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(10.5) 

[14, 15]. 
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+00 z 
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[16] 
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(10.7) 

Z, 

1 1» 1 1· (10.9) 
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(10.7) 
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Jo 
2" 

fd<Pexp (ixcos 
21t 

(10.2) 

cr=41tRe f pdp (p))J}. (10.11) 

I I «n, (10.5) 

(10.12) 
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(n -+0). n -+0 
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(10.13) 

(10.10), 

[19]. 
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(10.17) 
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q.lp(q.l»>n' 
(10.16) 
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q.l 
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(9). (10.18) 
(10.1) 

(10.19) 
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(10.19) 
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5. 
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N 
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N 
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Xl N» 1 
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N, 

NI l/pR«RjNa (11.5) 
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R/Na 

(11.3) 

(11.3). 

Nlxol« n. (11.6) 

v 1 
(11.3) 

(10.12). 
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(11.3) 

(J 
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(11.7) 
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(11.8) 

N 2. 
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(11.6). 
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q,- n 

= ( - G), G 0,577 -

q > 1z/(R ln NZe 2) . 

(11.10) (11.11). 
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[1] 

(12.1) 
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(12.3) 

f'=p'+k 4-

48 
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J 

(12.4) 

j=v/V 
(12.1) - (12.4), 
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dcr= (12.5) 
4 
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m / 

(12.5) 
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(12.6) 

8' 
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yJa, (12.8) 
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8' (12.7) 
(12.5), 
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(12.8) 
+qi/2E. (12.9) 

(12.7). 
(q.l 

dro 1)' q i 3 [ ( 2 dcr=- - - - -d q 1 +--2- 1-- IU I . (12.10) 
4n 3 ro m 2 q; qz qz q 

4). 
q.l q.l» 

(12.1 
qz. 

q z 

(12.11) 

(10.1), (10.12) 

2 ( 3 ( 2 ) q i dro 
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q.l» 
q.l (12.10), 

(12.11), Uq qz. 

(12.13) 
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dw(q,y)=- -IMI 2 - - --dq. 
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(12.14) 

qz (12.11) 
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q.l (12.12); 
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dro ( ro 2 ) qJ. dw(q )=- - - 1+- ln-. 
.1. 1t ro 

(12.16) 

(12.11) 

q.l 
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(7.5). 
(7.5) 
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(12.11), 

(12.15). q.l 
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(12.18) 
m 2 ro 3 9 

2.3. 
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2.3 

2.2, 

\ .. 

2.3. 

(12.5) 
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da qi (1- (1- 1 U 12, (12.19) 
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q.l» (5±, 

(12.20) 

(7.5), 
R - 1 » 8 ± [23] 

da = 4Z 2 e6 dE+ ] 
± m 2 - + 3 - + 9 - + . 

(12.21) 

§ 13. 

§ 4, 

(12.2), 

(iqr), 
q = - - k 

r, 

z). z 
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Zeff-q;1, 
-1 

- q 1. • 

(12.6) 
k 

(13.1) 

(12.10) 
qz, 

qz Qz-qmin' 

[22] 

(13.2) 

N 

2.1). 

(12.3) 
(11.1) 

(13.3) 

Uh -
(12.5), 

IN-1 12 da(N) = I eiq,all da(1). 
.. =0 

(13.4) 

da(l). 
qz 

(13.4) 
N 

N 
da(N) = Nda(1), (13.5) 

N 
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(l}.3) 
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dcr(N) = N 2 dcP). (13.6) 

N 2 

(13.1) 

(iqr) 

(10.2), 
(12.19) 
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qll q.l 
(13.7) 

ql. 

le 

(13.1) 

[24, 25 ]. 
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2.4, 

l(p', 

I1t= l/p' 
l-v' 

= v' I1t, I1t, 
(13.2) 

8+"'mjE+, 

: 

2.4. 
(6) 

2.4, 

(13.8) 

1 ± 

+ 
l± 
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§ 14. 

Zeff '" NZ 14 

N 

Ze 2 /nv, 
NZe 2/nv. 

NZe 2 

--«1. 
hv 

(14.1) 

N 

(9.24). 

- 1, 

(12.2) 

(12.2), 

(9.21), 
z 

q1-' 
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n/p"'ql.' 
ql.: 

(ql.)2 1 - - «. 
hoo 

(14.2) 

(12.2) 
ql.. 

§ 12), 
h/R 15 ql. ql. (14.2) 

(12.2) 

Zeff 

Z 

Ze{( 

zeff,,-,R) 
(1ijR15ql.15m) 

(9.21) 

(12.2) 

2.5, 

2.5. 

-

(14.3) 
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2.6. {'»Z,rr ' 

- 1, ' 

(14.4), 

(12.4), (ql 
(10.5). 

Zeff 

dcr(q, y)=dw(q, dcre , (14.5) 

dw (q, -
(12.14), 

' 

-
(14.3). 

dw(q, (14.5) 

dcre qz 

q z 

dcr (q-1) = dw (q -1)dcre (q -1)' (14.6) 

dw(q-1) (12.15). 
(14.6). 

I I «Ii 

(14.6) 

(12.11). 
(10.17) dcre = 21tpdp 

(14.7) 

dcr 
d:ff = hrodcr. \ Ii 
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d:lt = nmdcr (14.7) 

(14.6) 

Ze 2 jnv< 1, 

(14.6) 

(14.6) 
XbN ) 

XbN ) 

N 

[13]. 

Na, 
(14.6) XbN ), 

(14.8) 

NZe 2jmR« 1, 
q 1-

---- -- - 1+--!Joodcr(N) _16e2 (Nze2)2 {( 3 
doo 3 mR 4 

mhR n- 1 -1 J+ 112}' (14.9) 

[27, 28] 

[29, 30]. 
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Z 1 NZ 14 
[' »Na 

NZlel· . 
NZe 2/hv«1 (14.9) 

N , 
NZe 2 /hv» 1, NZe 2 /mR« 1, 

(14.9) 
n. 

hwdcr(N) = 16e2 (Nze 2 )2 {(1 h20/) [In rnR 
3 rn 4· NZe 2 2 12' 

(14.10) 

G=0,577 
(14.10) 

I xJ}"> I »n 

(14.10) 
N 2 • 

(NZe 2 jhv« 1), 
(NZe 2/nv» 1) 

NZe 2 /mR» 1 (14.9) (14.10) 
(14.6) 

--=--- 1+- 10--R 2 ( ( Nze 2 ) 3 

3 rnR 
(14.11) 

NZe 2/mR 

f} < 

f},...,m/E 

(14.6) 
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[31], [13], 
[32] 

(14.3). 

1+ 
Zeff 

l± »Ztrr, (14.12) 

[33] 

d(j±(q-L)=dw±(q-L)d(je' (14.13) 

dw ± -

q-L' 

2e2E_E+dE+ -1)-1 } 
dw± =---2 - - + 1)-1 ; 

1t + 1 

(14.14) 

(10.1), (10.5). 

2.5. 

N 
[34]. 

l± »Na, 
(14.13). 

(14.9), NZe /mR« 1 

hrodcr± = (Nze 2 )2 112(02 -1) 
dE+ 3 (02 4 

n- 1 -1 J- /2}' (14.15) 

NZe 2/mR» 1, 

------- ---1 ln--(Odcr ± _ R 2 ( h 2 (02 ) ( Nze 2 ) 3 

dE+ 3 (02 mR 
(14.16) 

(14.15) 
NZe 2/mR« 1 
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NZe 2 jmR» 1, 
(14.16), N 

-

§ 11) 

N, 

[34 ]. 

§ 15. 

h 
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[35] 

[35] 

[36, 37] 
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n (j) '" 

§ 17, 

[1], 
s­

s­

[1, 37]: 

(15.1) 

J,.. 

(15.2) 

= -
. 

(15.3) 

.=_I_ Sdt d3 re i.,t(n* e-ikr)cn. 
f· rr;r;:- f' " 

(15.4) 

<Pf­

* 

[38] 

[39]. 
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q> f' 

f 

[(ihfr -(in V 2] (15.5) 

-
(15.5) 

q> = ( i), (15.6) 

= -
I i) -

Ei , 

I i) = I i). 

(15.4) 

(15.4) 
J dtei"'\fI Q(t)1 i), (15.7) 

Q(t)= (15.8) 

p(t) 

(15.9) 

Q (t) 

QAt)=(ev(t), e-ikr(t)), (15.10) 
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[35]. 

(3.2) 

(15.8) (15.10) 
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p(t) V(t). 

ili i' = ili v = [r, [r, 2] = 2ili 

(15.11) 

(15.11) Ii 
-1. 

I I - 2, = rot -
v(t) (15.8) (15.10) Q(t) 

Qs(t) 

ilip=[p, 

(15.12) 

v 

-ikr(t», 

eikrJ(p) = J(p-lik)eikr, (15.13) 

e ikr k)e ikr, (15.14) 

Ii 

eikr + likv}e ikr. 

exp(ikr) IikvE- 1 • 

e"'mjE 1, 
nkv nro 

3 

(15.15) 
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IHl y 2jm § 5). 

(15.8) 

(ikr) 
(15.8) (15.10) 

(15.l6) 

(15.7) 

(12.1) 

yf -1/2 exp (i Yftjn). 
(15.7) (12.l), 

J dt dt' eiro(t-t') 2: (i 1 Q + (t) 1/) (11 Q(t) 1 i). 
. 4n f 

2:1/) (/1= 1, 
f 

J dtdt'eiro(t-t') (il Q +(t)Q(t')1 i). 
4n2 

(15.l7) 

(19.17) 
(15.17) 

(3.2), 
drff 

drff = nmdw). 



(15.17) Q (t), 
(15.16), 

J . (') "kr "kr' dw=--- 1+- <ile*ve' ev'li), (15.18) 

r=r(t), r'=r(t') 
(15.18) r(t) r(t'), 

(15.18) 

(15.18) t 

dw=-- 1+- Jdtx 

<i I ev(t + e ikr(I+ti2) -ikr(t-t/2)ev(t - I i). 

= [ikr (t+ ( - = ( -

(15.19) 

N, 

(15.19) 
(15.18a). 

n 2. 

0) ..... 0)0 3 1", 
(15. 

- v 2) ..... 0)0 ..... 1, 

0)0 = I I - 1 -

1, 

v(t). 

(1.7) 

v=-0)5 v. 

-f - 0)51"3) v(t) 
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[ ] .haVj in(>: ) r k , Vj =1 =- Ukj-VkVj , 
Pk 

[ J/f-2 ]-·h 3 ) rk , vj -1 aPkE2-1 kj- VkVj . 

_2i nCO 00 (15.20) 
24 

(15.l8a) 

v v -( 
(15.19) (l5.18a), 

+00 

---= --00 1 +- dt dw ( f ( ,2) 
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-00 

{ ( 1 +n;) t+ ;: 005 J}. 

( 1 + n; ) 
(5.8) 

00 
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(5.8) 
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8i = _ . 55 4 
36 fJe 

00 f dl1l1 3 (11) = 
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[38], 
(12.1) 

(15.24) 

§ 16. 
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[37], 

(15.17), 

eikr)x 
1100 '1'1 , , 

(), (16.1) 

't=t-t', 
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(15.13) (15.14), 
(ikr) (- ikr) (16.1) 

f dw=- -- t')(C*P)Yt'-! 
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(), (16.2) 
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(16.2) 
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(16.2) 

(9.17) 

(r, t)= (r I I = 

= 11 (S (r, - Et)}, (16.3) 

S(r, 

r 
t 1=0. 

(r, () 

(16.4) 

( - J"f' _ k 

(16.2) 

F(r, (). (16.5) 

F(r, () 

(in :, )F=O. (16.6) 

F(r, 1). (16.7) 

(16.6) (in :, 
F: 

{(in :, (16.8) 

(16.8) 

(16.9) 
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(16.12) 
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(16.15) 
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(16.7) 

t)=c[Jd3Yo8(r-r{1:+t, ro, 1/2 (r (t, ro, (16.16) 

1 

II G2S111/2 {. } F(r, 1:, t}=ep(r(t))c ()] . 

(16.17) 

(16.3) 
(16.2) 
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dw= o1s 11 (r) 
cr 

[)]. (16.18) 

(9.16) 11 a2S/arap 11 

(16.13), 

e1 f dW=-l - - (e*v(t))(ev (t')) 

{ - i :' (t' - [)- k (r (t')-r (t))]}. (16.19) 

(16.19) 

ro 
(16.19) 
t-+ - 00 
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(16.20) 

(r, t)= <r I e- i )"t'I/1i I (16.21) .. 

(16.3), (16.20), 

{(i1i ;, 

[df, 

[df, 

[df, 
01 

df 2. 

(16.21) 

(16.1), 

(16.19) 

(16.19) 
(9.27) [37], i 

(16.1) 

(9.27) [37]. 
(16.19). 
(16.19) 

(16.1 

(16.10a) 
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(16.1 (16.13) 
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2 m 2 

(16.16) 
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, 
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(16.19) 

(16.25) 
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(16.19), 

q f 
N 
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2 «1 

q2 I 
- - -«1. 
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(16.26) 

I I 
q-m. 

(16.19) 
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(16.26) 

0). 

§ 17. 

(12.2). 

(9.1). 
(9.2) 

(9.3). 

[37], 
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I I 2 

(9.4). 
(12.2) 

(r, [), (17.1) 

(r, 

(17.1) 
(12.2) 

(16.19) 
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V 

n - V -

+00 
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-00 
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(17.3) 
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dw=Ln dcro, (18.1) 
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:)2 =qs (20.11», 
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dt!BH = Lnm dcrBH (18.5) 
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dt! d,cBH -«--. 
dro dro 

(18.6) 

, 
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(19.1) 

wp = J 41tnZe -
(4.6), 

[1 + ] '" 1. (19.1) 

1 

1('" 2y 2jro (193) UJ, -1+yl{j2+ y 2 ro;ro 2' . 

(19.4) 
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dtff = e 2 k fdV IW(V)\2, 
dro 21t v2 V V 

(19.5) 
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/; (1-vJ.) W (v) 
(5.3). V 

(3.9) v=ffi-kv. BXO-j 

(19.5) 1 

(1 + 
002 

IW (v)1 2 

(19.7) 
n.' 

-

(19.5) IW (v)1 2 

rn=(pn, Zn)' 

(19.8) 

u 

(19.5), 
v 

(d8) (d8) ] 
doo = doo 

(19.9) 

(d8) (19.10) 
doo 31t 

(7.5), (19.10) 

(19.5) 1 
(19.10) 

Pmin '" 2Ze2 
"" m -1, 
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r 
2Ze 2 jm, Pmin m - 1 

[3]. 

(18.5). 
(19.9) 

(19.9) 

(dtff)=(dtff) (1+y2m;)-1 
dm dm 

(19.11) 

[4]. 

§ 20. 

§ 18 

z). 
1(3, z) 

3 z 

z. 

3« 1, 
f(3, z) [5, 6] 

z)=nfdcr(X)[/(3+X, z)-f(3, z)], 
dz 

(20.1) . 

3-
z, 

z 3.1), d cr -
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3.1. 

da 

1.. 
z) 

(20.1) 

3 
3 + 1., 

3. 1"':.:" (20.1), 

)=8(3), 

[5, 6]. 

L)= J d2 pexp {ipp3+nL J da(x) (20.3) 

z, 

nLae« 1, (20.4) 

ae=41tZ2 e4 R2 ), (20.3) 
L. =1= 

L)=nL 
d3 

(20.5) 

(18.1) 

(20.4) 
L«le' ljnae, 
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�!� �@�>�A�B�>�<� �B�>�;�I�8�=�K� �<�8�H�5�=�8� �C�A�;�>�2�8�5� (20.4) �=�0�@�C�H�0�5�B�A�O�.� 
���@�8� �M�B�>�<� �D�>�@�<�C�;�0� (20.5) �B�5�@�O�5�B� �A�2�>�N� �A�8�;�C� �8� �@�0�A�?�@�5�4�5�;�5�=�8�5� 
�G�0�A�B�8�F� �?�>� �C�3�;�0�<� �4�>�;�6�=�>� �>�?�@�5�4�5�;�O�B�L�A�O� �?�>� �D�>�@�<�C�;�5� (20.3). 

� �0�A�A�<�>�B�@�8�<� �5�I�5� �>�4�8�=� �2�0�6�=�K�9� �?�@�5�4�5�;�L�=�K�9� �A�;�C�G�0�9�,� �?�@�8� 
�:�>�B�>�@�>�<� �D�>�@�<�C�;�0� (20.3) �A�C�I�5�A�B�2�5�=�=�>� �C�?�@�>�I�0�5�B�A�O�.� �!�·� �M�B�>�9� 
�F�5�;�L�N� �7�0�<�5�B�8�<�,� �G�B�>� �E�0�@�0�:�B�5�@�=�K�5� �7�=�0�G�5�=�8�O� �@�,� �4�0�N�I�8�5� �3�;�0�2�=�K�9� 

�2�:�;�0�4� �2� �8�=�B�5�3�@�0�;� �?�>� �@� �2� (20.3), �?�>� �?�>�@�O�4�:�C� �2�5�;�8�G�8�=�K� �@�0�2�=�K� 
�p�~� �l�/�p�~�.� ���A�;�8� �?�@�8� �B�0�:�8�E� �7�=�0�G�5�=�8�O�E� �@� �0�@�3�C�<�5�=�B� �D�C�=�:�F�8�8� ���5�A�A�5�;�O� 
Jo(PPX) �1�C�4�5�B� �<�0�;� �2� �>�1�;�0�A�B�8� �C�3�;�>�2� �%�,� �4�0�N�I�8�E� �3�;�0�2�=�K�9� �2�:�;�0�4� 
�2� �8�=�B�5�3�@�0�;� �?�>� �%� �2� (20.3), �B�>� �D�C�=�:�F�8�N� ���5�A�A�5�;�O� �<�>�6�=�>� �@�0�7�;�>�6�8�B�L�:� 

�J�o�(�p�P�X�)�~� �1�-�~�(�p�p�x�)�2� + ... 
�!�>�E�@�0�=�O�O� �4�2�0� �?�5�@�2�K�E� �G�;�5�=�0� �@�0�7�;�>�6�5�=�8�O�,� 
�8�=�B�5�3�@�8�@�>�2�0�=�8�O� �?�>� �@� �2� (20.3) �A�;�5�4�C�N�I�5�5� 
�D�C�=�:�F�8�8� �@�0�A�?�@�5�4�5�;�5�=�8�O�:� 

�f�(�~�,� L)= �4�?� �5�E�@� (_ �0 �2 �)�,� 
�0 �2� �0 �2� 

�3�4�5� 

���5�3�:�>� �?�@�>� �2�5�@�8�B�L�,� �G�B�>� 

�?�>�;�C�G�8�<� �?�>�A�;�5� 

�2�K�@�0�6�5�=�8�5� �4�;�O� 

(20.6) 

(20.7) 

(20.8) 
�"�0�:�8�<� �>�1�@�0�7�>�<�,� �2� �@�0�A�A�<�0�B�@�8�2�0�5�<�>�<� �A�;�C�G�0�5� �@�0�A�?�@�5�4�5�;�5�=�8�5� 

�G�0�A�B�8�F� �?�>� �C�3�;�0�<� �O�2�;�O�5�B�A�O� �3�0�C�A�A�>�2�K�<� �A�>� �A�@�5�4�=�8�<� �:�2�0�4�@�0�B�>�<� 

�C�3�;�0� �@�0�A�A�5�O�=�8�O�,� �>�?�@�5�4�5�;�O�5�<�K�<� �A�>�>�B�=�>�H�5�=�8�5�<� QO.7). 
�%�0�@�0�:�B�5�@�=�K�5� �7�=�0�G�5�=�8�O� 92 �2� gO.8) �?�>�@�O�4�:�0� 92. ���>�4�A�B�0�2�;�O�O� 

�M�B�>� �7�=�0�G�5�=�8�5� �- �2� �2�=�5�@�0�2�5�=�A�B�2�>� �E �2� �«�- �2 �,� �>�?�@�5�4�5�;�O�N�I�5�5� �C�A�;�>�2�8�5� 
�?�@�8�<�5�=�8�<�>�A�B�8� �D�>�@�<�C�;�K� (20.6), �=�0�E�>�4�8�<�,� �G�B�>� �M�B�0� �D�>�@�<�C�;�0� 
�A�?�@�0�2�5�4�;�8�2�0�,� �5�A�;�8� 

(20.9) 
�B�.� �5�.� �5�A�;�8� �G�0�A�B�8�F�0� �2� �2�5�I�5�A�B�2�5� �A�B�0�;�:�8�2�0�5�B�A�O� �A�>� �<�=�>�3�8�<�8� �0�B�>�<�0�<�8�.� 

���0�<�5�B�8�<�,� �G�B�>� �8�=�B�5�3�@�0�;� �?�>� �%� �2� (20.7), �2�>�>�1�I�5� �3�>�2�>�@�O�,� 
�;�>�3�0�@�8�D�<�8�G�5�A�:�8� �@�0�A�E�>�4�8�B�A�O� �2� �>�1�;�0�A�B�8� �1�>�;�L�H�8�E� �C�3�;�>�2� �@�0�A�-

�A�5�O�=�8�O�.� ���>�M�B�>�<�C� �?�@�8� �2�K�G�8�A�;�5�=�8�8� �~�2� �=�5�>�1�E�>�4�8�<�>� �?�@�>�2�>�4�8�B�L� 
�>�1�@�5�7�0�=�8�5� �M�B�>�3�>� �8�=�B�5�3�@�0�;�0�.� ���=�0�G�5�=�8�5� �%�m�0�E� �<�>�6�5�B� �1�K�B�L� 
�>�?�@�5�4�5�;�5�=�>� �8�7� �C�A�;�>�2�8�O� �?�@�8�<�5�=�8�<�>�A�B�8� �D�>�@�<�C�;�K� (20.6): 
�%�B�0�E� �~� �y�I�-�.�2�.� ���@�8� �1�>�;�L�H�8�E� �M�=�5�@�3�8�O�E� �=�5�>�1�E�>�4�8�<�>� �C�G�8�B�K�2�0�B�L� 
�B�0�:�6�5� �@�0�7�<�5�@�K� �O�4�@�0� �0�B�>�<�0�.� ���5�;�8�G�8�=�0� �%�m�0�E� �?�@�8� �M�B�>�<� 
�1�C�4�5�B� �>�?�@�5�4�5�;�O�B�L�A�O� �4�8�D�@�0�:�F�8�>�=�=�K�<� �C�3�;�>�<� Xmax,....,l/pRn, �3�4�5� 
Rn �~� �@�0�7�<�5�@� �O�4�@�0� �0�B�>�<�0�.� ��� �A�;�C�G�0�5� �M�:�@�0�=�8�@�>�2�0�=�=�>�3�>� �?�>�B�5�=�F�8�0�;�0� 
���C�;�>�=�0� �B�>�3�4�0� �8�<�5�5�<� 

�- �2� = 21tllnZ2 �5 �4� L, 

�3�4�5� ll=In(pRXmax) �8� �%�m�0�E�=�m�i�?�(�J�- �2 �,� (pRn)-l), 
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���5�@�5�?�8�H�5�<� �M�B�>� �A�>�>�B�=�>�H�5�=�8�5� �2� �D�>�@�<�5�,� �?�@�8�=�O�B� �>�9� �2� �:�0�A�:�0�4�=�>�9�(� 
�B�5�>�@�8�8�.� ���;�O� �M�B�>�3�>� �1�C�4�5�<� �8�7�<�5�@�O�B�L� �B�>�;�I�8�=�C� �<�8�H�5�=�8� L �2� �@�0�4�8�-�~� 
�0�F�8�>�=�=�K�E� �4�;�8�=�0�E� L R : : . ., 

L R 1 = 4Z2
:

6 n In (1832 -1{3). 
�B� 

(20.10): : 

���=�0�G�5�=�8�O� L R �4�;�O� �=�5�:�>�B�>�@�K�E� �2�5�I�5�A�B�2� �?�@�8�2�5�4�5�=�K� �=�8�6�5�:� 

�!� Si Ge W � �,� �2�>�7�4�C�E� �2�>�4�0� 

14,7 10,2 2,35 0,33 0,26 30000 33,9 

�&�8�D�@�K� �7�4�5�A�L� �A�>�>�B�2�5�B�A�B�2�C�N�B� �7�=�0�G�5�=�8�O�<� L R �2� �A�0�=�B�8�<�5�B�@�0�E�.� 
�"�>�3�4�0� 

�- �2� = ���;� �&�� �2� LR , (20.11) 

�3�4�5� ���;� = 4n . 137· �B� 2 [In (ERXmax)/2In (1832 -1/3)]. 
���@�8� �%�B�0�E�"�"� l/pRn �2�K�@�0�6�5�=�8�5� �2� �:�2�0�4�@�0�B�=�K�E� �A�:�>�1�:�0�E� �1�;�8�7�:�>� 

�:� �5�4�8�=�8�F�5�,� �B�0�:� �G�B�>� 

�$�>�@�<�C�;�0� (20.6) �<�>�6�:�;�:�:�:�~�1�:�7�0�:�:�~�5�=�0� �B�0�:�6�5� �?�C�B�5�<� �(�:�:�~�~�~� 1 •. : 
�A�@�5�4�A�B�2�5�=�=�>�3�>� �@�5�H�5�=�8�O� �=�5�:�>�B�>�@�>�3�>� �4�8�D�D�5�@�5�=�F�8�0�;�L�=�>�3�>� �C�@�0�2�­
�=�5�=�8�O�,� �2�K�B�5�:�0�N�I�5�3�>� �8�7� �C�@�0�2�=�5�=�8�O� (20.1). ��� �8�<�5�=�=�>�,� �5�A�;�8� �~�1� 
�E�0�@�0�:�B�5�@�=�K�5� �7�=�0�G�5�=�8�O� �C�3�;�>�2� �@�0�A�A�5�O�=�8�O� �G�0�A�B�8�F�K� �2� �2�5�I�5�A�B�2�5�J� 

�- �5�f�f� �1�C�4�C�B� �2�5�;�8�:�8� �?�>� �A�@�0�2�=�5�=�8�N� �A� �E�0�@�0�:�B�5�@�=�K�<�8� �7�=�0�G�5�=�8�O�<�8�:�!� 
�C�3�;�>�2� �@�0�A�A�5�O�=�8�O� Xeff �?�@�8� �A�B�>�;�:�=�>�2�5�=�8�8� �A� �>�B�4�5�;�L�=�K�<� �0�B�>�<�>�<�,� 

�B�>� �2� �C�@�0�2�=�5�=�8�8� (20.1) �<�>�6�5�B� �1�K�B�L� �2�K�?�>�;�=�5�=�>� �@�0�7�;�>�6�5�=�8�5� 

�D�C�=�:�F�8�8� / �(�-� + �%�,� z) �?�>� �%�.� �!�>�E�@�0�=�O�O� �?�5�@�2�K�9� �=�5�8�A�G�5�7�0�N�I�8�9� �G�;�5�=� 
�@�0�7�;�>�6�5�=�8�O� �2� (20.1), �?�@�8�E�>�4�8�<� �:� �A�;�5�4�C�N�I�5�<�C� �4�8�D�D�5�@�5�=�F�8�­
�0�;�L�=�>�<�C� �C�@�0�2�=�5�=�8�N� �4�;�O� �D�C�=�:�F�8�8� /: 

d 1 �4 �2� 

�-�j�(�-� z)=-q-j(3 z) 
dz ' 4 �4�- �2� ' , 

(20.13) 

� �5�H�5�=�8�5� �M�B�>�3�>� �C�@�0�2�=�5�=�8�O�,� �C�4�>�2�;�5�B�2�>�@�O�N�I�5�5� �C�A�;�>�2�8�N� 

/(3,0)=&(3), �8�<�5�5�B� �2�8�4� (20.6). 
���>�;�C�G�5�=�=�K�5� �2�K�H�5� �@�5�7�C�;�L�B�0�B�K� �>�B�=�>�A�8�;�8�A�L� �:� �>�4�=�>�<�5�@�=�>�9� 

�7�0�4�0�G�5�,� �:�>�3�4�0� �D�C�=�:�F�8�O� �@�0�A�?�@�5�4�5�;�5�=�8�O� �7�0�2�8�A�5�;�0� �B�>�;�L�:�>� �>�B� �C�3�;�>�2� 
�@�0�A�A�5�O�=�8�O� �8� �3�;�C�1�8�=�K� �?�@�>�=�8�:�=�>�2�5�=�8�O� �G�0�A�B�8�F�K� �2� �A�@�5�4�C� z. 
� �0�A�A�<�>�B�@�8�<� �B�5�?�5�@�L� �@�0�A�?�@�5�4�5�;�5�=�8�5� �G�0�A�B�8�F� �2� �2�5�I�5�A�B�2�5� �?�>� �2�A�5�<� 

�:�>�>�@�4�8�=�0�B�0�<� �8� �?�>� �C�3�;�0�<�.� �!� �M�B�>�9� �F�5�;�L�N� �2�2�5�4�5�<� �D�C�=�:�F�8�N� 
�@�0�A�?�@�5�4�5�;�5�=�8�O�j�{�-�,� �A�;� t) �4�;�O� �G�8�A�;�0� �G�0�A�B�8�F� �A�>� �A�:�>�@�>�A�B�L�N� v �2� �B�>�G�:�5� 
r �2� �<�>�<�5�=�B� �2�@�5�<�5�=�8� t �8� �8�A�A�;�5�4�C�5�<� �?�>�2�5�4�5�=�8�5� �M�B�>�9� �D�C�=�:�F�8�8� 
�A� �3�;�C�1�8�=�>�9� �?�@�>�=�8�:�=�>�2�5�=�8�O� �G�0�A�B�8�F� �2� �A�@�5�4�C�.� 

�$�C�=�:�F�8�O� j(v, �A�;� t) �C�4�>�2�;�5�B�2�>�@�O�5�B� �A�;�5�4�C�N�I�5�<�C� �:�8�=�5�B�8�G�5�A�:�>�<�C� 

�C�@�0�2�=�5�=�8�N� [7 ]: 

�?�[�+�(�y�~�)�/�=�n� J dcr(v' �-�C�)� [j(v', �A�;� t)-/(v, r; t)], (20.14) 
�4�A� ar 
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�3�4�5� dcr(v' �-�v�)�-�A�5�G�5�=�8�5� �C�?�@�C�3�>�3�>� �@�0�A�A�5�O�=�8�O� �G�0�A�B�8�F�K� �0�B�>�<�>�<�,� 
�?�@�8� �:�>�B�>�@�>�<� �5�5� �A�:�>�@�>�A�B�L� �8�7�<�5�=�O�5�B�A�O� �>�B� v �:� v' �(�?�@�8� �M�B�>�<� 
�@�0�A�A�5�O�=�8�5� �?�@�>�8�A�E�>�4�8�B� �=�0� �C�3�>�;� 3 = 2 arcsin (1 v' - v 1/2v ». 

�2� �A�B�0�F�8�>�=�0�@�=�>�<� �A�;�C�G�0�5�,� �:�>�3�4�0� �7�=�0�G�5�=�8�5� f �>�B� �2�@�5�<�5�=�8� �=�5� 
�7�0�2�8�A�8�B�,� �4�;�O� �<�0�;�K�E� �C�3�;�>�2� �@�0�A�A�5�O�=�8�O� �C�@�0�2�=�5�=�8�5� (20.14) �<�>�6�5�B� 
�1�K�B�L� �7�0�?�8�A�0�=�>� �2� �2�8�4�5� 

!... f(3, r)+(9<7 )f(3, r)= 
Jz �>�@� 

=; f dcr �(�E�)�[�f�(���+� �%�,� r)-f(3, r)J, (20.15) 

�3�4�5� �@�-�@�0�4�8�C�A�-�2�5�:�B�>�@� �2� �?�;�>�A�:�>�A�B�8�,� �>�@�B�>�3�>�=�0�;�L�=�>�9� �A�:�>�@�>�A�B�8� 

�?�0�4�0�N�I�5�9� �G�0�A�B�8�F�K�,� 3 - �C�3�>�;� �5�5� �@�0�A�A�5�O�=�8�O�.� 
���@�8� �2�K�?�>�;�=�5�=�8�8� �C�A�;�>�2�8�O� nLcre» 1, �:�0�:� �>�B�<�5�G�0�;�>�A�L� �2�K�H�5�,� 

�?�@�>�8�A�E�>�4�8�B� �<�=�>�3�>�:�@�0�B�=�>�5� �@�0�A�A�5�O�=�8�5� �G�0�A�B�8�F�K� �2� �2�5�I�5�A�B�2�5�,� �?�@�8� 

�:�>�B�>�@�>�<� �E�0�@�0�:�B�5�@�=�K�5� �7�=�0�G�5�=�8�O� �C�3�;�>�2� �@�0�A�A�5�O�=�8�O� 3 �2�5�;�8�:�8� �?�>� 
�A�@�0�2�=�5�=�8�N� �A� �E�0�@�0�:�B�5�@�=�K�<�8� �7�=�0�G�5�=�8�O�<�8� �C�3�;�>�2� �%� �@�0�A�A�5�O�=�8�O� 

�G�0�A�B�8�F�K� �=�0� �>�B�4�5�;�L�=�K�E� �0�B�>�<�0�E�.� ���=�B�5�3�@�>�-�4�8�D�D�5�@�5�=�F�8�0�;�L�=�>�5� 
�C�@�0�2�=�5�=�8�5� (20.15) �2� �M�B�>�<� �A�;�C�G�0�5� �<�>�6�5�B� �1�K�B�L� �A�2�5�4�5�=�>� �:� �A�;�5�­
�4�C�N�I�5�<�C� �4�8�D�D�5�@�5�=�F�8�0�;�L�=�>�<�C� �C�@�0�2�=�5�=�8�N� �4�;�O� �>�?�@�5�4�5�;�5�=�8�O� 

�D�C�=�:�F�8�8� f(3, �@�,� z): 

8! ( 8) 1 82 -+ 3- f=-q-f 
Jz �4�@� 4v �4�~�2� 

(20.16) 

� �5�H�5�=�8�5� �?�>�A�;�5�4�=�5�3�>� �C�@�0�2�=�5�=�8�O�,� �C�4�>�2�;�5�B�2�>�@�O�N�I�5�5� �3�@�0�=�8�G�­

�=�>�<�C� �C�A�;�>�2�8�N� 

f(3, �@�,� ���)� = 8 (3) 8 �(�@�)� (20.17) 

�8� �C�A�;�>�2�8�N� �=�>�@�<�8�@�>�2�:�8� 

J �d �2 �@�d�2 �3�f�(�-�,� �@�,� z)= 1, 
�8�<�5�5�B� �2�8�4� 

f= 12 �5�E �@ �{�- 4 �(�3�2�+ �7 �@�2�_ �7 �v�S �)�}�.� 
�1�t�2�L�2�(�~�2�)�2� �~�2� L 2 L 

(20.18) 

�-�B�0� �D�>�@�<�C�;�0� �?�>�;�C�G�5�=�0� �$�5�@�<�8� �(�2�K�2�>�4� �?�@�8�2�5�4�5�=� �2� [8 ]) .. 
���@�>� �8�=�B�5�3�@�8�@�>�2�0�2� �2�K�@�0�6�5�=�8�5� (20.18) �?�>� �@� �?�@�8�4�5�<� �:� �@�0�A�?�@�5�4�5�;�5�­
�=�8�N� �G�0�A�B�8�F� �?�>� �C�3�;�0�<� �=�0� �3�;�C�1�8�=�5� L, �>�?�@�5�4�5�;�O�5�<�>�<�C� �A�>�>�B�=�>�H�5�­
�=�8�5�<� (20.6). 

�$�>�@�<�C�;�0� (20.18) �?�>�7�2�>�;�O�5�B� �>�?�@�5�4�5�;�8�B�L� �A�@�5�4�=�5�5� �7�=�0�G�5�=�8�5� 
�A�<�5�I�5�=�8�O� �G�0�A�B�8�F�K� �2� �?�;�>�A�:�>�A�B�8� �(�E�,� �C�)�,� �>�@�B�>�3�>�=�0�;�L�=�>�9� �>�A�8� 
z �2� �7�0�2�8�A�8�<�>�A�B�8� �>�B� �3�;�C�1�8�=�K� �?�@�>�=�8�:�=�>�2�5�=�8�O� �G�0�A�B�8�F�K� �2� �A�@�5�4�C�.� 
���>�<�=�>�6�8�2� �A� �M�B�>�9� �F�5�;�L�N� f(3, �@�,� z) �=�0� �@�2�,� �?�>�;�C�G�8�<� �?�>�A�;�5� 
�8�=�B�5�3�@�8�@�>�2�0�=�8�O� �?�>� �@� �8� 3: 

(20.19) 
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§ 21. �-�D�D�5�:�B� ���0�=�4�0�C�-���>�<�5�@�0�=�G�C�:�0� I 
���5�@�5���4�5�<� �B�5�?�5�@�L�.� �:�>�;�8�G�5�A�B�2�5�=�=�>�9� �B�5�>�@�8�8� �2�;�8�O�=�8�O� �<�=�>�.�1� 

�3�>�:�@�0�B�=�>�3�>� �@�0�A�A�5�O�=�8�O� �=�0� �8�7�;�C�G�5�=�8�5� �C�;�L�B�@�0�@�5�;�O�B�8�2�8�A�B�A�:�>�9� �G�0�A�B�8�- j 
�F�K� �2� �0�<�>�@�D�=�>�9� �A�@�5�4�5�.� ��� § 19 �1�K�;�>� �?�>�:�0�7�0�=�>�,� �G�B�>� �5�A�;�8� .. �~� 
�:�2�0�4�@�0�B� �C�3�;�0� �@�0�A�A�5�O�=�8�O� �M�;�5�:�B�@�>�=�0� �2� �?�@�5�4�5�;�0�E� �4�;�8�=�K� �:�>�3�5�@�5�=�- �~�1� 
�B�=�>�A�B�8� �<�0�;� �?�>� �A�@�0�2�=�5�=�8�N� �A� �:�2�0�4�@�0�B�>�<� �E�0�@�0�:�B�5�@�=�>�3�>� �C�3�;�0� �e�3�o�,�~� 

�8�7�;�C�G�5�=�8�O� 82 "" "1 - 2, �"��� �?�@�8� ��� = 1 �A�?�5�:�B�@� �8�7�;�C�G�5�=�8�O� �M�;�5�:�B�@�>�=�0� 'j 
�2� �0�<�>�@�D�=�>�9� �A�@�5�4�5� �A� �;�>�3�0�@�8�D�<�8�G�5�A�:�>�9� �B�>�G�=�>�A�B�L�N� �A�>�2�?�0�4�0�5�B� �.�'�.�~� 
�A� �A�>�>�B�2�5�B�A�B�2�C�N�I�8�<� �@�5�7�C�;�L�B�0�B�>�<� ���5�B�5� �8� ���0�9�B�;�5�@�0� �(�l�8�.�5�)�,�·�~� 
�2� �:�>�B�>�@�>�<� �2�;�8�O�=�8�5� �<�=�>�3�>�:�@�0�B�=�>�3�>� �@�0�A�A�5�O�=�8�O� �=�0� �8�7�;�C�G�5�=�8�5� �=�5�,�.�'� 

�C�G�8�B�K�2�0�5�B�A�O�.� ���=�K�<�8� �A�;�>�2�0�<�8�,� �2� �M�B�>�<� �A�;�C�G�0�5� �M�H�O���O�K�p�a�T�H�o�e�.�~� 
�@�0�A�A�5�O�=�8�5� �=�5� �A�:�0�7�K�2�0�5�B�A�O� �=�0� �8�7�;�C�G�5�=�8�8� �M�;�5�:�B�@�>�=�0� �2� �2�5�I�5�A�B�2�5�.� 

�!� �@�>�A�B�>�<� �M�=�5�@�3�8�8� �G�0�A�B�8�F�K� �@�0�A�B�5�B� �4�;�8�=�0� �:�>�3�5�@�5�=�B�=�>�A�B�8� 

�l�A� = �2�C �2 �/�B�.� � �0�A�B�5�B� �?�@�8� �M�B�>�<� �8� �A�@�5�4�=�5�5� �7�=�0�G�5�=�8�5� �:�2�0�4�@�0�B�0� �C�3�;�0�,� 
�5�5� �@�0�A�A�5�O�=�8�O� �=�0� �4�;�8�=�5� �l�A�,� �B�0�:� �G�B�>� �?�@�8� �4�>�A�B�0�B�>�G�=�>� �1�>�;�L�H�8�E�·�·� 
��� �C�A�;�>�2�8�5� �?�@�8�<�5�=�8�<�>�A�B�8� �D�>�@�<�C�;�K� (19.9) �=�0�@�C�H�0�5�B�A�O�.� ���@�>�F�5�A�A�·� 
�8�7�;�C�G�5�=�8�O� �M�;�5�:�B�@�>�=�0� �2� �B�e�r�F�e�c�T�B�e� �2� �M�B�>�<� �A�;�C�G�0�5� �B�@�5�1�C�5�B� 
�A�?�5�F�8�0�;�L�=�>�3�>� �8�A�A�;�5�4�>�2�0�=�8�O�.� 

���0�<�5�B�8�<�,� �G�B�>� �~�I�5�A�B�2�C�5�B� �1�>�;�L�H�>�9� �8�=�B�5�@�2�0�;� �M�=�5�@�3�8�9�,� �2� �:�>�-�.� 

�B�>�@�>�<� �C�A�;�>�2�8�5� �C �2 �3�1�«� 1 �=�0�@�C�H�0�5�B�A�O� �2� �>�1�;�0�A�B�8� �<�0�;�K�E� �M�=�5�@�3�8�9�:� 
�D�>�B�>�=�>�2� �B�«� ���,� �?�>�M�B�>�<�C� �2�>�?�@�>�A� �>� �2�;�8�O�=�8�8� �<�=�>�3�>�:�@�0�B�=�>�3�>�,� 
�@�0�A�A�5�O�=�8�O� �=�0� �8�7�;�C�G�5�=�8�5� �<�>�6�5�B� �1�K�B�L� �@�0�A�A�<�>�B�@�5�=� �2� �@�0�<�:�0�E� 

�:�;�0�A�A�8�G�5�A�:�>�9� �M�;�5���"�Q�2�P�.�8�=�0�<�8�:�8�.� 

���A�;�8� �C�A�;�>�2�8�5� �C �2 �3�1�«� 1 �=�5� �2�K�?�>�;�=�O�5�B�A�O�,� �B�>� �4�;�O� �>�?�@�5�4�5�;�5�=�8�O� 
�A�?�5�:�B�@�0� �8�7�;�C�G�5�=�8�O� �=�5�>�1�E�>�4�8�<�>� �?�>�;�L�7�>�2�0�B�L�A�O� �>�1�I�5�9� �D�>�@�<�C�;�>�9�:� 
(3.6). �-�B�0� �D�>�@�<�C�;�0� �4�>�;�6�=�0� �1�K�B�L� �C�A�@�5�4�=�5�=�0� �?�>� �A�;�C�G�0�9�=�K�<� 

�7�=�0�G�5�=�8�O�<� �C�3�;�>�2� �@�0�A�A�5�O�=�8�O� �G�0�A�B�8�F�K� �2� �2�5�I�5�A�B�2�5� �(�A�;�C�G�0�9�=�>�A�B�L� 
�A�2�O�7�0�=�0� �A� �E�0�>�B�8�G�5�A�:�8�<� �@�0�A�?�>�;�>�6�5�=�8�5�<� �0�B�>�<�>�2� �2� �0�<�>�@�D�=�>�<�'� 
�B�5�;�5�)�.� �"�>�G�=�>�5� �?�@�>�2�5�4�5�=�8�5� �C�A�@�5�4�=�5�=�8�O� �7�0�B�@�C�4�=�O�5�B�A�O� �B�5�<�,� �G�B�>�'� 
�C�3�>�;� �@�0�A�A�5�O�=�8�O� �2�E�>�4�8�B� �2� �A�?�5�:�B�@�0�;�L�=�C�N� �?�;�>�B�=�>�A�B�L� �8�7�;�C�G�5�=�8�O� 

(3.6) �?�>�4� �7�=�0�:�>�<� �A�8�=�C�A�0�.� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�,� �8�<�5�O� �2� �2�8�4�C�.� 

�?�>�;�C�G�5�=�8�5� �>�F�5�=�>�:� �?�@�8� �C�2� 31 �~� 1 �?�@�5�4�;�>�6�8�;�8� [1] �7�0�<�5�=�8�B�L�'� 
�A�@�5�4�=�5�5� �7�=�0�G�5�=�8�5� �A�8�=�C�A�0� �A�8�=�C�A�>�<� �>�B� �A�@�5�4�=�5�3�>� �7�=�0�G�5�=�8�O� �2�5�;�8�-�:� 

�G�8�=�K�.� �#�G�8�B�K�2�0�O� �?�@�8� �M�B�>�<�,� �G�B�>� 
! t 1 

<S �d�'�t���;�)�=�<���!�J� �d�'�t���B�)�=�-�q�t�l�t�l�,� 
t �>� ��� 2 

�<��� �d�'�t�~�&�2�)�=�~�q�l�t�I�3� 
��� 3 

�(�3�4�5� �-�t�-�C�3�>�;� �@�0�A�A�5�O�=�8�O� �=�0� �8�=�B�5�@�2�0�;�5� �2�@�5�<�5�=�8� �(���,� t) �8� q-, 
�A�@�5�4�=�5�5� �7�=�0�G�5�=�8�5� �:�2�0�4�@�0�B�0� �C�3�;�0� �@�0�A�A�5�O�=�8�O� �G�0�A�B�8�F�K� �=�0� �5�4�8�=�8�F�5� 

�4�;�8�=�K�)�,� �?�@�8�E�>�4�8�<� �:� �A�;�5�4�C�N�I�5�9� �D�>�@�<�C�;�5� �4�;�O� �C�A�@�5�4�=�5�=�=�>�3�>�.� 
�7�=�0�G�5�=�8�O� �A�?�5�:�B�@�0�;�L�=�>�9� �?�;�>�B�=�>�A�B�8� �8�7�;�C�G�5�=�8�O�:� 

00 

( dtS') �5�2�N�L� fd'(l 1 2 )' [(1) 1 2] - =-- - +-"1 q't �s�H� -v m't+-mq't . 
�d�N� �?�C�2� 1: 2 12 

(21.1). 

�>� 
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���;�8�O�=�8�5� �?�>�;�O�@�8�7�0�F�8�8� �A�@�5�4�K� �=�0� �8�7�;�C�G�5�=�8�5� �7�4�5�A�L� �=�5� �C�G�8�B�K�2�0�5�B�A�O�,� 

�B�.� �5�.� �?�>�;�0�3�0�5�B�A�O� 1::(0))= 1. 
�$�>�@�<�C�;�0� (21.1) �>�B�;�8�G�0�5�B�A�O� �<�=�>�6�8�B�5�;�5�<� �?�5�@�5�4� �7�=�0�:�>�<� �A�8�=�C�A�0� 

�>�B� �A�>�>�B�2�5�B�A�B�2�C�N�I�5�9� �D�>�@�<�C�;�K� �@�0�1�>�B�K� [l] �(�A�<�.� �>�1�7�>�@� 12.]). 
��� �8�=�B�5�@�5�A�C�N�I�5�<� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0� �A�;�C�G�0�5� �C �2 �-�l�»� 1 

�<�>�6�=�>� �?�@�5�=�5�1�@�5�G�L� �?�>�4� �7�=�0�:�>�<� �A�8�=�C�A�0� �A�;�0�3�0�5�<�K�<�,� �?�@�>�?�>�@�F�8�­
�>�=�0�;�L�=�K�<� 1'. ���@�8� �M�B�>�<� �D�>�@�<�C�;�0� (21.1) �?�@�8� �>�1�@�5�B�0�5�B� �2�8�4� 

�< �d�r�f�f�\�=�r�f�}�~�p�=�L� �5�2� �j�7�m �q �.� 
doo/ 2 2n 

(21.2) 

�!�@�0�2�=�5�=�8�5� �M�B�>�9� �D�>�@�<�C�;�K� �A� �@�5�7�C�;�L�B�0�B�>�<� ���5�B�5� �8� ���0�9�B�;�5�@�0� 

(18.5) �?�>�:�0�7�K�2�0�5�B�,� �G�B�>� �?�@�8� �2�K�?�>�;�=�5�=�8�8� �C�A�;�>�2�8�O� �C �2 �-�l�»� 1 

�r�f�}�~�p�«� rf}BH' 

�"�0�:�8�<� �>�1�@�0�7�>�<�,� �?�@�8� �C �2 �-�l�»� 1 �<�=�>�3�>�:�@�0�B�=�>�5� �@�0�A�A�5�O�=�8�5� �A�C�I�5�A�B�­
�2�5�=�=�>� �8�7�<�5�=�O�5�B� �A�?�5�:�B�@� �8�~�G�5�=�8�O� �M�;�5�:�B�@�>�=�0� �2� �2�5�I�5�A�B�2�5� �?�>� 

�A�@�0�2�=�5�=�8�N� �A�>� �A�;�C�G�0�5�<� �C�2� �-�l�«� 1. 
�$�>�@�<�C�;�0� (21.2) �B�>�;�L�:�>� �G�8�A�;�>�2�K�<� �<�=�>�6�8�B�5�;�5�<� �>�B�;�8�G�0�5�B�A�O� 

�>�B� �A�>�>�B�2�5�B�A�B�2�C�N�I�5�3�>� �?�@�5�4�5�;�L�=�>�3�>� �A�;�C�G�0�O� �B�>�G�=�>�9� �D�>�@�<�C�;�K� 
(22.9), �?�>�;�C�G�5�=�=�>�9� ���8�3�4�0�;�>�<� [10]. ���5�A�<�>�B�@�O� �=�0� �B�>�,� �G�B�>� 
�A�>�>�B�=�>�H�5�=�8�O� (21.1) �8� (21.2) �=�>�A�O�B� �>�F�5�=�>�G�=�K�9� �E�0�@�0�:�B�5�@�,� �?�@�5�4�­
�;�>�6�5�=�=�K�9� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�>�<� �2�K�2�>�4� �2�A�:�@�K�2�0�5�B� �A�C�I�5�A�B�2�>� 
�M�D�D�5�:�B�0� - �M�D�D�5�:�B� �>�1�C�A�;�>�2�;�5�=� �8�A�:�@�8�2�;�5�=�8�5�<� �B�@�0�5�:�B�>�@�8�8� �G�0�A�B�8�­
�F�K� �2� �0�<�>�@�D�=�>�9� �A�@�5�4�5� �2� �?�@�5�4�5�;�0�E� �4�;�8�=�K� �:�>�3�5�@�5�=�B�=�>�A�B�8�,� 
�A�2�O�7�0�=�=�K�<� �A� �<�=�>�3�>�:�@�0�B�=�K�<� �@�0�A�A�5�O�=�8�5�<�.� 

���5�9�A�B�2�8�B�5�;�L�=�>�,� �A�>�3�;�0�A�=�>� (20.19) �A�@�5�4�=�5�5� �A�<�5�I�5�=�8�5� �B�@�0�5�:�­
�B�>�@�8�8� �G�0�A�B�8�F�K� �2� �?�>�?�5�@�5�G�=�>�9� �?�;�>�A�:�>�A�B�8�,� �A�2�O�7�0�=�=�>�5� �A� �<�=�>�3�>�:�@�0�B�­

�=�K�<� �@�0�A�A�5�O�=�8�5�<�,� �@�0�A�B�5�B� �A�>� �2�@�5�<�5�=�5�<� �?�>� �7�0�:�>�=�C� 

�@�"�,� 13/2. (21.3) 

�-�B�>�<�C� �A�<�5�I�5�=�8�N� �A�>�>�B�2�5�B�A�B�2�C�5�B� �=�5�:�>�B�>�@�>�5� �A�@�5�4�=�5�5� �C�A�:�>�@�5�=�8�5� 
�G�0�A�B�8�F�K� �2� �A�@�5�4�5� 

(21.4) 

���A�;�8� �6�5� �G�0�A�B�8�F�0� �4�2�8�6�5�B�A�O� �C�A�:�>�@�5�=�=�>�,� �B�>� �>�=�0� �8�7�;�C�G�0�5�B�.� �!�?�5�:�B�@� 
�8�7�;�C�G�5�=�8�O�,� �A�>�>�B�2�5�B�A�B�2�C�N�I�8�9� �4�0�=�=�>�<�C� �C�A�:�>�@�5�=�=�>�<�C� �4�2�8�6�5�=�8�N�,� 

�8� �>�?�@�5�4�5�;�O�5�B�A�O� �D�>�@�<�C�;�>�9� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0� (21.2). 
���B�<�5�B�8�<� �2� �M�B�>�9� �A�2�O�7�8�,� �G�B�>� �<�=�>�3�>�:�@�0�B�=�>�<�C� �@�0�A�A�5�O�=�8�N� 

�A�>�>�B�2�5�B�A�B�2�C�5�B�,� �A�B�@�>�3�>� �3�>�2�>�@�O�,� �=�5�:�>�B�>�@�0�O� �;�>�<�0�=�0�O� �B�@�0�5�:�B�>�@�8�O�.� 

���;�O� �>�F�5�=�:�8� �6�5� �A�?�5�:�B�@�0�;�L�=�>�9� �?�;�>�B�=�>�A�B�8� �8�7�;�C�G�5�=�8�O� �?�@�8� �C�2� �-� 1 » 1 , 
�:�0�:� �<�K� �2�8�4�5�;�8�,� �M�B�0� �;�>�<�0�=�0�O� �:�@�8�2�0�O� �<�>�6�5�B� �1�K�B�L� �7�0�<�5�=�5�=�0� 
�?�;�0�2�=�>�9� �B�@�0�5�:�B�>�@�8�5�9�.� ���5�@�5�E�>�4� �>�B� �;�>�<�0�=�>�9� �:�@�8�2�>�9� �:� �?�;�0�2�=�>�9� 
�D�0�:�B�8�G�5�A�:�8� �8� �?�@�>�8�7�2�>�4�8�B�A�O� �2� �@�0�A�A�<�>�B�@�5�=�=�>�<� ���0�=�4�0�C� �8� ���>�­
�<�5�@�0�=�G�C�:�>�<� �A�;�C�G�0�5�.� �-�B�C� �?�;�0�2�=�C�N� �B�@�0�5�:�B�>�@�8�N� �>�1�K�G�=�>� �?�@�8�=�O�B�>� 
�=�0�7�K�2�0�B�L� �D�@�0�:�B�0�;�L�N� �(�A�<�.�,� �=�0�?�@�8�<�5�@�,� [11 ]). 
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���7�;�>�6�5�=�=�K�9� �2�K�H�5� �<�5�B�>�4� �>�F�5�=�:�8� �A�?�5�:�B�@�0� �8�7�;�C�G�5�=�8�O� �1�K�A�B�@�>�,� 
�G�0�A�B�8�F�K� �2� �2�5�I�5�A�B�2�5� �?�>�7�2�>�;�O�5�B� �B�0�:�6�5� �C�A�B�0�=�>�2�8�B�L� �>�?�@�5�4�5�;�5�=� 

�0�=�0�;�>�3�8�N� �<�5�6�4�C� �M�D�D�5�:�B�>�<� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0� �8� �A�8�=�E�@�>�B� 
�@�>�=�=�K�<� �8�7�;�C�G�5�=�8�5�<�.� ���5�9�A�B�2�8�B�5�;�L�=�>�,� �K�a�~� �<�K� �2�8�4�5�;�8�,� �M�D�D�5�'� 
���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0� �A�2�O�7�0�=� �A� �:�@�8�2�8�7�=�>�8� �B�@�0�5�:�B�>�@�8�8� �G�0�A�B�8�F�K�~� 

�>�1�C�A�;�>�2�;�5�=�=�>�9� �<�=�>�3�>�:�@�0�B�=�K�<� �@�0�A�A�5�O�=�8�5�<�.� �!�8�=�E�@�>�B�@�>�=�=�>�5� �6� ' 
�8�7�;�C�G�5�=�8�5� �A�2�O�7�0�=�>� �A� �:�@�8�2�8�7�=�>�9� �B�@�0�5�:�B�>�@�8�8� �G�0�A�B�8�F�K�,� �>�1�C�A�;�>�2�;�'� 
�;�5�=�=�>�9� �2�=�5�H�=�8�<� �<�0�3�=�8�B�=�K�<� �?�>�;�5�<�.� ��� �>�1�>�8�E� �A�;�C�G�0�O�E� �A�?�5�:�B�­
�@�0�;�L�=�0�O� �?�;�>�B�=�>�A�B�L� �8�7�;�C�G�5�=�8�O� �<�>�6�5�B� �1�K�B�L� �?�@�5�4�A�B�0�2�;�5�=�0� �2� �2�8�4�5�,� 
�8�=�B�5�3�@�0�;�0� �?�>� �2�@�5�<�5�=�8� �B�;� �(�A�<�.� �D�>�@�<�C�;�K� (5.8) �8� (21.1» �8� Mbt: 
�<�>�6�5�<� �=�5�?�>�A�@�5�4�A�B�2�5�=�=�>� �A�@�0�2�=�8�B�L� �D�>�@�<�C�;�K�,� �>�?�8�A�K�2�0�N�I�8�5� �M�B�8�'�:� 
�M�D�D�5�:�B�K�.� ' 

��� �A�;�C�G�0�5� �M�D�D�5�:�B�0� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0� �?�>�4� �7�=�0�:�>�<� �A�8�=�C�A�0� 
�2� (21.1) �2�E�>�4�O�B� �A�;�0�3�0�5�<�K�5�,� �?�@�>�?�>�@�F�8�>�=�0�;�L�=�K�5� �B�;� �8� �B�;�2� ��� �A�;�C�G�0�5� �6�5� 
�A�8�=�E�@�>�B�@�>�=�=�>�3�>� �8�7�;�C�G�5�=�8�O� �2�E�>�4�O�B� �A�;�0�3�0�5�<�K�5�,� �?�@�>�?�>�@�F�8�>�=�0�;�L�-�,� 

�=�K�5� �B�;� �8� �B�;�3�.� ��� �>�1�>�8�E� �A�;�C�G�0�O�E� �2� �>�1�;�0�A�B�8� �4�>�A�B�0�B�>�G�=�>� �<�0�;�K�E� �G�0�A�B�>�B�,� 
�;�8�=�5�9�=�K�5� �A�;�0�3�0�5�<�K�5� �?�>� �B�;� �2� �>�A�F�8�;�;�8�@�C�N�I�8�E� �<�=�>�6�8�B�5�;�O�E� �<�>�3�C�B�'� 

�1�K�B�L� �>�?�C�I�5�=�K�.� ���@�8� �M�B�>�<� �2� �0�<�>�@�D�=�>�9� �A�@�5�4�5� �A�?�5�:�B�@� �8�7�;�C�G�5�=�8�O�:� 
�>�?�@�5�4�5�;�O�5�B�A�O� �A�>�>�B�=�>�H�5�=�8�5�<� (21.2), �0� �2� �<�0�3�=�8�B�=�>�<� �?�>�;�5� - �A�>�>�B�- ' 
�2�5�B�A�B�2�C�N�I�5�9� �0�A�8�<�?�B�>�B�8�:�>�9� �A�>�>�B�=�>�H�5�=�8�O� (5.8). �"�0�:�8�<� �>�1�@�0�7�>�<�,� 
�2� �>�1�>�8�E� �A�;�C�G�0�O�E� �A� �C�<�5�=�L�H�5�=�8�5�<� ro �8�=�B�5�=�A�8�2�=�>�A�B�L� �8�7�;�C�G�5�=�8�O�·� 
�C�<�5�=�L�H�0�5�B�A�O�.� ���0�:�>�=�K� �M�B�>�3�>� �C�<�5�=�L�H�5�=�8�O�,� �>�4�=�0�:�>�,� �@�0�7�;�8�G�=�K�,�'� 
�?�>�A�:�>�;�L�:�C� �?�>�4� �7�=�0�:�>�<� �A�8�=�C�A�0� �2� �D�>�@�<�C�;�5� �A�8�=�E�@�>�B�@�>�=�=�>�3�>� 
�8�7�;�C�G�5�=�8�O� �2�E�>�4�8�B� �A�;�0�3�0�5�<�>�5� �A� �B�;�3�,� �0� �2� �D�>�@�<�C�;�5� ���0�=�4�0�C� 
�8� ���>�<�5�@�0�=�G�C�:�0� - �A�;�0�3�0�5�<�>�5� �A� �B�;�2�.� ��� �A�2�>�N� �>�G�5�@�5�4�L�,� �M�B�>� �@�0�7�;�8�G�8�5�'� 
�2� �A�B�5�?�5�=�O�E� �B�;� �A�2�O�7�0�=�>� �A� �@�0�7�;�8�G�8�5�<� �:�@�8�2�8�7�=� �B�@�0�5�:�B�>�@�8�9�,� �>�1�C�A�;�>�2�- , 
�;�5�=�=�K�E� �<�0�3�=�8�B�=�K�<� �?�>�;�5�<� �8� �<�=�>�3�>�:�@�0�B�=�K�<� �@�0�A�A�5�O�=�8�5�<�.� , 

'! § 22. �#�G�5�B� �2�;�8�O�=�8�O� �<�=�>�3�>�:�@�0�B�=�>�3�>� �@�0�A�A�5�O�=�8�O� �~� 
�=�0� �=�7�;�C�G�5�=�=�5� �<�5�B�>�4�>�<� �:�8�=�5�B�8�G�5�A�:�>�3�>� �C�@�0�2�=�5�=�=�O� , 

1 
�2� �<�5�B�>�4�5� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0� �4�;�O� �?�>�;�C�G�5�=�8�O� �A�@�5�4�=�5�3�>�,�:� 

�7�=�0�G�5�=�8�O� �A�?�5�:�B�@�0�;�L�=�>�9� �?�;�>�B�=�>�A�B�8� �8�7�;�C�G�5�=�8�O� �C�;�L�B�@�0�@�5�;�O�B�8�2�8�A�B�A�- ! 
�:�>�3�>� �M�;�5�:�B�@�>�=�0� �2� �0�<�>�@�D�=�>�9� �A�@�5�4�5� �A�@�5�4�=�5�5� �7�=�0�G�5�=�8�5� �>�B� �A�8�=�C�A�0� '; 
�7�0�<�5�=�O�;�>�A�L� �A�8�=�C�A�>�<� �A�@�5�4�=�5�3�>� �7�=�0�G�5�=�8�O�.� �"�0�:�0�O� �7�0�<�5�=�0�,� �>�4�=�0�:�>�,� 

�?�@�8�3�>�4�=�0� �B�>�;�L�:�>� �4�;�O� �?�>�;�C�G�5�=�8�O� �>�F�5�=�>�G�=�K�E� �@�5�7�C�;�L�B�0�B�>�2�.� �!�C�I�5�- " 
�A�B�2�C�5�B� �4�2�0� �<�5�B�>�4�0�,� �?�>�7�2�>�;�O�N�I�8�E� �@�0�7�2�8�B�L� �A�B�@�>�3�C�N� �:�>�;�8�G�5�A�B�­

�2�5�=�=�C�N� �B�5�>�@�8�N� �M�D�D�5�:�B�0� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0�-�<�5�B�>�4� �:�8�­

�=�5�B�8�G�5�A�:�>�3�>� �C�@�0�2�=�5�=�8�O� �8� �<�5�B�>�4� �D�C�=�:�F�8�>�=�0�;�L�=�>�3�>� �8�=�B�5�3�@�8�@�>�2�0�­
�=�8�O�.� ���0�G�=�5�<� �A� �8�7�;�>�6�5�=�8�O� �?�5�@�2�>�3�>� �<�5�B�>�4�0�,� �?�@�8�=�0�4�;�5�6�0�I�5�3�>� 
���8�3�4�0�;�C� [10, 12]. 

���C�4�5�<� �8�A�E�>�4�8�B�L� �8�7� �D�>�@�<�C�;�K� (3.2) �4�;�O� �A�?�5�:�B�@�0�;�L�=�>�-�C�3�;�>�2�>�9� 
�?�;�>�B�=�>�A�B�8� �8�7�;�C�G�5�=�8�O� �8� �?�@�5�4�A�B�0�2�8�<� �5�5� �2� �2�8�4�5� 

+00 00 

�~�=�~� Re f dt �f�d�"�:�[�k� v] [k �v�'�]�5�-�i�D�t�+�i�k�(�r�'�-�r�j� 
dro dcr 21[2 " , 

-00 �>� 

�3�4�5� r=r(t), r'=r(t') �8� ro=lkl. 
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(22.1) 



���0�4�0�G�0� �A�>�A�B�>�8�B� �2� �C�A�@�5�4�=�5�=�8�8� �M�B�>�3�>� �2�K�@�0�6�5�=�8�O� �?�>� �2�A�5�<� 
�2�>�7�<�>�6�=�K�<� �B�@�0�5�:�B�>�@�8�O�<� �G�0�A�B�8�F�K� �2� �2�5�I�5�A�B�2�5�,� �B�.� �5�.� �2� �>�?�@�5�4�5�;�5�­

�=�8�8� �2�5�;�8�G�8�=�K� 

���=� ([k, �C�'�]� [k, v J exp(ik(r' -r))), (22.2) 

�3�4�5� �C�3�;�>�2�K�5� �A�:�>�1�:�8� �A�;�C�6�0�B� �4�;�O� �>�1�>�7�=�0�G�5�=�8�O� �C�A�@�5�4�=�5�=�8�O�.� 
���2�5�4�5�<� �4�2�5� �2�5�@�>�O�B�=�>�A�B�=�K�5� �D�C�=�:�F�8�8�:� 11 (r, �C�;� �t�)�-�2�5�@�>�O�B�=�>�A�B�L� 

�7�=�0�G�5�=�8�O� �:�>�>�@�4�8�=�0�B�K� r �8� �A�:�>�@�>�A�B�8� v �2� �<�>�<�5�=�B� �2�@�5�<�5�=�8� 

t �8� 12 (r', �C�'�;� r, �C�;� �1�)�-�2�5�@�>�O�B�=�>�A�B�L� �7�=�0�G�5�=�8�9� r' �8� �C�'� �2� �1�>�;�5�5� 
�?�>�7�4�=�8�9� �<�>�<�5�=�B� �2�@�5�<�5�=�8� t + �"�!� �?�@�8� �C�A�;�>�2�8�8�,� �G�B�>� �M�B�8� �2�5�;�8�G�8�=�K� 
�2� �<�>�<�5�=�B� �2�@�5�<�5�=�8� t �8�<�5�N�B� �7�=�0�G�5�=�8�O� r �8� �#�.� �"�>�3�4�0� �2�5�;�8�G�8�=�0� 
��� �<�>�6�5�B� �1�K�B�L� �?�@�5�4�A�B�0�2�;�5�=�0� �2� �2�8�4�5� 

���=�f�d�3���'�d�3�V�'�d�3�3�d�3�v�5�i�k�(�r�'�-�r�)�[�k�,� V]'[k, v']/1 '12' (22.3) 

���5�@�>�O�B�=�>�A�B�=�K�5� �D�C�=�:�F�8�8� 11 �8� 12 �>�?�@�5�4�5�;�O�N�B�A�O� �:�8�=�5�B�8�G�5�A�:�8�<� 
�C�@�0�2�=�5�=�8�5�<� (20.14) �8� �C�4�>�2�;�5�B�2�>�@�O�N�B� �A�;�5�4�C�N�I�8�<� �=�0�G�0�;�L�=�K�<� 
�C�A�;�>�2�8�O�<�:� 

11 (r, �C�;� O)=8(r)8(v-vo), 
12 (r', �C�'�;� r, �C�;� O)=8(r-r')8(v-v'), 

�3�4�5� �C�>� - �=�0�G�0�;�L�=�0�O� �A�:�>�@�>�A�B�L�.� 

���7� �:�8�=�5�B�8�G�5�A�:�>�3�>� �C�@�0�2�=�5�=�8�O� �8� �=�0�G�0�;�L�=�K�E� �C�A�;�>�2�8�9� �A�;�5�4�C�5�B�,� 

�G�B�>� 12 �7�0�2�8�A�8�B� �B�>�;�L�:�>� �>�B� �@�0�7�=�>�A�B�8� �:�>�>�@�4�8�=�0�B� (r' -r). ��� �D�>�@�<�C�;�C� 
(22.3) �2�E�>�4�8�B� �D�C�@�L�5�-�>�1�@�0�7� �2�5�;�8�G�8�=�K� 12: 

���(�C�'�,� �#�;� 1)= J �d�(�r�'�-�r�)�e�i�k�(�r�'�-�r�~�2�(�r�'�,� �C�'�;� r, �C�;� '[), 

�?�>�M�B�>�<�C� (22.3) �<�>�6�=�>� �?�5�@�5�?�8�A�0�B�L� �2� �2�8�4�5� 

K=Jd3rd3vd3v'[k, V]'[k, v']/1 (r, �C�;� �(�)���(�C�'�,� �C�;� 1). (22.4) 
���A�?�>�;�L�7�C�O� �D�C�@�L�5�-�?�@�5�>�1�@�0�7�>�2�0�=�8�5� �D�C�=�:�F�8�8� �@�0�A�?�@�5�4�5�;�5�=�8�O� 12' 

�?�@�8�E�>�4�8�<� �:� �A�;�5�4�C�N�I�5�<�C� �C�@�0�2�=�5�=�8�N� �4�;�O� ���:� 

a;;-ikv'J;.=n fda(vII-v')[J;.(vII, �#�;� "C)-J;.(v', �#�;� �"�!�)�]�,� (22.5) 

�?�@�8�G�5�<� Ik(V', �#�;� �>�)�=�>�(�C�-�C�'�)�.� � �5�H�5�=�8�5� �M�B�>�3�>� �C�@�0�2�=�5�=�8�O� �B�5�?�5�@�L� 
�A�>�A�B�0�2�;�O�5�B� �=�0�H�C� �3�;�0�2�=�C�N� �7�0�4�0�G�C�.� 

�%�0�@�0�:�B�5�@�=�K�5� �7�=�0�G�5�=�8�O� �C�3�;�>�2� �@�0�A�A�5�O�=�8�O� �8� �8�7�;�C�G�5�=�8�O� �@�5�;�O�­
�B�8�2�8�A�B�A�:�>�9� �G�0�A�B�8�F�K� �2� �2�5�I�5�A�B�2�5� �<�0�;�K�,� �?�>�M�B�>�<�C� �2� (22.5) �<�>�6�5�B� 
�1�K�B�L� �2�K�?�>�;�=�5�=�>� �@�0�7�;�>�6�5�=�8�5� �?�>� �M�B�8�<� �C�3�;�0�<�.� �#�4�>�1�=�>� �>�B�A�G�8�B�K�­
�2�0�B�L� �C�3�;�K� �>�B�=�>�A�8�B�5�;�L�=�>� �=�0�?�@�0�2�;�5�=�8�O� �4�2�8�6�5�=�8�O� �D�>�B�>�=�0� �?�.� 
��� �?�@�8�1�;�8�6�5�=�8�8� �<�0�;�K�E� �C�3�;�>�2� �A�?�@�0�2�5�4�;�8�2�K� �A�;�5�4�C�N�I�8�5� �A�>�>�B�­
�=�>�H�5�=�8�O�:� 

V �~� v ( 1 - �~� 92) n +.9, 9 « 1, 

�V�'�~�V�(�1�-�~�9�'�2�)�n�+�.�9�"� 9'«1. 
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���>�4�A�B�0�2�;�O�O� �M�B�8� �A�>�>�B�=�>�H�5�=�8�O� �2� �C�@�0�2�=�5�=�8�5� (22.5) �8� �A�>�E�@�0�=�O�O�:� 
�4�2�0� �?�5�@�2�K�E� �G�;�5�=�0� �@�0�7�;�>�6�5�=�8�O� �2�E�>�4�O�I�8�E� �2� (22.5) �2�5�;�8�G�8�=� �?�(�)� 
�C�3�;�0�<�,� �?�@�8�E�>�4�8� �<� �:� �C�@�0�2�=�5�=�8�N� �$�>�:�:�5�@�0� - ���;�0�=�:�0� 

o-h 'k (1 l n'2). 1 02. --[ V --17 Jk=-q-Jk 
01: 2 4 0[)'2 

(22.6): 

�!� �=�0�G�0�;�L�=�K�<� �C�A�;�>�2�8�5�<���(�9�'�,� 9; 0)=0(9-9'), �3�4�5� q �>�?�@�5�4�5�;�O�5�B�A�O�·� 
�A�>�>�B�=�>�H�5�=�8�5�<� (20.13)"1 

� �5�H�5�=�8�5� �C�@�0�2�=�5�=�8�O� (22.6) �A�;�5�4�C�5�B� �8�A�:�0�B�L� �2� �2�8�4�5� " 
fk(9', 9; �'�"�!�)� = �5�E�@� (ct9,2 �+�~�-�-�'�+�l�1�)�,� •. 

�3�4�5� ct, �~� �8� �l�1�-�=�5�:�>�B�>�@�K�5� �D�C�=�:�F�8�8�,� �7�0�2�8�A�O�I�8�5� �>�B� 't �8� 9. ���+�t� 
�=�5� �1�C�4�5�<� �7�4�5�A�L� �?�@�8�2�>�4�8�B�L� �?�>�4�@�>�1�=�>�A�B�5�9� �@�5�H�5�=�8�O� �C�@�0�2�=�5�=�8�O�i� 
(22.6). �-�B�>�B� �2�>�?�@�>�A� �E�>�@�>�H�>� �8�7�;�>�6�5�=� �2� �@�0�1�>�B�0�E� [3, 13]. . 

� �5�H�5�=�8�5� �4�>�;�6�=�>� �1�K�B�L�,� �>�G�5�2�8�4�=�>�,� �?�>�4�A�B�0�2�;�5�=�>� �2� �D�>�@�<�C�;�C� 
(22.4). ��� �@�5�7�C�;�L�B�0�B�5�,� �?�>�A�;�5� �8�=�B�5�3�@�8�@�>�2�0�=�8�O� �?�>� �C�3�;�0�<� �8�7�;�C�G�5�=�8�O�,� 

�?�>�;�C�G�8�<� �D�>�@�<�C�;�C� ���8�3�4�0�;�0� [10] �4�;�O� �A�?�5�:�B�@�0� �8�7�;�C�G�5�=�8�O� �1�K�A�B�@�>�9� 
�G�0�A�B�8�F�K� �2� �0�<�>�@�D�=�>�9� �A�@�5�4�5� 

(22.7) 

�3�4�5� �(�d�S�/�d�r�o�)�o�=�e �2 �q�L�j�3�t�c�(�1�-�v�)�-�A�?�5�:�B�@� �8�7�;�C�G�5�=�8�O� �1�5�7� �C�G�5�B�0� �<�=�>�-�,� 

�3�>�:�@�0� �B�=�>�3�>� �@�0�A�A�5�O�=�8�O�,� s = 1/2 (1 - v) JO)jq �8� �$� �<� (s) - �D�C�=�:�F�8�O�,�.�,� 
�C�G�8�B�K�2�0�N�I�0�O� �2�;�8�O�=�8�5� �<�=�>�3�>�:�@�0�B�=�>�3�>� �@�0�A�A�5�O�=�8�O� �=�0� �8�7�;�C�G�5�=�8�5�:�,� 

00 

�$�<�(�s�)�=� 24s2 (f dxcthxe -2sx sin �2�S�X�-�~�)�.� (22.8)1 

�>� ' 

� �0�A�A�<�>�B�@�8�<� �4�2�0� �?�@�5�4�5�;�L�=�K�E� �A�;�C�G�0�O� �D�>�@�<�C�;�K� (22.8). 
���A�;�8� s> 1, �B�>� �$��� �~� 1. �-�B�>�B� �A�;�C�G�0�9� �A�>�>�B�2�5�B�A�B�2�C�5�B� �<�0�;�K�<�:� 

�M�=�5�@�3�8�O�<� �G�0�A�B�8�F� �8� �1�>�;�L�H�8�<� �G�0�A�B�>�B�0�<� �8�7�;�C�G�5�=�=�K�E� �D�>�B�>�=�>�2�.� ���@�8� 

�M�B�>�<� �<�=�>�3�>�:�@�0�B�=�>�5� �@�0�A�A�5�O�=�8�5� �=�5� �>�:�0�7�K�2�0�5�B� �2�;�8�O�=�8�O� �=�0� �8�7�;�C�G�5�=�8�5� .. 
���@�8� �<�0�;�K�E� �7�=�0�G�5�=�8�O�E� s �D�C�=�:�F�8�O� �$�<�~�6�s� �8� �2�K�@�0�6�5�=�8�5� �4�;�O�'� 

<dSjdro> �?�@�8�>�1�@�5�B�0�5�B� �2�8�4� 

(dlf) �5�2� r::: - =L-yroq. 
dm 1t 

(22.9) �~� , 

�-�B�0� �D�>�@�<�C�;�0� �B�>�;�L�:�>� �G�8�A�;�>�2�K�<� �<�=�>�6�8�B�5�;�5�<� �>�B�;�8�G�0�5�B�A�O� �>�B�,� 
�>�F�5�=�>�G�=�>�3�>� �@�5�7�C�;�L�B�0�B�0� ���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0� (21.2). ' 

���@�8� �?�@�>�8�7�2�>�;�L�=�K�E� �7�=�0�G�5�=�8�O�E� s �3�@�0�D�8�:� �D�C�=�:�F�8�8� �$ ��� (s) 
�?�@�5�4�A�B�0�2�;�5�=� �=�0� �@�8�A�.� 3.2. �:�~� 

���K� �2�8�4�8�<�,� �G�B�>� �8�7�;�>�6�5�=�=�K�9� �<�5�B�>�4� �:�8�=�5�B�8�G�5�A�:�>�3�>� �C�@�0�2�=�5�=�8�O�.�;� 
�?�>�7�2�>�;�O�5�B� �=�5� �B�>�;�L�:�>� �C�B�>�G�=�8�B�L� �:�>�M�D�D�8�F�8�5�=�B� �2� �D�>�@�<�C�;�5� 
���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0�,� �=�>� �8� �>�?�8�A�0�B�L� �?�@�>�<�5�6�C�B�>�G�=�C�N� �>�1�;�0�A�B�L�·� 
�?�5�@�5�E�>�4�0� �>�B� �@�5�7�C�;�L�B�0�B�0� ���5�B�5� �8� ���0�9�B�;�5�@�0� �:� �@�5�7�C�;�L�B�0�B�C�'� 
���0�=�4�0�C� �8� ���>�<�5�@�0�=�G�C�:�0�.� 
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���0� �>�A�=�>�2�5� �<�5�B�>�4�0� �:�8�=�5�B�8�G�5�A�­
�:�>�3�>� �C�@�0�2�=�5�=�8�O� �1�K�;�>� �8�7�C�G�5�=�>� 
�2�;�8�O�=�8�5� �8� �<�=�>�3�8�E� �4�@�C�3�8�E� �D�0�:�­
�B�>�@�>�2� �=�0� �8�7�;�C�G�5�=�8�5�,� �B�0�:�8�E�,� �=�0�­

�?�@�8�<�5�@�,� �:�0�:� �>�B�4�0�G�0� �?�@�8� �8�7�C�G�5�=�8�8� 

[14], �?�>�;�O�@�8�7�0�F�8�O� �A�@�5�4�K� [4], 
�@�>�;�L� �3�@�0�=�8�F� �<�8�H�5�=�8� [15), �?�>�­
�3�;�>�I�5�=�8�5� �D�>�B�>�=�>�2�;� �1�K�;�8� �>�F�5�=�5�­
�=�K� �B�0�:�6�5� �?�@�5�4�5�;�K� �?�@�8�<�5�=�8�<�>�A�B�8� 

�<�5�B�>�4�0� �$�>�:�:�5�@�0� - ���;�0�=�:�0� �4�;�O� 

�4�0�=�=�>�9� �7�0�4�0�G�8� �8� �C�:�0�7�0�=�0� �?�@�>�F�5�­
�4�C�@�0� �?�>�2�K�H�5�=�8�O� �B�>�G�=�>�A�B�8� �M�B�>�3�>� 

�<�5�B�>�4�0� [16], �8�A�A�;�5�4�>�2�0�=�>� �C�3�;�>�2�>�5� 
�@�0�A�?�@�5�4�5�;�5�=�8�5� �8�7�;�C�G�5�=�8�O� �8� �5�3�>� 

�?�>�;�O�@�8�7�0�F�8�O� [17] �8� �4�@�.� �(�A�<�.� �>�1�­
�7�>�@�K� [3, 18, 19), �?�>�A�2�O�I�5�=�=�K�5� 
�4�0�=�=�>�9� �B�5�<�5�,� �8� �A�A�K�;�:�8� �2� �=�8�E�)�.� 
���@�8� �M�B�>�<�,� �>�4�=�0�:�>�,� �A�@�5�4�0� �2�A�5�3�4�0� 

�$�,�$�"� 
1,0 

��� 0,+ 0,8 1,2 1I 

� �8�A�.� 3.2. ���@�0�D�8�:�8� �D�C�=�:�F�8�9� �$�<�(�S�)� �8� �$�(�s�)� 
�(�A�<�.� § 53), �>�?�@�5�4�5�;�O�N�I�8�E� �2�;�8�O�=�8�5� �<�=�>�­

�3�>�:�@�0�B�=�>�3�>� �@�0�A�A�5�O�=�8�O� �=�0� �8�7�;�C�G�5�=�8�5� �1�K�­

�A�B�@�>�9� �G�0�A�B�8�F�K� �2� �0�<�>�@�D�=�>�9� �A�@�5�4�5� 

�8� �2� �:�@�8�A�B�0�;�;�5� 

�?�@�5�4�?�>�;�0�3�0�;�0�A�L� �0�<�>�@�D�=�>�9�.� 

§ 23. �#�A�@�5�4�=�5�=�8�5� �?�>� �B�@�0�5�:�B�>�@�8�O�<� �A�?�5�:�B�@�0� �8�7�;�C�G�5�=�8�O� 
�<�5�B�>�4�>�<� �D�C�=�:�F�8�>�=�0�;�L�=�>�3�>� �8�=�B�5�3�@�8�@�>�2�0�=�8�O� 

���1�I�0�O� �D�>�@�<�C�;�0� �4�;�O� �A�?�5�:�B�@�0�;�L�=�>�9� �?�;�>�B�=�>�A�B�8� �8�7�;�C�G�5�=�8�O� 
(3.10) �>�?�@�5�4�5�;�O�5�B�A�O� �C�3�;�0�<�8� �@�0�A�A�5�O�=�8�O� �G�0�A�B�8�F�K� �2� �2�5�I�5�A�B�2�5�.� �-�B�8� 
�2�5�;�8�G�8�=�K� �2� �A�8�;�C� �<�=�>�3�>�:�@�0�B�=�>�3�>� �@�0�A�A�5�O�=�8�O� �O�2�;�O�N�B�A�O� �A�;�C�G�0�9�­

�=�K�<�8�,� �?�>�M�B�>�<�C� �?�>� �=�8�<� �4�>�;�6�=�>� �?�@�>� �2�>�4�8�B�L�A�O� �C�A�@�5�4�=�5�=�8�5�.� 

��� �<�5�B�>�4�5� ���8�3�4�0�;�0�,� �4�;�O� �B�>�3�>� �G�B�>�1�K� �?�@�>�8�7�2�5�A�B�8� �C�A�@�5�4�=�5�=�8�5�,� 

�8�A�?�>�;�L�7�>�2�0�;�>�A�L� �:�8�=�5�B�8�G�5�A�:�>�5� �C�@�0�2�=�5�=�8�5� �4�;�O� �@�0�A�?�@�5�4�5�;�5�=�8�O� 

�G�0�A�B�8�F� �?�>� �:�>�>�@�4�8�=�0�B�0�<� �8� �A�:�>�@�>�A�B�O�<�.� 

���A�E�>�4�=�K�<�,� �>�4�=�0�:�>�,� �2� �M�B�>�9� �7�0�4�0�G�5� �<�>�6�=�>� �A�G�8�B�0�B�L� �?�>�=�O�B�8�5� 
�B�@�0�5�:�B�>�@�8�8� �G�0�A�B�8�F�K�,� �:�>�B�>�@�0�O� �O�2�;�O�5�B�A�O� �A�;�C�G�0�9�=�>�9�.� ���>�M�B�>�<�C� 
�C�A�@�5�4�=�5�=�8�5� �4�>�;�6�=�>�,� �?�>� �A�C�B�8� �4�5�;�0�,� �?�@�>�8�7�2�>�4�8�B�L�A�O� �?�>� �A�;�C�G�0�9�=�K�<� 

�B�@�0�5�:�B�>�@�8�O�<�.� �"�0�:�>�5� �C�A�@�5�4�=�5�=�8�5� �<�>�6�5�B� �1�K�B�L� �?�@�>�8�7�2�5�4�5�=�>� �A� �?�>�­
�<�>�I�L�N� �<�5�B�>�4�0� �D�C�=�:�F�8�>�=�0�;�L�=�>�3�>� �8�=�B�5�3�@�8�@�>�2�0�=�8�O�.� �-�B�>�B� �<�5�B�>�4� 
�?�>�;�C�G�8�;� �2� �=�0�A�B�>�O�I�5�5� �2�@�5�<�O� �H�8�@�>�:�>�5� �@�0�7�2�8�B�8�5� �2� �A�2�O�7�8� �A� �@�0�7�­

�;�8�G�=�K�<�8� �7�0�4�0�G�0�<�8� �B�5�>�@�8�8� �?�>�;�O�,� �=�5� �3�>�2�>�@�O� �C�6�5� �>� �B�>�<�,� �G�B�>� 

�A� �?�>�<�>�I�L�N� �M�B�>�3�>� �<�5�B�>�4�0�,� �:�0�:� �?�>�:�0�7�0�;� �$�5�9�=�<�0�=� [20], �C�4�0�5�B�A�O� 
�=�0�3�;�O�4�=�>� �@�0�7�J�O�A�=�8�B�L� �A�2�O�7�L� �<�5�6�4�C� �:�2�0�=�B�>�2�>�9� �8� �:�;�0�A�A�8�G�5�A�:�>�9� 
�<�5�E�0�=�8�:�>�9�.� ���>�7�<�>�6�=�>�A�B�L� �8�A�?�>�;�L�7�>�2�0�=�8�O� �<�5�B�>�4�0� �D�C�=�:�F�8�>�=�0�;�L�­
�=�>�3�>� �8�=�B�5�3�@�8�@�>�2�0�=�8�O� �4�;�O� �C�A�@�5�4�=�5�=�8�O� �?�>� �A�;�C�G�0�9�=�K�<� �B�@�0�5�:�B�>�@�8�­

�O�<� �2� �7�0�4�0�G�0�E�,� �A�2�O�7�0�=�=�K�E� �A� �8�7�;�C�G�5�=�8�5�<�,� �1�K�;�0� �C�A�B�0�=�>�2�;�5�=�0� 
�2� �@�0�1�>�B�0�E� [21, 22]. ���0�6�=�>�A�B�L� �B�0�:�>�3�>� �?�>�4�E�>�4�0� �7�0�:�;�N�G�0�5�B�A�O� 
�2� �B�>�<�,� �G�B�>� �>�=� �?�>�7�2�>�;�O�5�B� �5�4�8�=�K�<� �>�1�@�0�7�>�<� �C�G�8�B�K�2�0�B�L� �2�;�8�O�=�8�5� 
�A�;�C�G�0�9�=�K�E� �D�0�:�B�>�@�>�2� �=�0� �8�7�;�C�G�5�=�8�5� �2� �@�0�7�;�8�G�=�K�E� �7�0�4�0�G�0�E�,� �B�0�:�8�E� 
�:�0�:� �C�G�5�B� �2�;�8�O�=�8�O� �<�=�>�3�>�:�@�0�B�=�>�3�>� �@�0�A�A�5�O�=�8�O� �=�0� �8�7�;�C�G�5�=�8�5� 

�2� �0�<�>�@�D�=�K�E� �A�@�5�4�0�E�,� �2� �:�@�8�A�B�0�;�;�0�E�,� �0� �B�0�:�6�5� �?�@�8� �8�7�;�C�G�5�=�8�8� 
�2�>� �2�=�5�H�=�8�E� �?�>�;�O�E�.� 

���@�>�F�5�4�C�@�0� �D�C�=�:�F�8�>�=�0�;�L�=�>�3�>� �8�=�B�5�3�@�8�@�>�2�0�=�8�O� �<�>�6�5�B� �1�K�B�L� 
�A�@�0�2�=�8�B�5�;�L�=�>� �?�@�>�A�B�>� �2�K�?�>�;�=�5�=�0� �2� �B�>�<� �A�;�C�G�0�5�,� �5�A�;�8� �C�A�@�5�4�=�O�5�<�K�9� 
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�0� �A�;�C�G�0�9�=�K�9� �?�@�>�F�5�A�A�)�,� 
�8�<�5�5�B� �:�0�:� �@�0�7� �<�5�A�B�>�:� 

�~� 

�D�C�=�:�F�8�>�=�0�;� �8�<�5�5�B� �3�0�C�A�A�>�2�C� �D�>�@�<�C�,� 
�O�2�;�O�5�B�A�O� �3�0�C�A�A�>�2�K�<�.� �"�0�:�0�O� �A�8�B�C�0�F�8�O� 
�2� �@�0�A�A�<�0�B�@�8�2�0�5�<�>�9� �=�0�<�8� �7�0�4�0�G�5�.� 

���5�9�A�B�2�8�B�5�;�L�=�>�,� �A�>�3�;�0�A�=�>� (3.10) �A�?�5�:�B�@�0�;�L�=�0�O� �?�;�>�B�=�>�A�B�L�"� 
�8�7�;�C�G�5�=�8�O� �?�@�5�4�A�B�0�2�;�O�5�B� �A�>�1�>�9� �D�C�=�:�F�8�>�=�0�;� d<ff �f�-� (t)]/dm �A�;�C�G�0���-�·� 
�=�K�E� �7�=�0�G�5�=�8�9� �C�3�;�0� �@�0�A�A�5�O�=�8�O� 9 (t), �2� �:�>�B�>�@�K�8� �C�3�>�;� 9 �2�E�>�4�8�B� �~� 
�:�2�0�4�@�0�B�8�G�=�>� �?�>�4� �7�=�0�:�>�<� �A�8�=�C�A�0�,� �B�.� �5�.� �M�B�>�B� �D�C�=�:�F�8�>�=�0�;� �8�<�5�5�B�~� 
�3�0�C�A�A�>�2�C� �D�>�@�<�C�.� �'�B�>� �:�0�A�0�5�B�A�O� �A�;�C�G�0�9�=�>�3�>� �?�@�>�F�5�A�A�0�,� �A�2�O�7�0�=�=�>�3�>�.�!� 
�A� �<�=�>�3�>�:�@�0�B�=�K�<� �@�0�A�A�5�O�=�8�5�<�,� �B�>� �2� �A�;�C�G�0�5� �0�<�>�@�D�=�>�3�>� �2�5�I�5�A�B�2�0�'�~� 
�M�B�>�B� �?�@�>�F�5�A�A� �O�2�;�O�5�B�A�O� �3�0�C�A�A�>�2�K�<� [20]. �-�B�>� �7�=�0�G�8�B�,� �G�B�>� �5�A�;�8�)� 

�2� �=�0�G�0�;�L�=�K�9� �<�>�<�5�=�B� �2�@�5�<�5�=�8� �@�0�A�?�@�5�4�5�;�5�=�8�5� �G�0�A�B�8�F� �?�>� �C�3�;�0�<�'�~� 
�1�K�;�>� �2�8�4�0� �4�5�;�L�B�0�-�D�#�=�:�F�8�8�f�(�9�,� 0)=8(09), �B�>� �:� �<�>�<�5�=�B�C� �2�@�5�<�5�=�8�]� 
• �M�B�>� �@�0�A�?�@�5�4�5�;�5�=�8�5� �1�C�4�5�B� �8�<�5�B�L� �2�8�4� '1 

f(q, .)=_1 �5�E�@� (_ 92), (23.1)j 
�B�c�q�T� qT '1 

.' 
�~� 

�3�4�5� �q�-�A�@�5�4�=�5�5� �7�=�0�G�5�=�8�5� �:�2�0�4�@�0�B�0� �C�3�;�0� �@�0�A�A�5�O�=�8�O� �G�0�!�"���&�+�J� 

�2� �0�<�>�@�D�=�>�9� �A�@�5�4�5� �=�0� �5�4�8�=�8�F�5� �4�;�8�=�K� (20.13). . ,) 
���A�?�>�;�L�7�C�O� �M�B�C� �D�>�@�<�C�;�C�,� �<�>�6�=�>� �?�>�;�C�G�8�B�L� �?�;�>�B�=�>�A�B�L� �2�5�@�>�-�}� 

�O�B�=�>�A�B�8� �B�>�3�>�,� �G�B�>� �C�3�;�K� �@�0�A�A�5�O�=�8�O� �>�9 �n� = 09 �(�n�~�)� �2� �<�>�<�5�=�B�K� '1 
�2�@�5�<�5�=�8� tn =nl1 �1�C�4�C�B� �;�5�6�0�B�L� �2� �8�=�B�5�@�2�0�;�0�E� �(�>�9�n�,�>�9�n�+�d�>�9 �n �)� [23]' 

dfYJ =d291···d29N �[�_�9 �"� _ _ (9N-9N- 1Y] (23.2) 
N �(�B�c�q�~�)�N� �5�E�@� �q�~� ••• �q�~� , 

�3�4�5� �~�~�.�/�N�.� �!� �M�B�>�9� �?�;�>�B�=�>�A�B�L�N� �2�5�@�>�O�B�=�>�A�B�8� �8� 
�C�A�@�5�4�=�5�=� �D�C�=�:�F�8�>�=�0�;� d<ff [9 (.)]/dm, �?�@�8�G�5�<� �?�@�8� 
�1�K�B�L� �2�K�?�>�;�=�5�=� �?�@�5�4�5�;�L�=�K�9� �?�5�@�5�E�>�4� �:� N �~� 00. 

�"�0�:�8�<� �>�1�@�0�7�>�<�,� �>�A�=�>�2�=�>�5� �2�K�@�0�6�5�=�8�5� �4�;�O� 
�A�?�5�:�B�@�0� �8�7�;�C�G�5�=�8�O� �8�<�5�5�B� �2�8�4� 

(dC> = 1· f + �A�>� fdfYJ dC [9 �(�"�)�]� 
dro �1�B� . . . N dro . 

N-co �-�A�>� 

�4�>�;�6�5�=� �1�K�B�L� 
�M�B�>�<� �4�>�;�6�5�=� 

�C�A�@�5�4�=�5�=�=�>�3�>� 

���1�K�G�=�>� �B�0�:�>�5� �2�K�@�0�6�5�=�8�5� �A�>�:�@�0�I�5�=�=�>� �7�0�?�8�A�K�2�0�N�B� �2� �2�8�4�5� 
�D�C�=�:�F�8�>�=�0�;�L�=�>�3�>� �8�=�B�5�3�@�0�;�0� �?�>� �2�8�=�5�@�>�2�A�:�>�9� �<�5�@�5� 

(23.4) , 

���0�<�5�G�0�O�,� �G�B�>� 

92 �(�.�)�=�~�e�x�p� [Jl9 2 (.)] I ' 
aJl 1'=0 

�;�5�3�:�>� �C�1�5�4�8�B�L�A�O�,� �G�B�>� �2�A�5� �A�;�0�3�0�5�<�K�5� �2� �?�>�4�K�=�B�5�3�@�0�;�L�=�>�<� �2�K�@�0�6�5�­
�=�8�8� (23.4), �A�>�4�5�@�6�0�I�8�5� �>�1�5� �:�>�<�?�>�=�5�=�B�K� �2�5�:�B�>�@�0� �>�9�=�(�9�;�:�5�,� �9 �C �)�,� ,. 

�D�0�:�B�>�@�8�7�C�N�B�A�O�,� �?�>�M�B�>�<�C� �?�@�8� �2�K�G�8�A�;�5�=�8�8� �2�5�;�8�G�8�=�K� <d<ff/dm) ' 
�4�>�A�B�0�B�>�G�=�>� �2�K�G�8�A�;�8�B�L� �D�C�=�:�F�8�>�=�0�;�L�=�K�9� �8�=�B�5�3�@�0�;� �B�>�;�L�:�>� �?�>�'� 
�>�4�=�>�9� �8�7� �:�>�<�?�>�=�5�=�B� �2�5�:�B�>�@�0� �>�9�.� ���@�8� �M�B�>�<� �A�@�5�4�=�5�5� �7�=�0�G�5�=�8�5� 
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