY npoBoauMocTtu (puc. 42.8 6). DToMy mporieccy COOTBETCTBYET OTIIEILIe-
HUE MSITOTO BaJIGHTHOIO 3JIEKTPOHA OT aTOMa MPUMECH.

Paccmotpum ciiyyail, Korja BaJ€HTHOCTh NPUMECH HA €IMHUILy MEHbBIIE Ba-
JIEHTHOCTH OCHOBHBIX atoMoB. Ha puc. 42.9 a yciioBHO n300pakeHa pemerka KpeM-
HUS C TPUMECKIO TPEXBAJICHTHBIX aTOMOB Oopa.

E. Axyenmopnuvie
i
E, X — 4 TAE,
0)

Pucynoxk 42.9

TpéX BaJICHTHBIX AJIEKTPOHOB aTomMa OOpa HEJOCTATOYHO Jisi 0Opa3oBaHUS
CBsI3€M CO BCEMU UeThIpbMs cocesaMu. [1oaTomMy 071Ha U3 CBSI3€M OKaXETCsl HE YKOM-
IUIEKTOBAHHOM, U OylneT MpeacTaBisiTh COOOM MEeCTo, CIOCOOHOE 3aXBaTUTh DJIEK-
TpoH. IIpu mepexose Ha 3TO MECTO JIEKTPOHA B OJTHOM M3 COCEIHUX AP BO3HUKAET
JBIpKa, KOTOpasi OyAeT KoueBaTh Mo KpUcCTauTy. BOMM3u aroma mpuMecu BO3HUKAET
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M30BITOYHBIN OTPUIIATENBHBIN 3apsii, HO OH OyJeT CBS3aH C JaHHBIM aTOMOM M HE
MOJKET CTaTh HOCUTEJIEM TOKA.

Takum 00pa3oM, 6 noaynpoeooHukKe ¢ npumecsvio, 6a1eHMHOCHb KOMOPOU
HA eOuUHUUYy MeHbuie 6ATeHMHOCMU OCHOGHBIX AMOMO8, 603HUKAIOM HOCUMETU
MOJIbKO 00H020 éuda — OvipKu. [IpoBOIMMOCTh B 3TOM Cily4yae Ha3bIBACTCS OblPOU-
HOIl, a O TIOJTyTIPOBOJIHUKE TOBOPST, UTO OH OTHOCHUTCS K p—THUIly (OT ciioBa positive —
noJIOKUTeNbHbIN). [IpuMecH, BbI3bIBaIONIME BO3HMKHOBEHHUE JBIPOK, HA3bIBAIOTCSA
aKUenmopHvIMu.

Ha »sHeprernueckoil auarpaMme BO3HUKAIOT MPUMECHBIE YPOBHHU, KOTOPHIE
Ha3bIBalOTCs akuenTopHeIMU (puc. 42.9 6). Ha cxeme Ag, — pa3HOCTh 3HEPIUil Io-

TOJIKa BAJICHTHOM 30HBI U aKIENTOPHOTO YPOBHS (SHEPTHs aKTUBAIIUU AKIICTITOPHBIX
npuMeceii). AKIIENTOPHBIC YPOBHH OKa3bIBAIOT CYIIECTBEHHOE BIIMSIHUE HA DJICKTPH-
YeCKHE CBOMCTBA KpUCTAJJIa B TOM ClIydae, €CJIM OHU PACIIOIOKEHbI HEAAJIEKO OT IO-
TOJIKa BaJICHTHOW 30HEL, T.e. eciil Agp << AE (puc. 42.9 6). OOpa3oBaHHIO JIBIPKH

COOTBETCTBYET MEPEXO0/ JIEKTPOHA U3 BAJICHTHOW 30HBI HA AKLENITOPHBINA YPOBEHbD.

DNEeKTPOHHBINA XapaKTep MPOBOJAUMOCTH MOJIYNPOBOJHUKOB N—-THUIMA U JBIPOY-
HOM XapakTep MNPOBOJUMOCTH MOJYHIPOBOJHUKOB p—THUIA MOJTBEPKIAETCS IKCIEPHU-
MEHTaIBHO Tpu uccienaoBanuu 3¢Pdekra Xomra. HabmromaeMbrii 3HaK XOJIOBCKOM
Pa3HOCTH MOTEHIMAJIOB COBIIAJIAE€T CO 3HAKOM HOCUTEIIEH TOKA.

[Ipu moBbIlIEHUH TeMIEpaTypbl KOHIIEHTpAIUsl MPUMECHBIX HOCHUTENICH TOKa
OBICTPO JOCTUTAET HACHIIEHUSA. DTO 3HAYUT, YTO MPAKTUUECKH OCBOOOKIAIOTCS BCE
NOHOpHBIE YpOBHH. Temrieparypa, Mpu KOTOPOW JOCTUTAETCS HACBIIICHUE, HAa3bIBa-
ercss memnepamypoi ucmowienusn npumecei (Ts). Ilo mepe pocra Temmeparypsl Bce
B OOJbINIEH CTENEHM HAYMHAET CKa3bIBAThCA COOCTBEHHAs] MPOBOJIMMOCTH IMOIYIIPO-
BOJHHMKA, O0YCIIOBJICHHAs MEPEX0I0M 3JIEKTPOHOB HEMOCPEICTBEHHO M3 BaJCHTHOU
30HBbI B 30HY MPOBOAMMOCTU. JTa TEMIlepaTypa Ha3bIBaCTCs memnepamypoil nepe-
xo00a K cobocmeennoii npoeooumocmu T;. Takum o0pa3om, 3JIEKTPOMPOBOAHOCTD
IIPUMECHOIO MOJIYNPOBOJHUKA B IIMPOKOM MHTEPBAJIE TEMIEPATYP CKIAJAbIBACTCS U3
NpUMECHOU U coOCTBeHHOM. [Ipu HU3KUX TemIiepaTypax npeoodsiaiaeT npuMecHas, a
P BBICOKHX — COOCTBEHHAS MMPOBOJIUMOCTb.

DNeKTPONPOBOAHOCTh MPUMECHOTO MOJYIPOBOJHUKA MOXKET OBITh BbIpakKeHa
COOTHOIIIEHHEM

AE T~

G:GOG_E-FG e 2kT | (42.11)

npuM

Inc
rae  A€ppuy — YHEPIHs aKTHBAIMU IIPUMECH;

Onpuw — KOHCTAHTA, OINpeEJeseMasl TUIIOM IpUuMe-
CH.

[lepBoe cnmaraemoe COOTBETCTBYET COOCTBEHHOM
IPOBOJMMOCTH, a BTOpPO€ — IpuMecHOil. CxemaTu4Ho,
rpaduk 3aBucumoctu Inc ot 1/7T umeer Bua, mpencTa-
neHHbld Ha puc. 42.10. [To HaKJIOHY JTMHEWHBIX YYaCTKOB
MOXHO ONPENENATh IUPUHY 3alpeIIEHHON 30HBI AE H
HHEPTUIO AKTUBALMM NIpuMeced Ag

Ut 1T T
Pucynok 42.10

pum *
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B nonynpoBojHMKax, npu J1000M XapakTepe UX MPOBOJUMOCTH, YUCIO HOCHU-
TeJIe TOKa 3HAYMTEIBbHO MEHbIIE, YeM B MeTauiax. Ho koHUeHTpauus HocuTenen
TOKa B MOJIYIIPOBOJHUKAX U UX YHEPIrUs CUIBHO 3aBUCAT OT TEMIIEPATYPhI U BO3pac-
TalOT MPU €€ MOBBIIIEHUU. DTO CO3HAET 60O3MOMCHOCHb YNPABIEHUA YUCIOM HOCU-
meseil moKa U UX SHEPrueu B MOJYNPOBOJAHUKAX, IIUPOKO MPUMEHSIEMYIO B IOJY-
MPOBOJIHUKOBBIX YCTPONCTBAX.

§43 DaexkTpoHHO-ABLIPOYHBbIH nMepexon. [loynpoBoAHUKOBBINA AHO

O06nacTh MOHOKPHUCTAJNIMYECKOTO TMOJYIPOBOJHHUKA, B KOTOPOU MPOUCXOIUT
CMEHA MPOBOJUMOCTU C AJIEKTPOHHOM Ha JBIPOYHYIO (MM HA0OOPOT), HA3bIBACTCS
IEKMPOHHO-0bIPOUHBIM nepexodom (P-n-iepexonom). Takoit p-n-nepexoa oOpasy-

€TCsl B KpUCTAJIJIE MOJIYIIPOBOJHUKA, €CIIK B HEM C TO-

n lo P MOIIIbI0 COOTBETCTBYIOIIMX MpUMeceid OyAyT CO3/1aHbl
000 7T 006 YYaCTKH C Pa3Nu4Hoi (N u P) mpoBoauMoOCThiO. Tak,
OO0 IiZZ @G €CJIM IIPU BBIPAILMBAHUN MOHOKPHUCTAIa T€pMaHUs B
OO0 11t PO® pacruiaB BBOJAWTh HEOOXOAMMbBIE MPUMECH, TO TOJyda-

€TCS. MOHOKPHUCTAJLJI, B KOTOPOM UMEIOTCS IMOCIEN0Ba-
TEJIHHO PACIOJIOKEHHBIE 00JIACTH C Pa3IUYHBIMHU THUIIA-
MU [IPOBOJUMOCTH.

Ha rpanutie n1Byx moaymnpoBOJAHUKOB C Pa3IUYHBIM THIIOM MPOBOJIUMOCTH 00-
pasyeTcsi TBOWHON KOHTAKTHBIM CIION. DJIEKTPOHBI U3 N-TOJIyNmpoBOgHUKA AU DYH-
TUPYIOT B IBIPOYHBINA p-TIOIYITPOBOHUK. ITO MPUBOJUT K OOCTHEHHIO JIEKTPOHAMHU
N-TIOJTyTPOBOTHUKA BOJIM3M TPAHUIIBI M K 00Pa30BAHHUIO U30BITOYHOTO MOJIOKHUTEIb-
HOTO 3apsijia B N-KpUCTajlie, CBA3aHHOTO C aTOMaMU JOHOpHOU mpumecH. Juddy3us
JBIPOK U3 p-TOJYNPOBOJHUKA OyAET MPOUCXOJIUTH B MPOTUBOIIOJIOKHOM HampasJe-
HUU U YCWJIUT 00pa30BaHME M3OBITOYHBIX OTPUIATEIBHBIX 3JIEKTPUUECKUX 3apsioB
Ha TPaHUIIE JIECKTPOHHO-IBIPOYHOTO MEPEX0/Ia, CBA3AHHBIX C aTOMaMH aKIENTOPHOU
npuMecr. TakuM o0pa3oM, CO3aeTCs JBOMHOW 3JIEKTPUYCCKHIA CIIOM TOMIIUHBI |g,
KOTOPBIN MPEMSITCTBYET MEPEXOAY ANEKTPOHOB U JBIPOK UEpe3 IPaHUILy pa3ziesia JByX
HOJIyIIPOBOIHUKOB (pHcC. 43.1) U, MO3TOMY, Ha3bIBACTCS 3anuUparousum. 3aupParoIIui
CJIOM MMEET MOBBIIIEHHOE COMPOTUBJICHUE, U MPEOAOJETh €ro OCHOBHBIE HOCHUTENH
MOTYT JIUIIb IIPU TEMIIEpAType MOPSIAKA THICSY TPaTyCOB.

I JIeCTBUE BHEIIHETO JJIEKTPUYECKOTO MOJIS CYIIECTBEH-

Pucynoxk 43.1

n Lop HbIM 00pa30M BJIMUSIET HAa CONPOTHUBJICHUE 3alUPAIOIIETO CIIOA.
@éi - é@ [logagum Ha P-N-mepexo] BHELIHEE HANPSKEHHE TaKOTo
o~ I= <@ HaIpaBJICHUs, YTOOBI TUTIOC ObUT MOJKIIOYEH K P-obiactu, a
MUHYC — K N-o0nactu (puc. 43.2). Takoe BKIIOYEHUE HA3BIBACT-

| cA npambim. Toraga 1ox JEUCTBUEM DJIEKTPUYECKOTO MOJIS

=+ AJIEKTPOHBI B N-TIOJYNPOBOJHUKE OyIyT MepeMeniarbcs K rpa-
Pucynok 43.2 HUIIE pa3jesa NoJTynpOBOAHUKOB. JIbIpKH B p-TIOIYIPOBOJHUKE

NoJi JCMCTBHEM TOTO K€ TMOoJisi OyIyT JBHUraThCi HaBCTpEUy
AJNIEKTPOHAM TakXe K 3Tou rpanuuie. [Ipu Takom mpormyckHOM (MpsSMOM) HarpasJie-
HUU TOKAa B TOJYNPOBOJAHUKE TOJIIMHA 3alHPAOIIETO CJI0si OyleT HEmpepbhIBHO

120



OCHOBEI d)I/ISI/IKI/I TBEPAOTO Teaa

YMEHBIIATHCS. DJIEKTPOHBI, MEPEXOAA TPAHULY, «3AMOJHAIOT» IBIPKH, T.€. B IOrpa-
HUYHOM CJIO€ MPOMCXOAMT PEKOMOMHALMS BJIEKTPOHOB € JbIpkamu. ['panuma p-n-
nepexoja He OyAeT MPeJCTaBIsATh CONMPOTUBICHUS AJI1 TOKA, BBI3IBAEMOI'0 BHEILIHUM
HaIpsDKEHUEM. DTO HaIpsSHKEHUE HEOOXOAMMO TOJIBKO UISl TOTO, YTOOBI MOIAECPHKU-
BaTh BCTPEYHOE JIBUKEHUE JIEKTPOHOB U JIBIPOK.

W3MeHnM NOJIAPHOCTH MOJKIOYEHUS, T.€. MPUIIOKUM K P-N-TIEPEXOTY HAIps-

JKCHHUC TAKOI'0 HaIIpaBJICHHA, YTOOBI ILTIOC OBLI 1o~ I
2

KJIIOYeH K N-007acTH, a MHUHYC — K P-00JacTH n Y
(puc. 43.3). Takoe BKJIIOUEHHE Ha3bIBACTCS 0Opam- “@: B @":
HbIM. J[BIDKU B p-TIOJTyIIPOBOAHKMKE U JJIEKTPOHEI B N- O TICC o

MOJIYTIPOBOJHUKE OyIyT MEepeMemaTbCs OT TPaHUIIbI
pazzena B MPOTHUBOIMOJIOKHBIE CTOPOHBI. B 3TOM Ciy-
yae OyJeT YBEJIMYMUBATHCS pa3Mep 3aluparoIiero
CJI051, B KOTOPOM KOHIIEHTpAIUs MOABHXHBIX HOCUTE- Pucynoxk 43.3
JIel TOKa — DJIEKTPOHOB U JIBIPOK — OYyJI€T 3HAUUTEIIb-
HO MEHBIIIe, YeM B OCTAJIbLHOM OoOBeMe MOJympoBOAHWKA. B obmactu, o6eqHEHHOM
ITOJIBMKHBIMU 3apsAlaMU, BO3PACTAET JIBOMHOM JIEKTPUUECKUMN CIOM HEMOABHKHBIX
3apsiIOB MPOTHUBOIIOIOXKHOTO 3HaKa (puc. 43.3).

Yem Oouibiiie OyJeT MPUIIOKEHHOE 3amuparoiiee
I HaIpsDKEHHUE, TeM TOJIIE JTBOMHOM cliol, 00eIHEHHBIM
ITOIBM>KHBIMHM HOCHUTEIISIMHM TOKA, M, BCIIEACTBHE 3TOTO,
TeM OOJIbIlle CONMPOTUBIIEHHE Takoro cios. [Ipu mocra-
TOYHOM OOpaTHOM HAIPSHKEHUU 3alHUPAIOIIUNA  CIIOM

[1
=

_’{Uﬁ I, MPEACTaBIAeT COO0M MPAKTUYECKH HU30JSATOP, B KOTO-
! I POM OTCYTCTBYIOT MOJABUKHBIE HOCUTEU TOKA.
i 0 Ha puc. 43.4 npencraBieHa BOJIbT-aMIIEpHAs Xa-
! I paktepuctuka p-n-nepexona. HeOosbiioit oOpaTHBIM
! TOK |g OOYyCIOBIIEH HEOCHOBHBIMM HOCUTENIIMU (CM.

Pucynok 43.4 JIEBYIO BETBB pucC. 43.4). p-N-niepexoj; MOKET BBIICPKHU-
BaTh OOpaTHOE HANpPSKEHHE O ONPEETIEHHOTO Mpee-
na Uy, mocie 4ero HacTynaeT NpoOoH, aHAJIOTMYHBIHI TPOOOIO TUDIEKTPHKA.

Takum o6paszom, p-n-niepexoa 00IaTACT CEOUCMEOM 0OHOCMOPOHHEN NPOBO-
oumocmu. CriocoOHOCTb P-N-TIepexoaa NPOIyCKaTh TOK B OJJHOM HAIpaBICHUU U HE
IIPOMYCKAaTh WJIM MOYTHU HE MPOIYyCKaTh €ro B MPOTHUBOIIOJI0KHOM HaIlPaBJICHUH HC-
N0JIB3YETCS B TPUOOpaX, HA3bIBAEMBIMH MOJTYIPOBOJHUKOBBIMU JUOJAAMH. DTO CBOM-
CTBO JMOJa XapaKTEPU3yeTcs Koagguyuenmom gpinpamienus

o=—" (43.1)

T.e. OTHOLICHHEM mpsiMoro |, u obpartHOro |, TOKOB, H3MEPEHHBIX P OAMHAKO-

BBIX TI0 BEJIMYMHE NPSIMOM M oOpaTHOM HampsbkeHHd. OObIdHO K03(DPHIIMEHT BHI-

IPSIMJICHHST COCTABJISIET BEIMUYMHY B HECKOJIBKO COTCH €IMHMUI], HO MOXKET JOCTHTaTh
< 105106

u Oousbiux 3Hauenui (10°+10°).
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JIOCTOMHCTBOM MOJIYIIPOBOJHUKOBOTO JMOJa SIBJISIOTCS MaJble pa3Mepbl U
Macca, IJIMTeIbHBIA CPOK CIIY»KObI, BRICOKAss MEXaHU4YecKasi MPOYHOCTh, BEICOKUM KO-
3¢ PUIMEHT MONE3HOTO IEUCTBHSI, @ HEIOCTATKOM — 3aBHCHMOCTh UX MapaMeTPOB OT
TeMIEpaTyphl.

844 BuyrtpenHnuii porodrpdexr

[TosiBnenue Hocutenel TOKa B MOJYIPOBOJHUKAX MOXKET OBITh BBI3BAHO IO-
E TJIoleHreM cBeta. Eciu sHeprust kBanta hv mpessbimia-
eT MIMPHUHY 3anpemEHHON 30HbI, T.¢. v > AE |, To a1ek-
TPOH, HOTJIOTUBIIMK KBAHT, NEPEXOAUT U3 BAJICHTHOU

30HBI B 30HY npoBoaumocTtu (puc. 44.1). B pesynbrare

h AE TOSBISIETCS OMOJIHUTENbHAS [1apa HOCHUTEICH TOKa —
ANEKTPOH U JbIPKA, YTO MPOSBISIETCA B YBEIMUYCHUU

T AIIEKTPOIPOBOIHOCTH BeecTBa. [IpoBoanmocTs, 00y-

R R CJIOBJIEHHAs TOSIBJIEHUEM 3TUX 3JIEKTPOHOB MJIM JBIPOK,
Ha3bIBaeTCsa @omonpoeooumocmoio. SIBieHHE nepe-
pacrpeneneHus 3JIeKTPOHOB N0 YHEPTETUYECKUM YPOB-
Pucynok 44.1 HSM IIOJ ACHCTBHEM CBETA HA3BIBACTCS GHYMPEHHUM
domorgppexmom (B ortauuue ot BHemHero ¢GoTodd-

¢dekTa rnpu 3TOM OHU HE MOKHUAAIOT BEIIECTRO).

[TpuGopsl, B KOTOPHIX UCIOJIB3YETCS] CBOMCTBO MOJIYITPOBOIHUKOBBIX KpUCTaJI-
JIOB U3MEHATHh CBOE AJIEKTPUUECKOE CONMPOTHUBJIEHUE MPU OCBEIICHUU CBETOM, Ha3bl-
BatoTCs OTOPE3UCTOPAMH.

@omoconpomuenenue (HOTOPE3UCTOP) — NBYXIICKTPOIHBIA MOTYTPOBOTHH-
KOBBI (JOTO3JIEMEHT, KOTOPBI U3MEHSIET CBOIO EKTPOIPOBOJAHOCTh B 3aBUCUMOCTH
OT MHTEHCHUBHOCTH M CIEKTPAIBHOIO COCTABA NMAJAIOIIETO CBETA.

[TpuHun yctpoiicTBa (oTope3ucTopa Moka3zaH Ha o
puc. 44.2. Ha nuanexkTpuyecKyro IJIacTHHY | HaHOCUTCA
TOHKHMH CIJIOM MOJYNPOBOJIHHUKA 2 C KOHTAKTaMH 3 IO Kpa- 3i ‘ ‘ ‘

AM. 3aTe€M MOJIYNIPOBOJHUK IMOMEMIAIOT B 3alIUTHBIA KOp- 2—¢

MyC, KOTOPbI O0OPYJOBAaH «OKHOMY» JIi IPOHUKHOBEHUS 1~
cBeTa. B kayecTBe MOyNPOBOAHUKOBBIX MaTEPHUAJIOB HC- Pucynok 44.2
noas3yior Se, Te, Ge, WIS, PbS, PbSe u T. 1., B 3aBucu-

MOCTH OT CIEKTPaJIbHOTO COCTaBa H3JIyYEHHS, HAMPABIIEMOro Ha (OTOPE3UCTOP.

@doTOpEe3uCTOPHl UMEIOT JIMHEHWHYIO BOJIbTaMIepHyto (puc. 44.3 a) U HeuHEH-

I} U=const HYIO JIIOKC-aMIIEPHYIO XapaKTEPUCTUKH (pHUC.

44.3 6). BonpT-amnepHas XapakTEepPUCTHKA —

3aBHUCUMOCTh (POTOTOKA OT HPUIIOKEHHOTO

HaNpsDKEHUS] — CHUMAETCS TIPU HEU3MEHHOM

U @ CBETOBOM MOTOKE. JItOKC-amIiepHass — 3aBu-
0 0 CUMOCTh ()OTOTOKA OT CBETOBOIO MOTOKA —

a) 6) IPY HEM3MEHHOM HalpsHKEHUH.

Pucynok 44.3 OCHOBHBIMHU XapaKTepUCTUKaMH (POTO-
PE3UCTOPOB SIBISIOTCS TEMHOBOE COIPOTHB-
nenue R; u yienbHas 4yBCTBUTENIBHOCTH K.

PY
o4 A

|4 ®=const
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Temnoeoe conpomuenenue R, — conporuBienure (HOTOpe3UCTopa Mpu OTCYT-
4 7
cTBUM o0ydeHusa. OHo cocTaBiiseT Bennuuny nopsiaka 107 —10° Om.
Yoenvnaa uyecmeumenvnocme — otHonenue GporoToka | o K TIPOU3BE/ICHUIO

BEJIMYMHBI MAJAOUIero Ha (OTOpe3ucTop CBEToBOro motoka @ Ha mpUIIOKEHHOE
Hanpsbkenue U:

I
- (44.1)
oU
OObIYHO yAaclibHasA 49yYBCTBUTCIIBHOCTb COCTABJIAACT HCCKOJIBKO COTCH MJIM ThICAY MHUK-
poaMIICp Ha BOJIbT-JIFOMCH.

3HauMUTENbHAS] 3aBUCUMOCTh COMPOTHUBIICHHUS OT TEMIIEPATypPbl, XapaKTepHas JJIs MOIYIpO-
BOJIHUKOB, SIBJISIETCA HEIOCTaTKOM (poTope3ncTopoB. CyIIEeCTBEHHBIM HEIOCTATKOM TaKXKe CUHTa-
eTcsl uX OOoJIbIIasi MHEPIMOHHOCTh, KOTOpask OOBSICHSIETCS JOBOJIBHO OOJBIIMM BPEMEHEM PEKOMOMU-
HAIlUU AJIEKTPOHOB U ABIPOK MOCie mpekpamieHus oonyyeHus. Tem He meHee, GOTOPE3UCTOPHI LIH-
POKO NMPUMEHSIOTCA B PA3JIUYHBIX CXeMaxX aBTOMATHKUA. POTOPE3UCTOPHI NPUMEHSIOT KaK JETEKTO-
pBI U3TY4YEHHUS B CHCTEMaX aBTOMAaTHUYECKOTO perynupoBaHus, ¢ororenerpaduu, B poToaneKTprye-
CKUX MUPOMETPAX, & TAKIKE B CXEMaX M3MEPEHUs MPO3PAYHOCTH JKUIKOCTH U ra3a (IIMHOMEPHI, KO-
JIOPUMETPBHI), Uil U3MEPEHHUsI KayecTBa MOBEPXHOCTH (IIEPOXOBATOCTH, OJEKIOCTH), KOHTPOIS pas-
MEpOB ACTAJICH, TMHEHHBIX Pa3MEPOB U T.J.

OHU TNO3BOJISIIOT YINPABIATh HAa PACCTOSIHUM MPOLECCAMU MPOU3BOJICTBA, AaBTOMATUYECKU
OTJINYaTh HApYLICHHUs HOPMAJIBHOIO XOJAA MPOLECCAa U OCTAHABIMBATH B ITUX CIy4asX IpoIECC.
[Ipu HapymeHHusx xoja mpoiecca U3MeHsIeTcs TOTOK CBETa, MOMaAaloIero Ha (oTO3IEMEHT, U CO-
3/1a€TCsl TOK, BBIKJIFOUAKOIINI BECH IIPOLIECC.

KonnuectBo o0pasyromuxcs HOCUTeNelH TOKa MPOMOPLUUOHAIBHO MaaloIEMy CBETOBOMY
MMOTOKY, TIOATOMY (POTOPE3UCTOPHI MPUMEHSIOT B (DOTOMETPHUH ISl H3MEPECHUS OCBEIIICHHOCTH.

ITocMmoTpHTE JIEKIIMOHHYI0 1EMOHCTPALMIO:
dotopesucrop: "A kakoBbl Bamu HamepeHus?"
https://www.youtube.com/watch?v=_9R7hIREOCY

§45 TepmosyiekTpHUYeCKHe SIBJICHUS

Mexny TEnnoBbIMU U JIEKTPUYECKUMM IIPOLIECCAMU B METAJIAX U IOJIYIPO-
BOJIHMKAaX HMEETCS] B3aWMOCBS3b, KOTOpas OOYCIIOBIMBACT SIBICHUS, HA3bIBa€MbIC
TepModJekTpuueckuMu. K ux uucny oTHocsTcs sBieHue 3eedeka, sineHue llenbroe
u siBienne Tomcona. Ot 3¢ (eKTsl CBs3aHbI ¢ B3aMMHBIM IIPEBPAIICHUEM TETIOBOM
OHEPI'UH B SHEPIHIO DJIEKTPUUECKOTO TOKA.

A 45.1 Aenenue 3eevexa
<t

Ecnu criau 1 1 2 AByX pa3HOPOJHBIX METAIJIIOB A U

B, oOpasyrommux 3aMkHyTyio mnenb (puc. 45.1), umerT
T, T, HeoxuHakoByro Temmepatypy (T, #T,), T0 B Hemu teder

ANEKTpUUecKuil TOK. M3MeHeHne 3Haka y pa3HOCTU TEM-
neparyp NpUBOJUT K U3MEHEHHUIO HAMPABIEHUS TOKA. DTO
B B aByieHne 06110 OTKPHITO B 1821 rony T. 3eebexom.
Bo3Hukinas sneKTpoABMKYIAsS CHUJIa HA3bIBACTCS
2 mepmodnekmpoosurcywieit cunoui (repmo-3iac). Conep-

Pucynok 45.1 123
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Kalas J1Ba cras 1ellb Ha3bIBaCTCsl mepmonapoi. B o0ieM cirydae BeTMYMHA TEPMO-
JIC OTIPENENSAETCS CIEAYIONIUM 00pa3oM:

€ repmo = v[O(‘AB(T)dT | (451)

rie o ag(T)— yaenbHas TepMO-d/IC. NAHHOM Maphl METAILIOB MM HOMYHPOBOIHUKOB.
Jlns GOJBIIMHCTBA TIAp METAIOB oL ag(T) 3aBHCHT OT TemmepaTyp criaes u

nmeert 3uadernst (107°+10™%) B/K; 11s1 mOJTyIPOBOIHHKOB OHA MOXKET OKa3aThCsl 3Ha-
quTensHo Gombie (mo 1,5-107 B/K).

B oTmenpHBIX ciydasix yaenabHas TEPMO-3/C CIa00 3aBUCUT OT TEMIEpPaTypHhI.
Torga popmyiy (45.1) MOKHO MPUOIMIKEHHO TIPEJICTABUTH B BUE

€repmo — A AB (TZ _Tl)’ (452)

T.€. TEPMO-37IC POMOPIIMOHATIFHA PA3HOCTU TEeMIIepaTyp craeB. TakuM oOpa3oM, B
addexTe 3eedeka MPOUCKXOIUT MPSIMOE MPEeoOpa3OBaHUE TEIUIOBON YHEPTUU B DHEP-
THIO TOKA.

Tepmomnapsl HMCHONB3YIOT JIE  HM3MEpPEHUs
teMrneparyp. OIuH cnaid TepMmomnapsl MOIIEPKUBA-
10T TIPY TTOCTOSTHHOW TeMIiepaType (Hampumep, KOM-
HatHOH, win nipu 0°C), npyroi momMemarwT B Cpeay,
TEMIEpaTypy KOTOPOU XOTAT M3MepuTh (puc. 45.2).
[Ipu wcmonp30BaHUKM TEPMOIIAP JJIsi TOYHBIX H3ME-
peHUl TeMIepaTypbl Jydllle H3MEPSTh BO3HHUKAIO-
IIyI0 B IIETH SJEKTPOJBIDKYIIYIO CHIIy, a HE TEKY-
KA B HEH TOK. DTO CBA3aHO C TEM, YTO DIEKTPO- Pucynoxk 45.2
JABWOKYIIAsi CUJia 3aBUCUT TOJBKO OT poja 00pasyro-

MUX TepMOMapy METaUIOB M TEMIIEpaTyphl CIAeB, a CHUJa TEKYIIEro B IEMH TOKa
OTIpEICTISICTCS, KPOME TOTO, CONPOTHUBICHUEM M3MEPHUTEIBHOTO MPUOOpa, COECTUHU-
TEIBHBIX TIPOBOJIOB M BHYTPEHHUM COTIPOTUBJICHUEM CTlacB. BHyTpeHHEE COMPOTHB-

JICHHE CIIaeB CHJILHO 3aBUCUT OT COCTOSIHUS CITast ¥ IIODTOMY MEHSETCSI CO BDEMEHEM.
st mpoBenieHusl OBICTPBIX U3MEPEHHI TeMmrepaTyphl, He Tpedyro-
A X BBEICOKOH TOYHOCTH, B LCIIb TCPMOIIAPbl BKIIHOYAIOT MUJIJIMBOJIBTMCTP
o cxeme, n300paxkeHHOM Ha puc. 45.3. V3MepuTenbHbIi criaii TepMOIaphl
IPUBOJAUTCS B KOHTAKT C TEJIOM, TEMIIEPATYPY KOTOPOr'0 HAJO OIPEAEIUTD.
Jlnig monydyeHusl MpaBUIIbHBIX PE3yJbTaTOB U3MEPEHHi, TepMonapy HeoO-
1 2 XOQUMO IIPEIBAPUTENIHHO MPOrpalynpoBaTh UIN HCIIOJIb30BaTh CTaHIApT-
Hble Tapbl ¢ TaOyJUPOBAaHHBIMM 3HAYEHHUSIMH TepMo-31c. ['pagynpoBka
TCPMOIIAPhI 3aKIIIOYACTCA B YCTAHOBJIICHUU 3aBUCUMOCTU BCJIMYHUHBI TCPMO-
57IC OT PA3HOCTH TEMIIEPATyp CIIaeB.
C nmoMoIIbI0 TepMOTap MOXKHO U3MEPSTh C TOYHOCTBIO TOPSIZIKA CO-
b TBIX noyier rpamyca kak Hu3kue (10 0,1 K), tak u Beicokue (10 1600 K)
Pucynok 45.3 TEMIIEPATYPHI.

IMocMoOTpHUTE JIEKIHOHHYIO IEMOHCTPALMIO:
Dddext 3eedeka (Tepmornapa)
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https://www.youtube.com/watch?v=Gv1IHc1B8Mc
45.2 Henenue Ilenvmoe

O¢ddexr [lenpThe (0TKpHIT B 1834 TOMY) COCTOUT B OOpPAaTUMOM BBIJICICHUU
nomoaHuTeNbHOTO (K 3 dexty xoymns — JIeHna) Teria Ha KOHTAKTe ABYX METaJIJIOB
VI TIOJTyITPOBOTHUKOB TMPU MPOXOKJIECHUU YEPE3 HETO AIEKTPUUECKOro Toka. Takum
oOpazom, siBneHue [lenpThe Oka3pIBaeTCsS 0OpAaTHBIM SBIICHUIO 3eeOeKa.

ONBITHRIM TTyTEM YCTAHOBJICHO, YTO KOJUYECTBO BBIJEIHBIICTOCS WM ITOTJIO-
TUBIIETOCS B CIae TeIUla MPOMOPUUOHANBHO 3apsay (= 1t, mpomenmemy depes

CIIai:
Qag =1llag q=1lpgl t. (45.3)

Koadpduuuent nponopumonansHoctu Il,g HasbpiBaeTcss Ko3(hduuueHTom

[lenbThe, MHIIEKCHI YKA3bIBAIOT, YTO TOK TEYET OT 3BeHa A K 3BeHy B (puc. 45.4). U3
(45.3) cnemyer, uro B otiauuue ot Temna Jxoyins — Jlenua

(Q=1 °Rt ), Temno IlenbThe MponopLUHOHAIBHO HE KBAJApaTy, a

IIEPBOM CTENEHU CUJIBI TOKA. JTO 03HAYAET, YTO IIPU NIEPEMEHE
HarpaBieHus: Toka Qap MEHSET 3HaK, T.e. BMECTO BBIJICJICHUS
Teryia HaOJII01aeTcs MOIIOIIEHNE TaKoro JK€ KOJIMYeCTBa Tell-
na, T. €. [lag =—1lgp.

M3 3aKk0HOB TEPMOJMHAMUKH BBITEKAET, YTO KO3 PUIu-
eHT IlenbTbe U yAenbHas TEPMODICKTPOABUKYIIAS CUTA CBA-
3aHbI COOTHOLICHUEM

Pucynok 45.4 Ipg =0ppT - (46.4)

B cityyae KOHTaKTa IByX BELIECTB C OJJMHAKOBBIM BUIOM HOCHUTEIEH TOKA (Me-
TaJNI-METal, METAJI-TIOIYNPOBOJAHUK N-TUMA, JABa MOJYNPOBOJHMKA N-THUIA, JIBa
noJIynpoBOAHUKA P-Tuma) 3gdekt IlenbThe 00bsIcHsETCS cienyrommm oopasom. Ho-
CUTEJIM TOKa IO Pa3Hble CTOPOHBI OT Clasg MMEIT Pa3Hy MOJHYIO 3Hepruto. Eciu
HOCHTEJIH, PO Yepe3 Claid, monajarT B 001acTb C MEHbUIEH HEpruei, To OHU
OTJAIOT U30BITOK PHEPTUU KPUCTAIIMYECKON peméTke: craid HarpeBaerca. Ha npy-
rOM CIIa€ HOCUTENM MEepexoJaT B 00yiacTb ¢ OOJibLIEH 3HEprue; HEJOCTAIONIYIO

OHCPIU0 OHU 3aMCTBYIOT Y peHIéTKI/I. 910 MMPUBOAUT K OXJTAXKACHUIO CIIad.

A.®. Nodde BeiiBUHYI uAeto ucnonb3oBanus dddexra [lenpThe st co3gaHus XOI0IUTb-
HBIX YCTaHOBOK. PaboumM s1eMEeHTOM TakuxX MpHOOpOB sBisETCS OaTapes U3 4epeayIomuXcs Io-
JyIPOBOJHUKOB N-TUMa U P-Tumna. Crnau OJHOTO BHIa (COOTBETCTBYIOIIME MEPEXOay OT N K P)
BBC/ICHBI B OXJIXKIAEMYyI0 00J1aCTh, @ CIIaM JPYroro BUaa (COOTBETCTBYIOIIUE MEPEXOLy OT P K N)
BbIBEJICHbI HapyxXy. lIpu HajiexameM HanpaBleHUM TOKA BHYTPEHHHE CIaW MOTJIOIIAIOT TEILIO,
MOHMIKasl TEMIIEPATypy OKPY’KaIOLIEro UX MPOCTPAHCTBA, HAPYKHBIE CIIaud OTAAIOT TEIJIO BHEIIHEH
cpene. Takue XONOIUIBHUKA UMEIOT HEBBICOKUW K, HO HAXOJAT MPUMEHEHHE B MUKPOIJIEKTPO-
HUKE.

45.3 Aeénenue Tomcona
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SIBieHMe 3aKII0YAETCA B TOM, YTO IPHU MPOXOKIECHUH TOKA 1O OJHOPOAHOMY
IPOBOJHUKY, BIOJIb KOTOPOTO UMEETCS TPAJAUEHT (HEOJHOPOIHOCTD) TEMIEPaTyphl, B
IPOBOJHUKE BbIJEIsAETCA TeI10. DTOT dPdekT Obut cHauana Y. TOMCOHOM TeopeTH-
YECKHU MPEACKA3aH, a 3aTEM YXKE SKCIIEPUMEHTAIBHO UM 0OHapyxeH B 1856 rony.

KonnuecTBo Temia, BRIACISIONIETOCS B €AMHUIYY BPEMEHH B DJIEMEHTE TMPO-
BoAHKKa JuiHHEI dl, paBHO

dQ:rl‘jj—TdL (45.5)

rae | — cuma Toka;
dT/dl - rpajuenT TemMreparypbl BIOJb IIPOBOIHUKA,;

T — KO3 PUIIMEHT MPONOPIUOHAIBHOCTH, Ha3bIBaeMblil kKoddduimentom Tomco-
HAa, 3aBUCALLUNA OT MPUPOIbI TPOBOAHUKA.

SBnenne TomcoHna oOBsCHSIETCS 1O aHAIOTUH ¢ siBiieHUeM Ilenbrhe. I1ycTh TOK
TE€YEeT B CTOPOHY BO3PACTAHMs TeMIreparypbl. ECin HOCUTENN TOKa — 3JIEKTPOHBI, TO
OHM IIPU CBOEM JBUKEHUHU OyAyT MEPEXOJUTh U3 MECT C 00Jiee BHICOKOM TeMIIepaTy-
poit (1, crenoBaresbHO, OOJBIIEH CpeHel YHEPTruil ANEKTPOHOB), B MecTa ¢ Ooliee
HU3KOM Temmeparypoi (M MeHbIe cpeaHeit sHeprueit). M30bITOK CBOEH »HEPruun
AJIEKTPOHBI OTAATYT PEIIETKE, YTO MPUBEAET K BbIACNICHUIO Teruia. Ecnu HocuTensamu
TOKa CIIy>aT AbIPKU, TO d3PPeKT Oyner nMeTh 0OpaTHBIN 3HAK.
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YACTD 5. JIEMEHTBI ®U3UKU ATOMHOI'O SAIPA

Hoepnaa ¢puzuxa — 310 paznen GU3MKU, U3yYAIOIIUA CTPYKTYpPY U CBOICTBa
ATOMHBIX SIIEp W UX MPEBpAIICHUs: TPOLECChl PaJMOAKTUBHOIO pacnaaa U saepHbIe
peaKIuu.

§46 CocraB u pa3mepsl sjiep. JHEPrus CBA3M siAep

46.1 Cocmas aopa

Aopo — 310 UeHTpabHas 4acTh aTOMa, B KOTOPOM COCPEIOTOUYEHA MpaKTHYE-
CKU BCS Macca aTOMa U €ro MOJIOXKUTENIbHBIN 3JeKTpuuecKuil 3apsaa. B cocras sapa
BXOJUT JIBa BUJA YACTULL:

— IIPOTOHBI (% p);
— HEUTPOHBHI ( &n ).

IIpomon vmeeT NOJIOKUTENBHBIA 3aps/, PAaBHBIM IO BEJIMYMHE 3apsay dJIEK-
TpoHa: ¢ =+e =1,6:10"" Ki1. Macca mpoToHa m,=1,00728 a.e.m. = 1,67-107 kr.

[Ipoton BriepBbie onyudeH Pesepdopaom B pesynbrare iAepHON peakiiuu:
1? N+‘21 He—>%p+1go :

IIporon — crabuibHasl yacTHIA, TEHACHLIUN K pacnary He uMeeT (IIepuoj Mojaypac-
maga [ = 1030 C).

Heinmpon He nmeet 3apsaa, T.e. = 0. Macca neiirpona m,= 1,00866 a.e.m. =
1,67-107% kr. OtkpsIT B 1932 rony YenBUKOM IpH OCYIIECTBIECHUH PEAKLIUN:

S Be+; He—>&n+1§ C.

B cB00OIHOM COCTOSIHUM HEUTPOH MUCIIBITHIBAET PaJAMOAKTUBHBIN pacnaj ¢ 1me-
puoaom nosypacnana I1,=12,6 MuH.

B saepHoll pu3mke cunraercsd, 4TO NPOTOH M HEUTPOH — 3TO JBa 3apsIOBBIX
COCTOSIHHSI OJTHOM YacCTHUIbl, KOTOpasl HA3BIBAETCS HYKJIOHOM. IIpOTOH — mpoTOHHOE
COCTOSIHME HYKJIOHA C 3apsioM +e; HEUTPOH — HEUTPOHHOE COCTOSHHE HYKJIOHA C
HYJIEBBIM JJIEKTPUUYECKUM 3aPSIOM.

46.2 Xapaxkmepucmuku amomHnozo a0pa

OCHOBHBIMM XapaKTEPUCTUKAMU SIApA SABJISIOTCS €0 3apsll U Macca. 3apaoom
s/Ipa Ha3bIBAETCs BEJIMUMHA Z-€, T/Ie € — BeJIMYMHA 3apsiia MPOTOHA, Z — MOPSAKOBBI
HOMEP XMUMHUYECKOr0 JIEMEHTa B MEPUOJUYECKON CUCTEME AJIEeMEHTOB MeH ieneena.
[TopsinkoBbiii HOMEp Z COBIAJIAE€T C YHUCIOM MPOTOHOB B siape. B Hacrosiee Bpems
u3BeCcTHHI sapa ¢ Z ot Z=1 go Z=107. Dnementsl ¢ Z ot 1 g0 92, kpome TC (TexHe-
nus) ¢ Z=43 u Pm (npomerus) ¢ Z=61, BcTpeyaroTcss B IpUPOJIE, DJIEMEHTHI ¢ Z OT
93 no 107 nmosyyeHbl UCKYCCTBEHHBIM IYTEM. MIX Ha3bIBAIOT TpaHCYpaHOBBIMU 3Jie-
MeHTamu. PU (tutytonuii), Z = 94, oOHapy»KeH B MPHUPOJIE B OYCHb HE3HAYNUTEIbHBIX
KOJIMYECTBAX B MPUPOJHOM MHUHEpAJE — CMOJITHOM OOMaHKe.
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Macca amomnozo adpa NPaKTUYECKU COBMAJAECT C MACCOM BCETO aroma, Tak
KaK Macca 3JIEKTPOHOB OYE€Hb MajleHbKas. Macchl aTOMOB HM3MEPSIIOT B aTOMHBIX
eIMHAIAX Macchl (0603HadaeTes a.e.M.): 1 a.e.m.=1,6605655-107%7 kr.

A — MaccoBO€ YHUCIIO sipa — LeJ0e YUCio, Onmkaiiiee K aTOMHOM Macce, Bbl-
pakeHHOM B a.e.M. OHO ompenemnsieT YUCIO HYKJIOHOB, T.€. 00Iee YUCIO MPOTOHOB U
HelTpoHOB B szpe: A = N + Z. Torga 4ucio HEMTPOHOB

N=(A-2). (46.1)
Snpa 06003HaYAOTCSA TEM K€ CUMBOJIOM, UTO U HEUTPaIbHBINA aTOM:
ZAX WIN 7 X A,

rae X — CUMBOJI XMMHYECKOI'O DJIEMEHTA.
[Tpu u3MepeHussx Macc aTOMOB ObLIIM OOHAPYKEHBI U30TOMBI U U300aPHhl.
H3omonwl — snpa, WMEIONIHE OMMHAKOBBIA MOPSAKOBBIA HOMEp Z, HO Pa3HOE

1 L 2 . .
MmaccoBoe uuciio 4. Bogopon nmeer 3 n3zorona: ;H— nporuii, 1H — aelitepuii, koropbie
SIBIISIFOTCSL CTaOWIJIbHBIMU | ?H — TPUTHI, SBISIOLIMNCA paguoaKTUBHBIM. Kuciopon

nmeer 3 msorona: 30, 250, 0. B GonpmmucTse cirydacs H30TOIBI 0GIAAI0T OJTH-

HAKOBbIMH (DM3HUECKUMH CBOMCTBaMHM (HMCKIIOUeHue Bojopona H), T.k. oHu onpenens-
IOTCS B OCHOBHOM CTPYKTYPOH 3JIEKTPOHHBIX 00OJIOUEK, & OHA Y M30TOMOB OJMHAKOBA.
B npupone Bctpeuaercst 300 yCTOWYMBBIX U30TOMOB XMMHUECKUX 3JIEMEHTOB M UMEETCS
0k0J10 1000 HCKYCCTBEHHBIX (PaIMOAKTUBHBIX) H30TOIOB.

H3o06apur — sinpa, UMEIONIME OJJMHAKOBOE MAacCCOBOE YUCIIO A, HO Pa3HBIM IO-

psakoBbIi HOMep Z. Hampumep, nzobapsl Oepuiuius: 12 Be, 1gB, 12(:. N3o00aps1 B
OCHOBHOM BCTPEYAIOTCS CPEAM TSKEIBIX sIep.

46.3 Pazmeput aoep

Snpo sBIIsIeTCS CHCTEMOM YacTHIl, MOMYUHSIONINXCS 3aKOHAM KBaHTOBOW Me-
XaHUKU ¥, CJIEIOBAaTEIbHO, COOTHOIICHHWIO HeompeneneHnocTe [ eitzendepra.
BcenenctBue aToro pasmepsl 0051acTi, B KOTOPO MOTYT HaXOJUTHCS SIFICPHBIC YACTH-
IIbI, MOTYT OBITh 33/IaHBI JIUIIIb C TOYHOCTHIO, TOMTYCKAEMOM 3TUM COOTHOIIIeHHEM. B
NIEPBOM MPHUOJIMIKEHUH SIAPO CUYUTAETCS IMIAPOM, PAUYC KOTOPOTO OMPENEISETCS IM-
NUPUYECKOU POopMyIION:

R=R,¥A, (46.2)

rame A —MaccoBO€ YHCIIO,

Bemuunna Ry = (1,3+1,7)-107° M MokeT GBITh HCTONKOBAHA KaK IIPOMOPIHO-
HaJBLHOCTh 00BEMA siJIpa YUCITy HYKJIOHOB. B simepHo# du3uke NpuHsTa Cleayrolas
e/IMHAIA H3MepeHns pasmepos: 107° M= 1 @ (depmn).

O0BEM siIpa MPONOPLUMOHAIIEH YUCIY HYKJIOHOB, T.€. IUDIOTHOCTH SIIGPHOTO Be-
IeCTBA MPUMEpHO oxuHaKoBa (~10" kr/m°). OdeHp BHICOKAs IUIOTHOCTH TOBOPUT 00
VCKIIFOYUTEIBHO BBICOKOM MHTEHCUBHOCTH JIEPHOTO B3aUMOJICVCTBHUS.
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46.4 Ceoiicmea sadepHblx cun

SlnepHoe B3aMMOJEMCTBUE MEXIY HYKIIOHAMU HA3bIBACTCS CUAbHBIM 63AUMO-
oeiicmeuem. ET0 MOKHO ONUCATh C MOMOILBIO MOJS Z0EPHBIX CUIL, KOTOPBIE HE CBO-
JSTCS HU K OJTHOMY M3 paHEe PaCCMOTPEHHBIX TUIOB cui. OTIWYUTENbHbIE 0COOEH-
HOCTH SIIEPHBIX CHIL
1. SAnepubie cUIbl — 3TO CUIIbl NPUTSAKEHUS. OHU HE UMEIOT JIEKTPUUECKOTO ITPOUC-

XOXKJIEHUs, JCHUCTBYIOT Ha PacCTOSHUIX ~ 4,2 epMu, MOATOMY UX HaA3bIBAIOT KO-
POTKOAENCTBYOIIUMU.

2. SlmepHble CWIIBI SBISIOTCS 3apsS0BO HE3aBUCUMBIMH, T.C. SAEPHOE B3aUMOJICH-
CTBHE JBYX HYKJIIOHOB HE 3aBUCUT OT TOTO, 00JIAIAIOT WJIK HET SJIEKTPUUECKUM 3a-
psAaoM 00a HyKJIOHA.

3. SlnepHble CUIIBI HE SBJISIFOTCS LIEHTpaIbHBIMU. OHM 3aBUCAT HE TOJIBKO OT PacCTosI-
HUS MEXY HYKJIIOHAMH, HO OT OPUEHTAIIUU UX CITUHOB.

4. JIns saepHbIX CUII XapakTepHO HackileHue. Hackilmenue nposBisieTcss B TOM, 4TO
HYKJIOH B3aMMOJICHCTBYET HE CO BCEMHU OCTaJbHBIMU HYKJIOHAMH f]Ipa, a JULIb C
HEKOTOPBIMU OJIIDKAMIIMMU COCEISIMU, MPUYEM HE CO BCEMH, JaKe €CIIU OHU
HaxOoJTCS B paguyce JEUCTBUS CUIL.

5. SlnepHble cuibl UMEIOT OOMEHHBIM xapakTtep. CuuTaercs, 4TO B3aUMOJICHCTBUE
MEXIy IBYMsI YaCTUIIAMH OCYIIECTBIsIETCs Omarogaps 0OMEeHy TpeThel YacTUIICH.
B 1935 rony FOkaBa u TamMmm 0OHapy>Kuii, 9YTO 3TH YaCTUIIBI UMEIOT MacCy MOKOs
mo = 200mg,, Mo, — Macca MOKOs 3eKTpoHa. Ha3Banu ATH 4acCTHIIBI 7-ME30HAMH
WJIU TUOHAMU.

46.5 /leghexm maccwot saopa. Inepeus ceasu

MaCC-CHeKTpOMeTpI/I‘-IeCKI/Ie HN3MCPCHHA IIOKA3ajr, 4YTO MacCcCa sdAdpa MCHBIIC,
4eM CyMMa MacCC COCTABJIAOIINX CI'O HYKIIOHOB.

Am=Zm, +(A-Z)m, -m (46.3)

.

Bennuuna Am HasbiBaeTcs deghekmom maccol. B cripaBouHbIX TaOJIUIIAX MPHU-
BOJISITCSL MAcChl aTOMOB, a HE sijiep, MOATOMY Ae(hEeKT MACChl BRIPAXKAIOT Yepe3 Maccy
aToma.

Am:Zm%H+(A—Z)mn—m (46.4)

a’

BeskoMy M3MEHEHHIO MacChl TOJDKHO COOTBETCTBOBATh M3MEHEHUE DHEPIHH,
T.€. Ipu 00pa30BaHUM si/ipa AOHKHA BBIACIATHCS ONpeaesneHnas sueprus. s pasme-
JeHHS Apa HEOOXOAUMO 3aTPATUTh TAKOE KE KOJIUYECTBO PHEPTHH, KOTOPOE BBIJE-
JSIeTCS IPU €ro 00pa3oBaHUU.

Duepeun ceazu aopa E., — >HEprusi, KOTOPYIO HEOOXOIUMO 3aTPATUTh, YTOOBI
pacIUIenUTh SIAPO HA OTACIbHBIC HYKJIOHBI. DHEPTHUSI CBS3U:

E,=Amc?=(zmy +(A-2Z)m, —m,)-c2.
N
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Em:{Zn%H+(A—Z)mn—ma}ca (46.5)

TJI€ ¢ — CKOPOCTh CBETA.
Ecnu Macchbl BBIpa3uTh B a.€.M., TO SHEPTHUS CBSI3U BBIYUCIISIETCA 110 (hopMyIie:

E. =9315Am (MsB), (46.6)
TaK KaK OI[HOﬁ aTOMHOﬁ CIANMHHUIIC MACChI COOTBCTCTByeT ATOMHas €ANHUIIA 3HepFI/II/I
laen =c*laem =910"1,6610% = 1,491-107° JIx = 931,5 MaB.

Yoenvnan suepzus ceéasu €y, — >HEpryus CBA3M, NPUXOJAINAACA HA OJUH HYK-
joH. OHa XapaKkTepu3yeT yCTOMUYUBOCTD (TPOYHOCTH) AaTOMHBIX SIJIEP.

E
g == (46.7)

Uem Oouibllie yaeabpHasi DHEPTUsl CBA3U, TEM YCTOWYUBEE SAPO. 3aBUCUMOCTh Yy/1€Jb-
HOM SHEPruu CBSI3M OT MAacCOBOTO YHUCJa MpuBeacHa Ha puc. 46.1. Jia 6onbMHCTBA

M»hB
3JIEMEHTOB €, ~8———.
YA HYKJIOH

jan
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MaccosBoe uncio, A

Pucynok 46.1

HaunGonee ycToWyuBBIMU SIBISIOTCA siapa CpeAHer yacTu TalOnuiel. Jlerkue
WM TSDKEIIBIE SiIpa MEHEE YCTOWYHMBBI, T.€. DHEPrE€TUYECKHU BBITOJHBI CIIEAYIOLINE
IIPOLIECCHI:
1. [enenue TsDKENbIX simep Ha OoJiee JeTkue (peakmus aeneHus). Peakiuu nerne-
HUS JISKAT B OCHOBE PAOOTHI SIEPHBIX PEAKTOPOB U SAAECPHOU OOMOBI.
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2. CnusiHME JETKUX SAep APYT € APYyroM B Ooiiee TsoKelnble (TpeOyroT TeMiepary-
pei 7~10% K, mostomy nx HaspiBaioT TepMosaepusiMu). [Iponcxomst B Heapax ComH-
na u 3Be3a. HeymnpaBisieMble TEpMOSIIEpHBIE PEaKUUU MPOUCXOJAT MPHU B3PbIBE BO-
JIOPOJTHON OOMOBI.

OT0 O0OBACHSAETCA TEM, UTO HEPrus OyAET BBIACIATHCS MPU TAKUX SAEPHBIX
peaxkuusax, Ipyu KOTOPBIX YJeNbHas 3HEPIHsl CBA3M IMPOAYKTOB peakuuu Oyjaer mpe-
BBILLIATH YJEIbHYIO SHEPTHIO CBSA3U UCXOHBIX SIZIEP.

847 SinepHble npeBpaieHHsT

CyuiecTBYIOT JiBa TUINA SIACPHBIX MPEBPAICHUI:
— sJICpHbIC PEaKIINU;
— PalMOaKTUBHOCTb.

47.1 Aoepuvie peakyuu

HAoepuvie peakyuu — npeBpalIeHUs] ATOMHBIX S7Ep MPU UX B3aUMOICHCTBUU C
AJIIEMEHTAPHBIMU YaCTUIIAMU (B TOM YHKCJIE U C Y-KBAaHTaMH) WIH JPYT C APYTOM.
CHUMBOJIMYECKH SIIEPHBIE PEAKIIUHU 3aIIUCHIBAIOTCS B CJIEIYIOIIEM BUJIE:

X+o—Y+B um X(a, B)Y, (47.1)

rae X u Y — HUCXOJIHOE U KOHEUHOE sS/pa;

o u 3 — 6oMOapaupyromas U uciyckaeMasi B iIEpHON peakiuy 4acTHIla.

B nmo6o# snepHO peakiuu BBIOJHSAIOTCS 3aKOHBI COXPAaHEHHUS dJIEKTpUye-
CKHX 3apsi/I0B U MAacCCOBBIX YHCEJL:

Cymma 3apa006 adep u uacmuy, 6CMynaOuux 6 A0EpHYI0 PeaxKuyuio, paeHa
cymme 3apsa006 npodykmos peakyuu (adep u wvacmuy).

Cymma maccosvix yucen a0ep u 4acmuy, 6CHYNAOWUX 6 A0EPHYI0 PeaK-
WUI0, PAGHA CYyMMeE MACCOBBIX YUCe]l RPOOYKmMoe6 peaxkuuu (adep u uacmuy).

SAnepHas peakiusi XxapakTepU3yeTcsl SHeprueu siaepHod peakuun Q, paBHOM
Pa3HOCTH DHEPIrUi KOHEYHOM U UCXOIHOM I1ap B PEaKIUu:

2
Q=m -Ym)-c?, (47.2)
rie > m; — CyMMa Macc 4acTHIl 0 peaKLuy;
z mk - CYMMa MaCC 4aCTHUII ITOCJIC peaKHHI/I.

Ecnu Maccsl BBIpa3uTh B a.€.M., TO SHEPTHUs SACPHOUW peakUuy BelUuciIsieTcs B MaB
(Mera’IeKTPOH-BOJBTAX) MO hopMyJIe:

Q=9315(3, m - m,). (47.3)

SlnepHble peakiu MOTYT OBITh:
a) SK30TEPMUYECKMMH (C BBIICIEHHEM TEIUIA), IPH 3TOM > m;> > my. (Q > 0);

0) SHIOTEPMHUYECKUMH (C TIOIJIOIEHUEM TEIIa), IIPU 3ToM > m;< > my (Q <0).
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47.2 Paouoakmuenocmo
47.2.1 Oowue ceeoenusn

Paduoakmusenocmp — SIBICHUE CaMOIIPOU3BOJIBHOTO (CIIOHTAHHOI'O) pacnaja
a51ep, Ipyu KOTOPOM 00paszyercs HOBOE SIAPO, U UCITYCKAKOTCS YaCTHILIBL.

SAnpo, UCTIBITHIBAIOLIEE pACIajl, HA3bIBAETCA MAaTEPUHCKUM, BOSHUKAIOILIEE S/
PO Ha3bIBAECTCS TOYEPHHUM.

EcTtecTBeHHas pagoaKTUBHOCTh HAOIIOAAETCSI B OCHOBHOM Y TSDKEIBIX fJIED,
KOTOpBIE pacrojaratoTcsi B nepuoguveckoil cucreme MenjeneeBa 3a cBUHIOM. OT-
KpbITO siBeHne AHpu bekkepenem B 1896 rony.

B 3aBucuMoOCTH OT TOro, Kakasi YacTHIa UCITYCKAETCs, Pa3InyaloT CIEAYIOIIIe
BU/IBI pacraja:

1. a-pacnao — ucnyckanue o-4acTUlbl, T.€. IAEP Feaus — gHe :

CymHocTh npouecca 3aKiIo4yaeTcsl B BbUIETE U3 SApa JABYX MPOTOHOB U JIBYX
HEHUTPOHOB, CBA3aHHBIX B OL-YACTHUILY.

228 Ra—>5He+%32RnN .

2. B-pacnao — ucniyckanue:
a) PJIEKTpOHOB — € (P -pacman)

*H—o3He+ e +v;
6) mo3utpoHoB — €' (B" -pacman)
22Na—_ e+25Ne+v.
CyIHOCTb B-pacnaja 3aKiIo4aeTcs BO B3aUMHOM IIPEBPALICHUU HEHTPOHOB U

IPOTOHOB.

B) K-3axBar (anekTpoHHbIi 3axBar). [IpeBpalieHye IPOTOHa B HEHTPOH HIET IO cXeMe
tp+lesdn+v.

QHGKTpOHHBIfI 3axXBaT 34aKIHO4YacTCdAd B TOM, 4YTO OJHMH H3 JJICKTPOHOB Ha ou-

KaiimeM K sapy K-ciioe atoma 3axBaTbIBaeTCs AAPOM. 31€Ch V M V — 3JIEKTPOHHBIE
HEUTPUHO U aHTUHEUTPHUHO.

3. F'amma-uznyuenue (y-usnyuenue) — 3T0 KECTKOE IJCKTPOMATHUTHOS U3TYUCHHE C
JUTMHOU BOJIHBI A<1071 m. O6nanaeT OOJIBIION MPOHUKAIOIIEH CITOCOOHOCTHIO, TAK
KaK SHeprus KBaHToB ¢ > 10 9B.

[Ipu ananm3e pe3yabTaTOB PaJIMOAKTHBHBIX PACHaJOB OIMBITHBIM MYTEM OBLITH

OTKpBITHI MpaBuiia cMenieHus (npasuina @aguca u Conan).

1) mpu a-pacnane:
EX—574Y +5He.

O-pacraji yMEHbIIIAeT MacCOBOE UMCJIO Ha 4, a 3apsAoBOE€ Ha 2, T.€. JOYEPHUU
3JIEMEHT CMeIacTcs Ha ABE KJIeTKHU BiIeBo B Tabmume . 1. Mennaeneena.
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2) npu B-pacnaze:

A A 0

B-pacnaﬂ HC U3MCHACT MaCCOBOT'O YHMCJia, 3apAd0BOC YHUCIIO YBCINUMNBACT HA €U~
HULTY, T.C. I[OqepHI/Iﬁ DJIEMCHT CMCIIACTCA Ha 1 KJICTKY BIIPaBO.

47.2.2 3akon paduoakmuenozo pacnaoa

PagnoakTuBHBIM  pacmax  yMEHBIIAET C TEYEHHEM BPEMEHHM  YMUCIO
HepacnaBimuxcs sanep. CaMONpOW3BOJIBHBIA pacnaj saep IOJYUHSAETCS 3aKOHY
PaJIHOAKTUBHOIO pacnaja:

N =Nge ™, (47.4)

rae Ng — uncno siiep B JaHHOM 00bEMeE BellecTBa B MOMEHT BpemeHu t = 0;
N — uncio saaep B ToM ke 00bEME K MOMEHTY BPEMEHHU t;
A — MOCTOSTHHAS pacmaja.
Ilocmoanunan pacnaoa ) — 310 Ppu3znyeckas BeIMUUHA, YUCICHHO paBHAs J10J1€
A1ep, paclaJalouXcs 32 €AUHUILY BPEMEHMU:

N
N
A= 47.5
ot (47.5)
A\ =c™
Takum 006pazoM, MOCTOSIHHAS pacmaaa OMpPeesieT CKOPOCTh PaTuOaKTUBHOTO
pacmaza.

Benmuunna t=1/)\ Ha3bIBacTCA CpeoHell NPOOONHCUMETbHOCHbIO HCUZHU
(cpenHee Bpemsi ®U3HU) paIMOAKTUBHOTO U30TOMA.

JI71s1 OLIEHKU YCTOMYMBOCTH siiep OOBIYHO UCIOIB3YIOT HE MOCTOSHHYIO pacia-
714, a BEJINYMHY, KOTOpasi Ha3bIBAa€TCs EPUOJIOM TOJIypacnaia.
N Ilepuoo nonypacnaoda (Ty;) — Bpemsi, B TCUYCHHE KOTO-
poro pacmnajaercs MOJOBHHA MEPBOHAYAIBHOTO KOJIWYECTBA
N, a51ep JAHHOTO paJuoakTUBHOTO BemiecTBa (puc. 47.1). Iepu-

0]l ToJIypacnaga MOXET MEHAThCA B OYEHb IIMPOKUX TIpejie-

N, nax (oT Joyiel ceKyH[ a0 Thicsy jet). [lepuon nmomypacmnana
2 M TIOCTOSIHHAsI pacrajia CBSI3aHbl CIEAYIOIIUM COOTHOUIIEHU-
em:

| In2

0T, t

Pucynok 47.1 3aK0H CaMOMPOU3BOJBLHOTO PAJMOAKTHBHOTO pacraja
OCHOBBIBACTCS Ha JABYX HPEAMONIOKEHUAK: 1) MOCTOSHHAS

pacriajia He 3aBUCHT OT BHEIIHUX YCIIOBH; 2) YKCIIO s/ep, paCaJaroIuXCsl 32 BpeMsI
dt mponopuroHaIbHO HAYaIBLHOMY KOJMYeCTBY sijep No. DTo 03HA4aeT, 4yTo 3aKOH
PalMOAKTUBHOTO pacrajia SBISIETCS CTATUCTHUYCCKUM 3aKOHOM. CTaTHCTHYECKUE 3a-
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KOHBI MOYKHO ITPUMEHSTH TOJIBKO K OOJIBIIIOMY KOJHYECTBY SA€p. 3aKOH paIHMOaKTHB-
HOT'O pacrajia He OTBeYaeT Ha BOMPOC, KAKOe UMEHHO SIPO PacIaieTcs, T.K. BCe spa
HEepa3IMYUMBl U paclaj JaHHOTO sIapa SBISCTCS CIyYalHBIM COOBITHEM, HMEIOIIMM
Ty WA UHYIO BEPOSTHOCTb.

YacTo ObIBaeT, YTO BO3HUKAIOIIME B pE3yNIbTaTe PaJHMOAKTUBHBIX IIpEBpalle-
HHI s7[pa B CBOIO OYepeIb OKa3bIBAIOTCS PaJMOaKTUBHBIMU. HOBBIC MPOMAYKTHI pac-
maja Tak)Ke MOTYT OKa3aThCsl PaJHOAKTUBHBIMH, T.€. BOSHUKAET LIEJIbIA PSIT PaHoaK-
THBHBIX MIPEBpaIlieHnii. B mpupoie CymiecTBYIOT TP PaJHOaKTUBHBIX Psijia, POJIOHA-
YaJlbHUKaMH KOTOPBIX CIYXKaT ypaH (232 U), Topuii (239%Th ) ¥ aKTUHUI (Zgg Ac). Ko-
HEYHBIM IIPOJTYKTOM BO BCEX CAyYasiX CITyKaT M30TOIbI CBUHIIA.

Jlnst vicceIoBaHus paAMOaKTHBHBIX H30TOIOB OOBIYHO MCITOJB3YIOT Mperapa-
Tol. IlIpenapam — 310 onpeieieHHOE KOJTMYECTBO PaTHOAKTHBHOTO BEIIECTBA, CIICIIH-
aJIbHO MPHUTOTOBJICHHOTO JUTS KCIIEPUMEHTA, HAPUMEDP, HAHECEHHOTO Ha MOJTOKKY
HITH 3aKJTFOYEHHOTO B 000JIOUKY.

Axmuenocmo a npenapama (PaouoaKmueHo20 UCMOYHUKA) — YHUCIIO pacra-
JIOB, IPOUCXOSIIINX 32 €IMHUILY BPEMEHHU:

q— 9N, (47.7)
dt

pacn

[a]=1 =1bk  (Gekxepens).

JUtst u3MepeHns akTUBHOCTHU IOy CKAeTCsl IPUMEHEHUE BHECUCTEMHOM €MHU-
bl — ktopu (Kn).
10
1 Kropu — aKTUBHOCTB IIpenapara, B KOTopoM npoucxoaut 3,7-10™ pacragoB B CEKyHIy.

1 Ku=3,7-10" Bk.
Takoli akTHBHOCTBIO 00aaeT 1 r paaus.

AKTHBHOCTH Tpernapara paBHa MPOU3BEICHUIO MMOCTOSIHHOM paciajia A Ha Yuc-
10 N HepacmaBHIIMXCS aTOMOB, COJEPKAIINXCS B 3TOM IIpernapare:

a=-AN. (47.8)

3HaK «—» 03HAYaeT, YTO aKTUBHOCThH C TEYCHHUEM BPEMEHHU YMCHBIIIACTCS.
3amenuB N 1o hopmyie (47.4), monydnuM 3aKOH U3MEHEHUSI aKTUBHOCTU

a=aje ', (47.9)

A ag — daAKTUBHOCTb B MOMCHT BPCMCHU t=0.

Yoenvnas akmuenocmo Ay, — AKTHUBHOCTb, OTHECCHHAA K CJMHUIIC MACChI BCILICCTBA.

By = (47.10)
_1 K
KT

[ay,]
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47.4 I'awma-usznyuenue

lamma-nyun (y-Jiyuu) TIpencTaBisIOT cOOOW KOPOTKOBOJHOBOE AJIEKTpOMAr-
HUTHOE M3NydeHue. Tak Kak y-u3lydeHue 00JiajaeT BeChbMa MaJION JJTMHOW BOJIHBI
(A <107 M), TO, BCIEICTBHE 3TOTO, OHO UMEET SPKO BHIPAKCHHBIE KOPITYCKYISPHBIC
CBONCTBA, TO €CTh SIBJSAETCS MOTOKOM YACTHUI] — FTaMMa-KBaHTOB.

Hcnyckanue y-KBaHTOB HE SIBJISIETCS, KAK MPABUJIO, CAMOCTOSITEIbHBIM BUIOM
uznydenusi. OHO COMPOBOXKAAET O- U [B-pacmajbl.

Paznnuaror:
— MSTKOE Y-U3JIy4EHHUE C IHEPTUEN KBAHTOB € ~ K3B;
— J)KECTKOE Y-U3JIyYEHUE C DHEPTrUeEr KBAaHTOB € ~ M»aB.

Y-U3Iy4eHHE MOKET B3aUMOJICHCTBOBATH C SJIEKTPOHHOM 000JI0YKOI aTOMOB U
MOJIEKYJI, BBI3bIBAsl UX MOHU3ALIMIO, A TAKIKE C SIAPAMH.

[Tpu npoxoxkaeHnn y-Tydel yepe3 BeIecTBO MPOUCXOJUT UX ociabiaeHue. 3a-
KOH U3MEHCHUSI MHTEHCUBHOCTH Y-U3JIyYEHHUS TOAUUHSIETCS 3aKOHY:

| =1 e7"%, (47.12)

rae lo — MHTCHCHBHOCTD Y-H3JIy4YCHHUS, TIAIaf0IIero Ha TOBEPXHOCTh BEIIECTBA;
1 — K03 PUIMEHT TUHEHHOT0 OCiIabJIeHUs Y-JIyded B BEIECTBE, 3aBUCSIIUN OT
IIPUPOJIBI BEIIECTBA U CIIEKTPAJIHLHOTO COCTaBa MOTOKA Y-U3ITyUCHUS;
X — TOJIIIMHA TIOTJIOMIAFOIIETO CIOS.
Y-U3Ty4eHHE MOKET BBI3BIBATh B BEIIECTBE PA3IMUHBIC MTPOIIECCHI:
1)  dotosddext (cymiecTBEeHHOE 3HAYCHHE HMMEET IS MSATKOTO HW3JIy4CHH,
e ~ 10°-10° 5B);
2) sdpdext Komnrona (g~ 0,5 MaB);
3) pOXACHHE ICKTPOHHO-TIO3UTPOHHBIX IMap:

0 0
'Y—)_l e++1e .

Boubinast sHEprus y-KBaHTOB OOBICHSAET MX BBICOKYIO IPOHUKAIOIIYIO CIIOCO0-

HOCTb, [TOTOMY Y-M3JIy4eHHE TIPUMEHSIOT B CIIEAYIONIMX 00JIacTsX.

1. y-0epexmockonus — meto; OOHAPYKEHUS 1ePEKTOB B M3EIHH IIyTEM IPOCBEYH-
BaHUSA WX Y-Tydamu. [ToBpeKaeHrs 0OHAPYKUBAIOTCS 110 PA3IMYHON WHTCHCUBHO-
CTH Y-JIydYei, MPOLICANINX Yepe3 HCCICAYEMYI0 MOBEPXHOCTh. Tak HCCIEAYIOT
pa3mepsl 1 GOpMBI IePEeKTOB (TPEIIUHBI, PAKOBUHBI, HEIPOBAPCHHBIE IBBI U T.]1.).

2. Meouyuna (onKko102us) — IeUCHNE 37I0KAYECTBEHHBIX OIMYXOJICH.

§ 48 DiieMeHTHI 103UMEeTPHH HOHU3UPYIOLIUX M3J1yYeHU I

O06 omacHOCTH, BO3HUKAIOUIEH MPU paboOTe C PajMOAKTUBHBIMHU BEILIECTBAMH,
PEHTTEHOBCKUM H3JTyYE€HUEM U JAPYTMMU UCTOUYHHKAMM MOHU3HUPYIOIUX H3IYUYEHHM
U3BECTHO J1aBHO. [lepBoHauaIbHO pa3BUTHE JO3UMETPUM ONPEIEISUIOCH TJIaBHBIM
o0pa3oM HEOOXOAMMOCTBIO 3aIUThI OT BO3AEHCTBUS PEHTTEHOBCKOTO U Y-U3JIy4EeHHUs
€CTECTBEHHBIX PAJIHOAKTHBHBIX BEIIECTB. 3alllUTa YEJIOBEKA OT BPEJHOIO JIEHCTBHUS
MOHU3UPYIOIIMX M3JIyYEHHI CBOJWUTCA K 3alUTE OT BHEIIHMX IOTOKOB HM3Iy4YEHUS
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(BHemHee 00JyYeHHE) U OT MOIAJaHus paJuOaKTUBHBIX BEIIECTB BHYTPb OpraHU3Ma
(BHyTpeHHee 00ydeHue).

B Hacrosiiiee Bpems o1 0o3umempueil IOHUMAIOT U3MEPEHUS, UCCIIEA0BAaHUS
U TEOPETUYECKUE PACUETHI TEX XaPAKTEPUCTUK MOHUZUPYIOLIUX U3IYyUYEHUH, OT KOTO-
PBIX 3aBUCAT paJuallMOHHbIE 3P(GEKThl B 00IydaeMbIX 00bEKTaX KUBOM U HEXKUBOUN
OPUPOJIBI.

1. Hoznowénnasa 0oza D — oTHOIIEHUE YPHEPTUHU MOHUBUPYIOIIETO U3TYyUYCHHUS,
MOTJIONMIEHHOMN BEIIECTBOM K Macce ATOT0 BEIIECTBA.

p="
m

D1=""=Tp (rpeii)
KT

[TornoménHast sHEPrus pacxoAyercs Ha HarpeB BEIIECTBA U HA €ro XUMHYe-
CKue U (u3MUecKue MpeBpalleHus. BenuunHa A03bl 3aBUCUT OT BUAA H3JIYUEHUS,
SHEPrUM €ro YacTHll, INIOTHOCTH UX MOTOKAa U OT COCTaBa 0OJyuyaeMOro BELIECTBaA.
[Ipu npouynx paBHBIX YCIOBUSX /103a TeM OO0JIbllIe, YeM OOJIbIIEe BpeMs 00IyUEHHUs, TO
€CTh /1034 HAKAIUIMBAETCS CO BPEMEHEM.

[Inpoko pacnpocTpaHeHa BHECHCTEMHAs €IMHHIA 103kl — paj (0T aHri. radia-
tion absorbed dose).

1 pan=0,01Tp.

2. Mowgnocmo nozcnouiennoit 003sl N — 103a, OTHECEHHAS K €IMHULIE BPEMEHHU.

)
t

MormHocTs 10361 u3MepsieTcst B ['p/c.
[N]=Tprc.

3. Oxcnozuyuonnaa o0oza usiyuenus D, — 1032 pEHTIEHOBCKOTO M -
U3ITy4eHHUs], onpeensiemMasl 1o MOHU3auuu Bo3ayxa. OHa onpenensieTcss Kak OTHOUIe-
HHE CYyMMapHOTO 3apsijia BCEX MOHOB OJHOrO 3Haka » Q, CO3JaHHBIX B €IMHHULE

o0BEMa BO3/yxa, K Macce Bo3ayxa AM B 3TOM 00bEMe:

Am
Ennnanna skcno3unmonson no3el B CU1 — Ki/kr.
Kn
[Da ] =
KT

Okcno3unnoHHas 1o3a B 1 Ki/kr o3Hayaer, 4To cyMMapHBIi 3aps/l BCeX HOHOB
OJIHOTO 3HaKa, 00pa30BaHHbIX B 1 Kr Bo3ayxa, paBeH 1 Ki.

BuecucremHoil enuHUIEH HKCMO3UIIMOHHOW 03kl siBIsieTcsl peHtreH (P):
1 P=2,57976-10"" Ku/kr, ut0o cooTBercTByeT 0obpasoBanmio 2,08-10° map moHOB B
1 cM® Bosayxa (mipu 0°C 1 760 MM pT. CT.)
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4. Jxeusanenmnasa 0oza H — oueHuBaercss mo OMOJIOTMYECKOMY BO3JICHCTBHIO
MOHM3UpYIoNIero uanydeHus. [Ipu o0aydeHun KUBBIX OPraHU3MOB, B YACTHOCTH Ye-
JOBEKa, BO3HUKAIOT Ouonornueckue 3pPexTpl, BeTUnIHNHA KOTOPBIX MPH OJHOM U TOM
’Ke TMOTJIOEHHON J03€ pa3iuyHa JUIsl pa3HbIX BUAOB M3NyudeHUs. Takum oOpazom,
3HAHHME TOTJIOMIEHHON 03bl HEJOCTATOYHO JJIsi OLEHKH PaJHallMOHHON OMACHOCTH.
[Ipunsito cpaBHUBaTH OMoJIOTHYECKHE 3((PEKThI, BHI3bIBAEMbIE JTIOOBIMU HUOHU3HPY-
IOLUMH U3TYYEHUSIMH, ¢ 3QPeKTaMu OT PEHTIC€HOBCKOTrO U y-u3inydeHus. Koaddu-
IIUEHT, MOKAa3bIBAIOIINNA, BO CKOJIBKO pa3 paJuallliOHHasl ONaCHOCTh B CIy4yae XpOHH-
YECKOTo 00JIy4eHHs YelloBeKa (B CPaBHUTEIBHO MAJIbIX J103aX) Ui TaHHOTO BUA U3-
Jy4Y€HUsl BBIIIE, YEM PEHTT€HOBCKOTO HM3JIy4YEHMs MPU OJUHAKOBOM MOIJIOUIEHHOM
103e, Ha3biBaeTcst KodduuuenToM kauectBa u3nmydeHus (K). s peHTreHOBCKOTO |
y-u3nyuenus K=1. JIns Bcex apyrux HOHU3UPYIOMUX u3nydenni K ycranaBiuBaeTcs
HAa OCHOBAaHUU PAJAMOOMOJIOTMUECKHX HaHHBIX. Bce 3TH BENWYMHBI HCIONB3YIOTCA
IPY YCTAaHOBJICHUH HOPM PaUalIMOHHON 0€30MacHOCTH.

Ikeusanenmnuan 0oza H onpenensercs Kak OIpOU3BEICHHUE MOTIOMEHHON J0-
36l Ha KO3 dunueHT kadecta usznydeHus H=DK. DkBuBaneHTHas 1032 MOXET H3-
MEPSTHCS B TEX K€ EAUHULAX, YTO U MOTJIOHIEHHAS.

CyiecTByeT crnenuanbHasi €AMHUIIA SKBUBAJICHTHOM 703kl — 03p (Ouosioruye-
CKUIl SKBUBAJICHT PEHTreHa). DKBUBAJEHTHAs 703a B 1 O3p COOTBETCTBYET MOTJIO-
meHHo# go3e B 1 pax npu K=1. Eqununa skBuBanenTHo# 10361 CU — 3uBepTt (3B).

138 =100 63p

PanuanmoHHbIi KOHTPOJIb U U3MEPEHUE J103 OCYIIECTBIISIETCS AO3UMETpHUe-
ckuMu mipubopamu. Jozumempuueckue npudopst (103UMETPHI) — 3TO yCTPOMCTBA
JUTSE UI3MEPEHUS 103 HOHU3UPYIOIIUX U3TYyUYeHUNU U WX MoIHOCTe. OCHOBHBIMU Ya-
CTSIMU JTO3UMETPUYECKUX MPUOOPOB SBISAIOTCS JETEKTOP U U3MEPUTEIHLHOE YCTPOil-
CTBO. B 3aBuCHMMOCTH OT THIA AETEKTOpa JO3UMETPHI ACIATCS Ha:

— WOHU3AIMOHHBIC (C MOHU3AIMMOHHON KaMepou, MPOMOPIIMOHAIBHBIMA CUETUH-

KaMu Wi cu€Tunkami [elirepa);

— PaJNOIIOMHUHECIICHTHBIC (CHUHTUIUISIIIUOHHBIC, TEPMO- U (POTOTIOMUHECIICHT-

HBIC);

— TMOJIYyITPOBOTHUKOBBIE;

— (pororpaduueckue;

— XUMHUYECKHUE,

— KaJIOPUMETPHUUYECKHE.
CyImIecTBYIOT JO3UMETPUIECKUE MPUOOPHI IS U3MEPEHUS OJHOTO BHIA M3ITyUYCHUS
(Hampumep, HEUTPOHHBIE JO3UMETPUUECKUE MPUOOPHI, Y-TO03UMETPHI U JIP.), a TAKKE
JTO3UMETPBI ISl U3MEPEHUS B MOJIIX CMEIIAaHHOTO U3TyUYeHUS.
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