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❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥✲❜❛s❡❞ ❡①t❡r♥❛❧ r❛❞✐♦t❤❡r❛♣② ❞♦s✐♠❡tr②✿

■✳ ❋♦r♠❛❧✐s♠ ❛♥❞ ❢❡❛s✐❜✐❧✐t②

❨❛♥❛ ❩❧❛t❡✈❛

▼❡❞✐❝❛❧ P❤②s✐❝s ❯♥✐t✱ ▼❝●✐❧❧ ❯♥✐✈❡rs✐t②✱ ▼♦♥tr❡❛❧✱ ◗❈✱ ❍✹❆ ✸❏✶✱ ❈❛♥❛❞❛✱∗

❇r②❛♥ ❘✳ ▼✉✐r✺

▼❡tr♦❧♦❣② ❘❡s❡❛r❝❤ ❈❡♥tr❡✱ ◆❛t✐♦♥❛❧ ❘❡s❡❛r❝❤ ❈♦✉♥❝✐❧✱ ❖tt❛✇❛✱ ❖◆✱ ❑✶❆ ✵❘✻✱ ❈❛♥❛❞❛✱

■ss❛♠ ❊❧ ◆❛q❛

❉❡♣❛rt♠❡♥t ♦❢ ❘❛❞✐❛t✐♦♥ ❖♥❝♦❧♦❣②✱ ❯♥✐✈❡rs✐t② ♦❢ ▼✐❝❤✐❣❛♥✱ ❆♥♥ ❆r❜♦r✱ ▼■✱ ✹✽✶✵✸✲✹✾✹✸✱ ❯❙❆✱ ❛♥❞

❏❛♥ P✳ ❙❡✉♥t❥❡♥s

▼❡❞✐❝❛❧ P❤②s✐❝s ❯♥✐t✱ ▼❝●✐❧❧ ❯♥✐✈❡rs✐t②✱ ▼♦♥tr❡❛❧✱ ◗❈✱ ❍✹❆ ✸❏✶✱ ❈❛♥❛❞❛✶✵

✭❉❛t❡❞✿ ❏❛♥✉❛r② ✷✽✱ ✷✵✶✾✮

P✉r♣♦s❡✿ ❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥ ✭❈❊✮✲❜❛s❡❞ ❡①t❡r♥❛❧ ❜❡❛♠ ❞♦s✐♠❡tr② ✐s ❡♥✈✐s✐♦♥❡❞ t♦ ✐♥✈♦❧✈❡ t❤❡ ❞❡✲

t❡❝t✐♦♥ ♦❢ ❈❊ ❞✐r❡❝t❧② ✐♥ ✇❛t❡r ✇✐t❤ ♣❧❛❝❡♠❡♥t ♦❢ ❛ ❤✐❣❤✲r❡s♦❧✉t✐♦♥ ❞❡t❡❝t♦r ♦✉t ♦❢ t❤❡ ✜❡❧❞✱ ❛✈♦✐❞✐♥❣

♣❡rt✉r❜❛t✐♦♥s ❡♥❝♦✉♥t❡r❡❞ ✇✐t❤ tr❛❞✐t✐♦♥❛❧ ❞♦s✐♠❡t❡rs✳ ■♥ t❤✐s ✇♦r❦✱ ✇❡ ❧❛② ♦✉t t❤❡ ❣r♦✉♥❞✇♦r❦ ❢♦r

✐ts ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ t❤❡ ❝❧✐♥✐❝ ❛♥❞ ♠♦t✐✈❛t❡ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡t❡r ❞❡s✐❣♥ ❡✛♦rts✳ ❚♦ t❤❛t ❡♥❞✱ ✇❡✶✺

❡①❛♠✐♥❡ ❛ ❢♦r♠❛❧✐s♠ ❢♦r ❜r♦❛❞✲❜❡❛♠ ✐♥✲✇❛t❡r ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ♦❢ ❡①t❡r♥❛❧ r❛❞✐♦t❤❡r❛♣② ❜❡❛♠s✱

❞❡s✐❣♥ ❛♥❞ t❡st ❛ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥ ❢r❛♠❡✇♦r❦ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥

❢❛❝t♦rs ✉s❡❞ ❜② t❤❡ ❢♦r♠❛❧✐s♠✱ ❛♥❞ ❞❡♠♦♥str❛t❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❢❡❛s✐❜✐❧✐t② ♦❢ t❤✐s ♠❡t❤♦❞✳

▼❡t❤♦❞s✿ ❚❤❡ ❢♦r♠❛❧✐s♠ ✐s ❝♦♥❝❡♣t✉❛❧❧② ❛♥❛❧♦❣♦✉s t♦ ✐♦♥✐③❛t✐♦♥✲❜❛s❡❞ ❞♦s✐♠❡tr② ❛♥❞ ❡♠♣❧♦②s ❈❊✲

t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs✱ kθ±δθ

C
✱ ✐♥❝❧✉❞✐♥❣ ♦♥❧② ❛♥❞ ❛❧❧ ❈❊ ❣❡♥❡r❛t❡❞ ✇✐t❤✐♥ ♣♦❧❛r ❛♥❣❧❡s θ± δθ ♦♥✷✵

❜❡❛♠ ❛①✐s✳ ❚❤❡ ❊●❙♥r❝ ✉s❡r ❝♦❞❡ ❙P❘❘❩♥r❝ ✐s ♠♦❞✐✜❡❞ t♦ ❝❛❧❝✉❧❛t❡ kθ±δθ

C
✱ ❛s ✇❡❧❧ ❛s ❈❊ s♣❡❝tr❛❧

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

t❤✐♥ ✇❛t❡r s❧❛❜✳ ❉❡t❡❝t♦r ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ ❡①❛♠✐♥❡❞ ❢♦r ❜r♦❛❞ ✻✲✷✷ ▼❡❱ ❡❧❡❝tr♦♥ ❜❡❛♠s ❢r♦♠ ❛

❇❊❆▼♥r❝ ❚r✉❡❇❡❛♠ ♠♦❞❡❧✱ ✇✐t❤ ❛ ❢♦❝✉s ♦♥ θ±δθ = 90
◦
±90

◦ ✭4π ❞❡t❡❝t✐♦♥✮✱ 90
◦
±5

◦✱ ❛♥❞ 42
◦
±5

◦

✭θ = 42
◦ ✐s t❤❡ ❈❊ ❛♥❣❧❡ ♦❢ r❡❧❛t✐✈✐st✐❝ ❡❧❡❝tr♦♥s ✐♥ ✇❛t❡r✮✳ ❲❡ ♣❡r❢♦r♠ ❛ r❡❧❛t✐✈❡ ❡①♣❡r✐♠❡♥t❛❧✷✺

✈❛❧✐❞❛t✐♦♥ ❛t 90
◦ ✇✐t❤ ❡❧❡❝tr♦♥ ❜❡❛♠s✱ ✉s✐♥❣ ❛ s✐♠♣❧❡ ❞❡t❡❝t♦r ❞❡s✐❣♥ ✇✐t❤ s♣❤❡r✐❝❛❧ ♦♣t✐❝s ❛♥❞

❣❡♦♠❡tr✐❝❛❧ ♦♣t✐❝s ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡✱ ✇❤✐❝❤ s♣❛♥s t❤❡ ✇❛t❡r t❛♥❦✳ ❉✉❡ t♦

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

q✉❛❧✐t②✱ ❞❡♣t❤✱ ❛♥❞ ❛♥❣❧❡✳

❘❡s✉❧ts✿ ❋♦r ✵✳✶✲✺✵ ▼❡❱ ❡❧❡❝tr♦♥s ♦♥ ❛ t❤✐♥ ✇❛t❡r s❧❛❜✱ t❤❡ ❝♦❞❡ ♦✉t♣✉ts ❈❊ ♣❤♦t♦♥ s♣❡❝tr❛❧ ❞❡♥s✐t②✸✵

♣❡r ✉♥✐t ♠❛ss ✭❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❞♦s❡ ❛♥❞ kθ±δθ

C
✮ ❛♥❞ ❛♥❣❧❡ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡♦r② ✇✐t❤✐♥ ±0.03%

❛♥❞ ±0.01
◦✱ r❡s♣❡❝t✐✈❡❧②✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♦✉t♣✉t ♣r❡❝✐s✐♦♥✳ ❚❤❡ 42

◦ ❝♦♥✜❣✉r❛t✐♦♥ ✇❛s ❢♦✉♥❞

✐♠♣r❛❝t✐❝❛❧ ❞✉❡ t♦ ❞❡t❡❝t✐♦♥ ❝♦♥s✐❞❡r❛t✐♦♥s✳ ❉❡t❡❝t✐♦♥ ❛t 90
◦
±δθ ❢♦r s♠❛❧❧ δθ ❡①❤✐❜✐t❡❞ ❜❡❛♠ q✉❛❧✐t②

❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ s❛♠❡ ♦r❞❡r ❛s ✇❡❧❧ ❛s str♦♥❣ s✉♣❡r✜❝✐❛❧ ❞❡♣t❤ ❞❡♣❡♥❞❡♥❝❡✳ ❆ 4π ❝♦♥✜❣✉r❛t✐♦♥

❛♠❡❧✐♦r❛t❡s t❤❡s❡ ❡✛❡❝ts✳ ❆ ♠♦r❡ ♣r❛❝t✐❝❛❧ ❛♣♣r♦❛❝❤ ♠❛② ❡♠♣❧♦② ❛ ❧❛r❣❡ ♥✉♠❡r✐❝❛❧ ❛♣❡rt✉r❡✳ ■♥✸✺

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

✐♥ ✇❛t❡r✱ ❛s ❡①♣❡❝t❡❞✳ ▼❡❛s✉r❡❞ r❡❧❛t✐✈❡ k90
◦
±δθ

C
❛t s♠❛❧❧ δθ ✇❡r❡ ✇✐t❤✐♥ ✶✪ ♦❢ s✐♠✉❧❛t❡❞ ❢❛❝t♦rs

✭r❡❧❛t✐✈❡ t♦ t❤❡✐r ❧♦❝❛❧ ❛✈❡r❛❣❡✮ ❢♦r ♣❡r❝❡♥t✲❞❡♣t❤ ❈❊ ✭P❉❈✮ > 50%✳ ❆t ♦t❤❡r ❞❡♣t❤s✱ ❞❡✈✐❛t✐♦♥s

✇❡r❡ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ s✐❣♥❛❧✲t♦✲♥♦✐s❡✱ ❦♥♦✇♥ ❞❡t❡❝t♦r ❧✐♠✐t❛t✐♦♥s✱ ❛♥❞ ❛♣♣r♦①✐♠❛t✐♦♥s✳ ■t ✇❛s

❢♦✉♥❞ t❤❛t t❤❡ ❈❊ s♣❡❝tr✉♠ ✐s ❜❡❛♠ q✉❛❧✐t② ❛♥❞ ❞❡♣t❤ ✐♥✈❛r✐❛♥t✱ ✇❤✐❧❡ ❢♦r ❡❧❡❝tr♦♥ ❜❡❛♠s t❤❡ ❈❊✹✵
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✷

❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ✐s str♦♥❣❧② ❞❡♣❡♥❞❡♥t ♦♥ ❜❡❛♠ q✉❛❧✐t② ❛♥❞ ❞❡♣t❤✳ ❍♦✇❡✈❡r✱ t❤❡ ✉♥❝❡rt❛✐♥t② ♦❢

❈❊ ❛♥❞ P❉❈ ♠❡❛s✉r❡♠❡♥t ❛t 90
◦
± δθ ❞❡t❡❝t✐♦♥ ❢♦r s♠❛❧❧ δθ ❞✉❡ t♦ ±0.1◦ ❞❡✈✐❛t✐♦♥s ❛r♦✉♥❞ δθ

✇❛s s❤♦✇♥ t♦ ❜❡ ≤ 1% ❛♥❞ < 0.1% ✭k = 1✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ r♦❜✉st♥❡ss t♦ ❡①♣❡❝t❡❞ ❞❡t❡❝t♦r s❡t✉♣

✈❛r✐❛t✐♦♥s ✇❛s ❢♦✉♥❞ t♦ r❡s✉❧t ✐♥ ≤ 1% ✭k = 1✮ ❧♦❝❛❧ ✉♥❝❡rt❛✐♥t② ❝♦♥tr✐❜✉t✐♦♥ ❢♦r P❉❈ > 50%✳

❈♦♥❝❧✉s✐♦♥s✿ ❇❛s❡❞ ♦♥ ♦✉r ▼♦♥t❡ ❈❛r❧♦ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ st✉❞✐❡s✱ ✇❡ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ❈❊✲✹✺

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

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

∗ ②❛♥❛✳③❧❛t❡✈❛❅♠❛✐❧✳♠❝❣✐❧❧✳❝❛❀ ❤tt♣✿✴✴✇✇✇✳♠❝❣✐❧❧✳❝❛✴♠❡❞♣❤②s✴
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❈✉rr❡♥t r♦✉t✐♥❡ r❛❞✐♦t❤❡r❛♣② ❞♦s✐♠❡tr② ♠❡t❤♦❞s ❡♠♣❧♦② ♥♦♥✲✇❛t❡r ❡q✉✐✈❛❧❡♥t ❞❡t❡❝t♦rs✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ♥❡❝❡ss❛r②

❞♦s❡✲t♦✲✇❛t❡r ❝♦♥✈❡rs✐♦♥ ❛s ✇❡❧❧ ❛s ♣♦ss✐❜❧② s✐❣♥✐✜❝❛♥t ✜❡❧❞ ♣❡rt✉r❜❛t✐♦♥ ❛♥❞ ✈♦❧✉♠❡ ❛✈❡r❛❣✐♥❣ ❛❝r♦ss t❤❡ ❞❡t❡❝t✐♦♥✺✵

♠❡❞✐✉♠✳ ■♥ t❤✐s ✇♦r❦✱ ✇❡ ❡①❛♠✐♥❡ t❤❡ ❢❡❛s✐❜✐❧✐t② ♦❢ ❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥ ✭❈❊✮❬✶✕✸❪ ❞♦s✐♠❡tr② ❜❛s❡❞ ♦♥ ✐♥✲✇❛t❡r ❈❊

❞❡t❡❝t✐♦♥ ✇✐t❤ ❛♥ ♦✉t✲♦❢✲✜❡❧❞ ❞❡t❡❝t♦r s②st❡♠ ✇✐t❤ ♣♦t❡♥t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ♦r❞❡r ♦❢ ♠✐❝r♦♠❡t❡rs✳❬✹✱ ✺❪ ❉❡s♣✐t❡

r❡❝❡♥t ♣r♦❣r❡ss✱❬✻✱ ✼❪ ❛ ❝❧✐♥✐❝❛❧❧②✲✐♠♣❧❡♠❡♥t❛❜❧❡ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② s②st❡♠ ❛♥❞ ♣r♦t♦❝♦❧ ❤❛✈❡ ♥♦t ❜❡❡♥ ❡st❛❜❧✐s❤❡❞

❛♥❞ ❞❛t❛ ❢♦r ❝♦♥✈❡rt✐♥❣ ❈❊ t♦ ❞♦s❡ ✐s ♥♦t ②❡t ❛✈❛✐❧❛❜❧❡✳ ❲❡ ♠♦t✐✈❛t❡ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ❞❡t❡❝t♦r ❛♥❞ ♣r♦t♦❝♦❧

❞❡✈❡❧♦♣♠❡♥t st✉❞✐❡s ❜② ❝♦♥s✐❞❡r✐♥❣ ❛ ♣♦t❡♥t✐❛❧ ❜r♦❛❞✲❜❡❛♠❬✽❪ ❝❡♥tr❛❧✲❛①✐s ✐♥✲✇❛t❡r ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢♦r♠❛❧✐s♠✺✺

❛♥❞ ♠♦❞✐❢②✐♥❣ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧❧② ❡✈❛❧✉❛t✐♥❣ ❊●❙♥r❝❬✾❪ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❜r♦❛❞✲❜❡❛♠ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥

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

◗✉❛♥t✐t❛t✐✈❡ st✉❞✐❡s ♦❢ ❈❊ ❜② ❡①t❡r♥❛❧ r❛❞✐♦t❤❡r❛♣② ❜❡❛♠s ❢♦r t❤❡ ♣✉r♣♦s❡ ♦❢ ❞♦s✐♠❡tr② ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐s❤❡❞ ❜②

❍❡❧♦ ❡t ❛❧✳❬✻❪ ❛♥❞ ●❧❛s❡r ❡t ❛❧✳❬✼❪ ❍❡❧♦ ❡t ❛❧✳ ✐♥✈❡st✐❣❛t❡ ❈❊ ❢♦r ✉s❡ ✐♥ q✉❛❧✐t② ❛ss✉r❛♥❝❡ t❡sts✱ s✉❝❤ ❛s r❛♥❣❡ ❛♥❞

✜❡❧❞ s✐③❡ ✈❡r✐✜❝❛t✐♦♥ ♦❢ ❡❧❡❝tr♦♥ ❜❡❛♠s ✈✐❛ ▼♦♥t❡ ❈❛r❧♦ ❛♥❞ ❡①♣❡r✐♠❡♥t✳ ❚❤❡② ✜♥❞ t❤❛t ❈❊ ✐♠❛❣✐♥❣ ❝❛♥ ❜❡ ✉s❡❞ t♦✻✵

♣r❡❞✐❝t t❤❡ ♣r❛❝t✐❝❛❧ r❛♥❣❡ t♦ ✇✐t❤✐♥ ✸ ♠♠ ❢♦r t❤❡ ✻✱ ✾✱ ❛♥❞ ✶✷ ▼❡❱ ❝❧✐♥✐❝❛❧ ❡❧❡❝tr♦♥ ❜❡❛♠s st✉❞✐❡❞ ❛♥❞ t♦ ♠❡❛s✉r❡

t❤❡ ✜❡❧❞ ✇✐❞t❤ ❛t ✺✵✪ ♦❢ t❤❡ ♠❛①✐♠✉♠ ❞♦s❡✳ ❚❤❡② ❝♦♥❝❧✉❞❡ t❤❛t ❈❊ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r q✉✐❝❦ r♦✉t✐♥❡ q✉❛❧✐t② ❛ss✉r❛♥❝❡

s♣♦t ❝❤❡❝❦s ♦❢ ❡❧❡❝tr♦♥ ❜❡❛♠ r❛♥❣❡ ❛♥❞ ✜❡❧❞ ✇✐❞t❤ ❝♦♥st❛♥❝②✳ ●❧❛s❡r ❡t ❛❧✳❬✼❪ ❝❛rr② ♦✉t ▼♦♥t❡ ❈❛r❧♦ st✉❞✐❡s ♦❢ ❈❊ ❜②

♣❤♦t♦♥✱ ❡❧❡❝tr♦♥✱ ❛♥❞ ♣r♦t♦♥ ❜❡❛♠s ✐♥ ✇❛t❡r✳ ❚❤❡② st❛t❡ t❤❛t ✐♥ ♦r❞❡r ❢♦r ❛ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ♠❡t❤♦❞ t♦ ❜❡ ✈✐❛❜❧❡✱

t❤❡ ❈❊✲t♦✲❞♦s❡ r❛t✐♦ ♠✉st ✐❞❡❛❧❧② ❜❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ♣♦s✐t✐♦♥ ✐♥ t❤❡ ✐rr❛❞✐❛t❡❞ ♠❡❞✐✉♠✳ ❚❤❡② ❝♦♥❝❧✉❞❡ t❤❛t ❈❊✲❜❛s❡❞✻✺

❞♦s✐♠❡tr② ✐s ♥♦t ❢❡❛s✐❜❧❡ ❢♦r ❝❧✐♥✐❝❛❧ ❜❡❛♠s✱ ✇✐t❤ s♦♠❡ ❡①❝❡♣t✐♦♥s ✐♥❝❧✉❞✐♥❣ tr❡❛t♠❡♥t ♣❧❛♥ ✈❡r✐✜❝❛t✐♦♥ ♦❢ s♣❡❝✐❛❧✐③❡❞

❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s ❱▼❆❚ ❛♥❞ ■▼❘❚✳ ❍❡r❡✱ ✇❡ ❝♦♥✜r♠ t❤❛t ❈❊✲t♦✲❞♦s❡ r❛t✐♦s ❛r❡ ♣♦s✐t✐♦♥✲❞❡♣❡♥❞❡♥t ❛♥❞ ❝❛♥ ❜❡

❝❛❧❝✉❧❛t❡❞ ✈✐❛ ▼♦♥t❡ ❈❛r❧♦ ❢♦r ❝❧✐♥✐❝❛❧ ❜❡❛♠s✳ ❚❤❡ ♣r✐♠❛r② ♦❜❥❡❝t✐✈❡ ♦❢ t❤✐s ✇♦r❦ ✐s t♦ ✐♥❝♦r♣♦r❛t❡ ❛♥❞ ❡①❛♠✐♥❡✱

❢r♦♠ ✜rst ♣r✐♥❝✐♣❧❡s✱ t❤❡ ❜r♦❛❞✲❜❡❛♠ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ✐♥ ❛ ♠❛t❤❡♠❛t✐❝❛❧ ❝♦♥t❡①t ❛s ♣❛rt ♦❢ ❛ ❢♦r♠❛❧✐s♠✳

❖✉r ✇♦r❦ ✐s ♦r❣❛♥✐③❡❞ ✐♥t♦ t✇♦ ❝♦♠♣❧❡♠❡♥t❛r② ♣❛♣❡rs✳ ■♥ t❤✐s ♣❛♣❡r ✭P❛♣❡r ■✮✱ ✇❡ ✭✶✮ ♣r❡s❡♥t ❛ ♣♦t❡♥t✐❛❧ ❜r♦❛❞✲✼✵

❜❡❛♠ ❝❡♥tr❛❧✲❛①✐s ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢♦r♠❛❧✐s♠✱ ✭✷✮ ❞❡s✐❣♥ ❛♥❞ t❡st t❤❡ ▼♦♥t❡ ❈❛r❧♦ ♠❡t❤♦❞ ❢♦r ❝❛❧❝✉❧❛t✐♥❣

❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs✱ ❛♥❞ ✭✸✮ ✈❛❧✐❞❛t❡ ♦✉r ❝♦❞❡ t❤r♦✉❣❤ ❛ r❡❧❛t✐✈❡ ❡①♣❡r✐♠❡♥t❛❧ st✉❞② ✇✐t❤ ❡❧❡❝tr♦♥ ❜❡❛♠s ✐♥ ✇❛t❡r

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

❢r❛♠❡✇♦r❦ ✐s ✈❛❧✐❞❛t❡❞ ❡①♣❡r✐♠❡♥t❛❧❧② ✇✐t❤ ❡❧❡❝tr♦♥ ❜❡❛♠s ✐♥ ✇❛t❡r✱ ❢♦r ✇❤✐❝❤ ✇❡ ✜♥❞ t❤❛t t❤❡ r❡❧❛t✐✈❡ ❝♦♥✈❡rs✐♦♥ ✐s

♠♦r❡ str♦♥❣❧② ❞❡♣❡♥❞❡♥t ♦♥ ❞❡♣t❤✱ ❜❡❛♠ q✉❛❧✐t②✱ ❛♥❞ ❛♥❣❧❡ ❜② ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ❜r♦❛❞ ♣❤♦t♦♥ ❜❡❛♠✼✺

❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ✐♥ ✇❛t❡r✳❬✼✱ ✶✵✱ ✶✶❪ ■♥ t❤❡ ❝♦♠♣❛♥✐♦♥ ♣❛♣❡r ✭P❛♣❡r ■■✮✱❬✶✷❪ ✇❤✐❝❤ ✐s ♠♦t✐✈❛t❡❞ ❜② t❤❡ r❡s✉❧ts

♦❢ t❤✐s ♣❛♣❡r ✭P❛♣❡r ■✮ ❛♥❞ ✐s ❢♦❝✉s❡❞ ❡♥t✐r❡❧② ♦♥ ❡❧❡❝tr♦♥ ❜❡❛♠s✱ ✇❡ ❝❛❧❝✉❧❛t❡ ❛♥❞ ❡①❛♠✐♥❡ t❤❡ ❝♦♥✈❡rs✐♦♥ ❢♦r ❛

❝❧✐♥✐❝❛❧❧②✲r❡♣r❡s❡♥t❛t✐✈❡ ❧✐❜r❛r② ♦❢ ✈❛❧✐❞❛t❡❞ ❡❧❡❝tr♦♥ ❜❡❛♠ ♠♦❞❡❧s✱ ❛❞❞r❡ss ❡❧❡❝tr♦♥ ❜❡❛♠ q✉❛❧✐t② s♣❡❝✐✜❝❛t✐♦♥✱ ❛♥❞

❡✈❛❧✉❛t❡ ❛ ♣♦t❡♥t✐❛❧ ❞♦s✐♠❡tr✐❝ ✉♥❝❡rt❛✐♥t② ❜✉❞❣❡t ❛t ❛ r❡❢❡r❡♥❝❡ ❞❡♣t❤ ✐♥ ✇❛t❡r✳

■■✳ ❙❊❚❯P ❆◆❉ ❋❖❘▼❆▲■❙▼✽✵

❚❤❡ s❡t✉♣ ✇❡ ❡♥✈✐s✐♦♥ ❢♦r ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ♦♥ ❜❡❛♠ ❛①✐s ✐♥ ✇❛t❡r ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳ ❚❤❡ ❜r♦❛❞✲❜❡❛♠ ❈❊✲

❜❛s❡❞ ❢♦r♠❛❧✐s♠ ♣r❡s❡♥t❡❞ ❜❡❧♦✇ ❛♣♣❧✐❡s t♦ ❈❊ ❞❡t❡❝t✐♦♥ ✇✐t❤ ♥❛rr♦✇ r❡s♣♦♥s❡ ♦♥ t❤❡ ❜❡❛♠ ❛①✐s✱ ✐♥❞✐❝❛t❡❞ ❜② t❤❡

sq✉❛r❡ ✐♥ ❋✐❣✉r❡ ✶✳ ❚❤✐s r❡q✉✐r❡s ♦♣t✐❝❛❧ ❞❡s✐❣♥ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛ ❞❡❞✐❝❛t❡❞ ❈❊ ❞❡t❡❝t✐♦♥ s②st❡♠✱ ♣♦t❡♥t✐❛❧❧②
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✐♥❝❧✉❞✐♥❣ ❛ ❝✉st♦♠✐③❡❞ ♣❤❛♥t♦♠ ❣❡♦♠❡tr② ❛♥❞ ❡①t❡♥s✐♦♥ t♦ ✷❉ ♦r ✸❉ ✈✐❛ ❢♦❝❛❧ s♣♦t s❝❛♥♥✐♥❣ ♦r ❛ ❞❡t❡❝t♦r ❛rr❛②✳

❖✉t✲♦❢✲❢♦❝✉s r❡♠♦✈❛❧ ❛♥❞ ♥❛rr♦✇✐♥❣ ♦❢ t❤❡ r❡s♣♦♥s❡ ❛t ❛ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ♦♣t✐❝s ✐s ❞♦♥❡ ✐♥ ❝♦♥❢♦❝❛❧ ♠✐❝r♦s❝♦♣② ❛s✽✺

✇❡❧❧ ❛s ✐♥ ♦♣t✐❝❛❧ s❡❝t✐♦♥ ♠✐❝r♦s❝♦♣② ✭✇✐t❤♦✉t ❛♥ ❡①❝✐t❛t✐♦♥ ❧❛s❡r✮ ❜② ♠❡❛♥s ♦❢✱ ❡✳❣✳✱ ♥❡❛r❡st✲♥❡✐❣❤❜♦✉r ❞❡✲❜❧✉rr✐♥❣✳❬✺❪

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

❢✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥✳ ❚❤❡ ❛✐♠ ♦❢ t❤✐s ♣❛♣❡r ✐s t♦ ♠♦t✐✈❛t❡ t❤✐s ✐♥✈❡st✐❣❛t✐♦♥ ❜② ❡①❛♠✐♥✐♥❣ t❤❡ ❜r♦❛❞✲❜❡❛♠ ❈❊✲t♦✲

❞♦s❡ ❝♦♥✈❡rs✐♦♥ ♦♥ ❜❡❛♠ ❛①✐s ✐♥ ✇❛t❡r✱ ❢r♦♠ ✜rst ♣r✐♥❝✐♣❧❡s ❛♥❞ ✇✐t❤ ❛ s✐♠♣❧❡ ❞❡t❡❝t♦r✳

❚❤❡ ❝❧✐♥✐❝❛❧ ❡♥❞♣♦✐♥t✱ ❡✳❣✳✱ ❈❊✲❜❛s❡❞ ❛❜s♦❧✉t❡ ✈❡rs✉s r❡❧❛t✐✈❡ ❞♦s✐♠❡tr②✱ ❧❛r❣❡ ✈❡rs✉s s♠❛❧❧ ✜❡❧❞ ❞♦s✐♠❡tr②✱ ❛♥❞ ▼❘✲✾✵

❧✐♥❛❝ ❛♣♣❧✐❝❛t✐♦♥s✱ ✐s ❛ r❡❧❛t❡❞ ✐ss✉❡ ❛s ✐t r❡q✉✐r❡s ❞❡t❡❝t♦r ❞❡s✐❣♥ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥✳ ❆❜s♦❧✉t❡ ❝♦♥✈❡rs✐♦♥ ♦❢ ❈❊ t♦

❞♦s❡ ♠❛② ❜❡ ❢❡❛s✐❜❧❡ ✐♥ ❛ ❝♦♥tr♦❧❧❡❞ ♣❤❛♥t♦♠ ❡♥✈✐r♦♥♠❡♥t✳ ◆♦ ♠❛tt❡r t❤❡ ♦✉t❝♦♠❡ ♦❢ ❛ ❞❡t❡❝t♦r ❞❡✈❡❧♦♣♠❡♥t st✉❞②✱

✐t ✐s ♥❡✈❡rt❤❡❧❡ss ♦❢ s❝✐❡♥t✐✜❝ ✐♥t❡r❡st t♦ ❡①❛♠✐♥❡ t❤❡ ❛❜s♦❧✉t❡ ❜❡❛♠✲❛①✐s ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢♦r ❛ ❜r♦❛❞✲❜❡❛♠

❣❡♦♠❡tr② ✐♥ ✇❛t❡r✳

❚♦ t❤✐s ❡♥❞✱ ✇❡ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦♥✈❡rs✐♦♥ ✈✐❛ ▼♦♥t❡ ❈❛r❧♦ ❛♥❞ ✇❡ ✈❛❧✐❞❛t❡ ♦✉r ❝♦❞❡ t❤r♦✉❣❤ ❛ r❡❧❛t✐✈❡ ❡①♣❡r✐♠❡♥t❛❧✾✺

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

✜❜❡r✱ ❛s ♦✉t❧✐♥❡❞ ❜❡❧♦✇ ✐♥ ❙❡❝t✐♦♥ ■■■ ❇✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡ s♣❛♥s t❤❡ ❡♥t✐r❡ ✇❛t❡r t❛♥❦✱ ❛s ✐♥❞✐❝❛t❡❞ ❜②

t❤❡ ❣r❛② ❞♦✉❜❧❡ ❝♦♥❡ ✐♥ t❤❡ ✇❛t❡r ✐♥ ❋✐❣✉r❡ ✶✱ ❛♥❞ ✇❡ ❝♦♠♣❛r❡ ▼♦♥t❡ ❈❛r❧♦✲❝❛❧❝✉❧❛t❡❞ t♦ ♠❡❛s✉r❡❞ ❈❊ ❞❡♣t❤ s❝❛♥s

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

❲❡ ♥♦✇ ❞❡s❝r✐❜❡ ❛ ♣♦t❡♥t✐❛❧ ❜r♦❛❞✲❜❡❛♠ ❝❡♥tr❛❧✲❛①✐s ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ❢♦r♠❛❧✐s♠✳ ❆ s❛♠♣❧❡ s❝❤❡♠❛t✐❝ ❢♦r t❤✐s✶✵✵

♣✉r♣♦s❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳ ❯♥❞❡r r❡❢❡r❡♥❝❡ ❝♦♥❞✐t✐♦♥s ❢♦r ✇❤✐❝❤ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❛♥❞ ❝♦♥✈❡rs✐♦♥ ❛♣♣❧②✱ ✇❡ ❤❛✈❡

❛ ❜r♦❛❞ ❜❡❛♠❬✽❪ ♦❢ q✉❛❧✐t② Q ❞❡♣♦s✐t✐♥❣ ❞♦s❡ D ✐♥ ❛ s♠❛❧❧ ✈♦❧✉♠❡ ♦♥ ❜❡❛♠ ❛①✐s ❛♥❞ ❣❡♥❡r❛t✐♥❣ ❛♥ ❛♥✐s♦tr♦♣✐❝ ❈❊

s✐❣♥❛❧✳❬✸❪ ❆ ♣♦rt✐♦♥ ♦❢ t❤❡ ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ✇✐t❤✐♥ t❤❡ ♣♦❧❛r ❛♥❣❧❡ r❛♥❣❡ θ± δθ✱ ❞❡✜♥❡❞ ❜② t❤❡ ♦♣t✐❝s ❛♥❣✉❧❛r

❛♣❡rt✉r❡ ✭❞✐s❝✉ss❡❞ ❜❡❧♦✇✮✱ ✐s s❛♠♣❧❡❞ ❛♥❞ ❞❡t❡❝t❡❞ ❛s ❛ r❡❛❞✐♥❣ M ✳ ❚❤❡ ❡q✉❛t✐♦♥ ✇❡ ♣r♦♣♦s❡ ❢♦r r❡❧❛t✐♥❣ M t♦ D

✉♥❞❡r r❡❢❡r❡♥❝❡ ❝♦♥❞✐t✐♦♥s ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✿✶✵✺

D(Q) = M N kθ±δθ

C
(Q) , ✭✶✮

✇❤❡r❡

M = Mraw(SSD, x, y, z, FS)PT , ✭✶❛✮

kθ±δθ

C
=

∫ Emax

∆

ΦE(E)L∆(E) dE + ΦE(∆)Scol(∆) ∆

∫ Emax

Ethr

Φθ±δθ

E
(E)SCE(E, ǫ) dE

, ✭✶❜✮

SCE(E, ǫ) =
α

h̄c

(

1 −
1

n(ǫ)2β(E)2

)

, ✭✶❝✮

✇❤❡r❡ t❤❡ ✐♥✈♦❧✈❡❞ q✉❛♥t✐t✐❡s ❛r❡ ❞❡✜♥❡❞ ❛s✿

Q✿ ❜❡❛♠ q✉❛❧✐t② s♣❡❝✐✜❡r✱ ✇❤✐❝❤ ♠❛② ♦r ♠❛② ♥♦t ❜❡ t❤❡ s❛♠❡ ❛s ✐♥ ❝✉rr❡♥t ♣r♦t♦❝♦❧s❬✽✱ ✶✸❪ ❜❛s❡❞ ♦♥ t❤❡

❛ss♦❝✐❛t❡❞ ✉♥❝❡rt❛✐♥t② ❝♦♥tr✐❜✉t✐♦♥s✳

M ✿ ♠❡❛s✉r❡❞ ❜❛❝❦❣r♦✉♥❞✲s✉❜tr❛❝t❡❞ ♦♣t✐❝❛❧ s♣❡❝tr❛❧ ❞❡♥s✐t② r❡❛❞✐♥❣✱ Mraw✱ ✉♥❞❡r t❤❡ r❡❢❡r❡♥❝❡ ❝♦♥❞✐t✐♦♥s ♦❢✶✶✵

SSD✱ ♣♦✐♥t ♦❢ ♠❡❛s✉r❡♠❡♥t✱ ✜❡❧❞ s✐③❡✱ FS✱ ❛♥❞ t❡♠♣❡r❛t✉r❡✱ T ✱ ❢♦r ✇❤✐❝❤ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❛♥❞ ❝♦♥✈❡rs✐♦♥

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

✐♥❞❡①✱ n✱❬✶✹❪ ❛♥❞ ✐s ❞✐s❝✉ss❡❞ ✐♥ ❣r❡❛t❡r ❞❡t❛✐❧ ✐♥ P❛♣❡r ■■✳❬✶✷❪
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✺

N ✿ r❡s♣♦♥s❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ♦♣t✐❝❛❧ ❞❡t❡❝t♦r s②st❡♠✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ r❛t✐♦ ♦❢ ❈❊ ♣❡r ✉♥✐t ♠❛ss ❣❡♥❡r❛t❡❞

❛t ♣♦❧❛r ❛♥❣❧❡s ✐♥ t❤❡ r❛♥❣❡ θ ± δθ r❡❧❛t✐✈❡ t♦ t❤❡ ❜❡❛♠ ❞✐r❡❝t✐♦♥ t♦ ❞❡t❡❝t♦r r❡❛❞✐♥❣✳ ❚❤❡ ❛♥❣❧❡s ❛r❡✶✶✺

❞✐s❝✉ss❡❞ ❜❡❧♦✇✳ ❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ✇♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞ ✈✐❛ ❛ ❝❛❧✐❜r❛t✐♦♥ ❧❛♠♣✱ tr❛❝❡❛❜❧❡ t♦ ❛ ♣r✐♠❛r② st❛♥❞❛r❞s

❧❛❜♦r❛t♦r②✱ ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ✐♦♥✐③✐♥❣ r❛❞✐❛t✐♦♥ ❜❡❛♠ q✉❛❧✐t② ❢♦r ♦♣t✐❝❛❧ s②st❡♠s ✇✐t❤ ✉♥✐❢♦r♠ r❡s♣♦♥s❡ ✐♥

t❤❡ ❈❊ s✐❣♥❛❧ r❛♥❣❡✱ ✇❤✐❝❤ ♠❛② ❣✐✈❡ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ❛ ❞✐st✐♥❝t ❛❞✈❛♥t❛❣❡ ♦✈❡r ❝✉rr❡♥t ♠❡t❤♦❞s✳

kθ±δθ

C
✿ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦r✱ ✐♥❝❧✉❞✐♥❣ ♦♥❧② ❛♥❞ ❛❧❧ ❈❊ ❛t ♣♦❧❛r ❛♥❣❧❡s ✐♥ t❤❡ r❛♥❣❡ θ ± δθ r❡❧❛t✐✈❡ t♦ t❤❡

❜❡❛♠ ❞✐r❡❝t✐♦♥✱ ✇❤✐❝❤ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❞❡t❡❝t✐♦♥ ♦♣t✐❝s ❛♥❣✉❧❛r ❛♣❡rt✉r❡ ✭❆❆✮✱ ✐✳❡✳✱ t❤❡ ❛❝❝❡♣t❛♥❝❡✶✷✵

❤❛❧❢✲❛♥❣❧❡✳ ❚❤❡ ❆❆ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❛♥❣✉❧❛r s✐③❡✱ r❡❧❛t✐✈❡ t♦ t❤❡ ♦♣t✐❝❛❧ ❛①✐s✱ ♦❢ t❤❡ ♦♣t✐❝❛❧ ❛♣❡rt✉r❡ ❛s

s❡❡♥ ❢r♦♠ t❤❡ ❢♦❝❛❧ ♣♦✐♥t✳ ❇❡❝❛✉s❡ ❈❊ ✐s ❛♥✐s♦tr♦♣✐❝❬✸❪ ❛♥❞ ♦♣t✐❝s ❤❛✈❡ ❛ ❧✐♠✐t❡❞ ❆❆✱ ✐t ✐s ♥❡❝❡ss❛r② t♦

❝♦♥s✐❞❡r t❤❡ ♣♦rt✐♦♥ ♦❢ t❤❡ ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ s❛♠♣❧❡❞ ❜② t❤❡ ♦♣t✐❝s✳ ❖♥❧② ♣♦❧❛r ❛♥❣❧❡s ❛r❡ ❝♦♥s✐❞❡r❡❞✱

❜❡❝❛✉s❡ t❤❡ ❛③✐♠✉t❤❛❧ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ♦♣t✐❝s ❆❆ ❝❛♥ ❜❡ ♠❛❞❡ 2π ✈✐❛ ❛③✐♠✉t❤❛❧ ✐♥t❡❣r❛t✐♦♥ ✭❡✳❣✳✱ r♦t❛t✐♦♥

❛❜♦✉t t❤❡ ❜❡❛♠ ❛①✐s✮ ♦r ✐t ❝❛♥ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❝❛❧✐❜r❛t✐♦♥✱ N ✱ ✭t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❞❡t❡❝t♦r r❡s♣♦♥s❡✮ ❛♥❞✶✷✺

✇♦✉❧❞ ♥♦t ✈❛r② ✐♥ t❤❡ ❛③✐♠✉t❤❛❧ ❞✐r❡❝t✐♦♥ ❢♦r s②♠♠❡tr✐❝ ❜❡❛♠s✳ ❚❤✐s ❛❧s♦ s❡r✈❡s t♦ ✐♠♣r♦✈❡ t❤❡ s✐♠✉❧❛t✐♦♥

st❛t✐st✐❝s✳

∆✿ ❙♣❡♥❝❡r✲❆tt✐① ❝✉t✲♦✛ ❡♥❡r❣②✳❬✶✺❪

Ethr✿ ❈❊ t❤r❡s❤♦❧❞ ❡♥❡r❣② ✭✷✻✵ ❦❡❱ ♦✈❡r t❤❡ ✈✐s✐❜❧❡ s♣❡❝tr✉♠ ✐♥ ✇❛t❡r✮✳❬✸✱ ✶✹❪

Emax✿ ♠❛①✐♠✉♠ ♣❛rt✐❝❧❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ❛t t❤❡ ♣♦✐♥t ♦❢ ♠❡❛s✉r❡♠❡♥t✳✶✸✵

ΦE✿ t♦t❛❧ ✭♣r✐♠❛r② ❛♥❞ s❡❝♦♥❞❛r②✮ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✢✉❡♥❝❡ s♣❡❝tr✉♠✱ ❞✐✛❡r❡♥t✐❛❧ ✐♥ ❡♥❡r❣②✱ ❛t t❤❡ ♣♦✐♥t ♦❢

♠❡❛s✉r❡♠❡♥t✳

Φθ±δθ

E
✿ t♦t❛❧ ✢✉❡♥❝❡ s♣❡❝tr✉♠✱ ❞✐✛❡r❡♥t✐❛❧ ✐♥ ❡♥❡r❣②✱ ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✇✐t❤ ❈❊ ♣♦❧❛r ❛♥❣❧❡s ✐♥ t❤❡ r❛♥❣❡ θ ± δθ

❛t t❤❡ ♣♦✐♥t ♦❢ ♠❡❛s✉r❡♠❡♥t✳

L∆✿ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ r❡str✐❝t❡❞ ❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣ ♣♦✇❡r✳✶✸✺

SCE✿ ❈❊ ♣♦✇❡r✱ ❡①♣r❡ss❡❞ ❛s t❤❡ ❋r❛♥❦✲❚❛♠♠ ❞✐✛❡r❡♥t✐❛❧❬✷❪ ❛♥❞ ❞❡✜♥❡❞ ❛s t❤❡ ❈❊ ♣❤♦t♦♥ ❝♦✉♥t ❞✐✛❡r❡♥t✐❛❧ ✐♥

❈❊ ❡♥❡r❣②✱ ǫ✱ ❛♥❞ ♣❛t❤ ❧❡♥❣t❤ ♦❢ ❛ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ♦❢ ❡♥❡r❣② E ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✈❡❧♦❝✐t② β ✭✐♥ ✉♥✐ts ♦❢ t❤❡

s♣❡❡❞ ♦❢ ❧✐❣❤t ✐♥ ✈❛❝✉✉♠✱ c✮✳

■♥t❡❣r❛t✐♦♥ ♦✈❡r ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ t②♣❡s ✐s ✐♠♣❧✐❝✐t ✐♥ ❊q✉❛t✐♦♥ ✶❜✳ ◆♦t❡ t❤❛t ✐♥ ❝♦♥tr❛st t♦ ✐♦♥ ❝❤❛♠❜❡r ❞♦s✐♠❡tr②✱

✇❤❡r❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ♠❡❞✐✉♠ ✐s ❛ ❣❛s✱❬✽✱ ✶✻❪ ♣r❡ss✉r❡ ❛♥❞ ❤✉♠✐❞✐t② ❞♦ ♥♦t ❤❛✈❡ ❛♥② ❡✛❡❝t ♦♥ M ✐♥ ❈❊✲❜❛s❡❞✶✹✵

❞♦s✐♠❡tr② ✭s❡❡ ❊q✉❛t✐♦♥ ✶❛✮✳

❊q✉❛t✐♦♥ ✶ ❛♣♣❧✐❡s t♦ ❜♦t❤ ♣❤♦t♦♥ ❛♥❞ ❡❧❡❝tr♦♥ ❜❡❛♠s✳ ❚❤❡ ❝♦♥✈❡rs✐♦♥ ❢r♦♠ M t♦ ❈❊ ❛t θ ± δθ✱ ✐♥❝❧✉❞✐♥❣ t❤❡

s②st❡♠ r❡s♣♦♥s❡ ❛♥❞ ❛③✐♠✉t❤❛❧ ❆❆✱ ✐s ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ s②st❡♠ ❝❛❧✐❜r❛t✐♦♥ N ✳ ❚❤❡ ❝♦♥✈❡rs✐♦♥ ❢r♦♠ ❈❊ ❛t θ± δθ t♦ D

✐s ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦r kθ±δθ

C
✳ ❚❤❡ kθ±δθ

C
❢❛❝t♦r ✐♥ ❊q✉❛t✐♦♥ ✶❜ ✐s t❤❡ r❛t✐♦ ♦❢ ❞♦s❡ ❛❝❝♦r❞✐♥❣

t♦ ❙♣❡♥❝❡r✲❆tt✐① t❤❡♦r②❬✶✺❪ t♦ ❈❊ ♣❡r ✉♥✐t ♠❛ss ✇✐t❤✐♥ θ ± δθ✱ ✉♥❞❡r r❡❢❡r❡♥❝❡ ❝♦♥❞✐t✐♦♥s✳ ◆♦t❡ t❤❛t t❤❡s❡ s❤♦✉❧❞✶✹✺

❜❡ ♠❛ss st♦♣♣✐♥❣ ❛♥❞ ❈❊ ♣♦✇❡rs✱ ❜✉t t❤❡ ❞❡♥s✐t② ♦❢ t❤❡ ❝❛✈✐t② ♠❛t❡r✐❛❧ ✐s t❤❡ s❛♠❡✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❈❊ ✐♥t❡❣r❛❧ ❤❛s

♥♦ tr❛❝❦✲❡♥❞ t❡r♠ ❛s t❤❡r❡ ✐s ♥♦ ❈❊ ❜❡❧♦✇ t❤❡ t❤r❡s❤♦❧❞ Ethr✳
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✻

❚❤❡ ✉♥r❡str✐❝t❡❞ ❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣ ♣♦✇❡r❬✶✼❪ ❛♥❞ ❈❊ ♣♦✇❡r❬✷❪ ✭❊q✉❛t✐♦♥ ✶❝✮ ❛r❡ ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❡❧❡❝tr♦♥

❦✐♥❡t✐❝ ❡♥❡r❣② ✐♥ ❋✐❣✉r❡ ✸ ❢♦r ❡♥❡r❣✐❡s ✐♥ t❤❡ r❛♥❣❡ ✵✳✶✲✶✵ ▼❡❱ ✐♥ ✇❛t❡r ✭❊q✉❛t✐♦♥ ✶❝ ✇✐t❤ n = 1.34✮✳❬✶✹❪ ■t ✐s ❝❧❡❛r ❢r♦♠

t❤✐s ✜❣✉r❡ ❛♥❞ ❢r♦♠ ❊q✉❛t✐♦♥ ✶❜ t❤❛t t❤❡ kθ±δθ

C
❢❛❝t♦r ✐s ❜❡❛♠ q✉❛❧✐t② ❛♥❞ ❞❡♣t❤ ❞❡♣❡♥❞❡♥t✱ ❜❡❝❛✉s❡ t❤❡ st♦♣♣✐♥❣✶✺✵

♣♦✇❡r ❛♥❞ ❈❊ ♣♦✇❡r ❛r❡ ❞✐✛❡r❡♥t ❢✉♥❝t✐♦♥s ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ❡♥❡r❣② ✐♥t❡❣r❛t❡❞ ❢r♦♠ ❞✐✛❡r❡♥t ❧♦✇✲❡♥❡r❣② t❤r❡s❤♦❧❞s

✐♥ t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✢✉❡♥❝❡ s♣❡❝tr✉♠✳

■■■✳ ▼❆❚❊❘■❆▲❙ ❆◆❉ ▼❊❚❍❖❉❙

❆✳ ▼♦♥t❡ ❈❛r❧♦ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs

✶✳ ❇❊❆▼♥r❝ ♠♦❞❡❧ ❛♥❞ ♣❛r❛♠❡t❡rs✶✺✺

❇❡❛♠s ❛r❡ s✐♠✉❧❛t❡❞ ✇✐t❤ t❤❡ ❇❊❆▼♥r❝ ❝♦❞❡❬✶✽✱ ✶✾❪ ♦❢ t❤❡ ♣❛rt✐❝❧❡ tr❛♥s♣♦rt s✐♠✉❧❛t✐♦♥ ♣❛❝❦❛❣❡ ❊●❙♥r❝✳❬✾✱ ✷✵❪

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥ st✉❞② ❢♦❝✉s❡s ♦♥ ❡❧❡❝tr♦♥ ❜❡❛♠s✱ ✇❤✐❝❤ t❡sts t❤❡ ❧✐♠✐ts ♦❢ t❤❡ ❝♦❞❡ ♣❡r❢♦r♠❛♥❝❡ ❞✉❡ t♦

❤✐❣❤❡r ♦✈❡r❛❧❧ s❡♥s✐t✐✈✐t② t♦ ❜❡❛♠ q✉❛❧✐t②✱ ❞❡♣t❤✱ ❛♥❞ ❛♥❣❧❡ t❤❛♥ ❢♦r ♣❤♦t♦♥ ❜❡❛♠s✳❬✼✱ ✶✵✱ ✶✶❪ ❖✉r ❝❧✐♥✐❝❛❧ ♠❛❝❤✐♥❡ ✐s ❛

❱❛r✐❛♥ ❚r✉❡❇❡❛♠✱ ✇❤♦s❡ ❇❊❆▼♥r❝ ♠♦❞❡❧ ❞❛t❛ ❛♥❞ ♣❛r❛♠❡t❡rs ✇❡r❡ ♣r♦✈✐❞❡❞ ❜② t❤❡ ✈❡♥❞♦r ✭❱✐rt✉❛❧ ▲✐♥❛❝✱ ❱❛r✐❛♥

▼❡❞✐❝❛❧ ❙②st❡♠s✱ ■♥❝✳✱ P❛❧♦ ❆❧t♦✱ ❈❆✮✳❬✷✶❪ ❊✐❣❤t ❡❧❡❝tr♦♥ ❜❡❛♠s ✇❡r❡ s✐♠✉❧❛t❡❞ ✇✐t❤ ♥♦♠✐♥❛❧ ❡♥❡r❣✐❡s ♦❢ ✻✲✷✵ ▼❡❱✶✻✵

❛♥❞ ✷✷ ▼❡❱ ❛t ✶✵×✶✵✲❝♠2 ❛♥❞ ✷✵×✷✵✲❝♠2 ✜❡❧❞ s✐③❡✱ r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ ✶✵✵✲❝♠ ❙❙❉✳❬✽❪

✷✳ ❙P❘❘❩♥r❝ ♠♦❞✐✜❝❛t✐♦♥s ❛♥❞ ♣❛r❛♠❡t❡rs

❇❊❆▼♥r❝✲❣❡♥❡r❛t❡❞ ✐♥❝✐❞❡♥t ♣❤❛s❡ s♣❛❝❡ ❞❛t❛ ✇❡r❡ ✐♥♣✉t ✐♥t♦ ❛ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥❬✷✷❪ ♦❢ t❤❡ ❙P❘❘❩♥r❝ ❝♦❞❡✱❬✷✸❪

✇❤✐❝❤ ❝❛❧❝✉❧❛t❡s ❙♣❡♥❝❡r✲❆tt✐① ♠❛ss r❡str✐❝t❡❞ ❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣✲♣♦✇❡r r❛t✐♦s❬✶✺❪ ❜② s✉♠♠✐♥❣ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠

❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ st❡♣s ♦♥✲t❤❡✲✢②✳ ❙P❘❘❩♥r❝ ✇❛s ❛❞❛♣t❡❞ t♦ ❝❛❧❝✉❧❛t❡ kθ±δθ

C
❢❛❝t♦rs ❛❝❝♦r❞✐♥❣ t♦ ❊q✉❛t✐♦♥ ✶❜ ❜②✿ ✭✶✮✶✻✺

✉s✐♥❣ ❛ ❤♦♠♦❣❡♥❡♦✉s ✇❛t❡r ♣❤❛♥t♦♠❀ ✭✷✮ ♠♦❞✐❢②✐♥❣ t❤❡ ❝♦❞❡ t♦ s❝♦r❡ ❈❊ ♣♦✇❡r ✇✐t❤✐♥ θ ± δθ ✐♥ ✇❛t❡r ✐♥st❡❛❞ ♦❢

st♦♣♣✐♥❣ ♣♦✇❡r ✐♥ ❛ ❞✐✛❡r❡♥t ♠❡❞✐✉♠❀❬✷❪ ❛♥❞ ✭✸✮ s❡tt✐♥❣ t❤❡ ❙♣❡♥❝❡r✲❆tt✐① ❝✉t✲♦✛ ∆ ❢♦r s❝♦r✐♥❣ t❤❡ ❞♦s❡ t♦ ✶✵ ❦❡❱

✭❡❧❡❝tr♦♥ ❈❙❉❆ r❛♥❣❡ ❂ 3 ➭♠ ✐♥ ✇❛t❡r✮❬✶✼❪ ❛♥❞ t❤❡ ❈❊ t❤r❡s❤♦❧❞ ❢♦r s❝♦r✐♥❣ ❈❊ t♦ ✷✺✼ ❦❡❱ ❢♦r r❡❢r❛❝t✐✈❡ ✐♥❞❡① ♦❢

✶✳✸✹✱❬✷❪ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ❛ ♠✐♥✐♠✉♠ ✭❛t ✺✵✵ ♥♠✮ ✐♥ ♦♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥ ❜② ✇❛t❡r ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳❬✶✹✱ ✷✹❪

❉❡t❡❝t✐♦♥ ♦❢ ❈❊ ❞❡♣❡♥❞s ♦♥ t❤❡ ♦✈❡r❧❛♣ ♦❢ t❤❡ ❞❡t❡❝t✐♦♥ ❣❡♦♠❡tr② ✇✐t❤ t❤❡ ❈❊ ❝♦♥❡✱ ✇❤✐❝❤ ✈❛r✐❡s ✇✐t❤ ❝❤❛r❣❡❞✶✼✵

♣❛rt✐❝❧❡ ❡♥❡r❣② ❛♥❞ ❞✐r❡❝t✐♦♥✳ ❆ s❛♠♣❧❡ ❣❡♦♠❡tr② ❢♦r s❝♦r✐♥❣ ❈❊ ❜② ❛♥ ❡❧❡❝tr♦♥ ✇✐t❤ ♠♦♠❡♥t✉♠ ✉♥✐t ✈❡❝t♦r p̂e =

[u,v,w]✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❈❊ ❝♦♥❡ ❛♥❣❧❡ cos θCE = (nβ)
−1

✱❬✸❪ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳ ❚❤❡ ❈❊ ♣❤♦t♦♥s ❣❡♥❡r❛t❡❞

✇✐t❤✐♥ t❤❡ ♣♦❧❛r ❛♥❣❧❡ r❛♥❣❡ θ ± δθ ❛r❡ ✐♥❞✐❝❛t❡❞ ❛s t❤❡ s♦❧✐❞ ❣r❡❡♥ ✭♦♥❧✐♥❡ ✈❡rs✐♦♥ ♦♥❧②✮ ❛r❡❛s ♦❢ t❤❡ ❝♦♥❡ s✉r❢❛❝❡✳

❚❤❡ ❢r❛❝t✐♦♥❛❧ ❈❊ ♣❤♦t♦♥ ②✐❡❧❞ ✇✐t❤✐♥ θ± δθ ✐s ❡q✉✐✈❛❧❡♥t t♦ t❤❡ ❢r❛❝t✐♦♥❛❧ ❛r❝ ❧❡♥❣t❤ 2ψ/2π✳ ❚❤❡ ❧❛tt❡r ✐s r❡❧❛t❡❞ t♦

❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ❡♥❡r❣② ❛♥❞ ❞✐r❡❝t✐♦♥ ❢♦r ❛ ❣✐✈❡♥ st❡♣ t❤r♦✉❣❤ t❤❡ ❈❊ ❛♥❣❧❡ θCE❬✸❪ ❛♥❞ t❤❡ ♣❛rt✐❝❧❡ ③ ❞✐r❡❝t✐♦♥ ❝♦s✐♥❡✶✼✺

‖w‖✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ 2ψ/2π t❡r♠ ✐s ✐♥❝❧✉❞❡❞ ✐♥ Φθ±δθ

E
✐♥ ❊q✉❛t✐♦♥ ✶❜ ❛♥❞ ✉s❡❞ t♦ ✇❡✐❣❤t t❤❡ ❈❊ ♣♦✇❡r SCE ✐♥

s❝♦r✐♥❣ t❤❡ kθ±δθ

C
❢❛❝t♦r ✐♥ t❤❡ ❝♦❞❡✳

❚❤❡ ❝♦❞❡ ♦✉t♣✉ts ❞♦s❡ ♣❡r ✐♥❝✐❞❡♥t ✢✉❡♥❝❡✱ ❛s ✇❡❧❧ ❛s kθ±δθ

C
❛s ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ♣❡r ❈❊ ♣❤♦t♦♥ s♣❡❝tr❛❧ ❞❡♥s✐t② ❛t

n = 1.34 ✐♥ ✉♥✐ts ♦❢ MeV · eV · photon−1✳ ❋r♦♠ t❤✐s✱ ✇❡ ❝❛❧❝✉❧❛t❡ ❈❊ ♣❤♦t♦♥ s♣❡❝tr❛❧ ❞❡♥s✐t② ♣❡r ♠❛ss ♣❡r ✐♥❝✐❞❡♥t

✢✉❡♥❝❡ ✭✉♥❞❡r t❤❡ s❛♠❡ ❝♦♥❞✐t✐♦♥s✮✳ ❆ t❤✐♥✲s❧❛❜ t❡st ✇❛s ♣❡r❢♦r♠❡❞ t♦ ❡♥s✉r❡ t❤❡ ♠♦❞✐✜❡❞ ❝♦❞❡ ❜❡❤❛✈❡s ❝♦rr❡❝t❧②✶✽✵

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



✼

✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❈❊ t❤❡♦r②✳❬✸❪ ❚❤✐s ❡♥t❛✐❧❡❞ s✐♠✉❧❛t✐♥❣ ♠♦♥♦❡♥❡r❣❡t✐❝ ♣❛r❛❧❧❡❧ ❡❧❡❝tr♦♥ ❜❡❛♠s ♦❢ ✵✳✶✲✺✵ ▼❡❱

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

✇❛s ❝❤♦s❡♥ t♦ ❡♥s✉r❡ t❤❛t ❡❧❡❝tr♦♥s tr❛✈❡rs❡ t❤❡ t❤✐♥ s❧❛❜ ✇✐t❤♦✉t ❡♥❡r❣② ❧♦ss ❛♥❞ ✐♥ ❛ str❛✐❣❤t ❧✐♥❡✱ s♦ t❤❛t t❤❡✐r

❡♥❡r❣②✱ ♣❛t❤ ❧❡♥❣t❤✱ ❛♥❞ ❞✐r❡❝t✐♦♥ ❛r❡ ❡①❛❝t❧② ❦♥♦✇♥✳ ❚❤✐s ❛❧❧♦✇s t♦ ❝❛❧❝✉❧❛t❡ t❤❡ t❤❡♦r❡t✐❝❛❧ ❈❊ ♣❤♦t♦♥ s♣❡❝tr❛❧

❞❡♥s✐t② ♣❡r ✉♥✐t ♠❛ss ❛s t❤❡ ❞❡♥♦♠✐♥❛t♦r ♦❢ ❊q✉❛t✐♦♥ ✶❜ ✭✉s✐♥❣ ❊q✉❛t✐♦♥ ✶❝ ❛♥❞ ♥♦r♠❛❧✐③✐♥❣ ❜② ♠❛ss ❞❡♥s✐t②✮ ❛♥❞✶✽✺

t❤❡ t❤❡♦r❡t✐❝❛❧ ❈❊ ❛♥❣❧❡✱ cos θCE = (nβ)
−1
✳❬✸✱ ✶✹❪

❚❤❡ ❝♦♥s✐❞❡r❡❞ θ±δθ ❢♦r t❤❡ ❝❧✐♥✐❝❛❧ ❡❧❡❝tr♦♥ ❜❡❛♠ s✐♠✉❧❛t✐♦♥ ❛r❡ 90◦±90◦ ✭4π ❞❡t❡❝t✐♦♥✮✱ 90◦±5◦✱ ❛♥❞ 42◦±5◦✳ ❚❤❡

42◦ ❛♥❣❧❡ ✐s t❤❡ ❈❊ ❛♥❣❧❡ ♦❢ r❡❧❛t✐✈✐st✐❝ ❡❧❡❝tr♦♥s ✐♥ ✇❛t❡r✱❬✸✱ ✶✹❪ ✇❤✐❝❤ ❝♦♥st✐t✉t❡ t❤❡ ❜✉❧❦ ♦❢ t❤❡ ✢✉❡♥❝❡ s♣❡❝tr✉♠✱

s❝❛tt❡r t❤❡ ❧❡❛st✱ ❛♥❞ ❤❛✈❡ t❤❡ ❤✐❣❤❡st ❈❊ ♣♦✇❡r✳❬✷❪ ❚❤❡r❡❢♦r❡✱ t❤❡ 42◦ ❝♦♥✜❣✉r❛t✐♦♥ ♣r♦✈✐❞❡s t❤❡ ❤✐❣❤❡st s✐❣♥❛❧

✇✐t❤✐♥ ❛ ❝♦♥str❛✐♥❡❞ ❛♥❣✉❧❛r ❛♣❡rt✉r❡✳ ❍♦✇❡✈❡r✱ 42◦ r❡❧❛t✐✈❡ t♦ t❤❡ s✉r❢❛❝❡ t❛♥❣❡♥t ✐s ❛❧s♦ t❤❡ ❛♥❣❧❡ ♦❢ t♦t❛❧ ✐♥t❡r♥❛❧✶✾✵

r❡✢❡❝t✐♦♥ ❛t ❛ ✇❛t❡r✲❛✐r ✐♥t❡r❢❛❝❡❬✶✹❪ ❛♥❞✱ t❤❡r❡❢♦r❡✱ t❤❡ ❞❡t❡❝t♦r ♠✉st ❜❡ ♣❧❛❝❡❞ ✐♥ t❤❡ ✇❛t❡r ✇✐t❤ ❝♦♥✈❡♥t✐♦♥❛❧

♣❤❛♥t♦♠ ❣❡♦♠❡tr✐❡s ✭❡✳❣✳✱ ❝✉❜✐❝✴❝②❧✐♥❞r✐❝❛❧✮✳ ❆❧t❡r♥❛t✐✈❡❧②✱ r❡✢❡❝t✐♦♥ ❧♦ss❡s ❝❛♥ ❜❡ ♠✐t✐❣❛t❡❞ ✇✐t❤ ❛ ♥♦♥✲❝♦♥✈❡♥t✐♦♥❛❧

♣❤❛♥t♦♠ ❣❡♦♠❡tr②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❞❡t❡❝t✐♦♥ ❛t 90◦ ✐s s✐♠♣❧❡st ✐♥ t❡r♠s ♦❢ s❡t✉♣✱ ❛❧❧♦✇✐♥❣ ❞❡t❡❝t♦r ♣♦s✐t✐♦♥✐♥❣

✐♥ ❛✐r ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❛ s✐♠♣❧❡ ♣❤❛♥t♦♠ ❛s ✐t ❡♥t❛✐❧s ♠✐♥✐♠❛❧ r❡✢❡❝t❛♥❝❡ ❧♦ss ❛t ❛ ♣❤❛♥t♦♠ ❡①✐t s✉r❢❛❝❡ t❤❛t ✐s ♣❛r❛❧❧❡❧

t♦ t❤❡ ❜❡❛♠ ✭s✉❝❤ ❛s ❢♦r ❛ ❝✉❜✐❝ ♦r ❛ ❝②❧✐♥❞r✐❝❛❧ ♣❤❛♥t♦♠✮✳ ▲❛st❧②✱ t❤❡ 4π ❝♦♥✜❣✉r❛t✐♦♥ ♠❛② r❡q✉✐r❡ 4π ❞❡t❡❝t✐♦♥✶✾✺

❣❡♦♠❡tr② ♦r ❝♦♠♣❧❡t❡ ❝♦♥✈❡rs✐♦♥ t♦ ❛♥ ✐s♦tr♦♣✐❝ s✐❣♥❛❧ ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❛ ✢✉♦r♦♣❤♦r❡ ❛s ❤❛s ❜❡❡♥ s✉❣❣❡st❡❞ ✐♥ ♣r❡✈✐♦✉s

✇♦r❦✳❬✷✺❪ ❚❤✐s✱ ❤♦✇❡✈❡r✱ ✇♦✉❧❞ ✐♥tr♦❞✉❝❡ ❛❞❞✐t✐♦♥❛❧ ✉♥❝❡rt❛✐♥t② ❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤❡ ✢✉♦r♦♣❤♦r❡ q✉❛♥t✉♠ ②✐❡❧❞✱

♣♦t❡♥t✐❛❧ ❞❡✈✐❛t✐♦♥ ❢r♦♠ ✐s♦tr♦♣✐❝ ✢✉♦r❡s❝❡♥❝❡✱ ❛♥❞ s❝✐♥t✐❧❧❛t✐♦♥ ❝♦♥t❛♠✐♥❛t✐♦♥✳❬✷✻❪ ❚❤❡ ❈❊ s❝♦r✐♥❣ ♣♦❧❛r ❛♥❣❧❡ r❛♥❣❡

θ ± δθ ✇❛s ❛❞❞❡❞ ❛s ❛♥ ✐♥♣✉t t♦ t❤❡ ♠♦❞✐✜❡❞ ❙P❘❘❩♥r❝ ❝♦❞❡✱ ✇✐t❤ ❛ ❞❡❢❛✉❧t ✈❛❧✉❡ ♦❢ 90◦ ± 90◦ ✭✐✳❡✳✱ 4π ❞❡t❡❝t✐♦♥✮✳

❯♥❧❡ss ♦t❤❡r✇✐s❡ s♣❡❝✐✜❡❞✱ t❤❡ ❞❡❢❛✉❧t ❊●❙♥r❝ tr❛♥s♣♦rt ♣❛r❛♠❡t❡rs ✇❡r❡ ✉s❡❞✳❬✷✵❪ ❋♦r t❤❡ ▼♦♥t❡ ❈❛r❧♦ ✈❛❧✐❞❛t✐♦♥✷✵✵

st✉❞②✱ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s❝♦r✐♥❣ ❜✐♥s ❛❧♦♥❣ t❤❡ ❞❡♣t❤ ❞✐r❡❝t✐♦♥ ✇❛s ✵✳✷ ❝♠✳ ❚②♣✐❝❛❧❧② ♦❢ t❤❡ ♦r❞❡r ♦❢ 107✲108 ❤✐st♦r✐❡s

✇❡r❡ s✐♠✉❧❛t❡❞ ❛t ✐♥❝✐❞❡♥❝❡ ✭♦❢ t❤❡ ♦r❞❡r ♦❢ ✶✲✶✵ ❈P❯ ❤♦✉rs✱ ■♥t❡❧ ❳❡♦♥ ❊✺✲✷✻✽✼❲✮ t♦ ❡♥s✉r❡ ❞♦s❡ ✉♥❝❡rt❛✐♥t② ❛t

dmax ✇✐t❤✐♥ ✵✳✸✪✳ ❚♦ ✐♥✐t✐❛t❡ ❢✉t✉r❡ ❡✛♦rts t♦✇❛r❞s ❞❡t❡❝t♦r ❞❡✈❡❧♦♣♠❡♥t ✈✐❛ ♦♣t✐❝❛❧ ❞❡s✐❣♥ ♦❢ ❛ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡t❡r✱

✇❡ ❛❧s♦ ❡①t❡♥❞❡❞ t❤❡ ❝♦❞❡ t♦ s❝♦r❡ ❈❊ s♣❡❝tr❛❧ ❛♥❞ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s✳❬✸❪

❇✳ ❊①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥✷✵✺

❊①♣❡r✐♠❡♥ts ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ♦♥ ❛ ❱❛r✐❛♥ ❚r✉❡❇❡❛♠ ✇✐t❤ ♥♦♠✐♥❛❧ ❡❧❡❝tr♦♥ ❜❡❛♠ ❡♥❡r❣✐❡s ♦❢ ✻✱ ✶✷✱ ❛♥❞ ✷✵ ▼❡❱✱ ❛t

90◦ ❞❡t❡❝t✐♦♥✱ ❛♥❞ ✇✐t❤ t❤❡ s❡t✉♣ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳ ❚❤❡ ❜❡❛♠ ✇❛s ❝❡♥t❡r❡❞ ♦♥ ❛ ✸✵✲❝♠3 ♣♦❧②❝❛r❜♦♥❛t❡ ✇❛t❡r t❛♥❦

✇✐t❤ ✻✲♠♠ ✇❛❧❧s ✜❧❧❡❞ ✇✐t❤ ❞❡✐♦♥✐③❡❞ ✇❛t❡r✳ ❲❡ ✉s❡ ❛ s✐♠♣❧❡ ❞❡t❡❝t♦r ♣r♦t♦t②♣❡✱ ❜✉✐❧t ✐♥✲❤♦✉s❡ ❢r♦♠ ❛ ♠✐♥✐♠✉♠

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

❢♦❝✉s❡❞ ♦♥ ❜❡❛♠ ❛①✐s ❛♥❞ s♣❛♥s t❤❡ ✇❛t❡r t❛♥❦ ❛s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❣r❛② ❞♦✉❜❧❡ ❝♦♥❡ ✐♥ t❤❡ ✇❛t❡r ✐♥ ❋✐❣✉r❡ ✶✳ ❚❤✐s✷✶✵

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

❛♥❞ ❢♦r ❛♥❣✉❧❛r ✈❛r✐❛t✐♦♥s ❛❜♦✉t t❤❡ 90◦ ❞❡t❡❝t✐♦♥ ❛♥❣❧❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ❜② ❢♦❝✉s✐♥❣ t❤❡ ♦♣t✐❝s t♦ t❤❡ ❝❡♥tr❛❧ ❜❡❛♠ ❛①✐s✱

✇❡ t❛❦❡ ❛❝❝♦✉♥t ♦❢ t❤❡ ❧❛t❡r❛❧ ♣♦s✐t✐♦♥✐♥❣ ✉♥❝❡rt❛✐♥t② ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❢♦❝✉s✐♥❣ ♦♥ ❜❡❛♠ ❛①✐s✱ ❛s ♦♣♣♦s❡❞ t♦ ❢♦❝✉s✐♥❣

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

❚❤❡ ❞❡t❡❝t♦r s②st❡♠ ✇❛s ❝♦♠♣♦s❡❞ ♦❢ ❛ ❞✐✛r❛❝t✐♦♥ ❣r❛t✐♥❣ s♣❡❝tr♦♠❡t❡r ✭❙❤❛♠r♦❝❦ ✶✾✸✐✱ ❙❘✷✲●❘❚✲✵✸✵✵✲✵✺✵✵✷✶✺

❣r❛t✐♥❣✱ ❆♥❞♦r ❚❡❝❤♥♦❧♦❣② ▲t❞✱ ❇❡❧❢❛st✱ ❯♥✐t❡❞ ❑✐♥❣❞♦♠✮✱ ✇✐t❤ ❛ ♣❛✐r ♦❢ ♣❧❛♥♦✲❝♦♥✈❡① s♣❤❡r✐❝❛❧ ❧❡♥s❡s ✭◆✲❇❑✼✱ ❆❘

❈♦❛t✐♥❣✿ ✸✺✵✲✼✵✵ ♥♠✱ ❚❤♦r❧❛❜s✱ ■♥❝✳✱ ◆❡✇t♦♥✱ ◆❏✮ ❢♦❝✉s✐♥❣ ✐♥t♦ ❛ ✶✺✲♠✱ ❤✐❣❤✲❖❍✱ ◆❆ ❂ ✵✳✷✷✱ ▼❋❉ ❂ ✵✳✶ ♠♠ ♦♣t✐❝❛❧
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✜❜❡r ✐♥♣✉t ✭✾✸✪ tr❛♥s♠✐tt❛♥❝❡ ❛t ✺✵✵ ♥♠✱ s♦✉r❝❡✿ ❚❤♦r❧❛❜s✱ ■♥❝✳✮✱ ❛♥❞ ❛ ❝♦♦❧❡❞ t♦ −80 ◦❈ ❜❛❝❦✲✐❧❧✉♠✐♥❛t❡❞ ❈❈❉

✭◆❡✇t♦♥ ❊▼❈❈❉✱ 1600 × 200✱ 16 ➭♠ ♣✐①❡❧s✱ ❆♥❞♦r ❚❡❝❤♥♦❧♦❣② ▲t❞✮✳ ❚♦ r❡❞✉❝❡ r❡❛❞♦✉t ♥♦✐s❡✱ t❤❡ ❢✉❧❧ ❈❈❉ ❝❤✐♣

✇❛s ✉s❡❞ ❛♥❞ ❜✐♥♥❡❞ ✐♥ t❤❡ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥ ✭✷✵✵ ♣✐①❡❧s✮ ❛♥❞✱ ❜❡❝❛✉s❡ ❈❊ ✐s ❛ ❜r♦❛❞❜❛♥❞ s✐❣♥❛❧✱ t❤❡ ✭❤♦r✐③♦♥t❛❧✮✷✷✵

✇❛✈❡❧❡♥❣t❤ r❡s♦❧✉t✐♦♥ ✇❛s ❜✐♥♥❡❞ t♦ ✷ ♥♠ ❞✉r✐♥❣ r❡❛❞♦✉t✳ ❋♦r t❤❡ ❞❡♣t❤ s❝❛♥ st✉❞✐❡s✱ s♣❡❝tr❛ ✇❡r❡ ❜✐♥♥❡❞ ❢r♦♠ ✹✵✵

♥♠ t♦ ✻✵✵ ♥♠ ❞✉r✐♥❣ ♣♦st✲♣r♦❝❡ss✐♥❣✳ ❆ ❧♦♥❣ ✜❜❡r ✇❛s ✉s❡❞ t♦ ❛❧❧♦✇ ♣♦s✐t✐♦♥✐♥❣ ♦❢ t❤❡ s♣❡❝tr♦♠❡t❡r ❛♥❞ ❈❈❉ ♦✉ts✐❞❡

t❤❡ tr❡❛t♠❡♥t r♦♦♠ t♦ ❛✈♦✐❞ t❤❡✐r ✐rr❛❞✐❛t✐♦♥✳ ❚♦ ♠✐♥✐♠✐③❡ s♣❤❡r✐❝❛❧ ❛❜❡rr❛t✐♦♥✱ t❤❡ ❢♦❝✉s✐♥❣ ♦♣t✐❝❛❧ ❛ss❡♠❜❧② ♠❛❞❡

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

❛♥❞ ♦♥ t❤❡ ♦✉ts✐❞❡ ♦❢ t❤❡ ❧❡♥s ♣❛✐r✳❬✷✼❪ ❚❤❡ ❢♦❝❛❧ ♣♦✐♥t ❝r♦ss✲s❡❝t✐♦♥ ✭♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♦♣t✐❝❛❧ ❛①✐s✮ ✐♥ ✇❛t❡r ✇❛s✷✷✺

✵✳✺ ♠♠ ✇✐t❤ t❤❡ ❧❛r❣❡st ❆❆ ✭±2◦✮✳ ❚❤❡ ♦♣t✐❝s ✇❡r❡ ♠♦✉♥t❡❞ ♦♥ ❛ ❝❛❣❡ s②st❡♠ ❛tt❛❝❤❡❞ t♦ ❛ ❧❛s❡r t❛❜❧❡✱ ✇❤✐❝❤ ✇❛s

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

❖♣t✐❝❛❧ ❛❧✐❣♥♠❡♥t ✇❛s ❛❝❤✐❡✈❡❞ ✇✐t❤ ❛ ❜r♦❛❞❜❛♥❞ ▲❊❉ s♦✉r❝❡ ♣❛ss❡❞ t❤r♦✉❣❤ t❤❡ ✜❜❡r ✭❞✐s❝♦♥♥❡❝t❡❞ ❢r♦♠ t❤❡

s♣❡❝tr♦♠❡t❡r✮ ❛♥❞ ♦♣t✐❝s ✐♥ t❤❡ r❡✈❡rs❡ ❞✐r❡❝t✐♦♥ ♦❢ ❈❊ ❞❡t❡❝t✐♦♥✳ ❚❤❡ ✜❜❡r ✇❛s ♣♦s✐t✐♦♥❡❞ ❛t t❤❡ ❢♦❝❛❧ ♣♦✐♥t ♦❢ t❤❡

❢♦❝✉s✐♥❣ ❧❡♥s ✭✐✳❡✳✱ t❤❡ r✐❣❤t ❧❡♥s ✐♥ ❋✐❣✉r❡ ✷✱ ✇❤✐❝❤ ❢♦❝✉s❡s ❈❊ ✐♥t♦ t❤❡ ✜❜❡r✮ ❜② ❝❤❡❝❦✐♥❣ ❝♦❧❧✐♠❛t✐♦♥ ♦❢ t❤❡ ❧✐❣❤t✷✸✵

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

✇❛t❡r ♣❤❛♥t♦♠ t♦ ❡♥s✉r❡ ❛ s②♠♠❡tr✐❝ ♠❡❛s✉r❡♠❡♥t ✈♦❧✉♠❡ ✭❛♥❞ t❤✉s ♠✐♥✐♠✐③❡ ✐ts ❞❡♣t❤ ❡①t❡♥t✮ ❜② ✈❡r✐❢②✐♥❣ t❤❛t

t❤❡ ❆❆ ❞✐❛♠❡t❡rs ❛t t❤❡ ♥❡❛r ❛♥❞ ❢❛r t❛♥❦ ✇❛❧❧s ✇❡r❡ ✇✐t❤✐♥ ✵✳✺ ♠♠ ♦❢ ❡❛❝❤ ♦t❤❡r✳ ❉❡♣t❤ ♣♦s✐t✐♦♥✐♥❣ ✇❛s ❛❝❤✐❡✈❡❞

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

✐♦♥✐③❛t✐♦♥✲❜❛s❡❞ ❞♦s✐♠❡tr②✳❬✷✽❪✷✸✺

❊①♣❡r✐♠❡♥ts ✇❡r❡ ❞♦♥❡ ✇✐t❤ ♦♣t✐❝❛❧ ❜❧❛❝❦♦✉t ♠❛t❡r✐❛❧ ❝♦✈❡r✐♥❣ t❤❡ ❡♥t✐r❡ s❡t✉♣ t♦ ❡❧✐♠✐♥❛t❡ str❛② ❧✐❣❤t✱ ❛s ✇❡❧❧ ❛s

♦♥ t❤❡ ❢❛r ✇❛❧❧ ♦❢ t❤❡ t❛♥❦✱ ❛s s❡❡♥ ✐♥ ❋✐❣✉r❡ ✶✱ t♦ ❡❧✐♠✐♥❛t❡ r❡✢❡❝t✐♦♥s✳ ❚❤❡ ❜❛❝❦❣r♦✉♥❞ r❡❛❞✐♥❣s ✐♥ t❤❡ ✜❜❡r ❛♥❞

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

❈❊ ✇❛s s❝❛♥♥❡❞ r❡♠♦t❡❧② ✇✐t❤ t❤❡ ❝♦✉❝❤ ❝♦♥tr♦❧s✳ ❉❡♣t❤ ❞♦s❡ ✇❛s s❝❛♥♥❡❞ ✇✐t❤ ❛♥ ■❇❆ ❈❈✶✸ ✐♦♥✐③❛t✐♦♥ ❝❤❛♠❜❡r✳

❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥ ✐s t♦ ♠❛❦❡ ❛ ✜rst✲♦r❞❡r ❡st✐♠❛t❡ ♦❢ t❤❡ ✉♥❝❡rt❛✐♥t② ♦♥ t❤❡ ❈❊✲t♦✲❞♦s❡✷✹✵

❝♦♥✈❡rs✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ▼♦♥t❡ ❈❛r❧♦ ❛♥❞ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ r❡s✉❧ts r❡♣♦rt❡❞ ❤❡r❡ ❛r❡ r❡❧❛t✐✈❡ ❛♥❞

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

s②st❡♠✳

■❱✳ ❘❊❙❯▲❚❙

❆✳ ❚❤✐♥ s❧❛❜ t❡st ♦❢ t❤❡ ▼♦♥t❡ ❈❛r❧♦ ❈❊ ❝❛❧❝✉❧❛t✐♦♥ ❢r❛♠❡✇♦r❦✷✹✺

■t ✇❛s ✈❡r✐✜❡❞ ❢♦r ♠♦♥♦❡♥❡r❣❡t✐❝ ♣❛r❛❧❧❡❧ ❡❧❡❝tr♦♥s ✐♥ t❤❡ ✵✳✶✲✺✵ ▼❡❱ ❡♥❡r❣② r❛♥❣❡ t❤❛t t❤❡ s✐♠✉❧❛t❡❞ ❈❊ ♣❤♦t♦♥

s♣❡❝tr❛❧ ❞❡♥s✐t② ♣❡r ✉♥✐t ♠❛ss ✭❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❞♦s❡ ❛♥❞ kθ±δθ

C
✮ ❛♥❞ t❤❡ s✐♠✉❧❛t❡❞ ❈❊ ❛♥❣❧❡ ✐♥ ❛ ✶✲♣♠ t❤✐♥ s❧❛❜

♦❢ ✇❛t❡r ❛r❡ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡♦r②❬✸✱ ✶✹❪ t♦ ±0.03% ❛♥❞ ±0.01◦✱ r❡s♣❡❝t✐✈❡❧②✱ ✇✐t❤✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♣r❡❝✐s✐♦♥ ♦❢

1× 10−4 ▼❡❱ ✴ ✭♣❤♦t♦♥✴❡❱✮✳ ❚❤❡ r❡❧❛t✐✈❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t❤❡♦r❡t✐❝❛❧❧② ❝❛❧❝✉❧❛t❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ ❈❊ s♣❡❝tr❛❧

❞❡♥s✐t② s❝♦r❡❞ ✇✐t❤✐♥ ±0.01◦ ♦❢ t❤❡ t❤❡♦r❡t✐❝❛❧❧② ❝❛❧❝✉❧❛t❡❞ ❈❊ ♣♦❧❛r ❛♥❣❧❡ ✐s ♣❧♦tt❡❞ ✐♥ ❋✐❣✉r❡ ✻ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢✷✺✵

✐♥❝✐❞❡♥t ❡❧❡❝tr♦♥ ❡♥❡r❣②✳ ■t ✇❛s ❛❧s♦ ✈❡r✐✜❡❞ t❤❛t t❤❡ s✐♠✉❧❛t❡❞ ❈❊ s♣❡❝tr❛❧ ❞❡♥s✐t② ❛t ♦t❤❡r ❛♥❣❧❡s ✐s ③❡r♦ ✇✐t❤✐♥ t❤❡

s✐♠✉❧❛t✐♦♥ ♣r❡❝✐s✐♦♥✳
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❇✳ ❈❛❧❝✉❧❛t❡❞ kθ±δθ

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

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥ ✇✐t❤ ❡❧❡❝tr♦♥ ❜❡❛♠s ✐♥ ❙❡❝t✐♦♥ ■❱❈ ✐♥✈♦❧✈❡s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞

❈❊ ❞❡♣t❤ s❝❛♥s ✇✐t❤✐♥ t❤❡ ❧❛r❣❡ ❞♦✉❜❧❡ ❝♦♥❡ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡ ✐♥❞✐❝❛t❡❞ ✐♥ ❣r❛② ✐♥ ❋✐❣✉r❡ ✶ ✭❙❡❝t✐♦♥ ■■■ ❇✮✳ ❆s✷✺✺

✇✐❧❧ ❜❡❝♦♠❡ ❡✈✐❞❡♥t ❜❡❧♦✇ ✐♥ ❙❡❝t✐♦♥ ■❱❉✷✱ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ✐s ♠✐♥✐♠❛❧❧② ❛✛❡❝t❡❞ ❜② ❧❛t❡r❛❧

✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡✳ ❚❤❡r❡❢♦r❡✱ s✐♥❝❡ ✇❡ ❛r❡ ✉❧t✐♠❛t❡❧② ✐♥t❡r❡st❡❞ ✐♥ t❤❡ ❝❡♥tr❛❧✲❛①✐s ❈❊ ❛♥❞ kC

❞✐str✐❜✉t✐♦♥s✱ ✇❡ t❛❦❡ ❛ ❝❧♦s❡r ❧♦♦❦ ❛t t❤❡♠ ❤❡r❡ ❛♥❞ ❜❛s❡❞ ♦♥ t❤✐s ✇❡ ♦♣t✐♠✐③❡ t❤❡ ❞❡t❡❝t✐♦♥ ❝♦♥✜❣✉r❛t✐♦♥ ❢♦r t❤❡

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

■♥ ❋✐❣✉r❡s ✼ ❛♥❞ ✽ ✇❡ s❤♦✇ r❡♣r❡s❡♥t❛t✐✈❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❜❡❛♠ ♣❡r❝❡♥t✲❞❡♣t❤ ❞♦s❡ ✭P❉❉✮✱✷✻✵

♣❡r❝❡♥t✲❞❡♣t❤ ❈❊ ✭P❉❈✮ ❣❡♥❡r❛t❡❞ ✐♥ ❛❧❧ ❞✐r❡❝t✐♦♥s ✭4π✮ ❛♥❞ ❛t ♣♦❧❛r ❛♥❣❧❡s ♦❢ 90◦ ± 5◦ ❛♥❞ 42◦ ± 5◦ r❡❧❛t✐✈❡ t♦

t❤❡ ❜❡❛♠ ❛①✐s✱ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ P❉❉✲t♦✲P❉❈ r❛t✐♦s✳ ❚❤❡ ❧❛tt❡r ❛r❡ ❡q✉✐✈❛❧❡♥t t♦ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥

❢❛❝t♦rs✱ kθ±δθ

C
✱ ❢♦r θ ± δθ ∈ {90◦ ± 90◦ (4π)✱ 90◦ ± 5◦✱ 42◦ ± 5◦}✱ ♥♦r♠❛❧✐③❡❞ ❜② t❤❡ r❛t✐♦ ♦❢ ❞♦s❡ t♦ ❈❊ ♠❛①✐♠✉♠✱

✇❤✐❝❤ ✐s ♣r♦✈✐❞❡❞ ✐♥ t❤❡ ❧❡❣❡♥❞✳

❈✳ ❆❣r❡❡♠❡♥t ♦❢ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ r❡❧❛t✐✈❡ k90
◦
±2

◦

C
❢❛❝t♦rs✷✻✺

■♥ ❋✐❣✉r❡s ✾ ❛♥❞ ✶✵✱ ✇❡ s❤♦✇ r❡♣r❡s❡♥t❛t✐✈❡ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ✇✐t❤ t✇♦ ❡❧❡❝tr♦♥

❜❡❛♠ q✉❛❧✐t✐❡s ♦❢ t❤❡ P❉❉✱ P❉❈ ❛t 90◦ t♦ t❤❡ ❜❡❛♠ ✇✐t❤ 2◦ ❆❆✱ ❛s ✇❡❧❧ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ P❉❉✲t♦✲P❉❈ r❛t✐♦s✱

✇❤✐❝❤ ❛r❡ ❡ss❡♥t✐❛❧❧② ♥♦r♠❛❧✐③❡❞ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs kC✳ ❚❤❡ ❧♦❝❛❧❧②✲♥♦r♠❛❧✐③❡❞ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ s✐♠✉✲

❧❛t❡❞ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ r❡❧❛t✐✈❡ kC ❢❛❝t♦rs ✭✐✳❡✳✱ P❉❉✴P❉❈ r❛t✐♦s✮✱ ♦r ❡q✉✐✈❛❧❡♥t❧② ❜❡t✇❡❡♥ ❝❛❧❝✉❧❛t❡❞ P❉❉ ✭❛s t❤❡

♣r♦❞✉❝t ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ P❉❈ ❛♥❞ t❤❡ s✐♠✉❧❛t❡❞ r❡❧❛t✐✈❡ kC✮ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ P❉❉✱ ✐s ✇✐t❤✐♥ ✶✪ ❢♦r P❉❈ ✈❛❧✉❡s✷✼✵

❤✐❣❤❡r t❤❛♥ ✺✵✪✳ ❆t s❤❛❧❧♦✇ ❛♥❞ ❧❛r❣❡ ❞❡♣t❤s✱ t❤❡ ❞✐s❝r❡♣❛♥❝✐❡s ❛r❡ ❛ttr✐❜✉t❛❜❧❡ t♦ ♦♣t✐❝❛❧ ❛❜❡rr❛t✐♦♥s ❛s ✇❡❧❧ ❛s

r❡✢❡❝t✐♦♥s ❛t t❤❡ ✇❛t❡r✲❛✐r ✐♥t❡r❢❛❝❡✳❬✶✹❪ ❚❤✐s ✐s ❞✐s❝✉ss❡❞ ❢✉rt❤❡r ✐♥ ❙❡❝t✐♦♥ ❱✳

❉✳ ❉❡t❡❝t✐♦♥ ❝♦♥s✐❞❡r❛t✐♦♥s ❛t θ = 90◦

✶✳ ❈❊ s♣❡❝tr✉♠

■♥ ❋✐❣✉r❡ ✶✶✱ ✇❡ s❤♦✇ s✐♠✉❧❛t❡❞ ❈❊ s♣❡❝tr❛ ✐♥ ✇❛t❡r ❛♥❞ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❛t 90◦ t♦ t❤❡ ❜❡❛♠ ❢♦r ❛ r❛♥❣❡ ♦❢✷✼✺

❡❧❡❝tr♦♥ ❜❡❛♠ q✉❛❧✐t✐❡s ❛♥❞ ❞❡♣t❤s✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❋r❛♥❦✲❚❛♠♠ ❡q✉❛t✐♦♥ ❢♦r t❤❡ ❈❊ s♣❡❝tr✉♠ ♦❢ r❡❧❛t✐✈✐st✐❝

❡❧❡❝tr♦♥s ✭β = 1✮ ✐♥ ✇❛t❡r✳❬✷✱ ✶✹❪ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ s♣❡❝tr❛ ❛r✐s❡s ♠❛✐♥❧② ❢r♦♠ t❤❡

❞❡t❡❝t♦r s②st❡♠ s♣❡❝tr❛❧ s❡♥s✐t✐✈✐t②✳ ❆s ♠❡♥t✐♦♥❡❞ ♣r❡✈✐♦✉s❧②✱ ✇❡ ♣❡r❢♦r♠ ❛ r❡❧❛t✐✈❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥ st✉❞② ♦❢

t❤❡ ▼♦♥t❡ ❈❛r❧♦ ❝♦❞❡ ✐♥ ♦r❞❡r t♦ ♠♦t✐✈❛t❡ ❞❡t❡❝t♦r ❞❡✈❡❧♦♣♠❡♥t ❡✛♦rts✳ ❚❤❡r❡❢♦r❡✱ ❛s ❞✐s❝✉ss❡❞ ❜❡❧♦✇ ✐♥ ❙❡❝t✐♦♥ ❱✱

t❤❡ ❞❡♣t❤ ✐♥✈❛r✐❛♥❝❡ ♦❢ t❤❡ ❈❊ s♣❡❝tr✉♠ ♦❜s❡r✈❡❞ ✐♥ ❋✐❣✉r❡ ✶✶ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ s♣❡❝tr❛❧ s❡♥s✐t✐✈✐t② ✐s ♥♦t r❡❧❡✈❛♥t✷✽✵

✐♥ t❤❡ ❝✉rr❡♥t ❝♦♥t❡①t✳
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✷✳ ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥

❙✐♠✉❧❛t❡❞ ❜r♦❛❞ ❡❧❡❝tr♦♥ ❜❡❛♠ ❝❡♥tr❛❧✲❛①✐s ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s ❛t n = 1.34 ✐♥ ✇❛t❡r❬✷✱ ✸✱ ✶✹❪ ❢♦r ❛ r❛♥❣❡ ♦❢

❜❡❛♠ q✉❛❧✐t✐❡s ❛♥❞ ❞❡♣t❤s✱ ♥♦r♠❛❧✐③❡❞ t♦ t❤❡✐r r❡s♣❡❝t✐✈❡ ♠❛①✐♠❛✱ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✶✷❛ ❛♥❞ ✶✷❜✱ ♥♦r♠❛❧✐③❡❞ t♦

s♦❧✐❞ ❛♥❣❧❡ ❛♥❞ ♣♦❧❛r ❛♥❣❧❡ r❛♥❣❡ δθ✱ r❡s♣❡❝t✐✈❡❧②✳ ◆♦r♠❛❧✐③❛t✐♦♥ ❝♦♥st❛♥ts ❛r❡ ❛❧s♦ ♣r♦✈✐❞❡❞ ✐♥ t❡r♠s ♦❢ ❈❊ ♣❤♦t♦♥s✷✽✺

♣❡r ✉♥✐t ❈❊ ❡♥❡r❣② ❜❛♥❞✇✐❞t❤✱ s♦❧✐❞ ❛♥❣❧❡ ♦r δθ✱ ♠❛ss✱ ❛♥❞ ✐♥❝✐❞❡♥t ✢✉❡♥❝❡ t♦ ❛❧❧♦✇ t❤❡ r❡❛❞❡r t♦ ❡st✐♠❛t❡ t❤❡ ♦♣t✐❝❛❧

♣♦✇❡r ✭t②♣✐❝❛❧❧② ✐♥ t❤❡ ♣❲✲♥❲ r❛♥❣❡✮ ❢♦r ❛ s♣❡❝✐✜❝ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s❝♦r✐♥❣ ✈♦①❡❧s ✇❛s ✷ ♠♠ ✐♥ t❤❡

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

♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❝♦❞❡✳ ❋♦r ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❛ ✻ ▼❱ ♣❤♦t♦♥ ❜❡❛♠ st✉❞②✱❬✶✵❪ ✐♥ ❋✐❣✉r❡ ✶✷❝ t❤❡ ❞✐str✐❜✉t✐♦♥s ❛r❡

❧❛t❡r❛❧❧② ❛✈❡r❛❣❡❞ ♦✈❡r ❛ ✶✵✵✲❝♠ r❛❞✐✉s ✇❛t❡r ✈♦❧✉♠❡✳✷✾✵

✸✳ ❆♥❣✉❧❛r ❛♣❡rt✉r❡

❋✐❣✉r❡ ✶✸ s❤♦✇s s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❛t 90◦ ❞❡t❡❝t✐♦♥ ✇✐t❤ ✈❛r②✐♥❣ δθ ❢♦r ❛ ✶✷ ▼❡❱ ❜❡❛♠ ❛s r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ ❜♦t❤ ❤✐❣❤

❛♥❞ ❧♦✇ ❜❡❛♠ ❡♥❡r❣✐❡s✳ ❋♦r ✐❧❧✉str❛t✐✈❡ ♣✉r♣♦s❡s✱ t❤❡ P❉❈ ✐s s❤♦✇♥ ❢♦r ±4◦ ✈❛r✐❛t✐♦♥s ✐♥ δθ ❛❜♦✉t t❤❡ θ±δθ = 90◦±5◦

❝♦♥✜❣✉r❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ kθ±δθ

C
❢❛❝t♦r ✐s ♥♦♥✲❧✐♥❡❛r ✇✐t❤ δθ ✈❛r✐❛t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ t♦ ❡①❛♠✐♥❡ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦♥

s♠❛❧❧ δθ ✈❛r✐❛t✐♦♥s✱ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ❢♦r ±0.1◦ ✈❛r✐❛t✐♦♥s ❛❜♦✉t t❤❡ θ ± δθ = 90◦ ± 5◦ ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡✷✾✺

❧♦❝❛❧❧②✲♥♦r♠❛❧✐③❡❞ ❞✐✛❡r❡♥❝❡✱ ❛❧s♦ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✸✱ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ✇✐t❤✐♥ ±2.2% ❛t ❛❧❧ ❞❡♣t❤s ❛♥❞ ❜❡❛♠ ❡♥❡r❣✐❡s✳

❋✐❣✉r❡ ✶✹ ✐s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❡q✉✐✈❛❧❡♥t ♦❢ ❋✐❣✉r❡ ✶✸ ✇✐t❤ ❆❆ ♦❢ 2◦ ✭✶✵✲♠♠ ♠❛①✐♠✉♠ ❛♣❡rt✉r❡ ❞✐❛♠❡t❡r ❛t t❤❡

t❛♥❦ ✇❛❧❧✮ ❛♥❞ 1◦ ✭✺✲♠♠ ♠❛①✐♠✉♠ ❞✐❛♠❡t❡r✮✳ ❚❤❡ 2◦ ❆❆ ✐s t❤❡ ❧❛r❣❡st ❛❝❤✐❡✈❛❜❧❡ ✇✐t❤ ♦✉r s❡t✉♣ ❛♥❞ ♦♣t✐❝s✳

❚❤❡ ❧♦❝❛❧❧②✲♥♦r♠❛❧✐③❡❞ ✪ ❞✐✛❡r❡♥❝❡ ✐♥ t❤✐s ❝❛s❡ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❛❜s♦❧✉t❡ ❜❛❝❦❣r♦✉♥❞✲s✉❜tr❛❝t❡❞ ❛♥❞ ♠❛ss✲

♥♦r♠❛❧✐③❡❞ ♦♣t✐❝❛❧ r❡❛❞✐♥❣s ✭❝♦✉♥ts✴s ♣❡r r❛② ♦♣t✐❝s✲❛♣♣r♦①✐♠❛t❡❞ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡ ♠❛ss✮ ❛t 1◦ ❛♥❞ 2◦ ❆❆ ❛♥❞✸✵✵

t❤❡r❡❢♦r❡ ❝♦rr❡s♣♦♥❞s t♦ ±0.5◦ ✈❛r✐❛t✐♦♥ ❛❜♦✉t t❤❡ ❛✈❡r❛❣❡ ❆❆ ✭1.5◦✮✳

✹✳ ❘♦❜✉st♥❡ss

❚❤❡ ✉♥❝❡rt❛✐♥t② ❝♦♥tr✐❜✉t✐♦♥ st❡♠♠✐♥❣ ❢r♦♠ t❤❡ r♦❜✉st♥❡ss ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t s②st❡♠✱ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t✇♦

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

❤❡❛❞✱ ❛s ✇❡❧❧ ❛s ❝❤❛♥❣❡s ✐♥ ❧❡♥s ♠❛t❡r✐❛❧ ❛♥❞ ±1 ❝♠ ❝❤❛♥❣❡s ✐♥ ❧❡♥s ❢♦❝❛❧ ❧❡♥❣t❤ ❛♥❞ ♣♦s✐t✐♦♥✱ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ✉♣ t♦✸✵✺

✶✪ ✭k = 1✮ ❛t P❉❈ ✈❛❧✉❡s ❤✐❣❤❡r t❤❛♥ ✺✵✪✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s st✉❞② ❛t 90◦ ❞❡t❡❝t✐♦♥ ✇✐t❤ 2◦ ❛♥❞ 0◦ ❆❆ ❛r❡ s❤♦✇♥

✐♥ ❋✐❣✉r❡ ✶✺✳

❚❤❡ r❡♣❡❛t ♠❡❛s✉r❡♠❡♥t ❛t 2◦ ✐♥✈♦❧✈❡❞ ❛ s✇✐t❝❤ ❢r♦♠ ❛ ✷✲❝♠ ❢♦❝❛❧ ❧❡♥❣t❤ ✭❢✴✷✮ ❢✉s❡❞ s✐❧✐❝❛ t♦ ❛ ✺✲❝♠ ❢♦❝❛❧ ❧❡♥❣t❤

✭❢✴✷✮ ◆✲❇❑✼ ❢♦❝✉s✐♥❣ ❧❡♥s ✭r✐❣❤t ❧❡♥s ✐♥ ❋✐❣✉r❡ ✶✮✱ ❛s ✇❡❧❧ ❛s ✐♥s❡rt✐♦♥ ♦❢ ❛♥ ❛♣❡rt✉r❡ ❜❡t✇❡❡♥ t❤❡ ✜❜❡r ❛♥❞ t❤❡

❢♦❝✉s✐♥❣ ❧❡♥s t♦ ❧✐♠✐t t❤❡ ❆❆✳ ❚❤❡ 0◦ ♠❡❛s✉r❡♠❡♥t ✐♥ ❋✐❣✉r❡ ✶✺ ✐♥✈♦❧✈❡❞ t❤❡ ✉s❡ ♦❢ ♦♥❧② ❛ ❢♦❝✉s✐♥❣ ❧❡♥s✳ ❚❤❡✸✶✵

r❡♣❡❛t ♠❡❛s✉r❡♠❡♥t ❛t 0◦ ✐♥✈♦❧✈❡❞ ❞❡❝r❡❛s✐♥❣ t❤❡ ❛♣❡rt✉r❡ ❞✐❛♠❡t❡r ❢r♦♠ ✶✷ ♠♠ t♦ ✻ ♠♠ ❛♥❞ ♥♦r♠❛❧✐③✐♥❣ ❜② t❤❡

❝♦rr❡s♣♦♥❞✐♥❣ ✈♦❧✉♠❡ r❛t✐♦✳
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✺✳ ❇❛❝❦❣r♦✉♥❞ s✐❣♥❛❧

❚❤❡r❡ ✇❛s ♥♦ ❝❤❛♥❣❡ ✐♥ t❤❡ ❈❊ ❜❛❝❦❣r♦✉♥❞ ❛❝q✉✐r❡❞ ❜② ❜❧❛❝❦✐♥❣ ♦✉t ♦♥❧② t❤❡ ✐♥♣✉t ♦♣t✐❝s ✐♥st❡❛❞ ♦❢ t❤❡ ✐♥s✐❞❡ ❢❛❝❡

♦❢ t❤❡ ✇❛t❡r t❛♥❦ ✇❛❧❧ ♥❡❛r t❤❡ ❞❡t❡❝t♦r✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ■■■ ❇✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡r❡ ✐s ♥♦ ❈❊ ❝♦♥tr✐❜✉t✐♦♥✸✶✺

❢r♦♠ t❤❡ ♥❡❛r ✇❛❧❧✳ ❚❤❡ ❈❊ ❜❛❝❦❣r♦✉♥❞ ✈❛r✐❡❞ ❧✐tt❧❡ ✐♥ t❤❡ ③ ❞✐r❡❝t✐♦♥✱ ✇❤✐❝❤ ✐s ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ♣❤♦t♦♥ s❝❛tt❡r✱ ❛♥❞

✐t ❣❡♥❡r❛❧❧② ❝♦♥st✐t✉t❡❞ ✉♣ t♦ ✶✵✪ ♦❢ t❤❡ ♠❛①✐♠✉♠ r❛✇ s✐❣♥❛❧ ✇✐t❤ ❛❧❧ ❡♥❡r❣✐❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛♣❡rt✉r❡ s✐③❡ ❛♥❞

❢♦r ❝♦✉❝❤ s❤✐❢ts ♦❢ t❤❡ ♦r❞❡r ♦❢ ±1 ❝♠✳ ❱❛r✐❛t✐♦♥s ✐♥ ♣♦s✐t✐♦♥ ❛♥❞ ❢♦❝❛❧ ❞✐st❛♥❝❡ ♦❢ t❤❡ ♦♣t✐❝s ♦❢ ✶ ❝♠ ❛t ❝♦♥st❛♥t

❝♦✉❝❤ ♣♦s✐t✐♦♥ ❤❛❞ ♥♦ ❡✛❡❝t ♦♥ t❤❡ ❈❊ ❜❛❝❦❣r♦✉♥❞✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐s ♠❛✐♥❧② ❞✉❡ t♦ ❝♦✉❝❤ s❝❛tt❡r✳

❈♦♥tr✐❜✉t✐♦♥s ❢r♦♠ t❤❡ ❢❛r✲✜❡❧❞ ✇❛❧❧ ♦❢ t❤❡ ✇❛t❡r t❛♥❦ ✇❡r❡ ❡st✐♠❛t❡❞ ❢r♦♠ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❜❧❛❝❦♦✉t✸✷✵

♦❢ t❤❡ ❢❛r ✇❛❧❧ ❛♥❞ ❢♦✉♥❞ t♦ ❜❡ ✉♣ t♦ ∼ 5% ♦❢ t❤❡ ❧♦❝❛❧ ❜❛❝❦❣r♦✉♥❞✲s✉❜tr❛❝t❡❞ s✐❣♥❛❧ ✇✐t❤ ❛❧❧ ❜❡❛♠ ❡♥❡r❣✐❡s ❛♥❞

❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ❡❧❡❝tr♦♥ P❉❈ ❛t 90◦✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡② ❛r❡ ❞✉❡ t♦ r❡✢❡❝t✐♦♥s ♦❢ t❤❡ ✐♥✲✜❡❧❞ ❈❊ ❛♥❞ ♥♦t ❈❊

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

✐♥ ❙❡❝t✐♦♥ ■■■ ❇✳ ❋✐♥❛❧❧②✱ ✐♥❝r❡❛s✐♥❣ t❤❡ r❛❞✐✉s ♦❢ ❝✉r✈❛t✉r❡ ♦❢ t❤❡ ❝✉r✈❡❞ s✐❞❡ ♦❢ t❤❡ ❧❡♥s ❜② ✶ ❝♠✱ ♦r ❡q✉✐✈❛❧❡♥t❧② t❤❡

❢♦❝❛❧ ❞✐st❛♥❝❡ ❜② ✷✳✺ ❝♠✱ ♦❢ t❤❡ ❝♦❧❧✐♠❛t✐♥❣ ❧❡♥s ✭✐✳❡✳✱ t❤❡ ❧❡❢t ❧❡♥s ✐♥ ❋✐❣✉r❡ ✶✮ ❛t ❝♦♥st❛♥t ✭r❛② ♦♣t✐❝s✲❛♣♣r♦①✐♠❛t❡❞✮✸✷✺

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

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

❱✳ ❉■❙❈❯❙❙■❖◆

❲✐t❤ r❡❝❡♥t ♣r♦❣r❡ss❬✻✱ ✼✱ ✷✾✱ ✸✵❪ ❛♥❞ ✐♥❝r❡❛s✐♥❣ ✐♥t❡r❡st ✐♥ t❤❡ ✜❡❧❞ ❢♦r ♠♦r❡ t❤❛♥ ✜✈❡ ②❡❛rs✱❬✶✵❪ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr②

✐s ♦♥ ✐ts ✇❛② t♦ t❤❡ ❝❧✐♥✐❝✳ ❍♦✇❡✈❡r✱ ❛ ❝❧✐♥✐❝❛❧❧②✲✐♠♣❧❡♠❡♥t❛❜❧❡ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ♣r♦t♦❝♦❧ ❤❛s ♥♦t ❜❡❡♥ ❡st❛❜❧✐s❤❡❞✳✸✸✵

❆❝❝✉r❛t❡ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs ❤❛✈❡ ♥♦t ②❡t ❜❡❡♥ ♠❛❞❡ ❛✈❛✐❧❛❜❧❡✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ❤✐❣❤✲r❡s♦❧✉t✐♦♥ ❈❊✲❜❛s❡❞

❞♦s✐♠❡t❡r ♦❢ ❞❡♠♦♥str❛t❡❞ s✉✣❝✐❡♥t ❛❝❝✉r❛❝② ❤❛s ②❡t t♦ ❜❡ ❞❡s✐❣♥❡❞✳ ■♥ t❤✐s ✇♦r❦✱ ✇❡ ♣r♦✈✐❞❡ ♥❡❝❡ss❛r② ♠❡❛♥s t♦

♠♦✈❡ t❤❡ ✜❡❧❞ ❢✉rt❤❡r ❢♦r✇❛r❞✳ ■♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ✐♦♥✐③❛t✐♦♥✲❜❛s❡❞ ❞♦s✐♠❡tr②✱❬✽✱ ✶✸❪ t❤❡ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡ ✐♥ ❈❊✲

❜❛s❡❞ ❞♦s✐♠❡tr② ✐s ✇❛t❡r ❛♥❞ r❡s♦❧✉t✐♦♥s ♦❢ t❤❡ ♦r❞❡r ♦❢ ♠✐❝r♦♠❡t❡rs ♠❛② ♣♦t❡♥t✐❛❧❧② ❜❡ ❛❝❤✐❡✈❛❜❧❡✱ ❝♦♥t✐♥❣❡♥t ♦♥ ❛

❞❡t❡❝t♦r ❞❡✈❡❧♦♣♠❡♥t st✉❞②✳❬✹✱ ✺✱ ✷✼❪ ❚❤❡ ❛❜s♦❧✉t❡ ✈❡rs✉s r❡❧❛t✐✈❡ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ❡♥❞♣♦✐♥t ✐s ❛ ♠❛tt❡r ♦❢ ❢✉rt❤❡r✸✸✺

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

❛ ♣♦t❡♥t✐❛❧ ❜r♦❛❞✲❜❡❛♠ ❝❡♥tr❛❧✲❛①✐s ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ❢♦r♠❛❧✐s♠ ❛♣♣❧✐❝❛❜❧❡ t♦ ❜♦t❤ ♣❤♦t♦♥ ❛♥❞ ❡❧❡❝tr♦♥ ❜❡❛♠s✱

❞❡✈❡❧♦♣✐♥❣ ❛♥ ❊●❙♥r❝❬✾❪ s✐♠✉❧❛t✐♦♥ ❢r❛♠❡✇♦r❦ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥✱ ❛♥❞ ♣❡r❢♦r♠✐♥❣ ❛

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

✇❤✐❝❤ t❤❡ r❡❧❛t✐✈❡ ❝♦♥✈❡rs✐♦♥ ✐s ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ❞❡♣t❤✱ ❜❡❛♠ q✉❛❧✐t②✱ ❛♥❞ ❛♥❣❧❡ t❤❛♥ ❢♦r ♣❤♦t♦♥ ❜❡❛♠s✳❬✼✱ ✶✵✱ ✶✶❪✸✹✵

❆❧t❤♦✉❣❤ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ♠✐❣❤t ✉❧t✐♠❛t❡❧② ♣r♦✈✐❞❡ s♦❧✉t✐♦♥s t♦ t❤❡ ❝❤❛❧❧❡♥❣❡s ❢❛❝❡❞ ❜② ✐♦♥✐③❛t✐♦♥ ❝❤❛♠❜❡rs ✐♥ ❛

❞✐✛❡r❡♥t ❝❧✐♥✐❝❛❧ s✐t✉❛t✐♦♥✱ ❡✳❣✳✱ s♠❛❧❧ ✜❡❧❞s ❛♥❞ ▼❘✲❧✐♥❛❝s✱ ✇❡ ❜❡❣✐♥ t❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ✇✐t❤ ❛ ❧♦♦❦ ✐♥t♦ t❤❡ ❜r♦❛❞✲❜❡❛♠

❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ♦♥ ❜❡❛♠ ❛①✐s ✐♥ ✇❛t❡r✳

❇❡❝❛✉s❡ ❈❊ ✐s ❛♥✐s♦tr♦♣✐❝✱❬✸❪ ✇❡ ✜rst ✐♥✈❡st✐❣❛t❡ ♣♦t❡♥t✐❛❧ ❞❡t❡❝t✐♦♥ ❝♦♥✜❣✉r❛t✐♦♥s ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥

st✉❞② ✇✐t❤ ❡❧❡❝tr♦♥ ❜❡❛♠s✳ ■♥ ❋✐❣✉r❡s ✼ ❛♥❞ ✽✱ ✇❡ s❡❡ t❤❛t t❤❡ ❡❧❡❝tr♦♥ ❜❡❛♠ ❝❡♥tr❛❧✲❛①✐s P❉❈ ❣❡♥❡r❛t❡❞ ✐♥ 4π ✐s✸✹✺

✉♣str❡❛♠ ♦❢ t❤❡ P❉❉✳ ❚❤✐s ✐s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ ❈❊ t❤r❡s❤♦❧❞ ❡♥❡r❣②❬✷❪ ❛♥❞ ✐s ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ ●❧❛s❡r ❡t ❛❧✳

✷✵✶✹❬✼❪ ❛♥❞ ❍❡❧♦ ❡t ❛❧✳ ✷✵✶✹✱❬✻❪ ✇❤❡r❡ t❤❡ ●❡❛♥t✹✲❝❛❧❝✉❧❛t❡❞❬✸✶❪ P❉❈ ❣❡♥❡r❛t❡❞ ✐♥ 4π ✇❛s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ P❉❉

♦❢ ✻ ❛♥❞ ✾ ▼❡❱ ❡❧❡❝tr♦♥ ❜❡❛♠s✳ ❆ q✉❛♥t✐t❛t✐✈❡ ❥✉st✐✜❝❛t✐♦♥ ✐s ♣r♦✈✐❞❡❞ ✐♥ t❤❡ ❝♦♠♣❛♥✐♦♥ P❛♣❡r ■■✱ ✇❤✐❝❤ ✐s ❢♦❝✉s❡❞
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s♦❧❡❧② ♦♥ ❡❧❡❝tr♦♥s ❜❡❛♠s✳❬✶✷❪ ❆s ❛ r❡s✉❧t✱ t❤❡ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ✐s ❜❡❛♠ q✉❛❧✐t② ❛♥❞ ❞❡♣t❤ ❞❡♣❡♥❞❡♥t✳ ❚❤❡

✐♠♣❧✐❝❛t✐♦♥s ♦❢ t❤✐s ♦♥ ❈❊✲❜❛s❡❞ ❡❧❡❝tr♦♥ ❜❡❛♠ ❞♦s✐♠❡tr② ❛r❡ ❛❧s♦ ❞✐s❝✉ss❡❞ ✐♥ P❛♣❡r ■■✳✸✺✵

■♥ ❝♦♥tr❛st t♦ t❤❡ ❝❡♥tr❛❧✲❛①✐s P❉❈ ❣❡♥❡r❛t❡❞ ✐♥ 4π✱ t❤❡ P❉❈ ❛t ♣♦❧❛r ❛♥❣❧❡s ♦❢ θ ± δθ ❢♦r s♠❛❧❧ δθ ❞❡♣❡♥❞s ♥♦t

♦♥❧② ♦♥ t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✢✉❡♥❝❡✱ ❜✉t ❛❧s♦ ♦♥ t❤❡ s❝❛tt❡r✐♥❣ st❛t❡ ♦❢ t❤❡ ❜❡❛♠ ❞✉❡ t♦ t❤❡ ❛♥✐s♦tr♦♣② ♦❢ ❈❊✳❬✸❪

❚❤❡r❡❢♦r❡✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ❢♦r ❡❧❡❝tr♦♥ ❜❡❛♠s ✐♥ ❋✐❣✉r❡s ✼ ❛♥❞ ✽✱ t❤❡ P❉❈ ❛t 90◦ ± 5◦ t♦ t❤❡ ❜❡❛♠ ❡①❤✐❜✐ts ❛ st❡❡♣❡r

❜✉✐❧❞✲✉♣✱ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ ❍❡❧♦ ❡t ❛❧✳ ✷✵✶✹❬✻❪ ❢♦r ✻✲✶✷ ▼❡❱ ❡❧❡❝tr♦♥s✱ ❛♥❞ ✐s ♣❡❛❦❡❞ ❛t ❛ ❧❛r❣❡r ❞❡♣t❤ t❤❛♥ t❤❡ 4π

P❉❈✱ ✇❤✐❧❡ t❤❡ P❉❈ ❛t t❤❡ 42◦ ❈❊ ❛♥❣❧❡ ♦❢ r❡❧❛t✐✈✐st✐❝ ❡❧❡❝tr♦♥s❬✸✱ ✶✹❪ ✐s ♣❡❛❦❡❞ ❛t z = 0 ❝♠ ❛♥❞ ❞❡❝r❡❛s❡s ❞r❛st✐❝❛❧❧②✸✺✺

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

str♦♥❣ s✐❣♥❛❧ ✇✐t❤✐♥ ❛ ❝♦♥str❛✐♥❡❞ ❛♥❣✉❧❛r ❛♣❡rt✉r❡✱❬✷❪ t❤❡ 42◦ ❝♦♥✜❣✉r❛t✐♦♥ ✐s ✐♠♣r❛❝t✐❝❛❧ ❢♦r ❞♦s✐♠❡tr✐❝ ♣✉r♣♦s❡s ❛s

✐t ♥♦t ♦♥❧② r❡q✉✐r❡s ✐♥✲✇❛t❡r ❞❡t❡❝t♦r ♣❧❛❝❡♠❡♥t✱ ♦r ❝♦♥✈❡rs❡❧② ❛ ♥♦♥✲❝♦♥✈❡♥t✐♦♥❛❧ ♣❤❛♥t♦♠ ❣❡♦♠❡tr②✱ t♦ ❝♦rr❡❝t ❢♦r

t♦t❛❧ ✐♥t❡r♥❛❧ r❡✢❡❝t✐♦♥ ❛t t❤❡ ♣❤❛♥t♦♠ ✇❛❧❧✱❬✶✹❪ ❜✉t ❛❧s♦ ♥♦r♠❛❧✐③❛t✐♦♥ ❛t z = 0 ❝♠✱ ✇❤✐❝❤ ♠❛❦❡s t❤❡ ♠❡❛s✉r❡♠❡♥t

❞❡♣❡♥❞❡♥t ♦♥ t❤❡ s✐③❡ ♦❢ t❤❡ s❝♦r✐♥❣ ✈♦❧✉♠❡✳ ❚❤✐s ✐♥ t✉r♥ ❧❡❛❞s t♦ ❛ ❤✐❣❤ ✉♥❝❡rt❛✐♥t② ✐♥ t❤❡ P❉❈✲❞❡r✐✈❡❞ ❡❧❡❝tr♦♥✸✻✵

❜❡❛♠ q✉❛❧✐t② s♣❡❝✐✜❡r✱ ❡✳❣✳✱ R50❬✽❪ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❞❡♣t❤ ♦❢ ✺✵✪ ❈❊ ✭❞✐s❝✉ss❡❞ ✐♥ P❛♣❡r ■■✮✳❬✶✷❪ ❋✉rt❤❡r♠♦r❡✱ ❛t 42◦

✇❡ ❡①♣❡❝t ❛ ❤✐❣❤ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ ❜♦t❤ ❞❡♣t❤ ❛♥❞ ❜❡❛♠ q✉❛❧✐t② ✉♥❝❡rt❛✐♥t✐❡s ❞✉❡ t♦ t❤❡ str♦♥❣ ✈❛r✐❛t✐♦♥ ♦❢ k42
◦
±δθ

C

✇✐t❤ ❞❡♣t❤ ❛♥❞ ❜❡❛♠ q✉❛❧✐t② ❢♦r s♠❛❧❧ δθ✳

❚❤❡ 90◦ ❝♦♥✜❣✉r❛t✐♦♥✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛♣♣❡❛rs t♦ ❜❡ t❤❡ ♠♦st ♣r❛❝t✐❝❛❜❧❡ ♦❢ t❤❡ t❤r❡❡ ❜❡❝❛✉s❡ ✐t ❛❧❧♦✇s ✐♥✲❛✐r

❞❡t❡❝t♦r ♣♦s✐t✐♦♥✐♥❣ ✇✐t❤ ♠✐♥✐♠❛❧ r❡✢❡❝t❛♥❝❡ ❧♦ss❡s ✇✐t❤ ❝♦♥✈❡♥t✐♦♥❛❧ ♣❤❛♥t♦♠s✳ ❍♦✇❡✈❡r✱ ❛❧t❤♦✉❣❤ 90◦±δθ ❢♦r s♠❛❧❧✸✻✺

δθ ✐s ❧❡ss s✉s❝❡♣t✐❜❧❡ t♦ ❞❡♣t❤ ♣♦s✐t✐♦♥✐♥❣ ✉♥❝❡rt❛✐♥t✐❡s ❢♦r ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ♣❡r❢♦r♠❡❞ ❛t ❛ r❡❢❡r❡♥❝❡ ❞❡♣t❤ ♥❡❛r

dmax✱ ✐t ❡①❤✐❜✐ts ❜❡❛♠ q✉❛❧✐t② ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ s❛♠❡ ♦r❞❡r ❛s 42◦ ❛♥❞ ✐t ✐s ✈❡r② ❞❡♣t❤✲s❡♥s✐t✐✈❡ ♥❡❛r t❤❡ s✉r❢❛❝❡✳ ❲✐t❤

❛ 4π ❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡ ❜❡❛♠ q✉❛❧✐t② ❛♥❞ ❞❡♣t❤ ❞❡♣❡♥❞❡♥❝❡ ✐s ❣r❡❛t❧② r❡❞✉❝❡❞❀ ❤♦✇❡✈❡r✱ ❛ 4π ❞❡t❡❝t✐♦♥ ❣❡♦♠❡tr② ✐s

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

s♣❤❡r❡ ♣♦s✐t✐♦♥❡❞ ♦♥ ❜❡❛♠ ❛①✐s✳ ❚❤❡ ❧❛tt❡r ✇✐❧❧✱ ❤♦✇❡✈❡r✱ ❞✐♠✐♥✐s❤ t❤❡ ✈❛❧✉❡ ♦❢ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ❛s ❛ ♣❡rt✉r❜❛t✐♦♥✲✸✼✵

❢r❡❡ t❡❝❤♥✐q✉❡✳ ❆ ♠♦r❡ ♣r❛❝t✐❝❛❧ ❛♣♣r♦❛❝❤ ♠❛② ❡♠♣❧♦② ❛♥ ♦❜❥❡❝t✐✈❡ ✇✐t❤ ❛ ❧❛r❣❡ ♥✉♠❡r✐❝❛❧ ❛♣❡rt✉r❡ ❛♥❞ ❞❡✜♥✐t✐♦♥ ♦❢

t❤❡ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡ ❜② ♠❡❛♥s ♦❢ ❛ ❞❡✲❜❧✉rr✐♥❣ t❡❝❤♥✐q✉❡✱ s✉❝❤ ❛s ♥❡❛r❡st ♥❡✐❣❤❜♦r✳❬✺❪ ▲❛r❣❡r ♥✉♠❡r✐❝❛❧ ❛♣❡rt✉r❡s ❛r❡

❝♦♥s✐❞❡r❡❞ ✐♥ P❛♣❡r ■■✳❬✶✷❪ ❋♦r ❜r♦❛❞ ♣❤♦t♦♥ ❜❡❛♠s ✐♥ ✇❛t❡r✱ t❤❡s❡ ❡✛❡❝ts ❛r❡ ❧❡ss ♣r♦♥♦✉♥❝❡❞❬✼✱ ✶✵✱ ✶✶❪ ❞✉❡ t♦ t❤❡

❡①✐st❡♥❝❡ ♦❢ tr❛♥s✐❡♥t ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ❡q✉✐❧✐❜r✐✉♠ ✭✐✳❡✳✱ ❧❡ss ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✢✉❡♥❝❡ s♣❡❝tr✉♠ ❛♥❞

❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ✇✐t❤ ❞❡♣t❤✮✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥ ❛♥❞ ❢❡❛s✐❜✐❧✐t② ❤❡r❡ ✐s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❡❧❡❝tr♦♥ ❜❡❛♠s✸✼✺

✐♥ ✇❛t❡r ❛t 90◦ ✇✐t❤ ❆❆ ♦❢ ✉♣ t♦ 2◦✳

❆s ♠❡♥t✐♦♥❡❞ ✐♥ ❙❡❝t✐♦♥ ■■✱ t❤❡ ❈❊✲❜❛s❡❞ ❢♦r♠❛❧✐s♠ ✐♥✈♦❧✈❡s ❈❊ ❞❡t❡❝t✐♦♥ ✇✐t❤ ♥❛rr♦✇ r❡s♣♦♥s❡ ❝❡♥t❡r❡❞ ♦♥ t❤❡

❜❡❛♠ ❛①✐s✳❬✹❪ ■♥ ♦✉r ❡①♣❡r✐♠❡♥ts✱ t❤❡ r❡s♣♦♥s❡ ✐s ❜r♦❛❞❡♥❡❞ ❧❛r❣❡❧② ❞✉❡ t♦ t❤❡ ✉s❡ ♦❢ s✐♠♣❧❡ s♣❤❡r✐❝❛❧ ❧❡♥s❡s ❛♥❞

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

❡♥t✐r❡ r❛② ♦♣t✐❝s✲❛♣♣r♦①✐♠❛t❡❞ ❛❝❝❡♣t❛♥❝❡ ✈♦❧✉♠❡ ✐♥ ✇❛t❡r ✭t❤❡ s♦❧✐❞ ❣r❛② ❞♦✉❜❧❡ ❝♦♥❡ ✐♥ t❤❡ ✇❛t❡r t❛♥❦ ✐♥ ❋✐❣✉r❡ ✶✮✸✽✵

❛♥❞ ❝♦♠♣❛r❡ ✇✐t❤ ▼♦♥t❡ ❈❛r❧♦ ❞❡♣t❤ s❝❛♥s ♦❢ ❈❊ s❝♦r❡❞ ✇✐t❤✐♥ t❤✐s ❧❛r❣❡ ✈♦❧✉♠❡✳ ■♥ ❙❡❝t✐♦♥ ■❱❈✱ t❤❡ ❞♦s✐♠❡tr✐❝

✉♥❝❡rt❛✐♥t② ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❜❡❛♠ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❞✉❡ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ▼♦♥t❡ ❈❛r❧♦✲

❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ P❉❉✲t♦✲P❉❈ r❛t✐♦s ✐s ❡st✐♠❛t❡❞ ❛t ✶✪ t♦ ✜rst ♦r❞❡r ❛t ❞❡♣t❤s ✇❤❡r❡ t❤❡ P❉❈ ✐s > 50%✳

❚❤✐s ❡①❝❧✉❞❡s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ ❛❜s♦❧✉t❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡t❡r✱ ✇❤✐❝❤ ✐s ❛ ♠❛tt❡r ♦❢ ❢✉rt❤❡r

✐♥✈❡st✐❣❛t✐♦♥✳ ❚❤✐s ✐s ❛♥ ✐♠♣r♦✈❡♠❡♥t ❢r♦♠ ❍❡❧♦ ❡t ❛❧✳ ✷✵✶✹✱❬✻❪ ✇❤❡r❡ ❛ r✉❧❡r ✇❛s ✉s❡❞ ❢♦r ❞❡♣t❤ ♣♦s✐t✐♦♥✐♥❣ ❛♥❞✸✽✺

❝❛♠❡r❛ ♠❛❣♥✐✜❝❛t✐♦♥ ✇❛s s❤♦✇♥ t♦ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t✳ ❆t s❤❛❧❧♦✇ ❛♥❞ ❧❛r❣❡ ❞❡♣t❤s✱ t❤❡ ❞✐s❝r❡♣❛♥❝✐❡s ♦❜s❡r✈❡❞

❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡❞ ❛♥❞ ▼♦♥t❡ ❈❛r❧♦✲❝❛❧❝✉❧❛t❡❞ P❉❉✲t♦✲P❉❈ r❛t✐♦s ❛r❡ ❛ttr✐❜✉t❛❜❧❡ t♦ ♦♣t✐❝❛❧ ❛❜❡rr❛t✐♦♥s ❛♥❞
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✶✸

r❡✢❡❝t✐♦♥s ❛t t❤❡ ✇❛t❡r s✉r❢❛❝❡ ✇❤❡r❡ t❤❡ ❛♥❣❧❡ ♦❢ t♦t❛❧ ✐♥t❡r♥❛❧ r❡✢❡❝t✐♦♥ ✐s 48◦ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ s✉r❢❛❝❡ ♥♦r♠❛❧✳❬✶✹❪

❇❡❝❛✉s❡ t❤❡ ♣♦✐♥t ♦❢ ✐♥t❡r❡st ✐s ♦♥ t❤❡ ♦♣t✐❝❛❧ ❛①✐s ✭s❡❡ ❋✐❣✉r❡ ✷✮✱ t❤❡ ♠❛❥♦r ❛❜❡rr❛t✐♦♥s ❛t ♣❧❛② ❛r❡ ❝❤r♦♠❛t✐❝ ❛♥❞

s♣❤❡r✐❝❛❧✳❬✹❪ ❖✛✲❛①✐s ❛❜❡rr❛t✐♦♥s ❧✐❦❡❧② ❛❧s♦ ♣❧❛② ❛ ♠✐♥♦r r♦❧❡✱ ❜❡❝❛✉s❡ ❛ ❜r♦❛❞ r❛❞✐❛t✐♦♥ ❜❡❛♠ ✭s❡❡ ❙❡❝t✐♦♥ ■■■✮ r❡s✉❧ts✸✾✵

✐♥ ❛ s♣❛t✐❛❧❧② ❜r♦❛❞ ❈❊ s✐❣♥❛❧ ✭❛♥ ❡①t❡♥❞❡❞ ❧✐❣❤t s♦✉r❝❡✮✳ ❉✉❡ t♦ s♣❤❡r✐❝❛❧ ❛❜❡rr❛t✐♦♥✱ ♠❛r❣✐♥❛❧ r❛②s t❤❛t ❛r❡ ❢♦❝✉s❡❞

✐♥t♦ t❤❡ ♦♣t✐❝❛❧ ✜❜❡r ♦r✐❣✐♥❛t❡ ❢r♦♠ ♣♦✐♥ts ♦♥ t❤❡ ♦♣t✐❝❛❧ ❛①✐s ❝❧♦s❡r t♦ t❤❡ ♦♣t✐❝s t❤❛♥ t❤❡ ♣♦✐♥t ♦❢ ❜❡st ❢♦❝✉s✱ ✇❤✐❧❡

♣❛r❛①✐❛❧ r❛②s ♦r✐❣✐♥❛t❡ ❢r♦♠ ♣♦✐♥ts ❢✉rt❤❡r ❛✇❛②✳❬✹❪ ❚❤❡r❡❢♦r❡✱ ❜❡❝❛✉s❡ t❤❡ ♣♦✐♥t ♦❢ ❜❡st ❢♦❝✉s ✇❛s ❝❡♥t❡r❡❞ ♦♥ t❤❡

r❛❞✐❛t✐♦♥ ❜❡❛♠ ❝❡♥tr❛❧ ❛①✐s✱ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ ❙❡❝t✐♦♥ ■■■✱ s♣❤❡r✐❝❛❧ ❛❜❡rr❛t✐♦♥ ✐♥❝r❡❛s❡s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ♣♦✐♥ts ❧❛t❡r❛❧

t♦ t❤❡ ❜❡❛♠ ❛①✐s✳ ❆t t❤❡s❡ ❧❛t❡r❛❧ ♣♦s✐t✐♦♥s✱ t❤❡ P❉❈ ❛t 90◦ ✐s ❧❛r❣❡r ✐♥ t❤❡ ❜✉✐❧❞✲✉♣ ❛♥❞ ♣❤♦t♦♥ t❛✐❧✱ ✇❤✐❝❤ ✇❛s ❛❧s♦✸✾✺

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

❚❤❡ ❡①❝❡❧❧❡♥t ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❛♥❛❧②t✐❝❛❧ ❋r❛♥❦✲❚❛♠♠ s♣❡❝tr✉♠❬✷❪ ❛s ✇❡❧❧ ❛s t❤❡ ❧❛❝❦ ♦❢ ✈❛r✐❛t✐♦♥ ✇✐t❤ ❜❡❛♠

q✉❛❧✐t② ❛♥❞ ❞❡♣t❤ ♦❜s❡r✈❡❞ ✐♥ ❜♦t❤ s✐♠✉❧❛t✐♦♥ ❛♥❞ ❡①♣❡r✐♠❡♥t ✐♥ ❋✐❣✉r❡ ✶✶ s❡r✈❡ ❛s ❢✉rt❤❡r ✈❛❧✐❞❛t✐♦♥ ♦❢ ♦✉r ❊●❙♥r❝

❈❊ ❝❛❧❝✉❧❛t✐♦♥ ❢r❛♠❡✇♦r❦✳❬✾✱ ✷✵✱ ✷✸❪ ❚❤❡ ❈❊ s♣❡❝tr✉♠ ♦❢ ❤✐❣❤✲❡♥❡r❣② ❡❧❡❝tr♦♥ ❜❡❛♠s ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❡❧❡❝tr♦♥

✢✉❡♥❝❡ s♣❡❝tr✉♠ s✐♥❝❡ t❤❡ ❡❧❡❝tr♦♥ ❡♥❡r❣② ❞❡♣❡♥❞❡♥❝❡ st❡♠s ❢r♦♠ t❤❡ 1/β2 t❡r♠ ✭s❡❡ ❊q✉❛t✐♦♥ ✶❝✮✱ ✇❤✐❝❤ ✐s s❧♦✇❧②✹✵✵

✈❛r②✐♥❣ ❛t r❡❧❛t✐✈✐st✐❝ ❡♥❡r❣✐❡s✳❬✷❪ ❚❤❡ ❞♦s❡✲❈❊ r❡❧❛t✐♦♥s❤✐♣ ✐s t❤❡r❡❢♦r❡ ❧❛r❣❡❧② ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ t♦t❛❧ ✢✉❡♥❝❡✳ ❚❤✐s

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

t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥ st✉❞② ♦❢ ❙❡❝t✐♦♥ ■❱❈ ❛r❡ r❡❧❛t✐✈❡ ❛♥❞ ❜❡❝❛✉s❡ t❤❡ ❈❊ s♣❡❝tr✉♠ ✐s ❞❡♣t❤✲

✐♥✈❛r✐❛♥t✱ t❤❡ s②st❡♠ q✉❛♥t✉♠ ❡✣❝✐❡♥❝② ❛♥❞ s♣❡❝tr❛❧ s❡♥s✐t✐✈✐t② ❛r❡ ♥♦t r❡q✉✐r❡❞ ❢♦r t❤✐s ♣❛rt ♦❢ t❤❡ ✇♦r❦✳

❇❡❝❛✉s❡ t❤❡ ❈❊ ❛♥❣❧❡ ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ 1/β✱❬✸❪ ✇❤✐❝❤ ✐s s❧♦✇❧② ✈❛r②✐♥❣ ❛t ❤✐❣❤ ❡♥❡r❣✐❡s✱ t❤❡ ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ♦❢✹✵✺

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

❉✉❡ t♦ s❝❛tt❡r✐♥❣✱ ✐♥ ❋✐❣✉r❡ ✶✷ ✇❡ t❤❡r❡❢♦r❡ ♦❜s❡r✈❡ ❛ str♦♥❣ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ s✐♠✉❧❛t❡❞ ❡❧❡❝tr♦♥ ❜❡❛♠ ❈❊ ❛♥❣✉❧❛r

❞✐str✐❜✉t✐♦♥ ✇✐t❤ ❜❡❛♠ q✉❛❧✐t② ❛♥❞ ❞❡♣t❤✱ ✇✐t❤ ❛ ♥❛rr♦✇❡r ❞✐str✐❜✉t✐♦♥ ❛t ❤✐❣❤ ❜❡❛♠ q✉❛❧✐t✐❡s ❛♥❞ s❤❛❧❧♦✇ ❞❡♣t❤s

♣❡❛❦❡❞ ❛t t❤❡ 42◦ ❈❊ ❛♥❣❧❡ ♦❢ r❡❧❛t✐✈✐st✐❝ ❡❧❡❝tr♦♥s ✐♥ ✇❛t❡r❬✸✱ ✶✹❪ ❛♥❞ ❛ s❤✐❢t ♦❢ t❤❡ ♣❡❛❦ t♦✇❛r❞s ❤✐❣❤❡r θ ✇✐t❤

✐♥❝r❡❛s✐♥❣ ❞❡♣t❤s ✐♥ ✶✷❜✳ ■♥ ❝♦♠♣❛r✐♥❣ ❋✐❣✉r❡ ✶✷❝ ✇✐t❤ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ✻ ▼❱ ♣❤♦t♦♥ ❜❡❛♠ st✉❞②✱❬✶✵❪ ✇❡ s❡❡ t❤❛t✱✹✶✵

❛s ❡①♣❡❝t❡❞✱ ❞✉❡ t♦ tr❛♥s✐❡♥t ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ❡q✉✐❧✐❜r✐✉♠✱ t❤❡ ♣❤♦t♦♥ ❜❡❛♠ ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥ ✐s ♠✉❝❤ ❧❡ss

❞❡♣t❤✲❞❡♣❡♥❞❡♥t✳ ◆♦t❡ t❤❛t 90◦ ❞❡t❡❝t✐♦♥ ♠❛② ♥♦t ❜❡ ♦♣t✐♠❛❧ ✐♥ t❡r♠s ♦❢ s✐❣♥❛❧ ✐♥t❡♥s✐t②✳ ❆s ✇❡ ❤❛✈❡ s❤♦✇♥ ✐♥ t❤✐s

st✉❞②✱ ❤♦✇❡✈❡r✱ ❈❊ ❜② ❤✐❣❤✲❡♥❡r❣② ❡❧❡❝tr♦♥ ❜❡❛♠s ✐s r❡❛❞✐❧② ❞❡t❡❝t❛❜❧❡ ❛t 90◦✱ ❡✈❡♥ ❛t s✉♣❡r✜❝✐❛❧ ❞❡♣t❤s✳ ❆❧t❤♦✉❣❤

t❤✐s ❛♣♣❡❛rs ♥♦t t♦ ❜❡ t❤❡ ❝❛s❡ ✐♥ ❋✐❣✉r❡ ✶✷❛✱ t❤✐s ✐s ❛♥ ❡✛❡❝t ♦❢ ♥♦r♠❛❧✐③❛t✐♦♥✳ ■♥ ❢❛❝t✱ t❤❡ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ t❤❡

❧♦✇❡st ♥♦r♠❛❧✐③❡❞ ✈❛❧✉❡ ❛t 90◦ ✭✷✵ ▼❡❱✱ ✶ ♠♠✮ ❝♦rr❡s♣♦♥❞s t♦ ✺✵✪ ♦❢ t❤❡ ❛❜s♦❧✉t❡ ❈❊ ♣♦✇❡r ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ✇✐t❤✹✶✺

t❤❡ ❤✐❣❤❡st ♥♦r♠❛❧✐③❡❞ ✈❛❧✉❡ ✭✻ ▼❡❱✱ R50✮✳ ❆t ❛❧❧ ❞❡♣t❤s ❛♥❞ ❡♥❡r❣✐❡s s❤♦✇♥✱ t❤❡ ❈❊ ♣♦✇❡r ❛t 90◦✱ ✐♥t❡❣r❛t❡❞ ♦✈❡r

❛ ✹✵✵✲✻✵✵ ♥♠ ♦♣t✐❝❛❧ ❜❛♥❞✇✐❞t❤✱ ✇✐t❤✐♥ ❛♥ ♦♣t✐❝❛❧ ❆❆ ♦❢ ±5◦✱ ✐♥ ❛ 1 ❝♠3 ✈♦❧✉♠❡ ♦❢ ✇❛t❡r✱ ❛♥❞ ❛t ❛ ❞♦s❡ r❛t❡ ♦❢ ✹✵✵

▼❯✴♠✐♥ ✐s ♦❢ t❤❡ ♦r❞❡r ♦❢ ✶✲✶✵ ♣❲✳

■t ✐s ❛❧s♦ ❡✈✐❞❡♥t ✐♥ ❋✐❣✉r❡ ✶✷❛ t❤❛t 90◦ ❞❡t❡❝t✐♦♥ ✐s ❧❡ss s❡♥s✐t✐✈❡ t♦ ❛♥❣❧❡ ✈❛r✐❛t✐♦♥s t❤❛♥ ❞❡t❡❝t✐♦♥ ♥❡❛r 42◦ ❛♥❞✱

✐♥ ❋✐❣✉r❡ ✶✸✱ ✇❡ ❢✉rt❤❡r s❤♦✇ t❤❛t t❤❡ s✐♠✉❧❛t❡❞ P❉❈ ❛t 90◦ ± 5◦ ✐s r❡❧❛t✐✈❡❧② ✐♥s❡♥s✐t✐✈❡ t♦ ±4◦ ✈❛r✐❛t✐♦♥ ✐♥ δθ✳ ❚❤❡✹✷✵

✵✳✺✲♠♠ ✉♣str❡❛♠ s❤✐❢t ✇✐t❤ ❛ δθ ✐♥❝r❡❛s❡ ❢r♦♠ 1◦ t♦ 9◦ ✐s ❞✉❡ t♦ ❛♥ ✐♥❝r❡❛s✐♥❣ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ ❡❧❡❝tr♦♥s ♦❢ ❤✐❣❤❡r

❡♥❡r❣✐❡s✱ ✇❤✐❝❤ ❛r❡ ♠♦r❡ ❢♦r✇❛r❞✲❞✐r❡❝t❡❞ ✭s❡❡ ❊q✉❛t✐♦♥ ✶❝✮✳ ❚❤❡ ❧♦❝❛❧❧②✲♥♦r♠❛❧✐③❡❞ ❛❜s♦❧✉t❡ ❈❊ ✭♣❡r ♠❛ss✮ ✈❛r✐❛t✐♦♥

❢♦r ±0.1◦ ✈❛r✐❛t✐♦♥s ❛❜♦✉t t❤❡ θ± δθ = 90◦ ± 5◦ ❝♦♥✜❣✉r❛t✐♦♥ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ✇✐t❤✐♥ ±2.2% ❛t ❛❧❧ ❞❡♣t❤s ❛♥❞ ❜❡❛♠

❡♥❡r❣✐❡s✳ ❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ ❛ r❡❧❛t✐✈❡ st❛♥❞❛r❞ ✉♥❝❡rt❛✐♥t② ❝♦♠♣♦♥❡♥t ✭r❡❝t❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥✮ ♦❢ < 1.3% ✭k = 1✮✳

❚❤✐s ✇❛s ❛❧s♦ ❝♦♥✜r♠❡❞ ❡①♣❡r✐♠❡♥t❛❧❧② ✐♥ ❋✐❣✉r❡ ✶✹✱ ✇❤❡r❡ ❛ ±10% ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ♠❛ss✲♥♦r♠❛❧✐③❡❞ ♦♣t✐❝❛❧ r❡❛❞✐♥❣s✹✷✺

✇❛s ♦❜s❡r✈❡❞ ♦♥ ❛✈❡r❛❣❡ ♣❡r ±0.5◦ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ♦♣t✐❝s ❆❆✳ ❍♦✇❡✈❡r✱ ♠❛♥✉❢❛❝t✉r❡rs ✭❡✳❣✳✱ ❊❞♠✉♥❞ ❖♣t✐❝s ▲t❞✮❬✸✷❪
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❝✐t❡ ❛❝❤✐❡✈❛❜❧❡ ❛♥❣❧❡ t♦❧❡r❛♥❝❡s ♦❢ t❤❡ ♦r❞❡r ♦❢ ❛r❝s❡❝♦♥❞s ✭< 0.01◦✮✱ ✇❤✐❝❤ ✇♦✉❧❞ ❜r✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✉♥❝❡rt❛✐♥t②

❞♦✇♥ t♦ < 0.1%✳ ❋✉rt❤❡r♠♦r❡✱ ❢♦r r❡❧❛t✐✈❡ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr②✱ t❤❡ r❡❧❡✈❛♥t ✉♥❝❡rt❛✐♥t② ✐s t❤❛t ♦❢ t❤❡ P❉❈✱ ✇❤✐❝❤

✇❛s ❢♦✉♥❞ t♦ ❜❡ < 0.1% ❢♦r δθ ✈❛r✐❛t✐♦♥s ♦❢ 0.1◦✳

■♥ ❋✐❣✉r❡ ✶✺✱ ✇❡ ❢✉rt❤❡r ❞❡♠♦♥str❛t❡ ≤ 1% ✭k = 1✮ ✉♥❝❡rt❛✐♥t② ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ r♦❜✉st♥❡ss ♦❢ ♦✉r ♣r♦✈✐s✐♦♥❛❧✹✸✵

❞❡t❡❝t♦r ❞❡s✐❣♥ ✭❋✐❣✉r❡ ✶✮ ❢♦r P❉❈ > 50% t♦ r❡❛ss❡♠❜❧②✱ r❡❢♦❝✉s✐♥❣✱ ❝♦❧❧✐♠❛t✐♦♥✱ ❧❡♥s ♠❛t❡r✐❛❧ ❝♦♠♣♦s✐t✐♦♥✱ ❛♥❞

±1 ❝♠ ❝❤❛♥❣❡s ✐♥ t❤❡ ❢♦❝✉s✐♥❣ ❧❡♥s ♣♦s✐t✐♦♥ ❛♥❞ ❢♦❝❛❧ ❧❡♥❣t❤ ✭✐✳❡✳✱ ±0.5 ❝♠ ❝❤❛♥❣❡s ✐♥ t❤❡ ❝♦♥✈❡① r❛❞✐✉s ♦❢ ❝✉r✈❛t✉r❡

♦❢ t❤❡ r✐❣❤t ❧❡♥s ✐♥ ❋✐❣✉r❡ ✶✮✳ ❚❤❡ s✇✐t❝❤ ❢r♦♠ ❛ ✷✲❝♠ t♦ ✺✲❝♠ ❢♦❝❛❧ ❧❡♥❣t❤ ♣❧❛♥♦✲❝♦♥✈❡① ❢♦❝✉s✐♥❣ ❧❡♥s ✭❢✴✷✮ ❛♥❞

✐♥s❡rt✐♦♥ ♦❢ ❛♥ ❛♣❡rt✉r❡ ❜❡t✇❡❡♥ t❤❡ ✜❜❡r ❛♥❞ ❢♦❝✉s✐♥❣ ❧❡♥s t♦ ❧✐♠✐t t❤❡ 2◦ ❆❆ ✐♥ ❋✐❣✉r❡ ✶✺ ✐s ❡①♣❡❝t❡❞ t♦ r❡❞✉❝❡

♦♣t✐❝❛❧ ❛❜❡rr❛t✐♦♥s ❞✉❡ t♦ t❤❡ ❞❡❝r❡❛s❡❞ ❝✉r✈❛t✉r❡ ♦❢ t❤❡ ✺✲❝♠ ❧❡♥s ❛♥❞ r❡str✐❝t✐♦♥ ♦❢ t❤❡ ♠❛r❣✐♥❛❧ ❛❝❝❡♣t❛♥❝❡ ❜② t❤❡✹✸✺

❛♣❡rt✉r❡✳❬✷✼❪ ❚❤❡ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ 2◦ ❝✉r✈❡s ✐♥ ❋✐❣✉r❡ ✶✺✱ ❤♦✇❡✈❡r✱ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ t❤❡s❡

❝❤❛♥❣❡s ✐♥ r❡❞✉❝✐♥❣ t❤❡ ❛❜❡rr❛t✐♦♥s ✐s ♠✐♥♦r ✇✐t❤ t❤✐s s❡t✉♣✳ ❚❤❡ ❛❜❡rr❛t✐♦♥s ❛r❡ ❡①♣❡❝t❡❞ t♦ ❜❡ ♠✐♥✐♠✐③❡❞ ✇✐t❤

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

♠✐♥✐♠✐③❡ t❤❡ ❛❜❡rr❛t✐♦♥s ❜② ✉s❡ ♦❢ t✇♦ ♣❧❛♥♦✲❝♦♥✈❡① ❧❡♥s❡s ♦r✐❡♥t❡❞ ❛s ✐♥ ❋✐❣✉r❡ ✷ ❛♥❞ ❛♣❡rt✉r❡s ♦♥ ❜♦t❤ s✐❞❡s ♦❢

t❤❡ ❧❡♥s ❛ss❡♠❜❧② ✭s❡❡ ❙❡❝t✐♦♥ ■■■ ❇✮✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❧❛❝❦ ♦❢ ♦❜s❡r✈❛❜❧❡ ✈♦❧✉♠❡ ❛✈❡r❛❣✐♥❣ ❞✐✛❡r❡♥❝❡s ✇✐t❤ t❤❡ t✇♦✹✹✵

❛♣❡rt✉r❡s ✭✶✷ ✈❡rs✉s ✻ ♠♠✮ ❛t 0◦ ✐♥ ❋✐❣✉r❡ ✶✺ ♠❛② ❜❡ ❞✉❡ t♦ ✇❡✐❣❤t✐♥❣ ♦❢ t❤❡ ♦♣t✐❝s ❛❝❝❡♣t❛♥❝❡ t♦✇❛r❞s t❤❡ ♦♣t✐❝❛❧

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

❝♦♠♣❛r✐♥❣ t❤❡ P❉❈ ❝✉r✈❡s ✇✐t❤ 0◦ ✈❡rs✉s 2◦ ❆❆✳

❇❛❝❦❣r♦✉♥❞ ❝♦♥tr✐❜✉t✐♦♥s t♦ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❢r♦♠ ♣♦✐♥ts ♦✉ts✐❞❡ t❤❡ ✭r❛② ♦♣t✐❝s✲❛♣♣r♦①✐♠❛t❡❞✮ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡

✐♥ t❤❡ ✇❛t❡r ✇❡r❡ ❛❧s♦ ❡✈❛❧✉❛t❡❞ ✐♥ ❙❡❝t✐♦♥ ■❱❉✺✳ ❚❤❡ ❜❛❝❦❣r♦✉♥❞ s✐❣♥❛❧ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ♠❛✐♥❧② ❞✉❡ t♦ ❝♦✉❝❤ s❝❛tt❡r✹✹✺

❡♥t❡r✐♥❣ t❤❡ ♦♣t✐❝s ✭✜❜❡r✴❧❡♥s❡s✮ ❛♥❞ ❣❡♥❡r❛t✐♥❣ ❈❊ ✇✐t❤✐♥ t❤❡ ♦♣t✐❝s t❤❡♠s❡❧✈❡s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❜❛❝❦❣r♦✉♥❞

s✐❣♥❛❧ ✇❛s ✭✶✮ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ♣❤♦t♦♥ s❝❛tt❡r✱ ✭✷✮ str♦♥❣❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❝♦✉❝❤ ♣♦s✐t✐♦♥ ❢♦r t❤❡ s❛♠❡

♥✉♠❡r✐❝❛❧ ❛♣❡rt✉r❡✱ ❛♥❞ ✭✸✮ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♦♣t✐❝s ❢♦r t❤❡ s❛♠❡ ❝♦✉❝❤ ♣♦s✐t✐♦♥ ❛♥❞

♥✉♠❡r✐❝❛❧ ❛♣❡rt✉r❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ❈❊ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ t❤❡ ✇❛t❡r t❛♥❦ ✇❛❧❧ ♥❡❛r t❤❡ ❞❡t❡❝t♦r ✭s❡❡ ❋✐❣✉r❡ ✶✮ ✇❡r❡

♥❡❣❧✐❣✐❜❧❡✱ ✇❤✐❧❡ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ t❤❡ ❢❛r✲✜❡❧❞ ✇❛❧❧ ❝♦♥st✐t✉t❡❞ ✉♣ t♦ ∼ 5% ♦❢ t❤❡ ❧♦❝❛❧ ❜❛❝❦❣r♦✉♥❞✲s✉❜tr❛❝t❡❞ s✐❣♥❛❧✹✺✵

❛♥❞ ✇❡r❡ ❞✉❡ t♦ r❡✢❡❝t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ✇❤✐❧❡ t❤❡ ❜❛❝❦❣r♦✉♥❞ s✐❣♥❛❧ ✭❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ✜❜❡r ❛♥❞ ♦♣t✐❝s✮ ✇✐t❤ t❤✐s s❡t✉♣

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

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

s❤♦✇♥ t♦ ✐♥❝r❡❛s❡ ❜② ✉♣ t♦ ✷✪ ♦❢ t❤❡ ♠❛①✐♠✉♠ ❈❊ r❡❛❞✐♥❣ ♣❡r ✶ ❝♠ ✐♥❝r❡❛s❡ ✐♥ t❤❡ r❛❞✐✉s ♦❢ ❝✉r✈❛t✉r❡ ♦❢ t❤❡ ❝✉r✈❡❞

✭♥♦♥✲♣❧❛♥♦✮ s✐❞❡ ♦❢ t❤❡ ❝♦❧❧✐♠❛t✐♥❣ ❧❡♥s ✭✐✳❡✳✱ t❤❡ ❧❡❢t ❧❡♥s ✐♥ ❋✐❣✉r❡ ✶✮✳✹✺✺

■♥ ♣❧❛❝❡ ♦❢ t❤❡ ✷❉ ✐♠❛❣✐♥❣ s②st❡♠s ✉s❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ t♦ ❞❡t❡❝t ❈❊ ✐♥ ✇❛t❡r✱❬✻✱ ✶✵✱ ✶✶❪ ✇❡ ✉s❡ ❛ ♣❛✐r ♦❢

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

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

s✐♠♣❧❡ ❞❡t❡❝t♦r✱ ✐♥❞✐✈✐❞✉❛❧ ♦♣t✐❝❛❧ ❝♦♠♣♦♥❡♥ts ❝❛♥ ❜❡ r❡❛❞✐❧② ♠♦❞✐✜❡❞ ❛♥❞ r❡❛ss❡♠❜❧❡❞✱ ❛♥❞ ♠♦r❡ ✐♠♣♦rt❛♥t❧② ✐t

❝❛♥ ❜❡ ❡❛s✐❧② ♠♦❞❡❧❡❞ ❛♥❞ ❛❧❧♦✇s ❢♦r ❛ ♠♦r❡ ❞✐r❡❝t ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ▼♦♥t❡ ❈❛r❧♦ ❛♥❞ ❡①♣❡r✐♠❡♥t✳ ❚❤❡r❡ ✐s✹✻✵

♥♦ ✐♠❛❣❡ ❞✐st♦rt✐♦♥✱ ✈✐❣♥❡tt✐♥❣✱❬✻❪ ♦r ✈❛r②✐♥❣ ❛❝❝❡♣t❛♥❝❡ ❛♥❣❧❡s ✇✐t❤ ❞❡♣t❤✳❬✶✵❪ ❲✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ s✉♣❡r✜❝✐❛❧

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

✉s❡ ♦❢ ❛ s♣❡❝tr♦♠❡t❡r ♣r♦✈✐❞❡s s♣❡❝tr❛❧ ♠❡❛s✉r❡♠❡♥ts ✭❙❡❝t✐♦♥ ■❱❉✶✮ ❛♥❞ ✐ts ♣♦s✐t✐♦♥✐♥❣ ♦✉ts✐❞❡ ♦❢ t❤❡ tr❡❛t♠❡♥t

r♦♦♠ ❡❧✐♠✐♥❛t❡s s❝❛tt❡r r❛❞✐❛t✐♦♥ ♥♦✐s❡✳❬✻❪ ❚❤✐s s❡t✉♣ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ t♦ ✷❉ ❜② ✉s❡ ♦❢ ❧❡♥s ❛♥❞ ✜❜❡r ❛rr❛②s ✐♥

❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❛ ♠✉❧t✐✲❝❤❛♥♥❡❧ s♣❡❝tr♦♠❡t❡r✳✹✻✺
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❆ ❧✐♠✐t❛t✐♦♥ ♦❢ ♦✉r ❞❡t❡❝t♦r ❞❡s✐❣♥ ✐s t❤❡ ✉s❡ ♦❢ s♣❤❡r✐❝❛❧ ❧❡♥s❡s✱ ✇❤✐❝❤ ♥❡✈❡rt❤❡❧❡ss ♠❛❞❡ ♣♦ss✐❜❧❡ t❤❡ ❡✈❛❧✉❛t✐♦♥

♦❢ t❤❡ ❡✛❡❝t ♦❢ ♦♣t✐❝❛❧ ❛❜❡rr❛t✐♦♥s ✭❙❡❝t✐♦♥s ■❱❉✹ ❛♥❞ ■❱❉✺✮✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ r❡s♣♦♥s❡ s♣❛♥♥❡❞ t❤❡ ❡♥t✐r❡ ✇❛t❡r

t❛♥❦ ✭❋✐❣✉r❡ ✶✮ ❛♥❞ ♦✉r r❡s✉❧ts ❛r❡ r❡❧❛t✐✈❡✳ ❆s ❞✐s❝✉ss❡❞ t❤r♦✉❣❤♦✉t✱ t❤✐s ✇♦r❦ ❛✐♠s t♦ ♠♦t✐✈❛t❡ ♦♣t✐❝❛❧ ❞❡s✐❣♥ ❛♥❞

❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡t❡r ✇✐t❤ ♥❛rr♦✇ r❡s♣♦♥s❡ ♦♥ ❜❡❛♠ ❛①✐s✱ ✇❤✐❝❤ r❡q✉✐r❡s ❢✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥

❛♥❞ ♠❛② ♣♦t❡♥t✐❛❧❧② ✐♥✈♦❧✈❡ ♦♣t✐❝❛❧ s❡❝t✐♦♥✐♥❣ t❡❝❤♥✐q✉❡s❬✺❪ ♦r 4π ❞❡t❡❝t✐♦♥ ✈✐❛✱ ❡✳❣✳✱ t♦♠♦❣r❛♣❤✐❝ r❡❝♦♥str✉❝t✐♦♥✹✼✵

❝♦♠❜✐♥✐♥❣ ♣r♦❥❡❝t✐♦♥s ❢r♦♠ ♥♦♥✲♣❛r❛❧❧❡❧ s❡ts ♦❢ ♣❧❛♥❡s✳ ❈❊ ❞❡t❡❝t♦r ♦♣t✐❝❛❧ ❞❡s✐❣♥✱ ❛❜s♦❧✉t❡ ✐rr❛❞✐❛♥❝❡ ❝❛❧✐❜r❛t✐♦♥✱ ❛♥❞

❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✇✐❧❧ ❛❧❧♦✇ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❞❡t❡❝t♦r✲r❡❧❛t❡❞ ✉♥❝❡rt❛✐♥t✐❡s s♣❡❝✐✜❝ t♦ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ❛♥❞ ❝♦♠♣❛r✐s♦♥

✇✐t❤ ❝✉rr❡♥t ♣r❛❝t✐❝❡ ✐♥ r❡❢❡r❡♥❝❡ ❛♥❞ r❡❧❛t✐✈❡ ❞♦s✐♠❡tr②✳ ❈❊ ♠❛② ❜❡ ❡s♣❡❝✐❛❧❧② ♣r♦♠✐s✐♥❣ ❢♦r s♠❛❧❧✲✜❡❧❞ ❞♦s✐♠❡tr②❬✸✸❪

❞✉❡ t♦ t❤❡ s♠❛❧❧ r❡s♦❧✉t✐♦♥s ❛❝❤✐❡✈❛❜❧❡ ✈✐❛✱ ❡✳❣✳✱ ♦♣t✐❝❛❧ s❡❝t✐♦♥✐♥❣ t❡❝❤♥✐q✉❡s✳❬✺❪

❆ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡ ❢♦r♠❛❧✐s♠ ♦✉t❧✐♥❡❞ ✐♥ ❙❡❝t✐♦♥ ■■ ✐s t❤❡ ❜❡❛♠ q✉❛❧✐t② ❛♥❞ ❞❡♣t❤ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❈❊✲t♦✲❞♦s❡✹✼✺

❝♦♥✈❡rs✐♦♥✳ ❲❡ t❛❦❡ ❛♥ ✐♥✲❞❡♣t❤ ❧♦♦❦ ❛t t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✉♥❝❡rt❛✐♥t② ❝♦♥tr✐❜✉t✐♦♥s t♦ ❈❊✲❜❛s❡❞ ❡❧❡❝tr♦♥ ❜❡❛♠

❞♦s✐♠❡tr② ✐♥ P❛♣❡r ■■✳❬✶✷❪ ❋♦r ♣❤♦t♦♥ ❜❡❛♠s✱ ✇❡❛❦❡r ♦✈❡r❛❧❧ ❞❡♣❡♥❞❡♥❝✐❡s ❛r❡ ❡①♣❡❝t❡❞ ❛s ❞✐s❝✉ss❡❞ t❤r♦✉❣❤♦✉t t❤✐s

✇♦r❦ ❛♥❞ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳❬✼✱ ✶✵✱ ✶✶❪ ❚❤❡s❡ ❧✐♠✐t❛t✐♦♥s ♣❛✈❡ ✐♠♣♦rt❛♥t ✈❡♥✉❡s t♦ ❜❡ ❡①♣❧♦r❡❞ ✐♥ t❤❡ ❢✉t✉r❡

❡✛♦rts t♦✇❛r❞s ❢✉❧❧ ❝❧✐♥✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr②✳

❱■✳ ❈❖◆❈▲❯❙■❖◆❙✹✽✵

❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ♦❢ ❜♦t❤ ❧❛r❣❡ ❛♥❞ s♠❛❧❧✲✜❡❧❞ ❡①t❡r♥❛❧ r❛❞✐♦t❤❡r❛♣② ❜❡❛♠s ❤❛s r❡❝❡✐✈❡❞ ♠✉❝❤ ❛tt❡♥t✐♦♥ ♦✈❡r t❤❡

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

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

♦r❞❡r ♦❢ ♠✐❝r♦♠❡t❡rs✳ ■♥ t❤✐s st✉❞②✱ ✇❡ ❝♦♥s✐❞❡r ❛ ❜r♦❛❞✲❜❡❛♠ ❝❡♥tr❛❧✲❛①✐s ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢♦r♠❛❧✐s♠✱ ♠♦❞✐❢②

t❤❡ ❙P❘❘❩♥r❝ ▼♦♥t❡ ❈❛r❧♦ ❝♦❞❡ ❢♦r ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❝♦♥✈❡rs✐♦♥✱ ❛♥❞ ❝❛rr② ♦✉t r❡❧❛t✐✈❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✐❞❛t✐♦♥ ♦❢✹✽✺

t❤❡ ❝♦❞❡ ✇✐t❤ ❛ s✐♠♣❧❡ ❞❡t❡❝t♦r ✐♥ ❡❧❡❝tr♦♥ ❜❡❛♠s✳ P❤♦t♦♥ ❜❡❛♠s ❛r❡ ❡①♣❡❝t❡❞ t♦ ❜❡ ❧❡ss s❡♥s✐t✐✈❡ t♦ ❡①♣❡r✐♠❡♥t❛❧

✉♥❝❡rt❛✐♥t✐❡s ❛♥❞ t❤✐s ✐s ❝♦♥✜r♠❡❞ ❜② ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ❧✐t❡r❛t✉r❡✳ ❊❧❡❝tr♦♥ ❜❡❛♠ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr✐❝ ✉♥❝❡r✲

t❛✐♥t✐❡s r❡❧❛t❡❞ t♦ t❤❡ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❛r❡ ❛❞❞r❡ss❡❞ ✐♥ ❣r❡❛t❡r ❞❡t❛✐❧ ✐♥ ❛ ❝♦♠♣❛♥✐♦♥ st✉❞②✳ ❚❤❡ ❛✐♠ ♦❢ t❤❡

❝✉rr❡♥t st✉❞② ✐s t♦ ♠♦t✐✈❛t❡ ❞❡t❡❝t♦r ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡t❡r ❛♥❞ ♣❤❛♥t♦♠ s②st❡♠✱

✇❤✐❝❤ ✐s ❡♥✈✐s✐♦♥❡❞ t♦ ❡♠♣❧♦② ♦♣t✐❝❛❧ s❡❝t✐♦♥✐♥❣ ♦r t♦♠♦❣r❛♣❤✐❝ t❡❝❤♥✐q✉❡s ❛♥❞ ✇✐❧❧ ♠❛❦❡ ♣♦ss✐❜❧❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡✹✾✵

❞❡t❡❝t♦r✲r❡❧❛t❡❞ ✉♥❝❡rt❛✐♥t✐❡s s♣❡❝✐✜❝ t♦ ❈❊✲❜❛s❡❞ ❞♦s✐♠❡tr② ✐♥ r❡❧❛t✐♦♥ t♦ s♣❡❝✐✜❝ ❛♣♣❧✐❝❛t✐♦♥s ✐♥ ❝✉rr❡♥t ♣r❛❝t✐❝❡✳

❈❊ ♠❛② ❝❛rr② ♣r♦♠✐s❡ ❛s ❛ s♠❛❧❧✲✜❡❧❞ t❡❝❤♥✐q✉❡ ❞✉❡ t♦ t❤❡ s♠❛❧❧ r❡s♦❧✉t✐♦♥s ❛❝❤✐❡✈❛❜❧❡ ✐♥ ♦♣t✐❝❛❧ ✐♠❛❣✐♥❣✳

❆❈❑◆❖❲▲❊❉●▼❊◆❚❙

❚❤❡ ❛✉t❤♦rs ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❏♦❡ ▲❛r❦✐♥ ♦❢ t❤❡ ▼❝●✐❧❧ ❯♥✐✈❡rs✐t② ❍❡❛❧t❤ ❈❡♥tr❡ ❢♦r ❤❡❧♣ ✇✐t❤ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢

t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣✱ ❋r❛♥❝♦✐s ❚❤❡rr✐❛✉❧t✲Pr♦✉❧① ♦❢ ❈❡♥tr❡ ❍♦s♣✐t❛❧✐❡r ❯♥✐✈❡rs✐t❛✐r❡ ❞❡ ▼♦♥tré❛❧ ❢♦r ✈❛❧✉❛❜❧❡ ❞✐s❝✉s✲✹✾✺

s✐♦♥s ♦♥ ♦♣t✐❝❛❧ ✐♥str✉♠❡♥t❛t✐♦♥✱ ❛♥❞ ▼❛r❝✲❆♥❞ré ❘❡♥❛✉❞ ❢♦r ❤❡❧♣ ✇✐t❤ s❡tt✐♥❣ ✉♣ t❤❡ s✐♠✉❧❛t✐♦♥s✳ ❨❩ ❛❝❦♥♦✇❧❡❞❣❡s

♣❛rt✐❛❧ s✉♣♣♦rt ❜② t❤❡ ❈❘❊❆❚❊ ▼❡❞✐❝❛❧ P❤②s✐❝s ❘❡s❡❛r❝❤ ❚r❛✐♥✐♥❣ ◆❡t✇♦r❦ ❣r❛♥t ♦❢ t❤❡ ◆❛t✉r❛❧ ❙❝✐❡♥❝❡s ❛♥❞ ❊♥✲

❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❈♦✉♥❝✐❧ ✭◆❙❊❘❈✮ ✭★✹✸✷✷✾✵✮✱ ❈❘❊❆❚❊ ✲ ■♥t❡❣r❛t❡❞ ❙❡♥s♦r ❙②st❡♠s ❣r❛♥t ♦❢ ◆❙❊❘❈ ✭★✸✼✶✸✵✺✮✱

❛♥❞ ❇♦✉rs❡s ❞❡ ❞♦❝t♦r❛t ❡♥ r❡❝❤❡r❝❤❡ ✭❇✷✮ ❞✉ ❋♦♥❞s ❞❡ r❡❝❤❡r❝❤❡ ❞✉ ◗✉é❜❡❝ ✲ ◆❛t✉r❡ ❡t t❡❝❤♥♦❧♦❣✐❡s ✭❋❘◗◆❚✮
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❋■●✳ ✸✳ ❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥ ✭❈❊✮ ♣♦✇❡r ✭❊q✉❛t✐♦♥ ✶❝ ✇✐t❤ n = 1.34✮ ❛♥❞ ✉♥r❡str✐❝t❡❞ ❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣ ♣♦✇❡r ✭r✐❣❤t ②✲❛①✐s✱

❞❛s❤❡❞ ❧✐♥❡✮ ❛s ❢✉♥❝t✐♦♥s ♦❢ ❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐♥ t❤❡ r❛♥❣❡ ✵✳✶✲✶✵ ▼❡❱ ✐♥ ✇❛t❡r✳❬✷✱ ✶✹✱ ✶✼❪

❋■●✳ ✹✳ ✭❜✮ ❙❛♠♣❧❡ ❣❡♦♠❡tr② ❢♦r s❝♦r✐♥❣ t❤❡ ❢r❛❝t✐♦♥✱ 2ψ/2π✱ ♦❢ ❈❊ ♣❤♦t♦♥s ❣❡♥❡r❛t❡❞ ❜② ❛♥ ❡❧❡❝tr♦♥ ♦❢ ♠♦♠❡♥t✉♠ ✉♥✐t ✈❡❝t♦r

p̂e ✭❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❈❊ ❝♦♥❡ ❛♥❣❧❡ θCE✮ t❤❛t ❢❛❧❧ ✇✐t❤✐♥ t❤❡ ❞❡t❡❝t✐♦♥ ❛♥❣❧❡ r❛♥❣❡ ♦❢ θ ± δθ✳ ◆♦t❡ t❤❛t t❤❡ ❛①❡s ❛r❡ r♦t❛t❡❞

180
◦ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ①✲❛①✐s ✐♥ ❋✐❣✉r❡ ✷ t♦ ❢❛❝✐❧✐t❛t❡ ✈✐s✉❛❧✐③❛t✐♦♥✳

❋■●✳ ✺✳ ■♠❛❣❡ ♦❢ t❤❡ ❧✐❣❤t ❝✐r❝❧❡ ❢♦r♠❡❞ ✐♥ t❤❡ ❢❛r ✜❡❧❞ ❛t t❤❡ ✇❛t❡r t❛♥❦ s✉r❢❛❝❡ ❜② ❛♥ ▲❊❉ s♦✉r❝❡ ✐❧❧✉♠✐♥❛t✐♥❣ t❤❡ ❞❡t❡❝t♦r

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

❋■●✳ ✻✳ ❘❡❧❛t✐✈❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡♦r❡t✐❝❛❧ ❛♥❞ ▼♦♥t❡ ❈❛r❧♦✲❝❛❧❝✉❧❛t❡❞ ❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥ ✭❈❊✮ ♣❤♦t♦♥ s♣❡❝tr❛❧ ❞❡♥s✐t②

❣❡♥❡r❛t❡❞ ❛t t❤❡ t❤❡♦r❡t✐❝❛❧❧② ❝❛❧❝✉❧❛t❡❞ ❈❊ ❛♥❣❧❡❬✸✱ ✶✹❪ ±0.01
◦ ✐♥ ❛ t❤✐♥ ✇❛t❡r s❧❛❜ ✐♥ t❡r♠s ♦❢ ✐♥❝✐❞❡♥t ❡❧❡❝tr♦♥ ❡♥❡r❣②✳
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❋■●✳ ✼✳ ❙✐♠✉❧❛t❡❞ ✭❛✮ ♣❡r❝❡♥t✲❞❡♣t❤ ❞♦s❡✱ P❉❉✱ ♣❡r❝❡♥t✲❞❡♣t❤ ❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥✱ P❉❈θ±δθ✱ ❛♥❞ ✭❜✮ ♥♦r♠❛❧✐③❡❞ ❈❤❡r❡♥❦♦✈✲

t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs✱ kθ±δθ

C
✱ ✐♥ ✇❛t❡r✱ ❛t ♣♦❧❛r ❛♥❣❧❡s θ± δθ ♦❢ 90

◦
± 90

◦ ✭4π✮✱ 90
◦
± 5

◦✱ ❛♥❞ 42
◦
± 5

◦ r❡❧❛t✐✈❡ t♦ t❤❡ ❜❡❛♠✱

❢♦r ❛ ❚r✉❡❇❡❛♠ ✻ ▼❡❱ ❡❧❡❝tr♦♥ ❜❡❛♠✳

❋■●✳ ✽✳ ❙❛♠❡ ❛s ❋✐❣✉r❡ ✼ ❜✉t ❢♦r ❚r✉❡❇❡❛♠ ✷✷ ▼❡❱ ❡❧❡❝tr♦♥s✳

❋■●✳ ✾✳ ✭❛✮ ❙✐♠✉❧❛t❡❞ ✭❙✐♠✮ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ✭❊①♣✮ ♣❡r❝❡♥t✲❞❡♣t❤ ❞♦s❡✱ P❉❉✱ ♣❡r❝❡♥t✲❞❡♣t❤ ❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥✱ P❉❈✱ ❛t 90
◦

t♦ t❤❡ ❜❡❛♠ ✇✐t❤ ±2
◦ ❛♥❣✉❧❛r ❛♣❡rt✉r❡✱ ❛♥❞ ✭❜✮ ❝♦rr❡s♣♦♥❞✐♥❣ P❉❉✲t♦✲P❉❈ r❛t✐♦s✱ r❡♣r❡s❡♥t✐♥❣ ♥♦r♠❛❧✐③❡❞ ❈❤❡r❡♥❦♦✈✲t♦✲❞♦s❡

❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs✱ kC✱ ❛♥❞ t❤❡✐r ❧♦❝❛❧❧②✲♥♦r♠❛❧✐③❡❞ ✪ ❞✐✛❡r❡♥❝❡✱ ✐♥ ✇❛t❡r ❢♦r ❛ ❚r✉❡❇❡❛♠ ✻ ▼❡❱ ❡❧❡❝tr♦♥ ❜❡❛♠✱ ✉s✐♥❣ t❤❡ s❡t✉♣

♦❢ ❋✐❣✉r❡ ✶✳ ❚❤❡ ❡rr♦r ❜❛rs ❞❡✜♥❡ ❛♥ ✐♥t❡r✈❛❧ ❡st✐♠❛t❡❞ t♦ ❤❛✈❡ ✾✺✪ ❧❡✈❡❧ ♦❢ ❝♦♥✜❞❡♥❝❡✱ ❜❛s❡❞ ♦♥ t❤❡ t✲❞✐str✐❜✉t✐♦♥ ❢♦r ✹ ❞❡❣r❡❡s

♦❢ ❢r❡❡❞♦♠ ✭✺ ❛❝q✉✐s✐t✐♦♥s✮ ❛♥❞ ❝❛❧❝✉❧❛t❡❞ s♦❧❡❧② ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❜❛❝❦❣r♦✉♥❞✲s✉❜tr❛❝t❡❞

♦♣t✐❝❛❧ r❡❛❞✐♥❣ ❛t ❡❛❝❤ ❞❡♣t❤✳

❋■●✳ ✶✵✳ ❙❛♠❡ ❛s ❋✐❣✉r❡ ✾ ❜✉t ❢♦r ❚r✉❡❇❡❛♠ ✷✵ ▼❡❱ ❡❧❡❝tr♦♥s✳

❋■●✳ ✶✶✳ ❙✐♠✉❧❛t❡❞ ❈❊ ❛♥❞ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❛t 90
◦ t♦ t❤❡ ❜❡❛♠ ♦❢ ❚r✉❡❇❡❛♠ ✻ ❛♥❞ ✷✵ ▼❡❱ ❡❧❡❝tr♦♥ ❜❡❛♠s ❛t ✈❛r✐♦✉s ❞❡♣t❤s

✐♥ ✇❛t❡r✳ ❚❤❡ ❋r❛♥❦✲❚❛♠♠ ❡q✉❛t✐♦♥ ❢♦r r❡❧❛t✐✈✐st✐❝ ❡❧❡❝tr♦♥s ✭β = 1✮ ✐s ❛❧s♦ s❤♦✇♥ ❢♦r r❡❢❡r❡♥❝❡✳❬✷✱ ✸❪

✭❛✮

✭❜✮

✭❝✮

❋■●✳ ✶✷✳ ✭❛✮ ❙✐♠✉❧❛t❡❞ ❜r♦❛❞✲❜❡❛♠ ❝❡♥tr❛❧✲❛①✐s ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s ♦❢ ❚r✉❡❇❡❛♠ ✻ ❛♥❞ ✷✵ ▼❡❱ ❡❧❡❝tr♦♥ ❜❡❛♠s ❛t ♥❂✶✳✸✹

✐♥ ✇❛t❡r❬✷✱ ✸✱ ✶✹❪ ❛t ✈❛r✐♦✉s ❞❡♣t❤s✳ ◆♦r♠❛❧✐③❛t✐♦♥ ❝♦♥st❛♥ts ❛r❡ s❤♦✇♥ ✐♥ t❡r♠s ♦❢ ❈❊ ♣❤♦t♦♥s ♣❡r ✉♥✐t ❈❊ ❡♥❡r❣② ❜❛♥❞✇✐❞t❤✱

s♦❧✐❞ ❛♥❣❧❡✱ ♠❛ss✱ ❛♥❞ ✐♥❝✐❞❡♥t ✢✉❡♥❝❡✳ ✭❜✮ ❚❤❡ ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s ♦❢ ✭❛✮ ♣❡r ✉♥✐t ♣♦❧❛r ❛♥❣❧❡ ✐♥st❡❛❞ ♦❢ s♦❧✐❞ ❛♥❣❧❡ ✭✐✳❡✳✱

❛③✐♠✉t❤❛❧❧② ✐♥t❡❣r❛t❡❞✮✳ ✭❝✮ ❚❤❡ ❈❊ ❛♥❣✉❧❛r ❞✐str✐❜✉t✐♦♥s ♦❢ ✭❜✮✱ ❜✉t ✐♥t❡❣r❛t❡❞ ♦✈❡r ✶✵✵✲❝♠ ✇❛t❡r r❛❞✐✉s✳

❋■●✳ ✶✸✳ ❙✐♠✉❧❛t❡❞ ✭❛✮ ♣❡r❝❡♥t✲❞❡♣t❤ ❞♦s❡✱ P❉❉✱ ♣❡r❝❡♥t✲❞❡♣t❤ ❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥ ✭❈❊✮✱ P❉❈θ±δθ✱ ❛t ♣♦❧❛r ❛♥❣❧❡s θ± δθ ♦❢

90
◦
± 90

◦ ✭4π✮✱ 90
◦
± 9

◦✱ ❛♥❞ 90
◦
± 1

◦ r❡❧❛t✐✈❡ t♦ t❤❡ ❜❡❛♠✱ ❛♥❞ ✭❜✮ ❝♦rr❡s♣♦♥❞✐♥❣ ♥♦r♠❛❧✐③❡❞ ❈❊✲t♦✲❞♦s❡ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs✱

kθ±δθ

C
✱ ❛♥❞ ❧♦❝❛❧❧②✲♥♦r♠❛❧✐③❡❞ ✪ ❞✐✛❡r❡♥❝❡ ♦♥ ❛❜s♦❧✉t❡ ❈❊ ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ δθ ✈❛r✐❛t✐♦♥s ♦❢ ±0.1◦ ❛❜♦✉t 5

◦✱ ✐♥ ✇❛t❡r

❢♦r ❛ ❚r✉❡❇❡❛♠ ✶✷ ▼❡❱ ❡❧❡❝tr♦♥ ❜❡❛♠✳

❋■●✳ ✶✹✳ ❊①♣❡r✐♠❡♥t❛❧ ❡q✉✐✈❛❧❡♥t ♦❢ ❋✐❣✉r❡ ✶✸ ❜✉t ❢♦r ♦♣t✐❝❛❧ ❛♥❣✉❧❛r ❛♣❡rt✉r❡ ✭❆❆✮ ♦❢ 2
◦ ❛♥❞ 1

◦ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ ❧♦❝❛❧❧②✲

♥♦r♠❛❧✐③❡❞ ✪ ❞✐✛❡r❡♥❝❡ ♦♥ t❤❡ ❛❜s♦❧✉t❡ ❜❛❝❦❣r♦✉♥❞✲s✉❜tr❛❝t❡❞ ❛♥❞ ♠❛ss✲♥♦r♠❛❧✐③❡❞ ♦♣t✐❝❛❧ r❡❛❞✐♥❣s ✭❝♦✉♥ts✴s ♣❡r r❛② ♦♣t✐❝s✲

❛♣♣r♦①✐♠❛t❡❞ s❡♥s✐t✐✈❡ ✈♦❧✉♠❡ ♠❛ss✮✳ ❚❤❡ ❡rr♦r ❜❛rs ❛r❡ ❝♦♠♣✉t❡❞ ❛s ✐♥ ❋✐❣✉r❡ ✾✳

❋■●✳ ✶✺✳ ✭❛✮ ❊①♣❡r✐♠❡♥t❛❧ ❈❤❡r❡♥❦♦✈ ❡♠✐ss✐♦♥ ✭❈❊✮ r❡❛❞✐♥❣ ❛t 90
◦ t♦ t❤❡ ❜❡❛♠ ❢r♦♠ r❡♣❡❛t ♠❡❛s✉r❡♠❡♥ts ❛t 2

◦ ❛♥❞ 0
◦ ❛♥❣✉❧❛r

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

❜♦t❤ 2
◦ ❛♥❞ 0

◦✮✳ ❚❤❡ r❡♣r♦❞✉❝❡❞ 0
◦ ❝✉r✈❡ ✭r❡♣r✱ 90

◦
± 0

◦✮ ✐s ✈♦❧✉♠❡✲r❛t✐♦ ♥♦r♠❛❧✐③❡❞ t♦ ❛❝❝♦✉♥t ❢♦r ❛♣❡rt✉r❡ ❞✐✛❡r❡♥❝❡s

❜❡t✇❡❡♥ t❤❡ t✇♦ ❡①♣❡r✐♠❡♥ts✳ ✭❜✮ ❈♦rr❡s♣♦♥❞✐♥❣ ❛✈❡r❛❣❡❞ ♣❡r❝❡♥t✲❞❡♣t❤ ❈❊✱ P❉❈✱ ❛t 90
◦ t♦ t❤❡ ❜❡❛♠ ✭❡rr♦r ❜❛rs ❛r❡ ♥♦t

❝♦♠♣✉t❡❞ ❛s t❤❡② ❤❛✈❡ ♥♦ r❡❧❡✈❛♥❝❡ t♦ t❤❡ ❞✐s❝✉ss✐♦♥✮ ❛♥❞ r♦❜✉st♥❡ss✱ r❡♣r❡s❡♥t❡❞ ❛s r❡❧❛t✐✈❡ st❛♥❞❛r❞ ✉♥❝❡rt❛✐♥t② ✭k = 1✮✳

❚❤❡s❡ r❡s✉❧ts ❛r❡ ❢♦r ❈❊ ♠❡❛s✉r❡♠❡♥ts ✐♥ ✇❛t❡r ❢r♦♠ ❛ ❚r✉❡❇❡❛♠ ✶✷ ▼❡❱ ❡❧❡❝tr♦♥ ❜❡❛♠✱ ✉s✐♥❣ t❤❡ s❡t✉♣ ♦❢ ❋✐❣✉r❡ ✶✳ ❚❤❡

❡rr♦r ❜❛rs ❛r❡ ❝♦♠♣✉t❡❞ ❛s ✐♥ ❋✐❣✉r❡ ✾✳
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