
❈♦♥str✉çã♦ ❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ s❡♥s♦r❡s ❙P❘✿

✐♥✢✉ê♥❝✐❛ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ❡ ❞♦ s✉❜str❛t♦ ❞✐❡❧étr✐❝♦

▲❡✐✈❛ ❈❛s❡♠✐r♦ ❖❧✐✈❡✐r❛

❚❡s❡ ❞❡ ❉♦✉t♦r❛❞♦ ❛♣r❡s❡♥t❛❞❛ à ❈♦♦r❞❡♥❛❞♦r✐❛ ❞♦ Pr♦❣r❛♠❛ ❞❡

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

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

r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ❉♦✉t♦r ❡♠ ❈✐ê♥❝✐❛s

♥♦ ❉♦♠í♥✐♦ ❞❛ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✳

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

❆♥t♦♥✐♦ ▼❛r❝✉s ◆♦❣✉❡✐r❛ ▲✐♠❛✱ ❉r✳

❍❡❧♠✉t ❋r❛♥③ ◆❡✛✱ ❉r✳

❖r✐❡♥t❛❞♦r ✭❡s✮

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❝©▲❡✐✈❛ ❈❛s❡♠✐r♦ ❖❧✐✈❡✐r❛✱ ❆❜r✐❧ ❞❡ ✷✵✶✻
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via Skype



❆❣r❛❞❡❝✐♠❡♥t♦s

Pr✐♠❡✐r♦ ❞❡ t✉❞♦✱ ❣♦st❛r✐❛ ❞❡ ❛❣r❛❞❡❝❡r ❛♦ ♠❡✉ ♦r✐❡♥t❛❞♦r ♣r♦❢❡ss♦r ❉r✳ ❋r❛♥③ ❍❡❧♠✉t ◆❡✛✱

♣❡❧❛ ♦r✐❡♥t❛çã♦✱ ♣❛rt✐❝✐♣❛çã♦ ❡ ♣❡❧♦s ❡♥❝❛♠✐♥❤❛♠❡♥t♦s ❡❢❡t✐✈♦s ❛♦ tér♠✐♥♦ ❡ à ❛♣r❡s❡♥t❛✲

çã♦ ✜♥❛❧ ❞❡st❡ tr❛❜❛❧❤♦✳ ◗✉❛♥❞♦ ❝♦♠❡❝❡✐ ❛ tr❛❜❛❧❤❛r ♥♦ ❧❛❜♦r❛tór✐♦ ❞❡ ❜✐♦ss❡♥♦r❡s ♥ã♦

✐♠❛❣✐♥❛✈❛ ❛ q✉❛♥t♦ ❞❡ ❡①♣❡r✐ê♥❝✐❛ ❡ ❝♦♥❤❡❝✐♠❡♥t♦ ♣♦❞❡r✐❛ ❛❞q✉✐r✐r✳ ❈♦♠ ❛ ♦r✐❡♥t❛çã♦ ❞❡

❍❡❧♠✉t✱ ❝♦♠❡❝❡✐ ❛ ❛♣r❡♥❞❡r s♦❜r❡ ♦ ♠✉♥❞♦ ❞❛ ❙P❘ ❡ r❛♣✐❞❛♠❡♥t❡ ✜q✉❡✐ ❢❛s❝✐♥❛❞♦✳ ❙❡r❡✐

s❡♠♣r❡ ❣r❛t♦ ♣❡❧♦ ❡♥t✉s✐❛s♠♦ ❡ ♣❡rs♣❡❝t✐✈❛ ♣♦s✐t✐✈❛ q✉❡ ❍❡❧♠✉t ❞❛✈❛ ❛♦ tr❛❜❛❧❤♦ ♠❡s♠♦

❞✐❛♥t❡ ❞❡ ❝♦♥tr❛t❡♠♣♦s ♦❝♦rr✐❞♦s ❞✉r❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ s❡♥s♦r✳

❯♠ ❛❣r❛❞❡❝✐♠❡♥t♦ ❡s♣❡❝✐❛❧ ❛♦ t❛♠❜é♠ ♦r✐❡♥t❛❞♦r ♣r♦❢❡ss♦r ❉r✳ ❆♥t♦♥✐♦ ▼❛r❝✉s ◆♦✲

❣✉❡✐r❛ ▲✐♠❛✱ ♣❡❧❛ ♦r✐❡♥t❛çã♦✱ ♣❛rt✐❝✐♣❛çã♦ ❡ s✉st❡♥t❛çã♦ ❛❝❛❞ê♠✐❝❛ ❛♦ ❧♦♥❣♦ ❞❡st❡ ♣❡rí♦❞♦✳

❖ ♣r♦❢✳ ❆♥t♦♥✐♦ ▼❛r❝✉s ❝♦♥tr✐❜✉✐ ❡ ❣✉✐♦✉ ♦s tr❛❜❛❧❤♦s ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ s❡♥s♦r✱

s❡♠♣r❡ ❜✉s❝❛♥❞♦ q✉❛❧✐❞❛❞❡ ❡ ❡①❝❡❧ê♥❝✐❛ ♥♦s r❡s✉❧t❛❞♦s✳ ❆♥t♦♥✐♦ ▼❛r❝✉s ❛❥✉❞♦✉ ❜❛st❛♥t❡

♣❛r❛ q✉❡ ❡✉ ♠❡❧❤♦r❛ss❡ ❛ r❡❞❛çã♦ ❡ ❛ ❛♣r❡s❡♥t❛çã♦ ❞❡ tr❛❜❛❧❤♦s ❝✐❡♥tí✜❝♦s✳

❆ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r ♥ã♦ s❡r✐❛ ♣♦ssí✈❡❧ s❡♠ ❛ ❝♦❧❛❜♦r❛çã♦ ❞♦ ❝♦❧❡❣❛ ❉r✳ ❈❧❡✉♠❛r

▼♦r❡✐r❛ ❞❛ ❙✐❧✈❛✳ ❖❜r✐❣❛❞♦ ♣❡❧❛s ✐♥✜♥❞á✈❡✐s ❞✐s❝✉ssõ❡s ❡ ♣❡❧❛ ❡❧❛❜♦r❛çã♦ ❝♦♥❥✉♥t❛ ❞♦s

♣r✐s♠❛s ♣♦❧✐♠ér✐❝♦s ❛q✉✐ tr❛t❛❞♦s✳

❚❛❧✈❡③ ❡✉ ♥ã♦ t✐✈❡ss❡ ❝♦♥❤❡❝✐❞♦ ♦ ♠✉♥❞♦ ❞❛ ❙P❘ s❡ ♥ã♦ ❢♦ss❡ ❛ ♣r♦❢❡ss♦r❛ ❉r❛✳ ❋❡r✲

♥❛♥❞❛ ❈❡❝í❧✐❛✳ ❋❡r♥❛♥❞❛ ♦❜r✐❣❛❞♦ ♣❡❧❛ ❝♦♥✜❛♥ç❛ ❡♠ t❡r ♠❡ ❝♦♥✈✐❞❛❞♦ ♣❛r❛ tr❛❜❛❧❤❛r ♥♦

❧❛❜♦r❛tór✐♦ ❞❡ ❜✐♦ss❡♥s♦r❡s✳

❆♦s ❝♦❧❡❣❛s ❞♦ ▲❛❜♦r❛tór✐♦ ❞❡ ❇✐♦ss❡♥s♦r❡s ✭❡❇■❖✮✱ ♣❛rt✐❝✉❧❛r♠❡♥t❡ ♠❡ ❞✐r✐❥♦ ❛♦ ❉r✳

❆r❧✐♥❞♦ ●❛r❝✐❛✱ ▲✉✐s ❍❡r♠❛♥♦✱ ❚✐❛❣♦ ❞❡ ❙♦✉s❛ ❡ ❊❞✉❛r❞♦ ●♦♠❡s P❡r❡✐r❛ ♣❡❧❛s ❝♦♥✈❡rs❛s✱

♣❡❧❛s ❝♦♥tr✐❜✉✐çõ❡s ✐♠♣r❡s❝✐♥❞í✈❡✐s q✉❛♥❞♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥str✉çã♦ ❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦s

♣r✐s♠❛s ❡ ❞❛s té❝♥✐❝❛s ♣❛r❛ ❡①tr❛çã♦ ❞♦s ♣❛râ♠❡♥tr♦s ❞❛ ❝✉r✈❛ ❙P❘✳

❆❣r❛❞❡ç♦ ❛♦s ♠❡✉s ♣❛✐s ❲✐❧♠❛ ❈❛s❡♠✐r♦ ❖❧✐✈❡✐r❛ ❡ ▼❛♥♦❡❧ ❱✐❡✐r❛ ❞❡ ❖❧✐✈❡✐r❛ ♣♦r s❡♠♣r❡

❡st❛r❡♠ ♣r❡s❡♥t❡s✱ ❛❝r❡❞✐t❛♥❞♦ ♥♦ ♠❡✉ ♣♦t❡♥❝✐❛❧ ❡ ✐♥✈❡st✐♥❞♦ ♥♦s ♠❡✉s ❡st✉❞♦s✳✳✳ ✉♠ ❜❡✐❥♦✳

❯♠ ❛❣r❛❞❡❝✐♠❡♥t♦ ❡s♣❡❝✐❛❧ ❛ ♠✐♥❤❛ ♥♦✐✈❛ ◆í✈✐❛ ❇✐tú ❙❛r❛✐✈❛ ♣♦r ❡st❛r s❡♠♣r❡ ♣r❡s❡♥t❡

♠❡s♠♦ ♥❛ ❞✐stâ♥❝✐❛✳ P♦r s❡✉ ❛♣♦✐♦ ✐♥❝♦♥❞✐❝✐♦♥❛❧ s❡♠♣r❡ s❡r❡✐ ❣r❛t♦✳

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

tr❛❜❛❧❤♦✳ ❙❡r❡✐ s❡♠♣r❡ ❣r❛t♦✳

✐



❘❡s✉♠♦

❙❡♥s♦r❡s ❜❛s❡❛❞♦s ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ✭❙P❘✮ ❢♦r❛♠ ❝♦♥str✉í❞♦s✱ ❡①✲

♣❧♦r❛♥❞♦ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s ♣❛r❛ ❝♦♠♣♦r ♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s ❞♦ t✐♣♦ s✉❜str❛t♦✴♠❡✲

t❛❧✴❛♠♦str❛✳ ❆ ❞❡✜♥✐çã♦ ❞♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s ❞❡ ✉♠ s❡♥s♦r ❙P❘ é ❢✉♥❞❛♠❡♥t❛❧ ♣♦✐s

❞❡t❡r♠✐♥❛ ❛s ❝♦♥❞✐çõ❡s ♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r✱ ❞❡✜♥✐♥❞♦ ♦s ❜❧♦❝♦s ❢✉♥❝✐♦♥❛✐s q✉❡

♦ ❝♦♠♣õ❡♠ ❛❧é♠ ❞❡ s❡r r❡s♣♦♥sá✈❡❧ ♣❡❧❛ tr❛♥s❞✉çã♦ ❞❛ ✐♥t❡r❛çã♦ ♠♦❧❡❝✉❧❛r✳ ❖ ❛rr❛♥❥♦

♠✉❧t✐❝❛♠❛❞❛s ❞❡t❡r♠✐♥❛ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✉t✐❧✐③❛❞❛

♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s ♥❛ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ♦ ♠❡t❛❧ ❡ s✉❜stâ♥❝✐❛ ❡♠ ❛♥á❧✐s❡ ✭❛♠♦str❛✮✳

❆✈❡r✐❣✉♦✉✲s❡ ❛ q✉❛❧✐❞❛❞❡ ❞❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❡♠ ✜❧♠❡s ✜♥♦s ♠❡tá❧✐❝♦s✱

✈❛r✐❛♥❞♦ ♦s ♠❛t❡r✐❛✐s ❞♦s ♣❛r❡s s✉❜str❛t♦✴♠❡t❛❧ ❞♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s ❝♦♠ ❡str✉tr❛ ❞❡

❑r❡ts❝❤♠❛♥♥✳ ❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❢♦✐ r❡❛❧✐③❛❞❛ ✉s❛♥❞♦ ♦ ♣r✐s♠❛ ó♣✲

t✐❝♦ PP❇■❖✱ ♣♦r s✉❛ ❡str✉t✉r❛ tr❛♣❡③♦✐❞❛❧ q✉❡ ❢❛❝✐❧✐t❛ ❛ ✐♥str✉♠❡♥t❛çã♦ ❛♦ ❡✈✐t❛r ♦ ✉s♦ ❞❡

♣❛rt❡s ♠ó✈❡✐s ❡✴♦✉ r♦t❛❝✐♦♥❛✐s✳ Pr✐s♠❛s ❝♦♠ ♦s ♣♦❧í♠❡r♦s P❈✱ P▼▼❆✱ ❚❖P❆❙ ❡ ❝♦♠ ♦

✈✐❞r♦ ❇❑✼ ❢♦r❛♠ ♠❛♥✉❢❛t✉r❛❞♦s✳ ❖s ♠❡t❛✐s ♦✉r♦ ✭❆✉✮✱ ♣r❛t❛ ✭❆❣✮✱ ❝♦❜r❡ ✭❈✉✮ ❡ ❛❧✉♠í♥✐♦

✭❆❧✮ ❢♦r❛♠ ❞❡♣♦s✐t❛❞♦s ♥❛s s✉♣❡r❢í❝✐❡s ❞❡ ❝❛❞❛ ✉♠ ❞♦s ♣r✐s♠❛s✳ ❆s♣❡❝t♦s s♦❜r❡ ❛ ❝♦♥❢❡❝✲

çã♦ ❞♦s ♣r✐s♠❛s✱ ❞❡♣♦s✐çã♦ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱ ♠♦♥t❛❣❡♠ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❡ ❞♦ s♦❢t✇❛r❡

♣❛r❛ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s✳ ❊①♣❡r✐♠❡♥t♦s ❝♦♠ ❧✐❣❛çõ❡s

r❡✈❡rsí✈❡✐s ❡ ✐rr❡✈❡rsí✈❡✐s ♥♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r ❡ ♥♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❞❡

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❢♦r❛♠ r❡❛❧✐③❛❞♦s✳ ❖s r❡s✉❧t❛❞♦s ♠♦str❛♠ q✉❡ ♦ ❛rr❛♥❥♦ ❝♦♠♣♦st♦ ❞♦

♣❛r P❈✴❆❧ ♥ã♦ ❡①✐❜❡ ❜♦❛ r❡s♣♦st❛✳ ❖s ❛rr❛♥❥♦s ❝♦♠ ❆❣ ❡ ❈✉ ❢♦r♠❛♠ ❢❛❝✐❧♠❡♥t❡ ❝❛♠❛❞❛s

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

❞❡ ❆❣ ❡ ❢r❛❝❛✴✐♥❡①✐st❡♥t❡ ❡♠ ✜❧♠❡s ❞❡ ❈✉ ❡ ❆❧✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❛t❡st❛♠ ❛ ✈✐❛❜✐❧✐❞❛❞❡

❞❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❡♠ s❡♥s♦r❡s ❙P❘ ❛ ❜❛s❡ ❞♦ PP❇■❖✱ ❝♦♠ ❧✐♠✐t❡ ❞❡

❞❡t❡❝çã♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♥❛ ♦r❞❡♠ ❞❡ ✶×10−6 ❘■❯✳

✐✐



❆❜str❛❝t

❆ s❡♥s♦r ❜❛s❡❞ ♦♥ s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ ✭❙P❘✮ ✇❛s ❞❡✈❡❧♦♣❡❞✱ ❡①♣❧♦r✐♥❣ ❞✐✛❡r❡♥t

♠❛t❡r✐❛❧s t♦ ❜✉✐❧t t❤❡ s✉❜str❛t❡✴♠❡t❛❧✴s❛♠♣❧❡ ♠✉❧t✐❧❛②❡r ❛rr❛♥❣❡♠❡♥t t②♣❡✳ ❚❤❡ ♠✉❧t✐❧❛②❡r

❛rr❛♥❣❡♠❡♥t ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ❙P❘ s❡♥s♦r ✐s ❝r✉❝✐❛❧ ❜❡❝❛✉s❡ ✐t ❞❡t❡r♠✐♥❡s t❤❡ ❝♦♥❞✐t✐♦♥s

❢♦r s❡♥s♦r ❝♦♥str✉❝t✐♦♥ ❜② s❡tt✐♥❣ ✐ts ❢✉♥❝t✐♦♥❛❧ ❜❧♦❝❦s✱ ❜❡s✐❞❡s ❜❡✐♥❣ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡

♠♦❧❡❝✉❧❛r ✐♥t❡r❛❝t✐♦♥ tr❛♥s❞✉❝t✐♦♥ t♦ ❜❡ ❞❡t❡❝t❡❞✱ ❛♥❞ ❞❡✜♥❡s t❤❡ ✐♥❝✐❞❡♥❝❡ ❛♥❣❧❡ ❛♥❞

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

❚❤❡ q✉❛❧✐t② ♦❢ s✉r❢❛❝❡ ♣❧❛s♠♦♥s ❡①✐t❛t✐♦♥ ✐♥ t❤✐♥ ♠❡t❛❧ ✜❧♠s ✇❛s ✐♥✈❡st✐❣❛t❡❞ ❜② ❝❤❛♥❣✐♥❣

t❤❡ ♠❛t❡r✐❛❧s ♦❢ s✉❜str❛t❡✴♠❡t❛❧ ♣❛✐rs ♦❢ t❤❡ ♠✉❧t✐❧❛②❡r ❛rr❛♥❣❡♠❡♥t ✇✐t❤ ❑r❡ts❝❤♠❛♥♥

str✉❝t✉r❡✳ ❚❤❡ s❡♥s♦r r❡s♣♦♥s❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ♦♣t✐❝❛❧ ♣r✐s♠

PP❇■❖ ❞✉❡ ✐t✬s tr❛♣❡③♦✐❞ str✉❝t✉r❡ t❤❛t ❢❛❝✐❧✐t❛t❡s ✐♥str✉♠❡♥t❛t✐♦♥✱ ❛✈♦✐❞✐♥❣ ♠♦❜✐❧❡ ❛♥❞✴♦r

r♦t❛t✐♦♥❛❧ ♣❛rts✳ Pr✐s♠s ✇✐t❤ P❈✱ P▼▼❆ ❛♥❞ ❚❖P❆❙ ♣♦❧②♠❡rs ❛♥❞ ❣❧❛ss ❇❑✼ ✇❡r❡

♠❛♥✉❢❛❝t✉r❡❞✳ ❚❤❡ ♠❡t❛❧s ❣♦❧❞ ✭❆✉✮✱ s✐❧✈❡r ✭❆❣✮✱ ❝♦♣♣❡r ✭❈✉✮ ❛♥❞ ❛❧✉♠✐♥✉♠ ✭❆❧✮ ✇❡r❡

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

❧❛②❡r ❞❡♣♦s✐t✐♦♥✱ t❤❡ ❛ss❡♠❜❧② ♦❢ ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ❛♥❞ ❞❡t❛✐❧s ❛❜♦✉t

t❤❡ s♦❢t✇❛r❡ ✇❤✐❝❤ ♣r♦❝❡ss❡s t❤❡ s❡♥s♦r r❡s♣♦♥s❡ ❛r❡ ♣r❡s❡♥t❡❞✳ ❊①♣❡r✐♠❡♥ts ✇✐t❤ r❡✈❡rs✐❜❧❡

❛♥❞ ✐rr❡✈❡rs✐❜❧❡ ❧✐♥❦❛❣❡ ✐♥ ❜♦t❤ ❛♥❣✉❧❛r ❛♥❞ ✇❛✈❡❧❡♥❣t❤ ✐♥t❡rr♦❣❛t✐♦♥ ♠♦❞❡ ✇❡r❡ ♣❡r❢♦r♠❡❞✳

❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❛rr❛♥❣❡♠❡♥t ❝♦♠♣♦s❡❞ ♦❢ P❈✴❆❧ ♣❛✐r ❞♦❡s ♥♦t ♣♦ss❡ss ❣♦♦❞

r❡s♣♦♥s❡✳ ❆rr❛♥❣❡♠❡♥ts ✇✐t❤ ❆❣ ❛♥❞ ❈✉ ❡❛s✐❧② ❢♦r♠ ♦①✐❞❡ ❧❛②❡rs✳ Pr♦t❡✐♥ ❛❞s♦r♣t✐♦♥ ✐s

♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ✐♥ ❆✉ ✜❧♠s✱ ♠♦❞❡r❛t❡ ✐♥ ❆❣ ✜❧♠s ❛♥❞ ✇❡❛❦✴❛❜s❡♥t ✐♥ ❈✉ ❛♥❞ ❆❧ ✜❧♠✳

▼♦r❡♦✈❡r t❤❡ r❡s✉❧ts ❛tt❡st t❤❡ ❢❡❛s✐❜✐❧✐t② ♦❢ t❤❡ s✉r❢❛❝❡ ♣❧❛s♠♦♥s ❡①❝✐t❛t✐♦♥ ✐♥ PP❇■❖ ❜❛s❡❞

❙P❘ s❡♥s♦rs✱ ✇✐t❤ ✶×10−6 ❘■❯ ♦♥ t❤❡ ♦r❞❡r ♦❢ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ❧✐♠✐t ♦❢ ❞❡t❡❝t✐♦♥✳

✐✐✐
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✹✳✶✳✷ ❘❡❝♦③✐♠❡♥t♦ ❞♦ PP❇■❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✹✳✶✳✸ P♦❧✐♠❡♥t♦ ❞♦ PP❇■❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✷ ❉❡♣♦s✐çã♦ ❞♦ ♠❡t❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✸ ▼♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✹✳✹ ❘❡s✉♠♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✺ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✸

✺✳✶ Pr♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✺✳✷ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✿ ❝✉r✈❛s ❙P❘s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✺✳✸ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✿ s❡♥s♦r❣r❛♠❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✺✳✹ ❘❡s✉♠♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✻ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✶✵✹

✻✳✶ ❚r❛❜❛❧❤♦s ❢✉t✉r♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

❆ ❋❛❜r✐❝❛çã♦ ❞♦ PP❇■❖ ✶✶✵

❇ ❉❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ✶✶✺

❈ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ✶✶✽

❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✷✶

✈



▲✐st❛ ❞❡ ❙í♠❜♦❧♦s ❡ ❆❜r❡✈✐❛t✉r❛s

ABS ❆❝r✐❧♦♥✐tr✐❧❛ ❇✉t❛❞✐❡♥♦ ❊st✐r❡♥♦ ✭✐♠♣r❡ss♦r❛ ✸❉✮

D.A. ❆♣r♦①✐♠❛çã♦ ❞❡ ❉r✉❞❡

DF ❉✐stâ♥❝✐❛ ❢♦❝❛❧

DP ❉❡♥s✐❞❛❞❡ ❞❡ ♣✐①❡❧

AF ❆♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧

AFM ▼✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛✲❛tô♠✐❝❛

AIM ▼♦❞♦ ❞❡ ■♥t❡rr♦❣❛çã♦ ❆♥❣✉❧❛r

ATR ❆tt❡♥✉❛t❡❞ ❚♦t❛❧ ❘❡✢❡❝t✐♦♥

BSA ❇♦✈✐♥❡ ❙❡r✉♠ ❆❧❜✉♠✐♥ ✭♣r♦t❡í♥❛✮

CCD ❈❤❛r❣❡✲❈♦✉♣❧❡❞ ❉❡✈✐❝❡

CDF ❋✉♥çã♦ ❉✐❡❧étr✐❝❛ ❈♦♠♣❧❡①❛

CI ❈❛♠✐♥❤♦ ■♥❝❧✐♥❛❞♦

CMOS ❈♦♠♣❧❡♠❡♥t❛r② ▼❡t❛❧✲❖①✐❞❡ ❙❡♠✐❝♦♥❞✉❝t♦r

COC ❈②❝❧✐❝✲❖❧❡✜♥ ❈♦♣♦❧②♠❡r ✭♣♦❧í♠❡r♦ ❚❖P❆❙✮

CV D ❞❡♣♦s✐çã♦ ❞❡ ✈❛♣♦r q✉í♠✐❝♦

DNA ➪❝✐❞♦ ❞❡s♦①✐rr✐❜♦♥✉❝❧❡✐❝♦



EBR ❆❜❡rt✉r❛ ❞♦ ❋❡✐①❡ ❞❡ ▲✉③

ECS ❊q✉❛❧ ❈♦✉♣❧✐♥❣ ❙tr❡♥❣t❤

FoV ❈❛♠♣♦ ❞❡ ❱✐sã♦ ❞♦ PP❇■❖ ✭❋✐❡❧❞ ❖❢ ❱✐❡✇✮

FWHM ▲❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❙P❘ ✭❋✉❧❧ ❲✐❞t❤ ❛t ❍❛❧❢ ▼❛①✐♠✉♠✮

LED ❉✐♦❞♦ ❡♠✐ss♦r ❞❡ ❧✉③ ✭▲✐❣❤t ❊♠✐tt✐♥❣ ❉✐♦❞❡✮

LSPR ▲♦❝❛❧✐③❡❞ ❙✉r❢❛❝❡ P❧❛s♠♦♥ ❘❡s♦♥❛♥❝❡

LRSPP ▲♦♥❣✲❘❛♥❣❡ ❙✉r❢❛❝❡ P❧❛s♠♦♥ P♦❧❛r✐t♦♥

NP ◆❛♥♦✲P❛rtí❝✉❧❛

OP P♦♥t♦ ❞❡ ❖♣❡r❛çã♦

PBS P❤♦s♣❤❛t❡ ❇✉✛❡r❡❞ ❙❛❧✐♥❡ ✭❛♥❛❧✐t♦✮

PC P♦❧✐❝❛r❜♦♥❛t♦ ✭♣♦❧í♠❡r♦✮

PMMA P♦❧✐♠❡t✐❧✲♠❡t❛❝r✐❧❛t♦ ✭♣♦❧í♠❡r♦✮

PPBIO Pr✐s♠❛ P♦❧✐♠ér✐❝♦ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❇■❖❧ó❣✐❝❛s

PV D ❉❡♣♦s✐çã♦ ❞❡ ✈❛♣♦r ❢ís✐❝♦

RIT ❘❡✢❡①ã♦ ■♥t❡r♥❛ ❚♦t❛❧

RIU ❘❡❢r❛❝t✐✈❡ ■♥❞❡① ❯♥✐t

RIV ❘❡❣✐ã♦ ❞♦ ■♥❢r❛✲❱❡r♠❡❧❤♦

RPP ❘❡❣✐ã♦ ❞♦s ♣❧❛s♠♦♥s r❛❞✐❛t✐✈♦s

SEM ▼✐❝r♦s❝ó♣✐♦ ❡❧❡trô♥✐❝♦ ❞❡ ✈❛rr❡❞✉r❛

SP ❙✉r❢❛❝❡ P❧❛s♠♦♥

SPP ❙✉r❢❛❝❡ P❧❛s♠♦♥ P♦❧❛r✐t♦♥

✈✐✐



SPR ❙✉r❢❛❝❡ P❧❛s♠♦♥ ❘❡s♦♥❛♥❝❡

TOPAS ❚❤❡r♠♦♣❧❛st✐❝ ❖❧❡✜♥✲♣♦❧②♠❡r ♦❢ ❆♠♦r♣❤♦✉s ❙tr✉❝t✉r❡

TM ❚r❛♥s✈❡rs♦✲▼❛❣♥ét✐❝♦

UACPE ❯♥✐❞❛❞❡ ❞❡ ❆q✉✐s✐çã♦✱ ❈♦♥tr♦❧❡✱ Pr♦❝❡ss❛♠❡♥t♦ ❡ ❊①✐❜✐çã♦

WIM ▼♦❞♦ ❞❡ ■♥t❡rr♦❣❛çã♦ ❊s♣❡❝tr❛❧

kp ❱❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡

kpx ❈♦♠♣♦♥❡♥t❡ ❤♦r✐③♦♥t❛❧ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡

ksp ❱❡t♦r ❞❡ ♦♥❞❛ ❞♦s ♣❧❛♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡

ke ❱❡t♦r ❞❡ ♦♥❞❛ ❞♦s ❡❧étr♦♥s✲❧✐✈r❡s

di ❊s♣❡ss✉r❛ ❞♦ ♠❡✐♦ i ❞♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s

r(λ) ❈♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ ❞❡ ❋r❡s♥❡❧ ✲ ❲■▼

r(θ) ❈♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ ❞❡ ❋r❡s♥❡❧ ✲ ❆■▼

θres ♦✉ θR ➶♥❣✉❧♦ ♣❧❛s♠ô♥✐❝♦ ♦✉ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛

λres ♦✉ λR ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♣❧❛s♠ô♥✐❝♦ ♦✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛

ni ❮♥❞✐❝❡ ❞❡ ❘❡❢r❛çã♦ ❞♦ ♠❡✐♦ i ❞♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s

ǫi P❡r♠✐ss✐✈✐❞❛❞❡ ✭♦✉ ❈❉❋✮ ❞♦ ♠❡✐♦ i ❞♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s

Sθ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r ❙P❘ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❆■▼

Sλ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r ❙P❘ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❲■▼

Dθ ❉❡t❡❝t✐✈✐❞❛❞❡ ❞♦ s❡♥s♦r ❙P❘ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❆■▼

Dλ ❉❡t❡❝t✐✈✐❞❛❞❡ ❞♦ s❡♥s♦r ❙P❘ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❲■▼

✈✐✐✐



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

❚❛❜❡❧❛ ✸✳✶✿ ▼❛❣♥✐t✉❞❡ ❞❡ 〈υθ〉 ♣❛r❛ 〈υλ〉❂✵✳✶ ♥♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

❚❛❜❡❧❛ ✸✳✷✿ ❘❡s✉♠♦s ❞♦s ✈❛❧♦r❡s ❞❡ λR ❡ θR ✐♥❞✐❝❛♥❞♦ ♦ ❖P ❞❡ ❝❛❞❛ ♣❛r s✉❜s✲

tr❛t♦✴♠❡t❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

❚❛❜❡❧❛ ✺✳✶✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛

♦ ♣❛r ❇❑✼✴❆❣ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

❚❛❜❡❧❛ ✺✳✷✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛

♦ ♣❛r ❚❖P❆❙✴❆❣ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

❚❛❜❡❧❛ ✺✳✸✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛

♦ ♣❛r P▼▼❆✴❆❣ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

❚❛❜❡❧❛ ✺✳✹✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛

♦ ♣❛r P❈✴❆❣ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

❚❛❜❡❧❛ ✺✳✺✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛

♦ ♣❛r ❇❑✼✴❆✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵
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▲✐st❛ ❞❡ ❋✐❣✉r❛s

❋✐❣✉r❛ ✶✳✶✿ ❊sq✉❡♠❛ ✐♥❞✐❝❛♥❞♦ ♦s ❡❧❡♠❡♥t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ✉♠ s❡♥s♦r ❙P❘ ❝♦♠

❝♦♥✜❣✉r❛çã♦ ❆❚❘✲❑r❡ts❝❤♠❛♥♥✳ ◆♦ ❡①❡♠♣❧♦✱ ❡♠♣r❡❣❛✲s❡ ✉♠ ♣r✐s♠❛

s❡♠✐✲❝✐❧í♥❞r✐❝♦ s♦❜r❡ ♦ q✉❛❧ ✉♠ s✉❜str❛t♦ ó♣t✐❝♦ ✜♥♦ ❝♦♠ ✉♠❛ ✜♥❛ ❝❛✲

♠❛❞❛ ❞❡ ♠❡t❛❧ ❞❡♣♦s✐t❛❞❛ é ❛❝♦♣❧❛❞♦ ❝♦♠ ♦ ✉s♦ ❞❡ ✉♠ ❣❡❧✳ ❆ ❧✉③

✐♥❝✐❞❡♥t❡✱ ❛♣ós ✐♥t❡r❛❣✐r ❝♦♠ ♦s ✈ár✐♦s ♠❛t❡r✐❛✐s✱ é ❝❛♣t✉r❛❞❛ ♣♦r ✉♠

❝♦♠♣♦♥❡♥t❡ ❢♦t♦ss❡♥sí✈❡❧ ✭s❡♥s♦r ❞❡ ✐♠❛❣❡♠✮✳ ❊stã♦ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛

♦ ❝❛♠♣♦ ❡✈❛♥❡s❝❡♥t❡ ✭E❡✈✳✮ ❡ ♦s ✈❡t♦r❡s ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ✭k♣①✮

❡ ❞♦s ❙Ps ✭kSP ✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

❋✐❣✉r❛ ✷✳✶✿ ❙✐st❡♠❛ ♠✉❧t✐❝❛♠❛❞❛s ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❑r❡ts❝❤♠❛♥♥ ❝♦♠ ✹ ❝❛♠❛❞❛s

❡♠ q✉❡ ✭✶✮ é ♦ s✉❜str❛t♦ ó♣t✐❝♦✲♣r✐s♠❛✱ ✭✷✮ ♠❡t❛❧✱ ✭✸✮ ❡ ✭✹✮ r❡♣r❡s❡♥t❛♠

♦ ❛♥❛❧✐t♦ ❡ ❛ ❛♠♦str❛ q✉❡ ♦ ❝♦♥té♠✳ ❆ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❝♦♥❞✉③ ❛ ❛♠♦str❛

♣♦r s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ♠❡t❛❧✳ ❊s♣❡ss✉r❛s✱ ✈❡t♦r❡s✱ ♣❡r♠✐ss✐✈✐❞❛❞❡s

❞✐❡❧étr✐❝❛s✱ â♥❣✉❧♦s ❡ ♣❧❛♥♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

❋✐❣✉r❛ ✷✳✷✿ ❉✐s♣❡rsã♦ ❞♦s ❙P ✭E(kSP )✮ ❡♠ ✉♠❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✲❍2❖✱ ❝♦♠ ✐♥❞✐❝❛çã♦

❞❛s r❡❣✐õ❡s ❙PP✱ ◗❇ ❡ ❘PP✳ ❉✐s♣❡rsã♦ ❞♦s ❢ót♦♥s ✭E(kpx)✮ ❝♦♠ â♥❣✉❧♦

❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❡ ✼✺◦✱ ♥♦ ✈á❝✉♦ ❡ ❡♠ s✉❜str❛t♦ ❞❡ s❛✜r❛✳ ❆ ✐♥t❡rs❡çã♦

❞❛s ❝✉r✈❛s ✭❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦✮ r❡♣r❡s❡♥t❛ ❛ s✐t✉❛çã♦ ❡♠ q✉❡ ♦❝♦rr❡ ❛
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❋✐❣✉r❛ ✷✳✸✿ ❊①❡♠♣❧♦ ❞❡ ❝✉r✈❛ ♣❛r❛ ❛ ❙P❘ ♦❜t✐❞❛ ❛tr❛✈és ❞❛ ❆♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧✳ ❆

✈❛r✐❛çã♦ ❞❡ λR1 ♣❛r❛ λR2 ♥♦ ♠♦❞♦ ❲■▼✱ ♦✉ ❞❡ θR1 ♣❛r❛ θR2 ♥♦ ♠♦❞♦

❆■▼✱ ✐♥❞✐❝❛ ✉♠❛ ❛❧t❡r❛çã♦ ♥♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❛♠♦str❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻



❋✐❣✉r❛ ✸✳✶✿ ❊t❛♣❛s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✉t✐❧✐③❛♥❞♦ ♦ PP✲

❇■❖✳ ❆♣ós ❛ ♠❛♥✉❢❛t✉r❛ ❞♦ ♣r✐s♠❛ ❛s ❡s❝♦❧❤❛s ❢❡✐t❛s ❡♠ ❝❛❞❛ ❡t❛♣❛ sã♦

❛✈❛❧✐❛❞❛s ❡ ❛ ❛♥á❧✐s❡ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ✈❡r✐✜❝❛ ❛ q✉❛❧✐❞❛❞❡ ✜♥❛❧ ❞♦ s❡♥s♦r✳ ✶✾

❋✐❣✉r❛ ✸✳✷✿ Pr✐s♠❛ ♣♦❧✐♠ér✐❝♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ▼♦r❡✐r❛✳ ❖s ✈❛❧♦r❡s ✉t✐❧✐③❛❞♦s ♥♦

♣r♦❥❡t♦ ❢♦r❛♠✿ h =✸ ♠♠✱ L =✷✻✱✼✷ ♠♠✱ l =✶✼✱✽✹ ♠♠✱ α =✸✹◦✱ θ =✻✽◦

❝♦♠ ❢♦❝♦ ♦❝♦rr❡♥❞♦ ♥♦ ♣♦♥t♦ ❆✭✶✵✱✷✱✾✮ ♠♠✳ ❋♦♥t❡ ❬✷✵❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

❋✐❣✉r❛ ✸✳✸✿ ❈♦♥❞✐❝✐♦♥❛♥t❡s ♦♣❡r❛❝✐♦♥❛✐s ♣❛r❛ ❛ ❧❡♥t❡ ❝✐❧í♥❞r✐❝❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❢♦✲

❝❛❧✐③❛r ♦s ❢❡✐①❡s ❧✉♠✐♥♦s♦s✳ ❖s ✈❛❧♦r❡s ✉t✐❧✐③❛❞♦s ♥♦ ♣r♦❥❡t♦ ❢♦r❛♠✿

❚❂✺ ♠♠✱ ❘❂✶✶✱✷ ♠♠✱ ❏❂✸✱✾ ♠♠ ❡ ❊❇❘❂✵✱✺ ♠♠✳ ❆ ❞✐stâ♥❝✐❛ ❢♦✲

❝❛❧ ✭❢✮ ❞❛ ❧❡♥t❡ ✉t✐❧✐③❛❞❛ é ❞❡ ✷✵ ♠♠ ♣❛r❛ λ❂✺✽✼✱✻ ♥♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

❋✐❣✉r❛ ✸✳✹✿ ❈❛♠✐♥❤♦ ó♣t✐❝♦ ❞❡t❛❧❤❛❞♦ ♣❡r❝♦rr✐❞♦ ♣❡❧♦s ❢❡✐①❡s ❧✉♠✐♥♦s♦s✳ ❉❡t❛❧❤❡

✭❡♠ ❛③✉❧✮ ♣❛r❛ ❛ ❞✐stâ♥❝✐❛ ♣❡r❝♦rr✐❞❛ ✭❉✮ ❞❛ ❜❛s❡ ✐♥❢❡r✐♦r ❛té ❛t✐♥❣✐r

♦ ♣♦♥t♦ ❢♦❝❛❧ ✭❳✹✮✳ ❖s ✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s r❡♣r❡s❡♥t❛❞♦s ♥❛ ✐♠❛✲

❣❡♠ sã♦✿ ❋❂✺✱✸✻ ♠♠✱ ❉X2❴min❂✾✱✻✻ ♠♠✱ ❉X2❴max❂✶✷✱✻✷ ♠♠✱ h′❂✵✱✺✲

✷✱✺ ♠♠✳ P❛r❛ L✱ l✱ α ❡ θ ♦s ✈❛❧♦r❡s sã♦ ♦s ♠❡s♠♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛

✸✳✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

❋✐❣✉r❛ ✸✳✺✿ ❛✮ ❘❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞❛ ❞✐s♣❡rsã♦ ❞❛ ❧✉③ ❞❡♥tr♦ ❞♦ PP❇■❖✳ ❚r❛✲

ç❛❞♦ ❞❡ r❛✐♦s ♦❜✐t❞♦s ❝♦♠ ♦ s♦❢t✇❛r❡ ❖❙▲❖ Pr❡♠✐✉♥ ♣❛r❛ ✈✐s✉❛❧✐③❛çã♦

❣❡♦♠étr✐❝❛ ❞♦ ❝❛♠✐♥❤♦ ❞❛ ❧✉③ ❞❡♥tr♦ ❞♦ PP❇■❖ ❡ ❣❡r❛❞♦ ❝♦♠ ♦s ♣❛✲

râ♠❡tr♦s ó♣t✐❝♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✸✱ ♦s q✉❛✐s ❢♦❝❛❧✐③❛♠ ❛ ❧✉③

♥♦ ❝❡♥tr♦ ❞❛ s✉♣❡r❢í❝✐❡ s✉♣❡r✐♦r ❞♦ ♣r✐s♠❛✳ ❋♦♥t❡ ❬✷✵❪✳ ❜✮ ●rá✜❝♦ ❞❛

✈❛r✐❛çã♦ ❞❛ ❞✐s♣❡rsã♦ ❡♠ ❢✉♥çã♦ ❞❛ ♣♦s✐çã♦ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s

t❡♠♣❡r❛t✉r❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

❋✐❣✉r❛ ✸✳✻✿ ●rá✜❝♦s ❞❛ ✈❛r✐❛çã♦ ❞♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ♣♦s✐çã♦ ❞❡

❡♥tr❛❞❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

❋✐❣✉r❛ ✸✳✼✿ ❛✮ ❱❛r✐❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ❢♦❝♦ ❡♠ ❢✉♥çã♦ ❞❛ ♣♦s✐çã♦ ❞❡ ❡♥tr❛❞❛ ♣❛r❛

❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ❜✮ ■❧✉str❛çã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❢♦❝♦ ♥♦s

♠♦❞♦s ❆■▼ ❡ ❲■▼ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✭✈✐st❛ s✉♣❡r✐♦r ❞♦

♣r✐s♠❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

①✐✐



❋✐❣✉r❛ ✸✳✽✿ ❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♣❛r❛ ❞✐❢❡r❡♥✲

t❡s ♠❛t❡r✐❛✐s ✉s❛❞♦s ❝♦♠♦ s✉❜str❛t♦ ❞✐❡❧étr✐❝♦ ✭❚❖P❆❙✱ P❈✱ P▼▼❆ ❡

❇❑✼s✮✳ nPC > nTOPAS > nBK7 > nPMMA✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

❋✐❣✉r❛ ✸✳✾✿ ●rá✜❝♦ ♣❛r❛ ♦ ❋❛t♦r ◗ ❡①♣r❡ss♦ ❡♠ t❡r♠♦s r❡❧❛çã♦ ❞❛ ǫ2r(λ)
2/ǫ2i(λ)✳

Pr❛t❛✱ ♦✉r♦✱ ❝♦❜r❡ ❡ ❛❧✉♠í♥✐♦ ❡①✐❜❡♠ r❡❣✐♠❡s ❞❡ ❜❛✐①❛s ♣❡r❞❛s ♥♦ ❡s✲

♣❡❝tr♦ ❞❛ ❧✉③ ✈✐sí✈❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

❋✐❣✉r❛ ✸✳✶✵✿ ❉❡♣❡♥❞ê♥❝✐❛ ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡t❛❧ ♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳

❖❜s❡r✈❛✲s❡ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ❈❉❋ ❞♦ ❆❧✉♠í♥✐♦ ♦❜t✐❞❛ ♣♦r ✐♥t❡r♠é❞✐♦

❞❛ ❉✳❆✳ ✭❧✐♥❤❛s tr❛❝❡❥❛❞❛s✮ ❡ ❞❛ ❈❉❋ ❞❡t❡r♠✐♥❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡

✭❧✐♥❤❛s só❧✐❞❛s✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

❋✐❣✉r❛ ✸✳✶✶✿ ❈✉r✈❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ ❞❡ â♥❣✉❧♦✳

■♥t❡r❢❛❝❡s ❛✮ ❆❧✴á❣✉❛ ❡ ❜✮ ❈✉✴á❣✉❛✳ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ♣❛r❛ â♥❣✉❧♦s

♠❛✐♦r❡s q✉❡ ✻✵◦✳ ❱✐st❛s✿ ❘❡✢❡t✐✈✐❞❛❞❡ ① λ ✭❡sq✉❡r❞❛✮✱ ❘❡✢❡t✐✈✐❞❛❞❡ ①

λ ① ➶♥❣✉❧♦ ✭❞✐r❡✐t❛✮ ❡ ➶♥❣✉❧♦ ① λ ✭s✉❜❣rá✜❝♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

❋✐❣✉r❛ ✸✳✶✷✿ ❈✉r✈❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ ❞❡ â♥❣✉❧♦✳

■♥t❡r❢❛❝❡s ❛✮ ❆✉✴á❣✉❛ ❡ ❜✮ ❆❣✴á❣✉❛✳ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ♣❛r❛ â♥❣✉❧♦s

♠❛✐♦r❡s q✉❡ ✻✵◦✳ ❱✐st❛s✿ ❘❡✢❡t✐✈✐❞❛❞❡ ① λ ✭❡sq✉❡r❞❛✮✱ ❘❡✢❡t✐✈✐❞❛❞❡ ①

λ ① ➶♥❣✉❧♦ ✭❞✐r❡✐t❛✮ ❡ ➶♥❣✉❧♦ ① λ ✭s✉❜❣rá✜❝♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

❋✐❣✉r❛ ✸✳✶✸✿ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❡♠ ❢✉♥çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳ ❙✉❜❣rá✜❝♦

♣❛r❛ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♣❛r❛ ♦s

❞✐✈❡rs♦s â♥❣✉❧♦s✳ ❖s ✈❛❧♦r❡s ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ♦ ♣❛r ❇❑✼✴❆❣✳ ✳ ✳ ✳ ✸✷

❋✐❣✉r❛ ✸✳✶✹✿ ❋✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ❞♦ ❆❧✳ P❛rt❡ r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ♣❛r❛ ❞✐❢❡✲

r❡♥t❡s r❡♣r❡s❡♥t❛çõ❡s✳ ❱❡r✲s❡ q✉❡ ❈❉❋ ❡①♣❡r✐♠❡♥t❛❧ ♥ã♦ é ❛♣r♦①✐♠❛❞❛

♣❡❧❛ ❉✳❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

❋✐❣✉r❛ ✸✳✶✺✿ ❱❛r✐❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s r❡♣r❡s❡♥t❛çõ❡s ❞❛ ❢✉♥çã♦ ❞✐✲

❡❧étr✐❝❛ ǫ2(λ) ❞♦ ❛❧✉♠í♥✐♦✳ ❈✉r✈❛s ❝♦♠ ❡ s❡♠ ❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦✳ ❆

r❡s♣♦st❛ ❡①♣❡r✐♠❡♥t❛❧ é ♠❛✐s s❡♠❡❧❤❛♥t❡ à ❝✉r✈❛ r❡♣r❡s❡♥t❛❞❛ ♣♦r ❘❛❦✐❝

♥❛ ♣r❡s❡♥ç❛ ❞❡ ♦①✐❞❛çã♦✳ ❉❡t❛❧❤❡ ✭s✉❜❣rá✜❝♦ ❡♠ ✈❡r❞❡✮ ♣❛r❛ ♦ ♣❡r✜❧

❡s♣❡❝tr❛❧ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

①✐✐✐



❋✐❣✉r❛ ✸✳✶✻✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆

❡ P❈✳ ➶♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦s ❡♠ 58◦,63◦,68◦,71◦ ❡ 75◦ ♣❛r❛ ❢❛✐①❛

❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ❘❡s♣♦st❛ ❲■▼

♣❛r❛ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦ ❝♦♠ ❡s♣❡ss✉r❛ ❞❡ ✷✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ á❣✉❛

❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

❋✐❣✉r❛ ✸✳✶✼✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆

❡ P❈✳ ●rá✜❝♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ ✐♥❞✐❝❛❞♦s ♥❛ ✜✲

❣✉r❛✱ ♣❛r❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦ ❞❡ 50◦ < θ < 80◦✳ ❘❡s♣♦st❛ ❆■▼ ♣❛r❛ ✜❧♠❡s

❞❡ ❛❧✉♠í♥✐♦ ❝♦♠ ✷✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳ ✸✼

❋✐❣✉r❛ ✸✳✶✽✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡

1,33 < n3 < 1,39✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠
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❋✐❣✉r❛ ✸✳✸✹✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡

1,33 < n3 < 1,39✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠

✜❧♠❡s ❞❡ ❝♦❜r❡ ❞❡ ✹✵ ♥♠ ❞❡ ❡s♣❡ss✉r❛✳ ➶♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦ ❡♠

68◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ✳ ✳ ✹✻

❋✐❣✉r❛ ✸✳✸✺✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❈✉✳

❛✮ ❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛

❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦ ✈❛❧♦r ❋❲❍▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

❋✐❣✉r❛ ✸✳✸✻✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡

1,33 < n3 < 1,39✳ ❈✉r✈❛s ❝♦♠ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✜①♦s ♥♦s

✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❲■▼✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱

P▼▼❆ ❡ P❈ ❝♦♠ ✜❧♠❡s ❞❡ ❝♦❜r❡ ❞❡ ✹✵ ♥♠ ❞❡ ❡s♣❡ss✉r❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

❋✐❣✉r❛ ✸✳✸✼✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❈✉✳

❛✮ ❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ➶♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐✲

❛❞❛ ❛♦ ✈❛❧♦r ❋❲❍▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

❋✐❣✉r❛ ✸✳✸✽✿ ❘❡✢❡t✐✈✐❞❛❞❡✲❲■▼ ✭❣rá✜❝♦s s✉♣❡r✐♦r❡s✮ ❡ ❆■▼ ✭❣rá✜❝♦s ✐♥❢❡r✐♦r❡s✮ ♣❛r❛

❞✐❢❡r❡♥t❡s ❡s♣❡ss✉r❛s ❞♦ ✜❧♠❡ ❞❡ ❝♦❜r❡✳ ❈✉r✈❛s ❙P❘s ♣❛r❛ ❛ ♠✉❧t✐✲

❝❛♠❛❞❛ ❝♦♠♣♦st❛ ♣♦r ❇❑✼✴❈✉✴❛♥❛❧✐t♦✱ ❝♦♠ ❛s ❡s♣❡ss✉r❛s ❞♦s ✜❧♠❡s

♠❡tá❧✐❝♦s ❞❡ ✶✵✱ ✸✵✱ ✹✵✱ ✺✵ ❡ ✼✵ ♥♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

❋✐❣✉r❛ ✸✳✸✾✿ ❋✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ❞♦ ❆❣✳ P❛rt❡ r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ♣❛r❛ ❞✐❢❡✲

r❡♥t❡s r❡♣r❡s❡♥t❛çõ❡s✳ ❱❡r✲s❡ q✉❡ ❛ ❈❉❋ ❡①♣❡r✐♠❡♥t❛❧ é ♣❛r❝✐❛❧♠❡♥t❡

❛♣r♦①✐♠❛❞❛ ♣❡❧❛ ❉✳❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

①✈✐



❋✐❣✉r❛ ✸✳✹✵✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆

❡ P❈✳ ➶♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦s ❡♠ 58◦,63◦,68◦,71◦ ❡ 75◦ ♣❛r❛ ❢❛✐①❛

❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ❘❡s♣♦st❛ ❲■▼

♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠ ✺✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡

❞❡s❣❛s❡✐✜❝❛❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

❋✐❣✉r❛ ✸✳✹✶✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆

❡ P❈✳ ●rá✜❝♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ ✐♥❞✐❝❛❞♦s ♥❛ ✜✲

❣✉r❛✱ ♣❛r❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦ ❞❡ 40◦ < θ < 80◦✳ ❘❡s♣♦st❛ ❆■▼ ♣❛r❛ ✜❧♠❡s

❞❡ ♣r❛t❛ ❝♦♠ ✺✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳ ✺✵

❋✐❣✉r❛ ✸✳✹✷✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡

1,33 < n3 < 1,39✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠

✜❧♠❡s ❞❡ ♣r❛t❛ ❞❡ ✺✵ ♥♠ ❞❡ ❡s♣❡ss✉r❛✳ ➶♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦ ❡♠

68◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳

❈✉r✈❛s ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠ ❡s♣❡ss✉r❛s ❞❡ ✺✵ ♥♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

❋✐❣✉r❛ ✸✳✹✸✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❆❣✳

❛✮ ❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛

❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦ ✈❛❧♦r ❋❲❍▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

❋✐❣✉r❛ ✸✳✹✹✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡

1,33 < n3 < 1,39✳ ❈✉r✈❛s ♣❛r❛ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✜①♦s ❡♠

✻✺✽ ♥♠✭❇❑✼✮✱ ✻✷✵ ♥♠✭❚❖P❆❙✮✱ ✼✼✾ ♥♠✭P▼▼❆✮ ❡ ✺✶✾ ♥♠✭P❈✮ ❡♥✲

❝♦♥tr❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❲■▼✱ ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠ ❡s♣❡ss✉r❛s ❞❡

✺✵ ♥♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

❋✐❣✉r❛ ✸✳✹✺✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❆❣✳

❛✮ ❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ➶♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐✲

❛❞❛ ❛♦ ✈❛❧♦r ❋❲❍▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

❋✐❣✉r❛ ✸✳✹✻✿ ❘❡✢❡t✐✈✐❞❛❞❡✲❲■▼ ✭❣rá✜❝♦s s✉♣❡r✐♦r❡s✮ ❡ ❆■▼ ✭❣rá✜❝♦s ✐♥❢❡r✐♦r❡s✮ ♣❛r❛

❞✐❢❡r❡♥t❡s ❡s♣❡ss✉r❛s ❞♦ ✜❧♠❡ ❞❡ ♣r❛t❛✳ ❈✉r✈❛s ❙P❘s ♣❛r❛ ❛ ♠✉❧t✐✲

❝❛♠❛❞❛ ❝♦♠♣♦st❛ ♣♦r ❇❑✼✴❆❣✴❛♥❛❧✐t♦✱ ❝♦♠ ❛s ❡s♣❡ss✉r❛s ❞♦s ✜❧♠❡s

♠❡tá❧✐❝♦s ❞❡ ✶✵✱ ✸✵✱ ✹✵✱ ✺✵ ❡ ✼✵ ♥♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

❋✐❣✉r❛ ✸✳✹✼✿ ❉❡t❡❝t✐✈✐❞❛❞❡ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✐♥t❡r❢❛❝❡s s✉❜str❛t♦✴♠❡t❛❧✳

❖P ❝♦♠ â♥❣✉❧♦ ✜①♦ ❡♠ θ = 68◦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

①✈✐✐



❋✐❣✉r❛ ✸✳✹✽✿ ❉✐❛❣r❛♠❛ ❞❡ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛ ✉s❛❞♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❈❛♠♣♦ ❞❡ ❱✐sã♦

✭❋♦❱✮ ❞♦ PP❇■❖✳ ❊sq✉❡♠❛ ✐♥❞✐❝❛♥❞♦ ❞✐stâ♥❝✐❛s✱ â♥❣✉❧♦s ❡ ❡❧❡♠❡♥t♦s

♣r❡s❡♥t❡s ♥♦ s❡t✲✉♣ ❆■▼✳ P❛r❛ ♦ s❡♥s♦r ❙P❘ ❞❡s❡♥✈♦❧✈✐❞♦ ♦ ✈❛❧♦r ❞❡

❋♦❱ é ❞❡ ✷✷✱✻◦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

❋✐❣✉r❛ ✹✳✶✿ ▼♦❧❞❡s ♣r♦❞✉③✐❞♦s ♣❛r❛ ❢❛❜r✐❝❛çã♦ ❞♦ PP❇■❖✳ ❛✮ ▼♦❧❞❡ ❝♦♠ ✸ ❝❛✈✐❞❛❞❡s

❡ ❜✮ ▼♦❧❞❡ ❝♦♠ ✹ ❝❛✈✐❞❛❞❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

❋✐❣✉r❛ ✹✳✷✿ P❡r❝❡♥t✉❛❧ ❞❡ tr❛♥s♠✐tâ♥❝✐❛ ✭tr❛♥s♣❛rê♥❝✐❛✮ ♣❛r❛ ♦s ♣r✐s♠❛s ❢❛❜r✐❝❛❞♦s

❝♦♠ P❈✱ P▼▼❆✱ ❚❖P❆❙ ❡ ❇❑✼✳ ❉❛❞♦s ♦❜t✐❞♦s ❝♦♠ ♦ ❡s♣❡❝tr♦❢♦tô✲

♠❡tr♦ ❋❊◆❚❖ ✽✵✵ ❳■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

❋✐❣✉r❛ ✹✳✸✿ ❊sq✉❡♠❛ ✐❧✉str❛t✐✈♦ ❞❡ ✉♠❛ ❧✉③ ♣♦❧❛r✐③❛❞❛ ❛tr❛✈❡ss❛♥❞♦ ✉♠ ♠❡✐♦ ❜✐r✲

r❡❢r✐♥❣❡♥t❡ ❡ ♦✉tr♦ ♥ã♦ ❜✐rr❡❢r✐♥❣❡♥t❡✳ ❆s ❝♦♠♣♦♥❡♥t❡s ❡①tr❛♦r❞✐♥ár✐❛✱

♠❛✐s ❧❡♥t❛ ✭r❛✐♦E✮✱ ❡ ♦r❞✐♥ár✐❛✱ ♠❛✐s rá♣✐❞❛ ✭r❛✐♦O✮✱ ❡stã♦ ✐♥❞✐❝❛❞❛s✳ ✳ ✳ ✻✵

❋✐❣✉r❛ ✹✳✹✿ ❊sq✉❡♠❛ ❞❡ ✉♠ ♣♦❧❛r✐s❝ó♣✐♦✳ ❆trás ❞♦ ♣r✐s♠❛ s♦❜ ❛♥á❧✐s❡ ❤á ✉♠❛ ❧✉③

♥ã♦ ♣♦❧❛r✐③❛❞❛ s❡❣✉✐❞♦ ❞❡ ✉♠ ♣♦❧❛r✐③❛❞♦r ❡ ✉♠ ♣❧❛♥♦ ❞❡ ✶✴✹ ❞❡ ♦♥❞❛✳ ➚

❢r❡♥t❡ ❞♦ ♣r✐s♠❛✱ ♦✉tr♦ ♣♦❧❛r✐③❛❞♦r ✭❛♥❛❧✐s❛❞♦r✮ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛♥❛❧✐s❛r

❛ ♣♦❧❛r✐③❛çã♦ ❡ ✉♠ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ❝❛♣t✉r❛ ♦ ✈❛❧♦r ❞❛ ✐♥t❡♥s✐❞❛❞❡✳ ✳ ✳ ✻✷

❋✐❣✉r❛ ✹✳✺✿ ❛✮ ❋♦t♦❣r❛✜❛ ♣❛r❛ ♣r✐s♠❛s ❝♦♠ ❬✶❪✲❬✷❪✲❬✸❪ ❡ s❡♠ ❬✹❪✲❬✺❪✲❬✻❪ ❛♥♥❡❛❧✐♥❣✱ ♣♦✲

❧✐❞♦s ❬✸❪✲❬✹❪ ❡ ♥ã♦ ♣♦❧✐❞♦s ❬✶❪✲❬✷❪✲❬✺❪✲❬✻❪✱ t♦❞♦s ❢❛❜r✐❝❛❞♦s ❝♦♠ ❚❖P❆❙ ❡

✉s❛♥❞♦ ♦ ♠♦❧❞❡ ❞❡ ✸ ❝❛✈✐❞❛❞❡s✳ ❜✮ ❋♦t♦❣r❛✜❛ ♣❛r❛ ♣r✐s♠❛s ♣♦❧✐♠ér✐❝♦s

❢❛❜r✐❝❛❞♦s ❝♦♠ ♦ ♠♦❧❞❡ ❞❡ ✹ ❝❛✈✐❞❛❞❡s ❡ ♣r✐s♠❛ ❞❡ ✈✐❞r♦ ❇❑✼✳ Pr✐s♠❛s

q✉❡ ♣❛ss❛♠ ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ✐♥❥❡çã♦ ❬P❈❪✲❬P▼▼❆❪✲❬❚❖P❆❙❪ ♣♦ss✉❡♠

str❡ss ❡♥q✉❛♥t♦ ♦ ♣r✐s♠❛ ✈✐❞r♦ ❬❇❑✼❪✱ ❢❛❜r✐❝❛❞♦ ❞❡ ❢♦r♠❛ ❞✐❢❡r❡♥t❡✱ é
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❋✐❣✉r❛ ✹✳✻✿ ❈✉r✈❛s ❙P❘ ♣❛r❛ ✜❧♠❡ ❞❡ ♣r❛t❛ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦s ❇❑✼✱ ❚❖P❆❙✱

P▼▼❆ ❡ P❈✳ ❈✉r✈❛s t❡ór✐❝❛s ✭❧✐♥❤❛ tr❛❝❡❥❛❞❛✮ ❡ ❡①♣❡r✐♠❡♥t❛✐s ✭❧✐♥❤❛
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❋✐❣✉r❛ ✹✳✼✿ ❈✉r✈❛ ❙P❘ ♣❛r❛ ♣r✐s♠❛ ❝♦♠ ✭❧✐♥❤❛ só❧✐❞❛ ♣r❡t❛✮ ❡ s❡♠ ✭❧✐♥❤❛ só❧✐❞❛

✈❡r♠❡❧❤❛✮ ❛♥♥❡❧✐♥❣✱ ❡ ❝✉r✈❛ ❙P❘ t❡ór✐❝❛ ✭❝✉r✈❛ tr❛❝❡❥❛❞❛✮✳ ❆ ❡①❝✐t❛çã♦

❞♦s ❙P ♣❛r❛ ♣r✐s♠❛ s❡♠ ❛♥♥❡❛❧✐♥❣ é ✐♥❡✜❝✐❡♥t❡✳ ❊①❡♠♣❧♦ ❞❛ ❡①❝✐t❛çã♦
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❋✐❣✉r❛ ✹✳✽✿ ❛✮ P❡r✜❧ ❡s♣❡❝tr❛❧ ♣❛r❛ ❛ ❢♦♥t❡ ❞❡ ❧✉③ ✉s❛❞❛ ♥♦ ♠♦❞♦ ❲■▼✳ ❆ ❧✐♥❤❛

tr❛❝❡❥❛❞❛ é ❛ r❡s♣♦st❛ ♦❜t✐❞❛ ❛♥t❡s ❞♦ ♣♦❧✐♠❡♥t♦✳ ❜✮ P❡r✜❧ ❞❛ ❢♦♥t❡

❞❡ ❧✉③ ✉s❛❞❛ ♥♦ ♠♦❞♦ ❆■▼✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ é ❛ r❡s♣♦st❛ ♦❜t✐❞❛ ❝♦♠
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❋✐❣✉r❛ ✹✳✶✵✿ ❆♥á❧✐s❡ ❞❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ ❞❡ ♦✉r♦✱ ❞❡♣♦s✐t❛❞❛ ❡♠ ✉♠ ♣r✐s♠❛ ♠❛♥✉✲

❢❛t✉r❛❞♦ ❝♦♠ ❚❖P❆❙✳ ■♠❛❣❡♥s ✭✷❉ ❡ ✸❉✮ ♦❜t✐❞❛s ❝♦♠ ✉♠ ❆❋▼ ♣❛r❛

s✉♣❡r❢í❝✐❡ ❞❡ ❆✉✳ ●rá✜❝♦s ♣❛r❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❛❧t✉r❛ ♥♦s ✐♥t❡r✈❛❧♦s ❆✲

❇ ❡ ❈✲❉✳ ❘❡s✉♠♦ ❞♦s ♣❛râ♠❡tr♦s ❡ ❣rá✜❝♦s r❡❧❛t✐✈♦s à r✉❣♦ss✐❞❛❞❡ ❞❛

s✉♣❡r❢í❝✐❡ ❡①tr❛í❞♦s ❝♦♠ ♦ s♦❢t✇❛r❡ ●✇②❞❞✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

❋✐❣✉r❛ ✹✳✶✶✿ ❛✮ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❡ ❜✐♦ss❡♥s♦r ❜❛s❡❛❞♦ ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠♦♥s

❞❡ s✉♣❡r❢í❝✐❡ ♦ q✉❛❧ ❝♦♠♣r❡❡♥❞❡ ✹ s✉❜s✐st❡♠❛s ❞✐❢❡r❡♥t❡s✿ ▼✐❝r♦✢✉í❞✐❝♦✱

Ó♣t✐❝♦✱ ❊str✉t✉r❛ ▼✉❧t✐❝❛♠❛❞❛s ❡ ❯❆❈P❊✳ ❉✐s♣♦s✐çã♦ ❞♦s ❡❧❡♠❡♥t♦s

q✉❡ ❡①❝✐t❛♠ ♦ ❢❡♥ô♠❡♥♦ ❙P❘ ✉s❛♥❞♦ ♦ PP❇■❖✳ ▼♦♥t❛❣❡♠ ♣❛r❛ ♦ ❜✮

♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧ ❡ ❝✮ ♣❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉✲
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❋✐❣✉r❛ ✹✳✶✷✿ ❋♦t♦❣r❛✜❛ ❞❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❞✐❛❣r❛♠❛

✐❧✉str❛❞♦ ♥❛ ❋✐❣✳✹✳✶✶✱ ❛♣r❡s❡♥t❛♥❞♦ ❛ ❞✐s♣♦s✐çã♦ ❞♦s ❡❧❡♠❡♥t♦s q✉❡ ❡①✲

❝✐t❛♠ ♦ ❢❡♥ô♠❡♥♦ ❙P❘ ✉s❛♥❞♦ ♦ PP❇■❖✳ ❛✮ ▼♦♥t❛❣❡♠ ♣❛r❛ ♦ ♠♦❞♦ ❞❡

✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧✱ ❡♠ q✉❡ ✉♠❛ ❧✉③ ❜r❛♥❝❛ ❛tr❛✈❡ss❛ ✉♠❛ ❧❡♥t❡ ❝♦✲

❧✐♠❛❞♦r❛ ❡ ✉♠ ♣♦❧❛r✐③❛❞♦r ❛té ❛t✐♥❣✐r ♦ ♣r✐s♠❛❀ ❛ ❧✉③ r❡✢❡t✐❞❛ ♥❛ ♦✉tr❛

❡①tr❡♠✐❞❛❞❡ ❞♦ ♣r✐s♠❛ ♣❛ss❛ ♣♦r ✉♠❛ ✜❜r❛ ó♣t✐❝❛ ❛té s❡r ❝❛♣t✉r❛ ♣♦r

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

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

❞❡ ❧✉③ q✉❛s❡ ♠♦♥♦❝r♦♠át✐❝❛❀ ❛ ❧✉③ r❡✢❡t✐❞❛ ♣❡❧♦ P❇❇■❖ ❛t✐♥❣✐ ✉♠ ❡s✲

♣❡❧❤♦ ❛♥t❡s ❞❡ s❡r ❝❛♣t✉r❛❞❛ ♣♦r ✉♠❛ ❝â♠❡r❛ ❡♠♣r❡❣❛❞❛ ❝♦♠♦ ❞❡t❡❝t♦r
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❋✐❣✉r❛ ✹✳✶✸✿ ■♠❛❣❡♠ ❞❡ ♣❡ç❛ ✐♠♣r❡ss❛ ❡♠ ✐♠♣r❡ss♦r❛ ✸❉ ♣❛r❛ ❡♥❝❛✐①❡ ❞♦ ♣r✐s♠❛ ❡

❞❛ ✜❜r❛ ó♣t✐❝❛ ♥❛ ♠♦♥t❛❣❡♠ ♣❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧✳

P❡ç❛ ❞❡ ♣♦❧í♠❡r♦ ❆❇❙ ✭❆❝r✐❧♦♥✐tr✐❧❛ ❇✉t❛❞✐❡♥♦ ❊st✐r❡♥♦✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷
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❋✐❣✉r❛ ✺✳✶✿ ❈✉r✈❛s ❙P❘s t❡ór✐❝❛s ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠ ✺✵ ♥♠
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♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦ r❡❛❧✐✲

③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦

♥♦ ♠♦❞♦ ❆■▼✳ ❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol

❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛ H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲

❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱ r❡♠♦çã♦ ❞❡

❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

❋✐❣✉r❛ ✺✳✶✽✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR

✭✈❡r❞❡ s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR)

✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡ ❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ ❇❑✼✳

❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦ r❡❛❧✐✲

③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦

♥♦ ♠♦❞♦ ❆■▼✳ ❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol

❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛ H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲

❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱ r❡♠♦çã♦ ❞❡

❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

❋✐❣✉r❛ ✺✳✶✾✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR

✭✈❡r❞❡ s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR)

✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡ ❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦❚❖P❆❙✳

❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦ r❡❛❧✐✲

③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦

♥♦ ♠♦❞♦ ❆■▼✳ ❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol

❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛ H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲

❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱ r❡♠♦çã♦ ❞❡

❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶
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❋✐❣✉r❛ ✺✳✷✵✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR

✭✈❡r❞❡ s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR)

✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡ ❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦P▼▼❆✳

❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦ r❡❛❧✐✲

③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦

♥♦ ♠♦❞♦ ❆■▼✳ ❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol

❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛ H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲

❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱ r❡♠♦çã♦ ❞❡

❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

❋✐❣✉r❛ ✺✳✷✶✿ ❙❡♥s♦r❣r❛♠❛ ♥♦ ♠♦❞♦ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR)

✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡ ❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P❈✳

❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

❋✐❣✉r❛ ✻✳✶✿ ❈❧❛ss✐✜❝❛çã♦ ❞♦s três ♠♦❞♦s ❞❡ ❡①❝✐t❛çã♦ ✭▲❙P❘✱ ❙P❘ ❡ ▲❙PP✮ ❞♦s

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

♣r♦♣❛❣❛çã♦ ❞♦s ❙P✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

❋✐❣✉r❛ ✻✳✷✿ ●❡♦♠❡tr✐❛ ❛❧t❡r♥❛t✐✈❛ ♣❛r❛ PP❇■❖✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

❋✐❣✉r❛ ✻✳✸✿ ■❧✉str❛çã♦ q✉❡ ❡①❡♠♣❧✐✜❝❛ ❛ ❛❧t❡r❛çã♦ ♥♦ ♣❛❞rã♦ ❞❡ ❞❡♣♦s✐çã♦ ❞❛ ❝❛♠❛❞❛

♠❡tá❧✐❝❛ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ PP❇■❖✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

❋✐❣✉r❛ ❆✳✶✿ ❊str✉t✉r❛ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❞❡ ♠♦❧❞❛❣❡♠ ♣♦r ✐♥❥❡çã♦✳ ❖s ✈❛❧♦r❡s r❡✲

♣r❡s❡♥t❛❞♦s ♥❛ ✐♠❛❣❡♠ ♣❛r❛ ♦ ❚❖P❆❙ ✺✵✶✸ sã♦✿ TF = 100◦❈✱ T1 =

230− 260◦❈✱ T2 = 240− 260◦❈✱ T3 = 250− 280◦❈✱ T4 = 260− 290◦❈ ❡

TN = TM = 240− 300◦❈✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

❋✐❣✉r❛ ❆✳✷✿ ■♠❛❣❡♠ tr✐❞✐♠❡♥s✐♦♥❛❧ ✐❧✉str❛♥❞♦ t♦❞❛s ❛s ♣❛rt❡s ✭♣❧❛❝❛s✱ ♣♦st✐ç♦ ❡ ❞❡✲

♠❛✐s ✐t❡♥s✮ q✉❡ ❝♦♠♣õ❡♠ ♦ ♠♦❧❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷

❋✐❣✉r❛ ❆✳✸✿ ❊①❡♠♣❧♦ ❞❡ ❝✉r✈❛s ❙P❘s ❝♦♠ ✭❇❑✼✲❆❣✲❊t❛♥♦❧✱ ❇❑✼✲❆✉ ❡ ❚❖P❆❙✲❆✉✮

❡ s❡♠ ✭❇❑✼✲❆❣✲❍2❖ ❡ ❚❖P❆❙✲❆❣✮ ❡①❝✐t❛çã♦ s✐♠✉❧tâ♥❡❛ ❞♦s ♣❧❛s♠♦♥s

❞❡ s✉♣❡r❢í❝✐❡ ❡ ❞♦s ♣❧❛s♠♦♥s✲r❛❞✐❛t✐✈♦s✳ ❉❡t❛❧❤❡ ♣❛r❛ ❛s s✉♣❡r❢í❝✐❡s ❞❡

♣r✐s♠❛ ❞❡ ❇❑✼ ✭♠❛✐s ❛rr❛♥❤õ❡s✮ ❡ ❞❡ ❚❖P❆❙ ✭♠❡♥♦s ❛rr❛♥❤õ❡s✮✳ ✳ ✳ ✳ ✶✶✸
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❋✐❣✉r❛ ❆✳✹✿ ❘❡s✉♠♦ ❞♦s ✈❛❧♦r❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ ❞❡t❡❝t✐✈✐❞❛❞❡ t❡ór✐❝♦s ❡ ❡①♣❡r✐✲

♠❡♥t❛✐s ♣❛r❛ ♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

❋✐❣✉r❛ ❇✳✶✿ ❊sq✉❡♠❛ ♣❛r❛ ✉♠ s✐st❡♠❛ ❞❡ ❞❡♣♦s✐çã♦ ♣♦r ♠❛❣♥❡tr♦♥ s♣✉tt❡r✐♥❣✳ ✳ ✳ ✳ ✶✶✻

❋✐❣✉r❛ ❇✳✷✿ ❈✉r✈❛ ❞❡ ❝❛❧✐❜r❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧♠❡ ✜♥♦ ❞❡♣♦s✐t❛❞♦ ♥♦ PP❇■❖

✉s❛♥❞♦ ♦s ♠❛❣♥❡tr♦♥s ❆❈ ❡ ❉❈✳ ❖ ♠♦❞♦ ❉❈ é ♠❛✐s ❡✜❝✐❡♥t❡ ❞♦ q✉❡ ♦

♠♦❞♦ ❆❈ ♣♦r ❞❡♣♦s✐t❛r ♠❛✐s ♠❛t❡r✐❛❧ ❡♠ ♠❡♥♦s t❡♠♣♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻

❋✐❣✉r❛ ❇✳✸✿ ❊sq✉❡♠❛ ♣❛r❛ ✉♠ s✐st❡♠❛ ❞❡ ❞❡♣♦s✐çã♦ ❛tr❛✈és ❞❛ ❡✈❛♣♦r❛çã♦ ♣♦r ❢❡✐①❡

❞❡ ❡❧étr♦♥s ✭❡✲❜❡❛♠✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

❋✐❣✉r❛ ❈✳✶✿ ❈♦♥✜❣✉r❛çã♦ tí♣✐❝❛ ❞❡ ✉♠ ❡❧✐♣sô♠❡tr♦ q✉❡ ✉t✐❧✐③❛ ❛ ❧✉③ r❡✢❡t✐❞❛ ❞❛

s✉♣❡r❢í❝✐❡ ❞♦ ♠❛t❡r✐❛❧ ❡ ❛ ♠✉❞❛♥ç❛ ❞❡ ♣♦❧❛r✐③❛çã♦✳ ❋♦♥t❡ ❬✾✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✾

❋✐❣✉r❛ ❈✳✷✿ ❊sq✉❡♠❛ s✐♠♣❧✐✜❝❛❞♦ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❡❧❡trô♥✐❝❛ ❞❡ ✈❛rr❡❞✉r❛ ✭❙❊▼✮✳

❈♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❡sq✉❡♠❛ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ó♣t✐❝♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳

❈♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❋♦♥t❡ ❬✾✷❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

❋✐❣✉r❛ ❈✳✸✿ ❊sq✉❡♠❛ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛ ✭❆❋▼✮✳ ❖s ♣r✐♥❝✐♣❛✐s

❝♦♠♣♦♥❡♥t❡s ❡stã♦ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❋♦♥t❡ ❬✾✸❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

①①✈✐
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❙❡♥s♦r❡s ó♣t✐❝♦s ❜❛s❡❛❞♦s ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ✭❙P❘ ✲ ❙✉r❢❛❝❡ P❧❛s✲

♠♦♥ ❘❡s♦♥❛♥❝❡✮ ✲ ❢❡♥ô♠❡♥♦ ó♣t✐❝♦ r❡s✉❧t❛♥t❡ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❧✉③ ❡ ❡❧étr♦♥s ✲ ❡①♣❧♦r❛♠

❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❛rr❛♥❥♦s ♠✉❧t✐❝❛♠❛❞❛s ❞❡ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s ♣❛r❛ ❞❡t❡❝t❛r ✐♥t❡r❛çõ❡s

♠♦❧❡❝✉❧❛r❡s✱ ❛ ❡①❡♠♣❧♦ ❞❛ r❡❛çã♦ ❛♥tí❣❡♥♦✲❛♥t✐❝♦r♣♦✳ ◆♦ ♣r♦❥❡t♦ ❞❡ ✉♠ s❡♥s♦r ❙P❘ é ❢✉♥✲

❞❛♠❡♥t❛❧ ❛ ❡s♣❡❝✐✜❝❛çã♦ ❞❛ ❡str✉t✉r❛ ❡ ❝♦♥✜❣✉r❛çã♦ ❞❛ ♠✉❧t✐❝❛♠❛❞❛ ♣♦✐s ❡st❛ é r❡s♣♦♥sá✈❡❧

♣❡❧❛ tr❛♥s❞✉çã♦ ❞❛ ✐♥t❡r❛çã♦ ❛ s❡r ❞❡t❡❝t❛❞❛✳

❆ ❡s♣❡❝✐✜❝❛çã♦ ❞❛ ♠✉❧t✐❝❛♠❛❞❛ ❞❡t❡r♠✐♥❛ ❛s ❝♦♥❞✐çõ❡s ♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r✱

❞❡✜♥✐♥❞♦ ♦s ❜❧♦❝♦s ❢✉♥❝✐♦♥❛✐s q✉❡ ❝♦♠♣õ❡♠ ✉♠ s❡♥s♦r ❙P❘ t❛✐s ❝♦♠♦ ❡❧❡♠❡♥t♦s ó♣t✐❝♦s✱

❡❧❡trô♥✐❝♦s✱ ♠❡❝â♥✐❝♦s ❡ ✢✉í❞✐❝♦s✳

❖ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s é ✉s✉❛❧♠❡♥t❡ ❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞❡ ✜♥❛s ❝❛♠❛❞❛s ❞❡ ♠❛t❡r✐❛✐s

❡♠ ❡s❝❛❧❛ ♥❛♥♦♠étr✐❝❛ ✭✜❧♠❡s ✜♥♦s✮✱ ❢♦r♠❛♥❞♦ ✉♠❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✴❞✐❡❧étr✐❝♦✳ ❖ ✜❧♠❡

♠❡tá❧✐❝♦ é ❞❡♣♦s✐t❛❞♦ s♦❜r❡ ✉♠ ♠❛t❡r✐❛❧ ♦♣t✐❝❛♠❡♥t❡ tr❛♥s♠✐ss✐✈♦ ❡ ♦ ❞✐❡❧étr✐❝♦ ♣♦❞❡ s❡r

s♦❧✉çã♦ ❣❛s♦s❛✱ ❛q✉♦s❛ ♦✉ ✜❧♠❡ ✜♥♦ ✭s✉❜stâ♥❝✐❛ ♦✉ ❛♠♦str❛✮ ♥♦s q✉❛❧ ❛ ✐♥t❡r❛çã♦ ♠♦❧❡❝✉❧❛r

❛ s❡r ❞❡t❡❝t❛❞❛ ♦❝♦rr❡✳ ❆ ❡str✉t✉r❛ ❞♦ ❛rr❛♥❥♦ ♣♦❞❡ s❡r ❞❡ ✉♠❛ ú♥✐❝❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ♦✉

❝♦♠ ♠ú❧t✐♣❧❛s ✐♥t❡r❢❛❝❡s ♠❡t❛❧✴❞✐❡❧étr✐❝♦✱ ❡♠ s✉♣❡r❢í❝✐❡s ❝♦♠ ❣❡♦♠❡tr✐❛ ♣❡r✐ó❞✐❝❛ ✭❣r❛❞❡s

❞❡ ❞✐❢r❛çã♦✮✱ ❡♠ ✜❜r❛s✲ó♣t✐❝❛s ♦✉ ♠❡s♠♦ ❡♠ ♥❛♥♦✲♣❛rtí❝✉❧❛s✳

❆ ❡s❝♦❧❤❛ ❞♦s ♠❛t❡r✐❛✐s q✉❡ ✐rã♦ ❝♦♠♣♦r ❛ ♠✉❧t✐❝❛♠❛❞❛ é ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ♦❜t❡♥çã♦

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

③❛❞♦s ❞❡✜♥✐rã♦ ❛s ❝♦♥❞✐çõ❡s ❞❡ r❡ss♦♥â♥❝✐❛ ♣❛r❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ s✉❜stâ♥❝✐❛✱ ❡ ♣♦r ✐ss♦✱

❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❙P❘ ❝♦♠ ♦s ♠❛t❡r✐❛✐s ❡s❝♦❧❤✐❞♦s ❞❡✈❡ s❡r r❡❛❧✐③❛❞❛
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♣❛r❛ ❛✈❡r✐❣✉❛r ♣r❡✈✐❛♠❡♥t❡ ❛ q✉❛❧✐❞❛❞❡ ❞♦ s❡♥s♦r ❛ s❡r ❞❡s❡♥✈♦❧✈✐❞♦ ❡ ❡♠ q✉❡ ❝♦♥❞✐çõ❡s

❡st❡ ❞❡✈❡ ♦♣❡r❛r✳ ❆❧é♠ ❞✐ss♦✱ ❡s♣❡❝✐✜❝❛çõ❡s té❝♥✐❝❛s r❡❧❛❝✐♦♥❛❞❛s ❛♦ ❡s♣❡❝tr♦ ❞❡ ❡①❝✐t❛çã♦✱

t✐♣♦ ❞❡ ❢♦♥t❡ ❞❡ ❧✉③✱ t✐♣♦ ❞❡ ❞❡t❡❝t♦r ó♣t✐❝♦✱ ❞✐♠❡♥sõ❡s✱ â♥❣✉❧♦s ❡ ❣❡♦♠❡tr✐❛ ❞♦ ❝❛♠✐♥❤♦

ó♣t✐❝♦ t❛♠❜é♠ ❞❡t❡r♠✐♥❛♠ ❛ ✈✐❛❜✐❧✐❞❛❞❡ ♦✉ ♥ã♦ ❞♦ ✉s♦ ❞❡ ❞❡t❡r♠✐♥❛❞♦s ♠❛t❡r✐❛✐s ♣❛r❛

❝♦♠♣♦r ❛ ♠✉❧t✐❝❛♠❛❞❛✳ ❖s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❡ ✉♠ s❡♥s♦r ❙P❘✱ ❛ s❛❜❡r✿ ♠♦❞♦ ❛♥❣✉❧❛r ❡

♠♦❞♦ ❡s♣❡❝tr❛❧✱ ❝♦♥st✐t✉❡♠ ♦✉tr♦ ❢❛t♦r ✐♠♣❛❝t❛♥t❡ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦✱ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡

❞❛❞♦s ❡ ❛❥✉st❡s ♦♣❡r❛❝✐♦♥❛✐s ❞❡ ✉♠ s❡♥s♦r ❙P❘✳

◆❛s ❧✐t❡r❛t✉r❛s ❡s♣❡❝✐❛❧✐③❛❞❛s ❝✉❥♦ ♦ t❡♠❛ ❝❡♥tr❛❧ é ♦ ❡st✉❞♦ ❞♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s

❞❡ s❡♥s♦r❡s ❙P❘✱ ❡♥❝♦♥tr❛♠✲s❡ ❞✐s❝✉ssõ❡s s♦❜r❡ ❞✐❢❡r❡♥t❡s ❡str✉t✉r❛s ❬✶✕✸❪ ♦✉ ❞✐❢❡r❡♥t❡s

❝♦♥✜❣✉r❛çõ❡s ❞❡ ✉♠❛ ♠❡s♠❛ ❡str✉t✉r❛ ❬✹✱ ✺❪✱ ♠❛s ♣❛r❛ ✉♠ ♠❡s♠♦ ❛rr❛♥❥♦ ❞❡ ♠❛t❡r✐❛✐s✳

◗✉❛♥❞♦ ❤á ❞✐s❝✉ssõ❡s s♦❜r❡ ❞✐❢❡r❡♥t❡s ❛rr❛♥❥♦s ❞❡ ♠❛t❡r✐❛✐s ❞❡ ✉♠❛ ♠❡s♠❛ ❡str✉t✉r❛ ❡✴♦✉

❝♦♥✜❣✉r❛çã♦ ❞❛ ♠✉❧t✐❝❛♠❛❞❛✱ t❛✐s ❡st✉❞♦s tr❛t❛♠✲s❡ ❛♣❡♥❛s ❛♦s ♠❡t❛✐s ♦✉r♦ ❡ ♣r❛t❛ ❬✻❪✱

s❡♠ ❛♣r❡s❡♥t❛r ❛s♣❡❝t♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦s ❞✐❢❡r❡♥t❡s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦✳ ▼❡s♠♦ q✉❡ ♦✉✲

tr♦s ♠❡t❛✐s s❡❥❛♠ ❞✐s❝✉t✐❞♦s ❬✼✱ ✽❪✱ ✉♠ ❡st✉❞♦ s✐st❡♠át✐❝♦ ♥ã♦ é ❛♣r❡s❡♥t❛❞♦✳ ❊♠ ❛❧❣✉♥s

❡st✉❞♦s ♦s r❡s✉❧t❛❞♦s sã♦ ♦❜t✐❞♦ ❡♠ ❝♦♥✜❣✉r❛çã♦ ❝♦♠♣❧❡①❛✱ ❡①✐❣✐♥❞♦ ♠❛✐♦r ❞✐✜❝✉❧❞❛❞❡ ❞❡

✐♥str✉♠❡♥t❛çã♦ ❡ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r ❬✻✱ ✽❪✳

◆❡ss❡ s❡♥t✐❞♦✱ ✉♠ ❡st✉❞♦ s✐st❡♠át✐❝♦ s♦❜r❡ ♦s ❛rr❛♥❥♦s ♠✉❧t✐❝❛♠❛❞❛s ❞❡ s❡♥s♦r❡s ❙P❘

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

s✐❣♥✱ ❝♦♥str✉çã♦ ❡ ♦t✐♠✐③❛çã♦ ❞❡st❡ t✐♣♦ ❞❡ s❡♥s♦r é ✐♠♣♦rt❛♥t❡✳ ❖ ❡st✉❞♦ ❞❡✈❡ ❛♣r❡s❡♥t❛r

❛s ❧✐♠✐t❛çõ❡s✱ s❡♥s✐❜✐❧✐❞❛❞❡s✱ ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ❡ ❝♦♠♣❛r❛çõ❡s ❡♥tr❡ ♦s ❛rr❛♥❥♦s ❞❡ ❞✐✲

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

❞❡t❡❝çã♦ ❡ q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ♣❛r❛ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ♠❛t❡r✐❛✐s✳

◆♦ t♦❝❛♥t❡ ❛♦s ♣❧❛s♠♦♥s✱ ❡st❡s ❝♦♥st✐t✉❡♠ ❛s ♦s❝✐❧❛çõ❡s ❞♦s ❡❧étr♦♥s ❞❡ ✈❛❧ê♥❝✐❛ ❞❡

✉♠ ♠❡t❛❧✳ ❆ ♣❧❛s♠ô♥✐❝❛ ❡st✉❞❛ ❛ ✐♥t❡r❛çã♦ ❧✉③✲♠❛tér✐❛ ❡♥tr❡ ❝❛♠♣♦s ❡❧❡tr♦♠❛❣♥ét✐❝♦s ❡

❡❧étr♦♥s ❧✐✈r❡s ❞❡ ✉♠ ♠❡t❛❧✳ ❖s s❡♥s♦r❡s ❙P❘ ❜❛s❡✐❛♠✲s❡ ♥❛ ✐♥t❡r❛çã♦ ♣❧❛s♠ô♥✐❝❛✱ q✉❡

♣♦❞❡ ❧❡✈❛r ❛ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❡♥tr❡ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❡ ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③ ❡ ♦ ✈❡t♦r ❞❡

♦♥❞❛ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ✭❙P❲ ✲ ❙✉r❢❛❝❡ P❧❛s♠♦♥ ❲❛✈❡✮✳ ◆❡ss❡ s❡♥t✐❞♦✱ ❛ ❡str✉t✉r❛

♠✉❧t✐❝❛♠❛❞❛s ❞❡ ✉♠ s❡♥s♦r ❙P❘ ♥❡❝❡ss✐t❛ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ♠❡tá❧✐❝♦ ♣❛r❛ ❛ ❡①✐stê♥❝✐❛ ❞♦s

♣❧❛s♠♦♥s✳

❖ ♠❡✐♦ ♦♣t✐❝❛♠❡♥t❡ tr❛♥s♠✐ss✐✈♦ ❞♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s✱ ❞❡♥♦♠✐♥❛❞♦ ❞❡ s✉❜str❛t♦

ó♣t✐❝♦✱ é ♦ ❝❛♠✐♥❤♦ ó♣t✐❝♦ ♣❡r❝♦rr✐❞♦ ♣❡❧❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ✐♥❝✐❞❡♥t❡ ✭❛ ❧✉③✮ ❡ ♥♦ q✉❛❧
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♦ ♠❛t❡r✐❛❧ ♠❡tá❧✐❝♦ é ❞❡♣♦s✐t❛❞♦✳ ❆ss✐♠✱ ♦s ❞✐❢❡r❡♥t❡s ❛rr❛♥❥♦s ❞❡ ♠❛t❡r✐❛✐s ♣❛r❛ ♦ ♣❛r

s✉❜str❛t♦✴♠❡t❛❧ ❞❡✜♥❡ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♣❛r❛ ♦ ❛❝♦♣❧❛♠❡♥t♦

❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ❝♦♠ ♦s ♣❧❛s♠♦♥s✳

❆s ♦s❝✐❧❛çõ❡s ❞♦s ❡❧étr♦♥s ❞❡ ✈❛❧ê♥❝✐❛ ❞❡ ✉♠ ♠❡t❛❧✱ ♦s ♣❧❛s♠♦♥s✱ ♣♦ss✉❡♠ ❢r❡q✉ê♥❝✐❛

❡ ✈❡t♦r ❞❡ ♦♥❞❛ ❜❡♠ ❞❡✜♥✐❞♦s✳ P❛r❛ ✜❧♠❡s ♠❡tá❧✐❝♦s ✜♥♦s ❡ss❛s ♦s❝✐❧❛çõ❡s sã♦ ♦♥❞❛s q✉❡

✈✐❛❥❛♠ ❛♦ ❧♦♥❣♦ ❞❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ ✭❛s ❙P❲✮✱ ❢❛t♦ ♣❡❧♦ q✉❛❧ sã♦ ❞❡♥♦♠✐♥❛❞♦s ❞❡ ♣❧❛s✲

♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ✭❙P ✲ ❙✉r❢❛❝❡ P❧❛s♠♦♥s✮✳ ◆❛ ❡①✐stê♥❝✐❛ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ ✉♠❛

s✐t✉❛çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ✭❡①❝✐t❛çã♦ ❞♦s ❙P✮ ♣♦❞❡ ❛❝♦♥t❡❝❡r q✉❛♥❞♦ ❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ é

✐❧✉♠✐♥❛❞❛ ❝♦♠ ✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ s♦❜ ♣♦❧❛r✐③❛çã♦ ❡ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❜❡♠ ❞❡✲

❢❡✐♥✐❞♦s✳ ❊ss❛ ❡①❝✐t❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ♣♦❧❛r✐t♦♥ ❞♦s ♣❧❛s♠♦♥s

❞❡ s✉♣❡r❢í❝✐❡ ✭❙PP ✲ ❙✉r❢❛❝❡ P❧❛s♠♦♥s P♦❧❛r✐t♦♥✮✱ ♣r♦♣❛❣❛✲s❡ ♣❛r❛❧❡❧❛♠❡♥t❡ à ✐♥t❡r❢❛❝❡

♠❡t❛❧✴s✉❜stâ♥❝✐❛ ❡ ❝♦♥st✐t✉❡♠ ♦♥❞❛s ❡✈❛♥❡s❝❡♥t❡s ♥❛ ❞✐r❡çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r à ❢r♦♥t❡✐r❛ ❞♦

♠❡t❛❧ ❡ ❞❛ s✉❜stâ♥❝✐❛ ❡♠ ❛♥á❧✐s❡ ✭❛♠♦str❛✮✱ s❡♥❞♦ ♠✉✐t♦ s❡♥sí✈❡❧ ❛ q✉❛❧q✉❡r ❛❧t❡r❛çã♦ ♥❡ss❛

✐♥t❡r❢❛❝❡ t❛❧ ❝♦♠♦ ❛ ❛❞s♦rçã♦ ❞❡ ♠♦❧é❝✉❧❛s ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ♠❡t❛❧✳ ❖s s❡♥s♦r❡s ❙P❘ sã♦

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

❆ss✐♠✱ ✉♠❛ ❢♦r♠❛ ♣♦ssí✈❡❧ ❞❡ ♦❜s❡r✈❛r ❛ ❙PP é ❛tr❛✈és ❞♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❛ ❛❜s♦rçã♦

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

❉❡ss❡ ♠♦❞♦✱ ❛❥✉st❛♥❞♦ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ é ♣♦ssí✈❡❧ s✐♥t♦♥✐③❛r ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛

❝♦♠♣♦♥❡♥t❡ ♣❛r❛❧❡❧❛ à s✉♣❡r❢í❝✐❡ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ✭k♣①✮ ❡ ♦ ✈❡t♦r ❞❡ ♦♥❞❛

❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ✭kSP ✮✳ ◆ã♦ ♦❜st❛♥t❡✱ ✉♠❛ ✈❡③ ❞❡t❡r♠✐♥✐❛❞♦ ♦ â♥❣✉❧♦ ❞❛ ❙PP é

♣♦ssí✈❡❧ ♦❜t❡r ♦ ❡s♣❡❝tr♦ ❞❛ ❙PP ❢❛③❡♥❞♦ ✈❛r✐❛r ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✱ ❡

❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♦ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦✳ ❆s ❞✉❛s ❢♦r♠❛s ❞❡s❝r✐t❛s ❞❡ ♦❜s❡r✈❛r ❛ ❡①❝✐t❛çã♦

❞♦s ❙Ps✱ ❞❡s❝r❡✈❡♠ ♦s ♠♦❞♦s ❛♥❣✉❧❛r ♦✉ ❆■▼ ✭❆♥❣✉❧❛r ■♥t❡rr♦❣❛t✐♦♥ ▼♦❞❡✮ ❡ ❡s♣❡❝tr❛❧ ♦✉

❲■▼ ✭❲❛✈❡❧❡♥❣t❤ ■♥t❡rr♦❣❛t✐♦♥ ▼♦❞❡✮ ♥♦s q✉❛✐s ✉♠ s❡♥s♦r ❙P❘ ♣♦❞❡ ♦♣❡r❛r✳

❆ ❡①❝✐t❛çã♦ ó♣t✐❝❛ ❞♦s ❙Ps ❡①✐❣❡ ❛ ❝♦rr❡t❛ ❡s❝♦❧❤❛ ❞❛ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③✱ ❞❛ ❝♦r ❞❛

❧✉③ ✭❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✮✱ ❞♦ t✐♣♦ ❞❡ ♠❡t❛❧✱ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ♠❡t❛❧✱ ❞❛ ❡str✉t✉r❛ q✉❡ ❞á

s✉♣♦rt❡ ❛♦s ♣❧❛s♠♦♥s✱ ❞♦ â♥❣✉❧♦ ❡ ❞❛ ❣❡♦♠❡tr✐❛ ✉t✐❧✐③❛❞❛✳ ❆❧❣✉♥s ❢❛t♦r❡s sã♦ r❡❧❡✈❛♥t❡s

♣❛r❛ ✐♥❞✐❝❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps ❝♦♠♦✿ ❛ ❡♥❡r❣✐❛ ❞❛ ♦♥❞❛ ❡✈❛♥❡s❝❡♥t❡

❣❡r❛❞❛ ♥❛ ❙PP✱ ❛ q✉❛❧ ❞❡♣❡♥❞❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❛s ❡s♣❡ss✉r❛s ❡ ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛ ❞♦s

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

q✉❡ ❧✐♠✐t❛ ❛ ✈❛r✐❛çã♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❡t❡❝tá✈❡❧ ♣❡❧❛ r❡s♣♦st❛ ❙P❘❀ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡
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♣r♦♣❛❣❛çã♦✱ r❡❧❛❝✐♦♥❛❞❛ ❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❡ kSP ✱ q✉❡ r❡♣r❡s❡♥t❛ ❛s ❛t❡♥✉❛çõ❡s s♦❢r✐❞❛s

♣❡❧❛ ❙PP ❞❡✈✐❞♦ ❛ ❛❜s♦rçã♦ ❞♦ ♠❡t❛❧ ❡ ♣❡r❞❛s ♣♦r r❛❞✐❛çã♦ ❬✾❪✱ t♦r♥❛♥❞♦✲s❡ ❛ ♣r✐♠❡✐r❛

❝♦♥❞✐çã♦ ❧✐♠✐t❛♥t❡ ♣❛r❛ ❝♦♥str✉çã♦ ❞❡ s❡♥s♦r❡s ❝♦♠ ♠ú❧t✐♣❧❛s ár❡❛s s❡♥sí✈❡✐s✳

❆ ❡str✉t✉r❛ ❞❛ ♠✉❧t✐❝❛♠❛❞❛ q✉❡ ❞❡✜♥❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦s ❙Ps ❡ ❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ♣♦❞❡

s❡r ✉♠❛ ú♥✐❝❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ✭❞❡♥♦♠✐♥❛❞❛ ❙P❘ tr❛❞✐❝✐♦♥❛❧✮✱ ❡str✉t✉r❛s ❝♦♠ ♠ú❧t✐♣❧❛s ✐♥✲

t❡r❢❛❝❡s ♠❡tá❧✐❝❛s ♦✉ ♠❡s♠♦ ♥❛♥♦✲♣❛rtí❝✉❧❛s ✭❝❤❛♠❛❞❛ ❞❡ ❙P❘ ❧♦❝❛❧✐③❛❞❛✮✳ ❍✐stór✐❝❛♠❡♥t❡✱

❛ ❙P❘ tr❛❞✐❝✐♦♥❛❧ é ❛ ❡str✉t✉r❛ ♠❛✐s ✉t✐❧✐③❛❞❛ ❡ ❡①✐st❡♠ ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ♣r✐♥❝✐♣❛✐s ♣❛r❛

♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ s❡♥s♦r❡s ❙P❘ ✲ ❛ ♣❛rt✐r ❞❛ r❡✢❡①ã♦ ✐♥t❡r♥❛ t♦t❛❧ ❛t❡♥✉❛❞❛ ✭❆❚❘ ✲

❆tt❡♥✉❛t❡❞ ❚♦t❛❧ ❘❡✢❡❝t✐♦♥✮ ❛tr❛✈és ❞❡ ♣r✐s♠❛s✲❛❝♦♣❧❛❞♦s ❬✹❪ ♦✉ ❛tr❛✈és ❞❡ ✜❜r❛s✲ó♣t✐❝❛s

❬✸❪ ❡ ❛ ♣❛rt✐r ❞❛ ❞✐❢r❛çã♦ ❡♠ ❣r❛❞❡s ❞❡ ❞✐❢r❛çã♦ ❬✹❪✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❛ ❝♦♥✜❣✉r❛çã♦ ❆❚❘ ❡♠

♣r✐s♠❛s ♣r♦♣♦st❛ ♣♦r ❑r❡ts❝❤♠❛♥♥ ❛♣r❡s❡♥t♦✉ r❡s✉❧t❛❞♦ ❡✜❝❛③ ♣❛ss❛♥❞♦ ❛ s❡r ❛ ❛❜♦r❞❛❣❡♠

♠❛✐s ✉t✐❧✐③❛❞❛ ❡♠ s❡♥s♦r❡s ❙P❘ ❬✶✵❪✳ ❊♠ sí♥t❡s❡✱ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❑r❡ts❝❤♠❛♥♥ ❝♦♠♣r❡✲

❡♥❞❡ ✉♠ ✜❧♠❡ ✜♥♦ ❞❡ ♠❡t❛❧ ♣♦s✐❝✐♦♥❛❞♦ ❡♥tr❡ ❞♦✐s ♠❡✐♦s ❞✐❡❧étr✐❝♦s✱ ✐❣✉❛✐s ♦✉ ❞✐❢❡r❡♥t❡s✱

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

❆ ❋✐❣✉r❛ ✶✳✶ ✐❧✉str❛ ❛ ❡str✉t✉r❛ ♠✉❧t✐❝❛♠❛❞❛ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❑r❡ts❝❤♠❛♥♥✱ ✐♥❞✐✲

❝❛♥❞♦ ♦s ♣r✐♥❝✐♣❛✐s ❡❧❡♠❡♥t♦s q✉❡ ❛ ❝♦♠♣õ❡♠ ❡ ♦s ♠❛t❡r✐❛✐s q✉❡ ❞ã♦ s✉♣♦rt❡ ❛♦s ♣❧❛s♠♦♥s✱

❢♦r♠❛♥❞♦ ✉♠ s✐st❡♠❛ ♠✉❧t✐❝❛♠❛❞❛s ✭s✉❜str❛t♦ ó♣t✐❝♦✲♣r✐s♠❛✴ ♠❡t❛❧✴ s✉❜stâ♥❝✐❛ ♦✉ ❛♠♦s✲

tr❛✮✳

❆s ❛♣❧✐❝❛çõ❡s ♣❧❛s♠ô♥✐❝❛s ❞❡ s❡♥s♦r❡s ❙P❘ sã♦ ✉s❛❞❛s ❝♦♠♦ t❡❝♥♦❧♦❣✐❛ ♣❛r❛ ❞❡t❡❝✲

çã♦✴♠❡❞✐çã♦ ❞❡ ❡✈❡♥t♦s q✉í♠✐❝♦s ❡ ❜✐♦❧ó❣✐❝♦s ❞❡✈✐❞♦ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠♦♥s ❞❡ s✉♣❡r✲

❢í❝✐❡ ♣❡r♠✐t✐r ♦ ❝á❧❝✉❧♦ ❞❛s ❝✐♥ét✐❝❛s ❞❡ ✐♥t❡r❛çõ❡s ❜✐♦♠♦❧❡❝✉❧❛r❡s ❬✶✶❪ ❡♠ t❡♠♣♦ r❡❛❧ ❝♦♠

✉♠ ❛❧t♦ ❣r❛✉ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❬✶✷❪✳ ■♥t❡r❛çõ❡s ♣❧❛s♠ô♥✐❝❛s ❡♥s❡❥❛♠ ♠ét♦❞♦s ♥ã♦ ❞❡str✉✲

t✐✈♦s ❞❡ ❛♥á❧✐s❡ ❞❡ s✉❜stâ♥❝✐❛s✱ ♣r♦❞✉③✐♥❞♦ ✐♥❢♦r♠❛çõ❡s ❡s♣❛❝✐❛✐s ❡ t❡♠♣♦r❛✐s ❞❡t❛❧❤❛❞❛s✱

❞❡ss❛ ❢♦r♠❛✱ ♣♦ss✐❜✐❧✐t❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ tr❛♥s❞✉t♦r❡s ó♣t✐❝♦s ♣♦rtát❡✐s✱ ❜❛r❛t♦s ❡ rá✲

♣✐❞♦s s❡ ❝♦♠♣❛r❛❞❛ ❛ ♦✉tr❛s t❡❝♥♦❧♦❣✐❛s ❬✶✸✱ ✶✹❪✳ ❆♣❧✐❝❛çõ❡s ♣❛r❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ✐t❡r❛çõ❡s

❛♥tí❣❡♥♦✲❛♥t✐❝♦r♣♦ ❬✶✺❪✱ ♣r♦t❡ô♠✐❝❛ ❬✶✻❪✱ ❛♣❧✐❝❛çõ❡s ❢♦r❡♥s❡s ❡ tr✐❛❣❡♠ ❞❡ ❞r♦❣❛s ❬✶✼❪✱ r❡❛✲

çõ❡s ❡♥③✐♠át✐❝❛s ❬✶✽❪ ❡ ♥❛ ❜✉s❝❛ ♣♦r ♥♦✈♦s ♠❛r❝❛❞♦r❡s ❬✶✾❪✱ sã♦ ❡①❡♠♣❧♦s ❡♠ q✉❡ s❡♥s♦r❡s

❙P❘ sã♦ ❡♠♣r❡❣❛❞♦s✳ ❆ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❞❡s❡♥✈♦❧✈❡r ❜✐♦ss❡♥s♦r❡s ❙P❘✱ q✉❡ ❝♦♥s✐st❡♠ ❞❡

✉♠ s❡♥s♦r ❙P❘ ♥♦ q✉❛❧ ✉♠❛ ❝❛♠❛❞❛ ❞❡ ❜✐♦rr❡❝♦♥❤❡❝✐♠❡♥t♦ é ✐♥❝♦r♣♦r❛❞❛ ♣❛r❛ ✐♥t❡r❛çã♦

❝♦♠ ♦ ❛♥❛❧✐t♦ ❞❡ ✐♥t❡r❡ss❡ ♣r❡s❡♥t❡ ♥❛ ❛♠♦str❛✱ ❛♠♣❧✐❛♠ ❛✐♥❞❛ ♠❛✐s ❛ ❛t✉❛çã♦ ❞❛ t❡❝♥♦❧♦❣✐❛

❙P❘✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❙P❘ ♣❡r♠✐t❡ ✉♠❛ ♠❡❞✐çã♦ ❞✐r❡t❛ ♣♦r ❡✈✐t❛r ♦ ✉s♦ ❞❡ ✐♥❞✐❝❛❞♦r❡s ❞❡
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❋✐❣✉r❛ ✶✳✶✿ ❊sq✉❡♠❛ ✐♥❞✐❝❛♥❞♦ ♦s ❡❧❡♠❡♥t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ✉♠ s❡♥s♦r ❙P❘ ❝♦♠ ❝♦♥✜❣✉✲
r❛çã♦ ❆❚❘✲❑r❡ts❝❤♠❛♥♥✳ ◆♦ ❡①❡♠♣❧♦✱ ❡♠♣r❡❣❛✲s❡ ✉♠ ♣r✐s♠❛ s❡♠✐✲❝✐❧í♥❞r✐❝♦ s♦❜r❡ ♦ q✉❛❧
✉♠ s✉❜str❛t♦ ó♣t✐❝♦ ✜♥♦ ❝♦♠ ✉♠❛ ✜♥❛ ❝❛♠❛❞❛ ❞❡ ♠❡t❛❧ ❞❡♣♦s✐t❛❞❛ é ❛❝♦♣❧❛❞♦ ❝♦♠ ♦ ✉s♦
❞❡ ✉♠ ❣❡❧✳ ❆ ❧✉③ ✐♥❝✐❞❡♥t❡✱ ❛♣ós ✐♥t❡r❛❣✐r ❝♦♠ ♦s ✈ár✐♦s ♠❛t❡r✐❛✐s✱ é ❝❛♣t✉r❛❞❛ ♣♦r ✉♠ ❝♦♠✲
♣♦♥❡♥t❡ ❢♦t♦ss❡♥sí✈❡❧ ✭s❡♥s♦r ❞❡ ✐♠❛❣❡♠✮✳ ❊stã♦ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛ ♦ ❝❛♠♣♦ ❡✈❛♥❡s❝❡♥t❡
✭E❡✈✳✮ ❡ ♦s ✈❡t♦r❡s ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ✭k♣①✮ ❡ ❞♦s ❙Ps ✭kSP ✮✳

❝♦r✱ ✢✉♦r❡s❝ê♥❝✐❛ ♦✉ ♠♦❧é❝✉❧❛ rá❞✐♦✲❛t✐✈❛ ❝♦♠♦ ♠❛r❝❛❞♦r ♣❛r❛ ♦❜t❡♥çã♦ ❞❛ r❡s♣♦st❛✱ q✉❡

♣♦❞❡♠ ✐♥t❡r❢❡r✐r ♥♦ ❡✈❡♥t♦ s♦❜ ❛♥á❧✐s❡✳

✶✳✶ ❖❜❥❡t✐✈♦s ❡ ♠❡t♦❞♦❧♦❣✐❛

❖ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❞♦ tr❛❜❛❧❤♦ é ✐♥✈❡st✐❣❛r ♦s ❞✐❢❡r❡♥t❡s ❛rr❛♥❥♦s ❞❛ ❡str✉t✉r❛ ♠✉❧t✐❝❛♠❛✲

❞❛s ❞♦ t✐♣♦ s✉❜str❛t♦✴♠❡t❛❧✴❞✐❡❧étr✐❝♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❑r❡ts❝❤♠❛♥♥ ♣❛r❛ ❛ ❝♦♥str✉çã♦

❞❡ s❡♥s♦r❡s ❙P❘ ♦♣❡r❛♥❞♦ ❝♦♠ s♦❧✉çõ❡s ❛q✉♦s❛s✳

❈♦♠ ❢♦❝♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❆❚❘✲♣r✐s♠❛✱ ✉♠ s❡♥s♦r ❙P❘ q✉❡ ♣♦❞❡ s❡r ♦♣❡r❛❞♦ ♥♦s ♠♦❞♦s
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❆■▼ ❡ ❲■▼ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❝♦❧❡t❛✱ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ❛♥á❧✐s❡ ❞❛s r❡s♣♦st❛s ❙P❘✳ ❆

❆♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧ ✭❆❋✮ é ❡♠♣r❡❣❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ P♦♥t♦ ❞❡ ❖♣❡r❛çã♦ ✭❖P✮ ❞❡ ❝❛❞❛

❛rr❛♥❥♦ s✉❜str❛t♦✴♠❡t❛❧ ✉t✐❧✐③❛❞♦✳ ❆ ❆❋ ❢♦r♥❡❝❡ ❛ r❡s♣♦st❛ ❡s♣❡❝tr❛❧ ❞❛ ❙PP✱ ❝♦♠ ❛ q✉❛❧

❢♦✐ ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ❢♦♥t❡ ❞❡ ❧✉③ ♥❡❝❡ssár✐❛ ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳

❚♦❞❛✈✐❛✱ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ❞♦s ♠❡t❛✐s ❡ s✉❜str❛t♦s✱ ❛s q✉❛✐s sã♦

❞❡♣❡♥❞❡♥t❡s ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ❞❡✈❡ s❡r r❡❛❧✐③❛❞♦ ♣❛r❛ ❝♦rr❡t✉❞❡ ❞❛ ❆❋✱ ❡ ❛ss✐♠✱

❞❡t❡r♠✐♥❛r q✉❛✐s ❛rr❛♥❥♦s ❡ ❡♠ q✉❡ ❝♦♥❞✐çõ❡s ♣♦ss✉❡♠ ❜♦❛ r❡s♣♦st❛ ❙P❘✳

❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ❝❛❞❛ ❝♦♠❜✐♥❛çã♦ s✉❜str❛t♦✴♠❡t❛❧ ♣r❡s❡♥t❡ ♥❛

❡str✉t✉r❛ ♠✉❧t✐❝❛♠❛❞❛s ❢♦✐ r❡❛❧✐③❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s s❡❣✉✐♥t❡s ♣❛râ♠❡tr♦s✿ ❢❛✐①❛ ❞❡ â♥❣✉❧♦

❞❡ ✐♥❝✐❞ê♥❝✐❛✱ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ❡s♣❡ss✉r❛ ❞♦ ♠❡t❛❧✱ s✉❜str❛t♦ ó♣t✐❝♦✱ ❢❛✐①❛ ❞❡

r❡s♣♦st❛ ❞✐♥â♠✐❝❛✱ s❡♥s✐❜✐❧✐❞❛❞❡✱ ❞❡t❡❝t✐✈✐❞❛❞❡✱ ♣♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❡ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛

❙P❘✳ ❚❛✐s ✐♥❢♦r♠❛çõ❡s sã♦ ❡ss❡♥❝✐❛✐s ♣❛r❛ ❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ s❡♥s♦r ❙P❘ ❡ ♣♦st❡r✐♦r ✉s♦

❡♠ ❛♣❧✐❝❛çõ❡s ❜❛s❡❛❞❛s ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳

❉❡✈✐❞♦ ❛ ❢❛❝✐❧✐❞❛❞❡s ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❡ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♦♣❡r❛r ❡♠ ❛♠❜♦s ♦s ♠♦❞♦s✱

♦ PP❇■❖ ✭Pr✐s♠❛ P♦❧✐♠ér✐❝♦ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❇■❖❧ó❣✐❝❛s✮ ❬✷✵❪ ❢♦✐ ✉t✐❧✐③❛❞♦✳ ◆♦✈♦s ♣r✐s♠❛s

❢♦r❛♠ ♠❛♥✉❢❛t✉r❛❞♦s ❝♦♠ ♦s s✉❜str❛t♦s ❡s❝♦❧❤✐❞♦s ♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘✳

❆s ♣r✐♥❝✐♣❛✐s t❛r❡❢❛s q✉❡ ❡♥✈♦❧✈❡♠ ❛ ❝♦♥❢❡❝çã♦ ❞♦ PP❇■❖ sã♦ ❛ ❝♦♥str✉çã♦ ❞♦ ♠♦❧❞❡✱ ❛

❞❡♣♦s✐çã♦ ❞♦ ♠❡t❛❧ ❡ ♦s ♣r♦❝❡ss♦s ❞❡ ♣♦❧✐♠❡♥t♦ ❡ r❡❝♦③✐♠❡♥t♦✳ P❛r❛ ♦s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦

❞❡t❡r♠✐♥❛❞♦s ♣❡❧❛ ❆❋✱ ❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps ♥♦s ♠♦❞♦s ❛♥❣✉❧❛r ❡ ❡s♣❡❝tr❛❧ ❡①✐❣❡♠ ✐♥s✲

tr✉♠❡♥t❛çõ❡s ❞✐❢❡r❡♥t❡s✱ ❝♦♠ ❤❛r❞✇❛r❡s ❡s♣❡❝í✜❝♦s✳ ❉❡ss❛ ❢♦r♠❛✱ ❝ó❞✐❣♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s

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

❝♦♠ ♦s s❡♥s♦r❡s ❞❡ ✐♠❛❣❡♠ ❡ ♦s r❡s♣❡❝t✐✈♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❤❛r❞✇❛r❡ ✉t✐❧✐③❛❞♦s✳

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

r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦s ♣❛râ♠❡tr♦s ♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ sã♦ ❛♣r❡s❡♥t❛❞♦s✳ ❆ s❡♥s✐❜✐❧✐✲

❞❛❞❡ ✐♥str✉♠❡♥t❛❧ é ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ s✉❜stâ♥❝✐❛s ❡♠ ❡♥s❛✐♦s ❝♦♠ ❧✐❣❛çõ❡s

r❡✈❡rsí✈❡✐s ❡ ✐rr❡✈❡rsí✈❡✐s✳ ❖s r❡s✉❧t❛❞♦s ❞♦s ❞✐❢❡r❡♥t❡s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ ❝♦♠♣❛r❛❞♦s ❝♦♠

♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ♥❛ ❆❋✳

❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ✐♥t❡r♣r❡t❛çõ❡s sã♦ ❞✐s❝✉t✐❞♦s ❡♠ t❡r♠♦s ❞❡ tr❛❜❛❧❤♦s

❢✉t✉r♦s ❡ ♣♦t❡♥❝✐❛✐s ♠❡❧❤♦r✐❛s✳ ❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ r❡s♣♦st❛ ♥♦s ♠♦❞♦s ❆■▼ ❡❲■▼ t❛♠❜é♠

é ❡①♣❧♦r❛❞❛ ♣❛r❛ ♦t✐♠✐③❛çã♦ ❞♦ ❞❡s✐❣♥ ❞♦ PP❇■❖✳



❈❛♣ít✉❧♦ ✶✳ ■♥tr♦❞✉çã♦ ✼

✶✳✷ ❊str✉t✉r❛ ❞♦ ❞♦❝✉♠❡♥t♦

❖ ❝♦♥t❡ú❞♦ ❞❡st❛ t❡s❡ ❡stá s✉❜❞✐✈✐❞✐❞♦ ❡♠ ❝❛♣ít✉❧♦s✳ ◆❛ ✐♥tr♦❞✉çã♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ❛

❝♦♥t❡①t✉❛❧✐③❛çã♦ ❡ ♦ ♦❜❥❡t✐✈♦ ❞♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✳

❈❛♣ít✉❧♦ ✷ ✲ ❋✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s ❙P❘✿ ◆❡st❡ ❝❛♣ít✉❧♦✱ ❛♣r❡s❡♥t❛✲

s❡ ❛ ❜❛s❡ ❝♦♥❝❡✐t✉❛❧ ✉s❛❞❛ ❡♠ t♦❞♦ ♦ tr❛❜❛❧❤♦✱ tr❛③❡♥❞♦ ✉♠❛ ❛❜♦r❞❛❣❡♠ s♦❜r❡ ❛ ❡①❝✐t❛çã♦

❞♦s ❙P ❡ ✐♥❞✐❝❛♥❞♦ ♦s ♠❡❝❛♥✐s♠♦s ❡❧❡♠❡♥t❛r❡s✳ ◆♦ q✉❡ ❞✐③ r❡s♣❡✐t♦ à ✐♥t❡r❛çã♦ ❧✉③✲♠❛tér✐❛✱

sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❢♦r♠✉❧❛çõ❡s ❢ís✐❝❛s ❡ ♠❛t❡♠át✐❝❛s ♣❛r❛ ❛ ❧✉③ ❛tr❛✈❡ss❛♥❞♦ ✉♠❛ ✐♥t❡r❢❛❝❡

♠❡t❛❧✴❞✐❡❧étr✐❝♦ ♣❛r❛ ✉♠❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ❤♦♠♦❣ê♥❡❛✳

❈❛♣ít✉❧♦ ✸ ✲ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘✿ ◆❡ss❡ ❝❛♣ít✉❧♦ sã♦ ❞❡s❝r✐t♦s

♦s ♣r♦❝❡❞✐♠❡♥t♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘✳ ❖s ❞✐❢❡r❡♥t❡s ❛rr❛♥❥♦s

s✉❜str❛t♦✴♠❡t❛❧ q✉❡ ✐rã♦ ❝♦♠♣♦r ❛ ❡str✉t✉r❛ ♠✉❧t✐❝❛♠❛❞❛ ❞♦ tr❛s♥❞✉t♦r ❙P❘ sã♦ ❛♥❛❧✐s❛❞♦s

❡ ❛s ✜❣✉r❛s ❞❡ ♠ér✐t♦ ❡♠♣r❡❣❛❞❛s sã♦ ❛♣r❡s❡♥t❛❞❛s✳ ❆♣ós ♦ ❡st✉❞♦ ❞❡ ❝❛❞❛ ❛rr❛♥❥♦✱ ❞❡✜♥✐✲

s❡ ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ♦ ♣❛r s✉❜str❛t♦✴♠❡t❛❧ ❡ ♦s r❡s✉❧t❛❞♦s sã♦ s✉♠❛r✐③❛❞♦s ❡♠

t❛❜❡❧❛s✳ P♦r ✜♠✱ ❛♣r❡s❡♥t❛♠✲s❡ ♦s ✐♠♣❛❝t♦s ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❛rr❛♥❥♦ ♥❛ q✉❛❧✐❞❛❞❡ ❞♦

s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ✉t✐❧✐③❛❞♦ ♥♦ s✐st❡♠❛ ❡ ❝♦♠♦ ❛ q✉❛❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss❛♠❡♥t♦ ♣♦❞❡ ❝♦♠♣❡♥s❛r

❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❙P❘✳

❈❛♣ít✉❧♦ ✹ ✲ ❈♦♥str✉çã♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘✿ ◆❡ss❡ ❝❛♣ít✉❧♦✱ sã♦ ❞❡s❝r✐t♦s ♦s

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

ó♣t✐❝♦ ♣♦❧✐♠ér✐❝♦ PP❇■❖✳ ❆s ❡t❛♣❛s ♣❛r❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ✐♥str✉♠❡♥t♦ ❞❡ ♠❡❞✐çã♦ ❜❛s❡❛❞♦

♥❛ ❙P❘ sã♦ ❛♣r❡s❡♥t❛❞❛s✱ ❡♥❢❛t✐③❛♥❞♦ ♦s ✐♠♣❛❝t♦s ❞❛s ❞❡❝✐sõ❡s t♦♠❛❞❛s ❡♠ ❝❛❞❛ ✉♠❛ ❞❛s

❡t❛♣❛s ♣❛r❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r✳

❈❛♣ít✉❧♦ ✺ ✲ ❘❡s✉❧t❛❞♦s✿ ◆❡ss❡ ❝❛♣ít✉❧♦✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡ ❞✐s❝✉t✐❞♦s ♦s r❡s✉❧t❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s ❝♦♠ ♦ s❡♥s♦r ❞❡s❡♥✈♦❧✈✐❞♦✳ ❖s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♣❛r❛s ❛s

❞✐❢❡r❡♥t❡s ❡str✉t✉r❛s ♠✉❧t✐❝❛♠❛❞❛s✳ P❛r❛ ❝❛❞❛ ❝♦♠❜✐♥❛çã♦ s✉❜str❛t♦✴♠❡t❛❧ sã♦ ❛♣r❡s❡♥t❛✲

❞♦s ❛s ❝✉r✈❛s ❙P❘ ❡ ♦s s❡♥s♦r❣r❛♠❛s ♥♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼✳

❈❛♣ít✉❧♦ ✻ ✲ ❈♦♥❝❧✉sõ❡s✿ ◆❡ss❡ ❝❛♣ít✉❧♦✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛s♣❡❝t♦s ❞❡ ♥❛t✉r❡③❛

❝♦♥❝❧✉s✐✈❛ ❡ r❡❧❛t✐✈♦s às ❡t❛♣❛s ❛♥t❡r✐♦r♠❡♥t❡ r❡❢❡r❡♥❝✐❛❞❛s✳ ❖s r❡s✉❧t❛❞♦s ❡ ✐♥t❡r♣r❡t❛çõ❡s

s❡rã♦ ❞✐s❝✉t✐❞♦s ❡♠ t❡r♠♦s ❞❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ❡ ♣♦t❡♥❝✐❛✐s ♠❡❧❤♦r✐❛s✳



❈❛♣ít✉❧♦ ✷

❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s

❙P❘

❆ ❡①❝✐t❛çã♦ ó♣t✐❝❛ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❡♠ ✜❧♠❡s ✜♥♦s ♠❡tá❧✐❝♦s é ✉♠ ❢❡♥ô♠❡♥♦ ❢ís✐❝♦

❝✐❡♥t✐✜❝❛♠❡♥t❡ ❡ t❡❝♥♦❧♦❣✐❝❛♠❡♥t❡ út✐❧ ♣❛r❛ ♦ ❞❡s✐❣♥ ❡ ❝♦♥❢❡❝çã♦ ❞❡ s❡♥s♦r❡s ó♣t✐❝♦s ♣❛r❛

✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❛♣❧✐❝❛çõ❡s ❜✐♦✲❢ís✐❝♦✲q✉í♠✐❝❛s✳

❉❛ ❝♦♥st❛t❛çã♦ ❞❛ ❡①✐stê♥❝✐❛ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❘♦♠❛ ❛♥t✐❣❛

❛tr❛✈és ❞♦ ❝♦♣♦ ❞❡ ▲✐❝✉r❣♦ ❬✷✶❪✱ ❛té ♦ s✉r❣✐♠❡♥t♦ ❞♦s ✐♠✉♥♦s❡♥s♦r❡s ❙P❘ ❬✷✷❪ ✲ ❜✐♦ss❡♥s♦r❡s

❙P❘ ❡♠ q✉❡ ✉♠ ❛♥t✐❝♦r♣♦ é ✉s❛❞♦ ❝♦♠♦ ❡❧❡♠❡♥t♦ ❞❡ ❜✐♦rr❡❝♦♥❤❡❝✐♠❡♥t♦✱ ♠✉✐t♦ tr❛❜❛❧❤♦

❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦✳

❆ ♣r✐♠❡✐r❛ ♦❜s❡r✈❛çã♦ ❞♦s ❙Ps ♦❝♦rr❡✉ ❡♠ ✶✾✵✷ q✉❛♥❞♦ ❘✳❲✳ ❲♦♦❞ ♣❡r❝❡❜❡✉ ❧✐♥❤❛s

❡s❝✉r❛s ♥♦ ❡s♣❡❝tr♦ ❞❡ ❞✐❢r❛çã♦ ❛♦ ✐♥❝✐❞✐r ✉♠❛ ❧✉③ ♣♦❧✐❝r♦♠át✐❝❛ ❡♠ ❣r❛❞❡s ❞❡ ❞✐❢r❛çã♦ ♠❡✲

tá❧✐❝❛ ❬✷✸❪✱ ❢❡♥ô♠❡♥♦ q✉❡ ♣♦st❡r✐♦r♠❡♥t❡ s❡r✐❛ ❡①♣❧✐❝❛❞♦ ♣♦r ❘✐t❝❤✐❡ ❡♠ t❡r♠♦s ❞❛ ❙P❘ ❬✷✹❪✳

◆♦s ❛♥♦s ✻✵✱ ❑r❡ts❝❤♠❛♥♥ ❡ ❘❛❡t❤❡r ❬✷✺❪ ❡ ❆♥❞r❡❛s ❖tt♦ ❬✷✻❪ ❞❡♠♦♥str❛r❛♠ ❛ ❡①✐stê♥❝✐❛

❞♦ ❡❢❡✐t♦ ❙P❘ ♣❡❧♦ ♣r♦❝❡ss♦ ❞❛ ❛t❡♥✉❛çã♦ ❞❛ r❡✢❡①ã♦ ✐♥t❡r♥❛ t♦t❛❧ ❞❛ ❧✉③ ✭❆❚❘✮✱ ❛♦ ✐♥❝✐❞✐r

✉♠ ❢❡✐①❡ ❧✉♠✐♥♦s♦ ❡♠ ✉♠ ♣r✐s♠❛ ❛❝♦♣❧❛❞♦ ❛ ✉♠❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✳ ❖tt♦ ♣r♦♣ôs ✉♠❛

❝♦♥✜❣✉r❛çã♦ ♥❛ q✉❛❧ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦ é s❡♣❛r❛❞♦ ❞♦ ♣r✐s♠❛ ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ ❞❛ ♦r❞❡♠ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❑r❡ts❝❤♠❛♥♥ ✉t✐❧✐③♦✉ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❡♠ q✉❡ ♦

♠❡t❛❧ é ❞❡♣♦s✐t❛❞♦ ❞✐r❡t❛♠❡♥t❡ s♦❜r❡ ♦ ♣r✐s♠❛✱ t♦r♥❛♥❞♦ ♠❡♥♦s ❝♦♠♣❧❡①❛ ❛ ✐♥str✉♠❡♥t❛✲

çã♦ ❞♦ s❡♥s♦r ❡ ❛ tr♦❝❛ ❞❛ ❛♠♦str❛ s♦❜ ❛♥á❧✐s❡✳ ▼❛✐s t❛r❞❡✱ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ♦ ✉s♦ ❞❛

r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠♦♥ ❞❡ s✉♣❡r❢í❝✐❡ ❡♠ ❛♣❧✐❝❛çõ❡s ❝♦♠ ♦s ♠♦❧❞❡s ❞❡ ✉♠ ❜✐♦ss❡♥s♦r ❬✷✼✱ ✷✽❪✳



❈❛♣ít✉❧♦ ✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s ❙P❘ ✾

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

❛♣❧✐❝❛çõ❡s q✉❡ ❡♠♣r❡❣❛♠ ❞✐s♣♦s✐t✐✈♦s ❙P❘ ♣❛r❛ ♠❡❞✐çã♦ ❞❡ ❝❛r❛❝t❡ríst✐❝❛s ❢ís✐❝❛s✱ q✉í♠✐❝❛s

❡ ❜✐♦❧ó❣✐❝❛s tê♠ s✐❞♦ ❞❡s❝r✐t❛s✳

✷✳✶ ❈♦♥❞✐çõ❡s ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡

❆s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ❞♦s ♠❡t❛✐s sã♦ ❞❡s❝r✐t❛s ♣❡❧❛ ❞❡♥♦♠✐♥❛❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠✲

♣❧❡①❛ ✭❈❉❋✮✱ ❞❛ ❢♦r♠❛ ǫ2(λ) = ǫ2r(λ) + iǫ2i(λ)✱ ❛ q✉❛❧ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞❛ ♣❡❧♦ ♠♦❞❡❧♦ ❞♦

❣ás ❞❡ ❡❧étr♦♥s ❧✐✈r❡s ♣r♦♣♦st♦ ♣♦r P❛✉❧ ❉r✉❞❡ ❬✷✾❪✿

ǫ2(λ) = 1− λcλ
2

λ2
p(λc + jλ)

✭✷✳✶✮

❡♠ q✉❡ λp = 2πc/ωp r❡♣r❡s❡♥t❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦s ♣❧❛s♠♦♥s ✭❝♦♠ ωp r❡♣r❡s❡♥t❛♥❞♦

❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦s❝✐❧❛çã♦ ❞♦s ♣❧❛s♠♦♥s✮ ❡ λc = 2πc/ωc r❡❢❡r❡✲s❡ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡

❝♦❧✐sã♦ ✭ωc r❡♣r❡s❡♥t❛♥❞♦ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝♦❧✐sã♦✮✱ ♦❜t✐❞♦s ♣♦r ❬✸✵❪✿

1

λp

=

√

Qe2

4π2c2mǫ0
✭✷✳✷✮

1

λc

=
vf

2πcRbulk

✭✷✳✸✮

❡♠ q✉❡ Q r❡♣r❡s❡♥t❛ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦s ❡❧étr♦♥s ❧✐✈r❡s✱ m ❡ e r❡♣r❡s❡♥t❛♠ ❛ ♠❛ss❛ ❡ ❛

❝❛r❣❛ ❞♦ ❡❧étr♦♥✱ ǫ0 é ❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ♥♦ ✈á❝✉♦✱ c ❡①♣r❡ss❛ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✱

Rbulk r❡♣r❡s❡♥t❛ ♦ ❝❛♠✐♥❤♦ ❧✐✈r❡ ♠é❞✐♦ ❞♦s ❡❧étr♦♥s ❞❡ ❝♦♥❞✉çã♦ ❡ vf é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦s

❡❧étr♦♥s ♥❛ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐✳

❆ q✉❛♥t✐③❛çã♦ ❞❛ ♦s❝✐❧❛çã♦ ❞♦s ❡❧étr♦♥s ❧✐✈r❡s é ❞❡♥♦♠✐♥❛❞❛ ❞❡ ♣❧❛s♠♦♥s✳ ◗✉❛♥❞♦ ❡st❡s

♦❝♦rr❡♠ ❛♦ ❧♦♥❣♦ ❞❛ s✉♣❡r❢í❝✐❡ ❞❡ ✉♠ ♠❡t❛❧ sã♦ ❡♥tã♦ ❝❤❛♠❛❞♦s ❞❡ ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡

✭❙P✮✳ ❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ sã♦ s❡♥sí✈❡✐s à r❛❞✐❛çã♦

❞❡ ❡♥tr❛❞❛ ❡ ❛ ✐♥❥❡çã♦ ❞❡ ❡❧étr♦♥s ♦✉ ❢ót♦♥s é ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps✳ P❛r❛ ♦ ❝❛s♦

❞❛ ✐♥❥❡çã♦ ❞❡ ❢❡✐①❡s ❧✉♠✐♥♦s♦s✱ ♠ét♦❞♦ ✉t✐❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✱ ✉♠ ❙✐st❡♠❛ ▼✉❧t✐❝❛♠❛❞❛s

✭❛rr❛♥❥♦ ♠✉❧t✐♠❛❝❛❞❛s✮ ♣❛r❛ ❛ ❡str✉t✉r❛ ❆❚❘✲❑r❡ts❝❤♠❛♥♥ é ✐❧✉str❛❞♦ ❡♠ ❞❡t❛❧❤❡s ♥❛

❋✐❣✉r❛ ✷✳✶✳



❈❛♣ít✉❧♦ ✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s ❙P❘ ✶✵

❋✐❣✉r❛ ✷✳✶✿ ❙✐st❡♠❛ ♠✉❧t✐❝❛♠❛❞❛s ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❑r❡ts❝❤♠❛♥♥ ❝♦♠ ✹ ❝❛♠❛❞❛s ❡♠ q✉❡
✭✶✮ é ♦ s✉❜str❛t♦ ó♣t✐❝♦✲♣r✐s♠❛✱ ✭✷✮ ♠❡t❛❧✱ ✭✸✮ ❡ ✭✹✮ r❡♣r❡s❡♥t❛♠ ♦ ❛♥❛❧✐t♦ ❡ ❛ ❛♠♦str❛ q✉❡
♦ ❝♦♥té♠✳ ❆ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❝♦♥❞✉③ ❛ ❛♠♦str❛ ♣♦r s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ♠❡t❛❧✳ ❊s♣❡ss✉r❛s✱
✈❡t♦r❡s✱ ♣❡r♠✐ss✐✈✐❞❛❞❡s ❞✐❡❧étr✐❝❛s✱ â♥❣✉❧♦s ❡ ♣❧❛♥♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳

◆❡ss❛ ❡str✉t✉r❛✱ ❛ ❡①❝✐t❛çã♦ ❞♦s ❙P s❡ ❞❛r ❝♦♠ ❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡ ❧✉③ ♣✲♣♦❧❛r✐③❛❞❛ ♥❛

♠✉❧t✐❝❛♠❛❞❛✱ s♦❜ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡✢❡①ã♦ ✐♥t❡r♥❛ t♦t❛❧ ✭❘■❚✮✳ ❆ ❧✉③ ❝♦♠ ♣♦❧❛r✐③❛çã♦ t✐♣♦

♣ ♣♦ss✉✐ ❝❛♠♣♦ ❡❧étr✐❝♦ ♣❛r❛❧❡❧♦ ❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ♣❧❛♥♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳

◆❛ ✜❣✉r❛✱ ♦ ♣❧❛♥♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ é ♦ ♣❧❛♥♦✲❳❩ ❡ ❛ ❙P❲ s❡ ♣r♦♣❛❣❛ ♥❛ ❞✐r❡çã♦ ♣❛r❛❧❡❧❛ ❛

✐♥t❡r❢❛❝❡✱ ❞❡✜♥✐❞❛ ❝♦♠♦ ❡✐①♦ ①✳ ❆ ❞✐r❡çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r à ✐♥t❡r❢❛❝❡ é ❞❡✜♥✐❞❛ ❝♦♠♦ ♦ ❡✐①♦

③✳ P❛r❛ ✉♠❛ ♦♥❞❛ tr❛♥s✈❡rs♦✲♠❛❣♥ét✐❝❛ ✭♣✲♣♦❧❛r✐③❛❞❛✮✱ ❛ ❝♦♠♣♦♥❡♥t❡ t❛♥❣❡♥❝✐❛❧ ❞♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❍✱ Hy✱ é ❛ ú♥✐❝❛ ❡①✐st❡♥t❡✱ ♦✉ s❡❥❛✱ Hx = Hz = 0✳ P❛r❛ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❊✱

❡①✐st❡♠ ❛♣❡♥❛s ❛s ❝♦♠♣♦♥❡♥t❡s ♥♦r♠❛❧ Ez ❡ ♣❛r❛❧❡❧❛ Ex à ✐♥t❡r❢❛❝❡✳ ❆ss✐♠✱ ♣♦❞❡✲s❡ ❡s❝r❡✈❡r

♦s ❝❛♠♣♦s ❡❧étr✐❝♦s ❡ ♠❛❣♥ét✐❝♦s ♥♦ ♠❡✐♦ ♠❡tá❧✐❝♦ ✭③❁✵✮ ❡ ♥❛ ❛♠♦str❛ ✭③❃✵✮ ❝♦♠♦ ❬✸✶❪✿

z > 0 : E3 = (Ex3,0,Ez3)e
i(kx3x+kz3z−ωt)

H3 = (0,Hy3,0)e
i(kx3x+kz3z−ωt)

✭✷✳✹✮



❈❛♣ít✉❧♦ ✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s ❙P❘ ✶✶

z < 0 : E2 = (Ex2,0,Ez2)e
i(kx2x+kz2z−ω t)

H2 = (0,Hy2,0)e
i(kx2x+kz2z−ω t)

✭✷✳✺✮

❝♦♠ k2 r❡❢❡r✐♥❞♦✲s❡ ❛♦ ✈❡t♦r ❞❛ ♦♥❞❛ ♥♦ ♠❡✐♦ ✷ ✭♠❡t❛❧✮ ❡ k3 ❛♦ ✈❡t♦r ❞❛ ♦♥❞❛ ♥♦ ♠❡✐♦

✸ ✭❛♠♦str❛✮✱ s❡♥❞♦ kxq ❡ kzq ♣❛r❛ q = 2,3 ♦s ✈❛❧♦r❡s ♣♦s✐❝✐♦♥❛✐s ♥❛s ❞✐r❡çõ❡s ① ❡ ③ ❞❡ss❡s

✈❡t♦r❡s❀ θ1 ❡ θt sã♦ ♦s â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❡ tr❛♥s♠✐ssã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❡ ω ❛ ❢r❡q✉ê♥❝✐❛

❞❛ ♦♥❞❛✳

❆♣❧✐❝❛♥❞♦ ❛ ❡q✉❛çã♦ ❞❡ ▼❛①✇❡❧❧ ∇ · ❊ = 0 ✭▲❡✐ ❞❡ ●❛✉ss✮✱ ❡♥❝♦♥tr❛♠✲s❡ ❛s ❡①♣r❡ssõ❡s

♣❛r❛ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ♥♦s ♠❡✐♦s ✷ ❡ ✸ ❬✸✶❪✿

Ez2 = −Ex2
kx

kz2
✭✷✳✻✮

Ez3 = −Ex3
kx

kz3
. ✭✷✳✼✮

❆ r❡❧❛çã♦ ❡♥tr❡ Hy ❡ Ex ♣♦❞❡ s❡r ♦❜t✐❞❛ ❝♦♠ ❛ ❡q✉❛çã♦ ❞❡ ▼❛①✇❡❧❧ ∇×❊ = −µ∂❍
∂t

✭▲❡✐

❞❡ ❋❛r❛❞❛②✮✱ q✉❡ ♣❛r❛ ♦ ❝❛s♦ ❞❡ µ = µ0 ♦❜té♠✲s❡ ❬✸✶❪✿

Hy3 = −ωEx3ǫ3ǫ0/kz3 ✭✷✳✽✮

Hy2 = −ωEx2ǫ2ǫ0/kz2, ✭✷✳✾✮

❡♠ q✉❡ µ0 ❡ ǫ0 sã♦ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ ♥♦ ✈á❝✉♦ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦r

✜♠✱ ❛♣❧✐❝❛♥❞♦ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛ ❡♠ z = 0✱ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ❝♦♥❞✐çã♦ ❞❡

♦❝♦rrê♥❝✐❛ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳ ❆s ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛ ♣❛r❛ ❛ ♣♦❧❛r✐③❛çã♦ t✐♣♦✲♣

♦✉ ❚▼✱ ❝♦♥s✐st❡♠ ♥❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞❛s ❝♦♠♣♦♥❡♥t❡s t❛♥❣❡♥❝✐❛✐s ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❡ ❞❛

❝♦♥t✐♥✉✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ♦✉ s❡❥❛✱ Hy2 = Hy3 ❡ Ex2 = Ex3 ❧❡✈❛♥❞♦ ❛ r❡❧❛çã♦ ❞❡

❡①✐stê♥❝✐❛ ❞♦s ❙Ps ❬✸✷❪
ǫ2
k2

=
ǫ3
k3

✭✷✳✶✵✮

❡ t❛♠❜é♠ ❛s r❡❧❛çõ❡s ❛❜❛✐①♦✿

kz3 = −i(k2
x − ǫ3k

2
0)

1/2 kz2 = −i(k2
x − ǫ2k

2
0)

1/2 ✭✷✳✶✶✮

❝♦♠ k0 = ω/c = 2π/λ✳ ❙✉❜st✐t✉✐♥❞♦ ✭✷✳✶✵✮ ❡♠ ✭✷✳✶✶✮✱ é ♣♦ssí✈❡❧ ♦❜t❡r ❛s r❡❧❛çõ❡s ❞❡



❈❛♣ít✉❧♦ ✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s ❙P❘ ✶✷

❞✐s♣❡rsã♦ ✭❡♥tr❡ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❡ λ✮ ♣❛r❛❧❡❧❛ ❡ t❛♥❣❡♥t❡ à s✉♣❡r❢í❝✐❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❬✸✸❪✿

kx = k0

(
ǫ2ǫ3

ǫ2 + ǫ3

)1/2

✭✷✳✶✷✮

kjz = k0

(
ǫ2j

ǫ2 + ǫ3

)1/2

✭✷✳✶✸✮

❡♠ q✉❡ ✭✷✳✶✸✮ é ♦r✐❡♥t❛❞❛ ❛♦ ♠❡✐♦✱ ❝♦♠ ǫj r❡❢❡r✐♥❞♦✲s❡ ❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ ❞♦ ♠❡t❛❧ ✭j = 2✮

♦✉ ❞❛ ❛♠♦str❛ ✭j = 3✮✳

▲❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ ❝♦♠♣❧❡①❛ ❞♦ ♠❡t❛❧✱ ❝❤❡❣❛✲s❡ ❛♣ós ❛❧❣✉♥s

r❡❛rr❛♥❥♦s ♠❛t❡♠át✐❝♦s ❛ ❡①♣r❡ssã♦ ❝♦♠♣❧❡①❛ ♣❛r❛ ♦ ✈❡t♦r ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ✭kSP =

k′

SP − ik′′

SP ✮✿

k′

SP ≈ k0

(
ǫ2rǫ3

ǫ2r + ǫ3

)1/2

✭✷✳✶✹✮

k′′

SP ≈ k′

SP

ǫ2iǫ3
2ǫ2r(ǫ2r + ǫ3)

✭✷✳✶✺✮

❖ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ q✉❡ ❞á ♦r✐❣❡♠ ❛ ❙PP ♦❝♦rr❡ q✉❛♥❞♦ ❛ ❝♦♠♣♦♥❡♥t❡ ❤♦r✐③♦♥t❛❧ ❞❛

❧✉③ ♣✲♣♦❧❛r✐③❛❞❛ ✐♥❝✐❞❡♥t❡ ✭kpx✮✱ ❡①♣r❡ss❛ ♣♦r kpx = k0
√
ε1s❡♥(θ1)✱ ❡ ♦ ✈❡t♦r ❞♦s ♣❧❛s♠♦♥s

❞❡ s✉♣❡r❢í❝✐❡ ✭kSP ✮ ♦s❝✐❧❛♠ ♥❛ ♠❡s♠❛ ❢r❡q✉ê♥❝✐❛ ❡ ❛♠♣❧✐t✉❞❡✳ ❊♠ ❣❡r❛❧✱ k′′

SP é ♥❡❣❧✐❣❡♥✲

❝✐❛❞♦ ♣❡❧♦ ❢❛t♦ ❞❡ ǫ2i ❛♣r❡s❡♥t❛r ♠❛❣♥✐t✉❞❡ ♥✉♠ér✐❝❛ ♠✉✐t♦ ♣❡q✉❡♥❛ ✭k′′

SP ≈ 0✮ ♥❛ ❢❛✐①❛

❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✉t✐❧✐③❛❞♦ ❡♠ ❛♣❧✐❝❛çõ❡s ❙P❘ ✭t✐♣✐❝❛♠❡♥t❡✿ ✹✵✵< λ <✶✵✵✵ ♥♠✮✳

❆ss✐♠✱ ❛ ❙PP ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛ ♣♦r✿

k0

√
ε2ε3

ε2 + ε3
︸ ︷︷ ︸

kSP

= k0
√
ε1sen (θi)

︸ ︷︷ ︸

kpx

. ✭✷✳✶✻✮

❱❛❧❡ s❛❧✐❡♥t❛r q✉❡ ❛ r❡ss♦♥â♥❝✐❛ é ♦❜t✐❞❛ ✈❛r✐❛♥❞♦ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛

❧✉③ ♣✲♣♦❧❛r✐③❛❞❛ ❡ ♦s ❙P✱ ♣r♦♣♦r❝✐♦♥❛♥❞♦ ❞♦✐s ♠♦❞♦s ❜ás✐❝♦s ❞❡ ♦♣❡r❛çã♦✱ ❛ s❛❜❡r ❬✸✹❪✿

• ▼♦❞♦ ❞❡ ■♥t❡rr♦❣❛çã♦ ❊s♣❡❝tr❛❧ ✭▼♦❞♦✲❲■▼✮✿ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③

q✉❡ ❛t✐♥❣❡ ♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s é ♠❛♥t✐❞♦ ❝♦♥st❛♥t❡✳ ❆s ❝♦♥❞✐çõ❡s ❞❡ ❛❝♦♣❧❛♠❡♥t♦

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

❛ r❡✢❡t✐✈✐❞❛❞❡ ❡♠ ❢✉♥çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛❀

• ▼♦❞♦ ❞❡ ■♥t❡rr♦❣❛çã♦ ❆♥❣✉❧❛r ✭▼♦❞♦✲❆■▼✮✿ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦s ❢❡✐①❡s ❞❡



❈❛♣ít✉❧♦ ✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s ❙P❘ ✶✸

❧✉③ q✉❡ ❛t✐♥❣❡ ♦ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛s é ✜①♦✳ ❆s ❝♦♥❞✐çõ❡s ❞❡ ❛❝♦♣❧❛♠❡♥t♦✱ ♥❡st❡

❝❛s♦✱ ❞❡♣❡♥❞❡♠ ❞♦s â♥❣✉❧♦s ❞♦s ❢❡✐①❡s ❞❡ ❧✉③ ❡ ✉♠❛ ❝â♠❡r❛ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛

❞❡t❡r♠✐♥❛r ❛ r❡✢❡t✐✈✐❞❛❞❡ ❡♠ ❢✉♥çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳

✷✳✶✳✶ ❉✐s♣❡rsã♦ ❞♦s ♣❧❛♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡

❆ ❋✐❣✉r❛ ✷✳✷ ✐❧✉str❛ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ❢ót♦♥s ❡ ♦s ❙Ps✱ ❡♠ t❡r♠♦s ❞❛ ❝♦♥s❡r✈❛çã♦ ❞❡

❡♥❡r❣✐❛ ❡ ♠♦♠❡♥t♦✳ ❆ ❞✐s♣❡rsã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ E(kSP )✱ ❧❛❞♦ ❡sq✉❡r❞❛ ❞❛ ❡q✳

✷✳✶✻✱ t❡♠ ❛ r❡❣✐ã♦ ♣❛r❛ ♦❝♦rrê♥❝✐❛ ❞❛ ❙PP ❧✐♠✐t❛❞❛ ❡♠ ✻✳✻ ❡❱✱ ♣❛r❛ ✉♠❛ s✉♣❡r❢í❝✐❡ ❞❡

❆❧✉♠í♥✐♦ ❞❡s❝r✐t❛ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❉r✉❞❡✳ ❆❝✐♠❛ ❞❡ss❡ ❧✐♠✐t❡✱ ❡stá ❛ r❡❣✐ã♦ ◗❇ ✭q✉❛s❡✲

❜♦✉♥❞✮✱ ✐♠❛❣✐♥ár✐❛ ❡ ❝♦♠ s❡♥t✐❞♦ ❝♦♥trár✐♦✱ s❡♥❞♦ ❞❡♥♦♠✐♥❛❞❛ ❝♦♠♦ ♦ ♥í✈❡❧ ❞❡ tr❛♥s✐çã♦

❡♥tr❡ ❛ ❙PP ❡ ❛ r❡❣✐ã♦ ❞♦s ♣❧❛s♠♦♥s r❛❞✐❛t✐✈♦s ✭❘PP✮❬✸✺❪✳

●r❛✜❝❛♠❡♥t❡ ❛ ✐♥t❡rs❡çã♦ ❡♥tr❡ ❛ ❞✐s♣s❡rsã♦ ❞♦s ❢ót♦♥s E(kpx)✱ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ❡q✳ ✭✷✳✶✻✮✱

❡ ❛ ❞✐s♣❡rsã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ E(kSP ) ❝❛r❛❝t❡r✐③❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❡①♣r❡ss♦

❡♠ ✭✷✳✶✻✮✳ ■❞❡❛❧♠❡♥t❡✱ E(kpx) ♣♦ss✉✐ ✉♠ ♣❡r✜❧ r❡t✐❧í♥❡♦ ❡ ♥♦ ✈á❝✉♦ ♣♦s✐❝✐♦♥❛✲s❡ ❢♦r❛ ❞❛

r❡❣✐ã♦ ❞❡ ❞✐s♣❡rsã♦ ❞♦s ♣❧❛s♠♦♥s ✭❙PP✮✳ ❚♦❞❛✈✐❛✱ ❛♦ ✐♥❝✐❞✐r ♥❛ ✐♥t❡r❢❛❝❡ ❛tr❛✈és ❞♦ s✉❜str❛t♦

ó♣t✐❝♦✱ E(kpx) ✐♥t❡r❝❡♣t❛ ❛ r❡❣✐ã♦ ❙PP ❡♠ ✉♠ â♥❣✉❧♦ ❡ ❡♥❡r❣✐❛ ✭❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✮ ❜❡♠

❞❡✜♥✐❞♦s✳

❋✐❣✉r❛ ✷✳✷✿ ❉✐s♣❡rsã♦ ❞♦s ❙P ✭E(kSP )✮ ❡♠ ✉♠❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✲❍2❖✱ ❝♦♠ ✐♥❞✐❝❛çã♦ ❞❛s
r❡❣✐õ❡s ❙PP✱ ◗❇ ❡ ❘PP✳ ❉✐s♣❡rsã♦ ❞♦s ❢ót♦♥s ✭E(kpx)✮ ❝♦♠ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❡ ✼✺◦✱ ♥♦
✈á❝✉♦ ❡ ❡♠ s✉❜str❛t♦ ❞❡ s❛✜r❛✳ ❆ ✐♥t❡rs❡çã♦ ❞❛s ❝✉r✈❛s ✭❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦✮ r❡♣r❡s❡♥t❛ ❛
s✐t✉❛çã♦ ❡♠ q✉❡ ♦❝♦rr❡ ❛ r❡ss♦♥â♥❝✐❛✳



❈❛♣ít✉❧♦ ✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s ❙P❘ ✶✹

✷✳✷ ❆♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧

❆ ❛♣r♦①✐♠❛çã♦ ❡①♣r❡ss❛ ❡♠ ✭✷✳✶✹✮✱ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♣♦r ✭✷✳✶✻✮✱ ♣♦❞❡ s❡r ❛♣r✐♠♦r❛❞❛

♣❛r❛ ♦ ❝❛s♦ ❞❡ ♠ú❧t✐♣❧❛s ❝❛♠❛❞❛s✱ ❡ ❛ss✐♠✱ ❝♦♥s❡❣✉✐r ✉♠❛ ❛♣r♦①✐♠❛çã♦ ♠❛✐s ♣r❡❝✐s❛ ❞❛

✐♥t❡r❛çã♦ ❧✉③✲♠❛tér✐❛ ♣❛r❛ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ kSP ❡ kpx✳ ◆♦ s✐st❡♠❛ ♠✉❧✲

t✐❝❛♠❛❞❛s ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✱ ❛s ✐♥t❡r❢❛❝❡s s✉❜str❛t♦ ó♣t✐❝♦✴♠❡t❛❧ ✭✶✴✷✮ ❡ ♠❡✲

t❛❧✴❛♥❛❧✐t♦✱❛♠♦str❛ ✭✷✴✸✱✹✮ ❞ã♦ s✉♣♦rt❡ ❛ ❙PP✳ ◆❡ss❛ ❡str✉t✉r❛✱ ❛s ❞✉❛s ✐♥t❡r❢❛❝❡s ❛❝♦♣❧❛♠✲

s❡ ♦♣t✐❝❛♠❡♥t❡ ❝♦♠ ❛ ♦♥❞❛ ❡✈❛♥❡s❝❡♥t❡ ❞❛ ❙PP ♣r♦♣❛❣❛♥❞♦✲s❡ ♣❡❧♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ✐♠♣r❡s✲

s❛❞♦ ❡♥tr❡ ♦s ❞♦✐s ♠❡✐♦s ❞✐❡❧étr✐❝♦s ❬✸✷❪✳ ❯♠❛ ❢♦r♠❛ ❝♦♥✈❡♥✐❡♥t❡ ❞❡ ❛♥❛❧✐s❛r ♦ ❝♦♠♣♦rt❛✲

♠❡♥t♦ ❞❛ ❧✉③ ❛♦ ❛tr❛✈❡ss❛r ❛s ✈ár✐❛s ❝❛♠❛❞❛s ✭✹ ❝❛♠❛❞❛s ♥♦ ❡sq✉❡♠❛ ❞❛ ❋✐❣✳✷✳✶✮ é ❛tr❛✈és

❞❛ r❡♣r❡s❡♥t❛çã♦ ♠❛tr✐❝✐❛❧ ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❋r❡s♥❡❧ ❬✸✻❪✳

◆❛ ❡str✉t✉r❛ ❞❡ ❑r❡ts❝❤♠❛♥♥✱ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ é ♠♦♥✐t♦r❛❞❛ ♣♦r ♠❡✐♦ ❞❛ ❧✉③

r❡✢❡t✐❞❛ ❛♦ ❛tr❛✈❡ss❛r ♦ s✐st❡♠❛ ♠✉❧t✐❝❛♠❛❞❛s✳ ❆s ❛♠♣❧✐t✉❞❡s ❞♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡

❡❧étr✐❝♦s ❞❛ ❡♥tr❛❞❛ ❞❛ ❝❛♠❛❞❛ ❛té ✉♠❛ ❞✐stâ♥❝✐❛ z ❞❡♥tr♦ ❞❛ ♠❡s♠❛✱ sã♦ ❡①♣r❡ss❛s ♣❡❧❛s

♠❛tr✐③❡s ❞❡ ❆❜❡❧ès ❬✸✻✱ ✸✼❪✿



H0

yj

−E0
xj



 = Mj




Hyj(z)

−Exj(z)



 ✭✷✳✶✼✮

❡♠ q✉❡ H0
yj ❡ E0

xj sã♦ ❛s ❛♠♣❧✐t✉❞❡s ❞❡ Hyj ❡ Exj✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❝❛❧❝✉❧❛❞♦s ♥♦ ❧✐♠✐t❡ z

❞❛ ❝❛♠❛❞❛ j✳ Mj é ❛ ♠❛tr✐③ ❞❡ tr❛♥s❢❡rê♥❝✐❛ q✉❡ ❞❡s❝r❡✈❡ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞♦

♠❡✐♦ j ♣❛r❛ ♦ ♠❡✐♦ j + 1✱ ❞❡✜♥✐❞❛ ♣♦r✿

Mj =




cosβj − i

qj
senβj

−iqjsenβj cosβj



 ✭✷✳✶✽✮

❛ q✉❛❧ ❞❡♣❡♥❞❡ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ❞❡ ❛❜s♦r❜â♥❝✐❛ βj = k0dj
√

n2
j − (n1sen(θ1))2 ❡

❛❞♠✐tâ♥❝✐❛ qj =
√

n2
j − (n1sen(θ1))2/n

2
j ❞❡ ❝❛❞❛ ♠❡✐♦✱ ❛❧é♠ ❞❛ ❡s♣❡ss✉r❛ (dj) ❡ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ (nj)✱ ♦✉ ♣❡r♠✐ss✐✈✐❞❛❞❡ (ǫj)✱ ❞♦ ♠❡s♠♦✳

❆s ❛♠♣❧✐t✉❞❡s ❞♦s ❝❛♠♣♦s ❞❛ ♣r✐♠❡✐r❛ ❛té ❛ ◆✲és✐♠❛ ❝❛♠❛❞❛ sã♦ ❡①♣r❡ss❛s ♣❡❧❛ ♠❛tr✐③

❞❡ tr❛♥s❢❡rê♥❝✐❛ t♦t❛❧✱ Mtot✱ ❝❛❧❝✉❧❛❞❛ ❡♠ ❢✉♥çã♦ ❞❛ ♠❛tr✐③ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ Mj
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♣❛r❛ ❝❛❞❛ ♠❡✐♦✿ 


H0

y1

−E0
x1



 = Mtot




H0

yN

−E0
xN



 ,Mtot =

j=N−1
∏

j=1

Mj ✭✷✳✶✾✮

❆ss✐♠✱ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ t♦t❛❧ r(θ) ❡ r(λ)✱ ❞❡♥♦♠✐♥❛❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡

❞❡ ❋r❡s♥❡❧✱ ❞♦ s✐st❡♠❛ ♠✉❧t✐❝❛♠❛❞❛s ❝♦♠♣♦st♦ ♣♦r N ❝❛♠❛❞❛s ♣♦❞❡ s❡r ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❡

✭✷✳✶✾✮ ❡ é ❡①♣r❡ss♦ ♣♦r✿

r(θ, λ) ≡ (M11 +M12qN)q1 − (M21 +M22qN)

(M11 +M12qN)q1 + (M21 +M22qN)
, ✭✷✳✷✵✮

❡♠ q✉❡ M11✱ M12✱ M21 ❡ M22 sã♦ ♦s ❡❧❡♠❡♥t♦s ❞❛ ♠❛tr✐③ Mtot✳

❉❡ss❛ ❢♦r♠❛✱ ♦ ❞❡t❡❝t♦r ó♣t✐❝♦ ❝❛♣t✉r❛ ❛ ❧✉③ r❡✢❡t✐❞❛ r✱ q✉❡ é ✉s✉❛❧♠❡♥t❡ ❞❡♥♦♠✐♥❛❞❛

❞❡ ❝✉r✈❛ ❙P❘✳ ❯♠❛ ❝✉r✈❛ ❙P❘ tí♣✐❝❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✷✳ ◗✉❛♥❞♦ ♦❝♦rr❡ ❛

r❡ss♦♥â♥❝✐❛✱ ✉♠ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ é ♦❜s❡r✈❛❞♦ ❡ ❡♥tã♦ ♦s ✈❛❧♦r❡s ❞❡ θR ❡ λR✱ ❛

❞❡♣❡♥❞❡r ❞♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦✱ sã♦ ❞❡t❡r♠✐♥❛❞♦s✳ ❈♦♠ ♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ❙P❘✱

♣♦❞❡✲s❡ ❞❡t❡r♠✐♥❛r ♦ ♣❛râ♠❡tr♦ ❋❲❍▼ ✭❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠✮✱ t❛♠❜é♠ ❝❤❛♠❛❞♦ ❞❡

♣♦♥t♦ ♠é❞✐♦ ❡♥tr❡ ♦ ✈❛❧♦r ♠á①✐♠♦ ❡ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ❙P❘✱ ❧♦❝❛❧ ♦♥❞❡ ♦s ✈❛❧♦r❡s CR ❡ CL sã♦

❡st✐♠❛❞♦s✳ ❖s ♣❛râ♠❡tr♦s CR ❡ CL r❡♣r❡s❡♥t❛♠ ❛ ❞✐stâ♥❝✐❛ ❡♠ ❣r❛✉s ✭♠♦❞♦ ❆■▼✮ ♦✉ ❡♠

♥❛♥ô♠❡tr♦s ✭♠♦❞♦ ❲■▼✮ ❡♥tr❡ ♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ❡ ❛s ❜♦r❞❛s ❞✐r❡✐t❛ ❡ ❡sq✉❡r❞❛ ❞❛ ❝✉r✈❛✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖s ♣❛râ♠❡tr♦s ❧❛r❣✉r❛ ✭FWHM = CR + CL✮ ❡ ❛ss✐♠❡tr✐❛ ✭Γ = CR/CL✮

❞❛ ❝✉r✈❛ ❙P❘ sã♦ ❡①♣r❡ss♦s ❡♠ ❢✉♥çã♦ ❞❡st❡s ❞♦✐s ✈❛❧♦r❡s ❬✸✽❪✳

✷✳✷✳✶ ❙❡♥s♦r ❙P❘ ❝♦♠♦ r❡❢r❛tô♠❡tr♦

❆ ❋✐❣✉r❛ ✷✳✸ t❛♠❜é♠ ♠♦str❛ q✉❡ ❡st❡s ✈❛❧♦r❡s ✭θR, λR, FWHM ❡ Γ✮ s♦❢r❡♠ ❞❡s❧♦❝❛♠❡♥t♦

q✉❛♥❞♦ ❛ ❝❛♠❛❞❛ ❜✐♦❡s♣❡❝í✜❝❛ ✐♥t❡r❛❣❡ ❝♦♠ ❛♥❛❧✐t♦ ♣r❡s❡♥t❡ ♥❛ ❛♠♦str❛✱ ❛❧t❡r❛♥❞♦ ♦ ✈❛❧♦r

❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✳ ❯s❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ✭✷✳✶✻✮ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ♦ ✈❛❧♦r

❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ❛♥❛❧✐t♦ ✭n3✮✳ P❛r❛ ♦ ♠♦❞♦ ❆■▼✱ ❛ ❡①♣r❡ssã♦ ♣❛r❛ n3 ✭n3 ≈ √
ǫ3✮

❡♠ ❢✉♥çã♦ ❞❡ θR ❡♥q✉❛♥t♦ λ é ✜①♦✱ é ❞❛ ❢♦r♠❛✿

n3 (θR) =

√

ε3 (λ) [n1 (λ) sen (θR)]
2

ε2r (λ)− [n✶ (λ) sen (θR)]
2 ✭✷✳✷✶✮

❙✐♠✐❧❛r♠❡♥t❡✱ ♥♦ ♠♦❞♦ ❲■▼ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ❛♥❛❧✐t♦ ❡♠ ❢✉♥çã♦ ❞❡ λR ♣❛r❛ ✉♠
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❋✐❣✉r❛ ✷✳✸✿ ❊①❡♠♣❧♦ ❞❡ ❝✉r✈❛ ♣❛r❛ ❛ ❙P❘ ♦❜t✐❞❛ ❛tr❛✈és ❞❛ ❆♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧✳ ❆ ✈❛r✐❛çã♦
❞❡ λR1 ♣❛r❛ λR2 ♥♦ ♠♦❞♦ ❲■▼✱ ♦✉ ❞❡ θR1 ♣❛r❛ θR2 ♥♦ ♠♦❞♦ ❆■▼✱ ✐♥❞✐❝❛ ✉♠❛ ❛❧t❡r❛çã♦ ♥♦
í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❛♠♦str❛✳

â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①♦ θ1✱ ♣♦❞❡ s❡r ❡①♣r❡ss♦ ♣♦r ❬✸✹❪✿

n3 (λR) =

√
√

ǫ23r(λR) + ǫ3i(λR)2 +
ǫ23r(λR)

2
. ✭✷✳✷✷✮

❝♦♠ ǫ3 = ǫ3r + iǫ3i ❞❛ ❢♦r♠❛✿

ǫ3 =

[

ǫ2rn
2
1sen (θ1)

2 + ǫ2r − n2
1sen (θ1)

2 + ǫ22in
2
1sen (θ1)

2

(ǫ2r − n2
1sen (θ1)

2)2 + ǫ22i

]

︸ ︷︷ ︸

ǫ3r

−i

[

ǫ2in
4
1sen (θ1)

4

(ǫ2r − n2
1sen (θ1)

2)2 + ǫ22i

]

︸ ︷︷ ︸

ǫ3i

, ✭✷✳✷✸✮

❆s ❡①♣r❡ssõ❡s ❛❝✐♠❛ ✐❧✉str❛♠ q✉❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❢ís✐❝♦ ❞❡ ✉♠ s❡♥s♦r ❞❡ ❙P❘✱ ❡ss❡♥❝✐✲

❛❧♠❡♥t❡✱ ❛ss❡♠❡❧❤❛✲s❡ ❛♦ ❞❡ ✉♠ r❡❢r❛tô♠❡tr♦ ó♣t✐❝♦✳

❖✉tr♦s ❛s♣❡❝t♦s r❡❧❛t✐✈♦s ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ s❡♥s♦r ❙P❘

❖s ❞❡♠❛✐s ❝♦♥❝❡✐t♦s ♥❡❝❡ssár✐♦s à r❡❛❧✐③❛çã♦ ❞♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✱ s❡rã♦ ❧♦❣✐❝❛♠❡♥t❡ ❞✐str✐✲

❜✉í❞♦s ❛♦ ❧♦♥❣♦ ❞♦ t❡①t♦ ♣❛r❛ ✉♠❛ ♠❡❧❤♦r ❛♣r❡s❡♥t❛çã♦✳ ❆ss✐♠✱ ❝♦♥❝❡✐t♦s r❡❧❛t✐✈♦s ❛ ó♣t✐❝❛

❣❡♦♠étr✐❝❛ ❞♦ s❡♥s♦r ❙P❘ ✉s❛♥❞♦ ♦ PP❇■❖ s❡rã♦ ❞✐s❝✉t✐❞♦s ♥♦ ❈❛♣ít✉❧♦ ✸✳ ❈♦♥❝❡✐t♦s r❡❧❛✲

t✐✈♦s ❛ ❝♦♥❢❡❝çã♦ ❞❡ ♠❛t❡r✐❛✐s ♣❧ást✐❝♦s ❛tr❛✈és ❞♦ ♣r♦❝❡ss♦ ❞❡ ✐♥❥❡çã♦ s❡rã♦ ❞✐s❝✉t✐❞♦s ♥♦



❈❛♣ít✉❧♦ ✷✳ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ♣❛r❛ s❡♥s♦r❡s ❙P❘ ✶✼

❈❛♣ít✉❧♦ ✹✱ ❜❡♠ ❝♦♠♦ ❝♦♥❝❡✐t♦s r❡❧❛t✐✈♦s ❛ ❞❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s❀ ❡ ❛s♣❡❝t♦s r❡❧❛t✐✈♦s

❛♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❡ ❞❡ ✐♠❛❣❡♠ s❡rã♦ ❞✐s❝✉t✐❞♦s ♥♦ ❈❛♣ít✉❧♦ ✺✳

✷✳✸ ❘❡s✉♠♦

◆❡st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t♦✉✲s❡ ❛s ❢♦r♠✉❧❛çõ❡s ♠❛t❡♠át✐❝❛s ♣❛r❛ ❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps✳ P❛rt✐♥❞♦

❞❛s ❡①♣r❡ssõ❡s ♣❛r❛ ♦s ❝❛♠♣♦s ❡ ❡❧étr✐❝♦s ❡ ♠❛❣♥ét✐❝♦s ❞❡ ✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❞♦ t✐♣♦✲

♣✱ ❛♣r❡s❡♥t♦✉✲s❡ ❛s ❝♦♥❞✐çõ❡s ♣❛r❛ ❡①✐stê♥❝✐❛ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳ P♦st❡r✐♦r♠❡♥t❡✱

❛s ❡q✉❛çõ❡s ❞❡ ❞✐s♣❡rsã♦ ♣❛r❛ ♦ ✈❡t♦r ❞♦s ❙Ps✱ s✉❛s ❝♦♠♣♦♥❡♥t❡s ♥♦r♠❛❧ ❡ t❛♥❣❡♥❝✐❛❧ ❡

s✉❛s ♣❛rt❡s r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s✳ P❛r❛ ♦ ❝❛s♦ ❞❡ ✉♠❛ ú♥✐❝❛ ✐♥t❡r❢❛❝❡✱ ❛

❝♦♥❞✐çã♦ ♣❛r❛ ♦❝♦rrê♥❝✐❛ ❞❛ ❙PP ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛ ❝♦♠ ❛ ✐❣✉❛❧❞❛❞❡ ❡♥tr❡ ♦s ✈❡t♦r❡s kSP

❡ kpx✳ P❛r❛ ♦ s✐st❡♠❛ ❝♦♠ ♠ú❧t✐♣❧❛s ✐♥t❡r❢❛❝❡s✱ ❛ ♦❝♦rrê♥❝✐❛ ❞❛ ❙PP é ♠❡❧❤♦r r❡♣r❡s❡♥t❛❞❛

❝♦♠♣✉t❛♥❞♦ ❛ ✐♥✢✉ê♥❝✐❛ ❞❡ ❝❛❞❛ ♠❡✐♦ ♥❛ ✐♥t❡r❛çã♦✲❧✉③ ♠❛tér✐❛ ❛tr❛✈és ❞❛s ❡q✉❛çõ❡s ❞❡

❋r❡s♥❡❧✳ ❆ ❝✉r✈❛ ❙P❘ ❢♦✐ ❛♣r❡s❡♥t❛❞❛✱ ❜❡♠ ❝♦♠♦ ❛❧❣✉♥s ♣❛râ♠❡tr♦s q✉❡ ♣♦❞❡♠ s❡r ❡①tr❛í❞♦s

❞❛ ❝✉r✈❛✳ P❛r❛ ♠❛✐♦r❡s ❞❡t❛❧❤❡s✱ ✐♥❞✐❝❛♠✲s❡ ❛s r❡❢❡rê♥❝✐❛s ❬✶✹✱ ✸✷✱ ✸✹❪✳ P❛r❛ ♦ ❢❡♥ô♠❡♥♦ ❞❛

❙PP ❞❡ ❧♦♥❣♦✲❛❧❝❛♥❝❡ ✭▲❘❙PP✮ ✐♥❞✐❝❛♠♦s ❛♦ ❧❡✐t♦r ❝♦♥s✉❧t❛r ❛s r❡❢❡rê♥❝✐❛s ❬✸✷✱ ✸✸✱ ✸✾✱ ✹✵❪✳

❙♦❜r❡ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠♦♥s ❧♦❝❛❧✐③❛❞❛ ❡♠ ♥❛♥♦✲♣❛rtí❝✉❧❛s ✭▲❙P❘✮✱ ✈❡r ❬✷✱ ✹✶✕✹✹❪✳



❈❛♣ít✉❧♦ ✸

Pr♦❥❡t♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘

❖s s❡♥s♦r❡s ❙P❘ ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ❝♦♠ ❜❛s❡ ♥♦ PP❇■❖ ❬✷✵❪✳ ❉❡✈✐❞♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡

❛ s✉❛ ❣❡♦♠❡tr✐❛ tr❛♣❡③♦✐❞❛❧✱ ♦ PP❇■❖ t♦r♥❛ ♠❡♥♦s ❞✐s♣❡♥❞✐♦s❛ ❛ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ✉♠

❞✐s♣♦s✐t✐✈♦ ❙P❘ ♣♦r ❡✈✐t❛r ♣❛rt❡s ♠ó✈❡✐s ❡✴♦✉ r♦t❛❝✐♦♥❛✐s✳ ❙✉❛s s✉♣❡r❢í❝✐❡s ❧❛t❡r❛✐s sã♦

❡s♣❡❧❤❛❞❛s ♣❛r❛ q✉❡ ❤❛❥❛ ❛ r❡✢❡①ã♦ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❊ss❡ ♣r✐s♠❛ ♣♦ss✉✐ ✉♠❛ ✜♥❛ ❝❛♠❛❞❛

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

s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✳

❆ ❋✐❣✉r❛ ✸✳✶ ❛♣r❡s❡♥t❛ ❛s ❡t❛♣❛s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✉t✐✲

❧✐③❛♥❞♦ ♦ PP❇■❖✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞❛ ❡♠ ❞✉❛s ❡t❛♣❛s✿ ✉♠❛ ❝♦♠♣♦st❛ ♣❡❧♦

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

♦✉tr❛ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♠❛♥✉❢❛t✉r❛r ♦ s❡♥s♦r✳ ❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ❝♦♥s✐st❡

♥♦ ❘❛♠♦ Ó♣t✐❝♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❡ ❛ ❝♦♥str✉çã♦ ❞♦ tr❛♥s❞✉t♦r ❡♥❣❧♦❜❛ ♦ ❘❛♠♦ ▼❡❝â♥✐❝♦✳

❊♠ ❛♠❜❛s ❛s ❡t❛♣❛s✱ ❛s ❞❡❝✐sõ❡s ❞❡ ♣r♦❥❡t♦ ❞❡♣❡♥❞❡♠ ❞❛ ❡s❝♦❧❤❛ ❞♦ ♠❛t❡r✐❛❧ ♣❛r❛ ❛ ❢❛✲

❜r✐❝❛çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞♦ ♣r✐s♠❛ ✲ ♣r✐♠❡✐r❛ ❝❛♠❛❞❛ ❞♦ ❙✐st❡♠❛ ▼✉❧t✐❝❛♠❛❞❛s ✭✈❡r ❋✐❣✉r❛

✷✳✶✮ ❡ ❞♦ ♠❡t❛❧ ❛ s❡r ❞❡♣♦s✐t❛❞♦ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ♣r✐s♠❛✱ s❡❣✉♥❞❛ ❝❛♠❛❞❛ ❞❛ ❡str✉t✉r❛

♠✉❧t✐❝❛♠❛❞❛s✳

✸✳✶ ▼❡t♦❞♦❧♦❣✐❛ ❞♦ PP❇■❖✿ r❛♠♦ ó♣t✐❝♦

❖ ❞❡s✐❣♥ ❞♦ ♣r✐s♠❛ ♣❛rt❡ ❞❛s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ t❛♠❛♥❤♦ ❡ ❢♦❝❛❧✐③❛çã♦ ❞♦s ❢❡✐①❡s ❧✉♠✐♥♦s♦s

❞❡s❝r✐t❛s ♥❛ ♣❛t❡♥t❡ ❞❡ ❚❤✐rstr✉♣ ❡t ❛❧✳ ❬✹✺❪✳ ❆ ♣❛rt✐r ❞❛ ♣❛t❡♥t❡ é ♣♦ssí✈❡❧ ♦❜t❡r ❛s



❈❛♣ít✉❧♦ ✸✳ Pr♦❥❡t♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ✶✾

❋✐❣✉r❛ ✸✳✶✿ ❊t❛♣❛s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✉t✐❧✐③❛♥❞♦ ♦ PP❇■❖✳
❆♣ós ❛ ♠❛♥✉❢❛t✉r❛ ❞♦ ♣r✐s♠❛ ❛s ❡s❝♦❧❤❛s ❢❡✐t❛s ❡♠ ❝❛❞❛ ❡t❛♣❛ sã♦ ❛✈❛❧✐❛❞❛s ❡ ❛ ❛♥á❧✐s❡ ❞❡
s❡♥s✐❜✐❧✐❞❛❞❡ ✈❡r✐✜❝❛ ❛ q✉❛❧✐❞❛❞❡ ✜♥❛❧ ❞♦ s❡♥s♦r✳

❡s♣❡❝✐✜❝❛çõ❡s ❞♦ ♣r✐s♠❛ t❛✐s ❝♦♠♦ ❞❡s❝r✐çã♦✱ ❞✐♠❡♥sã♦ ❡ ❝♦♥❞✐❝✐♦♥❛♥t❡s ♦♣❡r❛❝✐♦♥❛✐s✱ ♣❛r❛

❡♥tã♦ ❢♦r♥❡❝❡r ❛ ❣❡♦♠❡tr✐❛ ❞❡t❛❧❤❛❞❛ ❞♦ ♠❡s♠♦ ✲ ❛❧t✉r❛✱ ❧❛r❣✉r❛ ❡ ❡s♣❡ss✉r❛✳

❆ ♣❛t❡♥t❡ ✐❞❡❛❧✐③❛ ✉♠❛ ú♥✐❝❛ ✉♥✐❞❛❞❡ ✭♣r✐s♠❛✮ q✉❡ ♣♦ss✐❜✐❧✐t❛ ❛ ❡①❝✐t❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦

❙P❘✳ ❈♦♠ ✐ss♦✱ t❡♥t❛ ❡♥✈♦❧✈❡r ár❡❛s ♣❛r❝✐❛✐s ❞♦ ♣r✐s♠❛ ♣❛r❛ ❢♦❝❛❧✐③❛r ♦s r❛✐♦s ❞❡ ❧✉③✳

■ss♦ s❡ ❞á ♦✉ ♣♦r ♠❡✐♦ ❞❡ s✉♣❡r❢í❝✐❡s ❧❛t❡r❛✐s ✐♥❝❧✐♥❛❞❛s ❝♦♠ ❝✉r✈❛t✉r❛ ❝♦♥✈❡①❛ ♦✉ ♣♦r

♣r✐s♠❛s ✐♠♣❧❡♠❡♥t❛❞♦s ❞❡ ♠♦❞♦ q✉❡ ❧❡♥t❡s ❝✐❧í♥❞r✐❝❛s ♣♦ss❛♠ s❡r ✐♥t❡❣r❛❞❛s às ár❡❛s ❞❛

s✉♣❡r❢í❝✐❡ ❜❛s❡ ❞♦ ♣r✐s♠❛ ♣❛r❛ ❣✉✐❛r ♦s ❢❡✐①❡s ❞❡ ❧✉③ ❛té ❛t✐♥❣✐r❡♠ ✉♠❛ ❞❛s s✉♣❡r❢í❝✐❡s

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

✐♥t❡❣r❛❞❛ ❛♦ ♣r✐s♠❛✱ ✐st♦ é✱ ❛s ❧❡♥t❡s ❞❡ ❢♦❝❛❧✐③❛çã♦ ✜❝❛♠ ❡①t❡r♥❛s✳ ❊ss❡ ❞❡s✐❣♥ é ♠❛✐s

❢❛❝✐❧♠❡♥t❡ ❝♦♥❢❡❝❝✐♦♥❛❞♦ s❡ ❝♦♠♣❛r❛❞♦ à ✐♥❝♦r♣♦r❛çã♦ ❞❛s ❧❡♥t❡s ♥♦ ♣ró♣r✐♦ ♣r✐s♠❛✳ ❊♠
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❋✐❣✉r❛ ✸✳✷✿ Pr✐s♠❛ ♣♦❧✐♠ér✐❝♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ▼♦r❡✐r❛✳ ❖s ✈❛❧♦r❡s ✉t✐❧✐③❛❞♦s ♥♦ ♣r♦❥❡t♦
❢♦r❛♠✿ h =✸ ♠♠✱ L =✷✻✱✼✷ ♠♠✱ l =✶✼✱✽✹ ♠♠✱ α =✸✹◦✱ θ =✻✽◦ ❝♦♠ ❢♦❝♦ ♦❝♦rr❡♥❞♦ ♥♦
♣♦♥t♦ ❆✭✶✵✱✷✱✾✮ ♠♠✳ ❋♦♥t❡ ❬✷✵❪✳

❝♦♥tr❛♣❛rt✐❞❛✱ t❛❧ ❡str✉t✉r❛ ♣r♦♣✐❝✐❛ ❛♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦ s♦❢r❡r ✉♠ ❞❡s✈✐♦ ♠❛✐♦r ❞♦ q✉❡ s♦❢❡r✐❛

❝♦♠ ❛s ❧❡♥t❡s ✐♥t❡❣r❛❞❛s✳ ❆ss✐♠✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❢♦❝❛❧ ❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s

❞❛ ❧❡♥t❡ ❛ s❡r ✉t✐❧✐③❛❞❛✱ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❘■❚ ❡ ❛ ✐♥❝✐❞ê♥❝✐❛ ❞♦s ❢❡✐①❡s ❧✉♠✐♥♦s♦s ♥❛ r❡❣✐ã♦

s❡♥sí✈❡❧ ♣♦❞❡ s❡r ❝♦♠♣r♦♠❡t✐❞❛✳

❖ ❞❡s✐❣♥ ❝♦♠ ❧❡♥t❡s ❡①t❡r♥❛s ❢♦✐ ❡st✉❞❛❞♦ ❡ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ▼♦r❡✐r❛ ❬✷✵❪✳ ❉❡ ✐♥í❝✐♦✱

✈❡r✐✜❝♦✉✲s❡ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ♣r✐s♠❛ ✭❋✐❣✉r❛ ✸✳✷✮✳ ❊st❡ ❞❡✈❡ ❛ss✉♠✐r ✉♠❛ ❢♦r♠❛

tr❛♣❡③♦✐❞❛❧ ❞❡✈✐❞♦ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ t❡r ❞✉❛s s✉♣❡r❢í❝✐❡s ♣❛r❛❧❡❧❛s q✉❡ ♣❡r♠✐t✐ss❡♠ ✉♠

❝❛♠✐♥❤♦ ó♣t✐❝♦ ❞♦s r❛✐♦s ❧✉♠✐♥♦s♦s✱ r❛✐♦s ❡st❡s q✉❡ ❝❤❡❣❛♠ ❡ s❛❡♠ ♣❡r♣❡♥❞✐❝✉❧❛r à ❜❛s❡

✐♥❢❡r✐♦r ❞♦ ♣r✐s♠❛✱ ❣❛r❛♥t✐♥❞♦ ❛ss✐♠✱ ✉♠❛ ♠❛✐♦r ❢❛❝✐❧✐❞❛❞❡ ❞❡ ✐♥str✉♠❡♥t❛çã♦✳ ❆ ❞✐stâ♥❝✐❛

❡♥tr❡ ❡ss❛s s✉♣❡r✜❝✐❡s ♣❛r❛❧❡❧❛s✱ ❛ ❛❧t✉r❛ ❞♦ ♣r✐s♠❛ ✭h✮✱ ♥ã♦ ❞❡✈❡ ❡①❝❡❞❡r ✸ ♠♠✳ ❈♦♠ ❡ss❡

❞❛❞♦ ❡♠ ♠ã♦s✱ h =✸ ♠♠✱ ❡ ❞♦ ❢❛t♦ ❞❡ q✉❡ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛çã♦ ❞❛s ♣❛r❡❞❡s ❧❛t❡r❛✐s ✭α✮ é

♠❡t❛❞❡ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ♠❡❞✐çã♦ ✭θ✮✱ α = θ/2✱ é ♣♦ssí✈❡❧ ❢♦r♠❛❧✐③❛r

❛s ❞✐♠❡♥sõ❡s ❞♦ ♣r✐s♠❛ s❡❣✉♥❞♦ ❛s ❡q✉❛çõ❡s ❛❜❛✐①♦✿

l = 2

[
h

2

1

tan(α)
+

h

2

1

tan(90− α)
+ htan(2α)

]

✭✸✳✶✮

L =

[

1− 3

tan(α)

]

✭✸✳✷✮

◆♦ ♣r♦❥❡t♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ▼♦r❡✐r❛ ❬✷✵❪ ❛♣❡♥❛s ✉♠❛ ❧❡♥t❡ ❢♦✐ ✉t✐❧✐③❛❞❛✱ s❡♥❞♦ ❡st❛

❝♦❧♦❝❛❞❛ ❥✉♥t♦ ❛♦s ❢❡✐①❡s ❞❡ ❡♥tr❛❞❛ ♥♦ ♣r✐s♠❛✳ ■♥✈❡st✐❣♦✉✲s❡ ♦ ❝❛♠✐♥❤♦ ó♣t✐❝♦ ♣❡r❝♦rr✐❞♦

♣❡❧❛ ❧✉③✱ ❝♦♠ ♦r✐❣❡♠ ♥❛ ❢♦♥t❡ ❧✉♠✐♥♦s❛ ❡ tér♠✐♥♦ ❛♦ ❛t✐♥❣✐r ♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠✱ ✉s❛❞♦

♥♦ ❝♦♥❥✉♥t♦ ✜♥❛❧ q✉❡ ❝♦♠♣õ❡ ❛ ✐♥str✉♠❡♥t❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ❜❛s❡❛❞♦ ♥♦ ♣r✐s♠❛✳ ❆

❞✐stâ♥❝✐❛ ❡♠ q✉❡ ❛ ❧❡♥t❡ s❡ ❡♥❝♦♥tr❛ ❞❛ ❜❛s❡ ✐♥❢❡r✐♦r ❞♦ ♣r✐s♠❛ ✭❚✮✱ ♦ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛
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❋✐❣✉r❛ ✸✳✸✿ ❈♦♥❞✐❝✐♦♥❛♥t❡s ♦♣❡r❛❝✐♦♥❛✐s ♣❛r❛ ❛ ❧❡♥t❡ ❝✐❧í♥❞r✐❝❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❢♦❝❛❧✐③❛r ♦s
❢❡✐①❡s ❧✉♠✐♥♦s♦s✳ ❖s ✈❛❧♦r❡s ✉t✐❧✐③❛❞♦s ♥♦ ♣r♦❥❡t♦ ❢♦r❛♠✿ ❚❂✺ ♠♠✱ ❘❂✶✶✱✷ ♠♠✱ ❏❂✸✱✾ ♠♠
❡ ❊❇❘❂✵✱✺ ♠♠✳ ❆ ❞✐stâ♥❝✐❛ ❢♦❝❛❧ ✭❢✮ ❞❛ ❧❡♥t❡ ✉t✐❧✐③❛❞❛ é ❞❡ ✷✵ ♠♠ ♣❛r❛ λ❂✺✽✼✱✻ ♥♠✳

✭❘✮✱ s✉❛ ❡s♣❡ss✉r❛ ✭❏✮ ❡ s✉❛ ❞✐stâ♥❝✐❛ ❢♦❝❛❧ ✭❢✮✱ ✐❧✉str❛❞❛s ❋✐❣✉r❛ ✸✳✸✱ ❢♦r❛♠ ✐♥✈❡st✐❣❛❞♦s✳

P❛r❛ ♦ ♠♦❞♦ ❆■▼ ♦s ✈❛❧♦r❡s ✐❞❡❛✐s ❡♥❝♦♥tr❛❞♦s ❢♦r❛♠✿ ❚❂✺ ♠♠✱ ❘❂✶✶✱✷ ♠♠✱ ❏❂✸✱✾ ♠♠

❡ ❢❂✶✺ ♠♠✳ ◆♦ ♠♦❞♦ ❲■▼ ✐♥✈❡st✐❣♦✉✲s❡ ❛♣❡♥❛s ❛ ❛❜❡rt✉r❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ✭❊❇❘✮✱ ♦♥❞❡

s❡ ❝♦♥❝❧✉✐✉ q✉❡ q✉❛♥t♦ ♠❛✐♦r ♦ ✈❛❧♦r ❞❡ ❊❇❘ ♠❛✐♦r s❡rá ♦ ❢♦❝♦ ♥♦ ❝❡♥tr♦ ❞❛ s✉♣❡r❢í❝✐❡ ❞❡

♠❡❞✐çã♦✳

❈♦♠♣♦rt❛♠❡♥t♦ ❣❡♦♠étr✐❝♦ ❡ tér♠✐❝♦ ❞♦ ♣r✐s♠❛

❆♥❛❧✐s❛♥❞♦ ❝♦♠ ♠❛✐s ❞❡t❛❧❤❡s ❛ ❣❡♦♠❡tr✐❛ ❞♦ ♣r✐s♠❛✱ s✉r❣❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❝❛r❛❝t❡r✐③❛r

❝♦♠♦ ❛ t❡♠♣❡r❛t✉r❛ ✐♥✢✉❡♥❝✐❛rá ♦ ❝❛♠✐♥❤♦ ó♣t✐❝♦ ♣❡r❝♦rr✐❞♦ ♣❡❧♦s ❢❡✐①❡s ❧✉♠✐♥♦s♦s ❛♦

❛tr❛✈❡ss❛r❡♠ ♦ ♣r✐s♠❛✳ P❛r❛ ✐ss♦✱ ♥♦ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✐♥✈❡st✐❣♦✉✲s❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞♦s ♣r✐s♠❛s ♥❛s t❡♠♣❡r❛t✉r❛s ❞❡ ✷✺◦❈✱ ✸✵◦❈ ❡ ✸✺◦❈✱ q✉❡ sã♦ ♣ró①✐♠❛s à t❡♠♣❡r❛t✉r❛

❛♠❜✐❡♥t❡✱ ❡ ❡♠ ✺✵◦❈ ❡ ✼✵◦❈ q✉❡ sã♦ t❡♠♣❡r❛t✉r❛s ♥❛s q✉❛✐s ❤á ❛♣❧✐❝❛çõ❡s ❡♠ q✉❡ ♦ ♣r✐s♠❛

♣♦❞❡ s❡r ❡♠♣r❡❣❛❞♦ ❬✹✻❪✳

❖s ❢❡✐①❡s ❧✉♠✐♥♦s♦s ❛t✐♥❣❡♠ ❛ ♣❛r❡❞❡ ❧❛t❡r❛❧ ❞♦ ♣r✐s♠❛ ✭♣♦♥t♦ ❳✷ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❋✐❣✉r❛

✸✳✹✮ ❡ ❡st❛rã♦ s✉❥❡✐t♦s ❛ ✉♠❛ ❞✐s♣❡rsã♦ ❛té ❛t✐♥❣✐r❡♠ ❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞❛ ❜❛s❡ s✉♣❡r✐♦r ✭❳✹✮✱

❛q✉✐ ❝❤❛♠❛❞❛ ❞❡ ♣♦s✐çã♦ ❢♦❝❛❧✳ ❈♦♠♦ ✐❧✉str❛❞♦ ♥♦ ❡sq✉❡♠❛ ❞❛ ❋✐❣✉r❛ ✸✳✹✱ s❡ ❡ss❛ ♣♦s✐çã♦

♠✉❞❛r ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✭θ✮ t❛♠❜é♠ ♠✉❞❛rá ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ r❡s♣♦st❛ ❙P❘

❬✹✼❪✳ ❆ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ s♦❢r✐❞❛ ♣❡❧♦ ♣r✐s♠❛ ❛❢❡t❛ ❛ ❞✐stâ♥❝✐❛ ♣❡r❝♦rr✐❞❛ ♣❡❧❛ ❧✉③

❛té ❛t✐♥❣✐r ❛ ♣♦s✐çã♦ ❳✹✱ t❛♠❜é♠ ❛❢❡t❛♥❞♦ ❛ r❡s♣♦st❛ ❙P❘✳ ❆ss✉♠✐♥❞♦ q✉❡ ♦s ❢❡✐①❡s ❳✐ ❡ ❳✷

sã♦ ♣❡r❢❡✐t❛♠❡♥t❡ ❝♦❧✐♠❛❞♦s✱ ❛ ❞✐s♣❡rsã♦ ✭✈❡r ❋✐❣✉r❛ ✸✳✹✮ ♦❝♦rr❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ s❡❣✉✐♥t❡
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❋✐❣✉r❛ ✸✳✹✿ ❈❛♠✐♥❤♦ ó♣t✐❝♦ ❞❡t❛❧❤❛❞♦ ♣❡r❝♦rr✐❞♦ ♣❡❧♦s ❢❡✐①❡s ❧✉♠✐♥♦s♦s✳ ❉❡t❛❧❤❡ ✭❡♠
❛③✉❧✮ ♣❛r❛ ❛ ❞✐stâ♥❝✐❛ ♣❡r❝♦rr✐❞❛ ✭❉✮ ❞❛ ❜❛s❡ ✐♥❢❡r✐♦r ❛té ❛t✐♥❣✐r ♦ ♣♦♥t♦ ❢♦❝❛❧ ✭❳✹✮✳ ❖s
✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s r❡♣r❡s❡♥t❛❞♦s ♥❛ ✐♠❛❣❡♠ sã♦✿ ❋❂✺✱✸✻ ♠♠✱ ❉X2❴min❂✾✱✻✻ ♠♠✱
❉X2❴max❂✶✷✱✻✷ ♠♠✱ h′❂✵✱✺✲✷✱✺ ♠♠✳ P❛r❛ L✱ l✱ α ❡ θ ♦s ✈❛❧♦r❡s sã♦ ♦s ♠❡s♠♦s ❛♣r❡s❡♥t❛❞♦s
♥❛ ❋✐❣✉r❛ ✸✳✷✳

❡q✉❛çã♦ ❬✸✹❪✿

a(X2) =
λ

n
(1 + γ∆T )

√

1 +

(
D(1 + γ∆T )

X2

)2

, ✭✸✳✸✮

❡♠ q✉❡ γ r❡♣r❡s❡♥t❛ ♦ ❝♦❡✜❝✐❡♥t❡ tér♠✐❝♦ ❞❡ ❡①♣❛♥sã♦ ❞♦ ♣r✐s♠❛✱ ∆T é ❛ ✈❛r✐❛çã♦ ❞❡

t❡♠♣❡r❛t✉r❛ ❡ D é ❛ ❛❧t✉r❛ ❞♦ ♣r✐s♠❛ ❛❞✐❝✐♦♥❛❞♦ à ❛❧t✉r❛ ❞♦ ♣♦♥t♦ ❳✷ ✭h′✮ ✭❞✐stâ♥❝✐❛

♣❡r❝♦rr✐❞❛ ❞❡♥tr♦ ❞♦ ♣r✐s♠❛✮ ❡ DX2❴min ❡ DX2❴max r❡♣r❡s❡♥t❛♠ ❛s ❞✐stâ♥❝✐❛s ❞❛ ❡♥tr❛❞❛

♥♦ ♣r✐s♠❛✱ ❞♦ ♣r✐♠❡✐r♦ ❡ ❞♦ ú❧t✐♠♦ ❢❡✐①❡ ❞❡ ❧✉③✱ ❛té ♦ ♣♦♥t♦ ❳✹✳

❖ ❡❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥♦ ❝❛♠✐♥❤♦ ó♣t✐❝♦ ✐❞❡❛❧ ❞♦s ❢❡✐①❡s ❞❡ ❧✉③ ♣♦❞❡ s❡r ❝♦♠♣✉t❛❞♦

❝❛❧❝✉❧❛♥❞♦ ❛ ♣♦s✐çã♦ ❢♦❝❛❧ ❬✸✹❪

X4 = X2− D(1 + γ∆T )
√

(

n1(1+κ∆T )
λ

a(X2)

)2

− 1

, ✭✸✳✹✮

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



❈❛♣ít✉❧♦ ✸✳ Pr♦❥❡t♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ✷✸

❋✐❣✉r❛ ✸✳✺✿ ❛✮ ❘❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞❛ ❞✐s♣❡rsã♦ ❞❛ ❧✉③ ❞❡♥tr♦ ❞♦ PP❇■❖✳ ❚r❛ç❛❞♦ ❞❡
r❛✐♦s ♦❜✐t❞♦s ❝♦♠ ♦ s♦❢t✇❛r❡ ❖❙▲❖ Pr❡♠✐✉♥ ♣❛r❛ ✈✐s✉❛❧✐③❛çã♦ ❣❡♦♠étr✐❝❛ ❞♦ ❝❛♠✐♥❤♦ ❞❛
❧✉③ ❞❡♥tr♦ ❞♦ PP❇■❖ ❡ ❣❡r❛❞♦ ❝♦♠ ♦s ♣❛râ♠❡tr♦s ó♣t✐❝♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✸✱ ♦s
q✉❛✐s ❢♦❝❛❧✐③❛♠ ❛ ❧✉③ ♥♦ ❝❡♥tr♦ ❞❛ s✉♣❡r❢í❝✐❡ s✉♣❡r✐♦r ❞♦ ♣r✐s♠❛✳ ❋♦♥t❡ ❬✷✵❪✳ ❜✮ ●rá✜❝♦ ❞❛
✈❛r✐❛çã♦ ❞❛ ❞✐s♣❡rsã♦ ❡♠ ❢✉♥çã♦ ❞❛ ♣♦s✐çã♦ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✳

❋✐❣✉r❛ ✸✳✻✿ ●rá✜❝♦s ❞❛ ✈❛r✐❛çã♦ ❞♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ♣♦s✐çã♦ ❞❡ ❡♥tr❛❞❛
♣❛r❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✳

❢❡✐①❡s ♥❛ ♦✉tr❛ s✉♣❡r❢í❝✐❡ ✐♥❝❧✐♥❛❞❛ ❞♦ ♣r✐s♠❛ ✭❳✻✮ é ❞❛❞♦ ♣♦r✿

X6 = X2− 2D(1 + γ∆T )
√

(

n1(1+κ∆T )
λ

a(X2)

)2

− 1

. ✭✸✳✺✮
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❋✐❣✉r❛ ✸✳✼✿ ❛✮ ❱❛r✐❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ❢♦❝♦ ❡♠ ❢✉♥çã♦ ❞❛ ♣♦s✐çã♦ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ❞✐❢❡✲
r❡♥t❡s t❡♠♣❡r❛t✉r❛s ❜✮ ■❧✉str❛çã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❢♦❝♦ ♥♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼ ❝♦♠
♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✭✈✐st❛ s✉♣❡r✐♦r ❞♦ ♣r✐s♠❛✮✳

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ♣r✐s♠❛ ó♣t✐❝♦ ❡①♣❛♥❞❡✴❝♦♠♣r✐♠❡ ❞♦ ❝❡♥tr♦ ♣❛r❛ ❛s ❡①tr❡♠✐❞❛❞❡s✱

❛s ♠✉❞❛♥ç❛s ♥❛ ♣♦s✐çã♦ ❳✹ ♣r♦❞✉③✐rã♦ ❢♦❝♦s ❜♦rr❛❞♦s✱ ❝♦♥❢♦r♠❡ ❋✐❣✉r❛ ✸✳✼✱ ❡♥q✉❛♥t♦ ❛s

♠✉❞❛♥ç❛s ❡♠ ❳✻ ✭❛ss✉♠✐♥❞♦ ❛ ♣❡r❢❡✐t❛ ❝♦❧✐♠❛çã♦ ❡ ♣❡r♣❡♥❞✐❝✉❧❛r✐❞❛❞❡ ❞♦s ❢❡✐①❡s ❞❡ s❛í❞❛

❳✻ ❡ ❛ ♣♦s✐çã♦ ❡♠ q✉❡ ❛t✐♥❣❡♠ ♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ❳✽✮ ❛❢❡t❛♠ ♦ ✈❛❧♦r ❞♦ â♥❣✉❧♦ ❞❡

r❡ss♦♥â♥❝✐❛ ♠❡❞✐❞♦ ♣❡❧♦ ❞❡t❡❝t♦r ó♣t✐❝♦ ✭✈❡r ❋✐❣✉r❛ ✸✳✻✮✳

❆s ❋✐❣✉r❛s ✸✳✺✱ ✸✳✻ ❡ ✸✳✼ ♠♦str❛♠ ❝♦♠♦ ❛ t❡♠♣❡r❛t✉r❛ ❛❢❡t❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❧✉③

♥♦ ♣r✐s♠❛ ❢♦r♥❡❝❡♥❞♦ ❞✐r❡tr✐③❡s ♣❛r❛ ♦ s❡✉ ♣r♦❥❡t♦ ❡ ♦t✐♠✐③❛çõ❡s✱ ❛ ❡①❡♠♣❧♦ ❞♦ ❛❧✐♥❤❛♠❡♥t♦

ó♣t✐❝♦ ♣r❡❝✐s♦ ❡♥tr❡ ♦ ♣r✐s♠❛ ❡ ❛s ❞❡♠❛✐s ♣❛rt❡s✳ P❛r❛ ❡ss❡s ❣rá✜❝♦s✱ ♦ ✈❛❧♦r ❞♦ ❝♦❡✜❝✐❡♥t❡
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tér♠✐❝♦ ❞❡ ❡①♣❛♥sã♦ ✉t✐❧✐③❛❞♦ ❢♦✐ ❞❡ γ = 8 × 10−5 ♠♠✴◦❈✱ ❛ t❛①❛ ❞❡ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡

❞❡ r❡❢r❛çã♦ ❢♦✐ κ = −1,3 × 10−4/◦❈ ♣❛r❛ ♦ ♣r✐s♠❛ ♠❛♥✉❢❛t✉r❛❞♦ ❝♦♠ ✉♠ ♣♦❧í♠❡r♦ ❈❖❈

✭❈②❝❧✐❝✲❖❧❡✜♥ ❈♦♣♦❧②♠❡r✮✳

P❛r❛ ❢❡✐①❡s ♣❡r❢❡✐t❛♠❡♥t❡ ❝♦❧✐♠❛❞♦s✱ ❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦ ❞♦ ❝❛♠✐♥❤♦ ó♣t✐❝♦ ❞❛ ❧✉③ ❞❡♥tr♦

❞♦ ♣r✐s♠❛ ✈❛✐ ❞❡ ✻✷◦ ❛ ✼✸◦✱ ❝❛❧❝✉❧❛❞❛s ♣❡❧❛s ❡①♣r❡ssõ❡s✿

θmin = arctan

(
DX2❴min

h′

max + h

)

, θmax = arctan

(
DX2❴max

h′

min + h

)

✭✸✳✻✮

❊ss❛ ❢❛✐①❛ ❛♥❣✉❧❛r é ✉t✐❧✐③❛❞❛ ♥❛ ❞❡✜♥✐çã♦ ❞♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ♦ ♣❛r s✉❜str❛t♦✴♠❡t❛❧✱

♦r✐❡♥t❛♥❞♦ ♦ ❛❧✐♥❤❛♠❡♥t♦ ❣❡♦♠étr✐❝♦ ❞❛ ♠♦♥t❛❣❡♠ ❞♦ s❡♥s♦r ❡ ♥❛ r❡❧❛çã♦ ♣✐①❡❧ ✈s✳ â♥❣✉❧♦✳

❙❡❧❡çã♦ ❞♦s s✉❜str❛t♦s

◆♦ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ t❛♠❜é♠ sã♦ ❧❡✈❛❞♦s ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s

❞♦s s✉❜str❛t♦s ♣❛r❛ ❝♦♥❢❡❝çã♦ ❞♦s ♣r✐s♠❛s✳ ❆ r❡❧❛çã♦ ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❙❡❧❧♠❡✐❡r ❢♦r♥❡❝❡ ❛

✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✭♣❛râ♠❡tr♦ ó♣t✐❝♦✮ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ✈✐❞r♦ ♦✉ ♣♦❧í♠❡r♦ ❡♠

❢✉♥çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ❞❛ ❢♦r♠❛ ❬✹✽❪✿

n2(λ) = 1 +

(
B1λ

2

λ2 − C1

)

+

(
B2λ

2

λ2 − C2

)

+

(
B3λ

2

λ2 − C3

)

, ✭✸✳✼✮

❡♠ q✉❡ ♦s ❝♦❡✜❝✐❡♥t❡s Bi ❡ Ci✱ ❝♦♠ ✐❂✶✱✷ ❡ ✸✱ ✈❛r✐❛♠ ❝♦♠ ♦ t✐♣♦ ❞❡ ♠❛t❡r✐❛❧✳ ❆ ❋✐❣✉r❛ ✸✳✽

❛♣r❡s❡♥t❛ ❛ r❡❧❛çã♦ ❞❡ ❙❡❧❧♠❡✐❡r ♣❛r❛ ❛❧❣✉♥s s✉❜str❛t♦s ó♣t✐❝♦s✱ t♦❞♦s ♣♦ssí✈❡✐s ❞❡ s❡r❡♠

✉t✐❧✐③❛❞♦s ♣❛r❛ ❢❛❜r✐❝❛çã♦ ❞♦ ♣r✐s♠❛✳

❖ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦s ✈✐❞r♦s✴♣♦❧í♠❡r♦s ♥ã♦ é s♦♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡

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

♣❛r❛ ❛ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛✱ ❞❡♥♦t❛❞♦ ♣♦r ❝♦❡✜❝✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ✈❛r✐❛çã♦ ❞♦

í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✭♦✉ ❛ t❛①❛ ❞❡ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ κ✮ é ❡①♣r❡ss♦ ♣♦r ❬✹✾❪✿

dn(λ,T )

dT
=

n2(λ,T0)− 1

2n(λ,T0)

(

D0 + eD1∆T + 3D2∆T 2 +
E0 + 2E1∆T

λ2 − λ2
TK

)

, ✭✸✳✽✮

s❡♥❞♦ T0 é ❛ t❡♠♣❡r❛t✉r❛ ❞❡ r❡❢❡rê♥❝✐❛ ✭t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✮✱ ∆T é ❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♠✲

♣❡r❛t✉r❛ ❡♥tr❡ T ❡ T0 ❡ ♦s ✈❛❧♦r❡s D0✱ D1✱ D2✱ E0✱ E1 ❡ λTK sã♦ ❝♦♥st❛♥t❡s q✉❡ ❞❡♣❡♥❞❡♠

❞♦ ♠❛t❡r✐❛❧✳
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❋✐❣✉r❛ ✸✳✽✿ ❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡♠ ❢✉♥çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s
✉s❛❞♦s ❝♦♠♦ s✉❜str❛t♦ ❞✐❡❧étr✐❝♦ ✭❚❖P❆❙✱ P❈✱ P▼▼❆ ❡ ❇❑✼s✮✳ nPC > nTOPAS > nBK7 >
nPMMA✳

P❛r❛ ♦ ❝❛s♦ ❞♦s ♣♦❧í♠❡r♦s✱ t❛♠❜é♠ sã♦ ❝♦♥s✐❞❡r❛❞♦s s❡✉s ♣❛râ♠❡tr♦s ♠❡❝â♥✐❝♦s t❡♥❞♦

❡♠ ✈✐st❛ q✉❡ ❡st❡s s❡rã♦ s✉❜♠❡t✐❞♦ ❛ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ q✉❡ ♣♦❞❡ ❝❛✉s❛r ❜✐rr❡❢r✐♥✲

❣ê♥❝✐❛ ✭✈❡r ❈❛♣ít✉❧♦ ✹✮ ❡ ❛❢❡t❛r s✉❛ ✉t✐❧✐③❛çã♦ ♥❛ ❡①❝✐t❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘✳

❆ ❡s❝♦❧❤❛ ❞♦ s✉❜str❛t♦ s❡ ❞❛r ♣♦r ❝♦♥✈❡♥✐ê♥❝✐❛s ❞❡ ❢❛❝✐❧✐❞❛❞❡ ❞❡ ♠❛♥✉❢❛t✉r❛✱ ❞✐s♣♦♥✐✲

❜✐❧✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ♥♦ ♠❡r❝❛❞♦ ❡ ♣r❡ç♦ ♠❛s✱ ♥❡❝❡ss❛r✐❛♠❡♥t❡✱ ♦ s✉❜str❛t♦ ❞❡✈❡ s❡r ♦ ♠❛✐s

tr❛♥s♣❛r❡♥t❡ ♣♦ssí✈❡❧ ✭tr❛♥s♠✐tâ♥❝✐❛≈✶✵✵✪✮ ♥❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡s❡❥❛❞❛✳

P❛r❛ ❝♦♥❢❡❝çã♦ ❞♦s ♣r✐s♠❛ q✉❛tr♦ ♠❛t❡r✐❛✐s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s✱ s❡♥❞♦ três ♣♦❧í♠❡r♦s ✭P❈✱

P▼▼❆ ❡ ❚❖P❆❙✮ ❡ ✉♠ ✈✐❞r♦ ✭❇❑✼✮✳

❙❡❧❡çã♦ ❞♦s ♠❡t❛✐s

❆ ❡s❝♦❧❤❛ ❞♦ ♠❛t❡r✐❛❧ ♣❛r❛ ♠❛♥✉❢❛t✉r❛ ❞♦ PP❇■❖ r❡str✐♥❣❡ ❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛

❞❛ ❢♦♥t❡ ❞❡ ❧✉③ q✉❡ ♣♦❞❡rá s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦ ❙P❘✳ ❉❡ss❛ ❢♦r♠❛✱ ❛

❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ✭❈❉❋✮ ❞♦s ♠❡t❛✐s é ✉s❛❞❛ ♥♦ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣❛r❛ ❛ ❢❛✐①❛

❞❡ ♦♣❡r❛çã♦ ❞♦ r❡s♣❡❝t✐✈♦ s✉❜str❛t♦✳

▼❛❥♦r✐t❛r✐❛♠❡♥t❡ ✉s❛❞♦s ♥❛ tr❛♥s❞✉çã♦ ❞❡ ✐♥t❡r❛çõ❡s ❜✐♦♠♦❧❡❝✉❧❛r❡s ❡♠ s♦❧✉çõ❡s ❛q✉♦✲

s❛s✱ ♦s s❡♥s♦r❡s ❙P❘ sã♦ ❞❡s❡♥✈♦❧✈✐❞♦s ❝♦♠ ♠❡t❛✐s ❞❡ ❜❛✐①❛ r❡❛t✐✈✐❞❛❞❡ ❛ ♦①✐rr❡❞✉çã♦✱ s❡♥❞♦

♦ ♦✉r♦ ♦ ♠❡t❛❧ ♠❛✐s ❡♠♣r❡❣❛❞♦✳ ◆ã♦ ♦❜st❛♥t❡✱ ✉♠❛ ✈❡③ q✉❡ ♦s ♣❧❛s♠♦♥s ♦r✐❣✐♥❛♠✲s❡ ❞❛s

♦s❝✐❧❛çõ❡s ❞♦s ❡❧étr♦♥s ❧✐✈r❡s ❞♦ ♠❛t❡r✐❛❧ ✐❧✉♠✐♥❛❞♦ ❝♦♠ ❛ ❧✉③✱ ♠❡t❛✐s ❝♦♠ ❜❛✐①❛s ♣❡r❞❛s ✲

r❡s✉❧t❛♥t❡s ❞❛ tr❛♥s✐çã♦ ❡❧❡trô♥✐❝❛ ❞♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ✲ t❛♠❜é♠ sã♦ ✉t✐❧✐③❛❞♦s✳ ❖ r❡❣✐♠❡
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❋✐❣✉r❛ ✸✳✾✿ ●rá✜❝♦ ♣❛r❛ ♦ ❋❛t♦r ◗ ❡①♣r❡ss♦ ❡♠ t❡r♠♦s r❡❧❛çã♦ ❞❛ ǫ2r(λ)
2/ǫ2i(λ)✳ Pr❛t❛✱

♦✉r♦✱ ❝♦❜r❡ ❡ ❛❧✉♠í♥✐♦ ❡①✐❜❡♠ r❡❣✐♠❡s ❞❡ ❜❛✐①❛s ♣❡r❞❛s ♥♦ ❡s♣❡❝tr♦ ❞❛ ❧✉③ ✈✐sí✈❡❧✳

❞❡ ❜❛✐①❛ ♣❡r❞❛ ♣♦❞❡ s❡r ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧❛ r❡❧❛çã♦ ❛❜❛✐①♦ ❬✺✵❪✱ ❞❡♥♦♠✐♥❛❞❛ ❞❡ ❋❛t♦r ◗✿

|ǫ2i|ǫ3
2ǫ2r(ǫ2r + ǫ3)

≪ 1. ✭✸✳✾✮

❖ ❋❛t♦r ◗ t❛♠❜é♠ ♣♦❞❡ s❡r ❡①♣r❡ss♦ ❡♠ t❡r♠♦s ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡t❛❧✱ ❛tr❛✈és

❞♦ q✉♦❝✐❡♥t❡ ǫ2r(λ)2/ǫ2i(λ)✳ ❈♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✾✱ ♥❛ r❡❣✐ã♦ ❞♦ ❡s♣❡❝tr♦ ✈✐sí✈❡❧✱

♦ ♦✉r♦✱ ❛ ♣r❛t❛✱ ♦ ❝♦❜r❡ ❡ ♦ ❛❧✉♠í♥✐♦ ♣♦ss✉❡♠ ❛❧t♦s ✈❛❧♦r❡s ♣❛r❛ ♦ ❋❛t♦r ◗✱ ❝❛r❛❝t❡ríst✐❝❛

❞♦ r❡❣✐♠❡ ❞❡ ❜❛✐①❛ ♣❡r❞❛ ❬✺✶❪✳ ◆♦t❛✲s❡ ♣❡❧♦s ❣rá✜❝♦s ❞❛ ❋✐❣✳✸✳✾ q✉❡ ♣❛r❛ λ <✺✵✵ ♥♠ ♦

❛❧✉♠í♥✐♦ ♣♦ss✉✐ ❛ ♠❡♥♦r ♣❡r❞❛ ✭♠❛✐♦r ✈❛❧♦r ❞♦ ❋❛t♦r ◗✮✳ ◆❛ r❡❣✐ã♦ ✺✵✵ ♥♠> λ <✶✵✵✵ ♥♠✱

❛ ♣r❛t❛ é ♦ ♠❡t❛❧ ❝♦♠ ♠❡♥♦r❡s ♣❡r❞❛s ❛ss♦❝✐❛❞❛s à ❛❜s♦rçã♦ ✐♥trí♥s❡❝❛ ❞♦ ♠❛t❡r✐❛❧✳

◆ã♦ ♦❜st❛♥t❡✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝♦✲❡❧étr✐❝❛s ❞♦s ♠❡t❛✐s ♥❛s ❢r❡q✉ê♥❝✐❛s ❝♦♠♣r❡❡♥❞✐✲

❞❛s ❡♥tr❡ ♦ ✉❧tr❛✈✐♦❧❡t❛ ❡ ♦ ✐♥❢r❛✈❡r♠❡❧❤♦ sã♦ ✐♠♣r❡❝✐s❛♠❡♥t❡ ❞❡s❝r✐t❛s ♣❡❧❛s ❡①♣r❡ssõ❡s

❞❛ ❆♣r♦①✐♠❛çã♦ ❞❡ ❉r✉❞❡ ✭❉✳❆✳✮✳ ■♠♣r❡❝✐sõ❡s ❞❡✈✐❞♦ à ❞✐♥â♠✐❝❛ ❞♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛✱

❡s♣❡❝✐❛❧♠❡♥t❡ ❛ ❛t❡♥✉❛çã♦ ♦r✐✉♥❞❛ ❞❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡t❛❧ ✭ǫ2i✮✱

✈❛r✐❛ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ❝♦♠ ❛ ❢r❡q✉ê♥❝✐❛ ♦✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡✱ ❡✈❡♥t✉❛❧♠❡♥t❡✱ ❡s✲

t❡s sã♦ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛s q✉❡ ♠♦❞✉❧❛♠ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❜❡♠ ❝♦♠♦ ❛s

♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ♣ró①✐♠❛s ❛ r❡ss♦♥â♥❝✐❛ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳ ❆ ❋✐❣✉r❛ ✸✳✶✵

❛♣r❡s❡♥t❛✱ ❝♦♠♦ ❡①❡♠♣❧♦ ❞❡ss❛ ✐♠♣r❡❝✐sã♦✱ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❈❉❋ ❞♦ ❛❧✉♠í♥✐♦ ♦❜t✐❞❛

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❡ ❛ ❛tr❛✈és ❞❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ❉r✉❞❡✳

❚❡♥t❛t✐✈❛s ❞❡ ❢♦r♠✉❧❛r ❡①♣r❡ssõ❡s ♠❛✐s ❛♣r♦①✐♠❛❞❛s ♣❛r❛ ❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝♦✲❡❧étr✐❝❛s
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❋✐❣✉r❛ ✸✳✶✵✿ ❉❡♣❡♥❞ê♥❝✐❛ ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡t❛❧ ♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳
❖❜s❡r✈❛✲s❡ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ❈❉❋ ❞♦ ❆❧✉♠í♥✐♦ ♦❜t✐❞❛ ♣♦r ✐♥t❡r♠é❞✐♦ ❞❛ ❉✳❆✳ ✭❧✐♥❤❛s tr❛✲
❝❡❥❛❞❛s✮ ❡ ❞❛ ❈❉❋ ❞❡t❡r♠✐♥❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ✭❧✐♥❤❛s só❧✐❞❛s✮✳

❞♦s ♠❡t❛✐s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ♥❛ ❧✐t❡r❛t✉r❛ ❛ ❡①❡♠♣❧♦ ❞❡st❛s ❝✐t❛çõ❡s ❬✺✷✱ ✺✸❪✳ ❆s ✐♠✲

♣r❡❝✐sõ❡s ❞❛ ❈❉❋ sã♦ ❝♦♠♣❡♥s❛❞❛s ♥❡ss❡ tr❛❜❛❧❤♦ ♣♦r ♠❡✐♦ ❞❛ ❆♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧ ✭❆❋✮

❡♠ ✉♠ s✐st❡♠❛ ♠✉❧t✐❝❛♠❛❞❛s✱ ❝♦♥❢♦r♠❡ ❞❡s❝r✐t♦ ♥❛s ❡qs✳ ✭✷✳✶✼✮ ❛ ✭✷✳✷✵✮✱ ❞❡ ♠♦❞♦ q✉❡

❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ é ❛♥❛❧✐s❛❞❛ ♣❛r❛ ❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡t❛❧ ❛tr❛✈és ❞❡ ❞❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s✳

❆ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❛❢❡t❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ❙Ps ♥♦ ♠❡t❛❧✱ ✉♠❛ ✈❡③ q✉❡

♣r♦✈♦❝❛ ✉♠❛ ♠✉❞❛♥ç❛ ♥❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛✳ ❈♦♠ r❡❧❛çã♦ ❛ ❢r❡q✉ê♥❝✐❛ ❞♦s ♣❧❛s♠♦♥s✱ ωp✱

s❡✉ ❝♦♠♣♦rt❛♠❡♥t♦ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ♣♦r ❬✺✹❪✿

ωp(T ) = ωp(T0)[1 + 3γ(T − T0)]
−1/2 ✭✸✳✶✵✮

❡♠ q✉❡ γ r❡♣r❡s❡♥t❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❧✐♥❡❛r ❞❡ ❡①♣❛♥sã♦ tér♠✐❝❛✳ ❈♦♠ r❡❧❛çã♦ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡

❝♦❧✐sã♦ ❞♦s ♣❧❛s♠♦♥s✱ ωc✱ ❡st❛ é ❝♦♠♣♦st❛ ♣❡❧❛s ✐♥t❡r❛çõ❡s ❡❧étr♦♥✲❡❧étr♦♥ ✭ωce✮ ❡ ❡❧étr♦♥✲

❢ót♦♥ ✭ωcf ✮✱ ❛♠❜❛s ❞❡♣❡♥❞❡♥t❡s ❞❛ t❡♠♣❡r❛t✉r❛ ❡ ❞❡ ♠♦❞♦ q✉❡ ωc = ωce + ωcf ✳ ❖ ♠♦❞❡❧♦

❞❡ ▲❛✇r❡♥❝❡ ❬✺✹✱ ✺✺❪ ♣r❡✈ê ❛ ❞❡♣❡♥❞ê♥❝✐❛ à t❡♠♣❡r❛t✉r❛ ❞❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❡❧étr♦♥✱ ❡ é

❞❛❞♦ ♣♦r✿

ωce(T ) =
π3Γ∆

12~Ef

[

(kBT )
2 +

( ω

2π

)2
]

✭✸✳✶✶✮

❝♦♠ Γ r❡♣r❡s❡♥t❛♥❞♦ ❛ ❝♦♥st❛♥t❡ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ♣❛r❛ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s s♦❜r❡

❛ s✉♣❡r❢í❝✐❡ ❞❡ ❋❡r♠✐✱ ∆ é ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❢r❛❝✐♦♥❛❞♦✱ ~ é ❛ ❝♦♥st❛♥t❡ ❞❡ ❋❡r♠✐✱ EF é ❛
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❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐✱ kB é ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♠ ❡ ω é ❛ ❢r❡q✉ê♥❝✐❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳

❆ ❞❡♣❡♥❞ê♥❝✐❛ à t❡♠♣❡r❛t✉r❛ ❞❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲❢ót♦♥ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣❡❧♦ ♠♦❞❡❧♦

❞❡ ❍♦❧st❡✐♥ ❬✺✹✱ ✺✺❪ ❞❛ ❢♦r♠❛✿

ωcp(T ) = ω0

[

2

5
+

eT 5

θD

∫ θD/T

0

z4

ez − 1
dz

]

✭✸✳✶✷✮

❡♠ q✉❡ ωp é ✉♠❛ ❝♦♥t❛♥t❡ ❡ θD é ❛ t❡♠♣❡r❛t✉r❛ ❉❡❜②❡✳ ❖ ❛♣r♦❢✉♥❞❛♠❡♥t♦ ❞❡ss❡ tó♣✐❝♦ ♣♦❞❡

s❡r r❡❛❧✐③❛❞♦ ❝♦♠ ❛ ❧❡✐t✉r❛ ❞❡ ❬✺✹✕✺✼❪✳ ❆❧é♠ ❞♦s ✈❛❧♦r❡s ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛✱ ❞❡t❛❧❤❡s ❝♦♠♦

❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱ ❡s♣❡ss✉r❛ ❬✺✽✱ ✺✾❪ ❡ r✉❣♦ss✐❞❛❞❡ ❬✻✵❪ ❛❢❡t❛♠ ❞✐r❡t❛♠❡♥t❡

❛ q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ❙P❘✳

✸✳✷ ❘❡s♣♦st❛ ❙P❘

❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ❝♦♠ ❡str✉t✉r❛ ♠✉❧t✐❝❛♠❛❞❛s é r❡❛❧✐③❛❞❛ ♣r✐♠❡✐r❛♠❡♥t❡

♣❛r❛ ♦ ♠♦❞♦ ❲■▼ ❞❡✈✐❞♦ ❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s

❞♦s ♠❛t❡r✐❛✐s✳ ❆ ❛♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧ ♣❛r❛ ♦ ♠♦❞♦ ❡s♣❡❝tr❛❧ é r❡❛❧✐③❛❞❛ ❡ ❛s ❢r❡q✉ê♥❝✐❛s

♣❧❛s♠ô♥✐❝❛s✱ ✐✳❡✳ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛s ❞❡ r❡ss♦♥â♥❝✐❛ ✭λres ♦✉ λR✮✱ sã♦ ❝❛❧❝✉❧❛❞❛s✳

❈♦♠ ♦s ✈❛❧♦r❡s ❞❡ λR ❡♥❝♦♥tr❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❲■▼✱ ♣r♦❝❡❞❡✲s❡ ❝♦♠ ❛ ❆❋ ♥♦ ♠♦❞♦

❛♥❣✉❧❛r✳ P❛r❛ ♦s ♣❛r❡s s✉❜str❛t♦✴♠❡t❛❧ ❝❛❧❝✉❧❛✲s❡ ♦ â♥❣✉❧♦ ♣❧❛s♠ô♥✐❝♦✱ ✐✳❡✳ ♦ â♥❣✉❧♦ ❞❡

r❡ss♦♥â♥❝✐❛ ✭θres ♦✉ θR✮✱ ♦ q✉❛❧ ❡s♣❡r❛✲s❡ q✉❡ s❡❥❛ ✐❣✉❛❧ ❛♦ â♥❣✉❧♦ ❡♠ q✉❡ s❡ ♦❜t❡✈❡ ♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✉t✐❧✐③❛❞♦✳ ❊♠ ❛♠❜❛s ❛s s✐t✉❛çõ❡s ❛ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛

❬✻✶❪ é ✉t✐❧✐③❛❞❛ ❝♦♠♦ ❛ s✉❜stâ♥❝✐❛ ❡♠ ❛♥á❧✐s❡✳

❆♣ós ❛s ❛♥á❧✐s❡s q✉❛♥❞♦ ❛♣❡♥❛s á❣✉❛ é ♦ ❛♥❛❧✐t♦ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✱

♣❛r❛ ✉♠ ú♥✐❝♦ ♣❛r λ − θ ❞♦ ❛rr❛♥❥♦ s✉❜str❛t♦✴♠❡t❛❧✱ s✐♠✉❧❛✲s❡ ❛ s✐t✉❛çã♦ ❞❡ ♠✉❞❛♥ç❛ ❞♦

❛♥❛❧✐t♦✳ P❛r❛ t❛♥t♦✱ ✉t✐❧✐③❛✲s❡ ✈❛r✐❛çõ❡s ♥♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ❛♥❛❧✐t♦ ✭n3✮ q✉❡ ♥❛ ♣rát✐❝❛

s✐♠✉❧❛♠ ❛ ❛❞❡sã♦ ❞❡ ♠♦❧é❝✉❧❛s ♥❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ ♦✉ ✉♠❛ ♠✉❞❛♥ç❛ ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞❛

s✉❜stâ♥❝✐❛ ❡♠ ❛♥á❧✐s❡✱ ♦✉ ♠❡s♠♦ ✉♠❛ ✐♥t❡r❛çã♦ ❞❡ ✉♠ ❛♥tí❣❡♥♦ ❛ ✉♠ ❛♥t✐❝♦r♣♦ ✐♠♦❜✐❧✐✲

③❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✳ ❚❛✐s ✈❛r✐❛çõ❡s ✜❝❛♠ ❡♥tr❡ ✶✱✸✸≤ n3 ≤✶✱✸✾✱ ❝♦♠ ✐♥❝r❡♠❡♥t♦s ❞❡

✺×10−3 ❘■❯ ✭❘❡❢r❛❝t✐✈❡ ■♥❞❡① ❯♥✐t✮ ❡ ❡s♣❡ss✉r❛ d3❂✸✵✵ ♥♠✱ ♣❛r❛ ♦s ❞♦✐s ♠♦❞♦s ❞❡ ✐♥t❡rr♦✲

❣❛çã♦✳ ❊st❛ ✈❛r✐❛çã♦ é s✉✜❝✐❡♥t❡ ♣❛r❛ ❛ ♠❛✐♦r✐❛ ❞❛s ❛♣❧✐❝❛çõ❡s ❙P❘ ❧✐st❛❞❛s ♥❛ ■♥tr♦❞✉çã♦

❞♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✳
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❛✮ ▼✉❧t✐❝❛♠❛❞❛ ❢♦r♠❛❞❛ ♣♦r✿ ❇❑✼✴❆❧✉♠í♥✐♦✴❍2❖

❜✮ ▼✉❧t✐❝❛♠❛❞❛ ❢♦r♠❛❞❛ ♣♦r✿ ❇❑✼✴❈♦❜r❡✴❍2❖

❋✐❣✉r❛ ✸✳✶✶✿ ❈✉r✈❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ ❞❡ â♥❣✉❧♦✳
■♥t❡r❢❛❝❡s ❛✮ ❆❧✴á❣✉❛ ❡ ❜✮ ❈✉✴á❣✉❛✳ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ♣❛r❛ â♥❣✉❧♦s ♠❛✐♦r❡s q✉❡ ✻✵◦✳
❱✐st❛s✿ ❘❡✢❡t✐✈✐❞❛❞❡ ① λ ✭❡sq✉❡r❞❛✮✱ ❘❡✢❡t✐✈✐❞❛❞❡ ① λ ① ➶♥❣✉❧♦ ✭❞✐r❡✐t❛✮ ❡ ➶♥❣✉❧♦ ① λ
✭s✉❜❣rá✜❝♦✮

P❛r❛ ❞❡✜♥✐çã♦ ❞♦s â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛✱ ✈❡r✐✜❝♦✉✲s❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ♣❛r❛ ✉♠

s✉❜str❛t♦ ❞❡ ✈✐❞r♦ ❡ ❛s ✐♥t❡r❢❛❝❡s ❡♥tr❡ ♦s ♠❡t❛✐s ✭❆✉✱ ❆❣✱ ❈✉ ❡ ❆❧✮ ❡ ❛ á❣✉❛✳ ◆♦t❛✲s❡

♣❡❧♦s ❣rá✜❝♦s ❞❛s ❋✐❣✉r❛s ✸✳✶✶ ❡ ✸✳✶✷ q✉❡ ♣❛r❛ ✉♠❛ s♦❧✉çã♦ ❛q✉♦s❛ ❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps

♦❝♦rr❡ ❛♣❡♥❛s ♣❛r❛ â♥❣✉❧♦s ❃✻✵◦✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ❛♥á❧✐s❡ ❞❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ♦s ♣❛r❡s

s✉❜str❛t♦✴♠❡t❛❧ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❛r❛ ♦s s❡❣✉✐♥t❡s â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛✿ ✺✽◦✱ ✻✸◦✱ ✻✽◦✱ ✼✶◦

❡ ✼✺◦✳ ❖s â♥❣✉❧♦s ✻✸◦✱ ✻✽◦ ❡ ✼✶◦ ❡♥q✉❛❞r❛♠✲s❡ ♥❛ ❢❛✐①❛ ❛♥❣✉❧❛r ❞❛ ❣❡♦♠❡tr✐❛ ❞♦ PP❇■❖✱

❝♦♥❢♦r♠❡ ❡q✳ ✭✸✳✻✮ ❡ sã♦ s✉✜❝✐❡♥t❡s ♣❛r❛ ❛✈❡r✐❣✉❛r ❛ r❡s♣♦st❛ ❞♦ PP❇■❖✳ ❖s â♥❣✉❧♦s ✺✽◦ ❡

✼✺◦ ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ♣❛r❛ ❝♦♠♣❧❡t❛r ❛ ❛♥á❧✐s❡✱ s❡♥❞♦ ✉♠ â♥❣✉❧♦ q✉❡ ❡stá ❢♦r❛ ❞❛ ❡①❝✐t❛çã♦

❞♦s ❙P ❡ ♦✉tr♦ ♣♦r ❡st❛r ❛❝✐♠❛ ❞❛ ❢❛✐①❛ ❣❡♦♠étr✐❝❛ ❞♦ ♣r✐s♠❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳
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❛✮ ▼✉❧t✐❝❛♠❛❞❛ ❢♦r♠❛❞❛ ♣♦r✿ ❇❑✼✴❖✉r♦✴❍2❖

❜✮ ▼✉❧t✐❝❛♠❛❞❛ ❢♦r♠❛❞❛ ♣♦r✿ ❇❑✼✴Pr❛t❛✴❍2❖

❋✐❣✉r❛ ✸✳✶✷✿ ❈✉r✈❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ ❞❡ â♥❣✉❧♦✳
■♥t❡r❢❛❝❡s ❛✮ ❆✉✴á❣✉❛ ❡ ❜✮ ❆❣✴á❣✉❛✳ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ♣❛r❛ â♥❣✉❧♦s ♠❛✐♦r❡s q✉❡ ✻✵◦✳
❱✐st❛s✿ ❘❡✢❡t✐✈✐❞❛❞❡ ① λ ✭❡sq✉❡r❞❛✮✱ ❘❡✢❡t✐✈✐❞❛❞❡ ① λ ① ➶♥❣✉❧♦ ✭❞✐r❡✐t❛✮ ❡ ➶♥❣✉❧♦ ① λ
✭s✉❜❣rá✜❝♦✮

P❛r❛ ❝❛❞❛ ♣❛r s✉❜str❛t♦✴♠❡t❛❧ ❡s❝♦❧❤✐❞♦ ♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❡ ✈❛r✐❛çã♦ ❞♦ ❛♥❛❧✐t♦✱ ❝❛❧❝✉❧❛✲

s❡ ❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❡s♣❡ss✉r❛ ♦ ♠❡t❛❧ ♥❛ r❡s♣♦st❛ ❙P❘✳ ❆

r❡❧❛çã♦ ❡♥tr❡ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✸✳ P❛r❛

✉♠ ❝♦♠♣r♦♠❡t✐♠❡♥t♦ ❡♥tr❡ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❣❡♦♠étr✐❝❛ ❡ ❢❛✐①❛ ❞❡ ✈❛r✐❛çã♦ ❞❡ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ❞❡t❡❝tá✈❡❧ ✭✐✳❡✳ ❛ ❢❛✐①❛ ❞❡ r❡s♣♦st❛ ❞✐♥â♠✐❝❛ ❞♦ s❡♥s♦r ❙P❘✮✱ ♦ â♥❣✉❧♦ ❞❡ ✻✽◦ ❢♦✐

❡s❝♦❧❤✐❞♦ ♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘✱ ✈❡r s❡çã♦ P♦♥t♦ ❞❡ ❖♣❡r❛çã♦✳

P❛r❛ ♦s ♠❡t❛✐s ❆✉✱ ❆❣✱ ❈✉ ❡ ❆❧ ❝❛❧❝✉❧❛✲s❡ ❛ ❞❡t❡❝t✐✈✐❞❛❞❡✱ ✈❡r✐✜❝❛✲s❡ ❛ ✐♥✢✉ê♥❝✐❛ ❞❡st❡s

♥❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❙P❘ ❡ ✐♥✈❡st✐❣❛✲s❡ ❛ q✉❛❧✐❞❛❞❡ ❞♦s ❞❡t❡❝t♦r❡s ó♣t✐❝♦s ♥❡❝❡ssár✐♦s ♣❛r❛

❝❛❞❛ ❛rr❛♥❥♦✱ ✈❡r s❡çã♦ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❡ ❉❡t❡❝t✐✈✐❞❛❞❡✳
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❋✐❣✉r❛ ✸✳✶✸✿ ❙❡♥s✐❜✐❧✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❡♠ ❢✉♥çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳ ❙✉❜❣rá✜❝♦ ♣❛r❛ ❛
s❡♥s✐❜✐❧✐❞❛❞❡ ❡s♣❡❝tr❛❧ ❡♠ ❢✉♥çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♣❛r❛ ♦s ❞✐✈❡rs♦s â♥❣✉❧♦s✳ ❖s ✈❛❧♦r❡s
❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ♦ ♣❛r ❇❑✼✴❆❣✳

P♦♥t♦ ❞❡ ♦♣❡r❛çã♦

❚♦❞♦s ♦s ❝♦♥❞✐❝✐♦♥❛♥t❡s q✉❡ ❢♦r♥❡❝❡♠ ♦ ♣❛r λ − θ ❡♠ q✉❡ ♦❝♦rr❡ ❛ ❙P❘ é ❞❡♥♦♠✐♥❛❞♦

❞❡ P♦♥t♦ ❞❡ ❖♣❡r❛çã♦ ✭❖P✮ ❬✻✷❪✳ ❖ ❞❡s✐❣♥ ❞♦ ♣r✐s♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✷ ♣r❡✈ê

q✉❡ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦ q✉❡ ❛t✐♥❣❡ ❛ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧ s❡❥❛ ❞❡ ✻✽◦✳

◆❡st❡ ❝❛s♦✱ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡ ❡♠ ✻✼✼±✺ ♥♠ q✉❛♥❞♦ ❛♣❡♥❛s á❣✉❛ ❞❡✐♦♥✐③❛❞❛

❡ ❞❡s❣❛s❡✐✜❝❛❞❛ ✢✉✐ s♦❜r❡ ❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱ ♣r♦♣♦r❝✐♦♥❛♥❞♦ ❛ss✐♠✱ n3 =✶✱✸✸✶ ❘■❯ ❛

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

❚❖P❆❙ é ❡♠♣r❡❣❛❞♦ ❝♦♠♦ s✉❜str❛t♦ ó♣t✐❝♦ ❡ ❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ é ✉♠❛ ♣❡❧í❝✉❧❛ ✜♥❛ ❞❡

♦✉r♦ ❝♦♠ ✺✵ ♥♠ ❞❡ ❡s♣❡ss✉r❛✳ ❖ ❖P ♣❛r❛ ♦s ❞❡♠❛✐s ♣❛r❡s s❡rã♦ ♦❜t✐❞♦s ❛tr❛✈és ❞❛ ❆❋✳

❙❡♥s✐❜✐❧✐❞❛❞❡ ❡ ❉❡t❡❝t✐✈✐❞❛❞❡

❆ s❡♥s✐❜✐❧✐❞❛❞❡ ✭♦✉ r❡s♣♦♥s✐✈✐❞❛❞❡✮ ❡ ❛ ❞❡t❡❝t✐✈✐❞❛❞❡ sã♦ ✜❣✉r❛s ❞❡ ♠ér✐t♦ ✐♠♣♦rt❛♥t❡s ♣❛r❛

q✉❛❧q✉❡r ❞✐s♣♦s✐t✐✈♦ ❞❡ ❞❡t❡❝çã♦ ❡ sã♦ ✉t✐❧✐③❛❞❛s ♣❛r❛ ✈❡r✐✜❝❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛ ♠✉❧t✐❝❛♠❛❞❛

♣❛r❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❖P✳ ❊♠ s❡♥s♦r❡s ❜❛s❡❛❞♦s ♥❛ ❙P❘ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ t❛♠❜é♠ ❞❡♣❡♥❞❡

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

❡①♣r❡ss❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❙P❘ ❞❡t❡❝t❛r ✈❛r✐❛çõ❡s ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✭♦✉ ❞❡♥s✐❞❛❞❡
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❞❡ ♠❛ss❛✮ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ♠❡t❛❧✳ ❉❡ss❛ ❢♦r♠❛✱ t❡♠✲s❡✿

• ❆ s❡♥s✐❜✐❧✐❞❛❞❡ ♥♦ ♠♦❞♦ ❆■▼ ✭Sθ✮✿ é ❛ r❛③ã♦ ❡♥tr❡ ❛ ✈❛r✐❛çã♦ ❞♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛

∆θR ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ❛♥❛❧✐t♦ ∆n3✱ ❞❛ ❢♦r♠❛✿ Sθ = ∆θR/∆n3✳

❙❡ ❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡t❛❧ é s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥❛✱ ✉♠❛

❡①♣r❡ssã♦ ❛♥❛❧ít✐❝❛ ♣❛r❛ Sθ ♣♦❞❡ s❡r ❞❡r✐✈❛❞❛ ❛ ♣❛rt✐r ❞❡ ✭✷✳✶✽✮✿

Sθ =
ǫ2r

√−ǫ2r

(ǫ2r + n2
3)
√

ǫ2r(n2
3 − n2

1)− n2
3n

2
1

✭✸✳✶✸✮

Sθ é t✐♣✐❝❛♠❡♥t❡ ✉♠❛ ❢✉♥çã♦ ♥ã♦ ❧✐♥❡❛r s♦❜r❡ t♦❞❛s ❛s ✈❛r✐á✈❡✐s✳ ❊ss❛ ❡①♣r❡ssã♦ é

s✉✜❝✐❡♥t❡♠❡♥t❡ ♣r❡❝✐s❛ ♣❛r❛ ♦s ♠❡t❛✐s ♥♦❜r❡s ❆✉✱ ❆❣ ❡ ❈✉✱ ❡♥tr❡t❛♥t♦✱ ♦ ♥❡❣❧✐❣❡♥❝✐✲

❛♠❡♥t♦ ❞❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ é ✐♥❛♣r♦♣r✐❛❞♦ ♣❛r❛ ❛ ♠❛✐♦r✐❛ ❞♦s

♦✉tr♦s ♠❡t❛✐s ❡ ❛ ❛♣r♦①✐♠❛çã♦ ✭✸✳✶✸✮ ♥ã♦ é ❛♣❧✐❝á✈❡❧✳

• ❆ s❡♥s✐❜✐❧✐❞❛❞❡ ♥♦ ♠♦❞♦ ❲■▼ ✭Sλ✮✿ é ❛ r❛③ã♦ ❡♥tr❡ ❛ ✈❛r✐❛çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛ ∆λR ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ❛♥❛❧✐t♦ ∆n3✱ ❞❛

❢♦r♠❛✿ Sλ = ∆λR/∆n3✳

❈♦♠♦ ♥♦ ♠♦❞♦ ❲■▼ ❤á ❛ ✈❛r✐❛çã♦ ❞❡ λ ❡ q✉❡ ♦s ♣❛râ♠❡tr♦s ó♣t✐❝♦s ❞❡♣❡♥❞❡♠

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

r❡ss♦♥â♥❝✐❛ ✭Sλ = (∆λ/∆n3(λ))|λ=λR
✮ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ♠❡t❛❧

❡ ❞♦ s✉❜str❛t♦ ♥❛ r❡s♣♦st❛ ❙P❘✿

∆λ

∆n3

=
∆n3

∆ǫ2

∆ǫ2
∆λ

+
∆n3

∆ǫ1

∆ǫ1
∆λ

✭✸✳✶✹✮

❈♦♠ r❡❧❛çã♦ ❛ ❞❡t❡❝t✐✈✐❞❛❞❡✱ ❡st❛ ♣❡r♠✐t❡ q✉❛♥t✐✜❝❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ❞♦ ✐♥str✉✲

♠❡♥t♦ ❞❡ ♠❡❞✐çã♦ ❙P❘✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ♠♦❞♦ ❞❡ ♦♣❡r❛çã♦✳ ❊ss❡ ♣❛râ♠❡tr♦ q✉❛♥t✐✜❝❛ ❛

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

❞❡t❡❝t♦r❡s ó♣t✐❝♦✲❡❧étr✐❝♦ ✭〈υθ〉 ❡✴♦✉ 〈υλ〉✮ ✉s❛❞♦s ♥♦ ✭❜✐♦✮s❡♥s♦r ❙P❘✳ ➱ ♠❛t❡♠❛t✐❝❛♠❡♥t❡

❡①♣r❡ss❛ ♣❛r❛ ♦ ♠♦❞♦ ❲■▼ ❡ ❆■▼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣♦r✿

Dθ = Sθ/ 〈υθ〉 , Dλ = Sλ/ 〈υλ〉 ✭✸✳✶✺✮
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❡♠ q✉❡ 〈υλ〉 é ❛ r❡s♦❧✉çã♦ ❛ss♦❝✐❛❞♦ ❛♦ ❞❡t❡❝t♦r ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❲■▼ ✭❡s♣❡❝trô♠❡tr♦✮ ❡

〈υθ〉 ❛♦ ❞❡t❡❝t♦r ❞♦ ♠♦❞♦ ❆■▼ ✭❝â♠❡r❛ ❈❈❉ ♦✉ ❈▼❖❙✮✳

❈r✐tér✐♦s ❞❡ ❝❧❛ss✐✜❝❛çã♦

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

s❡♥s♦r❡s ❙P❘✱ ❛ ❆❋ é r❡❛❧✐③❛❞❛ ♣❛r❛ t❡♠♣❡r❛t✉r❛ ✜①❛✳ ❆ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❛ q✉❛❧ ❛ ❈❉❋

❞♦s ♠❡t❛✐s ❡ ❛ ❉✐s♣❡rsã♦ ❞♦s s✉❜str❛t♦s ✭só❧✐❞♦s ❡ ❧íq✉✐❞♦s✮ ❢♦r❛♠ ♦❜t✐❞❛s é ❞❡ 22± 2◦❈✳

❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❡r♠✐t❡♠ ❡st❛❜❡❧❡❝❡r ❛ ❢♦♥t❡ ❞❡ ❧✉③✱ ♦ t✐♣♦ ❞♦ ❞❡t❡❝t♦r ó♣t✐❝♦ ❡

❛ q✉❛❧✐❞❛❞❡ ❞♦s ❛❧❣♦r✐t♠♦s✱ ♣❛r❛ ❛ss✐♠✱ ❝❧❛ss✐✜❝❛r ❛ ❡①❝✐t❛çã♦ ❞♦s ❙P ♣❛r❛ ❝❛❞❛ ♠❡t❛❧✳ ❆

✐♥t❡r♣r❡t❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘ ♣♦ss✐❜✐❧✐t❛ t❛❧ ❝❧❛ss✐✜❝❛çã♦✳ ❙✐t✉❛çõ❡s ❡♠ q✉❡ ❛ ❝♦♥❞✐çã♦ ❞❡

r❡ss♦♥â♥❝✐❛✱ ✈✐s✉❛❧♠❡♥t❡ ❡①♣r❡ss❛ ♣❡❧❛ ❝✉r✈❛ ❙P❘✱ ♦❝♦rr❡ ❡♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❡♥tr❡

✸✸✵ ♥♠ ❛té ✽✽✵ ♥♠✱ ♣❛r❛ â♥❣✉❧♦s ♠❡♥♦r❡s q✉❡ ✼✶◦✱ ❝♦♠ ❜♦❛ ♣r♦❢✉♥❞✐❞❛❞❡ ✭r≃✵✮ ❡ ❧❛r❣✉r❛

♣❡q✉❡♥❛ ✭FWHM(θ) ≤ 8 ± 2◦ ♦✉ FWHM(λ) ≤ 120 ± 30 ♥♠✮ ❝❛r❛❝t❡r✐③❛♠ ✉♠❛ ❜♦❛

r❡s♣♦st❛ ❙P❘✳ ▼✉❧t✐❝❛♠❛❞❛ ❝✉❥❛ r❡s♣♦st❛ ♣♦ss✉❛ ❛♣❡♥❛s ❜♦♥s r❡s✉❧t❛❞♦s ♣❛r❛ λR ♦✉ θR✱

t❡♥❞♦ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❡ ❧❛r❣✉r❛ r❡s✉❧t❛❞♦s r✉✐♥s✱ ♥♦r♠❛❧♠❡♥t❡ ❛♣r❡s❡♥t❛♠ ❜❛✐①❛ s❡♥s✐❜✐❧✐✲

❞❛❞❡✳ ❉❡ss❡ ♠♦❞♦✱ ❡①✐❣❡ q✉❡ ♦s ❛❧❣♦r✐t♠♦s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ❡①tr❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡

✐♥t❡r❡ss❡ s❡❥❛♠ ❝❛♣❛③❡s ❞❡ ❝♦♠♣❡♥s❛r ❛ ❜❛✐①❛ ✈❛r✐❛çã♦ ❞❡ λR ❡✴♦✉ θR ❡♠ ❢✉♥çã♦ ❞❛ ✈❛r✐❛çã♦

❞❡ n3✳

P❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡♥❞♦ ❡♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❛❜❛✐①♦ ❞❡ ✸✸✵ ♥♠

♦✉ ❛❝✐♠❛ ❞❡ ✽✽✵ ♥♠ ❢❛③✲s❡ ♥❡❝❡ssár✐♦ ❢♦♥t❡ ❞❡ ❧✉③ ❢♦r❛ ❞♦ ❡s♣❡❝tr♦ ✈✐sí✈❡❧ ♣❛r❛ ❡①❝✐t❛çã♦

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

â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✱ ♣r♦❢✉♥❞✐❞❛❞❡ ❡ ❧❛r❣✉r❛ ♣♦ss✉❛♠ ♦s ✈❛❧♦r❡s ❞❡s❡❥❛❞♦s✱ ❝❧❛ss✐✜❝❛♠✲s❡ t❛✐s

♠✉❧t✐❝❛♠❛❞❛s ❝♦♠♦ ❞❡ ♠♦❞❡r❛❞❛ r❡s♣♦st❛ ❙P❘ ❞❡✈✐❞♦ ❛♦ t✐♣♦ ❞❡ ❢♦♥t❡ ❧✉③ ❡ ❞❡ ❞❡t❡❝t♦r

ó♣t✐❝♦ ♥❡❝❡ssár✐♦✳ ❆s ♠❡s♠❛ ❝❧❛ss✐✜❝❛çã♦ é ❞❛❞❛ ♣❛r❛ ❛ ♠✉❧t✐❝❛♠❛❞❛ ❡♠ q✉❡ ❛ ❝♦♥❞✐çã♦

❞❡ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡ ♣❛r❛ â♥❣✉❧♦s ♠❛✐♦r❡s q✉❡ ✼✶◦✱ ♣♦✐s ❞✐✜❝✉❧t❛♠ ♦ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦s

❡❧❡♠❡♥t♦s q✉❡ ❝♦♠♣õ❡♠ ❛ ✐♥str✉♠❡♥t❛çã♦ ó♣t✐❝❛✳ P❛r❛ ♠✉❧t✐❝❛♠❛❞❛s ❝✉❥❛ ❝♦♥❞✐çã♦ ❞❡

r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡ ❡♠ ♣♦s✐çõ❡s ❞❡ λ ❡ θ ❞❡ ❞✐❢í❝✐❧ ✐♥str✉♠❡♥t❛çã♦ ❡ ❛✐♥❞❛ ♣♦ss✉❡♠ ❜❛✐①❛

q✉❛❧✐❞❛❞❡ ♥♦s ❞❡♠❛✐s ♣❛râ♠❡tr♦s✱ ❡st❛s ❝❛r❛❝t❡r✐③❛♠✲s❡ ♣♦r ✉♠❛ r❡s♣♦st❛ ❙P❘ r✉✐♠✳ ❱❛❧❡

s❛❧✐❡♥t❛r q✉❡ ♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼ sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s✱ ♣♦❞❡♥❞♦ ✉♠❛ ♠✉❧t✐❝❛♠❛❞❛ t❡r ❜♦♠

r❡s✉❧t❛❞♦ ❡♠ ✉♠ ♠♦❞♦ ❡ ✉♠ r❡s✉❧t❛❞♦ r✉✐♠ ♦✉ ♠♦❞❡r❛❞♦ ♥♦ ♦✉tr♦✳
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❆ s❡❣✉✐r✱ é ❛♣r❡s❡♥t❛❞♦ ♦ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣❛r❛ ❛s ✐♥t❡r❢❛❝❡s s✉❜tr❛t♦✴♠❡t❛❧✴❛♥❛✲

❧✐t♦✱❛♠♦str❛ ✐♥✈❡st✐❣❛❞❛s✳ ❖ s♦❢t✇❛r❡ ▼❛t❧❛❜ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛s r❡s♣♦st❛s

❙P❘✳

✸✳✷✳✶ ❋✐❧♠❡s ✜♥♦s ❞❡ ❆❧✉♠í♥✐♦

❆ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ǫ2(λ) = ǫ2r(λ) + jǫ2i(λ) ❞♦ ♠❡t❛❧ ❢r❛❝❛♠❡♥t❡ ♣❛r❛♠❛❣♥ét✐❝♦

❡stá ✐❧✉str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✹✳ ❖s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞❛s ❞❡ ❬✻✸✕✻✺❪✳ ❆ ❛♣r♦①✐✲

♠❛çã♦ ❞❡ ❉r✉❞❡✱ ❡q✳ ✭✸✳✾✮✱ ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ♦s ✈❛❧♦r❡s λp❂✶✱✵✻✺✼×✶✵−7♠ ❡ λc❂✷✱✹✺✶✶×✶✵−5♠

❬✸✵❪✱ t❛♠❜é♠ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛✳ ❆ ❈❉❋ ♣♦❞❡ s❡r ♣❛r❝✐❛❧♠❡♥t❡ ❛♣r♦①✐♠❛❞❛ ♣❡❧♦ ♠♦✲

❞❡❧♦ ❞❡ ❉r✉❞❡✳ ❖ ✈❛❧♦r ❞❡ ǫ2(λ) ❞❡❝r❡s❝❡ ❞❡ ❢♦r♠❛ ❝♦♥st❛♥t❡ ❛té ♣ró①✐♠♦ ❞❡ λ =✽✵✵ ♥♠✱

r❡❣✐ã♦ ♥❛ q✉❛❧ ǫ2R(λ) ❡ ǫ2I(λ) r❡✈❡❧❛♠ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ♣r♦❡♠✐♥❡♥t❡✳ ❚❛❧ ❝❛r❛❝t❡ríst✐❝❛ é

♦r✐❣✐♥❛❞❛ ❞❡✈✐❞♦ ❛ tr❛♥s✐çã♦ ✐♥t❡r✲❜❛♥❞❛✱ ❛ q✉❛❧ ♥ã♦ é ❝♦♥s✐❞❡r❛❞❛ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❉r✉❞❡✳

❆ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡t❛❧ ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ✐♠♣♦rt❛♥t❡ ♥❛ q✉❛❧✐❞❛❞❡ ❞♦ s❡♥s♦r

❙P❘ ✉♠❛ ✈❡③ q✉❡ ❛ ♣❛rt❡ r❡❛❧ ❞❡s❝r❡✈❡ ❛ ❢♦rç❛ ❞❛ ❙PP✱ ✐♥❞✉③✐❞❛ ♣❡❧♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞❛

❧✉③ ✐♥❝✐❞❡♥t❡✱ ❡ ❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❡s❝r❡✈❡ ❛s ♣❡r❞❛s ✐♥❡r❡♥t❡s ❛♦ ♠❛t❡r✐❛❧✳ ◆♦ ❡♥t❛♥t♦✱

q✉❛♥❞♦ ❛ ❡s♣❡ss✉r❛ ❞❡ ✉♠ ✜❧♠❡ ♠❡tá❧✐❝♦ é ❝♦♠♣❛rá✈❡❧ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ❡❧étr♦♥s

♥❛ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐✱ t❡♠✲s❡ ✉♠❛ ❞✐s❝r❡t✐③❛çã♦ ❞♦s ❡st❛❞♦s ❡❧❡trô♥✐❝♦s ❞❡ ❡♥❡r❣✐❛✱ ❧❡✈❛♥❞♦

❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ✜❧♠❡s s❡r❡♠ ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡s ❞❛ ❡s♣❡ss✉r❛ ❬✻✻❪✳

P❛r❛ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦✱ ❝❛♠❛❞❛ ❞❡ ó①✐❞♦ ❞❡ ❛❧✉♠í♥✐♦ é ❢♦r♠❛❞❛ ❡s♣♦♥t❛♥❡❛♠❡♥t❡ ❛

♣r❡ssõ❡s ❡ t❡♠♣❡r❛t✉r❛s ❛♠❜✐❡♥t❡s ❡ t❛♠❜é♠ ❞❡t❡r♠✐♥❛ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❛❧✉♠í♥✐♦ ❬✻✼❪✳

❆ ❋✐❣✉r❛ ✸✳✶✺ ❛♣r❡s❡♥t❛ ❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s r❡♣r❡s❡♥t❛çõ❡s ❞❛ ❈❉❑✱ ❝♦♠ ❡ s❡♠

❋✐❣✉r❛ ✸✳✶✹✿ ❋✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ❞♦ ❆❧✳ P❛rt❡ r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s
r❡♣r❡s❡♥t❛çõ❡s✳ ❱❡r✲s❡ q✉❡ ❈❉❋ ❡①♣❡r✐♠❡♥t❛❧ ♥ã♦ é ❛♣r♦①✐♠❛❞❛ ♣❡❧❛ ❉✳❆✳



❈❛♣ít✉❧♦ ✸✳ Pr♦❥❡t♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ✸✻

❋✐❣✉r❛ ✸✳✶✺✿ ❱❛r✐❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘ ♣❛r❛ ❞✐❢❡r❡♥t❡s r❡♣r❡s❡♥t❛çõ❡s ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛
ǫ2(λ) ❞♦ ❛❧✉♠í♥✐♦✳ ❈✉r✈❛s ❝♦♠ ❡ s❡♠ ❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦✳ ❆ r❡s♣♦st❛ ❡①♣❡r✐♠❡♥t❛❧ é ♠❛✐s
s❡♠❡❧❤❛♥t❡ à ❝✉r✈❛ r❡♣r❡s❡♥t❛❞❛ ♣♦r ❘❛❦✐❝ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ♦①✐❞❛çã♦✳ ❉❡t❛❧❤❡ ✭s✉❜❣rá✜❝♦
❡♠ ✈❡r❞❡✮ ♣❛r❛ ♦ ♣❡r✜❧ ❡s♣❡❝tr❛❧ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③✳

❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦✳ ❆ ❝✉r✈❛ ❙P❘ ❡①♣❡r✐♠❡♥t❛❧ ❛ss❡♠❡❧❤❛✲s❡ ❡♠ ✈❛❧♦r❡s ❞❡ λR✱ FWHM

❡ ♣r♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ à ❝✉r✈❛ ❙P❘ ♣❛r❛ ❛ ❈❉❋ ❡①♣❡r✐♠❡♥t❛❧ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ♦①✐❞❛çã♦✳

❱❛❧❡ s❛❧✐❡♥t❛r q✉❡ ❞❡✈✐❞♦ ❛♦ ❡s♣❡❝tr♦ ❞❡ ❡♠✐ssã♦ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③ ✉t✐❧✐③❛❞❛ ♥ã♦ ❢♦✐ ♦❜s❡r✈❛❞♦

♦ s❡❣✉♥❞♦ ✈❛❧♦r ❞❡ ♠í♥✐♠♦ ♥❛ ❝✉r✈❛ ❙P❘ ❡①♣❡r✐♠❡♥t❛❧✳ ❈♦♠♦ ❛s ❈❉❋s ❡①♣❡r✐♠❡♥t❛✐s

r❡✈❡❧❛♠ ♣♦✉❝❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ s✐✱ ❡s❝♦❧❤❡✉✲s❡ ♦s ❞❛❞♦s ❞❡ ❘❛❦✐❝ ❛❝r❡s❝✐❞♦ ❞❛ ❝❛♠❛❞❛ ❞❡

♦①✐❞❛çã♦ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ♣r♦♣r✐❡❞❛❞❡ ó♣t✐❝❛ ❞♦ ✜❧♠❡ ❞❡ ❛❧✉♠í♥✐♦✳

❆s ❞✐str✐❜✉✐çõ❡s ❡s♣❡❝tr❛❧ ❞❛ r❡✢❡t✐✈✐❞❛❞❡ r(λ) ♥♦ ♠♦❞♦ ❲■▼ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐✲

❣✉r❛ ✸✳✶✻✳ P❛r❛ ❛ ♠❛✐♦r✐❛ ❞♦s s✉❜str❛t♦s r(λ) ❡①✐❜❡ ♦ ❙P❘ s♣❧✐tt✐♥❣✳ ❙P❘ s♣❧✐tt✐♥❣ ❝♦♥s✐st❡

♥❛ ❞✉♣❧❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps ❡♠ ❜❛✐①♦s ✭❙✇✮ ❡ ❧♦♥❣♦s ✭▲✇✮ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ ❛♠❜❛s

♣❡rt❡♥❝❡♥t❡s ❛♦ r❛♠♦ ❞❡ ❞✐str✐❜✉✐çã♦ s✐♠étr✐❝♦ ❞❛ ❞✐s♣❡rsã♦ ❞❡ kSP ❬✸✷❪✳ ❆ ❝❛r❛❝t❡ríst✐❝❛

❞❛ ❡①✐stê♥❝✐❛ ❞❛ ❙P❘ é ♠❛✐s ❡✈✐❞❡♥t❡ ♣❛r❛ ♦ s✉❜str❛t♦ ❞❡ ❇❑✼✳ ❏á ♦ s✉❜str❛t♦ P❈✱ ❛♣❛r❡♥✲

t❡♠❡♥t❡ ♥ã♦ é ❛❞❡q✉❛❞♦ ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s❡♥s♦r ❙P❘ ❝♦♠ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦ t♦r♥❛✲s❡ ♠❛✐s ❡✈✐❞❡♥t❡ q✉❛♥❞♦

s❡ ♦❜s❡r✈❛ ❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❞❛ r❡✢❡t✐✈✐❞❛❞❡ r(θ) ♥♦ ♠♦❞♦ ❆■▼✳ ❈♦♠♦ ❛♣r❡s❡♥t❛❞❛ ♥❛

❋✐❣✉r❛ ✸✳✶✼✱ ❛ ♠✉❧t✐❝❛♠❛❞❛ P❈✴❆❧✴❍2❖ ♣♦ss✉✐ ❜❛✐①❛ ♣r♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❛ ❝✉r✈❛ ❙P❘

❝❛r❛❝t❡r✐③❛♥❞♦ ✉♠ ❢r❛❝♦ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦✳ ❖s ❞❡♠❛✐s s✉❜str❛t♦s ♣♦ss✉❡♠ ❜♦❛s r❡s♣♦st❛s✱

s❡♥❞♦ ❡♥tã♦ ❛♣❧✐❝á✈❡✐s ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ s❡♥s♦r ❙P❘✳

❆ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡t❡❝çã♦ ❞❛s ❡str✉t✉r❛s ♠✉❧t✐❝❛♠❛❞❛s ♥♦ ♠♦❞♦ ❲■▼ é ❛♣r❡s❡♥t❛❞❛
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❋✐❣✉r❛ ✸✳✶✻✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡
P❈✳ ➶♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦s ❡♠ 58◦,63◦,68◦,71◦ ❡ 75◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡
♦♥❞❛ ❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ❘❡s♣♦st❛ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦ ❝♦♠ ❡s♣❡ss✉r❛ ❞❡
✷✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳

❋✐❣✉r❛ ✸✳✶✼✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈✳
●rá✜❝♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✱ ♣❛r❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦
❞❡ 50◦ < θ < 80◦✳ ❘❡s♣♦st❛ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦ ❝♦♠ ✷✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛
á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳

♥❛ ❋✐❣✉r❛ ✸✳✶✽ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①♦ ❡♠ ✻✽◦✳ ❉✉❛s r❡ss♦♥â♥❝✐❛s✱ ♦✉ s❡❥❛✱ ♦ ❡❢❡✐t♦

❞❡ s♣❧✐tt✐♥❣ ❙P❘ ❡♠ ❝✉rt♦s ✭❙✇✮ ❡ ❧♦♥❣♦s ✭▲✇✮ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ sã♦ r❡s♦❧✈✐❞♦s✳ P❛r❛

♦ s✉❜str❛t♦ ❞❡ ❇❑✼✱ ❛ ♣♦s✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♥♦ ❙✇ ✐♥✐❝✐❛✲s❡ ❡♠ ✺✵✵ ♥♠ ♣❛r❛ ✶✱✸✸ ❘■❯ ❡

♥♦ ▲✇ ❡♠ ✽✽✻ ♥♠✳ P▼▼❆ ♣♦ss✉✐ ✈❛❧♦r❡s ❞❡ ❙✇ ♣❛r❛ í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ❛❜❛✐①♦ ❞❡ ✶✱✸✺✳ ❆

♣♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❡ ♣❡♥❡tr❛çã♦ ♣❛r❛ ❛♠❜❛s ❛s r❡ss♦♥â♥❝✐❛s ✈❛r✐❛ ❞❡ ♠♦❞♦ ♦♣♦st♦ ❛♦

✐♥❝r❡♠❡♥t♦ ❞♦ ✈❛❧♦r ❞❡ ❘■❯ ❞♦ ❛♥❛❧✐t♦✳

❖s ♣❛râ♠❡tr♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛ ✭λR✮✱ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ✭FWHM✮
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❋✐❣✉r❛ ✸✳✶✽✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 1,33 <
n3 < 1,39✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠ ✜❧♠❡s ❞❡ ❛❧✉♠♥í♥✐♦ ❞❡ ✷✵ ♥♠
❞❡ ❡s♣❡ss✉r❛✳ ➶♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦ ❡♠ 68◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡
✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳

❋✐❣✉r❛ ✸✳✶✾✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❆❧✳ ❛✮
❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦
✈❛❧♦r ❋❲❍▼✳

❡ s❡♥s✐❜✐❧✐❞❛❞❡ ✭Sλ = ∆λR/∆n3✮✱ ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ ❢✉♥çã♦ ❞♦s

í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✾✳ ❆ r❡ss♦♥â♥❝✐❛✲❙✇ s✉♣❡r❛ s✉❜st❛♥❝✐❛❧♠❡♥t❡ ❛ ▲✇ ♣❛r❛

❇❑✼ ❡ ❚❖P❆❙✳ ❚♦❞❛✈✐❛✱ ♣❛r❛ í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ♠♦❞❡r❛❞♦s ❛ r❡ss♦♥â♥❝✐❛✲▲✇ s✉♣❡r❛ ❛

❙✇ ❡♠ s✉❜str❛t♦s ❞❡ P▼▼❆✳ ❆s ❞✉❛s s❡♥s✐❜✐❧✐❞❛❞❡s ✭Sλ✲▲✇ ❡ Sλ✲❙✇✮ ❛✉♠❡♥t❛♠ ❞❡ ❢♦r♠❛

q✉❛s❡ ❧✐♥❡❛r ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❡ n3 ♥♦ s✉❜str❛t♦ ❞❡ ✈✐❞r♦ ✭❇❑✼✮✳ ❆ ✈❛r✐❛çã♦ ❞❛ ❧❛r❣✉r❛ ❞❛

❝✉r✈❛ ❙P❘✱ ❝❛❧❝✉❧❛❞❛ ♥♦ ♣♦♥t♦ ❋❲❍▼✱ ✐♥❞✐❝❛ q✉❡ ❛ ❡①❝✐t❛çã♦✲❙✇✱ ❡♠ ❣❡r❛❧✱ ♣♦ss✉✐ ✈❛❧♦r❡s

♠❡♥♦r❡s✳

❆ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡t❡❝çã♦ ❞❛s ❡str✉t✉r❛s ❇❑✼✴❆❧✱ ❚❖P❆❙✴❆❧✱ P▼▼❆✴❆❧ ❡ P❈✴❆❧

♥♦ ♠♦❞♦ ❆■▼ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✷✵ ♣❛r❛ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❡①❝✐t❛çã♦
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❋✐❣✉r❛ ✸✳✷✵✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 1,33 < n3 <
1,39✳ ❈✉r✈❛s ❝♦♠ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✜①♦s ♥♦s ✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❲■▼
✭❙✇ ❡♠ ❝♦r❡s ❡ ▲✇ ❡♠ t♦♥s ❞❡ ❝✐♥③❛✮✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠ ✜❧♠❡s
❞❡ ❛❧✉♠í♥✐♦ ❝♦♠ ❡s♣❡ss✉r❛ ❞❡ ✷✵ ♥♠✳

❋✐❣✉r❛ ✸✳✷✶✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❆❧✳ ❛✮
❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ➶♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦ ✈❛❧♦r ❋❲❍▼✳

♦❜t✐❞♦s ♥❛ r❡s♣♦st❛ ❲■▼ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡ ✻✽◦✳ ❆ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❛ ❝✉r✈❛ ❙P❘ ❛✉♠❡♥t❛

♠♦❞❡r❛❞❛♠❡♥t❡ ❝♦♠ ❞❛ ✈❛r✐❛çã♦ ❞❡ n3✱ ❡♠ ❝♦♥tr❛st❡ ❛♦ ♠♦❞♦ ❲■▼✱ ❡ ❛s ❝✉r✈❛s ♣❛r❛ ❛

❡①❝✐t❛çã♦ ▲✇ ♣♦ss✉❡♠ ♠❛✐♦r ✈❛❧♦r ❞❡ ❋❲❍▼✳

❖s ♣❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❋✐❣✉r❛ ✸✳✷✶✳ ❖ â♥❣✉❧♦ ❞❡ r❡s✲

s♦♥â♥❝✐❛ ✭θR✮✱ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ✭Sθ✮ ❡ ❛ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ✭FWHM✮ ♣♦ss✉❡♠ ❝♦♠♣♦rt❛♠❡♥t♦

❧✐♥❡❛r ❡♠ ❢✉♥çã♦ ❞♦ n3✳ ❖s ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡ Sθ✱ ❡♠ t♦r♥♦ ❞❡ ✶✸✵◦✴❘■❯✱ ❢♦r❛♠ ❛❧❝❛♥ç❛❞♦s

♥❛s ❝♦♥✜❣✉r❛çõ❡s ❇❑✼✲❙✇ ❡ P▼▼❆✲❙✇✳ ❆ss✐♠ ❝♦♠♦ ♥♦ ♠♦❞♦ ❲■▼✱ ♦ s✉❜str❛t♦ ❞❡ P❈

❛❧❝❛♥ç❛♠ ♦s ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ ❞❡s❡♠♣❡♥❤♦ s❡ ❝♦♠♣❛r❛❞♦s ❛♦s ♦✉tr♦s ❛rr❛♥❥♦s✳

P♦r ú❧t✐♠♦✱ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ♣❛r❛ ♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼
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❋✐❣✉r❛ ✸✳✷✷✿ ❘❡✢❡t✐✈✐❞❛❞❡✲❲■▼ ✭❣rá✜❝♦s s✉♣❡r✐♦r❡s✮ ❡ ❆■▼ ✭❣rá✜❝♦s ✐♥❢❡r✐♦r❡s✮ ♣❛r❛ ❞✐✲
❢❡r❡♥t❡s ❡s♣❡ss✉r❛s ❞♦ ✜❧♠❡ ❞❡ ❛❧✉♠í♥✐♦✳ ❈✉r✈❛s ❙P❘s ♣❛r❛ ❛ ♠✉❧t✐❝❛♠❛❞❛ ❝♦♠♣♦st❛ ♣♦r
❇❑✼✴❆❧✴❛♥❛❧✐t♦✱ ❝♦♠ ❛s ❡s♣❡ss✉r❛s ♣❛r❛ ♦s ✜❧♠❡s ♠❡tá❧✐❝♦s ❞❡ ✶✱ ✶✵✱ ✷✵✱ ✸✵ ❡ ✹✵ ♥♠✳

✭❙✇✮ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✷✷✳ P❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❇❑✼✲❆❧✱ ♦s r❡s✉❧t❛❞♦s ❝❧❛r❛♠❡♥t❡

❞❡♠♦♥str❛♠ q✉❡ ❡s♣❡ss✉r❛s ♣ró①✐♠❛s ❞❡ ✷✵ ♥♠ sã♦ ✐❞❡❛✐s ♣❛r❛ ✜❧♠❡s ✜♥♦s ❞❡ ❆❧✳

✸✳✷✳✷ ❋✐❧♠❡s ✜♥♦s ❞❡ ❖✉r♦

❆ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ♣❛r❛ ♦ ♦✉r♦ ❡♥❝♦♥tr❛✲s❡ ♥❛ ❋✐❣✉r❛ ✸✳✷✸✳ ❖s ✈❛❧♦r❡s ❡①♣❡r✐✲

♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞❛s ❞❡ ❬✻✸✱ ✻✽❪ ❡ ❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ❉r✉❞❡ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ♦s ✈❛❧♦r❡s

λp❂✶✱✻✽✷✻×✶✵−7♠ ❡ λc❂✽✱✾✸✹✷×✶✵−6♠ ❬✸✵❪✱ ❛ q✉❛❧ ❞❡s❝r❡✈❡ s✉✜❝✐❡♥t❡♠❡♥t❡ ❛ ❈❉❋✳ ǫ2R(λ)

é ✐♥✐❝✐❛❧♠❡♥t❡ ♠✉✐t♦ ♣❡q✉❡♥♦✱ ♠❛s ❛ ♣❛rt✐r ❞❡ λ >✺✵✵ ♥♠ ❞❡❝r❡s❝❡ ❝♦♥t✐♥✉❛♠❡♥t❡ ♣❛r❛

✈❛❧♦r❡s ♥❡❣❛t✐✈♦s✳ ǫ2I(λ) é ♣♦s✐t✐✈♦ ❡ ♠❛♥té♠ ✉♠ ❜❛✐①♦ ✈❛❧♦r ♣❛r❛ t♦❞❛ ❢❛✐①❛ ❡s♣❡❝tr❛❧ ❞❡

✐♥t❡r❡ss❡✳ ❆♠❜♦s✱ ǫ2R(λ) ❡ ǫ2I(λ)✱ r❡✈❡❧❛♠ ✉♠❛ ♦s❝✐❧❛çã♦ ❞✐st✐♥t❛ ♣ró①✐♠♦ ❛ ✺✵✵ ♥♠ q✉❡

s❡ ♦r✐❣✐♥❛ ❞❛ tr❛♥s✐çã♦ ✐♥t❡r✲❜❛♥❞❛s✳ ❊s❝♦❧❤❡✉✲s❡ ♦s ❞❛❞♦s ❞❡ ❏♦❤♥s♦♥ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛

♣r♦♣r✐❡❞❛❞❡ ó♣t✐❝❛ ❞♦ ✜❧♠❡ ❞❡ ♦✉r♦✳

❆ ❞✐str✐❜✉✐çã♦ ❡s♣❡❝tr❛❧ ❞❛ r❡✢❡t✐✈✐❞❛❞❡ ♥♦ ♠♦❞♦ ❲■▼ r(λ) é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛

✸✳✷✹✳ ❚♦❞♦s ♦s s✉❜str❛t♦s sã♦ ❛❞❡q✉❛❞♦s ♣❛r❛ ✉s♦ ❡♠ ❛♣❧✐❝❛çõ❡s ❜❛s❡❛❞❛s ♥❛ ❙P❘✳ P❛r❛

♦ ❇❑✼ ❡ ❚❖P❆❙ ❛ r❡ss♦♥â♥❝✐❛ ❡stá ❧♦❝❛❧✐③❛❞❛ ❡♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❧♦♥❣♦s ✭❢♦r❛ ❞♦

❡s♣❡❝tr♦ ❞❡ ❧✉③ ✈✐sí✈❡❧✮ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡ ✻✸◦✳

❆tr❛✈és ❞❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❞❛ r❡✢❡t✐✈✐❞❛❞❡ r(θ) ♣r❡s❡♥t❡ ♥❛ ❋✐❣✉r❛ ✸✳✷✺✱ é ♣♦ssí✈❡❧

♣❡r❝❡❜❡r q✉❡ ♦s ✈❛❧♦r❡s ❞❡ FWHM(θ) ❞✐♠✐♥✉❡♠ s✉❜st❛♥❝✐❛❧♠❡♥t❡ ♣❛r❛ ♦s ♣♦♥t♦s ❞❡ ♦♣❡✲
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❋✐❣✉r❛ ✸✳✷✸✿ P❛rt❡ r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s r❡♣r❡s❡♥t❛çõ❡s ❞❛ ❈❉❋ ❞♦ ♦✉r♦✳ ◆♦t❛✲s❡
q✉❡ ❛ ❈❉❋ ❡①♣❡r✐♠❡♥t❛❧ é ♣❛r❝✐❛❧♠❡♥t❡ ❛♣r♦①✐♠❛❞❛ ♣❡❧❛ ❉✳❆✳

❋✐❣✉r❛ ✸✳✷✹✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈✳
➶♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦s ❡♠ 58◦,63◦,68◦,71◦ ❡ 75◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛
❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ❘❡s♣♦st❛ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ♦✉r♦ ❝♦♠ ❡s♣❡ss✉r❛ ❞❡ ✺✵ ♥♠✱
❡♠ ❝♦♥t❛t♦ ❝♦♠ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳

r❛çã♦ ✭❖P✮ ❞❡ ❧♦♥❣♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✭❃ ✽✵✵ ♥♠✮ ❡ â♥❣✉❧♦s ♣❡q✉❡♥♦s✳ ❚♦❞❛✈✐❛✱ ❛

♠✉❧t✐❝❛♠❛❞❛ ❇❑✼✴❆✉✴❍2❖ ❝♦♠ θ❂✻✸◦ ♣♦ss✉✐ ❜❛✐①❛ ♣r♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡✳

❆ ❋✐❣✉r❛ ✸✳✷✻ ✐❧✉str❛ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡t❡❝çã♦ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡

✐♥❝✐❞ê♥❝✐❛ ✜①♦ ❡♠ ✻✽◦✳ ❖s ❝♦♥❥✉♥t♦ ❞❡ ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡stã♦ ♥❛ ❢❛✐①❛ 1,33 <

n3 < 1,39 ❘■❯✳ ❖s s✉❜str❛t♦s ❚❖P❆❙ ❡ P▼▼❆ ♣♦ss✉❡♠ ♣r♦❢✉♥❞✐❛❞❡✴❝♦♥tr❛st❡ ❝r❡s❝❡♥t❡

❡ ❞❡s❝r❡s❝❡♥t❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❝♦♠ ♦ ✐♥❝r❡♠❡♥t♦ ❞❡ n3✳ P❛r❛ í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ❛❜❛✐①♦

✶✱✸✻ ❛ ♣r♦❢✉♥❞✐❛❞❡✴❝♦♥tr❛st❡ ❞❛s ❝✉r✈❛s ♣❛r❛ ❇❑✼ ❡ P❈ ❛✉♠❡♥t❛♠ ❡ ❛❝✐♠❛ ❞❡ss❡ ✈❛❧♦r ♦

❝♦♥tr❛st❡ ❞✐♠✐♥✉✐✳ ❈♦♠ ❡①❝❡çã♦ ❞❡ P❈✱ ♦ ✐♥❝r❡♠❡♥t♦ ❞❡ n3 ❢❛③ ♦ ✈❛❧♦r ❞♦ ♠í♥✐♠♦ ❞❡s❧♦❝❛r✲s❡

♣❛r❛ ❧♦♥❣♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✳

❖s ♣❛râ♠❡tr♦s λR✱ FWHM ❡ Sλ✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ ❢✉♥çã♦ ❞♦s í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♥❛
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❋✐❣✉r❛ ✸✳✷✺✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈✳
●rá✜❝♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✱ ♣❛r❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦
❞❡ 40◦ < θ < 80◦✳ ❘❡s♣♦st❛ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ♦✉r♦ ❝♦♠ ✺✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ á❣✉❛
❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳

❋✐❣✉r❛ ✸✳✷✻✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 1,33 <
n3 < 1,39✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈✳ ➶♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦ ❡♠ 68◦

♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ❖ ✜❧♠❡ ❞❡ ♦✉r♦ ❝♦♠
❡s♣❡ss✉r❛ ❞❡ ✺✵ ♥♠✳

❋✐❣✉r❛ ✸✳✷✼✳ ❆ s❡♥s✐❜✐❧✐❞❛❞❡ ♣♦ss✉✐ ❢❛✐①❛ ❞✐♥â♠✐❝❛ ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ t♦❞❛ ❢❛✐①❛ ❞❡ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ✉t✐❧✐③❛❞❛ ✭6×−2RIU✮ ❡ P▼▼❆ ❛♣r❡s❡♥t❛ ♦ ♠❡❧❤♦r ✈❛❧♦r ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡✱ ♣♦ss✉✐♥❞♦

♠❛❣♥✐t✉❞❡ ❞❡ ✾✷✵✵±✷✵✵✵ ♥♠✴❘■❯❀ t♦❞❛✈✐❛ r❡✈❡❧❛ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡ FWHM ✳ ❖s ✈❛❧♦r❡s

❞❡ λR ❛✉♠❡♥t❛♠ ❞❡ ❢♦r♠❛ ❧✐♥❡❛r ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❡ n3 ♣❛r❛ t♦❞♦s ♦s s✉❜str❛t♦s✳

❆ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡t❡❝çã♦ ❞♦ ♠♦❞♦ ❆■▼ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✷✽✳ ❆s ❝✉r✈❛s

❙P❘s sã♦ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ♦s ✈❛❧♦r❡s ❞❡ λR ♦❜t✐❞♦s ♥❛ r❡s♣♦st❛ ❲■▼ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡ ✻✽◦✳

❆ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❛ ❝✉r✈❛ ❙P❘ ♣❡r♠❛♥❡❝❡ ✐♥✈❛r✐á✈❡❧ ♣❛r❛ ❇❑✼ ❡ P▼▼❆✳ ❆ss✐♠ ❝♦♠♦ ♥♦s
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❋✐❣✉r❛ ✸✳✷✼✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❆✉✳ ❛✮
❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦
✈❛❧♦r ❋❲❍▼✳

❋✐❣✉r❛ ✸✳✷✽✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 1,33 < n3 <
1,39✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠ ✜❧♠❡s ❞❡ ♦✉r♦ ❞❡ ✺✵ ♥♠ ❞❡ ❡s♣❡ss✉r❛✳
❈✉r✈❛s ❝♦♠ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✜①♦s ♥♦s ✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❲■▼✳

✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦✱ ♦ s✉❜str❛t♦ ❞❡ P❈ r❡✈❡❧❛ ❝✉r✈❛s ❝♦♠ ♠❛✐♦r ✈❛❧♦r ❞❡ FWHM ✳

❖s ♣❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❋✐❣✉r❛ ✸✳✷✾✳ ❖ â♥❣✉❧♦ ❞❡ r❡s✲

s♦♥â♥❝✐❛ ✭θR✮✱ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ✭Sθ✮ ❡ ❛ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ✭FWHM✮ ♣♦ss✉❡♠ ❝♦♠♣♦rt❛♠❡♥t♦

❧✐♥❡❛r ❝r❡s❝❡♥t❡ ❡♠ ❢✉♥çã♦ ❞♦ n3✳ ❆ s❡♥s✐❜✐❧✐❞❛❞❡ ❝❛❧❝✉❧❛❞❛ ♣❛r❛ λ❂✻✵✼ ♥♠ ♣❛r❛ ❛ ✐♥t❡r❢❛❝❡

P❈✴❆✉ ❛❧❝❛♥ç❛r❛♠ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s✱ ❡♠ t♦r♥♦ ❞❡ ✶✹✵◦✴❘■❯✳

P♦r ú❧t✐♠♦✱ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ♣❛r❛ ♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼

sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✸✵ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❇❑✼✴❆✉✳ ❖s r❡s✉❧t❛❞♦s ❝❧❛r❛♠❡♥t❡

❞❡♠♦♥str❛♠ q✉❡ ❡s♣❡ss✉r❛s ♣ró①✐♠❛s ❞❡ ✺✵ ♥♠ sã♦ ✐❞❡❛✐s ♣❛r❛ ✜❧♠❡s ✜♥♦s ❞❡ ❆✉✳
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❋✐❣✉r❛ ✸✳✷✾✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❆✉✳ ❛✮
❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ➶♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦ ✈❛❧♦r ❋❲❍▼✳

❋✐❣✉r❛ ✸✳✸✵✿ ❘❡✢❡t✐✈✐❞❛❞❡✲❲■▼ ✭❣rá✜❝♦s s✉♣❡r✐♦r❡s✮ ❡ ❆■▼ ✭❣rá✜❝♦s ✐♥❢❡r✐♦r❡s✮ ♣❛r❛
❞✐❢❡r❡♥t❡s ❡s♣❡ss✉r❛s ❞♦ ✜❧♠❡ ❞❡ ♦✉r♦✳ ❈✉r✈❛s ❙P❘ ♣❛r❛ ♠✉❧t✐❝❛♠❛❞❛ ❝♦♠♣♦st❛ ♣♦r
❇❑✼✴❆✉✴❛♥❛❧✐t♦✱ ❝♦♠ ❛s ❡s♣❡ss✉r❛s ♣❛r❛ ♦s ✜❧♠❡s ♠❡tá❧✐❝♦s ❞❡ ✶✵✱ ✸✵✱ ✺✵✱ ✼✵ ❡ ✾✵ ♥♠✳

✸✳✷✳✸ ❋✐❧♠❡s ✜♥♦s ❞❡ ❈♦❜r❡

❆ ❈❉❋ ❞♦ ♠❡t❛❧ ❞✐❛♠❛❣♥ét✐❝♦ ❡ ❛ ❛♣r♦①✐♠❛çã♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❉r✉❞❡ ❡♥❝♦♥tr❛♠✲s❡ ♥❛

❋✐❣✉r❛ ✸✳✸✶✳ ❖s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞❛s ❞❡ ❬✻✸✱ ✻✽❪ ❡ ❛ ❉✳❆✳ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♣❛r❛

♦s ✈❛❧♦r❡s λp❂✶✱✸✻✶✼×✶✵−7♠ ❡ λc❂✹✱✵✽✺✷×✶✵−5♠ ❬✸✵❪✱ ❛ q✉❛❧ ❞❡s❝r❡✈❡ ♣❛r❝✐❛❧❡♠♥t❡ ❛ ❈❉❋✳

ǫ2R(λ) ❞❡❝r❡s❝❡ ❝♦♥st❛♥t❡♠❡♥t❡ ♣❛r❛ ✈❛❧♦r❡s ♥❡❣❛t✐✈♦s ♣❛r❛ λ❃✺✷✵ ♥♠✱ ❡♥q✉❛♥t♦ ǫ2I(λ) é

♣♦s✐t✐✈♦ ❡ r❡❧❛t✐✈❛♠❡♥t❡ ♣❡q✉❡♥♦ ♣❛r❛ ❛ ❢❛✐①❛ ❡s♣❡❝tr❛❧ ❞❡ ✐♥t❡r❡ss❡✱ ❝♦♥t✉❞♦ ♥ã♦ sã♦ ❜❡♠

r❡tr❛t❛❞♦s ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❉r✉❞❡✳ ❆♠❜♦s ǫ2R(λ) ❡ ǫ2I(λ) r❡✈❡❧❛♠ ✉♠❛ ♦s❝✐❧❛çã♦ ♣ró①✐♠♦ ❛

✻✵✵ ♥♠✱ ❞❡✈✐❞♦ ❛ ❡str✉t✉r❛ ❞❡ tr❛♥s✐çã♦ ✐♥t❡r✲❜❛♥❞❛✱ ❡ t❛♠❜é♠ ♥ã♦ ❡stá ♣r❡s❡♥t❡ ♥❛ ❉✳❆✳

❖s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❏♦❤♥s♦♥ ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ♣r♦♣r✐❡❞❛❞❡ ó♣t✐❝❛

❞♦ ✜❧♠❡ ❞❡ ❝♦❜r❡✳

❆ ❞✐str✐❜✉✐çã♦ ❡s♣❡❝tr❛❧ ❞❛ r❡✢❡t✐✈✐❞❛❞❡ ♥♦ ♠♦❞♦ ❲■▼ r(λ) é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛

✸✳✸✷✳ ❆ss✐♠ ❝♦♠♦ ♥♦s ✜❧♠❡s ❞❡ ♦✉r♦✱ t♦❞♦s ♦s s✉❜str❛t♦s sã♦ ❛❞❡q✉❛❞♦s ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s
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❋✐❣✉r❛ ✸✳✸✶✿ ❋✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ❞♦ ❈✉✳ P❛rt❡ r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s
r❡♣r❡s❡♥t❛çõ❡s✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ ❈❉❋ ❡①♣❡r✐♠❡♥t❛❧ é ♣❛r❝✐❛❧♠❡♥t❡ ❛♣r♦①✐♠❛❞❛ ♣❡❧❛ ❉✳❆✳

❋✐❣✉r❛ ✸✳✸✷✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡
P❈✳ ➶♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦s ❡♠ 58◦,63◦,68◦,71◦ ❡ 75◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡
♦♥❞❛ ❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ❘❡s♣♦st❛ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❝♦❜r❡ ❝♦♠ ❡s♣❡ss✉r❛ ❞❡
✹✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳

❙Ps ❡♠ ✜❧♠❡s ❞❡ ❝♦❜r❡✳ ❖ ❖P ✭♣❛r λ−θ✮ ♣❛r❛ ✻✸◦ ♥♦ s✉❜str❛t♦ ❞❡ P▼▼❆ ❡stá ♣♦s✐❝✐♦♥❛❞♦

❢♦r❛ ❞❛ ❢❛✐①❛ ❡s♣❡❝tr❛❧ ❞❡ ✐♥t❡r❡ss❡✳

❙♦❜ ♦ ♠♦❞♦ ❆■▼ ✭r(θ)✮✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✸✱ t♦❞♦s ♦s ❖Ps ♣♦ss✉❡♠ ♣r♦❢✉♥✲

❞✐❞❛❞❡✴❝♦♥tr❛st❡ ♠❛✐♦r❡s q✉❡ ✵✳✸✺ ❡ ❛ss✐♠ ❝♦♠♦ ♥♦s ✜❧♠❡s ❞❡ ♦✉r♦✱ ♦s ❖Ps ❞❡ ❧♦♥❣♦s

❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❡ â♥❣✉❧♦s ♣❡q✉❡♥♦s ♣♦ss✉❡♠ ❜❛✐①♦s ✈❛❧♦r❡s ❞❡ FWHM(θ)✳

❆ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡t❡❝çã♦ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ♥❛ ❢❛✐①❛ 1,33 < n3 <

1,39 ❘■❯ ❡ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①♦ ❡♠ ✻✽◦✱ ❡♥❝♦♥tr❛✲s❡ ♥❛ ❋✐❣✉r❛ ✸✳✸✹✳ ❖s s✉❜str❛t♦s ❇❑✼✱

❚❖P❆❙ ❡ P▼▼❆ ♣♦ss✉❡♠ ♣r♦❢✉♥❞✐❛❞❡✴❝♦♥tr❛st❡ ❝r❡s❝❡♠ ❧✐❣❡✐r❛♠❡♥t❡ ❝♦♠ ♦ ✐♥❝r❡♠❡♥t♦

❞❡ n3✳ P❛r❛ ❛ ♠✉❧t✐❝❛♠❛❞❛ P❈✴❈✉✱ ♦ ✈❛❧♦r ❞♦ ♠í♥✐♠♦ ✜❝❛ ❝♦♥❝❡♥tr❛❞♦ ❡♠ ✉♠❛ ♣❡q✉❡♥❛

❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❛ ♠❡❞✐❞❛ q✉❡ ♦ ✈❛❧♦r ❞❡ n3 é ✐♥❝r❡♠❡♥t❛❞♦✳
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❋✐❣✉r❛ ✸✳✸✸✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈✳
●rá✜❝♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✱ ♣❛r❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦
❞❡ 40◦ < θ < 80◦✳ ❘❡s♣♦st❛ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❝♦❜r❡ ❝♦♠ ✹✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ á❣✉❛
❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳

❋✐❣✉r❛ ✸✳✸✹✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 1,33 <
n3 < 1,39✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠ ✜❧♠❡s ❞❡ ❝♦❜r❡ ❞❡ ✹✵ ♥♠ ❞❡
❡s♣❡ss✉r❛✳ ➶♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦ ❡♠ 68◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡
✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳

❖s ♣❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘✲❲■▼✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ ❢✉♥çã♦ ❞♦s í♥❞✐❝❡

❞❡ r❡❢r❛çã♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✺✳ ❖s ✈❛❧♦r❡s ❞❡ λR ❡ Sλ ❛✉♠❡♥t❛♠ ❞❡ ❢♦r♠❛ ❧✐♥❡❛r ❝♦♠ ❛ ✈❛r✐❛çã♦

❞❡ n3✳ P▼▼❆ ❛♣r❡s❡♥t❛ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ♠❛s r❡✈❡❧❛ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s

❞❡ FWHM ✳ ❖s ✈❛❧♦r❡s ❞❡ Sλ ♣❛r❛ P▼▼❆ ❡①❝❡❞❡♠ ❡♠ ✹ ✈❡③❡s ♦s ✈❛❧♦r❡s ❛❧❝❛♥çá✈❡✐s ♣♦r

P❈✳

❆ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡t❡❝çã♦ ❞♦ ♠♦❞♦ ❆■▼ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✸✻✳ ❊♠ ♦♣♦s✐çã♦
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❋✐❣✉r❛ ✸✳✸✺✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❈✉✳ ❛✮
❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦
✈❛❧♦r ❋❲❍▼✳

❋✐❣✉r❛ ✸✳✸✻✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 1,33 < n3 <
1,39✳ ❈✉r✈❛s ❝♦♠ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✜①♦s ♥♦s ✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❲■▼✳
❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠ ✜❧♠❡s ❞❡ ❝♦❜r❡ ❞❡ ✹✵ ♥♠ ❞❡ ❡s♣❡ss✉r❛✳

❛♦ ♠♦❞♦ ❲■▼✱ ♦ s✉❜str❛t♦ ❞❡ P❈ ♣♦ss✉✐ ♦s ♠❡❧❤♦r❡s ✈❛❧♦r❡s ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❛

❝✉r✈❛ ❙P❘✳ ❆s ❝✉r✈❛s ❙P❘s sã♦ ❝❛❧❝✉❧❛❞❛s ♣❛r❛ ✼✵✽ ♥♠ ✭❇❑✼✮✱ ✻✼✷ ♥♠ ✭❚❖P❆❙✮✱ ✽✷✻ ♥♠

✭P▼▼❆✮ ❡ ✻✶✵ ♥♠ ✭P❈✮ ♦❜t✐❞♦s ♥❛ r❡s♣♦st❛ ❲■▼ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡ ✻✽◦✳ ❆ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❛

❝✉r✈❛ ❙P❘ ♣❡r♠❛♥❡❝❡ ♣r❛t✐❝❛♠❡♥t❡ ✐♥✈❛r✐á✈❡❧ ♣❛r❛ ♦s ♣♦❧í♠❡r♦s ❇❑✼✱ ❚❖P❆❙ ❡ P▼▼❆✳

❖s ♣❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❋✐❣✉r❛ ✸✳✸✼✳ ❆ ❢❛✐①❛ ❞✐♥â♠✐❝❛

❞❡ 3× 10−2 é ❛❧❝❛♥ç❛❞❛ ♣❡❧♦ ❡str✉t✉r❛ P❈✴❈✉✱ ❝♦♠ ✈❛❧♦r❡s ❞❡ Sθ ♣ró①✐♠♦s ❛ ✶✷✼◦✴❘■❯✳ ❖s

â♥❣✉❧♦s ❞❡ r❡ss♦♥â♥❝✐❛s ❛✉♠❡♥t❛♠ ❝♦♠ ♦ ✐♥❝r❡♠❡♥t♦ ❞❡ n3 ❡ t♦❞♦s ♦s s✉❜str❛t♦s ❛♣r❡s❡♥t❛♠

✈❛r✐❛çõ❡s ❞❡ s❡♠❡❧❤❛♥t❡s ❞❡ θR✳ P▼▼❆ ❡ ❇❑✼ ❢♦r♥❡❝❡♠ ❝✉r✈❛s ❝♦♠ ♦s ♠❡s♠♦s ✈❛❧♦r❡s ❞❡

❧❛r❣✉r❛✱ ❡ P❈ ❞❡♠♦♥str❛ ❞❡t❡r ❛s ❝✉r✈❛s ❙P❘ ❝♦♠ ♠❛✐♦r ✈❛❧♦r ❞❡ FWHM ✳

P♦r ú❧t✐♠♦✱ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ♣❛r❛ ♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼
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❋✐❣✉r❛ ✸✳✸✼✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❈✉✳ ❛✮
❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ➶♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦ ✈❛❧♦r ❋❲❍▼✳

❋✐❣✉r❛ ✸✳✸✽✿ ❘❡✢❡t✐✈✐❞❛❞❡✲❲■▼ ✭❣rá✜❝♦s s✉♣❡r✐♦r❡s✮ ❡ ❆■▼ ✭❣rá✜❝♦s ✐♥❢❡r✐♦r❡s✮ ♣❛r❛ ❞✐✲
❢❡r❡♥t❡s ❡s♣❡ss✉r❛s ❞♦ ✜❧♠❡ ❞❡ ❝♦❜r❡✳ ❈✉r✈❛s ❙P❘s ♣❛r❛ ❛ ♠✉❧t✐❝❛♠❛❞❛ ❝♦♠♣♦st❛ ♣♦r
❇❑✼✴❈✉✴❛♥❛❧✐t♦✱ ❝♦♠ ❛s ❡s♣❡ss✉r❛s ❞♦s ✜❧♠❡s ♠❡tá❧✐❝♦s ❞❡ ✶✵✱ ✸✵✱ ✹✵✱ ✺✵ ❡ ✼✵ ♥♠✳

sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✸✽ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❇❑✼✴❈✉✳ ❖s r❡s✉❧t❛❞♦s ❝❧❛r❛♠❡♥t❡

❞❡♠♦♥str❛♠ q✉❡ ❡s♣❡ss✉r❛s ❡♥tr❡ ✹✵ ❡ ✺✵ ♥♠ sã♦ ✐❞❡❛✐s ♣❛r❛ ✜❧♠❡s ✜♥♦s ❞❡ ❈✉✳

✸✳✷✳✹ ❋✐❧♠❡s ✜♥♦s ❞❡ Pr❛t❛

❆ ❈❉❋ ❞❛ ♣r❛t❛ ❡ ❛ ❛♣r♦①✐♠❛çã♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❉r✉❞❡ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❋✐❣✉r❛ ✸✳✸✾✳

❖s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❢♦r❛♠ ♦❜t✐❞❛s ❞❡ ❬✻✸✱ ✻✽❪✳ ❆ ❉✳❆✳ ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ♦s ✈❛❧♦r❡s

λp❂✶✱✹✺✹✶×✶✵−7♠ ❡ λc❂✶✱✼✻✶✹×✶✵−5♠ ❬✸✵❪✱ t❛♠❜é♠ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛✳ ❆ ❈❉❋

❞♦ ♠❡t❛❧ ❞✐❛♠❛❣♥ét✐❝♦ é s✉✜❝✐❡♥t❡♠❡♥t❡ ❞❡s❝r✐t❛ ♣❡❧❛ ❉✳❆✳ ◆♦ ❡s♣❡❝tr♦ ❞❡ ✐♥t❡r❡ss❡✱ ǫ2R(λ)

❞❡❝r❡s❝❡ ❛ ♣❛rt✐r ❞❡ λ >✸✵✵ ♥♠ ♣❛r❛ ✈❛❧♦r❡s ♥❡❣❛t✐✈♦s❀ ǫ2I(λ) é ♣♦s✐t✐✈♦ ❡♠ t♦❞❛ ❢❛✐①❛

❡s♣❡❝tr❛❧ ❞❡ ✐♥t❡r❡ss❡✳ ❆♠❜♦s✱ ǫ2R(λ) ❡ ǫ2I(λ)✱ r❡✈❡❧❛♠ ✉♠❛ ♦s❝✐❧❛çã♦ ❞✐st✐♥t❛ ♣ró①✐♠♦ ❛

✸✵✵ ♥♠✱ ♥ã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛✱ q✉❡ s❡ ♦r✐❣✐♥❛ ❞❛ tr❛♥s✐çã♦ ✐♥t❡r✲❜❛♥❞❛s✳ ❊s❝♦❧❤❡✉✲s❡

♦s ❞❛❞♦s ❞❡ P❛❧✐❦ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ ♣r♦♣r✐❡❞❛❞❡ ó♣t✐❝❛ ❞♦ ✜❧♠❡ ❞❡ ♣r❛t❛✳
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❋✐❣✉r❛ ✸✳✸✾✿ ❋✉♥çã♦ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ❞♦ ❆❣✳ P❛rt❡ r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s
r❡♣r❡s❡♥t❛çõ❡s✳ ❱❡r✲s❡ q✉❡ ❛ ❈❉❋ ❡①♣❡r✐♠❡♥t❛❧ é ♣❛r❝✐❛❧♠❡♥t❡ ❛♣r♦①✐♠❛❞❛ ♣❡❧❛ ❉✳❆✳

❆ ❞✐str✐❜✉✐çã♦ ❡s♣❡❝tr❛❧ ❞❛ r❡✢❡t✐✈✐❞❛❞❡ ♥♦ ♠♦❞♦ ❲■▼ r(λ) é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛

✸✳✹✵✳ ❆ss✐♠ ❝♦♠♦ ♥♦s ✜❧♠❡s ❞❡ ♦✉r♦ ❡ ❝♦❜r❡✱ t♦❞♦s ♦s s✉❜str❛t♦s sã♦ ❛❞❡q✉❛❞♦s ♣❛r❛

❡①❝✐t❛çã♦ ❞♦s ❙Ps ❡♠ ✜❧♠❡s ❞❡ ♣r❛t❛✳ ❖ ❖P ✭♣❛r λ − θ✮ ♣❛r❛ ✻✸◦ ❡ s✉❜str❛t♦ ❞❡ P▼▼❆

❡stá ♣♦s✐❝✐♦♥❛❞♦ ❢♦r❛ ❞❛ ❢❛✐①❛ ❡s♣❡❝tr❛❧ ❞❡ ✐♥t❡r❡ss❡✳

❋✐❣✉r❛ ✸✳✹✵✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈✳
➶♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦s ❡♠ 58◦,63◦,68◦,71◦ ❡ 75◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛
❞❡ ✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ❘❡s♣♦st❛ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠ ✺✵ ♥♠ ❡♠ ❝♦♥t❛t♦
❝♦♠ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s❡♥s♦r ❙P❘ ❝♦♠ ✜❧♠❡s ❞❡ ♣r❛t❛ t♦r♥❛✲s❡ ♠❛✐s ❡✈✐❞❡♥t❡ q✉❛♥❞♦ s❡

♦❜s❡r✈❛ ❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❞❛ r❡✢❡t✐✈✐❞❛❞❡ r(θ) ♥♦ ♠♦❞♦ ❆■▼✳ ❈♦♠♦ ❛♣r❡s❡♥t❛❞❛ ♥❛

❋✐❣✉r❛ ✸✳✹✶✱ ❛ ♣r♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❛ ❝✉r✈❛ ❙P❘ ❞✐♠✐♥✉✐ ♣❛r❛ ❖Ps ❝♦♠ ❛❧t♦s ✈❛❧♦r❡s ❞❡

θ ❡ ❜❛✐①♦s ✈❛❧♦r❡s ❞❡ λ❀ ❛ ❡①❝❡çã♦ ♣❛r❛ ❞❡ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ é ♦ ❖P→ λ = 1187− θ = 63◦
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❋✐❣✉r❛ ✸✳✹✶✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ♦s s✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈✳
●rá✜❝♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✱ ♣❛r❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦
❞❡ 40◦ < θ < 80◦✳ ❘❡s♣♦st❛ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠ ✺✵ ♥♠ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ á❣✉❛
❞❡✐♦♥✐③❛❞❛ ❡ ❞❡s❣❛s❡✐✜❝❛❞❛✳

❡♠ s✉❜str❛t♦s ❞❡ ❇❑✼✳ ◆ã♦ ♦❜st❛♥t❡✱ ❤á ✉♠❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✱ ✐✳❡✳✱

❝✉r✈❛s ❝♦♠ ❜❛✐①♦s ❝♦♥tr❛st❡s ❡♠ ✉♠ ♠♦❞♦ ♣❡r♠❛♥❡❝❡♠ ❝♦♠ ❜❛✐①♦s ✈❛❧♦r❡s ♥♦ ♦✉tr♦ ♠♦❞♦✳

❆❞❡♠❛✐s✱ t♦❞♦s ♦s s✉❜str❛t♦s ♣♦ss✉❡♠ ❜♦❛ r❡s♣♦st❛ ❙P❘✳

❆ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡t❡❝çã♦ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ♥❛ ❢❛✐①❛ 1,33 <

n3 < 1,39 ❘■❯ ❡ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①♦ ❡♠ ✻✽◦✱ ❡♥❝♦♥tr❛✲s❡ ♥❛ ❋✐❣✉r❛ ✸✳✹✷✳ ❆ ♣r♦❢✉♥✲

❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❛s ❝✉r✈❛s ❙P❘ s♦❢r❡♠ ♣❡q✉❡♥❛s ❛❧t❡r❛çõ❡s ❝♦♠ ♦ ✐♥❝r❡♠❡♥t♦ ❞❡ n3 ❡ ♦

✈❛❧♦r ❞♦ ♠í♥✐♠♦ ❞❡s❧♦❝❛✲s❡ ♣❛r❛ ❧♦♥❣♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ♣❛r❛ P▼▼❆✳

❖s ♣❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘✲❲■▼✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ ❢✉♥çã♦ ❞♦s í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ♥❛ ❋✐❣✉r❛ ✸✳✹✸✳ ❖s ✈❛❧♦r❡s ❞❡ FWHM ❛ss✉♠❡ ♠❛❣♥✐t✉❞❡ ❞❡ ✹✵±✹ ♥♠✱ ❡ ❧✐❣❡✐r❛

♦s❝✐❧❛çã♦ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ n3✱ ♣❛r❛ ❇❑✼✱ ❚❖P❆❙ ❡ P❈✳ ❖s ✈❛❧♦r❡s ❞❡ λR ❡ SWIM ❛✉♠❡♥✲

t❛♠ ❞❡ ❢♦r♠❛ ❧✐♥❡❛r ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❡ n3✱ ❝♦♠ P▼▼❆ ❛♣r❡s❡♥t❛♥❞♦ ♦s ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡

s❡♥s✐❜✐❧✐❞❛❞❡✱ SWIM ≈ ✾✳✵✵✵ ♥♠✴❘■❯✳

◆♦ ♠♦❞♦ ❆■▼✱ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❞❡t❡❝çã♦ ✭✈❡r ❋✐❣✉r❛ ✸✳✹✹✮ ♠♦str❛ q✉❡ ❛ ♣r♦❢✉♥❞✐❞❛❞❡

❞❛ ❝✉r✈❛ ❙P❘ ♣❡r♠❛♥❡❝❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ✈❛r✐❛çã♦ ❞❡ n3 ♣❛r❛ ❇❑✼✱ ❚❖P❆❙ ❡ P▼▼❆✳ ❉❡

❢♦r♠❛ s❡♠❡❧❤❛♥t❡ ❛♦ ♦✉r♦ ❡ ❛♦ ❝♦❜r❡✱ t♦❞♦s ♦s s✉❜str❛t♦s sã♦ ❛♣❧✐❝á✈❡✐s à ❡①❝✐t❛çã♦ ❞♦s ❙P

♥♦ ♠♦❞♦ ❆■▼✳

❖s ♣❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘✲❆■▼ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❋✐❣✉r❛ ✸✳✹✺✳ ❖ â♥❣✉❧♦

❞❡ r❡ss♦♥â♥❝✐❛ ✭θR✮✱ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ✭Sθ✮ ❡ ❛ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ✭FWHM✮ ♣♦ss✉❡♠ ❝♦♠♣♦r✲
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❋✐❣✉r❛ ✸✳✹✷✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 1,33 <
n3 < 1,39✳ ❙✉❜str❛t♦s ❞❡ ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ❝♦♠ ✜❧♠❡s ❞❡ ♣r❛t❛ ❞❡ ✺✵ ♥♠ ❞❡
❡s♣❡ss✉r❛✳ ➶♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✜①❛❞♦ ❡♠ 68◦ ♣❛r❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡
✹✵✵ ♥♠ < λ < ✶✹✵✵ ♥♠✳ ❈✉r✈❛s ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠ ❡s♣❡ss✉r❛s ❞❡ ✺✵ ♥♠✳

❋✐❣✉r❛ ✸✳✹✸✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❆❣✳ ❛✮
❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦
✈❛❧♦r ❋❲❍▼✳

t❛♠❡♥t♦ ❧✐♥❡❛r ❡♠ ❢✉♥çã♦ ❞♦ n3✳ ❖s ♠❛✐♦r❡s ✈❛❧♦r❡s ❞❡ Sθ✱ ❡♠ t♦r♥♦ ❞❡ ✶✺✵◦✴❘■❯✱ ❢♦r❛♠

❛❧❝❛♥ç❛❞♦s ♥❛s ❝♦♥✜❣✉r❛çõ❡s P❈✴❆❣✳ ❊♠ ♦♣♦s✐çã♦ ❛♦ ♠♦❞♦ ❲■▼✱ ♦ s✉❜str❛t♦ ❞❡ P▼▼❆

❛❧❝❛♥ç❛♠ ♦s ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ Sθ✳ ❚♦❞❛✈✐❛✱ ❜❛✐①♦s ✈❛❧♦r❡s ❞❡ FWHM sã♦ ❛♣r❡s❡♥t❛❞♦s

♣❡❧❛s ❝✉r✈❛s ❞❛ ❝♦♥✜❣✉r❛çã♦ P▼▼❆✴❆❣✳

P♦r ú❧t✐♠♦✱ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ♣❛r❛ ♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼

sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✹✹✳ P❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❇❑✼✴❆❣✱ ♦s r❡s✉❧t❛❞♦s ❝❧❛r❛♠❡♥t❡

❞❡♠♦♥str❛♠ q✉❡ ❡s♣❡ss✉r❛s ♣ró①✐♠❛s ❞❡ ✺✵ ♥♠ sã♦ ✐❞❡❛✐s ♣❛r❛ ✜❧♠❡s ✜♥♦s ❞❡ ♣r❛t❛✳
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❋✐❣✉r❛ ✸✳✹✹✿ ❈✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛♥❛❧✐t♦s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ 1,33 <
n3 < 1,39✳ ❈✉r✈❛s ♣❛r❛ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✜①♦s ❡♠ ✻✺✽ ♥♠✭❇❑✼✮✱ ✻✷✵ ♥♠✭❚❖P❆❙✮✱
✼✼✾ ♥♠✭P▼▼❆✮ ❡ ✺✶✾ ♥♠✭P❈✮ ❡♥❝♦♥tr❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❲■▼✱ ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠
❡s♣❡ss✉r❛s ❞❡ ✺✵ ♥♠✳

❋✐❣✉r❛ ✸✳✹✺✿ P❛râ♠❡tr♦s ❡①tr❛í❞♦s ❞❛s ❝✉r✈❛s ❙P❘ ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ✜❧♠❡s ❞❡ ❆❣✳ ❛✮
❙❡♥s✐❜✐❧✐❞❛❞❡✱ ❜✮ ➶♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡ ❝✮ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❛ss♦❝✐❛❞❛ ❛♦ ✈❛❧♦r ❋❲❍▼✳

❋✐❣✉r❛ ✸✳✹✻✿ ❘❡✢❡t✐✈✐❞❛❞❡✲❲■▼ ✭❣rá✜❝♦s s✉♣❡r✐♦r❡s✮ ❡ ❆■▼ ✭❣rá✜❝♦s ✐♥❢❡r✐♦r❡s✮ ♣❛r❛ ❞✐✲
❢❡r❡♥t❡s ❡s♣❡ss✉r❛s ❞♦ ✜❧♠❡ ❞❡ ♣r❛t❛✳ ❈✉r✈❛s ❙P❘s ♣❛r❛ ❛ ♠✉❧t✐❝❛♠❛❞❛ ❝♦♠♣♦st❛ ♣♦r
❇❑✼✴❆❣✴❛♥❛❧✐t♦✱ ❝♦♠ ❛s ❡s♣❡ss✉r❛s ❞♦s ✜❧♠❡s ♠❡tá❧✐❝♦s ❞❡ ✶✵✱ ✸✵✱ ✹✵✱ ✺✵ ❡ ✼✵ ♥♠✳
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✸✳✸ ❉❡t❡❝t✐✈✐❞❛❞❡

❆❧é♠ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡✱ ❛ ❞❡t❡❝t✐✈✐❞❛❞❡ t❛♠❜é♠ ❢♦✐ ✉t✐❧✐③❛❞❛ ❝♦♠♦ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ♣❛r❛

❝❛r❛❝t❡r✐③❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘✳ P♦r ♣❡r♠✐t✐r q✉❛♥t✐✜❝❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ❞❛ ✐♥str✉✲

♠❡♥t❛çã♦ ó♣t✐❝❛✲❡❧❡trô♥✐❝❛ ❞♦ s❡♥s♦r✱ ❛ ❞❡t❡❝t✐✈✐❞❛❞❡ é ✉t✐❧✐③❛❞❛ ♣❛r❛ ❝♦♠♣❛r❛r ❞✐r❡t❛♠❡♥t❡

❛s r❡s♣♦st❛s ❞♦ s❡♥s♦r ♥♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼✳ ❆ r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♠♦❞♦ ❲■▼

❢♦✐ ❛❥✉st❛❞❛ ♣❛r❛ 〈υλ〉❂✵✱✶ ♥♠✱ ❜❛s❡❛❞♦ ♥❛s ❡s♣❡❝✐✜❝❛çõ❡s ❞♦ ❡s♣❡❝trô♠❡tr♦ ❡ ♥♦s ❡st✉✲

❞♦s ❡①♣❡r✐♠❡♥t❛✐s r❡❛❧✐③❛❞♦s ❬✸✹✱ ✻✷❪✳ ❆ ❋✐❣✉r❛ ✸✳✹✼ ❛♣r❡s❡♥t❛ ♦s ✈❛❧♦r❡s ❞❡ ❞❡t❡❝t✐✈✐❞❛❞❡

❛❧❝❛♥çá✈❡✐s ♥♦ ♠♦❞♦ ❲■▼✱ ❛ss✉♠✐♥❞♦ ✵✳✶ ♥♠ ❝♦♠♦ r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧✳

❋✐❣✉r❛ ✸✳✹✼✿ ❉❡t❡❝t✐✈✐❞❛❞❡ ♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✐♥t❡r❢❛❝❡s s✉❜str❛t♦✴♠❡t❛❧✳ ❖P
❝♦♠ â♥❣✉❧♦ ✜①♦ ❡♠ θ = 68◦✳

❚❡♥❞♦ ❝♦♠♦ ❜❛s❡ ♦s ✈❛❧♦r❡s ❛❧❝❛♥çá✈❡✐s ❞❡ ❉λ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r q✉❛❧ ❞❡✈❡ s❡r ❛

r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧ ❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ✭❝â♠❡r❛ ❈❈❉ ♦✉ ❈▼❖❙✮ ✉s❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✱

❞❡ ♠❛♥❡✐r❛ q✉❡ ❛♠❜♦s ♦s ♠♦❞♦s ❢♦r♥❡ç❛♠ ♦ ♠❡s♠♦ ✈❛❧♦r ❞❡ ❞❡t❡❝t✐✈✐❞❛❞❡ ✭Dθ = Dλ✮✳ ❖s

✈❛❧♦r❡s r❡q✉❡r✐❞♦s ❞❡ 〈υθ〉 sã♦ ♦❜t✐❞♦s ♣❡❧❛ ❡①♣r❡ssã♦✿

〈υθ〉 = (Sθ/Sλ) 〈υλ〉 , ✭✸✳✶✻✮

❡ ❛ ❚❛❜❡❧❛ ✸✳✶ ❛♣r❡s❡♥t❛ ♦s ✈❛❧♦r❡s ❞❡ ❉θ ♣❛r❛ ♦s ✶✻ ♣❛r❡s s✉❜str❛t♦✴♠❡t❛❧ ❝♦♥s✐❞❡r❛❞♦s

♥♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✳ ➱ ✐♠♣♦rt❛♥t❡ ♠❡♥❝✐♦♥❛r q✉❡ ❡st❛ t❛❜❡❧❛ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛

s❡❧❡❝✐♦♥❛r ❛ r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧ ❞♦ ♠♦❞♦ ❆■▼✳ ❉❡ss❛ ❢♦r♠❛✱ q✉❛♥t♦ ♠❛✐♦r ♦ ✈❛❧♦r ❞❡

〈υθ〉 ♠❡❧❤♦r ❛ q✉❛❧✐❞❛❞❡ ❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ q✉❡ ❞❡✈❡ s❡r ✉t✐❧✐③❛❞♦✳

❆ ❛♥á❧✐s❡ ❣❡♦♠étr✐❝❛ ❞♦ s❡t✲✉♣ ❡①♣❡r✐♠❡♥t❛❧ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✹✽✱ ❢♦r♥❡❝❡ ♦

✧❈❛♠♣♦ ❞❡ ❱✐sã♦ ❞♦ Pr✐s♠❛✧ ✭❋✐❡❧❞ ❖❢ ❱✐❡✇ ✲ ❋♦❱✮ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❛❜❡rt✉r❛ ❛♥❣✉❧❛r
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❚❛❜❡❧❛ ✸✳✶✿ ▼❛❣♥✐t✉❞❡ ❞❡ 〈υθ〉 ♣❛r❛ 〈υλ〉❂✵✳✶ ♥♠✳
〈υθ〉

✭×10−3 ❣r❛✉s✮ ❇❑✼ ❚❖P❆❙ P▼▼❆ P❈

❆❣ ✷✱✷✼✸✵ ✸✱✸✺✸✺ ✶✱✶✽✹✵ ✺✱✻✾✻✶
❆✉ ✷✱✹✷✻✹ ✸✱✺✼✽✼ ✶✱✷✶✸✸ ✻✱✸✵✼✷
❈✉ ✷✱✷✻✾✾ ✸✱✷✸✼✷ ✶✱✶✵✽✼ ✻✱✸✺✼✼

❆❧✲❙✇ ✷✱✺✹✾✷ ✶✱✷✾✶✼ ✶✱✽✷✸✷ ✲
❆❧✲▲✇ ✽✱✶✷✹✵ ✶✽✱✸✽✷ ✷✱✶✸✶✵ ✸✽✳✹✹✵

❞♦ ❢❡✐①❡ ❧✉♠✐♥♦s♦ q✉❡ ❛t✐♥❣❡ ♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦

❆■▼✳ ❈♦♠ ♦ ✈❛❧♦r ❞❡ ❋♦❱✱ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❞♦ s❡♥s♦r ❙P❘✱ ❡①♣r❡ss❛

♣♦r✿

〈υ∗

θ〉 = FoV/DP ✭✸✳✶✼✮

FoV = 2arctan

(
CI

DF

)

, ✭✸✳✶✽✮

❡♠ q✉❡ DP ✭❞❡♥s✐❞❛❞❡ ❞❡ ♣✐①❡❧s✮ r❡♣r❡s❡♥t❛♠ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♣✐①❡❧s ♣♦r ✉♥✐❞❛❞❡ ❞❡ ár❡❛ ❞♦

s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ✉t✐❧✐③❛❞♦❀ CI ✭❝❛♠✐♥❤♦ ✐♥❝❧✐♥❛❞♦✮ ✐♥❞✐❝❛ ♦ t❛♠❛♥❤♦ ♥❛ ♣❛r❡❞❡ ❧❛t❡r❛❧ ❞♦

♣r✐s♠❛ q✉❡ é ✉t✐❧✐③❛❞♦ ♣❛r❛ r❡✢❡t✐r ❛ ❧✉③ ❡ DF ✭❞✐stâ♥❝✐❛ ❢♦❝❛❧✮ é ❛ ❞✐stâ♥❝✐❛ ❢♦❝❛❧ ❞❛ ❧❡♥t❡

✉t✐❧✐③❛❞❛ ♥♦ s❡t✲✉♣ ❆■▼✳ P♦ssí✈❡✐s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ♦s ✈❛❧♦r❡s ❞❡ 〈υ∗

θ〉 ❡ 〈υθ〉 sã♦ ❝♦♠♣❡♥s❛❞♦s

♣♦r s♦❢t✇❛r❡ ❛tr❛✈és ❞❡ ❛❧❣♦r✐t♠♦s ❞❡ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦✱ ❣❡r❛çã♦ ❞❛ ❝✉r✈❛ ❙P❘ ❡ ❡①tr❛çã♦

❞♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡ ❬✻✾❪✳

❖✉tr❛ ❢♦r♠❛ ❞❡ ❝❛❧✐❜r❛r ❛ ❞❡t❡❝t✐✈✐❞❛❞❡ ❞♦ s❡♥s♦r ❙P❘ é ❛❧t❡r❛♥❞♦ ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦✱

t❡♥❞♦ ❡♠ ✈✐st❛ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦s ✈❛❧♦r❡s ❞❛s r❡s♦❧✉çõ❡s ✐♥str✉♠❡♥t❛✐s 〈υλ〉 ❡ 〈υθ〉✳ ◆♦ ♠♦❞♦

❲■▼ ❛ ❞❡t❡❝t✐✈✐❞❛❞❡ ❛✉♠❡♥t❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❬✼✵❪✱ ❞❡ss❛ ❢♦r♠❛✱

♠❡s♠♦ ✉♠ ❞❡t❡❝t♦r ❝♦♠ ❛❧t♦s ✈❛❧♦r❡s ❞❡ r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧ ❡♠ 〈υλ〉 ♣♦❞❡ ❢♦r♥❡❝❡r ✉♠❛

r❡s♣♦st❛ ❛❞❡q✉❛❞❛ ♣❛r❛ ❉λ q✉❛♥❞♦ ✉♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❛❞❡q✉❛❞♦ é ✉t✐❧✐③❛❞♦✱ ✐✳❡✳✱

λ ❝♦♠ ✈❛❧♦r❡s ❡❧❡✈❛❞♦s✳ ❏á ❛ ❞❡t❡❝t✐✈✐❞❛❞❡ ❆■▼ ♣♦ss✉✐ ❝♦♠♣♦rt❛♠❡♥t♦ ♦♣♦st♦✱ ♦✉ s❡❥❛✱

❞❡❝r❡s❝❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❬✼✵❪✳ ❆ss✐♠✱ ♣❛r❛ ❝♦♠♣❡♥s❛r ❛ ❡✈❡♥t✉❛❧

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

✉t✐❧✐③❛❞♦s✳ ❆ ❝❛❧✐❜r❛çã♦ ❞♦ s❡♥s♦r ❡♠ ❛♠❜♦s ♦s ♠♦❞♦s ♣♦❞❡ s❡r ❢❡✐t❛ ❡s❝♦❧❤❡♥❞♦ ❖Ps ❞❡

♠♦❞♦ q✉❡ ♦ ♣❛râ♠❡tr♦ µ✱ ❡①♣r❡ss♦ ♣❡❧❛ ❡q✉❛çã♦ ❛❜❛✐①♦✱ s❡❥❛ ♠❛♥t✐❞♦ ♣ró①✐♠♦ ❞❡ ✶✳

µ = Dλ/Dθ = (Sλ/Sθ) (〈υθ〉 / 〈υλ〉). ✭✸✳✶✾✮



❈❛♣ít✉❧♦ ✸✳ Pr♦❥❡t♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ✺✺

❋✐❣✉r❛ ✸✳✹✽✿ ❉✐❛❣r❛♠❛ ❞❡ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛ ✉s❛❞♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❈❛♠♣♦ ❞❡ ❱✐sã♦ ✭❋♦❱✮
❞♦ PP❇■❖✳ ❊sq✉❡♠❛ ✐♥❞✐❝❛♥❞♦ ❞✐stâ♥❝✐❛s✱ â♥❣✉❧♦s ❡ ❡❧❡♠❡♥t♦s ♣r❡s❡♥t❡s ♥♦ s❡t✲✉♣ ❆■▼✳
P❛r❛ ♦ s❡♥s♦r ❙P❘ ❞❡s❡♥✈♦❧✈✐❞♦ ♦ ✈❛❧♦r ❞❡ ❋♦❱ é ❞❡ ✷✷✱✻◦✳

✸✳✹ ❘❡s✉♠♦

◆❡st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t♦✉✲s❡ ♦s r❡s✉❧t❛❞♦s ❞♦ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ r❡❛❧✐③❛❞♦ ♣❛r❛ ❛s ❡s✲

tr✉t✉r❛ ♠✉❧t✐❝❛♠❛❞❛ ✐♥✈❡st✐❣❛❞❛s✳ ❖s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ❝❛❞❛ s❡♥s♦r ❙P❘ ❝♦♠♣♦st♦

♣❡❧❛s ❝❛♠❛❞❛s s✉❜str❛t♦✴♠❡t❛❧✴❛♥❛❧✐t♦✱❛♠♦str❛ ❢♦r❛♠ ♦❜t✐❞♦s✳ ❆ ❚❛❜❡❧❛ ✸✳✷ ❛♣r❡s❡♥t❛ ✉♠

r❡s✉♠♦ ❞♦s ✈❛❧♦r❡s ❞♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❡ ❞♦s â♥❣✉❧♦s ❞❡ r❡ss♦♥â♥❝✐❛ ♦❜t✐❞♦s ♥♦ ❡s✲

t✉❞♦ t❡ór✐❝♦ ♣❛r❛ ❛♠♦str❛ ❞❡ á❣✉❛✳ ❖s ✈❛❧♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ sã♦ ✉s❛❞♦s ♣❛r❛

❡s❝♦❧❤❡r ❛ ❢♦♥t❡ ❞❡ ❧✉③ ✉t✐❧✐③❛❞❛ ♥❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps✳ ❖s â♥❣✉❧♦s r❡✢❡t❡♠ ❛ ♣♦s✐çã♦ ❡♠

q✉❡ ❛ r❡ss♦♥â♥❝✐❛ ❞❡✈❡ ♦❝♦rr❡r✳ ❆ ✉t✐❧✐③❛çã♦ ❞❡ ❢♦♥t❡ ❧✉♠✐♥♦s❛ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛

❞✐❢❡r❡♥t❡s ♣♦❞❡♠ ❝❛✉s❛r ❛❧t❡r❛çã♦ ♥♦ ❖P✱ ❡ ❛ss✐♠✱ ❝❛✉s❛r ❛❧t❡r❛çõ❡s ♥❛ ♣♦s✐çã♦ ❛♥❣✉❧❛r ❞❛

❝✉r✈❛ ❙P❘ ♥♦ ♠♦❞♦ ❆■▼✳ ◆❡ss❛s s✐t✉❛çõ❡s✱ ❛ r❡❧❛çã♦ ♣✐①❡❧ ✈s✳ â♥❣✉❧♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛

♣❛r❛ ❛❥✉st❛r ♦ ❡s♣❡❝tr♦ ❛♥❣✉❧❛r ❞❛ ❝✉r✈❛ ❙P❘✳ ❆s♣❡❝t♦s s♦❜r❡ ❛ ♦❜t❡♥çã♦ ❞❛ r❡❧❛çã♦ ♣✐①❡❧

✈s✳ â♥❣✉❧♦✴❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✺✳ Pr✐♠❡✐r❛♠❡♥t❡✱ ❛ ♣❡r✲



❈❛♣ít✉❧♦ ✸✳ Pr♦❥❡t♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ✺✻

❚❛❜❡❧❛ ✸✳✷✿ ❘❡s✉♠♦s ❞♦s ✈❛❧♦r❡s ❞❡ λR ❡ θR ✐♥❞✐❝❛♥❞♦ ♦ ❖P ❞❡ ❝❛❞❛ ♣❛r s✉❜str❛t♦✴♠❡t❛❧✳
▼♦❞♦ ❲■▼ ✲ λR

❇❑✼ ❚❖P❆❙ P▼▼❆ P❈
❆❣ ✻✺✽ ♥♠ ✻✶✾✱✷ ♥♠ ✼✼✾✱✹ ♥♠ ✺✶✾✱✶ ♥♠
❆❧ ✺✵✽✱✶ ♥♠ ✹✺✺✱✸ ♥♠ ✻✷✶✱✺ ♥♠ ✲
❆✉ ✼✶✺✱✻ ♥♠ ✻✼✼✱✶ ♥♠ ✽✷✺✱✼ ♥♠ ✻✵✻✱✹ ♥♠
❈✉ ✼✵✽✱✶ ♥♠ ✻✼✶✱✻ ♥♠ ✽✷✺✱✶ ♥♠ ✻✶✵✱✼ ♥♠

▼♦❞♦ ❆■▼ ✲ θR
❆❣ ✻✽✱✵✹◦ ✻✼✱✾✻◦ ✻✼✱✾✻◦ ✻✽✱✵✹◦

❆❧ ✻✽✱✶✷◦ ✻✽✱✶✷◦ ✻✽✱✹✹◦ ✲
❆✉ ✻✼✱✾✻◦ ✻✼✱✾✻◦ ✻✼✱✾✻◦ ✻✼✱✽✾◦

❈✉ ✻✼✱✽✾◦ ✻✼✱✾✻◦ ✻✼✱✾✻◦ ✻✽✱✶✷◦

❢♦r♠❛♥❝❡ ❞♦ ❛❧✉♠í♥✐♦ ❢♦✐ ❛♣r❡s❡♥t❛❞❛✳ ❈♦♠ ✜❧♠❡s ❞❡ ❆❧✱ ♦ s❡♥s♦r ❛♣r❡s❡♥t❛ ♦ ❡❢❡✐t♦ ❞♦ s♣❧✐t

❙P❘ ✲ ❛ s❡♣❛r❛çã♦ ❞❛ ❡①❝✐t❛çã♦ s✐♠étr✐❝❛ ❞♦s ❙Ps ❡♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛s ❝✉rt♦s ✭❙✇✮

❡ ❧♦♥❣♦s ✭▲✇✮✳ ❆ ❡①❝✐t❛çã♦ ❙✇✱ ❡♠ ❣❡r❛❧✱ s✉♣❡r❛ ❛ ❡①❝✐t❛çã♦ ▲✇✳ ❊♠ s❡❣✉✐❞❛✱ ❛s r❡s♣♦st❛s

♣❛r❛ ✜❧♠❡s ❞❡ ♦✉r♦✱ ♣r❛t❛ ❡ ❝♦❜r❡ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞❛s✳ ❆ ❞✐♥â♠✐❝❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ♣❛r❛

s✉❜stâ♥❝✐❛s ❝♦♠ í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ♥❛ ❢❛✐①❛ ❞❡ 1,33 < n3 < 1,39 ❘■❯ ♣❡r♠✐t❡ ❝❛r❛❝t❡r✐③❛r

♦s s❡♥s♦r❡s ❙P❘✳

❖s ♣❛râ♠❡tr♦s ❞❡ ❞❡s❡♠♣❡♥❤♦ ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s ♣❛r❛ ❝❛❞❛ ♠✉❧t✐❝❛♠❛❞❛ ❡ ♦s r❡s✉❧✲

t❛❞♦s ♣❛r❛ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ ❞❡t❡❝t✐✈✐❞❛❞❡ ❡♥❝♦♥tr❛♠✲s❡ s✉♠❛r✐③❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❆ ✲

❋❛❜r✐❝❛çã♦ ❞♦ PP❇■❖ ✳ ❊♠ sí♥t❡s❡✱ ♥❛ ❝♦♠♣❛r❛çã♦ ♠❡t❛❧ ❛ ♠❡t❛❧ ♦ ✈❛❧♦r ❞❡ Sλ é ♠❛✐♦r

♣❛r❛ ❛ ♣r❛t❛✱ ❝♦♠ ❡①❝❡çã♦ ♥♦ s✉❜str❛t♦ ❞❡ ❚❖P❆❙ ❡♠ q✉❡ ❛ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡ ❛♣❡♥❛s

❡♠ ❛❧t♦s ✈❛❧♦r❡s ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✭❃✶✱✸✻✺✮✳ ◆❛ ❝♦♠♣❛r❛çã♦ s✉❜str❛t♦ ❛ s✉❜str❛t♦✱ ♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ Sλ é s✉♣❡r✐♦r ❡♠ ♣r✐s♠❛s ❞❡ P▼▼❆✱ ❝♦♠ ❡①❝❡çã♦ ♥♦ ✜❧♠❡ ❞❡ ❛❧✉♠í♥✐♦

❡♠ q✉❡ ♦ s✉❜str❛t♦ ❚❖P❆❙ é s✉♣❡r✐♦r ♣♦r ❤❛✈❡r ❛♣❡♥❛s r❡ss♦♥â♥❝✐❛ ❡♠ ❛❧t♦s ✈❛❧♦r❡s ❞❡

í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✳ P♦r ú❧t✐♠♦✱ ❛ ❛♥á❧✐s❡ ❞❛ ó♣t✐❝❛ ❣❡♦♠étr✐❝❛ ❢♦✐ ❞✐s❝✉t✐❞❛✳ P❛r❛ ✈❡r ❛

r❡s♣♦st❛ ❙P❘ ❞❡ ♦✉tr♦s ♠❛t❡r✐❛✐s ❝♦♥s✉❧t❛r ❬✹✵❪✳

❈♦♠♣♦rt❛♠❡♥t♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ ♠❡t❛❧✲❛✲♠❡t❛❧✱ ❇❑✼✿ ❆❧≈❆❣❃❈✉❃❆✉ ✭❲■▼✮ ❡ ❆❧❃❆❣❃❆✉❃❈✉

✭❆■▼✮❀ ❚❖P❆❙✿ ❆❧❃❆❣❃❈✉❃❆✉ ✭❲■▼✮ ❡ ❆❣❃❆✉❃❈✉❃❆❧ ✭❆■▼✮❀ P▼▼❆✿ ❆❣❃❈✉❃❆✉❃❆❧ ✭❲■▼✮ ❡

❆❧❃❆❣❃❆✉❃❈✉ ✭❆■▼✮❀ P❈✿ ❆❣❃❆✉❃❈✉❃❆❧ ✭❲■▼✮ ❡ ❆❣❃❆✉❃❈✉❃❆❧ ✭❆■▼✮✳

❈♦♠♣♦rt❛♠❡♥t♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ s✉❜str❛t♦✲❛✲s✉❜str❛t♦✱ ❲■▼✿❆✉✱❆❣✱❈✉✿ P▼▼❆❃❇❑✼❃❚❖P❆❙❃P❈

❡❆❧✿ ❚❖P❆❙❃P▼▼❆❃❇❑✼❃P❈✳ ❆■▼✿❆✉✱❆❣✿ P❈❃❚❖P❆❙❃❇❑✼❃P▼▼❆✱❈✉✿ P❈❃❇❑✼❃❚❖P❆❙❃P▼▼❆

❡ ❆❧✿ ❇❑✼❃P▼▼❆❃❚❖P❆❙❃P❈✳



❈❛♣ít✉❧♦ ✹

❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘

❆♣ós ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛ ✐♥t❡r❛çã♦ ❧✉③✲♠❛tér✐❛ ♥♦ s❡♥s♦r ❙P❘ ❝♦♠ PP❇■❖✱ ✐♥✐❝✐♦✉✲s❡ ♦

♣r♦❝❡ss♦ ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ s❡♥s♦r ✭❘❛♠♦ ▼❡❝â♥✐❝♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛✮ ❝♦♠ ❛ ❝♦♥❢❡❝çã♦

❞♦s ♣r✐s♠❛s✳ ❆ ❢❛❜r✐❝❛çã♦ ❞❡ ♦❜❥❡t♦s ❜❛s❡❛❞♦s ❡♠ ♣♦❧í♠❡r♦s ❡ ✈✐❞r♦s ♣♦❞❡ s❡r r❡❛❧✐③❛❞❛ ❞❡

❞✐❢❡r❡♥t❡s ❢♦r♠❛s✱ t❛✐s ❝♦♠♦ ♣r❡♥s❛❣❡♠ à q✉❡♥t❡✱ ♠♦❧❞❛❣❡♠ ♣♦r ✐♥❥❡çã♦ ❡ ❛❜❧❛çã♦ ❛ ❧❛s❡r

❬✼✶❪✳ ◆♦ ❝❛s♦ ❞♦s ♣♦❧í♠❡r♦s ❡s❝♦❧❤✐❞♦s✱ P❈ ✭♣♦❧✐❝❛r❜♦♥❛t♦✮✱ P▼▼❆ ✭♣♦❧✐♠❡t✐❧✲♠❡t❛❝r✐❧❛t♦✮

❡ ❚❖P❆❙✱ ❛ ♠♦❧❞❛❣❡♠ ♣♦r ✐♥❥❡çã♦ é ♦ ♠ét♦❞♦ ♠❛✐s ✉t✐❧✐③❛❞♦✳

✹✳✶ ❋❛❜r✐❝❛çã♦ ❞♦ P❇❇■❖

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

❡ ♣♦❧✐♠❡♥t♦ q✉❡ ♦❝♦rr❡♠ ❞✉r❛♥t❡ ❛ ❢❛❜r✐❝❛çã♦ ❞♦ PP❇■❖✳

✹✳✶✳✶ ▼♦❧❞❛❣❡♠ ♣♦r ✐♥❥❡çã♦ ❞♦ P❇❇■❖

❉❡✜♥✐❞❛ ❛s ❡s♣❡❝✐✜❝❛çõ❡s ❣❡♦♠étr✐❝❛s ❞♦ PP❇■❖✱ ❢❛❜r✐❝❛✲s❡ ♦ ♠♦❧❞❡✳ ❆ ❋✐❣✉r❛ ✹✳✶ ❛♣r❡s❡♥t❛

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

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

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

❆ ✲ ❋❛❜r✐❝❛çã♦ ❞♦ PP❇■❖ ✳

❯t✐❧✐③❛♥❞♦ ♦ ♠♦❧❞❡ ❞❡ q✉❛tr♦ ❝❛✈✐❞❛❞❡s✱ ❢♦r❛♠ ♠❛♥✉❢❛t✉r❛s ♦s ♣r✐s♠❛s ♣♦❧✐♠ér✐❝♦s✳

❖s ♣♦❧í♠❡r♦s ✉t✐❧✐③❛❞♦s ❢♦r❛♠ ♦ ❚❖P❆❙ ✺✵✶✸ ❞❛ ❡♠♣r❡s❛ ❚❖P❆❙ ❆❞✈❛♥❝❡❞ P♦❧②♠❡rs✱ ♦



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✺✽

❋✐❣✉r❛ ✹✳✶✿ ▼♦❧❞❡s ♣r♦❞✉③✐❞♦s ♣❛r❛ ❢❛❜r✐❝❛çã♦ ❞♦ PP❇■❖✳ ❛✮ ▼♦❧❞❡ ❝♦♠ ✸ ❝❛✈✐❞❛❞❡s ❡ ❜✮
▼♦❧❞❡ ❝♦♠ ✹ ❝❛✈✐❞❛❞❡s✳

P♦❧✐❝❛r❜♦♥❛t♦ ▲❡①❛♥ ❍❋❉✶✽✸✵ ❞❛ ❡♠♣r❡s❛ ❙❛❜✐❞ ❡ ♦ P▼▼❆ ❆❝r✐❣❡❧ ▲❊P✶✵✵ ❞❛ ❡♠♣r❡s❛

❯♥✐❣❡❧ P❧ást✐❝♦s✳ Pr✐s♠❛s ❞❡ ✈✐❞r♦ ❢♦r❛♠ ❝♦♥❢❡❝❝✐♦♥❛❞♦s ❥✉♥t♦ ❛ ❡♠♣r❡s❛ ❊❞♠✉♥❞ ❖♣t✐❝s

✉s❛♥❞♦ ♦ ◆✲❇❑✼ ❞❛ ♣ró♣r✐❛ ❊❞♠✉♥❞✳ ❆ tr❛♥s♠✐tâ♥❝✐❛ ♦❜t✐❞❛ ♣♦r ❝❛❞❛ ♣r✐s♠❛✱ ✈❡r ❋✐❣✉r❛

✹✳✷✱ ❝♦♥✜r♠❛ ❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✉t✐❧✐③❛❞❛ ♥♦ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ❛t❡st❛♥❞♦

❛ ❝♦rr❡t❛ ❡s❝♦❧❤❛ ❞♦s ♣r♦❞✉t♦s ❝♦♠❡r❝✐❛❧✐③❛❞♦s ♣❡❧❛s ❡♠♣r❡s❛s ❝✐t❛❞❛s✳

❆♦ ❝♦♥s✐❞❡r❛r ❛ ♠♦❧❞❛❣❡♠ ❞♦ ♣r✐s♠❛ ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ✐♥❥❡çã♦✱ ❞❡✈❡✲s❡ ❧❡✈❛r ❡♠ ❝♦♥t❛

❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❢❛t♦r❡s q✉❡ ♣♦❞❡♠ ❛❢❡t❛r ♦s r❡s✉❧t❛❞♦s ✜♥❛✐s ❡♠ t❡r♠♦s ❞❡ ♣❡r❢♦r✲

♠❛♥❝❡ ✭q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ❙P❘✮✱ t❛✐s ❝♦♠♦✿ t❡♠♣♦ ❡ t❡♠♣❡r❛t✉r❛ ❞❡ ✐♥❥❡çã♦✱ t❡♠♣❡✲

r❛t✉r❛ ❞♦ ♠♦❧❞❡ ❡ ❞♦ ♠❛t❡r✐❛❧ ✐♥❥❡t❛❞♦✱ ♣r❡ssã♦ ❞❡ ✐♥❥❡çã♦✱ t❡♠♣♦ ❞❡ ♣ré✲❛q✉❡❝✐♠❡♥t♦ ❞♦

♣♦❧í♠❡r♦ ❡ t❡♠♣♦ ❞❡ r❡s❢r✐❛♠❡♥t♦❀ ❛❧é♠ ❞❡ ❝✉✐❞❛❞♦s ❝♦♠ ❛ ♠❛♥✐♣✉❧❛çã♦ ❡ ❛r♠❛③❡♥❛♠❡♥t♦



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✺✾

❋✐❣✉r❛ ✹✳✷✿ P❡r❝❡♥t✉❛❧ ❞❡ tr❛♥s♠✐tâ♥❝✐❛ ✭tr❛♥s♣❛rê♥❝✐❛✮ ♣❛r❛ ♦s ♣r✐s♠❛s ❢❛❜r✐❝❛❞♦s ❝♦♠
P❈✱ P▼▼❆✱ ❚❖P❆❙ ❡ ❇❑✼✳ ❉❛❞♦s ♦❜t✐❞♦s ❝♦♠ ♦ ❡s♣❡❝tr♦❢♦tô♠❡tr♦ ❋❊◆❚❖ ✽✵✵ ❳■✳

❞♦ ♠❛t❡r✐❛❧✳ ❱❛❧❡ s❛❧✐❡♥t❛r q✉❡ ❛s ✈❛r✐❛çõ❡s ♥❛s ❝♦♥❞✐çõ❡s ❞❡ ♠♦❧❞❛❣❡♠ tê♠ ✉♠ ❡❢❡✐t♦ ❞✐r❡t♦

s♦❜r❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ✜♥❛✐s ❞♦ ♣r♦❞✉t♦✳

✹✳✶✳✷ ❘❡❝♦③✐♠❡♥t♦ ❞♦ PP❇■❖

◆❛ ♠♦❧❞❛❣❡♠ ♣♦r ✐♥❥❡çã♦✱ ❛s ❝❛✈✐❞❛❞❡s ❞♦ ♠♦❧❞❡ s❡ ❡♥❝❤❡♠ ✐♥❥❡t❛♥❞♦✲s❡ ♠❛t❡r✐❛❧ ✭✢✉✐❞♦

♣♦❧✐♠ér✐❝♦✮ ❛tr❛✈és ❞❡ ♣❡q✉❡♥♦s ❝❛♥❛✐s ❛ ❡❧❡✈❛❞❛ ✈❡❧♦❝✐❞❛❞❡ ❡ s♦❜ ❛❧t❛ ♣r❡ssã♦✳ ❆s ♣❛r❡❞❡s

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

❡s❢r✐❛♠ r❛♣✐❞❛♠❡♥t❡ ❛ ❝❛♠❛❞❛ ❞♦ ♠❛t❡r✐❛❧ q✉❡ ❡♥tr❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❡❧❛s✱ q✉❡ s❡ s♦❧✐❞✐✜❝❛

❞❡ ❢♦r♠❛ ✐♥st❛♥tâ♥❡❛✳ P♦r ✧❝✐♠❛✧ s❡❣✉❡ ♣❛ss❛♥❞♦ ♠❛✐s ♠❛t❡r✐❛❧ q✉❡ ✈❛✐ s❡ ❡s❢r✐❛♥❞♦ ❡♠

s✉❝❡ss✐✈♦s ♥í✈❡✐s ♦✉ ❝❛♠❛❞❛s ♣❛r❛ ❝♦♠♣❧❡t❛r ♦ ❝✐❝❧♦ ❞❡ ♣r❡❡♥❝❤✐♠❡♥t♦✳ ❊st❛s ❝♦♥❞✐çõ❡s ❣❡✲

r❛♠ t❡♥sõ❡s ✧r❡s✉❧t❛♥t❡s ❞❛ ❢r✐❝çã♦ ❡♥tr❡ ❛s ❝❛♠❛❞❛s✱ q✉❡ s❡r✈❡ ♣❛r❛ ✬♦r✐❡♥t❛r✬ ❛s ♠♦❧é❝✉❧❛s

♥❛ ❞✐r❡çã♦ ❞♦ ✢✉①♦ ❡ q✉❡ s❡ ❡st❛❜❡❧❡❝❡♠ ♥❛ ♠❛ss❛ ♠♦❧❞❛❞❛ ❛♥t❡s q✉❡ ❛s ♠❛❝r♦♠♦❧é❝✉❧❛s

♣♦ss❛♠ s❡ ❛❝♦♠♦❞❛r ♥♦✈❛♠❡♥t❡ ❡ s❡ ❧✐✈r❛r❡♠ ❞❡ss❛s t❡♥sõ❡s ♦✉ ❞❡❢♦r♠❛çõ❡s ❞♦ s❡✉ ❡st❛❞♦

♥❛t✉r❛❧✧ ❬✼✶❪✳ ❙❡♥❞♦ ❛ss✐♠✱ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ❛s ❚❡♥sõ❡s ❘❡s✐❞✉❛✐s ✭r❡s✐❞✉❛❧ str❡ss✮ s❡ ♦r✐✲

❣✐♥❛♠ ❜❛s✐❝❛♠❡♥t❡ q✉❛♥❞♦ ✉♠❛ ♠❛ss❛ q✉❡♥t❡ ❡♥tr❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠❛ s✉♣❡r❢í❝✐❡ ♠✉✐t♦

♠❛✐s ❢r✐❛✱ ❞❡✈✐❞♦ ❛ ✉♠ ♣r♦❝❡ss♦ ❞❡ s♦❧✐❞✐✜❝❛çã♦ ❡ r❡s❢r✐❛♠❡♥t♦✱ ❝❤❛♠❛❞♦ ❞❡ str❡ss tér♠✐❝♦✳

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

♠❛t❡r✐❛❧ tr❛♥s♣❛r❡♥t❡✱ ❢❡♥ô♠❡♥♦ ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❜✐rr❡❢r✐♥❣ê♥❝✐❛ ✭✈❡r ❋✐❣✉r❛ ✹✳✸✮✳ ❆ ❜✐rr❡✲

❢r✐♥❣ê♥❝✐❛ ❞❡❣r❛❞❛ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ✐♥str✉♠❡♥t♦ ó♣t✐❝♦ q✉❡ r❡q✉❡r ♠❛♥✉t❡♥çã♦ ó♣t✐❝❛ ❞♦



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✻✵

❋✐❣✉r❛ ✹✳✸✿ ❊sq✉❡♠❛ ✐❧✉str❛t✐✈♦ ❞❡ ✉♠❛ ❧✉③ ♣♦❧❛r✐③❛❞❛ ❛tr❛✈❡ss❛♥❞♦ ✉♠ ♠❡✐♦ ❜✐rr❡❢r✐♥❣❡♥t❡
❡ ♦✉tr♦ ♥ã♦ ❜✐rr❡❢r✐♥❣❡♥t❡✳ ❆s ❝♦♠♣♦♥❡♥t❡s ❡①tr❛♦r❞✐♥ár✐❛✱ ♠❛✐s ❧❡♥t❛ ✭r❛✐♦E✮✱ ❡ ♦r❞✐♥ár✐❛✱
♠❛✐s rá♣✐❞❛ ✭r❛✐♦O✮✱ ❡stã♦ ✐♥❞✐❝❛❞❛s✳

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

❬✼✷❪✳ ❊♠ ✉♠ ♠❛t❡r✐❛❧ ❜✐rr❡❢r✐♥❣❡♥t❡✱ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ♣♦❞❡ s❡r ❞❡❝♦♠✲

♣♦st♦ ❡♠ ❞✉❛s ❝♦♠♣♦♥❡♥t❡s ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ r❛✐♦ ❡①tr❛♦r❞✐♥ár✐♦ ✭♣❛r❛❧❡❧♦ à ❞✐r❡çã♦ ❞♦ ❡✐①♦

ó♣t✐❝♦ ❞♦ ♠❛t❡r✐❛❧✮ ❡ r❛✐♦ ♦r❞✐♥ár✐♦ ✭♣❡r♣❡♥❞✐❝✉❧❛r à ❞✐r❡çã♦ ❞♦ ❡✐①♦ ó♣t✐❝♦ ❞♦ ♠❛t❡r✐❛❧✮✱

♦s q✉❛✐s ✈✐❛❥❛♠ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡s ❞❡ ♣r♦♣❛❣❛çã♦ ❞✐❢❡r❡♥t❡s✳ ■ss♦ s✐❣♥✐✜❝❛ q✉❡ ❡①✐st❡♠ ❞♦✐s

í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ❞✐st✐♥t♦s✿ ne ❡ no r❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ♦s r❛✐♦s ❡①tr❛♦r❞✐♥ár✐♦ ❡ ♦r❞✐♥ár✐♦✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❊ss❛ ❞✉♣❧❛ r❡❢r❛çã♦ ♥ã♦ ♦❝♦rr❡ s❡ ❛s ♠♦❧é❝✉❧❛s q✉❡ ❢♦r♠❛♠ ♦ ♣r✐s♠❛ ❢♦r❡♠ ❝♦♠♣❧❡t❛✲

♠❡♥t❡ ❧✐✈r❡s ❞❡ t❡♥sã♦ r❡s✐❞✉❛❧✳ ◆♦ ❡♥t❛♥t♦✱ q✉❛♥❞♦ ♦ ♣♦❧í♠❡r♦ ✭P❈✱ P▼▼❆ ♦✉ ❚❖P❆❙✮ é

s✉❜♠❡t✐❞♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ ✐♥❥❡çã♦ ❛❝❛❜❛ ♣♦r s✉❜♠❡t❡r✲s❡ ❛ ✐rr❡❣✉❧❛r✐❞❛❞❡s ❡ ❛❧t♦s ♥í✈❡✐s ❞❡

t❡♥sã♦ ✭❞❡✈✐❞♦ à ✈❛r✐❛çã♦ tér♠✐❝❛✱ ❛♦ ✢✉①♦ ❡ ❛♦ ❡♠♣❛❝♦t❛♠❡♥t♦ ❬✼✶❪✮✳ ❈♦♠ ♦ ✉s♦ ❞❡ ✉♠

♣♦❧❛rí♠❡tr♦ ✭♦✉ ♣♦❧❛r✐s❝ó♣✐♦✮ é ♣♦ssí✈❡❧ ♠❡♥s✉r❛r ♦ str❡ss r❡s✐❞✉❛❧ ❞♦ ♣r✐s♠❛✳ ❈♦♠♣♦st♦

♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③✱ ❞♦✐s ♣♦❧❛r✐③❛❞♦r❡s✱ ✉♠❛ ♣❧❛❝❛ ❞❡ q✉❛rt♦✲❞❡✲♦♥❞❛ ❡ ✉♠ s❡♥s♦r ❞❡

✐♠❛❣❡♠ ✭✈❡r ❋✐❣✉r❛ ✹✳✹✮✱ ❡ss❡ ❡q✉✐♣❛♠❡♥t♦ ♣♦ss✐❜✐❧✐t❛ ❝❛❧❝✉❧❛r ❛ ❞❡❢❛s❛❣❡♠ ❡♥tr❡ ♦s r❛✐♦s

❡①tr❛♦r❞✐♥ár✐♦s ❡ ♦r❞✐♥ár✐♦s ❞♦ ♠❡✐♦ ❜✐rr❡❢r✐♥❣❡♥t❡✳ ❈♦♠ ❛ r♦t❛çã♦ ❞♦ s❡❣✉♥❞♦ ♣♦❧❛r✐③❛❞♦r

✭❞❡♥♦♠✐♥❛❞♦ ❛♥❛❧✐s❛❞♦r✮ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ tr❛♥s♠✐t✐❞❛ ✈❛r✐❛✱ ❛❧❝❛♥ç❛♥❞♦ ✐♥t❡♥s✐❞❛❞❡

♠á①✐♠❛ q✉❛♥❞♦ ♦ ❡✐①♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞♦ ❛♥❛❧✐s❛❞♦r ❝♦✐♥❝✐❞✐r ❝♦♠ ♦ ❡✐①♦ ❞♦ r❛✐♦ ♦r❞✐♥ár✐♦

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

r❛✐♦ ❡①tr❛♦r❞✐♥ár✐♦✳ ❊ss❛ ✐♥t❡♥s✐❞❛❞❡ é r❡♣r❡s❡♥t❛❞❛ ♣♦r ❬✼✸❪✿

I = a2[1 + sen2(α− β)sen∆], ✭✹✳✶✮

s❡♥❞♦ a ❛ ❛♠♣❧✐t✉❞❡ ❞❛ ❧✉③ tr❛♥s♠✐t✐❞❛✱ α é ♦ â♥❣✉❧♦ ❞❡ r♦t❛çã♦ ❞♦ ❛♥❛❧✐③❛❞♦r✱ β é ❛
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♦r✐❡♥t❛çã♦ ❞♦ ❡✐①♦ ♦r❞✐♥ár✐♦ ❡ ∆ é ♦ r❡t❛r❞❛♠❡♥t♦ ❞❛ ❢❛s❡ ♣r♦❞✉③✐❞♦ ❡♥tr❡ ♦s r❛✐♦s ❊ ❡

❖ ❞❡✈✐❞♦ à ❜✐rr❡❢r✐❣ê♥❝✐❛ ❞♦ ♠❛t❡r✐❛❧ ✐♥❞✉③✐❞❛ ♣❡❧♦ str❡ss✳ ❙❡ ♦ ♣r✐s♠❛ ♥ã♦ ♣♦ss✉✐ str❡ss

r❡s✐❞✉❛❧✱ ❡♥tã♦ sen∆ é ③❡r♦✱ ❝❛s♦ ❝♦♥trár✐♦✱ sen∆ t❡♠ ✉♠ ✈❛❧♦r ✜♥✐t♦ ❝♦♠ ∆ ❡①♣r❡ss♦ ♣♦r✿

∆ =
2πCd

λ
(σ1 − σ2). ✭✹✳✷✮

❖ r❡t❛r❞❛♠❡♥t♦ ❞❡ ❢❛s❡ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s r❛✐♦s ❊ ❡ ❖ ✭σ1−σ2✮✱

❞❡✈✐❞♦ ❛♦ str❡ss✱ ❛ ❝♦♥st❛♥t❡ ❞❡ str❡ss ó♣t✐❝❛ ✭❈✮ ❞♦ ♠❛t❡r✐❛❧ ❡ à ❡s♣❡ss✉r❛ ✭❞✮ ❞♦ ♣r✐s♠❛✳

❘❡❡s❝r❡✈❡♥❞♦ ✭✹✳✶✮ ❡♠ t❡r♠♦s ❞❡ s❡♥♦ ❡ ❝♦ss❡♥♦✱ t❡♠✲s❡ ❬✼✹❪✿

I = Ia + Icαcos2α + Isαsen2α ✭✹✳✸✮

❝♦♠ Icα = −(s)sen2β✱ Isα = (s)cos2β✱ s = a2sen∆ ❡ Ia é ❛ ♠é❞✐❛ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ✐♠❛❣❡♠

❝♦❧❡t❛❞❛✳ ❆ss✐♠✱ ♣❛r❛ ❝❛❧❝✉❧❛r ♦ r❡t❛r❞❛♠❡♥t♦ ❞❡ ❢❛s❡ ❝❛♣t✉r❛✲s❡ q✉❛tr♦ ✐♠❛❣❡♥s ❝♦♠ ❢❛s❡s

❞❡s❧♦❝❛❞❛s ♣❛r❛ q✉❛tr♦ ♣♦s✐çõ❡s ❞♦ ❛♥❛❧✐s❛❞♦r✿ ✵◦✱ ✹✺◦✱ ✾✵◦ ❡ ✶✸✺◦ ❞❡♥♦t❛❞❛s ♣♦r I1✱ I2✱ I3

❡ I4 ❡ ❞❡✜♥✐❞❛s ❝♦♠♦✿ I1 = Ia + Icα✱ I2 = Ia + Isα✱ I3 = Ia − Icα ❡ I4 = Ia − Isα✳

❊ss❛s ✐♠❛❣❡♥s sã♦ ❡♥tã♦ ♣r♦❝❡ss❛❞❛s ❞❛ ❢♦r♠❛✿

s =
[(I3 − I1)

2 + (I4 − I2)
2]1/2

2(I1 + I2 + I3 + I4)
✭✹✳✹✮

♣❛r❛ ♦❜t❡♥çã♦ ❞♦s ♣❛râ♠❡tr♦s ∆ ❡ β

∆ = sen−1(s) ✭✹✳✺✮

β =
1

2
tan−1

(
I3 − I1
I4 − I2

)

✭✹✳✻✮

❡ ❛ss✐♠ q✉❛♥t✐✜❝❛r ♦ str❡ss ♣r♦♣♦r❝✐♦♥❛❧ ❛ ∆✳

P❛r❛ ♠✐♥✐♠✐③❛r ♦ ❡❢❡✐t♦ ❞❛ ❜✐rr❡❢r✐❣ê♥❝✐❛ ♦s ♣r✐s♠❛s sã♦ s✉❜♠❡t✐❞♦s ❛♦ ♣r♦❝❡ss♦ ❞❡

r❡❝♦③✐♠❡♥t♦ ♦✉ ❛♥♥❡❛❧✐♥❣✳ ❖ r❡❝♦③✐♠❡♥t♦ é ✉♠ ♣r♦❝❡ss♦ ❡♠ q✉❡ ♦ ❝❛❧♦r é ❛♣❧✐❝❛❞♦ ❡♠ ✉♠

♠❛t❡r✐❛❧ ❛ ✜♠ ❞❡ ♠✉❞❛r s✉❛ ❡str✉t✉r❛ ✐♥t❡r♥❛✱ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♦ ♠❛t❡r✐❛❧ t❡rá ♠❡♥♦s

t❡♥sõ❡s r❡s✐❞✉❛✐s ✐♥t❡r♥❛s ❞❡✈✐❞♦ à r❡❧❛①❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s s♦❜ r❡❝♦③✐♠❡♥t♦ ❬✼✺❪✳ ❯s❛❞♦ ♥❛

❢❛❜r✐❝❛çã♦ ❞❡ ✈✐❞r♦ ❡ ♥❛ ✐♥❞ústr✐❛ ♠❡t❛❧úr❣✐❝❛✱ ♦ r❡❝♦③✐♠❡♥t♦ é ♦ ❛q✉❡❝✐♠❡♥t♦ ❡ ♦ ♣♦st❡r✐♦r
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❋✐❣✉r❛ ✹✳✹✿ ❊sq✉❡♠❛ ❞❡ ✉♠ ♣♦❧❛r✐s❝ó♣✐♦✳ ❆trás ❞♦ ♣r✐s♠❛ s♦❜ ❛♥á❧✐s❡ ❤á ✉♠❛ ❧✉③ ♥ã♦
♣♦❧❛r✐③❛❞❛ s❡❣✉✐❞♦ ❞❡ ✉♠ ♣♦❧❛r✐③❛❞♦r ❡ ✉♠ ♣❧❛♥♦ ❞❡ ✶✴✹ ❞❡ ♦♥❞❛✳ ➚ ❢r❡♥t❡ ❞♦ ♣r✐s♠❛✱ ♦✉tr♦
♣♦❧❛r✐③❛❞♦r ✭❛♥❛❧✐s❛❞♦r✮ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛♥❛❧✐s❛r ❛ ♣♦❧❛r✐③❛çã♦ ❡ ✉♠ s❡♥s♦r ❞❡ ✐♠❛❣❡♠
❝❛♣t✉r❛ ♦ ✈❛❧♦r ❞❛ ✐♥t❡♥s✐❞❛❞❡✳

❡s❢r✐❛♠❡♥t♦ ❧❡♥t♦ ❡ ❤♦♠♦❣ê♥❡♦ ❞♦ ♠❛t❡r✐❛❧ ❬✼✺❪✳ ❆ss✐♠✱ ♦s ♣r✐s♠❛s ❢♦r❛♠ ❛q✉❡❝✐❞♦s ❛té

❛ t❡♠♣❡r❛t✉r❛ ❞❡ r❡❧❛①❛çã♦ ❞❛s t❡♥sõ❡s ❛ ✉♠❛ t❛①❛ ❛♣r♦①✐♠❛❞❛ ❞❡ ✼◦❈✴❤✱ ♠❛♥t✐❞♦s ❛

❡st❛ t❡♠♣❡r❛t✉r❛ ♣❡❧♦ t❡♠♣♦ ♥❡❝❡ssár✐♦ ❛♦ r❡❧❛①❛♠❡♥t♦ ❡ r❡s❢r✐❛❞♦s ❝♦♥tr♦❧❛❞❛♠❡♥t❡ ❛té ❛

t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❞✐♠✐♥✉✐♥❞♦ ♦ str❡ss ❞♦ ♠❛t❡r✐❛❧✳

❆ ❋✐❣✉r❛ ✹✳✺ ♠♦str❛ ❞✐❢❡r❡♥t❡s ♣r✐s♠❛s s♦❜ ✐❧✉♠✐♥❛çã♦ ❝♦♠ ♣♦❧❛r✐③❛çã♦ ❚▼✱ ❝♦♥❞✐çã♦

♥❡❝❡ssár✐❛ ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps✳ ❈♦♠ ❡ss❛ ♣♦❧❛r✐③❛çã♦ ❛ ❧✉③ ❞❡✈❡ s❡r ❜❧♦q✉❡❛❞❛✳ ❖

♣r♦❝❡ss♦ ❞❡ r❡❝♦③✐♠❡♥t♦ ❝♦♥s✐st✐✉ ♥♦ ❛q✉❡❝✐♠❡♥t♦ ❛ ✼✺✪ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉♥❞✐çã♦ ❞❡

❝❛❞❛ ♣♦❧í♠❡r♦ ♣♦r ✶✽ ❤♦r❛s✳ ◆♦s ♣r✐s♠❛ q✉❡ ♥ã♦ ♣♦ss✉❡♠ r❡❝♦③✐♠❡♥t♦ ❛ ❧✉③ ❛tr❛✈❡ss❛✲

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

♣♦❧✐❞♦s ❡ ♥ã♦ ♣♦❧✐❞♦s ♠♦str❛♥❞♦ q✉❡ ❡ss❡ ♣r♦❝❡ss♦ t❛♠❜é♠ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ✉♠ ❜♦♠

r❡s✉❧t❛❞♦✳ ❆❞❡♠❛✐s✱ ♠♦str❛✲s❡ ♥❛ ✜❣✉r❛ ♣r✐s♠❛s ♠❛♥✉❢❛t✉r❛❞♦s ❝♦♠ ❞✐❢❡r❡♥t❡s ♣♦❧í♠❡r♦s

✭✜❣✉r❛ ✐♥❢❡r✐♦r✮✱ ❜❡♠ ❝♦♠♦ ✐♠❛❣❡♠ ❞♦ ♣r✐s♠❛ ❞❡ ✈✐❞r♦ q✉❡ é ❛✉s❡♥t❡ ❞❡ str❡ss✳

❖ r❡❝♦③✐♠❡♥t♦ t❛♠❜é♠ ❛❢❡t❛ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♣r✐s♠❛ ✭♥✮✱ t❡♥❞♦ ❡♠ ✈✐st❛ ❛

♠♦❞✐✜❝❛çã♦ ❡str✉t✉r❛❧ ❞♦ ♠❛t❡r✐❛❧ ♣r♦✈♦❝❛❞❛ ♣❡❧♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❖ ✈❛❧♦r ❞♦ í♥❞✐❝❡

❞❡ r❡❢r❛çã♦ ❛♣ós ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ t❛①❛ ❞❡ r❡❝♦③✐♠❡♥t♦ ✭❚❡♠♣❡r❛t✉r❛✴❚❡♠♣♦✮ é ❞❛❞♦ ♣♦r

❬✼✹❪✿

n(hx) = n(h0) +mdlog

(
hx

h0

)

, ✭✹✳✼✮
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❋✐❣✉r❛ ✹✳✺✿ ❛✮ ❋♦t♦❣r❛✜❛ ♣❛r❛ ♣r✐s♠❛s ❝♦♠ ❬✶❪✲❬✷❪✲❬✸❪ ❡ s❡♠ ❬✹❪✲❬✺❪✲❬✻❪ ❛♥♥❡❛❧✐♥❣✱ ♣♦❧✐❞♦s
❬✸❪✲❬✹❪ ❡ ♥ã♦ ♣♦❧✐❞♦s ❬✶❪✲❬✷❪✲❬✺❪✲❬✻❪✱ t♦❞♦s ❢❛❜r✐❝❛❞♦s ❝♦♠ ❚❖P❆❙ ❡ ✉s❛♥❞♦ ♦ ♠♦❧❞❡ ❞❡ ✸
❝❛✈✐❞❛❞❡s✳ ❜✮ ❋♦t♦❣r❛✜❛ ♣❛r❛ ♣r✐s♠❛s ♣♦❧✐♠ér✐❝♦s ❢❛❜r✐❝❛❞♦s ❝♦♠ ♦ ♠♦❧❞❡ ❞❡ ✹ ❝❛✈✐❞❛❞❡s ❡
♣r✐s♠❛ ❞❡ ✈✐❞r♦ ❇❑✼✳ Pr✐s♠❛s q✉❡ ♣❛ss❛♠ ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ✐♥❥❡çã♦ ❬P❈❪✲❬P▼▼❆❪✲❬❚❖P❆❙❪
♣♦ss✉❡♠ str❡ss ❡♥q✉❛♥t♦ ♦ ♣r✐s♠❛ ✈✐❞r♦ ❬❇❑✼❪✱ ❢❛❜r✐❝❛❞♦ ❞❡ ❢♦r♠❛ ❞✐❢❡r❡♥t❡✱ é ❛✉s❡♥t❡ ❞❡
str❡ss✳

❡♠ q✉❡ hx é ❛ t❛①❛ ❞❡ ❛♥♥❡❛❧✐♥❣ ✉t✐❧✐③❛❞❛✱ h0 r❡♣r❡s❡♥t❛ ❛ t❛①❛ ❞❡ ❛♥♥❡❛❧✐♥❣ ❞❡ r❡❢❡rê♥❝✐❛

❡ md é ♦ ❝♦❡✜❝✐❡♥t❡ q✉❡ r❡❧❛❝✐♦♥❛ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ❛♥♥❡❛❧✐♥❣ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦

♠❛t❡r✐❛❧✳

❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛s ❝✉r✈❛s ❙P❘s ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✳✻✱ ❛

❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ❇❑✼ é ♠✉✐t♦ s❡♠❡❧❤❛♥t❡ ❛ ❝✉r✈❛ t❡ór✐❝❛ ✲ t❛♥t♦ ♥♦ ❝♦♥tr❛st❡ q✉❛♥t♦

♥❛ ♣♦s✐çã♦ ❞❡ ♠í♥✐♠♦ ✲ ✉♠❛ ✈❡③ q✉❡ ♦ ❇❑✼ é ❛✉s❡♥t❡ ❞❡ ❜✐rr❡❢r✐❣ê♥❝✐❛✱ ❝♦♠ ✈❛r✐❛çã♦ ♥❛

♣♦s✐çã♦ ❞❡ λR ❞❡ ✽✱✼ ♥♠✳ ❖ ❚❖P❆❙ ♣♦ss✉✐ ♠❡♥♦s str❡ss ♠❡❝â♥✐❝♦✱ ✈❡r ❋✐❣✳ ✹✳✺❜✮✱ ❡ t❛♠❜é♠

❢♦r♥❡❝❡ ❝✉r✈❛ ❙P❘ s❡♠❡❧❤❛♥t❡ ❛ ❝✉r✈❛ t❡ór✐❝❛✳ ❆ ❝✉r✈❛ ♣❛r❛ P❈ ♣♦ss✉✐ ❜❛✐①♦ ❝♦♥tr❛st❡ ♠❛s

♣♦s✐çã♦ ❞❡ ♠í♥✐♠♦ ♣ró①✐♠❛✱ ❝♦♠ ❞✐❢❡r❡♥ç❛ ❞❡ ✶✷ ♥♠ ❡♠ r❡❧❛çã♦ ❛ ❝✉r✈❛ t❡ór✐❝❛✳ Pr✐s♠❛s

❞❡ P▼▼❆ r❡✈❡❧❛r❛♠ ❛s ♠❛✐♦r❡s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ❛s ❝✉r✈❛s ❙P❘s t❡ór✐❝❛s ❡ ❡①♣❡r✐♠❡♥t❛✐s✳
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❋✐❣✉r❛ ✹✳✻✿ ❈✉r✈❛s ❙P❘ ♣❛r❛ ✜❧♠❡ ❞❡ ♣r❛t❛ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦s ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆
❡ P❈✳ ❈✉r✈❛s t❡ór✐❝❛s ✭❧✐♥❤❛ tr❛❝❡❥❛❞❛✮ ❡ ❡①♣❡r✐♠❡♥t❛✐s ✭❧✐♥❤❛ só❧✐❞❛✮✳

❆ ❋✐❣✉r❛ ✹✳✼ ❛♣r❡s❡♥t❛ ✉♠ ❡①❡♠♣❧♦ ❡♠ q✉❡ ❛ ❡①❝✐t❛çã♦ ❡①✐st❡♥t❡ é ♣♦t❡♥❝✐❛❧✐③❛❞❛ ❛♣ós

♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✳ ❚❛♠❜é♠ é r❡tr❛t❛❞❛ ❛ s✐t✉❛çã♦ ❡♠ q✉❡ ❤á ♦ ✐♥❝r❡♠❡♥t♦ ♥♦ í♥❞✐❝❡

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

❛✉♠❡♥t❛♥❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❡♠ r❡❧❛çã♦ ❛♦ ♠í♥✐♠♦ t❡ór✐❝♦✳ P♦r ✜♠✱ ❛ ✈❛r✐❛çã♦ ♥♦ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦ ❞♦s ♣r✐s♠❛s ❛♣ós ♦ ♣r♦❝❡ss♦ ❞❡ ❛♥♥❡❛❧✐♥❣ ❢♦✐ ♣❡q✉❡♥❛✱ ❡♠ t♦r♥♦ ❞❡ ❁✶✵−6 ❘■❯

♣❛r❛ ♦ s✉❜str❛t♦ ❞❡ ❚❖P❆❙✱ s❡♥❞♦ ♥❡❣❧✐❣❡♥❝✐❛❞❛ ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ r❡s♣♦st❛ ❙P❘✳

❋✐❣✉r❛ ✹✳✼✿ ❈✉r✈❛ ❙P❘ ♣❛r❛ ♣r✐s♠❛ ❝♦♠ ✭❧✐♥❤❛ só❧✐❞❛ ♣r❡t❛✮ ❡ s❡♠ ✭❧✐♥❤❛ só❧✐❞❛ ✈❡r♠❡❧❤❛✮
❛♥♥❡❧✐♥❣✱ ❡ ❝✉r✈❛ ❙P❘ t❡ór✐❝❛ ✭❝✉r✈❛ tr❛❝❡❥❛❞❛✮✳ ❆ ❡①❝✐t❛çã♦ ❞♦s ❙P ♣❛r❛ ♣r✐s♠❛ s❡♠
❛♥♥❡❛❧✐♥❣ é ✐♥❡✜❝✐❡♥t❡✳ ❊①❡♠♣❧♦ ❞❛ ❡①❝✐t❛çã♦ ❙P ♠❡❧❤♦r❛❞❛ ❝♦♠ ♦ ✉s♦ ❞❡ ❛♥♥❡❛❧✐♥❣✳
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✹✳✶✳✸ P♦❧✐♠❡♥t♦ ❞♦ PP❇■❖

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

❞♦ s❡♥s♦r ❙P❘✱ ❡♥❢❛t✐③❛♥❞♦ ❛ ♣♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❛ ❝✉r✈❛ ❞❡ r❡ss♦♥â♥❝✐❛ r❡❞✉③✐♥❞♦

❛s ♣❡r❞❛s ❞❡ tr❛♥s♠✐tâ♥❝✐❛✳ ❈♦♠♦ ❡①❡♠♣❧♦ ❞❡ss❡ ♣r♦❝❡❞✐♠❡♥t♦✱ ❛ ❋✐❣✉r❛ ✹✳✽ ❛♣r❡s❡♥t❛ ♦

♣❡r✜❧ ❡s♣❡❝tr❛❧ ❞❛s ❢♦♥t❡s ❧✉♠✐♥♦s❛s ✉t✐❧✐③❛❞❛s ♥❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧✳ P❛r❛ ♦ ♠♦❞♦ ❞❡

✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧ ✉♠ ▲❊❉ ❞❡ ❧✉③ ❜r❛♥❝❛ é ✉s❛❞♦ ❝♦♠♦ ❢♦♥t❡ ❧✉♠✐♥♦s❛ ❡ ♥♦ ♠♦❞♦ ❞❡

✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r ✉t✐❧✐③❛✲s❡ ✉♠ ❞✐♦❞♦ ❧❛s❡r ♦✉ ▲❊❉ q✉❛s❡ ♠♦♥♦❝r♦♠át✐❝❛ ❝♦♠ ❧❛r❣✉r❛

❡s♣❡❝tr❛❧ ♣❡q✉❡♥❛✱ ❝❡♥tr❛❞❛ ❡♠ ✉♠ ✈❛❧♦r ✜①♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♥❡❝❡ssár✐♦ ❛ ❡①❝✐t❛çã♦

❞♦s ❙Ps✳ ❆♥t❡s ❞♦ ♣♦❧✐♠❡♥t♦✱ ❛ ❛❜s♦r❜â♥❝✐❛ ❡♠ ✻✺✺ ♥♠ ❢♦✐ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✳✶✷✻ ♦ q✉❡

r❡♣r❡s❡♥t❛ ✉♠❛ r❡❞✉çã♦ ❞❡ ✶✽✳✶✾✪ ♥❛ ❧✉③ tr❛♥s♠✐t✐❞❛ ❛tr❛✈és ❞♦ ♣r✐s♠❛ ❡♠ ❝♦♠♣❛r❛çã♦

❝♦♠ ♦ ❛r✳ ❆♣ós ♦ ♣♦❧✐♠❡♥t♦✱ ♦ ✈❛❧♦r ❞❡ ❛❜s♦r❜â♥❝✐❛ ❢♦✐ ❞❡ ✵✳✵✸✺✱ r❡❞✉③✐♥❞♦ ♣❛r❛ ✽✳✺✪ ❛

♣❡r❞❛ ♥❛ tr❛♥s♠✐tâ♥❝✐❛✳

❋✐❣✉r❛ ✹✳✽✿ ❛✮ P❡r✜❧ ❡s♣❡❝tr❛❧ ♣❛r❛ ❛ ❢♦♥t❡ ❞❡ ❧✉③ ✉s❛❞❛ ♥♦ ♠♦❞♦ ❲■▼✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛
é ❛ r❡s♣♦st❛ ♦❜t✐❞❛ ❛♥t❡s ❞♦ ♣♦❧✐♠❡♥t♦✳ ❜✮ P❡r✜❧ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③ ✉s❛❞❛ ♥♦ ♠♦❞♦ ❆■▼✳ ❆
❧✐♥❤❛ tr❛❝❡❥❛❞❛ é ❛ r❡s♣♦st❛ ♦❜t✐❞❛ ❝♦♠ ♣r✐s♠❛s ♥ã♦ ♣♦❧✐❞♦s✳

✹✳✷ ❉❡♣♦s✐çã♦ ❞♦ ♠❡t❛❧

❈♦♠ ♦ tér♠✐♥♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ✐♥❥❡çã♦✱ ❞❛r✲s❡ ✐♥✐❝✐♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❞❡♣♦s✐çã♦ ❞♦ ♠❡t❛❧ ♥❛

s✉♣❡r❢í❝✐❡ ❞♦ ♣r✐s♠❛✳ ❉❡♥tr❡ ❛s té❝♥✐❝❛s ♣❛r❛ ❞❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ♣♦❞❡✲s❡ ❝✐t❛r ♦s
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❋✐❣✉r❛ ✹✳✾✿ ❊①❡♠♣❧♦s ❞❡ ♣r✐s♠❛ ❞❡ P❈ ❛♣ós ❛ ❞❡♣♦s✐çã♦ ❞♦ ♠❡t❛✐s ❛✮ ❆❧✱ ❜✮ ❆❣✱ ❝✮ ❈✉ ❡
❞✮ ❆✉✳

❣r✉♣♦s ❜❛s❡❛❞♦s ❡♠ ✐✮ ❞❡♣♦s✐çã♦ ❞❡ ✈❛♣♦r ❢ís✐❝♦ ✭P❱❉✮✿ ❝♦♠♦ ♥❛s té❝♥✐❝❛s ❞❡ s♣✉tt❡r✐♥❣ ❡

❞❛ ❡✈❛♣♦r❛çã♦ ♣♦r ❢❡✐①❡ ❞❡ ❡❧étr♦♥s ✭❡✲❜❡❛♠✮❀ ❡ ✐✐✮ ❞❡♣♦s✐çã♦ ❞❡ ✈❛♣♦r q✉í♠✐❝♦ ✭❈❱❉✮✿ ❛

❡①❡♠♣❧♦ ❞♦ ❝r❡s❝✐♠❡♥t♦ ❞❡ ✜❧♠❡ ✭❡♣✐t❛①✐❛✮ ❡ ❞❛ ♦①✐❞❛çã♦ tér♠✐❝❛ ❬✼✻❪✳ ❖s ✜❧♠❡s ✜♥♦s ❞♦s

♠❡t❛✐s ❆❣✱ ❆✉ ❡ ❈✉ ❢♦r❛♠ ❞❡♣♦s✐t❛❞♦s ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ s♣✉tt❡r✐♥❣ ❡ ♦s ✜❧♠❡s ✜♥♦s

❞❡ ❆❧ ❛tr❛✈és ❞❡ ❡✲❜❡❛♠✳ Pr✐s♠❛s ❝♦❜❡rt♦s ❝♦♠ ♦s ♠❡t❛✐s ❛♥❛❧✐s❛❞♦s✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛

❋✐❣✉r❛ ✹✳✾✳ P❛r❛ ❞❡♣♦s✐çã♦ ❞♦ ♠❡t❛❧ ✉t✐❧✐③♦✉✲s❡ ♦ s✐st❡♠❛ ❞❡ ❛❧t♦ ✈á❝✉♦ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡

♣❡❧í❝✉❧❛s ✜♥❛s ❈r②♦❢♦① ❊①♣❧♦r❡r ✻✵✵▲❚✱ ❝♦♠❡r❝✐❛❧✐③❛❞♦ ♣❡❧❛ ❡♠♣r❡s❛ P♦❧②t❡❦♥✐❦✳ ❉❡t❛❧❤❡s

s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♠❡t❛❧✐③❛çã♦ ❞♦s ♣r✐s♠❛s ♣♦❞❡♠ s❡r ✈✐st♦s ♥♦❆♣ê♥❞✐❝❡ ❇ ✲ ❉❡♣♦s✐çã♦

❞❡ ✜❧♠❡s ✜♥♦s ✳

❆ q✉❛❧✐❞❛❞❡ ❞❛ ❞❡♣♦s✐çã♦ é ✐♥s♣❡❝✐♦♥❛❞❛ ❛tr❛✈és ❞❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱

❞❛ ❡s♣❡ss✉r❛ ❡ ❞❛ r✉❣♦ss✐❞❛❞❡✳ ❚♦❞❛s ❡ss❛s ♠❡❞✐❞❛s ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s ❝♦♠ ❛❥✉st❡s ♥♦

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

❈♦♠♦ ❡①❡♠♣❧♦✱ ❛ ❋✐❣✉r❛ ✹✳✶✶ ♠♦str❛ ✉♠ r❡s✉♠♦ ❞❛ ✐♥✈❡st✐❣❛çã♦ ❞❛ q✉❛❧✐❞❛❞❡ ❞♦ ✜❧♠❡

♠❡tá❧✐❝♦ ❛tr❛✈és ❞❡ ♠✐❝r♦✲❣rá✜❝♦s ♦❜t✐❞♦s ❝♦♠ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛✲❛tô♠✐❝❛ ✭❆❋▼✮✳

■♠❛❣❡♥s ❡♠ ❞✉❛s ❡ três ❞✐♠❡♥sõ❡s ❞❛ s✉♣❡r❢í❝✐❡ ❞♦ ♣r✐s♠❛ ❡ ♦s ❝á❧❝✉❧♦s ❞❛ r✉❣♦ss✐❞❛❞❡ ♣❛r❛

❞✐❢❡r❡♥t❡s ár❡❛s ❞❛ s✉♣❡r❢í❝✐❡ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛✳ ❖s ✈❛❧♦r❡s ❞❡ r✉❞♦ss✐❞❛❞❡ ❢♦r❛♠

❞❡ ✺✷✸ ♥♠ ♥❛ ❢❛✐①❛ ❆✲❇✱ ❞❡ ✶✱✵✽ µ♠ ♥❛ ❢❛✐①❛ ❈✲❉✱ ❝♦♠ ✉♠ t♦t❛❧ ❞❡ ✵✱✵✸✹ µ♠ ❡♠ ✉♠❛ ár❡❛

❞❡ ✺✵×✺✵ µ♠✳ ❉❡t❛❧❤❡s s♦❜r❡ ❛s t❡❝♥♦❧♦❣✐❛s ✉t✐❧✐③❛❞❛s ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ♣♦❞❡♠ s❡r ✈✐st♦s

♥♦ ❆♣ê♥❞✐❝❡ ❈ ✲ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ✳



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✻✼

❋✐❣✉r❛ ✹✳✶✵✿ ❆♥á❧✐s❡ ❞❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ ❞❡ ♦✉r♦✱ ❞❡♣♦s✐t❛❞❛ ❡♠ ✉♠ ♣r✐s♠❛ ♠❛♥✉❢❛t✉r❛❞♦
❝♦♠ ❚❖P❆❙✳ ■♠❛❣❡♥s ✭✷❉ ❡ ✸❉✮ ♦❜t✐❞❛s ❝♦♠ ✉♠ ❆❋▼ ♣❛r❛ s✉♣❡r❢í❝✐❡ ❞❡ ❆✉✳ ●rá✜❝♦s
♣❛r❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❛❧t✉r❛ ♥♦s ✐♥t❡r✈❛❧♦s ❆✲❇ ❡ ❈✲❉✳ ❘❡s✉♠♦ ❞♦s ♣❛râ♠❡tr♦s ❡ ❣rá✜❝♦s
r❡❧❛t✐✈♦s à r✉❣♦ss✐❞❛❞❡ ❞❛ s✉♣❡r❢í❝✐❡ ❡①tr❛í❞♦s ❝♦♠ ♦ s♦❢t✇❛r❡ ●✇②❞❞✐♦♥✳



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✻✽

✹✳✸ ▼♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧

❆ ✐♥str✉♠❡♥t❛çã♦ ✉t✐❧✐③❛❞❛ ❡♠ ✭❜✐♦✮s❡♥s♦r❡s ❙P❘ ✈❛r✐❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦✲

❣❛çã♦✱ ❞✐♠❡♥sã♦✱ q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧❡♠❡♥t♦s ❜✐♦❧ó❣✐❝♦s ❛♥❛❧✐s❛❞♦s s✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ♣♦rt❛❜✐✲

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

❞❡ ♦♥❞❛✱ t✐♣♦ ❞❡ ♠❡t❛❧✱ â♥❣✉❧♦ ❡t❝✮✳ ❉❡ ♠♦❞♦ ❣❡r❛❧✱ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❛ ❋✐❣✉r❛ ✹✳✶✶ ❛✮

❛♣r❡s❡♥t❛ ♦s s✐st❡♠❛s ♣r❡s❡♥t❡s ♥♦s ✭❜✐♦✮s❡♥s♦r❡s ❙P❘✳

❋✐❣✉r❛ ✹✳✶✶✿ ❛✮ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❡ ❜✐♦ss❡♥s♦r ❜❛s❡❛❞♦ ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧❛s♠♦♥s ❞❡
s✉♣❡r❢í❝✐❡ ♦ q✉❛❧ ❝♦♠♣r❡❡♥❞❡ ✹ s✉❜s✐st❡♠❛s ❞✐❢❡r❡♥t❡s✿ ▼✐❝r♦✢✉í❞✐❝♦✱ Ó♣t✐❝♦✱ ❊str✉t✉r❛
▼✉❧t✐❝❛♠❛❞❛s ❡ ❯❆❈P❊✳ ❉✐s♣♦s✐çã♦ ❞♦s ❡❧❡♠❡♥t♦s q✉❡ ❡①❝✐t❛♠ ♦ ❢❡♥ô♠❡♥♦ ❙P❘ ✉s❛♥❞♦ ♦
PP❇■❖✳ ▼♦♥t❛❣❡♠ ♣❛r❛ ♦ ❜✮ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧ ❡ ❝✮ ♣❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦✲
❣❛çã♦ ❛♥❣✉❧❛r✳

P❛r❛ ❡①❝✐t❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦ ❢ís✐❝♦✱ ♦ ❙✐st❡♠❛ Ó♣t✐❝♦ ❛❥✉st❛ ❛ ❢♦♥t❡ ❧✉♠✐♥♦s❛ às ❝♦♥❞✐çõ❡s

ó♣t✐❝❛s ♥❡❝❡ssár✐❛s ❞❡ ♣♦❧❛r✐③❛çã♦✱ ❢♦❝♦ ❡ ♣♦s✐çã♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ♣❛r❛ ❛ q✉❛❧ s❡ ❛t✐♥❣✐ ❛

r❡✢❡①ã♦ ✐♥t❡r♥❛ t♦t❛❧ ✭❘■❚✮✳ ❖ ❙✐st❡♠❛ ▼✐❝r♦✢✉í❞✐❝♦ ❞♦ s❡♥s♦r ❙P❘ é r❡s♣♦♥sá✈❡❧ ♣❡❧❛



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✻✾

❡♥tr❡❣❛ ✭s✐st❡♠❛ ♣r♦♣✉❧s♦r✱ ✐✳❡✳✱ ❜♦♠❜❛ ♣❡r✐stá❧t✐❝❛✮ ❡ ❝♦♥✜♥❛♠❡♥t♦ ✭❝é❧✉❧❛ ❞❡ ✢✉①♦✮ ❞❛

❛♠♦str❛✱ q✉❡ ♣♦❞❡ ♦✉ ♥ã♦ ❝♦♥t❡r ♦ ❛♥❛❧✐t♦ ✭s✉❜stâ♥❝✐❛ s♦❜ ❛♥á❧✐s❡✮✱ à s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧ ❞♦

s❡♥s♦r✳ ◆❡st❡ ❧♦❝❛❧✱ ♦ ❛♥❛❧✐t♦ ❡♥tr❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ♦ ❜✐♦rr❡❝❡♣t♦r ✭♥♦ ❝❛s♦ ❞❡ ✉♠ ❜✐♦ss❡♥s♦r

❙P❘✮ ✐♠♦❜✐❧✐③❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✱ ♣r♦❞✉③✐♥❞♦ ✉♠❛ ♠✉❞❛♥ç❛ ❢ís✐❝♦✲q✉í♠✐❝❛ ✭✈❛r✐❛çã♦

❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✮ q✉❡ ♣♦❞❡ s❡r ✐❞❡♥t✐✜❝❛❞❛ ♣❡❧♦ tr❛♥s❞✉t♦r ó♣t✐❝♦✳

❖ ❙✐st❡♠❛ ✭❛rr❛♥❥♦✮ ▼✉❧t✐❝❛♠❛❞❛s ❝♦♠♣r❡❡♥❞❡ ♦s ♠❛t❡r✐❛✐s ✉s❛❞♦s ♣❛r❛ ❛ ❝♦♥❢❡❝çã♦

❞♦ s❡♥s♦r✱ ✐♥❝❧✉✐♥❞♦ ♦ ♣❛r s✉❜str❛t♦✴♠❡t❛❧ ❡ ✉♠❛ ❝❛♠❛❞❛ ❜✐♦❡s♣❡❝í✜❝❛ ✭❜✐♦rr❡❝❡♣t♦r✮ q✉❡

✐♥t❡r❛❣❡ ❝♦♠ ❛s s✉❜stâ♥❝✐❛s ❝♦♥t✐❞❛s ♥♦ ❛♥❛❧✐t♦✳ ❖s ❜✐♦rr❡❝❡♣t♦r❡s ♣♦❞❡♠ s❡r✿ ❡♥③✐♠❛s✱

♠✐❝ró❜✐♦s✱ ♦r❣❛♥❡❧❛s✱ ❝é❧✉❧❛s ❞❡ ❛♥✐♠❛✐s ♦✉ ♣❧❛♥t❛s✱ t❡❝✐❞♦s ❞❡ ♣❧❛♥t❛s ♦✉ ❛♥✐♠❛✐s✱ ❛♥t✐❝♦r✲

♣♦s✱ r❡❝❡♣t♦r❡s✱ á❝✐❞♦s ♥✉❝❧é✐❝♦s ❡ ❉◆❆✱ ❡♥tr❡ ♦✉tr❛s s✉❜stâ♥❝✐❛s✳ P♦r ✜♠✱ ✉♠❛ ❯♥✐❞❛❞❡

❞❡ ❆q✉✐s✐çã♦✱ ❈♦♥tr♦❧❡✱ Pr♦❝❡ss❛♠❡♥t♦ ❡ ❊①✐❜✐çã♦ ✭❯❆❈P❊✮ é ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛q✉✐s✐çã♦ ❞♦s

s✐♥❛✐s ❡ ❡①✐❜✐çã♦ ❞❛ r❡s♣♦st❛✳ ❖ s✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦✱ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ✈✐s✉❛❧✐③❛çã♦ ❞♦s ❞❛✲

❞♦s✱ ✐♥❢♦r♠❛ ❛♦ ✉s✉ár✐♦ s❡ ♦ ❛♥❛❧✐t♦ ❢♦✐ ♦✉ ♥ã♦ ❞❡t❡❝t❛❞♦ ❡ t❛♠❜é♠ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❛♥❛❧✐t♦

♥❛ s✉❜stâ♥❝✐❛✱ ❛❧é♠ ❞❡ ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❡s♣❡❝✐✜❝✐❞❛❞❡✱ ❢♦rç❛ ❡ r❛♣✐❞❡③ ❝♦♠ q✉❡ ♦❝♦rr❡✉ ❛

r❡❛çã♦ ❛♥❛❧✐t♦✲❜✐♦rr❡❝❡♣t♦r✳

❉❡ ♣♦ss❡ ❞❡ ♣r✐s♠❛s ❢✉♥❝✐♦♥❛✐s✱ ✐✳❡✳✱ ❧✐✈r❡s ❞❡ ✜ss✉r❛s ❡ ❜♦❧❤❛s✱ ♣♦❧✐❞♦s✱ r❡❝♦③✐❞♦s ❡

♠❡t❛❧✐③❛❞♦s✱ ❛ ♠♦♥t❛❣❡♠ ❞♦ s❡t✲✉♣ ❡①♣❡r✐♠❡♥t❛❧ é r❡❛❧✐③❛❞❛ ❡ ♦ ♣r♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✲

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

❞❛ ❡str✉t✉r❛ q✉❡ ❞á s✉♣♦rt❡ ❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps ❡ ❞❛ ♠✉❧t✐❝❛♠❛❞❛✱ ❞✐❢❡r❡♥t❡s ❝♦♠♣♦♥❡♥t❡s

sã♦ ♥❡❝❡ssár✐♦s✳ ❆ ❋✐❣✉r❛ ✹✳✶✶ ❜✮ ❛♣r❡s❡♥t❛ ♦s ♣r✐♥❝✐♣❛✐s ❡❧❡♠❡♥t♦s ❡♥✈♦❧✈✐❞♦s ♥❛ ❡①❝✐✲

t❛çã♦ ❙P❘ ♥♦ ♠♦❞♦ ❲■▼ ❡ ❆■▼✱ ✉t✐❧✐③❛♥❞♦ ♦ PP❇■❖ ❡♠ ✉♠ s❡♥s♦r ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡

❑r❡ts❝❤♠❛♥♥✳

❆ ❞❡s❝r✐çã♦ ❝♦♠♣❧❡t❛ ❞❡ ❝❛❞❛ ❡❧❡♠❡♥t♦ ❞❛ ❡str✉t✉r❛ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ♥❛ r❡❢❡rê♥❝✐❛

❬✼✼❪✳ ❊♠ sí♥t❡s❡✱ ♥♦ ♠♦❞♦ ❲■▼ ♦ ▲❊❉ ❲❤✐t❡ ▲❛♠❜❡rt✐❛♥ ❞❛ ❡♠♣r❡s❛ ▲✉①❡♦♥ ❙t❛r ❬✼✽❪

❢♦✐ ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❢♦♥t❡ ❞❡ ❧✉③❀ ❡ss❡ ▲❊❉ ♣r♦♣✐❝✐❛ ✉♠❛ ❢❛❝✐❧✐❞❛❞❡ ❞❡ ✐♥str✉♠❡♥t❛çã♦ ♣♦r

s❡r ♠♦♥t❛t♦ ❡♠ ✉♠❛ ❜❛s❡ ❞❡ ♠❡t❛❧✱ ♣r♦❞✉③ ✹✺ ❧♠ ❞❡ ❜r✐❧❤♦ ❝♦♠ ✉♠❛ ❝♦rr❡♥t❡ ♠á①✐♠❛ ❞❡

✸✺✵ ♠❆✱ ❛❧é♠ ❞❡ ♣♦ss✉✐r ✉♠ ❧♦♥❣♦ t❡♠♣♦ ❞❡ ✈✐❞❛✱ ❝❡r❝❛ ❞❡ ✺✵✳✵✵✵ ❤♦r❛s✳ ❙✉❛ r❡s♣♦st❛

❡s♣❡❝tr❛❧ ❡♥❝♦♥tr❛✲s❡ ♥❛ ❋✐❣✉r❛ ✹✳✽❛✮✳

P❛r❛ ❝♦❧✐♠❛çã♦ ❞♦s ❢❡✐①❡s ❞❡ ❧✉③✱ ❛ ❧❡♥t❡ ❡s❢ér✐❝❛ ♣❧❛♥♦✲❝♦♥✈❡①❛ ▲❆✶✾✺✶ ❞❛ ❚❤♦r❧❛❜s ❢♦✐

✉t✐❧✐③❛❞❛ ❡ ♦ ♣♦❧❛r✐③❛❞♦r ❚❊❈❍❙P❊❈ ▲✐♥❡❛r ●❧❛ss P♦❧❛r✐③❡r ❞❛ ❊❞♠♠✉♥❞ ❖♣t✐❝s ❢♦✐ ✉s❛❞♦

♣❛r❛ ♣♦❧❛r✐③❛r ❛ ❧✉③ ♥♦ ♠♦❞♦ ❚▼✳ ❖s ❞❡♠❛✐s ❡❧❡♠❡♥t♦s ❝♦♥st✐t✉❡♠ ❞❡ ✉♠ ♦❜t✉r❛❞♦r ♣❛r❛



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✵

❝♦♥✜♥❛r ❛ ❧✉③ ♥❛ ♣❛r❛❞❡ ❧❛t❡r❛❧ ❞♦ PP❇■❖✱ ✉♠❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❝♦♠ ✈♦❧✉♠❡ ❛♣r♦①✐♠❛❞♦ ❞❡

✼✺ ♠♠3 ❡ ♦ ❡s♣❡❝trô♠❡tr♦ ❯❙❇✹✵✵✵ ❞❛ ❖❝❡❛♥ ❖♣t✐❝s ❬✼✾❪✱ q✉❡ ❝♦❜r❡ ❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛ ❡♥tr❡ ✸✺✵ ♥♠ ❛ ✶✵✺✵ ♥♠✱ ❝♦♥✈❡rs♦r ❆❉ ✐♥t❡❣r❛❞♦ ❞❡ ✶✻ ❜✐ts✱ r❡s♦❧✉çã♦ ❞❡ ✵✳✸ ♥♠✱

♣✐①❡❧s ❞❡ t❛♠❛♥❤♦ ✽ µ♠×✷✵✵ µ♠ ❡ r❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦ ❡♠ t♦r♥♦ ❞❡ ✸✵✵✿✶✳

◆♦ ♠♦❞♦ ❆■▼✱ ✉t✐❧✐③❛✲s❡ ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③ q✉❛s❡ ♠♦♥♦❝r♦♠át✐❝❛ ❝♦♠ ❧❛r❣✉r❛ ❡s♣❡❝tr❛❧

♣❡q✉❡♥❛✱ ❝❡♥tr❛❞❛ ❡♠ ✉♠ ✈❛❧♦r ✜①♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❛ ❞❡♣❡♥❞❡r ❞❛ ♠✉❧t✐❝❛♠❛❞❛✳

❯t✐❧✐③❛✲s❡ ❞✉❛s ❧❡♥t❡s ❝✐❧í♥❞r✐❝❛s ♣❧❛♥♦✲❝♦♥✈❡①❛s ▲❏✶✾✻✵▲✶ ❞❛ ❚❤r♦❧❛❜s ❡ ✉♠ ❡s♣❡❧❤♦ ♣❛r❛

❛✉①✐❧✐❛r ♥❛ ✐♥str✉♠❡♥t❛çã♦ ❞♦ ❝❛♠✐♥❤♦ ó♣t✐❝♦✳ ❈♦♠♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠✱ ❛ ❝â♠❡r❛ ❈▼❖❙

❉❈❈✶✻✹✺❈ ❬✽✵❪ ❝♦♠❡r❝✐❛❧✐③❛❞❛ ♣❡❧❛ ❡♠♣r❡s❛ ❚❤♦r❧❛❜s ❝♦♠ r❡s♦❧✉çã♦ ✶✷✽✵×✶✵✷✹ ❡ ✶✵ ❜✐ts

♣♦r ♣✐①❡❧✱ ❡st❡s ❝♦♠ t❛♠❛♥❤♦ ❞❡ ✸✱✻ µm2✱ ❢♦✐ ✉t✐❧✐③❛❞❛✳ ❈é❧✉❧❛ ❞❡ ✢✉①♦✱ ❧❡♥t❡ ❝♦❧✐♠❛❞♦r❛ ❡

♣♦❧❛r✐③❛❞♦r ✭q✉❛♥❞♦ ❛ ❢♦♥t❡ ❞❡ ❧✉③ ♥ã♦ ❢♦r ♣♦❧❛r✐③❛❞❛✮ t❛♠❜é♠ sã♦ ❡♠♣r❡❣❛❞♦s✳

❋♦t♦❣r❛✜❛ ❞♦ s❡♥s♦r ❙P❘ ❝♦♠♣♦st♦ ♣♦r ❝♦♠♣♦♥❡♥t❡s ✢✉í❞✐❝♦s ✭❝é❧✉❧❛ ❞❡ ✢✉①♦✮✱ ❝♦♠♣♦✲

♥❡♥t❡s ó♣t✐❝♦s ✭❧❡♥t❡s✱ ♣r✐s♠❛ ❡ ♣♦❧❛r✐③❛❞♦r✮✱ ❝♦♠♣♦♥❡♥t❡s ❡❧❡trô♥✐❝♦s ✭s❡♥s♦r ❞❡ ✐♠❛❣❡♠✮ ❡

♣♦r ❝♦♠♣♦♥❡♥t❡s ♠❡❝â♥✐❝♦s q✉❡ ❛❝♦♣❧❛♠ t♦❞♦s ♦s ❝♦♠♣♦♥❡♥t❡s✱ ❢♦r♠❛♥❞♦ ♦ ✐♥str✉♠❡♥t♦ ó♣✲

t✐❝♦✱ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✷✳ ❱❛❧❡ s❛❧✐❡♥t❛r q✉❡ ❛♣❡s❛r ❞❡ ❛❧❣✉♠❛s ♣❡ç❛s ✭❛s ♠❡tá❧✐❝❛s✮

t❡r❡♠ s✐❞♦ ❛❞q✉✐r✐❞❛s ❞❛ ❚❤♦r❧❛❜s✱ ♣❛rt❡ ❞♦s ❝♦♠♣♦♥❡♥ts ♠❡❝â♥✐❝♦s ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞❛s

❡ ✐♠♣r❡ss♦s ❡♠ ✐♠♣r❡ss♦r❛ ✸❉ ♥♦ ❧❛❜♦r❛tór✐♦ ❞❡ ❜✐♦ss❡♥♦r❡s ❞❛ ❯❋❈●✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛

❋✐❣✉r❛ ✹✳✶✸✳

P♦r ✜♠✱ ♦s s♦❢t✇❛r❡s ❞❛ ❯❆❈P❊ sã♦ ❞❡s❡♥✈♦❧✈✐❞♦s ♣❛r❛ ❝❛r❛ ♠♦❞♦ ❞❡ ♦♣❡r❛çã♦ ✉♠❛

✈❡③ q✉❡ ♦ ❞r✐✈❡r ❞❡ ❝❛❞❛ ❞✐s♣♦s✐t✐✈♦ é ú♥✐❝♦ ❡ ❡s❝r✐t♦ ❡♠ ❧✐♥❣✉❛❣❡♠ ❞❡ ♣r♦❣r❛♠❛çã♦ ❞✐✲

❢❡r❡♥t❡✳ ❉❡s❡♥✈♦❧✈✐❞♦s ❡♠ ❧✐♥❣✉❛❣❡♠ ❏❛✈❛ ✭♠♦❞♦ ❲■▼✮ ❡ ❈# ✭♠♦❞♦ ❆■▼✮✱ ♦s s♦❢t✇❛r❡s

sã♦ ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ❝♦♠♣♦st♦ ♣♦r ❣rá✜❝♦s q✉❡ ❡①♣r❡ss❛♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ t❡♠♣♦r❛❧ ❞♦s

♣❛râ♠❡tr♦s ❡♥✈♦❧✈✐❞♦s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❛♥á❧✐s❡ ❞❡ s✉❜stâ♥❝✐❛s✳ ❊♠ sí♥t❡s❡✱ ♦ ✢✉①♦❣r❛♠❛ ❞❡

❛çõ❡s ❞♦s s♦❢t✇❛r❡s ✐♥✐❝✐❛ ❝♦♠ ❛ ❞❡t❡❝çã♦ ❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ✭❡s♣❡❝trô♠❡tr♦ ❯❙❇✹✵✵✵

♦✉ ❝â♠❡r❛ ❉❈❈✶✻✹✺❈✮✱ ❡ ❝♦♥✜❣✉r❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡ ❛q✉✐s✐çã♦✿ ❛ ❡①❡♠♣❧♦ ❞♦ t❡♠♣♦

❞❡ ✐♥t❡❣r❛çã♦ ❡ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ té❝♥✐❝❛s ❞❡ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦✳ ❊♠ s❡❣✉✐❞❛✱ t❡♠ ✐♥í❝✐♦ ♦

♣r♦❝❡ss♦ ❞❡ ❛q✉✐s✐çã♦ ❞♦s ❞❛❞♦s✳ ❖ s❡♥s♦r é ❝❛❧✐❜r❛❞♦ ❝♦♠ ✉♠ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛✱ ❡ ❞❛í ❡♠

❞✐❛♥t❡✱ ❛ ❝✉r✈❛ ❙P❘ é ❝❛❧❝✉❧❛❞❛ ❡ ❛♣r❡s❡♥t❛❞❛✳ ❈♦♠ ❛ ❝✉r✈❛ ❙P❘ ❝❛❧❝✉❧❛❞❛✱ ❤á ❛ ♣♦ss✐❜✐✲

❧✐❞❛❞❡ ❞❡ ❝♦♥✜❣✉r❛r ♦s ♣❛râ♠❡tr♦s ❞❡ r❡❛❧❝❡ ❡ s✉❛✈✐③❛çã♦ ❞❛ ❝✉r✈❛ ♣❛r❛ ♣♦st❡r✐♦r ❡①tr❛çã♦

❞♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡✳



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✶

❋✐❣✉r❛ ✹✳✶✷✿ ❋♦t♦❣r❛✜❛ ❞❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❞✐❛❣r❛♠❛ ✐❧✉s✲
tr❛❞♦ ♥❛ ❋✐❣✳✹✳✶✶✱ ❛♣r❡s❡♥t❛♥❞♦ ❛ ❞✐s♣♦s✐çã♦ ❞♦s ❡❧❡♠❡♥t♦s q✉❡ ❡①❝✐t❛♠ ♦ ❢❡♥ô♠❡♥♦ ❙P❘
✉s❛♥❞♦ ♦ PP❇■❖✳ ❛✮ ▼♦♥t❛❣❡♠ ♣❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧✱ ❡♠ q✉❡ ✉♠❛ ❧✉③
❜r❛♥❝❛ ❛tr❛✈❡ss❛ ✉♠❛ ❧❡♥t❡ ❝♦❧✐♠❛❞♦r❛ ❡ ✉♠ ♣♦❧❛r✐③❛❞♦r ❛té ❛t✐♥❣✐r ♦ ♣r✐s♠❛❀ ❛ ❧✉③ r❡✢❡✲
t✐❞❛ ♥❛ ♦✉tr❛ ❡①tr❡♠✐❞❛❞❡ ❞♦ ♣r✐s♠❛ ♣❛ss❛ ♣♦r ✉♠❛ ✜❜r❛ ó♣t✐❝❛ ❛té s❡r ❝❛♣t✉r❛ ♣♦r ✉♠
❡s♣❡❝trô♠❡tr♦✳ ❜✮ ▼♦♥t❛❣❡♠ ♣❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r✱ ❝♦♠ ✉t✐❧✐③❛çã♦ ❞❡ ❧❡♥t❡
❝✐❧í♥❞r✐❝❛ ♣❛r❛ ❢♦❝❛❧✐③❛çã♦ ❞♦ ❡s♣❡❝tr♦ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③ q✉❛s❡ ♠♦♥♦❝r♦♠át✐❝❛❀ ❛ ❧✉③ r❡✢❡t✐❞❛
♣❡❧♦ P❇❇■❖ ❛t✐♥❣✐ ✉♠ ❡s♣❡❧❤♦ ❛♥t❡s ❞❡ s❡r ❝❛♣t✉r❛❞❛ ♣♦r ✉♠❛ ❝â♠❡r❛ ❡♠♣r❡❣❛❞❛ ❝♦♠♦
❞❡t❡❝t♦r ó♣t✐❝♦✳



❈❛♣ít✉❧♦ ✹✳ ❈♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✷

❋✐❣✉r❛ ✹✳✶✸✿ ■♠❛❣❡♠ ❞❡ ♣❡ç❛ ✐♠♣r❡ss❛ ❡♠ ✐♠♣r❡ss♦r❛ ✸❉ ♣❛r❛ ❡♥❝❛✐①❡ ❞♦ ♣r✐s♠❛ ❡ ❞❛
✜❜r❛ ó♣t✐❝❛ ♥❛ ♠♦♥t❛❣❡♠ ♣❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❡s♣❡❝tr❛❧✳ P❡ç❛ ❞❡ ♣♦❧í♠❡r♦ ❆❇❙
✭❆❝r✐❧♦♥✐tr✐❧❛ ❇✉t❛❞✐❡♥♦ ❊st✐r❡♥♦✮✳

✹✳✹ ❘❡s✉♠♦

◆❡st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t♦✉✲s❡ ❛s t❛r❡❢❛s ❡♥✈♦❧✈✐❞❛s ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ s❡♥s♦r ❙P❘✳ ❆s✲

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

❝♦♠♣♦♥❡♥t❡s ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s✳ ❋♦t♦❣r❛✜❛s ❞♦ ♠♦❧❞❡✱ ❞♦s ♣r✐s♠❛s ♠❛♥✉❢❛t✉r❛❞♦s✱ ❞♦s

♣r✐s♠❛s ♠❡t❛❧✐③❛❞♦s✱ ❞❛ ♠♦♥t❛❣❡♠ ♠❡❝â♥✐❝❛ ❞♦ s❡♥s♦r✱ ❛❧é♠ ❞❡ ❞✐❛❣r❛♠❛s ❡①♣❧✐❝❛♥❞♦ ❡

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



❈❛♣ít✉❧♦ ✺

❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘

❋✐♥❛❧✐③❛❞❛ ❛ ♠♦♥t❛❣❡♠ ♠❡❝â♥✐❝❛✱ ❞❛r✲s❡ ✐♥í❝✐♦ ❛♦s t❡st❡s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ s❡♥s♦r ❙P❘

❝♦♥str✉í❞♦ ❝♦♠ ❞✐❢❡r❡♥t❡s ♠✉❧t✐❝❛♠❛❞❛s✳ ❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦s ✜❧♠❡s ♠❡tá❧✐❝♦s ❛tr❛✈és ❞❡

❡❧✐♣s♦♠❡tr✐❛ ❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡♠♦♥str❛♠ ❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❡ ❤♦♠♦❣❡♥❡✐❞❛❞❡ ❞♦s ✜❧♠❡s✳ ❖s

❡♥s❛✐♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❛ ♦❜t❡♥çã♦ ❞❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r é ❛♣r❡s❡♥t❛❞❛ ❛♣ós ✉♠❛ sér✐❡

❞❡ ♣r♦❝❡ss❛♠❡♥t♦s✳ ❆ s❡❣✉✐r✱ s❡rã♦ ❞❡s❝r✐t❛s ❛s ❡t❛♣❛s ♣❛r❛ ♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞❡

✐♠❛❣❡♠ ❝❛♣t✉r❛❞❛ ♣♦r ✉♠ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ❞❡ ❞✉❛s ❞✐♠❡♥sõ❡s ✭✷❉✮ ✲ ♣r♦❝❡❞✐♠❡♥t♦s

❛♥á❧♦❣♦s sã♦ r❡❛❧✐③❛❞♦s q✉❛♥❞♦ ✉t✐❧✐③❛✲s❡ s❡♥s♦r❡s ❞❡ ✐♠❛❣❡♠ ❞❡ ✉♠❛ ❞✐♠❡♥sã♦ ✭✶❉✮ ✲ ❡ ❡♠

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

Pré✲♣r♦❝❡ss❛♠❡♥t♦ ❞♦ s✐♥❛❧

❆ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ❝❛♣t✉r❛❞❛ ♣❡❧♦ ✐✲és✐♠♦ ♣✐①❡❧ ❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ é r❡♣r❡s❡♥t❛❞❛ ♣♦r

xij(t)✱ i = 1, · · · ,M ❡ j = 1, · · · , P ❞❡ ♠♦❞♦ q✉❡ ❛ ✐♠❛❣❡♠ ❜r✉t❛ é ❡①♣r❡ss❛ ♣♦r✿

IRAW (t) =











x11(t) x12(t) · · · x1P (t)

x21(t) x22(t) · · · x2P (t)
✳✳✳

xM1(t) xM2(t) · · · xMP (t)











✭✺✳✶✮

❆s ❢♦♥t❡s ❞❡ r✉í❞♦s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ♣♦❞❡♠ s❡r ❝❧❛s✲

s✐✜❝❛❞❛s ❡♠ r✉í❞♦s ❡s♣❛❝✐❛✐s ❡ t❡♠♣♦r❛✐s✳ ❖ r✉í❞♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ♣♦s✐çã♦ ❞♦ ♣✐①❡❧ ❡ ❞❛

r❡❧❛çã♦ ♣✐①❡❧ ✈s✳ â♥❣✉❧♦✱ ♠❛s s✉r❣❡ ❡♥tr❡ ✐♠❛❣❡♥s s✉❜s❡q✉❡♥t❡s ❞❡ ✉♠❛ ♠❡s♠❛ s✉❜stâ♥❝✐❛✱



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✹

❝❛r❛❝t❡r✐③❛♠ ♦s r✉í❞♦s t❡♠♣♦r❛✐s ✭❘❚✮✳ ❆ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞♦ ♣r♦❝❡ss❛♠❡♥t♦ ❝♦♥s✐st❡ ❡♠

r❡♠♦✈❡r ♦ ❘❚ ❡ ♦❜t❡r ♦ ✈❛❧♦r ❞❡ x̄ij (t)✿

x̄ij (t) =
1

Lt

Lt∑

l=1

xij (t+ l) , ✭✺✳✷✮

❡♠ q✉❡ Lt r❡♣r❡s❡♥t❛♠ ♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ t❡♠♣♦r❛❧ ✉t✐❧✐③❛❞❛ ♥♦ ♣r♦❝❡ss❛♠❡♥t♦✳

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

✈❛r✐á✈❡❧ ❞❡ ♣✐①❡❧ ♣❛r❛ ♣✐①❡❧ ❞❡✈✐❞♦ ❛ ♥ã♦✲✉♥✐❢♦r♠✐❞❛❞❡ ❞❛ ✐❧✉♠✐♥❛çã♦ q✉❡ ❝❤❡❣❛ ❡♠ ❝❛❞❛

♣✐①❡❧✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛s ❞✐❢❡r❡♥ç❛s ❢ís✐❝❛s ❡ ❡❧étr✐❝❛s ♦❝♦rr✐❞❛s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦

❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠✿

x̂ij (t) =
1

2Ls + 1

+Ls∑

l=−Ls

µj+lx̄ij+l(t),







µj+l = 0,

j + l < 1,j + l > P

µj+l = 1,

1 ≤ j + l ≤ P

✭✺✳✸✮

❡♠ q✉❡ Ls é ♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ ❡s♣❛❝✐❛❧✳ ❊st✉❞♦ s♦❜r❡ ♦s ✈❛❧♦r❡s tí♣✐❝♦s ❞❡ Ls ❡ Lt ♣♦❞❡♠

s❡r ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❬✻✾❪✳

●❡r❛çã♦ ❞❛ ❝✉r✈❛ ❙P❘ ❡ ♠✉❧t✐s♣♦t

❆♣ós ❛ r❡♠♦çã♦ ❞♦s r✉í❞♦s t❡♠♣♦r❛✐s ❡ ❡s♣❛❝✐❛✐s✱ ❛ ✐♠❛❣❡♠ s✉❛✈✐③❛❞❛ ISUAV IZADA✱ ❡①♣r❡ss❛

❡♠ t❡r♠♦s ❞❡ x̂ij✱ é ♦❜t✐❞❛✳ ❆ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❙P❘ ♥❛ ♣r❡s❡♥ç❛ ❞♦ ❛r✱ IAr
SUAV IZADA✱ é

t♦♠❛❞❛ ❝♦♠♦ r❡❢❡rê♥❝✐❛ ❡ ❛ ♣❛rt✐r ❞❛ ✐♥❥❡çã♦ ❞♦ ❛♥❛❧✐t♦ é r❡❛❧✐③❛❞♦ ♦ ❝á❧❝✉❧♦ ❞❛ ❝✉r✈❛ ❙P❘✱

❞❛ ❢♦r♠❛✿

SPR(t,θ,λ) =
IAna
SUAV IZADA(t,θ,λ)

IAr
SUAV IZADA(t,θ,λ)

✭✺✳✹✮

❡♠ q✉❡ IAna
SUAV IZADA é ❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ♥❛ ♣r❡s❡♥ç❛ ❞♦ ❛♥❛❧✐t♦✳ ❊ss❡ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡

♥♦r♠❛❧✐③❛çã♦ ❡❧✐♠✐♥❛ ♥ã♦✲✉♥✐❢♦r♠✐❞❛❞❡s ❡s♣❛❝✐❛✐s ❡ ❡s♣❡❝tr❛✐s ♦r✐✉♥❞❛s ❞❛ ❢♦♥t❡ ❞❡ ❧✉③ ❡✴♦✉

❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠✳

P❛r❛ ✉♠ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ❝♦♠ ❞✉❛s ❞✐♠❡♥sõ❡s ✭✷❉✮✱ é ♣♦ssí✈❡❧ ✉t✐❧✐③❛r ✉♠ ❝♦♥❥✉♥t♦ ❞❡

❧✐♥❤❛s ♣❛r❛ ❣❡r❛r ❛ ❝✉r✈❛ ❙P❘✱ ❡♠ ✉♠❛ té❝♥✐❝❛ ❞❡♥♦♠✐♥❛❞❛ ❞❡♠✉❧t✐s♣♦t✳ ❈♦♠♦ ❛♣r❡s❡♥t❛❞♦

❡♠ ✭✺✳✺✮✱ ♦ ♣r♦❝❡ss❛♠❡♥t♦ ♠✉❧t✐s♣♦t é ❝♦♠♣♦st♦ ♣♦r ❞✐❢❡r❡♥t❡s ár❡❛s s❡♥sí✈❡✐s ✭Ai✮ ❝❛❞❛ ✉♠❛



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✺

❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ ✉♠❛ r❡❣✐ã♦ ❢ís✐❝❛ ♥❛ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧ ❞♦ s❡♥s♦r ❙P❘✳

ISUAV IZADA(t) =


























x̂11(t) x̂12(t) · · · x̂1P (t)

x̂21(t) x̂22(t) · · · x̂2P (t)

x̂31(t) x̂32(t) · · · x̂3P (t)

x̂41(t) x̂42(t) · · · x̂4P (t)

x̂51(t) x̂52(t) · · · x̂5P (t)

x̂61(t) x̂62(t) · · · x̂6P (t)
✳✳✳

✳✳✳
✳✳✳

x̂M−11(t) x̂M−12(t) · · · x̂M−1P (t)

x̂M1(t) x̂M2(t) · · · x̂MP (t)


























A1(t)

A2(t)

A3(t)

✳✳✳

AS(t)

✭✺✳✺✮

❖ ❝♦♥❥✉♥t♦ ❞❡ ár❡❛s s❡♥sí✈❡✐s ❢♦r♠❛♠ ♦s ❝❤❛♠❛❞♦s s♣♦ts s❡♥sí✈❡✐s ✭s♣♦ts = [A1(t), A2(t),

· · · , AS(t)]✮✱ ♦s q✉❛✐s ✐♥❞✐❝❛♠ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ s✉❜stâ♥❝✐❛s q✉❡ ♣♦❞❡♠ s❡r ♠♦♥✐t♦r❛❞♦s

s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♣❡❧♦ s❡♥s♦r ❙P❘✱ ❞❡ ♠♦❞♦ q✉❡ SPRi(t,θ,λ) = AAna
i (t,θ,λ)/AAr

i (t,θ,λ)✳ ❆

❢♦r♠❛ ❞❡ ❛❣r✉♣❛r ❛s ❧✐♥❤❛s q✉❡ ❝♦♠♣õ❡♠ ✉♠❛ Ai ♣♦❞❡ s❡r ❡①♣r❡ss❛ ♣❡❧❛ ✐♠❛❣❡♠ ♠é❞✐❛ ❞♦

✐♥t❡r✈❛❧♦ ❞❡ ❧✐♥❤❛s ✉t✐❧✐③❛❞♦s✿

Ai (t) =
1

N

∑

−








xa1(t) xa2(t) · · · xaP (t)
✳✳✳

✳✳✳

xb1(t) xb2(t) · · · xbP (t)








✭✺✳✻✮

❡♠ q✉❡ N é ♦ t♦t❛❧ ❞❡ ♣✐①❡❧s ♥♦ ✐♥t❡r✈❛❧♦ [a b]✳ ❖ ✉s♦ ❞❡ ♠✉❧t✐s♣♦ts ♠❡s♠♦ q✉❡ ❤❛❥❛ ✉♠❛

ú♥✐❝❛ r❡❣✐ã♦ ❢ís✐❝❛ s❡♥sí✈❡❧ ♥♦ s❡♥s♦r ❙P❘✱ ♠❡❧❤♦r❛ ❛ r❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦ ❬✽✶❪ ❡ ❛ r❡s♣♦st❛

❞✐♥â♠✐❝❛ ❬✽✷❪ ❞♦ ✐♥str✉♠❡♥t♦ ❙P❘✳

❘❡❧❛çã♦ ♣✐①❡❧ ✈s✳ â♥❣✉❧♦ ❡ ♣✐①❡❧ ✈s✳ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛

❆ ♦❜t❡♥çã♦ ❞❛ r❡s♣♦st❛ ❛♥❣✉❧❛r ❡✴♦✉ ❡s♣❡❝tr❛❧ ❞♦ s❡♥s♦r ❙P❘ ❡①✐❣❡ ❛ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ❡♥tr❡

♦s ♣✐①❡❧s ❞♦ s❡♥s♦r ❞❡ ✐♠❛❣❡♠ ❡ ♦s ✈❛❧♦r❡s ❞❡ â♥❣✉❧♦ ❡✴♦✉ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ P❛r❛ ♦❜t❡r

♦ ❡s♣❡❝tr♦ ❛♥❣✉❧❛r ✭♠♦❞♦ ❆■▼✮✱ ♣r✐♠❡✐r♦ ❛♥♦t❛✲s❡ ♦ ✈❛❧♦r ❞♦ ♣✐①❡❧ q✉❡ ❞❡té♠ ♦ ♠í♥✐♠♦ ❞❡

r❡✢❡t✐✈✐❞❛❞❡ ♥❛ ❝♦♥❞✐çã♦ ❞❡ ❝é❧✉❧❛ ♠♦❧❤❛❞❛✳ ❊♠ s❡❣✉✐❞❛✱ s❛❜❡♥❞♦ q✉❡ ♦ ✐♥t❡r✈❛❧♦ ❛♥❣✉❧❛r

❞♦ PP❇■❖ é ❞❡ ✻✷◦ ❛ ✼✸◦✱ ✉t✐❧✐③❛♥❞♦ ♦ ❖P ❡♠ q✉❡ ♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡ ❡♠ ✻✽◦ ❛

r❡❧❛çã♦ ♣✐①❡❧ ✈s✳ â♥❣✉❧♦ ♣❛r❛ ♦ ✈❛❧♦r ♠í♥✐♠♦ ♦❝♦rr❡♥❞♦ ♥♦ ♣✐①❡❧ ✼✸✵ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ♣❡❧❛



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✻

s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

θ(p) = 2× 10−6p2 + 0,0119p+ 57,893. ✭✺✳✼✮

P❛r❛ ♦ ♠♦❞♦❲■▼✱ ❛ r❡❧❛çã♦ ♣✐①❡❧ ✈s✳ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❢♦r♥❡❝✐❞❛ ♣❡❧♦ ❡s♣❡❝trô♠❡tr♦

s❡❣✉❡ ❛ ❡①♣r❡ssã♦✿

λ(p) = I + C1p+ C2p
2 + C3p

3, ✭✺✳✽✮

❡♠ q✉❡ I é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ♣✐①❡❧ ③❡r♦ ❡ C1✱ C2 ❡ C3 sã♦ ♦s ❝♦❡✜❝✐❡♥t❡s ❞♦

♣♦❧✐♥ô♠✐♦ ♦❜t✐❞♦s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ ❡s♣❡❝trô♠❡tr♦ ❡ ❞✐s♣♦♥✐❜✐❧✐③❛❞♦s ♥♦ ♠❛♥✉❛❧

❞♦ ❡q✉✐♣❛♠❡♥t♦ ❬✼✾❪✳

❆ r❡❧❛çã♦ ♣✐①❡❧ ✈s✳ â♥❣✉❧♦✴❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ é ❡♠♣r❡❣❛❞❛ ♣❛r❛ ❝♦♠♣❡♥s❛r ❞❡s❛❧✐✲

♥❤❛♠❡♥t♦s ♠❡❝â♥✐❝♦s ♥♦ ❤❛r❞✇❛r❡ ❞♦ s❡♥s♦r✳ ◆❛ s✐t✉❛çã♦ ❡♠ q✉❡ ❛ ❢♦♥t❡ ❞❡ ❧✉③✱ ♦✉ s❡♥s♦r

❞❡ ✐♠❛❣❡♠✱ ♦✉ ♠❡s♠♦ ♦ ♣ró♣r✐♦ ♣r✐s♠❛✱ ♥ã♦ ❡st❡❥❛♠ ❝♦rr❡t❛♠❡♥t❡ ❛❧✐♥❤❛❞♦s ♦s ❢❡✐①❡s ❞❡

❡♥tr❛❞❛ ✭❳✐✮ ❡✴♦✉ s❛í❞❛ ✭❳✽✮✱ ✈❡r ❋✐❣✉r❛ ✸✳✹✱ ♥ã♦ s❡rã♦ ♣❡r♣❡♥❞✐❝✉❧❛r❡s ❛ ❜❛s❡ ❞♦ ♣r✐s♠❛✱

❛❧t❡r❛♥❞♦ ♦s ✈❛❧♦r❡s ❞♦s â♥❣✉❧♦s✴❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ s❛í❞❛ ❝❛♣t✉r❛❞♦s ♣❡❧♦ s❡♥s♦r ❞❡

✐♠❛❣❡♠✱ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛s ♣♦s✐çõ❡s ❞❡ θR ❡ λR✳

❉❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦ ❡ s❡♥s♦r❣r❛♠❛

P❛r❛ ❛ ❡①tr❛çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ❙P❘ q✉❡ r❡♣r❡s❡♥t❛ ♦ â♥❣✉❧♦✴❝♦♠♣r✐♠❡♥t♦ ❞❡

♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛✱ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s ❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✳ ❉❡♥tr❡

❛s té❝♥✐❝❛s ♠❛✐s ❡♠♣r❡❣❛❞❛s ❡♥❝♦♥tr❛♠✲s❡ ♦ ❛❥✉st❡ ♣♦❧✐♥ô♠✐❛❧ ❡ ♦ ❝á❧❝✉❧♦ ❞♦ ❝❡♥tró✐❞❡

❬✻✾✱ ✽✸✱ ✽✹❪✳ ❖ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧ ❝♦♥s✐st❡ ❡♠ ❛♣r♦①✐♠❛r ❛ ❝✉r✈❛ ❙P❘✱ ♦✉ ❛ r❡❣✐ã♦ ♣ró①✐♠❛

❛♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛✱ ❛ ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ ❣r❛✉ n✳ ❖ ✈❛❧♦r ♠í♥✐♠♦ ❞♦ ♣♦❧✐♥ô♠✐♦ é ❡♥tã♦

❝❛❧❝✉❧❛❞♦ ❛tr❛✈és ❞❛ ♣r✐♠❡✐r❛ ❞❡r✐✈❛❞❛✱ t❛❧ q✉❡✿

d

dθ
P (θ)θ=θR = 0 ♦✉

d

dλ
P (λ)λ=λR

= 0. ✭✺✳✾✮

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

❝❡♥tró✐❞❡✮ ❞❛ ❝✉r✈❛ ❙P❘✳ ❆ té❝♥✐❝❛ é ❛♣❧✐❝❛❞❛ ❛ ✈❛❧♦r❡s q✉❡ ❡stã♦ ❛❜❛✐①♦ ❞❡ ✉♠ ❧✐♠✐❛r ♣ré✲

❡st❛❜❡❧❡❝✐❞♦✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❧✐♥❤❛ ❜❛s❡ ✭LT ✮✳ ❆ss✐♠✱ ♣❛r❛ ✉♠❛ ❝✉r✈❛ ❙P❘ ❝♦♠ N ♣♦♥t♦s✱

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



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✼

❜❛s❡ ❞❛ ❢♦r♠❛✿

C(t) =

∑N
i=1(pi(t)− LT )i

∑N
i=1(pi(t)− LT )

, ✭✺✳✶✵✮

❡♠ q✉❡ pi r❡♣r❡s❡♥t❛ ♦ ✈❛❧♦r ❞♦ ♣♦♥t♦ i ❞❛ ❝✉r✈❛ ❙P❘✳

❆ ❛♣r❡s❡♥t❛çã♦ ❞♦ ✈❛❧♦r ❞❡ ♠❛❣♥✐t✉❞❡ ❞♦s ♣❛râ♠❡tr♦s θR✱ λR✱ ∆n3 ❡ FWHM ✱ é ❛♣r❡s❡♥✲

t❛❞❛ ❡♠ ✉♠ ❣rá✜❝♦ ✈❡rs✉s ♦ t❡♠♣♦✱ ❣rá✜❝♦ ❡st❡ ❞❡♥♦♠✐♥❛❞♦ ❞❡ s❡♥s♦r❣r❛♠❛✳ ❖ s❡♥s♦r❣r❛♠❛

é ✉♠ ❣rá✜❝♦ q✉❡ ♠♦str❛ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❡ss❡✳

✺✳✶ Pr♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧

P❛r❛ ✈❡r✐✜❝❛r ❛ ✈❛r✐❛çã♦ ♥♦s ✈❛❧♦r❡s ❞❡ r❡ss♦♥â♥❝✐❛ ✭s❡♥s✐❜✐❧✐❞❛❞❡✱ ❧❛r❣✉r❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♦♥❞❛ ❡ â♥❣✉❧♦ ♣❧❛s♠ô♥✐❝♦✮✱ t❡st❡s ❝♦♠ ❧✐❣❛çõ❡s r❡✈❡rsí✈❡✐s ❡ ✐rr❡✈❡rsí✈❡✐s ❢♦r❛♠ r❡❛❧✐③❛❞♦s

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

❞❡♣♦s✐t❛❞❛ ♥♦s ♣♦❧í♠❡r♦s ❚❖P❆❙✱ P▼▼❆✱ P❈ ❡ ♥♦ ✈✐❞r♦ ❇❑✼✳

❆s s✉❜stâ♥❝✐❛s ❡♠ ❛♥á❧✐s❡ ❞✐❢❡r❡♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ t❡st❛❞❛✳ P❛r❛ ♦s

✜❧♠❡s ❞❡ ♣r❛t❛✱ ❝♦❜r❡ ❡ ❛❧✉♠í♥✐♦ ❛s s✉❜stâ♥❝✐❛s ❡♠ ❛♥á❧✐s❡ sã♦ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡❣❛s❡✐✜❝❛

✭❍2❖✮✱ s♦❧✉çõ❡s ❞❡ ❛❧t❛ ❡ ❜❛✐①❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❡t❛♥♦❧ ❡ s♦❧✉çã♦ ❞❛ ♣r♦t❡í♥❛ ❇❙❆ ✭❆❧❜✉♠✐♥❛

❙ér✐❝❛ ❇♦✈✐♥❛✮ ❞✐❧✉í❞❛ ❡♠ á❣✉❛✱ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ✵✱✶ ♠❣✴♠❧✳ P❛r❛ ♦s ✜❧♠❡s ❞❡ ♦✉r♦✱

á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❡ ❞❡❣❛s❡✐✜❝❛✱ s♦❧✉çõ❡s ❞❡ P❇❙ ✭P❤♦s♣❤❛t❡ ❇✉✛❡r❡❞ ❙❛❧✐♥❡✮ ❡ ❤✐♣♦❝❧♦r✐t♦

✭❍②♣♦✳✮ ❡ s♦❧✉çã♦ ❞❛ ♣r♦t❡í♥❛ ❇❙❆ ❞✐❧✉í❞❛ ❡♠ P❇❙ ❢♦r❛♠ ♠✉❧t✐♣❧❡①❛❞❛s ♥❛ ❡♥tr❛❞❛ ❞♦

s✐st❡♠❛ ♠✐❝r♦✢✉í❞✐❝♦✳

❖ ♣r♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥s✐st❡ ❡♠ ✐♥✐❝✐❛❧♠❡♥t❡ ❝❛♣t✉r❛r ❛ ❝é❧✉❧❛ s❡❝❛✱ ♦✉ s❡❥❛✱ ❝❛♣✲

t✉r❛r ❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r q✉❛♥❞♦ ♦ ❛r ❡stá ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧✱ ♦❜t❡♥❞♦

✉♠❛ ❝✉r✈❛ ❙P❘ q✉❛s❡ ❡st❛❝✐♦♥ár✐♦ ♥♦ ✈❛❧♦r ✶✱ ✉♠❛ ✈❡③ q✉❡ ♦ s✐♥❛❧ ❛t✉❛❧ é r❡❢❡r❡♥t❡ ❛♦ ❛r✱

✐st♦ é✱ IAna
SUAV IZADA = IAr

SUAV IZADA✳ ◆♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ ❛ á❣✉❛ ✭❍2❖✮ ❛t✐♥❣❡ ❛ s✉♣❡r❢í❝✐❡

s❡♥sí✈❡❧ ❞♦ ♣r✐s♠❛✱ ✐♥st❛♥t❡ ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❝é❧✉❧❛ ♠♦❧❤❛❞❛ ✭r❡s♣♦st❛ ❞♦ s❡♥s♦r q✉❛♥❞♦ s❡

t❡♠ á❣✉❛ ♣♦r s♦❜r❡ ❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✮✱ ❡①❝✐t❛✲s❡ ♦s ❙Ps ❡ ❝♦♠ ✐ss♦ ♣r❡s❡♥❝✐❛✲s❡ ✉♠❛ q✉❡❞❛

❛❝❡♥t✉❛❞❛ ♥❛ ❝✉r✈❛ ❙P❘✳ ◆❡ss❡ ♠♦♠❡♥t♦✱ ✐♥✐❝✐❛✲s❡ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❛

❝✉r✈❛✱ ❡ ❛tr❛✈és ❞❡❧❡✱ ❝❛❧❝✉❧❛✲s❡ ♦s ❞❡♠❛✐s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡✳ ❆♦ tr♦❝❛r ❞❡ s✉❜stâ♥❝✐❛✱

s❛✐♥❞♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ ❝é❧✉❧❛ ♠♦❧❤❛❞❛ ♣❛r❛ ❛ ♣ró①✐♠❛ s♦❧✉çã♦✱ ♦ ✈❛❧♦r ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛✲

çã♦ ❛✉♠❡♥t❛✳ ❊♠ s❡❣✉✐❞❛✱ r❡t♦r♥❛✲s❡ à ❝é❧✉❧❛ ♠♦❧❤❛❞❛ ❡ tr♦❝❛✲s❡ ♣❛r❛ ❛ s❡❣✉♥❞❛ s♦❧✉çã♦✳



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✽

◆♦✈❛♠❡♥t❡ r❡t♦r♥❛✲s❡ ♣❛r❛ ❛ s✐t✉❛çã♦ ❞❡ ❝é❧✉❧❛ ♠♦❧❤❛❞❛✳ ❘❡♣❡t❡✲s❡ ❡ss❡ ♣r♦❝❡ss♦ ❛té q✉❡

t♦❞❛s ❛s s✉❜stâ♥❝✐❛s s❡❥❛♠ ❛♥❛❧✐s❛❞❛s✳ ❖s ♣r♦❝❡❞✐♠❡♥t♦s ❞❡s❝r✐t♦s ❝♦♠♣õ❡♠ ♦ ❝❤❛♠❛❞♦

❝✐❝❧♦ ❞❡ t❡st❡✱ ♦✉ ❡♥s❛✐♦ ❞❡ t❡st❡✱ ❡ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❛ q✉❛♥t✐✜❝❛çã♦ ❞❛s ✈❛r✐❛çõ❡s ❞❡ λR✱

θR✱ ∆n3 ❡ FWHM ✭❧❛r❣✉r❛✮✳ ❘❡♣❡t✐r❛♠✲s❡ ♦s ❡①♣❡r✐♠❡♥t♦s ♣♦r ✈ár✐♦s ❝✐❝❧♦s ✭✺ ✈❡③❡s✮ ❡

♦s r❡s✉❧t❛❞♦s ❢♦r❛♠ ❡q✉✐✈❛❧❡♥t❡s✱ ♦ q✉❡ ❛t❡st❛ ❛ ❝♦♥s✐stê♥❝✐❛ ❞❛s r❡s♣♦st❛s ❡ ❣❛r❛♥t❡ ✉♠❛

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

❆■▼ ❡ ❲■▼✳ ❊♠ sí♥t❡s❡✱ ♦ ♣r♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧ ♣♦ss✉✐ ❛s s❡❣✉✐♥t❡s ❡t❛♣❛s✿

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

t✐✈♦ q✉❛♥❞♦ ♦ ❆r ❡stá ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧ ❞♦ ♣r✐s♠❛ ✭❝é❧✉❧❛ s❡❝❛✮❀

• ❊♠ s❡❣✉✐❞❛✱ ❝❛♣t✉r❛✲s❡ ❛ r❡s♣♦st❛ ❞♦ ❞✐s♣♦s✐t✐✈♦ q✉❛♥❞♦ s❡ t❡♠ á❣✉❛ ♣♦r s♦❜r❡ ❛

❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ❞♦ ♣r✐s♠❛ ✭❝é❧✉❧❛ ♠♦❧❤❛❞❛✮❀

• ▼♦♥✐t♦r❛✲s❡ ❛ r❡✢❡t✐✈✐❞❛❞❡ ♣❛r❛ ❛ ♠✉❞❛♥ç❛ ❞❡ s✉❜stâ♥❝✐❛ q✉❡ ❡stá ♣r❡s❡♥t❡ ♥❛ ❝é❧✉❧❛

❞❡ ✢✉①♦ ✭s✐♥❛❧ ❛t✉❛❧✮✱ ❝❛❧❝✉❧❛♥❞♦ ❛ r❡s♣♦st❛ ❙P❘❀

• ❆♣r❡s❡♥t❛✲s❡ ♦s s❡♥s♦r❣r❛♠❛s ✭❡✈♦❧✉çã♦ t❡♠♣♦r❛❧✮ ❞♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡✱ ❡①✲

tr❛í❞♦s ❛ ♣❛rt✐r ❞❛ ❝✉r✈❛ ❙P❘❀

• ❈❛❧❝✉❧❛✲s❡ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ♣❛r❛ ❛♠❜♦s ♦s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦✳

❈♦♥tr♦❧❡ ❞❡ t❡♠♣❡r❛t✉r❛

❆ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ♣❛r❛ r❡❛❧✐③❛çã♦ ❞♦s ❡①♣❡r✐♠❡♥t♦s ❢♦✐ ❛❥✉st❛❞❛ ♣❛r❛ ✷✸±✶◦❈ ❞❡

❢♦r♠❛ ❛ ♠✐♥✐♠✐③❛r ♦s ❡❢❡✐t♦s tér♠✐❝♦s ♥❛s ❛♠♦str❛s ❡ ♥♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ s❡♥s♦r✳ ❖ ❛❝❡ss♦

❛♦ ❛♠❜✐❡♥t❡ ❢♦✐ ❝♦♥tr♦❧❛❞♦ ♣❛r❛ ❡✈✐t❛r ✢✉t✉❛çõ❡s tér♠✐❝❛s ♥♦ ♠♦♠❡♥t♦ ❞♦s ❡①♣❡r✐♠❡♥t♦s✳

✺✳✷ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✿ ❝✉r✈❛s ❙P❘s

◆❡ss❛ s❡ssã♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝✉r✈❛s ❙P❘✱ t❡ór✐❝❛ ❡ ❡①♣❡r✐♠❡♥t❛❧✱ ❞❛ á❣✉❛ ♣❛r❛ ❛s

❞✐❢❡r❡♥t❡s ♠✉❧t✐❝❛♠❛❞❛s✳

❆ ❋✐❣✉r❛ ✺✳✶ ❛♣r❡s❡♥t❛ ❛s ❝✉r✈❛s ❙P❘s ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛✳ ◆♦ ♠♦❞♦ ❲■▼✱ t♦❞♦s ♦s

s✉❜str❛t♦s ❛♣r❡s❡♥t❛♠ ❝✉r✈❛s ❝♦♠ ✈❛❧♦r❡s ❞❡ λR ♣ró①✐♠♦s ❛♦s ❞❛s ❝✉r✈❛s t❡ór✐❝❛s✳ P▼▼❆



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✼✾

❋✐❣✉r❛ ✺✳✶✿ ❈✉r✈❛s ❙P❘s t❡ór✐❝❛s ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❝♦♠ ✺✵ ♥♠ ❞❡
❡s♣❡ss✉r❛✱ ❞❡♣♦s✐t❛❞♦ ♥♦s s✉❜str❛t♦s ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ♥♦s ♠♦❞♦s ❲■▼ ✭♦s
q✉❛tr♦ ❣rá✜❝♦s s✉♣❡r✐r♦r❡s✮ ❡ ❆■▼ ✭♦s q✉❛tr♦ ❣rá✜❝♦s ✐♥❢❡r✐♦r❡s✮✳

❋✐❣✉r❛ ✺✳✷✿ ❈✉r✈❛s ❙P❘s t❡ór✐❝❛s ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ✜❧♠❡s ❞❡ ♦✉r♦ ❝♦♠ ✺✵ ♥♠ ❞❡
❡s♣❡ss✉r❛✱ ❞❡♣♦s✐t❛❞♦ ♥♦s s✉❜str❛t♦s ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ♥♦s ♠♦❞♦s ❲■▼ ✭s✉♣❡r✐♦r✮
❡ ❆■▼ ✭✐♥❢❡r✐♦r✮✳



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✽✵

❡ P❈ ❛♣r❡s❡♥t❛r❛♠ ❜❛✐①♦s ✈❛❧♦r❡s ❝♦♥tr❛st❡✴♣r♦❢✉♥❞✐❞❛❞❡✳ ◆♦ ♠♦❞♦ ❆■▼✱ ❇❑✼ ❡ P▼▼❆

❛♣r❡s❡♥t❛r❛♠ ❝✉r✈❛s ❝♦♠ ♠❛✐♦r ❝♦♥tr❛st❡✴♣r♦❢✉♥❞✐❞❛❞❡✳ ❚❖P❆❙ ❛♣r❡s❡♥t♦✉ ❛ ♣✐♦r ❝✉r✈❛

❙P❘✳ ❱❛❧❡ r❡ss❛❧t❛r q✉❡ ♦ ✈❛❧♦r ❞❡ λR ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r ❚❖P❆❙✴❆❣ ❢♦✐ ❞❡ ✺✻✺✱✽ ♥♠ ❡

♦ ❞✐♦❞♦ ❧❛s❡r ♠❛✐s ♣ró①✐♠♦ ❛ ❡ss❡ ✈❛❧♦r✱ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ✉t✐❧✐③❛çã♦✱ ❡r❛ ❞❡ λ =✻✸✼ ♥♠✳ ❉❡ss❡

♠♦❞♦✱ ♦ P♦♥t♦ ❞❡ ❖♣❡r❛çã♦ ✐❞❡❛❧ ♥ã♦ ❢♦✐ ♦❜t✐❞♦ ❡ ❛ ❡①❝✐t❛çã♦ ❞♦s ❙P ❢♦✐ ❝♦♠♣r♦♠❡t✐❞❛✳

❆ ❋✐❣✉r❛ ✺✳✷ ❛♣r❡s❡♥t❛ ❛s ❝✉r✈❛s ❙P❘s ❞❛ á❣✉❛ ♣❛r❛ ✜❧♠❡s ❞❡ ♦✉r♦✳ ◆♦ ♠♦❞♦ ❲■▼✱

❛s ❝✉r✈❛s ❙P❘ ❛♣r❡s❡♥t❛r❛♠ ❝♦♥tr❛st❡✴♣r♦❢✉♥❞✐❞❛❞❡s ❞❡ ❇❑✼✲✺✺✪✱ ❚❖P❆❙✲✹✵✪✱ P▼▼❆✲

✸✺✪ ❡ P❈✲✸✼✱✺✪ ❡♠ r❡❧❛çã♦ ❛♦s ✈❛❧♦r❡s t❡ór✐❝♦s✳ ❇❑✼ ❡ P❈ ❛♣r❡s❡♥t❛♠ ✈❛❧♦r❡s ❞❡ λR ♠❛✐s

♣ró①✐♠♦s ❛♦s ✈❛❧♦r❡s ♣r❡✈✐st♦s ❝♦♠ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ❞♦ q✉❡ ❚❖P❆❙ ❡ P▼▼❆✳ ❆s ❝✉r✈❛s

♣❛r❛ ❇❑✼ ❡ P▼▼❆ ❛♣r❡s❡♥t❛♠ ♣✐❝♦s ♣ró①✐♠♦ ❛ ✺✶✵ ♥♠✱ ❞❡✈✐❞♦ às ✐♠♣❡r❢❡✐çõ❡s ❞♦ ✜❧♠❡

♠❡tá❧✐❝♦s ✭❛rr❛♥❤õ❡s✮✱ ❛s q✉❛✐s ❢♦r♥❡❝❡r❡♠ ♠♦♠❡♥t♦ ❢ís✐❝♦ ❛♦s ❢ót♦♥s ✐♥❝✐❞❡♥t❡s s✉✜❝❡♥t❡

♣❛r❛ q✉❡ ❤❛❥❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ❛ ❙PP✳ P❛r❛ ♠❛✐♦r❡s ❞❡t❛❧❤❡s ❝♦♥s✉❧t❛r ❬✸✸✱ ✽✺✱ ✽✻❪✳ ◆♦

♠♦❞♦ ❆■▼✱ ❛s ❝✉r✈❛s ❛♣r❡s❡♥t❛♠ ❜♦♠ ❝♦♥tr❛st❡✴♣r♦❢✉♥❞✐❞❛❞❡ ♣❛r❛ ❇❑✼✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

✼✽✪✱ ♠♦❞❡r❛❞♦ ♣❛r❛ P▼▼❆ ✭✹✹✪✮ ❡ ❜❛✐①♦ ♣❛r❛ ♦ ❚❖P❆❙ ❡ P❈ ✭✷✼✪✮✳ ❖s ✈❛❧♦r❡s ❞❡

❋❲❍▼ ♣❛r❛ ❇❑✼ ❡ P▼▼❆ sã♦ s❡♠❡❧❤❛♥t❡s ❛♦s ✈❛❧♦r❡s t❡ór✐❝♦s✳

❆s ❝✉r✈❛s ❙P❘s ❞❛ á❣✉❛ ♣❛r❛ ✜❧♠❡s ❞❡ ❝♦❜r❡ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❋✐❣✉r❛ ✺✳✸✳ ❆s ❝✉r✈❛s ❞♦

♠♦❞♦ ❲■▼ ❛ss❡♠❡❧❤❛♠✲s❡ ❛s ❝✉r✈❛s t❡ór✐❝❛s ❡♠ t❡r♠♦s ❞❡ ❋❲❍▼ ❡ λR✳ ❆s ❝✉r✈❛s ❆■▼

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

✈❛❧♦r❡s ❞❡ λR ♦❜t✐❞♦s ♥♦ ♠♦❞♦ ❲■▼✳ ❇❑✼ ♣♦ss✉✐ ✈❛❧♦r ❞❡ ❝♦♥tr❛st❡✴♣r♦❢✉♥❞✐❞❛❞❡ ❜❛st❛♥t❡

❛❝❡♥t✉❛❞♦✱ ❡♥q✉❛♥t♦ ♦s ♣r✐s♠❛s ♣♦❧✐♠ér✐❝♦s ❛♣r❡s❡♥t❛r❛♠ ✈❛❧♦r❡s ♠♦❞❡r❛❞♦s✴❜❛✐①♦s✳

P♦r ✜♠✱ ❛ ❋✐❣✉r❛ ✺✳✹ ❛♣r❡s❡♥t❛ ❛s ❝✉r✈❛s ❙P❘s ❞❛ á❣✉❛ ♣❛r❛ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦✳ ❖

❡❢❡✐t♦ ❞♦ ❙P❘ s♣❧✐tt✐♥❣ ♥ã♦ ❢♦✐ ♦❜t✐❞♦ ❞❡✈✐❞♦ ❛♦ ♣❡r✜❧ ❡s♣❡❝tr❛❧ ❞❛ ❢♦♥t❡ ❧✉③ ✉t✐❧✐③❛❞❛✱ ❝♦♠♦

♠❡♥❝✐♦♥❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✸✳ ❇❑✼ ❡ P▼▼❆ ❛♣r❡s❡♥t❛ ❜♦♥s ✈❛❧♦r❡s ❞❡ ❝♦♥tr❛st❡ ❡ ❚❖P❆❙

✈❛❧♦r ♠♦❞❡r❛❞♦✳ ❈♦♠♦ ❡s♣❡r❛❞♦✱ P❈ ♣♦ss✉✐ ❜❛✐①❛ ♣r♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❛ ❝✉r✈❛ ❙P❘

❝❛r❛❝t❡r✐③❛♥❞♦ ✉♠❛ ❢r❛❝❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠❛s ❞❡ s✉♣❡r❢í❝✐❡✳ ◆♦ ♠♦❞♦ ❆■▼✱ ❇❑✼ ❛♣r❡s❡♥t❛

❝✉r✈❛ ❙P❘ ❝♦♠ ❜♦❛ ♣r♦❢✉♥❞✐❞❛❞❡✳

❈♦♥s✐❞❡r❛çõ❡s✿ t❡♦r✐❛ × ❡①♣❡r✐♠❡♥t♦

❆s ❞✐st♦rçõ❡s ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡✱ ❧❛r❣✉r❛ ❡ ♣♦s✐çã♦ ❞♦ ♠í♥✐♠♦ ❡♥tr❡ ❛s ❝✉r✈❛s ❡①♣❡r✐♠❡♥t❛✐s

❡ t❡ór✐❝❛s s❡ ❞❡✈❡♠ ❛ ❝❛r❛❝t❡ríst✐❝❛s ✐♥❡r❡♥t❡s ❛♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ ❞♦s ♣r✐s♠❛s ❛



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✽✶

❋✐❣✉r❛ ✺✳✸✿ ❈✉r✈❛s ❙P❘s t❡ór✐❝❛s ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ✜❧♠❡s ❞❡ ❝♦❜r❡ ❝♦♠ ✹✵ ♥♠ ❞❡
❡s♣❡ss✉r❛✱ ❞❡♣♦s✐t❛❞♦ ♥♦s s✉❜str❛t♦s ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ♥♦s ♠♦❞♦s ❲■▼ ✭s✉♣❡r✐♦r✮
❡ ❆■▼ ✭✐♥❢❡r✐♦r✮✳

❋✐❣✉r❛ ✺✳✹✿ ❈✉r✈❛s ❙P❘s t❡ór✐❝❛s ❡ ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦ ❝♦♠ ✷✵ ♥♠ ❞❡
❡s♣❡ss✉r❛✱ ❞❡♣♦s✐t❛❞♦ ♥♦s s✉❜str❛t♦s ❇❑✼✱ ❚❖P❆❙✱ P▼▼❆ ❡ P❈ ♥♦s ♠♦❞♦s ❲■▼ ✭s✉♣❡r✐♦r✮
❡ ❆■▼ ✭✐♥❢❡r✐♦r✮✳



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✽✷

❡①❡♠♣❧♦ ❞❛ r✉❣♦s✐❞❛❞❡ ❡ ❞❛ ❜✐rr❡❢r✐♥❣ê♥❝✐❛✱ ❞❛s ♣❡r❞❛s ❞❡ q✉❛❧✐❞❛❞❡ ❞❛ ✐♠❛❣❡♠ ❞❡✈✐❞♦

❛s r❡✢❡①õ❡s ♥♦s ❡s♣❡❧❤♦s ❞❛s s✉♣❡r❢í❝✐❡s ❧❛t❡r❛✐s ✐♥❝❧✐♥❛❞❛s ❡ ❛ ❛rr❛♥❤õ❡s ♥❛ s✉♣❡r❢í❝✐❡ ❞❡

♠❡t❛❧✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ❢❛✐①❛ ❡s♣❡❝tr❛❧ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③ ✉s❛❞❛ ♥❛ ♦❜t❡♥çã♦ ❞❛s

❝✉r✈❛s t❡ór✐❝❛s ❡ ❛ ✉t✐❧✐③❛❞❛ ♥♦s ❡①♣❡r✐♠❡♥t♦s t❛♠❜é♠ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❡ss❛s ❞✐st♦rçõ❡s✳

❉❡s✈✐♦s ❞♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❞♦ ❖P ♥♦ ♠♦❞♦ ❆■▼ ❞❡✈✐❞♦ ❛ ❡ss❛ ❞✐❢❡r❡♥ç❛ ❡s♣❡❝tr❛❧✱

sã♦ ❝♦rr✐❣✐❞♦s ♥❛ r❡❧❛çã♦ ♣✐①❡❧ ✈s✳ â♥❣✉❧♦✳ ❆❞❡♠❛✐s✱ ❢❛t♦r❡s ❝♦♠♦ ❛❜s♦rçã♦✱ ❡s♣❛❧❤❛♠❡♥t♦✱

r❛❞✐❛çã♦ ❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r✱ ♥ã♦ ❝♦♠♣✉t❛❞♦s ♥♦ ♠♦❞❡❧♦ t❡ór✐❝♦✱ ❛❢❡t❛♠ ❛ r❡s♣♦st❛

❞♦s s❡♥s♦r❡s ❙P❘✳ ❉❡ t♦❞♦ ♠♦❞♦✱ ❛s ♣r❡✈✐sõ❡s t❡ór✐❝❛s sã♦ ✐♠♣r❡s❝✐♥❞í✈❡✐s ♣❛r❛ ❛ ❝♦rr❡t❛

❝♦♥str✉çã♦ ❞♦ s❡♥s♦r✱ r❡✈❡❧❛♥❞♦ ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❞❡ ❝❛❞❛ ❛rr❛♥❥♦ ♠✉❧t✐❝❛♠❛❞❛✳

P❛r❛ ❝♦♥t❡♠♣❧❛r ❡st❡s ❢❛t♦r❡s ♥❛ ♠♦❞❡❧❛❣❡♠ ❛ ✜♠ ❞❡ ♠❡❧❤♦r❛r ❛ ❛❞❡rê♥❝✐❛ ❡♥tr❡ t❡♦r✐❛ ❡

❡①♣❡r✐♠❡♥t♦s✱ ♣♦❞❡✲s❡ ❡①♣❛♥❞✐r ♦ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ❞❡ ♠♦❞♦ q✉❡ t❛✐s ❢❛t♦r❡s ❝♦♠♣❧❡♠❡♥t❡♠

❛ ❆❋ ❝♦♠♦ t❡r♠♦s ❛❞✐t✐✈♦s✱ ❛ ❡①❡♠♣❧♦ ❞❛ r✉❣♦s✐❞❛❞❡ ❬✻✵❪✱ ❡✴♦✉ q✉❡ ♦ ❡❢❡✐t♦ ❞❡ ❝❛❞❛ ❢❛t♦r

s❡❥❛ ❛❝r❡s❝❡♥t❛❞♦ ♥❛ ❆❋ ❡♠ t❡r♠♦s ❞❡ s♦❜r❡♣♦s✐çõ❡s✱ ❛ ❡①❡♠♣❧♦ ❞❛ ❝♦♥✈♦❧✉çã♦ ❞❛ r❡s♣♦st❛

❙P❘ ♣❛r❛ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♣r❡s❡♥t❡s ♥♦ ❡s♣❡❝tr♦ ❞❛ ❢♦♥t❡ ❞❡ ❧✉③✳

✺✳✸ ❘❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✿ s❡♥s♦r❣r❛♠❛s

◆❡ss❛ s❡ssã♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s s❡♥s♦r❣r❛♠❛s ❞❛ ❛♣❧✐❝❛çã♦ ❞♦ ♣r♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛

❛s ❞✐❢❡r❡♥t❡s ♠✉❧t✐❝❛♠❛❞❛s✳

❯♠ ❡①❡♠♣❧♦ ❞❡ s❡♥s♦r❣r❛♠❛ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✺✳ ◆❛ ✜❣✉r❛ é ✐❧✉str❛❞♦ ♦ ❝✐❝❧♦ ❡①✲

♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛s s✉❜stâ♥❝✐❛s ♥❛ s❡❣✉✐♥t❡ ♦r❞❡♠ H2O → BSA → H2O → Hypo. → H2O✳

❆ ♠✉❞❛♥ç❛ ❞❛ s✉❜stâ♥❝✐❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧ ❞♦ PP❇■❖✱ ♣r♦✈♦❝❛ ✉♠❛

❛❧t❡r❛çã♦ ♥♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❡ss❡✳ ❆ ❛♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧ ❢♦r♥❡❝❡ ♦s ✈❛❧♦r❡s ❞♦ ♣❛râ♠❡tr♦

✐♥✈❡st✐❣❛❞♦ ❛♣❡♥❛s ♥❛s r❡❣✐õ❡s ❞❡ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✱ ♥ã♦ ❝♦♥t❡♠♣❧❛♥❞♦ ♦s ❛s♣❡❝t♦s ❡♥✈♦❧✲

✈✐❞♦s ❞✉r❛♥t❡ ❛ tr❛♥s✐çã♦ ❡♥tr❡ ❛s s✉❜stâ♥❝✐❛s✱ s✐t✉❛çã♦ ❡♠ q✉❡ ❢r❛çõ❡s ❞❡ ❞✉❛s ❛♠♦str❛s

❡♥❝♦♥tr❛♠✲s❡ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ♦ s❡♥s♦r✳

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

❝♦♠♣r❡❡♥❞❡♠ ❛ ❧✐♥❤❛ ❜❛s❡✿ ❝❛❧✐❜r❛çã♦ ❞♦ s❡♥s♦r ♣❛r❛ ✉♠❛ s✉❜stâ♥❝✐❛ ❝♦♥❤❡❝✐❞❛❀ ❛❞s♦r✲

çã♦✿ ✐♥í❝✐♦ ❞❛ ✐♥❥❡çã♦ ❞❛ s♦❧✉çã♦ ❞❡ ♣r♦t❡í♥❛❀ ♠♦♥♦❧❛②❡r✿ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✱ s❛t✉r❛çã♦

♥♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥t❡r❡ss❡❀ ❞✐ss♦❝✐❛çã♦✿ r❡♠♦çã♦ ❞❛s ♠♦❧é❝✉❧❛s ❡♠ s✉s♣❡♥sã♦ q✉❡

♥ã♦ ❛❞❡r✐r❛♠ à s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛❀ ❧❛✈❛❣❡♠✿ ✐♥❥❡çã♦ ❞❡ s✉❜stâ♥❝✐❛ ♣❛r❛ ❧✐♠♣❛r ❛ s✉♣❡r❢í❝✐❡
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❋✐❣✉r❛ ✺✳✺✿ ❊①❡♠♣❧♦ ❞❡ ✉♠ s❡♥s♦r❣r❛♠❛ ♣❛r❛ ♦ ❝✐❝❧♦ H2O → BSA → H2O → Hypo. →
H2O✳ ❉❡st❛q✉❡ ♣❛r❛ ❛s ❢❛s❡s ❞❡ ✉♠ s❡♥s♦r❣r❛♠❛✿ ❧✐♥❤❛ ❜❛s❡✱ ❛❞s♦rçã♦✱ ♠♦♥♦❧❛②❡r✱ ❞✐ss♦❝✐✲
❛çã♦✱ ❧❛✈❛❣❡♠ ❡ r❡❣❡♥❡r❛çã♦✳

❡ r❡♠♦✈❡r ❛s ♠♦❧é❝✉❧❛s ✜①❛❞❛s ♥❛ ❢❛s❡ ❞❡ ❛❞s♦rçã♦ ❡ r❡❣❡♥❡r❛çã♦✿ r❡t♦r♥♦ ♣❛r❛ ❛ ❝♦♥❞✐çã♦

✐♥✐❝✐❛❧ ❞❡ ❝❛❧✐❜r❛çã♦✳

❖ ✉s♦ s❡q✉❡♥❝✐❛❧ ❞♦ tr❛♥s❞✉t♦r ♣♦r ✈ár✐♦s ❝✐❝❧♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❛❞s♦rçã♦✱ ❞✐ss♦❝✐❛çã♦✱

❧✐♠♣❡③❛ ❡ r❡❣❡♥❡r❛çã♦ ♣r♦✈♦❝❛ ❛❧t❡r❛çõ❡s ❡ ❞❡s❣❛st❡s ♥❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✳ ❆ss✐♠✱ ♦s t❡♠✲

♣♦s ♥❡❝❡ssár✐♦s ♣❛r❛ q✉❡ s❡ ❛t✐♥❥❛ ♦ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ♣❛r❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ s✉❜stâ♥❝✐❛

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

P♦r ✜♠✱ ♠❡♥❝✐♦♥❛✲s❡ q✉❡ ❛ r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧ ❞♦ s❡♥s♦r ❙P❘ é ♠❡❞✐❞❛ ❛tr❛✈és

❞♦ ❞❡s✈✐♦ ♣❛❞rã♦ ❞❡ ✉♠❛ r❡❣✐ã♦ ❞♦ s❡♥s♦r❣r❛♠❛ q✉❡ ❡st❡❥❛ ♥♦ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✳ ❉❡ss❛

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

✐♥str✉♠❡♥t❛çã♦ ✉t✐❧✐③❛❞❛ ♥❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r✳

❙❡♥s♦r❣r❛♠❛s ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛

❖s ♣r✐♠❡✐r♦s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡♠ ♣r✐s♠❛s ♠❡t❛❧✐③❛❞♦s ❝♦♠ ✜❧♠❡s ❞❡ ♣r❛t❛ ❡

♦s s❡♥s♦r❣r❛♠❛s ❡♥❝♦♥tr❛♠✲s❡ ♥❛s ❋✐❣✉r❛s ✺✳✻✱ ✺✳✼✱ ✺✳✽ ❡ ✺✳✾✳

❖s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♥♦ ♠❡s♠♦ ❞✐❛ ❞❛ ❞❡♣♦s✐çã♦ ❞♦ ♠❡t❛❧ ♣❛r❛ ♠✐♥✐♠✐③❛r

♦ ❡❢❡✐t♦ ❞❛ ♦①✐❞❛çã♦ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✳ ❖s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡

r❡❢r❛çã♦✱ ❞♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♥♦ ♠♦❞♦ ❆■▼ ❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥â♥❝✐❛

♥♦ ♠♦❞♦ ❲■▼ ♣❛r❛ ❝❛❞❛ s♦❧✉çã♦✱ ✉s❛♥❞♦ ♦ s✉❜str❛t♦ ❇❑✼✱ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦s s❡♥s♦r✲

❣r❛♠❛s ❞❛ ❋✐❣✉r❛ ✺✳✻✳ ❯♠ r❡s✉♠♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❚❛❜❡❧❛ ✺✳✶✳
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❖ ❝✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ s❡❣✉✐✉ ❛ s❡q✉ê♥❝✐❛ H2O → Etanol25% → H2O → Etanol12,5% →
H2O → BSA → H2O → Etanol25% → H2O ♣❛r❛ ♦ ♠♦❞♦ ❆■▼ ❡ H2O → Etanol25% →
H2O → Etanol12,5% → H2O → BSA → H2O → Etanol12,5% → H2O ♥♦ ♠♦❞♦ ❲■▼✳

❋✐❣✉r❛ ✺✳✻✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ♣r❛t❛ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ ❇❑✼✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧✲
t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛
H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡
❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✶✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
❇❑✼✴❆❣ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆❣ ✲ ❇❑✼
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✻✻✵✱✵ ✲ ✻✼✱✾✾ ✲
❊t❛♥♦❧ ✷✺✪ ✼✸✶✱✸ ✶✱✷✵×10−2 ✻✾✱✵✹ ✶✱✶✹✹×10−2

❊t❛♥♦❧ ✶✷✱✺✪ ✻✼✽✱✷✵ ✸✱✺✾✸×10−3 ✻✽✱✹✶ ✹✱✺✶✹×10−3

❇❙❆ ✻✻✾✱✸✵ ✶✱✽✻✸×10−3 ✻✽✱✸ ✸✱✸✼✸×10−3

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✺✳✸✸✸✱✵✶ ♥♠✴❘■❯ Sθ❂✾✶✱✷✻ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✶✹✾✾ ♥♠
❝♦♠ ∆n❂✸✱✵✼✸✾×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0031◦

❝♦♠ ∆n❂✷✱✸✶✷✸×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✸✱✺✺✺×104 RIU−1 Dθ❂✷✱✾✹✸×104 RIU−1
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❆ ♠✉❞❛♥ç❛ H2O → Etanol25% s✐❣♥✐✜❝❛ ✉♠❛ ✈❛r✐❛çã♦ ♥♦ ✈❛❧♦r ❞❡ n3 ❞❡ ✶✱✷×10−2 ❘■❯✱

♦ q✉❡ ❛❝❛rr❡t❛ ✉♠❛ ✈❛r✐❛çã♦ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡∆λR =✼✶✱✸ ♥♠✳ P❛r❛ ✉♠❛ ✈❛r✐❛çã♦

♥♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❡ ∆n3 = 1,5 × 10−2 ❘■❯✱ ❛ ❆❋ ✐♥❞✐❝❛ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ ✼✶✱✸ ♥♠ ❡♠

λR ✭✈❡r s❡çã♦ ✸✳✷✳✹✮✱ ♠✉✐t♦ ♣ró①✐♠❛ ❛♦ ✈❛❧♦r ♦❜t✐❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ◆♦ ♠♦❞♦ ❆■▼✱ ❛

♠✉❞❛♥ç❛ H2O → Etanol25% ✐♠♣❧✐❝❛ ❡♠ ∆n3 = 1,14 × 10−2 ❘■❯✱ ❝♦♠ ∆θR =✶✱✵✺◦✳ P❛r❛

✉♠❛ ✈❛r✐❛çã♦ ❞❡ 1,0 × 10−2 ❘■❯ ♥♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ❛ ❆❋ ♥♦ ♠♦❞♦ ❆■▼ ❢♦r♥❡❝❡ ✉♠❛

✈❛r✐❛çã♦ ❞❡ ✶✱✵✸ ◦ ♥♦ ✈❛❧♦r ❞❡ θR✳

❆ ✐♥❥❡çã♦ ❞❡ ♣r♦t❡í♥❛ ♥❛ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧ ❞♦ PP❇■❖ r❡s✉❧t❛ ❡♠ ✉♠ ❛✉♠❡♥t♦ ❝♦♥tí♥✉♦

❞❛ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ❛té q✉❡ s❡ ❛t✐♥❥❛ ❛ s❛t✉r❛çã♦✳ ❊ss❡ ♠♦♠❡♥t♦ é ❞❡♥♦♠✐♥❛❞♦

❞❡ ♠♦♥♦❧❛②❡r ♦✉ ♠♦♥♦❝❛♠❛❞❛ ✐rr❡✈❡rsí✈❡❧✳ ❆ tr❛♥s✐çã♦ BSA → H2O r❡♠♦✈❡ ❛♣❡♥❛s ❛s

♠♦❧é❝✉❧❛s q✉❡ ♥ã♦ ✜①❛r❛♠ à s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✱ r❡s✉❧t❛♥❞♦ ❡♠ ♦ ✈❛❧♦r ❞❡ n3 ♠❛✐♦r q✉❡ ♦

❞❛ á❣✉❛✳ ❈❛s♦ ♥ã♦ ♦❝♦rr❛ ❛ ✜①❛çã♦ ❞❡ ♥❡♥❤✉♠❛ ♠♦❧é❝✉❧❛✱ ❞❡✈✐❞♦ ❛ ♦①✐❞❛çã♦ ❞❛ s✉♣❡r❢í❝✐❡

♠❡tá❧✐❝❛ ♣♦r ❡①❡♠♣❧♦✱ ❛ ♠✉❞❛♥ç❛ BSA → H2O ♥ã♦ r❡s✉❧t❛ ❡♠ ❛❧t❡r❛çã♦ ❞❡ n3 ❡ ❝♦♠ ✐ss♦✱

r❡t♦r♥❛✲s❡ ❛ s✐t✉❛çã♦ ❞❡ ❝é❧✉❧❛ ♠♦❧❤❛❞❛✳

❖s ✈❛❧♦r❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ó♣t✐❝❛ ❛❧❝❛♥çá✈❡✐s ❢♦r❛♠ ❞❡ Sλ❂✺✳✸✸✸✱✵✶ ♥♠✴❘■❯ ❡ Sθ❂✾✶✱✷✻
◦✴❘■❯✳ ❙❡ ❝♦♠♣❛r❛❞♦s ❛♦s ✈❛❧♦r❡s t❡ór✐❝♦s ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ✸✳✹✸ ✭❲■▼✮ ❡ ✸✳✹✺

✭❆■▼✮ ♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s r❡♣r❡s❡♥t❛♠ ✾✶✱✾✹✪ ❡ ✻✾✱✷✷✪ ❞❡st❡s ✈❛❧♦r❡s r❡s♣❡❝t✐✈❛✲

♠❡♥t❡✳ ❆ ❞❡t❡❝t✐✈✐❞❛❞❡ ♠♦str❛ q✉❡ ♦ s❡♥s♦r ❝♦♠♣♦st♦ ♣❡❧♦ ♣❛r ❇❑✼✴❆❣✱ ♣♦ss✉✐ ♠❡❧❤♦r

❞❡s❡♠♣❡♥❤♦ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❲■▼ ❞♦ q✉❡ ♥♦ ♠♦❞♦ ❆■▼ ♥❛s ❝♦♥❞✐çõ❡s ✐♥✈❡st✐❣❛❞❛s✳

❖s r❡s✉❧t❛❞♦s ♣❛r❛ ✜❧♠❡s ❞❡ ♣r❛t❛ ❞❡♣♦s✐t❛❞♦s ♥♦s s✉❜str❛t♦s ❚❖P❆❙✱ P▼▼❆ ❡ P❈

❡stã♦ s✉♠❛r✐③❛❞♦s ♥❛s ❚❛❜❡❧❛s ✺✳✷✱ ✺✳✸ ❡ ✺✳✹✳ ❆ss✐♠ ❝♦♠♦ ♥♦s r❡s✉❧t❛❞♦s ❝♦♠ ❇❑✼✱ ♦ ♠♦❞♦

❲■▼ ❛♣r❡s❡♥t♦✉ ❞❡s❡♠♣❡♥❤♦ s✉♣❡r✐♦r ❛♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ♦s ♣♦❧í♠❡r♦s ❚❖P❆❙ ❡ P❈✳ ❖

s❡♥s♦r ❝♦♠ PP❇■❖ ❞❡ P▼▼❆ ❢♦✐ ♦ ú♥✐❝♦ ❛ ❛♣r❡s❡♥t❛r ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ♥♦ ❆■▼ ❞♦

q✉❡ ♥♦ ♠♦❞♦ ❡s♣❡❝tr❛❧✳ ❆ ❝♦♥✜❣✉r❛çã♦ P▼▼❆✴❆❣ ♥♦ ♠♦❞♦ ❆■▼✱ t❛♠❜é♠ ❛♣r❡s❡♥t♦✉ ♦s

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

♦❜t✐❞♦s ❝♦♠ ♦ ❛❧❣♦r✐t♠♦ q✉❡ ❝♦♠❜✐♥❛ ♦ ♠ét♦❞♦ ❞♦ ❝❡♥tró✐❞❡ ❡ ❞♦ ♣♦❧✐♥ô♠✐♦✱ ❡①✐❣✐♥❞♦ ♠❛✐♦r

❝♦♠♣❧❡①✐❞❛❞❡ ♥❛ ❡①tr❛çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✳ ❱❛❧❡ s❛❧✐❡♥t❛r q✉❡ ❛s ❋✐❣✉r❛s ✺✳✻✱ ✺✳✼✱ ✺✳✽ ❡

✺✳✾ ❛♣r❡s❡♥t❛♠ ♦s s❡♥s♦r❣r❛♠❛s ♣❛r❛ ♦ ♠ét♦❞♦ ❞❡ ❡①tr❛çã♦ ❞♦ ♠í♥✐♠♦ q✉❡ ❛♣r❡s❡♥t♦✉ ♦s

♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s ♣❛r❛ ♦ r❡s♣❡❝t✐✈♦ ♣❛r s✉❜str❛t♦✴♠❡t❛❧✳

❆ r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧ ❢♦✐ ♠❡❞✐❞❛ ♥♦ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❞❛ s♦❧✉çã♦ Etanol12,5% ♣❛r❛

♦s ❞♦✐s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦✳ ❆s ✢✉t✉❛çõ❡s ♥♦s ✈❛❧♦r❡s ❞❡ λR ♥♦ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❢♦r❛♠



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✽✻

❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✱✶✺ ♥♠✱ s❡♠❡❧❤❛♥t❡ ❛♦ ✈❛❧♦r ❞❡ 〈υλ〉❂✵✱✶ ♥♠ ♣r❡s❡♥t❡ ♥❛ ❚❛❜❡❧❛

✸✳✶✳ P❛r❛ ♦ ♠♦❞♦ ❆■▼✱ ❛ r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧ ♥♦ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❢♦✐ ❞❡ 0,0031◦✱

✉♠ ✈❛❧♦r ❞❡ ✶✺✪ ❛ ♠❡♥♦s ♥❛ q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❞❡ ❇❑✼✴❆❣ ❡♠ r❡❧❛çã♦ ❛♦

❝♦♠♣♦rt❛♠❡♥t♦ ❡s♣❡r❛❞♦ ❞❛ ✐♥str✉♠❡♥t❛çã♦✳ ❆ss✐♠✱ ♥♦ ♠♦❞♦ ❛♥❣✉❧❛r ♦ ❧✐♠✐t❡ ❞❡ ❞❡t❡❝çã♦

♣❛r❛ ✈❛r✐❛çõ❡s ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❢♦✐ ♥❛ ♦r❞❡♠ ❞❡ ✷✱✸×10−5 ❘■❯✱ r❡s✉❧t❛❞♦ s❡♠❡❧❤❛♥t❡

❛♦s ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❬✶✱ ✹✱ ✻✱ ✽✱ ✶✹✱ ✽✸✱ ✽✼❪✳

❋✐❣✉r❛ ✺✳✼✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ♣r❛t❛ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ ❚❖P❆❙✳

❚❛❜❡❧❛ ✺✳✷✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
❚❖P❆❙✴❆❣ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆❣ ✲ ❚❖P❆❙
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✺✻✺✱✽ ✲ ✻✼✱✾✾ ✲
❊t❛♥♦❧ ✷✺✪ ✻✵✾✱✾ ✶✱✸✷✵×10−2 ✻✾✱✵✼ ✶✱✵✸✷×10−2

❊t❛♥♦❧ ✶✷✱✺✪ ✲ ✲ ✻✽✱✻✶ ✺✱✽✵✹×10−3

❊t❛♥♦❧ ✻✱✷✺✪ ✺✼✶ ✶✱✽✺✷×10−3 ✲ ✲
❇❙❆ ✺✼✶✱✻ ✷✱✵✻✹×10−3 ✻✽✱✶✹ ✶✱✹✽✸×10−3

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✷✳✾✽✻✱✷✺ ♥♠✴❘■❯ Sθ❂✶✵✹✱✷✶ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✺✹✽ ♥♠
❝♦♠ ∆n❂✷✱✵✸✾✾×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0294◦

❝♦♠ ∆n❂✷✱✽✻✾✼×10−4 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✺✱✹✹✵×104 RIU−1 Dθ❂✸✱✺✹✹×103 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✽✼

❋✐❣✉r❛ ✺✳✽✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ♣r❛t❛ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P▼▼❆✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧✲
t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛
H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡
❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✸✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
P▼▼❆✴❆❣ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆❣ ✲ P▼▼❆
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✻✺✽✱✼ ✲ ✻✽✱✵✷ ✲
❊t❛♥♦❧ ✻✱✷✺✪ ✻✻✻✱✶ ✶✱✺✵✹×10−3 ✻✽✱✷✺ ✷✱✹✵✶×10−3

❊t❛♥♦❧ ✶✱✺✪ ✻✻✶✱✺ ✺✱✺✼✻×10−4 ✻✽✱✵✼ ✹✱✾✸✶×10−4

❇❙❆ ✻✻✺✱✽ ✶✱✹✼✺×10−3 ✻✽✱✶✹ ✶✱✷✽✾×10−3

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✹✳✾✶✽✱✹✸ ♥♠✴❘■❯ Sθ❂✾✻✱✼✻ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✾✶✸ ♥♠
❝♦♠ ∆n❂✶✱✾✶✸✷×10−5 ❘■❯

❆■▼✿ ∆θR = 0,00061◦

❝♦♠ ∆n❂✻✱✺✺✹✺×10−6 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✺✱✸✽✺×104 RIU−1 Dθ❂✶✱✺✽✵×105 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✽✽

❋✐❣✉r❛ ✺✳✾✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡ ❞❡
♣r❛t❛ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P❈✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧t✐❝❛♠❛❞❛✱
❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦ r❡❛❧✐③❛❞♦
♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳ ❈✐❝❧♦
❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛ H2O✱
❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱
r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✹✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
P❈✴❆❣ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆❣ ✲ P❈
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✺✵✺✱✹ ✲ ✻✽✱✶✾ ✲
❊t❛♥♦❧ ✷✺✪ ✺✷✽✱✷ ✶✱✷✼✼×10−2 ✻✽✱✹✻ ✸✱✵✵✷×10−3

❊t❛♥♦❧ ✶✷✱✺✪ ✺✶✵✱✺ ✸✱✸✷✵×10−3 ✻✽✱✸✷ ✶✱✸✾✼×10−3

❇❙❆ ✺✵✽✱✶ ✶✱✼✽✶×10−3 ✻✽✱✷✻ ✼✱✷✼✽×10−4

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✶✳✻✶✷✱✺✸ ♥♠✴❘■❯ Sθ❂✾✸✱✵✻ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✼✹✽ ♥♠
❝♦♠ ∆n❂✸✱✹✻✺✻×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0037◦

❝♦♠ ∆n❂✹✱✶✷✾✸×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✹✱✷✵✵×104 RIU−1 Dθ❂✷✱✺✶✺×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✽✾

❙❡♥s♦r❣r❛♠❛s ♣❛r❛ ✜❧♠❡s ❞❡ ♦✉r♦

❆ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❙P❘ ♣❛r❛ ✜❧♠❡s ❞❡ ♦✉r♦✱ ❡♥❝♦♥tr❛♠✲s❡ ♥❛s ❋✐❣✉r❛s ✺✳✶✵✱ ✺✳✶✶✱ ✺✳✶✷ ❡

✺✳✶✸✳ ❖s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ∆n3✱ θR ✭❆■▼✮ ❡ λR ✭❲■▼✮ ♣❛r❛ ❝❛❞❛ s♦❧✉çã♦✱ ✉s❛♥❞♦ ♦

s✉❜str❛t♦ ❇❑✼✱ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦s s❡♥s♦r❣r❛♠❛s ❞❛ ❋✐❣✉r❛ ✺✳✶✵✳ ❖ ❝✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧

♣❛r❛ ❛♠❜♦s ♦s ♠♦❞♦s s❡❣✉✐✉ ❛ s❡q✉ê♥❝✐❛✿

❆■▼ ❡ ❲■▼✿ H2O → Hypo. → H2O → PBS → H2O → BSA → H2O → Hypo. →
H2O✳

❆ tr❛♥s✐çã♦ H2O → ❍②♣♦✳ ♦❝❛s✐♦♥♦✉ ✉♠ ✈❛❧♦r ❞❡ ∆λR ✐❣✉❛❧ ❛ ✷✵✱✹ ♥♠✱ ❛❝❛rr❡t❛♥❞♦

✉♠❛ ✈❛r✐❛çã♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❡ ∆n3 = 6,047× 10−3 ❘■❯✳ ◆♦ ♠♦❞♦ ❆■▼✱ ♦❜s❡r✈♦✉✲

s❡ ∆θR =✵✱✼✽◦ ❝♦♠ ∆n3 = 6,416 × 10−3 ❘■❯✳ ❯♠ r❡s✉♠♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s

❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❚❛❜❡❧❛ ✺✳✺✳

❆ ❢♦r♠❛çã♦ ❞❛ ♠♦♥♦❝❛♠❛❞❛ ✐rr❡✈❡rsí✈❡❧ ❝♦♠ ❛ ✐♥❥❡çã♦ ❞❛ ♣r♦t❡í♥❛ ❇❙❆ ❡ ♣♦st❡r✐♦r

❧❛✈❛❣❡♠✱ é ❜❛st❛♥t❡ ♣❡r❝❡♣tí✈❡❧ ❡♠ ✜❧♠❡s ❞❡ ♦✉r♦✳ ❆ ✈❛r✐❛çã♦ ❞❡ n3 ♣❛r❛ ❛ ♠♦♥♦❧❛②❡r ❞❡

❇❙❆ ❢♦✐ ♠❛✐♦r ♣❛r❛ ♦ s❡♥s♦r ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❲■▼✳ ❊ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♣♦❞❡ t❡r s✐❞♦

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

❢♦r❛♠ r❡❛❧✐③❛❞♦s ♥♦ ♠♦❞♦ ❡s♣❡❝tr❛❧ ❡ só ❡♥tã♦ ♥♦ ♠♦❞♦ ❆■▼✳

❖s ✈❛❧♦r❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ó♣t✐❝❛ ❛❧❝❛♥çá✈❡✐s ❢♦r❛♠ ❞❡ Sλ❂✸✳✷✾✸✱✹✾ ♥♠✴❘■❯✱ ♥♦ ♠♦❞♦

❲■▼ ❡ Sθ❂✶✶✾✱✻✾ ◦✴❘■❯✱ ♥♦ ♠♦❞♦ ❆■▼✳ ❖ ❞❡s❡♠♣❡♥❤♦ ♥♦ ♠♦❞♦ ❡s♣❡❝tr❛❧ é ♠♦❞❡r❛❞❛✲

♠❡♥t❡ ✐♥❢❡r✐♦r s❡ ❝♦♠♣❛r❛❞♦ ❛♦s ✈❛❧♦r❡s t❡ór✐❝♦s ✭✺✳✸✷✸✱✸✸ ♥♠✴❘■❯✮ r❡♣r❡s❡♥t❛♥❞♦ ✻✶✱✽✻✪✳

❏á ♦ ♠♦❞♦ ❛♥❣✉❧❛r ❛♣r❡s❡♥t♦✉ ❞❡s❡♠♣❡♥❤♦ ❞❡ ✾✷✱✻✻✪ ❡♠ ❝♦♠♣❛r❛çã♦ ❛♦ ❞❡s❡♠♣❡♥❤♦ ♣r❡✲

✈✐st♦ ✭✶✷✾✱✶✼ ◦✴❘■❯✮✳ ❆ ❞❡t❡❝t✐✈✐❞❛❞❡ ♠♦str❛ q✉❡ ♦ s❡♥s♦r ❝♦♠♣♦st♦ ♣❡❧♦ ♣❛r ❇❑✼✴❆✉✱

♣♦ss✉✐ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❆■▼ ❞♦ q✉❡ ♥♦ ♠♦❞♦ ❲■▼ ♥❛s ❝♦♥❞✐çõ❡s

✐♥✈❡st✐❣❛❞❛s✱ ♠❡s♠♦ ♦ ❞❡s❡♠♣❡♥❤♦ ♣❛r❛ ❧✐❣❛çõ❡s ✐rr❡✈❡rsí✈❡✐s✭❇❙❆✮ t❡♥❞♦ s✐❞♦ s✉♣❡r✐♦r ♥♦

♠♦❞♦ ❡s♣❡❝tr❛❧✳

❖s r❡s✉❧t❛❞♦s ♣❛r❛ ✜❧♠❡s ❞❡ ♦✉r♦ ❞❡♣♦s✐t❛❞♦s ♥♦s s✉❜str❛t♦s ❚❖P❆❙✱ P▼▼❆ ❡ P❈

❡stã♦ s✉♠❛r✐③❛❞♦s ♥❛s ❚❛❜❡❧❛s ✺✳✻✱ ✺✳✼ ❡ ✺✳✽✳ ❆ss✐♠ ❝♦♠♦ ♥♦s r❡s✉❧t❛❞♦s ❝♦♠ ❇❑✼✱ ♦

❚❖P❆❙ t❛♠❜é♠ ❛♣r❡s❡♥t❛ ❞❡s❡♠♣❡♥❤♦ s✉♣❡r✐♦r ♥♦ ♠♦❞♦ ❆■▼✳ ❋✐❧♠❡s ❞❡ ♦✉r♦ ❞❡♣♦s✐t❛❞♦

♥♦ P▼▼❆ ❛♣r❡s❡♥t♦✉ ♦s ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s ♥♦ ♠♦❞♦ ❲■▼✳ ❖s r❡s✉❧t❛❞♦s ❝♦♥✜r♠❛♠

❛ ❜♦❛ ❛❞❡sã♦ ❞❡ ❇❙❆ ❡♠ s✉♣❡r❢í❝✐❡s ❞❡ ♦✉r♦✳ ❆ ♠✉❧t✐❝❛♠❛❞❛ P▼▼❆✴❖✉r♦ ❛♣r❡s❡♥t♦✉

♣r❛t✐❝❛♠❡♥t❡ ♦ ♠❡s♠♦ ❞❡s❡♠♣❡♥❤♦ ♣❛r❛ ❛♠❜♦s ♦s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦✳



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✵

❋✐❣✉r❛ ✺✳✶✵✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ♦✉r♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦s ❇❑✼✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧✲
t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Hypo.✱ r❡t♦r♥♦ ♣❛r❛ H2O❀ ❡♠ s❡❣✉✐❞❛ PBS
❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠
Hypo ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✺✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
❇❑✼✴❆✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆✉ ✲ ❇❑✼
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✻✽✸✱✻ ✲ ✻✽✱✶✹ ✲
❍②♣♦✳ ✼✵✹ ✻✱✵✹✼×10−3 ✻✽✱✾✷ ✻✱✹✶✻×10−3

P❇❙ ✻✽✼✱✹ ✶✱✸✸✼×10−3 ✻✽✱✸✺ ✶✱✼✻✼×10−3

❇❙❆ ✻✾✼✱✸ ✹✱✶✺✼×10−3 ✻✽✱✺ ✸✱✵✸✹×10−3

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✸✳✶✼✵✱✹✼ ♥♠✴❘■❯ Sθ❂✶✶✾✱✻✾ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✼✶✼ ♥♠
❝♦♠ ∆n❂✷✱✷✷✾✵×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0018◦

❝♦♠ ∆n❂✶✱✺✷✻✻×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✹✱✹✶✾✸×104 RIU−1 Dθ❂✻✱✻✹✾✺×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✶

❋✐❣✉r❛ ✺✳✶✶✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ♦✉r♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ ❚❖P❆❙✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧✲
t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Hypo.✱ r❡t♦r♥♦ ♣❛r❛ H2O❀ ❡♠ s❡❣✉✐❞❛ PBS
❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠
Hypo ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✻✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
❚❖P❆❙✴❆✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆✉ ✲ ❚❖P❆❙
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✻✺✶✱✶ ✲ ✻✽✱✻✾ ✲
❍②♣♦✳ ✻✻✸✱✹ ✺✱✻✻✷×10−3 ✻✾✱✶✷ ✸✱✸✹✷×10−3

P❇❙ ✻✺✹ ✶✱✼✺✵×10−3 ✻✽✱✼✼ ✺✱✾✾✽×10−4

❇❙❆ ✻✻✷✱✷ ✺✱✶✵✵×10−3 ✻✽✱✾✹ ✶✱✾✶✺×10−3

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✷✳✵✵✷✱✵✵ ♥♠✴❘■❯ Sθ❂✶✸✵✱✽✻ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✷✽✼✷ ♥♠
❝♦♠ ∆n❂✶✱✷✶✹✽×10−4 ❘■❯

❆■▼✿ ∆θR = 0,0085◦

❝♦♠ ∆n❂✻✱✽✸✸✻×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✻✱✾✻✾✼×103 RIU−1 Dθ❂✶✱✺✸✾✻×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✷

❋✐❣✉r❛ ✺✳✶✷✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ♦✉r♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P▼▼❆✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧✲
t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Hypo.✱ r❡t♦r♥♦ ♣❛r❛ H2O❀ ❡♠ s❡❣✉✐❞❛ PBS
❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠
Hypo ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✼✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
P▼▼❆✴❆✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆✉ ✲ P▼▼❆
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✼✶✷✱✽ ✲ ✻✽✱✻✽ ✲
❍②♣♦✳ ✼✸✹✱✸ ✹✱✾✷✶×10−3 ✻✾✱✸✺ ✺✱✹✻✽×10−3

P❇❙ ✼✶✼✱✻ ✾✱✼✷✶×10−4 ✻✽✱✼✻ ✻✱✸✹✽×10−4

❇❙❆ ✼✷✽✱✻ ✸✱✷✷✾×10−3 ✻✽✱✽✷ ✶✱✶✺✸×10−3

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✹✳✼✹✵✱✵✾ ♥♠✴❘■❯ Sθ❂✶✷✸✱✸✸ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✶✶✺✻ ♥♠
❝♦♠ ∆n❂✷✱✼✻✻✻×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0034◦

❝♦♠ ∆n❂✷✱✼✾✷✽×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✹✱✵✾✽✹×104 RIU−1 Dθ❂✸✱✻✷✼✷×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✸

❋✐❣✉r❛ ✺✳✶✸✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡ ❞❡
♦✉r♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P❈✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧t✐❝❛♠❛❞❛✱
❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦ r❡❛❧✐③❛❞♦
♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳ ❈✐❝❧♦
❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Hypo.✱ r❡t♦r♥♦ ♣❛r❛ H2O❀ ❡♠ s❡❣✉✐❞❛ PBS ❡
r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠
Hypo ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✽✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
P❈✴❆✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆✉ ✲ P❈
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✺✾✻✱✶ ✲ ✻✼✱✾✾ ✲
❍②♣♦✳ ✻✵✼✱✸ ✽✱✽✹✵×10−3 ✻✽✱✼✷ ✺✱✸✶✶×10−3

P❇❙ ✺✾✽✱✾ ✷✱✷✷✷×10−3 ✻✽✱✵✻ ✺✱✺✵✵×10−4

❇❙❆ ✻✵✻✱✷ ✽✱✵✻✷×10−3 ✻✽✱✶✼ ✶✱✸✻✾✷×10−3

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✶✳✷✸✼✱✵✺ ♥♠✴❘■❯ Sθ❂✶✸✷✱✵✻ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✻✾✸✶ ♥♠
❝♦♠ ∆n❂✺✱✼✺✺✼×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0197◦

❝♦♠ ∆n❂✶✱✹✼✹✸×10−4 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✶✱✼✽✾✼×104 RIU−1 Dθ❂✻✱✼✵✸✼×103 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✹

❙❡♥s♦r❣r❛♠❛s ♣❛r❛ ✜❧♠❡s ❞❡ ❝♦❜r❡

❆s ❋✐❣✉r❛s ✺✳✶✹✱ ✺✳✶✺✱ ✺✳✶✻ ❡ ✺✳✶✼ ❛♣r❡s❡♥t❛♠ ♦s s❡♥s♦r❣r❛♠❛s ❞♦ s❡♥s♦r ❙P❘ ♣❛r❛ ✜❧♠❡s

❞❡ ❝♦❜r❡✳ ❖s ✜❧♠❡s ❞❡ ❝♦❜r❡ ♠♦str❛r❛♠✲s❡ ♠✉✐t♦ s✉s❝❡tí✈❡✐s à ♦①✐❞❛çã♦✱ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦ ❛

♦❜t❡♥çã♦ ❞♦ s❡♥s♦r❣r❛♠❛✳ ❉❡ss❡ ♠♦❞♦✱ ✉♠❛ ✜♥❛ ❝❛♠❛❞❛ ❞❡ ♦✉r♦ ✭∼✺ ♥♠✮ ❢♦✐ ❞❡♣♦s✐t❛❞❛

♣❛r❛ ❡✈✐t❛r ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦✳ ❚❛❧ ❡s♣❡ss✉r❛ ♥ã♦ ❛❧t❡r❛ ❛ r❡s♣♦st❛

❞♦s ✜❧♠❡s ❞❡ ❝♦❜r❡ ❡ ❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ✈❛❧♦r❡s t❡ór✐❝♦s ❝♦♥t✐♥✉❛ ✈á❧✐❞❛✳

P❛r❛ ♦ PP❇■❖ ❞❡ ❇❑✼✱ ❛s ✈❛r✐❛çõ❡s ♥♦s ✈❛❧♦r❡s ❞❡ λR✱ θR ❡ ∆n3 ❡♥❝♦♥tr❛♠✲s❡ ♥❛

❋✐❣✉r❛ ✺✳✶✹✱ ❝♦♠ ✉♠ r❡s✉♠♦ ❞♦s r❡s✉❧t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✺✳✾✳ ❖ ❝✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ s❡❣✉✐✉ ❛s

s❡q✉ê♥❝✐❛s✱ ❆■▼ ❡ ❲■▼✿ H2O → Etanol25% → H2O → Etanol12,5% → H2O → BSA →
H2O → Etanol25% → H2O

❆s tr❛♥s✐çõ❡s H2O → Etanol25% ❡ H2O → Etanol12,5% ♦❝❛s✐♦♥❛r❛♠ ✈❛❧♦r❡s ❞❡ ∆λR

✐❣✉❛❧ ❛ ✸✹✱✻ ♥♠ ❡ ✶✸✱✾ ♥♠✱ ❛❝❛rr❡t❛♥❞♦ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❡ ∆n3 =

8,014 × 10−3 ❘■❯ ❡ ∆n3 = 3,498 × 10−3 ❘■❯✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆♦ ♠♦❞♦ ❆■▼✱ ♣❛r❛

❡ss❛s tr❛♥s✐çõ❡s ♦❜s❡r✈♦✉✲s❡ ∆θR =✵✱✼✾◦ ❡ ∆θR =✵✱✸✼◦ ❝♦♠ ∆n3 = 6,064 × 10−3 ❘■❯ ❡

∆n3 = 2,685× 10−3 ❘■❯✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❖s ✜❧♠❡s ❞❡ ❝♦❜r❡ ♥ã♦ ❛♣r❡s❡♥t❛♠ ❢♦r♠❛çã♦ ❞❛ ♠♦♥♦❝❛♠❛❞❛ ✐rr❡✈❡rsí✈❡❧ ❝♦♠ ❛ ✐♥❥❡çã♦

❞❛ ♣r♦t❡í♥❛ ❇❙❆ ❡ ♣♦st❡r✐♦r ❧❛✈❛❣❡♠✳ ❆ ✈❛r✐❛çã♦ ❞❡ n3 ♣❛r❛ ❛ ✐♥❥❡çã♦ ❞❛ s♦❧✉çã♦ ❞❡ ❇❙❆

❢♦✐ ❞❡ ∆n3 = 2,674× 10−5 ❘■❯ ♥♦ ♠♦❞♦ ❲■▼ ❡ ∆n3 = 7,106× 10−4 ❘■❯ ♥♦ ♠♦❞♦ ❆■▼✳

❖ ✈❛❧♦r ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ó♣t✐❝❛ ♥♦ ♠♦❞♦ ❡s♣❡❝tr❛❧ Sλ ❢♦✐ ❞❡ ✹✳✵✺✻✱✽✽ ♥♠✴❘■❯✱ ♦ q✉❡

r❡♣r❡s❡♥t❛ ✼✷✱✵✸✪ ❞♦ ✈❛❧♦r t❡ór✐❝♦ ♠é❞✐♦ ✭✺✳✻✸✶✱✻✼ ♥♠✴❘■❯✮✳ ◆♦ ♠♦❞♦ ❛♥❣✉❧❛r✱ ♦ ✈❛❧♦r

Sθ❂✶✸✵✱✻✾ ◦✴❘■❯ é ♠❛✐♦r ❞♦ q✉❡ ♦ Sθ t❡ór✐❝♦ ✭✶✷✼✱✽✸ ◦✴❘■❯✮ ♣❡❧♦ ❢❛t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♦♥❞❛ ❞♦ ❞✐♦❞♦ ❧❛s❡r ✉t✐❧✐③❛❞♦ ♥ã♦ s❡r ♦ ♠❡s♠♦ ❞♦ ❖P t❡ór✐❝♦✳ ❖s ✈❛❧♦r❡s ❞❡ ❞❡t❡❝t✐✈✐❞❛❞❡

❛♣♦♥t❛♠ ♣❛r❛ ✉♠ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ❞♦ s❡♥s♦r ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❲■▼✳

❯♠ r❡s✉♠♦ ❞♦s r❡s✉❧t❛❞♦s ♣❛r❛ ✜❧♠❡s ❞❡ ❝♦❜r❡ ❞❡♣♦s✐t❛❞♦s ♥♦s s✉❜str❛t♦s ❚❖P❆❙✱

P▼▼❆ ❡ P❈ ❡stã♦ s✉♠❛r✐③❛❞♦s ♥❛s ❚❛❜❡❧❛s ✺✳✶✵✱ ✺✳✶✶ ❡ ✺✳✶✷✳ ❚❖P❆❙ ❡ P▼▼❆ ❛♣r❡s❡♥t❛♠

❞❡s❡♠♣❡♥❤♦ s✉♣❡r✐♦r ♥♦ ♠♦❞♦ ❲■▼✱ ❝♦♠ ♦ ♣❛r ❚❖P❆❙✴❈✉ ❛♣r❡s❡♥t❛♥❞♦ ❧✐♠✐t❡ ❞❡ ❞❡t❡❝çã♦

❞❡ ∆n3 ♥❛ ♦r❞❡♠ ❞❡ 10−6 ❘■❯✳ ❋✐❧♠❡s ❞❡ ❝♦❜r❡ ❞❡♣♦s✐t❛❞♦s ♥♦ ♣♦❧í♠❡r♦ P❈ ❛♣r❡s❡♥t❛r❛♠

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

♠♦❞♦ ❲■▼✳ ❆ ❡①❝✐t❛çã♦ ❞♦s ❙P ♥♦ ♠♦❞♦ ❆■▼ ♣❛r❛ ♦ ♣❛r P❈✴❈✉ ❢♦✐ r❡❛❧✐③❛❞❛ ✉t✐❧✐③❛♥❞♦

✉♠ ▲❊❉ ❝♦♠♦ ❢♦♥t❡ ❞❡ ❧✉③ ❛♦ ✐♥✈és ❞❡ ✉♠ ❞✐♦❞♦ ❧❛s❡r✳



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✺

❋✐❣✉r❛ ✺✳✶✹✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ❝♦❜r❡ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦s ❇❑✼✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧✲
t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛
H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡
❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✾✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
❇❑✼✴❈✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❈✉ ✲ ❇❑✼
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✼✵✾✱✷ ✲ ✻✼✱✼✺ ✲
❊t❛♥♦❧ ✷✺✪ ✼✹✸✱✽ ✽✱✵✶✹×10−3 ✻✽✱✺✹ ✻✱✵✻✹×10−3

❊t❛♥♦❧ ✶✷✱✺✪ ✼✷✸✱✶ ✸✱✹✾✽×10−3 ✻✽✱✶✷ ✷✱✻✽✺×10−3

❇❙❆ ✼✶✵✱✾ ✹✱✸✽✷×10−4 ✻✼✱✽ ✸✱✷✹✹×10−4

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✹✳✵✺✻✱✽✽ ♥♠✴❘■❯ Sθ❂✶✶✻✱✸✸ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✻✽✹✵ ♥♠
❝♦♠ ∆n❂✶✱✻✸✵✸×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0038◦

❝♦♠ ∆n❂✸✱✶✵✽✵×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✺✱✾✸✶✶×104 RIU−1 Dθ❂✸✱✵✻✶✹×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✻

❋✐❣✉r❛ ✺✳✶✺✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ❝♦❜r❡ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ ❚❖P❆❙✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧✲
t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛
H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡
❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✶✵✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
❚❖P❆❙✴❈✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❈✉ ✲ ❚❖P❆❙
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✻✼✺✱✵ ✲ ✻✽✱✷✸ ✲
❊t❛♥♦❧ ✷✺✪ ✻✾✹✱✻ ✷✱✶✾✶×10−4 ✻✽✱✼✶ ✸✱✽✹✵×10−3

❊t❛♥♦❧ ✶✷✱✺✪ ✻✽✺✱✹ ✶✱✷✻✷×10−4 ✻✽✱✺✼ ✷✱✼✶✻×10−3

❇❙❆ ✻✼✼✱✵ ✷✱✻✼✹×10−5 ✻✽✱✸✸ ✼✱✶✵✻×10−4

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✸✳✷✻✺✱✺✻ ♥♠✴❘■❯ Sθ❂✶✷✺✱✵✾ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✾✼✸✵ ♥♠
❝♦♠ ∆n❂✶✱✵✽✹✵×10−6 ❘■❯

❆■▼✿ ∆θR = 0,0042◦

❝♦♠ ∆n❂✸✱✹✶✹✹×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✸✱✸✺✻✷×104 RIU−1 Dθ❂✷✱✾✼✽✹×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✼

❋✐❣✉r❛ ✺✳✶✻✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ❝♦❜r❡ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P▼▼❆✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧✲
t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛
H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡
❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✶✶✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
P▼▼❆✴❈✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❈✉ ✲ P▼▼❆
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✼✷✽✱✺ ✲ ✻✽✱✸✺ ✲
❊t❛♥♦❧ ✷✺✪ ✼✻✶✱✻ ✻✱✷✹✷×10−3 ✻✾✱✷✺ ✼✱✸✼✼×10−3

❊t❛♥♦❧ ✶✷✱✺✪ ✼✹✼✱✾ ✸✱✽✾✷×10−3 ✻✽✱✼✷ ✸✱✵✾✶×10−3

❇❙❆ ✼✸✶✱✼ ✼✱✵✻✻×10−4 ✻✽✱✹✷ ✾✱✽✻✻×10−4

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✹✳✾✸✽✱✼✵ ♥♠✴❘■❯ Sθ❂✶✵✹✱✷✶ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✾✷✸✶ ♥♠
❝♦♠ ∆n❂✶✱✻✽✽✺×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0039◦

❝♦♠ ∆n❂✸✱✸✵✻✺×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✺✱✸✺✵✶×104 RIU−1 Dθ❂✷✱✻✹✼✼×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✽

❋✐❣✉r❛ ✺✳✶✼✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡ ❞❡
❝♦❜r❡ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P❈✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧t✐❝❛♠❛❞❛✱
❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦ r❡❛❧✐③❛❞♦
♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳ ❈✐❝❧♦
❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛ H2O✱
❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡ ❇❙❆✱
r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✶✷✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
P❈✴❈✉ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❈✉ ✲ P❈
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✻✵✹✱✼ ✲ ✻✼✱✺✾ ✲
❊t❛♥♦❧ ✷✺✪ ✻✶✾✱✾ ✼✱✾✹✸×10−4 ✻✼✱✽✶ ✶✱✽✽✸×10−3

❊t❛♥♦❧ ✶✷✱✺✪ ✻✶✸✱✵ ✹✱✻✷✻×10−4 ✻✼✱✽✶ ✸✱✻✻✺×10−4

❇❙❆ ✻✵✾✱✸ ✷✱✼✼✾×10−4 ✻✼✱✻✶ ✷✱✸✽✸×10−4

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✶✳✼✽✼✱✼✵ ♥♠✴❘■❯ Sθ❂✶✵✸✱✸✵ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✾✻✽✻ ♥♠
❝♦♠ ∆n❂✹✱✼✾✹✻×10−6 ❘■❯

❆■▼✿ ∆θR = 0,0042◦

❝♦♠ ∆n❂✸✱✹✻✼✺×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✶✱✽✹✺✼×104 RIU−1 Dθ❂✷✱✹✺✾✺×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✾✾

❙❡♥s♦r❣r❛♠❛s ♣❛r❛ ✜❧♠❡s ❞❡ ❛❧✉♠í♥♦

P♦r ú❧t✐♠♦✱ ♦s s❡♥s♦r❣r❛♠❛s ❝♦♠ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦ ❢♦r❛♠ ♦❜t✐❞♦s ❡ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s

❋✐❣✉r❛s ✺✳✶✽✱ ✺✳✶✾✱ ✺✳✷✵ ❡ ✺✳✷✶ ❡ s✉♠❛r✐③❛❞♦s ♥❛s t❛❜❡❧❛s ✺✳✶✸✱ ✺✳✶✹✱ ✺✳✶✺ ❡ ✺✳✶✻✳ ❖ ❝✐❝❧♦

❡①♣❡r✐♠❡♥t❛❧ s❡❣✉✐✉ ❛ s❡q✉ê♥❝✐❛✿

❲■▼ ❡ ❆■▼✿ H2O → Etanol25% → H2O → Etanol12,5% → H2O → BSA → H2O →
Etanol12,5% → H2O

P❛r❛ ♦ s✉❜str❛t♦ ❞❡ ❇❑✼✱ ❛ ♠✉❞❛♥ç❛ H2O → Etanol25% s✐❣♥✐✜❝❛ ✉♠❛ ✈❛r✐❛çã♦ ❞❡

∆n3❂✶✱✵✸✻×10−3 ❘■❯✱ ♦ q✉❡ ❛❝❛rr❡t❛ ✉♠❛ ✈❛r✐❛çã♦ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡∆λR =✷✵✱✾ ♥♠✳

P❛r❛ ✉♠❛ ✈❛r✐❛çã♦ ♥♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❡ ∆n3 = 1,0 × 10−3 ❘■❯✱ ❛ ❆❋ ✐♥❞✐❝❛ ✉♠❛ ✈❛✲

r✐❛çã♦ ❞❡ ✸✾✱✻ ♥♠ ❡♠ λR✳ ◆♦ ♠♦❞♦ ❆■▼✱ ❛ ♠✉❞❛♥ç❛ H2O → Etanol25% ✐♠♣❧✐❝❛ ❡♠

∆n3 = 1,772× 10−3 ❘■❯✱ ❝♦♠ ∆θR =✵✱✷◦✳ P❛r❛ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ 1,5× 10−3 ❘■❯ ♥♦ í♥❞✐❝❡

❞❡ r❡❢r❛çã♦✱ ❛ ❆❋ ♥♦ ♠♦❞♦ ❆■▼ ❢♦r♥❡❝❡ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ ✶✱✺✽◦ ♥♦ ✈❛❧♦r ❞❡ θR✳

❆ ✐♥❥❡çã♦ ❞❡ ♣r♦t❡í♥❛ ♥❛ s✉♣❡r❢í❝✐❡ ❛❧✉♠í♥✐♦ ♥ã♦ ❛❝❛rr❡t❛ ❡♠ ❢♦r♠❛çã♦ ❞❡ ♠♦♥♦❝❛♠❛❞❛

✐rr❡✈❡rsí✈❡❧✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❇❙❆ ❡ ♦ ✜❧♠❡ ❞❡ ❆❧ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞✐❢❡r❡♥t❡ ❞♦s ❞❡♠❛✐s ♠❡t❛✐s ♥♦ q✉❛❧ ♦❜s❡r✈❛✲s❡ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ♥♦ ✈❛❧♦r ❞❛ ❧✐♥❤❛

❜❛s❡ ✭❝é❧✉❧❛ ♠♦❧❤❛❞❛✮ ❛♣ós ❛ r❡♠♦çã♦ ❞❛ s♦❧✉çã♦ ❞❡ ❇❙❆ ❝♦♠ ❍2❖✳

❆ ❢♦r♠❛çã♦ ❞❛ ❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦ ♥ã♦ ❝❛r❛❝t❡r✐③♦✉ ❡♠♣❡❝✐❧❤♦s ♣❛r❛ ♦❜t❡♥çã♦ ❞♦ s❡♥s♦r✲

❣r❛♠❛✳ ❉❛❞♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ❧✐♥❡❛r ❞❡ Sλ✱ ♦ ✈❛❧♦r ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ó♣t✐❝❛ ❛❧❝❛♥çá✈❡❧

♣❛r❛ ♣❡q✉❡♥❛s ✈❛r✐❛çõ❡s ❞❡ n3 ✭3 < 10−4 ❘■❯✮ ❢♦✐ ❞❡ ✶✳✻✸✽✱✽✸ ♥♠✴❘■❯✳

◆♦ ♠♦❞♦ ❆■▼✱ ♦ ✈❛❧♦r ❞❡ Sθ ❢♦✐ ❞❡ ✶✶✽✱✻✵ ◦✴❘■❯✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✼✾✪ ❞♦ ✈❛❧♦r t❡ór✐❝♦

✭✶✹✽✱✽✸ ◦✴❘■❯✮✳ ❆ ❞❡t❡❝t✐✈✐❞❛❞❡ ♠♦str❛ q✉❡ ♦ s❡♥s♦r ❝♦♠♣♦st♦ ♣❡❧♦ ♣❛r ❇❑✼✴❆❧✱ ♣♦ss✉✐

♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❲■▼ ♥❛s ❝♦♥❞✐çõ❡s ✐♥✈❡st✐❣❛❞❛s✳

❖s r❡s✉❧t❛❞♦s ♣❛r❛ ✜❧♠❡s ❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦s ♥♦s s✉❜str❛t♦s P▼▼❆ t❛♠❜é♠ ❛♣r❡✲

s❡♥t❛r❛♠ ✉♠❛ ❛❧t❡r❛çã♦ ♥♦ ✈❛❧♦r ❞❛ ❧✐♥❤❛ ❜❛s❡ ❛♣ós ❛ ✐♥t❡r❛çã♦ ❝♦♠ ❇❙❆✳ ❊♠ s✉❜str❛t♦ ❞❡

❚❖P❆❙ t❛❧ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ❢♦✐ ♦❜s❡r✈❛❞♦ ❡ ♥♦t❛✲s❡ ✉♠❛ ♣❡q✉❡♥❛ ❛❞❡sã♦ ❞❡ ♣r♦t❡í♥❛

❛♣ós ❛ ❧❛✈❛❣❡♠✳ ❆s ❞✐❢❡r❡♥ç❛s ♦❜s❡r✈❛❞❛s ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❛❞❡sã♦ ❞❡ ❇❙❆ ♣♦❞❡♠

s❡r ♦r✐❣✐♥❛❞❛s ❞❡✈✐❞♦ ❛ ✉♠❛ ♠❛✐♦r✴♠❡♥♦r ✐♥t❡♥s✐❞❛❞❡ ♥❛ ❢♦r♠❛çã♦ ❡ ❆❧2❖3✳ ❖ ♣❛r P❈✴❆❧

♥ã♦ ❛♣r❡s❡♥t♦✉ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s✱ ❝♦♠♦ ♣r❡✈✐st♦ ♣❡❧❛ ❆❋✱ r❡✈❡❧❛♥❞♦ ❜❛✐①♦ ✈❛❧♦r ❞❡

r❡s♦❧✉çã♦ ✐♥str✉♠❡♥t❛❧✱ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦ ❛ ❞✐st✐♥çã♦ ❞❛s ❛♠♦str❛s ❛ ♣❛rt✐r ❞❡ ∆λR
✳ ❆ss✐♠

❝♦♠♦ ♥♦s r❡s✉❧t❛❞♦s ❝♦♠ ❇❑✼✱ ♦ ♠♦❞♦ ❲■▼ ❛♣r❡s❡♥t♦✉ ❞❡s❡♠♣❡♥❤♦ s✉♣❡r✐♦r ❛♦ ♠♦❞♦



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✶✵✵

❆■▼ ♣❛r❛ ♦s ♣♦❧í♠❡r♦s ❚❖P❆❙ ❡ P▼▼❆✳

❋✐❣✉r❛ ✺✳✶✽✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ ❇❑✼✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱
♠✉❧t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛
H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡
❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✶✸✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
❇❑✼✴❆❧ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆❧ ✲ ❇❑✼
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✺✽✷✱✽ ✲ ✻✼✱✽✶ ✲
❊t❛♥♦❧ ✷✺✪ ✻✵✸✱✼ ✶✱✵✸✻×10−3 ✻✽✱✵✶ ✶✱✼✼✷×10−3

❊t❛♥♦❧ ✶✷✱✺✪ ✺✾✶✱✼ ✹✱✺✼✶×10−4 ✻✼✱✾ ✼✱✷✸✾×10−4

❇❙❆ ✺✽✹✱✶ ✼✱✵✸✵×10−5 ✻✼✱✽✸ ✻✱✺✾✶×10−5

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✶✳✻✸✽✱✽✸ ♥♠✴❘■❯ Sθ❂✶✶✽✱✻✵ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✵✼✸✼ ♥♠
❝♦♠ ∆n❂✻✱✹✻✵✾×10−6 ❘■❯

❆■▼✿ ∆θR = 0,0058◦

❝♦♠ ∆n❂✺✱✶✸✺✹×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✷✱✽✻✵✶×104 RIU−1 Dθ❂✷✱✵✹✹✽×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✶✵✶

❋✐❣✉r❛ ✺✳✶✾✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ ❚❖P❆❙✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱
♠✉❧t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛
H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡
❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✶✹✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
❚❖P❆❙✴❆❧ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆❧ ✲ ❚❖P❆❙
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✺✸✼✱✼ ✲ ✻✼✱✾✺ ✲
❊t❛♥♦❧ ✷✺✪ ✺✹✺✱✽ ✺✱✷✶✼×10−4 ✻✽✱✶✸ ✶✱✺✾✻×10−3

❊t❛♥♦❧ ✶✷✱✺✪ ✺✹✶✱✶ ✷✱✷✸✶×10−4 ✻✽✱✵✶ ✺✱✵✶✽×10−4

❇❙❆ ✺✸✽✱✶ ✹✱✶✶✷×10−5 ✻✼✱✾✻ ✷✱✶✾✺×10−5

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✹✹✹✱✽✺ ♥♠✴❘■❯ Sθ❂✶✶✱✺✹ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✶✹✻✷ ♥♠
❝♦♠ ∆n❂✷✱✽✺✶✼×10−6 ❘■❯

❆■▼✿ ∆θR = 0,027◦

❝♦♠ ∆n❂✷✱✼✸✾✶×10−4 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✸✱✵✹✸×103 RIU−1 Dθ❂✹✱✷✸✵✼×102 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✶✵✷

❋✐❣✉r❛ ✺✳✷✵✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♥♦s ♠♦❞♦s ❆■▼ ✭✈❡r❞❡✮ ❡ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ θR ✭✈❡r❞❡
s✉♣❡r✐♦r✮✱ ∆n3(θR) ✭✈❡r❞❡ ✐♥❢❡r✐♦r✮✱ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧ ✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡
❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P▼▼❆✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦✱
♠✉❧t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❊①♣❡r✐♠❡♥t♦
r❡❛❧✐③❛❞♦ ♣r✐♠❡✐r♦ ♥♦ ♠♦❞♦ ❲■▼✱ ❡♠ s❡❣✉✐❞❛✱ ♦ ♠❡s♠♦ ♣r✐s♠❛ é ✉t✐❧✐③❛❞♦ ♥♦ ♠♦❞♦ ❆■▼✳
❈✐❝❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✐❝✐❛♥❞♦ ❝♦♠ H2O✱ ❞❡♣♦✐s Etanol ❞❡ ❛❧t❛✲❝♦♥❝❡♥tr❛çã♦✱ r❡t♦r♥♦ ♣❛r❛
H2O✱ ❡♠ s❡❣✉✐❞❛ Etanol ❞❡ ❜❛✐①❛✲❝♦♥❝❡♥tr❛çã♦ ❡ r❡t♦r♥♦ ♣❛r❛ H2O❀ ♣♦r ✜♠ s♦❧✉çã♦ ❞❡
❇❙❆✱ r❡♠♦çã♦ ❞❡ ❡①❝❡ss♦ ❝♦♠ H2O✱ ❧✐♠♣❡③❛ ❝♦♠ Etanol ❡ r❡t♦r♥♦ ♣❛r❛ H2O✳

❚❛❜❡❧❛ ✺✳✶✺✿ ❱❛❧♦r❡s ❞❡ λR✱ θR✱ ∆n3✱ Sλ✱ Sθ✱ Dλ✱ Dθ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r
P▼▼❆✴❆❧ ♥♦s ♠♦❞♦s ❲■▼ ❡ ❆■▼✳

❆❧ ✲ P▼▼❆
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✻✶✹✱✽ ✲ ✻✽✱✶✼ ✲
❊t❛♥♦❧ ✷✺✪ ✻✻✸ ✶✱✶✻✼×10−3 ✻✽✱✹✺ ✷✱✺✺✺×10−3

❊t❛♥♦❧ ✶✷✱✺✪ ✻✷✾✱✹ ✸✱✽✺✺×10−4 ✻✽✱✸✶ ✶✱✷✽✷×10−3

❇❙❆ ✻✶✼ ✺✱✽✾✺×10−5 ✻✽✱✷✷ ✸✱✽✺✸×10−4

❉❡s❡♠♣❡♥❤♦
❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂✸✳✵✽✼✱✵✵ ♥♠✴❘■❯ Sθ❂✶✵✾✱✹✵ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✵✱✹✺✼✵ ♥♠
❝♦♠ ∆n❂✶✱✽✺✻✽×10−5 ❘■❯

❆■▼✿ ∆θR = 0,0056◦

❝♦♠ ∆n❂✺✱✶✺✺✶×10−5 ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✶✱✵✸✹✷×104 RIU−1 Dθ❂✶✱✾✸✻✾×104 RIU−1



❈❛♣ít✉❧♦ ✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ s❡♥s♦r ❙P❘ ✶✵✸

❋✐❣✉r❛ ✺✳✷✶✿ ❙❡♥s♦r❣r❛♠❛ ♥♦ ♠♦❞♦ ❲■▼ ✭❛③✉❧✮ ♣❛r❛ λR ✭❛③✉❧ s✉♣❡r✐♦r✮ ❡ ∆n3(λR) ✭❛③✉❧
✐♥❢❡r✐♦r✮ ♣❛r❛ ✜❧♠❡ ❞❡ ❛❧✉♠í♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ s✉❜str❛t♦ P❈✳ ❆❧❣♦r✐t♠♦s ❞❡ ❞❡t❡❝çã♦ ❞♦
✈❛❧♦r ♠í♥✐♠♦✱ ♠✉❧t✐❝❛♠❛❞❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ â♥❣✉❧♦ ❡ s✉❜stâ♥❝✐❛s ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳

❚❛❜❡❧❛ ✺✳✶✻✿ ❱❛❧♦r❡s ❞❡ λR✱ ∆n3✱ Sλ✱ Dλ ❡ ❘❡s♦❧✉çã♦ ■♥str✉♠❡♥t❛❧ ♣❛r❛ ♦ ♣❛r P❈✴❆❧ ♥♦
♠♦❞♦ ❲■▼✳

❆❧ ✲ P❈
❙✉❜stâ♥❝✐❛ ❲■▼ ❆■▼

↓ λR ✭♥♠✮ ∆n3 ✭❘■❯✮ θR(
◦) ∆n3 ✭❘■❯✮

❍2❖ ✺✻✽✱✺ ✲ ✲
❊t❛♥♦❧ ✻✱✺✲✷✺✪ ✺✼✵ ✷✱✸✹✶×10−4

❊t❛♥♦❧ ✸✱✶✲✶✷✱✺✪ ✺✻✾✱✻ ✺✱✹✺✽×10−6

❇❙❆
❉❡s❡♠♣❡♥❤♦

❙❡♥s✐❜✐❧✐❞❛❞❡ Sλ❂ ✲ ♥♠✴❘■❯ Sθ❂ ✲ ◦✴❘■❯
❘❡s♦❧✉çã♦

■♥str✉♠❡♥t❛❧
❲■▼✿ ∆λR

❂✽✱✻✷✺✼ ♥♠
❝♦♠ ∆n❂ ✲ ❘■❯

❆■▼✿ ∆θR❂✲
◦

❝♦♠ ∆n❂ ✲ ❘■❯
❉❡t❡❝t✐✈✐❞❛❞❡ Dλ❂✲ RIU−1 Dθ❂✲ RIU−1

✺✳✹ ❘❡s✉♠♦

◆❡st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t♦✉✲s❡ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s ❝♦♠ ♦s ❞✐❢❡r❡♥t❡s ♣❛r❡s

s✉❜str❛t♦✴♠❡t❛❧✳ ❆♦ t♦❞♦✱ ✶✻ ❝♦♠❜✐♥❛çõ❡s ❞❡ ♠❛t❡r✐❛✐s ❢♦r❛♠ ✐♥✈❡st✐❣❛❞❛s ♥♦s ♠♦❞♦s

❆■▼ ❡ ❲■▼✱ t♦t❛❧✐③❛♥❞♦ ✸✷ ❡①♣❡r✐♠❡♥t♦s✳ ❆s♣❡❝t♦s s♦❜r❡ ❛s ❡t❛♣❛s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞♦s

❞❛❞♦s ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s✳ ❉❡s❝r❡✈❡✉✲s❡ ♦ ♣r♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧ ✉t✐❧✐③❛❞♦✳ ❊♠ s❡❣✉✐❞❛✱

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

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

❞✐❢❡r❡♥t❡s ❛rr❛♥❥♦s ♠✉❧t✐❝❛♠❛❞❛s ❡♥❝♦♥tr❛♠✲s❡ s✉♠❛r✐③❛❞♦s ♥♦ ❆♣ê♥❞✐❝❡ ❆✳



❈❛♣ít✉❧♦ ✻

❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s

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

♠✉❧t✐❝❛♠❛❞❛s ❞❡ ✉♠ s❡♥s♦r ❙P❘ ❡ ❞❡st❛❝❛ ♦s ❡❢❡✐t♦s ❞♦s ♠❛t❡r✐❛✐s ♥❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s

❞❡ s✉♣❡r❢í❝✐❡✳ ❉❡ss❛ ❢♦r♠❛✱ é ♣♦ssí✈❡❧ ♣r❡✈❡r ❛s ❝♦♥❞✐çõ❡s ♥❡❝❡ssár✐❛s ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s

❙Ps✱ ❡ ❛ss✐♠✱ ❞❡t❡r♠✐♥❛r ♦s ❝♦♠♣♦♥❡♥t❡s ó♣t✐❝♦✲❡❧❡trô♥✐❝♦s ♥❡❝❡ssár✐♦s à ❝♦♥str✉çã♦ ❞❡ ✉♠

s❡♥s♦r ❙P❘✱ ❜❡♠ ❝♦♠♦ ❛ q✉❛❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss❛♠❡♥t♦ ♣❛r❛ ❡①tr❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡

✐♥t❡r❡ss❡✳

■♥✈❡st✐❣♦✉✲s❡ ❛rr❛♥❥♦s ♠✉❧t✐❝❛♠❛❞❛s ❝♦♠ ❜❛s❡ ♥♦ ♣r✐s♠❛ ♣♦❧✐♠ér✐❝♦ ✭PP❇■❖✮ ♣♦r ❡st❡

♣r♦♣✐❝✐❛r ❛ ✐♥str✉♠❡♥t❛çã♦ ❞❡ s❡♥s♦r❡s ❙P❘ ♠❡♥♦s ❝♦♠♣❧❡①❛ ❡ ❝♦♠ ♠❡♥♦r ❝✉st♦✳ ❆ ✐♥✢✉ê♥✲

❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❡♠ ❝❛❞❛ ❡t❛♣❛ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞♦ PP❇■❖ ❢♦✐ ❞✐s❝✉t✐❞❛✳ ❙❡✉ ❡❢❡✐t♦ ♥♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♣r✐s♠❛ ✐♥❞✐❝❛ q✉❡ ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♠♣❡r❛t✉r❛ ♣♦❞❡ ♠❡❧❤♦r❛r ❛ q✉❛❧✐❞❛❞❡

❞❛ r❡s♣♦st❛ ❙P❘✱ t❡♥❞♦ ❡♠ ✈✐st❛ ❛s ❝♦♥s❡q✉❡♥t❡s ♠✉❞❛♥ç❛s ♥❛ ♣♦s✐çã♦ ❞❡ ❡♥tr❛❞❛✱ ♥♦ ❢♦❝♦

❡ ♥♦ â♥❣✉❧♦ ❞❡t❡❝t❛❞♦✳ ❆❞❡♠❛✐s✱ ✈❛r✐❛çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❛❢❡t❛♠ ❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛ ❞♦s

♠❛t❡r✐❛✐s q✉❡ ❝♦♠♣õ❡♠ ♦ ❞✐s♣♦s✐t✐✈♦ ❛❧t❡r❛♥❞♦ ♦s s❡✉s r❡s♣❡❝t✐✈♦s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦✳

❖ P♦♥t♦ ❞❡ ❖♣❡r❛çã♦ ✭❖P✮ é ✉♠ ✐♠♣♦rt❛♥t❡ ❢❛t♦r ❛ s❡r ❝♦♥s✐❞❡r❛❞♦ ♣❛r❛ ♥♦rt❡❛r ❛ ❝♦♥s✲

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

✉♠ ♥♦✈♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❞❡✈❡ s❡r ❡s❝♦❧❤✐❞♦ ♣❛r❛ s❡ ❛t✐♥❣✐r ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛✳

❖ s❡❣✉♥❞♦ ❛s♣❡❝t♦ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❣❡♦♠❡tr✐❛ ❞♦ ♣r✐s♠❛✱ ♣❛r❛ ✉♠ ❖P ♣ré✲❞❡✜♥✐❞♦

s❡rã♦ ♥❡❝❡ssár✐❛s ❛❧t❡r❛çõ❡s ♥❛ ❣❡♦♠étr✐❝❛ ❞♦ ♣r✐s♠❛ ♣❛r❛ ♠❛♥t❡r ♦ ♠❡s♠♦ ❖P ✉s❛♥❞♦ ♠❛✲

t❡r✐❛✐s ❞✐❢❡r❡♥t❡s✳ ❖ ♥♦✈♦ ♣❛râ♠❡tr♦ µ é ❛♣r❡s❡♥t❛❞♦ ♣❛r❛ ❛❥✉st❡s ♥♦ ❖P ❡ ♣❛r❛ ❝❛❧✐❜r❛çã♦

❡♥tr❡ ♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼✳



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✶✵✺

❈♦♠ ♦ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ♦s ♣❛r❡s s✉❜str❛t♦✴♠❡t❛❧ q✉❡ ♣♦ss✉❡♠

r❡❧❛t✐✈❛ s✐❣♥✐✜❝â♥❝✐❛ ❡ ❝♦♥tr✐❜✉✐çã♦ ❛♦ s❡♥s♦r✐❛♠❡♥t♦ ❜❛s❡❛❞♦ ♥❛ ❙P❘✳ ❊①✐st❡♠ ❞✐❢❡r❡♥ç❛s

❝♦♥s✐❞❡rá✈❡✐s ❡♥tr❡ ♦s ❞✐❢❡r❡♥t❡s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦✿ ✉♠ ❣r❛♥❞❡ ✐♥❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛ ♦ ❲■▼

❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❆■▼ é ♦ ❢❛t♦ ❞❡ q✉❛s❡ t♦❞♦s ♦s ♠❡t❛✐s ❛♣r❡s❡♥t❛r❡♠ ✈❛r✐❛çã♦ ♥ã♦✲

❧✐♥❡❛r ❞❡ Sλ ♣❛r❛ ❛❧t❡r❛çõ❡s ❞❡ n3✳ ❈♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛✱ ♦ s❡♥s♦r ❙P❘ t❡rá ✉♠❛ r❡s♣♦st❛

❧✐♥❡❛r ❛♣❡♥❛s ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❧✐♠✐t❛❞♦✱ ❡ ♣♦rt❛♥t♦✱ ✉♠❛ ❛♥á❧✐s❡ q✉❛♥t✐t❛t✐✈❛ ❡ ❛ ❞❡t❡r♠✐✲

♥❛çã♦ ♣r❡❝✐s❛ ❞❡ n3 t♦r♥❛✲s❡ ✉♠❛ t❛r❡❢❛ ❞✐❢í❝✐❧✳

❆ t❡s❡ ♦❜❥❡t✐✈❛ ❛ ❝♦♥str✉çã♦ ❞❡ s❡♥s♦r❡s ❜❛s❡❛❞♦ ♥❛ ❙P❘ tr❛❞✐❝✐♦♥❛❧✱ ✐st♦ é✱ ❝♦♠ ❛ ❡①❝✐t❛✲

çã♦ ❞♦s ❙P ❡♠ ✜♥♦s ✜❧♠❡s✲♠❡tá❧✐❝♦s✳ ❚♦❞❛✈✐❛✱ ✈❛❧❡ s❛❧✐❡♥t❛r q✉❡ ❛s ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s

♣❛r❛ ❡①❝✐t❛çã♦ ❞❛ ❙P❘ t❛♠❜é♠ ❞✐❢❡r❡♠ ❡♠ r❡❧❛çã♦ ❛ ♠❛❣♥✐t✉❞❡ ❞♦s ✈❛❧♦r❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡

ó♣t✐❝❛ Sλ✳ ❊♠ ✉♠❛ ú❧t✐♠❛ ❝♦♠♣❛r❛çã♦✱ ❛ ❋✐❣✉r❛ ✻✳✶ ❛♣r❡s❡♥t❛ ♦ ❣rá✜❝♦ ❞❛ ❢❛✐①❛ ❞❡ ✈❛r✐❛çã♦

Sλ ♣❛r❛ ❛ ▲❙P❘✱ ❛ ❙P❘ tr❛❞✐❝✐♦♥❛❧ ❡ ❛ ▲❘❙PP ❡♠ ❢✉♥çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣r♦♣❛❣❛çã♦

❞♦s ❙Ps✳ ❖ ❣rá✜❝♦ ✐❧✉str❛ q✉❡ ❛ ▲❙P❘ ♣♦ss✉✐ ♦s ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡✱ ❝♦♠

❢❛✐①❛ ❞❡ ✺✵ ♥♠✴❘■❯< Sλ >✷✵✵ ♥♠✴❘■❯✱ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣r♦♣❛❣❛çã♦ ♣r♦♣r♦❝✐♦♥❛❧ ❛♦

t❛♠❛♥❤♦ ❞❛s ♣❛rtí❝✉❧❛s✳ ❆ ❙P❘ tr❛❞✐❝✐♦♥❛❧ ❡①✐❜❡ ✉♠❛ ❜♦❛ ♣❡r❢♦r♠❛♥❝❡✱ ❝♦♠ ✈❛❧♦r❡s ❡♥tr❡

✸✵✵✵ ♥♠✴❘■❯< Sλ >✺✵✵✵ ♥♠✴❘■❯✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ♣❛r❛ ♦ ♠❡t❛✐s ♥♦❜r❡s✳ ❆ ▲❘❙PP ♣♦ss✉✐

❡①❝❡❧❡♥t❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❡s♣❡❝✐❛❧♠❡♥t❡ ♣❛r❛ ✜❧♠❡s ✜♥♦s ❞❡ ❈✉✱ ❝♦♠ Sλ ≈✶✷✵✵✵ ♥♠✴❘■❯ ❬✹✵❪✳

❋✐❣✉r❛ ✻✳✶✿ ❈❧❛ss✐✜❝❛çã♦ ❞♦s três ♠♦❞♦s ❞❡ ❡①❝✐t❛çã♦ ✭▲❙P❘✱ ❙P❘ ❡ ▲❙PP✮ ❞♦s ♣❧❛s♠♦♥s
❞❡ s✉♣❡r❢í❝✐❡ ❡♠ ❢✉♥çã♦ ❞♦ ✈❛❧♦r ❞❡ Sλ ❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞♦s ❙P✳

❊♠ ♣❛rt✐❝✉❧❛r✱ ♥❛ ❙P❘ tr❛❞✐❝✐♦♥❛❧ ❛ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ✜❧♠❡s ♥❛♥♦♠étr✐❝♦s ❞❡ ❛❧✉♠í♥✐♦ ❡

á❣✉❛ ♣♦ss✉❡♠ ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ❜❛st❛♥t❡ ✐♥❝♦♠✉♥s✳ ❊♠ ❝♦♥tr❛st❡ ❝♦♠ ♣❡❧í❝✉❧❛s ✜♥❛s

❞❡ ♦✉r♦✱ ❛ ❞✐s♣❡rsã♦ s✐♠étr✐❝❛ ❞♦s ❙P ♣♦❞❡ ❞✐✈✐❞✐r✲s❡ ❡♠ ❞✉❛s ♦✉ ♠❛✐s r❡ss♦♥â♥❝✐❛s ❝♦❡①✐s✲



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✶✵✻

t❡♥t❡s✱ ❛ ❞❡♣❡♥❞❡r ❞♦ s✉❜str❛t♦ ❞✐❡❧étr✐❝♦ ❡s❝♦❧❤✐❞♦✳ ❆ss✐♠✱ ❝♦♠ ♦ ✉s♦ ❞❡ ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③

❛♣r♦♣r✐❛❞❛ ❡ ✉♠ ❛❧❣♦r✐t♠♦ ❝♦♥❝❡❜✐❞♦ ❛❞❡q✉❛❞❛♠❡♥t❡✱ ❡st❡ ❢❡♥ô♠❡♥♦ ♣❡r♠✐t❡ ❞❡t❡r♠✐♥❛r

❞❡ ❢♦r♠❛ s✐♠✉❧tâ♥❡❛ ❡ ✐♥❞❡♣❡♥❞❡♥t❡ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❛ ❡s♣❡ss✉r❛ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ✐♠♦✲

❜✐❧✐③❛❞❛ ♥❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✱ ❛❧é♠ ❞❡ s✉♣r✐♠✐r ❛ s❡♥s✐❜✐❧✐❞❛❞❡✲❝r✉③❛❞❛✳ ❆ ❢♦r♠❛çã♦ ❞❛

❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦ ♣♦❞❡ ❛❧t❡r❛r ♦ ❖P ❞♦s ✜❧♠❡s ❞❡ ❆❧ ❬✽✽❪✱ t♦❞❛✈✐❛ ❛ ❢♦r♠❛çã♦ ❞❡ ♠❛♥❝❤❛s

♦✉ ❛❧t❡r❛çã♦ ❞❡ ❝♦r ♥ã♦ ❢♦✐ ♣❡r❝❡♣tí✈❡❧✳

❋✐♥❛s ❝❛♠❛❞❛s ❞❡ ♦✉r♦ sã♦ ✐♥❞✐❝❛❞❛s ♣❛r❛ ♠❡❞✐❛çã♦ ❞❡ ❡✈❡♥t♦s ❜✐♦❧ó❣✐❝♦s ❡♠ s♦❧✉çõ❡s

❛q✉♦s❛s ♣♦r s❡r❡♠ ✐♥❡rt❡s ❛ ❢♦r♠❛çã♦ ❞❡ ❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦✳ ❆ ❡①❝✐t❛çã♦ ❞♦s ❙P ♦❝♦rr❡♠

❡♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♥♦ ❡s♣❡❝tr♦ ✈✐sí✈❡❧ ❡ ❡♠ â♥❣✉❧♦s ❞❡ ❢á❝✐❧ ✐♥str✉♠❡♥t❛çã♦✳ ❆

❡①❝✐t❛çã♦ ❞♦s ❙P ❡♠ ✜❧♠❡s ❞❡ ❆✉ ♠♦str♦✉✲s❡ s❛t✐s❢❛tór✐❛ ❡♠ t♦❞♦s ♦s s✉❜str❛t♦s ✉t✐❧✐③❛❞♦s✳

❆ ♣r❛t❛ ❢♦r♥❡❝❡ ✉♠❛ ❝✉r✈❛ ❙P❘ ♥ít✐❞❛✱ ✐st♦ é✱ ❝♦♠ ❜♦❛ ♣r♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❡

♣❡♥❡tr❛çã♦ ❡ ♣♦ss✉✐♥❞♦ ✉♠ ❜❛✐①♦ ✈❛❧♦r ❞❡ ❋❲❍▼✳ P❛ss❛❞♦ ❛❧❣✉♥s ❞✐❛s ❛♣ós ❛ ❞❡♣♦s✐çã♦✱

♥♦t♦✉✲s❡ ❛ ❢♦r♠❛çã♦ ❞❡ ♠❛♥❝❤❛s ❡ ❛❧t❡r❛çã♦ ♥❛ ❝♦r ❞♦s ✜❧♠❡s ❞❡ ❆❣✱ ❝❛r❛❝t❡r✐③❛♥❞♦ ✉♠❛

rá♣✐❞❛ ❢♦r♠❛çã♦ ❞❡ ❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦✳ ❙♦❧✉çõ❡s ❛ ❜❛s❡ ❞❡ ❤✐♣♦❝❧♦r✐t♦ ♥ã♦ sã♦ ✐♥❞✐❝❛❞❛s

♣❛r❛ ❞❡t❡❝çã♦ ❝♦♠ ✜❧♠❡s ❞❡ ♣r❛t❛✳

❖s ✜❧♠❡s ❞❡ ❝♦❜r❡ ❛♣r❡s❡♥t❛r❛♠ ❛ ♠❛✐♦r ❢r❛❣✐❧✐❞❛❞❡ ❡♠ r❡❧❛çã♦ ❛ ♦①✐❞❛çã♦✱ ❝♦♠ ❛ ❢♦r♠❛✲

çã♦ ✐♠❡❞✐❛t❛ ❞❡ ❝❛♠❛❞❛ ❞❡ ♦①✐❞❛çã♦ q✉❛♥❞♦ ❡♠ ❝♦♥t❛t♦ ❝♦♠ s♦❧✉çã♦ ❛q✉♦s❛✳ ❉❡ss❛ ❢♦r♠❛✱

❛ ❛♣❧✐❝❛çã♦ ❞♦ ♣r♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r❣r❛♠❛ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ❝♦♠

✉♠❛ ❝❛♠❛❞❛ ♣✉r❛ ❞❡ ❝♦❜r❡✳ P❛r❛ ♦❜t❡♥çã♦ ❞♦ s❡♥s♦r❣r❛♠❛ ✉♠❛ ✜♥❛ ❝❛♠❛❞❛ ❞❡ ♦✉r♦ ❢♦✐

❞❡♣♦s✐t❛❞❛ ❛❝✐♠❛ ❞♦ ✜❧♠❡ ❞❡ ❈✉ ♣❛r❛ ♣r❡✈✐♥✐r ❛ ♦①✐❞❛çã♦ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✳

❚❡st❡s ❞❡ ❧✐❣❛çõ❡s r❡✈❡rsí✈❡✐s ❡ ✐rr❡✈❡rsí✈❡✐s ❝♦♠ s♦❧✉çõ❡s ❞❡ ❇❙❆ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❛ ✜♠

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

♥♦s ❞♦✐s ♠♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦✳ ❊♠ ✜❧♠❡s ❞❡ ❆✉✱ ❛s s♦❧✉çõ❡s ❞❡ ❇❙❆ ❛♣r❡s❡♥t❛r❛♠ ♠❛✐♦r

❛❞❡sã♦ ❡♠ ❛♠❜♦s ♦s ♠♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦✳ ◆ã♦ ❤♦✉✈❡ ❛❞❡sã♦ ❡♠ ✜❧♠❡s ❞❡ ❈✉ ❡ ❆❧✳

◆♦s ✜❧♠❡s ❞❡ ❆❣✱ ❡♠ ❣❡r❛❧✱ ❤♦✉✈❡ ❜❛✐①❛ ❛❞❡sã♦ ❞❡ ❇❙❆✳ ❖ ♣r✐♠❡✐r♦ ❝♦♥t❛t♦ ❡♥tr❡ ❇❙❆

❡ ❛ ♣r❛t❛ ❛❢❡t❛ ❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ✐♥t❡r❢❡r✐♥❞♦ ♥❛ q✉❛❧✐❞❛❞❡ ❞❛ ❛❞❡sã♦ ♥♦ s❡❣✉♥❞♦ ❝♦♥t❛t♦✳

❉❡ss❡ ♠♦❞♦✱ ❝♦♠♦ ♦s ♣r✐♠❡✐r♦s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ ♥♦ ♠♦❞♦ ❲■▼✱ ❛ ❛❞❡sã♦ ❞❛ ♣r♦t❡í♥❛

♥♦ ♠♦❞♦ ❆■▼ ✜❝♦✉ ♣r❡❥✉❞✐❝❛❞❛✳ ◆♦ ♣❛r P▼▼❆✴❆❣ ♦♣❡r❛♥❞♦ ♥♦ ♠♦❞♦ ❡s♣❡❝tr❛❧✱ ❇❙❆

❛♣r❡s❡♥t♦✉ ✉♠❛ ❢♦rt❡ ❛❞❡sã♦✳

❋♦r❛♠ ❛♥❛❧✐s❛❞♦s ❛s r❡s♣♦st❛s ❞❡ ✶✻ ♣❛r❡s s✉❜str❛t♦✴♠❡t❛❧ ♥♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼✱

t♦t❛❧✐③❛♥❞♦ ✸✷ ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ s❡♥s♦r❡s ❙P❘✳ ❉❡♥tr❡ ❡ss❛s ❞✐✈❡rs❛s ❝♦♠❜✐♥❛çõ❡s✱ ❛s r❡s✲



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✶✵✼

♣♦st❛ ❝♦♠ ❇❑✼ ♦❢❡r❡❝❡♠ ❜♦♥s r❡s✉❧t❛❞♦s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡✱ ❧✐♠✐t❡ ❞❡ ❞❡t❡❝❝çã♦ ❡ ✈❛❧♦r❡s ❞❡

♣r♦❢✉♥❞✐❞❛❞❡✴❝♦♥tr❛st❡ ❞❛ ❝✉r✈❛ ❙P❘✳ ❖ ✉s♦ ❞❡ ♣♦❧í♠❡r♦s r❡q✉❡r ♦ tr❛t❛♠❡♥t♦ tér♠✐❝♦✱

♦ q✉❛❧ ❢♦✐ ♠❛✐s ❡❢❡t✐✈♦ ❡♠ ♣r✐s♠❛s ❞❡ P▼▼❆✳ ❊ ❝♦♠♦ ♣r❡✈✐st♦ ♥♦ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱

♦ ♣❛r P❈✴❛❧✉♠í♥✐♦ ♥ã♦ é ✐♥❞✐❝❛❞♦ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ s❡♥s♦r❡s ❙P❘✳ ◆♦ ❆♣ê♥✲

❞✐❝❡ ❆ ✲ ❋❛❜r✐❝❛çã♦ ❞♦ PP❇■❖ ❡♥❝♦♥tr❛♠✲s❡ s✉♠❛r✐③❛❞♦s ♦s ✈❛❧♦r❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❡

❞❡t❡❝t✐✈✐❞❛❞❡s ♦❜t✐❞♦s ❝♦♠ ❛s ✸✷ ♣♦ss✐❜✐❧✐❞❛❞❡s✳

❈♦♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✱ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♥str✉✐r ❡ ❛✈❡r✐❣✉❛r ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❛

q✉❛❧✐❞❛❞❡ ❞❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❡♠ s❡♥s♦r❡s ❙P❘ ❛ ❜❛s❡ ❞♦ PP❇■❖ ❢♦✐

❛❧❝❛♥ç❛❞♦✳ ❚♦❞♦s ♦s ❛s♣❡❝t♦s ❡♥✈♦❧✈✐❞♦s ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ s❡♥s♦r ❙P❘ ❢♦r❛♠

❝♦♥t❡♠♣❧❛❞♦s ♥♦ tr❛❜❛❧❤♦✱ ❛s♣❡❝t♦s q✉❡ ✈ã♦ ❞❛ ♠❛♥✉❢❛t✉r❛ ❞♦s ♣r✐s♠❛s ❛té ❛ ♣r♦❣r❛♠❛çã♦

❞♦s s♦❢t✇❛r❡s ♣❛r❛ ❡①tr❛çã♦ ❞♦s ♣❛râ♠❡tr♦s✳

✻✳✶ ❚r❛❜❛❧❤♦s ❢✉t✉r♦s

❖s r❡s✉❧t❛❞♦s ❞❛ t❡s❡ ♣❡rs♣❡❝t✐✈❛♠ ❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞♦ tr❛❜❛❧❤♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ♠❡❧❤♦r❛r

❛ ♣❡r❢♦r♠❛♥❝❡ ❞♦s s❡♥s♦r❡s ❞❡s❡♥✈♦❧✈✐❞♦s✳ ❊♠ ✉♠ ♣r✐♠❡✐r♦ ♠♦♠❡♥t♦✱ ❛s r❡s♣♦st❛s ❞♦s

♣r✐s♠❛s ♣♦❧✐♠ér✐❝♦s ♥❡❝❡ss✐t❛♠ ❞❡ ❛❥✉st❡s✳ ❈♦♠♦ ♦❜s❡r✈❛❞♦ ❛tr❛✈és ❞❛s ❝✉r✈❛s ❙P❘s✱ ❛

❜❛✐①❛ ♣r♦❢✉♥❞✐❞❛❞❡ ✐♥❞✐❝❛ q✉❡ ❛ r❡♠♦çã♦ ❞♦ str❡ss r❡s✐❞✉❛❧ ❛❢❡t♦✉ ❛ ❡①❝✐t❛çã♦ ❞♦s ❙P✳

❆ss✐♠✱ ✉♠ ❡st✉❞♦ ♠❛✐s ❛♣r♦❢✉♥❞❛❞♦ s♦❜r❡ ♦ ✐♠♣❛❝t♦ ❞❛ ❜✐rr❡❢r✐♥❣ê♥❝✐❛ ♥❛ q✉❛❧✐❞❛❞❡ ❞❛

r❡s♣♦st❛ ❞♦ s❡♥s♦r ❙P❘ ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦✳

❊♠ s❡❣✉✐❞❛✱ ❛s♣❡❝t♦s r❡❧❛t✐✈♦s ❛ ❡str✉t✉r❛ ♠❡❝â♥✐❝❛ ♠❡r❡❝❡♠ ❛t❡♥çã♦✳ ❖ ❡st✉❞♦✱ ❞❡s❡✲

♥❤♦ ❡ ✐♠♣r❡ssã♦ ❞❡ ♣❡ç❛s ♣❛r❛ ❝r✐❛r ✉♠ ❞✐s♣♦s✐t✐✈♦ ❝♦♠♣❛❝t♦✱ ❜❛r❛t♦✱ ❞❡ ❢á❝✐❧ ♠❛♥✉t❡♥çã♦ ❡

❝♦♠ ❛❥✉st❡ ✐❞❡❛❧ ✭❛❧✐♥❤❛♠❡♥t♦ ♠❡❝â♥✐❝♦✮ ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s ❙P s❡ ❡♥q✉❛❞r❛♠ ♥♦s tr❛❜❛❧❤♦s

❢✉t✉r♦s✳

◆❡ss❡ s❡♥t✐❞♦✱ ✐♥✈❡st✐❣❛r ❛❧t❡r❛çõ❡s ♥❛ ❣❡♦♠❡tr✐❛ ❞♦ ♣r✐s♠❛ t❛♠❜é♠ ♣♦❞❡♠ ❧❡✈❛r ❛

♥♦✈♦s r❡❛rr❛♥❥♦s ♥❛ ❡str✉t✉r❛ ❞♦ s❡♥s♦r ❙P❘✳ ❈♦♠♦ ❡①❡♠♣❧♦ ❞❡ ❡str✉t✉r❛ ❛❧t❡r♥❛t✐✈❛✱ ❛

❋✐❣✉r❛ ✻✳✷ ❛♣r❡s❡♥t❛ ♦ PP❇■❖ ❝♦♠ ❛ ✈❛♥t❛❣❡♠ ❞❡ ❛ ✐♠❛❣❡♠ ❙P❘ s❡r ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❛

❜❛s❡ s✉♣❡r✐♦r✱ ♣❡r♠✐t✐♥❞♦ ♦ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦ ❞❡t❡❝t♦r ❞❡ ❢♦r♠❛ ❡str❛té❣✐❝❛✱ ❢❛❝✐❧✐t❛♥❞♦

❡♠ ❛❧❣✉♥s ❛s♣❡❝t♦s ❛ ✐♥str✉♠❡♥t❛çã♦✳

❈♦♠♦ ♦ ✉s♦ ❞❛ ❝❛♠❛❞❛ ❞❡ ♦✉r♦ ♣❛r❛ ♣r♦t❡çã♦ ❞♦ ✜❧♠❡ ❞❡ ❝♦❜r❡ ♥ã♦ ✐♥t❡r❢❡r✐✉ ❞❡ ❢♦r♠❛

s✐❣♥✐✜❝❛t✐✈❛ ♥♦s ✈❛❧♦r❡s ❞❡ λR ❡ θR ♣r❡✈✐st♦s ♥❛ ❆♥á❧✐s❡ ❞❡ ❋r❡s♥❡❧✱ ❡st✉❞♦s ❝♦♠ ❝❛♠❛❞❛s



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✶✵✽

❋✐❣✉r❛ ✻✳✷✿ ●❡♦♠❡tr✐❛ ❛❧t❡r♥❛t✐✈❛ ♣❛r❛ PP❇■❖✳

❜✐✲♠❡tá❧✐❝❛s ♣❛ss❛♠ ❛ s❡r ♠❛✐s ✉♠ tó♣✐❝♦ ❞❡ ✐♥t❡r❡ss❡✳ ❆ q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ❞❡ ✜❧♠❡s

❞❡ ♦✉r♦ ❝♦♠❜✐♥❛❞♦ ❝♦♠ ♣r❛t❛✱ ❝♦❜r❡ ♦✉ ❛❧✉♠í♥✐♦ ❥á ❢♦✐ ✐♥✐❝✐❛❞♦✱ ❝♦♥❢♦r♠❡ tr❛❜❛❧❤♦ ❛♣r❡✲

s❡♥t❛❞♦ ❡♠ ❝♦♥❣r❡ss♦ ❝✐❡♥tí✜❝♦ ❬✼✵❪✳ ❚♦❞❛✈✐❛✱ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❛ ❛♥á❧✐s❡ ❞❡ ♠❛✐s

❝♦♠❜✐♥❛çõ❡s ♣r❡❝✐s❛♠ s❡r r❡❛❧✐③❛❞❛s✳

❖ ♣❛❞rã♦ ❞❡ ❞❡s♣♦s✐çã♦ ❞♦s ✜❧♠❡s ♠❡tá❧✐❝♦s ♣♦❞❡ s❡r ✐♥✈❡st✐❣❛❞♦ ❛ ✜♠ ❞❡ ❡st✉❞❛r ♥♦✈❛s

❢♦r♠❛s ❞❡ ❡①❝✐t❛çã♦✱ ♥♦✈♦s ♣♦♥t♦s ❞❡ ♦♣❡r❛çã♦ ❡ ♥♦✈❛s té❝♥✐❝❛s ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ❡①tr❛çã♦

❞♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡✳ ❯♠ ❡①❡♠♣❧♦ ❞❡ ♣❛❞rã♦ ❞❡ ❞❡♣♦s✐çã♦ ❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛

✻✳✸✳ ❉❡♣♦s✐t❛♥❞♦ ❞✐❢❡r❡♥t❡s ♠❡t❛✐s ❡♠ ❞✐❢❡r❡♥t❡s ♣❛rt❡s ❞❛ s✉♣❡r❢í❝✐❡ s✉♣❡r✐♦r ❞♦ PP❇■❖✱ é

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

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

❋✐❣✉r❛ ✻✳✸✿ ■❧✉str❛çã♦ q✉❡ ❡①❡♠♣❧✐✜❝❛ ❛ ❛❧t❡r❛çã♦ ♥♦ ♣❛❞rã♦ ❞❡ ❞❡♣♦s✐çã♦ ❞❛ ❝❛♠❛❞❛ ♠❡✲
tá❧✐❝❛ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ PP❇■❖✳

❈♦♠ ♦ ✉s♦ ❞❡ ✉♠ ♣❛❞rã♦ ❞❡ ❞❡♣♦s✐çã♦✱ ♦✉tr♦ ❛s♣❡❝t♦ q✉❡ ❝❛r❛❝t❡r✐③❛ ✉♠ tr❛❜❛❧❤♦ ❢✉t✉r♦

é ❛ ✐♥✈❡st✐❣❛çã♦ ❞❡ ♠✉❧t✐s♣♦t✳ ❚r❛❜❛❧❤♦s ❥á ✐♥✐❝✐❛❞♦s ❬✽✷❪ ❛♣♦♥t❛♠ ♣❛r❛ ✉♠❛ ♠❡❧❤♦r❛ ♥❛



❈❛♣ít✉❧♦ ✻✳ ❈♦♥❝❧✉sã♦ ❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✶✵✾

q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ❞❡ ✉♠ s❡♥s♦r ❙P❘ q✉❛♥❞♦ ♦ ♣r♦❝❡ss❛♠❡♥t♦ ♠✉❧t✐s♣♦t é ❡♠♣r❡❣❛❞♦✱

❡✈✐t❛♥❞♦ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛s s✉❜stâ♥❝✐❛s ♥❛ tr❛♥s✐çã♦ ❡♥tr❡ ♦s ❛♥❛❧✐t♦s ♣♦r ❝♦♠♣❡♥s❛r ♦s

❞❡❢❡✐t♦s ♥♦ ❛❧✐♥❤❛♠❡♥t♦ ♠❡❝â♥✐❝♦ ❡♥tr❡ ♦s ❝♦♠♣♦♥❡♥t❡s ó♣t✐❝♦s ❞♦ s❡♥s♦r✳

❖✉tr♦ tr❛❜❛❧❤♦ ✐♠❡❞✐❛t♦ é ❛ ✐♥✈❡st✐❣❛çã♦ s♦❜r❡ ♦ ❡❢❡✐t♦ ❞♦ ❙P❘ s♣❧✐tt✐♥❣ ❡♠ ✜❧♠❡s ❞❡

❛❧✉♠í♥✐♦✳ ❖ ❞✉♣❧♦ ✈❛❧♦r ♠í♥✐♠♦ ♦❜t✐❞♦ ❝♦♠ ♦ s♣❧✐tt✐♥❣ ❙P❘ ✈✐❛❜✐❧✐③❛ ❛ ♦❜t❡♥çã♦ ❞♦s ✈❛❧♦r❡s

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

❯s❛r ♦✉tr♦s ♠❡t❛✐s ❡ s✉❜str❛t♦s ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps s❡rá ✉♠❛ ♦✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡

❞❡ ❝♦♥t✐♥✉✐❞❛❞❡ ❞♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✳ ❈♦♥❢♦r♠❡ tr❛❜❛❧❤♦ ❥á ✐♥✐❝✐❛❞♦ ❬✹✵❪ ❤á ✉♠❛ sér✐❡ ❞❡

♣❛r❡s s✉❜str❛t♦✴♠❡t❛❧ q✉❡ sã♦ ✈✐á✈❡✐s ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ s❡♥s♦r❡s ❙P❘✳

❊♥tr❡ ♦✉tr❛s ♣♦ss✐❜✐❧✐❞❛❞❡s✱ ✜♥❛❧✐③❛✲s❡ ❞❡st❛❝❛♥❞♦ q✉❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ s❡♥s♦r❡s

❝♦♠ ❛s ❢♦r♠❛s ❞❡ ❡①❝✐t❛çã♦ ❧♦❝❛❧✐③❛❞❛ ✭▲❙P❘✮ ❡ ❞❡ ❧♦♥❣♦✲❛❧❝❛♥❝❡ ✭▲❘❙PP✮✱ ♦ ❡st✉❞♦ s♦❜r❡

♦s ♣❧❛s♠♦♥s r❛❞✐❛t✐✈♦s ❡ s♦❜r❡ ❛ ❛❞❡sã♦ ❞❡ ♣r♦t❡í♥❛s ✭❇❙❆ ❡ ❆✈✐❞✐♥❛ ♣♦r ❡①❡♠♣❧♦✮ ❡♠

❞✐❢❡r❡♥t❡s ❝❛♠❛❞❛s ♠❡tá❧✐❝❛s✱ ❛❧é♠ ❞♦ ❝á❧❝✉❧♦ ❞♦s ♣❛râ♠❡tr♦s ❝✐♥ét✐❝♦s ❞❡ r❡❛çõ❡s q✉í♠✐❝❛s

❡ ♦ r❡✜♥❛♠❡♥t♦ ❞♦ ♠♦❞❡❧♦ t❡ór✐❝♦ t❛♠❜é♠ ❡♥s❡❥❛♠ ♥♦✈♦s tr❛❜❛❧❤♦s✳



❆♣ê♥❞✐❝❡ ❆

❋❛❜r✐❝❛çã♦ ❞♦ PP❇■❖

■♥❥❡çã♦

❖s ♣r✐s♠❛s ❢♦r❛♠ ♠❛♥✉❢❛t✉r❛❞♦s ✉t✐❧✐③❛♥❞♦ ❛ ♠áq✉✐♥❛ ❞❡ ✐♥❥❡çã♦ ❙❊▼❊❘❆❘❖ PP■❙

✺✵✴✸✵❚✳ ❈♦♠♦ ✐♥❞✐❝❛❞♦ ♥❛ ❋✐❣✉r❛ ❆✳✶✱ ❛ ♠áq✉✐♥❛ ❞❡ ✐♥❥❡çã♦ ♣♦ss✉✐ ❛❥✉st❡s ❞❡ ♦♣❡r❛✲

çã♦ ♦s q✉❛✐s sã♦ r❡❣✉❧❛❞♦s ♣❛r❛ ❝❛❞❛ ♣♦❧í♠❡r♦ ✉t✐❧✐③❛❞♦✳ ❊♠ s❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦✱ ♦s ❣rã♦s

❞♦ ♣♦❧í♠❡r♦ sã♦ ✐♥s❡r✐❞♦s ♥♦ ❢✉♥✐❧ ❡ ❝♦♥❞✉③✐❞♦s ❛♦ ❝✐❧✐♥❞r♦ ❞❡ ✐♥❥❡çã♦✳ ❯♠❛ r♦s❝❛ ❝♦♥❞✉③

♦ ♣♦❧í♠❡r♦ ♣♦r ❡st❡ ❝✐❧✐♥❞r♦✱ q✉❡ é ❞♦t❛❞♦ ❞❡ r❡s✐stê♥❝✐❛s ❡❧étr✐❝❛s ❝❛♣❛③❡s ❞❡ ❛q✉❡❝❡r ♦

♣♦❧í♠❡r♦ t♦r♥❛♥❞♦✲♦ ♠♦❧❞á✈❡❧ ✭✢✉✐❞♦✮✱ ❛té ♦ ♠♦❧❞❡ ❞❡ ✐♥❥❡çã♦✳ ❖ ✢✉✐❞♦ ♣♦❧✐♠ér✐❝♦ ❡♥tr❛

♥❛ ❝❛✈✐❞❛❞❡ ❞♦ ♠♦❧❞❡ ❡✱ ✐♥st❛♥t❛♥❡❛♠❡♥t❡✱ ❛ ♣❛rt❡ ❡①tr❛t♦r❛ é ❞❡s❧♦❝❛❞❛ ♣r❡ss✐♦♥❛♥❞♦ ♦

♠❛t❡r✐❛❧✳

❋✐❣✉r❛ ❆✳✶✿ ❊str✉t✉r❛ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❞❡ ♠♦❧❞❛❣❡♠ ♣♦r ✐♥❥❡çã♦✳ ❖s ✈❛❧♦r❡s r❡♣r❡s❡♥t❛❞♦s
♥❛ ✐♠❛❣❡♠ ♣❛r❛ ♦ ❚❖P❆❙ ✺✵✶✸ sã♦✿ TF = 100◦❈✱ T1 = 230 − 260◦❈✱ T2 = 240 − 260◦❈✱
T3 = 250− 280◦❈✱ T4 = 260− 290◦❈ ❡ TN = TM = 240− 300◦❈✳



❆♣ê♥❞✐❝❡ ❆✳ ❋❛❜r✐❝❛çã♦ ❞♦ PP❇■❖ ✶✶✶

P❛r❛ ♦ ❚❖P❆❙ ✺✵✶✸✱ ♦s ✈❛❧♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✳ ❆✳✶✳ ❆

♣r❡ssã♦ ❞❡ ✐♥❥❡çã♦ ♣❛r❛ ♠♦❧❞❛r ♦ ♣♦❧í♠❡r♦ ❚❖P❆❙ ❡①❡r❝✐❞❛ ♣❡❧❛ ❢r❡♥t❡ ❞❛ r♦s❝❛ ❞❡✈❡ s❡r ❞❡

✺✵✵ ❛ ✶✳✶✵✵ ❜❛r ✭✺✵ ✲ ✶✶✵ ▼P❛✮✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ t✐♣♦ ❡ ❝❛♣❛❝✐❞❛❞❡ ❞❛ ♠áq✉✐♥❛✱ t❡♠♣❡r❛t✉r❛

❞♦ ♠❛t❡r✐❛❧✱ ❞✐â♠❡tr♦ ❞❡ ❛❜❡rt✉r❛ ❞♦ ❜✐❝♦ ❞❡ ✐♥❥❡çã♦✱ ❞❡s❡♥❤♦ ❞♦ ♠♦❧❞❡ ❡ ❧✉❜r✐✜❝❛çã♦✳ ❖

t❡♠♣♦ ❞❡ ✐♥❥❡çã♦✱ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ♦ ✐♥st❛♥t❡ ❡♠ q✉❡ ❛ r♦s❝❛ ❝♦♠❡ç❛ s❡✉ ❛✈❛♥ç♦ ❛té ❛ ♣r❡ssã♦

♣❛r❛r ❞❡ ❛❣✐r✱ ❞❡✈❡ s❡r ❡♠ t♦r♥♦ ❞❡ ✶✵s✳ ❚✉❞♦ ✐ss♦ ❝♦♠ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✐♥❥❡çã♦ ❡♠ t♦r♥♦

❞❡ ✺✵✲✶✺✵ ♠♠✴s✳

❯♠ r❡s✉♠♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ✐♥❥❡çã♦ ♣❛r❛ ♦s ♣♦❧í♠❡r♦s ✉t✐❧✐③❛❞♦s ❡♥❝♦♥tr❛♠✲s❡ ♥❛

❚❛❜❡❧❛ ❆✳✶✳ P❛r❛ ❝❛❞❛ ♣♦❧í♠❡r♦ ❛ ♠áq✉✐♥❛ ❞❡✈❡ s❡r r❡❛❥✉st❛❞❛ ❝♦♠ ♦s ♣❛râ♠❡tr♦s ❡①✐❣✐❞♦s

♣♦r ❝❛❞❛ ♠❛t❡r✐❛❧✳ ❈♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ t❛❜❡❧❛✱ t♦❞♦s ♦s ♣♦❧í♠❡r♦s tr❛❜❛❧❤❛♠ ❝♦♠♦ ♠♦❧❞❡

❛q✉❡❝✐❞♦✳

❚❛❜❡❧❛ ❆✳✶✿ Pr♦♣r✐❡❞❛❞❡s ❞❡ ✐♥❥❡çã♦ ❞♦s ♣♦❧í♠❡r♦s ✉t✐❧✐③❛❞♦s✳
❈❛r❛❝t❡ríst✐❝❛s ❞❡ ■♥❥❡çã♦

❆❈❘■●❊▲ ▲❊P✶✵✵ P❈ ❍❋❉ ✶✽✸✵ ❚❖P❆❙ ✺✵✶✸

t❡♠♣❡r❛t✉r❛ ❞❡ s❡❝❛❣❡♠ ❂ ✽✺◦❈ t❡♠♣❡r❛t✉r❛ ❞❡ s❡❝❛❣❡♠ ❂ ✶✵✹ ❛ ✶✶✵◦❈ t❡♠♣❡r❛t✉r❛ ❞❡ s❡❝❛❣❡♠ ❂ ✶✵✵◦❈
t❡♠♣♦ ❞❡ s❡❝❛❣❡♠ ❂ ✹❤r t❡♠♣♦ ❞❡ s❡❝❛❣❡♠ ❂ ✸ ❛ ✹❤r ✭♠❛①✳❁✷✹❤r✮ t❡♠♣♦ ❞❡ s❡❝❛❣❡♠ ❂ ✻❤rs
t❡♠♣❡r❛t✉r❛ tr❛s❡✐r❛ ✭r❡❛r✮ ❂ ✷✸✺◦ ❚❡♠♣✳ tr❛s❡✐r❛ ✭r❡❛r✮ ❂ ✷✸✽ ❛ ✷✽✷◦❈ ❚❡♠♣✳ ❞❡ ❛❧✐♠❡♥t❛çã♦✭❢✉♥✐❧✲❚❋✮ ❂ ✶✵✵◦❈
t❡♠♣❡r❛t✉r❛ ❞♦ ♠❡✐♦ ❂ ✷✹✺◦❈ ❚❡♠♣✳ ❞♦ ♠❡✐♦ ❂ ✷✹✾ ❛ ✷✾✸◦❈ ❩♦♥❛ ✶ ✭❚✶✮ ❂ ✷✸✵ ❛ ✷✻✵◦❈
t❡♠♣❡r❛t✉r❛ ❞❛ ❢r❡♥t❡ ❂ ✷✹✵◦❈ ❚❡♠♣✳ ❞❛ ❢r❡♥t❡ ❂ ✷✻✵ ❛ ✸✵✹◦❈ ❩♦♥❛ ✷ ✭❚✷✮ ❂ ✷✹✵ ❛ ✷✼✵◦❈

❩♦♥❛ ✸ ✭❚✸✮ ❂ ✷✺✵ ❛ ✷✽✵◦❈
❩♦♥❛ ✹ ✭❚✹✮ ❂ ✷✻✵ ❛ ✷✾✵◦❈

t❡♠♣❡r❛t✉r❛ ❞♦ ❜✐❝♦✭♥♦③③❧❡✮ ❂ ✷✸✺◦❈ ❚❡♠♣✳ ❞♦ ❜✐❝♦✭♥♦③③❧❡✮❂ ✷✺✹ ❛ ✷✾✾◦❈ ❚❡♠♣✳ ❞♦ ❜✐❝♦✭♥♦③③❧❡✲❚◆✮ ❂ ✷✹✵ ❛ ✸✵✵◦❈
❚❡♠♣✳ ❞❡ ❞❡rr❡t✐♠❡♥t♦✭♠❡❧t✮ ❂ ✶✶✵◦❈ ❚✳ ❞❡ ❞❡rr❡t✐♠❡♥t♦✭♠❡❧t✮ ❂ ✷✻✵ ❛ ✸✵✹◦❈ ❚❡♠♣✳ ❞❡ ❞❡rr❡t✐♠❡♥t♦✭♠❡❧t✮ ❂ ✶✸✼◦❈
t❡♠♣❡r❛t✉r❛ ❞♦ ♠♦❧❞❡ ❂ ✻✵◦❈ t❡♠♣❡r❛t✉r❛ ❞♦ ♠♦❧❞❡ ❂ ✹✽✳✾ ❛ ✽✷✳✷◦❈ ❚❡♠♣✳ ❞♦ ♠♦❧❞❡ ✭❚❉✮ ❂ ✾✺ ❛ ✶✷✺◦❈
✈❡❧♦❝✐❞❛❞❡ ❞❛ r♦s❝❛ ❂ ✲ ✈❡❧♦❝✐❞❛❞❡ ❞❛ r♦s❝❛ ❂ ✸✺ ✲ ✼✺ r♣♠ ✈❡❧♦❝✐❞❛❞❡ ❞❛ r♦s❝❛ ❂ ✺✵ ✲ ✷✵✵ r♣♠

❯♠ ❝♦♠♣❛r❛t✐✈♦ ❡♥tr❡ ♦s ♣♦❧í♠❡r♦s ✉t✐❧✐③❛❞♦s ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❚❛❜❡❧❛ ❆✳✷✳ ❖s ♣♦❧í♠❡r♦s

❡s❝♦❧❤✐❞♦s ♣♦ss✉❡♠ ❛❧t♦s ✈❛❧♦r❡s ❞❡ tr❛♥s♠✐tâ♥❝✐❛ ❡ ♦ P❈ ♣♦ss✉✐ ♦ ♠❛✐♦r ✈❛❧♦r ♣❛r❛ ❛

❝♦♥st❛♥t❡ ❞❡ str❡ss ó♣t✐❝♦✱ ❛❝❛rr❡t❛♥❞♦ ❡♠ ❛❧t♦s í♥❞✐❝❡s ❞❡ ❜✐rr❡❢r✐♥❣ê♥❝✐❛✳

❚❛❜❡❧❛ ❆✳✷✿ ◗✉❛❞r♦ ❝♦♠♣❛r❛t✐✈♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❞♦s ♣♦❧í♠❡r♦s ✉t✐❧✐③❛❞♦s

Pr♦♣r✐❡❞❛❞❡ ❯♥✐❞❛❞❡
❚❖P❆❙ ❈❖❈

✺✵✶✸
P♦❧✐❝❛r❜♦♥❛t♦

✭P❈✮
❆❝rí❧✐❝♦
✭P▼▼❆✮

❚r❛♥s♠✐ssã♦ ❞❛ ❧✉③ ✪ ✾✶✱✹ ✽✼✲✽✾ ✾✶✲✾✷
❆❜s♦rçã♦ ❞❡ á❣✉❛ ✪ ✵✱✵✶ ✵✱✷ ✵✱✸
❇✐rr❡❢r✐♥❣ê♥❝✐❛ ♥♠ ❁✷✵ ❁✻✺ ❁✷✵
❈t❡✳ str❡ss ó♣t✐❝♦ 10−12✴P❛ ✲✷ ❛ ✲✼ ✻✻ ❛ ✼✼ ✲✹✱✺ ❛ ✲✹✱✽
❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✭✻✼✵♥♠✮ ✶✱✺✸ ✶✱✺✼✾ ✶✱✹✾
❈♦❡❢✳ ❞❡ ❡①♣❛♥sã♦ ❧✐♥❡❛r ◦C−1 ✻×10−5 ✼×10−5 ✻×10−5
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▼♦❧❞❡

P❛r❛ ♠❛♥✉❢❛t✉r❛ ❞♦ PP❇■❖ ♦s ♣♦❧í♠❡r♦s ❢♦r❛♠ ✐♥❥❡t❛❞♦s ♥♦ ♠♦❧❞❡ ✉s✐♥❛❞♦ ♥❛ ❈◆❈ ❍❛r✲

❞✐♥❣❡ ❳❘✻✵✵ ✺❆❳ ❝♦♠❡r❝✐❛❧✐③❛❞❛ ♣❡❧❛ ❡♠♣r❡s❛ ❊r❣♦♠❛t✳ ❖ ❞❡s❡♥❤♦ ❞♦ ♠♦❧❞❡ ❝♦♠♣❧❡t♦

❡♥❝♦♥tr❛✲s❡ ♥❛ ❋✐❣✉r❛ ❆✳✸✳ ❆s ❡t❛♣❛s ♣❛r❛ ❝♦♥str✉çã♦ ❞♦ ♠♦❧❞❡ sã♦✿

• ❈♦♥❢❡❝çã♦ ❞♦ ♣♦st✐ç♦✿ ❯s✐♥❛❣❡♠ ❈◆❈ ❞❛s ❝❛✈✐❞❛❞❡s ✭♣r✐s♠❛s✮ ❡ ✉s✐♥❛❣❡♠ ❞❡ ❡❧❡tr♦✲

❞♦s❀ ❊r✉❞✐r ❛s ❝❛✈✐❞❛❞❡s✳

• P♦rt❛ ♠♦❧❞❡✿ ❯s✐♥❛❣❡♠ ❞♦ ❛❧♦❥❛♠❡♥t♦ ❞♦ ♣♦st✐ç♦ ❡ ❞♦s ❢✉r♦s ♣❛r❛ r❡❢r✐❣❡r❛çã♦ ♥❛

P❧❛❝❛ ❙✉♣❡r✐♦r ✭♣❧❛❝❛ P✷✮❀ ❯s✐♥❛❣❡♠ ❞♦ ❛❧♦❥❛♠❡♥t♦ ❞♦ ❛♥❡❧ ❞❡ ❝❡♥tr❛❣❡♠ ❡ ❞♦ ❜✐❝♦

❞❡ ✐♥❥❡çã♦ ♥❛ P❧❛❝❛ ■♥❢❡r✐♦r ✭♣❧❛❝❛ P✶✮❀ ❯s✐♥❛❣❡♠ ❞♦ ❛❧♦❥❛♠❡♥t♦ ❞❛ ❜✉❝❤❛ ❡ ❝❛♥❛❧ ❞❡

✐♥❥❡çã♦❀ P❧❛❝❛ ❙✉♣♦rt❡ ❡ ♣❧❛❝❛s ❡①tr❛t♦r❛s✱ ❛❧é♠ ❞♦s ❢✉r♦s ♣❛r❛ ♦s ♣✐♥♦s ❡①tr❛t♦r❡s✳

• ❯s✐♥❛❣❡♠ ❞♦s ✐t❡♥s ❝♦♠♣❧❡♠❡♥t❛r❡s✿ ❆♥❡❧ ❞❡ ❝❡♥tr❛❣❡♠❀ ❇✉❝❤❛ ❞❡ ✐♥❥❡çã♦❀ ❇✉❝❤❛

❞♦ ♣✐♥♦ ❡①tr❛t♦r ✭❚♦r♥♦ ❡ ❋r❡s❛✮ ❡ ♦s ❇✐❝♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❡ á❣✉❛ ♣❛r❛ ❛q✉❡❝✐✲

♠❡♥t♦✴r❡s❢r✐❛♠❡♥t♦ ❞♦ ♠♦❧❞❡✳

❋✐❣✉r❛ ❆✳✷✿ ■♠❛❣❡♠ tr✐❞✐♠❡♥s✐♦♥❛❧ ✐❧✉str❛♥❞♦ t♦❞❛s ❛s ♣❛rt❡s ✭♣❧❛❝❛s✱ ♣♦st✐ç♦ ❡ ❞❡♠❛✐s
✐t❡♥s✮ q✉❡ ❝♦♠♣õ❡♠ ♦ ♠♦❧❞❡✳



❆♣ê♥❞✐❝❡ ❆✳ ❋❛❜r✐❝❛çã♦ ❞♦ PP❇■❖ ✶✶✸

P♦❧✐♠❡♥t♦

❖ ♣♦❧✐♠❡♥t♦ ♠❡❧❤♦r❛ ❛ ❡①❝✐t❛çã♦ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ ❡♥❢❛t✐③❛♥❞♦ ❛ ♣r♦❢✉♥❞✐❛❞❡✴❝♦♥tr❛st❡

❞❛ ❝✉r✈❛ ❙P❘✱ r❡❞✉③✐♥❞♦ ❛s ♣❡r❞❛s ❞❡ tr❛♥s♠✐tâ♥❝✐❛✳ ❆❧é♠ ❞✐ss♦✱ ♦ ✉s♦ ❞❡ s✉♣❡r❢í❝✐❡s ♣♦✲

❧✐❞❛s ♠✐♥✐♠✐③❛ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞♦s ♣❧❛s♠♦♥s r❛❞✐❛t✐✈♦s ❬✸✸✱ ✽✺✱ ✽✻❪✱ ♦s q✉❛✐s s✉r❣❡♠ ♥❛

❡①✐t❛çã♦ ❞♦s ❙Ps ❡♠ s✉♣❡r❢í❝✐❡s ❝♦♠ ❡❧❡✈❛❞♦s ✈❛❧♦r❡s ❞❡ r✉❣♦ss✐❞❛❞❡ ✭❃✶✵ ➴✮✳

❈♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ❆✳✸✱ ❡①❡♠♣❧♦s ❞❡ ♣r✐s♠❛s ❞❡ ❇❑✼ ❝♦♠ s✉♣❡r❢í❝✐❡s ❝♦♥t❡♥❞♦

♠✉✐t♦s ❛rr❛♥❤õ❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❡①❝✐t❛çã♦ ❞♦s ❙Ps ❡ ♦s r❡s✉❧t❛❞♦s ❢♦r❛♠ ❝♦♠♣❛r❛❞♦s

❝♦♠ ♣r✐s♠❛s ❞❡ ❚❖P❆❙ ❝♦♠ s✉♣❡r❢í❝✐❡s ❝♦♥t❡♥❞♦ ♠❡♥♦s ❛rr❛♥❤õ❡s✱ ✐✳❡✳✱ ♠❛✐s ♣♦❧✐❞❛s✳ ◆♦t❛✲

s❡ ❛ ❡①❝✐t❛çã♦ s✐♠✉❧tâ♥❡❛ ❞♦s ❙Ps✲r❛❞✐❛t✐✈♦s ❡ ♥ã♦✲r❛❞✐❛t✐✈♦s ♠❛✐s ❡✈✐❞❡♥t❡s ♥❛s s✉♣❡r❢í❝✐❡s

♥ã♦✲♣♦❧✐❞❛s✱ ❞❡✈✐❞♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛♦ ❣❛♥❤♦ ❞❡ ♠♦♠❡♥t♦ ❞♦s ❢ót♦♥s ✐♥❝✐❞❡♥t❡s ❞❡✈✐❞♦ ❛

r✉❣♦ss✐❞❛❞❡ ❞❛ s✉♣❡r❢í❝✐❡✳

❖ ♣r♦❝❡ss♦ ❞❡ ♣♦❧✐♠❡♥t♦ ❞♦s ♣r✐s♠❛s ♦❝♦rr❡✉ ❡♠ ❡stá❣✐♦s ❞❡ ♣♦❧✐♠❡♥t♦ ♥❛ ♦r❞❡♠ ❞❡ ✺µ♠✱

✸µ♠✱ ✶µ♠ ❡ ✵✱✸µ♠✱ ✉s❛♥❞♦ ❧✐①❛s ❞❡ ó①✐❞♦ ❞❡ ❛❧✉♠í♥✐♦ ❡ ❝❛r❜♦♥❡t♦ ❞❡ s✐❧í❝✐♦ ❝♦♠❡r❝✐❛❧✐③❛❞❛s

♣❡❧❛ ❚❤♦r❧❛❜s✳

❋✐❣✉r❛ ❆✳✸✿ ❊①❡♠♣❧♦ ❞❡ ❝✉r✈❛s ❙P❘s ❝♦♠ ✭❇❑✼✲❆❣✲❊t❛♥♦❧✱ ❇❑✼✲❆✉ ❡ ❚❖P❆❙✲❆✉✮ ❡
s❡♠ ✭❇❑✼✲❆❣✲❍2❖ ❡ ❚❖P❆❙✲❆❣✮ ❡①❝✐t❛çã♦ s✐♠✉❧tâ♥❡❛ ❞♦s ♣❧❛s♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❡ ❞♦s
♣❧❛s♠♦♥s✲r❛❞✐❛t✐✈♦s✳ ❉❡t❛❧❤❡ ♣❛r❛ ❛s s✉♣❡r❢í❝✐❡s ❞❡ ♣r✐s♠❛ ❞❡ ❇❑✼ ✭♠❛✐s ❛rr❛♥❤õ❡s✮ ❡ ❞❡
❚❖P❆❙ ✭♠❡♥♦s ❛rr❛♥❤õ❡s✮✳



❆♣ê♥❞✐❝❡ ❆✳ ❋❛❜r✐❝❛çã♦ ❞♦ PP❇■❖ ✶✶✹

❆♥♥❡❛❧✐♥❣

❆ ❡t❛♣❛ ✜♥❛❧ ❞❛ ❢❛❜r✐❝❛çã♦ ❞♦ PP❇■❖ ❛♥t❡s ❞❛ ❞❡♣♦s✐çã♦ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦ é ♦ tr❛t❛♠❡♥t♦

tér♠✐❝♦✱ ♦ ❛♥♥❡❛❧✐♥❣✳ ❯t✐❧✐③♦✉✲s❡ ✉♠❛ ❡st✉❢❛ ♣❛r❛ r❡❛❧✐③❛r ♦ r❡❝♦③✐♠❡♥t♦ ❞♦s ♣r✐s♠❛✳ ❉❡t❛✲

❧❤❡s ❞♦s ♣r♦❝❡❞✐♠❡♥t♦s ❡ ❡①❡♠♣❧♦s ❞❡ ♣r✐s♠❛ ❝♦♠ ❡ s❡♠ ❛♥♥❡❛❧✐♥❣ ❡♥❝♦♥tr❛♠✲s❡ ♥♦ ❈❛♣ít✉❧♦

✹ ❞❡ss❡ tr❛❜❛❧❤♦✳

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

③❛❞♦s ♥❛ ❝♦♥str✉çã♦ ❞♦ s❡♥s♦r ❙P❘ ♦♣❡r❛♥❞♦ ♥♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼ ❡♥❝♦♥tr❛♠✲s❡ s✉♠❛✲

r✐③❛❞♦s ♥❛ ❋✐❣✉r❛ ❆✳✹✳

❋✐❣✉r❛ ❆✳✹✿ ❘❡s✉♠♦ ❞♦s ✈❛❧♦r❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ ❞❡t❡❝t✐✈✐❞❛❞❡ t❡ór✐❝♦s ❡ ❡①♣❡r✐♠❡♥t❛✐s
♣❛r❛ ♦s ♠♦❞♦s ❆■▼ ❡ ❲■▼✳



❆♣ê♥❞✐❝❡ ❇

❉❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s

❖s ✜❧♠❡s ♠❡tá❧✐❝♦s ❢♦r❛♠ ❞❡♣♦s✐t❛❞♦s ❝♦♠ ♦ s✐st❡♠❛ ❞❡ ❛❧t♦ ✈á❝✉♦ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ ♣❡❧í❝✉✲

❧❛s ✜♥❛s ❈r②♦❢♦① ❊①♣❧♦r❡r ✻✵✵▲❚✱ ❝♦♠❡r❝✐❛❧✐③❛❞♦ ♣❡❧❛ ❡♠♣r❡s❛ P♦❧②t❡❦♥✐❦✳ P❛r❛ ❞❡♣♦s✐çã♦

❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦✱ ❢❛③✲s❡ ♥❡❝❡ssár✐♦ ❛ ❧✐♠♣❡③❛ ❞❛ s✉♣❡r❢í❝✐❡ ❞♦ ♣r✐s♠❛✳ ❖ ❡q✉✐♣❛♠❡♥t♦ ♣♦ss✐✲

❜✐❧✐t❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❞❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ♣♦r ♠❡✐♦ ❞❛s té❝♥✐❝❛s ❞❡ ♠❛❣♥❡tr♦♥ s♣✉tt❡r✐♥❣

❡✴♦✉ ♣♦r ♠❡✐♦ ❞❡ ❡✲❜❡❛♠✳

▼❛❣♥❡tr♦♥ s♣✉tt❡r✐♥❣

❆ ❞❡♣♦s✐çã♦ ❝❛tó❞✐❝❛ ❛tr❛✈és ❞❛ té❝♥✐❝❛ ❞❡ ❙♣✉t❡r✐♥❣ é ✉♠ ♣r♦❝❡ss♦ ♥♦ q✉❛❧ át♦♠♦s ❞❡ ✉♠

♠❛t❡r✐❛❧ só❧✐❞♦ ✭❛❧✈♦✮ sã♦ ❡①tr❛í❞♦s ❜♦♠❜❛r❞❡❛♥❞♦ ❛ s✉♣❡r❢í❝✐❡ ❞❡ss❡ ♠❛t❡r✐❛❧ ❝♦♠ ♣❛rtí❝✉❧❛s

❞❡ ❛❧t❛ ❡♥❡r❣✐❛✱ q✉❡ ❡♠ ❣❡r❛❧ sã♦ í♦♥s ❞❡ ✉♠ ❣ás ✐♥❡rt❡ ✐♦♥✐③❛❞♦ ❬✽✾❪✳ ❖ ♠❛t❡r✐❛❧ ❛❧✈♦ s❡r✈❡

❝♦♠♦ ❝❛t♦❞♦ ❛♣❧✐❝❛♥❞♦✲❧❤❡ ✉♠❛ t❡♥sã♦ ♥❡❣❛t✐✈❛✱ ❡♥q✉❛♥t♦ ❛s ♣❛r❛❞❡s ❞❛ ❝â♠❛r❛ ❢✉♥❝✐♦♥❛♠

❝♦♠♦ ❛♥♦❞♦✳ ❊✈❛❝✉❛✲s❡ ❛ ❝â♠❛r❛ ❝♦♠ ♦ ✉s♦ ❞❡ ❜♦♠❜❛s ❞❡ ✈á❝✉♦✳ ❊♠ s❡❣✉✐❞❛✱ ♦ ❣ás ✐♥❡rt❡

✭✉s✉❛❧♠❡♥t❡ ❆r❣ô♥✐♦✮ é ✐♥❥❡t❛❞♦ ❡ ❛tr❛✈és ❞❡ ❞❡s❝❛r❣❛s ❡❧étr✐❝❛s ♦ ♣❧❛s♠❛ é ❣❡r❛❞♦✳ ❖s í♦♥s

♦r✐✉♥❞♦s ❞♦ ♣❧❛s♠❛ ❜♦♠❜❛r❞❡✐❛♠ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ❛❧✈♦✱ ❡ ♣♦r tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠♦♠❡♥t♦✱

♣✉❧✈❡r✐③❛ ♦ PP❇■❖ ❝♦♠ át♦♠♦s ❞♦ ♠❛t❡r✐❛❧ ❛❧✈♦ ❬✽✾❪✳ ❖s át♦♠♦s ♣✉❧✈❡r✐③❛❞♦s ❛tr❛✈❡ss❛♠

♦ ♣❧❛s♠❛ ❡ ❛t✐♥❣❡♠ ❛ s✉♣❡r❢í❝✐❡ ❞♦ PP❇■❖✱ ♦♥❞❡ ♣♦❞❡♠ s❡ ❝♦♥❞❡♥s❛r ❡ ❢♦r♠❛r ♦ ✜❧♠❡

♠❡tá❧✐❝♦✳

❆✉♠❡♥t❛r ❛ t❛①❛ ❞❡ ✐♦♥✐③❛çã♦ ❞♦s í♦♥s ❞♦ ❣ás ✐♥❡rt❡ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ s♣✉tt❡r✐♥❣✱

♣❛r❛ ❛t✐♥❣✐r ♠❡❧❤♦r❡s ❝♦♥❞✐çõ❡s ❞❡ ♣✉❧✈❡r✐③❛çã♦✱ ❝♦♠ ♦ ✉s♦ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❞❡✜♥❡

♦ ♠❛❣♥❡tr♦♥ s♣✉tt❡r✐♥❣ ❬✽✾❪✳ P❛r❛ ✐ss♦✱ í♠ãs sã♦ ❝♦❧♦❝❛❞♦s ♣♦r trás ❞♦ ❝❛t♦❞♦ ✭♠❛t❡r✐❛❧



❆♣ê♥❞✐❝❡ ❇✳ ❉❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ✶✶✻

❋✐❣✉r❛ ❇✳✶✿ ❊sq✉❡♠❛ ♣❛r❛ ✉♠ s✐st❡♠❛ ❞❡ ❞❡♣♦s✐çã♦ ♣♦r ♠❛❣♥❡tr♦♥ s♣✉tt❡r✐♥❣✳

❛❧✈♦✮ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♥✜♥❛r ♦s ❡❧étr♦♥s ♣ró①✐♠♦s ❛ s✉♣❡r❢í❝✐❡ ❞♦ ❛❧✈♦ ❞❡✈✐❞♦ ❛♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦✳ ❯♠ ❡sq✉❡♠❛ ♣❛r❛ ♦ ♠❛❣♥❡tr♦♥ s♣✉tt❡r✐♥❣ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ❇✳✶✳

❆ t❛①❛ ❞❡ s♣✉tt❡r✐♥❣✱ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧♠❡ ❢♦r♠❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦

♣r✐s♠❛✱ ❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦ ❡ ❞❛ ❝♦rr❡♥t❡ ✉t✐❧✐③❛❞❛ ♥❛ ♣✉❧✈❡r✐③❛çã♦✳ ❆s ❝✉r✈❛s ❞❡ ❛❥✉st❡

❡s♣❡ss✉r❛ ✈s✳ ❝♦rr❡♥t❡ ♦❜t✐❞❛s ♣❛r❛ ♦s ♠❛❣♥❡tr♦♥s ❆❈ ❡ ❉❈ ♦♣❡r❛♥❞♦ ❛ ✉♠❛ ♣♦tê♥❝✐❛ ❞❡

✷✵✵ ❲ ❡♥❝♦♥tr❛♠✲s❡ ♥❛ ❋✐❣✉r❛ ❇✳✷✳

❋✐❣✉r❛ ❇✳✷✿ ❈✉r✈❛ ❞❡ ❝❛❧✐❜r❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧♠❡ ✜♥♦ ❞❡♣♦s✐t❛❞♦ ♥♦ PP❇■❖ ✉s❛♥❞♦ ♦s
♠❛❣♥❡tr♦♥s ❆❈ ❡ ❉❈✳ ❖ ♠♦❞♦ ❉❈ é ♠❛✐s ❡✜❝✐❡♥t❡ ❞♦ q✉❡ ♦ ♠♦❞♦ ❆❈ ♣♦r ❞❡♣♦s✐t❛r ♠❛✐s
♠❛t❡r✐❛❧ ❡♠ ♠❡♥♦s t❡♠♣♦✳



❆♣ê♥❞✐❝❡ ❇✳ ❉❡♣♦s✐çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ✶✶✼

❊✲❜❡❛♠

❆ ❡✈❛♣♦r❛çã♦ ♣♦r ❢❡✐①❡ ❞❡ ❡❧étr♦♥s ✭❡✲❜❡❛♠✮ é ✉♠❛ té❝♥✐❝❛ ♥❛ q✉❛❧ ✉♠ ✐♥t❡♥s♦ ❢❡✐①❡ ❞❡

❡❧étr♦♥s ❣❡r❛❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ✜❧❛♠❡♥t♦ ❞❡ t✉♥❣stê♥✐♦ é ❝♦♥❞✉③✐❞♦ ♣♦r ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s à

❜♦♠❜❛r❞❡❛r ✉♠♠❛t❡r✐❛❧ ❛❧✈♦ ✭❡①❡♠♣❧♦✿ ❝❛❞✐♥❤♦s ❝❤❡✐♦s ❞❡ ❆❧ ♦✉ ❙✐✮✳ ❊ss❡ ❜♦♠❜❛r❞❡❛♠❡♥t♦

❛❝♦♥t❡❝❡ ❡♠ ❛♠❜✐❡♥t❡ ❞❡ ✈á❝✉♦ ✭❝â♠❛r❛✮✳ ❊♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♠♦♠❡♥t♦✱ ❛ s✉♣❡r❢í❝✐❡ ❞♦

♠❛t❡r✐❛❧ ❛❧✈♦ ✐rá ❛q✉❡❝❡r ✭s♣♦t✮ ❡ ♦s át♦♠♦s ❞❛ s✉♣❡r❢í❝✐❡ t❡rã♦ ❡♥❡r❣✐❛ s✉✜❝✐❡♥t❡ ♣❛r❛ ❞❡✐①á✲

❧❛ ❬✾✵❪✳ ❆ss✐♠✱ ❡ss❡s át♦♠♦s ❛tr❛✈❡ss❛♠ ❛ ❝â♠❛r❛ ❞❡ ✈á❝✉♦ ❡ ❛t✐♥❣❡♠ ❛ s✉♣❡r❢í❝✐❡ ❞♦ PP❇■❖

♦♥❞❡ ♣♦❞❡♠ s❡ ❝♦♥❞❡♥s❛r ❡ ❢♦r♠❛r ♦ ✜❧♠❡ ♠❡tá❧✐❝♦✳

❯♠ ❡sq✉❡♠❛ ♣❛r❛ ♦ ❡✲❜❡❛♠ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ❇✳✸✳ ❖ ❡q✉✐♣❛♠❡♥t♦ ❈r②♦❢♦① ♣♦ss✉✐

✉♠❛ ♠✐❝r♦✲❜❛❧❛♥ç❛ ❞❡ ❝r✐st❛❧ ❞❡ q✉❛rt③ ✭◗❈▼✱ s✐❣❧❛ ❡♠ ✐♥❣❧ês✮ r❡s♣♦♥sá✈❡❧ ♣♦r ♠❡❞✐r ❛

❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ❞❡♣♦s✐t❛❞❛✳ ❊①✐st❡ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ♦ q✉❡ é ❞❡♣♦s✐t❛❞♦ ♥❛ ◗❈▼ ❡ ♦

q✉❡ ❡❢❡t✐✈❛♠❡♥t❡ é ❞❡♣♦s✐t❛❞♦ ♥♦ ♣r✐s♠❛✱ ♦r✐❣✐♥❛♥❞♦ ✉♠ ❡rr♦ ♠á①✐♠♦ ❞❡ ✺ ♥♠ ♥♦ ✈❛❧♦r ❞❛

❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ❢♦r♠❛❞❛ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ PP❇■❖✳

❋✐❣✉r❛ ❇✳✸✿ ❊sq✉❡♠❛ ♣❛r❛ ✉♠ s✐st❡♠❛ ❞❡ ❞❡♣♦s✐çã♦ ❛tr❛✈és ❞❛ ❡✈❛♣♦r❛çã♦ ♣♦r ❢❡✐①❡ ❞❡
❡❧étr♦♥s ✭❡✲❜❡❛♠✮✳



❆♣ê♥❞✐❝❡ ❈

❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ✜❧♠❡s ✜♥♦s

❖s ✜❧♠❡s ✜♥♦s ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s ✉t✐❧✐③❛♥❞♦ ♦ ❡❧✐♣s♦♠❡tr♦ ❙❊◆P❘❖ ❡ ❙❊◆❛❞✈ ✹✵✵ ❞❛ ❡♠✲

♣r❡s❛ ❙❡♥t❡❝❤ ❡ ❛tr❛✈és ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛ ✭❆❋▼✱ s✐❣❧❛ ❡♠ ✐♥❣❧ês✮ ❡ ❞❡

✈❛rr❡❞✉r❛ ❡❧❡trô♥✐❝❛ ✭❙❊▼✱ s✐❣❧❛ ❡♠ ✐♥❣❧ês✮✳

❊❧✐♣s♦♠❡tr✐❛

❆ ❡❧✐♣s♦♠❡tr✐❛ ♠❡❞❡ ❛ ♠✉❞❛♥ç❛ ♥❛ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③ r❡✢❡t✐❞❛ ♦✉ tr❛♥s♠✐t✐❞❛ ❞❡ ✉♠ ♠❛✲

t❡r✐❛❧✳ ❊♠ ❡s♣❡❝✐❛❧✱ ❡stá ✐♥t❡r❡ss❛❞❛ ❝♦♠♦ ❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ♣♦❧❛r✐③❛çã♦ ♣ ❡ s ♠✉❞❛♠

✉♠❛ ❡♠ r❡❧❛çã♦ ❛ ♦✉tr❛ ❛♣ós ❛ r❡✢❡①ã♦ ♦✉ tr❛♥s♠✐ssã♦✳ ❆ss✐♠✱ ✉♠❛ ❞❛s ❝♦♠♣♦♥❡♥t❡s é

r❡✢❡t✐❞❛✴tr❛♥s♠✐t✐❞❛ ❛ ♣❛rt✐r ❞♦ ♠❛t❡r✐❛❧ ❡ ❛ ♣♦❧❛r✐③❛çã♦ ❞❡ s❛í❞❛ é ♠❡❞✐❞❛✳

❆ ♠✉❞❛♥ç❛ ❞❡ ♣♦❧❛r✐③❛çã♦ é r❡♣r❡s❡♥t❛❞❛ ❡♠ t❡r♠♦s ❞❛ r❛③ã♦ ❞❡ ❛♠♣❧✐t✉❞❡ ✭Ψ✮ ❡ ❞❛

❞✐❢❡r❡♥ç❛ ❞❡ ❢❛s❡ ✭∆✮ ❡♥tr❡ ❛s ❝♦♠♣♦♥❡♥t❡s s ❡ ♣✳ ❆ ♠✉❞❛♥ç❛ ❞❡ ♣♦❧❛r✐③❛çã♦ ✭ρ✮ é ❝♦♠✉♠❡♥t❡

❡①♣r❡ss❛ ♣♦r ❬✾✶❪✿

ρ = tan(Ψ)ei∆ ✭❈✳✶✮

❆ ❋✐❣✉r❛ ❈✳✶ ✐❧✉str❛ ✉♠ ❡①❡♠♣❧♦ ❞❡ ♠❡❞✐çã♦ ❞❡ ❡❧✐♣s♦♠❡tr✐❛✳ ❆ ❧✉③ ✐♥❝✐❞❡♥t❡ é ❧✐♥❡✲

❛r♠❡♥t❡ ♣♦❧❛r✐③❛❞❛ ❡ ❝♦♠♣♦st❛ ❞❛s ❝♦♠♣♦♥❡♥t❡s ♣ ❡ s✳ ❆ ❧✉③ r❡✢❡t✐❞❛ ♣♦ss✉✐ ❛❧t❡r❛çõ❡s

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

❡❧✐♣sô♠❡tr♦ ♠❡❞❡ t❛✐s ♠✉❞❛♥ç❛s✳ P❛r❛ s❡r ❝❛♣❛③ ❞❡ ♠❡❞✐r ❛ ♠✉❞❛♥ç❛ ❞❡ ♣♦❧❛r✐③❛çã♦✱ ✉♠

❡❧✐♣sô♠❡tr♦ ♣♦ss✉✐✱ ❡♥tr❡ ♦✉tr♦s ❝♦♠♣♦♥❡♥t❡s✱ ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③✱ ✉♠ ❣❡r❛❞♦r ❞❡ ♣♦❧❛r✐③❛çã♦✱

✉♠ ❛♥❛❧✐③❛❞♦r ❞❡ ♣♦❧❛r✐③❛çã♦ ❡ ✉♠ ❞❡t❡❝t♦r ó♣t✐❝♦ ✭❝â♠❡r❛ ❈❈❉✴❈▼❖❙ ♦✉ ❡s♣❡❝trô♠❡tr♦✮✳

❖ ❣❡r❛❞♦r ❡ ♦ ❛♥❛❧✐③❛❞♦r ❞❡ ♣♦❧❛r✐③❛çã♦ sã♦ ❝♦♠♣♦st♦s ❞❡ ♣♦❧❛r✐③❛❞♦r❡s✱ ❝♦♠♣❡♥s❛❞♦r❡s ❡



❆♣ê♥❞✐❝❡ ❈✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ✜❧♠❡s ✜♥♦s ✶✶✾

❋✐❣✉r❛ ❈✳✶✿ ❈♦♥✜❣✉r❛çã♦ tí♣✐❝❛ ❞❡ ✉♠ ❡❧✐♣sô♠❡tr♦ q✉❡ ✉t✐❧✐③❛ ❛ ❧✉③ r❡✢❡t✐❞❛ ❞❛ s✉♣❡r❢í❝✐❡
❞♦ ♠❛t❡r✐❛❧ ❡ ❛ ♠✉❞❛♥ç❛ ❞❡ ♣♦❧❛r✐③❛çã♦✳ ❋♦♥t❡ ❬✾✶❪

♠♦❞✉❧❛❞♦r❡s ❞❡ ❢❛s❡✳ ◆♦s ❡❧✐♣sô♠❡tr♦s ✉t✐❧✐③❛❞♦s t❛✐s ❝♦♠♣♦♥❡♥t❡s sã♦ ❛✉t♦♠❛t✐③❛❞♦s✱

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

♠♦❞✉❧❛❞♦r❡s ❞❡ ❢❛s❡✳

❆ r❡s♣♦st❛ ❞♦ ❡❧✐♣sô♠❡tr♦ ❞❡♣❡♥❞❡ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ❡ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ♠❛t❡r✐❛❧✳

❆ ❡❧✐♣s♦♠❡tr✐❛ é ❡♠♣r❡❣❛❞❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❡s♣❡ss✉r❛ ❞❡ ✜❧♠❡s ✜♥♦s ❡ ♦s

✈❛❧♦r❡s ❞❛ ❢✉♥çã♦ ❞✐❡❧étr✐❝❛✳

▼✐❝r♦s❝♦♣✐❛

❆❧é♠ ❞❛ ❡❧✐♣s♦♠❡tr✐❛✱ ✐♠❛❣❡♥s ♦❜t✐❞❛s ❝♦♠ ♠✐❝r♦s❝ó♣✐♦s ❙❊▼ ❡ ❆❋▼ ❝♦♠♣❧❡t❛♠ ❛ ❝❛r❛❝✲

t❡r✐③❛çã♦ ❞♦s ✜❧♠❡s ♠❡tá❧✐❝♦s ❞❡♣♦s✐t❛❞♦s ♥♦ PP❇■❖✳

❈♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ❈✳✸✱ ❞✐❢❡r❡♥t❡ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ó♣t✐❝♦ ❝♦♥✈❡♥❝✐♦♥❛❧ q✉❡

✐❧✉♠✐♥❛ ♦ ♠❛t❡r✐❛❧✱ t✐♣✐❝❛♠❡♥t❡ ❝♦♠ ✉♠❛ ❧✉③ ❜r❛♥❝❛✱ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❡❧❡trô♥✐❝♦ ❞❡ ✈❛rr❡❞✉r❛

✉t✐❧✐③❛ ✉♠ ❢❡✐①❡ ❞❡ ❡❧étr♦♥s ♣❛r❛ ✈❛rr❡r ❛ s✉♣❡r❢í❝✐❡ ❞❛ ❛♠♦str❛✱ ❣❡r❛♥❞♦ ❡❧étr♦♥s s❡❝✉♥❞ár✐♦s

q✉❡ sã♦ ❝❛♣t❛❞♦s ♣♦r ✉♠ s❡♥s♦r✳ ❖ s✐♥❛❧ ❝❛♣t✉r❛❞♦ é ❝♦♥✈❡rt✐❞♦ ❡♠ ✈❛❧♦r❡s ❞❡ ♣✐①❡❧ ❣❡r❛♥❞♦

✉♠❛ ✐♠❛❣❡♠ t♦♣♦❣rá✜❝❛ ❞❛ s✉♣❡r❢í❝✐❡ ❞♦ ♠❛t❡r✐❛❧✳

❯♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛✱ ♣♦r s✉❛ ✈❡③✱ ♥ã♦ ♣♦ss✉✐ ❧❡♥t❡s q✉❡ ❢♦❝❛❧✐③❛♠ ❛ ❧✉③

♦✉ ❢❡✐①❡ ❞❡ ❡❧étr♦♥s ❝♦♠♦ ♥♦s ♠✐❝r♦s❝ó♣✐♦s ó♣t✐❝♦s ❡ ❡❧❡trô♥✐❝♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ ❆❋▼

❝♦♥stró✐ ❛ ✐♠❛❣❡♠ t♦♣♦❣rá✜❝❛ ❛tr❛✈és ❞❡ ✉♠❛ s♦♥❞❛✱ ❝♦❧♦❝❛❞❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ ❛♠♦str❛✱

q✉❡ ♣❡r❝♦rr❡ ✈❛rr❡♥❞♦ t♦❞❛ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ♠❛t❡r✐❛❧✳

❆ t❡❝♥♦❧♦❣✐❛ ♣♦r ✈❛rr❡❞✉r❛ ❞❡ s♦♥❞❛ ✉s❛❞❛ ♣❡❧♦ ❆❋▼ ♣❡r♠✐t❡ ❛♥❛❧✐s❛r ❛♠♦str❛s ❜✐♦❧ó❣✐✲
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❋✐❣✉r❛ ❈✳✷✿ ❊sq✉❡♠❛ s✐♠♣❧✐✜❝❛❞♦ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❡❧❡trô♥✐❝❛ ❞❡ ✈❛rr❡❞✉r❛ ✭❙❊▼✮✳ ❈♦♠✲
♣❛r❛çã♦ ❝♦♠ ♦ ❡sq✉❡♠❛ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ó♣t✐❝♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❈♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s
✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❋♦♥t❡ ❬✾✷❪✳

❋✐❣✉r❛ ❈✳✸✿ ❊sq✉❡♠❛ ❞❡ ✉♠ ♠✐❝r♦s❝ó♣✐♦ ❞❡ ❢♦rç❛ ❛tô♠✐❝❛ ✭❆❋▼✮✳ ❖s ♣r✐♥❝✐♣❛✐s ❝♦♠♣♦✲
♥❡♥t❡s ❡stã♦ ✐♥❞✐❝❛❞♦s ♥❛ ✜❣✉r❛✳ ❋♦♥t❡ ❬✾✸❪✳

❝❛s✱ ❛♠♦str❛s ❡♠ ♠❡✐♦ ❧íq✉✐❞♦ ♦✉ ❡♠ ❛r✱ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝❛r❛❝t❡r✐③❛r ♣r♦♣r✐❡❞❛❞❡s ❡❧étr✐❝❛s✱

♠❛❣♥ét✐❝❛s✱ ó♣t✐❝❛s✱ ❛❞❡s✐✈❛s ❡ ❝♦♠ r❡s♦❧✉çã♦ q✉❡ ♣♦❞❡♠ ❝❤❡❣❛r ❛té ❛ ❡s❝❛❧❛ ❛tô♠✐❝❛✳
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✸ ❙❍❆❘▼❆✱ ❆✳ ❑✳❀ ❏❍❆✱ ❘✳❀ ●❯P❚❆✱ ❇✳ ❉✳ ❋✐❜❡r✲♦♣t✐❝ s❡♥s♦rs ❜❛s❡❞ ♦♥ s✉r❢❛❝❡
♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡✿ ❆ ❝♦♠♣r❡❤❡♥s✐✈❡ r❡✈✐❡✇✳ ■❊❊❊ ❙❡♥s✳ ❏✳✱ ✈✳ ✼✱ ♣✳ ✶✶✶✽✕✶✶✷✾✱ ✷✵✵✼✳

✹ ❍❖▼❖▲❆✱ ❏✐rí❀ ❑❖❯❉❊▲❆✱ ■✈♦❀ ❨❊❊✱ ❙✐♥❝❧❛✐r ❙✳ ❙✉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 ❇✱ ✈✳ ✺✹✱ ♣✳ ✶✻✕✷✹✱ ✶✾✾✾✳

✺ ❙▲❆❱❮❑✱ ❘✳❀ ❍❖▼❖▲❆✱ ❏✳ ❙✐♠✉❧t❛♥❡♦✉s ❡①❝✐t❛t✐♦♥ ♦❢ ❧♦♥❣ ❛♥❞ s❤♦rt r❛♥❣❡ s✉r❢❛❝❡
♣❧❛s♠♦♥s ✐♥ ❛♥ ❛s②♠♠❡tr✐❝ str✉❝t✉r❡✳ ❖♣t✐❝s ❈♦♠♠✉♥✐❝❛t✐♦♥s✱ ✈✳ ✷✺✾✱ ♣✳ ✺✵✼✕✺✶✷✱ ✷✵✵✻✳

✻ ❘❖❍✱ ❙✳❀ ❈❍❯◆●✱ ❚✳❀ ▲❊❊✱ ❇✳ ❖✈❡r✈✐❡✇ ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ♠✐❝r♦✲ ❛♥❞
♥❛♥♦✲str✉❝t✉r❡❞ s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ s❡♥s♦rs✳ ❙❡♥s♦rs✱ ✈✳ ✶✶✱ ♣✳ ✶✺✻✺✕✶✺✽✽✱ ✷✵✶✶✳

✼ ❙❆❉❖❲❙❑■✱ ❏✳❲✳❀ ▲❊❑❑❆▲❆✱ ❏✳❀ ❱■❑❍❖▲▼ ❧✳ ❇✐♦s❡♥s♦rs ❜❛s❡❞ ♦♥ s✉r❢❛❝❡ ♣❧❛s♠♦♥s
❡①❝✐t❡❞ ✐♥ ♥♦♥✲♥♦❜❧❡ ♠❡t❛❧s✳ ❇✐♦s❡♥s♦rs ✫ ❇✐♦❡❧❡❝t♠♥✐❝s✱ ✈✳ ✻✱ ♣✳ ✹✸✾✕✹✹✹✱ ✶✾✾✶✳

✽ ▼■❚❙❯❙❍■❖✱ ▼✳❀ ▼■❨❆❙❍■❚❆✱ ❑✳❀ ❍■●❖✱ ▼✳ ❙❡♥s♦r ♣r♦♣❡rt✐❡s ❛♥❞ s✉r❢❛❝❡
❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ♠❡t❛❧✲❞❡♣♦s✐t❡❞ s♣r ♦♣t✐❝❛❧ ✜❜❡r s❡♥s♦rs ✇✐t❤ ❛✉✱ ❛❣✱ ❝✉✱ ❛♥❞ ❛❧✳
❙❡♥s♦rs ❛♥❞ ❆❝t✉❛t♦rs ❆✱ ✈✳ ✶✷✺✱ ♣✳ ✷✾✻✕✸✵✸✱ ✷✵✵✻✳

✾ ❆❇❇❆❙✱ ❆❜❞❡♥♥♦✉r❀ ▲■◆▼❆◆✱ ▼❛tt❤❡✇ ❏✳❀ ❈❍❊◆●✱ ◗✉❛♥✳ ◆❡✇ tr❡♥❞s ✐♥
✐♥str✉♠❡♥t❛❧ ❞❡s✐❣♥ ❢♦r s✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡✲❜❛s❡❞ ❜✐♦s❡♥s♦rs✳ ❇✐♦s❡♥s♦rs ❛♥❞
❇✐♦❡❧❡❝tr♦♥✐❝s✱ ✈✳ ✷✻✱ ♣✳ ✶✽✶✺✕✶✽✷✹✱ ✷✵✶✶✳
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♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡ ❜✐♦s❡♥s♦rs✿ ❆ r❡✈✐❡✇ ♦❢ r❡❝❡♥t ♣r♦❣r❡ss✳ ❇✐♦s❡♥s♦rs ❛♥❞ ❇✐♦❡❧❡❝tr♦♥✐❝s✱
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