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@®yukuusa pacnpenejieHus. Kunernueckoe ypapHenue 0e3 CTOJKHOBEHUI

1. Beruucnuth HHTErpall j x" exp(—a’xz)dx msin=02,...,6
0(-o)

Pemenne. 3HaueHus MPUBEICHBI B TAOIHUIIE.

n I: x" exp ( —a'xz) dx J._M x" exp ( —axz) dx
0 772 772
" F
1 L 0
2a
2 772 7"
40,3/2 20,3/2
3 1 0
20°
4 [ 3g” 37"
80,5/2 40,5/2
5 1 0
a’
6 157" 157"
160,7/2 80,7/2

Heuernble 3HaUCHUS 71 BEIUHMCIISIOTCS HHTCTPHUPOBAHUEM I10 HACTAM. YerHrle 1 -

0

muddepeHIMpOBaHUEM T10 TTapaMeTpy g UHTerpana ['aycca J exp (—axz)dx =Nmla.

—00

OTMeTHM Tak)Ke BbIpaXEHUE 3TUX MHTErPajoB yepe3 raMmma-QyHKIHIO:

Ix" exp(—axz)dxzéa_'?r(”;'lj .

2. Jlns npeiidyiomero makcsenosckoro pacnipenienenus f = Aexp(-(v-u)’), f=m/2T ,

OTIPEJICTUTh: a) KOHCTAHTY HOPMHUPOBKHU A; 0) CpEeIHIOI CKOPOCTh U MOTOK; B) TEH30D
IUIOTHOCTH MOTOKA UMITYJIBCA; B) IJIOTHOCTH MIOTOKA SHEPTUU

Pemenue. HopMupoBKka HaXOIUTCA U3 YCIOBUS N = I f (v) d’v v paBHa A= n( B/ 77)3/2 . Bee

MHTETpalibl OepyTcst OT MUHYC 10 Mtoc 6eckoHeyHocTH. [loTok pasen I' = J. vfd’v =nu . Tensop

IVIOTHOCTH OTOKA UMITyJIbCa
- 3
ﬂaﬁ—jmvavﬁfd % (1.1)

Y 106HO cpa3y caenaTh 3aMeHy v —u = w . 1Orja rnojyyaercs



M,z =mnuyuy+0,,nT = puuy+0J,,P (1.2)

[ImoTHOCTH MOTOKA YHEPTUU

2 2 2
_rmy 5 _ [pu 5 [ mum 5
q—Ivad v—u( : +EnTJ—F( : +5T] (1.3)

Obparmaer Ha cebs BHUMaHKUE 5/2 BMecTO 3/2 B BBIpQXKEHUU JJIs1 00BEMHOM MJIOTHOCTH SHEPTHH.
DTO CBSA3aHO C pabOTOM CUJI TaBJICHHS, KOTOpas JaeT BKIag [T .

3. OnpenenuTh NOTOK YaCTHUIl M 3HEPTUU Ha CTEHKY JJIs ra3a Cc pacnpezeineHneM Makcesia

.[ J‘fvxdvxdv dv, =ln5 =ln /8—T 5 q, =2TT
o e ’ 4 4 N 7m

4. OnpenenuTh W3MEHEHHE (DYHKIIMM pacIpeesieHus] HEB3aUMOJEHCTBYIOMNX MEXIY CO00M
YaCTHIl, BUTAIOIINUXCS TOJIBKO BIOJL OCH X. PaccMOTpeTh HadaJIbHOE paclpesiesieHHe BHIA a)

fo(x,v) :(p(x)J(v—vo) u 0) fo(x,v) :w(v)J(x) )

Pemienne. [ =

O ey 8

Pemenne. smenenve QyHkuuu pacupenencuus f (x, v,t) OIHCHIBACTCS] YPABHEHUEM

LA/ (1.4)
or  Ox

Ero PCIICHUC HAXOAUTCA MCTOAOM XapPAKTCPUCTUK U UMCCT BUL
f(x,v,t) =F(x—vt,v) (1.5)

rae F — mobast pyHKIus oT ABYX aprymMeHToB. B ciyuae 0) f =0 (x—vt)zﬂ(v) . B ciyqae a)

f= (a(x - vot) . O6a oTBeTa NOJKHBI OBITh UHTYUTUBHO TIOHSITHBI.

S. B HavanpHBIE MOMEHT BpEMEHH Ta3 3aHuMaeT mnosyrnpoctpanctBo x<0. IlpeneOperas
CTOJIKHOBEHUSIMHU, HAUTHU IJIOTHOCTH Ta3a B MOCJIEAYIOLUIME MOMEHTHI BpeMeHHu. OTBET 3amucarhb
C TOMOIIBI0 PYHKIIUU OIIHOOK

E(z) =%j;exp(—y2)dy

Pemenue. [JIJI 10] 3menenue QyHKIIMU pacTipeIe/ICHHs TaeTCs YpaBHEHUEM

¥, ¥

=0 1.6
ot or (1.6)

O6mee pemenune f (I‘—Vt,V) . HavanbHoe pacmpeneneHue — MakcBelioBckoe. Ho HyxHO

y4ecTb, YTO JI0 TOYKU C KOOPIMHATOH X JOJICTAIOT TOJIBKO YACTHIBI CO CKOPOCTBIO V >X/f .

[Toatomy f = 0 nns MmeHbIINX ckopocTell. CaenoBaTeNbHO, INIOTHOCTh



0 00 00

n(x,t)=.[IjAexp(—,sz)dvxdvydvz =n, %—%E f\/g (1.7)

x/t =00 —00

JlebaeBckmii ciioi

3anava 1. Topramu mwimHIpa ¢ BOJAOPOIHOMN MJIA3MOM CITY)KAaT IUIOCKHUE AJIEKTPOIBI, K
KOTOpBIM TpujiokeHo HamnpsokeHue 12 B. Temmeparypa smexkTpoHOB B 1iazme 3 5B,
TEeMIIepaTypa HOHOB MHOI'O MEHBIIIE TEMIIEpaTyphl JIEKTPOHOB. HallT moTeHuan 3J1eKTpoaoB
OTHOCUTCIIBHO I1JIa3MBbI, T.C. HpI/IHI/IMaH 3a 0 IIOTCHIOHAaJI B cepe;[HHe I_II/I.HI/IH,Z[pa.

Solid Sheath Sheath Solid

H | | Pasma 1 i ‘ | |
R e o
- |

V applied

Pemenmne. [Stangeby] CoxpaneHue 3apsia 1aer:

r,,+r,, =r,, +r,. =2n_c

e, e,r i, i,r ses

rae [ - MOTOK COOTBETCTBYIOIIMX YaCTUIl Ha JieBbIM (/) wiM mpaBblid (r ) 3JEKTPOAbI, N, -

se

IJIOTHOCTh HA BXOJIE B CIIOH, ¢s —CKOPOCTb 3BYKA.

Tak kak »eKTpoHbI pacnpeaeneHsl no Makcsemny-bosbiMany, To
Uew =1/ 4n, expleq, /T) (1.8)

I/ICHOHB?)ySI Y -@ = goappl < 0, HaXoauM I IOTCHIIKAJIa JIEBOI'O 3JICKTpoaa

eq _ 0 2exp(e@, /T)
T 1+exp(eq,,, /T)

3nech st yio0CTBa BBE/ICH IUIABAIOLIMIA IOTEHIMAN ¢, , KOTOPBIiA [Tl BOJOPOHOM II1a3Mbl

pasen npumepHo @, = =37 /e . Iloacrasmsis ¢,

MOTEHIIMAJ JIEBOTO AJIeKTpoa -7 B, a mpaBoro, COOTBETCTBEHHO, -19 B.

=-12 B, nonyuyaem e /T =-2.32, T0 ecTh

3agaua 2. To xe, uyTo 3aaa4a 1, HO paccMOTPETH Cily4ail 3JIEKTPOAOB Pa3HOM IUIOIIAIN.
PaccmoTtpeTs ciydaid, Korjma IUIOMIa[ b OJHOTO M3 AJIEKTPOAOB MHOTO OOJblle APYroro. DToO
COOTBETCTBYET 30HAY JICHrMIOpa, OOJIBIINIA AJIEKTPOT SBJISETCSI CTCHKON KaMephl.



Pemenue. OTau4me COCTOUT TOJIBKO B TOM, YTO TENEPh OJDKEH COXPAHATHCS MMOTHBINA
ToK, ['S . [ToTeHIMa JIeBOTO 3JIEKTPO1a TOT/Ia PABCH:

4 (S, +S, )exp(eg, I T)
T S, +S exple@, ,/T)

pp

(1.9)

Ecnu mmomane S, >> S, , TO ecTh NEBBII 3IEKTPOA — ITO CTEHKA KaMephl, a IPaBbIi —
30H/I, TO MOTEHIMAJ JIEBOTO 3JICKTPOJA PaBEH IUIABAIOIIEMY HE3aBUCHUMO OT MPHIIOKEHHOTO
HanpsokeHus. TOK Ha MpaBbld  DIEKTPON  j = e(l,,—T,)=enc (I1-exple(@ —@,)/T)
OIIpeJIeIIsIeT BOIBT-AMIEPHYIO XapaKTepHCTUKY 30Haa. Eciu ¢ — —% |, T0 j =en c, BBIXOAUT
Ha HAaCBILIEHUE, YTO COOTBETCTBYET TOMY, YTO NPABBIM 3JEKTPOJ BBITATHBAET BCE HOHBI U3

wia3mbel. OTMETUM, 4YTO IPOTHUBONOJIOKHBIN cCilyuail, ¢ — +00, TpebyeT CHenuaaIbHOIo

paccMOTpeHMsl, TaK KaKk B 3TOM Cllydae, Ha00OpOT, MPUTATHBAIOTCSA JJIEKTPOHBI, U UX TaKKe
HEJb3sl CYUTATh paclpeneleHHbIMU 1o MakcBesuty B cioe. Takum obpa3om, Beipaxenue (1.9)
CIIPAaBE/TUBO TOJIBKO €CIH ¢, HE CIUIIKOM OTIMYAI0TCsS OT ¢, .

3anaua 3. [Tonyunts kputepuit boma jy1st ra3mMel U3 ABYX COPTOB HOHOB.

Pemenue. YpaBHeHue I IOTEHIMANA B CIIOE

Ag = —477(Z1n1 +Z,n, —ne) (1.10)
rae n,, - IIOTHOCTH HOHOB. COH CUMTaeTcs GECCTONKHOBUTENBHBIM, TMOSTOMY CKOPOCTH
HOHOB

2 2
m,v mv’
St Zep =Tk (L11)

S — 03HA4aeT CKOPOCTh Ha BXOJie B ciIoi. [I0TOK MOHOB coxpaHsieTcs:
v, =nv,, (1.12)

N3 3Tux ypaBHEHUI MOJy4aeTCs IIIOTHOCTh HOHOB

(1.13)

[Toncrasisist B ypaBuenue (1.10), Haxoaum:

Ag =—47te Z——n exp i (1.14)




Ha Bxoze B cioit ¢ = 0. Pa3naras B psizi, yuuTbIBasi KBa3UTEHTPaIbHOCTh Z Z,n, =n, ycCIOBUE
k

IIOJIOXKUTCIBHOCTHU npaBoﬁ qacCTH, NMoJIydyacTCs B BUJC:

CZ
M Tk < (1.15)

rae ckopocTh 3Byka st komnoHeHTsl k C, =Z, /T, /m, . DT0 U ecTh yCIOBHE, IOIyYCHHOE

Bomowm.

(3ameTuM, 4TO TOKY HaCBIIIEHHUs] COOTBETCTBYET IIPOTUBOIIOJIOKHBIN CiIydail @ — —oo ;

toraa u3 (1.14) nonydaercs 3akon Yaitnaa-JIenrmropa.)
HMHTerpaj cToIKHOBEHH I

3agaua 1. Haiitun nuddepennuansHoe, MoNHOE, TPAHCIIOPTHOE CEUEHHE JUIS TBEPBIX YIPYTUX
11apoB.

_(r+n

Pemenue. [luppepenunansuoe ceyenue cm. B [JIUI 1], do —T)dQ , I — PaAnyCHI IapOB.

2
TpaHCIOPTHOE CEeYEHnE T, = I (1-cosa)do coenanaer ¢ nonHbIM 1 paBHO 77(r + 1)

3anaua 2. B mia3me HaXOAUTCS TPUMECh HEUTPAITBHBIX aTOMOB ¢ (DYHKIIMEH pacmpenencHus f .

CedeHne WOHHM3ALUHU DJIEKTPOHHBIM yJapoM o . Mcxoas u3 OONBLIMAaHOBCKOTO HHTErpana
CTOJIKHOBEHUH, TOJIYYUTh YpaBHEHHE /I IJIOTHOCTH HEUTpPAIbHBIX aTOMOB. PekoMOmHaruein
MO>KHO MTPEHEOPEUb.

Pemenne. Kunernueckoe ypaBHEHHE 1J1sI aTOMOB

—_ ' LI

_I[fa(v)'f;(vl) fa :I OWIH ae X’ omH)de Vl (116)
3necy I, - nuddepeHnnanbHOe ceueHUEe HOHM3ALMH, 3aBUCSILIEE OT OTHOCUTEIBHON CKOPOCTH
V.. =V, —V .Tak Kak CKOPOCTb IEKTPOHOB V, MHOTO OOJIbILIE CKOPOCTH ATOMOB, TO V, =V, .

[lepBoe crnaraemoe COOTBETCTBYET peKOMOMHAIIMU, KOTOPOM mpeHeOperaem. Torna Bo BTOpOM
ClIaraeMOM MOYKHO BBIIIOJIHUTH HHTErprpoBaHue o d Q) , B pe3ynbTaTe IMeeM

dfd(t (W] £(v)ua(w)d ==, (v) (o), a1

HuTerpupys mo cKOpocTsiM, MOJIy4YaeTcsl ypaBHEHHE ISl IJIOTHOCTH aTOMOB:

0‘;1; +0 (naV) =-nn, <Uv> (1.18)



I'mpponunamuka

3agaya 1. Bs3zkas KMOKOCTh TeYeT MO LWIMHAPUYECKOH TpybOe panmyca qo. s
CTAllMOHAPHOTO TEUYEHHUS HAWTH paclpelesieHue CKOPOCTH IO paauycy B TpyOe M pacxon
xuaKocTu. CunTaTh, 4YTO HA PACCTOSIHUU L CO3/1aeTcs pa3HOCTb JaBieHUN AP .

Ap (Rz_rz) , Q:APIOR4

OTBeT. v(r) =—
4nL &nL

3apaya 2. Bs3kas KMIKOCTh TEYET MO KOJBIEBOM TpyOe ¢ pamuycamu qu b. Jlnsa
CTAIlMOHAPHOTO TEYEHHUs HAWTH paclpenelieHue CKOPOCTH IO paguycy B TpyOe M pacxon
)KUIKOCTU. CUHUTaTh, YTO HA PACCTOSHUU L CO3JaeTCs pa3HOCTh JaBieHUu AP .

2 _p2 R2—R? 2
OTBeT. V(I’)Zﬂ Rzz—r2+MlnL , Q:% R;—Rf—( 2 1)
4nL In(R,/R) R, 8L In(R,/R,)

3amgaya 3. Ciuoil BI3KOW JXHAOKOCTH TE€YeT @O0 HAKJIOHHOW IUIOCKOCTH. Haiitu
pacrpezielieHie CKOPOCTH U JIaBJICHUS B CJIOE.

OtgerT. v =%sina’-z(2h—z),p =D, +pgcosa-(h—z)

3apaua 4. V3 Hec)kuMaeMo# KHAKOCTH BHE3amHO ynaisercs cdepuueckuii oobeMm
paauyca q . Haiitu Bpems 3anofHEeHUS] 00pa30BaBIIMNCS OTOCTH KHUAKOCTHIO.

Otser. T = I3pf R 09154 |2
2P00\/(a/R)3—1 Py

[Toapo6usIe pemenus 3anay 1-4 npusenenst B [JIJI 6].

3agaya 5. T'a3zoBbIii mmap pacmmpsieTcss aguadaTHyeckd B Bakyyme. CumTas, 4TO
pacumpeHre caMorogo0HOe M HM303HTponuiiHOe (T.e. , TIe A=const), ONpeaeNuTh MPOPUITH
JaBJICHUS], TUVIOTHOCTH B IIape U 3aBUCUMOCTD €0 paguyca OT BpEMEHHU.

Pemenune. Pemenue 3TOM Kiaccuyeckod 3alaud IMOAPOOHO OMMCAHO BO MHOTHX
KHUTax, CM., Hanpumep, [3enbnosud]. Ilpeanonoxenue o caMonogoOHOCTH O3HA4aeT, 4ToO 7
BXOJIUT B ypaBHEHHs TONbKO Kak ¢ =r/R. Ecnm momMeTruThs 9acTHily, KOTOpas B KaKOW-TO

MOMEHT BPEMEHHU HaXOJujach, HampuMep, Ha 1/3 panuyca mapa R, To o Mepe ero pacuiupeHust
9Ta YacTHIla TaK U ocTaHeTcs Ha 1/3 paguyca. Tak kak mojHas Macca mapa mocTosiHHa, TPOQIIh

IUIOTHOCTH HY>KHO HCKaTh B BHOAE O = . IloxncraBnsiss B ypaBHEHHUsI HENPEPHIBHOCTH,
y = /R . TI y

JBYDKEHUS, U MCTIONB3ys p = AL, monydaem @= (1 _ g )”(V-l) '



YpaBHenusi bparunckoro

3anaua 1. [loka3aTh, 94TO TpETHl MOMEHT KWH. YpaBHEHHS 0€3 CTOJKHOBEHHUH JacT ypaBHECHUE
COCTOSTHUSI.

Pemenne. [BTII 4]. YMHOXKas KHHETUYECKOE YPAaBHEHUE HA V.V, U UHTETPUPYS, IOIy4aeM

ov.
Dt ox; " Ox; ' Ox; " 0x; (1.19)
_EimnrlkmBn - EkmnrlimBn = O

roe I, =m.[vivk fd’v - TeH30p IUIOTHOCTH TIOTOKA MMIyJbhca , O, = I ViV, fd’v - Tperwii
MoMeHT. [IpeHeOperasi TpeTbUMH MOMEHTaMH, M CyHTas, 4To B TeH3ope [, momumHHpYyIOT

JMaroHaJbHBIE JJIEMEHTHI, TO ecThb 1, = pod, , noxyvaem

Dp 5
L 2V =0 1.20
o 37 (1.20)

Bripaxas [V w3 ypaBHEHHMs] HENpPEPHIBHOCTH, HAxOJUM YpaBHEHHE aauadaTel ¢
y=5/3

D, _
E(p" 5/3):0 (1.21)

KaK ¢ JOJKHO OBITEH UIST OJHOAQTOMHOIO ra3a.

3apaua 2. Ha xaxayr 4acTHIly Ta3a JEHCTBYET Cuja TPEHUS, MPONOPIMOHATBHAS €
ckopocty, F = —kv . [lonyunts ypaBHEeHHE HEIPEPHIBHOCTH ISl TAKOTO Ta3a.

Pemienne. B KuHETHYECKOM YPAaBHCHUHU OCTACTCA JOIMOJIHUTCIILHOC CJIaracMoc

- I fO,Fd’v =3kn. D10 cnaraeMoe UJET B IIPaBYyIO Y4acTh yPaBHEHHs — CTOK 4acTull. Ha nepsbiii

B3I/, OTO MOJKET IMOKA3aThbCs CTPAHHBIM, ITOCKOJIBKY BCE IIPHUBBIKJINA K TOMY, YTO YPaBHEHHE
HENPEPHIBHOCTH BBIIIOJIHSETCS, €CIIM YAaCTHUIIBI «HE UCUE3al0T U HE MOSBIAI0TCA» B o0beMe. Ho B
JAHHOM CIy4ae HaJIW4YUE CTOKAa CBSI3aHO C TEM, YTO M3-3a TPEHMsS YacTULBl MO2ym
ocmanasnueamocsi B o0beMe. He myrarh 3Ty cUTyaunuto ¢ OOBIYHOW CHUJIOH TpeHHs MEXay
JKUJKOCTSAMHM, BCTpEYaroLencs B ypaBHeHusAX bparunckoro!

JAuBepTop

3agaua 1. Haiitm notok Tterua (Bt/m?) 3a cuer 3JIEKTPOHHOU TEIJIONPOBOJIHOCTH B
IJ1a3Me ¢ TpaiueHToM TeMieparypsl 1 3B/M B Touke ¢ Temneparypoi 1 3B.

Pemenue. ITo popmynam u3 Bparunckoro n7, =3.5x10°T**[eV]=3.5x10* c/em’.

TennonpoBogHOCTL K| = 3.16nt Tlergl/m,=1.77 x10% . cOOTBETCTBEHHO MOTOK q=2.83%10°

apr/(cm? ¢) = 2830 Bm/m?.



3apaya 2. Mcxonss w3 JABYXTOYEUHOM MOJENIH, OLCHUTHh MapaMmeTpbl BOJOPOIHOU
T1a3Mbl B IUBEpTOpe Tokamaka pasmepa JET, L = 50 m, ¢ = 100 MW/m?, ny = 3-10" m™

Pemenue. Bocnonp3oBaBmmch BenmunHoil K, = 2830 u3 3amaum 1, Haxogum Tu = 96

9B. Tt = 12 3B, n: = 1e20 m>. 3ameuenue: Benmuuuna n, odbecneunsaet T<Ty, MO3TOMY OHa HE
MOKET OBITH CIHIIKOM MaJIE€HLKOM !

3apava 3. B npuOmmkeHHUsIX IBYXTOUYCYHON MOJIENIM HAUTH 3aBUCUMOCTH TIJIOTHOCTH U
CKOPOCTH IIJIa3MbI OT KOOPJWHATHI BAOJH B.

Pemenune. Kak HU cTpaHHO, 3TOT BONPOC HE UMEET OTBeTa. [[ByxTOueuHass MOJAENb He
COXpaHsET MOTOK YacTHIl BAOJb B. JleiicTBUTENbHO, B BEpXHEN Touke v=0, mo3Tomy notok 0, a
Ha MUIIIEHU JUBEPTOpA MOTOK KOHEUHBIN. Clie10BaTeNIbHO, TIPEANOIAracTcsl HAIMIUe HCTOYHUKA
MOTIEPEYHOT0 TIepeHoca BAOJIbL JIMHUK. [Ipuyem ToJiHas cujia 3TOr0 MCTOYHUKA JOJDKHA OBITh
MMEHHO TaKOM, YTOOBI 00ECIEeUnTh HYKHOE YBEIWYEHHE TMOTOKA. DTO YCJIOBHE HECKOJIBKO
UCKYCCTBEHHO. J[eicTBUTENbHO, 3HaUeHue i OnpeesieTcs MOTOKOM Teruia g U Ty. 3anaBas ny ,
MBI TEM CaMbIM onpe;[emleM u nt U3 6ancha I[aBHGHHﬁ. HO onpez[eJmB nt, MbI onpe;[en;leM 148
IIOTOK Ha MHUIIICHB. 3Ha‘II/IT, cujia nonepequro HNCTOYHHMKA 4YaCTHUIl 3aBUCHUT TOJBKO OT
IUIOTHOCTH My M TEMITEPATYPHI 1.

Ecnu paccmarpuBaTh mpoOJOJIBHBIA M MONEPEYHBIN MEPEHOC OTAEIBHO, TO HETPYIHO
MOJIYYUTh COOTBETCTBYIOIIYIO MOJU(DHUKAIIHAIO TBYXTOUCYHON MOJICTH CJICTYIONAM 00pa3oM.

bananc maBiaeHuN BIOJL CHIOBOU JIMHUU

2nT +Mnv® =2nT + MnC’ (1.22)

Ckopoctb 3Byka C, =\/(T€ +yz)/M =\/,L/I;/M , 00pryHO L/ =8/3 . IloTok BHOJB

muHuU [ =nv He COXpaHseTcs U3-3a IONEPEeYHOro mnepeHoca. Ero u3MeHeHue ompenensercs
YPAaBHEHUEM HENIPEPBIBHOCTH

2
or D, a—’f (1.23)
0x dy
Cuuraewm, uto [ (x) U MOJICTaBIIsIeM B OanaHc gaBineHui (1.22), Haxoaum
(1.24)

rae 77 =nT, ( Mt 2) - IIOJIHOE J1aBJICHUE HA MUILICHH.
EcrecTtBeHHO, He 3Has I'(x) HE BO3MOXXHO ONpenenuTh npoduib n(x). Paccmorpum

npodusib BONW3M  IUIACTHHBI, e MOXHO cuuTarh [ :r, =const. Torga BbIpaKCHHUE O]
8u

o 2

(2+u)' T,

Stangeby, To 3T0 BbIpaxkeHue paBHo npocto 1—7 /T , to ectb T<T\ u Temmeparypa JOJDKHA

kKopHeMm B (1.24) craHoBuTCcs paBHO 1- . BEcim =2 , Kak monaraercsi B KHUTE

yObIBaTh MpHU yAAJECHUU OT MHUIICHH, YTO HE COOTBETCTBYET JeWcTBUTEIbHOCTH. B
9



o 48 T o
JNEeHCTBUTENBHOCTH, M =8/3 u moa KopHeM cTOMT 1——— . To ecTh umeercss HEOOJIbIION

t

npomexyTok temneparypbl 1, <T <497 /48 , B KOTOpOM TeMmeparypa MOXET BO3pacTaThb OT

muIneHu. Ho 3TOT MpoMeXyTOK COOTBETCTBYET OYEeHb HEOOJIBIION ANHHE X. Tak Kak, ONATh-TaKH
B IIpeHEOpEKEHUH MOTIEPEYHBIM HCTOUHUKOM, YpaBHEHHE TETJIONPOBOIHOCTH J1aeT

79x

T7/2 :T7/2 +
t
2K,

(1.25)

OTCIOJIa MOJIy4aeM OIEHKY X = 2 cM g q=10 MBT1/M> u T = 10 3B.

CrnenoBatenbHO, Jake BOJIM3HM MUILIEHU NPEeHEOpEeKeHNE MONEPEYHBIM IEPEHOCOM JaeT
IPOTUBOPEUMBBINA pe3yibTar. JpyrumMu cioBaMu, €CiH MOMEpPEUHbIN MEePeHOC OTCYTCTBYET, TO
TeMIeparypa OT MHILIEHH MOXET TOJbKO BO3pacTaTh, YTO MPOTUBOPEUYUT HAOIIOJEHUSM H
pacueram. DTO JenaeT OAHOMEPHOE pPACCMOTPEHUE MPAKTUYECKH HE TMPUMEHUMBIM JUIs
HaXOXXJCHUS NMpOo(UiIs INIOTHOCTH U TeMIepaTypbl. J[ByxTouedHas MoOjeib, TaKUM 00pa3zoM,
HCABHO NPCAINIOIAracT HaAJIMYUC MOMCPCUHOIO0 MCTOYHHKA YAaCTHUIL, TPpHUYCM TaKoHu CHJIbI, ‘ITOGBI
o0ecreynTh HYXXKHBI MX IONEPEUHBbIH MPUTOK Al obecriedueHus: OanaHca JaBICHUH MEXIy
BEpXHEW M HUKHEW TOUYKAMU.

3agaua 4. B peasbHOCTH MOIEPEUHBIN MEPEHOC TEIla M YacTHUIL] O3HAYaeT HalIuuue
notoka uepe3 cenaparpucy B SOL. Kak n3meHsaTcs ypaBHEHHsI IBYXTOYEUHON MOJENH C YUETOM
910ro? IIoTOK MOKHO CUMTATh TOCTOSIHHBIM BJIOJIb CEMIAPAaTPUCH], KOHBEKIMEH IPEeHeOpeyb.

Pemenue. VYpasHenue TSt MMOTOKA Temna [l (KDT) =0 naeT

0 oT\ 0 oT . N
—| K== |*=| Ko—=—|=0 . Ilpocreiimee pemienne MOKHO MONY4HTh, CUUTAS MOMEPEHBIN
Ox Ox ) Oy dy

~ 0 or 772 712 7émx2
BKJIaJl MOCTOSHHBIM, ¢ :6_ KDa— , momyvaercst T°° =T, —4—
y y K

BMECTO JINHEWHOU CTETIICHU KOOPAWHATHL. Y PABHEHUE HENPEPBIBHOCTUA U3MEHSETCSI aHAJIOTUYHO,

- TO €CThb KBajapar

ny = SDX. YPaBHeHI/Ie JABMXXCHHUA OCTACTCA TAaKHUM KC€. OI[HaKO, 9THW UCTOYHUKH €CTb TOJBKO JO

PFR, a Tam Bce kak u 0bU10. EcTecTBEHHO, 00JI€e MOJHBIN OTBET MOXKET OBITh MOTYYEH TOJIBKO
U3 peIleHUs ABYXMEPHOTO HEIMHEHHOTO YPaBHEHHUSI TETIONPOBOIHOCTH.

PaBHOBecHe mj1a3mMol

A y
3agava 1. B Z-munue J =—— . Haiigure Bg(r) u p(r) . OTBeT BBIpA3UTH
(1 +r?/ az)
yepe3 MOIHbIN TOK muHYa [ . M1300pa3uThk 1mose u TOK.
10 amr
Pemienue. Ilocie wuHTErpupoBaHUsI YPaBHEHHsS pPABHOBECUS —a—(ng) =—1J
r or C

MOJTy4aeTcst

10



g, =AMl 1

. Z(sz) (1.26)

rne x=r/a , K — nmocrosiunas. Tak xak npu x=0 moyie AO0KHO OBITh KOHEUHBIM, K =1/2 .

3HayuT,
21TAa  x
B, = 1.27
¢ c 1+x° ( )
[lonnblii Tok paBeH [ = J:o 27trJdr =mta’ A . 3aunt
21 «x
=— 1.28
° cal+x’ ( )

[Tpu GonpLIUX X OTyYaeTCsi, ECTECTBEHHO, MOJIE OT MPSIMOTO TOKA.

d By |, By _
JlaBiieHWe U3 ypaBHEHUs paBHOBeCUs —| p +—= |+ =0
dr 8 ) 4nr

) S
P meta’ Po 4(1+x2)2

3anayva 2. Haiftu KprBU3HY JUHUY BUHTOBOTO MTMHYA.

Pemenue. Ilosie B nmuHYe co3maercs NpoOAOJIBHBIM TOKOM, B,=2jmr/c W BHCIIHEM

NpOoJOIbHEIM HoseM B, . KpuBusHa paBHa K = (bD)b = —b;er / ¥ n manpapyeHa BIOJb pagnyca

B
MWIMHIpa K ero ocu. Ine bq,:f. Hanee, g =tgl , ba,:cosﬁ . Pagnyc xpuBu3HBI

R=a (1 + qz) ,The q =h/27Tr - OTHOILLIEHHE 1Iara JIMHUU K JJIMHE OKPYKHOCTH LUIMHAPA.

3agaua 3. VYOemuthcs, UYTO (QPYHKIUSA M = %zz (bR2 + rz) +61T_1(r2 - Rz)

0
apisieTcs pemeHneM ypaBHeHus ['popa-lllappanoBa tuma ConoBeeBa. HapucoBate Bup
MarHUTHBIX [TIOBEPXHOCTEH.

3agaua 4. OnpenenuTs MarHUTHOE 110JI€ B KPYTJIOM TOKaMake.

Pemenne. OGmuii Bux MarautHoro noisi B =FO@g+0yx¢ . Beegem cucremy
koopauHar R =R +pcos@ . B mnpunnune, R, (,0) u3-3a madpaHoOBCKOro casura, a L

orpeneNnseT MarHUTHYIO TMOBEpXHOCTb. Ho MBI cIBuUrom, Kak Bcerna, npeneOperaem. [lis

TOPOMJIANIBHOTO TIONS uMeeM B, :HB—OH , rne €=pP/R, . Tak xak Uy =e @ '(,0) , a
£cos

U¢=e, /R , To mononnansuoe none B, =¢ '( ,0) / R 3aBUCHUT OT OOJBIIIOTO paguyca TOYHO TaK

11



(E/q)BO

. IlomHoe nmone
1+&cos@

Ke, Kak ¥ B, . Y100HO BbIpasuth (/' 4epes mapamerp q, Toraa B, =

B=B,(1+(e/q)) .

cF dp 1_<1/BP>BZ

3agaua 4. O6muii Buxa toka [Idpupma-Imorrepa J,, = —— S
" Bdy| (B/B,)

, TAC

<f>=Q fds/Pds - ycpegHEHHE II0 MArHUTHOM NOBEPXHOCTHU. IlOoMyduTH BBIpaKCHUE IS
y

OTOr'0 TOKa B KPYTJIOM TOKaMaKe€ C MaJIbIM aClICKTHBIM COOTHOIICHUEM.

/&
Pemenue. [ToacraBnsieM croma pe3yiabTaThl U3 3a1auu 3. [lomydaem <1/ BH> =M ,
0

B*\ _1+(g/q) B, d6 _Byg
Z V= 0 = , F=BR , dp/!dw =(dn/do)/(RB
B, £lq 2ﬂ£1+€cosé? c 0% p ! dy (p p)( 6)
Jps——zd—pcosﬁ

) d

Heoknaccuueckuii mepeHoc

3agaya 1. YeMy paBHO OTHOILIEHUE TEIMJIONPOBOAHOCTEH HMOHHOM U 3JIEKTPOHHOMN
TEIJIONPOBOAHOCTEH B mazme D?

KE
Pemrenne. Bons mois —”l =

K

e
20 =
i
O

m.
— =50 , nonepek
me

3agaua 2. OueHuTh BpeMs yIepKaHUs SHEPTHH B peKUMe OaHAHOB.

fz B2T1/283/2
Pemenme. 7, ~— [/’ -
Xi nq
2

ckeinunarom ['onncrona 7, D—T .
n

(yx=k/n !) Cp. ¢ D>3KCIEepUMEHTAIbHBIM

3agauya 3. B kakoM U3 HEOKJIACCUYECKHUX PEKUMOB HaxoauTes miasma [TER?

Pemenne. B 1meHTpanbHON ropsuell Imia3mMe CTOJKHOBUTEIBHOCTh OUYEHb ciadas,
no3ToMy €€ (hopManbHO HYKHO OTHECTHM B peXuUM OaHaHoOB. B mpucreHOUHOH 11a3me,
HAa00OpOT, M3-3a CHUJIBHON CTOJIKHOBUTEIHHOCTH TNPUMEHHMMA TUAPOJMHAMHKA, U MBI
okaszbiBaeMmcs B pexxume Ilpupma-llmorepa. [Ipu 3ToM , Hy)kKHO TOMHUTB, YTO B PEAIbHOCTU
MOMEPEYHbIH  TMEPEHOC  AaHOMaJbHBIA, @ HE  HEOKJIACCUYECKUW, U  ONpeNemseTcs
TypOyneHTHocThI0. Ho 3T0 He ormensier Hanmmuus Toka [Ipupmra-lllnoTepa B mpucTeHOUHOM
IJ1a3Me, HaxoAIEencs B THAPOAUHAMAYECKOM PEXUME.

12



Kosedanus v BOJIHBI
MI'/JI BOJIHBI

3apaya 1. Onenuth ckopocTh Anb(BEHA U CKOPOCTh 3BYKa JJIsl TEIHUEBOW TUTa3MBbI C
temmeparypoii 10 3B u motHOCTHIO 10'2 cM®. MarauTtHoe none 1 To.

=10° ecm/c. v = £=,/§Z:2EI]06 cMm/c. 3aMeTuM, dTO
m

-_B
" am Cmy,

2
o v -6
OTHOIIIEHHE 3TUX cKopocteil B ~—-=4107 .
v
A

Pemenue.

1 . .
3amaya 2. J[na xwakoctw ¢ 3akoHom Oma E+—VXxB=pj, naxopsmeiics B
C

OJIHOPOJITHOM MAarHUTHOM II0JIe, HAWTH JMCIEPCHOHHOE COOTHOIICHHWE IS allb()BEHOBCKOM
BOJIHEL

Pemenne. IloBropsier paccmorpenue MIJl xonebanmit [JIJI8] 3a wuckimtoueHuEM
yYpaBHEHUS [UIsI MarHUTHOTO TOJsl, B KOTOpoe J00aBisieTcs claraeMmoe, OIpeneisieMoe
IIPOBOJIUMOCTBIO:

2
9B ot (VxB)+< B (1.29)
ot 4

CoOTBETCTBEHHO, B YpaBHEHHUE IS TMHEWHOHN MONPaBKU
c’n
—iaB, :ikx(vaO)—k2B14— (1.30)
T

Jlnst anb()BEHOBCKOM BOJHBI HYKHBI JIBa YPaBHEHUS JJIS IIOIPABOK:

_(w+ ly) Blz :vszOx
w _ BB, (1.31)

—Vy = —_
k ° 4mp

2
_cn.»
3mech y—4—k , @ OCh x BbIOpaHa BIOJbL BekTopa k. YcioBue COBMECTUMOCTH ITHUX JIBYX
JT

YpaBHEHUN MPUBOJIUT K IUCIIEPCUOHHOMY YPaBHEHUIO

af(1+ic—{)/j—kzva2 =0 (1.32)

Kaxk 06br4H0, ckopocts Anbdeena V, =B,/ /47D .

B mpunnune, pemieHre 3TOro ypaBHEHHUsI MOKHO MCKaTh C KOMIUIEKCHBIMU k U w. Eciu

CUNTaTh, YTO B HAUAJIHHBI MOMEHT BPEMEHH BOJIHA OblJIJa MOHOXPOMAaTUYECKOH ~ eXp(ikr) , TO

13



k 10mKHO ocTaBaThCs ,HCP'ICTBPITCJTI)HBIM N TOJIBKO 4YacTOoTa KOMIIJICKCHAas. HeﬁCTBHTeHBHaﬂ
HaCTb 4aCTOTHI

Rew=kV> =) /4 (1.33)

MHuumas 9acTh 1aeT KO3 UIMEHT 3aTyXaHus exp (t|Im 64_1) :

Z—_lk2cz_’7
2 2 4

Imw=- (1.34)

JAmdjekTpuyeckasi npoununiaeMocts 0e3 MII

3agaua 1. B BeipaxkeHUH [T TUAJIEKTPUYECKOM MPOHULIAEMOCTH (pUrypupyeT GyHKIHUS
[JJI 10]

expl|—t)dt
F(x) j p(’) (1.35)
2\/7 - xX—t
Jlis 5TOM (QYHKIMY M3BECTHBI IBE AaCHMITTOTUKU
F(x <<1) =x—gx3 +ix5 -...
1 3 1 153 (1.36)
F(x>>1)——+—+—+
2x 4x° 8x°

[Toctpouts pynkuo F 1 ee aCUMITOTHKY, OLEHUTh TOYHOCTH TPUOITHIKEHUSI.
Pemenune. BwmecTo 4YHCIEHHOro BbIUMCIEHMS HHTerpasia B (1.35) MoxHO
NTT

BOCIIOJIb30BaThCs BhIpaxkeHueM F uepe3 ¢ynkuuio DanneeBoit F ZTImW (x) , Koropas

3amporpaMMHUpOBaHa B OOJIBIINHCTBE OMOIMOTEK IO YUCICHHBIM METO/IaM.
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14 - — eXact
—— approximation
12 4

10 1

A

0.8

0.6 1

04 1

0.2 1

0.0

-
—
R
B

N3 pucyHka BHJHO, YTO TOYHOCTh ACHMITOTHMYECKHX BBIPAKCHHH OYEHb XOpollas, 3a
UCKIIIOYCHHEM oOslacTh BOMM3M MakcumyMma. [losTomy B OOJBIIMHCTBE 3a7a4, MOXKHO
MCIOJBb30BaTh acUMNTOTHKHA (1.36) M He 3aHMMAThCS YUCICHHBIM BBIYMCICHUEM HWHTErpasia
(1.35)

3apava 2. Haiftu nusnexktpudeckyio nporuraeMocts '/l mpubnmxennu B miazme 6e3
MarHUTHOTO TOJIS B IPENONI0KEHUH 1) H30TepMUUECKUil ciyyaii; 2) aanadaTndeckuid cirydai.

Pemienue. YpaBHeHus 115 )KUJIKOCTH

mnﬂ =-[p+enE (1.37)
dt
%+D(nv) -0 (1.38)
t

CmaraeMoe ¢ MAarHUTHBIM IIOJIEM HE MMUIICM, TaK KaK OHO IIpU JINAHCPU3AIIUU BbIIIAAAcCT.
3apsn e > 0. B uzorepmudeckom cirydae T=const, B aquabaTH4ecKOM J00aBIsECTCS YpaBHECHUE
aanadaTel

E(pn-y) =0 (1.39)

1) H3zorepmuueckuii ciyyai. JlmanepuszyemM u mnepexoguM K @Pypbe, HaXOIUM:

n =nkv/w, —idnv = —iTk(kV) / w+eE . Hanpasum k mo ocu x. Torma s KOMIIOHEHT TOKa

2 2
e nOEx . _ne E

R A S = Yz
ik*T | w—imw Jye

j=nev momywaercs j = -
micw

Otrcroa BBIpOKEHUE A

A

R 4m
NPOHUIAEMOCTH & = 0 +——(3J HMMeeT POIOJIbHYI0 KOMIOHEHTY £ _ U JBE INONECPEUHbIE:
w

15



QZ
E.=1-) ——— 1.40
" Ze:a)z—sz/m (1.40)

2
£,=€,=1-> o (1.41)

B ciyuae manoit yactoTsl (Min O0JIBIION TeMIepaTyphl M1a3Mbl) 00a BEIPAXKEHHS COBIAAAIOT C
JEHCTBUTENBHBIMY YaCTSAMU IPOHUIIAEMOCTH M3 KMHETUKH. 3aMeTuM, 4To B I'Jl mpoHunaemMocTtsb
HE MMEET KOMIUICKCHOU YaCTH.

2) Annabarudeckuii cydaid. imeem % =-yp,0v , p,=ypKv/w . IloacraBnss B ypaBHEHHE
t

ABHKCHUSA BUOHUM, UTO OTIIMYHUEC OT U30TCPMHUYCCKOTO Cliydasd COCTOUT TOJIbKO B MHOXHUTCIIC ) .

[ToaToMy nonepeyHasi NPOHUIIAEMOCTH TaKas K€, a MPOI0JIbHAS

- =1- )
Zaﬁ yk T/m (559

Cwm. [BTII 3], popmynst (2.9) u (2.8).

3apmaya 3. be3 MarHUTHOTO TMOJS TEH30pP AMAJICKTPUUECKOW MPOHUIIAEMOCTH MOXKET
6I>ITB Hpe,Z[CTaBJIeH B BUJIC

k,k k k
aaﬁ=sm(daﬁ— a f”j+s aF (1.43)
Beipasutsb ¢, ¢, 4epes ¢,

1 kyk g
Pemenne. &,k k; :6',|k2  E.e T260 %8, Ep :5(‘9 & e J

3agaua 4. IlomyunTs sBHOE BBIpAKEHUE I TEH30pa JAMIJIEKTPUUECKOM
npoHunaeMocty Buja (1.43), B rHAPOJMHAMUYECKOM MPUOIMKEHUH.

Pemenue. PaccMoTpuM, Hampumep, H30TEpMHYECKMM ciydad. /[l Toka umeeM
ypaBHEHUE

i=x(xj)+J (1.44)

rie K=k/v,w , v, =NT/m Q=v4me* Im J:i§22/(4fw)E . YMHOXast ypaBHEHHE

(1.44) ckansapHO Ha k , Moay4daeM Kj=kJ/ (1 - /(2) , moacrasissa Ha3ax B (1.44), cpa3y Haxonum

K (J)

J+——=~
)= 1-k°
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2 2
_Q | KK Q

CrenoBatensHo, &,, =0,,| 1 e D10 cooTBeTCTBYET £, =1-Q° /@) ,
-K
QW
G-
1-«

JAucnepcusi 6e3 MII

3anava 1. [TonyuuTs TUCTIEPCHOHHOE COOTHOIICHHE JJISA MPOAOJIBHBIX M MOTEPEUHBIX
BOJTH B '] mpubmmxeHnn HE UCTIONIBb3YS TUAJIEKTPUUYECKYIO POHUIIAEMOCTD.

Pemenue. 1) borvwue yvacmomoi. KoneOmrOTCsS TONBKO DJICKTPOHBI. YPaBHEHHS IS

KOJIeOaHUIl:
9 0 (n,v) =0 (1.45)
ot ¢

mn, o =-Up, —en,E (1.46)

ot
LE =-47ten,, (1.47)
Oxp =27, 10E (1.48)

c c Ot

Bo3smymenue ans nasnenus p, = JIn, . [IpononbHasa BonHa: E HanpasneHo Bpous Kk,
Torga n, =n,kv/@ , CKOpocTh M TOK J= —en,v , HallpaBJICHbI BIOJIb K, 3HA4uT moyisi B Her.

ﬂI/ICHepCI/IOHHOG COOTHOHICHHC:

2 2
w2:47Tnee +k yr
m m

(1.49)

Ota BonHa (JIeHrMiopoBckasi) anekTpocraTiuueckas, B Heit E =-[¢ .

B mnomepeuynoit Bomne [JE=0, mosToMy BO3MYIIEHUS IIJIOTHOCTH HET, T.C.

Hec)kumaeMmoe kosiebanue. B takoit Bonne E = __6_ , U3 YpaBHEHHS IBUXECHHUS HAXOAUM B
c ot

4, 1 0°A
obmem Buse v=eA/mc . Iloncrasnss B ypaBHeHne MakcBemra —AA =— J——2? , cpasy
c c” ot

HAXOJIMM JIUCIIEPCHOHHOE COOTHOMLIEHUE: W =k’c” +Q7 .

2) Manvie uacmomwi. KomeOmoTCs W HMOHBI, W DJIEKTPOHBI, TMPOAOJIbHAs BOJIHA
3JIEKTPOCTATHYECKAsl. DJEKTPOHbI YCHEBAIOT MPUUTH K paBHOBecHIO boiibiiMaHa, KOTOpoe

HOJIy4aeTcs: IpeHeOpeKeHNeM HHEpPLMEeN B ypaBHEHUN ABUXKEHHUS, 1, = N, €XP (e¢1 /T6) . Torna

KE = 4lTe(nl.l —nel) . Cobupato Bce BMeCTe, II0JIy4aeM AUCIIEPCHOHHOE YPaBHEHHE
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2
w T /M T
—_ =-—¢ 4y L 150
(kj 1+k°r) y’M (1.50)

rie r, =+/T,/47/me’ - snexkrponnsiii pamuyc Jebas. Ilpu manbix k nosydaercst co6CTBEHHO

UOHHBIH 3BYK C = 1/(Te + yl.Tl.)/M . Ipu Gompmnx k w=Q, .

3agaua 2. Vcxons u3 teHzopa & B [/l mpuOIMKeHHWH, MOIYYUTh IUCTIEPCHOHHOE
COOTHOIIIEHUE ISl IEHTMIOPOBCKUX U HOHHO-3BYKOBBIX BOJIH

Pemenune. Umeem

471’ n 471",
g =1- ¢ - ! 1.51
I mea)z_}/ekzzl mla)z_%kZTlv ( )
J1J1st BBICOKOM 4acCTOTHI TIOJTy9aeM JICHTMIOPOBCKHUE KOeOaHmst
k*T
W = ag +y, d (1.52)
m

YroObl MOSyYUTh HOHHBIE KOJIEOAHMSA, OIMYCKAaeM 4IEH C Me. OTO COOTBETCTBYET
npeHeOpeKeHNI0 HHEPLHEH 3JIeKTPOHOB. B pesynbprare noaydaem

kT, k*zT,
W=y m,.l +yem,. (1+1Z<Zigﬁj) (1.53)
e A} =T,/ (47Te2ne) - DIIEKTPOHHBIN paxuyc Jebast.
Jlnst nnuHHEBIX BOJH (kK — 0 ) momy4aeTcst <MOHHBIN 3BYK»
o =2 LTVl (154)

m.

1

3agaua 3. PaccMoTpeTh pacrpocTpaHEHHE JICHTMIOPOBCKO BOJIHBI B TIJIA3ME C y4€TOM
TPEHHUSI SJICKTPOHOB 00 HOHBI.

Pemenue. YpaBHeHME IBUKCHUS IS JJIEKTPOHOB

Y=, - enk ="y (1.55)
dt r

Jenas Bce Kak W paHblie (3agaya 1), IpuxoauM K AUCIEPCHUOHHOMY COOTHOLIEHHIO
. 2 2 .
iw_yk'T 4rme’n =i
w+2=Y -

—_— =+t N w=—+= —
T m m 2T 4r

. To ecTh BOJIHA 3aTyXaeT KaK €xp (—t /21 )

3apauya 4. PaccmoTpeTh pacmpocTpaHEHHUE IMONEPEYHOM BOJHBI BBICOKOM YacTOTHI C
y4eTOM TPEHUS SJIEKTPOHOB 00 MOHBI.

18



Pemienue. Iloctymas kak pasbiie (3amada 1), HO ¢ moOaBJIeHHUEM B YpaBHEHHE
JIBUKEHHS JUIsl 3JIEKTPOHOB cllaraeMoro —mnv /7T, HaXOIUM JHCIEPCUOHHOE COOTHOLICHHE

Q: iw i
W =k’ +# wm & +—=c%"|1+— |+Q? . Ecniu w>>ck , 310 ypaBHeHHe
+1/Tw 4 w

MOJTy4YaeTCsl TaKOe K€, Kak B MPEbIAYIIEH 3a1aue 3 71 JICHTMIOPOBCKOM BOJIHBI. TO €CTh BOJIHA
3aTyXaeT ¢ IEKPEMEHTOM 3aryxaHus 1/27 .

3agaya 5. Ha rpanHuily 11a3mMa-BakyymM M3 BaKyyma MaJaeT  IUIOCKas
MOHOXpOMaTHuYeCKass BOJIHA  JJIGKTPOMAarHUTHasT BOJHA. BOJHOBOM  BEKTOpP  BOJHBI
neprneHauKysipeH rpanuie. Haiitu koo puirienT orpaxeHus BOJIHBI.

ck

o i\ kox—
Pemrenne. [Tose ncxonuoi BoiHbl E, =E0Xe'( ww) g =T E_ . llpu orpaxeHue
w

)
oOpasyercs elie oHa BOJIHA C BOJHOBBIM BEKTOPOM K, = —k, , a BO BHYTpb IUIa3Mbl IIPOHUKACT

BOJIHA C BOJTHOBBIM BCKTOPOM k2 . HacToThI BCeX BOJH OJMHAaKOBBI. I[I/ICHepCI/IOHHOG YpaBHCHUC

onpeacisiCT COOTHOUMICHUE MECXKAY BOJHOBBIM BEKTOPOM U YacTOTOM B 00enx Cp€aax, a TaKk KakK
qacToTa (bHKCHpOBaHa — TO COOTHOUICHUC MCKAY BOJIHOBBIMH BCKTOpPAMU. YI[O6HO, JJIsA

COKpAIllCHUS BBIKJIAJ0K, BBECTH JAMDJIEKTPUUYECKYIO IPOHULAEMOCTb, TOIAA kzc/a)=\/z ,

2
e

ky/w=1 , B mpocreiimiem npuOmwkeHnn &£ =1——% . Drtu GopMyIssl cpa3dy ONPeIeIsIIOT

W

BOJIHOBBIC BCKTOpA. CooTHollIeHNnE AMIUIMTYA BOJIH JAaCTCA T'PaHUYHBIMH YCJIIOBUSAMHU, KOTOPLIC

03HAYAIOT HEMPEPHIBHOCTh CYMMApHbIX KOMIOHeHT E  u B Ha rpauuue: E,+E =E, u

k, —k 1-e
E (k,+k)=(k,—k,)E, . Orcioma maxomum E,=—"—2FE wm E=—=E,
ky +k, 1+ \/Z
Kosdduuuent orpakeHHs paBeH OTHOLICHUIO SHEPIMU OTPAKEHHOH M IajaroliuX BOJH,
KOTOpas —INPONOpPLMOHANIbHA R = |E1|2 /|EO|2 . OGosmauns ~E=n+ik , HaxoauM
_(1=n) +x

otpaxaercst. Eciit ke w<Q, , To momy4daem R =1 , TO €CTh BCsl SHEPTHs BOJIHBI OTpaxkaeTcs. B

3TOM COCTOHUT SBJIEHHE OTCEYKH. OTMETHUM, UTO MpPHUBEACHHBIC (POPMYIIBI SBISIOTCS YaCTHBIM
CJIy4aeM M3BECTHBIX Gopmyn PpeHenst pacupocTpaHeHus BOJIH Ha TpaHuie AByX cpen [JIJI8].

BoJHEBI B 3aMarHn4eHHOI Jjiazme

3anaua 1. Haiitu Beimenenue termia Q nMpu pacpoCTpaHEHUN BOJIHBI B 3aMarHUYCHHOU
iasMe B MPUONIMKEHUH XOJOJHOW IJIa3Mbl, 32 CYET KOMIUIEKCHOW YacTH IUAJIEKTPUYECKON
MPOHUIIAEMOCTH.

Pemenue. [To uzBectHoit popmyne u3 [JUI 8],
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0= %%T ELEe!, (1.56)

— £>X<
2
IloxncraBissa croga & s B MPUOIMKEHUH XOJIOIHOM Tuta3Mbl, mosrydaem (), 4ero u CiemnoBajio

&

ap Ba

rae ié‘gﬁ = AHTUAPMHUTOBA YacTh TEH30pa JUAJICKTPUYCCKON IMPOHHUIIAEMOCTH.
a,

OXKUIAaTh. 3TOT pe3ynLTaT HAIIOMHWHACT, YTO HAJIMYUEC MHHUMBIX CJIaracMbIX B ,Z[HE)JICKTpPI‘ICCKOﬁ

MPOHMIIAEMOCTH €IIl€ HE O3HA4YaeT, 4YTO SHEPrusl BOJHBI OyJET MOTJIONIAThCs, TaK KakK B

BBIpAXXEHUE IS BbIJIeNICHUS dHepruu (1.56) BXOAUT UMEHHO aHTUAPMUTOBA YaCTh TEH30pPa, a HE

npocto MHUMas yacTh £ ! (Cp. ¢ 3aTyxanuem Jlanaay B He3aMarHWYEHHOM I1a3Me. )

3agaua 2. OUEHUTH YACTOTY BEPXHETMOPUIHOIO pPE30OHAHCA @), =+ + Q> s

na3Msl ¢ mapamerpamu n = 10" em™>, T=10 k3B, B =5 Tn.

-1

Pemenne. @ =8.8x10" ¢!, Q?=3x10* Tak 4TO LMKIOTPOHHAS YACTOTA TONBKO

HEMHOTO G0JIbIIe MIa3MeHHol. YacToTa pesonanca 102 ¢,

Q.
3agaua 2. OUeHNTHh Y4acTOTy HMKHETMOPHIHOIO PE30HAHCA (W, = —————= JUI1

J1+Q /o)

neitTepueBoii muasmbl ¢ mapamerpamu n = 10" em™, T=10 k3B, B =5 Tn.

-1

Pemenne. ), =8.8x10"" ¢!, Q2 =3x10" Tak 4TO NMKIOTPOHHAS YACTOTA TOJIBHKO

HEMHOTOo OOJbIle TJIa3MEHHOW. B pesynbrare dYacTtoTa IMOJydaeTcs TMOpsKa IIa3MEHHOU

4acToThl MOHOB Q, =2x10" ¢,

HN3zny4yenne

3amaua 1. [Irasma omoBa Sn ¢ rwrornocteio 10 cm™

, Temneparypa 1 sB. Ouenurs
JUIMHY npoOera ¢oToHa B JUHUU 452 HM, yuuThiBas Toiabko 3¢dext Jomnepa. Koaddunuent

Sitamreiina A = 2.6-107 ¢!

ha _ 1 g AA

Pemenune. K = nOBml//(a%,) Az 0 8772, v
0 0

. Cxopocts onosa v, =1.300° cm/c.
[ostomy K =74 cm'.

3agaua 2. /I moasmel He oneHHTH CTeNeHb MOHM3AIMM B TIONHOM PABHOBECHM I
mnotaoctr 10! em™ u Temnepatypsl 5 3B. [loTenuan nonusamuu 24.6 3B,
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2g.
Pemenme. ®opmyma Caxa K = tete = Z8izpipsn exp(—%j =500 oM™

nHe g a

_ n
Crenens nonusauu @ =n,,, / (nHeJr +nHe) HAaXOJIUTCS U3 yPaBHEHUS O X +a-1=0. Tak kak

n/K <1 , TO pelieHHe 3TOr0 YpaBHEHHS C)'=1—%=1—10_2 =0.99 , TO ecTb Bce

HMOHM30BAHO, XOTS TemrepaTypa I MHOIO MEHbIIE NOTCHLIHANa HOHU3AlUU. 3aMETUM, YTO MpPU
MEHBIIUX 71 CTeTIEHb HOHU3AIMH (POPMaTbHO CTAHOBHUTCS €II€ MEHbBIIE, HO HY>KHO IOMHUTH, YTO
cama @Qopmyna Caxa NOpUMEHHMMa TOJBKO JJsI JOCTATOYHO OOJBIIMX 7, TPU KOTOPBIX
BhINIOJIHsETCS yenoBue JITP.

3agauya 3. [Tonyuurs BeIpaykeHue 171 J{oNIIepoBCKOro KOHTypa JIMHUH.

Pemenne. Dddext [onmiepa NpuBOIUT K U3MEHEHUIO YacTOTHl W= ), (1+vx / c)

2
X

Cxkopoctb pacmpezeneHa no Makcsemty f (vx) = Aexp(— n;\;

J . IIpodunp nuHMK CBs3aH C

3TUM paclpeesIeHneM COOTHOUICHUEM {J/ (a)) dw=f (vx)dvx . IloncraBmss croa 3aBUCUMOCTD

2
Cd(vx) , Haxoaum wIﬂexp _M e y= 2Ta;§

a, y mc

. Koncranta A Haxomgutcs u3

yCIIOBUSI HOPMUPOBKH.

ylm .
(w_%)z +y2

CIIEKTPOMETP H3MEpSIeT 3aBHCUMOCTh OT [UIMHBI BOJHBI A , a He OT YacTtoThl. Haiiti dopmy

3anaua 4. [Ipoduib TMHUK MMEET JOPEHIOBCKYIO (Gopmy (¢ = Ho

npoduist ¢, (/]) BOJIN3M IIEHTpA JIMHUU.

Pemenne. Mmeem Ydw=,dA . Tloncrasmsas cioma A=27c/w , moiaydaem

2c)A;
Y, = Y ‘; , e A, =27c/ @, . BOnu3um ueHTpa JNMHUUM BO BTOPOM
4n2c2(/1 —/10) + A
cjlaraeMoM B 3HaMmeHartene MOXHO cuutathA=A, . B 3TOM ciyuae KOHTYp ocTaercs
YA 1 2
JIOPEHLIOBCKUM: {J/, = ——2 , rie umpuna [ = A,/ (27Tc) :

2 (A=) +T2

3apaua 5. Haiitu popmy npoduist nuaun [ (a)) JIJIsL 3aTyXaloIel BOJHBI ¢ ' cos (a%,t)

)4
+(w-a)

.Pemenne. ®ypne npeodbpazoBanue [ = Re I exp (—icq)t —yt+ ia)t)dt = . Tak uro

2

nosty4yaercst KoHTyp Jlopenua.

[ApeiipoBbie BOJTHBI
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3apauya 1. [loxyuuTe ypaBHeHWE MJIA JApeiidOBOM BOJIHBI, MOJHOCTBIO TMpeHeOperas
WHEpLUEH HOHOB.

Pemienne. B 3TOM mpubamkeHHMH CKOPOCTH KaK MOHOB, TaK W AJIEKTPOHOB IMOMEPEK
nois B onpenensercs apeiidoM: B CKpEeIEHHBIX MOJSIX

V=-=(Ogxe.) (1.57)
2 .
[ToxcTaBisis 3Ty CKOPOCTh B YPABHEHHE HENPEPBIBHOCTH, C YYETOM TOTO, 4to [V =0 ,

oJIy4yaem

on
—+Vn=0 (1.58)
ot

Bo3my1enre 371€KTpOHHON IIJIOTHOCTHU CIIENYET paclpeAcsIieHuIo bosbiimana, 1mosromy

n, =ne@ /T, . Tlepexops K BO3MYILICHHOW IIIOTHOCTH B (1.58), HAX0AUM 115 Hee

0 0
Thoru, 2 =0 (1.59)
ot dy

rae apeiidosas ckopocte u, =—cT,/(eB)dInn/dx . DT0 ypaBHGHHE WU ONKCHIBACT

pacpocTpaHeHue Apei(oBoil BOIHBI BIOJIb OCH Y CO CKOPOCTBIO U, .

3apava 2. Pemute 1Y (HaiiTi coOCTBeHHbIE (DYHKIIMM U COOCTBEHHBIC 3HAUCHHMS) IS

' kK’g. o'
HeycroiunBoct Panes-Teiinopa L(t// D)) —kyY+ &8 A

Po P,

3aBUCUMOCTH IUIOTHOCTH OT y. I'pannunsle ycnosus y(0) =y (h) = 0.

¢ =0 I8 3KCIOHEHIMAIbHOMN

. [ 70
Pemenne. Ecniu p, ~ exp(—y / 2s) , pelIeHne uMeeT Bu ¢ = sin (%j exp(—zlj
s
2 g \_ 1 n’m
[Tpu 3TOM COOCTBEHHBIE 3HAYCHUST HAXOAATCS U3 YpaBHeHHS k| 1+ il - Py - e
s s

3apaua 3. JlpeiipoBas BoaHa BO30YyKIaeTcs CiydailHOW (QuiykTyarueld MOTEHIHAaa,
umeromeil rayccopy Qopmy. HaiiTh aBTOKOpPENAUMOHHYIO — (YHKIHUIO <¢k (t)¢k.(t')>

NOJYYHMBIIUXCA KOJeOaHMH MOTeHLuana. YCpeAHEHUE MPOM3BOIUTCS «IO CTATHCTUYECKOMY
aHCaMOJII0», TO €CTh (PAKTUYECKH I10 MOJIOKEHUIO HAYalTbHOW TOYKH BO30YKICHUS.

Pemenune. YpaBuenue, onpezensioniee pypbe-KOMIOHEHTY NOTEHIMAa B JApeioBoit
BOJIHE

g, . .
_L+ig, =0 (1.60)

riae @), - Aperi¢oBas 4acTOTa, 3aBUCAINAs OT BOJIHOBOro BekTopa K. Pemenne s3toro ypapHeHus
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— 40 .
¢, =9, exp(-icyt) (1.61)
npezcTaBisieT co0oi Koebanue, onpeaesieMoe HadyalbHbIM 3HaUeHUEM (pypbe-KOMITIOHEHTBI

¢£ . IlocnenHsis HAXOAUTCA U3 PA3JIOKEHUS TOTeHIMana rpu t=0:
¢ (r) = [gle ™ dk (1.62)
583071

8 =[p(x)e™dr (1.63)

2 o
IMoxcraBisia croma ¢(r) =Aexp(—(r-r0) /Rz) , TIe I, - CIy4ailHO BbIOpaHHas HaydaybHas

TO4YKa, HAXOAUM

2p2
&’ :e_ik“’A(\/l—T)B R exp[—3k4R j (1.64)

o 0
3ameruM, uto @ * =@’ , 9T0 0OECIEUMBAET NEHCTBUTENBLHOCTh PA3IOKEHHUs @ (r) .

Takum 06pazom, KO3 UIUEHTs @, UMEROT crydaiinyto $asy Kr, u IOCTOAHHYIO aMILTUTY/LY,

€CJIM, KOHCYHO, IIMPUHA U BBICOTA BO3SMYIICHUS ITIOCTOSHHEI.

[MoncraBnsist koddduumentsr pasnoxenus (1.64) B orer (1.61), momydaem momnHoe
peleHue 3agauu o kosedanusax. Koppensatop paseH:

(6 (1) 8 (1)) = 3(k ~K")|?[ exp(=icy [t 1)) (1.65)
¢ yaerom Toro, 1o (exp (—kr,)exp(-k'r,)) = d(k k') npn ycpemsenmn no r, .

3apaua 4. Paccmotperh pacnpocTpaHeHHe Jpeii)oBOM BONHBI B IUIa3ME C TPHUMECHIO
HEUTPAIbHOW KOMITOHEHTBHI.

Pemienne. O6beMHast TUIOTHOCTh CHJIBI TPEHHsI, JIEHCTBYIONIEH CO CTOPOHBI aTOMOB Ha MOHBI,
paBHa

R=nnu K(V,~V,) (1.66)

rne K :<Uv> - «CKOPOCTh pEaKlMH» CTONKHOBEHMS, A, - NpHUBEJCHHAs Macca [bparmnckui,

BTIT1]. ¥V .
paBHEHUE JIJIs1 CKOPOCTH UOHOB, TIpeHeOperas nHepuuen

e(E+lV><BJ—(V—Va),UVm. =0
C
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OTcro1a HaxX0IUM CKOPOCTh HOHOB

ExB cE V, xB
—+ta—+a’V, +ta
B B

V,=c

rne a=puv cl/ (eB) <<1 (ManocTe yuyTeHa B MHOXUTEJIE CKOPOCTbIO, HO Mbl OCTaBWJIM BCE

claraeMble, IIPOIOPLUOHAIIBHBIE CKOPOCTH HEUTPAJIOB).

[ToncraBisiem 3TO B TIMAaHUPE30BAHHOE YpaBHEHUE HETIPEPHIBHOCTHU ISl HOHOB

M VO, =0
ot

rae cuurtaeM [V =0 Ttak xak V, =const . YuutsiBas, 4ro n, =nje@, /T, , HaX0quM

YpaBHCHHUC U1 TOTCHIMAJIA

* V -a ax):()
ot dy 0x

ay

cT, dnn, .

roe w =—= - IpeiidoBas yacTorTa.
eB dx
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