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✾ ♠♦❞❡r♥❛ ✜③✐❦❛

✾✳✶ ❞❡❧❝✐ ✈ ♣♦❧❥✉

✶✳ ❊❧❡❦tr♦♥❡ ♣♦s♣❡➨✐♠♦ ③ ♥❛♣❡t♦st❥♦ 80 kV ✐♥ ❥✐❤ ✉s♠❡r✐♠♦ ✈ ♣r❡↔♥♦ ❤♦♠♦❣❡♥♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡✱
❦✐ ✐♠❛ ❥❛❦♦st E = 5000 V/cm✳ ❑♦❧✐❦♦ s❡ ♦❞❦❧♦♥✐❥♦ ♦❞ ♣r✈♦t♥❡ s♠❡r✐✱ ❦♦ ♣r❡❧❡t✐❥♦ 20 cm ❞♦❧❣
❦♦♥❞❡♥③❛t♦r❄

✷✳ Pr♦t♦♥❡ ♣♦s♣❡➨✐♠♦ ③ ♥❛♣❡t♦st❥♦ 40 kV ✐♥ ❥✐❤ ✉s♠❡r✐♠♦ ✈ ♣r❡↔♥♦ ❤♦♠♦❣❡♥♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡✱
❦✐ ✐♠❛ ❥❛❦♦st E = 500 V/cm✳ ❑♦❧✐❦♦ s❡ ♦❞❦❧♦♥✐❥♦ ♦❞ ♣r✈♦t♥❡ s♠❡r✐✱ ❦♦ ♣r❡❧❡t✐❥♦ 10 cm ❞♦❧❣
❦♦♥❞❡♥③❛t♦r❄

✸✳ ❑♦❧✐❦♦❦r❛t ♠♦r❛♠♦ ♣r♦t♦♥ ♣♦s♣❡➨✐t✐ ③ ♥❛♣❡t♦st❥♦ 10 kV✱ ❞❛ ❜♦ ✈ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉
③ ❣♦st♦t♦ 20 mT ❦r♦➸✐❧ ♣♦ r❛❞✐❥✉ 26 cm❄ ❑♦❧✐❦➨♥❛ ❜♦ t❡❞❛❥ ♥❥❡❣♦✈❛ ❤✐tr♦st❄

❘♣✿ ✐③ mv2

r
= eovB → v = 498 km/s

♥❛t♦ ✐③ 1
2mv2 = e0U → U = 1295V ✐♥ ➨❡ N = U

Uo

= 0.1295×

✹✳ ❙ ❦♦❧✐❦➨♥♦ ♥❛♣❡t♦st❥♦ ♠♦r❛♠♦ ♣♦s♣❡➨✐t✐ ❡❧❡❦tr♦♥❡✱ ❞❛ ❜♦❞♦ ✈ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉ ③
❣♦st♦t♦ 3 mT ❦r♦➸✐❧✐ ♣♦ r❛❞✐❥✉ 50 cm❄ ❑♦❧✐❦➨♥❛ ❜♦ t❡❞❛❥ ♥❥✐❤♦✈❛ ❤✐tr♦st❄

✺✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ ♠❛❣♥❡t♥❡❣❛ ♣♦❧❥❛✱ ♣♦ ❦❛t❡r❡♠ ❦r♦➸✐❥♦ ❡❧❡❦tr♦♥✐ s ❦✐♥❡t✐↔♥♦ ❡♥❡r❣✐❥♦ 10 keV
s ❢r❡❦✈❡♥❝♦ 10 GHz❄

✻✳ ❙ ❦♦❧✐❦➨♥♦ ❢r❡❦✈❡♥❝♦ ❦r♦➸✐❥♦ ♣r♦t♦♥✐ s ❦✐♥❡t✐↔♥♦ ❡♥❡r❣✐❥♦ 20 keV ✈ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉
③ ❣♦st♦t♦ 0, 5 T❄ P♦ ❦♦❧✐❦➨♥❡♠ r❛❞✐❥✉ ❦r♦➸✐❥♦❄

✼✳ ❱♦❞♥❛ ❦❛♣❧❥✐❝❛ s ♣♦❧♠❡r♦♠ 1 mm ♣❛❞❛ ❡♥❛❦♦♠❡r♥♦ s ❤✐tr♦st❥♦ 5 cm/s ✈ ❤♦♠♦❣❡♥❡♠ ❡❧❡❦tr✐↔♥❡♠
♣♦❧❥✉ ③ ❥❛❦♦st❥♦ 1 kV/cm✳ ❙✐❧♥✐❝❡ ✐♠❛❥♦ s♠❡r ♥❛✈③❞♦❧✳ ❑♦❧✐❦➨❡♥ ❥❡ ♥❛❜♦❥ ❦❛♣❧❥✐❝❡❄ ●♦st♦t❛
③r❛❦❛ ❥❡ 1, 2 kg/m3✱ ❦♦❡✜❝✐❡♥t ✉♣♦r❛ ③❛ ❦❛♣❧❥✐❝♦ ♣❛ 0, 4✳

✽✳ P❧♦➨↔❛t✐ ❦♦♥❞❡♥③❛t♦r s❡st❛✈❧❥❛t❛ ♥❛✈♣✐↔♥✐ ♣❧♦➨↔✐✱ ✈✐s♦❦✐ 10 cm ✐♥ ♦❞❞❛❧❥❡♥✐ 2 cm✳ ▼❡❞ ♣❧♦➨↔❛♠❛
❥❡ ♥❛♣❡t♦st 300 V✳ ❖❜ ③❣♦r♥❥❡♠ r♦❜✉ ❡♥❡ ♦❞ ♣❧♦➨↔ s♣✉st✐♠♦ ❦❛♣❧❥✐❝♦ ③ ♠❛s♦ 0, 1 g ✐♥ ♥❛❜♦❥❡♠
10 nAs✳ ❘❛③❞❛❧❥❛ ♠❡❞ s♣♦❞♥❥✐♠❛ ❞❡❧♦♠❛ ♣❧♦➨↔ ✐♥ t❧❡♠✐ ❥❡ 20 cm✳ ❑❛❦♦ ❞❛❧❡↔ ♦❞ ♠❡st❛ ♥❛✈♣✐↔♥♦
♣♦❞ t♦↔❦♦✱ ✈ ❦❛t❡r✐ s♠♦ ❥♦ s♣✉st✐❧✐✱ ♣❛❞❡ ❦❛♣❧❥✐❝❛ ♥❛ t❧❛❄

✾✳ P❧♦➨↔❛t✐ ❦♦♥❞❡♥③❛t♦r s❡st❛✈❧❥❛t❛ ♥❛✈♣✐↔♥✐ ♣❧♦➨↔✐✱ ✈✐s♦❦✐ 20 cm ✐♥ ♦❞❞❛❧❥❡♥✐ 1 cm✳ ▼❡❞ ♣❧♦➨↔❛♠❛
❥❡ ♥❛♣❡t♦st 100 V✳ ❖❜ ③❣♦r♥❥❡♠ r♦❜✉ ❡♥❡ ♦❞ ♣❧♦➨↔ s♣✉st✐♠♦ ❦❛♣❧❥✐❝♦ ③ ♠❛s♦ 0, 3 g ✐♥ ♥❛❜♦❥❡♠
30 nAs✳ ❘❛③❞❛❧❥❛ ♠❡❞ s♣♦❞♥❥✐♠❛ ❞❡❧♦♠❛ ♣❧♦➨↔ ✐♥ t❧❡♠✐ ❥❡ 60 cm✳ ❑❛❦♦ ❞❛❧❡↔ ♦❞ ♠❡st❛ ♥❛✈♣✐↔♥♦
♣♦❞ t♦↔❦♦✱ ✈ ❦❛t❡r✐ s♠♦ ❥♦ s♣✉st✐❧✐✱ ♣❛❞❡ ❦❛♣❧❥✐❝❛ ♥❛ t❧❛❄

✶✵✳ Pr♦t♦♥ ✐♥ ❞❡❧❡❝ α✱ ❦✐ st❛ s♣♦↔❡t❦❛ ♠✐r♦✈❛❧❛✱ ♣r❡✐❞❡t❛ ❡♥❛❦♦ ♣♦s♣❡➨❡✈❛❧♥♦ ♥❛♣❡t♦st✳ P♦ ♣♦✲
s♣❡➨❡✈❛♥❥✉ ❥❡ ❝❡❧♦t♥❛ ❡♥❡r❣✐❥❛ ♣r♦t♦♥❛ ❡♥❛❦❛ 1/3 ❝❡❧♦t♥❡ ❡♥❡r❣✐❥❡ ❞❡❧❝❛ α✳ ❑♦❧✐❦➨♥❛ ❥❡ ❜✐❧❛
♣♦s♣❡➨❡✈❛❧♥❛ ♥❛♣❡t♦st❄

✾✳✷ ➨❡ r❡❧❛t✐✈✐st✐↔♥♦

✶✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣✐❜❛❧♥❛ ❦♦❧✐↔✐♥❛ ♣r♦t♦♥❛ s ❦✐♥❡t✐↔♥♦ ❡♥❡r❣✐❥♦ 1 GeV❄ ▲❛st♥❛ ❡♥❡r❣✐❥❛ ♣r♦t♦♥❛ ❥❡
938 MeV✦ ❑♦❧✐❦➨❡♥ ❥❡ r❛❞✐❥ t✐r❛ ♣♦ ❦❛t❡r❡♠ s❡ ❣✐❜❧❥❡ ♣r♦t♦♥ s t♦ ❡♥❡r❣✐❥♦ ♣♦ ♣r❡↔♥❡♠ ❤♦♠♦❣❡♥❡♠
♠❛❣♥❡t♥❡♠ ♣♦❧❥✉ ③ ❣♦st♦t♦ 1 T❄

✷✳ ❘❛❞✐❥ t✐r❛✱ ♣♦ ❦❛t❡r❡♠ s❡ ❣✐❜❧❥❡ ♣r♦t♦♥ ✈ ♣r❡↔♥❡♠ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉ ③ ❣♦st♦t♦
0, 8 T✱ ❥❡ 5 m✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣✐❜❛❧♥❛ ❦♦❧✐↔✐♥❛✱ ❦♦❧✐❦➨♥❛ ❤✐tr♦st ✐♥ ❦♦❧✐❦➨♥❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛
♣r♦t♦♥❛❄ ❑♦❧✐❦➨♥❡ ✈r❡❞♥♦st✐ ❜✐ ❞❛❧❡ ③❛ t❡ ❦♦❧✐↔✐♥❡ ◆❡✇t♦♥♦✈❡ ❡♥❛↔❜❡❄ ▲❛st♥❛ ❡♥❡r❣✐❥❛ ♣r♦t♦♥❛
❥❡ 938 MeV✦

✸✳ ❙ ❦♦❧✐❦➨♥♦ ♥❛♣❡t♦st❥♦ ♠♦r❛♠♦ ♣♦s♣❡➨✐t✐ ❡❧❡❦tr♦♥❡✱ ❞❛ ❜♦❞♦ ✈ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉
③ ❣♦st♦t♦ 0, 3 T ❦r♦➸✐❧✐ ♣♦ r❛❞✐❥✉ 50 cm❄ ❑♦❧✐❦➨♥❛ ❜♦ t❡❞❛❥ ♥❥✐❤♦✈❛ ❤✐tr♦st❄ ▲❛st♥❛ ❡♥❡r❣✐❥❛
❡❧❡❦tr♦♥❛ ❥❡ 0, 51 MeV✦

✹✳ ❑♦❧✐❦♦❦r❛t ♠♦r❛♠♦ ♣r♦t♦♥ ♣♦s♣❡➨✐t✐ ③ ♥❛♣❡t♦st❥♦ 10 kV✱ ❞❛ ❜♦ ✈ ❤♦♠♦❣❡♥❡♠ ♠❛❣♥❡t♥❡♠ ♣♦❧❥✉
③ ❣♦st♦t♦ 2 T ❦r♦➸✐❧ ♣♦ r❛❞✐❥✉ 26 m❄ ❑♦❧✐❦➨♥❛ ❜♦ t❡❞❛❥ ♥❥❡❣♦✈❛ ❤✐tr♦st❄ ▲❛st♥❛ ❡♥❡r❣✐❥❛ ♣r♦t♦♥❛
❥❡ 938 MeV✦
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✺✳ ❊❧❡❦tr♦♥❡ ♣♦s♣❡➨✐♠♦ ③ ♥❛♣❡t♦st❥♦ 40 kV ✐♥ ❥✐❤ ✉s♠❡r✐♠♦ ✈ ♣r❡↔♥♦ ❤♦♠♦❣❡♥♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡✱
❦✐ ✐♠❛ ❥❛❦♦st E = 500 V/cm✳ ❑♦❧✐❦♦ s❡ ♦❞❦❧♦♥✐❥♦ ♦❞ ♣r✈♦t♥❡ s♠❡r✐✱ ❦♦ ♣r❡❧❡t✐❥♦ 10 cm ❞♦❧❣♦
♣♦t ✈ ❡❧❡❦tr✐↔♥❡♠ ♣♦❧❥✉❄ ❑♦❧✐❦➨♥♦ ❥❡ r❛③♠❡r❥❡ ♠❡❞ ❦❧❛s✐↔♥✐♠ ✐♥ r❡❧❛t✐✈✐st✐↔♥✐♠ r❡③✉❧t❛t♦♠❄
▲❛st♥❛ ❡♥❡r❣✐❥❛ ❡❧❡❦tr♦♥❛ ❥❡ 0, 51 MeV✦

✻✳ Pr♦t♦♥❡ ♣♦s♣❡➨✐♠♦ ③ ♥❛♣❡t♦st❥♦ 40 kV ✐♥ ❥✐❤ ✉s♠❡r✐♠♦ ✈ ♣r❡↔♥♦ ❤♦♠♦❣❡♥♦ ❡❧❡❦tr✐↔♥♦ ♣♦❧❥❡✱ ❦✐
✐♠❛ ❥❛❦♦st E = 500V/cm ✳ ❑♦❧✐❦♦ s❡ ♦❞❦❧♦♥✐❥♦ ♦❞ ♣r✈♦t♥❡ s♠❡r✐✱ ❦♦ ♣r❡❧❡t✐❥♦ 10 cm ❞♦❧❣♦ ♣♦t
✈ ❡❧❡❦tr✐↔♥❡♠ ♣♦❧❥✉❄ ❑♦❧✐❦➨♥♦ ❥❡ r❛③♠❡r❥❡ ♠❡❞ ❦❧❛s✐↔♥✐♠ ✐♥ r❡❧❛t✐✈✐st✐↔♥✐♠ r❡③✉❧t❛t♦♠❄ ▲❛st♥❛
❡♥❡r❣✐❥❛ ♣r♦t♦♥❛ ❥❡ 938 MeV✦

✾✳✸ r❡❧❛t✐✈♥♦st♥❛ t❡♦r✐❥❛

✶✳ ❱❡s♦❧❥s❦❛ ❧❛❞❥❛ ♣♦t✉❥❡ s tr❡t❥✐♥♦ s✈❡t❧♦❜♥❡ ❤✐tr♦st✐ ❞♦ ③✈❡③❞❡✱ ❦✐ ❥❡ ♦❞❞❛❧❥❡♥❛ ✹✵ s✈❡t❧♦❜♥✐❤
❧❡t ✐♥ ♥❛③❛❥ ♥❛ ❩❡♠❧❥♦✳ ❑♦❧✐❦♦ ↔❛s❛ tr❛❥❛ ♣♦t♦✈❛♥❥❡ ③❛ ♦♣❛③♦✈❛❧❝❡ ♥❛ ❩❡♠❧❥✐ ✐♥ ❦♦❧✐❦♦ ↔❛s❛
③❛ ♦♣❛③♦✈❛❧❝❡ ♥❛ ✈❡s♦❧❥s❦✐ ❧❛❞❥✐❄ P♦s♣❡➨❡✈❛♥❥❡ ③❛♥❡♠❛r✐✦ ❑♦❧✐❦➨♥❛ ❡♥❡r❣✐❥❛ ❥❡ ♣♦tr❡❜♥❛✱ ❞❛
✈❡s♦❧❥s❦♦ ❧❛❞❥♦ ③ ♠❛s♦ 20 t ♣♦s♣❡➨✐♠♦ ❞♦ t♦❧✐❦➨♥❡ ❤✐tr♦st✐❄

✷✳ ❙ ❦♦❧✐❦➨♥♦ ❤✐tr♦st❥♦ ♠♦r❛ ♣♦t♦✈❛t✐ ✈❡s♦❧❥s❦❛ ❧❛❞❥❛ ❞♦ ✶✵ s✈❡t❧♦❜♥✐❤ ❧❡t ♦❞❞❛❧❥❡♥❡ ③✈❡③❞❡ ✐♥ ♥❛③❛❥
♥❛ ❩❡♠❧❥♦✱ ❞❛ ❜♦ ↔❛s ♣♦t♦✈❛♥❥❛ ③❛ ♣♦t♥✐❦❡ ♥❛ ❧❛❞❥✐ ✶✵ ❦r❛t ❦r❛❥➨✐✱ ❦♦t ③❛ ♦♣❛③♦✈❛❧❝❡ ♥❛ ❩❡♠❧❥✐❄
❑♦❧✐❦➨♥❛ ❥❡ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛ ✈❡s♦❧❥s❦❡ ❧❛❞❥❡✱ ❦✐ ♣♦t✉❥❡ s t♦❧✐❦➨♥♦ ❤✐tr♦st❥♦❄

✸✳ ❊❧❡❦tr♦♥✐ s ❤✐tr♦st❥♦ 0, 99c r❛③♣❛❞❛❥♦ ✈ ❧❡t✉ ③ r❛③♣♦❧♦✈♥✐♠ ↔❛s♦♠ 61 ns✳ ❑♦❧✐❦➨❡♥ ❥❡ ♥❥✐❤♦✈
❧❛st♥✐ r❛③♣♦❧♦✈♥✐ ↔❛s✱ t♦ ❥❡ r❛③♣♦❧♦✈♥✐ ↔❛s ✈ ♠✐r♦✈❛♥❥✉❄ ❑♦❧✐❦➨♥❛ ❥❡ ♥❥✐❤♦✈❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛❄

✹✳ ◆❛❜✐t✐ ♣✐♦♥✐ r❛③♣❛❞❛❥♦ ✈ ♠✐r♦✈❛♥❥✉ ③ r❛③♣♦❧♦✈♥✐♠ ↔❛s♦♠ 18 ns✳ ❑♦❧✐❦➨❡♥ ❥❡ r❛③♣♦❧♦✈♥✐ ↔❛s t❡❤
❞❡❧❝❡✈ ✈ ❧❡t✉✱ ↔❡ ✐♠❛❥♦ ❤✐tr♦st 0, 5c❄ ❑♦❧✐❦➨♥❛ ❥❡ t❡❞❛❥ ♥❥✐❤♦✈❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛✱ ↔❡ ❥❡ ❧❛st♥❛
❡♥❡r❣✐❥❛ 140 MeV❄

✺✳ ❘❛❞✐♦❛❦t✐✈♥✐ ✐③♦t♦♣ ♥❡❦❡❣❛ ❡❧❡♠❡♥t❛ r❛③♣❛❞❡ ✈ ❧❡t✉ ♣r✐ ❤✐tr♦st✐ 0, 996c ③ r❛③♣♦❧♦✈♥✐♠ ↔❛s♦♠
45 ns✳ ❑♦❧✐❦➨❡♥ ❥❡ r❛③♣♦❧♦✈♥✐ ↔❛s ✈ ♠✐r♦✈❛♥❥✉❄

✻✳ ❑♦❧✐❦➨♥❛ s❡ ③❞✐ r❛③❞❛❧❥❛ ♠❡❞ 500 km ♦❞❞❛❧❥❡♥✐♠❛ ♠❡st♦♠❛ ♣✐♦♥♦♠✱ ❦✐ s❡ ❣✐❜❧❥❡❥♦ s ❤✐tr♦st❥♦
0, 99c❄

✼✳ ❑♦❧✐❦➨♥❛ ❥❡ ❤✐tr♦st ❡❧❡❦tr♦♥❛✱ ❦✐ ❥❡ ♣r❡❧❡t❡❧ ♥❛♣❡t♦st 510 kV✱ ↔❡ ❥❡ s♣♦↔❡t❦❛ ♠✐r♦✈❛❧❄ ▲❛st♥❛
❡♥❡r❣✐❥❛ ❡❧❡❦tr♦♥❛ ❥❡ 0, 51 MeV✦

✽✳ ❑♦❧✐❦➨♥❛ ❥❡ ❤✐tr♦st ♣r♦t♦♥❛ s ❦✐♥❡t✐↔♥♦ ❡♥❡r❣✐❥♦ 10 MeV❄ ❑♦❧✐❦➨♥❛ ❜✐ ❜✐❧❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛ ♣♦
◆❡✇t♦♥♦✈✐ ❡♥❛↔❜✐❄ ▲❛st♥❛ ❡♥❡r❣✐❥❛ ♣r♦t♦♥❛ ❥❡ 938 MeV✦

✾✳✹ ❛✈♦❣❛❞r♦✈ ③❛❦♦♥

✶✳ ❱ s♦❞ ③ 200 l ✈♦❞❡ ❞❛♠♦ ❦❛♣❧❥♦ ✭m = 0, 02 g✮ ❛❧❦♦❤♦❧❛ C2H5OH ✐♥ ✈♦❞♦ ❞♦❜r♦ ♣r❡♠❡➨❛♠♦✳
❑♦❧✐❦♦ ♠♦❧❡❦✉❧ ❛❧❦♦❤♦❧❛ ❥❡ ✈ ❦❛♣❧❥✐ ③ ♠❛s♦ 0, 03 g✱ ❦✐ ❥♦ ♣♦t❡♠ ✈③❛♠❡♠♦ ✐③ s♦❞❛❄

✷✳ ❱ s♦❞ ③ 200 l ✈♦❞❡ ❞❛♠♦ ❦❛♣❧❥♦ ✭m = 0, 04 g✮ ❛❧❦♦❤♦❧❛ C2H5OH ✐♥ ✈♦❞♦ ❞♦❜r♦ ♣r❡♠❡➨❛♠♦✳
❑♦❧✐❦♦ ♠♦❧❡❦✉❧ ❥❡ ✈ ❦❛♣❧❥✐ ③ ♠❛s♦ 0, 1 g✱ ❦✐ ❥♦ ♣♦t❡♠ ✈③❛♠❡♠♦ ✐③ s♦❞❛❄

✸✳ ■③r❛↔✉♥❛❥ ♣r✐❜❧✐➸♥♦✱ ❦❛❦♦ ✈❡❧✐❦❛ ❥❡ ♠♦❧❡❦✉❧❛ ✈♦❞❡✦ ❘❛↔✉♥❛❥✱ ❦♦t ❞❛ s♦ ♠♦❧❡❦✉❧❡ ✈♦❞❡ ❦r♦❣❧✐❝❡✱
❦✐ s❡ ♠❡❞ s❡❜♦❥ t✐➨↔✐❥♦ ✐♥ ❦✐ s♦ ❦♦❝❦❛st♦ r❛③♣♦r❡❥❡♥❡✦

✹✳ ■③r❛↔✉♥❛❥✱ ❦♦❧✐❦➨❡♥ ❥❡ r❛③♠✐❦ ♠❡❞ ✐♦♥✐ ✈ ❦r✐st❛❧✉ ❦✉❤✐♥❥s❦❡ s♦❧✐✦ ●♦st♦t❛ s♦❧✐ ❥❡ 2, 15 g/cm3 ✳

✺✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ✈♦❞✐❦❛ ❥❡ ✈ 13 µg ✈♦❞❡❄

✻✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ✈♦❞✐❦❛ ❥❡ ✈ 30 g ♠❡t❛♥❛❄

✼✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ❦✐s✐❦❛ ❥❡ ✈ 18 µg ♦❣❧❥✐❦♦✈❡❣❛ ❞✐♦❦s✐❞❛❄

✽✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ❦✐s✐❦❛ ❥❡ ✈ 25 g ♣❧✐♥❛st❡❣❛ ❦✐s✐❦❛❄



✾ ▼❖❉❊❘◆❆ ❋■❩■❑❆ ✶✹✷

✾✳✺ ❢♦t♦❡❢❡❦t

✶✳ ❑♦❧✐❦➨♥❛ ❥❡ ♥❛❥❦r❛❥➨❛ ✈❛❧♦✈♥❛ ❞♦❧➸✐♥❛ ✈ r❡♥t❣❡♥s❦✐ s✈❡t❧♦❜✐✱ ❦✐ ❥♦ ❞♦❜✐♠♦✱ ↔❡ ❞❛♠♦ ♥❛ r❡♥t❣❡♥s❦♦
❝❡✈ ♥❛♣❡t♦st 60 kV❄

❘♣✿ ◆❛❥♣r❡❥ ✈③❛♠❡♠♦ ❡♥❛↔❜♦✿
U · e0 = (h · c)/(λ) ◆❛t♦ ✐③ ♥❥❡ ✐③r❛③✐♠♦ λ ✐♥ ♣♦r❛↔✉♥❛♠♦✿
λ = (h · c)/(U · e0) = 2, 1 · 10−11 m

✷✳ ❑♦❧✐❦➨♥❛ ♠♦r❛ ❜✐t✐ ♥❛❥♠❛♥❥ ♥❛♣❡t♦st✱ ❞❛ ❞♦❜✐♠♦ ✈ r❡♥t❣❡♥s❦✐ s✈❡t❧♦❜✐✱ ❦✐ ❥♦ ❞❛❥❡ ❜❛❦r❡♥❛
❛♥♦❞❛✱ s♣❡❦tr❛❧♥♦ ↔rt♦ ❜❛❦r❛ ③ ✈❛❧♦✈♥♦ ❞♦❧➸✐♥♦ 0, 154 nm❄

✸✳ ◆❡❦❛ ❢♦t♦❝❡❧✐❝❛ ♦❞❞❛❥❛ ❡❧❡❦tr♦♥❡ s❛♠♦✱ ↔❡ ♣♦s✈❡t✐♠♦ ♥❛♥❥♦ s s✈❡t❧♦❜♦✱ ❦✐ ✐♠❛ ✈❛❧♦✈♥♦ ❞♦❧✲
➸✐♥♦ ♠❛♥❥➨♦ ♦❞ 700 nm✳ ❙ ❦♦❧✐❦➨♥♦ ♥❛❥✈❡↔❥♦ ❤✐tr♦st❥♦ ✐③st♦♣❛❥♦ ❡❧❡❦tr♦♥✐ ✐③ ❦❛t♦❞❡✱ ❦❛❞❛r ❥♦
♦s✈❡t❧❥✉❥❡♠♦ s s✈❡t❧♦❜♦✱ ❦✐ ✐♠❛ ✈❛❧♦✈♥♦ ❞♦❧➸✐♥♦ 400 nm❄ ❑♦❧✐❦➨♥♦ ♥❛♣❡t♦st ❧❛❤❦♦ ♣r❡❧❡t✐❥♦ t✐
❡❧❡❦tr♦♥✐❄

✹✳ ❑♦❧✐❦➨♥♦ ♥❛♣❡t♦st ❧❛❤❦♦ ♣r❡❧❡t✐ ❡❧❡❦tr♦♥✱ ❦✐ ❣❛ ❥❡ ✐③ ❦♦✈✐♥❡ ✐③❜✐❧ ❢♦t♦♥ s✈❡t❧♦❜❡ ③ ✈❛❧♦✈♥♦ ❞♦❧➸✐♥♦
λ = 0, 4 µm❄ ▼❡❥♥❛ ✈❛❧♦✈♥❛ ❞♦❧➸✐♥❛ ❦♦✈✐♥❡ ❥❡ λo = 0, 5 µm✳ ❑♦❧✐❦➨♥❛ ❥❡ ♥❥❡❣♦✈❛ ❤✐tr♦st ♦❜
✐③st♦♣✉ ✐③ ❢♦t♦❦❛t♦❞❡❄

✺✳ ■③st♦♣♥♦ ❞❡❧♦ ③❛ ❝❡③✐❥ ❥❡ 1, 94 eV✳ ◆❛❥♠❛♥❥ ❦♦❧✐❦➨♥❛ ♠♦r❛ ❜✐t✐ ❡♥❡r❣✐❥❛ ✈♣❛❞❧✐❤ ❢♦t♦♥♦✈✱ ❞❛ ➨❡
❧❛❤❦♦ ✐③❜✐❥❛❥♦ ❡❧❡❦tr♦♥❡ ✐③ ❝❡③✐❥❡✈❡ ♣❧♦➨↔❡❄ ■③r❛↔✉♥❛❥ ✈❛❧♦✈♥♦ ❞♦❧➸✐♥♦ t❡ s✈❡t❧♦❜❡ ✐♥ ✉❣♦t♦✈✐✱ ❛❧✐
❥❡ t♦ ✈✐❞♥❛ s✈❡t❧♦❜❛✦

✻✳ ❑♦❧✐❦➨♥♦ ❥❡ ✐③st♦♣♥♦ ❞❡❧♦ ❢♦t♦❦❛t♦❞❡✱ ↔❡ ❥❡ ❤✐tr♦st ✐③❜✐t✐❤ ❡❧❡❦tr♦♥♦✈ 6 · 105 m/s ✐♥ ♥❛ ❦❛t♦❞♦
s✈❡t✐♠♦ s s✈❡t❧♦❜♦ ✈❛❧♦✈♥❡ ❞♦❧➸✐♥❡ λ = 45mm❄

✼✳ ❑♦❧✐❦➨❡♥ t♦❦ ❜✐ ♠♦r❛❧❛ ❞❛❥❛t✐ ❢♦t♦❝❡❧✐❝❛ ♣r✐ ♦s✈❡t❧✐t✈✐ ③ 1 lumnom(= 0, 0015 W) r✉♠❡♥❡ s✈❡t❧♦❜❡
✭λ = 560 nm✮✱ ↔❡ ❜✐ ✈s❛❦ ❢♦t♦♥ ✐③❜✐❧ ♣♦ ❡♥ ❡❧❡❦tr♦♥❄ ✕ ❱ r❡s♥✐❝✐ ❞♦❜✐♠♦ ♠❛♥❥➨✐ t♦❦✱ ♥❛
♣r✐♠❡r s❛♠♦ 10 mA✳ ❑♦❧✐❦➨❡♥ ❥❡ ✈ t❡♠ ♣r✐♠❡r✉ ❦✈❛♥t♥✐ ✐③❦♦r✐st❡❦✱ t♦ ❥❡ ❦✈♦❝✐❡♥t ➨t❡✈✐❧❛ ✐③❜✐t✐❤
❡❧❡❦tr♦♥♦✈ s ➨t❡✈✐❧♦♠ ✈♣❛❞❧✐❤ ❢♦t♦♥♦✈❄

✽✳ ❑♦❧✐❦➨♥❛ ❥❡ ♦s✈❡t❧✐t❡✈ ❢♦t♦❝❡❧✐❝❡✱ ↔❡ ♥❛♥❥♦ s✈❡t✐♠♦ ③ r✉♠❡♥♦ s✈❡t❧♦❜♦ ✭λ = 560 nm✮ ✐♥ t❡↔❡
s❦♦③♥❥♦ t♦❦ 1 mA❄ ❯♣♦➨t❡✈❛❥✱ ❞❛ ✈s❛❦ ❢♦t♦♥ ✐③❜✐❥❡ ♣♦ ❡♥ ❡❧❡❦tr♦♥❄ ✕ ❱ r❡s♥✐❝✐ ❞♦❜✐♠♦ ♠❛♥❥➨✐
t♦❦✳ ❑♦❧✐❦➨❡♥ ❥❡ t♦❦✱ ↔❡ ❥❡ ❦✈❛♥t♥✐ ✐③❦♦r✐st❡❦✱ t♦ ❥❡ ❦✈♦❝✐❡♥t ➨t❡✈✐❧❛ ✐③❜✐t✐❤ ❡❧❡❦tr♦♥♦✈ s ➨t❡✈✐❧♦♠
✈♣❛❞❧✐❤ ❢♦t♦♥♦✈✱ η = 2% ❄

✾✳✻ ❡♥❡r❣✐❥s❦❛ st❛♥❥❛

✶✳ ■③r❛↔✉♥❛❥ ♣r✈❡ ➨t✐r✐ ✈❛❧♦✈♥❡ ❞♦❧➸✐♥❡ ▲②♠❛♥♦✈❡ s❡r✐❥❡✦ ✭❙✈❡t❧♦❜❛✱ ❦✐ ♥❛st❛♥❡✱ ❦♦ ✈♦❞✐❦ ♣r❡❤❛❥❛
✐③ ✈✐➨❥✐❤ ✈③❜✉❥❡♥✐❤ st❛♥❥ ✈ ♦s♥♦✈♥♦ st❛♥❥❡✳✮

✷✳ ■③r❛↔✉♥❛❥ ♣r✈❡ ➨t✐r✐ ✈❛❧♦✈♥❡ ❞♦❧➸✐♥❡ P❛s❝❤❡♥♦✈❡ s❡r✐❥❡✦ ✭❙✈❡t❧♦❜❛✱ ❦✐ ♥❛st❛♥❡✱ ❦♦ ✈♦❞✐❦ ♣r❡❤❛❥❛
✐③ ✈✐➨❥✐❤ ✈③❜✉❥❡♥✐❤ st❛♥❥ ✈ ❞r✉❣♦ ✈③❜✉❥❡♥♦ st❛♥❥❡✳✮

✸✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ✈♦❞✐❦❛ ♠♦r❛ ❜✐t✐ ✈ ✈♦❞✐❦♦✈❡♠ ❧❛s❡r❥✉✱ ↔❡ ❤♦↔❡♠♦ ✐♠❡t✐ s✈❡t❧♦❜♥✐ ❝✉r❡❦ s s✈❡✲
t❧♦❜♥✐♠ t♦❦♦♠ 1 mW ♣r✐ ✈❛❧♦✈♥✐ ❞♦❧➸✐♥✐ λ = 656 nm❄ ■③❦♦r✐st❡❦ ❧❛s❡r❥❛ ❥❡ 5%✳ ❑♦❧✐❦➨♥❛ ❥❡
♣r♦st♦r♥✐♥❛ t❡❣❛ ♣❧✐♥❛ ♣r✐ ♥❛✈❛❞♥❡♠ t❧❛❦✉ ✐♥ s♦❜♥✐ t❡♠♣❡r❛t✉r✐❄

✹✳ ➎✐✈♦sr❡❜r♥❛ ♦❜❧♦↔♥✐❝❛ ③ ♠♦↔❥♦ 1 kW ♦❞❞❛❥❛ 70% ♠♦↔✐ ❦♦t s✈❡t❧♦❜♦✳ 2% s✈❡t❧♦❜❡ ✐♠❛t❛ ✈❛❧♦✈♥♦
❞♦❧➸✐♥♦ λ = 612, 3 nm✳ ❑♦❧✐❦♦ ❢♦t♦♥♦✈ ❡♠✐t✐r❛ ♦❜❧♦↔♥✐❝❛ ✈s❛❦♦ s❡❦✉♥❞♦ ✈ s✈❡t❧♦❜✐ s t♦ ✈❛❧♦✈♥♦
❞♦❧➸✐♥♦❄

✺✳ ❊♥❛↔❜❡ ♣r❡✉r❡❞✐♠♦ ✈ ♥❛♠✐➨❧❥❡♥❡ ❜r❡③❞✐♠❡♥③✐❥s❦❡ ❡❦✈✐✈❛❧❡♥t❡ ✐♥ ♣✐➨❡♠♦✿ ❡❧❡❦tr♦♥ ✐♥ ❥❡❞r♦ ↔✉t✐t❛
♣r✐✈❧❛↔♥♦ s✐❧♦ FE = 1

r2 ✱ ❡❧❡❦tr♦♥ ❦r♦➸✐ ♦❦♦❧✐ ❥❡❞r❛ ✐♥ ♥❥❡❣♦✈❛ ❝❡♥tr✐❢✉❣❛❧♥❛ s✐❧❛ ❥❡ FC = v2

r
✳

❱❛❧♦✈♥❛ ❞♦❧➸✐♥❛ ❡❧❡❦tr♦♥❛ ❥❡ λ = 1
v
✐♥ ♣♦❣♦❥ ③❛ st❛❜✐❧♥♦ ✭♠♦➸♥♦✮ ♦r❜✐t♦ ❥❡✱ ❞❛ ❥❡ ♦❜s❡❣ ❦r♦❣❛ ♣♦

❦❛t❡r❡♠ ❦r♦➸✐ ❡❧❡❦tr♦♥ ❝❡❧♦➨t❡✈✐❧s❦✐ ✈❡↔❦r❛t♥✐❦ ♥❥❡❣♦✈❡ ✈❛❧♦✈♥❡ ❞♦❧➸✐♥❡ ✭2πr = nλ✱ n = 1, 2, 3 . . .
✮✳ ❚❛ ③❛❤t❡✈❛ ♣♦♠❡♥✐✱ ❞❛ ❥❡ ❡❧❡❦tr♦♥ ✈ s✈♦❥✐ ✈❛❧♦✈♥✐✱ ♥❡❧♦❦❛❧✐③✐r❛♥✐ s❧✐❦✐ ♣♦✈s♦❞ ③✈❡③❡♥ ✐♥ ❣❧❛❞❡❦✳
❑❛❦➨♥❛ ❥❡ ❡♥❡r❣✐❥❛ ♠♦➸♥✐❤ st❛❜✐❧♥✐❤ ♦r❜✐t En ✈ ♦❞✈✐s♥♦st✐ ♦❞ n = 1, 2, 3..✱ ↔❡ ✈❡➨✱ ❞❛ s❡ ❝❡❧♦t♥❛
❡♥❡r❣✐❥❛ ③❛♣✐➨❡ ❦♦t E = v2

r
− 1

r
❄ ◆❛ ♣♦❞♦❜❡♥ ♥❛↔✐♥ ❥❡ ❉❛♥s❦✐ ✜③✐❦ ✐♥ ✜❧♦③♦❢ ◆✐❡❧s ❇♦❤r

✐③♣❡❧❥❛❧ ♣r✈✐ tr✐✉♠❢❛❧❡♥ r❡③✉❧t❛t ♥♦✈❡ ✜③✐❦ ✲ ❦✈❛♥t♥❡ ♠❡❤❛♥✐❦❡ ✐♥ ♥❛♣♦✈❡❞❛❧ ❡♥❡r❣✐❥s❦♦ ❧❡st✈✐❝♦
③❛ ✈♦❞✐❦♦✈ ❛t♦♠✳ ◆❡ ♣r❡str❛➨✐t❡ s❡ t❡❦st❛✱ ♥❛❧♦❣❛ ❥❡ ❧❛❤❦❛✱ ♣♦tr❡❜♥♦ ❥❡ s❛♠♦ ③❞r✉➸✐t✐ ❡♥❛↔❜❡✳
●❧❡❥ ➨❡ ♥❛❞❧♦❣♦ ✷✺ ✈ ❞✐♥❛♠✐❦❛ ❂✕❃ ❣r❛✈✐t❛❝✐❥❛✦
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✾✳✼ ❥❡❞rs❦❡ r❡❛❦❝✐❥❡

✶✳ ■③r❛↔✉♥❛❥ ❦♦❧✐❦♦ ❡♥❡r❣✐❥❡ s❡ s♣r♦st✐ ♦❜ ❥❡❞rs❦✐ r❡❛❦❝✐❥✐✿ 2H + 2H− > 3H + 1H ❄ ✭▼❛s❛ ❞❡✈t❡r✐❥❛
❥❡ 2, 01410 u✱ ♠❛s❛ tr✐t✐❥❛ 3, 01605 u ✐♥ ♠❛s❛ ✈♦❞✐❦❛ 1, 00738 u✳✮

❘♣✿ ❷❡ s❡➨t❡❥❡♠♦ ♠❛s✐ ❞❡✈t❡r✐❥❛✱ ❦✐ r❡❛❣✐r❛t❛ ✈ r❡❛❦❝✐❥✐ 2 ·2, 01410 u = 4, 02820 u ✐♥ ❥✉ ♣r✐♠❡r✲
❥❛♠♦ ③ ✈s♦t♦ ♠❛s tr✐t✐❥❛ ✐♥ ✈♦❞✐❦❛ 3, 01605 u + 1, 00738 u = 4, 02343 u ✉❣♦t♦✈✐♠♦✱ ❞❛ ❥❡
♣♦ r❡❛❦❝✐❥✐ s❦✉♣♥❛ ♠❛s❛ tr✐t✐❥❛ ✐♥ ✈♦❞✐❦❛ ♠❛♥❥➨❛✱ ❦♦t ❥❡ ❜✐❧❛ s❦✉♣♥❛ ♠❛s❛ ♦❜❡❤ ❞❡✈t❡r✐❥❡✈
♣r❡❞ r❡❛❦❝✐❥♦✳
❘❛③❧✐❦❛ ♠❛s ∆m = 4, 02343 u − 4, 02820 u = −0, 00477 u s❡ ❥❡ s♣r❡♠❡♥✐❧❛ ✈ ❡♥❡r❣✐❥♦✿
✭↔❡ s❡ ♠❛s❛ ③♠❛♥❥➨❛ s❡ ❡♥❡r❣✐❥❛ s♣r♦st✐✱ ↔❡ ♣❛ ❥❡ ♠❛s❛ ♣♦ r❡❛❦❝✐❥✐ ✈❡↔❥❛✱ ❦♦t ♣r❡❞ ♥❥♦✱
♣♦t❡♠ ③❛ r❡❛❦❝✐❥♦ ♣♦tr❡❜✉❥❡♠♦ ❡♥❡r❣✐❥♦✮
E = |∆m| · c2 =

= 0, 00477 u · (3 · 108 m/s)2 = 0, 00477 · 1, 66 · 10−27 kg(3 · 108 m/s)2

E = 7, 1 · 10−13 J = 4.45 MeV s❡ s♣r♦st✐ ♣r✐ r❡❛❦❝✐❥✐✳

✷✳ ■③r❛↔✉♥❛❥ ❦♦❧✐❦♦ ❡♥❡r❣✐❥❡ s❡ s♣r♦st✐ ♦❜ ❥❡❞rs❦✐ r❡❛❦❝✐❥✐✿ 14N + 4He− > 17O + 1H ❄ ✭▼❛s❛ ❞✉➨✐❦❛
❥❡ 13, 99923 u✱ ♠❛s❛ ❤❡❧✐❥❛ 4, 00151 u✱ ♠❛s❛ ❦✐s✐❦❛ 16, 99474 u ✐♥ ♠❛s❛ ✈♦❞✐❦❛ 1.00728 u✳✮

❘♣✿ ❘❛↔✉♥❛♠♦ ❦♦t ♣r✐ ♣r❡❥➨♥❥✐ ♥❛❧♦❣✐✦

✸✳ ❑♦❧✐❦➨♥❛ ❥❡ r❡❛❦❝✐❥s❦❛ ❡♥❡r❣✐❥❛ ③❛ r❡❛❦❝✐❥♦✿ 2H + 3H− > 4He + n ❄ ✭▼❛s❛ ❞❡✈t❡r✐❥❛ ❥❡ 2, 014102 u✱
♠❛s❛ tr✐t✐❥❛ 3, 016050 u✱ ♠❛s❛ ❤❡❧✐❥❛ 4, 00260 u ✐♥ ♠❛s❛ ♥❡✈tr♦♥❛ 1, 008665 u✳✮

❘♣✿ ❚✉❞✐ t❛ ♥❛❧♦❣❛ s❡ r❡➨✉❥❡ ❦♦t ♣r✈❛✿
♥❛❥♣r❡❥ s❡➨t❡❥❡♠♦ ♠❛s✐ ♣r❡❞ r❡❛❦❝✐❥♦ ✐♥ ♣♦ ♥❥❡❥ t❡r ❥✐❤ ♣r✐♠❡r❥❛♠♦✦
❱s❡❡♥♦ ❜✐ ❧❛❤❦♦ ③❛♣✐s❛❧ r❛↔✉♥✱ ❦❛❥♥❡✦

✹✳ ❑♦❧✐❦➨♥❛ ❥❡ r❡❛❦❝✐❥s❦❛ ❡♥❡r❣✐❥❛ ③❛ r❡❛❦❝✐❥♦✿ 144Nd− > 4He + 140Ce ❄ ✭▼❛s❡✿ 144Nd : 143, 91013 u✱
4He : 4, 00260 u✱ 140Ce : 139, 90548 u✮

❘♣✿ ◆❛❥♣r❡❥ ❥❡ tr❡❜❛ ♦❞ ♠❛s❡ ♥❡♦❞✐♠❛ ♦❞➨t❡t✐ ♠❛s✐ ❝❡r✐❥❛ ✐♥ ❤❡❧✐❥❛✱ ♥❛t♦ ♣❛ ✈s❡ s❦✉♣❛❥ ♣♦✲
♠♥♦➸✐t✐ ③ 934 MeV✳ ❉♦❜✐♠♦ r❡③✉❧t❛t✿ 1, 9 MeV ❡♥❡r❣✐❥❡ s❡ s♣r♦st✐ ♦❜ t❡ r❡❛❦❝✐❥✐✳

✺✳ ❑♦❧✐❦➨♥❛ ❥❡ r❡❛❦❝✐❥s❦❛ ❡♥❡r❣✐❥❛ ♣r✐ r❛③♣❛❞✉ ♥❡✈tr♦♥❛❄

✻✳ ❑♦❧✐❦➨♥❛ ❥❡ r❡❛❦❝✐❥s❦❛ ❡♥❡r❣✐❥❛ ♣r✐ r❛③♣❛❞✉ ♣r♦t♦♥❛❄

✼✳ ❑♦❧✐❦➨♥❛ ❥❡ r❡❛❦❝✐❥s❦❛ ❡♥❡r❣✐❥❛ ③❛ r❡❛❦❝✐❥♦✿ 1H + 3H− > 4He + e+ ❄ ✭▼❛s❛ ✈♦❞✐❦❛ ❥❡ 1, 00759 u✱
♠❛s❛ tr✐t✐❥❛ 3, 016050 u✱ ♠❛s❛ ❤❡❧✐❥❛ 4, 00260 u ✐♥ ♠❛s❛ ❡❧❡❦tr♦♥❛ 9, 1095 · 10−31 kg✮

✽✳ ❑♦❧✐❦➨♥❛ ❥❡ r❡❛❦❝✐❥s❦❛ ❡♥❡r❣✐❥❛ ③❛ r❡❛❦❝✐❥♦✿ 6Li + 1H− > 4He + 3He+ ❄ ✭▼❛s❛ ❧✐t✐❥❛ ❥❡ 6, 01539 u✱
♠❛s❛ ✈♦❞✐❦❛ 1, 00759 u✱ ♠❛s❛ ❤❡❧✐❥❛ 4, 00260 u ✐♥ ♠❛s❛ ❤❡❧✐❥❛ ✸ 3, 01590 u✮
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❆ ③❛♥✐♠✐✈❡ ♥❛❧♦❣❡

❆✳✶ ♣r♦❜❧❡♠✐

✶✳ ■❞❡❛❧♥✐ ♣❧✐♥ s✐ ❧❛❤❦♦ ♣r❡❞st❛✈❧❥❛♠♦ ❦♦t ♠♥♦➸✐❝♦ ✐❞❡❛❧♥♦ ♣r♦➸♥✐❤ ❦r♦❣❧✐❝✱ ❦✐ s❡ ♣r♦st♦ ❣✐❜❧❥❡❥♦✳
❯❣♦t♦✈✐✱ ❦❛❦♦ ❥❡ s t❧❛❦♦♠✱ ♣♦✈♣r❡↔♥♦ ❦✐♥❡t✐↔♥♦ ❡♥❡r❣✐❥♦ ✳ ✳ ✳ ♣r✐ t❛❦➨♥❡♠ ♣❧✐♥✉✦ ❑❛❦♦ s❡ ✐③r❛↔✉♥✐
✉❥❡♠❛❥♦ ③ ♠❡r✐t✈❛♠✐❄

✷✳ ❑♦❧✐❦♦ ❥❡ r❛③❧✐❦❛ s♣❡❝✐✜↔♥✐❤ t♦♣❧♦t cp − cv ♣r✐ ✐❞❡❛❧♥❡♠ ♣❧✐♥✉ ✐♥ ❦♦❧✐❦♦ ❥❡ r❛③♠❡r❥❡ s♣❡❝✐✜↔♥✐❤
t♦♣❧♦t cp

cv

❄

✸✳ ❩❛❦❛❥ ❧❥✉❞❥❡ ➨❡ ✈❡❞♥♦ ✉♣♦r❛❜❧❥❛♠♦ t♦♣❧♦t♥❡ str♦❥❡❄

✹✳ ❑❛❥ ❥❡ t♦ ↔❛s❄

✺✳ ♥♦✈❛

❆✳✷ ♦r❡❤✐

✶✳ ❱ ✈♦❞✐ s t❡♠♣❡r❛t✉r♦ 20◦C s❡ ❞✈✐❣❛ ③r❛↔♥✐ ♠❡❤✉r↔❡❦ s ❤✐tr♦st❥♦ 5 mm/s✳ ❑♦❧✐❦➨❡♥ ❥❡ ♣r❡♠❡r
♠❡❤✉r↔❦❛❄

❘♣✿ ✈❡♠✿ ♥❛ ♠❡❤✉r↔❡❦ ❞❡❧✉❥❡❥♦ t❡❧❡ s✐❧❡ ✭❣❧❡❥ ➨❡ s❧✐❦♦ ✷✹ ♥❛ str❛♥✐ ✽✶✮✿
~Fg + ~Fu + ~Fvzg = ~0;

✈❡♠ t✉❞✐ t♦❧❡✿
Fg + Fu = Fvzg;

✐③ t❡❣❛ s❧❡❞✐ ❡♥❛↔❜❛ ✭Fg s❡♠ ❦❛r ③❛♥❡♠❛r✐❧✱ cu = 1, 1 ③❛ ❦r♦❣❧♦✮✿

1

2
· cu · ̺v · S · v2 = ̺v · g · Vizp;

s❡❞❛❥ ♣❛ s❡ s♣♦♠♥✐♠ t✉❞✐ t♦❧❡✱ ❦❡r ♣r✐ ✉r❛❤ ♠❛t❡♠❛t✐❦❡ ♥❡ s♣✐♠✱❦❛❥♥❡✿
Vizp = 4

3 · S · r;

s❡♠ ③❡❧♦ ✈❡s❡❧✱ ❦❡r s❡ ♠✐ ♥❡❦❛t❡r❡ st✈❛r✐ ❧❡♣♦ ♣♦❦r❛❥➨❛❥♦✳ ■♥ ❞♦❜✐♠ ❡♥❛↔❜♦ ③❛ S✱ ❦✐ ❥❡ ❡♥❛❦
πr2✳ ❙❡❞❛❥ ✐♠❛♠✿

S = π

(

3

8

cu · v2

g

)2

= 3, 5 · 10−6 mm2;

➸❛❧ s♠♦ ③❡❧♦ ③❛↔✉❞❡♥✐✱ ❦❡r ♥❛♠ ♥✐ ❜✐❧♦ ♣♦tr❡❜♥♦ ✉♣♦➨t❡✈❛t✐ T ✈♦❞❡✳
t♦ ❞♦s❡➸❡♠♦ t❛❦♦✱ ❞❛ ✉♣♦➨t❡✈❛♠♦ s❡ Fg❀
❦❛❥t✐ ✈❡♠✿
Fg = m · g✱ ❦❥❡r ❧❛❤❦♦ m✱ ❞♦❜✐♠ ✐③ ♣❧✐♥s❦❡ ❡♥❛↔❜❡✿

pVizp =
m

M
RT ;

❦❥❡r ❥❡ p = ̺vgh✱ ❦❥❡r ❥❡ h ✈✐➨✐♥❛✱ ❦✐ s❡ s♣r❡♠✐♥❥❛ ♣♦ ↔❛s✉✳ ❷❡ ❥❡ ❤✐tr♦st st❛❧♥❛ ✭v =
const. = 5mm/s✮✱ ♣♦t❡♠ ✈❡❧❥❛ ③✈❡③❛✿ h = v · t ✐♥ ③❛t♦ p = ̺vgvt❀
❩ ♠❛❧♦ ❞♦♠✐➨❧✐❥❡ ✐♥ r❛↔✉♥❛♥❥❛ ♣r❡✐❞❡❥♦ ③❣♦r♥❥❡ ❡♥❛↔❜❡ ✈ ✉str❡③♥♦ ♦❜❧✐❦♦✿

Fg = mg = Vizpp
Mg

RT
=

4

3
Sr · ̺vvt ·

Mg

RT
;

✐♥ ↔❡ t♦ ✈st❛✈✐♠♦ ✈ ❡♥❛↔❜♦✿

4

3

̺vSrgvt

RT
M +

1

2
· cu · ̺v · S · v2 =

4

3
̺v · g · S · r;

❞♦❜✐♠♦ ✐③r❡❞♥♦ ♣r❡s❡♥❡t❧❥✐✈♦✿

r(t) =
3

8

cuRTv2

RT − Mvt
;
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❦❛r ♣♦♠❡♥✐✱ ❞❛ ♥❛➨ ❧❥✉❜✐ ♠❡❤✉r↔❡❦ s♣r❡♠✐♥❥❛ ♦❜❧✐❦♦ ✈ ♦❞✈✐s♥♦st ♦❞ ↔❛s❛✱ ♦③✐r♦♠❛ ❧❡❣❡
✭h = vt✮❀
❦❤♠✳ ✳ ✳ ♣r✐ t❡❥❧❡ ♥❛❧♦❣✐ ✐♠❛♠ ♥❡❦❛❥ ♣♦♠✐s❧❡❦♦✈
❘❡③✉❧t❛t ❥❡ s✐❝❡r s♠✐s❡❧♥✱ ❦❡r r❛❞✐❥ ♠❡❤✉r↔❦❛ r❛st❡✱ ❦♦ ↔❛s t❡↔❡✳ ❆♠♣❛❦ ♣r❛✈ t❛❦♦ s ↔❛s♦♠
♥❛r❛➨↔❛ ❣❧♦❜✐♥❛ ✭❄❄✮✱ t❧❛❦ ✭❄❄✮ ✐♥ t❡➸❛ ✭❄❄❄❄✮

✷✳ ❑❛❦♦ ❥❡ ♣♦❧♠❡r ♠❡❤✉r↔❦❛ ③r❛❦❛ ✈ ✈♦❞✐ ♦❞✈✐s❡♥ ♦❞ ❣❧♦❜✐♥❡✱ ❦❥❡r s❡ ♥❛❤❛❥❛❄ ❑❛❦♦ s❡ ♠❡❤✉r↔❡❦
❣✐❜❧❥❡❄ ❑❛❦♦ s❡ s♣r❡♠✐♥❥❛t❛ ❤✐tr♦st ✐♥ ♣♦t ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛❄

❘♣✿ ♣r♦❜❧❡♠ ③❛st❛✈✐♠♦ ✈ ❞✈❡❤ ✈❡↔❥✐❤ ❦♦r❛❦✐❤ ✭❣❧❡❥ ➨❡ s❧✐❦♦ ✷✹ ♥❛ str❛♥✐ ✽✶✮
♥❛❥♣r❡❥ st❛t✐↔♥♦✱ ♥❛t♦ ❞✐♥❛♠✐↔♥♦
♣r✐ st❛t✐↔♥❡♠ r❡➨❡✈❛♥❥✉ ❥❡ ✈s♦t❛ ③✉♥❛♥❥✐❤ s✐❧ ❡♥❛❦❛ ♥✐↔✱ ♣r✐ ❞✐♥❛♠✐↔♥❡♠ ♣❛ ma

st❛t✐↔♥✐ ♣r✐❜❧✐➸❡❦ ✉♣♦r❛❜✐♠♦ ③ ✐③❣♦✈♦r♦♠✱ ❞❛ ❥❡ s✐❧❛ ✈③❣♦♥❛ ♥❡❦❛❥ ✶✵✵ ❦r❛t ✈❡↔❥❛ ♦❞ t❡➸❡✱
t♦r❡❥ ❥❡ ♣♦s♣❡➨❡❦ t❛❦♦ ✈❡❧✐❦✱ ❞❛ ♠❡❤✉r↔❡❦ ✈ ③❡❧♦ ❦r❛t❦❡♠ ↔❛s✉ ❞♦s❡➸❡ s✈♦❥♦ ♠❛①✐♠❛❧♥♦
❤✐tr♦st

✭❛✮ ❣r❛❢ ❤✐tr♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ❣❧♦❜✐♥❡ ✭❣r❛❢ ❜❡✲
r❡♠♦ ♦❞ ❞❡s♥❡ ♣r♦t✐ ❧❡✈✐✮ ❜♦❞✐ ♣♦③♦r❡♥ ♥❛ ♠❡r✐❧♦
♥❛ ♦r❞✐♥❛t✐✱ ❦✐ t❡↔❡ ♦❞ 0.5m/s ❞♦ 0.9m/s ❤✐tr♦st
③ ♠❛♥❥➨❛❥♦↔♦ s❡ ❣❧♦❜✐♥♦ r❛❤❧♦ ♥❛r❛➨↔❛ ✲ ❜❧✐➸❡ ❦♦ ❥❡
♠❡❤✉r↔❡❦ ❣❧❛❞✐♥✐✱ ✈❡↔❥♦ ❤✐tr♦st ✐♠❛

✭❜✮ ❣r❛❢ ❤✐tr♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ♣♦t✐ ❜♦❞✐ ♣♦③♦✲
r❡♥ ♥❛ ♠❡r✐❧♦ ♥❛ ♦r❞✐♥❛t✐✱ ❦✐ t❡↔❡ ♦❞ 0.5m/s ❞♦
0.9m/s ❤✐tr♦st r❛❤❧♦ ♥❛r❛➨↔❛✱ ❦♦ s❡ ♣♦t ♠❡❤✉r↔❦❛
✈❡↔❛

❙❧✐❦❛ ✸✽✿ ●✐❜❛♥❥❡ ♠❡❤✉r↔❦❛ ③r❛❦❛ ✈ ✈♦❞✐ ■✳

♥❛❥♣r❡❥ st❛t✐❦❛✿

♥❛ ♠❡❤✉r↔❡❦ ❞❡❧✉❥❡❥♦ s✐❧❡ ✭❣❧❡❥ ➨❡ s❧✐❦♦ ✷✹ ♥❛ str❛♥✐ ✽✶✮✿
t❡➸❛✿ Fg = mg = ̺zV g❀ ❦❥❡r ❥❡ ̺z ❥❡ ❣♦st♦t❛ ③r❛❦❛✱ ♣r♦st♦r♥✐♥❛ ♠❡❤✉r↔❦❛ ❥❡ V = 4

3πr3

✈③❣♦♥✿ Fv = ̺vV g❀ ❦❥❡r ❥❡ ̺v ❥❡ ❣♦st♦t❛ ✈♦❞❡✱ V ❥❡ ♣r♦st♦r♥✐♥❛ ♠❡❤✉r↔❦❛
s✐❧❛ ✉♣♦r❛✿ Fu = 1/2cuS̺vv2❀ ❦❥❡r ❥❡ ̺v ❥❡ ❣♦st♦t❛ ✈♦❞❡✱ ♣r❡s❡❦ ♠❡❤✉r↔❦❛ ❥❡ S = πr2

✈ r❛✈♥♦✈❡s❥✉ ✈❡❧❥❛✿ ~Fv + ~Fg + ~Fu = 0

♦③✐r♦♠❛ ✭③❛♣✐s❛♥♦ s❛♠♦ ③ ✈❡❧✐❦♦st♠✐ s✐❧✮✿ Fv = Fg + Fu

❦❡r ❥❡ ❣♦st♦t❛ ③r❛❦❛ ̺z ♦❦♦❧✐ ✶✵✵✵ ❦r❛t ♠❛♥❥➨❛ ♦❞ ❣♦st♦t❡ ✈♦❞❡✱ ❧❛❤❦♦ s✐❧♦ t❡➸❡ ③❛♥❡♠❛r✐♠♦✦
✭✈ ✈❡↔❥✐❤ ❣❧♦❜✐♥❛❤ ✲ ♣r✐ ✈❡↔❥✐❤ t❧❛❦✐❤ ❥❡ r❛③♠❡r❥❡ ♠❡❞ ❣♦st♦t♦ ✈♦❞❡ ✐♥ ❣♦st♦t♦ ③r❛❦❛ ♠❛♥❥➨❡
✐♥ t❛♠ ♥❡❦❥❡ ♣r✐ ❣❧♦❜✐♥✐ ✶✵✵✵♠ ❛❧✐ ✈❡↔ ♣♦st❛♥❡t❛ ❣♦st♦t✐ ♣r✐♠❡r❧❥✐✈✐✮
③❛t♦ t♦r❡❥✿ Fv = Fu

̺vV g = 1/2cuS̺vv2✱ ✉♣♦➨t❡✈❛♠ ♣❛ ➨❡✿ V = 4
3πr3 ✐♥ S = πr2

♦❞t♦❞ ❞♦❜✐♠✿

r =
3cuv2

8g

❞❛ ❥❡ r❛❞✐❥ ♠❡❤✉r↔❦❛ s♦r❛③♠❡r❡♥ s ❦✈❛❞r❛t♦♠ ❤✐tr♦st✐✱ ♦③✐r♦♠❛✱ ❞❛ ❥❡ ❤✐tr♦st ♠❡❤✉r↔❦❛
s♦r❛③♠❡r♥❛ s ❦♦r❡♥♦♠ ✐③ r❛❞✐❥❛✿

v =

√

8gr

3cu

t❧❛❦ ✈ ✈♦❞✐ ❥❡ ♦❞✈✐s❡♥ ♦❞ ❣❧♦❜✐♥❡✿ p = p0 + ̺vgh

♣r♦st♦r♥✐♥❛ ♠❡❤✉r↔❦❛ ♣❛ ❥❡ ♦❞✈✐s♥❛ ♦❞ t❧❛❦❛ ✐♥ t❡♠♣❡r❛t✉r❡

V =
m

̺z

=
mRT

pM
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✭❛✮ ❣r❛❢ v(x) ♥❛ ❝❡❧♦t♥✐ ♣♦t✐ st❛t✐↔♥♦ ✲ ③❡❧❡♥♦ ❞✐✲
♥❛♠✐↔♥♦ ✲ r❞❡↔❡ ❣r❛❢❛ s❡ ♣♦❦r✐✈❛t❛

✭❜✮ ❣r❛❢ v(x) ♥❛ ♣r✈✐❤ ♥❡❦❛❥ ❞❡s❡t✐♥❦ ♠✐❧✐♠❡tr❛
♣♦t✐ ③❡❧❡♥♦ ✲ st❛t✐↔♥✐ ♣r✐❜❧✐➸❡❦ r❞❡↔❡ ✲ ❞✐♥❛♠✐↔♥✐
✐③r❛↔✉♥ ❧❡♣♦ s❡ ✈✐❞✐✱ ❦❛❦♦ s❡ ❣r❛❢❛ ❤✐tr♦ sr❡↔❛t❛

✭❝✮ ❣r❛❢ x(t) ♥❛ ❝❡❧♦t♥✐ ♣♦t✐ ③❡❧❡♥♦ ✲ st❛t✐↔♥✐ ♣r✐❜❧✐✲
➸❡❦ r❞❡↔❡ ✲ ❞✐♥❛♠✐↔♥✐ ✐③r❛↔✉♥ ❣r❛❢❛ st❛ ♣r❛❦t✐↔♥♦
♣♦❦r✐t❛

✭❞✮ ❣r❛❢ x(t) ♥❛ ♣r✈✐❤ ♥❡❦❛❥ ❞❡s❡t✐♥❦ ♠✐❧✐♠❡tr❛
♣♦t✐ ③❡❧❡♥♦ ✲ st❛t✐↔♥✐ ♣r✐❜❧✐➸❡❦ r❞❡↔❡ ✲ ❞✐♥❛♠✐↔♥✐
✐③r❛↔✉♥ ❥❛s♥♦ ❥❡ ✈✐❞♥❛ r❛③❧✐❦❛ ♠❡❞ ♦❜❡♠❛ ♣r✐st♦✲
♣♦♠❛ ✲ ✈❡♥❞❛r ♠♦r❛♠♦ ✉♣♦➨t❡✈❛t✐✱ ❞❛ ❥❡ t♦ ♣r❡❝❡❥
♣♦✈❡↔❛♥ ♣♦❣❧❡❞ ✲ ✈✐❞✐♠♦ ③❡❧♦ ❞r♦❜♥❡ ♣♦❞r♦❜♥♦st✐✱
❦✐ ❥✐❤ t❡➸❦♦ ✐③♠❡r✐♠♦

❙❧✐❦❛ ✸✾✿ ●✐❜❛♥❥❡ ♠❡❤✉r↔❦❛ ③r❛❦❛ ✈ ✈♦❞✐ ■■✳

R ✲ s♣❧♦➨♥❛ ♣❧✐♥s❦❛ ❦♦♥st❛♥t❛✱ m ✲ ♠❛s❛✱ M ✲ ♠♦❧s❦❛ ♠❛s❛✱ T ✲ t❡♠♣❡r❛t✉r❛
✐♥ t❛❦♦ ❥❡ r❛❞✐❥ ♠❡❤✉r↔❦❛✿

r =
3

√

3V

4π
= 3

√

3mRT

4πpM

♠♦❣♦↔❡ ❥❡ ❜♦❧❥❡ ♠❡r✐t✐ ✈✐➨✐♥♦ ✲ t♦ ❥❡ ♣♦t✱ ♥❡ ♣❛ ❣❧♦❜✐♥❡
♣♦t❡♠ ❧❛❤❦♦ ♦❞✈✐s♥♦st t❧❛❦❛ ♦❞ ♣♦t✐ x ③❛♣✐➨❡♠ t❛❦♦❧❡✿ p = p0 + ̺vg(hz − x)

♥❛❥♣r❡❥ ♠❡ ③❛♥✐♠❛✱ ❦❛❦♦ ❥❡ ❤✐tr♦st ♠❡❤✉r↔❦❛ ♦❞✈✐s♥❛ ♦❞ ❣❧♦❜✐♥❡✿

v =

√

g

cu

6

√

27

32π
6

√

mRT

M
6

√

1

p0 + g̺vh

♣♦t❡♠ ♣❛ ➨❡ ♦❞✈✐s♥♦st ♦❞ ♣♦t✐✿

v =

√

g

cu

6

√

27

32π
6

√

mRT

M
6

√

1

p0 + g̺v(hz − x)

❦♦ ❤✐tr♦st ❦✈❛❞r✐r❛♠♦ ❞♦❜✐♠♦ ➨❡ ♦❞✈✐s♥♦st r❛❞✐❥❛ ♦❞ ❣❧♦❜✐♥❡ ♦③✐r♦♠❛ ♦❞ ♣♦t✐ ♦❞✈✐s♥♦st
❤✐tr♦st✐ ♦❞ ❣❧♦❜✐♥❡ h ♦③✐r♦♠❛ ♦❞ ♣♦t✐ x s✐ ❧❛❤❦♦ ♦❣❧❡❞❛♠ t✉❞✐ ♥❛ ❣r❛❢✉
✈ ♦❜❡❤ ♣r✐♠❡r✐❤ ❥❡ t❡♠♣❡r❛t✉r❛ ✈♦❞❡ ❦♦♥st❛♥t♥❛ T = 27◦C

♥❛ ❣❧♦❜✐♥✐ h = 10m ❥❡ ③❛↔❡t♥✐ ♣♦❧♠❡r ♠❡❤✉r↔❦❛ r = 1 cm

♦❜❛ ❣r❛❢❛ ❦❛➸❡t❛ ✐st♦ tr❞✐t❡✈✱ ❞❛ ❤✐tr♦st ♠❡❤✉r↔❦❛ r❛❤❧♦ ♥❛r❛➨↔❛✱ ❦♦ s❡ ♠❡❤✉r↔❡❦ ❜❧✐➸❛
❣❧❛❞✐♥✐
t❡➸❦♦ ♣❛ ✈ t❡♠ ♣r✐♠❡r✉ ❦❛❥ ♣♦✈❡♠♦ ♦ ↔❛s✉ ❞✈✐❣♦✈❛♥❥❛ ♠❡❤✉r↔❦❛
♣♦st♦♣❡❦ ♣r❡s❡❣❛ ♦❜✐↔❛❥♥♦ sr❡❞♥❥❡➨♦❧s❦♦ ③♥❛♥❥❡ ♠❛t❡♠❛t✐❦❡

s♣♦♠♥✐♠♦ s❡✱ ❞❛ ❥❡ ❤✐tr♦st ❞❡✜♥✐r❛♥❛ ❦♦t s♣r❡♠❡♠❜❛ ♣♦t✐ ✈ ↔❛s♦✈♥✐ ❡♥♦t✐✿
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✭❛✮ ❣r❛❢ v(t) ♥❛ ❝❡❧♦t♥✐ ♣♦t✐ ③❡❧❡♥♦ ✲ st❛t✐↔♥✐ ♣r✐✲
❜❧✐➸❡❦ r❞❡↔❡ ✲ ❞✐♥❛♠✐↔♥✐ ✐③r❛↔✉♥

✭❜✮ ❣r❛❢ v(t) ♥❛ ♣r✈✐❤ ♥❡❦❛❥ ❞❡s❡t✐♥❦ ♠✐❧✐♠❡tr❛
♣♦t✐ ③❡❧❡♥♦ ✲ st❛t✐↔♥✐ ♣r✐❜❧✐➸❡❦ r❞❡↔❡ ✲ ❞✐♥❛♠✐↔♥✐
✐③r❛↔✉♥

❙❧✐❦❛ ✹✵✿ ●✐❜❛♥❥❡ ♠❡❤✉r↔❦❛ ③r❛❦❛ ✈ ✈♦❞✐ ■■■✳

v =
∆x

∆t
=

dx

dt

↔❡ ❥❡ ↔❛s♦✈♥❛ ❡♥♦t❛ ❞♦✈♦❧❥ ♠❛❥❤♥❛❀ ❡♥❛↔❜♦ ♠❛❧♦ ♦❜r♥❡♠✿

dt =
dx

v

♣♦t❡♠ ♣❛ s❡➨t❡❥❡♠ ♣♦s❛♠❡③♥❡ ♣r✐s♣❡✈❦❡ ③❛ ↔❛s❡ ♦❞ 0 ❞♦ t ✐♥ ♣♦t✐ ♦❞ 0 ❞♦ x

∫ t

0

(dt) =

∫ x

0

dx

v
=

=

∫ x

0

dx
√

g
cu

6

√

27

32π
6

√

mRT
M

6

√

1
p0+g̺v(hz−x)

❦♦ s❡➨t❡❥❡♠♦✱ ❞♦❜✐♠♦✿

t =
6(p0 + ghz̺v)

7

6

7g̺v

√

g
cu

6

√

27

32π
6

√

mRT
M

(

1 −

(

1 −
g̺vx

p0 − g̺vhz

)
7

6

)

♣r✐ ✐③❜r❛♥✐❤ ③❛↔❡t♥✐❤ ♣♦❞❛t❦✐❤ ✭hz = 10m✱ T = 27◦C✮ ❞♦❜✐♠♦✱ ❞❛ s❡ ♠❡❤✉r↔❡❦ ③r❛❦❛
❞✈✐❣✉❥❡ t = 12, 9605 s ✭↔❡ s♣❧♦❤ ❧❛❤❦♦ ♠❡r✐♠♦ t❛❦♦ ♥❛t❛♥↔♥♦✮
✐③ t❡ ❡♥❛↔❜❡ ❧❛❤❦♦ ✐③♣❡❧❥❡♠♦ ➨❡✱ ❦❛❦♦ st❛ ♣♦t x ✐♥ ❤✐tr♦st v ♦❞✈✐s♥❛ ♦❞ ↔❛s❛✦

x =
p0 + ̺vghz

̺vg









1 −






1 −

7̺vg
√

g
cu

6

√

27

32π
6

√

mRT
M

6(p0 + ghz̺v)
7

6

t







6

7









s♦❧❛t❛✦ ❞✐♥❛♠✐↔♥✐ ♣r✐st♦♣

③❛ ③❛↔❡t❡❦ ③❛♣✐➨❡♠ ✷✳◆❡✇t♦♥♦✈ ③❛❦♦♥✿
~Fv + ~Fg + ~Fu = m~a

③ ✐st✐♠ ❛r❣✉♠❡♥t♦♠ ❦♦t ♣r❡❥ ③❛✈r➸❡♠ s✐❧♦ t❡➸❡ ✐♥ ✉♣♦➨t❡✈❛♠ s♠❡r✐ s✐❧✿
ma = ̺vV g − 1

2cuS̺vv2

t❡♠✉❧❡ s❡ r❡↔❡ ❞✐❢❡r❡♥❝✐❛❧♥❛ ❡♥❛↔❜❛✦
❦❡r ❥❡ ♥❡ ③♥❛♠ r❡➨✐t✐✭❤❡❧♣✦✮✱ s❡ ③❛❞♦✈♦❧❥✐♠ ③ ♥✉♠❡r✐↔♥♦ r❡➨✐t✈✐❥♦✱ ❞❛ ❧❛❤❦♦ ✈s❛❥ ♣r✐♠❡r❥❛♠
r❡③✉❧t❛t❡✱ ❦✐ s❡♠ ❥✐❤ ❞♦❜✐❧ ✈ st❛t✐↔♥❡♠ ♣r✐❜❧✐➸❦✉
③❛ ♥✉♠❡r✐↔♥♦ r❡➨❡✈❛♥❥❡ ✉♣♦r❛❜✐♠ ↔❛r♦✈♥❛❧♥✐❦✱ ❦❡r ❧❡✲t✐ ③♥❛❥♦ ♣r❡❝❡❥ ❞♦❜r♦ r❛↔✉♥❛t✐
♥✉♠❡r✐↔♥♦ ✐③r❛↔✉♥❛♥ ↔❛s ❞✈✐❣♦✈❛♥❥❛ ♠❡❤✉r↔❦❛✿ t = 12.9607 s ❦❛r s❡ ✈ ♦❦✈✐r✉ ♥❛t❛♥↔♥♦st✐
♣r✐ ♠❡r❥❡♥❥✉ ❣♦t♦✈♦ ✉❥❡♠❛ s ↔❛s♦♠✱ ❦✐ ❣❛ ❞♦❜✐♠♦ ♣r✐ st❛t✐↔♥❡♠ ♣r✐❜❧✐➸❦✉✳
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r❛③❧✐❦❛ ❥❡ ♣♦s❧❡❞✐❝❛ ♣♦s♣❡➨❡✈❛♥❥❛ ♠❡❤✉r↔❦❛ ✈ ③❛↔❡t♥✐❤ tr❡♥✉t❦✐❤
❦❡r ❥❡ ↔❛s ♣♦s♣❡➨❡✈❛♥❥❛ ③❡❧♦ ❦r❛t❡❦✱ ❥❡ t✉❞✐ r❛③❧✐❦❛ ♠❡❞ st❛t✐↔♥✐♠ ♣r✐❜❧✐➸❦♦♠ ✐♥ ❞✐♥❛♠✐↔✲
♥✐♠✐ ✈r❡❞♥♦st♠✐ ♣r❡❝❡❥ ♠❛❥❤♥❛
♣r✐♠❡r❥❛✈❡ s♦ ③❜r❛♥❡ ✈ ❣r❛✜❤✦
↔❛r♦✈♥❛❧♥✐❦ ♠✐ ❥❡ ♥❛r✐s❛❧ ❣r❛❢❡✿ x(t)✱ v(x) ✐♥ v(t)

st❛t✐↔♥✐ ♣r✐❜❧✐➸❡❦ ❥❡ ♥❛r✐s❛♥ ③❡❧❡♥♦✱ ♥✉♠❡r✐↔♥❡ r❡➨✐t✈❡ ❞✐♥❛♠✐↔♥✐❤ ❡♥❛↔❜ ♣❛ r❞❡↔❡
✈s❛❦ ❣r❛❢ ❥❡ ♥❛r❡❥❡♥ ③❛ ❞✈❛ ♣r✐♠❡r❛ ✲ ③❛ ❝❡❧♦t♥♦ ♣♦t ✐♥ ➨❡ ♣♦s❡❜❡❥ ③❛ ③❛↔❡t❡❦ ❣✐❜❛♥❥❛
♠❡❤✉r↔❦❛
✐③ ❣r❛❢♦✈ ❧❡♣♦ ✈✐❞✐♠♦✱ ❞❛ ♥❛ ❝❡❧♦t♥✐ ♣♦t✐ ♥✐ ❣r❛✜↔♥♦ ✈✐❞♥❡ r❛③❧✐❦❡ ♠❡❞ ❣r❛✜ ❞♦❜❧❥❡♥❡ ♥❛
st❛t✐↔♥✐ ❛❧✐ ❞✐♥❛♠✐↔♥✐ ♥❛↔✐♥
♥❛ ❞r✉❣✐ tr♦❥✐❝✐ ❣r❛❢♦✈ ❧❛❤❦♦ ♦♣❛③✉❥❡♠♦ s♣r❡♠✐♥❥❛♥❥❡ ✈ ③❛↔❡t♥✐❤ tr❡♥✉t❦✐❤✱ ❦❥❡r s❡ ♣♦❦❛➸❡
r❛③❧✐❦❛ ♠❡❞ st❛t✐↔♥✐♠ ♣r✐❜❧✐➸❦♦♠ ✐♥ ❞✐♥❛♠✐↔♥♦ r❡➨✐t✈✐❥♦
❘❡②♥♦❧❞s♦✈♦ ➨t❡✈✐❧♦

✉❤✳ ✳ ✳ t♦❧✐❦♦ r❛↔✉♥❛♥❥❛✱ ♣❛ s❡ ➨❡ ♥✐s♠♦ ♣r❡♣r✐↔❛❧✐✱ ❛❧✐ s♣❧♦❤ s♠❡♠♦ ✉♣♦r❛❜✐t✐ ❦✈❛❞r❛t♥✐
③❛❦♦♥ ✉♣♦r❛
③❛t♦ ❤✐tr♦ ✐③r❛↔✉♥❛♠ ❘❡②♥♦❧❞s♦✈♦ ➨t❡✈✐❧♦ ✐♥ ↔❡ ❜♦ ❞♦✈♦❧❥ ✈❡❧✐❦♦✱ ♣♦t❡♠ s❡♠ ❧❛❤❦♦ ③❛❞♦✲
✈♦❧❥❡♥
Re = 2rv̺v

η
= 16000

♥✐ s❧❛❜♦✱ ❘❡②♥♦❧❞s♦✈♦ ➨t❡✈✐❧♦ ❥❡ ❞♦✈♦❧❥ ✈❡❧✐❦♦

✸✳ ❑♦③❛r❡❝ ✐♠❛ ③❛♥❡♠❛r❧❥✐✈♦ ♠❛❥❤♥♦ ♠❛s♦✱ ♥❥❡❣♦✈ ♣r❡♠❡r ❥❡ 3 cm✱ ♥❥❡❣♦✈❛ ✈✐➨✐♥❛ ♣❛ 15 cm✳ ❱❛♥❥
♥❛t♦↔✐♠♦ 2 dl ✈♦❞❡✳ ❉♦ ❦❛t❡r❡ ✈✐➨✐♥❡ s❡➸❡ ✈♦❞❛❄ ❑♦③❛r❡❝ ♣♦st❛✈✐♠♦ ♥❛ ❞❡➨↔✐❝♦✱ ❦✐ ❥❡ ♣r❡✈❧❡↔❡♥❛
s s♠✐r❦♦✈✐♠ ♣❛♣✐r❥❡♠✳ ❑♦❡✜❝✐❡♥t tr❡♥❥❛ ♠❡❞ ❞❡➨↔✐❝♦ ✐♥ ❦♦③❛r❝❡♠ ❥❡ 1, 2✳ ◆❛ ❡♥❡♠ ❦♦♥❝✉
③❛↔♥❡♠♦ ❞❡➨↔✐❝♦ ❞✈✐❣♦✈❛t✐✳ ❑❛❥ s❡ ③❣♦❞✐❄ ✭♣r❡❞❧♦❣✐✿ ❦♦③❛r❡❝ ③❞rs♥❡✱ s❡ ♣r❡❦✉❝♥❡✱ ✈♦❞❛ s❡
✐③❧✐❥❡✳ ✳ ✳ ✮

✹✳ ❑❛❥ s❡ ♣r❡❥ ③✈r♥❡ ♥❛ ❦❧❛♥❝✉✿ t♦❣♦ t❡❧♦ ✈ ♦❜❧✐❦✐ ❦✈❛❞r❛✱ ❛❧✐ ❦❛♥t❛ ♥❛♣♦❧♥❥❡♥❛ ③ ✈♦❞♦✱ ↔❡ ✐♠❛ ✈♦❞❛
✈ ❦❛♥t✐ ✈ ✈♦❞♦r❛✈♥✐ ❧❡❣✐ ❡♥❛❦❡ ❞✐♠❡♥③✐❥❡ ❦♦t t♦❣♦ t❡❧♦❄ ▼❛s❛ ❦❛♥t❡ ❥❡ ③❛♥❡♠❛r❧❥✐✈♦ ♠❛❥❤♥❛✳

✺✳ ❑❛❦♦ s❡ ❣✐❜❧❥❡ ❦❧❛s✐↔♥❡❣❛ ❏♦✲❏♦❄

✻✳ ♥♦✈❛


