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❇✐❜❧✐♦❣r❛♣❤② ✻✶

✈✐✐



▲✐st ♦❢ ❋✐❣✉r❡s

✶✳✶ ❚❤❡ ♣r♦❣r❡ss✐✈❡ ✉s❡ ♦❢ ❝♦♠♣♦s✐t❡s ✐♥ ❝♦♠♠❡r❝✐❛❧ tr❛♥s♣♦rt ❛✐r❢r❛♠❡ ❬✶❪✳ ✷
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✷✳✸ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ✶✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡ ✭❝✮ ②❛✇

♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✹ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ✺✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡ ✭❝✮ ②❛✇

♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✺ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ✼✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡ ✭❝✮ ②❛✇

♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✻ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ✷ ●❍③ ✐♥ ✭❛✮ P✐t❝❤ ♣❧❛♥❡ ✭❜✮ ❘♦❧❧ ♣❧❛♥❡ ✭❝✮ ❨❛✇

♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✼ ▼♦❞✐✜❡❞ ❛✐r❝r❛❢t ♠♦❞❡❧s✳ ✭❛✮ ❚❛✐❧✲r❡♠♦✈❡❞ ♠♦❞❡❧✳ ✭❜✮ ◆♦✐s❡✲r❡♠♦✈❡❞

♠♦❞❡❧✳ ✭❝✮ ❲✐♥❣s✲r❡♠♦✈❡❞ ♠♦❞❡❧✳ ✭❞✮ ❈❛♥♦♥✐❝❛❧ ♠♦❞❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✷✳✽ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❛ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✶✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡

✭❜✮ r♦❧❧ ♣❧❛♥❡ ✭❝✮ ②❛✇ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺
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✷✳✾ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❛ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✸✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡

✭❜✮ r♦❧❧ ♣❧❛♥❡ ✭❝✮ ②❛✇ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺

✷✳✶✵ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❛ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✹✺✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡

✭❜✮ r♦❧❧ ♣❧❛♥❡ ✭❝✮ ②❛✇ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷✳✶✶ ❊♠♣❡♥♥❛❣❡ ❣❡♦♠❡tr②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷✳✶✷ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❜ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✶✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳
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✷✳✶✸ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❜ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✸✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡
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✷✳✶✹ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❜ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✹✺✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡
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✷✳✶✺ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❝ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✶✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡
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✷✳✶✻ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❝ ❝♦♠♣❛r❡❞ t♦ t❤❡
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✭❜✮ r♦❧❧ ♣❧❛♥❡ ✭❝✮ ②❛✇ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✶✼ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❝ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✹✺✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡
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✷✳✷✵ ■♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❛♥t❡♥♥❛ ♦♥ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❝♦♠♣❛r❡❞ t♦ t❤❡

✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❛♥t❡♥♥❛ ♦♥ t❤❡ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ❛♥❞ ♦♥ ✐♥✜♥✐t❡
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✸✳✷ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ♠❡s❤ ✇✐t❤ λ/5 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤

❝♦♠♣❛r❡❞ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ♠❡s❤ ✇✐t❤ λ/8 tr✐✲

❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤✱ ❛t ✶ ●❍③ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳ ✭❜✮ r♦❧❧ ♣❧❛♥❡✳ ✭❝✮ ②❛✇

♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✸✳✸ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ P❖ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛t✲

t❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ▼▲❋▼▼✱ ❛t ✶✵✵ ▼❍③ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳ ✭❜✮ r♦❧❧

♣❧❛♥❡✳ ✭❝✮ ②❛✇ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✸✳✹ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ P❖ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛t✲

t❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ▼▲❋▼▼✱ ❛t ✹✺✵ ▼❍③ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳ ✭❜✮ r♦❧❧

♣❧❛♥❡✳ ✭❝✮ ②❛✇ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✸✳✺ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ P❖ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛t✲

t❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ▼▲❋▼▼✱ ❛t ✶ ●❍③ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳ ✭❜✮ r♦❧❧ ♣❧❛♥❡✳

✭❝✮ ②❛✇ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✸✳✻ ❈✉rr❡♥t ❞❡♥s✐t② ♦♥ t❤❡ ❛✐r❢r❛♠❡ ❛t ✹✺✵ ▼❍③ ✭❛✮ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ P❖

✭❜✮ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ▼▲❋▼▼✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
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✸✳✼ ❱❛r✐♦✉s ✜rst✲♦r❞❡r ❯❚❉ ✐♥t❡r❛❝t✐♦♥s ✭❛✮ ❉✐r❡❝t s♦✉r❝❡ ✜❡❧❞✳ ✭❜✮ ❊❢✲

❢❡❝t✐✈❡ s♦✉r❝❡ ✜❡❧❞✳ ✭❝✮ ❘❡✢❡❝t❡❞ ✜❡❧❞✳ ✭❞✮ ❊❞❣❡ ❞✐✛r❛❝t❡❞ ✜❡❧❞✳ ✭❡✮

❈✉r✈❡❞ ❥✉♥❝t✐♦♥ ❡❞❣❡ ❞✐✛r❛❝t❡❞ ✜❡❧❞✳ ✭❢✮ ❈♦r♥❡r ❞✐✛r❛❝t❡❞ ✜❡❧❞✳ ❬✷❪ ✳ ✸✾

✸✳✽ ■♥t❡r❛❝t✐♦♥s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ r♦❧❧ ♣❧❛♥❡ ♣❛tt❡r♥✱ t❛❦❡♥

❢r♦♠ ❬✸❪ ✇✐t❤ ♠♦❞✐✜❝❛t✐♦♥s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✸✳✾ ❘♦❧❧ ♣❧❛♥❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❢♦r ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ♦♥ ❛ ❝②❧✐♥❞❡r

♠♦❞❡❧❧✐♥❣ t❤❡ ❛✐r❢r❛♠❡ ❛t ✸✵✵ ▼❍③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✸✳✶✵ ❚❤❡ ❝②❧✐♥❞❡r ❣❡♦♠❡tr② ❢♦r ♠✉t✉❛❧ ❝♦✉♣❧✐♥❣ ❝❛❧❝✉❧❛t✐♦♥ ❬✹❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✸✳✶✶ ❈♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t✇♦ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛s ♦♥ ❛ ❝②❧✐♥❞❡r ✭ka = 10✮ ✭❛✮

δ = 90◦ ✭❜✮ δ = 45◦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✹✳✶ ❆ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ♦♥ ❛ ❤❛❧❢✲❈❋❈✱ ❤❛❧❢✲❛❧✉♠✐♥✉♠ sq✉❛r❡ ❣r♦✉♥❞

♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✹✳✷ ❈✉rr❡♥t ❞❡♥s✐t② ❛t ✸✵ ▼❍③ ✭❛✮ ♦♥ t❤❡ ❤❛❧❢✲❈❋❈✱ ❤❛❧❢✲❛❧✉♠✐♥✉♠ ❣r♦✉♥❞

♣❧❛♥❡ ✭❜✮ ♦♥ t❤❡ ❢✉❧❧✲❛❧✉♠✐♥✉♠ ❣r♦✉♥❞ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✹✳✸ ◆♦r♠❛❧✐③❡❞ ❣❛✐♥ ♣❛tt❡r♥ ❛t ✸✵ ▼❍③ ✐♥ t❤❡ ①③ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✺✳✶ ❚②♣✐❝❛❧ ❞✐s❝♦♥t✐♥✉✐t✐❡s ✐♥ t❤❡ ❛✐r❢r❛♠❡ ❬✺❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✺✳✷ ◗✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ ❛ sq✉❛r❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✭❛✮ ✇✐t❤♦✉t

❝r❛❝❦s ✭❜✮ ✇✐t❤ ❝r❛❝❦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✺✳✸ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✇❤❡♥ d = 0.5λ✱ w = 0.05λ ❛♥❞ ✭❛✮ φ = 360◦ ✭❜✮

φ = 180◦ ✭❝✮ φ = 45◦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✺✳✹ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✇❤❡♥ d = 0.5λ✱ φ = 360◦ ❛♥❞ ✭❛✮ w = 0.1λ ✭❜✮

w = 0.05λ ✭❝✮ w = 0.01λ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✺✳✺ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✇❤❡♥ w = 0.05λ✱ φ = 360◦ ❛♥❞ ✭❛✮ d = 0.05λ ✭❜✮

d = 0.25λ ✭❝✮ d = 0.75λ ✭❞✮ d = 1.25λ ✭❡✮ d = 1.75λ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✺✳✻ ❱❙❲❘ ✈❡rs✉s ❞✐st❛♥❝❡ ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ✇❤❡♥ w = 0.05λ

❛♥❞ φ = 360◦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹
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✺✳✼ ❆ ♥♦t✐♦♥❛❧ ❝r❛❝❦ ✐♥tr♦❞✉❝❡❞ ✐♥t♦ t❤❡ ✶✲♠♠ t❤✐❝❦ ❛✐r❢r❛♠❡ s❦✐♥✳ ✳ ✳ ✳ ✳ ✺✹

✺✳✽ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✼ ❝♦♠♣❛r❡❞ t♦ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✸✵ ▼❍③✱ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡

✭❜✮ r♦❧❧ ♣❧❛♥❡ ✭❝✮ ②❛✇ ♣❧❛♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺
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▲✐st ♦❢ ❚❛❜❧❡s

✸✳✶ ❈♦♠♣❛r✐s♦♥ ♦❢ ❝♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ✉s✐♥❣ t❤❡ ▼▲❋▼▼

✇✐t❤ t❤♦s❡ r❡q✉✐r❡❞ ✉s✐♥❣ t❤❡ ▼♦▼✱ ❢♦r ❛♥❛❧②s✐s ❛t ✶✵✵ ▼❍③✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✸✳✷ ❙♦❧✉t✐♦♥ ❝♦♥✈❡r❣❡♥❝❡ ✉s✐♥❣ ❤②❜r✐❞ ❈❋■❊✲❊❋■❊ ❛♥❞ ❊❋■❊✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✸✳✸ ❙♦❧✉t✐♦♥ ❝♦♥✈❡r❣❡♥❝❡ ❛t ✶ ●❍③✱ ✉s✐♥❣ t❤❡ ❙P❆■ ❛♥❞ ❙✉♣❡r✲▲❯ ♣r❡✲

❝♦♥❞✐t✐♦♥❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✸✳✹ ❈♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ❢♦r ❛♥❛❧②s✐s ❛t ✶ ●❍③ ❢♦r ♠❡s❤❡s

✇✐t❤ λ/8 ❛♥❞ λ/5 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✸✳✺ ❈♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ✉s✐♥❣ P❖✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✸✳✻ ❈♦♠♣❛r✐s♦♥ ♦❢ ❝♦✉♣❧✐♥❣ ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ♠♦❞✐✜❡❞ ❋r✐✐s ❢♦r✲

♠✉❧❛ ✇✐t❤ ❯❚❉ ❛♥❞ ❋❡❦♦ r❡s✉❧ts✳ ✭❛✮ δ = 90◦ ✭❜✮ δ = 45◦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹
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❈❤❛♣t❡r ✶

■♥tr♦❞✉❝t✐♦♥

❚❤❡ ❞❡s✐r❛❜❧❡ ♠❡❝❤❛♥✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❈❛r❜♦♥✲❋✐❜r❡ ❈♦♠♣♦s✐t❡ ✭❈❋❈✮ ♠❛t❡r✐❛❧s

s✉❝❤ ❛s t❤❡✐r ✉♥s✉r♣❛ss❡❞ str❡♥❣t❤✲t♦✲✇❡✐❣❤t r❛t✐♦ ❤❛s ♠❛❞❡ t❤❡s❡ ♠❛t❡r✐❛❧s ❛ s✉✐t❛❜❧❡

❝❛♥❞✐❞❛t❡ ❢♦r ✉s❡ ✐♥ ✇❡✐❣❤t✲s❡♥s✐t✐✈❡ str✉❝t✉r❡s s✉❝❤ ❛✐r❝r❛❢t ❛♥❞ s♣❛❝❡❝r❛❢t✳

❙✐♥❝❡ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✶✾✽✵s✱ ❈❋❈ ♠❛t❡r✐❛❧s ❤❛✈❡ ❜❡❡♥ ♣r♦❣r❡ss✐✈❡❧② r❡♣❧❛❝✐♥❣

♠❡t❛❧❧✐❝ str✉❝t✉r❡s ✐♥ ❝♦♠♠❡r❝✐❛❧ ❛✐r❝r❛❢t✳ ❚❤❡ ✉s❡ ♦❢ t❤❡s❡ ♠❛t❡r✐❛❧s ✐♥ ❝♦♠♠❡r❝✐❛❧

❛✐r❢r❛♠❡s✱ ✐♥✐t✐❛❧❧② ❧✐♠✐t❡❞ t♦ ♥♦♥✲❝r✐t✐❝❛❧ s❡❝♦♥❞❛r② str✉❝t✉r❡s✱ ❤❛✈❡ ❜❡❡♥ ❣r❛❞✉❛❧❧②

❡①t❡♥❞❡❞ t♦ ♣r✐♠❛r② ❡♠♣❡♥♥❛❣❡✱ ✇✐♥❣ ❛♥❞ ❢✉s❡❧❛❣❡ str✉❝t✉r❡s✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✶✳

❚❤❡ r❡❝❡♥t❧② ❞❡✈❡❧♦♣❡❞ ❝♦♠♠❡r❝✐❛❧ ❛✐r❝r❛❢t✱ t❤❡ ❇♦❡✐♥❣ ✼✽✼ ❉r❡❛♠❧✐♥❡r ❛♥❞ ❆✐r❜✉s

❆✸✺✵✱ ✉t✐❧✐③❡ ♠♦r❡ t❤❛♥ ✼✵ ✪ ❝♦♠♣♦s✐t❡✭❈❋❈✮ str✉❝t✉r❡s ❜② ✈♦❧✉♠❡ ❛♥❞ t❤❡s❡ ♠❛✲

t❡r✐❛❧s ✇✐❧❧ ❜❡ ❡✈❡♥ ♠♦r❡ ♣r❡✈❛❧❡♥t ✐♥ ❢✉t✉r❡✲❣❡♥❡r❛t✐♦♥ ❛✐r❝r❛❢t✳

❚❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❡✛❡❝ts ♦❢ ❈❋❈ ♠❛t❡r✐❛❧s ❛♥❞ t❤❡✐r ✐♠♣❛❝t ♦♥ t❤❡ ❢✉♥❝t✐♦♥❛❧✐t②

♦❢ ❛✐r❝r❛❢t ❡❧❡❝tr♦♥✐❝ s②st❡♠s ❤❛✈❡ ❜❡❡♥ t❤❡ s✉❜❥❡❝t ♦❢ r❡s❡❛r❝❤ s✐♥❝❡ t❤❡ ✐♥tr♦❞✉❝t✐♦♥

♦❢ t❤❡s❡ ♠❛t❡r✐❛❧s ✐♥ ❛❡r♦♥❛✉t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❬✻✱ ✼✱ ✽✱ ✾❪✳ ■♥ t❤✐s t❤❡s✐s✱ t❤❡ r❛❞✐❛t✐♦♥

♦❢ ❛♥t❡♥♥❛s ♠♦✉♥t❡❞ ♦♥ ❈❋❈ ❛✐r❝r❛❢t ✐s ✐♥✈❡st✐❣❛t❡❞✳

❚❤❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❈❋❈ ♠❛t❡r✐❛❧s ❛r❡ ❞✐✛❡r❡♥t ❢r♦♠ t❤♦s❡ ♦❢ ♠❡t❛❧ ✭❛❧✉✲

♠✐♥✉♠✮ ✇❤✐❝❤ ✐s ❝♦♥✈❡♥t✐♦♥❛❧❧② ✉s❡❞ ✐♥ ❛✐r❝r❛❢t✳ ❯♥✐❞✐r❡❝t✐♦♥❛❧ ❝❛r❜♦♥ ✜❜r❡ ❧❛②❡rs

❤❛✈❡ ❛♥✐s♦tr♦♣✐❝ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s✱ ❝♦♥s✐st✐♥❣ ♦❢ ❝♦♥❞✉❝t✐♥❣ ❣r❛♣❤✐t❡ ✜❜r❡s ❧②✐♥❣

✶
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❋✐❣✉r❡ ✶✳✶✿ ❚❤❡ ♣r♦❣r❡ss✐✈❡ ✉s❡ ♦❢ ❝♦♠♣♦s✐t❡s ✐♥ ❝♦♠♠❡r❝✐❛❧ tr❛♥s♣♦rt ❛✐r❢r❛♠❡ ❬✶❪✳

✐♥ ❛ ❞✐❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧✱ ✉s✉❛❧❧② ❡♣♦①② r❡s✐♥✳ ❍♦✇❡✈❡r✱ ❜❡❝❛✉s❡ ♦❢ t❤❡✐r ✇❡❛❦ ♠❡❝❤❛♥✲

✐❝❛❧ ♣r♦♣❡rt✐❡s ♥♦r♠❛❧ t♦ t❤❡ ✜❜❡r ❞✐r❡❝t✐♦♥✱ ❈❋❈ ♣❛♥❡❧s t❤❛t ❛r❡ ✉s❡❞ ✐♥ ❛✐r❝r❛❢t

str✉❝t✉r❡s ❛r❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ ♠✉❧t✐❞✐r❡❝t✐♦♥❛❧ ❧❛②✲✉♣s ♦❢ ✉♥✐❞✐r❡❝t✐♦♥❛❧ ❧❛②❡rs ♦r ✇♦✲

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

❡①❤✐❜✐t ❛♥ ✐s♦tr♦♣✐❝ ❝♦♥❞✉❝t✐✈✐t② ♦❢ 1− 2× 104 ❛t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s ❬✽✱ ✶✵❪✳

■♥ ❬✶✶❪✱ ✐t ✐s s❤♦✇♥ t❤❛t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛♥t❡♥♥❛s ♠♦✉♥t❡❞ ♦♥ ✜♥✐t❡ ❝♦♥❞✉❝t✐✈✲

✐t② ❣r♦✉♥❞ ♣❧❛♥❡s ❢♦r ❝♦♥❞✉❝t✐✈✐t✐❡s ❡q✉❛❧ t♦ 104 ✐s ♦♥❧② s❧✐❣❤t❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤❡

❛♥t❡♥♥❛ ♣❡r❢♦r♠❛♥❝❡ ♦♥ ♣❡r❢❡❝t❧② ❝♦♥❞✉❝t✐♥❣ ❣r♦✉♥❞ ♣❧❛♥❡s✳ ❚❤✉s✱ ♣❡r❢❡❝t❧② ❝♦♥✲

❞✉❝t✐♥❣ ♠♦❞❡❧s ❝❛♥ ❜❡ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s❝❛tt❡r✐♥❣ ♣r♦♣❡rt✐❡s

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

t❤❡ s❛♠❡ ♣❛♣❡r ❛♥❞ ❛❧s♦ ✐♥ ❬✻❪ ❛♥❞ ❬✼❪✳ ❚❤❡ ❡①♣❡r✐♠❡♥ts ❝♦♥❞✉❝t❡❞ ✐♥ ❬✻❪ ❛♥❞ ❬✼❪ s❤♦✇

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

♠❛♥❝❡ ❛t ❯❍❋ ❛♥❞ ▲ ❜❛♥❞ ❢r❡q✉❡♥❝✐❡s ✐s ♥♦t ❡ss❡♥t✐❛❧❧② ❞✐✛❡r❡♥t ♦♥ ♠❡t❛❧ ❛♥❞ ❈❋❈

❣r♦✉♥❞ ♣❧❛♥❡s✳ ❚❤✉s✱ t❡❝❤♥✐q✉❡s ✉s❡❞ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s ♦♥ ♠❡t❛❧❧✐❝ ❛✐r❝r❛❢t

❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s ♦♥ ❈❋❈ ❛✐r❝r❛❢t ❛s ✇❡❧❧✳
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◆❡✈❡rt❤❡❧❡ss✱ ❈❋❈ ♠❛t❡r✐❛❧s ❛r❡ ♣r♦♥❡ t♦ ❝r❛❝❦✐♥❣ ✇❤❡♥ ✉s❡❞ ✐♥ ❛❡r♦♥❛✉t✐❝❛❧

❛♣♣❧✐❝❛t✐♦♥s ❬✶❪✳ ❚❤❡ ♠❛tr✐① ❝r❛❝❦s ✇❤✐❝❤ ❣r♦✇ s✐♠✉❧t❛♥❡♦✉s❧② ♠❛② ❥♦✐♥ ❡❛❝❤ ♦t❤❡r

❛♥❞ ♣r♦♣❛❣❛t❡ t❤r♦✉❣❤ t❤❡ ♠❛tr✐①✳ ❋✉rt❤❡r♠♦r❡✱ ✇❤❡♥ ❈❋❈ ♠❛t❡r✐❛❧s ❛r❡ ✉s❡❞ ✐♥

❛✐r❝r❛❢t✱ ❥♦✐♥ts ❛r❡ ✐♥❡✈✐t❛❜❧❡✳ ❚❤❡s❡ ❥♦✐♥ts ❝❛♥ ❜❡ ❜❡t✇❡❡♥ t✇♦ ❈❋❈ ♣❛♥❡❧s ♦r ❈❋❈

❛♥❞ ♠❡t❛❧ ♣❛♥❡❧s ✐♥ ♣❛rt✐❛❧❧② ❝♦♠♣♦s✐t❡ ❛✐r❝r❛❢t✳ ❚❤❡ ✐♠♣❛❝t ♦❢ s❡❛♠s ❛♥❞ ❥♦✐♥ts

✐♥ ❝♦♠♣♦s✐t❡ str✉❝t✉r❡s ♦♥ s❤✐❡❧❞✐♥❣ ❡✛❡❝t✐✈❡♥❡ss r❡❞✉❝t✐♦♥ ❤❛s ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ✐♥

❬✻✱ ✶✷❪✱ ❜✉t t❤❡✐r ✐♠♣❛❝t ♦♥ ❛♥t❡♥♥❛ ♣❡r❢♦r♠❛♥❝❡ ❤❛s ♥♦t ❜❡❡♥ st✉❞✐❡❞✳

❚❤❡ ❝r❛❝❦s ❛♥❞ ❥♦✐♥ts r❡♣r❡s❡♥t ❞✐s❝♦♥t✐♥✉✐t✐❡s ✇❤✐❝❤ ✐♠♣❡❞❡ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t②

♦♥ t❤❡ ❛✐r❢r❛♠❡✬s s✉r❢❛❝❡ ❛t ❝❡rt❛✐♥ ❞✐r❡❝t✐♦♥s✳ ❚❤✐s ❛❧t❡r❛t✐♦♥ ♦❢ ❝✉rr❡♥t ❞❡♥s✐t②

✐♠♣❛❝ts t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡✳ ❆t ♠❡t❛❧✲❈❋❈ ❥♦✐♥ts t❤❡ ❛❧t❡r❛t✐♦♥ ✐♥

t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ✐s ♥♦t ♦♥❧② t❤❡ r❡s✉❧t ♦❢ t❤❡ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❜✉t ❛❧s♦ ❞✉❡ t♦ t❤❡ ❧♦✇❡r

❝♦♥❞✉❝t✐✈✐t② ♦❢ ❈❋❈ ❝♦♠♣❛r❡❞ t♦ ♠❡t❛❧✳ ❆s ❛ ♠❛tt❡r ♦❢ ❢❛❝t✱ ❝♦♠♣♦s✐t❡ ♣♦ss❡ss✐♥❣ ❛

❝♦♥❞✉❝t✐✈✐t② 103 t✐♠❡s ❧♦✇❡r t❤❛♥ s✉rr♦✉♥❞✐♥❣ ❛❧✉♠✐♥✉♠ ❝❛♥ ❛❧t❡r t❤❡ s✉r❢❛❝❡ ❝✉rr❡♥t

❞✐str✐❜✉t✐♦♥ ❡✈❡♥ ✇✐t❤ ✐❞❡❛❧ ❥♦✐♥ts✳ ❚❤✐s ❝❛♥ ❛❧s♦ ✐♠♣❛❝t t❤❡ r❛❞✐❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡

♦❢ t❤❡ ❛♥t❡♥♥❛ ✇❤❡♥ ❧♦❝❛t❡❞ ❝❧♦s❡ t♦ t❤❡ ❥✉♥❝t✐♦♥✳

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

✐s ♠♦❞✐✜❡❞ ✇❤❡♥ ♠♦✉♥t❡❞ ♦♥ ❛♥ ❛✐r❝r❛❢t ❞✉❡ t♦ t❤❡ s❝❛tt❡r✐♥❣ ❜② t❤❡ ❛✐r❢r❛♠❡✳ ❚❤❡

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

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

♦❢ ❛♥t❡♥♥❛s ♦♥ ❛✐r❝r❛❢t ✇❛s ♥♦t ❢❡❛s✐❜❧❡✱ ❛♥t❡♥♥❛s ✇❡r❡ ♣❧❛❝❡❞ ♦♥ ❛✐r❝r❛❢t t❤r♦✉❣❤

✐t❡r❛t✐✈❡ tr✐❛❧ ❛♥❞ ❡rr♦r ❡①♣❡r✐♠❡♥ts ❛t s♦♠❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❧♦❝❛t✐♦♥s ♦r ❜❛s❡❞ ♦♥ s❝❛❧❡

♠♦❞❡❧ ♠❡❛s✉r❡♠❡♥ts✳

❚♦❞❛②✱ ❛❞✈❛♥❝❡♠❡♥ts ✐♥ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡❧❡❝tr♦♠❛❣♥❡t✐❝s ❛♥❞ ❝♦♠♣✉t❡r ♣r♦❝❡ss✲

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

str✉❝t✉r❡s s✉❝❤ ❛s ❛✐r❝r❛❢t ❢♦r ❛ r❛♥❣❡ ♦❢ ❢r❡q✉❡♥❝✐❡s ❬✶✸✱ ✶✹✱ ✶✺❪✳ ❊♠♣❧♦②✐♥❣ ❡❧❡❝tr♦✲

♠❛❣♥❡t✐❝ ♠♦❞❡❧❧✐♥❣ t♦♦❧s✱ ♥❡✇ ❛♥t❡♥♥❛s ♦♥ ♥❡✇ ❛✐r❝r❛❢t ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ t♦ ❛❝❤✐❡✈❡ t❤❡

❞❡s✐r❡❞ r❛❞✐❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡✱ t❤❡ ❝✉rr❡♥t ❧♦❝❛t✐♦♥ ♦❢ ❛♥t❡♥♥❛s ❝❛♥ ❜❡ r❡✈✐s✐t❡❞ ❛♥❞
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♠✉t✉❛❧ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ ❛♥t❡♥♥❛s ♦♥ ❛✐r❝r❛❢t ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ♣r✐♦r t♦ ✐♥st❛❧❧❛t✐♦♥

♦♥ ❛✐r❝r❛❢t✳

❈♦♠♣✉t❡r ♠♦❞❡❧❧✐♥❣ ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ t♦ st✉❞② t❤❡ ❛✐r❢r❛♠❡ s❝❛tt❡r✐♥❣ ♠❡❝❤❛✲

♥✐s♠✳ ■♥ t❤✐s t❤❡s✐s✱ t❤✐s ✐s ❛❝❝♦♠♣❧✐s❤❡❞ ❜② st✉❞②✐♥❣ t❤❡ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡

❛✐r❢r❛♠❡ ❛♥❞ ❛ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♠♦✉♥t❡❞ ♦♥ t❤❡ ❢✉s❡❧❛❣❡ ♦❢ ❛ t②♣✐❝❛❧ ❜✉s✐♥❡ss ❥❡t✳

❚❤❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ s✐♠✉❧❛t❡s ❛ ❜❧❛❞❡ ❛♥t❡♥♥❛✳ ❇❧❛❞❡ ❛♥t❡♥♥❛s ❛r❡ ✉s❡❞ ♦♥ ❛✐r✲

❝r❛❢t ✐♥ ❈♦♠♠✉♥✐❝❛t✐♦♥✱ ◆❛✈✐❣❛t✐♦♥ ❛♥❞ ■❞❡♥t✐✜❝❛t✐♦♥ ✭❈◆■✮ s②st❡♠s ✇❤✐❝❤ r❡q✉✐r❡

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

♣r♦✈✐❞❡ ❜❡tt❡r ❛❡r♦❞②♥❛♠✐❝ ♣r♦♣❡rt✐❡s ❬✶✸❪✳ ❚❤❡ r❛❞✐❛t✐♦♥ ♦❢ t❤❡ ♠♦♥♦♣♦❧❡ ❛t ❱❍❋

❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s ✐s ❛♥❛❧②③❡❞✳ ▼♦❞✐✜❝❛t✐♦♥s ❛r❡ ♠❛❞❡ t♦ t❤❡ ❛✐r❢r❛♠❡ ❣❡♦♠❡✲

tr② ❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ♠♦❞✐✜❝❛t✐♦♥s ♦♥ t❤❡ ❛♥t❡♥♥❛ ♣❡r❢♦r♠❛♥❝❡ ✐s ♦❜s❡r✈❡❞ t♦

st✉❞② t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ s❝❛tt❡r✐♥❣ ❢♦r♠ ❞✐✛❡r❡♥t ♣❛rts ♦❢ t❤❡ ❛✐r❢r❛♠❡ ♦♥ t❤❡ ❛♥t❡♥♥❛

r❛❞✐❛t✐♦♥✳ ❚❤✐s st✉❞② ✐s ✉s❡❢✉❧ ❢♦r ♣♦s✐t✐♦♥✐♥❣ ❛♥t❡♥♥❛s ✐♥ t❤❡ ✐♥✐t✐❛❧ ❞❡s✐❣♥ st❛❣❡ ♦❢

❛♥t❡♥♥❛ ❧❛②♦✉ts ❛♥❞ ❛❧s♦ ❢♦r ❞❡✈❡❧♦♣✐♥❣ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ♦❢ t❤❡ ❛✐r❝r❛❢t ❣❡♦♠❡tr②

❢♦r ❛♥t❡♥♥❛ ❛♥❛❧②s✐s✳ ❙✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ♦❢ t❤❡ ❛✐r❝r❛❢t ❝❛♥ ✐♥❝r❡❛s❡ t❤❡ ❡✣❝✐❡♥❝② ♦❢

♦❜t❛✐♥✐♥❣ t❤❡ s♦❧✉t✐♦♥ ❜② r❡❞✉❝✐♥❣ t❤❡ ❤✉♠❛♥ ❡✛♦rt r❡q✉✐r❡❞ t♦ ❝r❡❛t❡ t❤❡ ♠♦❞❡❧ ❛♥❞

❛❧s♦ ❜② r❡❞✉❝✐♥❣ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦st ✐♥ t❤❡ ❝❛s❡ ♦❢ ❜❡✐♥❣ ♦❢ s♠❛❧❧❡r s✐③❡ t❤❛♥ t❤❡

♦r✐❣✐♥❛❧ ♠♦❞❡❧✳ ▼♦r❡♦✈❡r✱ ❛ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ♦♥❧② ❝♦♥s✐st✐♥❣ ♦❢ ❝❡rt❛✐♥ s❤❛♣❡s ❛❧❧♦✇s

t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❡♠♣❧♦②✐♥❣ s♦♠❡ ♥✉♠❡r✐❝❛❧ ♠❡t❤♦❞s t❤❛t ❝❛♥♥♦t ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡

♦r✐❣✐♥❛❧ ❣❡♦♠❡tr②✳

❖t❤❡r t❤❛♥ ❣❡♦♠❡tr② ♠♦❞❡❧❧✐♥❣✱ t❤❡ ❡✣❝✐❡♥❝② ♦❢ ❛ ♥✉♠❡r✐❝❛❧ s♦❧✉t✐♦♥ ❞❡♣❡♥❞s ♦♥

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

❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s ♦♥ ❛✐r❝r❛❢t ❛t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s ❛r❡ t❤❡ ▼✉❧t✐❧❡✈❡❧ ❋❛st

▼✉❧t✐♣♦❧❡ ▼❡t❤♦❞ ✭▼▲❋▼▼✮ ❬✶✻❪✱ P❤②s✐❝❛❧ ❖♣t✐❝s ✭P❖✮ ❬✶✼❪ ❛♥❞ t❤❡ ❯♥✐❢♦r♠ ❚❤❡♦r②

♦❢ ❉✐✛r❛❝t✐♦♥ ✭❯❚❉✮ ❬✶✸❪✳ P❖ ❛♥❞ ❯❚❉ ❛r❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛s②♠♣t♦t✐❝ t❡❝❤♥✐q✉❡s✳

❚❤❡ ▼▲❋▼▼ ✐s ❛ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡✣❝✐❡♥t ❛❧t❡r♥❛t✐✈❡ t♦ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ▼❡t❤♦❞

♦❢ ▼♦♠❡♥ts ✭▼♦▼✮✳ ■t ❛❧❧♦✇s ❢✉❧❧✲✇❛✈❡ ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s ♦♥ ❡❧❡❝tr✐❝❛❧❧② ❧❛r❣❡
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str✉❝t✉r❡s✱ s✉❝❤ ❛s ❛✐r❝r❛❢t ❛t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s✱ t❤❛t ❝❛♥♥♦t ❜❡ s♦❧✈❡❞

✉s✐♥❣ t❤❡ ❝❧❛ss✐❝ ▼♦▼✳ ❚❤❡ ▼♦▼✲❜❛s❡❞ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s✐♠✉❧❛t✐♦♥ s♦❢t✇❛r❡✱ ❋❡❦♦

❬✶✽❪✱ ✐♥❝❧✉❞❡s t❤❡ ♣❛r❛❧❧❡❧ ▼▲❋▼▼ t❡❝❤♥♦❧♦❣② ❢♦r ❣❡♥❡r❛❧ ✸❉ str✉❝t✉r❡s ❛♥❞ ✐s ✉s❡❞

✐♥ t❤✐s t❤❡s✐s✳ ❚❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ ▼♦▼ ❛♥❞ ▼▲❋▼▼ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s ♦♥

❛✐r❝r❛❢t ❤❛s ❜❡❡♥ ✈❡r✐✜❡❞ t❤r♦✉❣❤ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♠❡❛s✉r❡♠❡♥ts ❬✶✸✱ ✶✾❪✳

■♥ t❤✐s t❤❡s✐s✱ ❝♦♠♣❧✐❝❛t✐♦♥s ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ❛❜♦✈❡✲♠❡♥t✐♦♥❡❞ ♥✉♠❡r✐❝❛❧ t❡❝❤♥✐q✉❡s

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

▼▲❋▼▼ ✐s ❝♦♥s✐❞❡r❡❞ t❤❡ ♠♦st ❛❝❝✉r❛t❡ t❡❝❤♥✐q✉❡ ❛♥❞ t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ t✇♦ ♦t❤❡r

t❡❝❤♥✐q✉❡s ❛r❡ ❡①❛♠✐♥❡❞ t❤r♦✉❣❤ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ▼▲❋▼▼✳

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

✐♥ t❤✐s t❤❡s✐s✳ ■♥ ♦r❞❡r t♦ ❜❛s✐❝❛❧❧② ✐♥✈❡st✐❣❛t❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝r❛❝❦s ❛♥❞ ❥♦✐♥ts ♦♥ t❤❡

❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥✱ s✐♠♣❧❡ ❝❛s❡s ♦❢ ♠♦♥♦♣♦❧❡s ♦♥ sq✉❛r❡ ❣r♦✉♥❞ ♣❧❛♥❡s ❛r❡ ❛♥❛❧②③❡❞✳

❉✉❡ t♦ t❤❡ s✐♠♣❧✐❝✐t② ♦❢ t❤❡ str✉❝t✉r❡✱ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❝r❛❝❦s ❛♥❞ ❥✉♥❝t✐♦♥s ♦♥ t❤❡

❛♥t❡♥♥❛ ♣❡r❢♦r♠❛♥❝❡ ❝❛♥ ❜❡ ❝❧❡❛r❧② ♦❜s❡r✈❡❞✳

❚❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ t❤❡s✐s ✐s ❛s ❢♦❧❧♦✇s✿ ❈❤❛♣t❡r ✷ ❞❡❛❧s ✇✐t❤ ✐ss✉❡s r❡❣❛r❞✐♥❣

♠♦❞❡❧❧✐♥❣ t❤❡ ❛✐r❝r❛❢t ❣❡♦♠❡tr② ❢♦r ❛♥t❡♥♥❛ ❛♥❛❧②s✐s✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡

❛✐r❢r❛♠❡ ❛♥❞ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♠♦✉♥t❡❞ ♦♥ ❛ ❜✉s✐♥❡ss ❛✐r❝r❛❢t ❛r❡

st✉❞✐❡❞✳ ❚❤❡ ❈❆❉ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❝r❛❢t ✇❛s ❢✉r♥✐s❤❡❞ ❜② ❇♦♠❜❛r❞✐❡r ❆❡r♦s♣❛❝❡

❬✷✵❪ ✐♥ ❛ ❝♦❧❧❛❜♦r❛t✐✈❡ ♣r♦❥❡❝t✳ ❚❤❡ r❛❞✐❛t✐♦♥ ♦❢ t❤❡ ❛♥t❡♥♥❛ ♦♥ ❛ ❝❛♥♦♥✐❝❛❧ ♠♦❞❡❧ ♦❢

t❤❡ ❛✐r❝r❛❢t✱ ♠❛❞❡ ✉s✐♥❣ t❤❡ s✐♠♣❧❡ t♦♦❧s ❛✈❛✐❧❛❜❧❡ ✐♥ ❋❡❦♦✬s ❣❡♦♠❡tr② ❧✐❜r❛r②✱ ✐s ❛❧s♦

st✉❞✐❡❞✳ ❈❤❛♣t❡r ✸ ❞❡❛❧s ✇✐t❤ t❤❡ ♥✉♠❡r✐❝❛❧ t❡❝❤♥✐q✉❡s s✉✐t❡❞ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s

♦♥ ❛✐r❝r❛❢t ❛t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s✱ ✐✳❡✳✱ t❤❡ ▼▲❋▼▼✱ P❖ ❛♥❞ ❯❚❉✳ ❈❤❛♣t❡r ✹

✐♥✈❡st✐❣❛t❡s t❤❡ ✐♠♣❛❝t ♦❢ ✐❞❡❛❧ ❈❋❈✲♠❡t❛❧ ❥✉♥❝t✐♦♥s ♦♥ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥✳ ❈❤❛♣t❡r

✺ st✉❞✐❡s t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❞✉❡ t♦ ❝r❛❝❦s ❛♥❞ s❡❛♠s ♦♥ t❤❡ ❛♥t❡♥♥❛

r❛❞✐❛t✐♦♥✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝r❛❝❦s ♦❢ ❞✐✛❡r❡♥t s✐③❡s ❛♥❞ ❛t ❞✐✛❡r❡♥t ❞✐st❛♥❝❡s ♦♥ t❤❡

❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ✐s ❛♥❛❧②③❡❞✳ ❚❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❢♦r ❛ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ t❤❡

❛✐r❝r❛❢t ✇❤❡♥ ❛ ♥♦t✐♦♥❛❧ ❝r❛❝❦ ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ ❛✐r❢r❛♠❡ ✐s ❛❧s♦ ❞❡♠♦♥str❛t❡❞✳
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❋✐♥❛❧❧②✱ ❝♦♥❝❧✉s✐♦♥s ❛r❡ ❞r❛✇♥ ✐♥ ❈❤❛♣t❡r ✻✳

❙♦♠❡ ♦❢ t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐s❤❡❞ ✐♥ ❬✷✶❪✳



❈❤❛♣t❡r ✷

●❡♦♠❡tr② ▼♦❞❡❧❧✐♥❣

❆♥t❡♥♥❛s ❛r❡ ✉s❡❞ ✐♥ ❛✐r❜♦r♥❡ ♣❧❛t❢♦r♠s ❢♦r ♠❛♥✐❢♦❧❞ ♣✉r♣♦s❡s✳ ❚❤❡ r❛❞✐❛t✐♦♥ ♦❢

❛♥ ❛♥t❡♥♥❛ ✐s ♠♦❞✐✜❡❞ ✇❤❡♥ ♠♦✉♥t❡❞ ♦♥ ❛♥ ❛✐r❝r❛❢t✳ ❙❝❛tt❡r✐♥❣ ❜② t❤❡ ❛✐r❢r❛♠❡

❝❛✉s❡s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛♥ ❛♥t❡♥♥❛ ♠♦✉♥t❡❞ ♦♥ ❛✐r❝r❛❢t t♦ ❞✐✛❡r ❢r♦♠ t❤❡ ❛♥t❡♥♥❛

♣❡r❢♦r♠❛♥❝❡ ✐♥ ✐ts ❝♦♥✈❡♥t✐♦♥❛❧ s❡tt✐♥❣ ✭✉s✉❛❧❧② ♦♥ ❛ ✢❛t ❣r♦✉♥❞ ♣❧❛♥❡ ♦r ✐♥ ❢r❡❡

s♣❛❝❡✮✳

❚❤❡ r❛❞✐❛t✐♦♥ ♦❢ ❛✐r❝r❛❢t ❛♥t❡♥♥❛s ❝❛♥ ❜❡ ❡①❛♠✐♥❡❞ t❤r♦✉❣❤ ♠❡❛s✉r❡♠❡♥ts ♦♥ r❡❛❧

❛✐r❝r❛❢t ♦r s❝❛❧❡❞ ♠♦❞❡❧s✳ ❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❡①♣❡♥s✐✈❡✱ ❞✐✣❝✉❧t t♦ ♣❡r❢♦r♠ ❛♥❞

❝❛♥ ♦♥❧② ❞❡t❡r♠✐♥❡ t❤❡ r❛❞✐❛t✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s ❛t ❛ ❧✐♠✐t❡❞ ♥✉♠❜❡r ♦❢ ❢r❡q✉❡♥❝✐❡s

❛♥❞ ❝✉ts✳ ❈♦♠♣✉t❡r ♠♦❞❡❧❧✐♥❣ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❛♥❛❧②③❡ t❤❡ r❛❞✐❛t✐♦♥ ✐♥ ❛♥② ❞❡s✐r❡❞

❝✉t ❛♥❞ ❛t ❛ r❡❞✉❝❡❞ ❝♦st✳

❆ ❈❆❉ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❢r❛♠❡ ✐s r❡q✉✐r❡❞ ❢♦r ♣❡r❢♦r♠✐♥❣ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s✐♠✉❧❛✲

t✐♦♥ t♦ ❛♥❛❧②③❡ t❤❡ r❛❞✐❛t✐♦♥ ♦❢ ❛♥ ❛♥t❡♥♥❛ ♣❧❛❝❡❞ ♦♥ t❤❡ ❛✐r❝r❛❢t✳ ❉❡t❛✐❧❡❞ ♠♦❞❡❧❧✐♥❣

♦❢ ❛ ❝♦♠♣❧❡① ❣❡♦♠❡tr② s✉❝❤ ❛s ❛♥ ❛✐r❝r❛❢t ❝❛♥ ❜❡ tr✉❧② ❝✉♠❜❡rs♦♠❡ ✐❢ ♥♦t ✐♠♣♦ss✐❜❧❡✳

❚❤❡ ❞r❛✇✐♥❣ t♦♦❧s ❛✈❛✐❧❛❜❧❡ ✐♥ ❊▼ s✐♠✉❧❛t✐♦♥ ♣❛❝❦❛❣❡s ❛r❡ ♥♦t ❣❡♥❡r❛❧❧② s✉✐t❡❞ ❢♦r

❞r❛✇✐♥❣ ♦❜❥❡❝ts ♦❢ ❣r❡❛t ❝♦♠♣❧❡①✐t②✳ ■♥ s♦♠❡ ❊▼ s♦❢t✇❛r❡ ♣❛❝❦❛❣❡s s✉❝❤ ❛s ❋❡❦♦✱

♣r❡✲❞r❛✇♥ ♦❜❥❡❝ts ❝❛♥ ❜❡ ✐♠♣♦rt❡❞✳ ❍♦✇❡✈❡r✱ ♦♥❧② s♣❡❝✐✜❝ ✜❧❡ ❢♦r♠❛ts ❝❛♥ ❜❡ ✐♠✲

♣♦rt❡❞ t♦ t❤❡ s♦❢t✇❛r❡ ❛♥❞ ❡✈❡♥ ✇✐t❤ t❤❡ r✐❣❤t ✜❧❡ ❢♦r♠❛ts✱ ❡rr♦rs ♠✐❣❤t ❜❡ ❞✐s♣❧❛②❡❞

✼
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❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✇❛② t❤❡ ♦❜❥❡❝t ✐s ❞r❛✇♥ ✐♥ t❤❡ ❞r❛✇✐♥❣ s♦❢t✇❛r❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱

t❤❡r❡ ✐s ♦❢t❡♥ ❞✐✣❝✉❧t② ✐♥ ♣r♦♣❡r ♠❡s❤✐♥❣ ♦❢ t❤❡ ❝♦♠♣❧❡① ❣❡♦♠❡tr② ✐♥ t❤❡ ❊▼ s♦❢t✲

✇❛r❡✳ ❚❤❡ ♣r♦❜❧❡♠❛t✐❝ ♠❡s❤ ❡❧❡♠❡♥ts ♥❡❡❞ t♦ ❜❡ ✜①❡❞ ❛♥❞ t❤✐s ♠❛② ♥♦t ❜❡ ❡❛s② ♦r

❢❡❛s✐❜❧❡✳ ❆ ♠❡s❤✐♥❣ s♦❢t✇❛r❡ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♠❡s❤ t❤❡ ❛✐r❝r❛❢t ❞r❛✇♥ ♠♦❞❡❧ s♦ t❤❛t

t❤❡ ❛❜♦✈❡ ♣r♦❜❧❡♠s ❛r❡ ❛✈♦✐❞❡❞✳ ❚❤❡ ♠❡s❤ ❝♦♦r❞✐♥❛t❡s ❝❛♥ t❤❡♥ ❜❡ ✐♠♣♦rt❡❞ t♦ t❤❡

❊▼ s♦❢t✇❛r❡ ❬✷✷❪✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡r❡ ✐s st✐❧❧ ♥❡❡❞ ❢♦r ❛ s✉✐t❛❜❧❡ t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧

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

❡❧❡❝tr♦♠❛❣♥❡t✐❝s ✭❈❊▼✮ ❡♥❣✐♥❡❡r✳

❚❤❡ q✉❡st✐♦♥ t❤❡♥ ❛r✐s❡s✿ ❤♦✇ ♠✉❝❤ ✇♦✉❧❞ t❤❡ r❡s✉❧t ❝❤❛♥❣❡ ✐❢ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s

♦❢ t❤❡ ❛✐r❝r❛❢t ❛r❡ ✉s❡❞❄ ❚❤❡ ❈❆❉ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❝r❛❢t ♠✉st ❜❡ r✐❣♦r♦✉s ❡♥♦✉❣❤ s♦

t❤❛t t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ♣r♦❞✉❝❡❞ r❡s✉❧ts ✐s ♥♦t ❝♦♠♣r♦♠✐s❡❞✳ ❍♦✇❡✈❡r✱ ❛s ✇✐❧❧ ❜❡

s❡❡♥✱ ♥♦t ❛❧❧ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❞❡t❛✐❧s ❛r❡ ♥❡❝❡ss❛r② t♦ ♦❜t❛✐♥ r❡s✉❧ts ✇✐t❤✐♥ ❡♥❣✐♥❡❡r✐♥❣

❛❝❝✉r❛❝②✳ ❚❤❡♥✱ ❤♦✇ ❝❛♥ ♦♥❡ ❞❡❝✐❞❡ ♦♥ ❛ ✈❛❧✐❞ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❢r❛♠❡❄

❚❤✐s ❝❤❛♣t❡r ❛❞❞r❡ss❡s t❤❡s❡ q✉❡st✐♦♥s ❜② st✉❞②✐♥❣ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡

❛✐r❢r❛♠❡ ❛♥❞ ❛ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ✐♥st❛❧❧❡❞ ♦♥ t❤❡ ❢✉s❡❧❛❣❡✳ ❚❤❡ ❢✉s❡❧❛❣❡ ❢♦r♠s ❛♥ ✐♠✲

♣❡r❢❡❝t ❣r♦✉♥❞ ♣❧❛♥❡ ❢♦r t❤❡ ❛♥t❡♥♥❛ ❛♥❞ t❤❡ ♦❜str✉❝t✐♦♥s ❛r♦✉♥❞ t❤❡ ❛♥t❡♥♥❛ ❝❛✉s❡

r❡✢❡❝t✐♦♥ ❛♥❞ ❞✐✛r❛❝t✐♦♥✳ ❚❤✉s✱ t❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❛♥❞ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡

♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ❛r❡ ♠♦❞✐✜❡❞✳ ❚❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❛✐r❢r❛♠❡ ♦♥ t❤❡ ❛❜♦✈❡✲♠❡♥t✐♦♥❡❞

❝❤❛r❛❝t❡r✐st✐❝s ✐s st✉❞✐❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳ ❚❤❡ st✉❞② ❣✐✈❡s ❛ ❣♦♦❞ ♣❤②s✐❝❛❧ ✉♥❞❡r✲

st❛♥❞✐♥❣ ♦❢ t❤❡ ❛✐r❢r❛♠❡ s❝❛tt❡r✐♥❣ ♠❡❝❤❛♥✐s♠ ❛♥❞ ❤❡♥❝❡ t❤❡ ❦♥♦✇❧❡❞❣❡ ❜❛s❡❞ ✉♣♦♥

✇❤✐❝❤ ✈❛❧✐❞ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ♦❢ t❤❡ ❛✐r❝r❛❢t ❣❡♦♠❡tr② ❝❛♥ ❜❡ ❞❡✈❡❧♦♣❡❞ ❢♦r ❛♥t❡♥♥❛

❛♥❛❧②s❡s✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t ♣✉r♣♦s❡s ♦❢ s✐♠♣❧✐✜❝❛t✐♦♥ ♦❢ ❛✐r❝r❛❢t ❣❡♦♠❡tr② ❣♦

❜❡②♦♥❞ ❡❛s② ❞r❛✇✐♥❣ ✐♥ t❤❡ ❊▼ s♦❢t✇❛r❡✳ ❆ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ♦♥❧② ❝♦♥s✐st✐♥❣ ♦❢ ❝❡r✲

t❛✐♥ s❤❛♣❡s ❛❧❧♦✇s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❡♠♣❧♦②✐♥❣ t❤❡ ♥✉♠❡r✐❝❛❧ ♠❡t❤♦❞s t❤❛t ❝❛♥♥♦t

❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ♦r✐❣✐♥❛❧ ❣❡♦♠❡tr②✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡✣❝✐❡♥❝② ❝❛♥

❜❡ ❣r❡❛t❧② ✐♠♣r♦✈❡❞ ✐❢ t❤❡ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ✐s ♦❢ ❛ s♠❛❧❧❡r s✐③❡ t❤❛♥ t❤❡ ♦r✐❣✐♥❛❧ ❛✐r✲

❝r❛❢t ♠♦❞❡❧✳ ❙✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ ❢♦r s❝❛❧❡❞ ♠♦❞❡❧ ♠❡❛s✉r❡♠❡♥ts ✇❤❡♥
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❋✐❣✉r❡ ✷✳✶✿ ❈❆❉ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❝r❛❢t✳

♠❛❦✐♥❣ ❞❡t❛✐❧❡❞ s❝❛❧❡❞ ♠♦❞❡❧s ♦❢ t❤❡ ❛✐r❝r❛❢t ✐s ❞✐✣❝✉❧t ❛♥❞ t✐♠❡ ❝♦♥s✉♠✐♥❣✳

❚❤❡ ❈❆❉ ♠♦❞❡❧ ♦❢ ❛ t②♣✐❝❛❧ ❇♦♠❜❛r❞✐❡r ❜✉s✐♥❡ss ❛✐r❝r❛❢t ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶✳ ❆

q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ✐s ♠♦✉♥t❡❞ ♦♥ t♦♣ ♦❢ t❤❡ ❢✉s❡❧❛❣❡ ❢♦r✇❛r❞ ♦❢ t❤❡ ✇✐♥❣s✳ ❚❤❡

❛✐r❝r❛❢t ✐s ♠♦❞❡❧❧❡❞ ❛s ❛ ♣❡r❢❡❝t ❡❧❡❝tr✐❝ ❝♦♥❞✉❝t♦r ✭P❊❈✮✳ ❚❤❡ ❛✐r❝r❛❢t ❤❛s ❛♥ ❛♣✲

♣r♦①✐♠❛t❡ ❝❛❜✐♥ r❛❞✐✉s ♦❢ ✶✳✸✽ ♠❡t❡rs✱ ❛ ❝❛❜✐♥ ❧❡♥❣t❤ ♦❢ ✷✺✳✽✺ ♠❡t❡rs ❛♥❞ ❛ ✇✐♥❣s♣❛♥

♦❢ ✷✼✳✽ ♠❡t❡rs✳

❚❤❡ ❣❡♦♠❡tr② ✇❛s ❞r❛✇♥ ✐♥ ❙♦❧✐❞✇♦r❦s ❬✷✸❪ ❛♥❞ t❤❡♥ ✐♠♣♦rt❡❞ t♦ t❤❡ ❊▼ s✐♠✉❧❛✲

t✐♦♥ s♦❢t✇❛r❡✱ ❋❡❦♦✳ ❚❤❡ ♠♦❞❡❧ ✇❛s ✐♠♣♦rt❡❞ t♦ ❋❡❦♦ ✇✐t❤♦✉t ♠✉❝❤ ❞✐✣❝✉❧t✐❡s s✐♥❝❡

♣❛r❛s♦❧✐❞ ✜❧❡s ❝❛♥ ❜❡ ❡❛s✐❧② ✐♠♣♦rt❡❞ t♦ t❤❡ ❋❡❦♦ ❣r❛♣❤✐❝❛❧ ✉s❡r ✐♥t❡r❢❛❝❡✱ ❈❛❞❢❡❦♦✳

❆ ❢❡✇ ❡rr♦rs ♦❝❝✉rr❡❞ ❛❢t❡r t❤❡ ❣❡♦♠❡tr② ✇❛s ✐♠♣♦rt❡❞✳ ▲✉❝❦✐❧②✱ t❤❡ ❡rr♦rs ❝♦✉❧❞ ❜❡

q✉✐t❡ ❡❛s✐❧② ❡❧✐♠✐♥❛t❡❞ ✐♥ ❋❡❦♦ ❜② ❞❡❧❡t✐♥❣ t❤❡ ♦✈❡r❧❛♣♣✐♥❣ s✉r❢❛❝❡s✳

❚❤❡ ❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞ ❛t ❞✐✛❡r❡♥t ❢r❡q✉❡♥❝✐❡s ✐♥ t❤❡ ❱❍❋ ❛♥❞ ❯❍❋ r❛♥❣❡✳ ❚❤❡

❣❡♦♠❡tr② ❝♦✉❧❞ ❜❡ ♠❡s❤❡❞ s✉❝❝❡ss❢✉❧❧② ✐♥ ❋❡❦♦ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳ ❆t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✱

❤♦✇❡✈❡r✱ ♠❡s❤✐♥❣ ❝r❡❛t❡s ♣r♦❜❧❡♠s✳ ❆t t❤❡s❡ ❢r❡q✉❡♥❝✐❡s✱ t❤❡ λ

10
✲s✐③❡ ♠❡s❤✐♥❣ ♦❢ t❤❡

❣❡♦♠❡tr② ❝❛✉s❡s ♠❡s❤ ❝♦✐♥❝✐❞❡♥t ✈❡rt✐❝❡s ❛❧♦♥❣ t❤❡ s❤❛r♣ ❡❞❣❡s ✇❤✐❝❤ ❧❡❛❞ t♦ t❤❡

s✐♥❣✉❧❛r ✜❡❧❞ ❡rr♦r ♦♥ t❤❡s❡ ❡❞❣❡s✳ ❋♦rt✉♥❛t❡❧②✱ t❤❡ ♣r♦❜❧❡♠ ❝❛♥ ❜❡ ✜①❡❞ ✉s✐♥❣ t❤❡

♠❡s❤ ✜①✐♥❣ t♦♦❧s ❛✈❛✐❧❛❜❧❡ ✐♥ ❋❡❦♦✳

❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❛r❡ ♣r♦❞✉❝❡❞ ✉s✐♥❣ t❤❡ ▼✉❧t✐❧❡✈❡❧ ❋❛st ▼✉❧t✐✲

♣♦❧❡ ▼❡t❤♦❞ ✭▼▲❋▼▼✮✳ ❚❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ ▼▲❋▼▼ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛✐r❝r❛❢t ❛♥t❡♥♥❛s
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❛t ❯❍❋ ❛♥❞ ❱❍❋ ❢r❡q✉❡♥❝✐❡s ❤❛s ❜❡❡♥ ✈❡r✐✜❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ t❤r♦✉❣❤ ❝♦♠♣❛r✐s♦♥

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

❜② ✏♣♦st❞✐❝t✐♦♥✑✳ ❚❤❡ ❝♦♥❝❡♣t ♦❢ ✏♣♦st❞✐❝t✐♦♥✑ ❢♦r♠✉❧❛t❡❞ ✐♥ ❬✶✸❪ ✐s t❤❛t ✐❢ ❝♦♠♣✉t❛✲

t✐♦♥s ♦❜t❛✐♥❡❞ ✇✐t❤ ❛ ❈❆❉ ♠♦❞❡❧ ♦❢ ❛♥ ❛✐r❢r❛♠❡ ❝♦rr❡❧❛t❡s ✇✐t❤ t❤❡ ♠❡❛s✉r❡♠❡♥ts✱ ✐t

✐s t❤❡♥ ❛❝❝❡♣t❡❞ t❤❛t t❤❡ ❝♦♠♣✉t❛t✐♦♥s ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❈❆❉ ♠♦❞❡❧ ♦❢ t❤❡ ♠♦❞✐✜❡❞

❛✐r❢r❛♠❡ ✇♦✉❧❞ ❛❧s♦ ❝♦rr❡❧❛t❡ ✇✐t❤ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤♦✉t t❤❡ ♥❡❡❞ t♦ ✉♥❞❡rt❛❦❡ t❤❡

♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ♠♦❞✐✜❡❞ ❛✐r❢r❛♠❡✳

❆❧❧ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❛r❡ ♥♦r♠❧✐③❡❞ ❣❛✐♥ ✭t♦t❛❧✮ ♣❛tt❡r♥s✳

✷✳✶ ❘❛❞✐❛t✐♦♥ P❛tt❡r♥

❚❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ✇❤❡♥ ♠♦✉♥t❡❞ ♦♥ t♦♣ ♦❢ t❤❡ ❢✉s❡❧❛❣❡

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

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

♦❜str✉❝t✐♦♥s ❛r♦✉♥❞ t❤❡ ❛♥t❡♥♥❛ ✇❤✐❝❤ ❝❛♥ ❝❛✉s❡ ❜❧♦❝❦❛❣❡✱ r❡✢❡❝t✐♦♥ ❛♥❞ ❞✐✛r❛❝t✐♦♥

❛♥❞ ❤❡♥❝❡ ❛✛❡❝t t❤❡ r❛❞✐❛t✐♦♥ ♦❢ t❤❡ ❛♥t❡♥♥❛✳ ❚❤✉s✱ t❤❡ ♣❛tt❡r♥ ♦❢ ❛♥ ❛♥t❡♥♥❛ ♦♥ ❛♥

❛✐r❝r❛❢t ✐s ❛✛❡❝t❡❞ ❜② ✜rst ♦r❞❡r ❡✛❡❝ts✱ ✐✳❡✳ ❧✐♥❡ ♦❢ s✐❣❤t ✭▲❖❙✮ r❛❞✐❛t✐♦♥ ❛♥❞ ✜rst✲

♦r❞❡r r❡✢❡❝t✐♦♥✱ ❛s ✇❡❧❧ ❛s ❞✐✛r❛❝t✐♦♥✱ ❝r❡❡♣✐♥❣ r❛②s ❛♥❞ ❤✐❣❤❡r ♦r❞❡r ✐♥t❡r❛❝t✐♦♥s✳ ■♥

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

❋✐❣✉r❡s ✷✳✷ t♦ ✷✳✻ s❤♦✇ t❤❡ ♠♦♥♦♣♦❧❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ❞✐✛❡r❡♥t ❱❍❋ ❛♥❞ ❯❍❋

❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✐s st✉❞✐❡❞ ✐♥ t❤r❡❡ ♣r✐♥❝✐♣❛❧ ♣❧❛♥❡s✱ ♥❛♠❡❧② r♦❧❧✱

♣✐t❝❤ ❛♥❞ ②❛✇ ♣❧❛♥❡s✳ ❚❤❡ ❡❧❡❝tr✐❝❛❧ s✐③❡ ♦❢ t❤❡ ❛✐r❢r❛♠❡ ❛♥❞ ❡❧❡❝tr✐❝❛❧ ❞✐st❛♥❝❡ ♦❢

t❤❡ ✇✐♥❣s✱ t❛✐❧✱ ♥♦s❡ ❛♥❞ ♦t❤❡r ♣❛rts ♦❢ t❤❡ ❛✐r❢r❛♠❡ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ❞❡♣❡♥❞ ♦♥ t❤❡

❢r❡q✉❡♥❝②✳ ❚❤✉s✱ ❜② ♦❜s❡r✈✐♥❣ ❤♦✇ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❝❤❛♥❣❡s ❛s t❤❡ ❢r❡q✉❡♥❝②

❝❤❛♥❣❡s✱ ♦♥❡ ❝❛♥ ❣❡t s♦♠❡ ❜❛s✐❝ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❛✐r❢r❛♠❡ s❝❛tt❡r✐♥❣ ♠❡❝❤❛♥✐s♠✳

■t ✐s s❡❡♥ t❤❛t ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✱ t❤❡ ♥✉♠❜❡r ♦❢ r✐♣♣❧❡s ✐♥ t❤❡ ♣❛tt❡r♥

✐♥❝r❡❛s❡s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s t❤❡ ✇❛✈❡❧❡♥❣t❤ ❣❡ts s♠❛❧❧❡r ❛♥❞
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❤❡♥❝❡ t❤❡r❡ ❛r❡ ♠♦r❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ♠✉❧t✐♣❛t❤ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ♣❛rts

♦❢ t❤❡ ❛✐r❢r❛♠❡ ❛r♦✉♥❞ t❤❡ ❛✐r❝r❛❢t✳

❆❞❞✐t✐♦♥❛❧❧②✱ ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✱ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛♣♣r♦❛❝❤❡s t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ ❛ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ❧♦❝❛t❡❞ ♦♥ ❛ ✢❛t ❣r♦✉♥❞ ❬✷✹❪✳ ❚❤✐s ✇❛s

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

r❡s❡♠❜❧✐♥❣ ❛ ✢❛t ❣r♦✉♥❞ ♣❧❛♥❡✳ ❆❧s♦✱ ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s t❤❡ ♦❜str✉❝t✐♦♥s ❛r❡ ❧♦✲

❝❛t❡❞ ✐♥ ❛ ❧❛r❣❡r ❡❧❡❝tr✐❝❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ ❤❡♥❝❡ ✐♥t❡r❢❡r❡ ❧❡ss ✇✐t❤

t❤❡ r❛❞✐❛t✐♦♥ ♦❢ t❤❡ ♠♦♥♦♣♦❧❡✳

❆t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✱ t❤❡ r♦❧❧ ♣❧❛♥❡ ♣❛tt❡r♥ ❤❛s ❛ ♥✉❧❧ ✐♥ t❤❡ ③❡♥✐t❤ ❞✐r❡❝t✐♦♥✳

❆t t❤❡ ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s✱ ✶✵✵ ▼❍③ ❛♥❞ ✺✵ ▼❍③✱ ❤♦✇❡✈❡r✱ t❤❡ ❜❡❤❛✈✐♦r ❛r♦✉♥❞ t❤❡

③❡♥✐t❤ ❞✐r❡❝t✐♦♥ ✐s ❞✐✛❡r❡♥t✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ❛s ✇✐❧❧ ❜❡ s❡❡♥ ✐♥ s❡❝t✐♦♥ ✷✳✶✳✶✱ ✐s t❤❡

s❝❛tt❡r✐♥❣ ❜② t❤❡ ❡♠♣❡♥♥❛❣❡✳ ❆t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✱ t❤❡ ❡♠♣❡♥♥❛❣❡ ✐s ❡❧❡❝tr✐❝❛❧❧② ❝❧♦s❡r

t♦ t❤❡ ❛♥t❡♥♥❛ ✇❤✐❝❤ str♦♥❣❧② ✐❧❧✉♠✐♥❛t❡s t❤❡ ❡♠♣❡♥♥❛❣❡✳ ❚❤✉s✱ t❤❡ s❝❛tt❡r✐♥❣ ❢r♦♠

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

❤❛✈✐♥❣ ❛ ♥✉❧❧ ✐♥ t❤❡ ③❡♥✐t❤✳ ❍♦✇❡✈❡r✱ ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s t❤❡ ❡♠♣❡♥♥❛❣❡ ❣❡ts

❡❧❡❝tr✐❝❛❧❧② ❢✉rt❤❡r ❛✇❛② ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ ❧♦s❡s ✐ts s❝❛tt❡r✐♥❣ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡

♣❛tt❡r♥ ❢♦r♠❛t✐♦♥✳

■♥ t❤❡ ②❛✇ ♣❧❛♥❡✱ ❛ ♥✉❧❧ ❝❛♥ ❜❡ s❡❡♥ ❛t t❤❡ t❛✐❧ s✐❞❡ ❛t ✸✵✵ ▼❍③✱ ✹✺✵ ▼❍③ ✭♣❛tt❡r♥s

s❤♦✇♥ ✐♥ ❋✐❣s✳ ✷✳✾✱ ✷✳✶✵ r❡s♣❡❝t✐✈❡❧② ❢♦r ❝♦♠♣❛r❛t✐✈❡ ♣✉r♣♦s❡s✮ ❛♥❞ ✺✵✵ ▼❍③✳ ❚❤✐s

♥✉❧❧ ✐s ❞✉❡ t♦ t❤❡ ▲❖❙ ❜❧♦❝❦❛❣❡ ❜② t❤❡ ❡♠♣❡♥♥❛❣❡✳ ❆t ❤✐❣❤❡r ❛♥❞ ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s✱

t❤✐s ♥✉❧❧ ❞♦❡s ♥♦t ❡①✐st ❛♥❞ t❤❡ ②❛✇ ♣❧❛♥❡ ♣❛tt❡r♥ ❧♦♦❦s ♠♦r❡ ♦r ❧❡ss ✐s♦tr♦♣✐❝✳ ❆t

❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ t❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡ ❡♠♣❡♥♥❛❣❡ ✐s ❡❧❡❝tr✐❝❛❧❧②

❢❛r ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ ❤❡♥❝❡ ✐ts ✐♠♣❛❝t ✐s ❤❛r❞❧② ♥♦t✐❝❡❛❜❧❡ ♦♥ t❤❡ r❛❞✐❛t✐♦♥

♣❛tt❡r♥✳ ❆t t❤❡ ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s✱ ✐t ✇❛s ✈❡r✐✜❡❞ t❤❛t t❤❡ ❡♠♣❡♥♥❛❣❡ ▲❖❙ ❜❧♦❝❦❛❣❡

✐s ❝♦♠♣❡♥s❛t❡❞ ❢♦r ❜② t❤❡ ❡✛❡❝t✐✈❡ s❝❛tt❡r✐♥❣ ❢r♦♠ t❤❡ ❡♥❣✐♥❡s t❤❛t ❛r❡ ❡❧❡❝tr✐❝❛❧❧②

❝❧♦s❡ t♦ t❤❡ ❛♥t❡♥♥❛✳ ❚❤✉s✱ t❤❡ ♥✉❧❧ ❞✐s❛♣♣❡❛rs ❛t ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s ❛♥❞ t❤❡ ②❛✇

♣❧❛♥❡ ♣❛tt❡r♥ ❧♦♦❦s ♠♦r❡ ♦r ❧❡ss ✐s♦tr♦♣✐❝✳



❈❍❆P❚❊❘ ✷✳ ●❊❖▼❊❚❘❨ ▼❖❉❊▲▲■◆● ✶✹

✭❛✮ ✭❜✮

✭❝✮ ✭❞✮

❋✐❣✉r❡ ✷✳✼✿ ▼♦❞✐✜❡❞ ❛✐r❝r❛❢t ♠♦❞❡❧s✳ ✭❛✮ ❚❛✐❧✲r❡♠♦✈❡❞ ♠♦❞❡❧✳ ✭❜✮ ◆♦✐s❡✲r❡♠♦✈❡❞
♠♦❞❡❧✳ ✭❝✮ ❲✐♥❣s✲r❡♠♦✈❡❞ ♠♦❞❡❧✳ ✭❞✮ ❈❛♥♦♥✐❝❛❧ ♠♦❞❡❧✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s✱ t❤❡ ❡✛❡❝t ♦❢ s♦♠❡ ❣❡♦♠❡tr② ♠♦❞✐✜❝❛t✐♦♥s ♦♥ t❤❡ r❛❞✐❛✲

t✐♦♥ ♣❛tt❡r♥ ✐s ❡①♣❧♦r❡❞✳ P❛rts ❛r❡ r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ❛✐r❝r❛❢t ❣❡♦♠❡tr② ❛♥❞ t❤❡ ✐♠♣❛❝t

♦♥ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ✐s ❛♥❛❧②③❡❞ ❛♥❞ ✐♥t❡r♣r❡t❡❞✳ ❚❤❡ ❛❝❝✉r❛❝② ♦❢ ❛ ❝❛♥♦♥✐❝❛❧

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

t❤❡ s❝❛tt❡r✐♥❣ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ♣❛rts ♦❢ t❤❡ ❛✐r❢r❛♠❡ ❛♥❞ t❤❡ ❛♥t❡♥♥❛✳

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

❛♥❞ ♦❜s❡r✈❡ t❤❡ ✐♠♣❛❝t ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❛✐r❢r❛♠❡ s❝❛tt❡r✐♥❣

❬✶✸❪✳ ❇② ❝❤❛♥❣✐♥❣ t❤❡ ♣♦s✐t✐♦♥✱ t❤❡ ❞✐st❛♥❝❡ ♦❢ ❛✐r❢r❛♠❡ ♦❜str✉❝t✐♦♥s ❢r♦♠ t❤❡ ❛♥t❡♥♥❛

❛♥❞ ❤❡♥❝❡ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ✈❛r✐❡s✳
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✭❝✮

❋✐❣✉r❡ ✷✳✽✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❛ ❝♦♠♣❛r❡❞ t♦ t❤❡
r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✶✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡
✭❝✮ ②❛✇ ♣❧❛♥❡✳
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❋✐❣✉r❡ ✷✳✾✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❛ ❝♦♠♣❛r❡❞ t♦ t❤❡
r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✸✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡
✭❝✮ ②❛✇ ♣❧❛♥❡✳

✷✳✶✳✶ ❘❡♠♦✈✐♥❣ t❤❡ ❊♠♣❡♥♥❛❣❡

❋✐❣✳ ✷✳✼❛ s❤♦✇s t❤❡ ❛✐r❝r❛❢t ♠♦❞❡❧ ✇✐t❤ t❤❡ ❡♠♣❡♥♥❛❣❡ r❡♠♦✈❡❞✳ ❚❤❡ r❛❞✐❛t✐♦♥

♣❛tt❡r♥ ♦❢ t❤❡ ♠♦♥♦♣♦❧❡ ♦♥ t❤✐s ♠♦❞❡❧ ❛t ✶✵✵✱ ✸✵✵✱ ✹✺✵ ▼❍③ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✽✱ ✷✳✾

❛♥❞ ✷✳✶✵ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦♥♦♣♦❧❡ ♦♥ t❤❡ ♦r✐❣✐♥❛❧ ❛✐r❝r❛❢t

♠♦❞❡❧ ✐s ❛❧s♦ s❤♦✇♥ ❢♦r ❝♦♠♣❛r✐s♦♥✳

❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤❡ ♣❛tt❡r♥s ✐♥ t❤❡ ♣✐t❝❤ ♣❧❛♥❡ ❛r❡ s✐♠✐❧❛r ✐♥ ❛ ❧❛r❣❡ ❛♥❣✉❧❛r

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

✉♥❞❡r t❤❡ t❛✐❧ s✐♥❝❡ t❤❡ t❛✐❧ ❜❧♦❝❦❛❣❡ ✐s r❡♠♦✈❡❞✳ ❆t ✹✺✵ ▼❍③✱ t❤❡ ❢✉s❡❧❛❣❡ ❜❡❝♦♠❡s
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❋✐❣✉r❡ ✷✳✶✵✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❛ ❝♦♠♣❛r❡❞ t♦ t❤❡
r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✹✺✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡
✭❝✮ ②❛✇ ♣❧❛♥❡✳

❋✐❣✉r❡ ✷✳✶✶✿ ❊♠♣❡♥♥❛❣❡ ❣❡♦♠❡tr②✳
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❡❧❡❝tr✐❝❛❧❧② ❧❛r❣❡ ❡♥♦✉❣❤ t♦ ❝♦♠♣❡♥s❛t❡ ❢♦r t❤❡ ❜❧♦❝❦❛❣❡ ♦❢ t❤❡ t❛✐❧ ✇❤❡♥ ✐t ✐s r❡♠♦✈❡❞✳

❆s ❛ r❡s✉❧t✱ ❛t t❤✐s ❢r❡q✉❡♥❝② t❤❡ ♣✐t❝❤ ♣❛tt❡r♥s ❛r❡ ✈❡r② s✐♠✐❧❛r✳

■♥ t❤❡ r♦❧❧ ♣❧❛♥❡✱ t❤❡ ♣❛tt❡r♥s ❛r❡ ❛❧♠♦st ✐❞❡♥t✐❝❛❧ ❛t t❤❡ t✇♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✳

❍♦✇❡✈❡r✱ ❛t ✶✵✵ ▼❍③✱ t❤❡ ♣❛tt❡r♥s ❛r❡ ❞✐✛❡r❡♥t ❛r♦✉♥❞ t❤❡ ③❡♥✐t❤ ❞✐r❡❝t✐♦♥✳ ❚❤✐s

♠❡❛♥s t❤❛t ✐♥ t❤❡ r♦❧❧ ♣❧❛♥❡✱ t❤❡ s❝❛tt❡r✐♥❣ ❢♦r♠ t❤❡ ❡♠♣❡♥♥❛❣❡ ✐s ♦♥❧② ✐♥✢✉❡♥t✐❛❧

❛r♦✉♥❞ t❤❡ ③❡♥✐t❤ ❞✐r❡❝t✐♦♥ ❛♥❞ ❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ❡♠♣❡♥♥❛❣❡ ✐s ❡❧❡❝tr✐❝❛❧❧②

❝❧♦s❡ t♦ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ ✐s ✐❧❧✉♠✐♥❛t❡❞ r❛t❤❡r str♦♥❣❧②✳ ❋✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥ s❤♦✇s

t❤❛t t❤✐s s❝❛tt❡r✐♥❣ ✐s ♠♦st❧② ❞✉❡ t♦ t❤❡ ❜✉♠♣ ✐♥ t❤❡ ❜❛s❡ ♦❢ t❤❡ ✈❡rt✐❝❛❧ st❛❜✐❧✐③❡r

s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶✶✳

■♥ t❤❡ ②❛✇ ♣❧❛♥❡✱ t❤❡ ♣❛tt❡r♥s ❛r❡ ❞✐✛❡r❡♥t ❛t t❤❡ t❛✐❧ s✐❞❡ ❛t t✇♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s

❞✉❡ t♦ t❤❡ ❡♠♣❡♥♥❛❣❡ ▲❖❙ ❜❧♦❝❦❛❣❡✳ ❚❤❡ ❧❛❝❦ ♦❢ t❤✐s ♥✉❧❧ ❛t ✶✵✵ ▼❍③ ✐s ❞✉❡ t♦ t❤❡

❡✛❡❝t✐✈❡ s❝❛tt❡r✐♥❣ ❢r♦♠ t❤❡ ❡♥❣✐♥❡s t❤❛t ❛r❡ ❡❧❡❝tr✐❝❛❧❧② ❝❧♦s❡ t♦ t❤❡ ❛♥t❡♥♥❛ ❛t t❤✐s

❢r❡q✉❡♥❝②✳

✷✳✶✳✷ ❘❡♠♦✈✐♥❣ t❤❡ ◆♦s❡

❋✐❣✳ ✷✳✼❜ s❤♦✇s t❤❡ ❛✐r❝r❛❢t ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ✇✐t❤ t❤❡ ♥♦s❡ r❡♠♦✈❡❞✳ ❚❤❡ r❛❞✐❛t✐♦♥

❛♥❛❧②s✐s ♦❢ t❤✐s str✉❝t✉r❡ ✐s ♣❡r❢♦r♠❡❞ ❛t ✶✵✵✱ ✸✵✵ ❛♥❞ ✹✺✵ ▼❍③ ❛♥❞ t❤❡ ♣❛tt❡r♥s ✐♥

t❤r❡❡ ♣r✐♥❝✐♣❛❧ ♣❧❛♥❡s ❛r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧✳

❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✷✳✶✷✱ ✷✳✶✸ ❛♥❞ ✷✳✶✹✱ t❤❡ ♣❛tt❡r♥s ✐♥ r♦❧❧ ❛♥❞ ②❛✇ ♣❧❛♥❡s

❛t ❛❧❧ t❤❡ ❢r❡q✉❡♥❝✐❡s ❛r❡ ✈❡r② s✐♠✐❧❛r✳ ❚❤❡ s✐♠✐❧❛r✐t② ✐♥❝r❡❛s❡s ❛s t❤❡ ❢r❡q✉❡♥❝② ❣♦❡s

✉♣✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛s t❤❡ ❢r❡q✉❡♥❝② ❣♦❡s ✉♣ t❤❡ ❢✉s❡❧❛❣❡ ❜❡❝♦♠❡s ❡❧❡❝tr✐❝❛❧❧② ❧❛r❣❡r

❛♥❞ t❤❡ ♥♦s❡ ❣❡ts ❢✉rt❤❡r ❛✇❛② ❢r♦♠ t❤❡ ❛♥t❡♥♥❛✳ ❚❤❡ ♣✐t❝❤ ♣❧❛♥❡ ♣❛tt❡r♥✱ ❤♦✇❡✈❡r✱

✐s ❛✛❡❝t❡❞ ❜② t❤✐s ❝❤❛♥❣❡ ✐♥ t❤❡ ❣❡♦♠❡tr② s✐♥❝❡ t❤❡ ♥♦s❡ ❜❧♦❝❦❛❣❡ ✐s ❣♦♥❡ ❛♥❞ ❤❡♥❝❡

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

◆♦t❡ t❤❛t ❛❧t❤♦✉❣❤ t❤❡ ♠♦♥♦♣♦❧❡ ✐s ❧♦❝❛t❡❞ ❢♦r✇❛r❞ ♦❢ t❤❡ ✇✐♥❣s ❛♥❞ ❤❡♥❝❡ ❝❧♦s❡r

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

✷✳✶✳✸ ❘❡♠♦✈✐♥❣ t❤❡ ❲✐♥❣s

❋✐❣✳ ✷✳✼❝ s❤♦✇s t❤❡ ❛✐r❝r❛❢t ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ✇✐t❤ t❤❡ ✇✐♥❣s r❡♠♦✈❡❞✳ ❚❤❡ r❛❞✐❛t✐♦♥

❛♥❛❧②s✐s ♦❢ t❤✐s str✉❝t✉r❡ ✐s ♣❡r❢♦r♠❡❞ ❛t ✶✵✵✱ ✸✵✵ ❛♥❞ ✹✺✵ ▼❍③ ❛♥❞ t❤❡ ♣❛tt❡r♥s ✐♥

t❤r❡❡ ♣r✐♥❝✐♣❛❧ ♣❧❛♥❡s ❛r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧✳

❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✷✳✶✺✱ ✷✳✶✻ ❛♥❞ ✷✳✶✼✱ t❤❡ ♣❛tt❡r♥s ✐♥ ♣✐t❝❤ ❛♥❞ ②❛✇ ♣❧❛♥❡s

❛t ❛❧❧ t❤❡ ❢r❡q✉❡♥❝✐❡s ❛r❡ ✈❡r② s✐♠✐❧❛r✳ ❚❤❡ s✐♠✐❧❛r✐t② ✐♥❝r❡❛s❡s ❛s t❤❡ ❢r❡q✉❡♥❝② ❣♦❡s

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

■♥ t❤❡ r♦❧❧ ♣❧❛♥❡✱ t❤❡ ♣❛tt❡r♥s ❛r❡ ✈❡r② s✐♠✐❧❛r ❛t t❤❡ t✇♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✳ ❆t

✶✵✵ ▼❍③✱ t❤❡ ♣❛tt❡r♥s ❤❛✈❡ t❤❡ s❛♠❡ ❣❡♥❡r❛❧ ❢❡❛t✉r❡✱ ❜✉t t❤❡ ♣❛tt❡r♥ ❢♦r t❤❡ ✇✐♥❣s✲

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

t❤❛t t❤❡ ♠✉❧t✐♣❛t❤ ✐♥t❡r❢❡r❡♥❝❡ ❞✉❡ t♦ t❤❡ ✜❡❧❞s s❝❛tt❡r❡❞ ❢r♦♠ t❤❡ ✇✐♥❣s✱ ❝❛✉s✐♥❣

t❤❡ r✐♣♣❧❡s✱ ✐s ♥♦t ♣r❡s❡♥t ✐♥ t❤❡ ✇✐♥❣s✲r❡♠♦✈❡❞ ♠♦❞❡❧✳ ❆t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ t❤❡

✇✐♥❣s ❛r❡ ❧❡ss str♦♥❣❧② ✐❧❧✉♠✐♥❛t❡❞ ❛♥❞ ❤❡♥❝❡ t❤❡ s❝❛tt❡r✐♥❣ ❢r♦♠ t❤❡ ✇✐♥❣s ❤❛✈❡ ❧❡ss❡r

❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥✳
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✷✳✶✳✹ ❈❛♥♦♥✐❝❛❧ ▼♦❞❡❧

❋✐❣✳ ✷✳✼❞ s❤♦✇s ❛ ❝❛♥♦♥✐❝❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❝r❛❢t✳ ❚❤❡ ♠♦❞❡❧ ❝♦♥t❛✐♥s ♦♥❧② ❝②❧✐♥❞❡rs✱

s♣❤❡r♦✐❞s ❛♥❞ ✢❛t ♣❧❛t❡s ❛♥❞ ✐s ♠❛❞❡ ✉s✐♥❣ t❤❡ ❞r❛✇✐♥❣ t♦♦❧s ✐♥ ❋❡❦♦✳

❚❤❡ ♣❛tt❡r♥s ✐♥ ♣r✐♥❝✐♣❛❧ ♣❧❛♥❡s ❛r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣❛tt❡r♥s ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧

❛t ✶✵✵▼❍③ ❛♥❞ ✸✵✵▼❍③ ✐♥ ❋✐❣✳ ✷✳✶✽ ❛♥❞ ✷✳✶✾ r❡s♣❡❝t✐✈❡❧②✳

❆ ❝❛♥♦♥✐❝❛❧ ♠♦❞❡❧ ❝❛♥ ❜❡ ♠❛❞❡ ✇✐t❤ t❤❡ ❞r❛✇✐♥❣ t♦♦❧s ♣r♦✈✐❞❡❞ ✐♥ t❤❡ ❊▼ ♠♦❞✲

❡❧❧✐♥❣ s♦❢t✇❛r❡ t♦♦❧✳ ▼♦r❡♦✈❡r✱ ❛ ❝❛♥♦♥✐❝❛❧ ♠♦❞❡❧ ❝❛♥ ❜❡ ❛♥❛❧②③❡❞ ✉s✐♥❣ t❤❡ ❛s②♠♣✲

t♦t✐❝ ❤✐❣❤ ❢r❡q✉❡♥❝② t❡❝❤♥✐q✉❡✱ ❯♥✐❢♦r♠ ❚❤❡♦r② ♦❢ ❉✐✛r❛❝t✐♦♥ ✭❯❚❉✮✳
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r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✶✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡
✭❝✮ ②❛✇ ♣❧❛♥❡✳
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✭❝✮

❋✐❣✉r❡ ✷✳✶✾✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✼❞ ❝♦♠♣❛r❡❞ t♦ t❤❡
r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✸✵✵ ▼❍③ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡
✭❝✮ ②❛✇ ♣❧❛♥❡✳

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

♣❛tt❡r♥ ✐♥ t❤❡ t❤r❡❡ ♣❧❛♥❡s ✐s ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ♦r✐❣✐♥❛❧ ♣❛tt❡r♥✳ ❚❤❡ ♣❛tt❡r♥ ♦❢

t❤❡ ❝❛♥♦♥✐❝❛❧ ♠♦❞❡❧ ✐s ❥✉st s♦♠❡✇❤❛t s♠♦♦t❤❡r ❛♥❞ ❝♦♥t❛✐♥ ❢❡✇❡r r✐♣♣❧❡s s✐♥❝❡ ❢❡✇❡r

❞❡t❛✐❧s ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧✳

❆t t❤❡ ❧♦✇❡r ❢r❡q✉❡♥❝②✱ ❤♦✇❡✈❡r✱ t❤❡r❡ ❛r❡ ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ♣❛tt❡r♥

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

✐♥❣ ♦♥❧② ♣❧❛t❡s ✐s ♥♦t ❛❝❝✉r❛t❡ ❡♥♦✉❣❤ ❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ❡♠♣❡♥♥❛❣❡ ✐s

❡❧❡❝tr✐❝❛❧❧② ❝❧♦s❡ t♦ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ ❤❡♥❝❡ t❤❡ s❝❛tt❡r✐♥❣ ❜❡❤❛✈✐♦r ♦❢ t❤❡ s✐♠♣❧✐✜❡❞

❡♠♣❡♥♥❛❣❡ ❞♦❡s ♥♦t ❡①❛❝t❧② ✐♠✐t❛t❡ t❤❡ ♦r✐❣✐♥❛❧ s❝❛tt❡r✐♥❣ ❜❡❤❛✈✐♦✉r✳ ▼♦r❡ s♣❡❝✐✜✲

❝❛❧❧②✱ t❤❡ ❜❛s❡ ♦❢ t❤❡ t❛✐❧ ✇❤✐❝❤ ✇❛s ❤❡❧❞ r❡s♣♦♥s✐❜❧❡ ✐♥ s❡❝t✐♦♥ ✷✳✶✳✶✱ ✐s ♥♦t ♠♦❞❡❧❧❡❞

✐♥ t❤❡ ❝❛♥♦♥✐❝❛❧ ♠♦❞❡❧✳

✷✳✷ ■♥♣✉t ■♠♣❡❞❛♥❝❡

❚❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ ❛♥ ❛♥t❡♥♥❛ ♠♦✉♥t❡❞ ♦♥ ❛♥ ❛✐r❝r❛❢t ✐s ♠♦❞✐✜❡❞ ❜② t❤❡ str✉❝✲

t✉r❡ ✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ ❛♥t❡♥♥❛✳ ❲❤❡♥ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛♥ ❛✐r❝r❛❢t

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

❡❧❧❡❞ ❝❛r❡❢✉❧❧②✳ ❚❤❡ ❞❡t❛✐❧s t❤❛t ♥❡❡❞ t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐s t❤✐s r❡❣✐♦♥ ❛r❡ ❣r❡❛t❡r t❤❛♥
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t❤❡ ❞❡t❛✐❧s r❡q✉✐r❡❞ ❢♦r r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❝❛❧❝✉❧❛t✐♦♥ ❛♥❞ ❤❡♥❝❡ ❛ ✜♥❡r ♠❡s❤ ✐♥ t❤✐s

r❡❣✐♦♥ ♠❛② ❜❡ r❡q✉✐r❡❞ ❢♦r ❛❝❝✉r❛t❡ ✐♠♣❡❞❛♥❝❡ ❝❛❧❝✉❧❛t✐♦♥✳ ❚❤✐s ♠❡❛♥s t❤❛t ❛ ❧❛r❣❡r

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

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

❣r❡❛t❡r t❤❛♥ 0.05λ✱ t❤❡♥ ♦♥❧② ❤❛❧❢ ❛ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ❛✐r❢r❛♠❡ ❡✐t❤❡r s✐❞❡ ♦❢ t❤❡

❛♥t❡♥♥❛ ♥❡❡❞s t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠♦❞❡❧ ❛♥❞ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✐♠♣❡❞❛♥❝❡ ✇✐❧❧ ❜❡ ❛

❣♦♦❞ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❛♥t❡♥♥❛ ♦♥ t❤❡ ✇❤♦❧❡ ❛✐r❝r❛❢t ❬✷✺❪✳

❋✐❣✳ ✷✳✷✵ s❤♦✇s t❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ♠♦♥♦♣♦❧❡ ♦♥ t❤❡ ❛✐r❝r❛❢t ❝♦♠♣❛r❡❞ t♦

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

s✐❞❡ ♦❢ t❤❡ ❛♥t❡♥♥❛ ✐s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠♦❞❡❧✳

❋♦r t❤❡ ❝❤♦s❡♥ ❛♥t❡♥♥❛ ♣♦s✐t✐♦♥✱ ♦♥❡ ❧❛♠❜❞❛ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❣❡♦♠❡tr② ✐s ♠♦r❡

♦r ❧❡ss ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ❝②❧✐♥❞❡r ❛t ❢r❡q✉❡♥❝✐❡s ❤✐❣❤❡r t❤❛♥ ✶✵✵ ▼❍③✳ ❆t ❧♦✇❡r

❢r❡q✉❡♥❝✐❡s✱ ♣♦rt✐♦♥s ♦❢ t❤❡ ✇✐♥❣s ❛r❡ ❛❧s♦ ✐♥❝❧✉❞❡❞✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤❡ ❛❣r❡❡♠❡♥t

❜❡t✇❡❡♥ t❤❡ t✇♦ ❝✉r✈❡s ✐s ❧❡ss t❤❛♥ ♣❡r❢❡❝t ❛t ✸✵ ▼❍③✳ ❆t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ ❤♦✇❡✈❡r✱

t❤❡ ❛❣r❡❡♠❡♥t ✐s ✈❡r② ❣♦♦❞ s✐♥❝❡ t❤❡ ❢✉s❡❧❛❣❡ ❣❡ts ❢❛tt❡r✳

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

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

❛✐r❝r❛❢t ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✐♥ s❡❝♦♥❞s✳

◆♦t❡ t❤❛t ✇❤❡♥ ✉s✐♥❣ t❤❡ ▼♦▼ ❢♦r ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ ✇✐r❡ ❛♥t❡♥♥❛✱

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

r❛❞✐✉s ✐s ❝❤♦s❡♥ t♦ ❜❡ ✶✳✺ ♠♠✳ ❚❤❡ s❡❣♠❡♥t s✐③❡ ♦♥ t❤❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ❛♥❞ t❤❡

❡❞❣❡ s✐③❡ ♦❢ t❤❡ tr✐❛♥❣✉❧❛r ♣❛t❝❤❡s ♠♦❞❡❧❧✐♥❣ t❤❡ ❛✐r❢r❛♠❡ ✇❡r❡ ❝❤♦s❡♥ λ/40 ❛♥❞ λ/8

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

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

✜♥❛❧❧② t❤❡ ▼♦▼ ❧✐♠✐t ❢♦r ♠❡s❤ s✐③❡ t♦ r❛❞✐✉s r❛t✐♦ ✇✐❧❧ ❜❡ r❡❛❝❤❡❞✳

❋✐❣✳ ✷✳✷✵ ❛❧s♦ s❤♦✇s t❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ ❛♥ ✐♥✜♥✐t❡

❣r♦✉♥❞ ♣❧❛♥❡✳ ■t ✐s ♦❜s❡r✈❡❞ t❤❛t ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✱ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡
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❋✐❣✉r❡ ✷✳✷✵✿ ■♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❛♥t❡♥♥❛ ♦♥ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❝♦♠♣❛r❡❞ t♦ t❤❡
✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❛♥t❡♥♥❛ ♦♥ t❤❡ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ❛♥❞ ♦♥ ✐♥✜♥✐t❡ ❣r♦✉♥❞ ♣❧❛♥❡✳
✭❛✮ ❘❡❛❧ ♣❛rt✳ ✭❜✮ ■♠❛❣✐♥❛r② P❛rt✳
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♠♦♥♦♣♦❧❡ ♦♥ t❤❡ ❛✐r❝r❛❢t ❛♣♣r♦❛❝❤❡s t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ♦♥

✢❛t ❣r♦✉♥❞❀ ❛t ❢r❡q✉❡♥❝✐❡s ❤✐❣❤❡r t❤❛♥ ❛❜♦✉t ✹✺✵ ▼❍③✱ t❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❢❛❧❧s

✇✐t❤✐♥ ✺✪ ♦❢ t❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ ❛♥ ✐♥✜♥✐t❡

❣r♦✉♥❞ ♣❧❛♥❡✳

❖♥ ❛ ♣❡r✐♣❤❡r❛❧ ♥♦t❡✱ ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✱ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡

♠♦♥♦♣♦❧❡ ♦♥ ❛♥ ✐♥✜♥✐t❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✭t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ ❤❛❧❢✲✇❛✈❡ ❞✐♣♦❧❡ ❞✐✈✐❞❡❞ ❜②

t✇♦✮ ❞✐✈❡r❣❡s ❢r♦♠ t❤❡ ✈❛❧✉❡ ❢♦✉♥❞ ✐♥ t❡①t ❜♦♦❦s ❢♦r ❛ t❤✐♥ ♠♦♥♦♣♦❧❡✱ ✐✳❡✳ ✸✻✳✺✰❥✷✶✳✷✺

❖❤♠s ❬✷✹❪✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s t❤❡ ✶✳✺♠♠ r❛❞✐✉s ♦❢ t❤❡ ✇✐r❡

❣❡ts ❡❧❡❝tr✐❝❛❧❧② ❧❛r❣❡r ❛♥❞ t❤❡ t❤✐♥ ♠♦♥♦♣♦❧❡ ❛ss✉♠♣t✐♦♥ ✐s ♥♦t ✈❛❧✐❞ ❛♥②♠♦r❡✳

✷✳✸ ❙✉♠♠❛r②

■t ❛♣♣❡❛rs t❤❛t s❝❛tt❡r✐♥❣ ❢r♦♠ ♣❛rts ♦❢ t❤❡ ❛✐❢r❛♠❡ ♠❛✐♥❧② ✐♠♣❛❝t t❤❡ r❛❞✐❛t✐♦♥

♣❛tt❡r♥ ❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ❡❧❡❝tr✐❝❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ✐s s♠❛❧❧✳ ❆t

❤✐❣❤ ❢r❡q✉❡♥❝✐❡s t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❛✐r❢r❛♠❡ s❝❛tt❡r✐♥❣ ✐s ♠♦st❧② ✐♥ t❤❡ ❢♦r♠ ♦❢ s♠❛❧❧

r✐♣♣❧❡s ✐♥ t❤❡ ♣❛tt❡r♥ ❛s t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛♣♣r♦❛❝❤❡s t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢

t❤❡ ❛♥t❡♥♥❛ ♦♥ ❛ ✢❛t ❣r♦✉♥❞ ♣❧❛♥❡✳

❍♦✇❡✈❡r✱ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❞♦❡s ♥♦t ♦♥❧② ❞❡♣❡♥❞ ♦♥ t❤❡ ❡❧❡❝✲

tr✐❝❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛✳ ■t ✇❛s s❡❡♥ t❤❛t ❞✉❡ t♦ ❞✐r❡❝t ♥♦r♠❛❧ ✐❧❧✉♠✐♥❛t✐♦♥ ♦❢

t❤❡ ❡♠♣❡♥♥❛❣❡ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛✱ t❤❡ s❝❛tt❡r✐♥❣ ❢r♦♠ t❤❡ ❡♠♣❡♥♥❛❣❡ ❤❛s ❛ str♦♥❣❡r

❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ s❝❛tt❡r✐♥❣ ❢r♦♠ ♥♦s❡ ❛♥❞ ✇✐♥❣s

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

❡♠♣❡♥♥❛❣❡✳

❚❤❡ ♠❛✐♥ ❢❡❛t✉r❡s ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛r❡ ♣r❡s❡r✈❡❞ ✐♥ t❤❡ r♦❧❧ ❛♥❞ ②❛✇ ♣❧❛♥❡

✇❤❡♥ t❤❡ ♥♦s❡ ✐s r❡♠♦✈❡❞ ✇✐t❤ ❧❡ss t❤❛♥ ✹ ❞❇ ❝❤❛♥❣❡ ❛t ❛❧❧ ❛♥❣❧❡s ❢♦r ❢r❡q✉❡♥❝✐❡s

❤✐❣❤❡r t❤❛♥ ✶✵✵ ▼❍③✳

❚❤❡ ✇✐♥❣s ❝❛♥ ❜❡ r❡♠♦✈❡❞ ✐❢ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ❢r❡q✉❡♥❝✐❡s ❤✐❣❤❡r t❤❛♥
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❛❜♦✉t ✸✵✵ ▼❍③ ✐s ♦❢ ✐♥t❡r❡st ❛♥❞ t❤❡ ❝❛❧❝✉❧❛t❡❞ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✇✐❧❧ ❜❡ ✈❡r② s✐♠✐❧❛r

t♦ t❤❡ ♦r✐❣✐♥❛❧ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥✳ ❆t ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s✱ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡s ♦❢ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛r❡ st✐❧❧ ❦❡♣t ❜✉t ✐♥ t❤❡ r♦❧❧ ♣❧❛♥❡ t❤❡ ♣❛tt❡r♥ ✐s s♠♦♦t❤❡r ❛♥❞ ❞♦❡s

♥♦t ❝♦♥t❛✐♥ ❛❧❧ t❤❡ ❞❡t❛✐❧s✳

❍♦✇❡✈❡r✱ ♥♦t ✐♥❝❧✉❞✐♥❣ t❤❡ ❡♠♣❡♥♥❛❣❡ ✐♥ t❤❡ ❈❆❉ ♠♦❞❡❧ ❝❛♥ ❝❤❛♥❣❡ t❤❡ ❢❡❛t✉r❡s

♦❢ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ❢r❡q✉❡♥❝✐❡s ❧♦✇❡r t❤❛♥ ✺✵✵ ▼❍③✿ ✐♥ t❤❡ r♦❧❧ ♣❧❛♥❡ ❛r♦✉♥❞

③❡♥✐t❤ ❛♥❞ ✐♥ t❤❡ ♣✐t❝❤ ❛♥❞ ②❛✇ ♣❧❛♥❡ ✐♥ t❤❡ ❡♠♣❡♥♥❛❣❡ s✐❞❡✳ ❙✐♥❝❡ t❤❡ ❡♠♣❡♥♥❛❣❡ ✐s

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

❣❡♦♠❡tr② ♥❡❡❞ t♦ ❜❡ ✐♥❝❧✉❞❡❞ ❛♥❞✱ ❛s ✐t ✇❛s s❡❡♥✱ ❛ s✐♠♣❧✐✜❡❞ ❝❛♥♦♥✐❝❛❧ ♠♦❞❡❧ ♦❢ t❤❡

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

❢r❡q✉❡♥❝✐❡s✳

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

s✐❞❡ ♦❢ t❤❡ ❛♥t❡♥♥❛ ✐s s✉✣❝✐❡♥t t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❛♥t❡♥♥❛ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ✇✐t❤✐♥

r❡❛s♦♥❛❜❧❡ ❛❝❝✉r❛❝② ❢♦r ❡♥❣✐♥❡❡r✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s✳



❈❤❛♣t❡r ✸

◆✉♠❡r✐❝❛❧ ❚❡❝❤♥✐q✉❡s

❚❤❡ ✉s❡❢✉❧♥❡ss ♦❢ ❛ ❝♦♠♣✉t❡r ♠♦❞❡❧ ❣r❡❛t❧② ❞❡♣❡♥❞s ♦♥ ✐ts ❡✣❝✐❡♥❝②✱ ❛❝❝✉r❛❝② ❛♥❞

✉t✐❧✐t② ❬✷✻❪✳ ▼♦❞❡❧❧✐♥❣ ♦❢ t❤❡ ❛✐r❝r❛❢t ❣❡♦♠❡tr② ❛♥❞ t❤❡ ♥✉♠❡r✐❝❛❧ t❡❝❤♥✐q✉❡ ✉s❡❞ ❢♦r

t❤❡ ❛♥❛❧②s✐s ❛r❡ t❤❡ t✇♦ ❢❛❝t♦rs t❤❛t ❞❡t❡r♠✐♥❡ t❤❡ ❛❜♦✈❡✲♠❡♥t✐♦♥❡❞ ❝❤❛r❛❝t❡r✐st✐❝s✳

■♥ ❈❤❛♣t❡r ✷✱ t❤❡ ✐♠♣❛❝t ♦❢ ❣❡♦♠❡tr② ♠♦❞❡❧❧✐♥❣ ✇❛s st✉❞✐❡❞✳ ❍❡r❡✱ t❤❡ ♥✉♠❡r✐❝❛❧

t❡❝❤♥✐q✉❡s s✉✐t❛❜❧❡ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s ♦♥ ❛✐r❝r❛❢t ❛t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s

✇✐❧❧ ❜❡ st✉❞✐❡❞✳ ❆ ❜r✐❡❢ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❡❛❝❤ t❡❝❤♥✐q✉❡ ✐s ♣r♦✈✐❞❡❞✳ ❈♦♠♣❧✐❝❛t✐♦♥s

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

r❡s♦✉r❝❡s r❡q✉✐r❡❞ ❢♦r ❡❛❝❤ t❡❝❤♥✐q✉❡ ✐s ♣r♦✈✐❞❡❞✳ ❚❤❡ ❝♦♠♣✉t❡r ✉s❡❞ ❢♦r t❤✐s st✉❞②

✐s ❛ ❍P Pr♦❧✐❛♥t ❉▲✸✻✵ ●✻ t✇♦ q✉❛❞✲❝♦r❡ ♠❛❝❤✐♥❡ ✇✐t❤ ✼✷ ●❇ ❘❆▼ ❛♥❞ ❈P❯ ❝❧♦❝❦

✷✳✾✸ ●❍③✳

❋✐rst✱ t❤❡ ▼▲❋▼▼✱ ❛ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡✣❝✐❡♥t ❛❧t❡r♥❛t✐✈❡ t♦ t❤❡ tr❛❞✐t✐♦♥❛❧

▼♦▼✱ ✐s st✉❞✐❡❞✳ ❚❤❡ ▼▲❋▼▼ ♠❛❦❡s t❤❡ ❢✉❧❧✲✇❛✈❡ ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛ ♦♥ ❡❧❡❝✲

tr✐❝❛❧❧② ❧❛r❣❡ str✉❝t✉r❡s✱ s✉❝❤ ❛s ❛✐r❝r❛❢t ❛t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s✱ ♣♦ss✐❜❧❡✳ ❆s

✇✐❧❧ ❜❡ s❡❡♥✱ ✉s✐♥❣ t❤❡ ▼▲❋▼▼✱ t❤❡ r❛❞✐❛t✐♦♥ ♦❢ ❛ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ t❤❡ ❇♦♠✲

❜❛r❞✐❡r ❛✐r❝r❛❢t ❝❛♥ ✇❡❧❧ ❜❡ ❛♥❛❧②③❡❞ ❛t ❢r❡q✉❡♥❝✐❡s ✉♣ t♦ ✷ ●❍③ ✐♥ ❧❡ss t❤❛♥ ✸ ❤♦✉rs✳

❆t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ ❛s②♠♣t♦t✐❝ t❡❝❤♥✐q✉❡s s✉❝❤ ❛s P❤②s✐❝❛❧ ❖♣t✐❝s ✭P❖✮ ❛♥❞ t❤❡

❯♥✐❢♦r♠ ❚❤❡♦r② ♦❢ ❉✐✛r❛❝t✐♦♥ ✭❯❚❉✮ ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞✳ ❚❤❡ ❛s②♠♣t♦t✐❝ t❡❝❤♥✐q✉❡s

✷✼
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♣r♦✈✐❞❡ ❛♣♣r♦①✐♠❛t❡ s♦❧✉t✐♦♥s t♦ ▼❛①✇❡❧❧✬s ❡q✉❛t✐♦♥s ✉s✐♥❣ ❛s②♠♣t♦t✐❝ ❡①♣❛♥s✐♦♥s✳

❆s ❝♦♥♥♦t❡❞ ❜② t❤❡ ✇♦r❞ ✏❛s②♠♣t♦t✐❝✑✱ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡s❡ t❡❝❤♥✐q✉❡s ✐♠♣r♦✈❡s ❛s

t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✳ ❚❤❡s❡ t❡❝❤♥✐q✉❡s ❛r❡ s✉✐t❛❜❧❡ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s ♦♥

❡❧❡❝tr✐❝❛❧❧② ❤✉❣❡ str✉❝t✉r❡s✳

❚❤❡ ❛s②♠♣t♦t✐❝ t❡❝❤♥✐q✉❡s ❝❛♥ ❜❡ ❤②❜r✐❞✐s❡❞ ✇✐t❤ ❢✉❧❧✲✇❛✈❡ ♠❡t❤♦❞s t♦ s♦❧✈❡ t❤❡

♣r♦❜❧❡♠s ✇❤✐❝❤ ❛r❡ ✐♥tr❛❝t❛❜❧❡ ✇✐t❤ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ♠❡t❤♦❞s✳ ❍②❜r✐❞ ▼♦▼✴P❖ ❛♥❞

▼♦▼✴❯❚❉ ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ❢♦r ❛✐r❝r❛❢t ❛♥t❡♥♥❛ ❛♥❛❧②s✐s ❬✷✼✱ ✷✽❪✳

❖t❤❡r t❡❝❤♥✐q✉❡s ✉s❡❞ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛✐r❝r❛❢t ❛♥t❡♥♥❛s ✐♥❝❧✉❞❡ t❤❡ ❉♦♠❛✐♥ ❉❡✲

❝♦♠♣♦s✐t✐♦♥ ▼❡t❤♦❞ ✭❉❉▼✮ ❬✷✾❪✳ ■♥ ❉❉▼ t❤❡ ❞♦♠❛✐♥ ✐s ❞✐✈✐❞❡❞ t♦ s❡✈❡r❛❧ ✈♦❧✉♠❡

s✉❜✲❞♦♠❛✐♥s✳ ❊❛❝❤ ❞♦♠❛✐♥ ✐s t❤❡♥ ❞❡❛❧t ✇✐t❤ s❡♣❛r❛t❡❧② ✉s✐♥❣ t❤❡ s✉✐t❛❜❧❡ t❡❝❤♥✐q✉❡

❛♥❞ t❤❡ s✉❜✲❞♦♠❛✐♥s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ❣❡♥❡r❛❧✐③❡❞ s❝❛tt❡r✐♥❣ ♠❛tr✐①✳ ❚❤❡

❛❞❞❡❞ ❛❞✈❛♥t❛❣❡ ♦❢ ❉❉▼ ✐s t❤❡ ❛❜✐❧✐t② t♦ ❞❡❛❧ ✇✐t❤ ❝♦❧❧❛❜♦r❛t✐✈❡ st✉❞✐❡s ❛♥❞ t❤❡

r❡❞✉❝❡❞ ❝♦♠♣❧❡①✐t② ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ♣❛r❛♠❡tr✐❝ st✉❞✐❡s✳

✸✳✶ ▼▲❋▼▼

❚❤❡ ▼❡t❤♦❞ ♦❢ ▼♦♠❡♥ts ✭▼♦▼✮ ✐s ❛ ❢✉❧❧✲✇❛✈❡ t❡❝❤♥✐q✉❡ ❛♥❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❜♦❞✐❡s

♦❢ ❛r❜✐tr❛r② s❤❛♣❡✳ ❋♦r r❛❞✐❛t✐♦♥ ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s ♦♥ ❜✉❧❦② ❛♥❞ ❝♦♠♣❧❡① str✉❝t✉r❡s

s✉❝❤ ❛s ❛✐r❝r❛❢t ✇❤❡r❡ t❤❡ str✉❝t✉r❡✬s s✉r❢❛❝❡ t♦ ✈♦❧✉♠❡ r❛t✐♦ ✐s s♠❛❧❧✱ t❤❡ ▼❡t❤♦❞ ♦❢

▼♦♠❡♥ts ✭▼♦▼✮ ✐s ♠♦r❡ ❡✣❝✐❡♥t ❝♦♠♣❛r❡❞ t♦ t❤❡ ✜♥✐t❡ ✈♦❧✉♠❡ ♠❡t❤♦❞s✱ ✐✳❡✳ ❋❉❚❉

❛♥❞ ❋❊▼✳ ■♥ t❤❡ ▼♦▼✱ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ str✉❝t✉r❡ ✐s ♠♦❞❡❧❧❡❞ ✉s✐♥❣ ♣❛t❝❤❡s ♦r ❛

✇✐r❡✲❣r✐❞✳ ❖♥❡ ♦❢ t❤❡ ❡❛r❧✐❡st ❛tt❡♠♣ts ❛t ❛✐r❝r❛❢t ♠♦❞❡❧❧✐♥❣ ✇✐t❤ t❤❡ ▼♦▼ ❝❛♥ ❜❡

❢♦✉♥❞ ✐♥ ❬✸✵❪✳

■♥ t❤❡ ▼♦▼✱ t❤❡ ♣r♦❜❧❡♠ ✐s ❢♦r♠✉❧❛t❡❞ ❜② ❛♥ ✐♥t❡❣r❛❧ ❡q✉❛t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡

▼❛①✇❡❧❧✬s ❡q✉❛t✐♦♥s✳ ❚❤❡ r❡s♣❡❝t✐✈❡ ✐♥t❡❣r❛❧ ❡q✉❛t✐♦♥ ✐s t❤❡♥ ❝♦♥✈❡rt❡❞ t♦ ❛ s②st❡♠

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

t♦ s♦❧✈❡ t❤❡ s②st❡♠ ♦❢ ❧✐♥❡❛r ❡q✉❛t✐♦♥s ❛♥❞ t♦ ✜♥❞ ◆ ✉♥❦♥♦✇♥s✱ ✐✳❡✳ ❝✉rr❡♥t ♦♥
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♠❡s❤ s❡❣♠❡♥ts✳ ❚❤✐s ❧❡❛❞s t♦ O(N2) s❝❛❧✐♥❣ ♦❢ ♠❡♠♦r② r❡q✉✐r❡♠❡♥t ❛♥❞ O(N3)

s❝❛❧✐♥❣ ♦❢ ❈P❯✲t✐♠❡✳ ❚❤❡ ♠❡s❤ s❡❣♠❡♥ts s❤♦✉❧❞ ❜❡ ❡❧❡❝tr✐❝❛❧❧② s❤♦rt s✐♥❝❡ t❤❡ ❝✉rr❡♥t

❞✐str✐❜✉t✐♦♥ ✐s ❛ss✉♠❡❞ ❧✐♥❡❛r ♦✈❡r ❡❛❝❤ s❡❣♠❡♥t✳ ❚❤✉s✱ ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s

❛♥❞ t❤❡ ✇❛✈❡❧❡♥❣t❤ ❣❡ts s♠❛❧❧❡r✱ ❛ ✜♥❡r ♠❡s❤ ✐s r❡q✉✐r❡❞ t♦ ♠♦❞❡❧ t❤❡ ❜♦❞② ❛♥❞ t❤❡

♥✉♠❜❡r ♦❢ ✉♥❦♥♦✇♥s ✐♥❝r❡❛s❡s✳ ❙♦♦♥✱ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❧✐♠✐ts ❛r❡ r❡❛❝❤❡❞ ❛♥❞ ▼♦▼

❜❡❝♦♠❡s ✐♠♣r❛❝t✐❝❛❧✳

❚❤❡ ▼✉❧t✐❧❡✈❡❧ ❋❛st ▼✉❧t✐♣♦❧❡ ▼❡t❤♦❞ ✭▼▲❋▼▼✮ ✐s ❛ ❝♦♠♣✉t❛t✐♦♥❛❧❧② ❡✣❝✐❡♥t

✐♥t❡❣r❛❧ ❡q✉❛t✐♦♥ t❡❝❤♥✐q✉❡ t❤❛t ❛❧❧♦✇s ❢✉❧❧✲✇❛✈❡ ❛♥❛❧②s✐s ♦❢ ❡❧❡❝tr✐❝❛❧❧② ❧❛r❣❡ str✉❝✲

t✉r❡s t❤❛t ❝❛♥♥♦t ❜❡ s♦❧✈❡❞ ✉s✐♥❣ t❤❡ ❝❧❛ss✐❝ ▼♦▼✳ ❯s✐♥❣ ▼▲❋▼▼✱ ❝♦♠♣✉t❛t✐♦♥❛❧

❝♦♠♣❧❡①✐t② ✐s r❡❞✉❝❡❞ ❢r♦♠ O(N2) t♦ O(NlogN) ❢♦r ♠❡♠♦r② r❡q✉✐r❡♠❡♥t ❛♥❞ ❢r♦♠

O(N3) t♦ O(Nlog2N) s❝❛❧✐♥❣ ❢♦r ❈P❯✲t✐♠❡✳ ❚❤✐s r❡s✉❧ts ✐♥ ❤✉❣❡ s❛✈✐♥❣s ✐♥ ❝♦♠♣✉✲

t❛t✐♦♥❛❧ r❡s♦✉r❝❡s ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳

❚❤❡ ▼▲❋▼▼ ❝❛♥♥♦t ❜❡ ❝♦♥s✐❞❡r❡❞ ❛ s❡♣❛r❛t❡ t❡❝❤♥✐q✉❡ ❢r♦♠ t❤❡ ▼♦▼ s✐♥❝❡ ✐t

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

▼▲❋▼▼ ✉♥❧✐❦❡ t❤❡ ▼♦▼✱ ♦♥❧② ♣❛rt ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ♠❛tr✐① ✐s ❡①♣❧✐❝✐t❧② ❝❛❧❝✉❧❛t❡❞✳

❘❛t❤❡r✱ ❛ ♣r♦❝❡ss ♦❢ ❛❣❣r❡❣❛t✐♦♥✱ tr❛♥s❧❛t✐♦♥ ❛♥❞ ❞✐s❛❣❣r❡❣❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ❧❡✈❡❧s

✐s ❡♠♣❧♦②❡❞ ❢♦r ❛♥❛❧②t✐❝❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ♠❛tr✐①✱ s♦ t❤❛t t❤❡ ❝♦♠✲

♣✉t❛t✐♦♥❛❧ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ♠❛tr✐① ✈❡❝t♦r ♣r♦❞✉❝t ✐s r❡❞✉❝❡❞ ❬✸✶❪✳ ❚❤❡ ▼▲❋▼▼

t❤❡r❡❢♦r❡ ♥❡❡❞s t♦ ❜❡ ✉s❡❞ ✐♥ ✐t❡r❛t✐✈❡ s♦❧✉t✐♦♥s ♦❢ t❤❡ ♠❛tr✐① ❡q✉❛t✐♦♥s✳

❚❤❡ r❛❞✐❛t✐♦♥ ♦❢ ❛ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ t❤❡ ❛✐r❝r❛❢t s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶ ✇❛s ❛♥✲

❛❧②③❡❞ ❛t ✶✵✵ ▼❍③✱ ✉s✐♥❣ t❤❡ ▼▲❋▼▼ ❛♥❞ ▼♦▼✳ ❚❤❡ ❛♥❛❧②s❡s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥

❋❡❦♦ ✻✳✶ ✉s✐♥❣ ❛♥ ✽✲♣r♦❝❡ss ♣❛r❛❧❧❡❧ s♦❧✈❡r✳ ❚❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ♠♦❞❡❧ ✐s ❞✐s❝r❡t✐③❡❞ t♦

❡❧❡❝tr✐❝❛❧❧② s♠❛❧❧ tr✐❛♥❣✉❧❛r ♣❛t❝❤❡s✳ ❚❤❡ ❋❡❦♦ st❛♥❞❛r❞ ✈❛❧✉❡ ❢♦r t❤❡ tr✐❛♥❣❧❡ ❡❞❣❡

❧❡♥❣t❤✱ ✐✳❡✳ λ/8✱ ✐s ✉s❡❞✳ ❚❛❜❧❡ ✸✳✶ ❝♦♠♣❛r❡s t❤❡ ❈P❯✲t✐♠❡ ❛♥❞ ♠❡♠♦r② r❡q✉✐r❡✲

♠❡♥ts ❢♦r t❤❡ t✇♦ t❡❝❤♥✐q✉❡s✳ ◆♦t❡ t❤❛t ✏♣❡❛❦ ♠❡♠♦r②✑ r❡❢❡rs t♦ t❤❡ s✉♠ ♦❢ t❤❡

♣❡❛❦ ♠❡♠♦r② ♦❢ ❛❧❧ ♣r♦❝❡ss❡s✳ ■t ✐s s❡❡♥ t❤❛t ❡♠♣❧♦②✐♥❣ ▼▲❋▼▼✱ t❤❡ ❛♥❛❧②s✐s ❝❛♥

❜❡ ♣❡r❢♦r♠❡❞ ❛t ❛ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦st✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t
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★ ♦❢ ✉♥❦♥♦✇♥s P❡❛❦ ▼❡♠♦r② ❈P❯✲t✐♠❡

▼▲❋▼▼ ✹✸✷✾✵ ✷✳✺✹ ●❇ ✶✵✵ s❡❝
▼♦▼ ✹✸✷✾✵ ✶✹✳✵✼ ●❇ ✹✷✳✻ ♠✐♥

❚❛❜❧❡ ✸✳✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ❝♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ✉s✐♥❣ t❤❡ ▼▲❋▼▼ ✇✐t❤
t❤♦s❡ r❡q✉✐r❡❞ ✉s✐♥❣ t❤❡ ▼♦▼✱ ❢♦r ❛♥❛❧②s✐s ❛t ✶✵✵ ▼❍③✳

t❤❡ ▼▲❋▼▼ r❡s✉❧ts ❛r❡ ✐♥ ♣❡r❢❡❝t ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ tr❛❞✐t✐♦♥❛❧ ▼♦▼ r❡s✉❧ts✳

✸✳✶✳✶ ❈♦♥✈❡r❣❡♥❝❡

❚❤❡ ▼▲❋▼▼ ✐♠♣r♦✈❡s t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ▼♦▼ ♠❛tr✐① ✈❡❝t♦r ♣r♦❞✲

✉❝t ❛♥❞ t❤❡r❡❢♦r❡ ✐t ♥❡❡❞s t♦ ❜❡ ✉s❡❞ ✐♥ ✐t❡r❛t✐✈❡ s♦❧✉t✐♦♥s✳ ❈♦♥✈❡r❣❡♥❝❡ ❢♦r t❤❡

✐t❡r❛t✐✈❡ s♦❧✈❡r✱ ❤♦✇❡✈❡r✱ ✐s ♥♦t ❛❧✇❛②s ❡❛s✐❧② ♦❜t❛✐♥❡❞✳ ❚❤❡ ✐t❡r❛t✐✈❡ s♦❧✈❡r ♠✐❣❤t

♥♦t ❝♦♥✈❡r❣❡ ♦r t♦♦ ♠❛♥② ✐t❡r❛t✐♦♥ ❝♦✉♥ts ♠✐❣❤t ❜❡ r❡q✉✐r❡❞ t♦ ❛❝❤✐❡✈❡ ❝♦♥✈❡r❣❡♥❝❡✳

❆s s❛✐❞ ❡❛r❧✐❡r✱ t❤❡ ▼▲❋▼▼ ✐s ❛♥ ✐♥t❡❣r❛❧ ❡q✉❛t✐♦♥ t❡❝❤♥✐q✉❡✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢

t❤❡ ✐♥t❡❣r❛❧ ❡q✉❛t✐♦♥ ❢♦r♠✉❧❛t✐♥❣ t❤❡ ♣r♦❜❧❡♠ ✐♠♣❛❝ts t❤❡ ❝♦♥✈❡r❣❡♥❝❡✳ ❚❤❡ ❊❧❡❝tr✐❝

❋✐❡❧❞ ■♥t❡❣r❛❧ ❊q✉❛t✐♦♥ ✭❊❋■❊✮ ❢♦r♠✉❧❛t✐♦♥ ✐s t❤❡ ♠♦st ❣❡♥❡r❛❧ ❢♦r♠✉❧❛t✐♦♥ s✐♥❝❡ ✐t

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

❤♦✇❡✈❡r✱ ❝❛♥ ❧❡❛❞ t♦ ✐❧❧✲❝♦♥❞✐t✐♦♥❡❞ ♠❛tr✐① ❡q✉❛t✐♦♥s ✇❤✐❝❤ ✐♥ t✉r♥ r❡s✉❧ts ✐♥ ♣♦♦r

❝♦♥✈❡r❣❡♥❝❡✳

❈♦♥✈❡r❣❡♥❝❡ ♦❢ t❤❡ ✐t❡r❛t✐✈❡ s♦❧✉t✐♦♥ ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞ ❜② ❡♠♣❧♦②✐♥❣ t❤❡ ❈♦♠❜✐♥❡❞

❋✐❡❧❞ ■♥t❡❣r❛❧ ❊q✉❛t✐♦♥ ✭❈❋■❊✮✳ ❚❤❡ ❈❋■❊ ✐s ❛ ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ▼❋■❊ ❛♥❞

❊❋■❊ ✇✐t❤ ❛ ❢❛❝t♦r✱ ❛✳ ❈❤♦♦s✐♥❣ α = 1 ❛♥❞ α = 0 r❡❞✉❝❡s t❤❡ ❈❋■❊ t♦ t❤❡ ❊❋■❊

❛♥❞ ▼❋■❊ r❡s♣❡❝t✐✈❡❧②✳ ✵✳✷ ✐s ❜❡❧✐❡✈❡❞ t♦ ❜❡ ❛♥ ♦♣t✐♠❛❧ ✈❛❧✉❡ ❢♦r ❛ ❬✸✷❪✳ ❚❤❡ ❈❋■❊

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

❝♦♥✈❡r❣❡♥❝❡✳ ❯♥❧✐❦❡ ❊❋■❊✱ ▼❋■❊ ❛♥❞ ❤❡♥❝❡ ❈❋■❊ ❢♦r♠✉❧❛t✐♦♥s ❝❛♥ ♦♥❧② ❜❡ ❛♣♣❧✐❡❞

t♦ ❝❧♦s❡❞ ♠❡t❛❧❧✐❝ ❜♦❞✐❡s ❛♥❞ ❛❧s♦ ❞♦ ♥♦t ✇♦r❦ ✇❡❧❧ ♦♥ s✉r❢❛❝❡s ✇✐t❤ s❤❛r♣ ❡❞❣❡s ♦r

♥♦♥✲❝♦♥t✐♥✉♦✉s ❝✉r✈❛t✉r❡✳ ❚❤✉s✱ t❤❡ ❈❋■❊ ❝❛♥♥♦t ❜❡ ❛♣♣❧✐❡❞ t♦ ❛❧❧ s✉r❢❛❝❡s ♦❢ ♦✉r

❛✐r❝r❛❢t ♠♦❞❡❧ s✐♥❝❡ ✐t ❝♦♥t❛✐♥s ♠❛♥② s❤❛r♣ ❝♦r♥❡rs✳
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❋r❡q✉❡♥❝② ❋♦r♠✉❧❛t✐♦♥ ★ ♦❢ ✉♥❦♥♦✇♥s ★ ♦❢ ✐t❡r❛t✐♦♥s P❡❛❦ ♠❡♠♦r② ❈P❯✲t✐♠❡

✶✵✵ ▼❍③
❊❋■❊ ✹✸✱✷✾✵ ✹✻ ✷✳✺✹ ●❇ ✶✻✺ s❡❝

❍②❜r✐❞ ❈❋■❊✲❊❋■❊ ✹✸✱✷✾✵ ✶✶ ✷✳✺✹ ●❇ ✶✵✵ s❡❝

✹✺✵ ▼❍③
❊❋■❊ ✸✻✺✱✵✾✹ ✶✶✶ ✶✶✳✻✸✼ ●❇ ✶✶✳✽ ♠✐♥

❍②❜r✐❞ ❈❋■❊✲❊❋■❊ ✸✻✺✱✵✾✹ ✽✵ ✶✷✳✷✾✼ ●❇ ✷✶✳✷✻ ♠✐♥

✼✵✵ ▼❍③
❊❋■❊ ✽✺✹✱✸✻✼ ✶✵✷ ✷✽✳✵✺ ●❇ ✷✽✳✹ ♠✐♥

❍②❜r✐❞ ❈❋■❊✲❊❋■❊ ✽✺✹✱✸✻✼ ✹✸ ✷✾✳✷ ●❇ ✸✶✳✹ ♠✐♥

✶ ●❍③
❊❋■❊ ✶✱✼✷✺✱✺✺✹ ✷✶✸ ✺✾✳✹✺ ●❇ ✷✳✾ ❤♦✉rs

❍②❜r✐❞ ❈❋■❊✲❊❋■❊ ✶✱✼✷✺✱✺✺✹ ✺✽ ✻✷✳✻✸ ●❇ ✺✶✳✹ ♠✐♥

❚❛❜❧❡ ✸✳✷✿ ❙♦❧✉t✐♦♥ ❝♦♥✈❡r❣❡♥❝❡ ✉s✐♥❣ ❤②❜r✐❞ ❈❋■❊✲❊❋■❊ ❛♥❞ ❊❋■❊✳

❚❤✐s ✐ss✉❡ ❝❛♥ ❜❡ ❛❞❞r❡ss❡❞ ❜② ✉s✐♥❣ t❤❡ ❤②❜r✐❞ ❈❋■❊✲❊❋■❊ ❢♦r♠✉❧❛t✐♦♥✳ ❋❡❦♦

❛❧❧♦✇s ❛♣♣❧②✐♥❣ ❈❋■❊ ❢♦r♠✉❧❛t✐♦♥ t♦ ❛ s✉❜s❡t ♦❢ ❛ ♣r♦❜❧❡♠✳ ❚❤✉s✱ ❈❋■❊ ✐s ❛♣♣❧✐❡❞ t♦

♠❡t❛❧❧✐❝ ❢❛❝❡s ❝♦♠♣r✐s✐♥❣ t❤❡ ❝②❧✐♥❞r✐❝❛❧ ♣❛rt ♦❢ t❤❡ ❢✉s❡❧❛❣❡ ❛♥❞ ❊❋■❊ ✐s ❛♣♣❧✐❡❞ t♦

t❤❡ r❡♠❛✐♥✐♥❣ ❢❛❝❡s✳ ❚❛❜❧❡ ✸✳✷ ❝♦♠♣❛r❡s t❤❡ ▼▲❋▼▼ ❝♦♥✈❡r❣❡♥❝❡ ❢♦r t❤❡ ❊❋■❊ ❛♥❞

❤②❜r✐❞ ❈❋■❊✲❊❋■❊ ❢♦r♠✉❧❛t✐♦♥s ❛t ❞✐✛❡r❡♥t ❢r❡q✉❡♥❝✐❡s✳ ◆♦t❡ t❤❛t ❜♦t❤ ❢♦r♠✉❧❛t✐♦♥s

❝♦♥✈❡r❣❡❞ t♦ t❤❡ s❛♠❡ s♦❧✉t✐♦♥✳

■t ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ t❤❛t ❛t ❛❧❧ ❢r❡q✉❡♥❝✐❡s✱ t❤❡ ❤②❜r✐❞ ❈❋■❊✲❊❋■❊ r❡q✉✐r❡s ❛ ❢❡✇❡r

♥✉♠❜❡r ♦❢ ✐t❡r❛t✐♦♥s✳ ❆t ✶ ●❍③✱ t❤✐s ❧❡❛❞s t♦ ❣r❡❛t r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ♦✈❡r❛❧❧ ❈P❯✲

t✐♠❡ ♥❡❡❞❡❞ ❢♦r t❤❡ ❛♥❛❧②s✐s✳ ❚❤✐s s❤♦✇s t❤❛t ❡♠♣❧♦②✐♥❣ t❤❡ ❈❋■❊ ❝❛♥ ♠❛❦❡ ❛ ❜✐❣

❞✐✛❡r❡♥❝❡ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ s❧♦✇ ❝♦♥✈❡r❣❡♥❝❡ ♦❢ t❤❡ ❊❋■❊ ❝❛♥ ♣r♦❧♦♥❣ t❤❡

❛♥❛❧②s✐s ❜② ❤♦✉rs✳ ◆♦t❡ t❤❛t ❛❧t❤♦✉❣❤ t❤❡ ❤②❜r✐❞ ❈❋■❊✲❊❋■❊ ✐♠♣r♦✈❡s t❤❡ ▼▲❋▼▼

❝♦♥✈❡r❣❡♥❝❡✱ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ♠❛tr✐① ❡❧❡♠❡♥ts ❛♥❞ ♣r❡❝♦♥❞✐t✐♦♥✐♥❣ ♦❢ t❤❡ ♠❛tr✐①

t❛❦❡s ❧♦♥❣❡r ✐♥ ❋❡❦♦ ✇❤❡♥ t❤❡ ❤②❜r✐❞ ❈❋■❊✲❊❋■❊ ✐s ✉s❡❞✳ ❆s ❛ r❡s✉❧t✱ ❛t ❧♦✇❡r

❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ♦✈❡r❛❧❧ ❛♥❛❧②s✐s ❞♦❡s ♥♦t t❛❦❡ ❧♦♥❣✱ t❤❡ ❊❋■❊ s♦❧✉t✐♦♥ ❝❛♥ ❜❡

♠♦r❡ ❡✣❝✐❡♥t✳

❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ♣r❡✲❝♦♥❞✐t✐♦♥❡r ❛❧s♦ ✐♠♣❛❝ts t❤❡ ▼▲❋▼▼ ❝♦♥✈❡r❣❡♥❝❡✳ ❚❤❡

❋❡❦♦ ✻✳✶ ❞❡❢❛✉❧t ♣r❡✲❝♦♥❞✐t✐♦♥❡r ❢♦r ♣❛r❛❧❧❡❧ ▼▲❋▼▼ ✐s ❝❛❧❧❡❞ ❙✉♣❡r✲▲❯✱ ✇❤❡r❡❛s t❤❡

♣r❡✈✐♦✉s ✈❡rs✐♦♥s ♦❢ ❋❡❦♦ ✉s❡❞ t❤❡ ❙♣❛rs❡ ❆♣♣r♦①✐♠❛t❡ ■♥✈❡rs❡ ✭❙P❆■✮ ♣r❡✲❝♦♥❞✐t✐♦♥❡r

❛s t❤❡ ❞❡❢❛✉❧t ♣r❡✲❝♦♥❞✐t✐♦♥❡r✳ ❚❤❡ ❙✉♣❡r✲▲❯ ♣r❡✲❝♦♥❞✐t✐♦♥❡r ❧❡❛❞s t♦ ❜❡tt❡r ❝♦♥✈❡r✲

❣❡♥❝❡ ❛♥❞ ❝❛♥ ❜❡ ❢❛st❡r ❝♦♠♣❛r❡❞ t♦ t❤❡ ❙P❆■ ♣r❡✲❝♦♥❞✐t✐♦♥❡r✱ ❜✉t ✐t ✐s ❧❡ss s♣❛rs❡
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Pr❡✲❝♦♥❞✐t✐♦♥❡r ★ ♦❢ ✉♥❦♥♦✇♥s ★ ♦❢ ✐t❡r❛t✐♦♥s P❡❛❦ ♠❡♠♦r② ❈P❯✲t✐♠❡

❙✉♣❡r✲▲❯ ✶✱✼✷✺✱✺✺✹ ✺✽ ✻✷✳✻✸ ●❇ ✺✶✳✹ ♠✐♥
❙P❆■ ✶✱✼✷✺✱✺✺✹ ✶✻✶ ✷✶✳✾✹ ●❇ ✶✳✸✶ ❤♦✉rs

❚❛❜❧❡ ✸✳✸✿ ❙♦❧✉t✐♦♥ ❝♦♥✈❡r❣❡♥❝❡ ❛t ✶ ●❍③✱ ✉s✐♥❣ t❤❡ ❙P❆■ ❛♥❞ ❙✉♣❡r✲▲❯ ♣r❡✲
❝♦♥❞✐t✐♦♥❡r✳

❛♥❞ ❤❡♥❝❡ ✉s❡s ♠♦r❡ ♠❡♠♦r②✳ ❆t ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ♠❡♠♦r② ❧✐♠✐t ✐s r❡❛❝❤❡❞

✇✐t❤ t❤❡ ❙✉♣❡r✲▲❯ ♣r❡✲❝♦♥❞✐t✐♦♥❡r✱ t❤❡ ❙P❆■ ♣r❡✲❝♦♥❞✐t✐♦♥❡r ❝❛♥ ❜❡ ✉s❡❞ t♦ ✐♥❝r❡❛s❡

t❤❡ ▼▲❋▼▼ ♣r♦❜❧❡♠ s✐③❡ ❧✐♠✐t✳ ❚❤✐s✱ ♦❢ ❝♦✉rs❡✱ ✐s ❛❝❤✐❡✈❡❞ ❛t t❤❡ ❝♦st ♦❢ s❧♦✇❡r

❝♦♥✈❡r❣❡♥❝❡ ❛♥❞ ❧♦♥❣❡r s✐♠✉❧❛t✐♦♥ r✉♥✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❚❛❜❧❡ ✸✳✸✳

❖t❤❡r ✇❛②s t♦ ✐♠♣r♦✈❡ ❝♦♥✈❡r❣❡♥❝❡ ❢♦r t❤❡ ♣❛r❛❧❧❡❧ ▼▲❋▼▼ ✐♥❝❧✉❞❡s s❧✐❣❤t❧②

❝❤❛♥❣✐♥❣ t❤❡ ♠❡s❤ s✐③❡ ♦r t❤❡ ▼▲❋▼▼ ♠✐♥✐♠✉♠ ❜♦① s✐③❡✱ ❜✉t t❤❡s❡ tr✐❛❧✲❛♥❞✲❡rr♦r

❛♣♣r♦❛❝❤❡s ❛r❡ ✐♠♣r❛❝t✐❝❛❧ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ♣r♦❜❧❡♠ s✐③❡ ✐s ❡❧❡❝tr✐❝❛❧❧②

❧❛r❣❡✳

✸✳✶✳✷ ▼❡s❤✐♥❣

■♥ t❤❡ ▼♦▼ ❛♥❞ ❤❡♥❝❡ ▼▲❋▼▼✱ t❤❡ str✉❝t✉r❡ ✐s ♠♦❞❡❧❧❡❞ ✉s✐♥❣ ✇✐r❡ s❡❣♠❡♥ts ♦r

♣❛t❝❤❡s ♦✈❡r ✇❤✐❝❤ t❤❡ ❝✉rr❡♥t ❝❛♥ ❜❡ ❛ss✉♠❡❞ ♣✐❡❝❡✇✐s❡ ❧✐♥❡❛r✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t

t❤❡ ♠❡s❤ s❡❣♠❡♥ts ♥❡❡❞ t♦ ❜❡ ❡❧❡❝tr✐❝❛❧❧② s♠❛❧❧✳ ❋♦r ❣❡♥❡r❛❧ str✉❝t✉r❡s✱ ❛ ❧✐♥❡❛r

❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ♦r❞❡r ♦❢ ✵✳✶ ✇❛✈❡❧❡♥❣t❤ ✐s r❡❝♦♠♠❡♥❞❡❞ ❢♦r ❡❛❝❤ s❡❣♠❡♥t ❬✷✺❪✳

❚❤✐s ♠❡❛♥s t❤❛t ❛t ✈❡r② ❧♦✇ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ❛✐r❝r❛❢t ✐s ❡❧❡❝tr✐❝❛❧❧② s♠❛❧❧✱

t❤❡ ❛✐r❢r❛♠❡ ❝❛♥ ❜❡ ♠♦❞❡❧❧❡❞ ✇✐t❤ ❛ st✐❝❦ ♠♦❞❡❧✱ ✐✳❡✳ t❤❡ ❢✉s❡❧❛❣❡ ❛♥❞ ✇✐♥❣s ❝❛♥

❜❡ s✐♠♣❧② ♠♦❞❡❧❧❡❞ ✉s✐♥❣ ✇✐r❡ s❡❣♠❡♥ts ❬✸✸❪✳ ❍♦✇❡✈❡r✱ ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✱ ❛

✜♥❡r ♠❡s❤ ❝♦♥t❛✐♥✐♥❣ ♠♦r❡ ❞❡t❛✐❧s ♦❢ t❤❡ ❣❡♦♠❡tr② ✐s r❡q✉✐r❡❞ t♦ ♠♦❞❡❧ t❤❡ ❛✐r❝r❛❢t

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

■♥ ❋❡❦♦✱ t❤❡ ❛✐r❢r❛♠❡ ✐s ♠♦❞❡❧❧❡❞ ✉s✐♥❣ tr✐❛♥❣✉❧❛r ♣❛t❝❤❡s ❬✸✹❪✳ ❋✐❣✳ ✸✳✶ s❤♦✇s t❤❡

❛✐r❝r❛❢t s✐♠✉❧❛t✐♦♥ ♠❡s❤ ❛t ✶✵✵ ▼❍③✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ✉♥❦♥♦✇♥s ❡q✉❛❧s t❤❡ ♥✉♠❜❡r

♦❢ ✐♥t❡r♥❛❧ tr✐❛♥❣❧❡ ❡❞❣❡s ✭❡❞❣❡s t❤❛t ❜❡❧♦♥❣ t♦ t✇♦ tr✐❛♥❣❧❡s✮ ✇❤✐❝❤ ✐s r♦✉❣❤❧② ✶✳✺
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❋✐❣✉r❡ ✸✳✶✿ ❆✐r❝r❛❢t s✐♠✉❧❛t✐♦♥ ♠❡s❤ ❛t ✶✵✵ ▼❍③✳

t✐♠❡s t❤❡ ♥✉♠❜❡r ♦❢ tr✐❛♥❣❧❡s✳

■♥ t❤❡ ❝❛s❡ ♦❢ ❛ ❝♦♠♣❧❡① str✉❝t✉r❡ s✉❝❤ ❛s ❛♥ ❛✐r❝r❛❢t✱ ✐t ✐s ♥♦t ❡❛s② t♦ ❝❛❧❝✉❧❛t❡

t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✉♥❦♥♦✇♥s t❤❛t ✇♦✉❧❞ r❡s✉❧t ❢r♦♠ t❤❡ ♠❡s❤✐♥❣ ♦❢ t❤❡ ❈❆❉ ♠♦❞❡❧✳

■♥s♣✐r❡❞ ❜② t❤❡ ❢♦r♠✉❧❛s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✼ ♦❢ ❬✶✸❪✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛

✐s ❞❡r✐✈❡❞ ❢♦r t❤❡ ❇♦♠❜❛r❞✐❡r ❛✐r❝r❛❢t✳ # of unknowns = 2.7 × 10−14 × c2/d2✳ ❚❤✐s

❢♦r♠✉❧❛ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ♥✉♠❜❡r ♦❢ ✉♥❦♥♦✇♥s t❤❛t ✇♦✉❧❞ r❡s✉❧t ❢r♦♠

♠❡s❤✐♥❣ t❤❡ ❈❆❉ ✐♥ ❋❡❦♦✳ ❞ ✐s t❤❡ s❡❣♠❡♥t ❧❡♥❣t❤ ❛♥❞ ❝ ✐s t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t✳

❚❤❡ ❋❡❦♦ ❞❡❢❛✉❧t ✈❛❧✉❡ ❢♦r t❤❡ tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤ ✐s λ/8✳ ❍♦✇❡✈❡r✱ t❤❡ λ/5

tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤ ✐s s❡❡♥ t♦ ❜❡ s✉✣❝✐❡♥t❧② ❛❝❝✉r❛t❡ ❡✈❡♥ ❢♦r ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❝❛❧✲

❝✉❧❛t✐♦♥s✳ ❋✐❣✳ ✸✳✷ s❤♦✇s t❤❡ ♥♦r♠❛❧✐③❡❞ ❣❛✐♥ ♣❛tt❡r♥ ❛t ✶ ●❍③ ❢♦r ♠❡s❤❡s ✇✐t❤

λ/5 ❛♥❞ λ/8 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ ❢♦r ❛❧❧ ♣r❛❝t✐❝❛❧ ♣✉r♣♦s❡s t❤❡ t✇♦

r❡s✉❧ts ❛r❡ ✐❞❡♥t✐❝❛❧✳ ❚❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ λ/5 ❡❞❣❡ ❧❡♥❣t❤ ♠♦❞❡❧ ❞✐✛❡rs ❢r♦♠

✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ λ/8 ❡❞❣❡ ❧❡♥❣t❤ ♠♦❞❡❧ ♦♥❧② ❜② ✸✪✳ ❈♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s

r❡q✉✐r❡❞ ❢♦r ❛♥❛❧②s✐s ❛t ✶ ●❍③ ❢♦r ♠❡s❤❡s ✇✐t❤ λ/5 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤ ❛♥❞ λ/8

tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤ ❛r❡ ❝♦♠♣❛r❡❞ ✐♥ ❚❛❜❧❡ ✸✳✹✳

❚❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ✷ ●❍③✱ ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✷ ✭❋✐❣ ✷✳✻✮✱ ✇❛s ♦❜t❛✐♥❡❞

✉s✐♥❣ λ/5 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤✳ ❚❤❡ ✷✱✻✽✸✱✾✹✾ ✉♥❦♥♦✇♥s ✇❡r❡ s♦❧✈❡❞ ✐♥ ✷✳✽✼ ❤♦✉rs
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✭❝✮

❋✐❣✉r❡ ✸✳✷✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ♠❡s❤ ✇✐t❤ λ/5 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤
❝♦♠♣❛r❡❞ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ♠❡s❤ ✇✐t❤ λ/8 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤✱
❛t ✶ ●❍③ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳ ✭❜✮ r♦❧❧ ♣❧❛♥❡✳ ✭❝✮ ②❛✇ ♣❧❛♥❡✳

❚r✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤ ★ ♦❢ ✉♥❦♥♦✇♥s P❡❛❦ ▼❡♠♦r② ❈P❯✲t✐♠❡

λ/8 ✶✱✼✷✺✱✺✺✹ ✻✷✳✻✸ ●❇ ✺✶✳✹ ♠✐♥
λ/5 ✻✽✼✱✷✷✶ ✶✻✳✹ ●❇ ✹✶✳✻✽

❚❛❜❧❡ ✸✳✹✿ ❈♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ❢♦r ❛♥❛❧②s✐s ❛t ✶ ●❍③ ❢♦r ♠❡s❤❡s ✇✐t❤
λ/8 ❛♥❞ λ/5 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤s✳

✇✐t❤ ❛ ♣❡❛❦ ♠❡♠♦r② ♦❢ ✻✻✳✽ ●❇✳ ❯s✐♥❣ λ/8 tr✐❛♥❣❧❡ ❡❞❣❡ s✐③❡ ❛t ✷ ●❍③✱ ✇❡ r❛♥ ♦✉t

♦❢ ♠❡♠♦r②✳

❋♦r ❛♥❛❧②s✐s ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ❛ ❝♦❛rs❡r ♠❡s❤ ❝❛♥ ❜❡ ✉s❡❞✱ ❜✉t t❤❡ ❛❝❝✉r❛❝②

♦❢ t❤❡ r❡s✉❧ts ♠✐❣❤t ❜❡ ✐♠♣❛❝t❡❞✳ ❆ ♥♦♥✉♥✐❢♦r♠ ♠❡s❤ ❝❛♥ ❜❡ ✉s❡❞ t♦ r❡❞✉❝❡ t❤❡

♣r♦❜❧❡♠ s✐③❡ ✇✐t❤♦✉t ❤✉rt✐♥❣ t❤❡ ❛❝❝✉r❛❝②✳ ❆ ✜♥❡r ♠❡s❤ ❝❛♥ ❜❡ ✉s❡❞ ✐♥ ❛r❡❛s ❝❧♦s❡

t♦ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ r❡❣✐♦♥s t❤❛t ❛r❡ str♦♥❣❧② ✐❧❧✉♠✐♥❛t❡❞ ❛♥❞ ❛ ❝♦❛rs❡r ♠❡s❤ ❝❛♥ ❜❡

✉s❡❞ ✐♥ ♦t❤❡r r❡❣✐♦♥s✳

✸✳✷ P❤②s✐❝❛❧ ❖♣t✐❝s

P❤②s✐❝❛❧ ❖♣t✐❝s ✭P❖✮ ✐s ❛♥ ❛s②♠♣t♦t✐❝ ❤✐❣❤ ❢r❡q✉❡♥❝② t❡❝❤♥✐q✉❡✳ ▲✐❦❡ t❤❡ ▼♦▼✱ P❖

✐s ❛ ❝✉rr❡♥t✲❜❛s❡❞ t❡❝❤♥✐q✉❡ ❛♥❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❜♦❞✐❡s ♦❢ ❛r❜✐tr❛r② s❤❛♣❡✳ ■♥ t❤❡

P❖ ❢♦r♠✉❧❛t✐♦♥✱ ❤♦✇❡✈❡r✱ t❤❡ ❝✉rr❡♥ts ♦♥ t❤❡ ♠❡t❛❧❧✐❝ s✉r❢❛❝❡s ❛r❡ s✐♠♣❧② ❝❛❧❝✉❧❛t❡❞

❢r♦♠ t❤❡ ●❖ ✜❡❧❞s✳ ❉✐✛r❛❝t✐♦♥ ✐s ♦♥❧② ❛♣♣r♦①✐♠❛t❡❧② tr❡❛t❡❞ ✐♥ P❖✳
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❋❡❦♦ ❤②❜r✐❞✐s❡s P❖ ✇✐t❤ ▼♦▼ ✇❤❡r❡ ▼♦▼ ❝✉rr❡♥t ❡❧❡♠❡♥ts ❛r❡ ✉s❡❞ t♦ ❡①❝✐t❡

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

♠♦♥♦♣♦❧❡ ✇❛s tr❡❛t❡❞ ✇✐t❤ t❤❡ ▼♦▼✳ ❚❤❡ ❛♥❛❧②s✐s ✇❛s ♣❡r❢♦r♠❡❞ ❛t ✶✵✵ ▼❍③✱ ✹✺✵

▼❍③ ❛♥❞ ✶ ●❍③✳ ❚❤❡ ❣❛✐♥ ♣❛tt❡r♥s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✸ t♦ ✸✳✺✳ ❚❤❡ ❣❛✐♥ ♣❛tt❡r♥s

♦❜t❛✐♥❡❞ ✉s✐♥❣ ▼▲❋▼▼ ❛r❡ ❛❧s♦ s❤♦✇♥ ❢♦r ❝♦♠♣❛r✐s♦♥✳

❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✸✳✸✱ ❛t ✶✵✵ ▼❍③✱ t❤❡ P❖ ♣❛tt❡r♥ ❞✐✛❡rs ❢r♦♠ t❤❡ ▼▲❋▼▼

♣❛tt❡r♥ s♣❡❝✐❛❧❧② ✐♥ t❤❡ ③❡♥✐t❤ ❞✐r❡❝t✐♦♥✳ ❚❤❡r❡ ❛r❡ ❛❧s♦ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❧♦✇❡r

❤❡♠✐s♣❤❡r❡ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ t❛✐❧ s✐❞❡✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t ❞✐✛r❛❝t✐♦♥ ✐s ♦♥❧②

❛♣♣r♦①✐♠❛t❡❧② ❝♦♥s✐❞❡r❡❞ ✐♥ P❖✳ ❚❤✉s✱ P❖ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ s♦❧✉t✐♦♥s ❧❛❝❦ ❛❝❝✉r❛❝②

❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✳ ❍♦✇❡✈❡r✱ ❛s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✱ t❤❡ ❛❝❝✉r❛❝② ✐♠♣r♦✈❡s✳ ❆t

✹✺✵ ▼❍③ ❛♥❞ ✶ ●❍③✱ t❤❡ P❖ ♣❛tt❡r♥ ✐s ✐♥ ❛ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ▼▲❋▼▼

♣❛tt❡r♥✳ ❚❤❡r❡ ❛r❡ st✐❧❧ ❢❡✇❡r r✐♣♣❧❡s ✐♥ t❤❡ P❖ ♣❛tt❡r♥ ❞✉❡ t♦ ❧❛❝❦ ♦❢ ❤✐❣❤❡r ♦r❞❡r

✐♥t❡r❛❝t✐♦♥s ❛♥❞ t❤❡r❡ ❛r❡ ❛❧s♦ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ s❤❛❞♦✇ r❡❣✐♦♥ ❢♦r t❤❡ s❛♠❡ r❡❛s♦♥✳

❍♦✇❡✈❡r✱ ❜② ✉s✐♥❣ P❖ ❛t t❤❡s❡ ❢r❡q✉❡♥❝✐❡s✱ ❛ ❣♦♦❞ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥

✐s ♦❜t❛✐♥❡❞ ❛t ❛ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦st✳ ❚❛❜❧❡ ✸✳✺ s❤♦✇s t❤❡ ❈P❯✲

t✐♠❡ ❛♥❞ ♠❡♠♦r② r❡q✉✐r❡♠❡♥ts ❢♦r P❖✳ ❈♦♠♣❛r✐♥❣ ❚❛❜❧❡ ✸✳✺ ✇✐t❤ ❚❛❜❧❡ ✸✳✷✱ ✐t ✐s

s❡❡♥ t❤❛t t❤❡ ♠❡♠♦r② r❡q✉✐r❡❞ ❢♦r P❖ ✐s s✐❣♥✐✜❝❛♥t❧② ❧❡ss t❤❛♥ t❤❡ ♠❡♠♦r② r❡q✉✐r❡❞

❢♦r ▼▲❋▼▼✳

❆s ❛ r❡s✉❧t✱ P❖ ✐s ❛ s✉✐t❛❜❧❡ t❡❝❤♥✐q✉❡ ❢♦r ❛♥❛❧②s✐s ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡

❛✐r❝r❛❢t ❜❡❝♦♠❡s ❡❧❡❝tr✐❝❛❧❧② ✈❡r② ❧❛r❣❡ ❛♥❞ ❛♥❛❧②s✐s ✇✐t❤ ▼▲❋▼▼ ✐s ♥♦t ♣♦ss✐❜❧❡✳

◆♦t❡ t❤❛t ♦♥❡ ♥❡❡❞s t♦ ❜❡ ❝❛r❡❢✉❧ ✇❤❡♥ ✉s✐♥❣ P❖ ❢♦r ✐♠♣❡❞❛♥❝❡ ❝❛❧❝✉❧❛t✐♦♥s✳

❆s t❤❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✱ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✐♥♣✉t

✐♠♣❡❞❛♥❝❡ ✐♥❝r❡❛s❡s✳ ❍♦✇❡✈❡r✱ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡ ❢♦r t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ❝❛♥♥♦t

❜❡ tr✉st❡❞✳ ❋♦r ❛ ♠♦r❡ ❛❝❝✉r❛t❡ ✐♠♣❡❞❛♥❝❡ ❝❛❧❝✉❧❛t✐♦♥✱ t❤❡ ❤②❜r✐❞ ▼♦▼✴P❖ ❝❛♥ ❜❡

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

❜❡ tr❡❛t❡❞ ✉s✐♥❣ t❤❡ ▼♦▼ ❛♥❞ P❖ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ r❡st✳

❋✐❣✳ ✸✳✻ s❤♦✇s t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ♦♥ t❤❡ ❛✐r❢r❛♠❡ ❛t ✹✺✵ ▼❍③✱ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣
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❋✐❣✉r❡ ✸✳✸✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ P❖ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥
♦❜t❛✐♥❡❞ ✉s✐♥❣ ▼▲❋▼▼✱ ❛t ✶✵✵ ▼❍③ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳ ✭❜✮ r♦❧❧ ♣❧❛♥❡✳ ✭❝✮ ②❛✇ ♣❧❛♥❡✳
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❋✐❣✉r❡ ✸✳✹✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ P❖ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥
♦❜t❛✐♥❡❞ ✉s✐♥❣ ▼▲❋▼▼✱ ❛t ✹✺✵ ▼❍③ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳ ✭❜✮ r♦❧❧ ♣❧❛♥❡✳ ✭❝✮ ②❛✇ ♣❧❛♥❡✳
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❋✐❣✉r❡ ✸✳✺✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❜t❛✐♥❡❞ ✉s✐♥❣ P❖ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥
♦❜t❛✐♥❡❞ ✉s✐♥❣ ▼▲❋▼▼✱ ❛t ✶ ●❍③ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡✳ ✭❜✮ r♦❧❧ ♣❧❛♥❡✳ ✭❝✮ ②❛✇ ♣❧❛♥❡✳
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❋r❡q✉❡♥❝②
★ ♦❢ ✉♥❦♥♦✇♥s

P❡❛❦ ▼❡♠♦r② ❈P❯✲t✐♠❡
★ ♦❢ ▼♦▼ ❜❛s✐s ❢✉♥❝t✳ ★ ♦❢ P❖ ❜❛s✐s ❢✉♥❝t✳

✶✵✵ ▼❍③ ✶✷ ✹✸✱✷✼✽ ✶✸✵✳✽ ▼❇ ✼✻✳✷ s❡❝
✹✺✵ ▼❍③ ✶✷ ✸✻✺✱✵✽✷ ✶✳✵✺ ●❇ ✶✺ ♠✐♥
✶ ●❍③ ✶✶ ✶✱✼✷✺✱✺✹✸ ✹✳✽✹ ●❇ ✹✹✳✼✼ ♠✐♥

❚❛❜❧❡ ✸✳✺✿ ❈♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ✉s✐♥❣ P❖✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✸✳✻✿ ❈✉rr❡♥t ❞❡♥s✐t② ♦♥ t❤❡ ❛✐r❢r❛♠❡ ❛t ✹✺✵ ▼❍③ ✭❛✮ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ P❖ ✭❜✮
❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ▼▲❋▼▼✳

P❖ ❛♥❞ ▼▲❋▼▼✳ ❚❤❡r❡ ❛r❡ ❛❜r✉♣t ❞✐s❝♦♥t✐♥✉✐t✐❡s ✐♥ t❤❡ P❖ ❝✉rr❡♥t ❛♥❞ t❤❡ ❝✉rr❡♥t

❞❡♥s✐t✐❡s ❧♦♦❦ ❞✐st✐♥❝t❧② ❞✐✛❡r❡♥t✳ ◆❡✈❡rt❤❡❧❡ss✱ ✇❤❡♥ t❤❡ r❛❞✐❛t✐♦♥ ✐♥t❡❣r❛❧s ❛r❡ ❛♣✲

♣❧✐❡❞ t♦ t❤❡s❡ t✇♦ ❞✐st✐♥❝t✲❧♦♦❦✐♥❣ s✉r❢❛❝❡ ❝✉rr❡♥ts t♦ ❝❛❧❝✉❧❛t❡ t❤❡ r❛❞✐❛t❡❞ ✜❡❧❞✱ t❤❡

❞✐✛❡r❡♥❝❡ ❞✐♠✐♥✐s❤❡s ❛♥❞✱ ❛s st❛t❡❞ ❡❛r❧✐❡r✱ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣

t❤❡ ▼▲❋▼▼ ❛♥❞ P❖ ❛r❡ s✐♠✐❧❛r ❛t ✹✺✵ ▼❍③✳

✸✳✸ ❯♥✐❢♦r♠ ❚❤❡♦r② ♦❢ ❉✐✛r❛❝t✐♦♥

❚❤❡ ❯♥✐❢♦r♠ ❚❤❡♦r② ♦❢ ❉✐✛r❛❝t✐♦♥ ✭❯❚❉✮ ✐s ❜❛s❡❞ ♦♥ ❛♥ ❛s②♠♣t♦t✐❝ ❤✐❣❤ ❢r❡q✉❡♥❝②

s♦❧✉t✐♦♥ ♦❢ ▼❛①✇❡❧❧✬s ❡q✉❛t✐♦♥s✳ ❯❚❉ ❝❛♥ ❜❡ ✉s❡❞ t♦ tr❡❛t ❡❧❡❝tr✐❝❛❧❧② ❧❛r❣❡ str✉❝t✉r❡s

❝♦♥s✐st✐♥❣ ♦♥❧② ♦❢ ❝❛♥♦♥✐❝❛❧ s❤❛♣❡s✳ ■♥ ❯❚❉✱ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✇❛✈❡s ❛r❡ ❝♦♥s✐❞❡r❡❞

❛s r❛②s s✉❜❥❡❝t❡❞ t♦ r❡✢❡❝t✐♦♥ ❛♥❞ ❛❧s♦ ❞✐✛r❛❝t✐♦♥ t♦ ✐♥❝❧✉❞❡ t❤❡ ❡✛❡❝t ♦❢ t✐♣s✱ ❡❞❣❡s

❛♥❞ ❝r❡❡♣✐♥❣ ✇❛✈❡s✳
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❋♦r ❡❧❡❝tr✐❝❛❧❧② ❧❛r❣❡ ♦❜❥❡❝ts✱ r❡✢❡❝t✐♦♥ ❛♥❞ ❞✐✛r❛❝t✐♦♥ ❛r❡ ❡ss❡♥t✐❛❧❧② ❧♦❝❛❧ ♣❤❡✲

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

❝♦♠♣❧❡①✐t②✳ ❚❤❡ ♠❡♠♦r② ❛♥❞ ❈P❯✲t✐♠❡ r❡q✉✐r❡♠❡♥t ❛r❡ t❤❡r❡❢♦r❡ ❢r❡q✉❡♥❝② ✐♥❞❡♣❡♥✲

❞❡♥t ❢♦r ❯❚❉ ❛♥❞ t❤✐s t❡❝❤♥✐q✉❡ ✐s ✈❡r② ✇❡❧❧ s✉✐t❡❞ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛✐r❝r❛❢t ❛♥t❡♥♥❛s

❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ❢✉❧❧ ✇❛✈❡ ❛♥❛❧②s✐s ❝❛♥♥♦t ❜❡ ❛✛♦r❞❡❞✳

❯❚❉ ✐s ❜❛s❡❞ ♦♥ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛ss✉♠♣t✐♦♥s✿ ◆♦ ❧✐♥❡❛r ❞✐♠❡♥s✐♦♥✱ ❞✱ ❝❛♥ ❜❡ ❧❡ss

t❤❛♥ ❧❛♠❜❞❛ ✭2πd/λ ≫ 1✮ ❛♥❞ t❤❡ s♦✉r❝❡ ❛♥❞ ✈❛r✐♦✉s s❝❛tt❡r✐♥❣ ❝❡♥t❡rs ♥❡❡❞ t♦ ❜❡

s❡♣❛r❛t❡❞ ♦♥ t❤❡ ♦r❞❡r ♦❢ ❛ ✇❛✈❡❧❡♥❣t❤ ♦r ♠♦r❡ ❬✸✺❪✳ ❋♦r ❛ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ t❤❡

❢✉s❡❧❛❣❡ ♦❢ t❤❡ ❇♦♠❜❛r❞✐❡r ❛✐r❝r❛❢t t❤✐s tr❛♥s❧❛t❡s t♦ ❢r❡q✉❡♥❝✐❡s ❣r❡❛t❡r t❤❛♥ ❛❜♦✉t

✶✵✵ ▼❍③✳ ◆♦t❡ t❤❛t s✐♠♣❧✐✜❡❞ ❝❛♥♦♥✐❝❛❧ ♠♦❞❡❧s ♦❢ t❤❡ ❛✐r❢r❛♠❡ ♥❡❡❞ t♦ ❜❡ ✉s❡❞✱

❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❛♥t❡♥♥❛ ❧♦❝❛t✐♦♥ ❛♥❞ t❤❡ ♣❧❛♥❡ ✐♥ ✇❤✐❝❤ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✐s ♦❢

✐♥t❡r❡st✳

❋✐❣✳ ✸✳✼✱ s❤♦✇s t❤❡ ✜rst ♦r❞❡r ❯❚❉ ✐♥t❡r❛❝t✐♦♥s t❤❛t ❝♦♥tr✐❜✉t❡ t♦ t❤❡ r❛❞✐❛t✐♦♥ ❢♦r

❛♥ ❛♥t❡♥♥❛ ♦♥ t♦♣ ♦❢ t❤❡ ❢✉s❡❧❛❣❡ ♦❢ ❛♥ ❛✐r❝r❛❢t✳ ❖t❤❡r t❤❛♥ t❤❡ ✜rst ♦r❞❡r ✐♥t❡r❛❝t✐♦♥s✱

t❤❡r❡ ❛❧s♦ ❡①✐sts ❤✐❣❤❡r ♦r❞❡r ✐♥t❡r❛❝t✐♦♥s✳ ❚❤❡ ✐♥t❡♥s✐t② ♦❢ ❛ r❛② ✐s r❡❞✉❝❡❞ ❛s ✐t ❣♦❡s

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

❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ r❛❞✐❛t✐♦♥✳ ❚❛❜❧❡ ✼✳✷ ✐♥ ❬✶✸❪ s❤♦✇s t❤❡ r❛t✐♦ ♦❢ ❞✐✛❡r❡♥t ✐♥t❡r❛❝t✐♦♥s✳

■♥❝❧✉❞✐♥❣ t❤❡ ❤✐❣❤❡r ♦r❞❡r ✐♥t❡r❛❝t✐♦♥s ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ✐♥❝r❡❛s❡s t❤❡ ❝♦♠♣❧❡①✐t② ♦❢

t❤❡ t❡❝❤♥✐q✉❡✳ ▼♦r❡♦✈❡r✱ ❡rr♦rs ❞✉❡ t♦ ♥♦t ✐♥❝❧✉❞✐♥❣ t❤❡ ❤✐❣❤❡r ♦r❞❡r t❡r♠s ♠❡r❡❧②

r❡s✉❧t ✐♥ ❛♠♣❧✐t✉❞❡ ❥✉♠♣s ✐♥ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t s♦♠❡ ❛♥❣❧❡s✳ ❚❤✐s ✐♥❞✐❝❛t❡s

t❤❛t t❤❡ ❤✐❣❤❡r ♦r❞❡r t❡r♠s ❛r❡ ♦♥❧② ✐♠♣♦rt❛♥t ❛t s♦♠❡ ❛♥❣✉❧❛r s❡❝t♦rs ❞❡t❡❝t❡❞ ❜②

t❤❡ ❛♠♣❧✐t✉❞❡ ❥✉♠♣s✳

❯❚❉ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ s♦❧❡❧② ❢♦r ❛♥❛❧②s✐s ♦❢ ✇✐r❡ ♦r s❧♦t ❛♥t❡♥♥❛s ♦♥ t❤❡ ❢✉s❡❧❛❣❡✳

❍♦✇❡✈❡r✱ ✐♥ ❝❛s❡ ♦❢ ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ ❛♥t❡♥♥❛s ✭s✉❝❤ ❛s ♠✐❝r♦str✐♣✮✱ ♦t❤❡r ❝♦♠♣✉t❛✲

t✐♦♥❛❧ ♠❡t❤♦❞s ✭❧✐❦❡ ❋❊▼✮ ♦r t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧s ♥❡❡❞ t♦ ❜❡ ❤②❜r✐❞✐s❡❞ ✇✐t❤ ❯❚❉ t♦

❞❡t❡r♠✐♥❡ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ ❢♦r s♦♠❡ ❛♥t❡♥♥❛ ♣♦s✐t✐♦♥s s✉❝❤ ❛s

t❤❡ t❛✐❧ ✇❤❡r❡ t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ ❯❚❉ ❛r❡ ♥♦t ♠❡t✱ t❤❡ ▼♦▼ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♠♦❞❡❧
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❋✐❣✉r❡ ✸✳✼✿ ❱❛r✐♦✉s ✜rst✲♦r❞❡r ❯❚❉ ✐♥t❡r❛❝t✐♦♥s ✭❛✮ ❉✐r❡❝t s♦✉r❝❡ ✜❡❧❞✳ ✭❜✮ ❊✛❡❝t✐✈❡
s♦✉r❝❡ ✜❡❧❞✳ ✭❝✮ ❘❡✢❡❝t❡❞ ✜❡❧❞✳ ✭❞✮ ❊❞❣❡ ❞✐✛r❛❝t❡❞ ✜❡❧❞✳ ✭❡✮ ❈✉r✈❡❞ ❥✉♥❝t✐♦♥ ❡❞❣❡
❞✐✛r❛❝t❡❞ ✜❡❧❞✳ ✭❢✮ ❈♦r♥❡r ❞✐✛r❛❝t❡❞ ✜❡❧❞✳ ❬✷❪

t❤❡ r❡❣✐♦♥ ❛r♦✉♥❞ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ ❯❚❉ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ r❡st ♦❢ t❤❡ ❛✐r❢r❛♠❡✳

✸✳✸✳✶ ❘❛❞✐❛t✐♦♥ P❛tt❡r♥

❚❤❡ r♦❧❧ ♣❧❛♥❡ ❢❛r✲✜❡❧❞ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ ❛

❝②❧✐♥❞❡r ✇❛s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ❯❚❉✳ ❚❤❡ ❞✐r❡❝t r❛② ❛♥❞ t❤❡ t✇♦ ✜rst✲♦r❞❡r t❛♥❣❡♥t✐❛❧❧②✲

s❤❡❞ r❛②s ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ♣❛tt❡r♥ ❝❛❧❝✉❧❛t✐♦♥✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✽✳ ❚❤❡ ❯❚❉

s♦❧✉t✐♦♥ ❞❡s❝r✐❜❡❞ ✐♥ ❬✸✻❪ ✇❛s ✉s❡❞ ❢♦r t❤❡ r❛② ✜❡❧❞s✳

❚❤❡ ❝②❧✐♥❞❡r✱ ♠♦❞❡❧❧✐♥❣ t❤❡ ❛✐r❢r❛♠❡✱ ❤❛s r❛❞✐✉s ♦❢ ✶✳✸✽ ♠ ❛♥❞ ❛♥❛❧②s✐s ✐s ♣❡r✲

❢♦r♠❡❞ ❛t ✸✵✵ ▼❍③✳ ❋✐❣✳ ✸✳✾ s❤♦✇s t❤❡ ❣❛✐♥ ♣❛tt❡r♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ r♦❧❧ ♣❧❛♥❡
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❋✐❣✉r❡ ✸✳✽✿ ■♥t❡r❛❝t✐♦♥s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ r♦❧❧ ♣❧❛♥❡ ♣❛tt❡r♥✱ t❛❦❡♥
❢r♦♠ ❬✸❪ ✇✐t❤ ♠♦❞✐✜❝❛t✐♦♥s✳
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MLFMM (Feko)

UTD

❋✐❣✉r❡ ✸✳✾✿ ❘♦❧❧ ♣❧❛♥❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❢♦r ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ♦♥ ❛ ❝②❧✐♥❞❡r
♠♦❞❡❧❧✐♥❣ t❤❡ ❛✐r❢r❛♠❡ ❛t ✸✵✵ ▼❍③✳

♣❛tt❡r♥ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ♦♥ ❛ ✷✻ ♠ ❧♦♥❣ ❝②❧✐♥❞❡r ❝❛❧❝✉❧❛t❡❞ ✐♥ ❋❡❦♦✱ ✉s✐♥❣

t❤❡ ▼▲❋▼▼✳ ❆s ❝❛♥ ❜❡ s❡❡♥ t❤❡ t✇♦ r❡s✉❧ts ❤❛✈❡ t❤❡ s❛♠❡ ❢❡❛t✉r❡s ❛♥❞ ❛r❡ ❧❡ss t❤❛♥

✸ ❞❇ ❞✐✛❡r❡♥t ❛t ❛❧❧ ❛♥❣❧❡s✳

❚❤❡ ❛✐r❢r❛♠❡ ❝❛♥ ❜❡ ✈❛❧✐❞❧② ♠♦❞❡❧❧❡❞ ❜② ❛ ❝②❧✐♥❞❡r t♦ ❝❛❧❝✉❧❛t❡ t❤❡ r♦❧❧ ♣❧❛♥❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ ❛ ♠♦♥♦♣♦❧❡ ❧♦❝❛t❡❞ ❢♦r✇❛r❞ ♦❢ t❤❡ ✇✐♥❣s ❛t ✸✵✵ ▼❍③✳ ❍♦✇❡✈❡r✱

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

♣♦s✐t✐♦♥s ♦r ❛t ♦t❤❡r ❢r❡q✉❡♥❝✐❡s ♦r ✐❢ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✐♥ s♦♠❡ ♦t❤❡r ♣❧❛♥❡ ✐s ♦❢

✐♥t❡r❡st✳ ❚❤❡ st✉❞② ❝♦♥❞✉❝t❡❞ ✐♥ ❈❤❛♣t❡r ✷ ❤❡❧♣s ✇✐t❤ ❞❡❝✐❞✐♥❣ ✇❤✐❝❤ ❞❡t❛✐❧s ♦❢ t❤❡
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❋✐❣✉r❡ ✸✳✶✵✿ ❚❤❡ ❝②❧✐♥❞❡r ❣❡♦♠❡tr② ❢♦r ♠✉t✉❛❧ ❝♦✉♣❧✐♥❣ ❝❛❧❝✉❧❛t✐♦♥ ❬✹❪✳

❣❡♦♠❡tr② ♥❡❡❞ t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠♦❞❡❧✳

✸✳✸✳✷ ❈♦✉♣❧✐♥❣

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❛♥t❡♥♥❛ s②st❡♠s ♦♥ ❛♥ ❛✐r❝r❛❢t✳ ❚❤❡ ♣♦✇❡r r❛❞✐❛t❡❞ ❜② ♦♥❡ ❛♥t❡♥♥❛

s②st❡♠ ❝❛♥ ❜❡ r❡❝❡✐✈❡❞ ❜② ❛♥♦t❤❡r s②st❡♠✳ ❚❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t✇♦ ❛♥t❡♥♥❛s ✐s

❞❡✜♥❡❞ ❛s t❤❡ r❛t✐♦ ♦❢ t❤❡ r❡❝❡✐✈❡❞ ♣♦✇❡r ✭✐♥ ❛ ♠❛t❝❤❡❞ ❧♦❛❞✮ ❛♥❞ t❤❡ r❛❞✐❛t❡❞ ♣♦✇❡r

❬✷✺❪✳ ◆♦t❡ t❤❛t t❤❡ ✐♠♣❡❞❛♥❝❡ ♠✐s♠❛t❝❤❡s ❛♥❞ ❧♦ss❡s ❞✉❡ t♦ ❝❛❜❧❡s ❛♥❞ ❝♦♥♥❡❝t♦rs

❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t✇♦ ❛♥t❡♥♥❛s✳ ■t ✐s ❞❡s✐r❡❞

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

♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ❛♥t❡♥♥❛ s②st❡♠s✳

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

❯❚❉✳ ■♥ ❬✹❪✱ ❛ ❯❚❉ s♦❧✉t✐♦♥ ❢♦r t❤❡ ❊▼ ✜❡❧❞ ✐♥❞✉❝❡❞ ♦♥ t❤❡ s✉r❢❛❝❡ ♦❢ ❛ ♠❡t❛❧❧✐❝

❝②❧✐♥❞❡r ❞✉❡ t♦ ❛ s❤♦rt ♠♦♥♦♣♦❧❡ ♦♥ t❤❡ ❝②❧✐♥❞❡r ✐s ❞❡s❝r✐❜❡❞✳ ❚❤❡ s♦❧✉t✐♦♥ ✐s ❡①✲

♣r❡ss❡❞ ✐♥ t❡r♠s ♦❢ ❋♦❝❦ ✐♥t❡❣r❛❧s ✇❤✐❝❤ ❛r❡ t❛❜✉❧❛t❡❞✳ ❑♥♦✇✐♥❣ t❤❡ ✜❡❧❞ ♦♥ t❤❡

❝②❧✐♥❞❡r✱ t❤❡ r❡❛❝t✐♦♥ t❤❡♦r❡♠ ❬✸✼❪ ✐s t❤❡♥ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♠✉t✉❛❧ ✐♠♣❡❞❛♥❝❡

❜❡t✇❡❡♥ t✇♦ s❤♦rt ♠♦♥♦♣♦❧❡s ❧♦❝❛t❡❞ ❛t ◗ ❛♥❞ ◗✬ s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✶✵✳

❋✐❣✳ ✸✳✶✶ s❤♦✇s t❤❡ ♠✉t✉❛❧ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ s❤♦rt ✭0.1λ ❧♦♥❣✮ ♠♦♥♦♣♦❧❡s ♦♥

t❤❡ ❝②❧✐♥❞❡r ✈❡rs✉s φ✱ ❢♦r δ = 90 ❛♥❞ ✹✺ ❞❡❣✳ δ ✐s t❤❡ ❛♥❣❧❡ s✉❜t❡♥❞❡❞ ❜❡t✇❡❡♥ t❤❡
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❝②❧✐♥❞❡r ❛①✐s ✭③ ❛①✐s✮ ❛♥❞ t❤❡ ❣❡♦❞❡s✐❝ ♣❛t❤✳ ❚❤❡ r❛❞✐✉s ♦❢ t❤❡ ❝②❧✐♥❞❡r✱ ❛✱ ✐s 1.6λ

✭ka = 10✮ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❢✉s❡❧❛❣❡ r❛❞✐✉s ❛t ❛❜♦✉t ✸✺✵ ▼❍③✳

❚❤❡ ♠✉t✉❛❧ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t✇♦ s❤♦rt ♠♦♥♦♣♦❧❡s ♦♥ ❛ ❝②❧✐♥❞❡r ✭a = 1.6λ) ✇❛s

❛❧s♦ ❝❛❧❝✉❧❛t❡❞ ✐♥ ❋❡❦♦✱ ✉s✐♥❣ t❤❡ ▼▲❋▼▼✱ ❛♥❞ ✐s s❤♦✇♥ ❢♦r ❝♦♠♣❛r✐s♦♥✳ ❚❤❡ ❝②❧✐♥❞❡r

❧❡♥❣t❤ ✇❛s ❝❤♦s❡♥ 20λ s✐♥❝❡ ❢✉rt❤❡r ✐♥❝r❡❛s✐♥❣ t❤❡ ❝②❧✐♥❞❡r ❧❡♥❣t❤ ✇♦✉❧❞ ♥♦t ✐♠♣❛❝t

t❤❡ r❡s✉❧ts✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤❡ t✇♦ r❡s✉❧ts ❛r❡ ✐♥ ❝❧♦s❡ ❛❣r❡❡♠❡♥t✳ ❚❤✉s✱ ❯❚❉ ❝❛♥

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

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

✇❤❡♥ t❤❡ t✇♦ ❛♥t❡♥♥❛s ❛r❡ ✐♥ ❡❛❝❤ ♦t❤❡r✬s ❢❛r ✜❡❧❞ r❡❣✐♦♥s✱ ✐✳❡✳✱ t ≫ 1.6λ✭φ ≫ 57.20✮✿

Coupling = Pr

Pt

= GtGr(
λ

4πt
| V (ξ) |)2

❚❤❡ ❛❜♦✈❡ ❢♦r♠✉❧❛ ✐s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❯❚❉ s♦❧✉t✐♦♥ ♣r❡s❡♥t❡❞ ✐♥ ❬✹❪ ✇❤❡♥ ♦♥❧②

t❤❡ ❤✐❣❤❡st ♦r❞❡r t❡r♠ ✐s r❡t❛✐♥❡❞✳ ❚❤✐s ❢♦r♠✉❧❛ ❝❛♥ ❜❡ t❤♦✉❣❤t ♦❢ ❛s ❛♥ ❡①t❡♥s✐♦♥

♦❢ t❤❡ ❋r✐✐s tr❛♥s♠✐ss✐♦♥ ❢♦r♠✉❧❛ ❬✷✹❪ ✇❤❡r❡ V (ξ) ✐s ❛ ♠♦❞✐✜❝❛t✐♦♥ ❢❛❝t♦r t♦ ✐♥❝❧✉❞❡

t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❝✉r✈❡❞ ❣❡♦❞❡s✐❝ ♣❛t❤ ✭♦❢ ❧❡♥❣t❤ t✮ t❤❛t t❤❡ ✇❛✈❡ tr❛✈❡❧s ❢r♦♠ t❤❡

tr❛♥s♠✐tt✐♥❣ t♦ t❤❡ r❡❝❡✐✈✐♥❣ ❛♥t❡♥♥❛✳ ξ = (ka×sinδ

2
)
1

3φ ❢♦r ❛ ❝②❧✐♥❞❡r✳ V (ξ) ✐s t❤❡

❤❛r❞ s✉r❢❛❝❡ ❋♦❝❦ ✐♥t❡❣r❛❧ t❛❜✉❧❛t❡❞ ✐♥ ❬✸✽❪✳ ●t ❛♥❞ ●r ❛r❡ t❤❡ ❣❛✐♥ ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t

s❤♦rt ❞✐♣♦❧❡s ✐♥ t❤❡ ❤♦r✐③♦♥✱ ✐✳❡✳✱ ✶✳✺ ✭✶✳✼✻ ❞❇✐✮✳

❚❤❡ ✈❛❧✉❡s ♦❢ ❝♦✉♣❧✐♥❣ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ♠♦❞✐✜❡❞ ❋r✐✐s ❢♦r♠✉❧❛ ❛r❡ ❝♦♠♣❛r❡❞

✇✐t❤ ❋❡❦♦ ❛♥❞ ❯❚❉ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✸✳✻✱ ❢♦r s❡✈❡r❛❧ ✈❛❧✉❡s ♦❢ φ✳

❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤❡ t❤r❡❡ r❡s✉❧ts ❛r❡ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ♠❛①✐♠✉♠ ❞✐✛❡r❡♥❝❡

❜❡✐♥❣ ❧❡ss t❤❛♥ ✸ ❞❇✳ ❚❤❡ ♣r♦♣♦s❡❞ ❢♦r♠✉❧❛ ♣r♦✈✐❞❡s ❛ q✉✐❝❦ ❛♥❞ ❡❛s② ♠❡❛♥s ♦❢

❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ ❛♥t❡♥♥❛s ♦♥ t❤❡ ❢✉s❡❧❛❣❡✳ ❚❤✐s ✐s ✈❡r② ❢❛✈♦r❛❜❧❡ ❞✉❡

t♦ t❤❡ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❛♥t❡♥♥❛ s②st❡♠s ♦♥ ❛✐r❝r❛❢t✱ ❡s♣❡❝✐❛❧❧② ❛t t❤❡ ❡❛r❧② st❛❣❡s ♦❢

t❤❡ ❞❡s✐❣♥ ✇❤❡r❡ t❤❡ ♣♦s✐t✐♦♥s ♦❢ ❛♥t❡♥♥❛s ❛r❡ ❝♦♥st❛♥t❧② ❝❤❛♥❣✐♥❣✳

❆s ♠❛② ❤❛✈❡ ❜❡❡♥ ♥♦t✐❝❡❞✱ t❤❡ ❛✐r❢r❛♠❡ ✐s ♠♦❞❡❧❧❡❞ ❜② ❛ ❝②❧✐♥❞❡r ❛♥❞ ♦t❤❡r

s❡❝t✐♦♥s ♦❢ t❤❡ ❛✐r❢r❛♠❡ ❛r❡ ♥♦t ✐♥❝❧✉❞❡❞ ❢♦r t❤❡ ❝♦✉♣❧✐♥❣ ❛♥❛❧②s✐s✳ ❚❤✐s ❞♦❡s ♥♦t
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✭❜✮

❋✐❣✉r❡ ✸✳✶✶✿ ❈♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t✇♦ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛s ♦♥ ❛ ❝②❧✐♥❞❡r ✭ka = 10✮ ✭❛✮
δ = 90◦ ✭❜✮ δ = 45◦✳
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φ✭❞❡❣✮ ▼♦❞✐✜❡❞ ❋r✐✐s ❋♦r♠✉❧❛ ✭❞❇✮ ❯❚❉ ✭❞❇✮ ❋❡❦♦ ✭❞❇✮

✼✵ ✲✸✷✳✻✽ ✲✸✶✳✼✼ ✲✸✷✳✼✷
✽✵ ✲✸✺✳✽✾ ✲✸✹✳✺✾ ✲✸✻✳✵✶
✾✵ ✲✸✼✳✺✹ ✲✸✼✳✹✹ ✲✸✾✳✷✻✶
✶✷✵ ✲✹✸✳✾✺ ✲✹✺✳✻✾ ✲✹✼✳✸✾
✶✺✵ ✲✺✵✳✼✹ ✲✺✷✳✻✽ ✲✺✸✳✶✼
✶✽✵ ✲✺✹✳✾✼ ✲✺✹✳✾✻ ✲✺✸✳✵✺

✭❛✮

φ✭❞❡❣✮ ▼♦❞✐✜❡❞ ❋r✐✐s ❋♦r♠✉❧❛ ✭❞❇✮ ❯❚❉ ✭❞❇✮ ❋❡❦♦ ✭❞❇✮

✼✵ ✲✸✸✳✷✼ ✲✸✸✳✺✹✺ ✲✸✺✳✶✷
✽✵ ✲✸✼✳✵✹ ✲✸✻✳✶ ✲✸✼✳✼✶
✾✵ ✲✹✵✳✽✾ ✲✸✽✳✼✹ ✲✹✵✳✺✺
✶✷✵ ✲✹✻✳✽✹ ✲✹✻✳✸✹ ✲✹✽✳✷✷
✶✺✵ ✲✺✻✳✵✵ ✲✺✷✳✹✺ ✲✺✼✳✸✶
✶✽✵ ✲✺✻✳✺✼ ✲✺✸✳✾✽ ✲✺✹✳✺✷

✭❜✮

❚❛❜❧❡ ✸✳✻✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ❝♦✉♣❧✐♥❣ ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ♠♦❞✐✜❡❞ ❋r✐✐s ❢♦r♠✉❧❛
✇✐t❤ ❯❚❉ ❛♥❞ ❋❡❦♦ r❡s✉❧ts✳ ✭❛✮ δ = 90◦ ✭❜✮ δ = 45◦✳

♣♦s❡ ❛ ♣r♦❜❧❡♠✿ ❲❤❡♥ t❤❡ t✇♦ ❛♥t❡♥♥❛s ❛r❡ ♦♥ t❤❡ s❛♠❡ s✐❞❡ ♦❢ t❤❡ ❢✉s❡❧❛❣❡ ✭❜♦t❤

♦♥ t❤❡ t♦♣ ♦r ❜♦t❤ ♦♥ t❤❡ ❜♦tt♦♠✮✱ ♦t❤❡r s❡❝t✐♦♥s ♦❢ t❤❡ ❛✐r❢r❛♠❡ ❧✐❦❡ ✇✐♥❣s ❞♦ ♥♦t

❝♦♥tr✐❜✉t❡ s✐❣♥✐✜❝❛♥t❧② t♦ t❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❛♥t❡♥♥❛s✳ ❲❤❡♥ t❤❡ ❛♥t❡♥♥❛s ❛r❡

♦♥ t❤❡ ♦♣♣♦s✐t❡ s✐❞❡s✱ t❤❡ ❝❛❧❝✉❧❛t❡❞ r❡s✉❧t ❡rrs ♦♥ t❤❡ s✐❞❡ ♦❢ ❝❛✉t✐♦♥ s✐♥❝❡ ✐♥❝❧✉❞✐♥❣

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



❈❤❛♣t❡r ✹

❈♦♠♣♦s✐t❡✲▼❡t❛❧ ❏✉♥❝t✐♦♥s

▼❡t❛❧ ✐♥ ❞✐✛❡r❡♥t ♣♦rt✐♦♥s ♦❢ s♦♠❡ r❡❝❡♥t ❛✐r❝r❛❢t ❤❛s ❜❡❡♥ r❡♣❧❛❝❡❞ ❜② ❈❛r❜♦♥ ❋✐❜❡r

❈♦♠♣♦s✐t❡ ✭❈❋❈✮ ♠❛t❡r✐❛❧s✳ ■♥ ♣❛rt✐❛❧❧② ❝♦♠♣♦s✐t❡ ❛✐r❝r❛❢t✱ ♠❡t❛❧ ✭❛❧✉♠✐♥✉♠✮ ❛♥❞

❝♦♠♣♦s✐t❡ ❛r❡ ♣❧❛❝❡❞ ✐♥ ♣r♦①✐♠✐t② t♦ ❡❛❝❤ ♦t❤❡r✳ ❚❤❡ ❡❧❡❝tr✐❝❛❧ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ❝♦♠✲

♣♦s✐t❡ ✭104S/m✮ ✐s ❞✐✛❡r❡♥t ❢r♦♠ t❤❛t ♦❢ ❛❧✉♠✐♥✉♠ ✭107S/m✮✳ ❚❤❡ ♣r♦①✐♠✐t② ♦❢

❝♦♠♣♦s✐t❡ t♦ ♠❡t❛❧ ♠❛② ✐♠♣❛❝t t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ s✐♥❝❡ t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❝♦♥✲

❞✉❝t✐✈✐t② ❞✐st♦rts t❤❡ ❝✉rr❡♥t ❞❡♥s✐t②✳ ❚❤✐s ✐ss✉❡ ✐s ✐♥✈❡st✐❣❛t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳

■♥ ♦r❞❡r ❡①❛♠✐♥❡ t❤❡ ❡✛❡❝t ♦❢ ✈✐❝✐♥✐t② t♦ ♠❡t❛❧✲❈❋❈ ❥✉♥❝t✐♦♥s ♦♥ t❤❡ ❛♥t❡♥♥❛

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

❉✉❡ t♦ t❤❡ s✐♠♣❧✐❝✐t② ♦❢ t❤❡ str✉❝t✉r❡✱ t❤❡ ♠❛tt❡r ❝❛♥ ❜❡ ❢✉♥❞❛♠❡♥t❛❧❧② st✉❞✐❡❞✳

❆ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡✱ ♦♣❡r❛t✐♥❣ ❛t ✸✵ ▼❍③✱ ✐s ♣❧❛❝❡❞ ♦♥ ❛ ❤❛❧❢✲❈❋❈✱ ❤❛❧❢✲

❛❧✉♠✐♥✉♠ ✸✲♠♠✲t❤✐❝❦ sq✉❛r❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✉s✐♥❣ s✉r❢❛❝❡✲✐♠♣❡❞❛♥❝❡ ♠♦❞❡❧✱ ❛s s❤♦✇♥

✐♥ ❋✐❣✳ ✹✳✶✳ ❚❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✐s ✸♠ ❧♦♥❣ ♦♥ ❡❛❝❤ s✐❞❡✳

❆t ✸✵ ▼❍③✱ t❤❡ ❛♥t❡♥♥❛ ✐s ❧♦❝❛t❡❞ ✐♥ λ/100 ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❜♦✉♥❞❛r②✳ ❋✐❣✳ ✹✳✷

s❤♦✇s t❤❡ ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥ ♦♥ t❤❡ ♣❧❛♥❡ ❛♥❞ ❝♦♠♣❛r❡s ✐t t♦ t❤❡ ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥

♦♥ ❛ ❢✉❧❧✲❛❧✉♠✐♥✉♠ ♣❧❛♥❡✳

❆s ❝❛♥ ❜❡ s❡❡♥✱ ✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ ❥✉♥❝t✐♦♥ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ✐s ❞✐st♦rt❡❞✳

❚❤❡ ✐♠♣❛❝t ♦❢ t❤✐s ❞✐st♦rt✐♦♥ ✐s ♠❡r❡❧② ❛ s❧✐❣❤t ❝❤❛♥❣❡ ✐♥ t❤❡ ✐♥♣✉t r❡❛❝t❛♥❝❡✱ ❧❡❛❞✐♥❣

✹✺
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3 m

❋✐❣✉r❡ ✹✳✶✿ ❆ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ♦♥ ❛ ❤❛❧❢✲❈❋❈✱ ❤❛❧❢✲❛❧✉♠✐♥✉♠ sq✉❛r❡ ❣r♦✉♥❞
♣❧❛♥❡✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✹✳✷✿ ❈✉rr❡♥t ❞❡♥s✐t② ❛t ✸✵ ▼❍③ ✭❛✮ ♦♥ t❤❡ ❤❛❧❢✲❈❋❈✱ ❤❛❧❢✲❛❧✉♠✐♥✉♠ ❣r♦✉♥❞
♣❧❛♥❡ ✭❜✮ ♦♥ t❤❡ ❢✉❧❧✲❛❧✉♠✐♥✉♠ ❣r♦✉♥❞ ♣❧❛♥❡✳

t♦ ❛ ✶✶✪ ❝❤❛♥❣❡ ✐♥ t❤❡ ❛♥t❡♥♥❛ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡✳

❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✹✳✸✱ t❤❡r❡ ✐s ♥♦ ❞✐st♦rt✐♦♥ ✐♥ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥✳ ❆t

❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ t❤❡ ❡❧❡❝tr✐❝❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❜♦✉♥❞❛r② ✐s ❧❛r❣❡r ❛♥❞ ❤❡♥❝❡ t❤❡

❝✉rr❡♥t ❞❡♥s✐t② ✐s ❧❡ss ❞✐st♦rt❡❞✳ ❚❤❡ ✐♠♣❛❝t ♦♥ t❤❡ ❛♥t❡♥♥❛ ✐♠♣❡❞❛♥❝❡ ✐s ♠✐♥✐♠❛❧✳

■t ❛♣♣❡❛rs t❤❛t ✈✐❝✐♥✐t② t♦ 104S/m ❝♦♥❞✉❝t✐✈✐t② ❞♦❡s ♥♦t ✐♠♣❛❝t t❤❡ ❛♥t❡♥♥❛

r❛❞✐❛t✐♦♥ ❛♥❞ ❛ ♠✉❝❤ ❧♦✇❡r ❝♦♥❞✉❝t✐✈✐t② ✭✐♥ t❤❡ ♦r❞❡r ♦❢ 10S/m✮ ✐s r❡q✉✐r❡❞ t♦ s❡❡

s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ✐♥ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛♥❞ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡✳

◆♦t❡ t❤❛t ❞✉❡ t♦ t❤❡ ✶✵✵✵ t✐♠❡s ❧♦✇❡r ❝♦♥❞✉❝t✐✈✐t② ♦❢ ❝♦♠♣♦s✐t❡✱ t❤❡ s❦✐♥ ❞❡♣t❤ ❢♦r

❝♦♠♣♦s✐t❡ ✐s ❛❜♦✉t ✸✵ ✭
√
1000✮ t✐♠❡s ❣r❡❛t❡r t❤❛♥ t❤❛t ♦❢ t❤❡ ❛❧✉♠✐♥✉♠✳ ❚❤✐s ✐ss✉❡
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Aluminum Aluminum / CFC

❋✐❣✉r❡ ✹✳✸✿ ◆♦r♠❛❧✐③❡❞ ❣❛✐♥ ♣❛tt❡r♥ ❛t ✸✵ ▼❍③ ✐♥ t❤❡ ①③ ♣❧❛♥❡✳

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

t❤✐s ✐ss✉❡✱ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✇❛s r❡❞✉❝❡❞✳ ❖♥❧② ✇❤❡♥ t❤❡ t❤✐❝❦♥❡ss

✐s r❡❞✉❝❡❞ t♦ ✺ µm✱ t❤❡ t✇♦ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ❜❡❝♦♠❡ s❧✐❣❤t❧② ❞✐✛❡r❡♥t ❛t ✸✵ ▼❍③✳

❆t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s✱ t❤❡ s❦✐♥ ❞❡♣t❤ ♦❢ ❜♦t❤ ❝♦♠♣♦s✐t❡ ❛♥❞ ❛❧✉♠✐♥✉♠ ✐s

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

t❤✐❝❦♥❡ss❡s✳ ❚❤❡ s❦✐♥ ❞❡♣t❤ ♦❢ ❝♦♠♣♦s✐t❡ ❛t ✸✵ ▼❍③✱ ✶✵✵ ▼❍③ ❛♥❞ ✶ ●❍③ ✐s ✾✶✽✳✽

µm✱ ✺✵✸✳✷ µm ❛♥❞ ✶✺✾✳✶ µm r❡s♣❡❝t✐✈❡❧② ✇❤❡r❡❛s t❤❡ s❦✐♥ ❞❡♣t❤ ♦❢ ❛❧✉♠✐♥✉♠ ❛t ✸✵

▼❍③✱ ✶✵✵ ▼❍③ ❛♥❞ ✶ ●❍③ ✐s ✷✾ µm✱ ✶✺✳✾ µm ❛♥❞ ✺✳✵✸ µm r❡s♣❡❝t✐✈❡❧②✳



❈❤❛♣t❡r ✺

❈r❛❝❦s ❛♥❞ ❙❡❛♠s

❆♥ ✐ss✉❡ ❝♦♥❝❡r♥✐♥❣ t❤❡ ✉s❡ ♦❢ ❝❛r❜♦♥✲✜❜❡r ❝♦♠♣♦s✐t❡ ♠❛t❡r✐❛❧s ✐♥ ❛✐r❝r❛❢t str✉❝t✉r❡s

✐s t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ❝r❛❝❦s ✐♥ t❤❡ ❛✐r❢r❛♠❡ ❛♥❞ t❤❡✐r ✐♠♣❛❝t ♦♥ t❤❡ ❛✐r❝r❛❢t ❛♥t❡♥♥❛

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

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

✢♦✇ ♦❢ t❤❡ ❝✉rr❡♥t ✐s ✐♠♣❡❞❡❞ ✇❤❡r❡ t❤❡ ✜❜❡rs ❛r❡ ❜r♦❦❡♥ ❛♥❞ ❤❡♥❝❡ t❤❡ ❛♥t❡♥♥❛

♣❡r❢♦r♠❛♥❝❡ ❝❛♥ ❜❡ ✐♠♣❛❝t❡❞ ❜② t❤❡ ❝r❛❝❦s✳

■♥ ❛❞❞✐t✐♦♥ t♦ ❝r❛❝❦s✱ t❤❡r❡ ❛r❡ ♦t❤❡r ❞✐s❝♦♥t✐♥✉✐t✐❡s ✐♥ t❤❡ ❛✐r❢r❛♠❡ ❞✉❡ t♦ ❞♦♦rs✱

s❡❛♠s ❛♥❞ ❥♦✐♥ts✳ ❋✐❣✳ ✺✳✶ s❤♦✇s s♦♠❡ t②♣✐❝❛❧ ❞✐s❝♦♥t✐♥✉✐t✐❡s ✐♥ t❤❡ ❛✐r❢r❛♠❡✳ ❚❤❡r❡

❛r❡ ❛❧s♦ ♦t❤❡r ❧❡ss ♦❜✈✐♦✉s ❞✐s❝♦♥t✐♥✉✐t✐❡s s✉❝❤ ❛s t❤♦s❡ ❜❡✐♥❣ ❤✐❞❞❡♥ ❜② ♥♦♥✲❝♦♥❞✉❝t✐✈❡

❢❛✐r✐♥❣s✳ ❚❤❡s❡ str✉❝t✉r❛❧ ❞✐s❝♦♥t✐♥✉✐t✐❡s✱ ✇❤✐❝❤ ❡①✐st ✐♥ ❜♦t❤ ♠❡t❛❧ ❛♥❞ ❝♦♠♣♦s✐t❡

❛✐r❢r❛♠❡✱ ❛❧s♦ ✐♠♣❡❞❡ t❤❡ ❝✉rr❡♥t ✢♦✇ ♦♥ t❤❡ s✉r❢❛❝❡ ♦❢ ❛✐r❢r❛♠❡ ❛♥❞ ❛✛❡❝t t❤❡ ❛♥✲

t❡♥♥❛ ♣❡r❢♦r♠❛♥❝❡✳

❚❤❡ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❝❛♥ ❜❡ tr❡❛t❡❞ ❛s ♣❛r❛s✐t✐❝ s❧♦ts ✐❢ ❡❛rt❤❡❞ ❛t ❡❛❝❤ ❡♥❞ ❛♥❞

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

s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ♦♥ t❤❡ ❛♥t❡♥♥❛ ♣❡r❢♦r♠❛♥❝❡ ✇❤❡♥ r❡s♦♥❛♥t s✐♥❝❡ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t②

❛t t❤❡ ❡❞❣❡s ✐s ❤✐❣❤✳ ■♥ ❬✺❪✱ ❇✉r❜❡rr② s❤♦✇s t❤❡ ❧❛r❣❡ ✐♠♣❛❝t ♦❢ ❛ r❡s♦♥❛♥t ♣❛r❛s✐t✐❝

♥♦t❝❤ ♦♥ ❛ ✜♥✲❝❛♣ ❛♥t❡♥♥❛✳ ❍♦✇❡✈❡r✱ t❤❡ ♥♦t❝❤❡s ❞♦ ♥♦t ♣♦s❡ ❛♥② ✐ss✉❡ t♦ t❤❡

✹✽
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❋✐❣✉r❡ ✺✳✶✿ ❚②♣✐❝❛❧ ❞✐s❝♦♥t✐♥✉✐t✐❡s ✐♥ t❤❡ ❛✐r❢r❛♠❡ ❬✺❪✳

❢✉s❡❧❛❣❡✲♠♦✉♥t❡❞ ❛♥t❡♥♥❛s ❛s t❤❡② ❛r❡ ♥♦t ❡❧❡❝tr✐❝❛❧❧② ❝❧♦s❡ t♦ t❤❡s❡ ❛♥t❡♥♥❛s ❛t

❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s✳

■♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❝r❛❝❦s ❛♥❞ ❞✐s❝♦♥t✐♥✉✐t✐❡s ♦♥ t❤❡ r❛❞✐❛t✐♦♥

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

♣❧❛♥❡ ✐s st✉❞✐❡❞ ❛s t❤❡ s✐♠♣❧✐❝✐t② ♦❢ t❤✐s str✉❝t✉r❡ ❛❧❧♦✇s ❢♦r ❛ ❝❧❡❛r ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡

✐♠♣❛❝t ♦❢ ❝r❛❝❦s ♦♥ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡

♦♥ ❛ sq✉❛r❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✷❛✳ ❚❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✐s ✹❧ ❧♦♥❣ ♦♥

❡❛❝❤ s✐❞❡✳ ❈r❛❝❦s ♦❢ ❞✐✛❡r❡♥t s✐③❡s ❛♥❞ ❛t ❞✐✛❡r❡♥t ❞✐st❛♥❝❡s ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ❛r❡

✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✷❜✳ ❚❤❡ r♦✉♥❞ s❤❛♣❡ ♦❢ t❤❡ ❝r❛❝❦ ✐s

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

t♦ ❜❡ r❛❞✐❛❧✱ s♦ ❛ ❝r❛❝❦ ✐♥ t❤❡ r❛❞✐❛❧ ❞✐r❡❝t✐♦♥ ✇♦✉❧❞ ♥♦t ❞✐st✉r❜ t❤❡ ❝✉rr❡♥t ✢♦✇

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

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛♥❞ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ✐s st✉❞✐❡❞✳

❋✐❣✳ ✺✳✸ s❤♦✇s t❤❡ ♥♦r♠❛❧✐③❡ ❣❛✐♥ ♣❛tt❡r♥ ❢♦r ❝r❛❝❦s ✇✐t❤ ❞✐✛❡r❡♥t ❛r❝ ❧❡♥❣t❤s

✇❤❡♥ d = 0.5λ ❛♥❞ w = 0.05λ✳ ❚❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ ❛ ♠♦♥♦♣♦❧❡ ♦♥ ❛ st❛♥❞❛r❞

❣r♦✉♥❞ ♣❧❛♥❡ ✐s ❛❧s♦ s❤♦✇♥ ❢♦r ❝♦♠♣❛r✐s♦♥✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱ t❤❡ ♣❛tt❡r♥ ✐♥ t❤❡ ✉♣♣❡r

❤❡♠✐s♣❤❡r❡ ♦♥❧② s❧✐❣❤t❧② ❝❤❛♥❣❡s ✇❤❡♥ t❤❡ ❝r❛❝❦ ✐s s②♠♠❡tr✐❝❛❧ ❛r♦✉♥❞ t❤❡ ❛♥t❡♥♥❛
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✭❛✮

d

w
φ 

✭❜✮

❋✐❣✉r❡ ✺✳✷✿ ◗✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ ❛ sq✉❛r❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✭❛✮ ✇✐t❤♦✉t
❝r❛❝❦s ✭❜✮ ✇✐t❤ ❝r❛❝❦s✳

✭❋✐❣✳ ✺✳✸❛✮✳

■♥ ❋✐❣✳ ✺✳✸❜ ❛♥❞ ❋✐❣✳ ✺✳✸❝✱ t❤❡ ♣❛tt❡r♥ ✐s ❞✐st♦rt❡❞ ✐♥ t❤❡ ✉♣♣❡r ❤❡♠✐s♣❤❡r❡

❡s♣❡❝✐❛❧❧② ❛r♦✉♥❞ t❤❡ ③❡♥✐t❤ ❞✐r❡❝t✐♦♥ s✐♥❝❡ r❛❞✐❛t❡❞ ✇❛✈❡s ❢r♦♠ ❞✐✛❡r❡♥t ♣♦rt✐♦♥s ♦❢

t❤❡ ❝r❛❝❦ ❞♦ ♥♦t ❝❛♥❝❡❧ ♦✉t ❞✉❡ t♦ ❛s②♠♠❡tr②✳ ❚❤❡ ❛s②♠♠❡tr✐❝❛❧ ❝r❛❝❦s ❛❧s♦ ❞❛♠❛❣❡

t❤❡ ♦♠♥✐❞✐r❡❝t✐♦♥❛❧✐t② ♦❢ t❤❡ ❛♥t❡♥♥❛ ❜② ❝❛✉s✐♥❣ ❛s②♠♠❡tr② ✐♥ t❤❡ ♣❛tt❡r♥✳

❋✐❣✳ ✺✳✹ s❤♦✇s t❤❡ ♥♦r♠❛❧✐③❡❞ ❣❛✐♥ ♣❛tt❡r♥ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ ❝r❛❝❦ ✇✐❞t❤

✇❤❡♥ d = 0.5λ ❛♥❞ t❤❡ ❝r❛❝❦ ❝♦♠♣❧❡t❡❧② s✉rr♦✉♥❞s t❤❡ ❛♥t❡♥♥❛ ✭φ = 360◦✮✳ ■♥ t❤❡

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

■♥❝r❡❛s✐♥❣ t❤❡ ✇✐❞t❤ r❡s✉❧ts ✐♥ s❧✐❣❤t❧② ✐♥❝r❡❛s❡❞ r❛❞✐❛t✐♦♥ ✐♥ s♦♠❡ ❛♥❣✉❧❛r s❡❝t♦rs ✐♥

t❤❡ ✉♣♣❡r ❤❡♠✐s♣❤❡r❡✳

❋✐❣✳ ✺✳✺ s❤♦✇s t❤❡ ♥♦r♠❛❧✐③❡❞ ❣❛✐♥ ♣❛tt❡r♥ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ ❞ ✇❤❡♥ w =

0.05λ ❛♥❞ t❤❡ ❝r❛❝❦ ✐s s②♠♠❡tr✐❝❛❧ ❛r♦✉♥❞ t❤❡ ❛♥t❡♥♥❛ ✭φ = 360◦✮✳

❲❤❡♥ t❤❡ ❝r❛❝❦ ✐s ♣❧❛❝❡❞ ❝❧♦s❡ t♦ t❤❡ ❛♥t❡♥♥❛ ✭❋✐❣ ✺✳✺❛ ❛♥❞ ❋✐❣✳ ✺✳✺❜✮✱ t❤❡

r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✐♥ t❤❡ ✉♣♣❡r ❤❡♠✐s♣❤❡r❡ ✐s ♦♥❧② s❧✐❣❤t❧② ❞✐st♦rt❡❞✳ ❚❤✐s ✐s ❥✉st✐✜❛❜❧❡

s✐♥❝❡✱ ❞✐sr❡❣❛r❞✐♥❣ t❤❡ ✜♥✐t❡ s✐③❡ ♦❢ t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡✱ ❇❛❜✐♥❡t✬s✴❇♦♦❦❡r✬s ♣r✐♥❝✐♣❧❡

❬✸✾❪ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ✜❡❧❞ r❛❞✐❛t❡❞ ❜② t❤❡ ❛♥♥✉❧❛r ❝r❛❝❦ ✐s t❤❡
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❋✐❣✉r❡ ✺✳✸✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✇❤❡♥ d = 0.5λ✱ w = 0.05λ ❛♥❞ ✭❛✮ φ = 360◦ ✭❜✮
φ = 180◦ ✭❝✮ φ = 45◦✳

-25

-20

-15

-10

-5

0
0

30

60

90

120

150

180

210

240

270

300

330

0

Standard ground Cracked ground

✭❛✮

-25

-20

-15

-10

-5

0
0

30

60

90

120

150

180

210

240

270

300

330

0

Standard ground Cracked ground

✭❜✮

-25

-20

-15

-10

-5

0
0

30

60

90

120

150

180

210

240

270

300

330

0

Standard ground Cracked ground

✭❝✮

❋✐❣✉r❡ ✺✳✹✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✇❤❡♥ d = 0.5λ✱ φ = 360◦ ❛♥❞ ✭❛✮ w = 0.1λ ✭❜✮
w = 0.05λ ✭❝✮ w = 0.01λ ✳
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❋✐❣✉r❡ ✺✳✺✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✇❤❡♥ w = 0.05λ✱ φ = 360◦ ❛♥❞ ✭❛✮ d = 0.05λ ✭❜✮
d = 0.25λ ✭❝✮ d = 0.75λ ✭❞✮ d = 1.25λ ✭❡✮ d = 1.75λ✳
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❞✉❛❧ ♦❢ ✐ts ❝♦♠♣❧❡♠❡♥t ❛♥t❡♥♥❛✱ ✐✳❡✳✱ t❤❡ ❛♥♥✉❧❛r r✐♥❣ ❛♥t❡♥♥❛✳ ❆ s♠❛❧❧ ❛♥♥✉❧❛r r✐♥❣

✐s ✐♥ t✉r♥ t❤❡ ❞✉❛❧ ♦❢ ❛ s❤♦rt ❡❧❡❝tr✐❝ ❞✐♣♦❧❡✳ ❚❤✉s✱ ♦♥❡ ❝♦✉❧❞ s❛② t❤❛t t❤❡ r❛❞✐❛t✐♦♥

♣❛tt❡r♥ ♦❢ ❛ s♠❛❧❧ ❛♥♥✉❧❛r ❝r❛❝❦ ✐s ❛♥❛❧♦❣♦✉s t♦ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ ❛ s♠❛❧❧

❞✐♣♦❧❡❀ t❤❡r❡❢♦r❡✱ ✇❤❡♥ ✐t ✐♥t❡r❢❡r❡s ✇✐t❤ t❤❡ r❛❞✐❛t✐♦♥ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡✱

t❤❡ ♣❛tt❡r♥ ✐♥ t❤❡ ✉♣♣❡r ❤❡♠✐s♣❤❡r❡ ✐s ♥♦t ❞✐st♦rt❡❞ ♠✉❝❤✳

❆s t❤❡ ❝r❛❝❦ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ✐♥❝r❡❛s❡s✱ t❤❡ ♣❛tt❡r♥ ✐♥ s♦♠❡ ❛♥❣✉❧❛r

s❡❝t✐♦♥s ✐♥ t❤❡ ✉♣♣❡r ❤❡♠✐s♣❤❡r❡ ❝❤❛♥❣❡s ✭❋✐❣✳ ✺✳✺❝✮✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛s t❤❡ ❝r❛❝❦

❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ✐♥❝r❡❛s❡s✱ t❤❡r❡ ❛r❡ ♠♦r❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ✐♥t❡r❢❡r❡♥❝❡

❜❡t✇❡❡♥ t❤❡ ✇❛✈❡s r❛❞✐❛t❡❞ ❜② ❞✐✛❡r❡♥t ♣♦rt✐♦♥s ♦❢ t❤❡ ❝r❛❝❦s✳ ❚❤❡s❡ ✈❛r✐❛t✐♦♥s

❝❤❛♥❣❡ t❤❡ ♠♦♥♦♣♦❧❡ ♣❛tt❡r♥✳ ❇② ❢✉rt❤❡r ✐♥❝r❡❛s✐♥❣ t❤❡ ❞✐st❛♥❝❡✱ t❤❡ ❞✐st♦rt✐♦♥ ✐♥

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

❛♥t❡♥♥❛ ❛♥❞ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ✐♠♣❡❞❡❞ ❜② t❤❡ ❝r❛❝❦ ✐s ✇❡❛❦✳ ■♥ ❛❧❧ t❤❡ ❝❛s❡s✱

♣❛tt❡r♥ ❞✐st♦rt✐♦♥ ❝❧♦s❡ t♦ ❤♦r✐③♦♥ ✐s ❧❡ss t❤❛♥ ✷ ❞❇✳

❋✐❣✳ ✺✳✻ s❤♦✇s t❤❡ ❱❙❲❘ ✈❡rs✉s t❤❡ ❝r❛❝❦ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ❢♦r w =

0.05λ ❛♥❞ φ = 360◦✳ ❚❤❡ s♦✉r❝❡ ✐♠♣❡❞❛♥❝❡ ✐s ❝❤♦s❡♥ ❢♦r ♠❛①✐♠✉♠ ♣♦✇❡r tr❛♥s❢❡r

✭❱❙❲❘ ♦❢ ✶✿✶✮ ✇❤❡♥ ♥♦ ❝r❛❝❦ ✐s ✐♥tr♦❞✉❝❡❞✳ ❉✉❡ t♦ t❤❡ ♥❡❛r ✜❡❧❞ ✐♥t❡r❛❝t✐♦♥s

❜❡t✇❡❡♥ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ ❝r❛❝❦✱ t❤❡ ❛♥t❡♥♥❛ ✐♠♣❡❞❛♥❝❡ ❝❤❛♥❣❡s s✐❣♥✐✜❝❛♥t❧② ✇❤❡♥

t❤❡ ❝r❛❝❦ ♦❝❝✉rs ❝❧♦s❡ t♦ t❤❡ ❛♥t❡♥♥❛✱ ❡s♣❡❝✐❛❧❧② t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt✳ ❲❤❡♥ t❤❡ ❝r❛❝❦

✐s ✐♥tr♦❞✉❝❡❞ ❛t d = 0.05λ✱ t❤❡ r❡❛❝t❛♥❝❡ ❝❤❛♥❣❡s ❢♦r♠ ✰❥✶✽ t♦ ✲❥✶✶✸✳ ❆s t❤❡ ❝r❛❝❦

❞✐st❛♥❝❡s ✐♥❝r❡❛s❡✱ t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ✐♠♣❡❞❛♥❝❡ ❜❡❝♦♠❡s ❧❡ss ❛♥❞ ❧❡ss✳ ❆s ❝❛♥ ❜❡

s❡❡♥✱ ❛t ❞✐st❛♥❝❡s ❣r❡❛t❡r t❤❛♥ d = 0.2λ✱ t❤❡ ❱❙❲❘ ✐s ❜❡tt❡r t❤❛♥ ✷✿✶ ❛♥❞ ❤❡♥❝❡ t❤❡

✐♠♣❛❝t ♦❢ t❤❡ ❝r❛❝❦ ♦♥ t❤❡ ❛♥t❡♥♥❛ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ✐♥s✐❣♥✐✜❝❛♥t

❢♦r ♠♦st ❛♥t❡♥♥❛ ❛♣♣❧✐❝❛t✐♦♥s✳

◆♦t❡ t❤❛t t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❝r❛❝❦s ❧❡❛❞s t♦ ✐♥❝r❡❛s❡❞ r❛❞✐❛t✐♦♥ ✐♥ t❤❡ ❧♦✇❡r

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

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

✐♥❝r❡❛s❡❞ r❛❞✐❛t✐♦♥ ✐♥ t❤❡ ❧♦✇❡r ❤❡♠✐s♣❤❡r❡ ❞♦❡s ♥♦t ❤❛♣♣❡♥ ✇❤❡♥ ❝r❛❝❦s ♦❝❝✉r ✐♥
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❋✐❣✉r❡ ✺✳✻✿ ❱❙❲❘ ✈❡rs✉s ❞✐st❛♥❝❡ ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ✇❤❡♥ w = 0.05λ
❛♥❞ φ = 360◦✳

t❤❡ ❢✉s❡❧❛❣❡ s✐♥❝❡ t❤❡ ❞✐s❝♦♥t✐♥✉✐t② ✐s ❜❛❝❦❡❞ ✇✐t❤ t❤❡ ❢✉s❡❧❛❣❡✳

❋✐❣✳ ✺✳✽ s❤♦✇s t❤❡ ♥♦r♠❛❧✐③❡❞ ❣❛✐♥ ♣❛tt❡r♥ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛

♦♣❡r❛t✐♥❣ ❛t ✸✵ ▼❍③ ♠♦✉♥t❡❞ ♦♥ t❤❡ ❣❡♦♠❡tr② s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✼✳ ❆s ❝❛♥ ❜❡ s❡❡♥✱

t❤❡ ♣❛tt❡r♥ ✐s ♥♦t ❞✐st♦rt❡❞ ✐♥ t❤❡ ❧♦✇❡r ❤❡♠✐s♣❤❡r❡ ❛s ✇❡❧❧ ❛s t❤❡ ✉♣♣❡r ❤❡♠✐s♣❤❡r❡✳

❆ ❤♦❧❧♦✇ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❢r❛♠❡ ✐s ✉s❡❞✳ ◆♦ ❞❡t❛✐❧s ✐♥s✐❞❡ t❤❡ ❛✐r❢r❛♠❡ ❛r❡ ♠♦❞❡❧❧❡❞✳

❙✉❝❤ ❝r❛❝❦s ❛♥❞ ♦t❤❡r ❛♣❡rt✉r❡s s✉❝❤ ❛s ✇✐♥❞♦✇s ♠❛② ♣❡r♠✐t ❝♦✉♣❧✐♥❣ ✐♥t♦ t❤❡

❋✐❣✉r❡ ✺✳✼✿ ❆ ♥♦t✐♦♥❛❧ ❝r❛❝❦ ✐♥tr♦❞✉❝❡❞ ✐♥t♦ t❤❡ ✶✲♠♠ t❤✐❝❦ ❛✐r❢r❛♠❡ s❦✐♥✳
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✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❡ ✺✳✽✿ ❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♠♦❞❡❧ s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳✼ ❝♦♠♣❛r❡❞ t♦ t❤❡
r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ♠♦❞❡❧ ❛t ✸✵ ▼❍③✱ ✐♥ ✭❛✮ ♣✐t❝❤ ♣❧❛♥❡ ✭❜✮ r♦❧❧ ♣❧❛♥❡
✭❝✮ ②❛✇ ♣❧❛♥❡✳

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

■t ✐s ♥♦t ❡❛s② t♦ ❡①❛♠✐♥❡ t❤❡ ❡✛❡❝t s✐♥❝❡ t❤❡ ❛♣❡rt✉r❡s ❛♥❞ ❛ r❡❛s♦♥❛❜❧❡ ♣r❡s❡♥t❛t✐♦♥

♦❢ t❤❡ ✐♥t❡r✐♦r ♥❡❡❞ t♦ ❜❡ ✐♥❝❧✉❞❡❞ t❤❡ ♠♦❞❡❧✳



❈❤❛♣t❡r ✻

❈♦♥❝❧✉s✐♦♥s

■♥ t❤✐s t❤❡s✐s✱ t❤❡ r❛❞✐❛t✐♦♥ ♦❢ ❛♥t❡♥♥❛s ♦♥ ❝❛r❜♦♥✲✜❜r❡ ❝♦♠♣♦s✐t❡ ❛✐r❝r❛❢t ✇❛s st✉❞✐❡❞✳

❚❤❡ ❛✐r❢r❛♠❡ s❝❛tt❡r✐♥❣ ♠❡❝❤❛♥✐s♠ ✇❛s ❛♥❛❧②③❡❞ ❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ s♦♠❡ ❣❡♦♠❡tr②

♠♦❞✐✜❝❛t✐♦♥s ♦♥ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ✇❛s st✉❞✐❡❞✳ ❚❤❡ ✉t✐❧✐t② ♦❢ t❤❡ ❧❡❛❞✐♥❣ ♥✉♠❡r✲

✐❝❛❧ t❡❝❤♥✐q✉❡s s✉✐t❛❜❧❡ ❢♦r ❛♥❛❧②s✐s ♦❢ ❛✐r❝r❛❢t ❛♥t❡♥♥❛s ❛t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s

✇❛s st✉❞✐❡❞ ❛♥❞ ❜❡♥❝❤♠❛r❦ ❞❛t❛ ♦♥ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s r❡q✉✐r❡❞ ✇❛s ♣r♦✲

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

✇❛s ❛❧s♦ st✉❞✐❡❞✳

❚❤❡ st✉❞② ❝♦♥❞✉❝t❡❞ ✐♥ ❈❤❛♣t❡r ✷ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞❡✈✐s❡ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ♦❢ t❤❡

❛✐r❝r❛❢t ❣❡♦♠❡tr② t♦ ❝❛❧❝✉❧❛t❡ ❛ ❞❡s✐r❡❞ ❛♥t❡♥♥❛ ❝❤❛r❛❝t❡r✐st✐❝ ❛t ❛ ❞❡s✐r❡❞ ❢r❡q✉❡♥❝②

✇✐t❤✐♥ t❤❡ r❡q✉✐r❡❞ ❛❝❝✉r❛❝②✳ ❚❤❡ ❛♥❛❧②s✐s ✇❛s ♣❡r❢♦r♠❡❞ ❢♦r ❛ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛

♠♦✉♥t❡❞ ♦♥ t❤❡ ❢✉s❡❧❛❣❡✳ ❆ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ✇❛s ❝❤♦s❡♥ s✐♥❝❡ ✐t s✐♠✉❧❛t❡s t❤❡ ♠♦st

❝♦♠♠♦♥ t②♣❡ ♦❢ ❛♥t❡♥♥❛ ✉s❡❞ ♦♥ ❛✐r❝r❛❢t✱ ✐✳❡✳ ❜❧❛❞❡ ❛♥t❡♥♥❛✳ ❍♦✇❡✈❡r✱ t❤❡ ❛♣♣r♦❛❝❤

❛❞♦♣t❡❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ♦t❤❡r t②♣❡s ♦❢ ❛♥t❡♥♥❛s ❛s ✇❡❧❧✳

■t ✇❛s s❡❡♥ t❤❛t s❝❛tt❡r✐♥❣ ❢r♦♠ ❛❧❧ ♣❛rts ♦❢ t❤❡ ❛✐r❝r❛❢t ❣❡♦♠❡tr② ❞♦❡s ♥♦t ❤❛✈❡

❛ ❝r✉❝✐❛❧ r♦❧❡ ✐♥ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✐♥ ❛ ♣❛rt✐❝✉❧❛r ♣❧❛♥❡✳ ▼♦r❡✲

♦✈❡r✱ t❤❡ ❡❧❡❝tr✐❝❛❧ s✐③❡ ❛♥❞ ❞✐st❛♥❝❡ ♦❢ ❞✐✛❡r❡♥t ❛✐r❝r❛❢t ♣❛rts ❝❤❛♥❣❡s ❛t ❞✐✛❡r❡♥t

❢r❡q✉❡♥❝✐❡s ❛♥❞ ❤❡♥❝❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❛✐r❝r❛❢t ♣❛rts t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡

✺✻
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r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✈❛r✐❡s ✇✐t❤ ❢r❡q✉❡♥❝②✳ ❚❤✉s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞ t❤❡

♣❧❛♥❡ ✐♥ ✇❤✐❝❤ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✐s ♦❢ ✐♥t❡r❡st✱ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧s ♦❢ t❤❡ ❛✐r❝r❛❢t

❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ ❛♥❞ ❜❡ ✉s❡❞ t♦ ✈❛❧✐❞❧② ♦❜t❛✐♥ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥✳

■t ✇❛s ❛❧s♦ s❡❡♥ t❤❛t ❛t ❱❍❋ ❛♥❞ ❯❍❋ ❢r❡q✉❡♥❝✐❡s✱ ✐♥❝❧✉❞✐♥❣ ♦♥❧② ❛ ✇❛✈❡❧❡♥❣t❤

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

✐♠♣❡❞❛♥❝❡ ✇✐t❤✐♥ r❡❛s♦♥❛❜❧❡ ❛❝❝✉r❛❝②✳ ❙✉❝❤ ❛ s✐♠♣❧✐✜❡❞ ♣r♦❜❧❡♠ ❝❛♥ ❜❡ s♦❧✈❡❞

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

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

■♥ ❈❤❛♣t❡r ✸✱ t❤❡ ✉t✐❧✐t② ♦❢ t❤❡ ♥✉♠❡r✐❝❛❧ t❡❝❤♥✐q✉❡s✱ ▼▲❋▼▼✱ P❖ ❛♥❞ ❯❚❉✱ ❢♦r

❛✐r❝r❛❢t ❛♥t❡♥♥❛ ❛♥❛❧②s❡s ✇❛s ❡①❛♠✐♥❡❞✳ ❚❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ♠❡s❤ s✐③❡✱ t❤❡ ✐♥t❡❣r❛❧

❡q✉❛t✐♦♥ ❢♦r♠✉❧❛t✐♦♥ ❛♥❞ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ♣r❡✲❝♦♥❞✐t✐♦♥❡r ♦♥ t❤❡ ♠❡♠♦r② ❝♦♥s✉♠♣✲

t✐♦♥ ❛♥❞ s♣❡❡❞ ♦❢ t❤❡ ▼▲❋▼▼ ✇❡r❡ ♥✉♠❡r✐❝❛❧❧② st✉❞✐❡❞✳ ■t ✇❛s s❡❡♥ t❤❛t ❛ ♠❡s❤

✇✐t❤ λ/5 tr✐❛♥❣❧❡ ❡❞❣❡ ❧❡♥❣t❤ ✐s s✉✣❝✐❡♥t❧② ✜♥❡ ❢♦r ❛❝❝✉r❛t❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❜♦t❤ r❛❞✐✲

❛t✐♦♥ ♣❛tt❡r♥ ❛♥❞ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❛♥❞ ❛♥ ❡♠♣✐r✐❝❛❧ ❢♦r♠✉❧❛ t♦ ❡st✐♠❛t❡ t❤❡ ♥✉♠❜❡r

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

❡♠♣❧♦②✐♥❣ t❤❡ ❈❋■❊ ❢♦r♠✉❧❛t✐♦♥ ✐♠♣r♦✈❡s t❤❡ ❝♦♥✈❡r❣❡♥❝❡ ♦❢ t❤❡ ▼▲❋▼▼ ✐t❡r❛t✐✈❡

s♦❧✉t✐♦♥✳ ❆t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✱ t❤✐s ❧❡❛❞s t♦ ❣r❡❛t r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ♦✈❡r❛❧❧ ❈P❯✲t✐♠❡

♥❡❡❞❡❞ ❢♦r t❤❡ ❛♥❛❧②s✐s✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ♣r❡✲❝♦♥❞✐t✐♦♥❡r ❛❧s♦ ✐♠♣❛❝ts t❤❡ ▼▲❋▼▼

❝♦♥✈❡r❣❡♥❝❡✳ ■♥ ❋❡❦♦✱ t❤❡ ❙✉♣❡r✲▲❯ ♣r❡✲❝♦♥❞✐t✐♦♥❡r ❧❡❛❞s t♦ ❜❡tt❡r ❝♦♥✈❡r❣❡♥❝❡ t❤❛♥

t❤❡ ❙P❆■ ❝♦♥❞✐t✐♦♥❡r✱ ❜✉t ✉s❡s ♠♦r❡ ♠❡♠♦r②✳ ❚❤✉s✱ t❤❡ ❙✉♣❡r✲▲❯ ♣r❡✲❝♦♥❞✐t✐♦♥❡r

❝❛♥ ❜❡ ✉s❡❞ ✇❤❡♥ ❢❛st ❝♦♥✈❡r❣❡♥❝❡ ✐s ❞❡s✐r❡❞ ❛♥❞ t❤❡ ❙P❆■ ♣r❡✲❝♦♥❞✐t✐♦♥❡r ❝❛♥ ❜❡ ✉s❡❞

❛t ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ♠❡♠♦r② ❧✐♠✐t ✐s r❡❛❝❤❡❞ ✇✐t❤ t❤❡ ❙✉♣❡r✲▲❯ ♣r❡✲❝♦♥❞✐t✐♦♥❡r✱

t♦ ✐♥❝r❡❛s❡ t❤❡ ▼▲❋▼▼ ♣r♦❜❧❡♠ s✐③❡ ❧✐♠✐t ❛t t❤❡ ❝♦st ♦❢ s❧♦✇❡r ❝♦♥✈❡r❣❡♥❝❡ ❛♥❞

❧♦♥❣❡r s✐♠✉❧❛t✐♦♥ r✉♥✳

P❖ ✇❛s ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ❞✐✛❡r❡♥t ❢r❡q✉❡♥❝✐❡s✳

■t ✇❛s s❡❡♥ t❤❛t ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✱ P❖ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♦❜t❛✐♥ ❛ r❡❛s♦♥❛❜❧❡ ❛♣✲

♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛t ❛ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡❞ ❝♦st ❝♦♠♣❛r❡❞ t♦ t❤❡
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▼▲❋▼▼✳ P❖ ✐s✱ t❤❡r❡❢♦r❡✱ ❛ s✉✐t❛❜❧❡ ❝❛♥❞✐❞❛t❡ ❢♦r r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛♥❛❧②s✐s ❛t

❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❧✐♠✐ts ❛r❡ r❡❛❝❤❡❞ ✇✐t❤ ▼▲❋▼▼✳ P❖ ✐s ♥♦t

s✉✐t❛❜❧❡ ❢♦r ✐♠♣❡❞❛♥❝❡ ❝❛❧❝✉❧❛t✐♦♥s✳

❚❤❡ ✈❛❧✐❞✐t② ♦❢ ❯❚❉ ❢♦r r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ❛♥❞ ❝♦✉♣❧✐♥❣ ❝❛❧❝✉❧❛t✐♦♥s ✇❤❡♥ t❤❡

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

❯s✐♥❣ ❯❚❉✱ t❤❡ r♦❧❧ ♣❧❛♥❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ ❛ q✉❛rt❡r✲✇❛✈❡ ♠♦♥♦♣♦❧❡ ♠♦✉♥t❡❞

❢♦r✇❛r❞ ♦❢ t❤❡ ✇✐♥❣s ❝♦✉❧❞ ❜❡ ❛❝❝✉r❛t❡❧② ❝❛❧❝✉❧❛t❡❞ ❛t ✸✵✵ ▼❍③✳ ❚❤❡ ♠✉t✉❛❧ ❝♦✉♣❧✐♥❣

❜❡t✇❡❡♥ t✇♦ s❤♦rt ♠♦♥♦♣♦❧❡s ♠♦✉♥t❡❞ ♦♥ t❤❡ ❢✉s❡❧❛❣❡ ✇❛s ❛❧s♦ ❝❛❧❝✉❧❛t❡❞ ❛t ✸✺✵

▼❍③ ✭ka = 10✮ ✉s✐♥❣ ❯❚❉✳ ❚❤❡ ❯❚❉ r❡s✉❧ts ✇❡r❡ ✐♥ ✈❡r② ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡

▼▲❋▼▼ r❡s✉❧ts ❢♦r ❞✐✛❡r❡♥t r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ t✇♦ ❛♥t❡♥♥❛s✳ ❆♥ ❡①t❡♥s✐♦♥

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

❞❡❞✉❝t❡❞ ❢r♦♠ t❤❡ ❯❚❉ s♦❧✉t✐♦♥ ❛♥❞ ✐ts ✈❛❧✐❞✐t② ❢♦r ❝♦✉♣❧✐♥❣ ❝❛❧❝✉❧❛t✐♦♥s ✇❤❡♥ t❤❡

❛♥t❡♥♥❛s ❛r❡ ✐♥ ❡❛❝❤ ♦t❤❡r✬s ❢❛r ✜❡❧❞s ✇❛s ✈❡r✐✜❡❞✳

■♥ ❈❤❛♣t❡r ✹✱ t❤❡ ✐♠♣❛❝t ♦❢ ♠❡t❛❧✲❝♦♠♣♦s✐t❡ ❥✉♥❝t✐♦♥s ♦♥ t❤❡ ❛♥t❡♥♥❛ ♣❡r❢♦r♠❛♥❝❡

✇❛s st✉❞✐❡❞✳ ■t ✇❛s s❤♦✇♥ t❤❛t t❤❡ ❞✐st♦rt✐♦♥ ✐♥ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t②✱ ❝❛✉s❡❞ ❜② t❤❡

❝❤❛♥❣❡ ✐♥ t❤❡ ❝♦♥❞✉❝t✐✈✐t② ❢r♦♠ t♦ 107 t♦ 104✱ ✐s t♦♦ s❧✐❣❤t t♦ ❤❛✈❡ ❛♥② ✈✐s✐❜❧❡ ✐♠♣❛❝t

♦♥ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥✱ ❡✈❡♥ ✇❤❡♥ t❤❡ ❛♥t❡♥♥❛ ✐s ❡❧❡❝tr✐❝❛❧❧② ❝❧♦s❡ t♦ t❤❡ ❥✉♥❝t✐♦♥✳

❚❤❡ ❛♥t❡♥♥❛ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❝❛♥ ❝❤❛♥❣❡ s❧✐❣❤t❧②✱ ♦♥❧② ✇❤❡♥ t❤❡ ❛♥t❡♥♥❛ ✐s ♣❧❛❝❡❞

✈❡r② ❝❧♦s❡ t♦ t❤❡ ❥✉♥❝t✐♦♥✳

■♥ ❈❤❛♣t❡r ✺✱ t❤❡ ❡✛❡❝t ♦❢ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❝❛✉s❡❞ ❜② ❝r❛❝❦s ❛♥❞ s❡❛♠s ♦♥ t❤❡ ❛♥✲

t❡♥♥❛ r❛❞✐❛t✐♦♥ ✇❛s ❡①❛♠✐♥❡❞✳ ■t ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❝r❛❝❦s

♠✐❣❤t ❝❛✉s❡ ❞✐st♦rt✐♦♥ ✐♥ t❤❡ ❛♥t❡♥♥❛ ♣❛tt❡r♥✳ ❚❤✐s ❞✐st♦rt✐♦♥ ♠✐❣❤t ♥♦t ❜❡ t♦❧❡r✲

❛❜❧❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✳ ❈r❛❝❦s ❛t ✐♥t❡r♠❡❞✐❛t❡ ❞✐st❛♥❝❡s ✭❛❜♦✉t 0.75λ✮

❢r♦♠ t❤❡ ❛♥t❡♥♥❛ ❤❛✈❡ t❤❡ ♠♦st s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ✐♥ t❤❡

✉♣♣❡r ❤❡♠✐s♣❤❡r❡✳ ❆t ❧❛r❣❡r ❞✐st❛♥❝❡s ❢r♦♠ t❤❡ ❛♥t❡♥♥❛ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② t❤❛t ✐s

♦❜str✉❝t❡❞ ❜② t❤❡ ❝r❛❝❦ ✐s ✇❡❛❦ ❛♥❞ t❤❡ ❝r❛❝❦ r❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t ❞✐st✉r❜ t❤❡ ❛♥t❡♥♥❛

r❛❞✐❛t✐♦♥ ♠✉❝❤✳ ❲❤❡♥ t❤❡ ❝r❛❝❦ ✐s ❝❧♦s❡ t♦ t❤❡ ❛♥t❡♥♥❛✱ t❤❡r❡ ✐s ♥♦t ♠✉❝❤ ✈❛r✐❛t✐♦♥
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✐♥ t❤❡ ✐♥t❡r❢❡r❡♥❝❡ ❜❡t✇❡❡♥ ✇❛✈❡s r❛❞✐❛t❡❞ ❜② t❤❡ ❛♥t❡♥♥❛ ❛♥❞ ❞✐✛❡r❡♥t ♣♦rt✐♦♥s ♦❢

t❤❡ ❝r❛❝❦✳ ▼♦r❡♦✈❡r✱ ❛♥ ❛s②♠♠❡tr✐❝❛❧ ❝r❛❝❦ ❝❛✉s❡s ❛s②♠♠❡tr② ✐♥ t❤❡ ♣❛tt❡r♥✳

■t ✇❛s s❡❡♥ t❤❛t ❝r❛❝❦s ❝❛♥ ♦♥❧② s❧✐❣❤t❧② ❝❤❛♥❣❡ t❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ ❛ ♠♦♥♦♣♦❧❡

❛♥t❡♥♥❛ ❛r♦✉♥❞ t❤❡ ❤♦r✐③♦♥✱ s♦ t❤❡② ❞♦ ♥♦t ✐♠♣❛❝t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❜❧❛❞❡

❛♥t❡♥♥❛s ✉s❡❞ ❢♦r ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ♥❛✈✐❣❛t✐♦♥ ❛♥❞ ✐❞❡♥t✐✜❝❛t✐♦♥ ❛♣♣❧✐❝❛t✐♦♥s ✇❤❡r❡

t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ❛r♦✉♥❞ t❤❡ ❤♦r✐③♦♥ ✐s ♦❢ ✐♠♣♦rt❛♥❝❡✳

❚❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❝r❛❝❦s ♦♥ t❤❡ ❛♥t❡♥♥❛ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❞❡♣❡♥❞s ♦♥ t❤❡ ❞✐st❛♥❝❡

♦❢ t❤❡ ❝r❛❝❦ ❢r♦♠ t❤❡ ❛♥t❡♥♥❛✳ ❚❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❛♥t❡♥♥❛ ♠✐❣❤t ❜❡ ❛❧t❡r❡❞

❝♦♥s✐❞❡r❛❜❧② ✐❢ ❝r❛❝❦s ♦❝❝✉r ❛t ❧♦❝❛t✐♦♥s ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❛♥t❡♥♥❛✱ s♦ ❝❛r❡ ♠✉st ❜❡

t❛❦❡♥ t♦ ♣r❡✈❡♥t ♦r ❛❞❞r❡ss t❤✐s ♣r♦❜❧❡♠ t♦ ♠❛✐♥t❛✐♥ t❤❡ ✐♥t❡♥❞❡❞ ❛♥t❡♥♥❛ ♣❡r❢♦r✲

♠❛♥❝❡✳ ❆t ❞✐st❛♥❝❡s ❣r❡❛t❡r t❤❛♥ d = 0.2λ✱ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❝r❛❝❦ ♦♥ t❤❡ ❛♥t❡♥♥❛

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

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

✉❧❛t✐♦♥ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✳ ❚❤❡ ❡❛s✐❡st ❝❛s❡ t♦ ❜❡❣✐♥ ✇✐t❤ ✇✐❧❧ ❜❡ t❤❡

♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♦♥ ❛ ❤❛❧❢✲❈❋❈ ❤❛❧❢✲❛❧✉♠✐♥✉♠ ❣r♦✉♥❞ ♣❧❛♥❡ st✉❞✐❡❞ ✐♥ ❈❤❛♣t❡r ✹✳

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

s✐♠✐❧✐t✉❞❡ t❤❡♦r❡♠✱ t❤❡② ♥❡❡❞ t♦ ❜❡ ♠♦❞❡❧❧❡❞ ❜② ❛ ❝♦♥❞✉❝t✐✈✐t② ❣r❡❛t❡r t❤❛♥ 104❙✴♠✱

✐✳❡✳ 104❙✴♠ ❞✐✈✐❞❡❞ ❜② t❤❡ s✐♠✐❧✐t✉❞❡ ❢❛❝t♦r✳

▼♦r❡♦✈❡r✱ t❤❡ ❈❆❉ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❝r❛❢t ♣r♦✈✐❞❡❞ ❢♦r t❤✐s st✉❞② ✇❛s ♣❡r❢❡❝t❧②

❝♦♥❞✉❝t✐♥❣ ❛♥❞ t❤❡ ❛♣❡rt✉r❡s ✐♥ t❤❡ ❛✐r❢r❛♠❡ ✇❡r❡ ♥♦t ♠♦❞❡❧❧❡❞✳ ❚❤❡ ❝✉rr❡♥t ❞❡♥s✐t②

♦♥ t❤❡ ❛✐r❢r❛♠❡ ✇❤❡♥ ❛♣❡rt✉r❡s ❛r❡ ✐♥❝❧✉❞❡❞ ✇♦✉❧❞ ❜❡ ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ❝✉rr❡♥t

❞❡♥s✐t② ♦♥ ❛ ♣❡r❢❡❝t❧② ❝♦♥❞✉❝t✐♥❣ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❢r❛♠❡✳ ■t ✇✐❧❧ ❜❡ ✇♦rt❤✇❤✐❧❡ t♦

✐♥✈❡st✐❣❛t❡ t❤❡ ❛♥t❡♥♥❛ r❛❞✐❛t✐♦♥ ✇❤❡♥ t❤❡s❡ ❛♣❡rt✉r❡s✱ s♣❡❝✐✜❝❛❧❧② t❤❡ ✇✐♥❞s❤✐❡❧❞s✱

❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠♦❞❡❧✳ ❚❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ♦♥ t❤❡ ♥♦s❡ ✇♦✉❧❞ ❜❡ ❞✐✛❡r❡♥t ✇❤❡♥

✇✐♥❞s❤✐❡❧❞s ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ❚❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥ ♦❢ t❤❡ ❛♥t❡♥♥❛ ✐♥ t❤❡

♣✐t❝❤ ♣❧❛♥❡ ✭✇❤❡r❡ t❤❡ ♥♦s❡ ✐s ✐♥✢✉❡♥t✐❛❧✮ ♠❛② ❤❡♥❝❡ ❜❡ ❞✐✛❡r❡♥t ❢r♦♠ ✇❤❛t t❤❛t ✇❛s

♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✱ ❡s♣❡❝✐❛❧❧② ❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✳



❈❍❆P❚❊❘ ✻✳ ❈❖◆❈▲❯❙■❖◆❙ ✻✵

❆ ♠♦❞❡❧ ♦❢ t❤❡ ❛✐r❝r❛❢t ✐♥❝❧✉❞✐♥❣ t❤❡ ❛♣❡rt✉r❡s ✇✐❧❧ ❛❧s♦ ❜❡ ✉s❡❢✉❧ ❢♦r st✉❞②✐♥❣ ❝♦✉✲

♣❧✐♥❣ t❤r♦✉❣❤ t❤❡ ❛✐r❢r❛♠❡✳ ❘❛❞✐❛t✐♦♥ ♦❢ ❛♥ ❛♥t❡♥♥❛ ♦✉ts✐❞❡ t❤❡ ❛✐r❢r❛♠❡ ♠❛② ❡♥t❡r

t❤❡ ✐♥s✐❞❡ ♦❢ t❤❡ ❛✐r❢r❛♠❡ t❤r♦✉❣❤ t❤❡ ❛♣❡rt✉r❡s ❛♥❞ ❝♦✉♣❧❡ t♦ t❤❡ ▲✐♥❡✲r❡♣❧❛❝❡❛❜❧❡

❯♥✐t ✭▲❘❯✮ ♦❢ ❛♥♦t❤❡r s②st❡♠ ❝❛✉s✐♥❣ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✐♥t❡r❢❡r❡♥❝❡✳ ❚❤❡ r❛❞✐❛t✐♦♥

❢r♦♠ t❤❡ ✉♥✐ts ✐♥s✐❞❡ t❤❡ ❛✐r❢r❛♠❡ ❝❛♥ ❛❧s♦ ♣❛ss t❤r♦✉❣❤ t❤❡ ❛♣❡rt✉r❡s ❛♥❞ ❜❡❝♦♠❡

✐♥❝✐❞❡♥t ♦♥ t❤❡ ❛♥t❡♥♥❛ ♦❢ ❛♥♦t❤❡r s②st❡♠ ✐♠♣❛❝t✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❛♥t❡♥♥❛✳



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ▼✳ ◆✐✉✱ ❈♦♠♣♦s✐t❡ ❛✐r❢r❛♠❡ str✉❝t✉r❡s✿ ♣r❛❝t✐❝❛❧ ❞❡s✐❣♥ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ ❞❛t❛✳

❆❞❛s♦ ❆❞❛str❛ ❊♥❣✐♥❡❡r✐♥❣ ❈❡♥t❡r✱ ✶✾✾✸✳

❬✷❪ ❏✳ ❑✐♠ ❛♥❞ ❲✳ ❇✉r♥s✐❞❡✱ ✏❙✐♠✉❧❛t✐♦♥ ❛♥❞ ❛♥❛❧②s✐s ♦❢ ❛♥t❡♥♥❛s r❛❞✐❛t✐♥❣ ✐♥ ❛

❝♦♠♣❧❡① ❡♥✈✐r♦♥♠❡♥t✱✑ ■❊❊❊ ❚r❛♥s✳ ❆♥t❡♥♥❛s ❛♥❞ Pr♦♣❛❣❛t✳✱ ✈♦❧✳ ✸✹✱ ♥♦✳ ✹✱ ♣♣✳

✺✺✹✕✺✻✷✱ ✶✾✽✻✳

❬✸❪ ❉✳ ▼❝◆❛♠❛r❛✱ ❈✳ P✐st♦r✐✉s✱ ❛♥❞ ❏✳ ▼❛❧❤❡r❜❡✱ ■♥tr♦❞✉❝t✐♦♥ t♦ t❤❡ ❯♥✐❢♦r♠ ●❡♦✲

♠❡tr✐❝❛❧ t❤❡♦r② ♦❢ ❞✐✛r❛❝t✐♦♥✳ ❆rt❡❝❤ ❍♦✉s❡✱ ✶✾✾✵✳

❬✹❪ P✳ P❛t❤❛❦ ❛♥❞ ◆✳ ❲❛♥❣✱ ✏❘❛② ❛♥❛❧②s✐s ♦❢ ♠✉t✉❛❧ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ ❛♥t❡♥♥❛s ♦♥

❛ ❝♦♥✈❡① s✉r❢❛❝❡✱✑ ■❊❊❊ ❚r❛♥s✳ ❆♥t❡♥♥❛s Pr♦♣❛❣❛t✳✱ ✈♦❧✳ ✷✾✱ ♥♦✳ ✻✱ ♣♣✳ ✾✶✶✕✾✷✷✱

✶✾✽✶✳

❬✺❪ ❘✳ ❇✉r❜❡rr②✱ ❱❍❋ ❛♥❞ ❯❍❋ ❛♥t❡♥♥❛s✳ P❡t❡r P❡r❡❣r✐♥✉s ▲t❞✱ ✶✾✾✷✳

❬✻❪ ●✳ ❲❡✐♥st♦❝❦✱ ✏❊❧❡❝tr♦♠❛❣♥❡t✐❝ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❝♦♠♣♦s✐t❡ str✉❝t✉r❡ ✐♥ ❛✐r❝r❛❢t✱✑

✐♥ ◆❆❚❖ ❆❞✈✐s♦r② ●r♦✉♣ ❢♦r ❆❡r♦s♣❛❝❡ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t✱ ❆✈✐♦♥✐❝s

P❛♥❡❧✱ ❈♦♥❢❡r❡♥❝❡✱ ♥♦✳ ✷✽✸✳ ❉❚■❈ ❉♦❝✉♠❡♥t✱ ✶✾✽✵✳

❬✼❪ ❏✳ ❆❧❧❡♥✱ ❆✳ ❆❞❛♠s✱ ❲✳ ●❛❥❞❛✱ ❛♥❞ ❲✳ ❲❛❧❦❡r✱ ✏❊❧❡❝tr♦♠❛❣♥❡t✐❝ ♣r♦♣❡rt✐❡s ❛♥❞

❡✛❡❝ts ♦❢ ❛❞✈❛♥❝❡❞ ❝♦♠♣♦s✐t❡ ♠❛t❡r✐❛❧s✿ ▼❡❛s✉r❡♠❡♥t ❛♥❞ ♠♦❞❡❧✐♥❣✱✑ ❘❆❉❈✲

❚❘✲✼✽✲✶✺✻✱ P❤❛s❡ ❘❡♣♦rt✱ ❚❡❝❤✳ ❘❡♣✳✱ ✶✾✼✽✳

✻✶
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❬✽❪ ❲✳ ●❛❥❞❛✱ ✏❆ ❢✉♥❞❛♠❡♥t❛❧ st✉❞② ♦❢ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❛❞✈❛♥❝❡❞

❝♦♠♣♦s✐t❡ ♠❛t❡r✐❛❧s✱✑ ❉❚■❈ ❉♦❝✉♠❡♥t✱ ❚❡❝❤✳ ❘❡♣✳✱ ✶✾✼✽✳

❬✾❪ ❈✳ ❇❧❛❦❡ ❛♥❞ ❏✳ ❈♦r❜✐♥✱ ✏❊❧❡❝tr✐❝❛❧✴❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝♦♥❝❡r♥s ❛ss♦❝✐❛t❡❞ ✇✐t❤

❛❞✈❛♥❝❡❞ ❝♦♠♣♦s✐t❡ ♠❛t❡r✐❛❧s ✐♥ ❛❡r♦s♣❛❝❡ s②st❡♠s✱✑ ❆●❆❘❉ ❊❧❡❝tr♦♠❛❣♥❡t✐❝

❊✛❡❝ts ♦❢ ✭❈❛r❜♦♥✮ ❈♦♠♣♦s✐t❡ ▼❛t❡r✳ ❯♣♦♥ ❆✈✐♦♥✐❝s ❙②st❡♠s ✽ ♣✭❙❊❊ ◆ ✽✶✲

✶✻✶✹✹ ✵✼✲✷✹✮✱ ✶✾✽✵✳

❬✶✵❪ ❉✳ ❇r❡✇st❡r✱ ✏❚❤❡♦r❡t✐❝❛❧ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ r❢ ♣r♦♣❡rt✐❡s ♦❢ ❝❛r❜♦♥ ✜❜r❡ ❧❛♠✐♥❛t❡s✱✑

❆●❆❘❉ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❊✛❡❝ts ♦❢✭❈❛r❜♦♥✮ ❈♦♠♣♦s✐t❡ ▼❛t❡r✳ ❯♣♦♥ ❆✈✐♦♥✐❝s

❙②st❡♠s ✶✻ ♣✭❙❊❊ ◆ ✽✶✲✶✻✶✹✹ ✵✼✲✷✹✮✱ ✶✾✽✵✳

❬✶✶❪ ❈✳ ❇❛❧❛♥✐s ❛♥❞ ❉✳ ❉❡❈❛r❧♦✱ ✏▼♦♥♦♣♦❧❡ ❛♥t❡♥♥❛ ♣❛tt❡r♥s ♦♥ ✜♥✐t❡ s✐③❡ ❝♦♠♣♦s✐t❡

❣r♦✉♥❞ ♣❧❛♥❡s✱✑ ■❊❊❊ ❚r❛♥s✳ ❆♥t❡♥♥❛s Pr♦♣❛❣❛t✳✱ ✈♦❧✳ ✸✵✱ ♥♦✳ ✹✱ ♣♣✳ ✼✻✹✕✼✻✽✱

✶✾✽✷✳

❬✶✷❪ ❉✳ ❙tr❛✇❡✱ ✏❊❧❡❝tr♦♠❛❣♥❡t✐❝ s❤✐❡❧❞✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❛❞✈❛♥❝❡❞ ❝♦♠♣♦s✐t❡s✱✑

✐♥ ❆●❆❘❉ ❈♦♥❢❡r❡♥❝❡ Pr♦❝❡❡❞✐♥❣s✱ ✈♦❧✳ ✷✽✸✳ ❉❚■❈ ❉♦❝✉♠❡♥t✱ ✶✾✽✵✳

❬✶✸❪ ❚✳ ▼❛❝♥❛♠❛r❛✱ ■♥tr♦❞✉❝t✐♦♥ t♦ ❛♥t❡♥♥❛ ♣❧❛❝❡♠❡♥t ❛♥❞ ✐♥st❛❧❧❛t✐♦♥✳ ❲✐❧❡②✱

✷✵✶✵✳

❬✶✹❪ ❘✳ ❙✉♥ ❛♥❞ ❈✳ ❘❡❞❞②✱ ✏❇❡♥❝❤♠❛r❦ st✉❞② ♦♥ ❝♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s ❢♦r ♥✉♠❡r✲

✐❝❛❧ ♠❡t❤♦❞s ✐♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝s✱✑ ✐♥ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ❆♥t❡♥✲

♥❛s ❛♥❞ Pr♦♣❛❣❛t✐♦♥✳ ■❊❊❊✱ ✷✵✵✽✱ ♣♣✳ ✶✕✹✳

❬✶✺❪ ▼✳ ❍❡❝❦❧❡r ❛♥❞ ❆✳ ❉r❡❤❡r✱ ✏❆♥❛❧②s✐s ♦❢ ♠♦♥♦♣♦❧❡s ✐♥st❛❧❧❡❞ ♦♥ ❛✐r❢r❛♠❡s✱✑ ✐♥

■❊❊❊ ❆♥t❡♥♥❛s ❛♥❞ Pr♦♣❛❣❛t✐♦♥ ❙♦❝✐❡t② ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ Pr♦❝❡❡❞✐♥❣s✱

✈♦❧✳ ✷✱ ✷✵✵✺✱ ♣♣✳ ✷✽✵✕✷✽✸✳
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❬✶✻❪ ❘✳ ❈♦✐❢♠❛♥✱ ❱✳ ❘♦❦❤❧✐♥✱ ❛♥❞ ❙✳ ❲❛♥❞③✉r❛✱ ✏❚❤❡ ❢❛st ♠✉❧t✐♣♦❧❡ ♠❡t❤♦❞ ❢♦r t❤❡

✇❛✈❡ ❡q✉❛t✐♦♥✿ ❆ ♣❡❞❡str✐❛♥ ♣r❡s❝r✐♣t✐♦♥✱✑ ❆♥t❡♥♥❛s ❛♥❞ Pr♦♣❛❣❛t✐♦♥ ▼❛❣❛③✐♥❡✱

■❊❊❊✱ ✈♦❧✳ ✸✺✱ ♥♦✳ ✸✱ ♣♣✳ ✼✕✶✷✱ ✶✾✾✸✳

❬✶✼❪ ▼✳ ◆✐❡t♦✲❱❡s♣❡r✐♥❛s✱ ❙❝❛tt❡r✐♥❣ ❛♥❞ ❞✐✛r❛❝t✐♦♥ ✐♥ ♣❤②s✐❝❛❧ ♦♣t✐❝s✳ ◆❡✇ ❨♦r❦✱

✶✾✾✶✳

❬✶✽❪ ❋❊❑❖ ✉s❡r ♠❛♥✉❛❧✱ ❙✉✐t❡ ✻✳✶✱ ❊▼ ❙♦❢t✇❛r❡ ❛♥❞ ❙②st❡♠s✲❙✳❆✳ ✭Pt②✮ ▲t❞✱ ❏✉❧②

✷✵✶✶✳

❬✶✾❪ ❖✳ ●✐✈❛t✐ ❛♥❞ ❆✳ ❋♦✉r✐❡✱ ✏❘❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ♦❢ ❛♥t❡♥♥❛s ♠♦✉♥t❡❞ ♦♥ ❛ ♠♦❞✐✜❡❞

♠✐r❛❣❡ ❛✐r❝r❛❢t✱✑ ✐♥ ❆♥t❡♥♥❛s ❛♥❞ Pr♦♣❛❣❛t✐♦♥ ❙♦❝✐❡t② ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠✱

✶✾✾✹✳ ❆P✲❙✳ ❉✐❣❡st✱ ✈♦❧✳ ✷✳ ■❊❊❊✱ ✶✾✾✹✱ ♣♣✳ ✶✶✺✽✕✶✶✻✶✳

❬✷✵❪ ❇♦♠❜❛r❞✐❡r ■♥❝✳ ✽✵✵ ❘❡♥é✲▲é✈❡sq✉❡ ❇♦✉❧❡✈❛r❞ ❲❡st✱ ▼♦♥tré❛❧✱ ◗❈✱ ❈❛♥❛❞❛

❍✸❇ ✶❨✽✳ ❬❖♥❧✐♥❡❪✳ ❆✈❛✐❧❛❜❧❡✿ ❤tt♣✿✴✴✇✇✇✳❜♦♠❜❛r❞✐❡r✳❝♦♠

❬✷✶❪ P✳ ❑❛③❡r❛♥✐ ❛♥❞ ❘✳ P❛❦♥②s✱ ✏❆♥❛❧②s✐s ♦❢ ♠♦♥♦♣♦❧❡ ❛♥t❡♥♥❛s ♠♦✉♥t❡❞ ♦♥ t❤❡

❢✉s❡❧❛❣❡ ♦❢ ❝❛r❜♦♥✲✜❜r❡ ❝♦♠♣♦s✐t❡ ❛✐r❝r❛❢t✱✑ ✐♥ ❆❊❘❖ ✶✶ ✺✽t❤ ❆❡r♦♥❛✉t✐❝s ❈♦♥✲

❢❡r❡♥❝❡ ❛♥❞ ❆●▼✱ ❈❛♥❛❞✐❛♥ ❆❡r♦♥❛✉t✐❝s ❛♥❞ ❙♣❛❝❡ ■♥st✐t✉t❡✱ ▼♦♥tr❡❛❧✱ ◗❈✱

✷✵✶✶✱ ♣♣✳ ✷✻✕✷✽✳

❬✷✷❪ ❇✳ P✐♣❡r ❛♥❞ ▼✳ ❇✐❛❧❦♦✇s❦✐✱ ✏❊❧❡❝tr♦♠❛❣♥❡t✐❝ ♠♦❞❡❧✐♥❣ ♦❢ ❝♦♥❢♦r♠❛❧ ✇✐❞❡❜❛♥❞

❛♥❞ ♠✉❧t✐✲❜❛♥❞ ♣❛t❝❤ ❛♥t❡♥♥❛s ❜② ❜r✐❞❣✐♥❣ ❛ s♦❧✐❞✲♦❜❥❡❝t ♠♦❞❡❧❡r ✇✐t❤ ♠♦♠

s♦❢t✇❛r❡✱✑ ❆♥t❡♥♥❛s ❛♥❞ Pr♦♣❛❣❛t✐♦♥ ▼❛❣❛③✐♥❡✱ ■❊❊❊✱ ✈♦❧✳ ✹✻✱ ♥♦✳ ✺✱ ♣♣✳ ✹✷✕✺✷✱

✷✵✵✹✳

❬✷✸❪ ❬❖♥❧✐♥❡❪✳ ❆✈❛✐❧❛❜❧❡✿ ❤tt♣✿✴✴✇✇✇✳s♦❧✐❞✇♦r❦s✳❝♦♠✴

❬✷✹❪ ❈✳ ❇❛❧❛♥✐s✱ ❆♥t❡♥♥❛ t❤❡♦r②✿ ❛♥❛❧②s✐s ❛♥❞ ❞❡s✐❣♥✳ ❏✳ ❲✐❧❡②✱ ◆❡✇ ❨♦r❦✱ ✶✾✽✷✳

❬✷✺❪ ❆✳ ❘✉❞❣❡✱ ❚❤❡ ❤❛♥❞❜♦♦❦ ♦❢ ❛♥t❡♥♥❛ ❞❡s✐❣♥✳ P❡t❡r P❡r❡❣r✐♥✉s ▲t❞✱ ✶✾✽✸✱ ✈♦❧✳ ✷✱

❝❤✳ ✶✼✱ ❱❍❋ ❛♥❞ ❯❍❋ ❛♥t❡♥♥❛s✳
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❬✷✻❪ ❊✳ ▼✐❧❧❡r✱ ✏❆ s❡❧❡❝t✐✈❡ s✉r✈❡② ♦❢ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡❧❡❝tr♦♠❛❣♥❡t✐❝s✱✑ ■❊❊❊ ❚r❛♥s✳

❆♥t❡♥♥❛s Pr♦♣❛❣❛t✳✱ ✈♦❧✳ ✸✻✱ ♥♦✳ ✾✱ ♣♣✳ ✶✷✽✶✕✶✸✵✺✱ ✶✾✽✽✳

❬✷✼❪ ❘✳ ❍♦❞❣❡s ❛♥❞ ❨✳ ❘❛❤♠❛t✲❙❛♠✐✐✱ ✏❆♥ ✐t❡r❛t✐✈❡ ❝✉rr❡♥t✲❜❛s❡❞ ❤②❜r✐❞ ♠❡t❤♦❞

❢♦r ❝♦♠♣❧❡① str✉❝t✉r❡s✱✑ ■❊❊❊ ❚r❛♥s✳ ❆♥t❡♥♥❛s Pr♦♣❛❣❛t✳✱ ✈♦❧✳ ✹✺✱ ♥♦✳ ✷✱ ♣♣✳

✷✻✺✕✷✼✻✱ ✶✾✾✼✳

❬✷✽❪ ❙✳ ❉❛✈✐❞s♦♥ ❛♥❞ ●✳ ❚❤✐❡❧❡✱ ✏❆ ❤②❜r✐❞ ♠❡t❤♦❞ ♦❢ ♠♦♠❡♥ts✲❣t❞ t❡❝❤♥✐q✉❡ ❢♦r

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

❝②❧✐♥❞r✐❝❛❧ s✉r❢❛❝❡✱✑ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❈♦♠♣❛t✐❜✐❧✐t②✱ ♥♦✳ ✷✱

♣♣✳ ✾✵✕✾✼✱ ✶✾✽✹✳

❬✷✾❪ ❆✳ ❇❛r❦❛ ❛♥❞ P✳ ❈❛✉❞r✐❧❧✐❡r✱ ✏❉♦♠❛✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥ ♠❡t❤♦❞ ❜❛s❡❞ ♦♥ ❣❡♥❡r❛❧✲

✐③❡❞ s❝❛tt❡r✐♥❣ ♠❛tr✐① ❢♦r ✐♥st❛❧❧❡❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛♥t❡♥♥❛s ♦♥ ❛✐r❝r❛❢t✱✑ ■❊❊❊

❚r❛♥s✳ ❆♥t❡♥♥❛s Pr♦♣❛❣❛t✳✱ ✈♦❧✳ ✺✺✱ ♥♦✳ ✻✱ ♣♣✳ ✶✽✸✸✕✶✽✹✷✱ ✷✵✵✼✳

❬✸✵❪ ❲✳ ❙t✉t③♠❛♥ ❛♥❞ ●✳ ❚❤✐❡❧❡✱ ❆♥t❡♥♥❛ t❤❡♦r② ❛♥❞ ❞❡s✐❣♥✳ ❏✳ ❲✐❧❡②✱ ✶✾✾✽✱ ✈♦❧✳

✸✷✵✳

❬✸✶❪ ❏✳ ❙♦♥❣ ❛♥❞ ❲✳ ❈❤❡✇✱ ✏▼✉❧t✐❧❡✈❡❧ ❢❛st✲♠✉❧t✐♣♦❧❡ ❛❧❣♦r✐t❤♠ ❢♦r s♦❧✈✐♥❣ ❝♦♠❜✐♥❡❞

✜❡❧❞ ✐♥t❡❣r❛❧ ❡q✉❛t✐♦♥s ♦❢ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s❝❛tt❡r✐♥❣✱✑ ▼✐❝r♦✇❛✈❡ ❛♥❞ ❖♣t✐❝❛❧

❚❡❝❤♥♦❧♦❣② ▲❡tt❡rs✱ ✈♦❧✳ ✶✵✱ ♥♦✳ ✶✱ ♣♣✳ ✶✹✕✶✾✱ ✶✾✾✺✳

❬✸✷❪ ❆✳ P♦❣❣✐♦ ❛♥❞ ❊✳ ▼✐❧❧❡r✱ ✏■♥t❡❣r❛❧ ❡q✉❛t✐♦♥ s♦❧✉t✐♦♥s ♦❢ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ s❝❛t✲

t❡r✐♥❣ ♣r♦❜❧❡♠s✱✑ ❈♦♠♣✉t❡r t❡❝❤♥✐q✉❡s ❢♦r ❡❧❡❝tr♦♠❛❣♥❡t✐❝s✳✭❆ ✼✸✲✹✷✽✸✾ ✷✷✲✵✼✮

❖①❢♦r❞ ❛♥❞ ◆❡✇ ❨♦r❦✱ P❡r❣❛♠♦♥ Pr❡ss✱ ♣♣✳ ✶✺✾✕✷✻✹✱ ✶✾✼✸✳

❬✸✸❪ ❘✳ ❏♦❤♥s♦♥ ❛♥❞ ❍✳ ❏❛s✐❦✱ ❆♥t❡♥♥❛ ❡♥❣✐♥❡❡r✐♥❣ ❤❛♥❞❜♦♦❦✳ ▼❝●r❛✇✲❍✐❧❧✱ ✶✾✽✹✱

✈♦❧✳ ✶✳
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❬✸✹❪ ❙✳ ❘❛♦✱ ❉✳ ❲✐❧t♦♥✱ ❛♥❞ ❆✳ ●❧✐ss♦♥✱ ✏❊❧❡❝tr♦♠❛❣♥❡t✐❝ s❝❛tt❡r✐♥❣ ❜② s✉r❢❛❝❡s ♦❢

❛r❜✐tr❛r② s❤❛♣❡✱✑ ■❊❊❊ ❚r❛♥s✳ ❆♥t❡♥♥❛s Pr♦♣❛❣❛t✳✱ ✈♦❧✳ ✸✵✱ ♥♦✳ ✸✱ ♣♣✳ ✹✵✾✕✹✶✽✱

✶✾✽✷✳

❬✸✺❪ P✳ ❋♦st❡r✱ ✏❚❤❡ r❡❣✐♦♥ ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ❣t❞✴✉t❞✱✑ ✐♥ ❈♦♠♣✉t❛t✐♦♥ ✐♥ ❊❧❡❝tr♦♠❛❣✲

♥❡t✐❝s✱ ❚❤✐r❞ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ✭❈♦♥❢✳ P✉❜❧✳ ◆♦✳ ✹✷✵✮✳ ■❊❚✱ ✶✾✾✻✱

♣♣✳ ✸✽✷✕✸✽✻✳

❬✸✻❪ P✳ P❛t❤❛❦✱ ◆✳ ❲❛♥❣✱ ❲✳ ❇✉r♥s✐❞❡✱ ❛♥❞ ❘✳ ❑♦✉②♦✉♠❥✐❛♥✱ ✏❆ ✉♥✐❢♦r♠ ❣t❞ s♦❧✉✲

t✐♦♥ ❢♦r t❤❡ r❛❞✐❛t✐♦♥ ❢r♦♠ s♦✉r❝❡s ♦♥ ❛ ❝♦♥✈❡① s✉r❢❛❝❡✱✑ ■❊❊❊ ❚r❛♥s✳ ❆♥t❡♥♥❛s

Pr♦♣❛❣❛t✳✱ ✈♦❧✳ ✷✾✱ ♥♦✳ ✹✱ ♣♣✳ ✻✵✾✕✻✷✷✱ ✶✾✽✶✳

❬✸✼❪ ❏✳ ❘✐❝❤♠♦♥❞✱ ✏❆ r❡❛❝t✐♦♥ t❤❡♦r❡♠ ❛♥❞ ✐ts ❛♣♣❧✐❝❛t✐♦♥ t♦ ❛♥t❡♥♥❛ ✐♠♣❡❞❛♥❝❡

❝❛❧❝✉❧❛t✐♦♥s✱✑ ■❘❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ ❆♥t❡♥♥❛s ❛♥❞ Pr♦♣❛❣❛t✐♦♥✱ ✈♦❧✳ ✾✱ ♥♦✳ ✻✱ ♣♣✳
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