
Èíôîðìàöèÿ î ñåìåñòðå
1. 3 ëàáîðàòîðíûõ ðàáîòû = çà÷åò ïî ôèçèêå

2. Îöåíêà ñòàâèòñÿ íà îñíîâàíèè ðàáîòû â òå÷åíèå ñåìåñòðà è îòâåòà íà
ýêçàìåíå.

3. Ó÷åáíèêè è çàäà÷íèêè îñòàþòñÿ ïðåæíèìè.

4. 9 ëåêöèé ìàêñèìóì.

×àñòü I

Ëåêöèÿ 1 (20.02.15) �Òåîðåìà
Ãàóññà�

1 Òåîðåìà Ãàóññà

1.1 Ïîòîê âåêòîðà ~a

1. Ôa =

ˆ
~ad~S =

ˆ
~n~adS =

ˆ
1 · cos a · dS =

ˆ
andS

(a) ~S � ïëîùàäü

2. d~S = ~ndS

(a) ~n � âåêòîð íîðìàëè ê ïëîùàäè

1.2 Òåîðåìà Ãàóññà

1. Ïóñòü:

(a) Â ïðîñòðàíñòâå èìååòñÿ ñèñòåìà çàðÿäîâ

2. Òîãäà:

(a) Îêðóæèì ýòó ñèñòåìó çàìêíóòîé ïîâåðõíîñòüþ. [157]

(b)

˛
S

~Ed~S =
q

ε0
; ÔE =

q

ε0

(c)

˛
S

EndS =
q

ε0

(d) q � ïîëíûé ñóììàðíûé çàðÿä, ëåæàùèé âíóòðè âûáðàííîé ïî-
âåðõíîñòè.
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i. q =
∑

qi; q = q1 − q2 + q3

(e)

˛
S

EndS =
∑

EnidSi

i. En � ïðîåêöèÿ âåêòîðà íàïðÿæåííîñòè íà âåêòîð íîðìàëè.

3. Ïðèìåðû

(a) Ïîëå øàðà [158]

(b) Ïåðåä ïðèìåíåíèåì òåîðåìû Ãàóññà íàäî âûáðàòü çàìêíóòóþ ïî-
âåðõíîñòü.

(c) Ðàçáåðåì äâà ñëó÷àÿ:

i. x < R

ii. x ≥ R
(d) Ðàçáèâàåì ïîâåðõíîñòü íà ìàëåíüêèå ïëîùàäêè dS è ê êàæäîé

òàêîé ïëîùàäêå ñòðîèì íîðìàëü.

(e) Íàõîäèì ïðîåêöèè íàïðÿæåííîñòè íà íîðìàëè.

i. En = E � âèäíî èç ðèñóíêà

ii.

˛
S

EdS =
q

ε0

(f) Ìîäóëü âåêòîðà íàïðÿæåííîñòè íå çàâèñèò îò ïëîùàäè ñôåðû
ðàäèóñà x.

i.

˛
S

EdS = E

˛
S

dS = ES =
q

ε0

ii. E · 4πx2 =
ρ 4

3πx
3

ε0

iii. E =
ρx

3ε0
� îòâåò

×àñòü II

Ëåêöèÿ 2 (06.03.15) �Ïîòåíöèàë
ïîëÿ. Çàêîí Êóëîíà�

2 Ïîòåíöèàë ïîëÿ

1. Äèïîëü

(a) ~l � ïëå÷î äèïîëÿ [159]

(b) ~p = q~l � äèïîëüíûé ìîìåíò
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2. Íàéäåì ïîòåíöèàë ïîëÿ ϕ(r) äèïîëÿ íà äîñòàòî÷íî áîëüøîì ðàññòîÿ-
íèè [160]

(a) a� r− ∼ r ∼ r+

(b) r− =
√
r2 + a2 + 2~r~a = r

√
1 + a2

r2 + 2~r~a
r2 ≈ r(1 + 1

2
2~r~a
r2 )

(c) r+ =
√
r2 + a2 − 2~r~a = r

√
1 + a2

r2 −
2~r~a
r2 ≈ r(1−

1
2

2~r~a
r2 )

(d) ϕ = kq
r+
− kq

r−
= kq( 1

r+
− 1

r−
) = kq r−−r+r+r−

= kq r−−r+r2 = kq 2~r~a
r3

(e) r− − r+ = r · 2~r~a
r2 = 2~r~a

r

(f) ϕ = k ~p~rr3 = k~p ~er
r2 = kp cos Θ

r2 � ïîòåíöèàë ïîëÿ

i. ~er = ~r
r � åäèíè÷íûé âåêòîð

2.1 Ñâÿçü íàïðÿæåííîñòè è ïîòåíöèàëà

1. ~F = −gradW ; W = qϕ

2. q ~E = −grad(qϕ)

3. ~E = −gradϕ

4. ~E = −(∂ϕ∂x
~i+ ∂ϕ

∂y
~j + ∂ϕ

∂z
~k); ~E = −(∂ϕ∂r ~er + ∂ϕ

∂l ~el)

(a) dϕ
dr = −2kp cos Θ

r3

(b) dl = dΘ · r
(c) ∂ϕ

∂l = ∂ϕ
dΘ·r

(d) ∂ϕ
∂l = ∂ϕ

∂Θ·r

5. ~E = 2kp cos Θ
r3 ~er + kp sin Θ

r3 ~el

6. E = kp
r3

√
4 cos2 Θ + sin2 Θ

7. E = kp
r3

√
3 cos2 Θ + 1

3 Çàêîí Êóëîíà F = kq1q2

r2

1. k = 1
4πε0

= 9 · 109

(a) ε0 = 8.85 · 10−12 Ô
ì
� ýëåêòðè÷åñêàÿ ïîñòîÿííàÿ

2. F = 1
4πεε0

· q1q2r2

(a) ε � äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü

3. Äèñêðåòíîñòü çàðÿäà: Q = Ne

(a) e � ýëåìåíòàðíûé çàðÿä

(b) Ëþáîé çàðÿä êðàòåí ýëåìåíòàðíîìó çàðÿäó ýëåêòðîíà
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3.1 Íàïðÿæåííîñòü ýëåêòðè÷åñêîãî ïîëÿ ~E =
~F
q0

1. Íàïðÿæåííîñòü ïîëÿ � îòíîøåíèå ñèëû, äåéñòâóþùåé íà ïðîáíûé
òî÷å÷íûé çàðÿä ê ñàìîìó çàðÿäó.

4 Äîêàçàòåëüñòâî òåîðåìû Ãàóññà
¸
S
~Ed~S = q

ε0

1. E = kqq0
r2q0

= kq
r2 ,

~E = kq~r
r3

2. Íàéäåì ïîòîê òî÷å÷íîãî çàðÿäà ÷åðåç ñôåðó: ÔE =
¸
EndS = ES =

q
4πε0r2

· 4πr2 = q
ε0

3. Ìîæíî ñêàçàòü, ÷òî ðåçóëüòàò èíòåãðèðîâàíèÿ íå çàâèñèò îò ôîðìû
ïîâåðõíîñòè.

4. Åñëè âíóòðè ïîâåðõíîñòè íàõîäèòñÿ íåñêîëüêî çàðÿäîâ, òî èñïîëüçóåì
ïðèíöèï ñóïåðïîçèöèè (ïðèíöèï ñóììèðîâàíèÿ) è ïðèìåíèì ïîëó÷åí-
íûé ðåçóëüòàò ê êàæäîìó çàðÿäó.

(a)
¸
EndS =

∑
qi

ε0

4.1 Òåîðåìà
¸
S
~ad~S =

´
V
div~adV

4.2 Òåîðåìà Ãàóññà â äèôôåðåíöèàëüíîé ôîðìå

1.
´
V
div ~EdV =

´
V
ρdV
ε0

2. div ~E = ρ
ε0

3. ∂Ex

∂x +
∂Ey

∂y + ∂Ez

∂z = ρ
ε0

4.3 Öèðêóëÿöèÿ ýëåêòðè÷åñêîãî ïîëÿ

1. dA = ~Fd~l; dA = q ~Ed~l

2. A = q
´ 2

1
~Ed~l � ðàáîòà ïî ïåðåìåùåíèþ çàðÿäà q èç òî÷êè 1 â òî÷êó 2,

ñîâåðøàåìàÿ ïîëåì E.

3. Åñëè ðàáîòà ñèëû F ïî çàìêíóòîìó êîíòóðó ðàâíà 0, òî ïîëå ñèëû F
íàçûâàåòñÿ êîíñåðâàòèâíûì, à ðàáîòà çàâèñèò òîëüêî îò íà÷àëüíîãî
è êîíå÷íîãî ïîëîæåíèÿ òåëà.

4.
¸

Γ
~Ed~l = 0 � öèðêóëÿöèÿ âåêòîðà ~E ïî çàìêíóòîìó êîíòóðó Γ ðàâíà

0.
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4.4 Òåîðåìà Ñòîêñà

1.
´

Γ
~ad~l =

´
S

(rot~a)d~S

(a) Ïîâåðõíîñòü S íàòÿíóòà íà êîíòóð Γ

×àñòü III

Ëåêöèÿ 3 (03.04.15) �Ïðîâîäíèêè
â ýëåêòðè÷åñêîì ïîëå.
Ýëåêòðîåìêîñòü�

5 Ïðîâîäíèêè â ýëåêòðè÷åñêîì ïîëå

1. Óòâåðæäåíèå 1: Ýëåêòðîíû â ïðîâîäíèêå ñïîñîáíû ïåðåìåùàòüñÿ
ïîä äåéñòâèåì áåñêîíå÷íî ìàëîé ñèëû.

2. Ïîëå âíóòðè ïðîâîäíèêà äîëæíî ðàâíÿòüñÿ íóëþ. E = 0, èíà÷å çàðÿ-
äû áóäóò ïîñòîÿííî íàïðàâëåííî äâèãàòüñÿ.

(a) ϕ = const � ïîòåíöèàë ïîëÿ ïîñòîÿíåí

(b) E = −gradϕ

3. Óòâåðæäåíèå 2: Åñëè çàðÿäèòü óåäèíåííûé êóñîê ìåòàëëà, òî çàðÿä
ñêîïèòñÿ íà ïîâåðõíîñòè, à ëèíèè ~E äîëæíû áûòü ïåðïåíäèêóëÿðíû
ïîâåðõíîñòè.

(a) Åñëè óãîë îòëè÷åí îò 90 ãðàäóñîâ, òî âîçíèêàåò ãîðèçîíòàëüíàÿ
ñîñòàâëÿþùàÿ ñèëû Fx = e · Ex è ïî ïîâåðõíîñòè áóäåò ïåðå-
ìåùàòüñÿ çàðÿä, ò.å. ïîòå÷åò ýëåêòðè÷åñêèé òîê, ÷åãî, î÷åâèäíî,
áûòü íå ìîæåò.

4. Íàéäåì ñâÿçü ïîëÿ ñíàðóæè ïðîâîäíèêà ñ ïîâåðõíîñòîé ïëîòíîñòüþ
çàðÿäà íà åãî ïîâåðõíîñòè:

(a)
´
DndS = q, ãäå D � âåêòîð ýëåêòðè÷åñêîé èíäóêöèè ~D = εε0

~E

(b) D~n = D, D∆S = σ∆S, εε0E = σ

(c) E~n = E

(d) E = σ
εε0
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6 Ýëåêòðîåìêîñòü

6.1 Ýëåêòðîåìêîñòü óåäèíåííîãî ïðîâîäíèêà

1. Íàïðÿæåííîñòü ïîëÿ â îêðóæàþùåì ïðîâîäíèê ïðîñòðàíñòâå ïðîïîð-
öèîíàëüíî çàðÿäó íà ïðîâîäíèêå, ïîýòîìó ðàáîòà ïî ïåðåìåùåíèþ
ïðîáíîãî çàðÿäà òàêæå áóäåò ïðîïîðöèîíàëüíà çàðÿäó â ïðîâîäíèêå.
Îòñþäà ñëåäóåò, ÷òî ïîòåíöèàë ïðîâîäíèêà äîëæåí áûòü ïðîïîðöèî-
íàëåí çàðÿäó íà ýòîì ïðîâîäíèêå.

(a) q ∼ ϕ
(b) q = Cϕ, ãäå C � ýëåêòðîåìêîñòü

2. Çà åäèíèöó åìêîñòè ïðèíèìàåòñÿ åìêîñòü òàêîãî ïðîâîäíèêà, ïîòåí-
öèàë êîòîðîãî èçìåíÿåòñÿ íà 1 âîëüò ïðè ñîîáùåíèè åìó çàðÿäà â 1
Êë. Ýòà åäèíèöà åìêîñòü íàçûâàåòñÿ Ôàðàä.

6.1.1 Ïðèìåðû

1. Åìêîñòü ìåòàëëè÷åñêîãî øàðà, ïîãðóæåííîãî â äèýëåêòðèê ε

(a) E = kq
εr2 � íàïðÿæåííîñòü ïîëÿ

(b) ϕ1 − ϕ∞ =
´∞
R

~Ed~r = kq
εR � ïîòåíöèàë íà ïîâåðõíîñòè øàðà

(c) ϕ = q
4πε0εR

(d) C = 4πεε0R

2. Âû÷èñëèì ðàäèóñ ìåòàëëè÷åñêîãî øàðà, èìåþùåãî åìêîñòü 1 Ôàðàä.

(a) R = C
4πεε0

= 9 · 109ì

6.2 Ýëåêòðîåìêîñòü êîíäåíñàòîðà

1. Ìû âèäåëè, ÷òî óåäèíåííûå ïðîâîäíèêè îáëàäàþò íåáîëüøèìè åìêî-
ñòÿìè. Äëÿ ïîëó÷åíèÿ óñòðîéñòâà ñ áîëüøîé åìêîñòüþ, íóæíî âçÿòü,
ïî êðàéíåé ìåðå, äâà ïðîâîäíçèêà, ðàñïîëîæåííûõ áëèçêî äðóã ê äðó-
ãó.

(a) Îáðàçóþùèå êîíäåíñàòîð ïðîâîäíèêè íàçûâàþò îáêëàäêàìè.

(b) Ïîëå êîíäåíñàòîðà ñîñðåäîòî÷åíî ìåæäó îáêëàäêàìè.

6.2.1 Ïðèìåðû

1. Ïëîñêèé êîíäåíñàòîð

(a) Eêîíäåíñàòîðà = 2Eïëîñêîñòè = σ
εε0

(b) U = Ed = σ
εε0
d, ãäå d - ðàññòîÿíèå ìåæäó îáêëàäêàìè
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(c) C = εε0S
d

2. Ñôåðè÷åñêèé êîíäåíñàòîð

(a) D · 4πr2 = q

(b) εε0E · 4πr2 = q

(c) E = q
4πεε0r2

(d) U =
´ R2

R1
Edr = q

4πεε0
(− 1

r )|R2

R1
= q

4πεε0
( 1
R1
− 1

R2
) = q(R2−R1)

4πεε0R1R2

(e) C = 4πεε0R1R2

R2−R1

3. Öèëèíäðè÷åñêèé êîíäåíñàòîð

(a) E = λ
2πεε0r

(b) U = q
2πεε0h

ln R2

R1

(c) C = 2πεε0h

ln
R2
R1

6.3 Ïàðàëëåëüíîå ñîåäèíåíèå êîíäåíñàòîðîâ

1. Òîê ÷åðåç êîíäåíñàòîð íå òå÷åò. ÍÈÇÇß ÒÀÊ ÃÎÂÎÐÈÒÜ

2. q = q1 + q2 + ....+ qn � çàêîí ñîõðàíåíèÿ çàðÿäà

3. q = CU

4. Cε = C1ε+ C2ε+ ...+ Cnε

5. C = C1 + c2 + ...+ Cn

6.4 Ïîñëåäîâàòåëüíîå ñîåäèíåíèå êîíäåíñàòîðîâ

1. ÝÄÑ çàðÿæàåò òîëüêî êðàéíèå îáêëàäêè, íà âíóòðåííèõ çàäÿä ïåðå-
ðàñïðåäåëÿåòñÿ.

2. ε = U = U1 + U2 + ...+ Un � èç ìåòîäà ïîòåíöèàëîâ

(a) ε = ϕ2 − ϕ1

i. U1 = ϕ3 − ϕ1

ii. U2 = ϕ4 − ϕ3

iii. U3 = ϕ2 − ϕ4

(b) U1 + U2 + U3 = ϕ3 − ϕ1 + ϕ4 − ϕ3 + ϕ2 − ϕ4 = ϕ2 − ϕ1 = ε

3. q
C = q

C1
+ q

C2
+ ...+ q

Cn

4. 1
C = 1

C1
+ 1

C2
+ ...+ 1

Cn
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7 Ýíåðãèÿ ñèñòåìû çàðÿäîâ. Ýíåðãèÿ ýëåêòðè-

÷åñêîãî ïîëÿ

1. Äëÿ äâóõ çàðÿäîâ: W = qϕ, W = k q1q2r

2. Äëÿ ñèñòåìû çàðÿäîâ: W = 1
2

∑
qiϕi

3. W = 1
2 (q1

kq2
r + q2

kq1
r ) = kq1q2

r � ïðèìåð äëÿ äâóõ çàðÿäîâ

4. Ýíåðãèÿ óåäèíåííîãî ïðîâîäíèêà:

W = 1
2

∑
qiϕ = 1

2ϕ
∑
qi = 1

2ϕq = q2

2C = Cϕ2

2

5. Ýíåðãèÿ êîíäåíñàòîðà: W = 1
2 (qϕ1 − qϕ2) = 1

2qU = CU2

2 = q2

2C

7.1 Ïëîòíîñòü ýíåðãèè êîíäåíñàòîðà

1. W = CU2

2 = εε0SE
2d2

2d = 1
2εε0E

2Sd = ωV

2. ω = W
V = 1

2εε0E
2 = 1

2
~E ~D = 1

2
~E ~P + 1

2ε0E
2

3. ~D = ~P + ε0
~E

×àñòü IV

Ëåêöèÿ 4 (17.04.15) �Ïîñòîÿííûé
ýëåêòðè÷åñêèé òîê�

8 Ïîñòîÿííûé ýëåêòðè÷åñêèé òîê

1. Ñèëà òîêà: I = dq
dt

2. Ïëîòíîñòü òîêà: j = dI
dS

(a) Åñëè j = const, òî j = I
S

(b) dI = ~jd~S

i. d~S = ~ndS

ii. I =
´
~jdS =

´
~j~ndS =

´
jndS

3. Óðàâíåíèå íåïðåðûâíîñòè

(a) I =
´
~jd~S = dq′

dt

(b) Ðàññìîòðèì çàìêíóòóþ ïîâåðõíîñòü S: I ′ =
¸
S
~jd~S = dq′

dt = −dqdt
i. q′ � çàðÿä, âûòåêàþùèé èç ýòîé ïîâåðõíîñòè çà âðåìÿ t
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ii. Âíóòðè ïîâåðõíîñòè îñòàåòñÿ çàðÿä −q
(c)
´
V
div~jdV = − d

dt

´
ρdV ⇒ div~j = −dρdt � óðàâíåíèå íåïðåðûâíî-

ñòè

(d) Â ñëó÷àå ñòàöèîíàðíîãî òîêà: div~j = 0

(e) Ôèçè÷åñêèé ñìûñë óðàâíåíèÿ íåïðåðûâíîñòè: ëèíèè òîêà çàìêíó-
òû

8.1 ÝÄÑ

1.
´

Γ
~Ed~l = 0 � öèðêóëÿöèÿ âåêòîðà ~E

2. Çà ñ÷åò òîëüêî ýëåêòðîñòàòè÷åñêèõ ñèë òîê íå ìîæåò ïîääåðæèâàòüñÿ,
òàê êàê ðàáîòà êîíñåðâàòîâíîé ñèëû ïî çàìêíóòîìó êîíòóðó ðàâíà 0.
Äëÿ ïîääåðæàíèÿ òîêà â öåïè íåîáõîäèìî, ÷òîáû íà íåêîòîðûõ ó÷àñò-
êàõ öåïè äåéñòâîâàëè ñèëû íå ýëåêòðîñòàòè÷åñêîãî ïðîèñõîæäåíèÿ,
íàçûâàåìûå ñòîðîííèìè ñèëàìè.

3. Îïðåäåëåíèå: Âåëè÷èíà, ðàâíàÿ ðàáîòå ñòîðîííèõ ñèë íàä åäèíè÷íûì
ïîëîæèòåëüíûì çàðÿäîì íàçûâàåòñÿÝÄÑ (ýëåêòðîäâèæóùåé ñèëîé).

(a) ε =
Añòîðîííèõ ñèë

q

(b) A = q(ϕ1 − ϕ2) = q
´ 2

1
~Fd~l

(c) Añòîðîííèõ ñèë = qε = q
´
~Eñòîðîííèõ ñèëd~l

4. Aïîëíàÿ = q(ϕ1 − ϕ2) + qε

8.2 Íàïðÿæåíèå

1. Ïðåäñòàâèì ïîëíóþ ðàáîòó â âèäå: A12 = qU12

2. U12 = ϕ1 − ϕ2 + ε � íàïðÿæåíèå (ïàäåíèå íàïðÿæåíèÿ)

8.3 Çàêîíû Îìà

1. Çàêîí Îìà äëÿ îäíîðîäíîãî ó÷àñòêà öåïè

(a) Îäíîðîäíûé ó÷àñòîê � ó÷àñòîê, ó êîòîðîãî íåò ÝÄÑ

(b) I = U
R

(c) R = ρ dldS

i. ρ � óäåëüíîå ñîïðîòèâëåíèå

(d) jdS = Edl·dS
ρdl

(e) j = E
ρ ;
~j = 1

ρ
~E � çàêîí Îìà äëÿ îäíîðîäíîãî ó÷àñòêà öåïè â

äèôôåðåíöèàëüíîé ôîðìå
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(f) σ = 1
ρ � óäåëüíàÿ ïðîâîäèìîñòü

(g) ~j = σ ~E

2. Îáîáùèì (1.e) íà íåîäíîðîäíûé ó÷àñòîê öåïè

(a) ~j = 1
ρ ( ~E+ ~Eñòîðîííèõ ñèë) � çàêîí Îìà äëÿ íåîäíîðîäíîãî ó÷àñòêà

öåïè â äèôôåðåíöèàëüíîé ôîðìå

(b) dS · j = 1
ρ (E + Eñò)dS

dl
dl

(c) Iρ dldS = (E + Eñò)dl

(d) IR = ϕ1−ϕ2 + ε � çàêîí Îìà äëÿ íåîäíîðîäíîãî ó÷àñòêà öåïè â
èíòåãðàëüíîé ôîðìå.

8.4 Ïðàâèëà Êèðõãîôà

1. Ñóììà òîêîâ, ïðîõîäÿùèõ ÷åðåç óçåë ðàâíà íóëþ. Òîêè, âõîäÿùèå â
óçåë áåðóòñÿ ñ ïëþñîì, à âûõîäÿùèé ñ ìèíóñîì.

(a)
∑
Ii = 0

2. Ïåðåä ïðèìåíåíèåì âòîðîãî ïðàâèëà Êèðõãîôà íàäî âûáðàòü íàïðàâ-
ëåíèå îáõîäà. Ñóììà ïàäåíèÿ íàïðÿæåíèé â êîíòóðå ðàâíà ñóììå
ÝÄÑ. Åñëè ÝÄÑ îáõîäèòñÿ îò ìèíóñà ê ïëþñó, ÝÄÑ áåðåòñÿ ñ ïëþñîì,
èíà÷å � ñ ìèíóñîì.

(a)
∑
IiRi =

∑
εi

8.5 Çàêîí Äæîóëÿ-Ëåíöà. Ìîùíîñòü òîêà

1. Q = I2Rt

2. P = dA
dt = dqU

dt = IU = I2R

3. dA = dQ

4. dQ
dt = I2R

5. Q =
´ t2
t1
I2Rdt

×àñòü V

Ëåêöèè 5,6 (17.04,15.05.15)
�Ìàãíåòèçì�

9 Ìàãíåòèçì

1. ~B � âåêòîð èíäóêöèè ìàãíèòíîãî ïîëÿ
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2. ~B = µµ0
~H

~D = εε0
~E

(a) ~H � âåêòîð íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ

(b) µ0 = 1, 257 · 10−6 [Ãí/ì] � ìàãíèòíàÿ ïîñòîÿííàÿ

3.
´
~Bd~S = 0

4. Ëèíèè ~B âñåãäà çàìêíóòû ñàìè íà ñåáÿ.

5. Ìàãíèòíûå ïîëÿ ñîçäàþò òîêè.

9.1 Çàêîí Áèî-Ñàâàðà-Ëàïëàñà

1. d ~B = µµ0

4π ·
I[d~l,~r]
r3

(a) µ0 = 1, 257Ãí
ì

- ìàãíèòíàÿ ïîñòîÿííàÿ

(b) µ - ìàãíèòíàÿ ïðîíèöàåìîñòü

9.1.1 Ïðèìåðû

1. Ìàãíèòíîå ïîëå ïðîâîäíèêà êîíå÷íîé äëèíû

(a) dB = µ0

4π ·
I·dl·sinα

r2

(b) d(90− α) = −dα
(c) sin dα = dS

r ≈ dα
sinα = dS

dl
dS = rdα
dS = sinαdl

(d) dl = rdα
sinα

(e) dB = µ0

4π ·
I·dα
r

(f) sinα = a
r

r = a
sinα

(g) dB = µ0

4π ·
Idα sinα

a

(h) B =
´
dB = µ0I

4πa

´ α2

α1
sinαdα =

= µ0I
4πα · (− cosα)|α2

α1
= µ0I

4πα (cosα1 − cosα2)

2. Ìàãíèòíîå ïîëå êðóãîâîãî âèòêà ñ òîêîì

(a) Ðàçáèâàåì êðóãîâîé âèòîê íà ìàëåíüêèå êóñî÷êè

(b) ~B0 =
∑

∆ ~Bi - ïî ïðèíöèïó ñóïåðïîçèöèè

(c) B0 =
∑

∆Bi - òàê êàê âåêòîðû êîëëèíåàðíû

(d) ∆Bi = µ0

4π ·
I∆liR
R3 = µ0

4π ·
I∆li
R2
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(e) B0 =
∑

∆Bi = µ0I
4πR2

∑
∆li

(f) B0 = µ0I
2R

3. Ìàãíèòíîå ïîëå áåñêîíå÷íî äëèííîãî ïðîâîäíèêà

(a) B12 = µ0I
4πa (cosα1 − cosα2)

(b) α1 → 0
α2 → 180î

(c) B = µ0I
2πa

9.2 Ñèëà Ëîðåíöà

1. ~Fë = q[~v, ~B] + q ~E

2. Åñëè çàðÿä îòðèöàòåëüíûé, òî íàïðàâëåíèå ñèëû Ëîðåíöà íåîáõîäèìî
èçìåíèòü íà 180î.

3. Åñëè çàðÿæåííàÿ ÷àñòèöà âëåòàåò â ìàãíèòíîå ïîëå ïåðïåíäèêóëÿðíî
ëèíèÿì ~B, òî îíà áóäåò äâèãàòüñÿ ïî îêðóæíîñòè.

9.2.1 Ïðèìåðû

1. ~v ⊥ ~B

(a) m~a = ~F

(b) man = Fë

(c) mv2

R = qvB

(d) R = mv
qB

2. ~v 6⊥ ~B

(a) Äâèæåíèå ïî ñïèðàëè ïðåäñòàâëÿåò ñîáîé ñóïåðïîçèöèþ äâóõ äâè-
æåíèé: â âåðòèêàëüíîé ïëîñêîñòè ÷àñòèöà äâèæåòñÿ ïî îêðóæíî-
ñòè, à â ãîðèçîíòàëè - ðàâíîìåðíîå äâèæåíèå.

(b)
mv2y
R = qvyB

(c) s = vt

(d) h = vxT = v cosα 2πR
vy

(e) R = mv sinα
qB - ðàäèóñ ñïèðàëè

(f) h = v cosα2πmv sinα
qBv sinα = 2πmv cosα

qB - øàã ñïèðàëè
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9.3 Çàêîí Àìïåðà

1. Ñèëà Àìïåðà - ñèëà, äåéñòâóþùàÿ íà ïðîâîäíèê ñ òîêîì â ìàãíèòíîèì
ïîëå.

2. ~FA = I[~l, ~B]

3. FA = NFë

9.3.1 Âûâîä çàêîíà Àìïåðà

1. Ðàññìîòðèì ýëåêòðè÷åñêèé òîê (íàïðàâëåííîå äâèæåíèå ýëåêòðîíîâ)

2. ~V = ~v + ~u

(a) ~v - ñêîðîñòü òåïëîâîãî (õàîòè÷åñêîãî) äâèæåíèÿ ýëåêòðîíîâ (ïî-
ðÿäêà 100 êì/ñ)

(b) ~u - ñêîðîñòü íàïðàâëåííîãî äâèæåíèÿ ýëåêòðîíîâ (ïîðÿäêà 1 ìì/ñ)

3. Åñëè ïî ïðîâîäíèêó â ìàãíèòíîì ïîëå ïðîòåêàåò òîê, òî ñðåäíÿÿ ñèëà,
äåéñòâóþùàÿ íà ýëåêòðîí, áóäåò ðàâíà: < ~Fë >= q[< ~v > + < ~u >, ~B]

(a) < ~v >= 0, òàê êàê äâèæåíèå õàîòè÷åñêîå

4. ~FA = N < ~Fë >= Ne[< ~u >, ~B] =

= n · S · l · e[< ~u >, ~B]

5. I = enSu

6. ~FA = I[~l, ~B]

9.4 Ìàãíèòíûé ìîìåíò äëÿ ðàìêè ñ òîêîì

1. ~Pm = I ~S = IS~n

9.4.1 Ñèëû è ìîìåíòû ñèë, äåéñòâóþùèå íà êîíòóð ñ òîêîì

1. Ïóñòü:

(a) Èìååòñÿ ïðÿìîóãîëüíàÿ ðàìêà ñ òîêîì â ìàãíèòíîì ïîëå.

2. Òîãäà:

(a) Ìàãíèòíîå ïîëå áóäåò ñòðåìèòüñÿ ïîâåðíóòü ðàìêó ñ òîêîì.

(b) Íàéäåì ñóììàðíûé ìîìåíò ñèë, äåéñòâóþùèõ íà ðàìêó:

i. N = N1 +N2 = 2IlB a
2 sinα = ISB sinα

ii. ~N = [ ~pm, ~B]
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(c) Ïðè ïîâîðîòå ðàìêè íà óãîë dα íóæíî ñîâåðøèòü ðàáîòó dW =
dA = Ndα = PmB sinαdα

i. dW = PmB sinαdα

ii. W = −PmB cosα+ C

iii. W = − ~Pm ~B

9.5 Ðàáîòà, ñîâåðøàåìàÿ ïðè ïåðåìåùåííè çàðÿäà ïî
êîíòóðó, íàõîäÿùåìñÿ â ìàãíèòíîì ïîëå

1. dA = FAdx = IB(ldx) = I(BdS) = Idϕ

2. dA = Idϕ

3. ∆A = I∆ϕ, I = const

9.6 Òåîðåìà Ãàóññà

1.
¸
S
~Ed~S = q

ε0

2.
¸
S
~Bd~S = 0 - òåîðåìà Ãàóññà äëÿ ìàãíèòíîé èíäóêöèè

3.
¸
S
~ad~S =

´
V
div~adV - òåîðåìà Ãàóññà-Îñòðîãðàäñêîãî

4.
¸
S
~Bd~S =

´
V
div ~BdV = 0 =⇒ div ~B = 0

9.7 Òåîðåìà î öèðêóëÿöèè ìàãíèòíîé èíäóêöèè (çàêîí
ïîëíîãî òîêà)

1. Ïóñòü â ïðîñòðàíñòâå èìååòñÿ ñèñòåìà òîêîâ

2. Îêðóæèì ñèñòåìó òîêîâ êîíòóðîì

3. Òîãäà èìååò ìåñòî ñëåäóþùåå âûðàæåíèå:
¸

Γ
~Bd~l = µ0I

(a) I - ïîëíûé ñóììàðíûé òîê, ëåæàùèé âíóòðè âûáðàííîãî êîíòóðà

4. Ïðè ïðèìåíåíèè çàêîíà ïîëíîãî òîêà âûáèðàåòñÿ íàïðàâëåíèå îáõîäà
êîíòóðà

5. Íàïðàâëåíèþ îáõîäà ïî ïðàâèëó ïðàâîãî âèíòà ïðèïèñûâàåòñÿ íà-
ïðàâëåíèå íîðìàëè

6. Åñëè òîê ïðîíèçûâàåò ïëîùàäü, íàòÿíóòóþ íà êîíòóð, âäîëü íîðìàëè,
òî îí áåðåòñÿ ñ ïëþñîì, à åñëè ïðîòèâ íîðìàëè - ñ ìèíóñîì.

7. Äîêàçàòåëüñòâî:

(a) Ðàññìîòðèì áåñêîíå÷íûé ïðîâîäíèê ñ òîêîì I è íàéäåì öèðêó-

ëÿöèþ âåêòîðà ~B
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(b)
¸

Γ
~Bd~l =

´
Bdl = Bl = µ0I

2πx · 2πx = µ0I

i. Èç çàêîíà Áèî-Ñàâàðà-Ëàïëàñà: B = µ0I
2πx

(c) Ìû âèäèì, ÷òî ðåçóëüòàò íå çàâèñèò îò ôîðìû êîíòóðà (òàê êàê
x â îòâåò íå âîøåë). Èíòåãðàë îïðåäåëÿåòñÿ òîëüêî ñóììàðíûì
òîêîì, ïåðåñåêàþùèì ïîâåðõíîñòü, íàòÿíóòóþ íà êîíòóð Γ.

(d)
´

Γ
~Bd~l = µ0

∑
Ii

9.7.1 Ïðèìåð 1

1. Äàíî:

(a) Ïëîòíîñòü òîêà j

(b) Ðàäèóñ ïðîâîäíèêà R

2. Íàéòè:

(a) Ìàãíèòíîå ïîëå â çàâèñèìîñòè îò ðàññòîÿíèÿ B(x)

3. Ðåøåíèå:

(a) 1 ñëó÷àé: Âíóòðè ïðîâîäíèêà

i. Îáÿçàòåëüíî âûáèðàåì êîíòóð (îêðóæíîñòü íà ïîïåðå÷íîì
ñå÷åíèè ïðîâîäíèêà)

ii. Âûáèðàåì íàïðàâëåíèå îáõîäà (ïðîòèâ ÷àñîâîé ñòðåëêè)

iii.
¸

Γ
~Bd~l = µ0I

iv. Òàê êàê ~B è d~l ñîâïàäàþò:
´
Bdl = µ0I

v. Ìîäóëü âåêòîðà B íà çàâèñèò îò l, ïîýòîìó B
´
dl = µ0I

vi. B ∗ 2πx = µ0I, I = jπx2

vii. B ∗ 2πx = µ0jπx
2

viii. B = µ0jx
2

(b) 2 ñëó÷àé: Ñíàðóæè ïðîâîäíèêà

i.
´
Bdl = µ0I

ii. B ∗ 2πx = µ0jπR
2

iii. B = µ0jR
2

2x

9.7.2 Ïðèìåð 2: Ìàãíèòíîå ïîëå áåñêîíå÷íîãî ïðîâîäíèêà ñ òî-

êîì

1. Äàíî:

(a) Áåñêîíå÷íûé ïðîâîäíèê ñ òîêîì

(b) Òîê I
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2. Íàéòè:

(a) Ìàãíèòíîå ïîëå â çàâèñèìîñòè îò ðàññòîÿíèÿ B(x)

3. Ðåøåíèå:

(a)
´
Bdl = µ0I

(b) B ∗ 2πx = µ0I

(c) B = µ0I
2πx

9.7.3 Ïðèìåð 3: Ìàãíèòíîå ïîëå ñîëåíîèäà

1. Äàíî:

(a) Äëèíà ñîëåíîèäà l

(b) Ðàäèóñ ñîëåíîèäà r

(c) l >> r

(d) Â èäåàëüíîì ñîëåíîèäå ìàãíèòíîå ïîëå ñíàðóæè ðàâíî 0

2. Íàéòè:

(a) Ìàãíèòíîå ïîëå ~B

3. Ðåøåíèå:

(a)
´
~Bd~l = µ0I

(b) B∆l = µ0NI

i. N - êîëè÷åñòâî âèòêîâ, ïðîíèçûâàþùèõ êîíòóð

(c) n = N
l - êîíöåíòðàöèÿ âèòêîâ

(d) B∆l = µ0n∆lI

(e) B = µµ0nI

9.8 Çàêîí ýëåêòðîìàãíèòíîé èíäóêöèè

1. Â 1831 ãîäó Ôàðàäåé îáíàðóæèë, ÷òî â çàìêíóòîì ïðîâîäÿùåì êîí-
òóðå, ïðè èçìåíåíèè ïîòîêà ìàãíèòíîé èíäóêöèè ÷åðåç ïîâåðõíîñòü,
îãðàíè÷åííóþ ýòèì êîíòóðîì, âîçíèêàåò ýëåêòðè÷åñêèé òîê.

2. ε = −∆ϕ
∆t

3. ε = −ϕ̇

4. Ïðàâèëî Ëåíöà: Âîçíèêàþùèé èíäóêöèîííûé òîê ñîçäàåò ìàãíèòíîå
ïîëå, íàïðàâëåííîå ïðîòèâ âíåøíåãî ìàãíèòíîãî ïîëÿ, ïîðîäèâøåãî
åãî.
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