
❷❡s❦é ✈②s♦❦é ✉↔❡♥í t❡❝❤♥✐❝❦é ✈ Pr❛③❡

❋❛❦✉❧t❛ ❥❛❞❡r♥á ❛ ❢②③✐❦á❧♥➙ ✐♥➸❡♥ýrs❦á

❑❛t❡❞r❛ ❢②③✐❦②

❩❛♠➙➦❡♥í✿ ❋②③✐❦❛ ❛ t❡❝❤♥✐❦❛ t❡r♠♦❥❛❞❡r♥é ❢ú③❡

❇♦❧♦♠❡tr✐❝❦á ♠➙➦❡♥í ♥❛ t♦❦❛♠❛❦✉
●❖▲❊▼

❇♦❧♦♠❡tr✐❝ ❞✐❛❣♥♦st✐❝s ❛t t❤❡
t♦❦❛♠❛❦ ●❖▲❊▼

❇❆❑❆▲➪➄❙❑➪ P❘➪❈❊

❆✉t♦r✿ ❇♦➦❡❦ ▲❡✐t❧

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

❘♦❦✿ ✷✵✶✹



P➦❡❞ s✈á③á♥í♠ ♠íst♦ té❤❧❡ strá♥❦② ✈❧♦➸ít❡ ③❛❞á♥í ♣rá❝❡ s ♣♦❞♣✐s❡♠ ❞➙❦❛♥❛ ✭❜✉❞❡
t♦ ❥❡❞✐♥ý ♦❜♦✉str❛♥♥ý ❧✐st ✈❡ ❱❛➨í ♣rá❝✐✮ ✦✦✦✦



Pr♦❤❧á➨❡♥í

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

❱ Pr❛③❡ ❞♥❡ ✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳
✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳✳

❇♦➦❡❦ ▲❡✐t❧



P♦❞➙❦♦✈á♥í

❚í♠t♦ ❜②❝❤ rá❞ ♣♦❞➙❦♦✈❛❧ ■♥❣✳ ❱♦❥t➙❝❤✉ ❙✈♦❜♦❞♦✈✐✱ ❈❙❝✳ ③❛ ✈❡❞❡♥í ♠é ❜❛❦❛❧á➦s❦é
♣rá❝❡✱ ③❛ ❥❡❤♦ ♣♦❞♥➙t♥é ♣➦✐♣♦♠í♥❦② ❛ ♦❞❜♦r♥é r❛❞②✱ ❜❡③ ♥✐❝❤➸ ❜② t❛t♦ ♣rá❝❡ ♥❡♠♦❤❧❛
✈③♥✐❦♥♦✉t ❛ t❛❦é ❇❝✳ ❊❞✐t➙ ❇r♦♠♦✈é ③❛ ♣♦❞♥➙t♥é ❦♦♥③✉❧t❛❝❡✳

❇♦➦❡❦ ▲❡✐t❧



◆á③❡✈ ♣rá❝❡✿

❇♦❧♦♠❡tr✐❝❦á ♠➙➦❡♥í ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼

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

❋❏❋■ ❷❱❯❚
❑♦♥③✉❧t❛♥t✿ ❇❝✳ ❊❞✐t❛ ❇r♦♠♦✈á

❆❜str❛❦t✿

❚❛t♦ ♣rá❝❡ s❡ ✈➙♥✉❥❡ ♣♦♣✐s✉ ✈❧❛st♥♦stí ❛ ♣r❛❦t✐❝❦é ❛♣❧✐❦❛❝✐ r②❝❤❧ý❝❤ ❆❳❯❱ ❞✐♦❞
♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ♣r♦ ❞❡t❡❦❝✐ ③á➦❡♥í ♣❧❛③♠❛t✉ ✈ ♦❜❧❛st✐ ❯❱ ❛ ♠➙❦❦é❤♦ ❘❚●✳
❩ ♥❛♠➙➦❡♥ý❝❤ ❞❛t ❥❡ ♦❞❤❛❞♦✈á♥❛ ♣♦❧♦❤❛ ♣❧❛③♠❛t✉ ♣♦♠♦❝í ✜t♦✈á♥í ❥❡❞♥♦❞✉❝❤♦✉
❛ ❞✈♦❥✐t♦✉ ❣❛✉s♦✈♦✉ ❦➦✐✈❦♦✉ ❛ ❞á❧❡ ❥❡ ✈ ♣rá❝✐ r♦③❡❜rá♥❛ t❡♦r✐❡ s②♠❡tr✐❝❦é ❆❜❡❧♦✈②
✐♥✈❡r③❡ ✉♠♦➸➡✉❥í❝í ③♦❜r❛③✐t ✷❉ ♣r♦✜❧ ✈②③❛➦♦✈❛♥é❤♦ ✈ý❦♦♥✉ ♣❧❛③♠❛t✉ ❛ ❥❡❤♦ ↔❛s♦✈ý
✈ý✈♦❥✳ ❇♦❧♦♠❡tr✐❝❦á ❞✐❛❣♥♦st✐❦❛ ♣❧❛③♠❛t✉ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❜②❧❛ ③♣r♦✈♦③♥➙♥❛
♣♦♠♦❝í t❡st♦✈❛❝í❤♦ ❞❡t❡❦t♦r✉ ❆❳❯❱ ❛ ❞í❦② t♦♠✉ ❥❡ ♠♦➸♥é ♣➦❡❥ít ❦ ✐♥st❛❧❛❝✐ ❞✈♦✉
♥♦✈ý❝❤ ❞❡t❡❦t♦r➲✳

❑❧í↔♦✈á s❧♦✈❛✿ ♣❧❛③♠❛✱ t❡r♠♦❥❛❞❡r♥á ❢ú③❡✱ ❜♦❧♦♠❡tr②✱ ❆❳❯❱

❚✐t❧❡✿

❇♦❧♦♠❡tr✐❝ ❞✐❛❣♥♦st✐❝s ❛t t❤❡ t♦❦❛♠❛❦ ●❖▲❊▼

❆✉t❤♦r✿ ❇♦➦❡❦ ▲❡✐t❧
❆❜str❛❝t✿

❚❤❡ ❜❛❝❤❡❧♦r t❤❡s✐s ✐s ❞❡✈♦t❡❞ t♦ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ♣r♦♣❡rt✐❡s ♦❢ ❢❛st ❆❳❯❱ ❞✐♦❞❡s
❛♥❞ ✐ts ♣r❛❝t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❢♦r t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ♣❧❛s♠❛ r❛❞✐❛t❡❞ ♣♦✇❡r ✐♥ ❯❱ ❛♥❞
❙♦❢t✲❳✲r❛② r❡❣✐♦♥ ❛t t❤❡ t♦❦❛♠❛❦ ●❖▲❊▼✳ P❧❛s♠❛ ♣♦s✐t✐♦♥ ✐s ✜①❡❞ ❢r♦♠ ✜tt✐♥❣
s✐♠♣❧❡ ❛♥❞ ❞♦✉❜❧❡ ●❛✉ss✐❛♥ ❝✉r✈❡ t♦ t❤❡ ♠❡❛s✉r❡❞ ❞❛t❛ ❛♥❞ t❤❡ t❤❡♦r② ♦❢ s②♠♠❡tr✐❝
❆❜❡❧ ✐♥✈❡rs✐♦♥ ✐s ❛❧s♦ ❛♥❛❧②s❡❞ ✐♥ t❤❡ t❤❡s✐s✱ ❜❡❝❛✉s❡ ✐t ❡♥❛❜❧❡s t♦ ❞✐s♣❧❛② ✷❉ ♣r♦✜❧❡
♦❢ r❛❞✐❛t❡❞ ♣♦✇❡r ❛♥❞ ✐ts t✐♠❡ r❡s♦❧✉t✐♦♥✳ ❇♦❧♦♠❡tr✐❝ ♣❧❛s♠❛ ❞✐❛❣♥♦st✐❝s ✇❛s ♣✉t
✐♥t♦ ♦♣❡r❛t✐♦♥ ♦♥ t❤❡ t♦❦❛♠❛❦ ●❖▲❊▼ ❢♦r t❡st ❆❳❯❱ ♠♦❞✉❧❡ ❛♥❞ ✐t ✐s ♥♦✇ ♣♦ss✐❜❧❡
t♦ ✐♥st❛❧❧ t✇♦ ❜r❛♥❞ ♥❡✇ ❞❡t❡❝t♦rs✳

❑❡② ✇♦r❞s✿ ♣❧❛s♠❛✱ t❡r♠♦♥✉❝❧❡❛r ❢✉s✐♦♥✱ ❜♦❧♦♠❡tr②✱ ❆❳❯❱



Ú✈♦❞

❊♥❡r❣❡t✐❝❦á s♣♦t➦❡❜❛ ❧✐❞st✈❛ ♥❡✉stá❧❡ r♦st❡ s tí♠✱ ❥❛❦ s❡ s♣♦❧❡↔♥♦st ✈②✈í❥í✳ ❉♥❡s
❥s♦✉ ❤❧❛✈♥í♠✐ ③❞r♦❥✐ ❡♥❡r❣✐❡ ❢♦s✐❧♥í ♣❛❧✐✈❛✱ ❦t❡rá s❡ ❞í❦② ❥❡❥✐❝❤ ❞♦st✉♣♥♦st✐ ✈②♣❧❛tí
t➙➸✐t✳ ❯❜ý✈á♥í ❢♦s✐❧♥í❝❤ ♣❛❧✐✈ ✈②✈í❥í ♣♦t➦❡❜✉ ❤❧❡❞❛t ❛❧t❡r♥❛t✐✈♥í ❛ st❛❜✐❧♥í ③❞r♦❥❡
❡♥❡r❣✐❡✳ ❙t❛❜✐❧♥í ♣r♦t♦✱ ➸❡ ♠❛❥í✲❧✐ ♣♦❦rýt ❤❧❛✈♥í s♣♦t➦❡❜✉ ❡❧❡❦tr✐❝❦é ❡♥❡r❣✐❡✱ ♥❡♥í
♠♦➸♥é ♣r♦ t②t♦ ú↔❡❧② ♣♦✉➸ít ♥❛ ♣♦↔❛sí ❛ ❞❡♥♥í ❞♦❜➙ ③á✈✐s❧é ♦❜♥♦✈✐t❡❧♥é ③❞r♦❥❡ t②♣✉
✈➙tr♥ý❝❤ ↔✐ s♦❧ár♥í❝❤ ❡❧❡❦trár❡♥✳ ❩ ♦❜♥♦✈✐t❡❧♥ý❝❤ ③❞r♦❥➲ s❡ ✈ ♣♦s❧❡❞♥í ❞♦❜➙ ③❞❛❥í
❜ýt ♣❡rs♣❡❦t✐✈♥í ú↔✐♥♥➙❥➨í s♦❧ár♥í ↔❧á♥❦② ❛ ✈ý✈♦❥ t❡❝❤♥♦❧♦❣✐í ✈②✉➸í✈❛❥í❝í❝❤ ❜✐♦❧♦❣✲
✐❝❦é ♣r♦❝❡s② ❦ ❡♥③②♠❛t✐❝❦é♠✉ r♦③❦❧❛❞✉ ❝❡❧✉❧ó③②✳ ❩❛❥í♠❛✈♦✉ ♠♦➸♥♦stí ❥❡ ✐ ♣r♦❞✉❦❝❡
✉❤❧í❦❛tý❝❤ ♣❛❧✐✈ ③ ❜✐♦♠❛s② ❜❡③ ♣♦✉➸✐tí ❦❧❛s✐❝❦é ❞❡st✐❧❛❝❡✳ ❉❛❧➨í ❛❧t❡r♥❛t✐✈② s❡ ③❛❜ý✲
✈❛❥í ♥❛♣➦✳ ✈ýr♦❜♦✉ ✈♦❞í❦✉ ↔✐ ✐s♦❜✉t❛♥♦❧✉ ♣♦♠♦❝í ➦❛s ♥❡❜♦ ❜❛❦t❡r✐í✳

❚é♠➙➦ st♦❧❡tí ✈í♠❡✱ ➸❡ ③❞r♦❥❡♠ ❡♥❡r❣✐❡ ❙❧✉♥❝❡ ❥❡ t❡r♠♦❥❛❞❡r♥á ❢ú③❡ ❧❡❤❦ý❝❤ ❛t♦✲
♠♦✈ý❝❤ ❥❛❞❡r✳ Pr♦ ✉s❦✉t❡↔♥➙♥í t❛❦♦✈ý❝❤ r❡❛❦❝í ♥❛ ❩❡♠✐ ❥❡ ③❛♣♦t➦❡❜í ✈②s♦❦á t❡♣❧♦t❛
❛ ❤✉st♦t❛ ❤♠♦t②✱ ❦t❡rá s❡ ③❛ t❛❦♦✈ý❝❤ ♣♦❞♠í♥❡❦ ♥❛❝❤á③í ✈ ♣❧❛③♠❛t✐❝❦é♠ st❛✈✉✳
❱②t✈♦➦í♠❡✲❧✐ ♣❧❛③♠❛✱ ❥❡ ♥✉t♥♦ ❥❡❥ ③❛❤➦át ♥❛ ❞♦st❛t❡↔♥➙ ✈②s♦❦é t❡♣❧♦t②✱ ✉❞r➸❡t ❥❡❥
♣♦ ❞♦st❛t❡↔♥➙ ❞❧♦✉❤♦✉ ❞♦❜✉ t❛❦✱ ❛❜② s❡ ♥❡❞♦tý❦❛❧♦ st➙♥ ♥á❞♦❜②✳ P❧❛③♠❛ s❡ ♥❡♠➲➸❡
✈♦❧♥➙ ❞♦tý❦❛t ♥á❞♦❜② ❥❡❞♥❛❦ ♣r♦t♦✱ ➸❡ ❜② ✈②❝❤❧❛❞❧♦ ❛ t❛❦é ♣r♦t♦✱ ❛❜② ♥á❞♦❜✉
♥❡♣♦➨❦♦❞✐❧♦✳ ❉♥❡s ❡①✐st✉❥í ❞✈➙ ❤❧❛✈♥í ♠♦➸♥♦st✐✱ ❥❛❦ ♣❧❛③♠❛ ❞r➸❡t✱ ❛ t♦ ♠❛❣♥❡t✐❝❦②
❛ ✐♥❡r❝✐á❧♥➙✱ ♣➦✐t♦♠ ♠❛❣♥❡t✐❝❦é ✉❞r➸❡♥í ♣❧❛③♠❛t✉ ❥❡ ③❛tí♠ ♥❡❥❜❧í➸❡ ❡❦♦♥♦♠✐❝❦é♠✉
✈②✉➸✐tí s❡ ③❛➦í③❡♥í♠ ❥♠é♥❡♠ t♦❦❛♠❛❦✳ ❏❛❦♦ ♣❛❧✐✈♦ ❜② s❡ ✈ ♣r✈♥í❝❤ ❢á③í❝❤ ✈②✉➸í✈❛❧♦
✐③♦t♦♣➲ ✈♦❞í❦✉✱ t❥✳ ❞❡✉t❡r✐❛ ❉ ❛ tr✐t✐❛ ❚✳ ❩❛tí♠❝♦ ❞❡✉t❡r✐❛ s❡ ✈ ♣➦ír♦❞➙ ✈②s❦②t✉❥❡
❞♦st❛t❡❦✱ ♥❛ ❥❡❞❡♥ ❛t♦♠ ❞❡✉t❡r✐❛ ♣➦✐♣❛❞á ❛s✐ ✻✵✵✵ ❛t♦♠➲ ♥♦r♠á❧♥í❤♦ ✈♦❞í❦✉ ❛ ❧③❡ ❥❡❥
③ís❦á✈❛t ③ ✈♦❞②✱ tr✐t✐✉♠ ♠á ❦rát❦ý ♣♦❧♦↔❛s r♦③♣❛❞✉ ✭❛s✐ ✶✷✱✸ ❧❡t✮ ❛ ✈ ♣➦ír♦❞➙ s❡ ✈②s❦②✲
t✉❥❡ ✈ ③❛♥❡❞❜❛t❡❧♥é♠ ♠♥♦➸st✈í✳ ❚r✐t✐❛ t❛❦ ❜✉❞❡ ♥✉t♥é ✈②r♦❜✐t✳ P♦↔ítá s❡ t❛❦ s ❥❡❤♦
❣❡♥❡r❛❝í ♣♦♠♦❝í r❡❛❦❝❡ ❧✐t❤✐❛ 6▲✐ s ♣♦♠❛❧ý♠✐ ♥❡✉tr♦♥② ♥❡❜♦ 7▲✐ s r②❝❤❧ý♠✐ ♥❡✉tr♦♥②
❬✶✵❪✱ ❦ ↔❡♠✉➸ ❜② ♠♦❤❧② ♣♦s❧♦✉➸✐t ❤②❜r✐❞♥í r❡❛❦t♦r② s ♥❡✉tr♦♥♦✈ý♠ ③❞r♦❥❡♠✳ ❙✈ý♠
③♣➲s♦❜❡♠ ❥❡ ✐ s❛♠♦t♥ý ♣r♦❥❡❦t ■❚❊❘ ❤②❜r✐❞♥í♠ r❡❛❦t♦r❡♠✱ ❥❡❧✐❦♦➸ ✈ ♦❜❦❧♦♣✉❥í❝í♠
♠❛t❡r✐á❧✉ ❜✉❞❡ ➨t➙♣❡♥♦ ❧✐t✐✉♠✳ ❉í❦② ✈❡❧❦é♠✉ ③❛st♦✉♣❡♥í ❞❡✉t❡r✐❛ ♥❛ ❩❡♠✐ ❜② ♠♦❤❧❛
❜ýt t❡r♠♦❥❛❞❡r♥á ❢ú③❡ t❛❦➦❦❛ ♥❡♦♠❡③❡♥ý♠ ③❞r♦❥❡♠ ❡♥❡r❣✐❡✳ ❖tá③❦♦✉ ③➲stá✈á✱ ③❞❛
♣♦ ③✈❧á❞♥✉tí ✈ýr♦❜② ❡♥❡r❣✐❡ ✈❡ ❢ú③♥í ❡❧❡❦trár♥➙✱ ❜✉❞❡ ❡❦♦♥♦♠✐❝❦② ✈ý❤♦❞♥é t❡♥t♦
③❞r♦❥ ♣♦✉➸í✈❛t ✈③❤❧❡❞❡♠ ❦❡ ③❞r♦❥➲♠ ♦st❛t♥í♠✳ ❱❡❧❦ý ♣♦t❡♥❝✐á❧ ♠á t❛❦♦✈ý r❡❛❦t♦r
✐ ♣r♦ ❦♦s♠✐❝❦é ❧❡t②✱ ❥❡❧✐❦♦➸ s♦❧ár♥í ❦♦♥st❛♥t❛ ✉❜ý✈á s ❦✈❛❞rát❡♠ ✈③❞á❧❡♥♦st✐ ♦❞ ③❞r♦❥❡
❛ ♣r♦ ❞á❧❦♦✈é ❧❡t② s❡ ♣r♦③❛tí♠ ♠✉s❡❥í ♣♦✉➸í✈❛t r❛❞✐♦♥✉❦❧✐❞♦✈é ③❞r♦❥❡ ❡♥❡r❣✐❡✳

❋②③✐❦❛ t♦❦❛♠❛❦➲ s❡ ♥❡♦❜❡❥❞❡ ❜❡③ ✐♥❢♦r♠❛❝í ♦ ♣❧❛③♠❛t✉✳ ❱③♥✐❦❧♦ t❡❞② ❝❡❧é ♦❞✈➙t✈í✱
③❛❜ý✈❛❥í❝í s❡ ❥❡❤♦ ❞✐❛❣♥♦st✐❦♦✉✳ ❑ t♦♠✉ ❥❡ ♠✐♠♦ ❥✐♥é ③❛♣♦t➦❡❜í ③♥át ❥❡❤♦ ♣♦❧♦❤✉✱
r❛❞✐❛↔♥í ♣r♦✜❧ ❛ ♣r♦✜❧ ♠❛❣♥❡t✐❝❦ý❝❤ s✐❧♦↔❛r✳ ▼❡t♦❞②✱ ❥❛❦ ♣❧❛③♠❛ ③❦♦✉♠❛t✱ s❡ ❞➙❧í

✐



♥❛ ♣❛s✐✈♥í ❛ ❛❦t✐✈♥í✱ ♣♦❞❧❡ t♦❤♦✱ ③❞❛ ♠❛❥í ♥❛ ♠➙➦❡♥í ✈❧✐✈✱ ↔✐ ♥✐❦♦❧✐✈✳ P❧❛③♠❛ ③ár♦✈❡➡
❡♠✐t✉❥❡ ③á➦❡♥í✱ ❦t❡ré s❡ ③ ✈➙t➨í ↔ást✐ ♣♦❞í❧í ♥❛ t❡♣❡❧♥ý❝❤ ③trátá❝❤✳ ❘♦③❜♦r❡♠ ✈②③❛➦♦✲
✈❛♥é❤♦ s♣❡❦tr❛ ❧③❡ ③❥✐st✐t s❧♦➸❡♥í ♣❧❛③♠❛t✉✱ t❥✳ ③❛st♦✉♣❡♥í ❥❡❞♥♦t❧✐✈ý❝❤ ♣r✈❦➲✱ ❛ t❡❞②
✐ s❧♦➸❡♥í ♥❡➸á❞♦✉❝í❝❤ ♣➦í♠➙sí✱ ♣♦❞í❧❡❥í❝í❝❤ s❡ ♥❛ ♥❡st❛❜✐❧✐tá❝❤ ❛ r②❝❤❧é♠ ♦❞✈♦❞✉ t❡♣❧❛✳

❆❜② ❜②❧♦ ♠♦➸♥é ♠➙➦✐t ❡♥❡r❣✐✐ ③á➦❡♥í ❛ ❞♦♣❛❞❛❥í❝í❝❤ ↔ást✐❝✱ ❜②❧② s r♦③✈♦❥❡♠ ❛s✲
tr♦♥♦♠✐❡ ✈②✈✐♥✉t② ❞❡t❡❦t♦r② ♥❛③✈❛♥é ❜♦❧♦♠❡tr②✳ P➲✈♦❞♥í ❞❡t❡❦t♦r ③ ❦♦♥❝❡ ✶✾✳ st♦❧✳
❜②❧ ③❞♦❦♦♥❛❧❡♥ ❛ s ✈ý✈♦❥❡♠ ♣♦❧♦✈♦❞✐↔➲ ❞♥❡s ❡①✐st✉❥❡ ➦❛❞❛ ❜♦❧♦♠❡tr➲ ❢✉♥❣✉❥í❝í❝❤
♥❛ r➲③♥ý❝❤ ❢②③✐❦á❧♥í❝❤ ♣r✐♥❝✐♣❡❝❤✳ ❉❡t❡❦t♦r② s❡ ♦❞❧✐➨✉❥í ③❡❥♠é♥❛ ❞❧❡ ❡♥❡r❣✐❡ ❞❡t❡❦♦✲
✈❛♥é❤♦ ③á➦❡♥í ❛ ↔ást✐❝✱ ♣♦❞❧❡ ♣r❛❝♦✈♥í❝❤ t❡♣❧♦t ↔✐ r②❝❤❧♦stí ♦❞❡③✈②✳ ❇♦❧♦♠❡tr② ♠❛❥í
✈❡❧❦ý ♣➦í♥♦s ❥❛❦ ♣r♦ ❛str♦♥♦♠✐✐✱ t❛❦ ♣r♦ ❢②③✐❦✉ ♣❧❛③♠❛t✉ ♥❛ ❩❡♠✐✳

❑♦♥❦rét♥í♠ ♣➦í♣❛❞❡♠ ✈②✉➸✐tí ❜♦❧♦♠❡tr➲ ❥❡ ♥❛♣➦✳ ♠➙➦❡♥í ✈②③á➦❡♥é❤♦ ✈ý❦♦♥✉ ♣❧❛③✲
♠❛t✉ ✈ t♦❦❛♠❛❝í❝❤✱ ❝♦➸ ♥❛♣♦♠á❤á ✉r↔✐t ❝❡❧❦♦✈♦✉ ❡♥❡r❣❡t✐❝❦♦✉ ❜✐❧❛♥❝✐ ♣❧❛③♠❛t✉
❬✹❪✱ t❡❞② r♦③❞í❧ ❞♦❞❛♥é❤♦ ✈ý❦♦♥✉ ♥❛ ❥❡❤♦ ♦❤➦❡✈ ❛ ③trát t❡♣❧❛ ③á➦❡♥í♠ ❛ ↔ást✐❝❡♠✐✱
❦t❡ré ♦♣✉st✐❧② ♠❛❣♥❡t✐❝❦é ♣♦❧❡✳ ❉♥❡➨♥í t②♣② ❜♦❧♦♠❡tr➲ ❛ ❞❛t♦✈ý❝❤ s❜➙r➲ ✉♠♦➸➡✉❥í
s❧❡❞♦✈á♥í ♣❧❛③♠❛t✉ s ✈❡❧❦ý♠✐ s♥í♠❦♦✈❛❝í♠✐ ❢r❡❦✈❡♥❝❡♠✐ ➦á❞✉ ▼❍③ ❬✹❪✳ ❉♥❡s ❥s♦✉
✈②rá❜➙♥② ✐ ✈❡❧♠✐ ♠❛❧é ❞❡t❡❦t♦r②✱ ❥❡❥✐❝❤➸ ➦❛③❡♥í♠ ❞♦ sér✐❡ ✈③♥✐❦❛❥í ❞❡t❡❦t♦r♦✈á ♣♦❧❡✱
❦t❡rá ❧③❡ ✉♠íst✐t ❞♦ ❞✐❛❣♥♦st✐❝❦ý❝❤ ♣♦rt➲ t♦❦❛♠❛❦✉✳ ❏❡❧✐❦♦➸ ♥❡♥í ♠♦➸♥é r♦③♠íst➙♥í
❞❡t❡❦t♦r➲ ❦♦❧❡♠ ❝❡❧é❤♦ ③❛➦í③❡♥í✱ ✉✈❛➸✉❥❡♠❡ ✐❞❡❛❧✐③❛❝✐✱ ♣➦✐ ♥í➸ ♣➦❡❞♣♦❦❧á❞á♠❡✱ ➸❡ s❡
♣➦í❧✐➨ ♥❡♠➙♥í s❧❡❞♦✈❛♥é ✈❧❛st♥♦st✐ ♣❧❛③♠❛t✉ ♣♦ ❝❡❧é ♦s❡ ❦♦♠♦r② t♦❦❛♠❛❦✉ ✱ ❛ ❞❡✲
t❡❦t♦r♦✈á ♣♦❧❡ s❡ ♣r♦t♦ ✉♠✐s➫✉❥í t❛❦✱ ❛❜② s❧❡❞♦✈❛❧② ♣❧❛③♠❛ ✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉✱ t❡❞②
❦♦❧♠♦ ♥❛ ♦s✉ ❦♦♠♦r②✳ P➦✐t♦♠ ❥❡ ➸á❞♦✉❝í✱ ❛❜② ♥❛ ❦❛➸❞ý ❞❡t❡❦t♦r ✈ sér✐✐ ❞♦♣❛❞❛❧♦
③á➦❡♥í ❥❡♥ ③ ❥✐sté ✈ýs❡↔❡ ❦♦♠♦r②✱ ♣r♦st♦r♦✈é❤♦ ú❤❧✉✳ ❑ t♦♠✉ s❡ ✈②✉➸í✈á ♣r✐♥❝✐♣
❦❛♠❡r② ♦❜s❦✉r②✳ ❉í✈á♠❡✲❧✐ s❡ ♣♦té ♥❛ ♣❧❛③♠❛ ✈❡ st❡❥♥é♠ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉ ③ ♥➙❦♦✲
❧✐❦❛ ♠íst✱ ❥❡ ♠♦➸♥é ♣r♦✈ést t♦♠♦❣r❛✜❝❦♦✉ r❡❦♦♥str✉❦❝✐ ♣r♦✜❧✉ ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉✳

Pr♦ s❧❡❞♦✈á♥í r②❝❤❧ý❝❤ ③♠➙♥ ✈❡ ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉ ♠✉sí ❞❡t❡❦t♦r ❜ýt ♠á❧♦ ❝✐t❧✐✈ý
♥❛ ↔ást✐❝❡✱ ♠ít r②❝❤❧♦✉ ↔❛s♦✈♦✉ ♦❞❡③✈✉ ❛ st❛❜✐❧♥í ♣♦♠➙r ✈ý❦♦♥✉ ❦ ❡♥❡r❣✐✐ ❞♦♣❛❞❛✲
❥í❝í❤♦ ③á➦❡♥í ✈ ♦❜❧❛st✐ ♣♦③♦r♦✈❛♥é❤♦ s♣❡❦tr❛✳ ❚②t♦ ♣♦➸❛❞❛✈❦② s♣❧➡✉❥í r②❝❤❧é ❢♦t♦❞✐✲
♦❞② ❆❳❯❱ ❬✷✶❪✳ ❩✈❧á➨t♥í ❝❤♦✈á♥í ♣❧❛③♠❛t✉ ❥❛❦♦ ❥s♦✉ tr❛♥s♣♦rt♥í ❥❡✈②✱ ✈③♥✐❦ ♥❡st❛✲
❜✐❧✐t ❛ ✈②③❛➦♦✈á♥í ♥❡↔✐st♦t s❡ ♣r♦❥❡✈í ♥❛ ❥❡❤♦ r❛❞✐❛↔♥í♠ ♣r♦✜❧✉✳ ❚②t♦ ❥❡✈② ③ár♦✈❡➡
♣r♦❜í❤❛❥í ✈❡❧♠✐ r②❝❤❧❡✳ Prá✈➙ ♣r♦t♦ ❥❡ ❞➲❧❡➸✐té ♠ít ✐♥❢♦r♠❛❝❡ ♦ ♣❧❛③♠❛t✉ ✈ ❝♦ ♥❡❥✲
❦r❛t➨í❝❤ ✐♥t❡r✈❛❧❡❝❤ ❜➙❤❡♠ ✈ý❜♦❥❡✳ ❷❛st♦ s❡ ✈②✉➸í✈á ♥➙❦♦❧✐❦ t②♣➲ ❞✐❛❣♥♦st✐❦✱ ❦t❡ré
s❡ ♣♦r♦✈♥á✈❛❥í✳

❚♦❦❛♠❛❦ ●♦❧❡♠ ❥❡ ❥❡❞♥í♠ ③ ♠❛❧ý❝❤ ✈ý✉❦♦✈ý❝❤ t♦❦❛♠❛❦➲✱ ❥❡❥✐❝❤➸ s♠②s❧ ❥❡ ❥❛❦ ❡①✲
♣❡r✐♠❡♥tá❧♥í✱ t❛❦ ✈ý✉❦♦✈ý✳ ◆❛ t♦❦❛♠❛❦✉ ●♦❧❡♠ ❜✉❞❡ ✈ ♣r✈♥í ❢á③✐ ✐♥st❛❧♦✈á♥♦ ❥❡❞♥♦
♣♦❧❡ ❞✐♦❞ ❆❳❯❱✷✵❊▲✱ ❦t❡ré ❥✐➸ ❜②❧♦ ✈②✉➸✐t♦ ♥❛ t♦❦❛♠❛❦✉ ❈❆❙❚❖❘✱ ♣➲✈♦❞♥í ✈❡r③✐
t♦❦❛♠❛❦✉ ●❖▲❊▼✳ ❍❧❛✈♥í ❝✐t❧✐✈♦st ❞❡t❡❦t♦r✉ ❥❡ ✈ ♦❜❧❛st✐ ❯❱ ❛ ♠➙❦❦ý❝❤ r❡♥t❣❡♥➲✱
❝♦➸ ♦❞♣♦✈í❞á ✈②③❛➦♦✈❛♥é♠✉ s♣❡❦tr✉ ♣➦✐ st❛♥❞❛r❞♥í♠ ✈ý❜♦❥✐ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✳
P♦❧❡ ❥❡ ♥❡❥♣r✈❡ ♥✉t♥é ③❦❛❧✐❜r♦✈❛t ③ ❤❧❡❞✐s❦❛ ✉♠íst➙♥í ❞❡t❡❦t♦r✉ ✈➲↔✐ ♣➦ír✉❜➙ ❞✐❛❣♥♦✲
st✐❝❦é❤♦ ♣♦rt✉✳ ❱ ❞r✉❤é ❢á③✐ ♣r♦❜➙❤♥❡ ③❛➦❛③❡♥í ❜♦❧♦♠❡tr✐❝❦ý❝❤ ♠➙➦❡♥í ❞♦ s②sté♠✉
❥✐➸ ♣♦✉➸í✈❛♥ý❝❤ ❞✐❛❣♥♦st✐❦✳ ❑ r❡❦♦♥str✉❦❝✐ ♣r♦✜❧✉ ✈ý❦♦♥✉ ✈②③❛➦♦✈❛♥é❤♦ ♣❧❛③♠❛t❡♠
♣♦s❧♦✉➸í ❆❜❡❧♦✈❛ ✐♥✈❡r③♥í tr❛♥s❢♦r♠❛❝❡✳ ❘②❝❤❧♦st ♦❞❡③✈② ❞❡t❡❦t♦r✉ ✈ ➦á❞✉ ▼❍③
✉♠♦➸♥í s❧❡❞♦✈❛t ↔❛s♦✈ý ✈ý✈♦❥ ♣r♦✜❧✉ ❜➙❤❡♠ ✈ý❜♦❥❡✱ ❥❡❤♦➸ ❜➙➸♥á ❞é❧❦❛ ❥❡ ♥❛ t♦❦❛✲
♠❛❦✉ ●❖▲❊▼ ❝❝❛ ✶✺ ♠s✳ Pr♦ ♣♦r♦✈♥á♥í ✉r↔❡♥é ♣♦❧♦❤② ♣❧❛③♠❛t✉ ♣♦s❧♦✉➸í ❞❛t❛

✐✐



③ ▼✐r♥♦✈♦✈ý❝❤ ❝í✈❡❦ ❛ r②❝❤❧é ❦❛♠❡r②✳ ❇✉❞♦✉✲❧✐ ♠➙➦❡♥í ús♣➙➨♥á✱ ♣➦✐❥❞❡ ♥❛ ➦❛❞✉ t➦❡tí
❢á③❡✱ t❥✳ ✈②✉➸✐tí ❞✈♦✉ ♥♦✈ý❝❤ ♣♦❧í ❆❳❯❱ ❞✐♦❞ ❛ ❥❡❥✐❝❤ ❛♣❧✐❦❛❝❡ ♣r♦ t♦♠♦❣r❛✜❝❦♦✉
r❡❦♦♥str✉❦❝✐ ♣r♦✜❧✉ ✈②③❛➦♦✈❛♥é❤♦ ✈ý❦♦♥✉ ♣❧❛③♠❛t✉✳

✐✐✐



❖❜s❛❤

Ú✈♦❞ ✐

✶ ❚❡r♠♦❥❛❞❡r♥á ❢ú③❡ ✶
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✶✳✶✳✷ ❱②③❛➦♦✈á♥í ♣❧❛③♠❛t✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✶✳✷ ❚♦❦❛♠❛❦② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹
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✶✳✷✳✷ ❉✐❛❣♥♦st✐❦❛ ♣❧❛③♠❛t✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✶✳✷✳✸ ❉✐❛❣♥♦st✐❦❛ ③á➦❡♥í ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼
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✸✳✷✳✶ P❛r❛♠❡tr② ♣♦✉➸✐tý❝❤ ❢♦t♦❞✐♦❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✸✳✸ ❩❡s✐❧♦✈❛↔ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✐✈
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❩á✈➙r ✹✺

❙❡③♥❛♠ ♣♦✉➸✐tý❝❤ ③❞r♦❥➲ ✹✽

P➦í❧♦❤② ✺✵

✈



❑❛♣✐t♦❧❛ ✶

❚❡r♠♦❥❛❞❡r♥á ❢ú③❡

❚❡r♠♦❥❛❞❡r♥ý♠✐ ❢ú③♥í♠✐ r❡❛❦❝❡♠✐ ♦③♥❛↔✉❥❡♠❡ s♦✉❜♦r ❥❛❞❡r♥ý❝❤ r❡❛❦❝í✱ ♣r♦❜í❤❛✲
❥í❝í❝❤ ③❛ ✈②s♦❦ý❝❤ t❡♣❧♦t✱ ♣➦✐ ♥✐❝❤➸ ❞♦❝❤á③í ❦❡ s❧♦✉↔❡♥í ❛t♦♠♦✈ý❝❤ ❥❛❞❡r ❛ ✉✈♦❧♥➙♥í
✈❛③❡❜♥é ❡♥❡r❣✐❡✳ ❩❛ t❛❦♦✈ý❝❤ ♣♦❞♠í♥❡❦ s❡ ❤♠♦t❛ ♥❛❝❤á③í ✈ ♣❧❛③♠❛t✐❝❦é♠ st❛✈✉✳
◆✉t♥♦✉ ♣♦❞♠í♥❦♦✉ ♣r♦ s❧♦✉↔❡♥í ❥❛❞❡r ❥❡ ❥❡❥✐❝❤ ❞♦st❛t❡↔♥➙ ✈❡❧❦á t❡♣❡❧♥á r②❝❤❧♦st
❦ ♣➦❡❦♦♥á♥í ❈♦✉❧♦♠❜♦✈② ❜❛r✐ér②✱ ❦t❡rá ♥❡✉♠♦➸➡✉❥❡ ❥á❞r➲♠ ♣➦✐❜❧í➸✐t s❡ ♥❛ ♠❛❧é
✈③❞á❧❡♥♦st✐✳ ❊❧❡❦tr✐❝❦á ♦❞♣✉❞✐✈á sí❧❛ ❥❡ ✈ ♣♦r♦✈♥á♥í s❡ s✐❧♥♦✉ ✐♥t❡r❛❦❝í ♥❡♣❛tr♥á✱ ❛❧❡
❞♦s❛❤ ❥❛❞❡r♥ý❝❤ s✐❧ ❥❡ ✈❡❧♠✐ ♠❛❧ý✱ t❥✳ ❥❛❞❡r♥é sí❧② ❥s♦✉ s✐❧❛♠✐ ❦rát❦é❤♦ ❞♦s❛❤✉ ❛ ♣➲✲
s♦❜í ❥❡♥ ✈ ❜❧í③❦é♠ ♦❦♦❧í✳ ❖③♥❛↔í♠❡✲❧✐ r ✈③❞á❧❡♥♦st ♦❞ st➦❡❞✉ ❥á❞r❛✱ ♣❛❦ ♣r♦ r > R✱
❥s♦✉ ❥❛❞❡r♥é sí❧② ♦♣r♦t✐ ❡❧❡❦tr✐❝❦ý♠ ③❛♥❡❞❜❛t❡❧♥é✳ ❉♦❜rý ♦❞❤❛❞ ♣r♦ t❛❦♦✈é R ♣♦s❦②✲
t✉❥❡ ❦❛♣❦♦✈ý ♠♦❞❡❧ ❥á❞r❛✱ ❥❡♥➸ ❥á❞r♦ ✉✈❛➸✉❥❡ ❥❛❦♦ ♥❡st❧❛↔✐t❡❧♥♦✉ ❦❛♣❛❧✐♥✉✱ ♣♦t♦♠

R ≈ r0A
1/3, ✭✶✳✶✮

❦❞❡ r0 ❂ ✭✶✱✺✷ ±0, 08).10−15✱ ❆ ❥❡ ♥✉❦❧❡♦♥♦✈é ↔ís❧♦✱ ✈í❝❡ ✈ ❬✶✽❪✳

◆❡❥♠ír♥➙❥➨í ♣♦❞♠í♥❦② ♣r♦ ③❛♣á❧❡♥í ❢ú③♥í r❡❛❦❝❡ s♣❧➡✉❥í r❡❛❦❝❡ ✐③♦t♦♣➲ ✈♦❞í❦✉✱ ♣♦♣➦í✲
♣❛❞➙ ❤❡❧✐❛✱ ❦t❡ré t❛❦é st♦❥í ③❛ ✈➙t➨✐♥♦✉ ♣r♦❞✉❦♦✈❛♥é ❡♥❡r❣✐❡ ♥❛ ❙❧✉♥❝✐✳ ❩ t➙❝❤t♦
r❡❛❦❝í ♥❡❥❧❡❤↔í❝❤ ❥❛❞❡r ③❛tí♠ ✈✐❞í♠❡✱ ♣➦✐ ♥❛➨✐❝❤ t❡❝❤♥♦❧♦❣✐❝❦ý❝❤ ♠♦➸♥♦st❡❝❝❤✱ r❡✲
❛❧✐③♦✈❛t❡❧♥♦✉ ♣♦✉③❡ ❥❡❞✐♥♦✉✱ ❛ t♦✉ ❥❡ r❡❛❦❝❡ ❞❡✉t❡r✐❛ ❉ ❛ tr✐t✐❛ ❚ ✭✶✳✷✮✳ ❱❡❧❦é
③❛st♦✉♣❡♥í ✈♦❞í❦✉ ♥❛ ❩❡♠✐ ♣➦✐t♦♠ ♣➦❡❞✉r↔✉❥❡ t❡r♠♦❥❛❞❡r♥♦✉ ❢ú③✐ ❦ ❥❡❥í♠✉ ❡♥❡r✲
❣❡t✐❝❦é♠✉ ✈②✉➸✐tí✱ ✐ ❦❞②➸ ♥❛❤r❛③❡♥í ✈❡❧❦é ↔ást✐ ♠❛s♦✈é ♣r♦❞✉❦❝❡ ❡❧❡❦tr✐❝❦é ❡♥❡r❣✐❡
♣♦♠♦❝í t❡r♠♦❥❛❞❡r♥é ❢ú③❡ ❜② ③❛❥✐sté ❜②❧ ♥❡❧❡❤❦ý ú❦♦❧✳

D + T −→ 4He(3.5MeV ) + n(14.1MeV ) + 17.6MeV ✭✶✳✷✮

Pr♦ ✉s❦✉t❡↔♥➙♥í t❡r♠♦❥❛❞❡r♥é ❢ú③❡ ♥❛ ❩❡♠✐ ❥❡ ③❛♣♦t➦❡❜í ✈②s♦❦ý❝❤ t❡♣❧♦t ❛ ❤✉st♦t
♣❧❛③♠❛t✉✳ ❩❛ t❛❦♦✈ý❝❤ ♣♦❞♠í♥❡❦ ❥❡ ♣➦✐t♦♠ ✈②❧♦✉↔❡♥ ♣➦í♠ý ❦♦♥t❛❦t s ❥✐♥♦✉ ❤♠♦✲
t♦✉✳ ❆❜② s❡ t♦♠✉ ③❛♠❡③✐❧♦✱ ❥❡ t➦❡❜❛ ♣❧❛③♠❛ ✉❞r➸❡t ❥✐♥ý♠ ③♣➲s♦❜❡♠✳ ❍❧❛✈♥í♠✐ t②♣②
✉❞r➸❡♥í ♣❧❛③♠❛t✉ ❥s♦✉ ❞♥❡s ✐♥❡r❝✐á❧♥í ❛ ♠❛❣♥❡t✐❝❦ý ③♣➲s♦❜✳ ❱ ♣r✈♥í♠ ♣➦í♣❛❞➙ ❥❡
❤♠♦t❛ ❞r➸❡♥❛ s❡tr✈❛↔♥♦stí ✭✐♥❡r❝✐á❧♥➙✮✳ P❛❧✐✈♦ t✈♦➦❡♥é ③♠r❛➸❡♥♦✉ ❦✉❧✐↔❦♦✉ ✈♦❞í❦✉
s❡ ③❧❛tý♠ ♦❜❛❧❡♠ s❡ ✉♠✐s➫✉❥❡ ❞♦ ♣♦③❧❛❝❡♥é❤♦ ✈á❧❝♦✈é❤♦ t❡r↔❡ ③✈❛♥é❤♦ ❍♦❤❧r❛✉♠✳
❊♥❡r❣✐✐ ❞♦❞❛♥♦✉ ♣❛❧✐✈✉ ③❛❥✐➨➫✉❥í ✈ý❦♦♥♥é✱ ❞♥❡s ↔❛st♦ ♥❡♦❞②♠♦✈é✱ ❧❛s❡r②✳ ▲❛s❡r♦✈é
s✈❛③❦② ❥s♦✉ ❢♦❦✉s♦✈á♥② ♣➦í♠♦ ♥❛ ♣❛❧✐✈♦ ♥❡❜♦ ❞♦ ✈♥✐t➦♥í❝❤ st➙♥ ✈á❧❡↔❦✉✱ ❦❞❡ ✈③♥✐❦❧é

✶



③á➦❡♥í r♦✈♥♦♠➙r♥➙ ♦❞♣❛➦✉❥❡ ♣♦✈r❝❤ ❦✉❧✐↔❦② ✉♣r♦st➦❡❞✳ P➦✐ ♣➦í♠é ✐ ♥❡♣➦í♠é ✐♥❡r❝✐á❧♥í
❢ú③✐ ❥❡ ♣❛❧✐✈♦ st❧❛↔❡♥♦ ❞í❦② r②❝❤❧❡ s❡ ♦❞♣❛➦✉❥í❝í♠✉ ♣♦✈r❝❤✉✱ ♣➦✐t♦♠ ❞♦❝❤á③í ❦ ✐♠♣❧♦③✐
❛ ♥ás❧❡❞♥é♠✉ ③❛♣á❧❡♥í t❡r♠♦❥❛❞❡r♥é r❡❛❦❝❡ ❬✶✹❪✳ ❱❡❧❦ý♠ ♣r♦❜❧é♠❡♠ ✐♥❡r❝✐á❧♥í ❢ú③❡
❥❡ ❢♦❦✉s❛❝❡ ❧❛s❡r♦✈é❤♦ s✈❛③❦✉✳ ❇②❧♦ s✐❝❡ ❞♦s❛➸❡♥♦ st❛✈✉✱ ❦❞② ❡♥❡r❣✐❡ r❡❛❦❝❡ ❜②❧❛
✈②➨➨í ♥❡➸ ❡♥❡r❣✐❡ s♣♦t➦❡❜♦✈❛♥á ♥❛ ♦❤➦❡✈ ♣r➲➦❡③✉ t❡r↔❡✱ ❛❧❡ ❞í❦② ✈❡❧❦é♠✉ r♦③♣t②❧✉
s✈❛③❦✉ ❜②❧❛ ❝❡❧❦♦✈á ❜✐❧❛♥❝❡ ♥❡♣➦í③♥✐✈á✳

❏✐♥ý ③♣➲s♦❜✱ ❥❛❦ ♣❧❛③♠❛ ❞r➸❡t✱ ❥❡ ♣♦✉➸ít s✐❧♥é ♠❛❣♥❡t✐❝❦é ♣♦❧❡✳ ◆❛❜✐té ↔ást✐❝❡ s❧❡✲
❞✉❥í ♠❛❣♥❡t✐❝❦é s✐❧♦❦➦✐✈❦②✱ ❛ t♦ ❥✐♠ ③❛❜r❛➡✉❥❡ ✉♥✐❦♥♦✉t✳ ▼❛❣♥❡t✐❝❦é ♣♦❧❡ ♣➦✐t♦♠
♠➲➸❡ ❜ýt t③✈✳ ♦t❡✈➦❡♥é s ✈♦❧♥ý♠✐ ❦♦♥❝✐ ✈ ♣➦í♣❛❞➙ ♣✐♥↔➲✱ ♥❡❜♦ ✉③❛✈➦❡♥é ❥❛❦♦ ♥❛♣➦✳
✉ t♦❦❛♠❛❦➲ ↔✐ st❡❧❧❛rát♦r➲✳ ❖❞ ♣❛❞❡sátý❝❤ ❧❡t ♠✐♥✉❧é❤♦ st♦❧❡tí t❛❦ ❜②❧❛ ✈②✈✐♥✲
✉t❛ ➦❛❞❛ ③❛➦í③❡♥í✱ ❥❛❦ s ♦t❡✈➦❡♥ý♠✱ t❛❦ ✉③❛✈➦❡♥ý♠ ♠❛❣♥❡t✐❝❦ý♠ ♣♦❧❡♠✳ ❩❛tí♠ ♥❡✲
❥❜❧í➸❡ ❦♦♥❡↔♥é♠✉ ➦❡➨❡♥í✱ t❥✳ ❢ú③♥í ❡❧❡❦trár♥➙✱ ❥❡ ③❛➦í③❡♥í s ✉③❛✈➦❡♥ý♠ ♠❛❣♥❡t✐❝❦ý♠
✉❞r➸❡♥í♠ ♣♦❥♠❡♥♦✈❛♥é t♦❦❛♠❛❦✳

✶✳✶ P❧❛③♠❛

✶✳✶✳✶ ❱❧❛st♥♦st✐ ♣❧❛③♠❛t✉

P❧❛③♠❛t❡♠ ♦③♥❛↔✉❥❡♠❡ ❦✈❛③✐♥❡✉trá❧♥í ♣❧②♥ ❡❧❡❦tr♦♥➲✱ ✐♦♥t➲ ❛ ♥❡✉trá❧♥í❝❤ ↔ást✐❝✱
❦t❡rý ✈②❦❛③✉❥❡ ❦♦❧❡❦t✐✈♥í ❝❤♦✈á♥í ❬✺❪✳

❑✈❛③✐♥❡✉tr❛❧✐t♦✉ r♦③✉♠í♠❡ ♣➦✐❜❧✐➸♥♦✉ r♦✈♥♦st ❦♦♥❝❡♥tr❛❝í ③á♣♦r♥➙ ♥❛❜✐tý❝❤ ❡❧❡❦✲
tr♦♥➲ ❛ ♣♦③✐t✐✈♥➙ ♥❛❜✐tý❝❤ ✐♦♥t➲ ✈ ❞♦st❛t❡↔♥➙ ✈❡❧❦é♠ ♦❜❥❡♠✉ ♣❧❛③♠❛t✉✱ t❡❞② s ✈➙t➨í♠
r♦③♠➙r❡♠ ♥❡➸ t③✈✳ ❉❡❜②♦✈❛ ❞é❧❦❛ ✭✈✐③ ❬✺❪✮✳ Pr♦ ♣➦í♣❛❞ s ❦❧❛❞♥ý♠✐ ✐♦♥t② s r➲③♥ý♠✐
♥á❜♦❥✐ ❥❛❞❡r Zi ❛ ❤✉st♦t❛♠✐ ni✱ ♠➲➸❡♠❡ ♣♦❞♠í♥❦✉ ❦✈❛③✐♥❡✉tr❛❧✐t② ③❛♣s❛t ✈❡ t✈❛r✉

n
∑

i=0

Zini − ene = 0, ✭✶✳✸✮

❦❞❡ e ❥❡ ♥á❜♦❥ ❡❧❡❦tr♦♥✉✱ ne ❥❡ ❤✉st♦t❛ ❡❧❡❦tr♦♥➲ ❛ i s↔ít❛❝í ✐♥❞❡① ♣r♦ r➲③♥é ♥á❜♦❥❡
❥❛❞❡r✳ ◆❛ r♦③❞í❧ ♦❞ ♥❡✉trá❧♥í❤♦ ♣❧②♥✉✱ ❦❞❡ r❡❛❦❝❡ ♥❛ ✈♥➙❥➨í sí❧② ❥❡ ③ ♦❦r❛❥❡ ♦❜❥❡♠✉
❞á❧❡ ❞✐str✐❜✉♦✈á♥❛ srá➸❦❛♠✐✱ ✈ ♣❧❛③♠❛t✉ ✈③♥✐❦❛❥í ♣♦s✉♥❡♠ ♥❛❜✐tý❝❤ ↔ást✐❝ ❡❧❡❦tr✐❝❦á
♣♦❧❡✱ ❦t❡rá ♣➲s♦❜í ♥❛ ③❜②t❡❦ ♦❜❥❡♠✉ ♥❛ ❞á❧❦✉✳ ❚❡♥t♦ ③♣➲s♦❜ ❝❤♦✈á♥í ♣❧❛③♠❛t✉
♥❛③ý✈á♠❡ ❦♦❧❡❦t✐✈♥í♠✳

◆❛ ❩❡♠✐ s❡ s ♣❧❛③♠❛t❡♠ s❡t❦á♠❡ ✈ ♥➙❦♦❧✐❦❛ ♣➦í♣❛❞❡❝❤✱ ❥❛❦♦ ❥s♦✉ ❦❛♥á❧② ❜❧❡s❦➲✱
✈ý❜♦❥❦♦✈é tr✉❜✐❝❡ ♥❡❜♦ ❧❛❜♦r❛t♦➦❡✳ ❱❡ ❱❡s♠ír✉ s❡ ♣❧❛③♠❛ ✈②s❦②t✉❥❡ ✈❡ ✈❡❧❦é ♠í➦❡
♥❛♣➦✳ ✈ ♣♦❞♦❜➙ ❤✈➙③❞ ❛ ♠❧❤♦✈✐♥✳ ❉í❦② s✈ý♠ ✈❧❛st♥♦st❡♠ ❛ ✈♦❧♥é♠✉ ✈ýs❦②t✉ ❥❡ ♣r♦t♦
♣❧❛③♠❛ ♦③♥❛↔♦✈á♥♦ ❥❛❦♦ ↔t✈rté s❦✉♣❡♥st✈í ❤♠♦t②✳

P❧❛③♠❛ ❞á❧❡ ❝❤❛r❛❦t❡r✐③✉❥❡♠❡ ❤✉st♦t♦✉ ❡❧❡❦tr♦♥➲ ne r❡s♣✳ ✐♦♥t➲ ni ❛ ❥❡❥✐❝❤ t❡♣❧♦t❛♠✐
Te r❡s♣✳ Ti✳ ❉á❧❡ ✉r↔✉❥❡♠❡ ♣♦♠➙r ❦♦♥❝❡♥tr❛❝í ♥❛❜✐tý❝❤ ❛ ♥❡✉trá❧♥í❝❤ ↔ást✐❝ ni/nn

t③✈✳ st✉♣❡➡ ✐♦♥✐③❛❝❡✳ ❉➲✈♦❞❡♠✱ ♣r♦↔ s❡ ♣❧❛③♠❛ ♥❛ ❩❡♠✐ s❛♠♦st❛t♥➙ ♥❡✈②s❦②t✉❥❡✱
❥s♦✉ ♣rá✈➙ ♣♦❞♠í♥❦② ♣r♦ ✈❡❧❦ý st✉♣❡➡ ✐♦♥✐③❛❝❡✱ ❦t❡rý ❞❡✜♥✉❥❡ ❙❛❤♦✈❛ r♦✈♥✐❝❡

ni

nn

≈ 2, 4x1021
T 3/2

ni

e−Ui/KT , ✭✶✳✹✮

✷



❦❞❡ ❯i ❥❡ ✐♦♥✐③❛↔♥í ♥❛♣➙tí✱ ❑ ❇♦❧t③♠❛♥♥♦✈❛ ❦♦♥st❛♥t❛✱ ❚ t❡♣❧♦t❛ ✈ ❦❡❧✈✐♥❡❝❤ ❬✺❪✳
❩✈②➨✉❥❡♠❡✲❧✐ t❡♣❧♦t✉✱ st✉♣❡➡ ✐♦♥✐③❛❝❡ ③➲stá✈á ♥í③❦ý✱ ❞♦❦✉❞ s❡ Ui ♥❡st❛♥❡ ♣♦✉③❡
♥❡✈❡❧❦ý♠ ♥ás♦❜❦❡♠ KT ✳ P♦té ni/nn ♣➦í❦➦❡ st♦✉♣á ❛ ♣❧②♥ s❡ ❢á③♦✈ý♠ ♣➦❡❝❤♦❞❡♠
❞♦stá✈á ❞♦ ♣❧❛③♠❛t✐❝❦é❤♦ st❛✈✉ ❬✺❪✳ ■♦♥t② ✈ ♦❦♦❧í ❝❤❧❛❞♥é ❤♠♦t② ♥❛✈í❝ ♥❡✉stá❧❡
r❡❦♦♠❜✐♥✉❥í✱ ❝♦➸ ♠á ③❛ ♥ás❧❡❞❡❦ ➦❡❞➙♥í ✐♦♥✐③♦✈❛♥é❤♦ ♣❧②♥✉✱ ❛ t❡♥ ✈❧✐✈❡♠ t❡♣❡❧♥ý❝❤
srá➸❡❦ ♣♦st✉♣♥➙ ❝❤❧❛❞♥❡✳ Pr♦ ❡①✐st❡♥❝✐ ♣❧❛③♠❛t✉ ❥❡ t❡❞② ❞➲❧❡➸✐tý ♥❡❥❡♥ ♣♦♠➙r ✈ ❡①✲
♣♦♥❡♥❝✐á❧❡✱ ❛❧❡ ✐ ❦♦♥❝❡♥tr❛❝❡ ♥❛❜✐tý❝❤ ↔ást✐❝ ni✱ ♦❜s❛➸❡♥ý ✈❡ ③❧♦♠❦✉ ♥❛ ♣r❛✈é str❛♥➙
r♦✈♥✐❝❡✳

P♦❥❡♠ t❡♣❧♦t② ♣❧❛③♠❛t✉ ❥❡ ♦❞✈♦③❡♥ ♦❞ ❥❡❞♥♦r♦③♠➙r♥é❤♦ ♣♦❤②❜✉ s ▼❛①✇❡❧❧♦✈ý♠
r♦③❞➙❧❡♥í♠ r②❝❤❧♦stí✳ ❖❞t✉❞ ❞♦st❛♥❡♠❡ st➦❡❞♥í t❡♣❡❧♥♦✉ ❡♥❡r❣✐✐ ❥❛❦♦ Est = 1

2
KT ✳

P➦✐t♦♠ ♣♦❞❧❡ ❦♦♥✈❡♥❝❡ ③❛✈á❞í♠❡ ♣➦❡✈♦❞♥í ❦♦❡✜❝✐❡♥t ❞❛♥ý r♦✈♥♦stí KT ❂ ✶ ❡❱✱
t❛❦➸❡

1❡❱ = 11600❑. ✭✶✳✺✮

P❧❛③♠❛ s❡ ✈②s❦②t✉❥❡ ✈❡ ✈❡❧❦é♠ r♦③s❛❤✉ ❡♥❡r❣✐í ♣➦✐❜❧✐➸♥➙ ♦❞ ✵✱✶ ❞♦ 106 ❡❱ ❛ ❡♠✐✲
t✉❥❡ ➨✐r♦❦é s♣❡❦tr✉♠ ③á➦❡♥í✱ ❥❡❤♦➸ ❞❡t❡❦❝í ❥❡ ♠♦➸♥é ♥❛♣➦í❦❧❛❞ ③❥✐st✐t s❧♦➸❡♥í ❤✈➙③❞✱
♠❧❤♦✈✐♥ ❛ ❥✐♥ý❝❤ ✈❡s♠ír♥ý❝❤ ♦❜❥❡❦t➲✱ ↔✐ ✐♥❢♦r♠❛❝❡ ♦ ♣❧❛③♠❛t✉ ✈ ♣♦③❡♠s❦ý❝❤ ♣♦❞✲
♠í♥❦á❝❤✳

✶✳✶✳✷ ❱②③❛➦♦✈á♥í ♣❧❛③♠❛t✉

❊❧❡❦tr♦♠❛❣♥❡t✐❝❦é ③á➦❡♥í ❥❡ ❤❧❛✈♥í ♣➦í↔✐♥♦✉ ❡♥❡r❣❡t✐❝❦ý❝❤ ③trát ♣❧❛③♠❛t✉✳ ❩ár♦✈❡➡
♣♦s❦②t✉❥❡ ❞♦❜rý ♥ástr♦❥ ♣r♦ ❥❡❤♦ ❞✐❛❣♥♦st✐❦✉✳ ❘♦③s❛❤ ③á➦❡♥í ♣❧❛③♠❛t✉ s❡ ♣❛❦ ♣♦✲
❤②❜✉❥❡ ♦❞ ♠✐❦r♦✈❧♥♥é❤♦ ③á➦❡♥í ♣♦ ③á➦❡♥í ❣❛♠♠❛✳ P❧❛③♠❛ ③trá❝í ❡♥❡r❣✐✐ ❥❛❦ ❦❧❛✲
s✐❝❦ý♠ ❜r③❞♥ý♠ ③á➦❡♥í♠✱ ❦❞② ❥❡ s♣❡❦tr✉♠ s♣♦❥✐té✱ t❛❦ r❡❦♦♠❜✐♥❛↔♥í♠✐ ♣r♦❝❡s②
s ↔ár♦✈ý♠ s♣❡❦tr❡♠✳ ❩ár♦✈❡➡ ❞♦❝❤á③í ❦ ✈②③❛➦♦✈á♥í ❝②❦❧♦tr♦♥♥í♠✉ ❞í❦② ♣♦❤②❜✉ ❡❧❡❦✲
tr♦♥➲ ❛ ✐♦♥t➲ ✈ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐✳

❇r③❞♥é ③á➦❡♥í ✈③♥✐❦á ♣r✐♠ár♥➙ ③♠➙♥♦✉ r②❝❤❧♦st✐ ❡❧❡❦tr♦♥➲ ♣➦✐ ♣r✉➸♥ý❝❤ srá➸❦á❝❤
s ✐♦♥t②✳ P➦✐t♦♠ ❥❡ ✈②③á➦❡♥ ❢♦t♦♥ ♦ ❡♥❡r❣✐✐ ú♠➙r♥é ③♠➙♥➙ r②❝❤❧♦st✐✳ ❯✈❛➸✉❥❡♠❡✲❧✐ ♥❡✲
r❡❧❛t✐✈✐st✐❝❦é srá➸❦②✱ ♣❛❦ s❡ ♣r♦ st❡❥♥é ↔ást✐❝❡ ✈②③❛➦♦✈❛♥á ♣♦❧❡ ♣➦❡s♥➙ ③r✉➨í ❛ ❜r③❞♥é
③á➦❡♥í t❛❦ ✈③♥✐❦á ♣♦✉③❡ ♣r♦ r❡❛❦❝❡ ❡❧❡❦tr♦♥➲ s ✐♦♥t②✳ ❱ý❦♦♥ ❜r③❞♥é❤♦ ③á➦❡♥í PB

♠➲➸❡♠❡ ♣♦♣s❛t ✈③t❛❤❡♠✱

PB =
e6

24πǫ30c
3meh

n2Z2

√

8KTe

πme

gff

(

Z2

Te

)

[W/m3], ✭✶✳✻✮

❦❞❡ gff ❥❡ t③✈✳ ●❛✉♥t➲✈ ❢❛❦t♦r ♣➦❡❞st❛✈✉❥í❝í ❦♦r❡❦❝✐ ♥❛ ❦✈❛♥t♦✈é ❡❢❡❦t② ❬✻❪✱ n ❥❡
❤✉st♦t❛ ♣❧❛③♠❛t✉ ❛ Z ♥á❜♦❥ ✐♦♥t➲✳ ❱③t❛❤ ♣r♦ ♥❡❦✈❛♥t♦✈é ♦❞✈♦③❡♥í ❧③❡ ♥❛❧é③t ✈ ❬✶✺❪✳
❏❡❧✐❦♦➸ ♣❧❛③♠❛ ♦❜s❛❤✉❥❡ ✐ ♣➦í♠➙s✐✱ ♠✉sí♠❡ Z ♥❛❤r❛❞✐t ❡❢❡❦t✐✈♥í♠ ♥á❜♦❥❡♠✱ ❦t❡rý
③♦❤❧❡❞➡✉❥❡ ✈í❝❡ ❞r✉❤➲ ✐♦♥t➲✳ ❊❢❡❦t✐✈♥í ♥á❜♦❥ ③❛✈á❞í♠❡ ❥❛❦♦

Zeff ≡
∑

i 6=e

niZ
2
i

ne

, ✭✶✳✼✮

❦❞❡ s❡ s↔ítá ♣➦❡s ✈➨❡❝❤♥② ✐♦♥✐③❛↔♥í st❛✈② ✈➨❡❝❤ ✐♦♥t➲ ✈ ♣❧❛③♠❛t✉✳

✸



❚♦❦❛♠❛❦♦✈é ♣❧❛③♠❛ ❥❡ s✐❝❡ ♣r✐♠ár♥➙ s❧♦➸❡♥♦ ③ ✈♦❞í❦✉✱ ♣♦♣➦í♣❛❞➙ ❤❡❧✐❛✱ ❥❛❦♦➸t♦
♣r❛❝♦✈♥í❝❤ ♣❧②♥➲✱ ❛❧❡ ♦❜s❛❤✉❥❡ t❛❦é ➦❛❞✉ ♣➦í♠➙sí ♣♦❝❤á③❡❥í❝í❝❤ ③ ❧✐♠✐t❡r✉✱ st➙♥ ♥á✲
❞♦❜② ❛ ❞❛❧➨í❝❤ s♦✉↔ástí✳ ❩❛ ✈❡❧❦ý❝❤ t❡♣❧♦t ❥❡ ♣r❛❝♦✈♥í ♣❧②♥ ♣❧♥➙ ✐♦♥✐③♦✈á♥✱ ❛ ♣r♦t♦
❦❡ ③trátá♠ ③á➦❡♥í♠ ✈③♥✐❦❧é❤♦ r❡❦♦♠❜✐♥❛❝í ❞♦❝❤á③í ♣➦❡✈á➸♥➙ ✉ ♥❡↔✐st♦t✳ ❚② ♠♦❤♦✉
♠ít ♠❛❧á Z ❥❛❦♦ ✈ ♣➦í♣❛❞➙ ✉❤❧í❦✉✱ ❜❡r②❧✐❛ ↔✐ ❦②s❧í❦✉✱ ♥❡❜♦ ✈❡❧❦á Z✱ ③ ♥✐❝❤➸ s❡ ✈ t♦❦❛✲
♠❛❝í❝❤ ✈②s❦②t✉❥í ♣r✈❦② ❥❛❦♦ ➸❡❧❡③♦✱ ♥✐❦❧ ↔✐ ✇♦❧❢r❛♠✳ ❆↔❦♦❧✐✈ ③❛ ✈❡❧❦ý❝❤ t❡♣❧♦t ✉❜ý✈á
③trát ③ r❡❦♦♠❜✐♥❛❝❡ ❛t♦♠➲ s ♠❛❧ý♠ Z✱ ♣r♦ ✈❡❧❦á Z ♥❡♥í ③❛tí♠ ♠♦➸♥é t❡♥t♦ ❢❛❦✲
t♦r ③❝❡❧❛ ❡❧✐♠✐♥♦✈❛t ❛ ❦♦♥❝❡♣t ❡❧❡❦trár♥② s tí♠ ♠✉sí ♣♦↔ít❛t ❬✶✾❪✳ ❩trát② ③á➦❡♥í♠
♥❡↔✐st♦t ❧③❡ ✈②❥á❞➦✐t ❛♣r♦①✐♠❛t✐✈♥í♠ ✈③t❛❤❡♠

PR = (1 + 0, 3Te)× 10−43nenZZ
3,7−0,33lnTi [W/m3], ✭✶✳✽✮

❦❞❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te ✐ t❡♣❧♦t❛ ✐♦♥t➲ Ti ❥s♦✉ ✈ ❦❡❱✳ ❈❡❧é ♦❞✈♦③❡♥í s♣♦❧❡↔♥➙
s ❥✐♥ý♠✐ ♦❞❤❛❞② ✈✐③ ❬✶✺❪✳

❈②❦❧♦tr♦♥♥í ③á➦❡♥í ❥❡ ③♣➲s♦❜❡♥♦ ♣♦❤②❜❡♠ ♥❛❜✐tý❝❤ ↔ást✐❝ ✈ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐✱ ❝♦➸
❥❡ ♣♦❤②❜ ♣♦ s♣✐rá❧❡✳ ❉❧❡ t❡♦r✐❡ ❥❡ ♣♦❧♦♠➙r ♦❜➙❤✉ s✐❧♦❦➦✐✈❦② ❞á♥ ✐♥t❡♥③✐t♦✉ ♠❛❣♥❡✲
t✐❝❦é❤♦ ♣♦❧❡✳ ■♥t❡♥③✐t❛ s❡ ✈➨❛❦ ♥❛♣➦í↔ ♣❧❛③♠❛t❡♠ ❧✐➨í ❛ ③ár♦✈❡➡ s❡ ♠➙♥í ✐ s ↔❛s❡♠✳
❋r❡❦✈❡♥❝❡ ③á➦❡♥í ❥❡ ú♠➙r♥á ❢r❡❦✈❡♥❝✐ ♦❜➙❤✉ ❛ t♦t♦ ③á➦❡♥í ❥❡ ③ ✈❡❧❦é ↔ást✐ ♣♦❤❧❝♦✲
✈á♥♦ ♣❧❛③♠❛t❡♠✳ ❚②t♦ ❢r❡❦✈❡♥❝❡ ❥❡ t❡❞② ♠♦➸♥é ✈②✉➸ít ✐ ♣➦✐ ❥❡❤♦ ♦❤➦❡✈✉✳ ❙t❛♥♦✈✐t
❝❡❧❦♦✈ý ✈②③á➦❡♥ý ✈ý❦♦♥ ❝②❦❧♦tr♦♥♥í❤♦ ③á➦❡♥í ❥❡ ③♥❛↔♥➙ ♦❜tí➸♥é✳ ▼✉sí s❡ ♣➦✐t♦♠
♣♦↔ít❛t s ♦❞r❛③❡♠ ③á➦❡♥í ♦❞ st➙♥ t♦❦❛♠❛❦✉ ❛ ❥❡❤♦ ♣♦❤❧❝♦✈á♥í♠ ♣❧❛③♠❛t❡♠✳ ❈❡❧❦♦✈ý
✈ý❦♦♥ ❝②❦❧♦tr♦♥♥í❤♦ ③á➦❡♥í ❧③❡ ♣➦✐❜❧✐➸♥➙ ✈②❥á❞➦✐t ❥❛❦♦

PC = 6, 2× 10−17B2neTe(1 + Te/204 + ...)[W/m3], ✭✶✳✾✮

❦❞❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te ❥❡ ✈ ❦❡❱✳

❉✐❛❣♥♦st✐❦❛ ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉ ♠á ♣r♦ ❢②③✐❦✉ t♦❦❛♠❛❦➲ ✈❡❧❦ý ✈ý③♥❛♠✳ ❙♣♦❧❡↔♥➙
s❡ ③♥❛❧♦stí ❡♥❡r❣✐í ↔ást✐❝ ♦♣♦✉➨t➙❥í❝í❝❤ ♣❧❛③♠❛ ❧③❡ ♦❞❤❛❞♦✈❛t ❝❡❧❦♦✈♦✉ ❡♥❡r❣❡t✐❝❦♦✉
❜✐❧❛♥❝✐ ♣❧❛③♠❛t✉ ↔✐ s❧♦➸❡♥í ♥❡↔✐st♦t✳

✶✳✷ ❚♦❦❛♠❛❦②

❚♦❦❛♠❛❦ ❥❡ ❥❡❞♥í♠ ③❡ ③❛➦í③❡♥í s ♠❛❣♥❡t✐❝❦ý♠ ✉❞r➸❡♥í♠ ♣❧❛③♠❛t✉✳ ❑♦♥❝❡♣t ✈ ✺✵✳
❧❡t❡❝❤ ✷✵✳ st♦❧✳✱ t❡❤❞② s ❞r➸❡♥í♠ ♣♦♠♦❝í ❡❧❡❦tr✐❝❦é❤♦ ♣♦❧❡✱ ♥❛✈r❤❧ ❘✉s ❖✳ ❆✳ ▲❛✈r❡♥✲
t➙✈✳ ▼②➨❧❡♥❦❛ ❜②❧❛ ❞á❧❡ r♦③✈✐♥✉t❛ ❞♦ ♥á✈r❤✉ s ♠❛❣♥❡t✐❝❦ý♠ ✉❞r➸❡♥í♠ ■✳ ❏✳ ❚❛♠♠❡♠
❛ ❆✳❙❛❝❤❛r♦✈❡♠ ❛ ③❛ ✈❡❞❡♥í ▲✳ ❆r❝✐♠♦✈✐↔❡ ❜②❧♦ ③❛➦í③❡♥í ③❦♦♥str✉♦✈á♥♦✳ ◆á③❡✈ t♦❦❛✲
♠❛❦ ❥❡ ③❦r❛t❦♦✉ r✉s❦é❤♦ ✭Toroidalna� kamera s magnitnymi katuxkami✮✱ t❡❞② ✧t♦r♦✲
✐❞á❧♥í ❦♦♠♦r❛ s ♠❛❣♥❡t✐❝❦ý♠✐ ❝í✈❦❛♠✐✧✳ P➲✈♦❞♥í ♥á✈r❤ ③❛➦í③❡♥í s❡stá✈❛❧ ③ t♦r♦✐❞á❧♥í
✈❛❦✉♦✈é ❦♦♠♦r② s ❦r✉❤♦✈ý♠ ♣r➲➦❡③❡♠✱ ❦t❡r♦✉ s✐ ❧③❡ ♣➦❡❞st❛✈✐t ❥❛❦♦ ✉③❛✈➦❡♥♦✉✱
♦❝❡❧♦✈♦✉ ♣♥❡✉♠❛t✐❦✉✳ Pr♦ ❧❡♣➨í ♣♦❞♠í♥❦② ✉❞r➸❡♥í ♣❧❛③♠❛t✉ s❡ ❞♥❡s ♣♦✉➸í✈❛❥í ♣r➲➦❡③②
♣➦✐♣♦♠í♥❛❥í❝í ♣ís♠❡♥♦ ❉✳

❱ý③❦✉♠ ♣r♦❜í❤á ✈ ♥➙❦♦❧✐❦❛ r♦✈✐♥á❝❤✳ Pr✈♥í úr♦✈❡➡ ♠❛❧ý❝❤ t♦❦❛♠❛❦➲ ♠á ✈ý✉❦♦✈ý
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❝❤❛r❛❦t❡r ❛ ♣r♦❜í❤❛❥í ③❞❡ ✐ ❡①♣❡r✐♠❡♥t② s ♥✐➸➨í♠✐ ♥ár♦❦② ♥❛ ♣❧❛③♠❛✳ ❙t➦❡❞♥í ❛ ✈❡❧❦é
t♦❦❛♠❛❦② ♣♦té ♠❛❥í ③❛ ú❦♦❧ t❡st♦✈❛t ♥♦✈é t❡❝❤♥♦❧♦❣✐❡ ♣r♦ ③❦✉➨❡❜♥í r❡❛❦t♦r ■❚❊❘✳
❚❡♥ ♣♦s❦②t♥❡ ❞➲❧❡➸✐tá ❞❛t❛ ♥❛♣➦✳ ✈ ♦❜❧❛st✐ ③ís❦á♥í t❡♣❧❛ ❛ s♣❛❧✐♥ ③ ❢ú③♥í r❡❛❦❝❡ ↔✐ st❛✲
❜✐❧✐t② ♣❧❛③♠❛t✉ ✈❡ ✈❡❧❦é♠ ♦❜❥❡♠✉✱ ♦❞❦✉❞ ❜✉❞❡ ↔❡r♣❛t ♣r♦❥❡❦t ♣r✈♥í ❞❡♠♦♥str❛↔♥í
❡❧❡❦trár♥② ♥❛③✈❛♥ý ❉❊▼❖✳

✶✳✷✳✶ P♦♣✐s t♦❦❛♠❛❦✉

❱ ♣➦í♣❛❞➙ ❦r✉❤♦✈é ✐❞❡❛❧✐③❛❝❡ ♣r➲➦❡③✉ ❦♦♠♦r②✱ ❥s♦✉ ❦♦♥str✉❦↔♥í♠✐ ♣❛r❛♠❡tr②✱ ✈✐③
♦❜rá③❡❦✶✳✶✱ ❤❧❛✈♥í ♣♦❧♦♠➙r R0✱ ✉❞á✈❛❥í❝í ✈③❞á❧❡♥♦st r♦t❛↔♥í ♦s② ♣rst❡♥❝❡ Z ♦❞ ♦s②
❦♦♠♦r② ❛ ✈❡❞❧❡❥➨í ♣♦❧♦♠➙r a✱ ❝♦➸ ❥❡ ♣♦❧♦♠➙r ❦♦♠♦r②✳ P➦✐ ♣❛r❛♠❡tr✐③❛❝✐ t♦r♦✐❞á❧✲
♥í❤♦ t✈❛r✉ r♦③❧✐➨✉❥❡♠❡ ❞✈❛ ❤❧❛✈♥í ú❤❧②✱ ↔í♠➸ s❡ ❞❡✜♥✉❥í ✐ ❞✈❛ ③á❦❧❛❞♥í s♠➙r②✱ t❡❞②
♣♦❧♦✐❞á❧♥í ❛ t♦r♦✐❞á❧♥í✳ Pr✈♥í ú❤❡❧✱ ❦t❡rý ♦③♥❛↔í♠❡ φ ♣♦♣✐s✉❥❡ ♦tá↔❡♥í ❦♦❧❡♠ ♦s②
Z ✭t♦r♦✐❞á❧♥í s♠➙r✮✱ ③❛tí♠❝♦ ú❤❡❧ θ✱ ♣♦♣✐s✉❥❡ ♣♦❤②❜ ❦♦❧❡♠ ♦s② ❦♦♠♦r② t♦❦❛♠❛❦✉
✭♣♦❧♦✐❞á❧♥í s♠➙r✮✳ ❖❜❡❝♥♦✉ ✈③❞á❧❡♥♦st ♦❞ st➦❡❞✉ ♦s② Z ✉❞á✈á ♣❛r❛♠❛trR✳ ▲✐❜♦✈♦❧♥ý
❜♦❞ ✈ ❦♦♠♦➦❡ t♦❦❛♠❛❦✉ ❥❡ t❡❞② ♣♦♣sá♥ t➦❡♠✐ ♣❛r❛♠❡tr②✱ t❥✳ ú❤❧② θ ❛ φ ❛ ✈③❞á❧❡♥♦stí
R✳

▼❛❣♥❡t✐❝❦é ❞r➸❡♥í ↔ást✐❝ ♣❧❛③♠❛t✉ ③❛❥✐➨t✉❥í ♣♦❧♦✐❞á❧♥í ❝í✈❦② t♦r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✲
✐❝❦é❤♦ ♣♦❧❡✳ ❆❜② s❡ ♣➦❡❞❡➨❧♦ ú♥✐❦✉ ↔ást✐❝ ♣➦✐ gradB ❞r✐❢t✉ ❛ ❞r✐❢t✉ ③❛❦➦✐✈❡♥í✱ ✈✐③ ❬✺❪✱
❥❡ ③❛♣♦t➦❡❜í ❞r✉❤é ♠❛❣♥❡t✐❝❦é ♣♦❧❡✱ t♦ ❥❡ ✈ ♣➦í♣❛❞➙ t♦❦❛♠❛❦✉ ✈②t✈á➦❡♥♦ ♣r♦✉❞❡♠
✈ ♣❧❛③♠❛t✉ ✉✈♥✐t➦ ❦♦♠♦r②✳ P♦❧❡ ✈③♥✐❦❧é s❧♦➸❡♥í♠ ♣♦❧♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡
t✈♦➦❡♥é❤♦ ♣r♦✉❞♦✈♦✉ s♠②↔❦♦✉ ♣❧❛③♠❛t✉ ❛ ♣♦❧❡ t♦r♦✐❞á❧♥í❤♦✱ ♥❛③ý✈á♠❡ st➦✐➸♥é ❛ ③
❤❧❡❞✐s❦❛ st❛❜✐❧✐t② ❥❡ ♥✉t♥ý ♣♦➸❛❞❛✈❡❦✱ ❛❜② t♦r♦✐❞á❧♥í ♣♦❧❡ ❜②❧♦ s✐❧♥➙❥➨í ♥❡➸ ♣♦❧♦✐❞á❧♥í
✈✐③ ❬✺❪✳ ❙t➦✐➸♥é ♣♦❧❡ ❥❡ ♣r♦ st❛❜✐❧✐t✉ ♥✉t♥é✱ ❛❧❡ ✉ ♦st❛t♥í❝❤ ③❛➦í③❡♥í s❡ ➦❡➨í ❥✐♥ý♠ ③♣➲✲
s♦❜❡♠✳ ❚♦❦❛♠❛❦ s❡ ♦❞ ♦st❛t♥í❝❤ ③❛➦í③❡♥í ❥❛❦♦ st❡❧❧❛rát♦r ❧✐➨í ♣rá✈➙ ➦í③❡♥ý♠ ♣r♦✉❞❡♠
✈ ♣❧❛③♠❛t✉✳

❯ t♦❦❛♠❛❦✉ ❥❡ ♣r♦✉❞ ♣❧❛③♠❛t❡♠ ✐♥✐❝✐♦✈á♥ ♥❛ ♣r✐♥❝✐♣✉ tr❛♥s❢♦r♠át♦r✉✱ ❦❞② ♣r✐✲
♠ár♥í♠ ✈✐♥✉tí♠ ❥❡ ❝í✈❦❛ s ❢❡r✐t♦✈ý♠ ❥á❞r❡♠✱ ❞♥❡s ❥s♦✉ ♣♦✉➸í✈❛♥é ✐ ❝í✈❦② ✈③❞✉❝❤♦✈é
❛ s❡❦✉♥❞ár♥í ♦❦r✉❤ t✈♦➦í s❛♠♦t♥ý ♣rst❡♥❡❝ ✐♦♥✐③♦✈❛♥é❤♦ ♣❧②♥✉✳ ❱③❤❧❡❞❡♠ ❦❡ ❦♦♥✲
str✉❦❝✐ ♣♦❧♦✐❞á❧♥í❝❤ ❝í✈❡❦ ❦❧❡sá t♦r♦✐❞á❧♥í ♣♦❧❡✱ ✈✐③ ♦❜rá③❡❦ ✶✳✶✱ ❥❛❦♦ 1/R✱ t✉❞í➸ ❥❡
♥❛ ✈♥✐t➦♥í str❛♥➙ ♣rst❡♥❝❡✱ t❥✳ ❜❧í➸❡ ❦ ♦s❡ Z✱ s✐❧♥➙❥➨í ♠❛❣♥❡t✐❝❦é ♣♦❧❡✳ ❚✉t♦ ✈♥✐t➦♥í
↔ást t♦❦❛♠❛❦✉ s❡ s✐❧♥➙❥➨í♠ t♦r♦✐❞á❧♥í♠ ♣♦❧❡♠ ♦③♥❛↔✉❥❡♠❡ ❥❛❦♦ ❍❋❙ ✭❍✐❣❤ ❋✐❡❧❞
❙✐❞❡✮✱ ③❛tí♠❝♦ ✈♥➙❥➨í str❛♥✉ t♦❦❛♠❛❦✉ ③♥❛↔í♠❡ ▲❋❙ ✭▲♦✇ ❋✐❡❧❞ ❙✐❞❡✮✳ Pr♦ ❤♦r♥í✱
r❡s♣✳ s♣♦❞♥í ↔ást ❦♦♠♦r②✱ ③❛✈❡❞❡♠❡ ♦③♥❛↔❡♥í ❚❖P r❡s♣✳ ❇❖❚❚❖▼✳ ❉❛❧➨í ❞♦❞❛t❡↔♥á
♠❛❣♥❡t✐❝❦á ♣♦❧❡ s❡ ❣❡♥❡r✉❥í t♦r♦✐❞á❧♥í♠✐ ❝í✈❦❛♠✐ ✈♥➙ ♥á❞♦❜② ✭♥❡❥s♦✉ ③♥á③♦r♥➙♥②
♥❛ ♦❜rá③❦✉✮✳ ❱♦❧í s❡ ♥➙❦♦❧✐❦ ♥❡③á✈✐s❧ý❝❤ s✈❛③❦➲ ✈♦❞✐↔➲✱ ❥❛❦ ✈ ❤♦r♥í✱ t❛❦ ✈❡ s♣♦❞♥í
↔ást✐ ❦♦♠♦r②✳ ❚② ✉♠♦➸➡✉❥í ♣♦❧♦❤♦✈á♥í ♣❧❛③♠❛t✉ ✈➲↔✐ ❦♦♠♦➦❡✳

Pr♦ ❞✐❛❣♥♦st✐❦✉ ♣❧❛③♠❛t✉ ✉✈♥✐t➦ ❦♦♠♦r② ❥❡ ♥✉t♥é ♠ít ❦ ❞✐s♣♦③✐❝✐ ♣♦③♦r♦✈❛❝í ♦❦♥❛
♥❡❜♦✲❧✐ ♣♦rt②✳ ❚② ♠♦❤♦✉ ♠ít r➲③♥♦✉ ✈❡❧✐❦♦st ✈ ③á✈✐s❧♦st✐ ♥❛ ❦♦♥str✉❦↔♥í♠ ➦❡➨❡♥í
t♦❦❛♠❛❦✉ ❛ ✉♠✐s➫✉❥í s❡ ♥❛ ❚❖P✱ ❇❖❚❚❖▼ ❛ ❍❋❙✳ P➦íst✉♣♦✈é ♣♦rt② ✉♠♦➸➡✉❥í ♥❡✲
❥❡♥ ❞❡t❡❦♦✈❛t ③á➦❡♥í✱ ❛❧❡ ✐ ③❛✈❡❞❡♥í s♦♥❞✱ r➲③♥ý❝❤ t②♣➲ ♦❤➦❡✈✉ ❛ ❞❡t❡❦t♦r➲✱ ❦t❡ré s❡
♥❡♦❜❡❥❞♦✉ ❜❡③ ♣➦í♠é❤♦ ♣♦❤❧❡❞✉ ♥❛ ♣❧❛③♠❛✳
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Pr♦✉❞ ✈ ♣❧❛③♠❛t✉ ❥❡ ❞➲❧❡➸✐tý ✐ ③ ❞➲✈♦❞✉ ♦❤♠✐❝❦é❤♦ ♦❤➦❡✈✉✳ Pr♦✉❞ ♣❧❛③♠❛t❡♠ ❥❡
❜✉③❡♥ý ③♠➙♥♦✉ ♠❛❣♥❡t✐❝❦é ✐♥❞✉❦❝❡ ✈❡ st➦❡❞♥í♠ s❧♦✉♣❦✉ tr❛♥s❢♦r♠át♦r✉✳ ❙❡ ✈③r➲st❛✲
❥í❝í t❡♣❧♦t♦✉ ♣❧❛③♠❛t✉ ✈➨❛❦ ❦❧❡sá ❥❡❤♦ ♦❞♣♦r ❛ ♦❤♠✐❝❦ý ③♣➲s♦❜ ♦❤➦❡✈✉ s❡ ♣♦té stá✈á
♥❡❡❢❡❦t✐✈♥í♠✳ Pr♦❜❧é♠❡♠ ❥❡ ♥❛✈í❝ r②❝❤❧á ③♠➙♥❛ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ ✈ ♣❧❛③♠❛t✉ ✐♥✲
❞✉❦♦✈❛♥é❤♦ ♣r♦✉❞❡♠✱ ❝♦➸ ✈❡❞❡ ❦ ♥❡st❛❜✐❧✐tá♠ ❬✶✾❪✳ P➦❡st♦ ❥❡ ♦❤♠✐❝❦ý ♦❤➦❡✈ ✈②✉➸í✈á♥
✉ ♣➦❡✈á➸♥é ✈➙t➨✐♥② ♠❛❧ý❝❤ t♦❦❛♠❛❦➲✱ ❦❞② ♥❡♥í ♣r♦ ú↔❡❧② ✈ý③❦✉♠✉ ③❛♣♦t➦❡❜í ❞♦s❛❤♦✲
✈❛t ✈❡❧♠✐ ✈②s♦❦ý❝❤ ❡♥❡r❣✐í✱ ❝♦➸ ❜② ❜②❧♦ ✐ ♥❡❡❦♦♥♦♠✐❝❦é✳ ❱❡❧❦ý♠ ♣r♦❜❧é♠❡♠ t♦❤♦t♦
t②♣✉ ♦❤➦❡✈✉ ❥❡ t❛❦é s❛t✉r❛❝❡ tr❛♥s❢♦r♠át♦r♦✈é❤♦ ❥á❞r❛✱ ❦❞② ❞♦❥❞❡ ❦ ❥❡❤♦ ♥❛s②❝❡♥í
❛ ♥❡♥í ❞á❧❡ ♠♦➸♥é ♣➦❡❞á✈❛t ♣❧❛③♠❛t✉ ❡♥❡r❣✐✐✱ ❥❡❧✐❦♦➸ ❦ t♦♠✉ ❥❡ ③❛♣♦t➦❡❜í ③♠➙♥❛
♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡✳

❉❛❧➨í♠ t②♣❡♠ ♦❤➦❡✈✉ ♣❧❛③♠❛t✉ ❥❡ ✈②✉➸✐tí ♠✐❦r♦✈❧♥ ❛ rá❞✐♦✈ý❝❤ ✈❧♥ ♦ s♣❡❝✐✜❝❦ý❝❤
❢r❡❦✈❡♥❝í❝❤✱ ❦t❡ré ✐♥t❡r❛❣✉❥í s ♣♦❧❡♠ ↔ást✐❝ ♣❧❛③♠❛t✉✱ ❛ t❛❦ ❥❡❥ ③❛❤➦í✈❛❥í✳ ❋r❡❦✈❡♥❝❡
s❡ ✈♦❧í ❞❧❡ ✈②➨➨í❝❤ ♠♦❞➲ r❡③♦♥❛♥↔♥í❝❤ ❢r❡❦✈❡♥❝í ✐♦♥t➲ ❛ ❡❧❡❦tr♦♥➲ ❬✶✾❪✳ ❊❧❡❦tr♦♥②
♠❛❥í ✈②➨➨í r❡③♦♥❛♥↔♥í ❢r❡❦✈❡♥❝✐ ♥❡➸ ✐♦♥t② ❛ ✈②➸❛❞✉❥í ♣r♦ ♦❤➦❡✈ ♠✐❦r♦✈❧♥♥ý ③❞r♦❥
s ❢r❡❦✈❡♥❝❡♠✐ ✈ ➦á❞✉ ●❍③✳ ■♦♥t② ♠❛❥í r❡③♦♥❛♥↔♥í ❢r❡❦✈❡♥❝❡ ♥✐➸➨í ❛ ♦❤➦❡✈ ♣r♦❜í❤á
♣♦♠♦❝í rá❞✐♦✈ý❝❤ ✈❧♥ s ❢r❡❦✈❡♥❝❡♠✐ ✈ ➦á❞✉ ▼❍③✳ ❱❡❧❦é ❡♥❡r❣✐❡ ❥❡ ♠♦➸♥é ♣❧❛③♠❛t✉
♣➦❡❞❛t t❛❦é s✈❛③❦② ♥❡✉trá❧♥í❝❤ ↔ást✐❝✱ ❦❞② s❡ ♣♦st✉♣♥➙ ✉r②❝❤❧í s✈❛③❡❦ ✈♦❞í❦♦✈ý❝❤✱
♣♦♣➦í♣❛❞➙ ❤❡❧✐♦✈ý❝❤ ❛t♦♠➲✱ ❦t❡ré ♣➦❡❞ ✈st✉♣❡♠ ❞♦ ❦♦♠♦r② t♦❦❛♠❛❦✉ ♣r♦❝❤á③í ♥❡✉✲
tr❛❧✐③át♦r❡♠✱ ❛❜② s✈❛③❡❦ ♥❡❜②❧ ✐❤♥❡❞ ♦❞❦❧♦♥➙♥ ♠❛❣♥❡t✐❝❦ý♠ ♣♦❧❡♠ ✈ t♦❦❛♠❛❦✉
❛ ♥❛✈í❝ ❛❜② ♥❡♣➦✐♥á➨❡❧ ❞♦ ♣❧❛③♠❛t✉ ❧♦❦á❧♥í ♥á❜♦❥✱ ❝♦➸ ❜② ♠➙❧♦ ✈❧✐✈ ♥❛ ♣♦r✉➨❡♥í
❦✈❛③✐♥❡✉tr❛❧✐t②✳ ❙♣♦❧❡↔♥➙ s ✈②s♦❦♦❡♥❡r❣❡t✐❝❦ý♠✐ ❧❛s❡r② s❡ ♦❤➦❡✈ ♥❡✉trá❧♥í♠✐ s✈❛③❦②
↔ást✐❝ ✈②✉➸í✈á ✉ ♣➦❡✈á➸♥é ✈➙t➨✐♥② st➦❡❞♥í❝❤ ❛ ✈❡❧❦ý❝❤ t♦❦❛♠❛❦➲✱ ❦❞② ❥❡ ③❛♣♦t➦❡❜í
❞♦s❛❤♦✈❛t ✈②s♦❦ý❝❤ ❡♥❡r❣✐í ↔ást✐❝ ❬✾❪✳

❑♦♥❝❡♣t t♦❦❛♠❛❦✉ s❡ ❞í❦② ❞♦❜rý♠ ✈ýs❧❡❞❦➲♠ st❛❧ ❦❛♥❞✐❞át❡♠ ♥❛ ♣r✈♥í ❢ú③♥í ❡❧❡❦✲
trár♥✉✳ ❩á❦❧❛❞♥í ✈ý③❦✉♠ ✈❡ ✈❡❧❦é♠ ♠➙➦ít❦✉ ③♣r♦st➦❡❞❦✉❥❡ ♠❡③✐♥ár♦❞♥í ♣r♦❥❡❦t
■❚❊❘✱ ❥❡♥➸ ♠á ❜ýt ❞♦st❛✈❡♥ ♥❛ ♣♦↔át❦✉ t➦✐❝átý❝❤ ❧❡t✳ P♦ ✈②➦❡➨❡♥í ♦tá③❡❦✱ tý❦❛❥í❝í❝❤
s❡ ♠❥✳ ❞♦♣❧➡♦✈á♥í ❛ ❣❡♥❡r❛❝❡ ♣❛❧✐✈❛ s♣♦❧❡↔♥➙ s ♣r♦❜❧é♠❡♠ ✈ýr♦❜② ❡❧❡❦tr✐❝❦é ❡♥❡r❣✐❡✱
❜✉❞❡ ♠♦➸♥é ♣➦✐st♦✉♣✐t ❦ ✈ýst❛✈❜➙ ♣r✈♥í ❞❡♠♦♥str❛↔♥í ❢ú③♥í ❡❧❡❦trár♥② ❉❊▼❖✳

❖❜rá③❡❦ ✶✳✶✿ ❩á❦❧❛❞♥í s❝❤é♠❛ t♦❦❛♠❛❦✉ ✭✈❧❡✈♦✮✱ ❣❡♦♠❡tr✐❡ ✭✈♣r❛✈♦✮

✻



✶✳✷✳✷ ❉✐❛❣♥♦st✐❦❛ ♣❧❛③♠❛t✉

P♦té✱ ❝♦ ❥❡ t♦❦❛♠❛❦ s❝❤♦♣♥ý ✈②t✈♦➦✐t ♣❧❛③♠❛✱ ❥❡ ♥✉t♥é ③♥át ❥❡❤♦ ✈❧❛st♥♦st✐✳ ❱ ♣r✈♥í♠
stá❞✐✉ ✈ý✈♦❥❡ t♦❦❛♠❛❦➲ ❜②❧♦ ③❛♣♦t➦❡❜í ✉r↔✐t ③❡❥♠é♥❛ ♣♦❧♦❤✉ ♣❧❛③♠❛t✉✱ ❥❡❤♦ ❤✉st♦t✉
❛ ❞♦❜✉ ✉❞r➸❡♥í ❡♥❡r❣✐❡✳ ❉♥❡s ❥❡ ❦ ❞✐s♣♦③✐❝✐ ➦❛❞❛ ♠❡t♦❞✱ ❦t❡ré r♦③❞➙❧✉❥❡♠❡ ♥❛ ♣❛s✐✈♥í✱
♥❡③❛s❛❤✉❥í❝í❝❤ ❞♦ ♣❧❛③♠❛t✉✱ ❛ ♠❡t♦❞② ❛❦t✐✈♥í✱ ❥❡➸ ✐♥t❡r❛❣✉❥í s ♣❧❛③♠❛t❡♠✳ ▼➙➦❡♥í
✈❧❛st♥♦stí ♣❧❛③♠❛t✉ ❥❡ ♦❜❡❝♥➙ ❦♦♠♣❧✐❦♦✈❛♥é ❦✈➲❧✐ ❥❡❤♦ ✈②s♦❦é t❡♣❧♦t➙✱ ❛ ♣r♦t♦ ❥❡
❥❛❦ý❦♦❧✐✈ ♣➦í♠ý ❦♦♥t❛❦t s ♠➙➦í❝í♠✐ ♣➦ístr♦❥✐ ✈②❧♦✉↔❡♥✳

P❧❛③♠❛ ❥❡ ③❞r♦❥❡♠ ③á➦❡♥í ❛ ↔ást✐❝✱ ❦t❡ré ❥❡ ♠♦➸♥é ❞❡t❡❦♦✈❛t✳ ◆❛✈í❝ ❥❡ s❧♦➸❡♥♦
③ ❡❧❡❦tr✐❝❦② ♥❛❜✐tý❝❤ ↔ást✐❝ ❛ ♣r♦❜í❤á ❥í♠ ♣r♦✉❞✱ t❛❦➸❡ ✐♥t❡r❛❣✉❥❡ ❡❧❡❦tr♦♠❛❣♥❡t✐❝❦②✳
❖❞t✉❞ ✈②♣❧ý✈❛❥í ♠♦➸♥♦st✐ ♣❛s✐✈♥í❝❤ ♠❡t♦❞ ❞✐❛❣♥♦st✐❦② ♣❧❛③♠❛t✉✳ ❩á❦❧❛❞♥í ♠➙➦❡♥í
s❡ ♣r♦✈á❞í s ✈②✉➸✐tí♠ ♣r✐♥❝✐♣✉ ❡❧❡❦tr♦♠❛❣♥❡t✐❝❦é ✐♥❞✉❦❝❡ ♣♦♠♦❝í ✈❤♦❞♥é❤♦ ✉♠íst➙♥í
❝í✈❡❦✳ ❱ý❤♦❞♦✉ t❛❦♦✈ý❝❤ ❞✐❛❣♥♦st✐❦ ❥❡ ③♥❛↔♥á ❥❡❞♥♦❞✉❝❤♦st✳ ❚í♠t♦ ③♣➲s♦❜❡♠ s❡
♠➙➦í ♣r♦✉❞ ♣❧❛③♠❛t❡♠ ❛ ❦♦✈♦✈♦✉ ❦♦♠♦r♦✉ Itot s❦r③❡ ③♠➙♥✉ ♣♦❧♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✲
✐❝❦é❤♦ ♣♦❧❡ ♣♦♠♦❝í ❝í✈❦② s ♥á③✈❡♠ ❘♦❣♦✈s❦é❤♦ ♣ás❡❦✳ Pr♦ ③ís❦á♥í ♣r♦✉❞✉ ♣♦✉③❡
♣❧❛③♠❛t❡♠ ❥❡ ❥❡➨t➙ ③❛♣♦t➦❡❜í ③♥át ❡❧❡❦tr♦♠❛❣♥❡t✐❝❦é ✈❧❛st♥♦st✐ ❦♦♠♦r②✳ P♦❧♦❤❛ ♣❧❛③✲
♠❛t✉ s❡ ♠➙➦í ♣♦♠♦❝í t③✈✳ ▼✐r♥♦✈♦✈ý❝❤ ❝í✈❡❦✳ ❏❡❞♥á s❡ ♦ s❛❞✉ ❝í✈❡❦ r♦③❧♦➸❡♥ý❝❤
♣♦ ♦❜✈♦❞✉ ♣♦❧♦✐❞á❧♥í❤♦ ➦❡③✉ t♦❦❛♠❛❦✉ t❛❦✱ ❛❜② ③❛❝❤②❝♦✈❛❧② ③♠➙♥② ✈ t♦r♦✐❞á❧♥í♠
♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐✳ ▲③❡ t❛❦ ③ís❦❛t✱ ❦r♦♠➙ ♣♦❧♦❤② ♣❧❛③♠❛t✉✱ ♣♦❧♦✐❞á❧♥í ➦❡③ ♠❛❣♥❡t✐❝❦✲
ý♠✐ s✐❧♦↔ár❛♠✐ ❛ ❥❡❥✐❝❤ ↔❛s♦✈ý ♣r➲❜➙❤✳ P♦♠♦❝í ❥❡❞♥♦❤♦ ③á✈✐t✉ ❥❞♦✉❝í❤♦ ♣♦❞é❧ ❝❡❧é
❦♦♠♦r② s❡ ♠➙➦í ♥❛♣➙tí ♥❛ ③á✈✐t Uloop✳ ❯✈❡❞❡♥é ♠❡t♦❞② ❥s♦✉ ♥❡♣➦í♠é✳ P➦í♠é ♠➙➦❡♥í
♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ ✉♠♦➸➡✉❥í ❍❛❧❧♦✈② ❞❡t❡❦t♦r②✱ ③❛❧♦➸❡♥é ♥❛ ♦❞❦❧♦♥✉ ❡❧❡❦tr✐❝❦é❤♦
♣r♦✉❞✉ t❡❦♦✉❝í❤♦ ♣♦❧♦✈♦❞✐↔❡♠ ❞♦ ❦♦❧♠é❤♦ s♠➙r✉ ❬✶✹❪✳

❉❛❧➨í ♠♦➸♥♦stí✱ ❥❛❦ ♣❧❛③♠❛ ③❦♦✉♠❛t✱ ❥❡ ♣♦✉➸✐tí s♦♥❞✱ ❦t❡ré s❡ ✉♠✐s➫✉❥í ❞♦ t♦❦❛✲
♠❛❦✉ ♣➦❡s ❞✐❛❣♥♦st✐❝❦é ♣♦rt②✳ ❩❥✐➨➫✉❥í s❡ t❛❦ ♥❛♣➦í❦❧❛❞ ✈❧❛st♥♦st✐ ♣❧❛③♠❛t✉ ♥❛ t③✈✳
✒♦➦❡③á✈❛♥é✧ ✈rst✈➙✱ ❛♥❣❧✐❝❦② ❙r❛♣❡✲❖❢✲▲❛②❡r✱ ❦t❡rá ❥❡ ❝❤❛r❛❦t❡r✐③♦✈á♥❛ ❥❛❦♦ ♦❜❧❛st
♠❡③✐ ✑♦❦r❛❥❡♠✏ ♣❧❛③♠❛t✉ ❛ ❧✐♠✐t❡r❡♠✳ P♦♠♦❝í s♦♥❞ ❧③❡ ❥❡❞♥♦❞✉➨❡ ❛ ③ár♦✈❡➡ ♣➦❡s♥➙
③❥✐st✐t ✈❧❛st♥♦st✐ ♣❧❛③♠❛t✉ t❛♠✱ ❦❞❡ ♥❡❞♦❥❞❡ ❦ ❥❡❥✐❝❤ t❡♣❡❧♥é♠✉ ♣♦➨❦♦③❡♥í✳ ❙♦♥❞②
♠♦❤♦✉ ♦❜s❛❤♦✈❛t ❥❡❞♥✉ ↔✐ ✈í❝❡ ❡❧❡❦tr♦❞✱ ♥❛ ❦t❡ré ❥❡ ♣➦✐❧♦➸❡♥é ♥❛♣➙tí✳ ▼➙➦í s❡ ♣❛❦
③♠➙♥② ✈ ♥❛♣➙tí ↔✐ ♣r♦✉❞✉ ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡ ✈ ③á✈✐s❧♦st✐ ♥❛ ③❛❞❛♥ý❝❤ ♣❛r❛♠❡tr❡❝❤✳
P➦í❦❧❛❞❡♠ ❡❧❡❦tr✐❝❦ý❝❤ s♦♥❞ ❥s♦✉ s♦♥❞② ▲❛♥❣♠✉✐r♦✈②✳ P♦♠♦❝í ♥✐❝❤ ❧③❡ ③ís❦❛t ✐♥✲
❢♦r♠❛❝❡ ♦ ③♠➙♥➙ ✈❧❛st♥♦stí ♣❧❛③♠❛t✉ ❥❛❦♦ ❥s♦✉ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te ❛ ❤✉st♦t❛
ne✱ ♣❧♦✈♦✉❝í ♣♦t❡♥❝✐á❧ ↔✐ ▼❛❝❤♦✈♦ ↔ís❧♦✳ ❑♦♠♣❧✐❦♦✈❛♥➙❥➨í s♦♥❞② ③ís❦á✈❛❥í ✐♥❢♦r♠❛❝❡
♦ ✐♦♥t❡❝❤ ♣➦í♠➙sí ♣❧❛③♠❛t✉ ↔✐ ✐♦♥t♦✈é t❡♣❧♦t➙ Ti✳

❆❦t✐✈♥í ❞✐❛❣♥♦st✐❦② ✈②✉➸í✈❛❥í ❧❛s❡r➲ ❛ s✈❛③❦➲ ↔ást✐❝✱ ❦t❡ré ✐♥t❡r❛❣✉❥í s ♣❧❛③♠❛t❡♠
❛ s❧❡❞✉❥❡ s❡ ❥❡❥✐❝❤ r♦③♣t②❧ ♥❡❜♦ ♣♦❤❧❝❡♥í✳ ❊♥❡r❣✐❡ ✐♦♥t➲ s❡ ♠➙➦í ♣♦♠♦❝í ❤♠♦t♥♦st✲
♥í❝❤ ❛ ❡♥❡r❣❡t✐❝❦ý❝❤ s♣❡❦tr♦♠❡tr➲✳ ▲③❡ t❛❦ st❛♥♦✈✐t t❡♣❧♦t✉ ✐♦♥t➲ Ti ❛ r②❝❤❧♦st♥í
❞✐str✐❜✉↔♥í ❢✉♥❦❝✐ ♥❛♣➦í↔ ♣❧❛③♠❛t❡♠✳

✶✳✷✳✸ ❉✐❛❣♥♦st✐❦❛ ③á➦❡♥í

❉❧❡ s❡❦❝❡ ✶✳✶✳✷ ♣❧❛③♠❛ ③trá❝í ❡♥❡r❣✐✐ ♣➦❡❞❡✈➨í♠ ③á➦❡♥í♠ r❡❦♦♠❜✐♥❛❝❡♠✐ ❛ ❜r③❞✲
♥ý♠ ③á➦❡♥í♠✳ ♣♦❞st❛t♥é ✐♥❢♦r♠❛❝❡ ✈➨❛❦ ♣♦s❦②t✉❥❡ ✐ ③á➦❡♥í ❝②❦❧♦tr♦♥♥í✳ ❆❜②❝❤♦♠
❞♦st❛❧✐ ❝♦ ♥❡❥✈í❝❡ ✐♥❢♦r♠❛❝í✱ ❞❡t❡❦t♦r②✱ ❦t❡rý♠✐ ♣❧❛③♠❛ s❧❡❞✉❥❡♠❡✱ ❥s♦✉ ↔❛st♦ ③❛✲

✼



♠➙➦❡♥② ♥❛ ❦♦♥❦rét♥í ♦❜❧❛st ✈❧♥♦✈ý❝❤ ❞é❧❡❦✳

P♦♠♦❝í r❛❞✐♦♠❡tr➲ ❧③❡ ❞❡t❡❦♦✈❛t ③á➦❡♥í ✈ ♠✐❦r♦✈❧♥♥é ♦❜❧❛st✐ ♣♦❝❤á③❡❥í❝í ③ ❡❧❡❦✲
tr♦♥♦✈é ❝②❦❧♦tr♦♥♥í ❡♠✐s❡ ✭❊❈❊✮✳ ❏❡ t❛❦ ♠♦➸♥é st❛♥♦✈✐t ❡❧❡❦tr♦♥♦✈♦✉ t❡♣❧♦t✉✱ ❥❡✲
❧✐❦♦➸ ♣❧❛③♠❛ ✈ ♠✐❦r♦✈❧♥♥é ♦❜❧❛st✐ ✈②③❛➦✉❥❡ ❥❛❦♦ ❛❜s♦❧✉t♥➙ ↔❡r♥é t➙❧❡s♦✳ ❱②③❛➦♦✈❛❝í
✈ý❦♦♥ Pbb ❦♦♥❦rét♥í❤♦ ❜♦❞✉✱ ❥❡ ♣❛❦ ❞á♥ ✈③t❛❤❡♠

Pbb =
ω2Te

8π3c3
, ✭✶✳✶✵✮

❦❞❡ ❝ ❥❡ r②❝❤❧♦st s✈➙t❧❛ ❛ ω ❝②❦❧♦tr♦♥♥í ❢r❡❦✈❡♥❝❡ ❡❧❡❦tr♦♥➲✳ ❙ ❞❡t❡❦❝í ♠✐❦r♦✈❧♥
♣r❛❝✉❥í ✐ ❛❦t✐✈♥í ❞✐❛❣♥♦st✐❦②✳ ❍✉st♦t✉ ♣❧❛③♠❛t✉ ♣♦♠á❤á ✉r↔✐t ♠✐❦r♦✈❧♥♥á ✐♥t❡r❢❡r✲
♦♠❡tr✐❡✱ ✈②✉➸í✈❛❥í❝í ③♠➙♥② ❢á③❡ ♠✐❦r♦✈❧♥ ♣➦✐ ✐♥t❡r❛❦❝✐ s ❡❧❡❦tr♦♥②✳ ▲♦❦á❧♥í ❤✉st♦t❛
♣❧❛③♠❛t✉ ❧③❡ ✉r↔✐t ♣♦♠♦❝í ♦❞r❛③✉ ♠✐❦r♦✈❧♥ ♦❞ ♣❧❛③♠❛t✉✱ ❥❡❧✐❦♦➸ ❤❧♦✉❜❦❛✱ ❞♦ ♥í➸
♠✐❦r♦✈❧♥② ♣r♦♥✐❦♥♦✉✱ ③á✈✐sí ♥❛ ❤✉st♦t➙ ❛ ♠❛❣♥❡t✐❝❦é♠ ♣♦❧✐✳ ❚❛t♦ ♠❡t♦❞❛ s❡ ♥❛③ý✈á
♠✐❦r♦✈❧♥♥á r❡✢❡❦t♦♠❡tr✐❡✳

❉❛❧➨í ❞✐❛❣♥♦st✐❝❦♦✉ ♠❡t♦❞♦✉ ❥❡ s♣❡❦tr♦s❦♦♣✐❡✳ ❚✉ ❥❡ ♠♦➸♥♦ ✈②✉➸ít ♦❞ ♦❜❧❛st✐ ✐♥✲
❢r❛↔❡r✈❡♥é❤♦ ③á➦❡♥í ❛➸ ♣♦ ♣❛♣rs❦② ❣❛♠❛✳ P❛s✐✈♥í s♣❡❦tr♦s❦♦♣✐❡ ✉♠♦➸➡✉❥❡ ♥❛♣➦í❦✲
❧❛❞ ③❥✐➨➫♦✈❛t ♣➦ít♦♠♥♦st ✐♦♥t➲ ✈ ❞❛♥é♠ ✐♦♥✐③❛↔♥í♠ st❛✈✉ ♥❛ ❦♦♥❦rét♥í♠ ♠íst➙✳
P♦✉➸✐tí ♠✉❧t✐❝❤♦r❞♦✈é ❞✐❛❣♥♦st✐❦② ♣❛❦ ♣♦s❦②t✉❥❡ r♦③❧♦➸❡♥í ♥❡↔✐st♦t✳ ❙♣❡❦tr♦s❦♦♣✐❡ s❡
♣♦✉➸í✈á ✐ ♣r♦ ③ís❦á♥í ✐♥❢♦r♠❛❝❡ ♦ ♣♦❤②❜✉ ♥❡↔✐st♦t ♣❧❛③♠❛t✉✳ ❙♣❡❦tr♦♠❡tr② s ✈②s♦❦ý♠
r♦③❧✐➨❡♥í♠ s❡ ♣♦té ✈②✉➸í✈❛❥í ❦ ♠➙➦❡♥í ❉♦♣♣❧❡r♦✈s❦é❤♦ r♦③➨í➦❡♥í ✈❤♦❞♥é s♣❡❦trá❧♥í
↔ár②✳ ▲③❡ t❛❦ ✉r↔✐t ✐♦♥t♦✈♦✉ t❡♣❧♦t✉ ❛ ❤✉st♦t✉✳ ❩❡ s♣♦❥✐té❤♦ ③á➦❡♥í ✈❡ ✈✐❞✐t❡❧♥é♠
s♣❡❦tr✉ s❡ ❞á ③❥✐st✐t t❛❦é ❡❢❡❦t✐✈♥í ♥á❜♦❥ ♥❡↔✐st♦t ♣♦♣s❛♥ý ✈③t❛❤❡♠ ✭✶✳✼✮✱ ❥❡❧✐❦♦➸ ✐♥✲
t❡♥③✐t❛ ③á➦❡♥í ❥❡ ú♠➙r♥á n2

eZeff

√

(Te)✳ ❩❡ ③♥❛❧♦st✐ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ❛ ❤✉st♦t②
ne✱ t❛❦ ✉r↔í♠❡ Zeff ✳ ❙♣❡❦tr♦s❦♦♣✐❡ s❡ ✈②✉➸í✈á ✐ ✈❡ s♣♦❥❡♥í s ❛❦t✐✈♥í ❞✐❛❣♥♦st✐❦♦✉✳
◆❛♣➦✳ ♥❛ t♦❦❛♠❛❦✉ ❏❊❚ ❜②❧ ✈st➦✐❦♦✈á♥ ❦♦❜❛❧t ♣r♦ ③ís❦á♥í ✐♥❢♦r♠❛❝í ♦ ♣♦❤②❜✉ ♥❡↔✐s✲
t♦t✳ ❏✐♥é ♠❡t♦❞② ✈②✉➸í✈❛❥í ♥❛♣➦✳ ✈st➦✐❦♦✈á♥í ❛r❣♦♥✉✳ P♦♠♦❝í s♣❡❦tr♦♠❡tr✐❡ ❧③❡ ✉r↔✐t
✐ t❡♣❧♦t✉ ❡❧❡❦tr♦♥➲✱ ❦ ↔❡♠✉➸ s❡ ♣♦✉➸í✈á ❚❤♦♠♣s♦♥♦✈❛ r♦③♣t②❧✉ ❧❛s❡r♦✈é❤♦ s✈❛③❦✉
♥❛ ❡❧❡❦tr♦♥❡❝❤ ❛ ♦♣➙t s❡ ♣♦③♦r✉❥❡ ❉♦♣♣❧❡r♦✈s❦é r♦③➨í➦❡♥í s♣❡❦tr❛ r♦③♣tý❧❡♥é❤♦ ③á➦❡♥í✳

❱②s♦❦♦❡♥❡r❣❡t✐❝❦é ♣❧❛③♠❛ ✈➙t➨í❝❤ t♦❦❛♠❛❦➲ ✈②③❛➦✉❥❡ ③❡❥♠é♥❛ ✈ ♦❜❧❛st✐ ♠➙❦❦é❤♦
r❡♥t❣❡♥♦✈é❤♦ ③á➦❡♥í ✭❙❳❘✮✳ ❩ ❞❡t❡❦❝❡ ❙❳❘ s❡ ♣♦té ✉r↔✉❥❡ ♣♦❧♦❤❛ st➦❡❞✉ ♣❧❛③♠❛t✉✱
❥❡❤♦ t❡♣❧♦t❛ ❛ ❦♦♥❝❡♥tr❛❝❡ ♥❡↔✐st♦t ❬✶✹❪✳

Pr♦ ③❥✐➨t➙♥í ✈ý✈♦❥❡ ③á➦❡♥í ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡ ✈❡ ✈✐❞✐t❡❧♥é♠ s♣❡❦tr✉ s❡ ♣♦✉➸í✈❛❥í r②❝❤❧é
❦❛♠❡r② s ❈❈❉ ❛ ❈▼❖❙ ↔✐♣②✱ ♦❜s❛❤✉❥í❝í ❞✈♦❥r♦③♠➙r♥é ♣♦❧❡ ❞❡t❡❦t♦r➲✳ ❉❡t❡❦t♦r② ❢✉♥✲
❣✉❥í ♥❛ ♣r✐♥❝✐♣✉ ❢♦t♦❡❢❡❦t✉✱ ❦❞② ❞♦♣❛❞❛❥í❝í ❢♦t♦♥ ♣➦❡❞á ❡♥❡r❣✐✐ ❡❧❡❦tr♦♥➲♠ ✈❡ ✈rst✈➙
♣♦❧♦✈♦❞✐↔❡ ❛ ✈②t✈♦➦í ❡❧❡❦tr♦♥✲❞➙r♦✈é ♣ár② ✈ ♠♥♦➸st✈í ♦❞♣♦✈í❞❛❥í❝í ❡♥❡r❣✐✐ ③á➦❡♥í Pr♦
❥❡➨t➙ r②❝❤❧❡❥➨í s❜➙r ❞❛t s❡ ♣♦✉➸í✈❛❥í t③✈✳ ➦á❞❦♦✈é ❦❛♠❡r②✱ ♦❜s❛❤✉❥í❝í ♣♦❧♦✈♦❞✐↔♦✈é ❞❡✲
t❡❦t♦r② ✈ ❥❡❞♥♦♠ s♠➙r✉ ❛ ✉♠♦➸➡✉❥í ↔❛s♦✈é r♦③❧✐➨❡♥í ✐ ③❧♦♠❦✉ ♠✐❦r♦s❡❦✉♥❞✳

Pr♦ ❞❡t❡❦❝✐ ❡♥❡r❣✐❡ ③á➦❡♥í s❡ ♣♦✉➸í✈❛❥í ❥❛❦ ♣♦❧♦✈♦❞✐↔♦✈é ❞❡t❡❦t♦r②✱ t❛❦ ❞❡t❡❦t♦r②
❝❡❧❦♦✈é ❞♦♣❛❞❛❥í❝í ❡♥❡r❣✐❡ ③á➦❡♥í ✐ ↔ást✐❝✱ ↔❛st♦ t✈♦➦❡♥é ❦♦✈♦✈♦✉ ❢ó❧✐í✳ ❚❛❦♦✈é ❞❡✲
t❡❦t♦r② s♦✉❤r♥♥➙ ♦③♥❛↔✉❥❡♠❡ ❥❛❦♦ ❜♦❧♦♠❡tr②✱ ✈✐③ ❦❛♣✐t♦❧❛ ✷✳ ▲③❡ ♣♦♠♦❝í ♥✐❝❤ ✉r↔✐t
✈ý❦♦♥ ✈②③❛➦♦✈❛♥ý ♣❧❛③♠❛t❡♠✱ ♣♦♣➦✳ ❥❡ s ♥✐♠✐ ♠♦➸♥é ♦❞❤❛❞♦✈❛t ❛❜s♦❧✉t♥í t❡♣❧♦t✉
r❡s♣✳ r②❝❤❧♦st♥í r♦③❞➙❧❡♥í ↔ást✐❝ ❛ ❞♦❜✉ ✉❞r➸❡♥í ❡♥❡r❣✐❡✳ ❬✾❪ ❖♣➙t ❥❡ ♦tá③❦♦✉✱ ❥❛❦é
✈②③❛➦♦✈❛♥é s♣❡❦tr✉♠ ③❦♦✉♠á♠❡ ❛ ❥❛❦ r②❝❤❧é ↔❛s♦✈é r♦③❧✐➨❡♥í ♣♦➸❛❞✉❥❡♠❡✳ ❑ ❞❡✲
t❡❦❝✐ ❝❡❧❦♦✈é❤♦ ✈②③❛➦♦✈❛♥é❤♦ ✈ý❦♦♥✉ ♣❧❛③♠❛t✉ s❡ ♣♦✉➸í✈❛❥í ♦❞♣♦r♦✈é ❞❡t❡❦t♦r②✱
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❦t❡ré ♠❛❥í r❡❧❛t✐✈♥➙ ♣♦♠❛❧♦✉ ♦❞❡③✈✉✱ ③❛tí♠❝♦ ♣r♦ r②❝❤❧é s♥í♠á♥í ✈②③❛➦♦✈❛❝í❤♦ ♣r♦✲
✜❧✉ ♣❧❛③♠❛t✉ ✈ ♦❜♦r✉ ❯❱ ❛➸ ♠➙❦❦ý❝❤ r❡♥t❣❡♥➲ s❡ ↔❛st♦ ♣♦✉➸í✈❛❥í ❆❳❯❱ ❞✐♦❞②✳

✶✳✸ ❚♦❦❛♠❛❦ ●♦❧❡♠

✶✳✸✳✶ ❩á❦❧❛❞♥í ❝❤❛r❛❦t❡r✐st✐❦❛

❚♦❦❛♠❛❦ ●❖▲❊▼ ❥❡ ➦❛③❡♥ ❞♦ t➦í❞② ♠❛❧ý❝❤ ③❛➦í③❡♥í✱ t❥✳ s ♠❛❧ý♠ ♣r❛❝♦✈♥í♠ ♦❜❥❡✲
♠❡♠✳ ❉♦s❛❤♦✈❛♥é ❡♥❡r❣✐❡ ❡❧❡❦tr♦♥➲ ✭Te < ✺✵ ❡❱✮ ♥❡✉♠♦➸➡✉❥í ✈③♥✐❦ ❢ú③♥í❝❤ r❡❛❦❝í✳
●❖▲❊▼ ❞♥❡s ♣❧♥í ❢✉♥❦❝✐ ♠❛❧é❤♦ ✈ý③❦✉♠♥é❤♦ ❛ ♣➦❡❞❡✈➨í♠ ✈ý✉❦♦✈é❤♦ ③❛➦í③❡♥í✳
P➦✐t♦♠ s❡ ❥❡❞♥á ♦ ❥❡❞❡♥ ③ ♣r✈♥í❝❤ t♦❦❛♠❛❦➲ ♥❛ s✈➙t➙✳ P➲✈♦❞♥í ✈❡r③❡ ♠♦s❦❡✈s❦é❤♦
t♦❦❛♠❛❦✉ ❚▼✲✶ s❧♦✉➸✐❧❛ ✈ ❧❡t❡❝❤ ✶✾✼✼✕✷✵✵✼ ♥❛ Úst❛✈✉ ❢②③✐❦② ♣❧❛③♠❛t✉ ♣♦❞ ❥♠é♥❡♠
❈❆❙❚❖❘✳ P♦ r♦③❡❜rá♥í ❛ ♥ás❧❡❞♥é r❡❦♦♥str✉❦❝✐ ❜②❧ ♦♣➙t r✳ ✷✵✵✾ ✉✈❡❞❡♥ ❞♦ ♣r♦✈♦③✉
♥❛ ❋❏❋■✱ ❷❱❯❚ ♣♦❞ ♥á③✈❡♠ ●❖▲❊▼✳ ❩á❦❧❛❞♥í ♣❛r❛♠❡tr② t♦❦❛♠❛❦✉ ❛ ❞♦s❛❤♦✈❛♥é
✈❧❛st♥♦st✐ ♣❧❛③♠❛t✉ ❥s♦✉ ✉✈❡❞❡♥② ✈ t❛❜✉❧❝❡ ✶✳✶✳

❍❧❛✈♥í ♣♦❧♦♠➙r R0 ❂ ✵✳✹ ♠
P♦❧♦♠➙r ❦♦♠♦r② r0 ❂ ✵✱✶ ♠
P♦❧♦♠➙r ❧✐♠✐t❡r✉ a ❂ ✵✱✵✽✺ ♠
❚♦r♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡ Bt Bt < ✵✳✽ ❚
Pr♦✉❞ ♣❧❛③♠❛t❡♠ Ip Ip < ✽ ❦❆
❉♦s❛❤♦✈❛♥é ❞é❧❦② ✈ý❜♦❥➲ τ < ✷✵ ♠s
❈❡♥trá❧♥í ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛ Te ≈ ✷✵ ❡❱
❚❧❛❦ ✈ ♥á❞♦❜➙ P ❂ ✵✱✺ ✲ ✸✵ ♠P❛
Pr❛❝♦✈♥í ♣❧②♥ ❍2✱ ❍❡
❑❛♣❛❝✐t❛ ❦♦♥❞❡♥③át♦r➲ ♣r♦ Bt ♣♦❧❡ CB ❂ ✽✶ ♠❋
❑❛♣❛❝✐t❛ ❦♦♥❞❡♥③át♦r➲ ♣r♦ t♦r♦✐❞á❧♥í ❡❧✳ ♣♦❧❡ ECD CCD ❂ ✶✶✱✸ ♠❋

❚❛❜✉❧❦❛ ✶✳✶✿ ❩á❦❧❛❞♥í ♣❛r❛♠❡tr② t♦❦❛♠❛❦✉ ●❖▲❊▼ s♣♦❧❡↔♥➙ s ❜➙➸♥➙ ♠➙➦❡♥ý♠✐
✈❡❧✐↔✐♥❛♠✐ ❛ ❥❡❥✐❝❤ ❤♦❞♥♦t❛♠✐

✶✳✸✳✷ ❙❝é♥á➦ ✈ý❜♦❥❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼

❙❝❤é♠❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥❡ ♥❛ ♦❜rá③❦✉ ✶✳✷✳ ◆❡❥♣r✈❡ ❥❡ t➦❡❜❛ ③❦♦♥tr♦❧♦✈❛t ✈➨❡❝❤♥②
➦í❞í❝í s②sté♠② ❛ ❡❧❡❦tr♦♥✐❦❛✳ ❖ ✈②t✈♦➦❡♥í ✈❛❦✉❛ s❡ ♥❛ t♦❦❛♠❛❦✉ ●♦❧❡♠ st❛r❛❥í ❞✈➙
t✉r❜♦♠♦❧❡❦✉❧ár♥í ✈ý✈➙✈②✱ ③ ♥✐❝❤➸ ♥❛ ❛t♠♦s❢ér✐❝❦ý t❧❛❦ ↔❡r♣á ❥❡❞♥❛ r♦t❛↔♥í ✈ý✈➙✈❛✳
◆❛♣♦✉➨t➙♥í ♣❧②♥✉ ♣r♦❜í❤á ♣➦❡s ❡❧❡❦tr♦♥✐❝❦② ➦í③❡♥ý ✈❡♥t✐❧✳ P♦ ③❛❞á♥í ♣❛r❛♠❡tr➲
✈ý❜♦❥❡ s❡ ♥❡❥♣r✈❡ ♥❛❜í❥í ③❞r♦❥❡ ❡♥❡r❣✐❡✱ ♣♦té ♣r♦❜í❤á ✈ý❜♦❥✳ ❱ ♣r✈♥í ❢á③✐ ❥❡ ③❛♣♦t➦❡❜í
♣❧②♥✱ t✈♦➦❡♥ý ❛t♦♠② ✈♦❞í❦✉ ♥❡❜♦ ❤❡❧✐❛✱ ✐♦♥✐③♦✈❛t ❛ ✉❞r➸❡t✳ ❆❜② s❡ ♣❧❛③♠❛ ✐❤♥❡❞
♣♦ ③❛➸❡❤♥✉tí ♥❡✈②❞❛❧♦ s♠➙r❡♠ ❦❡ st➙♥➙✱ ❦❞❡ ❜② s❡ ♦❝❤❧❛❞✐❧♦ ❛ ③❛♥✐❦❧♦✱ ❥❡ ♥✉t♥é ❥❡❥
❞r➸❡t✳ ❚♦ ③❛❥✐➨➫✉❥í ❝í✈❦② t♦r♦✐❞á❧♥í❤♦ ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ Bt✱ ♥❛✈í❥❡❥í❝í s❡ ♥❛ ❦♦♠♦r✉
t♦❦❛♠❛❦✉✱ ✈✐③ ♦❜rá③❡❦ ✶✳✶✳ P➦✐t♦♠ t♦r♦✐❞á❧♥í ♣♦❧❡ s❡ s♣♦✉➨tí ❥❡➨t➙ ❞➦í✈❡✱ ♥❡➸ ♣r♦❜í❤á
✈ý❜♦❥✳ ❖❜✈②❦❧❡ ♥❛st❛✈❡♥á ❞♦❜❛ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥❡ ✺ ♠s✱ ❝♦➸ s❡ ♣r♦❥❡✈✉❥❡
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♦strý♠ ♣í❦❡♠ ♥❛ s✐❣♥á❧✉ ♣r♦✉❞✉ ♣❧❛③♠❛t❡♠✳ ❊♥❡r❣✐✐ ♣r♦ Bt ③❛❥✐➨t✉❥í ❦♦♥❞❡♥③át♦r②
CB ♦ ❦❛♣❛❝✐t➙ ✷✸ ♠❋✳ P➦❡❞á✈á♥í ❡♥❡r❣✐❡ ♣r❛❝♦✈♥í♠✉ ♣❧②♥✉ ♣r♦❜í❤á ♣♦♠♦❝í tr❛♥s❢♦r✲
♠át♦r♦✈é❤♦ ❡❢❡❦t✉✳ Pr♦✉❞ ♣r✐♠ár♥í❤♦ ♦❦r✉❤✉ IPC ❣❡♥❡r✉❥❡ ✈ ❥á❞r✉ tr❛♥s❢♦r♠át♦r✉
✐♥❞✉❦↔♥í t♦❦ Φtok✳ ❙❡ ③♠➙♥♦✉ ♣r♦✉❞✉ IPC s❡ ♠➙♥í ✐ Φtok ❛ ✈ s❡❦✉♥❞ár♥í♠ ✈✐♥✉tí✱
↔í♠➸ ❥❡ ❥❡❞✐♥á s♠②↔❦❛ t♦❦❛♠❛❦♦✈é❤♦ ♣❧②♥✉✱ ❥❡ ✈②t✈♦➦❡♥♦ ❡❧❡❦tr✐❝❦é ♣♦❧❡ Et✱ ❦t❡ré
✉r②❝❤❧✉❥❡ ❛ ✐♦♥✐③✉❥❡ ♣r❛❝♦✈♥í ♣❧②♥✳ ❏❡✲❧✐ Et ❞♦st❛t❡↔♥➙ ✐♥t❡♥③✐✈♥í✱ ❞♦❝❤á③í ✈ ➦í❞❦é♠
♣❧②♥✉ ❦ r②❝❤❧é ✐♦♥✐③❛❝✐✱ ❧❛✈✐♥♦✈é♠✉ ❡❢❡❦t✉ ❛ ♣❧②♥ s❡ stá✈á ✈♦❞✐✈ý♠✳ ❱③♥✐❦❧ý♠ ♣❧❛③✲
♠❛t❡♠ ♣♦té t❡↔❡ ❡❧❡❦tr✐❝❦ý ♣r♦✉❞ Ip ❛ ❧③❡ ❥❡❥ ♦❤♠✐❝❦② ♦❤➦í✈❛t ❏♦✉❧♦✈ý♠ t❡♣❧❡♠✳
❙ r♦st♦✉❝í♠ Ip ✈➨❛❦ r♦st❡ ✐ t❡♣❧♦t❛ ♣❧❛③♠❛t✉✱ ❝♦➸ ♣❧②♥❡ ③ ❏♦✉❧❡✲▲❡♥③♦✈❛ ③á❦♦♥❛✳
❩ár♦✈❡➡ ❦❧❡sá ❥❡❤♦ ♦❞♣♦r ❛ tí♠ s❡ ú↔✐♥❡❦ ♦❤♠✐❝❦é❤♦ ♦❤➦❡✈✉ ③trá❝í✳ ◆❡❧③❡ t❡❞② ♦❤➦í✈❛t
♣❧❛③♠❛ tí♠t♦ ③♣➲s♦❜❡♠ ❞♦♥❡❦♦♥❡↔♥❛✳ ❱ ♣➦í♣❛❞➙ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥❡ ✈➨❛❦ ✈➙t➨í♠
♦♠❡③❡♥í♠ ♣♦st✉♣♥é ♥❛s②❝❡♥í ❥á❞r❛ tr❛♥s❢♦r♠át♦r✉✱ ❝♦➸ ♥❡✉♠♦➸➡✉❥❡ ❞á❧❡ ♣➦❡❞á✈❛t
♣❧❛③♠❛t✉ ❡♥❡r❣✐✐ ❛ t♦ ♣♦st✉♣♥➙ ✈②❤❛s♥❡✳ ❚♦r♦✐❞á❧♥í ❛ ♣♦❧♦✐❞á❧♥í ♠❛❣♥❡t✐❝❦é ♣♦❧❡
s❡ s❦❧á❞❛❥í ❛ ✈②t✈á➦❡❥í t③✈✳ st➦✐➸♥é ♠❛❣♥❡t✐❝❦é ♣♦❧❡✳ ◆❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥❡ t❛❦é
♠♦➸♥é ✈②✉➸ít st❛❜✐❧✐③❛❝❡ ♣❧❛③♠❛t✉✱ ❦t❡rá ❜②❧❛✱ ③❛tí♠ ✈❡ ✈❡rt✐❦á❧♥í♠ s♠➙r✉✱ ③❛✈❡❞❡♥❛
✈ ♣r➲❜➙❤✉ ✈③♥✐❦✉ tét♦ ♣rá❝❡✳

❆❜② ❜②❧♦ ♠♦➸♥é ❞é❧❦✉ ✈ý❜♦❥❡ ♦ tr♦❝❤✉ ♣r♦❞❧♦✉➸✐t✱ ❜②❧② ③❛✈❡❞❡♥② r➲③♥é t②♣② ♣➦❡✲
❞✐♦♥✐③❛❝❡✳ ❩á❦❧❛❞♥í ♠♦➸♥♦stí ❥❡ ♣♦✉➸✐tí ❡❧❡❦tr♦♥♦✈ý❝❤ tr②s❡❦ s❡stá✈❛❥í❝í❝❤ ③ ♦❞♦❧✲
♥ý❝❤ ➸ár♦✈❡❦ ✉♠íst➙♥ý❝❤ ♣➦❡s ♣♦rt ❞♦ ❦♦♠♦r② t♦❦❛♠❛❦✉✳ ❊♠✐t♦✈❛♥é ❡❧❡❦tr♦♥② ❥s♦✉
♣♦té ✉r②❝❤❧♦✈á♥② ♣➦✐❧♦➸❡♥ý♠ ♥❛♣➙tí♠ ♥❛ ❦♦♠♦r✉ ❛ ♣➦❡❞á✈❛❥í s✈♦❥✐ ❡♥❡r❣✐✐ ↔ást✐❝í♠
♣r❛❝♦✈♥í❤♦ ♣❧②♥✉✳ ❏✐♥ý ③♣➲s♦❜❡♠ ♣➦❡❞✐♦♥✐③❛❝❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❥❡ ✐♦♥✐③❛❝❡
♠✐❦r♦✈❧♥❛♠✐✱ ❦t❡rý ✈③♥✐❦❧ r✳ ✷✵✶✸✳ ❑♦♥❝❡♠ r✳ ✷✵✶✸ ❜②❧❛ ③ár♦✈❡➡ ♦❞③❦♦✉➨❡♥❛ ✐ ♣➦❡✲
❞✐♦♥✐③❛❝❡ ♣♦♠♦❝í ③❛❜✉❞♦✈❛♥é ❯❱ ❧❛♠♣②✳

❖❜rá③❡❦ ✶✳✷✿ ❙❝❤é♠❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✱ ♣➦❡✈③❛t♦ ③ ❬✷✹❪
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✶✳✸✳✸ ❉✐❛❣♥♦st✐❦❛ ♣❧❛③♠❛t✉ ♥❛ t♦❦❛♠❛❦✉ ●♦❧❡♠

■♥❢♦r♠❛❝❡ ♦ ♣❧❛③♠❛t✉ ③♣r♦st➦❡❞❦♦✈á✈á ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ➦❛❞❛ ❞✐❛❣♥♦st✐❦ ✈✐③ ♦❜rá③❡❦
✶✳✸✳ ❖ s❜➙r ❞❛t s❡ st❛r❛❥í s❜➙r♥é s②sté♠② ❉❆❙✶ ❛ ❉❆❙✷ ♦❞ ✜r♠② ◆❛t✐♦♥❛❧ ■♥str✉✲
♠❡♥ts✳ ❩ ♠❛❣♥❡t✐❝❦ý❝❤ ❞✐❛❣♥♦st✐❦ ❥❡ ③❛✈❡❞❡♥❛ ❝í✈❦❛ ♣r♦ ♠➙➦❡♥í ♥❛♣➙tí ♥❛ ③á✈✐t
♣❧❛③♠❛t✉ Uloop ❥❞♦✉❝í ♣♦❞é❧ ❦♦♠♦r② t♦❦❛♠❛❦✉✳ Pr♦ ✉r↔❡♥í ♣♦❧♦❤② ♣❧❛③♠❛t✉ s❧♦✉➸í
↔t②➦✐ ▼✐r♥♦✈♦✈② ❝í✈❦② ✉♠íst➙♥é ✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉ ♥❛ ♦s✉ ❦♦♠♦r② ✈ ♣♦❧♦❤á❝❤ ❚❖P✱
❇❖❚❚❖▼✱ ▲❋❙ ❛ ❍❋❙✳ Pr♦✉❞ Ip ♣❧❛③♠❛t❡♠ ❥❡ ♦❞✈♦③❡♥ ③ ♥❛♣➙tí ③ ❘♦❣♦✈s❦é❤♦ ❝í✈❡❦✱
♦❜❡♣í♥❛❥í❝í❝❤ ❦♦♠♦r✉ ✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉✱ ❛ ③ ✈❧❛st♥♦stí ❦♦♠♦r②✳ ❉á❧❡ s❡ ♠➙➦í ✈❡❧✐❦♦st
t♦r♦✐❞á❧♥í❤♦ ♣♦❧❡ Bt ♥❛ ▲❋❙ ♣♦♠♦❝í ❝í✈❦② ♥❛t♦↔❡♥é ✈ t♦r♦✐❞á❧♥í♠ s♠➙r✉✳ ❩á❦❧❛❞♥í
❞✐❛❣♥♦st✐❦♦✉ ③❦♦✉♠❛❥í❝í ③á➦❡♥í ♣❧❛③♠❛t✉ ❥❡ ❥❡❤♦ s♥í♠á♥í ♣♦♠♦❝í ❢♦t♦❞✐♦❞② s ❍α ✜❧✲
tr❡♠✳ ❚❛ ❞❡t❡❦✉❥❡ ③á➦❡♥í ♣➦❡❝❤♦❞✉ ❡❧❡❦tr♦♥➲ ♠❡③✐ ❞r✉❤♦✉ ❛ t➦❡tí ❡♥❡r❣❡t✐❝❦♦✉ ❤❧❛❞✐✲
♥♦✉ ✈ ❛t♦♠✉ ✈♦❞í❦✉✱ ❝♦➸ ♦❞♣♦✈í❞í ↔á➦❡ ❍α t❥✳ ③á➦❡♥í ♦ ✈❧♥♦✈é ❞é❧❝❡ λ ❂ ✻✺✻✱✸ ♥♠✳
■♥❢♦r♠❛❝✐ ♦ ♣♦❧♦③❡ ♣❧❛③♠❛t✉ ✈➲↔✐ ❦♦♠♦➦❡ ♣♦s❦②t✉❥í ❦r♦♠➙ ▼✐r♥♦✈♦✈ý❝❤ ❝í✈❡❦ t❛❦é
r②❝❤❧é ❦❛♠❡r② ❈❛s✐♦ ❊❳✲❋✶✱ ✉♠íst➙♥é ♥❛ ▲❋❙ ❛ ❚❖P t❛❦✱ ❛❜② s♥í♠❛❧② ③á➦❡♥í
✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉ ③❡ ❞✈♦✉ r➲③♥ý❝❤ ♠íst ✭✈ ♣r➲❜➙❤✉ tét♦ ♣rá❝❡ ❜②❧ ✐♥st❛❧♦✈á♥ ❥❡❞❡♥
❢♦t♦❛♣❛rát✮✳ ❩ís❦❛♥á ❞❛t❛ ✉♠♦➸➡✉❥í ③❥✐st✐t ❞í❦② t♦♠♦❣r❛✜❝❦ý♠ ♠❡t♦❞á♠ ✈②③❛➦♦✈❛❝í
♣r♦✜❧ ♣❧❛③♠❛t✉✱ ✈ ♦❜♦r✉ ❢r❡❦✈❡♥❝í s♥í♠❛♥é♠ ❢♦t♦❛♣❛rát②✱ ❛ ❥❡❤♦ ✉♠íst➙♥í ✈③❤❧❡❞❡♠
❦❡ ❦♦♠♦➦❡ t♦❦❛♠❛❦✉✳ ❚❛t♦ ❞✐❛❣♥♦st✐❦❛ ♠á ♥❡❥❜❧í➸❡ ❦ ❞✐❛❣♥♦st✐❝❡ ♣❧❛③♠❛t✉ ♣♦♠♦❝í
❆❳❯❱ ❞✐♦❞ ❛ ✉♠♦➸➡✉❥❡ t❛❦ sr♦✈♥á♥í ♥❛♠➙➦❡♥ý❝❤ ❞❛t✳ P➦í❦❧❛❞ ③♦❜r❛③❡♥í ③á❦❧❛❞♥í❝❤
❞✐❛❣♥♦st✐❦ ❥❡ ♥❛ ♦❜rá③❦✉ ✶✳✹✳

❖❜rá③❡❦ ✶✳✸✿ ❙❝❤é♠❛ ❞✐❛❣♥♦st✐❦ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼✱ ♣➦❡✈③❛t♦ ③ ❬✷✹❪

✶✶



❖❜rá③❡❦ ✶✳✹✿ ❩á❦❧❛❞♥í ❞✐❛❣♥♦st✐❦② ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ♣r♦ ✈ýst➦❡❧ ↔✳ ✶✻✶✷✸
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❑❛♣✐t♦❧❛ ✷

❇♦❧♦♠❡tr✐❡

❇♦❧♦♠❡tr✱ ➦❡❝❦② ✭βoλóµǫτρν✮ ❥❡ ③❛➦í③❡♥í s❧♦✉➸í❝í ❦ ♠➙➦❡♥í ❡♥❡r❣✐❡ ❞♦♣❛❞❛❥í❝í❤♦
③á➦❡♥í ❛ ↔ást✐❝✳ P➲✈♦❞ s❧♦✈❛ ❥❡ ♦❞✈♦③❡♥ ③ ➦❡❝❦é❤♦ ✭βoλóη✮ ♣r♦ ✈r➸❡♥ý ♦❜❥❡❦t ❛ s❧♦✈❛
✭µǫτρν✮ ♣r♦ ♠➙➦í❝í ♣➦ístr♦❥✳

P♦❞ ♣♦❥♠❡♠ ❜♦❧♦♠❡tr s❡ ❧③❡ s❡t❦❛t s ♥➙❦♦❧✐❦❛ t②♣② ③❛➦í③❡♥í ❢✉♥❣✉❥í❝í❝❤ ♥❛ ♦❞❧✐➨♥ý❝❤
♣r✐♥❝✐♣❡❝❤✳ Pr✈♥í ③ ♥✐❝❤✱ ❥❡❥➸ ✈②♥❛❧❡③❧ ❛♠❡r✐❝❦ý ❛str♦♥♦♠ P✐❡r♣♦♥t ▲❛♥❣❧❡② r✳ ✶✽✼✽✱
❞♥❡s ♥❛③ý✈á♠❡ ♦❞♣♦r♦✈ý♠ ❜♦❧♦♠❡tr❡♠✳ ❚❡♥ ❥❡ ③❛❧♦➸❡♥ ♥❛ ♣➦❡❞á♥í ❡♥❡r❣✐❡ ♦❞ ❞♦♣❛❞❛✲
❥í❝í❤♦ ❡❧❡❦tr♦♠❛❣♥❡t✐❝❦é❤♦ ③á➦❡♥í ❛ ↔ást✐❝ s♦✉↔ást❝❡✱ ❛❜s♦r❜ér✉✱ ♦ ♠❛❧é t❡♣❡❧♥é ❦❛✲
♣❛❝✐t➙✱ ❦t❡rý ❥❡ s♣♦❥❡♥ s t❡♣❡❧♥ý♠ r❡③❡r✈♦ár❡♠✳ ❆❜s♦r❜ér❡♠ ♠➲➸❡ ❜ýt ♥❛♣➦✳ t❡♥❦á
❦♦✈♦✈á ❢ó❧✐❡✱ ♣➦❡❞á t❡♣❧♦ r❡③❡r✈♦ár✉✳ ❚❡♥ ❥❡ ③❛♣♦❥❡♥ ❞♦ ❡❧❡❦tr✐❝❦é❤♦ ♦❜✈♦❞✉✱ ♣➦✐↔❡♠➸
❥❡ ③♥á♠❛ ❥❡❤♦ t❡♣❡❧♥á ❦❛♣❛❝✐t❛ ❛ ③á✈✐s❧♦st ♦❞♣♦r✉ ♥❛ t❡♣❧♦t➙✳ ❏❡ t❛❦ ♠♦➸♥é s♣♦↔ít❛t
❝❡❧❦♦✈é t❡♣❧♦ ♣➦✐❥❛té r❡③❡r✈♦ár❡♠✳ ❷❛s✱ ③❛ ❦t❡rý s❡ ❛❜s♦r❜ér ③r❡❧❛①✉❥❡✱ ♥❛③ý✈á♠❡
♦❜❡❝♥➙ ❞♦❜♦✉ ♦❞❡③✈②✳

◆♦✈➙❥➨í t②♣ ❜♦❧♦♠❡tr➲ ✈②✉➸í✈á ❥❛❦♦ ❛❜s♦r❜ér✉ ♣②r♦❡❧❡❦tr✐❝❦ý ❦r②st❛❧ ♥❛♣➦✳ ♥✐♦❜✐↔✲
♥❛♥✉ ❧✐t♥é❤♦ ✭▲✐◆❜❖3✮✱ ✈ ♥➙♠➸ ❥❡ ❣❡♥❡r♦✈á♥ ♣r♦✉❞ ♥❛ ③á❦❧❛❞➙ s♣♦♥tá♥♥í ♣♦❧❛r✲
✐③❛❝❡✱ ③á✈✐s❧é ♥❛ t❡♣❧♦t➙✳ ▼❛❧ý ♣r♦✉❞ ✭∼ ♣❆✮ s❡ ♣➦❡s ✈ý❦♦♥♥é ③❡s✐❧♦✈❛↔❡ ❦♦♥✈❡rt✉❥❡
♥❛ ♥❛♣➙➫♦✈ý s✐❣♥á❧✳ P➦✐ ❞♦❜ré ❦❛❧✐❜r❛❝✐ ❥❡ t❛❦ ♠♦➸♥é ③ís❦❛t ❛❜s♦❧✉t♥í t❡♣❧♦t✉ ③❞r♦❥❡✳
◆❛ t♦♠t♦ ♣r✐♥❝✐♣✉ ❥s♦✉ ③❛❧♦➸❡♥② ♥❛♣➦✳ ♣②r♦♠❡tr②✳ ❱ ♣➦í♣❛❞➙ ❥❡❥✐❝❤ ♣♦✉➸✐tí ♣r♦ ❞✐✲
❛❣♥♦st✐❦✉ ♣❧❛③♠❛t✉ ♥❛ t♦❦❛♠❛❝í❝❤✱ ✉♠♦➸➡✉❥í st❛♥♦✈✐t ✈②③á➦❡♥ý ✈ý❦♦♥ ♣❧❛③♠❛t✉
♣➦í♠♦✱ t❥✳ ❜❡③ ♦❞✈♦③❡♥í ③ ❥❡❤♦ ✈❧❛st♥♦stí ❬✾❪✳ ◆❡✈ý❤♦❞♦✉ ♣②r♦❡❧❡❦tr✐❝❦ý❝❤ ❜♦❧♦♠❡tr➲
❥❡ ♠❛❧ý ❣❡♥❡r♦✈❛♥ý ♣r♦✉❞ ❛ ✈❡❧❦á ♥á❝❤②❧♥♦st ♥❛ ♦t➦❡s②✱ ♣r♦t♦ s❡ ♣♦✉➸í✈❛❥í r➲③♥é
t②♣② stí♥➙♥í ❛ ♦❝❤r❛♥② ♣➦❡❞ ✈✐❜r❛❝❡♠✐✳

◆❛ ♦❞❧✐➨♥é♠ ♣r✐♥❝✐♣✉ ❢✉♥❣✉❥í ✐♥❢r❛↔❡r✈❡♥é ✭■❘✮ ❜♦❧♦♠❡tr②✱ ❦t❡ré ♠❛❥í ❧❡♣➨í ♣♦♠➙r
s✐❣♥á❧✴➨✉♠ ♦♣r♦t✐ ♦❞♣♦r♦✈ý♠ ❜♦❧♦♠❡tr➲♠✳ ◆❛ r♦③❞í❧ ♦❞ ♥✐❝❤ ❥❡ ❛❜s♦r❜ér ♣➦❡❞s✉♥✉tý
♣➦❡❞ s❛♠♦t♥ý ❞❡t❡❦t♦r✳ ❩á➦❡♥í ❛ ↔ást✐❝❡ t❛❦ ③❛❤➦í✈❛❥í ❛❜s♦r❜ér✱ ♥❛♣➦✳ ③❧❛t♦✉ ↔✐ ♣❧❛t✐✲
♥♦✈♦✉ ❢ó❧✐✐✱ ❛ ❞❡t❡❦t♦r s♥í♠á ✈②③❛➦♦✈á♥í ❢ó❧✐❡ ✈ ■❘ ♦❜❧❛st✐✳ ❉❡t❡❦t♦r② ✈➨❛❦ ♠✉s❡❥í
❜ýt ❞♦❜➦❡ ✉❦r②té ♣➦❡❞ t✈r❞ý♠ ③á➦❡♥í♠ ❛ r②❝❤❧ý♠✐ ↔ást✐❝❡♠✐✱ ❛ ♣r♦t♦ s❡ ✉❦rý✈❛❥í
③❛ sér✐✐ ■❘ ③r❝❛❞❡❧✳ ■❘ ❜♦❧♦♠❡tr② ❥❡ ♠♦➸♥é ✈②rá❜➙t ✈ ♠❛❧ý❝❤ ✈❡❧✐❦♦st❡❝❤✱ ❛ t❛❦ ❧③❡
❝❡❧é s❛❞② ❜♦❧♦♠❡tr➲ ✉♠íst✐t ❞♦ ❞♦ ❝❛♠❡r② ♦❜s❝✉r②✱ ✈✐③ ✷✳✷✳ ❱ ♣r❛①✐ s❡ t❛❦ ♣♦✉➸í✲
✈❛❥í ✐ st♦✈❦② ❦❛♥á❧➲ ✭♣✐①❡❧➲✮ ♥❛ ❥❡❞❡♥ ❞❡t❡❦t♦r✱ ♥❛♣➦✳ ✶✾✷ ❦❛♥á❧➲ ✈ ♣➦í♣❛❞➙ ❏❚✲✻✵❯✱
❦❞❡ ♥❛✈í❝ ❜②❧♦ ❞♦s❛➸❡♥♦ ↔❛s♦✈é❤♦ r♦③❧✐➨❡♥í ■❘ ❜♦❧♦♠❡tr➲ ✶✵ ♠s✳ ❙ ■❘ ❜♦❧♦♠❡tr② s❡

✶✸



♣♦↔ítá ✐ ✈ ♣r♦❥❡❦t✉ ■❚❊❘ ❬✾❪✳

❉❛❧➨í t②♣ ❜♦❧♦♠❡tr➲ ✈②✉➸í✈á ♣♦❧♦✈♦❞✐↔➲ ❛ ❢♦t♦❡❧❡❦tr✐❝❦é❤♦ ❥❡✈✉✳ ❏❡✲❧✐ ❛❜s♦r❜ér❡♠
♣♦❧♦✈♦❞✐↔ s ✈❤♦❞♥♦✉ ❦♦♥str✉❦❝í✱ ❧③❡ ❞❡t❡❦♦✈❛t ❥✐st♦✉ ♦❜❧❛st ❡❧❡❦tr♦♠❛❣♥❡t✐❝❦é❤♦
③á➦❡♥í✱ ❦❞② ❥❡ ❣❡♥❡r♦✈á♥ ♣r♦✉❞ s ❧✐♥❡ár♥í ③á✈✐s❧♦stí ♥❛ ❡♥❡r❣✐✐ ③á➦❡♥í✳ ❏❡✲❧✐ ③❛♣♦t➦❡❜í
③❥✐st✐t ♣r♦st♦r♦✈é r♦③❧✐➨❡♥í ✈②③❛➦♦✈❛♥é❤♦ ✈ý❦♦♥✉ ♣❧❛③♠❛t✉✱ ➦❛❞í s❡ ❜♦❧♦♠❡tr② ❞♦ ♣♦❧í
❛ ✉♠✐s➫✉❥í s❡ ❞♦ ③❛❞♥í ↔ást✐ ❦❛♠❡r② ♦❜s❝✉r②✳ ❚❛❦♦✈á ❞❡t❡❦t♦r♦✈á ♣♦❧❡ s♥í♠❛❥í ♣❧❛③♠❛
③ ♥➙❦♦❧✐❦❛ ♠íst ✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉ ❛ ♠♦❤♦✉ ③❛❤r♥♦✈❛t ✐ st♦✈❦② ❞❡t❡❦t♦r➲✱ ③ ♥✐❝❤➸
❦❛➸❞ý ✐♥t❡❣r✉❥❡ s✐❣♥á❧ ③ ❥✐sté❤♦ ♣r♦st♦r♦✈é❤♦ ú❤❧✉✳ ❱❤♦❞♥♦✉ ♣❛r❛♠❡tr✐③❛❝í ❧③❡ s ♣♦✲
♠♦❝í ✐♥t❡❣rá❧♥í❝❤ tr❛♥s❢♦r♠❛❝í ✭✈✐③ ❦❛♣✐t♦❧❛ ❬✹❪✮ ③ís❦❛t ♣r♦✜❧ ✈②③❛➦♦✈❛♥é❤♦ ✈ý❦♦♥✉
♣♦③♦r♦✈❛♥é ♦❜❧❛st✐ ♣❧❛③♠❛t✉ ❛ ❞♦❦♦♥❝❡ ❥❡❤♦ ↔❛s♦✈ý ✈ý✈♦❥✱ ✈ ♣➦í♣❛❞➙ ✈❡❧❦é❤♦ r♦✲
③❧✐➨❡♥í ❜♦❧♦♠❡tr➲✳

◆❛ ✈➙t➨í❝❤ ③❛➦í③❡♥í❝❤ s❡ ❦✈➲❧✐ ✈❡❧❦ý♠ t♦❦➲♠ ❡♥❡r❣✐❡ ③ ↔ást✐❝ ❛ ③á➦❡♥í ♣➦❡❞s❛③✉❥í
♣➦❡❞ ❞❡t❡❦t♦r② r➲③♥é t②♣② stí♥➙♥í✱ ↔í♠➸ ♠➲➸❡ ❜ýt ♥❛♣➦í❦❧❛❞ s❧í❞♦✈á ❞❡st✐↔❦❛✳ ❱ ♣➦í✲
♣❛❞➙ ♣♦❧♦✈♦❞✐↔♦✈ý❝❤ ❞❡t❡❦t♦r➲ ❥❡ ↔❛st♦ stí♥➙♥í s♦✉↔ástí ❥❡❥✐❝❤ ❦♦♥str✉❦↔♥í❤♦ ➦❡➨❡♥í
❬✷✶❪✳ ❩ár♦✈❡➡ ❥❡ t❛❦ ♠♦➸♥é st❛♥♦✈✐t ❞♦❧♥í ❡♥❡r❣❡t✐❝❦♦✉ ♣r♦♣✉st✳ ❉❡t❡❦t♦r② ❥❡ t❛❦é
♣♦t➦❡❜❛ ✈ ♥➙❦t❡rý❝❤ ♣➦í♣❛❞❡❝❤ ❝❤❧❛❞✐t✱ ❛❜② s✐ ③❛❝❤♦✈❛❧② ♥❡❥❧❡♣➨í ✈❧❛st♥♦st✐✳ ▼➙➦í♠❡✲
❧✐ ❝❡❧❦♦✈ý ✈②③á➦❡♥ý ✈ý❦♦♥ ♣❧❛③♠❛t✉✱ ❥❡ ✈❤♦❞♥é ♣♦✉➸✐tí ♦❞♣♦r♦✈ý❝❤ ❞❡t❡❦t♦r➲✱ ❥❡❧✐❦♦➸
❥s♦✉ ❝✐t❧✐✈é ✐ ♥❛ ❞♦♣❛❞❛❥í❝í ↔ást✐❝❡✳ ❏❡❥✐❝❤ ♥❡✈ý❤♦❞♦✉ ❥❡ ✈➨❛❦ ♣♦♠❛❧❡❥➨í ♦❞❡③✈❛✳

◆➙❦❞② ❥❡ ✈ý❤♦❞♥é ♦❞❞➙❧✐t ❞❡t❡❦♦✈❛♥ý ✈ý❦♦♥ ↔ást✐❝ ♦❞ ✈ý❦♦♥✉ ③á➦❡♥í ♣❧❛③♠❛t✉✳
❚❡❤❞② ♥❛❥❞♦✉ ✉♣❧❛t♥➙♥í ♣♦❧♦✈♦❞✐↔♦✈é ❞❡t❡❦t♦r②✱ t❡❞② ❢♦t♦❞✐♦❞② ❛ t❡r♠✐st♦r②✳ ❉♥❡➨♥í
t②♣② ❢♦t♦❞✐♦❞ ❥❛❦♦ ❆❳❯❱✱ ❙❳❯❱ ↔✐ ❯❱● ✈✐③ ❬✷✶❪ ♠❛❥í ❞♦❜ré ↔❛s♦✈é r♦③❧✐➨❡♥í ✐ ➦á❞✉
µs✱ ❝♦➸ ✉♠♦➸➡✉❥❡ s❧❡❞♦✈á♥í r②❝❤❧ý❝❤ ③♠➙♥ ✈❡ ✈②③❛➦♦✈❛♥é♠ ✈ý❦♦♥✉ ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡
❛ st✉❞♦✈❛t t❛❦ ♠✐♠♦ ❥✐♥é ✐ ♣r♦❥❡✈② ♥❡↔✐st♦t ↔✐ st✉❞✐✉♠ ♠ó❞➲ ❧♦❦❛❧✐③♦✈❛♥ý❝❤ ♥❛ ♦❦r❛❥✐
♣❧❛③♠❛t✉ ✭❊▲▼✮✳
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✷✳✶ ❆❳❯❱ ❞✐♦❞②

❖❜rá③❡❦ ✷✳✶✿ ❙❦❧❛❞❜❛ ❆❳❯❱ ❞✐♦❞ ✭P➦❡✈③❛t♦ ③ ❬✷✶❪✮

◆❡✈ý❤♦❞♦✉ t❡♣❡❧♥ý❝❤ ❞❡t❡❦t♦r➲✱ t❥✳ ❞❡t❡❦t♦r➲ ♣➦❡✈á❞➙❥í❝í❝❤ ❡♥❡r❣✐✐ ❛❜s♦r❜♦✈❛♥é❤♦
③á➦❡♥í ❛ ↔ást✐❝ t❡♣❡❧♥♦✉ ❝❡st♦✉ ❞♦ r❡③❡r✈♦ár✉✱ ❥❡ ❥❡❥✐❝❤ ➨♣❛t♥ý ♣♦♠➙r s✐❣♥á❧✴➨✉♠✳
❚❡♣❡❧♥é ❞❡t❡❦t♦r② ❥s♦✉ t♦t✐➸ ♦✈❧✐✈♥➙♥② ♥❛♣➦í❦❧❛❞ ♠✐❦r♦✈❧♥❛♠✐✱ ❦t❡ré s❡ ♥❡❛❜s♦r❜♦✲
✈❛❧② ♣➦✐ ♦❤➦❡✈✉ ♣❧❛③♠❛t✉✱ ↔✐ ✐♥❢r❛↔❡r✈❡♥ý♠ ③á➦❡♥í♠✱ ♣♦❝❤á③❡❥í❝í♠ ③❡ s♦✉↔ástí ✈②s✲
t❛✈❡♥ý❝❤ ♣❧❛③♠❛t✉ ❬✾❪✳ ❘♦③✈♦❥ ✈❡ ✈ýr♦❜➙ ♣♦❧♦✈♦❞✐↔➲ ✉♠♦➸♥✐❧ ✈③♥✐❦ ❢♦t♦❞✐♦❞ s ✈❡❧♠✐
t❡♥❦♦✉ ♠rt✈♦✉ ✈rst✈♦✉✱ ❥❡❥✐❝❤➸ ú↔✐♥♥♦st s❡ ♣r♦t♦ ❜❧í➸í ✈♥✐t➦♥í ❦✈❛♥t♦✈é ú↔✐♥♥♦st✐✳
◆❛✈③á❥❡♠ ❥❡ ♦❞❧✐➨✉❥❡♠❡ ♣♦❞❧❡ ú↔❡❧✉✱ t❥✳ s♣❡❦tr❛ ❞❡t❡❦♦✈❛♥é❤♦ ③á➦❡♥í✱ ♣r♦ ♥➙➸ ❜②❧②
✈②r♦❜❡♥②✳ P♦❞❧❡ t♦❤♦ s❡ ✐ ♦③♥❛↔✉❥í✳ ❱③♥✐❦❧② t❛❦ ♥❛♣➦í❦❧❛❞ ✐ ❞✐♦❞② ❆❳❯❱ ✭❆❜s♦❧✉t❡
❡❳tr❡♠❡ ❯❧tr❛ ❱✐♦❧❡t✮✱ ❦t❡ré ♥❡♠❛❥í ❞♦♣♦✈❛♥♦✉ ♠rt✈♦✉ ✈rst✈✉ ❛ ♠❛❥í té♠➙➦ ♣❧♦❝❤♦✉
❦➦✐✈❦✉ ❝✐t❧✐✈♦st✐ ♣r♦ ❡♥❡r❣✐❡ ❢♦t♦♥➲ ✈②➨➨í ♥❡➸ ✺✵ ❡❱✱ ❥❛❦ ❥❡ ✈✐❞➙t ③ ♦❜rá③❦✉ ✷✳✸✳ Pr♦
t②t♦ ❡♥❡r❣✐❡ s❡ t❛❦ ❜❧í➸í ❥❡❥✐❝❤ ❝✐t❧✐✈♦st t❡♦r❡t✐❝❦é ❤♦❞♥♦t➙ ✵✱✷✼ ❆✴❲✳ ❉í❦② t♦♠✉✱ ❥s♦✉
♣➦❡❞✉r↔❡♥② ❜♦❧♦♠❡tr✐❝❦é♠✉ s❧❡❞♦✈á♥í ✈②s♦❦♦t❡♣❧♦t♥í❤♦ ♣❧❛③♠❛t✉✳ ❖❜❡❝♥á s❦❧❛❞❜❛
❆❳❯❱ ❛ ♣♦❞♦❜♥ý❝❤ ❞✐♦❞ ❥❡ ♣❛❦ ♥❛③♥❛↔❡♥❛ ♥❛ ♦❜rá③❦✉ ✷✳✶✳

❱❡ sr♦✈♥á♥í s ♦st❛t♥í♠✐ t②♣② ❜♦❧♦♠❡tr➲ ♠❛❥í ❆❳❯❱ ❞✐♦❞② r②❝❤❧♦✉ ♦❞❡③✈✉ ✭➦á❞✉
③❧♦♠❦➲ µs✮✳ ❉í❦② t♦♠✉ s❡ ❞❛❥í ✈②✉➸ít ❦ ♣♦③♦r♦✈á♥í r②❝❤❧ý❝❤ ③♠➙♥ ✈❡ ✈②③❛➦♦✈á♥í ♣❧❛③✲
♠❛t✉✱ st✉❞✐✉ ▼❍❉ ✭▼❛❣♥❡t♦ ❍②❞r♦ ❉②♥❛♠✐❝✮ ♥❡st❛❜✐❧✐t ❛ ❊▲▼ ✭❊❞❣❡ ▲♦❝❛❧✐③❡❞
▼♦❞❡s✮✱ ♠♦❞➲ ❧♦❦❛❧✐③♦✈❛♥ý❝❤ ♥❛ ♦❦r❛❥✐✱ ✈②s❦②t✉❥í❝í❝❤ s❡ ✈ t♦❦❛♠❛❝í❝❤ s ❞✐✈❡rt♦r❡♠
✶✹✳ ❚②t♦ ♣r♦❝❡s② ♠❛❥í ✈❧✐✈ ♥❛ ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉ ❛ ♣r♦❜í❤❛❥í ✈❡❧♠✐ r②❝❤❧❡✱ ❝♦➸
❦❧❛❞❡ ♣♦➸❛❞❛✈❦② ♥❛ ♣♦③♦r♦✈❛❝í ③❛➦í③❡♥í✳ ❑r♦♠➙ r②❝❤❧♦st✐ ♠✉s❡❥í ❞❡t❡❦t♦r② s♣❧♥✐t
✐ ♣♦❞♠í♥❦✉ ♥❛ ❞♦❜ré r♦③❧✐➨♦✈❛❝í s❝❤♦♣♥♦st✐✳ ❆❳❯❱ ❞✐♦❞② t②t♦ ♣♦➸❛❞❛✈❦② s♣❧➡✉❥í
❛ ♣♦s❦②t❧② ❞➲❧❡➸✐té ✐♥❢♦r♠❛❝❡ ♦ ▼❍❉ ❛ ❊▲▼ ♥❡st❛❜✐❧✐tá❝❤ ♥❛♣➦✳ ♥❛ t♦❦❛♠❛❝í❝❤ ❆❧✲
❝❛t♦r ❈✲♠♦❞❡✱ ❚❈❱✱ ❚✲✶✶✱ ❚✲✶✵ ❛ ❞❛❧➨í❝❤✳ P♦ ✈❤♦❞♥é ❦❛❧✐❜r❛❝✐ s❡ ♥➙❦t❡ré ❆❳❯❱
❞✐♦❞② ✈②✉➸í✈❛❥í t❛❦é ❥❛❦♦ ❛❜s♦❧✉t♥í ❞❡t❡❦t♦r② ❬✷✶❪✳ ◆❡❧✐♥❡ár♥í ❝✐t❧✐✈♦st ♣r♦ ♥í③❦é
❡♥❡r❣✐❡ ❢♦t♦♥➲ ③ár♦✈❡➡ ♦♠❡③✉❥❡ ❆❳❯❱ ♣r♦ ❥❡❥✐❝❤ ✈②✉➸✐tí ❥❛❦♦ ❞❡t❡❦t♦r➲ ❝❡❧❦♦✈é❤♦
✈②③á➦❡♥é❤♦ ✈ý❦♦♥✉ ♣❧❛③♠❛t✉ ❬✾❪✳

✶✺



✷✳✶✳✶ Ú↔✐♥♥♦st ❆❳❯❱

❉♦♣❛❞❛❥í❝í ③á➦❡♥í ✈②✈♦❧á✈á ✈♥✐t➦♥í ❢♦t♦❡❢❡❦t✱ ✈③♥✐❦á ♣ár ❡❧❡❦tr♦♥✲❞ír❛ ❛ ♣➦✐ ③❛♣♦❥❡♥í
❞♦ ♦❜✈♦❞✉ s❡ ❣❡♥❡r✉❥❡ ❡❧❡❦tr✐❝❦ý ♣r♦✉❞ ú♠➙r♥ý ❞♦♣❛❞❛❥í❝í♠✉ ③á➦❡♥í✳ Pr❛✈❞➙♣♦❞♦❜✲
♥♦st✱ ➸❡ ❞♦♣❛❞❛❥í❝í ❢♦t♦♥ ✈②t✈♦➦í ❡❧❡❦tr♦♥✲❞➙r♦✈ý ♣ár✱ ❦t❡rý s❡ ❜✉❞❡ ♣♦❞í❧❡t ♥❛ ❞❡✲
t❡❦♦✈❛♥é♠ ♣r♦✉❞✉✱ s❡ ♥❛③ý✈á ❦✈❛♥t♦✈á ú↔✐♥♥♦st✳ ❖③♥❛↔♠❡ ❥✐ η✳ P❛❦❧✐➸❡ ♦③♥❛↔í♠❡
❥❛❦♦ ξ ♣r❛✈❞➙♣♦❞♦❜♥♦st✱ ➸❡ ✈②t✈♦➦❡♥ý ♣ár ❜✉❞❡ t✈♦➦✐t ❞❡t❡❦♦✈❛♥ý ♣r♦✉❞✱ ♣❛❦ ♣r❛✈✲
❞➙♣♦❞♦❜♥♦st ③trát②✱ t❡❞② ❥❡✈✉ ♦♣❛↔♥é❤♦✱ ❜✉❞❡ 1 − ξ✳ ❑✈❛♥t♦✈♦✉ ú↔✐♥♥♦st ♣❛❦ ❧③❡
✈②❥á❞➦✐t ❥❛❦♦

η = (1−R)ξ(1− eα(ν)d), ✭✷✳✶✮

❦❞❡ R ❥❡ ✐♥❞❡① ♦❞r❛③✐✈♦st✐ ✈rst✈②✱ α ❦♦❡✜❝✐❡♥t ❛❜s♦r♣❝❡ ③á➦❡♥í ✈❧♥♦✈é ❞é❧❦② ν ❛ d
❥❡ t❧♦✉➨➫❦❛ ✈rst✈②✳ ❬✷✶❪ Pr♦ ✈❧♥♦✈é ❞é❧❦② ✈➙t➨í ❥❛❦ ✼✵✵ ♥♠ ❦❧❡sá ✈♥✐t➦♥í ❦✈❛♥t♦✈á
ú↔✐♥♥♦st ✈✐③ ♦❜rá③❡❦ ❬✷✳✷❪✳

❆❳❯❱ ♥❡♠❛❥í ❞♦♣♦✈❛♥♦✉ ♠rt✈♦✉ ✈rst✈✉✱ ❛ ♥❛✈í❝ ✉ ♥✐❝❤ ✈ ◆✲✈rst✈➙✱ ❛♥✐ ♥❛ ♣➦❡✲
❝❤♦❞✉ ❦➦❡♠í❦♦✈é ✈rst②✱ té♠➙➦ ♥❡❞♦❝❤á③í ❦ r❡❦♦♠❜✐♥❛❝✐ ❡❧❡❦tr♦♥✲❞➙r♦✈ý❝❤ ♣ár➲ ③♣➙t
♥❛ ❢♦t♦♥②✳ ❆❳❯❱ ♠❛❥í ③ár♦✈❡➡ ♠❛❧♦✉ ❛❜s♦r♣↔♥í ❞é❧❦✉ ✭< µ♠✮ ♣r♦ ❞♦♣❛❞❛❥í❝í ❯❱
❛ ❊❯❱ ✭❊①tr❡♠❡ ❯❧tr❛ ❱✐♦❧❡t✮ ③á➦❡♥í✳ ❉í❦② t➙♠t♦ ✈❧❛st♥♦st❡♠ ❥❡ ✈❡ ✈♥➙❥➨í♠ ♦❜✈♦❞✉
❞❡t❡❦♦✈á♥♦ té♠➙➦ ✶✵✵✪ ❣❡♥❡r♦✈❛♥é❤♦ ♣r♦✉❞✉✳ ❈❡❧❦♦✈♦✉ ❦✈❛♥t♦✈♦✉ ú↔✐♥♥♦st ❞❡t❡❦✲
t♦r✉ ❥❡ ✈ ♦❜❧❛st✐ ❊❯❱ ♠♦➸♥♦ ♦❞❤❛❞♥♦✉t ❥❛❦♦ ǫph✴✸✱✻✺✱ ❦❞❡ ǫph ❥❡ ❡♥❡r❣✐❡ ❞♦♣❛❞❛❥í❝í❝❤
❢♦t♦♥➲ ✈ ❡❱ ❛ ❤♦❞♥♦t❛ ✸✱✻✺ ❡❱ ❥❡ ❡♥❡r❣✐❡ ♣♦t➦❡❜♥á ♥❛ ✈②t✈♦➦❡♥í ❥❡❞♥♦❤♦ ❡❧❡❦tr♦♥✲
♣♦③✐tr♦♥♦✈é❤♦ ♣ár✉ ✈ ❦➦❡♠í❦✉✳

❖❜rá③❡❦ ✷✳✷✿ P♦❦❧❡s ✈♥✐t➦♥í ❦✈❛♥t♦✈é ú↔✐♥♥♦st✐ ❆❳❯❱ ✈③❤❧❡❞❡♠ ❦ ✈❧♥♦✈é ❞é❧❝❡
❞♦♣❛❞❛❥í❝í❤♦ ③á➦❡♥í ✭P➦❡✈③❛t♦ ③ ❬✷✶❪✮

✶✻



✷✳✶✳✷ ❈✐t❧✐✈♦st ❆❳❯❱

❈✐t❧✐✈♦st ❢♦t♦❞✐♦❞ C ❞❡✜♥✉❥❡♠❡ ❥❛❦♦ ♣♦❞í❧ ❣❡♥❡r♦✈❛♥é❤♦ ♣r♦✉❞✉ ❛ ❡♥❡r❣✐❡ ❛❜s♦r❜♦✲
✈❛♥é❤♦ ❦✈❛♥t❛ ③á➦❡♥í✳ ❙ ❦✈❛♥t♦✈♦✉ ú↔✐♥♥♦stí η s♦✉✈✐sí ❝✐t❧✐✈♦st ✈③t❛❤❡♠

C =
ηq

hν
[A/W ], ✭✷✳✷✮

❦❞❡ ν ❥❡ ❢r❡❦✈❡♥❝❡ ❞♦♣❛❞❛❥í❝í❤♦ ③á➦❡♥í ❛ ❤ ♣❧❛♥❝❦♦✈❛ ❦♦♥st❛♥t❛✳ ❆❳❯❱ ❞✐s♣♦♥✉❥í
✻✲✽ ♥♠ t❡♥❦♦✉ ♦❝❤r❛♥♥♦✉ ✈rst✈♦✉ ③ ❙✐❖2 ✈✐③ ♦❜rá③❡❦ ✷✳✶✱ ❦t❡rá ❝❤rá♥í ❞❡t❡❦t♦r
♣➦❡❞ ✈②s♦❦♦❡♥❡r❣❡t✐❝❦ý♠✐ ↔ást✐❝❡♠✐ ❛ ③á➦❡♥í♠✳ ❑✈➲❧✐ ❛❜s♦r♣❝✐ ③á➦❡♥í ♣➦✐ ♣r➲❝❤♦❞✉
t♦✉t♦ ✈rst✈♦✉✱ ♣♦③♦r♦✈❛❝í♠ ♦❦♥❡♠✱ ❥❡ ❦✈❛♥t♦✈á ú↔✐♥♥♦st ♠ír♥➙ s♥í➸❡♥❛ ♣r♦ ❢♦t♦♥②
♦ ❡♥❡r❣✐í❝❤ ✽✲✶✵✵ ❡❱ ✈✐③ ♦❜rá③❡❦ ✷✳✸✳ ❑ ♣♦❦❧❡s✉ ❝✐t❧✐✈♦st✐ ❞♦❝❤á③í ✐ ♣r♦ ❡♥❡r❣✐❡ ❢♦t♦♥➲
♠❡③✐ ✶✵✵ ❛➸ ✷✵✵ ❡❱✳ Pr♦ ❡♥❡r❣✐❡ ✈②➨➨í ❥❛❦ ✺✵ ❡❱ s❡ ❥✐➸ ❝✐t❧✐✈♦st ❆❳❯❱ ❜❧í➸í t❡♦r❡t✐❝❦é
❤♦❞♥♦t➙ ✵✱✷✼ ❆✴❲ ❬✷✶❪✳ P❧♦❝❤á ❦➦✐✈❦❛ ❝✐t❧✐✈♦st✐ ♣r♦ ♣➦ís❧✉➨♥é ✈❧♥♦✈é ❞é❧❦② < ✶✵ ♥♠
❥❡ ❧é♣❡ ♣❛tr♥á ③ ♦❜rá③❦✉ ✷✳✹✱ ❦❞❡ ❥❡ ③ár♦✈❡➡ sr♦✈♥á♥í ❝✐t❧✐✈♦st✐ ❆❳❯❱ s ♦st❛t♥í♠✐
❢♦t♦❞✐♦❞❛♠✐ ❙❳❯❱ ❛ ❯❱●✳ ❯❦❛③✉❥❡ s❡✱ ➸❡ ❝✐t❧✐✈♦st ❞✐♦❞ ♠➲➸❡ ③ár♦✈❡➡ ❦❧❡s❛t s ❞♦❜♦✉
✈②st❛✈❡♥í ↔ást✐❝í♠ ✈❡ ✈❛❦✉✉ ③❛ ✈③♥✐❦✉ ♥❛♣❛➦❡♥é ✈rst✈✐↔❦② ③❡❥♠é♥❛ t✈♦➦❡♥é ✉❤❧í❦❡♠
✈✐③ ❬✾✱ ✷✱ ✷✶❪✳ ❆❳❯❱ s❡ ♦❞ ♦st❛t♥í❝❤ ❜♦❧♦♠❡tr➲ t❛❦é ❧✐➨í té♠➙➦ ♥✉❧♦✈♦✉ ❝✐t❧✐✈♦stí
♥❛ ♥❡✉trá❧♥í ↔ást✐❝❡ ❛ ③ár♦✈❡➡ ✉♠♦➸➡✉❥í ❞❡t❡❦♦✈❛t ♥í③❦♦❡♥❡r❣❡t✐❝❦é ❡❧❡❦tr♦♥② ❛ ✐♦♥t②✱
✈✐③ ♦❜rá③❡❦ ✷✳✺✳

❖❜rá③❡❦ ✷✳✸✿ ❈✐t❧✐✈♦st ❆❳❯❱ ♣r♦
❡♥❡r❣✐❡ ❢♦t♦♥➲ ✭P➦❡✈③❛t♦ ③ ❬✾❪✮

❖❜rá③❡❦ ✷✳✹✿ ❈✐t❧✐✈♦st ❆❳❯❱ ♣r♦ ✈❧♥♦✈é
❞é❧❦② ③á➦❡♥í ✈❡ sr♦✈♥á♥í s ❙❳❯❱ ❛ ❯❱●
✭P➦❡✈③❛t♦ ③ ❬✷✶❪✮

✶✼



❖❜rá③❡❦ ✷✳✺✿ ❈✐t❧✐✈♦st ❆❳❯❱ ♥❛ ❡❧❡❦tr♦♥② ❛ ✈♦❞í❦♦✈é ✐♦♥t② ✭P➦❡✈③❛t♦ ③ ❬✷✶❪✮

✷✳✷ ❈❛♠❡r❛ ♦❜s❝✉r❛

❖❜rá③❡❦ ✷✳✻✿ ❙❝❤é♠❛ ❝❛♠❡r② ♦❜✲
s❝✉r②

❆❜②❝❤♦♠ ♠♦❤❧✐ ✉r↔✐t ♣r♦✜❧ ✈②③❛➦♦✈❛♥é❤♦
✈ý❦♦♥✉ ✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉✱ ❥❡ ♥✉t♥é ♣♦✉➸ít
♣♦❧❡ ❞❡t❡❦t♦r➲✳ P♦❦✉❞ ❜② ♥❛ ❦❛➸❞ý ❞❡t❡❦✲
t♦r ♣♦❧❡ ❞♦♣❛❞❛❧♦ ③á➦❡♥í ③ ❧✐❜♦✈♦❧♥é ♦❜❧❛st✐
♣♦❧♦✐❞á❧♥í❤♦ ➦❡③✉✱ ♠♦❤❧✐ ❜②❝❤♦♠ ✉r↔✐t ♣♦✉③❡
❝❡❧❦♦✈ý ✈ý❦♦♥ ♣❧❛③♠❛t✉✳ ◆❡♥í t❛❦ ♠♦➸♥é ✉r↔✐t
✈②③❛➦♦✈á♥í ❦♦♥❦rét♥í ♦❜❧❛st✐✳ Pr♦t♦ s❡ ✈②✉➸í✈á
❝❛♠❡r❛ ♦❜s❝✉r❛ ✈✐③ ♦❜rá③❡❦ ✷✳✻✳ ◆á③❡✈ ✈②✲
❝❤á③í ③ ❧❛t✐♥② ❛ ③♥❛♠❡♥á t❡♠♥á ❦♦♠♦r❛✳
❏❡❞♥á s❡ t❡❞② ♦ ✉③❛✈➦❡♥♦✉ s❦➦í➡❦✉✳ ❙✈➙t❧♦
♠á ❞♦ s❦➦í➡❦② ✉♠♦➸♥➙♥ ✈st✉♣ ❞í❦② ❥❡❞♥♦♠✉
❜♦❞✉✳ ❙✈➙t❧♦✱ ❦t❡ré s❡ ♦❞r❛③í ♦❞ ❞❛♥é❤♦ ♣➦❡❞✲
♠➙t✉✱ ♥❡❜♦ ❥❡❥ ♣➦❡❞♠➙t ♣➦í♠♦ ✈②③❛➦✉❥❡✱ t❛❦
❞♦♣❛❞á ♥❛ ③❛❞♥í st➙♥✉ ❛ ✈③♥✐❦á ❥❡❤♦ ♣➦❡✈rá✲
❝❡♥ý ♦❜r❛③✳ Pr✐♥❝✐♣ ❝❛♠❡r② ♦❜s❝✉r② ♣♦♣s❛❧
❥✐➸ ✈ ✺✳ st✳ ♣➦✳ ♥✳ ❧✳ ❷í♥s❦ý ✜❧♦s♦❢ ▼♦ ❚✐✱
↔✐ ❆r✐st♦t❡❧❡s ✈❡ ✹✳ st✳ ♣➦✳ ♥✳ ❧✳ P♦✉➸í✈❛❧✐
❥✐ ♥❛♣➦í❦❧❛❞ ♠❛❧í➦✐✱ ♥❡➸ ❜②❧ ✈②♥❛❧❡③❡♥ ❢♦t♦❛✲
♣❛rát✳

Pr✐♥❝✐♣ ♣r♦ ✈②✉➸✐tí ❝❛♠❡r② ♦❜s❝✉r② ✈ ❞❡t❡❦❝✐
③á➦❡♥í s♣♦↔í✈á ✈ t♦♠✱ ➸❡ s❡ s❦✉♣✐♥❛ ✉s♣♦➦á✲
❞❛♥ý❝❤ ❞❡t❡❦t♦r➲ ✉♠ístí ❞♦ ③❛❞♥í ↔ást✐ ✉③❛✲
✈➦❡♥é❤♦ ❦r②t✉ s❡ ➨t➙r❜✐♥♦✉ ✈ ♣➦❡❞♥í ↔ást✐✳ ❙✈➙t❧♦
③❡ s♥í♠❛♥é❤♦ ♦❜❥❡❦t✉ ♣❛❦ ♣r♦❝❤á③í ➨t➙r❜✐♥♦✉✱ ❦t❡rá ❜rá♥í ③á➦❡♥í✱ ❛❜② ❞♦♣❛❞❛❧♦
♥❛ ✈➨❡❝❤♥② ❞❡t❡❦t♦r② ③ ❧✐❜♦✈♦❧♥é❤♦ ú❤❧✉✳ ❑❛➸❞ý ❞❡t❡❦t♦r t❛❦ s♥í♠á ♣♦✉③❡ ❥✐stý
♣r♦st♦r♦✈ý ú❤❡❧✱ ❝♦➸ ✉♠♦➸➡✉❥❡ ❞❛❧➨í ♥✉♠❡r✐❝❦é ③♣r❛❝♦✈á♥í✳ ➆t➙r❜✐♥❛ ♥❡s♠í ❜ýt ❛♥✐
♣➦í❧✐➨ ✈❡❧❦á✱ ❛❜② ❜②❧ ❡❢❡❦t ❦❛♠❡r② ♦❜s❝✉r② ú↔✐♥♥ý✱ ❛♥✐ ♣➦í❧✐➨ t❡♥❦á✱ ❥❡❧✐❦♦➸ ✈ t♦♠
♣➦í♣❛❞➙ ❞♦❝❤á③í ❦ ❞✐❢r❛❦❝✐ ❛ r♦③♦st➦❡♥í✳ ❩♦r♥ý ú❤❡❧ ❝❡❧é❤♦ ❞❡t❡❦t♦r✉ ❥❡ ♣♦té ✉r↔❡♥
➨í➦❦♦✉ ❞❡t❡❦t♦r♦✈é❤♦ ♣♦❧❡ ❛ ❥❡❤♦ ❦♦❧♠♦✉ ✈③❞á❧❡♥♦stí ♦❞ ➨t➙r❜✐♥②✳ P♦③♦r♦✈❛❝í s♠➙r ❥❡

✶✽



✉r↔❡♥ ❦♦❧♠♦✉ ♦s♦✉ ❞❡t❡❦t♦r♦✈é❤♦ ♣♦❧❡✳

P➦✐ ♣♦✉➸✐tí ✈ t♦❦❛♠❛❝í❝❤ s❡ ♥❛ ♣❧❛③♠❛ ❞í✈á♠❡ ③ ❤❧❡❞✐s❦❛ ú↔❡❧✉ ③ r➲③♥ý❝❤ ♣♦✲
③♦r♦✈❛❝í❝❤ ú❤❧➲✳ P♦❦✉❞ ♥ás ③❛❥í♠á st➦❡❞ ♣❧❛③♠❛t✉✱ ♠í➦í t❛♠ ✐ ♦s❛ ❞❡t❡❦t♦r✉✳
❱ t❛❦♦✈é♠ ♣➦í♣❛❞➙ ♠➲➸❡♠❡ ↔❛st♦ ✈②✉➸ít s②♠❡tr✐í ♣❧❛③♠❛t✉✳ P♦❦✉❞ ❥❡ ♣♦✉➸✐t♦ ❥❡❞♥♦
❧✐♥❡ár♥í ❞❡t❡❦t♦r♦✈é ♣♦❧❡✱ ❥❡ ♠♦➸♥♦ ✈②✉➸ít ❝②❧✐♥❞r✐❝❦♦✉ s②♠❡tr✐✐ ♣❧❛③♠❛t✉ ✈ ♣♦❧♦✐❞á❧✲
♥í♠ ➦❡③✉ ❛ s✐❣♥á❧ ③♣r❛❝♦✈❛t ♣♦♠♦❝í s②♠❡tr✐❝❦é ❛ ❛s②♠❡tr✐❝❦é ❆❜❡❧♦✈② ✐♥✈❡r③❡✳
❈í❧❡♠ ♣♦③♦r♦✈á♥í ❜ý✈á ✐ ♦❦r❛❥ ♣❧❛③♠❛t✉✱ ❦❞② ❞❡t❡❦t♦r s♠➙➦✉❥❡ ♥❛ ♣❧❛③♠❛ t❛♥❣❡♥✲
❝✐á❧♥➙ ✈✐③ ❬✶✸❪✳ ❚í♠ ❥❡ ♠♦➸♥é ♥❛♣➦✳ s❧❡❞♦✈❛t ❝❤♦✈á♥í ♣❧❛③♠❛t✉ ♣♦❜❧í➸ ❧✐♠✐t❡r✉✱ ❦❞❡
s❡ ♥❛❝❤á③í ♠♥♦❤♦ ✐♦♥✐③♦✈❛♥ý❝❤ ♥❡↔✐st♦t ❛ ♣r♦❜í❤❛❥í ♥❡❥✈➙t➨í ❡♥❡r❣❡t✐❝❦é ③trát②✳ ❱
♣➦í♣❛❞➙ ♣♦✉➸✐tí ✈í❝❡ ❞❡t❡❦t♦r➲✱ t❡❞② ✐ ✈í❝❡ ♣♦③♦r♦✈❛❝í❝❤ ♠íst✱ ✈③♥✐❦♥❡ ♣♦③♦r♦✈❛❝í
sí➫✱ ③❡ ❦t❡ré ❥❡ ♠♦➸♥é t♦♠♦❣r❛✜❝❦② ③r❡❦♦♥str✉♦✈❛t ❝❡❧❦♦✈ý r❛❞✐❛↔♥í ♣r♦✜❧ ♣❧❛③♠❛t✉✳
❘②❝❤❧é ❆❳❯❱ ❞✐♦❞② ③ár♦✈❡➡ ✉♠♦➸➡✉❥í s♥í♠❛t ♣❧❛③♠❛ s ❢r❡❦✈❡♥❝í ✺ ▼❍③✳ ❙♣♦❧❡↔♥➙
s ✐♥t❡❣rá❧♥í♠✐ ♠❡t♦❞❛♠✐ t❛❦ ❧③❡ ✉r↔✐t ✐ ↔❛s♦✈ý ✈ý✈♦❥ r❛❞✐❛↔♥í❤♦ ♣r♦✜❧✉ ♣❧❛③♠❛t✉✳

✶✾



❑❛♣✐t♦❧❛ ✸

❇♦❧♦♠❡tr✐❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼

✸✳✶ ■♥st❛❧❛❝❡ ❆❳❯❱✵ ❛ ❣❡♦♠❡tr✐❡

❖❜rá③❡❦ ✸✳✶✿ ❯♠íst➙♥í ❞❡t❡❦t♦r✉ ✲ ♠❛❧ý ❦➦í➸
♥❛♣r❛✈♦✱ ✉♠íst➙♥í ❢♦t♦❛♣❛rát✉ ✲ ✈❡❧❦ý ❦➦í➸ ✈❧❡✈♦

❖❜rá③❡❦ ✸✳✷✿ P➦ír✉❜❛ s ❞❡t❡❦✲
t♦r❡♠

❱③❤❧❡❞❡♠ ❦ t♦♠✉✱ ➸❡ ❥❡ ✐♥st❛❧♦✈❛♥é ♣♦❧❡ ❆❳❯❱ ❞✐♦❞ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ t❡st♦✲
✈❛❝í♠ ♠♦❞✉❧❡♠✱ ③❛✈❡❞❡♠❡ ♣r♦ ♥➙❥ ♦③♥❛↔❡♥í ❆❳❯❱✵✳ ❆❳❯❱✵ ❜②❧♦ ✐♥st❛❧♦✈á♥♦
♥❛ ❜♦↔♥í ♣♦rt t♦❦❛♠❛❦✉ ●❖▲❊▼✱ ♥❛ ✈❡❞❧❡❥➨í♠ ❜♦↔♥í♠ ♣♦rt✉ ❥❡ ♦s❛③❡♥ ❢♦t♦❛✲
♣❛rát✱ ❦t❡rý ✉♠♦➸➡✉❥❡ s♥í♠❛t ③á➦❡♥í ♣❧❛③♠❛t✉ s ❢r❡❦✈❡♥❝í ✶✷✵✵ s♥í♠❦➲ ③❛ s❡❦✉♥❞✉✳
❯♠íst➙♥í ❆❳❯❱✵ s♣♦❧❡↔♥➙ s ❢♦t♦❛♣❛rát❡♠ ❥❡ ♥❛ ♦❜rá③❦✉ ✸✳✶✳

❙❝❤é♠❛t✐❝❦é r♦③❧♦➸❡♥í ❡①♣❡r✐♠❡♥t✉ ❛ s❜➙r✉ ❞❛t ❥❡ ♥❛ ♦❜rá③❦✉ ✸✳✹✳ ❉í❦② ③❛❝❤②❝❡♥í
③á➦❡♥í ♣❧❛③♠❛t✉ ♣♦♠♦❝í ❢♦t♦❛♣❛rát✉ ❛ ③ár♦✈❡➡ ❜♦❧♦♠❡tr② ❥❡ ♠♦➸♥é t②t♦ ✈ýs❧❡❞❦②
↔ást❡↔♥➙ ♣♦r♦✈♥❛t✱ ✈✐③ ✹✳✷✳✶✳ ❉❡t❡❦t♦r♦✈ý ❦r②t ❥❡ s②♠❡tr✐❝❦ý✱ t✈❛r✉ ❞✉té❤♦ ✈á❧❝❡✳
➆t➙r❜✐♥❛ ❥❡ ♣❛❦ ✉♠íst➙♥❛ ♥❛ ❥❡❞♥é str❛♥➙ ✈á❧❝❡ ❛ ❜♦❧♦♠❡tr✐❝❦é ♣♦❧❡ ✉♣r♦st➦❡❞ ✈✐③ ♦❜✲
rá③❡❦ ✸✳✷ ◆❛ ♦❜rá③❦✉ ✸✳✸ ❥s♦✉ ♦③♥❛↔❡♥② ❤❧❛✈♥í ♣❛r❛♠❡tr② ❡①♣❡r✐♠❡♥t✉✱ t❥✳ ✈③❞á❧❡✲
♥♦st ➨t➙r❜✐♥② P ❞❡t❡❦t♦r✉ ♦❞ st➦❡❞✉ ❦♦♠♦r② ❥❛❦♦ L❀ ✈③❞á❧❡♥♦st ♦❞ ➨t➙r❜✐♥② ❦ ♥❛♣♦✲

✷✵



❥❡♥í ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉ ♥❛ ❦♦♠♦r✉ Lfl❀ ♣♦③♦r♦✈❛❝í ú❤❧② st➦❡❞➲ ❆❳❯❱ ❞✐♦❞ αi❀
❝❡❧❦♦✈ý ♣♦③♦r♦✈❛❝í ú❤❡❧ ❞❡t❡❦t♦r✉ αtot ❛ ❦♦❧♠á ✈③❞á❧❡♥♦st ♦❞ st➦❡❞✉ ❦♦♠♦r② ❦ ♦s❡
♣♦③♦r♦✈❛❝í❝❤ ú❤❧➲ Ri✳ ❈❤❛r❛❦t❡r✐st✐❝❦é r♦③♠➙r② ❥s♦✉ ♣♦té s❤r♥✉t② ✈ t❛❜✉❧❝❡ ✸✳✶✳

❖❜rá③❡❦ ✸✳✸✿ ❙❝❤é♠❛ s ♣❛r❛♠❡tr② ❡①♣❡r✐♠❡♥t✉

❖❜rá③❡❦ ✸✳✹✿ ❙❝❤é♠❛ s❜➙r✉ ❞❛t

✷✶



➆í➦❦❛ ❞❡t❡❦t♦r✉ sD ✵✱✼✺ ♠♠
➆í➦❦❛ ♠❡③❡r② dSD ✵✱✶✹✹ ♠♠
❱ý➨❦❛ ❞❡t❡❦t♦r✉ sD ✹ ♠♠
➆í➦❦❛ ➨t➙r❜✐♥② ss ✵✱✶✾✹ ♠♠
❱ý➨❦❛ ➨t➙r❜✐♥② hs ✹ ♠♠
❑♦❧♠á ✈③❞á❧❡♥♦st ♣♦❧❡ ♦❞ ➨t➙r❜✐♥② a ✷✽✱✼✸ ♠♠
❍❧❛✈♥í ♣♦❧♦♠➙r ❘ ✹✵✵ ♠♠
P♦❧♦♠➙r ❦♦♠♦r② amax ✶✵✻ ♠♠
❱③❞❛❧❡♥♦st ♦s② ❦♦♠♦r② ♦❞ ➨t➙r❜✐♥② L ✸✹✷ ♠♠
➆í➦❦❛ ♣➦ír✉❜② Hfl ✹✷ ♠♠
❱ý➨❦❛ ♣➦ír✉❜② Vfl ✶✸✽ ♠♠
❑♦❧♠á ✈③❞❛❧❡♥♦st ♣♦rt✉ ♦❞ ➨t➙r❜✐♥② Lflch ✻✸ ♠♠
❊❢❡❦t✐✈♥í ✈ý❦♦♥ ❞❡t❡❦t♦r✉ Seff ✵✱✷✻ ❆✴❲

❚❛❜✉❧❦❛ ✸✳✶✿ ❚❛❜✉❧❦❛ ♣❛r❛♠❡tr➲ ♣r♦ ✈ý♣♦↔❡t

✸✳✷ ❈❤❛r❛❦t❡r✐st✐❦❛ ♣♦✉➸✐té❤♦ ♣♦❧❡ ❆❳❯❱ ❞✐♦❞

❖❜rá③❡❦ ✸✳✺✿ ❢♦t♦ ❆❳❯❱✷✵❊▲

❆❳❯❱✵ ♦❜s❛❤✉❥❡ ✷✵ ❞✐♦❞✱ ③ ♥✐❝❤➸ ✶✾ ❥✐❝❤ ❥❡
❢✉♥❦↔♥í❝❤✱ s❧♦✉➸í ❦ ③á❦❧❛❞♥í♠✉ ✉✈❡❞❡♥í ❜♦❧♦✲
♠❡tr✐❝❦é ❞✐❛❣♥♦st✐❦② ❞♦ ♣r♦✈♦③✉ ♥❛ t♦❦❛♠❛❦✉
●❖▲❊▼✳ ❋♦t♦ ❞❡t❡❦t♦r✉ st❡❥♥é❤♦ t②♣✉ ❥❡
♥❛ ♦❜rá③❦✉ ✸✳✺✳ ❉❡t❡❦t♦r ❜②❧ ✈②r♦❜❡♥ ✜r♠♦✉
■♥t❡r♥❛t✐♦♥❛❧ ❘❛❞✐❛t✐♦♥❛❧ ❉❡t❡❝t♦rs ■♥❝✳ ❬✷✶❪✳
◆②♥í ❆❳❯❱ ❞❡t❡❦t♦r② ✈②rá❜í ✜r♠❛ ❖♣t♦ ❉✐♦❞❡
❈♦r♣♦r❛t✐♦♥ ❬✷✸❪✳ P♦✉➸í✈❛♥é ♣♦❧❡ ❢♦t♦❞✐♦❞ ❜②❧♦
♣➲✈♦❞♥➙ ✐♥st❛❧♦✈á♥♦ ♥❛ t♦❦❛♠❛❦✉ ❈❆❙❚❖❘
♣♦❞ ♦③♥❛↔❡♥í♠ ❆❳❯❱✷✱ ❦❞❡ s♣♦❧❡↔♥➙ s ❞❡t❡❦✲
t♦r❡♠ ❆❳❯❱✶ ♦ ➨❡st♥á❝t✐ ❦❛♥á❧❡❝❤✱ s❧♦✉➸✐❧♦ ❦
t♦♠♦❣r❛✜❝❦é r❡❦♦♥str✉❦❝✐ ♣r♦✜❧✉ ✈②③❛➦♦✈❛♥é❤♦
✈ý❦♦♥✉ ♣❧❛③♠❛t✉✳

❆❳❯❱✷✵❊▲ ❥s♦✉ r②❝❤❧é ❢♦t♦❞✐♦❞② ♥á❜➙➸♥♦✉ ❞♦❜♦✉ ✵✱✷ µs✱ ✉r↔❡♥é ❦ ❞❡t❡❦❝✐ ③á➦❡♥í
s ❡♥❡r❣✐❡♠✐ ✈ ♦❜❧❛st✐ ✼ ❡❱ ❛➸ ✻ ❦❡❱✱ t❥✳ ♦❞ ❯❱ ♣♦ ♠➙❦❦é ❘❚● ③á➦❡♥í✳ ❱ tét♦
♦❜❧❛st✐ ♠❛❥í ❞❡t❡❦t♦r② ❦✈❛♥t♦✈♦✉ ú↔✐♥♥♦st té♠➙➦ ✶✵✵✪ ❬✷✶❪✳ ❩ár♦✈❡➡ ✉♠♦➸➡✉❥í ❞❡✲
t❡❦❝✐ ♥í③❦♦❡♥❡r❣❡t✐❝❦ý❝❤ ❡❧❡❦tr♦♥➲ ❛ ✐♦♥t➲✳ P➲✈♦❞♥í ❝✐t❧✐✈♦st ❆❳❯❱✵ ♥❛ ③á➦❡♥í ❛ ↔ás✲
t✐❝❡ ♣r♦ ❡♥❡r❣✐❡ ❥❡ ♥❛ ♦❜rá③❦✉ ✸✳✻✳ P♦③♦r♦✈❛❝í ♦❦♥♦ ❥❡ ✈ ♣➦í♣❛❞➙ ❆❳❯❱ ❝❤rá♥➙♥♦
♣r♦t✐ ❡♥❡r❣❡t✐❝❦ý♠ ↔ást✐❝í♠ ❛ t✈r❞é♠✉ ③á➦❡♥í ✹✲✽ ♥♠ s✐❧♥♦✉ ♦❝❤r❛♥♥♦✉ ✈rst✈♦✉ ♦①✐❞✉
❦➦❡♠✐↔✐té❤♦ ✈✐③ ♦❜rá③❡❦ ✷✳✶

✷✷



❖❜rá③❡❦ ✸✳✻✿ ❈✐t❧✐✈♦st ❆❳❯❱✷✵❊▲✱ ♣➦❡✈③❛t♦ ③ ❬✷❪

✸✳✷✳✶ P❛r❛♠❡tr② ♣♦✉➸✐tý❝❤ ❢♦t♦❞✐♦❞

❖❜rá③❡❦ ✸✳✼✿ ❑♦♥str✉❦↔♥í s❝❤é♠❛ ❞❡t❡❦t♦r✉ ❆❳❯❱✷✵❊▲ ❬✷✵❪

❘♦③♠➙r② ❞❡t❡❦t♦r➲ ❆❳❯❱✵ ❥s♦✉ ③♦❜r❛③❡♥② ♥❛ ♦❜rá③❦✉ ❬✸✳✼❪ ❛ ♣➦ís❧✉➨♥é ❤♦❞♥♦t② ❥s♦✉
✉✈❡❞❡♥② ✈ t❛❜✉❧❝❡ ❬✸✳✷❪✳ ❏❡❞♥♦t❧✐✈é ❞✐♦❞② ♠❛❥í ✵✱✼✺ ♠♠ ♥❛ ➨í➦❦✉ ❛ ✹ ♠♠ ♥❛ ✈ý➨❦✉❀
♠❡③✐ ♦❦r❛❥✐ ❞✐♦❞ ❥❡ ✵✱✶✹✹ ♠♠ ➨✐r♦❦á ♠❡③❡r❛✳ Ú↔✐♥♥á ❞é❧❦❛ ♣♦❧❡ ❥❡ ❝❡❧❦❡♠ ✶✻✱✽✹✷ ♠♠✳
❙♥í♠❦♦✈❛❝í ❢r❡❦✈❡♥❝❡ ✺ ▼❍③ ✉♠♦➸➡✉❥❡ ♣♦➦✐③♦✈❛t ③á❜➙r ♣❧❛③♠❛t✉ ❦❛➸❞ý❝❤ ✷✵✵ ♥s✱
❛❧❡ ③á❧❡➸í ✐ ♥❛ s❜➙r♥ý❝❤ ♣♦↔ít❛↔í❝❤✳ ❉í❦② ❞❧♦✉❤♦❞♦❜é♠✉ ✈②✉➸✐tí ❞✐♦❞ ♥❛ t♦❦❛♠❛❦✉
❈❆❙❚❖❘ ❜②❧❛ ♣r♦✈❡❞❡♥❛ ❛♥❛❧ý③❛ ❤✐st♦❣r❛♠✉ ❞❛t ❝❡❧❦♦✈é❤♦ ✈②③❛➦♦✈❛♥é❤♦ ♣r♦✜❧✉
❬✷❪✳ ❯❦❛③✉❥❡ s❡✱ ➸❡ ✈②st❛✈❡♥í ❞✐♦❞ r②❝❤❧ý♠ ↔ást✐❝í♠ ❛ ♥❡↔✐st♦tá♠ ♠➲➸❡ ♠ít ✈❧✐✈
♥❛ ❥❡❥✐❝❤ ❝❡❧❦♦✈♦✉ ú↔✐♥♥♦st ✈✐③ ❬✷❪✳

✸✳✸ ❩❡s✐❧♦✈❛↔

❆❜② ❜②❧♦ ♠♦➸♥é ♠➙➦✐t ♠❛❧ý ♣r♦✉❞♦✈ý s✐❣♥á❧ ❝❝❛ ✵✱✶ µ❆✱ ❥❡ ♥✉t♥é ❥❡❥ ③❡sí❧✐t✳ ❑ t♦♠✉
s❧♦✉➸í ③❡s✐❧♦✈❛↔ ♣➦❡❥❛tý ③ ♣➲✈♦❞♥í❤♦ ❡①♣❡r✐♠❡♥t✉ ♥❛ t♦❦❛♠❛❦✉ ❈❆❙❚❖❘✳ ❑♦♥✈❡r③✐
❛ ③❡sí❧❡♥í ♣r♦✉❞✲♥❛♣➙tí ✉♠♦➸➡✉❥❡ ❞❡s❡t ♦♣❡r❛↔♥í❝❤ ♠♦❞✉❧➲ t✈♦➦❡♥ý❝❤ ❞✉á❧♥í♠✐ ③❡s✐✲
❧♦✈❛↔✐ ❆❉✽✷✷❆◆ s❡ ③♣➙t♥♦✉ ❦❛♣❛❝✐t♥í ✈❛③❜♦✉ ✈✐③ ♦❜rá③❡❦ ✸✳✾✳ ❩❡s✐❧♦✈❛❝í ↔❧❡♥ t✈♦➦í
♦❞♣♦r

✷✸



❈✐t❧✐✈á ♣❧♦❝❤❛ ✸ × ✶✾ ♠♠2

➆í➦❦❛ ❞✐♦❞② ✵✱✼✺ ♠♠
❱ý➨❦❛ ❞✐♦❞② ✹ ♠♠
❉é❧❦❛ ♠❡③❡r② ♠❡③✐ ❞✐♦❞❛♠✐ ✵✱✶✹✹ ♠♠
❱③❞á❧❡♥♦st st➦❡❞➲ ❞✐♦❞ ✵✱✽✾✹ ♠♠
➆í➦❦❛ ✉➸✐t♥é❤♦ ♣♦❧❡ ❆❳❯❱ ✭✶✾ ❦❛♥á❧➲✮ ✶✻✱✽✹✷ ♠♠
❩❦r❛t♦✈❛❝í ♦❞♣♦r ✸✵✵ ▼Ω
❈✐t❧✐✈♦st ❞✐♦❞ ✵✱✷✻ ❆✴❲ ✭♣r♦ ❡♥❡r❣✐❡ ❢♦t♦♥➲ hν ✶✲✺ ❦❡❱✮
❉♦❜❛ ♥á❜➙❤✉ ✭✶✵✲✾✵✪✮ ✵✱✷ µs

❚❛❜✉❧❦❛ ✸✳✷✿ ❩á❦❧❛❞♥í ❝❤❛r❛❦t❡r✐st✐❦❛ ❢♦t♦❞✐♦❞

❖❜rá③❡❦ ✸✳✽✿ ❋♦t♦ ③❡s✐❧♦✈❛↔❡ ❖❜rá③❡❦ ✸✳✾✿ ❙❝❤é♠❛ ③❡s✐❧♦✈❛❝í❤♦ ↔❧❡♥✉

❱st✉♣♥í ❦❧✐❞♦✈ý ♣r♦✉❞ ✵✳✺ ♥❆ ✭♠❛①✳ ♣➦✐ ❚max ❂ ✰ ✽✺◦ ❈✮
❱st✉♣♥í ♥❛♣➙tí ✶✱✷ ♠❱ ✭♠❛①✳ ♣➦✐ ❚max ❂ ✰ ✽✺◦ ❈
➆í➦❦❛ ♣ás♠❛ ✶✱✽ ▼❍③
❘②❝❤❧♦st ♣➦❡❜➙❤✉ ✸ ❱✴µs
➆✉♠ ✈st✉♣♥í❤♦ ♥❛♣➙tí ✶✻ ♥❱✴❍③1/2 ♣r♦ ❢ ❂ ✶ ❦❍③
➆✉♠ ✈st✉♣♥í❤♦ ♣r♦✉❞✉ ✵✳✽ ❢❆✴❍③1/2 ♣r♦ ❢ ❂ ✶ ❦❍③
❑❛♣❛❝✐t♥í ③át➙➸ ✸✺✵ ♣❋
❑❧✐❞♦✈ý ♣r♦✉❞ ✷× ✵✱✽ ♠❆

❚❛❜✉❧❦❛ ✸✳✸✿ P❛r❛♠❡tr② ③❡s✐❧♦✈❛↔❡

✷✹



✸✳✹ Pr♦st♦r♦✈á ❦❛❧✐❜r❛❝❡ ❞❡t❡❦t♦r✉

P➦❡❞ ✐♥st❛❧❛❝í ❜♦❧♦♠❡tr✐❝❦é❤♦ ♣♦❧❡ ❞♦ t♦❦❛♠❛❦✉ ❜②❧♦ ③❛♣♦t➦❡❜í ♣r♦✈ést ♣r♦st♦r♦✈♦✉
❦❛❧✐❜r❛❝✐ ❞❡t❡❦t♦r✉✱ ❥❡❥í♠➸ ❝í❧❡♠ ❜②❧♦ ③❥✐st✐t ✈③❞á❧❡♥♦st st➦❡❞➲ ❞❡t❡❦t♦r➲ ♦③♥❛↔♦✲
✈❛♥ý❝❤ ❥❛❦♦ ydi ♦❞ ♦s② ➨t➙r❜✐♥② ❛ ❦♦❧♠♦✉ ✈③❞á❧❡♥♦st ❞❡t❡❦t♦r♦✈é❤♦ ♣♦❧❡ ♦❞ ➨t➙r❜✐♥②
a✳ ▲③❡ t❛❦ ✉r↔✐t ♣♦③♦r♦✈❛❝í ú❤❧② ❥❡❞♥♦t❧✐✈ý❝❤ ❞✐♦❞ ✉♠íst➙♥ý❝❤ ✈ ❦❛♠❡➦❡ ♦❜s❦✉➦❡✳
▼➲➸❡♠❡ ♣♦té ✈②♣♦↔ít❛t ❦❛❧✐❜r❛↔♥í ❦♦❡✜❝✐❡♥t②✱ ❦t❡ré ✉♠♦➸♥í ♣➦❡♣♦↔❡t ❞❡t❡❦♦✈❛♥é❤♦
♥❛♣➙tí ③❡ ③❡s✐❧♦✈❛↔❡ ♥❛ ✈ý❦♦♥ ❞❡t❡❦♦✈❛♥é❤♦ ③á➦❡♥í ❛ ③ár♦✈❡➡ ③♦❤❧❡❞♥✐t ❣❡♦♠❡tr✐✐ ❡①✲
♣❡r✐♠❡♥t✉ ♣♦ ✈❧♦➸❡♥í ❞❡t❡❦t♦r➲ ❞♦ t♦❦❛♠❛❦✉✳ Pr♦ ♣r♦st♦r♦✈♦✉ ❦❛❧✐❜r❛❝✐ ❜②❧❛ ✈②✉➸✐t❛
❤❛❧♦❣❡♥♦✈á ➸ár♦✈❦❛ ♦ ✈ý❦♦♥✉ ✶✺✵ ❲ ❛ st❛❜✐❧✐③♦✈❛♥ý ③❞r♦❥✳ ❑❡ s❜➙r✉ s✐❣♥á❧✉ ❜②❧②
✈②✉➸✐t② ❞✈❛ s❜➙r♥é ♠♦❞✉❧② P❆P❖❯❈❍✱ ♦❞❦✉❞ ❜②❧ s✐❣♥á❧ s❜írá♥ ♣➦❡s ❍❯❇ ❞♦ ♣❝✳
❑ ♣♦♣✐s✉ ❦❛❧✐❜r❛❝❡ s❧♦✉➸í s❝❤é♠❛t❛ ♥❛ ♦❜rá③❝í❝❤ ✸✳✶✵ ❛ ✸✳✶✶✳ ❉❡t❡❦t♦r B s♣♦❧❡↔♥➙
s ♣➦ír✉❜♦✉ ❜②❧ ✉♠íst➙♥ t❛❦✱ ❛❜② r♦✈✐♥❛ ❦r②t✉ ❞❡t❡❦t♦r✉ ❜②❧❛ ✈♦❞♦r♦✈♥á ❛ ③ár♦✈❡➡
r♦✈♥♦❜➙➸♥á s ✈♦❞♦r♦✈♥♦✉ r♦✈✐♥♦✉ ♣r♦❝❤á③❡❥í❝í ❞rá❤♦✉ ✈❧á❦♥❛ ➸ár♦✈❦②✱ ♣♦ ♥í➸ s❡ ❜✉❞❡
✈❧á❦♥♦ ❜➙❤❡♠ ❡①♣❡r✐♠❡♥t✉ ♣♦❤②❜♦✈❛t✳ P➦✐t♦♠ ✉✈❛➸✉❥❡♠❡ ♣♦❞é❧♥♦✉ ♦s✉ ❆❳❯❱ ♣♦❧❡
③❛ ✈♦❞♦r♦✈♥♦✉ s ❦r②t❡♠✳ ❱③❞á❧❡♥♦st b ➨t➙r❜✐♥② S ♦❞ ♦s② ❞rá❤② od‖ ❜②❧❛ ③✈♦❧❡♥❛
❥❛❦♦ b ❂ ✶✺✵✶ ♠♠✱ ❥❛❦♦➸t♦ ♠❛①✐♠á❧♥í ✈③❞á❧❡♥♦st ❞❛♥á r♦③♠➙r② ❆❳❯❱✵✱ ♦❞❤❛❞✲
♥✉t♦✉ ✈③❞á❧❡♥♦stí a ❛ ❧✐♠✐t♦✈❛♥♦✉ ❞é❧❦♦✉ ❞rá❤② ld ❂ ✶ ♠✳ ❇②❧♦ ③❛♣♦t➦❡❜í ③❛❥✐st✐t✱
❛❜② ✈♦❞♦r♦✈♥á r♦✈✐♥❛ ♣r♦❝❤á③❡❧❛ ③ár♦✈❡➡ ➨t➙r❜✐♥♦✉ ❛ ✈❧á❦♥❡♠ ➸ár♦✈❦② ❛ t❛❦é✱ ❛❜②
s✈✐s❧á r♦✈✐♥❛✱ ♣r♦❝❤á③❡❥í❝í ♣♦❞é❧♥♦✉ ♦s♦✉ ♣♦❧❡ ❞✐♦❞✱ ❜②❧❛ r♦✈♥♦❜➙➸♥á s❡ s✈✐s❧♦✉ r♦✈✐✲
♥♦✉ ♣r♦❝❤á③❡❥í❝í ♦s♦✉ ❞rá❤②✱ ♣♦ ♥í➸ s❡ ➸ár♦✈❦❛ ♣♦❤②❜♦✈❛❧❛✳ ❩ár♦✈❡➡ ❥s♠❡ ➸ár♦✈❦✉
✉✈❛➸♦✈❛❧✐✱ ✈ ✉✈❡❞❡♥é ✈③❞á❧❡♥♦st✐✱ ③❛ ❜♦❞♦✈ý ③❞r♦❥ s✈➙t❧❛ ❛ ♦③♥❛↔❡♥í ♣➦❡✈❡③♠❡♠❡
③ ❬✷❪

❖❜rá③❡❦ ✸✳✶✵✿ ❙❝❤é♠❛ ✉s♣♦➦á❞á♥í
❡①♣❡r✐♠❡♥t✉ ♣r♦ ❦❛❧✐❜r❛❝✐ ♣♦❧❡
❜♦❧♦♠❡tr➲

❖❜rá③❡❦ ✸✳✶✶✿ ❙❝❤é♠❛ ③♥❛↔❡♥í ❝❤❛r❛❦t❡r✲
✐st✐❦ý❝❤ ✈③❞á❧❡♥♦stí ❜♦❧♦♠❡tr✐❝❦é❤♦ ♣♦❧❡

✷✺



❉♦♣❛❞á✲❧✐ s✈➙t❧♦ ③ ➸ár♦✈❦② ♥❛ ❞❡t❡❦t♦r✱ ♠❛①✐♠✉♠ ❞❡t❡❦♦✈❛♥é❤♦ ✈ý❦♦♥✉ ♥❛stá✈á
♣r♦ ✈③❞á❧❡♥♦st✐ xi✱ ❦t❡ré ♦❞♣♦✈í❞❛❥í ✈③❞á❧❡♥♦st❡♠ ydi ♥❛ ♦s❡ od‖✳ ❉♦st❛♥❡♠❡ t❛❦ ❞❡✲
✈❛t❡♥á❝t ♣ár➲ ❤♦❞♥♦t✱ ♦❞❦✉❞ ❥❡ ♠♦➸♥é ♠❡t♦❞♦✉ ♥❡❥♠❡♥➨í❝❤ ↔t✈❡r❝➲ ③ís❦❛t ♣❛r❛♠❡tr②
ydi ❛ a✳ ❩ ❣❡♦♠❡tr✐❡ ♣r♦ st➦❡❞② ❞❡t❡❦t♦r➲ ♣❧❛tí

ydi = −
xia

b
, ✭✸✳✶✮

♣➦✐t♦♠ ③❛ ♥✉❧♦✈♦✉ ♦s✉ ♣r♦ ✈③❞á❧❡♥♦st✐ xi ✐ ydi ✉✈❛➸✉❥❡♠❡ ❦♦❧♠♦✉ ♦s✉ ❞❡t❡❦t♦r✉ od⊥✳
❖③♥❛↔í♠❡ s✐ ✈③❞á❧❡♥♦st✐ ♠❡③✐ ❞✐♦❞❛♠✐ ❥❛❦♦ ss ❛ ➨í➦❦✉ ❞✐♦❞ ❥❛❦♦ sd✳ ❱③❞á❧❡♥♦st ♠❡③✐
st➦❡❞② ❞❡t❡❦t♦r➲ s❡ ♣♦té ❞á ✈②❥á❞➦✐t ❥❛❦♦

yd(i+1) − ydi = −(sd + ss) ✭✸✳✷✮

❛ ✈❡ ✈③t❛❤✉ ❦ ♣r✈♥í♠✉ ♠❛①✐♠✉ ❞♦st❛♥❡♠❡

ydi = yd1 − (sd + ss)(i− 1). ✭✸✳✸✮

P➦❡❞❝❤♦③í r♦✈♥✐❝✐ ♣➦❡♣í➨❡♠❡ ♣♦♠♦❝í ✭✸✳✹✮✱ ♣➦❡✈❡❞❡♠❡ ♥❛ ❧❡✈♦✉ str❛♥✉ ❛ ♦③♥❛↔í♠❡
t✉t♦ ❢✉♥❦❝✐ ❢i✱ ♣❛❦ ♣r♦ ♥✐ ♣❧❛tí

fi = yd1
axi

b
− (sd + ss)(i− 1). ✭✸✳✹✮

❩ár♦✈❡➡ ❥s♠❡ ✉✈❛➸♦✈❛❧✐✱ ➸❡ r♦③❞í❧② ✈❡ ✈③❞á❧❡♥♦st❡❝❤ ❥❡❞♥♦t❧✐✈ý❝❤ st➦❡❞➲ ❥s♦✉ ③❛♥❡❞✲
❜❛t❡❧♥é✳

P➦✐❞r➸♠❡ s❡ ③♥❛↔❡♥í ✈ ❬✷❪ ❛ ♦③♥❛↔♠❡ ♦❜❡❝♥➙ ♣♦↔❡t ✉➸✐t❡↔♥ý❝❤ ❞❡t❡❦t♦r➲ ❥❛❦♦ ChNUM ✱
♣❛❦ ❞♦st❛♥❡♠❡ ♣rá✈➙ ChNUM r♦✈♥✐❝✳ ❖③♥❛↔♠❡ ❙✉♠ s✉♠✉ ❦✈❛❞rát➲ ✈➨❡❝❤ ❢✉♥❦❝í ❢i

Sum =

CHNUM
∑

i=1

f 2
i . ✭✸✳✺✮

❩ár♦✈❡➡ ♣❧❛tí

Sum =

CHNUM
∑

i=1

(y1
axi

b
− (sd + ss)(i− 1))2 ✭✸✳✻✮

Pr♦ ❞✈❛ ♣❛r❛♠❡tr② yd1 ❛ a ❜✉❞❡♠❡ ❤❧❡❞❛t ♠✐♥✐♠✉♠ ❢✉♥❝❡ Sum✳ ❩❞❡r✐✈✉❥❡♠❡✲❧✐ Sum
❞❧❡ ♣➦ís❧✉➨♥ý❝❤ ♣❛r❛♠❡tr➲ ❛ ♣♦❧♦➸í♠❡ r♦✈♥♦ ♥✉❧❡✱ ❞♦st❛♥❡♠❡

∂Sum

∂a
= yd1

CHNUM
∑

i=1

xi +
a

b

CHNUM
∑

i=1

x2
i − (sd + ss)

CHNUM
∑

i=1

xi(i− 1) = 0 ✭✸✳✼✮

❛

✷✻



∂Sum

∂yd1
= yd1CHNUM +

a

b

CHNUM
∑

i=1

xi − (sd + ss)

CHNUM
∑

i=1

(i− 1) = 0. ✭✸✳✽✮

❩ r♦✈♥✐❝❡ ✭✸✳✼✮ ❱②❥á❞➦í♠❡ ②1

yd1 =
1

CHNUM

((sd + ss)

CHNUM
∑

i=1

(i− 1))−
a

b

CHNUM
∑

i=1

xi ✭✸✳✾✮

❛ ❞♦s❛❞í♠❡ ❞♦ ❞r✉❤é ❞❡r✐✈❛↔♥í r♦✈♥✐❝❡ ✭✸✳✽✮❛ ❞♦st❛♥❡♠❡ ✈③t❛❤ ♣r♦ ♣❛r❛♠❡tr ❛

a =
b(sd + ss)(

∑CHNUM

i=1 xi(i− 1)− (CHNUM−1)
2

∑CHNUM

i=1 xi)
∑CHNUM

i=1 x2
i − 1

CHNUM
(
∑CHNUM

i=1 xi)2
✭✸✳✶✵✮

❈❡❧❦❡♠ ❜②❧❛ ♣r♦✈❡❞❡♥❛ ❞✈➙ ♠➙➦❡♥í✱ ❥❡❧✐❦♦➸ ✈ ♣r✈♥í♠ ♣➦í♣❛❞➙ ♥❡❜②❧♦ ♠♦➸♥é ❤♦❞♥♦t②
✐❤♥❡❞ ✈②❦r❡s❧✐t✳ P♦ ③♦❜r❛③❡♥í ❞❛t ③ ♣r✈♥í❤♦ ♠➙➦❡♥í ❜②❧♦ t♦t✐➸ ③❥✐➨t➙♥♦✱ ➸❡ ✶✳ ❞❡t❡❦t♦r
s❡ ♥❛❝❤á③í ❛s✐ ✈ ❞✈♦❥♥ás♦❜♥é ✈③❞á❧❡♥♦st✐ ♦❞ ✷✳✱ ♥❡➸ ❥❛❦á ❥❡ ❜➙➸♥á ✈③❞á❧❡♥♦st ♠❡③✐
st➦❡❞② ❞❡t❡❦t♦r➲✳ ❩ár♦✈❡➡ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ♣♦➨❦♦③❡♥ý ❞❡t❡❦t♦r ❥❡ ❞❡t❡❦t♦r s ↔ís❧❡♠
✷✵✳ ❉r✉❤é ♠➙➦❡♥í t❛❦ ♠➙❧♦ ③❛ ❝í❧ ♣r♦③❦♦✉♠❛t ♦❜❧❛st ❦r❛❥♥í❝❤ ❞❡t❡❦t♦r➲✳ ❩♦❜r❛③❡♥í
♥❛♠➙➦❡♥ý❝❤ ✐♥t❡♥③✐t ✈③❤❧❡❞❡♠ ❦ ♣♦s✉♥✉ ♣♦❧♦❤② ➸ár♦✈❦② xz ❥❡ ♥❛ ♦❜rá③❦✉ ✸✳✶✷✳
P➦✐t♦♠ ♣r♦ ❞r✉❤é ♠➙➦❡♥í ❥s♦✉ ❤♦❞♥♦t② ♦③♥❛↔♦✈á♥② ♣ís♠❡♥❡♠ ❉✳

❖❜rá③❡❦ ✸✳✶✷✿ ③á✈✐s❧♦st ③ís❦❛♥é❤♦ s✐❣♥á❧✉ ♥❛ ✈③❞á❧❡♥♦st✐ ① s ♣♦♣✐s❡♠ ❦❛♥á❧➲ s❜➙r✉❀
• ♣r✈♥í ♠➙➦❡♥í ✜t ♣❧♥➙✱ ✰ ❞♦♠➙➦❡♥í ✜t ↔ár❦♦✈❛♥➙

P➦ís❧✉➨♥é ✈③❞á❧❡♥♦st✐ st➦❡❞➲ ❥❡❞♥♦t❧✐✈ý❝❤ ❞❡t❡❦t♦r➲ ydi ❥s♦✉ ✉✈❡❞❡♥② ✈ ♣➦í❧♦③❡✳ ❉❛❧➨í
♣❛r❛♠❡tr② ❜✉❞❡♠❡ ✉r↔♦✈❛t ♣♦♠♦❝í ♦❜rá③❦✉ ✸✳✶✸ P♦③♦r♦✈❛❝í ú❤❧② st➦❡❞✉ ❞❡t❡❦t♦r➲
♦③♥❛↔í♠❡ ❥❛❦♦ αi✳ ❱③❞á❧❡♥♦st ♦❞ st➦❡❞✉ ♣♦❧♦✐❞á❧♥í❤♦ ➦❡③✉ ❦♦♠♦r② ❦ ♣r➲s❡↔í❦✉ ♦s②
♣♦③♦r♦✈❛❝í❝❤ ú❤❧➲ ♦③♥❛↔✉❥❡♠❡ ysi ❛ ❦♦❧♠♦✉ ✈③❞á❧❡♥♦st ♦❞ st➦❡❞✉ ❦♦♠♦❞② ❦ ♦s❡
♣➦ís❧✉➨♥é❤♦ ♣♦③♦r♦✈❛❝í❤♦ ú❤❧✉ ♦③♥❛↔í♠❡ Ri✳ P♦③♦r♦✈❛❝í ú❤❧② αi ❧③❡ ✉r↔✐t ❥❛❦♦

αi = arctg
(ydi

a

)

✭✸✳✶✶✮

❱③❞á❧❡♥♦st✐ ysi s❡ ♣♦↔ít❛❥í ③ ♣♦❞♦❜♥♦st✐ tr♦❥✉❤❡❧♥✐❦➲

ysi = −
L

a
ydi, ✭✸✳✶✷✮

✷✼



❖❜rá③❡❦ ✸✳✶✸✿ ❙❝❤é♠❛ ♣r♦ ✈ý♣♦↔❡t ❞❛❧➨í❝❤ ♣❛r❛♠❡tr➲✱ ♣➦❡✈③❛t♦ ③ ❬✷❪

❦❞❡ L ❥❡ ✈③❞á❧❡♥♦st ➨t➙r❜✐♥② ♦❞ ♦s② ❦♦♠♦r② ✈✐③ ♦❜rá③❡❦ ✸✳✶✸

❑♦❧♠é ✈③❞á❧❡♥♦st✐ Ri ❧③❡ ♣♦té ✉r↔✐t ③❡ ✈③t❛❤✉

Ri = ysicos(αi). ✭✸✳✶✸✮

❉á❧❡ ♠➲➸❡♠❡ ✉r↔✐t ➨í➦❦✉ ♣ás✉ qpi✱ ❥❡➸ ✈②tí♥❛❥í ♣♦③♦r♦✈❛❝í ú❤❧② ♥❛ s✈✐s❧é ♦s❡ ♣♦❧♦✐❞á❧✲
♥í❤♦ ➦❡③✉ ❦♦♠♦r②✳ Pr♦ ♣♦♣✐s ♣♦♠♦❝í Ri ❥❡ ♦✈➨❡♠ ♣➦í❤♦❞♥➙❥➨í ♣♦✉➸✐tí ❞é❧❦② ús❡↔❦②
qRi✱ ❦t❡r♦✉ ✈②tí♥❛❥í ♣♦③♦r♦✈❛❝í ú❤❧② ♥❛ ❦♦❧♠✐❝✐ ❦ ♦s❡ ♣r♦❝❤á③❡❥í❝í st➦❡❞❡♠ ❦♦♠♦r②✳

Ús❡❦② qpi t❛❦ s♣♦↔ítá♠❡ ♣♦♠♦❝í ♣♦❞♦❜♥♦st✐ tr♦❥✉❤❡❧♥í❦➲ ❥❛❦♦

qpi = sD
L

a
✭✸✳✶✹✮

❛ qRi ♣❛❦ ❥❡❥✐❝❤ s❦❧♦♣❡♥í♠ ③ís❦á♠❡ ❞é❧❦② ús❡↔❡❦ qRi ❥❛❦♦

qRi = qpicos(αi). ✭✸✳✶✺✮

Pr♦ ♣♦❧♦✐❞á❧♥í ➦❡③ ❥❡ ❥❡➨t➙ ③❛♣♦t➦❡❜í ✉r↔✐t✱ ③❞❛ ❞✐❛❣♥♦st✐❝❦ý ♣♦rt ♥❡♦♠❡③✉❥❡ ♣♦✲
③♦r♦✈❛❝í ú❤❧② ♥➙❦t❡rý❝❤ ❦r❛❥♥í❝❤ ❞❡t❡❦t♦r➲✳ P♦❦✉❞ t❛❦♦✈ý ♣➦í♣❛❞ ♥❛st❛♥❡✱ ❥❡ ♥✉t♥é
s tí♠ ♣♦↔ít❛t ❛ ♣♦té ❡❢❡❦t✐✈♥➙ ③♠❡♥➨✐t ♣❧♦❝❤✉ ❞❡t❡❦t♦r✉ ❛ ♣♦❧♦❤✉ ❥❡❤♦ st➦❡❞✉✳ ❩❛✲
❥í♠á ♥ás ♣r♦t♦ ✈ý➨❦❛ ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉✱ ❦t❡rá ❥❡ ✈ ♣➦í♣❛❞➙ ❜♦↔♥í❤♦ ♣♦rt✉ ♠❛❧é❤♦
❦➦í➸❡ V ❂ ✶✸✽ ♠♠✳ ❇✉❞❡♠❡ ✈②❝❤á③❡t ③ ♦❜rá③❦✉ ✸✳✶✹✳ ❩♥❛↔❡♥í ✈②❝❤á③í ③ ❛♥❛❧♦❣✐❡
♣r♦st♦r♦✈é❤♦ ú❤❧✉ ❞❡t❡❦t♦r➲ ❛ s✈✐s❧é ♦s② ❦♦♠♦r②✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ ③❛ s✈✐s❧♦✉ ↔ást
✉✈❛➸✉❥❡♠❡ ♠íst♦✱ ❦❞❡ s❡ ♣♦rt ♥❛♣♦❥✉❥❡ ♥❛ ❦♦♠♦r✉✳ P♦③♦r♦✈❛❝í ú❤❡❧ ❞❡t❡❦t♦r✉ ♥❡♥í
♦♠❡③❡♥✱ ♣♦❦✉❞ ♣❧❛tí ♣♦❞♠í♥❦❛

yfli +
qfli
2

<
V

2
. ✭✸✳✶✻✮

✷✽



❖❜rá③❡❦ ✸✳✶✹✿ ❙❝❤é♠❛ ♣r♦ ✈ý♣♦↔❡t ♦♠❡③❡♥í ③♦r♥é❤♦ ♣♦❧❡ ❆❳❯❱✵ ✈ ♣♦❧♦✐❞á❧♥í♠
s♠➙r✉✱ ♣➦❡✈③❛t♦ ③ ❬✷❪

Pr♦ ❆❳❯❱✵ t❛❦ ♣❧❛tí✱ ➸❡ ♣♦③♦r♦✈❛❝í ú❤❡❧ ♣r♦ ✶✳ ❛ ✶✾✳ ❞❡t❡❦t♦r ❥❡ ♦♠❡③❡♥ ③❝❡❧❛
❛ ♣r♦ ✷✳ ❛ ✶✽✳ ❞❡t❡❦t♦r ❥❡ ♦♠❡③❡♥ ↔ást❡↔♥➙✳ ❱ t♦r♦✐❞á❧♥í♠ s♠➙r✉ ♣♦↔ítá♠❡ s ❥✐stý♠
③❥❡❞♥♦❞✉➨❡♥í♠✳ ❩❛❦➦✐✈❡♥í ✈ t♦♠t♦ s♠➙r✉ ③❛♥❡❞❜á✈á♠❡ ❛ ♣♦↔ítá♠❡ s ✈á❧❝❡♠✳ ❩♦r♥é
ú❤❧② ♠♦❤♦✉ ❜ýt ✈ t♦♠t♦ ♣➦í♣❛❞➙ ♦♠❡③❡♥② ➨í➦❦♦✉ ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉ ❛ ③ár♦✈❡➡
❞é❧❦♦✉ ➨t➙r❜✐♥②✳ P➦✐t♦♠ ➨í➦❦❛ ❜♦↔♥í❤♦ ♣♦rt✉ ♠❛❧é❤♦ ❦➦í➸❡ ❥❡ Hfl ❂ ✹✷ ♠♠ ❛ ✈ý➨❦❛
➨t➙r❜✐♥② hs ❂ ✹ ♠♠✳ ❑ ♣♦♣✐s✉ ❣❡♦♠❡tr✐❡ ♣r♦ t♦r♦✐❞á❧♥í s♠➙r s❧♦✉➸í ♦❜rá③❡❦ ✸✳✶✺✳
P➦✐t♦♠ ✈③❞á❧❡♥♦st HflR ♦③♥❛↔✉❥❡ ✈❡❧✐❦♦st ♣r➲♠➙t✉ ✈ý➨❦② ❞❡t❡❦t♦r✉ ❞♦ r♦✈✐♥② ❦♦❧♠é
♥❛ ♦s✉ ③♦r♥é❤♦ ú❤❧✉✱ ❦t❡rá ③ár♦✈❡➡ ♣r♦❝❤á③í st➦❡❞❡♠ ❦♦♠♦r②✳ HF ♣❛❦ ♦③♥❛↔✉❥❡
❛♥❛❧♦❣✐❝❦♦✉ ➨í➦❦✉ ♣r➲♠➙t✉ ✈❡ s✈✐s❧é r♦✈✐♥➙ ♣➦✐♣♦❥❡♥í ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉✳

❖③♥❛↔♠❡ Lfli ✈③❞á❧❡♥♦st ♦❞ r♦✈✐♥② ➨t➙r❜✐♥② ❛ ♣r➲s❡↔í❦✉ ③♦r♥é❤♦ ú❤❧✉ ❞❡t❡❦t♦r✉
s❡ ✈st✉♣❡♠ ❞✐❛❣♥♦st✐❝❦é❤♦ ♣♦rt✉ ❞♦ t♦❦❛♠❛❦✉✳ ❚✉t♦ ✈③❞á❧❡♥♦st ❥❡ ♠♦➸♥♦ s♣♦↔ít❛t
❞✈➙♠❛ ③♣➲s♦❜②✳ ❏❡❞♥❛❦ ♣❧❛tí

Lfli = L−
√

aTOK − yfli ✭✸✳✶✼✮

❛ ③ár♦✈❡➡ ③ ♣♦❞♦❜♥♦st✐ tr♦❥✉❤❡❧♥í❦➲ ❧③❡ st❡❥♥♦✉ ✈③❞á❧❡♥♦st s♣♦↔ít❛t ❥❛❦♦

Lfli =
a

yi
yfli ✭✸✳✶✽✮

❘♦✈♥✐❝❡ ✈❡❞♦✉ ♥❛ ➦❡➨❡♥í ❦✈❛❞r❛t✐❝❦é r♦✈♥✐❝❡ ♣r♦ yfli ✳ P➦✐t♦♠ ✉✈❛➸✉❥❡♠❡ t❡♥ ❦♦➦❡♥✱
❦t❡rý ❥❡ ✈ ❛❜s♦❧✉t♥í ❤♦❞♥♦t➙ ♠❡♥➨í✳ Pr♦ yfli t❛❦ ❞♦st❛♥❡♠❡

yfli1,2 =
−L a

yi
±

√

a2TOK(
a2

y2i
+ 1)− L2

a
yi
+ 1

✭✸✳✶✾✮

✷✾



❖❜rá③❡❦ ✸✳✶✺✿ ❙❝❤é♠❛ ♣r♦ ✈ý♣♦↔❡t ♦♠❡③❡♥í ③♦r♥é❤♦ ♣♦❧❡ ❆❳❯❱✵ ✈ t♦r♦✐❞á❧♥í♠
s♠➙r✉✱ ♣➦❡✈③❛t♦ ③ ❬✷❪

Pr♦ ➨í➦❦✉ ③♦❜r❛③♦✈❛♥é❤♦ ♣r➲♠➙t✉ ❞♦ r♦✈✐♥②✱ ❦❞❡ ③♦r♥é ♣♦❧❡ ♣r♦tí♥á ✈st✉♣ ♣♦rt✉
❞♦ t♦❦❛♠❛❦✉✱ ❞♦st❛♥❡♠❡

HflRi = Hfl

√

y2di + a2 +
√

L2 + y2si −
√

y2si −R2
i

√

(y2di− yfli)2 + (Lfli + a)2
. ✭✸✳✷✵✮

❷✐t❛t❡❧ ✈ýr❛③✉ ♦③♥❛↔í♠❡ LDP ✳ ❏❡❞♥á s❡ ♦ ✈③❞á❧❡♥♦st st➦❡❞✉ ❞❡t❡❦t♦r✉ ❦ ♣r➲s❡↔í❦✉ ♦s②
③♦r♥é❤♦ ú❤❧✉ ❛ ❦♦❧♠✐❝❡ ✈❡❞❡♥é ③❡ st➦❡❞✉ ❦♦♠♦r② ♥❛ t✉t♦ ♦s✉✳ ❱③❞á❧❡♥♦st ♦❞ st➦❡❞✉
❦♦♠♦r② ❦ t♦♠✉t♦ ♣r➲s❡↔í❦✉ ❥❡ ♣rá✈➙ Ri✳ ❩♥á♠❡ t❛❦ ♦♠❡③❡♥í ❞❡t❡❦t♦r➲ ❛ ③ár♦✈❡➡
③♦r♥é ú❤❧②✱ ❦t❡ré ✉♠♦➸♥í ♣r♦ ❦❛➸❞ý ❞❡t❡❦t♦r ✉r↔✐t ♣r♦st♦r♦✈ý ú❤❡❧✱ ♦❞❦✉❞ ♥❛ ♥➙❥
❞♦♣❛❞á ③á➦❡♥í ③ ♣❧❛③♠❛t✉✳ ❆❜②❝❤♦♠ ♠♦❤❧✐ ♦❞✈♦❞✐t ✈③t❛❤ ♣r♦ ❝❡❧❦♦✈ý ✈②③❛➦♦✈❛♥ý
✈ý❦♦♥ t♦❦❛♠❛❦✉ ✈ ♦❜❧❛st✐ s♣❡❦tr❛ ❞❡t❡❦♦✈❛t❡❧♥é❤♦ ❆❳❯❱ ❞✐♦❞❛♠✐✱ ❥❡ ③❛♣♦t➦❡❜í ③❥✐s✲
t✐t✱ ❥❛❦á ↔ást ❞❡t❡❦t♦r✉ ❥❡ ✈✐❞✐t❡❧♥á ♣r♦ ❜♦❞ ✈ ❦♦♠♦➦❡ t♦❦❛♠❛❦✉✳ ❏❡❞♥á s❡ ♦ ♦♣❛↔♥ý
✈③t❛❤ ❦ ✸✳✶✹ ♣r♦ ▲DP ❛

√

a2 + y2i ✳ Pr♦ ✈❡❧✐❦♦st ús❡↔❦②✱ ❦t❡r♦✉ ✈②tí♥á ③♦r♥ý ú❤❡❧ ♥❛
♣♦❞é❧♥é ♦s❡ ❞❡t❡❦t♦r✉✱ ♣❛❦ ❞♦st❛♥❡♠❡

qDi
= Ss

LDP

LDP −
√

y2di+ a2
, ✭✸✳✷✶✮

❦❞❡ ♣r♦ ➨í➦❦✉ ➨t➙r❜✐♥② ♣❧❛tí Ss ❂ ✵✱✶✾✹ ♠♠✳ ❆♥❛❧♦❣✐❝❦② s qRi
❞♦st❛♥❡♠❡ qDRi

✱ ❥❡♥
♠íst♦ st➦❡❞✉ t♦❦❛♠❛❦✉ ❛ Ri ❜❡r❡♠❡ ♣r➲s❡↔í❦ ♦s② ❞❡t❡❦t♦r✉ s ♣♦❞é❧♥♦✉ ♦s♦✉ ♣♦❧❡
❛ ❦♦❧♠♦✉ ✈③❞á❧❡♥♦st ♥❛ ♦s✉ ③♦r♥é❤♦ ú❤❧✉ ♦❞ t♦❤♦t♦ ♣r➲s❡↔í❦✉✳ qDRi

♦♣➙t ✈③♥✐❦♥❡

✸✵



s❦❧♦♣❡♥í♠ qDi
❞♦ ✉✈❛➸♦✈❛♥é❤♦ s♠➙r✉ ❥❛❦♦

qDRi
= qDi

cos(αi). ✭✸✳✷✷✮

❱ý❦♦♥ ❞❡t❡❦♦✈❛♥ý ♣❧♦❝❤♦✉ ❥❡❞♥♦❤♦ ❞❡t❡❦t♦r✉ ❧③❡ ✉r↔✐t ③ ❥❡❤♦ ♠❛①✐♠á❧♥í ú↔✐♥♥♦st✐
Seff ❂ ✵✱✷✼ ❲✴❆ ❥❛❦♦

Pdet =
I

Seff

. ✭✸✳✷✸✮

◆✉t♥♦ ♣♦❞♦t❦♥♦✉t✱ ➸❡ ✈ý❦♦♥ ✈②③❛➦♦✈❛♥é❤♦ s♣❡❦tr❛✱ ❦❞❡ ❥❡ ú↔✐♥♥♦st ♠❡♥➨í ♥❡➸ Seff

t❥✳ ❡♥❡r❣✐❡ ❢♦t♦♥➲ < ✺✵ ❡❱✱ ❜✉❞❡ ✈②➨➨í✱ ♥❡➸ s❦✉t❡↔♥á ❞❡t❡❦♦✈❛♥á ❤♦❞♥♦t❛✳ ❏❡❧✐❦♦➸ ❥❡
♣➦❡s ③❡s✐❧♦✈❛↔ ♣r♦✉❞ ❦♦♥✈❡rt♦✈á♥ ♥❛ ♥❛♣➙➫♦✈ý s✐❣♥á❧✱ ❧③❡ ✈ý❦♦♥ ♣r♦ ❥❡❞❡♥ ❞❡t❡❦t♦r
s♣♦↔ít❛t ♣♦♠♦❝í r♦✈♥✐❝❡

Pdet =
U

RfSeff

, ✭✸✳✷✹✮

❦❞❡ Rf ❂ ✺✶✵ ❦Ω ❥❡ ♦❞♣♦r ③♣➙t♥é ✈❛③❜② ③❡s✐❧♦✈❛❝í❝❤ ↔❧❡♥➲ ♣r♦ ❦❛➸❞ý ❞❡t❡❦t♦r✳ ❆❜②✲
❝❤♦♠ ③ís❦❛❧✐ ✈②③á➦❡♥ý ✈ý❦♦♥ ♥❛ ❥❡❞♥♦t❦♦✈ý ♣r♦st♦r♦✈ý ú❤❡❧ ❛ ❥❡❞♥♦t❦♦✈♦✉ ♣❧♦❝❤✉✱ ❥❡
♥✉t♥é Pdet ♣➦❡♥ás♦❜✐t ♣♦❞í❧❡♠ ❝❡❧❦♦✈é❤♦ ♣r♦st♦r♦✈é❤♦ ú❤❧✉ ❛ ú❤❧✉ dωi✱ ♣♦❞ ❦t❡rý♠
♣❧❛③♠❛ ✈✐❞í ❞❡t❡❦t♦r✱ ❛ ③ár♦✈❡➡ ♣♦❞í❧❡♠ ❥✐sté ❤❧❛✈♥í ♣❧♦❝❤②✱ ③❛ ❦t❡r♦✉ ✈ ♣➦í♣❛❞➙
❜♦↔♥í❤♦ ♣♦❤❧❡❞✉ ♥❛ ♣❧❛③♠❛✱ ❜❡r❡♠❡ ♣❧♦❝❤✉ SM ✈③♥✐❦❧♦✉ s✈✐s❧ý♠ ➦❡③❡♠ ❦♦♠♦r♦✉
t♦❦❛♠❛❦✉ ♣r♦❝❤á③❡❥í❝í ✈❡rt✐❦á❧♥í ♦s♦✉ ❦♦♠♦r② ❛ ↔ást✐ ♣❧♦❝❤② dSi✱ ❦t❡r♦✉ ♣❧❛③♠❛
③ ❞❡t❡❦t♦r✉ ✈✐❞í✳ P❧♦❝❤❛ SM s❡ ❥✐♥❛❦ ♦③♥❛↔✉❥❡ t❡r♠í♥❡♠ ♠✐❞♣❧❛♥❡✳

❱ý➨❦❛ ➨t➙r❜✐♥② hS ❛ ❦♦❧♠ý ♣r➲♠➙t ➨í➦❦② ➨t➙r❜✐♥② qDRi
♥❛ ❞❡t❡❦t♦r ❥s♦✉ ♠❛❧é ♦♣r♦t✐

✈③❞á❧❡♥♦st✐ LDR✱ ♣♦♣s❛♥é ✈ý➨❡✳ Pr♦st♦r♦✈ý ú❤❡❧ dΩi✱ ♣♦❞ ♥í♠➸ ♣❧❛③♠❛ ♣♦③♦r✉❥❡
❞❡t❡❦t♦r✱ ♣❛❦ ✉r↔í♠❡ ❥❛❦♦

dΩi =
qDRi

hS

L2
DRi

✭✸✳✷✺✮

❩❛ ♣r♦st♦r♦✈ý ú❤❡❧ ✉✈❛➸✉❥❡♠❡ Ω ❂ ✹π✳

❈❡❧❦♦✈♦✉ ♣❧♦❝❤✉ ♥❛ ♠✐❞♣❧❛♥❡ ✉r↔í♠❡ ❥❛❦♦ s♦✉↔✐♥ Smid = 2πaTOKRTOK ✱ ❦❞❡ aTOK

r❡s♣✳ RTOK ❥s♦✉ ♠❛❧ý r❡s♣✳ ✈❡❧❦ý ♣♦❧♦♠➙r t♦❦❛♠❛❦✉✳ P❧♦❝❤✉ ♣❧❛③♠❛t✉✱ ❥í➸ ♣♦③♦r✉❥❡
❥❡❞❡♥ ❞❡t❡❦t♦r ♣♦ ❝❡❧❦♦✈é♠ ♦❜✈♦❞✉ t♦❦❛♠❛❦✉✱ ❞♦st❛♥❡♠❡ ♣r♦t♦ ❥❛❦♦

Si = 2πqpiRTOK ✭✸✳✷✻✮

P❧♦❝❤❛✱ ❥í➸ ♣♦③♦r✉❥❡ ❥❡❞❡♥ ❞❡t❡❦t♦r✱ ✉r↔í♠❡ ❥❛❦♦ s♦✉↔✐♥ ✈❡❧✐❦♦stí ús❡↔❡❦✱ ❦t❡ré ✈②tí♥á
♣r♦st♦r♦✈ý ♣♦③♦r♦✈❛❝í ú❤❡❧ ❞❡t❡❦t♦r✉ ♥❛ r♦✈✐♥➙ ❦♦❧♠é ♥❛ ♦s✉ ♣♦③♦r♦✈❛❝í❤♦ ú❤❧✉
♣r♦❝❤á③❡❥í❝í ③ár♦✈❡➡ st➦❡❞❡♠ ❦♦♠♦r②✳ ❱❡❧✐❦♦st✐ t➙❝❤t♦ ús❡↔❡❦ ❥s♠❡ ♦③♥❛↔✐❧✐ qRi

✈ ♣♦✲
❧♦✐❞á❧♥í♠ ➦❡③✉ ❛ HRi ✈ t♦r♦✐❞á❧♥í♠ s♠➙r✉✳ Pr♦ ♣♦↔ít❛♥♦✉ ♣❧♦❝❤✉ ❞♦st❛♥❡♠❡

dSi = qRi
HflRi

✭✸✳✷✼✮

Pr♦ ❝❡❧❦♦✈ý s♥í♠❛♥ý ✈ý❦♦♥ ♥❛ ❥❡❞♥♦t❦♦✈♦✉ ♣❧♦❝❤✉ ♥❛ st❡r❛❞✐á♥ ♣❛❦ ♣❧❛tí

Pi =
SiΩi

dSidΩi

1

RfSeff

✭✸✳✷✽✮
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◆ás♦❜í❝í ❦♦❡✜❝✐❡♥t② ♣r♦ ❥❡❞♥♦t❧✐✈é ❞❡t❡❦t♦r② t❡❞② ❥s♦✉

Ki =
SiΩi

dSidΩi

✭✸✳✷✾✮

P♦❞❧❡ ✭✸✳✷✹✮ ❞♦st❛♥❡♠❡ ✈③t❛❤✱ ❦❞❡ ✈②st✉♣✉❥❡ ③ís❦❛♥é ♥❛♣➙tí ③❡ ③❡s✐❧♦✈❛↔❡ ♣r♦ ❥❡❞✲
♥♦t❧✐✈é ❦❛♥á❧② Ui✱ ↔✐❧✐

Pi = KiUi[Wsr−1m−2] ✭✸✳✸✵✮

❚í♠t♦ ❥s♠❡ ③ís❦❛❧✐ ♣➦❡♣♦↔❡t ✉♠♦➸➡✉❥í❝í ✈ý♣♦↔❡t ❝❡❧❦♦✈é❤♦ ✈②③❛➦♦✈❛♥é❤♦ ✈ý❦♦♥✉
♣❧❛③♠❛t✉ ✈ ♦❜❧❛st✐ ❞❡t❡❦♦✈❛♥é❤♦ ③á➦❡♥í✳ P➦❡♣♦↔ítá✈❛❝í ❦♦❡✜❝✐❡♥t② ❜②❧② ♣♦té ✐♠♣❧❡✲
♠❡♥t♦✈á♥② ❞♦ s❦r✐♣t✉✱ ❦t❡rý ♣♦ ❦❛➸❞é♠ ✈ý❜♦❥✐ ③♦❜r❛③✉❥❡ ❦♦♥t✉r♦✈ý ❣r❛❢ ❞❡t❡❦♦✲
✈❛♥é❤♦ s✐❣♥á❧✉ ✈❡ ✈ý❦♦♥✉ ✈ ↔❛s❡ ✈③❤❧❡❞❡♠ ❦ ❥❡❞♥♦t❧✐✈ý♠ ❦❛♥á❧➲♠✳ P➦í❦❧❛❞ ✈ýs✲
t✉♣✉✱ ❥❡ ✉✈❡❞❡♥ ♥❛ ♦❜rá③❦✉ ✸✳✶✻✳ ❍♦r♥í ↔ást ♣➦❡❞st❛✈✉❥❡ ♣♦✉③❡ s✐❣♥á❧ ♣➦❡♣♦↔t❡♥ý
♥❛ ✈ý❦♦♥ ❛ ✈ ❞♦❧♥í ↔ást✐ ❜②❧ ♥❛ ✈st✉♣♥í ❞❛t❛ ♣♦✉➸✐t ♠❡❞✐❛♥ ✜❧tr s ✈❡❧✐❦♦stí ♦❦♥❛
✸✿✸✸✸✱ ❦❞❡ ♣r✈♥í ↔ís❧♦ r❡♣r❡③❡♥t✉❥❡ r♦③♠❛③á♥í ✈ ♦❜❧❛st✐ ❦❛♥á❧➲ ❛ ❞r✉❤é ✈ ↔❛s♦✈é
♦s❡✳ ❘♦③♠❛③á♥í♠ s❡ ↔ást❡↔♥➙ ✈②❤❧❛❞í s✐❣♥á❧ ❛ ③ár♦✈❡➡ ♣♦t❧❛↔í ➨✉♠✳ P➦✐t♦♠ ❞♦❥❞❡
❦❡ s♥í➸❡♥í ♠❛①✐♠ s✐❣♥á❧✉✳ ❱③❤❧❡❞❡♠ ❦ ❤♦❞♥♦tá♠ ➨✉♠✉ ♠➲➸❡ ❜ýt ♣r♦t♦ r♦③❞í❧ ♠❡③✐
♠❛①✐♠② ✈ ❞❛t❡❝❤ ❜❡③ ✜❧tr✉ ❛ s ✜❧tr❡♠ ✐ ✸✵✪✳

❖❜rá③❡❦ ✸✳✶✻✿ ❑♦♥t✉r♦✈ý ❣r❛❢ ③ ✈ýst➦❡❧✉ ✶✻✶✵✻

✸✷



❑❛♣✐t♦❧❛ ✹

▼➙➦❡♥í ❛ ③♣r❛❝♦✈á♥í ❞❛t

◆❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❜②❧❛ ✐♥st❛❧♦✈á♥❛ ♣➦ír✉❜❛ s ❞❡t❡❦t♦r❡♠ ❆❳❯❱✵✳ ❉❛t❛ ❥s♦✉
✈②↔ítá♥❛ ❞✈❛ s❜➙r② t②♣✉ P❆P❖❯❈❍ s ♦③♥❛↔❡♥í♠ ❑♦ ❛ ❩❛✱ ❦t❡ré ♠❛❥í ❣❛❧✈❛♥✐❝❦② ♦❞✲
❞➙❧❡♥ý ✈st✉♣ s✐❣♥á❧✉ ♣r♦ ❦❛➸❞ý ❦❛♥á❧✳ ◆❛st❛✈❡♥á ✈③♦r❦♦✈❛❝í ❢r❡❦✈❡♥❝❡ ❜②❧❛ ✉ s❜➙r➲
P❆P❖❯❈❍ ✶ ▼❍③✱ ♣➦✐t♦♠ ♠♦➸♥á ❤r❛♥✐❝❡✱ ❦❛♠ s❡ ♣r♦ ❜♦❧♦♠❡tr② ❧③❡ ♣➦✐❜❧í➸✐t✱ ❥❡
✺ ▼❍③✳ ❙❜➙r ♣➦✐t♦♠ s❡❜❡r❡ ❛s✐ ✹✵ ♠s✱ t❥✳ ❝❝❛ ✹✵ ✵✵✵ ❤♦❞♥♦t ♣r♦ ❦❛➸❞ý ❦❛♥á❧✳ ❇➙➸♥á
❞é❧❦❛ ✈ý❜♦❥❡ ♥❛ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❜②❧❛ ❜➙❤❡♠ ♣♦s❧❡❞♥í❝❤ ♠➙➦❡♥í ❝❝❛ ✶✷ ♠s✳ ❚♦♠✉
↔ást❡↔♥➙ ♦❞♣♦✈í❞á ✐ ♣r➲♠➙r♥➙ ❞♦s❛❤♦✈❛♥á t❡♣❧♦t❛ ❡❧❡❦tr♦♥➲ ❝❝❛ ✶✺ ❡❱✳ Prá✈➙ t➙♠t♦
♥í③❦ý♠ ❤♦❞♥♦tá♠ ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ❧③❡ ♣➦✐s♦✉❞✐t ♠❛❧é s✐❣♥á❧② ③ ❜♦❧♦♠❡tr➲✳

❈❡❧é ✉s❦✉♣❡♥í ♦❞ ❜♦❧♦♠❡tr➲✱ ③❡s✐❧♦✈❛↔❡ ❛ ❞❛t♦✈é❤♦ s❜➙r✉ ✈②t✈á➦í ➨✉♠ ♦ ✈❡❧✐❦♦st✐
➦á❞♦✈➙ ✶ ♠❱ ❛ ❧③❡ ❥❡❥ ✈②↔íst ③ ✈❛❦✉♦✈ý❝❤ ✈ý❜♦❥➲✳ P♦♠➙r s✐❣♥á❧✴➨✉♠ t❛❦ ♣r♦ ✉✈❡✲
❞❡♥é ♣❛r❛♠❡tr② ❞♦s❛❤♦✈❛❧ ✐ ✶✵✵✿✶✳ ❑ ➨✉♠✉ ✈③♥✐❦❧é♠✉ ③ ♣➦ístr♦❥➲ s❡ ✈➨❛❦ ❥❡➨t➙ ♣➦✐♣♦❥✐❧
❞❛❧➨í ➨✉♠ ✈ ❞❛t❡❝❤✱ ❦t❡rý ❥❡ ♣❛tr♥ý ❥❛❦♦ ✈❡❧❦é ③❛➨✉♠➙♥í ♥❛❤♦➦❡ ♥❛ ♦❜rá③❦✉ ✹✳✶✳ ❉♦❧❡
❥❡ ♣♦té ♣r♦ sr♦✈♥á♥í s✐❣♥á❧ s ♠❡♥➨í♠ ➨✉♠❡♠✳

❖❜rá③❡❦ ✹✳✶✿ ❯❦á③❦❛ ➨✉♠✉ s✐❣♥á❧✉✱ ✈❡❧♠✐ ③❛➨✉♠➙♥ý s✐❣♥á❧ ✲ ♥❛❤♦➦❡✱ s✐❣♥á❧ s ♠❡♥➨í♠
➨✉♠❡♠ ✲ ❞♦❧❡

✸✸



❩❛♣♦t➦❡❜í ❜②❧♦ ✈ ♣r✈♥í ➦❛❞➙ ③❧❡♣➨✐t ❦✈❛❧✐t✉ s✐❣♥á❧✉ ❛ ③ár♦✈❡➡ ③❥✐st✐t✱ ③❞❛ ❞❡t❡❦♦✲
✈❛♥ý s✐❣♥á❧ ♠á r❡á❧♥ý ❢②③✐❦á❧♥í ③á❦❧❛❞✳ ❑✈➲❧✐ s❧❛❜é♠✉ s✐❣♥á❧✉ ❜②❧ ❞♦❦♦♥❝❡ r❡❛❧✐✲
③♦✈á♥ ♣♦❦✉s ♦ ✈❧❛st♥í ③❡s✐❧♦✈❛↔ ❛ ♣➦í♠é ③❡sí❧❡♥í s✐❣♥á❧✉ ♣♦♠♦❝í ❞❛t♦✈ý❝❤ s❜➙r➲✳ ❩❛
♣➦❡❞♣♦❦❧❛❞✉✱ ➸❡ ♥❡♥í ♠♦➸♥é ❥✐➸ ③❧❡♣➨✐t ❝❡st✉ ♦❞ ③❡s✐❧♦✈❛↔❡✱ ❥❡ ♥✉t♥é ❤❧❡❞❛t ♥á✈♦❞ ❦❡
③✈ý➨❡♥í ❦✈❛❧✐t② s✐❣♥á❧✉ ✈ s❡❦❝✐ ♦ ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉ ✶✳✶✳✷✳ ◆❛ ✈②③❛➦♦✈❛♥é♠ ✈ý❦♦♥✉
♣❧❛③♠❛t✉ s❡ ♣♦❞í❧í ♣➦❡❞❡✈➨í♠ ❜r③❞♥é ③á➦❡♥í✳ ❩ r♦✈♥✐❝❡ ✭✶✳✻✮ ❥❡ ✈✐❞➙t✱ ➸❡ ❥❡ t❡♥t♦
✈ý❦♦♥ ú♠➙r♥ý n2Zeff

√
Te✱ ❦❞❡ Te ❥❡ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛✱ n ❤✉st♦t❛ ♣❧❛③♠❛t✉ ❛ Zeff

❥❡ ❡❢❡❦t✐✈♥í ♥á❜♦❥✳ ❇②❧♦ ♣r♦t♦ ♣r♦✈❡❞❡♥♦ ♥➙❦♦❧✐❦ sér✐í ✈ý❜♦❥➲ ♣r♦ ♥❛❧❡③❡♥í ✈❤♦❞♥ý❝❤
♣❛r❛♠❡tr➲✳ ❘♦③❤♦❞✉❥í❝í ❥s♦✉ ❢❛❦t♦r② ❡❧❡❦tr♦♥♦✈é ❤✉st♦t② ❛ t❡♣❧♦t②✱ ❥❡❧✐❦♦➸ ❡❢❡❦t✐✈♥í
♥á❜♦❥ Zeff ♣➦í❧✐➨ ♥❡③♠➙♥í♠❡✳ ◆❛✈í❝ ✈②s♦❦á ❤♦❞♥♦t❛ ♥❡↔✐st♦t ♣➦✐s♣í✈á ❦ ♥❡st❛❜✐❧✐tá♠✱
❦rát❦é♠✉ ✈ý❜♦❥✐✱ ❛ tí♠ ✐ t♦♠✉✱ ➸❡ ♥❡♥í ♠♦➸♥é ♣♦ ❞♦st❛t❡↔♥➙ ❞❧♦✉❤♦✉ ❞♦❜✉ ♣❧❛③♠❛t✉
♣➦❡❞á✈❛t ❡♥❡r❣✐✐ ♦❤♠✐❝❦ý♠ ♦❤➦❡✈❡♠✳ ❏❡ ♣r♦t♦ ✈ý❤♦❞♥➙❥➨í✱ ❛❜② ♣♦❞í❧ ♥❡↔✐st♦t t✈♦➦✐❧
♠❡♥➨í ↔ást ♣r❛❝♦✈♥í❤♦ ♣❧②♥✉ ♣➦✐ ✈ý❜♦❥✐✱ ❝♦➸ ❧③❡ ③❛❥✐st✐t ✈②➨➨í♠ ♣❛r❝✐á❧♥í♠ t❧❛❦❡♠
♥❛♣♦✉➨t➙♥é❤♦ ♣❧②♥✉✳ Te ♣r♦ ●❖▲❊▼ ❞♦❜➦❡ ♣♦♣✐s✉❥❡ ❢♦r♠✉❧❡

Te(0, t) =

(

0, 7
IP (t)

Ul(t)

)
2
3

✭✹✳✶✮

❦❞❡ IP (t) ❥❡ ♣r♦✉❞ ♣❧❛③♠❛t❡♠ ❛ Ul(t) ❥❡ ♥❛♣➙tí ♥❛ ③á✈✐t ✈✐③ ✷✷ ❇②❧② ♣r♦t♦ ❤❧❡❞á♥②
✈❤♦❞♥é ❦♦♥✜❣✉r❛❝❡✱ ♣r♦ ♥➙➸ ❜② s❡ ❡❢❡❦t✐✈♥í s✐❣♥á❧ ♣♦sí❧✐❧✳ ❙✐❣♥á❧ ❥❡ ♥❛ t♦❦❛♠❛❦✉
●❖▲❊▼ ♣➦✐r♦③❡♥➙ ♥✐➸➨í✱ ♥❡➸ ✈ ♣➦í♣❛❞➙ ♣➦❡❞❝❤➲❞❝❡✱ t♦❦❛♠❛❦✉ ❈❆❙❚❖❘✱ ❦❞❡ ❜②❧♦
♣♦✉➸í✈á♥♦ ✐ ✈②s♦❦♦❢r❡❦✈❡♥↔♥í❤♦ ♦❤➦❡✈✉ ♣❧❛③♠❛t✉✳ ❉♦s❛❤♦✈❛❧♦ s❡ t❛❦ ♣➦✐r♦③❡♥➙ ✈②➨➨í❝❤
❡♥❡r❣✐í ❡❧❡❦tr♦♥➲ ✭❝❝❛ ✶✵✵ ❡❱✮ ❛ ❜➙➸♥é ✈ý❜♦❥❡ ♠➙❧② ❞é❧❦✉ ✸✵ ♠s✳

✹✳✶ ❑❛❧✐❜r❛❝❡ ♥❛ ❞♦✉t♥❛✈é♠ ✈ý❜♦❥✐

❉♦✉t♥❛✈ý ✈ý❜♦❥ ✈ t♦❦❛♠❛❦✉ ✈③♥✐❦á ♣♦❞♦❜♥ý♠ ③♣➲s♦❜❡♠ ❥❛❦♦ ❦❧❛s✐❝❦ý ♣❧❛③♠❛t✐❝❦ý
✈ý❜♦❥✳ ◆❡❥♣r✈❡ ❥❡ ♥✉t♥é ♣❧②♥ ✐♦♥✐③♦✈❛t t❛❦✱ ❛❜② s❡ st❛❧ ✈♦❞✐✈ý♠✱ ❝♦➸ s❡ ♣r♦✈á❞í
③❛ t❛❦♦✈é❤♦ t❧❛❦✉ ♣❧②♥✉✱ ➸❡ ❥❡➨t➙ ♥❡❞♦❥❞❡ ❦ ♦❜❧♦✉❦♦✈é♠✉ ✈ý❜♦❥✐✳ Pr♦❜í❤á✲❧✐ ✈❡
s❦❧❡♥➙♥é tr✉❜✐❝✐✱ ❥❡ ❞♦❜➦❡ ♣♦③♦r♦✈❛t❡❧♥é ❛♥♦❞♦✈é ❛ ❦❛t♦❞♦✈é ③á➦❡♥í✳ ❱ ♣➦í♣❛❞➙ t♦❦❛✲
♠❛❦✉ s❡ ❞♦✉t♥❛✈é❤♦ ✈ý❜♦❥❡ ✈②✉➸í✈á ❦ ↔✐➨t➙♥í ❦♦♠♦r② ♦❞ ♣➦í♠➙sí✱ ♥❛♣➦í❦❧❛❞ ❦②s❧í❦✉ ↔✐
♠♦❧❡❦✉❧ ✈♦❞②✳ ❯♠♦➸➡✉❥❡ t♦ ♣➦✐❧♦➸❡♥é ♥❛♣➙tí ✭✶✵✵✵ ❱ ✈ ♣➦í♣❛❞➙ t♦❦❛♠❛❦✉ ●❖▲❊▼✮✳
❑❧❛❞♥é ✐♦♥t② ❥s♦✉ ♣➦✐t❛❤♦✈á♥② ❦ ③á♣♦r♥➙ ♥❛❜✐té ❡❧❡❦tr♦❞➙✱ ❦t❡r♦✉ ❥❡ ❦♦♠♦r❛ t♦❦❛✲
♠❛❦✉✳ ❉♦❝❤á③í t❛❦ ❦ ❜♦♠❜❛r❞♦✈á♥í ♥❡↔✐st♦t ♥❛ ♣♦✈r❝❤✉ ❧✐♠✐t❡r✉ ❛ ❥❡❤♦ ↔✐➨t➙♥í✳ ❱
♣r❛①✐ s❡ ♣♦✉➸í✈❛❥í ✐ ✈ý❜♦❥❡ tr✈❛❥í❝í ✶✵✵ ❤✳ ❬✾❪✳ ❱ ♣➦í♣❛❞➙ t♦❦❛♠❛❦✉ ●❖▲❊▼ ❝❝❛
✶ ❤✱ ❛❧❡ ✐ ❦r❛t➨í ✈ý❜♦❥❡ ♠❛❥í ♣♦❞st❛t♥ý ✈❧✐✈ ♥❛ ❦✈❛❧✐t✉ ♣❧❛③♠❛t✉✳ ❙♦✉↔✐♥ KTe ❥❡
✉ ❞♦✉t♥❛✈é❤♦ ✈ý❜♦❥❡ ✈ t♦❦❛♠❛❦✉ ➦á❞✉ ❡❱✳ ❙ ❞♦✉t♥❛✈ý♠ ✈ý❜♦❥❡♠ ❜②❧♦ ♣r♦✈❡❞❡♥♦
♥➙❦♦❧✐❦ t❡st➲ ❥❛❦ ✈❡ ✈♦❞í❦✉ t❛❦ ✈ ❤❡❧✐✉ ❛ ♣➦✐t♦♠ ♥❡❜②❧ ③❥✐➨t➙♥ ➸á❞♥ý s✐❣♥á❧✱ ❦t❡rý ❜②
♣➦❡✈②➨♦✈❛❧ ❜➙➸♥ý ➨✉♠✳ ❙❧❛❜ý s✐❣♥á❧ ❜②❧ ♣r❛✈❞➙♣♦❞♦❜♥➙ ③❛♣➦í↔✐♥➙♥ ❥❛❦ ♠❛❧♦✉ ✐♥t❡♥✲
③✐t♦✉ ③á➦❡♥í✱ t❛❦ ❥❡❤♦ ♠❛❧ý♠✐ ❡♥❡r❣✐❡♠✐✳ ❩❧❡♣➨❡♥í ❜② ♠♦❤❧♦ ♥❛st❛t ♣➦✐ ③✈ý➨❡♥í ❞♦❜②
✈②↔ítá♥í✱ t❥✳ s♥í➸❡♥í s♥í♠❦♦✈❛❝í ❢r❡❦✈❡♥❝❡ s❜➙r✉✳ ❆❜②❝❤♦♠ ✈②❧♦✉↔✐❧✐✱ ➸❡ ♣r♦ ♥í③❦é ❡♥✲
❡r❣✐❡ ❡❧❡❦tr♦♥➲ ♣❧❛③♠❛t✉ ❛ tí♠ ✐ ❡♠✐t♦✈❛♥é❤♦ ③á➦❡♥í✱ ♥❡❞♦st❛♥❡♠❡ ♣♦✉➸✐t❡❧♥ý s✐❣♥á❧✱
❜②❧❛ ♣r♦✈❡❞❡♥❛ sér✐❡ ♠➙➦❡♥í s ♥í③❦♦❡♥❡r❣❡t✐❝❦ý♠✐ ✈ý❜♦❥✐✳ ❚❛t♦ sér✐❡ ❥❡ ③♦❜r❛③❡♥❛
♥❛ ♦❜rá③❦✉ ✹✳✷✳ ❏❡ ✈✐❞➙t✱ ➸❡ ✐ ♣r♦ ♣r➲♠➙r♥♦✉ ❡❧❡❦tr♦♥♦✈♦✉ t❡♣❧♦t✉ Te ≈ ✼ ❡❱ ♥❡✲
❞♦st❛♥❡♠❡ ③ ❜♦❧♦♠❡tr➲ s✐❣♥á❧ ♣➦❡✈②➨✉❥í❝í ❜➙➸♥ý ➨✉♠✳

✸✹



❖❜rá③❡❦ ✹✳✷✿ ❙ér✐❡ s✐❣♥á❧➲ ③ ✶✵✳ ❦❛♥á❧✉ ♣r♦ r➲③♥é Te ❛ st❡❥♥é ♣❛r❛♠❡tr② ✈ý❜♦❥❡

✸✺



✹✳✷ ❯r↔❡♥í ♣♦❧♦❤② ♣❧❛③♠❛t✉

✹✳✷✳✶ P♦r♦✈♥á♥í ❞❛t s ❢♦t♦❛♣❛rát②

❏❡❞♥♦✉ ③ ♠♦➸♥♦stí✱ ❥❛❦ ↔ást❡↔♥➙ ♣♦t✈r❞✐t ❢②③✐❦á❧♥í s♠②s❧ ③ís❦❛♥ý❝❤ ❞❛t ❥❡ ❥❡❥✐❝❤
♣♦r♦✈♥á♥í s ❢♦t♦❛♣❛rát❡♠ ↔✐ ▼✐r♥♦✈♦✈ý♠✐ ❝í✈❦❛♠✐✳ ❩ ♦❜♦✉ t➙❝❤t♦ ❞✐❛❣♥♦st✐❦ ❧③❡
t♦t✐➸ ✈②↔íst ♣♦❧♦❤✉ ♣❧❛③♠❛t✉ ❛ ♥ás❧❡❞♥➙ ❥✐ ♣♦r♦✈♥❛t s ♠➙➦❡♥í♠ ③ ❜♦❧♦♠❡tr➲✳ ❙r♦✈♥á♥í
s ❢♦t♦❛♣❛rát② ❥❡ ✈➨❛❦ ♥✉t♥é ❜rát s r❡③❡r✈♦✉✱ ❥❡❧✐❦♦➸ s♣❡❦tr✉♠ ❝✐t❧✐✈♦st✐ ❈❈❉ ↔✐♣➲
❛ ❜♦❧♦♠❡tr➲ ❥❡ tr♦❝❤✉ ♦❞❧✐➨♥é✳ ❇②❧❛ ✈②✉➸✐t❛ ✐ ✈❡rt✐❦á❧♥í st❛❜✐❧✐③❛❝❡ ♣❧❛③♠❛t✉✱ ❦t❡rá
✉♠♦➸➡✉❥❡ ↔ást❡↔♥➙ ♣♦❧♦❤♦✈❛t ♣❧❛③♠❛ ♣♦♠♦❝í ♠❛❣♥❡t✐❝❦é❤♦ ♣♦❧❡ ✈②t✈á➦❡♥é❤♦ ♣r♦✲
❝❤á③❡❥í❝í♠ ♣r♦✉❞❡♠ t♦r♦✐❞á❧♥í♠✐ ❝í✈❦❛♠✐ ❥❞♦✉❝í♠✐ ❦♦❧❡♠ t♦❦❛♠❛❦✉✳ Pr♦✉❞♦✈é ✐♠✲
♣✉❧s② st❛❜✐❧✐③❛↔♥í♠✐ ❝í✈❦❛♠✐ s❡ ♣r♦❥❡✈í ❥❡❞♥❛❦ ♥❛ ♠➙➦❡♥é♠ ♣r♦✉❞✉ ♣❧❛③♠❛t❡♠✱
♥❛ ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉ ❛ ♣➦❡❞❡✈➨í♠ ♣♦❧♦③❡ ♣❧❛③♠❛t✉ ✈➲↔✐ ❦♦♠♦➦❡✳ ❆❜② ❜②❧ ✈ýs❧❡❞❡❦
❝♦ ♥❡❥♠❛r❦❛♥t♥➙❥➨í✱ ❜②❧❛ ③✈♦❧❡♥❛ sér✐❡ ✐♠♣✉❧s➲ s ♦♣❛↔♥♦✉ ♣♦❧❛r✐t♦✉✱ ❦t❡ré ✈ ♣r➲❜➙❤✉
✈ý❜♦❥❡ ♦✈❧✐✈➡♦✈❛❧② ♣♦❧♦❤✉ ♣❧❛③♠❛t✉✳ ❉✐❛❣♥♦st✐❦❛ ③❛❤r♥✉❥í❝í ♣r♦✉❞ ♣❧❛③♠❛t❡♠ Ip ❥❡
♥❛ ♦❜rá③❦✉ ✹✳✸✳ ❑♦♥t✉r♦✈ý ❣r❛❢ s✉r♦✈é❤♦ s✐❣♥á❧✉ ❛ st❡❥♥ý ❣r❛❢ ❞♦♣❧♥➙♥ý ♦ ♠❡❞✐❛♥
✜❧tr s ♦❦♥❡♠ ✸✿✸✸✸✱ s♣♦❧❡↔♥➙ s ♦❜rá③❦② ③ ❢♦t♦❛♣❛rát✉ ❥❡ ♥❛ ♦❜rá③❦✉ ✹✳✺✳ ❩ ♦❜rá③❦➲
❥❡ ❞♦❜➦❡ ✈✐❞➙t✱ ❥❛❦ ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉ r❡❛❣✉❥❡ ♥❛ ✈❡❧✐❦♦st ♣r♦❝❤á③❡❥í❝í❤♦ ♣r♦✉❞✉
s ♥í♠➸ s❡ ♠➙♥í ✐ ❡❧❡❦tr♦♥♦✈á t❡♣❧♦t❛✳

❖❜rá③❡❦ ✹✳✸✿ Pr♦✉❞ ♣❧❛③♠❛t❡♠ ♣r♦ ✈ý❜♦❥ ✶✻✶✻✹

❖❜rá③❡❦ ✹✳✹✿ ❯❦á③❦❛ ✈②③❛➦♦✈❛❝í❤♦ ♣r♦✜❧✉ ✈③❤❧❡❞❡♠ ❦ ♠✐❞♣❧❛♥❡ ♣r♦ ✈ý❜♦❥ ✶✻✶✵✻

✹✳✷✳✷ ❩á❦❧❛❞♥í ✉r↔❡♥í ♣♦❧♦❤② ♣❧❛③♠❛t✉

❩ ♥➙❦t❡rý❝❤ ❦♦♥t✉r♦✈ý❝❤ ❣r❛❢➲ ❥❛❦♦ ♥❛♣➦ ♥❛ ♦❜rá③❦✉ ✹✳✻ ❥❡ ✈✐❞➙t ❥❛❦♦❜② ③❞✈♦❥❡♥ý
s✐❣♥á❧✳ ❚♦ s❡ ❞á ✈②s✈➙t❧✐t t❛❦✱ ➸❡ ♠á ♣❧❛③♠❛ ❞✉tý ✈②③❛➦♦✈❛❝í ♣r♦✜❧✳ ❩ ✈♥✐t➦♥í ↔ást✐
♣❧❛③♠♦✈é❤♦ ❦❛♥á❧✉ ♦❞❝❤á③í ♠é♥➙ ③á➦❡♥í ❛ ♥❛✈í❝ ❦❛♥á❧ ↔ást❡↔♥➙ ❜rá♥í ♣r➲❝❤♦❞✉ ③á➦❡♥í

✸✻



❖❜rá③❡❦ ✹✳✺✿ ❑♦♥t✉r♦✈ý ❣r❛❢ s✉r♦✈é❤♦ s✐❣♥á❧✉ ♣r♦ ✈ý❜♦❥ ✶✻✶✻✸ ✭♥❛❤♦➦❡✮ s♣♦❧❡↔♥➙
s ✈②❤❧❛③❡♥ý♠ s✐❣♥á❧❡♠ ✭✉♣r♦st➦❡❞✮ ❛ ♣♦r♦✈á♥í♠ s ❢♦t♦❛♣❛rát❡♠ ✭❞♦❧❡✮

✸✼



③ ♦♣❛↔♥é str❛♥② ❦ ❞❡t❡❦t♦r➲♠✳ Pr♦ ❞❡t❡❦t♦r②✱ ❦t❡ré s♥í♠❛❥í ♦❦r❛❥ ♣❧❛③♠❛t✉✱ ❦t❡rý
③á➦í ♥❡❥✈í❝❡✱ ❞♦st❛♥❡♠❡ ✐ ♥❡❥✈➙t➨í s✐❣♥á❧✳ ❉♦❜➦❡ ❥❡ t♦ ♣❛tr♥é ♥❛ ❣r❛❢✉✱ ❥❡➸ ③ís❦á♠❡
✈②❦r❡s❧❡♥í♠ ❤♦❞♥♦t ♥❛♣➦í↔ ❦❛♥á❧② ♣r♦ ❦♦♥❦rét♥í ↔❛s✳ ❉♦st❛♥❡♠❡ t❛❦ ❞✐str✐❜✉❝✐ ③á➦❡♥í
♣❧❛③♠❛t✉✳ ❱③❤❧❡❞❡♠ ❦ t♦♠✉✱ ➸❡ ③♥á♠❡ ❥❡❞♥♦t❧✐✈é ♣♦③♦r♦✈❛❝í ú❤❧② ✈③❤❧❡❞❡♠ ❦ ♦s❡
➨t➙r❜✐♥② ❞❡t❡❦t♦r✉✱ ♠➲➸❡♠❡ ③❛ ♣➦❡❞♣♦❦❧❛❞✉✱ ➸❡ ❥❡ t❛t♦ ♦s❛ r♦✈♥♦❜➙➸♥á s ✈♦❞♦r✲
♦✈♥♦✉ ♦s♦✉ ❦♦♠♦r② ✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉✱ ✈③tá❤♥♦✉t ✈②③❛➦♦✈❛❝í ♣r♦✜❧ ♥❛ ♠✐❞♣❧❛♥❡✱
✈✐③ ♦❜rá③❡❦ ✹✳✹✳ ❉✉tý ♣r♦✜❧ ♣❧❛③♠❛t✉ t❛❦é ♣♦t✈r③✉❥í s❧♦➸✐t➙❥➨í ❛♥❛❧②t✐❝❦é ♠❡t♦❞②
❥❛❦♦ ❆❜❡❧♦✈❛ ✐♥✈❡r③❡ ♣♦♣➦✳ t♦♠♦❣r❛✜❝❦é ♠❡t♦❞② ♣r♦ ③♣r❛❝♦✈á♥í s✐❣♥á❧✉ ✈✐③ ❬✷✱ ✶✷❪✳

❩ ♣r♦✜❧✉ ✈②③❛➦♦✈á♥í ❧③❡ ✉r↔✐t ♣♦❧♦❤✉ ♣❧❛③♠❛t✉ ✈➲↔✐ ❦♦♠♦➦❡ t♦❦❛♠❛❦✉ ✈ ❦♦♥❦rét✲
♥í♠ ↔❛s❡ ✐ ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡ ❛ ❞í❦② ♣➦❡♣♦↔t✉ s✐❣♥á❧✉ ❞♦ ✈②③❛➦♦✈❛♥é❤♦ ✈ý❦♦♥✉✱ t❛❦
✐ ❝❡❧❦♦✈ý ✈ý❦♦♥ ♣❧❛③♠❛t✉ ✈ ❞❡t❡❦♦✈❛♥é ♦❜❧❛st✐ ❢r❡❦✈❡♥❝í✳

❖❜rá③❡❦ ✹✳✻✿ ❑♦♥t✉r♦✈ý ❣r❛❢ ❞✉té❤♦ ♣r♦✜❧✉ ♣r♦ ✈ý❜♦❥ ✶✻✶✷✵

❱③❤❧❡❞❡♠ ❦ ❝❤❛r❛❦t❡r✉ ♣r♦✜❧➲ ♣❧❛③♠❛t✉ s❡ ✈➨❛❦ ➨♣❛t♥➙ ✉r↔✉❥❡ ✈❧✐✈ ♥❛♣❛➦❡♥ý❝❤
✈rst❡✈✱ ❦t❡ré ✈ ♥❛➨❡♠ ♣➦í♣❛❞➙ ♥❡❥s♦✉ ❡①♣❧✐❝✐t♥➙ ♥❛ ✈②③❛➦♦✈❛❝í♠ ♣r♦✜❧✉ ✈✐❞➙t✳ ❙r♦✈♥á♥í
❜② ❜②❧♦ ♠♦➸♥é✱ ♣♦❦✉❞ ❜②❝❤♦♠ ♠➙❧✐ ❦ ❞✐s♣♦③✐❝✐ ♥❛♣➦í❦❧❛❞ ❞❛t❛ ③ ♥♦✈é❤♦ ❆❳❯❱ ❞❡✲
t❡❦t♦r✉✱ ❦t❡rý ❜② ♣❧❛③♠❛ s❧❡❞♦✈❛❧ ③ ❥✐♥é str❛♥②✳ ❆↔❦♦❧✐✈ ❜②❧ ♣♦❦❧❡s ú↔✐♥♥♦st✐ ③➦❡t❡❧♥ý
✈ ❦❛❧✐❜r❛❝✐ ♣r♦ ✈✐❞✐t❡❧♥é ③á➦❡♥í✱ ✈ ♣➦í♣❛❞➙ ❡♥❡r❣❡t✐↔t➙❥➨í❤♦ ③á➦❡♥í ❧③❡ ❢❛❦t✱ ➸❡ ♣♦✲
❦❧❡s ♥❡♥í ③➦❡t❡❧♥ý ✐ ✈ ♣➦í♣❛❞➙ ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉✱ ✈②s✈➙t❧✐t ✐ tí♠✱ ➸❡ ♥❛ ♥❛♣❛➦❡♥é
✈rst✈➙ ♠➲➸❡ ❞♦❝❤á③❡t ❦ ❡①❝✐t❛❝✐ ❛ ❞❡❡①❝✐t❛❝✐ ↔ást✐❝✱ t❛❦➸❡ ❜♦❧♦♠❡tr② ✈❧❛st♥➙ ③á➦❡♥í

✑✈✐❞í✏ ✳ ➄❡➨❡♥í♠✱ ❥❛❦ ❜② s❡ ❞❛❧ ♣♦t✈r❞✐t ✈❧✐✈ ♥❛♣❛➦❡♥é ✈rst✈② ♥❛ ú↔✐♥♥♦st ❞❡t❡❦t♦r✉ ❥❡
♥❛♣➦í❦❧❛❞ ♣♦r♦✈♥á♥í s✐❣♥á❧✉ ③❡ st♦✈❡❦ ✈ýst➦❡❧➲ ✈ ❤✐st♦❣r❛♠✉ ❥❛❦♦ ♥❛♣➦✳ ③❞❡ ❬✷❪✳ ❉❛❧➨í
♠♦➸♥♦stí ❥❡ ❝❤❡♠✐❝❦á ❛♥❛❧ý③❛ ♥❛♣❛➦❡♥é ✈rst✈② ❛ ③❥✐➨t➙♥í ❥❡❥í s❧♦➸❡♥í✱ t❛❦ t❧♦✉➨➫❦②✳
❏❡❞♥♦❞✉➨➨í ❜② ✈➨❛❦ ❜②❧♦ ✈②st❛✈❡♥í ❜♦❧♦♠❡tr➲ ③❞r♦❥✐ ❯❱ ③á➦❡♥í ♣♦❞♦❜♥é♠✉ t♦♠✉
③ ♣❧❛③♠❛t✉ ✈ t♦❦❛♠❛❦✉✳

✸✽



✹✳✷✳✸ ❋✐t♦✈á♥í ●❛✉ss♦✈♦✉ ❦➦✐✈❦♦✉

▼á♠❡✲❧✐ r♦③❧♦➸❡♥í ❞❡t❡❦♦✈❛♥é❤♦ ③á➦❡♥í ✈③t❛➸❡♥é ♥❛ s✈✐s❧♦✉ ♦s✉ t♦❦❛♠❛❦✉✱ ③❛❥í♠á
♥ás✱ ❥❛❦ s❡ ✈ ♣r➲❜➙❤✉ ✈ý❜♦❥❡ ♠➙♥í st➦❡❞ ♣❧❛③♠❛t✉✳ ❩ís❦❛♥á ❞❛t❛ ❧③❡ ♣♦té ✈②✉➸ít
♥❛♣➦✳ ♣r♦ ♣r♦❞❧♦✉➸❡♥í ✈ý❜♦❥❡ ♣♦♠♦❝í ♥❛st❛✈❡♥í ♣❛r❛♠❡tr➲ ♠❛❣♥❡t✐❝❦é st❛❜✐❧✐③❛❝❡
♣❧❛③♠❛t✉✳ P♦❞❧❡ t②♣✉ ✈ý❜♦❥❡ s❡ ♥❛❜í③í ✜t♦✈á♥í ❞❛t ❥❡❞♥♦❞✉❝❤♦✉ ❣❛✉ss♦✈♦✉ ❦➦✐✈❦♦✉✱
♥❡❜♦ s❧♦➸✐t➙❥➨í ❢✉♥❦❝❡ s❧♦➸❡♥é ③ ♥➙❦♦❧✐❦❛ ❣❛✉ss♦✈ý❝❤ ❦➦✐✈❡❦✱ ♣♦♣➦í♣❛❞➙ ✈ ❦♦♠❜✐♥❛❝✐
s ♣♦❧②♥♦♠②✳ ❏❡❞♥♦❞✉❝❤♦✉ ❣❛✉ss♦✈♦✉ ❦➦✐✈❦✉ ❧③❡ ♣♦♣s❛t ✈③t❛❤❡♠

f(x) = a e−
(x−µ)2

2σ2 , ✭✹✳✷✮

❦❞❡ a ❥❡ ✈ý➨❦❛ ❦➦✐✈❦②✱ ❢✉♥❦❝❡ f(x) ♠á ✈ x = µ ✈r❝❤♦❧ ❛ σ ✉r↔✉❥❡ ➨í➦❦✉ ③✈♦♥✉✳ P♦♠♦❝í
♣❛r❛♠❡tr✉ σ ❧③❡ ✉r↔✐t ➨í➦❦✉ ③✈♦♥✉ ✈ ♣♦❧♦✈✐♥➙ ♠❛①✐♠❛ ✭❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠✮
❥❛❦♦

FWHM = 2σ
√
2ln2. ✭✹✳✸✮

◆❛ ♦❜rá③❦✉ ✹✳✶✵ ❥❡ ✉❦á③❦❛ ✜t♦✈á♥í ❞❛t ♣r♦ ✈ý❜♦❥ ✶✻✶✷✽ ♣♦♠♦❝í ❥❡❞♥♦❞✉❝❤é ❣❛✉ss♦✈②
❦➦✐✈❦② ♣r♦ ↔❛s② ✶✾✱✷✵✱✷✶✱✷✷ ❛ ✷✸ ♠s ♣r♦ ✈ý❜♦❥ ✶✻✶✵✻✳ Pr♦ sr♦✈♥á♥í ❥❡ ✉✈❡❞❡♥ ✐ ❦♦♥✲
t✉r♦✈ý ❣r❛❢ ♥❛ ♦❜rá③❦✉ ✹✳✼✳ ❙t➦❡❞ ♣❧❛③♠❛t✉ s❡ ♣♦st✉♣♥➙ ✈③❞❛❧♦✈❛❧ ♦❞ st➦❡❞✉ ❦♦♠♦r②
③ ♣♦❧♦❤② x = −4.5 s♠➙r❡♠ ❦ ❚❖P✱ ↔✐❧✐ ✈❡ s♠➙r✉ ❦❧❛❞♥é ♦s② ①✱ ❛➸ ❞♦ ♣♦❧♦❤② x = 5, 6✳
❚❡♥t♦ ♣♦❤②❜ ♣❧❛③♠❛t✉ s♠➙r❡♠ ✈③❤➲r✉ ❥❡ ♣r♦ ✈ý❜♦❥❡ ✈ t♦❦❛♠❛❦✉ t②♣✐❝❦ý✳

❖❜rá③❡❦ ✹✳✼✿ ❑♦♥t✉r♦✈ý ❣r❛❢ ↔✳ ✶✻✶✵✻ s ✈②❤❧❛③❡♥ý♠ s✐❣♥á❧❡♠

P♦❦✉❞ ❜②❝❤♦♠ ✉✈❛➸♦✈❛❧✐✱ ➸❡ ♣❧❛③♠❛ ♥❡❥✈í❝❡ ✈②③❛➦✉❥❡ ♣➦❡s s✈é ♦❦r❛❥❡ ❛ ♣➦✐t♦♠ ♠é♥➙
③❡ s✈é❤♦ st➦❡❞✉✱ ❧③❡ ✉✈❛➸♦✈❛t✱ ➸❡ ♣r♦✜❧ ❥❡ t✈❛r✉ ♣rst❡♥❝❡✳ ❚❛❦♦✈ý ♣r♦✜❧ ♣❧❛③♠❛t✉
s❡ ✈➨❛❦ ♥❡❞á ✜t♦✈❛t ❥❡❞♥♦❞✉❝❤♦✉ ❣❛✉ss♦✈♦✉ ❦➦✐✈❦♦✉✳ ❱♦❧í s❡ t❡❞② s♦✉↔❡t ❞✈♦✉
❣❛✉ss♦✈ý❝❤ ❦➦✐✈❡❦ f(x) ✰ g(x)✱ ❦t❡ré ❥s♦✉ ♦❜➙ ❞á♥② ✈③t❛❤❡♠ ✹✳✷✳ ❉♦st❛♥❡♠❡ ♦❦r❛❥❡
♣❧❛③♠❛t✐❝❦é❤♦ ❦❛♥á❧✉✱ ♦❞❦✉❞ ❞❡t❡❦t♦r② ③❛❝❤②❝✉❥í ♥❡❥✈í❝❡ ③á➦❡♥í✳ ❱③❤❧❡❞❡♠ ❦ ③❛✲
➨✉♠➙♥í s✐❣♥á❧✉ ③ ❜♦❧♦♠❡tr➲ ♣r♦ ❞✉té ♣r♦✜❧② ♣❧❛③♠❛t✉✱ ❜②❧❛ ♣r♦ ✜t♦✈á♥í ♣♦✉➸✐t❛
❞❛t❛ ✉♣r❛✈❡♥á ♣♦♠♦❝í ♠❡❞✐❛♥ ✜❧tr✉ s ♦❦♥❡♠ ✸✿✸✸✸✳ ◆❛ ✈ý❦♦♥ ♣➦❡♣♦↔t❡♥ý s✐❣♥á❧
③ ❞✉té❤♦ ♣r♦✜❧✉ ♣r♦ ✈ýs➦❡❧ ↔✳ ✶✻✶✷✵ ❥❡ ✈②❦r❡s❧❡♥ ♥❛ ♦❜rá③❦✉ ✹✳✾ ❛ ✉❦á③❦❛ ✜t♦✈á♥í
❞❛t ❥❡❞♥♦❞✉❝❤♦✉ ❣❛✉ss♦✈♦✉ ❦➦✐✈❦♦✉ ❥❡ ♥❛ ♦❜rá③❦✉ ✹✳✶✵✳ ❩❡ sr♦✈♥á♥í ♣r♦ ↔❛s② ✶✾✱✷✵✱

✸✾



❖❜rá③❡❦ ✹✳✽✿ Pr➲❜➙❤ ❞❡t❡❦♦✈❛♥é❤♦ ✈ý❦♦♥✉ ♣r♦ ↔❛s② ✶✾✱✷✵✱✷✶✱✷✷ ❛ ✷✸ ♠s ♣r♦ ✈ýs➦❡❧
↔✳ ✶✻✶✵✻ s♣♦❧❡↔♥➙ s ✜t♦✈á♥í♠ ♣♦♠♦❝í ❥❡❞♥♦❞✉❝❤é ❣❛✉ss♦✈② ❦➦✐✈❦②

✹✵



❛ ✷✶ ♠s ❥❡ ✈✐❞➙t✱ ➸❡ ✈ ✶✾✳ ♠s ♣❧❛s♠❛ ✈②③❛➦♦✈❛❧♦ ✈í❝❡ ✈❡ s♣♦❞♥í ↔ást✐ ❜❧í➸❡ ❦ ▲❋❙
❛ ♣♦té s❡ ♣♦st✉♣♥➙ ❤❧❛✈♥í ✈②③❛➦♦✈❛❝í ♠íst♦ ✈ ♣❧❛③♠❛t✉ ♣➦❡s♦✉✈❛❧♦ s♠➙r❡♠ ❦ ❍❋❙✳
❩ár♦✈❡➡ ❥❡ ♥❛ ♦❜rá③❝í❝❤ ❞❡♠♦♥str♦✈á♥❛ ♥❡✈❤♦❞♥♦st ✜t♦✈á♥í ❥❡❞♥♦❞✉❝❤♦✉ ❣❛✉ss♦✈♦✉
❦➦✐✈❦♦✉✱ ❦t❡rá ❥❡ ③♦❜r❛③❡♥❛ ↔❡r✈❡♥➙✳

❩ís❦❛❧✐ ❥s♠❡ t❛❦ r➲③♥ý♠✐ ③♣➲s♦❜② ♣♦❧♦❤✉ ♣❧❛③♠❛t✉ ✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉ ✈➲↔✐ ❦♦♠♦➦❡
t♦❦❛♠❛❦✉✳ ❋✐t♦✈á♥í ❥❡❞♥♦❞✉❝❤♦✉ ❣❛✉ss♦✈♦✉ ❦➦✐✈❦♦✉ ✉♠♦➸♥✐❧♦ ✉r↔✐t ♣♦❧♦❤✉ ♠❛①✐♠❛
✈②③❛➦♦✈á♥í ♣r♦ ✈ý❜♦❥❡ s ❥❡❞♥í♠ ✈②③❛➦♦✈❛❝í♠ ❦❛♥á❧❡♠✳ ❋✐t♦✈á♥í ❞✈♦❥t♦✉ ❣❛✉ss♦✈♦✉
❦➦✐✈❦♦✉ ♣♦té ✉♠♦➸♥✉❥❡ st❛♥♦✈✐t ♠❛①✐♠❛ ✈②③❛➦♦✈á♥í ♦❦r❛❥➲ ♣❧❛t♠❛t✉ ✉ ❞✉tý❝❤ ♣r♦✲
✜❧➲✳

❖❜rá③❡❦ ✹✳✾✿ ❱②❤❧❛③❡♥ý s✐❣♥á❧ ♣r♦ ✈ý❜♦❥ ↔✳ ✶✻✶✷✵
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❖❜rá③❡❦ ✹✳✶✵✿ Pr➲❜➙❤ ❞❡t❡❦♦✈❛♥é❤♦ ✈ý❦♦♥✉ ♣r♦ ↔❛s② ✶✾✱✷✵ ❛ ✷✶ ♠s ♣r♦ ✈ýs➦❡❧ ↔✳
✶✻✶✷✵ s♣♦❧❡↔♥➙ s ✜t♦✈á♥í♠ ♣♦♠♦❝í ❥❡❞♥♦❞✉❝❤é ❣❛✉ss♦✈② ❦➦✐✈❦② ✭↔❡r✈❡♥➙✮

✹✷



✹✳✷✳✹ ❙②♠❡tr✐❝❦á ❆❜❡❧♦✈❛ ✐♥✈❡r③❡

❆❜②❝❤♦♠ ❞♦st❛❧✐ ♣r➲❜➙❤ ✐♥t❡♥③✐t② ③á➦❡♥í ♣❧❛③♠❛t✉ ✈③t❛➸❡♥ý ❦ ♥❛ ♣♦③♦r♦✈❛❝í ♦s❡✱
♣♦✉➸í✈❛❥í s❡ ❝❤♦r❞♦✈é ❞❡t❡❦t♦r②✱ s♥í♠❛❥í❝í ③á➦❡♥í ♣❧❛③♠❛t✉ ❥❡♥ ③ ❥✐sté❤♦ ♣r♦st♦r♦✈é❤♦
ú❤❧✉✳ ❙✐❣♥á❧ s❡ ♣♦té ✐♥t❡❣r✉❥❡ ♣♦ ❝❤♦r❞➙ ✉r↔❡♥é ♣♦③♦r♦✈❛❝í♠ ú❤❧❡♠ ❞❡t❡❦t♦r✉✳ ❖③♥❛↔í♠❡✲
❧✐ y ❥❛❦♦ ✈③❞á❧❡♥♦st ♥❛ ✈❡rt✐❦á❧♥í ♦s❡ ❦♦♠♦r②✱ ✈✐③ ♦❜rá③❡❦ ✹✳✶✶✱ ❞♦st❛♥❡♠❡ ✐♥t❡♥③✐t✉
I(y) ✈③t❛➸❡♥♦✉ ♥❛ ♥❛ t✉t♦ ♦s✉✳ ❉á❧❡ ♦③♥❛↔í♠❡ x ✈③❞á❧❡♥♦st ❦ ♣♦③♦r♦✈❛♥é♠✉ ❜♦❞✉
❛ r ✈③❞á❧❡♥♦st ❜♦❞✉ ♦❞ st➦❡❞✉ ❦♦♠♦r②✱ r❡s♣ st➦❡❞✉ ✉✈❛➸♦✈❛♥é❤♦ ❝②❧✐♥❞r✐❝❦② s②♠❡✲
tr✐❝❦é❤♦ ♦❜❥❡❦t✉✳ P❧❛③♠❛ ♥❡♠✉sí ❜ýt ♥✉t♥➙ ❝❡♥tr♦✈❛♥é ❞♦ st➦❡❞✉ ❦♦♠♦r②✳

❖❜rá③❡❦ ✹✳✶✶✿ ❙❝❤é♠❛ ♣r♦ ❛❜❡❧♦✈✉ s②♠❡tr✐❝❦♦✉ ✐♥✈❡r③✐

❖❜❡❝♥ý t✈❛r ♣r♦ ✐♥t❡♥③✐t✉ ③á➦❡♥í I(y) ✈③t❛➸❡♥♦✉ ❦❡ s✈✐s❧é ♦s❡ ② ❥❡

I(y) =

∫

R

i(x, y)❞y, ✭✹✳✹✮

♣➦✐t♦♠ s❡ ♣➦❡❞♣♦❦❧á❞á✱ ➸❡ ✉✈❛➸♦✈❛♥á ❢✉♥❦❝❡ ❦❧❡sá r②❝❤❧❡ ❦ ♥✉❧❡ ♥❛ ❦r✉➸♥✐❝✐ ♦ ♣♦❧♦♠➙r✉
r ❂ R✱ ❦❞❡

r =
√

x2 + y2 ✭✹✳✺✮

❛ R ❥❡ ♣♦❧♦♠➙r ❦♦♠♦r②✳ ❱②③❛➦♦✈á♥í ♣❧❛③♠❛t✉ ✈ t♦❦❛♠❛❝í❝❤ ♠á ↔❛st♦ ❝②❧✐♥❞r✐❝❦♦✉
s②♠❡tr✐✐✱ t♦ ③♥❛♠❡♥á✱ ➸❡ ♦❞ st➦❡❞✉ ♣❧❛③♠♦✈é❤♦ ❦❛♥á❧✉ s❡ ✐♥t❡♥③✐t❛ ♠➙♥í s ♣♦❧♦♠➙r❡♠
r ♦❞ t♦❤♦t♦ st➦❡❞✉ ❛ ♣➦✐ ❞❛♥é♠ r ✉✈❛➸✉❥❡♠❡ i(r) ❦♦♥st❛♥t♥í ♣r♦ ❧✐❜♦✈♦❧♥ý ♣♦❧ár♥í
ú❤❡❧ φ✳ P♦✉➸✐❥♠❡✲❧✐ t♦t♦ ♣➦✐❜❧í➸❡♥í ❛ ♣❛r❛♠❡tr✐③❛❝✐ ❞❛♥♦✉ ✈③t❛❤❡♠ ✭✹✳✺✮✱ ♣❛❦ ❤❧❡❞á♠❡
❢✉♥❦❝✐ i(r) ✈ r♦✈✐♥➙ ❞❛♥é ♦s❛♠✐ ①✱② ❛ ✈③t❛❤ ✭✹✳✹✮ ♠➲➸❡♠❡ ♣➦❡♣s❛t ❞♦ t✈❛r✉

I(y) = 2

∫ R

r

i(r)r
√

r2 − y2
❞r. ✭✹✳✻✮

■♥t❡♥③✐t✉ i(r) ♣❛❦ ❞♦st❛♥❡♠❡ ✐♥✈❡r③♥í tr❛♥s❢♦r♠❛❝í ❥❛❦♦

i(r) = −
1

π

∫ R

r

❞I
❞y

❞y
√

r2 − y2
✭✹✳✼✮

✹✸



❋✉♥❦❝✐ ■✭②✮ ③ís❦á♠❡ ✈❤♦❞♥ý♠ ♣r♦❧♦➸❡♥í♠ ♥❛♠➙➦❡♥ý❝❤ ❞❛t ♥❛♣➦í❦❧❛❞ ♣♦♠♦❝í ❦✉✲
❜✐❝❦ý❝❤ s♣❧✐♥➲ ↔✐ ❣❛✉ss♦✈♦✉ ❦➦✐✈❦♦✉ ❛ ♣♦té ❥✐ ♥✉♠❡r✐❝❦② ❞❡r✐✈✉❥❡♠❡✳ ■♥t❡❣r❛❝í ♣❛❦
③ís❦á♠❡ ✐♥t❡♥③✐t✉ ✈③t❛➸❡♥♦✉ ♥❛ ✈③❞á❧❡♥♦st r ♦❞ st➦❡❞✉ ❦r✉❤♦✈➙ s②♠❡tr✐❝❦é❤♦ ♦❜✲
❥❡❦t✉✱ ❥❡❤♦➸ ✐♥t❡♥③✐t✉ ✈②③❛➦♦✈á♥í s❧❡❞✉❥❡♠❡✳

✹✹



❩á✈➙r

❱ t❡♦r❡t✐❝❦é ↔ást✐ ♠➙❧❛ ♣rá❝❡ s❤r♥♦✉t ♣♦③♥❛t❦② ♦ ❤❧❛✈♥í❝❤ t②♣❡❝❤ ✈②③❛➦♦✈á♥í ♣❧❛③✲
♠❛t✉ ❛ ♣♦♣s❛t ✈❧❛st♥♦st✐ ❛ ❛♣❧✐❦❛❝❡ ❜♦❧♦♠❡tr➲✱ ③❡❥♠é♥❛ ❆❳❯❱ ❞✐♦❞✳ ❍❧❛✈♥í♠ ❝í❧❡♠
❜②❧♦ ③♣r♦✈♦③♥➙♥í ❜♦❧♦♠❡tr✐❝❦é ❞✐❛❣♥♦st✐❦②✱ ❛ t♦ ♦❞ ♣r♦st♦r♦✈é ❦❛❧✐❜r❛❝❡ ❞❡t❡❦t♦r✉✱
♣➦❡s ❥❡❤♦ ✐♥st❛❧❛❝✐ ❛➸ ♣♦ s♦❢t✇❛r♦✈é ♦✈❧á❞á♥í ❛ ③á❦❧❛❞♥í ③♣r❛❝♦✈á♥í s✐❣♥á❧✉✱ t❥✳ ✉r↔❡♥í
♣♦❧♦❤② ♣❧❛③♠❛t✉ ✈③❤❧❡❞❡♠ ❦❡ ❦♦♠♦➦❡ t♦❦❛♠❛❦✉✳ ❑ t♦♠✉ ♠➙❧ ❜ýt ✈②✉➸✐t t❡st♦✈❛❝í
❞❡t❡❦t♦r ❞➦í✈❡ ♣♦✉➸✐tý ♥❛ t♦❦❛♠❛❦✉ ❈❆❙❚❖❘✳ Prá❝❡ ♠➙❧❛ t❛❦é ♣♦t✈r❞✐t ↔✐ ✈②✈rát✐t
♠♦➸♥♦st ❦❛❧✐❜r❛❝❡ ❞❡t❡❦t♦r✉ ♥❛ ❞♦✉t♥❛✈é♠ ✈ý❜♦❥✐ ❛ ❞á❧❡ ♦✈➙➦✐t ♣➦❡❞♣♦❦❧❛❞✱ ➸❡ ♥❛✲
♣❛➦❡♥á ✈rst✈❛ ❞❡♣♦♥♦✈❛♥á ♥❛ ❞❡t❡❦t♦r ♠á ✈❧✐✈ ♥❛ ❞❡t❡❦♦✈❛♥ý s✐❣♥á❧✳

Pr✈♥í ❦❛♣✐t♦❧❛ ❜②❧❛ ③❛♠➙➦❡♥❛ ♥❛ t➦✐ ❜♦❞②✳ ❱ ♣r✈é ➦❛❞➙ ③❞❡ ❜②❧② ♣♦♣sá♥② ③á❦❧❛❞♥í
✈❧❛st♥♦st✐ ♣❧❛③♠❛t✉ s ❞➲r❛③❡♠ ♥❛ ❤❧❛✈♥í t②♣② ✈②③❛➦♦✈á♥í ♣❧❛③♠❛t✉✳ ◆❡❥✈②➨➨í ❡♥❡r✲
❣❡t✐❝❦é ③trát② ♣❧❛③♠❛t✉ ③♣➲s♦❜✉❥❡ ❦❧❛s✐❝❦é ❜r③❞♥é ③á➦❡♥í ❛ ③á➦❡♥í ✈③♥✐❦❧é r❡❦♦♠❜✐✲
♥❛❝❡♠✐ ❡❧❡❦tr♦♥➲ ❞í❦② ♥❡↔✐st♦tá♠ s ✈❡❧❦ý♠ ♣r♦t♦♥♦✈ý♠ ↔ís❧❡♠ Z✱ ❦t❡ré ♥❡❥s♦✉ ↔❛st♦
♣❧♥➙ ✐♦♥✐③♦✈á♥②✳ ❉r✉❤ý ❜♦❞ ③❛ ③❛❜ý✈❛❧ ♣♦♣✐s❡♠ ♦❜❡❝♥ý❝❤ ❝❤❛r❛❦t❡r✐st✐❦ t♦❦❛♠❛❦➲
❛ ❞✐❛❣♥♦st✐❦♦✉ ♣❧❛③♠❛t✉ s❡ ③❛♠➙➦❡♥í♠ ♥❛ ❞❡t❡❦❝✐ ③á➦❡♥í✳ P❛s✐✈♥í ❞✐❛❣♥♦st✐❦② ♠❛❥í
✈ý❤♦❞✉ ✈ t♦♠✱ ➸❡ ♥❡♦✈❧✐✈➡✉❥í ♣❧❛③♠❛✱ ❛ ↔❛st♦ ❥s♦✉ ❧❡✈♥➙❥➨í✱ ♥❡➸ t② ❛❦t✐✈♥í✳ P♦♠♦❝í
♠❛❣♥❡t✐❝❦ý❝❤ ❞✐❛❣♥♦st✐❦ ❥❡ ♠♦➸♥é ✉r↔✐t ③á❦❧❛❞♥í ✈❧❛st♥♦st✐ ♣❧❛③♠❛t✉ ✈ t♦❦❛♠❛❦✉✱
❥❛❦♦ ❥❡ ❝❡❧❦♦✈ý ♣r♦✉❞ ♣❧❛③♠❛t❡♠ Ip ♣♦♠♦❝í ❘♦❣♦✇s❦é❤♦ ♣ás❦✉ ↔✐ ♣♦❧♦❤✉ ♣❧❛③♠❛t✉
♣♦♠♦❝í ▼✐r♥♦✈♦✈ý❝❤ ❝í✈❡❦✳ ❑ ✉r↔❡♥í ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② Te ❛ ❤✉st♦t② ne ❥❡ ♠♦➸♥é
♣♦✉➸ít ▲❛♥❣♠✉✐r♦✈ý❝❤ s♦♥❞✳ P❧❛③♠❛ ♥❛✈í❝ ③trá❝í ❡♥❡r❣✐✐ ③á➦❡♥í♠✱ ❦t❡ré ❥❡ ♠♦➸♥é
❞❡t❡❦♦✈❛t ❛ ③ís❦❛t ❞í❦② s♣❡❦tr♦s❦♦♣✐✐ ❝❡♥♥é ✐♥❢♦r♠❛❝❡ ♦ s❧♦➸❡♥í ♣❧❛③♠❛t✉ ✐ ♦ r♦✲
③❧♦➸❡♥í ♥❡↔✐st♦t ✈ ❦♦♥❦rét♥í♠ ♦❦❛♠➸✐❦✉ ✈ ♥á❞♦❜➙ t♦❦❛♠❛❦✉✳ ❚❛❦é ❧③❡ ③❛❝❤②tá✈❛t
❝❡❧❦♦✈ý ✈ý❦♦♥ ♣❧❛③♠❛t✉✱ ❦t❡rý ❥❡ ♦❞✈á❞➙♥ ③á➦❡♥í♠ ❛ ❡♥❡r❣❡t✐❝❦ý♠✐ ↔ást✐❝❡♠✐ ③ ♦❜✲
❥❡♠✉ ♣❧❛③♠❛t✉✱ t❛❦♦✈é ❞❡t❡❦t♦r② s❡ ♥❛③ý✈❛❥í ❜♦❧♦♠❡tr②✳ ❚② ❥s♦✉ ↔❛st♦ ❦♦♥str✉♦✈á♥②
s♣❡❝✐á❧♥➙ ♣r♦ ❥✐st♦✉ ❢r❡❦✈❡♥↔♥í ♦❜❧❛st ③á➦❡♥í✳ ❚➦❡tí ❜♦❞ ❜②❧ ③❛♠➙➦❡♥ ♥❛ ♣♦♣✐s t♦❦❛✲
♠❛❦✉ ●❖▲❊▼✱ ❥❡❤♦ ✈❧❛st♥♦stí ❛ ♥❛ ♥➙♠ ♣♦✉➸í✈❛♥ý❝❤ ❞✐❛❣♥♦st✐❦✳

❉r✉❤á ❦❛♣✐t♦❧❛ ♣♦♣✐s✉❥❡ ✈❧❛st♥♦st✐ ❜♦❧♦♠❡tr➲ ❛ ③✈❧á➨t➙ ❆❳❯❱ ❞✐♦❞✳ ❇♦❧♦♠❡tr② s❡
③❛↔❛❧② ♥❡❥❞➦í✈❡ ♣♦✉➸í✈❛t ✈ ❛str♦♥♦♠✐✐ ❦ ❞❡t❡❦❝✐ ③á➦❡♥í ❛ ↔ást✐❝ ❛ ❞♥❡s ♥❛❧é③❛❥í ✉♣✲
❧❛t♥➙♥í ✐ ✈❡ ❢②③✐❝❡ ❧❛❜♦r❛t♦r♥í❤♦ ♣❧❛③♠❛t✉ ♥❛♣➦✳ ♥❛ t♦❦❛♠❛❝í❝❤✳ ▼❡③✐ ③á❦❧❛❞♥í t②♣②
❜♦❧♦♠❡tr➲ ♣❛t➦í ❜♦❧♦♠❡tr② ♦❞♣♦r♦✈é✱ ♣②r♦❡❧❡❦tr✐❝❦é✱ ✐♥❢r❛↔❡r✈❡♥é ❛ ♣♦❧♦✈♦❞✐↔♦✈é✱
♠❡③✐ ♥➙➸ ♣❛t➦í ✐ ❆❳❯❱ ❞✐♦❞②✳ ❇♦❧♦♠❡tr② s❡ ❧✐➨í ❥❛❦ r♦③s❛❤❡♠ ❡♥❡r❣✐í ③á➦❡♥í ❛ ↔ás✲
t✐❝✱ ♥❛ ♥➙➸ ❥s♦✉ ❝✐t❧✐✈é✱ t❛❦ ❞♦❜♦✉ ♦❞❡③✈②✳ P♦❧♦✈♦❞✐↔♦✈é ❞❡t❡❦t♦r② ❥s♦✉ ♦♣r♦t✐ ❥✐♥ý♠
✈ý❤♦❞♥é ♣rá✈➙ ❞í❦② r②❝❤❧é ❞♦❜➙ ♦❞❡③✈② ✭✉ ❆❳❯❱ ❝❝❛ ✶ µs✮✳ ❉í❦② ♥✐♠ ❥❡ ♠♦➸♥é ③❦♦✉✲
♠❛t r②❝❤❧é ③♠➙♥② ✈ ♣❧❛③♠❛t✉ ❛ ♣♦♠á❤❛❥í t❛❦ ♣♦③♥❛t ♥❛♣➦✳ ▼❍❉ ❛ ❥✐♥é ♥❡st❛❜✐❧✐t②✳
❉❛❧➨í ✈ý❤♦❞♦✉ ❆❳❯❱ ❞✐♦❞ ❥❡ ❥❡❥✐❝❤ té♠➙➦ ♥✉❧♦✈á ♠rt✈á ✈rst✈❛✱ ❝♦➸ ❥✐♠ ✉♠♦➸➡✉❥❡
❡♥❡r❣✐✐ ③❛❝❤②❝❡♥é❤♦ ③á➦❡♥í ❛ ↔ást✐❝ ♣➦❡♠➙♥✐t ♥❛ ✈♥✐t➦♥í ♣r♦✉❞ té♠➙➦ s❡ st♦♣r♦❝❡♥t♥í
ú↔✐♥♥♦stí✳ ◆❡✈ý❤♦❞♦✉ ❆❳❯❱ ❞✐♦❞ ❛ st❡❥♥➙ t❛❦ ✐ ♣②r♦❡❧❡❦tr✐❝❦ý❝❤ ❜♦❧♦♠❡tr➲ ❥❡ ❥❡✲

✹✺



❥✐❝❤ ♠❛❧ý ❣❡♥❡r♦✈❛♥ý ♣r♦✉❞✱ t❡♥ ❥❡ ♣r♦t♦ ♥✉t♥é ③❡sí❧✐t✳ ■ ♣➦❡st♦ ♠í✈❛❥í ❞♦❜rý ♣♦♠➙r
s✐❣♥á❧✴➨✉♠ ♦♣r♦t✐ ❥✐♥ý♠ ❞❡t❡❦t♦r➲♠✳ ❉á❧❡ ❜②❧ ✈ tét♦ ❦❛♣✐t♦❧❡ ♦❜❥❛s♥➙♥ ♣r✐♥❝✐♣
❦❛♠❡r② ♦❜s❝✉r②✳ ❚❛ ✉♠♦➸➡✉❥❡✱ ❛❜② ♥❛ ❦❛➸❞ý ❞❡t❡❦t♦r ❞♦♣❛❞❛❧♦ ③á➦❡♥í ❛ ↔ást✐❝❡
♣♦✉③❡ ③ ♠❛❧é❤♦ ♣r♦st♦r♦✈é❤♦ ú❤❧✉ ✭❝❤♦r❞②✮✱ ❝♦➸ s❡ ❞á✱ ♣r♦ ❥❡❞♥♦ ❞❡t❡❦t♦r♦✈é ♣♦❧❡✱
✈②✉➸ít ❦❡ ③♣r❛❝♦✈á♥í ♠➙➦❡♥é❤♦ s✐❣♥á❧✉ ♥❛♣➦✳ ♣♦♠♦❝í ❆❜❡❧♦✈② s②♠❡tr✐❝❦é ❛ ❛s②♠❡t✲
r✐❝❦é ✐♥✈❡r③✐✳ ❷❛st♦ s❡ ♣♦✉➸í✈á ✈í❝❡ ❞❡t❡❦t♦r♦✈ý❝❤ ♣♦❧í✱ s❧❡❞✉❥í❝í❝❤ ♣❧❛③♠❛ ③ r➲③♥ý❝❤
♠íst ✈ ♣♦❧♦✐❞á❧♥í♠ ➦❡③✉✳ ❱③♥✐❦❧á sí➫ ♣r♦tí♥❛❥í❝í❝❤ s❡ ❝❤♦r❞ ✉♠♦➸➡✉❥❡ t♦♠♦❣r❛✜❝❦②
r❡❦♦♥str✉♦✈❛t ✈②③❛➦♦✈❛♥ý ♣r♦✜❧ ♣❧❛③♠❛t✉✱ ❛ ✈ ♣➦í♣❛❞➙ ❞♦❜ré❤♦ ↔❛s♦✈é❤♦ r♦③❧✐➨❡♥í
❞❡t❡❦t♦r➲✱ ✐ ❥❡❤♦ ↔❛s♦✈ý ✈ý✈♦❥✳

❚➦❡tí ❦❛♣✐t♦❧❛ s❡ ✈➙♥✉❥❡ ✐♥st❛❧❛❝✐ t❡st♦✈❛❝í❤♦ ❞❡t❡❦t♦r✉ s ♦③♥❛↔❡♥í♠ ❆❳❯❱✵ ♥❛ t♦❦❛✲
♠❛❦ ●❖▲❊▼✳ ❇②❧❛ ♣r♦✈❡❞❡♥❛ ♣r♦st♦r♦✈á ❦❛❧✐❜r❛❝❡ ❞❡t❡❦t♦r✉ ❛ ③ís❦á♥② ♣❛r❛♠❡✲
tr② ❥❛❦♦ ❥❡ ✈③❞á❧❡♥♦st ❜♦❧♦♠❡tr✐❝❦é❤♦ ♣♦❧❡ ♦❞ ➨t➙r❜✐♥② a = 28, 73 ♠♠ ❛ ❦♦❧♠é
✈③❞á❧❡♥♦st✐ st➦❡❞➲ ❞✐♦❞ ✈➲↔✐ ♦s❡ ❞❡t❡❦t♦r✉ yDi✳ ❚② ❥s♦✉ s♣♦❧❡↔♥➙ s ❞❛❧➨í♠✐ ♣❛r❛♠❡tr②
s❤r♥✉t② ✈ ♣➦í❧♦③❡ ●r❛❢ ❞❡t❡❦♦✈❛♥ý❝❤ ✐♥t❡♥③✐t ✈ ③á✈✐s❧♦st✐ ♥❛ ♣♦s✉♥❡❝❤ ➸ár♦✈❦② ❥❡ ♥❛
♦❜rá③❦✉ ✭✸✳✶✷✮✳ ❩ ❦❛❧✐❜r❛❝❡ ✈②♣❧②♥✉❧♦✱ ➸❡ ♣r✈♥í ❦❛♥á❧ ❥❡ ♦❞ ♦st❛t♥í❝❤ ✈③❞á❧❡♥ý ♣➦✐❜✲
❧✐➸♥➙ ♦ ❥❡❞♥✉ ➨í➦❦✉ ❞✐♦❞② ❛ st❡❥♥➙ ❥❛❦♦ ❞❡✈❛t❡♥á❝tý ❛ ❞r✉❤ý ❦❛♥á❧ ♥❡❞❡t❡❦✉❥❡ ③á➦❡♥í ③
♣➦í♠é❤♦ ♣♦❤❧❡❞✉ ♥❛ ♣❧❛③♠❛✱ ❥❡❧✐❦♦➸ ❥❡❤♦ ③♦r♥ý ú❤❡❧ ❥❡ stí♥➙♥ ♦❦r❛❥❡♠ ❞✐❛❣♥♦st✐❝❦é❤♦
♣♦rt✉✳ ❇②❧♦ té➸ ③❥✐➨t➙♥♦✱ ➸❡ ❞✈❛❝átý ❦❛♥á❧ ♠á ♣♦r✉❝❤✉✳ ❩ ❦❛❧✐❜r❛❝❡ ❜②❧② ♣♦té ✉r↔❡♥②
♥ás♦❜í❝í ❦♦❡✜❝✐❡♥t②✱ ♣➦❡✈á❞➙❥✐❝í s✐❣♥á❧ ③❡ ③❡s✐❧♦✈❛↔❡ ♥❛ ❞❡t❡❦♦✈❛♥ý ✈ý❦♦♥ ♣❧❛③♠❛t✉
✈ ❥❡❞♥♦t❦á❝❤ ❬❲✴sr✴♠2❪✳ ❉❛❧➨í ↔ást ❦❛♣✐t♦❧② s❡ ③❛❜ý✈á ✐♥st❛❧❛❝í ❞❡t❡❦t♦r✉ ♥❛ t♦❦❛✲
♠❛❦ ●❖▲❊▼✳ ❇②❧♦ ③❛♣♦t➦❡❜í ✈②➦❡➨✐t ♣r♦❜❧é♠ s ✉③❡♠♥➙♥í♠ ❛♣❛r❛t✉r②✱ ❞í❦② ↔❡♠✉➸
s❡ té♠➙➦ ✉♣✉st✐❧♦ ♦❞ ♣➲✈♦❞♥í❤♦ ③❡s✐❧♦✈❛↔❡✱ ❛↔❦♦❧✐✈ ❜②❧♦ ♣♦t✈r③❡♥♦✱ ➸❡ ❥❡ ❢✉♥❦↔♥í✳ ❉✐✲
❛❣♥♦st✐❦✉ s❡ ♣♦❞❛➦✐❧♦ ③♣r♦✈♦③♥✐t ❦❡ ❦♦♥❝✐ ↔❡r✈♥❛ t♦❤♦t♦ r♦❦✉✳ ❉í❦② t♦♠✉ ♥❡♠♦❤❧❛
❜ýt ③❛tí♠ ✉✈❡❞❡♥❛ ❞♦ ♣r♦✈♦③✉ ❞✈➙ ♥♦✈á ♣♦❧❡ ❆❳❯❱ ❞✐♦❞✳

❷t✈rtá ❦❛♣✐t♦❧❛ ♣♦♣✐s✉❥❡ ♠❡t♦❞②✱ ❥❛❦ ✉r↔✐t ♣♦❧♦❤✉ ♣❧❛③♠❛t✉✳ ❩ís❦❛♥á ❞❛t❛ ③ ♠➙➦❡♥í
❥s♦✉ s♦✉❜♦r❡♠ ✐♥t❡♥③✐t ✈③t❛➸❡♥ý❝❤ ❦ ♦sá♠ ♣r♦st♦r♦✈ý❝❤ ú❤❧➲ ❥❡❞♥♦t❧✐✈ý❝❤ ❞❡t❡❦t♦r➲
③❛③♥❛♠❡♥❛♥ý❝❤ s ❢r❡❦✈❡♥❝í ✶ ▼❍③✳ ❖❞t✉❞ ❧③❡ s♥❛❞♥♦ ③ís❦❛t ❦♦♥t✉r♦✈ý ❣r❛❢ ♣♦♣✐s✉✲
❥í❝í ↔❛s♦✈ý ✈ý✈♦❥ ✈②③á➦❡♥é❤♦ ✈ý❦♦♥✉ ✈③❤❧❡❞❡♠ ❦❡ ❦♦♠♦➦❡ t♦❦❛♠❛❦✉✳ P➦✐ ♣r✈♥í❝❤
♠➙➦❡♥í❝❤ s❡ ③❡s✐❧♦✈❛↔❡♠ ❜②❧ ③❥✐➨t➙♥ ➨✉♠ ✈ ❞❛t❡❝❤ ❞♦s❛❤✉❥í❝í ✈í❝❡ ❥❛❦ ✺✵✪ ❞❡t❡❦♦✲
✈❛♥é❤♦ s✐❣♥á❧✉✳ Pr♦t♦ ❜②❧♦ ✉✈❛➸♦✈á♥♦ ♦ ③♣r♦✈♦③♥➙♥í ❞✐❛❣♥♦st✐❦② s ❥✐♥ý♠ ③❡s✐❧♦✈❛↔❡♠
✈❧❛st♥í ❦♦♥str✉❦❝❡✳ ◆❛❦♦♥❡❝ ❜②❧ ❛❧❡ ♥✉t♥ý ♥á✈r❛t ❦ ♣➲✈♦❞♥í♠✉ ③❡s✐❧♦✈❛↔✐✳ ■ ✈ ♣➦í✲
♣❛❞➙ ♥♦✈ý❝❤ ♠➙➦❡♥í ❞♦s❛❤✉❥❡ ➨✉♠ ❛➸ ✸✵✪ s✐❣♥á❧✉✱ ❝♦➸ s✐ ❧③❡ ✈②s✈➙t❧✐t ♣♦st✉♣♥♦✉
s❛t✉r❛❝í ❞❡t❡❦t♦r✉✳ ❇②❧❛ ♣r♦t♦ ❤❧❡❞á♥❛ ❝❡st❛✱ ❥❛❦ ♣♦sí❧✐t ❡❢❡❦t✐✈♥í s✐❣♥á❧✳ ▼♦➸♥♦st✲
♠✐✱ ❥❛❦ t♦ ✉❞➙❧❛t✱ ❥❡ ③✈ý➨❡♥í ❡❧❡❦tr♦♥♦✈é t❡♣❧♦t② ↔✐ ❤✉st♦t② ♣❧❛③♠❛t✉✳ Pr♦ ♣♦t✈r③❡♥í
s✐❣♥á❧✉ ❜②❧❛ ✈②✉➸✐t❛ ✐ st❛❜✐❧✐③❛❝❡ ♣❧❛③♠❛t✉✱ ♣♦♠♦❝í ♥í➸ ❧③❡ s ♣❧❛③♠❛t❡♠ ↔ást❡↔♥➙ ❤ý✲
❜❛t ❞í❦② ✈②t✈á➦❡♥é♠✉ ♠❛❣♥❡t✐❝❦é♠✉ ♣♦❧✐ ♣➲s♦❜í❝í♠✉ ♥❛ ♠❛❣♥❡t✐❝❦é ♣♦❧❡ t✈♦➦❡♥é❤♦
♣r♦✉❞♦✈♦✉ s♠②↔❦♦✉ ♣❧❛③♠❛t✉✳ ❑♦♥t✉r♦✈é ❣r❛❢② ❜②❧② ♣♦r♦✈♥á♥② s❡ s♥í♠❦② ③ ❢♦t♦❛✲
♣❛rát➲ ♣r♦ st❡❥♥é ✈ý❜♦❥❡ ❛ t② s❡ ❝❡❧❦❡♠ ❞♦❜➦❡ s❤♦❞♦✈❛❧②✱ ❞❛t❛ t❡❞② ❥s♦✉ r❡á❧♥í✳ Pr♦
③❧❡♣➨❡♥í ❞é❧❦② ✈ý❜♦❥❡ ❛ ↔✐st♦t② ♣❧❛③♠❛t✉ ❜②❧♦ ✈②✉➸✐t♦ ❞♦✉t♥❛✈é❤♦ ✈ý❜♦❥❡ ❛ ✈②♣é❦á♥í
❦♦♠♦r②✳ ❉é❧❡ ❜②❧❛ ✈ tét♦ ❦❛♣✐t♦❧❡ ♣♦♣sá♥❛ ♠❡t♦❞❛ s②♠❡tr✐❝❦é ❆❜❡❧♦✈② ✐♥✈❡r③❡✳ ❚✉
❥❡ ♠♦➸♥♦ ♣♦✉➸ít ♣r♦ ③ís❦á♥í ✷❉ ♣r♦✜❧✉ ✈②③❛➦♦✈❛♥é❤♦ ✈ý❦♦♥✉ ♣❧❛③♠❛t✉ ❛ ❥❡❤♦ ↔❛s♦✈ý
♣r➲❜➙❤✳ P➦✐ ♣♦❦✉s❡❝❤ s ❞♦✉t♥❛✈ý♠ ✈ý❜♦❥❡♠ ♥❡❜②❧❛ ❞í❦② ♠❛❧é♠✉ s✐❣♥á❧✉ ♣♦t✈r③❡♥❛
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r✐❝❦ý❝❤ ♣♦❧í✳
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