4. OcHOBHBIE 0JIOKEHHS U NPOcTeilne 321241 KBAHTOBOWH MeXaHUKH.
OcHogHble nonamus u Qopmyisl.

1. BomHoBasi ¢GyHKIHMS W — OCHOBHas XapaKTEPUCTHKA COCTOSHUS KBaHTOBOM

2 o 2
, 3AKITIOYAOIIMIICS B TOM, 9TO |y|* €CTh IIOTHOCTH

cuctembl. DU3NYECKUN CMBICT UMEET |\V

BEPOATHOCTH HAXOKJEHUS YaCTUIbI B JAHHBII MOMEHT BpEMEHHU B JJIeMeHTe oO0beMa dV B
OKPECTHOCTH HEKOTOPOU Touku M(x,y,z).

1.1. BeposATHOCTh HAXOKIAEHUS YaCTULBI B 00bEME V :
2 .
P=[p|aVv=[yydr. 4.1)
Vv vV

1.2. CBoiicTBa BOJIHOBOM (PYHKIMHU: KOHEYHOCTb, HEMPEPHIBHOCTh U HETPEPHIBHOCTD
IIEPBOM MPOU3BOIHOM, OJTHO3HAYHOCTh, HOPMUPOBAHHOCTb.

1.3. YcnoBue HOPMUPOBKU BOJTHOBOM (PYHKITHH:
[j[’av =1. (4.2)
0

2. Iloctynar KBaHTOBOM MEXaHMKHU: KaxJOW JMHAMHYECKON IEpPEMEHHOMN
KJIACCUYECKOW MEXAHUKH CONIOCTABIISIETCS JIMHEWHBIA CAMOCONPSKEHHBIA YPMUTOB OIIEPaTOP.

2.1. JIuneliHbIe OMIepaTOPBI — ONEPATOPHI, YIAOBIETBOPSIONINE TPSOOBAHUIO:

ﬁ(cl\ljl +Cv,)= CEy, +C,Fy,, (4.3)
e y, u y, — mobas mapa pynkuui, C; u C, — m00as mapa MoCTOSIHHBIX KOMIUIEKCHBIX
qrce.
2.2. CoOcTBeHHBIC 3HAUYCHHUSI A W COOCTBEHHbIE (DYHKIIMH \ ONEPATOPOB — OTO
BEJIMYMHBI ONPEICIIiEMbIE U3 YCIOBHS:
By =ny. (4.4)

2.3. YcnoBue caMOCOMNPSKEHHOCTH (3PMUTOBOCTH) OIEPATOPOB:

J.\Vi*g\Vk dV:J.\Vk(ﬁ\Vi)*dV- (4.5)

Ecmu OonepaTopbl CaMOCOIIPSIZKEHHBIC, TO HUX COOCTBEHHBLIMU 3HAUYEHMSIMH SBISIOTCS
JeicTBUTENIbHBIC YUCIIa.

2.4. YcnoBue KOMMYTaTUBHOCTH OIEPATOPOB:
|4 8- 56 - B5-0. (4.6)
Ecnu onepaTopbl KOMMYTHPYIOT, TO OHA UMEIOT OOIIMEe COOCTBEHHbIE QYHKIIMA U UX
CcOOCTBEHHBIEC 3HAYEHUSI MOTYT OBITH ONpeAeNIeHbl OTHOBPEMEHHO.

3. Onepatopsl pU3MUECKUX BEIUYHH.



3.1. Onepatop umiynbca:

F=—inv.

) 0 0
=—ih—, p,=—ih—, p, =—ih—. 4.7
pe=ihrs py=miiers po=—ihe 4.7)

3.2. OnepaTop MOMEHTa UMITYJIbCA:

E=—in yi—zi , £ =—ih(zi—xij, E=—in xi—yi . (4.8)
oz oy) 7 ox 0z oy ~ ox
3.3. Onepatop KBajgpaTa MOMEHTA UMITYJIbca B CPEPHUUECKON CHCTEME KOOPANHAT:
2
ﬁ:-ﬁﬁ,ﬁ:i—ﬁ{mqu+f%—37. (4.9)
sin6 00 00) sin”“0 o

A — Onepartop Jlexxanmapa.
3.4. Onepatop NPOEKIIMU MOMEHTA UMITYJIbCa ﬁz B cheprueckoii cuctemMe KoOopArHaT:

0

E=—in—. (4.10)
op
3.5. OnepaTop KUHETUYECKOU SHEPTHH:
2
Ly 4.11)
2m
rae A —oneparop Jlamiacca.
B nexaptoBoii cucteMe KOOpMHAT:
2 2 2
A=l OO0 4.12)
ox~ oy° 0Oz
a B c(hepruyeCcKoi cucTeMe KOOpIUHAT:
2
Azizi(l’zi}‘l‘ > 1 i[SHleij'F%a—z (413)
r-or\_ Or) r°sin6 00 00) r-sin” 0 o
4.Ypasuenue lpeaunrepa.
4.1.Craumonapnoe ypasHenue IlIpegunrepa:
2
ﬁszw,ﬁ:hﬁ:_f_MU, (4.14)
m
rne K — omepatop TONHON SHepruM (raMHIBTOHMAH), U — TNOTEHIHMAIbHAS SHEPrUs
vacTuipl, v =y(x,y,z).
4.2. Bpemennoe ypaBHenue lllpenunrepa:
iha—l/lzlf]!//, v=y(x,y,z1). (4.15)

ot



4.3. CranmmonapHoe ypaBHenue llIpenunrepa ans BoIopoA0nog00HOT0 aToMa:

2 2
izi(ﬁa—“’j+ ! i(sinea—"’j+ L 0w [k g2y 0. 4.16)
r-or or ) r°sinB 00 00 ) r-sin” 0 Op r h

5. Cpennee 3HaueHue pU3NUECKON BETUIMHBI A B COCTOSIHUU \/ :

(A)=[v" By dv, (4.17)
£ — cooTBeTCTBYIOIMIA OMEPaTOpP; \y — HOPMHUPOBAHHAS BONHOBAA (YHKIHS; dV — 3JEMEHT
o0Bema.

6. Paznoxxenune QpyHKIMKM y 1O COOCTBEHHBIM 3HAYCHHSM \Y, IUCKPETHOTO CIIEKTpPA
HEKOTOPOTO OTIeparopa:

vx)=2ew,(x), ¢, =[wy,dx. (4.18)

7. Dueprus (4.19,a), BonHoBbie QyHknuu (4.19,0) u kBaapar momyns vy (4.19,B)

YaCTHUIIbI MAacChl m B OECKOHEUHO TITyOOKOU MOTEHIIMAIBHOU sime mmpuHoit a (Puc.4.1):

Uy=0! Uy=0 | Uy=oo
E3
E2
El »
0 a
Puc4.1,a
A A
v (x) = 2
n=1 w(x)| =1
X
n=2 n=2

Puc. 4.1,0 Puc.4.1,8

n, (4.19,2)



y(x)= 2 sin(mnx/a) (4.19,0)
a

8. CobOcTBennblie 3HaueHus sHeprun E (4.20,a) u codbctBeHnbie pynkumu v, (4.20,0)

YaCTHIIBI MAacChl m B OJAHOMEPHOM MOTEHIIMAILHOM IIOJIe U(x):xxz/ 2 (KBaHTOBBIH

rapMoHnueckuit ocumsitop) (Puc.4.2):

Puc. 4.2

E - hm(no %j n =0123 ... (4.20,2)

Y, =4, exp(— o’x? /2)
v, = A4x exp(— a’x’ /2), (4.20,0)
y, = 4, (2a2x2 —1)exp(— a’x’ /2)

rne A,, 4,, A, — HOPMHUPOBOUHBIE KO3()PHUIINEHTHI; o’ =ym/h, n, — KojebaTenpHOE
KBaHTOBOE YHUCJIO, ® — IUKINYECKasi 4aCTOTa KOJIeOaHHH.

9. BepositHocTh oTpaxenus (R) u mpoxoxzaeHus (D) yacTuleld MOTEHIUAIbHOTO
Oapbepa.

9.1. bapwep 6eckoHeuHOl MUpHHBI (prc.4.3).

o
=y

Puc. 4.3



2
P ’D:_ﬂw27, (4.21)
ky +k, (k +ky)
31eck:
b = N2mE =L by = fom(E-0) = L2 (422)

9.2. bapbep KOHEUHOI MHUPUHBI (4.4).

E &
yii
1 117
UO
A\ A . A
0 /
a) 0)

Puc.4.4

Koaddunment npo3paunoctu 6apbepa (a):

D=D, exp[—%l1/2miU0 —E)} , (4.23)

rae D, crnabo MeHsercs ¢ usmMeHeHnuem [, E, U,. B OOIbIIMHCTBE MHTEPECHBIX CIyyacB
MOKHO cuutath D, ~ 1.

Koaddunment npo3paunoctu 6apbepa (0):

D~ exp(—% [y2m(© —E)dx], (4.24)

X

X, X, — KOOpAUHATBI TOYEK, MEKIY KOTOPBIMHA U > E .

IIpuMepsbl peiennst 3aaad4.

Ilpumep  4.1.  Onpedenrumv  pacnpedenenue  NJIOMHOCMU — 8EPOAMHOCHIU
MECMOHAX0JCOeHUS Yacmuybl U QgekmusHulii pasmep obracmu ee NOKAIU3AYUU, €ClU

cocmosrHue dacmuyvbl 6 OaHHBIL MOMEHM ONUCLIBAEMCs  B0JIHOBOU gbyHKuuezZ \|/(x),



6

npeocmasasaowel coool Cynepno3uyuo 0ebpounIe8CKUx 60aH ¢ 0OUHAKOBLIMU AMNIUMYOAMU

o U MAN0 OMAUYAIOWUMUCS OpY2 OM OPY2a B0THOBbIMU YUCIAMU 8 uumepeaﬂe(kko * Ak, )

Pewenue:

BocrnonezyeMcst ypaBHEHHUEM BOJHBI e bpoiist 7151 CBOOOIHO TBHKYTIIEHCS YaCTHUIIBI:

iky %
v (x)=ae™". Q)
Tak xak uckoMasi BOJHOBasA (DYyHKIIHS MPEJICTaBIsET cO00i cynepno3uuuio (GyHKIHNA

OJIMHAKOBOM aMIUIMTYJbpl C Pa3lIMYHBIMU k, Buaa (1), To ee MOXXHO OIpPENEIUTH IyTEM

uHTerpupoBanus (1) no «, .

kot Ak, ) . Ak
wi)= | acdk, ~ 20 ), )
kk(]_Akk X
Hcxonst u3 GpU3MIECKOTO CMBICIIa BOJTHOBOM (DYHKITHH:
2 Sil‘l2 ‘:

§2

ofx)=|y(x) =4a* (ak, } ==, (3)

rae E=x-Ak, .
I'padux ¢pysKmmE o(x) mokaszan Ha puc. 4.5. 3 pUCYHKa BHIHO, UTO BEPOSTHOCTH
MECTOHAXOXKAECHUS YacTUIbl MPAKTUYECKH OTIIMYHA OT HyJs B oOnactu AE~2n . Otcrona

Ax =21/ Ak,

21 -1 0 T 21

NV

Puc.4.5

Omeem: Ax~2m/Ak, .

Ilpumep 4.2. Hatimu o6wyio cobcmeenuyo YyHKYuro ciedyroumux onepamopos.

a) £u f,:0) 6.6, u b.;6) B, u ;.



Pewenue:

UYroObI oniepaTopbl UMEH OOIIYI0 COOCTBEHHYIO (DYHKIIMIO HEOOXOAMMO, YTOOBI OHU
KOMMYTHPOBAJIH, T.€. UX KOMMYTATOp JOJKEH OBITh paBeH Hymo (cM. 4.6). Mcciaenyem Ha

KOMMYTATHBHOCTb YKa3aHHBIC B YCJIOBHUHU 3aJa"U IIapbl OIICPATOPOB.

2
[€.6.]= &, —ﬁxf=—xihi—(—ih£jx=ih- 1)
Oox Oox

CrnenoBartenbHO, oniepaTopsl £ U £ HE UMEIOT 001Iel COOCTBEHHOU (DyHKITHH.

0) Haiimem koMMyTaTOpBI BTOPOIi Maphl OMEpaTOPOB.

6..6,]= 6.5, - §.8. :(—ih%)(—ih%j—(—ih%](—ih%) =0, )

aHaJOTUYHO Lﬁy,ﬁZJ: 0, [ﬁz,ﬁx]: 0.
Takum oGpasom, omeparopel £,, £, ¥ f. UMEIOT 00Uy COOCTBEHHYIO (yHKIHIO.

Haiinem coOcTBeHHBIE (DYHKIIMH Ka)XXIOTO OIEpaTopa, BOCIOJIH30BABIINCH COOTHOIIEHUEM

Buna (4.4).
By =pyv,

rne p, — COOCTBEHHOE 3HAYCHHUE oreparopa £, .

oy
—ih—=p.y.
o - Y

Pemus MOJIYYCHHOC YpaBHCHUC, IMOJTYyUYUM CO6CTB€HHyIO (byHKI_II/HO oneparopa ﬁx .
ik
Y, = Clel o ’ (3)

rae kX:&.

ik ,,
AHAJIOTHYHO MONYYHM COOCTBEHHBIE (DYHKIHH ONEpaTopoB £, u f., vy, =Ce "’ —

s omeparopa £, H vy, =Ce"* — nua oneparopa §. (ky:%,kzz%) OO6mas

coOcTBeHHas! (HYHKIHS TOJDKHA OBITh CpefHel GyHKIMel Bcex Tpex onepaTopoB. I[Tockonbky
nepemMeHHble X ,Y W Z He3aBHUCHUMBIC, TO OOIIYI0 COOCTBEHHYIO (PYHKITHIO MOYKHO HAWTH KaK

npousBeneHue vy, v, v, . [loatomy
v, = Aei(kxx+kyy+k22), A= Cl’cz,c3 = const . (4)

B) Haiizem KOMMyTaTOp ONEPaTopoB £, U f-:



2__1'3 _2i__2i —l'i:
[ﬁx7ﬁx]_( haxj( h 6xzj ( h axzj( haxj 0.

Crie/10BaTeNbHO, ONepaTophl . M . UMEIOT OOIIYIO0 COOCTBEHHYIO (DYHKIIHMIO.
Co6crBennas  (ynkuus omepatopa g, cormacHo (3) — wy, =Ce™. Haiinem
coOCTBEHHYIO QYHKIIMIO oneparopa f. .
Bv=plv,

rae p2 — coOOCTBEHHOE 3HAYECHHE OIEpaTopa £ .

Pemras nomyyeHHOe ypaBHEHHE, TOTYUHM:
+ik x
y=Cre. )
OOw1ast co6cTBeHHast GYHKIHMS JOJDKHA YJIOBIETBOPSATH JByM omepatopaMm. DyHKuus
(3) sBnsieTcsa yacTHBIM cityyaeM pyHnkimn (5). [Toatomy

v,; =Ce™" rne k, = [;lx

, C=const.

Ilpumep 4.3. [Iposepums credyrouue npasuia KOMMYmayuu:

) v E|=0,6) |y E|=—itz; 6) |z.E.|=iny.
Pewenue:

CpaBHI/IM PE3YJIbTAaThl TOCICAOBATCIBHOI'O JIEHUCTBUSA Ha HCKOTOPYHO (I)YHKI_[I/IIO

y(x,,z) omepaTopos: a) xﬁx u ﬁxx ; 0) yﬁx u Ey y;T) z@z u ﬁzz.

Omnepatop L cornacHo (4.8) uMeeT ABHBIN BUJ:

ﬁx =—ih yi—zﬁ .
oz Oy

a) xE .y = —inx ya—w—zﬁ ;
oz oy

E (xy)= —ihx[ y‘;—i’ - z%"}

W3 nomy4eHHbIX pe3yJIbTaToOB CIEAYET, 4YTO xﬁx =§xx , T.€. KOMMYTaTOp [x, ﬁx J =0.



6) yEv = —ih(y2 N Zy@}
oz oy

E(yy) = —ih[y a(gz\'j) -z a(gv W)] = —ih{f aa_\;/ - Z(\v + y%ﬂ = —ih[yz 8_\Zv - Zya—w - Z\v}.

CJ'ICI[OBaTeJ'ILHO .

gx(y\y) = —ih| y* v _ zya—w + ihizy.
0z oy

Torna ly, ﬁxJ: vE —E y=—inz.

B) AHAJIOTUYHBIM 00pa30M JIETKO YOSAUTHCS, UTO lz, E J= ihy .

Hpumep 4.4. Joxasamv, umo eciu onepamop K spmumos, mo ezo cobcmeenuvie

3HA4YeHUus 6euleCmeeHHbl.

Pewenue:

Ilycte y — mpousBoibHAasi COOCTBEHHAs (PYHKLHMS OmepaTopa K, otBeuaromas ero
COOCTBEHHOMY 3HAauYeHUIO 4. YCIOBHE caMOCONpsbKEHHOCTH corjacHo (4.5) vy, =wv,=vy
3aIllMChIBACTCA B BU/IC:

Iw*ﬁdezjwﬁ*w*dV. (1)

Ecmu 4 — ecth coOCTBeHHOE 3HaueHHe ornepatopa A, a A4° — coGCTBEHHOE 3HAUCHUE
omeparopa K, TO BBINOTHSIOTCS COOTHOLICHHSL:
ﬁ\u =Ay u ﬁ*\u* =A"y".
Torna u3 ycnosus (1):
Ay ydV = A [yy'dv . )
[TockonbKy MO YCIOBHSIM HOPMUPOBKH BOJIHOBOM (yHKIMH (4.1):

[yy'dV=1,10 A=4".

Ho nocneanee BO3MOXHO TOJIBKO IIPH BEIIECTBEHHOM A .

Ilpumep 4.5. Buviuuciums cpeonue 3Ha4eHUsi KUHEMUYECKOU U NOMEHYUAIbHOU

3H€p2ub7 Keanmoeoco ocyuvisimopa ¢ yacmomoti () 6 OCHOBHOM  COCmMOAHUU

\V(x): Aexp(— a’x? ), 20e o’ =y /2ho, ¥ - CUTO6AS NOCMOAHHASL.
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Pewenue:

Cpennue 3HA4YCHHS KUHETHUYECKOM M TOTCHIMAJIBHOW HSHEPrUil  KBAaHTOBOTO

OCIIIJIIATOPA MOXKHO HaTH cormnacHo (4.16) mo dhopmynam:
(T)=[why'dx; (1)
(U)= [y dx. 2)
OmnepaTop KMHETHYECKOW 3Hepruu umeeT Bun (4.11), a omeparop MOTEHIIUATLHOM
SHEPTUU 711 TAPMOHUYECKOTO OCHUILIATOPA MOXKHO 3aMKcaTh B BUJIE:
U=(1/2)x*. 3)

Haiinem nmocTostHHy0 4 W3 yCiI0BHS HOpMUPOBKH (4.1):
vl @y =1, @
0

KOTOPOC NPUMCHHUTEIIBHO K YCIIOBHUIO HaCTOSIH_[eI\/’I 3aa4M 3aIIMuIeTCsa B BUC:

A’ Te-”zxz =1. (5)

o
JlaHHBIA HHTETrpal MOXHO JIETKO MNPHUBECTH K CTaHAapTHOMY Buay. g 3toro
0003HaYNM:
£ =20%x% = dx=dt/\2a
¥ y4TEM, YTO CHITy YETHOCTH BOJIHOBOM (DYHKIIUU TPAHMIbI HHTETPUPOBAHHS |— 00;-+o0] MOKHO
3aMeHHUTH Ha [0;+0], YBEIMUHUB IIPH ITOM 3HAYEHHE HHTerpana B 2 pasa. Toraa unterpan (5)

IMPpUMET BU:

2 w
2 6)

\/EOLO

Mpgb1 umMeeM HUHTCrpajl CTaHAApTHOT'O BUJA:

jx"e—"2 dx,
0
KOTOpBIN IpU n =0 paBeH \/;é . [TosTomy u3 (6) momy4um:

A =02/ . (7)

3anumenm ABHEIA By HATerpana (1) , 3aMEHHB rPaHHUIIB HHTETPHPOBAHHS |- o0;+o0] Ha

[0;00] :

ey 2 dz[ _azxzp
<T>=2je —E WA@ X =>

¢ yuerom (7):
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<T>=-

nza\/zT o2y’ d?

m~NT o

(“”) (8)

[Mocne muddepeHpoBaHNS TOTYIHM:

<T>=-

L

—2a%x? 2Oo 2 —alx?
dx—2a jx e dx |.

0

IIpousBenem 3aMeHy NEPEMEHHOM:

t=+2ax, dc=dt/\20.

Torna

2.3
m'a’2y2 S TR P

e i - ] ®

TaOGnuunble 3HaUeHUS 1-r0 U 2-T0 UHTETPAJIOB PABHBIL:

[e di=vr/2,[rPe " di=n/4 . (10)
0 0

VYuuteiBas 3HaueHus1 uHTErpanos (10) momyunm:

<T>

4 ) 2m

\/_ \/_ th o
mf
ITo ycnoBusam 3anauu:
2_
o =y/2nw,
¥ — CWJIOBAs IOCTOSIHHAS.

C Y4€TOM OJAaHHOI'O YCJIOBHA:

2
<T>:—h ‘0) _X/m‘:<T>—hOJ
Amho

(12)

PaccmorpuMm  BeIpakeHue (2), misi CpEeIHETO 3HAYCHHS IMOTEHIIMATBLHON SHEPrUH

oCHUJIIATOpPA.

© 2
<U> = 2J' Ae ™ (%}Ae‘“z)‘z dx =
0

_ XOL\E Done—Zotzxz e
(U)= I l dx . (13)

[IpousBens 3aMeHy nepeMeHHON MOA00HO MPEAbITYIIUM CIydasiM:
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x=t/ocx/5; x*=t*/207,

NOJYYHM WHTErpai Tabmuanoro Buaa (10).

_ 1 XOL\/E i ze—tz
(U)_m2 —ﬁaﬁgt dt=
U)=Lr= )= (14

N3 momydeHHBIX pE3yJbTaTOB [JIi CPEJAHETO 3HaueHWs KuHeTudeckon (12) u
noTeHuuanbHou (14) sHepruil ciemyeT, YTO OHU PaBHBI MEXKIY COOOH, a X CymMMa paBHa
3HAYEHUIO TIOJTHOW SHEPTHUH TaApPMOHUYECKOTO OCIIHIIISTOPA B OCHOBHOM COCTOSTHUM (fiv/2 ).

Omeem: <T> :<U> =hw/4.

Ilpumep 4.6. Yacmuya 6 00OHOMEPHOM NOMEHYUANLHOM AUWUKE HAXOOUMCS 6
ocHosHom cocmosHuu. Kaxosa eeposmumocms P naxoodcoenus yacmuywvl. 1) 6 cpeoweti

mpemu swuka, 2) 8 Kpatinei mpemu sauuka?
Pewenue:

It TOTO, 9TOOBI HAMTH BEPOSITHOCTh HAXOXKICHHUS YACTHIIBI C ONIPEICICHHON 00IacTh
MPOCTPAHCTBA, HEOOXOAWMO 3HATh SBHBIA BHUJ BONHOBOW ¢yHKuuu. Mcxoms uz (4.190),
BOJIHOBAsI (DYHKIIHSI, ONTMCHIBAIONIAsI OCHOBHOE (72 =1) COCTOSTHUE YaCTHIIBI B TIOTEHITUAIIEHOM

smyke (0ECKOHEUHO TITyOO0KON MOTEHITUATBHOU SIME), UMEET BHI:

y(x)= \/%sin(nx/l).

B coOTBeTCTBUU CO CTATUCTHUYECKUM CMBICIIOM KBaJpaTa MOIYJIsSi BOTHOBOW (PYHKITHH
BEPOSTHOCTHh HAXOXKICHHSI YACTHUIIHI MOKHO HAWTH C HCIIOJIb30BaHuEeM (popmyisl (4.1).

1) Torma nyst obnactu //3 < x < 21/3 moay4um:

21/3 21/3
Pi= .f |\|I|2dx:g.f sinz(nnx/l)dx:(%.g_ﬁJ:Obl.

1/3 11/3

2) JInst obnmactu 21/3<x<1:

/ 1
P2= j |\V|2dx=3f sinz(nnx/l)dx=[§—§J:0,195_

21/3 121/3

Omeem: 1) P,=0,61;2) P, =0,195.
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Ilpumep 4.7. Dnexkmpor Haxooumcsi 8 0OHOMEPHOU NPAMOY20IbHOU NOMEHYUATbHOU
same ¢ OeckoHeuHo evicokumu cmenkamu. [llupuna amvl | maxoea, umo 3HepeemuuecKue
YPOBHU pacnonoxcenvl ecoma 2ycmo. Hatimu nromunocme yposueu dN /dE, m.e. ux uucio Ha
€OUHUYHBIU UHMeEPB8A dHepeul, 8 3agucumocmu om E . Bviuuciumo dN/dE ons E=1,0 3B,
ecau [ =1,0 cm. Oyenumv uHmep8an Mexcoy coOCeOHUMU YPOBHAMU IHEPSUU U CPABHUMb €20

CO cpeOHell IHepauell Mensi08020 OBUNCEHUS NPU MEMNEPAMYPe HCUOKO20 2eUsl.

Pewenue:

Bocnonwszyemest popmyioit (4.19,a) nns sHEpruuM 4acTHIBI B OECKOHEYHO TITyOOKO#

HOTGHHH&J’IBHOﬁ SAMCE.

n*n’n®
- 20%m @
[Iponuddepenuupyem (1) no n:
2.2
g = _ppdn )
2°m n

W3 Beipaxkenus (2) Haiinem Z—Z :

aN _dn_n _1 |2m 3)
dE dE 2E hmn\ E

Brruucnnm ilz’_]; aags E=1,02Bu l1=1,0 cm.

[Honyuum:

dN - .
—=0,8-10 o8Hell/>B.
JE yp

3HaueHue UHTepBaa OF 3HEPrHH MEXAYy COCETHUMH YPOBHAMU MOXKHO OLIEHUTH KaK
8E =1/(dN | dE).
B pesynbrare pacueToB MOTYYHM:
8E=1,25-10" 2B.
CpeHIOI0 YHEPTHIO TETJIOBOTO JBMKCHHS YaCTHII MOYKHO OLIEHUTH TI0 (hopMyIie:
(E)=3/24kT,
rae k —nocrosiHHas bosbiMaHa.

[Ipunsas T'=4,2 K, nocie pacyeToB MOIYYHM:

(E)=1,1-10" oB.
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[TonmyuyeHHbI pe3ynapTaT MOKa3bIBA€T, YTO, €CIM 00JacTh JIOKAJIM3alMU 3JIEKTPOHA
cocTaBisieT 1 cm, TO Aake MpU TeMIepaType JKUAKOTO Iellds CPEIHss SHEPIHsl TEIIOBOIO
JBWDKEHUSI 3HAYMTENBHO OOJbIIE, YeM HWHTEPBAI SHEPTHH MEXKAY COCCTHHUMH YPOBHSIMH

SHEPIrHH AIIEKTPOHA.

Omeem: aN _ T 2_m’ 0,810 yposneti/>B.
dE. hmn\ E

Ilpumep 4.8. Yacmuya Haxooumcs 8 08yMepPHOU NPAMOY20IbHOU HOMEHYUANbHOU AMe

¢ abconromuo nenponuyaemvimu cmenkamu 0<x<a, 0<y<b. Onpederumsv 6eposmHOCHb

HAX0JICOeHUs YACUYbL C HauMeHblell dHepeuetl 6 ooracmu 0<x<a/3, 0<y<b/3.

Pewenue:

3anumem ypaBuenue lllpenunrepa (4.14) ana cimydas, Korja 4acTHIlAa HaXOAMUTCS B

JIByMEPHOI MPSMOYTOJIbHON MOTEHIIUAIBHON siMe C a0COJIFOTHO HEMPOHUIIAEMBIMHU CTEHKAMH.
v+, + kY =0, (1)
k=~2mE In. (2)
Ero pemenue uiem B Bue:
y(x,y)= Asin(kx)sin(k,y). 3)
Tk. mpu x=0 u y=0, TO BOMHOBasg (QYHKUUS JOJDKHA oOpamarbcs B HyJb,
BO3MO>KHBIE 3HAUEHUA k, U k, HAXOJUM U3 TPAHUYHBIX YCIOBUI:
\V(a,y)z 0=>k =nma, n=12....
y(x,0)=0 => k, =n,nb, n,=12....
Haiinem A, u3 ycioBuit HOpMUPOBKH (4.2), KOTOPOE B JAHHOM CIIy4yae 3amuIleTcs B

BHJIC:
ab
A*[[sin®(mmx/ a)sin® (nymy / b)dxdy =1.
00

[Tocne pemeHnss JTaHHOTO UHTErpaja NOJIyYHM:
A=Al4/ab . 3)
C yuerom (3) dysakuus (2) mpuMeT BUA:
y(x,y)= \/msin(nlnx/a)sin(nﬂy/b) .
Torna B coorBeTcTBUU C (4.1) BEpOSATHOCTh HAXOXKACHHS YACTHUIbI C HaMMEHBIIECH

sHeprueit B oonactu 0<x<a/3, 0<y<b/3 Halimem o Gopmyre:
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al3b/3

P=| j|w|2dxdy.

0 0

2
al3b/3
P= ai;){ E‘;sinz(nx/a)sinz(ny/a)dxdyz(%—gj =0,038.

Omeem: P = 0,038.

Ilpumep 4.9. Hauimu 601HO8YI0 (DYHKYUIO u YPOBHU IHEp2Uuu CMAYUOHAPHLIX
COCMOSAHUL YACMUYbl MACCOU m, JOKAIUIOBAHHOU 6 CUMMEMPUYHOU OOHOMEPHOU

NOMEHYUANLHOU SIME NPAMOY20abHOU Qopmel, erybuna komopou pasna U,, a wupuna

2a.(puc.4.6).

U(x)“

Puc 4.6

Pewenue:

Bocnonb3yemcs ctannoHapubiM ypaBHeHueM Llpeaunrepa:

dy 2
dx‘z"+h—T(E—U)w=o. (1)

JlaHHO€ ypaBHEHHE JJIsl CBSI3aHHBIX COCTOSIHUN BHYTpPHU SIMbI YJTOOHO 3aIHCaTh B BUJIE:

2

LY ey =o, @)
X
a BHC sSIMBI B BUJIC:
d2
dx‘z" —oly=0. 3)

B (2) u (3) BBeaeHBI 0003HAUCHUS:
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2mE 2m\U, - E
k=+ 7, o=+ T

31eck, Kak BUIUM, MBI IIOCUYUTAITN BETMYMHBI K ¥ O CYIIECTBEHHO IMOJIOKUTEILHBIMHU.
Ob1ee pemieHre ypaBHeHUS (2) UMEET BUL:
v = Acoskx + Bsinkx . 4)
Oo1mee pemieHre ypaBHeHHS (4), YIOBJICTBOPSIIONIECE YCIOBUSM Ha OCCKOHESYHOCTH
x =100, OyneT:

—Oox

y=Ce ™ mpu x>a; (%)
v =De™ mpu x<-a. (6)

U3 cooOpaskeHUii CHUMMETPUH CIEAyeT, 4TO IUIOTHOCTh BEPOSTHOCTH |\|/|2 JIOJKHA

OBITh CHUMMETPMYHON (DYHKIMEH X OTHOCHTENIBLHO Hauaja koopauHar. CleqoBaTelbHO,
JOJKHO ObITE C* = D, T.e. BO3MOXHBI 11Ba ciiydasi: C=D u C=-D. Iloctosannsie 4, B, C

¥ D Hajo BbIOpaTh Tak, 4TOOBI HA Kpasx sIMbI QYHKIMSA ¥ U e¢ MpOou3BOaHAs dy/dx ObLIH

HenpepbIBHBL. Ha rpanune x =+a 310 naet:

Acoska+ Bsinka=Ce ™, (7)
—kAsin ka + kB cos ka = aCe™** , (8)
a Ha TpaHMIE X =—a
Acoska— Bsinka = De** , 9)
kAsin ka + kB cos ka = a.De”*" . (10)

Orcrona nocnenoBarenbHo cymmupysi (7) u (9), Beranrast u3 (10) (8), Beruutas us3 (7)
(9), cymmupys (8) u (10) momydnm:
2A4coska=(C+D)e ™ ; 2kAsinka=o(D—C)e™*; (11)
2Bsinka =(C - D)e™"; 2kBcoska=o(C + D)e (12)
Eciu A#0 u C=D, 10
ktgka=o. (13)

Ecmmxe B0 u C=-D, 10
k ctgka = —a.. (14)

OTU yclIOBUSL HE MOTYT OBbITh YJOBJIETBOPEHbBI OJJHOBPEMEHHO, TaK KaK B IPOTUBHOM

2, a 3TO HEBO3MOXXHO BBHAY BCHICCTBCHHOCTU ku a

Clly4ae MONyYWIoch Obl k° =-o
Pemenne, xorna Bce xod¢p¢unuentsl 4, B, C, D paBHBI Hym0, (PU3HMYECKOrO CMBICTIa HE

umeeT. TakuM 00pa3oM, Bce BOSMOXKHBIC PEIICHUS Pa3eislFOTCs Ha JIBa Kiacca: PELICHUs C
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YeTHOW BOJIHOBOM (pyHKIMel, korma A#0, B=0, C=D | penieHus ¢ HEYCTHON BOJHOBOU
¢ynkuueit, korna 4=0, B#0, C=-D. YpOBHM SHEPruu HaWayTCAd MyTeM IpaUyecKoro
WJIM YMCJICHHOTO pemeHus ypaBHenus (13) winm ypaBHeHus (14), B KOTOPBIX MOJIOKUTEIBHBIE
BEJIMUMHBI K U 0. ONIPENIEISIFOTCS BhIpaXKeHUIMH (4).

Jnist rpaduueckoro penieHus BBeaeM 0e3pa3MepHble BETHUNHBIL:

E=ak, n=ao. (15)
Torna
2mU,a’
& =2 (16)

VYpasnenue (16) npeacrasisieT co00i ypaBHEHHE OKPYKHOCTH.

Jlst petnieHnid ¢ Y€THOM BOJTHOBOM (PYHKITHCH:

n =&gt, (17.a)
a ISl peIIeHUH ¢ HEeYeTHON BOTHOBOU (DyHKIIMEH:
n= _&Ctgé' (1796)
n n
A , , \ A 1 1 |
N ; N
g ok |
6 1} | | 6 : | |
3N e e ey
ar | ; 5 4 i | |
A -5 : : . :
2 [ ]} s\ ) e s s
0 T 2 3 £ 0 T 2 3 &
a) 0)

puc. 4.7

Ha puc. 4.7,a moctpoensl kpuBble n=E&fgE, Ha puc. 4.7,0 — KpuBble n=—Ectgé

BepTI/IKaJ'II)HI)IMI/I IMYHKTUPHBIMU JIMHUAMHA I/1306pa)K€HBI ACUMIITOTBI 3TUX KPHUBBIX. BBI/II[y

ITOJIOKUTCIIBHOCTHU Z‘, U M HYXHBI TOJBKO YYaCTKHM OTHX KPHBBIX, PaCIIOJIOKCHHBIC B

MOJIOKUTENbHOM KBazapate (£>0, m>0). Ilepeceuem 3T KpuBBIE OKpYKHOCTBIO (16),

paanyc KOTOpoil (o/f),/2mU, IOMKEH CUUTATBCS W3BECTHBIM. KOOpAMHATBI TOYEK
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MepPeCceUYCHMs ITOW OKPY>KHOCTHU ¢ KpuBbIMU (17,a) u (17,0) magyT BO3MOXHBIC 3HAUCHUS & U
n. Hocne storo mo ¢opmyinam (4) nerko HailTH 3HaueHuss E. Ywucno ypoBHel Bcerja
KOHEYHO M orpejensercs riyouHod U, W MUPUHON 2a¢ TOTEHIMAaIbHOHN siMbl. Hampumep,
€CII paJinyC OKPYKHOCTH paBeH 7, TO MOJIyyaeTcs maTh ypoBHeH. Toukam nepecedenus 1, 3,
5 COOTBETCTBYIOT 4YeTHble, a ToukaM 2, 4 — HedeTHble BoJHOBBIE (yHKIMHU. Ecnu
0<U,a* <h*n’/8m, TO MMEETCA TONBKO OJHA TOYKA TEPECEUEHHS], KOTOPOH COOTBETCTBYET
YeTHas BOJHOBas (QYHKIIHUS.

Crenyer eie pa3 NOAYEPKHYTh, YTO 68 CUMMEMPUUECKOU OOHOMEPHOU AMe NpU 000U
ee 2nyOuHe U WUpUHe 6ce20a ecmb XOms Obl 0OUH YPOBeHb, OTBEUAIOUIUN YETHOW y —
¢GyHKIMH. AHAJOTMYHO OOCTOUT €TI0 B JBYXMEpPHOM ciydae. [IpuHuunuansHo mo-gpyromy
OOCTOUT J1eJI0 B CIy4ae TPEXMEPHOM MOTEHLIUAIBHON MPSIMOYTOJIbHOH SIMBI, I'/I€ YPOBEHb €CTh
HE Bcerya.

[IpuBenem Takxe 6mopoti cnocob pelieHus 3a1a4n.

Paccmotpu uemnoe pemenue (13):

ktgka = o ,
OTKYyJa:
2 2
2 o +k°
1+tg kaZT,
1 2 S| :
—= mUzoa =3 coska|= h—zka.
cos” ka h (ka) 2mUa

[Ipu aTOoM (T.K. tgka >0) roasiTcst T€ 4ETBEPTH, T1€ sinka > 0u coska >0.
hZ
JUIsi HeYETHOTO PELICHHS TOMydaeM [sin ka| = Wka ¥ T.K.ctgka <0, TO TOAATCS
mU,a

TE€ YETBEPTH, T1Ie sinka M coska WMEIOT pa3Hble 3HAKU. I paduueckoe pereHne mory4eHHbIX

ypaBHEHUN N300pakeHo Ha puc. 4.8, 4.9.

A
coska

v

w2 m 3n/2 2n  ka

puc. 4.8 puc.4.9
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BunHo, yTo B 3aBUCMMOCTU OT BeNWYMHBI U, (MpU AAHHOM a ) WIH a (IIPU TaHHOM
U,) B cnydyae 4eTHOHM  -QYHKIMH XOTsI ObI OJTHO pelieHue ecTh Bceraa! 1o OyaeT UMeTh
hZ 1 222

2 2
MECTO NpU  [——— <——=— wm Uya" <
2mUja w2 =

. Ilpu panbHelimem ymeHblieHuu U,

YPOBEHb IOJJTHUMAETCS K MOTOJIKY SIMBI, HO U3 SIMbl HE BBIXOUT (puc. 4.10)!

U,ya

puc. 4.10

Ilpumep 4.10. Yacmuya maccol m 08udcemcs cieea Hanpago 6 NOMEeHYUAIbHOM Nnoe

(puc.4.11), komopoe 6 mouke x=0 ucnvimvisaem ckavoxk U,. Cneea om mouku x=0

aHepaus yacmuywvl posna E . Haiimu koa¢dhuyuenm ompasicenus R onsa ciyuaes:

0) E >>|U, |.
E
v >
A
0
Puc.4.11
Pewenue:

Koaddunment orpaxkenust R Ui yCiIOBUN NaHHOW 3a7aud B cOOTBETCTBHH C (4.20)

2
k -k
R=|1—21, 1
(k1+k2j M

e k, =~2mE [ h, k, =2m(E-U,)/h. )

MOJKET OBITh Haif/ieH 1o hopmyie:

[Honcrasus (2) B (1) nomyuum:



20

R_(l—\/l—U/EJ | 3)

T 1+1-U/E

Kak cnepgyer u3 puc. 4.11, U, sBiusercs BeIMYMHOW OTpuULIATEIbHOW, a £ —

nonoxutenbHoi. [loaTomy dhopmyny (3) mns ynoOcTBa neinecooOpa3HO MCIOJIB30BaTh B
BHJIC:

1 J1+[U |/ E 2 @

1+\/1+|U0|/E _1+\/1+|U0|/E

a) Paccmotpum ciyuait, korna E <<|U, |. B 3ToM ciy4yae MOXHO IPUHATH:

JIHU E = |U|/E .

Torna nomyuyum:

2
1 B J1+|Uo|/ E - L
LI+ |Ug|/ E 1+ 1+ |ug/E |\ J|Uo|/ E

R~1-2JE/U,|.

6) Eciu E >>U,, 70 R~(U,/4E) .

Omeem: a) ecmu E <<|U, |, R~1-2,/E/|U,| ; 6) ecu E >>U,, R~(U,/4E) .

Ilpumep 4.12. Yacmuya maccot m u dHepeuu E Os8udcemcs cleea Hanpaso 8
HOMEHYUATLHOM NOJle, 8 KOMOPOM UMeemcsi NPAMOY20lbHAs NOMEHYUANbHAS AMA WUPUHOU |
u enyounou U, (puc. 4.12). Hatimu:

a) kospduyuenm npozpaynocmu D sambl 018 OAHHOU YACMUYDL;

0) snauenue D Ons snekmpona npu E=U,=1,03B, eciu 1=0,10 nm;

8) 3Hauenus E, npu xomopwvlx uacmuya Oyoem OecnpensmcmeeHHO NpPOXoOumbv
yepes smy.

Yoeoumwvcs, umo smo O6ydem npoucxodumv npu yciosuu, 4mo Wupuuna sml [

pasHa yeaiomy yuciy 0eOpouIe8CcKUx noaiy8oaH Yyacmuyvl 6Hympu amel. Boruucaiumo E_ .

ons anekmpona 6 caydae Uy, =10 9B u 1=0,25 Hm.
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1 )i 111
\ >
E
v 0 N
X
UO
Puc. 4.12.
Pewenue.

a) 3anumeM pemieHus ypaBHenus [peaunarepa ayis Tpex oomactei:
x<0, y,=ae™ +bhe™, k=+2mE /.
0<x<l, ¥, =ae™ +be™", ky=+2m(E-U,)/h,
ikx

x>, yy=a,e

OTu BBIpaXXEHUS HaNMCaHbl ¢ yueToM Toro, 4to B [ u Bo Il obnactu cymecTByloT Kak
najaromas, TaKk ¥ OTpaKeHHas neOpoiieBcKue BoJHbI, a B obnactu Il Tonpko mpoxosiiasi.

[TosToMy B BOJIHOBOM (YHKUIMHM I/, OCTAaBIEH TOJbKO OAWH WIEH, COOTBETCTBYIOLIMH

IPOXOIsAIei BostHe. 13 yCIOBHS HEMIPEPHIBHOCTU ¥ | /' Ha TPaHMIAX SIMBI HAXOIUM:

as 4l e~ ™

a (k + k, )2 ekl _ (k -k, )2 ol ’

5 -1 -
a, ky —k* N U, sin® k,l

a, ki ° 4E(E +U,)

(1)

0) B pesynbraTe pacueToB Haiinem D ~0,95.

B) U3 ycnoBust D=1 cnenyer, uto sink,/ =0 _ Orcrona: k,/ = nm, uiun

E=m’h’n/2ml*> -U,.
CootHolieHue ky/ =nn MOXHO NPEACTaBUTH B BUuAE 2/ =nk, rae A — aeOpoiineBckas

JUIMHA BOJIHBI YaCTHIIbI BHYTPHU SIMbl. 3aMETHM, 4YTO B ONTHKE MOJ0OHOE SBJICHHE, B OCHOBE
KOTOPOTO JIEKUT YHUCTO MHTEp(epeHUMOHHBIH 3(deKT moramenus BOJH, OTPAKEHHBIX OT
JIBYX TPaHHUI] pa3/iena, Ha3bIBAIOT NPOCEEmIeHUEM ONMUKU.

[TpousBens yrcICHHBIC pacyeThl, A7 3aJaHHBIX B YCIIOBHHM 33/1a4H JaHHBIX HalaeM:

E.. =14 9B (n=2).

min
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U, sin® k!

Omeem: a) D=|1+
4E(E+U,)

;0)D~095;8B) E,;, =14 2B (n=2).

3aoauu.
%
4.1. 3anucarh SBHBIH BHJ ONEPATOPOB KOOPJAWHAT, MOTEHUUAIBHON HHEPrUH,
JIEKapTOBBIX MIPOCKIUI UMITYJIbCA U UMITYJIbCA.
4.2. Ha ocHOBe pe3yibTaToB MpEbIAyLIeH 3ajauu MOJy4YUTh SIBHBIN BHJI ONEPaTOpPOB

KMHETUYECKOU U IOJTHOW DHEPI'UH, a TAKKE IEKAPTOBBIX IPOCKIIMI MOMEHTA UMITYJIbCA.
. d
4.3. HaiiTu KOMMyTaTop OnepaTopoB o u £.
X

4.4. OHpeI[CIII/ITL BO3MOJKHBEIE COOCTBEHHBIE 3HAUYEHMS OmepaTopoB IMPOCKUIUHN

BOJIHOBOI'O 4HCJia kk .

4.5. Haiitn coGCTBEHHBIC 3HAYEHHMs OIepaTopa MHBEPCHH £, NelicTBHE KOTOPOro Ha
(YHKLHIO 3aKITI0YAETCs], KaK U3BECTHO, B U3MEHEHNH 3HAaKa BCEX JIEKAPTOBBIX KOOpAMHAT. [1]

4.6. [TomyunTh SABHBIN BUJI ONIEPATOPOB MPOEKIIMA MOMEHTA UMITYJIbCA B CPEPUUECKUX
KOOpAMHATAX.

4.7. OnpenenuTs B COOCTBEHHBIX (DYyHKIIMN OMEPATOPOB MPOEKIIMH UMITYJIbCA.

4.8. Hamucare ypaBHenue Ilpeaunrepa mjis 3JEKTpOHA, HAXOMAIIETocs B
BOZIOPOIONIOA00HOM aToMe. [4]

4.9. Hamwucate ypaBHenue Ilpeaunrepa s JHMHEHHOTO TapMOHHYECKOIO
OCHMJUISTOpA. YUecTh, YTO CHUJIa, BO3BpAllalollas YacTUIly B TMOJIOKEHHE pPaBHOBECHS,
f =-PBx (rne B — koddPULMEHT TPONOPIIUOHATBHOCTH , X — CMEIleHue ). [4]

4.10. Bpemennass uactb ypaBHenuss lllpeaunrepa umeer Bun (ih/2m)dy/dt=Ey .
Haiitu pemienue ypaBHenus. [4]

4.11. Yactuma HaxomuTcsi B 1-M BO30YXXIEHHOM COCTOSIHUM B OJHOMEpHOM
NPSIMOYTOJIBHOM MOTEHIIMAIBHOM SIME IMMUPUHBI / ¢ a0COMIOTHO HEMIPOHULAEMBIMH CTEHKAMU
(0<x<!). HaiiTit BepOSITHOCTh TIPEeOBIBAHUS YaCTHIIBI B oOmactu 1/3/ <x<2/3/.[1]

4.12. DneKTpOHY B NMOTEHIMAIBHOM SIIMKE IIUPUHOM [/ OTBEYAEeT BOJIHOBOE YHCIIO
k=mn/l (n=1,2,3,...). Ucnions3ysi cBsi3b SHEPrUM E 3JIEKTPOHA C BOJHOBBIM YHCIOM £ ,
MOJIyUUTh BhIpAaXKEHHE JUIsl COOCTBEHHBIX 3HAUEHUM 3Hepruu E, . [4]

4.13. DNeKTpOH HaXOAUTCA B NOTECHUHUAIBHOM SiIMKEe MmUpuHON [=0,5 HMm.

OnpenenuTth HaMMEHBIIYI pPa3sHOCTh AE 3HEpPreTMUecKuX YpoBHEH ssekTpoHa. OTBer

BBIPA3UTh B AIEKTPOH-BOJIbTAX. [4]
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4.14. CobcTBeHHast (pyHKLUS, OMUCHIBAIOIIAS COCTOSTHME YacTULBl B MOTEHLUAIBHOM
AlMKe, UMeeT BUI VW, (x)=Csin(nn/l)x . Vcnonb3ys yciaoBHs HOPMHUPOBKH, OIPEAEIUTH
nocTossHHY0 C . [4]

4.15. Kax usMmenutcs BojHOBass ¢ynkims W(x,z), omuchIBaromas cTalMOHAPHbIE
COCTOSIHMS, €CJIM HM3MEHHMTh HA4yallo OTCYETa INOTCHIUAJIbHOM SHEPIrUUM Ha HEKOTOPYIO
BenmuuuHy AU ? [1]

4.16. Haiitu pemenue BpemeHHoro ypaBHeHus Illpeamnrepa s cBOOOIHOM
YaCcTHUIbl, ABUKYILEHUCS C UMITYJIbCOM p B ITOJ0KUTEIBHOM HalpaBiaeHUuu ocu X . [1]

4.17. To ke, 4TO U B NpeABAYIIEH 3a7aue, HO YaCTUIA JABHKETCSA C UMIYJIbCOM

p B IPOU3BOJIbHOM HampasyieHUuH. [1]

4.18. Onepatop £ xommytupyer ¢ omepatopamu B u €. Moxso 1mu orciona
3aKITIOYHUTh, 4T0 onepatopsl £ u € xommyTatuBHbI? 3aKmodenne 060CHOBaTS. [1]

4.19. B HEKOTOPOM COCTOSIHUM V\ , CHUCTEMbl (u3NYecKas BelIUYuHA A UMEET
OIpECIICHHOE 3HAaueHHE. ByJeT M B 3TOM COCTOSHUU ONIPEJEICHHOE 3HAUEHHE TaKXkKe U
BEJTHYMHBI B, €CITM COOTBETCTBYIONIHE UM orepatopsl & u £ xommytatusubi? [1]

4.20. IIpeobOpa3zoBaHre MHBEPCUU 3aKITIOYACTCS B OJJHOBPEMEHHOM H3MEHEHUU 3HaKa
BCEX JIEKapTOBBIX KOOpAHWHAT: x—>—x', y—>—)', z—>-z 3anmcarte mnpeodpazoBaHUE
WHBEPCUHU B IWJIMHIPUYECKON U cheprueckoii cucteMax KoopauHar. [1]

%k

4.21. Kakue U3 MEXaHUYECKUX BEIUUYUH (PHEpPIrust £, IPOEKLHUN UMITyJIbCa, IPOEKIUH
Y KBaJIpaT MOMEHTA UMITYJIbCA) COXPAHSIFOTCS TIPH ABHKCHUHU YaCTUIIBIL:

a) B OTCYTCTBHE 101 (CBOOOAHOE TBUIKEHHUE);

6) B OTHOPOIHOM MOTEHLMANLHOM Hose U(z)=az, Tae a — nocTosHHas;

B) B LIEHTPAJILHO-CUMMETPHYHOM MOTEHIMANsHOM roste U(r);

T) B OIHOPOIHOM HepeMeHHoM none U(z,t)=a(t)z 9 [1]

4.22. BpIYUCIUT KOMMYTATOP [ﬁ” ,36].

4.23. Iloka3aTh, 4TO SHEPrUsi CBOOOJHO ABMXKYIIEHCS YaCTUIBl MOKET UMETh JIIOObIE
3HaYeHMs (HEMPEPBIBHBIN crieKTp). [1]

4.24. Bocnonb30BaBIIMCh 3PMHUTOBOCTBIO OIEeparopa £ J0Ka3aTb 3PMHUTOBOCTb
omepatopos: a) £-;6) & .[1]
4.25. JlokasaTh, uTo eciu omeparopsl & u £ spmuToBBI, TO omeparopsl £+F8 u

58+ B% taxxe spmuToBsl. [1]
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4.26. B HEKOTOPbIN MOMEHT JacTHULIA HaXOIUTCA B COCTOSIHUU
y(x)= Aexp(ikxx -x*/ az), rie A u a —nocrosHuble. Haiitu cpenaue 3naueHus:

a) KOOPJAUHATHI X,

0) mpoekuuu umnyisca p, . [1]

4.27. IIpoBepuTh cieayouue npaBuia KOMMYTalUH:

a) [ﬁx,ﬁyjzihﬁz;

0)|£,.E |- inE.;

8) |E.£ |- . [1]

4.28. C mnomoupl0 MpaBWJl KOMMYTallMM MPHUBEACHHBIX B IMpeAbLAyIIeH 3anade

1oKasatk, uto onepatop £ xommyTupyer ¢ oneparopamu £, ﬁ} u £ .[1]

4.29. Haiitu [*> coOOGCTBEHHble 3HAUCHHsA onepaTopa £, COOTBETCTBYIOLIErO

z

cobcTBeHHOM pyHKIMH Y (0,¢0)= A(cos0+2sinBcosg).

4.30. JToxasats, uto onepatop £ spMuToB. JI0Ka3aTenbCTBO MPOBECTH:

a) B MOJISIPHBIX KOOPAMHATAX;

0) B IeKapTOBBIX KoopAnHAaTax. [1]

4.31. OnpenenuTh BEPOATHOCTh BO3MOXHEIX COOCTBEHHBIX 3HAueHHMii omeparopa £
IS CHCTEMBI, Haxoasmeiica B coctosuun y(p)= Asin’@. [1]

4.32. JlokasaTh, 4TO OIEPaTOp MHBEpCHH £ KOMMYTHpYET C OHepaTopaMH MOMEHTA
UMITyJIbCa @x’ ﬁy’ E y B.[1]

4.33. BbIAcHUTH, SBISETCS JIM BOJHOBas (YHKIHS, TMPEACTaBISAIONMAs COOOM
CYTIEPIIO3HIIMIO CTAIIMOHAPHEIX cocTOsHUE, (x,z)= Y vy, (x)exp(iw, ), pemennem BpeMeHHOTO
u ctauuoHapHoro ypaBHeHui lllpenunrepa? [1]

4.34. Tloka3aTh, 4TO TIPOM3BOIHAS IO BPEMEHH OT omepaTopa £ paBHa omepatopy

X X

MPOEKIIMM MOMEHTA BHEILITHUX CHIL, T. €. %ﬁ =M = —( yaa—U - x%—UJ (1]
z

4.35. B HEKOTOpBII MOMEHT KOOPJIMHATHAS YaCTh BOJHOBOW (DYHKLIMU UMEET BUJ
y(x)=4 exp(ikx —x* /4o’ ) ,
rne A, k, o —noctosiHHbIE. M1300pa3uTh NpUMEpHBIH BUJ 3aBUCUMOCTH:

a) ICUCTBUTEILHON YacTH ¥ OT X

6) [ ot x. [1]



25

4.36. OnpenenuTs COOCTBEHHbIE 3HAYCHHS] U HOPMUPOBAHHbBIE COOCTBEHHBIC (PYHKIIMH
orepaTopa MPOCSKIIMH MOMEHTA UMITYJIbca B CPepUIecKX KOOpIMHATAX.

4.37. UYactuua Maccel m  HaxoAUTCA B  OJHOMEPHOW  MPSIMOYTOJbHOMU
MOTCHIMAIbHON sIMe MUPUHOW [ ¢ OECKOHEYHO BBICOKMMHU cTeHKamu. Ilokaszats, 4To
COOCTBEHHBIC 3HAYCHHUS DHEPrUM YacCTULBI M €€ HOPMHUPOBAHHBIE COOCTBEHHBIC
bysakunu (0<x</) UMEIOT BU:

E, =(mn? 12mi® n* | v, (x) =72/ Isin(mnx /1), n=12,...[1]

4.38. HenocpeACTBEHHBIM  BBIYHCIECHHEM  yOEIUTBCS B OPTOTOHAIBHOCTH
coOcTBeHHBIX (yHKUUN omepaTopa B s gacTHIBl B OJTHOMEPHOM MPSAMOYTOJIBHOM
MOTCHIMATBHOW siIM€ C  a0COJIOTHO  HEMPOHUIIAEMBIMH  CTEHKaMH  (OJHOMEPHBIN
MOTEHITUATBHBIN AIIKUK). [1]

4.39. Yactuna HaxoAWTCS B MOTEHUHAIbHOM sinmuke. HallTu oTHOIlIEHWE pa3HOCTH

COCEIHUX YPOBHEH AE

e1n K OHEpruu E, 9acTulbl B Tpex cimydasx: 1) n=3; 2) n=10; 3)
n— oo . [I0SCHUTH OTy4YEeHHBIE PE3yJIbTATHI. [4]
4.40. Yactuma B MOTEHIMATBLHOM SIIMKE IIUPUHONW [ HAXOAWUTCS B BO30YKIECHHOM

coctossHuM (n=2). OmnpenenuTh, B KaKuX Toukax wuHTepBana (0<x</) TUIOTHOCTh
2
BEPOATHOCTHU |\y(x)| HAaXO/ICHUS YaCTHUIbl MAaKCUMaJIbHa U MUHUMaJIbHA. [4]

4.41. DJIEKTPOH HAXOJUTCS B MOTEHUHAIBHOM SIIUKE MIUPUHON /. B Kakux TOYKax B
uHTepBaie (0< x </) MIIOTHOCTh BEPOSTHOCTH HAXOXKICHHS SJICKTPOHA HA MEPBOM M BTOPOM
SHEPreTUYECKUX YPOBHAX OAMHAKOBA? BBHIYMCIUTH MIOTHOCTh BEPOATHOCTH AJISL 3TUX TOUEK.
Pemenue nmosicHuTh rpadudecki. [4]

4.42. B 0OIHOMEpPHOM MOTEHLUHUAIBHOM SIIIMKE MIUPUHOW [/ HAXOOUTCS SIJIEKTPOH.
BerauciauTs BeposSTHOCTh P HAXOXKJICHHS AJIEKTPOHA HA TIEPBOM DHEPreTUYECKOM YPOBHE B
uHTEpBaJe 1/4, paBHOYIAJEHHOM OT CTEHOK sIIIUKa. [4]

4.43. BplUuCIUTh OTHOLIEHUE BEPOSTHOCTEH £ /P, HaxX0XIEHHs DJJIEKTpOHAa Ha

MIEPBOM U BTOPOM JHEPIETUYECKUX YPOBHAX B MHTEpBasie 1/4, paBHOYIaJEHHOM OT CTEHOK
OJIHOMEPHOM 0ECKOHEYHO TITyOOKOM MOTEHIIMATBHON MBI IIUPUHOH /. [4]

4.44. YacTruna HaxXOAUTCS B OJTHOMEPHOUN MPAMOYTOJbHOW MOTEHIUAIBHOU ME C
OECKOHEYHO BHICOKUMU cTeHKamu. HaiiTu:

a) Maccy 4YacTHIIbl, €CJIM IIUpHHA SIMbl [ W Pa3HOCTh dHEPruil 3-ro U 2-ro
DHEPreTUYECKUX YPOBHEU paBHA AE ;

0) KBAaHTOBOE YHUCIO »n DJHEPreTUYECKOTO0 YPOBHSA YACTHUIIBI, €CIU HHTEPBAIbI
SHEPruM 10 COCETHUX C HUM YpPOBHEW (BEpXHETro M HUKHEro) OTHOCATCS Kak R:l, rue

R=14.1]



26

4.45. Yactuua maccel m HaxXOJUTCS B OCHOBHOM COCTOSSHUM B OJHOMEPHOMU
OpSIMOYTOJbHOW  TOTEHUUAJIBHOW sIME C  OCECKOHEYHO BBICOKMMH CTEHKAMHU.

MakcuMalibHOS 3HAYCHUE IIOTHOCTH BEPOATHOCTHU MCCTOHAXOXKICHUA YaCTHLIBI PABHO Pm .

HaiiTu mupuny / sMbl ¥ 3HEpruto0 E 4YacTUIbl B JAHHOM COCTOSTHUH. [1]

4.46. HaiiTu »Hepruio 3JleKTpoHa, NPU KOTOPOH OH OEeCHpensaTCTBEHHO MpOoiaeT
HaJl IPAMOYTOIBLHBIM 6apbepoM BEICOTON U =5 9B u mupunoit /=1 4. [2]

4.47. Bocnonb3oBaBmuch  (opmynoi  ansd  KodQHUIHEHTa  TPO3PaYHOCTH
NOTEHIMAJIbHOrO Oapbepa, HAWTH [ SJIEKTpOHAa C OJHeprued E  BEpPOSTHOCTb D

MPOXOXACHUS MOTEHLUAIBHOrO Oapbepa, MIMpUHA KOTOporo / u Bbicota U,, eciau Gapbep

umeeT popmy, MoKa3aHHYIO:
a) Ha puc. 4.13;
0) Ha puc. 4.14.

Uo
Uo
Y > R
E 7y >
y E
¥ > X —Y —>
/ X
/
Puc. 4.13 Puc. 4.14

4.48. Yactuua Maccbl m HaXOAMUTCS B OTHOMEPHOM CUMMETPUYHOM MOTEHUIUATBHOM
nosie (puc. 4.15). Halitu ypaBHeHUE, Ompenessionee BO3MOXKHBIE 3HAYEHUS SHEPruu E

YacTHUIEI B o0acTu E < U, . IlpuBectu ero k Buay:
K = 7n — 2aresin(fk / | 2mU, ),

rae k=+2mE/h, n — uenoe yucio. [lokazaTte ¢ MOMOIIBIO TPahUUECKOT0 PEIICHUS ITOTO

YPaBHEHHS, YTO BO3MOKHBIE 3HAUEHUS SJHEPTUM E YacTULIbI TUCKPETHBI. [1]

UA

Uo

Puc. 4.15
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4.49. Yactuiia Macchl m HaXOJIUTCS B OAHOMEPHON MOTEHIHAIBbHOU siMe (puc. 4.16).
HaiiTu sHepruto E, OCHOBHOT'O COCTOSTHUS, €CJTU Ha KpasX sIMbl y — (YHKIIMsSI BABOE MEHbIIIE,

YeM B CEpeIUHE SAMBL. [ 1]

% N

-a 0 a X

v

Puc.4.16
4.50. DnekTpoH, HaXOIAIIUKCS B OJHOMEPHOM MNOTEHUUAIBHOW M€ IIMPUHOMN
HECKOJBKO CAHTUMETPOB M IITyOMHOW HECKOJBKO AJIEKTPOH-BOJIBT, MOTJIONIAET KBAHT CBETA
C 4acToTo! v =1,0lv,, [A€ v, — MpeleibHas YacTOTa CBETA, IPU KOTOPOil SJIEKTPOH MOXKET
BBUIETETh M3 sIMbl. ONpenenuTh CPEeJAHEE YUCIO OTPaXKEHHM N OT KpaeB sSIMbl, KOTOPOE
HCTBITBIBAET JJIEKTPOH, MPEKIE YEM MOKUHET €. [2]
4.51. Yactuna maccsl m TajaeT CleBa Ha NPSMOYTOJIbHBIN MOTEHIMAIbHBIA Oapbep

BbicoTOM U, (puc. 4.17). DOuHeprus uactuupl paBHa £E, npuuem E<U,. Haiitu

3¢ dexTnBHYIO TIyOHHY x,, MPOHMKHOBEHHS YaCTHIBI MO Oapbep, T. €. PACCTOSHHE OT

rpaHuibl 0apbepa 10 TOYKH, B KOTOPOW IUIOTHOCTH BEPOATHOCTH W HaXOXXJICHHS

YaCTHUIIBl YMEHBIIACTCS B € pa3. Borauciurs x,, Juist s1ekTpoHa, eciu U, — £E=1,0 9B. [1]

><V

Puc. 4.17

4.52. YacTtuna Maccel m MajgaeT Ha NPAMOYTOJIbHBIM MOTEHUUAIbHBIN Oapbep

(puc. 4.18), mpuuem ee sHeprusi E >U,. HaliTu nepBbie aBa 3HaueHUs E, MpPU KOTOPBIX
3JeKTpOoH OyAeT OecnpensaTcTBEHHO MPOXOIUTh yepe3 Takoi Oapwep, ecnu U, =10,0 2B u

[=0,5 um. [1]
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y'y —>
E 4 ' Uro
Uo E
v o 4 AN
0 / X 0 l_>x
Puc. 4.18 Puc. 4.19

4.53. YacTuna mMacchl m TaJXaeT Ha NPAMOYTOJbHBIM MOTEHIUAIBHBIA Oapbep
(puc. 4.19), npuuem ee osHeprus E<U,. HailTu BeposATHOCTh MNPOXOKIAECHUS
3JIEKTpPOHA U npoToHa ¢ E=5,0 3B ckBo3b 3TOT Oapwep, ecnu U,=10,0 3B u /=0,10
Hm. [1]

4.54. Vicxons u3 ycloBHs MPEAbIAyIIeH 3aaud U CUUTasl, YTO YAaCTHUIIBI MaJaloT HA
O6apbep ciesa (cm. puc. 4.19):

a) U300pa3uTh NPUMEpHBIH rpaduK pacrnpeneseHus] NIOTHOCTH BEPOATHOCTH
w(x) MeCTOHAX0KIeH s YaCTHII;

0) HaliTH OTHOIIEHHE TUIOTHOCTEH BEPOSATHOCTH ®(0)/ (/) MECTOHAXOKICHUS
yacTull B Toukax x=0 u [ nug caydas E=U,/2. BplUUCIUTH 3TO OTHOLIEHUE MIJIs
3nekTpoHa, eciu [ =0,1 nmu U, =105B. [1]

4.55. B mepBoM mNpUOJMKEHUH MAasATHUK MOXHO pPaccMaTpHBaTh KaK OCLUJUIATOP.
Onpenenutb SHEPrUI0 HYJEBBIX KOJeOaHMH MasTHMKA JUIMHOM 1 ., Haxopsmerocs B
IPaBUTALMOHHOM I10JIE€ 3€MJIH.

4.56. [ToToK >NEKTPOHOB MaAaeT Ha AKpaH ¢ AByms mensmu 1 u 2 (puc. 4.20). B Touke
P pacnonoxeHo BXOJHOE OTBepCcTHE cueTdyuka. IIycTh vy, — aMIuIMTyza BOJIHBI, JOCTUTILEH
TOYKM P, eciim OTKpbITa TOJBKO IIeNb 1, a y, — TO e, HO €CIU OTKPBITA TOJBKO IIENb 2.
OtHowenue vy, /vy, =n=3,0. Ecau oTkpeiTa TONBKO 11eab 1, cuetunk perucrpupyer N =100
AJIEKTPOHOB B CeKyHAY. CKOJIBKO AJIEKTPOHOB €KECEKYHIHO OyleT perucTpupoBaTh CUETUUK,
€CIIN:

a) OTKpBITA TOJIBKO IIETb 2;

0) OTKpBITHI 00€ 1IeNU U B Touke P HabmogaeTcss HHTep(PEepeHIIMOHHBI MaKCUMYM;

B) TO K€, YTO B IPEBIYIIEM IIYHKTE, HO B TOUKe P — MUHUMYM? [1]
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4.57. Haiitu c¢ nomoupro ypaBHeHus lllpenuHrepa »HEPrur0 rapMOHHUYECKOTO

OCHMJUIITOPa € YacTOTOM ® B CTAllMOHAPHOM COCTOSIHMM, OIHMCHIBAEMOM BOJIHOBOM
o 2.2
byHKIMEH \V(x)erXp(—a x ), rae A U a —NOCTOsHHBIE. [1]

4.58. VYpasuenue lllpenunrepa s TapMOHUYECKOTO OCHMIUIATOpPA C YaCTOTOM ®
MOKET OBITh MPHUBEACHO K BUAY w’é+(k—§2)q1:0, rae {=ox, o — IOCTOSAHHAsA, A —
napametp. Mmes B BUIy, 4TO COOCTBEHHBIC 3HAUCHUs TMapameTpa A paBHbI 2n+1, rae
n=0,1,2, HaliTh COOCTBEHHBIC 3HAUCHUS SHEPTUH ocuusuIsiTopa. [1]

4.59. BpluuciauTb HOPMHUPOBOUHBIE KOd(huuueHTsl A,, A4 U A, COOCTBEHHBIX
(GYHKIUI KBaHTOBOT'O TAPMOHHYECKOTO OCIUIUIATOPA:

_ 2.2 . 2.2
Wy, =A,exp\l-ax"/2), vy, = 4xexpl-ax"/2),
Yy, = A2(20L2x2 —1)exp(— oa’x’ /2).

4.60. Haiitu Haubonee BEpOSATHOE 3HAYEHHE KOOPAMHATHI X KBAaHTOBOIO
rapMOHHYECKOTO OCHMIIATOPa B cocTosHuU ,(x). M306pasuTh npumepHbiii rpaduk
pacnpesiefieHus. TIOTHOCTH BEPOATHOCTH w(x) pasIMuHBIX 3HAYEHHH x B OTOM

coctosinuum. [1]

4.61. Atom Haxoautcs B 4eTHOM coctosiHuu [ =0. IlycTh 3HEpreTnyecku BO3MOKEH
pacmaj 3Toro aroma Ha CBOOOJIHBIM AJIEKTPOH U MOH, OCTAIOLIUICS B HEYETHOM COCTOSIHUU C
TeM jke 3HaueHueM [=0. IlokazaTh, 4TO 3aKOH COXpPAHEHHUS UYETHOCTU 3aIPEIlaeT TaKou
nponecc. [1]

sk okok

4.62. Ompenenuth cpeaHee 3HAUYeHHWE (PU3UYECKONW BEIUYHMHBI, OIHCHIBAEMOM
oneparopom £ B coctosunu y(p)= Asin’¢. [1]

4.63. Cuctema HaXOAWTCS B COCTOSIHMM, ONKHCHIBAEMOM HOPMHPOBAHHOW BOJHOBOM

dynximeir y(x), KOTOpyIO MOXHO paslOKHTh 1O COOCTBEHHBIM (YHKIHAM 3PMHTOBA

omeparopa 4, T. €. \V(x): > ¢, (x). Cuntas GpyHKIMM y, HOPMHPOBAHHBIMH Ha €UHHUILY:
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a) MOJIyYHUThb BhIpAXKEHUE, onpeesionee KodpUueHTs! ¢, ;
o 2
0) moKa3aTh, 4TO CpejHee 3HAUCHNUE (u3nuecKoil Benmuuuubl (A4) =Y 4c,|”, rae 4, —

/@ v o 2
coGcTBeHHbIe 3HaUeHMs onepartopa F. Kakoit ¢pusnaeckuii cMpic Bemuan [c,|”? [1]

4.64. CornacHo Teopeme DpeHdecra, CpeAHHE 3HAYCHHUS MEXAHUYECKHX BEIMYHH
INOAYUHAKOTCA 3aKOHaM KJIACCUYECKOM MEXaHHKHU. I[OKa?;aTb, 4TO IpU ABWIKCHUM YaCTHLLI B
noteHuuanbHoM none U(x): a) (dx/dty=(p,)/m;0) (dp,/dt)=—(0U/ox). [1]

4.65. B ofHOMEPHOM MOTEHIMATBHOM SIIMKE IMUPUHON b HAXOAATCS N 3JIEKTPOHOB.

OnpenenuTs MHUHUMaJIbHOE 3HAYE€HHME IIOJHOW DJHEpPruu E u cuny F  J1aBieHUs

min
3JIEKTPOHOB Ha CTEHKU sIMbI. B3anmoieiicTBHeM 31eKTPOHOB npeHedpeusb. [2]

4.66. Yactuna maccel m HaxXOJUTCA B OCHOBHOM COCTOSIHUM B OJHOMEPHOM

MOTEHUUATBHON sIME IUPUHON / ¢ OECKOHEUHO BHICOKUMH CTeHKamu. Halitu:

a) CWJIy JaBJICHUS, KOTOPYIO OKa3bIBAET YAaCTHIIA HA CTCHKY;

0) paboTy, KOTOPYIO HEOOXOAMMO COBEPIINTH, YTOOBI MEJJIEHHO CXKaTh My B 1 =3 pasa.
[1]

4.67. HaliTu CpeaHIO KWHETUYECKYI0 DSHEpPrui0 4YacTULbl B OJHOMEPHOM
MPSIMOYTOJIBHOW MOTEHIIUAILHON sSIME€ C aOCOJIOTHO HEMPOHHUIIAEMBIMU CTEHKaMH (0<x</),
eCJIM YacTHIA HAXOAUTCS B cocTosHUM: a) y(x)= Asin’(nx/1); 6) w(x) = Ax(l - x). [1]

4.68. CranoHapHbIi MOTOK YAaCTHIl, UMEIOIINX MAacCy m W DHEPruto E, majaaer Ha

abCoIOTHO HempoHHuIaeMyio cTeHKy (puc.4.21): U(x)=0 mpu x>0 u U(x)—> o mpu
x<0. Onpenenuth pacnpenencHue w(x) MIOTHOCTH BEPOATHOCTH MECTOHAXOKACHUS
yacTui, HalTu KOOpAMHATBH TOYeK, B KOTOPHIX w(x) MakcumanbHo. M306pasuTh

npuMepHbIi rpaduk 3aBucuMoctd wix). [1]

S
><V

Puc. 4.21

4.69. Yactuia Macchl m HaXOAWTCA B OJHOMEPHOM IMOTEHIIMAIBHOM TIOJIE U(x),

nokazanHoM Ha puc. 4.22, rie U(0)= co. Haiitu:
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a) ypaBHEHHE, ONpeessAIollee BO3MOXKHbIC 3HAUECHUsl SHEPrMH 4acTUIbl B 00JacTH
. : _ 2 2 _
E<U,; IpUBECTU €T0 K BUAY sinkl =xkl\|h~/2ml°U, ,k =~/2mE /i . [loka3aTh ¢ MOMOUIBIO

Fpa(bI/I‘ICCKOFO pelICHHA 3TOTO YpPaBHCHUSA, YTO BO3MOKHBIC 3HAYCHUSA OJHCPIrUKM YaCTUIIbI

00pa3yoT TUCKPETHBIN CIIEKTP;

0) MUHMMAaJIbHbIE 3HAYEHHS BENUUMHBI [°U, , IPH KOTOPHIX TOSABJIAKOTCS MEPBBI U k-

auckpeTHble ypoBHU. CKOJBEKO YPOBHEH COAEPKUT AMa, y KoTopoit 1°U, = 758> /m ? [1]

Puc. 4.22

4.770. B nmpenpiaymieil 3amade  SHEprusi €AMHCTBEHHOTO YpoBHS E=U,/2.
Bocnonp30BaBIINCH PEeICHHEM ATOH 3a/1a4H, ONPEICIIUTh:

a) 3HauEHME BEJIMYMHBI [°U, y TaKOH MBI,

0) Hambosiee BEpOSITHOE 3HAYCHHUE KOOPAMHATHI YACTHIIBI, W300pa3sUTh MPUMEPHBIN
rpadux Gynkmun > (x). [1]

4.71. Haiitu rnyOGuHY SIMBI W DSHEPTrHI0 HMOHU3aUUM £E, snekTpoHa (B 2B),

HaXOJISIIErocss B OCHOBHOM COCTOSIHUM B OJHOMEpPHOM siMe, MOKa3aHHOW Ha puc.4.22,

mpuHon [/ =0,2 KM, €CIU U3BECTHO, YTO OTHOIICHHE 3HAYCHHUS BOJHOBOW (DYHKIUH Ha
rpaHuIle sAMbI (x=17) K €€ MaKCUMaJIbHOMY 3HAYECHHUIO B SIME PAaBHO O =3/2.[2]

4.72. Yactuna macchl m HAaXOAUTCS B OJHOMEPHOM MOTEHIMAILHOW sIMe, TIe
U(tl)=. Iloka3ats, yTo npu E >U, ypaBHEHHE, ONPEICISAIONIECE BO3MOKHBIE 3HAYCHUS
SHeprum E, uMeeT BUA: k,tghkl = —ktgk,l , Tne k, =2mE /h, k, = 2m(E =U,) /. [1]

4.73. Yactuna Macchl m HAaXOAMUTCS B OJJHOMEPHOU MOTEHIIMATHHOU SIME, ONTMCAHHOM

B TpemblAymieii 3amade (cM. puc.4.23). Ecmu sHeprus wactuusl E<U,, TO ypaBHEHHE,
omnpeJieNsolee BO3MOXKHbIE 3HaYeHUs E, umeeT BUM: yighl = —kthyl, taey =+2m(U, —E)/h,

k=~N2mE /h.

a) [lomy4uTts 3TO ypaBHEHHUE.
0) Haiitu unTepBan 3HayeHwmii BeanuuHbl [°U,, TIpU KOTOPBIX B obmact E <U, HE

OyZeT HU OTHOTO YPOBHS U OYAET TOIBKO OJUH YPOBEHbD. [1]
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Puc. 4.23

4.74. Bocnonp30BaBIIMCh pEUICHHEM 3ajauu 48, HaWTH 3HAYEHUE BEJIUYMHBI 1’U,,
MIPU KOTOPOM:

a) SHEPrusi OCHOBHOT'O COCTOSIHUA YacTUllbl E=U,/2;

0) mosBiIsiETCSI BTOPOM YypOBEHb, M- ypoBeHb. CKOJBKO JHUCKPETHBIX YPOBHEU
COJIEPKUT JaHHas saMa, eca [*U, = 75h% /m ? [1]

4.75. Yactuna Macchl m HaxoOJWUTCA B ABYMEPHON KBaApaTHOU sMe ¢ 0ECKOHEYHO
BBICOKMMU cTeHKamu. CTopoHa smMbl paBHa /. HaiiTu 3HaueHust sHEeprun E 4acTULBI IS
NIEPBBIX YEThIpEX ypOBHEN. [1]

4.76. Yactunma wmaccel m HaxoJWUTCS B OCHOBHOM COCTOSHMM B JIByMEPHOMU
KBaJ[paTHOM MOTECHIMAIBHON siMe ¢ OECKOHEUYHO BBICOKMMH CTeHKamH. HalTu sHepruio E
YaCTHULbl, €CJIM MAaKCUMaJIbHOE 3HAYE€HHUE IUJIOTHOCTH BEPOATHOCTH MECTOHAXO0XKIACHUS
YyacTUllbl paBHO P, . [1]

4.77. DNexTpoH, BBEICHHBIM B KUIKUN TN, PacTaJIKUBACT aTOMBI KUIKOCTH H
o0pa3yeT B Hel chepHvecKyr BaKyyMHYIO TOJIOCTh, KOTOpas SIBISCTCS JJIsI DJIEKTPOHA
MOTEHIIMATBLHON MO C MPAKTHUYECKH OECKOHEYHO BBICOKOW CTEHKOW. BrumciauThs pamunyc
MOJIOCTH, €CITU MOBEPXHOCTHOE HATSKEHHUE KUIKOro renus paBHo 0,35 dun/cm, a 3neKTpoH
3aHMMAaeT B IOJOCTHM CAaMbli HU3KUM KBAHTOBBIM YpPOBEHb. BHelIHee MaBICHHE CUYUTATh
PaBHBIM HYJIO. [2]

4.78. B 1920r. Pam3aysp oOHapyXuj, 4TO B CEUYEHUU paCCESIHUS G, MEJJIEHHBIX

DJIEKTPOHOB Ha aTOMax KPUNTOHA MMEETCS TIIyOOKHH MUHUMYM (PE3KO YBEITHMYHBACTCS
MPOHUIIAEMOCTh aTOMOB) Tpu 3Hepruu E =0,6 9B. DT10T 3PdekT 00yCcnoBIeH BOTHOBEIMHU
cBOiicTBaMM dJIeKTpOHOB. (CuuTasi, 4TO [JJs JJEKTPOHA IMOTEHLHAl aToMa SBISETCS
OJIHOMEPHOM NpPSIMOYTOJbHON sIMOM rayouHol U =2,5 2B, OuEHUTH paauyc aToma

KpUNTOHA. [2]
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4.79. Haiitu ¢ nomoupto ¢opmynsl  and  Kod(pdUIMEHTa HPO3pPavYHOCTH

HNOTEHIMAIILHOTO Oapbepa BEPOSTHOCTh D MPOXOXKICHHS YaCTUIBI MAaCCOW m C dHEpruen E
CKBO3b MOTEHIMANBHBIN Oapbep (puc. 4.24), rne U (x):UO(l—x2 /l). (Takas Monens peanbHO

oTpaxkaeT Oapbep JEICHUS TSHKEIBIX Sep)

UA

] 7 x

Puc. 4.24

4.80. Cuurasi, 4TO HYKJIOHBI B SIP€ HAXOASATCSA B TPEXMEPHOM MOTECHIMAIBHOM SIIIIUKE
KyOudeckoi (hopmbl ¢ TUHEHHBIMU pazMepamu [ = 10 ¢hm, ONICHUTH HU3IIMIA SHEPTCTUICCKUT
YPOBEHb HYKJIOHOB B sjipe. [4]

4.81. B 1988r. mosBUIOCH CEHCAIIMOHHOE COOOIIEHHE 00 OCYIIECTBICHHH XOJIOIHOTO
SIIEPHOTO CUHTE3a JICHTepHsi, PACTBOPEHHOTO B METAJUTMUECKOM MayIaguu. MOXKHO CUUTATh, YTO
IpY ATOM sifipa JelTeprst B3aMMOJEHCTBYIOT APYT C JpyroM 1o 3akoHy KyiioHa, ecim paccrosiHue
MKy HIMH 7 YIOBIIETBOPSIET YCIOBHIO R, =210 cu< r <5-107 cu =R, . IIpu Gonpiem
PAcCTOSIHMM DSHEpPrus JJIEKTPUUECKOTo oOTTankuBaHus U =0 3a cyeT SKpaHUPOBAHUS
ANIEKTPOHaMH TPOBOAMMOCTH. OmpenenuTh BEPOATHOCTh pPEAKUMU CcUHTe3a D+D 1mpu
CTOJIKHOBEHHUH JEHTPOHOB BHYTPH NaJUIaIus PU KOMHATHOW TEMIIEpaType 3a CUeT TYHHEJIbHOIO

addexra. CuuTaTh, UTO MPH r < R, PEeaKIMs CUHTE3a MPOUCXOIUT. [2]



