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JIEKIINS 15

Tepmomumnamunka poToHHOrO rasa. ATom B I10JI€ U3JIyYEeHUS

15.1. TepmoagnHaMuKa (pOTOHHOTO Tra3a

[Tpu paccMOTpeHUH PABHOBECHOIO TEILJIOBOIO U3JIyYe-
HUs OBLIO TOJIYYEHO, YTO €CJIM CYIIEeCTBYET HEKOTOpasl Mo~
JIOCTD, Harperas JI0 TeMreparypbl 1, TO 3JeKTpOMariuT-
HOE U3JIydeHre MCIYCKAeTCs aTOMaMU Ha BHYTPEHHEN I10-
BEPXHOCTH MOJIOCTH (CM. puc. 15.1).

B sTOM ciiyuae Besl MOJIOCTH 3allOJIHSAETCH W3JIyYeHU-
eM, CIeKTpajbHas IJIOTHOCTD P, KOTOPOIO OIPEIE/IseTCs
dbyukuumeit [Inanka (cm. puc. 15.2).

Bb11o Takzke moJy9eHo Jpyroe BO3MOKHOE PACCMOTPE-
HUEe 9TOH 3aJa4un. ByjeM cuurarb, 9TO B HOJOCTH CYIIe-
CTBYeT OOJIBIIIOE YUC/IO KBAHTOB N, € YacTOTOi w. TakuMm
00pa3zoM, MOCKOJIBKY B3aMMOJIECHCTBHS MEXKILy JIBUZKY M-
MUCSI B TI0JIOCTH (POTOHAMU HE MTPOUCXOIUT, (POTOHBI MOI'YT
B3aMMO/IEIiCTBOBAThH TOJILKO CO CTeHKOii mosioctu. Crieyio-

Puc. 15.1.

BaTeE/JIbHO, CO CTEHKH IIOJIOCTH BO3MO2KHO M3JIYyYECHHC U IIOTJIOIICHUE (bOTOHOB.

MoKHO cIUTaTh, YTO BHYTPH MTOJOCTH, HATPETOM
J10 Temmeparypbl 1, HAXOAUTCS UeaTbHBIA (POTOH-
HBI Ta3. DTO MO3BOJISIET PACCMATPUBATD U3JTYUEHUE C
TOYKH 3PEHUsT TEPMOIUHAMUKN W IPUMEHSITh K HEMY
TePMOJIMHAMITIECKIE 3aKOHBI.

it pOTOHHOIO ra3a MOXKHO BBECTHU IOHSITHE JH-
TPOIWH, CBOOOIHOW SHEPTrHH, U T.J. Bocrob3yem-
¢ TOM BOBMOXKHOCTBIO, YTOOBI IOy IUTh HECKOJIBKO

Pop

TEePMOJIMHAMIIECKUX 3aKOHOB, KOTOPBIE OIUCHIBAIOT
PaBHOBECHOE u3JlyueHue (u3JrydeHue abCcoIIOTHO Yep-
HOTO TeJsa).

Hamomuum, 9To crieKTpajbHas IJIOTHOCTD p, —
SHEprusl B eJIMHUIE 00beMa (HEKOTOPOM KyOHnKe 00b-
emoM 1 cm® Ha pucynke 15.3) Ha vactore w. Nsiyde-
e abCoIIOTHO YePHOTrO TeJia M30TPOITHO, ITOCKOJILKY
[PUYNH JIJIsI 3aBUCUMOCTH OT YTJIa HE CYIECTBYET.

PaccmoTpuMm usitydenue B €JIMHUAILY TEJIECHOTO YT~
sa dS). Ilorok uznyvenus .J,, onpeessiercs Caeyo-
M 00pa3oM:

Jo = (p-v)=cp,. (15.1)

Haiinem suepruio, Koropas u3jydaeTcs Ha 4acTo-
Te W B 9YaCTOTHOM MHTEPBaJe dw W B €JINHUAILY TeJIeC-
HOT'O yTIJia:

dd df)
—2dQ0) = cp,—.
dw d <P 47

Puc. 15.2.

Puc. 15.3.
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Pacemorpum HeKoTOPYIO TIOMAIKY (eM. prc. 15.4),

7
IJIOMIA,Ib KOTOPOil paBHA A
a2
2
AS = lem?, o
TO €CThb 9TO OJIHA U3 TpaHeil KyOnka Ha pucyHKe 15.3. %
Ha sTy mmomaaky majjaer usJrydenune, IporopIu-
OHAJIbHOE
AS cosf.
B paBHoBecHoM citydae uzjiydeHHasd U IOTJIONIEH- Puc. 15.4.

Hasl SHEPrus OAMHAKOBLI. [lajaoniee U3/ydeHne OnpeaessaeTcs CaeayIomuM 00pa3oM:
c c
dd, = —p, cosOsinf df dp dw = — p,, dQ2 dw. (15.2)
4 47

MozkHO BBecTH KO(P(MUIMEHT MONJIOmeHnss A, paBHBIA OTHOIIEHWIO ITOIJIOMIEHHOI'O
U3JIYUYEeHUA K aIAf0IIEeMy:
dd/,

A—dq)w.

Onpenenenune 15.1. Bpejennblii TakuM 00pa3oM KOO UITUEHT

d®!,
do,

A=

Ha3bIBa€TCd CTEIIEHBbIO Y€PHOTLI TeJla.

AbcomoTHo YEPHbLIM TE€JIOM 6y,ILeM Ha3bIBAaTb TaKOe€ Te€JIO0, Y KOTOPOI'O ITaJalollad dHEP-
I'sd paBHa HOI‘J’IOH_LGHHOPI', TO €CTb

A=1.

OrparkeHust cBeTa OT TIOBEPXHOCTH, OYEBUTHO, HE ITPOUCXOIUT.

Onpenenenune 15.2. Tejo, y koroporo koddduriueHT A MeHbIIE €IUHUIIBI
0< A<,

Ha3bIBacTsd CepbIM TEJIOM.

Ha camowm jierte, crenienb «cepocTu» Tejia, TO €CTh BeandnHa Koadduimenra A, 10K-
HA 3aBHUCETH OT YACTOTHI: HAIIPUMED, JIICT OyMaru, YepHbIil Jjis BUJIUMOIO CBETa, sIBJISET-
CsI TPO3PATHBIM (OeJIbIM) JIJIsl PEHTIEHOBCKOTO U3JIyUeHUs. B HAIMX BBIKJIAIKAX, OTHAKO,
9TOH 3aBUCHMOCTBIO MOXKHO TIpeHeOpedb: OyIeM cauTaTh, 9T0 KO UIueHT A mocTosTH-
HBIH.

PaccmoTpuM Teneps ncyckaeMyio SHEPruio U ypaBHeHue basanca suepruu. Marerpu-
pys Beipazkenue (15.2) 1o ¢, mosryanm:

C

1 Pu - 21 - cosfsin@df dw = I(w) - 27 sin 6 df dw,
m

rie [(w) — u3sydaresibHas CIOCOOHOCTD TeJIa, TO €CTh SHEPTHUsl, U3JIyIaoIIAsACs IPU TEM-
nepatype 1" Ha JacToTe w.
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U3 5T0T0 COOTHOIIEHUSI CIe/yeT, YTO OTHOIIEHNEe UCIyCKaTe bHOM crocobHocTn [ (w)
K TOTJIONaTe bHOM criocobHocTn A(w) uMeer cieayromuii Bu:
Iw) = i,ow cosf. (15.3)
Alw)  4r
Breipazxkenue (15.3) nocur naszanne «3akon Kupxrodar. 3akon Kupxroda mokasbi-
BAeT, YTO Ha JIF0OOI YacTOTe OTHOIIEHUE UCITYCKATETbHOM CIIOCOOHOCTH K ITOTJIONIATETHHOM
IIPOITOPIIMOHATBLHO CHEKTPAJIBLHOI IJIOTHOCTH py,, TO €CTh olpe/iessercs dopmyitoit Ilnan-
Ka.
Crout Tak>kKe OTMETHUTDb, 9TO U3 3aKoHa Kupxroda HampsaMmyto cienyer 3aKoH Jlam-
OepTa:
I(w) o cos@.

Bakon JlamOepTa JIerko MOHATH ¢ TOH TOYKM 3peHus, 9To 3PpdeKTHuBHAS IO
IIACTUHKY MEHSIETCsI B 3aBUCUMOCTH OT yTJia f. Haiigem Tenepb, KaKyo SHEPIUIO U3/IydaeT
OJINH KB/ PATHBIN CAHTUMETDP TOBEPXHOCTH, HAPETHIHN J10 TeMieparypsl 1'. Bennvunna

dJ(w,0,T)

HOCUT Ha3BaHUE «IIOTOK M3JIyYCHUS ».
Cornacuo dopmyiie (15.1), IOTOK U3JIyUeHUsT OTPEJIEIISIeTCsI CIIELYIOMUM 06pa3oM:

ds?
dJ(w,0,T) = CPu7y— COS 0 dw.
m

[IpounTErpupoBaB 9TO BbIPpaXKEHHUE 110 YACTOTE, TTOJIYIUM:

T ho [ wddw
p /p w 7'(_263/6]?;" _1 ( )
0 0

BBe,H‘eM CJIEAYIOILYIO 3aM€EHy IIEPEMEHHDbIX:

hew kT kT

B srom ciyuae unrerpas (15.4) npumer cieayrommii Bus:

d¢.

I3 53(53)3 . %dé B EAT4 €3d€
m2e3 et —1 a2 | et — 17
0 0

p:

WNuTerpaa B 9TOM BbIpaXKeHUU, OUYEBUJIHO, ABJISIETCS UUCIOM. SHAUEHUE ITOTO MHTE-
rpaJia U3BECTHO U COJIEPYKUTCS B CIIPABOYHON JIUTEPATYDE:
oo
5'3 df 71'4
/ £ —1 15
0
CrieioBaTe/IbHO, MHTErPAJIbHAS MJIOTHOCTh W3JIYYEHUS 0 OIPEJIEISIeTC CJIe Ty 0~
M 00pa30M:
okt T
15337
IpUueM KOHCTaHTa, CTOSAIIAs B 9TOM BhIpaxkeHunu mepes, T, ecTb He uTo mHOE, KaK KOM-
ouHanug (QyHIaMeHTaJIbHBIX KOHCTAHT.
Ux storo dakra cieayer 3akon Credana—Bosbivana.

p
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Omnpenenenne 15.3. 3akon Credana— BoabiiMaHa — nHTErpaJibHas IJIOTHOCTD U3~
JIy9eHUsI TPOTOPIINOHAIbHA YeTBEPTON CTeIleHN TeMITEPaTyPhI.

Y100BI HAMTH BEITMYNHY M3JIy9IeHHON SHEePruu, HalJleM BEJIUIUHY ITOTOKA W3JTyIeHUST:

Jus

us
2

o0 3
J:%/pw(w)dw/QﬂsinecosedQZgp/sinecosecw:%/sin?@dGz
T
0 0 0 0
Ly, PO 1=
=75 (—1) cos26’0—8 (—=1)- (-1 1)—4. (15.5)

BocronbzoBasimch 3akonoM Credana—Bosbiivana, mOydIuM CJIeIyIonee BbIparKke-
HU€ JIJIsT BEJIMIUHbBI U3y 9aeMOi SHEPIUN:
27.4
cp Tk
J:_:ﬁTZl:gTAI’
4 60h3c
rie 0 — nocrosinnas Credana— Bobivana.
OTa MOCTOsTHHAS U3BECTHA W PaBHA

pT

=57-107°"——M——,
7 ’ c-cm? - K4

3aBUCHMOCTD M3JIyUeHUsI OT YIJIa, KaK ObLIO IMOKA3aHO paHee, MPOIOPIHOHAIbHA KO-
cunyca yriia cos . CiaegoBaTelbHO, MAKCUMYM U3JIyUeHUsT HAIIPABJIEH TEPIEHINKYIIPHO
IJIOMIAJIKE, & B IJIOCKOCTHU IUIOMIAJIKU U3JIyUeHUEe HE PACIPOCTPaHseTCs (HHTEHCUBHOCTH
U3JIydeHusl paBHA HYJII0). Takum 00pa3oM, sHeprus J, KOTopasi OlpeJIe/isieTCsl BbhIpazKe-
areM (15.5), uzimydaercs npu Temieparype T’ OJHUM KBaIPATHBIM CAHTHMETPOM OBEPX-
HOCTU aOCOJTIOTHOTO YE€PHOIO Tejia 3a OJIHY CEKYH]LY.

15.2. AToMm B moJie n31y4eHust

Ilycrs rerepp B 10J1€ PABHOBECHOIO U3JIYYEHHsl HAXO- o
JIUTCA aToM. ByjieM paccMaTpuBaTh JIBYXYPOBHEBYIO CHU- 7}
cremy (cM. puc. 15.5), mpudeM u3jrydeHneM 4acToThl

w=——
h
A2
OyJieM 00J1ydaTh HEKOTOPBII aToOM. 1
[Iycts B HaYaBHBIH MOMEHT BPEMEHH aTOM HAXOJUT-
Puc. 15.5.

cd B BO30YKJIEHHOM COCTOSAHUU. Hepe3 HEKOTOpOoe BpeMsd
aTOM IIepeii/ieT B OCHOBHOE COCTOsIHUE. 3aTeM, MOTJIOTUB SHEPIUio fiw, aTOM CHOBA Iepeii-
JIeT B BO30Y2KJIEHHOE COCTOSHUE, a Yepe3 HEKOTOPOe BPeMsi B OCHOBHOE COCTOSIHUE, U TaK
nmasee (em. puc. 15.6).

Yuc10 epexoj10B n3 OCHOBHOT'O COCTOAHUSA 1 B BO30YKJIEHHOE COCTOTHIE 2 U HA00OPOT
pu OECKOHETHO OOJIBIIOM BPEMEHH HAOJIIOCHUA JOKHO ObITH OJMHAKOBLIM

t—o00: Niso = Noy

C TOYHOCTBIO JIO €IUHUIIBI.
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n pOTOHOB

2
b
tlé
1 t
n+1 doron
Puc. 15.6.

Paccumraem 4mciio 1mepexo/ioB ¢ IEPBOro YPOBHs Ha BTOpOil. Ecsm aroMm HaxomuTcesd B
cocTogHUn 1, 3HAYUT OH UCIYCTH (DOTOH C SHEPTUEH

E = hw.

CrenoBaTeibHO, B HEKOTOPO# moJsiocTn Haxoautced n + 1 doron. Yucio mepexoios,
O0YEeBUJIHO, TIPOIOPIIMOHAIBHO IUCTY (POTOHOB:

N:L*)Z = w12(n + 1) . tl, (156)

rJie Wis — BEPOSITHOCTD morjiomenns hoToHa (oJuHaKOBas Jijid BeeX (hOTOHOB),
t1 — BpeMsl, KOTOpO€e aTOM HaXO/IUTCAd B OCHOBHOM COCTOSTHUHT 1.
AHAJIOrTYHO MOXKHO BBECTH BpPEMsi, KOTOPOE aTOM HAXOMUTCA B COCTOAHUM 2, IPUYEM

to # ty.
[Ipeo6pasyst Beipaxkenue (15.6), moryaum:
N14)2 = wlgntl + w12t1. (157)

Yucs1o epexoj1oB u3 cocTogHus 1 B cCOCTOSTHIE 2 JIO?KHO OBITH PABHO YHC/TY 0OpaTHBIX
[IEPEXO/I0B €CJIU CHCTeMa HaXoJuTcsd B paBHOBecun. CJie10BaTEIbHO:

Nip = Noyy.

Besmanna Ny_o, coryacuo (15.7), cocTouT U3 JBYX CIaraeMbix, MepPBOe M3 KOTOPHIX
[IPOIOPITMOHAJIBHO YUCJIY (POTOHOB, & BTOPOE, HAODOPOT, OT UX YHUC/Ia He 3aBUCUT. Takmm
obpazom, BequunHa Ni_,o COCTOUT UX JIBYX YacTeil:

Nip = leiflg + Ni¥y = Noyy,
rae Ni"d, — qucjio nepexosos 1o JeiictreM n (OTOHOB,
NP, — 4ucio CHOHTAHHBIX [EePexXoJI0B (He 3aBUCSIIUX OT YuCIa POTOHORB).
BeposTHOCTD W), OLpPeEAeTCs KAK BEPOSTHOCTD BBIHYZKJIEHHOI'O LIepexo/ia 1o Jeii-
CTBHEM OJHOI'O KBAHTA:

wsp = U}Ql(l).


http://lectoriy.mipt.ru

http://lectoriy.mipt.ru 6u3 13

Jlekrusg 15. Tepmopmaamuka GOTOHHOTO ra3a. ATOM B I0JI€ W3/TyIeHUsT

CreoBaTeIbHO, CIIOHTAHHBIN TTEPEX0] aHAJIOTUIEH WH/IYITMPOBAHHOMY ITEPEXOJIY IO,
JiefictBueM oHOro KBaHTa (ojgHOro borona). Takum o6pa3oM, BEpOATHOCTH CIIOHTAHHOTO
nepexo/ia He 3aBUCUT OT HAJUYUA WX OTCYTCTBUSA TIOJIA U3JTyUEHUS.

[Ipu Takom niepexo/ie sHEPrus aroMa MununMusupyercs. Ciie/1oBaTeIbHO, BEPOSITHOCTD
CIIOHTAHHOTO U3JIyueHusl (TIePexo/ia ¢ BEPXHErO YPOBHsI SHEPIUK HA HUXKHUI) paBHA BEPO-
SITHOCTH MH/IYIIUPOBAHHOIO U3JIyUIeHHsl B CIydae oJHOro ¢horoHa (OJHOrO KBAHTA CBETA).

PaccmoTpuMm Tenephb 9McIo IEpexo/ioB ¢ BEPXHEr0 YPOBHs HA HUXKHUIL:

No1 = way - (n + 1)ts.

D1a Gopmysa MOKA3BIBAET, ITO UUCIO IIEPEXOJIOB 38 BPEMs ty PABHO ITPOU3BEICHUIO
BEPOSITHOCTH TI€PEXOJIA Wo U 1HCIa (HOoTOHOB (1 + 1).

B eunuiy BpemMeHu 9HCIIO MEPEXOJI0B ¢ BO30YKIEHHOTO YPOBHsSI HA OCHOBHOI (CKO-
POCTh Iepexojia) OHpPeIe/IsieTcs CIeIyIoUM 00pa3oM:

Nog_1 = w21<n + ].) (158)

Cornacuo BbipazkeHuto (15.7), IrCI0 IEpexo/IoB ¢ MepBOro YPOBHS HA BTOPOW B €1~
HUILy BPEMEHU OIPeesIseTcs CJIeIYIONIM 00pa30M:

NnNi_9 = wlg(n + 1) (159)

U3 coornomenmii (15.8)—(15.9) ciesyer, MOCKOIBKY CKOPOCTH IEPEXOJOB JOJIKHBI
OBITH PaBHBI, YTO
Wiz = W2y,

TO €CTh BEPOSITHOCTH MPAMOTO U OOPATHOTO TEPEXO/IOB OJIMHAKOBBI.

DTO sIBJIEHUEe HOCUT Ha3BaHUe «IIPUHIIUI JeTaJbHOTO PABHOBECHUS». JTOT IPUH-
IIUTI, HA CAMOM JIeJIe, BhIPazKaeT CUMMETPHIO CUCTEMbI OTHOCUTEILHO OOpalleHus BpeMeH!
(M3MeHeHns 3HAKA BPEMEHU Ha [IPOTUBOIOJIOKHDII ).

IlycTs Temeppb cucremMa COCTOMT M3 OOJIBIIONO HYHCIA o
aTOMOB B T0JIe u3jiydenud. [lycTb B OCHOBHOM cOCTOSTHUM 7} N,
HaxouTcd Ni aTOMOB CHCTEMBI, a B BO3OYKJIEHHOM COCTO-
stau — Ny aroMoB cucteMbl (eM. puc. 15.7). O6o3HaunM AE —hw
Jepes3 M cpejiHee Iucio (POTOHOB B CHCTEME.

[Ipumensst y»ke W3BeCTHbIE COOTHOIIEHUS, IOJIYIUM ¥ N,
9HCJIO aTOMOB, IIepelIe/IINX U3 COCTOAHNA 1 B cocTognme 2 |
3a Bpemd i:

NIHZ = Nlﬁwmt. Puc. 15.7.

DTO YUCJIO JOJIZKHO OBITh PABHO YUHC/IY aTOMOB, IEPENIEANINX U3 BO30YKICHHOTO CO-
CTOSHUSA B OCHOBHOE, KOTOPOE OIPEJIEISIETCS CAETYIONIM 00pa30M:

_ =, ind sp

rjie wy; — BEPOSITHOCTH CHOHTAHHOTO [EPEXOJIA.
Cute1oBaTeIIbHO, JIOJIZKHO BBIIOJIHSATBCS CJIEJLYIONIee PABEHCTBO:

Nlﬁwlgt = Ngﬁw;th + Ngwngt (1510)

B cuny Toro, uro
Wi2 = W21 = w12(1)7
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pasencTBo (15.10) MozKeT OBITH 3aIUCAHO CIIEYIONM 00PA3OM:
N1 n = NQ(”"’ 1)
CietoBaTesIbHO, OTHOIIEHUE YHCIa ATOMOB CHCTEMbI B OCHOBHOM COCTOSIHUH K THCIIY
aTOMOB B BO30YZKJIEHHOM COCTOSIHUI OIPEJIEJISETCs CIIeYIOIIIM 00pa30M:

N1 n—|—1

N, n

HpI/I Sa,ZLaHHOﬁ TeMIIEpaType T unucjio aroMoB B BEPXHEM M HHN2KHEM COCTOAHUU H3-

BECTHO, IIO9TOMY
N2 n hw

= — e kT ,

E_n+1

B sTom CJIlydae HETPYIHO HalTH YUCJIO N:

hw n+1

hw
erT — = n—+1=ner,

u, cjaeaoBaTe/JIbHO

hw 1

eit —17
YTO B TOYHOCTH COOTBETCTBYET [IJIaHKOBCKOMY MHOXKUTEJIIO.

Takum obpazom, popmysy Ilrarka MOXKHO IOy IUTh UCXO/IsI U3 TOTO, 9TO POTOHBI SIB-
JIAIOTCA OO30HAMHE, TO €CTb B OIPEJICJICHHOM COCTOSTHUM MOXKET HaXOIUThCA CKOJIb YT'OJIHO
00JIbIIIOe YNCJIO POTOHOB.

Oka3zaJjioch, 9TO BEPOATHOCTD UCITYCKaHUsA (POTOHOB TeM DOJIbIIE, YeM OoJIbIie (hOTOHOB
HaXOUTCS B CHCTEME. DTO ABJI€HNE MHOT/Ia HA3bIBAIOT «KOJJIEKTHBU3MOM» OO30HOB: IIPHU
OOJIBITIOM YHCJIe DO30HOB BEPOSITHOCTEH TOIO, UTO K HUM IIPUCOEIUHNATCS €Ie OIUH, OUeHb
BeJINKA.

DTO CBA3aHO C TeM, 4TO OO30HAM COOTBETCTBY-
er cratuctuka boze—ditnmreitna. [lycts ecTh HEKO- IN
TOpOE BEIIECTBO (JIByXypPOBHEBasl CUCTEMA), 3aIl0JI-
HAIOIEee HEKOTOPBI MUJINHIPUIECKUN 00beM (CM.
puc. 15.8). % Ny————

[Iycth Ha HUXKHEM YPOBHE CHCTEMbI HAXOJIHUT- AE
ca Ny gacruil, a Ha BepxHeM — Ny 4acTHI], IpUIeM

\4

N = N; + N,. N

Hanpasum Ha cucremy mziydeHue ¢ 9aCTOTONH w
TaKoil, YTO Pa3HOCTb MEKJIy YPOBHAMM SHEPIUU B Puc. 15.8.
TOYHOCTU paBHA

AFE = hw.

B stom CJIydae MHTEHCUBHOCTDb U3JIy4Y€HUsA 110 MEPE PaCIIPOCTPpaHEHUA CBE€Ta B CpPeJie
6y,ILGT yMenbliaTbCd 3a CHeT TOI'0, YTO aTOMbI 6y,ZLYT epexoauTb N3 HUXKHEIr'o COCTOAHUA
B BEpXHeEeE:

dl = —wabSINl dz+w5pN2 dZ+wabSIN2 dZ, (1511)

TJIE Waps = Wip — BEPOATHOCTD IOIJIONIEHUsT (DOTOHOB,
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I — MHTEHCHUBHOCTD IIaJal0OIIEero U3JIydCHUA.

B Boipazkenun (15.11) mepBblii 4eH B IPaBOil YacTU COOTBETCTBYET MOTJIONIEHUIO 13-
JIYIEHUsI, BTOPOM — CIIOHTAHHOMY WM3JIyYeHUIO, & TPEeTHuil — WHYIIMPOBAHHOMY W3JIyde-
HUIO. By,ZLeM CHUTaTb, 9YTO YUCJIO CIIOHTaHHBIX II€PEXOI0B Iopa3ao MEHbIIE, 9YeM YHCJIO
UHIYIIAPOBAHHBIX

Nsp < Nind~

[Ipu GosbIioM gucsie (GOTOHOB 3TO COOTHOIIEHNE BBITIOJIHAETCS ¢ OYeHb OOJIBINOH TOY-
HOCTBIO, ITOCKOJIbKY, KaK ObLIIO CKa3aHO paHee, BEPOATHOCTH CIIOHTAHHOTO U3JTyYeHUs PaB-
HO BEPOSATHOCTU WH/LYIIUPOBAHHOTO U3JTyYEHUsI OJIHOTO (POTOHA.

CreioBaTesIbHO, CIIOHTAHHBIM M3JIydeHneM B ypasaerun (15.11) MoxkHO mpeHeGpedb.
B srom ciryuae, o Mepe MpOXOXK/IEHUs B BEIIECTBO,

dl
7 = wabs(NQ — Nl) dZ.

Permras sro muddepennuanbuoe ypaBHeHIE IEPBOTO MOPSIIKA, TOJTY IHM:
= JyeV2—N)z (15.12)

[Ipu 3ajannoit TemmuepaTrype 1’ 9uc/I0 aTOMOB, HAXOJAAIIUXCS B BO3OYKIEHHOM COCTO-
SIHUM, BCETJIa MEHbIIIE, YeM B HEBO30YKJIEHHOM, TTO3TOMY

Ny < Ny.

B sTom ciayuae Oyzer HaOJIOAATHCA IOIVIONIEHUE CBETa 110 Mepe IIPOXOXKJICHUsI B Be-
IIECTBO, MOCKOJIbKY TOKA3aTeh SKCIIOHEHTHI B Bhipaxkenun (15.12) orpurarebHbIii.
OHHINTEWH 3aMETHI, 9TO €CJIN
Ny > Nl,

TO, TI0 Mepe MPOXO0XKIEHNs CBeTa, NHTEeHCUBHOCTD U3JIydeHus OyaeT yBeamdnBaThes. Ka-
3aJ10Ch ObI, 3TO MapaJIOKCAJILHDBIN PE3Y/IbTAT.

N, >N,

N, <N,

Puc. 15.9. Puc. 15.10.

3aBUCUMOCTb WHTEHCUBHOCTH (B JiorapuMUUIecKOM MaciiTabe)orT KOOPJIMHATHL Z B
oboux cirydasx OyJer mpejicraBieHa Ha pucynke 15.9. I'paduk 3aBucuMocTy MHTEHCUB-
HOCTH OT KOODJMHATHI 2 (He B JjiorapudMUIecKOM Maciirabe) MpeJcTaBjieHa Ha PUCYH-
ke 15.10.

Taxum obpasoM, ecjim HEKOTOPBIM 00pa30M CO3JIaTh CUCTEMY, B KOTOPOit

N2 > Nl,
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TO Takas cpefia OyJeT YCUINBATh BXOIAINN CUTHAJ.

Ciryqail, Korjia 9ucjo aToMOB Ha BO30Y2KJ/IEHHOM YPOBHE OOJIbINe, YeM Ha HEBO30Y K-
JIEHHOM, Ha3bIBAETCsl MTHBEPCHOI 3aCEJI€eHHOCThIO YPOBHeii. IlHBepcHyio 3ace/ieHHOCTD
YPOBHEll CUCTEMbl MOXKHO PAaCCMATPUBATHL TaK, CJIOBHO CHCTEMa UMEET OTPHUIATETbHYIO
TEMIIEPATYPY.

15.3. InBepcHas 3aceJIeHHOCTh YpOBHeil. Jlazepsl

OxkazaJioch, 9TO CO3/1aTh CPeJLy C MHBEPCHOM 3aCe/IeHHOCTRIO YPOBHE(T BO3MOXKHO. Pac-
CMOTPUM HEKOTOPbIE CIIOCOOBI CO3/IaHNS MHBEPCHO 3aCE/I€HHOCTH yPOBHEI!.

Cucrema ¢ WHBEPCHON 3aCeIEHHOCTHIO YPOB- 9
Hell, 049eBUIHO, OyJ/IeT HEeyCTOIYIMBOIl: TaKas CHCTe-
Ma, sIBJISIeTCS HepaBHOBECHOM. YTOOBI CO3/1aTh TAKYIO hew
HEPABHOBECHYIO CHUCTEMY, Ka3aJIoCh Obl, MOYKHO 00-
JIy4aTh HEKOTOPYIO JIBYXYPOBHEBYIO CUCTEMY H3JIy- TR
YEHUEM C 4YaCTOTON w, PABHON OTHOIIEHUIO PA3HOCTHU
YPOBHEI SHEPTHUH K IIPUBEJICHHOI mocTogHHoi [Lan- 1
Ka

w = % Puc. 15.11.
h

Teopernydeckn, 3TO JIOKHO INPUBOJIUTH K BO3- 2 N, >N,
OY2KJICHUIO ATOMOB Ha BEPXHUI SHEPreTUIECKUil yPO- B
Benb (cM. puc. 15.11). .\/w\,)

SN

OjHako, J10OUTHCST WHBEPCHOW 3aCEICHHOCTH OG>

YPOBHEI TaKUM CIIOCOOOM HEBO3MOYKHO, ITOCKOJIBKY ~
BEPOSATHOCTU TIEPEXOJ0B U3 BEPXHETO COCTOTHUS B
HIZKHEee 1 Ha00OpOT, KaK OBbLJIO TIOKA3aHO paHee, OJu- 1
HAKOBHI.
Puc. 15.12.

[Iycth, HATTPEMED, B HEKOTOPBIHT MOMEHT BpEMEHM
C TIOMOIIIBIO MOIITHOTO KOPOTKOI'O UMITYJIbCa OOJIBIITMHCTBO ATOMOB OKA3bIBAETCS Ha BEPX-
HeM yposHe (cm. puc. 15.12). B sTom cirydae cucrema Gy/er siBIsITbCS MHBEPCHO POBHO
CTOJILKO BPEMEHHU, UeMy PaBHO BPeMsl >KM3HU aToOMa B BO30Y2KJIEHHOM COCTOSHUU.

Paccmorpum jipyroit, 6ostee 3pheKTUBHBIN CIIoco0 cO3/IaHnsl MHBEPCHOM 3aCe/IEHHOCTH
yposHeit (em. puc. 15.13). Tlycrs cucrema cocTouT U3 Tpex ypoBHeil SHEpruu.

W3BecTHO, 9TO BEPOATHOCTD MEPEXOI0B 3aBUCUT 3
OT CIIMHA O YEeTHOCTU HAYAJIBLHOIO U KOHEYHOI'O CO-
crogaud. Ecim okaxkeTcs, HarpuMep, 9To yPOBEHDb 2

nMeeT OYeHb CIIMH 110 CPaBHEHUIO C ypOBHeM 1, TO _\7@% 9
BpeMsl KM3HH aTOMOB Ha yposHe 2 Oyjaer Oojbie, _~_5

JeM Ha ypoBHe 1. DTO NpHUBEIET K TOMY, 9TO aTO- A~ iw
MBI «3aCTPSIHYT» Ha BTOPOM 3HEPIreTUIEeCKOM YPOBHE

CUCTEMBI. 1

Kak 0bL10 1M0Ka3aHo, HAIIPSIMYIO IIOITACTh C YPOB-
st 1 Ha ypoBeHb 2 He mojiyunTcs. OTHAKO, MOXKHO
BOBOY/IUTH TPETUIl SHEPTETUIECKUN YPOBEHb, KOTOPBIH JIO2KEH 00/1a/1aTh HEHYJIeBO Be-
POATHOCTBIO MEPEXO/IA ATOMOB Ha BTOPOIl YPOBEHb.

STO IIO3BOJIAET «HAKOIIUTbh» aTOMbl Ha BTOPOM 9HEPI€TUYICCKOM YPOBHE 1, TaKHUM 06—
pa30M, CO3/1aTh NHBEPCHYIO 3aCEJIEHHOCTH YPOBHEN HA JIOCTATOYHO OOJIBINON TPOMEIKYTOK

Puc. 15.13.
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BpemeHu. Bpems Ku3Hu Ha BTOPOM YPOBHE, TAKHUM 00pa30M, OYJIET JJOCTATOYHO OOJIBIITIM
10 CPABHEHUIO C PA3JINYHBIMUA CIIOHTAHHBIMU ITEPEXOIAMH.

Cucrema Ha pucynke 15.13, Takum o6pa3oM, SBJIsIETCS yCUJIATEIEM CBeTa (CHCTEMOi
C OTPHIIATEILHOI TeMIepaTypoii).

Vay4amuTb Ko3(DOUIUEHT II0JIE3HOIO JIeCTBUS 4
TaKOH CHCTEMBI MOYKHO, HAIIPUMED, CO3/aB IETHIPEX-
ypoBHeBy1o cucremy (cm. puc. 15.14). B arom ciyudae,

«HaKaIMBasg» YeTBEPTDIi YPOBEHb SHEPTUU ATOMAMH, % 3

OyayT Hab/IONATBCS OC/Ie/I0BATE/IbHBIE IEPeXOABl ¢ 3

YeTBEPTOro yPOBHS Ha TPETHii, a 3aTeM Ha BTOPOMH :

yPOBeHb. B cmity Toro, 4ro mnpu 3aJaHHOil TeMepa- Bt ndhit

Type \ 2
Ns < Ny < Ny, .

B IIOJICUCTEME, COCTOSIIEeil X SHEPreTUIeCKUX yPOB-
Heii 2 u 3, JIETKO JIOOUTHCSI MHBEPCHON 3aCEJIEHHOCTH Prc. 15.14.
YPOBHEI.

Ota cucrema Oymer obiamaTh 3HaunTebHO OosbiuM KII/I, wem TpexypoBHeBasi cu-
crema. PaccMoTpuM NpakTHYECKYIO Peain3aliiio TaKOi CUCTEMBI.

[lonsiTe MHBEPCHOI 3aCE/IEHHOCTH U OTPHUIATEILHON TeMIIepaTypbl JEKUT B OCHOBE

paboThI Jia3epoB.

Onpepenenne 15.4. Jlazep (or auru. light amplification by stimulated emission of
radiation) — KBaHTOBBII reHEPATOP CBETA, TO €CTh CUCTEMA, MCIOJIb3YIOIas WHILYIIUPO-
BaHHbIE II€PEXOIbI.

Yrobbl CO31aThb T'€eHepaTOp CBETA, H€O6XO,HI/IMO HUIIeTb OJIKAIKA SHEPIUH

AKTUBHYIO cpely 1 (Hampumep, TPeXypOBHEBYIO CHCTEMY

Ha pucyHke 15.13), koropasi Oyjer momelneHa B pe30HA- 2 W13 2
TOp 2, cozaronmit obpaTHyto cBs3b 3 (cM. puc. 15.15). 1

ObpaTrHast ¢BsI3b HEOOXOAMMA JIJI TOTO, 9TOOBI CreHe- AKTHBHAST 3
PUPOBAHHOE U3/IyUeHNe BO3BPAIIAIOCH B AKTUBHYIO CPEJLY. cpena
B sToM citygae npu mpoxoKIeHUH U3y IeHUsT 9epe3 CPeLy
IIPOUCXOJIUT OBICTPBIN IEPEX0/I U3 BEPXHEro IepeHaceseH-

HOTO COCTOSIHUSI B HIXKHEe.

Ocy1iecTBIsgs HEIIPEPBIBHYIO MOJIKAYKY SHEPTUU C Ua- Puc. 15.15.

CTOTOI w13, HEOOXOIMMOI JIJIsT TIepexoia ¢ MEPBOT0 JHEPre-
TUYECKOI'O YPOBHSI Ha TPETHUil, MOJIyIUM HEIIPEPBIBHBII MeHEePATOD CBETA.

[lepBerit stazep ObLI CO3MaH Ha OCHOBe pyOmHA (TBEpIOTEJBHBIH Jiazep). B kpucrawt
Al,O3 6bL 106aBIeHBI aTOMBI XpoMa, Cr. DHEpPreTudecKuii CIIeKTP TOH CUCTEMBI TIPE/I-
cTaBJleH Ha pucyHke 15.16.

[epexospr n3 y3kux mosioc AloO3 Ha HukHUi ypoBenb Cr 06pa3yioT TpexypOBHEBYIO
cucremy. Co3/iaTh TBEPIOTEIbHBIN Jla3ep OBLIO MPOIIE, YeM Ia30BbIil, TOCKOJIbKY B HEM
COJIEPZKUTCS OY€HDb DOJIBINOE YUCIO0 ATOMOB

N ~ 10% mryk,

U, CJIEJIOBATEILHO, JIOOUTHCS MHBEPCHO 3aCE/IEHHOCTH YPOBHEH JIOCTATOYHO MPOCTO.
T'BepioTesibHbIE JTa3epbl OOBIYHO UMITYJILCHBIE: JIAMIIA-BCIIBIITKA BO30YKIAeT YPOBHU
AlyO3, aTOMBI ¢ KOTOPBIX TIONAIAI0T BHAYA/IE Ha BO30Y K IEHHBIN YPOBEHD XPOMA, U, 3aTEM,
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CHOBa Ha MepBbIil (OCHOBHOM) ypoBeHb (cM. puc. 15.16). Ilepexos nMeHHO MeXKy STUMU
JIByMsl YPOBHAMU I'€HEPUPYET CBET B TAKOM JIa3epe.

peBOHchrii
>A1203 nepexon
S Cr el e
I

W

He Ne

Puc. 15.16. Puc. 15.17.

[Tocsie TBEPAOTENBHBIX JIa3€POB YAJIOCHh CO3JIaTh ra30Bble Jiazephl, Halpumep — He —
Ne snazep. Crpoenue sHepreTUYecKux ypOBHEHl 3TOro Jiazepa IpeJCTaB/IeHO HA PHUCYH-
ke 15.17.

Bragase nponcxoaut Bo3Oyxkaenne aromMos reyms. C BO30YK/IEHHBIX YPOBHEH aToMa
reJius IMPOUCXOJIUT PE30HAHCHBIN Iepexo] Ha BO30YK/IeHHbIe YPOBHU HEOHA C MOCTIEIYIO-
UM BO3BpAIlEHHEM K OCHOBHOMY COCTOSIHUIO aTOMOB HEOHA M UCIyCKaHueM (hOTOHOB €
JacTOTON hw.

N3 pucynka 15.17 BuaHO, 9TO Takas cucreMa, (DAKTUIECKH, ABJIACTCA JBYXYPOBHEBOMN
C TPOMEXKYTOYHBIM COCTOSHUEM, ITPUYEM BO30YKJEHUE TeJIUsd IMPOUCKXOIUT C ITOMOIIHIO
9JIEKTPOHOB.

Yepes TpyOKy, cojiepxkKaiiyio cMech reius He u
neona Ne, 1mojaercs BbICOKOe Halpszkenue V', Bejie/- /V\

CTBHE 9Ero <«3ayKUIaeTCsi» SJIEKTPUIECKUH paspsi
(em. puc. 15.18). DroT paspsy Bo3OyXKIaeT ATOMBI
reJinst, KOTOpble, Kak ObLIO CKa3aHO paHee, Pe30HAHC- g
HBIM 00pa30M BO30YK/Ial0b ATOMBI HEOHA.

Bea cucrema okpyzkena peszonaropamu Pabpu — =
[lepo (3epkasamu). Vzimydenne TPOXOJUT MEXKIY He —Ne
3epKajJaMi OYeHb OBICTpO, B pesy/braTe dero ce L
aTOMbI OBICTPO TIEPEXOJAT HA HUKHUN ypOBEHb.
Puc. 15.18.

DJIEKTPUYECKHIT Pa3psi/i MOYKHO CO3/IaBATh MOCTO-
ssuno, nosromy He—Ne Jrazep mmeer cpaBHUTEIHHO 4 Nd-mazep
HEOOJIBITYIO MOIITHOCTb.

YeTwIpexypOBHEBBIH J1a3ep HA OCHOBE HEO/IU-

ma Nd mnpejgcraBien na pucynke 15.19. B mem rme- % 3

PEXOJ[ C TPETHETO YPOBH:A Ha BTOPOi ABJIAETCA ONTH- 3

YEeCKUM TIePEX0I0M, TEHEPUPYIOIINUM U3y dYeHUE. ;
Ha cerojusmauii 1eHb TaKoii 1a3ep SBJISETC OJ1- R i

HUM 13 HamboJiee MOIIHBIX, ITOCKOJbKY B YeThIPEX- \ 2

YPOBHEBOI CUCTEME BO3MOXKHO IOJyYeHUEe CUCTEMBI 1

C CUJIbHOI MHBEPCHOH 3aCEJEeHHOCTBIO YPOBHEMH, KO-
rga, HallpUMep, B cjydae HeOIUMOBOIO Ja3epa, Puc. 15.19.

N3 > Ns.
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[ToCcKOIBKY COCTOSIHME ¢ MHBEPCHOR 3aCesleHHO-
CTBIO SBJISICTCS HECTAIMOHAPHDBIM, TO BpeMs >KU3HH AW,
aTOMOB B TaKOM cocTrogHun KoHe4dHo. CJieioBaTeiib-
HO, CyIIecTByer 4actora Aweys (cM. puc. 15.20) Ta-

Kag, 4TO
Aw -7 ~ h.
o w
0
Nsznydenune naxojaurcss B pe3oHaTope Dabdpu —
[lepo, KoTOpbIii IIpejcTaBigeT cOOOM CHCTEMY C Puc. 15.20.

OYeHb BBICOKOI J100poTHOCTHIO. CJie/10BATEIbHO, Pe-
30HATOpP «BbIOMpaeT» B Aw y3KWe JIMHUM, B PE3yJIbTaTe 9ero TeHepUupyeMoe H3JIydeHne
SIBJIACTCS MPAKTUIECKA MOHOXPOMATUYECKIM.

[TockosibKy Ta30BbIil Jazep umeer GoJbINON ducao aunuii (em. puc. 15.20), To OH sB-
JIsIeTCsi MHOTOMO/IOBBIM J1a3epoM. CyIIecTBYIOT CocoObl CO3/IaHus OJJHOMOIOBBIX Jia-
3€pOB, '€HEPUPYIOIIUX U3JIyUYeHUEe CTPOro OJHON JacTOThl. B 9TOM ciyvae mupuHa eIuH-
CTBEHHOTO TICHTPAJILHOTO ITHKA OIPEIC/IIETC CJIEIYIONMIM 00Pa3oM:

w
Awls = @ < Aw.

JlazepHas TeXHUKa IPOJIBUHYJIACH TaK JAJIEKO, YTO YIAJI0Ch CO3IaTh Jla3epPhl HA OCHOBE
OOJIBIIIONO YUCJIA PA3/JINIHBIX BEIECTB: B JIFOOOM BeIecTBe BCerja MOXKHO HaflTH ypOBHU
SHEPIUN, KOTOPhIE MOYKHO KCIIOJIB30BATh JIJIsI CO3/IaHNsI NHBEPCHO 3aCEJIEHHOI JBYXYPOB-
HEBOW CHCTEMBI.

OHUM U3 CIOCODOB YHUITOXKEHUST OAITUCTUIECKUX PAKET SABJISETCS «IIPOKUTAHIE
X MOIIHBIM JIa3epHBIM JydoM. 3-3a qudpakimoHHOro yIupeHnus: TaKoil J1a3ep J0JzKeH
UMeTb OYeHb OOJIBIIYIO0 MOIIHOCTD. [Ipu Mpon3BojicTBe TaKUX JIa3ePOB BOSHUKJIO JIBE IIPO-
6J1eMbl, KOTOpbIE TIPUBEIN K 3aBEPIIEHNIO MOI00HBIX Pa3spabOTOK.

Jleno B ToM, 9TO B j1a3epe 00sI3aTeIbHO JIOIXKHO IIPUCYTCTBOBATEH OTParKarollee 3epKa-
70 (pe3oHaTop). AGCOMIOTHO OTPAKAOIINX TeJl He OBIBAET, MOTOMY ¥ Pe30HATOpa BCeria
ecTb HeOOJIbINON KOI(MMDUIIMEHT IOTJIONIEHNSI, IIPUMEPHO PaBHBII

a~10"%.

[Ipu oueHb 6OJIBITON MOIITHOCTH BEJIMINHBI TAKOIO KO3 UIIMEHTa TOTJIONIEHNS J0CTa~
TOYHO, UTOOBI IIpK paboTe jazepa oTpazkKaTeb HAI'PeJICs HACTOJIbKO CUIBHO, YTO Hadal
Ob1 ncnapsaThesi. Cpok ciIy>KObI TAKOTO Jla3epa B 3TOM Ciydae OyeT He IMPEBBIaTh JIBYX
«BBICTPEJIOBY.

B nabopaTopHBIX YCJIOBHUSAX IS CO3JAHUSA MOIIHOIO JIA3EPHOIO IIy9Ka HCIOJIb3YeTCs
0OJIBITIOE YUCTIO JIA3€POB, C(POKYCUPOBAHHBIX B OJIHY TOYKY.

IIpumep 15.1. Ilyctb B J1a0OpaTOpPHBIX yCJIOBUAX OBLI MOJyYeH TBEPbIH JefiTepuil ¢
XapaKTEePHBIM PAa3MEPOM
[ ~2=+3MMm.

Eciu ckonnenTpupoBaTh Ha 9TOH YacTuile MU3JIydeHre OOJIBIIONO HHCJIa JTOCTATOYHO
MOIITHBIX JIA3€POB, TO IIPOUCXOUT UCHAPEHUE JIEUTEPUs C MOCEYIONUM HATPEBOM ILIa3-
MBI JIO TEMIIEPATYPbI, JTOCTATOYHOMN JIJIsT OCYIIECTBJICHUST PEAKIIMU TEPMOSICPHOTO CHHTE-
3a.

B macTroamuit MOMEHT B MHUPe CYIIECTBYeT BCETO TPH MOI00HBIE yeTaHOBKY. Vcnosb3o-
BaHUe MOJIOOHBIX JIA3€PHBIX YCTAHOBOK B SHEPIeTUYECKUX IEJITX OECCMBICJIEHHA, TIOCKOJIb-
Ky BBIJe/IseMast SHEPrUusl MHOI'O MEHbIIIe SHEPIUH, 3aTpadnBaeMoil Ha pabOTy J1a3epoB.
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B HacCToOdI1Iee BpeMd TaKne yCTaHOBKI/I paccMaTpuBarOT- 1
Csl KAK BO3MOXKHBIN MCTOYHUK HEHTPOHOB, MO3BOJIAIOIINX —
e——
UCCJIeI0BATH, HAIIPUMEP, CTPOEHHE BEIeCTBA. A
A
HpI/I IIpoBeeHUU IIOA3EMHBIX AJE€PHbBIX B3PbIBOB (CIVI. |= 2
puc. 15.21) B oveHb TIyOGOKHUil KOJIOJEI 3aK/Ia BIBAETCS i
1
BogiopoHast 6omba (H-bomb). Ceepxy kososia ycranas- Nt o

JIMBAETCsl M3MepHUTeIbHasl annaparypa 1 (Hampumep, Heil-
TPOHHBIE JIETEKTOPDI).

IIpu B3pbIBE GOMOBI IIOTOK HEATPOHOB 2 YCTPEMJISIETCS
BEPTHUKAJILHO BBEPX CO CKOPOCTBIO CBETa, KOTOpas HaMHO-
ro 6oJIbIlle CKOPOCTH YAAPHON BOJIHBI, YTO ITO3BOJISIET OCY-
IIIECTBJIATH UMITYJIbCHBIE UCCIEIOBAHUA C OOJBIIUM YHC-
JIOM HEHTPOHOB. H-bomb

Ha cerogpsamuuii jgeHb J1a3epHas TEXHUKA HaXOIUT
IIpUMEHEHNE BO MHOI'UX O6ﬂaCTHX HayYKN 1 TEXHUKMH.

e ——————————————0
_____________________}

---mmTTTTTTS
3

yAapHas
BOJIHA

Puc. 15.21.
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