
❷❡s❦é ✈②s♦❦é ✉↔❡♥í t❡❝❤♥✐❝❦é ✈ Pr❛③❡
❋❛❦✉❧t❛ ❥❛❞❡r♥á ❛ ❢②③✐❦á❧♥➙ ✐♥➸❡♥ýrs❦á

❑❛t❡❞r❛ ❢②③✐❦②

❖❜♦r✿ ❋②③✐❦❛ ❛ t❡❝❤♥✐❦❛ t❡r♠♦❥❛❞❡r♥é ❢ú③❡

▼➙➦❡♥í ③á❦❧❛❞♥í❝❤ ♣❛r❛♠❡tr➲
♦❦r❛❥♦✈é❤♦ ♣❧❛③♠❛t✉ ♣♦♠♦❝í

❦♦♠❜✐♥♦✈❛♥é ❜❛❧❧✲♣❡♥ ❛ ▲❛♥❣♠✉✐r♦✈②
s♦♥❞② ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼

❊❞❣❡ ♣❧❛s♠❛ ♣❛r❛♠❡t❡r
♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ●❖▲❊▼
t♦❦❛♠❛❦ ✉s✐♥❣ ❜❛❧❧✲♣❡♥ ❛♥❞

▲❛♥❣♠✉✐r ♣r♦❜❡

❇❆❑❆▲➪➄❙❑➪ P❘➪❈❊

❱②♣r❛❝♦✈❛❧✿ P❡tr ▼á❝❤❛

❱❡❞♦✉❝í ♣rá❝❡✿ ■♥❣✳ ❱♦❥t➙❝❤ ❙✈♦❜♦❞❛✱ ❈❙❝✳

❘♦❦✿ ✷✵✶✽



Pr♦❤❧á➨❡♥í

Pr♦❤❧❛➨✉❥✐✱ ➸❡ ❥s❡♠ s✈♦✉ ❜❛❦❛❧á➦s❦♦✉ ♣rá❝✐ ✈②♣r❛❝♦✈❛❧ s❛♠♦st❛t♥➙ ❛ ♣♦✉➸✐❧ ❥s❡♠
♣♦✉③❡ ♣♦❞❦❧❛❞② ✭❧✐t❡r❛t✉r✉✱ ♣r♦❥❡❦t②✱ ❙❲ ❛t❞✳✮ ✉✈❡❞❡♥é ✈ ♣➦✐❧♦➸❡♥é♠ s❡③♥❛♠✉✳

◆❡♠á♠ ③á✈❛➸♥ý ❞➲✈♦❞ ♣r♦t✐ ♣♦✉➸✐tí t♦❤♦t♦ ➨❦♦❧♥í❤♦ ❞í❧❛ ✈❡ s♠②s❧✉ ➓ ✻✵ ❩á❦♦♥❛ ↔✳
✶✷✶✴✷✵✵✵ ❙❜✳✱ ♦ ♣rá✈✉ ❛✉t♦rs❦é♠✱ ♦ ♣rá✈❡❝❤ s♦✉✈✐s❡❥í❝í❝❤ s ♣rá✈❡♠ ❛✉t♦rs❦ý♠ ❛ ♦
③♠➙♥➙ ♥➙❦t❡rý❝❤ ③á❦♦♥➲ ✭❛✉t♦rs❦ý ③á❦♦♥✮✳

❱ Pr❛③❡ ❞♥❡ ✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳ ✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳
P❡tr ▼á❝❤❛



P♦❞➙❦♦✈á♥í

❚í♠t♦ ❜②❝❤ ❝❤t➙❧ ♣♦❞➙❦♦✈❛t ✈❡❞♦✉❝í♠✉ ♠é ❜❛❦❛❧á➦s❦é ♣rá❝❡ ■♥❣✳ ❱♦❥t➙❝❤✉ ❙✈♦❜♦✲
❞♦✈✐✱ ❈❙❝✳ ③❛ ♣♦♠♦❝ ♣➦✐ t✈♦r❜➙ tét♦ ♣rá❝❡✱ ③❛ ❥❡❤♦ ♣♦❞♥➙t♥é ♣♦③♥á♠❦② ❛ ✈ ♥❡♣♦s❧❡❞♥í
➦❛❞➙ ③❛ ❥❡❤♦ ♦❝❤♦t✉✳ ❉á❧❡ ❜②❝❤ ❝❤t➙❧ ♣♦❞➙❦♦✈❛t ❘◆❉r✳ ❏❛♥✉ ❙tö❝❦❡❧♦✈✐✱ ❈❙❝✳ ③❛ ❥❡❤♦
♦❜r♦✈s❦♦✉ ✈st➦í❝♥♦st ❛ ↔❛s✱ ❦t❡rý ♠✐ ✈➙♥♦✈❛❧✳ ❘á❞ ❜②❝❤ t❛❦é ♣♦❞➙❦♦✈❛❧ ▼❣r✳ ❏✐➦í♠✉
❆❞á♠❦♦✈✐✱ P❤✳❉✳ ③❛ ♣♦③♥á♠❦②✱ ❦t❡ré t✉t♦ ♣rá❝✐ ♦❜♦❤❛t✐❧②✳

P❡tr ▼á❝❤❛



◆á③❡✈ ♣rá❝❡✿
▼➙➦❡♥í ③á❦❧❛❞♥í❝❤ ♣❛r❛♠❡tr➲ ♦❦r❛❥♦✈é❤♦ ♣❧❛③♠❛t✉ ♣♦♠♦❝í ❦♦♠❜✐♥♦✈❛♥é
❜❛❧❧✲♣❡♥ ❛ ▲❛♥❣♠✉✐r♦✈② s♦♥❞② ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼
❆✉t♦r✿ P❡tr ▼á❝❤❛

❙t✉❞✐❥♥í ♣r♦❣r❛♠✿ ❆♣❧✐❦❛❝❡ ♣➦ír♦❞♥í❝❤ ✈➙❞
❖❜♦r✿ ❋②③✐❦❛ ❛ t❡❝❤♥✐❦❛ t❡r♠♦❥❛❞❡r♥é ❢ú③❡
❉r✉❤ ♣rá❝❡✿ ❇❛❦❛❧á➦s❦á ♣rá❝❡

❱❡❞♦✉❝í ♣rá❝❡✿ ■♥❣✳ ❱♦❥t➙❝❤ ❙✈♦❜♦❞❛✱ ❈❙❝✳
❑❛t❡❞r❛ ❢②③✐❦②✱ ❋❛❦✉❧t❛ ❥❛❞❡r♥á ❛ ❢②③✐❦á❧♥➙ ✐♥➸❡♥ýrs❦á✱ ❷❡s❦é ✈②✲
s♦❦é ✉↔❡♥í t❡❝❤♥✐❝❦é ✈ Pr❛③❡

❑♦♥③✉❧t❛♥t✿ ❘◆❉r✳ ❏❛♥ ❙tö❝❦❡❧✱ ❈❙❝

❆❜str❛❦t✿ ❚❛t♦ ♣rá❝❡ s❡ ③❛❜ý✈á ♠➙➦❡♥í♠ ③á❦❧❛❞♥í❝❤ ♣❛r❛♠❡tr➲ ♦❦r❛❥♦✈é❤♦
♣❧❛③♠❛t✉ ❛ ❦❛❧✐❜r❛❝í ❜❛❧❧✲♣❡♥ s♦♥❞② ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✳ ❱ ♣r✈♥í ↔ást✐ ❥❡ ↔t❡♥á➦✐
♣♦s❦②t♥✉t t❡♦r❡t✐❝❦ý ú✈♦❞ ❞♦ t❡♦r✐❡ ♣❧❛③♠❛t✉ ❛ ❢②③✐❦② t♦❦❛♠❛❦➲✱ s❡ ③❛♠➙➦❡♥í♠ ♥❛
t♦❦❛♠❛❦ ●❖▲❊▼✳ ◆ás❧❡❞♥➙ ❥s♦✉ ♣➦❡❞st❛✈❡♥② ③á❦❧❛❞♥í ❞✐❛❣♥♦st✐❦② ♥❛ t♦❦❛♠❛❦✉
●❖▲❊▼✳ ❉r✉❤á ↔ást ♣rá❝❡ s❡ ③❛❜ý✈á ♣r✐♥❝✐♣② ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞② ❛ t❡✲
♦r✐í✱ ❦t❡rá ❥❡ ♥✉t♥á ❦ s❛♠♦t♥é♠✉ ♠➙➦❡♥í✳ ❉á❧❡ s❡ ③❞❡ ③❛♦❜írá♠❡ ♣♦♣✐s❡♠ t➙❝❤t♦
s♦♥❞ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❛ s❝❤é♠❛t② ♠➙➦❡♥í✳ ❚➦❡tí ↔ást s❡ ③❛❜ý✈á ③♣r❛❝♦✈á✈á♥í♠
♥❛♠➙➦❡♥ý❝❤ ❞❛t ③ís❦❛♥ý❝❤ ✈❡ ✈♦❞í❦♦✈é♠ ❛ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉✳ ◆❛ ③á❦❧❛❞➙ ❞❛t ❥❡
♥❡❥♣r✈❡ ♣r♦✈❡❞❡♥❛ ❦❛❧✐❜r❛❝❡ ❜❛❧❧✲♣❡♥ s♦♥❞②✱ ♥❛↔❡➸ ❥s♦✉ ✈②♣♦↔t❡♥② ③á❦❧❛❞♥í ♣❛r❛✲
♠❡tr② ♣❧❛③♠❛t✉✱ ❦t❡ré ❥s♦✉ ♥ás❧❡❞♥➙ ♣r❡③❡♥t♦✈á♥② ❛ ♣♦r♦✈♥á✈á♥② ♣r♦ ♦❜❛ ♣r❛❝♦✈♥í
♣❧②♥②✳ ◆❛❦♦♥❡❝ ❥❡ ♣r♦✈❡❞❡♥❛ ❞✐s❦✉③❡ ❛ s❤r♥✉tí ✈➨❡❝❤ ✈ýs❧❡❞❦➲✳
❑❧í↔♦✈á s❧♦✈❛✿ ♦❦r❛❥♦✈é ♣❧❛③♠❛✱ s♦♥❞♦✈á ♠➙➦❡♥í✱ ▲❛♥❣♠✉✐r♦✈❛ s♦♥❞❛✱ ❜❛❧❧✲♣❡♥

s♦♥❞❛✱ ✈♦❧t✲❛♠♣ér♦✈á ❝❤❛r❛❦t❡r✐st✐❦❛✱ t♦❦❛♠❛❦ ●❖▲❊▼

❚✐t❧❡✿
❊❞❣❡ ♣❧❛s♠❛ ♣❛r❛♠❡t❡r ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ●❖▲❊▼ t♦❦❛♠❛❦ ✉s✐♥❣
❜❛❧❧✲♣❡♥ ❛♥❞ ▲❛♥❣♠✉✐r ♣r♦❜❡
❆✉t❤♦r✿ P❡tr ▼á❝❤❛

❆❜str❛❝t✿ ❚❤❡ ❜❛❝❤❡❧♦r t❤❡s✐s ✐s ❞❡❞✐❝❛t❡❞ t♦ t❤❡ ❡❞❣❡ ♣❧❛s♠❛ ♣❛r❛♠❡t❡rs ♠❡❛✲
s✉r❡♠❡♥ts ❛♥❞ ❜❛❧❧✲♣❡♥ ♣r♦❜❡ ❝❛❧✐❜r❛t✐♦♥ ❛t t❤❡ ●❖▲❊▼ t♦❦❛♠❛❦✳ ❚❤❡ ✜rst ♣❛rt
✐♥tr♦❞✉❝❡s t❤❡ t❤❡♦r② ♦❢ ♣❧❛s♠❛ ❛♥❞ t❤❡ ♣❤②s✐❝s ♦❢ t♦❦❛♠❛❦s✱ ❢♦❝✉s✐♥❣ ♦♥ t❤❡ ●❖✲
▲❊▼ t♦❦❛♠❛❦✳ ❚❤❡ ♥❡①t ♣❛rt ♣r❡s❡♥ts ❜❛s✐❝ ❞✐❛❣♥♦st✐❝s ♦❢ t❤❡ ●❖▲❊▼ t♦❦❛♠❛❦✳
❚❤❡ s❡❝♦♥❞ ♣❛rt ❝♦✈❡rs t❤❡ ♣❤②s✐❝❛❧ ♣r✐♥❝✐♣❧❡s ♦❢ ❜♦t❤ ▲❛♥❣♠✉✐r ❛♥❞ ❜❛❧❧✲♣❡♥ ♣r♦✲
❜❡s ❛♥❞ t❤❡ t❤❡♦r② ✐♠♣♦rt❛♥t ❢♦r ♣❧❛♥♥❡❞ ♠❡❛ss✉r❡♠❡♥ts✳ ❋✐♥❛❧❧②✱ t❤❡ ❞❡s❝r✐♣t✐♦♥
♦❢ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣s ♣r♦❜❡s ❛t t❤❡ ●❖▲❊▼ t♦❦❛♠❛❦ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣s
❛r❡ ❣✐✈❡♥✳ ❚❤❡ t❤✐r❞ ♣❛rt ❞❡s❝r✐❜❡s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ ❤②❞r♦❣❡♥
❛♥❞ ❤❡❧✐✉♠ ♣❧❛s♠❛s✳ ❇❛s❡❞ ♦♥ t❤❡ ❞❛t❛✱ ❜❛❧❧✲♣❡♥ ♣r♦❜❡ ❝❛❧✐❜r❛t✐♦♥ ✐s ❞❡t❡r♠✐♥❡❞
❛♥❞ ❜❛s✐❝ ♣❧❛s♠❛ ♣❛r❛♠❡t❡rs ❛r❡ ❡✈❛❧✉❛t❡❞✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ✜♥❛❧❧② ♣r❡s❡♥t❡❞ ❛♥❞
❝♦♠♣❛r❡❞ ❢♦r ❜♦t❤ ✇♦r❦✐♥❣ ❣❛s❡s✳ ❚❤❡ t❤❡s✐s ✐s ❝♦♥❝❧✉❞❡❞ ✇✐t❤ t❤❡ ♦✈❡r❛❧ ❞✐s❝✉ss✐♦♥
❛♥❞ s✉♠♠❛r② ♦❢ ❛❧❧ t❤❡ ❛❝❤✐❡✈❡❞ r❡s✉❧ts✳
❑❡② ✇♦r❞s✿ ❡❞❣❡ ♣❧❛s♠❛✱ ♣r♦❜❡ ♠❡❛s✉r❡♠❡♥t✱ ▲❛♥❣♠✉✐r ♣r♦❜❡✱ ❜❛❧❧✲♣❡♥ ♣r♦❜❡✱

✈♦❧t✲❛♠♣❡r❡ ❝❤❛r❛❝t❡r✐st✐❝✱ t♦❦❛♠❛❦ ●❖▲❊▼



❖❜s❛❤

Ú✈♦❞ ✼

✶ ❚❡♦r❡t✐❝❦ý ú✈♦❞ ✶✵
✶✳✶ P❧❛③♠❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
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❩á✈➙r ✺✹

▲✐t❡r❛t✉r❛ ✺✼

P➦í❧♦❤② ✻✵
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Ú✈♦❞

❱ ❞♥❡➨♥í♠ s✈➙t➙ s✐ ❥✐➸ ♥❡❥s♣í➨ ♥✐❦❞♦ ♥❡❞♦❦á➸❡ ♣➦❡❞st❛✈✐t ➸✐✈♦t ❜❡③ ♣➦íst✉♣✉ ❦ ❡❧❡❦✲
tr✐❝❦é ❡♥❡r❣✐✐✳ ❆↔❦♦❧✐ ❥❡ ♣r♦ ♥ás ❡❧❡❦t➦✐♥❛ ♣r❛❦t✐❝❦② ♥❡③❜②t♥á✱ ❥❡❥í ✈ýr♦❜❛ ♣➦✐♥á➨í
➦❛❞✉ ♣♦tí➸í✳

❱ s♦✉↔❛s♥é ❞♦❜➙ s❡ ❡❧❡❦tr✐❝❦á ❡♥❡r❣✐❡ ✈②rá❜í ③ ✈❡❧❦é ↔ást✐ ✈ t❡♣❡❧♥ý❝❤ ❡❧❡❦trár♥á❝❤✱
❦t❡ré ♦✈➨❡♠ ♠❛❥í ♥í③❦♦✉ ú↔✐♥♥♦st ❛ ❥s♦✉ ✈í❝❡✱ ↔✐ ♠é♥➙ ♥❡❡❦♦❧♦❣✐❝❦é✳ ❊❧❡❦t➦✐♥❛ s❡
③ís❦á✈á ♣➦❡♠➙♥♦✉ ③ ❝❤❡♠✐❝❦é ❡♥❡r❣✐❡ ✈á③❛♥é ✈ ♣❛❧✐✈✉✱ ❦t❡rý♠ ❜ý✈á ❞♦♠✐♥❛♥t♥➙ ✉❤❧í✱
❛❧❡ t❛❦é ③❡♠♥í ♣❧②♥✱ ↔✐ r♦♣❛✳ P➦✐ tét♦ ♣➦❡♠➙♥➙ ✈③♥✐❦á ➦❛❞❛ ➨❦♦❞❧✐✈ý❝❤ ❧át❡❦✳ ❏❡❞♥í♠
③ ♣r♦❜❧é♠➲ ❥❡ ♥❛♣➦í❦❧❛❞ ♦①✐❞ ✉❤❧✐↔✐tý✱ ❦t❡rý ❥❡ ♣♦✈❛➸♦✈á♥ ③❛ ❥❡❞♥♦❤♦ ③ ♣➲✈♦❞❝➲
❣❧♦❜á❧♥í❤♦ ♦t❡♣❧♦✈á♥í✱ ❛❧❡ ✐ ❞❛❧➨í ♥❡❜❡③♣❡↔♥é ♣❧②♥②✱ ❥❛❦♦ ❥s♦✉ ♦①✐❞② sír②✱ ♥❡❜♦ ♦①✐❞②
❞✉sí❦✉✳ Ú↔✐♥♥♦st t➙❝❤t♦ ❡❧❡❦trár❡♥ s❡ ♣♦❤②❜✉❥❡ ✈ r♦③♠❡③í 30 − 40% ❬✶❪✳ ◆❛✈í❝ ❥s♦✉
✉❤❧í✱ r♦♣❛✱ ♥❡❜♦ ③❡♠♥í ♣❧②♥ ❢♦s✐❧♥í♠✐✱ t❡❞② ♥❡♦❜♥♦✈✐t❡❧♥ý♠✐ ♣❛❧✐✈② ❛ ❥❡❥✐❝❤ ③ás♦❜②
s❡ stá❧❡ ③♠❡♥➨✉❥í✳

❉á❧❡ s❡ ❡❧❡❦tr✐❝❦á ❡♥❡r❣✐❡ ✈②rá❜í ✈ ❥❛❞❡r♥ý❝❤ ❡❧❡❦trár♥á❝❤✱ ❦❞❡ t❛t♦ ✈③♥✐❦á ♣➦❡♠➙♥♦✉
✈❛③❡❜♥é ❡♥❡r❣✐❡ ❥❛❞❡r t➙➸❦ý❝❤ ♣r✈❦➲ ♣➦✐ ❥❡❥✐❝❤ ➨t➙♣❡♥í✳ P❛❧✐✈❡♠ ❥❡ ③❞❡ ✈ s♦✉↔❛s♥é
❞♦❜➙ ❤❧❛✈♥➙ ♦❜♦❤❛❝❡♥ý ✉r❛♥✳ Pr♦❜❧é♠❡♠ t♦❤♦t♦ ♣♦st✉♣✉ ✈ýr♦❜② ❡❧❡❦tr✐❝❦é ❡♥❡r❣✐❡
❥❡✱ ➸❡ ♣❛❧✐✈♦ ❥❡ ♦❜tí➸♥➙ ③ís❦❛t❡❧♥é ❛ ♣♦ ❞♦❦♦♥↔❡♥í ♣r♦❝❡s✉ ❥❡ ♦❜tí➸♥é ✈②❤♦➦❡❧é ♣❛✲
❧✐✈♦ s❦❧❛❞♦✈❛t✳ Pr♦t✐ ❥❛❞❡r♥ý♠ ❡❧❡❦trár♥á♠ ❥s♦✉ ✈❡❞❡♥② s✐❧♥é ♣r♦t❡st②✱ ❛➫ ✉➸ ❦✈➲❧✐
♣r♦❜❧é♠✉ s ✉s❦❧❛❞♥➙♥í♠ ♣❛❧✐✈❛✱ ♥❡❜♦ ❦✈➲❧✐ ✈②s♦❦é ♥ár♦↔♥♦st✐ ♥❛ ❜❡③♣❡↔♥♦st✱ ❛➫ ✉➸
t❡❝❤♥♦❧♦❣✐❝❦♦✉✱ t❛❦ ✐ str❛t❡❣✐❝❦♦✉✳ ❱ ♥❡♣♦s❧❡❞♥í ➦❛❞➙ s❡ t②t♦ ❡❧❡❦trár♥② ♣♦tý❦❛❥í s
✈❡❧❦ý♠✐ ✜♥❛♥↔♥í♠✐ ♥á❦❧❛❞②✳ Ú↔✐♥♥♦st ❏❊ s❡ ♣♦❤②❜✉❥❡ ✈ r♦③♠❡③í 30− 35% ❬✶❪✳

❖❜❛ t②t♦ ③♣➲s♦❜② ✈ýr♦❜② ❡❧❡❦t➦✐♥② ♠❛❥í ❥❡❞♥♦ s♣♦❧❡↔♥é✳ ❱②✉➸í✈❛❥í ♥❡♦❜♥♦✈✐t❡❧♥ý❝❤
③❞r♦❥➲✱ ❥❡❥✐❝❤➸ ③ás♦❜② s❡ ♥❛ ♥❛➨í ♣❧❛♥❡t➙ stá❧❡ ③♠❡♥➨✉❥í ❛ ✈ ❜✉❞♦✉❝♥✉ ❞♦❥❞❡ ❦ ❥❡❥✐❝❤
ú♣❧♥é♠✉ ✈②↔❡r♣á♥í✳ ❱❡❞❧❡❥➨í♠ ♣r♦❞✉❦t❡♠ s♣❛❧♦✈á♥í ✈ t❡♣❡❧♥ý❝❤ ❡❧❡❦trár♥á❝❤ ❥s♦✉
♣❛❦ ➨❦♦❞❧✐✈é ❧át❦② ✭CO2✮✳ ◆ás❧❡❞♥➙ s❡ ♣♦tý❦á♠❡ s ♥í③❦♦✉ ú↔✐♥♥♦stí t➙❝❤t♦ ❡❧❡❦trár❡♥✳
❩ t♦❤♦ ❞➲✈♦❞✉ ❥s♦✉ t②t♦ ♣r♦❝❡s② ♣➦❡♠➙♥② ❡♥❡r❣✐❡ ③♥❛↔♥➙ ♥❡❡❢❡❦t✐✈♥í ❛ ♣r♦ ♣➦ír♦❞✉
♥❡➨❡tr♥é✳

❱ ♥❡♣♦s❧❡❞♥í ➦❛❞➙ ❥❡ ♠♦➸♥♦stí ✈ýr♦❜② ❡❧❡❦tr✐❝❦é ❡♥❡r❣✐❡ ✈②✉➸✐tí ♦❜♥♦✈✐t❡❧♥ý❝❤ ③❞r♦❥➲✳
❚➙♠✐t♦ ❥s♦✉ ✈♦❞♥í ❛ ✈➙tr♥é ❡❧❡❦trár♥②✱ ❣❡♦t❡r♠á❧♥í ❡♥❡r❣✐❡✱ ♣♦♣➦í♣❛❞➙ ❜✐♦♣❛❧✐✈❛✳
❉á❧❡ s❡ t❛❦é ✈②✉➸í✈á ❡♥❡r❣✐❡ ♣➦í❧✐✈✉ ❛ ♦❞❧✐✈✉✳ ❚②t♦ ③♣➲s♦❜② ✈ýr♦❜② ❡❧❡❦tr✐❝❦é ❡♥❡r✲
❣✐❡✱ ❛↔❦♦❧✐ ❥s♦✉ ♣r♦ ♣➦ír♦❞✉ ♣➦✐❥❛t❡❧♥➙❥➨í✱ ♥❡✉♠♦➸➡✉❥í ♣♦❦rýt ♣♦t➦❡❜② ❝❡❧é ♥❛➨í ♣♦♣✉✲
❧❛❝❡✳ ❱ ❊✈r♦♣s❦é ✉♥✐✐ ♥✐❝♠é♥➙ ♣➦❡❞st❛✈✉❥í ♦❜♥♦✈✐t❡❧♥é ③❞r♦❥❡ ✈❡❧♠✐ ❞➲❧❡➸✐t♦✉ ↔ást
③❡ ✈➨❡❝❤ ❞r✉❤➲ ✈ýr♦❜② ❡❧❡❦t➦✐♥②✳

❊①✐st✉❥❡ ✈➨❛❦ ♠♦➸♥♦st✱ ❥❛❦ s❡ ♣r♦❜❧é♠➲♠ s ♥❡♦❜♥♦✈✐t❡❧♥ý♠✐ ③❞r♦❥✐✱ ❡♠✐s❡♠✐✱ ♣♦✲
♣➦í♣❛❞➙ s ♥í③❦♦✉ ú↔✐♥♥♦stí ❡❧❡❦trár❡♥ ✈②❤♥♦✉t✳ ▼♦➸♥ý♠ ➦❡➨❡♥í♠ ❥❡ ✈②✉➸✐tí ❥❛❞❡r♥é

✼



❢ú③❡✳ ❏❡ t♦ ❥❛❞❡r♥á r❡❛❦❝❡✱ ♣➦✐ ❦t❡ré s❡ s❧✉↔✉❥í ❥á❞r❛ ❧❡❤❦ý❝❤ ❛t♦♠➲✱ ♣➦✐↔❡♠➸ ❞♦❝❤á③í
❦ ✉✈♦❧♥➙♥í ✈❡❧❦é❤♦ ♠♥♦➸st✈í ❡♥❡r❣✐❡✳ ❚❡♥t♦ ♣r♦❝❡s ❥❡ ③á❦❧❛❞❡♠ ♥❛➨❡❤♦ ❱❡s♠ír✉✱ ❥❡✲
❧✐❦♦➸ ❥❡ ③❞r♦❥❡♠ ❡♥❡r❣✐❡✱ ❜❡③ ❦t❡ré ❜②❝❤♦♠ ♥❛ ♥❛➨í ♣❧❛♥❡t➙ ♥❡♠♦❤❧✐ ➸ít✳ P➦í❦❧❛❞❡♠
✈ ♣♦③❡♠s❦ý❝❤ ♣♦❞♠í♥❦á❝❤ ♥❡❥❞♦s❛➸✐t❡❧♥➙❥➨í r❡❛❦❝❡ ❥❡ ❬✶✹❪

2D + 3T = 4He(3.5 MeV) + n(14.1 MeV),

❜➙❤❡♠ ❦t❡ré s❡ ✉✈♦❧♥í ✶✼✳✻ ▼❡❱ ❡♥❡r❣✐❡✳

P➦✐ ✈②s♦❦é♠ t❧❛❦✉ ❛ t❡♣❧♦tá❝❤ ♣r♦❜í❤❛❥í ❢ú③♥í r❡❛❦❝❡ ✈ ❥á❞r❡❝❤ ❤✈➙③❞ ✭♥❛♣➦í❦❧❛❞
♣r♦t♦♥✲♣r♦t♦♥♦✈ý ❝②❦❧✉s✮✳ ❚❛❦♦✈ét♦ ♣♦❞♠í♥❦②✱ ❦❞② s❡ ❤♠♦t❛ ♥❛❝❤á③í ✈❡ ↔t✈rté♠
s❦✉♣❡♥st✈í ✲ ✈ ♣❧❛③♠❛t✐❝❦é♠ st❛✈✉✱ ❥s♦✉ ♥✉t♥é ♣r♦ ♣➦❡❦♦♥á♥í t❛❦③✈❛♥é ❈♦✉❧♦♠❜♦✈s❦é
❜❛r✐ér② ✱ ❦t❡rá ❜rá♥í s❧♦✉↔❡♥í ❦❧❛❞♥➙ ♥❛❜✐tý❝❤ ❛t♦♠♦✈ý❝❤ ❥❛❞❡r ❞♦ t➙➸➨í❝❤ ❝❡❧❦➲✳
❯❦❛③✉❥❡ s❡ ♦✈➨❡♠✱ ➸❡ ③✈❧á❞♥✉tí ❢ú③❡ ♥❛ ③❡♠✐ ❥❡ ✈❡❧♠✐ ❦♦♠♣❧✐❦♦✈❛♥é✳ ❏❡ t♦t✐➸ ♥✉t♥é
♣❧❛③♠❛ ✉❞r➸❡t ❞♦st❛t❡↔♥➙ ❞❧♦✉❤♦✉ ❞♦❜✉✳ ◆❡s♣♦r♥♦✉ ✈ý❤♦❞♦✉ ❥❡✱ ➸❡ ③ís❦❛t ♣❛❧✐✈♦ ❥❡
♣♦♠➙r♥➙ s♥❛❞♥é ❛ ♥❛ r♦③❞í❧ ♦❞ ➨t➙♣♥ý❝❤ ❡❧❡❦trár❡♥ ❥❡ ❢ú③♥í ③❞r♦❥ ❡♥❡r❣✐❡ ❜❡③♣❡↔♥➙❥➨í
❛ ♦❞♣❛❞ ✈②✉➸✐t❡❧♥ý✳ ❏❛❦♦ ♣❛❧✐✈♦ ❜② s❡ ✈ ♣r✈♥í ❢á③✐ ♣♦✉➸í✈❛❧♦ ❞❡✉t❡r✐✉♠ 2D ❛ tr✐t✐✉♠
3T ✳ ❩ás♦❜② ❞❡✉t❡r✐❛ ❥s♦✉ ♥❛ ♥❛➨í ♣❧❛♥❡t➙ ✈❡❧❦é✱ ❞í❦② ↔❡♠✉➸ ❜②❝❤♦♠ ③ís❦❛❧✐ t❛❦➦❦❛
♥❡♦♠❡③❡♥ý ③❞r♦❥ ❡♥❡r❣✐❡✳ ❚r✐t✐✉♠ ❥❡ ♦✈➨❡♠ t➦❡❜❛ ✈②rá❜➙t ❥❛❞❡r♥♦✉ r❡❛❦❝í ③ ❧✐t❤✐❛✳

❯❦❛③✉❥❡ s❡ ♦✈➨❡♠✱ ➸❡ ③✈❧á❞♥✉tí ❢ú③❡ ♥❛ ❩❡♠✐ ❥❡ ✈❡❧♠✐ ❦♦♠♣❧✐❦♦✈❛♥é✳ P❧❛③♠❛ ❥❡ t♦t✐➸
♥✉t♥é ♣➦✐ ✈②s♦❦ý❝❤ t❡♣❧♦tá❝❤ ✉❞r➸❡t ❞♦st❛t❡↔♥➙ ❞❧♦✉❤♦✉ ❞♦❜✉✳ ❩❛➦í③❡♥í♠ ♣r♦ ♠❛❣✲
♥❡t✐❝❦é ✉❞r➸❡♥í ♣❧❛③♠❛t✉✱ ❦t❡ré ❥❡ ✈ s♦✉↔❛s♥♦st✐ ♥❡❥✈í❝❡ ♣♦✉➸í✈❛♥é✱ s❡ ♥❛③ý✈á t♦❦❛✲
♠❛❦✳ ❏❡❤♦ ❦♦♥str✉❦❝❡ ❥❡ ♥❛ r♦③❞í❧ ♦❞ ❥✐♥ý❝❤ ③❛➦í③❡♥í ♣r♦ ♠❛❣♥❡t✐❝❦é ✉❞r➸❡♥í ♣♦♠➙r♥➙
❥❡❞♥♦❞✉❝❤á✳ ❩❞❡ ❥❡ ♥✉t♥♦ ③❛ ♣♦♠♦❝✐ ♠❛❣♥❡t✐❝❦ý❝❤ ♣♦❧í ✉❞r➸❡t ♣❧❛③♠❛ ❞♦st❛t❡↔♥➙
❞❧♦✉❤♦✉ ❞♦❜✉ ✈ t❛❦♦✈é ♣♦❧♦③❡✱ ❛❜② s❡ ♥❡❞♦tý❦❛❧♦ st➙♥ ❦♦♠♦r②✱ ❦✈➲❧✐ ↔❡♠✉➸ ❜② s❡
♦❝❤❧❛③♦✈❛❧♦ ❛ ♣➦í♣❛❞♥➙ ♣♦➨❦♦③♦✈❛❧♦ ❦♦♠♦r✉✳ ❉á❧❡ ♠✉sí♠❡ ♣❧❛③♠❛ ③ ✈♥➙❥➨❦✉ ③❛❤➦í✈❛t✱
♥❛♣➦í❦❧❛❞ ♦❤♠✐❝❦②✱ ♥❡❜♦ ♣♦♠♦❝í ♠✐❦r♦✈❧♥ ↔✐ ✈st➦✐❦♦✈á♥í♠ ♥❡✉trá❧♥í❝❤ s✈❛③❦➲✳

❉í❦② ✈ý③❦✉♠✉ t❡r♠♦❥❛❞❡r♥é ❢ú③❡ ❞♦s❛❤✉❥❡♠❡ stá❧❡ ✈➙t➨í❝❤ t❡♣❧♦t ❛ stá❧❡ ❞❡❧➨í❝❤ ❞♦❜
✉❞r➸❡♥í✱ ❝♦➸ ❥s♦✉ ❤♦❞♥♦t② ❞➲❧❡➸✐té ♣r♦ s♣❧♥➙♥í t❛❦③✈❛♥é❤♦ ▲❛✇s♦♥♦✈❛ ❦r✐tér✐❛ ❬✷❪✱
❦t❡ré s♣❡❝✐✜❦✉❥❡ ♣♦❞♠í♥❦② ♥✉t♥é ♣r♦ ❞♦s❛➸❡♥í t❡r♠♦❥❛❞❡r♥é ❢ú③❡ s ❡♥❡r❣❡t✐❝❦ý♠
③✐s❦❡♠✳ Pr♦ ✈ýr♦❜✉ ❡♥❡r❣✐❡ ♣r♦st➦❡❞♥✐❝t✈í♠ t❡r♠♦❥❛❞❡r♥é ❢ú③❡ ❥❡ ♥❛❞á❧❡ ❞➲❧❡➸✐tý
❢❛❦t♦r Q✱ ❦t❡rý ✈②❥❛❞➦✉❥❡ ♣♦♠➙r ♠❡③✐ ✈ý❦♦♥❡♠ ③ís❦❛♥ý♠ ❢ú③í ❛ ✈ý❦♦♥❡♠ ✈♥➙❥➨í❤♦
♦❤➦❡✈✉✳ ❉➲❧❡➸✐t♦✉ ❤♦❞♥♦t♦✉ ❥❡ Q = 1✱ ↔❡♠✉➸ s❡ ➦í❦á ❜r❡❛❦❡✈❡♥✱ t❡❞② ♠♦♠❡♥t✱ ❦❞② ❥❡
✈ý❦♦♥ ❢ú③♥í❝❤ r❡❛❦❝í ✈➙t➨í✱ ♥❡➸ ✈ý❦♦♥ ✈♥➙❥➨í❤♦ ♦❤➦❡✈✉✳ ❱ s♦✉↔❛s♥é ❞♦❜➙ ❥❡ ♥❡❥✈➙t➨í♠
t♦❦❛♠❛❦❡♠ s♣♦❥❡♥ý ❡✈r♦♣s❦ý t♦❦❛♠❛❦ ❏❊❚ ✭❏♦✐♥t ❊✉r♦♣❡❛♥ ❚♦r✉s✮✱ ❦t❡rý ✈③♥✐❦❧
❥✐➸ r♦❦✉ ✶✾✽✹✳ ❚❡♥ ❞♦s❛❤✉❥❡ ❤♦❞♥♦t② Q ≈ 0.6 ❬✸❪✳ ❩ár♦✈❡➡ ❥❡ ♥②♥í st❛✈➙♥ t♦❦❛♠❛❦
♥♦✈ý✱ s♣♦❥❡♥ý s✈➙t♦✈ý ♣r♦❥❡❦t ■❚❊❘ ✭■♥t❡r♥❛t✐♦♥❛❧ ❚❤❡r♠♦♥✉❝❧❡❛r ❊①♣❡r✐♠❡♥t❛❧
❘❡❛❝t♦r✮✱ ❦t❡rý ❜② ♠➙❧ ❞♦s❛❤♦✈❛t ❤♦❞♥♦t② Q ≈ 10✳

❚♦❦❛♠❛❦●❖▲❊▼✱ ♥❛ ❦t❡ré♠ ♣r♦❜í❤❛❧♦ ♥❛➨❡ ♠➙➦❡♥í ❥❡ ♠❛❧ý t♦❦❛♠❛❦✱ ✈②✉➸í✈❛♥ý ♣r✐✲
♠ár♥➙ ♣r♦ ✈③❞➙❧á✈á♥í✳ Pr♦ ♥❛➨❡ ♠➙➦❡♥í ❥❡ ●❖▲❊▼ ✈❤♦❞♥ý✱ ❞í❦② ♠♦➸♥♦st✐ ♣r♦✈á❞➙t
✈ý❜♦❥❡ ✈❡❧♠✐ r②❝❤❧❡ ③❛ s❡❜♦✉✱ ❛ t❛❦é ❞í❦② s♥❛❞♥é♠✉ ♣➦íst✉♣✉✳ ❖❜r♦✈s❦♦✉ ✈ý❤♦❞♦✉
♣r♦ ✈③❞➙❧á✈❛❝í ú↔❡❧② ❥❡ ♣❛❦ ♠♦➸♥♦st ✈③❞á❧❡♥é❤♦ ♦✈❧á❞á♥í ♣➦❡s ✇❡❜♦✈é r♦③❤r❛♥í✳ ❚❡♥t♦
t♦❦❛♠❛❦ s❡ ❞♦ r♦❦✉ ✶✾✼✻ ♥❛❝❤á③❡❧ ✈ Úst❛✈✉ ❛t♦♠♦✈é ❡♥❡r❣✐❡ ✈ ▼♦s❦✈➙✳ ◆ás❧❡❞♥➙
❜②❧ ♣➦❡❞á♥ Úst❛✈✉ ❢②③✐❦② ♣❧❛③♠❛t✉ ❆❦❛❞❡♠✐❡ ✈➙❞ ❷❡s❦é r❡♣✉❜❧✐❦②✳ ❉♦ ♣r♦✈♦③✉ ③❞❡
❜②❧ ✉✈❡❞❡♥ r♦❦✉ ✶✾✼✼ ♣♦❞ ♥á③✈❡♠ ❈❆❙❚❖❘✭❈③❡❝❤ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s ❚♦r✉s✮✳ ◆❛
❋❛❦✉❧t✉ ❥❛❞❡r♥♦✉ ❛ ❢②③✐❦á❧♥➙ ✐♥➸❡♥ýrs❦♦✉ ❜②❧ ♣➦❡✈❡③❡♥ r♦❦✉ ✷✵✵✼ ❛ ♣➦❡❥♠❡♥♦✈á♥ ♥❛

✽



●❖▲❊▼ ❬✶✷❪✳

Pr♦ ③ís❦á♥í ❧❡♣➨í ♣➦❡❞st❛✈② ♦ ♣❧❛③♠❛t✉ ❛ ❥❡❤♦ ❝❤♦✈á♥í ❥❡ ♥✉t♥é st✉❞♦✈❛t ❥❡❤♦ ✈❧❛st✲
♥♦st✐ ③❡ ✈➨❡❝❤ ú❤❧➲ ♣♦❤❧❡❞✉✳ ❱③❤❧❡❞❡♠ ❦ ♣♦❞♠í♥❦á♠✱ ③❛ ❦t❡rý❝❤ s❡ ✈②s❦②t✉❥❡✱ ❥❡❥
✈➙t➨✐♥♦✉ ♥❡♥í ♠♦➸♥é s❧❡❞♦✈❛t ♣➦í♠♦✳ ❙♣❡❝✐á❧♥➙ ❥❡ t❡❞② t➦❡❜❛ st✉❞♦✈❛t ❝❤♦✈á♥í ♦❦r❛✲
❥♦✈é❤♦ ♣❧❛③♠❛t✉✳ ❏❡❞♥♦✉ ③ ♠♦➸♥♦stí ❥❡ ✈②✉➸✐tí ❡❧❡❦tr✐❝❦ý❝❤ s♦♥❞✳ ❱❡ ✈➙t➨✐♥➙ ♣➦í✲
♣❛❞➲ ❥s♦✉ t♦ ✈♦❞✐✈é ❤r♦t②✱ ♥❛ ❦t❡ré ❞♦♣❛❞❛❥í ❡❧❡❦tr♦♥② ❛ ✐♦♥t②✱ ❦t❡ré ❥s♦✉ s♦✉↔ástí
♣❧❛③♠❛t✉✳ ❩ t♦❤♦t♦ ú❞❛❥❡ ❛ ❞í❦② ♠♦➸♥♦st✐ ❦♦♠❜✐♥♦✈á♥í ✈í❝❡ t②♣➲ s♦♥❞✱ ❥❛❦♦ ❥s♦✉
▲❛♥❣♠✉✐r♦✈❛ s♦♥❞❛✱ r❛❦❡ s♦♥❞❛✱ ❞♦✉❜❧❡ r❛❦❡ s♦♥❞❛✱ ♥❡❜♦ ❜❛❧❧✲♣❡♥ s♦♥❞❛✱ ❥❡ ♠♦➸♥é
③♠➙➦✐t ♠♥♦❤♦ ♣❛r❛♠❡tr➲ ♦❦r❛❥♦✈é❤♦ ♣❧❛③♠❛t✉✱ ❥❛❦♦ ❥❡ ♥❛♣➦í❦❧❛❞ ❡❧❡❦tr♦♥♦✈á t❡♣✲
❧♦t❛✱ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧✱ ♣♦♣➦í♣❛❞➙ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉✳ ❑❡ s♣rá✈♥é♠✉ ♣♦✉➸✐tí ❜❛❧❧✲
♣❡♥ s♦♥❞② ♣r♦ ♠➙➦❡♥í ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t②✱ ❥❡ t➦❡❜❛ ♥❡❥♣r✈❡ ♣r♦✈ést ❥❡❥í ❦❛❧✐❜r❛❝✐✱
❦t❡rá s❡ ♣r♦✈á❞í ♥❛♣➦í❦❧❛❞ ③❛ ♣♦♠♦❝✐ s♦♥❞② ▲❛♥❣♠✉✐r♦✈②✳

Pr♦ ❜✉❞♦✉❝í ✈ý③❦✉♠ t♦❦❛♠❛❦➲ ❥❡ ❞➲❧❡➸✐té ♣♦r♦③✉♠➙t ♣r♦❝❡s➲♠✱ ❦t❡ré ♣r♦❜í❤❛❥í
✈ ♦❦r❛❥♦✈é♠ ♣❧❛③♠❛t✉✳ ❙t✉❞✐❡♠ tét♦ ↔ást✐ ♣❧❛③♠❛t✉ ♣♦♠♦❝í ❡❧❡❦tr✐❝❦ý❝❤ s♦♥❞ ♥❛
t♦❦❛♠❛❦✉ ●❖▲❊▼ s❡ ③❛❜ý✈á t❛t♦ ❜❛❦❛❧á➦s❦á ♣rá❝❡✳ ❱ ♣r✈♥í ↔ást✐ ♣rá❝❡ ❜✉❞❡ ♣➦❡❞✲
st❛✈❡♥❛ t❡♦r✐❡ ♣❧❛③♠❛t✉ ❛ ❢②③✐❦❛ t♦❦❛♠❛❦➲ s❡ ③❛♠➙➦❡♥í♠ ♥❛ t♦❦❛♠❛❦ ●❖▲❊▼✳
❱ ❞r✉❤é ↔ást✐ s❡ ❜✉❞❡♠❡ ③❛❜ý✈❛t ♣♦❞r♦❜♥ý♠ ♣♦♣✐s❡♠ ❡❧❡❦tr✐❝❦ý❝❤ s♦♥❞ s❡ ③❛♠➙➦❡✲
♥í♠ ♥❛ s♦♥❞✉ ▲❛♥❣♠✉✐r♦✈✉ ❛ ❜❛❧❧✲♣❡♥ s♦♥❞✉✳ ❱ ♣♦s❧❡❞♥í ↔ást✐ ❜✉❞♦✉ ③♣r❛❝♦✈á♥❛ ❛
♣r❡③❡♥t♦✈á♥❛ ♥❛♠➙➦❡♥á ❞❛t❛✱ ♥❛↔❡➸ ❜✉❞❡ ♣r♦✈❡❞❡♥❛ ❞✐s❦✉③❡ ✈ýs❧❡❞❦➲✳

✾



❑❛♣✐t♦❧❛ ✶

❚❡♦r❡t✐❝❦ý ú✈♦❞

✶✳✶ P❧❛③♠❛

❆❜②❝❤♦♠ ♠♦❤❧✐ ✐♦♥✐③♦✈❛♥ý ♣❧②♥ ♦③♥❛↔✐t ❥❛❦♦ ♣❧❛③♠❛✱ ♠✉sí str✉↔♥➙ ➦❡↔❡♥♦ ✈②❦❛③♦✈❛t
❞✈➙ ✈❧❛st♥♦st✐ ❬✷❪✿

✶✳ ❑✈❛③✐♥❡✉tr❛❧✐t❛

✷✳ ❑♦❧❡❦t✐✈♥í ❝❤♦✈á♥í

❙❧♦✈❡♠ ❦✈❛③✐♥❡✉trá❧♥í ♠②s❧í♠❡✱ ➸❡ ❛↔❦♦❧✐ s❡ ✈ ♣❧❛③♠❛t✉ ✈②s❦②t✉❥í ❧♦❦á❧♥➙ ♦❜❧❛st✐✱
❦t❡ré ❥s♦✉ ♥❛❜✐té✱ t❛❦ ③ ❤❧❡❞✐s❦❛ ❞♦st❛t❡↔♥➙ ✈❡❧❦é❤♦ ♣♦③♦r♦✈❛♥é❤♦ ♦❜❥❡♠✉ ❥❡ ♥❡✉t✲
rá❧♥í✳

❙ tí♠t♦ ♣♦❥♠❡♠ ♣➦í♠♦ s♦✉✈✐sí ♣♦❥❡♠✱ ❦t❡rý ♥❛③ý✈á♠❡ ❉❡❜②❡♦✈❛ stí♥í❝í ❞é❧❦❛✳ P➦❡❞✲
st❛✈♠❡ s✐✱ ➸❡ ❞♦ ♣❧❛③♠❛t✉ ✈❧♦➸í♠❡ ♥❡❤②❜♥ý ♥á❜♦❥ q✳ P❛❦ ❥s♦✉ ↔ást✐❝❡ ♠❛❥í❝í st❡❥♥ý
♥á❜♦❥ ♦❞♣✉③♦✈á♥② ❛ ♥❛♦♣❛❦ ↔ást✐❝❡ s ♥á❜♦❥❡♠ ♦♣❛↔♥ý♠ ♣➦✐t❛❤♦✈á♥②✳ ❩ t♦❤♦t♦ ❞➲✲
✈♦❞✉ ❞♦❥❞❡ ❦ ♣♦❧❛r✐③❛❝✐ ♣❧❛③♠❛t✉ ❛ tí♠t♦ s❡ ❡❧❡❦tr✐❝❦é ♣♦❧❡ ✈❧♦➸❡♥é❤♦ ♥á❜♦❥❡ ♦❞✲
stí♥í✳ ❉❡❜②❡♦✈✉ ❞é❧❦✉ ♣❛❦ ♥❛③ý✈á♠❡ ✈③❞á❧❡♥♦st✱ ♥❛ ❦t❡ré ❥❡ ❡❧❡❦tr✐❝❦é ♣♦❧❡ ♦♥♦❤♦
❜♦❞♦✈é❤♦ ♥á❜♦❥❡ s♥í➸❡♥♦ ♥❛ 1/e ❥❡❤♦ ♣➲✈♦❞♥í ✈❡❧✐❦♦st✐✳ Pr♦ ❉❡❜②❡♦✈♦ stí♥➙♥í ♣❧❛tí
✈③t❛❤ ❬✷❪

λD =

√

Teǫ0K

ne2
, ✭✶✳✶✮

❦❞❡ Te ❥❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛✱ K ≈ 1.381×10−23 J.K−1 ❇♦❧t③♠❛♥♦✈❛ ❦♦♥st❛♥t❛✱ ǫ0 ≈
8.854×10−12 Fm−1 ❥❡ ♣❡r♠✐t✐✈✐t❛ ✈❛❦✉❛✱ n ❥❡ ❤✉st♦t❛ ♣❧❛③♠❛t✉ ❛ e ≈ 1.602×10−19 C
❥❡ ❡❧❡♠❡♥tár♥í ♥á❜♦❥✳

❆❜②❝❤♦♠ ♠♦❤❧✐ ♣❧❛③♠❛ ✈➲❜❡❝ ♣♦✈❛➸♦✈❛t ③❛ ❦✈❛③✐♥❡✉trá❧♥í✱ ♠✉sí ❥❡❤♦ t②♣✐❝❦ý r♦③♠➙r
L s♣❧➡♦✈❛t ♥ás❧❡❞✉❥í❝í ♣♦❞♠í♥❦✉ ❬✷❪✳

L ≫ λD. ✭✶✳✷✮

✶✵



▼❡❝❤❛♥✐s♠✉s ❉❡❜②❡♦✈❛ stí♥➙♥í ♥❛✈í❝ ♣❧❛tí ♣♦✉③❡ t❡❤❞②✱ ❥❡✲❧✐ ✈ ♥á❜♦❥♦✈é♠ ♦❜❧❛❦✉
❞♦st❛t❡↔♥ý ♣♦↔❡t ↔ást✐❝✳ P♦❦✉❞ ❜②❝❤♦♠ ✈ ♦❜❧❛st✐ ✈rst✈② ♠➙❧✐ ♣♦✉③❡ ❞✈➙ ↔ást✐❝❡✱
♥❡❜②❧ ❜② t❡♥t♦ ♣♦❥❡♠ st❛t✐st✐❝❦② ♣❧❛t♥ý✳ ▼✉sí t❡❞② ♣❧❛t✐t ♣♦❞♠í♥❦❛ ❬✷❪

ND ≫ 1, ✭✶✳✸✮

❦❞❡ ND ❥❡ ♣♦↔❡t ↔ást✐❝ ✈ ❉❡❜②❡♦✈➙ s❢é➦❡✳

❉r✉❤♦✉ ♣♦❞♠í♥❦♦✉ ❥❡ ❦♦❧❡❦t✐✈♥í ❝❤♦✈á♥í✳ ◆❛ r♦③❞í❧ ♦❞ ♥♦r♠á❧♥í❤♦ ♣❧②♥✉✱ ❦❞❡ ♥❛ s❡❜❡
↔ást✐❝❡ ♣➲s♦❜í ❥❡♥ ♥❛ ✈❡❧♠✐ ❦rát❦é ✈③❞á❧❡♥♦st✐✱ ♦❜s❛❤✉❥❡ ♣❧❛③♠❛ ♥❛❜✐té ↔ást✐❝❡✱ ❦t❡ré
♥❛ s❡❜❡ ✈③á❥❡♠♥➙ ♣➲s♦❜í ♠❛❦r♦s❦♦♣✐❝❦ý♠✐ ❡❧❡❦tr♦♠❛❣♥❡t✐❝❦ý♠✐ s✐❧❛♠✐ ❛ ♦✈❧✐✈➡✉❥í s❡
t❛❦ ♥❛ ✈❡❧❦é ✈③❞á❧❡♥♦st✐ ✭♥❛ r♦③❞í❧ ♦❞ ♠✐❦r♦s❦♦♣✐❝❦ý❝❤ ♣♦❧í✱ ❦t❡rá s❡ tý❦❛❥í ❜✐♥ár♥í❝❤
srá➸❡❦ ↔ást✐❝✮✳ Pr♦ ❦♦❧❡❦t✐✈♥í ❝❤♦✈á♥í ❥❡ ❞➲❧❡➸✐té✱ ❛❜② ❦♦❧❡❦t✐✈♥í ♣➲s♦❜❡♥í✱ ❥❡➸ ❥❡
❝❤❛r❛❦t❡r✐③♦✈á♥♦ ♣❧❛③♠♦✈♦✉ ❢r❡❦✈❡♥❝í ωp✱ ❜②❧♦ s✐❧♥➙❥➨í✱ ♥❡➸ ❥❡ ♦♥♦ ❜✐♥ár♥í ♣➲s♦❜❡♥í✱
❥❡➸ ♣♦♣✐s✉❥❡♠❡ srá➸❦♦✈♦✉ ❢r❡❦✈❡♥❝í ν✳ ▼✉sí t❡❞② ♣❧❛t✐t✱ ➸❡ ❬✷❪

ωp > ν. ✭✶✳✹✮

❙ ♣❧❛③♠❛t❡♠ s❡ ❝❡❧❦❡♠ ❜➙➸♥➙ ♣♦t❦á♠❡ ✐ ✈ ♥❛➨❡♠ ➸✐✈♦t➙ ✈ ♣♦❞♦❜➙ ❜❧❡s❦➲✱ ♣♦♣➦í♣❛❞➙
✈❡ ✈ý❜♦❥❦♦✈ý❝❤ tr✉❜✐❝í❝❤✳ ❱❡ ❱❡s♠ír✉ ❥❡ ♦✈➨❡♠ ❥❡❤♦ ③❛st♦✉♣❡♥í ✈➙t➨í✱ ❥❡❧✐❦♦➸ ❥s♦✉
❥í♠ t✈♦➦❡♥② ♥❛♣➦í❦❧❛❞ ❤✈➙③❞② ❛ ♠❡③✐❤✈➙③❞♥ý ♣r♦st♦r✳

❩á❦❧❛❞♥í♠✐ ❝❤❛r❛❦t❡r✐st✐❦❛♠✐ ♣❧❛③♠❛t✉ ❥s♦✉✿ ❤✉st♦t❛ ❡❧❡❦tr♦♥➲ ne✱ ❤✉st♦t❛ ✐♦♥t➲ ni

❛ ❥❡❥✐❝❤ t❡♣❧♦t② Te ❛ Ti✳ ❚❡♣❧♦t② ♥❛❜✐tý❝❤ ↔ást✐❝ s❡ ♦❜✈②❦❧❡ ✉✈á❞➙❥í ✈ ❡❧❡❦tr♦♥✈♦❧t❡❝❤✳
Pr♦ ❥❡❞❡♥ ❡❧❡❦tr♦♥✈♦❧t ♣❧❛tí ✈③t❛❤ ❬✷❪

1 eV = 11600 K. ✭✶✳✺✮

P♦♠➙r ❦♦♥❝❡♥tr❛❝í ✐♦♥t➲ ni ❛ ♥❡✉trá❧♥í❝❤ ↔ást✐❝ nn s❡ ♥❛③ý✈á st✉♣❡➡ ✐♦♥✐③❛❝❡✱ ♣r♦
❦t❡rý ♣❧❛tí t③✈✳ ❙❛❤♦✈❛ r♦✈♥✐❝❡ ✈❡ t✈❛r✉ ❬✷❪

ni

nn

≈ 2.4× 1021
T

3

2

ni

e−
Ui
KT , ✭✶✳✻✮

❦❞❡ Ui ✱ ③❞❡ ✈ ❥❡❞♥♦t❦á❝❤ ❏♦✉❧❡✱ ❥❡ ✐♦♥✐③❛↔♥í ❡♥❡r❣✐❡ ❞❛♥é❤♦ ♣❧②♥✉✱K ❥❡ ❇♦❧t③♠❛♥♦✈❛
❦♦♥st❛♥t❛ ❛ T t❡♣❧♦t❛ ✉❞á✈❛♥á ✈ ❦❡❧✈✐♥❡❝❤✳

❉❛❧➨í ✈❡❧♠✐ ❞➲❧❡➸✐t♦✉ ↔ástí ❥❡ s❛♠♦t♥ý ♣♦♣✐s ♣❧❛③♠❛t✉✳ ➄❡➨✐t ♣♦❤②❜♦✈é r♦✈♥✐❝❡ ♣r♦
❥❡❞♥♦t❧✐✈é ↔ást✐❝❡ ❥❡ ♣r❛❦t✐❝❦② ♥❡✉s❦✉t❡↔♥✐t❡❧♥é ❛ ③ t♦❤♦ ❞➲✈♦❞✉ ❥❡ ♥✉t♥é ✉✈❛➸♦✈❛t
st❛t✐st✐❝❦ý ♣♦♣✐s✳ Pr♦ ♥á➨ ❡①♣❡r✐♠❡♥t✱ ❥❛❦♦➸t♦ ✉ ✈➙t➨✐♥② ❡①♣❡r✐♠❡♥t➲ s ♣❧❛③♠❛t❡♠✱
s❡ ♣➦❡❞♣♦❦❧á❞á ▼❛①✇❡❧❧♦✈s❦é r♦③❞➙❧❡♥í r②❝❤❧♦stí f(u)✱ ❦t❡ré ♠á ♣r♦ ❥❡❞♥♦r♦③♠➙r♥ý
♣➦í♣❛❞ t✈❛r ❬✷❪

f(u) = Ae−
mu2

2KT , ✭✶✳✼✮

❦❞❡ f ❥❡ ♣♦↔❡t ↔ást✐❝ ✈ m3 s r②❝❤❧♦stí ♠❡③✐ u ❛ u + du✱ 1

2
mu2 ❥❡ ❦✐♥❡t✐❝❦á ❡♥❡r❣✐❡ ❛

K ❥❡ ❇♦❧t③♠❛♥♦✈❛ ❦♦♥st❛♥t❛✳

P♦❦✉❞ ❜✉❞❡♠❡ ③❦♦✉♠❛t ♣♦❤②❜② ❥❡❞♥♦t❧✐✈ý❝❤ ↔ást✐❝ ✈ ❡❧❡❦tr♦♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐✱ ❦❞②➸
♥❛ ♥➙ ♣➲s♦❜í ▲♦r❡♥t③♦✈❛ sí❧❛✱ ③❥✐stí♠❡✱ ➸❡ ↔ást✐❝❡ ❦♦♥❛❥í s❧♦➸✐té ♣♦❤②❜②✳ P♦❦✉❞ ✉✈❛✲
➸✉❥❡♠❡ ♣♦✉③❡ ❤♦♠♦❣❡♥♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ♦ ✐♥t❡♥③✐t➙ B ❛ ✈❡❧✐❦♦st✐ B✱ ❜✉❞❡ ↔ást✐❝❡

✶✶



❤♠♦t② m ❛ ♥á❜♦❥❡ q ✈②❦♦♥á✈❛t ❦r✉❤♦✈ý ♣♦❤②❜ ❦♦❧❡♠ ❥❡❤♦ s✐❧♦↔ár✱ ♥❛③ý✈❛♥ý ▲❛r✲
♠♦r♦✈❛ r♦t❛❝❡✳ P♦❧♦♠➙r tét♦ r♦t❛❝❡ ♦③♥❛↔í♠❡ rL ❛ ❥❡❤♦ ❢r❡❦✈❡♥❝✐ ωc✱ ❦t❡ré ➦í❦á♠❡
❝②❦❧♦tr♦♥♦✈á ❢r❡❦✈❡♥❝❡✳ ❩ ♣♦❤②❜♦✈ý❝❤ r♦✈♥✐❝ ❞♦st❛♥❡♠❡ ✈③t❛❤② ✶✳✽ ❬✷❪✿

rL =
mv⊥
qB

ωc =
qB

m
, ✭✶✳✽✮

❦❞❡ v⊥ ❥❡ r②❝❤❧♦st ↔ást✐❝❡ ✈ r♦✈✐♥➙ ❦♦❧♠é ♥❛B✳ P♦❦✉❞ ❥❡➨t➙ ❛♣❧✐❦✉❥❡♠❡ ♣♦❧❡ ❡❧❡❦tr✐❝❦é
E✱ ❞♦❝❤á③í stá❧❡ ❦ ❝②❦❧♦tr♦♥♦✈é r♦t❛❝✐✱ t❛ ❥❡ ❛❧❡ ♥②♥í ❥❡➨t➙ ❞♦♣r♦✈á③❡♥❛ ♣♦❤②❜❡♠
❣②r❛t❛↔♥í❤♦ st➦❡❞✉ ♦ r②❝❤❧♦st✐ vgs ✱ ❞❛♥é❤♦ r♦✈♥✐❝í

vgs =
E×B

B2
✭✶✳✾✮

P♦❦✉❞ ❥❡ ♥❛✈í❝ ♣♦❧❡ E ❦♦❧♠é ♥❛ B✱ ③❥❡❞♥♦❞✉➨í s❡ ♣➦❡❞❝❤♦③í ✈③t❛❤ ♥❛ t✈❛r

vgs =
E

B
. ✭✶✳✶✵✮

P♦❦✉❞ ♠❛❣♥❡t✐❝❦é ↔✐ ❡❧❡❦tr✐❝❦é ♣♦❧❡ ♥❡♥í ❤♦♠♦❣❡♥♥í✱ ♣♦♣➦í♣❛❞➙ s❡ ♠➙♥í s ↔❛s❡♠✱
♣♦❤②❜② ♥❛❜✐tý❝❤ ↔ást✐❝ s❡ ❥❡➨t➙ ③❦♦♠♣❧✐❦✉❥í✳ P♦❦✉❞ ✈❡③♠❡♠❡ ✈ ú✈❛❤✉ ✐ t♦✱ ➸❡ ♠❛❣✲
♥❡t✐❝❦é ✐ ❡❧❡❦tr✐❝❦é ♣♦❧❡ ❥❡ ✉r↔❡♥♦ ♣♦❤②❜❡♠ ❛ ♣♦❧♦❤♦✉ ❥❡❞♥♦t❧✐✈ý❝❤ ↔ást✐❝ s②sté♠✉✱
♣❛❦ ❞♦stá✈á♠❡ t③✈✳ s❡❧❢❦♦♥③✐st❡♥t♥í s②sté♠✱ ❦t❡rý ❥❡ ❥❡➨t➙ s❧♦➸✐t➙❥➨í✳

❉❛❧➨í ♠♦➸♥♦stí ♣♦♣✐s✉ ❥❡ t❛❦③✈❛♥á ❤②❞r♦❞②♥❛♠✐❝❦á t❡♦r✐❡✱ ❦t❡rá ♣❧❛③♠❛ ✉✈❛➸✉❥❡✱
❥❛❦♦ s♠➙s ❞✈♦✉ ✈③á❥❡♠♥➙ s❡ ♣r♦st✉♣✉❥í❝í❝❤ t❡❦✉t✐♥✱ t❡❞② ✐♦♥t♦✈é ❛ ❡❧❡❦tr♦♥♦✈é✳ Pr♦
♥❛➨❡ ♠➙➦❡♥í ♣♦st❛↔í ❦✐♥❡t✐❝❦á t❡♦r✐❡ ❛ ♥❡♥í ♥✉t♥é s❡ tí♠t♦ ♠♦❞❡❧❡♠ ③❛♦❜ír❛t ♣♦✲
❞r♦❜♥➙❥✐✳

✶✳✷ ❚♦❦❛♠❛❦②

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ú✈♦❞✉✱ ❦ ❞♦s❛➸❡♥í t❡r♠♦❥❛❞❡r♥é ❢ú③❡ ♥❛ ♥❛➨í ♣❧❛♥❡t➙ ✈❡❞❡ ✈í❝❡
❝❡st✳ ❏❡❞♥♦✉ ③ ♥✐❝❤ ❥❡ ✐♥❡r❝✐á❧♥í ✉❞r➸❡♥í✱ ❦t❡ré ♦✈➨❡♠ ♥❡♥í ♦❜s❛❤❡♠ tét♦ ♣rá❝❡✳ ❉❛❧➨í♠
③♣➲s♦❜❡♠ ❥s♦✉ ♦t❡✈➦❡♥é s②sté♠② s ♠❛❣♥❡t✐❝❦ý♠ ✉❞r➸❡♥í♠ ♣❧❛③♠❛t✉✱ ❦❛♠ s♣❛❞❛❥í
♥❛♣➦í❦❧❛❞ ♠❛❣♥❡t✐❝❦á ③r❝❛❞❧❛✳ ❱ ❞♥❡➨♥í ❞♦❜➙ ❥s♦✉ ♥❡❥✉➸í✈❛♥➙❥➨í♠✐ ❛ ♥❡❥s❧✐❜♥➙❥➨í♠✐
✉③❛✈➦❡♥é t♦r♦✐❞á❧♥í s②sté♠②✿ t♦❦❛♠❛❦② ❛ st❡❧❧❛rát♦r②✳ ❖❜s❛❤❡♠ tét♦ ♣rá❝❡ ❥❡ ♠➙➦❡♥í
♦❦r❛❥♦✈é❤♦ ♣❧❛③♠❛t✉ ♥❛ ③❛➦í③❡♥í t②♣✉ t♦❦❛♠❛❦✳

❙❧♦✈♦ t♦❦❛♠❛❦ ♣♦❝❤á③í ③ r✉➨t✐♥② ✭t♦r♦✐❞❛❧♥❛❥❛ ❦❛♠❡r❛ s ♠❛❣♥✐t♥②♠✐ ❦❛t✉➨❦❛♠✐ ❬✷❪✮✳
❱ ♣➦❡❦❧❛❞✉ ✧t♦r♦✐❞á❧♥í ❦♦♠♦r❛ s ♠❛❣♥❡t✐❝❦ý♠✐ ❝í✈❦❛♠✐✧✳ ▼②➨❧❡♥❦❛ r❡❛❧✐③❛❝❡ t❡r♠♦✲
❥❛❞❡r♥é ❢ú③❡ ✈ t♦❦❛♠❛❝í❝❤ s❡ ③r♦❞✐❧❛ ✈ t❡❤❞❡❥➨í♠ ❙♦✈➙ts❦é♠ s✈❛③✉✱ ❥✐➸ ✈ ✺✵✳ ❧❡t❡❝❤✳
❙tá❧✐ ③❛ ♥í ♣á♥♦✈é ■❣♦r ❏❡✈❣❡♥➙✈✐↔ ❚❛♠♠ ❛ ❆♥❞r❡❥ ❙❛❝❤❛r♦✈✳ ❏✐➸ r♦❦✉ ✶✾✺✻ ✈ ❑✉r↔❛✲
t♦✈➙ Úst❛✈✉ ✈ ▼♦s❦✈➙ ③❛♣♦↔❛❧❛ ❦♦♥str✉❦❝❡ ♣r✈♥í❝❤ t♦❦❛♠❛❦➲✳ ❚②t♦ ♥❡s❧② ♦③♥❛↔❡♥í
❚✲✶✱❚✲✷✳✳✳ ❱ý③♥❛♠♥ý♠ ❜②❧ ♣❛❦ ❚✲✸ ❛ ❥❡❤♦ ✈➙t➨í ✈❡r③❡ ❚✲✹✳ ❘♦❦✉ ✶✾✻✽ ❜②❧♦ ♦③♥á✲
♠❡♥♦✱ ➸❡ s❡ ♥❛ t♦❦❛♠❛❦✉ ❚✲✸ ♣♦❞❛➦✐❧♦ ❞♦sá❤♥♦✉t t❡♣❧♦t ✶ ❦❡❱✳ ❱ ✼✵✳ ❧❡t❡❝❤ s❡ ③❛↔❛❧
❜✉❞♦✈❛t ♥♦✈ý s♣♦❥❡♥ý ❡✈r♦♣s❦ý t♦❦❛♠❛❦ ❏❊❚✳ ❚❡♥ ❥❡ ✈ ♣r♦✈♦③✉ ♦❞ r♦❦✉ ✶✾✽✹ ❛➸
❞♦ s♦✉↔❛s♥♦st✐ ❬✶✺❪✳ ❘♦❦✉ ✷✵✵✼ ③❛↔❛❧❛ ✈ýst❛✈❜❛ ✈ s♦✉↔❛s♥♦st✐ ♥❡❥✈➙t➨í❤♦ t♦❦❛♠❛❦✉
❥♠é♥❡♠ ■❚❊❘✱ ♥❛ ❦t❡ré♠ s❡ ♦↔❡❦á✈á ♣r✈♥í ♣❧❛③♠❛ ❛➸ ✈ r♦❝❡ ✷✵✷✺ ❬✹❪✳ P➦❡❞♣♦❦❧á❞á
s❡✱ ➸❡ t❡r♠♦❥❛❞❡r♥é ❢ú③❡ ③ ❦❧❛❞♥ý♠ ✈ýt➙➸❦❡♠ ❡♥❡r❣✐❡ s❡ ❞♦sá❤♥❡ ✈ r♦❝❡ ✷✵✸✺✱ ❦❞②
s❡ ❥❛❦♦ ♣❛❧✐✈♦ ♣♦✉➸✐❥❡ s♠➙s ❞❡✉t❡r✐❛ ❛ tr✐t✐❛✳

✶✷



✶✳✷✳✶ P♦♣✐s ❛ ♣r✐♥❝✐♣

❚♦❦❛♠❛❦ ❥❡ ♣♦♠➙r♥➙ s❧♦➸✐té ③❛➦í③❡♥í ♣r♦ ♠❛❣♥❡t✐❝❦é ✉❞r➸❡♥í ♣❧❛③♠❛t✉✳ ❏❡❞♥á s❡ ✈
♣♦❞st❛t➙ ♦ tr❛♥s❢♦r♠át♦r✱ ❥❡❤♦➸ s❡❦✉♥❞ár♥í♠ ③á✈✐t❡♠ ❥❡ ♣rst❡♥❡❝ ♣❧❛③♠❛t✉✱ ✈ ♥➙♠➸
s❡ ❣❡♥❡r✉❥❡ ❡❧❡❦tr✐❝❦ý ♣r♦✉❞ Ip ✈ t♦r♦✐❞á❧♥í♠ s♠➙r✉✳ Prst❡♥❡❝ ♣❧❛③♠❛t✉ s❡ ✈②t✈á➦í
✈❡ ✈❛❦✉♦✈é ❦♦♠♦➦❡✱ ❦t❡rá ❥❡ ♦❜❦❧♦♣❡♥❛ ❝í✈❦❛♠✐ ❣❡♥❡r✉❥í❝í♠✐ t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é
♣♦❧❡ ✈❡❧✐❦♦st✐ Bt✱ ✈✐③✳ ♦❜rá③❡❦ ✶✳✷✳ Pr♦✉❞❡♠ Ip ❥❡ ♣❛❦ ♥ás❧❡❞♥➙ ✈②t✈á➦❡♥♦ ♣♦❧♦✐❞á❧♥í
♠❛❣♥❡t✐❝❦é ♣♦❧❡ ✈❡❧✐❦♦st✐ Bp✱ ❦t❡ré ❥❡ ♣♦t➦❡❜♥é ❦ ✈②r✉➨❡♥í B× gradB ❞r✐❢t✉ ❛ ❞r✐❢t✉
③❛❦➦✐✈❡♥í✳ ❚♦t♦ ♣♦❧♦✐❞á❧♥í ♣♦❧❡ ♠✉sí ❜ýt s❧❛❜➨í✱ ♥❡➸❧✐ t♦r♦✐❞á❧♥í Bt✳ ❙✉♣❡r♣♦③✐❝í ♦❜♦✉
t➙❝❤t♦ ♠❛❣♥❡t✐❝❦ý❝❤ ♣♦❧í ✈③♥✐❦❛❥í ♠❛❣♥❡t✐❝❦é s✐❧♦↔ár② ✈❡ t✈❛r✉ ➨r♦✉❜♦✈✐❝❡✳ ❙✐❧♦↔ár②
t♦❤♦t♦ ♣♦❧❡ s❡ ♣❛❦ ✉③❛✈ír❛❥í ✈ ❦♦♠♦➦❡✱ ↔í♠➸ s❡ ③❛❥✐➨➫✉❥❡ st❛❜✐❧✐t❛ ♣❧❛③♠❛t✐❝❦é❤♦
♣rst❡♥❝❡✳

❖❜rá③❡❦ ✶✳✶✿ ❙❝❤é♠❛tí❝❦ý ♣♦❤❧❡❞
♥❛ t♦❦❛♠❛❦ ✭♥❛❤♦➦❡✮✱ ♣r➲➦❡③ ❦♦✲
♠♦r♦✉ ✭❞♦❧❡✮✱ ✉♣r❛✈❡♥♦ ❛ ♣➦❡✲
✈③❛t♦ ③ ❬✸✵❪✳

❉í❦② s♣❡❝✐✜❝❦é ❦♦♥str✉❦❝✐ ♣♦❧♦✐❞á❧♥í❝❤ ❝í✈❡❦
❦❧❡sá t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ Bt✱ ❥❛❦♦ 1/R✱
❦❞❡ R ❥❡ r❛❞✐á❧♥í s♦✉➦❛❞♥✐❝❡ ✈③❤❧❡❞❡♠ ❦ ❤❧❛✈♥í
♦s❡✳ ❩ t♦❤♦ t❡❞② ♣❧②♥❡✱ ➸❡ ♥❛ str❛♥➙ ❦♦♠♦r②✱ ❜❧í➸❡
❝❡♥tr✉ t♦r♦✐❞á❧♥í❤♦ ♣rst❡♥❝❡✱ ❥❡ ♠❛❣♥❡t✐❝❦é ♣♦❧❡
s✐❧♥➙❥➨í✱ ♥❡➸ ❥❡ t♦♠✉ ♥❛ str❛♥➙ ✈♥➙❥➨í✳ ❙tr❛♥✉ s❡
s✐❧♥➙❥➨í♠ ♣♦❧❡♠ ♣❛❦ ③♥❛↔í♠❡ ❤✐❣❤ ✜❡❧❞ s✐❞❡✱ ♥❛✲
♦♣❛❦ str❛♥✉ s ♣♦❧❡♠ s❧❛❜➨í♠ ❧♦✇ ✜❡❧❞ s✐❞❡✳ ■♥➸❡✲
♥ýrs❦é s❝❤é♠❛ t♦❦❛♠❛❦✉ ♠➲➸❡♠❡ ✈✐❞➙t ♥❛ ♦❜✲
rá③❦✉ ✶✳✷✱ ❦❞❡ ❥s♦✉ ✈➨❡❝❤♥② ♣♦♣s❛♥é ↔ást✐ ③♦❜r❛✲
③❡♥② ❣r❛✜❝❦②✳

Pr➲➦❡③ ❦♦♠♦r② ♠➲➸❡ ♠ít r➲③♥ý t✈❛r✳ ◆❡❥❥❡❞♥♦✲
❞✉➨➨í♠ ❥❡ ❦r✉❤♦✈ý ♣r➲➦❡③✱ ♥✐❝♠é♥➙ ③ ❤❧❡❞✐s❦❛
✉❞r➸❡♥í s❡ ♥②♥í ✈ ♠♦❞❡r♥í❝❤ t♦❦❛♠❛❝í❝❤ ✈②✉➸í✈á
♣r➲➦❡③ ✈❡ t✈❛r✉ ♣ís♠❡♥❡ ❉✳ ❱ ♣➦í♣❛❞➙ ❦r✉❤♦✈é❤♦
♣r➲➦❡③✉ ❦♦♠♦r② s❡ ♣r♦ ♣♦♣✐s ③❛✈á❞í t③✈✳ ❦♦♥✲
str✉❦↔♥í ♣❛r❛♠❡tr②✳ ❚➙♠✐t♦ ❥s♦✉ ❤❧❛✈♥í ♣♦❧♦♠➙r
R0✱ ❦t❡rý ✉❞á✈á ✈③❞á❧❡♥♦st r♦t❛↔♥í ♦s② ♦❞ ♦s②
❦♦♠♦r②✳ ❱❡❞❧❡❥➨í ♣♦❧♦♠➙r r0 ♣❛❦ ✉❞á✈á ♣♦❧♦♠➙r
s❛♠♦t♥é ❦♦♠♦r②✳ Pr♦ ♥ás❧❡❞♥ý ♣♦♣✐s ❥❡ ❜➙➸♥é
③❛✈ést ❝②❧✐♥❞r✐❝❦é s♦✉➦❛❞♥✐❝❡ (R,Φ, Z) ❬✸✵❪✱ ❦❞❡
R ❥❡ r❛❞✐á❧♥í s♦✉➦❛❞♥✐❝❡ ✈③❤❧❡❞❡♠ ❦ ❤❧❛✈♥í ♦s❡✱
♣♦❞é❧ ❦t❡ré ♣r♦❝❤á③í s♦✉➦❛❞♥✐❝❡ Z✱ ❛ Φ ❥❡ t♦r♦✲
✐❞á❧♥í ú❤❡❧ ✈✐③✳ ♦❜rá③❡❦ ✶✳✶ ✭♥❛❤♦➦❡✮✳ Pr♦ ❦♦♥✲
st❛♥t♥í ❤♦❞♥♦t✉ Φ ✈②✉➸í✈á♠❡ ❧♦❦á❧♥í❤♦ ♣♦♣✐s✉ ✈ ♣♦❧ár♥í❝❤ s♦✉➦❛❞♥✐❝í❝❤ (r,Θ) ❬✸✵❪✱
❦❞❡ Θ ❥❡ ♣♦❧♦✐❞á❧♥í ú❤❡❧ ❛ r ✉❞á✈á ✈③❞á❧❡♥♦st ♦❞ st➦❡❞✉ ❦♦♠♦r②✳

Pr♦ ✈②t✈♦➦❡♥í ♣❧❛③♠❛t✉ ❥❡ ♥✉t♥é ③ ♣♦↔át❦✉ ♥❡✉trá❧♥í ♣❧②♥ ✈ ❦♦♠♦➦❡ ③✐♦♥✐③♦✈❛t✱ ♥❡✲
❜♦❧✐ ♣r♦r❛③✐t ❞♦ ♣❧❛③♠❛t✐❝❦é❤♦ st❛✈✉ ❛ ♥ás❧❡❞♥➙ ♣❛❦ ③❛❤➦át✳ ❑ t♦♠✉ s❡ ♣r✐♠ár♥➙
♣♦✉➸í✈á ❖❤♠✐❝❦ý ♦❤➦❡✈✱ ♣➦✐ ♥➙♠➸ s❡ ❞♦❞á✈á ❞♦ ♣❧❛③♠❛t✉ ✈ý❦♦♥ POH = I2pRp✱ ❦❞❡ Ip
❥❡ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱ Rp ❥❡ ♦❞♣♦r ♣❧❛③♠❛t✉✳ Pr♦ t❡♥t♦ ③♣➲s♦❜ ♣❧❛tí✱ ➸❡ ❡♥❡r❣✐❡ ♣➦❡✲
❞❛♥á ♣❧❛③♠❛t✉✱ ❥❡ ❢✉♥❦❝í ♦❞♣♦r✉ ♣❧❛③♠❛t✉ ❛ ♣r♦✉❞❡♠ ❥í♠ ♣r♦té❦❛❥í❝í♠✳ ❏❡❧✐❦♦➸ ❛❧❡
♦❞♣♦r ♣❧❛③♠❛t✉ s❡ st♦✉♣❛❥í❝í t❡♣❧♦t♦✉ ❦❧❡sá✱ ❥❛❦♦ Rp ∝ T

−
3

2

e ❬✺❪✱ ♥❡♥í ♠♦➸♥é tí♠t♦
③♣➲s♦❜❡♠ ♣❧❛③♠❛ ♦❤➦í✈❛t ✧❞♦ ♥❡❦♦♥❡↔♥❛✧✳ Pr♦t♦ ❥❡ ③❛♣♦t➦❡❜í ✈②✉➸ít ❥✐♥é ③♣➲s♦❜②

✶✸



♦❤➦❡✈✉✳ ❱②✉➸í✈á s❡ ③❡❥♠é♥❛ ✈②s♦❦♦❢r❡❦✈❡♥↔♥í❝❤ ❡❧❡❦tr♦♠❛❣♥❡t✐❝❦ý❝❤ ✈❧♥✱ ❦t❡ré ♣♦✲
❦✉❞ ♠❛❥í ✈❤♦❞♥➙ ③✈♦❧❡♥♦✉ ❢r❡❦✈❡♥❝✐ ❛ ♣♦❧❛r✐③❛❝✐✱ ♣➦❡❞á✈❛❥í s✈♦✉ ❡♥❡r❣✐✐ ♥❛❜✐tý♠ ↔ás✲
t✐❝í♠ ♣❧❛③♠❛t✉✳ P♦✉➸í✈❛❥í s❡ ③❡❥♠é♥❛ ❢r❡❦✈❡♥❝❡ ❡❧❡❦tr♦♥♦✈é ✭fECRH = 10−200 GHz✮
❛ ✐♦♥t♦✈é ✭fICRH = 10− 100 MHz✮ ❝②❦❧♦tr♦♥♦✈é r❡s♦♥❛♥❝❡✳ ❑ ❞♦❞❛t❡↔♥é♠✉ ♦❤➦❡✈✉
♣❧❛③♠❛t✉ s❡ r♦✈♥➙➸ ✈②✉➸í✈❛❥í ❡♥❡r❣❡t✐❝❦é s✈❛③❦② ♥❡✉trá❧♥í❝❤ ❛t♦♠➲✳ ❩❞❡ s❡ ❦✉♣➦í✲
❦❧❛❞✉ s✈❛③❡❦ ❞❡✉t❡r✐♦✈ý❝❤ ✐♦♥t➲ ✉r②❝❤❧í ♥❛ ✈②s♦❦é ❡♥❡r❣✐✐ ❛ ♥ás❧❡❞♥➙ s❡ ♣➦❡❞ ✈st✉♣❡♠
❞♦ ❦♦♠♦r② ③♥❡✉tr❛❧✐③✉❥❡✱ ❛❜② ♠♦❤❧ ♣r♦♥✐❦♥♦✉t ♠❛❣♥❡t✐❝❦ý♠ ♣♦❧❡♠ t♦❦❛♠❛❦✉✳ ◆❛❞✲
t❡♣❡❧♥é ♥❡✉trá❧♥í ↔ást✐❝❡ s✈❛③❦✉ ♣r♦♥✐❦❛❥í ❞♦ s❧♦✉♣❝❡ ♣❧❛③♠❛t✉✱ ❦❞❡ ❥s♦✉ srá➸❦❛♠✐
s ♥❛❜✐tý♠✐ ↔ást✐❝❡♠✐ ♣❧❛③♠❛t✉ ♦♣➙t ✐♦♥✐③♦✈á♥② ❛ ❥❡❥✐❝❤ ❦✐♥❡t✐❝❦á ❡♥❡r❣✐❡ ♣➦❡❞á♥❛
♣❧❛③♠❛t✉✳ ❉♦❞❛t❡↔♥ý ♦❤➦❡✈ ❥❡ ✈②✉➸í✈á♥ s♣í➨❡ ✉ st➦❡❞♥í❝❤ ❛ ✈❡❧❦ý❝❤ t♦❦❛♠❛❦➲✱ ❦❞❡
❥❡ ❝í❧❡♠ ③ís❦❛t ✈②s♦❦é t❡♣❧♦t②✳ Pr♦ ♠❛❧é t♦❦❛♠❛❦② s❡ ③♣r❛✈✐❞❧❛ ✈②✉➸í✈á ♣♦✉③❡ ♦❤♠✐❝✲
❦é❤♦ ♦❤➦❡✈✉✳
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❖❜rá③❡❦ ✶✳✷✿ ❩❥❡❞♥♦❞✉➨❡♥ý ♣♦❤❧❡❞ ♥❛ t♦❦❛♠❛❦ ❬✼❪

✶✳✷✳✷ ❚♦❦❛♠❛❦ ●❖▲❊▼

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦ ✈ ú✈♦❞✉✱ t♦❦❛♠❛❦ ●❖▲❊▼ s❡ ③❛➦❛③✉❥❡ ♠❡③✐ ♠❛❧é t♦❦❛♠❛❦②✳
P➲✈♦❞♥➙ ❜②❧ ✉r↔❡♥ ♣r♦ ③á❦❧❛❞♥í ✈ý③❦✉♠ ♠✐❦r♦✈❧♥♥é❤♦ ♦❤➦❡✈✉ ♣❧❛③♠❛t✉✳ ❉♦ ❦✈➙t♥❛
r♦❦✉ ✶✾✼✻ ❢✉♥❣♦✈❛❧ ✈ ▼♦s❦✈➙✱ ♥❛↔❡➸ ❜②❧ ♣➦❡❞á♥ Úst❛✈✉ ❢②③✐❦② ♣❧❛③♠❛t✉ ❛❦❛❞❡♠✐❡
✈➙❞ ❷❡s❦é r❡♣✉❜❧✐❦② ♥❛ ③á❦❧❛❞➙ s♠❧♦✉✈② ♦ s♣♦❧✉♣rá❝✐ ❛ ❞➙❧❜➙ ♣rá❝❡ ✈ ♦❜❧❛st✐ ✈②s♦✲
❦♦❢r❡❦✈❡♥↔♥í❤♦ ♦❤➦❡✈✉ ♣❧❛③♠❛t✉ ❬✶✷❪✳

▼❛①✐♠á❧♥í ❞♦s❛❤♦✈❛♥é ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ✈ ❝❡♥tr✉ s❧♦✉♣❝❡ ♣❧❛③♠❛t✉✱ ❦t❡ré s❡ ♣♦✲
❤②❜✉❥í ✈ ❤♦❞♥♦tá❝❤ Te < 100 eV✱ ♥❡✉♠♦➸➡✉❥í ✈③♥✐❦ ❢ú③♥í❝❤ r❡❛❦❝í✳ ●❖▲❊▼ t❡❞②
✈ ❞♥❡➨♥í ❞♦❜➙ ❢✉♥❣✉❥❡ ❥❛❦♦➸t♦ ✈ý✉❦♦✈é ③❛➦í③❡♥í✳ ❏❡❤♦ ♥❡s♣♦r♥♦✉ ✈ý❤♦❞♦✉ ❥❡ ♠♦➸✲
♥♦st ❥❡❤♦ ♦✈❧á❞á♥í ♣♦♠♦❝í ✈③❞á❧❡♥é❤♦ ♣➦íst✉♣✉ ✈ t③✈✳ r❡♠♦t❡ ♦♣❡r❛t✐♦♥ ♠ó❞✉✳ ❉í❦②
t♦♠✉ ❥❡ ♠♦➸♥é ♣r♦✈á❞➙t ✈ý❜♦❥ ♣r❛❦t✐❝❦② ♦❞❦✉❞❦♦❧✐✈✱ ❦❞❡ ❥❡ ❞♦st✉♣♥é ✐♥t❡r♥❡t♦✈é
♣➦✐♣♦❥❡♥í✳ ❩á❦❧❛❞♥í ♣❛r❛♠❡tr② t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥s♦✉ ♣❛❦ ✉✈❡❞❡♥② ✈ t❛❜✉❧❝❡ ✶✳✶✳

P➦❡❞ ❦❛➸❞ý♠ ❡①♣❡r✐♠❡♥t❡♠ ❥❡ ✈❡❧♠✐ ❞➲❧❡➸✐té ♦❞str❛♥✐t ♠♦❧❡❦✉❧② ♣➦í♠➙sí ✭H2O✱ O2✱
CO2✱ ✳ ✳ ✳ ✮✱ ❦t❡ré ❥s♦✉ ❛❞s♦r❜♦✈á♥② ♥❛ ✈♥✐t➦♥í st➙♥➙ ❦♦♠♦r② t♦❦❛♠❛❦✉✳ ◆❛ t♦❦❛♠❛❦✉
●❖▲❊▼ s❡ ✈②✉➸í✈❛❥í ❞✈❛ ♣♦st✉♣②✿
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❍❧❛✈♥í ♣♦❧♦♠➙r ❦♦♠♦r② R0 = 0.4 ♠
❱❡❞❧❡❥➨í ♣♦❧♦♠➙r ❦♦♠♦r② r0 = 0.1 ♠
P♦❧♦♠➙r ♣❧❛③♠❛t✉ a ≈ 0.06 ♠
❉é❧❦❛ ✈ý❜♦❥❡ τ < 25 ♠s
❚♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ Bt < 0.5 ❚
Pr♦✉❞ ♣❧❛③♠❛t❡♠ Ip < 8 ❦❆
❊❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ne ≈ 0.2− 3× 1019m−3

❚❡♣❧♦t❛ ✐♦♥t➲ Ti < 50 ❡❱
❚❡♣❧♦t❛ ❡❧❡❦tr♦♥➲ Te < 100 ❡❱
Pr❛❝♦✈♥í ♣❧②♥② H,He

❚❛❜✉❧❦❛ ✶✳✶✿ ❩á❦❧❛❞♥í ♣❛r❛♠❡tr② t♦❦❛♠❛❦✉ ●❖▲❊▼ ❬✺❪✳

✶✳ ❱②❤➦í✈á♥í ❦♦♠♦r② ♥❛ 200−220◦ C ♣♦ ❞♦❜✉ ♥➙❦♦❧✐❦❛ ❞❡sít❡❦ ♠✐♥✉t✳ P➦✐ t♦♠ s❡
♠♦❧❡❦✉❧② ♣➦í♠➙sí ❞❡s♦r❜✉❥í ③ ♣♦✈r❝❤✉ ❦♦♠♦r② ❛ ❥s♦✉ ♦❞↔❡r♣á✈á♥② ✈❛❦✉♦✈ý♠
s②sté♠❡♠✳

✷✳ ❷✐➨t➙♥í ❦♦♠♦r② ♣♦♠♦❝í ❞♦✉t♥❛✈é❤♦ ✈ý❜♦❥❡✳ ❏❡❞♥á s❡ ♦ ❦❧❛s✐❝❦ý ✈ý❜♦❥ ✈❡ ③➦❡✲
❞➙♥é♠ ♣❧②♥✉ ♣➦✐ ♣♦♠➙r♥➙ ✈②s♦❦é♠ t❧❛❦✉✱ ➦á❞♦✈➙ ∼ 10−1 Pa✱ ❜❡③ ♣♦✉➸✐tí t♦r♦✐✲
❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ Bt✱ ♣➦✐↔❡♠➸ ♥❛♣➙tí ✈ s②sté♠✉ ❜✐❛s✐♥❣♦✈á ❡❧❡❦tr♦❞❛
✲ ❦♦♠♦r❛ ❞♦s❛❤✉❥❡ ❤♦❞♥♦t② 1 kV✳ ❯❞r➸❡♥í ♣❧❛③♠❛t✉ ❥❡ t❡❞② ✈❡❧♠✐ ♥í③❦é✳ ❙t➙♥❛
✈❛❦✉♦✈é ❦♦♠♦r② ❥❡ ❜♦♠❜❛r❞♦✈á♥❛ ✈❡❧❦ý♠ ♣♦↔t❡♠ ♥❛❜✐tý❝❤ ↔ást✐❝ ✲ ✐♦♥t➲✱ ↔í♠➸
s❡ ♦❞str❛♥í ♠♦❧❡❦✉❧② ❥✐♥ý❝❤ ♣r✈❦➲ ♥❡↔✐st♦t✱ ❦t❡ré ❥s♦✉ ❛❞s♦r❜♦✈❛♥é ✈❡ st➙♥➙✳

P♦♣✐➨♠❡ ♥②♥í s❝é♥á➦ ❞♦s❛➸❡♥í ♣❧❛③♠❛t✐❝❦é❤♦ ✈ý❜♦❥❡ ❬✻❪✳ ■♥➸❡♥ýrs❦é s❝❤é♠❛ t♦❦❛✲
♠❛❦✉ ●❖▲❊▼ ❥❡ ♥❛stí♥➙♥♦ ♥❛ ♦❜rá③❦✉ ✶✳✹✳ ◆❡❥♣r✈❡ s❡ ✈②↔❡r♣á ❦♦♠♦r❛ t♦❦❛♠❛❦✉
♣♦♠♦❝í r♦t❛↔♥í ✈ý✈➙✈② ❛ ❞✈♦✉ t✉r❜♦♠♦❧❡❦✉❧ár♥í❝❤ ✈ý✈➙✈ ♥❛ t❧❛❦ ♠❡♥➨í✱ ♥❡➸ ✶ ♠P❛✳
◆ás❧❡❞♥➙ s❡ ❞♦ ❦♦♠♦r② ♥❛♣✉stí ♣r❛❝♦✈♥í ♣❧②♥ ✭✈♦❞í❦✱ ♥❡❜♦ ❤é❧✐✉♠ ♣➦❡s ❡❧❡❦tr♦♥✐❝❦②
➦í③❡♥ý ✈❡♥t✐❧✮✳ ❏❛❦♠✐❧❡ ❞♦❥❞❡ ❦ ③❛❞á♥í ❦♦♥❦rét♥í❝❤ ✈ý❜♦❥♦✈ý❝❤ ♣❛r❛♠❡tr➲✱ ③❛↔♥♦✉ s❡
♥❛❜í❥❡t ❦♦♥❞❡♥③át♦r② ✲ ③❞r♦❥❡ ❡♥❡r❣✐❡ ♣r♦ ❣❡♥❡r❛❝✐ t♦r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡
Bt ❛ ♣r♦ ❣❡♥❡r❛❝✐ ♣r♦✉❞✉ ✈ ♣r✐♠ár♥í♠ ✈✐♥✉tí tr❛♥s❢♦r♠át♦r✉✳ Pr♦ ③❛❥✐➨t➙♥í ③❛↔át❦✉
❣❡♥❡r❛❝❡ ♣❧❛③♠❛t✉ s❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ♣♦✉➸í✈á t③✈✳ ♣➦❡❞✐♦♥✐③❛❝❡✳ ❱ ❦♦♠♦➦❡ ❥❡
✉♠íst➙♥❛ ❡❧❡❦tr♦♥♦✈á tr②s❦❛✱ s❧♦➸❡♥á ③❡ ➸❤❛✈❡♥é❤♦ ✈❧á❦♥❛✱ ❦t❡ré t❡r♠♦❡♠✐sí ❡♠✐t✉❥❡
❡❧❡❦tr♦♥②✳ ❚② s❡ ✉r②❝❤❧✉❥í ♥❛ ♣♦♠➙r♥➙ ✈②s♦❦é ❡♥❡r❣✐❡ ❛ ♣➦✐ srá➸❦á❝❤ s ♠♦❧❡❦✉❧❛♠✐
♣r❛❝♦✈♥í❤♦ ♣❧②♥✉ ❣❡♥❡r✉❥í ♣♦↔át❡↔♥í ❦♦♥❝❡♥tr❛❝✐ ♥❛❜✐tý❝❤ ↔ást✐❝✳ P♦ ✈②t✈♦➦❡♥í t♦✲
r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ Bt s❡ t②t♦ ❡❧❡❦tr♦♥② ♣♦❤②❜✉❥✐ ♣♦❞é❧ ♠❛❣♥❡t✐❝❦ý❝❤
s✐❧♦↔ár✳ P♦ s❡♣♥✉tí ♣r♦✉❞✉ ❞♦ ♣r✐♠ár♥í❤♦ ✈✐♥✉tí tr❛♥s❢♦r♠át♦r✉ s❡ ❣❡♥❡r✉❥❡ t♦r♦✐✲
❞á❧♥í ❡❧❡❦tr✐❝❦é ♣♦❧❡ Et✱ ❦t❡ré ❡❧❡❦tr♦♥② ✉r②❝❤❧✉❥❡ ♥❛ ❡♥❡r❣✐❡ ✈➙t➨í✱ ♥❡➸ ❥❡ ♣♦t➦❡❜❛ ❦
✐♦♥✐③❛❝✐ ♠♦❧❡❦✉❧ ♣r❛❝♦✈♥í❤♦ ♣❧②♥✉✳ ❩❛ ❞♦❜✉ ➦á❞♦✈➙ ❞❡sít❡❦ µs s❡ ❧❛✈✐♥♦✈♦✉ ✐♦♥✐③❛❝í
✈②t✈♦➦í ✈ ❦♦♠♦➦❡ t♦❦❛♠❛❦✉ ♣rst❡♥❡❝ ♣❧♥➙ ✐♦♥✐③♦✈❛♥é❤♦ ♣❧❛③♠❛t✉✱ ❦t❡rý♠ ♣r♦té❦á
♣r♦✉❞ ♦❤➦í✈❛❥í❝í ♣❧❛③♠❛✳

❚♦t♦ ❥❡ ♠♦➸♥é ♣♦③♦r♦✈❛t ♥❛ ✐❧✉str❛↔♥í♠ ✈ý❜♦❥✐ ★✷✺✹✾✷✱ ✈✐③ ♦❜rá③❡❦ ✶✳✺✱ ♥❛ ♥➙♠➸
❥s♦✉ ③♦❜r❛③❡♥② ✈➨❡❝❤♥② ③á❦❧❛❞♥í ♣❛r❛♠❡tr② ✈ý❜♦❥❡✱ ♥❛♣➙tí ♥❛ ③á✈✐t Ul ✭❧♦♦♣ ✈♦❧t❛❣❡✮✱
♣r♦✉❞ ♣❧❛③♠❛t❡♠ Ip ✭♣❧❛s♠❛ ❝✉rr❡♥t✮✱ t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ Bt ✭t♦r♦✐❞❛❧ ♠❛❣✲
♥❡t✐❝ ✜❡❧❞✮ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ne ✭❡❧❡❝tr♦♥ ❞❡♥s✐t②✮✳ ❚♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡
♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ♥❡♥í ❜➙❤❡♠ ✈ý❜♦❥❡ ❦♦♥st❛♥t♥í✱ ❛❧❡ ♠➙♥í s❡ ❤❛r♠♦♥✐❝❦② ✈

✶✺



↔❛s❡ ❜➙❤❡♠ ✈ý❜♦❥❡✳ ❉é❧❦❛ ✈ý❜♦❥❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥❡ ✉r↔❡♥❛ ♣➦❡❞❡✈➨í♠ ♠❛✲
①✐♠á❧♥í♠ ♠❛❣♥❡t✐❝❦ý♠ t♦❦❡♠ ✈ ❥á❞r✉ tr❛♥s❢♦r♠át♦r✉ Φmax = 0.12 V.s✳ P♦ ♣➦❡❦r♦✲
↔❡♥í tét♦ ❤♦❞♥♦t② ❞♦❥❞❡ ❦ ♥❛s②❝❡♥í tr❛♥s❢♦r♠át♦r♦✈é❤♦ ❥á❞r❛✱ ❝♦➸ ③❛♠❡③í ❞❛❧➨í♠✉
♣➦❡♥♦s✉ ❡♥❡r❣✐❡ ③ ♣r✐♠ár♥í❤♦ ♦❜✈♦❞✉ tr❛♥s❢♦r♠át♦r✉ ❞♦ ♣rst❡♥❝❡ ♣❧❛③♠❛t✉✳ Pr♦➨❧ý
♠❛❣♥❡t✐❝❦ý t♦❦ tr❛♥s❢♦r♠át♦r✉ ❧③❡ ❡①♣❡r✐♠❡♥tá❧♥➙ ✉r↔✐t✱ ❥❛❦♦

Φ(tf ) =

∫ tf

0

Uldt, ✭✶✳✶✶✮

❦❞❡ tf ❥❡ ↔❛s ✈ý❜♦❥❡✳ Pr♦ ✐❧✉str❛↔♥í ✈ý❜♦❥ ★✷✺✹✾✷ ❥❡ ♥❛ ♦❜rá③❦✉ ✶✳✸ s♣♦↔t❡♥❛ ♥✉✲
♠❡r✐❝❦♦✉ ✐♥t❡❣r❛❝í ♠❛❣♥❡t✐❝❦ý t♦❦ Φ ♣r♦➨❧ý tr❛♥s❢♦r♠át♦r❡♠ ❞❧❡ r♦✈♥✐❝❡ ✶✳✶✶✳
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❖❜rá③❡❦ ✶✳✸✿ ●r❛❢ ③á✈✐s❧♦st✐ ♥❛♣➙tí ♥❛ ③á✈✐t ❛ ♠❛❣♥❡t✐❝❦é❤♦ t♦❦✉ ♥❛ ↔❛s❡ ♣r♦ ✐❧✉✲
str❛↔♥í ✈ý❜♦❥ ★✷✺✹✾✷✱ ✈✐③ ♦❜r✳ ✶✳✺✳

◆❛ ♦❜rá③❦✉ ❥s♦✉ ↔ár❦♦✈❛♥ý♠✐ ús❡↔❦❛♠✐ ✈②③♥❛↔❡♥② ③❛↔át❡❦ ❛ ❦♦♥❡❝ ✈ý❜♦❥❡ ❛ ❞á❧❡ ❥❡
③❞❡ ③♥á③♦r♥➙♥❛ ♠❛①✐♠á❧♥í ❤♦❞♥♦t❛ ♠❛❣♥❡t✐❝❦é❤♦ t♦❦✉✳ ❱ ❜♦❞➙✱ ❦❞② ❥❡ tét♦ ❤♦❞♥♦t②
❞♦s❛➸❡♥♦✱ s❦✉t❡↔♥➙ ❞♦❝❤á③í ❦ ✉❦♦♥↔❡♥í ✈ý❜♦❥❡✳

◆❡s♣♦r♥♦✉ ✈ý❤♦❞♦✉ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥❡✱ ➸❡ ❞í❦② ❥❡❤♦ ✈❧❛st♥♦st❡♠ ❥❡ ♠♦➸♥♦ ♣r♦✲
✈á❞➙t ✈ý❜♦❥❡ ✈ r②❝❤❧é♠ s❧❡❞✉ ✭❦❛➸❞é ✷ ❛➸ ✸ ♠✐♥✉t②✮✱ ❝♦➸ ♥❛ ✈➙t➨í❝❤ t♦❦❛♠❛❝í❝❤ ♥❡♥í
♠♦➸♥é✳ ◆❛♣➦í❦❧❛❞ ♥❛ t♦❦❛♠❛❦✉ ❈❖▼P❆❙❙ ❥❡ ♠♦➸♥é ♣r♦✈ést ✈ý❜♦❥ ♥❡❥r②❝❤❧❡❥✐ ♣♦
✶✺ ♠✐♥✉tá❝❤✳

❖❜rá③❡❦ ✶✳✹✿ ■♥➸❡♥ýrs❦é s❝❤é♠❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❬✼❪

✶✻



❖❜rá③❡❦ ✶✳✺✿ P➦í❦❧❛❞ ✈ý❜♦❥❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✱ ✈ý❜♦❥ ★✷✺✹✾✷ ❬✽❪

✶✳✷✳✸ ❉✐❛❣♥♦st✐❦❛

❆❜②❝❤♦♠ ♠♦❤❧✐ ♣❧❛③♠❛ ③❦♦✉♠❛t✱ ❥❡ ♥✉t♥é ♠➙➦✐t ❥❡❤♦ ✈❧❛st♥♦st✐ ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡✳
❩ t♦❤♦ ❞➲✈♦❞✉ ❥❡ t➦❡❜❛ t♦❦❛♠❛❦ ♦s❛❞✐t ❞✐❛❣♥♦st✐❝❦ý♠✐ ♣r♦st➦❡❞❦② ❬✻❪✳ ❩á❦❧❛❞♥í♠
r♦③❞➙❧❡♥í♠ ❞✐❛❣♥♦st✐❦ ❥❡ ♥❛ ♠❡t♦❞② ♣❛s✐✈♥í✱ ❦t❡ré ♣❧❛③♠❛ ♥❡♦✈❧✐✈➡✉❥í ✭❡♠✐s♥í s♣❡❦✲
tr♦s❦♦♣✐❡✱ ♠➙➦❡♥í ♠❛❣♥❡t✐❝❦ý❝❤ ♣♦❧í✱ ✳ ✳ ✳ ✮ ❛ ♠❡t♦❞② ❛❦t✐✈♥í✱ ❞♦ ♣❧❛③♠❛t✉ ③❛s❛❤✉❥í❝í
✭❡❧❡❦tr✐❝❦é s♦♥❞②✱ ❧❛s❡r♦✈á ❞✐❛❣♥♦st✐❦❛✱✳ ✳ ✳ ✮✳

❩á❦❧❛❞♥í♠ ♣❛s✐✈♥í♠ ♠➙➦❡♥í♠ ❥❡ ♠➙➦❡♥í ♠❛❣♥❡t✐❝❦ý❝❤ ♣♦❧í✳ ❚❛❦t♦ ♠➲➸❡♠❡ ③♠➙➦✐t
♣r♦✉❞ ♣❧❛③♠❛t❡♠ ❛ ❦♦♠♦r♦✉ Itot ♣♦♠♦❝í ❘♦❣♦✈s❦é❤♦ ♣ás❦✉✳ ❉á❧❡ s❡ r✉t✐♥♥➙ ♠➙➦í t♦✲
r♦✐❞á❧♥í ❡❧❡❦tr✐❝❦é ♣♦❧❡ Et ❣❡♥❡r♦✈❛♥é tr❛♥s❢♦r♠át♦r❡♠ ♣♦♠♦❝í ♥❛♣➙tí ♥❛ ③á✈✐t Ul✳
❩❞❡ ✈②✉➸✐❥❡♠❡ ❥❡❞♥♦❤♦ ③á✈✐t✉ ✈♦❞✐↔❡ ♣♦❧♦➸❡♥é❤♦ ♣♦ ♦❜✈♦❞✉ ❦♦♠♦r②✳ ❱③♦r❡❝ ♣r♦ ✈ý✲
♣♦↔❡t t♦r♦✐❞á❧♥í❤♦ ❡❧❡❦tr✐❝❦é❤♦ ♣♦❧❡ ♠á t✈❛r Et =

Ul

2πR0

✱ ❦❞❡ R0 ❥❡ r❛❞✐á❧♥í s♦✉➦❛❞♥✐❝❡
✈③❤❧❡❞❡♠ ❦ ❤❧❛✈♥í ♦s❡✳ P♦❧♦❤✉ ♣❧❛③♠❛t✉ ♣❛❦ ✉r↔✉❥❡♠❡ ♣♦✉➸✐tí♠ ▼✐r♥♦✈♦✈ý❝❤ ❝í✈❡❦✱
r♦③❧♦➸❡♥ý❝❤ ♣♦ ♦❜✈♦❞✉ ♣♦❧♦✐❞á❧♥í❤♦ ➦❡③✉ ❦♦♠♦r②✱ ❦t❡ré ♠➙➦í ♣♦❧♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é
♣♦❧❡ ✳

❚②♣✐❝❦♦✉ ❛❦t✐✈♥í ❞✐❛❣♥♦st✐❦♦✉ ❥s♦✉ ❡❧❡❦tr✐❝❦é s♦♥❞②✳ P♦♣✐s s♦♥❞♦✈ý❝❤ t❡❝❤♥✐❦ ❥❡
♣➦❡❞♠➙t❡♠ tét♦ ♣rá❝❡ ❛ ❜✉❞❡ ❞✐s❦✉t♦✈á♥ ♣♦❞r♦❜♥➙ ✈ ♥ás❧❡❞✉❥í❝í❝❤ ❦❛♣✐t♦❧á❝❤✳

✶✼



❑❛♣✐t♦❧❛ ✷

❊❧❡❦tr✐❝❦é s♦♥❞② ❛ s♦♥❞♦✈á ♠➙➦❡♥í

❚❛t♦ ❦❛♣✐t♦❧❛ s❡ ③❛❜ý✈á ♣r✐♥❝✐♣❡♠ ♠➙➦❡♥í ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ♣♦♠♦❝í s♦♥❞ ❛ ♣♦✲
♣✐s❡♠ ❥❡❞♥♦t❧✐✈ý❝❤ s♦♥❞ ♣♦✉➸✐tý❝❤ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✳

✷✳✶ ▲❛♥❣♠✉✐r♦✈❛ s♦♥❞❛

❖❜rá③❡❦ ✷✳✶✿ ❙❝❤é♠❛ ③❛♣♦❥❡♥í ▲❛♥❣♠✉✲
r♦✈② s♦♥❞②✱ ♥❛ ❦t❡r♦✉ ❥❡ ♣➦✐❧♦➸❡♥♦ ♥❛♣➙tí
✈➲↔✐ r❡❢❡r❡♥↔♥í ❡❧❡❦tr♦❞➙✱ ♣➦❡✈③❛t♦ ③ ❬✶✶❪✳

▲❛♥❣♠✉✐r♦✈❛ s♦♥❞❛ ❬✶✻❪✱ ❬✶✼❪✱ ❬✶✽❪✱ ❬✶✾❪✱ ❬✷✵❪✱
❞á❧❡ ❥❡♥ ▲P✱ ♣❛t➦✐ ♠❡③✐ ♥❡❥❥❡❞♥♦❞✉➨➨í
❞✐❛❣♥♦st✐❦✉ ♣❧❛③♠❛t✉✳ ❏❡❞♥á s❡ ♦ ✈♦✲
❞✐↔ ♦ ❝❡❧❦♦✈é ♣❧♦➨❡ S✱ ❦t❡rý ❥❡ ✈❧♦➸❡♥
❞♦ ♣❧❛③♠❛t✉✱ ❛ ♥❛ ❦t❡rý ❞♦♣❛❞❛❥í ❡❧❡❦✲
tr♦♥② ❛ ✐♦♥t②✱ ❦t❡ré s❡ ✈ t♦❦❛♠❛❦✉ ♣♦❤②✲
❜✉❥í ♣♦❞é❧ ♠❛❣♥❡t✐❝❦ý❝❤ s✐❧♦↔ár✳ ❖❜❡❝♥➙
♠➲➸❡ ♠ít s♦♥❞❛ r➲③♥é t✈❛r②✱ ♥❛♣➦í❦❧❛❞
♣❧♦❝❤ý✱ ❦✉❧♦✈ý✱ ♥❡❜♦ ✈á❧❝♦✈ý✳

Pr♦ ♠➙➦❡♥í ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ♣➦✐❦❧á✲
❞á♠❡ ♥❛ s♦♥❞✉ ♥❛♣➙tí Ulp ✈➲↔✐ r❡❢❡✲
r❡♥↔♥í ❡❧❡❦tr♦❞➙✱ ❦t❡r♦✉ ♣➦❡❞st❛✈✉❥❡ ❦♦✲
♠♦r❛ t♦❦❛♠❛❦✉✳ ❱ ③á✈✐s❧♦st✐ ♥❛ t♦♠t♦
♣➦✐❧♦➸❡♥é♠ ♥❛♣➙tí s❡ ♦❞ s♦♥❞② ③❛↔♥♦✉
♦❞♣✉③♦✈❛t ❛ ♣➦✐t❛❤♦✈❛t ♥❛❜✐té ↔ást✐❝❡
♣❧❛③♠❛t✉ ❛ ♠➙➦í♠❡ s♦♥❞♦✈ý ♣r♦✉❞ Ilp✳
❩á✈✐s❧♦st s♦♥❞♦✈é❤♦ ♣r♦✉❞✉ ♥❛ s♦♥❞♦✲
✈é♠ ♥❛♣➙tí s❡ ♥❛③ý✈á ✈♦❧t✲❛♠♣ér♦✈á
❝❤❛r❛❦t❡r✐st✐❦❛✱ ❞á❧❡ ❥❡♥ ■❱ ❝❤❛r❛❦t❡r✐s✲
t✐❦❛✳ ❩ t➙❝❤t♦ ♥ás❧❡❞♥➙ ❛♣r♦①✐♠♦✈á♥í♠
✈❤♦❞♥♦✉ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í ♠➲➸❡♠❡ ✉r✲
↔✐t ✈❡❧✐↔✐♥②✱ ❥❛❦♦ ❥❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛✱
♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧✱ ♥❡❜♦ ✐♦♥t♦✈ý ♥❛s②❝❡♥ý ♣r♦✉❞✳

✶✽



❱♦❧t❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦②

▼♦❞❡❧♦✈á ■❱ ❝❤❛r❛❦t❡r✐st✐❦❛✱ ❦❞❡ ♠➲➸❡♠❡ ♣♦③♦r♦✈❛t ✐♦♥t♦✈ý ❛ ❡❧❡❦tr♦♥♦✈ý ♥❛s②❝❡♥ý
♣r♦✉❞✱ ❥❡ ③♥á③♦r♥➙♥❛ ♥❛ ♦❜rá③❦✉ ✷✳✷✳

❖❜rá③❡❦ ✷✳✷✿ ▼♦❞❡❧♦✈á ✈♦❧t✲❛♠♣ér♦✈á ❝❤❛r❛❦t❡r✐st✐❦❛ ♣r♦ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ❬✻❪✳

P➦✐ ❞♦st❛t❡↔♥➙ ✈②s♦❦é♠ ③á♣♦r♥é♠ ♥❛♣➙tí t❡↔❡ ♥❛ s♦♥❞✉ ♣♦✉③❡ ✐♦♥t♦✈ý ♣r♦✉❞ ✭↔❡r✲
✈❡♥á ❦➦✐✈❦❛✮ ❛ ♥❛♦♣❛❦ ♣➦✐ ✈②s♦❦é♠ ❦❧❛❞♥é♠ ♥❛♣➙tí ♣♦✉③❡ ❡❧❡❦tr♦♥♦✈ý ♣r♦✉❞ ✭♠♦❞rá
❦➦✐✈❦❛✮✳ ❚② ♥❡③á✈✐sí ♥❛ ♣➦✐❧♦➸❡♥é♠ ♥❛♣➙tí ❛ ♥❛③ý✈❛❥í s❡ ✐♦♥t♦✈ý✴❡❧❡❦tr♦♥♦✈ý ♥❛s②✲
❝❡♥ý ♣r♦✉❞✳ ❇♦❞✱ ✈❡ ❦t❡ré♠ ♠➙➦í♠❡ ♥✉❧♦✈ý ♣r♦✉❞ ♥❛③ý✈á♠❡ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧✳

▼➙➦❡♥í ■❱ ❝❤❛r❛❦t❡r✐st✐❦ ❥❡ ♠♦➸♥♦ ♣r♦✈á❞➙t ♥➙❦♦❧✐❦❛ ③♣➲s♦❜②✳ ▼➲➸❡♠❡ ♥❛♣➦í❦❧❛❞ ✈
♣r➲❜➙❤✉ ❥❡❞✐♥é❤♦ ✈ý❜♦❥❡ ♣➦✐❦❧á❞❛t ↔❛s♦✈é ♣r♦♠➙♥♥é ♥❛♣➙tí ✭✈❡ t✈❛r✉ ♣✐❧②✱ ♣♦♣➦í♣❛❞➙
♣♦❞❧❡ ❢✉♥❦❝❡ s✐♥✉s✮✳ ▼② ❛❧❡ ♣r♦ ♥á➨ ❡①♣❡r✐♠❡♥t ✈②✉➸í✈á♠❡ ♣♦st✉♣✉✱ ❦t❡rý ♥❛③ý✈á♠❡
✈ýst➦❡❧ ♦❞ ✈ýst➦❡❧✉✱ ♣➦✐ ♥➙♠➸ ✈②✉➸í✈á♠❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥♦st✐ ❥❡❞♥♦t❧✐✈ý❝❤ ✈ý❜♦❥➲ ❛
❢❛❦t✉✱ ➸❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❧③❡ ❥❡❞♥♦t❧✐✈é ✈ý❜♦❥❡ ♣r♦✈á❞➙t ❦❛➸❞é ✷ ❛➸ ✸ ♠✐♥✉t②✳
▼➲➸❡♠❡ t❡❞② ♣r♦ ❦❛➸❞ý ✈ý❜♦❥ ♠➙♥✐t ♣➦✐❧♦➸❡♥é ♥❛♣➙tí✱ ↔í♠➸ ♣r♦♠➙➦í♠❡ ❝❡❧♦✉ ■❱
❝❤❛r❛❦t❡r✐st✐❦✉✳

◆②♥í ❥✐➸ ✈②t✈♦➦❡♥♦✉ ✈♦❧t✲❛♠♣ér♦✈♦✉ ❝❤❛r❛❦t❡r✐st✐❦✉ ❛♣r♦①✐♠✉❥❡♠❡ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í
✭✈ ❧✐t❡r❛t✉➦❡ ♦❜✈②❦❧❡ ♥❛③ý✈❛♥♦✉ t➦í ♣❛r❛♠❡tr♦✈ý ✜t✮✱ ❦t❡rá ♠á t✈❛r ❬✷✶❪✱ ❬✶✶❪✿

Ilp = I+sat(1− exp
Ulp − U lp

fl

Te

), ✭✷✳✶✮

❦❞❡ I+sat ❥❡ ✐♦♥t♦✈ý ♥❛s②❝❡♥ý ♣r♦✉❞✱ Ulp ❥❡ ♣➦✐❧♦➸❡♥é ♥❛♣➙tí ♥❛ ▲❛♥❣♠✉✐r♦✈➙ s♦♥❞➙✱ U lp
fl

❥❡ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ ❛ Te ❥❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛✳ ❩ ❡①♣❡r✐♠❡♥tá❧♥➙ ♠➙➦❡♥ý❝❤ ✈❡❧✐↔✐♥
Ulp ❛ Ilp ✉r↔í♠❡ t❡❞② ♣♦♠♦❝í tét♦ ❛♣r♦①✐♠❛❝❡ t➦✐ ❞➲❧❡➸✐té ♣❛r❛♠❡tr② ♣❧❛③♠❛t✉✿ I+sat✱
U lp
fl ❛ Te ✳

✶✾



■♦♥t♦✈ý ❛ ❡❧❡❦tr♦♥♦✈ý ♥❛s②❝❡♥ý ♣r♦✉❞

P♦❦✉❞ ♥❛ s♦♥❞✉ ♣➦✐♣♦❥í♠❡ ❞♦st❛t❡↔♥➙ ✈②s♦❦é ③á♣♦r♥é ♥❛♣➙tí✱ ❦t❡ré s♣❧➡✉❥❡ ♣♦❞✲
♠í♥❦✉ Ulp ≪ Ufl✱ ❞♦♣❛❞á ♥❛ s♦♥❞✉ ♣♦✉③❡ ✐♦♥t♦✈ý ♥❛s②❝❡♥ý ♣r♦✉❞ ❬✶✶❪✱ ③♥❛↔í♠❡
I+sat✳ ❚❡♥ ❥❡ ♣♦❞❧❡ ❦❧❛s✐❝❦é ▲❛♥❣♠✉✐r♦✈② t❡♦r✐❡ r♦✈❡♥✿

I+sat = Aenics, ✭✷✳✷✮

❦❞❡ A ❥❡ ♣❧♦❝❤❛ s♦♥❞②✱ e ❥❡ ❡❧❡♠❡♥tár♥í ♥á❜♦❥✱ ni ❥❡ ❤✉st♦t❛ ✐♦♥t➲ ❛ cs ❥❡ ✐♦♥t♦③✈✉❦♦✈á
r②❝❤❧♦st✱ ❦t❡rá ❥❡ r♦✈♥❛✿

cs =

√

2Te

Mi

, ✭✷✳✸✮

❦❞❡ Mi ❥❡ ❤♠♦t♥♦st ✐♦♥t➲✳

P♦❦✉❞ ❜②❝❤♦♠ ♣♦st✉♣♦✈❛❧✐ ♦❜rá❝❡♥➙ ❛ ♥❛ s♦♥❞✉ ♣➦✐♣♦❥✐❧✐ ❞♦st❛t❡↔♥➙ ✈❡❧❦é ❦❧❛❞♥é
♥❛♣➙tí✱ ❦t❡ré s♣❧➡✉❥❡ ♦❜❞♦❜♥♦✉ ♣♦❞♠í♥❦✉✱ ❥❛❦♦ ✈ ♣➦í♣❛❞➙ ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦
♣r♦✉❞✉✱ ♠➙➦✐❧✐ ❜②❝❤♦♠ t❛❦③✈❛♥ý ❡❧❡❦tr♦♥♦✈ý ♥❛s②❝❡♥ý ♣r♦✉❞✱ ③♥❛↔í♠❡ I−sat✳ ❚❡♥t♦
♣r♦✉❞ s❡ ♣r♦ ♠➙➦❡♥í ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ✈ t♦❦❛♠❛❝í❝❤ ♦❜✈②❦❧❡ ♥❡✈②✉➸í✈á✱ ♥❡❜♦➫ s❡
③❛ t➙❝❤t♦ ♣♦❞♠í♥❡❦ s♦♥❞❛ ♦❤➦í✈á ❛ ♠➲➸❡ ❞♦❥ít ❦ ❥❡❥í♠✉ ♣♦➨❦♦③❡♥í✳

Pr♦ ús♣➙➨♥é ♠➙➦❡♥í ❥❡ t❡❞② ③❛♣♦t➦❡❜í s♣❧♥✐t ♣♦❞♠í♥❦✉ Ulp ≪ Ufl✳ ❑❞②❜② t❛t♦ ♣♦❞✲
♠í♥❦❛ s♣❧♥➙♥❛ ♥❡❜②❧❛✱ ✈➙t❡✈ ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ ❜② s❡ ♥❡♣♦③♦r♦✈❛❧❛ ❛
♥❡❜②❧♦ ❜② t✉❞í➸ ♠♦➸♥é ♣r♦✈ést ❛♣r♦①✐♠❛❝✐ ■❱ ❝❤❛r❛❦t❡r✐st✐❦✳

P❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ Ufl ❛ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ

❑❞②➸ ➦í❦á♠❡✱ ➸❡ ❥❡ ▲❛♥❣♠✉✐r♦✈❛ s♦♥❞❛ ♣❧♦✈♦✉❝í✱ ♠②s❧í♠❡ tí♠✱ ➸❡ ❥❡ ❡❧❡❦tr✐❝❦② ✐③♦✲
❧♦✈á♥❛ ♦❞ r❡❢❡r❡♥↔♥í ❡❧❡❦tr♦❞②✳ ❏❡❧✐❦♦➸ ✈ ♣❧❛③♠❛t✉ ♠❛❥í ❡❧❡❦tr♦♥② ✈②➨➨í t❡♣❡❧♥♦✉
r②❝❤❧♦st✱ ❞♦♣❛❞á ❥✐❝❤ ♥❛ ♣♦✈r❝❤ s♦♥❞② ✈í❝❡✱ ♥❡➸❧✐ ♣♦♠❛❧❡❥➨í❝❤ ✐♦♥t➲✳ P♦❦✉❞ ❥❡ t❡❞②
s♦♥❞❛ ❡❧❡❦tr✐❝❦② ✐③♦❧♦✈❛♥á✱ ♥❛❜✐❥❡ s❡ ♥❛ ③á♣♦r♥ý ♣♦t❡♥❝✐á❧✳ P♦❦✉❞ ♥❛ s♦♥❞✉ ♣➦✐♣♦✲
❥í♠❡ t❛❦♦✈é ♥❛♣➙tí✱ ➸❡ ❞♦❥❞❡ ❦ r♦✈♥♦✈á③❡✱ t❡❞② ♥❛ s♦♥❞✉ ❞♦♣❛❞á st❡❥♥➙ ❡❧❡❦tr♦♥➲✱
❥❛❦♦ ✐♦♥t➲✱ ➦í❦á♠❡ t♦♠✉t♦ ♥❛♣➙tí ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ Ufl ❬✶✶❪✳ ❙♦♥❞❛ ✈ t❡♥t♦ ♠♦♠❡♥t
♦❞♣✉③✉❥❡ ❞♦st❛t❡↔♥é ♠♥♦➸st✈í ❡❧❡❦tr♦♥➲ ♥❛ t♦✱ ❛❜② tét♦ r♦✈♥♦✈á❤② ♠♦❤❧♦ ❜ýt ❞♦✲
s❛➸❡♥♦✳ ◆❛ ♦❜rá③❦✉ ✷✳✷ ♣♦③♦r✉❥❡♠❡ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ ✈ ♠íst➙✱ ❦❞❡ ❝❡❧❦♦✈ý ♣r♦✉❞
♠➙➦❡♥ý ✈ ♥❛➨❡♠ ♣➦í♣❛❞➙ ▲❛♥❣♠✉✐r♦✈♦✉ s♦♥❞♦✉ ❥❡ r♦✈❡♥ ✵✳ Pr♦ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧
♥ás❧❡❞♥➙ ♣❧❛tí ♥ás❧❡❞✉❥í❝í ✈③t❛❤ ❬✷✻❪

Ufl = Φ− αTe, ✭✷✳✹✮

❦❞❡ Φ ❥❡ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ ❛ ♣r♦ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t✉ α ▲❛♥❣♠✉✐r♦✈② s♦♥❞② ♣❧❛tí✿

α = ln|
I−sat
I+sat

|. ✭✷✳✺✮

❩♥❛❧♦st ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ③♠➙➦❡♥á tí♠t♦ ♣♦st✉♣❡♠ ❥❡ ♠✐♠♦ ❥✐♥é ♣♦✉➸✐t❛ ♣r♦
✈❡r✐✜❦❛❝✐ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② s♣♦↔t❡♥é ♣♦♠♦❝í ■❱ ❝❤❛r❛❦t❡r✐st✐❦✳ P♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉

✷✵



Φ ❥❡ ❜♦❞✱ ♣➦✐ ❦t❡ré♠ ♥❛ s♦♥❞✉ ✈♥♦➦❡♥♦✉ ❞♦ ♣❧❛③♠❛t✉ ♣➦✐❧♦➸í♠❡ t❛❦♦✈é ♥❛♣➙tí✱ ❛❜②
✈②♠✐③❡❧❛ ❉❡❜②❡♦✈❛ stí♥í❝í ✈rst✈❛ ❬✶✶❪✳

P➦✐ ❦♦♥str✉❦❝✐ ■❱ ❝❤❛r❛❦t❡r✐st✐❦ s❡ ↔❛st♦ ✈②s❦②t✉❥í ♣r♦❜❧é♠②✱ ❦t❡rý♠ ❥❡ ♣➦✐ s♥❛③❡
❞♦❝í❧✐t ❝♦ ♥❡❥♣➦❡s♥➙❥➨í❝❤ ✈ýs❧❡❞❦➲ ♥✉t♥é ♣➦❡❞❝❤á③❡t✿

✶✳ ◆❛♣➙tí ♣➦✐❧♦➸❡♥é ♥❛ ▲P s♦♥❞✉ ♥❡♥í ❞♦st❛t❡↔♥➙ ③á♣♦r♥é✱ ❦✈➲❧✐ t♦♠✉ ♥❡❞♦s❛❤✉✲
❥❡♠❡ ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ ❛ ♣r♦ ❛♣r♦①✐♠❛❝✐ t❛❦ ♥❡♥í s♣❧♥➙♥ ③á❦❧❛❞♥í
♣➦❡❞♣♦❦❧❛❞✳ ❉➲s❧❡❞❦❡♠ ♣➦❡❞❡✈➨í♠ ❥❡✱ ➸❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛✱ ③ís❦❛♥á ③ ❛♣r♦✲
①✐♠❛❝❡✱ ✈②❝❤á③í ✈❡❧♠✐ ✈②s♦❦á✳ Pr♦t♦ ❥❡ ♥✉t♥é ✈➸❞② s♣rá✈♥➙ ✈♦❧✐t ♥❛♣➙tí ♥❛
▲P✱ ♦♣t✐♠á❧♥í ❤♦❞♥♦t❛ ♣r♦ t❡♥t♦ ❡①♣❡r✐♠❡♥t s❡ ✉❦❛③✉❥❡ ♠❡♥➨í ♥❡➸ −100 V ✱
♣♦♣➦í♣❛❞➙ ❥❡➨t➙ ③á♣♦r♥➙❥➨í✳

✷✳ ◆❡❞♦st❛t❡❦ ❜♦❞➲ ✈ ♦❦♦❧í ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ③♣➲s♦❜í✱ ➸❡ ❥❡ ❛♣r♦①✐♠❛❝í ❤➲➦❡
✉r↔❡♥❛✳ ❩ t♦❤♦ ❞➲✈♦❞✉ ❥❡ ❞➲❧❡➸✐té ✈ ♦❞❤❛❞♦✈❛♥é♠ ♦❦♦❧í ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉
③❥❡♠♥✐t r♦③❞í❧② ✈ ♥❛♣➙tí ❦❧❛❞❡♥é♠ ♥❛ ▲P✳

✸✳ P➦✐ ❛♣r♦①✐♠❛❝✐ ③❛ ♣♦✉➸✐tí r♦✈♥✐❝❡ ✷✳✶ ❥❡ ♥✉t♥é ❜rát ✈ ú✈❛❤✉ ❜♦❞② ❞♦ ❤♦❞♥♦t
Ulp ♠❛①✐♠á❧♥➙ ✈ ♦❦♦❧í ♥✉❧②✳ P♦✉③❡ ♣r♦ t②t♦ ❤♦❞♥♦t② ❥s♦✉ s♣❧♥➙♥② ♣➦❡❞♣♦❦❧❛❞②
♣r♦ ❛♣r♦①✐♠❛❝✐✳ P♦❦✉❞ ❜②❝❤♦♠ ❝❤t➙❧✐ ♣♦✉➸ít ✐ ❜♦❞② ❦❧❛❞♥é❤♦ ♥❛♣➙tí✱ ♠✉s❡❧✐
❜②❝❤♦♠ ♣r♦ ❛♣r♦①✐♠❛❝✐ ♣♦✉➸ít r♦✈♥✐❝✐ ③❛❤r♥✉❥í❝í ✐ ✈➙t❡✈ ❡❧❡❦tr♦♥♦✈é❤♦ ♥❛s②✲
❝❡♥é❤♦ ♣r♦✉❞✉✳

✹✳ ❉❛❧➨í♠ ♦♠❡③❡♥í♠ ♥❛ ✈ý❜➙r ❜♦❞➲ ♣r♦ ❛♣r♦①✐♠❛❝✐ ❥❡✱ ➸❡ s❡ s♥❛➸í♠❡ ✈②❜ír❛t
t❛❦♦✈é ❜♦❞②✱ ❦t❡ré ❥s♦✉ ♠❛①✐♠á❧♥➙ ✷① ❛➸ ✸① ♥ás♦❜❦② ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦
♣r♦✉❞✉✳

✺✳ Pr♦ ❧❡♣➨í ③♣r❛❝♦✈á♥í ❥❡ ✈❤♦❞♥é ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ♥♦r♠♦✈❛t✳

■ ❦❞②➸ ❥s♦✉ ♣r♦ ③♣r❛❝♦✈á♥í ■❱ ❝❤❛r❛❦t❡r✐st✐❦ ♣➦❡❞❝❤♦③í ❜♦❞② s♣❧♥➙♥②✱ ↔❛st♦ ♠➲➸❡
❞♦❝❤á③❡t ❦ ♣r♦❜❧é♠➲♠ ✈ ♥➙❦t❡rý❝❤ ③ ↔❛s♦✈ý❝❤ ✐♥t❡r✈❛❧➲✳ ❚♦ ❥❡ ③ ♥❡❥✈➙t➨í ↔ást✐ ③♣➲✲
s♦❜❡♥♦ ❦✈❛❧✐t♦✉ ✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉✳ ❙♥❛❤♦✉ t❡❞② ❥❡ ③ís❦❛t r❡♣r♦❞✉❦♦✈❛t❡❧♥é ✈ý❜♦❥❡✱
♦❜s❛❤✉❥í❝í ❝♦ ♥❡❥♠❡♥➨í ♣♦↔❡t ♥❡st❛❜✐❧✐t✳ P♦❦✉❞ s❡ ✈ ♥➙❦t❡ré♠ ③ ✈ý❜♦❥➲ ✈②s❦②t✉❥❡
✈❡❧❦á ♥❡st❛❜✐❧✐t❛✱ ♥❡♥í ♠♦➸♥é ♣r♦✈ést ❛♣r♦①✐♠❛❝✐ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í ✈ ♣➦ís❧✉➨♥é♠
↔❛s♦✈é♠ ✐♥t❡r✈❛❧✉ ❛ ③ t♦❤♦ ❞➲✈♦❞✉ ③❞❡ ♥❡❧③❡ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t✉ α s♣♦↔ít❛t✳ Pr♦t♦
❥s♦✉ ✈❡➨❦❡ré ♦❜rá③❦② ↔❛s♦✈ý❝❤ ✈ý✈♦❥➲ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ♦♣❛t➦❡♥② ❝❤②❜♦✈ý♠✐
ús❡↔❦❛♠✐✱ ③ ❦t❡rý❝❤ ❧③❡ s♥❛❞♥♦ ✈②♣♦③♦r♦✈❛t✱ ③❞❛✲❧✐ ❛ ✈❡ ❦t❡rý❝❤ ↔❛s♦✈ý❝❤ ✐♥t❡r✈❛❧❡❝❤
❜②❧② ✈ý❜♦❥❡ ❞♦❜➦❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥é ❛ ❦❞❡ s❡ ♥❡✈②s❦②t♦✈❛❧② ✈➙t➨í ♥❡st❛❜✐❧✐t②✳

✷✳✷ ❇❛❧❧✲♣❡♥ s♦♥❞❛ ❛ ❥❡❥í ❦❛❧✐❜r❛❝❡

◆❛ r♦③❞í❧ ♦❞ ▲❛♥❣♠✉✐r♦✈② s♦♥❞② ♠á ❜❛❧❧✲♣❡♥ s♦♥❞❛ ❬✷✷❪✱ ❬✷✸❪✱ ❬✷✹❪✱ ❬✷✺❪✱ ❬✷✻❪✱ ❬✷✼❪✱ ❬✷✽❪✱
❞á❧❡ ❥❡♥ ❇PP✱ ♦ ♣♦③♥á♥í ❦r❛t➨í ❤✐st♦r✐✐✳ ❆✉t♦r❡♠ ❥❡ ❏✐➦í ❆❞á♠❡❦✳ ❏❡❥í ❦♦♥str✉❦❝❡ ❥❡
❧❡❤❝❡ ♦❞❧✐➨♥á✱ ♦❞ ❦♦♥str✉❦❝❡ s♦♥❞② ▲❛♥❣♠✉✐r♦✈②✳ ❯ ❇PP ❥❡ ❦♦❧❡❦t♦r ♥❛❜✐tý❝❤ ↔ást✐❝
✈♥♦➦❡♥ ❞♦ tr✉❜✐❝❡ ③ ❞✐❡❧❡❦tr✐❝❦é❤♦ ♠❛t❡r✐á❧✉✳ ❚❛t♦ s♦♥❞❛ ❜②❧❛ ✈②✈✐♥✉t❛ ③❛ ú↔❡❧❡♠
♣➦í♠é❤♦ ♠➙➦❡♥í ♣♦t❡♥❝✐á❧✉ ♣❧❛③♠❛t✉ Φ✳ ❙❝❤é♠❛ s♦♥❞② ❥❡ ♥❛ ♦❜rá③❦✉ ✷✳✸✳
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❖❜rá③❡❦ ✷✳✸✿ ❩á❦❧❛❞♥í s❝❤é♠❛ ❜❛❧❧✲♣❡♥ s♦♥❞② ❬✷✺❪✳

❚❡♦r❡t✐❝❦ý ✈ý③♥❛♠ tr✉❜✐❝❡ ❥❡ t❛❦♦✈ý✱ ➸❡ ❜② ♠➙❧♦ ❞♦❝❤á③❡t ❦ ❢②③✐❝❦é♠✉ ♦❞stí♥➙♥í
❡❧❡❦tr♦♥➲✳ Pr✐♥❝✐♣ ♦❞stí♥➙♥í s♣♦↔í✈á ✈ t♦♠✱ ➸❡ ❡❧❡❦tr♦♥② ♦❜í❤❛❥í ♣♦❞é❧ ♠❛❣♥❡t✐❝❦ý❝❤
s✐❧♦↔ár s ♠❡♥➨í♠ ▲❛r♠♦r♦✈ý♠ ♣♦❧♦♠➙r❡♠✱ ✈✐③✳ r♦✈♥✐❝❡ ✶✳✽ ❛ ♣r♦t♦ ❥❡ ♣r♦ ♥➙ t➙➸➨í
♣➦❡❦♦♥❛t ❞✐❡❧❡❦tr✐❝❦♦✉ tr✉❜✐❝✐ ❛ ❞♦♣❛❞♥♦✉t ♥❛ ❦♦❧❡❦t♦r✳ ◆ás❧❡❞♥➙ ❜② ❜②❧♦ ✈❤♦❞♥♦✉
♣♦❧♦❤♦✉ ❞✐❡❧❡❦tr✐❦❛ ❞♦s❛➸❡♥♦ ✈②r♦✈♥á♥í ✐♦♥t♦✈é❤♦ ❛ ❡❧❡❦tr♦♥♦✈é t♦❦✉ ♥❛ s♦♥❞✉✱ ↔í♠➸
❜② s❡ ✈ r♦✈♥✐❝✐ ✭✷✳✹✮ ✈②♥✉❧♦✈❛❧ ↔❧❡♥ s ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t♦✉ α ❛ ♣❧❛t✐❧♦ ❜②✱ ➸❡ Ufl = Φ✳
❚❛❦t♦ ❜②❝❤♦♠ t❡❞② ♠➙➦✐❧✐ ♣➦í♠♦ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✷✳✹
✈✐❞í♠❡ ③á✈✐s❧♦st ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ③ ❜❛❧❧✲♣❡♥ s♦♥❞② ♥❛ ♣♦❧♦③❡ ❦♦❧❡❦t♦r✉✳

❩ ♦❜rá③❦✉ ♣❧②♥❡✱ ➸❡ ♣♦❦✉❞ ❥❡ ❦♦❧❡❦t♦r ❤❧♦✉❜➙❥✐✱ ♥❡➸ h = 0.5 − 1 mm✱ ♠➙➦í s♦♥❞❛
♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉✳ ◆❛♦♣❛❦ ♣♦❦✉❞ ❥❡ ❦♦❧❡❦t♦r ✈②s✉♥✉t✱ ♠➙➦í♠❡ st❡❥♥ý ♣♦t❡♥❝✐á❧✱
❥❛❦♦ ♣♦♠♦❝í s♦♥❞② ▲❛♥❣♠✉✐r♦✈②✳ P♦t❡♥❝✐á❧ ♠➙➦❡♥ý ❇PP ❥❡ t❡❞② ♣♦t❡♥❝✐á❧✉ ♣❧❛③♠❛t✉
✈❡❧♠✐ ❜❧í③❦ý✳ P❧❛tí ♣r♦ ♥➙❥ ✈③t❛❤ ❬✷✻❪✿

Ubpp = Φ− αTe, ✭✷✳✻✮

❦❞❡ ♣r♦ α ♣❧❛tí ✈③t❛❤✿

α = ln
A−(h)j−sat
A+(h)j+sat

. ✭✷✳✼✮

A− ❛ A+ ❥s♦✉ s❜➙r♥é ♣❧♦❝❤② ❦♦❧❡❦t♦r✉ ♣r♦ ❡❧❡❦tr♦♥② ❛ ✐♦♥t②✱ ❦t❡ré ③á✈✐s❡❥í ♥❛ ③❛❤❧♦✉✲
❜❡♥í ❦♦❧❡❦t♦r✉ ❛ j−sat ❛ j+sat ❥s♦✉ ♣r♦✉❞♦✈é ❤✉st♦t② ❡❧❡❦tr♦♥➲ ❛ ✐♦♥t➲✳ ❈í❧❡♠ tét♦ ♣rá❝❡
❥❡ ✉r↔✐t ❤♦❞♥♦t✉ tét♦ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♣r♦ ✈♦❞í❦♦✈é ❛ ❤é❧✐♦✈é ♣❧❛③♠❛ ❛ ♥á✲
s❧❡❞♥➙ ❥❡ ✈②✉➸ít ♣r♦ ③♠➙➦❡♥í r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ❞❛♥♥ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ t♦❦❛♠❛❦♦✈é❤♦
♣❧❛③♠❛t✉ ♣r♦ ♦❜❛ t②t♦ ♣r❛❝♦✈♥í ♣❧②♥②✳
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❖❜rá③❡❦ ✷✳✹✿ ❩á✈✐s❧♦st ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ③ ❜❛❧❧✲♣❡♥ s♦♥❞② ♥❛ ❤❧♦✉❜❝❡ ❦♦❧❡❦t♦r✉✳
P➦❡✈③❛t♦ ③ ❬✷✻❪✳

Pr♦ ❢✉♥❣♦✈á♥í tét♦ s♦♥❞② ❥❡ ♥✉t♥é✱ ❛❜② ❜②❧♦ ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡ ❞♦s❛➸❡♥♦ ❞♦st❛t❡↔✲
♥é❤♦ t♦r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ Bt✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✷✳✺ ✈✐❞í♠❡ ✈♦❧t✲
❛♠♣ér♦✈♦✉ ❝❤❛r❛❦t❡r✐st✐❦✉ ❜❛❧❧✲♣❡♥ s♦♥❞② ♣r♦ r➲③♥á t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦á ♣♦❧❡✳
Pr❛❝♦✈♥í ♣❧②♥ ❥❡ ③❞❡ ❤é❧✐✉♠✳
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❖❜rá③❡❦ ✷✳✺✿ ❱♦❧t✲❛♠♣ér♦✈á ❝❤❛r❛❦t❡r✐st✐❦❛ ❜❛❧❧✲♣❡♥ s♦♥❞② ✈ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉ ✈
③á✈✐s❧♦st✐ ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐✳

❩ ♦❜rá③❦✉ ✈✐❞í♠❡✱ ➸❡ ♣r♦ ✈②➨➨í t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦á ♣♦❧❡ Bt ❞♦❝❤á③í ❦ s②♠❡tr✐③♦✲
✈❛♥í ■❱ ❝❤❛r❛❦t❡r✐st✐❦②✳ ❩ t♦❤♦ t❡❞② ♣❧②♥❡✱ ➸❡ ♣➦❡❞♣♦❦❧❛❞ ♣r♦ ❢✉♥❣♦✈á♥í tét♦ s♦♥❞②
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❥❡ t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❞♦s❛❤✉❥í❝í ❤♦❞♥♦t ❛❧❡s♣♦➡ ✵✳✷✺ ❚❡s❧❛✳ ❚ét♦ ❤♦❞♥♦t②
❞♦❝í❧í♠❡ ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉ ✈➸❞②✳ ◆❛♦♣❛❦ ✈ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉✱ ❦❞❡ ❥❡ ✈ý❜♦❥
❦r❛t➨í✱ tét♦ ❤♦❞♥♦t② ✈➸❞② ❞♦s❛➸❡♥♦ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ♥❡♥í✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜✲
rá③❦✉ ✷✳✻ ❥❡ ♣♦r♦✈♥á♥í ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞②✳

❖❜rá③❡❦ ✷✳✻✿ P♦r♦✈♥á♥í ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ❜❛❧❧✲♣❡♥ ❛ ▲❛♥❣♠✉✐r♦✈②
s♦♥❞② ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉ ③❡ st❛r➨í❤♦ ♠➙➦❡♥í✭✈❧❡✈♦✮✱ ↔❛s♦✈ý ✈ý✈♦❥ ♣♦♠➙r✉ ❡❧❡❦✲
tr♦♥♦✈é❤♦ ❛ ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ ❜❛❧❧✲♣❡♥ s♦♥❞② ③❡ st❛r➨í❤♦ ♠➙➦❡♥í✭✈♣r❛✈♦✮✳

❩ ♦❜rá③❦✉ ✭✈❧❡✈♦✮ ❥❡ ♥❛ ♣r✈♥í ♣♦❤❧❡❞ ♣❛tr♥é✱ ➸❡ ✉ ❜❛❧❧✲♣❡♥ s♦♥❞② ❞♦❝❤á③í ❦ s②♠❡tr✐✲
③❛❝✐ ■❱ ❝❤❛r❛❦t❡r✐st✐❦②✳ ❱➙t❡✈ ❡❧❡❦tr♦♥♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ ❥❡ ♥➙❦♦❧✐❦❛♥ás♦❜♥➙
♠❡♥➨í✱ ♥❡➸❧✐ ✉ s♦♥❞② ▲❛♥❣♠✉✐r♦✈② ❛ t♦ ✐ ✈③❤❧❡❞❡♠ ❦ ♣♦♠➙r♥➙ ♥í③❦é♠✉ t♦r♦✐❞á❧♥í♠✉
♠❛❣♥❡t✐❝❦é♠✉ ♣♦❧✐ Bt✳ Pr♦ ✈②➨➨í ❤♦❞♥♦t✉ t♦❤♦t♦ ♣♦❧❡ ❜② ❜②❧❛ t❛t♦ s②♠❡tr✐③❛❝❡ ❥❡➨t➙
③➦❡t❡❧♥➙❥➨í✱ ❥❛❦ ♠➲➸❡♠❡ ♥❛❤❧é❞♥♦✉t ♥❛ st❡❥♥é♠ ♦❜rá③❦✉ ✈♣r❛✈♦✱ ❦❞❡ ❥❡ ③♦❜r❛③❡♥❛ ③á✲
✈✐s❧♦st ♣♦♠➙r✉ ❡❧❡❦tr♦♥♦✈é❤♦ ❛ ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉✳ ❇♦❤✉➸❡❧ ♥❛ t♦❦❛♠❛❦✉
●❖▲❊▼ ✈②➨➨í❤♦ ♣♦❧❡ ♥❡❜②❧♦ ♠♦➸♥♦ ❞♦sá❤♥♦✉t✳

❱ ♣r❛①✐ s❡ ❡❧❡❦tr♦♥♦✈ý ♣r♦✉❞ ♠➙➦í ✐ ♣➦✐ ♠♥♦❤❡♠ ♠❡♥➨í ❤❧♦✉❜❝❡ ❦♦❧❡❦t♦r✉✱ ♥❡➸ ❥❡
▲❛r♠♦r➲✈ ♣♦❧♦♠➙r ❡❧❡❦tr♦♥➲✳ ❩ t♦❤♦ ♠➲➸❡♠❡ ✉s✉③♦✈❛t✱ ➸❡ t❛t♦ ❥❡❞♥♦❞✉❝❤á ❣❡♦♠❡t✲
r✐❝❦á ✐♥t❡r♣r❡t❛❝❡ ♥❡♦❞♣♦✈í❞á ③❝❡❧❛ r❡❛❧✐t➙✳ ❯✈♥✐t➦ ❞✐❡❧❡❦tr✐❝❦é tr✉❜✐❝❡ ✈③♥✐❦❛❥í ❡❧❡❦✲
tr♦♠❛❣♥❡t✐❝❦á ♣♦❧❡✱ ❦t❡rá ✈t❛❤✉❥í ❡❧❡❦tr♦♥② s♠➙r❡♠ ❞♦✈♥✐t➦✳ ❚❡♦r❡t✐❝❦é ♣➦❡❞st❛✈②
♦ ❢✉♥❦❝✐ ❞✐❡❧❡❦tr✐❝❦é tr✉❜✐❝❡✱ ❥❛❦♦➸t♦ s♦✉↔ást✐ s♦♥❞②✱ s❧♦✉➸í❝í ❦ ✈②r♦✈♥á♥í ❡❧❡❦tr♦♥♦✲
✈é❤♦ ❛ ✐♦♥t♦✈é❤♦ t♦❦✉ ♥❛ s♦♥❞✉✱ ❥s♦✉ ✈❡❧♠✐ ♣♦❞r♦❜♥➙ ♣♦♣sá♥② ✈ ❬✷✽❪✳ ❱❡ s❦✉t❡↔♥♦st✐
s❡ t♦t✐➸ ✉❦❛③✉❥❡✱ ➸❡ ✐ ♣➦✐ ♣♦③✐❝✐✱ ❦❞② ❥❡ ❦♦❧❡❦t♦r ③❛s✉♥✉t ❤❧♦✉❜➙❥✐✱ ♥❡➸ ❥❡ ▲❛r♠♦r➲✈
♣♦❧♦♠➙r ♣r♦ ✐♦♥t②✱ ❞♦❝❤á③í ❦ ❞♦♣❛❞✉ ❡❧❡❦tr♦♥♦✈é❤♦ ❛ ✐♦♥t♦✈é❤♦ ♣r♦✉❞✉✳ ❩ t♦❤♦ ❞➲✲
✈♦❞✉ ❥❡ ✈❡❧♠✐ ❞➲❧❡➸✐té ♣r♦✈➙➦✐t✱ ③❞❛❧✐ ❥❡ s♦♥❞❛ s❝❤♦♣♥❛ ♠➙➦✐t ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ ❛
t❛❦é ♣r♦③❦♦✉♠❛t✱ ❥❛❦ý♠ ③♣➲s♦❜❡♠ s❡ ↔ást✐❝❡ ♣❧❛③♠❛t✉ ♣♦❤②❜✉❥í tr✉❜✐❝í ♣r♦t✐ ♠❛❣✲
♥❡t✐❝❦é♠✉ ♣♦❧✐ s♠➙r❡♠ ❦❡ ❦♦❧❡❦t♦r✉✳ ❆❜②❝❤♦♠ t♦t♦ ♠♦❤❧✐ ♦✈➙➦✐t✱ ❜②❧② ✈ ❬✷✽❪ ♣r♦✈❡✲
❞❡♥② ♥✉♠❡r✐❝❦é s✐♠✉❧❛❝❡✱ ❦t❡ré s✐ ❦❧❛❞♦✉ ③❛ ❝í❧ ♣♦❤②❜② ❡❧❡❦tr♦♥➲ ❛ ✐♦♥t➲ ♦❜❥❛s♥✐t✳
P♦ ♣r♦✈❡❞❡♥í t➙❝❤t♦ s✐♠✉❧❛❝í ❞♦❝❤á③í♠❡ ❦ ③á✈➙r✉✱ ➸❡ ♣r♦ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t②✱ ❦t❡ré
s❡ ♣♦❤②❜✉❥í ✈ ❤♦❞♥♦tá❝❤ ≈ 10 eV✱ ❥❡ r♦③❞í❧ ♠❡③✐ ♣❧♦✈♦✉❝í♠ ♣♦t❡♥❝✐á❧❡♠ ❜❛❧❧✲♣❡♥
s♦♥❞② ❛ ♣♦t❡♥❝✐á❧❡♠ ♣❧❛③♠❛t✉ ♣♦✉③❡ ♥➙❦♦❧✐❦ ✈♦❧t➲✳ ❩ t♦❤♦ t❡❞② ♣❧②♥❡✱ ➸❡ ♠➙➦❡♥í
❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ♣♦♠♦❝í ❦♦♠❜✐♥♦✈❛♥é ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞② ❥❡ ♠♦➸♥é ❛
♣♦♠➙r♥➙ ♣➦❡s♥é✳ ❚♦✱ ➸❡ ❞♦❝❤á③í ❦ ♣r♦st✉♣✉ ❡❧❡❦tr♦♥➲✱ ✐ ❦❞②➸ ❥❡ ❦♦❧❡❦t♦r ❤❧♦✉❜➙❥✐✱
♥❡➸ ❥❡ ❥❡❥✐❝❤ ▲❛r♠♦r➲✈ ♣♦❧♦♠➙r✱ ❥❡ t➙♠✐t♦ s✐♠✉❧❛❝❡♠✐ t❛❦té➸ ♣♦t✈r③❡♥♦✳ ❊❧❡❦tr♦♥②
s❡ ③❞❡ ♦❞rá➸í ♦❞ st➙♥ stí♥➙♥í ❛ E×B ❞r✐❢t❡♠ s❡ ♣♦❤②❜✉❥í s♠➙r❡♠ ❦❡ ❦♦❧❡❦t♦r✉ t❛❦✱
❥❛❦ ❥❡ ③♥á③♦r♥➙♥♦ ♥❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✷✳✼✳

✷✹



❖❜rá③❡❦ ✷✳✼✿ P❧♦➨♥á tr❛❥❡❦t♦r✐❡ ❡❧❡❦tr♦♥➲ ✭③❡❧❡♥➙✮ ❛ ✐♦♥t➲ ✭♠♦❞➦❡✮ ✈ ♦❦♦❧í ❛ ✉✈♥✐t➦
t✉♥❡❧② ❜❛❧❧✲♣❡♥ s♦♥❞②✱ ③♥á③♦r♥➙♥♦ ↔❡r✈❡♥♦✉ ↔❛r♦✉✳ P➦❡✈③❛t♦ ③ ❬✷✽❪✳

❩ ♦❜rá③❦✉ ❥❡ ♣❛tr♥é✱ ➸❡ s❡ ❡❧❡❦tr♦♥② ♣♦❤②❜✉❥í ♣♦❞é❧ ♠❛❣♥❡t✐❝❦ý❝❤ s✐❧♦↔ár✳ ❏❛❦♠✐❧❡
✈➨❛❦ ✈st♦✉♣í ❞♦ t✉♥❡❧✉ s♦♥❞②✱ ③❛↔♥♦✉ s❡ ♦❞rá➸❡t t❛♠ ❛ ③♣➙t ✈❧✐✈❡♠ ♣♦t❡♥❝✐á❧✉ stí✲
♥➙♥í✳ ■♦♥t② s❡ ♥❛ r♦③❞í❧ ♦❞ ❡❧❡❦tr♦♥➲ ♣♦❤②❜✉❥í ❞♦❧➲ t✉♥❡❧❡♠ ❞í❦② ❥❡❥✐❝❤ ▲❛r♠♦r♦✈✉
♣♦❧♦♠➙r✉ ❛ t♦ s♠➙r❡♠ ❦♦❧♠♦ ❦ ♣♦❧✐✳

❱➨❡ ♥❛③♥❛↔✉❥❡✱ ➸❡ ♣♦❧♦♠➙r s♦♥❞② ❜② ♠♦❤❧ ❜ýt té➸ ✈❡❧♠✐ ✈ý③♥❛♠♥ý♠ ❦♦♥str✉❦↔♥í♠
♣❛r❛♠❡tr❡♠✳ ❩❥✐➨➫✉❥❡♠❡✱ ➸❡ ♣r♦ s♦♥❞✉ s ✈➙t➨í♠ ♣♦❧♦♠➙r❡♠ ♠❛❥í ✐♦♥t② ✈í❝❡ ↔❛s✉
❞♦sá❤♥♦✉t s♦♥❞② ♣➦❡❞tí♠✱ ♥❡➸❧✐ s❡ ✈❧✐✈❡♠ s✈é❤♦ ♣❛r❛❧❡❧♥í❤♦ ♣♦❤②❜✉ ❞♦st❛♥♦✉ ❛➸ ❦❡
st➙♥➙ t✉♥❡❧✉✳ ❩ t♦❤♦ ♣❧②♥❡✱ ➸❡ s♦♥❞② ❞♦sá❤♥❡ ✈②➨➨í ♣♦❞í❧ ✐♦♥t➲✳ ◆❛♦♣❛❦ s❡ ③❞á✱ ➸❡
♣♦❧♦♠➙r s♦♥❞② ♥❡♠á ✈❧✐✈ ♥❛ t♦❦ ❡❧❡❦tr♦♥➲✳ P♦♣s❛♥ý ❥❡✈ ❥❡ ❛❧❡ ♥✉t♥é t❡♣r✈❡ ♦✈➙➦✐t✳
❍❧♦✉❜❦❛ ❦♦❧❡❦t♦r✉ ♥❡♥í ❞➲❧❡➸✐tá ③❛ ♣➦❡❞♣♦❦❧❛❞✉✱ ➸❡ ❥❡ ❞♦st❛t❡↔♥➙ ③❛♣✉➨t➙♥ t❛❦✱ ❛❜②
❥í♠ ❜②❧② ❡❧❡❦tr♦♥② ♠❛❣♥❡t✐❝❦② stí♥➙♥②✳

❩á✈➙r❡♠ t❡❞② ♠➲➸❡♠❡ ❦♦♥st❛t♦✈❛t✱ ➸❡ ✈ ♣➦í♣❛❞➙ ♠➙➦❡♥í s ❜❛❧❧✲♣❡♥ s♦♥❞♦✉ ♠➲➸❡♠❡
♣♦✈❛➸♦✈❛t ♣♦t❡♥❝✐á❧ ❥í ♠➙➦❡♥ý ③❛ ♣➦✐❜❧✐➸♥➙ r♦✈♥ý ♣♦t❡♥❝✐á❧✉ ♣❧❛③♠❛t✉ ❛ ♣♦✉➸ít ❤♦
t❛❦ ♣r♦ ❞❛❧➨í ✈ý♣♦↔t②✳

✷✺



✷✳✸ ❙♦♥❞② ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼

◆❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥❡ ▲❛♥❣♠✉✐r♦✈❛ s♦♥❞❛ ♦s❛③❡♥❛ ♥❛ ❦♦♠❜✐♥♦✈❛♥é s♦♥❞♦✈é ❤❧❛✲
✈✐❝✐✱ ③❛s✉♥✉té ③❡ s♣♦❞♥í ↔ást✐ ❦♦♠♦r②✳ ❙♦♥❞❛ ♠á ✈á❧❝♦✈ý t✈❛r ♦ ♣r➲♠➙r✉ d = 0.6 mm✳
◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✷✳✽ ✈❧❡✈♦ ♠➲➸❡♠❡ s♦♥❞✉ ✈✐❞➙t ♥❛ ♣r❛✈é str❛♥➙ ❤❧❛✈✐❝❡
✲ ✈②st✉♣✉❥í❝í ✈♦❞✐↔✱ ❦t❡rá ❥❡ ♦s❛③❡♥❛ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✳ ◆❛ st❡❥♥é♠ ♦❜rá③❦✉
✈♣r❛✈♦ ❥❡ ♣❛❦ ♣♦❧❡ ▲❛♥❣♠✉✐r♦✈ý❝❤ s♦♥❞✱ ❞♦✉❜❧❡ r❛❦❡ s♦♥❞❛✱ ❝♦➸ ❥❡ ♠♦❞✐✜❦❛❝❡ st❛♥✲
❞❛r❞♥í ▲❛♥❣♠✉✐r♦✈② s♦♥❞②✱ ❦❞❡ ❥❡ s♦♥❞♦✈á ❤❧❛✈✐❝❡ ♦s❛③❡♥❛ ✈í❝❡ ✈♦❞✐↔✐ ✈♥♦➦❡♥ý♠✐
❞♦ ♣❧❛③♠❛t✉ s r➲③♥ý♠✐ r❛❞✐á❧♥í♠✐ ✈③❞á❧❡♥♦st♠✐✳ ❉í❦② t♦♠✉ ❥❡ ♠♦➸♥♦ ♠➙➦✐t r❛❞✐á❧♥í
♣r♦✜❧② ❜➙❤❡♠ ❥❡❞✐♥é❤♦ ✈ý❜♦❥❡✳

❇❛❧❧✲♣❡♥ s♦♥❞❛ ❥❡ ✉♠íst➙♥❛ ♥❛ st❡❥♥é ❤❧❛✈✐❝✐✱ ❥❛❦♦ ▲❛♥❣♠✉✐r♦✈❛ s♦♥❞❛✳ ◆❛❝❤á③í s❡
♥❛ ❥❡❥í ❧❡✈é ↔ást✐✳ ❍❧♦✉❜❦❛ ❦♦❧❡❦t♦r✉ ❥❡ h = 2.3 mm✳

❑♦♠❜✐♥♦✈❛♥á s♦♥❞♦✈á ❤❧❛✈✐❝❡ ❥❡ ♣♦❤②❜❧✐✈á ❛ ❥❡ t❛❦ ♠♦➸♥♦ ♠➙♥✐t ❥❡❥í ♣♦③✐❝✐ ✈ r❛❞✐✲
á❧♥í♠ s♠➙r✉✳

❖❜rá③❡❦ ✷✳✽✿ ❑♦♠❜✐♥♦✈❛♥á s♦♥❞♦✈á ❤❧❛✈✐❝❡ ♦s❛③❡♥á ▲❛♥❣♠✉✐r♦✈♦✉ ❛ ❜❛❧❧✲♣❡♥ s♦♥❞♦✉
✭✈❧❡✈♦✮ ❛ ♣♦❧❡ ▲❛♥❣♠✉✐r♦✈ý❝❤ s♦♥❞ ✭✈♣r❛✈♦✮ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✳

✷✻



✷✳✹ ▼➙➦❡♥í ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α

❑♦♠❜✐♥♦✈❛♥á ❤❧❛✈✐❝❡ ♦s❛③❡♥á ▲❛♥❣♠✉✐r♦✈♦✉ ✭▲P✮ ❛ ❜❛❧❧✲♣❡♥ ✭❇PP✮ s♦♥❞♦✉ ❥❡ ✈❧♦✲
➸❡♥❛ ❞♦ s♣♦❞♥í❤♦ ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✳ ❱③❞á❧❡♥♦st ♣♦rt✉ ♦❞
st➦❡❞✉ ❦♦♠♦r② ❥❡ ✾✼ ♠♠✳ ❙❛♠♦t♥♦✉ ❤❧❛✈✐❝✐ ❥❡ ♣❛❦ ♠♦➸♥♦ ♣♦s♦✉✈❛t ✈ý❜♦❥ ♦❞ ✈ý❜♦❥❡
✈ r♦③♠❡③í ✶✵✺ ❛➸ ✺✺ ♠♠ ♣♦♠♦❝í ♦t♦↔♥é❤♦ ③á✈✐t✉✱ ❦t❡rý ❥❡ ♦♣❛t➦❡♥ý st✉♣♥✐❝í✳ ◆❛ ▲P
❥❡ ♣➦✐❧♦➸❡♥♦ ♥❛♣➙tí✱ ③♥❛↔í♠❡ Ulp✳ ❖❞♣♦r ✈ ♦❜✈♦❞✉ ▲❛♥❣♠✉✐r♦✈② s♦♥❞②✱ ♣♦❦✉❞ ♣r♦
♣➦ís❧✉➨♥é ♠➙➦❡♥í ♥❡♥í ✉✈❡❞❡♥♦ ❥✐♥❛❦✱ ❥❡ 20 Ω✳

P➦✐❧♦➸❡♥í s♦♥❞♦✈é❤♦ ♥❛♣➙tí ❥❡ ✉s❦✉t❡↔♥➙♥♦ ♣➦❡s sér✐✐ ❛❦✉♠✉❧át♦r➲✳ ❏❡❞♥á s❡ ♦ ♥➙❦♦❧✐❦
✶✷ ❱✱ ✻ ❱ ❛ ✹ ❱ ❛❦✉♠✉❧át♦r➲✱ ❦t❡ré ❥s♦✉ ❞♦ ♦❜✈♦❞✉ ♣➦✐♣♦❥❡♥② ♣➦❡s ❡❧❡❦tr♦♠❛❣♥❡✲
t✐❝❦á r❡❧é✳ ❚❛ ❥❡ ♠♦➸♥♦ ✈③❞á❧❡♥ý♠ ♣➦íst✉♣❡♠ ❦ s❡r✈❡r✉ ♦✈❧á❞❛t ❛ ♠➙♥✐t t❛❦ ♥❛♣➙tí
♣➦✐❧♦➸❡♥é ♥❛ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ✈ý❜♦❥ ♦❞ ✈ý❜♦❥❡✳ Pr♦ ✈❡r✐✜❦❛❝✐ ❤♦❞♥♦t ♣➦✐❧♦➸❡♥é❤♦
♥❛♣➙tí ❥❡ ♣➦✐♣♦❥❡♥ ♠✉❧t✐♠❡tr✱ ♥❛ ❦t❡ré♠ ❥❡ ♣➦❡❞ ❦❛➸❞ý♠ ✈ý❜♦❥❡♠ ♥✉t♥é ♦✈➙➦✐t✱ ③❞❛
♠á ♥❛♣➙tí ♣♦➸❛❞♦✈❛♥♦✉ ❤♦❞♥♦t✉✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✷✳✾ ❥❡ ❢♦t♦❣r❛✜❡ t♦❤♦t♦
③❛➦í③❡♥í✿

❖❜rá③❡❦ ✷✳✾✿ ❩❞r♦❥ ♥❛♣➙tí ♣r♦ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉✳

◆❛ ❜❛❧❧✲♣❡♥ s♦♥❞✉ ❜➙❤❡♠ ♠➙➦❡♥í ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❡♥í ♣➦✐❧♦➸❡♥♦ ♥❛♣➙tí✱ ♠➙➦í
t❛❦ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✷✳✶✵ ♣❛❦ ✈✐❞í♠❡ s❝❤é♠❛ ♣r♦ ♠➙➦❡♥í
tét♦ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② ❬✷✻❪

✷✼



❖❜rá③❡❦ ✷✳✶✵✿ ❙❝❤é♠❛ ♦❜✈♦❞✉ ♣r♦ ♠➙➦❡♥í ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ▲❛♥❣♠✉✐r♦✈② s♦♥❞② ❛
♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ❜❛❧❧✲♣❡♥ s♦♥❞②✳

Pr♦ s❛♠♦t♥ý ✈ý♣♦↔❡t ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♣♦✉➸í✈á♠❡ ♥ás❧❡❞✉❥í❝í ✈③♦r❝❡✿

α =
Φ− U lp

fl

Te

. ✭✷✳✽✮

❆❜②❝❤♦♠ ♠♦❤❧✐ ✈ý♣♦↔❡t ♣r♦✈ést✱ ♠✉sí♠❡ ♦✈➨❡♠ ③♠➙➦✐t ✈❡❧✐↔✐♥② Φ✱ U lp
fl ❛ Te✳ Φ

♠➙➦í♠❡ ♣♦♠♦❝í ❜❛❧❧✲♣❡♥ s♦♥❞②✳ ❊❧❡❦tr♦♥♦✈♦✉ t❡♣❧♦t✉ Te ❛ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ Ufl

③ís❦á♠❡✱ ❥❛❦♦ ♣❛r❛♠❡tr ♣➦✐ ❛♣r♦①✐♠♦✈á♥í ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ❛♥❛❧②t✐❝❦♦✉
❢✉♥❦❝í ✷✳✶✳

P♦st✉♣ ✈ý♣♦↔t✉✿ ❑ t♦♠✉✱ ❛❜②❝❤♦♠ ♠♦❤❧✐ s❡str♦❥✐t ■❱ ❝❤❛r❛❦t❡r✐st✐❦ ♣➦✐❧♦➸í♠❡
♥❛ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ♥❛♣➙tí✳ ◆ás❧❡❞♥➙ ✈ýst➦❡❧ ♦❞ ✈ýst➦❡❧✉✱ ❦❞② ♣r♦ ❦❛➸❞ý ✈ý❜♦❥
♠➙♥í♠❡ ♣➦✐❧♦➸❡♥á ♥❛♣➙tí ♦❞ t❛❦♦✈ý❝❤ ③á♣♦r♥ý❝❤ ❤♦❞♥♦t✱ ❛❜②❝❤♦♠ ♣♦③♦r♦✈❛❧✐ ✐♦♥✲
t♦✈ý ♥❛s②❝❡♥ ♣r♦✉❞✱ ♣r♦♠➙➦í♠❡ ❝❡❧♦✉ ✈♦❧t✲❛♠♣ér♦✈♦✉ ❝❤❛r❛❦t❡r✐st✐❦✉✳ ❚❛ ❥❡ ♥ás❧❡❞♥➙
♣➦❡❞ ♣r♦✈❡❞❡♥í♠ ❛♣r♦①✐♠❛❝❡ ♥♦r♠♦✈á♥❛✳

❏❛❦ ❥✐➸ ❜②❧♦ ③♠í♥➙♥♦✱ ♣➦✐ ♠➙➦❡♥í ❤♦❞♥♦t ♣r♦ ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ❥❡ ③ár♦✈❡➡ ♣➦✐♣♦❥❡♥❛
❜❛❧❧✲♣❡♥ s♦♥❞❛ ♠➙➦í❝í ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ✳ ❉♦ ✈③t❛❤✉ ✷✳✽ ♣r♦ ✈ý♣♦↔❡t ❦❛❧✐❜r❛↔♥í
❦♦♥st❛♥t② α ❞♦s❛③✉❥❡♠❡ ♣♦t❡♥❝✐á❧② ♣❧❛③♠❛t✉ Φ ③ ✈ý❜♦❥➲✱ ♣➦✐ ❦t❡rý❝❤ ❜②❧❛ ▲❛♥❣✲
♠✉✐r♦✈❛ s♦♥❞❛ ♥❛❜✐t❛ ♥❛ ♥❛♣➙tí ❜❧í③❦é ✭±10 V✮ ♣❧♦✈♦✉❝í♠✉ ♣♦t❡♥❝✐á❧✉✱ ③ís❦❛♥é❤♦
③ ❛♣r♦①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ▲❛♥❣♠✉✐r♦✈② s♦♥❞②✳ ❷✐♥í♠❡ t❛❦ ③ ❞➲✲
✈♦❞✉✱ ❛❜②❝❤♦♠ ♥❡✉✈❛➸♦✈❛❧✐ ✈ý❜♦❥❡✱ ♣➦✐ ❦t❡rý❝❤ ❜② ❜②❧❛ ❜❛❧❧✲♣❡♥ s♦♥❞❛ ♦✈❧✐✈♥➙♥❛
♦❞❧✐➨♥➙ ♥❛❜✐t♦✉ ▲❛♥❣♠✉✐r♦✈♦✉ s♦♥❞♦✉✳ ❚í♠t♦ ❥✐➸ ♠á♠❡ ♣➦✐♣r❛✈❡♥é ✈➨❡ ♣r♦ ❞♦s❛③❡♥í
❞♦ ✈③t❛❤✉ ✷✳✽ ❛ ♠➲➸❡♠❡ t❛❦ s♣♦↔íst α✳

❩ ❞➲✈♦❞✉ ♣♦r♦✈♥á✈á♥í ✈ýs❧❡❞❦➲ ❥❡ ✈❤♦❞♥é ③♦❜r❛③♦✈❛t ③á✈✐s❧♦st ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t②
Te ❛ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ✈ ③á✈✐s❧♦st✐ ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt✱ ♥✐❦♦❧✐✈
♥❛ ↔❛s❡✳

✷✽



✷✳✺ ▼➙➦❡♥í r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲

❑♦♠❜✐♥♦✈❛♥á ❤❧❛✈✐❝❡ ♦s❛③❡♥á ▲❛♥❣♠✉✐r♦✈♦✉ ✭▲P✮ ❛ ❜❛❧❧✲♣❡♥ ✭❇PP✮ s♦♥❞♦✉ ❥❡ ♦♣➙t
✈❧♦➸❡♥❛ ❞♦ st❡❥♥é❤♦ s♣♦❞♥í❤♦ ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✳ Pr♦ ♠➙✲
➦❡♥í r❛❞✐á❧♥í❤♦ ♣r♦✜❧✉ ♣♦st✉♣✉❥❡♠❡ t❛❦✱ ➸❡ ♥❛ ❛♥✐ ❥❡❞♥✉ ③❡ s♦♥❞ ♥❡♣➦✐♣♦❥í♠❡ ♥❛♣➙tí✱
❥s♦✉ t❡❞② ♦❜➙ ♣❧♦✈♦✉❝í✳ ◆ás❧❡❞♥➙ ♣r♦ ❦❛➸❞é ③ ♠➙➦❡♥í ♣♦❤②❜✉❥❡♠❡ ❤❧❛✈✐❝í ✈ý❜♦❥ ♦❞
✈ý❜♦❥❡ ♣♦ ❦r♦❝í❝❤ ♦ ✈❡❧✐❦♦st✐ ✺ ♠♠ s♠➙r❡♠ ❦❡ st➦❡❞✉ ❦♦♠♦r②✳ ❚í♠t♦ ③♣➲s♦❜❡♠
♣r♦♠➙➦í♠❡ r❛❞✐á❧♥í ♣r♦✜❧② ♣❧♦✈♦✉❝í❝❤ ♣♦t❡♥❝✐á❧➲ ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞② ✐
❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✳ ❱✐③✳ ♥ás❧❡❞✉❥í❝í s❝❤é♠❛ ♠➙➦❡♥í✱ ♦❜rá✲
③❡❦ ✷✳✶✶✿

❖❜rá③❡❦ ✷✳✶✶✿ ❙❝❤é♠❛ ♦❜✈♦❞✉ ♣r♦ ♠➙➦❡♥í r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲✳

❑ ✈ý♣♦↔t✉ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ✈②✉➸✐❥❡♠❡ ✈③t❛❤✉ ✷✳✽✱ ③ ❦t❡ré❤♦ ♥②♥í ✈②❥á❞➦í♠❡
❡❧❡❦tr♦♥♦✈♦✉ t❡♣❧♦t✉✿

Te =
U bpp
fl − U lp

fl

α
, ✭✷✳✾✮

❦❞❡ U bpp
fl = Φ ❥❡ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ ❛ U lp

fl ❥❡ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ ♠➙➦❡♥ý ▲❛♥❣♠✉✐✲
r♦✈♦✉ s♦♥❞♦✉✳ ◆❡❥♣r✈❡ ❥❡ t❡❞② ♥✉t♥♦ ✉r↔✐t ❤♦❞♥♦t✉ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ✈ ♣r✈♥í
↔ást✐ ♠➙➦❡♥í✱ ✈✐③✳ ✷✳✹✳

✷✳✻ ❩♣r❛❝♦✈á♥í ❞❛t

❑❡ ③♣r❛❝♦✈á♥í ✈❡➨❦❡rý❝❤ ❡①♣❡r✐♠❡♥tá❧♥í❝❤ ❞❛t ❜②❧ ♣♦✉➸✐t ♣r♦❣r❛♠♦✈❛❝í ❥❛③②❦ P②✲
t❤♦♥✳ ❩❞r♦❥♦✈ý ❦ó❞ ♣r♦❣r❛♠✉✱ ❦t❡rý ✈③♥✐❦❧ ③❛ ú↔❡❧❡♠ ③♣r❛❝♦✈á♥í ❡①♣❡r✐♠❡♥tá❧♥í❝❤
❞❛t ❥❡ ♣➦✐❧♦➸❡♥ ❦ ♣rá❝✐ ♥❛ ❈❉ ❛ ❥❡❤♦ ↔ást✐ ❥s♦✉ ♣♦❞r♦❜♥➙❥✐ ♣♦♣sá♥② ✈ ♣➦í❧♦③❡ ❇✳ ❑
ú♣r❛✈➙ ❞❛t ❜②❧② ♣♦✉➸✐t② ♥ás❧❡❞✉❥í❝í ❦♥✐❤♦✈♥②✿

✷✾



✶✳ ◆✉♠♣② ✿ ♣rá❝❡ s❡ s♦✉❜♦r② ❛ ♠❛t❡♠❛t✐❝❦é ♦♣❡r❛❝❡ ♣r♦ ú♣r❛✈✉ ❡①♣❡r✐♠❡♥tá❧♥í❝❤
❞❛t✳

✷✳ ▼❛t♣❧♦t❧✐❜✿ ❦ ✈②t✈♦➦❡♥í ✈➨❡❝❤ ❣r❛❢➲ ✈ tét♦ ♣rá❝✐✳

✸✳ ❯r❧❧✐❜✿ ♥❛↔t❡♥í ❞❛t ③ ❞❛t❛❜á③❡ ●❖▲❊▼✳

✹✳ ❙❝✐♣②✳♦♣t✐♠✐③❡✿ Pr♦ ♣r♦✈❡❞❡♥í ✈➨❡❝❤ ❛♣r♦①✐♠❛❝í ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝✐✳ P➦✐ ❛♣r♦✲
①✐♠❛❝✐ ■❱ ❝❤❛r❛❦t❡r✐st✐❦ ❥s♦✉ ③♦❤❧❡❞♥➙♥② ❝❤②❜♦✈é ús❡↔❦②✱ r❡♣r❡③❡♥t✉❥í❝í st❛✲
t✐st✐❝❦♦✉ ❝❤②❜✉ ✈③♥✐❦❧♦✉ ♣➦✐ ú♣r❛✈➙ ❞❛t✳

P♦st✉♣ ③♣r❛❝♦✈á♥í

✶✳ ❉❛t❛ ❥s♦✉ st❛➸❡♥❛ ③ ❞❛t❛❜á③❡ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❞♦ P❈ ♣♦✉➸✐tí♠ ♣➦í❦❛③✉ ✉r❧✲
❧✐❜✷✳✉r❧♦♣❡♥✱ ♥❛↔❡➸ ❥s♦✉ ♥❛↔t❡♥❛ ♣➦í❦❛③❡♠ ♥♣✳❧♦❛❞t①t ❛ ✉❧♦➸❡♥❛ ♣♦♠♦❝í ♥♣✳s❛✈❡✳
Pr♦ s❜➙r ❞❛t ✈②✉➸í✈á♠❡ ❉❛t❛ ❆❝q✉✐s✐t✐♦♥ ❙②st❡♠ ✈②rá❜➙♥é ✜r♠♦✉ P❛♣♦✉❝❤
s✳r✳♦✳

✷✳ ❩ ❦❛➸❞é❤♦ ✈ýst✉♣✉ ③ís❦á✈á♠❡ ✹✵ ✵✵✵ ❞❛t✳ Pr♦t♦ ❥❡ ♥✉t♥é ♣r♦✈ést ♣r➲♠➙r♦✈á♥í
❤♦❞♥♦t ♣➦❡s ✈❤♦❞♥➙ ③✈♦❧❡♥ý ↔❛s♦✈ý ✐♥t❡r✈❛❧✳ ❱③❤❧❡❞❡♠ ❦ ♣♦✈❛③❡ ❛ ✈❡❧✐❦♦st✐
♥❡st❛❜✐❧✐t ❥❡ ✈❡❧✐❦♦st ♦❦♥❛ ♣r♦ ♣r➲♠➙r♦✈á♥í ✈♦❧❡♥❛ ❥❛❦♦ ✶ ♠s✳ ❚❛t♦ ❤♦❞♥♦t❛ s❡
❥❡✈í ❥❛❦♦ ♥❡❥✈❤♦❞♥➙❥➨í✳ ❚❛❦t♦ ③ís❦á♠❡ ♥➙❦♦❧✐❦ ❞❡sít❡❦ ❜♦❞➲ ✈ ③á✈✐s❧♦st✐ ♥❛ ❞é❧❝❡
✈ý❜♦❥❡✳ ❑ ✈②❤❧❛③❡♥í ❞❛t ❥❡ ♣♦✉➸✐t ♣➦í❦❛③ ♥♣✳♠❡❛♥✳ ◆ás❧❡❞♥➙ ❥s♦✉ ❦❡ ❦❛➸❞é♠✉
③ ❜♦❞➲ ✈②♣♦↔t❡♥② ❝❤②❜♦✈é ús❡↔❦②✱ ❦t❡ré ③♥á③♦r➡✉❥í ❝❤②❜✉ ✈③♥✐❦❧♦✉ ♣➦✐ ú♣r❛✈➙
❞❛t✳ ❑ ❥❡❥✐❝❤ ✈ý♣♦↔t✉ ♣♦✉➸í✈á♠❡ ♣➦í❦❛③ ♥♣✳✈❛r✳

✸✳ ❱ ❞❛❧➨í♠ ❦r♦❦✉ ❥s♦✉ ❞❛t❛ ✉♣r❛✈♦✈á♥❛ ❞♦ ♣♦➸❛❞♦✈❛♥é ♣♦❞♦❜②✳ ❱ ♣➦í♣❛❞➙ ♠➙✲
➦❡♥í ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ✈②t✈á➦í♠❡ t❛❜✉❧❦②✳ ❚② ♦❜s❛❤✉❥í s♦♥❞♦✈é ♣r♦✉❞②✱
✈②♣♦↔t❡♥é ③ ❖❤♠♦✈❛ ③á❦♦♥❛✱ ❥❛❦♦➸t♦ s♦♥❞♦✈é ♥❛♣➙tí ❞➙❧❡♥é ♦❞♣♦r❡♠ ❛ ♥❛♣➙tí
♣➦✐❧♦➸❡♥á ♥❛ s♦♥❞✉✳ ❚②t♦ t❛❜✉❧❦② ♥♦r♠✉❥❡♠❡ ❛ t✈♦➦í♠❡ ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦✲
t❡r✐st✐❦②✳ ❙♦✉↔❛s♥➙ ♣r♦✈á❞í♠❡ ✈ý♣♦↔❡t ❝❤②❜②✱ ❦t❡rá ♣➦✐ ú♣r❛✈á❝❤ ✈③♥✐❦á✳

✹✳ ❱ ❞❛❧➨í♠ ❦r♦❦✉ ❥❡ ♣r♦✈❡❞❡♥❛ ❛✉t♦♠❛t✐❝❦á ❛♣r♦①✐♠❛❝❡ ✈ ♣r♦❣r❛♠♦✈❛❝í♠ ❥❛③②❦✉
P②t❤♦♥ ③❛ ♣♦✉➸✐tí ♣➦í❦❛③✉ optimization.curve❴fit✱ ③ ❦t❡ré❤♦ ③ís❦á♠❡ ♣♦➸❛✲
❞♦✈❛♥é ♣❛r❛♠❡tr② ❛♣r♦①✐♠❛❝❡✳ ❚➙♠✐ ❥s♦✉ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ U lp

fl ❛ ❡❧❡❦tr♦♥♦✈á
t❡♣❧♦t❛ Te✳ ❆♣r♦①✐♠❛❝✐ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í ♣r♦✈á❞í♠❡ s ♦❤❧❡❞❡♠ ♥❛ ❝❤②❜♦✈é
ús❡↔❦②✳

✺✳ ❩ ❤♦❞♥♦t✱ ❦t❡ré ❥s♠❡ ③ís❦❛❧✐ ❛♣r♦①✐♠❛❝í✱ s♣♦↔t❡♠❡ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t✉ α✳

✻✳ ❑❞②➸ ♥②♥í ♠á♠❡ ✈②♣♦↔t❡♥♦✉ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t✉ α✱ ✈②t✈á➦í♠❡ ♦❜❞♦❜♥é t❛✲
❜✉❧❦②✱ ❥❛❦♦ ✈ ♣➦í♣❛❞➙ ■❱ ❝❤❛r❛❦t❡r✐st✐❦✱ ♣r♦ r❛❞✐á❧♥í ♣r♦✜❧② ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥✲
❝✐á❧✉✱ ♣♦t❡♥❝✐á❧✉ ♣❧❛③♠❛t✉ ❛ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t②✳

✼✳ ❱②♣♦↔t❡♥é ❤♦❞♥♦t② ❥s♦✉ ♣r❡③❡♥t♦✈á♥② ✈ ♣♦❞♦❜➙ ❣r❛❢➲✱ ✈②t✈♦➦❡♥ý❝❤ ✈ ❦♥✐❤♦✈♥➙
♠❛t♣❧♦t❧✐❜✱ ♣❧t✳♣❧♦t✳

✸✵



▼❡t♦❞✐❦❛ ③♣r❛❝♦✈á♥í

Pr♦ ❦❛➸❞♦✉ sér✐✐ ♠➙➦❡♥í✱ ❦t❡r♦✉ ③♥❛↔í♠❡ ❞❧❡ ♥á③✈✉ ♣♦❞❦❛♣✐t♦❧ ✈ ♣➦í❧♦③❡ ❆✱ ❥s♦✉
♣➦✐♣♦❥❡♥② ú❞❛❥❡ ♦ ✈ý❜♦❥♦✈ý❝❤ r❡➸✐♠❡❝❤ ❛ ❥❡ ③❞❡ ③♥á③♦r♥➙♥❛ r❡♣r♦❞✉❦♦✈❛t❡❧♥♦st ❥❡❞✲
♥♦t❧✐✈ý❝❤ sér✐í ✈ý❜♦❥➲ ♣♦♠♦❝í ③♦❜r❛③❡♥í ↔❛s♦✈é❤♦ ♣r➲❜➙❤✉ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✱
❦t❡rý♠✐ ❥s♦✉ ♥❛♣➙tí ♥❛ ③á✈✐t Ul✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠ Ip✱ t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ Bt

❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ne✳ ❚❛❦é s❡ ③❞❡ ♥❛❝❤á③í t❛❜✉❧❦②✱ ❦t❡ré ♣r♦ ❦❛➸❞ý ❥❡❞♥♦t❧✐✈ý ✈ý✲
❜♦❥ ♦❜s❛❤✉❥í ✐♥❢♦r♠❛❝❡ ♦ ♥❛♣➙tí ♣➦✐❧♦➸❡♥é♠ ♥❛ s♦♥❞✉✱ ♣♦♣➦í♣❛❞➙ r❛❞✐á❧♥í ✈③❞á❧❡♥♦st
s♦♥❞♦✈é ❤❧❛✈✐❝❡ ♦❞ st➦❡❞✉ ❦♦♠♦r②✳

❱ ❦❛➸❞é♠ ③ ♦❜rá③❦✉ ↔❛s♦✈é❤♦ ✈ý✈♦❥❡ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ❥s♦✉ ✈②③♥❛↔❡♥② ➸❧✉té
❜♦❞②✱ ❦t❡ré ♣➦❡❞st❛✈✉❥í ❥❡❞♥♦t❧✐✈é ✐♥t❡r✈❛❧②✱ ♣➦❡s ❦t❡ré ❥s♦✉ ❞❛t❛ ♣r➲♠➙r♦✈á♥❛✱ ♣➦✐✲
↔❡♠➸ ✈ýs❧❡❞♥é ❤♦❞♥♦t② ❥s♦✉ ❥❡❥✐❝❤ st➦❡❞②✳ ❉é❧❦❛ ✐♥t❡r✈❛❧➲ ❥❡ ✈②③♥❛↔❡♥❛ ❝❤②❜♦✈ý♠✐
ús❡↔❦❛♠✐ ✈❡ s♠➙r✉ ❤♦r✐③♦♥tá❧♥í ♦s②✳ ❘❡♣r♦❞✉❦♦✈❛t❡❧♥♦st sér✐❡ ✈ý❜♦❥➲ ❥❡ r❡♣r❡③❡♥t♦✲
✈á♥❛ ❝❤②❜♦✈ý♠✐ ús❡↔❦❛♠✐ ✈❡ s♠➙r✉ ✈❡rt✐❦á❧♥í♠✳ ❚② ❥s♦✉ ✈②♣♦↔t❡♥②✱ ❥❛❦♦➸t♦ st➦❡❞♥í
❦✈❛❞r❛t✐❝❦é ♦❞❝❤②❧❦② ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ✈➨❡❝❤ ✈ý❜♦❥➲✳ ❩ t➙❝❤t♦ ❥❡ ♣❛tr♥é✱ ❥❛❦ s❡
♦❞ s❡❜❡ ❥❡❞♥♦t❧✐✈é ✈ý❜♦❥❡ ❧✐➨✐❧②✱ ♣♦♣➦í♣❛❞➙ ✈❡ ❦t❡ré♠ ↔❛s♦✈é♠ ✐♥t❡r✈❛❧✉ s❡ ✈②s❦②t♦✲
✈❛❧② ♥❡st❛❜✐❧✐t②✳ Pr♦ ♥á➨ ❡①♣❡r✐♠❡♥t ❥❡ ♦❜③✈❧á➨t➙ ✈ý③♥❛♠♥ý♠ ↔❛s♦✈ý ♣r➲❜➙❤ ♣r♦✉❞✉
♣❧❛③♠❛t❡♠ Ip✳ ❯❦❛③✉❥❡ s❡ t♦t✐➸✱ ➸❡ s✐❣♥á❧② ③❡ s♦♥❞ ♥❡❜②❧② ♣➦í❧✐➨ ❝✐t❧✐✈é ♥❛ ❞r♦❜♥é
♥❡st❛❜✐❧✐t② ♣♦③♦r♦✈❛♥é ✈ ♣r➲❜➙❤✉ ♥❛♣➙tí ♥❛ ③á✈✐t Ul✳

✸✶



❑❛♣✐t♦❧❛ ✸

❊①♣❡r✐♠❡♥tá❧♥í ✈ýs❧❡❞❦②

✸✳✶ ▼➙➦❡♥í ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α

✸✳✶✳✶ ❱♦❞í❦♦✈é ♣❧❛③♠❛

❙ér✐❡ ♠➙➦❡♥í

Pr♦ ♠➙➦❡♥í ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉✱ ❜②❧② ♣r♦✈❡❞❡♥② t➦✐ sér✐❡
♠➙➦❡♥í✱ ❧✐➨í❝í s❡ ♣♦❧♦❤♦✉ s♦♥❞♦✈é ❤❧❛✈✐❝❡✱ r♦③s❛❤❡♠ ♥❛♣➙tí Ulp ♣➦✐❧♦➸❡♥ý❝❤ ♥❛ ▲❛♥❣✲
♠✉✐r♦✈✉ s♦♥❞✉ ❛ ♣❛r❛♠❡tr② ✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉✳ Pr♦ ❦❛➸❞♦✉ ✈ý❜♦❥♦✈♦✉ sér✐✐ ❥s♦✉
❦♦♥❦rét♥í ♣❛r❛♠❡tr② ✉✈❡❞❡♥② ✈ ♣➦í❧♦③❡ ❆✳

Pr♦ ♣r✈♥í sér✐✐ ✭❍✳✶✮ ❜②❧❛ s♦♥❞♦✈á ❤❧❛✈✐❝❡ ✉♠íst➙♥❛ ✈❡ ✈③❞á❧❡♥♦st✐ r = 65 mm ♦❞
st➦❡❞✉ ❦♦♠♦r②✳ ❩ ↔❛s♦✈é❤♦ ✈ý✈♦❥❡ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ♥❛ ♦❜rá③❦✉ ✸✳✶ ♣❧②♥❡✱ ➸❡
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ne 4.6. 1018. m 3

❖❜rá③❡❦ ✸✳✶✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #25326✳
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✈ý❜♦❥♦✈ý r❡➸✐♠ ❜②❧ st❛❜✐❧♥í✳ ❩ ♣r➲❜➙❤✉ ♥❛♣➙tí ♥❛ ③á✈✐t Ul✱ ❦t❡ré ♠á r❡❧❛t✐✈♥➙ ♥í③❦♦✉
st➦❡❞♥í ❤♦❞♥♦t✉ 4.5 V ✉s✉③✉❥❡♠❡✱ ➸❡ ♣❧❛③♠❛ ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡ ♥❡♦❜s❛❤♦✈❛❧♦ ♠♥♦❤♦
♣➦í♠➙sí✳ ❩ ♣r➲❜➙❤✉ ♣r♦✉❞✉ ♣❧❛③♠❛t❡♠ Ip s♦✉❞í♠❡✱ ➸❡ ✈ý❜♦❥♦✈ý r❡➸✐♠ ❜②❧ st❛❜✐❧♥í ❛
③ ✈❡rt✐❦á❧♥í❝❤ ❝❤②❜♦✈ý❝❤ ús❡↔❡❦ ♥á❧❡➸í❝í❝❤ ❦ Ip✱ ➸❡ ❝❡❧á sér✐❡ ❥❡ ❞♦❜➦❡ r❡♣r♦❞✉❦♦✈❛✲
t❡❧♥á✳ ▼❛①✐♠á❧♥í ❤♦❞♥♦t❛ t♦r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ Bt ❥❡ ✈➙t➨í✱ ♥❡➸❧✐ 0.5 T✳
❚♦ ❥❡ ❞❧❡ ❦❛♣✐t♦❧② ✷✳✷ ❞♦st❛t❡↔♥á ❤♦❞♥♦t❛ ❦ t♦♠✉✱ ❛❜② ❜❛❧❧✲♣❡♥ s♦♥❞❛ ♠➙➦✐❧❛ s❦✉✲
t❡↔♥➙ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ✱ ✈✐③✳ ♦❜rá③❡❦ ✷✳✻✳ ❉é❧❦❛ ✈ý❜♦❥❡ ♣r♦ t✉t♦ sér✐✐ ♠➙➦❡♥í
✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉ ❥❡ ♣➦✐❜❧✐➸♥➙ 24 ms✱ ❝♦➸ ❥❡ ❞á♥♦ ♠❛①✐♠á❧♥í♠ ♠❛❣♥❡t✐❝❦ý♠
t♦❦❡♠ tr❛♥s❢♦r♠át♦r✉ t♦❦❛♠❛❦✉ ●❖▲❊▼✱ ✈✐③✳ ❦❛♣✐t♦❧❛ ✶✳✷✳✷✳ ❱ s♦✉↔❛s♥é ❞♦❜➙ ♥❡♥í
♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ♠♦➸♥é ♣r♦✈ést ✈ý❜♦❥ ❞❡❧➨í✱ ♥❡➸❧✐ 26 ms✳

Pr♦ ❞r✉❤♦✉ sér✐✐ ✈ý❜♦❥➲ ✭❍✳✷✮ s❡ ♣♦❧♦❤❛ s♦♥❞♦✈é ❤❧❛✈✐❝❡ ③♠➙♥✐❧❛ ♥❛ ✈③❞á❧❡♥♦st r =
70 mm ♦❞ st➦❡❞✉ ❦♦♠♦r②✳ P❛r❛♠❡tr② ✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉ ♦✈➨❡♠ ③➲st❛❧② ♥❡③♠➙♥➙♥②✱
♦❜rá③❡❦ ✸✳✷✳
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ne 4.3. 1018. m 3

❖❜rá③❡❦ ✸✳✷✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #25483✳

❱ ♣♦r♦✈♥á♥í♠ s❡ sér✐í ✭❍✳✶✮ ❥❡ ❤➲➦❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥á✳ ❊❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ne ❞♦✲
s❛❤✉❥❡ ♥❡♣❛tr♥➙ ♥✐➸➨í❝❤ ❤♦❞♥♦t✳ ❱ ↔❛s♦✈é♠ ♣r➲❜➙❤✉ ♥❛♣➙tí ♥❛ ③á✈✐t Ul ♣♦③♦r✉❥❡♠❡
➦❛❞✉ ♥❡st❛❜✐❧✐t✱ ③✈❧á➨t➙ ♣❛❦ ♥❛ ③❛↔át❦✉ ❛ ❦❡ ❦♦♥❝✐ ✈ý❜♦❥❡✱ ✈✐③✳ ♦❜rá③❡❦ ✸✳✷✳ ◆❡✲
st❛❜✐❧✐t② ✈❡❞♦✉ ❦❡ ③✈ý➨❡♥é♠✉ ♦❜s❛❤✉ ♣➦í♠➙sí ✈②s❦②t✉❥í❝í❝❤ s❡ ✈ ❦♦♠♦➦❡ t♦❦❛♠❛❦✉✳
▼❛①✐♠á❧♥í ♣r♦✉❞ ♣❧❛③♠❛t❡♠ Ip ♠á ❤♦❞♥♦t✉ 5.9 kA✳ ❆↔❦♦❧✐ t❡❞② ❜②❧② ③❛❝❤♦✈á♥②
♣❛r❛♠❡tr② ✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉✱ ✈✐③✳ ♣➦í❧♦❤❛ ❆✱ ♣♦③♦r✉❥❡♠❡ ③♥❛↔♥ý ♥ár➲st ♣r♦✉❞✉
♣❧❛③♠❛t❡♠✳

Pr♦ ♣♦s❧❡❞♥í sér✐✐ ♠➙➦❡♥í ✭❍✳✸✮ ③➲stá✈á s♦♥❞♦✈á ❤❧❛✈✐❝❡ ✈ ♣♦❧♦③❡ r = 70 mm ♦❞
st➦❡❞✉ ❦♦♠♦r②✳ ❏❡ ③❞❡ ♦✈➨❡♠ s♥í➸❡♥❛ ❤♦❞♥♦t❛ ♥❛❜í❥❡❝í❤♦ ♥❛♣➙tí ♥❛ ❦♦♥❞❡♥③át♦r✉
CBt✳ ❙♥❛❤♦✉ ❥❡ ③ís❦❛t ✈í❝❡ st❛❜✐❧♥í ❛ ❧é♣❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥ý ✈ý❜♦❥♦✈ý r❡➸✐♠✳ ❩ ↔❛s♦✲
✈é❤♦ ✈ý✈♦❥❡ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ♥❛ ♦❜rá③❦✉ ✸✳✸ ♣❧②♥❡✿

✸✸
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ne 3.3. 1018. m 3

❖❜rá③❡❦ ✸✳✸✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #25699✳

s♥❛❤❛ ♦ ③❧❡♣➨❡♥í s❡ ③ ↔ást✐ ♣♦❞❛➦✐❧❛✳ ❆↔❦♦❧✐ t♦t✐➸ ↔❛s♦✈ý ✈ý✈♦❥ ♥❛♣➙tí ♥❛ ③á✈✐t Ul ♦❜✲
s❛❤✉❥❡ ♠♥♦❤♦ ♥❡st❛❜✐❧✐t✱ ♣r➲❜➙❤ ↔❛s♦✈é❤♦ ✈ý✈♦❥❡ ♣r♦✉❞✉ ♣❧❛③♠❛t❡♠ Ip ❥❡ st❛❜✐❧♥➙❥➨í
❛ ✈ý❜♦❥❡ ❥s♦✉ t❛❦ ❧é♣❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥é✳

❊①♣❡r✐♠❡♥tá❧♥í ✈ýs❧❡❞❦②

❩❡ ✈➨❡❝❤ t➦í ✈ý❜♦❥♦✈ý❝❤ sér✐í ❥s♠❡ ③ís❦❛❧✐ ❞♦st❛t❡↔♥ý ♣♦↔❡t ❞❛t ♣r♦ ✈②t✈♦➦❡♥í ♥♦r✲
♠♦✈❛♥ý❝❤ ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ❞❧❡ ♣♦st✉♣✉✱ ❥❛❦ ❥❡ ♣♦♣sá♥♦ ✈ý➨❡ ✈ ❦❛♣✐t♦❧❡
✷✳✶✳ ❚② ♥ás❧❡❞♥➙ ❛♣r♦①✐♠✉❥❡♠❡ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í ♣♦❞❧❡ ✈ýr❛③✉ ✷✳✶✳ ◆❛ ♥ás❧❡❞✉❥í✲
❝í❝❤ ♦❜rá③❝í❝❤ ✸✳✹ ❥s♦✉ ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ③❡ sér✐❡ ✭❍✳✶✮✳ Pr♦ t✉t♦ sér✐✐ ♠➙➦❡♥í ❥s♦✉
❤♦❞♥♦t② ♥❛♣➙tí ♣➦✐❧♦➸❡♥ý❝❤ ♥❛ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ✈ r♦③s❛❤✉ Ulp =< −81, 17 > V✱
✈✐③✳ ♣➦í❧♦❤❛ ❆✳✶✳
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#25326 - #25340, r = 65mm
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t = 19-20[ms]

#25326 - #25340, r = 65mm

❖❜rá③❡❦ ✸✳✹✿ P➦í❦❧❛❞ ■❱ ❝❤❛r❛❦t❡r✐st✐❦② s ✐♦♥t♦✈ý♠ ♥❛s②❝❡♥ý♠ ♣r♦✉❞❡♠ ✭✈❧❡✈♦✮ ❛
❜❡③ ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ ✭✈♣r❛✈♦✮ ♣r♦ sér✐✐ ✭❍✳✶✮✳

❩ ♦❜rá③❦✉ ✈❧❡✈♦ ❥❡ ♣❛tr♥é✱ ➸❡ ❜②❧♦ ❞♦s❛➸❡♥♦ ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ I+sat ❛ ❜②❧♦

✸✹



t❛❦ ♠♦➸♥é ✈♦❧t✲❛♠♣ér♦✈♦✉ ❝❤❛r❛❦t❡r✐st✐❦✉ ❦♦r❡❦t♥➙ ❛♣r♦①✐♠♦✈❛t ❛ ✉r↔✐t ❤♦❞♥♦t②
♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ Ufl ❛ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ♣r♦ ❥❡❞♥♦t❧✐✈é ↔❛s♦✈é ✐♥t❡r✈❛❧②✳
◆❛♦♣❛❦ ♥❛ st❡❥♥é♠ ♦❜rá③❦✉ ✈♣r❛✈♦ ✈✐❞í♠❡✱ ➸❡ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ ❥❡ ♣➦í❧✐➨ ③á♣♦r♥ý ❛
♥❡♥í t❛❦ ♠♦➸♥é ♣r♦✈ést s♣rá✈♥➙ ❛♣r♦①✐♠❛❝✐✱ ❥❡❧✐❦♦➸ ③❞❡ ♥❡❜②❧♦ ❞♦s❛➸❡♥♦ ✐♦♥t♦✈é❤♦
♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉✳ ❩ t➙❝❤t♦ ❝❤❛r❛❦t❡r✐st✐❦ ♥❡♥í ♠♦➸♥é ③ís❦❛t ♣❛r❛♠❡tr② ❛♣r♦①✐✲
♠❛❝❡✳ Pr♦t♦➸❡ t❛❦♦✈ý❝❤t♦ ■❱ ❝❤❛r❛❦t❡r✐st✐❦ ❜②❧♦ ♣r♦ sér✐✐ ✭❍✳✶✮ ③♠➙➦❡♥♦ ✈í❝❡✱ ❥s♦✉
♣r♦ ✉r↔❡♥í ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ③ tét♦ ✈ý❜♦❥♦✈é sér✐❡ ♣♦✉➸✐t② ❥❡♥ t② ↔❛s♦✈é ✐♥t❡r✲
✈❛❧②✱ ❦❞② ✐♦♥t♦✈ý ♥❛s②❝❡♥ý ♣r♦✉❞ ♣♦③♦r✉❥❡♠❡ ❛ ❛♣r♦①✐♠❛❝✐ ❥❡ t❛❦ ♠♦➸♥♦ ❦♦r❡❦t♥➙
♣r♦✈ést✳ ❩ t♦❤♦ ❞➲✈♦❞✉ ❜②❧♦ ③✈ý➨❡♥♦ s♦♥❞♦✈é ♥❛♣➙tí Ulp ❛ ❜②❧② ♣r♦✈❡❞❡♥② ❞❛❧➨í ❞✈➙
✈ý❜♦❥♦✈é sér✐❡✳

Pr♦ sér✐✐ ✭❍✳✷✮ ❜②❧ r♦③s❛❤ ♥❛♣➙tí ♣➦✐❧♦➸❡♥ý❝❤ ♥❛ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ③✈ý➨❡♥ ♥❛
Ulp =< −134, 25 > V ❛ ♣r♦ sér✐✐ ✭❍✳✸✮ ♥❛ Ulp =< −115, 51 > V✳ ❉í❦② t♦♠✉ ❥✐➸
❞♦s❛❤✉❥❡♠❡ ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ ✈❡ ✈➨❡❝❤ ↔❛s♦✈ý❝❤ ✐♥t❡r✈❛❧❡❝❤✳ ❏❡ t❡❞②
♠♦➸♥é ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ❛♣r♦①✐♠♦✈❛t ✐ ♣r♦ ✈í❝❡ ③á♣♦r♥é ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧②✳ P➦í✲
❦❧❛❞❡♠ ❥❡ ♣❛❦ ♥ás❧❡❞✉❥í❝í ♦❜rá③❡❦ ✸✳✺✳
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fl = -51.1[V]

Te = 16.6[eV]
t = 9-10[ms]

#25483 - #25497, r = 70mm

130 100 70 40 10 20 50 80
Ulp[V]

20

15

10

5

0

5

I lp
[m

A]

Ulp
fl = -23.0[V]
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t = 7-8[ms]

#25699 - #25723, r = 70mm

❖❜rá③❡❦ ✸✳✺✿ P➦í❦❧❛❞ ■❱ ❝❤❛r❛❦t❡r✐st✐❦ s ✐♦♥t♦✈ý♠ ♥❛s②❝❡♥ý♠ ♣r♦✉❞❡♠ ♣r♦ sér✐✐
✭❍✳✷✮ ✭✈❧❡✈♦✮✱ ■❱ ❝❤❛r❛❦t❡r✐st✐❦❛ s ✐♦♥t♦✈ý♠ ✐ ❡❧❡❦tr♦♥♦✈ý♠ ♥❛s②❝❡♥ý♠ ♣r♦✉❞❡♠
♣r♦ sér✐✐ ✭❍✳✸✮ ✭✈♣r❛✈♦✮ ✭t➦í ♣❛r❛♠❡tr♦✈ý ✜t ↔❡r✈❡♥➙✱ ↔t②➦ ♣❛r❛♠❡tr♦✈ý ✜t ➸❧✉t➙✮✳

❩ ♦❜rá③❦✉ ❥❡ ♥❛ ♣r✈♥í ♣♦❤❧❡❞ ♣❛tr♥é✱ ➸❡ ♥❛♣➙tí ♣➦✐❧♦➸❡♥é ♥❛ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ❥❡ ❥✐➸
❞♦st❛t❡↔♥➙ ③á♣♦r♥é ❛ ♥❡♥í t❛❦ ♣♦t➦❡❜❛ ♠➙➦❡♥í ♣r♦✈á❞➙t s ❥❡➨t➙ ③á♣♦r♥➙❥➨í♠✐ ❤♦❞♥♦✲
t❛♠✐✳ ❱♦❧t✲❛♠♣ér♦✈á ❝❤❛r❛❦t❡r✐st✐❦❛✱ ❦t❡rá ❥❡ ♥❛ st❡❥♥é♠ ♦❜rá③❦✉ ✈♣r❛✈♦✱ ♦❜s❛❤✉❥❡
✈➙t❡✈ ❡❧❡❦tr♦♥♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ I−sat ❛ ♠á t❛❦➦❦❛ ✐❞❡á❧♥í ♣r➲❜➙❤✳ ❑ ❥❡❥í ❛♣r♦✲
①✐♠❛❝✐ ❥❡ s♣♦❧✉ s ✷✳✶ ♣♦✉➸✐t❛ ❛♥❛❧②t✐❝❦á ❢✉♥❦❝❡ ✭✈ ❧✐t❡r❛t✉➦❡ ♦❜✈②❦❧❡ ♥❛③ý✈á♥❛ ↔t②➦
♣❛r❛♠❡tr♦✈ý ✜t✮✱ ❦t❡rá ♠á t✈❛r ❬✶✸❪✿

Ilp = I+sat ∗ (1− d ∗
Ulp − U lp

fl

Te

) ∗ (1− exp
Ulp − U lp

fl

Te

). ✭✸✳✶✮

❚❛t♦ ❛♣r♦①✐♠❛❝❡ ❥❡ s✐❝❡ ♣➦❡s♥➙❥➨í✱ ❛❧❡ ♦❜tí➸♥➙❥✐ s♣❧➡✉❥❡ ♣♦❞♠í♥❦② ♣r♦ ❦♦♥✈❡r❣❡♥❝✐✳
Pr♦ t✉t♦ ❦♦♥❦rét♥í ■❱ ❝❤❛r❛❦t❡r✐st✐❦✉ ❜②❧❛ ✈②❜rá♥❛✱ ✈③❤❧❡❞❡♠ ❦ ❥❡❥í♠✉ t❛❦➦❦❛ ✐❞❡á❧✲
♥í♠✉ ♣r➲❜➙❤✉✳ ❩ ♦❜rá③❦✉ ❥❡ ❛❧❡ ♣❛tr♥é ✭➸❧✉tá ❦➦✐✈❦❛✮✱ ➸❡ ❢✉♥❦❝❡ ✈ ♦❜❧❛st✐ ✐♦♥t♦✈é❤♦
♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ ♥❡❦♦♥✈❡r❣✉❥❡✱ ❝♦➸ ❥❡ ♥✉t♥á ♣♦❞♠í♥❦❛ ♣r♦ ❦♦r❡❦t♥í ❛♣r♦①✐♠❛❝✐✳
Pr♦ ♦st❛t♥í ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② s❡ ③ t♦❤♦ ❞➲✈♦❞✉ ♣♦✉➸í✈á ✈ý❤r❛❞♥➙ t➦í
♣❛r❛♠❡tr♦✈á ❛♣r♦①✐♠❛❝❡✳

❚í♠t♦ ♣♦st✉♣❡♠ ❥s♠❡ ③ís❦❛❧✐ ③á❦❧❛❞♥í ♣❛r❛♠❡tr② ♣❧❛③♠❛t✉✱ ❤♦❞♥♦t② ♣❧♦✈♦✉❝í❤♦ ♣♦✲
t❡♥❝✐á❧✉ Ufl ❛ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te✳ ❚②t♦ ❤♦❞♥♦t② ♣❛r❛♠❡tr➲ ❛♣r♦①✐♠❛❝❡ ❥s♦✉

✸✺



♦✈❧✐✈♥➙♥② ♥➙❦♦❧✐❦❛ ❢❛❦t♦r②✱ ♣➦✐↔❡♠➸ ♥❡❥✈í❝❡ ✈ýs❧❡❞❦② ♦✈❧✐✈➡✉❥í❝í♠✐ ❥s♦✉ r❡♣r♦❞✉✲
❦♦✈❛t❡❧♥♦st ❛ ♥❡st❛❜✐❧✐t② ✈ý❜♦❥➲✳ P♦❦✉❞ s❡ t♦t✐➸ ✈ ♥➙❦t❡ré♠ ③ ↔❛s♦✈ý❝❤ ✐♥t❡r✈❛❧➲
♥❡st❛❜✐❧✐t❛ ✈②s❦②t✉❥❡✱ ❥s♦✉ ❜♦❞② ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ✈②♣♦↔t❡♥② r❡❧❛t✐✈♥➙ ♥❡♣➦❡s♥➙ s
✈❡❧❦♦✉ st❛t✐st✐❝❦♦✉ ❝❤②❜♦✉✱ ❝♦➸ ❦♦♠♣❧✐❦✉❥❡ ❛ ↔❛st♦ ✐ ③♥❡♠♦➸➡✉❥❡ ❥❡❥✐❝❤ ❛♣r♦①✐♠❛❝✐✳
❩ ♦❜rá③❦✉ ✸✳✺ ✈♣r❛✈♦ s✐ ♠➲➸❡♠❡ ✈➨✐♠♥♦✉t✱ ➸❡ ♦ ✈ýs❧❡❞❦✉ ❛♣r♦①✐♠❛❝❡ t❛❦té➸ s✐❧♥➙
r♦③❤♦❞✉❥❡✱ ❥❛❦ý ❜♦❞ ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ❥❡➨t➙ ③❛❤r♥❡♠❡✳ ❆❜②❝❤♦♠ ❞♦❝í❧✐❧✐ s♣rá✈♥ý❝❤
✈ýs❧❡❞❦➲✱ ♣♦st✉♣✉❥❡♠❡ t❛❦✱ ❥❛❦ ❥❡ ♣♦♣sá♥♦ ✈ ❦❛♣✐t♦❧❡ ♦ ■❱ ❝❤❛r❛❦t❡r✐st✐❦á❝❤ ✷✳✶✳ ❱
ú✈❛❤✉ t❡❞② ♥❡✉✈❛➸✉❥❡♠❡ ❜♦❞② ❝❤❛r❛❦t❡r✐st✐❦②✱ ❦t❡ré ❥s♦✉ ✈í❝❡✱ ♥❡➸ ✷① ✲ ✸① ♥ás♦❜❡❦
✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉✳

❏❛❦♦ ♣r✈♥í ♣❛r❛♠❡tr ③ ❛♣r♦①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í
❥s♠❡ ③ís❦❛❧✐ ❤♦❞♥♦t② ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ Ufl✳ ❷❛s♦✈ý ✈ý✈♦❥ ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉
♣r♦ ❦❛➸❞♦✉ ③❡ sér✐í ♣❛❦ ♠➲➸❡♠❡ ✈✐❞➙t ♥❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✻✱ ✈❡ ❦t❡ré♠ ❥❡ t❛❦é
③♦❜r❛③❡♥ ♣♦t❡♥❝✐á❧ ♠➙➦❡♥ý ❜❛❧❧✲♣❡♥ s♦♥❞♦✉✱ ❦t❡rá ❥❡ ♣❧♦✈♦✉❝í ❛ ♠➙➦í t❡❞② ♣➦✐❜❧✐➸♥➙
♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ✳
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#25326 - #25340, r = 65mm
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#25483 - #25497, r = 70mm
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#25699 - #25723, r = 70mm

LP
BPP

❖❜rá③❡❦ ✸✳✻✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣♦t❡♥❝✐á❧✉ ♣❧❛③♠❛t✉ ③♠➙➦❡♥é❤♦ ❜❛❧❧✲♣❡♥ s♦♥❞♦✉ ❛ ♣❧♦✲
✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ③ ❛♣r♦①✐♠❛❝❡ ■❱ ❝❤❛r❛❦t❡r✐st✐❦ ♣r♦ ♣♦st✉♣♥➙ ✈➨❡❝❤♥② t➦✐ sér✐❡✳

❩ ♦❜rá③❦✉ ✸✳✻ ❥❡ ♣❛tr♥é✱ ➸❡ ♣♦t❡♥❝✐á❧ ❜❛❧❧✲♣❡♥ s♦♥❞② ✭♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ✮ ♥❡♥í r♦✲
✈❡♥ ♣❧♦✈♦✉❝í♠✉ ♣♦t❡♥❝✐á❧✉ Ufl ▲❛♥❣♠✉✐r♦✈② s♦♥❞②✳ ❘♦③❞í❧❡♠ t➙❝❤t♦ ❞✈♦✉ ♣♦t❡♥❝✐á❧➲
❥❡ ❞❧❡ ✈③t❛❤✉ ✷✳✽ ♣➦ís♣➙✈❡❦ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ♥ás♦❜❡♥é ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t♦✉ α
♣r♦ ✈♦❞í❦♦✈é ♣❧❛③♠❛✳ ❚❡♥t♦ r♦③❞í❧ ③➲stá✈á ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡ ♣➦✐❜❧✐➸♥➙ ❦♦♥st❛♥t♥í ♣r♦
✈➨❡❝❤♥② sér✐❡ ✈ý❜♦❥➲✳ ❩ t✈❛r✉ r♦✈♥✐❝❡ ✷✳✽ ♣❛❦ ♠➲➸❡♠❡ ♦↔❡❦á✈❛t✱ ➸❡ ♣r➲❜➙❤ ❡❧❡❦tr♦✲
♥♦✈é t❡♣❧♦t② Te ❜② ♠➙❧ ❜ýt ✈ ↔❛s❡ té♠➙➦ ❦♦♥st❛♥t♥í✳ ▼➲➸❡♠❡ t❡❞② ♣r♦✈ést ❦♦♥tr♦❧✉
✈ýs❧❡❞❦➲ ③ís❦❛♥ý❝❤ ③ ❛♣r♦①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦✳

❉r✉❤ý♠ ♣❛r❛♠❡tr❡♠ ③ís❦❛♥ý♠ ③ ❛♣r♦①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ❥❡ ❡❧❡❦✲
tr♦♥♦✈á t❡♣❧♦t❛ Te✳ ❏❡❥í ✈ý✈♦❥ ✈ ③á✈✐s❧♦st✐ ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt ♣r♦
✈➨❡❝❤♥② sér✐❡ ✈ý❜♦❥➲ ❥❡ ♥❛ ♥ás❧❡❞✉❥í❝í♠ s♦✉❤r♥♥é♠ ♦❜rá③❦✉ ✸✳✼✳

✸✻
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Te=17.7±3.5 [eV]

Te (H. 1), r = 65 mm
Te (H. 2), r = 70 mm
Te (H. 3), r = 70 mm

❖❜rá③❡❦ ✸✳✼✿ ❩á✈✐s❧♦st ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ ③ ❛♣r♦✲
①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ♣r♦ ✈➨❡❝❤♥② t➦✐ sér✐❡ ♠➙➦❡♥í✳

❩ ♦❜rá③❦✉ ✸✳✼ ❥❡ ♣❛tr♥é✱ ➸❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te ❥❡ ✈ ③á✈✐s❧♦st✐ ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣✲
♥❡t✐❝❦é♠ ♣♦❧✐ Bt ♣➦✐❜❧✐➸♥➙ ❦♦♥st❛♥t♥í ❛ ❥❡❥í st➦❡❞♥í ❤♦❞♥♦t❛ ↔✐♥í Te = 17.7± 3.5 eV✳
P➦❡st♦ ♣r♦ Bt = 0.4− 0.5 T ♣♦③♦r✉❥❡♠❡ ❥❡❥í ♠ír♥ý ♥ár➲st✳ ❑ ♣➦❡s♥é♠✉ ✉r↔❡♥í tét♦
③á✈✐s❧♦st✐ ♦✈➨❡♠ ♥❡♠á♠❡ ❦ ❞✐s♣♦③✐❝✐ ❞♦st❛t❡↔♥➙ ✈②s♦❦é t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡✳
Pr♦ sér✐✐ ✭❍✳✷✮ ❥❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ ✈②➨➨í✱ ♥❡➸ ♣r♦ sér✐✐ ✭❍✳✸✮✱ ✐ ❦❞②➸ ❥❡ s♦♥❞❛ ♥❛
st❡❥♥é ♣♦❧♦③❡✳ ❏❡ t♦ ③➦❡❥♠➙ ♣r♦t♦✱ ➸❡ ♣r♦✉❞ ♣❧❛③♠❛t❡♠ ❥❡ ♣r♦ sér✐✐ ✭❍✳✷✮ ✈②➨➨í✳ P♦❦✉❞
♥ás❧❡❞♥➙ ♣♦r♦✈♥á♠❡ ✈ýs❧❡❞❦② ③ ♦❜rá③❦➲ ✸✳✻ ❛ ✸✳✼ t❛❦ ③❥✐stí♠❡✱ ➸❡ r♦③❞í❧② ♣r➲❜➙❤✉
♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ❛ ♣♦t❡♥❝✐á❧✉ ③ ❜❛❧❧✲♣❡♥ s♦♥❞② ♠➙➦í❝í ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ s❦✉✲
t❡↔♥➙ ❦♦r❡s♣♦♥❞✉❥í s ♣r➲❜➙❤❡♠ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ③ ♦❜rá③❦✉ ✸✳✼✳ ❖✈➙➦✐❧✐ ❥s♠❡ t❛❦✱
➸❡ ♥❡s♥❛❞♥á ❛♣r♦①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í ✷✳✶ ❜②❧❛
♣r♦✈❡❞❡♥❛ ❦♦r❡❦t♥➙ ❛ ❞♦s♣➙❧✐ ❥s♠❡ t❛❦ ❦❡ s♣rá✈♥ý♠ ✈ýs❧❡❞❦➲♠✳

❯♣❧❛t♥í♠❡✲❧✐ ✈➨❡❝❤♥② ♣➦❡❞❝❤♦③í ✈ýs❧❡❞❦②✱ ✈②♣♦↔t❡♠❡ ❤❧❡❞❛♥♦✉ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t✉
α ♣♦❞❧❡ ✈③t❛❤✉ ✷✳✽✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✽ ✈✐❞í♠❡ s♦✉❤r♥ ✈ýs❧❡❞❦➲ ♣r♦ ✈➨❡❝❤♥②
t➦✐ sér✐❡✳

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Bt [T]

1

2

3

4

[
] = 2.5±0.7

(H. 1)
(H. 2)
(H. 3)

❖❜rá③❡❦ ✸✳✽✿ ❙♦✉❤r♥♥á ③á✈✐s❧♦st ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠
♣♦❧✐ ♣r♦ ✈➨❡❝❤♥② sér✐❡✳
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❩ís❦❛♥é ❡①♣❡r✐♠❡♥tá❧♥í ❤♦❞♥♦t② ♠➲➸❡♠❡ ✐♥t❡r♣r❡t♦✈❛t ❞✈♦❥✐tý♠ ③♣➲s♦❜❡♠✳ ❩❛ ♣➦❡❞✲
♣♦❦❧❛❞✉✱ ➸❡ ❤♦❞♥♦t❛ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❡③á✈✐sí ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠
♣♦❧✐ Bt✱ ❥❡ ❥❡❥í st➦❡❞♥í ❤♦❞♥♦t❛ r♦✈♥❛ α = 2.5 ± 0.7 ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉✳ ❚❛t♦
❤♦❞♥♦t❛ ❥❡ ♥ás❧❡❞♥➙ ♣♦✉➸✐t❛ ♣r♦ ✈ý♣♦↔❡t r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te✱
✈✐③✳ ♦❞st❛✈❡❝ ✸✳✷

❉r✉❤á ✐♥t❡r♣r❡t❛❝❡ ♣➦❡❞♣♦❦❧á❞á ❧✐♥❡ár♥í ③á✈✐s❧♦st ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❛ t♦r♦✐✲
❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt✳ ❩ ❧✐♥❡ár♥í r❡❣r❡s❡ ♣r♦ ❞❛t❛ ③❡ ✈➨❡❝❤ t➦í sér✐í ♠➙➦❡♥í
③ís❦á✈á♠❡ ❦♦♥❦rét♥í t✈❛r tét♦ ③á✈✐s❧♦st✐✿

α = α(Bt) = 1.89Bt + 1.85. ✭✸✳✷✮
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✸✳✶✳✷ ❍é❧✐♦✈é ♣❧❛③♠❛

❙ér✐❡ ♠➙➦❡♥í

Pr♦ ♠➙➦❡♥í ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ✈ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉✱ ❜②❧② ♣r♦✈❡❞❡♥② ❞✈➙ sé✲
r✐❡ ♠➙➦❡♥í✱ ❧✐➨í❝í s❡ ♣♦❧♦❤♦✉ s♦♥❞♦✈é ❤❧❛✈✐❝❡✱ r♦③s❛❤❡♠ ♥❛♣➙tí Ulp ♣➦✐❧♦➸❡♥ý❝❤ ♥❛
▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ❛ ♣❛r❛♠❡tr② ✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉✳ Pr♦ ♦❜➙ ✈ý❜♦❥♦✈é sér✐❡ ❥s♦✉
❦♦♥❦rét♥í ♣❛r❛♠❡tr② ✉✈❡❞❡♥② ✈ ♣➦í❧♦③❡ ❆✳

Pr♦ ♣r✈♥í sér✐✐ ♠➙➦❡♥í ✭❍❡✳✶✮ ❜②❧❛ s♦♥❞♦✈á ❤❧❛✈✐❝❡ ✉♠íst➙♥❛ ✈❡ ✈③❞á❧❡♥♦st✐ r =
80 mm ♦❞ st➦❡❞✉ ❦♦♠♦r②✳ ❩ ↔❛s♦✈é❤♦ ✈ý✈♦❥❡ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉ ♥❛ ♦❜rá③❦✉ ✸✳✾
✈②♣❧ý✈á✱ ➸❡
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ne 7.2. 1018. m 3

❖❜rá③❡❦ ✸✳✾✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #26185✳

✈ý❜♦❥♦✈ý r❡➸✐♠ ❥❡ ♥❛ ♣r✈♥í ♣♦❤❧❡❞ ♦❞❧✐➨♥ý t♦♠✉ ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉✱ ♣➦❡st♦➸❡
❥s♦✉ ♣➦❡❞♥❛st❛✈❡♥é ✈ý❜♦❥♦✈é ♣❛r❛♠❡tr② ✈❡❧♠✐ ♣♦❞♦❜♥é✱ ✈✐③✳ ♣➦í❧♦❤❛ ❆✳ ◆❡♥í ♥❛✲
♣➦í❦❧❛❞ ♥❛t♦❧✐❦ st❛❜✐❧♥í ❛ r❡♣r♦❞✉❦♦✈❛t❡❧♥ý✱ ❥❛❦♦ t♦♠✉ ❜②❧♦ ✈ ♣➦í♣❛❞➙ ✈♦❞í❦♦✈é❤♦
♣❧❛③♠❛t✉✳ ❙t➦❡❞♥í ❤♦❞♥♦t❛ ♥❛♣➙tí ♥❛ ③á✈✐t Ul ❥❡ r♦✈♥❛ 9.5 V✳ ❱ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉
t❡❞② ♥❛♣➙tí ♥❛ ③á✈✐t ♥❛❜ý✈á ✈②➨➨í❝❤ ❤♦❞♥♦t✳ ❚♦ ③♥❛↔í✱ ➸❡ ♣❧❛③♠❛ ✈ ♣r➲❜➙❤✉ ✈ý✲
❜♦❥❡ ♦❜s❛❤♦✈❛❧♦ ♠♥♦❤♦ ♣➦í♠➙sí✳ ❱ ♣r➲❜➙❤✉ s❡ ♥✐❝♠é♥➙ ♥❡♣♦③♦r♦✈❛❧② ♥❡st❛❜✐❧✐t②✳ ❩
✈❡rt✐❦á❧♥í❝❤ ❝❤②❜♦✈ý❝❤ ús❡↔❡❦ ♥á❧❡➸í❝í♠ ❦ ♣r♦✉❞✉ ♣❧❛③♠❛t❡♠ Ip ✈✐❞í♠❡✱ ➸❡ ✈ý❜♦❥❡
❥s♦✉ ♣♦♠➙r♥➙ ❞♦❜➦❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥é✳ ❚♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ Bt ❞♦s❛❤✉❥❡ ✈❡
s✈é♠ ♠❛①✐♠✉ ❤♦❞♥♦t② ♣♦✉③❡ 0.32 T✳ ❖♣r♦t✐ ✈♦❞í❦♦✈é♠✉ ♣❧❛③♠❛t✉ ❥❡ t♦ ❤♦❞♥♦t❛
♥✐➸➨í✱ ❥❡❧✐❦♦➸ ❥❡❤♦ ✈❡❧✐❦♦st ③á✈✐sí ♥❛ ❞é❧❝❡ ✈ý❜♦❥❡✳ ❚② ❥s♦✉ ✈ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉ ♥❛
t♦❦❛♠❛❦✉ ●❖▲❊▼ t②♣✐❝❦② ♦ ♣♦❧♦✈✐♥✉ ❦r❛t➨í✱ ♥❡➸❧✐ ✈ ♣❧❛③♠❛t✉ ✈♦❞í❦♦✈é♠✱ ♣➦✐❜❧✐➸♥➙
11 ms✳ ▼❛①✐♠á❧♥í ❤♦❞♥♦t❛ ❡❧❡❦tr♦♥♦✈é ❤✉st♦t② ne ❥❡ ♣r♦ t✉t♦ sér✐❡ ♣♦♠➙r♥➙ ✈②s♦❦á
❛ ❞♦s❛❤✉❥❡ 7.2 .1018 m−3✳ ❱ ♣♦r♦✈♥á♥í s ✈♦❞í❦♦✈ý♠ ♣❧❛③♠❛t❡♠ ❞♦s❛❤✉❥❡ ♣➦✐ st❡❥♥ý❝❤
♣❛r❛♠❡tr❡❝❤ ✈ý❜♦❥❡ ♣♦❞st❛t♥➙ ✈②➨➨í❝❤ ❤♦❞♥♦t✳

✸✾



Pr♦ sér✐✐ ✭❍❡✳✷✮ ❜②❧ ✈ý❜♦❥♦✈ý r❡➸✐♠ ❤➲➦❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥ý✱ ✈✐③✳ ♥ás❧❡❞✉❥í❝í ♦❜rá✲
③❡❦ ✸✳✶✵✳
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❖❜rá③❡❦ ✸✳✶✵✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #26290✳

❙t➦❡❞♥í ❤♦❞♥♦t❛ ♥❛♣➙tí ♥❛ ③á✈✐t Ul ❞♦s❛❤♦✈❛❧❛ 12.4 V✳ ❚❛❦t♦ ✈②s♦❦á ❤♦❞♥♦t❛ ③♥❛↔í✱
➸❡ ♣❧❛③♠❛ ♣r♦ t✉t♦ sér✐✐ ♦❜s❛❤♦✈❛❧♦ ♠♥♦❤♦ ♣➦í♠➙sí✳ Pr♦✉❞ ♣❧❛③♠❛t❡♠ Ip ❜②❧ r❡✲
❧❛t✐✈♥➙ ✈❡❧♠✐ ♥í③❦ý✳ Pr♦ t♦t♦ ♠➙➦❡♥í✱ ③ ❞➲✈♦❞✉ ③á✈❛❞② ✐♥t❡r❢❡r♦♠❡tr✉✱ ♥❡❥s♦✉ ❦
❞✐s♣♦③✐❝✐ ú❞❛❥❡ ♦ ❡❧❡❦tr♦♥♦✈é ❤✉st♦t➙ ne✳ ❆❜②❝❤♦♠ ❞♦sá❤❧✐ ❜➙❤❡♠ ✈ý❜♦❥❡ ✈ ❤é❧✐✉
✈②➨➨í❝❤ ❤♦❞♥♦t t♦r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ Bt✱ ❜②❧♦ ♥❛♣➙tí ♥❛ ❦♦♥❞❡♥③át♦r CCD

③♣♦➸❞➙♥♦ ♦ 3 ms✳ ❉í❦② t♦♠✉ ③ís❦á✈á♠❡ ♠❛①✐♠á❧♥í ❤♦❞♥♦t② Bt = 0.51 T✱ ❝♦➸ ❥❡
st❡❥♥á ❤♦❞♥♦t❛✱ ❥❛❦♦ ✈ ♣❧❛③♠❛t✉ ✈♦❞í❦♦✈é♠✳

❊①♣❡r✐♠❡♥tá❧♥í ✈ýs❧❡❞❦②

❩❡ sér✐❡ ✭❍❡✳✶✮ ❥s♠❡ ③ís❦❛❧✐ ❞♦st❛t❡↔♥ý ♣♦↔❡t ❞❛t ♣r♦ ✈②t✈♦➦❡♥í ♥♦r♠♦✈❛♥ý❝❤ ✈♦❧t✲
❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦✳ ❏❡❧✐❦♦➸ ♥❛♣➙tí ♣➦✐❧♦➸❡♥é ♥❛ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ❞♦s❛✲
❤♦✈❛❧♦ ❞♦st❛t❡↔♥ý❝❤ ❤♦❞♥♦t ♣r♦ ✈②t✈♦➦❡♥í ✐♦♥t♦✈é❤♦ ♥❛s②❝❡♥é❤♦ ♣r♦✉❞✉ Ulp =<
−121, 38 > V✱ ♠♦❤❧✐ ❥s♠❡ ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ❦♦♥str✉♦✈❛t ♣r♦ ✈➙t➨✐♥✉ ↔❛s♦✈ý❝❤ ✐♥✲
t❡r✈❛❧➲✳ Pr♦ sér✐✐ ✭❍❡✳✷✮ ♥❡❜②❧♦ ❦✈➲❧✐ ♠❡♥➨í♠✉ r♦③s❛❤✉ ♥❛♣➙tí Ulp =< −102, 19 > V
♣➦✐❧♦➸❡♥ý❝❤ ♥❛ ▲❛♥❣♠✉✐r♦✈✉ s♦♥❞✉ ❛ ❝❡❧❦♦✈➙ ❤♦r➨í r❡♣r♦❞✉❦♦✈❛t❡❧♥♦st✐ ♠♦➸♥♦ ♣r♦✲
✈ést ❛♣r♦①✐♠❛❝✐ ❢✉♥❦❝í ✷✳✶ ✈ ♠♥♦❤❛ ↔❛s♦✈ý❝❤ ✐♥t❡r✈❛❧❡❝❤✳ ❩ t♦❤♦ ❞➲✈♦❞✉ t❛t♦ sér✐❡
❞♦♣❧➡✉❥❡ sér✐✐ ♣r✈♥í ♣r♦ ✈②➨➨í ❤♦❞♥♦t② t♦r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ Bt✱ ❦t❡ré ❥s♦✉
✈ý③♥❛♠♥é ♣r♦ ♣➦í♣❛❞♥é ✉r↔❡♥í ③á✈✐s❧♦st✐ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❛ t♦♠t♦ ♣♦❧✐✳

◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✶✶ ♣❛❦ ♠➲➸❡♠❡ ✈✐❞➙t ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ✈
❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉✱ ❦t❡ré ❥s♦✉ ✈②t✈♦➦❡♥② ú♣r❛✈♦✉ ❞❛t ③ís❦❛♥ý❝❤ ✈ ❡①♣❡r✐♠❡♥t✉ ❞❧❡
♣♦st✉♣✉ ✉✈❡❞❡♥é❤♦ ✈ ❦❛♣✐t♦❧❡ ✷✳✶ st❡❥♥ý♠ ③♣➲s♦❜❡♠✱ ❥❛❦♦ t♦♠✉ ❜②❧♦ ✈ ♣➦í♣❛❞➙
✈♦❞í❦♦✈é❤♦ ♣❧❛③♠❛t✉✳

✹✵
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Te = 11.5[eV]
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#26185 - #26206, r = 80mm
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#26185 - #26206, r = 80mm
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#26290 - #26312, r = 80mm
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t = 15-16[ms]

#26290 - #26312, r = 80mm

❖❜rá③❡❦ ✸✳✶✶✿ P➦í❦❧❛❞② ❛♣r♦①✐♠♦✈❛♥ý❝❤ ■❱ ❝❤❛r❛❦t❡r✐st✐❦✳ ❙ér✐❡ ✭❍❡✳✶✮ ✈ ❤♦r♥í ↔ást✐✱
sér✐❡ ✭❍❡✳✷✮ ✈ ↔ást✐ ❞♦❧♥í✳

❩❡ sér✐❡ ✭❍❡✳✶✮ ③ís❦á✈á♠❡ ❞♦❜➦❡ ❛♣r♦①✐♠♦✈❛t❡❧♥é ■❱ ❝❤❛r❛❦t❡r✐st✐❦②✱ ❦❞❡ ❥❡ ✈➸❞②
♣❛tr♥ý ✐♦♥t♦✈ý ♥❛s②❝❡♥ý ♣r♦✉❞ I+sat✳ ❱♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ③❡ sér✐❡ ✭❍❡✳✷✮
♣❛❦ ♦❜s❛❤✉❥í ♠é♥➙ ❜♦❞➲✳ Pr♦t♦ ❜②❧♦ ♠♦➸♥é ❛♣r♦①✐♠♦✈❛t ♣♦✉③❡ ♥➙❦t❡ré ✈❡ ✈②❜r❛♥ý❝❤
↔❛s♦✈ý❝❤ ✐♥t❡r✈❛❧❡❝❤✳ ❩ t➙❝❤t♦ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ③ís❦á✈á♠❡✱ ❥❛❦♦➸t♦
♣❛r❛♠❡tr② ❛♣r♦①✐♠❛❝❡✱ ❤♦❞♥♦t② ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ Ufl ❛ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te

st❡❥♥➙✱ ❥❛❦♦ t♦♠✉ ❜②❧♦ ✈ ♣➦í♣❛❞➙ ✈♦❞í❦♦✈é❤♦ ♣❧❛③♠❛t✉✳

◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✶✷ ✈✐❞í♠❡ ↔❛s♦✈ý ✈ý✈♦❥ ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ Ufl ▲❛♥❣✲
♠✉✐r♦✈② s♦♥❞② ♣r♦ sér✐✐ ✭❍❡✳✶✮✳ ❱❡ st❡❥♥é♠ ♦❜rá③❦✉ ❥❡ r♦✈♥➙➸ ③♦❜r❛③❡♥ ♣♦t❡♥❝✐á❧
❜❛❧❧✲♣❡♥ s♦♥❞②✱ ❦t❡rá ❥❡ ♣❧♦✈♦✉❝í ❛ ♠➙➦í t❛❦ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ✳
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#26185 - #26206, r = 80mm
LP
BPP

❖❜rá③❡❦ ✸✳✶✷✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣♦t❡♥❝✐á❧✉ ♣❧❛③♠❛t✉ ③♠➙➦❡♥é❤♦ ❜❛❧❧✲♣❡♥ s♦♥❞♦✉ ❛ ♣❧♦✲
✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ③ ❛♣r♦①✐♠❛❝❡ ■❱ ❝❤❛r❛❦t❡r✐st✐❦ ♣r♦ sér✐✐ ✭❍❡✳✶✮✳

✹✶



❩ ♦❜rá③❦✉ ❥❡ ♣❛tr♥é✱ ➸❡ st❡❥♥➙✱ ❥❛❦♦ t♦♠✉ ❜②❧♦ ✈ ♣➦í♣❛❞➙ ✈♦❞í❦♦✈é❤♦ ♣❧❛③♠❛t✉✱ ♥❡♥í
♣♦t❡♥❝✐á❧ ❜❛❧❧✲♣❡♥ s♦♥❞② Φ r♦✈❡♥ ♣❧♦✈♦✉❝í♠✉ ♣♦t❡♥❝✐á❧✉ Ufl ▲❛♥❣♠✉✐r♦✈② s♦♥❞②✳
❘♦③❞í❧❡♠ ❥❡ ♦♣➙t ♣➦ís♣➙✈❡❦ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ♥ás♦❜❡♥é ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t♦✉
α✱ ❦t❡rá ♠á ♥②♥í ♣r♦ ❤é❧✐♦✈é ♣❧❛③♠❛ ♦❞❧✐➨♥♦✉ ❤♦❞♥♦t✉✳ ❘♦③❞í❧② ♦❜♦✉ ♣♦t❡♥❝✐á❧➲
♦♣➙t ③➲stá✈❛❥í ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡ ♣➦✐❜❧✐➸♥➙ ❦♦♥st❛♥t♥í✳ ❉á s❡ t❡❞② ♣➦❡❞♣♦❦❧á❞❛t✱ ➸❡
✈ýs❧❡❞♥á ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te ❜✉❞❡ ❜➙❤❡♠ ✈ý❜♦❥❡ ♣➦✐❜❧✐➸♥➙ ❦♦♥st❛♥t♥í✱ ❥❛❦♦ ✈
♣➦í♣❛❞➙ ✈♦❞í❦♦✈é❤♦ ♣❧❛③♠❛t✉✳

❉r✉❤ý♠ ♣❛r❛♠❡tr❡♠✱ ❦t❡rý ❥❡ ③ís❦á♥ ③ ❛♣r♦①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦
❥❛❦♦➸t♦ ♣❛r❛♠❡tr✱ ❥❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te✳ ❏❡❥í ✈ý✈♦❥ ✈ ③á✈✐s❧♦st✐ ♥❛ t♦r♦✐❞á❧♥í♠
♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt ♣r♦ ♦❜➙ sér✐❡ ✈ý❜♦❥➲ ❥❡ ♥❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✶✸✳
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Te=9.6±2.2 [eV]

Te (He. 1), r = 80 mm
Te (He. 2), r = 80 mm

❖❜rá③❡❦ ✸✳✶✸✿ ❩á✈✐s❧♦st ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ ③ ❛♣r♦✲
①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ♣r♦ ♦❜➙ sér✐❡ ♠➙➦❡♥í✳

❩ ♦❜rá③❦✉ ✸✳✶✸ ✉s✉③✉❥❡♠❡✱ ➸❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te ❥❡ ♣r♦ ♦❜➙ sér✐❡ ♠➙➦❡♥í ♣➦✐❜❧✐➸♥➙
9 − 10 eV✳ ❚❛t♦ st➦❡❞♥í ❤♦❞♥♦t❛ ❥❡ ♥✐➸➨í✱ ♥❡➸❧✐ ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉✱ ❦❞❡ ♣➦✐
st❡❥♥ý❝❤ ♣❛r❛♠❡tr❡❝❤ ✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉ ♥❛❜ý✈❛❧❛ ❤♦❞♥♦t 16 − 19 eV ✈ ③á✈✐s❧♦st✐
♥❛ t♦♠✱ ❥❛❦ý ♣r♦✉❞ ♣❧❛③♠❛t❡♠ Ip ♣r♦té❦❛❧✳ P♦❧♦❤❛ s♦♥❞♦✈é ❤❧❛✈✐❝❡ ❥❡ ♦✈➨❡♠ ♣r♦
❤é❧✐✉♠ ✈③❞á❧❡♥➙❥➨í ♦❞ st➦❡❞✉ ❦♦♠♦r②✳ ❘❡❧❛t✐✈♥í ❝❤②❜❛ ❞♦s❛❤✉❥❡ 20%✱ ❝♦➸ ❥❡ ③ ✈❡❧❦é
↔ást✐ ③♣➲s♦❜❡♥♦ ♣r♦❜❧❡♠❛t✐❝❦♦✉ r❡♣r♦❞✉❦♦✈❛t❡❧♥♦stí ✈ý❜♦❥➲ ✈ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉✳

P♦❦✉❞ ♦♣➙t ♣♦r♦✈♥á♠❡ ✈ýs❧❡❞❦② ③ ♦❜rá③❦➲ ✸✳✶✷ ❛ ✸✳✶✸ t❛❦ ③❥✐stí♠❡✱ ➸❡ r♦③❞í❧② ♣r➲✲
❜➙❤✉ ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ❛ ♣♦t❡♥❝✐á❧✉ ③ ❜❛❧❧✲♣❡♥ s♦♥❞② ♠➙➦í❝í ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉
✈ ❤é❧✐✉ ❦♦r❡s♣♦♥❞✉❥í s ♣r➲❜➙❤❡♠ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ③ ♦❜rá③❦✉ ✸✳✶✸✳ ❖♣➙t ❥s♠❡ t❛❦
♦✈➙➦✐❧✐✱ ➸❡ ♥❡s♥❛❞♥á ❛♣r♦①✐♠❛❝❡ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í ✷✳✶
❜②❧❛ ♣r♦✈❡❞❡♥❛ ❦♦r❡❦t♥➙ ❛ ❞♦s♣➙❧✐ ❥s♠❡ t❛❦ ❦❡ s♣rá✈♥ý♠ ✈ýs❧❡❞❦➲♠✳

❉♦s❛③❡♥í♠ ③ís❦❛♥ý❝❤ ❤♦❞♥♦t ❞♦ ✈③t❛❤✉ ✷✳✽ s♣♦↔ítá♠❡ ❤♦❞♥♦t✉ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t②
α✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✶✹ ❥s♦✉ ❤♦❞♥♦t② tét♦ ❦♦♥st❛♥t② ③♦❜r❛③❡♥② ♣r♦ ♦❜➙
sér✐❡ ♠➙➦❡♥í✳

✹✷



0.0 0.1 0.2 0.3 0.4 0.5
Bt [T]
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1.5
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2.5

3.0

[
]

= 1.8±0.4

(He. 1)
(He. 2)

❖❜rá③❡❦ ✸✳✶✹✿ ❙♦✉❤r♥♥á ③á✈✐s❧♦st ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝✲
❦é♠ ♣♦❧✐ ♣r♦ ✈➨❡❝❤♥② sér✐❡✳

❩ís❦❛♥é ❡①♣❡r✐♠❡♥tá❧♥í ❤♦❞♥♦t② ♠➲➸❡♠❡ st❡❥♥➙✱ ❥❛❦♦ ✈ ♣➦í♣❛❞➙ ✈♦❞í❦♦✈é❤♦ ♣❧❛③♠❛t✉
✐♥t❡r♣r❡t♦✈❛t ❞✈♦❥✐tý♠ ③♣➲s♦❜❡♠✳ ❩❛ ♣➦❡❞♣♦❦❧❛❞✉✱ ➸❡ ❤♦❞♥♦t❛ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t②
α ♥❡③á✈✐sí ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt✱ ❥❡ ❥❡❥í st➦❡❞♥í ❤♦❞♥♦t❛ r♦✈♥❛ α =
1.8±0.4✳ ❚❛t♦ ❤♦❞♥♦t❛ ❥❡ ♥ás❧❡❞♥➙ ♣♦✉➸✐t❛ ♣r♦ ✈ý♣♦↔❡t r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ❡❧❡❦tr♦♥♦✈é
t❡♣❧♦t②✱ ✈✐③✳ ♦❞st❛✈❡❝ ✸✳✷✳

❉r✉❤á ✐♥t❡r♣r❡t❛❝❡ ♣➦❡❞♣♦❦❧á❞á ❧✐♥❡ár♥í ③á✈✐s❧♦st ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❛ t♦r♦✐✲
❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt✳ ❩ ❧✐♥❡ár♥í r❡❣r❡s❡ ③ís❦á✈á♠❡ ❦♦♥❦rét♥í ♣♦❞♦❜✉✿

α(Bt) = 1.47Bt + 1.49. ✭✸✳✸✮

❉✐s❦✉s❡

❱ ♣r✈♥í ↔ást✐ ❡①♣❡r✐♠❡♥t✉ ❜②❧♦ ♥❛➨✐♠ ú❦♦❧❡♠ ③♠➙➦✐t ❤♦❞♥♦t✉ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t②
α ❛ ✉r↔✐t ❥❡❥í ③á✈✐s❧♦st ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt ♣r♦ ❞✈❛ ♣r❛❝♦✈♥í ♣❧②♥②✳
❚♦ ❥❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ♠♦➸♥♦ ♣♦✈ést✱ ❥❡❧✐❦♦➸ s❡ t♦t♦ ♣♦❧❡ ❜➙❤❡♠ ✈ý❜♦❥❡ ❤❛r♠♦✲
♥✐❝❦② ♠➙♥í s ↔❛s❡♠ ✈ r♦③♠❡③í 0.1−0.5 T✳ Pr♦ s❛♠♦t♥ý ❡①♣❡r✐♠❡♥t ❜②❧♦ ❡❧❡♠❡♥tár♥í♠
③❦♦♥str✉♦✈❛t ❝♦ ♠♦➸♥á ♥❡❥♣➦❡s♥➙❥✐ ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦②✳ ❆❜②❝❤♦♠ t♦❤♦
♠♦❤❧✐ ❞♦sá❤♥♦✉t✱ ❜②❧♦ ♥✉t♥é ♥❛st❛✈✐t ❝♦ ♠♦➸♥á ♥❡❥st❛❜✐❧♥➙❥➨í ❛ ♥❡❥r❡♣r♦❞✉❦♦✈❛t❡❧✲
♥➙❥➨í ✈ý❜♦❥♦✈ý r❡➸✐♠✳ P➦❡s ✈❡➨❦❡r♦✉ s♥❛❤✉✱ ❦t❡rá ③❛❤r♥♦✈❛❧❛ ♣r♦✈❡❞❡♥í ❞♦✉t♥❛✈é❤♦
✈ý❜♦❥❡ ❛ ❞❧♦✉❤é ✈②♣é❦❛♥í ❦♦♠♦r② ✈❡ s♥❛③❡ ③❜❛✈✐t s❡ ✐♦♥t➲ ♣➦í♠➙sí ♣➦❡❞ ❦❛➸❞♦✉ sér✐í
✈ý❜♦❥➲✱ ♥❡❜②❧♦ ✈➸❞② ❞♦❜ré r❡♣r♦❞✉❦♦✈❛t❡❧♥♦st✐ ❞♦s❛➸❡♥♦✳ ❩✈❧á➨t➙ ♣❛❦ ♣r♦ ♣❧❛③♠❛
❤é❧✐♦✈é✱ ♣r♦ ❦t❡ré s❡ ✈ ♦❜♦✉ sér✐í❝❤ ♠➙➦❡♥í ✈②s❦②t♦✈❛❧♦ ♣➦í♠➙sí ♥❡♣♦❝❤②❜♥➙ ♣➦í❧✐➨
♠♥♦❤♦✳ ❩ t➙❝❤t♦ ♣♦♣s❛♥ý❝❤ ♣r♦❜❧é♠➲ ♣❧②♥❡✱ ➸❡

• ❱♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ♥❡❜②❧♦ ✈➸❞② ♠♦➸♥♦ ✈②t✈♦➦✐t ♣r♦ ✈➨❡❝❤♥② ↔❛s♦✈é
✐♥t❡r✈❛❧②✳
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• ■ ❦❞②➸ ❜②❧♦ ♠♦➸♥♦ ■❱ ❝❤❛r❛❦t❡r✐st✐❦② ✈②t✈♦➦✐t✱ ❦✈➲❧✐ ✈❡❧❦é♠✉ r♦③♣t②❧✉ ❜♦❞➲
③♣r❛❝♦✈á♥í ♣r♦✈á③❡❧② ♣r♦❜❧é♠② ♣➦✐ ❛♣r♦①✐♠❛❝í ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í✳

Pr♦ ♦❜❛ ♣r❛❝♦✈♥í ♣❧②♥② ❥s♠❡ ③ís❦❛❧✐ st➦❡❞♥í ❤♦❞♥♦t② ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α✳ ❱❡
✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉ α = 2.5± 0.7 ❛ α = 1.8± 0.4 ✈ ♣❧❛③♠❛t✉ ❤é❧✐♦✈é♠✳ ❩ ❞➲✈♦❞✉
✉r↔❡♥í ③á✈✐s❧♦st✐ ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt ❜②❧♦ ✈③❤❧❡❞❡♠ ❦ ❞é❧❝❡ ✈ý❜♦❥❡
✈ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉ ♥✉t♥♦ ♣➦✐st♦✉♣✐t ❦ ③♣♦➸❞➙♥í t♦❤♦t♦ ♣♦❧❡✳ ❏❛❦♦ ✈ýs❧❡❞❡❦ t❡❞②
❞♦stá✈á♠❡ ③á✈✐s❧♦st ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♣r♦ ♣➦✐❜❧✐➸♥➙ st❡❥♥é ❤♦❞♥♦t② ♣♦❧❡ Bt✱
♣➦✐↔❡♠➸ ♣r♦ ❤é❧✐♦✈é ♣❧❛③♠❛ ♠á t❛t♦ ❦♦♥st❛♥t❛ ♥✐➸➨í st➦❡❞♥í ❤♦❞♥♦t✉✳

❩ ✈ýs❧❡❞❦➲ ❡①♣❡r✐♠❡♥t✉ ✈②♣❧②♥✉❧♦✱ ➸❡ ♣r♦ ♦❜❛ ♣r❛❝♦✈♥í ♣❧②♥② ♣♦③♦r✉❥❡♠❡ r♦st♦✉❝í
③á✈✐s❧♦st ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt✱ ❦t❡r♦✉ ❛❧❡
✈③❤❧❡❞❡♠ ❦ ✈❡❧❦é ✢✉❦t✉❛❝✐ ❞❛t ❛ t❛❦é ❛❜s❡♥❝✐ ❞❛t ♣r♦ ✈②➨➨í ❤♦❞♥♦t② ♣♦❧❡ Bt ♥❡♥í
♠♦➸♥é s ❥✐st♦t♦✉ ✉r↔✐t✳ ❱ ú✈❛❤✉ t❡❞② ♣➦✐♣❛❞❛❥í ❞✈➙ ♠♦➸♥é ✐♥t❡r♣r❡t❛❝❡ ✈ýs❧❡❞❦➲✳

✶✳ ❑❛❧✐❜r❛↔♥í ❦♦♥st❛♥t❛ α ❥❡ ♥❡③á✈✐s❧á ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt✳

✷✳ ❑❛❧✐❜r❛↔♥í ❦♦♥st❛♥t❛ α ❥❡ ❧✐♥❡ár♥➙ ③á✈✐s❧á ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐
Bt✱ ♣➦❡❞♣♦❦❧á❞á♠❡ t❡❞②✱ ➸❡ ♣❧❛tí α = α(Bt) = a ∗Bt + b✳

P♦ ❛♥❛❧ý③❡ ✈ýs❧❡❞❦➲ ❥❡ t❡❞② ♥✉t♥♦ ❦♦♥st❛t♦✈❛t✱ ➸❡ ❤♦❞♥♦t❛ t♦r♦❞✐á❧♥í❤♦ ♠❛❣♥❡t✐❝✲
❦é❤♦ ♣♦❧❡ Bt ♣r♦ ✉r↔❡♥í ③♠✐➡♦✈❛♥é ③á✈✐s❧♦st✐ ♥❡♥í ❞♦st❛↔✉❥í❝í✳ ◆❛rá➸í♠❡ t❡❞② ♥❛
❧✐♠✐t② t♦❦❛♠❛❦✉ ●❖▲❊▼✳ ❘♦❦✉ ✷✵✵✹ ❜②❧♦ ♦❜❞♦❜♥é ♠➙➦❡♥í ♣r♦ ✈♦❞í❦♦✈é ♣❧❛③♠❛
♣r♦✈❡❞❡♥❛ ♥❛ t♦❦❛♠❛❦✉ ❈❆❙❚❖❘ s t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦ý♠ ♣♦❧❡♠ Bt = 1.3 T
❬✷✻❪✳ ❱ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉ ❥❡ ♦✈➨❡♠ t♦t♦ ♠➙➦❡♥í ♣r✈♥í s✈é❤♦ ❞r✉❤✉✳
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✸✳✷ ❘❛❞✐á❧♥í ♣r♦✜❧②

✸✳✷✳✶ ❱♦❞í❦♦✈é ♣❧❛③♠❛

❙ér✐❡ ♠➙➦❡♥í

❈❡❧❦❡♠ ❜②❧② ♣r♦✈❡❞❡♥② ♦♣➙t t➦✐ sér✐❡ ♠➙➦❡♥í✱ ❦t❡ré s❡ ♥❛✈③á❥❡♠ ❧✐➨í ♥❛st❛✈❡♥í♠
✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉ ❛ ♠➙➦❡♥ý♠✐ r❛❞✐á❧♥í♠✐ ✈③❞á❧❡♥♦st♠✐ s♦♥❞♦✈é ❤❧❛✈✐❝❡ ♦❞ st➦❡❞✉
❦♦♠♦r②✳ Pr♦ ❦❛➸❞♦✉ ✈ý❜♦❥♦✈♦✉ sér✐✐ ❥s♦✉ ❦♦♥❦rét♥í ♣❛r❛♠❡tr② ✉✈❡❞❡♥② ✈ ♣➦í❧♦③❡ ❆✳

Pr✈♥í sér✐❡ ♠➙➦❡♥í ✭❍✳✶✮ ✈②❦❛③✉❥❡ ❥✐sté ♥❡st❛❜✐❧✐t② ✈ ♣r➲❜➙❤✉ ③❛↔át❦✉ ✈ý❜♦❥❡✱ ♦❜rá✲
③❡❦ ✸✳✶✺✳
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❖❜rá③❡❦ ✸✳✶✺✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #25317✳

P➦❡st♦ ❥❡ ✈ý❜♦❥♦✈ý r❡➸✐♠ ❞♦❜➦❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥ý✳ ❏❡ ♦✈➨❡♠ ♣r♦✈❡❞❡♥ ♣♦✉③❡ ♣r♦
♠❡♥➨í ♣♦↔❡t r❛❞✐á❧♥í❝❤ ✈③❞á❧❡♥♦stí✳ Pr♦ t✉t♦ sér✐✐ ❞♦s❛❤✉❥❡ ♣r♦✉❞ ♣❧❛③♠❛t❡♠ Ip
♠❛①✐♠á❧♥í ❤♦❞♥♦t② 4.3 kA✱ ❝♦➸ ❥❡ ♥❛ r♦③❞í❧ ♦❞ ♦st❛t♥í❝❤ sér✐í ♥✐➸➨í ❤♦❞♥♦t❛✳ ◆❛♣➙tí
♥❛ ③á✈✐t Ul ♠á ③❡ ✈➨❡❝❤ ③♠➙➦❡♥ý❝❤ ✈ý❜♦❥♦✈ý❝❤ sér✐í ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉ ♥❡❥✈②➨➨í
st➦❡❞♥í ❤♦❞♥♦t✉ 5.1 V✳ ❩ t❛❦t♦ ✈②s♦❦é ❤♦❞♥♦t② ✉s✉③✉❥❡♠❡✱ ➸❡ ♣❧❛③♠❛ ✈ ♣r➲❜➙❤✉
✈ý❜♦❥❡ ♦❜s❛❤♦✈❛❧♦ ♠♥♦❤♦ ♣➦í♠➙sí✳

❉r✉❤á sér✐❡ ♠➙➦❡♥í ✭❍✳✷✮ ✈②❦❛③✉❥❡ ♠é♥➙ ♥❡st❛❜✐❧✐t✱ ♥❡➸❧✐ sér✐❡ ♣➦❡❞❝❤♦③í✱ ♦❜rá✲
③❡❦ ✸✳✶✻✳

▼❛①✐♠á❧♥í ❤♦❞♥♦t❛ ♣r♦✉❞✉ ♣❧❛③♠❛t❡♠ Ip ❞♦s❛❤✉❥❡ 5.1 kA✳ ❙t➦❡❞♥í ❤♦❞♥♦t❛ ♥❛♣➙tí
♥❛ ③á✈✐t Ul ❥❡ ❥✐➸ ♥✐➸➨í✳ P❛r❛♠❡tr② ✈ý❜♦❥❡ ❥s♦✉ ③❛❝❤♦✈á♥②✳ ❏❡ ♦✈➨❡♠ ♣r♦♠➙➦❡♥♦ ➨✐r➨í
s♣❡❦tr✉♠ r❛❞✐á❧♥í❝❤ ✈③❞á❧❡♥♦st✐✳
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❖❜rá③❡❦ ✸✳✶✻✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #25483✳

P♦s❧❡❞♥í sér✐❡ ✭❍✳✸✮ ✈ý❜♦❥➲ s❡ ♦❞ ♣➦❡❞❝❤♦③í❝❤ ❧✐➨í ♥❛❜í❥❡❝í♠ ♥❛♣➙tí♠ ♥❛ ❦♦♥❞❡♥③á✲
t♦r✉ CBt✱ ♦❜rá③❡❦ ✸✳✶✼✳
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ne 2.0. 1018. m 3

❖❜rá③❡❦ ✸✳✶✼✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #25984✳

❖❜s❛❤✉❥❡ ✈➨❛❦ ✈❡❧❦é ♥❡st❛❜✐❧✐t② ✈ ❞r✉❤é ♣♦❧♦✈✐♥➙ ✈ý❜♦❥❡ ♣❛tr♥➙ s♦✉✈✐s❡❥í❝í s ♥á❤❧ý♠
③✈➙t➨❡♥í♠ ❡❧❡❦tr♦♥♦✈é ❤✉st♦t② ne ✈ ↔❛s❡ t ≈ 17 ms✱ ❦t❡rá ♣r♦ t✉t♦ sér✐✐ ❞♦s❛❤✉❥❡
❤♦❞♥♦t ♣♦✉③❡ 2.0 · 1018 m−3✳ Pr♦✉❞ ♣❧❛③♠❛t❡♠ Ip ♣❛❦ ❞♦s❛❤✉❥❡ st❡❥♥➙✱ ❥❛❦♦ ✈ ♣➦❡❞✲
❝❤♦③í sér✐✐✱ ♠❛①✐♠á❧♥í ❤♦❞♥♦t② 5.1 kA✳ ❘❡♣r♦❞✉❦♦✈❛t❡❧♥♦st ❥❡ ♦✈➨❡♠ ✈②❥♠❛ ✈❡❧❦é
♥❡st❛❜✐❧✐t② ❞♦st❛t❡↔♥á ❛ ③❞á s❡✱ ➸❡ ♣➦í❧✐➨ ♥❡♦✈❧✐✈➡✉❥❡ ✈ýs❧❡❞❦② ❡①♣❡r✐♠❡♥t✉✳ ❱ tét♦

✹✻



sér✐✐ ❥s♦✉ r❛❞✐á❧♥í ♣r♦✜❧② ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ♠➙➦❡♥② ♣r♦ ♥❡❥➨✐r➨í s♣❡❦tr✉♠ r❛❞✐á❧♥í❝❤
✈③❞á❧❡♥♦stí✳

❱ýs❧❡❞❦②

❈í❧❡♠ tét♦ ❦❛♣✐t♦❧② ❥❡ ✈②t✈♦➦✐t r❛❞✐á❧♥í ♣r♦✜❧② ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ✈❡ ✈♦❞í❦♦✈é♠
♣❧❛③♠❛t✉✳ Pr♦ ❥❡❥í ✈ý♣♦↔❡t ❥❡ ♣♦✉➸✐t❛ ❤♦❞♥♦t❛ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α = 2.5✱ ✉r↔❡♥á
✈ ♣➦❡❞❝❤♦③í♠ ♠➙➦❡♥í✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✶✽ ❥s♦✉ ③♦❜r❛③❡♥② r❛❞✐á❧♥í ♣r♦✜❧②
♣♦t❡♥❝✐á❧➲ ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞② ♣r♦ ✈②❜r❛♥é ↔❛s♦✈é ✐♥t❡r✈❛❧②✳ ❙♦✉↔ástí
❦❛➸❞é❤♦ ❜♦❞✉ ❥❡ ❝❤②❜♦✈á ús❡↔❦❛✱ r❡♣r❡③❡♥t✉❥í❝í ❝❤②❜✉ ✈③♥✐❦❧♦✉ ♣➦✐ ♠❛t❡♠❛t✐❝❦ý❝❤
ú♣r❛✈á❝❤ ❞❛t✳
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❖❜rá③❡❦ ✸✳✶✽✿ P➦í❦❧❛❞② r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ♣♦t❡♥❝✐á❧✉ ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞②
♣r♦ ❞✈❛ ↔❛s♦✈é ✐♥t❡r✈❛❧② ③❡ ✈➨❡❝❤ t➦í sér✐í ✈ý❜♦❥➲ ✭♣♦ ➦á❞❝í❝❤✮✳

❩ ♦❜rá③❦✉ ❥❡ ③➦❡❥♠é✱ ➸❡ r♦③❞í❧ ♦❜♦✉ ♣♦t❡♥❝✐á❧➲ ✈②♠✐③í✱ ❦❞②➸ ❥❡ s♦♥❞♦✈á ❤❧❛✈✐❝❡
③❛s✉♥✉t❛ ❞♦ ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉ ✭r ❃ ✾✼ ♠♠✮✳

✹✼



◆②♥í ❥✐➸ ♠➲➸❡♠❡ ③❛ ♣♦♠♦❝í ✈③t❛❤✉ ✷✳✾ ✉r↔✐t ③á✈✐s❧♦st✐ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ♥❛
✈③❞á❧❡♥♦st✐ ♦❞ st➦❡❞✉ ❦♦♠♦r②✳ ❚② ❥s♦✉ ③♦❜r❛③❡♥② ♥❛ ♦❜rá③❦✉ ✸✳✶✾✳
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t = 8 9 [ms]

t = 24 25 [ms]

❖❜rá③❡❦ ✸✳✶✾✿ P➦í❦❧❛❞② r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ♣r♦ ❞✈❛ ↔❛s♦✈é ✐♥t❡r✈❛❧②
③❡ ✈➨❡❝❤ t➦í sér✐í ✈ý❜♦❥➲✳

❩ ♦❜rá③❦✉ ✸✳✶✾ ♠➲➸❡♠❡ ✈②♣♦③♦r♦✈❛t ♦↔❡❦á✈❛♥♦✉ ❦❧❡s❛❥í❝í ③á✈✐s❧♦st Te = f(r)✳ ❱
♦❜❧❛st✐✱ ❦❞② ❥❡ s♦♥❞♦✈á ❤❧❛✈✐❝❡ ✈②s✉♥✉t❛ ❞♦ ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉ ❥✐➸ ♠➙➦í♠❡ ♣r❛❦✲
t✐❝❦② ♥✉❧♦✈♦✉ t❡♣❧♦t✉✳ Pr♦ sér✐✐ ✭❍✳✸✮ ♠➙➦í♠❡ ♠❡③✐ ♣♦❧♦♠➙r② ✺✺✲✼✺ ♠♠ ♣➦✐❜❧✐➸♥➙

✹✽



❦♦♥st❛♥t♥í ❤♦❞♥♦t✉ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t②✱ ❝♦➸ ♠➲➸❡ ③♥❛♠❡♥❛t✱ ➸❡ s♦♥❞♦✈á ❤❧❛✈✐❝❡ ❥✐➸
♥❛r✉➨✉❥❡ ♣❧❛③♠❛✳ ❩ t♦❤♦ ❞➲✈♦❞✉ s❡ s♦♥❞❛ ♥❡♣♦s♦✉✈❛❧❛ ❤❧♦✉❜➙❥✐ ❞♦ ♣❧❛③♠❛t✉✱ ❥❡❧✐❦♦➸
❜② s❡ ♥❛r✉➨♦✈á♥í ♣❧❛③♠❛t✉ ③✈➙t➨♦✈❛❧♦✱ ♣♦♣➦í♣❛❞➙ ❜② ❤r♦③✐❧❛ ❞❡str✉❦❝❡ ♦❜♦✉ s♦♥❞✳

P♦ ♣r♦✈❡❞❡♥í t➦í sér✐í ♠➙➦❡♥í ❥s♠❡ ③ís❦❛❧✐ r❛❞✐á❧♥í ♣r♦✜❧② ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ Ufl✱
♣♦t❡♥❝✐á❧✉ ♣❧❛③♠❛t✉ Φ ❛ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉✳ P♦s❧❡❞♥í
♠➙➦❡♥í ❜②❧♦ ♣r♦✈❡❞❡♥♦ ♣r♦ ♥❡❥✈➙t➨í r♦③s❛❤ r❛❞✐á❧♥í❝❤ ✈③❞á❧❡♥♦stí✳ ❩ ✈ýs❧❡❞❦➲ ❥❡
③➦❡❥♠é✱ ➸❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ ♠á ✈ ③á✈✐s❧♦st✐ ♥❛ r❛❞✐á❧♥í ✈③❞á❧❡♥♦st✐ r ♦↔❡❦á✈❛♥♦✉
❦❧❡s❛❥í❝í ③á✈✐s❧♦st✳ P♦❦✉❞ ❥❡ s♦♥❞♦✈á ❤❧❛✈✐❝❡ ✉✈♥✐t➦ ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉✱ ❥❡ ❡❧❡❦tr♦✲
♥♦✈á t❡♣❧♦t❛ ✈ rá♠❝✐ ❝❤②❜② ❥✐➸ ♥✉❧♦✈á✳

✸✳✷✳✷ ❍é❧✐♦✈é ♣❧❛③♠❛

❙ér✐❡ ♠➙➦❡♥í

❱ ❤é❧✐♦✈é♠ ♣❧❛③♠❛ s❡ r❛❞✐á❧♥í ♣r♦✜❧② ♠➙➦✐❧② ♣♦✉③❡ ✈ ❥❡❞♥é ✈ý❜♦❥♦✈é sér✐✐✱ ✭❍❡✳✶✮✳
Pr♦ t✉t♦ ✈ý❜♦❥♦✈♦✉ sér✐✐ ❥s♦✉ ❦♦♥❦rét♥í ♣❛r❛♠❡tr② ✉✈❡❞❡♥② ✈ ♣➦í❧♦③❡ ❆✳ ❷❛s♦✈ý
✈ý✈♦❥ ♣❛r❛♠❡tr➲ ✈✐❞í♠❡ ♥❛ ♦❜rá③❦✉ ✸✳✷✵✳
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❖❜rá③❡❦ ✸✳✷✵✿ ❷❛s♦✈ý ✈ý✈♦❥ ♣❛r❛♠❡tr➲ ♣❧❛③♠❛t✉✿ ♥❛♣➙tí ♥❛ ③á✈✐t✱ ♣r♦✉❞ ♣❧❛③♠❛t❡♠✱
t♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ ❛ ❡❧❡❦tr♦♥♦✈á ❤✉st♦t❛ ♣r♦ ✈ý❜♦❥ #26355✳

Pr➲♠➙r♥á ❤♦❞♥♦t❛ ♥❛♣➙tí ♥❛ ③á✈✐t Ul ♠á ❤♦❞♥♦t✉ 9.5 V✱ ❝♦➸ ❥❡ ♣r♦ ♣➦í♣❛❞ ❤é❧✐♦✈é❤♦
♣❧❛③♠❛t✉ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❤♦❞♥♦t❛ ❜➙➸♥á✳ ◆í③❦ý ❥❡ ♦✈➨❡♠ ♣r♦✉❞ ♣❧❛③♠❛t❡♠
Ip✱ ❦t❡rý ❞♦s❛❤✉❥❡ s✈é ♠❛①✐♠á❧♥í ❤♦❞♥♦t② 1.5 kA✳ ■♥t❡r❢❡r♦♠❡tr ♣r♦ ♠➙➦❡♥í ❡❧❡❦tr♦✲
♥♦✈é ❤✉st♦t② ne ♣r♦ t✉t♦ sér✐✐ ❜②❧ ♠✐♠♦ ♣r♦✈♦③✳

✹✾



❱ýs❧❡❞❦②

❈í❧❡♠ tét♦ ❦❛♣✐t♦❧② ❥❡ ✈②t✈♦➦✐t r❛❞✐á❧♥í ♣r♦✜❧② ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ✈ ❤é❧✐♦✈é♠
♣❧❛③♠❛t✉✳ Pr♦ ❥❡❥í ✈ý♣♦↔❡t ❥❡ ♣♦✉➸✐t❛ ❤♦❞♥♦t❛ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α = 1.8✱ ❦t❡rá
❥❡ ✉r↔❡♥❛ ✈ ♣➦❡❞❝❤♦③í ↔ást✐ ❡①♣❡r✐♠❡♥t✉✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✷✶ ❥s♦✉ ③♦❜✲
r❛③❡♥② r❛❞✐á❧♥í ♣r♦✜❧② ♣♦t❡♥❝✐á❧➲ ♠➙➦❡♥ý❝❤ ▲❛♥❣♠✉✐r♦✈♦✉ ❛ ❜❛❧❧✲♣❡♥ s♦♥❞♦✉ ♣r♦
✈②❜r❛♥é ↔❛s♦✈é ✐♥t❡r✈❛❧②✳ ❏❡❞♥♦t❧✐✈é ❜♦❞② ♥❛ ♦❜rá③❦✉ ❥s♦✉ ♦♣➙t ✈②❜❛✈❡♥② ❝❤②❜♦✲
✈ý♠✐ ús❡↔❦❛♠✐ ③♥á③♦r➡✉❥í❝í♠✐ ❝❤②❜② ✈③♥✐❦❧é ♠❛t❡♠❛t✐❝❦ý♠✐ ♦♣❡r❛❝❡♠✐✳
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❖❜rá③❡❦ ✸✳✷✶✿ P➦í❦❧❛❞② r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ♣♦t❡♥❝✐á❧➲ ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞②
♣r♦ r➲③♥é ↔❛s♦✈é ✐♥t❡r✈❛❧②✳

Pr♦ ↔❛s② t ❁ ✶✶ ♠s ♣♦③♦r✉❥❡♠❡ ♦↔❡❦á✈❛♥ý ❦❧❡s❛❥í❝í r♦③❞í❧ ♣♦t❡♥❝✐á❧➲ ❜❛❧❧✲♣❡♥ ❛
▲❛♥❣♠✉✐r♦✈② s♦♥❞②✱ ❦t❡rý ✈ rá♠❝✐ st❛t✐st✐❝❦é ❝❤②❜② ♦♣➙t ✈ ♦❜❧❛st✐ ❞✐❛❣♥♦st✐❝❦é❤♦
♣♦rt✉ ❦❧❡sá ❦ ♥✉❧❡✳ ❱ ↔❛s❡ t ❃ ✶✶✳✸ ♠s ♣♦③♦r✉❥❡♠❡ ✈ ♦❜❧❛st✐ ❧✐♠✐t❡r✉ s♣♦♥tá♥♥í
③♠➙♥✉ ③♥❛♠é♥❦❛ r♦③❞í❧✉ ♦❜♦✉ ♣♦t❡♥❝✐á❧➲✳ ❚♦ ❡✈✐❞❡♥t♥➙ ✐♠♣❧✐❦✉❥❡ ③á♣♦r♥é ❤♦❞♥♦t②
❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ✈ tét♦ ♦❜❧❛st✐✳

✺✵



◆②♥í ❥✐➸ ♠➲➸❡♠❡ ❞♦s❛❞✐t ❞♦ ✈③t❛❤✉ ✷✳✾ ♣r♦ ✈ý♣♦↔❡t ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ❛ ✈②t✈♦➦✐t
t❛❦ ❥❡❥í r❛❞✐á❧♥í ♣r♦✜❧②✳ ❚② ❥s♦✉ ③♦❜r❛③❡♥② ♥❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✷✷
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t = 14 15 [ms]
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❖❜rá③❡❦ ✸✳✷✷✿ P➦í❦❧❛❞② r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ♣r♦ r➲③♥é ↔❛s♦✈é ✐♥t❡r✈❛❧②✳

Pr♦ ↔❛s② ✈ ♣r✈♥í ♣♦❧♦✈✐♥➙ ✈ý❜♦❥➲ ♣♦③♦r✉❥❡♠❡ ♦↔❡❦á✈❛♥ý ♣r♦✜❧ ❡❧❡❦tr♦♥♦✈ý❝❤ t❡♣❧♦t
Te✱ t❡❞② ❦❧❡s❛❥í❝í ③á✈✐s❧♦st ✈➲↔✐ ✈③❞❛❧♦✈á♥í s❡ ♦❞ st➦❡❞✉ ❦♦♠♦r②✳ Pr♦ r❛❞✐á❧♥í ♣r♦✜❧②
✈ ↔❛s❡ t ≥ 11−12 ms ♣♦③♦r✉❥❡♠❡ r②❝❤❧é ③❢♦r♠♦✈á♥í ✈②s♦❦é❤♦ ❣r❛❞✐❡♥t✉ ❡❧❡❦tr♦♥♦✈é

✺✶



t❡♣❧♦t② ✉✈♥✐t➦ r❡❧❛t✐✈♥➙ ú③❦é ♦❜❧❛st✐ s❧♦✉♣❝❡ ♦❦r❛❥♦✈é❤♦ ♣❧❛③♠❛t✉ ♣➦❡❞ r = 80 ♠♠✳
❱②s♦❦ý ❣r❛❞✐❡♥t ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ♣➦❡tr✈á✈á ♣♦ r❡❧❛t✐✈♥➙ ❞❧♦✉❤♦✉ ❞♦❜✉ ✺ ♠s✳

❩ ❞➲✈♦❞✉ ❛♥❛❧ý③② t♦❤♦t♦ s♣♦♥tá♥♥í❤♦ ❥❡✈✉ ❥s♠❡ ♣➦✐♣♦❥✐❧✐ ❞♦✉❜❧❡ r❛❦❡ s♦♥❞✉ ❛ ♣r♦✲
♠➙➦✐❧✐ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ ↔t✈rté❤♦ ❛ ❞❡sáté❤♦ ❤r♦t✉✱ ❦t❡ré ❥s♦✉ ✈③❞á❧❡♥② ✼✳✻✷ ♠♠✱
✈✐③✳ ♥ás❧❡❞✉❥í❝í ♦❜rá③❡❦ ✸✳✷✸ ✭✈❧❡✈♦✮✳

❖❜rá③❡❦ ✸✳✷✸✿ P❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ ❞♦✉❜❧❡ r❛❦❡ s♦♥❞② ♠➙➦❡♥ý ♣r♦ ↔t✈rtý ❛ ❞❡sátý
❤r♦t ✭✈❧❡✈♦✮✳ ❷❛s♦✈ý ✈ý✈♦❥ r❛❞✐á❧♥í❤♦ ❡❧❡❦tr✐❝❦é❤♦ ♣♦❧❡ ❛ r②❝❤❧♦st✐ ♣♦❧♦✐❞á❧♥í r♦t❛❝❡
✭✈♣r❛✈♦✮✳ P➦❡✈③❛t♦ ❬✷✾❪

◆❛ ♣r✈♥í ♣♦❤❧❡❞ ❥❡ ♣❛tr♥é✱ ➸❡ s❡ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ ✈ ↔❛s❡ ❞r❛♠❛t✐❝❦② ♠➙♥í✱ ✈③r➲stá
♦❞ ③á♣♦r♥ý❝❤ ❤♦❞♥♦t ❞♦ ❦❧❛❞♥ý❝❤✳ ❙♦♥❞♦✈é s✐❣♥á❧② ✢✉❦t✉✉❥í✱ ❝♦➸ ③♥❛↔í t✉r❜✉❧❡♥❝❡
♣❧❛③♠❛t✉✳ ❏❡ ❡✈✐❞❡♥t♥í✱ ➸❡ r♦③❞í❧ ♣♦t❡♥❝✐á❧➲ ♠➙♥í ❜➙❤❡♠ ✈ý❜♦❥❡ s✈♦✉ ♣♦❧❛r✐t✉✳ ❱
↔❛s❡ t < 11.3 ♠s ❥❡ r♦③❞í❧ rp4− rp10 > 0✱ ③❛tí♠ ❝♦ ♣r♦ t > 11.3 ♠s ❥❡ rp4− rp10 < 0✳
❏❛❦ ♥ás❧❡❞♥➙ ♠➲➸❡♠❡ ♥❛❤❧é❞♥♦✉t ♥❛ st❡❥♥é♠ ♦❜rá③❦✉ ✈♣r❛✈♦✱ r❛❞✐á❧♥í ❡❧❡❦tr✐❝❦é
♣♦❧❡ Er✱ ❞❡✜♥♦✈❛♥é✱ ❥❛❦♦

Er =
∆Ufl

dr
=

U rp4
fl − U rp10

fl

dr
,

♠➙♥í ✈ ↔❛s❡ t = 11.3 ♠s ♣♦❧❛r✐t✉✳ ❚❛t♦ ③♠➙♥❛ ✈❡❞❡ ❦ ♣♦❧♦✐❞á❧♥í r♦t❛❝✐ ♣❧❛③♠❛t✉ ✈
❞➲s❧❡❞❦✉ E×B ❞r✐❢t✉✱ ♣➦✐↔❡♠➸ ♣♦❧♦✐❞á❧♥í r②❝❤❧♦st vpol ❥❡ ❞á♥❛✱ ❥❛❦♦

vpol =
Er

Bt

.

❷❛s♦✈ý ✈ý✈♦❥ ♣♦❧♦✐❞á❧♥í r②❝❤❧♦st✐ ❥❡ ③♥á③♦r♥➙♥ ♥❛ ♦❜rá③❦✉ ✸✳✷✸ ✈♣r❛✈♦✳ ❩ ♦❜rá③❦✉
❥❡ ✈✐❞➙t✱ ➸❡ ✈ ↔❛s❡ t = 11.3 ♠s s❡ r②❝❤❧♦st ♣♦❧♦✐❞á❧♥í r♦t❛❝❡ ❞r❛♠❛t✐❝❦② ♠➙♥í✳ ❱ý✲
s❧❡❞❦❡♠ ❥❡ ✈③♥✐❦ ❥❡✈✉✱ ❛♥❣❧✐❝❦② ③✈❛♥é❤♦ ✧s❤❡❛r✧✱ ♥❡❜♦❧✐ st➦✐❤✱ ♣➦✐ ❦t❡ré♠ ❞♦❝❤á③í ❦❡
③♠➙♥➙ s♠➙r✉ r♦t❛❝❡ ✈➙t➨í❝❤ str✉❦t✉r ♣❧❛③♠❛t✉✱ ❦t❡ré ③❞❡ ✈③♥✐❦❛❥í✳ ❚② ❥s♦✉ ✈❧✐✈❡♠
③♠➙♥② r♦t❛❝❡ ✧st➦✐➸❡♥②✧♥❛ ✈í❝❡ ↔ástí✳ ◆❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✸✳✷✹ ❥s♦✉ ③♦❜r❛③❡♥②
úr♦✈♥➙ ✢✉❦t✉❛❝í ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉✳

❩ ♦❜rá③❦✉ ♣❧②♥❡✱ ➸❡ ❞♦❝❤á③í ❦❡ s♥í➸❡♥í ♥í③❦♦❢r❡❦✈❡♥↔♥í❝❤ t✉r❜✉❧❡♥❝í ♦❦r❛❥♦✈é❤♦
♣❧❛③♠❛t✉ ❛ ❞❡❦♦❧❡r❛❝✐ ✢✉❦t✉❛❝í ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ✈ ↔❛s❡ t = 11 − 12 ms✳ ❩❛❥í✲
♠❛✈é ❥❡✱ ➸❡ ♣♦t❧❛↔❡♥í ✢✉❦t✉❛❝í ♣♦③♦r✉❥❡♠❡ ♣➦✐❜❧✐➸♥➙ ♦ ✶ ♠s ♣♦③❞➙❥✐✱ ♥❡➸❧✐ ↔❛s ♠❛✲
①✐♠á❧♥í❤♦ st➦✐❤✉ ♣♦❧♦✐❞á❧♥í r②❝❤❧♦st✐✳ ❱③á❥❡♠♥á ❦♦❧❡r❛❝❡ ♦❜♦✉ ❤r♦t➲✱ ③♥á③♦r♥➙♥á
✧❤✈➙③❞✐↔❦❛♠✐✧✱ ✈ t♦♠t♦ ↔❛s❡ ❦❧❡sá ♣♦❞ ❤♦❞♥♦t✉ ✵✳✶✳

✺✷



❖❜rá③❡❦ ✸✳✷✹✿ Úr♦✈❡➡ ✢✉❦t✉❛❝í ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ ↔t✈rté❤♦ ❛ ❞❡sáté❤♦ ❤r♦t✉
❞♦✉❜❧❡ r❛❦❡ s♦♥❞② ❛ ✈③á❥❡♠♥á ❦♦r❡❧❛❝❡ t➙❝❤t♦ ❤r♦t➲ ③♥á③♦r♥➙♥❛ ❤✈➙③❞❛♠✐ ✭✈❧❡✈♦✮✱
③á✈✐s❧♦st ❢r❡❦✈❡♥❝❡ ✢✉❦t✉❛❝í ♥❛ ↔❛s❡ ✭✈♣r❛✈♦✮✳ P➦❡✈③❛t♦ ❬✷✾❪

❩á✈➙r❡♠ t❡❞② ❥❡✱ ➸❡ ✈❧✐✈❡♠ t♦❤♦t♦ ❥❡✈✉ ❞♦❝❤á③í ❦❡ s♥í➸❡♥í ✢✉❦t✉❛❝í ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥✲
❝✐á❧✉✱ ❝❡❧❦♦✈é♠✉ s♥í➸❡♥í ❦♦❧❡r❛❝❡ s✐❣♥á❧➲ ❛ r❡❞✉❦♦✈á♥í ♥í③❦♦❢r❡❦✈❡♥↔♥í❝❤ ✢✉❦t✉❛❝í✳

❉✐s❦✉s❡

◆❛➨í♠ ❝í❧❡♠ ❜②❧♦ ③♠➙➦✐t r❛❞✐á❧♥í ♣r♦✜❧② ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ♣r♦ ❞✈❛ ♣r❛❝♦✈♥í ♣❧②♥②
✈♦❞í❦ ❛ ❤é❧✐✉♠✳ ❙t❡❥♥➙✱ ❥❛❦♦ ✈ ♣r✈♥í ↔ást✐ ❡①♣❡r✐♠❡♥t✉✱ ❜②❧♦ ❡❧❡♠❡♥tár♥í ③ís❦❛t ❝♦
♠♦➸♥á ♥❡❥st❛❜✐❧♥➙❥➨í ❛ ♥❡❥❧é♣❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥ý ✈ý❜♦❥♦✈ý r❡➸✐♠✳ ❚♦❤♦ ❥s♠❡ s❡ ♦♣➙t
s♥❛➸✐❧✐ ❞♦❝í❧✐t ♣r♦✈❡❞❡♥í♠ ❞♦✉t♥❛✈é❤♦ ✈ý❜♦❥❡ ❛ ✈②♣é❦á♥í♠ ❦♦♠♦r② t♦❦❛♠❛❦✉ ♣➦❡❞
❦❛➸❞♦✉ sér✐í ♠➙➦❡♥í✳ P➦❡s ✈❡➨❦❡r♦✉ s♥❛❤✉ ♥❡❜②❧♦ ❞♦❜ré r❡♣r♦❞✉❦♦✈❛t❡❧♥♦st✐ ✈➸❞② ❞♦✲
s❛➸❡♥♦✱ s♣❡❝✐á❧♥➙ ♣❛❦ ✈ ♣❧❛③♠❛t✉ ❤é❧✐♦✈é♠✱ ❦❞❡ s❡ ✈②s❦②t♦✈❛❧♦ ✈í❝❡ ✐♦♥t➲ ♣➦í♠➙sí✳
◆❛ r♦③❞í❧ ♦❞ ♣r✈♥í ↔ást✐ ❡①♣❡r✐♠❡♥t✉ ♥❡❥s♠❡ ③❛tí➸❡♥✐ r❡❧❛t✐✈♥➙ ✈❡❧❦ý♠✐ ❝❤②❜❛♠✐✱
❦t❡ré ✈③♥✐❦❛❧② ♣➦✐ ❦♦♥str✉❦❝✐ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦✳ ❙✐❣♥á❧② ③❡ s♦♥❞ ♥❡✲
❜②❧② ♣➦í❧✐➨ ❝✐t❧✐✈é ♥❛ ❞r♦❜♥é ♥❡st❛❜✐❧✐t② ❛ ❤♦r➨í r❡♣r♦❞✉❦♦✈❛t❡❧♥♦st✳ ❈❤②❜❛ ✈ýs❧❡❞❦➲
♣r♦ t❡♥t♦ ❡①♣❡r✐♠❡♥t ❥❡ ❛❧❡ ③❛tí➸❡♥❛ ❝❤②❜♦✉ ③ ❡①♣❡r✐♠❡♥t✉ ♣r✈♥í❤♦✱ t❡❞② ③á✈✐sí ♥❛
❤♦❞♥♦t➙ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α✳

❱❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉ ♣♦③♦r✉❥❡♠❡ ❦❧❡s❛❥í❝í ③á✈✐s❧♦st ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ♥❛
✈③❞á❧❡♥♦st✐ ♦❞ st➦❡❞✉ ❦♦♠♦r②✱ ♣➦✐↔❡♠➸ ③❛ ❤r❛♥✐❝í ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉ ❥✐➸ ➸á❞♥♦✉
t❡♣❧♦t✉ ♥❡♠➙➦í♠❡✳ ❱ ♣➦í♣❛❞➙ ❤é❧✐♦✈é❤♦ ♣❧❛③♠❛t✉ ♣♦③♦r✉❥❡♠❡ ✈ ↔❛s♦✈é♠ ✐♥t❡r✈❛❧✉
✶✶✲✶✷ ♠s s♣♦♥tá♥♥í ✈③♥✐❦ str♠é❤♦ ❣r❛❞✐❡♥t✉ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t②✱ ❦t❡rý ✈❡❞❡ ❦ ❥❡✈✉
❛♥❣❧✐❝❦② ③✈❛♥é♠✉ s❤❡❛r✱ ♥❡❜♦❧✐ ✧st➦✐❤✧✳ ❉➲✈♦❞ ✈③♥✐❦✉ t♦❤♦t♦ ❥❡✈✉ ♥❛ t♦❦❛♠❛❦✉
●❖▲❊▼ ♥❡♥í ♠♦➸♥é ❞♦st✉♣♥♦✉ ❞✐❛❣♥♦st✐❦♦✉ ✉r↔✐t✱ ♥✐❝♠é♥➙ ❥❡ ♥❛ t♦❦❛♠❛❝í❝❤ ❜➙➸♥➙
♣♦③♦r♦✈á♥✳ ❩ t♦❤♦ ❞➲✈♦❞✉ ❥❡ ♣♦❞r♦❜♥➙ ❛♥❛❧②③♦✈á♥ ③❛ ♣♦♠♦❝✐ ❞♦✉❜❧❡ r❛❦❡ s♦♥❞②✱
❦t❡rá ♥❛ ❞✈♦✉ ❤r♦t❡❝❤ ♠➙➦í ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧✳ ◆ás❧❡❞♥➙ ❥❡ ♣r♦✈❡❞❡♥❛ ❦♦r❡❧❛❝❡ s✐❣✲
♥á❧➲ ③ ♦❜♦✉ ❤r♦t➲✱ ♥❛↔❡➸ s❡ ✉❦❛③✉❥❡✱ ➸❡ ✈ ↔❛s♦✈é♠ ✐♥t❡r✈❛❧✉✱ ❦❞② ❦ t✈♦r❜➙ str♠é❤♦✱
s♣♦♥tá♥♥í❤♦ ❣r❛❞✐❡♥t✉ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ❞♦❝❤á③í✱ s❡ ❦♦❧❡r❛❝❡ s✐❣♥á❧➲ s♥✐➸✉❥❡ ❛➸
♥❛ ❤♦❞♥♦t✉ ✵✳✶✳ ❩ár♦✈❡➡ ❞♦❝❤á③í ❦❡ s♥í➸❡♥í ♥í③❦♦❢r❡❦✈❡♥↔♥í❝❤ t✉r❜✉❧❡♥❝í ♦❦r❛❥♦✈é❤♦
♣❧❛③♠❛t✉ ❛ ❞❡❦♦❧❡r❛❝✐ ✢✉❦t✉❛❝í ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉✳
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❩á✈➙r

❈í❧❡♠ tét♦ ♣rá❝❡ ❜②❧♦ ③♠➙➦✐t ③á❦❧❛❞♥í ♣❛r❛♠❡tr② ♣❧❛③♠❛t✉ ✭❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te✱
♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ Ufl✱ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ✮ ✈❡ ❞✈♦✉ ♣r❛❝♦✈♥í❝❤ ♣❧②♥❡❝❤ ✲ ✈♦❞í❦ ❛
❤é❧✐✉♠✳ ❩ t♦❤♦ ❞➲✈♦❞✉ ❜②❧♦ ♥✉t♥é ♥❡❥♣r✈❡ ❡①♣❡r✐♠❡♥tá❧♥➙ ③♠➙➦✐t ❤♦❞♥♦t✉ ❦❛❧✐❜r❛↔♥í
❦♦♥st❛♥t② α ♣r♦ ❜❛❧❧✲♣❡♥ s♦♥❞✉✳

Pr✈♥í ❦❛♣✐t♦❧❛ ♣rá❝❡ ❜②❧❛ ③❛♠➙➦❡♥❛ ♥❛ ❞✈➙ ♣r♦❜❧❡♠❛t✐❦②✳ Pr✈♥í✱ ❜②❧ ♣♦♣✐s ③á❦❧❛❞➲
❢②③✐❦② ♣❧❛③♠❛t✉ s ❞➲r❛③❡♠ ♥❛ ♣♦❤②❜ ♥❛❜✐tý❝❤ ↔ást✐❝ ✈ ♣➦ít♦♠♥♦st✐ ♠❛❣♥❡t✐❝❦é❤♦ B

❛ ❡❧❡❦tr✐❝❦é❤♦ E ♣♦❧❡✳ ❚② ❦♦♥❛❥í ❦r✉❤♦✈ý ♣♦❤②❜ ♣♦❞é❧ s✐❧♦↔ár ♥❛③ý✈❛♥ý ▲❛r♠♦r♦✈❛
r♦t❛❝❡ ❛ ❞❛❧➨í s❧♦➸✐t➙❥➨í ♣♦❤②❜②✱ ❦t❡ré ❥s♦✉ ❞♦♣r♦✈á③❡♥② ♣♦❤②❜❡♠ ❣②r❛t❛↔♥í❤♦ st➦❡❞✉ ✲
E×B ❞r✐❢t✳ ❚②t♦ ♣♦❤②❜② ❜②❧② ❦❧í↔♦✈é ♣r♦ ♣♦♣✐s t❡♦r❡t✐❝❦é❤♦ ♣r✐♥❝✐♣✉ ❜❛❧❧✲♣❡♥ s♦♥❞②
❛ ♥ás❧❡❞♥é ❞✐s❦✉s✐✱ ❦❞② ❛ ③ ❥❛❦é❤♦ ❞➲✈♦❞✉ ❥s♦✉ t②t♦ ♣r✐♥❝✐♣② ♥❛r✉➨♦✈á♥②✳ ❱ ❞r✉❤é
↔ást✐ ❦❛♣✐t♦❧② ❥s♠❡ s❡ ③❛♦❜ír❛❧✐ ♥❡❥♣r✈❡ ♦❜❡❝♥ý♠ ♣♦♣✐s❡♠ t♦❦❛♠❛❦➲ ❛ ❥❡❥✐❝❤ ③á❦❧❛❞♥í
❞✐❛❣♥♦st✐❦♦✉✳ ❇②❧❛ ③❞❡ ♣♦♣sá♥❛ ❤✐st♦r✐❡ ✈ý✈♦❥❡ ❛ ♣r✐♥❝✐♣ t♦❤♦t♦ ③❛➦í③❡♥í✳ ❉á❧❡ s❡
③❞❡ ♣♦❥❡❞♥á✈❛❧♦ ♦ ❞✐❛❣♥♦st✐❝❡ s❡ ③❛♠➙➦❡♥í♠ ♥❛ ♦❦r❛❥♦✈é ♣❧❛③♠❛✳ P♦♣✐s♦✈❛❧♦ s❡ ③❞❡
r♦③❞➙❧❡♥í ♥❛ ♣❛s✐✈♥í ❞✐❛❣♥♦st✐❦✉ ✭♠➙➦❡♥í ♠❛❣♥❡t✐❝❦ý❝❤ ♣♦❧í✮ ❛ ❛❦t✐✈♥í ✭❡❧❡❦tr✐❝❦é
s♦♥❞②✮✳ P♦♠♦❝í ♠❛❣♥❡t✐❝❦ý❝❤ ♣❛s✐✈♥í❝❤ ❞✐❛❣♥♦st✐❦ ♠➲➸❡♠❡ ✉r↔✐t ♥➙❦t❡ré ③á❦❧❛❞♥í
♣❛r❛♠❡tr② ♣❧❛③♠❛t✉✱ ✈②✉➸í✈❛♥é ♣r♦ ✉r↔❡♥í r❡♣r♦❞✉❦♦✈❛t❡❧♥♦st✐ ✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉✱
❥❛❦♦ ❥❡ ❝❡❧❦♦✈ý ♣r♦✉❞ ♣❧❛③♠❛t❡♠ Itot✱ ♥❡❜♦ ♥❛♣➙tí ♥❛ ③á✈✐t Ul✳ ❉á❧❡ ❥s♠❡ s❡ s♦✉st➦❡❞✐❧✐
❦♦♥❦rét♥➙ ♥❛ t♦❦❛♠❛❦ ●❖▲❊▼✱ ❥❡❤♦ ❤✐st♦r✐✐✱ ♣❛r❛♠❡tr② ❛ ❞✐❛❣♥♦st✐❦✉✱ ❦t❡r♦✉ ❥❡
t❡♥t♦ t♦❦❛♠❛❦ ♦s❛③❡♥✳ ❇②❧ ③❞❡ ♣♦❞r♦❜♥➙ ♣♦♣sá♥ s❝é♥á➦ ❞♦s❛➸❡♥í ♣❧❛③♠❛t✐❝❦é❤♦
✈ý❜♦❥❡✳

❉r✉❤á ❦❛♣✐t♦❧❛ ✈❡ s✈é ♣r✈♥í ↔ást✐ ♣♦❥❡❞♥á✈❛❧❛ ♦ ♣r✐♥❝✐♣❡❝❤ ❛ ✈❧❛st♥♦st❡❝❤ ❥❡❞♥♦t❧✐✲
✈ý❝❤ s♦♥❞✱ t❡❞② s♦♥❞② ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞②✳ ❇❛❧❧✲♣❡♥ s♦♥❞❛ ❥❡ ♥❛✈r➸❡♥❛
t❛❦✱ ❛❜② s✈♦✉ ✈❤♦❞♥♦✉ ❦♦♥str✉❦❝í✱ ❦❞② ❥❡ ♣♦s✉✈♥ý ❦♦❧❡❦t♦r ✈♥♦➦❡♥ ❞♦ ❞✐❡❧❡❦tr✐❝❦é
tr✉❜✐❝❡✱ ❜②❧ ✈②r♦✈♥á♥ ✐♦♥t♦✈ý ❛ ❡❧❡❦tr♦♥♦✈ý ♣r♦✉❞✳ ❚❡♦r❡t✐❝❦② t❛❦ ♠➙➦í ♣➦í♠♦ ♣♦✲
t❡♥❝✐á❧ ♣❧❛③♠❛t✉✳ ◆❛ ❦♦♥❝✐ ♣♦❞❦❛♣✐t♦❧② ♦ tét♦ s♦♥❞➙ ❜②❧♦ ♣♦❞r♦❜♥➙❥✐ r♦③❡❜rá♥♦✱ ❦❞②
❛ ③ ❥❛❦ý❝❤ ❞➲✈♦❞➲ ❥s♦✉ t❡♦r❡t✐❝❦é ♣r✐♥❝✐♣② ♥❛r✉➨♦✈á♥② ❛ ❥❡ ③❞❡ ❞✐s❦✉t♦✈á♥♦✱ ❥❛❦é ♠á
t♦t♦ ♥❛r✉➨❡♥í ✈❧✐✈ ♥❛ s❛♠♦t♥é ♠➙➦❡♥í✳ ❉á❧❡ ❥s♠❡ ✈ ❦❛♣✐t♦❧❡ ♣♦♣✐s♦✈❛❧✐ ③á❦❧❛❞♥í ♣♦✲
❥♠② ♣r♦ ♥❛➨❡ ♠➙➦❡♥í✱ ❥❛❦♦ ❥❡ ✈♦❧t✲❛♠♣ér♦✈á ❝❤❛r❛❦t❡r✐st✐❦❛✱ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ Ufl✱
♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ✱ ♥❡❜♦ ✐♦♥t♦✈ý I+sat ❛ ❡❧❡❦tr♦♥♦✈ý I−sat ♥❛s②❝❡♥ý ♣r♦✉❞✳ ❚②t♦
♣♦❥♠② ❜②❧② ♣r♦ ❡①♣❡r✐♠❡♥t ❦❧í↔♦✈é✱ ♣r♦t♦ ❥✐♠ ❜②❧❛ ✈➙♥♦✈á♥❛ ③♥❛↔♥á ↔ást ♣rá❝❡✳
❉á❧❡ ③❞❡ ❜②❧♦ ♣♦♣sá♥♦✱ ❥❛❦ý♠ ③♣➲s♦❜❡♠ s❡ ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ✈②t✈á✲
➦❡❥í ❛ ❥❛❦é ♣➦❡❞♣♦❦❧❛❞② s❡ ♠✉sí ❞♦❞r➸❡t✱ ❛❜②❝❤♦♠ ③ís❦❛❧✐ s♣rá✈♥é ✈ýs❧❡❞❦②✳ ❱ ❞❛❧➨í
↔ást✐ tét♦ ❦❛♣✐t♦❧② ❥s♠❡ s❡ ③❛❜ý✈❛❧✐ ♣♦st✉♣❡♠ ♠➙➦❡♥í ❛ ♣♦♣✐s❡♠ ❡①♣❡r✐♠❡♥tá❧♥í❤♦
③❛♣♦❥❡♥í ♣r♦ ♠➙➦❡♥í ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ❛ r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ✈❡ ✈♦❞í❦♦✈é♠ ❛ ❤é❧✐✲
♦✈é♠ ♣❧❛③♠❛t✉✳ ❱ ♣♦s❧❡❞♥í ↔ást✐ ❜②❧② ♣♦♣sá♥② ♣♦st✉♣② ♣r♦ ③♣r❛❝♦✈á♥í s✉r♦✈ý❝❤ ❞❛t
✈ ♣r♦❣r❛♠♦✈❛❝í♠ ❥❛③②❦✉ P②t❤♦♥✳ ▼✐♠♦ ❥✐♥é ③❞❡ ❜②❧② ③♠í♥➙♥② ❦♥✐❤♦✈♥② ❛ ❢✉♥❦❝❡✱

✺✹



❦t❡ré ❜②❧② ♣➦✐ ③♣r❛❝♦✈á✈á♥í ❞❛t ✈②✉➸í✈á♥②✳

❚➦❡tí ❦❛♣✐t♦❧❛ ♣♦❥❡❞♥á✈❛❧❛ ♦ ③♣r❛❝♦✈á♥í ♥❛♠➙➦❡♥ý❝❤ ❞❛t ❛ ❡①♣❡r✐♠❡♥tá❧♥í❝❤ ✈ýs❧❡❞✲
❝í❝❤✳ ❉❛t❛ ♣r♦ ✈ý♣♦↔❡t ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ❜②❧❛ ③ís❦á♥❛ ♣♦♠♦❝í ♠❡t♦❞② ✈ýst➦❡❧
♦❞ ✈ýst➦❡❧✉✱ ❦❞② ❥s♠❡ ♠➙♥✐❧✐ ♣➦✐❧♦➸❡♥é ♥❛♣➙tí ♥❛ ▲❛♥❣♠✉✐r♦✈➙ s♦♥❞➙ ♣r♦ ❦❛➸❞ý ✈ý✲
❜♦❥✱ ♥❛↔❡➸ ❥s♠❡ ✈②t✈á➦❡❧✐ ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ▲❛♥❣♠✉✐r♦✈② s♦♥❞②✱ ❦t❡ré
❜②❧② ❛♣r♦①✐♠♦✈á♥② ✈❤♦❞♥♦✉ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í✳ ❩❛ ♣♦✉➸✐tí ♣r♦❣r❛♠♦✈❛❝í❤♦ ❥❛③②❦❛
P②t❤♦♥ ❜②❧❛ ❞❛t❛ ♥❡❥♣r✈❡ ♥❛↔t❡♥❛ ③❡ s❡r✈❡r✉ ●❖▲❊▼✱ ♥❛↔❡➸ ❜②❧❛ ❦✈➲❧✐ ♥ás❧❡❞♥é♠✉
③♣r❛❝♦✈á♥í ♣r➲♠➙r♦✈á♥❛ ♣➦❡s ↔❛s♦✈é ✐♥t❡r✈❛❧② ♦ ✈❡❧✐❦♦st✐ ✶ ♠s✳ ❏❡❞♥♦t❧✐✈é ❜♦❞② ❜②❧②
③♣r❛❝♦✈á♥② ❞♦ t❛❜✉❧❡❦✱ ③ ❦t❡rý❝❤ ❥s♠❡ ♥ás❧❡❞♥➙ ③ís❦á✈❛❧✐ ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐s✲
t✐❦② ▲❛♥❣♠✉✐r♦✈② s♦♥❞② ♣r♦ ✈♦❞í❦♦✈é ❛ ❤é❧✐♦✈é ♣❧❛③♠❛✳ ◆ás❧❡❞♥➙ ❥s♠❡ ■❱ ❝❤❛r❛❦✲
t❡r✐st✐❦② ❛♣r♦①✐♠♦✈❛❧✐ ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í✱ ③❡ ❦t❡ré ❥s♦✉ ③ís❦á♥② ♣❛r❛♠❡tr② ♥❡③❜②t♥é
♣r♦ ❞❛❧➨í ✈ý♣♦↔❡t✳ ❚➙♠✐ ❥s♦✉ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te ❛ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ Ufl✱ ❦t❡ré
❜②❧② ♣r♦ ✈ý♣♦↔❡t ❞♦♣❧♥➙♥② ♦ ♣♦t❡♥❝✐á❧ ♣❧❛③♠❛t✉ Φ ♠➙➦❡♥ý ♣♦♠♦❝í ❜❛❧❧✲♣❡♥ s♦♥❞②✳
P♦✉➸✐tí♠ ✈③t❛❤✉ ✷✳✽ ❥s♠❡ ♣❛❦ ✈②♣♦↔❡t❧✐ ❤♦❞♥♦t✉ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♣r♦ ✈♦❞í✲
❦♦✈é ♣❧❛③♠❛ ♦ ❤♦❞♥♦t➙ α = 2.5± 0.7 ❛ ♣r♦ ♣❧❛③♠❛ ❤é❧✐♦✈é α = 1.8± 0.4✳ ❱ýs❧❡❞♥é
❤♦❞♥♦t② ❜②❧② ✈②❦r❡s❧❡♥② ✈ ❣r❛❢❡❝❤✱ ✈ ③á✈✐s❧♦st✐ ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt✱
❦t❡ré ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❞♦s❛❤♦✈❛❧♦ ♠❛①✐♠á❧♥í ❤♦❞♥♦t② ✵✳✺ ❚✳ ❩ t♦❤♦ ❞➲✈♦❞✉
♥❡❜②❧♦ ♠♦➸♥é ✉r↔✐t ③á✈✐s❧♦st ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❛ t♦♠t♦ ♣♦❧✐✱ ❥❡❧✐❦♦➸ ❥❡❤♦ ❤♦❞✲
♥♦t❛ ❜②❧❛ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ♣➦í❧✐➨ ♥í③❦á✳ ❩ ✈ýs❧❡❞❦➲ ❥s♠❡ ♠♦❤❧✐ ✈②♣♦③♦r♦✈❛t✱
➸❡ ✈ýs❧❡❞♥é ❤♦❞♥♦t② ❧③❡ ✐♥t❡r♣r❡t♦✈❛t ❞✈♦❥í♠ ③♣➲s♦❜❡♠✳ ❩❛ ♣➦❡❞♣♦❦❧❛❞✉✱ ➸❡ ❤♦❞✲
♥♦t❛ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❡③á✈✐sí ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt✱ ♠➲➸❡♠❡
❥❛❦♦➸t♦ ✈ýs❧❡❞❡❦ ♣♦✈❛➸♦✈❛t ❥❡❥í st➦❡❞♥í ❤♦❞♥♦t✉✳ ❉r✉❤á ✐♥t❡r♣r❡t❛❝❡ ♣➦❡❞♣♦❦❧á❞á
❧✐♥❡ár♥í ③á✈✐s❧♦st ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ♥❛ Bt✱ ❝♦➸ ❥s♠❡ ♦✈➙➦✐❧✐ ❧✐♥❡ár♥í r❡❣r❡sí✳

P♦ ♣r♦✈❡❞❡♥í ✈ý♣♦↔t✉ ❦❛❧✐❜r❛↔♥í ❦♦♥st❛♥t② α ❥s♠❡ ✈ ❞r✉❤é ↔ást✐ ↔t✈rté ❦❛♣✐t♦❧②
♠♦❤❧✐ ✈②t✈♦➦✐t r❛❞✐á❧♥í ♣r♦✜❧② ♣❧♦✈♦✉❝í❤♦ ♣♦t❡♥❝✐á❧✉ Ufl✱ ♣♦t❡♥❝✐á❧✉ ♣❧❛③♠❛t✉ Φ ❛
❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ❛ t♦ ♦♣➙t ♣r♦ ♦❜❛ ♣r❛❝♦✈♥í ♣❧②♥②✳ ❩ ✈ýs❧❡❞❦➲ ❡①♣❡r✐♠❡♥t✉ ❜②❧♦
③➦❡❥♠é✱ ➸❡ ♣➦✐ ♣➦✐❜❧✐➸♥➙ st❡❥♥ý❝❤ ♣❛r❛♠❡tr❡❝❤ ✈ý❜♦❥♦✈é❤♦ r❡➸✐♠✉ ❥❡ ❤é❧✐♦✈ý ✈ý❜♦❥
❤➲➦❡ r❡♣r♦❞✉❦♦✈❛t❡❧♥ý✱ ♦❜s❛❤✉❥❡ ✈í❝❡ ♥❡st❛❜✐❧✐t ❛ ♣➦í♠➙sí✳ ❘❛❞✐á❧♥í ♣r♦✜❧② ❡❧❡❦tr♦✲
♥♦✈é t❡♣❧♦t② Te ✈❡ ✈♦❞í❦♦✈é♠ ♣❧❛③♠❛t✉ ♠➙❧② ♦↔❡❦á✈❛♥♦✉ ❦❧❡s❛❥í❝í ③á✈✐s❧♦st ✈③❤❧❡❞❡♠
❦❡ ✈③❞á❧❡♥♦st✐ ♦❞ st➦❡❞✉ ♣❧❛③♠❛t✉✳ ❱ ❤é❧✐♦✈é♠ ♣❧❛③♠❛t✉ ❥s♠❡ ♣♦③♦r♦✈❛❧✐ ♥❛r✉➨❡♥í
tét♦ ③á✈✐s❧♦st✐✱ ❦❞② ✈ ↔❛s♦✈é♠ ✐♥t❡r✈❛❧✉ ✶✶✲✶✷ ♠s ❞♦❝❤á③❡❧♦ ❦ s♣♦♥tá♥♥í♠✉ ✈②t✈♦➦❡♥í
str♠é❤♦ ❣r❛❞✐❡♥t✉ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te✳ ❩ ❞➲✈♦❞✉ ♣♦❞r♦❜♥é ❛♥❛❧ý③② t♦❤♦t♦ s♣♦♥✲
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P➦í❧♦❤❛ ❇

❩❞r♦❥♦✈ý ❦ó❞ ♣r♦❣r❛♠✉

❇✳✶ ❖❜s❛❤ ❈❉

❙❡③♥❛♠ ❛ ♣♦♣✐s ❥❡❞♥♦t❧✐✈ý❝❤ s♦✉❜♦r➲ ♣➦✐♣♦❥❡♥ý❝❤ ♥❛ ❈❉ ✭❦♦♠❡♥tá➦❡ ❥❡❞♥♦t❧✐✈ý❝❤
♠❡t♦❞ ❥s♦✉ ✈❡♣sá♥② ✈ ❥❡❞♥♦t❧✐✈ý❝❤ ❦ó❞❡❝❤✮✳

• ♣❛r❛♠❡t❡rs✳♣②✿ ♦❜s❛❤✉❥❡ ③á❦❧❛❞♥í ③❛❞á♥í ♣r♦ ♥ás❧❡❞✉❥í❝í s❝r✐♣t

• ❧♦❛❞❴❞❛t❛✳♣②✿ ♥❛↔t❡♥í ❡①♣❡r✐♠❡♥tá❧♥í❝❤ ❞❛t ③❡ s❡r✈❡r✉ ✇✐❦✐ ●❖▲❊▼

• ♠❛❦❡❴❞❛t❛✳♣②✿ ✈②t✈♦➦í ♥❡♥♦r♠♦✈❛♥é t❛❜✉❧❦② ♣r♦ ❦♦♥str✉❦❝✐ ✈♦❧t✲❛♠♣ér♦✈ý❝❤
❝❤❛r❛❦t❡r✐st✐❦

• ♥♦r♠❛❧✐③❛t✐♦♥✳♣②✿ ♥♦r♠❛❧✐③✉❥❡ t❛❜✉❧❦② ♣r♦ ❦♦♥str✉❦❝✐ ✈♦❧t✲❛♠♣ér♦✈ý❝❤ ❝❤❛✲
r❛❦t❡r✐st✐❦

• ✜t❴❞❛t❛✳♣②✿ ❛♣r♦①✐♠✉❥❡ ✈♦❧t✲❛♠♣ér♦✈é ❝❤❛r❛❦t❡r✐st✐❦② ❛♥❛❧②t✐❝❦♦✉ ❢✉♥❦❝í

• ♠❛❦❡❴t❡♠♣❴❛❧♣❤❛✳♣②✿ ✈②t✈♦➦í ❣r❛❢② ③á✈✐s❧♦st✐ ❦♦❡✜❝✐❡♥t✉ α ❛ ❡❧❡❦tr♦♥♦✈é t❡♣✲
❧♦t② ♥❛ t♦r♦✐❞á❧♥í♠ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐ Bt

• ♠❛❦❡❴❞❛t❛❴❞✐✛❡r❡♥❝❡✳♣②✿ ✈②t✈♦➦í ❣r❛❢② r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t②
Te

• ♠❛❦❡❴r❛❞✐❛❧❴t❡♠♣✳♣②✿ ✈②t✈♦➦í t❛❜✉❧❦② r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t②
Te

• ♠❛❦❡❴r❛❞✐❛❧❴♣♦t❡♥❝✐❛❧s✳♣② ✈②t✈♦➦í ❣r❛❢② r❛❞✐á❧♥í❝❤ ♣r♦✜❧➲ ♣❧♦✈♦✉❝í❝❤ ♣♦t❡♥✲
❝✐á❧➲ ▲❛♥❣♠✉✐r♦✈② ❛ ❜❛❧❧✲♣❡♥ s♦♥❞②

• s❤♦t❴♣❛r✳♣②✿ ✈②t✈♦➦í ❣r❛❢② ↔❛s♦✈é❤♦ ✈ý✈♦❥❡ ③á❦❧❛❞♥í❝❤ ♣❛r❛♠❡tr➲ ✈ý❜♦❥♦✈é❤♦
r❡➸✐♠✉

• ♠❣❴♣♦❧❡✳♣②✿ ✈②t✈♦➦í t❛❜✉❧❦② ③á✈✐s❧♦st✐ t♦r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ Bt ♥❛
↔❛s❡
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