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✽ ❡❧❡❦tr✐❦❛

✽✳✶ ♦❤♠♦✈ ③❛❦♦♥

✶✳ P♦ s❦❧❡♥❥❡♥❡♠ ❡❧❡❦tr✐↔♥❡♠ ❦r♦❣✉ t❡↔❡ t♦❦ 0, 5 A✳ ❑♦❧✐❦➨❡♥ ♥❛❜♦❥ s❡ ♣r❡t♦↔✐ ♣♦ ♥❥❡♠ ✈ ✷✹ ✉r❛❤❄
❑♦❧✐❦➨♥♦ ❞❡❧♦ ♣r❡❥♠❡ ✈ t❡♠ ↔❛s✉ ❣r❡❧♥✐❦ ✈ ❦r♦❣✉✱ ↔❡ ❥❡ ♠❡❞ ♣r✐❦❧❥✉↔❦♦♠❛ ❣r❡❧♥✐❦❛ ♥❛♣❡t♦st
220 V❄ ■③r❛③✐ t♦ ❞❡❧♦ ✈ ❦❲❤✦

❘♣✿ ◆❛❥♣r❡❥ ✐③r❛↔✉♥❛♠♦ ♥❛❜♦❥ ✭♣r✐ t❡♠ ♥❛❥♣r❡❥ ♣r❡t✈♦r✐♠♦ ✉r❡ ✈ s❡❦✉♥❞❡✮✿
e = I · t = 0, 5 A · 86400 s

e = 43200As

❩❛t❡♠ ❞♦❜❧❥❡♥✐ ♥❛❜♦❥ ✉♣♦r❛❜✐♠♦ ♣r✐ r❛↔✉♥❛♥❥✉ ❞❡❧❛✿
A = U · e
A = 220V · 43200 As

A = 9504000 J

✳ ✳ ✳ ✐♥ ❦❡r ❥❡ 1 kWh = 3, 6 MJ✱ ❞❡❧✐♠♦ ❞♦❜❧❥❡♥♦ ❞❡❧♦ s 3, 6 MJ ✐♥ t❛❦♦ ❞♦❜✐♠♦ ❞❡❧♦✱ ✐③r❛➸❡♥♦
✈ ❦❲❤✿
A = (9504000 J)/(3600000 J) = 2, 64 kWh

✷✳ ❑♦❧✐❦➨♥❡ ✉♣♦r❡ ❧❛❤❦♦ s❡st❛✈✐♠♦ ③ r❛③❧✐↔♥✐♠✐ ✈❡③❛✈❛♠✐ tr❡❤ ✉♣♦r♥✐❦♦✈ ✿ 100 kΩ✱ 50 kΩ ✐♥ 40 kΩ
✲ ♥❛r✐➨✐ t❡ ✈❡③❛✈❡❄✦

✸✳ ➆t✐r✐ ❡♥❛❦❡ ✉♣♦r♥✐❦❡ ③ ✉♣♦r♥♦st❥♦ ♣♦ 20 Ω ♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st 12 V ❦♦t ❦❛➸❡ s❧✐❦❛✳ ❑♦❧✐❦➨♥✐
t♦❦♦✈✐ t❡↔❡❥♦ s❦♦③✐ ♣♦s❛♠❡③♥❡ ✈❡❥❡ ✈❡③❥❛❄●❧❡❥ s❧✐❦♦ ✸✻✦

❙❧✐❦❛ ✸✻✿ ❱❡③❛✈❛ ✉♣♦r♦✈

❘♣✿ ◆❛❥♣r❡❥ ❥❡ tr❡❜❛ ③❛↔❡t✐ ③ ③❛❦♦♥✐ ♦ t♦❦✉ ✐♥ ♥❛♣❡t♦st✐ ♣r✐ r❛③❧✐↔♥✐❤ ✈❡③❛✈❛❤✿ ❩❛ ✈③♣♦r❡❞♥♦
✈❡③❛✈♦ ✈❡❧❥❛✱ ❞❛ ❥❡ ♥❛♣❡t♦st ✈❡❞♥♦ ❡♥❛❦❛ ✭U = U ′ = U ′′✮ ✱ t♦❦ s❡ ♣❛ s❡➨t❡✈❛ ✭I = I ′ + I ′′✮✳
❩❛ ③❛♣♦r❡❞♥♦ ✈❡③❛✈♦ ✈❡❧❥❛ r❛✈♥♦ ♦❜r❛t♥♦✳
1/(RX) = 1/(R2) + 1/(R3) = 1/(20 Ω) + 1/(20 Ω) = 2/(20 Ω) => RX = 10Ω

s❦✉♣♥✐ ✉♣♦r => R = R1 + RX + R4 =

= 20Ω + 10Ω + 20Ω = 50 Ω

s❦✉♣♥✐ t♦❦ => I = U/R = (12 V)/(50 Ω) = 0, 24 A

❦❡r ❥❡ I = I1 = I4 = I2 + I3✱ s❧❡❞✐✿
0, 24 A = I2 + I3

I2 = 0, 12 A = I3

✹✳ ➆t✐r✐ ❡♥❛❦❡ ✉♣♦r♥✐❦❡ ③ ✉♣♦r♥♦st❥♦ ♣♦ 40 Ω ♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st 20 V ❦♦t ❦❛➸❡ s❧✐❦❛✳ ❑♦❧✐❦➨♥✐
t♦❦♦✈✐ t❡↔❡❥♦ s❦♦③✐ ♣♦s❛♠❡③♥❡ ✈❡❥❡ ✈❡③❥❛❄ ●❧❡❥ s❧✐❦♦ ✸✼✦

❘♣✿ ❊❧❡❦tr✐↔♥✐ t♦❦ s✐ ❧❛❤❦♦ ♣r❡❞st❛✈❧❥❛♠♦✱ ❦♦t ✈♦❞♦✱ ❦✐ t❡↔❡ s❦♦③✐ ✈♦❞♦✈♦❞✳ ▼♦❧❡❦✉❧❡ ✈♦❞❡ s✐
❧❛❤❦♦ ③❛♠✐s❧✐♠♦ ❦♦t ♦s♥♦✈♥❡ ♥❛❜♦❥❡✱ ❦✐ ♣r❡♥❛➨❛❥♦ ❡♥❡r❣✐❥♦ ❦ ✉♣♦r♥✐❦♦♠✳
❚♦r❡❥ ✈❡❧❥❛✱ ❞❛ ❥❡ ❝❡❧♦t♥✐ t♦❦ ✐③✈✐r❛ ❡♥❛❦✿
I = I1 + I3 + I4

▼♦r❛♠♦ s❡ ➨❡ ③❛✈❡❞❛t✐✱ ❞❛ st❛ I1 ✐♥ I2 ❡♥❛❦❛✳ ❚❡r✱ ❞❛ ✈❡❧❥❛ ♣r✐ ♥❛➨✐ ✈③♣♦r❡❞♥✐ ✈❡③❛✈✐✿
1/R = 1/(R1 + R2) + 1/(R3) + 1/(R4)

1/R = 1/(40 Ω + 40 Ω) + 1/(40 Ω) + 1/(40 Ω)
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❙❧✐❦❛ ✸✼✿ ❱❡③❛✈❛ ✉♣♦r♦✈

R = 16Ω

Pr✈❛ r❡➨✐t❡✈ ❥❡ t♦r❡❥✱ ❞❛ ↔❡③ ✐③✈✐r t❡↔❡ t♦❦✿
I = U/R

I = (20 V)/(16 Ω)

I = 1, 25 A

❉r✉❣❛ ✐♥ tr❡t❥❛ r❡➨✐t❡✈✿
I3 = I4

I3 = U/R

I3 = 20V/(40 Ω)

I3 = 0, 5 A

❩❛❞♥❥✐ r❡➨✐t✈✐✿
I1 = I2

I = 2I1 + I3 + I4

I1 = (I − I3 − I4)/2

I1 = (1, 25 A − 1 A)/2

I1 = 0, 125 A

③❞✐ s❡ ♠✐ ❜♦❧❥ ❧♦❣✐↔♥♦✿
I = I1 + I3 + I4

I1 = I − I3 − I4

I1 = 1, 25 A − 1 A

I1 = 0, 25 A = I2

t❛❦♦ t✉❞✐ ✉❣♦❞✐♠ ③❛❤t❡✈✐✿ I = I1 + I3 + I4 = 0, 5 A + 0, 5 A + 0, 25 A = 1, 25 A

✺✳ ▼❡❞ t♦↔❦❛♠❛ ✏P✑ ✐♥ ✏◗✑ ❥❡ ♥❛♣❡t♦st 12 V✳ ❑♦❧✐❦➨♥❛ ❥❡ ♥❛♣❡t♦st ♠❡❞ t♦↔❦❛♠❛ ✏❚✑ ✐♥ ✏◗✑✱ ↔❡
✐♠❛❥♦ ✈s✐ ✉♣♦r♥✐❦✐ ✈ ✈❡③❥✉ ❡♥❛❦♦ ✉♣♦r♥♦st❄

✻✳ ❚♦❦ ♣♦ ➸✐❝✐ ✏◗✑ ❥❡ 1 A✳ ❑♦❧✐❦♦ ❥❡ s❦✉♣♥✐ t♦❦ ♣♦ ➸✐❝✐ ✏❚✑✱ ↔❡ ✐♠❛❥♦ ✈s✐ ✉♣♦r♥✐❦✐ ✈ ✈❡③❥✉ ❡♥❛❦♦
✉♣♦r♥♦st❄
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✼✳ ➆t✐r✐ ✉♣♦r♥✐❦❡ ♣♦✈❡➸❡♠♦ t❛❦♦✱ ❦♦t ❦❛➸❡ s❧✐❦❛✳ ❯♣♦r✐ ♣♦s❛♠❡③♥✐❤ ✉♣♦r♥✐❦♦✈ s♦ R1 = 16 Ω✱
R2 = 22 Ω✱ R3 = 10 Ω ✐♥ R4 = 8 Ω✳ ◆❛♣❡t♦st ❜❛t❡r✐❥❡ ❥❡ ✶✵❱✳

✭❛✮ ❑♦❧✐❦➨♥❛ ❥❡ ♥❛♣❡t♦st ♥❛ ❞r✉❣❡♠ ✉♣♦r♥✐❦✉❄

✭❜✮ ❑♦❧✐❦➨❡♥ t♦❦ t❡↔❡ s❦♦③✐ ↔❡trt✐ ✉♣♦r♥✐❦❄

✭❝✮ ❑♦❧✐❦➨❡♥ ❥❡ s❦✉♣♥✐ ✉♣♦r ✈❡③❛✈❡❄

❘♣✿ U2 = 5.79 V✱ I4 = 0.556 A✱ R = 12.2 Ω

✽✳ ◆❛ ❜❛t❡r✐❥♦ ♣r✐❦❧❥✉↔✐♠♦ ✉♣♦r♥✐❦ ③❛ 0, 5 Ω✳ Pr✐ t❡♠ r❛❜✐ ✉♣♦r♥✐❦ ♠♦↔ 2, 63 W✳ ❚❛ ✉♣♦r♥✐❦
③❛♠❡♥❥❛♠♦ ③ ✉♣♦r♥✐❦♦♠ ③❛ 1 Ω✳ ❚❛ s♣❡t tr♦➨✐ ❡♥❛❦♦ ♠♦↔✳ ❑♦❧✐❦➨♥❛ st❛ ♥♦tr❛♥❥❛ ✉♣♦r♥♦st ✐♥
❣♦♥✐❧♥❛ ♥❛♣❡t♦st ❜❛t❡r✐❥❡❄

✾✳ ➎❛r♥✐❝♦✱ ❦✐ ❥❡ ♥❛r❡❥❡♥❛ ③❛ 110 V ✐♥ 250 W✱ ❜✐ r❛❞✐ ♣r✐❦❧❥✉↔✐❧✐ ♥❛ ♥❛♣❡t♦st 220 V✳ ❑❛❦➨❡♥ ♣r❡❞✉✲
♣♦r♥✐❦ ♣♦tr❡❜✉❥❡♠♦ ✐♥ ❦♦❧✐❦♦ ♠♦↔✐ tr♦➨✐ ❧❡✲t❛❄

❘♣✿ Pr❡❞✉♣♦r♥✐❦ ❜♦ ✐♠❡❧ ❡♥❛❦♦ ♥❛♣❡t♦st ✐♥ ♠♦↔ ❦♦t ➸❛r♥✐❝❛✱ s❛❥ ♠♦r❛ ❜✐t✐ ✈s♦t❛ ♥❛♣❡t♦st✐
➸❛r♥✐❝❡ ✐♥ ♣r❡❞✉♣♦r♥✐❦❛ ❡♥❛❦❛ 220 V✳
s ❢♦r♠✉❧♦ R = (U2)/P ❜♦♠♦ ✐③r❛↔✉♥❛❧✐ ✉♣♦r ♣r❡❞✉♣♦r♥✐❦❛✿
R = (U2)/P

R = ((110 V)2)/(250 W) = 48, 4 Ω

▼♦↔ ♣r❡❞✉♣♦r♥✐❦❛ ❥❡ ❡♥❛❦❛ ♠♦↔✐ ➸❛r♥✐❝❡ => 250 W

✶✵✳ P♦tr❡❜✉❥❡♠♦ 500 W ❣r❡❧❡❝✳ ❑♦❧✐❦♦ 0, 3 mm ❞❡❜❡❧❡ ➸✐❝❡ ❝❡❦❛s ♠♦r❛♠♦ ✈③❡t✐ ③❛ t❛ ❣r❡❧❡❝✱ ↔❡ ♥❛❥
❜♦ ♥❛r❡❥❡♥ ③❛ ♥❛♣❡t♦st 220 V❄ ✭ζ = 1, 4 (Ωmm2)/m✮

✶✶✳ ❊♥❛❦♦ ❞❡❜❡❧✐ ✐♥ ❡♥❛❦♦ ❞♦❧❣✐ ➸✐❝✐ ✐③ ❜❛❦r❛ ✐♥ ❛❧✉♠✐♥✐❥❛ ③✈❡➸❡♠♦ ③❛♣♦r❡❞♥♦ ✐♥ ❥✉ ♣r✐❦❧❥✉↔✐♠♦
♥❛ ♥❛♣❡t♦st 2 V✳ ❑♦❧✐❦➨♥❛ ❥❡ ♥❛♣❡t♦st ♥❛ ✈s❛❦✐ ➸✐❝✐❄ ✭ζCu = 0, 017 (Ωmm2)/m✱ ζAl =
1, 4 Ωmm2)/m✮

✶✷✳ ❚r✐ ❡♥❛❦♦ ❞♦❧❣❡ ❜❛❦r❡♥❡ ➸✐❝❡ r❛③❧✐↔♥✐❤ ♣r❡s❡❦♦✈✿ 1 mm2✱ 2 mm2✱ 3 mm2✱ ③✈❡➸❡♠♦ ③❛♣♦r❡❞♥♦ ✐♥
♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st 12 V✳ ❑♦❧✐❦➨♥❡ s♦ ♥❛♣❡t♦st✐ ♥❛ ♣♦s❛♠❡③♥✐❤ ♦❞s❡❦✐❤❄

✶✸✳ ❊♥❛❦♦ ❞❡❜❡❧✐ ✐♥ ❡♥❛❦♦ ❞♦❧❣✐ ➸✐❝✐ ✐③ ❜❛❦r❛ ✐♥ ❛❧✉♠✐♥✐❥❛ ③✈❡➸❡♠♦ ✈③♣♦r❡❞♥♦ ✐♥ ♥❛♣❡❧❥❡♠♦ ♣♦
♥❥✐❤ s❦✉♣❡♥ t♦❦ 2 A✳ ❑♦❧✐❦➨♥❛ t♦❦♦✈❛ t❡↔❡t❛ ♣♦ ✈s❛❦✐ ➸✐❝✐❄ ✭ζCu = 0, 017 Ωmm2)/m✱ ζAl =
1, 4 Ωmm2/m✮

✶✹✳ ❑♦ ♠❡r✐♠♦ ✉♣♦r ♥❡❦❡❣❛ ✉♣♦r♥✐❦❛✱ ♣♦❦❛➸❡ ✈♦❧t♠❡t❡r✱ ❦✐ ❥❡ ✈❡③❛♥ ✈③♣♦r❡❞♥♦ ❦ ✉♣♦r♥✐❦✉✱ ♥❛♣❡t♦st
200 V✳ ❆♠♣❡r♠❡t❡r ❥❡ ③✈❡③❛♥ ③❛♣♦r❡❞♥♦ ❦ ♦❜❡♠❛ ✐♥ ♣♦❦❛➸❡ t♦❦ 50 mA✳ ❑♦❧✐❦➨❡♥ ❥❡ ♠❡r❥❡♥✐
✉♣♦r ✐♥ ♥❛ ❦♦❧✐❦➨♥♦ ♥❛♣❡t♦st ❥❡ ♣r✐❦❧❥✉↔❡♥♦ ✈❡③❥❡❄ ❯♣♦r ✈♦❧t♠❡tr❛ ❥❡ 100 Ω✳

✶✺✳ ❑♦ ♠❡r✐♠♦ ✉♣♦r ♥❡❦❡❣❛ ✉♣♦r♥✐❦❛✱ ♣♦❦❛➸❡ ❛♠♣❡r♠❡t❡r✱ ❦✐ ❥❡ ✈❡③❛♥ ③❛♣♦r❡❞♥♦ ❦ ✉♣♦r♥✐❦✉✱ t♦❦
100 mA✳ ❱♦❧t♠❡t❡r ❥❡ ✈❡③❛♥ ✈③♣♦r❡❞♥♦ ❦ ♦❜❡♠❛ ♣❛ ♣♦❦❛➸❡ ♥❛♣❡t♦st 250 V✳ ❑♦❧✐❦➨❡♥ ❥❡ ♠❡r❥❡♥✐
✉♣♦r ✐♥ ❦♦❧✐❦➨❡♥ t♦❦ t❡↔❡ s❦♦③✐ ✈❡③❥❡❄ ❯♣♦r ❛♠♣❡r♠❡tr❛ ❥❡ 5 Ω✳

✶✻✳ ❚♦❦ 10 A t❡↔❡ ♣♦ 1 m ❞♦❧❣✐ ➸✐❝✐ s ♣r❡s❡❦♦♠ 0, 1 mm2✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ s❡ s♣r♦st✐ ✈ ➸✐❝✐ ✈ ↔❛s✉ 1 s❄
Pr✐❜❧✐➸♥♦ ③❛ ❦♦❧✐❦♦ s❡ ➸✐❝❛ s❡❣r❡❥❡❄ ■③❣✉❜♦ t♦♣❧♦t❡ ✈ ♦❦♦❧✐❝♦ ③❛♥❡♠❛r✐♠♦✳ ✭ ̺ = 8, 9 g/cm3✱
cp = 378 J/(kgK)✱ ζ = 0, 017 (Ωmm2)/m ✮
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✶✼✳ ❙❦♦③✐ t♦♣❧♦t♥♦ ✐③♦❧✐r❛♥♦ ❝❡✈ t❡↔❡ ✈♦❞❛❀ ✈♦❧✉♠s❦✐ t♦❦ 1 dm3/s ❥❡ st❛❧❡♥✳ ❱ ❝❡✈✐ ❥❡ ✈❣r❛❥❡♥ ❣r❡❧❡❝
③ ✉♣♦r♥♦st❥♦ 1 Ω✳ ❩❛ ❦♦❧✐❦♦ s❡ s❡❣r❡❥❡ ✈♦❞❛ ✈ ❝❡✈✐✱ ↔❡ ❥❡ ❣r❡❧❡❝ ♣r✐❦❧❥✉↔❡♥ ♥❛ ♥❛♣❡t♦st 220 V❄
❯♣♦➨t❡✈❛❥✱ ❞❛ s❡ ❧❡ 70% ❡❧❡❦tr✐↔♥❡ ♠♦↔✐ ♣♦tr♦➨✐ ③❛ s❡❣r❡✈❛♥❥❡ ✈♦❞❡✦

✶✽✳ P♦ ❜❛❦r❡♥✐ ➸✐❝✐ s ♣r❡s❡❦♦♠ 1 mm2 ♣♦➨❧❥❡♠♦ ✐③♠❡♥✐↔♥✐ t♦❦ ③ ❛♠♣❧✐t✉❞♦ 10 A ③❛ 1 s✳ ❩❛ ❦♦❧✐❦♦ s❡
➸✐❝❛ s❡❣r❡❥❡❄ ✭ ̺ = 8, 9 g/cm3✱ cp = 378 J/(kgK)✱ ζ = 0, 017 (Ωmm2)/m ✮

✶✾✳ ❇r✐✈♥✐❦ ❥❡ ✐③❞❡❧❛♥ ③❛ ♥❛♣❡t♦st 110 V ✐♥ tr♦➨✐ ♠♦↔ 40 W✳ ❑♦❧✐❦➨❡♥ ♣r❡❞✉♣♦r♥✐❦ ♣♦tr❡❜✉❥❡♠♦✱ ↔❡
➸❡❧✐♠♦ ❜r✐✈♥✐❦ ♣r✐❦❧❥✉↔✐t✐ ♥❛ ♥❛♣❡t♦st 220 V❄

✷✵✳ ❱ ✈❛r♦✈❛❧❦✐ ❥❡ ❜❛❦r❡♥❛ ➸✐↔❦❛ s ♣r❡s❡❦♦♠ 0, 05 mm2✳ Pr✐ ❦♦❧✐❦➨♥❡♠ t♦❦♦✈♥❡♠ s✉♥❦✉ ❜♦ ✈❛r♦✈❛❧❦❛
♣r❡❣♦r❡❧❛❄

✷✶✳ ◆❛ ❜❛t❡r✐❥♦ ♣r✐❦❧❥✉↔✐♠♦ ♣r✈✐↔ ✉♣♦r♥✐❦ ③❛ 2 Ω✱ ❞r✉❣✐↔ ♣❛ ✉♣♦r♥✐❦ ③❛ 5 Ω✳ ❱ ♣r✈❡♠ ♣r✐♠❡r✉ t❡↔❡
t♦❦ 0, 70 A ✈ ❞r✉❣❡♠ ♣❛0, 35 A✳ ❑♦❧✐❦➨♥❛ st❛ ❣♦♥✐❧♥❛ ♥❛♣❡t♦st ❜❛t❡r✐❥❡ ✐♥ ♥❥❡♥ ✉♣♦r❄

✷✷✳ ❉✈❡ ➸❛r♥✐❝✐ st❛ ③❛♣♦r❡❞♥♦ ♣r✐❦❧❥✉↔❡♥✐ ♥❛ ♥❛♣❡t♦st 30 V✳ Pr✈❛ ➸❛r♥✐❝❛ ❥❡ ♥❛r❡❥❡♥❛ ③❛ ♠♦↔ 30 W
♣r✐ ♥❛♣❡t♦st✐ 30 V✱ ❞r✉❣❛ ♣❛ ③❛ ♠♦↔ 60 W ♣r✐ ♥❛♣❡t♦st✐ 220 V✳ ❑♦❧✐❦➨❡♥ t♦❦ t❡↔❡ s❦♦③✐ ➸❛r♥✐❝✐
✐♥ ❦♦❧✐❦➨❡♥ ❥❡ ♣❛❞❡❝ ♥❛♣❡t♦st✐ ♥❛ ✈s❛❦✐ ➸❛r♥✐❝✐❄

✷✸✳ ❊❧❡❦tr♦♠♦t♦r ③❛ ❡♥♦s♠❡r♥♦ ♥❛♣❡t♦st 220 V ♣♦❣❛♥❥❛ ♣✉♠♣♦✱ ❦✐ ❞✈✐❣❛ ✶✵ ❧✐tr♦✈ ✈♦❞❡ ♥❛ s❡❦✉♥❞♦
40 m ✈✐s♦❦♦✳ ◆❛❥♠❛♥❥ ❦♦❧✐❦➨❡♥ t♦❦ ♠♦r❛ t❡↔✐ s❦♦③✐ ❡❧❡❦tr♦♠♦t♦r❄

✷✹✳ ❩ ✶✵✲❦✐❧♦✈❛t♥✐♠ ❜❡♥❝✐♥s❦✐♠ ♠♦t♦r❥❡♠ ♣♦❣❛♥❥❛♠♦ ❞✐♥❛♠♦str♦❥ ③❛ ❡♥♦s♠❡r♥♦ ♥❛♣❡t♦st 220 V✳
❑♦❧✐❦➨❡♥ t♦❦ ❧❛❤❦♦ ❞❛❥❡ ❞✐♥❛♠♦str♦❥ ♣r✐ ✐③❦♦r✐st❦✉ ✽✵✪❄ ❑♦❧✐❦➨❡♥ t♦♣❧♦t♥✐ t♦❦ ♦❞❞❛❥❛ ❞✐♥❛✲
♠♦str♦❥✱ ↔❡ ❥❡ ♥❥❡❣♦✈❛ t❡♠♣❡r❛t✉r❛ st❛❧♥❛❄

✷✺✳ ❑♦❧✐❦➨♥❛ ❥❡ ♣♦✈♣r❡↔♥❛ ❤✐tr♦st ♣♦t♦✈❛♥❥❛ ♣r❡✈♦❞♥✐➨❦✐❤ ❡❧❡❦tr♦♥♦✈✱ ↔❡ t❡↔❡ ♣♦ sr❡❜r♥✐ ➸✐❝✐ s
♣r❡♠❡r♦♠ 0, 8 mm t♦❦ 10 A❄

✷✻✳ ❑♦❧✐❦➨❡♥ t♦❦ t❡↔❡ ♣♦ ❜❛❦r❡♥✐ ➸✐❝✐ s ♣r❡♠❡r♦♠ 0, 8 mm✱ ↔❡ s❡ ♣r❡✈♦❞♥✐➨❦✐ ❡❧❡❦tr♦♥✐ ♣r❡♠✐❦❛❥♦ s
♣♦✈♣r❡↔♥♦ ❤✐tr♦st❥♦ 0, 75 mm/s❄

✷✼✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ ♣r❡✈♦❞♥✐➨❦✐❤ ❡❧❡❦tr♦♥♦✈ ❜❛❦r❛ ③ ❣♦st♦t♦ 8, 93 kg/dm3❄ ❙ ❦♦❧✐❦➨♥♦ ❤✐tr♦st❥♦
s❡ ❣✐❜❧❥❡❥♦✱ ↔❡ t❡↔❡ ♣♦ ➸✐❝✐ s ♣♦❧♠❡r♦♠ 0, 5 mm t♦❦ 5 A❄ ❑♦❧✐❦➨♥❛ ♣❛ ❥❡ ♥❥✐❤♦✈❛ ❤✐tr♦st ♣r✐
t❡r♠✐↔♥❡♠ ❣✐❜❛♥❥✉ ♣r✐ t❡♠♣❡r❛t✉r✐ 0◦C❄

✷✽✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ ♣r❡✈♦❞♥✐➨❦✐❤ ❡❧❡❦tr♦♥♦✈ ❝✐♥❦❛ ③ ❣♦st♦t♦ 7, 15 kg/dm3❄ ❙ ❦♦❧✐❦➨♥♦ ❤✐tr♦st❥♦
s❡ ❣✐❜❧❥❡❥♦✱ ↔❡ t❡↔❡ ♣♦ ➸✐❝✐ s ♣♦❧♠❡r♦♠ 1 mm t♦❦ 2 A❄ ❑♦❧✐❦➨♥❛ ♣❛ ❥❡ ♥❥✐❤♦✈❛ ❤✐tr♦st ♣r✐
t❡r♠✐↔♥❡♠ ❣✐❜❛♥❥✉ ♣r✐ t❡♠♣❡r❛t✉r✐ −10◦C❄

✷✾✳ ➎❛r♥✐❝❛ ❥❡ ♥❛r❡❥❡♥❛ t❛❦♦✱ ❞❛ ♣r✐ ♥❛♣❡t♦st✐ 220 V tr♦➨✐ ♠♦↔ 100 W✳ ❑♦❧✐❦➨❡♥ ❥❡ ✉♣♦r t❡ ➸❛r♥✐❝❡✱
❦♦❧✐❦➨❡♥ t♦❦ t❡↔❡ s❦♦③✐ ♥❥♦ ✐♥ ✈ ❦♦❧✐❦➨♥❡♠ ↔❛s✉ ♣♦r❛❜✐ ➸❛r♥✐❝❛ 1 kWh❄ ✭s✈❡t❧♦❜♥✐ ✐③❦♦r✐st❡❦
➸❛r♥✐❝❡ ❥❡ ✼✪✮

✸✵✳ ❑♦❧✐❦♦ ❧❡❞✉ ❧❛❤❦♦ st❛❧✐♠♦ ③ 1 kWh❄

❘♣✿ ◆❛❥♣r❡❥ ♠♦r❛♠♦ ✉❣♦t♦✈✐t✐ ❦♦❧✐❦♦ ❡♥❡r❣✐❥❡ ❥❡ ♣r❛✈③❛♣r❛✈ 1 KWh✳ ❚♦ ❥❡ r❛③✈✐❞♥♦ ➸❡ ✐③
s❛♠✐❤ ❡♥♦t✳
1 kWh = 1000 Wh = 1000 W · 3600 s = 36 · 105 J

❚♦ ❜✐ ♠♦r❛❧♦ ③❛❞♦st♦✈❛t✐✳
Q = qi · m
m = Q/(qt)

m = 36·105 J
336k J/kg

m = 11 kg

✸✶✳ ❑♦❧✐❦➨♥♦ ♠❛s♦ ❧❛❤❦♦ ③ 1 kWh ♥❡s❡♠♦ ✐③ ❡♥❡❣❛ ✈r❤❛ ♥❛ ❞r✉❣✐❄ ❱✐➨✐♥s❦❛ r❛③❧✐❦❛ ❥❡ 2000 m✳

✸✷✳ ■♠❛♠♦ ❞✈❡ ➸❛r♥✐❝✐✳ Pr✈❛ ❥❡ 100 W ♣r✐ 220 V✱ ❞r✉❣❛ ♣❛ 40 W ♣r✐ ♥❛♣❡t♦st✐ 220 V✳ ➎❛r♥✐❝✐
③✈❡➸❡♠♦ ③❛♣♦r❡❞♥♦ ✐♥ ♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st 220 V✳ ❑♦❧✐❦♦ ❥❡ ✉♣♦r ✈s❛❦❡ ➸❛r♥✐❝❡❄ ❑♦❧✐❦➨❡♥
t♦❦ t❡↔❡ s❦♦③✐ ➸❛r♥✐❝♦❄ ❑♦❧✐❦♦ ❥❡ ♥❛♣❡t♦st ♥❛ ✈s❛❦✐ ➸❛r♥✐❝✐❄ ❑♦❧✐❦➨♥♦ ♠♦↔ tr♦➨✐t❛ ➸❛r♥✐❝✐ s❦✉♣❛❥
✐♥ ❦♦❧✐❦♦ ✈s❛❦❛ ③❛s❡❄
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✸✸✳ ❱ 1 l ✈♦❞❡ ❥❡ ♣♦t♦♣❧❥❡♥ ❡❧❡❦tr✐↔♥✐ ❣r❡❧❡❝ ③ ♠♦↔❥♦ 1000 W✱ ❦✐ ❥❡ ♣r✐❦❧❥✉↔❡♥ ♥❛ ♥❛♣❡t♦st 220 V✳
❑♦❧✐❦♦ ❥❡ ✉♣♦r ❣r❡❧❝❛✱ ❦♦❧✐❦➨❡♥ t♦❦ t❡↔❡ s❦♦③❡♥❥ ✐♥ ✈ ❦♦❧✐❦➨♥❡♠ ↔❛s✉ s❡ ❜♦ ✈♦❞❛ s❡❣r❡❧❛ ③❛ 80◦C❄

✸✹✳ ❉✈❡ ➸✐❝✐ ③ ❞♦❧➸✐♥♦ 1 m ✐♥ ♣r❡s❡❦♦♠ 1 mm2 ♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st 1, 5 V✳ ❊♥❛ ➸✐❝❛ ❥❡ ❜❛❦r❡♥❛✱
❞r✉❣❛ ♣❛ ❛❧✉♠✐♥✐❥❛st❛✳ ❑♦❧✐❦➨❡♥ t♦❦ t❡↔❡ s❦♦③✐ ➸✐❝✐✱ ↔❡ ❥✉ ✈❡➸❡♠♦ ✈③♣♦r❡❞♥♦❄ ❑♦❧✐❦♦ ❥❡ r❛③♠❡r❥❡
♠❡❞ ♥❛♣❡t♦st✐♠❛ ♥❛ ➸✐❝❛❤✱ ↔❡ st❛ ✈❡③❛♥✐ ③❛♣♦r❡❞♥♦❄

✸✺✳ ❱ ❡❧❡❦tr✐↔♥✐ ❦r♦❣ s♦ ♣♦✈❡③❛♥❡ ➨t✐r✐ ➸❛r♥✐❝❡ ✐♥ ❜❛t❡r✐❥❛ ❦♦t ❥❡ ♥❛r✐s❛♥♦ ♥❛ s❤❡♠✐ ✈❡③❛✈❡✳ ❙❦♦③✐
✈s❛❦♦ ✐③♠❡❞ ➸❛r♥✐❝ t❡↔❡ t♦❦✱ ③❛♣✐s❛♥ ✈ t❛❜❡❧✐✳

➸❛r♥✐❝❛ t♦❦ ❬❆❪
➎1 ✵✱✷✺
➎2 ✵✱✷✺
➎3 ✵✱✺✵
➎4 ✵✱✼✺

✭❛✮ Pr❡r✐➨✐ s❤❡♠♦ ✈❡③❛✈❡ ✐♥ ✈ r✐s❜♦ ✈r✐➨✐ ♣r❛✈✐❧♥♦ r❛③♣♦r❡❞✐t❡✈ ➸❛r♥✐❝✳ ➎❛r♥✐❝❡ ♦③♥❛↔✐ s ➨r❦❛♠✐
➎1✱ ➎2✱ ➎3✱ ➎4✳

✭❜✮ ❱ s❧✐❦♦ ✈r✐➨✐ ❛♠♣❡r♠❡t❡r✱ t❛❦♦ ❞❛ ❜♦ ♠❡r✐❧ t♦❦ s❦♦③✐ ❝❡❧♦t♥♦ ✈❡③❥❡✳

✭❝✮ ❱ ❦♦❧✐❦➨♥❡♠ ↔❛s✉ s❡ ❜♦ ❜❛t❡r✐❥❛ ✐③♣r❛③♥✐❧❛✱ ↔❡ ❥❡ ❜✐❧❛ ♥❛ ③❛↔❡t❦✉ ♣♦❧♥❛❄ ◆❛ ❜❛t❡r✐❥✐ ❥❡
③❛♣✐s❛♥♦✱ ❞❛ ❥❡ ✈ ♥❥❡❥ s❤r❛♥❥❡♥ ♥❛❜♦❥ 625 mAh✳

✭❞✮ ❑♦❧✐❦♦ ♥❛❜♦❥❛ ✈ t❡♠ ↔❛s✉ st❡↔❡ s❦♦③✐ ➸❛r♥✐❝♦ ➎3❄

✭❡✮ ❑❛t❡r❡ ➸❛r♥✐❝❡ s✈❡t✐❥♦✱ ❦♦ ♣r❡❣♦r✐ ➸❛r♥✐❝❛ ➎2❄

✭❢✮ ❱ ❡❧❡❦tr✐↔♥♦ ✈❡③❥❡ ♥❛ s❧✐❦✐ ♥❛r✐➨✐ ❞♦❞❛t♥✐ ✈♦❞♥✐❦ t❛❦♦✱ ❞❛ ❜♦❞♦ ③♦♣❡t s✈❡t✐❧❡ ✈s❡ ➸❛r♥✐❝❡
r❛③❡♥ ➎2✱ ❦✐ ❥❡ ♣r❡❣♦r❡❧❛✦

✸✻✳ ❱ ❡❧❡❦tr✐↔♥✐ ❦r♦❣ s♦ ♣♦✈❡③❛♥❡ ➨t✐r✐ ➸❛r♥✐❝❡ ✐♥ ❜❛t❡r✐❥❛ ❦♦t ❥❡ ♥❛r✐s❛♥♦ ♥❛ s❤❡♠✐ ✈❡③❛✈❡✳ ❙❦♦③✐
✈s❛❦♦ ✐③♠❡❞ ➸❛r♥✐❝ t❡↔❡ t♦❦✱ ③❛♣✐s❛♥ ✈ t❛❜❡❧✐✳

➸❛r♥✐❝❛ t♦❦ ❬❆❪
➎1 ✵✱✷✺
➎2 ✵✱✷✺
➎3 ✵✱✺✵
➎4 ✵✱✺✵

✭❛✮ Pr❡r✐➨✐ s❤❡♠♦ ✈❡③❛✈❡ ✐♥ ✈ r✐s❜♦ ✈r✐➨✐ ♣r❛✈✐❧♥♦ r❛③♣♦r❡❞✐t❡✈ ➸❛r♥✐❝✳ ➎❛r♥✐❝❡ ♦③♥❛↔✐ s ➨r❦❛♠✐
➎1✱ ➎2✱ ➎3✱ ➎4✳

✭❜✮ ❱ s❧✐❦♦ ✈r✐➨✐ ❛♠♣❡r♠❡t❡r✱ t❛❦♦ ❞❛ ❜♦ ♠❡r✐❧ t♦❦ s❦♦③✐ ❝❡❧♦t♥♦ ✈❡③❥❡✳

✭❝✮ ❱ ❦♦❧✐❦➨♥❡♠ ↔❛s✉ s❡ ❜♦ ❜❛t❡r✐❥❛ ✐③♣r❛③♥✐❧❛✱ ↔❡ ❥❡ ❜✐❧❛ ♥❛ ③❛↔❡t❦✉ ♣♦❧♥❛❄ ◆❛ ❜❛t❡r✐❥✐ ❥❡
③❛♣✐s❛♥♦✱ ❞❛ ❥❡ ✈ ♥❥❡❥ s❤r❛♥❥❡♥ ♥❛❜♦❥ 725 mAh✳

✭❞✮ ❑♦❧✐❦♦ ♥❛❜♦❥❛ ✈ t❡♠ ↔❛s✉ st❡↔❡ s❦♦③✐ ➸❛r♥✐❝♦ ➎1❄

✭❡✮ ❑❛t❡r❡ ➸❛r♥✐❝❡ s✈❡t✐❥♦✱ ❦♦ ♣r❡❣♦r✐ ➸❛r♥✐❝❛ ➎3❄

✭❢✮ ❱ ❡❧❡❦tr✐↔♥♦ ✈❡③❥❡ ♥❛ s❧✐❦✐ ♥❛r✐➨✐ ❞♦❞❛t♥✐ ✈♦❞♥✐❦ t❛❦♦✱ ❞❛ ❜♦❞♦ ③♦♣❡t s✈❡t✐❧❡ ✈s❡ ➸❛r♥✐❝❡
r❛③❡♥ ➎3✱ ❦✐ ❥❡ ♣r❡❣♦r❡❧❛✦
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✽✳✷ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡

✶✳ ❊❧❡❦tr✐↔♥❛ ♥❛❜♦❥❛ e1 = 3mAs ✐♥ e2 = −3 mAs st❛ r❛③♠❛❦♥❥❡♥❛ 10 cm✳ ❘❛③❞❛❧❥❛ ♠❡❞ ♥❥✐♠❛ ❥❡
st❛❧♥❛✳ ❱ t♦↔❦♦✱ ❦✐ ❥❡ ♦❞ ♣r✈❡❣❛ ♥❛❜♦❥❛ ♦❞❞❛❧❥❡♥❛ 3 cm ♦❞ ❞r✉❣❡❣❛ ♣❛ 7 cm ♣♦st❛✈✐♠♦ tr❡t❥✐
♥❛❜♦❥ e = 0, 5 mAs✳ ❑♦❧✐❦♦ ❥❡ ❡❧❡❦tr✐↔♥❛ s✐❧❛✱ ❦✐ ❞❡❧✉❥❡ ♥❛♥❥❄

❘♣✿ F = F1 + F2 = 1, 77 · 107 N

✷✳ ❊❧❡❦tr✐↔♥❛ ♥❛❜♦❥❛ e1 = 5 mAs ✐♥ e2 = 5 mAs st❛ r❛③♠❛❦♥❥❡♥❛ 10 cm✳ ❘❛③❞❛❧❥❛ ♠❡❞ ♥❥✐♠❛ ❥❡
st❛❧♥❛✳ ❱ t♦↔❦♦✱ ❦✐ ❥❡ ♦❞ ♣r✈❡❣❛ ♥❛❜♦❥❛ ♦❞❞❛❧❥❡♥❛ 7 cm ♦❞ ❞r✉❣❡❣❛ ♣❛ 3 cm ♣♦st❛✈✐♠♦ tr❡t❥✐
♥❛❜♦❥ e = 0, 3 mAs✳ ❑♦❧✐❦♦ ❥❡ ❡❧❡❦tr✐↔♥❛ s✐❧❛✱ ❦✐ ❞❡❧✉❥❡ ♥❛♥❥❄

❘♣✿ F = F1 − F2 = 1, 22 · 107 N

✸✳ ◆❛❜♦❥❛ e2 = 1µC ✐♥ e1 = 1µC st❛ r❛③♠❛❦♥❥❡♥❛ 50 cm✳ ◆❛ ❦❛t❡r❡♠ ♠❡st✉ ♠❡❞ ♥❥✐♠❛ ❥❡ ❥❛❦♦st
❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ♥❛❥♠❛♥❥➨❛ ✐♥ ❦♦❧✐❦♦ ❥❡✭1 C = 1 As✮ ❄

✹✳ ❑♦❧✐❦♦ ❥❡ ❥❛❦♦st ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ✈ t♦↔❦✐✱ ❦✐ ❥❡ 1 m ♦❞❞❛❧❥❡♥❛ ♦❞ ♦❜❡❤ ♥❛❜♦❥❡✈ ✈ ♣r❡❥➨♥❥✐
♥❛❧♦❣✐❄

✺✳ ❑♦❧✐❦♦ ❥❡ ❥❛❦♦st ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ✈ t♦↔❦✐✱ ❦✐ ❥❡ 1 m ♦❞❞❛❧❥❡♥❛ ♦❞ ♦❜❡❤ ♥❛❜♦❥❡✈ ✈ ♣r❡❥➨♥❥✐ ♥❛❧♦❣✐✱
↔❡ ❥❡ e2 = −2 µC❄

✻✳ ❑♦♥❞❡♥③❛t♦r s ❦❛♣❛❝✐t❡t♦ 8 mF ♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st 500 V ✐♥ ❣❛ ♣♦t❡♠ ✐③♣r❛③♥✐♠♦ s❦♦③✐
3 cm3 ✈♦❞❡✳ ❩❛ ❦♦❧✐❦♦ s❡ t❛ ✈♦❞❛ s❡❣r❡❥❡❄

✼✳ ❑♦♥❞❡♥③❛t♦r ③ r❛③❞❛❧❥♦ ♠❡❞ ♣❧♦➨↔❛♠❛ 4 dm ✐♥ ♣♦✈r➨✐♥♦ ♣❧♦➨↔ 400 cm2 ♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st
2000 V✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ❦❛♣❛❝✐t❡t❛❄

✭❜✮ ❑♦❧✐❦➨❡♥ ♥❛❜♦❥ s❡ ♥❛❜❡r❡ ♥❛ ♣❧♦➨↔❛❤❄

✭❝✮ ❑♦❧✐❦➨♥❛ ❥❡ ❥❛❦♦st ♣♦❧❥❛ ✈ ❦♦♥❞❡♥③❛t♦r❥✉❄

✭❞✮ ❑♦❧✐❦➨♥❛ r❡③✉❧t❛♥t❛ ❞❡❧✉❥❡ ♥❛ ❞❡❧❡❝ ③ ♠❛s♦ 0, 2 mg ✐♥ ♥❛❜♦❥❡♠ 2 · 10−7 As✱ ❦✐ s❡ ③♥❛❥❞❡ ✈
♣♦❧❥✉ ❦♦♥❞❡♥③❛t♦r❥❛❄

✽✳ ❱ ❞✈❡❤ ♥❛s♣r♦t♥✐❤ ♦❣❧✐➨↔✐❤ ❦✈❛❞r❛t❛ s str❛♥✐❝♦ 10 cm s❡ ♥❛❤❛❥❛t❛ ♥❛❜♦❥❛ e1 = e2 = 5 ·10−7 As✳
❑♦❧✐❦➨♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛ ♥❛❜♦❥ e3 = −2 ·10−9 As✱ ❦✐ s❡ ♥❛❤❛❥❛ ✈ tr❡t❥❡♠ ♦❣❧✐➨↔✉❄ ❑♦❧✐❦♦ ❥❡ ❥❛❦♦st
❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ♥❛ sr❡❞✐ ♠❡❞ ♥❛❜♦❥❡♠❛ e1 ✐♥ e2❄

✾✳ ❑r♦❣❧✐❝✐ ③ ♥❛❜♦❥❡♠❛ 1, 11 · 10−11 As ✐♥ 2, 5 · 10−10 As st❛ ♦❞❞❛❧❥❡♥✐ ③❛ 4 cm✳ ❑♦❧✐❦➨♥❛ ❥❡ ❥❛❦♦st
❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ✈ t♦↔❦✐✱ ❦✐ ❥❡ ♦❞ ♣r✈❡ ❦r♦❣❧✐❝❡ ♦❞❞❛❧❥❡♥❛ 5 cm✱ ♦❞ ❞r✉❣❡ ♣❛ 3 cm❄

✶✵✳ ❑♦✈✐♥s❦♦ ❦r♦❣❧✐❝♦ ♣r❡♠❡r❛ 2 cm ✐♥ ③ ♠❛s♦ 50 g ♥❛❡❧❡❦tr✐♠♦ ③ ♥❛❜♦❥❡♠ 0, 5 µC ✐♥ ♥❛ 60 cm ❞♦❧❣✐
✈r✈✐❝✐ ♦❜❡s✐♠♦ ✈ ❤♦♠♦❣❡♥♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡ ③ ❥❛❦♦st❥♦ 100 V/m✳ ❑♦❧✐❦➨❡♥ ❥❡ ♦❞❦❧♦♥ ❦r♦❣❧✐❝❡ ♦❞
♥❛✈♣✐↔♥✐❝❡❄

✶✶✳ ▼❡❞ ✈♦❞♦r❛✈♥✐♠❛ ❡❧❡❦tr♦❞❛♠❛ ♣❧♦➨↔❛t❡❣❛ ❦♦♥❞❡♥③❛t♦r❥❛✱ ❦✐ st❛ 4 cm ♥❛r❛③❡♥✱ ♣❛❞❛ ♦❧❥♥❛ ❦❛✲
♣❧❥✐❝❛ s ♣r❡♠❡r♦♠ 1 µm✳ ❑♦❧✐❦➨♥❛ ❜✐ ♠♦r❛❧❛ ❜✐t✐ ♥❛♣❡t♦st ♠❡❞ ♣❧♦➨↔❛♠❛✱ ❞❛ ❜✐ ❦❛♣❧❥✐❝❛ ❧❡❜❞❡❧❛❄
❑♦❧✐❦➨♥❛ ♠♦r❛ ❜✐t✐ ♥❛♣❡t♦st ♠❡❞ ♣❧♦➨↔❛♠❛✱ ❞❛ s❡ ❦❛♣❧❥✐❝❛ ✉st❛✈✐❄ ◆❛❜♦❥ ❦❛♣❧❥✐❝❡ ❥❡ 3eo✳ ●♦✲
st♦t❛ ♦❧❥❛ ❥❡ 0, 9 g/cm3✳

✶✷✳ ❊♥❛❦✐ ❦r♦❣❧✐❝✐ ✐③ ❛❧✉♠✐♥✐❥❛ s ♣♦❧♠❡r♦♠ 5, 6 mm ✐♥ ♠❛s♦ 2 g ✈✐s✐t❛ ♥❛ 0, 5 m ❞♦❧❣✐❤ ♥✐t❦❛❤✳
❑♦❧✐❦➨❡♥ ❥❡ ♥❛❜♦❥ ❦r♦❣❧✐❝✱ ↔❡ st❛ r❛③♠❛❦♥❥❡♥✐ 20 cm❄ ❑♦❧✐❦➨❡♥ ♥❛❜♦❥ ♣❛ ❥❡ ♣♦tr❡❜❡♥✱ ❞❛ st❛
❦r♦❣❧✐❝✐ ❡♥❛❦♦ r❛③♠❛❦♥❥❡♥✐✱ ↔❡ ❥✉ ♣♦t♦♣✐♠♦ ✈ ❛❧❦♦❤♦❧ ③ ❣♦st♦t♦ 0, 8 g/cm3❄ ■♥✢✉❡♥↔♥❛ ❦♦♥st❛♥t❛
✈ ❛❧❦♦❤♦❧✉ ❥❡ ✷✻✲❦r❛t ✈❡↔❥❛ ❦♦t ✈ ③r❛❦✉✦

✶✸✳ ❉✈❡ ❡♥❛❦✐ ❦r♦❣❧✐❝✐ ♥♦s✐t❛ ❡♥❛❦ ♥❛❜♦❥ e1 = e2 = 2 · 10−8 As✳ ❱✐s✐t❛ ♥❛ 15 cm ❞♦❧❣✐❤ ✈r✈✐❝❛❤✱ ❦✐
st❛ ♣r✐tr❥❡♥✐ ✈ ✐st✐ t♦↔❦✐ ✐♥ ♠❡❞ s❛❜♦ ♦❦❧❡♣❛t❛ ❦♦t 15◦✳ ■③r❛↔✉♥❛❥ ♠❛s♦ ♦❜❡❤ ❦r♦❣❧✐❝✦ ◆❛r✐➨✐✦

✶✹✳ ❉✈❡ ❦r♦❣❧✐❝✐ m1 = m2 = 0, 1 g ✈✐s✐t❛ ♥❛ 15 cm ❞♦❧❣✐❤ ✈r✈✐❝❛❤✱ ❦✐ st❛ ♣r✐tr❥❡♥✐ ✈ ✐st✐ t♦↔❦✐✳
❑♦❧✐❦➨❡♥ ♠♦r❛ ❜✐t✐ ♥❛❜♦❥ ♥❛ ✈s❛❦✐ ❦r♦❣❧✐❝✐✱ ↔❡ ✈r✈✐❝✐ ♦❦❧❡♣❛t❛ ❦♦t 30◦❄ ❖❜❛ ♥❛❜♦❥❛ st❛ ❡♥❛❦❛✳
◆❛r✐➨✐✦



✽ ❊▲❊❑❚❘■❑❆ ✶✸✹

✶✺✳ ◆❛ ❦♦♥❞❡♥③❛t♦r❥✉ s ❦❛♣❛❝✐t❡t♦ 1 nF s❡ ♥❛❜❡r❡ ♥❛❜♦❥ 0, 008 µAs✳ ❑♦❧✐❦➨♥❛ ❥❡ ♥❛♣❡t♦st ♥❛ ❦❛t❡r♦
s♠♦ ❦♦♥❞❡♥③❛t♦r ♣r✐❦❧❥✉↔✐❧✐❄ ❑♦❧✐❦➨♥❛ ❥❡ ❡♥❡r❣✐❥❛ ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ✈ ❦♦♥❞❡♥③❛t♦r❥✉❄

✶✻✳ ◆❛♣❡t♦st ♥❛ ❦♦♥❞❡♥③❛t♦r❥✉ s ❦❛♣❛❝✐t❡t♦ 10 pF ✐③♠❡r✐♠♦ s st❛t✐↔♥✐♠ ✈♦❧t♠❡tr♦♠✱ ❦✐ ✐♠❛ ❦❛♣❛✲
❝✐t❡t♦ 2 pF✳ ❑♦❧✐❦➨♥❛ ❥❡ ❜✐❧❛ ♥❛♣❡t♦st ♥❛ ❦♦♥❞❡♥③❛t♦r❥✉✱ ↔❡ ♥❛♠❡r✐♠♦ 560 V❄

✶✼✳ P❧♦➨↔❛t✐ ❦♦♥❞❡♥③❛t♦r✱ ❦❛t❡r❡❣❛ ♣❧♦➨↔✐ ✐♠❛t❛ ♣♦✈r➨✐♥✐ ♣♦ 20 dm2 ✐♥ st❛ 3 mm ♥❛r❛③❡♥✱ ♥❛❜✐❥❡♠♦
③ ♥❛♣❡t♦st❥♦ 2 kV✳ ❑♦❧✐❦➨❡♥ ♥❛❜♦❥ s❡ ♥❛❜❡r❡ ♥❛ ♣❧♦➨↔❛❤❄ ❑♦❧✐❦➨♥❛ st❛ ❥❛❦♦st ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛
✐♥ ❡♥❡r❣✐❥❛ ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ✈ ❦♦♥❞❡♥③❛t♦r❥✉❄

✶✽✳ ❊❧❡❦tr♦❞✐ ♣❧♦➨↔❛t❡❣❛ ❦♦♥❞❡♥③❛t♦r❥❛ ♣♦❦r✐✈❛t❛ ♣♦ 100 cm2 ✐♥ st❛ 2 mm ✈s❛❦s❡❜✐✳ ▼❡❞ ♥❥✐♠❛
❥❡ ③r❛❦✳ ❑♦♥❞❡♥③❛t♦r ♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st 500 V✳ ◆❛t♦ ❡❧❡❦tr♦❞✐ ♣♦♣♦❧♥♦♠❛ ✐③♦❧✐r❛♠♦ ✐♥
r❛③♠❛❦♥❡♠♦ ♥❛ r❛③❞❛❧❥♦ 6 mm✳ ❑♦❧✐❦➨♥❛ ❥❡ ♣♦t❡♠ ♥❛♣❡t♦st ♠❡❞ ♣❧♦➨↔❛♠❛❄ ❑♦❧✐❦♦ ❞❡❧❛ s♠♦
♦♣r❛✈✐❧✐ ♣r✐ r❛③♠❛❦♥✐t✈✐❄

✶✾✳ ❖❜❧❛❦ ❧❡❜❞✐ ♥❛ ✈✐➨✐♥✐ 1 km ♥❛❞ ③❡♠❡❧❥s❦✐♠ ♣♦✈r➨❥❡♠✳ ◆❛❜✐t ❥❡ ③ ♥❛❜♦❥❡♠ 10 As✳ ❑♦❧✐❦➨♥❛ ❥❡
♥❛♣❡t♦st ♠❡❞ ♦❜❧❛❦♦♠ ✐♥ ❩❡♠❧❥♦✱ ↔❡ ❥❡ s♣♦❞♥❥❛ str❛♥ ♦❜❧❛❦❛ s ♣♦✈r➨✐♥♦ 0, 5 km2 ✈③♣♦r❡❞♥❛ ③
③❡♠❡❧❥s❦✐♠ ♣♦✈r➨❥❡♠❄ Pr❡❞♣♦st❛✈✐✱ ❞❛ ❥❡ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡ ❤♦♠♦❣❡♥♦ ✐♥ ❞❛ s♦ s✐❧♥✐❝❡ ♥❛✈♣✐↔♥❡✦
❖❝❡♥✐ ❥❛❦♦st ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛✦

✷✵✳ ▼❡❞ ♣❧♦➨↔❛♠❛ ❦♦♥❞❡♥③❛t♦r❥❛ ❥❡ ❤♦♠♦❣❡♥♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡✳ Pr♦t♦♥✱ ❦✐ ③❛♣✉st✐ ♣♦③✐t✐✈♥♦ ♥❛❡✲
❧❡❦tr❡♥♦ ♣❧♦➨↔♦✱ s❡ ♣♦ ↔❛s✉ 3 · 10−7 s ③❛❧❡t✐ ✈ ❞✉❣♦ ♣❧♦➨↔♦✱ ❦✐ ❥❡ ♦❞❞❛❧❥❡♥❛ 1, 4 cm✳

✭❛✮ ❑♦❧✐❦➨♥❛ ❥❡ ❥❛❦♦st ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ✈ ❦♦♥❞❡♥③❛t♦r❥✉❄

✭❜✮ ❑♦❧✐❦♦ ❞❡❧❛ ❥❡ ♦♣r❛✈✐❧♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡✱ ❞❛ ❥❡ ♣r❡♠❛❦♥✐❧♦ ♣r♦t♦♥❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ ♣r♦t♦♥♦✈❡ ❦✐♥❡t✐↔♥❡ ❡♥❡r❣✐❥❡❄

✷✶✳ P♦♥♦✈✐❧✐ s♠♦ ❈♦✉❧♦♠❜♦✈ ♣♦s❦✉s✳ ▼❡r✐❧✐ s♠♦✱ ❦❛❦♦ ❥❡ s✐❧❛ ♠❡❞ ❞✈❡♠❛ ♠❛❥❤♥✐♠❛ ♥❛❜✐t✐♠❛
❦♦✈✐♥s❦✐♠❛ ❦r♦❣❧❛♠❛ ♦❞✈✐s♥❛ ♦❞ r❛③❞❛❧❥❡ ♠❡❞ ♥❥✐♠❛✳ Pr✐ ♣♦s❦✉s✉ s♠♦ ♣♦s❦r❜❡❧✐✱ ❞❛ ❥❡ ❜✐❧ ♥❛
♦❜❡❤ ❦r♦❣❧❛❤ ❡♥❛❦ ♥❛❜♦❥✳ ▼❡r✐t✈❡ s♦ ③❜r❛♥❡ ✈ t❛❜❡❧✐✳

r❬♠❪ ✵✱✷✵✵ ✵✱✷✸✶ ✵✱✷✺✶ ✵✱✷✽✾ ✵✱✸✸✶ ✵✱✸✻✹ ✵✱✸✼✺
F ❬◆❪ ✺✱✸✹ ✹✱✸✺ ✸✱✹✵ ✷✱✻✺ ✷✱✶✷ ✶✱✽✷ ✶✱✹✾

◆❛r✐➨✐ ❣r❛❢ s✐❧❡ ♠❡❞ ♥❛❜♦❥❡♠❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ r❛③❞❛❧❥❡ ♠❡❞ ♥❥✐♠❛✦ ❑♦❧✐❦♦ ❥❡ ♥❛❜♦❥ ♥❛ ✈s❛❦✐
❦♦✈✐♥s❦✐ ❦r♦❣❧✐❝✐❄ ✭✰✮❉♦❧♦↔✐ r❡❧❛t✐✈♥♦ ♥❛♣❛❦♦ t❛❦♦ ✐③♠❡r❥❡♥❡❣❛ ♥❛❜♦❥❛✦

✷✷✳ ▼❡r✐❧✐ s♠♦ ♥❛❜♦❥✱ ❦✐ s❡ ♥❛❜❡r❡ ♥❛ ♣❧♦➨↔❛❤ ❦♦♥❞❡♥③❛t♦r❥❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ♥❛♣❡t♦st✐✳ ▼❡r✐t✈❡ s♦
③❜r❛♥❡ ✈ t❛❜❡❧✐✳
U ❬❦❱❪ ✵ ✵✱✷✾✽ ✵✱✺✽✹ ✵✱✾✼✸ ✶✱✶✼✹ ✶✱✻✹✶ ✶✱✽✶✺
e❬µ❆s❪ ✵ ✹✷✱✾ ✾✺✱✻ ✶✷✷ ✶✽✵ ✷✶✺ ✷✺✺

◆❛r✐➨✐ ❣r❛❢ ♥❛❜♦❥❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ♥❛♣❡t♦st✐✦ ❑♦❧✐❦♦ ❥❡ ❦❛♣❛❝✐t❡t❛ ❦♦♥❞❡♥③❛t♦r❥❛❄ ✭✰✮❉♦❧♦↔✐
r❡❧❛t✐✈♥♦ ♥❛♣❛❦♦ t❛❦♦ ✐③♠❡r❥❡♥❡ ❦❛♣❛❝✐t❡t❡✦

✷✸✳ ▼❡r✐❧✐ s♠♦ ♥❛♣❡t♦st ♠❡❞ ♣❧♦➨↔❛♠❛ ❦♦♥❞❡♥③❛t♦r❥❛ ✈♦❞✈✐s♥♦st✐ ♦❞ r❛③❞❛❧❥❡ ♠❡❞ ♥❥✐♠❛✳ ▼❡r✐t✈❡
s♦ ③❜r❛♥❡ ✈ t❛❜❡❧✐✳
d❬♠♠❪ ✵ ✼✱✺✶ ✶✷✱✼ ✶✾✱✷ ✷✾✱✽ ✸✹✱✾ ✹✵✱✽
U ❬❱❪ ✵ ✶✱✼✻ ✸✱✻✵ ✹✱✾✼ ✻✱✼✵ ✾✱✷✶ ✶✸✱✸✸

◆❛r✐➨✐ ❣r❛❢ ♥❛♣❡t♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ r❛③❞❛❧❥❡✦ ❑♦❧✐❦♦ ❥❡ ❥❛❦♦st ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛ ❦♦♥❞❡♥③❛t♦r❥❛
✈ t❡♠ ♣r✐♠❡r✉❄ ✭✰✮❉♦❧♦↔✐ r❡❧❛t✐✈♥♦ ♥❛♣❛❦♦ t❛❦♦ ✐③♠❡r❥❡♥❡ ❥❛❦♦st✐ ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛✦

✷✹✳ ◆❛❜♦❥ ♥❛ ❦♦✈✐♥s❦✐ ❦r♦❣❧✐❝✐ s♠♦ ♠❡r✐❧✐ t❛❦♦✱ ❞❛ s♠♦ ❦r♦❣❧✐❝♦ ③ ♠❛s♦ 3, 0 g ♣r✐tr❞✐❧✐ ♥❛ 0, 74 m
❞♦❧❣♦ ✈r✈✐❝♦ ✐♥ ♦❜❡s✐❧✐ ✈ ❤♦♠♦❣❡♥♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡✳ ❊❧❡❦tr✐↔♥❡♠✉ ♣♦❧❥✉ s♠♦ s♣r❡♠✐♥❥❛❧✐ ❥❛❦♦st
✐♥ ♠❡r✐❧✐ ❦♦t ♦❞❦❧♦♥❛ ✈r✈✐❝❡ ♦❞ ♥❛✈♣✐↔♥✐❝❡✳ ▼❡r✐t✈❡ s♦ ③❜r❛♥❡ ✈ t❛❜❡❧✐✳

E❬❦❱✴♠❪ ✵ ✶✱✺✶ ✸✱✵✷ ✹✱✼✶ ✻✱✶✸ ✼✱✻✶ ✾✱✶✹ ✶✵✱✸✵
ϕ[◦] ✵ ✶✸✱✽ ✷✻✱✽ ✸✻✱✸ ✹✸✱✺ ✺✶✱✶ ✺✺✳✽ ✻✷✱✺

◆❛r✐➨✐ ❣r❛❢ ❦♦t❛ ♦❞❦❧♦♥❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ❥❛❦♦st✐ ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛✦ ❑♦❧✐❦♦ ❥❡ ♥❛❜♦❥ ♥❛ ❦♦✈✐♥s❦✐
❦r♦❣❧✐❝✐❄ ✭✰✮❉♦❧♦↔✐ r❡❧❛t✐✈♥♦ ♥❛♣❛❦♦ t❛❦♦ ✐③♠❡r❥❡♥❡❣❛ ♥❛❜♦❥❛✦

❘♣✿ e ≃ 5 µAs



✽ ❊▲❊❑❚❘■❑❆ ✶✸✺

✷✺✳ ◆❛❜♦❥ ♥❛ ❦♦✈✐♥s❦✐ ❦r♦❣❧✐❝✐ s♠♦ ♠❡r✐❧✐ t❛❦♦✱ ❞❛ s♠♦ ❦r♦❣❧✐❝♦ ③ ♠❛s♦ 4, 5 g ♣r✐tr❞✐❧✐ ♥❛ 1, 24 m
❞♦❧❣♦ ✈r✈✐❝♦ ✐♥ ♦❜❡s✐❧✐ ✈ ❤♦♠♦❣❡♥♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡✳ ❊❧❡❦tr✐↔♥❡♠✉ ♣♦❧❥✉ s♠♦ s♣r❡♠✐♥❥❛❧✐ ❥❛❦♦st
✐♥ ♠❡r✐❧✐ ❦♦t ♦❞❦❧♦♥❛ ✈r✈✐❝❡ ♦❞ ♥❛✈♣✐↔♥✐❝❡✳ ▼❡r✐t✈❡ s♦ ③❜r❛♥❡ ✈ t❛❜❡❧✐✳

E❬❦❱✴♠❪ ✵ ✶✱✺✻ ✷✱✾✵ ✹✱✺✾ ✺✱✽✾ ✼✱✸✶ ✽✱✻✼ ✶✵✱✸✹
ϕ[◦] ✵ ✶✹✱✷ ✷✼✱✼ ✸✺✱✶ ✹✹✱✽ ✺✵✱✾ ✺✼✳✸ ✻✷✱✺

◆❛r✐➨✐ ❣r❛❢ ❦♦t❛ ♦❞❦❧♦♥❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ❥❛❦♦st✐ ❡❧❡❦tr✐↔♥❡❣❛ ♣♦❧❥❛✦ ❑♦❧✐❦♦ ❥❡ ♥❛❜♦❥ ♥❛ ❦♦✈✐♥s❦✐
❦r♦❣❧✐❝✐❄ ✭✰✮❉♦❧♦↔✐ r❡❧❛t✐✈♥♦ ♥❛♣❛❦♦ t❛❦♦ ✐③♠❡r❥❡♥❡❣❛ ♥❛❜♦❥❛✦

❘♣✿ e ≃ 7 µAs

✽✳✸ ♠❛❣♥❡t♥♦ ♣♦❧❥❡

✶✳ ●♦st♦t❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ ♥❛ r❛③❞❛❧❥✐ 1 m ♦❞ ③❡❧♦ ❞♦❧❣❡❣❛ ✈♦❞♥✐❦❛ ❥❡ 6 · 10−7 T✳ ❑♦❧✐❦➨♥❛ ❥❡
❣♦st♦t❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ ♥❛ r❛③❞❛❧❥✐ 10 m ✐♥ ❦♦❧✐❦➨❡♥ t♦❦ t❡↔❡ ♣♦ ✈♦❞♥✐❦✉❄

✷✳ P❛❧✐❝♦ ❞♦❧❣♦ 1 m ♣♦❧♦➸✐♠♦ ✈③♣♦r❡❞♥♦ ❦ ③❡❧♦ ❞♦❧❣❡♠✉ r❛✈♥❡♠✉ ✈♦❞♥✐❦✉✱ ❦✐ ❥❡ ♦❞❞❛❧❥❡♥ ③❛ ♣♦❧
♠❡tr❛✳ ❑♦❧✐❦➨❡♥ t♦❦ ♠♦r❛♠♦ s♣✉st✐t✐ s❦♦③✐ ♣❛❧✐❝♦✱ ❞❛ ✈♦❞♥✐❦ ♣r✐✈❧❛↔✐ ♣❛❧✐❝♦ s s✐❧♦ 10 N❄ ❙❦♦③✐
✈♦❞♥✐❦ t❡↔❡ t♦❦ 2 A❄

✸✳ ❉✈❛ ③❡❧♦ ❞♦❧❣❛ ✈③♣♦r❡❞♥❛ ✈♦❞♥✐❦❛ st❛ ♦❞❞❛❧❥❡♥❛ ❞r✉❣ ♦❞ ❞r✉❣❡❣❛ 1 m✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛
♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ ♥❛ sr❡❞✐ ♠❡❞ ✈♦❞♥✐❦♦♠❛✱ ↔❡ t❡↔❡ ♣♦ ♣r✈❡♠ t♦❦ 50 A✱ ♣♦ ❞r✉❣❡♠ ♣❛ 20 A ✈
♥❛s♣r♦t♥✐ s♠❡r✐❄

❘♣✿ t♦❦♦✈❛ st❛ ✈ ❞r✉❣✐❤ s♠❡r❡❤✿
B ✈ t♦↔❦✐ t ❥❡✿
| ~Bt| = | ~B1 + ~B2| = B1 + B2 = µ0I1

2π d
2

+ µ0I2

2π d
2

= µ0

2πd (I1 + I2) = . . . T

❦❥❡r ❥❡✿ d = 1m ✐♥ t♦❦♦✈❛ I1 = 50A ✐♥ I2 = 20A

✹✳ ❉✈❛ ③❡❧♦ ❞♦❧❣❛ ✈③♣♦r❡❞♥❛ ✈♦❞♥✐❦❛ st❛ ♦❞❞❛❧❥❡♥❛ ❞r✉❣ ♦❞ ❞r✉❣❡❣❛ 1 m✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛
♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ ♥❛ sr❡❞✐ ♠❡❞ ✈♦❞♥✐❦♦♠❛✱ ↔❡ t❡↔❡ ♣♦ ♣r✈❡♠ t♦❦ 50 A✱ ♣♦ ❞r✉❣❡♠ ♣❛ 20 A ✈
✐st✐ s♠❡r✐❄

❘♣✿ t♦❦♦✈❛ st❛ ✈ ❞✐st✐❤ s♠❡r❡❤✿
B ✈ t♦↔❦✐ t ❥❡✿
| ~Bt| = | ~B1 + ~B2| = B1 − B2 = µ0I1

2π d
2

− µ0I2

2π d
2

= µ0

2πd (I1 − I2) = . . . T

❦❥❡r ❥❡✿ d = 1m ✐♥ t♦❦♦✈❛ I1 = 50A ✐♥ I2 = 20A

✺✳ ❉✈❡ ➸✐❝✐ st❛ ♣♦st❛✈❧❥❡♥✐ ✈③♣♦r❡❞♥♦✱ ♦❞❞❛❧❥❡♥✐ st❛ 10 cm✳ P♦ ♣r✈✐ t❡↔❡ t♦❦ 2 A✱ ♣♦ ❞r✉❣✐ t♦❦ 3 A
✈ ♥❛s♣r♦t♥✐ s♠❡r✐✳ ■③r❛↔✉♥❛❥ ❣♦st♦t♦ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛✿

✭❛✮ ✈ t♦↔❦✐ ❆✱ ❦✐ ❥❡ ♦❞ ♣r✈❡ ➸✐❝❡ ♦❞❞❛❧❥❡♥❛ ③❛ 4 cm✱ ♦❞ ❞r✉❣❡ ♣❛ 6 cm ✐♥ ❧❡➸✐ ♠❡❞ ♦❜❡♠❛
➸✐❝❛♠❛✦ ◆❛r✐➨✐ s❦✐❝♦✦

✭❜✮ ✈ t♦↔❦✐ ❈✱ ❦✐ ❧❡➸✐ 14 cm ♦❞ ♣r✈❡ ➸✐❝❡ ✐♥ 4 cm ♦❞ ❞r✉❣❡✦ ◆❛r✐➨✐ s❦✐❝♦✦

✻✳ ❆❧✉♠✐♥✐❥❡✈❛ ♣❛❧✐❝❛ s ♣r❡s❡❦♦♠ 1, 2 cm2 ❧❡➸✐ ✈♦❞♦r❛✈♥♦ ✈ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉✱ ❦❛t❡r❡❣❛
s✐❧♥✐❝❡ s♦ ✈♦❞♦r❛✈♥❡❀ ♣❛❧✐❝❛ ❥❡ ♣r❛✈♦❦♦t♥❛ ♥❛ s✐❧♥✐❝❡✳ ❑♦❧✐❦➨♥❛ ♠♦r❛ ❜✐t✐ ❣♦st♦t❛ ♠❛❣♥❡t♥❡❣❛
♣♦❧❥❛✱ ❞❛ ♣❛❧✐❝❛ ❧❡❜❞✐❄ ●♦st♦t❛ ❛❧✉♠✐♥✐❥❛ ❥❡ ̺ = 2, 7 g/cm3 ✱ ♣♦ ♣❛❧✐❝✐ ♣❛ t❡↔❡ t♦❦ I = 2, 7 A✳

❘♣✿ ♥❛❥ ❜♦✿ S = 1, 2 cm2✱ ̺al = 2, 7 g
cm3 t❡r I = 2, 7 A

✈❡♠✿
♥❛ ✈♦❞♥✐❦ ❞❡❧✉❥❡ s✐❧❛✿
~Fm = I~l × ~B

❦❡r s♦ ❦♦❧✐↔✐♥❡ ♠❡❞ s❡❜♦❥ ♣r❛✈♦❦♦t♥❡✱ ❧❛❤❦♦ ③❛♣✐➨❡♠♦ ✈ ♦❜❧✐❦✐✿
Fm = IlB✱ t❛ s✐❧❛ ♣❛ ❥❡ ❡♥❛❦♦ ✈❡❧✐❦❛ ♥❡✇t♦♥♦✈✐ ❣r❛✈✐t❛❝✐❥s❦✐ s✐❧✐ Fg = mg = ̺alV g = ̺alSlg

↔❡ s❡❞❛❥ ✐③❡♥❛↔✐♠♦ ❞♦❜✐♠♦✿
B = ̺alSg

I = . . . T

✼✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛✱ ❦✐ ❣❛ s t♦❦♦♠ 0, 3 A ✉st✈❛r✐♠♦ ✈ t✉❧❥❛✈✐ ③ ✷✵✵✵ ♦✈♦❥✐✱
❞♦❧➸✐♥♦ 20 cm ✐♥ s ♣r❡♠❡r♦♠ 4 cm❄ ❑♦❧✐❦➨❡♥ ❥❡ ♠❛❣♥❡t♥✐ ♣r❡t♦❦ s❦♦③✐ ♣♦s❛♠❡③❡♥ ♦✈♦❥ t✉❧❥❛✈❡❄
❑♦❧✐❦➨❡♥ ♣❛ s❦♦③✐ ✈s♦ t✉❧❥❛✈♦❄ ❑♦❧✐❦➨♥❛ ❥❡ ✐♥❞✉❦t✐✈♥♦st t✉❧❥❛✈❡❄



✽ ❊▲❊❑❚❘■❑❆ ✶✸✻

❘♣✿ ◆❛❥ ❜♦✿ I = 0, 3 A✱ N = 2000✱ l = 0, 2 m ✐♥ r = 2 cm

t♦r❡❥✿
B = µ0NI

l = . . . T✱ Φ1 = BS = Bπr2 = . . . Vs✱ Φt = NBS = NBπr2 = . . . Vs✱ t❡r s❡
✐♥❞✉❦t✐✈♥♦st✿
L = µ0N2πr2

l = . . . H

✽✳ ❑♦❧✐❦➨❡♥ ♠♦r❛ ❜✐t✐ t♦❦✱ ❞❛ ♥❛st❛♥❡ ✈ t✉❧❥❛✈✐ ③ 2000 ♦✈♦❥✐✱ ③ ❞♦❧➸✐♥♦ 20 cm ✐♥ ♣r❡♠❡r♦♠ 5 cm
♠❛❣♥❡t♥♦ ♣♦❧❥❡ ③ ❣♦st♦t♦ 50 gaussov❄ ❑♦❧✐❦➨❡♥ t♦❦ ♣❛ ❥❡ ♣♦tr❡❜❡♥✱ ❞❛ ❞♦❜✐♠♦ s❦♦③✐ ♦✈♦❥ t✉❧❥❛✈❡
♠❛❣♥❡t♥✐ ♣r❡t♦❦ 4 · 10−4 Vs❄

✾✳ ❱ ♥❡❦❡♠ ❛♠♣❡r♠❡tr✉ ❥❡ ✈rt❧❥✐✈❛ t✉❧❥❛✈✐❝❛ ❦✈❛❞r❛t♥❡ ♦❜❧✐❦❡ 2 cm × 2 cm s ✶✵✵ ♦✈♦❥✐✳ ❚✉❧❥❛✈✐❝❛
❥❡ ✈ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉ ③ ❣♦st♦t♦ 0, 4 T✳ ❑♦❧✐❦➨❡♥ ♥❛❥✈❡↔❥✐ ♥❛✈♦r ❞❡❧✉❥❡ ♥❛ t✉❧❥❛✈✐❝♦✱ ❦❛❞❛r ❥❡ ✈
♥❥❡❥ t♦❦ 1 mA ❄ ❑♦❧✐❦➨❡♥ ❥❡ ❦♦t ♠❡❞ ♦s❥♦ t✉❧❥❛✈✐❝❡ ✐♥ s♠❡r❥♦ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛✱ ❦❛❞❛r ❥❡ ♥❛✈♦r
♥❛ t✉❧❥❛✈♦ ❡♥❛❦ ♣♦❧♦✈✐❝✐ ♥❛❥✈❡↔❥❡❣❛ ❄

❘♣✿ P❛ ❞❡♥✐♠♦✿
a = 2 cm✱ N = 100✱ B = 0, 4 T ✐♥ I = 1mA❀
s❡❞❛❥ ❧❛❤❦♦ r❡↔❡♠♦✿
Mmax = NIBS = NIBa2 = . . . Nm❀
t♦r❡❥✿
sin ϕ =

Mpolovica

Mmax
= Mmax

2Mmax
= 1

2

❂❃ ϕ = 30◦

✶✵✳ ❑♦❧✐❦➨❡♥ ❥❡ ♠❛❣♥❡t♥✐ ♣r❡t♦❦ s❦♦③✐ t✉❧❥❛✈♦✱ ❦✐ ❥❡ ❞♦❧❣❛ 40 cm✱ ✐♠❛ ♣r❡s❡❦ 6 cm2 ✐♥ ✺✵ ♦✈♦❥❡✈✱ ↔❡
s❦♦③♥❥♦ t❡↔❡ t♦❦ 5 A❄ ❑♦❧✐❦➨♥❛ ❥❡ ✐♥❞✉❦t✐✈♥♦st t❡ t✉❧❥❛✈❡❄

✶✶✳ ◆❛ sr❡❞✐ t✉❧❥❛✈❡✱ ❦✐ ✐♠❛ ✶✵✵ ♦✈♦❥❡✈✱ ❞♦❧➸✐♥♦ 50 cm ✐♥ ♣r❡♠❡r 8 cm✱ ❥❡ ♥❛♠❡➨↔❡♥❛ t✉❧❥❛✈❛ s ✶✵✵✵
♦✈♦❥✐✱ ♣r❡♠❡r♦♠ 2 cm ✐♥ ❞♦❧➸✐♥♦ 4 cm✳ ❖s✐ ♦❜❡❤ t✉❧❥❛✈ st♦❥✐t❛ ♣r❛✈♦❦♦t♥♦ ❞r✉❣❛ ♥❛ ❞r✉❣✐✳
❑♦❧✐❦➨❡♥ ♥❛✈♦r ❞❡❧✉❥❡ ♥❛ ♠❛❧♦ t✉❧❥❛✈♦✱ ❦❛❞❛r ❥❡ ✈ ✈❡❧✐❦✐ t✉❧❥❛✈✐ t♦❦ 10 A✱ ✈ ♠❛❧✐ ♣❛ 0, 2 A❄

❘♣✿ ◆❛❥ ❜♦✿
N1 = 100✱ l1 = 0, 5 m ✐♥ r1 = 4 cm❀
t❡r N2 = 1000✱ l2 = 4 cm ✐♥ r2 = 1 cm❀
♣♦t❡♠ ③❛✿ I1 = 10A ✐♥ I2 = 0, 2 A

✈❡❧❥❛ ♥❛✈♦r✿
M1 = N2B1πr2

2I2 = N2
µ0N1I1

l1
πr2

2I2 = . . . Nm

✶✷✳ P♦ t✉❧❥❛✈✐✱ ❦✐ ✐♠❛ ✷✵✵ ♦✈♦❥❡✈✱ ❞♦❧➸✐♥♦ 80 cm ✐♥ ♣r❡♠❡r 10 cm t❡↔❡ t♦❦ 2 A✳ ❱ ♥❥❡❥ ❥❡ t✉❧❥❛✈✐❝❛ s
✶✵✵✵ ♦✈♦❥✐ ✐♥ ♣r❡♠❡r♦♠ 6 cm✱ ❦❛t❡r❡ ♦s ♦❦❧❡♣❛ ③ ♦s❥♦ ✈❡❧✐❦❡ t✉❧❥❛✈❡ ❦♦t 60◦✳

✭❛✮ ❑♦❧✐❦➨❡♥ ♥❛✈♦r ❞❡❧✉❥❡ ♥❛ ♠❛❧♦ t✉❧❥❛✈✐❝♦✱ ↔❡ ♣♦ ♥❥❡❥ s♣✉st✐♠♦ t♦❦ 1 A❄

✭❜✮ ❑♦❧✐❦➨♥♦ ❞❡❧♦ ❥❡ ❜✐❧♦ ♣♦tr❡❜♥♦✱ ❞❛ s♠♦ ♣♦❣♥❛❧✐ t♦❦ ♣♦ ✈❡❧✐❦✐ t✉❧❥❛✈✐❄

✭❝✮ ❑♦❧✐❦➨❡♥ ❥❡ ♠❛❣♥❡t♥✐ ♣r❡t♦❦ s❦♦③✐ ✈❡❧✐❦♦ t✉❧❥❛✈♦❄

❘♣✿ ◆❛❥ ✈❡❧❥❛✿
N1 = 200✱ l1 = 0, 8 m ✐♥ r1 = 5 cm❀
t❡r N2 = 1000 ✐♥ r2 = 3 cm✱ t❡r ϕ = 60◦❀
♣♦t❡♠ ③❛✿ I1 = 2A

❛✮ M = N2
µ0N1I1

l1
πr2

2I2 sin ϕ = . . . Nm

❜✮ A =
L1I2

1

2 =
µ0N2

1
πr2

1
I2

1

2l1
= . . . J

❝✮ Φm = L1I1 =
µ0N2

1
πr2

1
I1

l1
= . . . Vs

✶✸✳ ❑♦❧✐❦➨♥❛ ❥❡ ❡♥❡r❣✐❥❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ t✉❧❥❛✈❡✱ ❦✐ ✐♠❛ ✺✵✵ ♦✈♦❥❡✈✱ ❞♦❧➸✐♥♦ 40 cm ✐♥ ♣r❡♠❡r
20 cm✱ ↔❡ s❦♦③✐ t✉❧❥❛✈♦ t❡↔❡ t♦❦ 8 A❄ ❑♦❧✐❦➨❡♥ ❥❡ ♠❛❣♥❡t♥✐ ♣r❡t♦❦ s❦♦③✐ t✉❧❥❛✈♦❄

✶✹✳ ❑♦❧✐❦➨♥❛ ❥❡ ❡♥❡r❣✐❥❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ t✉❧❥❛✈❡✱ ❦✐ ✐♠❛ ✶✵✵✵ ♦✈♦❥❡✈✱ ❞♦❧➸✐♥♦ 50 cm ✐♥ ♣r❡♠❡r
20 cm✱ ↔❡ s❦♦③✐ t✉❧❥❛✈♦ t❡↔❡ t♦❦ 10 A❄ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ ♠❛❣♥❡t♥❡ ❡♥❡r❣✐❥❡ ✈ t✉❧❥❛✈✐❄
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✶✺✳ P♦ ♥❛✈♣✐↔♥✐ t✉❧❥❛✈✐ s ✸✵✵ ♦✈♦❥✐✱ ♣r❡♠❡r♦♠ 5 cm ✐♥ ❞♦❧➸✐♥♦ 40 cm t❡↔❡ t♦❦ 0, 5 A✳

✭❛✮ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ ✈ t✉❧❥❛✈✐❄

✭❜✮ ❑♦❧✐❦♦ ❞❡❧❛ s♠♦ ♦♣r❛✈✐❧✐✱ ❞❛ s♠♦ ♣♦t✐s♥✐❧✐ t♦❦ s❦♦③✐ t✉❧❥❛✈♦❄

✭❝✮ ❑♦❧✐❦➨❡♥ ❥❡ ♠❛❣♥❡t♥✐ ♣r❡t♦❦ s❦♦③✐ t✉❧❥❛✈♦❄

✶✻✳ ❑♦❧✐❦➨♥❛ ❥❡ ✐♥❞✉❦t✐✈♥♦st t♦❦♦✈♥❡ ③❛♥❦❡✱ ↔❡ t♦❦ 2, 5 A ♣♦✈③r♦↔❛ ♠❛❣♥❡t♥✐ ♣r❡t♦❦ 0, 2 mVs❄

✶✼✳ ❚✉❧❥❛✈♦✱ ❦✐ ✐♠❛ ♣r❡♠❡r 10 cm ✐♥ ❞♦❧➸✐♥♦ 60 cm t❡r ✶✺✵ ♦✈♦❥❡✈✱ ♣♦❧♦➸✐♠♦ t❛❦♦✱ ❞❛ ❥❡ ♦s ✈ s♠❡r✐
s❡✈❡r✲❥✉❣✳ ❙ ♣♦s❦✉➨❛♥❥❡♠ ✉❣♦t♦✈✐♠♦✱ ❞❛ ✈ t✉❧❥❛✈✐ ♥✐ ✈♦❞♦r❛✈♥❡❣❛ ♣♦❧❥❛✱ ❦♦ ♣♦ ♥❥❡❥ ♥❛♣❡❧❥❡♠♦
t♦❦ 64 mA✳ ✭▼❛❣♥❡t♥✐❝❛✱ ❦✐ ❥♦ ❞❛♠♦ ✈ t✉❧❥❛✈♦ ♦❜st❛♥❡ ✈ ✐♥❞✐❢❡r❡♥t♥❡♠ r❛✈♥♦✈❡s❥✉✳✮ ❑♦❧✐❦➨♥❛
❥❡ ✈♦❞♦r❛✈♥❛ ❦♦♠♣♦♥❡♥t❛ ♣♦❧❥s❦❡ ❣♦st♦t❡ ③❡♠❡❧❥s❦❡❣❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛❄

✶✽✳ ❚✉❧❥❛✈❛ ③ ❞♦❧➸✐♥♦ 40 cm ✐♠❛ ✹✵✵✵ ♦✈♦❥❡✈ ✐♥ ❥❡ ♣♦st❛✈❧❥❡♥❛ ✈ s♠❡r✐ ✈③❤♦❞✲③❛❤♦❞ ✭♦s t✉❧❥❛✈❡ ❥❡
✈ s♠❡r✐ ✈③❤♦❞✲③❛❤♦❞✮✳ ❱❛♥❥♦ ♣♦st❛✈✐♠♦ ❦♦♠♣❛s✱ ❦✐ ❦❛➸❡ ♣r♦t✐ s❡✈❡r✉✱ ↔❡ s❦♦③✐ t✉❧❥❛✈♦ ♥❡ t❡↔❡
t♦❦✳ ❑♦ ✈❦❧❥✉↔✐♠♦ t♦❦✱ s❡ ❦♦♠♣❛s ③❛✈rt✐ ③❛ 60◦ ♣r♦t✐ ✈③❤♦❞✉✳ ❑♦❧✐❦➨❡♥ t♦❦ t❡↔❡ s❦♦③✐ t✉❧❥❛✈♦✱
↔❡ ❥❡ ❣♦st♦t❛ ③❡♠❡❧❥s❦❡❣❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ 3, 4 · 10−5 Vs/m2❄

✶✾✳ ➎✐❝♦ ③ ❞♦❧➸✐♥♦ d = 1000m ✐♥ ♣r❡♠❡r♦♠ 2r = 1mm ♥❛✈✐❥❡♠♦ ♥❛ ❣♦st♦ ✭❞❛ s❡ ❡♥ ♦✈♦❥ ❞♦t✐❦❛
❞r✉❣❡❣❛✮ ♥❛ ♣❧❛➨↔ ✈❛❧❥❛✱ t❛❦♦ ❞❛ ❞♦❜✐♠♦ l = 2 m ❞♦❧❣♦ t✉❧❥❛✈♦✳ ❙♣❡❝✐✜↔♥❛ ✉♣♦r♥♦st ➸✐❝❡ ❥❡
ζ = 0, 017 Ωmm2/m✳

❛✮ ❑♦❧✐❦➨❡♥ ❥❡ ♣♦❧♠❡r ♥❛st❛❧❡ t✉❧❥❛✈❡❄

❜✮ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ ♣♦❧❥❛ ✈ ♥❥❡♥✐ ♥♦tr❛♥❥♦st✐✱↔❡ ❥♦ ♣r✐❦❧❥✉↔✐♠♦ ♥❛ ♥❛♣❡t♦st 17V ❄

❘♣✿ ❞♦❧➸✐♥❛ t✉❧❥❛✈❡ ❥❡✿ l = N2r✱ ❦❥❡r ❥❡ N ➨t❡✈✐❧♦ ♦✈♦❥❡✈ t✉❧❥❛✈❡
t♦r❡❥ ❥❡ ➨t❡✈✐❧♦ ♦✈♦❥❡✈ t✉❧❥❛✈❡✿ N = l/(2r) = (2 m)/(1 mm) = 2000

❞♦❧➸✐♥❛ ➸✐❝❡ d ❥❡ ➨t❡✈✐❧♦ ♦✈♦❥❡✈ N ❦r❛t ♦❜s❡❣ ❡♥❡❣❛ ♦✈♦❥❛ 2πR t♦r❡❥✿ d = N2πR ✱ ❦❥❡r ❥❡
R ♣♦❧♠❡r t✉❧❥❛✈❡✳
t♦r❡❥ ❥❡ ♣♦❧♠❡r t✉❧❥❛✈❡✿ Rt = d

N2π = d2r
2πl =

✉♣♦r ➸✐❝❡ ❥❡✿ R = ζ l
S =

t♦❦ s❦♦③✐ ➸✐❝♦✿ I = U
R =

✐♥ ③❛t♦ ❥❡ ❣♦st♦t❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛✿ B = µoNI
l =

✽✳✹ ✐♥❞✉❦❝✐❥❛

✶✳ ❘❡❛❦t✐✈♥♦ ❧❡t❛❧♦ ❧❡t✐ s ❤✐tr♦st❥♦ 1080 km/h ✈ ✈♦❞♦r❛✈♥✐ s♠❡r✐✳ ❑♦❧✐❦➨♥❛ ♥❛♣❡t♦st s❡ ✐♥❞✉❝✐r❛
♠❡❞ ❦♦♥❝❡♠❛ ❦r✐❧ ③ r❛③♣♦♥♦♠ 15 m❄ ◆❛✈♣✐↔♥❛ ❦♦♠♣♦♥❡♥t❛ ❣♦st♦t❡ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ ❩❡♠❧❥❡
❥❡ 5 · 10−5 T✱ ✈♦❞♦r❛✈♥❛ ❦♦♠♣♦♥❡♥t❛ ❣♦st♦t❡ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ ❩❡♠❧❥❡ ♣❛ 2 · 10−4 T✳

❘♣✿ ✈❡♠✿
Ui = ~v · (~l × ~B)

t❡r✿
~B = (Bx, 0, Bz)✱ ~l = (0, l, 0) ✐♥ ~v = (v, 0, 0)

s❡❞❛❥ ✐③r❛↔✉♥❛♠♦ ✈❡❦t♦rs❦✐ ✐♥ s❦❛❧❛r♥✐ ♣r♦❞✉❦t ✐♥ ❞♦❜✐♠♦✿
Ui = vlBz = . . . V

✷✳ ▲❡t❛❧♦ ③ r❛③♣♦♥♦♠ ❦r✐❧ 17 m ❧❡t✐ s ❤✐tr♦st❥♦ 980 km/h✳ ❩❛r❛❞✐ ✐♥❞✉❦❝✐❥❡ t❡↔❡ ♣♦ ❦r✐❧✐❤ ❧❡t❛❧❛ t♦❦
3, 4 mA✳ ❑♦❧✐❦➨♥❛ ♠❛❣♥❡t♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛ ❧❡t❛❧♦ ✈ ❩❡♠❧❥✐♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉✱ ↔❡ ❧❡t✐ ❧❡t❛❧♦
✈ s♠❡r✐✿

✭❛✮ ❥✉❣ ✲ s❡✈❡r

✭❜✮ ③❛❤♦❞ ✲ ✈③❤♦❞

✭❝✮ ❥✉❣♦③❛❤♦❞ ✲ s❡✈❡r♦✈③❤♦❞

✸✳ P♦ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉ ③ ❣♦st♦t♦ 0, 7 T s❡ ❣✐❜❧❥❡ 10 cm ❞♦❧❣❛ ❦♦✈✐♥s❦❛ ♣❛❧✐❝❛ s ❤✐tr♦st❥♦
50 cm/s ✈ t❛❦➨♥✐ ❧❡❣✐ ✐♥ t❛❦➨♥✐ s♠❡r✐ ✭♥❛r✐➨✐✦✦✮✱ ❞❛ s❡ ✐♥❞✉❝✐r❛ ❦♦❧✐❦♦r ♠♦❣♦↔❡ ✈❡❧✐❦❛ ♥❛♣❡t♦st✳
❑♦❧✐❦➨♥❛ ❥❡ t❛ ♥❛♣❡t♦st❄
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✹✳ ❱ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉ ③ ❣♦st♦t♦ 0, 6 T ♣r❡♠✐❦❛♠♦ 1 m ❞♦❧❣ ✈♦❞♥✐❦ ❡♥❛❦♦♠❡r♥♦ s
❤✐tr♦st❥♦ 1 m/s✳ ❙ ❦♦❧✐❦➨♥♦ s✐❧♦ ❣❛ ♠♦r❛♠♦ ✈❧❡↔✐ ✈ s♠❡r✐ ♣r❛✈♦❦♦t♥♦ ♥❛ s✐❧♥✐❝❡✱ ↔❡ s❦♦③✐ ✈♦❞♥✐❦
t❡↔❡ t♦❦ 5 A❄ ❙ ❦♦❧✐❦➨♥✐♠ ♣♦s♣❡➨❦♦♠ ❜✐ s❡ ✈♦❞♥✐❦ ③❛↔❡❧ ❣✐❜❛t✐ ✈ s♠❡r✐ ♣r❛✈♦❦♦t♥♦ ♥❛ s✐❧♥✐❝❡✱
↔❡ ❜✐ ✈❧❡↔♥❛ s✐❧❛ ♣r❡♥❡❤❛❧❛ ❞❡❧♦✈❛t✐❄ ▼❛s❛ ✈♦❞♥✐❦❛ ❥❡ 200 g✳

❘♣✿ ◆❛❥ ❜♦✿
F = Fm = IilB = . . . N

✐♥ ♣♦s♣❡➨❡❦✿
ma = IilB ❂❃ a = IilB

m = . . . m
s2

✺✳ ❱ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉ ③ ❣♦st♦t♦ B s❡ ♣r❡♠♦ ❣✐❜❧❥❡ r❛✈♥❛ ➸✐❝❛ s ❤✐tr♦st❥♦ v✳ ➎✐❝❛
♦❦❧❡♣❛ s s✐❧♥✐❝❛♠✐ ❦♦t α✳ ❙ s♠❡r❥♦✱ ❦✐ ❥❡ ♣r❛✈♦❦♦t♥❛ ♥❛ ➸✐❝✐ ✐♥ ♥❛ s✐❧♥✐❝❛❤✱ ♣❛ ♦❦❧❡♣❛ s♠❡r
❣✐❜❛♥❥❛ ❦♦t δ✳ ❑♦❧✐❦➨♥❛ ❥❡ ✐♥❞✉❝✐r❛♥❛ ♥❛♣❡t♦st❄ ■③♣❡❧❥✐ t♦ ✐③ t❡❣❛✱ ❦❛r ✈❡➨ ♦ ♠❛❣♥❡t♥✐ s✐❧✐✱ ❛❧✐
♣❛ ✐③ ✐♥❞✉❦❝✐❥s❦❡❣❛ ③❛❦♦♥❛✦

❘♣✿ ✐③ ♣r✈❡ ♥❛❧♦❣❡ ✈❡♠✿
Ui = ~v · (~l × ~B)

t♦r❡❥ ♣♦③♥❛♠ t✉❞✐ t♦❧❡ ✈❡❧✐❦♦st✿
Ui = v cos(δ)lB sin(α)

✻✳ ❑♦❧✐❦➨♥❛ ♠❛❣♥❡t♥❛ s✐❧❛ ❞❡❧✉❥❡ ③❛r❛❞✐ ③❡♠❡❧❥s❦❡❣❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛ ♥❛ 10 m ❞♦❧❣♦ ➸✐❝♦✱ ❦✐ ❥❡
♣♦st❛✈❧❥❡♥❛ ✈ s♠❡r✐ ✈③❤♦❞✲③❛❤♦❞ ✐♥ ♣♦ ❦❛t❡r✐ t❡↔❡ t♦❦ 10 A❄ ✭Bz = 3, 4 · 10−5 Vs/m2 ✮

✼✳ ❚✉❧❥❛✈✐❝♦ s ✺✵ ♦✈♦❥✐ ✐♥ ♣r❡♠❡r♦♠ 2 cm ✈t❛❦♥❡♠♦ ♠❡❞ ♣♦❧❛ ♠❛❣♥❡t❛✱ ❦❥❡r ❥❡ ♠❛❣♥❡t♥♦ ♣♦❧❥❡ ③
❣♦st♦t♦ 1 T✳ ❑♦❧✐❦➨❡♥ ♥❛♣❡t♦st♥✐ s✉♥❡❦ s❡ ✐♥❞✉❝✐r❛ ✈ t✉❧❥❛✈✐❄

❘♣✿ t♦r❡❥✿
Ui∆t = ∆Φm = NBS = NBπr2 = . . . Vs

✽✳ P♦ ♣r❛③♥✐ t✉❧❥❛✈✐✱ ❦✐ ✐♠❛ ✶✵✵✵ ♦✈♦❥❡✈✱ ❞♦❧➸✐♥♦ 1 m ✐♥ ♣r❡♠❡r 20 cm✱ ♥❛♣❡❧❥❡♠♦ t♦❦ 10 A✳ ❑♦❧✐✲
❦➨❡♥ ♥❛♣❡t♦st♥✐ s✉♥❡❦ s❡ ✐♥❞✉❝✐r❛ ♣r✐ ♣r❡❦✐♥✐t✈✐ t♦❦❛❄

❘♣✿

Ui∆t = L∆I =
µ0N

2SI

l
= . . . Vs

✾✳ P♦ t✉❧❥❛✈✐✱ ❦✐ ✐♠❛ ✶✵✵ ♦✈♦❥❡✈✱ ❞♦❧➸✐♥♦ 80 cm ✐♥ ♣r❡♠❡r 10 cm t❡↔❡ t♦❦ 2 A✳ ❱ ♥❥❡❥ ❥❡ t✉❧❥❛✈✐❝❛ s
✶✵✵✵ ♦✈♦❥✐ ✐♥ ♣r❡♠❡r♦♠ 6 cm✱ ❦❛t❡r❡ ♦s ♦❦❧❡♣❛ ③ ♦s❥♦ ✈❡❧✐❦❡ t✉❧❥❛✈❡ ❦♦t 30◦✳

✭❛✮ ❑♦❧✐❦♦ ❞❡❧❛ s♠♦ ♦♣r❛✈✐❧✐✱ ❦♦ s♠♦ ♣♦❣♥❛❧✐ t♦❦ ♣♦ ✈❡❧✐❦✐ t✉❧❥❛✈✐❄

✭❜✮ ❑♦❧✐❦➨❡♥ ❥❡ ♠❛❣♥❡t♥✐ ♣r❡t♦❦ s❦♦③✐ ✈❡❧✐❦♦ t✉❧❥❛✈♦❄

✭❝✮ ❑♦❧✐❦➨❡♥ ♥❛♣❡t♦st♥✐ s✉♥❡❦ s❡ ✐♥❞✉❝✐r❛ ✈ ♠❛❧✐ t✉❧❥❛✈✐✱ ❦♦ t♦❦ s❦♦③✐ ✈❡❧✐❦♦ t✉❧❥❛✈♦ ✐③❦❧❥✉↔✐♠♦❄

❘♣✿ ♣♦st❛✈✐♠♦✿
N1 = 100✱ l1 = 0, 8 m✱ r1 = 5 cm✱ I1 = 2A✱ t❡r N2 = 1000 ✐♥ r2 = 3 cm ✐♥ ϕ = 30◦

❛✮ A =
L1I2

1

2 =
µ0N2

1
SI2

1

2l1
= . . . J

❜✮ Φm = L1I1 = . . . Vs

❝✮ Ui∆t = N2B1S2 cos ϕ =
µ0N1N2πr2

2
I1 cos ϕ

l1
= . . . Vs

✶✵✳ ❚♦❦ ♣♦ 0, 7 m ❞♦❧❣✐ t✉❧❥❛✈✐ s ✶✵✵ ♦✈♦❥✐ s❡ ♣♦✈❡↔❛ ✈s❛❦♦ s❡❦✉♥❞♦ ③❛ 3 A✳ ❱ t❡❥ t✉❧❥❛✈✐ ❥❡ ♠❛❧❛
t✉❧❥❛✈❛ ③ ✷✵✵ ♦✈♦❥✐ ✐♥ ♣♦❧♠❡r♦♠ 2 cm✳ ❑♦❧✐❦➨♥♦ ✐♥❞✉❝✐r❛♥♦ ♥❛♣❡t♦st ❦❛➸❡ ✈♦❧t♠❡t❡r✱ ♣r✐❦❧❥✉↔❡♥
♥❛ ♠❛❧♦ t✉❧❥❛✈♦❄ ●❡♦♠❡tr✐❥s❦✐ ♦s✐ ♦❜❡❤ t✉❧❥❛✈ s❡ ♣♦❦r✐✈❛t❛✦

❘♣✿ ✈❡♠✿
l1 = 0, 7 m✱ N1 = 100✱ ∆I

∆t = 3 A
s ✱ N2 = 200 ✐♥ r2 = 2 cm

Ui =
µ0N1N2πr2

2

l1
∆I
∆t = . . . V

✶✶✳ ❱ t✉❧❥❛✈✐✱ ❦✐ ❥❡ ❞♦❧❣❛ 50 cm✱ ✐♠❛ ✶✵✵✵ ♦✈♦❥❡✈ ✐♥ ♣r❡♠❡r 20 cm ③❛♥✐❤❛♠♦ 10 cm ❞♦❧❣♦ ♣r❡↔❦♦✱
♣r❡↔♥♦ ♥❛ ♠❛❣♥❡t♥♦ ♣♦❧❥❡✳ ❑♦❧✐❦➨♥❛ ♥❛♣❡t♦st s❡ ✐♥❞✉❝✐r❛ ♠❡❞ ❦r❛❥✐➨↔❡♠❛ ♣r❡↔❦❡✱ ↔❡ t❡↔❡ ♣♦
t✉❧❥❛✈✐ t♦❦ 10 A❄



✽ ❊▲❊❑❚❘■❑❆ ✶✸✾

❘♣✿ ✈❡♠✿
Nt = 1000✱ rt = 10 cm✱ lt = 50 cm✱ lp = 10 cm ✐♥ It = 10A

◆❛❥✈❡↔❥❛ ♥❛♣❡t♦st ❦✐ s❡ ✐♥❞✉❝✐r❛ ↔❡✿
Ui = ~vp · (~lp × ~Bt) = −ωpl

2
pBt

✈❡♠ ♣❛ t✉❞✐✱ ❞❛ ③❛r❛❞✐ ♥✐❤❛♥❥❛ ✈❡❧❥❛ ❡♥❛↔❜❛✿
M = −Jpαp

❂❃Fgr
′ sin α − Fmr′ = −Jpαp

↔❡ ✈❡❧❥❛ sin α ≃ α✱ ap = −xω2
p ✐♥ x ≃ rt

mpgr′αx − IilpBtr
′2 = −Jpap

✐③♣❡❧❥❛✈❛ ❥❡ ♣r❡❞♦❧❣❛✱ ❛ ♥❡ ♣r❡③❛♣❧❡t❡♥❛✱ r❡➨✐t❡✈✿
ω2 = g

6lp
− UiBt

6l2p̺pζ

❂❃ U2
i = ω2

pl4pB
2
t

❞♦❜✐♠♦ ❦✈❛❞r❛t♥♦ ❡♥❛↔❜♦ ✐♥ ♥❥❡♥✐ r❡➨✐t✈✐✿

Ui1 = − B2

t l2p
12̺pζ +

Btlp
√

(B3

t l2p+24glp̺2

pζ2)

12̺pζ

✐♥

Ui1 = − B2

t l2p
12̺pζ − Btlp

√
(B3

t l2p+24glp̺2

pζ2)

12̺pζ

✶✷✳ ❑✈❛❞r❛t♥✐ ♦❦✈✐r ✐③ ❛❧✉♠✐♥✐❥❛ ♦❜❡s✐♠♦ t❛❦♦✱ ❞❛ ❥❡ ③❣♦r♥❥❛ ✈♦❞♦r❛✈♥❛ str❛♥✐❝❛ ✈ ❤♦♠♦❣❡♥❡♠
♠❛❣♥❡t♥❡♠ ♣♦❧❥✉ ③ ❣♦st♦t♦ 1 Vs/m2 ♣r❛✈♦❦♦t♥♦ ♥❛ s✐❧♥✐❝❡✱ s♣♦❞♥❥❛ str❛♥✐❝❛ ♣❛ ❥❡ ✐③✈❡♥ ♣♦❧❥❛✳
❑♦ ♦❦✈✐r s♣✉st✐♠♦✱ ❦♠❛❧✉ ❞♦s❡➸❡ ❦♦♥st❛♥t♥♦ ❤✐tr♦st✳ ❑♦❧✐❦➨♥❛ ❥❡ t❛ ❤✐tr♦st✱ ↔❡ ❥❡ ̺ = 2, 7 g/cm3✱
s♣❡❝✐✜↔♥✐ ✉♣♦r ♣❛ ζ = 0, 026 Ωmm2/m❄

❘♣✿ t♦r❡❥✿
Fg = Fm

t♦r❡❥✿
IiaB = 4̺Sag
Ui

R B = 4Sg̺

♣♦t❡♠✿
Bav = 16̺ζag

B

❂❃v = 16̺ζg
B2

✶✸✳ ❚✉❧❥❛✈❛ s 1000 ♦✈♦❥✐ ✐♥ ♣r❡s❡❦♦♠ 1 dm2 ❥❡ ✈rt❧❥✐✈❛ ♦❦r♦❣ ♦s✐✱ ❦✐ ❣r❡ s❦♦③✐ sr❡❞✐➨↔❡ t✉❧❥❛✈❡ ✐♥ ❥❡
♣r❛✈♦❦♦t♥❛ ♥❛ ♥❥❡♥♦ ❣❡♦♠❡tr✐❥s❦♦ ♦s✳ ❱③tr❛❥♥♦st♥✐ ♠♦♠❡♥t t✉❧❥❛✈❡ ♦❦r♦❣ t❡ ♦s✐ ❥❡ 0, 5 kgm2✳ ◆❛
♦s ❥❡ ♣r✐tr❥❡♥❛ ♣♦❧➸❛st❛ ✈③♠❡t s ❦♦❡✜❝✐❡♥t♦♠ 50 Nm✳ ❱ r❛✈♥♦✈❡s♥✐ ❧❡❣✐ ❥❡ ❣❡♦♠❡tr✐❥s❦❛ ♦s t✉❧❥❛✈❡
✈③♣♦r❡❞♥❛ ③ ♠❛❣♥❡t♥✐♠ ♣♦❧❥❡♠ ③ ❣♦st♦t♦ 0, 5 T✳ ❚✉❧❥❛✈♦ ③❛s✉↔❡♠♦ ③❛ ❦♦t 5◦ ✐③ r❛✈♥♦✈❡s♥❡ ❧❡❣❡
✐♥ s♣✉st✐♠♦✳ ❩❛♣✐➨✐ ↔❛s♦✈♥✐ ♣♦t❡❦ ✐♥❞✉❝✐r❛♥❡ ♥❛♣❡t♦st✐ ♠❡❞ ♣r✐❦❧❥✉↔❦♦♠❛ t✉❧❥❛✈❡✦ ❑♦❧✐❦➨♥❛ ❥❡
❛♠♣❧✐t✉❞❛ ♥❛♣❡t♦st✐❄


