
❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡
❈❡♥tr♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❡ ■♥❢♦r♠át✐❝❛

Pr♦❣r❛♠❛ ❞❡ Pós✲●r❛❞✉❛çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛

❈♦♥tr✐❜✉✐çã♦ ❛♦ ❡st✉❞♦ ❞❡ té❝♥✐❝❛s ❞❡ ❡①tr❛çã♦
❞❡ ♣❛râ♠❡tr♦s ♣❛r❛ ❜✐♦✲s❡♥s♦r❡s ó♣t✐❝♦s

❚✐❛❣♦ ❆❜r❡✉ ❚❛✈❛r❡s ❞❡ ❙♦✉s❛

❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦ s✉❜♠❡t✐❞❛ à ❈♦♦r❞❡♥❛❞♦r✐❛ ❞♦ Pr♦✲

❣r❛♠❛ ❞❡ Pós✲●r❛❞✉❛çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡

❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡ ❝♦♠♦ ♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s

♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦ ●r❛✉ ❞❡ ▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛

➪r❡❛ ❞❡ ❈♦♥❤❡❝✐♠❡♥t♦✿ Pr♦❝❡ss❛♠❡♥t♦ ❞❡ ■♥❢♦r♠❛çã♦

❖r✐❡♥t❛❞♦r✿

❆♥t♦♥✐♦ ▼❛r❝✉s ◆♦❣✉❡✐r❛ ▲✐♠❛

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❝©❚✐❛❣♦ ❆❜r❡✉ ❚❛✈❛r❡s ❞❡ ❙♦✉s❛✱ ▼❛rç♦ ❞❡ ✷✵✶✸



❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦

❉✐ss❡rt❛çã♦ ❛♣r❡s❡♥t❛❞❛ à ❈♦♦r❞❡♥❛çã♦ ❞♦ ❈✉rs♦ ❞❡ Pós✲

●r❛❞✉❛çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡

❈❛♠♣✐♥❛ ●r❛♥❞❡ ❝♦♠♦ ♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ♦❜✲

t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛

❚✐❛❣♦ ❆❜r❡✉ ❚❛✈❛r❡s ❞❡ ❙♦✉s❛

❆❧✉♥♦

❆♥t♦♥✐♦ ▼❛r❝✉s ◆♦❣✉❡✐r❛ ▲✐♠❛

❖r✐❡♥t❛❞♦r

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

▼❛rç♦ ❞❡ ✷✵✶✸



❉❡❞✐❝♦ à ♠✐♥❤❛ ❢❛♠í❧✐❛✳

■



❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ ❛ ❉❡✉s✱ ❡♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ ♣♦r t♦❞❛s ❛s ❣r❛ç❛s q✉❡ r❡❝❡❜♦ ❡ s❡♠♣r❡ r❡❝❡❜✐✱ ♠❡s♠♦

♥ã♦ s❡♥❞♦ ♠❡r❡❝❡❞♦r✳

❆❣r❛❞❡ç♦ t❛♠❜é♠ à ♠✐♥❤❛ ♠ã❡✱ ▼❛r✐❛ ❆✉①✐❧✐❛❞♦r❛✱ ❡ ❛ ♠❡✉ ♣❛✐✱ ❏♦sé ❚❛✈❛r❡s✱ ❡①❡♠♣❧♦s

❡ ♠♦t✐✈❛çõ❡s ♣❛r❛ t♦❞♦ ♠❡✉ ❡s❢♦rç♦ ❡♠ ❛❧❝❛♥ç❛r ♦ s✉❝❡ss♦✱ s❡♠♣r❡ ❝♦♠ ❤♦♥r❛ ❡ ❤♦♥❡st✐❞❛❞❡✳

❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛♦s ♠❡✉s ✐r♠ã♦s✱ ❚❛❧❡s ❆❜r❡✉ ❡ ▼✐❧❡♥❛ ❆❜r❡✉✱ ❝♦♠ q✉❡♠ ❛♣r❡♥❞✐ ❛

♣❛rt✐❧❤❛r✱ ❛ ♠❡ ❞♦❛r ❡♠ ❛❥✉❞❛ ❛♦ ♣ró①✐♠♦✱ ❡ ❛ ❜r✐❣❛r✳ ❆ss✐♠ ❝♦♠♦ ❛ t♦❞❛ ♠✐♥❤❛ ❢❛♠í❧✐❛✱

❛❧✐❝❡r❝❡ q✉❡ s❡♠♣r❡ ♠❡ s✉st❡♥t♦✉✱ ❡st✐♠✉❧♦✉ ❡ ♦r✐❡♥t♦✉✳

❆❣r❛❞❡ç♦ ❛♦ Pr♦❢❡ss♦r ❆♥t♦♥✐♦ ▼❛r❝✉s✱ ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡✱ ♦r✐❡♥t❛çã♦ ❡ ♣❡❧❛ ❝♦♥✜❛♥ç❛

❡♠ ♠✐♠ ❞❡♣♦s✐t❛❞❛✳

❆❣r❛❞❡ç♦ ❛♦ ❈◆Pq ♣❡❧♦ ❛♣♦✐♦ ✜♥❛♥❝❡✐r♦✳

❆❣r❛❞❡ç♦ ❛♦s ❛♠✐❣♦s✱ ♥ã♦ ♠❛✐s ❝♦❧❡❣❛s✱ q✉❡ ❝♦♥q✉✐st❡✐ ♥❛ ❯❋❈●✿ ❆②s❧❛♥✱ ❉✐❡❣♦✱ ●r❡✲

❣♦r②✱ ◆✉st❡♥✐❧✱ P❛❜❧♦✱ ❘♦❜❡rt♦✱ ❱á❣♥❡r✱ ❱✐❝t♦r ✭✈✉❧❣♦ ✈✐tr♦❧❛✮ ❡ ❱✐♥í❝✐✉s✱ q✉❡ ♠✉✐t❛s ✈❡③❡s

♣❛r❛r❛♠ s✉❛s ❛t✐✈✐❞❛❞❡s ♣❛r❛ ♠❡ ❛❥✉❞❛r✱ ❝♦♥✈❡rs❛r ♦✉ só t♦♠❛r ✉♠ ❝❛❢é✳

❊♥✜♠✱ ❛❣r❛❞❡ç♦ ❛ t♦❞♦s q✉❡✱ ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛✱ ♣❛ss❛r❛♠ ♣❡❧❛ ♠✐♥❤❛ ✈✐❞❛ ❡ ❝♦♥tr✐❜✉ír❛♠

♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞❡ q✉❡♠ s♦✉ ❤♦❥❡✱ ❞❡ ❢♦r♠❛ ❡s♣❡❝✐❛❧ ❛ ❛♠✐❣♦s ❡ ✐r♠ã♦s q✉❡ ✜③ ♥❛ ■❣r❡❥❛✳

■■



✏❆✈❡ ▼❛r✐❛✱ ❝❤❡✐❛ ❞❡ ❣r❛ç❛✱ ♦ ❙❡♥❤♦r é ❝♦♥✈♦s❝♦✳ ❇❡♥❞✐t❛ s♦✐s ✈ós ❡♥tr❡ ❛s ♠✉❧❤❡r❡s✳

❇❡♥❞✐t♦ é ♦ ❢r✉t♦ ❞♦ ✈♦ss♦ ✈❡♥tr❡✱ ❏❡s✉s✳✑

✭❆♥❥♦ ●❛❜r✐❡❧✮

■■■



❘❡s✉♠♦

❖ ♦❜❥❡t✐✈♦ ❞♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ é ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❝❛♠❛❞❛ ♥❛ q✉❛❧ ♦❝♦rr❡♠ ❛s ✐♥t❡r❛çõ❡s

❜✐♦✲q✉í♠✐❝❛s ❞❡ ✉♠ ❜✐♦✲s❡♥s♦r ó♣t✐❝♦ ❜❛s❡❛❞♦ ♥♦ ❢❡♥ô♠❡♥♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ ❞❡

s✉♣❡r❢í❝✐❡ ❡♠ t❡r♠♦s ❞♦ s❡✉ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❞❛ s✉❛ ❡s♣❡ss✉r❛✳ ❊ss❛ ❝❛r❛❝t❡r✐③❛çã♦ ❢♦✐

❜❛s❡❛❞❛ ♥❛ ❝✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡ ❡ ❞❡

s❡✉s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s✱ ❜❡♠ ❝♦♠♦ ♥✉♠❛ ❡①t❡♥sã♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ♣❛r❛ ❢♦♥t❡s

❞❡ ❧✉③ ♣♦❧✐❝r♦♠át✐❝❛s✳ ❚❡♥❞♦ ❡♠ ✈✐st❛ q✉❡ ❛ ❣❡r❛çã♦ ❞❛ ❝✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦

❞❡ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ r❡q✉❡r ♦ tr❛t❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❜r✉t♦ ♦❜t✐❞♦ ❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠✱

♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ t❛♠❜é♠ ❝♦♥t❡♠♣❧♦✉ ✉♠❛ ❛✈❛❧✐❛çã♦ ❞♦s ❛❧❣♦r✐t♠♦s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦

❞✐❣✐t❛❧ ❞❡ s✐♥❛✐s q✉❡ ♣❡r♠✐t❡♠ ♠✐♥✐♠✐③❛r ❛ ✐♥✢✉❡♥❝✐❛ ❞♦ r✉í❞♦✱ ♠❛①✐♠✐③❛♥❞♦ ❛ q✉❛❧✐❞❛❞❡

❞❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ❛tr✐❜✉t♦s ♣r✐♥❝✐♣❛✐s ❞❡ss❛ ❝✉r✈❛✳ ❆ ❞❡t❡r♠✐♥❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦

❡ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ❛♥❛❧✐t♦ ❢♦✐ ❢♦r♠✉❧❛❞❛ ❝♦♠♦ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ♦t✐♠✐③❛çã♦ ♥ã♦ ❧✐♥❡❛r✱ ❡♠

❝✉❥❛ s♦❧✉çã♦ ✉t✐❧✐③♦✉✲s❡ ✉♠❛ r❡❞❡ ♥❡✉r♦♥❛❧✳ ◆♦ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ✉t✐❧✐③♦✉✲s❡ ✉♠

♠♦❞❡❧♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❝✉❥♦s ♣❛râ♠❡tr♦s ❢♦r❛♠ ❛❥✉st❛❞♦s ❛ ♣❛rt✐r ❞❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❆

r❡❞❡ ♥❡✉r❛❧ ❢♦✐ ❝♦♥❝❡❜✐❞❛ ♣❛r❛ ❡①♣❧♦r❛r ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ♣ré✈✐♦ ♦❜t✐❞♦ ♥❛ ❢❛s❡ ❝❛r❛❝t❡r✐③❛çã♦✱

❝♦♥t❡♠♣❧❛♥❞♦ ❡❢❡✐t♦s ❧✐♥❡❛r❡s ❡ ♥ã♦ ❧✐♥❡❛r❡s✱ t❡♥❞♦ ❡♠ ✈✐st❛ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ❝✉r✈❛ ❝❛r❛❝t❡✲

ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡ ❛♦s s❡✉s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s✳

❆ ❡①t❡♥sã♦ ❞♦ ♠♦❞❡❧♦ ❝♦♥s✐❞❡r❛♥❞♦ ❧✉③ ♣♦❧✐❝r♦♠át✐❝❛ r❡s✉❧t❛ ❡♠ ✉♠❛ ♠❛✐♦r ♣r♦①✐♠✐❞❛❞❡

❞❛s ❝✉r✈❛s s✐♠✉❧❛❞❛ ❡ ❡①♣❡r✐♠❡♥t❛❧✱ ✐♥❝❧✉s✐✈❡ ❞❡ s❡✉s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s✳ ❈♦♥t✉❞♦

❡ss❛ ❝♦♥s✐❞❡r❛çã♦ ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ♣❡r❞❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ❝✉r✈❛✳ ❆s té❝♥✐❝❛s ❞❡ ♣r♦❝❡ss❛✲

♠❡♥t♦ ❞❡ s✐♥❛✐s ❛♣❧✐❝❛❞❛s ❛ ❝✉r✈❛s ❙P❘ ❞❡✈❡♠ s❡r ❛♣❧✐❝❛❞❛s ❡♠ ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❡s♣❡❝í✜❝❛

♣❛r❛ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛✳ ❆ ✉t✐❧✐③❛çã♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ♣❡r♠✐t✐✉ ❡①tr❛✐r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❛

❡s♣❡ss✉r❛ ❞♦ ❛♥❛❧✐t♦ ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

P❛❧❛✈r❛s ❈❤❛✈❡✿ ❘❡ss♦♥â♥❝✐❛ ❞❡ P❧❛s♠❛ ❞❡ ❙✉♣❡r❢í❝✐❡s✱ ❇✐♦✲s❡♥s♦r✱ Pr♦❝❡ss❛♠❡♥t♦ ❞❡

s✐♥❛✐s✱ ❘❡❞❡ ◆❡✉r❛❧✳

■❱



❆❜str❛❝t

❚❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ t❤✐s st✉❞② ✐s t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ❧❛st ❧❛②❡r ✭✐♥ ✇❤✐❝❤ ❜✐♦✲❝❤❡♠✐❝❛❧ ✐♥t❡✲

r❛❝t✐♦♥s ♦❝❝✉rs✮ ♦❢ ❛♥ ♦♣t✐❝❛❧ ❜✐♦s❡♥s♦r ❜❛s❡❞ ♦♥ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡

s✉r❢❛❝❡ ✐♥ t❡r♠s ♦❢ ✐ts r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❛♥❞ t❤✐❝❦♥❡ss✳ ❚❤✐s ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✇❛s ❜❛s❡❞ ♦♥

t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❝✉r✈❡ ♦❢ t❤❡ s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ ♣❤❡♥♦♠❡♥♦♥ ❛♥❞ ✐ts ♠♦r♣❤♦❧♦❣✐❝❛❧

♣❛r❛♠❡t❡rs✱ ❛s ✇❡❧❧ ❛s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ ❋r❡s♥❡❧ ❢♦r ♣♦❧②❝❤r♦♠❛t✐❝ ❧✐❣❤t s♦✉r❝❡s✳

❚❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❝✉r✈❡ ♦❢ t❤❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ ♣❤❡♥♦♠❡♥♦♥ r❡q✉✐r❡s t❡

tr❡❛t t❤❡ r❛✇ s✐❣♥❛❧ ♦❜t❛✐♥❡❞ ❜② t❤❡ ✐♠❛❣❡ s❡♥s♦r✱ t❤✐s ✇♦r❦ ❛❧s♦ ❝♦♥t❡♠♣❧❛t❡❞ ❛ ❡✈❛❧✉❛t✐♦♥

♦❢ ❞✐❣✐t❛❧ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ ❛❧❣♦r✐t❤♠s t❤❛t ❛❧❧♦✇s t♦ ♠✐♥✐♠✐③❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♥♦✐s❡✱ ♠❛①✐✲

♠✐③✐♥❣ q✉❛❧✐t② t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ♠❛✐♥ ❛ttr✐❜✉t❡s✳ ❚❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ r❡❢r❛❝t✐✈❡

✐♥❞❡① ❛♥❞ t❤✐❝❦♥❡ss ♦❢ ❛♥❛❧②t❡ ✇❛s ❢♦r♠✉❧❛t❡❞ ❛s ❛ ♥♦♥❧✐♥❡❛r ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ✐♥ ✇❤✐❝❤

s♦❧✉t✐♦♥ ✇❛s ❛❝❤✐❡✈❡❞ ✇✐t❤ ♥❡✉r❛❧ ♥❡t✇♦r❦✳ ❚❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ tr❛✐♥✐♥❣ ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤

❛ ❝♦♠♣✉t❛t✐♦♥❛❧ ♠♦❞❡❧ ✇❤♦s❡ ♣❛r❛♠❡t❡rs ✇❡r❡ ❛❞❥✉st❡❞ ❢r♦♠ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ❚❤❡ ♥❡✉✲

r❛❧ ♥❡t✇♦r❦ ✇❛s ❞❡s✐❣♥❡❞ t♦ ❡①♣❧♦r❡ ♣r✐♦r ❦♥♦✇❧❡❞❣❡ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ st❡♣✱

❝♦♥s✐❞❡r✐♥❣ ❧✐♥❡❛r ❛♥❞ ♥♦♥❧✐♥❡❛r ❡✛❡❝ts✱ ✐♥ ✈✐❡✇ ♦❢ t❤❡ s❡♥s✐t✐✈✐t② ❝❤❛r❛❝t❡r✐st✐❝ ❝✉r✈❡ ♦❢ t❤❡

♣❤❡♥♦♠❡♥♦♥ ♦❢ s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ t♦ ✐ts ♠♦r♣❤♦❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs✳ ❚❤❡ ♠♦❞❡❧ ✇❛s

❡①t❡♥❞❡❞ t♦ ❝♦♥s✐❞❡r t❤❡ ♣♦❧②❝❤r♦♠❛t✐❝ ❧✐❣❤t✱ r❡s✉❧t✐♥❣ ✐♥ ❛ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ❝❧♦s❡r t♦ t❤❡

❡①♣❡r✐♠❡♥t❛❧ ♦♥❡✱ ✐♥❝❧✉❞✐♥❣ ❝❧♦s❡r ♠♦r♣❤♦❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs✳ ❍♦✇❡✈❡r t❤✐s ❝♦♥s✐❞❡r❛t✐♦♥

✐♠♣❧✐❡s ✐♥ ❛ ❧♦ss ♦❢ ❝✉r✈❡ s❡♥s✐t✐✈✐t② ✳ ❚❤❡ t❡❝❤♥✐q✉❡s ♦❢ s✐❣♥❛❧ ♣r♦❝❡ss✐♥❣ ❛♣♣❧✐❡❞ t♦ ❙P❘

❝✉r✈❡s ♠✉st ❜❡ ❛♣♣❧✐❡❞ ✐♥ ❛ s♣❡❝✐✜❝ ❝♦♠❜✐♥❛t✐♦♥ ❢♦r ❣r❡❛t❡r ❡✣❝✐❡♥❝②✳ ❆ ♥❡✉r❛❧ ♥❡t✇♦r❦

❝❛♥ ❡st✐♠❛t❡ s✐♠✉❧t❛♥♦✉❧② t❤❡ ❛♥❛❧②t❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❛♥❞ t❤✐❝❦♥❡ss✱ ❡✈❡♥ ✇❤♥ tr❛✐♥❡❞ ✇✐t❤

s✐♠✉❧❛t❡❞ ❞❛t❛✳

❑❡② ✇♦r❞s✿ ❙✉r❢❛❝❡ P❧❛s♠♦♥ ❘❡s♦♥❛♥❝❡✱ ❇✐♦s❡♥s♦r✱ ❙✐❣♥❛❧ Pr♦❝❡ss✐♥❣✱ ◆❡✉r❛❧ ◆❡t✇♦r❦✳
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❞❡ ❋r❡s♥❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✺ ❈❛♠❛❞❛ ❜✐♦❧ó❣✐❝❛ ❢♦r♠❛❞❛ s♦❜r❡ ❛ ❝❛♠❛❞❛ ❞❡ ♦✉r♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✻ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ✭s✐♠✉❧❛çã♦✮ ❡ ♣❛râ♠❡✲

tr♦s r❡❧❡✈❛♥t❡s✿ ❋❲❍▼✱ ▲✐♥❤❛ ❇❛s❡ ❉✐♥â♠✐❝❛✱ ❊s♣❡ss✉r❛✱ ❆ss✐♠❡tr✐❛✱ ❞✐♣ ❡

✈❛❧♦r ❞❡ r❡ss♦♥â♥❝✐❛✳ ❆ ❢❛✐①❛ ❞❡ â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ [θI , θF ] ❞❡♣❡♥❞❡ ❞❛

❝♦♥✜❣✉r❛çã♦ ✉t✐❧✐③❛❞❛✿ ❜✐♦✲❝❤✐♣✱ ❧✉③ ❡①❝✐t❛♥t❡✱ ❡♥tr❡ ♦✉tr♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✷✳✼ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ✭s✐♠✉❧❛çã♦✮ ❡ ♣❛râ♠❡✲

tr♦s r❡❧❡✈❛♥t❡s✿ ❋❲❍▼✱ ▲❇❉✱ ❊s♣❡ss✉r❛✱ ❆ss✐♠❡tr✐❛✱ ❞✐♣ ❡ ✈❛❧♦r ❞❡ r❡ss♦♥â♥❝✐❛✳ ✷✵

✷✳✽ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ✈❛r✐❛çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ♦❝♦rrê♥❝✐❛ ❞♦ ♠í♥✐♠♦ ✭â♥❣✉❧♦ ❞❡

r❡ss♦♥â♥❝✐❛✮ ❡♠ ✉♠ s❡♥s♦r❣r❛♠❛ ✭❛✮ ❈✉r✈❛s ❙P❘ ✭❘❡✢❡t✐✈✐❞❛❞❡ ❳ â♥❣✉❧♦✮

r♦t❛❝✐♦♥❛❞❛ ✾✵♦ ♥♦ s❡♥t✐❞♦ ❛♥t✐✲❤♦rár✐♦❀ ✭❜✮ ❙❡♥s♦r❣r❛♠❛ t❡ór✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✷✳✾ ▼♦❞❡❧♦ ❞❡ ❝❛♠❛❞❛s ❝♦♠ ♦ ❛❞✐❝✐♦♥❛❧ ✷✯ ❛♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❝♦♠ ❡s♣❡ss✉r❛ ✈❛r✐✲

❛♥t❡✱ ✈❛r✐❛♥❞♦ ǫ2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✷✳✶✵ ❊sq✉❡♠❛ ❞♦ ♥❡✉rô♥✐♦ ♥❛t✉r❛❧ ✭❛✮ ❡ ♥❡✉rô♥✐♦ ❛rt✐✜❝✐❛❧ ✭❜✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✷✳✶✶ ❘❡❞❡ ◆❡✉r❛❧ ❆rt✐✜❝✐❛❧ s✐♠♣❧❡s✱ ❝♦♠ ❛♣❡♥❛s ❞✉❛s ✈❛r✐á✈❡✐s ❞❡ ❡♥tr❛❞❛✱ ❞✉❛s

❞❡ s❛í❞❛ ❡ s❡♠ ♥❡✉rô♥✐♦s ✐♥t❡r♠❡❞✐ár✐♦s ✭❝❛♠❛❞❛ ♦❝✉❧t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✸✳✶ ❈✉r✈❛ ❙P❘ s✐♠✉❧❛❞❛ ♣❛r❛ ❛ á❣✉❛ ✭❛③✉❧✮ ❡ ❈✉r✈❛ ❙P❘ ❛❞q✉✐r✐❞❛ ❡①♣❡r✐♠❡♥✲

t❛❧♠❡♥t❡ ♣❛r❛ á❣✉❛ ✭✈❡r❞❡✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

❳
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✸✳✷ ■♥t❡♥s✐❞❛❞❡ ❧✉♠✐♥♦s❛ ❞♦ ▲❊❉ ♠❡❞✐❞❛ ❝♦♠ ❡s♣❡❝trô♠❡tr♦ ❯❙❇✹✵✵✵ ❞❛ ❖❝❡❛♥

❖♣t❝✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✸✳✸ ❈♦♠♣❛r❛çã♦ ❞❛s ❝✉r✈❛s s✐♠✉❧❛❞❛s ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛

❧✉③ ❡ s❡♠ ❝♦♥s✐❞❡r❛r✱ ❜❡♠ ❝♦♠♦ ❛ ✈❛r✐❛çã♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ à ✈❛r✐❛çã♦ ❞♦s

♣❛râ♠❡tr♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✸✳✹ ❈✉r✈❛ ❙P❘ s✐♠✉❧❛❞❛ ♣❛r❛ ❛ á❣✉❛ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛

❧✉③ ❡①❝✐t❛♥t❡ ✭❛③✉❧✮ ❡ ❈✉r✈❛ ❙P❘ ❛❞q✉✐r✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ♣❛r❛ á❣✉❛

✭✈❡r❞❡✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✸✳✺ ❙✐♠✉❧❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s s✉❜stâ♥❝✐❛s ♥❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧

❝♦♥s❡r✈❛♥❞♦ s✉❛ ❡s♣❡ss✉r❛✿ d3 = 50nm✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✸✳✻ ❱❛r✐❛çã♦ ❞❛ ❊♥❡r❣✐❛ ❞❛ ❝✉r✈❛ ❡ s❡✉ ✈❛❧♦r ❞❡ ▲✐♥❤❛ ❇❛s❡ ✭❋❲❍▼ ❡ ❉✐♥â♠✐❝❛✮

❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✿ d3 = 50nm✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✸✳✼ ❱❛r✐❛çã♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛

s❡♥sí✈❡❧✿ d3 = 50nm✳ ❈❛❧❝✉❧❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✸✳✽ ❱❛r✐❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❡ ❛ss✐♠❡tr✐❛ ❞❛ ❝✉r✈❛ ❙P❘ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛

❝❛♠❛❞❛ s❡♥sí✈❡❧✿ d3 = 50nm✳ ❈❛❧❝✉❧❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✸✳✾ ❙✐♠✉❧❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❡s♣❡ss✉r❛s ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❝♦♠

❛ ♠❡s♠❛ s✉❜stâ♥❝✐❛✿ n3 = 1.35RIU ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✸✳✶✵ ❱❛r✐❛çã♦ ❞❛ ▲✐♥❤❛ ❇❛s❡ ✭❋❲❍▼ ❡ ❉✐♥â♠✐❝❛✮ ❝♦♠ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛

s❡♥sí✈❡❧✿ n3 = 1.35RIU ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✸✳✶✶ ❱❛r✐❛çã♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❝♦♠ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✿

n3 = 1.35RIU ✳ ❈❛❧❝✉❧❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✸✳✶✷ ❱❛r✐❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❡ ❛ss✐♠❡tr✐❛ ❞❛ ❝✉r✈❛ ❙P❘ ❝♦♠ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛

s❡♥sí✈❡❧✿ n3 = 1.35RIU ✳ ❈❛❧❝✉❧❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✹✳✶ ❙P❘❊❊❚❆✿ ❇✐♦✲s❡♥s♦r ❙P❘❊❊❚❆ ❡ ♣❡r✐❢ér✐❝♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✷ ❇✐♦✲s❡♥s♦r ❱■❘ ❡ ♣❡r✐❢ér✐❝♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✸ ❇✐♦✲s❡♥s♦r PP❇■❖✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✹ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❛ ♣❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✹✳✺ ❉✐❛❣r❛♠❛ ❞♦ s✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺
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✹✳✻ ❊sq✉❡♠❛ ❞♦ ❙P❘❊❊❚❆ ❝♦♠ s❡✉s ❝♦♠♣♦♥❡♥t❡s✳ ✶ ✲ ▲❊❉❀ ✷ ✲ P♦❧❛r✐③❛❞♦r❀ ✸ ✲

❈é❧✉❧❛ ❞❡ ❋❧✉①♦❀ ✹ ✲ t❡r♠✐st♦r❀ ✺ ✲ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧❀ ✻ ✲ ❡s♣❡❧❤♦❀ ✼ ✲ ❛rr❛♥❥♦

❞❡ ❢♦t♦❞✐♦❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✹✳✼ ❉✐❛❣r❛♠❛ ❞❡ t❡♠♣♦ ❞♦s s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❡ s❛í❞❛ ❞♦ ❙P❘❊❊❚❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✹✳✽ ✭❛✮ ❊str✉t✉r❛ ❢ís✐❝❛ ❞♦ ❙P❘❊❊❚❆ ❡ ✭❜✮ ❉✐❛❣r❛♠❛ ❞❡ ❇❧♦❝♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✹✳✾ Pr♦❣r❛♠❛ ❡♠ ▲❛❜❱✐❡✇ ❞❛ ◆■ ✭❛✮ ❆q✉✐s✐çã♦ ❞♦s ❞❛❞♦s❀ ✭❜✮ Pré✲♣r♦❝❡ss❛♠❡♥t♦

✭✜❧tr♦s t❡♠♣♦r❛❧ ❡ ❡s♣❛❝✐❛❧✮❀ ❡ ✭❝✮ Pr♦❝❡ss❛♠❡♥t♦ ❡ ❛♣r❡s❡♥t❛çã♦ ❞♦s ❞❛❞♦s ❞♦

❙P❘❊❊❚❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✹✳✶✵ ■♥t❡r❢❛❝❡ ❞♦ ♣r♦❣r❛♠❛ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❛❞q✉✐r✐r✱ ♣r❡✲♣r♦❝❡ss❛r✱ ❛♣r❡s❡♥t❛r ❡

❣r❛✈❛r ♦s ❞❛❞♦s ❞♦ ❙P❘❊❊❚❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✺✳✶ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ❛rr❛♥❥♦ ❢♦t♦❞❡t❡❝t♦r✳ ✭❙P❘❊❊❚❆✱ ✷✵✵✵✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✺✳✷ ❉✐❛❣r❛♠ ❞♦ ❜❧♦❝♦s ❞♦ s✐st❡♠❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✺✳✸ ❙❡♥s♦r❣r❛♠❛s ❡st✐♠❛❞♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ á❣✉❛ ❡ P❇❙ r❡❛❧✐③❛❞♦s ❝♦♠ ♦

❙♣r❡❡t❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✺✳✹ ❈♦♠♣❛r❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ r❡❞✉çã♦ ❞♦ r✉í❞♦ t❡♠♣♦r❛❧✳ ❖s ✈❛❧♦r❡s

♣❛r❛ Lt = 0 ❝♦rr❡s♣♦♥❞❡♠ à ❝✉r✈❛ s❡♠ ♥❡♥❤✉♠ tr❛t❛♠❡♥t♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✺✳✺ ❈♦♠♣❛r❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ r❡❞✉çã♦ ❞♦ r✉í❞♦ ❡s♣❛❝✐❛❧ ❛♣❧✐❝❛❞❛s

❛♥t❡s ❡ ❞❡♣♦✐s ❞❡ ♦❜t❡r ❛ ❝✉r✈❛ ❙P❘✳ ❖s ✈❛❧♦r❡s ♣❛r❛ Ls = 0 ❝♦rr❡s♣♦♥❞❡♠

à ❝✉r✈❛ s❡♠ ♥❡♥❤✉♠ tr❛t❛♠❡♥t♦✳ ❖ ✜❧tr♦ ❙❛✈✐t③❦②✲●♦❧❛② ♥ã♦ ❡stá ❞❡✜♥✐❞♦

q✉❛♥❞♦ ♦ ❣r❛✉ ❁ 2Ls + 1✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✺✳✻ ❈♦♠♣❛r❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ r❡❞✉çã♦ ❞♦ r✉í❞♦ ❢r❡q✉❡♥❝✐❛❧ ❛♣❧✐❝❛❞❛s

❛♥t❡s ❡ ❞❡♣♦✐s ❞❡ ♦❜t❡r ❛ ❝✉r✈❛ ❙P❘✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✺✳✼ ❊st✉❞♦ ❞❛s ♣♦ssí✈❡✐s ❝♦♠❜✐♥❛çõ❡s ❞❛s té❝♥✐❝❛s ❞❡ r❡♠♦çã♦ ❞❡ r✉í❞♦✳ ◆❛ ❧❡✲

❣❡♥❞❛✿ ❖ t✐♣♦ ❞❡ r✉í❞♦ tr❛t❛❞♦✱ ❛ té❝♥✐❝❛ ✉t✐❧✐③❛❞❛ ❡ ♦ ♣❛râ♠❡tr♦ q✉❡ ❧❡✈♦✉

❛♦ ♠❡❧❤♦r r❡s✉❧t❛❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✺✳✽ ❘❡s✉❧t❛❞♦ ❞❛ s❡q✉ê♥❝✐❛ ❞❡ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝✉r✈❛ ❙P❘ ♥❛ ❝✉r✈❛ ❡①♣❡r✐✲

♠❡♥t❛❧✳ ❉❛ ❡sq✉❡r❞❛ ♣❛r❛ ❛ ❞✐r❡✐t❛✿ ❝✉r✈❛ ❜r✉t❛❀ ❛♣ós tr❛t❛♠❡♥t♦ t❡♠♣♦r❛❧❀

❛♣ós tr❛t❛♠❡♥t♦ ❡s♣❛❝✐❛❧❀ ❛♣ós tr❛t❛♠❡♥t♦ ❢r❡q✉❡♥❝✐❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻
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✻✳✶ ❱❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ❙P❘ ❝♦♠ ♦s ✈❛❧♦r❡s ❞❡ n3 ❡

d3✳ ❋♦r❛♠ s✐♠✉❧❛❞❛s ✶✵✳✵✵✵ ❝✉r✈❛s ❝♦♠ n3 ✈❛r✐❛♥❞♦ ❞❡ 1, 3 ❛ 1, 4 ❛ ✉♠ ♣❛ss♦

❞❡ 10−3 ❡ d3 ✈❛r✐❛♥❞♦ ❞❡ 1nm ❛ 100nm ❛ ✉♠ ♣❛ss♦ ❞❡ 1nm ❝❛❧❝✉❧❛❞♦s ♦s

♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ♣❛r❛ ❝❛❞❛ ❞❛s ❝✉r✈❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✻✳✷ ❖ ♠❡❧❤♦r r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♠ ❛t✐✈❛çã♦ s✐❣♠ó✐❞❡ ❡ tr❡✐♥❛♠❡♥t♦

❜❛❝❦♣r♦♣❛❣❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✻✳✸ ❊str✉t✉r❛ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♠ ♠ú❧t✐♣❧♦s ❝♦♥❤❡❝✐♠❡♥t♦s ♣ré✈✐♦s✳ ◆❛ ❝❛♠❛❞❛

❡s❝♦♥❞✐❞❛ ♦s ♥❡✉rô♥✐♦s ❛té j1 sã♦ ♥ã♦✲❧✐♥❡❛r❡s ❡ ♦s ❞❡♠❛✐s sã♦ ❧✐♥❡❛r❡s✳ ✳ ✳ ✳ ✼✶

✻✳✹ ❘❡s✉❧t❛❞♦s s✉❛✈✐③❛❞♦s ❞❛ ✉t✐❧✐③❛çã♦ ✉♠ ❛❥✉st❡ ❞❡ ❝✉r✈❛s ❜❛s❡❛❞♦ ❡♠ r❡❞❡

♥❡✉r❛❧✳ P❛r❛ ❛❥✉st❡ ❞❛ r❡❞❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛

❝✉r✈❛ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❞✐♥â♠✐❝❛ ❡ ♥❛ té❝♥✐❝❛ ❞♦

♣r✐♠❡✐r♦ ♠♦♠❡♥t♦ ✭❝❡♥tró✐❞❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✻✳✺ ❘❡s✉❧t❛❞♦s s✉❛✈✐③❛❞♦s ❞❛ ✉t✐❧✐③❛çã♦ ✉♠ ❛❥✉st❡ ❞❡ ❝✉r✈❛s ❜❛s❡❛❞♦ ❡♠ r❡❞❡

♥❡✉r❛❧✳ P❛r❛ ❛❥✉st❡ ❞❛ r❡❞❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛

❝✉r✈❛ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❞✐♥â♠✐❝❛ ❡ ♥❛ té❝♥✐❝❛ ❞❡

❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✻✳✻ ❘❡s✉❧t❛❞♦s s✉❛✈✐③❛❞♦s ❞❛ ✉t✐❧✐③❛çã♦ ✉♠ ❛❥✉st❡ ❞❡ ❝✉r✈❛s ❜❛s❡❛❞♦ ❡♠ r❡❞❡

♥❡✉r❛❧✳ P❛r❛ ❛❥✉st❡ ❞❛ r❡❞❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛

❝✉r✈❛ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❋❲❍▼ ❡ ♥❛ té❝♥✐❝❛ ❞♦

♣r✐♠❡✐r♦ ♠♦♠❡♥t♦ ✭❝❡♥tró✐❞❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✻✳✼ ❘❡s✉❧t❛❞♦s s✉❛✈✐③❛❞♦s ❞❛ ✉t✐❧✐③❛çã♦ ✉♠ ❛❥✉st❡ ❞❡ ❝✉r✈❛s ❜❛s❡❛❞♦ ❡♠ r❡❞❡

♥❡✉r❛❧✳ P❛r❛ ❛❥✉st❡ ❞❛ r❡❞❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛

❝✉r✈❛ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❋❲❍▼ ❡ ♥❛ té❝♥✐❝❛ ❞❡

❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✻✳✽ ❘❡s✉❧t❛❞♦ ❞❡ r❡❞❡ ♥❡✉r❛❧ tr❡✐♥❛❞❛ ❝♦♠ ❝✉r✈❛s s✐♠✉❧❛❞❛s s❡♠ r✉í❞♦ ❡ ❛♣❧✐❝❛❞❛

❛ ❝✉r✈❛s s✐♠✉❧❛❞❛s ❝♦♠ r✉í❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✾ ❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ❛ r❡❞❡ ♥❡✉r❛❧ ❛♣❧✐❝❛❞❛ ❛♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ✳ ✳ ✳ ✼✽



1
■♥tr♦❞✉çã♦ ●❡r❛❧

❆ ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡✱ ❜❛✐①♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛✱ ❜❛✐①♦ ❝✉st♦✱ ❢á❝✐❧ ♠❛♥✉s❡✐♦ ❡ ♣♦rt❛❜✐❧✐❞❛❞❡

❞♦s ❡q✉✐♣❛♠❡♥t♦s ❜✐♦✲s❡♥s♦r❡s tê♠ ❣❛r❛♥t✐❞♦ ❛ ❡ss❡s ❣r❛♥❞❡ ❡①♣❛♥sã♦ ♥♦ ♠❡r❝❛❞♦✳ ❯♠

❡①❡♠♣❧♦ sã♦ ♦s ❜✐♦✲s❡♥s♦r❡s ♣❛r❛ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❛ ●❧✐❝♦s❡✱ q✉❡ ❡♠ ✷✵✵✽ ♠♦✈✐♠❡♥t❛r❛♠

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✽✱✽ ❜✐❧❤õ❡s ❞❡ ❞ó❧❛r❡s ♥♦ ♠❡r❝❛❞♦ ♠✉♥❞✐❛❧ ✭❖❧✐✈❡✐r❛✱ ✷✵✶✶✮✳

❖ ●r❛❞✉❛t❡ ■♥st✐t✉t❡ ♦❢ ▼❛♥❛❣❡♠❡♥t ❙❝✐❡♥❝❡ ❞❡ ❚❛✐✇❛♥ ✭✷✵✵✾✮✱ ❡st✐♠♦✉ ♦ ♠❡r❝❛❞♦ ❞❡

❜✐♦✲s❡♥s♦r❡s ❡♠ ✷✵✵✼ ♠♦✈✐♠❡♥t❛♥❞♦ ✶✵✱✽ ❜✐❧❤õ❡s ❞❡ ❞ó❧❛r❡s ❝♦♠ ❝r❡s❝✐♠❡♥t♦ ❛♥✉❛❧ ❡st✐♠❛❞♦

❡♠ ✶✵✱✹✪✳ ❖ ●❧♦❜❛❧ ■♥❞✉str② ❆♥❛❧②sts✱ ■♥❝✳ ✭✷✵✶✵✮ ♣r❡✈ê ✉♠ ♠❡r❝❛❞♦ ❞❡ ✶✼✱✸ ❜✐❧❤õ❡s ❞❡

❞ó❧❛r❡s ❡♠ ✷✵✶✺✳ ❊ss❛ ♣r❡✈✐sã♦ ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛té ♠❡s♠♦ ❛ ❧❡♥t❛ ♣❡♥❡tr❛çã♦ ❞❡ ❜✐♦✲

s❡♥s♦r❡s ❡♠ ♠❡r❝❛❞♦s ❥á ❝♦♥s♦❧✐❞❛❞♦s ❝♦♠♦ t❡st❡ ❞❡ ♣❍✱ s❡❣✉r❛♥ç❛ ✐♥❞✉str✐❛❧ ❡ s✐st❡♠❛s ❞❡

♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ❣ás✳ ❖ ❝r❡s❝✐♠❡♥t♦ é ❛tr✐❜✉í❞♦ ❛s ♥♦✈❛s ❛♣❧✐❝❛çõ❡s ❞❡ ❜✐♦✲s❡♥s♦r❡s q✉❡

❡stã♦ s✉r❣✐♥❞♦ ♦✉ s❡♥❞♦ ❡①♣❛♥❞✐❞❛s ✭❙❛❞❛♥❛ ❡ ❙❛❞❛♥❛✱ ✷✵✶✶✮✳

❇✐♦✲s❡♥s♦r❡s ❝❧❛ss✐✜❝❛❞♦s ❝♦♠♦ ó♣t✐❝♦s s❡ s♦❜r❡ss❛❡♠ s♦❜r❡ ♦s ❞❡♠❛✐s ♣♦r s❡✉ t❛♠❛♥❤♦

r❡❞✉③✐❞♦✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ r❡s♣♦st❛✱ ❛ ❢❛❝✐❧✐❞❛❞❡ ❞❡ ✐♥t❡❣r❛çã♦✱ ✐♠✉♥✐❞❛❞❡ ❛ r✉í❞♦ ❡❧❡tr♦♠❛❣♥é✲

t✐❝♦✱ ❜♦❛ ❜✐♦❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❡ ♥ã♦✲♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡❧❡♠❡♥t♦s ❛t✐✈♦s ♥❛ ❜✐♦❝❛♠❛❞❛ ✭▼♦r❡✐r❛✱

▲✐♠❛✱ ◆❡✛✱ ◆❡t♦ ❡ ▲♦✉r❡✐r♦✱ ✷✵✶✶✮

❍♦♠♦❧❛ ✭❍♦♠♦❧❛✱ ✷✵✵✸✮ ❞❡st❛❝❛✱ ❞❡♥tr❡ ♦s ❜✐♦✲s❡♥s♦r❡s ó♣t✐❝♦s✱ ♦ ❜✐♦✲s❡♥♦r✐❛♠❡♥t♦ ❙P❘

❡ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ s♦❜r❡ ❛s ❞❡♠❛✐s té❝♥✐❝❛s✳ ❆ s❡❣✉♥❞❛ é ♠❛✐s s❡♥sí✈❡❧ ❡ s❡❧❡t✐✈❛✱ ❝♦♥t✉❞♦ ❛

té❝♥✐❝❛ ❙P❘ ♣♦ss✐❜✐❧✐t❛ ❛ ♠❛✐s ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ s❡❧❡t✐✈✐❞❛❞❡ s❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ♠❛r❝❛❞♦r❡s✳

❖ ❜✐♦✲s❡♥s♦r ❙P❘ t❡♠ ❣r❛♥❞❡ ✈❡rs❛t✐❧✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çõ❡s ❥á q✉❡ s✉❛ ❝❛♠❛❞❛ ❜✐♦❧ó❣✐❝❛

♣♦❞❡ s❡r ❢♦r♠❛❞❛ ♣❛r❛ ✐♠♦❜✐❧✐③❛r ❛s ♠❛✐s ❞✐✈❡rs❛s s✉❜stâ♥❝✐❛s✳ ❉❡t❡r♠✐♥❛❞❛ ✉♠❛ r❡❛çã♦

❛ s❡r ❛♥❛❧✐s❛❞❛ ♦ ❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ✉t✐❧✐③❛çã♦ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘ ❝♦♥s✐st❡ ❡♠ ❡♥❝♦♥tr❛r ✉♠❛

✶
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❝♦♠❜✐♥❛çã♦ ❞❡ s✉❜stâ♥❝✐❛s s❡♥sí✈❡✐s à r❡❛çã♦ q✉❡ s❡ ❛❞✐r❛♠ ❛♦ ♦✉r♦✳ P❛r❛ ❞❡t❡❝t❛r ✈ír✉s✱

♣♦r ❡①❡♠♣❧♦✱ é ♥❡❝❡ssár✐♦ ❡♥❝♦♥tr❛r s✉❜stâ♥❝✐❛s q✉❡ s❡ ❧✐❣✉❡♠ ❛♦ ♦✉r♦ ❡ ❛♦ ❛♥t✐❝♦r♣♦ q✉❡

r❡❛❣❡ ❝♦♠ ♦ ✈ír✉s ❞❡ ✐♥t❡r❡ss❡✳

❇♦❡❝❦❡r ✭❉✳✱ ❩②❜✐♥✱ ❍♦r✈❛t✐❝✱ ●r✉♥✇❛❧❞ ❡ ◆✐❡♠❛①✱ ✷✵✵✼✮ r❡ss❛❧t♦✉ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞♦

❜✐♦✲s❡♥s♦r ❙P❘ ♥❛ ❞❡t❡❝çã♦ ❞❡ ❜✐♦♠♦❧é❝✉❧❛s ❞❡s❞❡ ❛ ♣r✐♠❡✐r❛ ✈❡③ q✉❡ ❛ té❝♥✐❝❛ ❢♦✐ ✉t✐❧✐③❛❞❛✱

❛♣❡s❛r ❞❡ s✉❛s ❧✐♠✐t❛çõ❡s ♥❛ é♣♦❝❛✳

❆ té❝♥✐❝❛ ❛✐♥❞❛ ♥ã♦ é ❝♦♠♣❧❡t❛♠❡♥t❡ ❞♦♠✐♥❛❞❛✱ ❛✐♥❞❛ ♣♦ss✉✐♥❞♦ ❧✐♠✐t❛çõ❡s ♥ã♦ s♦❧✉❝✐✲

♦♥❛❞❛s✿

✶✳ ❆ ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘ ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ❜❛✐①❛ r♦❜✉st❡③ ❞♦ ❡q✉✐♣❛♠❡♥t♦

❛ r✉í❞♦✱ s❡♥❞♦ ✐♠♣♦rt❛♥t❡ ♠✐♥✐♠✐③❛r ♦ ❡❢❡✐t♦ ❞❡ss❡ r✉í❞♦✱ ✐♥trí♥s❡❝♦ ❛ q✉❛❧q✉❡r ♠❡❞✐çã♦✱

❛♥t❡s ❞❡ ♦❜t❡r ❛ ❣r❛♥❞❡③❛ s❡♥s♦r✐❛❞❛✳

✷✳ ❆ ❡str✉t✉r❛ ♥❡❝❡ssár✐❛ ❛♦ ❢❡♥ô♠❡♥♦ ❙P❘ ❡♥✈♦❧✈❡ ✉♠ ❝♦♠♣❧❡①♦ ❡s♣❡❝í✜❝♦ ❞❡ ❝❛♠❛❞❛s

❛✐♥❞❛ ♥ã♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❝❛r❛❝t❡r✐③❛❞♦✳ ❆s ❣r❛♥❞❡③❛s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ♥♦ ❢❡♥ô♠❡♥♦

s❡ r❡❧❛❝✐♦♥❛♠ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❞❡✈❡♠ s❡r q✉❛♥t✐✜❝❛❞❛s ❥✉♥t❛s✱ ❞❡ ❢♦r♠❛ ❛ ♠✐♥✐♠✐③❛r

♦ ❡rr♦ ❞❡ ❛♠❜❛s✳

✸✳ ■❞❡♥t✐✜❝❛r ❞❡t❡r✐♦r❛çõ❡s ♥♦ ❝♦♠♣❧❡①♦ ❞❡ ❝❛♠❛❞❛s q✉❡ ✐♥✢✉❡♥❝✐❡♠ ♦ r❡s✉❧t❛❞♦ ❞♦ s❡♥s♦r✳

✹✳ ❆ ❝✐♥ét✐❝❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❝❛♠❛❞❛ ♥❛ q✉❛❧ ♦❝♦rr❡♠ ❛s ✐♥t❡r❛çõ❡s ❜✐♦✲q✉í♠✐❝❛s ♥ã♦

é ❝♦♠♣❧❡t❛♠❡♥t❡ ❞♦♠✐♥❛❞❛✳ ❆✐♥❞❛ é ✉♠ ♣r♦❜❧❡♠❛ ❞❡t❡r♠✐♥❛r s❡ ❛ ❢♦r♠❛çã♦ ❡stá

❝♦♠♣❧❡t❛✳

✺✳ ❯t✐❧✐③❛r ♦ ❢❡♥ô♠❡♥♦ ❙P❘ ♣❛r❛ ✉♠ r❡❢r❛❝tô♠❡tr♦ ♣❛r❛ ♠❡❞✐r í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❛❜s♦❧✉t♦✳

❖s s❡♥s♦r❡s ❙P❘ ♥♦r♠❛❧♠❡♥t❡ ♠❡❞❡♠ ❛♣❡♥❛s ✈❛r✐❛çõ❡s ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ♠❛s

❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ♠❡❞✐r ♦ ✈❛❧♦r ❛❜s♦❧✉t♦ ♣❛r❛ ❧íq✉✐❞♦s ❡ só❧✐❞♦s ✭▲✐❛♥❣✱ ▼✐r❛♥t♦✱

●r❛♥q✈✐st✱ ❙❛❞♦✇s❦✐✱ ❱✐✐t❛❧❛✱ ❲❛♥❣ ❡ ❨❧✐♣❡rtt✉❧❛✱ ✷✵✶✵✮✳

✻✳ ❯t✐❧✐③❛r ♦ s❡♥s♦r ❙P❘ ♣❛r❛ ♠❡❞✐r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❝♦♠♣❧❡①♦✱ ✐st♦ é✱ ♦ í♥❞✐❝❡ ❞❡ r❡✲

❢r❛çã♦ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❡①t✐♥çã♦ ✭❛❜s♦rçã♦✮ ✭▲✉♥❛✲▼♦r❡♥♦✱ ▼♦♥③ó♥✲❍❡r♥á♥❞❡③✱ ◆♦é✲

❆r✐❛s ❡ ❘❡❣❛❧❛❞♦✱ ✷✵✶✷✮✳

❊st❡ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛ ❝♦♥tr✐❜✉✐çõ❡s ❛ r❡s♣❡✐t♦ ❞❡ ♠✐♥✐♠✐③❛çã♦ ❞♦ r✉í❞♦ ✭✶✮ ❡ ❝❛r❛❝t❡✲

r✐③❛çã♦ ❞♦ ❝♦♠♣❧❡①♦ ❞❡ ❝❛♠❛❞❛s ✭✷✮✳ ❈♦♥t✉❞♦ ✉♠ ❛✈❛♥ç♦ ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ❝❛♠❛❞❛s ❞♦

❝♦♠♣❧❡①♦ r❡♣r❡s❡♥t❛ t❛♠❜é♠ ✉♠ ❛✈❛♥ç♦ ♥❛ s♦❧✉çã♦ ❞♦s ❞❡♠❛✐s ♣r♦❜❧❡♠❛s✳
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✶✳✶ ❖❜❥❡t✐✈♦ ●❡r❛❧

❆ s❡❧❡t✐✈✐❞❛❞❡ ❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ❜✐♦✲s❡♥s♦r✱ ❙P❘ ♦✉ ♥ã♦✱ ❞❡♣❡♥❞❡ ❞❡ ✉♠❛ ❝♦rr❡t❛ ❢♦r✲

♠❛çã♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❞❡ ✐♠♦❜✐❧✐③❛çã♦ ❞❛ s✉❜stâ♥❝✐❛ s❡♥s♦r✐❛❞❛✳ ■st♦ ♣♦rq✉❡ ❛ r❡❛çã♦ ❝♦♠

❛ s✉❜stâ♥❝✐❛ ✐♠♦❜✐❧✐③❛❞♦r❛ q✉❡ s❡rá s❡♥s♦r✐❛❞❛✱ ♥ã♦ ❛ s✉❜stâ♥❝✐❛ ❡♠ s✐✳

❈❛r❛❝t❡r✐③❛r ❡st❛ ❝❛♠❛❞❛ q✉❛♥t♦ ❛♦ s❡✉ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ s✉❛ ❡s♣❡ss✉r❛ ❛tr❛✈és ❞❡

✉♠❛ ❛♥á❧✐s❡ ❞❛ ❝✉r✈❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘✱ ❝❤❛♠❛❞❛ ❝✉r✈❛ ❙P❘✱ s✐❣♥✐✜❝❛ ❝❛r❛❝t❡r✐③❛r

❛ s✉❜stâ♥❝✐❛ ✐♠♦❜✐❧✐③❛❞❛✳ ❆ ❝♦rr❡t❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❛ s✉❜stâ♥❝✐❛ ♣♦❞❡ s❡r ❢❡✐t❛ ❛♣❡♥❛s ❝♦♠

♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ♠❛s ❡st❛ ❣r❛♥❞❡③❛ t❛♠❜é♠ é ✐♥✢✉❡♥❝✐❛❞❛ ♣❡❧❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛✳

❆ ✐❞❡♥t✐✜❝❛çã♦ ❞❡st❛ ❡s♣❡ss✉r❛ ❛✐♥❞❛ ♣❡r♠✐t❡ ❞❡t❡r♠✐♥❛r q✉❛♥❞♦ ❛ ❝❛♠❛❞❛ ❞❡ ✐♠♦❜✐❧✐③❛çã♦

❡stá ♣r♦♥t❛✱ ♣♦❞❡♥❞♦✲s❡ ❞❛r ✐♥í❝✐♦ ❛♦ s❡♥s♦r✐❛♠❡♥t♦✳

P♦rt❛♥t♦ ♦❜❥❡t✐✈❛✲s❡ ❞❡t❡r♠✐♥❛r ❛ ❡s♣❡ss✉r❛ ❡ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧

❞♦ ❜✐♦✲s❡♥s♦r s✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ❞❡ ❢♦r♠❛ ❛ ❝♦♥s✐❞❡r❛r ❛ ✐♥✢✉❡♥❝✐❛ ❞❡ ✉♠❛ ❣r❛♥❞❡③❛ s♦❜r❡ ❛

♦✉tr❛✳

✶✳✷ ❖❜❥❡t✐✈♦s ❊s♣❡❝í✜❝♦s

P❛r❛ ❛❧❝❛♥ç❛r ♦ ♦❜❥❡t✐✈♦✱ ♦ tr❛❜❛❧❤♦ ❢♦✐ ❞✐✈✐❞✐❞♦ ♥♦s s❡❣✉✐♥t❡s ♦❜❥❡t✐✈♦s ❡s♣❡❝í✜❝♦s✿

• ❙✐♠✉❧❛r ❡ ❡st✉❞❛r ❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ❛tr❛✈és ❞♦ ♠♦❞❡❧♦ ❥á ❝♦♥s♦❧✐❞❛❞♦ ❜❛s❡❛❞♦

♥❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✳

• ❈❛r❛❝t❡r✐③❛r ♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ✐❞❡♥t✐✜❝❛♥❞♦ s✉❛s ❧✐♠✐t❛çõ❡s ❡ ❝♦♠♦ s✉♣❡rá✲❧❛s✳

• ❆♣r✐♠♦r❛r ❡ ✉t✐❧✐③❛r ♦ ♠ó❞✉❧♦ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❜❛s❡❛❞♦ ♥♦ ❜✐♦✲s❡♥s♦r ❙P❘❊❊❚❆✳

• ❯t✐❧✐③❛r té❝♥✐❝❛s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ s✐♥❛✐s ♣❛r❛ ❡st✉❞❛r ❡ ♠✐♥✐♠✐③❛r ♦s r✉í❞♦s ✐♥❡✲

r❡♥t❡s à ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❞♦ ❜✐♦✲s❡♥s♦r✳

• ❯t✐❧✐③❛r té❝♥✐❝❛s ❞❡ ❡st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡

❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❛tr❛✈és ❞❛ ❝♦♠♣❛r❛çã♦ ❞❛s ❝✉r✈❛s s✐♠✉❧❛❞❛ ❡ ❡①♣❡r✐✲

♠❡♥t❛❧✳

✶✳✸ ❖r❣❛♥✐③❛çã♦ ❞♦ ❚r❛❜❛❧❤♦

❆ ♣r❡s❡♥t❡ ❞✐ss❡rt❛çã♦ ❡stá ♦r❣❛♥✐③❛❞❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿



■♥tr♦❞✉çã♦ ●❡r❛❧ ✹

• ❈❛♣ít✉❧♦ ✷ ✲ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛✳ ❊st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t❛ ❞❡ ❢♦r♠❛ s✐♠♣❧✐✜✲

❝❛❞❛ ❡ r❡s✉♠✐❞❛ ♦s ❝♦♥❤❡❝✐♠❡♥t♦s ♥❡❝❡ssár✐♦s à ❝♦♠♣r❡❡♥sã♦ ❞♦s ❝❛♣ít✉❧♦s s❡❣✉✐♥t❡s

❞❛ ❞✐ss❡rt❛çã♦✳ ❉✐s❝✉t❡✲s❡ ♦ ♣rí♥❝í♣✐♦ ❙P❘✱ ♦ ❝♦♠♣❧❡①♦ ❞❡ ❝❛♠❛❞❛s✱ ♦ ♠♦❞❡❧♦ ♠❛t❡♠á✲

t✐❝♦✱ ♦s ❞✐❢❡r❡♥t❡s ♠♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦✱ ❛ ♠♦r❢♦❧♦❣✐❛ ❞❛ ❝✉r✈❛ r❡s♣♦st❛ ✭❝✉r✈❛ ❙P❘✮✱

♦ s❡♥s♦r❣r❛♠❛ ❡ ♦s ❜✐♦✲s❡♥s♦r❡s ❞✐s♣♦♥í✈❡✐s ♥♦ ▲❛❜♦r❛tór✐♦ ❞❡ ❇✐♦✲❙❡♥s♦r❡s ✭▲❆❇■❖✮

❞❛ ❯❋❈●✳

• ❈❛♣ít✉❧♦ ✸ ✲ ▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡✳ ❊st❡ ❝❛♣ít✉❧♦

❛♣r❡s❡♥t❛ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s tr❛❜❛❧❤❛♥❞♦ ❝♦♠ ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✿ s✐♠✉❧❛çõ❡s✱

❧✐♠✐t❛çõ❡s ❞♦ ♠♦❞❡❧♦✱ ♠❡❧❤♦r✐❛s r❡❛❧✐③❛❞❛s ❡ ❡st✉❞♦ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❛♦s ♣❛râ♠❡tr♦s

❞❡ ✐♥t❡r❡ss❡✳

• ❈❛♣ít✉❧♦ ✹ ✲ P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧✳ ❊st❡ ❝❛♣ít✉❧♦ ❞❡s❝r❡✈❡ t♦❞❛ ❛ ♣❧❛t❛❢♦r♠❛

❡①♣❡r✐♠❡♥t❛❧✳ ❖ ❜✐♦✲s❡♥s♦r ✉t✐❧✐③❛❞♦✱ s❡✉ ❝♦♥tr♦❧❛❞♦r✱ ♦ s♦❢t✇❛r❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❡

♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ sã♦ ❞❡s❝r✐t♦s ♥❡st❡ ❝❛♣ít✉❧♦✳

• ❈❛♣ít✉❧♦ ✺ ✲ Pr♦❝❡ss❛♠❡♥t♦ ❞♦ ❙✐♥❛❧✳ ❊st❡ ❝❛♣ít✉❧♦ tr❛t❛ ❞♦ r❡s✉❧t❛❞♦ ❞♦ ❡st✉❞♦

❞♦ r✉í❞♦ ✐♥❡r❡♥t❡ ❛♦ ♣r♦❝❡ss♦✱ ❛♣❧✐❝❛♥❞♦ té❝♥✐❝❛s ❞❡ s✉❛✈✐③❛çã♦ ❞❛ ❝✉r✈❛ ❡ ✜❧tr❛❣❡♠

❞♦ r✉í❞♦✳

• ❈❛♣ít✉❧♦ ✻ ✲ ❊①tr❛çã♦ ❞❡ P❛râ♠❡tr♦s✳ ❊st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t❛ ♦s ♠ét♦❞♦ ❞❡

♥✉♠ér✐❝♦s ✉t✐❧✐③❛❞♦s ♥❛ ❡①tr❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡✳

• ❈❛♣ít✉❧♦ ✼ ✲ ❈♦♥❝❧✉sõ❡s ❡ P❡rs♣❡❝t✐✈❛s✳ ❊st❡ ❞❡s❝r❡✈❡ ♦s ♣r✐♥❝✐♣❛✐s r❡s✉❧t❛❞♦s ❡

❝♦♥❝❧✉sõ❡s ❞❛ ❞✐ss❡rt❛çã♦✱ ❜❡♠ ❝♦♠♦ ❞❛s ♣❡rs♣❡❝t✐✈❛s ❞❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s✳
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❉❡s❞❡ ♦ ✐♥í❝✐♦ ❞♦ sé❝✉❧♦ ❳❳ ✉♠ ❢❡♥ô♠❡♥♦ ❞❡ ❞✐❢r❛çã♦ ❛♥♦r♠❛❧ ❡♠ ❣r❛❞❡s ❞❡ ❞✐❢r❛çã♦ ❢♦✐

♦❜s❡r✈❛❞♦ ❡ ❡st✉❞❛❞♦ ♣♦r ❲♦♦❞ ✭❲♦♦❞✱ ✶✾✵✷✮✳ ❊♥tr❡t❛♥t♦✱ s♦♠❡♥t❡ ♥❛ ❞é❝❛❞❛ ✻✵ ❑r❡ts✲

❝❤♠❛♥♥ ✭❑r❡ts❝❤♠❛♥♥ ❡ ❘❛❡t❤❡r✱ ✶✾✻✽✮ ❡ ❖tt♦ ✭❖tt♦✱ ✶✾✻✽✮ ❡①♣❧♦r❛r❛♠ ❛ ✏r❡✢❡①ã♦ t♦t❛❧

❢r✉str❛❞❛✑ ❡♠ ❛rr❛♥❥♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ♣♦r ✐♥t❡r♠é❞✐♦ ❞♦s q✉❛✐s ❣❡r❛✈❛♠✲s❡ ♦♥❞❛s ❞❡ ♣❧❛s♠❛

s✉♣❡r✜❝✐❛✐s✳ ❖tt♦ ♣r♦♣ôs ✉♠❛ ❡str✉t✉r❛ ♥❛ q✉❛❧ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦ é s❡♣❛r❛❞♦ ❞♦ ♣r✐s♠❛ ♣♦r

✉♠❛ ❞✐stâ♥❝✐❛ ❞❛ ♦r❞❡♠ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✱ ✈❡r ❋✐❣✉r❛ ✷✳✶❛✳ ❑r❡ts❝❤✲

♠❛♥♥ ✉t✐❧✐③♦✉ s✉❜str❛t♦s ❞❡ ✈✐❞r♦ ♣❛r❛ ❞❡♣♦s✐t❛r ♦ ♠❡t❛❧ s♦❜r❡ ♦ ♣r✐s♠❛✱ ✈❡r ❋✐❣✉r❛ ✷✳✶❜✳ ❆

❝♦♥✜❣✉r❛çã♦ ♠❛✐s ✉t✐❧✐③❛❞❛ é ❛ ❛♣r❡s❡♥t❛❞❛ ♣♦r ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r ❞❡✈✐❞♦ ❛ ✉♠❛ ♠❛✐♦r

❢❛❝✐❧✐❞❛❞❡ ❞❡ ✐♥str✉♠❡♥t❛çã♦ ✭❖❧✐✈❡✐r❛✱ ✷✵✶✶✮✳

❋✐❣✉r❛ ✷✳✶✿ ❈♦♥✜❣✉r❛çõ❡s ♣r♦♣♦st❛ ♣♦r ❛✮ ❖tt♦ ❡ ❜✮ ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r

❆ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡ ✭❙✉r❢❛❝❡ P❧❛s♠♦♠ ❘❡s♦♥❛♥❝❡ ✲ ❙P❘✮ é ✉♠❛ ♦s✲

❝✐❧❛çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛ q✉❡ ♣♦❞❡ ❡①✐st✐r ♥❛ ✐♥t❡r❢❛❝❡ ❞❡ ✉♠ ♠❡✐♦ ♠❡tá❧✐❝♦ ❡ ✉♠

❞✐❡❧étr✐❝♦✳ ❊ss❛ ♦s❝✐❧❛çã♦ é ✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ s✉♣❡r✜❝✐❛❧✱ ♣♦r ✐ss♦ ❞❡♥♦♠✐♥❛❞❛ ❞❡

✺



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✻

♦♥❞❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡ ✭❙✉r❢❛❝❡ P❧❛s♠♦♥ ❲❛✈❡ ✲ ❙P❲✮✳ ❯♠❛ ❙P❲ é ✉♠❛ ♦♥❞❛ ❚▼✲

♣♦❧❛r✐③❛❞❛ ✭♦ ✈❡t♦r ♠❛❣♥ét✐❝♦ é ♣❡r♣❡♥❞✐❝✉❧❛r à ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛ ❡ ♣❛r❛❧❡❧♦

❛♦ ♣❧❛♥♦ ❞❛ ✐♥t❡r❢❛❝❡✮✳

❖ ❢❡♥ô♠❡♥♦ ❙P❘ é ❡①❝✐t❛❞♦ ✐♥❝✐❞✐♥❞♦ ✉♠ ❢❡✐①❡ ❧✉♠✐♥♦s♦ s♦❜r❡ ♦ ♠❡✐♦ ♠❡tá❧✐❝♦ ❞❛ ✐♥t❡r✲

❢❛❝❡ ♠❡t❛❧✴❞✐❡❧étr✐❝♦✳ ❆ ❡①✐stê♥❝✐❛ ❞❛s ♦♥❞❛s ❞❡ ♣❧❛s♠❛ s✉♣❡r✜❝✐❛✐s ❞❡♣❡♥❞❡ ❞❛ ♣♦❧❛r✐③❛çã♦

❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✱ ❜❡♠ ❝♦♠♦ ❞❛s ❞✐♠❡♥sõ❡s ❢ís✐❝❛s ❡ ❞❛s ❝❛r❛❝✲

t❡ríst✐❝❛s ó♣t✐❝❛s ❡ ❡❧étr✐❝❛s ❞♦s ❞♦✐s ♠❡✐♦s✳ ❚✐♣✐❝❛♠❡♥t❡ ❡ss❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ é ✉♠ ✜♥♦

✜❧♠❡ ❞❡ ♦✉r♦✱ ♣r❛t❛ ♦✉ ❞✐ó①✐❞♦ ❞❡ t✐tâ♥✐♦✳

❖ ❢❡✐①❡ ❧✉♠✐♥♦s♦ r❡✢❡t✐❞♦ ♣❡❧❛ s✉♣❡r❢í❝✐❡ ❝♦♥té♠ ✐♥❢♦r♠❛çõ❡s ❞❛ ❙P❲ q✉❡ ♣♦❞❡♠ s❡r

✉t✐❧✐③❛❞❛s ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛✳ ❉❡st❡ ♠♦❞♦✱ ❝♦♥❤❡❝❡♥❞♦✲s❡ ❛s ❝♦♥❞✐çõ❡s ❞❡

❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❙P❲✱ é ♣♦ssí✈❡❧ ❝❛r❛❝t❡r✐③❛r ♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ ❞❡s❞❡ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s

❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦ s❡❥❛♠ ❝♦♥❤❡❝✐❞❛s✳ ❊st❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ♣❡r♠✐t❡ ❞❡s❡♥✈♦❧✈❡r ❜✐♦✲s❡♥s♦r❡s

ó♣t✐❝♦s ❞❡ ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡✳

❖ s❡♥s♦r q✉❡ ❡①♣❧♦r❛ ♦ ❢❡♥ô♠❡♥♦s ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡✱ ♥♦♠❡❛❞♦ ♥❡st❡

tr❛❜❛❧❤♦ ♣♦r ❜✐♦✲s❡♥s♦r ❙P❘✱ ✉t✐❧✐③❛ ❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ❝♦♠♦ ♠❡✐♦ tr❛♥s❞✉t♦r✳ ◗✉❛❧q✉❡r

✈❛r✐❛çã♦ ❞❛s ❣r❛♥❞❡③❛s q✉í♠✐❝❛s ❡ ❜✐♦❧ó❣✐❝❛s ❞❛s s✉❜stâ♥❝✐❛s ♣r❡s❡♥t❡s ♥❛ ❝❛♠❛❞❛ ❛❧t❡r❛ s✉❛s

♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❛❧t❡r❛ ❛ ❙P❲✳ ❯♠ s✐st❡♠❛ ❡❧étr✐❝♦ s✐♠♣❧❡s ❝❛♣t❛ ♦

s✐♥❛❧ ó♣t✐❝♦ r❡✢❡t✐❞♦ ♣❡❧♦ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✴❞✐❡❧étr✐❝♦ ❡ ♦ ❝♦♥✈❡rt❡ ❡♠ s✐♥❛❧ ❡❧étr✐❝♦ ❛♥❛❧ó❣✐❝♦

❡✱ ♣♦st❡r✐♦r♠❡♥t❡ ❞✐❣✐t❛❧✳

❊ss❡ ♠ét♦❞♦ ❞❡ tr❛♥s❞✉çã♦ ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦ ❡♠ t❡♠♣♦ r❡❛❧✱ é ❧✐✈r❡ ❞❡ ♠❛r❝❛❞♦r❡s✱

♣❡r♠✐t❡ ❛❧t❛ ❡s♣❡❝✐✜❝✐❞❛❞❡ ❞❛ s✉❜stâ♥❝✐❛ ❛♥❛❧✐s❛❞❛✱ ❛❧é♠ ❞❡ ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ r❡s♦❧✉çã♦✱

♥❡❝❡ss✐t❛ ❞❡ ✉♠❛ ♣❡q✉❡♥❛ ❛♠♦str❛ ❞♦ ❛♥❛❧✐t♦ ❡ ❛ s✉❛ s✉♣❡r❢í❝✐❡ ♣♦❞❡ s❡r ♣r❡♣❛r❛❞❛ ♣❛r❛ ❛s

♠❛✐s ❞✐✈❡rs❛s ✜♥❛❧✐❞❛❞❡s✱ ❝♦♥❢❡r✐♥❞♦ ❛♦s ❜✐♦✲s❡♥s♦r❡s ❙P❘ ✉♠❛ ✢❡①✐❜✐❧✐❞❛❞❡ ❡♠ s✉❛ ár❡❛ ❞❡

❛t✉❛çã♦✳

✷✳✶ ❋❡♥ô♠❡♥♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡

❯♠ ❢❡✐①❡ ❧✉♠✐♥♦s♦ q✉❡ ✐♥❝✐❞❡ ❡♠ ✉♠❛ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ❞♦✐s ♠❡✐♦s ❝♦♠ ❞✐❢❡r❡♥t❡s í♥❞✐❝❡s ❞❡

r❡❢r❛çã♦ s♦❢r❡ r❡✢❡①ã♦ ❡✴♦✉ r❡❢r❛çã♦✳ ❙❡♥❞♦ ♦ ♠❡✐♦ ❞❡ ♦r✐❣❡♠ ❝♦♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♠❛✐♦r

q✉❡ ♦ ❞♦ ♦✉tr♦ ♠❡✐♦✱ ✈❡r✐✜❝❛✲s❡ ✉♠ ♠❛✐♦r ❣r❛✉ ❞❡ r❡✢❡①ã♦✱ s❡ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞✐❢❡r❡

❞❡ ✾✵♦✳ ❖✉ s❡❥❛✱ ✉♠❛ ♣❛rt❡ ❞♦ ❢❡✐①❡ é r❡✢❡t✐❞❛ ❡ ♣❡r♠❛♥❡❝❡ ♥♦ ♠❡✐♦ ❞❡ ♦r✐❣❡♠ ❡ ❛ ♦✉tr❛ é

r❡❢r❛t❛❞❛ ❡ ♣❡♥❡tr❛ ♥♦ ♠❡✐♦ ❞❡ ♠❡♥♦r í♥❞✐❝❡✳ ❈♦♥t✉❞♦ ❡①✐st❡ ✉♠ â♥❣✉❧♦ ❝rít✐❝♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✼

❞❛ ❧✉③ ❛ ♣❛rt✐r ❞♦ q✉❛❧ ❛ r❡✢❡①ã♦ ❞❡✈❡ s❡r t♦t❛❧✳ ❊ss❡ ❢❡♥ô♠❡♥♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ r❡✢❡①ã♦

✐♥t❡r♥❛ t♦t❛❧ ✭❚■❘✮✭❋✐❧❤♦✱ ✷✵✵✻✮✳

❖ ❢❡♥ô♠❡♥♦ ❚■❘ ♥ã♦ é ♦❜s❡r✈❛❞♦ q✉❛♥❞♦ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ ❞❡✈✐❞❛♠❡♥t❡ ♣♦❧❛r✐③❛❞❛ ✐♥❝✐❞❡

s♦❜r❡ ✉♠❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✴❞✐❡❧étr✐❝♦ ❡♠ ❝♦♥❞✐çõ❡s ❡s♣❡❝í✜❝❛s✳ ◆❡ss❛s ❝♦♥❞✐çõ❡s ❞❡✈❡ ♦❝♦rr❡r

♦ ❢❡♥ô♠❡♥♦ ❙P❘✱ q✉❡✱ ❞❡ ❢♦r♠❛ s✐♠♣❧✐✜❝❛❞❛ é ❛ ♣❡♥❡tr❛çã♦ ❞❡ ♣❛rt❡ ❞❛ r❛❞✐❛çã♦ ♥♦ ♠❡✐♦ ❞❡

♠❡♥♦r í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ♦ q✉❡ ❝r✐❛ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦ ❡✈❛♥❡s❝❡♥t❡ ♥❛ r❡❣✐ã♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛

❞♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦✳

❖ ❝❛♠♣♦ ❡✈❛♥❡s❝❡♥t❡

❙❡❥❛ E ✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❞❡ ❛♠♣❧✐t✉❞❡ E0✱ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r ω q✉❡ s❡ ♣r♦♣❛❣❛

♥♦ ♠❡✐♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n✱ t❡♠♦s q✉❡ E é ✉♠❛ ♦♥❞❛ ✈✐❛❥❛♥t❡ ❛♣❡♥❛s s❡ ♦ ❡①♣♦❡♥t❡ ❡♠

✭✷✳✶✮ ❢♦r ❝♦♠♣❧❡①♦ ✭❙❝❤❛s❢♦♦rt ❡ ❚✉❞♦s✱ ✷✵✵✽✮✳

E = E0e
jωt−j(k.r) = E0e

jωt−(jkxx+ jkyy + jkzz)
︸ ︷︷ ︸

jk.r . ✭✷✳✶✮

❆ ♠❛❣♥✐t✉❞❡ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ k é ❞❛❞❛ ♣♦r

k =
√

k2
x + k2

y + k2
z = n

2π

λ
= n

ω

c
, ✭✷✳✷✮

s❡♥❞♦ s✉❛ ❞✐r❡çã♦ ♣❛r❛❧❡❧❛ à ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛✱ r ♦ ✈❡t♦r ♣♦s✐çã♦ ❡ j =
√
−1✱ λ ♦ ❝♦♠♣r✐✲

♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ c ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♣r♦♣❛❣❛çã♦ ♥♦ ✈á❝✉♦✳

❋✐❣✉r❛ ✷✳✷✿ ❘❡❢r❛çã♦ ❞❛ ▲✉③ ❝♦♠ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ α ❞❡ ✉♠ ♠❡✐♦ ❝♦♠ í♥❞✐❝❡ n1

♣❛r❛ ✉♠ ❞❡ í♥❞✐❝❡ n2



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✽

❙❡❥❛♠ ❞♦✐s ♠❡✐♦s✱ ✉♠ ♠❡tá❧✐❝♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n1 ❡ ✉♠ ❞✐❡❧étr✐❝♦ ❝♦♠ í♥❞✐❝❡

n2✱ ✉♠❛ ♦♥❞❛ ♣r♦♣❛❣❛♥❞♦✲s❡ ♥♦ ♠❡✐♦ ♠❡tá❧✐❝♦ ❛t✐♥❣✐♥❞♦ ❛ ✐♥t❡r❢❛❝❡ ❝♦♠ â♥❣✉❧♦ α ❡ ❛♣ós ❛

r❡❢r❛çã♦ ♣r♦♣❛❣❛✲s❡ ♥♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ ❝♦♠ â♥❣✉❧♦ β✱ ❝♦♠♦ ♠♦str❛ ♥❛ ❋✐❣✉r❛ ✷✳✷✳ ❈♦♥s✐❞❡r❛✲

s❡ ❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ t❛❧ q✉❡ kz = 0 ♣❛r❛ t♦r♥❛r ♦ ♣r♦❜❧❡♠❛ ❜✐✲❞✐♠❡♥s✐♦♥❛❧✳ ❊st❛

❝♦♥s✐❞❡r❛çã♦ ♥ã♦ ❝❛✉s❛ ♣❡r❞❛ ❞❡ ❣❡♥❡r❛❧✐❞❛❞❡ ✭❙❝❤❛s❢♦♦rt ❡ ❚✉❞♦s✱ ✷✵✵✽✮✳ P❛r❛ ❡ss❛ s✐t✉❛çã♦

❛ ❧❡✐ ❞❡ ❙♥❡❧❧ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞❛✱ ♦✉ s❡❥❛✿

n1 senα = n2 sen β. ✭✷✳✸✮

❙❛❜❡♥❞♦ q✉❡ kx1
= k1 senα ❡ kx2

= k2 sen β✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ✭✷✳✷✮ ✐♠♣❧✐❝❛ ❡♠

kx1
= n1

ω

c
senα ❡ kx2

= n2
ω

c
sen β

❡

kx1

c

ω
= n1 senα ❡ kx2

c

ω
= n2 sen β

❉❛ ▲❡✐ ❞❡ ❙♥❡❧❧✱ ✭✷✳✸✮✱ ♦❜té♠✲s❡

kx1

c

ω
= kx2

c

ω

❡ ♣♦rt❛♥t♦

kx1
= kx2

= kx. ✭✷✳✹✮

❚❛♠❜é♠ é ♣♦ssí✈❡❧ ❝♦♥❝❧✉✐r q✉❡ ✭✷✳✷✮ ✐♠♣❧✐❝❛ ❡♠

k2
2 = kx

2 + ky2
2 = n2

2

(
2π

λ

)2

,

k1
2 sen2 α + ky2

2 = n2
2

(
2π

λ

)2

,

n1
2

(
2π

λ

)2

sen2 α + ky2
2 = n2

2

(
2π

λ

)2

❡

ky2
2 = n1

2

(
2π

λ

)2(
n2

2

n1
2
− sen2 α

)

✭✷✳✺✮

◆♦ ❝❛s♦ ❡♠ q✉❡ n1 > n2 ❡①✐st❡ α t❛❧ q✉❡ senα > n2

n1

❡ ❛ ♣❛rt❡ à ❞✐r❡✐t❛ ❞❛ ✐❣✉❛❧❞❛❞❡ ✭✷✳✺✮

é ♥❡❣❛t✐✈❛✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ky é ♣✉r❛♠❡♥t❡ ✐♠❛❣✐♥ár✐♦✳ ❈♦♠ Ky = jky ♣✉r❛♠❡♥t❡ r❡❛❧ ❛

❡①♣r❡ssã♦ ✭✷✳✶✮✱ ♣❛r❛ ♦ ♠❡✐♦ ✷✱ r❡♣r❡s❡♥t❛ ✉♠❛ ♦♥❞❛ ✈✐❛❥❛♥t❡ ❛♣❡♥❛s ♥❛ ❞✐r❡çã♦ ♣❛r❛❧❡❧❛ à

✐♥t❡r❢❛❝❡✱ ♦✉ s❡❥❛✱

E2 = E0e
−Kyyejωt−jkxx, ✭✷✳✻✮



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✾

❝✉❥❛ ❛♠♣❧✐t✉❞❡ ❞❡❝❛✐ ❡①♣♦♥❡♥❝✐❛❧♠❡♥t❡ ❝♦♠ ❛ ♣❡♥❡tr❛çã♦ ❞❛ ♦♥❞❛ ♥♦ ♠❡✐♦ ✭❞✐r❡çã♦ y✮✳ ❊ss❡

é ✉♠ ❝❛♠♣♦ ❡✈❛♥❡s❝❡♥t❡✱ ❝♦♠ ✉♠❛ ♦♥❞❛ ❞❡ s✉♣❡r❢í❝✐❡✳

➱ ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❡ ♣❡♥❡tr❛çã♦ ❞❛ ♦♥❞❛ ♥♦ ♠❡✐♦ ✷ ❛tr❛✈és ❞❡ ✭✷✳✻✮✳

❉❡✜♥✐♥❞♦ ❡ss❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❝♦♠♦ ❛ ❞✐stâ♥❝✐❛ q✉❡ ♦ ❝❛♠♣♦ t❡♠ ✐♥t❡♥s✐❞❛❞❡ 1/e ❞❛ ✐♥t❡♥s✐✲

❞❛❞❡ ♥❛ s✉♣❡r❢í❝✐❡✱ t❡♠♦s ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❡ ♣❡♥❡tr❛çã♦ ♥♦ ♠❡✐♦ i é ❞❛❞❛ ♣♦r✿ 1/Kyi✳ ❊ss❛

♣❡♥❡tr❛çã♦ é ❞❛ ♦r❞❡♠ ❞❡ ♠❡t❛❞❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❖ ❝❛♠♣♦ ❡❧❡✲

tr♦♠❛❣♥ét✐❝♦ ❡stá ♣r❡s❡♥t❡ ❛♣❡♥❛s ♣ró①✐♠♦ à ✐♥t❡r❢❛❝❡✱ ❛ss✐♠ ♦ ❝❛♠♣♦ só é ✐♥✢✉❡♥❝✐❛❞♦ ♣♦r

♠✉❞❛♥ç❛s ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐❡❧étr✐❝❛s ❞♦ ♠❛t❡r✐❛❧ ♥❛ r❡❣✐ã♦ ♣ró①✐♠❛ à ✐♥t❡r❢❛❝❡✳ Pr♦♣r✐❡✲

❞❛❞❡s ❡st❛s q✉❡ ✈❛r✐❛♠ ❝♦♠ ♦s ♠❛t❡r✐❛✐s ✉t✐❧✐③❛❞♦s✱ ♦ ♣r♦❝❡ss♦ ❞❡ ✜①❛çã♦ ❞❛s ❞✉❛s ❝❛♠❛❞❛s✱

s✉❛s ❡s♣❡ss✉r❛s ❡ ❛ t❡♠♣❡r❛t✉r❛ ✭❋✐❧❤♦✱ ✷✵✵✻✮✳

❆ t❡♠♣❡r❛t✉r❛ ✐♥✢✉❡♥❝✐❛ t♦❞❛s ❛s ❝❛♠❛❞❛s ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✱ ✈❛r✐❛♥❞♦ ❛s ❣r❛♥❞❡③❛s r❡✲

❧❡✈❛♥t❡s ❞❡ ❝❛❞❛ ❝❛♠❛❞❛✳ ❖ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ♥ã♦ ✐♥❝❧✉✐ ❡st❛ ✐♥✢✉ê♥❝✐❛✱ ❝♦♥t✉❞♦ ❡❧❛ s❡rá

♠❛♥t✐❞❛ ❝♦♥st❛♥t❡ ❞✉r❛♥t❡ ♦s ❡①♣❡r✐♠❡♥t♦s ♣❡r♠✐t✐♥❞♦ q✉❡ t♦❞♦ ♦ ❛♠❜✐❡♥t❡ ❡ ♦ ♠❛t❡r✐❛❧

✉t✐❧✐③❛❞♦ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❡st❡❥❛♠ ♥❛ ♠❡s♠❛ t❡♠♣❡r❛t✉r❛✳

❖ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦

P❛r❛ ❛♥❛❧✐s❛r ♦ ❡❢❡✐t♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛✱ é ♣r❡❝✐s♦ s♦❧✉❝✐♦♥❛r ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❡❧❡✲

tr♦♠❛❣♥❡t✐s♠♦ ♣❛r❛ ✉♠ ❝❛♠♣♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ♥❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ ❡♥tr❡ ❞♦✐s ♠❡✐♦s

❞✐❢❡r❡♥t❡s✳ ❆tr❛✈és ❞❛s ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧ ♣♦❞❡✲s❡ ❡♥❝♦♥tr❛r ♦ ✈❡t♦r ❞❛ ♦♥❞❛ ❞❛ ✐♥t❡r✲

❢❛❝❡ ♠❡t❛❧✲❞✐❡❧étr✐❝♦ ✭
−→
ksp✮✱ ❝✉❥♦ ♠ó❞✉❧♦ ❞❡♣❡♥❞❡ ❞❛ ♣❛rt❡ r❡❛❧ ❞❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦

❝♦♥❞✉t♦r εmr ❡ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ nd✱ ✈❡r ✭✷✳✼✮ ✭❋✐❧❤♦✱ ✷✵✵✻✮✳

ksp = ||−→ksp|| =
2π

λ

√

ε2rn2
3

ε2r + n2
3

✭✷✳✼✮

❈♦♠♦ ♣♦❞❡♠♦s ✈❡r ♥❛ ❡q✉❛çã♦ ksp é ❜❛st❛♥t❡ s❡♥sí✈❡❧ ❛ ♠✉❞❛♥ç❛s ♥♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦✳

❆ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ✐♥❝✐❞❡♥t❡ kx ♥❛ ❞✐r❡çã♦ ❞❡ ksp é ❞❛❞❛ ♣♦r ✭✷✳✷✮✿

kx =
2π

λ
n1 sen θ ✭✷✳✽✮

❙❡♥❞♦ n1 ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ s✉❜str❛t♦ ♥♦ q✉❛❧ ♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦ ❡stá ♣r❡s❡♥t❡ ❛♥t❡s

❞❡ ❡♥❝♦♥tr❛r ❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✴❞✐❡❧étr✐❝♦✱ ε2r ❛ ♣❛rt❡ r❡❛❧ ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞❛ ❝❛♠❛❞❛

♠❡tá❧✐❝❛✱ n3 ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ❞✐❡❧étr✐❝♦✱ λ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③

✐♥❝✐❞❡♥t❡ ❡ θ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❡ss❡ ❢❡✐①❡ ❧✉♠✐♥♦s♦ ✭✈❡r ❋✐❣✉r❛ ✷✳✸✮✳



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✶✵

❆ r❡❧❛çã♦ ❡♥tr❡ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❡ ✉♠❛ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛

é ❞❛❞❛ ♣♦r

η =
√
ǫrµr,

s❡♥❞♦ ǫr ❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ r❡❧❛t✐✈❛ ❞♦ ♠❛t❡r✐❛❧ ❡ µr ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ P❛r❛ ❛ ♠❛✐♦r✐❛ ❞♦s

♠❛t❡r✐❛✐s µr é ♣ró①✐♠♦ à ✉♥✐❞❛❞❡ ♥❛s ❢r❡qüê♥❝✐❛s ✈✐sí✈❡✐s✱ ✈❛❧❡♥❞♦ ❛ ❛♣r♦①✐♠❛çã♦ n =
√
ǫr✳

❋✐❣✉r❛ ✷✳✸✿ ▼♦❞❡❧♦ ❙P❘ ❡ ❝✉r✈❛s ❝❛r❛❝t❡ríst✐❝❛s

◆❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ✭θ = θR✮ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ kx é ✐❣✉❛❧ ❛ ksp✳ ◆❡st❛ ❝♦♥❞✐çã♦✱

♣❛rt❡ ❞❛ ❡♥❡r❣✐❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ é ❛❜s♦r✈✐❞❛ ♣❡❧❛ ♦♥❞❛ ❞❡ ♣❧❛s♠❛ ❝❛✉s❛♥❞♦ ✉♠❛ ❞✐♠✐♥✉✐çã♦

♥❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ r❡✢❡t✐❞❛✳

■❣✉❛❧❛♥❞♦ ✭✷✳✼✮ ❛ ✭✷✳✽✮ ♣♦❞❡✲s❡ ♦❜t❡r ♦ ✈❛❧♦r ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦✱

❛♣r❡s❡♥t❛❞♦ ❡♠ ✭✷✳✾✮✳

n3 =

√

ε2r(n1 sen θR)2

ε2r − (n1 sen θR)2
✭✷✳✾✮

❆tr❛✈és ❞❛ ❛♥á❧✐s❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ r❡✢❡t✐❞❛ ❡♠ ❢✉♥çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✱

♣♦❞❡✲s❡ ❡♥❝♦♥tr❛r ♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ θR q✉❡ ❡stá ❛ss♦❝✐❛❞♦ ❛♦ ♣♦♥t♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛

✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✸✳

◗✉❛♥❞♦ ❛ s✉❜stâ♥❝✐❛ ❛ s❡r ♠❡❞✐❞❛ ♣❛ss❛ ♣❡❧♦ ❜✐♦❝❛t❛❧✐③❛❞♦r ✜①❛♥❞♦✲s❡ ♥♦ ❡❧❡♠❡♥t♦

s❡♥sí✈❡❧✱ ❡①✐st❡ ✉♠❛ ❛❧t❡r❛çã♦ ♥♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦✱ q✉❡ é ♣r♦♥✉♥❝✐❛❞❛

♣❡❧♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛ ♣♦s✐çã♦ ❞♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ❙P❘ ❞❡ θR1 ♣❛r❛ θR2✳ ❊st❡ ❞❡s❧♦❝❛♠❡♥t♦

❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✸✳

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ❡❧❡♠❡♥t♦ s❡♥s♦r ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n3 é ✉♠ ♠❡✐♦ s❡♠✐✲✐♥✜♥✐t♦✱

♦❜té♠✲s❡ ✭✷✳✾✮✳ ❯♠ ♠♦❞❡❧♦ ❞❡ ♠✉❧t✐✲❝❛♠❛❞❛s é ♠❛✐s ❛❞❡q✉❛❞♦✱ ♣♦ré♠ ✈❡r✐✜❝❛✲s❡ ❛ ♥❡❝❡ss✐✲



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✶✶

❞❛❞❡ ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ❡❧❡♠❡♥t♦ s❡♥s♦r ✭❜✐♦✮ q✉í♠✐❝♦✱ q✉❡ ❣❡r❛❧♠❡♥t❡ é ✉♠

✈❛❧♦r ❞❡s❝♦♥❤❡❝✐❞♦ ✭❋✐❧❤♦✱ ✷✵✵✻✮✳ ❙❡♥❞♦ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✱

❜❡♠ ❝♦♠♦ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ♠❡s♠❛✱ ✉♠ ♦❜❥❡t✐✈♦ ❞❡st❡ tr❛❜❛❧❤♦✳

❖ ❝♦♠♣❧❡①♦ ❞❡ ❝❛♠❛❞❛s

◆♦ ❜✐♦✲s❡♥s♦r ❙P❘ é ❡ss❡♥❝✐❛❧ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ❝♦♠♣❧❡①♦ ❞❡ ❝❛♠❛❞❛s ♣r♦♣í❝✐♦ à ✜①❛çã♦ ❞❛

s✉❜stâ♥❝✐❛ ❛♥❛❧✐s❛❞❛ ❡ à ♦❝♦rrê♥❝✐❛ ❞♦ ❢❡♥ô♠❡♥♦ ❡♠ q✉❡stã♦✳ ❆❧é♠ ❞❛s ❝❛♠❛❞❛s ❥á ❝✐t❛❞❛s

❡①✐st❡♠ ❛s ❝❛♠❛❞❛s ❡①t❡r♥❛s✿ ✉♠ s✉❜str❛t♦ ó♣t✐❝♦ ❞❡ ❡❧❡✈❛❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♥♦ q✉❛❧ s❡

♣r♦♣❛❣❛ ♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦ ❛♥t❡s ❞❡ ❛t✐♥❣✐r ♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❡ ♦ ♠❡✐♦ ♥♦ q✉❛❧ ❛ s✉❜stâ♥❝✐❛

❛♥❛❧✐s❛❞❛ s❡ ❡♥❝♦♥tr❛✱ ❣❡r❛❧♠❡♥t❡ ❛r ♦✉ á❣✉❛✳ ❊♥✜♠✱ ✉♠❛ ❡str✉t✉r❛ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s✱

❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✹✱ ❢♦r♠❛ ♦ ❝♦♠♣❧❡①♦ ❞❡ ❝❛♠❛❞❛s s♦❜ ❡st✉❞♦✳ ❊ss❛s ❝❛♠❛❞❛s sã♦✿
▼❡✐♦ ✶✿ ❯♠ ♠❛t❡r✐❛❧ s✉❜str❛t♦ ó♣t✐❝♦ ❝♦♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡❧❡✈❛❞♦ ✭r❡❛❧✮ n1re ❡

❡s♣❡ss✉r❛ d1✱ q✉❡ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞❛ ✐♥✜♥✐t❛✳
▼❡✐♦ ✷✿ ❋✐♥♦ ✜❧♠❡ ❞❡ ♠❡t❛❧✱ ❝♦♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❝♦♠♣❧❡①♦ ❝♦♥❤❡❝✐❞♦ n2re + jn2im✳

❆ ❡s♣❡ss✉r❛ d2 ❞❡✈❡ s❡r ♠✉✐t♦ ♠❡♥♦r q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③✳
▼❡✐♦ ✸✿ ❆ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛✱ ♦♥❞❡ ♦❝♦rr❡ ❛ tr❛♥s❞✉çã♦✳ ❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❝♦♠♣❧❡①♦

n3re + jn3im ❡ ❡s♣❡ss✉r❛ d3✳ P❛r❛ ✐♥t❡r❛çõ❡s ❜✐♦♠♦❧❡❝✉❧❛r❡s n3im ∼ 0✳
▼❡✐♦ ✹✿ ❈❛♠❛❞❛✱ ♥♦r♠❛❧♠❡♥t❡ á❣✉❛ ♦✉ ❛r✱ ❝♦♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ r❡❛❧ n4re✳ ❆ ❡s♣❡ss✉r❛

d4 é ❝♦♥s✐❞❡r❛❞❛ ✐♥✜♥✐t❛✳

❆s ❢❛✐①❛s ❞❡ ✈❛❧♦r❡s ♠é❞✐♦s ❞❛s ❣r❛♥❞❡③❛s ❞❡ ✐♥t❡r❡ss❡ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✷✳✶

✭◆❡✛✱ ❩♦♥❣✱ ▲✐♠❛✱ ❇♦rr❡ ❡ ❍♦❧③❤üt❡r✱ ✷✵✵✾✮✳ ❈♦♥t✉❞♦ ♦s ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦

❞❡♣❡♥❞❡♠ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳

❋✐❣✉r❛ ✷✳✹✿ ■❧✉str❛çã♦ ❞♦ ❝♦♠♣❧❡①♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s ✉t✐❧✐③❛❞♦ ♥♦s ❝á❧❝✉❧♦s ❞♦
s✐st❡♠❛ ❞❡ ❋r❡s♥❡❧

❉❡st❛s ❝❛♠❛❞❛s ❞❡♣❡♥❞❡♠ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ s❡❧❡t✐✈✐❞❛❞❡ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘✳ P♦r ❡①❡♠♣❧♦

❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦✱ ❜❡♠ ❝♦♠♦ s✉❛ ❝♦♠♣♦s✐çã♦ sã♦ ❡st✉❞❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛✱ s❡❥❛

♥❛ ❜✉s❝❛ ♣❡❧❛ ❡s♣❡ss✉r❛ ót✐♠❛ ❞❛ ❝❛♠❛❞❛ ♦✉ ♣♦r ✉♠ ♠❡t❛❧ ✭♦✉ ❝♦♠❜✐♥❛çã♦ ❞❡ ♠❡t❛✐s✮

q✉❡ r❡s✉❧t❡ ♥❛ ♠❛✐♦r s❡♥s✐❜✐❧✐❞❛❞❡✳ ❆ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ t❛♠❜é♠ é ❛❧✈♦ ❞♦s ♣❡sq✉✐s❛❞♦r❡s✱

❝♦♥t✉❞♦ ♠❡s♠♦ ❞❡t❡r♠✐♥❛r s❡ ❛ ❝❛♠❛❞❛ ❡stá ❝♦♠♣❧❡t❛♠❡♥t❡ ❢♦r♠❛❞❛ é ✉♠ ❞❡s❛✜♦✳
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❚❛❜❡❧❛ ✷✳✶✿ ●r❛♥❞❡③❛s ❞❡ ✐♥t❡r❡ss❡ ❛♦s ❜✐♦✲s❡♥s♦r❡s ❙P❘✳
▼❡✐♦ ❱❛❧♦r❡s ▼é❞✐♦s
✶✳ ❙✉❜str❛t♦ n1 = 1, 526 d1 = ∞
✷✳ ❋✐❧♠❡ ❞❡ ❖✉r♦ n2 = 0.101 + j3.787 d2 ∼ 50nm
✸✳ ❈❛♠❛❞❛ ❙❡♥sí✈❡❧ n3 = 1, 33 ∼ 1, 38 d3 < 1nm ❛té
✭❚r❛♥s❞✉t♦r❛✮ d3 > 400nm(∞)
✹✳ ➪❣✉❛ n4 = 1, 33✳ d4 = ∞

❆ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ❞❡✈❡ s❡r ♣r❡♣❛r❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ s✉❜stâ♥❝✐❛ ❡♠ ❡st✉❞♦✱ s❡♥❞♦

❡s♣❡❝í✜❝❛ ♣❛r❛ ❝❛❞❛ ❛♣❧✐❝❛çã♦✳ ❆♦ s❡ ❛♥❛❧✐s❛r ❞❡t❡r♠✐♥❛❞♦ ❛♥tí❣❡♥♦ ♥♦ s❛♥❣✉❡✱ ♣♦r ❡①❡♠♣❧♦✱

❛ ❝❛♠❛❞❛ ❞❡ ✐♠♦❜✐❧✐③❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✺ é ♥❡❝❡ssár✐❛✳ ❖ ♣r♦❝❡ss♦ ❞❡ ❢♦r♠❛çã♦

❞❡ss❛ ❝❛♠❛❞❛ ❝♦♥s✐st❡ ❡♠✿

❋✐❣✉r❛ ✷✳✺✿ ❈❛♠❛❞❛ ❜✐♦❧ó❣✐❝❛ ❢♦r♠❛❞❛ s♦❜r❡ ❛ ❝❛♠❛❞❛ ❞❡ ♦✉r♦✳

❙♦❜r❡ ✉♠ ✜❧♠❡ ♠❡tá❧✐❝♦ ❞❡ ♦✉r♦ é ❞❡♣♦s✐t❛❞♦ ✉♠❛ s✉❜stâ♥❝✐❛ q✉❡ s❡ ❧✐❣❛ ❢♦rt❡♠❡♥t❡ ❛♦

♦✉r♦✱ ❝♦♠♦ ❛ ♣r♦t❡í♥❛ ❆✈✐❞✐♥❛✳ ❯♠❛ s✉❜stâ♥❝✐❛ ❜❧♦q✉❡❛♥t❡ ❝♦♠♦ ❛ ♣r♦t❡í♥❛ ❇❙❆ ✭❇♦✈✐♥❡

❙❡r✉♠ ❆❧❜✉♠✐♥✮ é ❡♥tã♦ ❝♦❧♦❝❛❞❛ ♣❛r❛ ♣r❡❡♥❝❤❡r ♦s ❡s♣❛ç♦s ✈❛③✐♦s ❡ ❡✈✐t❛r q✉❡ s✉❜stâ♥❝✐❛s

✐♥❞❡s❡❥❛❞❛s s❡ ✜①❡♠ à ❝❛♠❛❞❛ ❞❡ ♦✉r♦✳ ❊♥tã♦ ❛♥t✐❝♦r♣♦ é ✜①❛❞♦ à ❆✈✐❞✐♥❛✳ ❖ ❛♥t✐❝♦r♣♦

s❡ ❧✐❣❛ s♦♠❡♥t❡ ❛♦ ❛♥tí❣❡♥♦ ❡s♣❡❝í✜❝♦✱ ❞❡ ❢♦r♠❛ q✉❡ ❛ s♦❧✉çã♦ q✉❡ ♣❛ss❛ ❛tr❛✈és ❞❛ ❝é❧✉❧❛

❞❡ ✢✉①♦ ❡♥tr❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ ❝❛♠❛❞❛ ♣r❡✈✐❛♠❡♥t❡ ♣r❡♣❛r❛❞❛✱ ❛♣❡♥❛s ♦ ❛♥tí❣❡♥♦ q✉❡ s❡

❞❡s❡❥❛ ♠❡❞✐r é ❛❣r❡❣❛❞♦ ❛♦ ❛♥t✐❝♦r♣♦ ❡ ❛s ❞❡♠❛✐s s✉❜stâ♥❝✐❛s sã♦ ❡❧✐♠✐♥❛❞❛s✳ ❉❡ss❛ ❢♦r♠❛

❛♣❡♥❛s ❛ s✉❜stâ♥❝✐❛ ❛ s❡r ❛♥❛❧✐s❛❞❛ ❛❧t❡r❛ ❣r❛♥❞❡③❛s ❢ís✐❝❛s ♦✉ q✉í♠✐❝❛s ❞❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛✱

q✉❡ ♣♦r s✉❛ ✈❡③ sã♦ ❝♦♥✈❡rt✐❞❛s ♣❡❧♦ tr❛♥s❞✉t♦r ❢ís✐❝♦✲q✉í♠✐❝♦ ❡♠ ✉♠ s✐♥❛❧ ❡❧étr✐❝♦ ✭❋✐❧❤♦✱

✷✵✵✻✮✳

❈♦♥t✉❞♦✱ ❛ ✜①❛çã♦ ❞❡ ❝❛❞❛ ✉♠❛ ❞❡ss❛s s✉❜stâ♥❝✐❛s ♥ã♦ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ ❤♦♠♦❣ê♥❡❛ ♦✉

❞❡t❡r♠✐♥íst✐❝❛✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ✉♠ ♠♦♥✐t♦r❛♠❡♥t♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r q✉❛♥❞♦ ❛ ❝❛♠❛❞❛ ❡stá

❢♦r♠❛❞❛✳ ▼♦♥✐t♦r❛♠❡♥t♦ ❡st❡ q✉❡ é ✉♠ ❞♦s ❞❡s❛✜♦s ♣r♦♣♦st♦s ♣❡❧♦ ♣r❡s❡♥t❡ ❞♦❝✉♠❡♥t♦✿

❡st✐♠❛r ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ❡ ✉sá✲❧❛ ❝♦♠♦ ♣❛râ♠❡tr♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r q✉❛♥❞♦
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❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ❡stá ❢♦r♠❛❞❛✱ s❡♥❞♦ ♣♦ssí✈❡❧ ❛ r❡❛❧✐③❛çã♦ ❝♦rr❡t❛ ❞❡ ♠❡❞✐çõ❡s✳

❘❡✢❡t✐✈✐❞❛❞❡

◗✉❛❧q✉❡r ❞✐r❡çã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❛ ♦♥❞❡ ✐♥❝✐❞❡♥t❡ é ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❧✐♥❡❛r ❞❡ ❞♦✐s ♠♦❞♦s

❞❡ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③✱ q✉❡ sã♦ ♦ ♠♦❞♦ tr❛♥s✈❡rs♦ ❡❧étr✐❝♦ ✭❚❊✮ ❡ tr❛♥s✈❡rs♦ ♠❛❣♥ét✐❝♦ ✭❚▼✮✳

❊st❡s ♠♦❞♦s ❞❡ ♣♦❧❛r✐③❛çã♦ ❞ã♦ ✐❞❡♥t✐✜❝❛❞♦s ♣❡❧♦ ❝❛♠♣♦ q✉❡ ✈✐❜r❛ ♥❛ ❞✐r❡çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r

❛♦ ♣❧❛♥♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳ ◆♦ ♠♦❞♦ ❚❊ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ é ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ♣❧❛♥♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛

❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣❛r❛❧❡❧♦✳ ◆♦ ♠♦❞♦ ❚▼ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ♣❧❛♥♦

❞❡ ✐♥❝✐❞ê♥❝✐❛ ❡ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ♣❛r❛❧❡❧♦✳

❆♣❡♥❛s ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦ ❝♦♠ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ♣❡r♣❡♥❞✐❝✉❧❛r à ✐♥t❡r❢❛❝❡ ♠❡t❛❧✴❞✐❡❧étr✐❝♦

♣♦❞❡ ✐♥❞✉③✐r ♦ ❡❢❡✐t♦ ❙P❘✳ ❙♦♠❡♥t❡ ❛ ❧✉③ ❚❊ ♣♦❧❛r✐③❛❞❛ t❡♠ ❡ss❛ ❝♦♠♣♦♥❡♥t❡ ♣❡r♣❡♥❞✐❝✉❧❛r

❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦✳ ❆ss✐♠ ❛ ❞✐s❝✉ssã♦ ♥❡st❡ tó♣✐❝♦ s❡ r❡str✐♥❣✐rá à ❧✉③ ❚❊ ♣♦❧❛r✐③❛❞❛✳

◗✉❛❧q✉❡r ✐♥t❡r❢❛❝❡ ❡♥tr❡ ❞♦✐s ♠❡✐♦s t❡♠ ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡✢❡①ã♦ rp ❝♦♠♣❧❡①♦s ♣❛r❛ ❧✉③

✐♥❝✐❞❡♥t❡ ♣✲♣♦❧❛r✐③❛❞❛ ❞❡s❝r✐t♦s ♣❡❧❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ✭❙❝❤❛s❢♦♦rt ❡ ❚✉❞♦s✱ ✷✵✵✽✮

rp =
Ei

Er

= |rp|ejφ =

∣
∣
∣
∣

tan(α− β)

tan(α + β)

∣
∣
∣
∣
ejφ ✭✷✳✶✵✮

❙❡♥❞♦ Ei ❡ Er ♦s ❝❛♠♣♦s ❡❧étr✐❝♦s ✐♥❝✐❞❡♥t❡ ❡ r❡✢❡t✐❞♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ α ♦ â♥❣✉❧♦ ❞❡

✐♥❝✐❞ê♥❝✐❛✱ ❡ β ♦ â♥❣✉❧♦ r❡✢❡t✐❞♦✱ ❝♦♠♦ r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✷✱ φ é ❛ ♠✉❞❛♥ç❛ ❞❡ ❢❛s❡

q✉❡ ♦❝♦rr❡ ❡♥tr❡ ♦ ❝❛♠♣♦ ✐♥❝✐❞❡♥t❡ ❡ ♦ ❝❛♠♣♦ r❡✢❡t✐❞♦✳ ❋❛s❡ ❡st❛ q✉❡ ❞❡♣❡♥❞❡ ❞♦ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ❞♦s ♠❛t❡r✐❛✐s ❡♥✈♦❧✈✐❞♦s✳

❆ r❡✢❡tâ♥❝✐❛ é ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ t❛①❛ ❞❛s ✐♥t❡♥s✐❞❛❞❡s r❡✢❡t✐❞❛s ❡ é ❝❛❧❝✉❧❛❞❛ ♣♦r✿

Rp = |rp|2 ✭✷✳✶✶✮

❖ ♠♦❞❡❧♦ ♠✉❧t✐✲❝❛♠❛❞❛

❖ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ♣❡r♠✐t❡ ♦ ❝á❧❝✉❧♦ ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡✢❡①ã♦ ❡ r❡❢r❛çã♦

❞❡ ✉♠❛ ♦♥❞❛ ó♣t✐❝❛ ✐♥❝✐❞❡♥t❡✱ ❝♦♠ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❝♦♥❤❡❝✐❞♦✱ ❡♠ ✉♠ s✐st❡♠❛ ❝♦♠ N

❝❛♠❛❞❛s ❞❡ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s✱ ♦✉ s❡❥❛✱ N−1 ✐♥t❡r❢❛❝❡s✳ ❊ t❡♠ s✐❞♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛♥❛❧✐s❛r

❛s ❝❛r❛❝t❡ríst✐❝❛s ❡ ❛ ❡①❝✐t❛çã♦ ó♣t✐❝❛ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡ ✭❙P❘✮ ✭◆❡✛✱

❩♦♥❣✱ ▲✐♠❛✱ ❇♦rr❡ ❡ ❍♦❧③❤üt❡r✱ ✷✵✵✾✮✳

➱ ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡✢❡①ã♦ ❡ r❡❢r❛çã♦ ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ r❡♣❡t✐❞❛

❞❛ ❡q✉❛çã♦ ❞❡ ❋r❡s♥❡❧ ✭✷✳✶✵✮✳ ❆ r❡❧❛çã♦ ❛ s❡❣✉✐r ♠♦❞❡❧❛ ✉♠ s✐st❡♠❛ ❝♦♠ N ❝❛♠❛❞❛s ❝♦♠
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❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ εi ❡ ❡s♣❡ss✉r❛ di✳ ❆s ❝❛♠❛❞❛s 1 ❡ N sã♦ ♦ s✉❜str❛t♦ ✭♦✉ ✉♠ ♣r✐s♠❛✮ ❡

♦ ♠❡✐♦ ❡①t❡r♥♦ ✭❡①✳ á❣✉❛ ♦✉ ❛r✮ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

rp =

(

M11 +M12
ky,N
εN

)
ky,1
ε1

−
(

M21 +M22
ky,N
εN

)

(

M11 +M12
ky,N
εN

)
ky,1
ε1

+
(

M21 +M22
ky,N
εN

) ✭✷✳✶✷✮

s❡♥❞♦ M ❛ ♠❛tr✐③ ❞❡ tr❛♥s❢❡rê♥❝✐❛✿

M = M2.M3. · · · .MN−1 ✭✷✳✶✸✮

❝♦♠

Mi =

[

cos(ky,idi)
−jεi
ky,i

sen(ky,idi)
−jky,i

εi
sen(ky,idi) cos(ky,idi)

]

✭✷✳✶✹✮

❈♦♠ ky,i ❡①♣r❡ss♦ ❞❡ ❛♥á❧♦❣♦ ❛ ✭✷✳✺✮

ky,i = n1
2π

λ

√
(
ni

2

n1
2
− sen2 α

)

✭✷✳✶✺✮

❖ ✈❡t♦r ❞❡ ♦♥❞❛ ky,i ❞❡♣❡♥❞❡ ❞♦ â♥❣✉❧♦ α ❡ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ni✱ ❛ ♠❛tr✐③ tr❛♥s❢❡rê♥❝✐❛

M ❞❡♣❡♥❞❡ ❞❛s ❡s♣❡ss✉r❛s di✱ ♣♦rt❛♥t♦ rp é ❢✉♥çã♦ ❞❡ α✱ ❞❡ ni ❡ ❞❡ di✱ ❝♦♠ i = 1, 2, .., N ✳

❆ r❡✢❡tâ♥❝✐❛ ♣❛r❛ ♦ ❝❛s♦ ♠✉❧t✐✲❝❛♠❛❞❛ é ❝❛❧❝✉❧❛❞❛ ♣♦r ✭✷✳✶✶✮✱ ❛ss✐♠ ❝♦♠♦ ♦ ❝❛s♦ ♣❛r❛

✉♠❛ ú♥✐❝❛ ✐♥t❡r❢❛❝❡✳

❖ s✐st❡♠❛ r❡❛❧ ♥ã♦ é tã♦ s✐♠♣❧❡s q✉❛♥t♦ ❞❡s❝r✐t♦ ❛❝✐♠❛✳ ❆s s✐♠♣❧✐✜❝❛çõ❡s r❡❛❧✐③❛❞❛s

✐♠♣❧✐❝❛♠ ❡♠ ❧✐♠✐t❛çõ❡s ♥❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✱ ❝♦♠♦ ❛s ❞❡❣❡♥❡r❛çõ❡s ❞❡s❝r✐t❛s ♣♦r ❞❡

❇r✉✐❥♥ ✭❞❡ ❇r✉✐❥♥✱ ❆❧t❡♥❜✉r❣✱ ❑♦♦②♠❛♥ ❡ ●r❡✈❡✱ ✶✾✾✶✮ ❡ P❤❡❧♣s ✭P❤❡❧♣s ❡ ❚❛②❧♦r✱ ✶✾✾✻✮✳

❊ss❛s ❡q✉❛çõ❡s s❡rã♦ tr❛❜❛❧❤❛❞❛s ❡♠ ❜✉s❝❛ ❞❡ ✉♠❛ ♠❛✐♦r s❡♠❡❧❤❛♥ç❛ ❝♦♠ ♦ ❝❛s♦ r❡❛❧✱

✐♥❝❧✉✐♥❞♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ❞❡ ❡①❝✐t❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦✳ ❈♦♥t✉❞♦

❡st❛ ✐♥❝❧✉sã♦ ✐♠♣❧✐❝❛ ❡♠ ♠❛✐s ✉♠❛ s✐♠♣❧✐✜❝❛çã♦ ❛♦ ❝♦♥s✐❞❡r❛r q✉❡ ♦s ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s

❞❡ ♦♥❞❛ tê♠ ❝❛rát❡r ❛❞✐t✐✈♦ ♥♦ ✈❛❧♦r ✜♥❛❧✳ ❊ss❛ s✐♠♣❧✐✜❝❛çã♦ ♣♦ss✐❜✐❧✐t♦✉ q✉❡ ✈❛❧♦r❡s ❞❡

r❡✢❡tâ♥❝✐❛ ❢♦ss❡♠ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❝❛❞❛ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❡ ❝❛❞❛ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡

♣❛r❛ ❞❡♣♦✐s s❡r❡♠ ❝♦♥s✐❞❡r❛❞♦s ❡♠ ✉♠❛ ú♥✐❝❛ ❝✉r✈❛ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ ✭✷✳✶✻✮✱ ❝♦♠♦ s✉❣❡r✐❞♦

♣♦r ✭▼❡❧é♥❞❡③✱ ❈❛rr✱ ❇❛rt❤♦❧♦♠❡✇✱ ❚❛♥❡❥❛✱ ❨❡❡✱ ❏✉♥❣ ❡ ❋✉r❧♦♥❣✱ ✶✾✾✼✮✳ ❆ r❡✢❡tâ♥❝✐❛

✭rp (θ, n1(λ), n2(λ), n3(λ), d)✮ é ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❛tr❛✈és ❞❛s

❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ❡ ❛ r❡✢❡t✐✈✐❞❛❞❡ ✭R(θ)✮ r❡s✉❧t❛♥t❡ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛ s♦❜r❡♣♦s✐çã♦ ❞♦s

✈❛❧♦r❡s ❞❡ r❡✢❡tâ♥❝✐❛ ♣♦♥❞❡r❛❞♦s ♣❡❧❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ♥❛q✉❡❧❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✶✺

R(θ) =

∫ λF

λI

r (θ, n1(λ), n2(λ), n3(λ), d3) ρ(λ)dλ

∫ λF

λI

ρ(λ)dλ

, ✭✷✳✶✻✮

s❡♥❞♦ λI ❡ λF ♦s ❧✐♠✐t❡s s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛

❝♦♥s✐❞❡r❛❞♦s ♥♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ❡ ρ(λ) ❛ ❝✉r✈❛ ✐♥t❡♥s✐❞❛❞❡ ✈❡rs✉s λ ❞❛ ❧✉③

❡①❝✐t❛♥t❡ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘✳ ◆♦r♠❛❧♠❡♥t❡ ❡ss❛ ❝✉r✈❛ t❡♠ ❛ ❢♦r♠❛ ❞❡ ✉♠❛ ❣❛✉ss✐❛♥❛✳ ▼❛✐s

✉♠❛ ✈❡③ é ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♦s í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ n1(λ)✱ n2(λ) ❡ n3(λ) ❞❡♣❡♥❞❡♠ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ P♦❞❡✲s❡ ❝♦♥s✐❞❡r❛r ❛s ❞❡♣❡♥❞ê♥❝✐❛s ❞❛s ❝♦♥st❛♥t❡s

❞✐❡❧étr✐❝❛s ǫ1 = ǫ1R + jǫ1I ❡ ǫ2 = ǫ2R + jǫ2I ❝♦♠ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ ❞❡s❝r✐t❛s ♣❡❧♦s

♣♦❧✐♥ô♠✐♦s ❞❡ q✉❛rt♦ ❣r❛✉ ✭❖❧✐✈❡✐r❛✱ ▼♦r❡✐r❛✱ ❚❤✐rstr✉♣✱ ▼❡❧❝❤❡r✱ ▲✐♠❛ ❡ ◆❡✛✱ ✷✵✶✸✮✿

ǫ1R(λ) = c14Rλ
4 + c13Rλ

3 + c12Rλ
2 + c11Rλ+ c10R,

ǫ2R(λ) = c24Rλ
4 + c23Rλ

3 + c22Rλ
2 + c21Rλ+ c20R,

ǫ2I(λ) = c24Iλ
4 + c23Iλ

3 + c22Iλ
2 + c21Iλ+ c20R,

❆ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞❡♣❡♥❞❡♥t❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ é ❛ r❛✐③ q✉❛❞r❛❞❛ ❞♦ í♥❞✐❝❡

❞❡ r❡❢r❛çã♦ ❝♦♠♣❧❡①♦ ♥✉♠ ♠❛t❡r✐❛❧ ♥ã♦✲♠❛❣♥ét✐❝♦ ✭♠❛t❡r✐❛❧ ❝♦♠ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♣ró①✐♠❛ à

✉♥✐❞❛❞❡✮✳ ❙❡❥❛ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ǫ ❞❡ ♣❛rt❡ r❡❛❧ ǫR ❡ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ǫI ✿

ǫ = ǫR + jǫI = (η + jκ)2 ,

❛ ♣❛rt❡ r❡❛❧ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ η ✐♥❞✐❝❛ ❛ ✈❡❧♦❝✐❞❛❞❡ ❡ r❡❧❛çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ♥♦ ♠❡✐♦

❡♠ q✉❡stã♦ ❝♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ♥♦ ✈á❝✉♦ ❡ ❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ κ ✐♥❞✐❝❛ ❛ ♣❡r❞❛ ♣♦r ❛❜s♦rçã♦

❞✉r❛♥t❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❛tr❛✈és ❞♦ ♠❛t❡r✐❛❧✳

❆ ❝♦♥✈❡rsã♦ ❡♥tr❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ✭❲♦♦t❡♥✱ ✶✾✼✷✮ é ❞❛❞❛ ♣♦r✿

ǫR = η2 − κ2 ǫI = 2ηκ

η =

√
√

ǫ2R + ǫ2I + ǫR
2

κ =

√
√

ǫ2R + ǫ2I − ǫR
2

.

P♦r ♥ã♦ ❤❛✈❡r ❛❜s♦rçã♦ ó♣t✐❝❛ ǫ1I = 0✳ ❖s ❝♦❡✜❝✐❡♥t❡s sã♦ ❞❡t❡r♠✐♥❛❞♦s ♣♦r ✐♥t❡r♣♦❧❛çã♦

♥✉♠ér✐❝❛ ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ P❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛

❞♦ ♦✉r♦ ❛ ❜❛s❡ ❞❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s s❡ ❜❛s❡✐❛ ❡♠ ✭❏♦❤♥s♦♥ ❡ ❈❤r✐st②✱ ✶✾✼✷✮✳ ❖ s✉❜str❛t♦

❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ♣♦✉❝♦ s❡♥sí✈❡❧ à ✈❛r✐❛çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ ❡st❛ ♣r♦♣r✐❡❞❛❞❡ ♥ã♦

❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ♣❛r❛ ❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✳
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✷✳✷ ▼♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦

❆ ❡①❝✐t❛çã♦ ❙P❘ ♣♦❞❡ s❡r ♠♦♥✐t♦r❛❞❛ ❞❡ ❝✐♥❝♦ ❢♦r♠❛s ❞✐❢❡r❡♥t❡s ✭▼♦r❡✐r❛✱ ✷✵✵✾✮✿ ❛♥❣✉✲

❧❛r✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ✐♥t❡♥s✐❞❛❞❡✱ ❢❛s❡ ❡ ♣♦❧❛r✐③❛çã♦✳ ❈❛❞❛ ✉♠❛ ✐♠♣❧✐❝❛ ❞✐❢❡r❡♥t❡s

❞✐s♣♦s✐t✐✈♦s ❛ss♦❝✐❛❞♦s ❡ ✉♠❛ ♦♣❡r❛çã♦ ❞♦ ❜✐♦✲s❡♥s♦r ❡s♣❡❝í✜❝❛✿

▼♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r ♦✉ ❆■▼ ✭❆♥❣✉❧❛r ■♥t❡rr♦❣❛t✐♦♥ ▼♦❞❡✮✿ ❝♦♠ ❢♦♥t❡ ❧✉♠✐✲

♥♦s❛ ♠♦♥♦❝r♦♠át✐❝❛ ✭❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝♦♥st❛♥t❡✮✱ ✉♠ ❞✐♦❞♦ ❧❛s❡r ♥♦r♠❛❧♠❡♥t❡✱

❡ ✉♠ ❡❧❡♠❡♥t♦ ❢♦t♦✲❞❡t❡❝t♦r ♦✉ ✉♠❛ ❝â♠❡r❛ ❈❈❉ ♣❛r❛ ❞❡t❡❝t❛r ♦ s✐♥❛❧ r❡✢❡t✐❞♦ ♥❛

s❛í❞❛ ❞♦ ❞✐s♣♦s✐t✐✈♦✳ ➱ ♥❡❝❡ssár✐♦ ❛♣❡♥❛s q✉❡ ✈❛r✐❡ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞♦ ❢❡✐①❡

❧✉♠✐♥♦s♦ ❛ ✜♠ ❞❡ ❡♥❝♦♥tr❛r ♦ â♥❣✉❧♦ ♥♦ q✉❛❧ ♦❝♦rr❡✉ ♠❡♥♦r r❡✢❡①ã♦ ❞❛ ❧✉③✱ ♦ â♥❣✉❧♦

❞❡ r❡ss♦♥â♥❝✐❛✳ ❊ss❛ ✐♥❢♦r♠❛çã♦ ❜❛st❛ ♣❛r❛ q✉❡ ❝❛❧❝✉❧❡♠♦s ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦

♠❡✐♦ ❛tr❛✈és ❞❡ ✷✳✾✳

▼♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♦✉ ❲■▼ ✭❲❛✈❡❧❡♥❣t❤ ■♥t❡rr♦❣❛t✐♦♥

▼♦❞❡✮✿ ❝♦♠ ❢♦♥t❡ ❞❡ ❡♥tr❛❞❛ ♣♦❧✐❝r♦♠át✐❝❛ ✭❢♦♥t❡ ❤❛❧ó❣❡♥❛ ♦✉ ✉♠ ❞✐♦❞♦ ❞❡ ❧✉③ ❜r❛♥❝❛✱

♥♦r♠❛❧♠❡♥t❡✮ ❡ ✉♠ ❡s♣❡❝trô♠❡tr♦ ♣❛r❛ ❞❡t❡❝t❛r ♦ s✐♥❛❧ r❡✢❡t✐❞♦✳ ❖ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥✲

❝✐❛ ❞❛ ❧✉③ é ♠❛♥t✐❞♦ ❝♦♥st❛♥t❡✱ ❞❡t❡❝t❛♥❞♦ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♥♦ q✉❛❧ ❤á ♠❡♥♦r

r❡✢❡①ã♦✳ ❊ss❡ ✈❛❧♦r ✐♥✢✉✐ ♥♦ ✈❛❧♦r ❞❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ ❞♦ ♠❡t❛❧ ✭ǫ2✮✱ ❡♥tã♦ ♦ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ❞♦ ♠❡✐♦ s❡♥sí✈❡❧ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ♣♦r✿

n3 =

√
√

ǫ23r + ǫ23i + ǫ23r/2 ✭✷✳✶✼✮

s❡♥❞♦✿

ǫ3 =
ǫ2rn

2
1(sen θ)

2 + ǫ2r − n2
1(sen θ)

2 + ǫ22in
2
1(sen θ)

2

(ǫ2r − n2
1(sen θ)

2)2 + ǫ22i
− i

ǫ2in
4
1(sen θ)

4

(ǫ2r − n2
1(sen θ)

2)2 + ǫ22i

▼♦❞✉❧❛çã♦ ❞❡ ■♥t❡♥s✐❞❛❞❡ ✭■♥t❡♥s✐t② ▼♦❞✉❧❛t✐♦♥✮✿ ❆ ✐♥t❡♥s✐❞❛❞❡ ❧✉♠✐♥♦s❛ ❛♣ós ❛s ✐♥✲

t❡r❛çã♦ ❝♦♠ ❛ ♦♥❞❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡ é ♠❡♥s✉r❛❞❛ ❡ ❛♥❛❧✐s❛❞❛✳

▼❡♥s✉r❛çã♦ ❞❡ ❋❛s❡ ✭P❤❛s❡ ❈❤❛♥❣❡ ▼❡❛s✉r❡♠❡♥t✮✿ ❛ ✐♥t❡r❛çã♦ ❞❛ ❧✉③ ❝♦♠ ❛ ❙P❲ ❛❧t❡r❛

s✉❛ ❢❛s❡✱ ❡ss❛ ♠✉❞❛♥ç❛ ❞❡ ❢❛s❡ ♣♦❞❡ s❡r ♠♦♥✐t♦r❛❞❛ ♣❛r❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❛ s✉❜stâ♥❝✐❛✳

▼❡♥s✉r❛çã♦ ❞❡ P♦❧❛r✐③❛çã♦ ✭P♦❧❛r✐③❛t✐♦♥ ▼❡❛s✉r❡♠❡♥t✮✿ ❆ ❧✉③ ✐♥❝✐❞❡♥t❡ é r❡s✉❧t❛❞♦ ❞❡

✉♠❛ ❝♦♠❜✐♥❛çã♦ ♣❛rt✐❝✉❧❛r ❞❡ ❢❡✐①❡s ❞❡ ❧✉③ ❚▼ ❡ ❚❊ ♣♦❧❛r✐③❛❞♦s✳ ❆♣ós ❛ ✐♥t❡r❛çã♦

❝♦♠ ❛ ❙P❲ ❛ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③ é ♠♦♥✐t♦r❛❞❛✳
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❖s ♠♦❞♦s ❝♦♠ ♠❛✐♦r ♣r❡❝✐sã♦ ❡ ♣♦r ✐ss♦ ♠❛✐s ✉t✐❧✐③❛❞♦s sã♦ ♦ ❆■▼ ❡ ♦ ❲■▼✳ ❊♠ ❛♠❜♦s

❡ss❡s ♠♦❞♦s tê♠ s✉❛ s❡♥s✐❜✐❧✐❞❛❞❡ ✈❛r✐❛♥❞♦ ❝♦♠ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳

P❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r ♦ ❜✐♦✲s❡♥s♦r ❙P❘ é ♠❛✐s s❡♥sí✈❡❧ à ✈❛r✐❛çã♦ ❞❛ ❡s♣❡ss✉r❛

❡ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❝♦♠ ✉♠ ♠❡♥♦r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❖ ❝♦♥trár✐♦

♦❝♦rr❡ ♣❛r❛ ❛ ✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧✱ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❛✉♠❡♥t❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛✳ ✭❍♦♠♦❧❛✱ ✶✾✾✼❀ ❑♦♦②♠❛♥✱ ❑♦❧❦♠❛♥✱ ●❡♥t ❡ ●r❡✈❡✱ ✶✾✽✽❀ ❨❡❛t♠❛♥✱ ✶✾✾✻✮✳

✷✳✸ ▼♦r❢♦❧♦❣✐❛ ❞❛ ❝✉r✈❛ ❙P❘

❆ ❝✉r✈❛ ❙P❘ t❡♠ ❛ ❢♦r♠❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✻✳ ❍á r❡✢❡①ã♦ ♠á①✐♠❛ ✭t❡♥❞❡♥❞♦ ❛

r❡✢❡①ã♦ t♦t❛❧✮ ❞❛ ❧✉③ q✉❛♥❞♦ ♦ ♣❛râ♠❡tr♦ ♠♦♥✐t♦r❛❞♦✱ â♥❣✉❧♦ ✭θ✮ ♦✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛

✭λ✮ s❡ ❞✐st❛♥❝✐❛ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ θR ♦✉ λR✳ Pró①✐♠♦ ❛ ❡st❛ ❝♦♥❞✐çã♦ ❤á ✉♠❛ q✉❡❞❛

s✐❣♥✐✜❝❛t✐✈❛ ♥♦ ✈❛❧♦r r❡✢❡t✐❞♦✱ ❝♦♥t✉❞♦ ♥♦ ❝❛s♦ r❡❛❧ ♦ ③❡r♦ ♥ã♦ é ❛t✐♥❣✐❞♦ ❝♦♠♦ ♥❛ t❡♦r✐❛✳

❆ r❡❞✉çã♦ ♥❛ ✐♥t❡♥s✐❞❛❞❡ r❡✢❡t✐❞❛ ♥ã♦ é s✐♠étr✐❝❛ ❡♠ r❡❧❛çã♦ à ❞✐❢❡r❡♥ç❛ ❞♦ ♣❛râ♠❡tr♦

♠♦♥✐t♦r❛❞♦ ♣❛r❛ ❛ r❡ss♦♥â♥❝✐❛✿ R(θR +∆θ) 6= R(θR −∆θ) ♦✉ R(λR +∆λ) 6= R(λR −∆λ)✳

❋✐❣✉r❛ ✷✳✻✿ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ✭s✐♠✉❧❛çã♦✮ ❡
♣❛râ♠❡tr♦s r❡❧❡✈❛♥t❡s✿ ❋❲❍▼✱ ▲✐♥❤❛ ❇❛s❡ ❉✐♥â♠✐❝❛✱ ❊s♣❡ss✉r❛✱ ❆s✲
s✐♠❡tr✐❛✱ ❞✐♣ ❡ ✈❛❧♦r ❞❡ r❡ss♦♥â♥❝✐❛✳ ❆ ❢❛✐①❛ ❞❡ â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛
[θI , θF ] ❞❡♣❡♥❞❡ ❞❛ ❝♦♥✜❣✉r❛çã♦ ✉t✐❧✐③❛❞❛✿ ❜✐♦✲❝❤✐♣✱ ❧✉③ ❡①❝✐t❛♥t❡✱ ❡♥tr❡
♦✉tr♦s✳

❉✐❢❡r❡♥t❡s ❣r❛♥❞❡③❛s ♣♦❞❡♠ s❡r ❡①tr❛í❞❛s ❞❛ ❝✉r✈❛ ❙P❘ ❡ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s ♣❛r❛

❝❛r❛❝t❡r✐③❛r ❛ s✉❛ ♠♦r❢♦❧♦❣✐❛✱ ✈❡r ❋✐❣✉r❛ ✷✳✻ ♣❛r❛ ♦ ♠♦❞♦ ❆■▼✳ ❆ ❝✉r✈❛ t❡♠ ❛ ♠❡s♠❛ ❢♦r♠❛

♥♦ ♠♦❞♦ ❲■▼ ❡ ♦s ♠❡s♠♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s✱ ❛♣❡♥❛s ♦ ❡✐①♦ ❞❛s ❛❜s❝✐ss❛ q✉❡ ✈❛r✐❛

❞❡ [λI , λF ]✳ ❊st❛s ❣r❛♥❞❡③❛s sã♦✿
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❊♥❡r❣✐❛ ❞❛ ❝✉r✈❛ ✭E✮

❆ ❡♥❡r❣✐❛ ❞❛ ❝✉r✈❛ é ❝❛❧❝✉❧❛❞❛ ♣❡❧❛ ✐♥t❡❣r❛❧

E =

∫ θF

θI

R(θ)dθ ✭❆■▼✮ ♦✉ E =

∫ λF

λI

R(λ)dλ ✭❲■▼✮

Pr♦❢✉♥❞✐❞❛❞❡ ❞❛ ❝✉r✈❛ ✭dip✮

▼❡♥s✉r❛ ❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ❧✉③ r❡✢❡t✐❞❛ ♥❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡♠ r❡❧❛çã♦ à ❝♦♥❞✐çã♦ ❞❡

r❡✢❡①ã♦ t♦t❛❧ ❞❛ ❧✉③✳ ❊♠ ❝♦♥❞✐çõ❡s ✐❞❡❛✐s ❛ r❡✢❡①ã♦ ♥❛ r❡ss♦♥â♥❝✐❛ é ♥✉❧❛✱ ❞❡ ❢♦r♠❛ q✉❡ ♦

dip é ♠á①✐♠♦✱ ♠❛s ❡♠ ❝♦♥❞✐çõ❡s r❡❛✐s ❡ss❡ ✈❛❧♦r é ❡♠ t♦r♥♦ ❞❡ ✵✱✹ ❛ ✵✱✻✳

➶♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ✭θR✮ ✲ ▼♦❞♦ ❆■▼

❖ â♥❣✉❧♦ ♥♦ q✉❛❧ ♦❝♦rr❡ ♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ é ♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ θR✱ ❡ss❡ ✈❛❧♦r ♥♦s

♣❡r♠✐t❡ ❝❛❧❝✉❧❛r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❡✐♦ s❡♥sí✈❡❧ ❛tr❛✈és ❞❡ ✭✷✳✾✮✳ ❯♠❛ ❞❛s té❝♥✐❝❛ ♠❛✐s

✉t✐❧✐③❛❞❛s ♣❛r❛ ❡♥❝♦♥tr❛r ♦ ♠í♥✐♠♦ é ♦ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧ ❞❛ ❝✉r✈❛✳ ❊ss❛ té❝♥✐❝❛ é ✉t✐❧✐③❛❞❛

♣♦rq✉❡ ♥ã♦ ❤á ❣❛r❛♥t✐❛ ❞❡ q✉❡ ✉♠ ♣♦♥t♦ ❞❛ ❝✉r✈❛ q✉❡ ❞❡s❡❥❛✲s❡ ❛♥❛❧✐s❛r ✐♥❝✐❞❡ ❡①❛t❛♠❡♥t❡

♥❛ r❡❣✐ã♦ s❡♥sí✈❡❧ ❞❡ ✉♠ ❢♦t♦❞❡t❡❝t♦r✳ ▼✉✐t♦ ♣r♦✈❛✈❡❧♠❡♥t❡ ✐ss♦ ♥ã♦ ♦❝♦rr❡✱ ♣♦❞❡♥❞♦ ♦

♠í♥✐♠♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♥ã♦ s❡r ♠❡❞✐❞♦ ♣♦r ❡st❛r ✜s✐❝❛♠❡♥t❡ s✐t✉❛❞♦ ❡♥tr❡ ❞♦✐s ❞❡t❡❝t♦r❡s✱ ♦✉

❛♣❡♥❛s ♣❛r❝✐❛❧♠❡♥t❡ ❞❡t❡❝t❛❞♦✳ ❈♦♠ ✉♠❛ té❝♥✐❝❛ ❞❡ r❡❣r❡ssã♦ ♦✉ ✐♥t❡r♣♦❧❛çã♦ r❡❣✐õ❡s ❞❛

❝✉r✈❛ ♥ã♦ ♠❡❞✐❞❛s ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞❛s ❛tr❛✈és ❞❛s r❡❣✐õ❡s ❝♦♥❤❡❝✐❞❛s✳

❯♠❛ té❝♥✐❝❛ ❞❡ r❡❣r❡ssã♦ ♠✉✐t♦ ✉t✐❧✐③❛❞❛ é ♦ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧✳ ❆tr❛✈és ❞❛ té❝♥✐❝❛

❞❡ ♠í♥✐♠♦s q✉❛❞rát✐❝♦s é ❝❛❧❝✉❧❛❞♦ ♦ ♣♦❧✐♥ô♠✐♦ P (θ) q✉❡ ♠❡❧❤♦r s❡ ❛❥✉st❛ à r❡❣✐ã♦ ❞❛

❝✉r✈❛ ❙P❘ ♥❛ q✉❛❧ ❛ r❡✢❡t✐✈✐❞❛❞❡ R(θ) < LB✳ ❊♥❝♦♥tr❛❞♦ ♦ ♣♦❧✐♥ô♠✐♦ P (θ) s❡✉ ♠í♥✐♠♦ é

❝❛❧❝✉❧❛❞♦ ❛tr❛✈és ❞❛ ♣r✐♠❡✐r❛ ❞❡r✐✈❛❞❛ ❡ ❡st❡ é ♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ θR ❞❛ ❝✉r✈❛ ❙P❘ t❛❧

q✉❡
d

dθ
P (θ)

θ=θR

= 0.

❖ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ t❛♠❜é♠ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ s❡♥❞♦ ♦ ❝❡♥tr♦ ❣❡♦♠étr✐❝♦

♦✉ ❝❡♥tró✐❞❡ ❞❛ ❝✉r✈❛ ✭❝❛❧❝✉❧❛❞♦ ♣❡❧❛ té❝♥✐❝❛ ❞♦ Pr✐♠❡✐r♦ ▼♦♠❡♥t♦✮✳ ❈♦♠ ♠❡♥♦r s❡♥s✐✲

❜✐❧✐❞❛❞❡ ❛ r✉í❞♦ ❡ss❡ ♣❛râ♠❡tr♦ ❞✐❢❡r❡ ❞♦ â♥❣✉❧♦ ❞❡ ✈❛❧♦r ❞❡ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ❙P❘✱ ♠❛s

s❡✉ ❞❡s✈✐♦ ❝♦♠ ✈❛r✐❛çõ❡s ❞♦ ♠❡✐♦ é s✐♠✐❧❛r ❛♦ ❞❡s✈✐♦ ❞♦ ♠í♥✐♠♦✳ ❖ ❛❧❣♦r✐t♠♦ é ❛♣❧✐❝❛❞♦

❛ ✈❛❧♦r❡s q✉❡ ❡stã♦ ❛❜❛✐①♦ ❞❡ ✉♠ ❧✐♠✐❛r ♣ré✲❡st❛❜❡❧❡❝✐❞♦✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❧✐♥❤❛ ❜❛s❡ ✭▲❇✮✳

◗✉❛♥❞♦ ❝♦♥s✐❞❡r❛✲s❡ ♦ s✐♥❛❧ ❧✉♠✐♥♦s♦ ❛♠♦str❛❞♦ ♣♦r ✉♠❛ ❝â♠❡r❛ ❝♦♠ r❡s♦❧✉çã♦ ✜♥✐t❛ ❞❡
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N ♣✐①❡❧s ❞❡ ✈❛❧♦r X(n) ❡ â♥❣✉❧♦ ♠é❞✐♦ θ(n) ✭n = 1, ..., N✮✱ ❡♥tã♦ ♦ ✈❛❧♦r ❞♦ ❝❡♥tró✐❞❡ é

❝❛❧❝✉❧❛❞♦ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❛♣❡♥❛s ♦s ♣♦♥t♦s q✉❡ ❡stã♦ ❛❜❛✐①♦ ❞❛ ❧✐♥❤❛ ❜❛s❡✿

θR =

N∑

n=1

θ(n) [LB −min(X(n), LB)]

N∑

n=1

[LB −min(X(n), LB)]

,

P❛r❛ ♦ ♠♦❞♦ ❲■▼ ❡ss❡ ♣❛râ♠❡tr♦ é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡♠ q✉❡ ♦ ♠í♥✐♠♦ ♦❝♦rr❡

✭λR✮✳

▲✐♥❤❛ ❜❛s❡ ✭LB✮

❱❛❧♦r ❧✐♠✐t❡ ♣❛r❛ ❞❡s❝❛rt❛r ♣❛rt❡ ❞❛ ❝✉r✈❛✱ ❛ss✉♠❡✲s❡ q✉❡ ♦s ♣✐①❡❧s ❝♦♠ ✈❛❧♦r❡s ❛❜❛✐①♦ ❞❡ss❛

❧✐♥❤❛ ❜❛s❡ sã♦ ♠❡♥♦s s✐❣♥✐✜❝❛t✐✈♦s✳

P❛r❛ ❝❛❧❝✉❧❛r ❛ ▲✐♥❤❛ ❇❛s❡ ♦s ❞♦✐s ♠ét♦❞♦s ♠❛✐s ✉t✐❧✐③❛❞♦s sã♦ ♦ ♣♦♥t♦ ♠é❞✐♦ ❡♥tr❡

♦ ♠á①✐♠♦ ❡ ♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ✭❋❲❍▼ ✲ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠✮ ♦✉ ❛ ❧✐♥❤❛ ❜❛s❡

❞✐♥â♠✐❝❛✱ ❡st❡ ♠ét♦❞♦ ❝♦♥s✐st❡ ❡♠ ❡♥❝♦♥tr❛r PB t❛❧ q✉❡ ❛ r❛③ã♦ ❡♥tr❡ ❛s ár❡❛s ❞❛ ❝✉r✈❛

❛❜❛✐①♦ ❞❡ PB ❡ ❛❝✐♠❛ ❞❡ PB ♥♦ ✐♥t❡r✈❛❧♦ ∆θ ❞❡✜♥✐❞♦ s❡❥❛ ❝♦♥st❛♥t❡ γ✱ ♦✉ s❡❥❛✿

γA0 = γ

∫ θ1

θ0

(LB − P (θ))dθ = A1 =

∫ θ2

θ1

(LB − P (θ))dθ ✭✷✳✶✽✮

s❡♥❞♦ P (θ) ❛ ❝✉r✈❛ ❙P❘✱ PB ♦ ✈❛❧♦r ❞❛ ❧✐♥❤❛ ❜❛s❡ ❞✐♥â♠✐❝❛✱ θ1 ❡ θ2 t❛✐s q✉❡ P (θ1) =

P (θ2) = PB ❡ θ0 = θ1 −∆θ✱ ✈❡r ❋✐❣✉r❛ ✷✳✼✳ ∆θ ❡ γ sã♦ ❡s❝♦❧❤✐❞♦s✳

❖ ♠ét♦❞♦ ❞❛ ❧✐♥❤❛ ❜❛s❡ ❞✐♥â♠✐❝❛ ✭❚❤✐rstr✉♣ ❡ ❩♦♥❣✱ ✷✵✵✺✮✱ ❛♣❡s❛r ❞❡ ♠❛✐s ❝♦♠♣❧❡①♦

❛❞✐❝✐♦♥❛ ✉♠❛ r♦❜✉st❡③ ❛ r✉í❞♦ q✉❡ ♦ ❋❲❍▼ ♥ã♦ t❡♠✳

▲❛r❣✉r❛ ❞❛ ❝✉r✈❛ ✭Γ✮

❆ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❞♦✐s ♣♦♥t♦s q✉❡ ❝r✉③❛♠ ❛ ❧✐♥❤❛ ❞❡ ❋❲❍▼ é ❞❡✜♥✐❞❛ ❝♦♠♦ ❧❛r❣✉r❛

❞❛ ❝✉r✈❛ Γ✳ ❚❛♠❜é♠ sã♦ ❝❛❧❝✉❧❛❞❛s ❛s ❞✐stâ♥❝✐❛s ♥❛ ❤♦r✐③♦♥t❛❧ ❡♥tr❡ ♦ â♥❣✉❧♦ ❞♦ ✈❛❧♦r ❞❡

♠í♥✐♠♦ θR ❡ ♦s â♥❣✉❧♦s ♥♦s q✉❛✐s ❛ ❝✉r✈❛ ❝r✉③❛ ❛ ❧✐♥❤❛ ❞❡ ❋❲❍▼ à ❡sq✉❡r❞❛ θLFWHM ❡ à

❞✐r❡✐t❛ θRFWHM ❞♦ ♠í♥✐♠♦✳

CL = θR − θLFWHM

CR = θRFWHM − θR

Γ = CR + CL
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❋✐❣✉r❛ ✷✳✼✿ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ✭s✐♠✉❧❛çã♦✮ ❡ ♣❛✲
râ♠❡tr♦s r❡❧❡✈❛♥t❡s✿ ❋❲❍▼✱ ▲❇❉✱ ❊s♣❡ss✉r❛✱ ❆ss✐♠❡tr✐❛✱ ❞✐♣ ❡ ✈❛❧♦r
❞❡ r❡ss♦♥â♥❝✐❛✳

❆ss✐♠❡tr✐❛ ❞❛ ❝✉r✈❛ ✭G✮

❆ ❢♦r♠❛ ❞❛ ❝✉r✈❛ t❛♠❜é♠ é ❡st✉❞❛❞❛ ♣❡❧❛ s✉❛ ❛ss✐♠❡tr✐❛✿

G = CR/CL

❆ ✐♥✢✉ê♥❝✐❛ ❞❡ ✈❛r✐❛çõ❡s ❞♦ ♠❡✐♦ s❡♥sí✈❡❧ ♥❛ ♠♦r❢♦❧♦❣✐❛ ❞❛ ❝✉r✈❛ ✭Γ ❡ G✮ é ❡st✉❞❛❞❛

❡♠ ✭❋✐❧❤♦✱ ✷✵✵✻❀ ❋✐❧❤♦✱ ▲✐♠❛✱ ▼♦r❡✐r❛✱ ❚❤✐rstr✉♣ ❡ ◆❡✛✱ ✷✵✶✵✮✳

❯♠❛ ❛♥á❧✐s❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ss❡s ♣❛râ♠❡tr♦s ❡♠ ❢✉♥çã♦ ❞❛ ❡s♣❡ss✉r❛ ❡ ♦ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ é ❛♣r❡s❡♥t❛❞❛ ♥♦ ❝❛♣ít✉❧♦ ✸✳

✷✳✹ ❙❡♥s♦r❣r❛♠❛

❖ s❡♥s♦r❣r❛♠❛ é ❛ ❛♣r❡s❡♥t❛çã♦ ❞❛ ❣r❛♥❞❡③❛ s❡♥s♦r✐❛❞❛ ❡♠ ✉♠ ❣rá✜❝♦ ✈❡rs✉s ♦ t❡♠♣♦✳ ◆♦

❝❛s♦ ❞♦ s✐st❡♠❛ ❙P❘ ❡ss❛ ❣r❛♥❞❡③❛ é ❛ ♣♦s✐çã♦ ❞♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛✳

◆♦ s❡♥s♦r❣r❛♠❛ ❞❛ ❋✐❣✉r❛ ✷✳✽❜ ♥❡♥❤✉♠❛ ✈❛r✐❛çã♦ ♥♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ♦❝♦rr❡ ❛té ♦

✐♥st❛♥t❡ t1✱ q✉❛♥❞♦ ♦✉tr❛ s✉❜stâ♥❝✐❛ é ❛♣❧✐❝❛❞❛ ♥♦ ❜✐♦✲s❡♥s♦r ❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞❡sã♦ ❞❛s

♠♦❧é❝✉❧❛s ♥♦ ♦✉r♦ é ✐♥✐❝✐❛❞♦✱ ✈❛r✐❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ â♥❣✉❧♦ ❞❡

♦❝♦rrê♥❝✐❛ ❞♦ ♠í♥✐♠♦ ❛té ♦ ✐♥st❛♥t❡ t2✳

❯♠ ❛rt✐❢í❝✐♦ ♣❛r❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r❣r❛♠❛ ❝♦♥s✐st❡ ❡♠ r♦t❛❝✐♦♥❛r ❛ ❝✉r✈❛ ❙P❘ ✾✵♦

♥♦ s❡♥t✐❞♦ ❛♥t✐✲❤♦rár✐♦ ✭❋✐❣✉r❛ ✷✳✽❛✮✱ ✐ss♦ ❢♦r♠❛ ❞✐r❡t❛♠❡♥t❡ ✉♠ ♣♦♥t♦ ❞♦ s❡♥s♦r❣r❛♠❛

✭❋✐❣✉r❛ ✷✳✽❜✮✱ ❛ ✈❛r✐❛çã♦ é ❧✐♥❡❛r ❝♦♠ ❛ ♠❛ss❛ ❛❝✉♠✉❧❛❞❛ ♥❛ ❛❞❡sã♦✳ ◆❛ ✜❣✉r❛ ❛ ❝✉r✈❛ ❞❡

r❡✢❡t✐✈✐❞❛❞❡ R(t1) ❞♦ ✐♥st❛♥t❡ t1 ✈❛r✐❛ ❛té ❛ ❝✉r✈❛ R(t2)✱ ❣❡r❛♥❞♦ ♦ s❡♥s♦r❣r❛♠❛ ❞❛ ❡sq✉❡r❞❛

✭❙❝❤❛s❢♦♦rt ❡ ❚✉❞♦s✱ ✷✵✵✽✮✳



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✷✶

❋✐❣✉r❛ ✷✳✽✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ✈❛r✐❛çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ♦❝♦rrê♥❝✐❛ ❞♦ ♠í♥✐♠♦ ✭â♥❣✉❧♦
❞❡ r❡ss♦♥â♥❝✐❛✮ ❡♠ ✉♠ s❡♥s♦r❣r❛♠❛ ✭❛✮ ❈✉r✈❛s ❙P❘ ✭❘❡✢❡t✐✈✐❞❛❞❡
❳ â♥❣✉❧♦✮ r♦t❛❝✐♦♥❛❞❛ ✾✵♦ ♥♦ s❡♥t✐❞♦ ❛♥t✐✲❤♦rár✐♦❀ ✭❜✮ ❙❡♥s♦r❣r❛♠❛
t❡ór✐❝♦✳

❈♦♥t✉❞♦ ♦ s❡♥s♦r❣r❛♠❛ é ❞❛❞♦ ❡♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✈❡rs✉s t❡♠♣♦✱ ❞❡ ♠♦❞♦ q✉❡ ♦ ✈❛❧♦r

❞❡ â♥❣✉❧♦ ❛✐♥❞❛ ❞❡✈❡ s❡r ❝♦♥✈❡rt✐❞♦ ♣❛r❛ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✳

❱❛❧❡ r❡ss❛❧t❛r q✉❡ ❝♦♠♦ ♣❛rt❡ ❞♦ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❝✉r✈❛ ❙P❘ ❡①♣❡r✐✲

♠❡♥t❛❧ t♦❞❛ ❝✉r✈❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘ ❞❡✈❡ s❡r ❞✐✈✐❞✐❞❛ ♣♦♥t♦✲❛✲♣♦♥t♦ ♣❡❧❛ ❝✉r✈❛ ❞❡

r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛ ❝é❧✉❧❛ s❡❝❛ ❞♦ ♠❡s♠♦ s❡♥s♦r✳ P♦r ❡st❛ r❛③ã♦ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♠❡♥s✉r❛❞♦

é ✉♠ í♥❞✐❝❡ r❡❧❛t✐✈♦✱ ♠❡❞✐❞♦ ❡♠ ❢r❛çã♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♦✉ ✉♥✐❞❛❞❡ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦

✲ ❘■❯ ✭❘❡❢r❛❝t✐✈❡ ■♥❞❡① ❯♥✐t✮✳

✷✳✺ ❊st❛❞♦ ❞❛ ❛rt❡

❈❛r❛❝t❡r✐③❛r ❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ q✉❛♥t♦ ❛♦ s❡✉ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ s✉❛ ❡s♣❡ss✉r❛ t❡♠ s✐❞♦

✉♠ ✐♠♣♦rt❛♥t❡ ❛ss✉♥t♦ ❞❡ ♣❡sq✉✐s❛ ♥♦s ú❧t✐♠♦s ❛♥♦s✱ ❞❡ ❢♦r♠❛ q✉❡ ❛❧❣✉♠❛s té❝♥✐❝❛s ❞❡

❢❛③ê✲❧♦ ❥á ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s✱ ♣♦ré♠ t♦❞❛s ❡♠ ❞♦✐s ♦✉ ♠❛✐s ♣❛ss♦s ❞❡ ♠❡❞✐çã♦✳ ❆❧❣✉♠❛s

❞❡❧❛s s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛q✉✐✳

✷✳✺✳✶ ❚é❝♥✐❝❛s ❞❡ ❛❥✉st❡ ❞❡ ❞❛❞♦s

❆❧❣♦r✐t♠♦s ❞❡ ❛❥✉st❡s ❞❡ ❞❛❞♦s sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛❥✉st❛r ♦s ♣❛râ♠❡tr♦s ó♣t✐❝♦s ❞❛ ❝❛♠❛❞❛

s❡♥sí✈❡❧ ❛té q✉❡ ❛ ❝✉r✈❛ ❙P❘ ❡①♣❡r✐♠❡♥t❛❧ ❡st❡❥❛ ♦ ♠❛✐s ♣ró①✐♠♦ ♣♦ssí✈❡❧ à ❝✉r✈❛ ❙P❘ t❡ór✐❝❛

♦❜t✐❞❛ ❝♦♠ ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✳



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✷✷

• ❙❡❣✉♥❞♦ P❤❡❧♣s ❡ ❚❛②❧♦r ✭P❤❡❧♣s ❡ ❚❛②❧♦r✱ ✶✾✾✻✮ ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ sã♦ ✉♠ ❜♦♠

♠♦❞❡❧♦ ❞♦ s✐st❡♠❛ ❙P❘ s❡ ❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ✭tr❛♥s❞✉t♦r❛✮ ❢♦r ❞❡ ✉♠❛ ❡s♣❡ss✉r❛

♠❡♥♦r q✉❡ ✷♥♠ ✱ s❡♥❞♦ ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ r❡❧❛t✐✈❛ ❡ ❛ ❡s♣❡ss✉r❛

❞❛ ❝❛♠❛❞❛ ❛tr❛✈és ❞❡ ♠ét♦❞♦s ❞❡ ♠✐♥✐♠✐③❛çã♦ ♣♦r ♠í♥✐♠♦s q✉❛❞r❛❞♦s ✭▲❡✈❡♥❜❡r❣✲

▼❛rq✉❛r❞t✱ ♣♦r ❡①❡♠♣❧♦✮✳ P❛r❛ ✐ss♦ é ♥❡❝❡ssár✐❛ ✉♠❛ ♣r❡❝✐sã♦ ❞❡ ✶✷✲❜✐ts ❡ ✉♠ ♥í✈❡❧

❞❡ r✉í❞♦ ♠❡♥♦r q✉❡ ✵✱✺✪✳

✷✳✺✳✷ ▼ét♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r

❯t✐❧✐③❛♥❞♦ ❛ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r ✭❆■▼✮ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ❛♥❛❧✐t♦

❛tr❛✈és ❞❛ ✈❛r✐❛çã♦ ❞❡ ✉♠ ❞♦s ♣❛râ♠❡tr♦s ✜①♦s ❞♦ s✐st❡♠❛✿ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ s♦❧✉çã♦

♥❛ q✉❛❧ ♦s ❡①♣❡r✐♠❡♥t♦s ♦❝♦rr❡♠ ✭✉s♦ ❞❡ ❞♦✐s s♦❧✈❡♥t❡s ❞✐❢❡r❡♥t❡s✮❀ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛

❞❛ ❢♦♥t❡ ❧✉♠✐♥♦s❛❀ ♦✉ ❛ ❡s♣❡ss✉r❛ ❞♦ ♠❡t❛❧✳

❯♠❛ ✐♥✜♥✐❞❛❞❡ ❞❡ ❝♦♠❜✐♥❛çõ❡s ❞❡ ✈❛❧♦r❡s ❞❡ ❡s♣❡ss✉r❛ ❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♣♦❞❡♠ ❣❡r❛r

❛ ♠❡s♠❛ ✈❛r✐❛çã♦ ♥❛ ❝✉r✈❛ ❙P❘✱ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❝♦♠❜✐♥❛çã♦ ú♥✐❝❛ q✉❡ ❝❛r❛❝t❡r✐③❛ ❛

❝❛♠❛❞❛ ❞❡ tr❛♥s❞✉t♦r❛ ❛s s❡❣✉✐♥t❡s ♣r♦♣♦st❛s ❢♦r❛♠ s✉❣❡r✐❞❛s✿

• ❯t✐❧✐③❛r ❞✐❢❡r❡♥t❡s s♦❧✉çõ❡s ❝♦♠♦ s♦❧✈❡♥t❡ ✭❝❛♠❛❞❛ ✹✱ ✈❡r ❋✐❣✉r❛ ✷✳✹✮✱ ❝❛❞❛ ✉♠ ❝♦♠

✉♠❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡s♣❡❝í✜❝❛ ❡ ❝♦♥❤❡❝✐❞❛✱ ❝❛❞❛ s♦❧✈❡♥t❡ ✐♠♣❧✐❝❛ ❡♠ ✉♠ ❝♦♥❥✉♥t♦

❞❡ s♦❧✉çõ❡s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ✈❛❧♦r❡s ❞❡ ❡s♣❡ss✉r❛ d3 ❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n3✱ ♠❛s

❛ ✐♥t❡rs❡❝çã♦ ❞♦s ❝♦♥❥✉♥t♦s s♦❧✉çã♦ ♣❡r♠✐t❡ ❞❡t❡r♠✐♥❛r ✉♠❛ r❡s♣♦st❛ ú♥✐❝❛ ♣❛r❛ ♦

♣r♦❜❧❡♠❛ ✭❞❡ ❇r✉✐❥♥✱ ❆❧t❡♥❜✉r❣✱ ❑♦♦②♠❛♥ ❡ ●r❡✈❡✱ ✶✾✾✶✮✳

❋✐❣✉r❛ ✷✳✾✿ ▼♦❞❡❧♦ ❞❡ ❝❛♠❛❞❛s ❝♦♠ ♦ ❛❞✐❝✐♦♥❛❧ ✷✯ ❛♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❝♦♠ ❡s♣❡ss✉r❛
✈❛r✐❛♥t❡✱ ✈❛r✐❛♥❞♦ ǫ2✳

• ❞❡ ❇r✉✐❥♥ ✭❞❡ ❇r✉✐❥♥✱ ❆❧t❡♥❜✉r❣✱ ❑♦♦②♠❛♥ ❡ ●r❡✈❡✱ ✶✾✾✶✮ ❛✐♥❞❛ s✉❣❡r❡ ✈❛r✐❛r ❛ ❡s✲

♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ✭❝❛♠❛❞❛ ✷✮✱ ✈❡r ❋✐❣✉r❛ ✷✳✾✱ ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ ❞✐❢❡r❡♥t❡s

❝✉r✈❛s ❙P❘ q✉❡ ♣♦ss✐❜✐❧✐t❛♠ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❛♦ s❡r❡♠ ❝r✉③❛❞❛s✳
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• ❋❡✐①❡s ❧✉♠✐♥♦s♦s ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ t❛♠❜é♠ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s

♣❛r❛ ❡①❝✐t❛r ♦ ❢❡♥ô♠❡♥♦ ❙P❘✱ ❞❡ ♠♦❞♦ ❛ ♦❜t❡r r❡s♣♦st❛s ❞✐❢❡r❡♥t❡s ♥♦ ♠♦❞♦ ❆■▼

♣❛r❛ ❛ ♠❡s♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❛s ❝❛♠❛❞❛s✱ ❤❛✈❡♥❞♦ ❛♣❡♥❛s ✉♠❛ ♣♦ssí✈❡❧ ❝♦♠❜✐♥❛çã♦

❞♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡ ✭P❡t❡r❧✐♥③❛ ❡ ●❡♦r❣✐❛❞✐s✱ ✶✾✾✻✮ ❡ ✭❩❤❛♥❣ ❡ ❲❛♥❣✱ ✷✵✵✾✮✳

✷✳✺✳✸ ▼ét♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧

◆♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧ ✭❲■▼✮ ♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡ ♣♦❞❡♠ s❡r ❞❡t❡r♠✐♥❛✲

❞♦s ❛❧t❡r♥❛♥❞♦ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦ ❡♥tr❡ ❞♦✐s ✈❛❧♦r❡s ❝♦♥❤❡❝✐❞♦s✳

• ❈♦♠ ✉♠❛ ✐❞é✐❛ ❛♥á❧♦❣❛ à ✈❛r✐❛çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ♥♦ ♠♦❞♦

❆■▼ ❡ss❡ ♠ét♦❞♦ ❝♦♥s✐st❡ ♥❛ ✈❛r✐❛çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ♥♦ ♠♦❞♦ ❲■▼ ✭❏♦❤♥s✲

t♦♥✱ ❑❛r❧s❡♥✱ ❏✉♥❣ ❡ ❨❡❡✱ ✶✾✾✺✮✳

✷✳✺✳✹ ❊st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s

❆ss✉♠✐♥❞♦ ❛❧❣✉♠❛s ❝♦♥❞✐çõ❡s ❡ ❛tr❛✈és ❞♦s ♠ét♦❞♦s ❝♦rr❡t♦s ❞❡ ❛♥á❧✐s❡ é ♣♦ssí✈❡❧ ♠❡♥s✉r❛r

♠ú❧t✐♣❧♦s ♣❛râ♠❡tr♦s ✐♥❞❡♣❡♥❞❡♥t❡s ❡♠ tr♦❝❛ ❞❡ ✉♠❛ ♣❡r❞❛ ♥❛ r❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦✳

• ❈❤✐♥♦✇s❦②✱ ❏✉♥❣ ❡ ❨❡❡ ❡♥❝♦♥tr❛r❛♠ ✉♠❛ té❝♥✐❝❛ ❞❡ ❛♥á❧✐s❡ ❧✐♥❡❛r q✉❡ ♣❡r♠✐t❡ ❞❡t❡r✲

♠✐♥❛r ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❝♦♠ ✉♠❛ r❛③ã♦ s✐♥❛❧✲r✉í❞♦ ót✐♠❛ ✭t❡♦r✐❝❛♠❡♥t❡✮✳

❖✉tr♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡ ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❝♦♠♦ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ t❛♠❜é♠ ♣♦✲

❞❡♠ s❡r ❞❡t❡r♠✐♥❛❞♦s ❛♦ ❝✉st♦ ❞❡ ✉♠❛ r❡❞✉çã♦ ♥❛ r❡❧❛çã♦ s✐♥❛❧ r✉í❞♦ ✭❈❤✐♥♦✇s❦②✱

❏✉♥❣ ❡ ❨❡❡✱ ✶✾✾✾✮✳

❊ss❛s té❝♥✐❝❛s ❛✐♥❞❛ ♥ã♦ ❝♦♥❝❧✉ír❛♠ ♦ ❛ss✉♥t♦✱ ❝❛❞❛ ✉♠❛ r❡q✉❡r ✉♠ ♥í✈❡❧ ❞❡ ❧✐❜❡r❞❛❞❡

♥♦s ❜✐♦✲s❡♥s♦r❡s q✉❡ ♥❡♠ s❡♠♣r❡ ❡①✐st❡✱ ❝♦♠♦ ❛ ✈❛r✐❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ❞❡t❡r♠✐♥❛❞♦s ♥❛

❝♦♥str✉çã♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦✳ ❯♠❛ ❛❜♦r❞❛❣❡♠ ♠❛✐s ❣❡♥❡r❛❧✐st❛ ♣r❡❝✐s❛ s❡r ❡st✉❞❛❞❛✳

✷✳✺✳✺ P❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s

❖ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♥ã♦ é ♦ ú♥✐❝♦ ♣❛râ♠❡tr♦ ❞❛ ❝✉r✈❛ ❙P❘ r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛s ❝❛✲

r❛❝t❡ríst✐❝❛s ❞❛s ❝❛♠❛❞❛s ❞♦ ❜✐♦✲s❡♥s♦r✳ ❆ss✐♠❡tr✐❛✱ ❝❡♥tró✐❞❡ ✭P✐❧✐❛r✐❦ ❡ ❍♦♠♦❧❛✱ ✷✵✵✾✮ ❡

❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ sã♦ ♦✉tr❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ❝✉r✈❛ q✉❡ ✈❛r✐❛♠✱ ♣♦rt❛♥t♦ ✉♠❛ ❛♥á❧✐s❡ ❞❡ss❛s

❣r❛♥❞❡③❛s ♣♦ss✐❜✐❧✐t❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✳ ❆ ❢♦r♠❛ ❞❛ ❝✉r✈❛ ❙P❘ é ✉♠

♣r♦♠✐ss♦r ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ s♦❜r❡ ♦ ❢❡♥ô♠❡♥♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛ ❞❡ s✉♣❡r❢í❝✐❡✱ ❞❛❞❛
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s✉❛ r❡❧❛t✐✈❛ s✐♠♣❧✐❝✐❞❛❞❡ ✭❩❤❛♥✱ ❳✐❛♦♣✐♥❣❲❛♥❣ ❡ ▲✐✉✱ ✷✵✶✶✮✳ ❆✐♥❞❛ ♣♦ss✐❜✐❧✐t❛♠ ❡st✉❞♦s

s♦❜r❡ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❜✐♦✲s❡♥s♦r ✭❋✐❧❤♦✱ ▲✐♠❛✱ ▼♦r❡✐r❛✱ ❚❤✐rstr✉♣ ❡ ◆❡✛✱ ✷✵✶✵✮✳

❖ ♣r♦❜❧❡♠❛ ❥á ❢♦✐ ❡st✉❞❛❞♦ ❡♠ ❞✐✈❡rs❛s ár❡❛s ❝♦♠♦ ♦ ❛❧❣♦r✐t♠♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛

❞✐str✐❜✉✐çã♦ ❞♦ ❝❛♠♣♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ♥❛ ❡str✉t✉r❛ ♠✉❧t✐✲❝❛♠❛❞❛ ♣r♦♣♦st♦ ♣♦r ❙❤❛❧❛❜♥❡② ❡

❆❜❞✉❧❤❛❧✐♠ ✭❙❤❛❧❛❜♥❡② ❡ ❆❜❞✉❧❤❛❧✐♠✱ ✷✵✶✵✮✳ ❆ ♣r♦♣♦st❛ ❛q✉✐ é ❡st✉❞❛r ♦ ♠❡s♠♦ ♣r♦❜❧❡♠❛

♥❛ ár❡❛ ❞❡ ❝♦♥tr♦❧❡ ❡ ❡st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s✳

✷✳✻ ❈♦♥s✐❞❡r❛çõ❡s s♦❜r❡ ♦ ❊st❛❞♦ ❞❛ ❆rt❡

❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡t❛❧❤❛❞❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘ ❞❡♣❡♥❞❡ ❞❛ ❞❡t❡r♠✐♥❛çã♦

❞❡ ❣r❛♥❞❡③❛s ❞❡ ❞✐❢í❝✐❧ ❞❡t❡r♠✐♥❛çã♦ ❡ ✐♥❞❡♣❡♥❞❡♥t❡s✳ ▼✉✐t❛s ♣r♦♣♦st❛s ❢♦r❛♠ ❢❡✐t❛s ❝♦♠

té❝♥✐❝❛s ♣❛r❛ ❡ss❛ ❝❛r❛❝t❡r✐③❛çã♦✱ ❝♦♥t✉❞♦ t❛✐s té❝♥✐❝❛s ♣♦ss✉❡♠ ❧✐♠✐t❛çõ❡s ❞❡ ✐♥❝❡rt❡③❛ ❡

❛♣❧✐❝❛çã♦✳

❚é❝♥✐❝❛s q✉❡ r❡q✉❡r❡♠ ❞♦✐s â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♦✉

❢❡✐①❡s ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❡s❜❛rr❛♠ ❡♠ ❧✐♠✐t❛çõ❡s ❡①♣❡r✐♠❡♥t❛✐s✳ ❊♠ ❛❧❣✉♥s

❝❛s♦s ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❛ ❧✉③ é ✜①♦ ♦✉ ♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦ ♣♦ss✉✐ ❛♣❡♥❛s ✉♠ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛✱ ♥ã♦ ❤❛✈❡♥❞♦ ❧✐❜❡r❞❛❞❡ ❞❡ ✈❛r✐❛çã♦ ❞❡ss❛s ❣r❛♥❞❡③❛s ♥♦ ❡①♣❡r✐♠❡♥t♦✳

❆❧❣✉♠❛s té❝♥✐❝❛s ❞❡ ❛❥✉st❡ ❞❡ ❝✉r✈❛s s❡ ❛♣❧✐❝❛♠ ♠❡❧❤♦r ♣❛r❛ ❝✉r✈❛s ❙P❘ s✐♠étr✐❝❛s

❡ ❡str❡✐t❛s ✭❈❤②♦✉✱ ❈❤✉✱ ❈❤✐❡♥✱ ▲✐♥✱ ❨❡❤✱ ❍s✉ ❡ ❈❤❡♥✱ ✷✵✵✻✮✱ ❝❛r❛❝t❡ríst✐❝❛s ♥❡♠ s❡♠♣r❡

♣r❡s❡♥t❡s ♥❡ss❛s ❝✉r✈❛s✳

❈❤✐♥♦✇s❦② ❡ ❨❡❡ ✭❈❤✐♥♦✇s❦② ❡ ❨❡❡✱ ✶✾✾✽✮ ❛✈❛❧✐❛r❛♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❡❧❛❜♦r❛❞❛s té❝♥✐❝❛s

♣r♦♣♦st❛s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✱ ❝♦♥❝❧✉✐♥❞♦ q✉❡ ❡st❛s ♣♦ss✉❡♠ ✉♠ ♥í✈❡❧

❞❡ ✐♥❝❡rt❡③❛ ♠✉✐t♦ ❞❡♣❡♥❞❡♥t❡ ❞❛ ❞✐s♣❡rsã♦ ❞❛ ❝❛♠❛❞❛ ❡ ❞♦ s♦❧✈❡♥t❡ ❛♦ r❡❞♦r✱ ❛ ✉t✐❧✐③❛çã♦

❞❡ ❢❡✐①❡s ❧✉♠✐♥♦s♦s ❞❡ ❞✐❢❡r❡♥t❡s ❢r❡q✉ê♥❝✐❛s ✭P❡t❡r❧✐♥③❛ ❡ ●❡♦r❣✐❛❞✐s✱ ✶✾✾✻✮ é ✉♠❛ ❞❡st❛s

té❝♥✐❝❛s✳ ❊❧❡s t❛♠❜é♠ ♣r♦♣✉s❡r❛♠ ♦✉tr❛ té❝♥✐❝❛✱ ♠❛s s✉❛s ❧✐♠✐t❛çõ❡s ❢♦r❛♠ ❡✈✐❞❡♥❝✐❛❞❛s

♣♦r ❈❤②♦✉ ❛t ❛❧✳ ✭❈❤②♦✉✱ ❈❤✉✱ ❈❤✐❡♥✱ ▲✐♥✱ ❨❡❤✱ ❍s✉ ❡ ❈❤❡♥✱ ✷✵✵✻✮✱ s❡♥❞♦ ❛ ♣r✐♥❝✐♣❛❧ ❞❡❧❛s

❛ ❧✐♠✐t❛çã♦ ♥❛ ♣r❡s❡♥ç❛ ❞❡ r✉í❞♦ ❝♦❧♦r✐❞♦ ♦✉ r✉í❞♦ ❜r❛♥❝♦ ❝♦♠ ❡❧❡✈❛❞❛ ✈❛r✐â♥❝✐❛✳

❆ ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘✱ ❡✈✐❞❡♥❝✐❛❞❛ ❡♠ ✈ár✐♦s ❡st✉❞♦s ✭❍♦♠♦❧❛✱ ✶✾✾✼❀

❑♦♦②♠❛♥✱ ❑♦❧❦♠❛♥✱ ●❡♥t ❡ ●r❡✈❡✱ ✶✾✽✽❀ ❨❡❛t♠❛♥✱ ✶✾✾✻❀ ❙❤❛❧❛❜♥❡② ❡ ❆❜❞✉❧❤❛❧✐♠✱ ✷✵✶✵❀

❑♦②♦ ❡ ❲❛t❛♥❛❜❡✱ ✷✵✶✷❀ ❍♦♠♦❧❛✱ ❑♦✉❞❡❧❛ ❡ ❨❡❡✱ ✶✾✾✾✮✱ ❛❝❡♥t✉❛ ❛s ❧✐♠✐t❛çõ❡s ❞❛s té❝♥✐❝❛s

❛♣r❡s❡♥t❛❞❛s✳ ❆ s❡♥s✐❜✐❧✐❞❛❞❡ t❛♠❜é♠ t♦r♥❛ ♥❡❝❡ssár✐❛ ✉♠❛ ♣r❡❝✐s❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ❛♥❛✲

❧✐t♦✱ ♦ q✉❡ ♣❡r♠❛♥❡❝❡ ❝♦♠ ✉♠ ❞❡s❛✜♦ ♣❛r❛ ♦s ♣❡sq✉✐s❛❞♦r❡s✳ ❉❡s❛✜♦ ❡st❡ q✉❡ s❡rá tr❛❜❛❧❤❛❞♦
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s♦❜r❡ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❝♦♥tr♦❧❡ ❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ s✐st❡♠❛s✳

✷✳✼ ❘❡❞❡s ◆❡✉r❛✐s

❆ ❝✐ê♥❝✐❛ s❡ ❞❡s❡♥✈♦❧✈❡✉ ❡ ❛✐♥❞❛ ❞❡s❡♥✈♦❧✈❡ ♦❜s❡r✈❛♥❞♦ ❛ ♥❛t✉r❡③❛✳ ❉❡st❛ ✈❡③ ♦ ❡❧❡♠❡♥t♦ ♦❜✲

s❡r✈❛❞♦ ❡ ❡st✉❞❛❞♦ ❢♦✐ ♦ ♥❡✉rô♥✐♦ ❤✉♠❛♥♦✱ q✉❡ s❡rá ✐♥t✐t✉❧❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ ❝♦♠♦ ♥❡✉rô♥✐♦

♥❛t✉r❛❧

◆❡✉rô♥✐♦s ♥❛t✉r❛✐s r❡❝❡❜❡♠ ♦ s✐♥❛❧ ❛tr❛✈és ❞❡ ❡stí♠✉❧♦s ♥❡r✈♦s♦s ❞❡ ♦✉tr♦s ♥❡✉rô♥✐♦s

✭s✐♥❛♣s❡s✮ r❡❝❡❜✐❞❛s ♣❡❧♦s ❞❡♥tr✐t♦s ❞❛ ❝é❧✉❧❛✱ ✈❡r ❋✐❣✉r❛ ✷✳✶✶❛✳ ◗✉❛♥❞♦ ♦ s✐♥❛❧ r❡❝❡❜✐❞♦ é

s✉✜❝✐❡♥t❡ ♣❛r❛ ❛t✐✈❛r ♦ ♥❡✉rô♥✐♦ ❡st❡ ❡♠✐t❡ ✉♠ s✐♥❛❧ ❛tr❛✈és ❞♦ ❛①ô♥✐♦✱ ❡st❡✱ ❛tr❛✈és ❞❡ ✉♠❛

♥♦✈❛ s✐♥❛♣s❡ r❡♣❛ss❛ ♦ s✐♥❛❧ ♣❛r❛ ♦ ♣ró①✐♠♦ ♥❡✉rô♥✐♦ ♦✉tr❛ ❝é❧✉❧❛ q✉❡ s❡rá ❡st✐♠✉❧❛❞❛✳ ❆

✏❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✑❞♦ ♥❡✉rô♥✐♦ r❡s✐❞❡ ♥❛ ❞❡❝✐sã♦ ❞❡ s❡r ❛t✐✈❛❞♦ ♦✉ ♥ã♦✳

❋✐❣✉r❛ ✷✳✶✵✿ ❊sq✉❡♠❛ ❞♦ ♥❡✉rô♥✐♦ ♥❛t✉r❛❧ ✭❛✮ ❡ ♥❡✉rô♥✐♦ ❛rt✐✜❝✐❛❧ ✭❜✮✳

❆♣❡s❛r ❞❛ ❛❧t❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ ♥❡✉rô♥✐♦ ♥❛t✉r❛❧ ❡❧❡ é ♠♦❞❡❧❛❞♦ ❡♠ ✉♠ ♥❡✉rô♥✐♦ ❛r✲

t✐✜❝✐❛❧ ✭✈❡r ❋✐❣✉r❛ ✷✳✶✶❜✮ ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ♦s s✐♥❛✐s ✭s✐♥❛♣s❡s✮ ❞❡ ❡♥tr❛❞❛ xi q✉❡ sã♦

♣♦♥❞❡r❛❞❛s ♣♦r ♣❡s♦s wi ♣r❡✈✐❛♠❡♥t❡ ❝❛❧❝✉❧❛❞♦s ✭♥í✈❡❧ ❞❡ ❡♥❡r❣✐❛ ❞♦ s✐♥❛❧✮✱ ✉♠❛ ❢✉♥çã♦ ❞❡

❛t✐✈❛çã♦ Φ(.) q✉❡ ✏❞❡❝✐❞❡✑s❡ ♦ ♥❡✉rô♥✐♦ s❡rá ❛t✐✈❛❞♦ ♦✉ ♥ã♦✳ ❆ ❛t✐✈❛çã♦ ❝♦♥s✐st❡ ❡♠ ❣❡r❛r

✉♠ ✈❛❧♦r ❞❡ s❛í❞❛ ❡♠ ✉♠❛ ❢❛✐①❛ ❞❡✜♥✐❞❛✳ ❙❡ ♦ ♥❡✉rô♥✐♦ ❢♦r ❛t✐✈❛❞♦ ✉♠ ✈❛❧♦r ❞❡ s❛í❞❛ é

♣♦♥❞❡r❛❞♦ ♣♦r wy ♣r♦❞✉③✐♥❞♦ ✉♠❛ ♥♦✈❛ s✐♥❛♣s❡ ❞❡ s❛í❞❛ y✳ ➱ ❝♦♠✉♠ ♦ ♣❡s♦ ❞❛ ✈❛r✐á✈❡❧ ❞❡

s❛í❞❛ s❡r ✉♠❛ ❢✉♥çã♦ ✉♥✐tár✐❛✳

❯♠❛ r❡❞❡ ♥❡✉r❛❧ ❛rt✐✜❝✐❛❧ ❝♦♠❜✐♥❛ ♥❡✉rô♥✐♦s ❛rt✐✜❝✐❛✐s ♣❛r❛ ♣r♦❝❡ss❛r ❛ ✐♥❢♦r♠❛çã♦✳ ❆

❢✉♥çã♦ ❞❡ ❛t✐✈❛çã♦ Φ(.) ❞❡ ❝❛❞❛ ♥❡✉rô♥✐♦ é ♣r❡✈✐❛♠❡♥t❡ ❞❡✜♥✐❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞♦s ❞❛❞♦s ❛ s❡r❡♠ tr❛t❛❞♦s✱ ♣♦❞❡♥❞♦✱ ♣♦r ❡①❡♠♣❧♦✱ s❡r ✉♠❛ ❢✉♥çã♦ ❧✐♥❡❛r ♦✉ ✉♠❛

❢✉♥çã♦ s✐❣♠ó✐❞❡✳ ❆ r❡❞❡ ♣♦❞❡ ❝♦♠❜✐♥❛r ♥❡✉rô♥✐♦s ❝♦♠ ❞✐❢❡r❡♥t❡s ❢✉♥çõ❡s ❞❡ ❛t✐✈❛çã♦✳ ❖s

♣❡s♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦s ♥❡✉rô♥✐♦s ❞❡✈❡♠ s❡r ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ♦❜t❡r ❛ s❛í❞❛ ❞❡s❡❥❛❞❛ ♣❛r❛
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❋✐❣✉r❛ ✷✳✶✶✿ ❘❡❞❡ ◆❡✉r❛❧ ❆rt✐✜❝✐❛❧ s✐♠♣❧❡s✱ ❝♦♠ ❛♣❡♥❛s ❞✉❛s ✈❛r✐á✈❡✐s ❞❡ ❡♥tr❛❞❛✱
❞✉❛s ❞❡ s❛í❞❛ ❡ s❡♠ ♥❡✉rô♥✐♦s ✐♥t❡r♠❡❞✐ár✐♦s ✭❝❛♠❛❞❛ ♦❝✉❧t❛✮✳

✉♠❛ ❡♥tr❛❞❛ ❡s♣❡❝í✜❝❛✳ ◗✉❛♥t♦ ♠❛✐♦r ♦ ✈❛❧♦r ❛❜s♦❧✉t♦ ❞❡ ✉♠ ♣❡s♦ ❞♦ ♥❡✉rô♥✐♦ ❛rt✐✜❝✐❛❧

♠❛✐♦r s❡rá ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❡♥tr❛❞❛ q✉❡ ❡st❡ ♣♦♥❞❡r❛✳ ❖s ♣❡s♦s ♣♦❞❡♠ s❡r ♥❡❣❛t✐✈♦s✳

❖ ❝á❧❝✉❧♦ ❞♦s ♣❡s♦s é ♥♦♠❡❛❞♦ ❝♦♠♦ ❛♣r❡♥❞✐③❛❞♦ ♦✉ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡✳

✷✳✼✳✶ ❚r❡✐♥❛♠❡♥t♦

P❛r❛ tr❡✐♥❛r ❛ r❡❞❡ é ♥❡❝❡ssár✐♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❡ ❛ ❞❡✜♥✐çã♦ ❞❡

✉♠❛ ❢✉♥çã♦ ❡rr♦✱ ✉♠ ❡rr♦ ❝♦♠✉♠ é✿

E(k) =
1

2

S∑

(yT (k)− yR(k))
2 , ✭✷✳✶✾✮

s❡♥❞♦ k ♦ ♥ú♠❡r♦ ❞❛ ❛♠♦str❛ ❝✉❥♦ ❡rr♦ ❡stá s❡♥❞♦ ❝❛❧❝✉❧❛❞♦✱ ♣♦rt❛♥t♦ E(k) ♦ ❡rr♦ ❞❛ ❛♠♦str❛

k ❡ S ♦ ♥ú♠❡r♦ ❞❡ s❛í❞❛s ❞❛ r❡❞❡✱ yT ❛ s❛í❞❛ ❞❛ r❡❞❡ ❡♠ tr❡✐♥❛♠❡♥t♦ ❡ yR ♦ ❞❛❞♦ ❞❡ s❛í❞❛

❞♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦✳

❖ tr❡✐♥❛♠❡♥t♦ ♣♦❞❡ s❡r ❡♠ ❜❛t❡❧❛❞❛ ♦✉ ♦♥❧✐♥❡✳

❖ tr❡✐♥❛♠❡♥t♦ ❡♠ ❜❛t❡❧❛❞❛

❖ tr❡✐♥❛♠❡♥t♦ ❡♠ ❜❛t❡❧❛❞❛ ✉t✐❧✐③❛ t♦❞♦s ♦s ❞❛❞♦s ❞❡ tr❡✐♥❛♠❡♥t♦ ❡♠ ❝❛❞❛ ✐t❡r❛çã♦ ❞❡

tr❡✐♥❛♠❡♥t♦✱ ❝❛❧❝✉❧❛♥❞♦ ♦ ❡rr♦ ❞❡ t♦❞❛s ❛s ❛♠♦str❛s✿

Eb =
∑

E(k) ✭✷✳✷✵✮

❯♠ ❡①❡♠♣❧♦ ❞❡ ❛❧❣♦r✐t♠♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ❡♠ ❜❛t❡❧❛❞❛ é ♦ ❣r❛❞✐❡♥t❡ ❞❡s❝❡♥❞❡♥t❡✳ ◆❡st❡

♠ét♦❞♦ ♦ ❣r❛❞✐❡♥t❡ é ❝❛❧❝✉❧❛❞♦✿

G =
∂E

∂wio

=
∂E

∂yTo

∂yTo

∂wio
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s❡♥❞♦ i ♦ í♥❞✐❝❡ ❞♦ ♥❡✉rô♥✐♦ ❞❡ ❡♥tr❛❞❛ q✉❡ ♦ ♣❡s♦ ♠✉❧t✐♣❧✐❝❛ ❡ o ♦ í♥❞✐❝❡ ❞♦ ♥❡✉rô♥✐♦ ❞❡

s❛í❞❛ r❡❧❛❝✐♦♥❛❞♦✱ ♣❛r❛ A ♦ ♥ú♠❡r♦ ❞❡ ❛♠♦str❛s ❞❡ tr❡✐♥❛♠❡♥t♦✱ t❡♠✲s❡✿

∂E

∂yTo

=
A∑

k=0

(yTo(k)− yRo(k))

∂yTo

∂wio

=
∂

∂wio

=
∑

wioxi = xi

▲♦❣♦✱
∂E

∂wio

= xi

A∑

k=0

(yTo(k)− yRo(k))

❖ ❛❧❣♦r✐t♠♦ ❝♦♥s✐st❡ ❡♠✿

✶✳ ■♥✐❝✐❛❧✐③❛r t♦❞♦s ♦s ♣❡s♦s ❡♠ ✈❛❧♦r❡s ❛❧❡❛tór✐♦s ❡ ♣❡q✉❡♥♦s✳

✷✳ P❛r❛ ❝❛❞❛ ♣❡s♦ ❛❥✉st❛r ∆wio = 0❀

✸✳ ❈❛❧❝✉❧❛r ♦s ✈❛❧♦r❡s ❞❡ s❛í❞❛ ❞❛ r❡❞❡ yTo❀

✹✳ ❈❛❧❝✉❧❛r ∆wio = ∆wio + xi

∑A
k=0 (yTo(k)− yRo(k))

✺✳ ❆❥✉st❛r ♦ ♣❡s♦✿ wio = wio + µ∆wio❀

✻✳ ❙❡ ∆wio ❢♦r s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥♦ ♦✉ ③❡r♦✿ ♣❛r❛r✱ s❡ ♥ã♦ ✈♦❧t❛r ❛♦ ♣❛ss♦ ✷✳

❖ tr❡✐♥❛♠❡♥t♦ ♦♥❧✐♥❡

◆♦ ♠ét♦❞♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ♦♥❧✐♥❡ ♦s ♣❡s♦s sã♦ ❛t✉❛❧✐③❛❞♦s ❛♣ós ❛♥❛❧✐s❛❞❛ ❝❛❞❛ ❛♠♦str❛✳

❖ ❣r❛❞✐❡♥t❡ ♣❛r❛ ❝❛❞❛ ♣♦♥t♦ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ✉♠❛ ❛♣r♦①✐♠❛çã♦ r✉✐❞♦s❛ ❞♦ ❣r❛❞✐❡♥t❡

❣❡r❛❧✱ ❡ ♦s ♣❡s♦s sã♦ ❛❥✉st❛❞♦s ❛♠♦str❛ ❛ ❛♠♦str❛✳

❖ ❛❧❣♦r✐t♠♦ ♦♥❧✐♥❡ t❡♠ ❝♦♠♦ ✈❛♥t❛❣❡♥s✿

• ●❡r❛❧♠❡♥t❡ é ♠❛✐s rá♣✐❞♦✱ ❡s♣❡❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ ❤á ❛♠♦str❛s s✐♠✐❧❛r❡s❀

• P♦❞❡ s❡r ❛♣❧✐❝❛❞♦ q✉❛♥❞♦ ♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ♥ã♦ é ✜①♦✱ ♥♦✈♦s ❞❛❞♦s sã♦

❛❞q✉✐r✐❞♦s ❛♦ ❧♦♥❣♦ ❞♦ ❡①♣❡r✐♠❡♥t♦❀

• ➱ ♠❡❧❤♦r ❛♣❧✐❝❛❞♦ ♣❛r❛ ❝❛s♦s ♥ã♦✲❡st❛❝✐♦♥ár✐♦s ✭q✉❛♥❞♦ ♦ ♠❡❧❤♦r ♠♦❞❡❧♦ ✈❛r✐❛ ❣r❛❞✉✲

❛❧♠❡♥t❡ ❝♦♠ t❡♠♣♦✮✳

❯♠ ❝♦♥❤❡❝✐❞♦ ❛❧❣♦r✐t♠♦ ❞❡ tr❡✐♥❛♠❡♥t♦ é ♦ ❛❧❣♦r✐t♠♦ ❜❛❝❦♣r♦♣❛❣❛t✐♦♥✱ ❡ss❡ ❛❧❣♦r✐t♠♦

só ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ q✉❛♥❞♦ ♦s ♥❡✉rô♥✐♦s ♣✉❞❡r❡♠ s❡r ♦r❞❡♥❛❞♦s ❡♠ ❝❛♠❛❞❛s ❡ s❡✉s s✐♥❛✐s

sã♦ ❡♥✈✐❛❞♦s ♣❛r❛ ❛ ❝❛♠❛❞❛ ♠❛✐s ❡①t❡r♥❛ ✐st♦ é✿ ✏❢♦r✇❛r❞✑❡♥q✉❛♥t♦ ♦ ❡rr♦ s❡ ♣r♦♣❛❣❛ ♣❛r❛

❛ ❝❛♠❛❞❛ ♠❛✐s ✐♥t❡r♥❛✿ ✏❜❛❝❦✇❛r❞✑✳



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✷✽

❖ tr❡✐♥♦ ❝♦♠❡ç❛ ❝♦♠ ♣❡s♦s ❛❧❡❛tór✐♦s ❡ t❡♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛❥✉stá✲❧♦s ❞❡ ❢♦r♠❛ ❛ ♠✐♥✐♠✐③❛r

♦ ❡rr♦ ✭✷✳✶✾✮✳

❖ ❛❧❣♦r✐t♠♦ ❝♦♥s✐st❡ ❡♠✿

✶✳ ■♥✐❝✐❛❧✐③❛r t♦❞♦s ♦s ♣❡s♦s w ❡♠ ✈❛❧♦r❡s ❛❧❡❛tór✐♦s❀

✷✳ ❆♣❧✐❝❛r ❛ r❡❞❡ ❝❛❧❝✉❧❛♥❞♦ t♦❞♦s ♦s ✈❛❧♦r❡s ❞❛ ❝❛♠❛❞❛ ❡s❝♦♥❞✐❞❛ ye ❡ ❞❛ ❝❛♠❛❞❛ ❞❡

s❛í❞❛ ys❀

✸✳ P❛r❛ ❝❛❞❛ ♥❡✉rô♥✐♦ ❞❛ ❝❛♠❛❞❛ ❞❡ s❛í❞❛ ❝❛❧❝✉❧❛r ♦ ❡rr♦ ❝♦♠ ❜❛s❡ ♥♦ ✈❛❧♦r ❞♦s ❞❛❞♦s

❞❡ tr❡✐♥❛♠❡♥t♦ yR✿

δk = ysk(1− ysk)(y
s
k − yRk )

✹✳ P❛r❛ ❝❛❞❛ ♥❡✉rô♥✐♦ ❞❡ s❛í❞❛ ❝❛❧❝✉❧❛r ♦ ❡rr♦✿

δj = yej (1− yej )
S∑

k=1

δkwjk

s❡♥❞♦ wjk ♦s ♣❡s♦s ❞❛ ❝❛♠❛❞❛ ❡s❝♦♥❞✐❞❛ ♣❛r❛ ❛ ❝❛♠❛❞❛ ❞❡ s❛í❞❛ ❡ S ♦ ♥ú♠❡r♦ ❞❡ ♥❡✉rô♥✐♦s

❞❛ ❝❛♠❛❞❛ ❞❡ s❛í❞❛✳

✺✳ ❈❛❧❝✉❧❛r✱ ♣❛r❛ ❛ ❝❛♠❛❞❛ ❞❡ s❛í❞❛✿ ∆jk = −µδkyj❀

✻✳ ❈❛❧❝✉❧❛r✱ ♣❛r❛ ❛ ❝❛♠❛❞❛ ❞❡ ♦❝✉❧t❛✿ ∆ij = −µδjxi❀

✼✳ ❆t✉❛❧✐③❛r w = w +∆w✳

❖s ❡rr♦s δk ❡ δj sã♦ ❝❛❧❝✉❧❛❞♦s ❛♣❧✐❝❛♥❞♦ ❛ r❡❣r❛ ❞❛ ❝❛❞❡✐❛ ❛♦ ❣r❛❞✐❡♥t❡ ❞♦ ❡rr♦ ❝♦♠

❝❛❞❛ ♣❡s♦✱ ❛♥á❧♦❣♦ ❛♦ ❛❧❣♦r✐t♠♦ ❞♦ ❣r❛❞✐❡♥t❡ ❞❡s❝❡♥❞❡♥t❡✳ ❆ ❞❡❞✉çã♦ é tr❛❜❛❧❤♦s❛ ❡ ♥ã♦

❢❛③ ♣❛rt❡ ❞♦ ❡s❝♦♣♦ ❞❡st❡ tr❛❜❛❧❤♦✳

P❛r❛ ♠❛✐♦r❡s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ r❡❞❡s ♥❡✉r❛✐s✱ s✉❣❡r❡✲s❡ ✉♠❛ ❝♦♥s✉❧t❛ ❛♦ ✭❍❛②❦✐♥✱ ✷✵✵✶✮✳

✷✳✼✳✷ ❆✈❛❧✐❛çã♦

❆ ❛❧❡❛t♦r✐❡❞❛❞❡ ♥❛ ✐♥✐❝✐❛❧✐③❛çã♦ ❞♦s ♣❡s♦s ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ✐♥✜♥✐❞❛❞❡ ❞❡ ♣♦ssí✈❡✐s r❡s✉❧t❛❞♦s

❞❛ ❡t❛♣❛ ❞❡ tr❡✐♥❛♠❡♥t♦✳ ❊♠ ✉♠❛ r❡❞❡ ❝♦♠ ❝✐♥❝♦ ♥❡✉rô♥✐♦s ♥❛ ❝❛♠❛❞❛ ❞❡ ❡♥tr❛❞❛✱ ✶✵ ♥❛

❝❛♠❛❞❛ ♦❝✉❧t❛ ❡ ✷ ♥❛ ❝❛♠❛❞❛ ❞❡ s❛í❞❛✱ ♣♦r ❡①❡♠♣❧♦✱ ♣♦❞❡ t❡r ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝❡♠ ♣❡s♦s

❛ s❡r❡♠ ❝❛❧❝✉❧❛❞♦s ♥❛ ❡t❛♣❛ ❞❡ tr❡✐♥❛♠❡♥t♦✱ ❡ ❛ ✐♥✐❝✐❛❧✐③❛çã♦ ❡♥✈♦❧✈❡ ✉♠❛ ❛❧❡❛t♦r✐❡❞❛❞❡ ❡♠

❝❛❞❛ ✉♠ ❞❡st❡s ❝❡♠ ♣❡s♦s✱ ♦ q✉❡ ✐♠♣❧✐❝❛ ❡♠ ✐♥❝♦♥tá✈❡✐s ♣♦ss✐❜✐❧✐❞❛❞❡s ♣❛r❛ ❡ss❡s ♣❡s♦s ❛♣ós

❛ ✜♥❛❧✐③❛çã♦ ❞♦ tr❡✐♥❛♠❡♥t♦✳

P❛r❛ ❛✈❛❧✐❛r s❡ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ r❡❞❡ ♦❜t❡✈❡ ✈❛❧♦r❡s ♣ró①✐♠♦s ❛♦ ❡s♣❡r❛❞♦ ✧♣♦r s♦rt❡✧

✉♠ ♠ét♦❞♦ ❜❛s❡❛❞♦ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❢♦✐ ❛❞♦t❛❞♦✳ ❖ ♠ét♦❞♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦



❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✷✾

❝♦♥s✐st❡ ❡♠ ❝❛❧❝✉❧❛r ✉♠ ✈❛❧♦r ❞❡t❡r♠✐♥íst✐❝♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ♥ú♠❡r♦ ✜♥✐t♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s

❛❧❡❛tór✐♦s✳

P♦r ❡①❡♠♣❧♦✿ ❉❛❞❛ ✉♠❛ r❡❣✐ã♦ q✉❛❞r❛❞❛ ❞❡ ❧❛t❡r❛❧ ✷✱ ✉♠ ❝ír❝✉❧♦ ❞❡ r❛✐♦ ✉♥✐tár✐♦ é

✐♥s❝r✐t♦✳ ❯♠ ♣♦♥t♦ ❛❧❡❛t♦r✐❛♠❡♥t❡ ❣❡r❛❞♦ ♥♦ ✐♥t❡r✐♦r ❞♦ q✉❛❞r❛❞♦ t❡♠ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡

♣❡rt❡♥❝❡r ❛♦ ❝ír❝✉❧♦ ♣r♦♣♦r❝✐♦♥❛❧ à r❛③ã♦ ❞❛s ár❡❛s ❞❛ ✜❣✉r❛s✳ P❛r❛ ✉♠ q✉❛❞r❛❞♦ ❞❡ ❧❛❞♦

✷✱ t❡♠✲s❡ ár❡❛ Aq = 4✳ P❛r❛ ♦ ❝ír❝✉❧♦ ❞❡ r❛✐♦ ✉♥✐tár✐♦ t❡♠✲s❡ ár❡❛ Ac = π12 = π✳ ❖

❡①♣❡r✐♠❡♥t♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❝♦♥s✐st❡ ❡♠ ❣❡r❛r ✉♠ ♥ú♠❡r♦ ❣r❛♥❞❡ ❞❡ ♣♦♥t♦s ❛❧❡❛tór✐❛♠❡♥t❡

❡ ❝❛❧❝✉❧❛r ❛ r❛③ã♦ ❞♦s ♣♦♥t♦s ♣❡rt❡♥❝❡♥t❡s ❛♦ ✐♥t❡r✐♦r ❞♦ ❝ír❝✉❧♦ Pc ❡ ♦ t♦t❛❧ ❞❡ ♣♦♥t♦s Pq✳

❆ss✐♠✱ ♦ ✈❛❧♦r ❞❡ π ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ♣♦r

Pc

Pq

=
Ac

Aq

=
π

4
⇒ π = 4

Pc

Pq

✳ ❊♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✵✪ ❞♦s ❝❛♦s tr✐♥t❛ ♠✐❧ ♣♦♥t♦s ❣❡r❛❞♦s ❛❧❡❛t♦r✐❛♠❡♥t❡ sã♦ s✉✜❝✐❡♥t❡

♣❛r❛ ❝❛❧❝✉❧❛r ♦ ✈❛❧♦r ❞❡ π ❝♦♠ ✵✱✵✼✪ ❞❡ ♣r❡❝✐sã♦✳

P❛r❛ ❞❡t❡r♠✐♥❛r q✉❛♥❞♦ ✧✉♠ ♥ú♠❡r♦ ❣r❛♥❞❡ ❞❡ ♣♦♥t♦s✧❢♦✐ ❛❧❝❛♥ç❛❞♦ ❝❛❧❝✉❧❛✲s❡ ❛ r❛③ã♦

Pc/Pq ❛té q✉❡ s✉❛ ✈❛r✐❛çã♦ ❝♦♠ ❛ ❛❞✐çã♦ ❞❡ ♣♦♥t♦s s❡❥❛ r❡❞✉③✐❞❛✳ ❈♦♥t✉❞♦ ❡ss❡ ♠ét♦❞♦ é

s✉❥❡✐t♦ ❛ ❡rr♦s ❥á q✉❡ s❡♠♣r❡ ❤á ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♦ ♠❡♥♦s ♣r♦✈á✈❡❧ ♦❝♦rr❡r✱ ♦✉ s❡❥❛✱ ♥♦ ❝❛s♦

❞♦ ❝á❧❝✉❧♦ ❞♦ ✈❛❧♦r ❞❡ π✿ ❤❛✈❡r ✉♠❛ ♠❛✐♦r ♦❝♦rrê♥❝✐❛ ❞❡ ♣♦♥t♦s ♥♦ ✐♥t❡r✐♦r ❞♦ ❝ír❝✉❧♦ q✉❡ ♦

❡s♣❡r❛❞♦✳

❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛✱ ❛ ❛✈❛❧✐❛çã♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♥s✐st✐rá ❡♠ r❡♣❡t✐r ♦ tr❡✐♥❛♠❡♥t♦ ❡ ❛♣❧✐❝❛r

❛ r❡❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❞✐❢❡r❡♥t❡ ❞♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦✱ ♦s ❞❛❞♦s ❞❡ ✈❛❧✐❞❛çã♦✱

❛té q✉❡ ♦ ❡rr♦ r❡s✉❧t❛♥t❡ ❞❡ ✉♠ tr❡✐♥❛♠❡♥t♦ ✈❛r✐❡ ♠❡♥♦s q✉❡ 10−2 ❞♦ ✈❛❧♦r ❞❡ ❡rr♦ ♠é❞✐♦✳

❆ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♣❡s♦s ❝❛❧❝✉❧❛❞♦s ✐♠♣❧✐❝❛ ❡♠ ♣r♦❜❛❜✐❧✐❞❛❞❡ q✉❛s❡ ♥✉❧❛ ❞❡ r❡s✉❧t❛❞♦

t❡♥❞❡♥❝✐♦s♦✳

P❛r❛ ♠❛✐♦r❡s r❡❢❡rê♥❝✐❛s s♦❜r❡ ♦ ♠ét♦❞♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❝♦♥s✉❧t❛r ✭❑r♦❡s❡✱ ❚❛✐♠r❡ ❡

❇♦t❡✈✱ ✷✵✶✶✮✳
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❙❡♥s✐❜✐❧✐❞❛❞❡

✸✳✶ ■♥tr♦❞✉çã♦

❆❛ ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ sã♦ ♦ ♠❡❧❤♦r ♠♦❞❡❧♦ ♣❛r❛ ❡st✉❞❛r ♦ ❢❡♥ô♠❡♥♦ ❙P❘✳ ❆♣❡s❛r ❞❡

s❡r❡♠ ✉♠❛ s✐♠♣❧✐✜❝❛çã♦ ❝❧áss✐❝❛ ❞❡ ✉♠ ❢❡♥ô♠❡♥♦ q✉â♥t✐❝♦ ♦s r❡s✉❧t❛❞♦s ❞❛s ❛s ❡q✉❛çõ❡s

❞❡ ❋r❡s♥❡❧ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ♣❛r❛ ✉♠❛ ❛♥á❧✐s❡ t❡ór✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦✳ ◆❡st❡ ❝❛♣ít✉❧♦

❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ ❛❧❣✉♠❛s s✐♠✉❧❛çõ❡s ❡ ❛♥á❧✐s❡s ❜❛s❡❛❞❛s ♥❡ss❡ ♠♦❞❡❧♦✱

❜❡♠ ❝♦♠♦ ❛❧❣✉♠❛s ❞❡ s✉❛s ❧✐♠✐t❛çõ❡s ❡ ❛❥✉st❡s ♣❛r❛ ✉♠❛ ♠❛✐♦r s❡♠❡❧❤❛♥ç❛ ❝♦♠ ♦ ❞❛❞♦

❡①♣❡r✐♠❡♥t❛❧✳

✸✳✷ ❖ ♠♦❞❡❧♦ ❞❡ s✐♠✉❧❛çã♦ ✲ ❧✐♠✐t❛çã♦ ❡ ♠❡❧❤♦r✐❛

❯♠❛ s✐♠✉❧❛çã♦ ♣r❡❝✐s❛ ❞❡♣❡♥❞❡ ❞❛ ♣r❡❝✐sã♦ ❞♦s ❞❛❞♦s ❞♦ ❜✐♦✲s❡♥s♦r✳ P❛r❛ ♦ ♠♦❞❡❧♦ ❞❡

❋r❡s♥❡❧ ❡ss❡s ❞❛❞♦s sã♦✿ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ❡①❝✐t❛♥t❡ ✭λ✮✱ ❡ ♦s í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦

❡ ❡s♣❡ss✉r❛s ❞❛s ❝❛♠❛❞❛s ❞♦ ♠♦❞❡❧♦✱ ♥♦ ❝❛s♦ q✉❛tr♦ ❝❛♠❛❞❛s✿ ♦ s✉❜str❛t♦ ✭n1✱ d1✮✱ ♦ ✜❧♠❡

❞❡ ♦✉r♦ ✭n2✱ d2✮✱ ❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ✭n3✱ d3✮ ❡ ♦ ♠❡✐♦ ❡①t❡r♥♦ ✭n4✱ d4✮✳

❉❡ss❡s ❞❛❞♦s ❛s ❡s♣❡ss✉r❛s ❞♦ s✉❜str❛t♦ ❡ ❞♦ ♠❡✐♦ ❡①t❡r♥♦ ✭d1 ❡ d4✮ sã♦ ❝♦♥s✐❞❡r❛❞❛s

✐♥✜♥✐t❛s ♣♦r s❡r❡♠ ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛s ❞❡♠❛✐s✳ ❆ ❧✐t❡r❛t✉r❛ t❡♠ ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ❝♦♠✲

♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ = 830nm ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✱ s♦❜r❡ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n3 ✭❏♦❤♥s♦♥ ❡

❈❤r✐st②✱ ✶✾✼✷✮ ❡ ❛ ❡s♣❡ss✉r❛ ❞♦ ♦✉r♦ d3 = 50nm✳ ❈♦♠♦ ♠❡✐♦ ❡①t❡r♥♦ ✉t✐❧✐③❛♠♦s ❛ á❣✉❛

n4 = 1, 33RIU ✳ ❆s ✐♥❢♦r♠❛çõ❡s ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ✭n3✱ d3✮✱ ✈❛r✐❛♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❡①♣❡✲

r✐♠❡♥t♦✱ é ♦ q✉❡ ❞❡s❡❥❛✲s❡ ❞❡t❡r♠✐♥❛r✳

✸✵
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P❛r❛ ❛❞q✉✐r✐r ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ♠❡✐♦ s✉❜str❛t♦ ✭n1✮ ❢♦✐ ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ✉♠ ❡①✲

♣❡r✐♠❡♥t♦ s✐♠♣❧❡s ❞❡ ó♣t✐❝❛ ❡♠ ✉♠ ❙P❘❊❊❚❆ ❝♦♠ ♣❛rt❡ ❞❡ s✉❛ ❝❛r❝❛ç❛ r❡♠♦✈✐❞❛✳ ❖

❡①♣❡r✐♠❡♥t♦ ❝♦♥s✐st❡ ♥❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡ ✉♠ ❢❡✐①❡ ❧✉♠✐♥♦s♦ ♥♦ ♠❡✐♦ s✉❜str❛t♦ ❞♦ ❙P❘❊❊❚❆

❡♠ ✉♠ â♥❣✉❧♦ ❝♦♥❤❡❝✐❞♦ ✭θin✮✳ ❖ ❢❡✐①❡ ✐♥❝✐❞❡♥t❡ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ s✉❜str❛t♦ é r❡❢r❛t❛❞♦✱ ❛tr❛✲

✈❡ss❛ ♦ s✉❜str❛t♦ ❡ é ♦✉tr❛ ✈❡③ r❡❢r❛t❛❞♦ ❛♦ s❛✐r ❞♦ s✉❜str❛t♦✳ ❈♦♥❤❡❝❡♥❞♦ ♦ ♣♦♥t♦ ❞❡ s❛í❞❛

❡ ❞❡ ❡♥tr❛❞❛ ❞♦ ❢❡✐①❡ ♥♦ s✉❜str❛t♦✱ ♣♦❞❡✲s❡ ❝❛❧❝✉❧❛r ♦ â♥❣✉❧♦ ❞♦ ❢❡✐①❡ r❡❢r❛t❛❞♦ ♥♦ s✉❜str❛t♦

✭θr✮✳ ❆ ❧❡✐ ❞❡ ▲❡✐ ❞❡ ❙♥❡❧❧✲❉❡s❝❛rt❡s r❡❧❛❝✐♦♥❛ ♦s ❞♦✐s â♥❣✉❧♦s ♣❡❧♦s í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ❞❡

s❡✉s ♠❡✐♦s✿

n1 sen θi = n2 sen θr ✭✸✳✶✮

❈♦♥s✐❞❡r❛♥❞♦ ♦ ❛r ❝♦♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✐❞❡❛❧ n1 = 1RIU ❡ ♠❡❞✐❞♦ θin = 22, 1♦ ❡

❝❛❧❝✉❧❛❞♦ θr = 14, 6♦✱ ♦❜t❡♠♦s n2 = 1, 4826RIU ✳

❋✐❣✉r❛ ✸✳✶✿ ❈✉r✈❛ ❙P❘ s✐♠✉❧❛❞❛ ♣❛r❛ ❛ á❣✉❛ ✭❛③✉❧✮ ❡ ❈✉r✈❛ ❙P❘ ❛❞q✉✐r✐❞❛ ❡①♣❡✲
r✐♠❡♥t❛❧♠❡♥t❡ ♣❛r❛ á❣✉❛ ✭✈❡r❞❡✮

❈♦♠ ❡ss❡s ❞❛❞♦s ❛ ❝✉r✈❛ ❙P❘ ♦❜t✐❞❛ ❛tr❛✈és ❞❡ s✐♠✉❧❛çã♦ ♥ã♦ ❝♦♥❞✐③ ❝♦♠ ♦ ❝❛s♦ s✐♠✉✲

❧❛❞♦✳ ◆❛ ❋✐❣✉r❛ ✸✳✶ ❡stá ❛♣r❡s❡♥t❛❞❛ ✉♠❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧ ❛❞q✉✐r✐❞❛ ♣❛r❛ á❣✉❛ ❞❡✐♦♥✐③❛❞❛

❡ ❞❡ss❛❧✐♥✐③❛❞❛ ❡ ❛ ❝✉r✈❛ t❡ór✐❝❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❝♦♠♦ á❣✉❛ ✭n3 = 1.33✮✱ ♣❛r❛

❡st❡ ❝❛s♦ ❛ ❡s♣❡ss✉r❛ d3 ♥ã♦ é ✐♠♣♦rt❛♥t❡✱ ♣♦✐s t❡♠♦s ❛s ❝❛♠❛❞❛s s❡♥sí✈❡❧ ❡ ❡①t❡r♥❛ ✐❣✉❛✐s✳

❈♦♥t✉❞♦ ❛ ❝✉r✈❛ s✐♠✉❧❛❞❛ ❛✐♥❞❛ ❞✐❢❡r❡ ♠✉✐t♦ ❞❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧✱ s❡♥❞♦ ✐♥s✉✜❝✐❡♥t❡ ♣❛r❛

❞❡s❝r❡✈❡r ❛ r❡s♣♦st❛ ❛❞q✉✐r✐❞❛ ❝♦♠ ♦ ❙P❘❊❊❚❆✱ ✐ss♦ s❡ ❝♦♠♣r♦✈❛ ❛♦ ❛♥❛❧✐s❛r♠♦s ♦s ♣❛râ✲

♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ❛♣r❡s❡♥t❛❞♦s ❚❛❜❡❧❛ ✸✳✶✳ ❆ té❝♥✐❝❛ ❞❡ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧✱ ♥❡st❡
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❚❛❜❡❧❛ ✸✳✶✿ P❛râ♠❡tr♦s ❞❛s ❝✉r✈❛s ❙P❘ ❡①♣❡r✐♠❡♥t❛❧ ❡ s✐♠✉❧❛❞❛ ♣❛r❛ ✉♠ ❛♠♦str❛
❞❡ á❣✉❛✱ ✈❡r ❋✐❣✉r❛ ✸✳✶

P❛râ♠❡tr♦ ▼ét♦❞♦ ❈✉r✈❛ ❊①♣❡r✐♠❡♥t❛❧ ❈✉r✈❛ ❚❡ór✐❝❛
LBFWHM LBDinamica LBFWHM LBDinamica

➶♥❣✉❧♦ ❞❡ ▼í♥✐♠♦ ❇r✉t♦ ✻✽✱✶✷✸✸♦ ✻✽✱✺✺✵✺♦

❘❡ss♦♥â♥❝✐❛ ❈❡♥tró✐❞❡ ✻✽✱✺✶✸✾♦ ✻✽✱✷✺✼✵♦ ✻✽✱✻✸✵✽♦ ✻✽✱✻✸✶✺♦

✭θres✮ ▼í♥✐♠♦ ❞❡ P (θ) ✻✽✱✺✶✸✷♦ ✻✽✱✷✼✹✼♦ ✻✽✱✻✸✼✵♦ ✻✽✱✻✹✶✸♦

Pr♦❢✉♥❞✐❞❛❞❡ ▼í♥✐♠♦ ❇r✉t♦ ✵✱✺✻✸✹ ✵✱✾✺✺✷
✭dip✮ ❈❡♥tró✐❞❡ ✵✱✺✹✽✵ ✵✱✺✻✶✸ ✵✱✾✹✾✽ ✵✱✾✹✾✽

▼í♥✐♠♦ ❞❡ P (θ) ✵✱✺✶✺✻ ✵✱✺✹✵✵ ✵✱✾✵✻✻ ✵✱✾✵✽✹
▲✐♥❤❛ ❇❛s❡ ✵✱✼✹✽✹ ✵✱✻✷✹✹ ✵✱✹✼✽✵ ✵✱✹✽✵✻
▲❛r❣✉r❛ ✭Γ✮ ✷✱✾✽✵✸♦ ✷✱✶✹✷✺♦ ✶✱✹✶✷✸♦ ✶✱✹✶✷✸♦

❆ss✐♠❡tr✐❛ ✭G✮ ▼í♥✐♠♦ ❇r✉t♦ ✷✱✷✾✾✻ ✷✱✷✷✶✻ ✶✱✺✼✹✶ ✶✱✺✼✹✶
❈❡♥tró✐❞❡ ✶✱✸✽✽✾ ✶✱✻✽✷✹ ✶✱✷✹✺✸ ✶✱✷✹✷✾

▼í♥✐♠♦ ❞❡ P (θ) ✶✱✸✾✵✶ ✶✱✻✷✹✹ ✶✱✷✷✸✹ ✶✱✷✵✽✹

tr❛❜❛❧❤♦ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❝♦♠ ♣♦❧✐♥ô♠✐♦ ❞❡ ❣r❛✉ ❞♦✐s✱ ✉♠ ❣r❛✉ ♠❛✐s ❡❧❡✈❛❞♦✱ ♥❡st❡ ❝❛s♦✱ ♥ã♦

r❡♣r❡s❡♥t♦✉ ♠❡❧❤♦r ❛❥✉st❡✳

❯♠❛ ❛♥á❧✐s❡ ❞❛ ❧✉③ ❡♠✐t✐❞❛ ♣❡❧♦ ❞✐♦❞♦ ❧❛s❡r ❞♦ ❡q✉✐♣❛♠❡♥t♦ ❙P❘❊❊❚❆ ❢♦✐ ♥❡❝❡ssár✐❛

♣❛r❛ ❡♥❝♦♥tr❛r ❛ ❧✐♠✐t❛çã♦ ❞❛ s✐♠✉❧❛çã♦✳ ❆ ❧✉③ ❡①❝✐t❛♥t❡ ❞♦ ❢❡♥ô♠❡♥♦ ❛❧é♠ ❞❡ ❡st❛r ✉♠

♣♦✉❝♦ ❞❡s❧♦❝❛❞❛ ♥❛ ❢r❡q✉ê♥❝✐❛ ♣♦ss✉✐ ✉♠ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❜❛st❛♥t❡ s✐❣♥✐✜❝❛t✐✈♦✳ ❆

❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ r❡✢❡①õ❡s ❡ r❡❢r❛çõ❡s q✉❡ ♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦ s♦❢r❡✱ ❛♣❡s❛r ❞❡ ❝♦♥t❡♠♣❧❛❞♦s

♥❛ ♠❛tr✐③ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ✉t✐❧✐③❛❞❛ ♥♦ ♠♦❞❡❧♦ ✭✷✳✶✹✮✱ ❛♠♣❧✐❛♠ ❛ ✐♥✢✉ê♥❝✐❛ ❞♦s ❢❡✐①❡s ♥ã♦

❝♦♥s✐❞❡r❛❞♦s ♥♦ ♠♦❞❡❧♦✳ ❯t✐❧✐③❛♥❞♦ ♦ ❡s♣❡❝trô♠❡tr♦ ❯❙❇✹✵✵✵ ❞❛ ❖❝❡❛♥ ❖♣t✐❝s ✭❞❡t❡❝t♦r

❚❈❉✶✸✵✹❆P ❝♦♠ ❧❡✐t✉r❛ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ✷✵✵ a ✶✶✵✵ nm ❝♦♠ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡ ✻✵

❢ót♦♥s✴❝♦✉♥t ❡♠ 600nm ❡ t❡♠♣♦ ❞❡ ✐♥t❡❣r❛çã♦ ❞❡ 3, 8ms ❛ 10s✮ ❢♦✐ ♣♦ssí✈❡❧ ♠❡❞✐r ❛ ❧✉③

❡♠✐t✐❞❛ ♣❡❧♦ ▲❊❉ ❞♦ ❙P❘❊❊❚❆✱ ✈❡r ❋✐❣✉r❛ ✸✳✷

❈♦♥s✐❞❡r❛r✱ ❛tr❛✈és ❞❡ ✷✳✶✻✱ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ❛♣r❡s❡♥t❛❞♦ ❛♥ ❋✐❣✉r❛ ✸✳✷

✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ♣❡r❞❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ❝✉r✈❛✱ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛s ❝✉r✈❛s ❞❛ ❋✐❣✉r❛

✸✳✸✳ ❊♥tr❡t❛♥t♦ ❛ ♣r♦①✐♠✐❞❛❞❡ ❞❛ ❝✉r✈❛ s✐♠✉❧❛❞❛ ❝♦♠ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ❡ ❛

❝✉r✈❛ ♦❜t✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ r❡✈❡❧❛ q✉❡ t♦❞♦s ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡

❞❡✈❡♠ s❡r ❝♦♥s✐❞❡r❛❞♦s✱ ✈❡r ❋✐❣✉r❛ ✸✳✹✳ ❊♠❜♦r❛ ❛✐♥❞❛ ❞✐❢❡r❡♥t❡ ❞❛ r❡s♣♦st❛ ♦❜t✐❞❛ ❝♦♠ ♦

❙P❘❊❊❚❆✱ ❛❥✉st❡s ❞❡ ❝❛❧✐❜r❛çã♦ ❝♦♥s✐❞❡r❛♥❞♦ ✐♠♣❡r❢❡✐çõ❡s ❞❡ ❝❛♣t❛çã♦ ❞❛ ❧✉③ ♣♦r ♣❛rt❡ ❞♦

❛rr❛♥❥♦ ❞❡ ❢♦t♦❞✐♦❞♦s ✭❛t❡♥✉❛çã♦ ❡ r❡❧❛çã♦ ♣✐①❡❧✲â♥❣✉❧♦✮ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❛r❛ ❛♣r♦①✐♠❛r ♦s

r❡s✉❧t❛❞♦s✳ ❆ ❝✉r✈❛ s✐♠✉❧❛❞❛ ❢♦✐ ♥♦r♠❛❧✐③❛❞❛ ♣❡❧♦ s❡✉ ✈❛❧♦r ♠á①✐♠♦ ❡♠ s❡❣✉✐❞❛ ❞❡s❧♦❝❛❞❛

♣❛r❛ ❛ ♣♦s✐çã♦ q✉❡ ♠❛✐s s❡ ❛♣r♦①✐♠❛ ❞❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧✱ ✈❡r ❋✐❣✉r❛ ✸✳✹✳



▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡ ✸✸

❋✐❣✉r❛ ✸✳✷✿ ■♥t❡♥s✐❞❛❞❡ ❧✉♠✐♥♦s❛ ❞♦ ▲❊❉ ♠❡❞✐❞❛ ❝♦♠ ❡s♣❡❝trô♠❡tr♦ ❯❙❇✹✵✵✵ ❞❛
❖❝❡❛♥ ❖♣t❝✐s

❋✐❣✉r❛ ✸✳✸✿ ❈♦♠♣❛r❛çã♦ ❞❛s ❝✉r✈❛s s✐♠✉❧❛❞❛s ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝✲
tr❛❧ ❞❛ ❧✉③ ❡ s❡♠ ❝♦♥s✐❞❡r❛r✱ ❜❡♠ ❝♦♠♦ ❛ ✈❛r✐❛çã♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ à
✈❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s✳

P❛r❛ ❝♦♠♣❛r❛r ❛s ❝✉r✈❛s ❡①♣❡r✐♠❡♥t❛❧ ❡ s✐♠✉❧❛❞❛ s❡✉s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s sã♦

❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✷✳ ❆♦ ❝♦♥s✐❞❡r❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞❡ t♦❞♦s ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛

❞❛ ❧✉③ t♦❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ t❡ór✐❝❛ ❡stã♦ ♠❛✐s ♣ró①✐♠♦s ❞❛ ❝✉r✈❛

❡①♣❡r✐♠❡♥t❛❧✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♦s ✈❛❧♦r❡s ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡ ❡ ❧✐♥❤❛ ❜❛s❡✱ ❡♠ ❡s♣❡❝✐❛❧ ♣❛r❛ ♦



▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡ ✸✹

❋✐❣✉r❛ ✸✳✹✿ ❈✉r✈❛ ❙P❘ s✐♠✉❧❛❞❛ ♣❛r❛ ❛ á❣✉❛ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝✲
tr❛❧ ❞❛ ❧✉③ ❡①❝✐t❛♥t❡ ✭❛③✉❧✮ ❡ ❈✉r✈❛ ❙P❘ ❛❞q✉✐r✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡
♣❛r❛ á❣✉❛ ✭✈❡r❞❡✮

❚❛❜❡❧❛ ✸✳✷✿ P❛râ♠❡tr♦s ❞❛s ❝✉r✈❛s ❙P❘ ❡①♣❡r✐♠❡♥t❛❧ ❡ s✐♠✉❧❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ❡s✲
♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ♣❛r❛ ✉♠ ❛♠♦str❛ ❞❡ á❣✉❛✱ ✈❡r ❋✐❣✉r❛ ✸✳✹

P❛râ♠❡tr♦ ▼ét♦❞♦ ❈✉r✈❛ ❊①♣❡r✐♠❡♥t❛❧ ❈✉r✈❛ ❚❡ór✐❝❛
LBFWHM LBDinamica LBFWHM LBDinamica

➶♥❣✉❧♦ ❞❡ ▼í♥✐♠♦ ❇r✉t♦ ✻✽✱✶✷✸✸♦ ✻✽✱✸✻✼✵♦

❘❡ss♦♥â♥❝✐❛ ❈❡♥tró✐❞❡ ✻✽✱✺✶✸✾♦ ✻✽✱✷✺✼✵♦ ✻✽✱✻✾✸✻♦ ✻✽✱✻✶✵✶♦

✭θres✮ ▼í♥✐♠♦ ❞❡ P (θ) ✻✽✱✺✶✸✷♦ ✻✽✱✷✼✹✼♦ ✻✽✱✻✼✶✶♦ ✻✽✱✻✵✷✵♦

Pr♦❢✉♥❞✐❞❛❞❡ ▼í♥✐♠♦ ❇r✉t♦ ✵✱✺✻✸✹ ✵✱✺✷✽✼
✭dip✮ ❈❡♥tró✐❞❡ ✵✱✺✹✽✵ ✵✱✺✻✶✸ ✵✱✺✶✹✺ ✵✱✺✶✽✽

▼í♥✐♠♦ ❞❡ P (θ) ✵✱✺✶✺✻ ✵✱✺✹✵✵ ✵✱✺✵✾✽ ✵✱✺✶✼✵
▲✐♥❤❛ ❇❛s❡ ✵✱✼✹✽✹ ✵✱✻✷✹✹ ✵✱✻✾✷✵ ✵✱✻✷✵✹
▲❛r❣✉r❛ ✭Γ✮ ✷✱✾✽✵✸♦ ✷✱✶✹✷✺♦ ✸✱✷✻✹✹♦ ✷✱✼✵✸✶♦

❆ss✐♠❡tr✐❛ ✭G✮ ▼í♥✐♠♦ ❇r✉t♦ ✷✱✷✾✾✻ ✷✱✷✷✶✻ ✶✱✾✾✽✶ ✶✱✼✾✵✶
❈❡♥tró✐❞❡ ✶✱✸✽✽✾ ✶✱✻✽✷✹ ✶✱✸✵✻✸ ✶✱✷✸✵✺

▼í♥✐♠♦ ❞❡ P (θ) ✶✱✸✾✵✶ ✶✱✻✷✹✹ ✶✱✸✹✸✻ ✶✱✷✹✺✺

♠ét♦❞♦ ❞❛ ❧✐♥❤❛ ❜❛s❡ ❞✐♥â♠✐❝❛✳ ❏á ♦s ✈❛❧♦r❡s ❞❡ ❧❛r❣✉r❛ ❡ ❛ss✐♠❡tr✐❛ t✐✈❡r❛♠ ✈❛r✐❛çã♦ ♠❛✐s

s✐❣♥✐✜❝❛t✐✈❛ ♣❛r❛ ♦ ♠ét♦❞♦ ❞❡ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❋❲❍▼✳

P♦r s❡r ♠❛✐s ♣ró①✐♠♦ ❞❛ r❡s♣♦st❛ ❡①♣❡r✐♠❡♥t❛❧ ❡ss❡ ♠♦❞❡❧♦ s❡rá ✉t✐❧✐③❛❞♦ ♥❛s ♣ró①✐✲

♠❛s s❡çõ❡s ♣❛r❛ ❛♥á❧✐s❡ ❞❛ ✐♥✢✉ê♥❝✐❛ ❞❡ ✈❛r✐❛çõ❡s ♥❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✿ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡

❡s♣❡ss✉r❛✳



▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡ ✸✺

✸✳✸ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❛♦ í♥❞✐❝❡

❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧

❆ ❝✉r✈❛ ❙P❘ ❢♦✐ s✐♠✉❧❛❞❛ ✈❛r✐❛♥❞♦ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❡ ♠❛♥t❡♥❞♦ ❝♦♥s✲

t❛♥t❡ ❛s ❞❡♠❛✐s ❣r❛♥❞❡③❛s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ♥❛ r❡s♣♦st❛✱ ✈❡r ❋✐❣✉r❛ ✸✳✺✳ ❯♠❛ ❛♥á❧✐s❡ ❞❡ss❡s

r❡s✉❧t❛❞♦s✱ ♣♦❞❡ ❝♦♥tr✐❜✉✐r ♣❛r❛ ❛♥❛❧✐s❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛

❝✉r✈❛ ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❛ ❣r❛♥❞❡③❛ ❞❡ ✐♥t❡r❡ss❡✱ ❡st✉❞♦ ❛♥á❧♦❣♦ ❛♦ r❡❛❧✐③❛❞♦ ♣♦r ✭❋✐❧❤♦✱ ✷✵✵✻❀

❋✐❧❤♦✱ ▲✐♠❛✱ ▼♦r❡✐r❛✱ ❚❤✐rstr✉♣ ❡ ◆❡✛✱ ✷✵✶✵✮✳ ❆ ✈❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❝❛❧❝✉❧❛❞♦s ♥❛s

❚❛❜❡❧❛s ✸✳✶ ❡ ✸✳✷ sã♦ ❝❛❧❝✉❧❛❞❛s ❡ ❛♣r❡s❡♥t❛❞❛s ❣r❛✜❝❛♠❡♥t❡ ❡♠ ❢✉♥çã♦ ❞❡ n3✳

❋✐❣✉r❛ ✸✳✺✿ ❙✐♠✉❧❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s s✉❜stâ♥❝✐❛s ♥❛ ❝❛♠❛❞❛ s❡♥✲
sí✈❡❧ ❝♦♥s❡r✈❛♥❞♦ s✉❛ ❡s♣❡ss✉r❛✿ d3 = 50nm✳

❆s ❝✉r✈❛s ❛ s❡❣✉✐r ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ♦ ❢❡♥ô♠❡♥♦ ❙P❘ s✐♠✉❧❛❞♦ ❝♦♠ n3 ✈❛r✐❛♥❞♦

❞❡ 1, 33RIU ❛ 1, 34RIU ❛ ✉♠ ♣❛ss♦ ❞❡ 10−4RIU ❡ ❛ ❡s♣❡ss✉r❛ ❝♦♥st❛♥t❡ ❡♠ 50nm✳ ❆s

s✐♠✉❧❛çõ❡s ❝♦♥s✐❞❡r❛r❛♠ ✉♠❛ r❡s♦❧✉çã♦ ❡ ♣r❡❝✐sã♦ ❞❡ ❛♠♦str❛❣❡♠ ♠❛✐♦r q✉❡ ❛s ❞✐s♣♦♥í✈❡✐s

♥♦ ❙P❘❊❊❚❆✳ ■ss♦ ♣♦ss✐❜✐❧✐t❛ ✉♠❛ ♠❛✐♦r ♣r♦①✐♠✐❞❛❞❡ ❛ r❡s✉❧t❛❞♦ ❝♦♥tí♥✉♦ ❞♦s ❞❛❞♦s ❛♥❛✲

❧✐s❛❞♦s✳ ❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❛r❛ ✉♠❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ 64♦ ❛ 80♦

❝♦♠ ✉♠ ♣❛ss♦ ❞❡ 0, 25♦✳ ◆❡st❡ ❡st✉❞♦ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ t♦❞♦s ♦s ✈❛❧♦r❡s ❢♦r❛♠ ♥♦r♠❛❧✐③❛❞♦s

♣❛r❛ t❡r ♠é❞✐❛ ③❡r♦ ❡ ❞❡s✈✐♦ ✉♥✐tár✐♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ✭✸✳✷✮✳

Xi = (Xi − X̄)/δX ✭✸✳✷✮

s❡♥❞♦ X̄ ♦ ✈❛❧♦r ♠é❞✐♦ ❞❡ Xi ❡ δX s❡✉ ❞❡s✈✐♦✳



▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡ ✸✻

❖ s✐♥❛❧ ❛♣r❡s❡♥t❛ ✉♠❛ ❡♥❡r❣✐❛ ✈❛r✐❛♥t❡ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✳

◗✉❛♥t♦ ♠❛✐♦r ♦ í♥❞✐❝❡ ♠❡♥♦r ❛ ❡♥❡r❣✐❛ ❞♦ s✐♥❛❧✱ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✻✳ ❆ ✈❛r✐❛çã♦

é ❛♣❛r❡♥t❡♠❡♥t❡ ❧✐♥❡❛r✳

❖ ♠ét♦❞♦ ❞❛ ▲✐♥❤❛ ❇❛s❡ ❉✐♥â♠✐❝❛ ❛♣r❡s❡♥t❛ ❧✐♠✐t❛çõ❡s s❡ ❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦s ❝❛♣t✉r❛❞❛s

♥ã♦ ❢♦r ❣r❛♥❞❡ ♦ s✉✜❝✐❡♥t❡✳ ❊ss❛ ❢❛✐①❛ ❞❡✈❡ ✐♥❝❧✉✐r ♦ ✈❛❧♦r θ0 ✭✈❡r ❋✐❣✉r❛ ✷✳✼✮✱ ❝❛s♦ ❝♦♥trár✐♦

s❡rá ✐♠♣♦ssí✈❡❧ ❞❡✜♥✐r ❛ ár❡❛ A0 ❞❡s❡❥❛❞❛✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ r❡❞❡✜♥✐r ♦s ✈❛❧♦r❡s ❡s❝♦❧❤✐❞♦s

❞❡ γ ❡✴♦✉ ∆θ ✭✷✳✶✽✮✳ P♦r s❡ tr❛t❛r ❞❡ s✐♠✉❧❛çõ❡s ❛ ♦♣çã♦ ❞❡ ❛✉♠❡♥t❛r ❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦s

s✐♠✉❧❛❞❛ ♣❡r♠✐t✐✉ ❡s❝♦❧❤❡r♠♦s γ = 1 ❡ ∆θ = 2♦✳

❋✐❣✉r❛ ✸✳✻✿ ❱❛r✐❛çã♦ ❞❛ ❊♥❡r❣✐❛ ❞❛ ❝✉r✈❛ ❡ s❡✉ ✈❛❧♦r ❞❡ ▲✐♥❤❛ ❇❛s❡ ✭❋❲❍▼ ❡
❉✐♥â♠✐❝❛✮ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✿ d3 = 50nm✳

◆❡st❛s ❝♦♥❞✐çõ❡s ♦❜s❡r✈❛✲s❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❜❛st❛♥t❡ s✐♠✐❧❛r ❡♥tr❡s ♦s ✈❛❧♦r❡s ❞❡

❧✐♥❤❛ ❜❛s❡ ❝❛❧❝✉❧❛❞♦s ♣❡❧♦s ♠ét♦❞♦s ❞❡ ❋❲❍▼ ❡ ❛ ❧✐♥❤❛ ❜❛s❡ ❞✐♥â♠✐❝❛✳ ❆♠❜♦s ❝r❡s❝❡♥t❡s

❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✻✳ ❆ ♣r❡❝✐sã♦ ✜♥✐t❛ ❞❡ s✐♠✉❧❛çã♦ ❞❛s

❝✉r✈❛s é ✉♠❛ ♣r♦✈á✈❡❧ ❡①♣❧✐❝❛çã♦ ♣❛r❛ ❛ ❧✐♥❤❛ ❜❛s❡ ❞✐♥â♠✐❝❛ ♥ã♦ ✈❛r✐❛r ❞❡ ❢♦r♠❛ ♠♦♥ót♦♥❛✳

❆ s✐♠✉❧❛çã♦ ❢♦✐ r❡❛❧✐③❛❞❛ ❝♦♠ ♣r❡❝✐sã♦ ✜♥✐t❛ ♣♦r ❢❛❧t❛ ❞❡ ♠❛✐♦r r❡❝✉rs♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

❯♠❛ ♦❜s❡r✈❛çã♦ ❞❛s ❝✉r✈❛s ♥❛ ❋✐❣✉r❛ ✸✳✺ ✐♥❞✐❝❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❞♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛

❡ ❞❡❝r❡s❝✐♠❡♥t♦ ❞❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦

♥❛s ❝✉r✈❛s ❞❛ ❋✐❣✉r❛ ✸✳✼✳ ❖❜s❡r✈❛✲s❡ t❛♠❜é♠ q✉❡ ♦ ✈❛❧♦r ❞❡ r❡ss♦♥â♥❝✐❛ ❝❛❧❝✉❧❛❞♦ ❛ ♣❛rt✐r

❞❡ ❞❛❞♦s ❛❜❛✐①♦ ❞❛ ❧✐♥❤❛ ❜❛s❡ ❞✐♥â♠✐❝❛ ✈❛r✐❛ ❞❡ ❢♦r♠❛ ♠♦♥ót♦♥❛ ❛♣❡s❛r ❞❡ ❛ ❧✐♥❤❛ ❜❛s❡ ♥ã♦

✈❛r✐❛r ❞❡st❛ ❢♦r♠❛✳



▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡ ✸✼

❋✐❣✉r❛ ✸✳✼✿ ❱❛r✐❛çã♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛
s❡♥sí✈❡❧✿ d3 = 50nm✳ ❈❛❧❝✉❧❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✳

❋✐❣✉r❛ ✸✳✽✿ ❱❛r✐❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❡ ❛ss✐♠❡tr✐❛ ❞❛ ❝✉r✈❛ ❙P❘ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛✲
çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✿ d3 = 50nm✳ ❈❛❧❝✉❧❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✳

❆ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ é ❝r❡s❝❡♥t❡ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✳ ❙♦❜r❡ ❛ ❛ss✐♠❡tr✐❛ ♣♦✉❝♦ s❡

♣♦❞❡ ❛✜r♠❛r✱ ✈❡r ❋✐❣✉r❛ ✸✳✽✳



▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡ ✸✽

✸✳✹ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s à ❡s♣❡s✲

s✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧

❯♠ ❡st✉❞♦ ❞❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❡s♣❡ss✉r❛ d3 ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ s♦❜r❡ ❛ ❝✉r✈❛ ❙P❘ t❛♠❜é♠ ❢♦✐

r❡❛❧✐③❛❞♦✱ ❞❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ❢♦✐ ❢❡✐t♦ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✳

❋✐❣✉r❛ ✸✳✾✿ ❙✐♠✉❧❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❡s♣❡ss✉r❛s ❞❛ ❝❛♠❛❞❛ s❡♥✲
sí✈❡❧ ❝♦♠ ❛ ♠❡s♠❛ s✉❜stâ♥❝✐❛✿ n3 = 1.35RIU ✳

❱❛r✐❛♥❞♦ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ❞❡ 1nm ❛ 100nm ❝♦♠ ✉♠ ♣❛ss♦ ❞❡ 1nm✱ ❝❡♠ ❝✉r✈❛s

❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ✉♠ ♠❡s♠♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛✿ n3 = 1.35RIU ✳ ❉❡③ ❞❡ss❛s

❝✉r✈❛s ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✾✳ ❆s ♠❡s♠❛s té❝♥✐❝❛s ✉t✐❧✐③❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡ ❢♦r❛♠

❛♣❧✐❝❛❞❛s ❛ ❡st❛s ❝✉r✈❛s✳ ◆❡st❡ ❡st✉❞♦ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ t♦❞♦s ♦s ✈❛❧♦r❡s ❢♦r❛♠ ♥♦r♠❛❧✐③❛❞♦s

♣❛r❛ t❡r ♠é❞✐❛ ③❡r♦ ❡ ❞❡s✈✐♦ ✉♥✐tár✐♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ✭✸✳✷✮✳

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❝✉r✈❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ❢♦✐ ❜❛st❛♥t❡ s✐♠✐❧❛r

❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ♠❡s♠❛ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✿ ❝r❡s❝❡♥t❡ ♣❛r❛ ♦ ✈❛❧♦r ❞❡ ❧✐♥❤❛ ❜❛s❡

✭❋✐❣✉r❛ ✸✳✶✵✮✱ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ✭❋✐❣✉r❛ ✸✳✶✶✮ ❡ ♣❛r❛ ❛ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ✭❋✐❣✉r❛

✸✳✶✷✮❀ ❞❡❝r❡s❝❡♥t❡ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ✭❋✐❣✉r❛ ✸✳✶✵✮✱ ♦ ❞✐♣ ✭❋✐❣✉r❛ ✸✳✶✶✮✳ P❛r❛ ❛ ❛ss✐♠❡tr✐❛ ♥ã♦

❢♦✐ ♦❜s❡r✈❛❞❛ ♥❡♥❤✉♠❛ r❡❧❛çã♦ ✭❋✐❣✉r❛ ✸✳✶✷✮✳

P❛râ♠❡tr♦s q✉❡ ✈❛r✐❛♠ ❧✐♥❡❛r♠❡♥t❡ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ ❢r❛çã♦ tê♠ ✉♠❛ ❝♦♥❝❛✈✐❞❛❞❡ q✉❛♥❞♦

❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ é ✈❛r✐❛❞❛✳ ❯♠❛ ♠❛✐♦r s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡ss❡s ♣❛râ♠❡tr♦s às ✈❛r✐❛çõ❡s

❞❡ n3 ❞♦ q✉❡ à ✈❛r✐❛çõ❡s ❞❡ d3 ♣♦❞❡ s❡r ♣❡r❝❡❜✐❞❛✳ ❆♣❡s❛r ❞❡ ❛ ❝✉r✈❛ s❡r ♠❛✐s s❡♥sí✈❡❧ à

❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ✭✈❡r ❋✐❣✉r❛ ✸✳✸✮✱ ❡ss❡ ✈❛❧♦r ✈❛r✐❛ ❡♠ ❡s❝❛❧❛s ♥❛♥♦♠étr✐❝❛s✱ s❡♥❞♦ ♠❡♥♦s



▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡ ✸✾

❋✐❣✉r❛ ✸✳✶✵✿ ❱❛r✐❛çã♦ ❞❛ ▲✐♥❤❛ ❇❛s❡ ✭❋❲❍▼ ❡ ❉✐♥â♠✐❝❛✮ ❝♦♠ ❛ ❡s♣❡ss✉r❛ ❞❛
❝❛♠❛❞❛ s❡♥sí✈❡❧✿ n3 = 1.35RIU ✳

❋✐❣✉r❛ ✸✳✶✶✿ ❱❛r✐❛çã♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❝♦♠ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥✲
sí✈❡❧✿ n3 = 1.35RIU ✳ ❈❛❧❝✉❧❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✳

✐♥✢✉❡♥t❡✳



▼♦❞❡❧♦ ▼❛t❡♠át✐❝♦ ❡ ❊st✉❞♦ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡ ✹✵

❋✐❣✉r❛ ✸✳✶✷✿ ❱❛r✐❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❡ ❛ss✐♠❡tr✐❛ ❞❛ ❝✉r✈❛ ❙P❘ ❝♦♠ ❛ ❡s♣❡ss✉r❛ ❞❛
❝❛♠❛❞❛ s❡♥sí✈❡❧✿ n3 = 1.35RIU ✳ ❈❛❧❝✉❧❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ♠ét♦❞♦s✳

✸✳✺ ❘❡s✉♠♦ ❞♦ ❈❛♣ít✉❧♦

❆ ❢♦♥t❡ ❞❡ ❧✉③ ♥ã♦ ❡♠✐t❡ ♦♥❞❛ ❛♣❡♥❛s ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡s❡❥❛❞❛✳ ❈♦♥s✐❞❡r❛r ❡ss❡ ❡s♣❛❧❤❛♠❡♥t♦

❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ♥♦ ♠♦❞❡❧♦ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘ ✐♠♣❧✐❝❛ ❡♠ ❝✉r✈❛s ♣ró①✐♠❛s ❞❛s ❛❞q✉✐r✐❞❛s

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ t❛♥t♦ ❡♠ ❛♠♣❧✐t✉❞❡ ❝♦♠♦ ❡♠ ✈❛❧♦r❡s ❞❡ ♠í♥✐♠♦✱ ❞❡ ❧❛r❣✉r❛ ❡ ❞❡ ❧✐♥❤❛

❜❛s❡✳ ❈♦♥t✉❞♦ ❡ss❛ ❝♦♥s✐❞❡r❛çã♦ ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ♠❡♥♦r s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ❝✉r✈❛ às ❣r❛♥❞❡③❛s

q✉❡ ♣r❡t❡♥❞❡✲s❡ ❞❡t❡r♠✐♥❛r✱ ✐♠♣❧✐❝❛♥❞♦ ❡♠ ✉♠❛ ♠❛✐♦r ❢❛✐①❛ ❞❡ ❡rr♦✳

❆♣❡s❛r ❞❛s ♠❡❧❤♦r✐❛s ❛❝r❡s❝❡♥t❛❞❛s ♣❡❧♦ ❛❥✉st❡ ❝♦♠ r❡❧❛çã♦ à ❧✉③ ❛✐♥❞❛ é ♥❡❝❡ssár✐♦

✉♠❛ ❝❛❧✐❜r❛çã♦ ❞❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧ ❛ ✜♠ ❞❡ ❝♦rr✐❣✐r ❡rr♦s ✐♥❡r❡♥t❡s ❞♦ s❡♥s♦r ó♣t✐❝♦ ❞❡

❝❛♣t✉r❛✱ ✉♠ ❛rr❛♥❥♦ ❞❡ ❢♦t♦❞✐♦❞♦s✳

❖ ❝r❡s❝✐♠❡♥t♦ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ❝♦♠ ❛s ❣r❛♥❞❡③❛s ❞❡ ✐♥t❡r❡ss❡ ✭n3

❡ d3✮ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ s✐♠✐❧❛r✱ ❞✐✜❝✉❧t❛♥❞♦ ❛ ❞❡t❡r♠✐♥❛çã♦ s✐♠✉❧tâ♥❡❛ ❞❡ ❢♦r♠❛ ❝♦rr❡t❛✱ ❥á

q✉❡ ✉♠❛ ♠❡s♠❛ ❝♦♠❜✐♥❛çã♦ ❞❡ss❛s ❣r❛♥❞❡③❛s ♣♦❞❡ ❣❡r❛r ❛ ♠❡s♠❛ ✈❛r✐❛çã♦ ❞❛ ❝✉r✈❛✳



4
P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧

❖ ▲❛❜♦r❛tór✐♦ ❞❡ ❇✐♦✲s❡♥s♦r❡s ✭▲❇■❖✮ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡ ✭❯❋❈●✮

r❡❛❧✐③❛ ♣❡sq✉✐s❛s ❝♦♠ ❛ té❝♥✐❝❛ ❙P❘ ❞❡s❞❡ ✷✵✵✺✳ ❊st❛s ♣❡sq✉✐s❛s ❡♥✈♦❧✈❡♠ ❛ ❝r✐❛çã♦ ❞❡ ♥♦✈♦s

❜✐♦✲s❡♥s♦r❡s t❛♥t♦ ❝♦♠♦ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ♠♦❞❡❧♦s ❝♦♠❡r❝✐❛✐s✱ ♦ s❡❣✉♥❞♦ ❛♣❡s❛r ❞❡ ♠❛✐s s✐♠♣❧❡s

❞❡ ♠❛♥✐♣✉❧❛r ♥ã♦ sã♦ ✢❡①í✈❡✐s à ♠❛♥✐♣✉❧❛çã♦✳ ❍♦❥❡ ♦s ♣❡sq✉✐s❛❞♦r❡s ❞♦ ▲❇■❖ ❞✐s♣õ❡♠ ❞♦s

s❡❣✉✐♥t❡s ❡q✉✐♣❛♠❡♥t♦s✿

❋✐❣✉r❛ ✹✳✶✿ ❙P❘❊❊❚❆✿ ❇✐♦✲s❡♥s♦r
❙P❘❊❊❚❆ ❡ ♣❡r✐❢ér✐❝♦s✳

❋✐❣✉r❛ ✹✳✷✿ ❇✐♦✲s❡♥s♦r ❱■❘ ❡ ♣❡r✐❢ér✐✲
❝♦s✳

❋✐❣✉r❛ ✹✳✸✿ ❇✐♦✲s❡♥s♦r PP❇■❖✳

❇✐♦✲s❡♥s♦r ❙P❘❊❊❚❆✳ ■♥str✉♠❡♥t❛❞♦ ❡♠ ✶✾✾✻ ♣❡❧❛ ❚❡①❛s ■♥str✉♠❡♥ts ✭❚■✮✱ ♦ ❜✐♦✲s❡♥s♦r

✹✶



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✹✷

❙P❘❊❊❚❆ ✉t✐❧✐③❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r ♥♦ ♠♦❞♦ ❆■▼✳ ❆ ❚■ ♣r♦♣ôs

✉♠ ❡♥❝❛♣s✉❧❛♠❡♥t♦ ú♥✐❝♦ ❡♠ ♠❛t❡r✐❛❧ ó♣t✐❝♦✱ ❞❡ ❢♦r♠❛ ❛ ♣r♦t❡❣❡r ♦s ❝♦♠♣♦♥❡♥t❡s ❡

♦❢❡r❡❝❡r ❝♦♥❞✐çõ❡s ♣r♦♣í❝✐❛s ♣❛r❛ ♦s ❡s♣❡❧❤♦s✱ ♣❛r❛ ♦s ❛rr❛♥❥♦s ó♣t✐❝♦s ❡ ♣❛r❛ ❛ ❝♦♥s✲

tr✉çã♦ ❞❛ ❝❛♠❛❞❛ ❙P❘✱ ✈❡r ❋✐❣✉r❛ ✹✳✽✳ ❚♦❞❛ ❡ss❛ ❡str✉t✉r❛ ❞❡ ❡♥❝❛♣s✉❧❛♠❡♥t♦ ❡

✐♥str✉♠❡♥t❛çã♦✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦ ❜✐♦✲s❡♥s♦r ❙P❘❊❊❚❆✱ ❢♦✐ ❞❡♥♦♠✐♥❛❞❛ ❙P❘❊❊❚❆✱

♥♦♠❡ ❞✐❢❡r❡♥❝✐❛❞♦ ❞♦ ❜✐♦✲s❡♥s♦r ❛♣❡♥❛s ♣❡❧❛s ❧❡tr❛s ♠✐♥ús❝✉❧❛s✳ ❆♣❡s❛r ❞♦ ❜❛✐①♦

❝✉st♦ ❡ ✈♦❧✉♠❡✱ ♦s ♠❡♥♦r❡s ❞♦ ♠❡r❝❛❞♦✱ ❡ss❛ ✐♥str✉♠❡♥t❛çã♦ ❡stá s✉❥❡✐t❛ ❛ ✈❛r✐❛çõ❡s

❞❡ t❡♠♣❡r❛t✉r❛✱ ♦ q✉❡ ❛❢❡t❛ t♦❞♦s ♦s ❡❧❡♠❡♥t♦s ✐♥t❡r♥♦s ❞♦ ❙P❘❊❊❚❆✱ ❛ ♣♦s✐çã♦ ❡

❛ ❣❡♦♠❡tr✐❛ ❞♦s ❝♦♠♣♦♥❡♥t❡s✱ ♦ q✉❡ ♣♦❞❡ ❛❧t❡r❛r ❛ ♣♦s✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡✱ ❝♦♥s❡✲

q✉❡♥t❡♠❡♥t❡✱ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❜✐♦s❡♥s♦r✳ ❖ ❜✐♦✲s❡♥s♦r ❙P❘❊❊❚❆ é ❡♥❝❛♣s✉❧❛❞♦ ❡♠

❡♣♦①② ♠♦❞❡❧❛❞♦ ✭❈✐❜❛✲●❡✐s②✱ ▲♦❛s ❆♥❣❡❧❡s✱ ❈❆✮ ❝♦♠ ✉♠ ▲❊❉ ❞❡ ❆❧●❛❆s ❞❡ 830nm

✭■♥❢r❛t❡❝❤✱ ●❛r❧❛♥❞✱ ❚❳✮ ❡ ✉♠ ♣♦❧❛r✐③❛❞♦r ♣❛r❛ ❛ ❧✉③✳ ◆♦ ❡♥❝❛♣s✉❧❛♠❡♥t♦ t❛♠❜é♠

❤á ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❞❡t❡❝t❛r ❡ ♣♦st❡r✐♦r♠❡♥t❡ ❝♦rr✐❣✐r ❞❡s✈✐♦s ❝❛✉s❛❞♦s

♣❡❧❛ ✈❛r✐❛çã♦ ❞❡ss❛ ❣r❛♥❞❡③❛✳ ❯♠ ✜♥♦ ✜❧♠❡ ❞❡ ♦✉r♦ ❞❡ 50nm ❝♦♠♣õ❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦

s❡♥s♦r✳ ❊st❛ s✉♣❡r❢í❝✐❡ ✜❝❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠ ❜❧♦❝♦ ❞❡ ❚❡✢♦♥❚▼❝♦♠ ✉♠ ❝❛♥❛❧ ❢❡✐t♦

❛ ❧❛s❡r ❞❡ 2× 10mm ❝♦♠ 0, 762mm ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡✳ ❖ ❙P❘❊❊❚❆ é ❝❛♣❛③ ❞❡ ♠❡❞✐r

í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ♥❛ ❢❛✐①❛ ❞❡ 1, 29 ❛ 1, 42 ❘■❯ ✭❘❡❢r❛❝t✐✈❡ ■♥❞❡① ❯♥✐t ✲ ✉♥✐❞❛❞❡ ❞❡

í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✮✳ ✭❊❧❦✐♥❞✱ ❙t✐♠♣s♦♥✱ ❙tr♦♥❣✱ ❇❛rt❤♦❧♦♠❡✇ ❡ ▼❡❧❡♥❞❡③✱ ✶✾✾✾✮✳ ❆

✐♥str✉♠❡♥t❛çã♦ ✐♥❝❧✉✐ ✉♠ ❛rr❛♥❥♦ ❞❡ 1×128 ❢♦t♦❞✐♦❞♦s✳ ❍♦❥❡ ♦ ❙P❘❊❊❚❆ é ♣r♦❞✉③✐❞♦

❡ ❝♦♠❡r❝✐❛❧✐③❛❞♦ ♣❡❧❛ ❡♠♣r❡s❛ ❙❡♥s❛t❛✳

❇✐♦✲s❡♥s♦r ❱■❘✳ Pr♦♣♦st♦ ❡♠ ✷✵✵✸ ♣❡❧❛ ❡♠♣r❡s❛ ❱■❘✱ ♦ ❜✐♦✲s❡♥s♦r ❱■❘ ✉t✐❧✐③❛ ❡❧❡♠❡♥t♦s

❞❡ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦s ❞✐❢r❛t✐✈♦s ♦✉ ❉❖❈❊ ✭❉✐✛r❛❝t✐✈❡ ❖♣t✐❝❛❧ ❈♦✉♣❧✐♥❣ ❊❧❡♠❡♥ts✮

♣❛r❛ q✉❡ ❢❡✐①❡s ❧✉♠✐♥♦s♦s q✉❡ ❛t✐♥❣❡♠ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ❜✐♦✲❝❤✐♣ ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡

✐♥❝✐❞❛♠ ♥❛ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧ ❡♠ ❞✐❢❡r❡♥t❡s â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛✱ ♦✉ s❡❥❛✱ ♦ ♠♦❞♦

❆■▼✱ ✈❡r ❋✐❣✉r❛ ✹✳✷✱ ❞✐s♣❡♥s❛♥❞♦ s✐st❡♠❛s ♠❡❝â♥✐❝♦s ❡ ❣♦♥✐ô♠❡tr♦s ♣❛r❛ ✐ss♦✳ ❈♦♥t✉❞♦

❛ ❢❛❜r✐❝❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s ❉❖❈❊ r❡q✉❡r ✉♠ ❛♣❛r❛t♦ ❞❡ ♥❛♥♦✲t❡❝♥♦❧♦❣✐❛ ❤♦❧♦❣rá✜❝❛

❝♦♠♣❧❡①❛ ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞♦ ♠♦❧❞❡ ✐♥✐❝✐❛❧✳ ❆♣❡♥❛s ✉♠ ❜✐♦s❡♥s♦r ❢♦✐ ❝♦♥str✉í❞♦✳

❊ss❡ ❜✐♦s❡♥s♦r ❢♦✐ ❞♦❛❞♦ ❛♦ ❧❛❜♦r❛tór✐♦ ❞❡ ❇✐♦✲s❡♥s♦r❡s ❞❛ ❯❋❈●✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠

❝♦♠♣♦♥❡♥t❡s q✉❡ ♣❡r♠✐t✐r❛♠ ❡①❝✐t❛r ❡ ✐♥str✉♠❡♥t❛r ♦ ❢❡♥ô♠❡♥♦ ❙P❘ ♥♦ ❜✐♦✲s❡♥s♦r✳

❆♦ s✐st❡♠❛ ❝♦♠♣♦st♦ ♣♦r ❢♦♥t❡ ❞❡ ❧✉③✱ ❧❡♥t❡s ❝♦❧✐♠❛❞♦r❛s✱ ❜✐♦✲s❡♥s♦r ❱■❘✱ ❝é❧✉❧❛ ❞❡

✢✉①♦ ❡ ❝♦♠♣♦♥❡♥t❡s ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡♥♦♠✐♥❛✲s❡ ❈❆▼❇■❖✳



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✹✸

❆ ♣r♦♣♦st❛ ❞♦ ❈❆▼❇■❖ é ✉t✐❧✐③❛r ❝♦♠♣♦♥❡♥t❡s ❞❛ ❱■❘ ✉♥✐❞♦ ❛ s✐st❡♠❛s ❡❧❡trô♥✐❝♦s

❞❡ ❝♦♥tr♦❧❡ ❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❞❛❞♦s ❞❡s❡♥✈♦❧✈✐❞♦s ♥♦ ▲❇■❖ ♣❛r❛ ❝r✐❛r ✉♠ s✐st❡♠❛

❞❡ ❜✐♦✲s❡♥s♦r✐❛♠❡♥t♦ t♦t❛❧♠❡♥t❡ ♣♦rtát✐❧✳ ❈♦♠ ✉♠❛ ✉♥✐❞❛❞❡ ❞❡ ❆q✉✐s✐çã♦ ❡ ❈♦♥tr♦❧❡

❝♦♠♣♦st❛ ❞❡ ✉♠❛ ✐♥t❡r❢❛❝❡ ❝♦♠ ❛ ❝â♠❡r❛ ❡ ❞❡ ❝♦♥tr♦❧❛❞♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ❞❡

❝♦rr❡♥t❡ ❞♦ ❞✐♦❞♦ ❧❛s❡r q✉❡ ❡①❝✐t❛ ♦ ❢❡♥ô♠❡♥♦ ❙P❘✱ t♦❞♦s ❣❡r✐❞♦s ♣♦r ✉♠ ♠✐❝r♦✲

❝♦♥tr♦❧❛❞♦r ❆❉✉❈✽✹✶ ♣r♦❣r❛♠❛❞♦ ♣❛r❛ ❛❞q✉✐r✐r✱ ♣ré✲♣r♦❝❡ss❛r ❡ tr❛♥s♠✐t✐r ♦s ❞❛❞♦s

❞❛ ❝✉r✈❛ ❙P❘ ♣❛r❛ ❛ ✉♥✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✳ ❊st❡ ♣♦❞❡ s❡r ✉♠ ❝♦♠♣✉t❛❞♦r ♣❡ss♦❛❧

♦✉ ♦ ❦✐t ■♥♥♦✈❛t♦r ✶✺✶✵ ✭♣♦rtát✐❧✮✳

❇✐♦✲s❡♥s♦r PP❇■❖✳ Pr♦♣♦st♦ ♣❛r❛ ❞❡t❡❝çã♦ rá♣✐❞❛ ❡ ♣♦ss✉✐♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❞❡s✲

❝❛rt❛❜✐❧✐❞❛❞❡✱ ❜❛✐①♦ ❝✉st♦ ❡ ✢❡①✐❜✐❧✐❞❛❞❡ ♣❛r❛ s❡r ❛♣❧✐❝❛❞♦ ❛ ❢♦♥t❡s ♠♦♥♦❝r♦♠át✐❝❛s

❡ ♣♦❧✐❝r♦♠át✐❝❛s✳ ❖ ❜✐♦✲s❡♥s♦r PP❇■❖ ✉t✐❧✐③❛ ✉♠ ♣r✐s♠❛ ó♣t✐❝♦ tr❛♣❡③♦✐❞❛❧ ✭✈❡r ❋✐✲

❣✉r❛ ✹✳✸✮ ❢❛❜r✐❝❛❞♦ ❝♦♠ ♦ ♣♦❧í♠❡r♦ ❈❖❈ ❚❖P❆❙ ✺✵✶✸ ✉s❛♥❞♦ té❝♥✐❝❛s ❞❡ ♠♦❧❞❛❣❡♠

♣♦r ✐♥❥❡çã♦✳ ❙♦❜r❡ ♦ ♣r✐s♠❛ ó♣t✐❝♦✱ ✉♠❛ ✜♥❛ ❝❛♠❛❞❛ ❞❡ ♦✉r♦ ✭✺✵ ♥♠ ❞❡ ❡s♣❡ss✉r❛✮

❢♦✐ ❞❡♣♦s✐t❛❞❛✳ ❚❖P❆❙ ✺✵✶✸ ♣♦ss✐❜✐❧✐t❛ ✉♠❛ ♠❡❧❤♦r ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s ❡ ♦✉tr❛s

♠♦❧é❝✉❧❛s ✭✈ír✉s ❡ ❜❛❝tér✐❛s✱ ♣♦r ❡①❡♠♣❧♦✮ ❞♦ q✉❡ ❛ ❞❡ ♦✉tr♦s ♣♦❧í♠❡r♦s✳

❊st❡ ❜✐♦✲s❡♥s♦r ♣♦❞❡ ❢✉♥❝✐♦♥❛r t❛♥t♦ ❝♦♠ ♦ ❲■▼ ❝♦♠♦ ❝♦♠ ♦ ❆■▼✱ ♠❛s ♣❛r❛ ♦ ú❧t✐♠♦

❧❡♥t❡s ❝✐❧í♥❞r✐❝❛s ❡①t❡r♥❛s ❞❡✈❡♠ s❡r ❛❝r❡s❝❡♥t❛❞❛s✳

❆ s♦❧✉çã♦ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❜✉s❝❛❞❛ ❞❡✈❡ s❡r ❣❡♥ér✐❝❛✱ ❜❛s❡❛❞❛ ♥❛

❝✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘ ❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ❜✐♦✲❝❤✐♣ ♦✉ ❞❛ ❛rq✉✐t❡t✉r❛ ❞❡

✐♥str✉♠❡♥t❛çã♦ ✉t✐❧✐③❛❞♦s✳ ◗✉❛❧q✉❡r ✉♠ ❞♦s ❜✐♦✲s❡♥s♦r❡s ❞♦ ▲❇■❖ ❞❛ ❯❋❈● s❡r✈✐r✐❛ ♣❛r❛

❛❞q✉✐r✐r ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛♥á❧✐s❡ ❞✉r❛♥t❡ ♦ tr❛❜❛❧❤♦✳ P♦rt❛♥t♦✱ ❜❛s❡❛❞♦ ♥♦ ❝r✐tér✐♦

❞❡ ❝✉st♦✱ s✐♠♣❧✐❝✐❞❛❞❡ ❞❡ ✉s♦ ❡ ❝♦♥✈❡♥✐ê♥❝✐❛ ❞♦ ❧❛❜♦r❛tór✐♦✱ ♦ ❜✐♦✲s❡♥s♦r ❙P❘❊❊❚❆ ❢♦✐

❡s❝♦❧❤✐❞♦ ❝♦♠♦ ❜❛s❡ ❞❛ ♣❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧✱ ✈❡r ❋✐❣✉r❛ ✹✳✹✳

❯♠❛ ❜♦♠❜❛ tr❛♥s♣♦rt❛ ♦ ❧íq✉✐❞♦ ❛♠♦str❛ ♣❛r❛ ❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❛ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❝♦♥s✲

t❛t❡✳ ◆❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❛ ❛♠♦str❛ ❡♥tr❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ ❝❛♠❛❞❛ ❞❡ ♦✉r♦ ✈❛r✐❛♥❞♦ ❛

❝✉r✈❛ ❙P❘ ❞♦ ❜✐♦✲s❡♥s♦r✱ ❡st❛ ❝✉r✈❛ ♣❡ ❝♦♥✈❡rt✐❞❛ ❡♠ ❞✐❣✐t❛❧ ❡ ♣r♦❝❡ss❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r

❛s ❣r❛♥❞❡③❛s ❞❡ ✐♥t❡r❡ss❡✳

✹✳✶ ❖ ❙P❘❊❊❚❆

❊♠ ✶✾✾✻ ❛ ❚❡①❛s ■♥str✉♠❡♥ts ✭❚■✮ ✐♥✐❝✐♦✉ ❛ ♣r♦❞✉çã♦ ❡ ❝♦♠❡r❝✐❛❧✐③❛çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❜✐♦✲

s❡♥s♦r✐❛♠❡♥t♦ ❙P❘ ❝♦♠ ✉♠ ❞♦s ♠❡♥♦r❡s ❝✉st♦s ❞❡ ♠❡r❝❛❞♦✳ ❖ ❙P❘❊❊❚❆❚▼❊✈❛❧✉❛t✐♦♥ ❑✐t
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❋✐❣✉r❛ ✹✳✹✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❛ ♣❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧✳

❝♦♥s✐st❡ ❡♠ ✉♠ ❦✐t ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❜❛s❡❛❞♦ ♥♦ ❜✐♦✲❝❤✐♣ ❙P❘❊❊❚❆✱ ❡♠ ✉♠❛ ú♥✐❝❛ ♣❡ç❛

❞❡ 3cm×0, 7cm×1.5cm ❡stã♦ ❡♥❝❛♣s✉❧❛❞♦s ❢♦♥t❡ ❞❡ ❧✉③❀ ❡sq✉❡♠❛ ♣♦❧❛r✐③❛çã♦✱ ❞✐r❡❝✐♦♥❛♠❡♥t♦

❡ r❡✢❡①ã♦ ❞❛ ❧✉③❀ ❜✐♦✲❝❤✐♣ ❙P❘❊❊❚❆✱ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ❛rr❛♥❥♦ ❞❡ ❢♦t♦❞✐♦❞♦s ♣❛r❛

❝❛♣t❛çã♦ ❞❛ ❧✉③✳ ❊ss❡ s✐st❡♠❛✱ ❝♦♥t✉❞♦✱ só ❢✉♥❝✐♦♥❛ q✉❛♥❞♦ ❝♦rr❡t❛♠❡♥t❡ ❛❝✐♦♥❛❞♦ ♣♦r

✉♠ ❝♦♥tr♦❧❡ ❡①t❡r♥♦ ♣❛r❛ ❣❡r❛r ♦s s✐♥❛✐s ❛❞❡q✉❛❞♦s ❛♦ s❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦✳ ❯♠ ♠ó❞✉❧♦ ❞❡

♣r♦❝❡ss❛♠❡♥t♦ t❛♠❜é♠ é ♥❡❝❡ssár✐♦ ♣❛r❛ ❝❛♣t✉r❛ ❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ r❡s♣♦st❛✳

❖ ❦✐t ❞❛ ❚■ ❛✐♥❞❛ t❡♠ ✉♠ ♠ó❞✉❧♦ ❞❡ ❝♦♥tr♦❧❡ ❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s q✉❡ s❡ ❝♦♠✉♥✐❝❛

❝♦♠ ✉♠ ❝♦♠♣✉t❛❞♦r ❛tr❛✈és ❞❛ ♣♦rt❛ s❡r✐❛❧ ♣❛r❛ q✉❡ ♦ s♦❢t✇❛r❡ ❙P❘❊❊❚❆✺ ♣♦ss❛ ❝♦❧❡t❛r✱

♣r♦❝❡ss❛r ❡ ❛♣r❡s❡♥t❛r ♦s ❞❛❞♦s ❙P❘✳ ❈♦♥t✉❞♦ ❡ss❡ s♦❢t✇❛r❡ é ❛♥t✐❣♦ ❡ ❧✐♠✐t❛❞♦ ❡♠ ❛♣❧✐❝❛çã♦✱

❛❧é♠ ❞❡ s✉❜✉t✐❧✐③❛r ♦s r❡❝✉rs♦s ❞❛ ♠áq✉✐♥❛ ♣♦r ♣r❡❝✐s❛r ❞♦ ▼✐❝r♦s♦❢t ❲✐♥❞♦✇s ✾✽ ♣❛r❛

❝♦rr❡t♦ ❢✉♥❝✐♦♥❛♠❡♥t♦✳

P♦r ✐ss♦ ♦s ♠ó❞✉❧♦s ❞❡ ❝♦♥tr♦❧❡✱ ❛q✉✐s✐çã♦ ❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❞❛❞♦s ♣r❡❝✐s❛r❛♠ s❡r

r❡❢❡✐t♦s ♣❛r❛ ♠❡❧❤♦r ❛♣r♦✈❡✐t❛r ❛ t❡❝♥♦❧♦❣✐❛✱ ✈❡r ❋✐❣✉r❛ ✹✳✺✳ ◆❡st❡ ❝❛♣ít✉❧♦ ♦ s✐st❡♠❛ ❞❡

❛q✉✐s✐çã♦ ❝♦♠♦ ♦ t♦❞♦ s❡rá ❛♣r❡s❡♥t❛❞♦✳

❖ ❙P❘❊❊❚❆ ❢♦✐ ♣r♦❥❡t❛❞♦ ♣❛r❛ ♠❡❞✐çã♦ q✉❛♥t✐t❛t✐✈❛ ❡ ❡♠ t❡♠♣♦ r❡❛❧ ❞❡ ✐♥t❡r❛çõ❡s

❜✐♦♠♦❧❡❝✉❧❛r❡s ❛tr❛✈és ❞♦ ♠ét♦❞♦ ❙P❘ ♥♦ ♠♦❞♦ ❆■▼✳ ❖ ❡q✉✐♣❛♠❡♥t♦ ♣♦ss✉✐ três ❝❛♥❛✐s

❝♦♠ ✉♠❛ ❢❛✐①❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡ 1, 320 ❛ 1, 368RIU ❛ ✉♠❛ r❡s♦❧✉çã♦ ❞❡ 5 × 10−6RIU ✱

❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ❞❡ 5 ❛ 2000kHz ❡ r❡s♦❧✉çã♦ ❞❡ 128pixels ✭❙P❘❊❊❚❆✱ ✷✵✵✵✮✳

❯♠ ❛rr❛♥❥♦ ❞❡ ✶✷✽ ❢♦t♦❞✐♦❞♦s ❞❡ r❡❣✐ã♦ s❡♥sí✈❡❧ ❞❡ 63, 5µm× 55, 5µm ❡s♣❛ç❛❞❛s ❛ 8µm

✭❞✐stâ♥❝✐❛ ❝❡♥tr♦✲❛✲❝❡♥tr♦✿ 53, 5µm✮ ❝❛♣t✉r❛ ♦ s✐♥❛❧ ❧✉♠✐♥♦s♦ r❡✢❡t✐❞♦ ♣❡❧♦ ❝♦♠♣❧❡①♦ ❞❡



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✹✺

❋✐❣✉r❛ ✹✳✺✿ ❉✐❛❣r❛♠❛ ❞♦ s✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳

❝❛♠❛❞❛s ❛♠♦str❛♥❞♦ ❡♠ ✶✷✽ ♣✐①❡❧s ❞❡ ✈❛❧♦r Xi ✭i ∈ [1, N ]✮✱ ♣❛r❛ ♦ ♠ó❞✉❧♦ ❙P❘❊❊❚❆

✉t✐❧✐③❛❞♦ N = 128✳ ❯♠ tr❛t❛♠❡♥t♦ ❞❡ ❞❛❞♦s ♦❜t✐❞♦s ❞♦ ❙P❘❊❊❚❆✺✱ s♦❢t✇❛r❡ ♣❡rt❡♥❝❡♥t❡

❛♦ ❙P❘❊❊❚❆❚▼❊✈❛❧✉❛t✐♦♥ ❑✐t✱ r❡s✉❧t❛ ♥❛ r❡❧❛çã♦ ♣✐①❡❧✲â♥❣✉❧♦ ❞❛❞❛ ♣♦r ✭✹✳✶✮✳

θi = 3, 1522× 10−5i2 − 0, 0661i+ 73, 4533 i = 1, ..., N ✭✹✳✶✮

❖ ❞❛❞♦ r❡s♣♦st❛ ❡s♣❡r❛❞♦ ❞♦ ❙P❘❊❊❚❆ ❝♦♥s✐st❡ ❡♠ N ♣❛r❡s [θi, Xi]✳ ❆ r❡❧❛çã♦ ♣✐①❡❧✲

â♥❣✉❧♦ ❡stá ❡①♣❧✐❝✐t❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✻✳

❋✐❣✉r❛ ✹✳✻✿ ❊sq✉❡♠❛ ❞♦ ❙P❘❊❊❚❆ ❝♦♠ s❡✉s ❝♦♠♣♦♥❡♥t❡s✳ ✶ ✲ ▲❊❉❀ ✷ ✲ P♦❧❛r✐✲
③❛❞♦r❀ ✸ ✲ ❈é❧✉❧❛ ❞❡ ❋❧✉①♦❀ ✹ ✲ t❡r♠✐st♦r❀ ✺ ✲ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧❀ ✻ ✲
❡s♣❡❧❤♦❀ ✼ ✲ ❛rr❛♥❥♦ ❞❡ ❢♦t♦❞✐♦❞♦s✳

❆♣❡s❛r ❞❡ ♣♦ss✉✐r três ❝❛♥❛✐s ♣❛r❛ ♠❡❞✐çã♦ s✐♠✉❧tâ♥❡❛ ❛♣❡♥❛s ✉♠ t❡r♠✐♥❛❧ ❞❡ s❛í❞❛



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✹✻

❞❡ ❞❛❞♦s é ❝♦♠♣❛rt✐❧❤❛❞♦ ♣❡❧♦s ❞✐❢❡r❡♥t❡s ❝❛♥❛✐s✱ ✐♠♣❧✐❝❛♥❞♦ ❡♠ ✉♠❛ r❡❞✉çã♦ ♥❛ t❛①❛ ❞❡

❛♠♦str❛❣❡♠ s❡ ♥ã♦ ❤♦✉✈❡r ❛✉♠❡♥t♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ❛♦ ✉t✐❧✐③❛r ♠❛✐s ❞❡ ✉♠ ❝❛♥❛❧✳

❯♠ ♣r♦❝❡ss♦ r✉❞✐♠❡♥t❛r ❞❡ ♣✐♣❡❧✐♥❡ é ♦ q✉❡ ♣❡r♠✐t❡ ❛♣❡♥❛s ✉♠ t❡r♠✐♥❛❧ ❞❡ s❛í❞❛ s❡r✐❛❧

❞❡ ❞❛❞♦s ♣♦r ♣❛rt❡ ❞♦ ❙P❘❊❊❚❆✳ P❛r❛ ✐ss♦ ✉♠ r❡❧ó❣✐♦ ✭❝❧♦❝❦✮ s✐♥❝r♦♥✐③❛ ♦ s✐st❡♠❛ ❡ s✐♥❛✐s

❞❡ ✐♥í❝✐♦ ✭st❛rt✮ ❡ ✜♠ ✭st♦♣✮ ❝♦♥tr♦❧❛♠ ✉♠ ❝✐❝❧♦ ❞❡ ♦♣❡r❛çã♦✳ ❖s s✐♥❛✐s ❞❡ st❛rt ❡ st♦♣ sã♦

❡♠✐t✐❞♦s q✉❛♥❞♦ ♦ t❡r♠✐♥❛❧ ❞❡ ❡♥tr❛❞❛ SI é ♠❛♥t✐❞♦ ❡♠ ♥í✈❡❧ ❛❧t♦ ❞✉r❛♥t❡ ✉♠ ♣✉❧s♦ ❞❡

❝❧♦❝❦✳

❉✉r❛♥t❡ ✉♠ ❝✐❝❧♦ ❞❡ ♦♣❡r❛çã♦ ♦ ❛rr❛♥❥♦ ❢♦t♦❞❡t❡❝t♦r ❝♦♥✈❡rt❡ ♦ s✐♥❛❧ ❧✉♠✐♥♦s♦ ❡♠ s✐♥❛❧

❡❧étr✐❝♦✱ ✉♠ ❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✲❞✐❣✐t❛❧ ✭❈❆❉✮ ❞❡ 8bits ❝♦♥✈❡rt❡ ❡ss❡ s✐♥❛❧ ♣❛r❛ ✉♠ r❡❣✐str❛✲

❞♦r ❞❡ ❞❡s❧♦❝❛♠❡♥t♦✳ ◆♦ ❝✐❝❧♦ ❞❡ ♦♣❡r❛çã♦ s❡❣✉✐♥t❡ ♦ r❡❣✐str❛❞♦r ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ❢♦r♥❡❝❡

✉♠ s✐♥❛❧ ❛♥❛❧ó❣✐❝♦ r❡❢❡r❡♥t❡ à ❧✉③ ❝❛♣t❛❞❛ ♣♦r ❝❛❞❛ ♣✐①❡❧✱ s❡♥❞♦ ❛ ❞✉r❛çã♦ ❞❡ss❡s s✐♥❛✐s

♥♦ t❡r♠✐♥❛❧ ❞❡ s❛í❞❛ ❡q✉✐✈❛❧❡♥t❡ ❛♦ ♣❡rí♦❞♦ ❞❡ ✉♠ ♣✉❧s♦✳ ❆♦ ✜♠ ❞❡ ✶✷✽ ♣✉❧s♦s t♦❞♦s ♦s

♣✐①❡❧s ❢♦r❛♠ ❡♥✈✐❛❞♦s ❛♦ ♠ó❞✉❧♦ ❞❡ ❛q✉✐s✐çã♦ ❡ ♥♦ ✶✷✾♦ ♣✉❧s♦ ♦ r❡❣✐str❛❞♦r ❣r❛✈❛ ♦s ✈❛❧♦r❡s

♠❡❞✐❞♦s ♥♦ ❝✐❝❧♦ ❛t✉❛❧✳

❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❙P❘❊❊❚❆ é ❞✐✈✐❞✐❞♦✱ t❡♠♣♦r❛❧♠❡♥t❡✱ ❡♠ ❞♦✐s ❝✐❝❧♦s✿ ♦ ❝✐❝❧♦ ❞❡

r❡s❡t ❡ ♦ ❝✐❝❧♦ ❞❡ ♠❡❞✐çã♦✳ ❖s ✶✽ ♣r✐♠❡✐r♦s ♣✉❧s♦s ❞♦ ❝❧♦❝❦ ❛♣ós ♦ s✐♥❛❧ ❞❡ st❛rt ❢♦r♠❛♠

♦ ❝✐❝❧♦ ❞❡ r❡s❡t✱ ♥❡st❡ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ♦s ▲❊❉s ❞❡✈❡♠ ♣❡r♠❛♥❡❝❡r ❞❡s❧✐❣❛❞♦s ♣❛r❛ q✉❡

♦s ❢♦t♦❞❡t❡❝t♦r❡s s❡❥❛♠ ③❡r❛❞♦s✱ ❡✈✐t❛♥❞♦ q✉❡ r❡sq✉í❝✐♦s ❞❛ ♠❡❞✐çã♦ ❛♥t❡r✐♦r ✐♥✢✉❡♥❝✐❡♠ ♥❛

❛t✉❛❧✳ ❖ ❝✐❝❧♦ ❞❡ ♠❡❞✐çã♦ é ✐♥✐❝✐❛❞♦ ♥♦ ♣✉❧s♦ ❞❡ ❝❧♦❝❦ s❡❣✉✐♥t❡ ❛♦ ✜♠ ❞♦ r❡s❡t✱ ❝♦♠ ✉♠

♠í♥✐♠♦ ❞❡ ✶✶✶ ♣✉❧s♦s✱ t❡♠♣♦ ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ t♦❞♦s ♦s ❞❛❞♦s ❞❛ ♠❡❞✐çã♦ ❛♥t❡r✐♦r s❡❥❛♠

❡♥✈✐❛❞♦s✱ ❡ss❡ ❝✐❝❧♦ ❞✉r❛ ❛té q✉❡ ♦ s✐♥❛❧ ❞❡ st♦♣ ❛❝♦♥t❡ç❛✳ ❉✉r❛♥t❡ ♦ ❝✐❝❧♦ ❞❡ ♠❡❞✐çã♦ ♦ s✐♥❛❧

❞♦ ▲❊❉ ❞❡✈❡ s❡r ❝♦♥tr♦❧❛❞♦ ♣❛r❛ ❢♦r♥❡❝❡r ❛ ♣♦tê♥❝✐❛ ❞❡ ❡①❝✐t❛çã♦✳

❖ ❢❡♥ô♠❡♥♦ ❙P❘ ❡♠ ❝❛❞❛ ❝❛♥❛❧ é ❡①❝✐t❛❞♦ ♣♦r ✉♠ ▲❊❉ ❞✐❢❡r❡♥t❡✱ ♣♦ré♠ t♦❞♦s tê♠ ♦

❛♥♦❞♦ ❡♠ ❝♦♠✉♠✱ ❞❡ ❢♦r♠❛ q✉❡ ♣❛r❛ ✉♠❛ ❡①❝✐t❛çã♦ ❞✐❢❡r❡♥t❡ ❞❛ ❝❛❞❛ ❝❛♥❛❧ ❛♣❡♥❛s ♦ s✐♥❛❧

❞❡ ❝♦♥tr♦❧❡ ❡♥✈✐❛❞♦ ❛♦ ❝❛t♦❞♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦✳ ❖ ❝♦♥tr♦❧❡ ❢♦r♥❡❝✐❞♦ ❛ ❝❛❞❛ ▲❊❉ é ❞♦

t✐♣♦ ♦♥✴♦✛✱ ❞❡ ❢♦r♠❛ q✉❡ ♣❛r❛ ❞❡✜♥✐r ❛ ♣♦tê♥❝✐❛ ❞❡ ❡①❝✐t❛çã♦ ✉♠❛ ❛❧t❡r♥â♥❝✐❛ ❞❡ ❡st❛❞♦s

❧✐❣❛❞♦✴❞❡s❧✐❣❛❞♦ ❢♦r♠❛♥❞♦ ✉♠❛ ♦♥❞❛ ♠♦❞✉❧❛çã♦ ♣♦r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣✉❧s♦ ✭P✉❧s❡ ❲✐❞t❤

▼♦❞✉❧❛t✐♦♥ ✲ P❲▼✮✳

P❛r❛ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞♦s s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❡ s❛í❞❛ ❞♦ ❙P❘❊❊❚❆ ✈❡r ❞✐❛❣r❛♠❛ ❞❡

t❡♠♣♦ ♥❛ ❋✐❣✉r❛ ✹✳✼✳

❖ ❙P❘❊❊❚❆ ♣♦ss✉✐ t❛♠❜é♠ ✉♠❛ ♠❡♠ór✐❛ 4KI2CEEPROM ✳ ■♥✐❝✐❛❧♠❡♥t❡ ❣r❛✈❛❞❛

❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❞❡ ❢á❜r✐❝❛ ❡st❛ ♠❡♠ór✐❛ ♣♦❞❡ s❡r ❧✐❞❛ ♦✉ r❡❡s❝r✐t❛ ♣❡❧♦



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✹✼

❋✐❣✉r❛ ✹✳✼✿ ❉✐❛❣r❛♠❛ ❞❡ t❡♠♣♦ ❞♦s s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❡ s❛í❞❛ ❞♦ ❙P❘❊❊❚❆✳

✉s✉ár✐♦ ❝♦♠ ✉♠❛ ♥♦✈❛ ❝❛❧✐❜r❛çã♦ ❛tr❛✈és ❞❡ ✉♠ ❜❛rr❛♠❡♥t♦ ❞✉♣❧♦ ❜✐✲❞✐r❡❝✐♦♥❛❧✳ ❯♠❛ ❜♦r❞❛

❞❡ ❞❡s❝✐❞❛ ♥❛ ✈✐❛ ❞❡ ❞❛❞♦s ❞✉r❛♥t❡ ✉♠ ♥í✈❡❧ ❛❧t♦ ❞♦ r❡❧ó❣✐♦ s✐♥❛❧✐③❛ ♦ ✐♥í❝✐♦ ❞❡ ✉♠❛ ♦♣❡r❛çã♦

❞❡ ❡s❝r✐t❛✴❧❡✐t✉r❛ ❡ ✉♠❛ ❜♦r❞❛ ❞❡ s✉❜✐❞❛ ❞✉r❛♥t❡ ♦ ♠❡s♠♦ s❡♠✐✲♣❡rí♦❞♦ ❞♦ r❡❧ó❣✐♦ s✐♥❛❧✐③❛

♦ ✜♠ ❞❡st❛ ♦♣❡r❛çã♦✳ ❖ ❞❛❞♦s ❡♥✈✐❛❞♦ ❞✉r❛♥t❡ ❛ ❝♦♠✉♥✐❝❛çã♦ ❝♦♥té♠ ❛ ✐♥❢♦r♠❛çã♦ ❞❡

❡s❝r✐t❛✴❧❡✐t✉r❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♣r♦t♦❝♦❧♦ I2C ✭■♥t❡r✲■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t✮✳ ❆ tr❛♥s❢❡rê♥❝✐❛

❞❡ ❞❛❞♦s é ✐❧✐♠✐t❛❞❛✱ ❝♦♥t✉❞♦ ❛♣❡♥❛s ♦s ú❧t✐♠♦s 16bits sã♦ ❛r♠❛③❡♥❛❞♦s ❞❡ ♠❛♥❡✐r❛ ❋■❋❖

✭❋✐rst✲✐♥✲❋✐rst✲♦✉t✮✳

❍♦❥❡ ♦ ❡q✉✐♣❛♠❡♥t♦ é ❢❛❜r✐❝❛❞❛ ♣❡❧❛ ❡♠♣r❡s❛ ❙❡♥s❛t❛ ❡♠ ❞✐❢❡r❡♥t❡s ♠♦❞❡❧♦s✱ ❞❡ ❢♦r♠❛

q✉❡ ✐♥❢♦r♠❛çõ❡s ❞♦ ❞✐s♣♦s✐t✐✈♦ ❞❡ três ❝❛♥❛✐s ❢❛❜r✐❝❛❞♦ ♣❡❧❛ ❚■ ♥ã♦ ❢♦r❛♠ ❡♥❝♦♥tr❛❞❛s✳

❈♦♠ ❜❛s❡ ❡♠ ❞❛t❛s❤❡❡ts ❞❡ ♠♦❞❡❧♦s s✐♠✐❧❛r❡s ❡ ✐♥❢♦r♠❛çõ❡s ❞❡ ❛♥❛✐s ❡ ❛rt✐❣♦s ♦ ❞✐❛❣r❛♠❛

❞❡ ❜❧♦❝♦s ❞❡ ✉♠ ♠♦❞❡❧♦ ❞❡ ✉♠ ❝❛♥❛❧ ❢♦✐ ❛❥✉st❛❞♦ ♣❛r❛ ♦ ❙P❘❊❊❚❆ ✉t✐❧✐③❛❞♦✱ ✈❡r ❋✐❣✉r❛

✹✳✽❜✳

✹✳✷ ❖ ▼ó❞✉❧♦ ❞❡ ❝♦♥tr♦❧❡

❆ ❣❡r❛çã♦ ❞♦s s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❞♦ ❙P❘❊❊❚❆ é r❡❛❧✐③❛❞❛ ♣♦r ✉♠ ❤❛r❞✇❛r❡ r❡❝♦♥✜❣✉rá✈❡❧

✭❖❧✐✈❡✐r❛✱ ●r✐❧♦✱ ▲✐♠❛ ❡ ▼❡❧❝❤❡r✱ ✷✵✶✶✮✿ ✉♠ ❆rr❛♥❥♦ ❞❡ P♦rt❛s Pr♦❣r❛♠á✈❡❧ ❡♠ ❈❛♠♣♦

✭❋P●❆ ✲❋✐❡❧❞ Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛②✮✳ ❊ss❡ ❡q✉✐♣❛♠❡♥t♦ ♣♦ss✐❜✐❧✐t❛ ✉♠ ❞❡s❡♥✈♦❧✈✐✲

♠❡♥t♦ rá♣✐❞♦ ❡ ❞❡ ❢á❝✐❧ ♠♦❞✐✜❝❛çã♦ ❝♦♠ ✉♠ t❡♠♣♦ ❞❡ r❡s♣♦st❛ ❛ ♥í✈❡❧ ❞❡ ❤❛r❞✇❛r❡✳ P❛r❛

✐ss♦ ❢♦✐ ❡s❝♦❧❤✐❞♦ ♦ ❋P●❆ ❆❧t❡r❛ ❈②❝❧♦♥❡r ■■ ✷❈✸✺ ✉t✐❧✐③❛♥❞♦ ♦ ❦✐t ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✹✽

❋✐❣✉r❛ ✹✳✽✿ ✭❛✮ ❊str✉t✉r❛ ❢ís✐❝❛ ❞♦ ❙P❘❊❊❚❆ ❡ ✭❜✮ ❉✐❛❣r❛♠❛ ❞❡ ❇❧♦❝♦s✳

❆❧t❡r❛r ❉❊✷✳

❖ ❝♦♥tr♦❧❛❞♦r✱ ❞❡s❝r✐t♦ ❡♠ ❤❛r❞✇❛r❡✱ ❣❡r❛ t♦❞♦s ♦s s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❣❛r❛♥t✐♥❞♦ q✉❡

♦❝♦rr❛♠ ❝♦♥❞✐çõ❡s ✐♥✈á❧✐❞❛s✱ ❝♦♠♦ ♦ ♣✉❧s♦ ❞❡ st❛rt ♦✉ st♦♣ ❞✉r❛r ♠❛✐s q✉❡ ✉♠ ♣✉❧s♦ ❞❡

❝❧♦❝❦ ♦✉ ♦ ❝✐❝❧♦ ❞❡ ♦♣❡r❛çã♦ ❞✉r❛r ♠❡♥♦s q✉❡ ✶✷✾ ♣✉❧s♦s ❞❡ ❝❧♦❝❦✳

❊ss❡ ♠ó❞✉❧♦ t❛♠❜é♠ ❞❡✜♥❡ ❛ ♣♦tê♥❝✐❛ ❧✉♠✐♥♦s❛ ❞♦ ▲❊❉ ❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ❞♦

❡q✉✐♣❛♠❡♥t♦✳ ❯♠ ❡q✉✐❧í❜r✐♦ ❞❡✈❡ s❡r ❡♥❝♦♥tr❛❞♦ ❛♦ ❞❡✜♥✐r ❡ss❛ ❢r❡q✉ê♥❝✐❛✱ ♣♦✐s ❡❧❛ t❛♠❜é♠

❞❡t❡r♠✐♥❛ ♦ t❡♠♣♦ ❞❡ ❡①♣♦s✐çã♦ ❞♦ ❡❧❡♠❡♥t♦ ❢♦t♦❞❡t❡❝t♦r ✭✉♠❛ ❝â♠❡r❛ ❈❈❉✮ à ❧✉③✳ ❯♠❛

❛❧t❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❧♦❝❦ ✐♠♣❧✐❝❛ ❡♠ ♣♦✉❝❛ ❡①♣♦s✐çã♦ ❞♦s ❢♦t♦❞❡t❡❝t♦r❡s à ❧✉③✱ s❡♥❞♦ ♥❡❝❡ssár✐♦

♠❛✐♦r ♣♦tê♥❝✐❛ ❢♦r♥❡❝✐❞❛ ♣❡❧❛ ❢♦♥t❡ ❞❡ ❧✉③✳ P❛r❛ r❡❞✉③✐r ❛ ♣♦tê♥❝✐❛ ❢♦r♥❡❝✐❞❛ ❛♦ ▲❊❉ é

♥❡❝❡ssár✐♦ ❛✉♠❡♥t❛r ♦ t❡♠♣♦ ❞❡ ❡①♣♦s✐çã♦ ❞♦s ❢♦t♦❞✐♦❞♦s à ❧✉③✱ ❞✐♠✐♥✉✐♥❞♦ ❛ ❢r❡q✉ê♥❝✐❛✳ ❆

❢r❡q✉ê♥❝✐❛ ót✐♠❛ é ❛ q✉❡ ♠❛①✐♠✐③❛ ❛ r❡s♣♦st❛ ❞♦s ❢♦t♦❞❡t❡❝t♦r❡s s❡♠ ♦s s❛t✉r❛r✳

❖ ❡q✉✐❧í❜r✐♦ ❡♥tr❡ ♣♦tê♥❝✐❛ ❡ ❢r❡q✉ê♥❝✐❛ r❡❝♦♠❡♥❞❛❞♦ ♣❡❧♦ ❢❛❜r✐❝❛♥t❡ é ❛t✐♥❣✐❞♦ q✉❛♥❞♦

❛ t❡♥sã♦ ♠é❞✐❛ ❞❡ r❡s♣♦st❛ ❞♦s ✶✷✽ ❢♦t♦❞✐♦❞♦s é ❞❡ 2, 5V ✱ ❛ ✉♠ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ ▲❊❉

❞❡ 1, 7V ❡ 20mA✳ P❛r❛ ✉♠❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❞❡ 3, 3V ❞❛ ❆❧t❡r❛r ❉❊✷✱ ♦ ❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦

❞♦ ▲❊❉ ❞❡✈❡ s❡r ❛❥✉st❛❞♦ ♣❛r❛ 51%✳

P❛r❛ ✉♠❛ ♠❛✐♦r t❛①❛ ❞❡ ❛♠♦str❛❣❡♠ ❞❡ ❝✉r✈❛s ❙P❘ ❛ ❝✐❝❧♦ ♠í♥✐♠♦ ❞❡ ♦♣❡r❛çã♦ ❢♦✐

❡s❝♦❧❤✐❞♦✿ ✶✷✾ ♣✉❧s♦s ❞❡ ❝❧♦❝❦✳ ❖ q✉❡ ✐♠♣❧✐❝❛ q✉❡ ♦ ▲❊❉ ❞❡✈❡ ♣❡r♠❛♥❡❝❡r ❞❡s❧✐❣❛❞♦ ❡♠ ✹✺

♣✉❧s♦s ❞❡ ❝❧♦❝❦ ❛♣ós ♦ ❝✐❝❧♦ ❞❡ r❡s❡t✳ ◆❡ss❛s ❝♦♥❞✐çõ❡s ❛ t❡♥sã♦ ♠é❞✐❛ ❞❡ s❛í❞❛ ❞❡s❡❥❛❞❛

❧✐♠✐t❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ❡♠ 8, 33kHz ♦ q✉❡ ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ❝✉r✈❛ ❙P❘ ❛ ❝❛❞❛ ✶✺✱✹✽



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✹✾

♠✐❧✐s❡❣✉♥❞♦s✳

❊st❡s ❛❥✉st❡s r❡s✉❧t❛r❛♠ ❡♠ ✉♠❛ ♠❛✐♦r q✉❛❧✐❞❛❞❡ ❞❛ ❝✉r✈❛ ❝❛♣t✉r❛❞❛✳ ❈♦♠ ♠❡♥♦r ♥í✈❡❧

❞❡ r✉í❞♦ ❡ ♠❛✐♦r ♣r♦①✐♠✐❞❛❞❡ ❝♦♠ ❛ ❝✉r✈❛ t❡ór✐❝❛✳ ❊ss❛s ♠❡❧❤♦r✐❛s sã♦ ♣❡r❝❡♣tí✈❡✐s ✐♥❝❧✉s✐✈❡

✈✐s✉❛❧♠❡♥t❡✳

✹✳✸ ❖ ▼ó❞✉❧♦ ❞❡ ❛q✉✐s✐çã♦ ❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❞❛❞♦s

P❛r❛ r❡❝❡❜❡r ❞❛❞♦s ❞♦ ❙P❘❊❊❚❆ ✉♠ ❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✲❞✐❣✐t❛❧ ✭❈❆❉✮ ❞❡✈❡ s❡r ❝❛♣❛③ ❞❡

❝♦♥✈❡rt❡r ❞❛❞♦s ❞❡ 2, 5V ♣❛r❛ 16bits q✉❡ ❞✉r❛♠ 0, 12seg✳ ❊ss❛ r❡s♦❧✉çã♦ ❢♦✐ ❡s❝♦❧❤✐❞❛ ♣❛r❛

r❡❞✉③✐r ♦ r✉í❞♦ ✐♥trí♥s❡❝♦ ❛♦ ❞❡s✐❣♥ ❞♦ s❡♥s♦r✳ ❖ ❞✐s♣♦s✐t✐✈♦ ❞✐s♣♦♥í✈❡❧ ♥♦ ❧❛❜♦r❛tór✐♦ q✉❡

❛t❡♥❞❡ ❛ ❡st❛s ❡s♣❡❝✐✜❝❛çõ❡s é ♦ ◆■ ❯❙❇✲✻✷✶✵ ❞❛ ◆❛t✐♦♥❛❧ ■♥str✉♠❡♥ts✱ ❈❆❉ ❞❡ 16bits ❝♦♠

❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛té 250k ❛♠♦str❛s ♣♦r s❡❣✉♥❞♦✳

❖ ❈❆❉ ❡s❝♦❧❤✐❞♦ ♣♦ss✉✐ ✉♠❛ s❛í❞❛ ❯❙❇ ❡ ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ❣❡r❡♥❝✐❛❞♦ ♥♦ s♦❢t✇❛r❡

▲❛❜❱✐❡✇ ❞❛ ♠❡s♠❛ ❡♠♣r❡s❛✳ ❆❧é♠ ❞❡ s❡r ❞❡ ❢á❝✐❧ ♠❛♥✉s❡✐♦ ❛ ❛♣❧✐❝❛çã♦ ❡♠ ▲❛❜❱✐❡✇ ♣♦❞❡

❣❡r❛❞❛ ♣❛r❛ ✉♠ s✐st❡♠❛ ❡♠❜❛r❝❛❞♦ ❞❡ ♠❡♥♦r ♣r♦❝❡ss❛♠❡♥t♦✳

❖ ♣r♦❣r❛♠❛ ✭❋✐❣✉r❛ ✹✳✾✮ ❝r✐❛❞♦ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞♦ ❡♠ três ♣❛rt❡s✿ ✭❛✮ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s❀

✭❜✮ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦❀ ❡ ✭❝✮ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ❛♣r❡s❡♥t❛çã♦✱ ✈❡r ❋✐❣✉r❛ ✹✳✾✳

❋✐❣✉r❛ ✹✳✾✿ Pr♦❣r❛♠❛ ❡♠ ▲❛❜❱✐❡✇ ❞❛ ◆■ ✭❛✮ ❆q✉✐s✐çã♦ ❞♦s ❞❛❞♦s❀ ✭❜✮ Pré✲
♣r♦❝❡ss❛♠❡♥t♦ ✭✜❧tr♦s t❡♠♣♦r❛❧ ❡ ❡s♣❛❝✐❛❧✮❀ ❡ ✭❝✮ Pr♦❝❡ss❛♠❡♥t♦ ❡ ❛♣r❡✲
s❡♥t❛çã♦ ❞♦s ❞❛❞♦s ❞♦ ❙P❘❊❊❚❆✳

❆ ♣r✐♠❡✐r❛ ♣❛rt❡ ❝♦♥s✐st❡ ❡♠ ✉♠❛ ❝♦♠✉♥✐❝❛çã♦ ❡ ❝♦♥tr♦❧❡ ❞♦ ❈❆❉ ◆■ ❯❙❇✲✻✷✶✵ ♣❛r❛

❛❥✉st❛r ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❛♠♦str❛❣❡♠ ❝♦rr❡t❛✱ ✐❞❡♥t✐✜❝❛r ♦ s✐♥❛❧ ❞❡ st❛rt ❡♥✈✐❛❞♦ ❛♦ ❙P❘❊✲



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✺✵

❊❚❆ ❡ ❛❣r✉♣❛r ♦s ❞❛❞♦s ❡♠ ❜❧♦❝♦s ❞❡ 129 × 16bits✱ s❡♥❞♦ ♦ ú❧t✐♠♦ ❞❡s❝❛rt❛❞♦✳ ❖ ♣ré✲

♣r♦❝❡ss❛♠❡♥t♦ é ♦ tr❛t❛♠❡♥t♦ ❞♦s ❞❛❞♦s ❛té q✉❡ ❛ ❝✉r✈❛ ❙P❘ s❡❥❛ ❝❛❧❝✉❧❛❞❛✿ ❛❞q✉✐r✐r ❡

❛r♠❛③❡♥❛r ❛ ❝✉r✈❛ ❞❡ r❡❢❡rê♥❝✐❛ ✭❆r✮❀ ♠✐♥✐♠✐③❛r ♦s ❞✐❢❡r❡♥t❡s r✉í❞♦s ✭❝♦rr❡♥t❡ ❞❡ ❡s❝✉r♦✱

r✉í❞♦ t❡♠♣♦r❛❧ ❡ r✉í❞♦ ❡s♣❛❝✐❛❧✮❀ ❛♣❧✐❝❛r ✉♠❛ ❞✐✈✐sã♦ ♣✐①❡❧✲❛✲♣✐①❡❧ ❞♦ s✐♥❛❧ ♣❡❧❛ r❡❢❡rê♥❝✐❛

♣❛r❛ ♦❜t❡♥çã♦ ❞❛ ❝✉r✈❛ ❙P❘ ❡❀ ❣r❛✈❛r ❛ ❝✉r✈❛ ♣❛r❛ ♣♦st❡r✐♦r ❛♥á❧✐s❡✳ ❆ t❡r❝❡✐r❛ ♣❛rt❡ s❡❧❡❝✐✲

♦♥❛ ✉♠❛ ♣♦rçã♦ ❞♦ s✐♥❛❧ ❝❛♣t❛❞♦✱ ❛ r❡❣✐ã♦ ❡♠ t♦r♥♦ ❞♦ ♠í♥✐♠♦❀ ❛♣❧✐❝❛ ✉♠ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧

à ♣♦rçã♦ s❡❧❡❝✐♦♥❛❞❛❀ ❞❡t❡r♠✐♥❛ ♦ ♣✐①❡❧ ❡ ♦ â♥❣✉❧♦ ❡♠ q✉❡ ♦❝♦rr❡✉ ♦ ✈❛❧♦r ❞❡ ♠í♥✐♠♦❀ ❝❛❧✲

❝✉❧❛ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ r❡❢❡r❡♥t❡ ❛♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡♥❝♦♥tr❛❞♦ ❛tr❛✈és ❞❡ ✭✷✳✾✮ ❡❀

❛♣r❡s❡♥t❛ ♦s ❞❛❞♦s ❡♠ ✉♠❛ ✐♥t❡r❢❛❝❡ ❛tr❛✈és ❞❡ ✉♠ s❡♥s♦r❣r❛♠❛✱ ✈❡r ❋✐❣✉r❛ ✹✳✶✵✳

❋✐❣✉r❛ ✹✳✶✵✿ ■♥t❡r❢❛❝❡ ❞♦ ♣r♦❣r❛♠❛ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❛❞q✉✐r✐r✱ ♣r❡✲♣r♦❝❡ss❛r✱ ❛♣r❡✲
s❡♥t❛r ❡ ❣r❛✈❛r ♦s ❞❛❞♦s ❞♦ ❙P❘❊❊❚❆✳

❆ ✐♥✐❝✐❛❧✐③❛çã♦ ❞♦ s✐st❡♠❛ ❞❡✈❡ ✐♥❝❧✉✐r ✉♠❛ ❡t❛♣❛ ❞❛ ❝❛❧✐❜r❛çã♦ ♥❛ q✉❛❧ s❡rã♦ ❛❞q✉✐r✐❞❛s

❛s ❝✉r✈❛s ♣❛❞rã♦ [θi, XAR
i ] ❡ ❞❡ ❡s❝✉r♦ [θi, XCE

i ]✱ ❛ ♣r✐♠❡✐r❛ ❝♦♠ ❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ s❡❝❛ ✭❛♣❡♥❛s

❝♦♠ ❛r✮ ❡ ❛ s❡❣✉♥❞❛ ❝♦♠ ♦ ▲❊❉ ❞♦ ❝❛♥❛❧ ❛♣❛❣❛❞♦ ✭❝✐❝❧♦ ❞❡ tr❛❜❛❧❤♦ ✵✪✮✳

✹✳✹ Pr♦❝❡❞✐♠❡♥t♦s ❡①♣❡r✐♠❡♥t❛✐s

❯♠ ♣r♦❝❡❞✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ ❢♦✐ ❡❧❛❜♦r❛❞♦ ❞❡ ♠♦❞♦ ❛ ❞✐♠✐♥✉✐r ❡rr♦s ❡ ❣❛r❛♥t✐r r❡♣❡t✐❜✐✲

❧✐❞❛❞❡ ❛♦ ❡①♣❡r✐♠❡♥t♦✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ é ✐♥✐❝✐❛❞♦ ❤♦r❛s ❛♥t❡s ❞♦ ❡①♣❡r✐♠❡♥t♦ ❜✉s❝❛♥❞♦ ✉♠❛ ❞✐str✐❜✉✐çã♦ ✐s♦✲

tér♠✐❝❛ ❞♦ ❛♠❜✐❡♥t❡✱ ❡q✉✐♣❛♠❡♥t♦s ❡ s✉❜stâ♥❝✐❛s ❛♥❛❧✐s❛❞❛s✳ ❉❡③ ❤♦r❛s ❛♥t❡s ❞❡ ✐♥✐❝✐❛r ❛

❡①♣❡r✐♠❡♥t❛çã♦✱ ❞❡ ♣r❡❢❡rê♥❝✐❛ à ♥♦✐t❡ ♦✉ ❞✉r❛♥t❡ ♦ ✜♠ ❞❡ s❡♠❛♥❛ ♣❛r❛ ❡✈✐t❛r ♦ ✢✉①♦ ❞❡



P❧❛t❛❢♦r♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✺✶

♣❡ss♦❛s s❡r✈✐♥❞♦ ❝♦♠♦ ❢♦♥t❡ ❞❡ ❝❛❧♦r✱ t♦❞♦s ♦ ♠❛t❡r✐❛❧ ✉t✐❧✐③❛❞♦ é ❛❧♦❝❛❞♦ ♥❛ s❛❧❛ ❞❡ ❡①♣❡r✐✲

♠❡♥t❛çã♦ q✉❡ ✜❝❛ ❢❡❝❤❛❞❛ ❝♦♠ ♦ ❛r ❝♦♥❞✐❝✐♦♥❛❞♦r ❛ ✶✼♦❈✳ ❖ ✐♥t❡r✈❛❧♦ ❞❡ ✶✵❤ é ❝♦♥s✐❞❡r❛❞♦

❞♦ s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡ ♦ ❛♠❜✐❡♥t❡ ❡st❡❥❛ ♥❛ ♠❡s♠❛ t❡♠♣❡r❛t✉r❛✳

❯♠ ♣r♦❝❡ss♦ ❞❡ ❧✐♠♣❡③❛ ✐♥✐❝✐❛ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘✳ ❆ ❝é❧✉❧❛ ❞❡ ✢✉①♦ é ♣r❡✲

❡♥❝❤✐❞❛ ❝♦♠ á❧❝♦♦❧ ✐s♦♣r♦♣í❧✐❝♦ ✭◆♦♠❛❞✐❝s✱ ✷✵✵✹✮ q✉❡ r❡♠♦✈❡ s✉❜stâ♥❝✐❛s ❧✐❣❛❞❛s à ❝❛♠❛❞❛

❞❡ ♦✉r♦ s❡♠ ❞❛♥✐✜❝á✲❧❛✳ ♣♦r s❡r ✉♠ ✜❧♠❡ ❞❡ ♦✉r♦ ♠✉✐t♦ ✜♥♦ ✭50nm✮ q✉❛❧q✉❡r ♣r♦❞✉t♦ ❞❡

❧✐♠♣❡③❛ q✉❡ r❡♠♦✈❛ ♠♦❧é❝✉❧❛s ❞❡ ♦✉r♦ ❞❛♥✐✜❝❛ ♣❡r♠❛♥❡♥t❡♠❡♥t❡ ♦ ❡q✉✐♣❛♠❡♥t♦✳ ➪❣✉❛ ❞❡✐✲

♦♥✐③❛❞❛ ❡ ❞❡ss❛❧✐♥✐③❛❞❛ é ♣❡r♠✉t❛❞❛ ❝♦♠ á❧❝♦♦❧ ✐s♦♣r♦♣í❧✐❝♦ ❡ s✉❛ ❝✉r✈❛ é ❛♥❛❧✐s❛❞❛ ❛té q✉❡

♥ã♦ ❤❛❥❛ ✈❛r✐❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s ❛♣ós ❛♣❧✐❝❛❞♦ á❧❝♦♦❧ ❡ á❣✉❛ ♦✉tr❛ ✈❡③✳

❆♣ós s✉❛ ❧✐♠♣❡③❛ ♦ ❜✐♦✲s❡♥s♦r ❞❡✈❡ s❡r ❝❛❧✐❜r❛❞♦✳ ❆r ❛♠❜✐❡♥t❡ é ❜♦♠❜❡❛❞♦ ♥❛ ❝é❧✉❧❛

❞❡ ✢✉①♦✱ ♦ q✉❡ ♥♦♠❡✐❛✲s❡ ❞❡ ❝é❧✉❧❛ s❡❝❛✳ ❈✉r✈❛s sã♦ ❝❛♣t✉r❛❞❛s ♣❛r❛ ❛ ❝é❧✉❧❛ s❡❝❛✱ ❛ ❝✉r✈❛

♠é❞✐❛ é ❝♦♥s✐❞❡r❛❞♦ ♦ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛ [θi, X
AR
i ]✳ ❯♠ s✐♥❛❧ [θi, XCE

i ] t❛♠❜é♠ é ❝❛♣t✉r❛❞♦

❝♦♠ ❛ ❧✉③ ❡①❝✐t❛♥t❡ ❞♦ ❢❡♥ô♠❡♥♦ ❞❡s❧✐❣❛❞❛✳ ❊ss❛ é ❛ ❝✉r✈❛ ❞❡ ❝♦rr❡♥t❡ ❞❡ ❡s❝✉r♦ q✉❡ s❡rá

s✉❜tr❛í❞❛ ❞❡ ❝❛❞❛ ❝✉r✈❛ ❛♠♦str❛❞❛ [θi, X
A
i ] ♣❛r❛ ♠✐♥✐♠✐③❛r ♦ ❡❢❡✐t♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡s❝✉r♦✳ ❆

❞✐❢❡r❡♥ç❛ é ❡♥tã♦ ❞✐✈✐❞✐❞❛ ♣♦♥t♦✲❛✲♣♦♥t♦ ♣❡❧❛ ❝✉r✈❛ ❞❡ r❡❢❡rê♥❝✐❛✱ t❛♠❜é♠ ♣❛r❛ ♠✐♥✐♠✐③❛r

✐♠♣❡r❢❡✐çõ❡s ❞❡ ❛♠♦str❛❣❡♠ ✭✹✳✷✮✳

Xi =
XA

i −XCE
i

XAR
i

✭✹✳✷✮

❊♠ s❡❣✉✐❞❛ ♦ ❡①♣❡r✐♠❡♥t♦ é ✐♥✐❝✐❛❞♦✳ ❆s s✉❜stâ♥❝✐❛s ❛♥❛❧✐s❛❞❛s sã♦ ❜♦♠❜❡❛❞❛s ✉♠❛ ❛

✉♠❛ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ✐♥t❡r❝❛❧❛❞❛s ❝♦♠ á❣✉❛ ♣❛r❛ r❡♠♦✈❡r ❛s ♠♦❧é❝✉❧❛s q✉❡ ♥ã♦ ✜①❛r❛♠ ♥❛

❝❛♠❛❞❛ ❢♦r♠❛❞❛✳ ❈♦♥t✉❞♦ ❛♣❡♥❛s ✉♠❛ s♦❧✉çã♦ t❛♠♣ã♦ ❞❡ s❛❧✐♥❛ ❢♦✐ ✉t✐❧✐③❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦✳

❊st❛ s♦❧✉çã♦ t❡♠ ❢r❛❝❛ ❧✐❣❛çã♦ ❝♦♠ ♦✉r♦ ❡ ❛ á❣✉❛ ❜❛st❛ ♣❛r❛ ❧✐♠♣❛r ❛ ❝❛♠❛❞❛ ❢♦r♠❛❞❛✳

P♦r ✐st♦ ♦ ❡①♣❡r✐♠❡♥t♦ r❡❛❧✐③❛❞♦ ❝♦♠ P❇❙ ❡①✐❣❡ ✉♠❛ ♣❡r♠❛♥ê♥❝✐❛ ❞♦ ❜♦♠❜❡❛♠❡♥t♦ ❞❛

s✉❜stâ♥❝✐❛ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✳

✹✳✺ ❘❡s✉♠♦ ❞♦ ❝❛♣ít✉❧♦

❚♦❞♦ ♦ s✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❛♣r❡s❡♥t❛❞♦ ❞❡ ❢♦r♠❛ s✐♠♣❧✐✜❝❛❞❛ ♥❡st❡ ❝❛♣ít✉❧♦

❢♦✐ ♣r♦❥❡t❛❞♦ ♣❛r❛ s❡r ✢❡①í✈❡❧✳ P♦ss✐❜✐❧✐t❛♥❞♦ ❢á❝✐❧ ❛❥✉st❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞♦

✉s✉ár✐♦✳ ❆ ■♥t❡r❢❛❝❡ t❛♠❜é♠ ❢♦✐ ♣r♦❥❡t❛❞❛ ♣❛r❛ s❡r ❝❧❛r❛ ❡ ✐♥t✉✐t✐✈❛ ❛♦ ✉s✉ár✐♦✳

❖s s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❢♦r❛♠ ❛❥✉st❛❞♦s ♣❛r❛ t✐r❛r ♠❛✐♦r ♣r♦✈❡✐t♦ ❞❡ ❝❛❞❛ ❞✐s♣♦s✐t✐✈♦✳ ❊♠

♥í✈❡❧ ❞❡ ❤❛r❞✇❛r❡ ❢♦✐ ❛❥✉st❛❞♦ ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③ ✭1, 7V ❡ 20mA✮ ❡ ❛
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❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ✭8, 33kHz✮ ❞♦ ❡q✉✐♣❛♠❡♥t♦✳ ❊ss❡s ❛❥✉st❡s ❛❥✉st❛r❛♠ ❛ ♦♣❡r❛çã♦ ❞♦

❡q✉✐♣❛♠❡♥t♦ ♣❛r❛ ✉♠❛ r❡s♣♦st❛ ♠❡♥♦s r✉✐❞♦s❛ ❡ ♠❛✐s ♣ró①✐♠❛ ❞❛ ❝✉r✈❛ t❡ór✐❝❛✳

❊♠ ♥í✈❡❧ ❞❡ s♦❢t✇❛r❡ ❛s ❛❧t❡r❛çõ❡s ❡♥✈♦❧✈❡r❛♠ ✐♥❝❧✉sã♦ ❞❛ s✉❜tr❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❡s✲

❝✉r♦✱ ❞❡ ♠ét♦❞♦s ❞❡ ♠✐♥✐♠✐③❛çã♦ ❞❡ r✉í❞♦ ❡ ♦♣❡r❛çã♦ ♦♥❧✐♥❡✳ ❊ss❛s ❛❧t❡r❛çõ❡s ♣♦ss✐❜✐❧✐t❛r❛♠

♠♦♥✐t♦r❛♠❡♥t♦ ♦♥❧✐♥❡ ❞❛ r❡s♣♦st❛ ❙P❘✳

❖ s♦❢t✇❛r❡ ✐♠♣❧❡♠❡♥t❛❞♦ t❛♠❜é♠ é ✢❡①í✈❡❧ à ✐♥❝❧✉sã♦ ❞❡ ♥♦✈❛s té❝♥✐❝❛s ❞❡ ♣r♦❝❡ss❛✲

♠❡♥t♦ ❞♦ s✐♥❛❧ ❡ r❡❞✉çã♦ ❞♦ r✉í❞♦✱ ❝♦♠ ❛ r❡str✐çã♦ ❞❡ t❡♠♣♦ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✱ ❡st❡ ♥ã♦ ❞❡✈❡

❡①❝❡❞❡r ♦ ♣❡rí♦❞♦ ❞❡ ❛♠♦str❛❣❡♠ ❞♦ s✐♥❛❧✱ é ✉♠❛ ❛♣❧✐❝❛çã♦ ❡♠ t❡♠♣♦ r❡❛❧✳ ❆ss✐♠ té❝♥✐❝❛s

❛✈❛♥ç❛❞❛s ❞❡ ❛❧t❛ ❝❛r❣❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞❡✈❡♠ s❡r ❡✈✐t❛❞❛s✳

❯♠❛ ❝♦♠✉♥✐❝❛çã♦ ❞♦ s♦❢t✇❛r❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ✐♥t❡r❢❛❝❡ ❡ ♦ ♠ó❞✉❧♦ ❞❡ ❝♦♥tr♦❧❡ é ✉♠❛

s✉❣❡stã♦ ❞❡ ♠❡❧❤♦r✐❛ ♥ã♦ r❡❛❧✐③❛❞❛✳ ❊st❡ ❛❥✉st❡ ❢❛❝✐❧✐t❛ ❛ ❡t❛♣❛ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ ❜✐♦✲s❡♥s♦r✳

P♦ss✐❜✐❧✐t❛♥❞♦ ♦ ✉s✉ár✐♦ ❞❡t❡r♠✐♥❛r ❛ ♣♦tê♥❝✐❛ ❧✉♠✐♥♦s❛ ❡①❝✐t❛♥t❡ ❡ ♦ t❡♠♣♦ ❞❡ ✐♥t❡❣r❛çã♦

❞❡ ❢♦r♠❛ s✐♠♣❧❡s ♥❛ ✐♥t❡r❢❛❝❡✱ s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ r❡❝♦♥✜❣✉r❛r ♦ ❤❛r❞✇❛r❡✳
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❆ ❛❧t❛ ♣r❡❝✐sã♦ ❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘ ♣♦❞❡♠ s❡r ✉♠ ♣r♦❜❧❡♠❛ q✉❛♥❞♦ ♥❛ ♣r❡s❡♥ç❛

❞❡ r✉í❞♦✱ ♣♦✐s ✉♠❛ ✈❛r✐❛çã♦ ❝❛✉s❛❞❛ ♣❡❧♦ r✉í❞♦ ♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞❛ ❝♦♠♦ ✉♠❛ ❛❧t❡r❛çã♦

♥❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✳ ❖ r✉í❞♦ ✐♥✢✉✐ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ♦♣❡r❛çã♦ ❞❡ ❜✉s❝❛ ❞❛ ❝♦♥❞✐çã♦ ❞❡

r❡ss♦♥â♥❝✐❛✳ ❉✐❢❡r❡♥t❡s té❝♥✐❝❛s ✉t✐❧✐③❛❞❛s ♥❡st❛ ❜✉s❝❛ r❡s♣♦♥❞❡♠ ❞❡ ❢♦r♠❛ ❞✐❢❡r❡♥t❡ ❛ r✉í❞♦s

❞❡ ♠❡s♠❛ ♦r✐❣❡♠✳ P♦r ✐ss♦ ❛ ❡s❝♦❧❤❛ ❞❛ té❝♥✐❝❛ ✉t✐❧✐③❛❞❛ ♥❡st❛ ❜✉s❝❛ t❛♠❜é♠ é ✉♠ ❢❛t♦r

❞❡t❡r♠✐♥❛♥t❡ ❞❛ ♣r❡❝✐sã♦ ❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❜✐♦✲s❡♥s♦r✳

◆❡st❡ ❝❛♣ít✉❧♦ ❛s ❞✐✈❡rs❛s ❢♦♥t❡s ❞❡ ♣❡rt✉r❜❛çã♦ ❞♦ s✐st❡♠❛ s❡rã♦ ❡st✉❞❛❞❛s ✭❙❡çã♦ ✺✳✶✮

♣❛r❛ ♠❡❧❤♦r s❡❧❡❝✐♦♥❛r ❛s té❝♥✐❝❛s ❞❡ r❡❞✉çã♦ ❞❡ r✉í❞♦ ❛ s❡r❡♠ ✉t✐❧✐③❛❞❛s ✭❙❡çã♦ ✺✳✷✮ ❡ ❡♥tã♦

❞❡t❡r♠✐♥❛r ❛s té❝♥✐❝❛s ♠❛✐s ❛❞❡q✉❛❞❛s ♣❛r❛ ❜✉s❝❛ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❞❡t❡r♠✐♥❛çã♦

❞❛s ❣r❛♥❞❡③❛s ❞❡ ✐♥t❡r❡ss❡ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ♥♦ ❝❛♣ít✉❧♦ s❡❣✉✐♥t❡✳

✺✳✶ ❈❛r❛❝t❡r✐③❛çã♦ ❞❛s ❢♦♥t❡s ❞❡ r✉í❞♦

❖ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ✉t✐❧✐③❛❞♦ ♥♦ ❙♣r❡❡t❛ é ✉♠ ❛rr❛♥❥♦ ❞❡ ❢♦t♦❞✐♦❞♦s s❡❣✉✐❞♦s ♣♦r ✐♥t❡❣r❛✲

❞♦r❡s✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❛ ❋✐❣✉r❛ ✺✳✶✳ ❖ s❡♠✐❝♦♥❞✉t♦r ❞♦ ❢♦t♦❞✐♦❞♦

❛❜s♦r✈❡ ❛ ❡♥❡r❣✐❛ ❞♦ ❞♦s ❢ót♦♥s ✐♥❝✐❞❡♥t❡s✳ ❙❡ ♦ ❢ót♦♥ ❛❜s♦r✈✐❞♦ t❡♠ ❡♥❡r❣✐❛ s✉✜❝✐❡♥t❡ ✉♠

♣❛r ❡❧étr♦♥✲❧❛❝✉♥❛ é ❣❡r❛❞♦✳ ❖ ❝❛♠♣♦ ❡❧étr✐❝♦ ❣❡r❛❞♦ ♣❡❧❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ❛♦ ❞✐s♣♦s✐t✐✈♦

❣❡r❛♠ ✉♠❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❛ ♣❛rt✐r ❞♦s ❡❧étr♦♥s ❧✐✈r❡s ♥♦ ♠❛t❡r✐❛❧✳ ❊ss❛ ❝♦rr❡♥t❡ Ifd é

❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ à ♣♦tê♥❝✐❛ ❧✉♠✐♥♦s❛ ✐♥❝✐❞❡♥t❡ Pl ❞❛❞♦ ✉♠ ❢❛t♦r ❞❡ r❡s♣♦st❛ S ❞♦

❢♦t♦❞✐♦❞♦✿

Ifd = SPl, ✭✺✳✶✮

✺✸
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s❡♥❞♦ S ❜❛s❡❛❞♦ ♥❛ ❡✜❝✐ê♥❝✐❛ q✉â♥t✐❝❛ η ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ λ✳ P❛r❛

λ ❡♠ ♠✐❝r♦♠❡tr♦s S ≈ ηλ
1.24

✳

❈❛❞❛ ❢♦t♦❞✐♦❞♦ ❞♦ ❛rr❛♥❥♦ é t❡♠ s✉❛ ❝♦rr❡♥t❡ ✐♥t❡❣r❛❞❛ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦

❞❡✜♥✐❞♦✳ ❆ t❡♥sã♦ ❣❡r❛❞❛ é ❛♠♦str❛❞❛ ❡♠ ✉♠ ❝❛♣❛❝✐t♦r ❞❡ s❛í❞❛ ♣❛r❛ s❡r ❛♠♣❧✐✜❝❛❞❛✳ ❯♠

s✐♥❛❧ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ③❡r❛r ♦s ❝❛♣❛❝✐t♦r❡s ❡ r❡✐♥✐❝✐❛r ❛ ✐♥t❡❣r❛çã♦ t❛♠❜é♠ ❢❛③ ♣❛rt❡ ❞♦

❝✐r❝✉✐t♦ ❞❡ ❝❛❞❛ ♣✐①❡❧✳

❋✐❣✉r❛ ✺✳✶✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ❛rr❛♥❥♦ ❢♦t♦❞❡t❡❝t♦r✳ ✭❙P❘❊❊❚❆✱ ✷✵✵✵✮

❉❡s❞❡ ❛ ❢♦t♦❞❡t❡❝çã♦ ❛té s❡r ❝♦♥✈❡rt✐❞♦ ❡♠ ❞✐❣✐t❛❧✱ ♦ s✐♥❛❧ ❡stá s✉❥❡✐t♦ ❛ ♠✉✐t❛s ❢♦♥t❡s

❞❡ r✉í❞♦✳ ❆ ❊q✳ ✺✳✶ só é ✈❡r❞❛❞❡✐r❛ s❡ ❝♦♥s✐❞❡r❛r♠♦s Ifd ❝♦♠♦ ♦ ✈❛❧♦r ♠é❞✐♦ ❞❛ ❝♦rr❡♥t❡✱

❞❡✈✐❞♦ às ✈❛r✐❛çõ❡s ✐♠♣♦st❛s ♣❡❧♦ r✉í❞♦✱ ❛❧❣✉♠❛s ❞❡st❡s sã♦✿

❙❤♦t ◆♦✐s❡ ✲ ❆ ❛❧❡❛t♦r✐❡❞❛❞❡ ❞❡ ❝❤❡❣❛❞❛ ❞♦s ❢ót♦♥s ♥❛ r❡❣✐ã♦ s❡♥sí✈❡❧ s❡♠✐❝♦♥❞✉t♦r❛ ❞♦

❢♦t♦❞✐♦❞♦ ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ❣❡r❛çã♦ ❛❧❡❛tór✐❛ ❞❡ ❡❧étr♦♥s✱ ❡ss❛ ❛❧❡❛t♦r✐❡❞❛❞❡ é ❞❡s❝r✐t❛

❝♦♠♦ ♦ s❤♦t ♥♦✐s❡✳ ❘❡❣✐õ❡s ♠❛✐s ❝❧❛r❛s ❞❛ ✐♠❛❣❡♠ sã♦ ♠❛✐s ✐♥✢✉❡♥❝✐❛❞❛s ♣♦r ❡st❡

r✉í❞♦✳ ❆♦ ❝♦♥s✐❞❡rá✲❧♦ ❛ ❝♦rr❡♥t❡ I(t) ❞♦ ❢♦t♦❞❡t❡❝t♦r é ❞❛❞❛ ♣♦r

I(t) = Ifd + is(t),

s❡♥❞♦ is(t) ♦ s✐♥❛❧ ❛❧❡❛tór✐♦ ❝❛✉s❛❞♦ ♣❡❧♦ s❤♦t ♥♦✐s❡✳

❖ s✐♥❛❧ is(t) t❡♠ ❡st❛tíst✐❝❛ ❞❡ P♦✐ss♦♥ ❡ ✈❛❧♦r ♠é❞✐♦ q✉❛❞rát✐❝♦ ♣r♦♣♦r❝✐♦♥❛❧ à r❛✐③

q✉❛❞r❛❞❛ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ❝❛♣t❛❞❛✳

❘✉í❞♦ ❞❡ tér♠✐❝♦ ✲ ❖s ❡❧étr♦♥s ♣♦ss✉✐ ✉♠ ❛❧❡❛t♦r✐❡❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t❛çã♦ ❞❡✈✐❞♦ à t❡♠✲

♣❡r❛t✉r❛✳ ❊ss❛ ♠♦✈✐♠❡♥t❛çã♦ ❣❡r❛ ✢✉t✉❛çõ❡s ❞❡ ❝♦rr❡♥t❡ iT (t) ❡①✐st❡♠ ♠❡s♠♦ ♥❛
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❛✉sê♥❝✐❛ ❞❡ t❡♥sã♦ ❛♣❧✐❝❛❞❛✳ ❙✉❛ ❝♦♥s✐❞❡r❛çã♦ ✐♠♣❧✐❝❛ ❡♠

I(t) = Ifd + is(t) + iT (t).

❈♦rr❡♥t❡ ❞❡ ❡s❝✉r♦ ✲ ❍á ❝♦rr❡♥t❡ ♥♦s ❢♦t♦❞❡t❡❝t♦r❡s ♠❡s♠♦ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❧✉③✳ P❛rt❡

❞❡st❛ ❝♦rr❡♥t❡ s❡ ❞❡✈❡ ❛♦ r✉í❞♦ tér♠✐❝♦ ❡ ♦✉tr❛ ♣❛rt❡✱ ❛ ❝♦rr❡♥t❡ ❞❡ ❡s❝✉r♦✱ ♦❝♦rr❡

♣♦r ♦ ❞❡t❡❝t♦r ♥ã♦ s❡r ✐❞❡❛❧✱ ❡①✐st✐♥❞♦ ✉♠❛ ❝♦rr❡♥t❡ r❡s✐❞✉❛❧✳ ❊ss❛ ❝♦rr❡♥t❡ t❛♠❜é♠ é

❛♣❧✐❝❛❞❛ ❛♦ ✐♥t❡❣r❛❞♦r ❞❡ ❢♦r♠❛ q✉❡ ♦ s✐♥❛❧ ❝❛♣t✉r❛❞♦ t❡♠ ✉♠ r✉í❞♦ ❛❞✐t✐✈♦ ❝❛✉s❛❞♦

♣❡❧♦ ✈❛③❛♠❡♥t♦ ❞❡ ❝♦rr❡♥t❡ ♥♦ ❡s❝✉r♦✳ ❆ ♥❛t✉r❡③❛ ❛❞✐t✐✈❛ ❞♦ r✉í❞♦ s✐♠♣❧✐✜❝❛ s✉❛

s✉❛✈✐③❛çã♦✱ ❜❛st❛♥❞♦ q✉❡ s❡❥❛ ♠❡♥s✉r❛❞♦ ❡ s✉❜tr❛✐❛ ❞❡ t♦❞❛ ✐♠❛❣❡♠ ❛❞q✉✐r✐❞❛✳ ❊ss❡

♣r♦❝❡❞✐♠❡♥t♦ é r❡❛❧✐③❛❞♦ ♣❡❧♦ s♦❢t✇❛r❡ ❛♣r❡s❡♥t❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✹✳

❘✉í❞♦ ❞❡ r❡s❡t ✲ ❆♦ ✐♥✐❝✐❛r ✉♠❛ ♠❡❞✐çã♦ ♦ ❝❛♣❛❝✐t♦r ❞♦ ✐♥t❡❣r❛❞♦r ❞❡✈❡ s❡r ③❡r❛❞♦✱ ✐ss♦

é ❢❡✐t♦ ❛❝✐♦♥❛♥❞♦ ✉♠❛ ❝❤❛✈❡ ❝♦♥tr♦❧❛❞❛ ❡♠ ♣❛r❛❧❡❧♦ ❝♦♠ ♦ ❝❛♣❛❝✐t♦r✱ ✈❡r ❋✐❣✉r❛ ✺✳✶✳

❈♦♥t✉❞♦ ❛ ❝❤❛✈❡ ❝♦♥tr♦❧❛❞❛ ♥ã♦ é ✐❞❡❛❧ ❡ t❡♠ ✉♠❛ r❡s✐stê♥❝✐❛ q✉❡ ❣❡r❛ ✉♠❛ ♣❡rt✉r❜❛çã♦

tér♠✐❝❛✳ ❊ss❛ ♣❡rt✉r❜❛çã♦ s♦♠❛❞❛ à ❝♦rr❡♥t❡ ❞❡ ❡s❝✉r♦ ❡ ❛♦ s❤♦t ♥♦✐s❡ ♥♦ ❢♦t♦❞❡t❡❝t♦r

✐♠♣❡❞❡♠ ❛ t❡♥sã♦ ❞♦ ❝❛♣❛❝✐t♦r ③❡r❛r ❡♠ ✉♠ ❝✉rt♦ ♣❡rí♦❞♦ ❞❡ t❡♠♣♦✳ ❆ ❡ss❛ t❡♥sã♦

r❡s✐❞✉❛❧ ❝❤❛♠❛✲s❡ r✉í❞♦ ❞❡ r❡s❡t✳ ❖ ✈❛❧♦r q✉❛❞r❛❞♦ ♠é❞✐♦ ❞❡ss❡ r✉í❞♦ s❡ ❛♣r♦①✐♠❛

❞❡ kT/2C✱ s❡♥❞♦ k ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥✱ T ❛ t❡♠♣❡r❛t✉r❛ ❡ C ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦

✐♥t❡❣r❛❞♦r ✭C1 ♥❛ ❋✐❣✉r❛ ✺✳✶✮✳

◆ã♦ ✉♥✐❢♦r♠✐❞❛❞❡ ❞♦ ❞❡t❡❝t♦r ✲ ❆♣❡s❛r ❞❡ ❜❛st❛♥t❡ s✐♠✐❧❛r❡s ♦s ❞❡t❡❝t♦r❡s ♥ã♦ sã♦

t♦❞♦s ✐❣✉❛✐s ❞❡✈✐❞♦ ❛ ✐♠♣❡r❢❡✐çõ❡s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦✳ ❊ss❛s ♣❡q✉❡♥❛s ❞✐❢❡r❡♥ç❛s

❝❛✉s❛♠ ✉♠❛ ✈❛r✐❛çã♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡ ❝❛❞❛ ♣✐①❡❧✳

❘✉í❞♦ ❞♦ ❆♠♣❧✐✜❝❛❞♦r ❞❡ ❙❛í❞❛ ✲ ❖ ❛♠♣❧✐✜❝❛❞♦r ❞❡ s❛í❞❛✱ ♣♦r ♥ã♦ s❡r ✐❞❡❛❧✱ t❡♠ ✉♠❛

r❡s✐stê♥❝✐❛ ❞❡ ❝❛♥❛❧ q✉❡ ✐♠♣❧✐❝❛ ❡♠ ✉♠ r✉í❞♦ tér♠✐❝♦✱ ❞❛ ♠❡s♠❛ ❢♦r♠❛ ❞❛ ❝❤❛✈❡ ❞❡

r❡s❡t✳ ❊ss❡ r✉í❞♦ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ♣♦r✿
√

2kT/C✱ s❡♥❞♦ k ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥✱

T ❛ t❡♠♣❡r❛t✉r❛ ❡ C ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ✭C2 ♥❛ ❋✐❣✉r❛ ✺✳✶✮✳

❖ ❛♠♣❧✐✜❝❛❞♦r t❛♠❜é♠ ✐♠♣õ❡ ✉♠ r✉í❞♦ ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ à ❢r❡q✉ê♥❝✐❛ ❞♦

s✐♥❛❧✳ ❊st❡ ♥ã♦ é ❢❛❝✐❧♠❡♥t❡ ♠❡♥s✉r❛❞♦✳

❘✉í❞♦ ❞❡ ❉✐s❝r❡t✐③❛çã♦ ✲ ❖ r✉í❞♦ ♣r♦✈♦❝❛❞♦ ♣♦r q✉❛♥t✐✜❝❛r ♦s ♣✐①❡❧s ❞❡ ✉♠❛ ✐♠❛❣❡♠

❝❛♣t✉r❛❞❛ ❝♦♠ ✉♠ ♥ú♠❡r♦ ✜♥✐t♦ ❞❡ ♥í✈❡✐s ❞✐s❝r❡t♦s é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ r✉í❞♦ ❞❡ ❞✐s❝r❡✲
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t✐③❛çã♦✳ ❊ss❡ r✉í❞♦ t❡♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✉♥✐❢♦r♠❡ ❡ ♥♦r♠❛❧♠❡♥t❡

❞❡♣❡♥❞❡ ❞♦ s✐♥❛❧ ❝❛♣t✉r❛❞♦✳

P♦r s✐♠♣❧✐❝✐❞❛❞❡ tr❛t❛r❡♠♦s ♦ r✉í❞♦ ❝♦♠♦ ❞❡ ❞♦✐s t✐♣♦s✿ t❡♠♣♦r❛❧✱ ❡s♣❛❝✐❛❧✳ ❖ ♣r✐♠❡✐r♦

é ♦ r✉í❞♦ q✉❡ ✈❛r✐❛ ♥♦ ❝✉rt♦ ❡s♣❛ç♦ ❞❡ t❡♠♣♦✱ ♣♦❞❡♥❞♦ s❡r ♣❡r❝❡❜✐❞♦ ❡♠ ✉♠❛ ❛♥á❧✐s❡ q✉❛❞r♦

❛ q✉❛❞r♦ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘✳ ❊ss❡ é ♦ r✉í❞♦ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❝❛❞❛ ♣✐①❡❧ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✳

❖ s❡❣✉♥❞♦ é ♦ r✉í❞♦ ♣✐①❡❧✲❛✲♣✐①❡❧ ❡♠ ✉♠ ú♥✐❝♦ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦✳ ❖ r✉í❞♦ q✉❡ ♣♦❞❡ s❡r

♣❡r❝❡❜✐❞♦ ❡♠ ✉♠ ♣✐①❡❧ ❡ s❡✉s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s✳ ❖ r✉í❞♦ t❡♠♣♦r❛❧ s❡rá ❛♥❛❧✐s❛❞♦ t❛♥t♦

♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ q✉❛♥t♦ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛✳

✺✳✷ ❚é❝♥✐❝❛s ❞❡ ▼✐♥✐♠✐③❛çã♦ ❞❡ ❘✉í❞♦

◆❛ ❡s❝♦❧❤❛ ❞❡ ✉♠ ❛❧❣♦r✐t♠♦ ❞❡ r❡❞✉çã♦ ❞❡ r✉í❞♦✱ ❞❡✈❡✲s❡ ♣❡s❛r ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞♦✐s ❢❛t♦r❡s

❡♠ ❜✉s❝❛ ❞❡ ✉♠ ❡q✉✐❧í❜r✐♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❛♣❧✐❝❛çã♦✿

• ❚❡♠♣♦ ❡ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞✐s♣♦♥í✈❡✐s✿ ♣❛r❛ ✉♠ s✐st❡♠❛ ♣♦rtát✐❧ ❤á ✉♠❛

❧✐♠✐t❛çã♦ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ♣❛r❛ ❣❛r❛♥t✐r ✉♠ t❛♠❛♥❤♦ ♣❡q✉❡♥♦✱ ♣♦✉❝♦ ♣❡s♦ ❡ ❛❧t❛

❛✉t♦♥♦♠✐❛✳ ❊ss❡ ♣r♦❜❧❡♠❛ ♣♦❞❡ s❡r ❝rít✐❝♦ q✉❛♥❞♦ ❞❡s❡❥❛✲s❡ ✉♠❛ ❛♥á❧✐s❡ ❡♠ t❡♠♣♦

r❡❛❧ ❞♦s ❞❛❞♦s✳

• P❡r❞❛ ❞❡ ❞❡t❛❧❤❡s✿ ❛té q✉❡ ♥í✈❡❧ ❞❡ ❞❡t❛❧❤❡ ♣❡r♠✐t❡✲s❡ ♣❡r❞❡r ♣❛r❛ ❡❧✐♠✐♥❛r r✉í❞♦✳

❇✉s❝❛r ✉♠ ❝r✐tér✐♦ ♣❛r❛ ❛✈❛❧✐❛r s❡ ❛s ✈❛r✐❛çõ❡s ♥❛ ✐♠❛❣❡♠ sã♦ r✉í❞♦ ♦✉ ♥ã♦✳

❆❧❣✉♥s ❛❧❣♦r✐t♠♦s ♣❛r❛ ♠✐♥✐♠✐③❛r ♦ r✉í❞♦ ❢♦r❛♠ ❝♦♠♣❛r❛❞♦s✳ ❆ ❛✈❛❧✐❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦

✐♥❝❧✉✐ ♦ ♥ú♠❡r♦ ❞❡ ❡❧❡♠❡♥t♦s ✉t✐❧✐③❛❞♦s ❡♠ ❝❛❞❛ ♣❛ss♦ ❞❡ ❝á❧❝✉❧♦✱ ♦✉ s❡❥❛✱ ♥í✈❡❧ ❞❡ ❡s❢♦rç❛

❝♦♠♣✉t❛❝✐♦♥❛❧ r❡q✉✐s✐t❛❞♦✳ ❊ss❡s ❛❧❣♦r✐t♠♦s ❢♦r❛♠ ❝❧❛ss✐✜❝❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ t✐♣♦ ❞❡

r✉í❞♦ q✉❡ ♦ ♠❡s♠♦ tr❛t❛ ❡ ❛ ❛❜♦r❞❛❣❡♠ ❞❛❞❛✳ ❙❡rã♦ ♥♦♠❡❛❞♦s ❛❧❣♦r✐t♠♦s t❡♠♣♦r❛✐s ❛q✉❡❧❡s

q✉❡ tr❛t❛♠ ♦ r✉í❞♦ t❡♠♣♦r❛❧ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦❀ ❛❧❣♦r✐t♠♦s t❡♠♣♦r❛✐s ♦s q✉❡ tr❛t❛♠ ♦

r✉í❞♦ ❡s♣❛❝✐❛❧❀ ❡ ❛❧❣♦r✐t♠♦s ❢r❡q✉❡♥❝✐❛✐s ❛q✉❡❧❡s q✉❡ tr❛t❛♠ ♦ r✉í❞♦ t❡♠♣♦r❛❧ ♥♦ ❞♦♠í♥✐♦ ❞❛

❢r❡q✉ê♥❝✐❛✳

❆ r❡❛❧✐③❛çã♦ ❞♦ ❡st✉❞♦ ❞❡ r✉í❞♦ ♦❝♦rr❡✉ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❞✐❛❣r❛♠❛ ❞❛ ❋✐❣✉r❛ ✺✳✷✳ ❆

r❡❧❛çã♦ s✐♥❛❧ r✉í❞♦ ❞❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧ ♥ã♦ ♣ô❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣♦r ❞❡s❝♦♥❤❡❝✐♠❡♥t♦ ❞♦

s✐♥❛❧ s❡♠ r✉í❞♦✱ ♣♦r ✐ss♦ ✉♠ s✐♠✉❧❛❞♦r ❢♦✐ ❡❧❛❜♦r❛❞♦ ♣❛r❛ ❝r✐❛r ✉♠❛ ❝✉r✈❛ ✭R(θ)✮❡ ❛❞✐❝✐♦♥❛r

♦ r✉í❞♦ ❝❛r❛❝t❡ríst✐❝♦ ❞♦ ❙P❘❊❊❚❆ ξ(θ)✳ ❉❡ss❛ ❢♦r♠❛ ♦s ❛❧❣♦r✐t♠♦s ❞❡ ♠✐♥✐♠✐③❛çã♦ ❞❡
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❋✐❣✉r❛ ✺✳✷✿ ❉✐❛❣r❛♠ ❞♦ ❜❧♦❝♦s ❞♦ s✐st❡♠❛✳

r✉í❞♦ ❢♦r❛♠ t❡st❛❞♦s s♦❜r❡ ❛ ❝✉r✈❛ s✐♠✉❧❛❞❛ ❝♦♠ r✉í❞♦✿

XS
i (θ) = R(θ) + ξ(θ),

s❡♥❞♦ ξ(θ) ♦ ✈❛❧♦r ❞♦ r✉í❞♦ ♣❛r❛ ❝❛❞❛ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳ P❛r❛ ❞❡t❡r♠✐♥❛r ❡st❛ ❣r❛♥❞❡③❛

✉♠ ❡①♣❡r✐♠❡♥t♦ ❢♦✐ r❡❛❧✐③❛❞♦ ❞✉r❛♥t❡ ✸✵♠✐♥ ❝❛♣t✉r❛♥❞♦ ❛ r❡s♣♦st❛ ❙P❘ ❞❛ á❣✉❛✱ s✐♠✉❧❛❞❛

♣♦r ✉♠ ♠♦❞❡❧♦ ❞❡ três ❝❛♠❛❞❛s✱ ♠❛✐s s✐♠♣❧❡s✱ ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ♦ ✈❛❧♦r s✐♠✉❧❛❞♦ ❡ ♦

✈❛❧♦r ❡①♣❡r✐♠❡♥t❛❞♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ❝♦♠♦ r✉í❞♦ ❡s♣❛❝✐❛❧ ✭ξS(θ)✮✳ ❆ ✈❛r✐❛çã♦ ♠á①✐♠❛ ξTMAX

❞❛ ❝✉r✈❛ ❞❛ á❣✉❛ ♥♦ t❡♠♣♦ t❛♠❜é♠ ❢♦✐ ♠❡❞✐❞❛✱ ❝❛r❛❝t❡r✐③❛♥❞♦ ♦ r✉í❞♦ t❡♠♣♦r❛❧ ❝♦♠♦

✉♠❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ ❞❡ ❞✐str✐❜✉✐çã♦ ✉♥✐❢♦r♠❡ (−ξTMAX , ξ
T
MAX)✳ ❆s ❝✉r✈❛s t❛♠❜é♠ ❢♦r❛♠

❛♥❛❧✐s❛❞❛s ❛♣ós ✉♠❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r✱ ❛s ❝♦♠♣♦♥❡♥t❡s q✉❡ ♥ã♦ ❢❛③❡♠ ♣❛rt❡ ❞♦ s✐♥❛❧

♣✉r♦ ❢♦r❛♠ s❡♣❛r❛❞❛s ❡ ❝♦♥s✐❞❡r❛❞❛s ❝♦♠♦ r✉í❞♦ ξF (θ)✱ ♣♦r ✜♠✿

ξ(θ) = ξS(θ) + ξT (θ) + ξF (θ).

P❛r❛ ❛✈❛❧✐❛r ❛s té❝♥✐❝❛s ❛ r❡❧❛çã♦ s✐♥❛❧ r✉í❞♦ ✭❙✐❣♥❛❧ ◆♦✐s❡ ❘❛t✐♦ ✲ ❙◆❘✮ ❢♦✐ ❝❛❧❝✉❧❛❞❛

s♦❜r❡ ❛s ❝✉r✈❛s s✉❛✈✐③❛❞❛s✳ ❖ ❛❧❣♦r✐t♠♦ ❝♦♠ ❛ ♠❛✐♦r r❡❧❛çã♦ s✐♥❛❧ r✉í❞♦ ❢♦✐ ❡s❝♦❧❤✐❞♦ ♣♦r

s❡✉ ❞❡s❡♠♣❡♥❤♦✳

❖ ❡st✉❞♦ t❛♠❜é♠ ♣r♦❝✉r♦✉ ❞❡t❡r♠✐♥❛r q✉❛♥❞♦ ❛♣❧✐❝❛r ♦s ❛❧❣♦r✐t♠♦s ❞❡ ♠✐♥✐♠✐③❛çã♦ ❞❡

r✉í❞♦ ❛♥t❡s ✭❝❛♠✐♥❤♦ ✷ ♥❛ ❋✐❣✉r❛ ✺✳✷✮ ♦✉ ❞❡ ❞❡♣♦✐s ✭❝❛♠✐♥❤♦ ✶ ♥❛ ❋✐❣✉r❛ ✺✳✷✮ ❞❡ ❛ ❝✉r✈❛

❝❛♣t✉r❛❞❛ s❡r ❞✐✈✐❞✐❞❛ ♣❡❧❛ r❡❢❡rê♥❝✐❛✳
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✺✳✷✳✶ ▼✐♥✐♠✐③❛çã♦ ❞♦ r✉í❞♦ t❡♠♣♦r❛❧ ✲ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦

▼é❞✐❛ ❝♦♠ ❥❛♥❡❧❛ ❞❡s❧✐③❛♥t❡

P❛r❛ ✉♠ ❥❛♥❡❧❛ t❡♠♣♦r❛❧ ❞❡✜♥✐❞❛ ❛s ❝✉r✈❛s [θi, Xi] ✭i = 1, ..., N✮ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ♦

❝á❧❝✉❧♦ ❞❡ ✉♠❛ ú♥✐❝❛ ❝✉r✈❛ ❝♦♠ ♠❡♥♦r r✉í❞♦ [θi, Xi] ✭i = 1, ..., N✮✳ ❈♦♠ N s❡♥❞♦ ♦ ♥ú♠❡r♦

❞❡ ❢♦t♦❞❡t❡❝t♦r❡s✱ ♣❛r❛ ♦ ♠ó❞✉❧♦ ❙♣r❡❡t❛ N = 128✳ ❈❛❞❛ ♥♦✈❛ ❝✉r✈❛ ❛❞q✉✐r✐❞❛ é ❛❞✐❝✐♦♥❛❞❛

à ❥❛♥❡❧❛ ❡ ❛ ♠❛✐s ❛♥t✐❣❛ r❡♠♦✈✐❞❛✱ ✈❡r ✭✺✳✷✮✳ ❈♦♠ N ❝✉r✈❛s ❜r✉t❛s sã♦ ❝❛❧❝✉❧❛❞❛s N −Lt+1

❝✉r✈❛s s✉❛✈✐③❛❞❛s✳

Xi(tn) =
1

Lt

n∑

k=n−Lt

Xi(tk), i = 1, ..., N ✭✺✳✷✮

❙❡♥❞♦ Xi(tn) ♦ s✐♥❛❧ ❞♦ ♣✐①❡❧ i ♥♦ ✐♥st❛♥t❡ tn✱ tn = t0+n.T ✱ T ♦ ♣❡rí♦❞♦ ❞❡ ❛♠♦str❛❣❡♠

❡ Lt ♦ ♥ú♠❡r♦ ❞❡ ❡❧❡♠❡♥t♦s ♥❛ ♠é❞✐❛✳

▼é❞✐❛ ❝♦♠ ❥❛♥❡❧❛ ❞❡ s❛❧t♦

❯♠❛ ❥❛♥❡❧❛ ❞❡ Lt ❝✉r✈❛s é s❡❧❡❝✐♦♥❛❞❛ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ✉♠❛ ú♥✐❝❛ ❝✉r✈❛ ❝♦♠ ♠❡♥♦r r✉í❞♦✳

❈♦♥t✉❞♦ só ❛ ❝❛❞❛ Lt ♥♦✈❛s ❝✉r✈❛s ❛❞q✉✐r✐❞❛s ✉♠❛ ❝✉r✈❛ s✉❛✈✐③❛❞❛ é ❝❛❧❝✉❧❛❞❛✱ ✉♠❛ ❝✉r✈❛

[θi, Xi] ♥ã♦ é ✉t✐❧✐③❛❞❛ ♠❛✐s ❞❡ ✉♠❛ ✈❡③✱ ✈❡r ❊q✳ ✺✳✸✳ ❈♦♠ N ❝✉r✈❛s ❜r✉t❛s sã♦ ❝❛❧❝✉❧❛❞❛s

N/Lt ❝✉r✈❛s s✉❛✈✐③❛❞❛s✳

Xi(tn) =
1

Lt

nLt∑

k=(n−1)Lt+1

Xi(tk), i = 1, ..., N ✭✺✳✸✮

❙❡♥❞♦ Xi(tn) ♦ s✐♥❛❧ ❜r✉t♦ ❞♦ ♣✐①❡❧ i ♥♦ ✐♥st❛♥t❡ tn✱ tn = t0 + n.T ✱ T ♦ ♣❡rí♦❞♦ ❞❡

❛♠♦str❛❣❡♠ ❡ Lt ♦ ♥ú♠❡r♦ ❞❡ ❡❧❡♠❡♥t♦s ♥❛ ♠é❞✐❛✳

▼é❞✐❛ ❝♦♠ ❥❛♥❡❧❛ ❞❡s❧✐③❛♥t❡ ❝♦♠ ❡sq✉❡❝✐♠❡♥t♦

❊ss❡ ❛❧❣♦r✐t♠♦ é s✐♠✐❧❛r à ♠é❞✐❛ ❝♦♠ ❥❛♥❡❧❛ ❞❡s❧✐③❛♥t❡✱ ❞✐❢❡r❡♥❝✐❛♥❞♦ ❛♣❡♥❛s ♥♦ ♣❡s♦ ❞❡ ❝❛❞❛

❡❧❡♠❡♥t♦ ❞❛ ♠é❞✐❛✱ ✈❡r ❊q✳ ✺✳✹✳

Xi(tn) =
1

Lt

∑
pk

n∑

k=n−Lt

pk.Xi(tk), i = 1, ..., N ✭✺✳✹✮

❖ ♣❡s♦ ✭pk✮ ❞❡ ❝❛❞❛ ❝✉r✈❛ ❢♦✐ ❡s❝♦❧❤✐❞♦ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ t♦❞❛ ❝✉r✈❛ ✈❛❧❡ ♦ ❞♦❜r♦ ❞❛

❝✉r✈❛ ❛♥t❡r✐♦r ❡ ♠❡t❛❞❡ ❞❛ s❡❣✉✐♥t❡✳
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▼é❞✐❛ ❝♦♠ ❥❛♥❡❧❛ ❞❡ s❛❧t♦ ❝♦♠ ❡sq✉❡❝✐♠❡♥t♦

❈♦♠ ♦ ♠❡s♠♦ ♣❡s♦ ❞♦ ❛❧❣♦r✐t♠♦ ❛♥t❡r✐♦r t❡♠♦s ❛ ❊q✳ ✺✳✺✳

Xi(tn) =
1

Lt

∑
pk

nLt∑

k=(n−1)Lt+1

pkXi(tk), i = 1, ..., N ✭✺✳✺✮

✺✳✷✳✷ ▼✐♥✐♠✐③❛çã♦ ❞♦ r✉í❞♦ t❡♠♣♦r❛❧ ✲ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛

❋✐❧tr♦ P❛ss❛ ❇❛✐①❛s

▼ét♦❞♦ ❧✐♥❡❛r✱ ❝♦♥s✐st❡ ❡♠ ❝❛❧❝✉❧❛r ❛ tr❛♥s❢♦r♠❛❞❛ ❞✐s❝r❡t❛ ❞❡ ❋♦✉r✐❡r ✭❉❋❚✮ ❞♦s ✶✷✽ ♣♦♥t♦s

❞♦ s✐♥❛❧ ✭✺✳✻✮✱ ❛♣❧✐❝❛r ✉♠❛ ♠ás❝❛r❛ ♣❛r❛ r❡t✐r❛r ❛s ❢r❡q✉ê♥❝✐❛s ♠❛✐s ❡❧❡✈❛❞❛s ❡ ❝❛❧❝✉❧❛r ❛

tr❛♥s❢♦r♠❛❞❛ ✐♥✈❡rs❛ ✭■❉❋❚✮ ✭✺✳✼✮✳ ❖ r❛✐♦ ❞❡ r ❢r❡♥q✉ê♥❝✐❛s ❡♠ t♦r♥♦ ❞♦ ③❡r♦ ❞❡t❡r♠✐♥❛

❛ ❜❛♥❞❛ ❞❡ ♣❛ss❛❣❡♠ ❞♦ ✜❧tr♦✳ ❯♠ r ❡❧❡✈❛❞♦ ❝♦♥s✐st❡ ❡♠ ✉♠❛ ❣r❛♥❞❡ ❜❛♥❞❛ ❞❡ ♣❛ss❛❣❡♠✱

✜❧tr❛♥❞♦ ♣♦✉❝♦✳ ❯♠ r ♣❡q✉❡♥♦ ✐♠♣❧✐❝❛ ❡♠ ✉♠ ❜❛♥❞❛ ❞❡ ♣❛ss❛❣❡♠ ❡str❡✐t❛✱ ❡❧✐♠✐♥❛♥❞♦

♠❛✐♦r ♣❛rt❡ ❞❛s ❢r❡q✉ê♥❝✐❛s ❞♦ s✐♥❛❧✳ ❆ ♠ás❝❛r❛ é ✉♠❛ ♠❛tr✐③ ❞✐❛❣♦♥❛❧ ❝♦♠✿

DFT : Zi =
N∑

n=1

Xne
−2jπ(i−1)(n−1)/N , i = 1, ..., N ✭✺✳✻✮

IDFT : Xi =
N∑

n=1

Zne
2jπ(i−1)(n−1)/N , i = 1, ..., N ✭✺✳✼✮

Maskii =







1 s❡ i ≤ r ♦✉ i ≥ P − r
0 s❡ r < i < P − r

X(t) = IDFT {DFT [X(t)]Mask} ✭✺✳✽✮

❙❡♥❞♦ X(t) ♦ s✐♥❛❧ ♥♦ ✐♥st❛♥t❡ t✳

❈♦♠❜✐♥❛çã♦ ❞❡ ❙✐♥❛✐s

❊ss❛ é ✉♠❛ té❝♥✐❝❛ ♥ã♦ ❧✐♥❡❛r ♣❛r❛ ♠✐♥✐♠✐③❛çã♦ ❞♦ r✉í❞♦✳ ❉✉❛s ❛♠♦str❛s ❞❛ ♠❡s♠❛ ✐♠❛❣❡♠

sã♦ ❝❛♣t✉r❛❞❛s✱ tr❛♥s❢♦r♠❛❞❛s ♣❛r❛ ♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❡ ❝♦♠❜✐♥❛❞❛s ♣❛r❛ s❡❧❡❝✐♦♥❛r

❛s r❡❣✐õ❡s ❞❡ ❝❛❞❛ ❛♠♦str❛ q✉❡ tê♠ ♠❡♥♦r r✉í❞♦✱ ❣❡r❛♥❞♦ ✉♠ ♥♦✈♦ s✐♥❛❧ ❞❡ ❛❧t❛ ✜❞❡❧✐❞❛❞❡✳

❈♦♠ ❡ss❛ té❝♥✐❝❛ ♥ã♦ ❤á ♣❡r❞❛ ❞❡ ✐♥❢♦r♠❛çã♦✳
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✺✳✷✳✸ ▼✐♥✐♠✐③❛çã♦ ❞♦ r✉í❞♦ ❡s♣❛❝✐❛❧

P❛r❛ tr❛t❛r ♦ r✉í❞♦ t❡♠♣♦r❛❧ ♦s ♠ét♦❞♦s ❛♥❛❧✐s❛❞♦s ❢♦r❛♠✿ ❛ ♠é❞✐❛ ♠ó✈❡❧✱ ❛ ♠❡❞✐❛♥❛ ❡ ✜❧tr♦

❙❛✈✐t③❦②✲●♦❧❛②✳ ❖s ❞♦✐s ♣r✐♠❡✐r♦s ♣♦❞❡♠ s❡r té❝♥✐❝❛s ♣♦❧❛r✐③❛♥t❡s ♦✉ ♥ã♦✲♣♦❧❛r✐③❛♥t❡s✮✳

▼é❞✐❛ ▼ó✈❡❧

❯♠❛ ♣♦rçã♦ ❞❡ ✉♠❛ ❝✉r✈❛ ❜r✉t❛ é s❡❧❡❝✐♦♥❛❞❛ ♣❛r❛ ❝❛❧❝✉❧❛r ✉♠ ú♥✐❝♦ ♣✐①❡❧ ❞❛ ❝✉r✈❛ s✉❛✲

✈✐③❛❞❛✳ ❖ ❝á❧❝✉❧♦ ❞♦ ♣✐①❡❧ s❡❣✉✐♥t❡ ♣♦❞❡ ✉t✐❧✐③❛r ❛♣❡♥❛s ✉♠❛ ♣♦rçã♦ ❞❛ ❝✉r✈❛ ❜r✉t❛ ✭♥ã♦✲

♣♦❧❛r✐③❛♥t❡✱ ❊q✳ ✺✳✾✮ ♦✉ ❛ ♣♦rçã♦ ❥á ❝❛❧❝✉❧❛❞❛ ❞❛ ❝✉r✈❛ s✉❛✈✐③❛❞❛ ❡ ♦ r❡st❛♥t❡ ❞❛ ❝✉r✈❛ ❜r✉t❛

✭♣♦❧❛r✐③❛♥t❡✱ ❊q✳ ✺✳✶✵✮✳

Xi(t) =
1

min(i+ Ls, N)−max(1, i− Ls) + 1

min(i+Ls,N)
∑

k=max(1,i−Ls)

Xk(t) ✭✺✳✾✮

Xi(t) =
1

min(i+ Ls, N)−max(1, i− Ls) + 1





i−1∑

k=max(1,i−Ls)

Xk(t) +

min(i+Ls,N)
∑

k=i

Xk(t)





✭✺✳✶✵✮

❙❡♥❞♦ Xi(t) ♦ s✐♥❛❧ ❜r✉t♦ ❡ Xi(t) ♦ s✐♥❛❧ s✉❛✈✐③❛❞♦ ❞♦ ♣✐①❡❧ i ♥♦ ✐♥st❛♥t❡ t ❡ Ls ♦

♣❛râ♠❡tr♦ ❞❡ s✉❛✈✐③❛çã♦✳ ◆♦t❡ q✉❡ 2.Ls+1 ❡❧❡♠❡♥t♦s sã♦ ✉t✐❧✐③❛❞♦s ♥♦ ♣❛ss♦ ❞❡ s✉❛✈✐③❛çã♦✳

▼❡❞✐❛♥❛

❆ss✐♠ ❝♦♠♦ ♥❛ ▼é❞✐❛ ▼ó✈❡❧✱ ✉♠❛ ❥❛♥❡❧❛ ❞❡ ✉♠❛ ❝✉r✈❛ ❜r✉t❛ é s❡❧❡❝✐♦♥❛❞❛ ♣❛r❛ ❝❛❧❝✉❧❛r

✉♠ ú♥✐❝♦ ♣✐①❡❧ ❞❛ ❝✉r✈❛ s✉❛✈✐③❛❞❛✳ ❖s ✈❛❧♦r❡s ❞❡ss❛ ❥❛♥❡❧❛ sã♦ ♦r❞❡♥❛❞♦s ❡ ♦ ✈❛❧♦r ❞♦

♠❡✐♦ é ❛ ♠❡❞✐❛♥❛✱ ❛ ❥❛♥❡❧❛ ❝♦♥s✐st❡ ❡♠ ✉♠ ♥ú♠❡r♦ í♠♣❛r ❞❡ ♣♦♥t♦s✳ ❊ss❡ ♠ét♦❞♦ ♣♦❞❡ s❡r

♥ã♦✲♣♦❧❛r✐③❛♥t❡✱ ❊q✳ ✺✳✶✶✱ ♦✉ ♣♦❧❛r✐③❛♥t❡✱ ❊q✳ ✺✳✶✷✳

Xi(t) = med
(
Xmax(1,i−Ls)(t), X1+max(1,i−Ls)(t), ..., Xmin(i+Ls,N)(t)

)
✭✺✳✶✶✮

Xi(t) = med
(
Xmax(1,i−Ls)(t), ..., Xi−1(t), Xi(t), ..., Xmin(i+Ls,N)(t)

)
✭✺✳✶✷✮

❙❡♥❞♦ Xi(t) ♦ s✐♥❛❧ ❜r✉t♦ ❡ Xi(t) ♦ s✐♥❛❧ s✉❛✈✐③❛❞♦ ❞♦ ♣✐①❡❧ i ♥♦ ✐♥st❛♥t❡ t ❡ Ls ♦

♣❛râ♠❡tr♦ ❞❡ s✉❛✈✐③❛çã♦✳ ◆♦t❡ q✉❡ ❛ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦ t❡♠ 2.Ls + 1 ❡❧❡♠❡♥t♦s✳
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❋✐❧tr♦ ❙❛✈✐t③❦②✲●♦❧❛② ❞❡ s✉❛✈✐③❛çã♦

❖ ✜❧tr♦ ❙❛✈✐t③❦②✲●♦❧❛② ❞❡ s✉❛✈✐③❛çã♦ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❡①♣❧♦r❛r ❛ ♦ ❢❛t♦ ❞❡ ❛ ❝✉r✈❛ ❙P❘

s❡r ♥ã♦✲❝❛✉s❛❧✳ ❖ ✜❧tr♦ ❝❛❧❝✉❧❛ ✉♠ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧ ❧♦❝❛❧ ✭❞❡ ❣r❛✉ g✮ ❡♠ ✉♠❛ ❥❛♥❡❧❛ ❞❡

♣❡❧♦ ♠❡♥♦s g+ 1 ♣♦♥t♦s ❝♦♥s✐❞❡r❛❞♦s ✐❣✉❛❧♠❡♥t❡ ❡s♣❛ç❛❞♦s ♥❛ ❥❛♥❡❧❛✳ ❊ss❡ ✜❧tr♦ t❡♠ ❝♦♠♦

♣r✐♥❝✐♣❛❧ ✈❛♥t❛❣❡♠ ♣r❡s❡r✈❛r ❛ ❞✐str✐❜✉✐çã♦ ❞♦ s✐♥❛❧ ✭❙❛✈✐t③❦② ❡ ●♦❧❛②✱ ✶✾✻✹✮✳ P❛r❛ ✉♠ ✜❧tr♦

❝❛❧❝✉❧❛❞♦ ❝♦♠ ❥❛♥❡❧❛ Lt ❡ ♦r❞❡♠ g t❡♠✲s❡ ✭✺✳✶✸✮✳

Xi(t) =

j=Lt∑

j=−Lt

CjXj+i(t)

N
✭✺✳✶✸✮

Cj = a0 + a1zj + a2z
2
j + ...+ agz

g
j

zj =
Xi+j −Xi

h

a = (JTJ)−1JTY J é ❛ ♠❛tr✐③ ❏❛❝♦❜✐❛♥❛

h = θi − θi−1

s❡♥❞♦✿

a = [a0 a1 a2 ... ag]

Y = [Xi−Lt
... Xi Xi+Lt

]T

✺✳✷✳✹ ❆✈❛❧✐❛çã♦ ❞❛s té❝♥✐❝❛s

❉♦ ❡①♣❡r✐♠❡♥t♦ ❛❞q✉✐r✐♠♦s ❛ ❝✉r✈❛ ❥á r✉✐❞♦s❛✱ s❡♥❞♦ ❞✐❢í❝✐❧ q✉❛♥t✐✜❝❛r ♦ r✉í❞♦ ❞❛ ✐♠❛❣❡♠✱

❞❡ ♠♦❞♦ q✉❡ ❝❛❧❝✉❧❛r ❛ ♠❡❧❤♦r✐❛ q✉❡ ❝❛❞❛ té❝♥✐❝❛ ✐♠♣ôs ♥♦ s✐♥❛❧ ♥ã♦ é ✉♠❛ t❛r❡❢❛ s✐♠♣❧❡s✳

P❛r❛ r❡s♦❧✈❡r ❡ss❡ ♣r♦❜❧❡♠❛ ❢♦r❛♠ s✐♠✉❧❛❞❛s ❝✉r✈❛s ❙P❘ ♣❛r❛ ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡ ❞❡ r❡✲

❢r❛çã♦ ✭n3✮ ❡ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ✭d3✮ q✉❡ ✈❛r✐❛♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ s❡♥s♦r❣r❛♠❛

❞❛ ❋✐❣✉r❛ ✺✳✸✳ ❙❡♥s♦r❣r❛♠❛s ❡st✐♠❛❞♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ á❣✉❛ ❡ P❇❙ r❡❛❧✐③❛❞♦s ❝♦♠ ♦

❙♣r❡❡t❛✳

➚s ❝✉r✈❛s s✐♠✉❧❛❞❛s ❢♦✐ ❛❞✐❝✐♦♥❛❞♦ ♦ r✉í❞♦ ❝❛r❛❝t❡ríst✐❝♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦✳ ❆ ❝❛r❛❝t❡r✐✲

③❛çã♦ ❞❛s ♣❡rt✉r❜❛çõ❡s ✐♥❡r❡♥t❡s ❛♦ s✐st❡♠❛ ❢♦✐ r❡❛❧✐③❛❞❛ s♦❜r❡ ✹✽ ♠✐❧ ❛♠♦str❛s ❞❛ ❝✉r✈❛s

❛❞q✉✐r✐❞❛s q✉❛♥❞♦ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡ss❛❧✐♥✐③❛❞❛ ❛ 19MΩ ✭♦❜t✐❞❛ ♣♦r ✉♠ ✜❧tr♦ ❝♦♠ ❧✉③

✉❧tr❛✲✈✐♦❧❡t❛ ❛❞q✉✐r✐❞♦ ♣❡❧♦ ❧❛❜♦r❛tór✐♦✮ ❡stá ♣r❡s❡♥t❡ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✳ ❖ r✉í❞♦ ❢♦✐ ❝❛❧✲

❝✉❧❛❞♦ ❝♦♠♦ s❡♥❞♦✿ ✭✶✮ ❆ ❞✐❢❡r❡♥ç❛ ❞❡ ❝❛❞❛ ❝✉r✈❛ ✭✷✮ ❛ ❞✐❢❡r❡♥ç❛ ❞❛s ❝✉r✈❛s ❡①♣❡r✐♠❡♥t❛❧
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❋✐❣✉r❛ ✺✳✸✿ ❙❡♥s♦r❣r❛♠❛s ❡st✐♠❛❞♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ á❣✉❛ ❡ P❇❙ r❡❛❧✐③❛❞♦s
❝♦♠ ♦ ❙♣r❡❡t❛✳

❡ t❡ór✐❝❛ ❡ ✭✸✮ ♦ r❡s✉❧t❛❞♦ ❞❡ ✉♠ ✜❧tr♦ ♣❛ss❛ ❛❧t❛s ❛♣❧✐❝❛❞♦ à ❝✉r✈❛✳ ❯♠ ♠♦❞❡❧♦ ❞❡ três

❝❛♠❛❞❛s ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝✉r✈❛ t❡ór✐❝❛✳

❈♦♠♦ ♦ s✐♥❛❧ s✐♠✉❧❛❞♦ ♦r✐❣✐♥❛❧✱ ❛♥t❡s ❞♦ r✉í❞♦✱ é ❝♦♥❤❡❝✐❞♦✱ s✉❛ r❡❧❛çã♦ s✐♥❛❧ r✉í❞♦ ♣♦❞❡

s❡r ❝❛❧❝✉❧❛❞❛ ♣♦r ✭✺✳✶✹✮ ❡ ❡st❡ ♣❛râ♠❡tr♦ ♣♦❞❡ q✉❛♥t✐✜❝❛r ♦ q✉ã♦ ♠❡❧❤♦r ✉♠ ♠ét♦❞♦ é ❡♠

r❡❧❛çã♦ ❛♦ ♦✉tr♦✳

SNR =

∫ θf
θi

[
Xθ (t)

]2
dθ

∫ θf
θi

[ξθ (t)]
2 dθ

✭✺✳✶✹✮

P❛r❛ ♦ r✉í❞♦ t❡♠♣♦r❛❧ t❛♠❜é♠ ❢♦✐ ✉t✐❧✐③❛❞❛ ♦ ❞❡s✈✐♦ ♣❛❞rã♦ ♠é❞✐♦ ❞♦s ♣✐①❡❧s ♥♦ t❡♠♣♦

♣❛r❛ q✉❛♥t✐✜❝❛r ♦ r✉í❞♦✳ ❆ r❡❧❛çã♦ s✐♥❛❧ r✉í❞♦ ❡ ❞❡s✈✐♦ ♣❛❞rã♦ ♠é❞✐♦ ❛❧❝❛♥ç❛❞♦s ❝♦♠ ❞✐❢❡✲

r❡♥t❡s t❛♠❛♥❤♦s ❞❡ ❥❛♥❡❧❛ ❛♣❧✐❝❛❞❛s ❛♦s ❛❧❣♦r✐t♠♦s t❡st❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✺✳✹✳

❆s té❝♥✐❝❛s s❡♠ ❡sq✉❡❝✐♠❡♥t♦ ❛❧❝❛♥ç❛r❛♠ ♠❡❧❤♦r r❡❧❛çã♦ s✐♥❛❧ r✉í❞♦✳ ❆ ✉t✐❧✐③❛çã♦ ❞❡ ❥❛♥❡❧❛

❞❡s❧✐③❛♥t❡ ♦✉ ❞❡ s❛❧t♦ só tê♠ ❞❡s❡♠♣❡♥❤♦ ❞✐❢❡r❡♥t❡ q✉❛♥❞♦ ♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ ❝r❡s❝❡✳

❈r❡s❝✐♠❡♥t♦ ❡st❡ q✉❡ ♥ã♦ ✐♠♣õ❡ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❡ ❞❡s❡♠♣❡♥❤♦✱ ♠❛s r❡q✉❡r ♠❛✐♦r

♥í✈❡❧ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ♠❡♠ór✐❛✳

❈♦♠♦ ❛s té❝♥✐❝❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ r❡♠♦çã♦ ❞❡ r✉í❞♦ t❡♠♣♦r❛❧ sã♦ ♠ét♦❞♦s ❧✐♥❡❛r❡s s✉❛

❛♣❧✐❝❛çã♦ ♥♦ s✐♥❛❧ ❧✉♠✐♥♦s♦ ❝❛♣t❛❞♦ ♦✉ ♥❛ ❝✉r✈❛ ❙P❘ ✭s✐♥❛❧ ❧✉♠✐♥♦s♦ ❝❛♣t❛❞♦ ❞✐✈✐❞✐❞♦ ♣♦♥t♦

❛ ♣♦♥t♦ ♣❡❧❛ ❝✉r✈❛ ❞❡ r❡❢❡r❡♥❝✐❛ ❞♦ ❛r✮ ♥ã♦ ❣❡r❛ r❡s✉❧t❛❞♦s ❞✐❢❡r❡♥t❡s✳ ❈♦♥t✉❞♦ ❛s té❝♥✐❝❛s

♣❛r❛ r✉í❞♦ ❡s♣❛❝✐❛❧ ❞❡✈❡♠ s❡r ❛♥❛❧✐s❛❞❛s ♣❛r❛ ♦s ❞♦✐s ❝❛s♦s ♣♦r ✉s❛ ♥ã♦✲❧✐♥❡❛r✐❞❛❞❡✳ ◆❛
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❋✐❣✉r❛ ✺✳✹✿ ❈♦♠♣❛r❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ r❡❞✉çã♦ ❞♦ r✉í❞♦ t❡♠♣♦r❛❧✳ ❖s
✈❛❧♦r❡s ♣❛r❛ Lt = 0 ❝♦rr❡s♣♦♥❞❡♠ à ❝✉r✈❛ s❡♠ ♥❡♥❤✉♠ tr❛t❛♠❡♥t♦✳

❋✐❣✉r❛ ✺✳✺ ♣♦❞❡ s❡r ✈✐st❛ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❞♦s ♠ét♦❞♦s✱ ❡♠ ❧✐♥❤❛s ❝♦♥tí♥✉❛s ♦s ❛❧❣♦r✐t♠♦s

❢♦r❛♠ ❛♣❧✐❝❛❞♦s ❛♦ s✐♥❛❧ ❝❛♣t❛❞♦ ✭t❛♥t♦ à ❝✉r✈❛ ❞❡ r❡❢❡rê♥❝✐❛ q✉❛♥t♦ à ❝✉r✈❛ ❝❛♣t❛❞❛ ❛♥t❡s

❞❛ ❞✐✈✐sã♦✮ ❡ ❡♠ ❧✐♥❤❛s tr❛❝❡❥❛❞❛s ❛❧❣♦r✐t♠♦s ❢♦r❛♠ ❛♣❧✐❝❛❞♦s à ❝✉r✈❛ ❙P❘✳

❋✐❣✉r❛ ✺✳✺✿ ❈♦♠♣❛r❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ r❡❞✉çã♦ ❞♦ r✉í❞♦ ❡s♣❛❝✐❛❧ ❛♣❧✐❝❛✲
❞❛s ❛♥t❡s ❡ ❞❡♣♦✐s ❞❡ ♦❜t❡r ❛ ❝✉r✈❛ ❙P❘✳ ❖s ✈❛❧♦r❡s ♣❛r❛ Ls = 0 ❝♦r✲
r❡s♣♦♥❞❡♠ à ❝✉r✈❛ s❡♠ ♥❡♥❤✉♠ tr❛t❛♠❡♥t♦✳ ❖ ✜❧tr♦ ❙❛✈✐t③❦②✲●♦❧❛②
♥ã♦ ❡stá ❞❡✜♥✐❞♦ q✉❛♥❞♦ ♦ ❣r❛✉ ❁ 2Ls + 1✳

❚♦❞♦s ♦s ♠ét♦❞♦s ❡s♣❛❝✐❛✐s ❛♣r❡s❡♥t❛r❛♠ ✉♠ ❜♦♠ ❞❡s❡♠♣❡♥❤♦ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❛♦s
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♠ét♦❞♦s t❡♠♣♦r❛✐s✳ ❖ s❡❣✉♥❞♦ ❛✉♠❡♥t♦✉ ❛ ❘❡❧❛çã♦ ❙✐♥❛❧ ❘✉í❞♦ ✭❙◆❘✮ ❞❡ ✽✵✱✹ ♣❛r❛ ✽✵✱✺✳

❏á ♦s ♠ét♦❞♦s ❡s♣❛❝✐❛✐s r❡s✉❧t❛r❛♠ ❡♠ ✉♠❛ ❙◆❘ ❞❡ ✺✵✵ ❛ ✸✺✵✵✱ ❛ ❡①❝❡çã♦ ❞♦ ✜❧tr♦ ❙❛✈✐t③❦②✲

●♦❧❛② ✉t✐❧✐③❛♥❞♦ ❣r❛✉ ✺ ♥♦ ❛❥✉st❡✳

❖ ♠❡❧❤♦r r❡s✉❧t❛❞♦ ❢♦✐ ❛❧❝❛♥ç❛❞♦ ❝♦♠ ✉♠ ♠❡❞✐❛♥❛ ❛♣❧✐❝❛❞❛ ❛ ❝✉r✈❛ ❙P❘ ❝♦♠ Ls = 8✱

♦✉ s❡❥❛✱ 2.Ls + 1 = 17 ❡❧❡♠❡♥t♦s ✉t✐❧✐③❛❞♦s ♥♦ ♣❛ss♦ ❞❡ ❝á❧❝✉❧♦✳

❖ ✜❧tr♦ ♣❛ss❛✲❜❛✐①❛s✱ ❛♣❡s❛r ❞❡ ❞❡♣❡♥❞❡r ❞❡ ✉♠❛ ❜♦❛ ❡s❝♦❧❤❛ ❞❛ ❢❛✐①❛ ❞❡ ♣❛ss❛❣❡♠✱

s✉♣❡r♦✉ ♦ ♠ét♦❞♦ ❞❡ ❝♦♠❜✐♥❛çã♦ ❞❡ s✐♥❛✐s✳ ❯♠ ❜❛♥❞❛ ❞❡ ♣❛ss❛❣❡♠ ♠✉✐t♦ ❡str❡✐t❛ ♣♦❞❡

❡❧✐♠✐♥❛r ❝♦♠♣♦♥❡♥t❡s ❢✉♥❞❛♠❡♥t❛✐s ❞♦ s✐♥❛❧✱ ♥ã♦ ❛♣❡♥❛s r✉í❞♦✱ ❞❡ ❢♦r♠❛ ❛té ❛ ♣✐♦r❛r ❛ ❙◆❘

❞♦ s✐♥❛❧✳ ❏á ✉♠❛ ❜❛♥❞❛ ♣❛ss❛❣❡♠ ♠✉✐t♦ ❧❛r❣❛ ♥ã♦ ✜❧tr❛ ❣r❛♥❞❡ ♣❛rt❡ ❞♦ r✉í❞♦✳ ❖ ♣♦♥t♦

ót✐♠♦ ♣❛r❛ r❡♠♦çã♦ ❞❡ r✉í❞♦ ❢♦✐ ❛❧❝❛♥ç❛❞♦ ♣❛r❛ r = 3✱ q✉❛♥❞♦ ❤♦✉✈❡ ♠❛✐♦r ♠✐♥✐♠✐③❛çã♦

❞♦ r✉í❞♦ s❡♠ ♣❡r❞❛ ❞♦ s✐♥❛❧✱ ✈❡r ❋✐❣✉r❛ ✺✳✻✳ ❆♣❡s❛r ❞❡ t❛♠❜é♠ s❡r ✉♠ ♠ét♦❞♦ ❧✐♥❡❛r s✉❛

❛♣❧✐❝❛çã♦ ❛♥t❡s ♦✉ ❞❡♣♦✐s ❞❛ ♦❜t❡♥çã♦ ❞❛ ❝✉r✈❛ ❙P❘ ❣❡r❛ r❡s✉❧t❛❞♦s ❞✐❢❡r❡♥t❡s ♣♦✐s ♦ ♠❡s♠♦

♠ét♦❞♦ é ❛♣❧✐❝❛❞♦ à ❝✉r✈❛ ❞❡ r❡❢❡rê♥❝✐❛ ❡ ❛ ❞✐✈✐sã♦ ♥ã♦ é ❧✐♥❡❛r q✉❛♥t♦ ❛♦ ❞❡♥♦♠✐♥❛❞♦r✳

❈♦♥t✉❞♦ ❛♣❧✐❝❛r ♦ tr❛t❛♠❡♥t♦ ❛♣ós ♦ ❛ ♦❜t❡♥çã♦ ❞❛ ❝✉r✈❛ ❙P❘ ♣r♦❞✉③ ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s✱

s✐♠✐❧❛r ❛♦ ❝❛s♦ ❡s♣❛❝✐❛❧✳

❋✐❣✉r❛ ✺✳✻✿ ❈♦♠♣❛r❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ r❡❞✉çã♦ ❞♦ r✉í❞♦ ❢r❡q✉❡♥❝✐❛❧ ❛♣❧✐✲
❝❛❞❛s ❛♥t❡s ❡ ❞❡♣♦✐s ❞❡ ♦❜t❡r ❛ ❝✉r✈❛ ❙P❘✳

◆♦ ❡st✉❞♦ ❛❝✐♠❛ t♦❞♦s ♦s ♠ét♦❞♦s ❢♦r❛♠ ❛♣❧✐❝❛❞♦s ❛♦ ♠❡s♠♦ s✐♥❛❧ r✉✐❞♦s♦✳ ❈♦♥t✉❞♦✱ ❛

♥ã♦ ❧✐♥❡❛r✐❞❛❞❡ ❞❡ ❛❧❣✉♥s ♠ét♦❞♦s ✐♠♣❧✐❝❛ q✉❡ ❛ ♦r❞❡♠ ❞❡ ❛♣❧✐❝❛çã♦ ♣♦❞❡ ❣❡r❛r r❡s✉❧t❛❞♦s

❞✐❢❡r❡♥t❡s ♦✉ ❛❧t❡r❛r ♦ r✉í❞♦ r❡♠❛♥❡s❝❡♥t❡ ❞❡ ❢♦r♠❛ ♥ã♦ ❧✐♥❡❛r ❞❡ ♠♦❞♦ q✉❡ ♦ ♣♦♥t♦ ót✐♠♦ ❞❡

❛♣❧✐❝❛çã♦ ❞♦s ♦✉tr♦s ♠ét♦❞♦s ♥ã♦ s❡ ❝♦♥s❡r✈❛✳ P♦r ✐ss♦ ✉♠ ❡st✉❞♦ ❞❡ t♦❞❛s ♦s ❛rr❛♥❥♦s ❞❛s
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té❝♥✐❝❛s ❞❡ tr❛t❛♠❡♥t♦ ✭❡s♣❛❝✐❛❧✱ ❢r❡q✉❡♥❝✐❛❧ ❡ t❡♠♣♦r❛❧✮ ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s ❛ ✜♠ ❞❡ ❡♥❝♦♥tr❛r

❛ ♠❡❧❤♦r ❝♦♠❜✐♥❛çã♦ ❞❡ té❝♥✐❝❛s ♥❛ ♦r❞❡♠ ❝♦rr❡t❛✳

❖ r❡s✉❧t❛❞♦ ❞♦s ❞✐❢❡r❡♥t❡s ❛rr❛♥❥♦s ❞❡ té❝♥✐❝❛s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✼✳ ◆❡st❛ ❝❛❞❛

❝✉r✈❛ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ❛rr❛♥❥♦ ❞✐❢❡r❡♥t❡ ✭❚❡♠♣♦r❛❧✱ ❊s♣❛❝✐❛❧✱ ❋r❡q✉❡♥❝✐❛❧✱ ♣♦r ❡①❡♠♣❧♦✮✳

❈❛❞❛ ❛rr❛♥❥♦ t❡♠ ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❞❡ té❝♥✐❝❛s q✉❡ ♦t✐♠✐③❛ ♦ r❡s✉❧t❛❞♦✱ ❡st❛ té❝♥✐❝❛ ❡stá

❡①♣❧✐❝✐t❛❞❛ ♥❛ ❧❡❣❡♥❞❛ ❡♠ s✉❜s❝r✐t♦✳ ❡ ❝❛❞❛ té❝♥✐❝❛ t❡♠ ✉♠ ♣❛râ♠❡tr♦ Ls✱ Lt ♦✉ r ót✐♠♦✱

t❛♠❜é♠ ❡①♣❧✐❝✐t❛❞♦ ♥❛ ❧❡❣❡♥❞❛ ❡♥tr❡ ♣❛rê♥t❡s❡s✳

❋✐❣✉r❛ ✺✳✼✿ ❊st✉❞♦ ❞❛s ♣♦ssí✈❡✐s ❝♦♠❜✐♥❛çõ❡s ❞❛s té❝♥✐❝❛s ❞❡ r❡♠♦çã♦ ❞❡ r✉í❞♦✳
◆❛ ❧❡❣❡♥❞❛✿ ❖ t✐♣♦ ❞❡ r✉í❞♦ tr❛t❛❞♦✱ ❛ té❝♥✐❝❛ ✉t✐❧✐③❛❞❛ ❡ ♦ ♣❛râ♠❡tr♦
q✉❡ ❧❡✈♦✉ ❛♦ ♠❡❧❤♦r r❡s✉❧t❛❞♦✳

❆ ♥ã♦✲❧✐♥❡❛r✐❞❛❞❡ ❞❛ ♠❡❞✐❛♥❛ tr❛t❛ ♦ r✉í❞♦ ❢r❡q✉❡♥❝✐❛❧ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❛ ❜❛♥❞❛ ❞❡

♣❛ss❛❣❡♠ ót✐♠❛ ❞♦ ✜❧tr♦ ♣❛ss❛✲❜❛✐①❛s ♣❛ss❛ ❛ s❡r r = 10✳ ❆ ❛♣❧✐❝❛çã♦ ❞♦ ✜❧tr♦ ❢r❡q✉❡♥❝✐❛❧

❛♥t❡s ❞❛ s✉❛✈✐③❛çã♦ ❡s♣❛❝✐❛❧ t❛♠❜é♠ ❛❧t❡r❛ ♦ r✉í❞♦ ❞❡ ♠♦❞♦ q✉❡ ❛ ♠é❞✐❛ ♠ó✈❡❧ ♣❛ss❛

❛ s❡r ❛ té❝♥✐❝❛ r❡❝♦♠❡♥❞❛❞❛✳ ◆♦ ❛rr❛♥❥♦ ✭❋r❡q✉❡♥❝✐❛❧✱ ❚❡♠♣♦r❛❧✱ ❊s♣❛❝✐❛❧✮ ❛ ♠é❞✐❛ ❞♦s

s✐♥❛✐s ♥♦ t❡♠♣♦ s❡ ♠♦str♦✉ ♠❛✐s ❛❞❡q✉❛❞❛ ♣❛r❛ Lt = 3✳ ◆♦ ❛rr❛♥❥♦ ✭❋r❡q✉❡♥❝✐❛❧✱ ❊s♣❛❝✐❛❧✱

❚❡♠♣♦r❛❧✮ ❛ r❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦ ❝♦♥t✐♥✉❛ ♠❡❧❤♦r❛♥❞♦ q✉❛♥❞♦ ♠❛✐♦r Lt✱ ♠❛s ❛ ❞✐❢❡r❡♥ç❛ é

♣♦✉❝♦ s✐❣♥✐✜❝❛t✐✈❛✳

❖ ♠❡❧❤♦r r❡s✉❧t❛❞♦ ❢♦✐ ♦❜t✐❞♦ ❝♦♠ ♦ ❛rr❛♥❥♦ ✭❚❡♠♣♦r❛❧✱ ❊s♣❛❝✐❛❧✱ ❋r❡q✉❡♥❝✐❛❧✮✱ ❝♦♠ ❛

s❡❣✉✐♥t❡ s❡q✉ê♥❝✐❛ ❞❡ té❝♥✐❝❛s✿ ▼é❞✐❛ ❝♦♠ ❥❛♥❡❧❛ ❞❡s❧✐③❛♥t❡ ❝♦♠ Lt = 30❀ ▼❡❞✐❛♥❛ ❝♦♠

Ls = 8❀ ❋✐❧tr♦ ♣❛ss❛✲❜❛✐①❛s ❝♦♠ r = 10✳ ❆♣❡s❛r ❞❡ s❡r ♣❡q✉❡♥❛ ❛ ♠❡❧❤♦r✐❛ ❝♦♥s❡❣✉✐❞❛ ❝♦♠ ♦

♠ét♦❞♦ t❡♠♣♦r❛❧✱ ✉♠ ❛✉♠❡♥t♦ ❞❡ ✵✱✶ ♥❛ ❙❘◆✱ s✉❛ ✐♥✢✉ê♥❝✐❛ ♥♦ r❡s✉❧t❛❞♦s ❞❛ ❛♣❧✐❝❛çã♦ ❞♦s

❞❡♠❛✐s ♠ét♦❞♦s ❢♦✐ ❡①♣❛♥❞✐❞❛ ♣❛r❛ ✉♠ ❛✉♠❡♥t♦ ❞❡ ✸✹ ♥❛ ❙❘◆✳ ❖ r❡s✉❧t❛❞♦ ❞❛ ❛♣❧✐❝❛çã♦



Pr♦❝❡ss❛♠❡♥t♦ ❞♦ ❙✐♥❛❧ ✻✻

❞♦s ♠ét♦❞♦s ❡♠ ✉♠❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✺✳✽

❋✐❣✉r❛ ✺✳✽✿ ❘❡s✉❧t❛❞♦ ❞❛ s❡q✉ê♥❝✐❛ ❞❡ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝✉r✈❛ ❙P❘ ♥❛ ❝✉r✈❛
❡①♣❡r✐♠❡♥t❛❧✳ ❉❛ ❡sq✉❡r❞❛ ♣❛r❛ ❛ ❞✐r❡✐t❛✿ ❝✉r✈❛ ❜r✉t❛❀ ❛♣ós tr❛t❛✲
♠❡♥t♦ t❡♠♣♦r❛❧❀ ❛♣ós tr❛t❛♠❡♥t♦ ❡s♣❛❝✐❛❧❀ ❛♣ós tr❛t❛♠❡♥t♦ ❢r❡q✉❡♥✲
❝✐❛❧✳

❍♦✉✈❡ ✉♠❛ ♣❡r❞❛ ❞❡ ❞❡t❛❧❤❡s ♥❛ ❝✉r✈❛ ♣ré✲♣r♦❝❡ss❛❞❛✱ ❋✐❣✉r❛ ✺✳✽✱ q✉❛♥❞♦ s❡ tr❛t❛ ❞❛

♣r♦❢✉♥❞✐❞❛❞❡ ✭dip✮ ❞❛ ❝✉r✈❛ ❡♠ tr♦❝❛ ❞❡ ✉♠ ♠í♥✐♠♦ ✭θR✮ ❜❡♠ ❞❡✜♥✐❞♦ ❡ ❛ s❡❣✉r❛♥ç❛ ❞❡

q✉❡ ♥ã♦ ❤á ♦s❝✐❧❛çã♦ ♥♦ ♥í✈❡❧ ❞❛ ❧✐♥❤❛ ❜❛s❡✱ ❝❛✉s❛♥❞♦ ❞ú✈✐❞❛s ♥♦ ✈❛❧♦r r❡❛❧ ❞❛ ❧❛r❣✉r❛ ✭Γ✮✱

❞❛ ❛ss✐♠❡tr✐❛ ✭G✮✳

✺✳✸ ❈♦♥s✐❞❡r❛çõ❡s ✜♥❛✐s

❖ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦ ót✐♠♦ ❝♦♥s✐st❡ ❡♠ ✉♠❛ ♠é❞✐❛ ❞❡ ❞✐❢❡r❡♥t❡s ❝✉r✈❛s✱ ✉♠❛ s✉❛✈✐③❛çã♦

♣♦r ♠❡❞✐❛ ❡ ✉♠ ✜❧tr♦ ♣❛ss❛ ❜❛✐①❛s ❛♣❧✐❝❛❞♦s ♥❡st❛ s❡q✉❡♥❝✐❛✳ ❊ss❡ ❛rr❛♥❥♦ ❞❡ ❛❧❣♦r✐t♠♦s

✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ♠❡❧❤♦r✐❛ ♥❛ r❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦ ❡♠ q✉❛s❡ ✺✵ ✈❡③❡s✳

❖ ♥í✈❡❧ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ♥❡❝❡ssár✐♦ é ❜❛✐①♦✳ ❆ s✐♠♣❧✐❝✐❞❛❞❡ ❞♦s ❛❧❣♦r✐t♠♦s ♦s t♦r♥❛

♣❛ssí✈❡❧ ❞❡ s❡r❡♠ ✐♠♣❧❡♠❡♥t❛❞♦s ❡♠ ♥í✈❡❧ ❞❡ ❤❛r❞✇❛r❡✱ ♥ã♦ ❛❝r❡s❝❡♥t❛♥❞♦ ❡❧❡♠❡♥t♦s ❛♦

s✐st❡♠❛ ❥á q✉❡ ♦s s✐♥❛✐s ❞♦ ❝♦♥tr♦❧❡ ❞♦ ❙♣r❡❡t❛ sã♦ ❣❡r❛❞♦ ♣♦r ✉♠ ❋P●❆✳ ❊st❛ ✐♠♣❧❡✲

♠❡♥t❛çã♦ ❡♠ ♥í✈❡❧ ❞❡ ❤❛r❞✇❛r❡ ❣❛r❛♥t❡ ♠❡♥♦r t❡♠♣♦ ❡ ♣r♦❝❡ss❛♠❡♥t♦ ❣❛st♦s ♥❛ ❡t❛♣❛ ❞❡

♣ré✲♣r♦❝❡ss❛♠❡♥t♦✱ ✐♥❝❧✉s✐✈❡ ♣❛r❛ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ✭▼✐❧❞❡r✱ ❋r❛♥❝❤❡tt✐✱ ❍♦❡ ❡ Püs✲

❝❤❡❧✱ ✷✵✶✷✮✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ♠❛✐♦r s♦✜st✐❝❛çã♦ ♥❛s té❝♥✐❝❛s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ♣❛r❛ ❡①tr❛çã♦

❞♦s ♣❛râ♠❡tr♦s ❞❛ ❝✉r✈❛ ❡ ❡st✐♠❛çã♦ ❞❛s ❣r❛♥❞❡③❛s ❞❡ ✐♥t❡r❡ss❡✳
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❖ ♣r♦❜❧❡♠❛ ❞❡ ❡①tr❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❞❡ ♠♦❞♦

s✐♠✉❧tâ♥❡♦ ❛ ♣❛rt✐r ❞❛ ❝✉r✈❛ r❡s♣♦st❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘✳ P♦❞❡ s❡r ❝♦♥t❡♠♣❧❛❞♦

❛ ♣❛rt✐r ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s✱ ✐♥❝❧✉s✐✈❡ ❛♥❛❧✐t✐❝❛♠❡♥t❡✱ ❝♦♥t✉❞♦ ♠✉✐t❛s ❞❡❧❛s ❡s❜❛rr❛♠ ❡♠

✉♠ ♣r♦❜❧❡♠❛ ❞❡ ♥ã♦ ✉♥✐❝✐❞❛❞❡ ❞❛ ❡st✐♠❛t✐✈❛✱ ❢❛❧t❛♥❞♦ ♣❡❧♦ ♠❡♥♦s ✉♠ ♣❛râ♠❡tr♦s ♣❛r❛

❞❡t❡r♠✐♥❛r q✉❛❧ ❛ ❡st✐♠❛t✐✈❛ ❝♦rr❡t❛✳ ❊st❛ ♥ã♦ ✉♥✐❝✐❞❛❞❡ ❣❡r❛ ❞✐s❝♦r❞â♥❝✐❛s ♥❛ ❧✐t❡r❛t✉r❛

q✉❛♥t♦ à ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✉♠❛ ❡st✐♠❛t✐✈❛ ❜❛s❡❛❞❛ ✉♥✐❝❛♠❡♥t❡ ♥❛ ❝✉r✈❛ ❙P❘ s❡♠ ❛❧t❡r❛çõ❡s

♥❛ ✐♥str✉♠❡♥t❛çã♦✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ❞✉❛s ❢♦♥t❡s ❞❡ ❧✉③ ❞❡ ❢r❡qüê♥❝✐❛s ❞✐❢❡r❡♥t❡s✱ ❝♦♠♦

❛♣r❡s❡♥t❛❞♦ ♥♦ ❊st❛❞♦ ❞❛ ❆rt❡ ♥♦ ❈❛♣ít✉❧♦ ✷✳

❆♦ ❝♦♥s✐❞❡r❛r ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ❡ ❛ ♠♦r❢♦❧♦❣✐❛ ❞❛ ❝✉r✈❛ ❛ s♦❧✉çã♦ ♣❛r❛

❡st✐♠❛r n3 ❡ d3 ❜❛s❡❛❞❛ ❡♠ r❡❞❡s ♥❡✉r❛✐s s❡ ♠♦str♦✉ ♣r♦♠✐ss♦r❛ ❡ ❧✐✈r❡ ❞❡ ❞♦ ♣r♦❜❧❡♠❛ ❞❡

♥ã♦ ✉♥✐❝✐❞❛❞❡ ❞❛ ❡st✐♠❛t✐✈❛✳

✻✳✶ ❘❡❞❡s ♥❡✉r❛✐s

P❛r❛ ❝♦♥t❡♠♣❧❛r ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛s ❝✉r✈❛s ❙P❘ às ✈❛r✐á✈❡✐s

❞❡ ✐♥t❡r❡ss❡ ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ✶✵✵✵✵ ❝✉r✈❛s ❛tr❛✈és ❞♦ ♠♦❞❡❧♦ ❛❞♦t❛❞♦✳ ❊ss❛s ❝✉r✈❛s ❢♦r❛♠

❝❛❧❝✉❧❛❞❛s ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s ❝♦♠❜✐♥❛çõ❡s ❞❡ n3 ✈❛r✐❛♥❞♦ ❞❡ 1, 331RIU ❛ 1, 34RIU ❝♦♠

✉♠ ♣❛ss♦ ❞❡ 10−3RIU ❡ d3 ✈❛r✐❛♥❞♦ ❞❡ 1nm ❛ 100nm ❛ ✉♠ ♣❛ss♦ ❞❡ 1nm✳ ❈❛❞❛ ✉♠ ❞♦s

♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❛s ✶✵✵✵✵ ❝✉r✈❛s ❡ ❛♣r❡s❡♥t❛♥❞♦ ❡♠ ❣rá✜❝♦s

♥❛ ❋✐❣✉r❛ ✻✳✶✳

◆❛ ❋✐❣✉r❛ ✻✳✶ é ♣♦ssí✈❡❧ ♣❡r❝❡❜❡r q✉❡✱ ❡①❝❡t♦ ❛ ❛ss✐♠❡tr✐❛✱ ❤á ✉♠ ♣❛❞rã♦ ♥❛ ✈❛r✐❛çã♦ ❞❛

❝✉r✈❛ ❝♦♠ ❛s ❣r❛♥❞❡③❛s ❞❡ ✐♥t❡r❡ss❡ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✳ ❉❡t❡r♠✐♥❛r ✉♠ ú♥✐❝♦ ♣❛❞rã♦ q✉❡

✻✼
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❝♦♥t❡♠♣❧❡ s✐♠✉❧t❛♥❡❛♠❡♥t❡ t♦❞❛s ❛s ✈❛r✐á✈❡✐s ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ♥ã♦✲❧✐♥❡❛r ♠✉❧t✐✲✈❛r✐á✈❡❧ ♣♦❞❡

s❡r ✉♠❛ t❛r❡❢❛ ❝♦♠♣❧❡①❛✳ ❆ r❡❧❛çã♦ ❞❡ ❝❛❞❛ ✈❛r✐á✈❡❧ ❝♦♠ ❛s ❞❡♠❛✐s t♦r♥❛ q✉❛❧q✉❡r té❝♥✐❝❛

q✉❡ ❞❡t❡r♠✐♥❡ ❡st❡s ♣❛❞rõ❡s s❡♣❛r❛❞❛♠❡♥t❡ ✉♠❛ s✐♠♣❧✐✜❝❛çã♦ ❣r♦ss❡✐r❛ ❞♦ ♣r♦❜❧❡♠❛✳ P❛r❛

s♦❧✉❝✐♦♥❛r ❡st❡ ♣r♦❜❧❡♠❛ ❛❧❣✉♠❛s té❝♥✐❝❛s ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ❢♦r❛♠ ✉t✐❧✐③❛❞❛s✱

♠❛s ❛ ú♥✐❝❛ q✉❡ s✉♣❡r♦✉ ♦ ♣r♦❜❧❡♠❛ ❡ ♥ã♦ ✉♥✐❝✐❞❛❞❡ ❞❡ r❡s♣♦st❛ ❢♦✐ ✉♠❛ r❡❞❡ ♥❡✉r❛❧ tr❡✐♥❛❞❛

♣❛r❛ ✐❞❡♥t✐✜❝❛r ❡ r❡♣r♦❞✉③✐r ♦ ♣❛❞rã♦ ❞❡ ✈❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛s ❣r❛♥❞❡③❛s

❛ s❡r❡♠ ❡st✐♠❛❞❛s✳

❋✐❣✉r❛ ✻✳✶✿ ❱❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ❙P❘ ❝♦♠ ♦s ✈❛❧♦r❡s ❞❡
n3 ❡ d3✳ ❋♦r❛♠ s✐♠✉❧❛❞❛s ✶✵✳✵✵✵ ❝✉r✈❛s ❝♦♠ n3 ✈❛r✐❛♥❞♦ ❞❡ 1, 3 ❛ 1, 4
❛ ✉♠ ♣❛ss♦ ❞❡ 10−3 ❡ d3 ✈❛r✐❛♥❞♦ ❞❡ 1nm ❛ 100nm ❛ ✉♠ ♣❛ss♦ ❞❡ 1nm
❝❛❧❝✉❧❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ♣❛r❛ ❝❛❞❛ ❞❛s ❝✉r✈❛s✳

■♥✐❝✐❛❧♠❡♥t❡ ✉♠❛ r❡❞❡ ♥❡✉r❛❧ ❢♦✐ tr❡✐♥❛❞❛ ❡ t❡st❛❞❛ s❡♠ ❛ ✐♥❝❧✉sã♦ ❞❡ q✉❛❧q✉❡r ❝♦♥❤❡✲

❝✐♠❡♥t♦ ♣ré✈✐♦✳ ❯♠❛ r❡❞❡ ❞❡ três ❝❛♠❛❞❛s✱ s❡♥❞♦ ✉♠❛ ❝❛♠❛❞❛ ❞❡ ❡♥tr❛❞❛✱ ✉♠❛ ❞❡ s❛í❞❛

❡ ✉♠❛ ♦❝✉❧t❛✱ tr❡✐♥❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ ❛❧❣♦r✐t♠♦ ❜❛❝❦♣r♦♣❛❣❛t✐♦♥ ❝♦♠ ❢✉♥çã♦ ❞❡ ❛t✐✈❛çã♦ s✐❣✲

♠ó✐❞❡✳ ❆ r❡❞❡ ♠❛✐s s✐♠♣❧❡s ♦❜t✐❞❛ ♣♦ss✉✐ ✷✵ ♥❡✉rô♥✐♦s ♥❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ ❝♦♠ ✉♠ ❡rr♦ ♠é❞✐♦

♥❛ ❡st✐♠❛t✐✈❛ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ♦r❞❡♠ ❞❡ ✹✪ ♥❛s tr❛♥s✐çõ❡s ❞❡ s✉❜stâ♥❝✐❛s ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✱

✈❡r ❋✐❣✉r❛ ✻✳✷✳

❆ ✐♥s❡rçã♦ ❞❡ ❝♦♥❤❡❝✐♠❡♥t♦s ❞❛ r❡s♣♦st❛ ❙P❘ ❡st✉❞❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✸ ♥❛ r❡❞❡ ♥❡✉r❛❧

♣♦❞❡ ❛✉♠❡♥t❛r ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ ❛❧❣♦r✐t♠♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ❝♦♠♦ t❛♠❜é♠ s✐♠♣❧✐✜❝❛r s✉❛

❛♣❧✐❝❛çã♦✳ ❙✐♠♣❧✐✜❝❛çã♦ ❡st❛ q✉❡ ♣❡r♠✐t❡ s✉❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❡♠ ✉♠ s✐st❡♠❛ ❡♠❜❛r❝❛❞♦ ❡

❛ss❡❣✉r❛ s✉❛ ❝♦♥✈❡r❣ê♥❝✐❛✳ ❆ss✐♠ ❡st❡ ❝❛♣ít✉❧♦ ✐♥✐❝✐❛rá ❝♦♠ ✉♠❛ ❛♣r❡s❡♥t❛çã♦ ❡ ❢♦r♠❛❧✐③❛çã♦
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❋✐❣✉r❛ ✻✳✷✿ ❖ ♠❡❧❤♦r r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♠ ❛t✐✈❛çã♦ s✐❣♠ó✐❞❡ ❡ tr❡✐✲
♥❛♠❡♥t♦ ❜❛❝❦♣r♦♣❛❣❛t✐♦♥✳

❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❛ s❡r ✐♥s❡r✐❞♦✳

❊♠ s❡❣✉✐❞❛ ❛ r❡❞❡ ❡s❝♦❧❤✐❞❛ ❡ ✐♠♣❧❡♠❡♥t❛❞❛ s❡rá ❛♣r❡s❡♥t❛❞❛ ❛♥t❡s ❞❡ ❛♥❛❧✐s❛r♠♦s s❡✉

r❡s✉❧t❛❞♦✳

✻✳✷ ■♥❢♦r♠❛çõ❡s ♠♦r❢♦❧ó❣✐❝❛s

❆s ✐♥❢♦r♠❛çõ❡s q✉❡ ❞✐s♣♦♠♦s ❞❛ ❝✉r✈❛ ❙P❘ s❡ ❜❛s❡✐❛♠ ♥♦ ❡st✉❞♦ ❞❡ ❝✉r✈❛s t❡ór✐❝❛s ❛♣r❡✲

s❡♥t❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✸✳ ◆♦ ❡st✉❞♦ ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s s❡✐s ♣❛râ♠❡tr♦s ❞❛ ♠♦r❢♦❧♦❣✐❛ ❞❛ ❝✉r✈❛✿

❡♥❡r❣✐❛✱ ♣r♦❢✉♥❞✐❞❛❞❡✱ ✈❛❧♦r ❞❡ r❡ss♦♥â♥❝✐❛✱ ✈❛❧♦r ❞❛ ❧✐♥❤❛ ❜❛s❡✱ ❧❛r❣✉r❛ ❡ ❛ss✐♠❡tr✐❛✳ ❊♠

t♦❞♦s ♦s ❝❛s♦s ♣♦❞❡♠♦s r❡s✉♠✐r ❛ ✐♥❢♦r♠❛çã♦ út✐❧ à r❡❞❡ ❡♠ ❝r❡s❝✐♠❡♥t♦ ❡ ❝♦♥❝❛✈✐❞❛❞❡ ❞♦

♣❛râ♠❡tr♦ tr❛t❛❞♦✳

❆ ❛ss✐♠❡tr✐❛ ❞❛ ❝✉r✈❛ ♥ã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ♥❛ r❡❞❡ ♥❡✉r❛❧ ✐♠♣❧❡♠❡♥t❛❞❛ ♣♦r ✐♥❞❡♣❡♥❞❡r

❞❛s ✈❛r✐á✈❡✐s q✉❡ ❞❡s❡❥❛✲s❡ ❞❡t❡r♠✐♥❛r✱ ✈❡r ❋✐❣✉r❛s ✸✳✽ ❡ ✸✳✶✷✳ ❖s ❞❡♠❛✐s ♣❛râ♠❡tr♦s ✈❛r✐✲

❛r❛♠ ♠♦♥♦t♦♥❛♠❡♥t❡ t❛♥t♦ ♣❛r❛ ✈❛r✐❛çõ❡s ❞❡ n3 q✉❛♥t♦ ♣❛r❛ ✈❛r✐❛çõ❡s ❞❡ d3✱ ❝♦♥t✉❞♦ ❛s

✈❛r✐❛çõ❡s ❝♦♠ n3 sã♦ ❛♣❛r❡♥t❡♠❡♥t❡ ❧✐♥❡❛r❡s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ q✉❛♥❞♦ ❝♦♥s✐❞❡r❛✲s❡ q✉❡ ❡ss❛

❣r❛♥❞❡③❛ ✈❛r✐❛ ♥❛ ♦r❞❡♠ ❞❡ 10−2RIU ✳ ◆❡st❛ s❡çã♦ ❡♥❝♦♥tr❛♠✲s❡ r❡s✉♠✐❞❛s ❛s ✐♥❢♦r♠❛çõ❡s

s♦❜r❡ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✭❚❛❜❡❧❛ ✻✳✶✮ ❡ ❛ ❡s♣❡ss✉r❛ ✭❚❛❜❡❧❛ ✻✳✷✮ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✳
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❚❛❜❡❧❛ ✻✳✶✿ ■♥❢♦r♠❛çõ❡s ❛ s❡r❡♠ ✉t✐❧✐③❛❞❛s ♥♦ tr❡✐♥❛♠❡♥t♦ ❞❛ ❘❡❞❡ ◆❡✉r❛❧ ♣❛r❛ ♦
í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n3

P❛râ♠❡tr♦ ❈r❡s❝✐♠❡♥t♦ ❈♦♥❝❛✈✐❞❛❞❡ ❋✐❣✉r❛
❊♥❡r❣✐❛ ✭E✮ ❉❡❝r❡s❝❡♥t❡ (∂E/∂n3 < 0) ✖ ❋✐❣✉r❛ ✸✳✻

➶♥❣✉❧♦ ❞❡ ❘❡ss♦♥â♥❝✐❛ ✭θR✮ ❈r❡s❝❡♥t❡ (∂θR/∂n3 > 0) ✖ ❋✐❣✉r❛ ✸✳✼
Pr♦❢✉♥❞✐❞❛❞❡ ✭dip✮ ❈r❡s❝❡♥t❡ (∂dip/∂n3 > 0) ✖ ❋✐❣✉r❛ ✸✳✼

▲❛r❣✉r❛ ✭Γ✮ ❉❡❝r❡s❝❡♥t❡ (∂Γ/∂n3 < 0) ✖ ❋✐❣✉r❛ ✸✳✽
❆ss✐♠❡tr✐❛ ✭G✮ ❈r❡s❝❡♥t❡ (∂G/∂n3 > 0) ✖ ❋✐❣✉r❛ ✸✳✽

❚❛❜❡❧❛ ✻✳✷✿ ■♥❢♦r♠❛çõ❡s ❛ s❡r❡♠ ✉t✐❧✐③❛❞❛s ♥♦ tr❡✐♥❛♠❡♥t♦ ❞❛ ❘❡❞❡ ◆❡✉r❛❧ ♣❛r❛ ❛
❡s♣❡ss✉r❛ d3

P❛râ♠❡tr♦ ❈r❡s❝✐♠❡♥t♦ ❈♦♥❝❛✈✐❞❛❞❡ ❋✐❣✉r❛
❊♥❡r❣✐❛ ✭E✮ ❉❡❝r❡s❝❡♥t❡ ∂E/∂n3 < 0 ❈ô♥❝❛✈❛ ∂2E/∂n3

2 < 0 ❋✐❣✉r❛ ✸✳✶✵
❘❡ss♦♥â♥❝✐❛ ✭θR✮ ❈r❡s❝❡♥t❡ ∂θR/∂n3 > 0 ❈♦♥✈❡①❛ ∂2θR/∂n3

2 > 0 ❋✐❣✉r❛ ✸✳✶✶
Pr♦❢✉♥❞✐❞❛❞❡ ✭dip✮ ❈r❡s❝❡♥t❡ ∂dip/∂n3 > 0 ❈♦♥✈❡①❛ ∂2dip/∂n3

2 > 0 ❋✐❣✉r❛ ✸✳✶✶
▲❛r❣✉r❛ ✭Γ✮ ❉❡❝r❡s❝❡♥t❡ ∂Γ/∂n3 < 0 ❈ô♥❝❛✈❛ ∂2Γ/∂n3

2 < 0 ❋✐❣✉r❛ ✸✳✶✷
❆ss✐♠❡tr✐❛ ✭G✮ ❈r❡s❝❡♥t❡ ∂G/∂n3 > 0 ❈♦♥✈❡①❛ ∂2G/∂n3

2 > 0 ❋✐❣✉r❛ ✸✳✶✷

✻✳✸ ❯t✐❧✐③❛çã♦ ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ♣ré✈✐♦

❆ r❡❞❡ ♥❡✉r❛❧ ❡s❝♦❧❤✐❞❛ ♣❛r❛ s♦❧✉❝✐♦♥❛r ♦ ♣r♦❜❧❡♠❛ ❢♦✐ ❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♠ ♠ú❧t✐♣❧♦s ❝♦♥❤❡❝✐✲

♠❡♥t♦s ♣ré✈✐♦s ✭▼✉❧t✐♣❧❡✲♣r✐♦r✲❦♥♦✇❧❡❞❣❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❢♦r ✐♥❞✉str✐❛❧ ♣r♦❝❡ss❡s ✲ ▼P❑◆◆✮

✭❍❛✐❝❤✉❛♥✱ ❍♦♥❣②❡✱ ▲❡✐✱ ❨♦♥❣ ❡ ●❛♥❣✱ ✷✵✶✵✮✳ ❊st❛ r❡❞❡ t❡♠ ♦❜r✐❣❛t♦r✐❛♠❡♥t❡ três ❝❛♠❛✲

❞❛s✱ ❝❛❞❛ ❝❛♠❛❞❛ ♣♦❞❡ t❡r ✉♠ ♥ú♠❡r♦ ❞✐❢❡r❡♥t❡s ❞❡ ♥❡✉rô♥✐♦s✳ ❆s ❝❛♠❛❞❛s ❞❡ ❡♥tr❛❞❛

❡ s❛í❞❛ tê♠ ♥ú♠❡r♦ ❞❡ ♥❡✉rô♥✐♦s ❡q✉✐✈❛❧❡♥t❡ ❛♦ ♥ú♠❡r♦ ❞❡ ✈❛r✐á✈❡✐s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ ▼P❑◆◆ t❡♠ s✉❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ ❝♦♠ ♥❡✉rô♥✐♦s ❧✐♥❡❛r❡s ❡ ♥❡✉rô♥✐♦s ♥ã♦✲❧✐♥❡❛r❡s✱ ❞❡

❢♦r♠❛ ❝♦♥t❡♠♣❧❛r ♦ ♣r♦❜❧❡♠❛ ❞❡ ❛♠❜♦s ♦s ♠♦❞♦s✳ ❖ ❡rr♦ ❞❡ tr❡✐♥❛♠❡♥t♦ ❞❡st❛ r❡❞❡ ✐♥❝❧✉✐

✭✻✳✶✮ ❝♦♠♦ ✉♠ ❝r✐tér✐♦ ♣❛r❛ ❛✈❛❧✐❛r ♦s ♣❡s♦s ❞❛s ❝♦♥❡①õ❡s ✐♥t❡r♥❛s ✭❡♥tr❛❞❛✲♦❝✉❧t❛ ❡ ♦❝✉❧t❛✲

s❛í❞❛✮✳ ■♥❝❧✉✐ t❛♠❜é♠ ✭✻✳✷✮ ❝♦♠♦ ❝r✐tér✐♦ ♣❛r❛ ❛✈❛❧✐❛r ❛s ❝♦♥❡①õ❡s ❞✐r❡t❛s ✭❡♥tr❛❞❛ ♣❛r❛

s❛í❞❛✮✳ ❆ ♠✐♥✐♠✐③❛çã♦ ❞❡st❡s ❡rr♦s ❞✉r❛♥t❡ ♦ tr❡✐♥❛♠❡♥t♦ ❣❛r❛♥t❡ q✉❡ ♦s ♣❡s♦s r❡❞✉♥❞❛♥t❡s

s❡rã♦ ③❡r❛❞♦s ✭❡❧✐♠✐♥❛❞♦s✮✱ ✐♠♣❧✐❝❛♥❞♦ ♥❛ r❡❞❡ ♠❛✐s s✐♠♣❧❡s ♣♦ssí✈❡❧✳ ❯♠❛ ❡str✉t✉r❛ ❞❛

r❡❞❡ ♣♦❞❡ s❡r ✈✐st❛ ❛ ❋✐❣✉r❛ ✻✳✸✱ ♥❛ q✉❛❧ ❛s ✈❛r✐á✈❡✐s ❞❡ ❡♥tr❛❞❛ xi, ..., xn sã♦ ♦s ♣❛râ♠❡tr♦s

♠♦r❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛✿ ❡♥❡r❣✐❛✱ ✈❛❧♦r ❞❛ ❧✐♥❤❛ ❜❛s❡✱ ✈❛❧♦r ❞❡ r❡ss♦♥â♥❝✐❛✱ ♣r♦❢✉♥❞✐❞❛❞❡ ❡

❧❛r❣✉r❛✱ t♦❞♦s ♥♦r♠❛❧✐③❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ✭✸✳✷✮✳
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❋✐❣✉r❛ ✻✳✸✿ ❊str✉t✉r❛ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♠ ♠ú❧t✐♣❧♦s ❝♦♥❤❡❝✐♠❡♥t♦s ♣ré✈✐♦s✳ ◆❛
❝❛♠❛❞❛ ❡s❝♦♥❞✐❞❛ ♦s ♥❡✉rô♥✐♦s ❛té j1 sã♦ ♥ã♦✲❧✐♥❡❛r❡s ❡ ♦s ❞❡♠❛✐s sã♦
❧✐♥❡❛r❡s✳

Ec
ω = n1 log

(∑

|ωji|
)

+ n2 log
(∑

|ωkj|
)

✭✻✳✶✮

Ed
ω =

1

2
d log

(∑

ωki
2
)

✭✻✳✷✮

s❡♥❞♦ n1 ♦ ♥ú♠❡r♦ ❞❡ ❝♦♥❡①õ❡s ❞❛ ❝❛♠❛❞❛ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ❛ ❝❛♠❛❞❛ ❡s❝♦♥❞✐❞❛ ❡ ωji ♦ ♣❡s♦

❞❡ss❛s ❝♦♥❡①õ❡s❀ n2 ♦ ♥ú♠❡r♦ ❞❡ ❝♦♥❡①õ❡s ❞❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ ♣❛r❛ ❛ ❝❛♠❛❞❛ ❞❡ s❛í❞❛ ❡ ωkj

♦ ♣❡s♦ ❞❡ss❛s ❝♦♥❡①õ❡s❀ d ♦ ♥ú♠❡r♦ ❞❡ ❝♦♥❡①õ❡s ❞❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ ♣❛r❛ ❛ ❝❛♠❛❞❛ ❞❡ s❛í❞❛

❡ ωik ♦ ♣❡s♦ ❞❡ss❛s ❝♦♥❡①õ❡s✳

❆ ♣❛rt❡ ♥ã♦✲❧✐♥❡❛r ❞❛ r❡❞❡ t❡♠ ✉♠❛ ❢✉♥çã♦ s✐❣♠♦✐❞❡ ❝♦♠♦ ❢✉♥çã♦ ❞❡ ❛t✐✈❛çã♦✿

Φj1(x) =
1

1 + e−x
. j1 = 1, 2, ...,m

❡ ❛ ♣❛rt❡ ❧✐♥❡❛r t❡♠ ❝♦♠♦ ❛t✐✈❛çã♦✿

Φj2(x) = x. j2 = m+ 1, ..., j

❖✉ s❡❥❛✱ ♥❛ s❛í❞❛ ❞❛ ❝❛♠❛❞❛ ♦❝✉❧t❛ t❡♠✲s❡✿

hj1 = Φj1

(
∑

i

xiωj1i + bj1

)

hj2 =
∑

i

xiωj2i + bj2
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s❡♥❞♦ xi ♦ ❞❛❞♦ ❞❡ ❡♥tr❛❞❛ ❞❛ r❡❞❡✳

❊ ♦ r❡s✉❧t❛❞♦ ❞❛ r❡❞❡ ❡ ❝❛❧❝✉❧❛❞♦ ♣♦r✿

yk =
∑

j1

[

Φj1

(
∑

i

xiωj1i + bj1

)

ωkj1

]

+
∑

j2

[(
∑

i

xiωj2i + bj2

)

ωkj2

]

+
∑

i

ωkixi+bk ✭✻✳✸✮

s❡♥❞♦ yk ♦ ❞❛❞♦ ❞❡ s❛í❞❛ ❞❛ r❡❞❡✳ ❖ ❡rr♦ é ❝❛❧❝✉❧❛❞♦ ❡♠ ❜❛t❡❧❛❞❛✱ ❞❛❞♦ ♣♦r✿

SSE =
A∑

a

S∑

s

(yT − yR)
2 ,

s❡♥❞♦ A ♥ú♠❡r♦ ❞❡ ❛♠♦str❛s ♣❛r❛ tr❡✐♥❛♠❡♥t♦ ❡ S ♦ ♥ú♠❡r♦ ❞❡ s❛í❞❛s ❞❛ r❡❞❡✱ yT ❛ s❛í❞❛

❞❛ r❡❞❡ ❡♠ tr❡✐♥❛♠❡♥t♦ ❡ yR ♦ ❞❛❞♦ ❞❡ s❛í❞❛ ❞♦ ❝♦♥❥✉♥t♦ ❞❡ tr❡✐♥❛♠❡♥t♦✳

❖ ❝♦♥❤❡❝✐♠❡♥t♦ ♣ré✈✐♦ é ✐♥❝❧✉í❞♦ ♥❛ r❡❞❡ ❛tr❛✈és ❞❛s ❧✐♠✐t❛çõ❡s ❞♦ tr❡✐♥❛♠❡♥t♦✿

∂yk
∂xi

> 0 ✭❈r❡s❝❡♥t❡✮ ♦✉
∂yk
∂xi

< 0 ✭❉❡❝r❡s❝❡♥t❡✮

∂2yk
∂xi

2
> 0 ✭❈ô♥✈❛✈♦✮ ♦✉

∂2yk
∂xi

2
< 0 ✭❈♦♥✈❡①♦✮

s❡♥❞♦✿
∂yk
∂xi

=
∑

j1

ωj1ihj1(1− hj1)ωkj1 +
∑

j2

ωj2iωkj2 + ωki

∂2yk
∂xi

2
=
∑

j1

ωj1i
2hj1(1− hj1)(1− 2hj1)ωkj1

❊♥tã♦ ✉♠ ❛❧❣♦r✐t♠♦ ❞❡ ♦t✐♠✐③❛çã♦ ♥ã♦✲❧✐♥❡❛r ❝♦♠ ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛ é ✉t✐❧✐③❛❞♦ ♣❛r

❡♥❝♦♥tr❛r ♦s ♣❡s♦s q✉❡ ♠✐♥✐♠✐③❛ SSE + γ(Ec
ω + Ed

ω)✳ ❙❡♥❞♦ γ ♦ ❢❛t♦r ❞❡ r❡❣✉❧❛r✐③❛çã♦

♣❛r❛ ❞❡✜♥✐r ♦ ♥í✈❡❧ ❞❡ ♣r✐♦r✐❞❛❞❡ ❞♦s ❝r✐tér✐♦s ❝♦♠ r❡❧❛çã♦ ❛♦ ♦✉tr♦✳ P❛r❛ ♦ tr❡✐♥❛♠❡♥t♦ ❞❛

r❡❞❡ ❢♦✐ ❡s❝♦❧❤✐❞♦ ♦ ❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ q✉❛❞rát✐❝❛ s❡q✉❡♥❝✐❛❧ ✭❙❡q✉❡♥t✐❛❧ ◗✉❛❞r❛t✐❝

Pr♦❣r❛♠✐♥❣ ✲ ❙◗P✮ ✭◆♦❝❡❞❛❧ ❡ ❲r✐❣❤t✱ ✶✾✾✾✮✳

✻✳✹ ❉❡✜♥✐çã♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❞❡ ♠ú❧t✐♣❧♦s ❝♦♥❤❡❝✐♠❡♥t♦s

♣ré✈✐♦s

❖ ❞❡s❡♠♣❡♥❤♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ♣♦❞❡ s❡r ✐♥✢✉❡♥❝✐❛❞♦ ♣♦r três ❢❛t♦r❡s ♥ã♦ ❞❡✜♥✐❞♦s✿ ✭✐✮ ♦ ❢❛t♦r

❞❡ r❡❣✉❧❛r✐③❛çã♦ ✭γ✮❀ ✭✐✐✮ ♦ ♥ú♠❡r♦ ❞❡ ♥❡✉rô♥✐♦s ❞❛ ❝❛♠❛❞❛ ♦❝✉❧t❛❀ ✭✐✐✐✮ ❛ t♦♣♦❧♦❣✐❛ ❞❛ r❡❞❡✳

❯♠ ❡st✉❞♦ ❞❡ss❡s ❢❛t♦r❡s s❡r❛ r❡❛❧✐③❛❞♦ ♥❡st❛ s❡çã♦✳

❆♥t❡s ❞❡ ✐♥✐❝✐❛r ♦ tr❡✐♥❛♠❡♥t♦ ♦s ❞❛❞♦s ❞❡ ❡♥tr❛❞❛ ❡ ❞❡ s❛í❞❛ sã♦ ❛♠❜♦s tr❛t❛❞❛s ♣❛r❛

t❡r ♠é❞✐❛ ♥✉❧❛ ❡ ❞❡s✈✐♦ ✉♥✐tár✐♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ✭✸✳✷✮✳
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❚❛❜❡❧❛ ✻✳✸✿ ❊rr♦ ♠é❞✐♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ γ
❋❛t♦r ❞❡ r❡❣✉❧❛r✐③❛çã♦ ❊rr♦ P❡r❝❡♥t✉❛❧ ▼é❞✐♦

γ n3 d3

✶✵ ✵✱✵✵✺✹ ✶✱✶✵✾✽
✺ ✵✱✵✵✶✹ ✵✱✾✷✾✼
✷ ✵✱✵✵✶✺ ✵✱✽✻✸✶
✶ ✵✱✵✵✶✸ ✵✱✾✶✸✺
✵✱✺ ✵✱✵✵✶✸ ✵✱✾✶✻✾
✵✱✷✺ ✵✱✵✵✺✾ ✶✱✵✸✼✶

❆♣ós ❛ ❛♣❧✐❝❛çã♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ♦ ♣r♦❝❡ss♦ ✐♥✈❡rs♦ ❞❛ ♥♦r♠❛❧✐③❛çã♦ ❞❡✈❡ s❡r ❝❛❧❝✉❧❛❞♦

♣❛r❛ ♦❜t❡r ♦ ❞❛❞♦ ❞❡ ✐♥t❡r❡ss❡✳

❯♠❛ s✉❛✈✐③❛çã♦ t❛♠❜é♠ ❞❡✈❡ s❡r ❛♣❧✐❝❛❞❛ ❛♦ r❡s✉❧t❛❞♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ♣❛r❛ r❡♠♦✈❡r

✈❛r✐❛çõ❡s ❞❛ ❡st✐♠❛t✐✈❛✳

✻✳✹✳✶ ❊s❝♦❧❤❛ ❞♦ ❢❛t♦r ❞❡ r❡❣✉❧❛r✐③❛çã♦ ✭γ✮

P❛r❛ ✉♠❛ ❛♥á❧✐s❡ ❞❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ❢❛t♦r ❞❡ r❡❣✉❧❛r✐③❛çã♦ ♦ tr❡✐♥❛♠❡♥t♦ ❢♦✐ r❡♣❡t✐❞♦ ❛té q✉❡

❛ ♠é❞✐❛ ❞♦s r❡s✉❧t❛❞♦s ♣❛r❡ ❞❡ ✈❛r✐❛r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡✳

❆ r❡❞❡ ♥❡✉r❛❧ ❢♦✐ tr❡✐♥❛❞❛ ♣❛r❛ γ = 10; 5; 2; 1; 0, 5; 0, 25✱ ❝♦♠ ♦ ♥ú♠❡r♦ ❞❡ ♥❡✉rô♥✐♦s ♥❛

❝❛♠❛❞❛ ♦❝✉❧t❛ ✜①♦ ❡♠ ❞❡③✱ s❡♥❞♦ ♠❡t❛❞❡ ❧✐♥❡❛r ❡ ♠❡t❛❞❡ ♥ã♦ ❧✐♥❡❛r✱ ❡ ❝♦♠ ♦s ❞❛❞♦s ❞❛

❝✉r✈❛ ♦❜t✐❞♦s ❝♦♠ ❧✐♥❤❛ ❜❛s❡ ❞✐♥â♠✐❝❛ ❡ ✉s♦ ❞❛ té❝♥✐❝❛ ❞❡ ♣r✐♠❡✐r♦ ♠♦♠❡♥t♦✳ ❆ ❚❛❜❡❧❛ ✻✳✸

❛♣r❡s❡♥t❛ ♦ ❡rr♦ ♠é❞✐♦ ♦❜t✐❞♦ ❝♦♠ ❝❛❞❛ r❡❞❡✳ ❆♣❡s❛r ❞❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ♣❡q✉❡♥❛✱ ♦s ✈❛❧♦r❡s

γ = 1 ❡ γ = 2 ❛♣r❡s❡♥t❛♠ ♦s ♠❡♥♦r❡s ❞❡s✈✐♦s✳ ❖ ✈❛❧♦r q✉❡ ♠✐♥✐♠✐③❛ ♦ ❡rr♦ ❞❛ ❡s♣❡ss✉r❛

❡st✐♠❛❞❛ ❢♦✐ ❡s❝♦❧❤✐❞♦ ❝♦♠♦ s❡♥❞♦ ♦ ♠❛✐s ❛♣r♦♣r✐❛❞♦✱ ♣♦✐s ♦ ❞❡s✈✐♦ ❞❡st❛ ❣r❛♥❞❡③❛ é ♠✉✐t♦

♠❛✐♦r q✉❡ ♦ ❞❡s✈✐♦ ❞❡ n3✳

✻✳✹✳✷ ❊s❝♦❧❤❛ ❞♦ ♥ú♠❡r♦ ❞❡ ♥❡✉rô♥✐♦s ♦❝✉❧t♦s

❯t✐❧✐③❛♥❞♦ ♦ ♠❡s♠♦ ❝r✐tér✐♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❢♦r❛♠ r❡❛❧✐③❛❞♦s tr❡✐♥❛♠❡♥t♦s ♣❛r❛ r❡❞❡s ❝♦♠

s❡✐s✱ ♦✐t♦ ❡ ❞❡③ ♥❡✉rô♥✐♦s ♥❛ ❝❛♠❛❞❛ ♦❝✉❧t❛✳ ❈♦♥t✉❞♦ ♥ã♦ ❤♦✉✈❡ ❞✐❢❡r❡♥ç❛ s✐❣♥✐✜❝❛t✐✈❛✱

♦❜t❡♥❞♦ rá♣✐❞❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ r❡s✉❧t❛❞♦✳ ■ss♦ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞♦ ♣❡❧♦s ❝r✐tér✐♦s ❞❡ ♣♦❞❛

✐♥❝❧✉í❞♦s ♥♦ ❛❧❣♦r✐t♠♦ ❛tr❛✈és ❞❡ ✭✻✳✶✮ ❡ ✭✻✳✷✮✳ ❉❡ss❛ ❢♦r♠❛ ❛ r❡❞❡ ❝♦♠ s❡✐s ♥❡✉rô♥✐♦s ♥❛

❝❛♠❛❞❛ ♦❝✉❧t❛ ❢♦✐ ❡s❝♦❧❤✐❞❛ ❝♦♠♦ ❛ ♠❛✐s ❛♣r♦♣r✐❛❞❛ ♣♦r s❡r ♠❛✐s s✐♠♣❧❡s✱ r❡❞✉③✐♥❞♦ ❝♦♥s✐❞❡✲

r❛✈❡❧♠❡♥t❡ ♦ ♥ú♠❡r♦ ❞❡ ♣❡s♦s ❞❛ r❡❞❡✱ ❛❣✐❧✐③❛♥❞♦ ♦ tr❡✐♥❛♠❡♥t♦ ❡ ❢❛❝✐❧✐t❛♥❞♦ ✐♠♣❧❡♠❡♥t❛çã♦

❞❛ r❡❞❡ ❡♠ s✐st❡♠❛ ❡♠❜❛r❝❛❞♦✳
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❚❛❜❡❧❛ ✻✳✹✿ ❊rr♦ ♣❡r❝❡♥t✉❛❧ ♠é❞✐♦ ❡rr♦ ♣❡r❝❡♥t✉❛❧ ♠á①✐♠♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ♣❛r❛
❝♦♠❜✐♥❛çõ❡s ❞❡ ❞✐❢❡r❡♥t❡s té❝♥✐❝❛ ♥♦ ❝á❧❝✉❧♦ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó✲
❣✐❝♦s✳

❚é❝♥✐❝❛s ❊rr♦ ▼é❞✐♦ ✭✪✮ ❊rr♦ ▼á①✐♠♦ ✭✪✮ ❋✐❣✉r❛
▲✐♥❤❛ ❇❛s❡ ❇✉s❝❛ ❞♦ ▼í♥✐♠♦ n3 d3 n3 d3

❉✐♥â♠✐❝❛ ✶♦ ▼♦♠❡♥t♦ ✵✱✵✵✶✺✪ ✵✱✽✻✸✶✪ ✵✱✵✶✻✵✪ ✶✱✶✹✷✸✪ ✻✳✹
❉✐♥â♠✐❝❛ ▼✐♥✳ P (θ) ✵✱✵✵✺✽✪ ✶✱✵✾✵✶✪ ✵✱✵✶✽✶✪ ✶✱✼✽✶✼✪ ✻✳✺
❋❲❍▼ ✶♦ ▼♦♠❡♥t♦ ✵✱✵✵✻✽✪ ✶✱✸✶✻✸✪ ✵✱✵✷✷✽✪ ✷✱✻✾✵✶✪ ✻✳✻
❋❲❍▼ ▼✐♥✳ P (θ) ✵✱✵✵✽✷✪ ✸✱✻✺✽✶✪ ✵✱✵✷✺✷✪ ✺✱✹✾✼✾✪ ✻✳✼

❖ ♥ú♠❡r♦ ❞❡ ♣❡s♦s ❞❛ r❡❞❡ é ❞❛❞♦ ♣♦r✿

nPesos = nOculto(nEntrada+ nSaida+ 1) + nSaida(1 + nEntrada)

s❡♥❞♦ nPesos✱ nOculto✱ nEntrada ❡ nSaida ♦ ♥ú♠❡r♦ ❞❡ ♣❡s♦s✱ ❞❡ ♥❡✉rô♥✐♦s ♥❛s ❝❛♠❛✲

❞❛s ♦❝✉❧t❛✱ ❞❡ ❡♥tr❛❞❛ ❡ ❞❡ s❛í❞❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ss✐♠ ♣❛r❛ nOculto = 6, 8, 10 t❡♠✲s❡

nPesos = 92, 76, 60 ❛ s❡r❡♠ ♦t✐♠✐③❛❞♦s✳

✻✳✹✳✸ ❊s❝♦❧❤❛ ❞❛s ✈❛r✐á✈❡✐s ❞❡ tr❡✐♥❛♠❡♥t♦

◗✉❛tr♦ ♦♣çõ❡s ❞❡ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ❢♦r❛♠ t❡st❛❞❛s ❝♦♥t❡♠♣❧❛♥❞♦ t♦❞❛s ❛s ❝♦♠❜✐♥❛çõ❡s

❞❛s té❝♥✐❝❛s ❞❡ ❧✐♥❤❛ ❜❛s❡ ✭❞✐♥â♠✐❝❛ ❡ ❋❲❍▼✮ ❡ ❜✉s❝❛ ❞♦ ♠í♥✐♠♦ ✭❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧ ❡

♣r✐♠❡✐r♦ ♠♦♠❡♥t♦✮✳ ❆ r❡❞❡ ❢♦✐ tr❡✐♥❛❞❛ ❡ t❡st❛❞❛ ❛té q✉❡ ❛ ✈❛r✐❛çã♦ ❞❡ s❡✉ ❡rr♦ ♠é❞✐♦ ❞❡

tr❡✐♥❛♠❡♥t♦ ❢♦ss❡ ♠❡♥♦r q✉❡ ∆SSE < 10−2✳

❆s tr❛♥s✐çõ❡s ♥♦ r❡s✉❧t❛❞♦ ❞❛ r❡❞❡ s❡ ❞❡✈❡♠ ❛♦ ✉♠❛ s✐♠✉❧❛çã♦ ❞❡ tr❛♥s✐çã♦ ❞❡ s✉❜stâ♥❝✐❛s

♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❞♦ ❜✐♦✲s❡♥s♦r✳ ◆♦ ❝❛s♦ ❛ tr❛♥s✐çã♦ ♦❝♦rr❡ ❞❡ ✉♠❛ s✉❜stâ♥❝✐❛ ❆ ❝♦♠ í♥❞✐❝❡

❞❡ r❡❢r❛çã♦ ♣ró①✐♠♦ à á❣✉❛✱ ♠❛s ❝♦♠ ❝❛♠❛❞❛ ❢♦r♠❛❞❛✱ ♣❛r❛ ✉♠❛ s✉❜stâ♥❝✐❛ ❇ ❝♦♠ í♥❞✐❝❡

❞❡ r❡❢r❛çã♦ 0, 0022RIU ❛ ♠❛✐s✳ ❖s r❡s✉❧t❛❞♦s ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s ❛tr❛✈és ❞❛ ❝♦♠♣❛r❛çã♦ ❝♦♠

♦ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❣❡r❛r ❛s ❝✉r✈❛s tr❛t❛❞❛s ♣❡❧❛ r❡❞❡✳ ❆ ❚❛❜❡❧❛ ✻✳✹ ❝♦♠♣❛r❛

♦s r❡s✉❧t❛❞♦s ❞❡ ❝❛❞❛ t♦♣♦❧♦❣✐❛ ❡ ♦s r❡❧❛❝✐♦♥❛ à ✉♠❛ ❛♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞❛ ❡st✐♠❛çã♦✳ ❖

♠❡❧❤♦r r❡s✉❧t❛❞♦ ❢♦✐ ♦❜t✐❞♦ ❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❛s té❝♥✐❝❛s ❞❡ ❧✐♥❤❛ ❜❛s❡ ❞✐♥â♠✐❝❛ ❡ ♣r✐♠❡✐r♦

♠♦♠❡♥t♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s✳ ❊ss❡ r❡s✉❧t❛❞♦ ♦❜t❡✈❡ ❡rr♦ ♠á①✐♠♦ ❞❡

✶✱✶✹✷✸✪ ♣❛r❛ ❛ ❡st✐♠❛çã♦ ❞❛ ❡s♣❡ss✉r❛✱ ❝♦♠♣r♦✈❛♥❞♦ ❛ s✉♣❡r✐♦r✐❞❛❞❡ ❞❡st❛ r❡❞❡ à r❡❞❡ s❡♠

✉s♦ ❞❡ ❝♦♥❤❡❝✐♠❡♥t♦s ♣ré✈✐♦s q✉❡ ♦❜t❡✈❡ ❡rr♦ ❞❡ ✸✱✻✵✸✵✪ ♣❛r❛ ❡st✐♠❛r ❛ ♠❡s♠❛ ❣r❛♥❞❡③❛✳
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❋✐❣✉r❛ ✻✳✹✿ ❘❡s✉❧t❛❞♦s s✉❛✈✐③❛❞♦s ❞❛ ✉t✐❧✐③❛çã♦ ✉♠ ❛❥✉st❡ ❞❡ ❝✉r✈❛s ❜❛s❡❛❞♦ ❡♠
r❡❞❡ ♥❡✉r❛❧✳ P❛r❛ ❛❥✉st❡ ❞❛ r❡❞❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r✲
❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❞✐♥â♠✐❝❛
❡ ♥❛ té❝♥✐❝❛ ❞♦ ♣r✐♠❡✐r♦ ♠♦♠❡♥t♦ ✭❝❡♥tró✐❞❡✮✳

❋✐❣✉r❛ ✻✳✺✿ ❘❡s✉❧t❛❞♦s s✉❛✈✐③❛❞♦s ❞❛ ✉t✐❧✐③❛çã♦ ✉♠ ❛❥✉st❡ ❞❡ ❝✉r✈❛s ❜❛s❡❛❞♦ ❡♠
r❡❞❡ ♥❡✉r❛❧✳ P❛r❛ ❛❥✉st❡ ❞❛ r❡❞❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r✲
❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❞✐♥â♠✐❝❛
❡ ♥❛ té❝♥✐❝❛ ❞❡ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧✳

✻✳✺ ❈♦♥s✐❞❡r❛çõ❡s ❋✐♥❛✐s✳

❆ s♦❧✉çã♦ ❡♥❝♦♥tr❛❞❛ ♣❛r❛ ❡st✐♠❛r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧

❛♣r❡s❡♥t♦✉ r❡s✉❧t❛❞♦s ❝♦♠ ❜❛✐①♦ ❡rr♦ s❡ ♠♦str❛♥❞♦ ❡✜❝❛③✳ ➱ ✉♠❛ s♦❧✉çã♦ ✈✐á✈❡❧ ❞❛❞♦ ❛
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❋✐❣✉r❛ ✻✳✻✿ ❘❡s✉❧t❛❞♦s s✉❛✈✐③❛❞♦s ❞❛ ✉t✐❧✐③❛çã♦ ✉♠ ❛❥✉st❡ ❞❡ ❝✉r✈❛s ❜❛s❡❛❞♦ ❡♠
r❡❞❡ ♥❡✉r❛❧✳ P❛r❛ ❛❥✉st❡ ❞❛ r❡❞❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r✲
❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❋❲❍▼
❡ ♥❛ té❝♥✐❝❛ ❞♦ ♣r✐♠❡✐r♦ ♠♦♠❡♥t♦ ✭❝❡♥tró✐❞❡✮✳

❋✐❣✉r❛ ✻✳✼✿ ❘❡s✉❧t❛❞♦s s✉❛✈✐③❛❞♦s ❞❛ ✉t✐❧✐③❛çã♦ ✉♠ ❛❥✉st❡ ❞❡ ❝✉r✈❛s ❜❛s❡❛❞♦ ❡♠
r❡❞❡ ♥❡✉r❛❧✳ P❛r❛ ❛❥✉st❡ ❞❛ r❡❞❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♣❛râ♠❡tr♦s ♠♦r✲
❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❋❲❍▼
❡ ♥❛ té❝♥✐❝❛ ❞❡ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧✳

s✐♠♣❧✐❝✐❞❛❞❡ ❞❡ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛ r❡❞❡ ❝♦♠ ❜❛✐①♦ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ s❡♥❞♦ ♣♦ssí✈❡❧ ❛té

♠❡s♠♦ s✉❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❡♠ ♥í✈❡❧ ❞❡ ❤❛r❞✇❛r❡✳

❈♦♥t✉❞♦ ❛ r❡❞❡ ♣r❡❝✐s❛ s❡r tr❡✐♥❛❞❛ ❡ ❡st❛ ❡t❛♣❛ ❡♥✈♦❧✈❡ ❞♦✐s ♣r♦❜❧❡♠❛s✿ ✭✐✮ ❛ ❡t❛♣❛
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❞❡ tr❡✐♥❛♠❡♥t♦ r❡q✉❡r ✉♠ ❛❧t♦ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ❡st❛ ❡t❛♣❛ ❡♥✈♦❧✈❡ ❛ ♦t✐♠✐③❛çã♦ ❞❡

✻✵ ✈❛r✐á✈❡✐s ✭♣❛r❛ s❡✐s ♥❡✉rô♥✐♦s ♥❛ ❝❛♠❛❞❛ ♦❝✉❧t❛✮ ❝♦♠ q✉✐♥③❡ r❡str✐çõ❡s ♥ã♦✲❧✐♥❡❛r❡s❀ ✭✐✐✮

❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❞❛❞♦s ♣❛r❛ tr❡✐♥❛♠❡♥t♦✿ ❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ♥♦r♠❛❧♠❡♥t❡ é ❞❡s❝♦♥❤❡❝✐❞❛

♥♦ ❝♦♠♣❧❡①♦ ❞❡ ❝❛♠❛❞❛s✱ ❞❡ ❢♦r♠❛ q✉❡ ♥❡♠ s❡♠♣r❡ t❡r✲s❡✲á ❞✐s♣♦♥í✈❡❧ ❛s ✐♥❢♦r♠❛çõ❡s ♣❛r❛

❝á❧❝✉❧♦ ❞♦ ❡rr♦ ♥♦ ♣❛ss♦ ❞❡ tr❡✐♥❛♠❡♥t♦✳

P❛r❛ t❡r✲s❡ ✉♠❛ ❞✐♠❡♥sã♦ ❞♦ ❡rr♦ ❣❡r❛❞♦ ♣❡❧♦ ♣r♦❜❧❡♠❛ ✭✐✐✮✱ ✉♠❛ r❡❞❡ ♥❡✉r❛❧ ❢♦✐ tr❡✐♥❛❞❛

❝♦♠ ❞❛❞♦s s✐♠✉❧❛❞♦s s❡♠ ❛ ❛❞✐çã♦ ❞♦ r✉í❞♦ ❡ ❛♣❧✐❝❛❞❛ ❛ ❞❛❞♦s s✐♠✉❧❛❞♦s ❝♦♠ ❛ ❛❞✐çã♦ ❞♦

r✉í❞♦✱ ✈❡r ❋✐❣✉r❛ ✻✳✽✳ ❊ss❡ ♣r♦❝❡❞✐♠❡♥t♦ ✐❧✉str❛ ♦ ❝❛s♦ ❞❡ ✉♠❛ r❡❞❡ ♥❡✉r❛❧ tr❡✐♥❛❞❛ ❝♦♠

❞❛❞♦s s✐♠✉❧❛❞♦s ❡ ❛♣❧✐❝❛❞❛ ❛ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❝♦♠♦ ❛ r❡❞❡ ❞❛ ❋✐❣✉r❛ ✻✳✾✳ ❖s ❞❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s ❡st✐♠❛❞♦s ❝♦♠ ❛ r❡❞❡ ♥❡✉r❛❧ ❢❛③❡♠ s❡♥t✐❞♦ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛ ♦r❞❡♠ ❞❡

❣r❛♥❞❡③❛ ❡ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❝♦♥t✐♥✉✐❞❛❞❡ ❞♦s ❞❛❞♦s✳ ❖ tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥ã♦ ❝♦♥s✐❞❡r♦✉

♦ ♠♦❞❡❧♦ ❞❡ três ❝❛♠❛❞❛s ♣❛r❛ ❛ á❣✉❛ ✭d3 = 0✮✱ ❞❡ ♠♦❞♦ q✉❡ ❛ ♥ã♦ ♥✉❧✐❞❛❞❡ ❞❛ ❡s♣❡ss✉r❛

q✉❛♥❞♦ ❤á á❣✉❛ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ é ✉♠ ❡rr♦ ❡s♣❡r❛❞♦✳ ❆✐♥❞❛ ♣♦❞❡✲s❡ r❡ss❛❧t❛r ♦ ❞❡s✈✐♦

❞❡ 3 × 10−3 ❞♦ ✈❛❧♦r ❡st✐♠❛❞♦ ❞❡ n3 ♣❛r❛ ❛ á❣✉❛ ❡ ♦ ✈❛❧♦r t❡ór✐❝♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ♠❡s♠❛

♥♦ ♠❡✐♦ n4✱ ♣♦r ♥ã♦ s❡r ❛ ♠❡s♠❛ s✉❜stâ♥❝✐❛ ✭í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ❞✐❢❡r❡♥t❡s✮ ♥ã♦ é ❛❜s✉r❞♦

❡st✐♠❛r ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❞❡ ❡s♣❡ss✉r❛ d3✳ ❈♦♥t✉❞♦ ♥♦✈♦s tr❡✐♥❛♠❡♥t♦s ❞❡✈❡♠ s❡r

r❡❛❧✐③❛❞♦s ✐♥❝❧✉✐♥❞♦ ♥♦✈❛s r❡str✐çõ❡s✱ ❡s♣❡ss✉r❛ ♥ã♦ ♥❡❣❛t✐✈❛ ♣♦r ❡①❡♠♣❧♦✱ ❡ ♥♦✈♦s ✈❛❧♦r❡s

❡①♣❡r✐♠❡♥t❛✐s ❞❛ á❣✉❛✳ ❊ss❛ ✐♥❝❧✉sã♦ t❛♠❜é♠ ❢❛❝✐❧✐t❛ ❛ ❝❛❧✐❜r❛çã♦ ❞♦ ❜✐♦✲s❡♥s♦r✳ ❯♠❛ ❢♦r♠❛

❞❡ ✈❡r✐✜❝❛r ❛ ❝♦❡rê♥❝✐❛ ❞♦s ✈❛❧♦r❡s ❡st✐♠❛❞♦s ❢♦✐ ❝❛❧❝✉❧❛r ♥♦✈❛s ❝✉r✈❛s s✐♠✉❧❛❞❛s à ♣❛rt✐r

❞♦s ✈❛❧♦r❡s ❡st✐♠❛❞♦s✳ ❆s ❝✉r✈❛s s✐♠✉❧❛❞❛s ❡ ❛s ❝✉r✈❛s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐✈❡r❛♠ ✈❛❧♦r❡s

♠♦r❢♦❧ó❣✐❝♦s ❝♦♠♣❛tí✈❡✐s✳

❊st❡ ❢♦✐ ♦ r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ r❡❞❡ tr❡✐♥❛❞❛ ❝♦♠ ✈❛❧♦r❡s s✐♠✉❧❛❞♦s ❡ ❛♣❧✐❝❛❞❛s ❛ ✈❛❧♦r❡s

❡①♣❡r✐♠❡♥t❛✐s✱ ♦✉ s❡❥❛✱ ♠❛✐s ✉♠❛ ❢♦♥t❡ ❞❡ ❡rr♦✳ ❯♠❛ ❛♠♣❧✐❛çã♦ ❞❛ ❜❛s❡ ❞❡ ❞❛❞♦s ♣❛r❛

♣♦ss✐❜✐❧✐t❛r tr❡✐♥❛♠❡♥t♦ ❞❛ r❡❞❡ ♥❡✉r❛❧ ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣♦❞❡ ♠✐♥✐♠✐③❛r ❡st❡ ❡rr♦✳



❊①tr❛çã♦ ❞♦s P❛râ♠❡tr♦s ✼✽

❋✐❣✉r❛ ✻✳✽✿ ❘❡s✉❧t❛❞♦ ❞❡ r❡❞❡ ♥❡✉r❛❧ tr❡✐♥❛❞❛ ❝♦♠ ❝✉r✈❛s s✐♠✉❧❛❞❛s s❡♠ r✉í❞♦ ❡
❛♣❧✐❝❛❞❛ ❛ ❝✉r✈❛s s✐♠✉❧❛❞❛s ❝♦♠ r✉í❞♦✳

❋✐❣✉r❛ ✻✳✾✿ ❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ❛ r❡❞❡ ♥❡✉r❛❧ ❛♣❧✐❝❛❞❛ ❛♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳



7
❈♦♥❝❧✉sõ❡s ❡ P❡rs♣❡❝t✐✈❛s

✼✳✶ ❈♦♥❝❧✉sõ❡s

❆ ✐♥❝❧✉sã♦ ❞♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ♥♦ ♠♦❞❡❧♦ ❞❡ s✐♠✉❧❛çã♦ r❡s✉❧t♦✉ ❡♠ ✉♠❛

❝✉r✈❛ s✐♠✉❧❛❞❛ ♠❛✐s ♣ró①✐♠❛ ❞❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧✳ ❊st❛ ♣r♦①✐♠✐❞❛❞❡ s❡ ❝♦♥✜r♠❛ t❛♥t♦

q✉❛♥❞♦ ❝♦♠♣❛r❛✲s❡ ❛ ❝✉r✈❛ ♣♦♥t♦ ❛ ♣♦♥t♦ q✉❛♥❞♦ ❝♦♠♣❛r❛✲s❡ s❡✉s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s✳

❈♦♥t✉❞♦ ❡ss❛ ❝♦♥s✐❞❡r❛çã♦ ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ♣❡r❞❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ❝✉r✈❛ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ❡ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧✳

❆ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦s ♣❛râ♠❡tr♦s ♠♦r❢♦❧ó❣✐❝♦s ❞❛ ❝✉r✈❛ ✭❡♥❡r❣✐❛✱ ✈❛❧♦r ❞❛ ❧✐♥❤❛ ❜❛s❡✱

❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛✱ ♣r♦❢✉♥❞✐❞❛❞❡✱ ❧❛r❣✉r❛ ❡ ❛ss✐♠❡tr✐❛✮ à ✈❛r✐❛çõ❡s ❞❛ ❡s♣❡ss✉r❛ ❡ ❞♦

í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❢♦✐ ❡st✉❞❛❞❛ ♦❜s❡r✈❛♥❞♦✲s❡ ♠♦♥♦t♦♥✐❝✐❞❛❞❡ ♥❛ ♠❛✐♦r✐❛

❞♦s ❝❛s♦s✳ P❛r❛ ✈❛r✐❛çõ❡s ❞❛ ❡s♣❡ss✉r❛ t❛♠❜é♠ ♦❜s❡r✈♦✉✲s❡ ✉♠❛ ❝♦♥❝❛✈✐❞❛❞❡ ❜❡♠ ❞❡✜♥✐❞❛

❞❛ ❝✉r✈❛✳

❖ ♠ó❞✉❧♦ ♣❛r❛ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s t❛♠❜é♠ ❢♦✐ ❛♣r✐♠♦r❛❞♦✳ ❆❥✉st❛♥❞♦

♦s s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❡♥✈✐❛❞♦s ❛♦ ❙♣r❡❡t❛ ♣❛r❛ ♣r♦♠♦✈❡r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ót✐♠♦ ❞♦s ❝♦♠♣♦✲

♥❡♥t❡s ❞❡ ❡①❝✐t❛çã♦ ❞❛ ❢❡♥ô♠❡♥♦ ❡ ❞❡ ❝❛♣t✉r❛ ❞❛ ❧✉③ r❡✢❡t✐❞❛✳ ❊st❡s ❛❥✉st❡s ♠❛①✐♠✐③❛♠ ♦

❞❡s❡♠♣❡♥❤♦ ❞♦ ❜✐♦✲s❡♥s♦r r❡❞✉③✐♥❞♦ ♦ r✉í❞♦ ❞❛ ❝✉r✈❛ r❡s✉❧t❛♥t❡✳

◆♦ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦ ❞♦s ❞❛❞♦s ♣❛r❛ ♠✐♥✐♠✐③❛çã♦ ❞♦ r✉í❞♦ ❤á ✐♥✢✉ê♥❝✐❛ ❞❛ ❡s❝♦❧❤❛ ❞♦s

❛❧❣♦r✐t♠♦s✱ ❞❛ ❥❛♥❡❧❛ ❞❡ ❛♠♦str❛s ✉t✐❧✐③❛❞❛ ❡♠ ❝❛❞❛ ❛❧❣♦r✐t♠♦ ❡ ❞❛ s❡q✉ê♥❝✐❛ ❞♦s ❛❧❣♦r✐t♠♦s✳

P❛r❛ ♦ ❙♣r❡❡t❛❚▼❊✈❛❧✉❛t✐♦♥ ❑✐t ❞❡ r❡s♦❧✉çã♦ 1× 128✱ ❛ ❡s❝♦❧❤❛ ót✐♠❛ é ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛

♠é❞✐❛ ❞❡ ❥❛♥❡❧❛ ❞❡s❧✐③❛♥t❡ ❞❡ ✶✺ ❝✉r✈❛s✱ ❡♠ s❡❣✉✐❞❛ ✉♠❛ ♠❡❞✐❛♥❛ ♥ã♦ ♣♦❧❛r✐③❛❞❛ ❝♦♠ ❥❛♥❡❧❛s

❞❡ ✽ ♣♦♥t♦s ❡♠ ✈♦❧t❛ ❞♦ ✈❛❧♦r s✉❛✈✐③❛❞♦ ❡ ✉♠ ✜❧tr♦ ♣❛ss❛✲❜❛✐①❛s ❞❡ r = 10✳

✼✾



✽✵

❆ ♦❜s❡r✈❛çã♦ ❞❡ ✉♠ ❛♣❛r❡♥t❡ ♣❛❞rã♦ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ❝✉r✈❛s ❙P❘ ❝♦♠ ✈❛r✐❛çõ❡s

❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ♣❡r♠✐t✐r❛♠ ♦ ✉s♦ ❞❡ r❡❞❡s ♥❡✉r❛✐s✳ ❆ ♣r✐♥❝í♣✐♦ ✉♠❛ r❡❞❡ ♥❡✉r❛❧ tr❡✐✲

♥❛❞❛ ❛♣❡♥❛s ❝♦♠ ❞❛❞♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❛♣r❡s❡♥t♦✉ r❡s✉❧t❛❞♦s ♣r♦♠✐ss♦r❡s✳ ❆ ❛❞✐çã♦ ❞❡

❝♦♥❤❡❝✐♠❡♥t♦ ♣ré✈✐♦ à r❡❞❡ r❡❞✉③✐✉ ♦ ♥ú♠❡r♦ ❞❡ ♥❡✉rô♥✐♦s ♥❡❝❡ssár✐♦s✱ ♠❛s ❛✉♠❡♥t♦✉ ❛

❝♦♠♣❧❡①✐❞❛❞❡ ❞❡ tr❡✐♥❛♠❡♥t♦✳ ❆ ♣r♦①✐♠✐❞❛❞❡ ❞❛ ❝✉r✈❛ ❡st✐♠❛❞❛ ❡ ❛ ❞❡ r❡❢❡rê♥❝✐❛ t❛♠❜é♠

❛✉♠❡♥t♦✉✱ r❡❞✉③✐♥❞♦ ♦ ❡rr♦ ♠é❞✐♦ ❞❡ ✹✪ ♣❛r❛ ♠❡♥♦s ❞❡ ✶✪✳

❈♦♥t✉❞♦ ❛ ❡t❛♣❛ ❞❡ tr❡✐♥❛♠❡♥t♦ ❛✐♥❞❛ é ✉♠ ♣r♦❜❧❡♠❛✳ ❆❧é♠ ❞❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡s❢♦rç♦

❝♦♠♣✉t❛❝✐♦♥❛❧ ♦ tr❡✐♥❛♠❡♥t♦ r❡q✉❡r ❞❛❞♦s ♣ré✈✐♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ q✉❡ sã♦ ❞❡ ❞✐❢í❝✐❧

❛q✉✐s✐çã♦✳ ❖s ❞❛❞♦s s✐♠✉❧❛❞♦s ❝♦♠ r✉í❞♦ sã♦ ✉♠ ♣❛râ♠❡tr♦ ❛❝❡✐tá✈❡❧ ♣❛r❛ tr❡✐♥❛r ❛ r❡❞❡

♥❡✉r❛❧ ❛ s❡r ❛♣❧✐❝❛❞❛ ❛ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❖s ✈❛❧♦r❡s ❞❡ ❡s♣❡ss✉r❛ ❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦

❡st✐♠❛❞♦s ❝♦♠ ❛ r❡❞❡ ♥❡✉r❛❧ ❛♣❧✐❝❛❞❛ ❛ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡stã♦ ❞❡♥tr♦ ❞♦ ❡s♣❡r❛❞♦ ❡ ❛

❝✉r✈❛ s✐♠✉❧❛❞❛ ❝♦♠ ❡st❡s ✈❛❧♦r❡s t❡♠ ♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♣ró①✐♠♦ ❛♦ ♠❡s♠♦ â♥❣✉❧♦ ❞❛

❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧✳

P♦r ❢❛❧t❛ ❞❡ ✉♠❛ ❜❛s❡ ❞❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛❧ ♠❛✐s ❝♦♠♣❧❡t❛ ❛ ❡①❛t✐❞ã♦ ❞♦s ✈❛❧♦r❡s

❡st✐♠❛❞♦s ❛✐♥❞❛ ♥ã♦ ❢♦✐ q✉❛♥t✐✜❝❛❞❛✳ ❈♦♥t✉❞♦ ♦ tr❛❜❛❧❤♦ ❛♣♦♥t❛ ♣❛r❛ ❛ ❡①✐stê♥❝✐❛ ❞❡

✉♠❛ s♦❧✉çã♦ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ❛♦ ❝♦♥t❡♠♣❧❛r ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ♥❛ s✐♠✉❧❛çã♦

❡ ❛♥❛❧✐s❛r✲s❡ ❛ ♠♦r❢♦❧♦❣✐❛ ❞❛ ❝✉r✈❛✳ ❈♦♥tr✐❜✉✐♥❞♦ ♣❛r❛ ❡❧✉❝✐❞❛r ❛ ❞✐s❝✉ssã♦ ❡①✐st❡♥t❡ ♥❛

❧✐t❡r❛t✉r❛ s♦❜r❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❡st✐♠❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛

s❡♥sí✈❡❧ ❡♠ ✉♠ ú♥✐❝♦ ♣❛ss♦ ❞❡ ♠❡❞✐çã♦✳

✼✳✷ ❚r❛❜❛❧❤♦s ❢✉t✉r♦s

❈♦♠♦ ♣♦ssí✈❡✐s ❝♦♥t✐♥✉❛çõ❡s ❞❡st❛ ♣❡sq✉✐s❛ t❡♠✲s❡✿

• ❆♣r✐♠♦r❛r ❛ r❡❞❡ ♥❡✉r❛❧ ❛tr❛✈és ❞❛ ❛❞✐çã♦ ❞❡ ♠❛✐s r❡str✐çõ❡s ❞❡ tr❡✐♥❛♠❡♥t♦✱ ❜❡♠

❝♦♠♦ ❛♠♣❧✐❛r ❛ ❛❜r❛♥❣ê♥❝✐❛ ❞♦s ❞❛❞♦s ❞❡ tr❡✐♥❛♠❡♥t♦ ❝✉r✈❛s ❡①♣❡r✐♠❡♥t❛✐s✳

• ❆♠♣❧✐❛r ❛ ❜❛s❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ❞❛❞♦s ❛ ✜♠ ❞❡ ❝♦♥✜r♠❛r ❛ ❡①❛t✐❞ã♦ ❞♦s ✈❛❧♦r❡s ❡st✐✲

♠❛❞♦s✳

• ❆♣❧✐❝❛r ♦ ❡st✉❞♦ ❛♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ♣♦r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ❡①♣❧♦r❛♥❞♦ s✉❛s

✈❛♥t❛❣❡♥s✳

• ❘❡tr♦❝❡❞❡r às ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧ ♣❛r❛ ❡st✉❞❛r ♦ ❢❡♥ô♠❡♥♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠❛

❞❡ s✉♣❡r❢í❝✐❡ s❡♠ ❛s s✐♠♣❧✐✜❝❛çõ❡s ✐♠♣♦st❛s ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧✳



✽✶

• ❆♠♣❧✐❛r ❛ s♦✜st✐❝❛çã♦ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘ ❛ ✜♠ ❞❡ ❞✐s♣❡♥s❛r ❛ ❛♥á❧✐s❡ ❞❡ s✉❛ r❡s♣♦st❛

♣♦r ✉♠ ❡s♣❡❝✐❛❧✐st❛✳

• P♦ss✐❜✐❧✐t❛r ❛ ♣r❡♣❛r❛çã♦ ❞❛ ❧â♠✐♥❛ ❜✐♦✲s❡♥s♦r❛ ❝♦♠ ♦ ♠❡♥♦r ❝✉st♦ ♣♦ssí✈❡❧ ❛tr❛✈és ❞❛

❞❡t❡r♠✐♥❛çã♦ ❝♦♠ ❡①❛t✐❞ã♦ ❞♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ ❛ ❢♦r♠❛çã♦ é ✜♥❛❧✐③❛❞❛✳

• ■❞❡♥t✐✜❝❛r ❞❡t❡r✐♦r❛çã♦ ♥❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ♣r❡✈✐❛♠❡♥t❡ ♣r❡♣❛r❛❞❛ ♣❛r❛ ✉s♦ ❡s♣❡❝í✜❝♦

• ❯t✐❧✐③❛r ❡ ❝♦♠♣❛r❛r ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ ❡st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ♣❛r❛ s♦❧✉❝✐♦♥❛r ♦

♠❡s♠♦ ♣r♦❜❧❡♠❛ ❛tr❛✈és ❛ ♠♦r❢♦❧♦❣✐❛ ❞❛ ❝✉r✈❛ ❙P❘✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❞❡ ❇r✉✐❥♥✱ ❍✳ ❊✳❀ ❆❧t❡♥❜✉r❣✱ ❇✳ ❙✳❀ ❑♦♦②♠❛♥✱ ❘✳ P✳ ❡ ●r❡✈❡✱ ❏✳ ✭✶✾✾✶✮ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤✐❝❦✲

♥❡ss ❛♥❞ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ♦❢ t❤✐♥ tr❛♥s♣❛r❡♥t ❞✐❡❧❡❝tr✐❝ ❧❛②❡rs ✉s✐♥❣ s✉r❢❛❝❡ ♣❧❛s♠♦♥

r❡s♦♥❛♥❝❡✱ ❖♣t✐❝s ❈♦♠♠✉♥✐❝❛t✐♦♥s✱ ✽✷✭✺✲✻✮✿✹✷✺✕✹✸✷✳

❈❤✐♥♦✇s❦②✱ ❚✳ ▼✳ ❡ ❨❡❡✱ ❙✳ ❙✳ ✭✶✾✾✽✮ ◗✉❛♥t✐❢②✐♥❣ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥t ♦❢ s✉r❢❛❝❡ ♣❧❛s♠♦♥

r❡s♦♥❛♥❝❡ r❡✢❡❝t✐♦♥ s♣❡❝tr❛✱ ❙❡♥s♦rs ❛♥❞ ❆❝t✉❛t♦rs ❇✿ ❈❤❡♠✐❝❛❧✱ ✭✺✶✮✿✸✷✶✕✸✸✵✳

❈❤✐♥♦✇s❦②✱ ❚✳ ▼✳❀ ❏✉♥❣✱ ▲✳ ❙✳ ❡ ❨❡❡✱ ❙✳ ❙✳ ✭✶✾✾✾✮ ❖♣t✐♠❛❧ ❧✐♥❡❛r ❞❛t❛ ❛♥❛❧②s✐s ❢♦r s✉r❢❛❝❡

♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ ❜✐♦s❡♥s♦rs✱ ❙❡♥s♦rs ❛♥❞ ❆❝t✉❛t♦rs ❇✿ ❈❤❡♠✐❝❛❧✱ ✭✺✹✮✿✽✾✕✾✼✳

❈❤②♦✉✱ ❏✳✲❏✳❀ ❈❤✉✱ ❈✳✲❙✳❀ ❈❤✐❡♥✱ ❋✳✲❈✳❀ ▲✐♥✱ ❈✳✲❨✳❀ ❨❡❤✱ ❚✳✲▲✳❀ ❍s✉✱ ❘✳ ❈✳ ❡ ❈❤❡♥✱ ❙✳✲❏✳ ✭✷✵✵✻✮

Pr❡❝✐s❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ❛♥❞ t❤✐❝❦♥❡ss ♦❢ ❛ ♥❛♥♦❧❛②❡r ❜② ✉s❡ ♦❢

s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ s❡♥s✐♥❣ ❛♥❞ ♠✉❧t✐❡①♣❡r✐♠❡♥t ❧✐♥❡❛r ❞❛t❛ ❛♥❛❧②s✐s✱ ❆♣♣❧✐❡❞

❖♣t✐❝s✱ ✭❱♦❧✳ ✹✺✱ ◆♦✳ ✷✸✮✿✻✵✸✽✕✻✵✹✹✳

❉✳✱ ❇✳❀ ❩②❜✐♥✱ ❆✳❀ ❍♦r✈❛t✐❝✱ ❱✳❀ ●r✉♥✇❛❧❞✱ ❈✳ ❡ ◆✐❡♠❛①✱ ❑✳ ✭✷✵✵✼✮ ❉✐✛❡r❡♥t✐❛❧ s✉r❢❛❝❡ ♣❧❛s✲

♠♦♥ r❡s♦♥❛♥❝❡ ✐♠❛❣✐♥❣ ❢♦r ❤✐❣❤ t❤r♦✉❣❤♣✉t ❜✐♦❛♥❛❧②s✐s✱ ❆♥❛❧②t✐❝❛❧ ❈❤❡♠✐str②✱ ✼✾✿✼✵✷✕

✼✵✾✳

❊❧❦✐♥❞✱ ❏✳❀ ❙t✐♠♣s♦♥✱ ❉✳❀ ❙tr♦♥❣✱ ❆✳ ❆✳❀ ❇❛rt❤♦❧♦♠❡✇✱ ❉✳ ❡ ▼❡❧❡♥❞❡③✱ ❏✳ ✭✶✾✾✾✮ ■♥t❡❣r❛t❡❞

❛♥❛❧②t✐❝❛❧ s❡♥s♦rs✿ t❤❡ ✉s❡ ♦❢ t❤❡ ❚■❙P❘✲✶ ❛s ❛ ❜✐♦s❡♥s♦r✱ ❙❡♥s♦rs ❛♥❞ ❆❝t✉❛t♦rs ❇✱

✺✹✿✶✽✷✕✶✾✵✳

❋✐❧❤♦✱ ❈✳ ❆✳ ❙✳ ✭✷✵✵✻✮ ❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦✿ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ❙✐st❡♠❛ ❊❧❡trô✲

♥✐❝♦ ❞❡ ❆q✉✐s✐çã♦ ❡ Pr♦❝❡ss❛♠❡♥t♦ ♣❛r❛ ❇✐♦s❡♥s♦r❡s✳✱ ❉✐ss❡rt✳ ❞❡ ▼❡str❛❞♦✱ ❯❋❈● ✲

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡✳

❋✐❧❤♦✱ ❈✳ ❆✳ ❙✳❀ ▲✐♠❛✱ ❆✳ ▼✳ ◆✳❀ ▼♦r❡✐r❛✱ ❈✳ ❙✳❀ ❚❤✐rstr✉♣✱ ❈✳ ❡ ◆❡✛✱ ❍✳ ✭✷✵✶✵✮ ▲✐♥❡

s❤❛♣❡ ❛♥❛❧②s✐s ❛♥❞ ❡①t❡♥❞❡❞ ✐♥str✉♠❡♥t❛❧ ♦♣❡r❛t✐♦♥ ♦❢ s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ s❡♥s♦rs✱

P❧❛s♠♦♥✐❝s✱ ✭✺✮✿✷✺✾✕✷✻✻✳

✽✷



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✽✸

❍❛✐❝❤✉❛♥✱ ▲✳❀ ❍♦♥❣②❡✱ ❙✳❀ ▲❡✐✱ ❳✳❀ ❨♦♥❣✱ ●✳ ❡ ●❛♥❣✱ ❘✳ ✭✷✵✶✵✮ ▼✉❧t✐♣❧❡✲♣r✐♦r✲❦♥♦✇❧❡❞❣❡

♥❡✉r❛❧ ♥❡t✇♦r❦ ❢♦r ✐♥❞✉str✐❛❧ ♣r♦❝❡ss❡s✱ ■♥✿ ❆✉t♦♠❛t✐♦♥ ❛♥❞ ▲♦❣✐st✐❝s ✭■❈❆▲✮✱ ✷✵✶✵ ■❊❊❊

■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥✱ ♣♣✳ ✸✽✺ ✕✸✾✵✳

❍❛②❦✐♥✱ ❙✳✱ ❡❞✳ ✭✷✵✵✶✮ ❘❡❞❡s ◆❡✉r❛✐s Pr✐♥❝í♣✐♦s ❡ ♣rát✐❝❛✱ ❇♦♦❦♠❛♥✱ P♦rt♦ ❆❧❡❣r❡✳

❍♦♠♦❧❛✱ ❏✳ ✭✶✾✾✼✮ ❖♥ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ s❡♥s♦rs ✇✐t❤ s♣❡❝tr❛❧

✐♥t❡rr♦❣❛t✐♦♥✱ ❙❡♥s♦rs ❛♥❞ ❆❝t✉❛t♦rs ❇✿ ❈❤❡♠✐❝❛❧✱ ✹✶✭✶✲✸✮✿✷✵✼✕✷✶✶✳

❍♦♠♦❧❛✱ ❏✳ ✭✷✵✵✸✮ Pr❡s❡♥t ❛♥❞ ❢✉t✉r❡ ♦❢ s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ ❜✐♦s❡♥s♦rs✱ ❆♥❛❧ ❇✐♦❛♥❛❧

❈❤❡♠✳

❍♦♠♦❧❛✱ ❏✳❀ ❑♦✉❞❡❧❛✱ ■✳ ❡ ❨❡❡✱ ❙✳ ❙✳ ✭✶✾✾✾✮ ❙✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ s❡♥s♦rs ❜❛s❡❞ ♦♥

❞✐✛r❛❝t✐♦♥ ❣r❛t✐♥❣s ❛♥❞ ♣r✐s♠ ❝♦✉♣❧❡rs✿ s❡♥s✐t✐✈✐t② ❝♦♠♣❛r✐s♦♥✱ ❙❡♥s♦rs ❛♥❞ ❆❝t✉❛t♦rs
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