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8 .!l8HHOil: paOOT9 H8 OCHOB9 KHH9Til'I9CKOrO yp8BH9HHSI LlJ'IR pemiTHBHCTCKHX 38pR)K9HHbiX 

'i8CTHU CTpOSITCSI 38MKHYTb!9 rH.!lpO.!lHH8MH'i9CKH9 yp8BH9HHSI C ilOMOIUb!O J'IOK8J'IbHOro, OOOOlU9H

HOrO Ha penRTHBHSM MaKcBennoBcKoro pacnpe.aeneHHSI. B 9TOM cMbiCne nony'ieHHbie ypaBHeHHR 

Ill 
CJ19.llY9T H83B8Tb yp8BH9HHSIMH nepBoro ilpHoJ'IH)K9HHSI o 

Jlng K8)K.llOrO BH.ll8 38pSI)K9HHbiX 'i8CTHU oepyTCSI '"CBOH" M8KCB9J'IJ'IOBCKH9 p8Cilp9.ll9J19HHSI 

H. CTOJ'IKHOB9HHSIMH M9)K.lly 'i8CTHU8MH p83Hb!X BH.llOB npeHeoperaeTCSI, 3TO OTB9'i89T "ilOJ'IH)KH.ll

KOCTHOMY " npHOJ'III)K9HHIOo 

AHanorn'iHbie ypaBH9HHR 1-ro npu5nH)K9HUSI nonyqeHbi T8K)Ke .llJ'IR cnyqag, K,or.aa Y':IHTbr-

B89TCSI p8.llH8UHOHH09 TOpMO)K9HH9 'i8CTHU BO BH9I1IH9M H C8MOCOrJ18COB8HHOM ilOJ19, 

ru.apO,llHH8MH'i9CKH9 yp8BH9HHSI (oes Y'i9T8 p8.llH8UHOHHOro TOpMO)K9HHR) p9J'ISITHBHCTCKHX 

/2/ 
38pSI)K9HHbiX 'i8CTHU, ilOJ'IY'i9HHbl9 H8 OCHOB9 tP9HOM9HOJ'IOrH'i9CKOrO ilO.llXO.!l8 (eM., H8ilpHM9p, ) 

/3/ 
C HCilOJ'Ib30B8HH9M T9H30p8 9HeprnH-HMilYJ'IbC8 peJ'ISITHBHCTCKOA H.!l98J'IbHOA )KH.!lKOCTH , He 

"wupe" ilpHB9.ll9HHbiX HH)K9, B TO )K9 Bp9MR HCilOJ'Ib30B8HHblil: B .ll8HHOA paooTe M9TO.!l il03BOJ'ISI-

9T nyTeM Cp83H9HHSI Bbip83HTb B SIBHOM BH.!l9 T8KH9 napaMeTpb!, BXO.!lRIUH9 B tP9HOM9HOJ'IOrH'i9-

CKH9 ypaBH9HHSI, K8K 9HTpOilHIO, T911J'IOBYIO tPYHKUHIO, BHyTp9HHIOIO 9HeprHIO H T,.ll-, B 9TOM CMb!CJ19 

BbropaHHbiil: M9TO.ll K8)KeTCR rrpe.nno'iTHTen&Hee <PeHOMeHonoruqecKoro. OH no.nqepKHBaeT T8K)Ke 

npHOJ'IH)K9HHOCTb ilO.llXO.ll8 H OTKpb!B89T nyTb .llJ'ISI B03MO:>K.Hb!X .!l8J'IbH9ii:WHX OooouieHHil:, 

1. J.1cnOJ'Ib3yeM KHH9TH'i9CK09 ypaBH9HH9 LlJ'ISI K8)K.ll0rO COpT8 'i8CTHU, ilOJ'Iy'ieHH09 B paoo

/4/ 
.T9 , npu STOM B K8'i9CTB9 HMilYJ'IbCHb!X nepeM9HHb!X B03bM9M Pa = m

0 
y f3a , 

x) 

( 1 ) 

L - KynoHOBCKHil: norapli<PM, 

. /4/) 3 
(oo03H8'i9HHSI, 38 HCKJ'IIO'i9HH9M yK838HHblX 1 B3SITbl H3 , .ll9Cb B COOTB9TCTBHII C npO.llilOJ'IO-

)K9HH9M, C.ll9J18HHblM p8HbW9 1 OCT8BJ19H J'IIIW b IIHTerpaJ'I CTOJ'IKHOB9HHil: 'i8CTHU O.llHOrO COpT a, 

0 

p a - B ilpHB9.ll9HHOM yp8BH9HHH onpe.neJ'IR9TCSI K8K BH9WHHMH, T8K H C8MOCOrJ18COB8HHblMII 

9J19KTpOM8rHHTHbiMH ilOJ'ISIMH, 

x) 
rpe'i9CKH9 HH.!l9KCbl npooeraiOT 3H8'i9HHSI 1,2, 3, 8 J18THHCKH9 IIH.ll9KCb! (cM,,Il8J'IbW9)-

1,2,3,4. 

3 



YfaTerpHpySI ypasaeaHe (I) no HMnynbCHOMY npocTpaHcTBY H yMHo>KaSI ero nocne.lloBaTenb

/4/ 
HO Ha p H p "" i_ E 

>.. 4 c 
H T8K>Ke HHTerpHpySI no HMnynbCHOMY npOCTp8HCTBY 1 nony'IHM 

ypaBH9HHH MOM9HTOB 1 KOTOpble 6y .llY'IH 38nHC,8HHbiMH B 4-MepHOM BHL(e 1 BbiT'nH,llSIT T8K: 

a < ~>] = __::__ F p <~> = Pi!! jk 
y m c2 lk - y m c3 

0 0 

(2a) a q r P 
k 

(26) 
a r Uk aq p <->1=0. 

k y 

MoMeHTbl (ayneBOlt H nepBbift) OT HHTerpana CTOnKHOB9HHft '18CTHU O,llHOI'O COpTa o6p8TH-

nHCb1 ecTeCTB9HH0 1 B Hyn&. 

~k - T9H30p aneKTpOM8I'HHTHOI'O nonSI 1 

p - nnoTHOCTb '18CTHU B na6opaTOpHOft CHCT9Me KOOp.llHHBT. 

p= fl d3p, 
1 <a> = __ f I a d 3p. t, =p<~> -no.lleneHHhift aa 
p y 

m
0 

c 2 
TeH30p aaeprHH 

HMnynbCa I'838 38pSHKeHHbiX '18CTHU 1 

jk - nnoTHOCTb 4-TOKa. 

,., - 4 - CKopocTb 'IBCTHU: u1 = I {3 y, i y I, · ep<..E.!L >:!.. jk, , a y c 

Tlk , p , ik - tPYHKUHH KoOp.llHHaT u speMeau. 

D.nH 38Mb!K8HI'IH CHCT9Mbl (2) B03bM9M 38 I noKan&aoe M8KCBennOBCKOe pacnpe.lleneHHe. 

3.llec& 

paTypa 

npii 'Da 

c"ii,~ c"ii1 1} 

e--;o ekO 
f - ------- -----

- ~~ 3 3 = P s.:iiut 3 = P 
f e k fJ d P d q f e k8 d P 

c iii Pt 

Jl-"ko 
ciie p-,--

fe k d
3
p 

m0 c2 iij u 1 

_L~c-o-

~&u; UJ 3 
fe k d p 

(3a) =p 

eiijA1 c-;;1 ~ 
- 6-k(J- fe"v- d

3 p 

p - r d3 q [ e !!f(/J r ;- :& P1 d 3 ~] 
(36) 

- 1 
u - I'H.llpO.llHHBMH'lecKaSI 4-cKopocT&: fi1 = I < {3 > y, j y I 1 Y = -:;====== · 6-TeMne-

1 a Vl-<t:h X.f3a> 
B CHCT9Me K~Op.llHH8T 1 r.a.e I'83 B ,ll8HHOlt ~O'lKe nOKOHTCH:__lL= <y/32 >=<yf32>=<y{32 > 

- - m c2 t 2 3 
= o, u., ., i • napaMeTpbl p ' a, ' 6 C'IHT8IOTCSI tPYHKUHSIMH Scex '19Tb!pex KOOp.D.HHaT; 

e A· ~ = P;+c- ~ A; ecT& 4-BeKTOp nonH. 

D.nH Bbl'lHCneHHJI HOpMHpOBKH <J!yHKUHH f II Bbl'iiiCnelfiiH 7fk H jk C nOMOWbiO STOlt 

tPYHKUIIH 
/5/ 

paCCMOTpiiM 2-"'b. c u, u, 
d'p cP = r e kO (4) -y-

· a' 1 · D.nSI K8>K.llOJi npocTp8HCTB9HHO-BpeMeHHOft TO'IKH cP = znv 1 T8K K8K p Y = znv. noaTOMY 1 BBe-

,!lSI B K8>K.llOft TO'lK9 ( H938BHCHMO) CIICT9My KOOp.llHH8T1 I',lle I'83 nOKOHTCH, T.e. 

aaft.lleM: 

~ =4rrm 3c3_M_ K(~~ ), 
o m

0
c2' k(} 

4 

ii = 0 jj,.j, 
a I " 

(5) 



2 

K
1 

(a;(; )-1- aSI cpyHKUHSI MaK.llOHanb.lla. 

2 2 

BBO.llSI e, = ~(); u, (H3 
- 1llo c ---~ ) 

U I u1 =-1 - cne.llyeT ---:-ro-= J-e, ,;1 1 3anHW9M 

'' 
p < ~ > = f f u, u k d

3
p "' i p a2¢1 a.;, a.;k 

a¢1 a e. y y 

VfcnOIIb3J!I 1-ro 'laCTb ypaBH9HHSI (6) H (7), Hai!:.ll9M 

c iij P 1 

e k8 
f = ~---:---...:.......,;::-"7 _____ --;;~::-

4TTm:c3(e8Sr'; ~K (_!!loc
2
)d

3
q 

. me 2 k8 
0 

p 

= 

2-
~~ 

P e k(J 

(6) 

(7) 

(Sa) 

(86) 

< ;!.L > = ~t ; 

-- 2 
T. = u, Uk>= [ u1uk G( m~c)+ 1 k8 .., 1 G= _K, • (g) 
lk P < -y- P -~- kO y --;n(?ulk' ' 

y o K2 y y 

no.llCTaBHM (g) H (2). Tor.lla OKOH'IaTenbHO nony'IHM cne.llyiOWJ!O 3aMKHJTYIO CHCTeMy (npH 

.ll05aBneHHH ypaBHeHHi!: MaKcBenna .llnSI sneKTpoMarHHTHoro nonSI - BHewHero H nonSI qacTHu) 

I'H.llpO.llHHaMH'19CKHX ypaBH9HHi!: 1-ro npH5nH:lK9HHSI 

(lOa) 

( 106) 

npli 8-+ 0 cpyHKUHSI G ( mQ C 2 ) -+1 H ypaBH9HH!I (lOa) COBna.llaiOT no cpopMe, ecTeCTB9HH0 1 

k8 ' 
C ypaBH9HHSIMii, OnHCbiBaiOWiiMH .llBii:lK9Hii9 O,llHOit qaCTHUbl B sneKTpOMai'HHTHOM none j npli 

OTCJTCTBHH :me sneKTpOMai'HiiTHOI'O non!! li ni060M 8 - C TaKOBb!Mii .llnSI He3apSI:lK9HHOI'O 

/5/ 
ra3a 

YMHO:lKaSI (lOa) Ha Ui; (H CJMMHpyH, KOH9'1HO, no 

/5/ 
nony'IHM 1 KaK B 

a 
u --

1 a q 
I 

HnH, Hcnonb3yH ( 106) 

I fn [~ 
y K(mc2/k6) 2 0 . 

5 

e 

2 2 
-~ G !!!.R_! k1F (k(j) 

1 I= o, ( 11 a) 



a - 2 -I ut _g__en [ __£__ moe i' k(} 
aq1 y y K2 (miillk0) 

m e2 m e2 
e-kff- 0 

(=fij-J ] I= 0 • 

Onpe.oennM Tenepb: 

w = p ..... 
y 

2 m e 2 • 
m0 e G (#) =znv~ p = pk(} = pk T =inv, 

y 

2 m e 2 
-£ = p m c 2 <y> = p me [ G ( -Q..-) y - 1 kO 

-iiie1 
0 

0 0 k(} 
y 

2 2 2 

T = 0/y 

] , 

a =_P_ 
y 

fn [ .!__ mo c I k (} 
Y K2 (m

0
c21 k(}) 

-~G(~) 
e ktl kU ] = inv. 

( 116) 

( 12) 

W - TennoB~st cPYHKUIIH e.oHHRUbl 06'beMa, £ - aHyTpeHHHSI aHepriiH e.oiiHIIUbi o6'beMa, T -

T9MnepaTypa, p - ,OaBneHRe, l7 - SHTpOIIIIH e..OIIHIIUbl 06'b9Ma. 

CoOTBeTCTBeHH0 1 ecnii nepeltTII B KB:>K.OOA TO'IK9 B CIICTeMy KOOPLliiHBT1 r.oe ra3 llOKOHTCst, 

HB.OO IIOnO:>KIITb y = 1 1 II y'leCTb0 'ITO (} -cxanstp, OIIpe..oeneHHblft niiWb B C06CTB9HHOA CRCTe

Me. Tor.oa 

w 2 m e 2 
wo = Po mo c G ( ~k T- ) ; 

• 0 
To=(} p=p =pkT=p lr.T; 

0 0 0 

fo p0 m0 c
2 

[ G ( ~of ) - ! ~ ] =-:, - p0 
0 0 

(13) 

2 m.Jl 2 
a = ~ = p fn [ p ZDqe I k T0 -i'F o (;a:) 

o o Kl(m (!I k T_) e o o ] • 
0 0 

npii 6onbWIIX T9MIIepaTypax G.( *)=J:n4' llpii Manblx TeMnepaTypax G (/12
) = 1 + ~ mk ~2. 

0 0 0 0 

Tor.oa, B 'IBCTHOCTII, llpii MBnbiX TeMIIepaTypax HM910T M9CTO 06bi'IHble <jJOpMynbi: 

£ = p ( m c 2 + _Llc T) 
0 0 0 2 0 ' 

8 COOTBeTCTBIIII C ( 12) II (9), 

<~>= 
y ..!!L ' y 

w=p (m c
2
+2_k T )=£ +p 

00 0 2 0 0 0 

T.-1 ~-- I "''-mel wuluk+pSik • 
0 

Ecnii llO.OCTBBIITb ( 15) HellOCpe..OCTBeHHO B (2a), TO nony'IIIM ypaBHeHIIe, COBII8Ll810Wee llpii 

( -2 ) /3/ OTCYTCTBIIII aneKTpOMSrHIITHOro -IIOnH C ypSBHeHIIeM 1 5,4 II3 : 

ii •_j_,_ ( w ii ) + w iik ~ + _.2..2. 
I aq " aq aq 

k k I 

= e F,k P ..£_ = _l 
y c 

F,k j k • 

YpaaHeHIIe :me (11a) II (116) cyTb 

6 

\. 

( 14) 

( 15) . 

(16) 



p/y . - C06CTBeHHbli1 06beM. 

U, _L. ( Lu·) = 0; 
a ql P 

(17) 

TaKHM o6pasoM
1 

ru.upo.llHHaMu'ieCKHe ypaaHeHHSI nepBoro npu6nu)KeHHSI coana.ua10T c npuae.ueH

/2/ HbiMH B. 
1 

rrpu'ieM .unSI w 
1 

c 
1 

p , u .uon)!{Hbi 6biTb ucrronb3oBaHbi Bbipa)KeHHSI (12) • 

2. Y'iTeM Terrepb pa.uaauuoHHoe TOpMo*eHue qacTHU BO aHewHeM u caMocornacoaaHHOM 

non Six. 

(18) 

Ecnu oTcyTcTayeT pa.uuauuoHHoe 

X) 
=0 

1 
u (18) rrepexo.uuT B (·1). 

B paccMaTpuaaeMoM Tenepb cnyqae B ypaaHeHue U,. ~ uL = e c? .F1k u k1 KOTopoe ucnonb3oBanocb 
• qk % 
P a 

1 
.uon)!{Ha 6biTb .uo6aaneHa cuna TOpMo)KeHHSI. YpaBHeHHSI .uau-

p8HbW8 ,llnSI Bbipa)KeHHSI 
/6/ 

)KeHHSI IIpHMYT BHt;J. 

YMHO)K8SI ( {8) Ha 1 H Ha PI 
u a en on b3YSI ( 19) 

1 
rrony'iuM, aHanoru'iHO TOMY, KaK 

9TO .uenanocb B Haqane pa6oTbi 1 

a [ uk ) '0 - P<---> = • a qk Y 

OnSITb ncrronb3YSI noKanbHOe MaKcaennoacKoe pacrrpe.ueneHue, nony'iHM 

"(21) 

2 

- e F
1
o F o 11 e F. o F [ u uo u 

~ L "'lc L '< - ~ kL kn I L n m
0 

c- m
0

c 

0 o+ iioo ) ~ G ( ~kOc ) ) I 
nL L In m c2 

0 

0-> 0 ) 9TH ypaBHeHHSI COBn8,ll810T no cpopMe C ypaBHeHHSIMH ,llBH-

)KeHHSI O.llHOil qacTHUbi ( 19) rrpu y'ieTe pa.uuauu.mmoro TOpMo)KeHHSI. 

ABTOp 6naro.uapeH A.B. KysHeuoay u .upyruM TOBapuwaM no pa6oTe sa rronesHbie o6cy*-

,lleHHSI. 

x) KcTaTu
1 

B .ueKapToaoil cucTeMe 

7 

a· 
He 38BHCHT OT q , H ~Q, • • a Pa 
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