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TEMA 1
JIJTMHA BOJIHBI JIE BPOMJIS

N3ydenue npupoas! cBeTa MoKas3allo, YTO HapsiAy C BOJIHOBBIMU OH 00-
JajaeT KOPIYCKYJSPHBIMH CBOMcTBaMH. TakuM o0pa3oM, B ONTHYECKUX
ABIICHUSX TPOSABISAETCS KOPITYyCKYJISIPHO-BOJIHOBOM Ayain3M (IBOWCTBEH-
HocThb) cBeTa. B 1924 r. JIlyu ne Bpoiine BEIABUHYIM THIIOTE3Y, YTO Ayalu3M
HE SIBJIIETCA 0COOEHHOCTBIO TOJIBKO ONTUYECKUX SBJICHUH, a UMEET yHUBEP-
callbHOE TIpOsIBIIeHWE. JIBIKeHME TI000M YacTHIIBI, COTVIACHO ne¢ bpoiimio,
JOJDKHO OMHUCBIBATHCS BOJTHOBBIM MPOLIECCOM, AJMHA BOJIHBI KOTOPOTO

A=, (1.1)

I7ie p — UMITYJbC YacTUIlel, s — moctosiHHas [1nanka.

I'umoresa ne Bpoiinst OblIa BCKOpE MOATBEPKIACHA DKCIIEPUMEHTAIBHO
(onbiTl IPBUCcOoHa u [xepmepa (1927)). BoaHoBeIME CBOMCTBaMHU o0uia-
JAIOT BCE TeJa, HO MPOSIBJSIOTCS OHHU TOJBKO JUJISL YaCTHULl C MAJION Maccou
(MHEKpOYacTHI), TaK KaK JJI HUX JUIMHA BOJHBI ¢ bpoiinsg mocraToyHo Be-
JIUKa. Hpnqu MHKpOYacTUlla JOJDKHA HAaXOAUTLCA B YCJIOBHAX, KOrJa €€
JUTMHA BOJIHBI e bpoiins Oymer comsMeprma ¢ pa3MepaMud TOW 00JIacTH
IIPOCTPAHCTBA, B KOTOPOM yHacTula ABMWXeTca. Hanpumep, npu ABHKEHHUU
JJIEKTPOHA BHYTPHU TEJIEBU3MOHHOUN TPYOKH, JIMHEHHBIE pa3Mepbl KOTOPOU
HaMHOTO OOJIbINIe JJIMHBI BOJHBI e Bpoiist 3IeKTpoHa, YYUTHIBATH BOJTHO-
BBIE€ CBOWCTBaA QJICKTPOHA HC MMCET CMbICJIA. HpI/I JABUKCHHUHU K€ JJICKTPOHA
BHYTPH KpHUCTaIa, pACCTOSIHUE MEXAY aTOMaMU KOTOPOTO IO MOPSIIKY Be-
JIUYAHBI PABHO €T0 JJIMHE BOJHEI e bpoiins, yYUTHIBATh BOTHOBBIE CBOW-
CTBa 3JICKTPOHA HEOOXOAMMO.

3aodaua. Haiitu nnunay BonHbl ae Bpolns A 1i1st 3J€KTpoHa, HMEIOIIEro
KHHETUYECKYIO SHEPTHIO:

a) W} =10 x3B;

6) WZ =1 MbB.



Jano: W; =10 k3B = 10* 5B=10"- 1,6-107'° I
Wy, =1MsB=10°5B=10°-1,6-107"° JIx

M=2 A =?

Pewenue. JInuaa Bonusl ne bpoitns onpenensercs mo dopmyne (1.1).
MMy nbsC yacTuupl p UIsl CKOPOCTEM, MaJbIX 110 CPABHEHHMIO CO CKOPOCTBIO
cBeTa B BakyyMme (v << ¢),

p=mv.
Y4uThiBasi, YTO UMITYJIEC MOKHO BBIPA3UTh Y€pe3 KMHETUUECKYIO DHEP-
THIO mv =~2Wm , ans nnmuHsl BoIHBL Ae bpoiinsg moxydaem

h
A= ——. (1.2)
2Wm

Ecmn xe CKOpPOCTb YaCTHUIbI HCJIb3d CUUTATh MaJIoil 1o CpaBHCHUIO CO
CKOPOCTBIO CBETa B BaKyyMe, TO UMITYJbC YaCTHUIIBI COTIACHO PENISTUBHUCT-
CKOU Teopuu

rAC mg — Macca IIOKO:A 9aCTHUIIbL.

BripaxkeHne ummysbca yepe3 KHHETHUYECKYIO SHEPTHIO B 3TOM CIydyae
HUMeeT BUI

(1.3)




Bugano, uro ¢opmyna (1.3) nepexonut B popmyny (1.2), eciu uneHom
W2
—~ T0 CPAaBHEHHIO C Y4IICHOM 2W/n MOKHO npeHedpeyb.
c
2

OLICHKa IMMOKa3bIBaCT, 4YTO B CJiy4ac (a) YJICH —2 COCTaBJIsICT MCHEC
c

1 % ot unena 2Wm,. CnenoBarenbHo, moib3yemcs gopmynoit (1.2), u3
KOTOPOU MOJTy4aeM

6,63-107%

7\1= 4 19 31
J2:10%1,6-1079.9.1.10"

=12,2-10" 2 m;

uis cirydast (0) monb3yemcst popmysioit (1.3), u3 koTopoi nogydaem
-34
Ay = 66310 - — =0,87-10"2u.
2.106.1,6-10712.9,1.1073! 4 1071610 )
(3-10%)?

Omeem: a) L =12,2-10""%m; 6) A=0,87-10"%m.

TEMA 2

COOTHOIEHME HEONPEJEJEHHOCTEHN
I'EM3EHBEPT A

B xnaccuueckoll MeXaHUKE TOUYHOCTH ONpeesIeHHsI KOOPIUHATHL U UM-
IIyJIbCa MaTePUAIbHOM TOUKU B OJUH U TOT € MOMEHT BPEMEHHU B IIPHUHIIH-
IIe HE OrpaHuueHa. BoHoGbIe dice CEOUCMBA MUKPOUACMUY OZPAHUYUEAION
amy mounocms. JlaauM KauecTBEHHOE OOBSICHEHHE 3TOr0 YTBEPKICHHUSL.
OnpenenenHHas JUIMHA BOJIHBI €CTh XapaKTepUCTHKa HJealU3HPOBAHHON
0OECKOHEYHOM 10 MPOTSIKEHHOCTH MOHOXPOMAaTHYECKOM BOJIHBI, OIMCHIBaE-
Moii cunycounon (puc. 2.1, a). Jlrobas ke peanbHasl BOJIHA, B TOM YHCIIE
BoJIHA Jie¢ bpoilns, 3aHMMaeT KOHEUHYI0 00J1acTh MPOCTPAHCTBA, KaK I'OBO-
PAT, ABISETCS BOJHOBBIM MakeToM (puc 2.1, 6). MareMaTHuecKy BOJTHOBOM
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MaKeT MOXKET OBITh MPECTaBICH KaK pe3ybTaT CYNEPIO3UIUN CHHYCOU C
Pa3IMYHBIMA JUIMHAMHU BOJH, YWCJIEHHBIE 3HAYEHHS KOTOPBIX JIeXKaT B
ompeneneHHoM AnanazoHe AM . [lockonbKy mirHa BOJHBI e bpoins u nM-
ITyJIbC YacCTHULIBI CBA3aHbI cooTHomeHueM (1.1), To gcHO, 4TO eciu JTMHBI
BOJIH JIe)KaT B HEKOTOPOM Juama3oHe AL, TO B HEKOTOPOM JuanazoHe Ap
JIe)KaT W 3HAYCHHS UMITysbca. Benmuunaa AA , a ciemoBatensHO, Ap pacTeT
IIpH yMEHBIIEHHH pPa3MepOB BOJHOBOTO makera Ax. Pasmep BoiHOBOTO
MaKeTa XapakTepu3yeT HEOIpeeIeHHOCTh KOOPAUHATE MUKpoyacTHLbl. U3
CKa3aHHOT'O CJICAYET, YTO YMCHBIICHUC BCIMYNHLI Ax IMPUBOJUT K YBCIIN-
YEeHHWI0 HeoNpelelleHHOCTH uMIryinbca Ap. ['eiizenOepr mokasai, 4ro cre-
JIJAaHHOE€ YTBEPKIACHUC MOXXHO BbIPA3UTH C IMIOMOIIBIO CUCTEMbBI HCPABCHCTB,
KOTOpBIE Ha3bIBAIOTCSI COOTHOLIEHUSIMHA HEOTIPENECTIEHHOCTH:

Ax-Ap, 2h; 2.1
Ay-Ap, 2T (2.2)
Az-Ap, 2h, (2.3)

rae Ax,Ay,Az — HeonpeneNeHHOCTh KOOPAMHAT YacTHIbL Ap,,Ap,,Ap, —

HEOIPECACICHHOCTD HpOCKHI/Iﬁ HUMITyJIbCa Ha YKa3aHHBIC OCHU KOOpJAWHAT,

h .
h=— —noctosinHas [lnaHka ¢ yepToil.

A

a 6
Puc. 2.1. MoHOXpOMaTHYecKas BOJIHA M BOTHOBOH MMakeT

CooTHOIIIEHNEM HEOIPEISICHHOCTH CBsI3aHbl TakK)Ke BpeMsi NpeObiBa-
HHAS YaCTHUIBI B HEKOTOPOM DHEPTrEeTHYECKOM COCTOSHUU Af ¢ Heompene-
JICHHOCTBIO SHEPIUU 3TOTO COCTOsIHUSA AE :

AE-At>Hh. (2.4)

HpI/IMeHI/ITeJII)HO K DJJICKTPOHY B aTOME€ OJOTO O3HA4YacT CJICAYIOIICC.
B CTallMOHApPHOM COCTOSHHUHU aTOM MOXKET HAXOAUTBCA KaK YroJHO HOJIIO
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At — 0. MIMEHHO NO3TOMY BHEpPIHs JAHHOIO COCTOSHHSI MMEET BIIOJIHE
ompenenenHoe 3Hadenue AE ., — 0. «Bpems )u3Hu» BO30YkKIECHHOTO

COCTOSIHHS aTOMA MMEeT KOHEUHyH0 BenuuuHy nopsaaka At = 10~%c. Ciefo-
BaTENbHO, HEOIPENEICHHOCTh DJHEPIUM J3TOTO0 COCTOSHUS KOHEYHa:

AE,

h
5036 ZE. Ecnu nmpu nmepexofie 3I€KTpoHA M3 BO30YXKIEHHOTO COCTOS-

HUS B CTalMOHAapHOE aTOM HMCIyCKaeT KBaHT cBeTa ((OTOH), TO DHEPTHs
yKa3aHHOro (oToHa OyleT UMETh TaKylo K€ HEONPENEeIeHHOCTb AL, - .

3aoaua. Ilpu nepexoze u3 Bo30yXKIEHHOIO COCTOSIHUS B CTAl[MOHAPHOE
aToMm 3a Bpems T = 10™° ¢ mcIycTHI (OTOH, JUIMHA BOJNHBI KOTOPOTO A =
= 0,55 MxMm. OueHuTe BEIMUYMHY HEOIPEIEIEHHOCTH, C KOTOPOH MO>KHO
yCTaHOBUTH KOOPAMHATY ()OTOHA B HANpPABICHUH €T0 ABHIKCHHUS, a TaKKe
OTHOCHTEJIHHYIO HEOIIPEIEICHHOCTD €r0 JJIMHBI BOJIHBI.

Jano: 1=0,55 mxm =0,55-100m,
t=At=10"%c.

Ax—? ANM/A-7
Pewenue. HeonpeeieHHOCTh KOOPAMHATHI MOKHO OIIEHUTH TaK:
Ax~c-At,

/i€ ¢ — CKOpPOCTh cBeTa. YucieHHo 3To gaetr Ax ~3- 1031078 = 3 um.

[ns omnpeneneHus OTHOCUTEIBLHOM HEONPEAEIICHHOCTH JJIMHBI BOJIHBI
BOCIOJIB3yEMCs COOTHOLIEHHEM HeolpeaeneHHocTH [ eiizenbepra uis sHep-
MU BO30Y’KIEHHOTO COCTOSIHUS M BpEMEHH IPEOBIBAHNS B ’TOM COCTOSIHUH

AE-At=H. (2.5)

3Hak paBeHCTBa B dopmyie (2.5) o3HaUaeT, YTO MIIETCI MUHIUMAIBFHO BO3-
MOKHasg HEONPCACICHHOCTh DHEPTHUHU AE . Brime O0TME€YAJIOCh, UTO TaKYIO
e HEONpelelIeHHOCTh OyAeT MMETh M UCIyIIeHHbIH atoMoM (otoH. [lo-
CKOJIbKY dHeprusi poToHa CBsi3aHa C YacTOTOH CBETOBOW BOJHBI HOpMYIIOH

Ey = hv , TO HEOTIPEeIeICHHOCTH YHEPruu (POTOHA COOTBETCTBYET HEOIpe-
JIEIIEHHOCTh YaCTOTHI

Av=AE/h. (2.6)

YacTtoTy MOXKHO BBIPAa3UTh 4Yepe3 IJIMHY BOJHBI B BaKyymMe V=c/A.
Hcnone3ys ee, MOKHO HaWTH CBSI3b MeXIy nuddepeHnnaraMu 4acToTel U
JUTAHEI BOJIHBL:

10



c
dv= - dh.
A
OHyCKaﬂ 3HaK MHHYC, KOTOpLIﬁ 03Ha4acT, 4YTO YBCIUMYCHUIO YaCTOTHI

COOTBETCTBYET YMCHLIICHUEC JJIMHBI BOJIHBI, 1 3aMCHHUB 3HAK JII/I(I)(I)epeHHI/I-
aJla 3HAKOM HCONPCACIICHHOCTH, TOJyUYUM

c
Av = —ZA)\. .
A
[Toacrapnsist mocneaHee BhIpakeHue B (2.6), a TakKe HCIONB3YS COOT-
HomeHwue (2.5), mmMeeM
c h
—Ah=——.
22 At-h

YuutsiBas, uto A =27h, A8 OTHOCUTEIHHONW HEONPEIEICHHOCTH AJIU-
HBI BOJIHBI (POTOHA U3 TIOcenHel POpMyITBI ToTydaeM

AL A
A 2meAt

HOI[CT&BJBISI B OTO BBIPpa)XCHUEC YUCIICHHBIC 3HAUCHU, ITOJTYyUYUM

AL 0,55-107°
A 2r.3.108.1078

~3.107%.

Omeem: ~3 M, ~3.1078,

TEMA 3
YPABHEHUME HIPEAUHI'EPA

Bropoii 3akoH Hel0TOHA, SIBJISACH OCHOBHBIM YPaBHEHUEM KIIACCUYECKON
JUHAMUKH, TI03BOJISIET, 3HAsI HA4aJIbHbIE YCIIOBUS, PACCUUTHIBATH HOJOXKECHHE
U CKOPOCTh YacTHUIIBI B JTOOOH MOMEHT BpeMeHH. B mMukpomupe mobas ya-
CTHIIa ONHCHIBaeTCs BOJHOU Ae bpoitma. CiaenoBaTensHO, HEOOXOAMMO UMETh
ypaBHEHHE, ¢ IOMOIIBI0 KOTOPOI'0 MOYXHO PacCUMTHIBATh MapaMeTpbl TaKkoi
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YaCTHLBI-BOJIHBI JUIsI JIIOOOH TOUKU MPOCTPAHCTBA B JIIO00H MOMEHT BPEMEHH.
Taxoe ypaBuenue Obu10 ipeanoxeno Llpemuarepom (1926):

2 2 2 2
—h— 6‘;’+8‘;’ 812}/ +U‘P=iha—ql,
2m| ox oy oz ot

rae m — macca gactuusl; U(x, y, z, f) — IOTeHIMAaIbHAS SHEPTUS; i = J-1 -
MHHMasi eIMHUIIA; ! — BPEMS; X, V, Z — KOOPAMHATHL. DTO YpaBHEHHE SIBIISICT-
Cs1 OCHOBHBIM 3aKOHOM KBAaHTOBOW HEPENSTUBUCTCKON MEXaHUKH.

HckoMoiil BeTHMYMHON MpH pEelICHUH AaHHOTO YpaBHEHUS SBIISIETCS BOJIHO-
Bas V-pynkuus (ncu-GyHKUus), KOTopas B OOIIEM CIIydae 3aBUCUT OT KO-
opauHat u Bpemenu Y(x, y, z, f). Y camoii Y-pyHkimu Her uzndeckoro

. 2
cMmbicia. DU3MyYeCKUil CMBICT UMeEET KBaapaT mouyis V-¢hyHKiuu |‘P| ,

KOTOpLIﬁ paBCH INIOTHOCTHU BCPOATHOCTU 06Hapy>KI/ITL JaCTULy-BOJIHY B
ILaHHOfI TOYKE NPOCTPAHCTBA B ILaHHLIfI MOMCHT BpCMCHH:

2 dw
[ =—
dv
rae dW — BepOSTHOCTh OOHAPYKUTH YACTHUITY B Mpeenax OECKOHEYHO Ma-

moro oobema dV . UtoOwsl xBagpaT momyins ‘P-QyHKIHM COOTBETCTBOBAI
cBoeMy (HU3MUECKOMY CMbIcTy, cama W-(hyHKuus noibkHa OBITh KOHEYHA,
OAHO3HAaYHA U HCHIPEPBIBHA, a €€ IMPOU3BOJHBIC — KOHCYHLI U OJHO3HAYHBI.
Kpome Toro, mockoiabKy BEpOSITHOCTH COOBITHS, KOTOPOE 00s3aTENILHO TPO-
H30MIET, B MaTEMAaTHKE CUNTACTCS] paBHOW €AMHUIIE, TO STOMY TaK Ha3bIBa-
€MOMY YCJIOBHIO HOPMHPOBKH JOJKHA YAOBIETBOPATH U Y-(hyHKIHSA.

Ecnu moTeHumaneHast SHEPrHsl YacTUIBI HE 3aBUCHT OT BPEMEHH, TO
Y-pyHKIMIO MOXKHO 3aMEHUTHh NPOM3BEIACHHEM ABYX (YHKUHUHA, OfHA U3
KOTOPBIX 3aBUCUT TOJIBKO OT KOOPIUHAT, a APYyrasi — TOJIBKO OT BPEMEHHU:

\P(xa Y,z t) = \V(xa Y, Z) -0 (t)

Takas 3ameHa mo3BosseT pa3outh ypaBHeHue lllpeaunrepa Ha nBa. OnHO
U3 HUX 3aBUCHUT TOJBKO OT KOOPOMHAT, OHO HAa3bIBAETCSl CTALMOHAPHBIM
ypaBHeHueM lllpenunrepa, a Bropoe — oT BpeMmeHH. IIpu sTOM pemeHue
BTOpPOTO YpaBHEHHMSA, OKa3bIBaeTCs, HE BIHSIET Ha HUCKOMYIO IUIOTHOCTH Be-
POSITHOCTH:

¥ y.z0 =|we .2
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Cramuonapaoe ypaBuenue lllpeamarepa mas OJHOMEPHOTO IABMKCHIHS
YaCTHULIBI BIOJb OCU X UMEET BUJ

rae £ — noiHas sHeprust YaCTUIIBI-BOJIHBL.

PaccMoTpuM ¢ KBaHTOBO-MEXaHHYECKON TOUKH 3pPEHUS 3a/lady O MOBe-
JICHUW YACTHIIBI, HAXOMASAIICHCS B OrpaHWYCHHOW OOJACTH TPOCTPaHCTBA.
Bynem cunrtaTh, 4TO YacTHIIa MOXKET TEpEMEIAaThC TOIBKO BAOJb OCH KO-
OpAWHAT X, MPUYEM JUIS BBIXOJA 3a IMpelenbl 00IacTH HEOOX0IMMO CO00-
IIUTh YacTHIe OCCKOHEYHO OONBLIyI0 3Hepruto. VMHade roBops, pemum
ypaBuenue llpenuarepa s 9acTUIBI, HAXOAAIIEHCS B OTHOMEPHOM, Oec-
KOHEYHO TITyOOKOW MOTeHIManbHOU siMe. ByJaem cunTaTh MOTEHIIHATBHYIO
SHEPTHIO YaCTHIIBI BHYTPH AMbI paBHOU HyJ0 (puc. 3.1):

U=0mpu0<x<1;
U=compux<0,x>1
4 T
I I

A

g9

0 {

Puc. 3.1. 3aBUCUMOCTB MMOTEHIHAILHOM
SHEPIHU OT KOOPIUHATHI

Torna ypaBuenue lllpeaunrepa s obmactu 0 < x <1

2 42 2
_h_d_\V:EW,HHHd_W_i_z_mE\V:O'
2m gx? > B

BBenem o0o3HayeHune

K ="2F. 3.1)



Torna ypaBHEeHUE IPUHUMAET BUJT
2
d
—g’ + kzw =0.
dx
PenrenrieM 3Toro ypaBHEHUS SIBIsieTCS (QYHKITUS

y(x) = Asin(kx+ ),

2m
n”

[TockonbKy YacTHIIa HE MOXET BBHIUTH 3a Ipeneibl OECKOHEYHO IiTy0o-
KOH TOTEHIMAJIHHOHN SIMBI, HJIM WHAYE — CTEHKH SMbI a0COIIOTHO HETPOHU-
[aeMBI JIJIS1 YaCTHUIIbI, BEPOSITHOCTh OOHAPYKHUTh €€ BHE MBI BIUIOTh JIO TO-
yek ¢ koopaumHatamMu x =0, x=/ paBHa Hymo. Tak Kak B OJHOH TOYKE
MIPOCTPAHCTBA HE MOXKET OBITh ABYX Pa3IMYHBIX 3HAYCHHH BEPOSTHOCTH
00HApYXHUTh YaCTHILy, TO U BHYTPH SIMBl y €€ TPaHHIl BEPOSTHOCTh OOHa-
PYXUTh YaCTHUILy TaKKe JIOJKHA OBITh PaBHA HYJI0. DTO O3HAYACT, YTO IS
VY-pyHKIMH, KBagpaT MOIYJII KOTOPOUM €CTh TUIOTHOCTh BEPOSTHOCTH, BHI-
MOJIHSIFOTCS CEYIOIUE TPAHUYHBIE YCIOBUS:

v(0)=y()=0.
I/ICHOJ'IL3y${ NEpBOC I'paHNUYIHOC YCIIOBUC, UMCCM

y(0)=A4sin(k-0+a)=0,

rae k= E.

CJIeI0BaTEIbHO,
sinao=0,u a=0.
Hcnonp3ys BTOpOE TpaHUYHOE YCIOBHE, TIOTy4YaeM
y(l)=Asin(kl)=0,
CJIeI0BaTEIbHO,
kl=nm,

rJe KBaHTOBOE YMCJIO # MOJXKET NMPUHUMATh 3Ha4YeHus n =1, 2, 3...(3Haue-
Hue n =0, JOMyCTUMOE C MATEMaTUYCCKON TOYKH 3PCHUs, HE UMeeT (hU3H-
YECKOTO CMBICHIA, TaK Kak mpu 3ToM Y-QyHKIUS MoTydaeTcss paBHOW HYJIEO
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BHYTPH SIMBI JUTSL JIFOOBIX 3HAYEHHUH KOOpAMHATHI X ). Vcnonb3ys cBsi3b k U
E (3.1), umeem

*h? 2
= n
2mi?
Takum o0Opa3oM, pU JBHUKCHUU YaCTHUIIBI-BOJIHBI B OTPaHHMUYCHHON 00-
JacTH MpocTpaHcTBa ypaBHenue llpemuHrepa vMeeT pelieHUE JHIb JUIs
OTPE/ICTICHHBIX (KBAHTOBBIX) 3HAYCHHI MOMHON SHepruu. OHM Ha3bIBAIOTCS

COOCTBEHHBIMH 3HAYEHISIMH, a COOTBETCTBYyIome UM ‘Y-pyHKImn — cob-
CTBCHHBIMU (DYHKIMSIMHU:

E

y(x) = Asin (% xj .

BeposTHOCTD ¥ TIOTHOCTH BEPOSITHOCTH OOHAPYKUTh YacTHIy B Oec-
KOHEYHO Mayioil 00JacTH OJHOMEPHOTO TPOCTPAHCTBA dX BHYTPH SIMBI,
CJIE0BATEIBHO, PABHEI

. 2 .
dW = A% sin? %x dx, \|J| = 4% sin? nl_nx

rpa(l)I/IKI/I 3aBUCUMOCTU IUIOTHOCTU BCPOATHOCTU OT KOOPJAUHATHI IJId
Pa3TMYHBIX 3HAYEHUI KBAHTOBOTO YMCIIAa # TIOKa3aHbl Ha pHc. 3.2.

P A

Puc 3.2. TINOTHOCTb BEPOATHOCTH
HaXOX/ICHHSI YacTHIHI B sIME

15



3aoaua. CoOcTBeHHBIC (YHKIIUU, ONMMCHIBAIOIIAE COCTOSHUE YACTHUIIBI,
HaxXOJSIIEHCs B OAHOMEPHON 0eCKOHEYHO TIyOOKOW MOTEHIMANBHON sMe,

. [ mn
UMeIoT BU Y(x) = Asin (ij Hcnons3ys ycinoBue HOPMHUPOBKH, OIpe-

JIEJIUTE TIOCTOSHHYIO A .

Pewenue. TlockonpKy 4acTHIla, COTJIACHO YCIOBHIO 3a/1a4¥, HAXOJIUTCS
B HEKOTOPOM MECTE MIPOCTPAHCTBA, TO BEPOSATHOCTH OOHAPYKUTH €€ B JHA-
IMa30He 3HAYCHUH KOOPIUHATHI —o0 < X < 400 paBHA EAMHHIIC

W=+fo|\u|2dx=1.

O6nacTe MHTETPUPOBAHHUA MOYKHO OTPaHMYHMTH AuanazoHoM 0<x </,
TaK KaK BHE 3TOro Juarna3ona V-pyHkius paBHa HyIO:

2
/ l
[|Asin x| de=1, A% [sin? My |dx=1.
0 ! 0 !

Ortcrona cnenyer

TEMA 4

TEILIOBBIE CBOVCTBA TBEPJIBIX TE.JI

Moutekyibl, U3 KOTOPBIX COCTOSIT TBEPJBIE TEJA, CUWIBHO CBA3aHbI IPYr €
JpyTrOM U 3aHUMAIOT MOJIOKEHHSI, COOTBETCTBYIOIINE MUHUMYMY 3HEPTHH UX
B3auMoieiicTBrsl. OCHOBHOM (POPMOH JIBIKEHHUSI STHX YaCTHUI] SIBISIOTCS KO-
7e0aHus OKOJIO TIOJIOKEHUS paBHOBECHsL. AMIUIUTY/AA KoJieOaHuil coCcTaBIsIeT
HE3HAYUTEIBHYIO YaCTh PACCTOSHUS MEX Ty Mosiekyiamu (= 0,05 %).
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CormacHo KJIaCCHYECKUM MMpeACTAaBJICHUAM KPUCTAJLI, cocTosmuit u3 N
ATOMOB HJIKM MOJICKYJI, KOTOPBIC paCCMaTpUBAIOTCA KaK MaTCPUAJIIBHBIEC TOY-
KU, SABJIACTCA cucremoir ¢ 3N KoieOaTeIbHBIMA CTEIEHSIMU CBO6OI[I)I.

1
Ha xaxmyto u3 HUX IPUXOTUTCS B CpefHeM dHeprus k7' (EkT B BUJE KU-

.1
HETUYECKOH U EkT B BHJIC TTOTCHIINAILHON SHEPTHH |, TI€ k — TOCTOSHHAS

Bonpumana, 7 — abcomoTHas temnepatypa. M3 3Tux mpeacTaBieHHid BbI-
TekaeT 3aKkoH [ltonoHra—IITH, KOTOPBIN yTBEp)KIAET, YTO MOJIIpHAs TEIUIO-
€MKOCTh BCEX KPHCTAJJIOB OAMHAKOBa U paBHa 3R, rae R — yHuBepcaib-
Has ra3oBas IIOCTOSIHHAsI. DTOT 3aKOH, KaK ITOKa3bIBA€T OIIbIT, XOPOHIO BbI-
MOJIHACTCA OJId MHOTMX XUMHUYCCKHU IMPOCTHIX TCJI B KPUCTAJUIMYECKOM CO-
CTOSIHUH IIPH BBICOKUX Temueparypax. [Ipy moHmxeHun TeMnepaTypsl Tell-
JOEMKOCTh YOBIBACT, CTPEMSCh K HYJIO NPU MPUOTMKEHHH aOCONIOTHON
temnepatypsl kpuctamia k 0 K. [Ipu aTom BOMM3M HyJS TEILIOEMKOCTD H3-

MEHSIETCS TPONOPUHUOHANBHO T 3.

C ToukM 3peHHs KBAaHTOBOW MEXaHHUKM aTOMBl XUMHYECKH MPOCTOTrO
TBEPJOro TeJsa MPH KoJeOaHUAX C Maloil aMIUTUTYOW SIBIISIOTCS TapDMOHH-
YeCKUMH KBAaHTOBBIMH OCIHJUIITOPAMHU. JHEPTHUsl TAKOTO OCIMIUISATOpa MO-
KET MPUHAMATh TOJBKO IUCKPETHBIM HaOop 3HaueHwi E =(n+1/2)ho,

rae kBantoBoe umucio n=0,1, 2, 3,..., npyuyeM U3MEHEHHE KBAHTOBOI'O YHUC-

Ja n Ha eIWHUIYYy MPHUBOIUT K M3MEHEHUIO YHEPTHH OCHWILIATOpA Ha OIU-
HaKOBYIO BEIMYWHY, paBHYI0 AFE =ho. Bemmunna n=0 cOOTBETCTByeT

1
HaWMEHBIIIEH, TaK HAa3bIBAEMOU HYJIEBOU SHECPTHUHU KOJIeOaHUH EO = Eh(D .

Teopust TEIOEMKOCTH KPUCTATHYECKUX TEJ, YUUTHIBAIOMIAs KBAHTOBA-
HUEe KoJieOaTenbHON SHEepIruH, ObLIa co3MaHa DWHIITEHHOM M BIIOCIICICTBHH
ycoBepuieHcTBOoBaHa [lebaeM. Teopust DitHIIITEIiHA TaeT JIUITH KA4€CTBEHHO
BEPHBIN XOJT 3aBUCUMOCTH TEIIOEMKOCTH 0T Temrieparypbl Bomsu 0 K. Teo-
pus Jlebast naeT KOIM4eCTBEHHOE COOTBETCTBUE OIBITHBIM JaHHBIM.

B ornuume ot DiHmTelHa, [ebaii yuyen, uTo KoneOaHUS aTOMOB KpH-
CTaJyla He SBJIAIOTCS He3aBUCUMBIMHU. CMeIlleHHe OJHOTO aroMa OT IOJIOo-
’KEHUSl paBHOBECHUS MPUBOJUT K CMEIICHUIO COCEIHUX C HUM aTOMOB. B pe-
3yJbTaTe B KPUCTAJUIE BO3HUKAET Oerymias BoiHa. Joins no rpaHul, BOJTHA
OTpa)kaeTCsl U HAUYMHAET PACIPOCTPAHATHCS HABCTpeUy Iaarolieil BOJHE.
[Ipu crmosxeHUM 3THX BOJH 00pa3yroTCs CTOSYME BOJNHEL. M3 Teopum cros-
YUX BOJH M3BECTHO, YTO JUTMHA OETYIIMX BOJH A , 32 CUET CIOKEHHs KOTO-
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PBIX 00pa3yIOTCs CTOSTYME BOJHBI, MOXKET HMETh TOJIBKO AUCKPETHBIN HaOOp
3HAYEHUH, KOTOpBIE CBSI3aHbI C pa3MepaMu KpucTajula L B HanpaBJICHUH
pacrpocTpaHeHusl BOJIHBI (OPMYIIOit

"= 2L
n )
n
rae n=1, 2, 3,... — HOMep TapMOHHUKH.

Kaxnas cros;uast BoJHA C TOYKM 3PEHHSI KBAHTOBOW MEXaHWKH IIpen-
CTaBJISAET COOOM KBAHTOBBIH TapMOHHYCCKHH OCHHJUIATOP M OOBIYHO Ha3bI-
BAETCA MOOOU. DHEPrHs MOJBI C YAaCTOTOH (); CKJIaAbIBAaeTCs U3 MOPIMH,
paBHBIX €; = iw; . DTa Mopuus (KBaHT) SHEPIUU YIPYIUX KoJeOaHUH cpesibl
HazbIBaeTcs ¢poHoHom. BaxHO OTMETUTH, YTO B CpeAe, COCTOSIIEH U3 Auc-
KPETHBIX aTOMOB, PACHOJOXEHHBIX Ha PAacCTOSHUM d , AJUHA BOJIHBI HE
MOXKET OBITh MEHBILE YeM A iy = 2d . DTO O3HAYaEeT, YTO NHUKIMYECKas Ya-

CTOTa yNPYTUX 3BYKOBBIX KOJIEOaHWH, BO30YXKTaeMbIX MPH pacIpoCTpaHe-
HUH BOJIH 110 KPUCTAJLTY, HE MOXKET ObITh OOJIbIIIE YeM

B 2mv,p
max — >
xmin

®

(4.1)

IJi€ V,, — CKOPOCTh 3BYKOBBIX BOJIH B KpHcTaie (B Teopuu Jlebast v,, cuu-

TaeTCs OJJMHAKOBOM JUTS BCEX JUTHH BOJIH).

B ympyroii cpene BIOIb HEKOTOPOTO HANPABICHUS MOTYT OJHOBPEMEH-
HO PaclpOCTPaHATHCS TPH Pa3Hble HE3aBHUCHMBIE BOJHBI C OJMHAKOBBIMU
IUKJINYECCKUMHU 4YaCcTOTaMU ® . OTH BOJHBI OTINYAIOTCS HOJ'IHpI/I3aHI/IeI712 on-
Ha TPOJOJIbHAS U JIBE IIOTIEPEYHBIC BOJHBI, MOJISIPH30BAHHBIE BO B3aHMHO
MePIeHINKYJSIPHBIX HANPaBICHUSAX. YUUTHIBAs 3TO, MOXKHO HAWTH YHCIIO
Pa3IMYHBIX MOJ, NPUXOSIINXCSA HA €IUHHUIYy 00beMa KPUCTAIlIA, YaCTOTHI
KOTOpBIX JIeXKAT B AWANa3oHe oT M 70 ® +d :

2
dN(®) = 3Ld@) .

2n2v§B

MakcuManbHy!0 4acToTy KoOJeO0aHMH Oy, HaXOAAT, NPHPaBHUBAs

IOJTHOE YUCIIO (POHOHOB K YHCITY CTereHel cBoOoabl 3n B eauHMIE 00BeMa
(n —4KCcI0 ATOMOB B eUHMIIC 00BEMA):
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Omax Omax 2 3
= | dN(@)= | 3‘2” - do = —mX
0 0 217V 21 vy,
Orcrona
Omax = Vap Jon’n. (4.2)

HUcnonssys opmyiy (4.2), MOKHO IOITyUUTh

2

dN(®)=9n do .

O max

Teneps MOXHO BBIYHCIHTH BHYTPEHHIOIO DHEPTHIO TEIUIOBBIX Kojeba-
HUH eMHUIIBI 00beMa KpUCTaslIa

mmax
U= [ <ew)>dN,
0

TJIe CPedHssl PHEePTUs KojieOaHWH KBaHTOBOTO OCHIILIATOpA (MOabI) < &(®) >

0e3 ydera HyJICBOI SHepruM KoieOaHMH, KaK IOKa3bIBAETCS CTaTUCTHYE-
CKOW (U3NKOH, paBHA

/10)

- /. N 2
ho
exp| — [—1
kT
rae k — nocrossHHas boimbMaHa.
Torma ynmempHas TEMJIOEMKOCTh KpUCTAJIa NMPHU TOCTOSSHHOM 00BeMe
MOJIy4aeTcst

<g(m)>=

® ho exp(mj
_dU _ 9npn M kT
T R
max 0 pp2 {exp [mj — 1}
kT

Beenem xapakrtepucTtuueckyto Temreparypy Jebas 0 :
ho

6= (4.3)
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10)
Kpome Toro, BBEJIeM MEPEMEHHYIO X = — .

k

Torna hopmyiia st yIeIbHOM TEIUIOEMKOCTH TIPUMET BUT
3
TY 0T & x*dx
Cy = Onk| — _[ ﬁ .
0) o (-1
IMpu T <0 (061acTh HU3KKMX TEMIIEPATYP) BEPXHHI MPEIes B MOCTEI-

HEM HUHTErpajiec MOYKHO 3aMEHUTh Ha oo . EciM, KpoMe€ TOro, y4ecrb, YTO
MEX]y YACIbHOU U MOJIAPHON TEIJIOEMKOCTBIO CYIIECTBYET CBSI3b

_ Svon

c
ya >
u

rac | — MOJIdpHas mMacca, TO IJid MOJ]SIpHOﬁ TCIUIOEMKOCTH KpUCTaJljia Ipu
IIOCTOSSHHOM 00BheME MOKHO IOJIYYHUTh

121*R
MOJI :?

s Beicokux Ttemmepatyp (7 >> 0), packiaasiBast 3KCIIOHEHTY B PSI 1O

C 73,

fio
MaJoMy Tapamerpy T U OrpaHUYHMBASCH JBYMS WICHAMH P, JJIS MO-

JIAPHOM TEIJIOEMKOCTH MOJy4YuM 3akoH Jrononra—IIrtu:
Cyog = 3R .

MOJI

3aodaua. Onpenenure NpUOIMKEHHO CKOPOCTh 3ByKa B ajlMase, 3Hasi,
yro pebaeBckas Temreparypa anmasa paBHa 1860 K u paccrosHue mexmy
atoMamu d =1,54 aHrcrpema.

Hano: 6=1860K ;
d=1,54 A

V3 =?

Pewenue. OnpenenuTb CKOPOCTb 3BYKa B aJMa3e MOXHO C IOMOIBIO
BeIpakeHus (4.3)

hwmax

k
20
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Hcnons3ys Gopmyiy (4.1) 1 yuuteiBas, 9to Ay, =2d , IOTy4uM

_ M2mvy
© 2dk

BblpamaeM V3 W IIPOBOAWM BbIYHUCIICHUA:

0

_dk®  1,54-10710.1,38.107%% 1860
Vap T T 34
n 1,05-107>%.3,14

=11,4-10° w/c.

[IpoBepumM equHAIY H3MEPEHUS:

_[d1K[0] _ m(Ix/K)K _ M
 [h] Jdx-c ¢

[Vss]

Omeem: v,, =11,4-10° m/c.

TEMBI 5,6

KBAHTOBASI CTATUCTUKA ®EPMU-IUPAKA,
IJIEKTPOIIPOBOJJHOCTD TBEPABIX TEJI

1. B HU30JIMPOBAHHBIX aTOMaxX OJJICKTPOHBI HAXOOATCA B IOUCKPCETHBIX
JHEPTeTHYECKUX COCTOSHUAX. Y OJMHOYHBIX aTOMOB OJHOTO JJIEMEHTa,
PaCIIOJIOKCHHBIX Ha TaKUX 6OJII)HII/IX pacCcTodHUuAX r , 4TO BSaHMOHeﬁCTBH-
€M MEeXIy HUMH MOXKHO TpeHeOpedb (7 >>a, TAe a — MOCTOSHHas KpH-
CTAJUTMYECKOW PEIIETKH), DHEPTUs COOTBETCTBYIOIIMX OSHEPTEeTHYECKUX
YpOBHE#H a0COJIIOTHO OJMHAKOBA. Tak Kak MOTCHIMAIbHAsSI SHEPTUS B3aHUMO-
JIEeHCTBHA NEKTpoHA ¢ siapoM atoMa U 0OpaTHO MpOMOpIOHANBHA pac-

1
CTOSHUIO MEXKIY HUMU U~— , TO aTOM SABJISICTCA IJIA 3JICKTPOHA IMOTCHIH-
r

albHOW SIMOM, BHYTPU KOTOPOM 3JIEKTPOHBI HAXOJATCS Ha OIPEACIICHHBIX
JHEPreTHYECKUX YPOBHSX. IIpu 3TOM Mexny coceTHUMH aTOMaMU MUMEETCs
BBICOKWH U IMUPOKUH TTOTCHIIMAIBLHBIN Oaphep.

[Ipu cOamkeHHH aTOMOB B3aUMOACHCTBHE MEXAYy HMMH pacteT. llpu
3TOM JJIsl BCEX DJIEKTPOHOB B aTOMax YMEHBIIAIOTCS Kak MIMpHHA (7~ a ),
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TaK ¥ BBICOTA MOTCHIIMAILHOTO Oaphepa, MPUUEM JUIS BaJICHTHBIX 3JIEKTPO-
HOB BBICOTa MOTEHIMAIBHOTO 0aphepa MOXKET CTaTh HI)KE WX JHEpreTHUe-
CKOT'0 YPOBHSI B M30JIMPOBAHHOM aTtoMe. B 3TOM ciydae BaJIEHTHBIE 3JIEK-
TPOHBI MOJIYYAOT BO3MOXKHOCTb JIETKO MEPEXOUTh OT OJHOr0 aToMa K ApY-
romy. Takue 0OOOIIECTBICHHBIC KPUCTAIIOM AJICKTPOHBI Ha3bIBAIOT CBO-
OOIHBIMH, 2 UX COBOKYITHOCTB — DJIEKTPOHHBIM T'a30M.

B3aumoneiicTBHE aTOMOB B KpHUCTAJUIE CYLLIECTBEHHO MEHSET CTPYKTYpPY
SHEPreTHYECKUX YPOBHEH 3JIeKTpOHOB. [Ipu cOmmxeHnd N aTOMOB Kaxk-
IbI SHEPreTUYECKUM YPOBEHb H30JMPOBAHHOIO aTOMAa paCHICIIAECTCA Ha
N oueHb ONHM3KO PACHOJIOKECHHBIX YpPOBHEW, 00pa3yoIuX 30HY paspe-
LIEHHBIX SHepruil. Pa3pelnieHHble 30HBI OTAENEHBI APYr OT JApyra 3ampe-
IIEHHBIMU 30HaMHU.

Pacmennenne pazHbIX ypoBHE# HeoquHakoBo. Haubompiee pacmierie-
HHE HCHBITBIBAIOT BBICOKO PACIIOJIOKEHHBIE YPOBHU KakK 3aHATHIE, TaK U HE
3aHATBIE BJleKTpoHaMH. [loA3TOMy 30HA, COOTBETCTBYIOLIAsl BaJCHTHBIM
3JIEKTPOHAM, OKa3bIBAETCS IIMPOKOM. ISl 3EKTPOHOB, PACIOI0KEHHBIX Ha
HWKHUX JHEPTreTHYECKHX YPOBHSAX aToMa, MOTEHIHATBHBIA Oaphep mocie
COJIMKEHUST OCTACTCSA OYCHBb TPYAHO MPOXOIAMMBIM, TIO3TOMY COOTBETCTBY-
IOII[HE YHEPreTHYEeCKNe YPOBHH MPAKTHYECKH HE paciieruisiroTes (puc. 5.1).
Crnenyer OTMETUTh, YTO IIMPUHA 30H HE 3aBHUCUT OT Pa3MEpOB KpHCTAJIIA.
[ToaTomy uyem OoJbllle aTOMOB COAEPIKUT KPUCTAILI, TEM TECHEE PacIiolia-
raroTCsi ypOBHM BHYTPH pa3pelleHHOM 30HbI. JlJisi KpucTasia, COCTOAILETO,

2
Harpumep, U3 10 3 aTOMOB, paCCTOAHNUEC MCKAY COCCAHUMU YPOBHAMU 30-

HBI COCTaBIISET IPUMEPHO 10723 5B.

ypoaHU

L

HepeemuyecKue 30Hb!

\V JAuckpemHeie amomHeie

Puc. 5.1. Cxema 00pazoBaHHs YHEPTETUUECKUX 30H IIPH COMMKEHIH
aTOMOB (@ — ITOCTOSTHHAS PEIIeTKH KPHUCTAIIa)
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2. CyliecTBOBaHUE HHEPreTUYCCKUX 30H IMO3BOJISAET OOBSCHUTH C €IU-
HOM TOYKH 3pEHHs pasiuuue 3JeKTPO(PU3NIECKUX XapaKTEPUCTHUK MeTal-
JIOB, TIOJYTIPOBOJAHUKOB U IUAJIEKTPUKOB.

DeKkTprYecKre CBOMCTBA TBEP/BIX TEJl 3aBUCAT OT XapaKTepa 3aIoiHe-
HUS DJICKTPOHAMU Pa3pEIICHHBIX U OT IUPUHBI 3alPEHICHHBIX YHEPreTHYC-
CKUX 30H. 3allOJIHCHHE 3JICKTPOHAMH JHEPreTUYCCKUX YPOBHEH B paspe-
IICHHOW 30HE OCYIIECTBIISCTCS B COOTBETCTBUHU ¢ NpuHImIoM [laymu, co-
[JIACHO KOTOPOMY B CUCTEME HE MOXKET OBITh JIaXe JBYX 3JICKTPOHOB C OJIU-
HAKOBBIM Ha60p0M BCeX KBAHTOBBIX UHcell. B aToMe 3TMMM 4HCIaMU SIBJIS-
IOTCS: 1 — TJIaBHOE KBAHTOBOE YHUCIO, / — OpOUTANIbHOE, M — MarHuTHOE,

my — MarHuTHOC CIIMHOBOC KBAHTOBOC YUCIIO.

Bo3moxus! Tpu ciydas (puc 5.2). B coydae (a) 37IeKTpOHBI 3aIOTHSIOT
BaJICHTHYIO 30HY HE TMOJHOCTHIO. [103TOMY MOCTaTOYHO COOOIIMTH 3JEK-
TPOHAM, HaXOJSIIMCSI HAa BEPXHUX YPOBHSX, COBCEM HEOOJBIIYIO SHEPTHIO

-2
(~10 3 9B), M1 Toro 4TOOBI MEepPEeBECTH UX Ha O0Jee BBHICOKHE YPOBHH.

JocraTouyHast 1 3TOTO Iepexoia dHEprus MOSIBIAETCS NPHU HarpeBaHUHU
kpuctamia yxxe Ha 1 K. Jlaxe HeOONbIIME 3MIEKTPHYECKUE IO MOTYT CO-
00IIaTh ATHM DJIEKTPOHAM JOMOJHUTENBHYIO DHEPTHIO, TIEPEBOAS MX eIle
Ha Oosee BbICOKUE YpOBHU. 1103TOMY 3JIEKTPOHBI MOTYT YCKOPATHCS IOJIEM
B TAaKUX BeILIECTBaX NpH JIOOBIX Temmeparypax. B xpucramie mosBusercs
YHOPSIIOYEHHOE IBHKEHHUE JJIEKTPOHOB MOJ ACHCTBHEM TMOJs, T. €. dJIeK-
Tpudyeckuil ToK. Kpucramn ¢ mogoOHON cXeMOH 3aloIHEeHHsI 3HEpreThde-
CKUX YPOBHEH MpeacTaBiseT co0oil MeTal.

Ecnu mpu remmniepatype, paBHOH aOCOIIOTHOMY HYJIIO, BEPXHSSA 30HA, HA
YPOBHSIX KOTOPOW €CThb AJIEKTPOHBI (BaJIeHTHAsl 30HA), MOJHOCTBHIO YKOM-
IUIEKTOBAaHA MMH, a BBIIIEJEXkKAlasl pa3pelieHHas 30Ha (30Ha IPOBOANMO-
CTH) HE COICPXKUT DIIEKTPOHOB, TO BEIIECTBO HE MOXKET IPOBOAUTH JIIEK-
Tpudeckuil ToK. OHAKO eciy MHUPHHA 3alPEeIeHHON 30HbI HEBEJUKA U CO-
craBisier 1-2  snekrtpon-BonbTa (3B) (cnmywait (6)), SsHEprus TEIIOBOTO
JOBIDKEHHS aTOMOB KpHCTaJUla MJIM SHEPrus MOIJIOLIEHHBIX UM (POTOHOB
OKa3bIBaeTCsl JOCTATOYHOM JJIsl TOTO, YTOOBI MEPEBECTH YacTh DIIEKTPOHOB
13 BaJEHTHOW 30HBI U€pe3 3aMpEIEHHYI0 30Hy B 30HY MPOBOAUMOCTH. Of-
HOBPEMEHHO CTAHET BO3MOKHBIM IIE€PEXO0/1 3JIEKTPOHOB BaJIEHTHON 30HBI Ha
ee 0cBOOOIMBIINECS BEPXHHE YPOBHH. Takoe BEIIECTBO Ha3bIBaeTCsl cOO-
CTBEHHBIM IOJIYIIPOBOIHUKOM.

Ecin mmpuna 3anperieHHoii 3oHe! Benuka (AL = E, > 35B), TeroBoe
JBIDKEHHE HE MOYKET COOOLIUTH 3aMETHOMY UYHCIY JIEKTPOHOB BaJICHTHOH

30HBI SHEPTHUIO, HEOOXOAMMYIO TSI TIepexo/1a B CBOOOIHYO 30HY. B ciyuae
(8) KpUCTaJLI SABIACTCS JTUIICKTPUKOM.
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Ceob0o0dHblIe
YpOBHU

AE

3aHaAmMesie
ypo8HU

Puc 5.2. 3anonnenue sHepreTuueckux 30H npu temneparype 7= 0 K:
a — B MCTaJljlax; 6—-B NOJIYTIPOBOAHUKAX] 6 — NUDJICKTPUKAX

3. DNeKTpoHsl NMPOBOAMMOCTH B METajsle MOKHO paccMaTpHuBaTh Kak
ra3 cBOOOJIHBIX YAacTHI] IIPH yCIOBUH, YTO MX B3aUMOJAEHCTBHE C KPUCTAI-
JMYECKON pEIIEeTKON YUYWTBIBAETCS IYTEM BBEICHMS Ul 3JIEKTPOHOB TaK
Ha3biBaeMoH 3(p(peKTUBHON Macchl BMECTO PeanbHON MacChl.

KonmuecTBO pa3nnuyHbIX KBAaHTOBBIX COCTOSIHUM, IPUXOISIIEECs Ha €1u-
HUYHBIA HHTEpBaJl SHEPT Ui, IS KPUCTAIIa €AUHUYHOTO 00beMa paBHo [1, 4]

1 (2 3/2
m 1/2
2n°\ A

Benuunna g(E) HazbIBaeTCs MIOTHOCTHIO COCTOSTHUM.
Pacnpenenenue cBOOOAHBIX 3JEKTPOHOB IO KBAHTOBBIM COCTOSHUSM
onuceiBaercs Qpynkuueit @epmu—dupaka f(£). Dta QyHKOUS ompene-

JIA€T BEPOSITHOCTh TOTO, YTO COCTOSIHUE C JTaHHOW 3Hepruel E 3aHATO
3JIEKTPOHOM

1
S =—r
exp T +1

3nece Ep —3Heprus ®@epmu. B meranne npu 7 =0K B BaneHTHOH 30He
BCE COCTOSIHUS BIUIOTh A0 E 3aHSATHI JIIEKTPOHAMH, a BbIIE Er — CBO-
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O0onubl. Takum oOpasom, npu Temmeparype 7' =0 K BeposTHOCTH 3amoli-
HEHUs DJIEKTPOHAMH COCTOSHUH ¢ dHeprued F <FEp paBHa equHHIE, a
BEPOSTHOCTh 3allOJIHEHHUS COCTOSHMU ¢ 3Hepruedl £ >Ep paBHa HyIIO
(puc. 5.3, a):

f(E)=1l,ecmu E<Ep, T=0K, (5.3)
f(E)=0,eciu E>Ep, T=0K.

f(E) f(E)
A A
_ 300 30 0K
1,0 =0 K 10
0 05
0 0

E. E

a

Puc. 5.3. ©ynkuus pacupenenenus @epmu—/lupaka:
a —upu Temneparype 7=0K; 6 —npu 7> 0K

Bemnuunbl g(E) u f(E) mng odeHb Y3KOTO AWana3oHa dHepruil dE

MOKHO CUHUTATh MOCTOSIHHBIMU. Torza 4ucio 3JeKTPOHOB, UMEIOIINX JHEp-
ruro B uHTEpBaje or £ no E +dE , B enuHule 00beMa KprcTallIa

N(E)= f(E)g(E)dE, (5.4)
CrenoBatenpHO, B HHTEpBAJle 3HEPruil or £| 10 E,  KONMYECTBO YacCTHUI]
ompeeNsieTcs Kak

Ey

N= [ f(E)g(E)dE .
Ey

Hcnone3yst 3T0 BhIpakeHHe, MOIY4YHM (OPMYIy IjIsi KOHIICHTPALUH
SJIEKTPOHOB B MeTaiuie mpu temmnepatype 7 =0 K:
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3/2 3/2

E
n= IFL 2m El/sz_L 2m E32 (5.5)
- 2| ;2 T L 2| L2 Fo :
0 2n°\ A 3n°\ h

[Tomyunm 3aBUCHMOCTH SHeprun PepMu OT KOHIEHTPAINH AIIEKTPOHOB
B BaJICHTHOM 30He npu Temneparype 7 =0K:

E _h2 2 \2/3
r=—@n*n)*". (5.6)
2m

[Ipu noBBIIIEHUU TEMIIEPATYPHI MEKTPOHBI MOIYYat0T BO3MOKHOCTD I1€-
pexoauTh Ha 00JIee BBHICOKHE dHEPreTHUECKne ypoBHU. HO MOBHIMIATE CBOIO
SHEPTUI0 MOTYT TOJILKO SJIEKTPOHBI, HAXOASIHecs BOMU3M ypoBHsI Depmu
Ep , Tak Kak HIKEe Ep BCE COCTOSHMA 3aHATHL TemioBas SHEPrus, IOoTy4Ya-

emast anextpoHamu npu 1" =T 300K, umeer nopsnox k7 =~ 0,025 7B,
a Ep= (3...10) 5B, nmostoMy TemaoBOMY BO30Yy>KIEHHIO MOABEPraeTcs
JIATITE HE3HAaYuTeNbHas a0is (MeHee ~1 %) oOmmero 4mcia 3JIEKTPOHOB B
BAJICHTHOH 30HE MeTallla, SHEPrusl KOTOPBIX OTInYaercs oT Ep He Oonee

yeMm Ha BenmuuHy k7 (puc. 5.4, 6). OyHKIUSA pacnpeesieHus] pu 3TOM
pasmbIBaeTcs, HO He3HauuTeabHO. ClenoBaTeNbHO, KOHICHTpPALHs CBOOO-
HBIX 3JIEKTPOHOB B METaJUIe MPAKTUYECKH HE 3aBHCHUT OT TEMIIEPATypPhl U C
XOpoILEei TOYHOCTBIO ompeessieTcsa BepakeHueM (5.3).

3aMeTuM, 4TO BEPOSTHOCTD 3anojHeHus yposHa Ep npu T >0K pas-

Ha 1/2.

3adaua. KoHreHTpamwsi CBOOOIHBIX JIJIEKTPOHOB B MeETalIe paBHA

n=5-10">cm™> . Haiinure cpeqHee 3HAUYEHHE DHEPIMH CBOOOIHBIX DJIEK-
TPOHOB IIPH a0COTIOTHOM HYJI€.
JHano: n=5- 102cem™> =5 -1028M_3,
T=0K

(Ey="

Pewenue. CpeqHiolo HEpTUIO HaiJIeM Kak OTHOIICHHE TOJHON SHEp-
U CBOOOIHBIX JJIEKTPOHOB B eAMHHLE oO0beMa E .. K KOHILEHTpalUu

CB060}IHLIX QJICKTPOHOB 71 :
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EHOJ‘IH
(E)= i (5.7)

IIpu T =0K Bce sHepreTuueckue ypoBHHU BIUIOTh 10 Ep 3aHATHI JJIEK-
tpoHamu. C yderoM BeipaskeHuil (5.1), (5.2), (5.4) naiinem E, -

Ep Ee 1 (2m )"
Epom = | E-N(E)= | E—(—j x
MOJTH 0 0 2TE2 h2
1 (2 3/2
xEl/sz:—z[—’;J EY?. (5.8)
St \h

Moxcrarmsist (5.8) B (5.7) u yuursiBas popmyisl (5.5) u (5.6), Haxoaum
3 L 5 o3 3
E)y=——-20(@3n"n =—Fp.
(£) tom O =S
[IpoBepsiem enuHUITY H3MEPEHUS

I C I
RE”: k()22 T

Breraucioum <E > :

<E>_3-1,052-10‘68
10-9.1-1073!

P€3yJ'H>TaT IMMOKa3bIBACT, YTO C TOYKH 3PCHUA KBaHTOBOM TCOPUHN IJICK-
TpOHHI:IIZ ra3d B MCTAJJIC IIpH a0CONIOTHOM HYJIC UMECT SHCPIrUuro, KOTOpPaAsi
COOTBETCTBYCT TEMIICPATYpPEC, B €€ KIACCUYCCKOM IIOHMMAHUU MO MOPAAKY
BCIIMYHHBI paBHOﬁ

(3-3,14%.5-10%%)%3 = 4,68-107"° ik = 2,9 5B .

=£300Kz30000 K.
25
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4. PaccMOTpHUM 3JI€MEHTHI TEOPHH JJIEKTPOIPOBOIHOCTH COOCTBEHHBIX
Y IPUMECHBIX TTOYIIPOBOTHUKOB.
Brime rosopusnock, 4to noiynpoBoAHMKM npu Temneparype 7' =0 K
SIBIIAIOTCS AudIeKTpukamMu. OHU MMEIOT HeOONBIIYI0 IIUPHHY 3alpelieH-
27



HOH 30HBI, TOITOMY YK€ TIPH TeMIlepaTypax, OJIM3KUX K KOMHATHOM, BCIe -
CTBHE TEIJIOBOTO BO30YKICHUS MPOUCXOUT MEPEXOJ YACTH AIEKTPOHOB C
«IOTOJIKA» BaJICHTHOM 30HBI Ha «AHO» 30HBI NPOBOAMMOCTH. HpI/I 3TOM
MIPOBOANMOCTH TTOJYIIPOBOIHUKA O0YCIIOBIMBAETCS KaK 3TUMH DJIEKTPOHA-
MU (3JIEKTPOHHAS COCTABJISAIONIAs MPOBOJANMOCTH), TaK U TOSBUBIIUMICS B
BaJIECHTHOM 30HE BaKaHCUSIMHU — «ABIPKaMu» (ampquaﬂ COCTAaBJIAIOIII A
MIPOBOJIUMOCTH). DIEKTPOHBI, MEPEIICANINE B BAICHTHYIO 30HY, M JIBIPKH,
pAacIoioKeHHbIE B BAJICHTHOW 30HE, MOTYT MEpEMeNaThes Mo AeHCTBHEM
MPUIOKEHHOTO K MOJYNPOBOJHHUKY BHEIIHETO 3JEKTPHUYECKOTrO MOJs, T. €.
SIBJITFOTCS. CBOOOHBIMU HOCHTEISIMU 3apsina. I[Iporecc obpa3oanus (reHe-
pamuu) >JIeKTPOHHO-ABIPOYHBIX Tap MPHU MOCTOSHHOW TeMIIepaTrype Moiy-
MIPOBOIHMKA YPABHOBEIIEH OOPAaTHBIM MPOIECCOM PEKOMOHWHAIIMN CBOOO/I-
HBIX 3JIEKTPOHOB ¥ JBIPOK. OTHCaHHBINA MPOTIECC, IPU KOTOPOM KOHIICHTpa-
AU 3JIEKTPOHOB MTPOBOJUMOCTH U JIBIPOK OJIMHAKOBHI (1 = p), XapaKTEpeH
JUISE COOCTBEHHBIX TIOJYIPOBOJHUKOB. Y IENbHAS 3JICKTPONPOBOIHOCTh G
(BenmumHa, 0OpaTHas yAeIbHOMY COINPOTHBICHHIO BEIIECTBA G =1/p ) mwis
9THUX MOJIYIIPOBOJAHUKOB OIIPENEIIAETCS BEIPAKEHUEM

o=enp, +epp, =en(u, +,), 5.9

Tl Wy, W, — HOABHXKHOCTb DJIEKTPOHOB M JBIPOK, KOTOPAs XapaKTepu3yeT
CPEIHIOI0 IPer(OBYI0 CKOPOCTh HOCUTENEH TOKA MOJ NEHCTBHEM DIIEKTPH-

v
. i}
YECKOTO IMOJIS SIMHUYHOMN HAMPSDKEHHOCTH | L = 710
VYpoBenb sHeprun @epMu B COOCTBEHHBIX MOIYIPOBOJIHUKAX PACTIONO-
JKeH BOJIM3U CepPeIMHBI 3aMpelleHHON 30HbI (puc. 5.4, ).
DNEeKTPONPOBOAHOCTh COOCTBEHHBIX MOTYMPOBOJHUKOB YBEITUUNBACTCS

C pocToM TeMnepaTypsl I' M 3aBUCHT OT IIMPHHBI 3AMPEIICHHON 30HbI E :

E

0 =0 CXp —%

, (5.10)

rae k —mocrosiHHas boipimana.

DNEeKTPONPOBOJHOCTS MPUMECHBIX MOIYIPOBOIHUKOB 0O0YCIOBIEHA
HaJIMYUEM B HUX MPUMCECHBIX AaTOMOB, BAJICHTHOCTHL KOTOPBIX 6OJ'II)HIC (I[O-
HOpHAasl IPUMECh) WJIM MEHBIIIe (aKIEeNTOpHAas IMPUMECH), YeM Y COOCTBEH-
HBIX aTOMOB. BBeJieHHe B COOCTBEHHBIH MOYIPOBOJHUK MPUMECH MPUBO-
JIUT K TOSBIICHUIO B 3alpeIleHHONW 30HE COOCTBEHHOI'O MOJIYNPOBOIHHUKA
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Puc. 5.4. Pactionoxxenue ypoBHs 3Heprud OepMu U IPUMECHBIX YPOBHEHN
B MOJIYIPOBOAHMKAX Ipu Temmeparype 7 = 0 K:

a — cOOCTBEHHBII1; 6 — TOHOPHBIN; 8 — AKLENTOPHBII

MIPUMECHBIX YPOBHEH SHEPTruu. J{J1si JOHOPHBIX MOJIYHNPOBOAHUKOB IpUMEC-
HBI YPOBEHb PACIONIOKEH BOJH3M JHA 30HBI IPOBOJUMOCTH, a JUIS aKIIel-
TOPHBIX — BOJIM3M TOTOJIKA BaJICHTHOH 30HBI (puc. 5.4, 6, 8). IIoCKOIBKY
SHEprus aKTHBalMU npumecel AEp u AE, MHOrO MEHbILIE LIMPHHBI 3a-
MPEIeHHON 30HBI, TO YK€ TIPU HU3KHX TeMIIEpaTypax (JIeCATKH KeIbBUHOB)
B IPUMECHBIX MOJYTIPOBOTHUKAX MOSBIISIOTCS HOCUTENHN TOKA: SIEKTPOHBI —
B JIOHOPHBIX, ABIPKH — B aKUEeNTOPHBIX. [Ipy 3TOM yIenbHAs 3MEeKTpOnpo-
BOAHOCTB JIJIS1 IOJYTIPOBOAHHUKOB 7-THIIA (JIOHOPHOTO) U p-TUNA (aKIENTOop-
HOTO) ONPEeAEISIETCS] COOTBETCTBEHHO

G=enj, U GC=epl,.

Tun HOCUTENEN TOKA M UX KOHUEHTPALUIO MOYKHO OIPEAEIUTDH dKCIIEe-
PUMEHTAJIBHO ¢ TIOMOIIBI0 3 dekTa Xosuia Mo 3HAKY M BEIUYUHE TOCTOSH-
Hol Xomna Ry .

Jns monynpoBoJHUKA n-TUNA, Y KOTOPOrO OCHOBHBIMHU HOCUTENISIMU TO-
Ka SIBJIAIOTCS DJIEKTPOHBI,

AJIg MMOJIYIIPOBOAHUKA p-TUIIA, Y KOTOPOrO OCHOBHBIMU HOCHUTCISAMU TOKa
ABJIAKOTCA OBIPKU,



JUTst COOCTBEHHOTO (1 = p)
_AHpTHn

R ,
T enp, +u,

rae e= 1,6-10719Kn; n, p — KOHILIEHTPAIUs 3JIEKTPOHOB U JILIPOK COOTBET-
CTBEHHO; A — KO3 OUIINEHT, 3aBUCSIIANA OT MEXaHN3Ma pPacCesTHUS HOCH-
Tenel Toka. B ciaydae paccesHus HOCHTENEH TOKa Ha TEIUIOBBIX KoJeOaHu-
AX KPUCTAJUTMYECKON PEIeTKH MOIyIpOBOIHUKA, YTO OOBIYHO HaOIIOmaeT-

. 3n
Csl TIpU TemIepaTypax ONU3KHX M BBIIIE KOMHATHOH, A=§z1,17. st

METAJIJIOB U BBIPOKACHHBIX MOJIYIIPOBOAHUKOB 4 = 1.

JIOoNONTHUTENbHBIE HOCHTENIM TOKa B IMOJYIPOBOJHHKAX MOTYT BO3HU-
KaTh 3a c4eT mnorjouieHus: ceera (¢potonoB). Ilpu 3ToM Kpome ynenbHOH
3JIEKTPOTIPOBOTHOCTH, OOYCIIOBIEHHOH TETNIOBBIM BO30YKICHUEM, TIOSBIIS-
€TCsI IPOBOANMOCTb, 00yCITOBIIEHHAs BHYTPEHHNUM (0T3P dexTom:

G=07 +0¢g.
B ciyuae co6CTBEHHOTO IOy POBOHMKA (POTOMPOBOIUMOCTh
Op = eAn(“n + Hp) >

rae An — 4HCIIO rnap 3JICKTPpOH—AbIPpKa, BOSHUKIIUX ITPU MOIJTIOMICHUHN KBAaH-
TOB CBECTA.

3aoaua. Bo CKONBKO pa3 BO3pACTET ICKTPONPOBOIHOCTE 00pasa KpeM-
HMs NIpU HarpeBaHuu ero or Temmeparypel 1] =283 K mo Temmeparypbl

T, =293 K ? lllupuna 3anperieHHon 30Hs! 1ist kpemuust E, =1,107 oB.

Hano: Ty =283 K,

T, =293K,
E4 =1,107 3B
% _

01

Pewenue. 3aBUCUMOCTD 3JIEKTPONPOBOIHOCTH G COOCTBEHHBIX MOJY-
MIPOBOJTHUKOB OT TeMImeparypsl 1 ompenensercs GopMyaoi
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Eg
6 =0(CXp _ﬁ

Brruucnsisi ¢ moMoIpio 3Tol GOpMyIIbI OTHOLICHHE 3JIEKTPOIPOBOIHO-
CTeH MpH 3aJJaHHBIX TEMIIEpaTypax, NoIy4acM

or o Bef 1 1) moret0 (1 1)
o] Pk L T P 2.1,38-1072 (283 293)

Omeem. JNEKTPONPOBOJHOCTh YBEIUUUTCS B 2,2 pasa.

TEMA 7
AJEPHBIE PEAKIIUU. PAIMOAKTUBHOCTD

PannoakTHBHOCTBIO HA3BIBAIOT CAMOIPOM3BOJIBHOE IPEBpAIICHUE Of-
HUX aTOMHBIX SJIep B JIpyrHe, CONPOBOXKIAEMOE UCIyCKaHUEM dJIeMEHTap-
HBIX YaCTHII.

OtnenpHBIE PaAMOAKTUBHBIE SIIpa MPETEPIICBAIOT MPEBpAlleHne He3a-
BHCHUMO JpyT OT Apyra. [IoaToMy MOKHO CUMTaTh, YTO KOJIMYECTBO SEP

dNpacr » PACTIAJAIONIMXCS 32 OYCHb KOPOTKHUI MPOMEXKYTOK BPEMEHH df,

MIPOIOPIIMOHANBHO KaK YMCIY UMEIOLUXC HepaclaBImuxes suep N , Tak U
3TOMY IPOMEXYTKY BpeMeHH dt

dN,

pacmt —

ANt (7.1)

rae A — xapakTepHas Al KaXIOro paAMOaKTHBHOIO BELECTBA KOHCTAHTA,
Ha3bpIBaeMasl MOCTOSIHHOM pacnaga. 13 ¢opmynsl (7.1), mepexons k oxHOH
nepeMeHHoi N(f) — KONWYeCTBY SJep, OCTAaBLIMXCS HEPACHaBIIMMHUCA K

MOMEHTY BPEMEHU [, U UHTEIPUPYs, IMOIYy4aeM 3aKOH PaJIHOaKTUBHOIO
pacmazaa, BepHBIH ISl TIOOBIX, @ HE TOJILKO MAJIBIX MPOMEXKYTKOB BPEMEHU:
N(t) = Ny exp(—\t), (7.2)

rae Ny — KOJIMYECTBO SJIEP B IEPBOHAYAIBHBIA MOMEHT BPEMEHHU.

Bpewms, 3a koTopoe pacmamaercs MOJOBHHA MEPBOHAYATIHLHOTO KOJIHYE-
CTBA sAJiep, HA3bIBACTCS MEPHOAOM INoaypacnana 1j,, . Mexay sTuM Bpeme-
HEM U ITOCTOSTHHOW paciaja CyIeCTBYET CIIEAYIOIas CBsI3b:
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AXKTHUBHOCTBIO pPaauOaKTUBHOI'O BEHICCTBA HA3BIBACTCA BCJIIMYMWHA, paB-
3a Majoe BpeMsl dt K dTOMY Ipo-

aToMOB?

Hano: N, =10% wr.,

t=1 cyr,

1p =3,82 cyT. nud

Ty =

In2

A

22

Has OTHONICHHIO YHCJIa pactangoB dN,

pacm
MeXyTKY BpeMeHd. 13 (7.1) miist akTHBHOCTH NOIYYUM QOpPMYITy
dN pacn

dt

3adaua. CKONbKO aTOMOB pajOHA pacrajgaeTcs 3a OfHH CyTkH n3 10°

Pewenue. Bpemsi, B TeueHHe KOTOPOTO PacHagalOTCs aTOMBI PaJIOHA,
HUMEEeT TOT K€ MOPSIOK BEIWYHMHBI, YTO M MIEPUOJ MOJypacnana dTHX siep.
CrnenoBatensHO, BpeMsi ! HENb3sl CUUTATh MalbiM. Vcmonbsys dopmyiy

N,

pacm

0,693

A

=AN.

(7.2), ans KoaMyecTBa paclaBLIMXCS SACP MOTydaeM

N

pacn

=Ny —N(t)=No(1-e ™).

(7.3)

(7.4)

Ucnonw3ys (7.3) v nmocTaBIisAs YHCICHHBIE 3HAUEHUS, Oy1eM UMETh

N,

pacn

Omeem. Yncno pacnaBmuxcs 3a CyTkH aaep pasHo 167 000 mt.

=10°(1-0,8330) =167 000 wr.

Tabuuna BApMaHTOB 32124 K KOHTPOJIbLHOI1 padoTre Ne 3

Bg;i\;fga Howmepa 3anau
0 301 311 321 331 341 351 361
1 302 312 322 332 342 352 362
2 303 313 323 333 343 353 363
3 304 314 324 334 344 354 364
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OKoHUYaHHUE TAaONHUIBI

Bg)?ahgfl};a Howmepa 3amau
4 305 315 325 335 345 355 365
5 306 316 326 336 346 356 366
6 307 317 327 337 347 357 367
7 308 318 328 338 348 358 368
8 309 319 329 339 349 359 369
9 310 320 330 340 350 360 370

3AJIAYN

301. Haitaute nnuHy BOJHBI Ae bpoiins siaexTpoHa, JeTsIero co cKo-

pOCTBIO 108 cM/c, W MapuKa Maccoil | T, IBMKYIIETOCsS CO CKOPOCTHIO
1 cm/c. HyxHO 71 yYWUTHIBaTh BOJTHOBBIE CBOWCTBA 3JIEKTPOHA M MIApUKa
IIpU aHajJdu3e MX B3aUMOAEHMCTBHUS ¢ KpucTtauioM? PaccTosHHMe MexIy
aToMaMHU B KpUCTaJlIe MPUHATHh paBHbIM 0,7 HM. Macca moKkos 3JIEeKTpoHa

mg =9,1-10_31 KT.
302. Beruucaute niuuHy BOJHBI 1€ bpoitns nns tremmossix (7 =300K)

HEeWTpoHOB. CleayeT M yIUTHIBATH BOJHOBBIE CBOMCTBA HEUTPOHOB IMPH
aHaJIu3e UX B3aMMOJEHCTBUSA ¢ KpucTamioM? PaccTosHMEe MeXIy aToMa-
MH B KpucTaije npuHiATh paBHeEIM 0,5 HM. Macca mokos HEHWTpoHa

m, =1,675-1072" kr.
303. Kakyto sHeprur Hy>XHO COOOIINTEH AIIEKTPOHY, YTOOBI ero edpoii-
JIEBCKAasl JUIMHA BOJIHBI yMEHBIIHMIACh OT Ay =100HM 10 Ay =50 HM ?

304. Beruncnaute JIMHY BOJIHBI e Bpoiisis mpoToHa, MpOoLIEeIIero ycKo-
PSTOIIYIO PA3HOCTH MTOTEHIMAJIOB, paBHYIO: 1) 1 MB; 2) 1 I'B. Macca mokost

npotona m,, =1,672-10 xr.
305. Onpenennute SHEPTHIO U HUMITYJIBC 3JICKTPOHA, MMEIOIIETO JTUHY
BOJHEI A¢ bpoiing A =0,1 um . Macca nokos snekTpona mgy =9,1- 103 kr
306. [IpotoH obOnagaer kunetnyeckoi sueprueit T =1x3B. Onpexnenure

JOTIOJTHUTENbHYI0 3Hepruio AT, KOTOPYIO HEOOXOAMMO €My COOOIIUTD ISt
TOT0, YTOOBI JUTMHA BOJIHBI Jie Bpoiins yMeHbIIMIACch B TP pasa.
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307. Yemy paBHO BOJIHOBOE UHKCJIO 3JIEKTPOHA, MPOILIEAIIET0 Pa3HOCThb
noteHuanoB U =240 B? HauanbHyr CKOPOCTb 3JIEKTPOHA NPHUHSITH PaB-
HOM HYJIIO.

308. Ompenenure IMHBI BOJH ¢ bpoiiis o-9acTUIEI B IPOTOHA, MPOIIIEI-
UX OJMHAKOBYIO YCKOPSIONIIYyI0 pa3HOCTh moTeHmmanoB U =1kxB. Macca

HOKOSl  O.-4acTHIBI My = 6,64 10727 KT, TpOTOHA m, = 1,672 - 10727 «r.
HauanbHple CKOPOCTH YaCTHIL IPUHSATH PABHBIMHU HYJIIO.

309. DeKTPOH, ABUKYLIMICS €O CKOPOCThI0 v =5000km/c , monagaer
B OIHOPOJHOE YCKOpAIOIIEE SJIEKTPUUECKOE I0Ji€ HaNpsKEHHOCTBIO
E=10B/cm . Kakoe paccrosuue [ [NODKEH NPOWTH 3JIEKTPOH B MOJE,
4TOOBI JIMHA BOJIHBI 1 Bpoiins anekTpona crana pasHoil 1A?

310. 3apskeHHas 4acTHUIA, YCKOpPEHHas pa3HOCThIO moTeHuuanos 200 B,
UMeeT AJIuHY BOJHBI Ae bpoins, paBuyto 0,002 um. Haligute maccy nokos
9TOM YaCTHLIbI, €CIIM U3BECTHO, YTO 3apsij €€ YUCICHHO PaBeH 3apsly dJIeK-
TpOHa.

311. DneKTpoHHBIN My4YOK BBIXOAUT W3 3JEKTPOHHOW MYIIKW TMOJ AEH-
ctBueM pasHoctu norennuanoB U =200 B. Onpenenuts, MOKHO JIH OJTHO-
BPEMEHHO M3MEPUTH TPAEKTOPHUIO 3JEKTpoHa ¢ ToyHOocThi0 100 mM (¢ Tou-
HOCTBIO MOPAAKA JUaMeTpa aTOMa) U ero CKOpocTh ¢ TOUHOCTh 10 % .

312. DNeKTpOH JIOKaJIM30BaH B OOJACTH ¢ JIMHEWHBIM pa3MepoM
[ =1mxMm . CpemgHee 3HaUCHHE €r0 KHHETHYIECKOH sHeprun E =4 3B . Orme-

HUTE C MOMOIIBIO COOTHOIICHUS HEONMPEACICHHOCTEH OTHOCUTENIBHYIO He-
OMPEEICHHOCTh CKOPOCTH 3JICKTPOHA.
313. Atom ucnyctuil GoToH ¢ aauHOH BomHbI A =800 HM . [Ipomomku-

TenbHOCTh M3nydeHuss T=10Hc. Omnpenenure HaUOONBIIYI0 TOYHOCTD
(AA/X) ), c KOTOPOIT MOKET OBITh H3MEPEHA [TTUHA BOJIBI H3JTyYCHHS.

314. CBOOOIHBIN AIIEKTPOH B MOMEHT BpeMeHH ¢ = () JIOKaau30BaH B 00-
JIACTH MPOCTPAHCTBA C JIMHEHHBIM pasmepoM Axy =0,1HM (mopsaok pas-

Mepa atoma). OneHnTe 007acTh JIOKamu3anud Ax 3TOTO 3JIEKTPOHA CITYCTS
Bpems Ar=1c.

315. Mcnionb3yst COOTHOIIEHNE HEONPEeIEHHOCTEH, OLIEHUTE IHUPHUHY [
OJHOMEPHOM MOTEHUMAIBHOM AMBI, B KOTOPOM MHUHUMAalIbHas SHEpPrus
aneKkTpoHa E .. =103B.

316. My isCHBIN pyOHHOBBIH JIa3ep ¢ BRIXOAHON MOIIHOCTRIO W =2 I'Bt
CO3/1aeT MMITYJIbC JUHTENBHOCTBIO T=10Hc. OneHute HaMOONBLIYIO TOY-
HOCTh AE/E , C KOTOPOIt MOXET OBITh OIpE/IEIICHA SHEPIUS U3y ICHHS.
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317. Bpems xxu3Hu T BO30YKIEHHOTO sapa Mopsaka 1 He, ATHMHA BOJIHBI
A usnyuenns pasua 0,1 um. C Kakoil HanGobLIeH TOYHOCTBIO AE/E Mo-
XKeT OBbITb OIpeieNieHa SHEPTUsl U3y UCHUS?

318. Bpems xu3Hu aToMa B BO30YXIEHHOM cocTossHuU T =10 Hc. BrI-
YHUCIUTE MIUPUHY CHEKTPAIBHON JTUHUN M3MydeHuss AN, ecin HauOoIbIIas
WHTEHCUBHOCTH CBETa MPUXOIUTCS HA JUTHHY BOJIHBI A = 4200 A.

319. Ouennre HaMMEHbBIINE OMMNOKH, C KOTOPBIMH MOXHO OIpPENeTUTh
CKOPOCTB 3JIEKTPOHA, MPOTOHA M IMIApUKa MacChl m =1Mr, eCli KOOPAH-

HATHl YaCTHUIbl M IICHTPA IIapUKa OMpPEAENIEHbl C TOYHOCTHEI0 Ax =1MKM .
Macca mnokos »saekTpoHa my =9,1- 10'kr. Macca moxos MIPOTOHA
m, =1,672:10xr.

320. PagmonokaTop MOCHUTAET UMITYJIBC JIINTEIHHOCTEIO T . PaccTosaue
JI0 YAAJIEHHOTO 00BEKTa IOJDKHO OBITH U3MEPEHO C TOYHOCThI0 Ax =800 M .
Uemy nomkHa OBITh paBHA AITUTEITFHOCTH UMITYJIbCA U KaKOBa JOJKHA OBITh
IIMpUHA TOJIOCH YacTOT A®, KOTOPYHO JTOJDKEH TMPOIYCTHTH YCHIHTENb
MIpUeMHUKa?

321. YacTtuia Maccoil m HaxoAUTCAd B OJJHOMEpPHOU MPSMOYTOJNBHOI 1o-
TEHIUAIBLHOU sIME MMPUHOW / ¢ abCOJIOTHO HEMPOHUIIAEMBIMU CTEHKAMHU:
U(x)=0 mpu O<x</ mw U=oc0 BHe 3TOr0 MHTepBana. Haimure cob-
CTBCHHBIC 3HAYCHUS DHEPTUM W HOPMHUPOBAaHHBIE COOCTBEHHBIC (YHKIIUU
YaCTHIIBL.

322. YacTtuma mMaccel m HaXOJUTCS B OJHOMEPHON MPSIMOYTOJIBHOM MO-
TEHIUAIBHOU sIME WUPUHOW / ¢ abCOJIOTHO HEMPOHUIIAEMBIMU CTEHKAMHU:
U(x)=0 mpu 0<x</ u U =0 BHe 3TOTO MHTepBasna. Haiiaure oTHOIIE-

HHUE pasHOCTH AFE, , .| SHEPIUH COCEHHUX YPOBHEH K DHEPIUM E, YaCTHIBI
B TpeX Cyvasx: n=2; n=5, n—>o.
323. Beiuucnure TeMIeparypy UACalbHOTO Ta3a, CPeIHss] KHHeTHUeCKas

DHEpPrus IOCTYNATEIbHOIO IBW)XXEHUSA MOJEKYJ KOTOPOrO paBHAa MHHMU-
MaJIbHOM 3HEPTUM JJIEKTPOHA, HAXOJAIIETOCS B OJHOMEPHOU MPSIMOYTOJIb-

HOW MOTEHIMAJIBHOM sIMe IUPUHON [ = 10"%cm ¢ abeomroto HEIIPOHMUIIAC-
MBIMH CTEHKaMH.

324. Yactuua Maccod m HaXOOUTCSl B OHOMEPHOMU MPSIMOYTOJIBHOM IO-
TEHIMAIBLHOU sIMe MIUPUHON [ ¢ aDCONFOTHO HETPOHUIIAEMBIMU CTCHKAMH B
OCHOBHOM DJHEpPreTHYecKOM cocTosiHnu. KakoBa BeposiTHOCTH W oOHapy-
JKUTh YaCTHUILY B KpaliHel 4eTBEPTU SIMbI?
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325. [Ipu xaKkoil MIMPHUHE OJHOMEPHOM MPSMOYTOJIBHOM MBI ¢ a0COMIOT-
HO HEMPOHUIIAEMBIMH CTEHKAMHU IHUCKPETHOCTh DHEPTETHUYECKOTO CIIEKTpa
3JIEKTPOHA U MPOTOHA YK€ ISl TIePBbIX YPOBHEH CTaHOBUTCS CpPaBHHMOIA,
HamnmpuMmep, CO CpeaHed KUHETUYECKOW HSHepruei JaHHBIX YacTHIl MIpU
00bIuHOM Temnepatype (oxoso 300 K)?

Macca nokos >J€KTpoHa myy = 9,1-103kr. Macca nokos IPOTOHA
m, =1,672-10""xr.

326. DNEeKTpOH HaXOAUTCS B OJHOMEPHOM MPSAMOYTOJIbHOM MOTEHUUATb-
HOH siMe mmpUHON [ ¢ abCONOTHO HEMPOHUIIAEMBIMU CTEHKaMu. Bbrauc-
JUTH BEPOSITHOCTE W TOTO0, UTO 3IEKTPOH, HAXOSAUIUICS B BO30YKIECHHOM

)

cocrostand (n = 3), Oymet oOHapykeH B 00JIacTH £< x< 3

327. Yactuma Maccoil m HaXOOUTCA B OJTHOMEPHOU MPSMOYTOJIBHOH 10-
TEHIIMATBHOH sIME IMUPUHON / ¢ aOCOIIOTHO HENIPOHUIIAEMBIMU CTEHKAMH B
OCHOBHOM JHEpreTH4eckoM cocTostHuu. KakoBa BeposiTHOCTE W oOHapy-

1 2
KHUTh YACTHUIy B TIpe/ienax 001acTu gl <x< El ?

328. DnexTpoH HaXOAWTCA B OJHOMEPHOH MPSIMOYTOJIBHOM MOTEHIIHAb-
HOH sime mmpuHON [ =0,1HM C a0COTIOTHO HEMPOHUIIAEMBIMH CTCHKAMHU.

OnpenenuTe B 3JEKTPOH-BOIBTaX HAWMEHBIIYIO Pa3HOCTh IHEPTETHUECKUX
YpOBHEI.

329. DneKTpoH HaXOOUTCS B OAHOMEPHOU MPSIMOYTOJIEHOW MOTEHIIUANb-
HOW siMe ¢ aOCOJIIOTHO HENPOHUIAEMBIMH CTCHKAaMH, IIMPUHA KOTOPOH
npuauMaeT 3HaueHus: /[ =0,1uM; 1uM; 10 HM; 0,02 M; 0,1 M. Onpenenute
Pa3HOCTb PHEPTHH JIEKTPOHA HA MEPBOM U BTOPOM 3HEPIreTHYECKHUX YPOB-
Hax. OneHnTe moiydeHHbIe Pe3yIbTaThl C TOYKH 3PEHUS MPOSBICHHUS KBaH-
TOBBIX CBOMCTB PACCMATPUBAEMOMN CUCTEMBL.

330. D1eKTpOH HAXOOUTCSl B OAHOMEPHOU MPSIMOYTOJIbHOM MOTEHLIHATb-
HOH siMe MHMpUHON [ ¢ aOCOMIOTHO HEMPOHMIIAEMBIMU CTEHKaMHU. Brramc-
JUTH BEPOSITHOCTH W TOTO, YTO 3MEKTPOH, HAXOAALIMKCS B BO30YKICHHOM
cocTosiHUH (11 = 2), OyeT oOHApyKeH B CPEHEH TPETH SIMBI.

331. OnpenenuTs MOJSPHYIO Maccy METaula, €CIU IJI1 HarpeBaHUs Me-
TajuIueckoro oopasua maccoit m =100r or temneparypsl 7] =20°C nmo

T, =50 °C nogsenena temnora Q = 8300 [ . Onpenenure, U3 KakKoro Me-

Tajuia 3TOT MPEAMET, €CJIU JUIsl HETO yKa3aHHBIM MHTEPBAJl TEMIIEPATYP BbI-
1€ XapaKTePUCTHIECKOU TeMIiepaTypsl [ebast.
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332. MonspHas TeMI0eMKOCTh ¢, cepedbpa npu 7 =20K pasHa
1,65 Ik /(monb - K) . Beraucnure temneparypy JlebGas 01, monaras, 4ro
T<0p.

333. Onpenenure KOJIWYECTBO TEIIOTH (), HEOOXOAMMOE Uil HarpeBa-
Hus m =201 moBapenHo# comu Ha AT =2 K, ecnu HarpeBaHue MpOMCXO-
Ut ot Temmnepatypsl 77 =2 K. Xapakrepuctuueckyro temnepatypy Jebdas
051 st NaCl npumsite pasroii 320 K.

334. HaliguTe MakCHMMaJIbHYIO 4acTOTy (. COOCTBEHHBIX KOJEOaHHUi
aTOMOB B KpHUCTaJUIe XkeJe3a, eciau npu temnepatype I =20 K ero ynens-

Mk
Has TemoeMkocte C=2,7 - A .
r-K
335. [lome3ysick Teopueit TermoeMkocTH Jlebast, ompenenuTe n3MEHEHNE
AU MOJSIpHON BHYTPEHHEU SHEPTrUU KpHUCTalla MpU €ro HarpeBaHUU OT

Hyns o temnepatyper 7 =0,1-0 J1 - XapaKkTepHCTUYECKYIO TeMIepaTypy

Jebas 0 J1 AUt JAHHOT'O KPHCTAJLIa IPHHATH pasuoit 300 K.
336. [lebacBekast Temnepatypa ceuHia 0n =95 K. Mcnonssyst JaHHOe
3HadeHue Ayt O, Haiiaure npu Temmeparype 7'=5K oTHOmIeHHe Temio-

€MKOCTH CBHMHIIA K TEINIOEMKOCTH, AaBaeMoi 3akoHOM [[rononra—IItu.
337. Haiinute xapakTepHCTHYECKyr0 Temmeparypy Jebas mis xenesa,
€CIIM MaKCHUMallbHas 4acToTa YHPYTHX KojeOaHWH aTOMOB B KpUCTaJUIM4e-

CKOH pEeHIeTKE Vi, =8,75- 10'% Iy .

338. DKCIIepUMEHTaIbHO YCTaHOBIEHO, 4TO NpH Temmeparype 77 =4 K
MOJISIpHAsl TeIUIOeMKOCTh aprosa ¢y = 0,174 [l /(mons - K) . Onpenenure
MOJIIPHYIO TEIUIOEMKOCTB aproHa npu 7, =2 K.

339. Onpenenure TEIUIOTY, HEOOXOAMMYIO JJISI HarpeBaHUS IBYX MOJEH
nukens ot 20 no 30 K. [Ipunsats xapakrepuctudeckyto Temneparypy Jebas
01 anst Hukens paBHoii 450 K, ycnosue 7' << 6j c4uTaTh BHIIOJIHCHHBIM.

340. Beruucnure no teopuu [lebas yaenpHYIO TEIIOEMKOCTh TepMaHUs
npu temneparype 20 K. Ilpunare xapakrepuctuueckyro temneparypy e-
Oas 0 Jl AUId repMaHus pasnoit 370 K, ycnoBue T <« 9)1 CYMTATh BBIIOJI-

HCHHBIM.
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341. Haiinure cpeqHee 3Ha4eHHE KMHETUYECKOH DHEPIrUH <EKMH> DIIEK-

TPOHAa B MeTajjle Ipu aOCOJIIOTHOM HyJe, eciu sHeprus depmu paBHa
E; =65B. Haitnure cpenHee 1 MakCHMManbHOE 3HAYCHHE CKOPOCTH JICK-

TpOHA.
342. Tlonarast, 4TO Ha KXl aTOM aIIOMUHUS B KPUCTAJIIEC IPUXOIUTCS
10 TPH CBOOOHBIX AJICKTPOHA, ONPEIEITUTE MAaKCUMAIBLHYIO SHEPTHIO DJICK-

TPOHOB IPH a0COTIOTHOM HyJIe (TUIOTHOCTh alIFOMUHUS p=2,7 - 103 kr/m>.

343. Onpenenute KOHIEHTPAITMIO CBOOOTHBIX JJIGKTPOHOB B MeETalIe
npu Temnepatype T’ = 0K, ecnu sneprust @epmu pasaa £, =15B.

344. OnpenenuTe YUCIO CBOOOJHBIX 3JEKTPOHOB, KOTOPOE MPHXOIUTCS
Ha oguH aroMm Hatpus npu T =0K. Dueprus @epmu nns HaTpus paBHA
E =3,125B, miotHocTh Hatpust p =970 KF/M3 .

345. Bo CKOJBKO pa3 YUCIIO CBOOOAHBIX AJIEKTPOHOB, MPUXOIAIINXCS Ha
onuH aToM MeTaima, pu ' =0 K Oomblie B aFOMUHUY, YeM B MEH, €CIIH

ypoBHH 3Heprun @DepMH COOTBETCTBEHHO paBHbl E r= 1,75B wu
E;=7,05B?7 IIIOTHOCTE 3THX METAIUIOB PaBHA PA| = 2,7-10° kr/m’ ,

Pey =8,9-10% kv .
346. Ilonaras, 9TO Ha KXl aTOM LIMHKA B KPUCTAJUIE IPUXOAUTCS 110
IBa CBOOOIHBIX 3JIEKTPOHA, ONPENCIIUTE MAKCHMAIbHYIO SHEPTUI0 3JIeK-

TPOHOB MPH a0COTIOTHOM HyJIe (TUIOTHOCTh IIMHKA P =7 - 10° kr/m® ).

347. Onpenenure BEPOATHOCTh TOTO, YTO 3JEKTPOH B MeTaie 3ailMeT
SHEPreTUYECKOE COCTOsIHUE, Haxojsuleecss B untepBaie AE =0,053B Hu-

K€ M B TAKOM K€ UHTEpBAJIE Bbllle ypoBHA DepMu, 1 IBYX TEMIIEPATyp:
1) 7 =290K;2) I, =58K.

348. OnpenenuTth OTHOLICHHE KOHLEHTpALWi 7y/n, CBOOOJHBIX JJIEK-
TpoHoB ipu 7' =0 K B nuTHUM W 11e3un, €Ci U3BECTHO, YTO ypoBHU Depmu
B 9THX METaJlIaX COOTBETCTBEHHO paBHbl £ r =4,725B u Ep =1,53 5B.

349. Bripa3ute CpeaHIO KBaJIpaTHUYHYIO CKOPOCTh <vKB> yepe3 MaKCH-
MAaJIBHYIO CKOPOCTb Vy,,¢ IEKTpOHOB B MeTamie mpu ' =0 K.
350. Borancaute snepruto Oepmu £, CBOOGOIHBIX DICKTPOHOB B KpH-

craiie meau npu temneparype 7 =0K. IIpuHATh, 4TO Ha KaKAbld aTOM
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MeIH MPHUXOJUTCS MO OJHOMY CBOOOJHOMY 3JeKTpoHY. IlmoTHOCTH Memu
Pcu =8,9-10° kr/n .

351. Konnenrpamuss CBOOOJMHBIX HOCHTENEH 3apsja B KPEMHUU
n=5-10"cm> , TIOJIBUSKHOCTB 2JIEKTPOHOB W, = 0,15 M2/ (B-c¢), a neipok
n, =0,05 M2/ (B-c) . Onpeaenure CONPOTUBICHUE KPEMHUEBOTO CTEPHKHS
JUTMHOU 5 CM U IUIOLIAAbI0 IONEPEYHOTO CeUeHus 2 MM

352. Jlns monynpoBOAHKKA, HMEOIIETro (hopMy Kyba co CTOpOHO# [, u3-
MEpEHO CONpOTHBIIEHNE Oe3 ocBelleHnst Ry U npu ocseuieHuu R . Haiinure
KOHIIEHTPAIINIO JJIEKTPOHOB An | ABIPOK Ap, 00YCIOBICHHYIO OCBEIIECHH-
€M, CCIIM MX MOJABHKHOCTD [, U W, . CunutaTh An=Ap .

353. ConpoTtuBieHne COOCTBEHHOTO MOJIYNIPOBOIHUKA IPU TEMIIEpaType
T;=612K pasmo R =1-10°0m, a mpu 7, =800K — R, =1-10% Om.
OrnpeseniTe MUPHHY 3aNPEIICHHON 30HBI OMYNPOBOAHNKA [, .

354. KpemHuesslil o0Opa3zen; HarpeBaeTcs oT Temmeparypsl # =0°C mo
1, =10°C. Kak 1 BO CKOIBKO pa3 U3MEHUTCS €ro JJIEKTPOIPOBOAHOCTH?
[InpyHa 3anpeneHHol 30Hb! KpeMHus E, =1,15B.

355. Tonkas miacTvHa U3 KPEMHUS MIMPUHON 2 CM TMOMeIleHa TepHeHIu-
KyJApHO JIMHUSAM HMHIYKIHWW OJHOPOAHOrO MarHuTHoro mojs B =0,5Tx.
[Ipu mioTHOCTH TOKa | =2MKA/MM2, HaINpPaBJIEHHOTO BJIOJIb TLIACTHHEI,
XOJUTOBCKasl pa3HOCTb MOTEHIMANIOB OKa3anack paBHOW Uy = 2,8 B. Omnpe-

JeNUTe KOHLEHTPALUIO HOCUTENEH TOKa.

356. I'epmaHMeBbIi KpuCTalll, IIMpPUHA 3alpelieHHOW 30HBI KOTOPOIo
E, =0,725B, narpeBatoT ot Temmneparypsl £ =0°C 10 £, =15°C. Bo
CKOJIBKO Pa3 BO3PACTAET 3JICKTPONPOBOAHOCTD KpHcTasia?

357. DnekTponpoBOAHOCTh KPEMHHUS € MpuMecsiMu G =112 om'-mt.
OrmpesienuTe MOABIKHOCTD W, W KOHICHTPAIMIO p IBIPOK, €CIH MOCTOSH-

Hasg Xonna paBHa Ry =3,66-10_4 M /K. IIpuHATH, YTO MOIYNPOBOJHUK

00J1aaeT TOIBKO JBIPOYHON TPOBOAUMOCTBIO.
358. YaenpHOE CONPOTUBIECHUE KPEMHHUS C MPUMECBIO PaBHO P =

=1-1020m M. Onpenenure KOHIEHTPALMIO ABIPOK p W HUX MOJBUXK-
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HOCTb L), . IIpuHATH, YTO MOMYNIPOBOTHUK 0OJAZaeT TOJIBKO ABIPOYHOM

MIPOBOAMMOCTBIO U TOCTOsTHHASL X0Ji1a paBHA R =4 - 10~*m3 /K.

359. HaliTt MUHUMaJIBbHYIO DHEPTHi0 00pa3oBaHMS TMaphl SIEKTPOH—
IbIpKa B COOCTBEHHOM IOJYTIPOBOJHHKE, AIIEKTPONPOBOIHOCTH KOTOPOTO
Bo3pacTaeT B N =5,0 pa3 npu ysenuueHuu temnepatypsl oT 73 =300K no

T, =400K .

360. YaenpbHOE CONPOTUBIEHUE TepMaHUEBOTO (GOTOpPE3UCTOpa P =
=450m-cM. BceneactBue ocBelieHUs] KOHIIEHTpaIUs SJIEKTPOHOB U JIBIPOK
nosbicutach Ha 1-10'2cM ™ . BbIMHCIHTE OTHOCHTENBHOE H3MEHEHHE MPOBO-

JUMOCTH T€pMaHUsl, €CIIH IOJBUKHOCTb MIEKTPOHOB [, = 3800 em? / (B-¢),
a bIpok p, =1800 CMZ(B -C).

361. Kakas nonsd pagnoakTHBHOIO M30TOINA 2§8Ac pacmamaercsa B Teue-
Hue 1mects cyTok? (Ilepuon nonypacnana 7j, =10 cyrok .)

362. Haiinure nepuoj nosypacnajna pagioakTUBHOIO M30TOIA, €CIH €ro
akTUBHOCTH 32 10 cyToK ymeHpmmiach Ha 24 % 1o CpaBHEHHUIO C IEpPBOHA-
YaJIbHOM.

363. Onpenenure 3HEPrUr0, KOTOPYK HYXHO 3aTPaTUTh ISl OTpbIBA

HEUTpPOHA OT sAApa HaTpUs %31 Na. Macca usorona 2I%Na paBHa my =
=22,98977 a.e.m., a U30TONA 2121 Na paBHa m, =21,99444 a.e.m.

364. BeluMcnnuTe SHEPrHIO SAAEPHOM pEaKLUH gLi + }H - ZBe + dn .
(my; =7,01601; my =1,00783; mg, =7,01693; m, =1,00867 a.em.).

365. Snpo ypana 23§U, 3aXBaTHB HEUTPOH Oln, pa3menmiocs Ha JBa
OCKOJIKa, TIpU4eM OCBOOOAMIIOCH 1Ba HEUTPOHA, & OAMH U3 OCKOJKOB SIBIIS-

eTcA SIAPOM KCEHOHA 15”4{ Xe . Onpenenute BTOPO OCKOJIOK.

366. DIEKTPOH U MO3UTPOH, UMEBIIIME OJMHAKOBbIE KUHETUYECKUE DHEP-
ruu no 7 =0,24 M»3B, Ipu COyAapeHUU IPEBPATUIUCh B ABA OJUHAKOBBIX

(hotona. Omnpenennre SHEPTUIO U JITUHY BOIHBI KaXKI0TO U3 (POTOHOB.

367. Haiitn maccy obpasma ypaHa 23§U , IMEIOLLEr0 TAKYH € aKTHUB-
HOCTh, KaK 00pa3er] CTPOHIIHS ggSr maccoit m =1wmr. Ilepnon momypacrma-
na ypana Iy = 4,5-10° ner, crpoHuus Tg, =28 ner.
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368. OnpenenuTe SHEPrUI0, KOTOpas OCBOOOXIAETCS B BOJOPOIHOU
O0oMOe mpu cuHTe3e 1kr renms. Maccel Bomopona, AeHTepus, Telus H

HeﬁTpOHa COOTBCTCTBCHHO PABHBI:

my =2,01410 aem., myg =3,01605 aem.,

Myge = 4,00260 a.e.M., My, =1,00867 a.c.m..

369. CueTuynK o -4acTHIL, yCTAaHOBJIECHHBIN BOMU3U PAJHOAKTHUBHOIO H30-
TOIA, IPU NEPBOM U3MEpEeHUU peructpupoBa Ny =1400 yacTun B MHUHY-

Ty, a uepe3 At =4 daca — Topk0o N, =400 gactun B MuHyTy. Onpenenure
nepuos noxypacnaja 1y, u3oromna.
370. SAngpo mutus gLi, 3aXBAaTHUB IIPOTOH, PaclajacTcs Ha JBE O -4ac-

Tunbl. Hamumure peakuuro U ONpeneuTe SHEPIHIO, BBIACIHUBLIYIOCSA IPU
oTOM peakumu. Macca nutus paBHa my; =7,01601a.e.m., mporona —

m, = 1,00783 a.e.M., a-gactunsl m, =4,00260 a.e.m.
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