
❉✐ss❡rt❛t✐♦♥

s✉❜♠✐tt❡❞ t♦ t❤❡
❈♦♠❜✐♥❡❞ ❋❛❝✉❧t✐❡s ❢♦r t❤❡ ◆❛t✉r❛❧ ❙❝✐❡♥❝❡s ❛♥❞ ❢♦r ▼❛t❤❡♠❛t✐❝s

♦❢ t❤❡
❘✉♣❡rt♦✲❈❛r♦❧❛ ❯♥✐✈❡rs✐t② ♦❢ ❍❡✐❞❡❧❜❡r❣✱ ●❡r♠❛♥②

❢♦r t❤❡ ❞❡❣r❡❡ ♦❢
❉♦❝t♦r ♦❢ ◆❛t✉r❛❧ ❙❝✐❡♥❝❡s

Pr❡s❡♥t❡❞ ❜②
❉✐♣❧✳✲P❤②s✳ ●✐❧❜❡rt ▼❛✉r✐❝❡ ●ütt❧❡r

❜♦r♥ ✐♥ ❇❛❞ ❋r✐❡❞r✐❝❤s❤❛❧❧✱ ●❡r♠❛♥②

❉❛t❡ ♦❢ ♦r❛❧ ❡①❛♠✐♥❛t✐♦♥✿ ◆♦✈❡♠❜❡r ✶✹✱ ✷✵✶✼





❆❝❤✐❡✈✐♥❣ ❛ ❍✐❣❤❡r ■♥t❡❣r❛t✐♦♥ ▲❡✈❡❧

♦❢ ◆❡✉r♦♠♦r♣❤✐❝ ❍❛r❞✇❛r❡

✉s✐♥❣ ❲❛❢❡r ❊♠❜❡❞❞✐♥❣

❘❡❢❡r❡❡s✿ Pr♦❢✳ ❉r✳ ❑❛r❧❤❡✐♥③ ▼❡✐❡r
Pr♦❢✳ ❉r✳✲■♥❣✳ ❯❧r✐❝❤ ❇rü♥✐♥❣





❆❜str❛❝t

❚❤✐s t❤❡s✐s ✐♥✈❡st✐❣❛t❡s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ ❝❤✐♣ ♣❛❝❦❛❣✐♥❣ t❡❝❤♥♦❧♦❣② ♦♥ ❛ s✐❧✐✲
❝♦♥ ✇❛❢❡r ❢♦r ❛ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ s②st❡♠✳ ❚❤❡ ♣r♦❝❡❞✉r❡ ❡♠❜❡❞s ❛ ❝♦♠♣❧❡t❡
s✐❧✐❝♦♥ ✇❛❢❡r ✐♥t♦ ❛ ♣r✐♥t❡❞ ❝✐r❝✉✐t ❜♦❛r❞ ✭P❈❇✮✳ ❚❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡ ✇❛s ❞❡✲
✈❡❧♦♣❡❞ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❋r❛✉♥❤♦❢❡r ■♥st✐t✉t❡ ❢♦r ❘❡❧✐❛❜✐❧✐t② ❛♥❞ ▼✐❝r♦✐♥t❡❣r❛t✐♦♥
✐♥ ❇❡r❧✐♥✳ ❆t ✜rst ❜❛r❡ s✐❧✐❝♦♥ ❞✐s❦s ✇❡r❡ ❡♠❜❡❞❞❡❞ ✐♥t♦ P❈❇s t♦ ✜♥❞ t❤❡ ❝♦rr❡❝t
♠❛t❡r✐❛❧ s❡❧❡❝t✐♦♥ ❛♥❞ t❤❡ s✉✐t❛❜❧❡ st❛❝❦ ✉♣✳ ❋✐♥❛❧❧②✱ t❤❡ ❍■❈❆◆◆ ✇❛❢❡rs ♦❢ t❤❡
❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✱ ✇❤✐❝❤ ❛r❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠✱ ✇❡r❡ ❡♠✲
❜❡❞❞❡❞ ✐♥t♦ P❈❇s✳ ❋♦r t❤❛t r❡❛s♦♥ 20 cm ✇❛❢❡rs ❛r❡ t❤✐♥♥❡❞ ❞♦✇♥ t♦ 250 ➭m ❛♥❞ t❤❡
r❡❞✐str✐❜✉t✐♦♥ ❧❛②❡r ✭❘❉▲✮ ♣❛❞s ❣❡t ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♣♣❡r ❧❛②❡r✳ ❚❤❡ ❉❡❡♣ ❊✈♦❧✉t✐♦◆
✐♥ ❙②st❡♠ ❊♠❜❡❞❞✐♥❣ ✭❉❊◆❙❊✮ ❜♦❛r❞ ❤❛s t✇♦ ❝♦♣♣❡r ❧❛②❡rs ❛♥❞ ✉s❡s ♠✐❝r♦✈✐❛s ❢♦r
t❤❡ ❝♦♥♥❡❝t✐♦♥s t♦ t❤❡ ✇❛❢❡r✳ ❊①✐st✐♥❣ s♦❢t✇❛r❡ ♦❢ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ✐s ✉s❡❞ t♦
t❡st ❛♥❞ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡ t❡sts ❝♦✈❡r t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ t♦ t❤❡
✇❛❢❡r ❛♥❞ t❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ♦❢ t❤❡ ❛♥❛❧♦❣ ♣❛r❛♠❡t❡r st♦r❛❣❡ ❛♥❞ t❤❡ ♥❡✉r♦♥ ❝✐r❝✉✐ts✳
■t ✐s s❤♦✇♥ t❤❛t t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❤❛s ♥♦ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❝✐r❝✉✐ts ❛♥❞ ♦♥ t❤❡
❘❉▲s ♦❢ t❤❡ ✇❛❢❡r✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❧♦♥❣✲t❡r♠ r❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ ❜♦❛r❞ ✇❛s t❡st❡❞ ✐♥
❛ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t ❜② ❝♦♥❞✉❝t✐♥❣ ❛♥ ❛❝❝❡❧❡r❛t❡❞ ❡♥✈✐r♦♥♠❡♥t❛❧ str❡ss t❡st✳ ◆♦ ❢❛✐❧✉r❡s
✇❡r❡ ♦❜s❡r✈❛❜❧❡ ♦♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳

❩✉s❛♠♠❡♥❢❛ss✉♥❣

❉✐❡s❡ ❆r❜❡✐t ✉♥t❡rs✉❝❤t ❞✐❡ ❆♥✇❡♥❞✉♥❣ ❡✐♥❡r ❈❤✐♣✲❱❡r♣❛❝❦✉♥❣st❡❝❤♥✐❦ ❛✉❢ ❡✐♥❡♥
❙✐❧✐③✉♠✇❛❢❡r ❢ür ❡✐♥ ♥❡✉r♦♠♦r♣❤❡s ❍❛r❞✇❛r❡✲❙②st❡♠✳ ❉❛s ❱❡r❢❛❤r❡♥ ❜❡tt❡t ❡✐♥❡♥
❦♦♠♣❧❡tt❡♥ ❙✐❧✐③✐✉♠✇❛❢❡r ✐♥ ❡✐♥❡ ▲❡✐t❡r♣❧❛tt❡ ❡✐♥✳ ❉❛s ❊✐♥❜❡tt✈❡r❢❛❤r❡♥ ✇✉r❞❡ ③✉✲
s❛♠♠❡♥ ♠✐t ❞❡♠ ❋r❛✉♥❤♦❢❡r ■♥s✐t✉t ❢ür ❩✉✈❡r❧äss✐❣❦❡✐t ✉♥❞ ▼✐❦r♦✐♥t❡❣r❛t✐♦♥ ✐♥ ❇❡r✲
❧✐♥ ❡♥t✇✐❝❦❡❧t✳ ❩✉❡rst ✇✉r❞❡♥ ❜❧❛♥❦❡ ❙✐❧✐③✉♠s❝❤❡✐❜❡♥ ✐♥ ▲❡✐t❡r♣❧❛tt❡♥ ❡✐♥❣❡❜❡tt❡t✱ ✉♠
❞✐❡ ❦♦rr❡❦t❡ ▼❛t❡r✐❛❧❛✉s✇❛❤❧ ✉♥❞ ❞❡♥ ♣❛ss❡♥❞❡♥ ▲❛❣❡♥❛✉❢❜❛✉ ③✉ ✜♥❞❡♥✳ ❙❝❤❧✐❡ÿ❧✐❝❤
✇✉r❞❡♥ ❍■❈❆◆◆ ❲❛❢❡r ❞❡r ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r✉♣♣❡ ✐♥ ❡✐♥❡ ▲❡✐t❡r♣❧❛tt❡ ❡✐♥❣❡✲
❜❡tt❡t✱ ❞✐❡s❡ ✇❡r❞❡♥ ❛✉❝❤ ✐♠ ❇r❛✐♥❙❝❛❧❡s ❙②st❡♠ ❜❡♥✉t③t✳ ❉❛❢ür ✇❡r❞❡♥ ❞✐❡ 20 cm
❲❛❢❡r ❛✉❢ 250 ➭m ❣❡❞ü♥♥t ✉♥❞ ❞✐❡ P❛❞s ❞❡r ❯♠✈❡r❞r❛❤t✉♥❣s❧❛❣❡ ❡r❤❛❧t❡♥ ❡✐♥❡ ③✉✲
sät③❧✐❝❤❡ ❑✉♣❢❡rs❝❤✐❝❤t✳ ❉✐❡ ❉❊◆❙❊ ▲❡✐t❡r♣❧❛tt❡ ❤❛t ③✇❡✐ ❑✉♣❡r❧❛❣❡♥ ✉♥❞ ✈❡r✇❡♥❞❡t
▼✐❝r♦✈✐❛s ❢ür ❞✐❡ ❱❡r❜✐♥❞✉♥❣❡♥ ③✉♠ ❲❛❢❡r✳ ❱♦r❤❛♥❞❡♥❡ ❙♦❢t✇❛r❡ ✈♦♠ ❇r❛✐♥❙❝❛❧❡❙
❙②st❡♠ ✇✐r❞ ③✉♠ ❚❡st❡♥ ✉♥❞ ❈❤❛r❛❦t❡r✐s✐❡r❡♥ ❞❡r ❉❊◆❙❊ ▲❡✐t❡r♣❧❛tt❡ ❡✐♥❣❡s❡t③t✳
❉✐❡ ❚❡sts ❞❡❝❦❡♥ ❞✐❡ ❑♦♠♠✉♥✐❦❛t✐♦♥ ③✉♠ ❲❛❢❡r ✉♥❞ ❞✐❡ ❋✉♥❦t✐♦♥❛❧✐tät ❞❡s ❛♥❛❧♦✲
❣❡♥ P❛r❛♠❡t❡rs♣❡✐❝❤❡rs ✉♥❞ ❞❡r ◆❡✉r♦♥❡♥s❝❤❛❧t✉♥❣❡♥ ❛❜✳ ❊s ✇✐r❞ ❣❡③❡✐❣t✱ ❞❛ss ❞❛s
❊✐♥❜❡tt✈❡r❢❛❤r❡♥ ❦❡✐♥❡♥ ❊✐♥✢✉ss ❛✉❢ ❞✐❡ ❙❝❤❛❧t❦r❡✐s❡ ✉♥❞ ❞✐❡ ❯♠✈❡r❞r❛❤t✉♥❣s❧❛❣❡♥
❞❡s ❲❛❢❡rs ❤❛t✳ ❆✉ÿ❡r❞❡♠ ✇✉r❞❡ ❞✐❡ ❧❛♥❣❢r✐st✐❣❡ ❩✉✈❡r❧äss✐❣❦❡✐t ❞❡r ▲❡✐t❡r♣❧❛tt❡ ♠✐t
❡✐♥❡♠ ❜❡s❝❤❧❡✉♥✐❣t❡♥ ❯♠❣❡❜✉♥❣s❜❡❧❛st✉♥❣st❡st ✐♥ ❡✐♥❡♠ ❑❧✐♠❛s❝❤r❛♥❦ ❣❡♣rü❢t✳ ❊s
✇❛r❡♥ ❦❡✐♥❡ ❆✉s❢ä❧❧❡ ❛✉❢ ❞❡r ❉❊◆❙❊ ▲❡✐t❡r♣❧❛tt❡ ❢❡stst❡❧❧❜❛r✳





❈♦♥t❡♥ts

✶ ■♥tr♦❞✉❝t✐♦♥ ✶

✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠ ✺
✷✳✶ ❈♦♠♣♦♥❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✷✳✶✳✶ ◆❡✉r♦♠♦r♣❤✐❝ ❙✐❧✐❝♦♥ ❲❛❢❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺
✷✳✶✳✷ ❚❤❡ ❋P●❆ ❈♦♠♠✉♥✐❝❛t✐♦♥ P❈❇ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✶✳✸ ▼❛✐♥P❈❇ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✷ ❲❛❢❡r ❈♦♥♥❡❝t✐♦♥ ❚❡❝❤♥✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼
✷✳✷✳✶ ❲❛❢❡r P♦st Pr♦❝❡ss✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✷✳✷✳✷ ❊❧❛st♦♠❡r✐❝ ❈♦♥♥❡❝t♦rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵
✷✳✷✳✸ ❋❘✹ P♦s✐t✐♦♥✐♥❣ ▼❛s❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✷✳✸ ❈♦♥str✉❝t✐♦♥ ♦❢ ❛ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
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❛❧❧♦✇ t❤❡ s✐♠✉❧❛t✐♦♥ ♦r ❡♠✉❧❛t✐♦♥ ♦❢ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s✳ ❋♦r ❛❧❧ s②st❡♠s t❤❡ ✐♥t❡❣r❛✲
t✐♦♥ ❞❡♥s✐t② ♦❢ ♥❡✉r♦♥s ❛♥❞ s②♥❛♣s❡s ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ❛s ✐t ♠❛✐♥❧② ❞❡t❡r♠✐♥❡s
t❤❡ ♠❛①✐♠✉♠ s✐③❡ ♦❢ t❤❡ ✐♠♣❧❡♠❡♥t❡❞ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s✳ ❚❤❡ ♠❛✐♥ ♣r❡♠✐s❡s ♦❢
t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣ ❛t t❤❡ ❍❡✐❞❡❧❜❡r❣ ❯♥✐✈❡rs✐t② ✐s t❤❡ ♣❤②s✐❝❛❧ ♥❡✉r♦♥
♠♦❞❡❧✳ ❊✈❡r② ♥❡✉r♦♥ ✐♥ ❛ ♥❡✉r❛❧ ♥❡t✇♦r❦ ✐s ❡♠✉❧❛t❡❞ ❜② ♦♥❡ ♥❡✉r♦♥ ❝✐r❝✉✐t ♦♥ s✐❧✐✲
❝♦♥✳ ❚❤❡r❡❢♦r❡✱ ❤♦✇ ❝❛♥ t❤❡ ♣♦ss✐❜❧❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ s✐③❡ ❜❡ ✐♥❝r❡❛s❡❞❄
❚❤❡r❡ ❛r❡ t✇♦ ♣♦ss✐❜✐❧✐t✐❡s t♦ ✐♥❝r❡❛s❡ t❤❡ ♥❡t✇♦r❦ s✐③❡✳ ❋✐rst ♦❢ ❛❧❧ ✐♥❝r❡❛s❡ t❤❡ ♥✉♠✲
❜❡r ♦❢ ♥❡✉r♦♥s ❛♥❞ s②♥❛♣s❡s ♣❡r s✐❧✐❝♦♥ ❝❤✐♣ ❜② ✉s✐♥❣ ❛♥ ❛❞✈❛♥❝❡❞ ♣r♦❝❡ss t❡❝❤♥♦❧♦❣②✳
❚❤❡ ♦t❤❡r ♦♣t✐♦♥ ✐s t♦ ❜✉✐❧❞ ♠♦r❡ s②st❡♠s ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t t❤❡♠✳ ❚❤❡ ❊❧❡❝tr♦♥✐❝
❱✐s✐♦♥s ●r♦✉♣ ❢♦❧❧♦✇s ❜♦t❤ ❛♣♣r♦❛❝❤❡s✳
■♥ ✷✵✵✵ t❤❡ ♥❡✉r♦♠♦r♣❤✐❝ ❡♥❣✐♥❡❡r✐♥❣ ❛t t❤❡ ❍❡✐❞❡❧❜❡r❣ ❯♥✐✈❡rs✐t② ✭❍❡✐❞❡❧❜❡r❣

❯♥✐✈❡rs✐t②✮ st❛rt❡❞ ✇✐t❤ t❤❡ ❊✈♦❖♣t ❝❤✐♣ ✇❤✐❝❤ ✇❛s ♣r♦❞✉❝❡❞ ✐♥ ❛ 350 nm ♣r♦❝❡ss
■t ❤❛❞ ✻✹ ♥❡✉r♦♥s ❛♥❞ ✹ ✵✾✻ s②♥❛♣s❡s ❬❙❝❤❡♠♠❡❧ ❡t ❛❧✳✱ ✷✵✵✶❪✳
❚❤❡ ♥❡①t ❝❤✐♣ ✐♥ ✷✵✵✶ t❤❡ ❍❡✐❞❡❧❜❡r❣ ❆♥❛❧♦● ❊✈♦❧✈❛❜❧❡ ♥❡✉r❛❧ ◆❡t✇♦r❦ ✭❍❆●❊◆✮

✇❛s st✐❧❧ ♣r♦❞✉❝❡❞ ✐♥ ❛ 350 nm ♣r♦❝❡ss ❜✉t ✇✐t❤ ✷✺✻ ♥❡✉r♦♥s ❛♥❞ 33 000 synapses
❬❙❝❤❡♠♠❡❧ ❡t ❛❧✳✱ ✷✵✵✷❪✳ ❇♦t❤ ❝❤✐♣s ✐♠♣❧❡♠❡♥t❡❞ t❤❡ ♣❡r❝❡♣tr♦♥ ♥❡✉r♦♥ ♠♦❞❡❧
❬❘♦s❡♥❜❧❛tt ✱ ✶✾✺✽❪✳ P❡r❝❡♣tr♦♥s ❞✐✛❡r str♦♥❣❧② ❢r♦♠ ❜✐♦❧♦❣✐❝❛❧ ♣❧❛✉s✐❜❧❡ ♥❡✉r♦♥s✱
❛s t❤❡ ✐♥❢♦r♠❛t✐♦♥ tr❛♥s❢❡r ✐s ♥♦t ❞♦♥❡ ✇✐t❤ s♣❛t✐♦✲t❡♠♣♦r❛❧ ❡✈❡♥ts ❧✐❦❡ ✐♥ ❜✐♦❧♦❣②
✇✐t❤ ❛❝t✐♦♥✲♣♦t❡♥t✐❛❧s✳
■♥ ✷✵✵✺ t❤❡ s✉❝❝❡ss♦r ❝❤✐♣ ❙♣✐❦❡② ❝❛♠❡ ✇✐t❤ ❛ ❝♦♠♣❧❡t❡❧② ♥❡✇✲❞❡s✐❣♥❡❞ ♥❡✉r♦♥

♠♦❞❡❧✱ ❜❛s❡❞ ♦♥ t❤❡ ▲❡❛❦② ■♥t❡❣r❛t❡✲❛♥❞✲❋✐r❡ ✭▲■❋✮ ♠♦❞❡❧ ✇✐t❤ ❝♦♥❞✉❝t❛♥❝❡✲❜❛s❡❞
s②♥❛♣s❡s ❬❉❡st❡①❤❡✱ ✶✾✾✼❪✳ ■t ✐s ❛ ♠♦r❡ r❡❛❧✐st✐❝ ❝♦♥t✐♥✉♦✉s✲t✐♠❡ ♠♦❞❡❧ t❤❛♥ t❤❡
♣❡r❝❡♣tr♦♥ ♠♦❞❡❧ ❛s t❤❡ ♥❡✉r♦♥s ❛r❡ ♥♦t ✐♥ ❜✐♥❛r② st❛t❡s ❛♥②♠♦r❡✳ ❚❤✐s ✐s ❛❝❤✐❡✈❡❞
❜② ✉s✐♥❣ ❛♥❛❧♦❣ ❡❧❡❝tr♦♥✐❝ ❝♦♠♣♦♥❡♥ts s♦❧✈✐♥❣ t❤❡ ▲■❋ ♥❡✉r♦♥ ♠♦❞❡❧ ❞✐✛❡r❡♥t✐❛❧
❡q✉❛t✐♦♥s✳ ❙✐♠♣❧✐✜❡❞✱ ❛ ❝❛♣❛❝✐t♦r r❡♣r❡s❡♥ts t❤❡ ♥❡✉r♦♥ ♠❡♠❜r❛♥❡ ❛♥❞ ❛❞❞✐t✐♦♥❛❧
❝♦♠♣♦♥❡♥ts ❡♠✉❧❛t❡ ♦t❤❡r ❝❡❧❧ ♠❡❝❤❛♥✐s♠s ❧✐❦❡ ❧❡❛❦❛❣❡✳ ❚❤❡ ❛♥❛❧♦❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥
♦❢ t❤❡ ♥❡✉r♦♥ ✇♦r❦s ✇✐t❤ ❛♥ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ ✶✵ ✵✵✵ ❝♦♠♣❛r❡❞ t♦ ❜✐♦❧♦❣✐❝❛❧ t✐♠❡✳ ❆♥
❡①♣❡r✐♠❡♥t ❡♠✉❧❛t✐♥❣ 1 ②❡❛r t❛❦❡s ❛r♦✉♥❞ 8 h ♦♥ ❙♣✐❦❡②✳

✶



✶ ■♥tr♦❞✉❝t✐♦♥

❚❤❡ s②♥❛♣s❡s ✇❡r❡ ❛❧s♦ ✐♠♣r♦✈❡❞ ✇✐t❤ ❛ ♣❧❛st✐❝✐t② ❢❡❛t✉r❡✱ ❝❛❧❧❡❞ ❙♣✐❦❡✲❚✐♠✐♥❣
❉❡♣❡♥❞❡♥t P❧❛st✐❝✐t② ✭❙❚❉P✮✳ ❙❚❉P ✐♥❝r❡❛s❡s ♦r ❞❡❝r❡❛s❡s t❤❡ s②♥❛♣t✐❝ str❡♥❣t❤
❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s♣✐❦❡ t✐♠❡ ❝♦rr❡❧❛t✐♦♥s ❬❙❝❤❡♠♠❡❧ ❡t ❛❧✳✱ ✷✵✵✻❪✳
❚❤❡ ❙♣✐❦❡② ❝❤✐♣ ✐s ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ❡♥❤❛♥❝❡❞ 180 nm ♣r♦❝❡ss✳ ❚❤❡ ❧❛t❡st ✈❡rs✐♦♥

✺ ❤❛s ✸✽✹ ♥❡✉r♦♥s ❛♥❞ ✾✽ ✸✵✹ s②♥❛♣s❡s ✐♥ t♦t❛❧ ❬P❢❡✐❧ ✱ ✷✵✶✺❪✳ ❋✐rst ❛♣♣r♦❛❝❤❡s t♦
✐♥t❡r❝♦♥♥❡❝t s❡✈❡r❛❧ ♥❡✉r♦♠♦r♣❤✐❝ ❝❤✐♣s ✇❡r❡ ✉♥❞❡rt❛❦❡♥✳ ❚❤❡ ❣♦❛❧ ✇❛s t♦ ❡♠✉❧❛t❡
♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s ✇✐t❤ ❛ ❤✐❣❤❡r ♥❡✉r♦♥ ❝♦✉♥t t❤❛♥ ❛r❡ ❛✈❛✐❧❛❜❧❡ ♦♥ ❛ s✐♥❣❧❡ ❝❤✐♣
❬❋r✐❡❞♠❛♥♥✱ ✷✵✵✾❪✳ ❖♥❡ ❞r❛✇❜❛❝❦ ✇❛s t❤❛t t❤❡ ❜❛♥❞✇✐❞t❤ ❜❡t✇❡❡♥ t❤❡ ❝❤✐♣s ✇❛s
♠❛❣♥✐t✉❞❡s ❧♦✇❡r t❤❛♥ ♦♥✲❝❤✐♣✳
❚❤❡ ♥❡①t ❜✐❣ ❧❡❛♣ ❝❛♠❡ ✇✐t❤ t❤❡ ❍✐❣❤✲■♥♣✉t ❈♦✉♥t ❆♥❛❧♦❣ ◆❡✉r❛❧ ◆❡t✇♦r❦ ❈❤✐♣

✭❍■❈❆◆◆✮ ❝❤✐♣ ❛♥❞ t❤❡ ❲❛❢❡r✲❙❝❛❧❡ ■♥t❡❣r❛t✐♦♥ ✭❲❙■✮ s②st❡♠ ❝♦♥❝❡♣t ✇✐t❤✐♥ t❤❡
❋❛st ❆♥❛❧♦❣ ❈♦♠♣✉t✐♥❣ ✇✐t❤ ❊♠❡r❣❡♥t ❚r❛♥s✐❡♥t ❙t❛t❡s ✭❋❆❈❊❚❙✮ ♣r♦❥❡❝t ❬❍✉s✲
♠❛♥♥ ❛♥❞ ❩♦❣❧❛✉❡r ✱ ✷✵✶✵❪✳ ❚❤❡ ❍■❈❆◆◆ ❝❤✐♣ ❝♦♥t❛✐♥s ✺✶✷ ❆❞❛♣t✐✈❡ ❡①♣♦♥❡♥t✐❛❧
✐♥t❡❣r❛t❡✲❛♥❞✲✜r❡ ▼♦❞❡❧ ✭❆❞❡①✮ ♥❡✉r♦♥s ❛♥❞ ✶✶✷ ✻✹✵ s②♥❛♣s❡s ✐♥ ❛ 180 nm ♣r♦❝❡ss
❬❙❝❤❡♠♠❡❧ ❡t ❛❧✳✱ ✷✵✶✵❛❪✳ ❘❛t❤❡r t❤❛♥ ❝✉tt✐♥❣ t❤❡ s✐♥❣❧❡ ❝❤✐♣s ♦✉t ♦❢ t❤❡ ✇❛❢❡r✱
t❤❡ ❲❙■ ❝♦♥❝❡♣t ❦❡❡♣s t❤❡ ✇❛❢❡r ❛s ❛ ✇❤♦❧❡✳ ❚♦ ♦✈❡r❝♦♠❡ t❤❡ ✐♥t❡r♥❛❧ ❝❤✐♣ ❜♦r✲
❞❡rs✱ ✇❤✐❝❤ ❛r✐s❡ ❢r♦♠ t❤❡ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✱ ❛ ♥❡✇ ✇❛❢❡r ❧❡✈❡❧ r❡❞✐str✐❜✉t✐♦♥ ❧❛②❡r
t❡❝❤♥♦❧♦❣② ✇❛s ❞❡✈❡❧♦♣❡❞ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❋r❛✉♥❤♦❢❡r ■♥st✐t✉t❡ ❢♦r ❘❡❧✐❛❜✐❧✐t② ❛♥❞
▼✐❝r♦✐♥t❡❣r❛t✐♦♥ ✐♥ ❇❡r❧✐♥✳ ❚❤❡ ♣r♦❝❡ss ❝❛❧❧❡❞ P♦st✲Pr♦❝❡ss✐♥❣ Pr♦❝❡❞✉r❡ ❛❝❤✐❡✈❡s
❛ ✈❡r② ❤✐❣❤ ✐♥t❡r❝♦♥♥❡❝t✐♦♥ ❞❡♥s✐t② ❛♥❞✱ t❤❡r❡❢♦r❡✱ ❛ ❤✐❣❤❡r ❜❛♥❞✇✐❞t❤ ❜❡t✇❡❡♥ t❤❡
s❡♣❛r❛t❡❞ ❝❤✐♣s✳
❚❤❡ ✸✽✹ ❍■❈❆◆◆ ❝❤✐♣s s✉♠ ✉♣ t♦ ✷✵✵ ✵✵✵ ♥❡✉r♦♥s ❛♥❞ ✹✸ ♠✐❧❧✐♦♥ s②♥❛♣s❡s✳ ❚❤❡

s②st❡♠ ✇✐t❤ ❛❧❧ ✐ts ❝♦♠♣♦♥❡♥ts ✐s ❝❛❧❧❡❞ ❇r❛✐♥❙❝❛❧❡❙✳ ❊✈❡♥ t♦✉❣❤ ❜✐❣ ♥❡✉r❛❧ ♥❡t✇♦r❦s
❝❛♥ ❜❡ ❡♠✉❧❛t❡❞ t❤❡r❡ ✐s ❛ ❜✐❣ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ ❤❛r❞✇❛r❡ ❛♥❞ ❜✐♦❧♦❣②✳ ■♥ ❝♦♠♣❛r✐s♦♥✱
t❤❡ ❜r❛✐♥ ♦❢ ❛ ❤♦♥❡②❜❡❡ ❝♦♥t❛✐♥s 960 000♥❡✉r♦♥s ❛♥❞ 1× 109 s②♥❛♣s❡s ❬▼❡♥③❡❧ ❛♥❞
●✐✉r❢❛✱ ✷✵✵✶❪✳ ❚♦ ❢✉rt❤❡r ❝♦♠♣❡♥s❛t❡ t❤✐s ❣❛♣ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠s ❝❛♥ ❜❡
✐♥t❡r❝♦♥♥❡❝t❡❞ t♦ ❛❝❤✐❡✈❡ ❜✐❣❣❡r ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s✳ ❚❤❡ ❝✉rr❡♥t ❇r❛✐♥❙❝❛❧❡❙ ❝❧✉st❡r
✐s s❤♦✇♥ ✐♥ ✜❣✳ ✶✳✶✳
❚❤❡r❡ ❛r❡ s♦ ❢❛r ✷✵ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠s ✭❇r❛✐♥❙❝❛❧❡❙ s②st❡♠s✮ ✐♥st❛❧❧❡❞ ❛♥❞ ♦♣✲

❡r❛t✐♥❣✳ ❚❤❡ ❝❡♥tr❛❧ ❝♦♠♣✉t❡ ❝❧✉st❡r ❡①❝❤❛♥❣❡s s♣✐❦❡s ❜❡t✇❡❡♥ t❤❡ s②st❡♠s✳ ■t ✐s
♣❧❛♥♥❡❞ t♦ s❡♥❞ ♥❡✉r♦♥❛❧ ❡✈❡♥ts ❞✐r❡❝t❧② ❜❡t✇❡❡♥ ❡❛❝❤ ♦t❤❡r ✇✐t❤♦✉t t❤❡ ✉s❡ ♦❢ t❤❡
❝♦♠♣✉t❡ ❝❧✉st❡r✳
❋♦r t❤❡ ❧❛t❡st ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ ❝❤✐♣ t❤❡ ❍✐❣❤✲■♥♣✉t ❈♦✉♥t ❆♥❛❧♦❣ ◆❡✉✲

r❛❧ ◆❡t✇♦r❦ ❈❤✐♣ ❉✐❣✐t❛❧ ▲❡❛r♥✐♥❣ ❙②st❡♠ ✭❍■❈❆◆◆✲❉▲❙✮ t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s
●r♦✉♣ s✇✐t❝❤❡❞ t♦ ❛ 65 nm ♣r♦❝❡ss✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ♥❡✉r♦♥ s✐③❡ ❞♦❡s ♥♦t s❝❛❧❡
✇✐t❤ t❤❡ ❢❡❛t✉r❡ s✐③❡ ❛s t❤❡② ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ ❛♥❛❧♦❣ ❝♦♠♣♦♥❡♥ts ❬❆❛♠✐r ✱ ✷✵✶✼❪✳
❚❤❡r❡❢♦r❡✱ t❤❡r❡ ✐s ♥♦ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ♥❡✉r♦♥s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❍■❈❆◆◆
❝❤✐♣✳ ❖♥❧② t❤❡ ❞✐❣✐t❛❧ ♣❛rts ♣r♦✜t ❢r♦♠ t❤❡ ♥❡✇ ♣r♦❝❡ss✳ ❆ ♥❡✇ ❢❡❛t✉r❡ ♦❢ t❤❡
❍■❈❆◆◆✲❉▲❙ ❝❤✐♣ ✐s t❤❡ P❧❛s✐t✐❝✐t② Pr♦❝❡ss✐♥❣ ❯♥✐t ✭PP❯✮ ❛♥ ❡♠❜❡❞❞❡❞ ♣r♦❝❡ss♦r
✇❤✐❝❤ ❛❧❧♦✇s t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♠♦❞✉❧❛t❡❞ ❙❚❉P ❬❋r✐❡❞♠❛♥♥✱ ✷✵✶✸❪✳
❚❤✉s✱ t❤❡ r❡♠❛✐♥✐♥❣ ♣♦ss✐❜✐❧✐t② ❢♦r ✐♥❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♥❡✉r♦♥s ❛♥❞ s②♥❛♣s❡s

✐s t♦ ❜✉✐❧❞ ♠♦r❡ s②st❡♠s✳ ■♥ ❝❤❛♣t❡r ✷ ✐t ✐s s❤♦✇♥ t❤❛t t❤❡ ❝✉rr❡♥t s②st❡♠ ❛r❝❤✐t❡❝t✉r❡
✐s ♥♦t s✉✐t❡❞ ❢♦r ❛ ✈❡r② ❧❛r❣❡ s②st❡♠ ❝❧✉st❡r ✐♥ t❤❡ r❛♥❣❡ ♦❢ ❤✉♥❞r❡❞s ♦❢ s②st❡♠s✳
❚❤✐s t❤❡s✐s ♣r❡s❡♥ts t❤❡ ❝♦♥❝❡♣t ♦❢ ❡♠❜❡❞❞✐♥❣ t❤❡ ❝♦♠♣❧❡t❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐♥ ❛
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❋✐❣✉r❡ ✶✳✶✿ ❚❤❡ ❇r❛✐♥❙❝❛❧❡❙ ❝❧✉st❡r ✐♥ t❤❡ ❊✉r♦♣❡❛♥ ◆❡✉r♦♠♦r♣❤✐❝ ■♥st✐t✉t❡ ✭❊◆■✮
✐♥ ❍❡✐❞❡❧❜❡r❣✳ ■♥ t❤❡ ✜rst t❤r❡❡ ❛♥❞ ❧❛st t✇♦ s❡r✈❡r r❛❝❦s ❛r❡ t❤❡
❇r❛✐♥❙❝❛❧❡❙ s②st❡♠s✳ ❊❛❝❤ r❛❝❦ ♦✛❡rs s♣❛❝❡ ❢♦r ❢♦✉r ✇❛❢❡r ♠♦❞✉❧❡s✳

P❈❇ ❛s ❛ s♦❧✉t✐♦♥ ❢♦r ❛ ✈❡r② ❧❛r❣❡ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ ❝❧✉st❡r✳ ■t ✇❛s ❞❡✈❡❧♦♣❡❞
t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❋r❛✉♥❤♦❢❡r ■♥st✐t✉t❡ ❢♦r ❘❡❧✐❛❜✐❧✐t② ❛♥❞ ▼✐❝r♦✐♥t❡❣r❛t✐♦♥ ✭■❩▼✮ ✐♥
❇❡r❧✐♥✳
▼♦♠❡♥t❛r✐❧②✱ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ✐s ✉s❡❞ ❢♦r s♠❛❧❧✱ s✐♥❣❧❡ s✐❧✐❝♦♥ ❝❤✐♣s✳ ❈♦♠✲

♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❛r❡ ❡♠❜❡❞❞❡❞ s✇✐t❝❤✐♥❣ ♣♦✇❡r r❡❣✉❧❛t♦rs ❢r♦♠ ❚❡①❛s ■♥str✉♠❡♥ts
✭❚■✮ ✇❤✐❝❤ ❤❛✈❡ ❛ ✈❡r② s♠❛❧❧ ♣❛❝❦❛❣❡ s✐③❡ ❬■♥str✉♠❡♥ts✱ ✷✵✶✼❪✳ ❆♥♦t❤❡r ❞❡♠♦♥✲
str❛t✐♦♥ ✐s ❛ 50 kW ♣♦✇❡r ♠♦❞✉❧❡ ✇❤❡r❡ s❡✈❡r❛❧ ♣♦✇❡r ▼❡t❛❧✲❖①✐❞❡ ❙❡♠✐❝♦♥❞✉❝t♦r
❋✐❡❧❞✲❊✛❡❝t ❚r❛♥s✐st♦rs ✭▼❖❙❋❊❚s✮ ❛r❡ ❡♠❜❡❞❞❡❞ ✐♥ ❛ P❈❇ t♦ ❛❝❤✐❡✈❡ ❛ ❜❡tt❡r
❡❧❡❝tr✐❝❛❧ ♣❡r❢♦r♠❛♥❝❡ ❬◆❡❡❜ ❡t ❛❧✳✱ ✷✵✶✹❪✳
❆t t❤❡ ❜❡❣✐♥♥✐♥❣ t❤❡r❡ ✇❛s ♥♦ ❡①♣❡r✐❡♥❝❡ ✇✐t❤ t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ s✐❧✐❝♦♥ ✇❛❢❡rs ✐♥

P❈❇s✳ ❋✐rst t❡sts ❤❛❞ t♦ ❜❡ ❞♦♥❡ ❛t t❤❡ ■❩▼ t♦ s❡❡ ✐❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡rs ✇✐t❤st❛♥❞s
t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡✳ ❚❤❡ ♣♦s✐t✐✈❡ ♦✉t❝♦♠❡ ✐s s❤♦✇♥ ✐♥ ❝❤❛♣t❡r ✹✳ ❚❤❡s❡ r❡s✉❧ts
❡♥❛❜❧❡❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ♣r♦t♦t②♣❡ ❉❊◆❙❊ ✇✐t❤ ❛ ❢✉❧❧② ❡♠❜❡❞❞❡❞ ❍■❈❆◆◆
✇❛❢❡r✱ ✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✺✳ ❚❤❡ ♣r♦t♦t②♣❡s ✇❡r❡ t❡st❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞
❛t t❤❡ ❍❡✐❞❡❧❜❡r❣ ❯♥✐✈❡rs✐t②✳ ■♥ ❝❤❛♣t❡r ✻ t❤❡ ♣♦s✐t✐✈❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞✳ ■t ✐s
s❤♦✇♥ t❤❛t t❤❡ ✇❛❢❡rs ❛r❡ st✐❧❧ ❝♦♠♣❧❡t❡❧② ❢✉♥❝t✐♦♥✐♥❣ ❛♥❞ t❤❛t t❤❡ ♥❡✉r♦♥s ❝❛♥ ❜❡
❝❛❧✐❜r❛t❡❞✳ ❋✉rt❤❡r♠♦r❡✱ ❛♥ ❛❝❝❡❧❡r❛t❡❞ ❡♥✈✐r♦♥♠❡♥t❛❧ str❡ss t❡st ✐s ❞♦♥❡ ✇✐t❤ ♦♥❡
♦❢ t❤❡ ❜♦❛r❞s ❛♥❞ ♥♦ ❞❡❣r❛❞❛t✐♦♥ ♦r ❢❛✐❧✉r❡s ♦❝❝✉rr❡❞✳
❚❤✐s ♣r♦t♦t②♣❡ ✐s ♥♦t r❡❛❞② t♦ r❡♣❧❛❝❡ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ s②st❡♠ ②❡t✱ ♠✉❧t✐✲

♣❧❡ ♣r♦t♦t②♣❡s ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ❢❡❛t✉r❡s ❛♥❞ t❡❝❤♥♦❧♦❣✐❡s ❛r❡ r❡q✉✐r❡❞✳ ❚❤❡ ♥❡❝❡ss❛r②
st❡♣s ❛♥❞ ✐♠♣r♦✈❡♠❡♥ts ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠ ✭❊❲❙✮ ❛r❡ ❧✐st❡❞ ✐♥ ❝❤❛♣✲
t❡r ✼✳ ❆t t❤❡ ❡♥❞ ❢✉rt❤❡r ❛♣♣❧✐❝❛t✐♦♥s ♦❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❛r❡ ❞✐s❝✉ss❡❞✳
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✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

❚❤✐s ❝❤❛♣t❡r ❞❡s❝r✐❜❡s t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ✇❤✐❝❤ ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❜② t❤❡
❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✳ ❆ ❢✉❧❧② ❛ss❡♠❜❧❡❞ ❛♥❞ ♦♣❡r❛t✐♦♥❛❧ s②st❡♠✱ ❛❧s♦ ❝❛❧❧❡❞
✇❛❢❡r ♠♦❞✉❧❡✱ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✳ ❚❤❡ s❡❝t✐♦♥ ✷✳✶ ❝♦✈❡rs t❤❡ ❝♦r❡ ❝♦♠♣♦♥❡♥ts ♦❢ ❛
✇❛❢❡r ♠♦❞✉❧❡ ❛♥❞ ❝♦♥t✐♥✉❡s ✇✐t❤ t❤❡ t✇♦ ✉s❡❞ ✐♥t❡r❝♦♥♥❡❝t✐♥❣ t❡❝❤♥♦❧♦❣✐❡s✱ ✇❛❢❡r✲
✇✐❞❡ r❡❞✐str✐❜✉t✐♦♥ ❧❛②❡rs ❛♥❞ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs✳ ❋♦❧❧♦✇❡❞ ❜② ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢
t❤❡ ❛ss❡♠❜❧② ♣r♦❝❡ss ♦❢ ❛ s②st❡♠✳
❚❤❡ ❝❤❛♣t❡r ✜♥✐s❤❡s ✇✐t❤ t❤❡ ❡①♣❡r✐❡♥❝❡s ♦❜t❛✐♥❡❞ ❞✉r✐♥❣ t❤❡ ❛ss❡♠❜❧② ❛♥❞ ♦♣❡r❛t✐♦♥
♣❤❛s❡ ♦❢ t❤❡ ✜rst s②st❡♠s ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ ❡✛❡❝ts ♦♥ t❤❡ s❝❛❧❛❜✐❧t② ♦❢ t❤❡ s②st❡♠✳

✷✳✶ ❈♦♠♣♦♥❡♥ts

❆ ✇❛❢❡r ♠♦❞✉❧❡ ✐s ❜✉✐❧❞ ❢r♦♠ ✻✽ P❈❇s ❛♥❞ ✶✹ ♠❡❝❤❛♥✐❝❛❧ ♣❛rts✱ s❡❡ t❛❜❧❡s ❆✳✶
❛♥❞ ❆✳✷ ❢♦r ❛ ❞❡t❛✐❧❡❞ ❧✐st ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts✳ ❆❧❧ ♣❛rts✱ ❡①❝❡♣t t❤❡ ❋P●❆ ❈♦♠✲
♠✉♥✐❝❛t✐♦♥ P❈❇ ✭❋❈P ❜♦❛r❞✮ ❛♥❞ t❤❡ ❲■❖ ❜♦❛r❞✱ ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡
❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✳ ❚❤❡ ❋❈P ❜♦❛r❞ ❛♥❞ ❲■❖ ❜♦❛r❞ ❤❛✈❡ ❜❡❡♥ ❞❡s✐❣♥❡❞ ❜②
t❤❡ ❉r❡s❞❡♥ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣②✳ ▼♦r❡♦✈❡r✱ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ✇♦r❦s❤♦♣ ♦❢ t❤❡
❑✐r❝❤❤♦✛✲■♥st✐t✉t❡ ❢♦r P❤②s✐❝s ♣r♦❞✉❝❡❞ ❛❧❧ ♠❡❝❤❛♥✐❝❛❧ ♣❛rts ❢♦r t❤❡ ♠♦❞✉❧❡s✳ ❖♥❧②
t❤❡ ❤❡❛t s✐♥❦s ❛t t❤❡ ❜❛❝❦ ❢♦r t❤❡ ❝♦♦❧✐♥❣ ♦❢ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r ❛♥❞ t❤❡ ❘❛s♣❜❡rr②
P✐ ❛r❡ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡✳
❚❤❡ ❘❛s♣❜❡rr② P✐ ❝♦♥tr♦❧s ❛♥❞ ♠♦♥✐t♦rs t❤❡ st❛t❡s ♦❢ ❛❧❧ ♠♦❞✉❧❡ ❝♦♠♣♦♥❡♥ts✱ ❡✳❣✳
❝❤✐♣ ♣♦✇❡r st❛t❡✱ ✇❛❢❡r t❡♠♣❡r❛t✉r❡s✱ ❋❈P ❜♦❛r❞ ♣♦✇❡r ❡t❝✳ ❚❤❡ ♠♦❞✉❧❡s t♦ ❞✐❣✲
✐t✐③❡ t❤❡ ✾✻ ❛♥❛❧♦❣ s✐❣♥❛❧s ❢r♦♠ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r ❛r❡ ❝❛❧❧❡❞ ❆♥❛❧♦❣✉❡ ❘❡❛❞♦✉t
▼♦❞✉❧❡s ✭❆♥❛❘▼s✮ ❛♥❞ ❛r❡ ♥♦t s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✳ ❚❤❡ ❆♥❛❘▼ ✐s ❛♥ ❋❧②s♣✐ ❜♦❛r❞
✇✐t❤ ❛♥ ❡①♣❛♥s✐♦♥ ❜♦❛r❞✳ ❖♥ t❤❡ ❋❧②s♣✐ ✭❋❧②s♣✐✮ ❜♦❛r❞ ✐s ❛♥ ❋✐❡❧❞ Pr♦❣r❛♠♠❛❜❧❡
●❛t❡ ❆rr❛② ✭❋P●❆✮ ✇❤✐❝❤ ✐s ✉s❡❞ ❢♦r t❤❡ ❤♦st ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ♠❡❛s✉r❡♠❡♥t
❝♦♥tr♦❧✳ ❚❤❡ ❡①♣❛♥s✐♦♥ ❜♦❛r❞ ✐s ❡q✉✐♣♣❡❞ ✇✐t❤ ❛♥ ❆♥❛❧♦❣✲t♦✲❉✐❣✐t❛❧ ❈♦♥✈❡rt❡r ❛♥❞
❝♦♥♥❡❝t❡❞ ♦✈❡r ❛ r✐❜❜♦♥ ❝❛❜❧❡ t♦ t❤❡ ❆♥❛❧♦❣✉❡ ❇r❡❛❦♦✉t ❇♦❛r❞ ✭❆♥❛❇ ❇♦❛r❞✮✳ ■♥
t♦t❛❧ t✇❡❧✈❡ ❆♥❛❘▼s ❝❛♥ ❜❡ ❛tt❛❝❤❡❞ t♦ ❛ s✐♥❣❧❡ ✇❛❢❡r ♠♦❞✉❧❡✳
❉✉❡ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♠♣♦♥❡♥ts ♦♥❧② t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✱ t❤❡ ❋❈P ❜♦❛r❞ ❛♥❞

t❤❡ ▼❛✐♥P❈❇ ✭▼❛✐♥P❈❇✮ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧✳ ❋♦r ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡
r❡♠❛✐♥✐♥❣ ❝♦♠♣♦♥❡♥ts s❡❡ ❬❍❇P ❙P✾ ♣❛rt♥❡rs✱ ✷✵✶✹❪✳

✷✳✶✳✶ ◆❡✉r♦♠♦r♣❤✐❝ ❙✐❧✐❝♦♥ ❲❛❢❡r

❚❤❡ ❝♦r❡ ♦❢ t❤❡ ✇❛❢❡r ♠♦❞✉❧❡ ✐s t❤❡ ♥❡✉r♦♠♦r♣❤✐❝ s✐❧✐❝♦♥ ✇❛❢❡r ✐t ❝♦♥t❛✐♥s t❤❡ ❝✐r❝✉✐ts
❡♠✉❧❛t✐♥❣ t❤❡ ♥❡✉r♦♥s ❛♥❞ s②♥❛♣s❡s✳ ❚❤❡ ❲❛❢❡r ✐s ♣r♦❞✉❝❡❞ ✐♥ ❛ st❛♥❞❛r❞ 180 nm
❈▼❖❙ ♣r♦❝❡ss t❡❝❤♥♦❧♦❣② ❛♥❞ ❤❛s ❛ ❞✐❛♠❡t❡r ♦❢ 20 cm✳ ❚❤❡ ❝✐r❝✉✐t ♦♥ t❤❡ ✇❛❢❡r ❤❛s

✺



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

❋✐❣✉r❡ ✷✳✶✿ ❆ ❢✉❧❧② ❛ss❡♠❜❧❡❞ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠✳ ❆t t❤❡ ❢r♦♥t ❛r❡ t❤❡ ♣♦✇❡r s✉♣♣❧②
❛♥❞ ❆♥❛❧♦❣ ❇r❡❛❦♦✉t ❜♦❛r❞s✳ ❖♥ t❤❡ r✐❣❤t ❡❞❣❡ ❛r❡ t❤❡ ●✐❣❛❜✐t ❊t❤❡r♥❡t
❛♥❞ ❯♥✐✈❡rs❛❧ ❙❡r✐❛❧ ❇✉s ✈❡rs✐♦♥ ✸✳✵ ✭❯❙❇ ✸✳✵✮ s♦❝❦❡ts ♦❢ t❤❡ ❲❛❢❡r ■❖
❇♦❛r❞s ✭❲■❖ ❜♦❛r❞s✮ ✈✐s✐❜❧❡✳ ❚❤❡ ♠♦❞✉❧❡ ❤❛s ❛ ❤❡✐❣❤t ❛♥❞ ❧❡♥❣t❤ ♦❢
50 cm ❛♥❞ ❛ ✇✐❞t❤ ♦❢ 15 cm✳
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✷✳✶ ❈♦♠♣♦♥❡♥ts

✶

✷

✸

✹

✺
✻

✼

✽

✾

❋✐❣✉r❡ ✷✳✷✿ ❊①♣❧♦❞❡❞ ✈✐❡✇ ♦❢ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠✳ ✭✶✮ ❙✐❧✐❝♦♥ ✇❛❢❡r ✇✐t❤ t❤❡
❍■❈❆◆◆ ❝❤✐♣s✱ ✭✷✮ P♦s✐t✐♦♥✐♥❣ ♠❛s❦ ✇✐t❤ t❤❡ ❡❧❛st♦♠❡r✐❝ str✐♣ ❝♦♥♥❡❝✲
t♦rs✱ ✭✸✮ ▼❛✐♥P❈❇✱ ✭✹✮ ❆❧✉♠✐♥✐✉♠ ❢r❛♠❡ ✭❚♦♣ ❈♦✈❡r✮ ❢♦r ♠❡❝❤❛♥✐❝❛❧ ❛t✲
t❛❝❤♠❡♥t ❛♥❞ ●◆❉ ❝♦♥♥❡❝t✐♦♥✱ ✭✺✮ ▼❛✐♥ P♦✇❡r ❙✉♣♣❧② P❈❇ ✭P♦✇❡r■t✮✱
✭✻✮ ❆♥❛❇ ❇♦❛r❞✱ ✭✼✮ ❆✉①✐❧❧❛r② P♦✇❡r ❙✉♣♣❧② P❈❇ ✭❆✉①P✇r P❈❇✮✱ ✭✽✮
❋❈P ❜♦❛r❞s✱ ✭✾✮ ❲■❖ ❜♦❛r❞s✳ ❈♦✉rt❡s② ♦❢ ❉❛♥ ❍✉s♠❛♥♥✳

✼



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❞✉r✐♥❣ t❤❡ ❋❆❈❊❚❙ ♣r♦❥❡❝t ❛♥❞ ❤❛s ❜❡❡♥ t❡st❡❞ ✇✐t❤ s✐♥❣❧❡ ❝❤✐♣s✱
✇❤✐❝❤ ❛r❡ ❝❛❧❧❡❞ ❍■❈❆◆◆ ❝❤✐♣s✳ ❊✐❣❤t ❍■❈❆◆◆ ❝❤✐♣s ✜t ✐♥t♦ t❤❡ ❜✐❣❣❡st ❛r❡❛ ✇❤✐❝❤
❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ♦♥ ❛ s✐❧✐❝♦♥ ✇❛❢❡r ❛t ♦♥❝❡✳ ❚❤✐s ❣r♦✉♣ ♦❢ ❡✐❣❤t ✐s ❛ s♦✲❝❛❧❧❡❞ r❡t✐❝❧❡✳
❚❤❡ ❛r❡❛ ♦❢ ❛ r❡t✐❝❧❡ ✐s ❛r♦✉♥❞ 2× 2 cm2✳ ■♥ ✜❣✳ ✷✳✸ ❛ ❍■❈❆◆◆ ✇❛❢❡r ✇✐t❤ P♦st✲
Pr♦❝❡ss✐♥❣✱ ❛ r❡t✐❝❧❡ ❛♥❞ ❛ s✐♥❣❧❡ ❍■❈❆◆◆ ❝❤✐♣ ❛r❡ s❤♦✇♥✳ ❊✈❡♥t✉❛❧❧②✱ ❛ s✐❧✐❝♦♥
✇❛❢❡r ❝♦♥s✐sts ♦❢ ✹✽ r❡t✐❝❧❡s ✲ ♦r ✸✽✹ ❍■❈❆◆◆s✳

❍✐❣❤✲■♥♣✉t ❈♦✉♥t ❆♥❛❧♦❣ ◆❡✉r❛❧ ◆❡t✇♦r❦ ❈❤✐♣ ❊❛❝❤ ❍■❈❆◆◆ ❝❤✐♣ ❤❛s ✺✶✷ ♥❡✉✲
r♦♥s ✇✐t❤ ✷✷✵ s②♥❛♣s❡s ❡❛❝❤✳ ■♥ s✉♠ t❤❡r❡ ❛r❡ 2× 105 ♥❡✉r♦♥s ❛♥❞ 4.4× 107 s②♥❛♣s❡s
♦♥ ❛ s✐♥❣❧❡ ✇❛❢❡r✳ ❋✉rt❤❡r♠♦r❡✱ s❡✈❡r❛❧ ❛❞❥❛❝❡♥t ♥❡✉r♦♥s ❝❛♥ ❜❡ ❝♦♠❜✐♥❡❞ t♦ ❢♦r♠ ❛
❜✐❣❣❡r ♥❡✉r♦♥ ✇✐t❤ ♠♦r❡ s②♥❛♣t✐❝ ✐♥♣✉ts✳ ❚❤❡ ♠❛①✐♠❛❧ ❝♦♠❜✐♥❛t✐♦♥ ✐s ♦❢ ✻✹ ♥❡✉r♦♥s
❛♥❞✱ t❤❡r❡❢♦r❡✱ ❛❝❤✐❡✈❡s ✶✹ ✸✸✻ s②♥❛♣t✐❝ ✐♥♣✉ts ✐♥t♦ ♦♥❡ ♥❡✉r♦♥✳ ❚❤❡ ✐♠♣❧❡♠❡♥t❡❞
♥❡✉r♦♥ ❝✐r❝✉✐t ✐s ❞❡s✐❣♥❡❞ t♦ ❡♠✉❧❛t❡ t❤❡ ❆❞❛♣t✐✈❡ ❡①♣♦♥❡♥t✐❛❧ ✐♥t❡❣r❛t❡✲❛♥❞✲✜r❡
▼♦❞❡❧ ❬❇r❡tt❡ ❛♥❞ ●❡rst♥❡r ✱ ✷✵✵✺❪✳ ■ts ♥❡✉r♦♥ ❞❡s✐❣♥ ✐s ♣✉r❡❧② ❛♥❛❧♦❣ ✇✐t❤♦✉t ❛♥②
❝❧♦❝❦ s♦✉r❝❡✳ ❍❡♥❝❡✱ t❤❡ ♥❡✉r♦♥ r✉♥s ✐♥ ❛ ❝♦♥t✐♥✉♦✉s✲t✐♠❡ ♠♦❞❡ ❛♥❞ ❝♦♥s✉♠❡s ♦♥❧②
♣♦✇❡r ✇❤❡♥ ❛ st❛t❡✲❝❤❛♥❣❡ ❤❛♣♣❡♥s✱ ❡✳❣✳ ❛♥ ❡①t❡r♥❛❧ ❡✈❡♥t ❛rr✐✈❡s ❛t t❤❡ ♥❡✉r♦♥✳
❉✉❡ t♦ t❤❡ ❛♥❛❧♦❣ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ♥❡✉r♦♥ ✐t r✉♥s ✇✐t❤ ❛ s♣❡❡❞✲✉♣ ❢❛❝t♦r ♦❢
104 ❝♦♠♣❛r❡❞ t♦ ❜✐♦❧♦❣✐❝❛❧ t✐♠❡ ❬❍❇P ❙P✾ ✱ ✷✵✶✺❪✳ ❚❤❡r❡❢♦r❡✱ ♦♥❡ s❡❝♦♥❞ ✐♥ r❡❛❧✲
t✐♠❡ t❛❦❡s ♦♥❧② 0.1ms ♦♥ t❤❡ ❍■❈❆◆◆ ❝❤✐♣✳ ❚❤✐s ❛❧❧♦✇s t♦ r✉♥ ♠♦r❡ ❡①♣❡r✐♠❡♥ts
✐♥ t❤❡ s❛♠❡ t✐♠❡ ✇❤✐❝❤ ✐s ❢r♦♠ s♣❡❝✐❛❧ ✐♥t❡r❡st ❢♦r ♣❛r❛♠❡t❡r s✇❡❡♣s✳ ❋✉rt❤❡r♠♦r❡✱
❧♦♥❣✲t❡r♠ ❡✈♦❧✉t✐♦♥❛r② ♣r♦❝❡ss❡s ❝❛♥ ❜❡ ❡①❡❝✉t❡❞ ✐♥ ❛ s❤♦rt❡r t✐♠❡✱ ❡✳❣✳ ♦♥❡ ②❡❛r ✐♥
❜✐♦❧♦❣② ♦♥❧② t❛❦❡s ❡✐❣❤t ❤♦✉rs ♦♥ t❤❡ ❍■❈❆◆◆ ❝❤✐♣✳ ❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡
♥❡✉r♦♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ❛✈❛✐❧❛❜❧❡ ✐♥ ❬▼✐❧❧♥❡r ✱ ✷✵✶✷❪✳
■♥ ❝♦♥tr❛st t♦ t❤❡ ❛♥❛❧♦❣ ♥❡✉r♦♥ ❜❡❤❛✈✐♦r ✐s t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ ♥❡✉r♦♥s ❛♥❞
❡①t❡r♥❛❧ ❤❛r❞✇❛r❡ ❝♦♠♣♦♥❡♥ts ❝♦♠♣❧❡t❡❧② ❞✐❣✐t❛❧✳ ❆♥ ❛❝t✐♦♥ ♣♦t❡♥t✐❛❧ r❡❧❡❛s❡❞ ❜②
t❤❡ ♥❡✉r♦♥✱ ❝❛❧❧❡❞ s♣✐❦❡✱ ✐s r❡♣r❡s❡♥t❡❞ ❜② ❛ ❞✐❣✐t❛❧ ♣❛❝❦❡t✳ ❊✈❡r② ❡✈❡♥t ❝♦♥t❛✐♥s t❤❡
♣r❡✲s②♥❛♣t✐❝ ♥❡✉r♦♥ ♥✉♠❜❡r✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛ t✐♠❡✲st❛♠♣ ✐s ❛tt❛❝❤❡❞ t♦ t❤❡ ♣❛❝❦❡t
✇❤❡♥ t❤❡ ❞❡st✐♥❛t✐♦♥ ✐s ♥♦t ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❬❙❝❤❡♠♠❡❧ ❡t ❛❧✳✱ ✷✵✶✵❜❪✳
❇② ✉s✐♥❣ ❛ 180 nm ❈♦♠♣❧❡♠❡♥t❛r② ▼❡t❛❧✲❖①✐❞❡ ❙❡♠✐❝♦♥❞✉❝t♦r ✭❈▼❖❙✮ ♣r♦❝❡ss

t❤❡ ❛✈❛✐❧❛❜❧❡ s♣❛❝❡ ❢♦r ❞✐❣✐t❛❧ ❝✐r❝✉✐ts ✐s ❧✐♠✐t❡❞✳ ❚❤❡r❡❢♦r❡✱ ♦♥❧② ❛ s♠❛❧❧ ❝♦♥tr♦❧ ❛♥❞
✐♥t❡r❢❛❝❡ ❧♦❣✐❝ ✐s ❞✐r❡❝t❧② ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ❝❤✐♣✳ ▼♦st t❛s❦s ❝♦♥❝❡r♥✐♥❣ t❤❡ ❡①♣❡r✐✲
♠❡♥ts ❛r❡ s♦✉r❝❡❞ ♦✉t ♦♥t♦ t❤❡ ❋❈P ❜♦❛r❞✱ s❡❡ s❡❝t✐♦♥ ✷✳✶✳✷✳ ❋♦r t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥
❜❡t✇❡❡♥ ❍■❈❆◆◆ ❛♥❞ ❋❈P ❜♦❛r❞ t✇♦ ❝❤❛♥♥❡❧s ❛r❡ ❛✈❛✐❧❛❜❧❡❀ ♦♥❡ ✐s ❛ ❏♦✐♥t ❚❡st
❆❝t✐♦♥ ●r♦✉♣ ✭❏❚❆●✮ ✐♥t❡r❢❛❝❡ ❛♥❞ t❤❡ ♦t❤❡r ✐s ❛ ▲♦✇✲❱♦❧t❛❣❡ ❉✐✛❡r❡♥t✐❛❧ ❙✐❣♥❛❧✐♥❣
✭▲❱❉❙✮ ❧✐♥❦✳ ❚❤❡ ❏❚❆●✲✐♥t❡r❢❛❝❡ ❝♦♥♥❡❝ts ❛❧❧ ❡✐❣❤t ❍■❈❆◆◆s t♦ ♦♥❡ ❝❤❛✐♥✳ ■t ✐s
❛ s✐♠♣❧❡ ❛♥❞ r♦❜✉st ✐♥t❡r❢❛❝❡ ❢♦r t❡st ❛♥❞ ♠❛✐♥t❡♥❛♥❝❡ ♣✉r♣♦s❡s✱ ❤♦✇❡✈❡r✱ ✐t ✐s ♥♦t
❞❡s✐❣♥❡❞ ❢♦r ❛ ❤✐❣❤ ❞❛t❛ t❤r♦✉❣❤♣✉t ❬■❊❊❊ ✱ ✷✵✵✶❪✳ ❚❤❡ ✜rst t❡sts ♦❢ t❤❡ ❍■❈❆◆◆
❝❤✐♣ ✉s❡ t❤❡ ❏❚❆● ✐♥t❡r❢❛❝❡✱ ❧❛t❡r ✐t ✐s ♦♥❧② ✉s❡❞ t♦ ✐♥✐t✐❛t❡ t❤❡ ❤✐❣❤✲s♣❡❡❞ ❝♦♠♠✉♥✐✲
❝❛t✐♦♥ ❧✐♥❡s✳ ❚❤❡ ▲❱❉❙ ✐♥t❡r❢❛❝❡ ✐s ❞❡s✐❣♥❡❞ t♦ ❛❝❤✐❡✈❡ ❛ ❤✐❣❤ ❛♥❞ ❢❛st ❞❛t❛ tr❛♥s❢❡r
❬❆◆❙■✴❚■❆✴❊■❆✲✻✹✹ ✱ ✶✾✾✻❪✳ ■t ✐s ✉s❡❞ ❢♦r t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣
❛♥❞ t❤❡ tr❛♥s❢❡r ♦❢ s♣✐❦❡ ❞❛t❛ ❢r♦♠ ❛♥❞ t♦ t❤❡ ❝❤✐♣✳

✽



✷✳✶ ❈♦♠♣♦♥❡♥ts

✶

✷

✸

❋✐❣✉r❡ ✷✳✸✿ ❆ ♣❤♦t♦❣r❛♣❤ ♦❢ ❛ ❍■❈❆◆◆ ✇❛❢❡r ✇✐t❤ t❤❡ P♦st✲Pr♦❝❡ss✐♥❣ str✉❝t✉r❡s ♦♥
t♦♣✳ ■♥ t❤❡ t♦♣ ❧❡❢t ❡♥❧❛r❣❡♠❡♥t ✭✶✮ ✐s ❛ r❡t✐❝❧❡ ✇✐t❤ ✐ts P♦st✲Pr♦❝❡ss✐♥❣
str✉❝t✉r❡s✳ ❆ r❡t✐❝❧❡ ❤❛s ❛ ❧❡♥❣t❤ ♦❢ 20.145mm ❛♥❞ ❤❡✐❣❤t ♦❢ 20.0482mm✳
❚❤❡ ❜♦tt♦♠ ❧❡❢t ✐♠❛❣❡ ✭✷✮ s❤♦✇s t❤❡ r❡t✐❝❧❡ ✇✐t❤♦✉t P♦st✲Pr♦❝❡ss✐♥❣ ❧❛②✲
❡rs✳ ❚❤❡ ❡✐❣❤t ❞✐st✐♥❝t ❍■❈❆◆◆ ❝❤✐♣s ❛r❡ ✈✐s✐❜❧❡✳ ❚❤❡ ❡♥❧❛r❣❡♠❡♥t ✭✸✮
♦♥ t❤❡ r✐❣❤t s✐❞❡ ❞❡♣✐❝ts ❛ s✐♥❣❧❡ ❍■❈❆◆◆ ❝❤✐♣ ✇✐t❤ ✐ts ♠❛✐♥ ❝♦♠♣♦♥❡♥ts✳
❚❤❡ s✐③❡ ♦❢ ❛ ❍■❈❆◆◆ ✐s 5× 10mm2✳

✾



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

P♦st✲Pr♦❝❡ss✐♥❣ Pr♦❝❡❞✉r❡ ❯♥❧✐❦❡ t❤❡ st❛♥❞❛r❞ ✇❛❢❡r ♣r♦❝❡❞✉r❡✱ ❝✉tt✐♥❣ ❞✐❡s ♦✉t
♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✱ ❤❡r❡ t❤❡ ✇❛❢❡r ✐s ❦❡♣t ❛s ❛ ✇❤♦❧❡✳ ❚❤✐s r❡q✉✐r❡s ❛ ♥❡✇ ❛♣✲
♣r♦❛❝❤ ❢♦r ❝♦♥♥❡❝t✐♥❣ t❤❡ ✇❛❢❡r t♦ ❡①t❡r♥❛❧ ❤❛r❞✇❛r❡✱ ❡✳❣✳ t♦ ♣♦✇❡r s✉♣♣❧✐❡s ❛♥❞
❝♦♠♠✉♥✐❝❛t✐♦♥ ♠♦❞✉❧❡s✳ ❚❤❡r❡❢♦r❡✱ ❛❞❞✐t✐♦♥❛❧ ✇❛❢❡r✲✇✐❞❡ ❘❉▲s ❛r❡ ✐♥tr♦❞✉❝❡❞✳
❚❤❡ t❡❝❤♥✐q✉❡ ✐s ❛❧s♦ ❝❛❧❧❡❞ P♦st✲Pr♦❝❡ss✐♥❣✳ ■t ❡♥❛❜❧❡s ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡
s❡♣❛r❛t❡❞ ❝❤✐♣s ♦♥ t❤❡ ✇❛❢❡r✱ s♦ t❤❛t ❞❛t❛ ❝❛♥ ❜❡ r♦✉t❡❞ t♦ ♦t❤❡r ❝❤✐♣s ♦♥ t❤❡ ✇❛❢❡r
✇✐t❤♦✉t t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❡①t❡r♥❛❧ ❞❡✈✐❝❡s✳ ❚❤✐s ♦♥✲✇❛❢❡r ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s ❝❛❧❧❡❞
▲❡✈❡❧✲✶ ❈♦♠♠✉♥✐❝❛t✐♦♥✳
❆s ✐t ✐s ❛♥ ❡ss❡♥t✐❛❧ ❛s♣❡❝t ♦❢ t❤❡ s②st❡♠ ❛r❝❤✐t❡❝t✉r❡ t❤❡ P♦st✲Pr♦❝❡ss✐♥❣ Pr♦❝❡✲

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

✷✳✶✳✷ ❚❤❡ ❋P●❆ ❈♦♠♠✉♥✐❝❛t✐♦♥ P❈❇

❚❤❡ ❋❈P ❜♦❛r❞ ❤❛s ❢♦✉r ♠❛❥♦r t❛s❦s✳ ❋✐rst ♦❢ ❛❧❧ ✐t ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❝♦♥✜❣✉r❛t✐♦♥
♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣✱ ✇❤✐❝❤ ♠❡❛♥s s❡tt✐♥❣ ✉♣ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♥❡✉r♦♥s ❛♥❞
s②♥❛♣s❡s ❛♥❞ t❤❡ ♥❡t✇♦r❦ t♦♣♦❧♦❣②✳ ❚❤❡ s❡❝♦♥❞ t❛s❦ ✐s ♣r♦❝❡ss✐♥❣ s♣✐❦❡ ❞❛t❛ t❤❛t
✐s st✐♠✉❧❛t✐♥❣ t❤❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛♥❞✱ ♦❢ ❝♦✉rs❡✱ r❡❝♦r❞✐♥❣ ♦❢ ♥❡✉r♦♥ s♣✐❦❡ ❛❝t✐✈✐t②✳
❚❤❡r❡❢♦r❡✱ t❤❡ ❋❈P ❜♦❛r❞ ✐s ❡q✉✐♣♣❡❞ ✇✐t❤ 1GiB ♦❢ ❉②♥❛♠✐❝ r❛♥❞♦♠✲❛❝❝❡ss ♠❡♠♦r②
✭❉❘❆▼✮ ❢♦r st♦r✐♥❣ ❡①♣❡r✐♠❡♥t ❞❛t❛✳

❋✐❣✉r❡ ✷✳✹✿ ❚♦♣ ✈✐❡✇ ♦❢ t❤❡ ❋❈P ❜♦❛r❞✳ ❚❤❡ ❳✐❧✐♥✐① ❑✐♥t❡①✼ ❋P●❆ ✭❑✐♥t❡①✼ ❋P●❆✮
✐s ❧♦❝❛t❡❞ ✉♥❞❡r t❤❡ ❜❧❛❝❦ ❤❡❛t s✐♥❦✳ ❖✈❡r t❤❡ ❧♦✇❡r ❡❞❣❡ ❝♦♥♥❡❝t♦r t❤❡
❑✐♥t❡①✼ ❋P●❆ ❝♦♠♠✉♥✐❝❛t❡s ✇✐t❤ t❤❡ ❍■❈❆◆◆s ❝❤✐♣s ♦♥ t❤❡ ✇❛❢❡r✳
❚❤❡ ✉♣♣❡r ❝♦♥♥❡❝t♦r ❝❛rr✐❡s t❤❡ s✐❣♥❛❧s ❢♦r t❤❡ ❡t❤❡r♥❡t ❝♦♥♥❡❝t✐♦♥ ❛♥❞
t❤❡ ❞✐r❡❝t ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ ❛❞❥❛❝❡♥t ❋❈P ❜♦❛r❞s✳

❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❋❈P ❜♦❛r❞ ✐s ❝❛♣❛❜❧❡ ♦❢ tr❛♥s♠✐tt✐♥❣ s♣✐❦❡ ❞❛t❛ t♦ ♦t❤❡r ❋❈P
❜♦❛r❞s ♦r ✇❛❢❡r ♠♦❞✉❧❡s ✭✇❛❢❡r ♠♦❞✉❧❡s✮✳
❊✈❡♥t✉❛❧❧②✱ ✐t ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t ❡①❡❝✉t✐♦♥✱ ❡✳❣✳ st❛rt✐♥❣ ❛♥❞ ❡♥❞✐♥❣

♦❢ ❡①♣❡r✐♠❡♥ts✳
❚♦ ♣r♦❝❡ss t❤❡s❡ t❛s❦s t❤❡ ❋❈P ❜♦❛r❞ ✐s ❡q✉✐♣♣❡❞ ✇✐t❤ ❛♥ ❋P●❆✳ ❚❤❡ ♥❡❝❡ss✐t② ❢♦r
❛ ❋P●❆ ✐s ❝♦♥❞✐t✐♦♥❛❧ ✉♣♦♥ t❤❡ ❤✐❣❤ ❞❛t❛ r❛t❡ ♦❢ 2Gbit/s ❜❡t✇❡❡♥ ♦♥❡ ❍■❈❆◆◆
❝❤✐♣ ❛♥❞ t❤❡ ❋❈P ❜♦❛r❞✳ ❚❤❡ ❧✐♥❦✬s ❢r❡q✉❡♥❝② ✐s 1GHz ❛♥❞ ❝❛♣❛❜❧❡ ♦❢ ❢✉❧❧✲❞✉♣❧❡①
❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ ♦♥❡ ❋❈P ❜♦❛r❞ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r ❡✐❣❤t ❍■❈❆◆◆ ❝❤✐♣s

✶✵



✷✳✶ ❈♦♠♣♦♥❡♥ts

❛t t❤❡ s❛♠❡ t✐♠❡ ❬❙❝❤❡♠♠❡❧ ❡t ❛❧✳✱ ✷✵✶✵❛❪✳ ■♥ t❤❡ ✇♦rst✲❝❛s❡ t❤❡ ❋❈P ❜♦❛r❞ ❤❛s t♦
❤❛♥❞❧❡✿

2Gbit/s ∗ 8 ∗ 2 = 32Gbit/s ✭✷✳✶✮

❋♦r t❤❡ ❞❛t❛ tr❛♥s❢❡r ✇✐t❤ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ❝♦♠♣✉t❡r ❝❧✉st❡r ✐s ❛ ●✐❣❛❜✐t ❊t❤❡r♥❡t
✐♥t❡r❢❛❝❡ ✐♠♣❧❡♠❡♥t❡❞✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❋❈P ❜♦❛r❞ ❤❛s s❡✈❡♥ ✐♥t❡r❢❛❝❡ ❧✐♥❦s t♦
♦t❤❡r ❋❈P ❜♦❛r❞s✳ ❚❤r❡❡ ♦❢ t❤❡ ❧✐♥❦s ❤❛✈❡ ❛ ✜①❡❞ ❞❡st✐♥❛t✐♦♥ t♦ ❛❞❥❛❝❡♥t ❋❈P
❜♦❛r❞s✱ ✇❤❡r❡❛s t❤❡ ❢♦✉r r❡♠❛✐♥✐♥❣ ❧✐♥❦s ❛r❡ r♦✉t❡❞ t♦ ❯❙❇ ✸✳✵ ❝♦♥♥❡❝t♦rs ♦♥ t❤❡
❲■❖ ❜♦❛r❞s ❬❍❇P ❙P✾ ♣❛rt♥❡rs✱ ✷✵✶✹❪✳ ❚❤❡ ❝♦♥♥❡❝t♦rs ❛♥❞ ❝❛❜❧❡s ♦❢ t❤❡ ❯❙❇
✸✳✵ st❛♥❞❛r❞ ❛r❡ ♦♥❧② ✉s❡❞ ❢♦r t❤❡ ♣❤②s✐❝❛❧ ❝♦♥♥❡❝t✐♦♥✱ t❤❡ ❯❙❇ ✸✳✵ ♣r♦t♦❝♦❧ ✐s ♥♦t
✐♠♣❧❡♠❡♥t❡❞✳ ❚❤❡ ❯❙❇ ✸✳✵ ❝♦♥♥❡❝t♦rs ❛❧❧♦✇ ❝♦♥♥❡❝t✐♦♥s t♦ ❛r❜✐tr❛r② ❋❈P ❜♦❛r❞s
♦r ✇❛❢❡r ♠♦❞✉❧❡s✳

✷✳✶✳✸ ▼❛✐♥P❈❇

❚❤❡ ▼❛✐♥P❈❇ ✐s t❤❡ ❝❡♥tr❛❧ ❝♦♥♥❡❝t✐♦♥ ♣♦✐♥t ♦❢ t❤❡ ✇❛❢❡r ♠♦❞✉❧❡✳ ■t ❝♦♥♥❡❝ts
t❤❡ ✇❛❢❡r ✇✐t❤ t❤❡ ❋❈P ❜♦❛r❞s ❛♥❞ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ♣♦✇❡r ❞✐str✐❜✉t✐♦♥ t♦ t❤❡
❍■❈❆◆◆ ✇❛❢❡r✳ ❚❤✐s r❡q✉✐r❡s ❛ ❧♦t ♦❢ s♣❛❝❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ▼❛✐♥P❈❇ ❤❛s ❛ ❧❡♥❣t❤
❛♥❞ ✇✐❞t❤ ♦❢ 43 cm✳
❖♥ t❤❡ t♦♣ ♦❢ t❤❡ ❜♦❛r❞ ✐s t❤❡ ♣♦✇❡r s✉♣♣❧② ❝♦♥tr♦❧ ❧♦❣✐❝ ❧♦❝❛t❡❞✱ s❡❡ ✜❣✳ ✷✳✺✳ ❊✈❡r②

r❡t✐❝❧❡ ❤❛s t✇❡❧✈❡ ✐♥❞❡♣❡♥❞❡♥t s✉♣♣❧② ✈♦❧t❛❣❡s✳ ❚✇♦ ♦❢ t❤❡♠✱ ❱❉❉❉ ❛♥❞ ❱❉❉❆✱
❤❛✈❡ t♦ ❞❡❧✐✈❡r ❡❛❝❤ 4A ✐♥ t❤❡ ✇♦rst✲❝❛s❡✱ ✇❤✐❝❤ ❛❝❝✉♠✉❧❛t❡s ❢♦r ❡❛❝❤ ✈♦❧t❛❣❡ t♦
192A ❢♦r t❤❡ ✇❤♦❧❡ ✇❛❢❡r✳ ❚❤❡s❡ t✇♦ ✈♦❧t❛❣❡s ❛r❡ t❤❡ ♠❛✐♥ s✉♣♣❧② s♦✉r❝❡s ❢♦r t❤❡
❞✐❣✐t❛❧ ❛♥❞ t❤❡ ❛♥❛❧♦❣ ♥❡✉r♦♥ ❝✐r❝✉✐ts✳ ❊s♣❡❝✐❛❧❧②✱ ❢♦r t❤❡ ❛♥❛❧♦❣ ✈♦❧t❛❣❡s ❛ ✈♦❧t❛❣❡
❞r♦♣ ✐♥ t❤❡ s✉♣♣❧② ❝❤❛✐♥ ❤❛s t♦ ❜❡ ♠✐♥✐♠✐③❡❞✳ ❋♦r ❡①❛♠♣❧❡ t❤❡ ♥❡✉r♦♥ ❜❡❤❛✈✐♦r
❞✐r❡❝t❧② ❞❡♣❡♥❞s ♦♥ ❱❉❉❆✳ ❍❡♥❝❡✱ t❤❡ ♠❛①✐♠❛❧ ❛❧❧♦✇❡❞ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ♦✈❡r ❛❧❧
❝❤✐♣s ✐s 50mV✳ ❚❤❡r❡❢♦r❡✱ ✐❞❡❛❧❧② t❤✐❝❦ ❝♦♣♣❡r ❧❛♥❡s ♦r ♣❧❛♥❡s ❛r❡ ✉s❡❞ t♦ r❡❞✉❝❡ t❤❡
✈♦❧t❛❣❡ ❞r♦♣✳ ❚❤❡ s❛♠❡ ♣♦✐♥ts ❛♣♣❧② t♦ t❤❡ r❡t✉r♥ ♣❛t❤ ♦❢ t❤❡ ❝✉rr❡♥ts✳ ❚♦ r❡❞✉❝❡
t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ●◆❉ ♣❛t❤ t❤❡ ❚♦♣ ❈♦✈❡r ✐s ✉s❡❞ ❛s ●◆❉ ❝♦♥♥❡❝t✐♦♥✳ ❚❤❡r❡❢♦r❡✱
t❤❡ ▼❛✐♥P❈❇ ❤❛s ●◆❉ ♣❛❞s ✐♥ t❤❡ ❝♦r♥❡rs ♦❢ ❡✈❡r② r❡t✐❝❧❡ ♦♥ t♦♣✳ ❚❤❡ ❚♦♣ ❈♦✈❡r
❤❛s t❤❡ ♣r♦♣❡r st❛♠♣s t♦ ❝♦♥♥❡❝t t♦ t❤❡ ♣❛❞s✳ ■♥ ✜❣✳ ✷✳✼ t❤❡ ♣❛❞s ❛♥❞ t❤❡ st❛♠♣s
❛r❡ s❤♦✇♥✳ ❚❤✐s ✇❛② t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ♦♥ t❤❡ ●◆❉ ♣❛t❤ ✐s ♥❡❣❧✐❣✐❜❧❡✳ ❚❤❡ ♦t❤❡r
r❡t✐❝❧❡ ✈♦❧t❛❣❡s ❛r❡ ♥♦t s♦ ❞❡♠❛♥❞✐♥❣✱ t❤❡② ❛r❡ ✉s❡❞ ❢♦r t❤❡ ✢♦❛t✐♥❣✲❣❛t❡ ❝❡❧❧s✱ t❤❡
✐♥t❡r✲❝❤✐♣ ❛♥❞ ♦✛✲❝❤✐♣ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡ t❛❜❧❡ ❆✳✸ s❤♦✇s ❛ ❝♦♠♣❧❡t❡ ❧✐st ♦❢ ❛❧❧
r❡t✐❝❧❡ ✈♦❧t❛❣❡s✳
❚❤❡ ♣❛❞s t♦ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✭s✐❧✐❝♦♥ ✇❛❢❡r✮ r❡q✉✐r❡s ♠♦st ♦❢ t❤❡ ❛r❡❛ ♦♥ t❤❡

❜♦tt♦♠✳ ❚❤❡ r❡♠❛✐♥✐♥❣ s♣❛❝❡ ✐s ✉s❡❞ ❜② t❤❡ ✹✽ ❝♦♥♥❡❝t♦rs ❢♦r t❤❡ ❋❈P ❜♦❛r❞s✳ ■♥
✜❣✳ ✷✳✻ t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ▼❛✐♥P❈❇ ✐s s❤♦✇♥✳ ❚❤❡ ♠♦st ♣♦✇❡r ✐s ❞✐ss✐♣❛t❡❞ ♦♥ t❤❡
❜♦tt♦♠ s✐❞❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❋❈P ❜♦❛r❞ ❝♦♥♥❡❝t♦rs ❛r❡ ❛❧✐❣♥❡❞ ✐♥t♦ ♦♥❡ ❞✐r❡❝t✐♦♥✳
❚❤✐s ✇❛② t❤❡ ❝♦♦❧ ❛✐r ❡♥t❡r✐♥❣ t❤❡ s②st❡♠ ❢r♦♠ t❤❡ ❧♦✇❡r ❡❞❣❡ ❝❛♥ ❝♦♦❧ t❤❡ ❋❈P
❜♦❛r❞s ❛♥❞ ❍■❈❆◆◆ ✇❛❢❡r ❡✣❝✐❡♥t❧②✳

▲❱❉❙ ❈♦♠♠✉♥✐❝❛t✐♦♥ ❈❤❛♥♥❡❧s ❋♦r t❤❡ ❤✐❣❤ s♣❡❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡
✇❛❢❡r ❛♥❞ t❤❡ ❋❈P ❜♦❛r❞s ▲❱❉❙ ❬❆◆❙■✴❚■❆✴❊■❆✲✻✹✹ ✱ ✶✾✾✻❪ ❧✐♥❦s ❛r❡ ✉s❡❞✳ ❊❛❝❤

✶✶



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

✶

✷

✷

✸

✸✹

✹

❱❉❉❉❱❉❉❆

❋✐❣✉r❡ ✷✳✺✿ ❆ ♣❤♦t♦❣r❛♣❤ ♦❢ t❤❡ t♦♣ ♦❢ t❤❡ ▼❛✐♥P❈❇✳ ❚❤❡ ❜♦❛r❞ ❤❛s ❛ ❧❡♥❣t❤ ❛♥❞
✇✐❞t❤ ♦❢ 43 cm✳ ■♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❜♦❛r❞ ❛r❡ t❤❡ P♦✇❡r ▼❡t❛❧✲❖①✐❞❡
❙❡♠✐❝♦♥❞✉❝t♦r ❋✐❡❧❞✲❊✛❡❝t ❚r❛♥s✐st♦rs ✭P♦✇❡r❋❊❚s✮ ✭✶✮ ✇❤✐❝❤ s✇✐t❝❤
t❤❡ ♣♦✇❡r s✉♣♣❧② ♦❢ t❤❡ r❡t✐❝❧❡s ♦♥ t❤❡ ✇❛❢❡r✳ ❚❤❡ P♦✇❡r❋❊❚s ❛r❡ ❝♦♥✲
tr♦❧❧❡❞ ❜② ♠✐❝r♦❝♦♥tr♦❧❧❡rs ♦♥ t❤❡ ❈♦♥tr♦❧ ❯♥✐t ♦❢ ❘❡t✐❝❧❡s ❇♦❛r❞s ✭❈✉r❡
❇♦❛r❞s✮✳ ❚❤❡② ❛❧s♦ ♠❡❛s✉r❡ t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s ❛❢t❡r t❤❡ P♦✇❡r❋❊❚s✳
■♥ ❝❛s❡ ♦❢ ❛♥ ♦✈❡r❝✉rr❡♥t ♦r ❛♥ ♦✈❡r✈♦❧t❛❣❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡t✐❝❧❡ ✐s
t✉r♥❡❞ ♦✛✳ ■♥ t❤❡ t♦♣ ❧❡❢t ❛♥❞ ❜♦tt♦♠ r✐❣❤t ❝♦r♥❡r ❛r❡ t❤❡ ❝♦♥♥❡❝t♦rs t♦
t❤❡ ❆♥❛❇ ❇♦❛r❞ ❜♦❛r❞s ✭✸✮✳ ❚❤❡ ❆✉①P✇r P❈❇s ✭✹✮ ❛r❡ ❧♦❝❛t❡❞ ✐♥ t❤❡
❜♦tt♦♠ ❧❡❢t ❛♥❞ t♦♣ r✐❣❤t ❝♦r♥❡r✳ ❚❤❡ ♠❛✐♥ s✉♣♣❧② ✈♦❧t❛❣❡s ❱❉❉❆ ❛♥❞
❱❉❉❉ ❛r❡ ❣❡♥❡r❛t❡❞ ♦♥ t❤❡ P♦✇❡r■t ❛♥❞ ✐♥s❡rt❡❞ ✐♥t♦ t❤❡ ▼❛✐♥P❈❇ ✈✐❛
♣r❡ss✲✜t ❝♦♥♥❡❝t♦rs✳

✶✷



✷✳✶ ❈♦♠♣♦♥❡♥ts

❋✐❣✉r❡ ✷✳✻✿ P❤♦t♦❣r❛♣❤ ♦❢ t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ▼❛✐♥P❈❇✳ ■♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❜♦❛r❞
❛r❡ t❤❡ ♣❛❞s ❢♦r t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ✇❤✐❝❤ ❝r❡❛t❡ t❤❡ ✈❡rt✐❝❛❧
❝♦♥♥❡❝t✐♦♥s t♦ t❤❡ ✇❛❢❡r✳ ❚❤❡ ❜❧✉❡ ❛r❡❛ r❡♣r❡s❡♥ts t❤❡ ❍■❈❆◆◆ ✇❛❢❡r✳
❆t t❤❡ ❜♦❛r❞ ❡❞❣❡s ❛r❡ t❤❡ ❝♦♥♥❡❝t♦rs ❢♦r t❤❡ ❋❈P ❜♦❛r❞s ✭②❡❧❧♦✇ ❛r❡❛s✮✳
❚❤❡ ❢♦r❝❡❞ ❛✐r ✢♦✇ ✐s ❞❡♣✐❝t❡❞ ❜② t❤❡ ❛rr♦✇s✳ ❚❤❡ ❝♦♦❧ ❛✐r ✐s ✐♥s❡rt❡❞
❢r♦♠ t❤❡ ❜♦tt♦♠ ✭❜❧✉❡ ❛rr♦✇s✮ ❛♥❞ t❤❡ ❤❡❛t❡❞ ❛✐r ✭r❡❞ ❛rr♦✇s✮ ❧❡❛✈❡s
t❤❡ s②st❡♠ ❛t t❤❡ t♦♣✳ ❚❤❡r❡❢♦r❡✱ ❛❧❧ ❝♦♥♥❡❝t♦rs ❛r❡ ♦r✐❡♥t❡❞ ✐♥ t❤❡ s❛♠❡
❞✐r❡❝t✐♦♥✳

✶✸



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

❘❡t✐❝❧❡

●◆❉

P❛❞s ●◆❉

❙t❛♠♣s

❋✐❣✉r❡ ✷✳✼✿ ❚❤❡ ❧❡❢t ✐♠❛❣❡ ✐s ❛♥ ❡♥❧❛r❣❡♠❡♥t ♦❢ t❤❡ P♦✇❡r❋❊❚ ❛r❡❛ ♦♥ t♦♣ ♦❢ t❤❡
▼❛✐♥P❈❇✳ ❖♥ ❛♥ ❛r❡❛ ♦❢ 2× 2 cm2 ❛r❡ s✐① P♦✇❡r❋❊❚s✱ ✷✹ ❜❧♦❝❦✐♥❣ ❝❛✲
♣❛❝✐t♦rs ❛♥❞ ♦♥❡ t❡r♠✐♥❛t✐♦♥ r❡s✐st♦r ♣❧❛❝❡❞✳ ■♥ t❤❡ ❝♦r♥❡rs ♦❢ t❤❡ r❡t✐❝❧❡s
❛r❡ t❤❡ ●◆❉ ♣❛❞s ❢♦r t❤❡ st❛♠♣s ♦❢ t❤❡ ❚♦♣ ❈♦✈❡r✳ ❚❤❡ st❛♠♣s ♦❢ t❤❡
❚♦♣ ❈♦✈❡r ❛r❡ s❤♦✇♥ ✐♥ t❤❡ r✐❣❤t ✐♠❛❣❡✳

❍■❈❆◆◆ ❤❛s ♦♥❡ r❡❝❡✐✈❡ ❛♥❞ ♦♥❡ tr❛♥s♠✐ss✐♦♥ ❝❤❛♥♥❡❧✳ ❊✈❡r② ▲❱❉❙ ❧✐♥❦ ♥❡❡❞s ✐ts
♦✇♥ ❝❧♦❝❦✱ ✇❤✐❝❤ ✐s ❛♥♦t❤❡r ▲❱❉❙ ♣❛✐r✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❍■❈❆◆◆ ♥❡❡❞s ❢♦r t❤❡
❣❡♥❡r❛❧ ♦♣❡r❛t✐♦♥ ❛ 50MHz ❝❧♦❝❦✱ ✇❤✐❝❤ ✐s r♦✉t❡❞ ♦♥❧② ♦♥❝❡ ❛♥❞ ❞✐str✐❜✉t❡❞ ❛t t❤❡
❡♥❞ t♦ ❛❧❧ ❡✐❣❤t ❝❤✐♣s✳ ■♥ s✉♠ ❛ r❡t✐❝❧❡ ❤❛s ✸✸ ▲❱❉❙ ❧✐♥❡ ♣❛✐rs✳ ❍❡♥❝❡✱ t❤❡ ▼❛✐♥P❈❇
❤❛s t♦ r♦✉t❡ ✸✶✻✽ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s ❢r♦♠ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r t♦ t❤❡ ❋❈P ❜♦❛r❞s✳

❆♥❛❧♦❣ ▼❡❛s✉r❡♠❡♥t ▲✐♥❡s ❚❤❡r❡ ❛r❡ ✾✻ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ✇✐t❤ ❛ ❝♦♥tr♦❧❧❡❞
✐♠♣❡❞❛♥❝❡ ♦❢ 50Ω✳ ❊✈❡r② r❡t✐❝❧❡ ❤❛s t✇♦ ♦❢ t❤❡♠✱ ✇❤✐❝❤ ❛r❡ s❤❛r❡❞ ❛♠♦♥❣ ❛❧❧
❡✐❣❤t ❍■❈❆◆◆ ❝❤✐♣s✳ ❚❤❡s❡ ❛♥❛❧♦❣ ♠❡❛s✉r❡♠❡♥t ❧✐♥❡s ❛❧❧♦✇ t❤❡ ✉s❡r t♦ ❧♦♦❦ ❛t
❞✐✛❡r❡♥t ♥❡✉r♦♥ ♣❛r❛♠❡t❡rs ❧✐❦❡ ♠❡♠❜r❛♥❡ ✈♦❧t❛❣❡ ♦r ✢♦❛t✐♥❣✲❣❛t❡ ✈❛❧✉❡s✳

❋❧❛t♥❡ss ♦❢ ❈♦♥t❛❝t ❆r❡❛ ❆♥♦t❤❡r r❡q✉✐r❡♠❡♥t t♦ t❤❡ ❜♦❛r❞ ✐s ✐ts ✢❛t♥❡ss ♦✈❡r t❤❡
✇❛❢❡r ❝♦♥t❛❝t ❛r❡❛✳ ❚❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✇❛❢❡r ❛♥❞ t❤❡ ▼❛✐♥P❈❇ ✐s ❞❡s❝r✐❜❡❞
✐♥ ❞❡t❛✐❧ ✐♥ s❡❝t✐♦♥ ✷✳✷✳ ❍❡r❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ✐s t❤❛t t❤❡ ✢❛t♥❡ss ✐s ❜❡❧♦✇ 100 ➭m✳
❖t❤❡r✇✐s❡ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❛❝❤✐❡✈❡ r❡❧✐❛❜❧❡ ❝♦♥♥❡❝t✐♦♥s ♦✈❡r t❤❡ ❝♦♠♣❧❡t❡ ❛r❡❛✳

❙t❛❝❦ ✉♣ ❚❤❡ st❛♥❞❛r❞ ❜♦❛r❞ st❛❝❦ ✉♣s ❞♦ ♥♦t ❢✉❧✜❧ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r ❛ ❤✐❣❤
s✐❣♥❛❧ ❝♦✉♥t ❛♥❞ ❛ ❣♦♦❞ ♣♦✇❡r ❞✐str✐❜✉t✐♦♥✱ t❤❡r❡❢♦r❡✱ t❤❡ st❛❝❦ ✉♣ ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥
❝❧♦s❡ ❝♦♦♣❡r❛t✐♦♥ ✇✐t❤ ❲ürt❤ ❊❧❡❦tr♦♥✐❦ ●♠❜❍ ✲ ❈✐r❝✉✐t ❇♦❛r❞ ❚❡❝❤♥♦❧♦❣②✳ ❚❤❡
❛♠♦✉♥t ♦❢ ❧✐♥❡s ❞❡♠❛♥❞s t❤❡ ✉s❡ ♦❢ ♠✐❝r♦✈✐❛s✱ ✇❤✐❝❤ ✐♥t❡r❝♦♥♥❡❝t t✇♦ ❛❞❥❛❝❡♥t ❧❛②❡rs
✇✐t❤♦✉t ❜❧♦❝❦✐♥❣ ❛❧❧ ♦t❤❡r ❧❛②❡rs✳ ❚♦ s❛✈❡ r♦✉t✐♥❣ s♣❛❝❡ t❤❡ ♠✐❝r♦✈✐❛s ♥❡❡❞ t♦ ❜❡
st❛❝❦❡❞ ♦♥ t♦♣ ♦❢ ❡❛❝❤ ♦t❤❡r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♠✐❝r♦✈✐❛s ❤❛✈❡ t♦ ❜❡ ❝♦♠♣❧❡t❡❧② ✜❧❧❡❞
✇✐t❤ ❝♦♣♣❡r✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ❞✐❡❧❡❝tr✐❝ ❧❛②❡r ❜❡t✇❡❡♥ t❤❡ ❝♦♣♣❡r
❧❛②❡rs ✐s ❧✐♠✐t❡❞ t♦ 100 ➭m ❜② t❤❡ ♠✐❝r♦✈✐❛s✳ ❚❤❡r❡❢♦r❡✱ s♠❛❧❧❡r ❧✐♥❡s ❛r❡ ♥❡❡❞❡❞ t♦
❛❝❤✐❡✈❡ ❛ ❞✐✛❡r❡♥t✐❛❧ ✐♠♣❡❞❛♥❝❡ ♦❢ 100Ω ❬❲ürt❤ ❊❧❡❦tr♦♥✐❦ ✱ ✷✵✶✺❪✳ ❋✉rt❤❡r♠♦r❡✱
t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❧❛②❡rs ✇✐t❤ ♠✐❝r♦✈✐❛ ✐♥t❡r❝♦♥♥❡❝t✐♦♥s ✐s ❧✐♠✐t❡❞✳ ❊✈❡r②
❛❞❞✐t✐♦♥❛❧ ❧❛②❡r ✇✐t❤ ♠✐❝r♦✈✐❛s ♠❡❛♥s ❛ ❝♦♠♣❧❡t❡ r✉♥ t❤r♦✉❣❤ t❤❡ ♣r♦❞✉❝t✐♦♥ ❧✐♥❡✳
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❉✉r✐♥❣ t❤❛t t❤❡ ❜♦❛r❞ ❣❡ts ❤❡❛t❡❞ ✉♣ ❛♥❞ ❛ ♥❡✇ ❝♦♣♣❡r ❧❛②❡r ✐s ❛❞❞❡❞ ✉♥❞❡r ❤✐❣❤
♣r❡ss✉r❡✳ ❚❤✐s ♣r♦❝❡ss ❝❤❛♥❣❡s t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❢♦r♠❡r ♣r♦❝❡ss❡❞ ❧❛②❡rs✳ ❚❤❡②
❣❡t ♠♦r❡ ❛♥❞ ♠♦r❡ r✐❣✐❞ ❛♥❞ t❤❡ ♣r♦❜❛❜✐❧✐t② ❢♦r ❜r❡❛❦s ❞✉r✐♥❣ t❤❡ ❝♦♠♣r❡ss✐♦♥ r✐s❡s✳
❚❤✉s✱ t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❤❡❛t✐♥❣ ❛♥❞ ♣r❡ss✉r❡ ❝②❝❧❡s ✐s s❡t t♦ ✜✈❡✳ ❚❤✐s ❛❧❧♦✇s
❛ r❡❧✐❛❜❧❡ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ❬❑❡❧❧❡r ✱ ✷✵✶✶❪✳ ❚❤❡ ✜❣✉r❡ ✷✳✽ ❞❡♣✐❝ts t❤❡ ✜♥❛❧ st❛❝❦

✶

✷

✸

✹

❋✐❣✉r❡ ✷✳✽✿ ❚❤❡ ❙t❛❝❦ ✉♣ ♦❢ t❤❡ ▼❛✐♥P❈❇✳ ❆t t❤❡ ❜❡❣✐♥♥✐♥❣ t❤❡ t✇♦ ❋❘✹ ✭❋❘✹✮ ❝♦r❡s
✭✶✮ ❛♥❞ t❤❡ ❧❛②❡rs P✸ ❛♥❞ P✻ ❛r❡ ❧❛♠✐♥❛t❡❞✳ ❚❤❡♥ t❤❡ ❇✉r✐❡❞ ❱✐❛s ✭✷✮
❛r❡ ♣r♦❞✉❝❡❞✳ ■♥ t❤❡ ♥❡①t st❡♣s t❤❡ ♣r❡✐♠♣r❡❣♥❛t❡❞ ❜♦♥❞✐♥❣s ✭♣r❡♣r❡❣s✮
❧❛②❡rs ✭✸✮ ❛r❡ ❛❞❞❡❞✳ ❚❤✐s ✐s ❞♦♥❡ s②♠♠❡tr✐❝❛❧❧② ❛r♦✉♥❞ t❤❡ ✐♥♥❡r ❧❛②❡rs
✐♥ s❡q✉❡♥t✐❛❧ st❡♣s✳ ❆❢t❡r ❡✈❡r② ♥❡✇ ♣r❡♣r❡❣ ❧❛②❡r t❤❡ ♠✐❝r♦✈✐❛s ✭✹✮ t♦
t❤❡ ❧❛②❡r ❜❡❧♦✇ ❛r❡ ❛❞❞❡❞✳

✉♣ ♦❢ t❤❡ ▼❛✐♥P❈❇✳ ❚❤❡ ♠✐❝r♦✈✐❛ ❧❛②❡rs ❛r❡ s②♠♠❡tr✐❝❛❧❧② ❜✉✐❧❞ ❛r♦✉♥❞ t❤❡ t✇♦
❋❘✹ ❝♦r❡s ✐♥ s❡q✉❡♥t✐❛❧ ❝②❝❧❡s✳ ❆t t❤❡ ❡♥❞ t❤❡r❡ ❛r❡ ✶✹ ❝♦♣♣❡r ❧❛②❡rs✳ ▼♦st ♦❢ t❤❡
❧❛②❡rs ✭P✶ t♦ P✼✮ ❛r❡ ✉s❡❞ ❢♦r t❤❡ ♣♦✇❡r ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❛s r❡❢❡r❡♥❝❡ ❧❛②❡rs ❢♦r t❤❡
❤✐❣❤✲s♣❡❡❞ s✐❣♥❛❧ ❧✐♥❡s✳ ❚❤✐s ❧❡❛✈❡s ♦♥❧② ✜✈❡ ❛✈❛✐❧❛❜❧❡ ❧❛②❡rs ❢♦r s✐❣♥❛❧ r♦✉t✐♥❣✳
❚❤❡ ❧✐♥❡ ♣❛r❛♠❡t❡rs ❢♦r t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❛♥❞ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ❤❛✈❡ ❜❡❡♥ ❝❛❧❝✉❧❛t❡❞
✇✐t❤ t❤❡ ❆❧❧❡❣r♦ P❈❇ ✭❆❧❧❡❣r♦ P❈❇✮ ❝❛❧❝✉❧❛t♦r ❬❈❛❞❡♥❝❡✱ ✷✵✶✹❪✳ ❆ ❝r♦ss❝❤❡❝❦ ❝❛❧✲
❝✉❧❛t✐♦♥ ✇❛s ❞♦♥❡ ❜② ❲ürt❤ ❊❧❡❦tr♦♥✐❦ ●♠❜❍ ✲ ❈✐r❝✉✐t ❇♦❛r❞ ❚❡❝❤♥♦❧♦❣② ✭❲ürt❤
❊❧❡❦tr♦♥✐❦✮ t♦♦✳ ❚❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s ❛r❡ ✐♥ t❛❜❧❡s ❆✳✹ ❛♥❞ ❆✳✺✳
❉✉❡ t♦ t❤❡ ❝♦♠♣❧❡① ❧❛②♦✉t t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❜♦❛r❞ t♦♦❦ t✇♦ ♣❡rs♦♥s s✐①

♠♦♥t❤s✳ ❚❤❡ ❞❡s✐❣♥ ✇❛s ♣❛rt✐t✐♦♥❡❞ ✐♥ s♠❛❧❧❡r ♠♦❞✉❧❡s✳ ❚❤❡ r❡t✐❝❧❡s✱ ❢♦r ❡①❛♠♣❧❡✱
✇❡r❡ s✐♥❣❧❡ ♠♦❞✉❧❡s ❛♥❞ ❡❛❝❤ ♠♦❞✉❧❡ ❤❛❞ ✐ts ♦✇♥ ❧❛②♦✉t✳ ■♥ t❤❡ ❡♥❞ t❤❡ ♠♦❞✉❧❡s ✇❡r❡
❝♦♠❜✐♥❡❞ ✐♥ t❤❡ ❜✐❣ ▼❛✐♥P❈❇ ❧❛②♦✉t✳ ❚❤✐s ❛❧❧♦✇❡❞ t❤❡ ♣❛r❛❧❧❡❧ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡

✶✺



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

▼❛✐♥P❈❇ ✇❤✐❝❤ ✇♦✉❧❞ ♦t❤❡r✇✐s❡ ♥♦t ❜❡ ♣♦ss✐❜❧❡ ❛♥❞ ♣r♦❧♦♥❣ t❤❡ ❞❡✈❡❧♦♣♠❡♥t t✐♠❡✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❞❡s✐❣♥ ✇❛s ❛✉t♦♠❛t❡❞ ❜② t❤❡ ✉s❡ ♦❢ ❙❑■▲▲ s❝r✐♣ts ❬❈❛❞❡♥❝❡✱ ✷✵✶✼❜❪✳
❚❤❡ ♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ♠♦❞✉❧❡s ✇❛s ❞♦♥❡ ❜② ❛ s❝r✐♣t✳ ■t ❤❛❞ t♦ ❜❡ r❡♣❡❛t❡❞ s❡✈❡r❛❧
t✐♠❡s t♦ ♦♣t✐♠✐③❡ t❤❡ ❧❛②♦✉t✳ ❚❤✐s ✇❛② ❢❛st❡r ✐t❡r❛t✐♦♥s ❝②❝❧❡s ✇❡r❡ ♣♦ss✐❜❧❡✳ ❆♥♦t❤❡r
✉s❡❢✉❧ s❝r✐♣t ❝❛❧❝✉❧❛t❡❞ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥ts ♦❢ ❧✐♥❡s ✇❤✐❝❤ ✇❡r❡ ♦♥ ❞✐✛❡r❡♥t ❧❛②❡rs
❛♥❞ ♣❧❛❝❡❞ ✈✐❛s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❡s✐❣♥ ❝♦♥str❛✐♥ts✳ ❚❤✐s ✇❛s ✉s❡❞ t♦ ❝♦♥♥❡❝t❡❞ t❤❡
❧✐♥❡s ❢r♦♠ t❤❡ r❡t✐❝❧❡s ✇✐t❤ t❤❡ ❋❈P ❜♦❛r❞ ❝♦♥♥❡❝t♦rs ✇❤✐❝❤ ✇❡r❡ ✐♥ t♦t❛❧ ✸ ✷✷✵ ❧✐♥❡s✳
❚❤❡ s❝r✐♣t ✜♥✐s❤❡❞ ✐♥ ♠✐♥✉t❡s ✇❤❛t ✇♦✉❧❞ ❤❛✈❡ t❛❦❡♥ ❛ ♣❡rs♦♥ ❛t ❧❡❛st ❛ ✇❡❡❦✳
❯♥❢♦rt✉♥❛t❡❧②✱ ♥♦t ❛❧❧ ❝❤✐♣s ♦❢ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r ❛r❡ ❝♦♥♥❡❝t❡❞ ♦✈❡r t❤❡✐r ▲❱❉❙

❧✐♥❦s t♦ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ ❋❈P ❜♦❛r❞ ❜♦❛r❞s✳ ❚❤❡ t✇♦ r❡t✐❝❧❡s ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢
t❤❡ ✇❛❢❡r ❛r❡ ♦♥❧② ❛❝❝❡ss✐❜❧❡ ✈✐❛ t❤❡ ❏❚❆● ✐♥t❡r❢❛❝❡✳ ❚❤❡s❡ ❝❤✐♣s ❝❛♥♥♦t ❜❡ ✉s❡❞
✐♥ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s ❢♦r ❡①♣❡r✐♠❡♥ts ❜✉t ❛t ❧❡❛st t❤❡ s✇✐t❝❤❡s ❢♦r t❤❡ ♦♥✲✇❛❢❡r
❝♦♠♠✉♥✐❝❛t✐♦♥ ❛r❡ ❝♦♥✜❣✉r❛❜❧❡✳ ❋✉rt❤❡r♠♦r❡✱ ♥♦ r♦✉t✐♥❣ ❝❛♣❛❜✐❧✐t✐❡s ❛r❡ ❧♦st✱ ❛❧s♦
t❤❡ ♠❛♣♣✐♥❣ ♣r♦❝❡ss ❤❛s ♥♦t t♦ ✜♥❞ r❡❞✐r❡❝t✐♦♥s ❛r♦✉♥❞ t❤❡ ❝❤✐♣s✳

❲❛❢❡r P♦✇❡r ❙✉♣♣❧② ❚❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s ❢♦r t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛r❡ ❣❡♥❡r❛t❡❞ ♦♥
t❤❡ P♦✇❡r■t ❛♥❞ t❤❡ ❆✉①P✇r P❈❇s✳ ❚❤❡ P♦✇❡r■t ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ❉r✳ ❏♦❤❛♥♥❡s
❙❝❤❡♠♠❡❧ ❛♥❞ t❤❡ ❆✉①P✇r P❈❇ ❜② ▲❛rs ❙t❡r③❡♥❜❛❝❤ ❬❙t❡r③❡♥❜❛❝❤✱ ✷✵✶✺❪✳ ■t ✐s
♣♦ss✐❜❧❡ t♦ s✇✐t❝❤ ❡✈❡r② r❡t✐❝❧❡ ♦♥ t❤❡ ✇❛❢❡r ✐♥❞✐✈✐❞✉❛❧❧② ❜② P♦✇❡r❋❊❚s ✐♥ t❤❡ s✉♣♣❧②
❧✐♥❡s✳ ❚❤❡ P♦✇❡r❋❊❚s ❛r❡ ♣❧❛❝❡❞ ♦♥ t♦♣ ♦❢ t❤❡ ▼❛✐♥P❈❇✳ ■♥ ✜❣✳ ✷✳✾ t❤❡ s✉♣♣❧②
s❝❤❡♠❡ ♦❢ ❛ s✐♥❣❧❡ r❡t✐❝❧❡ ✐s ❞❡♣✐❝t❡❞✳ ■❢ t❤❡r❡ ✐s ❛ ❞❡❢❡❝t ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✱ t❤❡
P♦✇❡r❋❊❚s ❝✉t ♦✛ t❤✐s ❝❤✐♣ ❛r❡❛ ❢r♦♠ t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s✳ ❚❤✐s ♣r❡✈❡♥ts ♦t❤❡r ❝❤✐♣s
❢r♦♠ ❣❡tt✐♥❣ ✐♥✢✉❡♥❝❡❞ ♦r ❡✈❡♥ ❞❡str♦②❡❞ ❜② ❞❡❢❡❝ts ✐♥ ♦t❤❡r ❛r❡❛s✳ ❚❤❡ P♦✇❡r❋❊❚s
❛r❡ ❝♦♥tr♦❧❧❡❞ ❜② ♠✐❝r♦❝♦♥tr♦❧❧❡rs✱ ✇❤✐❝❤ ❛r❡ ♣❧❛❝❡❞ ♦♥ t❤❡ ❈✉r❡ ❇♦❛r❞s ❬■❧♠❜❡r❣ ✱
✷✵✶✹❪✳ ❚♦ ❞❡t❡❝t ❛ ❢❛✉❧t ✐♥ t❤❡ ♣♦✇❡r s✉♣♣❧②✱ t❤❡ ♠✐❝r♦❝♦♥tr♦❧❧❡rs ❤❛✈❡ ♠❡❛s✉r❡♠❡♥t
❧✐♥❡s ❣♦✐♥❣ t♦ ❡✈❡r② ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♣✐♥ ♦❢ t❤❡ P♦✇❡r❋❊❚s ♦♥ t❤❡ ▼❛✐♥P❈❇✳ ■♥
t♦t❛❧ t❤❡r❡ ❛r❡ 48 ∗ (2 ∗ 12) = 1152 ✈♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥t ❧✐♥❡s✳ ❆t t❤❡ ♠♦♠❡♥t t❤❡
♠✐❝r♦❝♦♥tr♦❧❧❡r ❞✐❣✐t✐③❡s ♦♥❧② t❤❡ ✈♦❧t❛❣❡s ❛❢t❡r t❤❡ P♦✇❡r❋❊❚✱ ❞✉❡ t♦ r♦✉t✐♥❣ ✐ss✉❡s
♦♥ t❤❡ ❈✉r❡ ❇♦❛r❞ ❜♦❛r❞✳ ◆❡✈❡rt❤❡❧❡ss✱ ❛ r❡❧✐❛❜❧❡ ♠♦♥✐t♦r✐♥❣ ✐s ♣♦ss✐❜❧❡✳

Pr♦❞✉❝t✐♦♥ ❚❤❡ s✐③❡ ❛♥❞ t❤❡ st❛❝❦ ✉♣ ♠❛❞❡ ✐t ❞✐✣❝✉❧t t♦ ✜♥❞ ❛ ♠❛♥✉❢❛❝t✉r❡r ✇❤♦
❝♦✉❧❞ ♣r♦❞✉❝❡ t❤❡ P❈❇✳ ❊✈❡♥t✉❛❧❧②✱ ♦♥❧② t❤❡ P❈❇ ♠❛♥✉❢❛❝t✉r❡r ❲ürt❤ ❊❧❡❦tr♦♥✐❦
s✉❝❝❡❡❞❡❞ ✐♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❢❛✉❧t❧❡ss ❜♦❛r❞s✳ ◆❡❝❡ss❛r② t♦ t❤❛t ❡♥❞ ✇❛s ❛ s♣❡❝✐❛❧
tr❡❛t♠❡♥t ♦❢ t❤❡ ♣r♦❥❡❝t ❛t ❲ürt❤ ❊❧❡❦tr♦♥✐❦ ♣r♦❞✉❝t✐♦♥ ♣❧❛♥t✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❜♦❛r❞
r✉♥ t❤r♦✉❣❤ t❤❡ ♣r♦❞✉❝t✐♦♥ ❧✐♥❡ ✇✐t❤ ❛ s♣❡❝✐❛❧ ♠❛r❦✐♥❣ ❛♥❞ ✇❛s ❝❤❡❝❦❡❞ ♠♦r❡ ♦❢t❡♥
t❤❛♥ ❛ st❛♥❞❛r❞ P❈❇ t♦ s❡❡ ♣r♦❜❧❡♠s ❛s ❡❛r❧② ❛s ♣♦ss✐❜❧❡ ✐♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ❧✐♥❡✳
❚❤❡ s♣❡❝✐❛❧ ♠❡❛s✉r❡s ❡①t❡♥❞ t❤❡ ♣r♦❞✉❝t✐♦♥ t✐♠❡ t♦ s✐① ✇❡❡❦s ❢♦r ❛ s✐♥❣❧❡ ❜♦❛r❞✳
❚❤✐s ✇❛s ♥♦t ❛ ♣r♦❜❧❡♠ ❜❡❝❛✉s❡ t❤❡ ❣♦❛❧ ✇❛s t♦ r❡❝❡✐✈❡ ❢❛✉❧t❧❡ss ❜♦❛r❞s ❛♥❞ ♥♦t t❤❡
❛❝❤✐❡✈✐♥❣ ♦❢ ❛ ❤✐❣❤ P❈❇ t❤r♦✉❣❤♣✉t✳
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✷✳✷ ❲❛❢❡r ❈♦♥♥❡❝t✐♦♥ ❚❡❝❤♥✐q✉❡

❋✐❣✉r❡ ✷✳✾✿ ❚❤❡ ✐♠❛❣❡ s❤♦✇s t❤❡ ♣♦✇❡r s✉♣♣❧② ♦❢ ❛ s✐♥❣❧❡ r❡t✐❝❧❡ ♦♥ t❤❡ ✇❛❢❡r✳ ❚❤❡r❡
❛r❡ P♦✇❡r❋❊❚s ✐♥ t❤❡ ❡❛❝❤ ♦❢ t❤❡ s✉♣♣❧② ❧✐♥❡s t♦ ♦♥❡ r❡t✐❝❧❡✳ ❚❤✐s ✇❛②
❡✈❡r② r❡t✐❝❧❡ ✐s ✐♥❞✐✈✐❞✉❛❧❧② s✇✐t❝❤❛❜❧❡✳ ❚❤❡ ✈♦❧t❛❣❡s ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦
❢♦✉r ❣r♦✉♣s ❛♥❞ ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ❡♥❛❜❧❡ ❧✐♥❡s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡r❡ ❛r❡
♠❡❛s✉r❡♠❡♥t ❧✐♥❡s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❡✈❡r② P♦✇❡r❋❊❚s ❣♦✐♥❣ t♦ t❤❡ ❈✉r❡
❇♦❛r❞s✳

✷✳✷ ❲❛❢❡r ❈♦♥♥❡❝t✐♦♥ ❚❡❝❤♥✐q✉❡

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❝♦♥♥❡❝t✐♦♥ t❡❝❤♥✐q✉❡s ❢♦r st❛♥❞❛r❞✲s✐③❡❞ s✐❧✐❝♦♥ ❝❤✐♣s ❧✐❦❡ ❲❡❞❣❡
❇♦♥❞✐♥❣ ❛♥❞ ❋❧✐♣✲❈❤✐♣✲❇♦♥❞✐♥❣✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡s❡ t❡❝❤♥✐q✉❡s ❛r❡ ♥♦t ❢❡❛s✐❜❧❡
❢♦r ❝♦♥♥❡❝t✐♥❣ ❛ ✇❤♦❧❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❋♦r ❡①❛♠♣❧❡ ❋❧✐♣✲❈❤✐♣✲❇♦♥❞✐♥❣ ✐s s♦❧❞❡r✐♥❣
♣r♦❝❡ss ✇❤❡r❡ s♦❧❞❡r ❜✉♠♣s ❛r❡ ♣❧❛❝❡❞ ♦♥ t❤❡ s✐❧✐❝♦♥ s✉r❢❛❝❡ ❛♥❞ t❤❡♥ r❡s♦❧❞❡r❡❞ ♦♥
❛ s✉❜str❛t❡✳ ❆❢t❡r t❤❡ s♦❧❞❡r✐♥❣ ❛❧❧ ❥♦✐♥ts ❛r❡ ✜①❡❞ ❛♥❞ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ r❡♣❛✐r
❜r♦❦❡♥ ♦♥❡s✳ ❖♥❧② ❜② ❞❡t❛❝❤✐♥❣ t❤❡ ✇❛❢❡r ❛♥❞ r❡❜❛❧❧✐♥❣ ✐t✱ t❤❡ s♦❧❞❡r✐♥❣ ♣r♦❝❡ss
❝❛♥ ❜❡ r❡❞♦♥❡✳ ❚❤✐s ✐♥❞✉❝❡s t❤❡r♠❛❧ str❡ss t♦ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❡❛❝❤ t✐♠❡ ❛♥❞ t❤❡
♣♦ss✐❜✐❧✐t② ❢♦r ❡rr♦rs ✐♥❝r❡❛s❡s✳
❚❤❡ ❲❡❞❣❡ ❇♦♥❞✐♥❣ ✐s t❤❡ st❛♥❞❛r❞ ♣r♦❝❡ss ❢♦r ❝r❡❛t✐♥❣ ❝♦♥♥❡❝t✐♦♥s t♦ s✐❧✐❝♦♥ ❝❤✐♣s✳
❲✐r❡s ❛r❡ ❞r❛✇♥ ❢r♦♠ t❤❡ ❝❤✐♣ ♣❛❞s t♦ ♦t❤❡r ♣❛❞s ♦♥ ❛ s✉❜str❛t❡ ✇❤✐❝❤ ❛r❡ ♠♦st❧②
P❈❇s✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✇✐r❡s ✐s ✐♥ t❤❡ r❛♥❣❡ ♦❢ 25 ➭m✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝♦♥♥❡❝t✐♦♥s
❜❡t✇❡❡♥ ❝❤✐♣ ❛♥❞ P❈❇ ❛r❡ ✈❡r② ❢r❛❣✐❧❡ ❛♥❞ ❤❛✈❡ t♦ ❜❡ ♠♦❧❞❡❞ ✐♥t♦ ❛ ❝♦♠♣♦✉♥❞✳ ▲✐❦❡
❢♦r t❤❡ ❋❧✐♣✲❈❤✐♣ ❇♦♥❞✐♥❣ t❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✇❛❢❡r ❛♥❞ t❤❡ P❈❇ ✐s ✜①✳ ❆

✶✼



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

♥❡✇ s✐❧✐❝♦♥ ✇❛❢❡r ❛❧✇❛②s ♥❡❡❞s ♥❡✇ P❈❇s✳
❆t t❤❡ t✐♠❡ ♦❢ t❤❡ ❛ss❡ss♠❡♥t ♦❢ t❤❡ ❝♦♥♥❡❝t✐♦♥ t❡❝❤♥✐q✉❡s t❤❡ r❡q✉✐r❡♠❡♥ts t♦ t❤❡
♠❡t❤♦❞s ✇❡r❡❀ ❛♥ ❡❛s② ❝♦♥str✉❝t✐♦♥ ❛♥❞ ❛ str❡ss✲❢r❡❡ r❡♣❧❛❝❡❛❜✐❧✐t② ♦❢ t❤❡ s✐❧✐❝♦♥
✇❛❢❡r✳ ❇♦t❤ ♠❡t❤♦❞s ❞♦ ♥♦t s❛t✐s❢② t❤❡s❡ r❡q✉✐r❡♠❡♥ts✳
■♥ t❤❡ ❋❆❈❊❚❙ ♣r♦❥❡❝t ❛♥♦t❤❡r ❝♦♥♥❡❝t✐♦♥ t❡❝❤♥✐q✉❡ ✉s✐♥❣ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs
❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❡✈❛❧✉❛t❡❞✳ ❚❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ❛r❡ ❛ r❡❧✐❛❜❧❡ ❛♥❞
✇❡❧❧✲❦♥♦✇♥ ♠❡t❤♦❞ t♦ ❝♦♥♥❡❝t ❧✐q✉✐❞✲❝r②st❛❧ ❞✐s♣❧❛②s ✭▲❈❉s✮ ✇✐t❤ P❈❇s✳ ❚♦ ✉s❡ t❤✐s
t❡❝❤♥✐q✉❡ ✇✐t❤ ❛ s✐❧✐❝♦♥ ✇❛❢❡r✱ t❤❡ ✇❛❢❡r ♥❡❡❞s ❛❞❞✐t✐♦♥❛❧ ♣r♦❝❡ss✐♥❣ st❡♣s✳ ■♥ t❤❡
s✉❜s❡q✉❡♥t ❇r❛✐♥❙❝❛❧❡❙ ✭❇r❛✐♥❙❝❛❧❡❙✮ ♣r♦❥❡❝t t❤❡ ✜♥❛❧ s②st❡♠ ✇✐t❤ t❤❡s❡ ❝♦♥♥❡❝t♦rs
st❛rt❡❞ ✐ts ♦♣❡r❛t✐♦♥✳

✷✳✷✳✶ ❲❛❢❡r P♦st Pr♦❝❡ss✐♥❣

❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ P♦st✲Pr♦❝❡ss✐♥❣ ♣r♦❝❡❞✉r❡ st❛rt❡❞ ✇✐t❤✐♥ t❤❡ ❋❆❈❊❚❙ ♣r♦❥❡❝t
❬❍✉s♠❛♥♥ ❛♥❞ ❩♦❣❧❛✉❡r ✱ ✷✵✶✵❪✳ ■t ❡♠❡r❣❡❞ ❢r♦♠ t❤❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ♦❢ t❤❡ ■❩▼ ❛♥❞
t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✳ ❚❤❡ ♦❜❥❡❝t✐✈❡s ✇❡r❡ t♦ ❝r❡❛t❡ ❤♦r✐③♦♥t❛❧ ❧✐♥❦s ❜❡t✇❡❡♥
t❤❡ s❡♣❛r❛t❡❞ ❝❤✐♣s ♦♥ ❛ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ ♣r♦✈✐❞❡ t❤❡ ♠❛t✐♥❣ str✉❝t✉r❡s t♦ ❝♦♥♥❡❝t
t♦ t❤❡ ▼❛✐♥P❈❇ t❤r♦✉❣❤ t❤❡ ❡❧❛st♦♠❡r✐❝ str✐♣ ❝♦♥♥❡❝t♦rs✳
❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ r❡❞✐str✐❜✉t✐♦♥ ❧❛②❡rs ✐s t❤❛t ✐t ✉s❡s ❧✐t❤♦❣r❛♣❤② t❡❝❤♥✐q✉❡s
❢r♦♠ ❝❤✐♣ ♣r♦❞✉❝t✐♦♥✱ t❤❡r❡❢♦r❡✱ t❤❡ ❤♦r✐③♦♥t❛❧ ❧✐♥❦s ❝❛♥ ❤❛✈❡ ❛ ♠✉❝❤ ❤✐❣❤❡r ❞❡♥s✐t②✳
❈✉rr❡♥t❧②✱ t❤❡ ✇✐❞t❤ ❛♥❞ s♣❛❝✐♥❣ ❛r❡ 4 ➭m✳ ❊♥❧❛r❣❡♠❡♥t ✈✐❡✇s ♦❢ t❤❡s❡ ❧✐♥❡s ❛r❡
s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✵✳ ❖♥ ❛ P❈❇ t❤❡ st❛t❡✲♦❢✲t❤❡✲❛rt t❡❝❤♥♦❧♦❣② ❛❝❤✐❡✈❡s ❧✐♥❡ ✇✐❞t❤s
❛♥❞ s♣❛❝❡s ♦❢ 40 ➭m ❬❆❚✫❙ ✱ ✷✵✶✼❪✳ ❙t❛②✐♥❣ ♦♥ t❤❡ ✇❛❢❡r ❛❧s♦ ❤❛s ❛❞✈❛♥t❛❣❡s ❢♦r
t❤❡ s✐❣♥❛❧ tr❛♥s♠✐ss✐♦♥✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ tr❛♥s♠✐tt❡r ❛♥❞ r❡❝❡✐✈❡r ✐s s❤♦rt❡r✱
t❤❡r❡❢♦r❡✱ t❤❡ ❧✐♥❡s ❞♦ ♥♦t ♥❡❡❞ t♦ ♠❛t❝❤ ❛ ❝❡rt❛✐♥ ❧✐♥❡ ✐♠♣❡❞❛♥❝❡ ❬❏♦❤♥s♦♥ ❛♥❞
●r❛❤❛♠✱ ✷✵✶✶❪✳ ❋✉rt❤❡r♠♦r❡✱ ❛ s❤♦rt❡r tr❛❝❡ ❤❛s ❛ ❧♦✇❡r ❧✐♥❡ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞✱ t❤✉s✱
t❤❡ tr❛♥s❝❡✐✈❡r ♥❡❡❞s ❧❡ss ❡♥❡r❣② t♦ s✇✐t❝❤ t❤❡ ❧♦❣✐❝ st❛t❡ ♦❢ t❤❡ ❧✐♥❡✳
❚❤❡ r❡❞✐str✐❜✉t✐♦♥ ❝♦♥s✐sts ♦❢ t✇♦ ❝♦♣♣❡r ❧❛②❡rs✳ ❋♦r t❤❡ ♠❛①✐♠✉♠ r❡❧✐❛❜✐❧✐t② ✐t

✐s r❡❝♦♠♠❡♥❞❡❞ ♥♦t t♦ ♠✐① ❞✐✛❡r❡♥t str✉❝t✉r❡ s❝❛❧❡s✳ ❍❡♥❝❡✱ t❤❡ ❧❛②❡r ❞✐r❡❝t ❛❜♦✈❡
t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s ✉s❡❞ ❢♦r t❤❡ ✜♥❡✲♣✐t❝❤ ❝♦♥♥❡❝t✐♦♥s ❛❝r♦ss ❝❤✐♣ ❜♦r❞❡rs✳ ■t ❛❧❧♦✇s
t♦ r♦✉t❡ ✶✷✽✵ ❧✐♥❡s ♦✈❡r t❤❡ ✈❡rt✐❝❛❧ ❛♥❞ ✷✵✹✽ ❧✐♥❡s ♦✈❡r t❤❡ ❤♦r✐③♦♥t❛❧ ❡❞❣❡s ♦❢ t❤❡
r❡t✐❝❧❡ t♦ t❤❡ ♥❡①t ♥❡✐❣❤❜♦r✳ ❚❤❡ ❝♦❛rs❡r ♣❛❞ str✉❝t✉r❡s ❛r❡ ♣❧❛❝❡❞ ♦♥ t❤❡ s❡❝♦♥❞
❘❉▲✳ ❚❤❡ t♦t❛❧ ❤❡✐❣❤t ♦❢ t❤❡ r❡❞✐str✐❜✉t✐♦♥ ❧❛②❡r ✐s 20 ➭m ❬❙❝❤❡♠♠❡❧ ❡t ❛❧✳✱ ✷✵✶✵❜❪✳

P♦st✲Pr♦❝❡ss✐♥❣ ▲❛②❡r ❙t❛❝❦ ❯♣ ❚❤❡ P♦st✲Pr♦❝❡ss✐♥❣ st❛❝❦ ✉♣ ✐s ❞❡♣✐❝t❡❞ ✐♥
✜❣✳ ✷✳✶✶✳
❆t ✜rst ❛ ❧❛②❡r ♦❢ ❇❡♥③♦❝②❝❧♦❜✉t❡♥❡ ✭❇❈❇✮ ✐s ❛♣♣❧✐❡❞ ♦♥t♦ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✱ ✇❤✐❝❤
✐s ❡t❝❤❡❞ ❛✇❛② ♦✈❡r t❤❡ ♣❛ss✐✈❛t✐♦♥ ♦♣❡♥✐♥❣s✳ ❚❤❡ ♦♣❡♥✐♥❣s ❤❛✈❡ ❛ ❞✐❛♠❡t❡r ♦❢ 5 ➭m
❛♥❞ ❛ ❞❡♣t❤ ♦❢ 10 ➭m ❬❍❇P ❙P✾ ♣❛rt♥❡rs✱ ✷✵✶✹❪✳ ❖♥ t❤❡ ❇❈❇ ❧❛②❡r t❤❡ ✜♥❡✲♣✐t❝❤
❝♦♥♥❡❝t✐♦♥s ❢♦r t❤❡ ❝♦♥♥❡❝t✐♦♥s ❛❝r♦ss ❝❤✐♣ ❜♦r❞❡rs ❛r❡ ❝r❡❛t❡❞✱ t♦ ❝♦♥♥❡❝t t♦ t❤❡s❡
❧✐♥❡s t❤❡ ❤♦❧❡s t♦ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❣❡t ❝♦♠♣❧❡t❡❧② ✜❧❧❡❞ ✇✐t❤ ❝♦♣♣❡r✳ ❖♥ ❝❤✐♣ r♦✉t✐♥❣
✐s ♣♦ss✐❜❧❡✱ ✐♥ ❝♦♥tr❛st t♦ t❤❡ ✜♥❡✲♣✐t❝❤ ❧✐♥❡s t❤❡ ❝♦♣♣❡r ❤❡✐❣❤t ✐s ✐♥❝r❡❛s❡❞✳ ❖♥ t♦♣
♦❢ t❤❡ ✜rst r♦✉t✐♥❣ ❧❛②❡r ❝♦♠❡s ❛❣❛✐♥ ❛ ❇❈❇ ❧❛②❡r ❛s s❡♣❛r❛t✐♦♥ ♠❛t❡r✐❛❧ t♦ t❤❡ ♥❡①t
❧❛②❡r✳ ❚❤❡ s❡❝♦♥❞ ❧❛②❡r ✐s ✉s❡❞ ❢♦r t❤❡ ❝♦❛rs❡r ♣❛❞ str✉❝t✉r❡s ❢♦r t❤❡ ❝♦♥♥❡❝t✐♦♥ t♦

✶✽
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✶

✷

✸

✹

❋✐❣✉r❡ ✷✳✶✵✿ ❊♥❧❛r❣❡♠❡♥t ✈✐❡✇s ♦❢ t❤❡ P♦st✲Pr♦❝❡ss✐♥❣ str✉❝t✉r❡s ♦♥ t❤❡ ✇❛❢❡r✳ ■♥
t❤❡ ❜❛❝❦❣r♦✉♥❞ ✭✶✮ ✐s t❤❡ ❍■❈❆◆◆ ✇❛❢❡r✳ ❚❤❡ t♦♣ ❧❡❢t ❡♥❧❛r❣❡♠❡♥t ✈✐❡✇
✭✷✮ s❤♦✇s t❤❡ ❘❉▲ ♣❛❞s ♦❢ ❛ r❡t✐❝❧❡✳ ■♥ t❤❡ ❜♦tt♦♠ ❧❡❢t ♣❤♦t♦❣r❛♣❤ ✭✸✮
t❤❡ ❝♦r♥❡r ♦❢ ❛ r❡t✐❝❧❡ ✐s s❤♦✇♥ ❚❤❡ ❧✐♥❡ ❞❡♥s✐t② ♦♥ t❤❡ ✈❡rt✐❝❛❧ ❡❞❣❡
✐s ❤✐❣❤❡r t❤❛♥ ♦♥ t❤❡ ❤♦r✐③♦♥t❛❧ ❡❞❣❡✳ ■♥ t❤❡ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥ ✷✵✹✽
❧✐♥❡s ❝r♦ss t❤❡ ❡❞❣❡✱ ✇❤❡r❡❛s✱ t❤❡ ❤♦r✐③♦♥t❛❧ ❡❞❣❡ ✶✷✽✵ ❧✐♥❡s ❝r♦ss✳ ❚❤❡
✈❡rt✐❝❛❧ ✜♥❡✲♣✐t❝❤ ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ t✇♦ ❝❤✐♣s ❛r❡ ✈✐s✐❜❧❡ ✐♥ ✭✹✮✳

✶✾



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

t❤❡ ▼❛✐♥P❈❇✳ ❚❤❡ ❝♦♣♣❡r ♦❢ t❤❡ ♣❛❞s ✐s ❝♦✈❡r❡❞ ✇✐t❤ ❛ s♠❛❧❧ ❧❛②❡r ♦❢ ❣♦❧❞✳ ❚❤✐s
♣r❡✈❡♥ts t❤❡ ♦①✐❞❛t✐♦♥ ♦❢ t❤❡ ♣❛❞s ❛♥❞ ❝r❡❛t❡s ❛ ❜❡tt❡r ❡❧❡❝tr✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ ✇✐t❤ t❤❡
❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ❬❩♦s❝❤❦❡ ❡t ❛❧✳✱ ✷✵✶✼❪✳

❋✐❣✉r❡ ✷✳✶✶✿ ❙t❛❝❦ ✉♣ ♦❢ t❤❡ r❡❞✐str✐❜✉t✐♦♥ ❧❛②❡r✳ ❆t ✜rst t❤❡ ❝♦♣♣❡r st✉❞s ✭✶✮ ❛r❡
❝r❡❛t❡❞ ✇❤✐❝❤ ❝♦♥♥❡❝t t❤❡ ♠❡t❛❧❧✲✻ ♣❛❞s t♦ t❤❡ ✜rst r♦✉t✐♥❣ ❧❛②❡r✳ ❖♥
t❤❡ r♦✉t✐♥❣ ❧❛②❡r ❛r❡ t✇♦ t②♣❡s ♦❢ ❝♦♣♣❡r ❧✐♥❡s✳ ❚❤❡r❡ ❛r❡ t❤❡ ✜♥❡✲♣✐t❝❤
❧✐♥❡s ✭✸✮ ✇✐t❤ ❛ ❧✐♥❡ ✇✐❞t❤ ♦❢ 4 ➭m ✉s❡❞ ❛s ✐♥t❡r❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥
❛❞❥❛❝❡♥t r❡t✐❝❧❡s✳ ❚❤❡ s❡❝♦♥❞ t②♣❡ ❛r❡ ✐♥t❡r♠❡❞✐❛t❡ r♦✉t❡s ✇✐t❤ ❛ ❧❛r❣❡r
❝♦♣♣❡r t❤✐❝❦♥❡ss✳ ❖♥ t❤✐s t❤✐❝❦❡r ❝♦♣♣❡r ❧✐♥❡s ✈✐❛s ✭✺✮ ❝♦♥♥❡❝t t❤r♦✉❣❤
t❤❡ s❡❝♦♥❞ ❇❈❇ ❧❛②❡r ✭✺✮ ❢r♦♠ t❤❡ t♦♣✳ ❚❤❡ ♣❛❞s ♦♥ t♦♣ ❛r❡ ❝♦✈❡r❡❞
✇✐t❤ ❛ ❣♦❧❞✢❛s❤ t♦ r❡❞✉❝❡ t❤❡ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ ❛♥❞ st♦♣ ♦①✐❞❛t✐♦♥ ♦❢
t❤❡ ❝♦♣♣❡r✳ ❈♦✉rt❡s② ♦❢ ❑❛✐ ❩♦s❝❤❦❡ ✭■❩▼✮✳

❘❡t✐❝❧❡ P❛❞ ❉❡s✐❣♥ ❋♦r t❤❡ ❞✐✛❡r❡♥t s✐❣♥❛❧ r❡q✉✐r❡♠❡♥ts ❝✉st♦♠✐③❡❞ ♣❛❞ s✐③❡s ❛r❡
r❡q✉✐r❡❞✳ ❚❤❡ ♣❛❞s ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧② ✇✐t❤ ❛ ❤✐❣❤ ❝✉rr❡♥t ❝❛♣❛❝✐t② ♥❡❡❞ t♦ ❜❡
❧❛r❣❡r t❤❛♥ t❤❡ ♣❛❞s ❢♦r t❤❡ ❤✐❣❤✲s♣❡❡❞ s✐❣♥❛❧s ✇✐t❤ ♦♥❧② ❛ s♠❛❧❧ ❝✉rr❡♥t✳ ❚❤❡r❡❢♦r❡✱
t❤❡ ♣❛❞s ❢♦r ❞❛t❛ s✐❣♥❛❧s ❛♥❞ t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s ✇✐t❤ ❛ s♠❛❧❧ ❝✉rr❡♥t ❝❛♣❛❝✐t② ❤❛✈❡
t❤❡ s✐③❡ ♦❢ 1200× 200 ➭m2✳ ❋♦r ✈♦❧t❛❣❡s ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❝✉rr❡♥t ♦❢ 500mA t❤❡
♣❛❞s ❛r❡ 1200× 1400 ➭m2✳
❚✇♦ ✈❡rt✐❝❛❧ ❍■❈❆◆◆s ✉s❡ ❛ ❝♦♠❜✐♥❡❞ P♦st✲Pr♦❝❡ss✐♥❣ ❧❛②♦✉t✳ ■♥ ✜❣✳ ✷✳✶✷ t❤❡

♣✐♥♦✉t ♦❢ t✇♦ ❍■❈❆◆◆s ✐s s❤♦✇♥✳ ❚❤❡② s❤❛r❡ ❝❡rt❛✐♥ s✐❣♥❛❧s ❢♦r s✐♠♣❧✐✜❝❛t✐♦♥ ❧✐❦❡
t❤❡ ❝❧♦❝❦ ❚❈❑ ♦❢ t❤❡ ❏❚❆● ✐♥t❡r❢❛❝❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛ ❢❡✇ ❝♦♥♥❡❝t✐♦♥s ❢r♦♠ ♦♥❡ ❝❤✐♣
t♦ t❤❡ ♦t❤❡r ❛r❡ r♦✉t❡❞ ✐♥ t❤❡ ✜rst ❘❉▲✳ ❋♦r ❡①❛♠♣❧❡ t❤❡ ❏❚❆● ♦✉t♣✉t s✐❣♥❛❧ ❚❉❖
❢r♦♠ t❤❡ ✉♣♣❡r ❍■❈❆◆◆ ❣♦❡s t♦ t❤❡ ❏❚❆● ✐♥♣✉t ❚❉■ ♦❢ t❤❡ ❧♦✇❡r ❍■❈❆◆◆✳ ❚❤❡
♣✐♥ ❧❛②♦✉t ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ❉r✳ ❆♥❞r❡❛s ●rü❜❧✳

✷✳✷✳✷ ❊❧❛st♦♠❡r✐❝ ❈♦♥♥❡❝t♦rs

❚❤❡ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ ▼❛✐♥P❈❇ ✐s ❡st❛❜❧✐s❤❡❞ ✈✐❛
t❤❡ ❩❊❇❘❆ ❝♦♥♥❡❝t♦rs✳ ❚❤❡s❡ ❡❧❛st♦♠❡r✐❝ str✐♣ ❝♦♥♥❡❝t♦rs ❝♦♥s✐st ♦❢ ❝♦♥❞✉❝t✐✈❡ ❛♥❞
♥♦♥✲❝♦♥❞✉❝t✐✈❡ ❧❛②❡rs✳ ❚❤❡ ❧❛②❡rs ❤❛✈❡ ❛ ♣✐t❝❤ ♦❢ 100 ➭m ❛♥❞✱ t❤❡r❡❢♦r❡✱ ❛❧❧♦✇ ❛ ❤✐❣❤
s✐❣♥❛❧ r♦✉t✐♥❣ ❞❡♥s✐t② ✇✐t❤ ❛ ✈❡r② ❧♦✇ r❡s✐st❛♥❝❡ ❬❋✉❥✐♣♦❧② ❪✳ ❚❤❡ ✜❣✉r❡ ✷✳✶✸ ❞❡♣✐❝ts
t❤❡ ❜✉✐❧❞✉♣ ♦❢ ❛ ❝♦♥♥❡❝t♦r✳ ❋♦r t❤❡ ♣✉r♣♦s❡ ✐♥ t❤❡ ❲❙■ s②st❡♠ t❤❡ ❝♦♥♥❡❝t♦rs ❛r❡

✷✵
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❋✐❣✉r❡ ✷✳✶✷✿ P✐♥♦✉t ♦❢ t❤❡ t♦♣ r❡❞✐str✐❜✉t✐♦♥ ❧❛②❡r ❢♦r t✇♦ ❍■❈❆◆◆s✳ ❙✐❣♥❛❧ ♥❛♠❡s
✇✐t❤ ❛ ✬✶✬ ❜❡❧♦♥❣ t♦ t❤❡ t♦♣ ❍■❈❆◆◆✱ ✬✵✬ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❜♦tt♦♠
♦♥❡✳ ❚❤❡ r❡❞ ♣❛❞s ❛r❡ s✉♣♣❧② ✈♦❧t❛❣❡s✱ ❜❧✉❡ t❤❡ ●◆❉ ♣❛❞s✱ ②❡❧❧♦✇ t❤❡
s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ❛♥❞ t❤❡ ❣r❡❡♥ t❤❡ ❤✐❣❤✲s♣❡❡❞ ❧✐♥❦s✳

✷✶
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18mm ❧♦♥❣✱ 1.04mm ✇✐❞❡ ❛♥❞ 1mm ❤✐❣❤✳ ❚❤✉s✱ t❤❡ ✇✐❞t❤ ♦❢ ❝♦♥♥❡❝t♦rs ✐s s♠❛❧❧❡r

❋✐❣✉r❡ ✷✳✶✸✿ ❙❝❤❡♠❛t✐❝ ✐♠❛❣❡ ♦❢ ❛♥ ❡❧❛st♦♠❡r ❝♦♥♥❡❝t♦r✳ ❚❤❡ ❝♦♥❞✉❝t✐✈❡ ❛♥❞ ✐♥s✉❧❛✲
t✐♦♥ ❧❛②❡rs ❛r❡ 50 ➭m ✇✐❞❡✳ ❆ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ ✐s ❡st❛❜❧✐s❤❡❞ ✇❤❡♥ t❤❡
❡❧❛st♦♠❡r ❝♦♥♥❡❝t♦r ✐s ❝♦♠♣r❡ss❡❞ t♦ 80% ♦❢ ✐ts ❤❡✐❣❤t✳ ❚❤❡ ❞✐♠❡♥s✐♦♥
♦❢ ❛♥ ❡❧❛st♦♠❡r ❝♦♥♥❡❝t♦r ✐s ▲❂18mm✱ ❲❂1.04mm ❛♥❞ ❍❂1mm✳

t❤❛♥ t❤❡ ❛❝t✉❛❧ ♣❛❞s ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ t❤❡ ▼❛✐♥P❈❇✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦♥✲
♥❡❝t♦rs ❛r❡ ❧♦♥❣❡r t❤❛♥ ❛ ❝♦❧✉♠♥ ♦❢ P♦st✲Pr♦❝❡ss✐♥❣ ♣❛❞s✳ ❚❤✐s ✇❛② t❤❡ ❛❧✐❣♥♠❡♥t
❝❧❡❛r❛♥❝❡ ✐s ✐♥❝r❡❛s❡❞✳ ❚❤❡ ♣❛❞s ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ ▼❛✐♥P❈❇ ❛r❡ ❜✐❣❣❡r t❤❛♥
❛ s✐♥❣❧❡ ❝♦♥❞✉❝t✐✈❡ ❧❛②❡r ✐♥ t❤❡ str✐♣❡ ❝♦♥♥❡❝t♦r✳ ❚❤❡r❡❢♦r❡✱ ♥♦ s♣❡❝✐❛❧ ❛❧✐❣♥♠❡♥t ❢♦r
t❤❡ ❡❧❛st♦r♠❡r✐❝ ❝♦♥♥❡❝t♦rs ✐s ♥❡❡❞❡❞✳ ❚❤❡ s♠❛❧❧❡st ♣❛❞ ♦♥ t❤❡ ✇❛❢❡r ❛♥❞ P❈❇ ✐s
200 ➭m ✇✐❞❡✳ ❚❤✐s ❣✉❛r❛♥t❡❡s t❤❛t ❛t ❧❡❛st ♦♥❡ ❝♦♠♣❧❡t❡ ❝♦♥❞✉❝t✐✈❡ ❧❛②❡r ✐s ♦♥ t❤❡
♣❛❞✳
❚❤❡r❡ ❛r❡ s♠❛❧❧ s✐❧✈❡r ❜❛❧❧s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❝♦♥❞✉❝t✐✈❡ ❧❛②❡rs✳ ❚❤❡s❡ s✐❧✈❡r ❜❛❧❧s ❢♦r♠
❛ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ ✇❤❡♥ ❛ ❢♦r❝❡ ✐s ❛♣♣❧✐❡❞ ✐♥ t❤❡ ③✲❞✐r❡❝t✐♦♥✳ ❚❤❡ ✇♦r❦✐♥❣ ♣r✐♥❝✐♣❧❡
✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✷✳✶✹✳
■♥ t❤❡ ❞✐♣❧♦♠❛✲t❤❡s✐s ♦❢ ❍♦❧❣❡r ❩♦❣❧❛✉❡r t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ✇❡r❡ t❡st❡❞ ❡①✲
t❡♥s✐✈❡❧② ❢♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ✐♥ t❤❡ ❲❙■ s②st❡♠ ❬❩♦❣❧❛✉❡r ✱ ✷✵✵✾❪✳ ■t ❤❛s ❜❡❡♥ s❤♦✇♥
t❤❛t s✐♥❣❧❡ str✐♣s ❤❛✈❡ ❛ ❤✐❣❤ ❝✉rr❡♥t ❝❛♣❛❝✐t② ❛♥❞ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧②
❝♦♥♥❡❝t✐♦♥s✳
❙♦ ❢❛r t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs s❤♦✇❡❞ ♥♦ ❛❣✐♥❣ ♣r♦❝❡ss ✐♥ t❤❡ s②st❡♠s✳ ❖♥❝❡

t❤❡② ❛r❡ ✐♥st❛❧❧❡❞ ✐♥ ❛ s②st❡♠✱ t❤❡② ✇♦r❦ ✢❛✇❧❡ss❧②✳ ❍♦✇❡✈❡r✱ ✐❢ t❤❡ ♠♦❞✉❧❡ ✐s
r❡♦♣❡♥❡❞ ❛❢t❡r ❛ ❧♦♥❣❡r ♣❡r✐♦❞✱ t❤❡ ❝♦♥♥❡❝t♦rs ❛r❡ ♥♦t ✉s❡❞ ❛♥②♠♦r❡ ❛♥❞ r❡♣❧❛❝❡❞
✇✐t❤ ♥❡✇ ♦♥❡s✳ ❚❤❡ ❝♦♠♣r❡ss❡❞ ❝♦♥♥❡❝t♦rs ❛r❡ ♥♦t ❛s ✢❡①✐❜❧❡ ❛s ❛t t❤❡ ❜❡❣✐♥♥✐♥❣✳
❚❤❡② ❞♦ ♥♦t r❡❝♦✈❡r t♦ t❤❡ ❢✉❧❧ ❤❡✐❣❤t ♦❢ 1mm ❛❢t❡r t❤❡ ❢♦r❝❡ ✐s r❡♠♦✈❡❞✳ ■t ✐s
✉♥❦♥♦✇♥ ❤♦✇ ❛ ♠✐① ♦❢ ♥❡✇ ❛♥❞ ♦❧❞ ❝♦♥♥❡❝t♦rs ✇♦✉❧❞ ❜❡❤❛✈❡ ❛♥❞ ✐❢ ✐t ✇♦✉❧❞ ✇♦r❦✳
❚❤❡r❡❢♦r❡✱ ✐t ✐s ❡❛s✐❡r t♦ ✉s❡ ♥❡✇ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ✇✐t❤ ❛ ✇❡❧❧✲❦♥♦✇♥ ❜❡❤❛✈✐♦r✳
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❋✐❣✉r❡ ✷✳✶✹✿ ❲♦r❦✐♥❣ ♣r✐♥❝✐♣❧❡ ♦❢ ❛♥ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦r✳ ■♥ t❤❡ ❝♦♥♥❡❝t♦r ❛r❡
s♠❛❧❧ s✐❧✈❡r ❜❛❧❧s ❡♠❜❡❞❞❡❞✳ ❆t ✜rst t❤❡r❡ ✐s ♥♦ ❡❧❡❝tr✐❝❛❧ ❝♦♥♥❡❝t✐♦♥
❜❡t✇❡❡♥ t❤❡ ▼❛✐♥P❈❇ ❛♥❞ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❖♥❧② ❛❢t❡r sq✉❡❡③✐♥❣ t❤❡
❝♦♥♥❡❝t♦r t♦ 80% ♦❢ ✐ts ♦r✐❣✐♥❛❧ ❤❡✐❣❤t ❡❧❡❝tr✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ ❛r❡ ❝r❡❛t❡❞✳

✷✳✷✳✸ ❋❘✹ P♦s✐t✐♦♥✐♥❣ ▼❛s❦

❖♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r t✇♦ ❍■❈❆◆◆s s❤❛r❡ t✇♦ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs✳ ❋♦r t❤❡ ❝♦♠✲
♣❧❡t❡ ✇❛❢❡r t❤✐s ❛❞❞s ✉♣ t♦ ✸✽✹ ❡❧❛st♦♠❡r ❝♦♥♥❡❝t♦rs✳ ❚❤✐s ❛♠♦✉♥t ♦❢ ❝♦♥♥❡❝t♦rs
♥❡❡❞s s♦♠❡ s♦rt ♦❢ ♣♦s✐t✐♦♥✐♥❣ ♠❛s❦✳ ❖t❤❡r✇✐s❡ t❤❡✐r ♣♦s✐t✐♦♥ ❝♦✉❧❞ ❝❤❛♥❣❡ ❞✉r✲
✐♥❣ t❤❡ ❛ss❡♠❜❧② ♣r♦❝❡ss✱ ❡s♣❡❝✐❛❧❧②✱ ❞✉r✐♥❣ t❤❡ ❝♦♠♣r❡ss✐♦♥ ♣❤❛s❡✳ ❚❤❡r❡❢♦r❡✱ ❛
♣♦s✐t✐♦♥✐♥❣ ♠❛s❦ ✐s ❝✉t ♦✉t ♦❢ ❛♥ ❋❘✹ s❤❡❡t✳ ❚❤❡ ❞✐s❦ ❤❛s ✸✽✹ s❧♦ts t♦ ❤♦❧❞ t❤❡
❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ✐♥ ♣❧❛❝❡✳ ❚❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♦❢ t❤❡ ♠❛s❦ ✐s ❞♦♥❡ ❜② t❤❡ ♠❡✲
❝❤❛♥✐❝s ✇♦r❦s❤♦♣ ♦❢ t❤❡ ❑✐r❝❤❤♦✛✲■♥st✐t✉t❡ ❢♦r P❤②s✐❝s✳
❆s t❤❡ ❡❧❛st♦♠❡r ❝♦♥♥❡❝t♦rs ❣❡t ❝♦♠♣r❡ss❡❞ t♦ 80% ♦❢ t❤❡✐r ❤❡✐❣❤t✱ t❤❡ ❞✐s❦ t❤✐❝❦✲
♥❡ss ❤❛s t♦ ❜❡ ❜❡❧♦✇ t❤✐s✳ ❍❡♥❝❡✱ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ♣♦s✐t✐♦♥✐♥❣ ♠❛s❦ ✐s 0.5mm
❛♥❞ ❧❡❛✈❡s ❡♥♦✉❣❤ s♣❛❝❡ ❢♦r t❤❡ ❝♦♠♣r❡ss✐♦♥ ♦❢ t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs✳ ❚❤❡ ♠❛✲
t❡r✐❛❧ ♦❢ t❤❡ ♣♦s✐t✐♦♥✐♥❣ ♠❛s❦ ✐s ❋❘✹ ❜❡❝❛✉s❡ ♦❢ ✐ts ❣♦♦❞ ✇♦r❦✐♥❣ ♣r♦♣❡rt✐❡s✳ ❚❤❡
❋❘✹ ♠❛t❡r✐❛❧ ✐s st❛❜❧❡ ❞✉r✐♥❣ t❤❡ ♠✐❧❧✐♥❣ ♣r♦❝❡ss✳ ❊s♣❡❝✐❛❧❧②✱ t❤❡ str✐♣ ❜❡t✇❡❡♥ t✇♦
❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ✐s ❛ ✇❡❛❦ ♣♦✐♥t ♦❢ t❤❡ ♠❛s❦ ❛s ✐t ✐s ♦♥❧② 1.5mm ✇✐❞❡✳ ❍❡r❡
t❤❡ ❣❧❛ss✲✜❜❡rs ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡✳ ❚❤❡ ✜❜❡rs ♠❛❦❡ t❤❡ ♠❛s❦ ✐♥❤❡r❡♥t❧② st❛❜❧❡✱
s♦ t❤❛t ✐t ✐s ✢❡①✐❜❧❡ ❜✉t ❛❧s♦ r✐❣✐❞ ❡♥♦✉❣❤ ❢♦r t❤❡ s♠❛❧❧ str✐♣s ♥♦t t♦ ❜r❡❛❦ ✉♣✳ ❚❤❡r❡
❛r❡ ♦t❤❡r ♠❛t❡r✐❛❧s ✇✐t❤ t❤❡ s❛♠❡ ♣r♦♣❡rt✐❡s✱ ❧✐❦❡ ❚❡✢♦♥✳ ❚❤❡s❡ ♠❛t❡r✐❛❧s ❛r❡ ♠♦r❡
❡①♣❡♥s✐✈❡ t❤❛♥ ❋❘✹ ❛♥❞✱ t❤❡r❡❢♦r❡✱ ♥♦t ✉s❡❞✳

✷✳✸ ❈♦♥str✉❝t✐♦♥ ♦❢ ❛ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

❚❤❡ ❛ss❡♠❜❧② ♦❢ ❛ ✇❛❢❡r ♠♦❞✉❧❡ st❛rts ✐♥ t❤❡ ❝❧❡❛♥ r♦♦♠✱ ✇❤❡r❡ t❤❡ ♠❛t✐♥❣ ♦❢ t❤❡
s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ t❤❡ ▼❛✐♥P❈❇ ✐s ❞♦♥❡✳
❆t ✜rst ❛ ♣♦s✐t✐♦♥✐♥❣ ♠❛s❦ ❤❛s t♦ ❜❡ ✜❧❧❡❞ ✇✐t❤ ✸✽✹ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs✳ ❊❛❝❤

❝♦♥♥❡❝t♦r ♥❡❡❞s t♦ ❜❡ ✐♥s♣❡❝t❡❞ ♦♣t✐❝❛❧❧② ❢♦r ❞❡❢❡❝ts✳ ❚❤❡ ❝♦♠♠♦♥ ❡rr♦rs ❛r❡ ✇r♦♥❣
❝✉ts ♦r ❜r♦❦❡♥ ♣❛tt❡r♥s ♦❢ ❝♦♥❞✉❝t✐✈❡ ❛♥❞ ✐♥s✉❧❛t✐♥❣ ❧❛②❡rs✳ ❚❤❡ ❡①❛♠♣❧❡s ♦❢ ❞❡❢❡❝ts
❛r❡ s❤♦✇♥ ✐♥ ✜❣✳ ✷✳✶✺✳
❚❤❡ ✜❧❧✐♥❣ ♦❢ ♦♥❡ ♠❛s❦ t❛❦❡s ❛r♦✉♥❞ t✇♦ ❤♦✉rs ❢♦r ❛ s❡♠✐s❦✐❧❧❡❞ ♣❡rs♦♥✳ ◆❡①t t❤❡

♠❛s❦ ✐s s❝r❡✇❡❞ t♦ t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ▼❛✐♥P❈❇✳ ■♥ ♣❛r❛❧❧❡❧ t❤❡ ❲❛❢❡r ❇r❛❝❦❡t ✐s
✜①❛t❡❞ t♦ t❤❡ ❛❞❥✉st♠❡♥t ❞❡✈✐❝❡ ❛♥❞ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s ❧❛✐❞ ✐♥t♦ ✐t✳ ◆♦✇ ❜♦t❤ ❣❡t
✉♥✐t❡❞✱ t❤❡r❡❢♦r❡✱ t❤❡ ▼❛✐♥P❈❇ ✇✐t❤ t❤❡ ♣♦s✐t✐♦♥✐♥❣ ♠❛s❦ ✐s ✢✐♣♣❡❞ ♦✈❡r ❛♥❞ ♣❧❛❝❡❞
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✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

✭❛✮ ■♥s✉❧❛t✐♦♥ t♦♦ t❤✐♥ ✭❜✮ ❉❛♠❛❣✐♥❣ ❝✉t

❋✐❣✉r❡ ✷✳✶✺✿ ❚✇♦ ❣❡♥❡r✐❝ ✐♠❛❣❡s s❤♦✇✐♥❣ ❞❡❢❡❝t ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs✳ ■♥ ✭❛✮ t❤❡
❝♦♥♥❡❝t♦r ❤❛s ❛♥ ✐♥s✉❧❛t✐♦♥ ❧❛②❡r ✇❤✐❝❤ ✐s t♦♦ t❤✐♥✳ ■♥ ✭❜✮ t❤❡ ❝♦♥♥❡❝t♦r
✇❛s ♥♦t ❝✉t ♣r♦♣❡r❧② ❛♥❞ r✉✐♥❡❞ t❤❡ ❧❛②❡r str✉❝t✉r❡✳ ❯s✐♥❣ ❛ ❝♦♥♥❡❝t♦r
❧✐❦❡ ✭❜✮ ✇♦✉❧❞ ❝r❡❛t❡ s❤♦rts ❜❡t✇❡❡♥ ❛❞❥❛❝❡♥t ♣❛❞s✳

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

▼❛✐♥P❈❇ ❢♦r t❤❡ ♣r♦♣❡r ❛❧✐❣♥♠❡♥t✱ s❡❡ ✜❣✳ ✷✳✶✻✳ ❚❤❡ ❛❞❥✉st♠❡♥t ❞❡✈✐❝❡ ❝❛♥ ♠♦✈❡
t❤❡ ❚♦♣ ❈♦✈❡r ✇✐t❤ t❤❡ ▼❛✐♥P❈❇ ✐♥ ①✲ ❛♥❞ ②✲❞✐r❡❝t✐♦♥✳ ■❢ t❤❡r❡ ✐s ❛♥ ❛♥❣✉❧❛r ❡rr♦r
❜❡t✇❡❡♥ t❤❡♠✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ r♦t❛t❡ t❤❡ ❲❛❢❡r ❇r❛❝❦❡t ✭❲❛❢❡r ❇r❛❝❦❡t✮ ✇✐t❤ t❤❡
✇❛❢❡r✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ✐s t♦ ♣❧❛❝❡ t❤❡ ❝r♦ss❡s ♦❢ t❤❡ ❝♦♣♣❡r ✇✐r❡s ♦✈❡r t❤❡ ✇❛❢❡r ♠❛r❦s✳

❋✐❣✉r❡ ✷✳✶✻✿ ❚❤❡ ❧❡❢t ✐♠❛❣❡ s❤♦✇s t❤❡ ✇✐r❡s ♦♥ t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ▼❛✐♥P❈❇✳ ■♥ t❤❡
r✐❣❤t ✐♠❛❣❡ t❤❡ ✈✐❡✇ t❤r♦✉❣❤ t❤❡ ❚♦♣ ❈♦✈❡r ♦♥ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r ✐s
s❤♦✇♥✳ ❚❤❡ ❝r♦ss ♦❢ t❤❡ ▼❛✐♥P❈❇ s❤♦✉❧❞ ❜❡ ❛❜♦✈❡ t❤❡ ❝❡♥t❡r ♦❢ t❤❡
✜❞✉❝✐❛❧ ♠❛r❦✳ ❚❤❡ sq✉❛r❡s ♦♥ t❤❡ ✇❛❢❡r ❛r❡ 50× 50 ➭m2✳

❲❤❡♥ ✐t ✐s ❛❝❤✐❡✈❡❞ t❤❡ s❝r❡✇s ❛r❡ ✐♥s❡rt❡❞ ✐♥t♦ t❤❡ ❚♦♣ ❈♦✈❡r ❛♥❞ t✐❣❤t❡♥❡❞✳ ■♥
t❤❡ ♣r♦❝❡ss ♦❢ t✐❣❤t❡♥✐♥❣ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❧♦✇❡r t❤❡ ❚♦♣ ❈♦✈❡r ❛s ❡✈❡♥ ❛s ♣♦ss✐❜❧❡✳
❚❤❡r❡❢♦r❡✱ t❤❡ s❝r❡✇s ❣❡t ✜①❛t❡❞ ✐♥ s♠❛❧❧ st❡♣s ❛♥❞ ❛t t❤❡ s❛♠❡ t✐♠❡ t❤❡ ❝r♦ss❡s ❛r❡
❝❤❡❝❦❡❞ t♦ st❛② ✐♥ ♣♦s✐t✐♦♥✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡r❡ ❛r❡ t❡st ❜♦❛r❞s ❞❡✈❡❧♦♣❡❞ ❜② ❙❛❜❛♥❝✐✲❯♥✐✈❡rs✐t② ❛♥❞ ❍❡✐❞❡❧❜❡r❣
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✷✳✸ ❈♦♥str✉❝t✐♦♥ ♦❢ ❛ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

①✲❞✐r❡❝t✐♦♥

②✲❞✐r❡❝t✐♦♥r♦t❛t✐♦♥

❋✐❣✉r❡ ✷✳✶✼✿ ❚❤❡ ❆❞❥✉st♠❡♥t ❞❡✈✐❝❡ ✐♥ t❤❡ ❝❧❡❛♥ r♦♦♠✳ ■♥ t❤❡ ❝❡♥t❡r ✐s t❤❡ ✇❛❢❡r
❜r❛❝❦❡t ✇❤✐❝❤ ❤♦❧❞s t❤❡ ❍■❈❆◆◆ ✇❛❢❡r✳ ❚❤❡ t♦♣ ❛♥❞ r✐❣❤t ❜❧♦❝❦ ❝♦♥✲
st❛♥t❧② ♣✉s❤ ❛❣❛✐♥st t❤❡ ❚♦♣ ❈♦✈❡r ✭r❡❞ ❛rr♦✇s✮✳ ❚❤✉s✱ t❤❡ ♣♦s✐t✐♦♥ ♦❢
t❤❡ ❚♦♣ ❈♦✈❡r t♦❣❡t❤❡r ✇✐t❤ t❤❡ ▼❛✐♥P❈❇ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ♣♦s✐t✐♦♥
♦❢ t❤❡ ♦t❤❡r ❜❧♦❝❦s ❛t t❤❡ ❧❡❢t ❛♥❞ ❧♦✇❡r ❡❞❣❡✳ ❚❤❡② ❝❛♥ ❜❡ s❤✐❢t❡❞ ✇✐t❤
♠✐❝r♦♠❡t❡r s❝r❡✇s ✭❜❧✉❡ ❛rr♦✇s✮✳ ❆ r♦t❛t✐♦♥ ❡rr♦r ❝❛♥ ❜❡ ❝♦♠♣❡♥s❛t❡❞
✇✐t❤ t❤❡ ♠✐❝r♦♠❡t❡r s❝r❡✇ ✐♥ t❤❡ ❧♦✇❡r ❧❡❢t ❝♦r♥❡r ✭❣r❡❡♥ ❛rr♦✇✮ ✇❤✐❝❤
r♦t❛t❡s t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳
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✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

❯♥✐✈❡rs✐t②✱ ✇❤✐❝❤ ❝❤❡❝❦ ✐❢ t❤❡r❡ ✐s ❛♥ ❡❧❡❝tr✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r
❛♥❞ t❤❡ ▼❛✐♥P❈❇✳ ❚❤❡ ❜♦❛r❞s ❛r❡ ❛tt❛❝❤❡❞ ✐♥t♦ t❤❡ ❋❈P ❜♦❛r❞ ❝♦♥♥❡❝t♦rs ♦♥ t❤❡
▼❛✐♥P❈❇✳ ❚❤❡② ♠❡❛s✉r❡ ❡✈❡r② t❡r♠✐♥❛t✐♦♥ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ▲❱❉❙ ❧✐♥❡s ♦♥ t❤❡
✇❛❢❡r ❛♥❞ t❤❡ ❞✐♦❞❡ ❢♦r✇❛r❞ ✈♦❧t❛❣❡ ♦❢ t❤❡ ❊❧❡❝tr♦st❛t✐❝ ❉✐s❝❤❛r❣❡ ✭❊❙❉✮ str✉❝t✉r❡s
✐♥ t❤❡ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s✱ ❡✳❣✳ ❏❚❆● ❧✐♥❡s✳ ❚❤❡ ▲❱❉❙ ❧✐♥❡s s❤♦✉❧❞ ❤❛✈❡ ❛ r❡s✐st❛♥❝❡
♦❢ ❛r♦✉♥❞ 120Ω ✇❤✐❝❤ ♠❛✐♥❧② ❝♦♠❡s ❢r♦♠ t❤❡ t❡r♠✐♥❛t✐♦♥ r❡s✐st♦r ❜❡t✇❡❡♥ t❤❡ ♣✲
❛♥❞ ♥✲❧✐♥❡ ♦♥ t❤❡ ✇❛❢❡r✳ ❚❤❡ ❡❧❛st♦r♠❡r✐❝ ❝♦♥♥❡❝t♦r ❛♥❞ t❤❡ ❝♦♣♣❡r ❧✐♥❡s ♦♥ t❤❡
▼❛✐♥P❈❇ ❤❛✈❡ ❛ ♥❡❣❧✐❣✐❜❧❡ r❡s✐st❛♥❝❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ 120Ω✳ ❆ ❢♦r✇❛r❞ ✈♦❧t❛❣❡ ♦❢
0.6V ❛t 2mA ✐s ❝♦rr❡❝t ❢♦r t❤❡ ❊❙❉ ❞✐♦❞❡s✳ ❚❤❡ r❡s✉❧t ♦❢ ❛ t❡st r✉♥ ✐s s❤♦✇♥ ✐♥

❋✐❣✉r❡ ✷✳✶✽✿ ❚❤❡ r❡s✉❧t ♦❢ ❛ ❝♦♥♥❡❝t✐♦♥ t❡st✳ ❚❤❡ ✈✐s✉❛❧✐③❛t✐♦♥ s❤♦✇s ❛ r❡♣r❡s❡♥t❛✲
t✐♦♥ ♦❢ t❤❡ ✇❛❢❡r ❛♥❞ ❞❡♣✐❝ts t❤❡ ❧♦❝❛t✐♦♥ ♦❢ ❡rr♦rs ❜② ❝♦❧♦rs✳ ❊✈❡r②
❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦r ✐s ❞✐✈✐❞❡❞ ✐♥t♦ t❤r❡❡ ♣❛rts✳ ❚❤❡ t✇♦ ✉♣♣❡r ❜♦①❡s
r❡♣r❡s❡♥t t❤❡ t❡r♠✐♥❛t✐♦♥ r❡s✐st❛♥❝❡s ♦❢ t❤❡ r❡❝❡✐✈❡r ❛♥❞ tr❛♥s♠✐ss✐♦♥
❧✐♥❡s✳ ❋♦r ❡①❛♠♣❧❡ t❤❡ ❜❧✉❡ ❜♦①❡s ✐♥ r❡t✐❝❧❡ ✻ ❛♥❞ ✶✻ s❤♦✇ t❤❛t t❤❡r❡
✐s ♥♦ ❤✐❣❤✲s♣❡❡❞ ❝♦♥♥❡❝t✐♦♥ ❛✈❛✐❧❛❜❧❡✳ ❚❤❡ ❧♦✇❡r ❜♦① ✐s ❛ss✐❣♥❡❞ t♦ t❤❡
❞✐♦❞❡ t❡sts✳ ❚❤❡ r❡t✐❝❧❡s ✶✾ ❛♥❞ ✸✶✱ ❢♦r ❡①❛♠♣❧❡✱ ❤❛✈❡ t❤❡ ♣r♦❜❧❡♠s ✇✐t❤
t❤❡ ❏❚❆● ❧✐♥❡s✳ ❆ ❣r❡❡♥ ❜♦① ♠❡❛♥s t❤❛t t❤❡r❡ ✇❡r❡ ♥♦ ❡rr♦rs✳ ❚❤❡ ♦t❤❡r
❝♦❧♦rs ❝♦❞❡ t❤❡ ❛♠♦✉♥t ♦❢ ❡rr♦rs✱ st❛rt✐♥❣ ❢r♦♠ ♦♥❡ ❡rr♦r✭②❡❧❧♦✇✮ t♦ ♥♦t
✇♦r❦✐♥❣ ❛t ❛❧❧✭❜❧❛❝❦✮✳ ❈♦✉rt❡s② ♦❢ ❉❛♥ ❍✉s♠❛♥♥✳

✜❣✳ ✷✳✶✽✳ ❚❤❡ s♦❢t✇❛r❡ ❝♦♥tr♦❧❧✐♥❣ ♦❢ t❤❡ ❜♦❛r❞s ❛♥❞ t❤❡ ✈✐s✉❛❧✐③❛t✐♦♥ ✇❛s ✇r✐tt❡♥
❜② ❉❛♥ ❍✉s♠❛♥♥✳ ■❢ t❤❡ t❡sts ❛r❡ s✉✣❝✐❡♥t❧② ✇❡❧❧✱ t❤❡♥ t❤❡ ✜♥❛❧ st❡♣ ❝❛♥ ❜❡ ❞♦♥❡✳
❖t❤❡r✇✐s❡✱ ✐❢ t❤❡r❡ ❛r❡ t♦♦ ♠❛♥② ❡rr♦rs✱ t❤❡ s②st❡♠ ❤❛s t♦ ❜❡ r❡♦♣❡♥❡❞✳ ❉❡♣❡♥❞✐♥❣
♦♥ t❤❡ ♣r♦❜❧❡♠ ✐t ♠❛② ♥❡❝❡ss❛r② t♦ ❝♦♥❞✉❝t ❢♦r♠❡r t❛s❦s ❛❣❛✐♥✱ ❡✳❣✳ t❤❡ ❛❧✐❣♥♠❡♥t
♣r♦❝❡❞✉r❡✳ ■t ♠❛② ❛❧s♦ ♣♦ss✐❜❧❡ t❤❛t s✐♥❣❧❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs s❤♦✇ ♣r♦❜❧❡♠s
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✷✳✹ ❙❝❛❧❛❜✐❧✐t② ♦❢ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

✇❤✐❝❤ ✇❡r❡ ♥♦t r❡❝♦❣♥✐③❡❞ ❞✉r✐♥❣ t❤❡ ♦♣t✐❝❛❧ ✐♥s♣❡❝t✐♦♥ ❛♥❞ ❤❛✈❡ t♦ ❜❡ ❡①❝❤❛♥❣❡❞✳
❲❤❡♥ t❤❡ t❡st r❡t✉r♥s ❛ ♣♦s✐t✐✈❡ r❡s✉❧t✱ t❤❡♥ t❤❡ ✜♥❛❧ st❡♣ ✐s t♦ r❡♣❧❛❝❡ t❤❡ ❛✐r
❜❡t✇❡❡♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ t❤❡ ▼❛✐♥P❈❇ ✇✐t❤ ♥✐tr♦❣❡♥✳ ❚❤❡ ♥✐tr♦❣❡♥ st♦♣s ❛
♣♦ss✐❜❧❡ ♦①✐❞❛t✐♦♥ ♦❢ t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ✇✐t❤ t❤❡✐r s✐❧✈❡r ❜❛❧❧s✳ ❋✉rt❤❡r♠♦r❡✱
✇✐t❤♦✉t t❤❡ ❛✐r t❤❡r❡ ✐s ♥♦ ❝♦♥❞❡♥s❛t✐♦♥ ♦❢ ✇❛t❡r ❞r♦♣s ✇❤✐❝❤ ❝♦✉❧❞ ❞❡str♦② t❤❡
❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts✳

✷✳✹ ❙❝❛❧❛❜✐❧✐t② ♦❢ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

■t ✐s ✐♥t❡♥❞❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ ♥✉♠❜❡r ♦❢ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ s②st❡♠s ✇✐t❤✐♥ t❤❡
❍✉♠❛♥ ❇r❛✐♥ Pr♦❥❡❝t ❬❍❇P ✱ ✷✵✶✺❪✳ ❚❤❡ q✉❡st✐♦♥ t❤❛t ❛r✐s❡s ✐s✿ ■s ✐t ❢❡❛s✐❜❧❡ t♦
✉♣s❝❛❧❡ t❤❡ ❝✉rr❡♥t s②st❡♠ ❛r❝❤✐t❡❝t✉r❡❄
◆❡✇ s②st❡♠ ❛s♣❡❝ts ❜❡❝♦♠❡ ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛t ✇❡r❡ ♥♦t ❢♦r t❤❡ ❝✉rr❡♥t s②st❡♠
s✐③❡✳

❑♥♦✇❧❡❞❣❡ ❚r❛♥s❢❡r ❛♥❞ ❉✐str✐❜✉t✐♦♥ ❋♦r ❛ ❢❛st ❛ss❡♠❜❧② ♦❢ t❤❡ ❞❡s✐r❡❞ s②st❡♠
s✐③❡ ✐t ✐s ❞❡s✐r❛❜❧❡ t♦ ❞✐str✐❜✉t❡ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ❛ss❡♠❜❧② ♣r♦❝❡ss ♦✈❡r s❡✈❡r❛❧
♣❡rs♦♥s✳ ❚❤✐s ✇❛② t❛s❦s ❝❛♥ r✉♥ ✐♥ ♣❛r❛❧❧❡❧ ❛♥❞ ✐❢ ♦♥❡ ❢❛❧❧s ✐❧❧✱ t❤❡ ✇❤♦❧❡ ♣r♦❝❡ss ✐s
♥♦t ❜❧♦❝❦❡❞✳
❋♦r t❤❡ ❛ss❡♠❜❧② ♦❢ t❤❡ ✷✵ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠s ❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ✇✐t❤ t❤❡ ❙❛❜❛♥❝✐✲

❯♥✐✈❡rs✐t② ✭❙❛❜❛♥❝✐✲❯♥✐✈❡rs✐t②✮ ✐♥ ❚✉r❦❡② ✇❛s st❛rt❡❞✳ ❚❤❡ ✐♥t❡♥t✐♦♥ ✇❛s t♦ s❤✐♣
❛❧❧ ❝♦♠♣♦♥❡♥ts t♦ t❤❡ ❣r♦✉♣ ✐♥ ❚✉r❦❡②✱ t❤❡② ❛ss❡♠❜❧❡ t❤❡ s②st❡♠s ❧♦❝❛❧❧② ❛♥❞ s❡♥❞
t❤❡♠ ❜❛❝❦ r❡❛❞② ❢♦r ✉s❡✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ❛ ❝♦rr❡❝t ❛ss❡♠❜❧② ❝♦✉❧❞ ♥♦t ❜❡ ❛❝❤✐❡✈❡❞
❛❢t❡r s✐① ♠♦♥t❤s ❛♥❞ t❤❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❡♥❞❡❞✳
❊✈❡♥t✉❛❧❧②✱ t❤r❡❡ st✉❞❡♥t ❛ss✐st❛♥ts ❢r♦♠ t❤❡ ❍❡✐❞❡❧❜❡r❣ ❯♥✐✈❡rs✐t② ✇❡r❡ ❤✐r❡❞ ❛♥❞

s✉♣❡r✈✐s❡❞ ❜② ❉❛♥ ❍✉s♠❛♥♥✳ ❚❤❡✐r t❛s❦ ✇❛s t❤❡ ❛ss❡♠❜❧② ♦❢ t❤❡ ✷✵ ❇r❛✐♥❙❝❛❧❡❙
s②st❡♠s ✐♥ t❤❡ ❝❧❡❛♥ r♦♦♠ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✸✳ ❖♥❧② s✐① s②st❡♠s ✇❡r❡ ❛ss❡♠✲
❜❧❡❞ ❜② t❤❡ st✉❞❡♥ts✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❛t ✇❛s t❤❡ ❤✐❣❤ ♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥t st❡♣s ❛♥❞
t❤❡✐r ❝♦♠♣❧❡①✐t②✳ ■t t♦♦❦ ❛ ❧♦t ♠♦r❡ s✉♣❡r✈✐s❡❞ tr❛✐♥✐♥❣ t❤❛♥ t❤♦✉❣❤t ♦❢ t♦ ❣❛✐♥ t❤❡
r❡q✉✐r❡❞ ❡①♣❡r✐❡♥❝❡ t♦ ❛ss❡♠❜❧❡ ❛ s✐♥❣❧❡ s②st❡♠ ❜② t❤❡♠s❡❧✈❡s✳

Pr♦❝❡ss ❈♦♥tr♦❧ ❖♥❝❡ ✐♥st❛❧❧❡❞ ✐♥ ❛ ❝❛❜✐♥❡t r❛❝❦ ♦♥❧② s♠❛❧❧ ❝❤❛♥❣❡s t♦ t❤❡ s②st❡♠
❛r❡ ♣♦ss✐❜❧❡✳ ▲❛t❡r ❡①❝❤❛♥❣❡s ♦❢ ❝♦♠♣♦♥❡♥ts r❡s✉❧t ✐♥ ❛ t✐♠❡ ❝♦♥s✉♠✐♥❣ ❞✐s❛ss❡♠❜❧②
✇❤✐❝❤ s❤♦✉❧❞ ❜❡ ❛✈♦✐❞❡❞✳ ❚❤❡r❡❢♦r❡✱ ❛ ❝♦♥t✐♥✉♦✉s ♣r♦❝❡ss ❝♦♥tr♦❧ ✐s ♠❛♥❞❛t♦r②✳
❋✉rt❤❡r♠♦r❡✱ t❤❡s❡ t❡sts ♥❡❡❞ t♦ ❜❡ ❡❛s② ❛♣♣❧✐❝❛❜❧❡ ❛♥❞ ❤❛✈❡ ❛ ❝♦♠♣r❡❤❡♥s✐❜❧❡ ♦✉t♣✉t
❢♦r ❛♥ ✉♥s❦✐❧❧❡❞ ✇♦r❦❡r✳ ❙✉❝❤ ❛ t❡st ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ❈❤r✐st✐❛♥ ▼❛✉❝❤✱ ✐t t❡sts t❤❡
❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❋❈P ❜♦❛r❞s ❛♥❞ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❬▼❛✉❝❤✱ ✷✵✶✻❪✳

▼❛♥✉❢❛❝t✉r✐♥❣ ❛♥❞ ❆ss❡♠❜❧② ❚✐♠❡ ❚❤❡ ♠♦st ❝♦♠♣❧❡① ♠❡❝❤❛♥✐❝❛❧ ♣❛rt ♦❢ t❤❡
s②st❡♠ ✐s t❤❡ ❚♦♣ ❈♦✈❡r✳ ■ts ♣r♦❞✉❝t✐♦♥ t❛❦❡s 18 h ♦❢ ♠❛❝❤✐♥❡ t✐♠❡ ❬❇✐♥❣ ✱ ✷✵✶✼❪✳
❚❤❡ ✇♦r❦ t✐♠❡ ❢♦r ✺✵ s②st❡♠s ✐s 900 h ♦r 37.5 d ✐❢ ♦♥❡ ❈◆❈ ♠❛❝❤✐♥❡ r✉♥s 24 h ❛
❞❛②✳ ❚❤❡♥ t❤❡ ❚♦♣ ❈♦✈❡r ♥❡❡❞s ❛ s✐❧✈❡r ❡❧❡❝tr♦♣❧❛t✐♥❣ ✇❤✐❝❤ ✐s ❞♦♥❡ ❜② ❛♥ ❡①t❡r♥❛❧
❝♦♠♣❛♥②✳ ❚❤✐s ❛❞❞s ❛t ❧❡❛st t❤r❡❡ ❛❞❞✐t✐♦♥❛❧ ✇♦r❦ ❞❛②s ❜❡❢♦r❡ ✐t ✐s r❡❛❞② t♦ ❜❡

✷✼



✷ ❇r❛✐♥❙❝❛❧❡❙ ❙②st❡♠

❛ss❡♠❜❧❡❞ ✇✐t❤ t❤❡ ♦t❤❡r ❝♦♠♣♦♥❡♥ts t♦ ♦♥❡ ✇❛❢❡r ♠♦❞✉❧❡✳
❚❤❡ ❝♦♠♣❧❡t❡ ❛ss❡♠❜❧② ♦❢ ❛ s✐♥❣❧❡ ✇❛❢❡r ♠♦❞✉❧❡ t❛❦❡s ❛r♦✉♥❞ ♦♥❡ ❞❛② ✐♥❝❧✉❞✐♥❣ ❛❧❧
t❡sts✳ ❚❤✉s✱ ❢♦r t❤❡ t❛r❣❡t s✐③❡ ♦❢ ✺✵ s②st❡♠s ✐t ✇♦✉❧❞ t❛❦❡ ❛t ❧❡❛st ✺✵ ✇♦r❦ ❞❛②s ❢♦r
t❤❡ ❝♦♠♣❧❡t✐♦♥✳ ❖♥❡ t❤✐r❞ ♦❢ t❤❡ t✐♠❡ ✐s ✉s❡❞ ❢♦r t❤❡ ✜❧❧✐♥❣ ♦❢ t❤❡ ♣♦s✐t✐♦♥✐♥❣ ♠❛s❦s
✇✐t❤ t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs✳ ❚❤❡ ♦t❤❡r t✇♦ t❤✐r❞ ♦❢ t❤❡ t✐♠❡ ❛r❡ ♦❝❝✉♣✐❡❞ ✇✐t❤
t❤❡ ❛ss❡♠❜❧② ♦❢ t❤❡ ✇❛❢❡rs ✇✐t❤ t❤❡ ▼❛✐♥P❈❇s ✇❤✐❝❤ ✐s t❤❡ ♠♦st ❞✐✣❝✉❧t st❡♣✳ ■t
❝❛♥ ♦♥❧② ❜❡ ❞♦♥❡ ❜② s❦✐❧❧❡❞ ♣❡rs♦♥❛❧✳
❈✉rr❡♥t❧②✱ t❤❡r❡ ✐s ♥♦ ✇❛② t♦ ❛✉t♦♠❛t❡ t❤❡ ♥❡❝❡ss❛r② t❛s❦s ❛♥❞ r❡❞✉❝❡ t❤❡ ❛ss❡♠❜❧②

t✐♠❡✳ ❚❤❡ ♦♥❧② ✐♠♣r♦✈❡♠❡♥t ✇♦✉❧❞ ❜❡ ❛ s✐♠♣❧✐✜❝❛t✐♦♥ ♦❢ t❤❡ ♣r♦❝❡ss ❛♥❞ ❤❛♥❞ ✐t
♦✈❡r t♦ ✉♥s❦✐❧❧❡❞ ♣❡rs♦♥❛❧✳ ■♥ t❤❡ ❜❡st ❝❛s❡ ❛♥ ❛♥♦t❤❡r ✇❛❢❡r ❝♦♥t❛❝t✐♥❣ t❡❝❤♥✐q✉❡
r❡♣❧❛❝❡s t❤❡ t✐♠❡ ❝♦♥s✉♠✐♥❣ st❡♣s ❜② ❛♥ ❛✉t♦♠❛t❡❞ ♣r♦❝❡ss ✇❤✐❝❤ ✇♦r❦s ✇✐t❤♦✉t
❛♥② s♣❡❝✐❛❧ ✐♥t❡r✈❡♥t✐♦♥s ♦❢ ♣❡rs♦♥❛❧✳

❙♣❛❝❡ ❘❡q✉✐r❡♠❡♥ts ❖❜✈✐♦✉s❧②✱ ♠♦r❡ s②st❡♠s ♥❡❡❞ ♠♦r❡ s♣❛❝❡✳ ❈✉rr❡♥t❧②✱ ✷✵
s②st❡♠s ♦❝❝✉♣② ♦♥❡ st❛♥❞❛r❞ ✷✵❢t ■❙❖✲❝♦♥t❛✐♥❡r✳ ❚❤❡② ❛r❡ ♠♦✉♥t❡❞ ✐♥ ✜✈❡ ❝❛❜✐♥❡t
r❛❝❦s✱ ❡❛❝❤ ❤♦❧❞✐♥❣ ❢♦✉r ✇❛❢❡r ♠♦❞✉❧❡s✳ ❚♦ r❡❛❝❤ t❤❡ s♠❛❧❧❡r t❛r❣❡t ✈❛❧✉❡ ♦❢ ✺✵
♠♦❞✉❧❡s ✸ ❝♦♥t❛✐♥❡rs ✇♦✉❧❞ ❜❡ ♥❡❝❡ss❛r②✳ ❋♦r ❛ t❛r❣❡t ✈❛❧✉❡ ♦❢ ✺✵✵ ♠♦❞✉❧❡s ✸✵
❝♦♥t❛✐♥❡rs ✇♦✉❧❞ ❜❡ ♥❡❡❞❡❞ ✇❤✐❝❤ ✐s t♦♦ ♠✉❝❤✳
❆t t❤❡ ♠♦♠❡♥t t❤❡r❡ ❛r❡ ♥♦ ❞✐r❡❝t ✐♥t❡r❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ s②st❡♠s✳ ❖♥❧②

✈✐❛ t❤❡ ❝♦♠♣✉t❡ ❝❧✉st❡r ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s ♦♥ ❞✐✛❡r❡♥t ✇❛❢❡r ♠♦❞✉❧❡s ❝❛♥ ❡①❝❤❛♥❣❡
s♣✐❦❡s✳ ❚❤✐s ✐♥❞✉❝❡s s♦♠❡ ❧❛t❡♥❝② ✐♥ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✇❤✐❝❤ ✐s ♥♦t ✇❛♥t❡❞ ❢♦r
♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s r✉♥♥✐♥❣ ✐♥ ❛ t✐♠❡✲❝♦♥t✐♥✉♦✉s ♠♦❞❡✳ ▲❛t❡r ✐t ✐s ✐♥t❡♥❞❡❞ t❤❛t
s♣✐❦❡s ❛r❡ r♦✉t❡❞ ❞✐r❡❝t❧② ❜❡t✇❡❡♥ t❤❡ ♠♦❞✉❧❡s ❤❛✈✐♥❣ ♦♥❧② t❤❡ ♣❤②s✐❝❛❧ ❧❛t❡♥❝②
♦❢ t❤❡ ❝♦♥♥❡❝t✐♥❣ ✇✐r❡✳ ❙♦✱ ❛❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠♦❞✉❧❡s ❣❡ts
✐♠♣♦rt❛♥t ❛♥❞ s❤♦✉❧❞ ❜❡ ❛s s❤♦rt ❛s ♣♦ss✐❜❧❡✳

✷✳✺ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ❲❛❢❡r✲❙❝❛❧❡ ■♥t❡❣r❛t✐♦♥ ❛♣♣r♦❛❝❤ ✐s ❛ ❢❡❛s✐❜❧❡ ♠❡t❤♦❞ t♦ ❝r❡❛t❡ ❤✐❣❤ ❞❡♥s✐t②
✐♥t❡r❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ s❡♣❛r❛t❡❞ ❝❤✐♣s ♦♥ ❛ s✐❧✐❝♦♥ s✉❜str❛t❡✳ ❙♦ ❢❛r ♥♦ ♣r♦❜❧❡♠s
♦❝❝✉rr❡❞ ✇❤✐❝❤ ✇❡r❡ r❡❧❛t❡❞ t♦ t❤❡ P♦st✲Pr♦❝❡ss✐♥❣ ♣r♦❝❡ss✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❡❧❛s✲
t♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ❛s ❛ ❢✉❧❧ ✇❛❢❡r ❝♦♥♥❡❝t✐♦♥ t❡❝❤♥✐q✉❡ ❡st❛❜❧✐s❤ r❡❧✐❛❜❧❡ ❝♦♥♥❡❝t✐♦♥s
❜❡t✇❡❡♥ ❍■❈❆◆◆ ✇❛❢❡r ❛♥❞ ▼❛✐♥P❈❇✳
◆❡✈❡rt❤❡❧❡ss✱ ♦♥❡ ✇❛❢❡r ♠♦❞✉❧❡ ♦❝❝✉♣✐❡s ❛ ✈♦❧✉♠❡ ♦❢ 37L✳ ❚❤✐s ✐s ♥♦t ❛ ♣r♦❜❧❡♠

❢♦r ❛ s✐♥❣❧❡ ❛♥❞ ✐s♦❧❛t❡❞ ♣r♦t♦t②♣❡ s②st❡♠✳ ❲✐t❤ ❛♥ ✐♥❝r❡❛s❡❞ s②st❡♠ ♥✉♠❜❡r ❛♥❞
❛ ❤✐❣❤ ❝♦♥♥❡❝t✐♦♥ ❞❡♥s✐t② ❜❡t✇❡❡♥ t❤❡ ♠♦❞✉❧❡s t❤❡ ❝✉rr❡♥t s②st❡♠ ❛r❝❤✐t❡❝t✉r❡ ❤❛s
s❡✈❡r❛❧ ❞r❛✇❜❛❝❦s✳ ❚❤❡r❡❢♦r❡✱ ❛ ♥❡✇ s②st❡♠ ❞❡s✐❣♥ ✐s r❡q✉✐r❡❞ ✇❤✐❝❤ ✐s s♠❛❧❧❡r✱ ❡❛s✐❡r
❛♥❞ s❝❛❧❛❜❧❡ t♦ ❛❝❤✐❡✈❡ ❛ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ ❝❧✉st❡r ✇✐t❤ ❤✉♥❞r❡❞s ♦❢ s②st❡♠s✳
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✸ ❊♠❜❡❞❞✐♥❣ ❛ ❙✐❧✐❝♦♥ ❲❛❢❡r

❚❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❝❤✐♣s ✐s ❛♥ ❡✈❡r ❣r♦✇✐♥❣ ♠❛r❦❡t✱ ❡s♣❡❝✐❛❧❧②✱ t❤❡ s♠❛rt♣❤♦♥❡ ❛♥❞
❛✉t♦♠♦t✐✈❡ ✐♥❞✉str✐❡s ❞❡♠❛♥❞ s♠❛❧❧❡r ♣❛❝❦❛❣❡s ❬❱❛r❞❛♠❛♥✱ ✷✵✶✼❪✳ ❚❤❡r❡ ❛r❡ s❡✈❡r❛❧
❡♠❜❡❞❞✐♥❣ ❝♦♥❝❡♣ts ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ♠❛r❦❡t✳ ❚❤❡② ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ♠❛✐♥
❝❛t❡❣♦r✐❡s ❜② t❤❡ ♠❛t❡r✐❛❧s ✉s❡❞ ✐♥ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳
❚❤❡ ✜rst ❝❛t❡❣♦r② ♣❧❛❝❡s t❤❡ ❝❤✐♣s ♦♥ ❛ ❝❛rr✐❡r ❛♥❞ ♦✈❡r✲♠♦❧❞s t❤❡♠ ✇✐t❤ ❛ ❝♦♠✲

♣♦✉♥❞ ♠❛ss✳ ■♥ ❣❡♥❡r❛❧ ✐t ✐s r❡❢❡rr❡❞ ❛s ❋❛♥✲❖✉t ❲❛❢❡r ▲❡✈❡❧ P❛❝❦❛❣✐♥❣ ✭❋❖❲▲P✮✱
❛s t❤❡ ✜♥❛❧ ♣❛❝❦❛❣❡s ❛r❡ ❜✐❣❣❡r t❤❛♥ t❤❡ ❛❝t✉❛❧ ❡♠❜❡❞❞❡❞ ❝❤✐♣✳ ❚❤❡ ♠❛♥✉❢❛❝t✉r❡s
✐♥✈❡♥t❡❞ t❤❡✐r ♦✇♥ ♣r♦❝❡ss ♥❛♠❡s✱ ❡✳❣✳ ■♥✜♥❡♦♥ ❝❛❧❧s ✐ts ♣r♦❝❡ss ❡♠❜❡❞❞❡❞ ❲❛❢❡r
▲❡✈❡❧ ❇❛❧❧ ●r✐❞ ❆rr❛② ✭❡❲▲❇✮ ❛♥❞ ❚❛✐✇❛♥ ❙❡♠✐❝♦♥❞✉❝t♦r ▼❛♥✉❢❛❝t✉r✐♥❣ ❈♦♠♣❛♥②
✭❚❙▼❈✮ ♥❛♠❡s ✐t ■♥t❡❣r❛t❡❞ ❋❛♥✲❖✉t ❲❛❢❡r ▲❡✈❡❧ P❛❝❦❛❣✐♥❣ ✭■♥❋❖✲❲▲P✮ ❬▼❡②❡r
❡t ❛❧✳✱ ✷✵✵✽❀ ❚s❡♥❣ ❡t ❛❧✳✱ ✷✵✶✻❪✳ ■♥ ❆♣♣❧❡✬s ✐P❤♦♥❡✼✱ ❢♦r ❡①❛♠♣❧❡✱ t❤❡ ■♥❋❖✲❲▲P
❝♦♠❜✐♥❡s t❤❡ ❆✶✵ ♣r♦❝❡ss♦r ❛♥❞ t❤❡ ❉❘❆▼ t♦ ❛ ✈❡r② t❤✐♥ P❛❝❦❛❣❡✲♦♥✲P❛❝❦❛❣❡ ✭P♦P✮
❬❚❡❝❤■♥s✐❣❤ts✱ ✷✵✶✼❪✳
❚❤❡ ♦t❤❡r ❛♣♣r♦❛❝❤ t❛❦❡s P❈❇ ❧❛♠✐♥❛t❡s ❛s s✉❜str❛t❡s✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❋❖❲▲P

t❤✐s ♣r♦❝❡ss ✐s ❧♦❝❛t❡❞ ❛t t❤❡ P❈❇ ♠❛♥✉❢❛❝t✉r❡r✬s s✐t❡✳ ❍❡r❡ ❛❧s♦ ❡✈❡r② ❝♦♠♣❛♥② ❤❛s
✐ts ♦✇♥ ♣r♦❝❡ss ♥❛♠❡✳ ❆t ❚♦❦②♦ ❉❡♥❦✐❦❛❣❛❦✉ ❑♦❣②♦ ✭❚❉❑✮ ✐t ✐s ❝❛❧❧❡❞ ❙❡♠✐❝♦♥❞✉t♦r
❊♠❜❡❞❞❡❞ ✐♥ ❙✉❜str❛t❡ ✭❙❊❙❯❇✮✱ ❆✉str✐❛ ❚❡❝❤♥♦❧♦❣✐❡ ✫ ❙②st❡♠t❡❝❤♥✐❦ ✭❆❚✫❙✮
♦✛❡rs ❛ ♣r♦❝❡ss ❝❛❧❧❡❞ ❊♠❜❡❞❞❡❞ ❈♦♠♣♦♥❡♥ts P❛❝❦❛❣✐♥❣ ✭❊❈P✮ ❛♥❞ ❛❧s♦ t❤❡ ■❩▼
❞❡✈❡❧♦♣❡❞ ❛ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ✇✐t❤ ♦r❣❛♥✐❝ ❧❛♠✐♥❛t❡s ❬❋✉❥✐♦❦❛✱ ✷✵✶✺❀ ❑r✐❡❝❤❜❛✉♠
❡t ❛❧✳✱ ✷✵✶✶❀ ❇♦❡tt❝❤❡r ❡t ❛❧✳✱ ✷✵✵✽❪✳ ❚❤❡ ❊❈P t❡❝❤♥♦❧♦❣② ✐s ✉s❡❞ ❢♦r s♠❛❧❧ ♣♦✇❡r
r❡❣✉❧❛t♦rs ❢r♦♠ ❚■ ❬■♥str✉♠❡♥ts✱ ✷✵✶✼❪✳ ❚❤❡ ❙❊❙❯❇ ♣r♦❝❡❞✉r❡ ✐s ❡♠♣❧♦②❡❞✱ ❢♦r
❡①❛♠♣❧❡✱ ✐♥ ❚❉❑✬s ❜❧✉❡t♦♦t❤ ♠♦❞✉❧❡s ❬❚❉❑ ✱ ✷✵✶✼❪✳
❆❧❧ t❤❡ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ♣r♦❞✉❝ts ♦♥❧② ❡♠❜❡❞ s♠❛❧❧ ❝❤✐♣s r❡❣❛r❞❧❡ss ♦❢ t❤❡

t❡❝❤♥♦❧♦❣②✳ ❚❤❡r❡ ❛r❡ ♥♦ ❡①♣❡r✐❡♥❝❡s ♦r r✉❧❡s ❢♦r t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❝♦♠♣❧❡t❡ s✐❧✐❝♦♥
✇❛❢❡rs✳ ■♥ t❤✐s t❤❡s✐s ♦♥❧② t❤❡ ♣r♦❝❡ss ♦❢ t❤❡ ■❩▼ ✐s ✉s❡❞ ❛♥❞ ❡✈❛❧✉❛t❡❞ ❛s ❛ s✉❝❝❡ss♦r
❢♦r t❤❡ ❲❛❢❡r✲❙❝❛❧❡ ■♥t❡❣r❛t✐♦♥ ❝♦♥❝❡♣t ♦❢ t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✳

✸✳✶ ❊♠❜❡❞❞✐♥❣ ✐♥ ❛ P❈❇

❚❤❡ ♣r♦❝❡❞✉r❡ ♦❢ ❡♠❜❡❞❞✐♥❣ ❛ s✐❧✐❝♦♥ ✇❛❢❡r ✇❛s ❞❡✈❡❧♦♣❡❞ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ■❩▼
✐♥ ❇❡r❧✐♥✳ ❚❤❡ ♠❛✐♥ ❝♦♥❝❡♣t ✐s t♦ ❧❛♠✐♥❛t❡ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐♥t♦ ❛ P❈❇ ❛♥❞ ✉s❡
st❛♥❞❛r❞ P❈❇ ♠❛t❡r✐❛❧s ❛♥❞ P❈❇ ♠❛♥✉❢❛❝t✉r✐♥❣ t❡❝❤♥✐q✉❡s ✐♥ t❤❡ ♣r♦❝❡❞✉r❡✳
❇❡❢♦r❡ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❝❛♥ ❜❡ ❡♠❜❡❞❞❡❞ ✐t ❤❛s t♦ ✉♥❞❡r❣♦ ❝❡rt❛✐♥ ♣r❡♣❛r❛t✐♦♥s

❧✐❦❡ t❤✐♥♥✐♥❣ ❛♥❞ ❝♦♣♣❡r ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤❡s❡ t♦♣✐❝s ❛r❡ ❝♦✈❡r❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ t❤❡
s❡❝t✐♦♥s ✸✳✸✳✶ ❛♥❞ ✸✳✸✳✷✳ ❆❢t❡r t❤❡ ♣r❡♣❛r❛t✐♦♥ st❡♣s t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s ✐♥s❡rt❡❞ ❛t
t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❜♦❛r❞ ♠❛♥✉❢❛❝t✉r✐♥❣✳
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✸ ❊♠❜❡❞❞✐♥❣ ❛ ❙✐❧✐❝♦♥ ❲❛❢❡r

■t ✐s ♣❧❛❝❡❞ ✐♥ ❛ s❛♥❞✇✐❝❤ str✉❝t✉r❡ ❜❡t✇❡❡♥ t✇♦ ♣r❡♣r❡❣ ❧❛②❡rs✱ s♦ t❤❛t ✐t ❜✉✐❧❞s ❛
s②♠♠❡tr✐❝❛❧ st❛❝❦ ✉♣✳ ❚❤✐s ✐s ✐♥ ❝♦♥tr❛st t♦ t❤❡ ❣❡♥❡r❛❧ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡s ✇❤❡r❡
t❤❡ ❝❤✐♣ ✐s ❜♦♥❞❡❞ t♦ ❛ s✉❜str❛t❡ ♦r ❝♦♣♣❡r ❢♦✐❧✳ ❍❡r❡ t❤❡ ✇❛❢❡r ✐s ❤♦❧❞ ✐♥ ♣♦s✐t✐♦♥
♦♥❧② ❜② ❛♥ ❛❞❞✐t✐♦♥❛❧ ❢r❛♠❡ ❛r♦✉♥❞ ✐t✳ ❚❤❡ ❢r❛♠❡ ❛♥❞ t❤❡ ♣r❡♣r❡❣ ❧❛②❡rs ❛r❡ ❝♦♠♠♦♥
P❈❇ ♠❛t❡r✐❛❧s✳ ❆t ❧❛st t❤✐♥ ❝♦♣♣❡r ❢♦✐❧s ❛r❡ ♣❧❛❝❡❞ ♦♥ t♦♣ ❛♥❞ ♦♥ ❜♦tt♦♠ ♦❢ t❤❡
❜✉✐❧❞✉♣✳ ❚❤❡ st❛❝❦ ✉♣ ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✸✳✶✳

❋✐❣✉r❡ ✸✳✶✿ ●❡♥❡r✐❝ st❛❝❦ ✉♣ ♦❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳ ❚❤❡ P❈❇ ❧❛②❡rs ❛r❡ s②♠✲
♠❡tr✐❝❛❧ ❛❞❞❡❞ ❛r♦✉♥❞ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✇❤✐❝❤ ✐s ♣❧❛❝❡❞ ✐♥ t❤❡ ❝❡♥t❡r ♦❢
t❤❡ st❛❝❦ ✉♣✳

❚❤❡ ♥❡①t st❡♣ ✐s t❤❡ ❛❝t✉❛❧ ❧❛♠✐♥❛t✐♦♥ ✐♥ t❤❡ P❈❇ ❧❛♠✐♥❛t✐♦♥ ♣r❡ss✳ ❋♦r ♣r♦t❡❝t✐♦♥
❛♥❞ ❧❛t❡r ❡❛s② r❡♠♦✈❛❧ ♣r❡ss ♣❛❞s ❛r❡ ❛tt❛❝❤❡❞ ♦♥ ❡❛❝❤ s✐❞❡✳
❚❤❡ ♣r♦✜❧❡ ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣r❡ss✉r❡ ✐♥ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r❡ss ✐s ❞❡♣✐❝t❡❞

✐♥ ✜❣✳ ✸✳✷✳ ❆t ✜rst t❤❡ r❡s✐❞✉❛❧ ❛✐r ✐s ♣✉♠♣❡❞ ♦✉t ♦❢ t❤❡ st❛❝❦ ✉♣✳ ❚❤✐s ✇❛② ♥♦
❛✐r ❜✉❜❜❧❡s ❣❡t st✉❝❦ ✐♥s✐❞❡ t❤❡ ❜♦❛r❞✳ ■❢ t❤❡ ❛✐r st❛②s ✐♥s✐❞❡ t❤❡ ❜♦❛r❞ t❤❡ s✐❣♥❛❧
✐♥t❡❣r✐t② ♦❢ t❤❡ ❧✐♥❡s ✐s ✐♥✢✉❡♥❝❡❞ ❛s t❤❡ s✉rr♦✉♥❞✐♥❣ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❝❤❛♥❣❡✳
❋✉rt❤❡r♠♦r❡✱ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ❛✐r ❜✉❜❜❧❡s ❝❛♥ ❞❡str♦② ❛ ❜♦❛r❞ ❛s t❤❡
✈♦❧✉♠❡ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❛✐r ✐s ♠✉❝❤ ❤✐❣❤❡r t❤❛♥ t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ s♦❧✐❞ ♠❛t❡r✐❛❧s
✐♥ t❤❡ P❈❇✳
◆❡①t ❛ ❧♦✇ ♣r❡ss✉r❡ ✐s ❛♣♣❧✐❡❞ ❛♥❞ s✐♠✉❧t❛♥❡♦✉s❧② t❤❡ t❡♠♣❡r❛t✉r❡ ✐s s❧♦✇❧② ✐♥✲

❝r❡❛s❡❞✳ ❇❡❢♦r❡ t❤❡ r❡s✐♥ ♦❢ t❤❡ ♣r❡♣r❡❣ ❝❤❛♥❣❡s ✐ts ✈✐s❝♦s✐t② ❛♥❞ ❡♥t❡rs ❛ ❣❧❛ss② st❛t❡
❛ ❤✐❣❤❡r ♣r❡ss✉r❡ ✐s s❡t✳ ❚❤✐s ❡♥s✉r❡s t❤❛t t❤❡ r❡s✐♥ ❧❛t❡r ✐s ❞✐str✐❜✉t❡❞ ❡q✉❛❧❧② ✐♥ t❤❡
♣❛❝❦❛❣❡✳ ❚❤❡ t❡♠♣❡r❛t✉r❡ r✐s❡ ✐s st♦♣♣❡❞ ❛❜♦✈❡ t❤❡ ❣❧❛ss tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ Tg

✇❤✐❝❤ ✐s ❛r♦✉♥❞ 200 ◦C ❛♥❞ ❦❡♣t ❢♦r 2✲3 h✳ ❆t t❤✐s ♣♦✐♥t t❤❡ r❡s✐♥ ❤❛s ❛ ❧♦✇ ✈✐s❝♦s✐t②
❛♥❞ ✜❧❧s ❡✈❡r② ❤♦❧❡✱ ❡✳❣✳ t❤❡ s♠❛❧❧ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ t❤❡ ❢r❛♠❡✳ ■♥
♣❛rts t❤❡ r❡s✐♥ ❛❧s♦ ✢♦✇s ♦✉t ♦❢ t❤❡ ❜♦❛r❞✳ ❉✉❡ t♦ t❤❡ ❤✐❣❤ ♣r❡ss✉r❡ ❛♥❞ t❤❡ r❡s✐♥
❧♦ss t❤❡ ❜♦❛r❞ ❣❡ts t❤✐♥♥❡r✳ ❚❤❡ ❤✐❣❤ ♣r❡ss✉r❡ ✐s r❡❞✉❝❡❞ ❜❛❝❦ t♦ t❤❡ ❧♦✇❡r ✈❛❧✉❡
❛❢t❡r 30min✳ ❲❤❡♥ t❤❡ ✈✐s❝♦s✐t② ♦❢ t❤❡ r❡s✐♥ ✐s ❤✐❣❤ ❛❣❛✐♥ t❤❡ ♣r❡ss✉r❡ ✐s ❝♦♠♣❧❡t❡❧②
r❡♠♦✈❡❞✳
❋r♦♠ t❤✐s ♣♦✐♥t ♦♥ t❤❡ ❜♦❛r❞ ✐s ❤❛♥❞❧❡❞ ❧✐❦❡ ❡✈❡r② ♦t❤❡r P❈❇✳ ❚❤❡ ✐♥t❡❣r❛t✐♦♥

♦❢ ✈✐❛s ✐s ❞♦♥❡ ❜② ❧❛s❡rs ♦r ❞r✐❧❧s ❛♥❞ t❤❡ ❝♦♣♣❡r ♣❛tt❡r♥✐♥❣ ✐s ❝♦♥❞✉❝t❡❞ ✐♥ t②♣✐❝❛❧
❡❧❡❝tr♦♣❧❛t✐♥❣ ❛♥❞ ❡t❝❤✐♥❣ ♣r♦❝❡ss❡s✳

✸✳✷ ❈❤❛❧❧❡♥❣❡s ✐♥ t❤❡ ▼❛t❡r✐❛❧ ❙❡❧❡❝t✐♦♥

■♥ t❤✐s s❡❝t✐♦♥ t❤❡ t✇♦ ♠❛❥♦r ❝❤❛❧❧❡♥❣❡s ✐♥ ❡♠❜❡❞❞✐♥❣ ❛ s✐❧✐❝♦♥ ✇❛❢❡r ❛r❡ ❛❞❞r❡ss❡❞✳
❚❤❡ ✜rst s✉❜❥❡❝t ✐s t❤❡ ♠❛t❡r✐❛❧ s❡❧❡❝t✐♦♥ ❢♦r t❤❡ st❛❝❦ ✉♣✳ ❚❤❡ ♠❛t❡r✐❛❧s ♣❧❛② ❛♥

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

✸✵



✸✳✷ ❈❤❛❧❧❡♥❣❡s ✐♥ t❤❡ ▼❛t❡r✐❛❧ ❙❡❧❡❝t✐♦♥

t❬♠✐♥❪

❚❬❈❪

TG

❱❛❝✉✉♠

✷✵

✶✵✵

✷✵✵

❧♦✇ ✈✐s❝♦s✐t② ♣❬P❙■❪

✸✵✵

✺✵

❋✐❣✉r❡ ✸✳✷✿ ❙❝❤❡♠❛t✐❝ ♣r♦❝❡❞✉r❡ ♦❢ ❛ ❧❛♠✐♥❛t✐♦♥ r✉♥✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ ✐s t❤❡ t❡♠♣❡r✲
❛t✉r❡ ♣r♦✜❧❡✱ t❤❡ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ ♣r❡ss✉r❡ ♣r♦✜❧❡✳ ❆ ✈❛❝✉✉♠
✐s ❛♣♣❧✐❡❞ s♦ t❤❛t ♥♦ ❛✐r ❜✉❜❜❧❡s ❛r❡ ✐♥ t❤❡ st❛❝❦ ✉♣✳ ■♥ t❤❡ t❡♠♣❡r❛t✉r❡
r❛♥❣❡ ❜❡t✇❡❡♥ 180✲195 ◦C ✭r❡❞ ❛r❡❛✮ t❤❡ r❡s✐♥ ❤❛s ❛ ❧♦✇ ✈✐s❝♦s✐t②✳ ❚❤❡
t❡♠♣❡r❛t✉r❡ ✐s ❦❡♣t ❛❜♦✈❡ t❤❡ ❣❧❛ss tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ✭Tg✮ ❢♦r 2✲3 h✳
■t ✢♦✇s ✐♥t♦ ❤♦❧❡s ❛♥❞ ❝r❡❛t❡s ❝♦♥♥❡❝t✐♦♥s t♦ t❤❡ s✉rr♦✉♥❞✐♥❣ ♠❛t❡r✐❛❧s✳
■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♦❧✐♥❣ ♣❤❛s❡ ✭❜❧✉❡ ❛r❡❛✮ t❤❡ r❡s✐♥ r❡t✉r♥s t♦ ✐ts r✐❣✐❞
st❛t❡ ❛♥❞ t❤❡ ❧❛②❡rs ❛r❡ ❣❧✉❡❞ t♦❣❡t❤❡r✳ Pr♦❝❡❞✉r❡ ❛♥❞ ✈❛❧✉❡s ❛r❡ t❛❦❡♥
❢r♦♠ t❤❡ ■❙❖▲❆ ❋❘✹✵✽❍❘ ♣r♦❝❡❡❞✐♥❣ ❞❛t❛s❤❡❡t ❬■s♦❧❛✱ ✷✵✶✼❪✳ ❋♦r ♦t❤❡r
♠❛t❡r✐❛❧s t❤❡ ♥✉♠❜❡rs ❝❛♥ ❞✐✛❡r ❜✉t ✐♥ ❣❡♥❡r❛❧ t❤❡ ♣r♦❝❡ss ✐s t❤❡ s❛♠❡✳

❜❡t✇❡❡♥ t❤❡ s✐❧✐❝♦♥ ❛♥❞ ✐ts s✉rr♦✉♥❞✐♥❣ ♠❛t❡r✐❛❧s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡
❞✐✛❡r❡♥t ♠❛t❡r✐❛❧s ✐❞❡❛❧❧② s❤♦✉❧❞ ❜❡ t❤❡ s❛♠❡✳ ❊s♣❡❝✐❛❧❧②✱ t❤❡ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥
✐s ❛ ❝r✐t✐❝❛❧ ♣r♦♣❡rt②✳ ■❢ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ❞✐✛❡r t♦ ♠✉❝❤✱ ❛
t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡ ✐♥❞✉❝❡s str❡ss t♦ ❥♦✐♥ts ❜❡t✇❡❡♥ ♠❛t❡r✐❛❧s✳ ■♥ P❈❇s t❤✐s ❝❛♥
❧❡❛❞ t♦ ❛ ❜r❡❛❦✐♥❣ ♦❢ ✈✐❛s ❬◆♦✇❛❦ ❡t ❛❧✳✱ ✷✵✶✶❪✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ ❡♠❜❡❞❞❡❞
❝♦♠♣♦♥❡♥ts ✐s s✉❜❥❡❝t t♦ r❡s❡❛r❝❤ ❬❙❝❤✇❡r③ ❡t ❛❧✳✱ ✷✵✶✹❪✳
❚❤❡ s❡❝♦♥❞ s✉❜❥❡❝t ✐s t❤❡ ❤❡❛t tr❛♥s❢❡r ❢r♦♠ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r t♦ t❤❡ s✉r❢❛❝❡✳ ■t

✐s r❡❧❛t❡❞ t♦ t❤❡ ♠❛t❡r✐❛❧ s❡❧❡❝t✐♦♥ ❛s t❤❡ ❤❡❛t s♦✉r❝❡ ♦❢ t❤❡ s②st❡♠❀ t❤❡ s✐❧✐❝♦♥
✇❛❢❡r❀ s✐ts ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❜♦❛r❞ ❛♥❞ t❤❡ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ ♠❛t❡r✐❛❧
♣r♦♣❡rt✐❡s✳ ❚❤✉s✱ ❛ ❣♦♦❞ ❤❡❛t tr❛♥s♣♦rt t♦ t❤❡ ♦✉ts✐❞❡ ❛❧s♦ r❡❞✉❝❡s t❤❡ ✐♥t❡r♥❛❧
str❡ss ✐♥❞✉❝❡❞ ❜② t❤❡ ❞✐✛❡r❡♥t ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥✳

✸✳✷✳✶ ▼❛t❡r✐❛❧ Pr♦♣❡rt② ❈♦❡✣❝✐❡♥t ♦❢ ❚❤❡r♠❛❧ ❊①♣❛♥s✐♦♥

❚❤❡ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ✐s ❛♥ ✐♠♣♦rt❛♥t ♠❛t❡r✐❛❧ ♣r♦♣❡rt②✳ ❆ ❤✐❣❤
♠✐s♠❛t❝❤ ❜❡t✇❡❡♥ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ❧❡❛❞s t♦ ❛ ❤✐❣❤ ✇❛r♣❛❣❡ ♦❢
t❤❡ ❜♦❛r❞ ❛❢t❡r t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ❬❈❤❡♥ ❡t ❛❧✳✱ ✷✵✶✻❪✳ ■❢ t❤❡ ✇❛r♣❛❣❡ ✐s t♦♦ ❤✐❣❤✱
❢✉rt❤❡r ❧✐t❤♦❣r❛♣❤② st❡♣s ❧✐❦❡ ❝♦♣♣❡r ♣❛tt❡r♥✐♥❣ ❝♦✉❧❞ ❜❡ ✐♠♣♦ss✐❜❧❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱
t❤❡ ♠✐s♠❛t❝❤ ✐♥❞✉❝❡s ❛ ❤✐❣❤ ✐♥t❡r♥❛❧ str❡ss ✇✐t❤ ❢♦r❝❡s ❛❜♦✈❡ t❤❡ t❡♥s✐❧❡ str❡♥❣t❤
✇❤✐❝❤ ❝❛♥ ❜r❡❛❦ tr❛❝❡s ❛♥❞ ✈✐❛s✳

✸✶



✸ ❊♠❜❡❞❞✐♥❣ ❛ ❙✐❧✐❝♦♥ ❲❛❢❡r

❚❤❡ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ✭❈❚❊✮ ✐s ❞❡✜♥❡❞ ❛s

α =
L(TC)− L(0)

L(0) ∗ TC

✭✸✳✶✮

=
∆L

L(0) ∗ TC

✭✸✳✷✮

❚❤✉s✱ t❤❡ r❡❧❛t✐✈❡ ❧❡♥❣t❤ ❡①♣❛♥s✐♦♥ ✐s

∆L = α ∗ L(0) ∗ TC ✭✸✳✸✮

✇❤❡r❡❛s L(0) ✐s t❤❡ ✐♥✐t✐❛❧ ❧❡♥❣t❤ ❛♥❞ TC t❤❡ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡✳
■♥ ✜❣✳ ✸✳✸ ❛ ❣❡♥❡r❛❧✐③❡❞ t❤❡r♠❛❧ ❧✐❢❡❝②❝❧❡ ♦❢ ❛ ❜♦❛r❞ ✐s ❞❡♣✐❝t❡❞✳ ❚❤❡ ❤✐❣❤❡st t❡♠♣❡r✲
❛t✉r❡ ❞✐✛❡r❡♥❝❡ ✐s r❡❛❝❤❡❞ ❞✉r✐♥❣ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♣r♦❝❡ss✱ ✇❤✐❝❤ ✐s ❛❜♦✉t 200K✳
❚❤❡r❡❢♦r❡✱ t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ❞✐✈❡rs❡ ♠❛t❡r✐❛❧s ✐s t❤❡
❜✐❣❣❡st t♦♦✳ ❋♦r ❛ t❡♠♣❡r❛t✉r❡ r✐s❡ ♦❢ 200K t❤❡ ✇❛❢❡r t❤✐❝❦♥❡ss ♦❢ 250 ➭m ✐♥❝r❡❛s❡s
♦♥❧② ❛❜♦✉t 0.13 ➭m✳ ■♥ ❝♦♥tr❛st t♦ t❤❛t ❛ ♣✐❡❝❡ ♦❢ ❋❘✹✵✽❍❘ ✇✐t❤ t❤❡ s❛♠❡ t❤✐❝❦♥❡ss
✇♦✉❧❞ ✐♥❝r❡❛s❡ ❛❜♦✉t 2.75 ➭m✳

❋✐❣✉r❡ ✸✳✸✿ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ t❤❡r♠❛❧ ❧✐❢❡❝②❝❧❡ ♦❢ ❛♥ ❡♠❜❡❞❞❡❞ ✇❛❢❡r✳ ❚❤❡ ❤✐❣❤❡st
t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ✐s ❞✉r✐♥❣ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♣r♦❝❡ss✳ ❚❤❡ ❜♦❛r❞
❤❛s t♦ ❜❡ ❤❡❛t ✉♣ ❢♦r ❡✈❡r② ❛❞❞✐t✐♦♥❛❧ ❝♦♣♣❡r ❧❛②❡r t❤❛t ✐s ❛❞❞❡❞ t♦ t❤❡
st❛❝❦ ✉♣✳ ❉✉r✐♥❣ t❤❡ ❧❛t❡r ♦♣❡r❛t✐♦♥ t✐♠❡ t❤❡ s✐♥❣❧❡ t❤❡r♠❛❧ str❡ss ✐s
r❡❞✉❝❡❞ ❜✉t r❡♣❡t✐t✐✈❡❧②✳

❆♥ ♦✈❡r✈✐❡✇ ❛❜♦✉t t❤❡ ✈❛r✐♦✉s ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ✐s ✐♥ t❛❜❧❡ ✸✳✶✳
❉✉r✐♥❣ t❤❡ ❝♦♦❧✐♥❣ ♣❤❛s❡ ♦❢ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♣r♦❝❡ss t❤❡ r❡s✐♥ ♦❢ t❤❡ ♣r❡♣r❡❣s
❝✉r❡s ❜❡❧♦✇ ❛ ❝❡rt❛✐♥ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❣❧✉❡s ❡✈❡r②t❤✐♥❣ t♦❣❡t❤❡r✳
◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ♠❛t❡r✐❛❧s s❤r✐♥❦ ❢✉rt❤❡r ✇✐t❤ ❛♥ ❞❡❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡ ✇❤✐❝❤

✐♥❞✉❝❡s ❛ st❛t✐❝ ♠❡❝❤❛♥✐❝❛❧ str❛✐♥ ✇✐t❤✐♥ t❤❡ ❜♦❛r❞✳ ❚❤✐s ❝②❝❧❡ ♦❢ ❤❡❛t✐♥❣ ❛♥❞
❝♦♦❧✐♥❣ ❣❡ts r❡♣❡❛t❡❞ ✇✐t❤ ❡✈❡r② ❛❞❞✐t✐♦♥❛❧ ❧❛②❡r t❤❛t ✐s ❛❞❞❡❞ t♦ t❤❡ st❛❝❦ ✉♣✳ ❚❤❡
❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ❝♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ❞✐✛❡r❡♥t ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ❛r❡
r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ✇❛r♣❛❣❡ ♦❢ t❤❡ ❜♦❛r❞✳ ❚❤✐s ❤❛s t♦ ❜❡ ❛✈♦✐❞❡❞ ❞✉r✐♥❣ ♣r♦❞✉❝t✐♦♥✱
❜❡❝❛✉s❡ t❤❡ str✉❝t✉r✐♥❣ ♦❢ t❤❡ ❝♦♣♣❡r ♣❧❛♥❡s ♥❡❡❞s ❛ ✢❛t s✉r❢❛❝❡✳ ❖t❤❡r✇✐s❡ t❤❡
❡①♣♦s❡❞ ❣❡♦♠❡tr✐❡s ❛r❡ ♥♦t ✇✐t❤✐♥ t❤❡ ❛❧❧♦✇❡❞ t♦❧❡r❛♥❝❡s✱ ❢♦r ❡①❛♠♣❧❡ ❧✐♥❡s ❞♦ ♥♦t
❡♥❞ ✇❤❡r❡ t❤❡② s❤♦✉❧❞✳ ■♥ t❤❡ ✇♦rst ❝❛s❡ t❤❡ ❝♦♣♣❡r ❧❛②❡rs ❛r❡ ♥♦t ❛❧✐❣♥❡❞ t♦ ❡❛❝❤
♦t❤❡r ❛♥❞ ✈✐❛s ✇✐❧❧ ♥♦t ✐♥t❡r❝♦♥♥❡❝t t❤❡ ❧❛②❡rs✳ ▲❛t❡r ✐♥ t❤❡ ♦♣❡r❛t✐♦♥ ♣❤❛s❡ t❤❡
t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡s ❛r❡ ♠✉❝❤ s♠❛❧❧❡r✳ ❚❤❡ ❝✐r❝✉✐ts ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛r❡
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✸✳✷ ❈❤❛❧❧❡♥❣❡s ✐♥ t❤❡ ▼❛t❡r✐❛❧ ❙❡❧❡❝t✐♦♥

▼❛t❡r✐❛❧ ❈♦❡✣❝✐❡♥t ♦❢
t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥
❬10−6 1

K
❪

❈✉✭∗✮ ✶✻✳✺
❙✐✭∗✮ ✷✳✻
❋❘✹✵✽❍❘✭❩✲❛①✐s✮✭†✮ ✺✺
❋❘✹✵✽❍❘✭❳✲✴❨✲❛①✐s✮✭†✮ ✶✻
●❊❆✻✼✾❋●✭❙✮✭❩✲❛①✐s✮✭➓✮ ✷✵ ✲ ✸✵
●❊❆✻✼✾❋●✭❙✮✭❳✲✴❨✲❛①✐s✮✭➓✮ ✶✷ ✲ ✶✹
❋❡✭∗✮ ✶✶✳✽
◆✐✭∗✮ ✶✸✳✹
■♥✈❛r✭❋❡✲✸✻◆✐✮✭∗✮ ✵✳✻✶✻✸
❈■❈✭‡✮ ✷✳✹ ✲ ✺✳✻
▼❈▲✲❊✲✼✼✵●✭▲❍✮✭❩✲❛①✐s✮✭✩✮ ✽ ✲ ✶✸
▼❈▲✲❊✲✼✼✵●✭▲❍✮✭❳✲✴❨✲❛①✐s✮✭✩✮ ✶✳✺ ✲ ✷✳✵
❊✲●❧❛ss ❋✐❜❡r✭★✮ ✺ ✲ ✻
❇❈❇✭✪✮ ✹✷

❚❛❜❧❡ ✸✳✶✿ ▼❛t❡r✐❛❧ ❝♦❡✣❝✐❡♥ts ❢♦r t❤❡r♠❛❧ ❧✐♥❡❛r ❡①♣❛♥s✐♦♥✳
✭∗✮ t❛❦❡♥ ❢r♦♠ ❬❍❛②♥❡s✱ ✷✵✶✻❪✳ ✭†✮ t❛❦❡♥ ❢r♦♠ ❬■s♦❧❛✱ ✷✵✶✼❪✳ ✭‡✮ t❛❦❡♥ ❢r♦♠
❬❈❈■ ❊✉r♦❧❛♠✱ ✷✵✶✼❪ ❢♦r ❛ ✶✷✳✺✴✼✺✴✶✷✳✺ r❛t✐♦✳ ✭✩✮ t❛❦❡♥ ❢r♦♠ ❬❍✐t❛❝❤✐ ✱
✷✵✶✼❜❪✳ ✭➓✮ t❛❦❡♥ ❢r♦♠ ❬❍✐t❛❝❤✐ ✱ ✷✵✶✼❛❪✳ ✭★✮ t❛❦❡♥ ❢r♦♠ ❬▼❛♥❣r♦❧✐ ❛♥❞
❱❛s♦②❛✱ ✷✵✵✽❪✳ ✭✪✮ t❛❦❡♥ ❢r♦♠ ❬❉♦✇ ❈❤❡♠✐❝❛❧ ❈♦♠♣❛♥② ✱ ✷✵✶✼❪✳

❞❡s✐❣♥❡❞ t♦ ✇♦r❦ ❛t ❛ t❡♠♣❡r❛t✉r❡ ♦❢ 50± 10 ◦C ❬❙❝❤❡♠♠❡❧ ✱ ✷✵✶✻❪✳ ❚❤❡ r❡s✉❧t✐♥❣
t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛ t✉r♥❡❞✲♦✛ ❛♥❞ ♦♣❡r❛t✐♥❣ s②st❡♠ ✐s ✐♥ t❤❡ r❛♥❣❡
♦❢ 30K✳ ❍❡♥❝❡✱ t❤❡ ❛❜s♦❧✉t❡ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ✐s r❡❞✉❝❡❞✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞
t❤❡s❡ t❡♠♣❡r❛t✉r❡ ❝②❝❧❡s ❤❛♣♣❡♥ ♠♦r❡ ♦❢t❡♥ ❛♥❞ s♦ s❧♦✇❧② ✇❡❛❦❡♥ t❤❡ ♠❛t❡r✐❛❧s ❛♥❞
✐♥t❡r❝♦♥♥❡❝t✐♦♥s✳
❆ ✇❡❧❧✲t✉♥❡❞ ♠❛t❡r✐❛❧ s❡❧❡❝t✐♦♥ ✐s ❡ss❡♥t✐❛❧ ❢♦r ❛ r❡❧✐❛❜❧❡ ❛♥❞ ❧♦♥❣ ❧❛st✐♥❣ ♣❛❝❦❛❣❡✳
❲✐t❤✐♥ t❤❡ ♣r♦❥❡❝t s❡✈❡r❛❧ ♠❛t❡r✐❛❧ ❝♦♠♣♦s✐t✐♦♥s ✇❡r❡ t❡st❡❞ ❛t t❤❡ ■❩▼ ✐♥ t❡r♠s
♦❢ ❜♦❛r❞ ✇❛r♣❛❣❡✱ t❤❡r♠❛❧ r❡❧✐❛❜✐❧✐t② ❛♥❞ ❧✐t❤♦❣r❛♣❤✐❝ ❢❡❛s✐❜✐❧✐t②✳ ❚❤❡ r❡s✉❧ts ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❝❤❛♣t❡r ✹✳

✸✳✷✳✷ ❍❡❛t ❉✐ss✐♣❛t✐♦♥

■♥ t❤❡ ❝✉rr❡♥t ❲❙■ s②st❡♠ t❤❡ ❤❡❛t ♦❢ t❤❡ ✇❛❢❡r ✐s ❞✐r❡❝t❧② tr❛♥s❢❡rr❡❞ ❛✇❛② ✈✐❛
t❤❡ ❛❧✉♠✐♥✉♠ ❜r❛❝❦❡t ❛♥❞ t❤❡ ❛tt❛❝❤❡❞ ❤❡❛t s✐♥❦s✳ ❚❤✐s ✇❛② ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❦❡❡♣
t❤❡ ✇❛❢❡r t❡♠♣❡r❛t✉r❡ ❝♦♥st❛♥t ❛t ❛ ♣♦✇❡r ❞✐ss✐♣❛t✐♦♥ ♦❢ 500W✳ ❋♦r ❛♥ ❡♠❜❡❞❞❡❞
✇❛❢❡r t❤❡ ❤❡❛t ❤❛s t♦ ❣♦ t❤r♦✉❣❤ t❤❡ ♣r❡♣r❡❣ ❛♥❞ ❝♦♣♣❡r ❧❛②❡rs ❜❡❢♦r❡ ❛♥② ❦✐♥❞ ♦❢
❤❡❛t s✐♥❦ ❝❛♥ ❝♦♦❧ t❤❡ s②st❡♠✳ ❍❡❛t tr❛♥s♣♦rt ✐s ❧✐❦❡ ❛♥ ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t✱ ✐t ❣♦❡s
❢r♦♠ ❛ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❛r❡❛ t♦ ❛ ❝♦♦❧❡r ❛r❡❛ ❛♥❞ t❛❦❡s t❤❡ ♣❛t❤ ✇✐t❤ t❤❡ ❤✐❣❤❡st
t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t②✳ ❚❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✐s ❛ ♠❛t❡r✐❛❧✲❞❡♣❡♥❞❡♥t ♣❛r❛♠❡t❡r✳

✸✸



✸ ❊♠❜❡❞❞✐♥❣ ❛ ❙✐❧✐❝♦♥ ❲❛❢❡r

■♥ t❛❜❧❡ ✸✳✷ t❤❡ t②♣✐❝❛❧ ✈❛❧✉❡s ♦❢ t❤❡ ✉s❡❞ ♠❛t❡r✐❛❧s ❛r❡ ❧✐st❡❞✳

▼❛t❡r✐❛❧ ❚❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ❬ W

mK
❪

❆✐r✭∗✮ ✵✳✵✷✻✷
❆❧✭∗✮ ✷✸✻
❈✉✭∗✮ ✹✵✶
❙✐✭∗✮ ✶✷✹
❋❘✹✵✽❍❘✭†✮ ✵✳✹
▼❈▲✲❊✲✻✼✾❋●✭❙✮➓✮ ✵✳✻ ✲ ✵✳✼
❋❡✭∗✮ ✽✵✳✷
◆✐✭∗✮ ✾✵✳✼
■♥✈❛r✭❋❡✲✸✻◆✐✮✭∗✮ ✶✸✳✽✸✺
▼❈▲✲❊✲✼✼✵●✭▲❍✮✭➓✮ ✵✳✻ ✲ ✵✳✼
❊✲●❧❛ss ❋✐❜❡r✭★✮ ✵✳✸ ✲ ✵✳✹
❙♦❧❞❡r ▼❛s❦✭✪✮ ✵✳✷

❚❛❜❧❡ ✸✳✷✿ ▼❛t❡r✐❛❧ ❝♦❡✣❝✐❡♥ts ❢♦r t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t②✳
✭∗✮ t❛❦❡♥ ❢r♦♠ ❬❍❛②♥❡s✱ ✷✵✶✻❪✳ ✭†✮ t❛❦❡♥ ❢r♦♠ ❬■s♦❧❛✱ ✷✵✶✼❪✳ ✭➓✮ t❛❦❡♥
❢r♦♠ ❬❍✐t❛❝❤✐ ❈❤❡♠✐❝❛❧ ❈♦♠♣❛♥② ▲t❞✳✱ ✷✵✶✼❪✳ ✭★✮ t❛❦❡♥ ❢r♦♠ ❬▼❛♥❣r♦❧✐
❛♥❞ ❱❛s♦②❛✱ ✷✵✵✽❪✳ ✭✪✮ t❛❦❡♥ ❢r♦♠ ❬❈r❡❡✱ ✷✵✶✼❪✳

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

dQ

dt
= −λ ∗A ∗ dT

dx
✭✸✳✹✮

λ ✐s t❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t②✱ A t❤❡ ❝r♦ss s❡❝t✐♦♥❛❧ ❛r❡❛✱ dT
dx

t❤❡ t❡♠♣❡r❛t✉r❡ ❣r❛❞✐❡♥t

❛♥❞ dQ
dt

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

dT = −
dQ
dt

λ ∗A ∗ dx ✭✸✳✺✮

∫ T1

T0

dT = − Q̇

λ ∗A ∗
∫ l

0

dx ✭✸✳✻✮

l ❜❡✐♥❣ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ♦❜❥❡❝t

✭✸✳✼✮

∆T = − Q̇

λ ∗A ∗ l ✭✸✳✽✮

❲✐t❤ ❡q✳ ✭✸✳✽✮ t❤❡ r❡q✉✐r❡❞ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✱ ✇❤❡r❡ Q̇ ✐s
t❤❡ ❞✐ss✐♣❛t❡❞ ♣♦✇❡r ♣❡r t✐♠❡✱ lambda t❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t②✱ A t❤❡ ❝r♦ss s❡❝t✐♦♥
❛r❡❛ ❛♥❞ l t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ♠❛t❡r✐❛❧✳ ❆ss✉♠✐♥❣ ✐♥ t❤❡ ✜♥❛❧ ❜♦❛r❞ ❛r❡ ❢♦✉r ❝♦♣♣❡r

✸✹



✸✳✷ ❈❤❛❧❧❡♥❣❡s ✐♥ t❤❡ ▼❛t❡r✐❛❧ ❙❡❧❡❝t✐♦♥

❧❛②❡rs ♦♥ ❡❛❝❤ s✐❞❡✳ ❊❛❝❤ ❝♦♣♣❡r ❧❛②❡r ❝♦♠❡s ✇✐t❤ ❛♥ ❛❞❞✐t✐♦♥❛❧ ♣r❡♣r❡❣ ❧❛②❡r ✇✐t❤
❛ 100 ➭m t❤✐❝❦♥❡ss✳ ❚❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✈❛❧✉❡ ✐s t❛❦❡♥ ♦❢ t❤❡ ❍✐t❛❝❤✐ ▼❈▲✲❊✲
✼✼✵●✭▲❍✮ ♠❛t❡r✐❛❧✳ ❆t t❤✐s ♣♦✐♥t t❤❡ ❝♦♣♣❡r ✐s ♥❡❣❧❡❝t❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❛s ✐ts
t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✐s ✶✵✵✵✲❢♦❧❞ ❤✐❣❤❡r ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ♣r❡♣r❡❣ ♠❛t❡r✐❛❧✳ ■t ✐s
✐♥t❡♥❞❡❞ t♦ ❝♦♦❧ t❤❡ ❜♦❛r❞ ♦♥❧② ❢r♦♠ ♦♥❡ s✐❞❡ ❧✐❦❡ ✐♥ t❤❡ ❲❙■ s②st❡♠✳ ❍❡♥❝❡✱ t❤❡r❡
✐s ❛ 400 ➭m t❤✐❝❦ ❧❛②❡r ♦❢ ♣r❡♣r❡❣ ♠❛t❡r✐❛❧✳ ❆t t❤❡ ♠♦♠❡♥t t❤❡ ❍■❈❆◆◆ ✇❛❢❡r ❝❛♥
❝♦♥s✉♠❡ ✉♣ t♦ 500W ♦❢ ❡♥❡r❣② ❝♦♥st❛♥t❧②✳ ❚❤❡ r❛❞✐✉s ♦❢ t❤❡ ✇❛❢❡r ✐s 10 cm✳ ❋r♦♠
❡q✳ ✭✸✳✽✮ t❤❡ r❡s✉❧t✐♥❣ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ♦✈❡r t❤❡ ♣r❡♣r❡❣ ❧❛②❡r ✐s 9.1K✳
❚❤❡ ✈❛❧✉❡ ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞ ❜② ✐♥tr♦❞✉❝✐♥❣ t❤❡r♠❛❧ ✈✐❛s t♦ t❤❡ ❜❛❝❦s✐❞❡ ♦❢ t❤❡

✇❛❢❡r✳ ❋✐rst t❤❡ t❤❡r♠❛❧ r❡s✐st❛♥❝❡ ♦❢ ❛❧❧ t❤❡r♠❛❧ ✈✐❛s ✐s ❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ t❤❡r♠❛❧
r❡s✐st❛♥❝❡ ✐s ❞❡✜♥❡❞ ❜② ❡q✳ ✭✸✳✾✮ ✇✐t❤ d ❜❡✐♥❣ t❤❡ ❞❡♣t❤ ♦❢ t❤❡ ✈✐❛✱ λ ✐s t❤❡ t❤❡r♠❛❧
❝♦♥❞✉❝t✐✈✐t② ❛♥❞ A ✐s t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛r❡❛✳ ❚❤❡ ❛r❡❛ ♦❢ ❛❧❧ ✈✐❛s ✐s ❝❛❧❝✉❧❛t❡❞ ❜② t❤❡
❛r❡❛ ♦❢ ❛ s✐♥❣❧❡ ✈✐❛ t✐♠❡s t❤❡ ♥✉♠❜❡r ♦❢ t♦t❛❧ ✈✐❛s n✳

Rth,vias =
d

λ ∗A ✭✸✳✾✮

=
d

λ ∗ n ∗ (π ∗ r2via)
✭✸✳✶✵✮

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

Rth,prepreg =
d

λ ∗ (π ∗ r2wafer − n ∗ (π ∗ r2via))
✭✸✳✶✶✮

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

1

Rtotal

=
1

Rth,vias

+
1

Rth,prepreg

✭✸✳✶✷✮

❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❡q✉❛❧❧② ❞✐str✐❜✉t❡❞ ✈✐❛s ✐s ❛♥ ✐♥t❡r❡st✐♥❣ ♣❛r❛♠❡t❡r ❢♦r t❤❡
❜♦❛r❞ ❞❡s✐❣♥✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✇❛❢❡r ❛r❡❛ ✐s ❞✐✈✐❞❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ✈✐❛s✳ ❚❤✐s r❡t✉r♥
t❤❡ ❛r❡❛ ♦❝❝✉♣✐❡❞ ❜② ♦♥❡ ✈✐❛✳ ❋♦r s✐♠♣❧✐❝✐t② t❤❡ ❛r❡❛ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❛ ❝✐r❝❧❡✳ ❚❤✐s
✇❛② t❤❡ ❞✐st❛♥❝❡ d ❜❡t✇❡❡♥ t✇♦ ✈✐❛s ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❜② ❡q✳ ✭✸✳✶✹✮✳

π ∗ l2 = Avia =
π ∗ r2wafer

x
✭✸✳✶✸✮

π ∗ l2 =
π ∗ r2wafer

x

l2 =
r2

n

✸✺



✸ ❊♠❜❡❞❞✐♥❣ ❛ ❙✐❧✐❝♦♥ ❲❛❢❡r

❙♦ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t✇♦ ✈✐❛s ✐s

d = 2 ∗ l

= 2 ∗
√

r2

n
✭✸✳✶✹✮

■♥ t❛❜❧❡ ✸✳✸ t❤❡ t❤❡r♠❛❧ r❡s✐st❛♥❝❡s ❛♥❞ t❤❡ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❛r❡ ❝❛❧❝✉❧❛t❡❞
❢♦r ❞✐✛❡r❡♥t ♥✉♠❜❡rs ♦❢ t❤❡r♠❛❧ ✈✐❛s✳ ❋r♦♠ ✶✵ ✵✵✵ ✈✐❛s ✉♣✇❛r❞s t❤❡ t❤❡r♠❛❧ ✈✐❛s ❤❛✈❡

★ ✈✐❛s Rvias

❬K/W❪
Rprepreg

❬K/W❪
Rtotal

❬K/W❪
∆T
❬K❪

❱✐❛ ❞❡♥s✐t②
❬✈✐❛s/cm2❪

❉✐st❛♥❝❡
❬mm❪

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

❚❛❜❧❡ ✸✳✸✿ ■♥✢✉❡♥❝❡ ♦❢ t❤❡r♠❛❧ ✈✐❛s t♦ t❤❡ ❤❡❛t tr❛♥s♣♦rt ♦✛ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r t♦ t❤❡
❜❛❝❦s✐❞❡✳

❛ s✐❣♥✐✜❝❛♥t ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡✳ ❚❛❦❡♥ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡
✈✐❛s ✐♥t♦ ❛❝❝♦✉♥t ❛ ❣♦♦❞ ❝♦♠♣r♦♠✐s❡ ✐s ❛r♦✉♥❞ ✹✵ ✵✵✵ t♦ ✺✵ ✵✵✵ ✈✐❛s✳
❚❤❡ ❧❛st ❧❛②❡r ❜❡t✇❡❡♥ t❤❡ s✉rr♦✉♥❞✐♥❣ ❝♦♦❧✐♥❣ ♠❡❞✐✉♠ ❛♥❞ t❤❡ ❜♦❛r❞ ✐s t❤❡ s♦❧❞❡r

♠❛s❦✳ ❆ t②♣✐❝❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ s♦❧❞❡r ♠❛s❦ ✐s 35 ➭m ❬❇ött❝❤❡r ✱ ✷✵✶✻❪✳ ❚❤❡ ♠❛t❡r✐❛❧
❤❛s ❛ ❧♦✇ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✈❛❧✉❡ ❛r♦✉♥❞ 0.2WK/m✱ s❡❡ t❛❜❧❡ ✸✳✷✳ ❉✉❡ t♦ t❤❡
t❤✐♥ ❧❛②❡r ❛♥❞ t❤❡ ❜✐❣ ❛r❡❛ t❤❡ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ t♦ t❤❡ ❝♦♦❧✐♥❣ ♠❡❞✐✉♠ ✐s 2.8K✳
❚❤✐s r❡s✉❧ts ✐♥ ❛ t❡♠♣❡r❛t✉r❡ ❣r❛❞✐❡♥t ❢r♦♠ t❤❡ ✇❛❢❡r s✉r❢❛❝❡ t♦ t❤❡ ❜♦tt♦♠ ♦❢

t❤❡ ❜♦❛r❞ ♦❢ ❛r♦✉♥❞ 12K✳ ❚♦ ❦❡❡♣ t❤❡ ✇❛❢❡r ♦♥ ❛ ✇♦r❦✐♥❣ t❡♠♣❡r❛t✉r❡ ♦❢ 50 ◦C t❤❡
t❡♠♣❡r❛t✉r❡ ❛t t❤❡ s♦❧❞❡r ♠❛s❦ ❤❛s t♦ ❜❡ ❜❡❧♦✇ 38 ◦C✳ ❚❤❡ ✉s❡ ♦❢ t❤❡r♠❛❧ ✈✐❛s ❞❡✲
❝r❡❛s❡s t❤❡ r❡q✉✐r❡❞ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ t♦ 6K r❡s✉❧t✐♥❣ ✐♥ ❛ s✉r❢❛❝❡ t❡♠♣❡r❛t✉r❡
♦❢ 44 ◦C✳
❍❡♥❝❡✱ ✐t ✐s ♥♦ ♣r♦❜❧❡♠ t♦ ❣❡t t❤❡ ❤❡❛t ♦✉t ♦❢ t❤❡ ❜♦❛r❞ t❤r♦✉❣❤ t❤❡ ❜❛❝❦s✐❞❡✳

◆❡①t st❡♣ ✐s t♦ r❡♠♦✈❡ t❤❡ ❤❡❛t ❢r♦♠ t❤❡ ❜♦❛r❞ s✉r❢❛❝❡✳ ❙♦ ❢❛r ✐t ✐s ♥♦t ❞❡❝✐❞❡❞ ✐❢
✐t ✐s ❞♦♥❡ ❜② ❛✐r ♦r ✇❛t❡r ❝♦♦❧✐♥❣✳ ❇♦t❤ ♠❡t❤♦❞s ❛r❡ ❝❛♣❛❜❧❡ ♦❢ ❝♦♦❧✐♥❣ ✐t ❞♦✇♥ ❛s
t❤❡ ♣♦✇❡r ❞❡♥s✐t② ✐s ❥✉st 2.6W/cm2✳ ❚❤❡r❡ ❛r❡ ❝♦♠♣✉t❡r ♣r♦❝❡ss♦rs ❝♦♠♠❡r❝✐❛❧❧②
❛✈❛✐❧❛❜❧❡ ✇✐t❤ ❛ ❤✐❣❤❡r ❤❡❛t ❞❡♥s✐t② ✇❤✐❝❤ ❛r❡ st✐❧❧ ❛✐r ❝♦♦❧❡❞✱ ❡✳❣✳ t❤❡ ■♥t❡❧ ✐✼✲✾✼✺
♣r♦❝❡ss♦r ✇✐t❤ ❛ ❤❡❛t ❞❡♥s✐t② ♦❢ 49W/cm2 ❬■♥t❡❧ ✱ ✷✵✶✼❛❪✳
■❢ ♥♦t ♦♥❧② t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛r❡❛ ✐s ✉s❡❞✱ t❤❡ ✈❛❧✉❡ ❞❡❝r❡❛s❡s ❢✉rt❤❡r✳ ❚❤✐s ❝❛♥ ❜❡

❞♦♥❡ ❜② ❤❡❛t s♣r❡❛❞✐♥❣ ✇✐t❤ t❤❡ ❝♦♣♣❡r ❧❛②❡rs s♦ t❤❡ ❝♦♦❧✐♥❣ ❛r❡❛ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞✳
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✸✳✸ ❲❛❢❡r Pr❡♣❛r❛t✐♦♥

✸✳✸ ❲❛❢❡r Pr❡♣❛r❛t✐♦♥

❇❡❢♦r❡ t❤❡ ✇❛❢❡rs ❝❛♥ ❜❡ ❡♠❜❡❞❞❡❞ ✐♥ t❤❡ P❈❇ t❤❡② ❤❛✈❡ t♦ ❜❡ ♣r❡♣❛r❡❞✳ ❚✇♦
♣r♦❝❡❞✉r❡s ❛r❡ ♥❡❝❡ss❛r②✱ ♦♥❡ ✐s ✇❛❢❡r t❤✐♥♥✐♥❣ ❛♥❞ t❤❡ ♦t❤❡r ✐s t❤❡ ♣❛❞ ♣r❡♣❛r❛t✐♦♥
❢♦r t❤❡ ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss✳

✸✳✸✳✶ ❲❛❢❡r ❚❤✐♥♥✐♥❣

❚❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ✇❛❢❡r ❢♦r t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ✐s 750 ➭m✱ ✇❤✐❝❤ ✐s ♥♦t ♦♣t✐✲
♠❛❧ ❢♦r t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳ ❚❤✐❝❦ ✇❛❢❡rs ❛r❡ ♠♦r❡ r✐❣✐❞ ❛♥❞ ❜r❡❛❦ ❡❛r❧✐❡r ✉♥❞❡r
♠❡❝❤❛♥✐❝❛❧ str❛✐♥ t❤❛♥ t❤✐♥ ✇❛❢❡rs✳ ❆ t❤✐♥ ✇❛❢❡r ✇✐t❤st❛♥❞s ❜❡♥❞✐♥❣ ✇✐t❤♦✉t ♣r♦❜✲
❧❡♠s✳ ❙✉❝❤ ❛ ❜❡♥❞✐♥❣ ❝♦✉❧❞ ❤❛♣♣❡♥ ❞✉r✐♥❣ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♦❢ t❤❡ ❜♦❛r❞✱ ❞✉❡ t♦
t❤❡ ❞✐✛❡r❡♥t ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ st❛❝❦ ✉♣ s✉rr♦✉♥❞✐♥❣ t❤❡ ✇❛❢❡r ✐s
❡❛s✐❡r ❛♥❞ ♠♦r❡ r❡❧✐❛❜❧❡✳ ❚❤❡r❡ ❛r❡ ❧❡ss ❧❛②❡rs ♦❢ ♠❛t❡r✐❛❧ r❡q✉✐r❡❞ ❛♥❞ t❤❡ ❜❡❤❛✈✐♦✉r
♦❢ t❤❡ st❛❝❦ ✉♣ ✐s ♠♦r❡ ♣r❡❞✐❝t❛❜❧❡ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳
❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ✇❛❢❡r t❤✐♥♥✐♥❣ ✐ts❡❧❢ ❤❛s ❛♥ ❡✛❡❝t ♦♥ t❤❡ ❧❛t❡r ✇❛❢❡r ❜♦✇✳ ❚❤❡

❋✐❣✉r❡ ✸✳✹✿ ❚❤❡ ❡✛❡❝t ♦❢ ❜❛❝❦✲s✐❞❡ ❣r✐♥❞✐♥❣ t♦ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤❡ ❣r❛② ♠❛t❡r✐❛❧ ✐s
t❤❡ ♣♦❧②❝r②st❛❧❧✐♥❡ s✐❧✐❝♦♥ s✉❜str❛t❡✱ t❤❡ ❣r❡❡♥ ❧❛②❡r ✐s t❤❡ ❛❝t✐✈❡ ❞❡✈✐❝❡
❧❛②❡r ✇✐t❤ t❤❡ ♠❡t❛❧ ✇✐r✐♥❣ ♦♥ t♦♣ ❛♥❞ t❤❡ ❜❧✉❡ ❧❛②❡r ✐s ❛ s✐❧✐❝♦♥ ♦①✐❞❡
❧❛②❡r ✇❤✐❝❤ ✇❛s ❝r❡❛t❡❞ t❤r♦✉❣❤ t❤❡ ❣r✐♥❞✐♥❣ ♣r♦❝❡ss✳ ❆t t❤❡ ❜❡❣✐♥♥✐♥❣
✭✶✮ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s r✐❣✐❞ ❛♥❞ ✢❛t✳ ❆❢t❡r t❤✐♥♥✐♥❣ t❤❡ ✇❛❢❡r ✐s ❝♦♥❝❛✈❡
✭✷✮✳ ❉✐✛❡r❡♥t ♠❡t❤♦❞s ❝❛♥ r❡❞✉❝❡ t❤❡ ❜♦✇✳

✐❞❡❛❧ ❣r✐♥❞✐♥❣ r❡♠♦✈❡s t❤❡ s✐❧✐❝♦♥ ❢r♦♠ t❤❡ ❜❛❝❦✲s✐❞❡ ✇✐t❤♦✉t ✐♥❞✉❝✐♥❣ ❛♥② ❞❛♠❛❣❡s
t♦ t❤❡ s✉r❢❛❝❡✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❣r✐♥❞✐♥❣ ♣r♦❝❡ss ❝r❡❛t❡s t✐♥② ❝r❛❝❦s ❛♥❞ ❞❡❢❡❝ts ✐♥
t❤❡ ❜❛❝❦✲s✐❞❡ ✇❤✐❝❤ ✇✐❞❡♥ t❤❡ ❜❛❝❦✲s✐❞❡ s✉r❢❛❝❡ ❛♥❞ ❝❛✉s❡ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r t♦ ❜❡♥❞✳
❚❤❡ r❡s✉❧t ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✸✳✹✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❣r✐♥❞✐♥❣ ✐s ❞♦♥❡ ✐♥ s❡✈❡r❛❧ st❡♣s t♦
♠✐♥✐♠✐③❡ t❤❡ ✇❛❢❡r ❜♦✇✳ ❚❤❡ ✇❛❢❡r t❤✐♥♥✐♥❣ ✐s ❞♦♥❡ ❛t t❤❡ ■❩▼ ✐♥ ❇❡r❧✐♥✳ ❇❡❢♦r❡ t❤❡
❛❝t✉❛❧ t❤✐♥♥✐♥❣ t❤❡ ✇❛❢❡r ❡❞❣❡ ✐s tr✐♠♠❡❞ ✇❤✐❝❤ ✐♥❝r❡❛s❡s t❤❡ st❛❜✐❧✐t② ❛♥❞ ♠✐t✐❣❛t❡s
❛ ❝❤✐♣♣✐♥❣ ♦❢ t❤❡ s✐❧✐❝♦♥ ❡❞❣❡s ❬●❛rr♦✉ ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❚❤❡ ❣r✐♥❞✐♥❣ ♣r♦❝❡ss ✐s ❞♦♥❡
✇✐t❤ ❛ ✜♥❡ ❣r❛✐♥❡❞ ✇❤❡❡❧✳ ❚❤❡ s✐❧✐❝♦♥ ✐s r❡♠♦✈❡❞ ✇✐t❤ ❞✐✛❡r❡♥t ❢❡❡❞ r❛t❡s✳ ■♥ t❤❡
✜rst st❡♣ 472 ➭m ♦❢ s✐❧✐❝♦♥ ❛t ❛ r❛t❡ ♦❢ 0.5 ➭m/s ❛r❡ t❛❦❡♥ ❛✇❛②✳ ❉✉❡ t♦ t❤❡ ❤✐❣❤
r❡♠♦✈❛❧ r❛t❡ t❤❡ s✉r❢❛❝❡ ❤❛s ❛ ❤✐❣❤ r♦✉❣❤♥❡ss✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r♦✉❣❤♥❡ss ✐s r❡❞✉❝❡❞
✐♥ t✇♦ r✉♥s ✇✐t❤ ❧♦✇❡r r❡♠♦✈❛❧ r❛t❡s✳ ❚❤❡ ♥❡①t 10 ➭m ♦❢ s✐❧✐❝♦♥ ❛r❡ r❡♠♦✈❡❞ ✇✐t❤ ❛
r❛t❡ ♦❢ 0.25 ➭m/s✳ ❚❤❡ ❧❛st r❡♠♦✈❛❧ ♦❢ 5 ➭m ✐s ❞♦♥❡ ✇✐t❤ 0.1 ➭m/s ❬❩♦s❝❤❦❡✱ ✷✵✶✼❪✳
❚❤❡ ❧♦✇❡r ❢❡❡❞ r❛t❡s ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ❣r✐♥❞✐♥❣ ♣r♦❝❡ss ❤❡❧♣ t♦ ❧♦✇❡r t❤❡ ✇❛r♣❛❣❡
♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❆❢t❡r t❤❡ t❤✐♥♥✐♥❣ t♦ 250 ➭m t❤❡ ✇❛❢❡r ✐s ✢❛t ❡♥♦✉❣❤ ❢♦r t❤❡
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✸ ❊♠❜❡❞❞✐♥❣ ❛ ❙✐❧✐❝♦♥ ❲❛❢❡r

❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳
■❢ t❤❡ ✇❛❢❡r ✐s t❤✐♥♥❡❞ ❢✉rt❤❡r✱ ❡s♣❡❝✐❛❧❧②✱ ❜❡❧♦✇ 100 ➭m ❛❞❞✐t✐♦♥❛❧ str❡ss r❡❧✐❡❢

♠❡t❤♦❞s ❛r❡ ♥❡❡❞❡❞✳ ❆ ✜♥❡r ❣r❛✐♥ ✇❤❡❡❧ ❝❛♥ r❡♠♦✈❡ t♦♣♦❧♦❣✐❝❛❧ ❞❛♠❛❣❡s t♦ t❤❡ s✉r✲
❢❛❝❡ ❜✉t ✐t ❝❛♥♥♦t r❡❞✉❝❡ t❤❡ str❡ss ❞✉❡ t♦ t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳
❇❡❢♦r❡ t❤❡ ❣r✐♥❞✐♥❣ ♣r♦❝❡❞✉r❡ t❤❡r❡ ✇❛s ♣♦❧②❝r②st❛❧❧✐♥❡ s✐❧✐❝♦♥ ♦♥ t❤❡ ❜❛❝❦✳ ❆❢t❡r
t❤❡ ❣r✐♥❞✐♥❣ t❤❡r❡ ✐s ❛ t❤✐♥ ❧❛②❡r ♦❢ s✐❧✐❝♦♥ ♦①✐❞❡✳ ❚❤✐s ✐♥❝r❡❛s❡s t❤❡ s♣❛❝✐♥❣ ❜❡t✇❡❡♥
t❤❡ ❛t♦♠s ❛♥❞✱ t❤✉s✱ ✇✐❞❡♥s t❤❡ ❧❛tt✐❝❡✳ ❚❤❡ ❡✛❡❝t ❣❡ts ♠♦r❡ ❞♦♠✐♥❛♥t ❢♦r ✇❛❢❡rs
t❤✐♥♥❡r t❤❛♥ 100 ➭m✳ ❚❤❡ ❞❛♠❛❣❡s ❝❛♥ ❜❡ r❡❞✉❝❡❞ ❜② ❛ r❡❛❝t✐✈❡ ❡t❝❤✐♥❣ ♦r ❛ ♣♦❧✲
✐s❤✐♥❣ ♣r♦❝❡ss✱ ❧✐❦❡ ♣❧❛s♠❛ ❞r② ❡t❝❤✐♥❣ ♦❢ ❝❤❡♠✐❝❛❧ ♠❡❝❤❛♥✐❝❛❧ ♣❧❛♥❛r✐③❛t✐♦♥ ❬●❛rr♦✉
❡t ❛❧✳✱ ✷✵✶✹❪ ❚❤❡s❡ ♠❡t❤♦❞s r❡♠♦✈❡ ♠❛t❡r✐❛❧ ✇✐t❤ ❛ ✈❡r② ❧♦✇ r❛t❡ ♦❢ 1✲10 ➭m/min✳
◆♦✇❛❞❛②s✱ t❤❡r❡ ❛r❡ s✐❧✐❝♦♥ ✇❛❢❡rs ✇✐t❤ ❛ t❤✐❝❦♥❡ss ♦❢ 5 ➭m ❬❈❤❛s✐♥ ❡t ❛❧✳✱ ✷✵✶✻❪✳ ❚❤❡
❞r❛✇❜❛❝❦ ♦❢ t❤❡s❡ ✉❧tr❛ t❤✐♥ ✇❛❢❡rs ✐s t❤❛t t❤❡② ♥❡❡❞ ❛ ❝❛rr✐❡r ✇❛❢❡r ❢♦r ❤❛♥❞❧✐♥❣✳
❲✐t❤♦✉t ❛ ❝❛rr✐❡r ✇❛❢❡r ♥♦ ❢✉rt❤❡r ♣r♦❝❡ss✐♥❣ ✇♦✉❧❞ ❜❡ ♣♦ss✐❜❧❡✳
❍❡♥❝❡✱ ❛ ✇❛❢❡r t❤✐❝❦♥❡ss ♦❢ 250 ➭m ✇❛s ❝❤♦s❡♥✳ ❚❤❡ ✇❛❢❡rs ❛r❡ t❤✐♥ ❡♥♦✉❣❤ ❢♦r

t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✱ ❜✉t ❛r❡ st✐❧❧ ❡❛s② t♦ ❤❛♥❞❧❡✳

✸✳✸✳✷ ❈♦♣♣❡r P❛❞s ❋✐♥✐s❤

❚❤❡ ♣❛❞s ♦❢ t❤❡ P♦st✲Pr♦❝❡ss✐♥❣ Pr♦❝❡❞✉r❡ ✭P♦st✲Pr♦❝❡ss✐♥❣ Pr♦❝❡❞✉r❡✮ ❤❛✈❡ ❛ t❤✐♥
❣♦❧❞ ✜♥✐s❤✱ ✇❤✐❝❤ ✐s ❣♦♦❞ ❢♦r t❤❡ ❲❙■ s②st❡♠ ✇❤❡r❡ t❤❡ ♣❛❞s ❝♦✉❧❞ r❡❛❝t ✇✐t❤ t❤❡
❛✐r ❛♥❞ ♦①✐❞❡✳ ❲❤❡r❡❛s ❢♦r t❤❡ ❡♠❜❡❞❞✐♥❣ ✲ ❡s♣❡❝✐❛❧❧② ❢♦r t❤❡ ❧❛t❡r ❡❧❡❝tr♦♣❧❛t✐♥❣
♦❢ t❤❡ ✈✐❛s ✲ t❤✐❝❦ ❝♦♣♣❡r ♣❛❞s ❛r❡ ❞❡s✐r❡❞✳ ❆ t❤✐♥ ♣❛❞ ❝♦✉❧❞ ❡❛s✐❧② ❜❡ ❞❛♠❛❣❡❞
❞✉r✐♥❣ t❤❡ ❧❛s❡r ❞r✐❧❧✐♥❣✳ ❆ t❤✐❝❦❡r ♣❛❞ ❤❛s ❛ ❤✐❣❤❡r t♦❧❡r❛♥❝❡ ❛❣❛✐♥st ❢❛✐❧✉r❡s✳ ❚❤❡
❡❧❡❝tr♦♣❧❛t✐♥❣ ✇♦r❦s ❛t ✐ts ❜❡st✱ ✐❢ t❤❡ s✉❜str❛t❡ ✐s ❛❧s♦ ❝♦♣♣❡r✳ ❚❤❡r❡❢♦r❡✱ ❛❧❧ P♦st✲
Pr♦❝❡ss✐♥❣ Pr♦❝❡❞✉r❡ ♣❛❞s ❣❡t ❛♥ ❡①tr❛ ❧❛②❡r ♦❢ ❝♦♣♣❡r ♦♥ t♦♣✱ ✇❤✐❝❤ ✐s ❛❜♦✉t 10✲
12 ➭m t❤✐❝❦ ❬❩♦s❝❤❦❡✱ ✷✵✶✻❪✳
❚❤❡ ❝♦♣♣❡r ✐s ❛♣♣❧✐❡❞ ✐♥ ❛ s❡♠✐✲❛❞❞✐t✐✈❡ ❞❡♣♦s✐t ♣r♦❝❡❞✉r❡✳ ❚❤❡ ✜rst st❡♣ ✐s ❛

s♣✉tt❡r ❞❡♣♦s✐t✐♦♥ ♦❢ t❤❡ ❝♦♠♣❧❡t❡ ✇❛❢❡r ✇✐t❤ ❛♥ ❛❞❤❡r❡♥t ❧❛②❡r ♦❢ ❝♦♣♣❡r✳ ◆❡①t
t❤❡ ♣❤♦t♦r❡s✐st ✐s ♣❛tt❡r♥❡❞ ✐♥ ❛ ❧✐t❤♦❣r❛♣❤② st❡♣✳ ■♥ ❛ ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss t❤❡
❝♦♣♣❡r ✐s ❛❞❞❡❞ ✐♥ t❤❡ ♦♣❡♥✐♥❣s ♦❢ t❤❡ ♣❤♦t♦r❡s✐st✳ ❚❤❡ ❧❛st st❡♣ ✐s t❤❡ r❡♠♦✈❛❧ ♦❢
t❤❡ r❡♠❛✐♥✐♥❣ ♣❤♦t♦r❡s✐st ❛♥❞ t❤❡ ✉♥❞❡r❧②✐♥❣ ❛❞❤❡r❡♥t ❧❛②❡r✳
❇♦t❤ ♦❢ t❤❡ t❛s❦s✱ t❤❡ ✇❛❢❡r t✐♥♥✐♥❣ ❛♥❞ t❤❡ ❝♦♣♣❡r ❞❡♣♦s✐t✱ ❛r❡ ❞♦♥❡ ❜② t❤❡ ■❩▼

✐♥ ❇❡r❧✐♥✳
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❇❡❢♦r❡ t❤❡ ❛❝t✐✈❡ ✇❛❢❡rs ✇❡r❡ ❡♠❜❡❞❞❡❞ t❤❡ ■❩▼ ❞✐❞ t❡st r✉♥s ✇✐t❤ ❜❛r❡ s✐❧✐❝♦♥ ❞✐s❦s✳
❚❤❡② ❤❛❞ t❤❡ s❛♠❡ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s✱ ✐✳❡✳ t❤❡ ❞✐❛♠❡t❡r ❛♥❞ t❤✐❝❦♥❡ss✱ ❜✉t ❤❛❞ ♥♦
❛❝t✐✈❡ ❝♦♠♣♦♥❡♥ts ♦♥ ✐t✳ ❚❤❡s❡ t❡sts s❤♦✉❧❞ ✜♥❞ ❛ s✉✐t❛❜❧❡ ♠❛t❡r✐❛❧ ❝♦♠♣♦s✐t✐♦♥ ✐♥
r❡❣❛r❞s t♦ ✇❛r♣❛❣❡✱ ✈✐❛ ❛♥❞ ♣r♦❝❡ss ♣❛r❛♠❡t❡rs✳ ❚❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡
❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s✳

✹✳✶ ❋✐rst ▲❛♠✐♥❛t✐♦♥ ❚❡st ✇✐t❤ ❙t❛♥❞❛r❞ ❋❘✹ ▼❛t❡r✐❛❧

❚❤❡ ✜rst t❡st r✉♥ s❤♦✉❧❞ s❤♦✇ ❤♦✇ t❤❡ ❞✐✛❡r❡♥t ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥
✐♥✢✉❡♥❝❡ t❤❡ ♣❛❝❦❛❣❡ ❛♥❞ ✇❤❛t t❤❡ ♦♣t✐♠❛❧ ✇❛❢❡r t❤✐❝❦♥❡ss ✐s✳ ❚❤❡r❡❢♦r❡✱ t✇♦ ❧❛♠✲
✐♥❛t✐♦♥ r✉♥s ✇❡r❡ ❞♦♥❡ ✇✐t❤ ❛ 200 ➭m t❤✐❝❦ s✐❧✐❝♦♥ ❞✐s❦ ❛♥❞ ❛♥♦t❤❡r ✇✐t❤ ❛ 250 ➭m
t❤✐❝❦ ❞✐s❦✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ s✐❧✐❝♦♥ ❞✐s❦s ✐s ❧✐❦❡ t❤❡ ❝✉rr❡♥t ❍■❈❆◆◆ ✇❛❢❡r 20 cm✳
❚❤❡ ♣r❡♣r❡❣ ✇❛s t❤❡ st❛♥❞❛r❞ P❈❇ ♠❛t❡r✐❛❧ ▼❈▲✲❊✲✻✼✾❋● ❬❍✐t❛❝❤✐ ✱ ✷✵✶✼❛❪✳ ❚❤❡
✇❛❢❡r ✇❛s s✉rr♦✉♥❞❡❞ ❜② ❛♥ r✐❣✐❞ ❋❘✹ ❢r❛♠❡ ♦❢ t❤❡ s❛♠❡ ♠❛t❡r✐❛❧✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts ♦❢
t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ♣r❡♣r❡❣ ❛r❡ ✺✲ t♦ ✶✷✲t✐♠❡s ❜✐❣❣❡r t❤❛♥ t❤❡ ✈❛❧✉❡ ♦❢ s✐❧✐❝♦♥✱
s❡❡ t❛❜❧❡ ✸✳✶✳ ❚❤❡ st❛❝❦ ✉♣ ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✹✳✶✳

❋✐❣✉r❡ ✹✳✶✿ ❙t❛❝❦ ✉♣ ♦❢ t❤❡ ✜rst ❡♠❜❡❞❞✐♥❣ t❡st✳

❆s ❡①♣❡❝t❡❞ t❤❡ ❜♦❛r❞ ✐s ♥♦t ✢❛t ❛❢t❡r t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✱ s❡❡ ✜❣✳ ✹✳✷✳ ❚❤❡
❜♦❛r❞ s❤♦✇s ❛ ❝♦♥✈❡① ❜♦✇✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧
❡①♣❛♥s✐♦♥✳ ❚❤❡ ❋❘✹ ♠❛t❡r✐❛❧ ❡①♣❛♥❞s ♠♦r❡ t❤❛♥ t❤❡ s✐❧✐❝♦♥ ✇❤✐❝❤ ❝r❡❛t❡s ✐♥t❡r♥❛❧
str❡ss ✐♥ t❤❡ ❜♦❛r❞✳ ❚❤❡ str❡ss ✐s st✐❧❧ ♣r❡s❡♥t ❛❢t❡r t❤❡ ❜♦❛r❞ ✐s ❝♦♦❧❡❞ ❞♦✇♥✱ ❜❡❝❛✉s❡
t❤❡ r❡s✐♥ ❢r♦♠ t❤❡ ♣r❡♣r❡❣ ❝✉r❡❞ ❛t ❛ ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡ ♦❢ 180 ◦C✳ ■♥ t❤❡ ❝♦♦❧✐♥❣
♣❤❛s❡ t❤❡ ♠❛t❡r✐❛❧s s❤r✐♥❦ ❢✉rt❤❡r ❛♥❞ t❤❡ ✐♥t❡r♥❛❧ str❡ss ✐♥❝r❡❛s❡s ❛s t❤❡r❡ ✐s ❛
str♦♥❣ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ ♠❛t❡r✐❛❧s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝♦♠♣❧❡t❡ ❜♦❛r❞ ❣❡ts ❜♦✇❡❞✳
❚❤❡ ✇❛r♣❛❣❡ ✇❛s s♦ str♦♥❣ t❤❛t ❢✉rt❤❡r ❧✐t❤♦❣r❛♣❤② st❡♣s ✇❡r❡ ♥♦t ♣♦ss✐❜❧❡✳
❆❢t❡r r❡♠♦✈✐♥❣ t❤❡ ❋❘✹ ❢r❛♠❡ t❤❡ ♣❛❝❦❛❣❡ r❡t✉r♥❡❞ t♦ ❛ ✢❛t s✉r❢❛❝❡✳ ❍❡♥❝❡✱ t❤❡

✇❛r♣❛❣❡ ✇❛s ♠❛✐♥❧② ✐♥❞✉❝❡❞ ❜② t❤❡ r✐❣✐❞ ❋❘✹ ❢r❛♠❡ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳
❚❤❡ ✢❛t s✉r❢❛❝❡ ❛❧❧♦✇❡❞ ✐t t♦ r✉♥ t❤❡ ❞✐s❦ t❤r♦✉❣❤ ❛♥ ❡t❝❤✐♥❣ ♣r♦❝❡ss✱ s♦ t❤❛t ❝♦♣♣❡r
str✉❝t✉r❡s ✇❡r❡ ❝r❡❛t❡❞ ♦♥ t♦♣ ❛♥❞ ♦♥ ❜♦tt♦♠✱ s❡❡ ✜❣✳ ✹✳✸✳

✸✾



✹ ❇❛r❡ ❙✐❧✐❝♦♥ ▲❛♠✐♥❛t✐♦♥ ❚❡sts

❋✐❣✉r❡ ✹✳✷✿ ❚❤❡ ♣❛❝❦❛❣❡ ✇✐t❤ t❤❡ 250 ➭m t❤✐❝❦ ✇❛❢❡r ❛❢t❡r t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳
❚❤❡ s✉r❢❛❝❡ ✐s ♥♦t ✢❛t ❡♥♦✉❣❤✱ ✐t ❝❛♥♥♦t ❜❡ ♣r♦♣❡r❧② ♣r♦❝❡ss❡❞ ❢✉rt❤❡r✳
❚❤❡ r❡s✉❧t ❢♦r t❤❡ 200 ➭m t❤✐❝❦ ✇❛❢❡r ✐s t❤❡ s❛♠❡✳ ❈♦✉rt❡s② ♦❢ ▲❛rs
❇ött❝❤❡r ✭■❩▼✮✳

❆t t❤❡ ❡♥❞ t❤❡ ❞✐s❦ ✇❛s ①✲r❛②❡❞ t♦ s❡❡ ✐❢ t❤❡ s✐❧✐❝♦♥ ❞✐s❦ ✇❛s st✐❧❧ ✐♥t❛❝t✳ ◆♦ ❝r❛❝❦s
✇❡r❡ ❢♦✉♥❞ ❛t ❛❧❧✱ s❡❡ ✜❣✳ ❇✳✶✳ ❍❡♥❝❡✱ t❤❡ ❝♦♠♣r❡ss✐♦♥ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss
❞✐❞ ♥♦t ❜r❡❛❦ t❤❡ s✐❧✐❝♦♥ ❞✐s❦✳

❈♦♥❝❧✉s✐♦♥ ❚❤✐s t❡st r✉♥ s❤♦✇❡❞ t❤❛t t❤❡ ♣r♦❝❡ss ♦❢ ❡♠❜❡❞❞✐♥❣ ✐s ♥♦ r✐s❦ t♦ t❤❡
s✐❧✐❝♦♥ ❞✐s❦✳ ❆♥♦t❤❡r ♠❛t❡r✐❛❧ ❝♦♠♣♦s✐t✐♦♥ ✐s r❡q✉✐r❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ✇❛r♣❛❣❡✳ ❲✐t❤✲
♦✉t t❤❡ ❋❘✹ ❛♥❞ ♣r❡♣r❡❣ ❢r❛♠❡ t❤❡ ❜♦❛r❞ r❡t✉r♥s t♦ ❛ ✢❛t s✉r❢❛❝❡ ❝❛♣❛❜❧❡ ♦❢ ❢✉r❤t❡r
♣r♦❝❡ss✐♥❣✳

✭❛✮ ❆❢t❡r ❝✉tt✐♥❣ ♦✉t ✭❜✮ Pr♦❝❡ss❡❞ ♣❛❝❦❛❣❡

❋✐❣✉r❡ ✹✳✸✿ ❚❤❡ ♣❛❝❦❛❣❡ ❜❡❝❛♠❡ ✢❛t ❛❢t❡r t❤❡ r❡♠♦✈❛❧ ♦❢ t❤❡ ❋❘✹ ❢r❛♠❡ ✭❛✮ ❛♥❞
❝♦✉❧❞ ♣❛ss ❛♥ ❡t❝❤✐♥❣ ♣r♦❝❡ss ✭❜✮✳ ❈♦✉rt❡s② ♦❢ ▲❛rs ❇ött❝❤❡r ✭■❩▼✮✳

✹✵



✹✳✷ ❙❡❝♦♥❞ ▲❛♠✐♥❛t✐♦♥ ❚❡st ✇✐t❤ ❈■❈ ▼❛t❡r✐❛❧

✹✳✷ ❙❡❝♦♥❞ ▲❛♠✐♥❛t✐♦♥ ❚❡st ✇✐t❤ ❈■❈ ▼❛t❡r✐❛❧

■♥ t❤✐s r✉♥ t❤❡ st❛❝❦ ✉♣ st❛②❡❞ t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✱ ❜✉t t❤❡ ❋❘✹ ❝♦r❡ ♠❛t❡r✐❛❧ ✇❛s
❡①❝❤❛♥❣❡❞ ✇✐t❤ ❛ s❤❡❡t ♦❢ ❈♦♣♣❡r✲■♥✈❛r✲❈♦♣♣❡r ✭❈■❈✮✳ ❚❤❡ ♣r❡♣r❡❣ ♠❛t❡r✐❛❧ ✐s ❛❣❛✐♥
t❤❡ ❍✐t❛❝❤✐ ▼❈▲✲❊✲✻✼✾❋●✳
❚❤❡ ❈■❈ ♠❛t❡r✐❛❧ ❝♦♥s✐sts ♦❢ t❤r❡❡ ❧❛②❡rs✳ ❚❤❡ ✜rst ❛♥❞ t❤✐r❞ ❧❛②❡r ✐s ♣❧❛✐♥ ❝♦♣♣❡r✱

t❤❡ s❡❝♦♥❞ ❧❛②❡r ✐s ■♥✈❛r✳ ■♥✈❛r ✐s ❛♥ ❛❧❧♦② ♦❢ 65% ✐r♦♥ ❛♥❞ 35% ♥✐❝❦❡❧✳ ❚❤✐s ❛❧❧♦②
❤❛s ❛ ✈❡r② ❧♦✇ ❈❚❊ ♦❢ 0.6× 10−6 1

K
✱ ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ t❤❡ ❝♦♣♣❡r ❧❛②❡rs ✐ts ✜♥❛❧

❈❚❊ ✐s ❛r♦✉♥❞ 2× 10−6 1

K
✱ s❡❡ t❛❜❧❡ ✸✳✶✳ ❚❤❡ ❈■❈ ❧❛②❡r ✐s ❛❧s♦ ❛ ❣♦♦❞ t❤❡r♠❛❧ ❤❡❛t

s♣r❡❛❞❡r ❞✉❡ t♦ t❤❡ ❝♦♣♣❡r✳ ■♥ ❝♦♥tr❛st t♦ t❤❛t t❤❡ ■♥✈❛r ✐s ♥❡❣❧✐❣✐❜❧❡ ❛s ✐t ❤❛s ♦♥❧②
❛r♦✉♥❞ 3% ♦❢ t❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ❝♦♣♣❡r✱ s❡❡ t❛❜❧❡ ✸✳✷✳ ❆s t❤❡ ❈■❈ ❤❛s
♥♦ ❞✐r❡❝t ❝♦♥♥❡❝t✐♦♥ t♦ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r t❤❡ ❤❡❛t s♣r❡❛❞✐♥❣ ❡✛❡❝t ✐s ♥♦t ✉s❡❞ ❛t t❤❡
♠♦♠❡♥t✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❈■❈ s❤❡❡t ❝❛♥ ❧❛t❡r ❜❡ ✉s❡❞ ❛s ❛ ●◆❉ ♣❧❛♥❡ ❞✉❡ t♦ ✐ts
❣♦♦❞ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ■t ✐s ♥♦ s♣❡❝✐❛❧ tr❡❛t♠❡♥t ♦❢ t❤❡ ❈■❈ ♠❛t❡r✐❛❧ ♥❡❡❞❡❞ ❛s
✐t ❛❧r❡❛❞② ❤❛s t❤✐❝❦ ❝♦♣♣❡r ❧❛②❡rs t♦ ❝♦♥♥❡❝t t♦✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ❢♦❝✉s ♦❢ t❤✐s t❡st
r✉♥s ❧✐❡ ♦♥ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❛♥❞ ♠❛✐♥❧② ♦♥ t❤❡ r❡❞✉❝t✐♦♥ ♦❢ ✇❛r♣❛❣❡✳
❚❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ♠❛t❡r✐❛❧ s❡❧❡❝t✐♦♥ r❡❞✉❝❡❞ t❤❡ ❛♠♦✉♥t ♦❢ ✇❛r♣❛❣❡ ♦❢ t❤❡ ❜♦❛r❞

❛❢t❡r t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡❞✉r❡ s✐❣♥✐✜❝❛♥t❧②✳
❆♥♦t❤❡r ❞✐✛❡r❡♥❝❡ t♦ t❤❡ ♣r❡✈✐♦✉s r✉♥ ✐s t❤❡ s✐❧✐❝♦♥ ❞✐s❦✳ ❚❤❡ ❝♦♠♣❧❡t❡ ❘❉▲ st❛❝❦

✉♣ ❢r♦♠ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r ✐s ❛♣♣❧✐❡❞✱ ♠❡❛♥✐♥❣ ✐t ❤❛s t❤❡ ✜♥❡✲♣✐t❝❤ ❧✐♥❡s ❛♥❞ t❤❡
❝♦♥t❛❝t ♣❛❞s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦♥t❛❝t ♣❛❞s ❣♦t ❛ 12 ➭m t❤✐❝❦ ❝♦♣♣❡r ❝♦❛t✐♥❣ ✇❤✐❝❤
✐s ♥❡❡❞❡❞ ❢♦r ❛ s✉❝❝❡ss❢✉❧ ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss✱ s❡❡ s❡❝t✐♦♥ ✸✳✸✳✷✳

Pr❡♣r❡❣ ✭40 ➭m✮

Pr❡♣r❡❣ ✭40 ➭m✮

❈♦♣♣❡r ✭5 ➭m✮

❈♦♣♣❡r ✭5 ➭m✮

❙✐❧✐❝♦♥ ❲❛❢❡r ✭250 ➭m✮

❋✐♥❡ P✐t❝❤ ▲✐♥❡s ❈♦♣♣❡r P❛❞ ✭12 ➭m✮
❙❤♦rt ❙✐❞❡

❚❤✐♥ ❋✐❧♠
❘❉▲

❋✐❣✉r❡ ✹✳✹✿ ❈r♦ss s❡❝t✐♦♥ t❤r♦✉❣❤ t❤❡ ❜♦❛r❞✳ ❋r♦♠ t❤❡ ❘❉▲ t❤❡ s❤♦rt s✐❞❡ ♦❢ ❛
❝♦♥t❛❝t ♣❛❞s ✐s ✈✐s✐❜❧❡✳ ❈♦✉rt❡s② ♦❢ ❑❛✐ ❩♦s❝❤❦❡ ✭■❩▼✮✳

✹✶



✹ ❇❛r❡ ❙✐❧✐❝♦♥ ▲❛♠✐♥❛t✐♦♥ ❚❡sts

❚♦ s❡❡ ✐❢ t❤❡ ❘❉▲s ✇❡r❡ ❞❛♠❛❣❡❞ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✱ t✇♦ ❝r♦ss s❡❝t✐♦♥
✐♠❛❣❡s ✇❡r❡ t❛❦❡♥✳ ■♥ ✜❣✳ ✹✳✹ t❤❡ ❝r♦ss s❡❝t✐♦♥ s❤♦✇s t❤❡ s❤♦rt s✐❞❡ ♦❢ ❛ ❜✐❣ ❝♦♣♣❡r
❝♦♥t❛❝t ♣❛❞ ❛♥❞ s❡✈❡r❛❧ ✜♥❡ ♣✐t❝❤ ❧✐♥❡s✳ ❆ ❝r♦ss s❡❝t✐♦♥ ✐♠❛❣❡ ♦rt❤♦❣♦♥❛❧ t♦ t❤❡
♣r❡✈✐♦✉s ✐♠❛❣❡ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✹✳✺✳ ❚❤❡ ❧♦♥❣ s✐❞❡ ♦❢ ❛ ❝♦♥t❛❝t ♣❛❞ ✐s ✈✐s✐❜❧❡✳ ❚❤❡r❡
❛r❡ ♥♦ s✐❣♥s t❤❛t t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ❛❧t❡r❡❞ t❤❡ ❘❉▲s ✐♥ ❛♥② ✇❛②✳ ❚❤❡ ✜♥❡ ♣✐t❝❤
❧✐♥❡s ❛r❡ ❛❧❧ ♦♥ t❤❡ s❛♠❡ ❧❡✈❡❧✱ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❝♦♣♣❡r ♣❛❞ ❛♥❞ s✐❧✐❝♦♥ st❛②s
❝♦♥st❛♥t ❛♥❞ t❤❡ ♣❛❞ ✐ts❡❧❢ ✐s ✐♥t❛❝t✳

Pr❡♣r❡❣ ✭40 ➭m✮

Pr❡♣r❡❣ ✭40 ➭m✮ ❈♦♣♣❡r ✭5 ➭m✮

❈♦♣♣❡r ✭5 ➭m✮

❙✐❧✐❝♦♥ ❲❛❢❡r ✭250 ➭m✮

❈♦♣♣❡r P❛❞ ✭12 ➭m✮
▲♦♥❣ ❙✐❞❡

❋✐❣✉r❡ ✹✳✺✿ ❈r♦ss s❡❝t✐♦♥ t❤r♦✉❣❤ t❤❡ ❜♦❛r❞✳ ❚❤❡ ❧♦♥❣ s✐❞❡ ♦❢ ❛ ❝♦♥t❛❝t ♣❛❞ ✐s ✈✐s✐❜❧❡✳
❈♦✉rt❡s② ♦❢ ❑❛✐ ❩♦s❝❤❦❡ ✭■❩▼✮✳

❚❤❡ ♥❡①t st❡♣ ✇❛s t♦ t❡st t❤❡ ❧❛s❡r ❞r✐❧❧✐♥❣ ❢♦r t❤❡ ✈✐❛s ❝♦♥♥❡❝t✐♥❣ t♦ t❤❡ ✇❛❢❡r✳
❚❤❡ ❧❛s❡r ✇♦r❦s ❛t ❛ ✇❛✈❡❧❡♥❣t❤ ♦❢ 355 nm ✇❤✐❝❤ ✐s ✐♥ t❤❡ ✉❧tr❛✲✈✐♦❧❡t r❡❣✐♦♥✳ ■ts
r❡♣❡t✐t✐♦♥ r❛t❡ ✐s 200 kHz ❛♥❞ ❤❛s ❛ ❜❡❛♠ s✐③❡ ♦❢ 10 ➭m ❬❙❝❤♠♦❧❧ ✱ ✷✵✶✼❪✳
❆ ❤♦❧❡ ✐s ❞r✐❧❧❡❞ ✐♥ t❤r❡❡ ♣❤❛s❡s ❬❩♦s❝❤❦❡✱ ✷✵✶✺❪✳ ❋✐rst t❤❡ ❝♦♣♣❡r ♦♥ t♦♣ ✐s ♦♣❡♥❡❞✱

t♦ r❡♠♦✈❡ t❤❡ ❝♦♣♣❡r ❛ ❜❡❛♠ ❡♥❡r❣② ♦❢ 2W ✐s r❡q✉✐r❡❞✳ ■♥ t❤❡ ♥❡①t ♣❤❛s❡ t❤❡ 40 ➭m
♣r❡♣r❡❣ ✐s ❛❜❧❛t❡❞✳ ❋♦r t❤❛t t❤❡ ❧❛s❡r ♣♦✇❡r ✐s r❡❞✉❝❡❞✱ ❜❡❝❛✉s❡ t❤❡ ♣r❡♣r❡❣ ❤❛s ❛
❞❡❝♦♠♣♦s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ ❛r♦✉♥❞ 350 ◦C ✇❤❡r❡❛s t❤❡ ❝♦♣♣❡r✬s ♠❡❧t✐♥❣ ♣♦✐♥t ✐s
❛t 1084 ◦C ❬❍✐t❛❝❤✐ ✱ ✷✵✶✼❛❀ ❍❛②♥❡s✱ ✷✵✶✻❪✳ ❚❤✉s✱ ❢♦r t❤❡ ❛❜❧❛t✐♦♥ ♦❢ t❤❡ ♣r❡♣r❡❣ ❛
❜❡❛♠ ❡♥❡r❣② ♦❢ 1W ✐s ❝❤♦s❡♥✳ ■♥ t❤❡ ❧❛st ♣❤❛s❡ t❤❡ ❧❛s❡r ♣♦✇❡r ✐s s❡t t♦ 0.5W t♦
❤❛✈❡ ♠♦r❡ ❝♦♥tr♦❧ ♦✈❡r t❤❡ ♠❛t❡r✐❛❧ r❡♠♦✈❛❧✳ ❚❤❡ ❛♠♦✉♥t ♦❢ r❡♠♦✈❡❞ ♠❛t❡r✐❛❧ ♣❡r
t✐♠❡ ✐s ❧♦✇✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ❞❡♣t❤ ✐s ✐♥❝r❡❛s❡❞✳ ❋✉rt❤❡r♠♦r❡✱
t❤❡ ❞❛♠❛❣❡ t♦ t❤❡ ✉♥❞❡r❧②✐♥❣ ❝♦♣♣❡r ♣❛❞ ✐s ♠✐♥✐♠✐③❡❞ ✇❤✐❝❤ ✐s ♦❢ ❛❞✈❛♥t❛❣❡ ❢♦r t❤❡
❧❛t❡r ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss✳ ❚❤❡ ✜♥❛❧ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❤♦❧❡ ✐s 60 ➭m✳ ❚❤❡ r❡s✉❧t ✐s
s❤♦✇♥ ✐♥ ✜❣✳ ✹✳✻✳
❆t t❤❡ ❡♥❞ t❤❡ ❜♦❛r❞ ✇❛s ①✲r❛②❡❞✳ ❚❤❡ ✐♠❛❣❡s s❤♦✇❡❞ ❛♥ ✐♥t❛❝t s✐❧✐❝♦♥ ✇❛❢❡r✳

✹✷



✹✳✸ ❚❤✐r❞ ▲❛♠✐♥❛t✐♦♥ ❚❡st ✇✐t❤ ❧♦✇✲❈❚❊ ▼❛t❡r✐❛❧

❋✐❣✉r❡ ✹✳✻✿ ❘❡s✉❧t ♦❢ t❤❡ s❡❝♦♥❞ ❧❛♠✐♥❛t✐♦♥ r✉♥✳ ❚❤❡ ✇❛r♣❛❣❡ ♦❢ t❤❡ ❜♦❛r❞ ✐s ❧♦✇ ❛♥❞
✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ❞r✐❧❧ ❝❧❡❛♥ ❤♦❧❡s ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ 60 ➭m✳ ❈♦✉rt❡s② ♦❢
▲❛rs ❇ött❝❤❡r ✭■❩▼✮✳ ■♠❛❣❡s ❛r❡ ♠♦❞✐✜❡❞✳

❆❧s♦ t❤❡ ❘❉▲s ✇✐t❤ t❤❡ t❤✐❝❦ ❝♦♣♣❡r ❛♣♣❧✐❝❛t✐♦♥ ❧♦♦❦❡❞ ✜♥❡✳ ■♥ ✜❣✳ ❇✳✷ ❛♥ ①✲r❛②
✐♠❛❣❡ s❤♦✇s ❛ s❡❣♠❡♥t ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳

❈♦♥❝❧✉s✐♦♥ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❈■❈ ♠❛t❡r✐❛❧ ✐♠♣r♦✈❡❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r
♦❢ t❤❡ ❜♦❛r❞ ❞✉r✐♥❣ ❛♥❞ ❛❢t❡r t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳ ❚❤❡ ✇❛r♣❛❣❡ ✇❛s ✐♥ ❛ r❛♥❣❡
t♦ ❛❧❧♦✇ ❧✐t❤♦❣r❛♣❤② st❡♣s ♦♥ t❤❡ ❝♦♠♣❧❡t❡ ❜♦❛r❞ ❛♥❞ ♥♦t ♦♥❧② ♦♥ ❛ ❝✉t ♦✉t ♣✐❡❝❡
❧✐❦❡ ✐♥ t❤❡ ♣r❡✈✐♦✉s t❡st r✉♥✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❞r✐❧❧ t❤❡ ❤♦❧❡s ❢♦r t❤❡ ✇❛❢❡r ❝♦♥t❛❝t✐♥❣✳
❆❣❛✐♥ ♥♦ s✐❧✐❝♦♥ ❞✐s❦ ✇❛s ❞❡str♦②❡❞ ❜② t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳

✹✳✸ ❚❤✐r❞ ▲❛♠✐♥❛t✐♦♥ ❚❡st ✇✐t❤ ❧♦✇✲❈❚❊ ▼❛t❡r✐❛❧

■♥ t❤❡ t❤✐r❞ t❡st r✉♥ t✇♦ ♠❛❥♦r t❤✐♥❣s ❝❤❛♥❣❡❞✳
❋✐rst t❤❡ ♣r❡♣r❡❣ ♠❛t❡r✐❛❧ ✐s r❡♣❧❛❝❡❞✳ ■t ✐s ♥♦✇ t❤❡ ▼❈▲✲❊✲✼✼✵●✭▲❍✮ ✇❤✐❝❤ ❤❛s

❛♥ ✉❧tr❛ ❧♦✇ ❈❚❊ ♦❢ 2× 10−6 1

K
❬❍✐t❛❝❤✐ ✱ ✷✵✶✼❜❪✳ ❚❤❡ ♠❛t❡r✐❛❧ s❤♦✇s ❛ s✐❣♥✐✜❝❛♥t

r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ✇❛r♣❛❣❡ ❛❢t❡r ♣r♦❝❡ss✐♥❣ t❤❛♥ ♦t❤❡r ♠❛t❡r✐❛❧s✳ ■t ✐s ❛❝❤✐❡✈❡❞ ❜②
✐♠♣r♦✈✐♥❣ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ s♦❢t ❛♥❞ ❤❛r❞ s❡❣♠❡♥ts ✇✐t❤✐♥ t❤❡ r❡s✐♥ ❬❑♦t❛❦❡ ❡t ❛❧✳✱
✷✵✶✹❪✳ ❚❤❡ ❝♦r❡ ♠❛t❡r✐❛❧ ✐s ❛❣❛✐♥ ❛ s❤❡❡t ♦❢ ❈■❈✳ ❍❡♥❝❡✱ ❈■❈✱ ♣r❡♣r❡❣ ❛♥❞ s✐❧✐❝♦♥
✇❛❢❡r ❤❛✈❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ❝❧♦s❡ t♦ ❡❛❝❤ ♦t❤❡r✳
❚❤❡ s❡❝♦♥❞ t❤✐♥❣ t❤❛t ❝❤❛♥❣❡❞ ✐s t❤❡ st❛❝❦ ✉♣✳ ❚❤❡ ❝♦r❡ ♠❛t❡r✐❛❧ ✐s ♥♦t 250 ➭m

t❤✐❝❦ ❛♥②♠♦r❡✱ ✐t ✐s r❡❞✉❝❡❞ t♦ 150 ➭m✳ ❚❤❡r❡❢♦r❡✱ ❛❞❞✐t✐♦♥❛❧ ♣r❡♣r❡❣ ❧❛②❡rs ❛r❡

✹✸



✹ ❇❛r❡ ❙✐❧✐❝♦♥ ▲❛♠✐♥❛t✐♦♥ ❚❡sts

❛❞❞❡❞ s②♠♠❡tr✐❝❛❧ ❛r♦✉♥❞ t❤❡ ❝♦r❡✳ ❚❤❡ ♣r❡♣r❡❣ ❧❛②❡rs ❛r❡ ❡❛❝❤ 50 ➭m t❤✐❝❦ ❛♥❞
❝♦♠♣❡♥s❛t❡ t❤❡ t❤✐♥♥❡r ❈■❈ s❤❡❡t✳ ❚❤❡② ❤❛✈❡ ❛ ❝✉t ♦✉t ✐♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ s✐❧✐❝♦♥
✇❛❢❡r ❧✐❦❡ t❤❡ ❈■❈ s❤❡❡t✳ ❚❤✐s ♠❛❦❡s t❤❡ st❛❝❦ ✉♣ ♠♦r❡ ✢❡①✐❜❧❡ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥
♣r♦❝❡ss✳ ❆ ♠✐♥♦r ❝❤❛♥❣❡ ✐s t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ♦t❤❡r ♣r❡♣r❡❣ ❧❛②❡rs ✇❤✐❝❤ ❝♦✈❡r t❤❡
✇❤♦❧❡ ❜♦❛r❞✳ ❚❤❡② ❛r❡ ❛❧s♦ 50 ➭m t❤✐❝❦ ♥♦✇✳ ❚❤✐s ✇❛② ♦♥❧② ♦♥❡ ✈❡rs✐♦♥ ♦❢ t❤❡
♠❛t❡r✐❛❧ ✐s ♥❡❡❞❡❞✳
❚❤❡ ♥❡✇ st❛❝❦ ✉♣ ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✹✳✼✳

❋✐❣✉r❡ ✹✳✼✿ ◆❡✇ st❛❝❦ ✉♣ ♦❢ t❤❡ t❤✐r❞ ❧❛♠✐♥❛t✐♦♥ t❡st ✇❤✐❝❤ ✉s❡s t❤❡ ❧♦✇ ❈❚❊ ♣r❡♣r❡❣
♠❛t❡r✐❛❧✳

❚❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✳ ■t ✐s ❛ ❜❛r❡ s✐❧✐❝♦♥ ❞✐s❦ ✇❤✐❝❤ ❣❡ts t❤❡
❝♦♠♣❧❡t❡ ❘❉▲ st❛❝❦ ✉♣ ♦❢ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r✳
❆❢t❡r t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss t❤❡ ❜♦✇ ♦❢ t❤❡ ❜♦❛r❞ ✐s ✈❡r② ❧♦✇✳ ■t ✐s ✐♥ t❤❡ r❛♥❣❡

♦❢ t❤❡ s❡❝♦♥❞ t❡st r✉♥✳ ❚❤✉s✱ ❛ ❢✉❧❧ ❜♦❛r❞ ❧✐t❤♦❣r❛♣❤② ♣r♦❝❡ss ✐s ♣♦ss✐❜❧❡✳ ❚❤❡ ♥❡①t
st❡♣ ✐s t♦ ❝❤❡❝❦ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡❞✉r❡ ♦♥ t♦ t❤❡ ❜♦❛r❞✳

❋✐❣✉r❡ ✹✳✽✿ ❚❤✐r❞ ♣r♦t♦t②♣❡ ❛❢t❡r t❤❡ ❡❧❡❝tr♦♣❧❛t✐♥❣ ❛♥❞ ❡t❝❤✐♥❣ ♣r♦❝❡❞✉r❡s✳ ❚❤❡
❜♦❛r❞ s❤♦✇s ♦♥❧② ❛ ❧♦✇ ❝♦♥✈❡① ❜♦✇✳ ❈♦✉rt❡s② ♦❢ ▲❛rs ❇ött❝❤❡r ✭■❩▼✮✳

❆t ✜rst t❤❡ ❤♦❧❡s ❢♦r t❤❡ ❝♦♥t❛❝t ✈✐❛s t♦ t❤❡ ✇❛❢❡r ❛r❡ ❞r✐❧❧❡❞✳ ❚❤❡ ♣❛r❛♠❡t❡rs ❛r❡
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✹✳✸ ❚❤✐r❞ ▲❛♠✐♥❛t✐♦♥ ❚❡st ✇✐t❤ ❧♦✇✲❈❚❊ ▼❛t❡r✐❛❧

t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✱ s❡❡ s❡❝t✐♦♥ ✹✳✷✳ ❚❤❡ ❤♦❧❡s ❛r❡ ❝♦♠♣❧❡t❡❧② ✜❧❧❡❞ ✇✐t❤ ❝♦♣♣❡r ✐♥
❛ ❣❛❧✈❛♥✐❝ ❜❛t❤✳ ◆❡①t ❛ ♣❤♦t♦r❡s✐st ✐s ❝♦❛t❡❞ ♦♥ t♦♣ ❛♥❞ t❤❡ ✜♥❛❧ ❝♦♣♣❡r ♣❛tt❡r♥ ✐s
❛♣♣❧✐❡❞ ❜② ❡①♣♦s✐♥❣ t❤❡ ♣❤♦t♦r❡s✐st✳ ❚❤❡ ✉♥❡①♣♦s❡❞ ✜❧♠ ❛r❡❛s ❛r❡ ✇❛s❤❡❞ ❛✇❛② ❛♥❞
t❤❡ ❝♦♣♣❡r ✐♥ t❤❡ ♦♣❡♥ ❛r❡❛s ✐s r❡♠♦✈❡❞ ❜② ❛♥ ❡t❝❤✐♥❣ ♣r♦❝❡ss✳
❚❤❡ r❡s✉❧t✐♥❣ ❜♦❛r❞ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✹✳✽✳
❚❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ ✈✐❛s ✐s t❡st❡❞ ✇✐t❤ ❞❛✐s② ❝❤❛✐♥s r✉♥♥✐♥❣ ❛❝r♦ss t❤❡ ✇❛❢❡r✳ ❚❤❡
❝❤❛✐♥ ❧❡♥❣t❤ ❞❡♣❡♥❞s ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ r❡t✐❝❧❡s ✐♥✈♦❧✈❡❞✳ ❋r♦♠ ❡❛❝❤ r❡t✐❝❧❡ ✶✻ ❘❉▲
❝♦♥t❛❝t ♣❛❞s ❛r❡ ✉s❡❞ ♠❡❛♥✐♥❣ ✸✷ ✈✐❛s ❛r❡ ✐♥ t❤❡ ❝❤❛✐♥✳ ❚❤❡ ❧♦♥❣❡st ❝❤❛✐♥ ❝♦♠❜✐♥❡s
✻✹ ♣❛❞s ✇✐t❤ ✶✷✽ ✈✐❛s✳
❚❤❡ q✉❛❧✐t② ♦❢ t❤❡ ❡t❝❤✐♥❣ ♣r♦❝❡ss ✐s ❝❤❡❝❦❡❞ ✇✐t❤ ❛♥ ♦♣t✐❝❛❧ ✐♥s♣❡❝t✐♦♥✳ ❚❤❡r❡

t❤❡ ❧✐♥❡ ✇✐❞t❤s ❛♥❞ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✈✐❛ ❧❛♥❞✐♥❣ ♣❛❞s ❛r❡ ♠❡❛s✉r❡❞✳ ■♥ ✜❣✳ ✹✳✾ t❤❡
❡t❝❤✐♥❣ r❡s✉❧t ✐s s❤♦✇♥✳ ❚❤❡ ❧✐♥❡s ❤❛✈❡ ❛ ✇✐❞t❤ ♦❢ ❛r♦✉♥❞ 40 ➭m ✇❤✐❝❤ ✐s ✐♥ t❤❡ r❛♥❣❡
♦❢ t♦❧❡r❛♥❝❡✳ ❚❤❡ s❛♠❡ ✐s tr✉❡ ❢♦r t❤❡ ✈✐❛ ❤♦❧❡ ❞✐❛♠❡t❡r ❛♥❞ t❤❡ ✈✐❛ ❧❛♥❞✐♥❣ ♣❛❞✳

❋✐❣✉r❡ ✹✳✾✿ ❖♣t✐❝❛❧ ✐♥s♣❡❝t✐♦♥ ♦❢ t❤❡ ❡t❝❤❡❞ ❧✐♥❡s ❛♥❞ ✈✐❛ ❧❛♥❞✐♥❣ ♣❛❞s✳ ❆❧❧ ♠❡❛✲
s✉r❡❞ ✈❛❧✉❡s ❛r❡ ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ t♦❧❡r❛♥❝❡✳ ❈♦✉rt❡s② ♦❢ ▲❛rs ❇ött❝❤❡r
✭■❩▼✮✳ ■♠❛❣❡ ✐s ♠♦❞✐✜❡❞✳

❆❞❞✐t✐♦♥❛❧❧②✱ ❝♦♦♣❡r ❧✐♥❡s r✉♥ ✐♥ ❛ ♠❡❛♥❞❡r ♣❛tt❡r♥ ❛❝r♦ss t❤❡ ❥✉♥❝t✐♦♥ ❜❡t✇❡❡♥
t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ t❤❡ ❈■❈✴♣r❡♣r❡❣ st❛❝❦✳ ❚❤❡ ♦♣t✐❝❛❧ ✐♥s♣❡❝t✐♦♥ ♦❢ t❤❡ ❝♦♣♣❡r
❧✐♥❡s s❤♦✇s t❤❛t t❤❡r❡ ✐s ♥♦ ♣r♦❜❧❡♠ ✇✐t❤ t❤❡ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❛r❡❛s✱ s❡❡
✜❣✳ ✹✳✶✵✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♠❡❛♥❞❡r str✉❝t✉r❡s ❤❛✈❡ t❡st ♣♦✐♥ts t♦ ♠❡❛s✉r❡ t❤❡ ❧✐♥❡✬s
r❡s✐st❛♥❝❡ ✇❤✐❝❤ ❛r❡ ✉s❡❞ ✐♥ t❤❡ t❤❡r♠❛❧ str❡ss t❡sts✳

❚❤❡r♠❛❧ ❙tr❡ss ❚❡st ❚❤❡ ❜♦❛r❞s ♦❢ t❤❡ t❤✐r❞ ❧❛♠✐♥❛t✐♦♥ t❡st ✇❡r❡ ♣✉t ✐♥ ❛ ❝❧✐♠❛t❡
❝❛❜✐♥❡t ❛♥❞ t❤❡r♠❛❧❧② str❡ss❡❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t❡♠♣❡r❛t✉r❡ ♣❡r✐♦❞✐❝❛❧❧② ❝❤❛♥❣❡❞
❜❡t✇❡❡♥ 0 ◦C ❛♥❞ 100 ◦C ✇✐t❤ ❛ ❞✇❡❧❧ t✐♠❡ ♦❢ 15min✳ ❚❤❡ t❡st ✇❛s ❝♦♥❞✉❝t❡❞ ❛t t❤❡
■❩▼ ✐♥ ❇❡r❧✐♥✳

✹✺



✹ ❇❛r❡ ❙✐❧✐❝♦♥ ▲❛♠✐♥❛t✐♦♥ ❚❡sts

✭❛✮ ▼❡❛♥❞❡r P❛tt❡r♥

❙✐❧✐❝♦♥ ❲❛❢❡r❈■❈ ❆r❡❛

❲❛❢❡r ❊❞❣❡

✭❜✮ ❊♥❧❛r❣❡♠❡♥t ✈✐❡✇ ♦❢ t❤❡ ❧✐♥❡s

❋✐❣✉r❡ ✹✳✶✵✿ P❤♦t♦❣r❛♣❤s ♦❢ ❝♦♣♣❡r ❧✐♥❡s ❝r♦ss✐♥❣ t❤❡ ✇❛❢❡r ❡❞❣❡✳ ❚❤❡r❡ ✐s ♥♦ ✐♥✢✉✲
❡♥❝❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t ♠❛t❡r✐❛❧s ♦♥ t❤❡ ❧✐♥❡s ✈✐s✐❜❧❡✳

❚❤❡ ❣♦❛❧ ✇❛s t♦ s❡❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ❝②❝❧❡s ♦♥ t❤❡ ❝♦♣♣❡r ❧✐♥❡s ❛♥❞
✇❛❢❡r ❝♦♥t❛❝t ✈✐❛s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ♠❡❛♥❞❡r ❧✐♥❡s ❛♥❞ ❞❛✐s② ❝❤❛✐♥s
✐s ♠❡❛s✉r❡❞ ❛❢t❡r ❛ ❝❡rt❛✐♥ ❛♠♦✉♥t ♦❢ ❝②❝❧❡s✳ ■♥ ✜❣s✳ ❇✳✸ ❛♥❞ ❇✳✹ t❤❡ ❧❛②♦✉t ❛♥❞ t❤❡
♠❡❛s✉r❡♠❡♥t ♣♦✐♥ts ♦❢ ❜♦t❤ t❡sts ❛r❡ ❞❡♣✐❝t❡❞✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ t❡sts ❛r❡ s❤♦✇♥ ✐♥
✜❣✳ ✹✳✶✶✳

❘
❡s
✐s
t❛
♥
❝❡

❬Ω
❪

❚❡♠♣❡r❛t✉r❡ ❈②❝❧❡s

❋✐❣✉r❡ ✹✳✶✶✿ ❘❡s✐st❛♥❝❡ ♦❢ t❤❡ ♠❡❛♥❞❡r ❧✐♥❡s ❛♥❞ ❞❛✐s② ❝❤❛✐♥s ❞✉r✐♥❣ t❤❡ ❛❝❝❡❧❡r✲
❛t❡❞ ❡♥✈✐r♦♥♠❡♥t❛❧ str❡ss t❡st ✐♥ t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t✳ ❈♦✉rt❡s② ♦❢ ❑❛✐
❩♦s❝❤❦❡ ✭■❩▼✮✳

❖♥❧② ♦♥❡ ❧✐♥❡ ✭❨✺✮ ✇❛s ❝♦♠♣❧❡t❡❧② ❜r♦❦❡♥ ❢r♦♠ t❤❡ ❜❡❣✐♥♥✐♥❣✳ ■t ✇❛s ♦♥❡ ♦❢
t❤❡ ♠❡❛♥❞❡r ❧✐♥❡s ✇❤✐❝❤ ✇❡♥t ♦✈❡r t❤❡ ✇❛❢❡r ❡❞❣❡✳ ❚❤❡ r❡s✐st❛♥❝❡ ✇❛s ❝♦♥st❛♥t❧②
0Ω ✇❤✐❝❤ s✉❣❣❡sts t❤❛t t❤❡r❡ ✇❛s ❛ s❤♦rt ✐♥ t❤❡ ♠❡❛♥❞❡r ❧✐♥❡✳ ❚❤✐s ❝♦✉❧❞ ❤❛✈❡
❤❛♣♣❡♥ ❞✉r✐♥❣ t❤❡ ❡t❝❤✐♥❣ ♣r♦❝❡ss✱ ♣❡r❤❛♣s t❤❡ ❡t❝❤✐♥❣ t✐♠❡ ✇❛s t♦ s❤♦rt✳ ❚❤❡r❡
✐s ♥♦ ❧♦♥❣✲t❡r♠ ❞❡❣r❛❞❛t✐♦♥ ♦❢ t❤❡ ❧✐♥❡s ♦❜s❡r✈❛❜❧❡✳ ❚❤❡ ♠❛①✐♠❛❧ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡
r❡s✐st❛♥❝❡ ❜❡t✇❡❡♥ t✇♦ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❛ ❧✐♥❡ ✐s 6Ω ✇❤✐❝❤ ✐s ✐♥ ❛♥ ❛❝❝❡♣t❛❜❧❡ r❛♥❣❡✳
❆♥ ✐♥t❡r❡st✐♥❣ ❜❡❤❛✈✐♦r ✇♦✉❧❞ ❜❡ ❛ s✉❞❞❡♥ r✐s❡ ♦r ❞r♦♣ ♦❢ t❤❡ r❡s✐st❛♥❝❡ ✈❛❧✉❡✳ ❆
✈❛❧✉❡ ♦❢ MΩ ✇♦✉❧❞ ♠❡❛♥ t❤❛t ❛ ❧✐♥❡ ✐s ♦♣❡♥ ♦r t❤❛t ❛ ✈✐❛ t♦ t❤❡ ✇❛❢❡r ✐s ❜r♦❦❡♥✳
❋♦rt✉♥❛t❡❧②✱ t❤✐s ❝❛s❡ ♥❡✈❡r ♦❝❝✉rr❡❞ ♦♥ t❤❡ ❜♦❛r❞s ❞✉r✐♥❣ t❤❡ t❡st r✉♥s ❬❩♦s❝❤❦❡✱
✷✵✶✻❪✳

✹✻



✹✳✹ ❈♦♥❝❧✉s✐♦♥

❈♦♥❝❧✉s✐♦♥ ■♥ t❤✐s r✉♥ t✇♦ ♣r♦t♦t②♣❡s ❤❛❞ ❜❡❡♥ ♣r♦❞✉❝❡❞✳ ❇♦t❤ s❤♦✇❡❞ ♥♦ ♣r♦❜✲
❧❡♠s ✇✐t❤ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❛♥❞ t❤❡ ❧❛t❡r ♣r♦❝❡ss✐♥❣✳ ■t ✇❛s ♣♦ss✐❜❧❡ t♦ ❝r❡❛t❡
✈✐❛s t♦ t❤❡ ❘❉▲ ♣❛❞s ❛♥❞ ♣❛tt❡r♥ t❤❡ ❝♦♣♣❡r ♦♥ t♦♣✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❜♦❛r❞s
✇✐t❤st♦♦❞ ❛ t❤❡r♠❛❧ str❡ss t❡st✳

✹✳✹ ❈♦♥❝❧✉s✐♦♥

■t ✇❛s s❤♦✇♥ t❤❛t t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❛ ❜❛r❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐♥ ❛ P❈❇ ✐s ♣♦ss✐❜❧❡✳ ❆❢t❡r
t❤r❡❡ ✐t❡r❛t✐♦♥s ❛ s✉✐t❛❜❧❡ st❛❝❦ ✉♣ ❛♥❞ ♠❛t❡r✐❛❧ s❡❧❡❝t✐♦♥ ❢♦r ❛ ❜♦❛r❞ ✇✐t❤ t✇♦
❝♦♣♣❡r ❧❛②❡rs ❛♥❞ ❛ 20 cm s✐❧✐❝♦♥ ✇❛❢❡r ✇❛s ❢♦✉♥❞✳ ❆❢t❡r t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡
t❤❡ ✇❛r♣❛❣❡ ✐s ❧♦✇ ❡♥♦✉❣❤ ❢♦r ❢✉rt❤❡r ❧✐t❤♦❣r❛♣❤② st❡♣s✳ ❖♥ t❤❡ ❝♦♣♣❡r ❧❛②❡rs ❧✐♥❡s
✇✐t❤ ❛ ✇✐❞t❤ ♦❢ 40 ➭m ✇❡r❡ ♣r♦❞✉❝❡❞ ❛♥❞ t❤❡ ❝♦♥♥❡❝t✐♦♥ t♦ t❤❡ ✇❛❢❡r t❤r♦✉❣❤ ✈✐❛s
✇❛s ❡st❛❜❧✐s❤❡❞✳

✹✼





✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ✷✵✶✻ t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣ r❡❝❡✐✈❡❞ ♥❡✇ s✐❧✐❝♦♥ ✇❛❢❡rs
✇✐t❤ t❤❡ ❍✐❣❤✲■♥♣✉t ❈♦✉♥t ❆♥❛❧♦❣ ◆❡✉r❛❧ ◆❡t✇♦r❦ ❈❤✐♣ ✈❡rs✐♦♥ ✹✳✶ ✭❍■❈❆◆◆✈✹✶✮✳
❚❤❡s❡ ✇❛❢❡rs r❡♣❧❛❝❡❞ t❤❡ ❍✐❣❤✲■♥♣✉t ❈♦✉♥t ❆♥❛❧♦❣ ◆❡✉r❛❧ ◆❡t✇♦r❦ ❈❤✐♣ ✈❡rs✐♦♥ ✷
✭❍■❈❆◆◆✈✷✮ ✇❛❢❡rs ✐♥st❛❧❧❡❞ ✐♥ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❍■❈❆◆◆✈✷
✇❛❢❡rs ❝♦✉❧❞ ❜❡ ✉s❡❞ ❢♦r ♥❡✇ t❛s❦s✳ ❚❤❡ ❍■❈❆◆◆✈✷ ✇❛❢❡rs ❛r❡ ❣♦♦❞ ❝❛♥❞✐❞❛t❡s ❢♦r
❡♠❜❡❞❞✐♥❣ t❡sts ✇✐t❤ ❛❝t✐✈❡ ✇❛❢❡rs✳ ❚❤❡ ❝✐r❝✉✐ts ❛r❡ ✇❡❧❧ ✉♥❞❡rst♦♦❞ ❛♥❞ s♦❢t✇❛r❡
❢♦r ❝♦♥tr♦❧❧✐♥❣ ❛♥❞ t❡st✐♥❣ ✐s ❛✈❛✐❧❛❜❧❡✳
❍❡♥❝❡✱ t❤❡ ✜rst ❡♠❜❡❞❞✐♥❣ ♣r♦t♦t②♣❡✱ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✱ ✐s ❡q✉✐♣♣❡❞ ✇✐t❤ ❛

❍■❈❆◆◆✈✷ ✇❛❢❡r✳ ■♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ t❤❡ ❉❊◆❙❊ ♣r♦t♦t②♣❡
✐s r❡❞✉❝❡❞ ✐♥ ❝♦♠♣❧❡①✐t② ❛♥❞ ❢✉♥❝t✐♦♥❛❧✐t②✳
❚❤❡ ❧❛②♦✉t ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❛♥❞ ♣r♦t♦t②♣❡ s②st❡♠ ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡ ❊❧❡❝✲

tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣ ✐♥ ❍❡✐❞❡❧❜❡r❣✳ ❚❤❡ ❡♠❜❡❞❞✐♥❣ ❛♥❞ ♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ ❉❊◆❙❊
❜♦❛r❞ ✐s ❞♦♥❡ ❛t t❤❡ ■❩▼ ✐♥ ❇❡r❧✐♥✳
❚❤❡ ❝❤❛♣t❡r st❛rts ✇✐t❤ ❛♥ ✐♥tr♦❞✉❝t✐♦♥ t♦ t❤❡ ♣❤②s✐❝❛❧ st❛❝❦ ✉♣ ❛♥❞ t❤❡ ❧❛②♦✉t

❝♦♥s✐❞❡r❛t✐♦♥s ❢♦r t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ■♥ s❡❝t✐♦♥ ✺✳✸ t❤❡ ❝♦♠♣❧❡t❡ t❡st s②st❡♠ ✐s
❞❡♣✐❝t❡❞✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝♦♥♥❡❝t✐♦♥ ♣r✐♥❝✐♣❧❡ ❜❡t✇❡❡♥ t❤❡ ❉❊◆❙❊
❜♦❛r❞ ❛♥❞ t❤❡ t❡st ❤❛r❞✇❛r❡✳ ❆t t❤❡ ❡♥❞ t❤❡ ❞✐✛❡r❡♥t t❡st ♠❡t❤♦❞s t♦ ❝❤❛r❛❝t❡r✐③❡
t❤❡ ♣r♦t♦t②♣❡ s②st❡♠ ❛r❡ ❞❡s❝r✐❜❡❞✳

❖❜❥❡❝t✐✈❡s ❚❤❡ ♠❛❥♦r t❛s❦ ♦❢ t❤✐s ♣r♦t♦t②♣❡ ✐s t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡
❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss t♦ t❤❡ ❘❉▲ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts ♦♥ t❤❡ ✇❛❢❡r✱ ❡s♣❡❝✐❛❧❧②✱
♦♥ t❤❡ ♥❡✉r♦♥ ❝✐r❝✉✐ts✳ ❚❤✐s ❛❧❧♦✇s ❛♥ ❡st✐♠❛t✐♦♥ ❢♦r t❤❡ ②✐❡❧❞ ♦❢ t❤❡ ♣r♦❝❡ss✳ ❋✉r✲
t❤❡r♠♦r❡✱ t❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ ❜♦❛r❞ ✇✐❧❧ ❜❡ ❝❤❡❝❦❡❞ ✇✐t❤ ❛ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t t❡st✳
❋♦r t❤❡ ✜rst t✐♠❡ t❤✐s ❜♦❛r❞ ✇✐❧❧ ❤❛✈❡ ❝♦♥♥❡❝t✐♦♥s ❢r♦♠ t❤❡ t♦♣ ❝♦♣♣❡r ❧❛②❡r t♦ t❤❡
❜♦tt♦♠✱ ✇❤✐❝❤ ❤❛✈❡ t♦ ❜❡ ❝❤❡❝❦❡❞✳ ❆♥♦t❤❡r ♥❡✇ ❢❡❛t✉r❡ ✐♥ t❤✐s ♣r♦t♦t②♣❡ s❡t✉♣ ❛r❡
t❤❡ s♦❧❞❡r✲❧❡ss ❝♦♥♥❡❝t♦rs ✇❤✐❝❤ ❝r❡❛t❡ t❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞
❛♥❞ t❤❡ t❡st ❤❛r❞✇❛r❡✳ ❚❤❡r❡ ✐s ♥♦ ❡①♣❡r✐❡♥❝❡ ✇✐t❤ t❤✐s t②♣❡ ♦❢ ❝♦♥♥❡❝t♦r ✐♥ t❤❡
❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✱ s♦ t❤✐s ✇✐❧❧ s❤♦✇ ✐❢ t❤❡② ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❢✉t✉r❡ ♣r♦❥❡❝ts✳
❚❤✐s ♣r♦t♦t②♣❡ ✐s ♥♦t ✐♥t❡♥❞❡❞ ❜❡ ✉s❡❞ ❢♦r ❤❡❛t ❞✐ss✐♣❛t✐♦♥ t❡sts✳ ❚❤❡ ♣♦✇❡r

❝♦♥s✉♠♣t✐♦♥ ♦❢ ❛ s✐♥❣❧❡ ❍■❈❆◆◆ ❝❤✐♣ ✐s t♦♦ ❧♦✇ ❛♥❞ t❤❡ ❧❛②♦✉t ✐s ♥♦t ♦♣t✐♠✐③❡❞ ❢♦r
t❤❡ ♣♦✇❡r✐♥❣ ♦❢ ♠✉❧t✐♣❧❡ ❝❤✐♣s ❛t t❤❡ s❛♠❡ t✐♠❡✳

✺✳✶ ❙t❛❝❦ ✉♣

❚❤❡ st❛❝❦ ✉♣ ✐s t❤❡ s❛♠❡ ❛s ❢♦r t❤❡ ❧❛st s✐❧✐❝♦♥✲♦♥❧② ♣r♦t♦t②♣❡✳ ■t ✐s ❞❡♣✐❝t❡❞ ✐♥
✜❣✳ ✺✳✶✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐s t❤❡ ✇❛❢❡r ✐♥s✐❞❡ t❤❡ ❜♦❛r❞✳ ❚❤✐s t✐♠❡ ✐t ✐s t❤❡ ❍■❈❆◆◆✈✷
✇❛❢❡r ✇✐t❤ ❘❉▲s✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦♣♣❡r ❧❛②❡rs ❛r❡ ❝♦✈❡r❡❞ ✇✐t❤ ❛ s♦❧❞❡r r❡s✐st✳

✹✾



✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

❋✐❣✉r❡ ✺✳✶✿ ❙t❛❝❦ ✉♣ ♦❢ ❉❊◆❙❊ ♣r♦t♦t②♣❡✳ ❆❧❧ ❧❛②❡rs ❡①❝❡♣t t❤❡ s♦❧❞❡r ♠❛s❦ ❛r❡
❝♦♠❜✐♥❡❞ ✐♥ t❤❡ ❧❛♠✐♥❛t✐♦♥ st❡♣✳ ■♥ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ❛ 5 ➭m ❝♦♣♣❡r
❢♦✐❧ ✐s ✉s❡❞✱ ✇❤✐❝❤ ❣r♦✇s ✐♥ t❤❡ ❡❧❡❝tr♦♣❧❛t✐♥❣ st❡♣ t♦ ❛r♦✉♥❞ 16 ➭m✳

❚❤❡ ❍■❈❆◆◆✈✷ ✇❛❢❡r ❤❛s ❛ t❤✐❝❦♥❡ss ♦❢ 750 ➭m✳ ❋♦r t❤❡ ❡♠❜❡❞❞✐♥❣ ✐t ❤❛s t♦ ❜❡
t❤✐♥♥❡❞ ❞♦✇♥ t♦ 250 ➭m✳
❆r♦✉♥❞ t❤❡ ✇❛❢❡r ✐s ♦♥❡ s❤❡❡t ♦❢ ❈■❈ ♦❢ ❤❡✐❣❤t 150 ➭m✳ ■♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❈■❈

♠❛t❡r✐❛❧ ✐s ❛ ❝✉t ♦✉t ✐♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ✇❛❢❡r✳ ❍♦✇❡✈❡r✱ ✐t ✐s ♥♦t ♦♥❧② ❛ ❝✐r❝✉❧❛r
❝✉t✲♦✉t ❧✐❦❡ ❢♦r t❤❡ ❜❛r❡ s✐❧✐❝♦♥ ❞✐s❦s ✐t ♠✐♠✐❝s t❤❡ ✇❛❢❡r✬s ♥♦t❝❤✳ ❚❤❡ ❝✉t ♦✉t ❛♥❞
t❤❡ ♥♦t❝❤ ❦❡❡♣ t❤❡ ✇❛❢❡r ❛t ✐ts ♣♦s✐t✐♦♥ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳
❖♥ t♦♣ ❛♥❞ ❜♦tt♦♠ ♦❢ t❤❡ ❈■❈ s❤❡❡t ❝♦♠❡s ❛ 50 ➭m s❤❡❡t ♦❢ ♣r❡♣r❡❣ ✇✐t❤ t❤❡

s❛♠❡ ✇❛❢❡r ❝✉t ♦✉t✳ ❚❤❡ s✉rr♦✉♥❞✐♥❣ ♠❛t❡r✐❛❧ ❤❡✐❣❤ts ❛❞❞ ✉♣ t♦ 250 ➭m ✇❤✐❝❤ ✐s
t❤❡ s❛♠❡ ❤❡✐❣❤t ❛s t❤❡ ✇❛❢❡r✳

✶

✷

✸

❋✐❣✉r❡ ✺✳✷✿ ■♠❛❣❡ ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ t❤r♦✉❣❤ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡ ♠❡t❛❧❧✐❝ ❛r❡❛
✐♥ t❤❡ ❝❡♥t❡r ✐s t❤❡ ❈■❈ ♠❛t❡r✐❛❧ ✭✶✮✳ ❚❤❡ ✐♥♥❡r ♠❛t❡r✐❛❧ ✐s ■♥✈❛r ❛♥❞
t❤❡ ♦✉t❡r ♠❛t❡r✐❛❧ ✐s ❝♦♣♣❡r✳ ◆❡①t ❝♦♠❡s t❤❡ ❝♦❧♦r❧❡ss ♣r❡♣r❡❣ ♠❛t❡r✐❛❧
✭✷✮✳ ❖♥ t♦♣ ♦❢ t❤❡ ♣r❡♣r❡❣ ✐s t❤❡ ❝♦♣♣❡r ❧❛②❡r✱ ❜✉t ✐t ✐s ♥♦t r♦✉t❡❞ t♦ t❤❡
❜♦❛r❞ ❡❞❣❡s✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ♥♦t ✈✐s✐❜❧❡ ✐♥ t❤✐s ✐♠❛❣❡✳ ❆t ❧❛st ❝♦♠❡ t❤❡
s♦❧❞❡r ♠❛s❦ ❧❛②❡rs ✭✸✮✳

❆t ❧❛st ♦♥❡ s❤❡❡t ♦❢ ♣r❡♣r❡❣ ❛♥❞ ♦♥❡ 5 ➭m ❝♦♣♣❡r ❢♦✐❧ ❛r❡ ♣❧❛❝❡❞ ♦♥ t♦♣ ❛♥❞ ♦♥
❜♦tt♦♠ ♦❢ t❤❡ st❛❝❦ ✉♣✳ ❚❤❡ ♣r❡♣r❡❣ ❧❛②❡r ✐s ❛❣❛✐♥ 50 ➭m t❤✐❝❦✳ ❚❤❡ t❤✐❝❦♥❡ss ♦❢
t❤❡ ❝♦♣♣❡r ❧❛②❡rs ✐s 16✲18 ➭m ❛❢t❡r t❤❡ ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss ❬❇ött❝❤❡r ✱ ✷✵✶✻❪✳
❉✉❡ t♦ t❤❡ t❤✐♥ ♣r❡♣r❡❣ ❧❛②❡rs t❤❡ ❝♦♦❧✐♥❣ ♦❢ t❤❡ ♣r♦t♦t②♣❡ ❜♦❛r❞ ✐s ♥♦t ❛ ♣r♦❜❧❡♠✳

❊✐❣❤t ❍■❈❆◆◆ ❝❤✐♣s ❞✐str✐❜✉t❡❞ ♦✈❡r t❤❡ ✇❛❢❡r ❝❛♥ ❜❡ ✉s❡❞ ❛t t❤❡ s❛♠❡ t✐♠❡ s♦ t❤❛t
t❤❡ ♠❛①✐♠✉♠ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ ✐s ❧♦✇✳ ❆♥ ❛❧✉♠✐♥✐✉♠ ❜❧♦❝❦ ❛tt❛❝❤❡❞ t♦ t❤❡ ❜❛❝❦ ♦❢

✺✵
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❋✐❣✉r❡ ✺✳✸✿ ❚❤❡r❡ ❛r❡ t✇♦ t②♣❡s ♦❢ ✈✐❛s ✉s❡❞ ✐♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ▼✐❝r♦✈✐❛s ❝r❡❛t❡
t❤❡ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ✇❛❢❡r t♦♣s✐❞❡ ❛♥❞ t❤❡ ❝♦♣♣❡r ❧❛②❡r✳
❚❤❡ ♦t❤❡r ✈✐❛ t②♣❡ ❝♦♥♥❡❝ts t❤❡ t♦♣s✐❞❡ ✇✐t❤ t❤❡ ❜♦tt♦♠ s✐❞❡ ♦❢ t❤❡
❜♦❛r❞✳

t❤❡ ❜♦❛r❞ ✐s s✉✣❝✐❡♥t✳

❲❛❢❡r ❈♦♥t❛❝t ❱✐❛s ❚❤❡ ❝♦♥♥❡❝t✐♦♥s ❢r♦♠ t❤❡ t♦♣ ❝♦♣♣❡r ❧❛②❡r t♦ t❤❡ ❘❉▲ ♣❛❞s
♦♥ t❤❡ ✇❛❢❡r ❛r❡ ❝r❡❛t❡❞ ❜② ♠✐❝r♦✈✐❛s✳ ❚❤❡ ❤♦❧❡s ❛r❡ ❞r✐❧❧❡❞ ✇✐t❤ ❛♥ ❯❱ ❧❛s❡r
❜❡❛♠✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❤♦❧❡s ✐s 60 ➭m ❛♥❞ t❤❡ ❧❛♥❞✐♥❣ ♣❛❞s ❛r❡ 100 ➭m✳ ■♥ t❤❡
❧❛t❡r ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss t❤❡ ❤♦❧❡s ❣❡t ❝♦♠♣❧❡t❡❧② ✜❧❧❡❞ ✇✐t❤ ❝♦♣♣❡r✳ ❚❤❡ ❝♦♠♣❧❡t❡
✜❧❧✐♥❣ ✐s ✐♠♣♦rt❛♥t ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧② ♦❢ t❤❡ ❝❤✐♣ ❛s ✐t ✐♥❝r❡❛s❡s t❤❡ ❝✉rr❡♥t ❝❛rr②✐♥❣
❝❛♣❛❝✐t② ♦❢ t❤❡ ✈✐❛✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ✜❧✐♥❣ ❡♥❛❜❧❡s t❤❡ st❛❝❦✐♥❣ ♦❢ ♠✐❝r♦✈✐❛s✳ ❚❤❡
r❡s✐st❛♥❝❡ ♦❢ ❛ ✜❧❧❡❞ ♠✐❝r♦✈✐❛ ✐s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤✿

RMV = ρ ∗ l

A
✭✺✳✶✮

= ρ ∗ l

π ∗ r2

❚❤❡ ♣❛r❛♠❡t❡rs ❢r♦♠ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❛r❡ ✈✐❛ ❞❡♣t❤ l =50 ➭m✱ ❤♦❧❡ r❛❞✐✉s r =30 ➭m
❛♥❞ t❤❡ s♣❡❝✐✜❝ ❝♦♥❞✉❝t✐✈✐t② ❢♦r ❝♦♣♣❡r ρ = 1.721× 10−2 Ωmm2

m
❬❍❛②♥❡s✱ ✷✵✶✻❪

❚❤✐s r❡s✉❧ts ✐♥ ❛ r❡s✐st❛♥❝❡ ♦❢

RMV = 0.304mΩ ✭✺✳✷✮

❚❤❡r❡ ✐s ♥♦ st❛♥❞❛r❞ ❞❡✜♥✐t✐♦♥ s♣❡❝✐❢②✐♥❣ t❤❡ ♠❛①✐♠✉♠ ❝✉rr❡♥t t❤r♦✉❣❤ ❛ ✈✐❛✳ ❉✐❢✲
❢❡r❡♥t ❝r✐t❡r✐❛ ❛r❡ ♣♦ss✐❜❧❡✱ ❡✳❣✳ ✈♦❧t❛❣❡ ❞r♦♣ ♦r ♣♦✇❡r ❧♦ss✳ ■♥ t❤✐s ❝❛s❡ t❤❡ ✈♦❧t❛❣❡
❞r♦♣ ✐s ❛ r❡❛s♦♥❛❜❧❡ ❝r✐t❡r✐♦♥✱ ❜❡❝❛✉s❡ t❤❡ ❛♥❛❧♦❣ ❝✐r❝✉✐t✬s ❜❡❤❛✈✐♦r ❞❡♣❡♥❞s ♦♥ t❤❡
❛♥❛❧♦❣ ✈♦❧t❛❣❡s✳ ❚❤❡ t❛❜❧❡ ✺✳✶ ❧✐sts t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ❢♦r ✈❛r✐♦✉s ❝✉rr❡♥ts✳ ❊✈❡♥
t❤♦✉❣❤ ❢♦r 1A t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ✐s ♦♥❧② 0.304mV ❛ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ 0.25A ✐s ❝❤♦✲
s❡♥✳ ❚❤✐s ♣r♦✈✐❞❡s ❛ s❛❢❡t② ♠❛r❣✐♥ ❢♦r ❝❛s❡s t❤❛t ❛ ✈✐❛ ❤❛s ❛ ❜❛❞ ❝♦♥t❛❝t ♦r ❞❡❣r❛❞❡s
♦✈❡r t✐♠❡✳

✺✶



✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

❈✉rr❡♥t ❬A❪ ✵✳✶ ✵✳✷ ✵✳✺ ✶✳✵ ✺✳✵

❱♦❧t❛❣❡ ❉r♦♣ ❬mV❪ ✵✳✵✸✵ ✵✳✵✻✶ ✵✳✶✺✷ ✵✳✸✵✹ ✶✳✺✷✷

❚❛❜❧❡ ✺✳✶✿ ❱♦❧t❛❣❡ ❞r♦♣ ♦✈❡r ❛ s✐♥❣❧❡ ♠✐❝r♦✈✐❛ ❢♦r ❞✐✛❡r❡♥t ❝✉rr❡♥ts✳

P❧❛t❡❞ ❚❤r♦✉❣❤ ❍♦❧❡s ❉✉❡ t♦ t❤❡ ❝♦♥❞✉❝t✐♥❣ ❈■❈ ❧❛②❡r ♦✉ts✐❞❡ t❤❡ ✇❛❢❡r ❛r❡❛
t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♣❧❛t❡❞ t❤r♦✉❣❤ ❤♦❧❡s ✭P❚❍s✮ ✐s ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ st❛♥❞❛r❞
♣r♦❝❡❞✉r❡ ❢♦r P❈❇ ♣❧❛t❡❞ t❤r♦✉❣❤ ❤♦❧❡s✳ ❚②♣✐❝❛❧ P❚❍s ❛r❡ ❞r✐❧❧❡❞ ❛❢t❡r t❤❡ st❛❝❦
✉♣ ✐s ✜♥✐s❤❡❞✳ ■❢ t❤✐s ♣r♦❝❡❞✉r❡ ✇♦✉❧❞ ❜❡ ✉s❡❞ ❢♦r t❤❡ ❉❊◆❙❊ ❜♦❛r❞✱ t❤❡ ❜♦❛r❞ ❤❛❞
♠❛♥② s❤♦rts ❛s ❛❧❧ ✈✐❛ ✇❛❧❧s ✇❡r❡ ❝♦♥♥❡❝t❡❞ t♦ ❡❛❝❤ ♦t❤❡r ♦✈❡r t❤❡ ❈■❈ ♠❛t❡r✐❛❧✳
❚❤❡r❡❢♦r❡✱ t❤❡ ❣r♦✉♣ ❛t t❤❡ ■❩▼ t❤♦✉❣❤t ♦❢ ❛ ❞✐✛❡r❡♥t ♣r♦❝❡❞✉r❡✱ ✇❤✐❝❤ ❝r❡❛t❡s
s❤♦rt✲❢r❡❡ ♣❧❛t❡❞ t❤r♦✉❣❤ ❤♦❧❡s✳ ■♥ ❝♦♥tr❛st t♦ ❛ st❛♥❞❛r❞ P❈❇ t❤❡ ❈■❈ s❤❡❡t ✐s
❞r✐❧❧❡❞ ❜❡❢♦r❡ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡s❡ ♣r❡✲❞r✐❧❧❡❞ ❤♦❧❡s ✐s
400 ➭m✳ ❚❤❡ ❤♦❧❡s ❣❡t ✜❧❧❡❞ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ✇✐t❤ t❤❡ ❧✐q✉✐❞ r❡s✐♥ ❢r♦♠
t❤❡ s✉rr♦✉♥❞✐♥❣ ♠❛t❡r✐❛❧✳ ❲❤❡♥ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ✐s ✜♥✐s❤❡❞ t❤❡ ❛❝t✉❛❧ ✈✐❛s
❝❛♥ ❜❡ ♣r♦❞✉❝❡❞✳ ❚❤❡s❡ ✈✐❛s ❛r❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ❤♦❧❡s ✐♥ t❤❡ ❈■❈ s❤❡❡t✱ t❤❡② ❤❛✈❡
❛ ✜♥❛❧ ❞✐❛♠❡t❡r ♦❢ 100 ➭m✳ ❚❤❡ r❡s✐♥ ✐♥ t❤❡ ❤♦❧❡s s❡r✈❡s ❛s ❛♥ ✐♥s✉❧❛t♦r ❜❡t✇❡❡♥
t❤❡ ❈■❈ ❛♥❞ t❤❡ ❝♦♣♣❡r✳ ❚❤✉s t❤❡r❡ ❛r❡ ♥♦ s❤♦rts ❜❡t✇❡❡♥ t❤❡ ✈✐❛s ❛♥❞ t❤❡ ❈■❈
♠❛t❡r✐❛❧ ❬❇ött❝❤❡r ✱ ✷✵✶✺❪✳ ■♥ ✜❣✳ ✺✳✹ t❤❡ ♣r♦❝❡❞✉r❡ ❝r❡❛t✐♥❣ P❚❍s ✐s ❞❡♣✐❝t❡❞✳

✶ ✷ ✸ ✹

✺ ✻ ✼ ✽

❋✐❣✉r❡ ✺✳✹✿ ❙❝❤❡♠❛t✐❝ ♣r♦❝❡ss ♦❢ ❛❞❞✐♥❣ ✈✐❛s t❤r♦✉❣❤ t❤❡ ❜♦❛r❞✳ ❋✐rst t❤❡r❡ ✐s t❤❡
✉♥♣r♦❝❡ss❡❞ s❤❡❡t ♦❢ ❈■❈ ✭✶✮✱ ✇❤✐❝❤ ✐s ❞r✐❧❧❡❞ ✐♥ t❤❡ s❡❝♦♥❞ st❡♣ ❛t t❤❡
♣♦s✐t✐♦♥s ✇❤❡r❡ ❧❛t❡r t❤❡ P❚❍s ✇✐❧❧ ❜❡ ✭✷✮✳ ❆❢t❡r t❤❡ ♣r❡♣❛r❛t✐♦♥ t❤❡
st❛♥❞❛r❞ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡❞✉r❡ ❝♦♥t✐♥✉❡s✳ ❲❤❡♥ t❤❡ st❛❝❦ ✉♣ ✐s ❝♦♠✲
♣❧❡t❡❞ ✭✹✮ t❤❡ ❤♦❧❡s ❢♦r t❤❡ ✈✐❛s ❛r❡ ❞r✐❧❧❡❞ ✭✺✮✳ ■♥ t❤❡ ♥❡①t st❡♣ t❤❡
❝♦♣♣❡r ♦♥ t❤❡ ♣r❡♣r❡❣ ❣❡ts ♣r♦❝❡ss❡❞✳ ❚❤❡♥ ❛♥ ❡❧❡❝tr♦♣❧❛t✐♥❣ ❜❛t❤ ✭✼✮
❝r❡❛t❡s t❤❡ ❝♦♣♣❡r ✇❛❧❧ ✐♥s✐❞❡ t❤❡ ❤♦❧❡✳ ❚❤❡ ✈✐❛ ✐s ❝♦♠♣❧❡t❡❞ ❛♥❞ ❛
s❤♦rt✲❢r❡❡ ❝♦♥♥❡❝t✐♦♥ ❢r♦♠ t♦♣ t♦ ❜♦tt♦♠ ✐s ❝r❡❛t❡❞ ✭✽✮✳

❚❤❡s❡ ✈✐❛s ❤❛✈❡ ❛ ✜♥❛❧ ❝♦♣♣❡r ✇❛❧❧ t❤✐❝❦♥❡ss ♦❢ 10✲15 ➭m✳ ❚❤❡ ✈✐❛ r❡s✐st❛♥❝❡ ❝❛♥

✺✷



✺✳✶ ❙t❛❝❦ ✉♣

❋✐❣✉r❡ ✺✳✺✿ ❋✐❞✉❝✐❛❧ ♠❛r❦ ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❝♦✈❡r❡❞ ❜② t❤❡ s♦❧❞❡r r❡s✐st✳ ❚❤❡
✈❡rt✐❝❛❧ s❝r❛t❝❤❡s ✐♥ t❤❡ ♦♣❡♥✐♥❣ ❛r❡ ❢r♦♠ t❤❡ r❡♠♦✈❛❧ ♦❢ t❤❡ ❝♦♣♣❡r ❛♥❞
t❤❡ ♣r❡♣r❡❣ ♦♥ t♦♣ ♦❢ t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s✳

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

RPTH = ρ ∗ l

π ∗ ((r + t)2 − r2)
✭✺✳✸✮

= ρ ∗ l

π ∗ (2 ∗ r ∗ t+ t2)
✭✺✳✹✮

✇✐t❤ t❤❡ ♣❛r❛♠❡t❡rs✿ ✈✐❛ ❞❡♣t❤ l = 450 ➭m✱ ❤♦❧❡ r❛❞✐✉s r = 50 ➭m ❛♥❞ ✇❛❧❧ t❤✐❝❦♥❡ss
t = 15➭m

RPTH = 1.4mΩ ✭✺✳✺✮

❚❤❡ r❡s✐st❛♥❝❡ ♦❢ ❛ s✐♥❣❧❡ ♣❧❛t❡❞ t❤r♦✉❣❤ ❤♦❧❡ ✐s 1.4mΩ ✇❤✐❝❤ ✐s ♠♦r❡ t❤❛♥ ✹✲t✐♠❡s
t❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ✇❛❢❡r ❝♦♥t❛❝t ✈✐❛✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ✐s ♥❡❣❧✐❣✐❜❧❡
❛♥❞ s♦ ❛ ♠❛①✐♠✉♠ ❝✉rr❡♥t ♦❢ 0.25A ✐s ❝❤♦s❡♥✳ ❚❤✐s ❡❛s❡s t❤❡ ❧❛②♦✉t ♣r♦❝❡ss ❛s t❤❡
♥✉♠❜❡r ♦❢ r❡q✉✐r❡❞ ✈✐❛s ❢♦r ❛ s✉♣♣❧② ✈♦❧t❛❣❡ ✐s t❤❡ s❛♠❡ ❢♦r ❜♦t❤ t②♣❡s✳

❋✐❞✉❝✐❛❧ ▼❛r❦s ❚❤❡ ❍■❈❆◆◆ ✇❛❢❡r ❤❛s t✇♦ ✜❞✉❝✐❛❧ ♠❛r❦s ♦♥ t❤❡ t♦♣ ❘❉▲✳ ■♥ t❤❡
❲❙■ s②st❡♠ ❜♦t❤ ❛r❡ ✉s❡❞ t♦ ❛❧✐❣♥ t❤❡ ✇❛❢❡r t♦ t❤❡ ▼❛✐♥P❈❇✳
❍❡r❡ t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s ❛r❡ ✉s❡❞ ❛s r❡❢❡r❡♥❝❡ ♣♦✐♥ts ❢♦r t❤❡ ❧❛②♦✉t✳ ❋♦r t❤❛t r❡❛s♦♥

t❤❡ ❝♦♣♣❡r ❛♥❞ ♣r❡♣r❡❣ ♦♥ t♦♣ ♦❢ t❤❡ ♠❛r❦s ❤❛s t♦ ❜❡ r❡♠♦✈❡❞ ❛❢t❡r t❤❡ ❧❛♠✐♥❛t✐♦♥
st❡♣✳ ❚❤❡ ▲❛s❡r ❉✐r❡❝t ■♠❛❣✐♥❣ ✭▲❉■✮ ♠❛❝❤✐♥❡ ❛❞❥✉sts t❤❡ ❧❛②♦✉t ❞❡♣❡♥❞✐♥❣ ♦♥
t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡s❡ ✜❞✉❝✐❛❧ ♠❛r❦s✳ ❋r♦♠ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s t❤❡
▲❉■ ♠❛❝❤✐♥❡ ❛✉t♦♠❛t✐❝❛❧❧② ❝❛❧❝✉❧❛t❡s X✲ ❛♥❞ Y ✲♦✛s❡t ✈❛❧✉❡s✱ s❝❛❧✐♥❣ ❛♥❞ r♦t❛t✐♦♥
❢❛❝t♦rs✳ ❚❤❡s❡ ❝♦rr❡❝t✐♦♥ ✈❛❧✉❡s ❛r❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❧❛②♦✉t ❞❛t❛ ❬❖r❜♦t❡❝❤❪✳
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❚❤❡ ❧❛②♦✉t ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✐s s✐♠♣❧❡ ❞✉❡ t♦ t❤❡ ♠✐♥✐♠❛❧✐st st❛❝❦ ✉♣✳ ❚♦ ✐♥❝r❡❛s❡
t❤❡ ②✐❡❧❞ ♦❢ t❡st❛❜❧❡ ❝❤✐♣s ❛❧❧ ❝❛♥ ❜❡ ✉s❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② ❛♥❞ ✇✐t❤♦✉t ✐♥t❡r❢❡r❡♥❝❡ ♦❢
❡❛❝❤ ♦t❤❡r✳ ❊✈❡r② ❝❤✐♣ ❤❛s ✐ts ♦✇♥ ♣♦✇❡r s✉♣♣❧② ❛♥❞ ♥♦ s✐❣♥❛❧s ❛r❡ s❤❛r❡❞ ❜❡t✇❡❡♥
t❤❡♠✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❢♦r t❤❡ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ❜♦❛r❞ ♥♦ ❝♦♥♥❡❝t♦rs ❛r❡ ✉s❡❞ ✇❤✐❝❤
♥❡❡❞ s♦❧❞❡r✐♥❣✳
❚❤❡ ❜♦❛r❞ ✐s 360mm ❧♦♥❣ ❛♥❞ 240mm ✇✐❞❡✳ ■ts t❤✐❝❦♥❡ss ✐s 450 ➭m✳ ■♥ ✜❣✳ ✺✳✻

t❤❡ ❧❛②♦✉t ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✐s s❤♦✇♥✳ ❚❤❡ ❍■❈❆◆◆ ✇❛❢❡r ✐s ♣❧❛❝❡❞ ✐♥ t❤❡ ❝❡♥t❡r
♦❢ t❤❡ ❜♦❛r❞✳

❋✐❣✉r❡ ✺✳✻✿ ▲❛②♦✉t ♦❢ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡ ❝♦♣♣❡r str✉❝t✉r❡s ♦♥ t♦♣ ❛r❡ ❣r❡❡♥✱ t❤❡
str✉❝t✉r❡s ♦♥ ❜♦tt♦♠ ❛r❡ ②❡❧❧♦✇ ❛♥❞ t❤❡ ❘❉▲ ♣❛❞s ♦♥ t❤❡ ✇❛❢❡r ❛r❡
♦r❛♥❣❡✳ ❚❤❡ ❜❧❛❝❦ ❝✐r❝❧❡ ❞❡♣✐❝ts t❤❡ ❡♠❜❡❞❞❡❞ ✇❛❢❡r✳ ❚❤❡ ❍■❈❆◆◆
❝❤✐♣s ❛t t❤❡ ✇❛❢❡r ❡❞❣❡ ❛r❡ r♦✉t❡❞ ♦✛ t❤❡ ✇❛❢❡r ❛r❡❛ ❛♥❞ ✉s❡ P❚❍s✳

❈❛❞❡♥❝❡ ❆❧❧❡❣r♦ ❚❤❡ ❧❛②♦✉t ✇❛s ❝r❡❛t❡❞ ✇✐t❤ ❈❛❞❡♥❝❡ ❆❧❧❡❣r♦ ❬❈❛❞❡♥❝❡✱ ✷✵✶✼❛❪✳
❚❤❡ r❡❛s♦♥ ✇❛s t♦ r❡✉s❡ s❝r✐♣ts ❛♥❞ t❡❝❤♥✐q✉❡s ✇❤✐❝❤ ✇❡r❡ ❞❡✈❡❧♦♣❡❞ ❢♦r t❤❡ ▼❛✐♥✲
P❈❇ ❬●ütt❧❡r ✱ ✷✵✶✵❪✳ ❚❤❡s❡ t❡❝❤♥✐q✉❡s s♣❧✐t ❛ ❜✐❣ ❛♥❞ ✢❛t ♣r♦❥❡❝t ✐♥t♦ ❛ ❤✐❡r❛r❝❤✐❝❛❧
♣r♦❥❡❝t ✇✐t❤ s❡✈❡r❛❧ s♠❛❧❧❡r s✉❜✲♠♦❞✉❧❡s✳ ❚❤❡ r❡t✐❝❧❡s ♦♥ t❤❡ ✇❛❢❡r✱ ❢♦r ❡①❛♠♣❧❡✱
❛r❡ ❛♥ ✉s❡❢✉❧ ✉♥✐t s✐③❡ ❢♦r ❛ ♠♦❞✉❧❡✳ ❊❛❝❤ ♦❢ t❤❡ s✉❜✲♠♦❞✉❧❡s ❝❛♥ ❞❡✈❡❧♦♣❡❞ ✐♥✲
❞❡♣❡♥❞❡♥t❧②✳ ❚❤❡ ♠♦❞✉❧❡s ❝❛♥ ❜❡ ❛❞❞❡❞ t♦ t❤❡ ❧❛②♦✉t ♠✉❧t✐♣❧❡ t✐♠❡s ❛♥❞✱ ❤❡♥❝❡✱
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s❛✈❡ t✐♠❡✳ ❈❤❛♥❣❡s ❛♣♣❧✐❡❞ t♦ ❛ ♠♦❞✉❧❡✱ ❛♣♣❧② t♦ ❡✈❡r② ✐♥st❛♥❝❡ ✐♥ t❤❡ ❧❛②♦✉t ❛✉✲
t♦♠❛t✐❝❛❧❧②✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❙❑■▲▲ ✭❙❑■▲▲✮ s❝r✐♣ts ❬❈❛❞❡♥❝❡✱ ✷✵✶✼❜❪
t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❧❛②♦✉t ❝❛♥ ❜❡ ❛✉t♦♠❛t❡❞✳ ❚❤❡ ♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ♠♦❞✉❧❡s ✐s
♠❛♥❛❣❡❞ ❜② ❛ ❙❑■▲▲ s❝r✐♣t✱ ✇❤✐❝❤ ❣❡ts t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡
♠♦❞✉❧❡s ❢r♦♠ ❛ s✐♠♣❧❡ t❡①t✲✜❧❡✳

❘♦✉t✐♥❣ s❝❤❡♠❡ ❚❤❡ ❡♥t✐r❡ ❧❛②♦✉t ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✺✳✻✳ ❚❤❡ ✇❛❢❡r s✐ts ✐♥ t❤❡ ♠✐❞❞❧❡
♦❢ t❤❡ ❜♦❛r❞ ❛♥❞ ✐ts ✇❛❢❡r ♥♦t❝❤ ❢❛❝❡s t♦ t❤❡ s♦✉t❤✳ ■♥ t❤❡ ❲❙■ s②st❡♠ t❤❡ ✇❛❢❡r
✐s r♦t❛t❡❞ ❜② 45◦✳ ❍❡♥❝❡✱ t❤❡ r♦✉t✐♥❣ ❛r❡❛ ❢♦r ❛ s✐♥❣❧❡ r❡t✐❝❧❡ ✐s ✐♥❝r❡❛s❡❞ ❜② t❤❡
❢❛❝t♦r

√
2 ❛s t❤❡ ❞✐❛❣♦♥❛❧ ♦❢ t❤❡ r❡t✐❝❧❡ ✐s ✉s❛❜❧❡✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢

t❤❡ ❧❛②♦✉t ✐s ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ t❤❛♥ ✐♥ t❤❡ ♥♦t r♦t❛t❡❞ ❝❛s❡✳ ❚❤❡r❡❢♦r❡✱ t♦ ❦❡❡♣ t❤❡
❧❛②♦✉t ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ s✐♠♣❧❡ t❤❡ ✇❛❢❡r ✐s ♥♦t r♦t❛t❡❞✳
❖♥ ❡❛❝❤ r❡t✐❝❧❡ t✇♦ ❍■❈❆◆◆s ❛r❡ ❝❤♦s❡♥ ✇❤✐❝❤ ❛r❡ ②❡t ❝♦♥♥❡❝t❡❞ ♦✈❡r t❤❡ ❏❚❆●

❝❤❛✐♥ ✐♥ t❤❡ P♦st✲Pr♦❝❡ss✐♥❣ ❧❛②❡r✳ ❚❤❡s❡ t✇♦ ❍■❈❆◆◆s ❛r❡ ♠❛♣♣❡❞ ♦♥ ♦♥❡ ❩❆✶
❝♦♥♥❡❝t♦r✳ ❚❤❡ s✐❣♥❛❧s ♦❢ t✇♦ ❍■❈❆◆◆s ✉s❡ ❛❧♠♦st ❛❧❧ ♦❢ t❤❡ ♣❛❞s ♦♥ ♦♥❡ ❩❆✶
❝♦♥♥❡❝t♦r✳ ❍❡♥❝❡✱ ❛❞❞✐t✐♦♥❛❧ ❍■❈❆◆◆s ❝❛♥♥♦t ❜❡ ♠❛♣♣❡❞ ♦♥ t❤❡ s❛♠❡ ❝♦♥♥❡❝t♦r✳
❆❞❞✐t✐♦♥❛❧❧②✱ ❢♦r t❡st ♣✉r♣♦s❡s ✶✻ ❍■❈❆◆◆s ❛r❡ ✐♥t❡r❝♦♥♥❡❝t❡❞ ♦✈❡r ❏❚❆● ❛♥❞ ❣♦
t♦ ❞❡❞✐❝❛t❡❞ ❝♦♥♥❡❝t♦rs✳
❚❤❡ r❡t✐❝❧❡ ❧❛②♦✉t ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ❣r♦✉♣s✳ ❚❤❡r❡ ❛r❡ t❤❡ r❡t✐❝❧❡s ✇❤❡r❡

t❤❡ ❝♦♥♥❡❝t♦r ✐s ❞✐r❡❝t❧② ❛❜♦✈❡ t❤❡ ❍■❈❆◆◆ ❝❤✐♣ ❛♥❞✱ ✐♥ ❝♦♥tr❛st✱ t❤❡r❡ ❛r❡ r❡t✐❝❧❡s
✇❤❡r❡ t❤❡ ❝♦♥♥❡❝t♦r ✐s ❛t t❤❡ ❜♦❛r❞ ❡❞❣❡✳ ❚❤❡ ❧❛②♦✉t ❢♦r t❤❡ ✜rst ❣r♦✉♣ ✐s ❞❡♣✐❝t❡❞
✐♥ ✜❣✳ ✺✳✼✳ ❚❤❡ ❝♦♥♥❡❝t♦r s✐ts ♦♥ t♦♣ ♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣ ❛♥❞ t❤❡ s✐❣♥❛❧s ❛♥❞
✈♦❧t❛❣❡s ❢r♦♠ ❜❡❧♦✇ ❛r❡ r♦✉t❡❞ t♦ t❤❡ ♥❡①t ♣♦ss✐❜❧❡ ♣❛❞ ♦♥ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r✳ ❖♥❡
❩❆✶ ❝♦♥♥❡❝t♦r ♦❝❝✉♣✐❡s ❛❧♠♦st t❤❡ ❝♦♠♣❧❡t❡ r❡t✐❝❧❡ ❛r❡❛✳ ❋♦r t❤❡ ✐♥♥❡r r❡t✐❝❧❡s t✇♦
♠♦❞✉❧❡s ✇❡r❡ ❝r❡❛t❡❞✿ ♦♥❡ ✇✐t❤ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❏❚❆● ❝♦♥♥❡❝t✐♦♥s ❛♥❞ ♦♥❡ ✇✐t❤♦✉t✳
❚❤❡s❡ t✇♦ ♠♦❞✉❧❡s ✇❡r❡ ✉s❡❞ ❢♦r ❛❧❧ ✽✵ ❍■❈❆◆◆ ❝❤✐♣s ✇❤✐❝❤ s❛✈❡ ❛ ❧♦t ♦❢ t✐♠❡✳
❚❤❡ ❧❛②♦✉t ♦❢ ❛ r❡t✐❝❧❡ ✇✐t❤ ✐ts ❩❆✶ ❝♦♥♥❡❝t♦r ♦✉ts✐❞❡ t❤❡ ✇❛❢❡r ❛r❡❛ ✐s s❤♦✇♥ ✐♥

✜❣✳ ✺✳✽✳ ❚❤❡s❡ ❝❤✐♣s ✉s❡ t❤❡ t❤r♦✉❣❤✲❜♦❛r❞ ✈✐❛s ❢♦r r♦✉t✐♥❣ ♣✉r♣♦s❡s✳ ❖t❤❡r✇✐s❡✱ ✐t
✇♦✉❧❞ ♥♦t ❜❡ ❢❡❛s✐❜❧❡ t♦ ❝♦♥♥❡❝t t❤❡ s✐❣♥❛❧s t♦ t❤❡ ♣❛❞s ❛s t❤❡ s♣❛❝❡ ❜❡t✇❡❡♥ t❤❡
♣❛❞s ✐s t♦♦ s♠❛❧❧✳ ❲✐t❤ t❤❡ t❤r♦✉❣❤✲❜♦❛r❞ ✈✐❛s ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❛❝❝❡ss t❤❡ ❩❆✶ ♣❛❞s
❢r♦♠ t❤❡ ❜❛❝❦ ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳
❖♥❡ ♣r♦❜❧❡♠ ♦❢ r♦✉t✐♥❣ t❤❡ s✐❣♥❛❧s ❛♥❞ s✉♣♣❧② ✈♦❧t❛❣❡s ♦✉t ♦❢ t❤❡ ✇❛❢❡r ❛r❡❛ ✐s t❤❡
❧✐♠✐t❡❞ s♣❛❝❡✳ ❆❧❧ ❝♦♥♥❡❝t✐♦♥s t♦ ❛♥❞ ❢r♦♠ t❤❡ ✇❛❢❡r ❣♦ t❤r♦✉❣❤ t❤❡ t♦♣ ❝♦♣♣❡r
❧❛②❡r✳ ❋♦r t❤❡ ✶✷ s✉♣♣❧② ✈♦❧t❛❣❡s✱ t✇♦ ●◆❉ ♥❡ts ❛♥❞ ✷✺ s✐❣♥❛❧ ❧✐♥❡s ❛r❡ ♦♥❧② 2 cm
♦❢ s♣❛❝❡ ❛✈❛✐❧❛❜❧❡ ✇❤✐❝❤ ✐s t❤❡ ❧❡♥❣t❤ ♦❢ ♦♥❡ r❡t✐❝❧❡ ❡❞❣❡✳ ❖✉ts✐❞❡ t❤❡ ✇❛❢❡r ❛r❡❛ t❤❡
❜❛❝❦ ♦❢ t❤❡ ❜♦❛r❞ ❝❛♥ ❜❡ ✉s❡❞ t♦♦✳ ❋♦r t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦rs ❛t t❤❡ ❜♦❛r❞ ❡❞❣❡ ❛❣❛✐♥
♠♦❞✉❧❡s ✇❡r❡ ❝r❡❛t❡❞✳ ❖♥❡ ♠♦❞✉❧❡ ❢♦r ❡❛❝❤ s✐❞❡ ❛♥❞ t❤❡♥ ❝♦♣✐❡❞ s❡✈❡♥ t✐♠❡s✳

■♠♣❡❞❛♥❝❡ ❖♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❛r❡ t✇♦ t②♣❡s ♦❢ ✐♠♣❡❞❛♥❝❡✲❝♦♥tr♦❧❧❡❞ ❧✐♥❡s✳ ❆
50Ω s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡ ❛♥❞ ❛ 100Ω ❡❞❣❡✲❝♦✉♣❧❡❞ ❞✐✛❡r❡♥t✐❛❧ str✐♣❧✐♥❡✳ ■♥ t❛❜❧❡s ✺✳✷
❛♥❞ ✺✳✸ t❤❡ ✐♠♣❡❞❛♥❝❡ ✈❛❧✉❡s ❢♦r t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❛♥❞ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ❛r❡ ❧✐st❡❞✳
❚❤❡ ❝❛❧❝✉❧❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ❢♦r t♦♣ ❞✉❡ t♦ t❤❡ s②♠♠❡tr✐❝❛❧ st❛❝❦ ✉♣ t❤❡ r❡s✉❧ts ❛♣♣❧②
❢♦r t❤❡ ❜♦tt♦♠ t♦♦✳ ❚❤❡ ✈❛❧✉❡s ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❙♦♥♥❡t ✜❡❧❞ s♦❧✈❡r ❬❙♦♥♥❡t ✱

✺✺



✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

❋✐❣✉r❡ ✺✳✼✿ ▲❛②♦✉t ♦❢ ❛♥ ✐♥♥❡r ✇❛❢❡r r❡t✐❝❧❡✳ ❚❤❡ ✇❛❢❡r ❘❉▲ ♣❛❞s ❛r❡ t❤❡ ♦r❛♥❣❡
r❡❝t❛♥❣❧❡s✱ t❤❡ t♦♣ ❝♦♣♣❡r str✉❝t✉r❡s ❛r❡ ❣r❡❡♥ ❛♥❞ t❤❡ ✇❛❢❡r ❝♦♥t❛❝t ✈✐❛s
❛r❡ t❤❡ ❜❧✉❡ ❞♦ts✳✳ ❚❤❡ ❣r❡❡♥ sq✉❛r❡s ❛r❡ t❤❡ ♣❛❞s ♦❢ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r✳
❚❤❡ s✐③❡ ♦❢ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ✐s ❞❡♣✐❝t❡❞ ❜② t❤❡ ❜❧❛❝❦ ❧✐♥❡✳ ❚❤❡ ❜❧❛❝❦
❝✐r❝❧❡s ❛r❡ t❤❡ ♦♣❡♥✐♥❣s ✐♥ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r t♦ t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s ♦♥
t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳

✷✵✶✼❪✳ ❚❤❡ ❧✐♥❡ ❣❡♦♠❡tr✐❡s ❛r❡ s✐♠✉❧❛t❡❞ ❢♦r t✇♦ ❛r❡❛s ♦♥ t❤❡ ❜♦❛r❞✳ ❖♥❡ ❛r❡❛ ✐s ♦✈❡r
t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✇❤✐❝❤ ❤❛s ♦♥❡ ♣r❡♣r❡❣ ❧❛②❡r ❜❡t✇❡❡♥ t❤❡ ❇❈❇ ❛♥❞ t♦♣✳ ❆❞❞✐t✐♦♥❛❧❧②✱
❛ ♠❡t❛❧ ❧❛②❡r ✐s ♦♥ t♦♣ t❤❛t ✐s ♥♦t ❝♦♥♥❡❝t❡❞ t♦ ❛♥② ✈♦❧t❛❣❡ ❛♥❞✱ ❤❡♥❝❡✱ ❛ ✢♦❛t✐♥❣
♣❧❛♥❡✳
❚❤❡ s❡❝♦♥❞ ❛r❡❛ ✐s ♦✉ts✐❞❡ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤❡ ❈■❈ s❤❡❡t ✐s ✉s❡❞ ❛s ❛ r❡❢❡r❡♥❝❡
♣❧❛♥❡✳ ❚❤❡r❡ ❛r❡ t✇♦ ❧❛②❡rs ♦❢ ♣r❡♣r❡❣ ❜❡t✇❡❡♥ t❤❡ ❈■❈ s❤❡❡t ❛♥❞ t❤❡ t♦♣ ❝♦♣♣❡r
❧❛②❡r✳ ❚❤❡ ❞❡t❛✐❧❡❞ st❛❝❦ ✉♣ ♣r♦♣❡rt✐❡s ❛r❡ ❧✐st❡❞ ✐♥ t❛❜❧❡s ❈✳✶ ❛♥❞ ❈✳✷✳
❈❧❡❛r❧②✱ ♥♦t ❛❧❧ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s ❛r❡ ✐♥ r❛♥❣❡ ♦❢ t❤❡ t❛r❣❡t ✐♠♣❡❞❛♥❝❡✳ ❊s♣❡❝✐❛❧❧②✱

t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s ❛❜♦✈❡ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ t❤❡ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ♦✈❡r t❤❡ ❈■❈
♠❛t❡r✐❛❧ ❤❛✈❡ ❛ ❜✐❣ ❞❡✈✐❛t✐♦♥✱ ❡✳❣✳ 43% ❢♦r t❤❡ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡✳ ❚❤❡ ♦t❤❡r ❧✐♥❡s ❛r❡
❥✉st ♦✈❡r t❤❡ 10% t♦❧❡r❛♥❝❡ ✈❛❧✉❡✳ ❲❤❡r❡❛s 10% ✐s t❤❡ ❧✐♠✐t ❢♦r t❤❡ ✐♠♣❡❞❛♥❝❡ ✈❛❧✉❡
t❤❛t ✐s ❛❝❝❡♣t❛❜❧❡ ❢♦r t❤❡ ❧✐♥❦s✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤✐s ♠✐st❛❦❡ ✇❛s ❞✐s❝♦✈❡r❡❞ ❛❢t❡r t❤❡
♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ ❜♦❛r❞✳ ❆ s❡❝♦♥❞ ❝❛❧❝✉❧❛t✐♦♥ ✇✐t❤ t❤❡ ✷❉ ✜❡❧❞ s♦❧✈❡r ❢r♦♠ ❆❧❧❡❣r♦

✺✻



✺✳✷ ▲❛②♦✉t

❋✐❣✉r❡ ✺✳✽✿ ▲❛②♦✉t ♦❢ ❩❆✶ ❝♦♥♥❡❝t♦r ♦✉ts✐❞❡ t❤❡ ✇❛❢❡r ❛r❡❛✳ ❚❤❡ ❞❛r❦ ❣r❡❡♥ sq✉❛r❡s
❛r❡ t❤❡ ❩❆✶ ♣✐♥s ♦♥ t♦♣ ✭❣r❡❡♥✮✳ ❚❤❡ ❜❧✉❡ ♣♦✐♥ts ❛r❡ t❤❡ P❚❍s t♦ t❤❡
❜❛❝❦ ♦❢ t❤❡ ❜♦❛r❞ ✭②❡❧❧♦✇✮✳

❬❈❛❞❡♥❝❡✱ ✷✵✶✼❛❪ r❡t✉r♥❡❞ ❜❡tt❡r ✐♠♣❡❞❛♥❝❡ ✈❛❧✉❡s✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡② st✐❧❧ ✇❡r❡ ♦✉t
♦❢ t❤❡ 10% r❛♥❣❡✳ ■♥ t❤❡ ❆❧❧❡❣r♦ ■♠♣❡❞❛♥❝❡ ❈❛❧❝✉❧❛t♦r t❤❡ ✐♠♣❡❞❛♥❝❡ ✈❛❧✉❡s ❢♦r
t❤❡ ✐♥♥❡r r❡t✐❝❧❡s ❝♦✉❧❞ ♥♦t ❜❡ ❝❛❧❝✉❧❛t❡❞ ❜❡❝❛✉s❡ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❛❞❞ ❛ ✢♦❛t✐♥❣
♠❡t❛❧ ❧❛②❡r t♦ t❤❡ st❛❝❦ ✉♣✳ ❚❤✐s ✢♦❛t✐♥❣ ♣❧❛♥❡ ✐s t❤❡ ❩❆✶ ❤♦❧❞❡r ❧②✐♥❣ ♦♥ t♦♣ ♦❢
t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡r❡❢♦r❡✱ ♦♥❧② ✈❛❧✉❡s ❢♦r t❤❡ ❈■❈ ❛r❡❛ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡
❆❧❧❡❣r♦ t♦♦❧✳

▲❛②❡r ▲✐♥❡
❲✐❞t❤
❬➭m❪

▲✐♥❡
❙❡♣❛r❛t✐♦♥
❬➭m❪

❙♦♥♥❡t
■♠♣❡❞❛♥❝❡
❬Ω❪

❆❧❧❡❣r♦
■♠♣❡❞❛♥❝❡
❬Ω❪

❚♦♣
✭♦✈❡r s✐❧✐❝♦♥✮

✶✵✵ ✺✵ ✽✹✳✵ ✲∗

❚♦♣
✭♦✈❡r ❈■❈✮

✽✵ ✾✵ ✶✶✵✳✼ ✶✵✹✳✶

❚❛❜❧❡ ✺✳✷✿ ▲✐♥❡ ❣❡♦♠❡tr✐❡s ♦❢ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s ♦♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡ t❛r❣❡t
❞✐✛❡r❡♥t✐❛❧ ✐♠♣❡❞❛♥❝❡ ✐s 100Ω✳
✭✯✮ ✿ ❙t❛❝❦ ✉♣ ✇✐t❤ ✢♦❛t✐♥❣ ♠❡t❛❧ ♣❧❛♥❡ ♦♥ t♦♣ ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ s✐♠✉❧❛t❡
✐♥ t❤❡ ❆❧❧❡❣r♦ ■♠♣❡❞❛♥❝❡ ❈❛❧❝✉❧❛t♦r✳

❖♥❡ r❡❛s♦♥ ❢♦r t❤❡ ♠✐s♠❛t❝❤ ✐s t❤❛t t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ✇❤❡r❡ ❞♦♥❡ ✇✐t❤♦✉t s♦❧❞❡r
♠❛s❦ ✐♥ t❤❡ st❛❝❦ ✉♣✳ ❚❤❡ s♦❧❞❡r ♠❛s❦ ✐s ♦♥❧② 35 ➭m t❤✐❝❦✱ ❜✉t ✐♥ t❤✐s st❛❝❦ ✉♣
✇✐t❤ t❤❡ t❤✐♥ ♣r❡♣r❡❣s ✐t ❤❛s ❛♥ ❤✐❣❤ ✐♠♣❛❝t✳ ❆♥♦t❤❡r ♠✐st❛❦❡ ✇❛s t❤❡ ❛ss✉♠♣t✐♦♥
t❤❛t t❤❡r❡ ✐s ❛✐r ❛❜♦✈❡ t❤❡ ✐♥♥❡r r❡t✐❝❧❡s✳ ❚❤❡ ♠❡❝❤❛♥✐❝ s❡t✉♣ ✇❛s ❞❡s✐❣♥❡❞ ❛❢t❡r t❤❡
❧❛②♦✉t ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✇❛s ✜♥✐s❤❡❞✳ ❚❤❡ ❩❆✶ ❤♦❧❞❡r ❛❜♦✈❡ t❤❡ ❉❊◆❙❊ ❜♦❛r❞
s❡r✈❡s ❛s ❛ s❤✐❡❧❞✐♥❣ ❧❛②❡r ❢♦r t❤❡ s✐❣♥❛❧ ❧✐♥❡s ✇❤✐❝❤ r❡❞✉❝❡s t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡

✺✼



✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

▲❛②❡r ▲✐♥❡ ❲✐❞t❤
❬➭m❪

❙♦♥♥❡t
■♠♣❡❞❛♥❝❡ ❬Ω❪

❆❧❧❡❣r♦
■♠♣❡❞❛♥❝❡ ❬Ω❪

❚♦♣
✭♦✈❡r s✐❧✐❝♦♥✮

✶✵✵ ✺✼✳✶ ✲∗

❚♦♣
✭♦✈❡r ❈■❈✮

✽✵ ✼✶✳✺ ✻✽✳✾

❚❛❜❧❡ ✺✳✸✿ ▲✐♥❡ ❣❡♦♠❡tr✐❡s ♦❢ t❤❡ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ♦♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡ t❛r❣❡t
✐♠♣❡❞❛♥❝❡ ✐s 50Ω✳
✭✯✮ ✿ s❡❡ t❛❜❧❡ ✺✳✷✳

❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s t♦♦✳
❚❤❡ ❝♦rr❡❝t❡❞ ❧✐♥❡ ❣❡♦♠❡tr✐❡s ❢♦r t❤❡ st❛❝❦ ✉♣ ❛r❡ ✐♥ t❛❜❧❡ ✺✳✹ ❛♥❞ t❛❜❧❡ ✺✳✺✳

❆❣❛✐♥ t❤❡ ❆❧❧❡❣r♦ ■♠♣❡❞❛♥❝❡ ❈❛❧❝✉❧❛t♦r ✇❛s ✉s❡❞ t♦ ❝r♦ss✲❝❤❡❝❦ t❤❡ ✈❛❧✉❡s ❢r♦♠ t❤❡
❙♦♥♥❡t s♦❢t✇❛r❡✳ ❇♦t❤ t♦♦❧s r❡t✉r♥ s✉✣❝✐❡♥t ✇❡❧❧ ✈❛❧✉❡s ❢♦r t❤❡ ❛r❡❛ ❛❜♦✈❡ t❤❡ ❈■❈
♠❛t❡r✐❛❧✳ ❆ ❞✐✛❡r❡♥❝❡ ♦❢ 5Ω ✐s ❛❝❝❡♣t❛❜❧❡ ❢♦r ✐♠♣❡❞❛♥❝❡ ❝❛❧❝✉❧❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡
t♦♦❧s✳ ❚❤❡② ✉s❡ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ❢♦r t❤❡ ✐♠♣❡❞❛♥❝❡ ❝❛❧❝✉❧❛t✐♦♥✳ ■♥ t❤❡ ❙♦♥♥❡t
t♦♦❧ t❤❡ ❝♦♠♣❧❡t❡ st❛❝❦ ✉♣ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ s♠❛❧❧ ❝❡❧❧s ✇❤✐❝❤ ❧❡❛❞s t♦ ❞✐s❝r❡t✐③❛t✐♦♥
❡rr♦rs ❬▼❡rr✐❧❧ ✱ ✷✵✶✺❪✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡ ❆❧❧❡❣r♦ ■♠♣❡❞❛♥❝❡ ❈❛❧❝✉❧❛t♦r ✐s ❛
st❛t✐❝ s♦❧✈❡r ❛♥❞✱ t❤❡r❡❢♦r❡✱ s♦♠❡ ❛ss✉♠♣t✐♦♥s ❛r❡ ♣✉t ✐♥t♦ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ✇❤✐❝❤
❝❛♥ ❧❡❛❞ t♦ ❞❡✈✐❛t✐♦♥s ❬❈❛❞❡♥❝❡✱ ✷✵✵✾❪✳

▲❛②❡r ▲✐♥❡
❲✐❞t❤
❬➭m❪

▲✐♥❡
❙❡♣❛r❛t✐♦♥
❬➭m❪

❙♦♥♥❡t
■♠♣❡❞❛♥❝❡
❬Ω❪

❆❧❧❡❣r♦
■♠♣❡❞❛♥❝❡
❬Ω❪

❚♦♣
✭♦✈❡r s✐❧✐❝♦♥✮

✶✵✵ ✶✷✺ ✶✵✵✳✽ ✲∗

❚♦♣
✭♦✈❡r ❈■❈✮

✶✸✵ ✶✷✵ ✾✾✳✶ ✾✸✳✽

❚❛❜❧❡ ✺✳✹✿ ❈♦rr❡❝t ❧✐♥❡ ❣❡♦♠❡tr✐❡s ❢♦r ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s ✇✐t❤ ❛ t❛r❣❡t ✐♠♣❡❞❛♥❝❡ ♦❢
100Ω✳
✭✯✮ ✿ s❡❡ t❛❜❧❡ ✺✳✷✳

■t ✐s ♣♦ss✐❜❧❡ t♦ ♠❡❛s✉r❡ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ s✐❣♥❛❧ ❧✐♥❡s ♦♥ ❛ ❜♦❛r❞ ✇✐t❤ t❡st str✉❝✲
t✉r❡s✳ ❚❤❡s❡ str✉❝t✉r❡s ✇♦✉❧❞ ❜❡ ❛❞❞✐t✐♦♥❛❧ t♦ t❤❡ ❡①✐st✐♥❣ ❧❛②♦✉t ❛♥❞ ♦♥❧② ❢♦r t❤✐s
♣✉r♣♦s❡✳ ❖♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✐t ✐s ♥♦t ♣r♦✈✐❞❡❞ ❛s t❤❡r❡ ✐s ♥♦ ✐♥t❡r❡st ✐♥ t❤❡ ❡①❛❝t
✐♠♣❡❞❛♥❝❡ ✈❛❧✉❡✳

✺✽



✺✳✸ ❚❡st✲❍❛r❞✇❛r❡

▲❛②❡r ▲✐♥❡
❲✐❞t❤
❬➭m❪

❙♦♥♥❡t
■♠♣❡❞❛♥❝❡
❬Ω❪

❆❧❧❡❣r♦
■♠♣❡❞❛♥❝❡
❬Ω❪

❚♦♣
✭♦✈❡r s✐❧✐❝♦♥✮

✶✷✵ ✺✷✳✺ ✲∗

❚♦♣
✭♦✈❡r ❈■❈✮

✶✺✵ ✺✹✳✾ ✺✸✳✵

❚❛❜❧❡ ✺✳✺✿ ❈♦rr❡❝t ❧✐♥❡ ❣❡♦♠❡tr✐❡s ❢♦r t❤❡ 50Ω s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s✳
✭✯✮ ✿ s❡❡ t❛❜❧❡ ✺✳✷✳

✺✳✸ ❚❡st✲❍❛r❞✇❛r❡

❚❤❡ ❍■❈❆◆◆ ❝❤✐♣ ❝❛♥♥♦t ❜❡ ✉s❡❞ ❛❧♦♥❡✳ ■t ♥❡❡❞s ❛♥ ❋❈P ❜♦❛r❞ ❢♦r t❤❡ ❝♦♠♠✉♥✐❝❛✲
t✐♦♥ ✇✐t❤ ❛ ❤♦st ❝♦♠♣✉t❡r✳ ❚❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❉r❡s❞❡♥
❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣② ✭❉r❡s❞❡♥ ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣②✮ ❣r♦✉♣ ❞❡✈❡❧♦♣❡❞ ❛ t❡st
❞❡✈✐❝❡ ❢♦r s✐♥❣❧❡ ❍■❈❆◆◆ ❝❤✐♣s✱ ❝❛❧❧❡❞ t❤❡ ❈✉❜❡ ❙❡t✉♣✳ ❚❤❡ s✐❣♥❛❧s ❛♥❞ s✉♣♣❧✐❡s
❛r❡ t❤❡ s❛♠❡ ❛s ❢♦r ❛ ❞✉❛❧ ❍■❈❆◆◆ ❝❤✐♣ ♦♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡
❡❛s✐❡st ✇❛② t♦ ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ t❤❡ ❝❤✐♣s ♦♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✐s ❜② ✉s✐♥❣ t❤❡
❡①✐st✐♥❣ ❈✉❜❡ ❙❡t✉♣✳ ❆❧❧ ✐t ♥❡❡❞s ❛r❡ s♦♠❡ ❛❞❞✐t✐♦♥❛❧ ❜♦❛r❞s t♦ ❛❞❛♣t t❤❡ ❝♦♥♥❡❝t♦r
♦❢ t❤❡❈✉❜❡ ❙❡t✉♣ t♦ t❤❡ ❝♦♥♥❡❝t♦r ♦♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡ ❜♦❛r❞s ❛r❡ ❞❡s❝r✐❜❡❞
✐♥ s❡❝t✐♦♥ ✺✳✹✳
■♥ ✜❣✳ ✺✳✾ ❛❧❧ ❞❡✈❡❧♦♣❡❞ ❝♦♠♣♦♥❡♥ts ❡①❝❡♣t t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦rs ❢♦r t❤❡ ♣r♦t♦t②♣❡

s②st❡♠ ❛r❡ s❤♦✇♥✳ ❋♦r t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts t❤❡ ✸❉ ❝♦♠♣✉t❡r✲❛✐❞❡❞ ❞❡s✐❣♥
✭❈❆❉✮ ♣r♦❣r❛♠ ❙♦❧✐❞❲♦r❦s ✇❛s ✉s❡❞ ❬❉❛ss✉❛❧t ❙②stè♠❡s✱ ✷✵✶✻❪✳ ❆❧❧ t❤❡ ♠❡❝❤❛♥✐❝❛❧
❝♦♠♣♦♥❡♥ts ❧✐❦❡ t❤❡ ❉❊◆❙❊ ♠❡❝❤❛♥✐❝ ❢r❛♠❡✱ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r st❡♥❝✐❧✱ t❤❡ ✈❡rt✐❝❛❧
❤♦❧❞❡r ❛♥❞ t❤❡ ❉♦✉❜❧❡ ❉❡♥s❡ ❈♦♥♥❡❝t♦r ❜♦❛r❞ ✭❉❉❈✮ ❤♦❧❞❡r ✇❡r❡ ♣r♦❞✉❝❡❞ ❛t t❤❡
♠❡❝❤❛♥✐❝s ✇♦r❦s❤♦♣ ♦❢ t❤❡ ❑✐r❝❤❤♦✛✲■♥st✐t✉t❡ ❢♦r P❤②s✐❝s ✭❑✐r❝❤❤♦✛✲■♥st✐t✉t❡ ❢♦r
P❤②s✐❝s✮✳

❈✉❜❡ ❙❡t✉♣ ❚❤❡ ❈✉❜❡ ❙❡t✉♣ ✐s ❛ r❡♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ♦♥ ❛ s♠❛❧❧❡r
s❝❛❧❡✳ ■♥st❡❛❞ ♦❢ ❛ ❝♦♠♣❧❡t❡ ✇❛❢❡r ✐t ✐s ❡q✉✐♣♣❡❞ ✇✐t❤ s✐♥❣❧❡ ❍■❈❆◆◆ t❡st ❝❤✐♣s✳ ❚❤❡
❍■❈❆◆◆ ❝❤✐♣s ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ ❋❈P ❜♦❛r❞s ❧✐❦❡ ✐♥ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠✳ ❚❤❡r❡
❛r❡ ❢♦✉r ❋❈P ❜♦❛r❞s✱ ❜✉t ♦♥❧② t✇♦ ♦❢ t❤❡♠ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❡✐❣❤t ❍■❈❆◆◆s ❡❛❝❤✳
■♥ ❝♦♥tr❛st t♦ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ t❤❡ ♦♥❧② ♠✐ss✐♥❣ t❤✐♥❣ ❛r❡ t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥s
❜❡t✇❡❡♥ t❤❡ ❍■❈❆◆◆s✳
❚❤❡ ✉s❡r ♦❢ t❤❡ ❈✉❜❡ ❙❡t✉♣ ♣❡r❝❡✐✈❡s ♥♦ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ✉s❛❣❡ ♦❢ t❤❡ ❈✉❜❡ ❙❡t✉♣

t❤❛♥ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠✳ ❚❤❡ s♦❢t✇❛r❡ st❛❝❦ ✐s ❝♦♠♣❧❡t❡❧② t❤❡
s❛♠❡✳

✺✾



✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

✶

✷

✸

✹

✺

✻
✼

✽

❋✐❣✉r❡ ✺✳✾✿ ❊①♣❧♦s✐♦♥ ✈✐❡✇ ♦❢ t❤❡ ❉❊◆❙❊ ♣r♦t♦t②♣❡ s②st❡♠✳ ✭✶✮ ❉❊◆❙❊ ♠❡❝❤❛♥✐❝
❢r❛♠❡✱ ✭✷✮ ❉❊◆❙❊ ❜♦❛r❞✱ ✭✸✮ ❩❆✶ st❡♥❝✐❧✱ ✭✹✮ ❙❛♠t❡❝ ❩❆✶ ❝♦♥♥❡❝t♦r✱
✭✺✮ ❉❉❈ ✈❡rt✐❝❛❧ ❤♦❧❞❡r✱ ✭✻✮ ❉♦✉❜❧❡ ❉❡♥s❡ ❈♦♥♥❡❝t♦r ❜♦❛r❞✱ ✭✼✮ ❉❉❈
❤♦❧❞❡r✱ ✭✽✮ ■❇♦❛r❞✲t♦✲❉❉❈ ✢❡①✲r✐❣✐❞ ❜♦❛r❞

✺✳✹ ❈♦♥♥❡❝t ❉❊◆❙❊ ❇♦❛r❞ ✇✐t❤ ❈✉❜❡ ❙❡t✉♣

❚❤❡ ♥❡✇ ❦❡② ❝♦♠♣♦♥❡♥t ✐♥ t❤❡ ♣r♦t♦t②♣❡ s②st❡♠ ✐s t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r✳ ■t ✐s ✉s❡❞ ❛s
❛ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t♦r ❜❡t✇❡❡♥ t❤❡ ❉❊◆❙❊ ❛♥❞ t❤❡ ❉❉❈ ❜♦❛r❞ ❧✐❦❡ t❤❡ ❡❧❛st♦♠❡r✐❝
❝♦♥♥❡❝t♦rs ✐♥ t❤❡ ❲❙■ s②st❡♠✳ ❚❤❡ ❣♦❛❧ ✐s t♦ ❤❛✈❡ s♦❧❞❡r✲❧❡ss ❛♥❞ r❡❧✐❛❜❧❡ ❝♦♥♥❡❝✲
t✐♦♥s✱ ✇❤❡r❡❛s t❤❡ ❝♦♥♥❡❝t♦r ❝❛♥ ❜❡ r❡✉s❡❞✳ ❚❤❡ ❉❉❈ ❜♦❛r❞ ❝♦♥♥❡❝ts t♦ t❤❡ ✐❇♦❛r❞
✈✐❛ t❤❡ ■❇♦❛r❞✲t♦✲❉❉❈ ✢❡①✲r✐❣✐❞ ❜♦❛r❞ ✭❋❧❡①❛❞❛♣t❡r✮✳
■♥ ✜❣✳ ✺✳✶✵ ❛♥ ❛ss❡♠❜❧❡❞ ❉❊◆❙❊ ♣r♦t♦t②♣❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❈✉❜❡ ❙❡t✉♣ ✐s s❤♦✇♥✳

■❇♦❛r❞✲t♦✲❉❉❈ ✢❡①✲r✐❣✐❞ ❜♦❛r❞ ■♥ ♣r✐♥❝✐♣❧❡✱ t❤❡ ❋❧❡①❛❞❛♣t❡r ✐s ❛♥ ❡①t❡♥s✐♦♥ ❝❛✲
❜❧❡✳ ■t ✐s ❛ ✢❡①✲r✐❣✐❞ ❜♦❛r❞ ✇✐t❤ t✇♦ r✐❣✐❞ ❛r❡❛s ❛t t❤❡ ❡♥❞s ♦❢ t❤❡ ❜♦❛r❞✳ ■♥ ❜❡t✇❡❡♥
✐s ❛ 20 cm ❧♦♥❣ ✢❡①✐❜❧❡ ❛r❡❛ ✇✐t❤ t✇♦ ❝♦♣♣❡r ❧❛②❡rs✳ ❖♥ ♦♥❡ s✐❞❡ ✐s t❤❡ ❝♦♥♥❡❝t♦r
t♦ t❤❡ ✐❇♦❛r❞ ❛♥❞ ♦♥ t❤❡ ♦t❤❡r ✐s t❤❡ ❝♦♥♥❡❝t♦r t♦ t❤❡ ❉❉❈ ❜♦❛r❞✳ ❚❤❡ ♣✐♥✲♦✉t ♦❢
❜♦t❤ ❝♦♥♥❡❝t♦rs ✐s ✐❞❡♥t✐❝❛❧✳
❖♥ t❤❡ ❜♦❛r❞ t❤❡r❡ ❛r❡ t❡♥ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐rs ❛♥❞ ❡✐❣❤t s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ✇❤✐❝❤
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✶

✷

❋✐❣✉r❡ ✺✳✶✵✿ Pr♦t♦t②♣❡ s②st❡♠ ✐♥ t❤❡ ❧❛❜♦r❛t♦r②✳ ❚❤❡ t✇♦ ❋❧❡①❛❞❛♣t❡rs ❝♦♥♥❡❝t t❤❡
❉❉❈ ❜♦❛r❞ ✇✐t❤ t❤❡ ✐❇♦❛r❞✳ ■♥ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥ t❤❡ ❋❈P ❜♦❛r❞ ❜♦❛r❞
❝❛♥ ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ ❢♦✉r ❍■❈❆◆◆s✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ❉❉❈ ❜♦❛r❞ ❛♥❞
t✇♦ ❋❧❡①❛❞❛♣t❡r ❜♦❛r❞s ✇♦✉❧❞ ❛❧❧♦✇ t❤❡ ♠❛①✐♠✉♠ ❝♦♥♥❡❝t✐✈✐t② ✇✐t❤
❡✐❣❤t ❍■❈❆◆◆s✳
■♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ ✐s t❤❡ ❈✉❜❡ ❙❡t✉♣ ✭✶✮ ✇✐t❤ ♦♥❡ ✐❇♦❛r❞ ✭✷✮✳
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✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

❤❛✈❡ t♦ ❜❡ ✐♠♣❡❞❛♥❝❡✲❝♦♥tr♦❧❧❡❞✳ ❚❤❡ s✐❣♥❛❧s r✉♥ ♦♥ t❤❡ t♦♣ ✢❡① ❧❛②❡r ❛♥❞ ●◆❉
s❤❛♣❡s ♦♥ t❤❡ ❜♦tt♦♠ ✢❡① ❧❛②❡r ❛r❡ r❡❢❡r❡♥❝❡ ♣❧❛♥❡s✳

❉♦✉❜❧❡ ❉❡♥s❡ ❈♦♥♥❡❝t♦r ❜♦❛r❞ ❚❤❡ ❉❉❈ P❈❇ ❤❛s s✐① ❝♦♣♣❡r ❧❛②❡rs ❛♥❞ ❤❛s ❛
❧❡♥❣t❤ ♦❢ 7.5 cm ❛♥❞ ❛ ✇✐❞t❤ ♦❢ 4.0 cm✳ ■t ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❛❞❛♣t❛t✐♦♥ ♦❢ t❤❡
♣❛❞ ❛rr❛② ❢r♦♠ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ t♦ t❤❡ ❋❧❡①❛❞❛♣t❡r ❝♦♥♥❡❝t♦r✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✐t ✐s
❡q✉✐♣♣❡❞ ✇✐t❤ ❜❧♦❝❦✐♥❣ ❝❛♣❛❝✐t♦rs ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧✐❡s ♦❢ t❤❡ ❝❤✐♣s✳ ❚❤❡r❡ ❛r❡ t✇♦
❝❛♣❛❝✐t♦rs ❢♦r ❡✈❡r② ✈♦❧t❛❣❡✿ ❛ ✵✹✵✷ ❝❛♣❛❝✐t♦r ✇✐t❤ 100 nF ❛♥❞ ❛ ✵✻✵✸ ❝❛♣❛❝✐t♦r ✇✐t❤
10 ➭F✳

❋✐❣✉r❡ ✺✳✶✶✿ P❤♦t♦❣r❛♣❤ ♦❢ t❤❡ ❉♦✉❜❧❡ ❉❡♥s❡ ❈♦♥♥❡❝t♦r ❜♦❛r❞✳ ❚❤❡ ❧❡❢t ❛♥❞ r✐❣❤t
❙❛♠t❡❝ ❝♦♥♥❡❝t♦rs ❣♦ t♦ t❤❡ ❋❧❡①❛❞❛♣t❡r✳ ■♥ t❤❡ ♠✐❞❞❧❡ ❛r❡ t❤❡ ❜❧♦❝❦✐♥❣
❝❛♣❛❝✐t♦rs ❢♦r t❤❡ ❢♦✉r ❍■❈❆◆◆ ❝❤✐♣s✳ ❖♥ ❜♦tt♦♠ ✐s t❤❡ s❛♠❡ ♣❛❞
str✉❝t✉r❡ ❛s ♦♥ t♦♣ ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳

❉✉❡ t♦ t❤❡ s✐③❡ ♦❢ t❤❡ ❋❧❡①❛❞❛♣t❡r ❝♦♥♥❡❝t♦r ✐t ✐s r❡❛s♦♥❛❜❧❡ t♦ ❞❡s✐❣♥ t❤❡ ❜♦❛r❞ s♦
t❤❛t ✐t ❝♦✈❡rs t✇♦ r❡t✐❝❧❡s ♦♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❍❡♥❝❡✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♠♠✉♥✐❝❛t❡
✇✐t❤ ❢♦✉r ❍■❈❆◆◆s ♦✈❡r ♦♥❡ ❉❉❈ ❜♦❛r❞✳
■t ✐s ♣♦ss✐❜❧❡ t♦ ♣❧❛❝❡ ❛ s❡❝♦♥❞ ❜♦❛r❞ ♥❡①t t♦ t❤❡ ✜rst ♦♥❡ ❛♥❞✱ t❤✉s✱ t♦ ❜❡ ❛❜❧❡ t♦

t❛❧❦ ✇✐t❤ ❡✐❣❤t ❍■❈❆◆◆s ❛t t❤❡ s❛♠❡ t✐♠❡✳

❙❛♠t❡❝ ❩❆✶ ❚❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ❝r❡❛t❡s ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ t✇♦ ❜♦❛r❞s✳
❚❤❡ ❝♦♥♥❡❝t♦r ❝♦♥s✐sts ♦❢ ❛♥ ✐♥t❡r♣♦s❡r ❜♦❛r❞ ✇✐t❤ s♣r✐♥❣ ❝♦♥t❛❝ts ♦♥ ❜♦t❤ s✐❞❡s✳
❚❤❡ ♣✐t❝❤ ❜❡t✇❡❡♥ t❤❡ ♣✐♥s ✐s 1mm✳ ❚❤❡ ♣❛❞s ❤❛✈❡ ❛ ✇✐❞t❤ ❛♥❞ ❤❡✐❣❤t ♦❢ 0.62mm
❛♥❞ ❛r❡ r♦t❛t❡❞ ❜② 45◦ ❬❙❛♠t❡❝✱ ✷✵✶✼❜❪✳ ❚❤❡ ♠❛①✐♠✉♠ t♦❧❡r❛♥❝❡ ✐♥ ♦♥❡ ❞✐r❡❝t✐♦♥ ✐s
❛❜♦✉t 0.4mm t♦ ❤❛✈❡ ❛ r❡❧✐❛❜❧❡ ❝♦♥t❛❝t✳ ❍❡r❡ t❤❡ s♠❛❧❧❡st ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ ✶✵ ①
✶✵ s♣r✐♥❣s ✐s ❝❤♦s❡♥✱ s❡❡ ✜❣✳ ✺✳✶✷✳ ❖t❤❡r ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ ❧❛r❣❡r t❤❛♥ t❤❡ ❛✈❛✐❧❛❜❧❡
r❡t✐❝❧❡ ❛r❡❛✳
❚❤❡ s♣r✐♥❣ ❝♦♥t❛❝ts ♦❢ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ♥❡❡❞ t♦ ❜❡ ❝♦♠♣r❡ss❡❞ t♦ ❡st❛❜❧✐s❤ ❛

r❡❧✐❛❜❧❡ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥✳ ❚❤❡ ❢♦r❝❡ ❢♦r t❤❡ ❝♦♠♣r❡ss✐♦♥ ✐s ❛♣♣❧✐❡❞ ❢r♦♠ t❤❡ ✜①❛t❡❞
❉❉❈ ❜♦❛r❞✳ ❚❤❡ ✜♥❛❧ ✈❡rt✐❝❛❧ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❉❉❈ ❜♦❛r❞ ✐s ❝❛❧❝✉❧❛t❡❞ t♦ ❜❡ ❛t t❤❡
♣♦✐♥t ✇❤❡r❡ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ✐s ❝♦♠♣r❡ss❡❞ t♦ 1mm✳
❚❤❡ st❛♥❞❛r❞ ✇❛② t♦ ❛❧✐❣♥ ❛ ❩❆✶ ❝♦♥♥❡❝t♦r ✐s ❜② ✉s✐♥❣ r❡❣✐st❡r ♣✐♥s✱ ✇❤✐❝❤ ❣♦

t❤r♦✉❣❤ t❤❡ ❤♦❧❡s ✐♥ t❤❡ ❝♦♥♥❡❝t♦r ❛♥❞ ❛❧❧ ♦t❤❡r ❝♦♠♣♦♥❡♥ts✳ ❚❤✐s ✐s ❢❡❛s✐❜❧❡ ❢♦r t❤❡
❝❤✐♣s ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✱ ✇❤❡r❡ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ♣❛❞s ❛r❡ ♦✉ts✐❞❡ t❤❡ ✇❛❢❡r ❛r❡❛✳
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✺✳✹ ❈♦♥♥❡❝t ❉❊◆❙❊ ❇♦❛r❞ ✇✐t❤ ❈✉❜❡ ❙❡t✉♣

❋✐❣✉r❡ ✺✳✶✷✿ ❚❤❡ ❧❡❢t ✐♠❛❣❡ s❤♦✇s t❤❡ t♦♣ ♦❢ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r✳ ❚❤✐s ❝♦♥♥❡❝t♦r ❝♦♥✲
✜❣✉r❛t✐♦♥ ✐s t❤❡ s♠❛❧❧❡st ♦❢ t❤❡ s❡r✐❡s✱ ✐t ❤❛s t❡♥ r♦✇s ✇✐t❤ t❡♥ s♣r✐♥❣
❝♦♥t❛❝ts ❡❛❝❤✳ ❖♥ t❤❡ ❜♦tt♦♠ ✐s t❤❡ s❛♠❡ ❛rr❛♥❣❡♠❡♥t ♦❢ s♣r✐♥❣ ❝♦♥✲
t❛❝ts ❛s ♦♥ t♦♣✳ ❚❤r♦✉❣❤ t❤❡ ❤♦❧❡s ❛r❡ t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s ♦♥ t❤❡ ❉❊◆❙❊
❜♦❛r❞ ✈✐s✐❜❧❡✳ ❚❤❡ r✐❣❤t ✐♠❛❣❡ ✐s ❛♥ ❡♥❧❛r❣❡♠❡♥t ♦♥ t❤❡ s♣r✐♥❣ ❝♦♥t❛❝ts✳

❚❤❡r❡ ❤♦❧❡s ❢♦r t❤❡ r❡❣✐st❡r ♣✐♥s ❛r❡ ♣♦ss✐❜❧❡✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ❢♦r t❤❡ ❝❤✐♣s ✇✐t❤ t❤❡
♣❛❞s ❞✐r❡❝t❧② ♦♥ t♦♣ ♦❢ t❤❡ ✇❛❢❡r ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❛❞❞ t❤❡ ❤♦❧❡s✳ ❚❤❡s❡ ❤♦❧❡s ❤❛❞ t♦
❜❡ ❞r✐❧❧❡❞ t❤♦✉❣❤ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✇❤✐❝❤ ✇♦✉❧❞ ❞❡str♦② t❤❡ ❝✐r❝✉✐ts ♦♥ ✐t✳ ❚❤❡r❡❢♦r❡✱
❛♥♦t❤❡r ♠❡t❤♦❞ ❢♦r t❤❡ ❛❧✐❣♥♠❡♥t ❢♦r t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦rs ✇❛s ❞❡✈❡❧♦♣❡❞✳ ❆ st❡♥❝✐❧
✇✐t❤ ❝✉t✲♦✉ts ❢♦r t❤❡ ❝♦♥♥❡❝t♦rs ✐s ♣r♦❞✉❝❡❞✳ ■t ✐s ✜①❛t❡❞ ❛t t❤❡ ✉♣♣❡r ❛♥❞ ❧♦✇❡r
❡❞❣❡ ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❛♥❞ ❤❛s s❧♦ts ❢♦r ❡✐❣❤t ❩❆✶ ❝♦♥♥❡❝t♦rs✳ ❚❤❡ ❛❞✈❛♥t❛❣❡ ✐s
t❤❛t ♦♥❝❡ t❤❡ ♣♦s✐t✐♦♥ ✐s ❝♦rr❡❝t✱ t❤❡ ♣♦s✐t✐♦♥ ♦❢ ❛❧❧ ❡✐❣❤t s❧♦ts ✐s ❝♦rr❡❝t✳ ❚❤❡ ❤❡✐❣❤t
♦❢ t❤❡ st❡♥❝✐❧ ✐s ❡①❛❝t❧② 1mm ❧✐❦❡ t❤❡ ❤❡✐❣❤t ♦❢ ❛ ❝♦♠♣r❡ss❡❞ ❩❆✶ ❝♦♥♥❡❝t♦r✳ ❍❡♥❝❡✱
t❤❡ st❡♥❝✐❧ ♣r❡✈❡♥ts ❛♥ ♦✈❡r ❝♦♠♣r❡ss✐♦♥ ♦❢ t❤❡ s♣r✐♥❣ ❝♦♥t❛❝ts ♦♥ t❤❡ ✐♥t❡r♣♦s❡r✳

❈♦♥str✉❝t✐♦♥ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ❝❛♥ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡
❉❊◆❙❊ ♣r♦t♦t②♣❡ s❡t✉♣ ❝❛♥ ❜❡ ❞♦♥❡ ✐♥ ❛♥② ❧❛❜♦r❛t♦r② ❛♥❞ ❞♦❡s ♥♦t ♥❡❡❞ t♦ ❜❡ ✐♥ ❛
❝❧❡❛♥ r♦♦♠✳ ❚❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s ❛✐r✲t✐❣❤t ❡♥❝❛♣s✉❧❛t❡❞ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧❧② ♣r♦t❡❝t❡❞
❜② t❤❡ P❈❇✳
❋✐rst✱ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✐s s❝r❡✇❡❞ ♦♥ t✐❣❤t❧② ✇✐t❤ t❤❡ ♠❡❝❤❛♥✐❝ ❢r❛♠❡✳ ◆❡①t t❤❡

❩❆✶ st❡♥❝✐❧ ❣❡ts ♣♦s✐t✐♦♥❡❞✳ ❖♥❡ ❩❆✶ ❝♦♥♥❡❝t♦r ✐s ✐♥s❡rt❡❞ ✐♥t♦ ♦♥❡ ♦❢ t❤❡ s❧♦ts ✐♥ t❤❡
st❡♥❝✐❧✳ ◆♦✇ t❤❡ st❡♥❝✐❧ ✐s ♠♦✈❡❞ ✉♥t✐❧ t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s ♦♥ t❤❡ ❉❊◆❙❊ ❛r❡ ✈✐s✐❜❧❡
t❤r♦✉❣❤ t❤❡ ❤♦❧❡s ✐♥ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ❛♥❞ t❤❡♥ ✜①❛t❡❞✳ ❆❞❞✐t✐♦♥❛❧ ❩❆✶ ❝♦♥♥❡❝t♦rs
❝❛♥ ❜❡ ♣✉t ✐♥t♦ ❢r❡❡ s❧♦ts✳ ❚❤❡ ✈❡rt✐❝❛❧ ❤♦❧❞❡r ✐s ♣❧❛❝❡❞ ♦✈❡r t❤❡ st❡♥❝✐❧ ❛♥❞ s❝r❡✇❡❞
❞♦✇♥ ✇✐t❤ t❤❡ ♠❡❝❤❛♥✐❝ ❢r❛♠❡✳ ❚❤❡ ✉♣♣❡r ❛♥❞ ❧♦✇❡r ❡❞❣❡ ♦❢ t❤❡ ❉❊◆❙❊ ❢r❛♠❡ ✐s
❤✐❣❤❡r t❤❛♥ t❤❡ st❛❝❦ ♦❢ ❉❊◆❙❊ ❜♦❛r❞ ❛♥❞ ❩❆✶ ❤♦❧❞❡r✱ s♦ t❤❛t t❤❡ ✈❡rt✐❝❛❧ ❤♦❧❞❡r
❧✐❡s ♦♥ t♦♣ ♦❢ t❤❡♠✳ ❚❤❡♥ t❤❡ ♣❛❝❦❛❣❡ ♦❢ ❉❉❈ ❛♥❞ ❉❉❈ ❤♦❧❞❡r ✐s ♣♦s✐t✐♦♥❡❞ ✇✐t❤✐♥
t❤❡ ✈❡rt✐❝❛❧ ❤♦❧❞❡r✳
❇② t✐❣❤t❡♥✐♥❣ t❤❡ s❝r❡✇s ♦❢ t❤❡ ❉❉❈ ❤♦❧❞❡r t❤❡ ❉❉❈ ❜♦❛r❞ ✐s ❧♦✇❡r❡❞ ❞♦✇♥✳

❉✉r✐♥❣ t❤✐s ♣r♦❝❡ss t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ❣❡ts ❝♦♠♣r❡ss❡❞ t♦ 1mm✳ ❆t t❤❡ ❧♦✇❡st
♣♦s✐t✐♦♥ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❉❉❈ ❜♦❛r❞ ❛♥❞ t❤❡ ❉❊◆❙❊ ❢r❛♠❡ ✐s t❤❡ ❤❡✐❣❤t
♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❛♥❞ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r✱ s❡❡ ✜❣✳ ✺✳✶✸✳ ❆t ❧❛st t❤❡ ❋❧❡①❛❞❛♣t❡r
✐s ♣❧✉❣❣❡❞ ✐♥t♦ t❤❡ ❉❉❈ ❛♥❞ t❤❡ ✐❇♦❛r❞✳ ❚❤❡ ♣r♦t♦t②♣❡ ✐s r❡❛❞② ❛♥❞ t❤❡ ❍■❈❆◆◆s
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✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

❋✐❣✉r❡ ✺✳✶✸✿ ❈r♦ss s❡❝t✐♦♥ ♦❢ t❤❡ ❉❊◆❙❊ ♣r♦t♦t②♣❡ s②st❡♠✳ ❚❤❡ ❡❞❣❡ ♦❢ t❤❡ ❉❊◆❙❊
❢r❛♠❡ ✐s ❛s ❤✐❣❤ ❛s t❤❡ st❛❝❦ ♦❢ ❉❊◆❙❊ ❜♦❛r❞ ❛♥❞ ❩❆✶ ❝♦♥♥❡❝t♦r✳

❝❛♥ ❜❡ t✉r♥❡❞ ♦♥✳

✺✳✺ ❚❡st ▼❡t❤♦❞s

❚❤❡ ❛❝❝❡ss✐❜❧❡ ❝❤✐♣s ♦♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❛r❡ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ s✐♥❣❧❡ ❍■❈❆◆◆
t❡st ❝❤✐♣s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t♦♦❧s t❡st✐♥❣ ❛♥❞ ❝❤❛r❛❝t❡r✐③✐♥❣ ❛ s✐♥❣❧❡ ❍■❈❆◆◆ ❝❛♥ ❜❡
✉s❡❞ ❢♦r t❤❡ ❉❊◆❙❊ ♣r♦t♦t②♣❡✳ ■t s❛✈❡s t✐♠❡ ❛♥❞ ❛❧s♦ ❤❡❧♣s ✐♠♣r♦✈✐♥❣ t❤❡ s♦❢t✇❛r❡
st❛❝❦✳
❚❤❡ t❡sts ✉s❡❞ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s✳ ❆t ✜rst s✐♠♣❧❡ t❡sts s❤♦✉❧❞

♣r♦✈❡ t❤❛t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♠♠✉♥✐❝❛t❡ ✇✐t❤ t❤❡ ❝❤✐♣s✳ ❚❤❡♥ t❤❡ ❛♥❛❧♦❣ ♣❛r❛♠❡t❡r
st♦r❛❣❡ ✐s ❝❤❡❝❦❡❞ ❢♦r ♣r♦♣❡r ✇♦r❦✐♥❣✳ ❆t ❧❛st ❛ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥ s❤♦✉❧❞ s❤♦✇ t❤❛t
t❤❡ ♥❡✉r♦♥ ❜❡❤❛✈❡s ❧✐❦❡ ❡①♣❡❝t❡❞ ❢r♦♠ s✐♠✉❧❛t✐♦♥✳

✺✳✺✳✶ ▲❱❉❙ ▲✐♥❦ ❘❡s✐st❛♥❝❡

❊✈❡r② ❤✐❣❤✲s♣❡❡❞ ▲❱❉❙ ❧✐♥❦ ❤❛s ❛ t❡r♠✐♥❛t✐♦♥ r❡s✐st♦r ❜❡t✇❡❡♥ ✐ts ♥✲ ❛♥❞ ♣✲❧✐♥❡✱ s❡❡
✜❣✳ ✺✳✶✹✳ ■t ✐s ✐♥t❡♥❞❡❞ t♦ ♠❛t❝❤ t❤❡ ♦✉t♣✉t ❛♥❞ ✐♥♣✉t r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❞r✐✈❡r ❛♥❞
r❡❝❡✐✈❡r ❝✐r❝✉✐t ✇✐t❤ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡ ✐♠♣❡❞❛♥❝❡ Zdiff ✳ ❚❤❡ r❡s✐st❛♥❝❡ ✐s ♠❡❛s✉r❡❞
❡❛s✐❧② ✇✐t❤ ❛ ♠✉❧t✐♠❡t❡r✳ ❚❤❡ ❝♦rr❡❝t ✈❛❧✉❡ ✐s ❛r♦✉♥❞ 120Ω✳

❉r✐✈❡r

−

+

♥

♣

12
0
Ω

♥ −

♣ +

❘❡❝❡✐✈❡r

12
0
Ω

❋✐❣✉r❡ ✺✳✶✹✿ ❚❡r♠✐♥❛t✐♦♥ r❡s✐st♦rs ✐♥ t❤❡ ▲❱❉❙ ❧✐♥❦s✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡s ❣♦ t♦ ♣❛❞s
♦♥ t♦♣ ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✇❤❡r❡ t❤❡② ❝❛♥ ❡❛s✐❧② ❜❡ ❛❝❝❡ss❡❞✳

❚❤✐s s✐♠♣❧❡ t❡st s❤♦✇s ✐❢ t❤❡ ✈✐❛s ❜❡t✇❡❡♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ t❤❡ ❝♦♣♣❡r ❧❛②❡r
❡①✐st ❛♥❞ ✇♦r❦ ♣r♦♣❡r❧②✳
❊✈❡r② ♣✐♥ ♦❢ t❤❡ ❝❤✐♣ ❤❛s ❊❙❉ ❞✐♦❞❡s ❛t ❤✐s ✐♥♣✉t✳ ■t ✇♦✉❧❞ ❜❡ ♣♦ss✐❜❧❡ t♦ ♦♣❡r❛t❡

t❤❡s❡ ❞✐♦❞❡s ✐♥ ❢♦r✇❛r❞✲♠♦❞❡ ❛♥❞ ♠❡❛s✉r❡ t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ♦✈❡r t❤❡ ❞✐♦❞❡s ❧✐❦❡ ♦♥
t❤❡ t❡st ❜♦❛r❞s ❢♦r t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠✳ ❚❤✐s ✇❛② ❛❞❞✐t✐♦♥❛❧ ✈✐❛s t♦ t❤❡ ✇❛❢❡r
❝♦✉❧❞ ❜❡ ❝❤❡❝❦❡❞✱ ❡✳❣✳ ♦❢ t❤❡ ♣♦✇❡r s✉♣♣❧② ♣❛❞s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡ ❡✛♦rt ✐s ❤✐❣❤❡r
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✺✳✺ ❚❡st ▼❡t❤♦❞s

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

✺✳✺✳✷ ❙✇✐t❝❤r❛♠ ❚❡st

❚❤❡ ✜rst ❞✐❣✐t❛❧ t❡st ♣❡r❢♦r♠❡❞ ✐s t❤❡ ❙✇✐t❝❤r❛♠ t❡st ✇r✐tt❡♥ ❜② ❆♥❞r❡❛s ●rü❜❧✳ ❚❤❡
t❡st ✇r✐t❡s r❛♥❞♦♠ ❞❛t❛ ✐♥ t❤❡ ❝✉st♦♠ ❙t❛t✐❝ ❘❛♥❞♦♠ ❆❝❝❡ss ▼❡♠♦r② ✭❙❘❆▼✮ ❝❡❧❧s
♦❢ t❤❡ ❝r♦ss❜❛r s✇✐t❝❤❡s✳ ❚❤❡ ❞❛t❛ ✐s r❡❛❞ ❜❛❝❦ ❛♥❞ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ s❡♥t ❞❛t❛✳ ❚❤❡
t❡st ✐ts❡❧❢ ✐s s✐♠♣❧❡✱ ❜✉t ✐t ❝♦✈❡rs s❡✈❡r❛❧ t♦♣✐❝s✳ ❆t ✜rst ✐t ❝❤❡❝❦s t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥
✇✐t❤ t❤❡ ✇❛❢❡r✳ ■t r❡❛❞s t❤❡ ❏❚❆●✲■❉s ♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣s ❛♥❞ t❤❡ ❋❈P ❜♦❛r❞✳
❚❤✐s ❡♥s✉r❡s t❤❛t t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✈✐❛ t❤❡ ❏❚❆● ❝❤❛♥♥❡❧ ✐s ✇♦r❦✐♥❣ ❛♥❞ st❛❜❧❡✳
❲✐t❤♦✉t ✐t t❤❡ ✐♥✐t✐❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ❤✐❣❤✲s♣❡❡❞ ▲❱❉❙ ❧✐♥❦s ✇♦✉❧❞ ♥♦t ❜❡ ♣♦ss✐❜❧❡✳
❚❤❡ ❡①❝❤❛♥❣❡ ♦❢ t❤❡ ❧✐♥❦ ♣r♦♣❡rt✐❡s ❜❡t✇❡❡♥ t❤❡ ❋❈P ❜♦❛r❞ ❛♥❞ ❍■❈❆◆◆ ❝❤✐♣ ✐s
❞♦♥❡ ✈✐❛ ❏❚❆●✳ ❚❤❡ ❆✉t♦♠❛t✐❝ ❘❡♣❡❛t r❡◗✉❡st ✭❆❘◗✮ ♣r♦t♦❝♦❧ ❝❛♥ ❜❡ ✉s❡❞ ❛s
❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧❛②❡r ♦♥ t♦♣ ♦❢ t❤❡ ♣❤②s✐❝❛❧ ❧✐♥❦ ❧❛②❡r ❬P❤✐❧✐♣♣✱ ✷✵✵✽❀
❑❛r❛s❡♥❦♦✱ ✷✵✶✹❪✳
■❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❤❛♥♥❡❧ ✐s s❡t ✉♣ t❤❡ ❞❛t❛ ✐s s❡♥t ❞♦✇♥ t♦ t❤❡ ❝❤✐♣✳ ❊❛❝❤

♣❛❝❦❡t ❝♦♥t❛✐♥s ❛♥ ❛❞❞r❡ss ❛♥❞ ❛ ❞❛t❛ ✇♦r❞ ♦❢ ✶✻✲❜✐t ✇✐❞t❤✳ ■♥ t♦t❛❧ ✶✶✷ ❛❞❞r❡ss❡s
❛r❡ t❡st❡❞✳ ◆❡①t t❤❡ ❞❛t❛ ✐s r❡❛❞ ❜❛❝❦ ❛♥❞ ❝❤❡❝❦❡❞ ✐❢ ✐t ✐s ❝♦rr❡❝t✳
❊rr♦rs ❝❛♥ ♦❝❝✉r ♦♥ ❞✐✛❡r❡♥t ❧❡✈❡❧s✳ ❆ ❍■❈❆◆◆ ■❉ ♦❢ ✵①✵✵✵✵✵✵✵✵ ♦r ✵①✛✛✛✛✱ ❢♦r

❡①❛♠♣❧❡✱ ✐s ♠♦st✲❧✐❦❡❧② ❛♥ ♦♣❡♥ ❝♦♥♥❡❝t✐♦♥ ♦r ❛ s❤♦rt ✐♥ t❤❡ ❚❉■✴❚❉❖ ❧✐♥❡✳
❆♥♦t❤❡r ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ t❡st ✐s t❤❛t t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝❛♥ ❢❛❧❧❜❛❝❦ t♦ ❛ ❧♦✇❡r

❧❡✈❡❧✳ ■❢ t❤❡r❡ ✐s ❛ ♣r♦❜❧❡♠ ✇✐t❤ t❤❡ ❤✐❣❤✲s♣❡❡❞ ❧✐♥❦✱ t❤❡ s♦❢t✇❛r❡ r❡t✉r♥s t♦ t❤❡
❏❚❆● ✐♥t❡r❢❛❝❡✳ ❚❤❡ t❡st t❛❦❡s ❧♦♥❣❡r ❛s t❤❡ t❤r♦✉❣❤♣✉t ♦❢ t❤❡ ❏❚❆● ✐♥t❡r❢❛❝❡ ✐s
♠✉❝❤ ❧♦✇❡r t❤❛♥ ♦❢ t❤❡ ❤✐❣❤✲s♣❡❡❞ ❧✐♥❦s✳

✺✳✺✳✸ ❋❧♦❛t✐♥❣✲●❛t❡ ❈❡❧❧ ❚❡st

❚❤❡ ❋❧♦❛t✐♥❣✲❣❛t❡ ▼❖❙❋❊❚ ✭❋●▼❖❙✮ ✐s ❛ ♠♦❞✐✜❡❞ ✜❡❧❞✲❡✛❡❝t tr❛♥s✐st♦r ✇❤✐❝❤ ❤❛s
❛ s♦✉r❝❡ ❛♥❞ ❞r❛✐♥ ♣♦rt ❧✐❦❡ ❛ st❛♥❞❛r❞ ▼❖❙❋❊❚✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ▼❖❙❋❊❚ ✐s
❤❛s t✇♦ ❣❛t❡s✳ ❖♥❡ ✐s ❝♦♠♣❧❡t❡❧② ✐s♦❧❛t❡❞✱ ❝❛❧❧❡❞ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡✱ ❛♥❞ t❤❡ ♦t❤❡r
❧✐❡s ♦♥ t♦♣ ♦❢ ✐t✱ t❤❡ ❝♦♥tr♦❧ ❣❛t❡✳ ❚❤❡ st❛t❡ ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❞❡✜♥❡s t❤❡ ❜❡❤❛✈✐♦r
♦❢ t❤❡ tr❛♥s✐st♦r✳ ■❢ t❤❡r❡ ✐s ♥♦ ❝❤❛r❣❡ ♦♥ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡✱ t❤❡ ❝❡❧❧ ❜❡❤❛✈❡s ❧✐❦❡ ❛
t②♣✐❝❛❧ ▼❖❙❋❊❚✳ ❇② ❛❞❞✐♥❣ ❡❧❡❝tr♦♥s t♦ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❤❡ t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡ ♦❢
t❤❡ tr❛♥s✐st♦r ❣❡ts s❤✐❢t❡❞✳ ❚❤❡ ❛♠♦✉♥t ♦❢ ❝❤❛r❣❡ ♦♥ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝♦♥tr♦❧s t❤❡
r❡s✐st❛♥❝❡ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❝❤❛♥♥❡❧✳ ❚❤❡ ❝❤❛r❣✐♥❣ ♦r ❞✐s❝❤❛r❣✐♥❣ ✐s ❞♦♥❡ ❜② ❋♦✇❧❡r✲
◆♦r❞❤❡✐♠✲❚✉♥♥❡❧✐♥❣ ♦r ❤♦t✲❝❛rr✐❡r ✐♥❥❡❝t✐♦♥✳ ❆ ❞❡t❛✐❧❡❞ ✐♥tr♦❞✉❝t✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞
✐♥ ❬P❛✈❛♥ ❡t ❛❧✳✱ ✷✵✵✹❪✳ ■♥ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s ❛r❡ ✉s❡❞
❛s ❛♥ ❛♥❛❧♦❣ ♣❛r❛♠❡t❡r st♦r❛❣❡✳ ❚❤❡r❡ ❛r❡ ✈♦❧t❛❣❡ ❝❡❧❧s ✇❤✐❝❤ ❤❛✈❡ ❛ ♣r♦❣r❛♠♠❛❜❧❡
♦✉t♣✉t ✈♦❧t❛❣❡ ❜❡t✇❡❡♥ 0V ❛♥❞ 1.8V ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡r❡ ❛r❡ ❝❡❧❧s ✇✐t❤ ❛ ❝✉rr❡♥t
♠✐rr♦r ✐♥ t❤❡ ♦✉t♣✉t st❛❣❡✱ ✇❤✐❝❤ ❝♦♥✈❡rts t❤❡ st♦r❡❞ ✈♦❧t❛❣❡ ✐♥t♦ ❛ ❝✉rr❡♥t✳
❚❤❡ ❍■❈❆◆◆ ❝❤✐♣ ❤❛s ❢♦✉r ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s✳ ❊❛❝❤ ❜❧♦❝❦ ❝♦♥s✐sts ♦❢ ✷✹ r♦✇s

✇❤❡r❡ ❡✈❡r② r♦✇ ❤❛s ✶✷✾ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s✳ ❚❤❡ ❡✈❡♥ r♦✇s ❛r❡ ✈♦❧t❛❣❡ ❝❡❧❧s ❛♥❞ t❤❡

✻✺



✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

✉♥❡✈❡♥ ❛r❡ ❝✉rr❡♥t ❝❡❧❧s✳ ■♥ t♦t❛❧ t❤❡r❡ ❛r❡ 4 ∗ 24 ∗ 129 = 12384 st♦r❛❣❡ ❝❡❧❧s ♦♥ ♦♥❡
❍■❈❆◆◆ ❝❤✐♣ ❬❍❇P ❙P✾ ♣❛rt♥❡rs✱ ✷✵✶✹❪✳
❚❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ♥❡✉r♦♥✬s ❜❡❤❛✈✐♦r ✐s ♠❛✐♥❧② ❞♦♥❡ ✈✐❛ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡

❝❡❧❧s✳ ❚❤❡② st♦r❡ t❤❡ r❡st✐♥❣ ❛♥❞ r❡s❡t ♣♦t❡♥t✐❛❧✱ t❤❡ r❡❢r❛❝t♦r② ♣❡r✐♦❞ ❡t❝✳ ❉✉❡
t♦ t❤❡ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❝❡❧❧s ✐♥✈♦❧✈❡❞ ♣r♦❜❧❡♠s ✐♥❞✉❝❡❞ ❜② t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss
✇♦✉❧❞ ❜❡ ✈✐s✐❜❧❡✳ ❚❤❡ ❝♦♥❞✉❝t❡❞ t❡st ✇❛s ✇r✐tt❡♥ ❜② ❙❡❜❛st✐❛♥ ❙❝❤♠✐tt✳ ■t ❞r❛✇s ❢♦r
❡❛❝❤ ❝❡❧❧ ❛ r❛♥❞♦♠ ✈❛❧✉❡✱ t❤❡♥ t❤❡ ❝❡❧❧s ❛r❡ ♣r♦❣r❛♠♠❡❞ t♦ t❤❡s❡ ✈❛❧✉❡s✳ ❆❢t❡r✇❛r❞s
t❤❡ st♦r❡❞ ✈❛❧✉❡ ✐s r❡❛❞ ❜❛❝❦ ✇✐t❤ t❤❡ ❆♥❛❘▼✳ ❚❤❡ s♦❢t✇❛r❡ ❝♦♠♣❛r❡s t❤❡ ❞✐❣✐t✐③❡❞
✈❛❧✉❡ ✇✐t❤ t❤❡ ✐♥✐t✐❛❧❧② ❝❤♦s❡♥ ✈❛❧✉❡✳ ❍❡♥❝❡✱ ❛ ❞✐✈❡r❣❡♥t ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝❡❧❧s ✇♦✉❧❞
❜❡ ✈✐s✐❜❧❡✳ ❚❤❡ ❡rr♦r ♣❛tt❡r♥ ✇♦✉❧❞ ❜❡ t❤❡ s❛♠❡ ❛s ❢♦r t❤❡ ❙✇✐t❝❤r❛♠ t❡st✳ ❇r♦❦❡♥
❝❡❧❧s r❡t✉r♥ ❛ ✇r♦♥❣ ✈❛❧✉❡✳

✺✳✺✳✹ ◆❡✉r♦♥ ❈❛❧✐❜r❛t✐♦♥

❚❤❡ ♠♦st ❝♦♠♣❧❡① t❛s❦ ✐s t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ ❛ ❍■❈❆◆◆ ❝❤✐♣✳ ❚❤❡ ❣♦❛❧ ♦❢ t❤❡ ❝❛❧✐❜r❛✲
t✐♦♥ ✐s t♦ ❤❛✈❡ ❛ st❛❜❧❡ ❛♥❞ r❡♣r♦❞✉❝✐❜❧❡ s❡t ♦❢ ♣❛r❛♠❡t❡rs ❢♦r ❡❛❝❤ ♥❡✉r♦♥✱ s♦ t❤❛t ✐t
❜❡❤❛✈❡s ❧✐❦❡ t❤❡ ✉♥❞❡r❧②✐♥❣ ♥❡✉r♦♥ ♠♦❞❡❧ ❛♥❞ t❤❛t t❤❡ ✈❛r✐❛t✐♦♥s ❜❡t✇❡❡♥ ♥❡✉r♦♥s
❛r❡ ♠✐♥✐♠✐③❡❞✳ ❆t t❤❡ t✐♠❡ ♦❢ t❤✐s ✇♦r❦ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ✇❛s ❝❛♣❛❜❧❡ t♦ ♠❛t❝❤ t❤❡
♥❡✉r♦♥✬s ❜❡❤❛✈✐♦r t♦ t❤❡ ▲❡❛❦② ■♥t❡❣r❛t❡✲❛♥❞✲❋✐r❡ ♠♦❞❡❧✳ ❚❤❡ ❡①t❡♥s✐♦♥ t♦ t❤❡ ❢✉❧❧
❝❛♣❛❜✐❧✐t✐❡s ♦❢ t❤❡ ❆❞❛♣t✐✈❡ ❡①♣♦♥❡♥t✐❛❧ ✐♥t❡❣r❛t❡✲❛♥❞✲✜r❡ ▼♦❞❡❧ ✐s ✇♦r❦ ❜② ▼✐t❥❛
❑❧❡✐❞❡r ❬❑❧❡✐❞❡r ✱ ✷✵✶✼❪✳ ❚❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ ✐s ❞❡✈❡❧♦♣❡❞ ❜② ♥✉♠❡r♦✉s ♣❡rs♦♥s
♦❢ t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✳ ❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥ ✐s
✐♥ ❬❙❝❤✇❛rt③ ✱ ✷✵✶✸❀ ❙❝❤♠✐❞t ✱ ✷✵✶✹❪✳ ❇♦t❤ ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❍■❈❆◆◆✈✷ ❝❤✐♣ ❛♥❞ ❛r❡
♥♦t ❝❛❧✐❜r❛t✐♥❣ t❤❡ s②♥❛♣t✐❝ ✐♥♣✉t ♦❢ t❤❡ ♥❡✉r♦♥✳ ❚❤❡ s②♥❛♣t✐❝ ✐♥♣✉t ❝❛❧✐❜r❛t✐♦♥ ✇❛s
❞❡✈❡❧♦♣❡❞ ❜② ❈❤r✐st♦♣❤ ❑♦❦❡ ❢♦r t❤❡ ♥❡✇❡r ❍■❈❆◆◆✈✹✶ ❝❤✐♣ ❬❑♦❦❡✱ ✷✵✶✼❪✳ ■♥ ❤✐s
✇♦r❦ ❤❡ ❛❧s♦ ✐♠♣r♦✈❡❞ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ♥❡✉r♦♥✱ ✇❤✐❝❤ ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡
❍■❈❆◆◆✈✷ ❝❛❧✐❜r❛t✐♦♥ t♦♦✳
■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤ ❛♥ ✐♥tr♦❞✉❝t✐♦♥ ✐♥t♦ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡ss ✐s ❣✐✈❡♥✳
❚❤❡ ❣❡♥❡r❛❧ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝✐r❝✉✐ts ✐s ♣r♦✈❡♥ ✇✐t❤ s♦❢t✇❛r❡ s✐♠✉❧❛t✐♦♥s ❜❡❢♦r❡ t❤❡

❝❤✐♣ ♣r♦❞✉❝t✐♦♥✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❝♦♠♣♦♥❡♥ts ♦♥ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡✱ ❧✐❦❡ tr❛♥✲
s✐st♦rs ♦r ❝❛♣❛❝✐t♦rs✱ ❛r❡ ♥♦t ♣❡r❢❡❝t✳ ❚❤❡② ❤❛✈❡ s♠❛❧❧ t✐♠❡✲✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛t✐♦♥s
❝♦♠✐♥❣ ❢r♦♠ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♣r♦❝❡ss✱ ❡✳❣✳ ✈❛r✐❛t✐♦♥ ✐♥ s✐③❡ ♦r ❞♦♣✐♥❣✳ ■♥ ❣❡♥❡r❛❧✱
t❤❡s❡ ✜①❡❞ ♣❛tt❡r♥ ✈❛r✐❛t✐♦♥s ❞♦ ♥♦t ❞✐st✉r❜ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❞✐❣✐t❛❧ ❝✐r❝✉✐ts ❜✉t ✐♥
❛♥❛❧♦❣ ❝✐r❝✉✐ts t❤❡② ❝❛♥ ❤❛✈❡ ❛♥ ✐♥✢✉❡♥❝❡✳ ❚❤❡r❡ ❛r❡ ❛❧s♦ t✐♠❡✲❞❡♣❡♥❞❡♥t ✈❛r✐❛t✐♦♥s
❧✐❦❡ ❝❤❛♥❣❡s ✐♥ t❡♠♣❡r❛t✉r❡ ❛♥❞ s✉♣♣❧② ✈♦❧t❛❣❡s✳ ❍♦✇❡✈❡r✱ t❤❡ s②st❡♠ ✐s s♣❡❝✐✜❡❞
t♦ ✇♦r❦ ✐♥ ❛ ❞❡✜♥❡❞ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ❛r♦✉♥❞ 50 ◦C ❛♥❞ t❤❡ ♣♦✇❡r s✉♣♣❧✐❡s ❞❡❧✐✈❡r
✈♦❧t❛❣❡s ✇✐t❤ ❛ ♠✐♥✐♠✉♠ ♦❢ ✢✉❝t✉❛t✐♦♥s✳ ❍❡♥❝❡✱ t❤❡s❡ ♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞
❢♦r t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡ss✳
❊❛❝❤ ♥❡✉r♦♥ ❤❛s ✷✸ ✐♥❞✐✈✐❞✉❛❧ ♣❛r❛♠❡t❡rs t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ♣r♦❝❡ss

✈❛r✐❛t✐♦♥s✳ ❚❤❡ ♥❡✉r♦♥ ♣❛r❛♠❡t❡rs ❛r❡ ❧✐st❡❞ ✐♥ t❛❜❧❡ ❆✳✻✳ ❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡
♣r❡✈✐♦✉s s❡❝t✐♦♥ t❤❡ ♥❡✉r♦♥ ♣❛r❛♠❡t❡rs ❛r❡ st♦r❡❞ ✐♥ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s✳
❚❤❡ ♣r♦❝❡❞✉r❡ ❢♦r t❤❡ ❝❛❧✐❜r❛t✐♦♥ ✐s s♣❧✐t ✐♥t♦ t✇♦ ♣❛rts✳ ■♥ t❤❡ ✜rst ♣❛rt t❤❡

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

❞✐✛❡r❡♥t ✇♦r❦✐♥❣ ♣♦✐♥ts✳
❚❤❡ ♦❜s❡r✈❛t✐♦♥ ♣♦ss✐❜✐❧✐t✐❡s ♦♥ t❤❡ ❍■❈❆◆◆ ❝❤✐♣ ❛r❡ ❧✐♠✐t❡❞✱ ♥♦t ❡✈❡r② ♣❛rt ♦❢ t❤❡
♥❡✉r♦♥ ❝✐r❝✉✐t ❝❛♥ ❜❡ ✐♥❞✐✈✐❞✉❛❧❧② r❡❝♦r❞❡❞✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ r❡❝♦r❞ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡
❝❡❧❧ ✈❛❧✉❡s ❛♥❞ t❤❡ ♠❡♠❜r❛♥❡ ✈♦❧t❛❣❡ ♦❢ t❤❡ ♥❡✉r♦♥s✳ ❚❤✉s✱ ❝❡rt❛✐♥ ♣❛r❛♠❡t❡rs ❛r❡
♦♥❧② ✐♥❞✐r❡❝t❧② ♠❡❛s✉r❛❜❧❡✳ ❚❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ ♦❜s❡r✈❡❞ ❜② t❤❡✐r ✐♥✢✉❡♥❝❡ ♦♥ t❤❡
♠❡♠❜r❛♥❡ ✈♦❧t❛❣❡✳ ❋r♦♠ t❤✐s ❞❛t❛ ❝♦rr❡❝t✐♦♥ ✈❛❧✉❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞✱ ✇❤✐❝❤ s❤♦✉❧❞
❝♦♠♣❡♥s❛t❡ t❤❡ ✐♥❤♦♠♦❣❡♥❡✐t✐❡s✳
❚❤❡ s❡❝♦♥❞ ♣❛rt ♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ✐s t❤❡ ❡✈❛❧✉❛t✐♦♥ r✉♥✳ ■t ✐s ✈❡r✐✜❡s t❤❡ ♦❜t❛✐♥❡❞

❝♦rr❡❝t✐♦♥ ✈❛❧✉❡s✳ ❚❤❡ s❛♠❡ ♠❡t❤♦❞ ❛s ❜❡❢♦r❡ ✐s ❡①❡❝✉t❡❞ ♦♥❧② ✇✐t❤ t❤❡ ❝♦rr❡❝t❡❞
♣❛r❛♠❡t❡rs✳ ■t ✐s ❝❤❡❝❦❡❞ ✐❢ t❤❡ r❡s✉❧t ❧✐❡s ✇✐t❤✐♥ ❛♥ ❡①❝❡♣t❡❞ r❛♥❣❡✳ ■❢ t❤✐s ✐s ♥♦t t❤❡
❝❛s❡✱ t❤❡ ♥❡✉r♦♥ ✐s ♣✉t ♦♥ ❛ ❜❧❛❝❦❧✐st✳ ❆t t❤❡ ❡♥❞ t❤❡ s♦❢t✇❛r❡ r❡t✉r♥s ❛ ❝♦♠♣❧❡t❡
❧✐st ♦❢ ♥❡✉r♦♥s ✇❤✐❝❤ ❝♦✉❧❞ ♥♦t ❜❡ ❝❛❧✐❜r❛t❡❞✳ ❚❤✐s ✐s ❛ ❣♦♦❞ ✐♥❞✐❝❛t♦r ❢♦r t❤❡ st❛t❡
♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ ❝r❡❛t❡s ❛ ❞❛t❛❜❛s❡ ✇✐t❤
t❤❡ ♦✛s❡t ✈❛❧✉❡s✱ ✜t ❛♥❞ ❛❞❛♣t❛t✐♦♥ ♣❛r❛♠❡t❡rs ❢♦r t❤❡ ❝✐r❝✉✐ts✳
■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ t❤r❡❡ s✐♠♣❧❡st ♣❛r❛♠❡t❡rs ✐s ❞❡s❝r✐❜❡❞✳

❘❡st✐♥❣ P♦t❡♥t✐❛❧ EL ❚❤❡ ✜rst ♣❛r❛♠❡t❡r t❤❛t ✐s ❝❛❧✐❜r❛t❡❞ ✐s t❤❡ ♥❡✉r♦♥✬s r❡st✐♥❣
♣♦t❡♥t✐❛❧ EL✳ ■t ✐s ❛ ✈❡r② s✐♠♣❧❡ ♣r♦❝❡❞✉r❡✱ ❜✉t ❞❡♣✐❝ts t❤❡ ✇♦r❦✐♥❣ ♣r✐♥❝✐♣❧❡ ✇❡❧❧✳
❚❤❡ r❡st✐♥❣ ♣♦t❡♥t✐❛❧ ✐s ❝♦♥tr♦❧❧❡❞ ❜② ♦♥❡ ✈♦❧t❛❣❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧✳ ❆t ✜rst t❤❡

✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧ ✐s ♣r♦❣r❛♠♠❡❞ t♦ ❛ s♣❡❝✐✜❝ t❛r❣❡t ✈❛❧✉❡✳ ❚❤❡ ♥❡✉r♦♥ ✐s ❧❡❢t ✐♥
✐ts r❡st✐♥❣ st❛t❡✱ s♦ ❛❧❧ ✐♥♣✉ts ❛r❡ ❞✐s❛❜❧❡❞✳ ❚❤❡♥ t❤❡ ♠❡❛♥ ♠❡♠❜r❛♥❡ ✈♦❧t❛❣❡ ✐s
♠❡❛s✉r❡❞✳ ❚❤✐s ✐s r❡♣❡❛t❡❞ ❢♦r ❞✐✛❡r❡♥t t❛r❣❡t ✈❛❧✉❡s✳ ❚❤❡ ✜t r❡s✉❧t ♣r♦✈✐❞❡s ❛♥
♦✛s❡t ✈❛❧✉❡ ✇❤✐❝❤ ✐s ✉s❡❞ ❛s ❝♦rr❡❝t✐♦♥ ✈❛❧✉❡ ❢♦r ❢✉t✉r❡ s❡tt✐♥❣s✳

❋✐❣✉r❡ ✺✳✶✺✿ ❘❡s✉❧t ♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦♥ t❤❡ r❡st✐♥❣ ♣♦t❡♥t✐❛❧ ❞✐str✐❜✉t✐♦♥✳ ❚❤❡ ❞✐s✲
tr✐❜✉t✐♦♥s ❛r❡ ♥❛rr♦✇❡r ❛♥❞ t❤❡✐r ♠❡❛♥ ✈❛❧✉❡ ✐s ❝❧♦s❡r t♦ t❤❡ t❛r❣❡t ✈❛❧✉❡✳
■♥ t❤❡ r✐❣❤t ♣❧♦t ♥♦t ❛❧❧ t❛r❣❡t ✈❛❧✉❡s ❛r❡ s❤♦✇♥✳

❚❤❡ r❡s✉❧t ♦❢ ♦♥❡ ❝❛❧✐❜r❛t✐♦♥ r✉♥ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✺✳✶✺✳ ❚❤r♦✉❣❤ t❤❡ ❝❛❧✐❜r❛t✐♦♥
t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦✈❡r ❛❧❧ ♥❡✉r♦♥s ❛♥❞ t❤❡ s♣r❡❛❞ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ✐s ✐♠♣r♦✈❡❞✳
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✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

❘❡s❡t P♦t❡♥t✐❛❧ VReset ❚❤❡ r❡s❡t ♣♦t❡♥t✐❛❧ VReset ✐s ♦♥❡ ♦❢ t❤❡ ✈♦❧t❛❣❡s ✇❤✐❝❤ ❝❛♥✲
♥♦t ❜❡ ❞✐r❡❝t❧② ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ❆♥❛❘▼✳ ■t ✐s ♦♥❧② ✈✐s✐❜❧❡ ✐♥ t❤❡ ♠❡♠❜r❛♥❡ tr❛❝❡
❢♦r ❛ s❤♦rt t✐♠❡ ♣❡r✐♦❞ ❛❢t❡r t❤❡ ♥❡✉r♦♥ s♣✐❦❡❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r❡st✐♥❣ ♣♦t❡♥t✐❛❧ El

✐s s❡t ❛❜♦✈❡ t❤❡ t❤r❡s❤♦❧❞ Vt✱ s♦ t❤❛t t❤❡ ♥❡✉r♦♥ ✐s ❝♦♥st❛♥t❧② s♣✐❦✐♥❣✳ ❚❤❡ t✐♠❡ ❢♦r
t❤❡ r❡s❡t ♣♦t❡♥t✐❛❧ t♦ ❜❡ ✈✐s✐❜❧❡ ✐s ❞❡✜♥❡❞ ❜② t❤❡ r❡❢r❛❝t♦r② ♣❡r✐♦❞ τref ✳ ❚❤❡ ❧♦♥❣❡st
♣❡r✐♦❞ ✐s ❝❤♦s❡♥ t♦ ✐♥❝r❡❛s❡ t❤❡ ✈✐s✐❜✐❧✐t② t♦ t❤❡ ♠❛①✐♠✉♠ ❛♥❞ ❣✐✈❡ t❤❡ ♠❡♠❜r❛♥❡
✈♦❧t❛❣❡ ❡♥♦✉❣❤ t✐♠❡ t♦ s❡tt❧❡ t♦ VReset✳ ■♥ ✜❣✳ ✺✳✶✻ t❤❡ ♠❡♠❜r❛♥❡ tr❛❝❡ ♦❢ ❛ s✐♥❣❧❡
♥❡✉r♦♥ ✐s s❤♦✇♥✳ ❋♦r t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦♥❧② t❤❡ tr❛❝❡ ❜❡t✇❡❡♥ t❤❡ ❞r♦♣ ♦❢ t❤❡ ♠❡♠✲

τref

VReset

❋✐❣✉r❡ ✺✳✶✻✿ ❙✐♥❣❧❡ tr❛❝❡ ❢r♦♠ ❛ ✜r✐♥❣ ♥❡✉r♦♥✳ ❚❤❡ ♥❡✉r♦♥ s♣✐❦❡s ❛t t0 = 0.2 ➭s ❛♥❞
st❛②s ❛t t❤❡ r❡s❡t ♣♦t❡♥t✐❛❧ VReset ❢♦r t❤❡ r❡❢r❛❝t♦r② t✐♠❡ ♣❡r✐♦❞ τref ✳
❋r♦♠ t❤✐s ♣❛rt ♦❢ t❤❡ tr❛❝❡ t❤❡ r❡s❡t ♣♦t❡♥t✐❛❧ ✐s ♠❡❛s✉r❡❞✳ ❚❤✐s tr❛❝❡
✐s ❢r♦♠ ❍■❈❆◆◆ ✶✸✸ ♦♥ ❉❊◆❙❊✵✵✷✳

❜r❛♥❡ ✈♦❧t❛❣❡ ❛♥❞ t❤❡ ♥❡①t r✐s❡ ✐s t❛❦❡♥✱ ❢r♦♠ t❤✐s ♣❛rt ♦❢ t❤❡ tr❛❝❡ t❤❡ ♠❡❛♥ ✈❛❧✉❡
✐s ❝❛❧❝✉❧❛t❡❞✳ ❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❡①tr❛❝t✐♦♥ ♠❡t❤♦❞ ✐s ✐♥ ❬❙❝❤♠✐❞t ✱ ✷✵✶✹❪✳
❚❤✐s ✐s r❡♣❡❛t❡❞ ❢♦r ❛❧❧ ♥❡✉r♦♥s ✐♥ ♦♥❡ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦✳ ❚❤❡♥ t❤❡ ♠❡❛♥ ♦✈❡r ❛❧❧
♦❢ t❤❡ ✈❛❧✉❡s ✐s ❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ r❡❛s♦♥ ✐s t❤❛t t❤❡r❡ ✐s ♦♥❧② ♦♥❡ r❡s❡t ♣♦t❡♥t✐❛❧ VReset

❢♦r ❛❧❧ ♥❡✉r♦♥s ✐♥ ♦♥❡ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦✳

❚❤r❡s❤♦❧❞ P♦t❡♥t✐❛❧ Vt ❚❤❡ ♠❡t❤♦❞ ❢♦r t❤❡ t❤r❡s❤♦❧❞ ♣♦t❡♥t✐❛❧ Vt ✐s t❤❡ s❛♠❡ ❛s
❢♦r t❤❡ r❡s❡t ♣♦t❡♥t✐❛❧ ♦♥❧② t❤✐s t✐♠❡ t❤❡ ❛❧❣♦r✐t❤♠ ❧♦♦❦s ❢♦r t❤❡ ❧♦❝❛❧ ♠❛①✐♠✉♠ ✐♥
t❤❡ ♠❡♠❜r❛♥❡ tr❛❝❡✳ ❚❤❡ s♣✐❦❡ tr✐❣❣❡r ❝✐r❝✉✐t ✐s ❛ s✐♠♣❧❡ ❝♦♠♣❛r❛t♦r ✇❤✐❝❤ ❡✈❛❧✉❛t❡s
t❤❡ ♠❡♠❜r❛♥❡ ✈♦❧t❛❣❡ ❛❣❛✐♥st t❤❡ s❡t t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡ Vt✳ ❍❡♥❝❡✱ t❤❡ ✐♥❢♦r♠❛t✐♦♥
♦❢ t❤❡ t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡ ✐s ❞❡❝♦❞❡❞ ✐♥ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ✈♦❧t❛❣❡ ❜❡❢♦r❡ ❛
s♣✐❦❡ ✐s tr✐❣❣❡r❡❞✳ ■♥ ✜❣✳ ✺✳✶✼ t❤❡ ♣r✐♥❝✐♣❧❡ ✐s s❤♦✇♥ ❢♦r t❤r❡❡ ❞✐✛❡r❡♥t s❡tt✐♥❣s ♦❢
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✺✳✺ ❚❡st ▼❡t❤♦❞s

Vt1
Vt2

Vt3

❋✐❣✉r❡ ✺✳✶✼✿ ❚❤r❡s❤♦❧❞ ♠❡❛s✉r❡♠❡♥t ❢♦r t❤r❡❡ ❞✐✛❡r❡♥t s❡tt✐♥❣s✳ Vt1 ✐s s❡t t♦ 0.8V✱
Vt2 t♦ 0.75V ❛♥❞ Vt3 t♦ 0.7V✳ ❚❤❡s❡ tr❛❝❡s ❛r❡ ❢r♦♠ ❍■❈❆◆◆ ✷✹✺ ♦♥
❉❊◆❙❊✵✵✷✳

t❤❡ t❤r❡s❤♦❧❞ ♣♦t❡♥t✐❛❧ Vt✳ ❚❤❡ r❡❢r❛❝t♦r② ♣❡r✐♦❞ ✐s ❝❤❛♥❣❡❞ t♦ t❤❡ s♠❛❧❧❡st ✈❛❧✉❡ t♦
r❡❝♦r❞ ❛s ♠❛♥② s♣✐❦❡s ❛s ♣♦ss✐❜❧❡ t♦ ✐♥❝r❡❛s❡ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ st❛t✐st✐❝✳
❚❤❡r❡ ❛r❡ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ ❝❛❧✐❜r❛t✐♦♥ ❛❧❣♦r✐t❤♠s ❢♦r ♦t❤❡r ♣❛rts ♦❢ t❤❡ ♥❡✉r♦♥

❝✐r❝✉✐t✳ ❚❤❡ s♦❢t✇❛r❡ ❝❛❧✐❜r❛t❡s t❤❡ ♥❡✉r♦♥ ♣❛r❛♠❡t❡rs VReset✱ Vt✱ El✱ t❤❡ ❡①❝✐t❛t♦r②
s②♥❛♣t✐❝ r❡✈❡rs❡ ♣♦t❡♥t✐❛❧ Esynx ❛♥❞ t❤❡ ✐♥❤✐❜✐t♦r② s②♥❛♣t✐❝ r❡✈❡rs❛❧ ♣♦t❡♥t✐❛❧ Esyni✳
❚❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ ✐s ❛ ❤♦❧✐st✐❝ t♦♦❧ ❢♦r t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛ s✐♥❣❧❡ ❝❤✐♣✳

■t s❤♦✇s ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ❡①♣❡❝t❡❞ ❜❡❤❛✈✐♦r✱ t❤❡r❡❢♦r❡✱ ✐s ❛ ❣♦♦❞ t❡st ♠❡t❤♦❞ ❢♦r
t❤❡ ❞✐❣✐t❛❧ ❛♥❞ ❛♥❛❧♦❣ ❝✐r❝✉✐ts ♦♥ t❤❡ ❍■❈❆◆◆ ❝❤✐♣✳ ■❢ t❤❡r❡ ✇❛s ❛♥ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡
❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ♦♥ t❤❡ ♥❡✉r♦♥ ❝✐r❝✉✐ts✱ ✐t ✇♦✉❧❞ ❜❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❞❛t❛✳

✺✳✺✳✺ ❚❤❡r♠❛❧ ❙tr❡ss

❖♥❡ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ♣♦✐♥ts ✐♥ t❤❡ ✉s❛❣❡ ♦❢ ✇❛❢❡r ❡♠❜❡❞❞✐♥❣ ✐s t❤❡ ❧♦♥❣✲t❡r♠ r❡❧✐❛❜✐❧✐t②
♦❢ t❤❡ ❝♦♥♥❡❝t✐♦♥s t♦ t❤❡ ✇❛❢❡r✳ ❚❤❡ ✐s ♥♦ ❡①♣❡r✐❡♥❝❡ ♦❢ ❤♦✇ t❤❡ ❜♦❛r❞ ✇✐❧❧ ❝❤❛♥❣❡
❞✉r✐♥❣ t❤❡ ❧✐❢❡t✐♠❡✳
❚❤❡ ♠❛✐♥ r❡❛s♦♥ ❢♦r ❢❛✐❧✉r❡s ✐s t❤❡ t❤❡r♠❛❧ str❡ss t♦ t❤❡ ❝♦♥♥❡❝t✐♦♥s ❜❡❝❛✉s❡ ♦❢ t❤❡
❞✐✛❡r❡♥t ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥✳ ❆s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✸✳✸ ✇✐t❤ ❡❛❝❤ ❤❡❛t✐♥❣
❛♥❞ ❝♦♦❧✐♥❣ ❝②❝❧❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❛ ❝♦♥♥❡❝t✐♦♥ ♣r♦❜❧❡♠ ✐♥❝r❡❛s❡s✳ ❚❤❡ st❡❛❞②
t❤❡r♠❛❧ st❛t❡s ❛r❡ ♥♦t ❛ ♣r♦❜❧❡♠✱ t❤❡ t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡s ✐♥❞✉❝❡ t❤❡ ♠♦st str❡ss
t♦ t❤❡ ❜♦❛r❞ ❛s t❤❡ ♠❛t❡r✐❛❧s ❡①♣❛♥❞ ❞✐✛❡r❡♥t❧②✳
❚♦ s✐♠✉❧❛t❡ t❤❡ ❧✐❢❡t✐♠❡ ♦❢ ❛ ❜♦❛r❞ ✐t ✐s ♣❧❛❝❡❞ ✐♥ t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t ▼❑✺✸ ♦❢ t❤❡

❆❙■❈ ❧❛❜♦r❛t♦r② ❛t t❤❡ ❑✐r❝❤❤♦✛✲■♥st✐t✉t❡ ❢♦r P❤②s✐❝s ❬❇✐♥❞❡r ✱ ✷✵✶✼❪✳ ■♥ t❤❡ ❝❧✐♠❛t❡
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✺ ❉❊◆❙❊ Pr♦t♦t②♣❡

❝❛❜✐♥❡t t❤❡ ❜♦❛r❞ ✐s r❡♣❡❛t❡❞❧② ❤❡❛t❡❞ ✉♣ ❛♥❞ ❝♦♦❧❡❞ ❞♦✇♥✳ ■♥ t❤❡ ❧❛t❡r ✉s❡✲❝❛s❡ t❤❡
t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❜♦❛r❞ ✐s ❜❡t✇❡❡♥ r♦♦♠ t❡♠♣❡r❛t✉r❡ 20 ◦C ❛♥❞ 60 ◦C ❬❙❝❤❡♠♠❡❧ ✱
✷✵✶✻❪✳ ❋♦r t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t t❡st t❤❡ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ✐s ❡①t❡♥❞❡❞ t♦ 15 ◦C ❛♥❞
90 ◦C✳ ❚❤✐s ✐s ❛❧♠♦st t❤❡ s❛♠❡ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ♦❢ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ♣r♦❞✉❝ts
✇❤✐❝❤ ✐s ❢r♦♠ 0 ◦C t♦ 85 ◦C ❬■♥t❡❧ ✱ ✷✵✶✼❜❪✳
❆♥♦t❤❡r q✉❡st✐♦♥ ✐s✱ ❝❛♥ t❤❡ ❜♦❛r❞ ✇✐t❤st❛♥❞ s❡✈❡r❛❧ ❝②❝❧❡s ✐♥ ❛ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡

✇✐t❤♦✉t ♣r♦❜❧❡♠s❄ ❋♦r t❤❡ t❡st t❤❡ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡ ♦❢ t❤❡ ❡❧❡❝tr♦♥✐❝s ✇♦r❦s❤♦♣ ♦❢
t❤❡ ❑✐r❝❤❤♦✛✲■♥st✐t✉t❡ ❢♦r P❤②s✐❝s ✐s ✉s❡❞✳ ■t ✐s ❛ ◗✉✐❝❦② ✹✺✵ ❢r♦♠ ❆❙❙❈❖◆ ❙②s✲
t❡♠t❡❝❤♥✐❦ ✇✐t❤ ❛ s❡❧❢✲♣r♦❣r❛♠♠❡❞ t❡♠♣❡r❛t✉r❡ ♣r♦✜❧❡✳ ❚❤❡ ❢✉r♥❛❝❡ ✐s ♣r♦❣r❛♠♠❡❞
t♦ ❤♦❧❞ ❛ ♠❛①✐♠✉♠ t❡♠♣❡r❛t✉r❡ ♦❢ 230 ◦C ❢♦r 2.5min ❬❙❝❤♠✐tt ✱ ✷✵✶✼❪✳ P♦ss✐❜❧❡ ❡r✲
r♦rs ❝♦✉❧❞ ❜❡ ❛ ❞❡❧❛♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❧❛②❡rs ♦r ❛ t❡❛r✐♥❣ ♦✛ t❤❡ ❝♦♥t❛❝t ✈✐❛s ❢r♦♠ t❤❡
s✐❧✐❝♦♥ ✇❛❢❡r✳

✺✳✺✳✻ ❚❡st ♦❢ t❤❡ ❘❡❞✐str✐❜✉t✐♦♥ ▲❛②❡rs

❚❤❡ ♠❛✐♥ ♣✉r♣♦s❡ ❢♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❘❉▲s ♦♥ t❤❡ ✇❛❢❡r ✇❛s t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♥❣
♦❢ s❡♣❛r❛t❡❞ ❍■❈❆◆◆ ❝❤✐♣s✳ ❚❤❡r❡❢♦r❡✱ ✜♥❡✲♣✐t❝❤ ❧✐♥❡s r✉♥ ❛❝r♦ss t❤❡ ❝❤✐♣ ❜♦r❞❡rs✳
❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡s❡ ✜♥❡✲♣✐t❝❤ ❧✐♥❡s ❝❛♥♥♦t ❜❡ t❡st❡❞ ✇✐t❤ t❤❡ ❝✉rr❡♥t ♣r♦t♦t②♣❡
s❡t✉♣✳ ❋♦r ❛ t❡st t✇♦ ❛❞❥❛❝❡♥t ❍■❈❆◆◆s ❢r♦♠ ❞✐✛❡r❡♥t r❡t✐❝❧❡s ❤❛✈❡ t♦ ❜❡ ❝♦♥♥❡❝t❡❞
t♦ t❤❡ ❈✉❜❡ ❙❡t✉♣✳ ▼♦r❡♦✈❡r✱ t❤❡② ❤❛✈❡ t♦ ❜❡ ❝♦♥♥❡❝t❡❞ ♦✈❡r t❤❡ ❤♦r✐③♦♥t❛❧ ✜♥❡✲
♣✐t❝❤ ❧✐♥❡s✳ ❖♥❧② t❤✐s ✇❛② t❤❡ ❡①✐st✐♥❣ s♦❢t✇❛r❡ ❝❛♥ ❜❡ r❡✉s❡❞✳ ❖t❤❡r ♠❡t❤♦❞s ❛r❡
♣♦ss✐❜❧❡ ❜✉t r❡q✉✐r❡❞ ❛❞❞✐t✐♦♥❛❧ ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡ ❛❞❛♣t❛t✐♦♥s✳ ❍♦✇❡✈❡r✱ t❤❡
r❡q✉✐r❡♠❡♥t t♦ ❝♦♥♥❡❝t t✇♦ ❤♦r✐③♦♥t❛❧ ❛❞❥❛❝❡♥t ❍■❈❆◆◆s ✇✐t❤ t❤❡ ❈✉❜❡ ❙❡t✉♣ ✐s
♥♦t ❢❡❛s✐❜❧❡ ✇✐t❤ ♦♥❧② ♦♥❡ ❝♦♣♣❡r ❧❛②❡r✳ ■t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ r♦✉t❡ ❛❧❧ s✐❣♥❛❧s t♦ t❤❡
❩❆✶ ❝♦♥♥❡❝t♦r✳ ❚❤❡r❡❢♦r❡✱ ❛ ♥❡✇ ❜♦❛r❞ ✇✐t❤ ❛t ❧❡❛st t✇♦ ❝♦♣♣❡r ❧❛②❡rs ✐s ♥❡❡❞❡❞ t♦
❝♦♥❞✉❝t t❡sts ✇✐t❤ t❤❡ ✜♥❡✲♣✐t❝❤ ❧✐♥❡s ♦❢ t❤❡ ❘❉▲s✳
❚❤❡r❡ ❛r❡ ❧✐♥❡s r♦✉t❡❞ ♦♥ t❤❡ ❘❉▲ ✐♥s✐❞❡ t❤❡ ❍■❈❆◆◆ ❛r❡❛✱ ❡✳❣✳ t❤❡ ❏❚❆● ❞❛t❛

♦✉t♣✉t ❚❉❖ ♦❢ t❤❡ ✉♣♣❡r ❍■❈❆◆◆ ❣♦❡s t♦ t❤❡ ❏❚❆● ❞❛t❛ ✐♥♣✉t ❚❉■ ♦❢ t❤❡ ❧♦✇❡r
❍■❈❆◆◆✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❏❚❆● ❝❧♦❝❦ ❚❈❑ ❛♥❞ ♠♦❞❡ s❡❧❡❝t ❧✐♥❡ ❚▼❙ r✉♥ ✐♥ t❤❡
❘❉▲✳ ■❢ ♦♥❡ ♦❢ t❤❡ ❧✐♥❡s ❜r❡❛❦s ❞✉r✐♥❣ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✱ t❤❡ ❏❚❆● ❝♦♠♠✉✲
♥✐❝❛t✐♦♥ ♦❢ t❤❡ t✇♦ ❝❤✐♣s ✇♦✉❧❞ s❤♦✇ ❢❛✐❧✉r❡s✳ ❚❤✐s ✇♦✉❧❞ ✐♥❞✐❝❛t❡ t❤❛t t❤❡r❡ ✐s ❛
♣r♦❜❧❡♠ ✇✐t❤ t❤❡ ❘❉▲s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♣♦✇❡r s✉♣♣❧② ✐s r♦✉t❡❞ t❤r♦✉❣❤ t❤❡ ❘❉▲s
st❛❝❦ ✉♣✳ ■❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ❞❡str♦②s ❝♦♥♥❡❝t✐♦♥s ♦❢ t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s✱ ✐t ✐s ♦❜s❡r✈✲
❛❜❧❡ ❜② ♠❛❧❢✉♥❝t✐♦♥s ✐♥ t❤❡ ❝❤✐♣ ❝✐r❝✉✐ts✳ ❋♦r ❡①❛♠♣❧❡✱ ✇✐t❤♦✉t t❤❡ ❱❉❉✶✷ ✈♦❧t❛❣❡
t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s ✈❛❧✉❡ ❝❛♥♥♦t ❜❡ ❝❤❛♥❣❡❞✳ ❚❤✐s ✇♦✉❧❞ ❜❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ ❞❛t❛ ♦❢
t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❡st✳ ❍❡♥❝❡✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❡✈❛❧✉❛t❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❡♠❜❡❞❞✐♥❣
♣r♦❝❡❞✉r❡ ♦♥ t❤❡ ❘❉▲s ✇✐t❤♦✉t t❤❡ ✜♥❡✲♣✐t❝❤ ❧✐♥❡s✳

✺✳✻ ❊①♣❡r✐♠❡♥ts ♦♥ ❍■❈❆◆◆✈✷

■♥ ♣r✐♥❝✐♣❧❡ ✐t ✐s ♣♦ss✐❜❧❡ t♦ r✉♥ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦ ❡①♣❡r✐♠❡♥ts ♦♥ t❤❡ ❍■❈❆◆◆
❝❤✐♣✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ s②♥❛♣t✐❝ ✐♥♣✉t ✐♥ t❤❡ ✈❡rs✐♦♥ ✷ ♦❢
t❤❡ ❍■❈❆◆◆ ❝❤✐♣ ❤❛s s♦♠❡ r❡str✐❝t✐♦♥s✳ ❋✐rst t❤❡ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ t❤❡ s②♥❛♣t✐❝
✇❡✐❣❤ts ✐s s♠❛❧❧✳ ❆❧t❤♦✉❣❤✱ t❤❡ s♠❛❧❧❡st ✇❡✐❣❤t ✐♥ t❤❡ s②♥❛♣s❡ ✐s ❝❤♦s❡♥ t❤❡ s②♥❛♣t✐❝
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✐♥♣✉t ❝✐r❝✉✐t s❛t✉r❛t❡s ❛❢t❡r ❛ ❢❡✇ s②♥❛♣t✐❝ ❡✈❡♥ts✳ ❋♦r t❤❡ ❜✐❣❣❡st ✇❡✐❣❤t ♦♥❧② ♦♥❡
❡✈❡♥t ✐s ♥❡❡❞❡❞ t♦ s❛t✉r❛t❡ t❤❡ ✐♥♣✉t✳ ❚❤❡ r❡❛s♦♥ ✐s ❛♥ ✉♥❞❡rs✐③❡❞ ❝❛♣❛❝✐t♦r ✐♥ t❤❡
❝✐r❝✉✐t ✇❤✐❝❤ ✐♥t❡❣r❛t❡s t❤❡ ❡✈❡♥ts✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ s②♥❛♣t✐❝ ❝♦♥❞✉❝t❛♥❝❡ ✐s ✇❡❛❦
❝♦♠♣❛r❡❞ t♦ t❤❡ ❧❡❛❦❛❣❡ ❝♦♥❞✉❝t❛♥❝❡✳ ❚❤✐s ♠❡❛♥s ❛ ❧♦t ♠♦r❡ ❡✈❡♥ts ❛r❡ ♥❡❡❞❡❞ t♦
❡①❝✐t❡ ❛ ♥❡✉r♦♥ t♦ s♣✐❦❡✳ ❉❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥s ♦❢ t❤❡ ✈❛r✐♦✉s ❡✛❡❝ts ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥
❬❑✐❡♥❡✱ ✷✵✶✹❀ ❑♦❦❡✱ ✷✵✶✼❪✳ ❚❤❡ r❡str✐❝t✐♦♥s ❤❛✈❡ ❛♥ ❡✛❡❝t ♦♥ t❤❡ ♥❡✉r♦♥ ✉s❛❣❡ t♦♦✳
■♥ ✜❣✳ ✺✳✶✽ ❛ r❛st❡r♣❧♦t ♦❢ ❛ s✐♠♣❧❡ ❢❡❡❞✲❢♦r✇❛r❞ ♥❡t✇♦r❦ ❢r♦♠ t❤❡ ✇♦r❦ ♦❢ ❉♦♠✐♥✐❦
❙❝❤♠✐❞t ❬❙❝❤♠✐❞t ✱ ✷✵✶✹❪ ✐s s❤♦✇♥✳ ❚❤❡ ♥❡t✇♦r❦ ❝♦♥s✐sts ♦❢ s❡✈❡r❛❧ ♣♦♣✉❧❛t✐♦♥s✳
❊✈❡r② ♣♦♣✉❧❛t✐♦♥ ❤❛s ✶✷ ♥❡✉r♦♥s ✇❤✐❝❤ ❛r❡ ❝♦♥♥❡❝t❡❞ ✐♥ ❛ ❛❧❧✲t♦✲❛❧❧ s❝❤❡♠❡ ✇✐t❤
t❤❡ ♥❡①t ♣♦♣✉❧❛t✐♦♥✳ ❍❡♥❝❡✱ ❡✈❡r② ♥❡✉r♦♥ s❡❡s t❤❡ ❝♦♠♣❧❡t❡ ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t② ♦❢ t❤❡
♣r❡✈✐♦✉s ♣♦♣✉❧❛t✐♦♥✳ ❋r♦♠ t❤❡ r❛st❡r♣❧♦t ✐t ✐s ✈✐s✐❜❧❡ t❤❛t t❤❡ ♥❡✉r♦♥s q✉✐❝❦❧② r❡t✉r♥
✐♥ ❛♥ ✐♥❛❝t✐✈❡ st❛t❡✱ ✐❢ t❤❡② ❞♦ ♥♦t r❡❝❡✐✈❡ ❛♥② ✐♥♣✉t✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢

❋✐❣✉r❡ ✺✳✶✽✿ ❘❛st❡r♣❧♦t ♦❢ ❛ ❢❡❡❞✲❢♦r✇❛r❞ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❡♠✉❧❛t✐♦♥ ✇✐t❤ ✷✵✵ ♥❡✉r♦♥s
❛❝r♦ss t✇♦ ❝❛❧✐❜r❛t❡❞ ❍■❈❆◆◆ ❝❤✐♣s✳ ❙♣✐❦❡s ❛r❡ s❡♥t t♦ ♣♦♣✉❧❛t✐♦♥
✵ ✭❧♦❝❛t❡❞ ♦♥ t❤❡ ❧♦✇❡r ❡♥❞✮ ✐♥ ♦♥❡ s❡❝♦♥❞ ✐♥t❡r✈❛❧s ❛♥❞ ♣r♦♣❛❣❛t❡
✉♣✇❛r❞s t❤r♦✉❣❤ t❤❡ ❝❤❛✐♥✳ ❋✐❣✉r❡ ❛♥❞ ❝❛♣t✐♦♥ t❛❦❡♥ ❢r♦♠ ❬❙❝❤♠✐❞t ✱
✷✵✶✹❪✳

t❤❡ ♥❡✉r♦♥s ✇✐t❤ t❤❡✐r s②♥❛♣s❡s ✐♥ ♥❡t✇♦r❦ ❡①♣❡r✐♠❡♥ts ✐s ❧✐♠✐t❡❞✳ ❚♦❣❡t❤❡r ✇✐t❤
t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ✈❛r✐❛t✐♦♥s t❤❡ ♥❡✉r♦♥s ❞♦ ♥♦t ✇♦r❦ r❡❧✐❛❜❧❡✳ ❚❤❡ ❡✛♦rt t♦ s❡t ✉♣
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❛♥❞ t✉♥❡ ❛ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦ ❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ t❤❡s❡s ♦❢ ❉♦♠✐♥✐❦ ❙❝❤♠✐❞t✱ ❚♦❜✐❛s
◆♦♥♥❡♥♠❛❝❤❡r ❛♥❞ ❉❡♥✐s ❆❧❡✈✐ ❬❙❝❤♠✐❞t ✱ ✷✵✶✹❀ ◆♦♥♥❡♥♠❛❝❤❡r ✱ ✷✵✶✺❀ ❆❧❡✈✐ ✱ ✷✵✶✺❪✳
■♥ ✷✵✶✺ ❛ ♥❡✇ ❍■❈❆◆◆ ❝❤✐♣ ✇❛s ♣r♦❞✉❝❡❞ ✇❤✐❝❤ ❤❛s ✐♠♣r♦✈❡♠❡♥ts ✐♥ t❤❡ s②♥❛♣✲

t✐❝ ❝✐r❝✉✐t✳ ❚❤✐s ❝❤✐♣✬s ♥❡✉r♦♥s ❤❛✈❡ ❛ ❧❛r❣❡r ✇♦r❦✐♥❣ r❛♥❣❡ ❛♥❞ ❛ ♠♦r❡ r❡❧✐❛❜❧❡
❜❡❤❛✈✐♦r✳ ❚❤✉s✱ ❛❧❧♦✇✐♥❣ ♠♦r❡ r❡❛s♦♥❛❜❧❡ ❡①♣❡r✐♠❡♥ts ❧✐❦❡ ❛ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❤❛♥❞✲
✇r✐tt❡♥ ♥✉♠❜❡rs ♦❢ t❤❡ ▼◆■❙❚ ❞❛t❛s❡t ✇✐t❤ ❛ ❞❡❡♣ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦ ❬▲❡❈✉♥ ❛♥❞
❈♦rt❡s✱ ✶✾✾✽❀ ❙❝❤♠✐tt ❡t ❛❧✳✱ ✷✵✶✼❪✳
❚❤❡ ❢♦❝✉s ♦❢ t❤✐s t❤❡s✐s ✐s t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❍■❈❆◆◆ ✇❛❢❡rs ✐♥ P❈❇s ❛♥❞ ♥♦t t❤❡

t✉♥✐♥❣ ♦❢ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s ❜② ❤❛♥❞✳ ❚❤✐s t✉♥✐♥❣ ❤❛s t♦ ❜❡ r❡❞♦♥❡ ❢♦r ❡✈❡r② ❝❤✐♣
❛♥❞ ❝♦♥s✉♠❡s ❛ ❧♦t ♦❢ t✐♠❡✳ ❲❤✐❧❡ t❤❡ ❣❛✐♥ ♦❢ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❡♠❜❡❞❞✐♥❣
♣r♦❝❡❞✉r❡ ✐s ❧♦✇✳ ❚❤❡r❡❢♦r❡✱ ♥♦ ♥❡✉r♦♥❛❧ ❡①♣❡r✐♠❡♥ts ❛r❡ r✉♥ ♦♥ t❤❡ ❡♠❜❡❞❞❡❞
❍■❈❆◆◆ ✇❛❢❡rs✳ ❚❤❡ ❝❤♦s❡♥ t❡sts ❛❧❧♦✇ ❛ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣s
✇✐t❤♦✉t t❤❡ ✉s❛❣❡ ♦❢ t❤❡ s②♥❛♣s❡s✳ ❚❤❡ r❡s✉❧ts ❣❛t❤❡r❡❞ ❢r♦♠ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❛♥❞
♥❡✉r♦♥ ❝✐r❝✉✐ts ❛r❡ ❛♣♣❧✐❝❛❜❧❡ ♦♥ t❤❡ s②♥❛♣s❡ ❝✐r❝✉✐ts✳ ■t ✐s ♥♦t ✐♥t❡♥❞❡❞ t♦ ✉s❡ t❤❡
❉❊◆❙❊ ♣r♦t♦t②♣❡ s②st❡♠ ✐♥ t❤❡ ❞❛✐❧② ♣r♦❞✉❝t✐✈❡ ❡♥✈✐r♦♥♠❡♥t✳ ❍❡♥❝❡✱ ✉♥t✐❧ ✐t ✐s
r❡q✉✐r❡❞ t♦ r✉♥ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦s ✇✐t❤ s②♥❛♣t✐❝ ❡✈❡♥ts ♦♥ t❤❡ ❉❊◆❙❊ ♣r♦t♦t②♣❡s
t❤❡ ❍■❈❆◆◆✈✷ ❝❤✐♣ ✐s s✉✣❝✐❡♥t ❢♦r t❤❡ ❡♠❜❡❞❞✐♥❣ ❡①♣❡r✐♠❡♥ts✳

✺✳✼ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ❉❊◆❙❊ ♣r♦t♦t②♣❡ ✐s t❤❡ ✜rst P❈❇ ✇✐t❤ ❛♥ ❡♠❜❡❞❞❡❞ ❍■❈❆◆◆ ✇❛❢❡r✳ ❚❤❡
♠❛✐♥ ❣♦❛❧ ♦❢ t❤✐s ♣r♦t♦t②♣❡ ✐s t♦ s❡❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ♦♥ t❤❡
❝✐r❝✉✐ts ❛♥❞ ❘❉▲s✳ ❲✐t❤ ✶✷✷ ❍■❈❆◆◆s ❛ ❢♦✉rt❤ ♦❢ t❤❡ ✇❛❢❡r ✐s ❛❝❝❡ss✐❜❧❡✳ ❚❤❡
❝❤✐♣s ❛r❡ ❡q✉❛❧❧② ❞✐str✐❜✉t❡❞ ♦✈❡r t❤❡ ✇❛❢❡r✳ ■❢ t❤❡r❡ ❛r❡ ❧♦❝❛❧ ♣r♦❜❧❡♠s ❞✉❡ t♦
t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✱ t❤❡② ❛r❡ ❞❡t❡❝t❛❜❧❡ ✇✐t❤ t❤❡ ❝❤♦s❡♥ t❡sts✳ ❊s♣❡❝✐❛❧❧②✱ t❤❡
❤✐❣❤ ♥✉♠❜❡r ♦❢ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s ❛♥❞ ♥❡✉r♦♥s ❝✐r❝✉✐ts ❛❧❧♦✇s ❛♥ ❛ss❡ss♠❡♥t ♦❢ t❤❡
❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡✳

✼✷



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ t❡st r❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞s✳ ■♥ t♦t❛❧ t✇♦ ❍■❈❆◆◆
✇❛❢❡rs ✇❡r❡ ❡♠❜❡❞❞❡❞ ✐♥ P❈❇s✳ ❚❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✻✳✶✳
❆t ✜rst ❛ ♣r♦❜❧❡♠ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ✐♥ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ❛♥❞ ✐ts s♦❧✉t✐♦♥ ✐s

❞❡s❝r✐❜❡❞✳ ❚❤❡♥ t❤❡ r❡s✉❧ts ♦❢ t❤❡ s♦❢t✇❛r❡ t❡sts ❢♦r ❜♦t❤ ❜♦❛r❞s ❛r❡ ♣r❡s❡♥t❡❞✳ ❆t
t❤❡ ❡♥❞ t❤❡ r❡s✉❧ts ♦❢ t❤❡ r❡❧✐❛❜✐❧✐t② t❡sts ❛r❡ s❤♦✇♥✳
❆❧❧ t❡sts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛♥❞ ❡✈❛❧✉❛t❡❞ ❛t t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣ ✐♥ ❍❡✐❞❡❧❜❡r❣✳
■♥ t❤❡ ❛♣♣❡♥❞✐① ❋ t❤❡ ✉s❡❞ ❤❛r❞✇❛r❡✱ s♦❢t✇❛r❡ ♠♦❞✉❧❡s ❛♥❞ ❛❧❧ s❡tt✐♥❣s ❢♦r t❤❡
❡①♣❡r✐♠❡♥ts ❛r❡ ❧✐st❡❞✳

❋✐❣✉r❡ ✻✳✶✿ ❚♦♣ ✈✐❡✇ ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳

✻✳✶ Pr♦❜❧❡♠ ❞✉r✐♥❣ t❤❡ ❊♠❜❡❞❞✐♥❣ Pr♦❝❡ss

❋♦r t❤❡ ✜rst t✐♠❡ t❤❡r❡ ✇❛s ❛ ♣r♦❜❧❡♠ ✇✐t❤ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳ ■♥ t❤❡ ❉❊◆❙❊✵✵✶
❜♦❛r❞ ✐t ❧❡❞ t♦ ❛ ❜r❡❛❦✐♥❣ ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤❡ ✇❛❢❡r ❤❛s ❛ s✐♥❣❧❡ ❝r❛❝❦✳ ■t ❣♦❡s

✼✸



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

❢r♦♠ t♦♣ t♦ t❤❡ ✇❛❢❡r ♥♦t❝❤ ❛♥❞ ❞✐✈✐❞❡s ✐t ✐♥t♦ t✇♦ ♣❛rts✳ ❚❤❡ ❝r❛❝❦ ✐s s❤♦✇♥ ✜❣✳ ✻✳✷✳
❋♦rt✉♥❛t❡❧②✱ s♦♠❡ ♦❢ t❤❡ ❝❤✐♣s ❛r❡ st✐❧❧ ✇♦r❦✐♥❣ ❛♥❞ ♥♦t ❡✛❡❝t❡❞✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❡
❝r❛❝❦ ✇❛s ❛ r♦t❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐♥ t❤❡ P❈❇✳ ■♥ t❤❡ ♦t❤❡r ❉❊◆❙❊✵✵✷ ❜♦❛r❞
t❤❡ ✇❛❢❡r ❛❧s♦ r♦t❛t❡❞✳ ❍❡r❡ t❤❡ ✇❛❢❡r ❞✐❞ ♥♦t ❜r❡❛❦ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡❞✉r❡✳

❈r❛❝❦

❋✐❣✉r❡ ✻✳✷✿ ❚❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✇✐t❤ t❤❡ ❜r♦❦❡♥ ❍■❈❆◆◆ ✇❛❢❡r✳ ❚❤❡ ❝r❛❝❦ ❣♦❡s ❢r♦♠
t♦♣ t♦ t❤❡ ✇❛❢❡r ♥♦t❝❤ ❛♥❞ ❞✐✈✐❞❡s t❤❡ ✇❛❢❡r ✐♥t♦ t✇♦ ♣❛rts✳

❲❛❢❡r ❘♦t❛t✐♦♥ ❚❤❡ r♦t❛t✐♦♥ ❛♥❞ ❜r❡❛❦✐♥❣ ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❤❛♣♣❡♥❡❞ ❞✉r✐♥❣
t❤❡ ❧❛♠✐♥❛t✐♦♥ st❡♣ ♦❢ t❤❡ ❜♦❛r❞✳ ■t ❜❡❣✐♥s ✇✐t❤ t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ❈■❈ s❤❡❡t✳
❚❤❡ ✜rst st❡♣ ✐s t♦ ❝✉t ♦✉t t❤❡ s❤❛♣❡ ♦❢ t❤❡ ✇❛❢❡r ❛♥❞ ❞r✐❧❧ t❤❡ ❤♦❧❡s ❢♦r t❤❡ ❧❛t❡r
P❚❍s ✐♥ t❤❡ ❈■❈ s❤❡❡t✳ ❚❤❡ ❝✉t✲♦✉t ❢♦r t❤❡ ✇❛❢❡r ❛❧s♦ ❝♦♥t❛✐♥s t❤❡ ❝♦✉♥t❡r♣❛rt
t♦ t❤❡ ✇❛❢❡r ♥♦t❝❤✳ ❚❤❡ ♥♦t❝❤ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❈■❈ s❤❡❡t s❤♦✉❧❞ ❦❡❡♣ t❤❡ ✇❛❢❡r
✐♥ ✐ts ♣♦s✐t✐♦♥ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳ ❚❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s ♣❧❛❝❡❞ ✐♥t♦ t❤❡
❝✉t✲♦✉t ❛♥❞ ♦♥ ❡❛❝❤ s✐❞❡ ❛ ❧❛②❡r ♦❢ ♣r❡♣r❡❣ ❛♥❞ ❝♦♣♣❡r ✐s ❛♣♣❧✐❡❞✳ ❚❤❡♥ t❤❡ st❛❝❦
✉♣ ✐s ♣✉t ✐♥ t❤❡ P❈❇ ❧❛♠✐♥❛t✐♦♥ ♣r❡ss✳ ■♥ t❤❡ ❝♦✉rs❡ ♦❢ t❤✐s t❤❡ ✇❛❢❡r s❧✐♣♣❡❞ ♦✉t
♦❢ ✐ts ♣♦s✐t✐♦♥✳ ❚❤❡ ❛♥❣❧❡ ❛♥❞ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ r♦t❛t✐♦♥ ❛r❡ r❛♥❞♦♠✳ ❚❤❡ ✇❛❢❡r
✐♥ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞ ✐s ❝♦✉♥t❡r✲❝❧♦❝❦✇✐s❡ ❛♥❞ ✐♥ t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞ ❝❧♦❝❦✇✐s❡
r♦t❛t❡❞✳
❚❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♦❢ t❤❡ ❝♦♣♣❡r ❧❛②♦✉t ✐s ♥♦t ❛ ♣r♦❜❧❡♠✳ ■t ✐s ❛✉t♦♠❛t✐❝❛❧❧②

✼✹



✻✳✶ Pr♦❜❧❡♠ ❞✉r✐♥❣ t❤❡ ❊♠❜❡❞❞✐♥❣ Pr♦❝❡ss

❛❞❥✉st❡❞ t♦ t❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s ♦♥ t❤❡ ✇❛❢❡r✳ ❚❤✐s ✐s ❛❧s♦ tr✉❡ ❢♦r
t❤❡ ♠✐❝r♦✈✐❛s ❝♦♥t❛❝t✐♥❣ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤❡ ♣r♦❜❧❡♠ ❛r❡ t❤❡ ✈✐❛s ❣♦✐♥❣ t❤r♦✉❣❤
t❤❡ ❈■❈ s❤❡❡t ❢r♦♠ t♦♣ t♦ ❜♦tt♦♠✳ ❚❤❡s❡ ❝♦♥♥❡❝t✐♦♥s ❛r❡ ❝r❡❛t❡❞ ❜② t✇♦ ❞r✐❧❧✐♥❣
st❡♣s✳ ❚❤❡ ✜rst ❞r✐❧❧✐♥❣ ❤❛♣♣❡♥s ❞✉r✐♥❣ t❤❡ ❈■❈ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ❧❛t❡r ❛❢t❡r t❤❡
❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡❞✉r❡ ❢♦r t❤❡ ❛❝t✉❛❧ ✈✐❛s ❛❣❛✐♥✳ ■❞❡❛❧❧②✱ t❤❡ ❤♦❧❡s ♦❢ ❜♦t❤ r✉♥s ❛r❡
❛t t❤❡ s❛♠❡ ♣♦s✐t✐♦♥s✳ ❚❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ✜rst ❤♦❧❡s ❝❛♥♥♦t ❜❡ ❛❞❥✉st❡❞ t♦ t❤❡
♥❡✇ ✇❛❢❡r ♣♦s✐t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ t❤❡② ❞♦ ♥♦t ✜t ✇✐t❤ t❤❡ ♥❡✇ ❧❛②♦✉t ✇❤✐❝❤ ✐s r♦t❛t❡❞
❛❝❝♦r❞✐♥❣❧② t♦ t❤❡ ✇❛❢❡r✳ ❆ ❞r✐❧❧✐♥❣ ♦❢ ♥❡✇ ❤♦❧❡s ✐s ♥♦t r❡❛s♦♥❛❜❧❡ ❜❡❝❛✉s❡ t❤❡ ♥❡✇
❤♦❧❡s ✇♦✉❧❞ ❤❛✈❡ ❝♦♥t❛❝t t♦ t❤❡ ❈■❈ ♠❛t❡r✐❛❧ ❛♥❞✱ ❤❡♥❝❡✱ ❝r❡❛t❡ s❤♦rts ❜❡t✇❡❡♥ t❤❡
s✐❣♥❛❧s✳ ❚❤❡ ❝♦♠♣❧❡t❡ ♣r♦❝❡ss ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✻✳✸✳

✶ ✷ ✸

✹ ✺ ✻

❈■❈ ♣r❡♣❛r❛t✐♦♥ ■♥s❡rt ❲❛❢❡r ❆❞❞ ♣r❡♣r❡❣ ✫ ❈✉

❉r✐❧❧ ❤♦❧❡s P❛tt❡r♥ ❈✉ ❋✐① r♦t❛t✐♦♥

❋✐❣✉r❡ ✻✳✸✿ ❙❝❤❡♠❛t✐❝ ♣r♦❝❡❞✉r❡ ♦❢ ❡♠❜❡❞❞✐♥❣ ❛ ✇❛❢❡r ✇✐t❤ t❤❡ ❢♦❝✉s ♦♥ t❤❡ r♦t❛t✐♦♥
❛♥❞ t❤❡ r❡s✉❧t✐♥❣ ♣r♦❜❧❡♠s✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ ❝r❛❝❦ ♦❢ t❤❡
✇❛❢❡r ✐♥ ❉❊◆❙❊✵✵✶✳

❈♦♥s❡q✉❡♥❝❡s ❚❤❡ ✇❛❢❡r r♦t❛t✐♦♥ ♦♥❧② ❡✛❡❝ts t❤❡ ❝♦♥♥❡❝t♦rs ♦✉ts✐❞❡ t❤❡ ✇❛❢❡r
❛r❡❛✳ ❚❤❡ ❧❛②♦✉t ❛♥❞ t❤❡ ✇❛❢❡r ❝♦♥t❛❝t ✈✐❛s ♦❢ t❤❡ ✐♥♥❡r r❡t✐❝❧❡s ❛r❡ ❝♦rr❡❝t✳ ❋♦r t❤❡
✉s❛❣❡ ✐♥ t❤❡ ♣r♦t♦t②♣❡ s❡t✉♣ t❤❡ ❝❤✐♣s ♥❡❡❞ t♦ ❜❡ ✐♥ ❛ ✈❡rt✐❝❛❧ ❧✐♥❡ ❛s t❤❡ ♠❡❝❤❛♥✐❝
s②st❡♠ ✐s ♥♦t ❝❛♣❛❜❧❡ ♦❢ ❝♦♠♣❡♥s❛t✐♥❣ r♦t❛t❡❞ ❝♦♥♥❡❝t♦rs✳ ❚❤❡r❡❢♦r❡✱ ✐♥ ❛ ✜♥❛❧
st❡♣ t❤❡ ❜♦❛r❞ ❤❛s t♦ ❜❡ ❝✉t ♦✉t s♦ t❤❛t t❤❡ ✇❛❢❡r ✐s r♦t❛t❡❞ ❜❛❝❦ ✐♥t♦ ✐ts ✐♥t❡♥❞❡❞
♣♦s✐t✐♦♥✳ ❚❤✐s tr❛♥s✐t✐♦♥ ✐s ❞♦♥❡ ❜❡t✇❡❡♥ t❤❡ st❡♣s ✜✈❡ ❛♥❞ s✐① ✐♥ ✜❣✳ ✻✳✸✳
❆❧❧ ❝❤✐♣s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❝♦♥♥❡❝t♦r ♣❛❞s ♦✉ts✐❞❡ t❤❡ ✇❛❢❡r ❛r❡❛ ❛r❡ ♥♦t ✉s❛❜❧❡✳

❚❤✐s r❡❞✉❝❡s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✉s❛❜❧❡ ❝❤✐♣s ❜② ✸✷ ❛♥❞ ✽✵ ❝❤✐♣s r❡♠❛✐♥ ❢♦r t❡sts✳
❚❤✐s ❛♣♣❧✐❡s ❢♦r ❜♦t❤ ❜♦❛r❞s✳

❙♦❧✉t✐♦♥ ❉✉❡ t♦ t❤❡ r♦t❛t✐♦♥ t❤❡ ❝♦✉♥t❡r♣❛rt ♦❢ t❤❡ ✇❛❢❡r ♥♦t❝❤ ♦♥ t❤❡ ❈■❈ s❤❡❡t
❣❡ts ✉♥❞❡r t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤✐s ❝r❡❛t❡s ❛♥ ✉♥❡✈❡♥ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❡❞
♣r❡ss✉r❡ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳ ❋♦r t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞ t❤✐s r❡s✉❧t❡❞ ✐♥ ❛
❜r❡❛❦✐♥❣ ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳

✼✺



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

❆ s♦❧✉t✐♦♥ ✐s t♦ r❡♠♦✈❡ t❤❡ s✐♥❣❧❡ ♥♦t❝❤ ✇✐t❤ ❛ ✢❛t✱ s❡❡ ✜❣✳ ✻✳✹✳ ❆ ♥♦t❝❤ r❡q✉✐r❡s
❧❡ss s✉❜str❛t❡ ❛r❡❛ ❜✉t t❤❡ ❛r❡❛ ❛r♦✉♥❞ t❤❡ ♥♦t❝❤ ✐s ♥♦t ✉s❡❞ ♦♥ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r✳
❚❤❡r❡❢♦r❡✱ t❤❡r❡ ✐s ♥♦ ❞r❛✇❜❛❝❦ ✐♥ ✐♥tr♦❞✉❝✐♥❣ ❛ ✢❛t✳ ■♥ t❤❡ ❲❙■ s②st❡♠ t❤❡ ♥♦t❝❤
✇❛s ❛t ✜rst ❛❧s♦ ✉s❡❞ ❢♦r t❤❡ ♣♦s✐t✐♦♥✐♥❣ ♦❢ t❤❡ ✇❛❢❡r ✐♥ t❤❡ ❜r❛❝❦❡t✳ ■♥ t❤❡ ❡♥❞ t❤❡
♣✐♥ ✇❛s r❡♠♦✈❡❞ ❞✉❡ t♦ ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ ♥♦t❝❤✬s s✐③❡ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t s✐❧✐❝♦♥ ✇❛❢❡rs✳
❚❤❡ ✐❞❡❛ ♦❢ t❤❡ ✢❛t ✐s t❤❛t ❡✈❡♥ ✐❢ t❤❡ ✇❛❢❡r ✐s ♥♦t ✐♥ t❤❡ ❝♦rr❡❝t ♣♦s✐t✐♦♥ ✐t s❧✐❞❡s

❋✐❣✉r❡ ✻✳✹✿ ❙♦❧✉t✐♦♥ t♦ ♣r❡✈❡♥t t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❢r♦♠ s❧✐❞✐♥❣ ♦✉t ♦❢ ✐ts ♣♦s✐t✐♦♥ ❛♥❞
r♦t❛t✐♥❣✳ ❚❤❡ ✇❛❢❡r ♥♦t❝❤ ✐s r❡♣❧❛❝❡❞ ✇✐t❤ ❛ ✢❛t✳ ❋♦r ❛ ❜❡tt❡r ♣r❡s❡♥t❛✲
t✐♦♥ t❤❡ ♥♦t❝❤ ❛♥❞ t❤❡ ✢❛t ❛r❡ ❜✐❣❣❡r ❞r❛✇♥ t❤❛♥ t❤❡② ❛r❡ ✐♥ r❡❛❧✐t②✳

❜❛❝❦ ✐♥t♦ t❤❡ ❝♦rr❡❝t ♣♦s✐t✐♦♥ ❞✉r✐♥❣ t❤❡ ❝♦♠♣r❡ss✐♦♥ ♦❢ t❤❡ ❧❛②❡rs✳ ❚❤❡ t❡st ✇✐t❤
t❤❡ ✢❛t ✇✐❧❧ ❜❡ ❞♦♥❡ ✇✐t❤ t❤❡ ♥❡①t ♣r♦t♦t②♣❡✳

✻✳✷ ❲❛r♣❛❣❡

❚❤❡r❡ ✐s ❛ ❧♦✇ ✇❛r♣❛❣❡ ♦❢ t❤❡ ❜♦❛r❞s ✈✐s✐❜❧❡✳ ❚❤❡ ❜♦❛r❞ ❡❞❣❡s ❛r❡ ❛ ❢❡✇ ♠✐❧❧✐♠❡t❡rs
❤✐❣❤❡r t❤❛♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❜♦❛r❞✳ ❚❤❡ ✇❛r♣❛❣❡ ✐s ❢♦r ❜♦t❤ ❜♦❛r❞s ✐♥ t❤❡ s❛♠❡
❞✐r❡❝t✐♦♥ t♦✇❛r❞s t❤❡ ✇❛❢❡r t♦♣ s✐❞❡✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ❜♦❛r❞s ❝❛♥ ❜❡ ✉s❡❞ ✐♥ t❤❡
♣r♦t♦t②♣❡ s❡t✉♣✳ ❚❤❡ ❝♦r♥❡rs ♦❢ t❤❡ ❜♦❛r❞ ❛r❡ ✜①❛t❡❞ ✇✐t❤ t❤❡ ♠❡❝❤❛♥✐❝ ❢r❛♠❡✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♠❡❝❤❛♥✐❝ ❝♦♠♣♦♥❡♥ts ❢♦r t❤❡ ❝♦♥♥❡❝t✐♦♥ t♦ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❛❧s♦
♣✉s❤ t❤❡ ❜♦❛r❞ ❜❛❝❦ ✐♥t♦ ❛ ✢❛t st❛t❡✳ ❉✉❡ t♦ t❤❡ t❤✐♥ ❜♦❛r❞ ❛♥❞ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r
t❤❡ ❛♣♣❧✐❡❞ ♣r❡ss✉r❡ ♥❡✐t❤❡r ❜r❡❛❦s t❤❡ ❜♦❛r❞ ♥♦r t❤❡ ✇❛❢❡r✳
❙♦ ❢❛r ♥♦ ❝❤❛♥❣❡s ✐♥ t❤❡ ✇❛r♣❛❣❡ ❞✉r✐♥❣ ❛♥❞ ❛❢t❡r t❤❡ t❡sts ✇❛s ♦❜s❡r✈❛❜❧❡✳

✻✳✸ ❙✇✐t❝❤r❛♠ ❚❡st

❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♥♦t ❛❧❧ ♠❡❝❤❛♥✐❝❛❧ ❝♦♠♣♦♥❡♥ts ✇❡r❡ r❡❛❞②✳ ■♥ ♦r❞❡r t♦ ❤❛✈❡ s♦♠❡
❡❛r❧② r❡s✉❧ts✱ ✐t ✇❛s ❞❡❝✐❞❡❞ t♦ s♦❧❞❡r ✇✐r❡s ❞✐r❡❝t❧② ♦♥ t❤❡ ❝♦♥♥❡❝t♦r ♣❛❞s✳ ❆s ❛
❝♦♥s❡q✉❡♥❝❡✱ s✐♠♣❧❡ ❏❚❆● t❡sts ❝♦✉❧❞ ❜❡ r✉♥✱ ❡✳❣✳ r❡❛❞ ❜❛❝❦ ♦❢ t❤❡ ❍■❈❆◆◆✲■❉✳ ■♥
s✉♠♠❛r② t❤❡ t❡sts ✇❡r❡ ♣♦s✐t✐✈❡ ❛♥❞ s❤♦✇❡❞ ♥♦ ♣r♦❜❧❡♠s✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ♣❛❞s
❛r❡ ♥♦t ✉s❛❜❧❡ ❛♥②♠♦r❡ ✇✐t❤ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦rs ❛❢t❡r t❤❡ s♦❧❞❡r✐♥❣ ♣r♦❝❡❞✉r❡✳ ❋♦r
t❤❛t r❡❛s♦♥ ♦♥ ❢♦✉r ♦❢ t❤❡ ✽✵ ❛❝❝❡ss✐❜❧❡ ❍■❈❆◆◆ ❝❤✐♣s ♦♥ t❤❡ ❉❊◆❙❊✵✵✶ ♥♦ ❢✉rt❤❡r
t❡sts ❛r❡ ♣♦ss✐❜❧❡✳

✼✻



✻✳✸ ❙✇✐t❝❤r❛♠ ❚❡st

❘❡s✉❧ts ♦❢ ❉❊◆❙❊✵✵✶ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❙✇✐t❝❤r❛♠ t❡st ♦❢ ❉❊◆❙❊✵✵✶ ✇✐t❤ ❛❝✲
t✐✈❛t❡❞ ❆❘◗ ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✻✳✺✳ ❆ ❞❡t❛✐❧❡❞ ❧✐st ✇✐t❤ t❤❡ ❡rr♦r ♠❡ss❛❣❡s ♦❢ t❤❡
s✐♥❣❧❡ ❍■❈❆◆◆ ❝❤✐♣s ✐s ✐♥ t❛❜❧❡ ❉✳✶✳ ❚❤❡ ✇❛❢❡r ❝r❛❝❦ ✐s ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ s✐❧✐❝♦♥
✇❛❢❡r ❛♥❞ ❣♦❡s ❢r♦♠ t♦♣ str❛✐❣❤t t♦ t❤❡ ✇❛❢❡r ♥♦t❝❤✳ ■t ✐s ✐♥ t❤❡ ❛r❡❛ ♦❢ ❍■❈❆◆◆
❝❤✐♣s ✐♥ t❤❡ ♠✐❞❞❧❡ ❝♦❧✉♠♥✱ ✐✳❡✳ ❢r♦♠ ✾ t♦ ✹✸✼✳ ❆❧❧ t❤❡s❡ ❝❤✐♣s ❞♦ ♥♦t ✇♦r❦ ♣r♦♣❡r❧②✳
■♥ ❛❧❧ ❝❛s❡s ❛ ✇r♦♥❣ ❍■❈❆◆◆✲✐❞ ✐s r❡t✉r♥❡❞✳ ■t ✐s ❡✐t❤❡r ✵①✵✵✵✵✵✵✵✵ ♦r ✵①✛✛✛✛✳
❚♦ ❝❤❡❝❦ ✐❢ t❤❡ ❝♦♥t❛❝ts t♦ t❤❡ ✇❛❢❡r ♣❛❞s ❛r❡ ❜r♦❦❡♥ ❛❧❧ t❡r♠✐♥❛t✐♦♥ r❡s✐st♦rs ♦❢

t❤❡ ▲❱❉❙ ❧✐♥❦s ♦♥ t❤❡ ❝❤✐♣s ✇❡r❡ ♠❡❛s✉r❡❞✳ ❚✇♦ t❡r♠✐♥❛t✐♦♥ r❡s✐st♦rs ❝♦✉❧❞ ♥♦t ❜❡
♠❡❛s✉r❡❞✱ t❤❡② ❤❛❞ ❛♥ ♦♣❡♥ ❝♦♥♥❡❝t✐♦♥✳ ❚❤✐s ✇❛s ♦♥ ❍■❈❆◆◆ ♥✉♠❜❡r ♥✐♥❡✳ ❚❤❡
♦♣❡♥ ❝♦♥♥❡❝t✐♦♥ ✇♦✉❧❞ ❧❡❛❞ t♦ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ❤✐❣❤✲s♣❡❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜✉t ✐t
❞♦❡s ♥♦t ❞❡s❝r✐❜❡ t❤❡ ❏❚❆● ❡rr♦r✳ ■❢ t❤❡r❡ ✇❛s ❛♥ ♦♣❡♥ ❝♦♥♥❡❝t✐♦♥ ✐♥ t❤❡ ❚❉❖ ❧✐♥❡✱
t❤❡ r❡❝❡✐✈❡❞ ❍■❈❆◆◆✲✐❞ s❤♦✉❧❞ ❜❡ ✵①✵✵✵✵✵✵✵✵ ❛♥❞ ♥♦t ✵①✛✛✛✛✳ ❖♥ ❛❧❧ ♦t❤❡r ❝❤✐♣s
t❤❡ t❡r♠✐♥❛t✐♦♥ r❡s✐st❛♥❝❡ ✇❛s ❝♦rr❡❝t✱ s❡❡ t❛❜❧❡ ❉✳✷✳ ❚❤✉s✱ t❤❡ ✇❛❢❡r ❝♦♥t❛❝t ✈✐❛s
s❡❡♠ t♦ ❤❛✈❡ ♥♦ ♣r♦❜❧❡♠s✳ ❚❤❡r❡ ✐s ❛❧s♦ ♥♦ s❤♦rt ❜❡t✇❡❡♥ t❤❡ ❞❛t❛ ♦✉t♣✉t ♣✐♥ ❚❉❖
❛♥❞ t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s ❞❡t❡❝t❛❜❧❡✱ s❡❡ t❛❜❧❡ ❉✳✸✳
❚❤❡ s✉♣♣❧② ✈♦❧t❛❣❡ ♦❢ t❤❡ ♣r♦t♦t②♣❡ s❡t✉♣ ✐s ♠❡❛s✉r❡❞✳ ■t ✐s 13.8V ❛♥❞ ❢♦✉r

✇♦r❦✐♥❣ ❍■❈❆◆◆ ❝❤✐♣s ❤❛✈❡ ❛ ❝✉rr❡♥t ❝♦♥s✉♠♣t✐♦♥ ♦❢ 0.6A✳ ❚❤❡ ❜r♦❦❡♥ ❝❤✐♣s
❝♦♥s✉♠❡ 0.3A ♠♦r❡ t❤❛♥ t❤❡ ❢✉♥❝t✐♦♥✐♥❣ ❝❤✐♣s✳ ❍❡♥❝❡✱ s♦♠❡✇❤❡r❡ ❤❛s t♦ ❜❡ ❛ s❤♦rt
✇❤✐❝❤ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❏❚❆● ❡rr♦s✳
❲✐t❤♦✉t ❞❡str♦②✐♥❣ t❤❡ ❜♦❛r❞ ❛♥❞ t❤❡ ✇❛❢❡r ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❢✉rt❤❡r s♣❡❝✐❢②

t❤❡ ❢❛✐❧✉r❡ ❧♦❝❛t✐♦♥✳ ❚❤❡ ❜♦❛r❞ ❤❛s t♦ ❜❡ s❛✇❡❞ ❛♥❞ ❧♦♦❦❡❞ ❛t t❤❡ ❝r♦ss s❡❝t✐♦♥s✳
❚❤❡ ❢❛✐❧✉r❡ ❝♦✉❧❞ ❜❡ ♦♥ t❤❡ s✉❜str❛t❡ ❧❡✈❡❧ ♦r ✐♥ t❤❡ ♠❡t❛❧ ❧❛②❡rs ♦♥ t♦♣ ♦❢ t❤❡ s✐❧✐❝♦♥✳
■t ✐s ♠♦st✲❧✐❦❡❧② r❡❧❛t❡❞ t♦ t❤❡ ❜r❡❛❦✐♥❣ ♦❢ t❤❡ ✇❛❢❡r ❞✉❡ t♦ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❝❤✐♣s
❛♥❞ t❤❡ ❝r❛❝❦✳
❚❤❡ ❍■❈❆◆◆s ✶✼✼✱ ✷✶✸✱ ✸✼✸ ❛♥❞ ✹✵✶ ❤❛✈❡ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ❏❚❆● ❝♦♠♠✉♥✐✲

❝❛t✐♦♥✳ ❚❤❡ ❝❤✐♣s r❡t✉r♥❡❞ ❛ ✇r♦♥❣ ❍■❈❆◆◆✲✐❞✳ ❚❤❡ s❛♠❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡
t❡r♠✐♥❛t✐♦♥ r❡s✐st♦rs ❛♥❞ t❤❡ r❡s✐st❛♥❝❡ ❜❡t✇❡❡♥ ❚❉❖ ❛♥❞ t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s ✇❡r❡
❝♦♥❞✉❝t❡❞ t❤❛♥ ❜❡❢♦r❡✱ s❡❡ t❛❜❧❡s ❉✳✷ ❛♥❞ ❉✳✸✳ ❚❤❡r❡ ✇❡r❡ ♥♦ ♣r♦❜❧❡♠s ♦❢ ❢❛✐❧✉r❡s
❞❡t❡❝t❛❜❧❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❡rr♦r ❤❛s t♦ ❜❡ ✐♥ t❤❡ ❝❤✐♣✳ ■t ❝♦✉❧❞ ❜❡ ♣♦ss✐❜❧❡ t❤❛t t❤❡r❡
❛r❡ ❞✐st♦rt✐♦♥s ♦♥ t❤❡ ❝❤✐♣ ❢r♦♠ t❤❡ ❜r❡❛❦✐♥❣ ♦❢ t❤❡ ✇❛❢❡r✳
❚❤❡ ❍■❈❆◆◆ ❝❤✐♣ ♥✉♠❜❡r ✹✸✸ s❤♦✇s ❛❧✇❛②s ❧✐♥❦ tr❛♥s♠✐ss✐♦♥ ❡rr♦rs✳ ❉✉r✐♥❣ t❤❡

✐♥✐t✐❛❧✐③❛t✐♦♥ ♣r♦❝❡ss t❡st ❞❛t❛ ✐s s❡♥t ❞♦✇♥ t♦ t❤❡ ❝❤✐♣ ❛♥❞ ✐♠♠❡❞✐❛t❡❧② r❡t✉r♥❡❞ t♦
t❤❡ ❋P●❆ ✇✐t❤♦✉t ❛♥② ♣r♦❝❡ss✐♥❣ ♦❢ t❤❡ ❞❛t❛✳ ■t ❝❤❡❝❦s ✐❢ t❤❡ ❢♦✉♥❞ ❧✐♥❦ ♣❛r❛♠❡t❡rs
❛❧❧♦✇ ❛ st❛❜❧❡ ❛♥❞ ❢❛✉❧t❧❡ss ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❍❡r❡ t❤❡ ❞❛t❛ r❡❝❡✐✈❡❞ ❜② t❤❡ ❋P●❆
✐s ❝♦rr✉♣t✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡r❡ ✐s ♥♦ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤✐s ❜❡❤❛✈✐♦r s♦ ❢❛r✳ ❚❤❡
t❡r♠✐♥❛t✐♦♥ r❡s✐st❛♥❝❡s ✇❡r❡ ✐♥ t❤❡ ❝♦rr❡❝t r❛♥❣❡ ❛♥❞ ❛♥ ♦♣t✐❝❛❧ ✐♥s♣❡❝t✐♦♥ s❤♦✇❡❞
♥♦t❤✐♥❣ ♦❢ s✐❣♥✐✜❝❛♥❝❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r❡❛s♦♥ ❤❛s t♦ ❜❡ ✇✐t❤✐♥ t❤❡ ❍■❈❆◆◆ ❝❤✐♣
❜❡❝❛✉s❡ ❡✈❡r②t❤✐♥❣ ❡❧s❡ ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦t❤❡r ❝❤✐♣s ♦♥ t❤❡ ❜♦❛r❞✳ ■t ✐s ♣♦ss✐❜❧❡ t❤❛t
t❤❡ ❞❛t❛ ✐s ❝♦rr✉♣t❡❞ ❛t t❤❡ ✐♥♣✉t ♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣ ♦r ❞✉r✐♥❣ t❤❡ tr❛♥s♣♦rt❛t✐♦♥
❢r♦♠ t❤❡ ✐♥♣✉t r❡❝❡✐✈❡r t♦ t❤❡ ♦✉t♣✉t tr❛♥s❝❡✐✈❡r✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ❍■❈❆◆◆s ✶✵✶✱
✶✶✼✱ ✶✻✶✱ ✶✾✼ ❛♥❞ ✸✽✾ ❤❛✈❡ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ✐♥✐t✐❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ❤✐❣❤✲s♣❡❡❞ ❧✐♥❦s✳
❚❤❡② ❝❛♥♥♦t ✜♥❞ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❧✐♥❦ ♣❛r❛♠❡t❡rs ✇❤✐❝❤ ✐s ✐♥❞✐❝❛t❡❞ ❜② ❛ r❡t✉r♥❡❞
❧✐♥❦ st❛t✉s ♦❢ ✵①✵❛✳ ❚❤✐s ❡rr♦r ♦❝❝✉rs ❛❧s♦ ♦♥ t❤❡ ❲❙■ s②st❡♠s✳ ❆t t❤❡ ♠♦♠❡♥t ♥♦
r❡❛s♦♥ ❝♦✉❧❞ ❜❡ ❢♦✉♥❞ ❢♦r t❤✐s ❡rr♦r ❬▼❛✉❝❤✱ ✷✵✶✼❪✳

✼✼



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

❲❛❢❡r ❝r❛❝❦

❋✐❣✉r❡ ✻✳✺✿ ❲❛❢❡r♠❛♣ ♦❢ t❤❡ ❙✇✐t❝❤r❛♠ t❡st r❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞✳ ❚❤❡
❣r❡❡♥ ❍■❈❆◆◆s ♣❛ss❡❞ t❤❡ t❡st ❛♥❞ t❤❡ r❡❞ ♦♥❡s ❢❛✐❧❡❞ ✐t✳ ❚❤❡r❡ ❛r❡
✺✵ ❢✉♥❝t✐♦♥✐♥❣ ❍■❈❆◆◆s ❛♥❞ ✷✻ ✇✐t❤ ♣r♦❜❧❡♠s✳ ❚❤❡ ✐♥✐t❛❧ ❏❚❆● t❡sts
♠❛❞❡ t❤❡ ②❡❧❧♦✇ ❍■❈❆◆◆s ♥♦t ✉s❛❜❧❡✳ ❚❤❡ ❣r❛② ❍■❈❆◆◆s ❛r❡ ♥♦t
❛❝❝❡ss✐❜❧❡ ❞✉❡ t♦ t❤❡ ✇❛❢❡r r♦t❛t✐♦♥✳

✼✽



✻✳✸ ❙✇✐t❝❤r❛♠ ❚❡st

■♥ t♦t❛❧ ❛r♦✉♥❞ 65% ♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣s ❛r❡ ✇♦r❦✐♥❣ ♣r♦♣❡r❧②✳ ❚❤❡ ❡rr♦r ♣❛tt❡r♥
❞♦❡s ♥♦t ✐♥❞✐❝❛t❡ t❤❛t t❤❡r❡ ✐s ❛ s②st❡♠❛t✐❝ ♣r♦❜❧❡♠ ✐♥❞✉❝❡❞ ❜② t❤❡ ❡♠❜❡❞❞✐♥❣
♣r♦❝❡ss✳ ▼♦st ♦❢ t❤❡ ❡rr♦rs s❡❡♠ t♦ ❜❡ r❡❧❛t❡❞ ✇✐t❤ t❤❡ ✇❛❢❡r ❝r❛❝❦✳ ❋♦r ❝r♦ss
✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ r❡s✉❧ts t❤❡r❡ ✐s t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞ ✇❤✐❝❤ ❤❛s ❛♥ ✐♥t❛❝t s✐❧✐❝♦♥
✇❛❢❡r✳

❘❡s✉❧t ♦❢ ❉❊◆❙❊✵✵✷ ■♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞ t❤❡ s❡❝♦♥❞ ♣r♦t♦t②♣❡
❉❊◆❙❊✵✵✷ ❤❛s ❛ ❧♦t ❧❡ss ❡rr♦rs✳ ❆ ✇❛❢❡r ♠❛♣ ✇✐t❤ t❤❡ t❡st r❡s✉❧ts ♦❢ t❤❡ ❙✇✐t❝❤r❛♠
t❡st ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✻✳✻✳ ❖♥❧② t❤r❡❡ ❍■❈❆◆◆ ❝❤✐♣s✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ 4% ♦❢ ❛❧❧
❝❤✐♣s✱ ❛r❡ ♥♦t ✇♦r❦✐♥❣ ♣r♦♣❡r❧②✳ ❚❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❡rr♦rs ❞♦ ♥♦t ♦✈❡r❧❛♣ ✇✐t❤ ❡rr♦rs
♦♥ t❤❡ ✜rst ❜♦❛r❞✳ ■♥ t❛❜❧❡ ❉✳✹ t❤❡ ❞❡t❛✐❧❡❞ ❡rr♦r ♠❡ss❛❣❡s ❛r❡ ❧✐st❡❞✳ ❚❤❡ ❝❤✐♣s ✺
❛♥❞ ✷✾ r❡t✉r♥ ❛ ❢❛❧s❡ ❍■❈❆◆◆✲✐❞ ♦✈❡r ❏❚❆●✳ ■t ✐s ❛❧✇❛②s ✵①✛✛✛✛ ✇❤✐❝❤ s❡❡♠s t♦
❜❡ ❛ s❤♦rt t♦ ♦♥❡ ♦❢ t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s✳ ❚❤✐s ❝♦✉❧❞ ♥♦t ❜❡ ✈❛❧✐❞❛t❡❞ ❜② r❡s✐st❛♥❝❡
♠❡❛s✉r❡♠❡♥ts ❜❡t✇❡❡♥ ❚❉❖ ❛♥❞ t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s✱ s❡❡ t❛❜❧❡ ❉✳✻✳ ❚❤❡ t❡r♠✐♥❛t✐♦♥
r❡s✐st♦rs ✐♥ t❤❡ ▲❱❉❙ ❧✐♥❦s ❤❛✈❡ t❤❡ ❝♦rr❡❝t ✈❛❧✉❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝♦♥♥❡❝t✐♦♥s t♦
t❤❡ ✇❛❢❡r ❧♦♦❦ ✜♥❡✳ ❋r♦♠ t❤❡ ❞❛t❛ ❛ ❞❡✜♥✐t❡ ❛♥s✇❡r ❢♦r t❤❡ r❡❛s♦♥ ♦❢ ♣r♦❜❧❡♠ ✐s ♥♦t
♣♦ss✐❜❧❡✳
❚❤❡ ❙✇✐t❝❤r❛♠ t❡st ❢❛✐❧s ♦♥ t❤❡ ❍■❈❆◆◆ ✷✺✸ ❞✉❡ t♦ tr❛♥s♠✐ss✐♦♥ ❡rr♦rs ♦♥ t❤❡

❤✐❣❤✲s♣❡❡❞ ❧✐♥❦s✳ ❖♥ t❤✐s ❍■❈❆◆◆ ♥♦t ❛❧❧ t❡r♠✐♥❛t✐♦♥ r❡s✐st❛♥❝❡s ❝♦✉❧❞ ❜❡ ♠❡❛✲
s✉r❡❞✳ ■♥ t❛❜❧❡ ❉✳✺ t❤❡ ✈❛❧✉❡s ❛r❡ ❧✐st❡❞✳ ❋♦r t❤❡ ❝❧♦❝❦ ❧✐♥❡ ✐♥ s❡♥❞✐♥❣ ❞✐r❡❝t✐♦♥
✭❚❳❴❈❧❦✮ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ♠❡❛s✉r❡ t❤❡ r❡s✐st❛♥❝❡ s♦ t❤❛t ✐t ✐s ❛♥ ♦♣❡♥ ❝♦♥♥❡❝✲
t✐♦♥✳ ❆ ❝❧♦s❡r ❧♦♦❦ ♦♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❩❆✶ ♣❛❞s r❡✈❡❛❧❡❞ t❤❡ r❡❛s♦♥ ❢♦r t❤❡ ♦♣❡♥
❧✐♥❡✳ ❚❤❡ ❘❉▲ ♣❛❞s ❛r❡ ♥♦t ❞✐r❡❝t❧② ✉♥❞❡r t❤❡ ❩❆✶ ♣❛❞s✳ ❚❤❡r❡❢♦r❡✱ ❝♦♣♣❡r ❧✐♥❡s
r✉♥ ❢r♦♠ t❤❡ ♠✐❝r♦✈✐❛s ❛t t❤❡ ❘❉▲ ♣❛❞ ❧♦❝❛t✐♦♥s t♦ t❤❡ ❩❆✶ ♣❛❞s✳ ❍❡r❡✱ ❛♥ ❡t❝❤✐♥❣
♣r♦❜❧❡♠ ✐s ✈✐s✐❜❧❡✳ ❖♥❡ ♦❢ t❤❡ ❧✐♥❡s ♠✐ss❡s ❛ ♣✐❡❝❡ ♦❢ ✐ts tr❛❝❡ ❝❧♦s❡ t♦ t❤❡ ❩❆✶ ♣❛❞✳
■♥ ✜❣✳ ✻✳✼ ❛♥ ❡♥❧❛r❣❡♠❡♥t ♦❢ t❤✐s ❛r❡❛ ✐s s❤♦✇♥✳ ❚❤❡r❡ ❛r❡ t✇♦ ♣♦ss✐❜❧❡ r❡❛s♦♥s ❢♦r
t❤❡ ♠✐ss✐♥❣ ♣✐❡❝❡✳ ❋✐rst✱ t❤❡ ❝♦♣♣❡r ❧✐♥❡ ❤❛❞ ❛t t❤✐s ♣♦s✐t✐♦♥ ❛ ❧♦♦s❡ ❝♦♥♥❡❝t✐♦♥ t♦
t❤❡ ♣r❡♣r❡❣ ❧❛②❡r ❛♥❞ ✇❛s t♦r♥ ♦✛ ❞✉r✐♥❣ t❤❡ ❡t❝❤ ❜❛t❤✳ ❙❡❝♦♥❞✱ t❤❡ ❜♦❛r❞ ✇❛s t♦♦
❧♦♥❣ ✐♥ t❤❡ ❡t❝❤ ❜❛t❤ ❛♥❞ r❡♠♦✈❡❞ ✐♥ t❤✐s ❛r❡❛ ♠♦r❡ ❝♦♣♣❡r t❤❛♥ ✐♥t❡♥❞❡❞✳ ❚❤❡
❧❛tt❡r ❤❛♣♣❡♥s ✐❢ t❤❡ ❝♦♣♣❡r ❞✐str✐❜✉t✐♦♥ ✐s ✉♥❜❛❧❛♥❝❡❞ ❛❝r♦ss t❤❡ ❜♦❛r❞✳ ❚❤✐s ❝♦✉❧❞
❜❡ t❤❡ ❝❛s❡ ❢♦r t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ■♥ t❤❡ ♦✉t❡r ❛r❡❛ ♦❢ t❤❡ ❜♦❛r❞ ❛ ❧♦t ♠♦r❡ ❝♦♣♣❡r
❤❛s t♦ ❜❡ ❡t❝❤❡❞ ❛✇❛② ❛♥❞✱ ❤❡♥❝❡✱ ♥❡❡❞s ♠♦r❡ t✐♠❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ ✐♥ t❤❡ ❛r❡❛
❛❜♦✈❡ t❤❡ ✇❛❢❡r ✐s ❧❡ss ❡t❝❤✐♥❣ r❡q✉✐r❡❞ t♦ ❝r❡❛t❡ t❤❡ ❝♦♣♣❡r str✉❝t✉r❡s✳ ❚❤❡ ❧♦❝❛t✐♦♥
♦❢ t❤❡ ❢❛✐❧✉r❡ ✐s ❛t t❤❡ ❡❞❣❡ ❜❡t✇❡❡♥ t❤❡ ✐♥♥❡r ✇❛❢❡r ❛r❡❛ ✇✐t❤ ❛ ❧♦✇ ❡t❝❤ r❛t❡ ❛♥❞
t❤❡ ♦✉t❡r ❛r❡❛ ✇✐t❤ ❛ ❤✐❣❤ ❡t❝❤ r❛t❡✳
■t ❝❛♥ ❜❡ s♦❧✈❡❞ ❜② ❝♦♣♣❡r t❤✐❡✈✐♥❣✳ ❚❤✐s ♠❡t❤♦❞ ✜❧❧s t❤❡ ❡♠♣t② ❛r❡❛s ✇✐t❤ ❛
❝❤❡❝❦❡r❜♦❛r❞ ♣❛tt❡r♥ ♦❢ ❝♦♣♣❡r ✇❤✐❝❤ ❜❛❧❛♥❝❡s t❤❡ ❡t❝❤ r❛t❡ ❛❝r♦ss t❤❡ ❜♦❛r❞✳
◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ❢❛✐❧✉r❡s ♦♥ t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞ s❡❡♠ ♥♦t t♦ ❜❡ r❡❧❛t❡❞ t♦ t❤❡

❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡✳

❈♦♥❝❧✉s✐♦♥ ❚❤❡r❡ ❛r❡ ♥♦ ❣❡♥❡r❛❧ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦✈❡r t❤❡ ❏❚❆●
❛♥❞ t❤❡ ❤✐❣❤✲s♣❡❡❞ ❧✐♥❦s ✈✐s✐❜❧❡✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ✐♠♣❡❞❛♥❝❡ ♠✐s♠❛t❝❤ ♦❢ t❤❡ s✐❣♥❛❧
❧✐♥❡s ✐s ♥♦t ❛ ♣r♦❜❧❡♠✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❛t ❝♦✉❧❞ ❜❡ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s✐❣♥❛❧ ❧✐♥❡s ♦♥

✼✾



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

❋✐❣✉r❡ ✻✳✻✿ ❘❡s✉❧t ♦❢ t❤❡ ❙✇✐t❝❤r❛♠ t❡sts ✇✐t❤ ❛❝t✐✈❛t❡❞ ❆❘◗ ♦❢ t❤❡ ❉❊◆❙❊✵✵✷
❜♦❛r❞✳ ❚❤❡ ❣r❡❡♥ ❍■❈❆◆◆s ♣❛ss❡❞ t❤❡ t❡st ❛♥❞ t❤❡ r❡❞ ♦♥❡s ❢❛✐❧❡❞
✐t✳ ❚❤❡r❡ ❛r❡ ✼✼ ✇♦r❦✐♥❣ ❍■❈❆◆◆ ❝❤✐♣s ❛♥❞ t❤r❡❡ ❜r♦❦❡♥ ❝❤✐♣s✳ ❚❤❡
❣r❛② ❍■❈❆◆◆s ❛r❡ ♥♦t ✉s❛❜❧❡ ❞✉❡ t♦ t❤❡ ✇❛❢❡r r♦t❛t✐♦♥ ❛♥❞ t❤❡ ✇❤✐t❡
❍■❈❆◆◆ ❛r❡ ♥♦ ❛❝❝❡ss✐❜❧❡✳

✽✵



✻✳✹ ❋❧♦❛t✐♥❣✲●❛t❡ ❈❡❧❧ ❚❡st

❋✐❣✉r❡ ✻✳✼✿ P❤♦t♦❣r❛♣❤ s❤♦✇✐♥❣ ❛ ♠✐ss✐♥❣ ♣✐❡❝❡ ♦❢ ❛ tr❛❝❡✳ ■t ✐s t❤❡ s❡♥❞✐♥❣ ❝❧♦❝❦
❧✐♥❡ ♦❢ ❍■❈❆◆◆ ✷✺✸ ♦♥ t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞✳ ❚❤✐s ✐s t❤❡ r❡❛s♦♥ ❢♦r t❤❡
tr❛♥s♠✐ss✐♦♥ ❡rr♦rs ✐♥ t❤❡ ❙✇✐t❝❤r❛♠ t❡st✳

t❤❡ ✐♥♥❡r r❡t✐❝❧❡s✳ ▼♦st ♦❢ t❤❡ ❧✐♥❡s ❤❛✈❡ t❤❡✐r ✇❛❢❡r ❝♦♥t❛❝t ✈✐❛s ❞✐r❡❝t❧② ✐♥ t❤❡ ❩❆✶
♣❛❞s ❛♥❞ t❤❡ ♦t❤❡r ❧✐♥❡s ❛r❡ s❤♦rt✳ ❚❤❡ ❧♦♥❣❡st tr❛❝❡ ❤❛s ❛ ❧❡♥❣t❤ ♦❢ 13.7mm✳
❚❤❡ ❤✐❣❤ ❡rr♦r ❝♦✉♥t ♦♥ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞ ✐s ♠♦st ❧✐❦❡❧② r❡❧❛t❡❞ t♦ t❤❡ ❜r❡❛❦✐♥❣
♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛s t❤❡ s❡❝♦♥❞ ♣r♦t♦t②♣❡ s❤♦✇s ❛❧♠♦st ♥♦ ♣r♦❜❧❡♠s✳
❚❤❡ ♠✐ss✐♥❣ tr❛❝❡ ♦♥ t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞ ✐s ❛♥ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❜❧❡♠ ♦❢ t❤❡ ❜♦❛r❞
❧❛②♦✉t ❛♥❞ ♥♦t s♣❡❝✐✜❝❛❧❧② r❡❧❛t❡❞ t♦ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡✳

✻✳✹ ❋❧♦❛t✐♥❣✲●❛t❡ ❈❡❧❧ ❚❡st

❚❤❡ ❋❧♦❛t✐♥❣✲❣❛t❡ ♠❡❛s✉r❡♠❡♥t ✐s ♠♦r❡ ❝♦♠♣❧❡① t❤❛♥ t❤❡ ❙✇✐t❝❤r❛♠ t❡st✳ ■t ✐♥✈♦❧✈❡s
♠♦r❡ ❝✐r❝✉✐ts ❧✐❦❡ t❤❡ ❛♥❛❧♦❣ r❡❛❞♦✉t ❛♥❞ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝♦♥tr♦❧❧❡r✳ ❖♥ t❤❡ ♦t❤❡r
❤❛♥❞ t❤❡ t❡st ❝❛♥ ❡❛s✐❧② ❜❡ ❡✈❛❧✉❛t❡❞ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ✈♦❧t❛❣❡ ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡
❝❡❧❧s✳ ■♥ ✜❣✳ ✻✳✽ ❛ t②♣✐❝❛❧ r❡s✉❧t ♦❢ t❤❡ t❡st ✐s s❤♦✇♥✳ ❚❤❡ ♥❛♠❡ ♦❢ t❤❡ r♦✇s ❛r❡ ❧✐st❡❞
✐♥ ❉✳✼✳
❆❧❧ ❢♦✉r ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s ❛r❡ ♣❧♦tt❡❞ s❡♣❛r❛t❡❧② ❛♥❞ ❡❛❝❤ r❡❝t❛♥❣❧❡ ✐♥ ❛ ❜❧♦❝❦

r❡♣r❡s❡♥ts ❛ s✐♥❣❧❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧✳ ❚❤❡ ❝♦❧♦rs ✐♥❞✐❝❛t❡ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡
t❛r❣❡t ✈❛❧✉❡ ❛♥❞ t❤❡ r❡❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧✳ ❚❤❡ ✐❞❡❛❧ r❡s✉❧t ✇♦✉❧❞ ❜❡ 0V
❛s ❛ ♣❡r❢❡❝t ♠❛t❝❤ ❜❡t✇❡❡♥ s❡t ♣♦✐♥t ❛♥❞ r❡❛❧ ✈❛❧✉❡✳ ■♥ r❡❛❧ ✇♦r❧❞ ❛♣♣❧✐❝❛t✐♦♥s t❤✐s
✐s ❞✐✣❝✉❧t t♦ ❛❝❤✐❡✈❡ ❛s t❤❡ ♣r♦❣r❛♠♠✐♥❣ t✐♠❡ ❛♥❞ t❤❡ st❡♣s ❛r❡ ✜♥✐t❡✳ ❈❤r✐st♦♣❤
❑♦❦❡ ❛❝❤✐❡✈❡❞ ❞❡✈✐❛t✐♦♥s ✐♥ t❤❡ r❛♥❣❡ 1✲8mV ❢♦r t❤❡ ✈♦❧t❛❣❡ ❝❡❧❧s ✇✐t❤ ♦♣t✐♠✐③❡❞
❝♦♥tr♦❧❧❡r s❡tt✐♥❣s ❬❑♦❦❡✱ ✷✵✶✼❪✳ ❚❤❡s❡ s❡tt✐♥❣s ✇❡r❡ ♥♦t ②❡t ❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡s❡ t❡st
r✉♥s s♦ t❤❛t t❤❡ ❞❡✈✐❛t✐♦♥s ❛r❡ ❤✐❣❤❡r✳ ■t ✐s ♥♦t s✉❜❥❡❝t t♦ t❤✐s t❤❡s✐s t♦ ❛♥❛❧②s❡ t❤❡
✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧ ♣❡r❢♦r♠❛♥❝❡✱ t❤❡r❡❢♦r❡✱ t❤❡ ❧❛r❣❡r s♣r❡❛❞ ✐s ❛❝❝❡♣t❡❞✳ ❚❤❡ ✐♥t❡r❡st
❧✐❡s ♦♥ ❛ ❣❡♥❡r❛❧ ♣❡rs♣❡❝t✐✈❡ ❛♥❞ ❛ ✇❛❢❡r✲✇✐❞❡ ❜❡❤❛✈✐♦r ❛♥❛❧②s✐s✳
❚❤❡ s❡t ♣♦✐♥ts ❛r❡ ♦♥❝❡ r❛♥❞♦♠❧② ❝❤♦s❡♥ ❢♦r ❡❛❝❤ ❝❡❧❧ ❛♥❞ t❤❡♥ r❡✉s❡❞ ♦♥ ❛❧❧ ❝❤✐♣s✳
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❪

❋✐❣✉r❡ ✻✳✽✿ ❋❧♦❛t✐♥❣ ❣❛t❡ t❡st ♦❢ ❍■❈❆◆◆ ✸✵✶ ♦♥ t❤❡ ❉❊◆❙❊✵✵✶✳ ❚❤❡ ❝♦❧♦r ♦❢ ❛ ❝❡❧❧
❞❡♣✐❝ts t❤❡ ✈♦❧t❛❣❡ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ r❡❛❧ ✈❛❧✉❡ ❢r♦♠ t❤❡ t❛r❣❡t ✈❛❧✉❡✳

❘❛♥❞♦♠ ✈❛❧✉❡s ❤❛✈❡ t❤❡ ❛❞✈❛♥t❛❣❡ t❤❛t t❤❡ ❝♦♠♣❧❡t❡ ♣❛r❛♠❡t❡r r❛♥❣❡ ✐s t❡st❡❞ ❛t
♦♥❝❡✳ ■❢ ♦♥❧② ♦♥❡ ✈❛❧✉❡ ❢♦r ❛❧❧ ❝❡❧❧s ✐s ❝❤♦s❡♥✱ t❤❡ t❡st ❤❛s t♦ ❜❡ r✉♥ ✇✐t❤ s❡✈❡r❛❧
✈❛❧✉❡s t♦ ❞✐s♠✐ss t❤❡ ❝❛s❡ t❤❛t t❤❡ s❡t ♣♦✐♥t ✐s ❜② ❝❤❛♥❝❡ t❤❡ ✈❛❧✉❡ ♦❢ ❛ ❜r♦❦❡♥ ❝❡❧❧✳
❋✉rt❤❡r♠♦r❡✱ r❛♥❞♦♠ ✈❛❧✉❡s ❛r❡ ❧❡ss ♣r♦♥❡ t♦ s♣❛t✐❛❧ ♣r♦❜❧❡♠s ✐♥ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡
❜❧♦❝❦s✳
❚❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❝❤✐♣s s❤♦✉❧❞ ♦♥❧② ❜❡ t❤❡ ❞❡✈✐❝❡ ✈❛r✐❛t✐♦♥s ❛♥❞ t❤❡ tr✐❛❧✲

t♦✲tr✐❛❧ ❞✐✛❡r❡♥❝❡s✳

▲✐♠✐t✐♥❣ ❆♥❛❧♦❣ ❘❡❛❞♦✉t ❇✉✛❡r ■♥ ✜❣✳ ✻✳✽ ❛ ❤✐❣❤ ♥✉♠❜❡r ♦❢ ❧❛r❣❡ ♥❡❣❛t✐✈❡ ❞❡✲
✈✐❛t✐♦♥s ✐s ✈✐s✐❜❧❡✳ ❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ s❡t ✈❛❧✉❡ ❛♥❞ t❤❡ r❡❛❧ ✈❛❧✉❡ s❤♦✇s
t❤❛t t❤❡ ❧❛r❣❡ ♥❡❣❛t✐✈❡ ❞❡✈✐❛t✐♦♥s ❛r❡ ❛❧✇❛②s ♦❝✉rr✐♥❣ ✇✐t❤ s❡t ♣♦✐♥ts ❛❜♦✈❡ 1.4V✳
❚❤✐s ✐s ♥♦t ❛ ♣r♦❜❧❡♠ ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s t❤❡② ❝❛♥ r❡❛❝❤ 1.8V✳ ❚❤❡ ♣r♦❜❧❡♠
✐s ✐♥ t❤❡ ❛♥❛❧♦❣ r❡❛❞♦✉t✳ ❚❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧ ✐s ♥♦t ♠❡❛s✉r❡❞ ❞✐r❡❝t❧②✳ ❚❤❡r❡ ✐s
❛♥ ❛❞❞✐t✐♦♥❛❧ ❜✉✛❡r ❝✐r❝✉✐t ✐♥ t❤❡ r❡❛❞♦✉t ❧✐♥❡✳ ❚❤✐s ❜✉✛❡r ✐s ✐♥t❡♥❞❡❞ t♦ s❤✐❡❧❞ t❤❡
✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧ ♦✉t♣✉t ❢r♦♠ ❞✐st✉r❜❛♥❝❡s ❞✉❡ t♦ t❤❡ ❛♥❛❧♦❣ ♠❡❛s✉r❡♠❡♥ts✳ ■♥ t❤❡
❝✉rr❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥ t❤❡ ❜✉✛❡r ❝❛♥ ♦♥❧② r❡❛❝❤ ❛♥ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ 1.4V✳ ❚❤❡r❡✲
❢♦r❡✱ ❛❧❧ ✐♥♣✉t ✈♦❧t❛❣❡s ❛❜♦✈❡ 1.4V ❛r❡ ❝❧✐♣♣❡❞ t♦ t❤❡ ♠❛①✐♠✉♠ ♦✉t♣✉t ✈♦❧t❛❣❡✳ ■♥
✜❣✳ ❉✳✶ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s ✐s ♣r❡s❡♥t❡❞✱ t❤❡ ♣❡❛❦ ❛♥❞ ❝✉t✲♦✛ ❛t
1.4V ✐s ❝❧❡❛r❧② ✈✐s✐❜❧❡✳ ❋♦r ❛ ❜❡tt❡r ❛ss❡ss♠❡♥t ♦❢ t❤❡ r❡s✉❧ts ❛♥♦t❤❡r ✈✐s✉❛❧✐③❛t✐♦♥
♠❡t❤♦❞ ✇❛s ❝❤♦s❡♥✳ ❚❤❡ ❞❛t❛ ✐s ♣❧♦tt❡❞ ✐♥ ❛ ❤✐st♦❣r❛♠ s❤♦✇✐♥❣ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡
❞❡✈✐❛t✐♦♥s✳ ■♥ ✜❣✳ ✻✳✾ t❤❡ ❣r❛② ❤✐st♦❣r❛♠ s❤♦✇s t❤❡ ❞❛t❛ ♦❢ ✜❣✳ ✻✳✽✳ ❋r♦♠ t❤❡ ❤✐s✲
t♦❣r❛♠ t❤❡ ♠✐♥✐♠❛❧ ❛♥❞ ♠❛①✐♠❛❧ ❞❡✈✐❛t✐♦♥ ✐s ❞✐r❡❝t❧② ✈✐s✐❜❧❡✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❜✐♥
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✻✳✹ ❋❧♦❛t✐♥❣✲●❛t❡ ❈❡❧❧ ❚❡st

❋✐❣✉r❡ ✻✳✾✿ ❍✐st♦❣r❛♠ ♦❢ ✢♦❛t✐♥❣ ❣❛t❡ t❡st ❢♦r ❍■❈❆◆◆ ✸✵✶ ♦♥ ❉❊◆❙❊✵✵✶✳ ❚❤❡
❣r❛② ❤✐st♦❣r❛♠ s❤♦✇s ❛❧❧ ✈❛❧✉❡s ♦❢ t❤❡ t❡st ❛♥❞ t❤❡ r❡❞ ❤✐st♦❣r❛♠ ♦♥❧②
✉s❡s t❤❡ ✈❛❧✉❡s ✇✐t❤ ❛ s❡t ✈❛❧✉❡ ❜❡❧♦✇ 1.4V✳

✇✐t❤ t❤❡ ♠♦st ❢r❡q✉❡♥t ✈❛❧✉❡ ✐s ♠❛r❦❡❞✳ ❚②♣✐❝❛❧ ❞✐str✐❜✉t✐♦♥s ❤❛✈❡ ❛ ♣❡❛❦ ❛r♦✉♥❞
40✲50mV✳ ❆❜♦✈❡ t❤✐s ♣❡❛❦ ✐s ❛ ❝❧❡❛r ❝✉t✲♦✛ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② ❣♦❡s t♦ ③❡r♦✳ ❖♥ t❤❡
♦t❤❡r s✐❞❡ t❤❡r❡ ✐s ♥♦t s✉❝❤ ❛ ❝❧❡❛r ❧✐♠✐t✳ ❍❡r❡ t❤❡ ❢r❡q✉❡♥❝② s❧♦✇❧② ❞❡❝r❡❛s❡s ✉♥t✐❧ ❛
❞❡✈✐❛t✐♦♥ ♦❢ −0.13V ✐s r❡❛❝❤❡❞✳ ❚❤❡♥ ✐t ❞r♦♣s ❞♦✇♥ t♦ ❛ ❧♦✇❡r ❧❡✈❡❧ ✇❤❡r❡ t❤❡ ❢r❡✲
q✉❡♥❝② st❛②s ❝♦♥st❛♥t ✉♥t✐❧ −0.4V✳ ❚❤✐s ♣❧❛t❡❛✉ ❝♦♠❡s ❢r♦♠ t❤❡ ❡q✉❛❧❧② ❞✐str✐❜✉t❡❞
r❛♥❞♦♠ ♥✉♠❜❡rs ❜❡t✇❡❡♥ 1.4V ❛♥❞ 1.8V ✇❤✐❝❤ ❧❡❛❞ t♦ ❡q✉❛❧❧② ❞✐str✐❜✉t❡❞ ❡rr♦rs
❢r♦♠ 0V t♦ −0.4V✳ ■♥ ✜❣✳ ✻✳✾ t❤❡ r❡❞ ❤✐st♦❣r❛♠ ✐s ❜❛s❡❞ ♦♥ t❤❡ s❛♠❡ ❞❛t❛✱ ❜✉t
✇✐t❤♦✉t t❤❡ ❞❡✈✐❛t✐♦♥s ♦❢ ❝❡❧❧s ✇✐t❤ ❛ t❛r❣❡t ✈❛❧✉❡ ❛❜♦✈❡ 1.4V✳ ❚❤❡ s♣r❡❛❞ ♦❢ t❤❡
❞❡✈✐❛t✐♦♥s ✐s r❡❞✉❝❡❞✳ ❚❤❡ ♥❡✇ r❛♥❣❡ ✐s ❢r♦♠ −0.2V t♦ 0.1V✳ ❆s ❡①♣❡❝t❡❞ t❤❡ ❛r❡❛
❢r♦♠ −0.4V t♦ 0V ❤❛s ❝❤❛♥❣❡❞✳ ❚❤❡ ♣❧❛t❡❛✉ ❢r♦♠ −0.4V t♦ −0.2V ❤❛s ✈❛♥✐s❤❡❞✳
❋♦r t❤❡ ❡✈❛❧✉❛t✐♦♥s t❤❡ ❝❡❧❧s ✇✐t❤ t❛r❣❡t ✈❛❧✉❡s ❛❜♦✈❡ 1.4V ❛r❡ s♦rt❡❞ ♦✉t ❛♥❞ t❤❡

r❡♠❛✐♥✐♥❣ ❝❡❧❧s ❛r❡ ✉s❡❞✳

❉✐✛❡r❡♥t ✢♦❛t✐♥❣ ❣❛t❡ ❇❧♦❝❦ ❇❡❤❛✈✐♦r ❙♦♠❡ ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❡sts s❤♦✇❡❞ ❛♥
✉♥✉s✉❛❧ ❜❡❤❛✈✐♦r ❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t ❜❧♦❝❦s ❧✐❦❡ ✐♥ ✜❣✳ ✻✳✶✵✳ ❚❤❡ ✢♦❛t✐♥❣ ❣❛t❡
❜❧♦❝❦s ③❡r♦ ❛♥❞ ♦♥❡ ❤❛✈❡ ❛ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❞❡✈✐❛t✐♦♥s✳ ❚❤❡ ❜❧♦❝❦s t✇♦ ❛♥❞
t❤r❡❡ ❤❛✈❡ ♠♦r❡ ❛♥❞ str♦♥❣❡r ❞❡✈✐❛t✐♦♥s ✐♥t♦ t❤❡ ♥❡❣❛t✐✈❡ r❡❣✐♠❡✱ s❡❡ ✜❣✳ ❉✳✸✳ ❚❤❡
r❡s✉❧t ✇❛s st❛❜❧❡ ❢♦r s❡✈❡r❛❧ t❡st r✉♥s ❛♥❞ ❞✐❞ ♥♦t ❝❤❛♥❣❡✳ ❚❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡
❜❡t✇❡❡♥ t❤❡ t✇♦ ❣r♦✉♣s ✐s t❤❡ ❛♥❛❧♦❣ r❡❛❞♦✉t✳ ❇❧♦❝❦ ③❡r♦ ❛♥❞ ♦♥❡ ❜❡❧♦♥❣ t♦ t❤❡
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❛
❣
❡
❞
❡✈

✐❛
t✐
♦
♥
❬V

❪

❋✐❣✉r❡ ✻✳✶✵✿ ❋❧♦❛t✐♥❣ ❣❛t❡ t❡st ♦❢ ❍■❈❆◆◆ ✸✹✶ ♦♥ ❉❊◆❙❊✵✵✶✳ ❚❤❡ ✢♦❛t✐♥❣ ❣❛t❡
❜❧♦❝❦s t✇♦ ❛♥❞ t❤r❡❡ s❤♦✇ ❛ ❧♦t ♠♦r❡ ♥❡❣❛t✐✈❡ ❞❡✈✐❛t✐♦♥s t❤❛♥ t❤❡ ❜❧♦❝❦s
③❡r♦ ❛♥❞ ♦♥❡✳

✉♣♣❡r ✢♦❛t✐♥❣ ❣❛t❡ ❣r♦✉♣ ❛♥❞ ❛r❡ r❡❛❞ ✈✐❛ ♦♥❡ ♦❢ t❤❡ t✇♦ ❛♥❛❧♦❣ r❡❛❞♦✉t ❧✐♥❡s✳
❍♦✇❡✈❡r✱ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s t✇♦ ❛♥❞ t❤r❡❡ ❛r❡ ♠❡❛s✉r❡❞ ✈✐❛ t❤❡ ♦t❤❡r ❛♥❛❧♦❣
r❡❛❞♦✉t ❧✐♥❡✳ ❆❢t❡r ❝❤❡❝❦✐♥❣ t❤❡ ❝❛❜❧❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ♣r♦t♦t②♣❡ s❡t✉♣ t❤❡ ♦✛s❡t
✇❛s ❣♦♥❡✳ ■t ✇❛s ♠♦st ❧✐❦❡❧② ❛ ❜❛❞ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❝❛❜❧❡✳ ■♥ ❧❛t❡r t❡sts ✐t
♥❡✈❡r s❤♦✇❡❞ ✉♣ ❛❣❛✐♥✳
❚❤✐s ✇❛s t❤❡ ♦♥❧② ♣r♦❜❧❡♠ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ♦♥ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞✳ ❖♥ t❤❡ ♦t❤❡r

❍■❈❆◆◆ ❝❤✐♣s ♥♦ ♣r♦❜❧❡♠s ✇❡r❡ ✈✐s✐❜❧❡✳ ❚❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s ✇♦r❦❡❞ ♣r♦♣❡r❧②✳

❇r♦❦❡♥ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s ❖♥ t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞ t❤❡ t❡sts r❡✈❡❛❧❡❞ ❛ ♥❡✇
♣r♦❜❧❡♠ ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s✳ ❚❤❡r❡ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s ♦❢ ❍■❈❆◆◆ ✶✼✸
✇❡r❡ ❝♦♠♣❧❡t❡❧② ❜r♦❦❡♥✳ ❚❤❡ r❡s✉❧t ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✻✳✶✶✳ ❚❤❡ ♠❡❛s✉r❡❞ ❞❛t❛ ♦❢ t❤❡
r♦✇s ❛r❡ ❡✐t❤❡r ❛t ♥❡❛r❧② 0V ♦r ❛r♦✉♥❞ 1.4V✳ ❲❤❡r❡❛s✱ t❤❡ 1.4V ♣r♦❜❛❜❧② ✐s 1.8V
❛s t❤✐s ✐s t❤❡ ♠❛①✐♠✉♠ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧✳ ❚❤❡ r♦✇✲✇✐s❡ ♣❛tt❡r♥
✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♣r♦❣r❛♠♠✐♥❣ ♦❢ t❤❡ ❝❡❧❧s ✐s ♥♦t ✇♦r❦✐♥❣✳ ❆❧❧ ❢♦✉r ✢♦❛t✐♥❣ ❣❛t❡
❜❧♦❝❦s ♦❢ t❤❡ ❍■❈❆◆◆ ❝❤✐♣ s❤♦✇ t❤❡ s❛♠❡ ❜❡❤❛✈✐♦r✳
❚❤❡ ❤✐st♦❣r❛♠ ♦❢ t❤❡ ❞❛t❛ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✻✳✶✷✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥s ❞✐✛❡r ❢r♦♠

❝❤✐♣s ✇✐t❤ ✇♦r❦✐♥❣ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s✳ ■t ✐s ❜r♦❛❞❡r ❛♥❞ s♣r❡❛❞s ❢r♦♠ −1.4V t♦
1.4V✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡ ♦t❤❡r ❞✐❣✐t❛❧ ♣❛rts ♦❢ t❤❡ ❝❤✐♣ ♠❛② ✇♦r❦✱ t❤❡ ♥❡✉r♦♥s ❛♥❞
s②♥❛♣s❡s ❝❛♥♥♦t ❜❡ s❡t ✉♣ ✐♥ t❤❡ ❝♦rr❡❝t ✇❛② ❛s t❤❡ ❛♥❛❧♦❣ ♣❛r❛♠❡t❡r st♦r❛❣❡ ✐s ♥♦t
❝♦♥✜❣✉r❛❜❧❡✳
❚❤❡ ♣r♦❜❧❡♠ ✇✐t❤ ❜r♦❦❡♥ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s ♦❝❝✉rr❡❞ ♦♥❧② ♦♥❝❡ ♦♥ t❤❡ ❉❊◆❙❊✵✵✷
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✐❛
t✐
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♥
❬V

❪

❋✐❣✉r❡ ✻✳✶✶✿ ❘❡s✉❧t ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❡st ♦❢ ❍■❈❆◆◆ ✶✼✸ ♦♥ ❉❊◆❙❊✵✵✷✳ ❚❤❡r❡
✐s ❛ r♦✇✲✇✐s❡ ♣❛tt❡r♥✱ t❤❡ ❞❡✈✐❛t✐♦♥s ❛r❡ ❡✐t❤❡r ❛t ♥❡❣❛t✐✈❡ ♦r ♣♦s✐t✐✈❡
♠❛①✐♠❛❧ ✈❛❧✉❡✳

❜♦❛r❞✳ ❉✉❡ t♦ t❤❡ ❧♦✇ ♦❝❝✉rr❡♥❝❡ ♦❢ t❤❡ ❡rr♦r✱ ✐t s❡❡♠s ♥♦t t♦ ❜❡ r❡❧❛t❡❞ t♦ t❤❡
❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳ ■❢ ✐t ✐s r❡❧❛t❡❞ t♦ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✱ ✐t ❤❛❞ t♦ ❡✛❡❝t ♠♦r❡
❝❤✐♣s ♦♥ t❤❡ ✇❛❢❡r✳

❈♦♥❝❧✉s✐♦♥ ❖✈❡r❛❧❧ t❤❡ t❡sts ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s ♦♥ t❤❡ ❍■❈❆◆◆ ❝❤✐♣s ✇❡r❡
❛ s✉❝❝❡ss✳ ■t ✇❛s ♥♦ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ✈✐s✐❜❧❡✳ ❆❧♠♦st ❛❧❧ ✢♦❛t✐♥❣
❣❛t❡ ❜❧♦❝❦s ✇♦r❦❡❞ ❛s ❡①♣❡❝t❡❞ ♦♥❧② ♦♥❡ ❝❤✐♣ ❤❛❞ ❝♦♠♣❧❡t❡❧② ❜r♦❦❡♥ ✢♦❛t✐♥❣ ❣❛t❡
❝❡❧❧ ❜❧♦❝❦s✳

✻✳✺ ◆❡✉r♦♥ ❈❛❧✐❜r❛t✐♦♥

❚❤❡ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥ ✇❛s t❤❡ t❡st ✇✐t❤ t❤❡ ❤✐❣❤❡st t✐♠❡ ❝♦♥s✉♠♣t✐♦♥✳ ❖♥❡
❍■❈❆◆◆ ♥❡❡❞s 40min ❢♦r ❛ ❝♦♠♣❧❡t❡ r✉♥✳ ❍❛❧❢ ❛♥ ❤♦✉r ✐s s♣❡♥❞ ♦♥ t❤❡ ❝❛❧✐❜r❛✲
t✐♦♥ ❛♥❞ t❤❡ r❡♠❛✐♥✐♥❣ 10min ♦♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ ❛♥❞ ♣❧♦tt✐♥❣ ♦❢ t❤❡ r❡s✉❧ts✳ ❚❤❡
❝✉rr❡♥t ♣r♦t♦t②♣❡ s②st❡♠ ✉s❡s t✇♦ ❋❧❡①❛❞❛♣t❡r ❜♦❛r❞s✳ ❚❤❡r❡❢♦r❡✱ ❢♦✉r ❍■❈❆◆◆s
❝❛♥ ❜❡ ❛❝❝❡ss❡❞ ✇✐t❤ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ❛t t❤❡ s❛♠❡ t✐♠❡✳ ❆❢t❡r ❛r♦✉♥❞ 160min ❛❧❧
❢♦✉r ❍■❈❆◆◆ ❝❤✐♣s ❛r❡ ❝❛❧✐❜r❛t❡❞✳ ❆ ❝♦♠♣❧❡t❡ ✇❛❢❡r ✇✐t❤ ✽✵ ❝❤✐♣s t❛❦❡s ❛r♦✉♥❞
53 h✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ s②st❡♠ ❤❛s t♦ ❜❡ ♠♦❞✐✜❡❞ ❜② ❤❛♥❞ t♦ s✇✐t❝❤ t♦ ❢♦✉r ♦t❤❡r
❍■❈❆◆◆s✳ ❚❤❡ ❩❆✶ ❝♦♥♥❡❝t♦rs ❛♥❞ t❤❡ ❉❉❈ ❜♦❛r❞ ❤❛✈❡ t♦ ❜❡ ♠♦✈❡❞ t♦ t❤❡ ♥❡①t
s❧♦ts✳ ❚❤✐s ♠♦❞✐✜❝❛t✐♦♥ t❛❦❡s ❛r♦✉♥❞ 10min✳
❚❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ ❝r❡❛t❡s ❛ ❧✐st ✇✐t❤ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s✳ ❚❤❡s❡ ♥❡✉r♦♥s
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❋✐❣✉r❡ ✻✳✶✷✿ ❈♦rr❡s♣♦♥❞✐♥❣ ❤✐st♦❣r❛♠ t♦ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❡st ♦❢ ❍■❈❆◆◆ ✶✼✸ ♦♥
❉❊◆❙❊✵✵✷✳

❞✐❞ ♥♦t ❜❡❤❛✈❡ ✐♥ t❤❡ ✐♥t❡♥❞❡❞ ✇❛② s♦ t❤❛t t❤❡② ❛r❡ ♥♦t ✉s❛❜❧❡ ❢♦r ❡①♣❡r✐♠❡♥ts✳
❚❤❡ ♥✉♠❜❡r ♦❢ ♥❡✉r♦♥s ♠❛r❦❡❞ ❛s ❞❡❢❡❝t✐✈❡ ✐s ❛ ❣♦♦❞ ✐♥❞✐❝❛t♦r ❢♦r t❤❡ st❛t❡ ♦❢ t❤❡
❍■❈❆◆◆ ❝❤✐♣✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ✉s❡❞ ✐♥ ❛ ✇❛❢❡r ✈✐s✉❛❧✐③❛t✐♦♥✳ ■♥ ✜❣✳ ✻✳✶✸ ❛ ❤❡❛t
♠❛♣ ♦❢ ❉❊◆❙❊✵✵✶ ✐s s❤♦✇♥✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❞❡❢❡❝t ♥❡✉r♦♥s ✐s ❝♦❧♦r✲❝♦❞❡❞✳ ❆ ❜❧✉❡
❍■❈❆◆◆ ❤❛s ❛ ❧♦✇ ♥✉♠❜❡r ♦❢ s♦rt❡❞ ♦✉t ♥❡✉r♦♥s ❛♥❞ ❛ r❡❞ ❍■❈❆◆◆ ❤❛s ❛ ❤✐❣❤
♥✉♠❜❡r✳ ❚❤❡ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥ ❝❛♥ ♦♥❧② ✇♦r❦ ♦♥ ❝❤✐♣s ✇✐t❤ ❛ ❢✉♥❝t✐♦♥✐♥❣ ❤✐❣❤✲
s♣❡❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ❛❧❧ ❝❤✐♣s ✇❤✐❝❤ ❤❛❞ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ❙✇✐t❝❤r❛♠
t❡st ❛r❡ ❡①❝❧✉❞❡❞✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦♥tr♦❧ s♦❢t✇❛r❡ ❢♦r t❤❡ ❝❤✐♣s ❝❛♥ ♦♥❧② ✇♦r❦ ✐❢ ❛❧❧
❍■❈❆◆◆s ✐♥ ❛ ❏❚❆●✲❝❤❛✐♥ ❤❛✈❡ ❛ ❢✉♥❝t✐♦♥✐♥❣ ❤✐❣❤✲s♣❡❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ■❢ ♦♥❧②
♦♥❡ ❝❤✐♣ ❤❛s ❛ ♣r♦❜❧❡♠✱ t❤❡ s♦❢t✇❛r❡ t❤r♦✇s ❛♥ ❡①❝❡♣t✐♦♥ ❛♥❞ ❡♥❞s t❤❡ ❡①♣❡r✐♠❡♥t ♦r
❝❛❧✐❜r❛t✐♦♥ r✉♥✳ ❚❤❡ s♠❛❧❧❡st ❝❤❛✐♥ ❝♦♥s✐sts ♦❢ t✇♦ ❍■❈❆◆◆ ❝❤✐♣s✱ ✐♥ t❤❡ ♣r♦t♦t②♣❡
s❡t✉♣ t✇♦ ♦❢ t❤❡s❡ ❛r❡ ❧✐♥❦❡❞ t♦❣❡t❤❡r✳ ❚❤❡ ❍■❈❆◆◆ ✶✵✶ ♦♥ ❉❊◆❙❊✵✵✶✱ ❢♦r ❡①❛♠♣❧❡✱
❤❛s ❛ ♣r♦❜❧❡♠ ✇✐t❤ ✐ts ❤✐❣❤✲s♣❡❡❞ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❍✐s ❞✐r❡❝t ♥❡✐❣❤❜♦r ❍■❈❆◆◆ ✶✷✾
❤❛s ♥♦ ♣r♦❜❧❡♠ ❜✉t ❞✉❡ t♦ t❤❡ s♦❢t✇❛r❡ r❡str✐❝t✐♦♥ ✐t ❝❛♥♥♦t ❜❡ ✉s❡❞✳ ❉❡♣❡♥❞✐♥❣ ♦♥
t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❉❉❈ ❜♦❛r❞ t❤❡ ❍■❈❆◆◆s ❛❜♦✈❡ ♦r ❜❡❧♦✇ t❤❡ ❜r♦❦❡♥ ❍■❈❆◆◆
❝❛♥♥♦t ❜❡ ✉s❡❞ t♦♦✳ ■♥ t❤✐s ❝❛s❡ ❡✐t❤❡r t❤❡ ❍■❈❆◆◆s ✹✺ ❛♥❞ ✼✸ ♦r ✶✻✶ ❛♥❞ ✶✾✼ ❛r❡
✐♥✈♦❧✈❡❞✳

✽✻
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❋✐❣✉r❡ ✻✳✶✸✿ ❉❊◆❙❊✵✵✶ ❤❡❛t ♠❛♣ ♦❢ ❞❡❢❡❝t ♥❡✉r♦♥s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❝❛❧✐❜r❛t✐♦♥
s♦❢t✇❛r❡✳ ❚❤❡ ❍■❈❆◆◆s ✶✵✺ ❛♥❞ ✸✹✶ ❤❛✈❡ ❛ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ♥❡✉r♦♥s
✇❤✐❝❤ ✇❡r❡ s♦rt❡❞ ♦✉t t❤❛♥ t❤❡ ♦t❤❡r ❝❤✐♣s✳

✽✼



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

◆❡✉r♦♥ ❈❛❧✐❜r❛t✐♦♥ ♦♥ ❉❊◆❙❊✵✵✶ ❖♥ ❉❊◆❙❊✵✵✶ ♥♦t ❛❧❧ ❝❤✐♣s ✇❡r❡ t❡st❡❞ ❜❡✲
❝❛✉s❡ t❤❡ ❙✇✐t❝❤r❛♠ t❡st ❛❧r❡❛❞② r❡✈❡❛❧❡❞ t❤❛t ♥♦t ❛❧❧ ❝❤✐♣s ❛r❡ ✇♦r❦✐♥❣✳ ❚❤❡r❡❢♦r❡✱
t❤❡ ❜♦❛r❞ ✇❛s ❝❤♦s❡♥ t♦ ✉♥❞❡r❣♦ t❤❡ t❤❡r♠❛❧ str❡ss ♣r♦❝❡❞✉r❡✳ ❲❤✐❧❡ t❤❡ ❉❊◆❙❊✵✵✶
❜♦❛r❞ ✐s ✐♥ t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t t❤❡ ♦t❤❡r ❉❊◆❙❊ ❜♦❛r❞ ❝❛♥ ❜❡ ❝❤❛r❛❝t❡r✐③❡❞✳ ❚❤✉s✱
♦♥❧② ❛ s✉❜s❡t ♦❢ ✸✵ ❍■❈❆◆◆ ❝❤✐♣s ✇❛s ❝❛❧✐❜r❛t❡❞ ❛s ❛ ❜❛s✐s ❢♦r ❧❛t❡r ❝♦♠♣❛r✐s♦♥s✳
❖♥ ♠♦st ♦❢ t❤❡ ❍■❈❆◆◆s t❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ ❡①❝❧✉❞❡s ♦♥❧② ❛ s♠❛❧❧ ♥✉♠❜❡r ♦❢

♥❡✉r♦♥s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✺ t♦ ✶✺ ♥❡✉r♦♥s✳ ❖♥ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ❆❧❡①❛♥❞❡r ❑✉❣❡❧❡
❞✐❞ ✇❛❢❡r ✇✐❞❡ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥s ✇✐t❤ ❝♦♠♣❛r❛❜❧❡ r❡s✉❧ts✳ ❚❤❡r❡ ❝❛❧✐❜r❛t✐♦♥s ✇✐t❤
✉♣ t♦ 10% ♦❢ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s ❛r❡ ❛❝❝❡♣t❡❞ ❬❑✉❣❡❧❡✱ ✷✵✶✼❪✳ ❚❤✉s✱ t❤❡ ❧✐♠✐t ♦❢
❛❝❝❡♣t❡❞ ❧♦ss ✐s s❡t t♦ ✺✵ ♥❡✉r♦♥s✳ ❚❤❡r❡ ❛r❡ t✇♦ ❍■❈❆◆◆s ✶✵✺ ❛♥❞ ✸✹✶ ✇❤✐❝❤
❤❛✈❡ ❛ ❤✐❣❤❡r ♥✉♠❜❡r ♦❢ ❞❡❢❡❝t ♥❡✉r♦♥s✳ ❇♦t❤ ❤❛✈❡ ❛r♦✉♥❞ ✽✵ ♥❡✉r♦♥s ♠❛r❦❡❞ ❛s
❞❡❢❡❝t✐✈❡✳ ▼♦st t♦ t❤❡ ♣❧♦ts ❢r♦♠ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❧♦♦❦ ✜♥❡ ❛♥❞ s❤♦✇ ♥♦ s♣❡❝✐✜❝s✳
❖♥❧② ✐♥ t❤❡ ✜❣✉r❡ ♦❢ Esyni t❤❡r❡ ❛r❡ ♥❡✉r♦♥s t❤❛t ❞♦ ♥♦t ❜❡❤❛✈❡ ❧✐❦❡ ❡①♣❡❝t❡❞✳ ■♥
✜❣s✳ ❉✳✷ ❛♥❞ ❉✳✸ t❤❡ ❤✐st♦❣r❛♠s ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦ t❡sts ❢♦r ❜♦t❤ ❍■❈❆◆◆s
❛r❡ s❤♦✇♥✳ ❚❤❡ ❧♦✇❡r ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s ❤❛✈❡ t❤❡ t②♣✐❝❛❧ ❡rr♦r ♣❛tt❡r♥ ♦❢ ❛ ❜r♦❛❞❡r
❞✐str✐❜✉t✐♦♥ ✇❤✐❝❤ ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ❛♥❛❧♦❣ r❡❛❞♦✉t ♣r♦❜❧❡♠✱ s❡❡ s❡❝t✐♦♥ ✻✳✹✳ ❆ ❧♦t
♦❢ t❤❡ ✈❛❧✉❡s ❛r❡ ❧♦✇❡r t❤❛♥ t❤❡✐r ❛❝t✉❛❧ ✈❛❧✉❡✳ ■❢ t❤❡ ✈❛❧✉❡ ❛r❡ t♦♦ ❧♦✇ ❛♥❞ ♦✉ts✐❞❡
t❤❡ ❛❝❝❡♣t❡❞ r❛♥❣❡✱ t❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ s♦rts t❤❡ ♥❡✉r♦♥s ♦✉t ❚❤❡r❡❢♦r❡✱ t❤❡
r❡❛s♦♥ ❢♦r t❤❡ ❤✐❣❤ ♥✉♠❜❡r ♦❢ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s ✐s t❤❡ ❛♥❛❧♦❣ r❡❛❞♦✉t ❛♥❞ ♥♦t t❤❡
❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳

◆❡✉r♦♥ ❈❛❧✐❜r❛t✐♦♥ ♦♥ ❉❊◆❙❊✵✵✷ ❖♥ t❤❡ s❡❝♦♥❞ ❉❊◆❙❊ ❜♦❛r❞ ❛ ♥❡✉r♦♥ ❝❛❧✐✲
❜r❛t✐♦♥ ♦❢ ❛❧❧ ♣♦ss✐❜❧❡ ❍■❈❆◆◆ ❝❤✐♣s ✇❛s ❝♦♥❞✉❝t❡❞✳ ❖♥❧② t❤r❡❡ ❍■❈❆◆◆s ✺✱ ✷✺
❛♥❞ ✷✺✸ ✇❡r❡ ❡①❝❧✉❞❡❞ ❞✉❡ t♦ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ s❡❡ ✜❣✳ ✻✳✻✳ ❯♥❢♦r✲
t✉♥❛t❡❧②✱ t❤❡ ♣r♦❜❧❡♠ ✇✐t❤ ❍■❈❆◆◆ ✷✺✸ ❡✛❡❝t❡❞ t❤❡ t❤r❡❡ s✉rr♦✉♥❞✐♥❣ ❍■❈❆◆◆s
✶✽✶✱ ✷✶✼ ❛♥❞ ✷✽✾✳ ❚❤❡ ❍■❈❆◆◆s ✺ ❛♥❞ ✷✺ ❞✐❞ ♥♦t ❡✛❡❝t ♦t❤❡r ❍■❈❆◆◆s✳
■♥ t♦t❛❧ ✼✹ ❍■❈❆◆◆s ✇❡r❡ ❝❛❧✐❜r❛t❡❞✳ ❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ✜❣✳ ✻✳✶✹✳ ■♥

t❛❜❧❡ ❉✳✶✵ t❤❡ ♥✉♠❜❡r ♦❢ ♥❡✉r♦♥s ♠❛r❦❡❞ ❛s ❞❡❢❡❝t✐✈❡ ❛r❡ ❧✐st❡❞ ❢♦r ❡❛❝❤ ❍■❈❆◆◆✳
▼♦st ♦❢ t❤❡ ❝❤✐♣s ❛r❡ ✜♥❡ ❛♥❞ ❤❛✈❡ ❛ ❧♦✇ ❞❡❢❡❝t ♥❡✉r♦♥ ❝♦✉♥t ❜❡❧♦✇ ✷✺ ♥❡✉r♦♥s✳
❚❤❡s❡ ❝❤✐♣s ✇❡r❡ ♥♦t ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡❞ ❛s t❤❡✐r ❡rr♦r ♥✉♠❜❡rs ❛r❡ ✐♥ t❤❡ ❛❝❝❡♣t❡❞
r❛♥❣❡✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞ t❤❡r❡ ❛r❡ s✐① ❍■❈❆◆◆ ❝❤✐♣s ✇✐t❤ ❛♥
❡❧❡✈❛t❡❞ ❡rr♦r ♥✉♠❜❡r ❜❡t✇❡❡♥ ✼✵ ❛♥❞ ✶✵✵✳ ❚❤❡s❡ ❛r❡ t❤❡ ❍■❈❆◆◆s ✶✻✶✱ ✶✼✸✱ ✷✷✾✱
✷✹✺✱ ✸✻✶ ❛♥❞ ✹✶✸✳
❚✇♦ ♦❢ t❤❡ s✐① ❍■❈❆◆◆s ❤❛✈❡ ❛ ✈❡r② ❤✐❣❤ ❞❡❢❡❝t ♥❡✉r♦♥ ❝♦✉♥t t❤❛t ✐s ❍■❈❆◆◆

✶✼✸ ❛♥❞ ✷✷✾✳ ❋♦r t❤❡ ❍■❈❆◆◆ ✶✼✸ ♥♦t ❛ s✐♥❣❧❡ ♥❡✉r♦♥ ❝♦✉❧❞ ❜❡ ❝❛❧✐❜r❛t❡❞ ❛♥❞✱
t❤❡r❡❢♦r❡✱ ✐s ❝♦♠♣❧❡t❡❧② ❜❧❛❝❦✲❧✐st❡❞✳ ❚❤❡ ❍■❈❆◆◆ ✷✷✾ ❤❛s ✺✵✸ s♦rt❡❞✲♦✉t ♥❡✉r♦♥s
s♦ ✐s ❛❧♠♦st ♥♦t ✉s❛❜❧❡ ❛t ❛❧❧✳

❍■❈❆◆◆ ✶✼✸ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❡ ❍■❈❆◆◆ ✶✼✸ ❛r❡ ❜r♦❦❡♥ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s
✇❤✐❝❤ ✇❛s ❛❧r❡❛❞② ❞❡t❡❝t❡❞ ✐♥ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❡sts✱ s❡❡ ✜❣✳ ✻✳✶✶✳ ◆♦♥❡ ♦❢ t❤❡ ❝❡❧❧s
❝❛♥ ❜❡ ♣r♦❣r❛♠♠❡❞ t♦ ❛ r❡❛s♦♥❛❜❧❡ ✈❛❧✉❡✱ s♦ t❤❡ ♥❡✉r♦♥ ❝❛♥♥♦t ❢✉♥❝t✐♦♥ ❛t ❛❧❧✳
❚❤❡r❡❢♦r❡✱ ❛❧❧ ♥❡✉r♦♥s ♠❛r❦❡❞ ❛s ❞❡❢❡❝t✳

✽✽



✻✳✺ ◆❡✉r♦♥ ❈❛❧✐❜r❛t✐♦♥
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❋✐❣✉r❡ ✻✳✶✹✿ ❉❊◆❙❊✵✵✷ ❤❡❛t ♠❛♣ ♦❢ ❞❡❢❡❝t ♥❡✉r♦♥s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❝❛❧✐❜r❛t✐♦♥
s♦❢t✇❛r❡✳ ❚❤❡ ❍■❈❆◆◆s ✺✱ ✷✺✱ ✶✽✶✱ ✷✶✼✱ ✷✺✸ ❛♥❞ ✷✽✾ ❛r❡ ❡①❝❧✉❞❡❞ ❞✉❡
t♦ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣r♦❜❧❡♠s✳

✽✾



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

❍■❈❆◆◆ ✷✷✾ ❋♦r ❍■❈❆◆◆ ✷✷✾ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❡st r❡✈❡❛❧❡❞ ♥♦ ❡rr♦rs✱ s❡❡
✜❣✳ ❉✳✺✳ ❚❤❡ ♣❧♦ts ❢r♦♠ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❛r❡ ♥♦t ✈❡r② ❞✐st✐♥❝t✳ ▼♦st ♦❢ t❤❡ ♣❛✲
r❛♠❡t❡rs ❧♦♦❦ ✜♥❡✱ ❡✳❣✳ t❤❡ t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡ Vt ♦r t❤❡ r❡st✐♥❣ ♣♦t❡♥t✐❛❧ El✳ ❖♥ t❤❡
♦t❤❡r ❤❛♥❞ t❤❡r❡ ❛r❡ ♣❛r❛♠❡t❡rs ❧✐❦❡ VReset ✇❤✐❝❤ s❤♦✇ ❛♥ ❛❜♥♦r♠❛❧ ❜❡❤❛✈✐♦r✱ ❝♦♠✲
♣❛r❡ ✜❣✳ ✻✳✶✺✳ ❆t ✜rst ✐♥ t❤❡ ✉♥❝❛❧✐❜r❛t❡❞ ❝❛s❡ ❛❧❧ ✈❛❧✉❡s ❛r❡ ❧♦❝❛t❡❞ ❛r♦✉♥❞ t❤❡ s❛♠❡
✈♦❧t❛❣❡ ♦❢ 0.78V✳ ■♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ r✉♥ t❤❡ ✈❛❧✉❡s ❛r❡ ❛r♦✉♥❞ 0.1V ❛♥❞ t❤❡ t❛r❣❡t

❋✐❣✉r❡ ✻✳✶✺✿ ❉✐✛❡r❡♥t ❜❡❤❛✈✐♦r ♦❢ Vreset ♦♥ ❍■❈❆◆◆ ✷✷✾ ❜❡t✇❡❡♥ t❤❡ ✉♥❝❛❧✐❜r❛t❡❞
❛♥❞ t❤❡ ❝❛❧✐❜r❛t❡❞ r✉♥✳ ■♥ t❤❡ ❧❡❢t ♣❧♦t ❛❧❧ ✈❛❧✉❡s ❛r❡ ❛r♦✉♥❞ 0.78V ❛♥❞
✐♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ r✉♥ t❤❡② ❛r❡ ❛r♦✉♥❞ 0.1V ❛♥❞✱ ❤❡♥❝❡✱ t❤❡ ❝❛❧✐❜r❛t✐♦♥
s♦❢t✇❛r❡ ♠❛r❦s t❤❡ ♥❡✉r♦♥s ❛s ❞❡❢❡❝t✳

✈❛❧✉❡ ♦❢ 0.5V ✐s ♥♦t r❡❛❝❤❡❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ ♠❛r❦s ❛❧❧ ♥❡✉r♦♥s
❛s ❞❡❢❡❝t✳ ❚❤❡ VReset ♣❛r❛♠❡t❡r ✐s s❤❛r❡❞ ❜❡t✇❡❡♥ ❛❧❧ ♥❡✉r♦♥ ❝✐r❝✉✐ts✱ ❤❡♥❝❡✱ ✐t ✐s
♣♦ss✐❜❧❡ t❤❛t ♦♥❧② t❤❡s❡ s✐♥❣❧❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s ❛r❡ ♥♦t ✇♦r❦✐♥❣✳ ❚❤❡r❡ ❛r❡ s✐♥❣❧❡
tr❛♥s✐st♦r ❢❛✐❧✉r❡s ♦♥ s✐❧✐❝♦♥ ✇❛❢❡rs ♣♦ss✐❜❧❡ ❛s t❤❡ ♣r♦❞✉❝t✐♦♥ ②✐❡❧❞ ✐s ♥♦t 100%✳ ❖♥
t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡ ♣r♦❜❛❜✐❧✐t② t❤❛t ❛❧✇❛②s t❤❡ s❛♠❡ ❝❡❧❧ ✐♥ ❛❧❧ ❢♦✉r ❜❧♦❝❦s ✐s ❜r♦❦❡♥
✐s ❧♦✇✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r❡❛s♦♥ ❤❛s t♦ ❜❡ s♦♠❡t❤✐♥❣ ❡❧s❡ ✐♥ t❤❡ ❝❤✐♣ ✇❤✐❝❤ ✐s ♥♦t ✈✐s✐❜❧❡
❢r♦♠ t❤❡ ❞❛t❛✳ ❚❤❡ ❡rr♦r ✐s ♥♦t ♦❝❝✉rr✐♥❣ ♦♥ ♠✉❧t✐♣❧❡ ❍■❈❆◆◆s s♦ ✐t s❡❡♠s ♥♦t
r❡❧❛t❡❞ t♦ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳

❍■❈❆◆◆ ✶✻✶✱ ✷✹✺✱ ✸✻✶✱ ✹✶✸ ❚❤❡ ❍■❈❆◆◆ ✷✹✺ ❤❛s ❛r♦✉♥❞ ✶✵✵ ♥❡✉r♦♥s ♠❛r❦❡❞
❛s ❞❡❢❡❝t✐✈❡✳ ■♥ ✜❣✳ ✻✳✶✻ t❤❡ ♣❛r❛♠❡t❡r Esynx ✐s ❝♦♠♣❛r❡❞ ✇✐t❤ ❍■❈❆◆◆ ✸✹✶✳ ❚❤❡
❍■❈❆◆◆ ✷✹✺ ❤❛s ♠♦r❡ ♥❡✉r♦♥s t❤❛t ❞♦ ♥♦t r❡❛❝❤ t❤❡ ♣r♦❣r❛♠♠❡❞ ✈♦❧t❛❣❡ ❛♥❞✱
❤❡♥❝❡✱ ❧❡❛❞ t♦ ❛ ✇✐❞❡r s♣r❡❛❞ ♦❢ ✉♣ t♦ 70mV✳ ❚❤❡ ❞❡✈✐❛t✐♦♥ s❡❡♠s t♦ ❜❡ ✈♦❧t❛❣❡
❞❡♣❡♥❞❡♥t ❛s t❤❡ s♣r❡❛❞ ❣r♦✇s ✇✐t❤ ❤✐❣❤❡r Esynx✳ ❚❤❡ ❍■❈❆◆◆ ✸✹✶ ❞♦❡s ♥♦t
s❤♦✇ t❤✐s ❜❡❤❛✈✐♦r ❛♥❞ ❤❛s ❛ s♠❛❧❧❡r s♣r❡❛❞ ♦❢ 5mV ❢♦r t❤❡ Esynx ♣❛r❛♠❡t❡r✳ ❚❤❡
❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ ♠❛r❦s ❛❧❧ ♥❡✉r♦♥s ✇❤✐❝❤ ❛r❡ ❢❛r ❛✇❛② ❢r♦♠ t❤❡ t❛r❣❡t ✈❛❧✉❡ ❛s
❞❡❢❡❝t✐✈❡✳ ❚❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❡st ❤✐st♦❣r❛♠s ❧♦♦❦ ❧✐❦❡ t❤❡ ♦♥❡s ❢♦r t❤❡ ❍■❈❆◆◆s ✶✵✺
❛♥❞ ✸✹✶ ♦♥ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞✳ ■♥ ✜❣✳ ❉✳✻ t❤❡ ❤✐st♦❣r❛♠s ♦❢ ❍■❈❆◆◆ ✷✹✺ ❛r❡

✾✵



✻✳✻ ❘❡❧✐❛❜✐❧✐t② ❚❡sts

✭❛✮ ❍■❈❆◆◆ ✷✹✺ ✭❜✮ ❍■❈❆◆◆ ✸✹✶

❋✐❣✉r❡ ✻✳✶✻✿ ❘❡s✉❧ts ♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦♥ Esynx ❢♦r ❍■❈❆◆◆ ✷✹✺ ❛♥❞ ✸✹✶✳ ❍■❈❆◆◆
❤❛s ♠♦r❡ ♥❡✉r♦♥s t❤❛t ❞♦ ♥♦t r❡❛❝❤ t❤❡ ♣r♦❣r❛♠♠❡❞ ✈♦❧t❛❣❡ ❛♥❞✱ ❤❡♥❝❡✱
t❤❡ ❞✐str✐❜✉t✐♦♥ ❤❛s ❛ ❜✐❣❣❡r s♣r❡❛❞✳ ❲❤❡r❡❛s ❢♦r ❍■❈❆◆◆ ✸✹✶ ❧❡ss
♥❡✉r♦♥s ❤❛✈❡ ❛ ❞❡✈✐❛t✐♦♥ t♦ ❧♦✇❡r ✈❛❧✉❡s✳

s❤♦✇♥✳ ❚❤❡r❡ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s t✇♦ ❛♥❞ t❤r❡❡ ❤❛✈❡ ♠♦r❡ ❞❡✈✐❛t✐♦♥s ❛t t❤❡
❧♦✇❡r ❡♥❞ ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ✇❤✐❝❤ ❧❡❛❞ t♦ ♠♦r❡ s♦rt❡❞ ♦✉t ♥❡✉r♦♥s✳ ❚❤❡r❡❢♦r❡✱ t❤❡
♣r♦❜❧❡♠ ✐s ✐♥ t❤❡ ❛♥❛❧♦❣ r❡❛❞♦✉t✳
❋♦r t❤❡ ❍■❈❆◆◆s ✶✻✶✱ ✸✻✶ ❛♥❞ ✹✶✸ ✐t ✐s t❤❡ s❛♠❡ ❜❡❤❛✈✐♦r ✐s ✈✐s✐❜❧❡✳ ❚❤❡ ❞✐str✐✲

❜✉t✐♦♥s ✐♥ t❤❡ ❤✐st♦❣r❛♠s ❢♦r t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s t✇♦ ❛♥❞ t❤r❡❡ ❛r❡ ❜r♦❛❞❡r✱ s❡❡
✜❣s✳ ❉✳✹✱ ❉✳✼ ❛♥❞ ❉✳✽✳

❈♦♥❝❧✉s✐♦♥ ❚❤❡ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥ s❤♦✇❡❞ t❤❛t t❤❡ ❍■❈❆◆◆ ❝❤✐♣s ❛r❡ ✐♥ ❛ ❣♦♦❞
❝♦♥❞✐t✐♦♥✳ ❖♥❧② ♦♥ t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞ ✇❡r❡ t✇♦ ❝❤✐♣s ✇❤✐❝❤ ❝♦✉❧❞ ♥♦t ❜❡ ✉s❡❞
❛t ❛❧❧✳ ❚❤❡ r❡❛s♦♥s ❢♦r t❤❡ ❢❛✐❧✉r❡s ❛r❡ ♥♦t r❡❧❛t❡❞ t♦ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳ ❚❤❡
♥✉♠❜❡r ♦❢ s♦rt❡❞✲♦✉t ♥❡✉r♦♥s ♦♥ t❤❡ ♦t❤❡r ❍■❈❆◆◆ ❝❤✐♣s ✐s ❧♦✇ ❛♥❞ ✐♥ t❤❡ ❡①♣❡❝t❡❞
r❛♥❣❡ ❢r♦♠ t❤❡ ❡①♣❡r✐❡♥❝❡s ❣❛t❤❡r❡❞ ✇✐t❤ t❤❡ ❲❙■ s②st❡♠✳

✻✳✻ ❘❡❧✐❛❜✐❧✐t② ❚❡sts

❋♦r t❤❡ r❡❧✐❛❜✐❧✐t② t❡sts t✇♦ ❦✐♥❞s ♦❢ t❤❡r♠❛❧ str❡ss❡s ✇❡r❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❉❊◆❙❊✵✵✶✳
❋✐rst ❛♥ ❛❝❝❡❧❡r❛t❡❞ ❡♥✈✐r♦♥♠❡♥t❛❧ str❡ss t❡st ✐s s✐♠✉❧❛t❡❞ ✐♥ ❛ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t✳ ❚❤❡
❜♦❛r❞ ❤❛❞ t♦ ✉♥❞❡r❣♦ ✸✾✸ t❤❡r♠❛❧ ❝②❝❧❡s✳ ❆❢t❡r t❤❡ t❤❡r♠❛❧ str❡ss t❤❡ s❛♠❡ t❡st
♣r♦❝❡❞✉r❡ ❛s ❜❡❢♦r❡ ✇✐t❤ ❛ ❙✇✐t❝❤r❛♠✱ ❛ ✢♦❛t✐♥❣ ❣❛t❡ t❡st ❛♥❞ ❛ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥
✇❛s ❞♦♥❡✳ ❚♦ r❡❞✉❝❡ t❤❡ t❡st t✐♠❡ ♦♥❧② t✇❡❧✈❡ ❍■❈❆◆◆ ❝❤✐♣s ✇❡r❡ t❡st❡❞✳ ❚❤❡
❝❤✐♣s ✶✵✺ ❛♥❞ ✸✹✶ ✇❡r❡ ❝❤♦s❡♥ ❛s t❤❡② ❤❛❞ t❤❡ ♠♦st ❞❡❢❡❝t ♥❡✉r♦♥s ❛t t❤❡ ❜❡❣✐♥♥✐♥❣✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❝❤✐♣s ✸✵✶✱ ✸✷✾✱ ✸✺✼ ❛♥❞ ✸✽✺ ✇❡r❡ t❡st❡❞ ❜❡❝❛✉s❡ t❤❡② ❛r❡ ❝❧♦s❡ t♦
t❤❡ ✇❛❢❡r ❡❞❣❡✳ ■♥ ✜❣✳ ✻✳✶✸ t❤❡ ✐♥✐t✐❛❧ st❛t❡ ✐s s❤♦✇♥✳ ❆❢t❡r t❤❡ ✜rst ✺✵ ❝②❝❧❡s t❤❡

✾✶



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

❜♦❛r❞ ✇❛s t❛❦❡♥ ♦✉t ♦❢ t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t ❛♥❞ t❡st❡❞✳ ❆❧❧ ❝❤✐♣s ✇♦r❦❡❞ ♣r♦♣❡r❧②
❛♥❞ ♥♦ ❢❛✐❧✉r❡s ✇❡r❡ ♦❜s❡r✈❛❜❧❡✳ ❚❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ♥✉♠❜❡rs ♦❢ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s
❛r❡ ✈❡r② s♠❛❧❧✱ t❤❡ ❜✐❣❣❡st ❞✐✛❡r❡♥❝❡ ✇❛s ❢♦r ❍■❈❆◆◆ ✶✵✺ ✇✐t❤ ✜✈❡ ♥❡✉r♦♥s✳ ❚❤❡s❡
❝❤❛♥❣❡s ❛r❡ ♥❡❣❧✐❣✐❜❧❡✱ t❤❡ ✈❛r✐❛t✐♦♥s ❛r❡ ✇✐t❤✐♥ t❤❡ tr✐❛❧✲t♦✲tr✐❛❧ ✈❛r✐❛t✐♦♥s✳ ❆ ❧✐st
✇✐t❤ ❞❡t❛✐❧❡❞ ❞❡❢❡❝t ♥✉♠❜❡rs ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❛❜❧❡s ❉✳✽ ❛♥❞ ❉✳✾✳
■♥ t❤❡ s❡❝♦♥❞ r✉♥ ✸✹✸ t❤❡r♠❛❧ ❝②❝❧❡s ✐♥ t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t ✇❡r❡ ❝♦♥❞✉❝t❡❞✳ ❆❢t❡r

t❤❡ r✉♥ t❤❡ ❜♦❛r❞ ✇❛s t❡st❡❞ ❛❣❛✐♥✳ ❚❤❡ ❙✇✐t❝❤r❛♠ t❡st ✇❛s s✉❝❝❡ss❢✉❧ ❛♥❞ t❤❡
✢♦❛t✐♥❣ ❣❛t❡✲t❡st s❤♦✇❡❞ ♥♦ ❛❜♥♦r♠❛❧✐t✐❡s✳ ❋♦r t❤❡ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥ t❤❡ ♥✉♠❜❡rs
❛r❡ ❛❧♠♦st t❤❡ s❛♠❡✳ ❚❤❡ ❜✐❣❣❡st ❝❤❛♥❣❡ ❤❛♣♣❡♥❡❞ ❛❣❛✐♥ ♦♥ ❍■❈❆◆◆ ✶✵✺✳ ❚❤✐s
t✐♠❡ t❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ s✇❛♣♣❡❞ ❡✐❣❤t ♥❡✉r♦♥s ❢r♦♠ t❤❡ s♦rt❡❞✲♦✉t ❧✐st t♦ t❤❡
❢✉♥❝t✐♦♥✐♥❣ ♥❡✉r♦♥s ❧✐st✳
❆t ❧❛st t❤❡ ❜♦❛r❞ ✇❛s ♣✉t ✐♥ ❛ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡ ❛♥❞ ❤❛❞ t♦ ✉♥❞❡r❣♦ t✇♦ s♦❧❞❡r✐♥❣

❝②❝❧❡s✳ ❚❤❡ ❙✇✐t❝❤r❛♠ ❛♥❞ ✢♦❛t✐♥❣ ❣❛t❡ t❡st s❤♦✇❡❞ ♥♦ ❢❛✐❧✉r❡s✳ ❆❧s♦ t❤❡ ❝❤❛♥❣❡s
✐♥ t❤❡ ♥✉♠❜❡rs ♦❢ ♥❡✉r♦♥s ♠❛r❦❡❞ ❛s ❞❡❢❡❝t✐✈❡ ❛r❡ st✐❧❧ ✐♥ t❤❡ r❛♥❣❡ ♦❢ tr✐❛❧✲t♦✲tr✐❛❧
✈❛r✐❛t✐♦♥s✳ ❚❤❡ ❤❡❛t♠❛♣ ♦❢ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞ ❛❢t❡r t❤❡ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡ ✐s s❤♦✇♥
✐♥ ✜❣✳ ✻✳✶✼✳ ❋♦✉r ❛❞❞✐t✐♦♥❛❧ ❍■❈❆◆◆s ✇❡r❡ t❡st❡❞ ❛♥❞ ❝❛❧✐❜r❛t❡❞✳ ❚❤❡② s❤♦✇❡❞ ♥♦
❢❛✐❧✉r❡s ❛♥❞ ❤❛❞ ❛ ❧♦✇ ♥✉♠❜❡r ♦❢ s♦rt❡❞ ♦✉t ♥❡✉r♦♥s✳
■♥ ✜❣✳ ✻✳✶✽ t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s ♦✈❡r ❛❧❧ t❡sts ✐s

s❤♦✇♥✳ ❚❤❡r❡ ✐s ♥♦ ❣❡♥❡r❛❧ tr❡♥❞ ✈✐s✐❜❧❡✳ ❚❤❡ t❤❡r♠❛❧ str❡ss t❡sts ❤❛❞ ♥♦ ✐♥✢✉❡♥❝❡
♦♥ t❤❡ ❝✐r❝✉✐ts✳ ❚❤❡ ❜♦❛r❞ ✐ts❡❧❢ ❧♦♦❦s ✜♥❡✱ t❤❡r❡ ❛r❡ ♥♦ s✐❣♥s ❢♦r ❛ ❞❡❧❛♠✐♥❛t✐♦♥ ♦❢
t❤❡ ❞✐✛❡r❡♥t ❧❛②❡rs✳

❘❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ ❲❛❢❡r ❈♦♥t❛❝t ❱✐❛s ❆ ❝r✐t✐❝❛❧ ♣♦✐♥t ✐♥ t❤❡ st❛❝❦ ✉♣ ✐s t❤❡
❝♦♥♥❡❝t✐♦♥ t♦ t❤❡ ✇❛❢❡r✳ ❊✈❡r② ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧✐♥❡ ✐s ❛tt❛❝❤❡❞ t♦ t❤❡ ✇❛❢❡r ❜② ♦♥❧②
♦♥❡ ♠✐❝r♦✈✐❛✳ ■❢ t❤✐s ♠✐❝r♦✈✐❛ ✐s t❡❛r❡❞ ♦✛ t❤❡ ❘❉▲ ♣❛❞✱ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐s
❜r♦❦❡♥✳ ■t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ r❡♣❛✐r ✈✐❛ ❞❡❢❡❝ts✳ ❚❤❡r❡❢♦r❡✱ ✐t ❤❛s t♦ ❜❡ ❛ r❡❧✐❛❜❧❡
❝♦♥♥❡❝t✐♦♥ ✇❤✐❝❤ ❤♦❧❞s ♦✈❡r t❤❡ ❝♦♠♣❧❡t❡ ❧✐❢❡t✐♠❡ ♦❢ t❤❡ ❜♦❛r❞✳
❙♦ ❢❛r ♥♦ ❢❛✐❧✉r❡s ♦r ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ✇❛❢❡r ❝♦♥♥❡❝t✐♦♥s ♦❝❝✉rr❡❞✳ ❊✈❡♥ ❛❢t❡r t❤❡

t❤❡r♠❛❧ str❡ss t❡sts ✐♥ t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t ❛♥❞ t❤❡ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡ ♥♦t ❛ s✐♥❣❧❡ ✈✐❛
✇❛s ❜r♦❦❡♥✳

❩❆✶ ❝♦♥♥❡❝t♦r ❚❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ✐s ❛ ♣♦ss✐❜❧❡ ❝❛♥❞✐❞❛t❡ ❢♦r t❤❡ ✐♥t❡r✲♠♦❞✉❧❡
❝♦♥♥❡❝t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ❛❧s♦ ✐♥t❡r❡st✐♥❣ ❤♦✇ r❡❧✐❛❜❧❡ t❤❡ ❩❆✶ ❝♦♥♥❡❝t♦rs ✇♦r❦✳
❋♦r t❤❡ ♣r♦t♦t②♣❡ s②st❡♠ t✇♦ ❝♦♥♥❡❝t♦rs ✇❡r❡ ♦r❞❡r❡❞✳
❆❧❧ t❡sts ✇❤❡r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ ♦♥❧② t❤♦s❡ t✇♦ ❝♦♥♥❡❝t♦rs✳ ❖♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞s
♦♥❡ ❝♦♥♥❡❝t♦r ✇❛s ✉s❡❞ ❢♦r ❤❛❧❢ ♦❢ t❤❡ ❝❤✐♣s ✇❤✐❝❤ ❛r❡ ✹✵ ❝♦♠♣r❡ss✐♦♥ ❝②❝❧❡s✳ ❋♦r
t❤❡ t❤❡r♠❛❧ str❡ss t❡sts t❡♥ ❝♦♠♣r❡ss✐♦♥ ❝②❝❧❡s ✇❡r❡ ❞♦♥❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ s♦♠❡ t❡sts
✇❡r❡ ❞♦♥❡ t✇✐❝❡ ❛♥❞ ❛ r❡♣♦s✐t✐♦♥ ♦❢ t❤❡ ❝♦♥♥❡❝t♦rs ✇❛s r❡q✉✐r❡❞ ✇❤✐❝❤ ✐s ❛ss✉♠❡❞
t♦ ❛❞❞ 25%✳

T =(2 ∗ 40 + 10) ∗ 1.25
=112.5

✾✷



✻✳✻ ❘❡❧✐❛❜✐❧✐t② ❚❡sts

❲❛❢❡r ❝r❛❝❦

◆
✉
♠
❜
❡r

♦❢
♥
❡✉
r♦
♥
s
♠
❛r
❦❡
❞
❛s

❞
❡❢
❡❝
t✐
✈❡

❋✐❣✉r❡ ✻✳✶✼✿ ❉❊◆❙❊✵✵✶ ❤❡❛t ♠❛♣ ♦❢ t❤❡ ❞❡❢❡❝t ♥❡✉r♦♥s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❝❛❧✐❜r❛t✐♦♥
s♦❢t✇❛r❡ ❛❢t❡r t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t t❡sts ❛♥❞ t✇♦ ❝②❝❧❡s ✐♥ t❤❡ s♦❧❞❡r✐♥❣
❢✉r♥❛❝❡✳ ■♥ ❝♦♠♣❛r✐s♦♥ t♦ ♥✉♠❜❡rs ♦❢ t❤❡ ✐♥✐t✐❛❧ ❝❛❧✐❜r❛t✐♦♥ r✉♥ t❤❡
❝❤❛♥❣❡s ❛r❡ ✐♥ t❤❡ ❛❝❝❡♣t❡❞ r❛♥❣❡✳

✾✸



✻ ❘❡s✉❧ts ♦❢ t❤❡ ❉❊◆❙❊ Pr♦t♦t②♣❡s

❋✐❣✉r❡ ✻✳✶✽✿ ❚❡♠♣♦r❛❧ ❝❤❛♥❣❡s ♦❢ t❤❡ ♥✉♠❜❡rs ♦❢ t❤❡ ♥❡✉r♦♥s ♠❛r❦❡❞ ❛s ❞❡❢❡❝t✐✈❡ ❜②
t❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡✳ ❚❤❡ r✉♥ ✶ ❛♥❞ ✷ ❛r❡ ❝♦♥❞✉❝t❡❞ ✐♥ t❤❡ ❝❧✐♠❛t❡
❝❛❜✐♥❡t✳ ❚❤❡ ❧❛st t❡st ✇❛s ❞♦♥❡ ❛❢t❡r t✇♦ ❝②❝❧❡s ✐♥ t❤❡ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡✳

■♥ t♦t❛❧ ❡❛❝❤ ♦❢ t❤❡ ❝♦♥♥❡❝t♦r ❤❛s ❜❡❡♥ ❝♦♠♣r❡ss❡❞ ♠♦r❡ t❤❛♥ ✶✵✵ t✐♠❡s✳ ◆♦ ❢❛✐❧✉r❡
♦❢ ❛ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ t❤r♦✉❣❤ t❤❡ ❝♦♥♥❡❝t♦r ✇❛s ♦❜s❡r✈❛❜❧❡✳ ❚❤❡ s♣r✐♥❣ ❝♦♥t❛❝ts
❜❡❤❛✈❡ ❛s ❢♦r t❤❡ ✜rst t✐♠❡✳ ❆❧❧ s♣r✐♥❣s r❡t✉r♥ ✐♥ t❤❡✐r ✐♥✐t✐❛❧ ♣♦s✐t✐♦♥ ❛❢t❡r r❡♠♦✈✐♥❣
t❤❡ ❝♦♠♣r❡ss✐♦♥ ❢♦r❝❡✳ ❍❡♥❝❡✱ t❤❡ ❝♦♥♥❡❝t♦rs ❛r❡ r❡✉s❛❜❧❡ ❛♥❞ s❤♦✇ ♥♦ ❞❡❣r❛❞❛t✐♦♥✳

✻✳✼ ❈♦♥❝❧✉s✐♦♥

❚❤❡ r❡s✉❧ts s❤♦✇ ♥♦ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ♦♥ t❤❡ ❝✐r❝✉✐ts ♦r t❤❡ ❘❉▲s
♦❢ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r✳ ❚❤❡r❡ ✐s ❛ ❞✐✛❡r❡♥❝❡ ✈✐s✐❜❧❡ ❜❡t✇❡❡♥ t❤❡ ❉❊◆❙❊✵✵✶ ❛♥❞
❉❊◆❙❊✵✵✷ r❡s✉❧ts✳ ❆ ❧♦t ♦❢ t❤❡ ❝❤✐♣s ♦♥ ❉❊◆❙❊✵✵✶ ❛r❡ ♥♦t ✇♦r❦✐♥❣ ❜✉t ✐t ✐s ♠♦st
❧✐❦❡❧② r❡❧❛t❡❞ t♦ t❤❡ ❜r❡❛❦✐♥❣ ♦❢ t❤❡ ✇❛❢❡r✳ ❚❤❡ r♦t❛t✐♦♥ ♦❢ t❤❡ ✇❛❢❡r ✇❛s t❤❡ ♦♥❧②
♣r♦❜❧❡♠ ♦❝❝✉rr✐♥❣ ❞✉r✐♥❣ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ ❜♦❛r❞s✳ ❋♦r t❤❛t ❛ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥
✐s ❛❧r❡❛❞② ❛✈❛✐❧❛❜❧❡✳
❚❤❡ ②✐❡❧❞ ♦❢ ❢✉♥❝t✐♦♥✐♥❣ ❝❤✐♣s ✐s ♦✈❡r 96% ♦♥ t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞✳ ❚❤❡ ❡t❝❤
♣r♦❜❧❡♠ ♦♥ t❤❡ ❉❊◆❙❊✵✵✷ ❜♦❛r❞ ❝❛♥ ❜❡ ✜①❡❞ ❜② ❝❤❛♥❣❡s ✐♥ t❤❡ ❜♦❛r❞ ❧❛②♦✉t✳
❆❧❧ ♦t❤❡r ♣r♦❜❧❡♠s ❛r❡ ♦❝❝✉rr✐♥❣ ♦♥ t❤❡ ❲❙■ s②st❡♠ t♦♦ ❛♥❞✱ t❤❡r❡❢♦r❡✱ ❛r❡ ♥♦t
s♣❡❝✐✜❝❛❧❧② r❡❧❛t❡❞ t♦ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❜♦❛r❞ ❛♥❞ ❝✐r❝✉✐ts
✇✐t❤st♦♦❞ t❤❡ t❤❡r♠❛❧ str❡ss ♦❢ ❛♥ ❛❝❝❡❧❡r❛t❡❞ ❧✐❢❡t✐♠❡ s✐♠✉❧❛t✐♦♥ ✐♥ ❛ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t
❛♥❞ t✇♦ r✉♥s ✐♥ ❛ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡✳ ❚❤❡ ✉s❡ ♦❢ s✐♥❣❧❡ ✈✐❛s ✐♥ s✐❣♥❛❧ ❧✐♥❡s s❤♦✇❡❞ ♥♦
r❡❧✐❛❜✐❧✐t② ♣r♦❜❧❡♠s✳
❚❤✉s✱ t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ t❤❡ ❍■❈❆◆◆ ✇❛❢❡rs ♦✈❡r❛❧❧ ✇❛s ❛ ❝♦♠♣❧❡t❡ s✉❝❝❡ss✳

✾✹



✼ ❘♦❛❞♠❛♣ ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r

❙②st❡♠

❆t t❤❡ ♠♦♠❡♥t t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❤❛s ♦♥❧② ♦♥❡ ❝♦♣♣❡r ❧❛②❡r✳ ❚❤✐s ❧✐♠✐ts t❤❡ ✉s❛❣❡
♦❢ t❤❡ ✇❛❢❡r✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❝❤✐♣s ❝❛♥♥♦t ✉s❡ t❤❡ ♦♥✲✇❛❢❡r ❝♦♠♠✉♥✐❝❛t✐♦♥ ❧✐♥❡s✳
❚❤❡r❡❢♦r❡✱ ❢✉rt❤❡r ❞❡✈❡❧♦♣♠❡♥t ✐s r❡q✉✐r❡❞ ❢♦r ❛♥ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠ ❛s ❛
r❡♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ❝✉rr❡♥t ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠✳ ■♥ t❤✐s ❝❤❛♣t❡r t❤❡ r❡q✉✐r❡❞ st❡♣s
❢♦r ❛ ✉s❡❢✉❧ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠ ✭❊❲❙✮ ❛r❡ ♣r❡s❡♥t❡❞✳

✼✳✶ ❇❛❝❦s✐❞❡ ❈♦♥♥❡❝t✐♦♥s t♦ t❤❡ ❲❛❢❡r

❚❤❡ st❛♥❞❛r❞ ✇❛❢❡rs ♦♥❧② ❤❛✈❡ ❝♦♥t❛❝t ♣❛❞s ♦♥ t♦♣✱ t❤❡r❡❢♦r❡✱ t❤❡ ❧❛②❡rs ❜❡❧♦✇ t❤❡
❡♠❜❡❞❞❡❞ ✇❛❢❡r ❛r❡ ♥♦t ✉s❡❞ ❡✣❝✐❡♥t❧② ✐♥ ❛ ❜♦❛r❞ ❧❛②♦✉t✳ ❖♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞
❛r❡ ♥♦ ❡❧❡❝tr✐❝❛❧ ❧✐♥❡s ♦r s❤❛♣❡s ❜❡❧♦✇ t❤❡ ✇❛❢❡r✱ ♦♥❧② ✐♥ t❤❡ ❛r❡❛ ♦✉ts✐❞❡ t❤❡ ✇❛❢❡r
t❤❡ ❜♦tt♦♠ ❧❛②❡r ✐s ✉s❡❞ ❢♦r r♦✉t✐♥❣✳ ❇② ❛❝❝❡ss✐♥❣ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❢r♦♠ t❤❡ ❜❛❝❦
t❤❡ ✉t✐❧✐③❛t✐♦♥ ♦❢ t❤❡ ❛✈❛✐❧❛❜❧❡ ❛r❡❛ ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ✈✐❛s ❝❛♥ ❜❡
✉s❡❞ ❢♦r t❤❡ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ ❢r♦♠ t❤❡ ✇❛❢❡r t♦ t❤❡ ❜❛❝❦ ♦❢ t❤❡ ❜♦❛r❞ ❛s t❤❡ ❝♦♣♣❡r
✐♥ t❤❡ ✈✐❛s ❤❛s ❛ ❤✐❣❤❡r ❤❡❛t ❝♦♥❞✉❝t✐✈✐t② t❤❛♥ t❤❡ ♣r❡♣r❡❣ ♠❛t❡r✐❛❧✳
■♥ ❏✉❧② ✷✵✶✼ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ ♥❡①t ♣r♦t♦t②♣❡ ❉❊◆❙❊ ✈❡rs✐♦♥ ✷ st❛rt❡❞✳ ❆❣❛✐♥

❛ ❍■❈❆◆◆ ✇❛❢❡r ✐s ❡♠❜❡❞❞❡❞✳ ❚❤❡ st❛❝❦ ✉♣ ❛♥❞ ♠❛t❡r✐❛❧s ❛r❡ t❤❡ s❛♠❡ ❛s ❢♦r t❤❡
❉❊◆❙❊ ♣r♦t♦t②♣❡✳
■♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❢♦r♠❡r ❜♦❛r❞ t✇♦ ♠❛❥♦r ♣♦✐♥ts ❤❛✈❡ ❝❤❛♥❣❡❞✳ ❋✐rst✱ t❤❡ ♥❡✇
✜①❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s t❡st❡❞✱ s❡❡ s❡❝t✐♦♥ ✻✳✶✳ ❙❡❝♦♥❞✱ ❜❛❝❦s✐❞❡ ✈✐❛ ❝♦♥♥❡❝t✐♦♥s
t♦ t❤❡ ✇❛❢❡r ❛r❡ ✐♠♣❧❡♠❡♥t❡❞✳ ■♥ ✜❣✳ ✼✳✶ t❤❡ ❧❛②♦✉t ♦❢ t❤❡ ❜❛❝❦ ✐s s❤♦✇♥✳ ❚❤❡ ✈✐❛s
❤❛✈❡ t❤❡ s❛♠❡ ❣❡♦♠❡tr② ❛s t❤❡ ♠✐❝r♦✈✐❛s ♦♥ t♦♣✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❤♦❧❡ ✐s 60 ➭m
❛♥❞ t❤❡ s✉rr♦✉♥❞✐♥❣ ♣❛❞ ❤❛s ❛ ❞✐❛♠❡t❡r ♦❢ 100 ➭m✳ ❚❤❡ ❤♦❧❡s ❛r❡ ❞r✐❧❧❡❞ ✇✐t❤ ❛
❯❱✲❧❛s❡r ❛♥❞ ✜❧❧❡❞ ❜② ❛♥ ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss✳ ❚❤❡ ❝♦♠♣❧❡t❡ ❜❛❝❦ ♦❢ t❤❡ ✇❛❢❡r ✐s
❝♦✈❡r❡❞ ✇✐t❤ ❛ ❝♦♣♣❡r ❧❛②❡r✳ ❚❤✐s ❡♥❤❛♥❝❡s t❤❡ ❞❡♣♦s✐t ♦❢ ❝♦♣♣❡r ✐♥ t❤❡ ❤♦❧❡s ❞✉r✐♥❣
t❤❡ ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss✳ ❚❤❡ ❝♦♣♣❡r ❧❛②❡r ✐s ♥♦t str✉❝t✉r❡❞ s♦ ❛❧❧ ✈✐❛s ❛r❡ ♦♥ t❤❡
s❛♠❡ ♣♦t❡♥t✐❛❧✳
❋♦r ❛ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ t❡st t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡s ❱❉❉❆ ❛♥❞ ❱❉❉❉ ♦❢ s✐① ❍■❈❆◆◆s

♦♥ s♦♠❡ r❡t✐❝❧❡s ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ ♣❛❞s ♦♥ t♦♣✳ ❚❤❡s❡ ❝❤✐♣s ❤❛✈❡ ♥♦ ❝♦♠♠✉♥✐❝❛t✐♦♥
❝❤❛♥♥❡❧s ❛♥❞ ❛r❡ ✐♥ ❛♥ ✉♥❦♥♦✇♥ ❛♥❞ ✉♥❝♦♥tr♦❧❧❛❜❧❡ st❛t❡ ❛❢t❡r t❤❡ ♣♦✇❡r✲✉♣✳ ❚❤❡
♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ✈❛r✐❡s✱ ❜✉t ✐t ✇✐❧❧ ❜❡ ❤✐❣❤❡r t❤❛♥ ❢♦r ♦♥❧② ♦♥❡ ♣♦✇❡r❡❞ ❍■❈❆◆◆✳
❚❤❡ ✇❛❢❡r ❛r❡❛ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ❢♦✉r ❛r❡❛s✱ ❡❛❝❤ ✇✐t❤ ❛ ❞✐✛❡r❡♥t ✈✐❛ ❞❡♥s✐t②✳ ■♥ ✜❣✳ ✼✳✶
❛♥ ❡♥❧❛r❣❡♠❡♥t ✈✐❡✇ s❤♦✇s t❤❡ ❞✐✛❡r❡♥t ✈✐❛ ❞❡♥s✐t✐❡s✳ ❚❤❡ ✈✐❛ ❞❡♥s✐t✐❡s ♦❢ t❤❡ ❛r❡❛s
❛r❡ ❧✐st❡❞ ✐♥ t❛❜❧❡ ✼✳✶✳ ❚❤❡ ❞❡♥s✐t✐❡s ❢r♦♠ t❤❡ ❤✐❣❤❡st t♦ t❤❡ ❧♦✇❡st ❛r❡❛ ❞✐✛❡r ❜② ♦♥❡
♦r❞❡r✳ ■♥ t❤❡ ❛r❡❛ ✇✐t❤ t❤❡ ❤✐❣❤❡st ❞❡♥s✐t② ❛r❡ 18 ✈✐❛s/cm2✳

✾✺



✼ ❘♦❛❞♠❛♣ ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

✶ ✷

✸ ✹

❋✐❣✉r❡ ✼✳✶✿ ▲❛②♦✉t ♦❢ t❤❡ ❉❡❡♣ ❊✈♦❧✉t✐♦◆ ✐♥ ❙②st❡♠ ❊♠❜❡❞❞✐♥❣ ✈❡rs✐♦♥ ✷ ✭❉❊◆✲
❙❊✈✷✮ ❜❛❝❦✳ ❆t t❤❡ ❜♦tt♦♠ r✐❣❤t ✐s ❛♥ ❡♥❧❛r❣❡♠❡♥t ✈✐❡✇ ♦❢ t❤❡ ❝❡♥t❡r
✇❤❡r❡ t❤❡ ❢♦✉r ✈✐❛ ❛rr❛②s ❛r❡ ✈✐s✐❜❧❡✳ ❚❤❡ ✈✐❛ ❞❡♥s✐t② ❞❡❝r❡❛s❡s ❢r♦♠ ❛r❡❛
♦♥❡ t♦ ❛r❡❛ ❢♦✉r✳ ❚❤❡ ❣r❡❡♥ str✉❝t✉r❡s ❛r❡ t❤❡ ❝♦♣♣❡r ❧✐♥❡s ❛♥❞ s❤❛♣❡s✳
❚❤❡ ❜❧✉❡ ❝✐r❝❧❡s r❡♣r❡s❡♥t t❤❡ ✈✐❛s✳

★ ✈✐❛s ❱✐❛ ❞❡♥s✐t② ❬✈✐❛s/cm2❪

t♦♣ ❧❡❢t ✶✷✻✻ ✶✽✳✶
t♦♣ r✐❣❤t ✹✵✺ ✺✳✽
❜♦tt♦♠ ❧❡❢t ✶✾✼ ✷✳✽
❜♦tt♦♠ r✐❣❤t ✶✵✾ ✶✳✻

❚❛❜❧❡ ✼✳✶✿ ❱✐❛ ❞❡♥s✐t✐❡s ✐♥ t❤❡ ❢♦✉r q✉❛❞r❛♥ts✳ ❚❤❡ ❛r❡❛ ♦❢ ❡❛❝❤ q✉❛❞r❛♥t ✐s
69.93 cm2✳

✾✻



✼✳✷ ❍✐❣❤❡r ▲❛②❡r ❈♦✉♥t

❋♦r ❝♦♠♣❛r✐s♦♥ ♦♥ t♦♣ ♦❢ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❛ ❢♦✉rt❤ ♦❢ ❛❧❧ ❍■❈❆◆◆ ❝❤✐♣s ✐s ❝♦♥✲
♥❡❝t❡❞ ❜② ✶✷ ✺✵✵ ✈✐❛s✳ ❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ ❛ ❞❡♥s✐t② ♦❢ 39.8 ✈✐❛s/cm2✳
❲❤❡♥ t❤❡ ♣r♦t♦t②♣❡ ❛rr✐✈❡s ❛t t❤❡ ❍❡✐❞❡❧❜❡r❣ ❯♥✐✈❡rs✐t② ❛ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ t❡st

✇✐❧❧ ❜❡ ❝♦♥❞✉❝t❡❞✳ ❚❤❡ s♣❡❝✐❛❧ ❍■❈❆◆◆s ❢♦r t❤❡ ❤❡❛t✐♥❣ ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ ❛ ❧❛❜♦✲
r❛t♦r② ♣♦✇❡r s✉♣♣❧② ❛♥❞ ❤❡❛t ✉♣ ❡❛❝❤ q✉❛❞r❛♥t ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤❡ ❝✉rr❡♥t
❝♦♥s✉♠♣t✐♦♥ ✐s r❡❛❞ ❜❛❝❦ ❢r♦♠ t❤❡ ❧❛❜♦r❛t♦r② ♣♦✇❡r s✉♣♣❧② ❛♥❞ ✇✐t❤ t❤❛t t❤❡ ❞✐ss✐✲
♣❛t❡❞ ♣♦✇❡r ✐s ❝❛❧❝✉❧❛t❡❞✳ ❚❤✐s ♣r♦t♦t②♣❡ ✇✐❧❧ ❛❧s♦ ❛❧❧♦✇ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t
❝♦♦❧✐♥❣ s②st❡♠s ❢♦r t❤❡ ❜♦❛r❞✱ ❡✳❣✳ ❛✐r ♦r ✇❛t❡r ❝♦♦❧✐♥❣✳

✼✳✷ ❍✐❣❤❡r ▲❛②❡r ❈♦✉♥t

❚❤❡ ♥❡①t ✐♠♣r♦✈❡♠❡♥t ❛r❡ ♠♦r❡ ❝♦♣♣❡r ❧❛②❡rs ❢♦r ❛❞❞✐t✐♦♥❛❧ r♦✉t✐♥❣ ❛r❡❛✳ ❚❤❡s❡
❧❛②❡rs ❛r❡ ♥❡❝❡ss❛r② t♦ r♦✉t❡ ❛❧❧ s✐❣♥❛❧s ❢r♦♠ t❤❡ ✇❛❢❡r t♦ t❤❡ ❜♦❛r❞ ❡❞❣❡s✳ ❚❤❡
❜✉✐❧❞ ✉♣ ✇✐❧❧ ❜❡ ❛ s❡q✉❡♥t✐❛❧ ❛❞❞✐♥❣ ♦❢ s✐♥❣❧❡ ❧❛②❡rs ❛r♦✉♥❞ t❤❡ ✇❛❢❡r✳ ❚❤✐s ❛❧❧♦✇s
❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ♠✐❝r♦✈✐❛s ❜❡t✇❡❡♥ ❛❞❥❛❝❡♥t ❧❛②❡rs✳ ❍❡♥❝❡✱ t❤✐s ❧✐♠✐ts t❤❡
♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❧❛②❡rs ❜❡❝❛✉s❡ ✇✐t❤ ❡✈❡r② ❛❞❞✐t✐♦♥❛❧ ❧❛②❡r t❤❡ ❡①✐st✐♥❣ ✐♥♥❡r
❧❛②❡rs ❣❡t ♠♦r❡ r✐❣✐❞ ❛♥❞ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❜r❡❛❦s ❛♥❞ ❞❡❧❛♠✐♥❛t✐♦♥ ✐♥❝r❡❛s❡s✳ ❙♦
❢❛r ❛❧❧ ♣r♦t♦t②♣❡s ✇❡r❡ ♦♥❧② str❡ss❡❞ ✇✐t❤ ♦♥❡ ❝♦♠♣r❡ss✐♦♥ ❛♥❞ ❤❡❛t✐♥❣ ❝②❝❧❡✳
■♥ t❤❡ ❲❙■ s②st❡♠ t❤❡ ▼❛✐♥P❈❇ ✇❡♥t t❤r♦✉❣❤ ✜✈❡ ❧❛♠✐♥❛t✐♦♥ ❝②❝❧❡s✳ ❆ss✉♠✐♥❣

❛ ❉❊◆❙❊ ♣r♦t♦t②♣❡ ❝♦✉❧❞ ✇✐t❤st❛♥❞ t❤❡ s❛♠❡ ♥✉♠❜❡r ♦❢ ❝②❝❧❡s ❛ r❡❛s♦♥❛❜❧❡ st❛❝❦
✉♣ ❛♥❞ ❧❛②❡r ❛ss✐❣♥♠❡♥t ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✼✳✷✳ ■t ❤❛s ✐♥ t♦t❛❧ ❢♦✉r ❝♦♣♣❡r ❧❛②❡rs✱
✇❤❡r❡❛s t✇♦ ❧❛②❡rs ❛r❡ ❛ss✐❣♥❡❞ t♦ t❤❡ s✐❣♥❛❧ r♦✉t✐♥❣✳

❋✐❣✉r❡ ✼✳✷✿ ❘❡❛s♦♥❛❜❧❡ st❛❝❦ ✉♣ ❢♦r ❛ ❉❡♥s❡ ❍✐❣❤ ▲❛②❡r ❈♦✉♥t ✭❉❡♥s❡❍▲❈✮ ❜♦❛r❞✳
❚❤❡ ❧❛②❡rs ▲✶ ❛♥❞ ▲✸ ❛r❡ ✉s❡❞ ❢♦r t❤❡ s✐❣♥❛❧ r♦✉t✐♥❣✳ ❲❤❡r❡❛s t❤❡ ❈■❈✱
▲✷ ❛♥❞ ▲✹ ❛r❡ t❤❡ r❡❢❡r❡♥❝❡ ❧❛②❡rs ♦❢ t❤❡ s✐❣♥❛❧ ❧❛②❡rs✳ ❚❤❡ s✐♥❣❧❡✲❡♥❞❡❞
❧✐♥❡s ❞❡❝r❡❛s❡ ✇✐t❤ t❤✐♥♥❡r ♣r❡♣r❡❣s ❜② 15 ➭m✳ ■♥ ❝♦♥tr❛st t♦ t❤❛t ❣r♦✇
t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s ❜② 35 ➭m✳

❋♦r ❛ ♣r♦♣❡r s❤✐❡❧❞✐♥❣ ❛♥❞ ❛s r❡❢❡r❡♥❝❡ ♣❧❛♥❡ ♦❢ t❤❡ s✐❣♥❛❧ ❧✐♥❡s ♦✉ts✐❞❡ t❤❡ s✐❧✐❝♦♥
✇❛❢❡r t❤❡ ❈■❈ ♠❛t❡r✐❛❧ ✐s ✉s❡❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❈■❈ ❤❛s t♦ ❜❡ ❝♦♥♥❡❝t❡❞ ❜② ✈✐❛s t♦
t❤❡ ●◆❉ ♥❡t✳ ❚❤✐s ✇❛② ♦♥❡ s❤✐❡❧❞✐♥❣ ❧❛②❡r ✐s s❛✈❡❞ ❛♥❞ t❤❡ ✜rst ❛♣♣❧✐❡❞ ❝♦♣♣❡r ❧❛②❡r
✭▲✶✮ ✐s ✉t✐❧✐③❡❞ ❢♦r s✐❣♥❛❧ r♦✉t✐♥❣✳
❚❤❡ ♣r❡♣r❡❣ ❜❡t✇❡❡♥ t❤❡ ❝♦♣♣❡r ❧❛②❡rs ❤❛s ❛ ❤❡✐❣❤t ♦❢ 100 ➭m✳ ❚❤❡ ❤❡✐❣❤t ❤❛s ❛

✾✼



✼ ❘♦❛❞♠❛♣ ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

❞✐r❡❝t ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❧✐♥❡ ❣❡♦♠❡tr✐❡s✳ ❇② ✉s✐♥❣ t❤✐♥♥❡r ♣r❡♣r❡❣s t❤❡ ❧✐♥❡ ✇✐❞t❤s
❛❧s♦ ❤❛✈❡ t♦ ❞❡❝r❡❛s❡ ✐♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ t❤❡ s❛♠❡ ✐♠♣❡❞❛♥❝❡ ✈❛❧✉❡✳ ■♥ t❛❜❧❡ ✼✳✷ t❤❡
❣❡♦♠❡tr✐❡s ❢♦r s✐♥❣❧❡✲❡♥❞❡❞ ❛♥❞ ❞✐✛❡r❡♥t✐❛❧ s✐❣♥❛❧s ❛r❡ ♣r❡s❡♥t❡❞✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥s
✇❡r❡ ❞♦♥❡ ✇✐t❤ t❤❡ ❆❧❧❡❣r♦ ■♠♣❡❞❛♥❝❡ ❈❛❧❝✉❧❛t♦r ❬❈❛❞❡♥❝❡✱ ✷✵✶✼❛❪✳

▲✐♥❡ t②♣❡ Pr❡♣r❡❣
t❤✐❝❦♥❡ss
❬➭m❪

▲✐♥❡
❙♣❛❝✐♥❣
❬➭m❪

▲✐♥❡
❙❡♣❛r❛t✐♦♥
❬➭m❪

■♠♣❡❞❛♥❝❡ ❬Ω❪

s✐♥❣❧❡✲❡♥❞❡❞ ✶✵✵ ✼✺ ✲ ✺✷✳✵
s✐♥❣❧❡✲❡♥❞❡❞ ✺✵ ✻✵ ✲ ✺✶✳✷
❞✐✛❡r❡♥t✐❛❧ ✶✵✵ ✼✺ ✶✺✵ ✾✽✳✺
❞✐✛❡r❡♥t✐❛❧ ✺✵ ✻✵ ✷✵✵ ✾✽✳✶

❚❛❜❧❡ ✼✳✷✿ ▲✐♥❡ ❣❡♦♠❡tr✐❡s ❢♦r t❤❡ s✐❣♥❛❧ ❧❛②❡rs ▲✶ ❛♥❞ ▲✸ ✐♥ t❤❡ ❉❡♥s❡❍▲❈ ❜♦❛r❞✳
❚❤❡ ❣❡♦♠❡tr✐❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❞✐✛❡r❡♥t ♣r❡♣r❡❣ t❤✐❝❦♥❡ss❡s✳

❚❤❡ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s s❛✈❡ r♦✉t✐♥❣ ❛r❡❛ ✇✐t❤ t❤❡ t❤✐♥♥❡r ♣r❡♣r❡❣s✳ ◆❡✈❡rt❤❡❧❡ss✱
✐♥ t♦t❛❧ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s ♥❡❡❞ ♠♦r❡ s♣❛❝✐♥❣✳

❘♦✉t✐♥❣ ❛r❡❛ ♦❢ ❛ ❘❡t✐❝❧❡ ❆t t❤❡ ♠♦♠❡♥t ❡✈❡r② ❍■❈❆◆◆ ❤❛s ❢♦✉r ❞✐✛❡r❡♥t✐❛❧
❧✐♥❦s✱ ❛ s❤❛r❡❞ ❞✐✛❡r❡♥t✐❛❧ ❝❧♦❝❦ ❛♥❞ ❛ s❤❛r❡❞ ❏❚❆● ✐♥t❡r❢❛❝❡✳ ■♥ t♦t❛❧ ♦♥❡ r❡t✐❝❧❡
❤❛s ✸✸ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❦s ❛♥❞ ❢♦✉r s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s✳ ❚❤❡r❡ ✐s ❛ r✉❧❡ ♦❢ t❤✉♠❜ s❛②✐♥❣
t♦ ❧❡❛✈❡ ✷✲✸✲t✐♠❡s ♦❢ s♣❛❝❡ ❜❡t✇❡❡♥ t❤❡ ❛❞❥❛❝❡♥t ❧✐♥❡s ❬▼♦♥tr♦s❡✱ ✶✾✾✻❪✳ ❚❤❡r❡❢♦r❡✱
❛ s♣❛❝✐♥❣ ♦❢ 150➭m ❢♦r t❤❡ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ❛♥❞ 300 ➭m ❢♦r t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s ✐s
r❡❝♦♠♠❡♥❞❡❞✳ ❚❤❡ t♦t❛❧ s♣❛❝❡ ❢♦r ❛❧❧ s✐❣♥❛❧s ❧✐♥❡s ♦❢ ❛ r❡t✐❝❧❡ ✐s✿

lSE = 4 ∗ 75 ➭m+ 4 ∗ 150 ➭m
= 900 ➭m

lDiff = 2 ∗ 33 ∗ 75 ➭m+ 33 ∗ 150 ➭m+ 34 ∗ 300 ➭m
= 20 100 ➭m

lTotal = lSE + lDiff

= 21 000 ➭m

❚❤❡ s✐❣♥❛❧ ❧✐♥❡s ♦❢ ♦♥❡ r❡t✐❝❧❡ ♦❝❝✉♣② ❛♥ ❛r❡❛ ♦❢ 21mm ✇❤✐❝❤ ✐s t❤❡ ❡❞❣❡ ❧❡♥❣t❤ ♦❢
❛ r❡t✐❝❧❡✳ ❚❤❡r❡❢♦r❡✱ ♦♥❡ r❡t✐❝❧❡ ♥❡❡❞s ♦♥❡ ❧❛②❡r ❢♦r ✐ts ♦✇♥ s✐❣♥❛❧s✳ ❖♥ t❤❡ ❝✉rr❡♥t
❍■❈❆◆◆ ✇❛❢❡r ❛r❡ ❢♦✉r ❍■❈❆◆◆s ♦♥❡ ❛❢t❡r t❤❡ ♦t❤❡r✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ✐t ✐s ♥♦t
♣♦ss✐❜❧❡ t♦ r♦✉t❡ t❤❡ ❝✉rr❡♥t ✇❛❢❡r ♠❛♣ ✇✐t❤ ❢♦✉r ❧❛②❡rs✳ ❆t ❧❡❛st ❢♦✉r s✐❣♥❛❧ ❧❛②❡rs
❛♥❞ ✹ ❛❞❞✐t✐♦♥❛❧ s❤✐❡❧❞✐♥❣ ❧❛②❡rs ❛r❡ r❡q✉✐r❡❞ ✇❤✐❝❤ ♠❡❛♥s ❡✐❣❤t ❧❛♠✐♥❛t✐♦♥ ❝②❝❧❡s✳
❚❤❡s❡ ❛r❡ t♦♦ ♠❛♥② ❤❡❛t✐♥❣ ❛♥❞ ❝♦♠♣r❡ss✐♦♥ ❝②❝❧❡s✳ ❋♦r r❡❧✐❛❜✐❧✐t② ❝♦♥❝❡r♥s t❤❡
♥✉♠❜❡r s❤♦✉❧❞ ❜❡ ❧♦✇❡r✳ ❚❤❡ s♦❧✉t✐♦♥ ✐s ❛ r❡❞✉❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❧✐♥❡s✳ ❚✇♦ r❡t✐❝❧❡s
❜❡❤✐♥❞ ♦♥❡ ❛♥♦t❤❡r ❤❛✈❡ t♦ ❜❡ r♦✉t❡❞ ♦♥ ♦♥❡ ❧❛②❡r ❛♥❞ ❞♦ ♥♦t ♦❝❝✉♣② ♠♦r❡ t❤❛♥
♦♥❡ r❡t✐❝❧❡ ❡❞❣❡ t♦❣❡t❤❡r✳ ❚❤❡ ❏❚❆● ✐♥t❡r❢❛❝❡ ❝❛♥♥♦t ❜❡ r❡♠♦✈❡❞ ❛s ✐t ✐s ❡ss❡♥t✐❛❧
❢♦r ✐♥✐t✐❛❧ t❡sts ❛♥❞ ❝♦♥✜❣✉r❛t✐♦♥✳ ❆ r❡❞✉❝t✐♦♥ t♦ ♦♥❡ ❣❧♦❜❛❧ ❝❧♦❝❦ ❛♥❞ ❤❛❧❢ ♦❢ t❤❡

✾✽



✼✳✸ ❙✐❧✐❝♦♥ ❲❛❢❡rs ✇✐t❤ ✸✵ ❝♠ ❉✐❛♠❡t❡r

❞✐✛❡r❡♥t✐❛❧ ❧✐♥❦s r❡s✉❧ts ✐♥ ❛♥ ❛r❡❛ ❝♦♥s✉♠♣t✐♦♥ ♦❢ 22.8mm ❢♦r t✇♦ r❡t✐❝❧❡s✳ ❲✐t❤
s♦♠❡ t✉♥✐♥❣ ♦❢ t❤❡ s♣❛❝✐♥❣s t❤✐s ✇♦✉❧❞ ❛❧❧♦✇ t♦ r♦✉t❡ ❛❧❧ ❝❤✐♣s ❢r♦♠ t❤❡ ❝✉rr❡♥t
❍■❈❆◆◆ ✇❛❢❡r t♦ t❤❡ ❋❈P ❜♦❛r❞s✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❝❤✐♣ ❞❡s✐❣♥❡rs ❤❛✈❡ t♦ t❛❦❡
t❤✐s s②st❡♠ ❧✐♠✐t❛t✐♦♥ ✐♥t♦ ❛❝❝♦✉♥t ❢♦r t❤❡✐r ❢✉t✉r❡ ❝✐r❝✉✐t ❞❡✈❡❧♦♣♠❡♥t✳
❚❤❡ ❉❊◆❙❊ ❜♦❛r❞ ❤❛s ♦♥❡ ❝♦♣♣❡r ❧❛②❡r ♦♥ ❡❛❝❤ s✐❞❡✳ ❋♦r t❤❡ ✜♥❛❧ s②st❡♠ ❛t ❧❡❛st

❢♦✉r ♠♦r❡ ❧❛②❡rs ❛r❡ ♥❡❡❞❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❛❜♦✈❡ ❡st✐♠❛t✐♦♥✳ ❚❤❡ ✐♥❝r❡❛s❡ ♦❢ ❧❛②❡rs
❤❛s t♦ ❜❡ t❡st❡❞ ✐♥ s❡✈❡r❛❧ st❡♣s ❛s t❤❡r❡ ✐s ♥♦ ❡①♣❡r✐❡♥❝❡ ✇✐t❤ s✉❝❤ st❛❝❦ ✉♣s✳ ❆
r❡❛s♦♥❛❜❧❡ ❛♣♣r♦❛❝❤ ✇♦✉❧❞ ❜❡ t♦ t❡st ✇✐t❤ ❡❛❝❤ ♥❡✇ ♣r♦t♦t②♣❡ ♦♥❡ ❛❞❞✐t✐♦♥❛❧ ❝♦♣♣❡r
❧❛②❡r✳ ❊✈❡r② ♥❡✇ ❧❛②❡r ✐♥❝r❡❛s❡s t❤❡ ♥✉♠❜❡r ♦❢ ❛❝❝❡ss✐❜❧❡ ❍■❈❆◆◆ ❝❤✐♣s ❛♥❞ ❛❧s♦
t❤❡ t❡st ❝♦✈❡r❛❣❡ ♦✈❡r t❤❡ ✇❛❢❡r✳

✼✳✸ ❙✐❧✐❝♦♥ ❲❛❢❡rs ✇✐t❤ ✸✵ ❝♠ ❉✐❛♠❡t❡r

❚❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣ ❤❛s st❛rt❡❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♥❡✇ ❍■❈❆◆◆✲❉▲❙
❝❤✐♣s ✐♥ ❛ 65 nm ♣r♦❝❡ss✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ 180 nm ♣r♦❝❡ss ✇❤❡r❡ t❤❡ ❝❤✐♣s ❛r❡
♣r♦❞✉❝❡❞ ♦♥ ✇❛❢❡rs ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ 20 cm t❤❡ ♥❡✇ ❝❤✐♣s ❛r❡ ♦♥ 30 cm ✇❛❢❡rs✳
❋♦r ❛ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ✉♣❣r❛❞❡ t❤❡ ✇❛❢❡rs ❛r❡ ❝✉t ♦✉t t♦ ✜t ✐♥ t❤❡ ❡①✐st✐♥❣ ❲❙■
♠❡❝❤❛♥✐❝ ❢r❛♠❡✇♦r❦✳
▲❛t❡r t❤❡s❡ 30 cm ✇❛❢❡rs ❤❛✈❡ t♦ ❜❡ ❡♠❜❡❞❞❡❞✳ ❚❤❡r❡❢♦r❡✱ t❡sts ✇✐t❤ s✉❝❤ ✇❛❢❡rs

❤❛✈❡ t♦ ❜❡ ❞♦♥❡ ❛s t❤❡ ❝✉rr❡♥t ❜♦❛r❞ ❞✐♠❡♥s✐♦♥s ❛r❡ ♥♦t s✉✣❝✐❡♥t ❢♦r ❛ 30 cm ✇❛❢❡r✳
■♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ t❤❡ ✇❛❢❡r ❤❛s ❛ ♠❛r❣✐♥ ♦❢ 2 cm t♦ t❤❡ ♥❡❛r❡st ❜♦❛r❞ ❡❞❣❡
❛♥❞ 8 cm t♦ t❤❡ ♦t❤❡r ❡❞❣❡s✳ ❋♦r t❤❡ 30 cm ✇❛❢❡r ❛ ❤✐❣❤❡r ♠❛r❣✐♥ ✇✐❧❧ ❜❡ r❡q✉✐r❡❞✳
❚❤❡ ❛❝t✉❛❧ ✈❛❧✉❡ ❞❡♣❡♥❞s ♦♥ t❤❡ s♣❡❝✐✜❝ ✇❛❢❡r ♠❛♣✱ ✇❤✐❝❤ ✐s ♥♦t ❛✈❛✐❧❛❜❧❡ ❛t t❤❡
♠♦♠❡♥t✱ ❛♥❞ t❤❡ ❛♠♦✉♥t ♦❢ s✐❣♥❛❧ ❧✐♥❡s t❤❛t ❤❛✈❡ t♦ ❜❡ r♦✉t❡❞✳ ❚❤❡ ♠❛①✐♠✉♠
❜♦❛r❞ ❞✐♠❡♥s✐♦♥ t❤❛t ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ P❈❇ ❧❛♠✐♥❛t✐♦♥ ♣r❡ss ❛t t❤❡ ■❩▼ ✐s
610× 700mm2 ❬■❩▼ ✱ ✷✵✶✼❪✳
❆ ♣♦ss✐❜❧❡ ♣r♦❝❡❞✉r❡ ❝♦✉❧❞ ❜❡ t♦ t❡st t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❢♦r 30 cm ✇❛❢❡rs ❧✐❦❡

❢♦r t❤❡ ❉❊◆❙❊ ♣r♦t♦t②♣❡ ✇✐t❤ ❜❛r❡ s✐❧✐❝♦♥ ❞✐s❦s ❛♥❞ ♦♥❧② ♦♥❡ ❝♦♣♣❡r ❧❛②❡r✳ ❚❤❡
♠❛t❡r✐❛❧s ❛♥❞ t❤❡ st❛❝❦ ✉♣ ❞♦ ♥♦t ❝❤❛♥❣❡✳ ❖♥❧② t❤❡ ✇❛❢❡r ❞✐❛♠❡t❡r ✐♥❝r❡❛s❡s✳ ■❢ t❤❡
t❡st s✉❝❝❡❡❞s t❤❡ ♥❡①t ♣r♦t♦t②♣❡ ✇♦✉❧❞ st✐❧❧ ❜❡ ❛ ❜❛r❡ s✐❧✐❝♦♥ ❞✐s❦ ❜✉t ✇✐t❤ t❤❡ ❢✉❧❧
st❛❝❦ ✉♣ ❛♥❞ ❜❛❝❦s✐❞❡ ❝♦♥♥❡❝t✐♦♥s t♦ t❤❡ ✇❛❢❡r✳ ❆ st❡♣✇✐s❡ ❧❛②❡r ✐♥❝r❡❛s❡ ✇♦✉❧❞ ♥♦t
❜❡ ♥❡❡❞❡❞ ❛s ✐t ✐s ❛❧r❡❛❞② t❡st❡❞ ✇✐t❤ t❤❡ 20 cm ✇❛❢❡rs✳ ❆❢t❡r ❛ s✉❝❝❡ss❢✉❧ ♣r♦❞✉❝t✐♦♥
t❤❡ ✜♥❛❧ t❡st ✐s t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❛ 30 cm ❍■❈❆◆◆✲❉▲❙ ✇❛❢❡r✳

✼✳✹ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ ❚❤r♦✉❣❤✲❙✐❧✐❝♦♥ ❱✐❛s

t❤r♦✉❣❤✲s✐❧✐❝♦♥ ✈✐❛s ❝r❡❛t❡ ❡❧❡❝tr✐❝❛❧ ❝♦♥♥❡❝t✐♦♥s t❤r♦✉❣❤ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡ t♦ t❤❡
❜❛❝❦ ♦❢ t❤❡ ❝❤✐♣✳ ❚②♣✐❝❛❧❧② t❤r♦✉❣❤✲s✐❧✐❝♦♥ ✈✐❛s ✭❚❙❱s✮ ❛r❡ ✉s❡❞ ✐♥ st❛❝❦❡❞ ❝❤✐♣s
❧✐❦❡ ♠❡♠♦r② ♠♦❞✉❧❡s ♦r ✐♠❛❣❡ s❡♥s♦rs ❬❑✐♠ ❛♥❞ ❑✐♠✱ ✷✵✶✹❀ ❙✉❦❡❣❛✇❛ ❡t ❛❧✳✱ ✷✵✶✸❪✳
❚❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ ❚❙❱s ❛r❡ s❤♦rt❡r ❝♦♥♥❡❝t✐♦♥s ❛♥❞ ❛ ❤✐❣❤❡r ❝♦♥♥❡❝t✐♦♥ ❞❡♥s✐t②
❜❡t✇❡❡♥ st❛❝❦❡❞ ❝❤✐♣s✳ ■♥ ❝♦♠♣❛r✐s♦♥ t♦ tr❛❞✐t✐♦♥❛❧ ✇✐r❡✲❜♦♥❞s ❚❙❱s ❤❛✈❡ ❛ ❧♦✇❡r
✐♥❞✉❝t❛♥❝❡ ❛♥❞ ❛ ❧♦✇❡r ✐♠♣❡❞❛♥❝❡ ❬P❛❦ ❡t ❛❧✳✱ ✷✵✵✽❪✳ ❆ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ ❚❙❱s ✐s
t❤❡✐r ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s✉rr♦✉♥❞✐♥❣ ❞❡✈✐❝❡s✳ ❖♥❧② ❛ t❤✐♥ ❞✐❡❧❡❝tr✐❝ ❧✐♥❡r s❡♣❛r❛t❡s t❤❡

✾✾



✼ ❘♦❛❞♠❛♣ ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

❝♦♥❞✉❝t✐✈❡ ♠❛t❡r✐❛❧✱ ♠❛✐♥❧② ❝♦♣♣❡r✱ ❢r♦♠ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r s✐❧✐❝♦♥✳ ❚❤✉s✱ s✐❣♥❛❧s ♦r
❞✐st♦rt✐♦♥s ❝♦✉♣❧❡ t❤r♦✉❣❤ t❤❡ ❞✐❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧ ✐♥t♦ t❤❡ s✐❧✐❝♦♥ ❛♥❞ ♣❡rt✉r❜ ♥❡❛r❜②
❞❡✈✐❝❡s✳ ❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ t❡❝❤♥✐q✉❡s t♦ r❡❞✉❝❡ t❤❡s❡ ✐♥✢✉❡♥❝❡s ❬❑❤❛♥ ❡t ❛❧✳✱ ✷✵✶✸❪✳
◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❚❙❱s ❢♦r ❤✐❣❤✲s♣❡❡❞ s✐❣♥❛❧s ✐s ♠♦r❡ ❝♦♠♣❧❡①
t❤❛♥ ❢♦r s✐♠♣❧❡ ♣♦✇❡r ❝♦♥♥❡❝t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ✐♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ t❤❡ ❚❙❱s ❝♦✉❧❞
❜❡ ✉s❡❞ ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧② ♦❢ t❤❡ ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts✳ ❚❤❡ ❝♦♣♣❡r ❧❛②❡rs ❜❡❧♦✇ t❤❡
s✐❧✐❝♦♥ ✇❛❢❡r ✇♦✉❧❞ ❜❡ ✉t✐❧✐③❡❞ ❢♦r ♠♦r❡ t❤❛♥ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ ❛♥❞ ❤❡❛t s♣r❡❛❞✐♥❣✳
❚❙❱s ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❛t ❞✐✛❡r❡♥t st❛❣❡s ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ♣r♦❞✉❝t✐♦♥ ❬●❛r✲

r♦✉ ❡t ❛❧✳✱ ✷✵✵✽❪✳ ❚❤❡② ❝❛♥ ❜❡ ✐♥s❡rt❡❞ ❜❡❢♦r❡ t❤❡ ❢r♦♥t ❡♥❞ ♦❢ ❧✐♥❡ ✭❋❊❖▲✮ ♣r♦❞✉❝t✐♦♥✱
❜❡❢♦r❡ t❤❡ ❜❛❝❦ ❡♥❞ ♦❢ ❧✐♥❡ ✭❇❊❖▲✮ ♦r ♣♦st✲❇❊❖▲✳ ❚❤❡ ♣r♦❝❡ss st❡♣s ❜❡❢♦r❡ t❤❡ ✜rst
♠❡t❛❧ ✇✐r✐♥❣ ❛r❡ ❝❛❧❧❡❞ ❋❊❖▲ ♣r♦❝❡ss✳ ❖♥ t❤❡ ❝♦♥tr❛r② t❤❡ ❇❊❖▲ ❜❡❣✐♥s ✇✐t❤ t❤❡
✐♥t❡r❝♦♥♥❡❝t✐♥❣ ♦❢ t❤❡ tr❛♥s✐st♦rs t❤❡ ♠❡t❛❧ ❧❛②❡r✳ ❚♦ ❦❡❡♣ t❤❡ ❝♦sts ❢♦r ♣r♦t♦t②♣❡
❝❤✐♣s ❧♦✇ ✐t ✐s r❡❛s♦♥❛❜❧❡ t♦ ❛♣♣❧② t❤❡ ❚❙❱s ♦♥❧② ♦♥ t❤❡ ✇❛❢❡r✲s❝❛❧❡ ❧❡✈❡❧✳ ❚❤✉s✱ t❤❡②
❛r❡ ❝r❡❛t❡❞ ♣♦st✲❇❊❖▲ ❜✉t ❜❡❢♦r❡ t❤❡ ❘❉▲s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❚❙❱s ❛r❡ ♣❧❛❝❡❛❜❧❡ ✐♥
t❤❡ s❝r✐❜❡ ❧✐♥❡s ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤❡ ❛r❡❛ ✐s ♥♦t ✉s❡❞ ❢♦r ❛❝t✐✈❡ ❝♦♠♣♦♥❡♥ts ❛s ✐t
✐s ♥♦t ✉s❛❜❧❡ ❛❢t❡r t❤❡ ❝❤✐♣ s❡♣❛r❛t✐♦♥✳ ■t ✐s t❤❡ ✐❞❡❛❧ ♣❧❛❝❡ ❢♦r t❤❡ ❚❙❱s✳ ■♥ ✜❣✳ ✼✳✸ ❛
♣♦ss✐❜❧❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❚❙❱s ✐♥ t❤❡ s❝r✐❜❡ ❧✐♥❡ ✐s s❤♦✇♥✳ ❚❤❡ ❛❞✈❛♥t❛❣❡ ✐s t❤❛t
✐t ❞♦❡s ♥♦t r❡q✉✐r❡ ❛ r❡❞❡s✐❣♥ ♦❢ t❤❡ ❝❤✐♣ ❧❛②♦✉t ❛♥❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ❛❢t❡r t❤❡ ❇❊❖▲
✇❤❡♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s ✜♥✐s❤❡❞✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ✐t r❡q✉✐r❡s ❛ r❡❞❡s✐❣♥ ♦❢ t❤❡ ❘❉▲s
♦♥ t♦♣ ♦❢ t❤❡ ✇❛❢❡r✳ ❈✉rr❡♥t❧②✱ t❤❡ ✜♥❡✲♣✐t❝❤ ❧✐♥❡s ❜❡t✇❡❡♥ t❤❡ s❡♣❛r❛t❡❞ ❍■❈❆◆◆
❝❤✐♣s r✉♥ ❞✐r❡❝t❧② ❛❜♦✈❡ t❤❡ s❝r✐❜❡ ❧✐♥❡ ❢r♦♠ ♦♥❡ ❝❤✐♣ t♦ ❛♥♦t❤❡r✳ ❚❤❡s❡ ❧✐♥❡s ❤❛✈❡
t♦ ♠♦✈❡ t♦ t❤❡ s❡❝♦♥❞ ❘❉▲ s♦ t❤❛t t❤❡ ❚❙❱s ✐♥ t❤❡ s❝r✐❜❡ ❧✐♥❡ ❝❛♥ ❜❡ ❛❝❝❡ss❡❞ ✇✐t❤
✈✐❛s ❢r♦♠ t❤❡ ✜rst ❘❉▲✳

❋✐❣✉r❡ ✼✳✸✿ P♦ss✐❜❧❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❚❙❱s ✐♥ t❤❡ s❝r✐❜❡ ❧✐♥❡s ♦❢ ❛ ✇❛❢❡r✳

❚❤❡ ❚❙❱s ❛r❡ ❝r❡❛t❡❞ ❜❡❢♦r❡ t❤❡ ❘❉▲s ❛r❡ ❛♣♣❧✐❡❞ ❛♥❞ t❤❡ ✇❛❢❡r ✐s t❤✐♥♥❡❞✳ ❚❤❡
✈✐❛ ❞❡♣t❤ ✐s ❣r❡❛t❡r t❤❛♥ t❤❡ ✜♥❛❧ ✇❛❢❡r t❤✐❝❦♥❡ss ♦❢ 250 ➭m ❜✉t ✐t ❞♦❡s ♥♦t ❣♦
t❤r♦✉❣❤ t❤❡ ❡♥t✐r❡ s✐❧✐❝♦♥✳ ❚❤❡♥ t❤❡ ✈✐❛s ❣❡t ❝♦♠♣❧❡t❡❧② ✜❧❧❡❞ ✇✐t❤ ❝♦♣♣❡r✳ ❚❤✐s
✇❛② ✐t ✐s ♣♦ss✐❜❧❡ t♦ ♣❧❛❝❡ ✈✐❛s ❢r♦♠ t❤❡ ❘❉▲ ❞✐r❡❝t ♦♥ t❤❡ ❚❙❱✳ ❆❢t❡r t❤❡ ✜❧❧✐♥❣
t❤❡ ❘❉▲s ❛r❡ ❛❞❞❡❞ t♦ t❤❡ ✇❛❢❡r✳ ◆❡①t t❤❡ ✇❛❢❡r ✐s t❤✐♥♥❡❞ ❞♦✇♥ ✐♥ t❤✐s st❡♣ t❤❡

✶✵✵



✼✳✺ ❈♦♦❧✐♥❣ ♦❢ t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r

❚❙❱s ❛r❡ ❡①♣♦s❡❞ t♦ t❤❡ ❜❛❝❦✳ ❊✈❡♥t✉❛❧❧②✱ ❛ ❘❉▲ ♦♥ t❤❡ ❜❛❝❦ ❝r❡❛t❡s t❤❡ ❝♦♣♣❡r
♣❛❞s ❛♥❞ t❤❡ ❝♦♥♥❡❝t✐♦♥s t♦ t❤❡ ❚❙❱s✳ ❚❤❡ ♠✐❝r♦✈✐❛s ❢r♦♠ t❤❡ ❜❛❝❦ ❝❛♥ ❝♦♥♥❡❝t t♦
t❤✐s ❝♦♣♣❡r ♣❛❞s✳
❚❤❡ ❜❡st ✇❛② ✐s t♦ ✉s❡ t❤❡ ❚❙❱s ♦♥❧② ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧② ♦❢ t❤❡ ✇❛❢❡r✳ ❚❤✐s ✇❛②

t❤❡ ❝♦♣♣❡r ❧❛②❡rs ❛❜♦✈❡ t❤❡ ✇❛❢❡r ❛r❡ ✉s❡❞ ❢♦r t❤❡ s✐❣♥❛❧ r♦✉t✐♥❣ ❛♥❞ t❤❡ ❧❛②❡rs ❜❡❧♦✇
t❤❡ ✇❛❢❡r ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧②✳ ❚❤✉s✱ t❤❡ ❝♦♠♣❧❡①✐t② ✐s r❡❞✉❝❡❞ ❛s ♥♦ ❤✐❣❤✲s♣❡❡❞
s✐❣♥❛❧ r✉♥ t❤r♦✉❣❤ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ ❞✐st✉r❜ t❤❡ s✉rr♦✉♥❞✐♥❣ ❞❡✈✐❝❡s✳

❚❙❱ ♣❛r❛♠❡t❡rs ❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❚❙❱s ❞❡♣❡♥❞s ♦♥ t❤❡ s✐③❡ ♦❢ t❤❡ s❝r✐❜❡ ❧✐♥❡s
❛♥❞ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤❡ ✇✐❞t❤ ♦❢ t❤❡ s❝r✐❜❡ ❧✐♥❡ ✐s ❝❤♦s❡♥ ❜② t❤❡
♠❛♥✉❢❛❝t✉r❡r ✐♥ t❤✐s ❝❛s❡ ❚❙▼❈ ❢♦r t❤❡ 65 nm ♣r♦❝❡ss✳ ❚❤✐s ❧✐♠✐ts t❤❡ ♠❛①✐♠✉♠
s✐③❡ ♦❢ ❛ ❚❙❱✳ ❖♥ t❤❡ 180 nm ✇❛❢❡r t❤❡ s❝r✐❜❡ ❧✐♥❡ ✐s ✐♥ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥ 420 nm ❛♥❞
✐♥ ❤♦r✐③♦♥t❛❧ ❞✐r❡❝t✐♦♥ 250 ➭m ✇✐❞❡ ❬●rü❜❧ ✱ ✷✵✶✼❪✳ ❚❤❡ ♠✐♥✐♠✉♠ ❚❙❱ ❞✐❛♠❡t❡r ✐s
❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❛s♣❡❝t r❛t✐♦ ❛♥❞ t❤❡ s✐❧✐❝♦♥ t❤✐❝❦♥❡ss✳ ❚❤❡ ❛s♣❡❝t r❛t✐♦ ✐s ❞❡✜♥❡❞
❛s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❚❙❱ ❞❡♣t❤ t♦ t❤❡ ❞✐❛♠❡t❡r✳ ❆ t②♣✐❝❛❧ ✈❛❧✉❡ ✐s ❛r♦✉♥❞ 10 : 1
❬■❚❘❙ ✱ ✷✵✶✶❪✳ ❋♦r ❛ 200 ➭m t❤✐❝❦ ✇❛❢❡r t❤❡ ♠✐♥✐♠✉♠ ❞✐❛♠❡t❡r ✐s 20 ➭m✳
❚❤❡ ❚❙❱s ❛r❡ ✉s❡❞ ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧② ❛♥❞✱ t❤❡r❡❢♦r❡✱ ❧❛r❣❡ ❤♦❧❡s ❛r❡ ♣r❡❢❡rr❡❞ ❞✉❡
t♦ ❛ ❧♦✇❡r r❡s✐st❛♥❝❡ ❛♥❞ ✐♥❞✉❝t❛♥❝❡✳ ▼♦r❡♦✈❡r✱ ✐t ✐s ❡❛s✐❡r t♦ ❝♦♠♣❧❡t❡❧② ✜❧❧ ❧❛r❣❡
❤♦❧❡s ✇✐t❤ ❝♦♣♣❡r✳
❚❤❡ ✜rst t❡sts ❝♦✉❧❞ ✉s❡ t❤❡ ❝✉rr❡♥t ❍■❈❆◆◆ ✇❛❢❡rs✳ ❚❤❡r❡ t❤❡ ❚❙❱s ❝♦✉❧❞ ❜❡

✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ❛❝t✐✈❡ ❞❡✈✐❝❡ ❛r❡❛ ✇❤✐❝❤ ✐s ♥♦t ✉s❡❞✳ ❚❤❡ ❜✐❣ s✉♣♣❧② ♣❛❞s ♦❢ t❤❡
P♦st✲Pr♦❝❡ss✐♥❣ ❝♦✉❧❞ ❜❡ ✉s❡❞ ❛s t❛r❣❡t ♣❛❞s✳ ❍❡r❡✱ t❤❡ ❚❙❱s ❛r❡ ❛❞❞❡❞ ❢r♦♠ t❤❡
❜❛❝❦ ❛❢t❡r t❤❡ ✇❛❢❡r ✐s ❛❧r❡❛❞② t❤✐♥♥❡❞✳ ❚❤✐s t❡st ❝♦✉❧❞ ❜❡ ❞♦♥❡ ✇✐t❤ ❛♥② ❉❊◆❙❊
♣r♦t♦t②♣❡✳ ❚❤❡ ✜♥❛❧ ❞❡s✐❣♥ ❝❛♥ ♦♥❧② ❜❡ t❡st❡❞ ✇❤❡♥ t❤❡ ✇❛❢❡r ♠❛♣ ♦❢ t❤❡ 65 nm
✇❛❢❡r ✐s ❦♥♦✇♥✳

✼✳✺ ❈♦♦❧✐♥❣ ♦❢ t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r

❚❤❡ ❝♦♦❧✐♥❣ ♦❢ t❤❡ ❜♦❛r❞s ✐s ❛♥ ✐♠♣♦rt❛♥t ❛s♣❡❝t ♦❢ t❤❡ ✜♥❛❧ s②st❡♠ ❞❡s✐❣♥✳ ■♥
s❡❝t✐♦♥ ✸✳✷✳✷ ✐t ✇❛s s❤♦✇♥ t❤❛t ✐t ✐s ♥♦ ♣r♦❜❧❡♠ t♦ ❜r✐♥❣ t❤❡ ❤❡❛t t♦ t❤❡ s✉r❢❛❝❡ ♦❢
t❤❡ ❜♦❛r❞✳ ❚❤❡ ♥❡①t st❡♣ ✐s t♦ ✜♥❞ ❛ ❝♦♦❧✐♥❣ s♦❧✉t✐♦♥ ❢♦r t❤❡ ❜♦❛r❞ ✇❤✐❝❤ ✐s s♠❛❧❧✱
❡❛s② t♦ ✐♥st❛❧❧✱ ♠❛✐♥t❛✐♥❛❜❧❡ ❛♥❞ ✇♦r❦s r❡❧✐❛❜❧②✳ ■♥ ♣r✐♥❝✐♣❧❡ t❤❡r❡ ❛r❡ t✇♦ ♣♦ss✐❜❧❡
❝♦♦❧✐♥❣ ♠❛t❡r✐❛❧s✿ ❛✐r ❛♥❞ ✇❛t❡r✳ ❚❤❡r❡ ❛r❡ ♠♦r❡ ♠❛t❡r✐❛❧s ❛✈❛✐❧❛❜❧❡ t❤❛t ✇♦r❦ ♦♥
❞✐✛❡r❡♥t ♠❡❝❤❛♥✐s♠s✱ ❧✐❦❡ t❤❡ t✇♦ ♣❤❛s❡✲❝♦♦❧✐♥❣ ♠❡❞✐✉♠ ◆♦✈❡❝ ✻✹✾ ❢r♦♠ ✸▼✳ ■t ❤❛s
❛ ✈❡r② ❧♦✇ ❜♦✐❧✐♥❣ ♣♦✐♥t ♦❢ 49 ◦C ❛♥❞ ❛ ❤❡❛t ♦❢ ✈❛♣♦r✐③❛t✐♦♥ ♦❢ 88 J/(kgK)✳ ❋♦r
❝♦♠♣❛r✐s♦♥ ✇❛t❡r ❤❛s ❛ ♠✉❝❤ ❤✐❣❤❡r ❤❡❛t ♦❢ ✈❛♣♦r✐③❛t✐♦♥ ❛t 100 ◦C✳ ❚❤❡ ❞r❛✇❜❛❝❦
♦❢ ♦t❤❡r ❝♦♦❧✐♥❣ ♠❛t❡r✐❛❧s t❤❛♥ ❛✐r ❛♥❞ ✇❛t❡r ✐s t❤❛t t❤❡② t②♣✐❝❛❧❧② ♥❡❡❞ ❛ s♣❡❝✐❛❧
❤❛♥❞❧✐♥❣✳ ❚❤❡ ◆♦✈❡❝ ✻✹✾ ♠❡❞✐✉♠✱ ❢♦r ❡①❛♠♣❧❡✱ ♥❡❡❞s ❛♥ ❛✐r✲t✐❣❤t ❤♦✉s✐♥❣ ❛s t❤❡
❧✐q✉✐❞ ❝❤❛♥❣❡s ✐♥t♦ ❛ ❣❛s❡♦✉s st❛t❡ ❛♥❞ ❤❛s t♦ st❛② ✐♥ t❤❡ ❝♦♦❧✐♥❣ ❜♦① ❬✸▼ ✱ ✷✵✶✼❪✳
❚❤❡ ❝♦♦❧✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ❛✐r ❛♥❞ ✇❛t❡r ❛r❡ ❧✐st❡❞ ✐♥ t❛❜❧❡ ✼✳✸✳ ■♥ ❝♦♠♣❛r✐s♦♥ t❤❡

✇❛t❡r s❤♦✇s ❜❡tt❡r ❝♦♦❧✐♥❣ ♣r♦♣❡rt✐❡s✳ ❋r♦♠ t❤❡ s♣❡❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② c ❞❡✜♥✐t✐♦♥
t❤❡ ❛♠♦✉♥t ♦❢ ❤❡❛t ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇❤✐❝❤ ✐s ♥❡❡❞❡❞ t♦ ❤❡❛t ❛ ✈♦❧✉♠❡ V ❜② ❛

✶✵✶



✼ ❘♦❛❞♠❛♣ ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

❈♦♦❧✐♥❣ ♠❡❞✐✉♠ ❙♣❡❝✐✜❝ ❤❡❛t
❝❛♣❛❝✐t②
❬J/(kgK)❪

❉❡♥s✐t② ❬kg/m3❪ ❍❡❛t ♦❢
✈❛♣♦r✐③❛t✐♦♥
❬kJ/kg❪

❆✐r∗ ✶✵✵✺ ✶✳✷✵✹ ✲
❲❛t❡r∗ ✹✶✽✷ ✾✾✽ ✷✷✺✼✭100 ◦C✮
◆♦✈♦t❡❝ ✻✹✾★ ✶✶✵✸ ✶✻✵✵ ✽✽✭49 ◦C✮

❚❛❜❧❡ ✼✳✸✿ ❈♦♦❧✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ❞✐✛❡r❡♥t ♠❡❞✐✉♠s✳ ❚❤❡ ✈❛❧✉❡s ❛r❡ ❢♦r st❛♥❞❛r❞
❝♦♥❞✐t✐♦♥✳ ✭∗✮ ❉❛t❛ t❛❦❡♥ ❢r♦♠ ❬❑✉❝❤❧✐♥❣ ✱ ✷✵✵✼❪✳ ✭★✮ ❉❛t❛ t❛❦❡♥ ❢r♦♠
❬✸▼ ✱ ✷✵✶✼❪✳

s♣❡❝✐✜❝ ∆T

c =
∆Q

m ∗∆T
✭✼✳✶✮

=
∆Q

ρ ∗ V ∗∆T
✭✼✳✷✮

∆Q

V ∗∆T
= c ∗ ρ ✭✼✳✸✮

❚❤❡ ❛♠♦✉♥t ♦❢ ❤❡❛t ♣❡r ✈♦❧✉♠❡ ❛♥❞ t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ s♣❡✲
❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② c ❛♥❞ t❤❡ ❞❡♥s✐t② ρ ♦❢ t❤❡ ♠❛t❡r✐❛❧✱ s❡❡ ❡q✳ ✭✼✳✸✮✳ ❋r♦♠ t❤❡ ✈❛❧✉❡s
✐♥ t❛❜❧❡ ✼✳✸ ✇❛t❡r t❛❦❡s ✸✳✺✲t✐♠❡s ♠♦r❡ ❡♥❡r❣② ❢♦r t❤❡ s❛♠❡ ✈♦❧✉♠❡ ❛♥❞ t❡♠♣❡r❛t✉r❡
r✐s❡ t❤❛♥ ❛✐r✳
❆❧t❤♦✉❣❤ ❛✐r ✐s ♥♦t ❛s ❛ ❣♦♦❞ ❛s ✇❛t❡r ✐♥ t❡r♠s ♦❢ ❝♦♦❧✐♥❣ ♣r♦♣❡rt✐❡s ✐t ✐s ❡❛s✐❡r t♦

❤❛♥❞❧❡✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ✇♦rt❤ ✇❤✐❧❡ t♦ ❝❤❡❝❦ ✐❢ t❤❡ ❝♦♦❧✐♥❣ ✐s ❛❝❤✐❡✈❛❜❧❡ ❜② ❛✐r✳ ❚❤❡
❤❡❛t tr❛♥s❢❡r ❝♦❡✣❝✐❡♥t h ❢r♦♠ ❛ ♠❡t❛❧ ✇❛❧❧ t♦ ❛✐r ✐s ❝♦♠♣❛r❛❜❧❡ t♦ ❛ ❜♦❛r❞ ✇✐t❤♦✉t
t❤❡ s♦❧❞❡r ♠❛s❦ ❛♥❞ ❛♥ ❛✐r ✢♦✇ ❛❜♦✈❡ t❤❡ ❝♦♣♣❡r ❧❛②❡r✳ ❋♦r ❛ ❤✐❣❤ ✈♦❧✉♠❡tr✐❝
✢♦✇ r❛t❡ ♦❢ ❛✐r ❛❜♦✈❡ t❤❡ ✇❛❧❧ t❤❡ ❝♦❡✣❝✐❡♥t ✐s ✐♥ t❤❡ r❛♥❣❡ ♦❢ 58✲290W/(m2K)
❬❑✉❝❤❧✐♥❣ ✱ ✷✵✵✼❪✳ ❚❤❡ ❡q✉❛t✐♦♥ ❢♦r t❤❡ tr❛♥s❢❡r❡❞ ❤❡❛t ❝❛♥ ❜❡ s♦❧✈❡❞ ❢♦r t❤❡ r❡q✉✐r❡❞
t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡

Q = h ∗A ∗ dt ∗∆T ✭✼✳✹✮

∆T =
Q

h ∗A ∗ dt ✭✼✳✺✮

=
Q̇

h ∗A ✭✼✳✻✮

■♥ t❛❜❧❡ ❊✳✶ t❤❡ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❢♦r ❛ s❡t ♦❢ ❞✐ss✐♣❛t❡❞ ♣♦✇❡r ❛♥❞ ❤❡❛t tr❛♥s✲
❢❡r h ✈❛❧✉❡s ✐s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❡q✳ ✭✼✳✻✮✳ ❆ ❤✐❣❤ h ✈❛❧✉❡ ♦❢ ❛r♦✉♥❞ 200✲290W/(m2K)
✐s ♥❡❝❡ss❛r② t♦ ❣❡t ❛ s♠❛❧❧ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛✐r ❛♥❞ t❤❡ ❜♦❛r❞✳
❆ss✉♠✐♥❣ ❛ ❝♦♦❧✐♥❣ ❛r❡❛ ♦❢ 30× 30 cm2✱ ❛ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ ♦❢ 500W/s ❛♥❞ ❛♥ h ♦❢
250W/(m2K) t❤❡ r❡q✉✐r❡❞ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ✐s ❛r♦✉♥❞ 15K✳
■♥ ❝♦♥tr❛st t♦ t❤❛t ✇❛t❡r r✉♥♥✐♥❣ t❤r♦✉❣❤ ❛ ♣✐♣❡ ❝❛♥ t❛❦❡ ✉♣ t♦ 2300✲

✶✵✷



✼✳✻ ❊♠❜❡❞❞❡❞ ❈❛♣❛❝✐t♦rs

4700W/(m2K) ❬❑✉❝❤❧✐♥❣ ✱ ✷✵✵✼❪✳ ❋♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ r❡q✉✐r❡❞ t❡♠♣❡r❛t✉r❡
❞✐✛❡r❡♥❝❡ t❤❡ ❝♦♦❧✐♥❣ ❛r❡❛ ✐s ❛❣❛✐♥ 30× 30 cm2✱ t❤❡ ♣✐♣❡ ❞✐❛♠❡t❡r ✐s 5mm ❛♥❞ ✐t ✐s
r✉♥♥✐♥❣ ✐♥ ♠❡❛♥❞❡rs ✷✵✲t✐♠❡s ♦✈❡r t❤❡ ❝♦♦❧✐♥❣ ❛r❡❛ ❧✐❦❡ ✐♥ ✜❣✳ ✼✳✹✳ ❚❤❡ ❝✉r✈❡s ❛r❡

❋✐❣✉r❡ ✼✳✹✿ ❚❤❡ ♠❡❝❤❛♥✐❝ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ s②st❡♠ ❛r❡ ❞r❛✇♥ ✇✐t❤ ❙♦❧✐❞✇♦r❦s✳ ❆❞✲
❞✐t✐♦♥❛❧❧②✱ t❤❡ s♦❢t✇❛r❡ ❝❛♥ r✉♥ ✢♦✇ ❛♥❞ t❤❡r♠❛❧ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❝♦♠✲
♣♦♥❡♥ts✳ ❚❤❡ ✐♠❛❣❡ s❤♦✇s ❛ ✢♦✇ s✐♠✉❧❛t✐♦♥ ♦❢ ❛ ✇❛t❡r ❝♦♦❧✐♥❣ ♣❧❛t❡✳

♥❡❣❧❡❝t❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❆ ❧♦✇ h ♦❢ 2300W/(m2K) ❛♥❞ ❛ ❧♦✇ ✈♦❧✉♠❡tr✐❝ ✢♦✇
r❛t❡ ♦❢ 1.7L/min r❡s✉❧ts ✐♥ ❛ r❡q✉✐r❡❞ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ♦❢ 10K ❜❡t✇❡❡♥ t❤❡
✇❛t❡r ❛♥❞ t❤❡ ❛❧✉♠✐♥✉♠ ❜❧♦❝❦✳
❍❡♥❝❡✱ t❤❡r❡ ✐s ❛ ❝❧❡❛r ❛❞✈❛♥t❛❣❡ ♦❢ ✇❛t❡r ❝♦♦❧✐♥❣ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❛✐r ❝♦♦❧✐♥❣✳

❚❤❡ ✇❛t❡r ❝♦♦❧✐♥❣ ♠♦❞✉❧❡ ❝❛♥ ❜❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❛✐r ❝♦♦❧✐♥❣ ♠♦❞✉❧❡✳
◆❡✈❡rt❤❡❧❡ss✱ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r ✇❛t❡r ❝♦♦❧✐♥❣ ❛r❡ ♠✉❝❤ ❤✐❣❤❡r ❛s ♠♦r❡ ❝♦♠♣♦♥❡♥ts
❛♥❞ ♠♦r❡ s❛❢❡t② ♠❡❛s✉r❡s ❛r❡ ♥❡❡❞❡❞✳ ❋♦r t❤❡ ✜♥❛❧ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❝♦♦❧✐♥❣ s②st❡♠
s✐♠✉❧❛t✐♦♥s ♦❢ ❜♦t❤ t②♣❡s ♥❡❡❞ t♦ ❜❡ ♣❡r❢♦r♠❡❞✳ ❋✉rt❤❡r♠♦r❡✱ r❡❛❧ t❡sts ✇✐t❤ t❤❡
❉❊◆❙❊✈✷ ❛♥❞ ❢♦❧❧♦✇✐♥❣ ♣r♦t♦t②♣❡s ❛r❡ ♣♦ss✐❜❧❡ ❛♥❞ s❤♦✉❧❞ ❜❡ ❝♦♥❞✉❝t❡❞✳

✼✳✻ ❊♠❜❡❞❞❡❞ ❈❛♣❛❝✐t♦rs

❊✈❡r② ♣♦✇❡r s✉♣♣❧② ❣♦✐♥❣ ✐♥ ❛ ❝❤✐♣ ♦♥ t❤❡ ✇❛❢❡r ♥❡❡❞s ❞❡❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t♦rs✳ ❚❤❡s❡
❝❛♣❛❝✐t♦rs s✉♣♣r❡ss ❤✐❣❤✲❢r❡q✉❡♥❝② ♥♦✐s❡ ❛♥❞ ❝♦♠♣❡♥s❛t❡ s❤♦rt ♣❡❛❦s ✐♥ t❤❡ ❝✉rr❡♥t
❝♦♥s✉♠♣t✐♦♥✳ ❍❡♥❝❡✱ t❤❡ ❝✐r❝✉✐t s❡❡s ❛ st❛❜✐❧✐③❡❞ ❛♥❞ ❝❧❡❛♥ ✈♦❧t❛❣❡ ❛t ✐ts ✐♥♣✉t✳ ■♥
t❤❡ ❲❙■ s②st❡♠ t❤❡r❡ ❛r❡ t✇♦ ❝❛♣❛❝✐t♦rs ❢♦r ❡❛❝❤ ✈♦❧t❛❣❡ ♦♥ ❛ r❡t✐❝❧❡✳ ❋♦r t❤❡ s❤♦rt✲
t✐♠❡ ❝✉rr❡♥t s✉♣♣❧② ❛ 47 ➭F ❝❛♣❛❝✐t♦r ✐♥ ❛ ✵✽✵✺✲♣❛❝❦❛❣✐♥❣ ✐s ✉s❡❞✳ ❆ 100 nF ❝❛♣❛❝✐t♦r

✶✵✸



✼ ❘♦❛❞♠❛♣ ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

✐♥ ❛ ✵✹✵✷✲♣❛❝❦❛❣✐♥❣ ✐s ❝❤♦s❡♥ ❢♦r t❤❡ ♥♦✐s❡ r❡❥❡❝t✐♦♥✳ ❚❤❡r❡ ❛r❡ ♣♦ss✐❜✐❧✐t✐❡s t♦ ❝r❡❛t❡
❝❛♣❛❝✐t♦rs ♦♥ s✐❧✐❝♦♥ ❝❤✐♣s ❧✐❦❡ ▼❡t❛❧❧✲■♥s✉❧❛t♦r✲▼❡t❛❧ ❝❛♣❛❝✐t♦rs ✭▼■▼ ❝❛♣s✮ ✐♥ t❤❡
❇❊❖▲ ♦r ▼❖❙❋❊❚ ❣❛t❡ ❝❛♣❛❝✐t♦rs ✐♥ t❤❡ ❋❊❖▲✳ ❚❤❡ ❞r❛✇❜❛❝❦ ♦❢ t❤❡s❡ ❦✐♥❞s ♦❢
❝❛♣❛❝✐t♦rs ✐s t❤❡ ❧♦✇ r❛t✐♦ ♦❢ ❝❛♣❛❝✐t❛♥❝❡ t♦ ❛r❡❛ ❝♦♥s✉♠♣t✐♦♥✳ ■♥ t❤❡ 180 nm ♣r♦❝❡ss
❛ ❣❛t❡ ❝❛♣❛❝✐t♦r ❛❝❤✐❡✈❡s 800 fF ❬▼✐❧❧♥❡r ✱ ✷✵✶✷❪✳ ❘❡♣❧❛❝✐♥❣ ♦♥❡ 100 nF ❝❛♣❛❝✐t♦r
r❡q✉✐r❡s ✶✷✺ ✵✵✵ ❣❛t❡ ❝❛♣❛❝✐t♦rs✳ ■♥t❡❧✬s 22 nm ♣r♦❝❡ss ✇✐t❤ ♥✐♥❡ ♠❡t❛❧ ❧❛②❡rs r❡❛❝❤❡s
❛ r❛t✐♦ ♦❢ 20 fF/➭m2 ❢♦r ▼■▼ ❝❛♣s ❬■♥❣❡r❧② ❡t ❛❧✳✱ ✷✵✶✷❪✳ ❚❤❡r❡ ❛ 100 nF ❝❛♣❛❝✐t❛♥❝❡
♦❝❝✉♣✐❡s ❛♥ ❛r❡❛ ♦❢

A =
100 nF

20 fF/➭m2

= 5mm2

❚❤❡r❡❢♦r❡✱ ✐♥ t❤❡ ❊❲❙ t❤❡ ♦♥❧② ✇❛② t♦ ❤❛✈❡ ❞❡❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t♦rs ✇✐t❤ ❛ r❡❛s♦♥❛❜❧❡
❝❛♣❛❝✐t❛♥❝❡ ✐s ❜② ✉s✐♥❣ ❡①t❡r♥❛❧ ❝❛♣❛❝✐t♦rs ❧✐❦❡ ✐♥ t❤❡ ❲❙■ s②st❡♠✳ ❍♦✇❡✈❡r✱ t❤❡
❧❛t❡r ❊❲❙s s❤♦✉❧❞ ❜❡ st❛❝❦❛❜❧❡ ✇❤✐❝❤ r❡q✉✐r❡s t❤❛t t❤❡ s✉r❢❛❝❡ ♦♥ t♦♣ ❛♥❞ ❜♦tt♦♠
✐s ✢❛t✳ ❍❡♥❝❡✱ t❤❡ ❝❛♣❛❝✐t♦rs ❤❛✈❡ t♦ ❜❡ ❡♠❜❡❞❞❡❞ ✐♥ t❤❡ ❜♦❛r❞✳
❚❤❡r❡ ❛r❡ t❤✐♥ ❝❛♣❛❝✐t♦rs s♣❡❝✐✜❝❛❧❧② ❢♦r t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❛✈❛✐❧❛❜❧❡✳ ❋♦r

❡①❛♠♣❧❡✱ t❤❡ ▲P❙❈ s❡r✐❡s ✐s ♣r♦❞✉❝❡❞ ♦♥ s✐❧✐❝♦♥ ❛♥❞ ❤❛s ❛ t❤✐❝❦♥❡ss ♦❢ 100 nm
❬■♣❞✐❛✱ ✷✵✶✼❪✳ ❚❤❡ ❝❛♣❛❝✐t❛♥❝❡ r❛♥❣❡s ❢r♦♠ 10 pF t♦ 3.3 ➭F✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡r❡
✐s ♥♦ 47 ➭F ❝❛♣❛❝✐t♦r ✐♥ t❤✐s ♣❛❝❦❛❣❡ s✐③❡✳ ❚❤❡r❡❢♦r❡✱ ♠✉❧t✐♣❧❡ ❝❛♣❛❝✐t♦rs ✇✐t❤ t❤❡
❤✐❣❤❡st ✈❛❧✉❡s ❤❛✈❡ t♦ ❜❡ t❛❦❡♥✳ ❙t❛♥❞❛r❞ s✉r❢❛❝❡✲♠♦✉♥t❡❞ ❝❛♣❛❝✐t♦rs ❝♦✉❧❞ ❜❡ ✉s❡❞
❜✉t t❤❡✐r ❤❡✐❣❤t ✐s ✶✵ t✐♠❡s ❧❛r❣❡r✳ ❚❤❡r❡❢♦r❡✱ t❤❡② ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞✳

✶ ✷

✸ ✹

❋✐❣✉r❡ ✼✳✺✿ ❊♠❜❡❞❞✐♥❣ ❝❛♣❛❝✐t♦rs ✇✐t❤ t❤❡ s♦❧❞❡r✐♥❣ ♠❡t❤♦❞✳ ■♥ t❤❡ ✜rst st❡♣ s♦❧❞❡r
♣❛st❡ ✐s ♣✉t ♦♥ t❤❡ ♣❛❞s ✭✶✮✳ ❚❤❡♥ t❤❡ ❝❛♣❛❝✐t♦rs ❛r❡ ♣❧❛❝❡❞ ♦♥ t❤❡
❜♦❛r❞ ❛♥❞ ♣✉t ✐♥ ❛ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡ ✭✷✮✳ ▲✐❦❡ ✐♥ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♦❢ t❤❡
s✐❧✐❝♦♥ ✇❛❢❡r t❤❡ s✉rr♦✉♥❞✐♥❣ ♣r❡♣r❡❣ ❧❛②❡r ❤❛s ❝✉t ♦✉ts ❢♦r t❤❡ ❝❛♣❛❝✐t♦rs✳
❖♥ t♦♣ ❝♦♠❡s ❛♥♦t❤❡r ♣r❡♣r❡❣ ❧❛②❡r ❛♥❞ ❛ ❝♦♣♣❡r ❢♦✐❧✳ ❚❤❡♥ t❤❡ ❜♦❛r❞
✐s ♣❧❛❝❡❞ ✐♥ t❤❡ P❈❇ ❧❛♠✐♥❛t✐♦♥ ♣r❡ss ✭✸✮ ✳ ❚❤❡ ❧❛st st❡♣ ❝r❡❛t❡s t❤❡
♠✐❝r♦✈✐❛s t♦ t❤❡ ♣r❡✈✐♦✉s ❝♦♣♣❡r ❧❛②❡r ✭✹✮✳

✶✵✹



✼✳✻ ❊♠❜❡❞❞❡❞ ❈❛♣❛❝✐t♦rs

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ♣♦ss✐❜✐❧✐t✐❡s ❢♦r t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❝❛♣❛❝✐t♦rs ✐♥ t❤❡ P❈❇✳ ❍❡r❡
t❤❡ t✇♦ ♠♦st r❡❛s♦♥❛❜❧❡ ♠❡t❤♦❞s ❛r❡ ❞❡s❝r✐❜❡❞✳ ❋✐rst✱ t❤❡ ❝❛♣❛❝✐t♦rs ❛r❡ s♦❧❞❡r❡❞
♦♥ t❤❡ ❡①✐st✐♥❣ st❛❝❦ ✉♣ ❛♥❞ t❤❡♥ t❤❡② ❛r❡ ❡♥❝❛♣s✉❧❛t❡❞ ✇✐t❤ ❛ ❧❛②❡r ♦❢ ♣r❡♣r❡❣ ❛♥❞
❛ ❝♦♣♣❡r ❢♦✐❧ ✐♥ ❛♥♦t❤❡r ❧❛♠✐♥❛t✐♦♥ st❡♣✳ ■♥ ✜❣✳ ✼✳✺ t❤❡ ♣r♦❝❡ss ✐s ❞❡♣✐❝t❡❞✳ ❙❡❝♦♥❞✱
t❤❡ ❝❛♣❛❝✐t♦rs ❛r❡ ❣❧✉❡❞ ♦♥ t❤❡ P❈❇ ❛♥❞ ❧✐❦❡ ✐♥ t❤❡ ✜rst ❛♣♣r♦❛❝❤ ❛ ❧❛②❡r ♦❢ ♣r❡♣r❡❣
❛♥❞ ❝♦♣♣❡r ♠❛t❡r✐❛❧ ✐s ❛♣♣❧✐❡❞ ✇❤✐❝❤ ✐s t❤❡♥ ♣✉t ✐♥ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r❡ss✳ ❙♦ ❢❛r
t❤❡ ❝❛♣❛❝✐t♦rs ❤❛✈❡ ♥♦ ❡❧❡❝tr✐❝❛❧ ❝♦♥♥❡❝t✐♦♥s✳ ❚❤❡s❡ ❛r❡ ❝r❡❛t❡❞ ❜② ✈✐❛s ❢r♦♠ t❤❡
♦✉t❡r ❝♦♣♣❡r ❧❛②❡r✳ ❚✇♦ t②♣❡s ♦❢ ✈✐❛s ❛r❡ r❡q✉✐r❡❞❀ ♦♥❡ t♦ t❤❡ ♣❛❞s ♦❢ t❤❡ ❝❛♣❛❝✐t♦r
❛♥❞ ♦♥❡ t♦ t❤❡ ♣r❡✈✐♦✉s ❝♦♣♣❡r ❧❛②❡r✳ ❚❤✐s ✇❛② ♥♦ s♦❧❞❡r✐♥❣ r✉♥ ✐s r❡q✉✐r❡❞ ✇❤✐❝❤
r❡❞✉❝❡s t❤❡ t❤❡r♠❛❧ str❡ss t♦ t❤❡ ❜♦❛r❞ ❞✉r✐♥❣ ♣r♦❞✉❝t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡
❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❜♦❛r❞ ✐♥❝r❡❛s❡s✳ ❚❤❡ ♣r♦❝❡❞✉r❡ ✐s ❞❡♣✐❝t❡❞ ✐♥ ✜❣✳ ✼✳✻✳

✶ ✷
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✺ ✻

❋✐❣✉r❡ ✼✳✻✿ ❊♠❜❡❞❞✐♥❣ ❝❛♣❛❝✐t♦rs ✇✐t❤ t❤❡ ❛❞❤❡s✐✈❡ ♠❡t❤♦❞✳ ❚❤❡ ✜rst st❡♣ ✐s t♦
♣❧❛❝❡ ❛♥ ❛❞❤❡s✐✈❡ ♦♥ t❤❡ P❈❇ ✇❤✐❝❤ ❤♦❧❞s t❤❡ ❝❛♣❛❝✐t♦rs ❛❞❞❡❞ ✐♥ t❤❡
s❡❝♦♥❞ st❡♣✳ ❚❤❡ ❝❛♣❛❝✐t♦rs ❛r❡ ♣❧❛❝❡❞ ♦♥❧② ♦♥ t❤❡ ♣r❡♣r❡❣ ❧❛②❡r ❛♥❞
❤❛✈❡ ♥♦ ❡❧❡❝tr✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ s♦ ❢❛r✳ ❚❤❡ ♥❡①t st❡♣s ❛r❡ ❧✐❦❡ ❢♦r ❛♥②
♦t❤❡r ❛❞❞✐t✐♦♥❛❧ ❝♦♣♣❡r ❧❛②❡r ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ t❤❛t t❤❡ ♣r❡♣r❡❣ ❤❛s ❝✉t
♦✉ts ❢♦r t❤❡ ❝❛♣❛❝✐t♦rs✳ ■♥ t❤❡ ✜❢t❤ st❡♣ t❤❡ ❡❧❡❝tr✐❝❛❧ ❝♦♥♥❡❝t✐♦♥s t♦ t❤❡
❝❛♣❛❝✐t♦rs ❛r❡ ❝r❡❛t❡❞ ❜② ♠✐❝r♦✈✐❛s✳ ❚✇♦ t②♣❡s ♦❢ ✈✐❛s ❛r❡ ❝r❡❛t❡❞❀ ♦♥❡
t♦ t❤❡ ❝❛♣❛❝✐t♦r ♣❛❞ ❛♥❞ ♦♥❡ t♦ t❤❡ ✉♥❞❡r❧②✐♥❣ ❝♦♣♣❡r ❧❛②❡r✳ ■♥ t❤❡ ✜♥❛❧
st❡♣ t❤❡ ❝♦♣♣❡r ♦♥ t❤❡ ♦✉ts✐❞❡ ✐s str✉❝t✉r❡❞✳

❚❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❝❛♣❛❝✐t♦rs ❝❛♥ ❜❡ t❡st❡❞ ✇✐t❤♦✉t ❛ s✐❧✐❝♦♥ ✇❛❢❡r ✐♥ ❛ ✜rst r✉♥✳
❚❤❡r❡❢♦r❡✱ ❜♦t❤ ❛♣♣r♦❛❝❤ ❝♦✉❧❞ ❜❡ t❡st❡❞✳
▲❛t❡r t❤❡ ❝❛♣❛❝✐t♦rs ❛r❡ ♣❧❛❝❡❞ ♦♥ t❤❡ ❜❛❝❦ ♦❢ P❈❇ ✇❤❡r❡ t❤❡ ♣♦✇❡r s✉♣♣❧② t♦ t❤❡

✶✵✺



✼ ❘♦❛❞♠❛♣ ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

✇❛❢❡r ✐s r♦✉t❡❞✳ ❋♦r t❤❡ t❡sts ✐♥ ❛ ❜♦❛r❞ ✇✐t❤ ❛ s✐❧✐❝♦♥ ✇❛❢❡r ✐t ❞♦❡s ♥♦t ♠❛tt❡r ✐❢
t❤❡② ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ✇❛❢❡r✱ t❤❡r❡❢♦r❡✱ t❤❡② ❝❛♥ ❜❡ ❡♠❜❡❞❞❡❞ ✐♥ ❛♥② ♣r♦t♦t②♣❡
✇❤✐❝❤ ❤❛s ❛t ❧❡❛st ❢♦✉r ❝♦♣♣❡r ❧❛②❡rs✳ ❚❤❡ ✇❛❢❡r ✐s ❝♦♦❧❡❞ ❢r♦♠ t❤❡ ❜❛❝❦✱ ❤❡♥❝❡✱
t❤❡ ❝❛♣❛❝✐t♦rs ❛r❡ ✐♥ t❤❡ ♣❛t❤ ♦❢ t❤❡ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ ❛♥❞ ✇✐❧❧ ❞✐st✉r❜ t❤❡ tr❛♥s♣♦rt✳
❚❤✐s ❤❛s t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❝♦♦❧✐♥❣ ♠♦❞✉❧❡✳

✼✳✼ ■♥t❡r❝♦♥♥❡❝t✐♦♥ ♦❢ s❡✈❡r❛❧ ▼♦❞✉❧❡s

❚❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥ ♦❢ t❤❡ ♠♦❞✉❧❡s ✐♥❝r❡❛s❡s t❤❡ ♥❡✉r♦♥❛❧ ♥❡t✇♦r❦ s✐③❡ t❤❛t ❝❛♥ ❜❡
❡♠✉❧❛t❡❞✳ ❇❡t✇❡❡♥ t❤❡ s②st❡♠s t❤❡r❡ ❛r❡ t✇♦ ♣♦ss✐❜❧❡ ❝♦♥♥❡❝t✐♦♥ t②♣❡s✳
❙❡✈❡r❛❧ ♦❢ t❤❡ ❡♠❜❡❞❞❡❞ ✇❛❢❡rs ❛r❡ ♣❛❝❦❛❣❡❞ t♦❣❡t❤❡r ✐♥ ❛ ❜✐❣❣❡r ♠♦❞✉❧❡✳ ■♥ t❤✐s
♠♦❞✉❧❡ t❤❡r❡ ❛r❡ ❞✐r❡❝t ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ ❛❞❥❛❝❡♥t ❜♦❛r❞s✳ ❚❤❡s❡ ❛r❡ ❝❛❧❧❡❞ s❤♦rt✲
r❛♥❣❡ ❝♦♥♥❡❝t✐♦♥s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡r❡ ❛r❡ ❧♦♥❣✲r❛♥❣❡ ❝♦♥♥❡❝t✐♦♥s✳ ❚❤❡s❡ ❛r❡
✉s❡❞ t♦ ✐♥t❡r❝♦♥♥❡❝t ❜♦❛r❞s ❢r♦♠ ❞✐✛❡r❡♥t ♠♦❞✉❧❡s✳

❙❤♦rt✲r❛♥❣❡ ❈♦♥♥❡❝t✐♦♥s ❚❤❡ ❞✐r❡❝t ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ ❜♦❛r❞s ❛r❡ ❝r❡❛t❡❞ ❜②
❙❛♠t❡❝ ❩❆✶ ❝♦♥♥❡❝t♦rs✳ ❚❤❡ ❝♦♥♥❡❝t♦r ✇❛s ❡①t❡♥s✐✈❡❧② ✉s❡❞ ✇✐t❤ t❤❡ ❉❊◆❙❊ ♣r♦✲
t♦t②♣❡ ❛♥❞ s❤♦✇❡❞ ♣♦s✐t✐✈❡ ♣r♦♣❡rt✐❡s ❧✐❦❡ ❡❛s② ❤❛♥❞❧✐♥❣ ❛♥❞ r❡✉s❛❜✐❧✐t②✳ ❚❤❡ ❩❆✶
❝♦♥♥❡❝t♦rs ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ ❞✐✛❡r❡♥t ♣✐♥ ❝♦♥✜❣✉r❛t✐♦♥s ❢r♦♠ ✶✵①✶✵ ✉♣ t♦ ✶✵①✹✵ ❛♥❞
✐♥ ❞✐✛❡r❡♥t ❤❡✐❣❤ts✳ ❚❤✐s ✇❛② ❛ ❧♦t ♦❢ s✐❣♥❛❧s ❝❛♥ ❜❡ r♦✉t❡❞ ❢r♦♠ ♦♥❡ s②st❡♠ t♦
❛♥♦t❤❡r✳

❋✐❣✉r❡ ✼✳✼✿ ■♥t❡r❝♦♥♥❡❝t✐♥❣ s❝❤❡♠❡ ❢♦r t✇♦ s②st❡♠s ♥❡①t t♦ ❡❛❝❤ ♦t❤❡r✳ ❚❤❡ r♦✉t✐♥❣
s❝❤❡♠❡ ✐s ✜①❡❞ ❛♥❞ ❝❛♥♥♦t ❜❡ ❝❤❛♥❣❡❞ ❛❢t❡r ♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ ❜♦❛r❞s✳
■♥ t❤❡ ✐♠❛❣❡ ❝❤✐♣ ❳✵ ♦❢ s②st❡♠ ✵ ✐s ❝♦♥♥❡❝t❡❞ t♦ ❝❤✐♣ ❨✶ ♦♥ s②st❡♠ ✶✳
❲✐t❤♦✉t s♣❡❝✐❛❧ ❛❞❛♣t❡rs s♦♠❡ ❝❤✐♣s ♦❢ t❤❡ ✜rst ❛♥❞ ❧❛st s②st❡♠ ✐♥ ❛
♠♦❞✉❧❡ ❞♦ ♥♦t ❤❛✈❡ ❡①t❡r♥❛❧ ❝♦♥♥❡❝t✐♦♥s✳ ■♥ t❤✐s ❝❛s❡ t❤❡ ❝❤✐♣s ❨✵ ❛♥❞
❳✶ ❤❛✈❡ ♦♣❡♥ ❧✐♥❡s✳ ❚❤❡ ❩❆✶ ❝♦♥♥❡❝t♦r ✐s ✉s❡❞ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❜♦❛r❞s✳

❚❤❡ ♣♦s✐t✐♦♥✐♥❣ ♦❢ t❤❡ ❝♦♥♥❡❝t♦rs ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ✇✐t❤ t❤❡ ❝♦♦❧✐♥❣ ♣❧❛t❡s ♦♥ t❤❡

✶✵✻



✼✳✽ ❋✐♥❛❧ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

❜❛❝❦ ♦❢ t❤❡ ❜♦❛r❞s✳ ❚❤❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ❜♦❛r❞s ✇✐t❤ r❡s♣❡❝t t♦ ❡❛❝❤ ♦t❤❡r ✐s r❛t❤❡r
s✐♠♣❧❡ ❛s t❤❡ ♣✐t❝❤ ♦❢ t❤❡ ❝♦♥♥❡❝t♦r ♣✐♥s ✐s 1mm✳ ■♥ ✜❣✳ ✼✳✼ t❤❡ ❝♦♥♥❡❝t✐♥❣ ♣r✐♥❝✐♣❧❡
❜❡t✇❡❡♥ t✇♦ ❜♦❛r❞s ✐s ❞❡♣✐❝t❡❞✳ ❚❤❡ s❤♦rt✲r❛♥❣❡ ❝♦♥♥❡❝t✐♦♥s ❝❛♥ ❜❡ t❡st❡❞ ✇✐t❤
t✇♦ ♣r♦t♦t②♣❡s✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❝✉rr❡♥t ❍■❈❆◆◆ ❝❤✐♣s ♥❡❡❞ ❛♥ ❋P●❆ ❢♦r t❤❡
❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ ❡❛❝❤ ♦t❤❡r✳ ❆ ❞✐r❡❝t ❍■❈❆◆◆ t♦ ❍■❈❆◆◆ ❝♦♥♥❡❝t✐♦♥ ✇✐t❤♦✉t
t❤❡ ❋P●❆ ✐s ♥♦t ♣♦ss✐❜❧❡ ②❡t✳ ❚❤❡r❡❢♦r❡✱ ♦♥❧② s✐♠♣❧❡ ❞❛✐s② ❝❤❛✐♥s ❝❛♥ ❜❡ ❝r❡❛t❡❞
❛♥❞ t❡st❡❞ ✉♥t✐❧ t❤❡ ❞✐r❡❝t ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❝❤✐♣s ✐s ✐♠♣❧❡♠❡♥t❡❞✳

▲♦♥❣✲r❛♥❣❡ ❈♦♥♥❡❝t✐♦♥s ❙♦ ❢❛r ✐t ✐s ♥♦t ✐♥t❡♥❞❡❞ t♦ s♦❧❞❡r ❛♥② ❝♦♥♥❡❝t♦rs ♦♥ t❤❡
❜♦❛r❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❧♦♥❣✲r❛♥❣❡ ❝♦♥♥❡❝t✐♦♥s ♥❡❡❞ s♦❧❞❡r✲❧❡ss ❝♦♥♥❡❝t♦rs✳ ❚❤❡r❡
❛r❡ ❡❞❣❡ ❝♦♥♥❡❝t♦rs ❛✈❛✐❧❛❜❧❡✱ ❡✳❣✳ t❤❡ ❍❙❊❈✽✲❉❱ ❢r♦♠ ❙❛♠t❡❝✳ ❚❤❡② ❛r❡ ✉s❡❞ ♦♥
t❤❡ ▼❛✐♥P❈❇ ❢♦r t❤❡ ❋❈P ❜♦❛r❞s ❛♥❞ t❤❡ ❡①♣❡r✐❡♥❝❡s ❛r❡ ♣♦s✐t✐✈❡✳ ❚❤❡ ♠❛t✐♥❣
❝♦♥♥❡❝t♦r ✐s 7mm ✇✐❞❡ ❬❙❛♠t❡❝✱ ✷✵✶✼❛❪✳ ■❢ t❤❡ ❝♦♥♥❡❝t♦r ✐s ✉s❡❞ ♦♥ ❞✐✛❡r❡♥t ❜♦❛r❞s
❛t t❤❡ s❛♠❡ ♣♦s✐t✐♦♥✱ t❤❡♥ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❜♦❛r❞s ❤❛s t♦ ❜❡ ❛t ❧❡❛st 8mm
✇✐t❤ ❛ s❛❢❡t② ♠❛r❣✐♥ ♦❢ 1mm✳
■❢ t❤❡ ❞✐st❛♥❝❡ ✐s ❜❡❧♦✇ 7mm✱ ❛ s♦❧✉t✐♦♥ ✇♦✉❧❞ ❜❡ t♦ ❝r❡❛t❡ ❞✐✛❡r❡♥t ❜♦❛r❞s✳ ❚❤❡
❡❞❣❡ ❝♦♥♥❡❝t♦rs ♦❢ t❤❡ ❞✐✛❡r❡♥t ❜♦❛r❞s ✇♦✉❧❞ ❜❡ ❛t ❞✐✛❡r❡♥t ♣♦s✐t✐♦♥s s♦ t❤❛t t❤❡②
❛r❡ ♥♦t ♥❡①t t♦ ❡❛❝❤ ♦t❤❡r✳ ❚❤✐s ✇♦✉❧❞ ♠❡❛♥ t♦ r❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥♥❡❝t✐♦♥s
❣♦✐♥❣ ❢r♦♠ ♦♥❡ ❜♦❛r❞ t♦ ❛♥♦t❤❡r ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢
t❤❡ ♠♦❞✉❧❡s✳
❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✇✐t❤st♦♦❞ t❤❡ t❤❡r♠❛❧ str❡ss ✐♥ t❤❡ s♦❧❞❡r✐♥❣

❢✉r♥❛❝❡ ✇✐t❤ ♦✉t ❞❛♠❛❣❡s✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦♦❧✐♥❣ ♦❢ t❤❡ s②st❡♠ ✇✐❧❧ r❡q✉✐r❡ s♦♠❡
s♣❛❝❡✳ ❋♦r t❤❛t r❡❛s♦♥ ❛ ❧♦✇ ♣r♦✜❧❡ ❝♦♥♥❡❝t♦r ♦♥ t❤❡ ❜♦❛r❞ ❝♦✉❧❞ s✐♠♣❧✐❢② t❤❡ s②st❡♠
❞❡s✐❣♥✳ ❚❤❡ ❙❛♠t❡❝ ▲P✲❙❡r✐❡s ❤❛s ❛ ♠✐♥✐♠✉♠ st❛❝❦ ❤❡✐❣❤t ♦❢ 4mm ✇❤✐❝❤ ❝♦✉❧❞ ✜t ✐♥
t❤❡ s♣❛❝❡ ❜❡t✇❡❡♥ t✇♦ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠s✳ ❖♥ ❛ ✢❡①✲r✐❣✐❞ ❜♦❛r❞ t❤❡ ♠❛t✐♥❣
❝♦♥♥❡❝t♦r ❝♦✉❧❞ ❜❡ ♣❧❛❝❡❞ ❛♥❞ ❝♦♥♥❡❝t❡❞ t♦ ❛♥♦t❤❡r s②st❡♠✳
❆t t❤❡ ♠♦♠❡♥t t❤❡r❡ ✐s ♥♦ ✜♥❛❧ s♦❧✉t✐♦♥ ❛✈❛✐❧❛❜❧❡ ❛s t❤❡r❡ ❛r❡ t♦♦ ♠❛♥② ♦♣❡♥

q✉❡st✐♦♥s✳ ■t ❛❧s♦ ❞❡♣❡♥❞s ♦♥ t❤❡ t②♣❡ ♦❢ ❧✐♥❦s ❜❡t✇❡❡♥ t❤❡ ✜♥❛❧ ❝❤✐♣s ❛♥❞ ♦♥ t❤❡
♥✉♠❜❡r ♦❢ r❡q✉✐r❡❞ ❧✐♥❡s✳ ❲✐t❤ t❤❡ ❝✉rr❡♥t ❤❛r❞✇❛r❡ ❞❛✐s② ❝❤❛✐♥s ✇✐t❤ ❞✐✛❡r❡♥t
❝♦♥♥❡❝t✐♦♥ t❡❝❤♥✐q✉❡s ❜❡t✇❡❡♥ t❤❡ ❜♦❛r❞s ❝♦✉❧❞ ❜❡ t❡st❡❞ t♦ ✜♥❞ t❤❡ s♦❧✉t✐♦♥ ❢♦r
t❤❡ ✜♥❛❧ s❡t✉♣✳

✼✳✽ ❋✐♥❛❧ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

■♥ t❤❡ ❡♥❞ ❛❧❧ ❢❡❛t✉r❡s ❛r❡ ❝♦♠❜✐♥❡❞ ✐♥ t❤❡ ❊❲❙✳ ❚❤✐s ❧❡❛❞s t♦ ✈❡r② ❝♦♠♣❛❝t ♠♦❞✉❧❡s
✇❤✐❝❤ ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ✐♥ ❤✐❣❤ q✉❛♥t✐t✐❡s ❛♥❞ ❛r❡ ❡❛s② t♦ ❛ss❡♠❜❧❡ ✐♥t♦ ❛ s❡r✈❡r r❛❝❦✳
❆ ♣♦ss✐❜❧❡ st❛❝❦ ✉♣ ❢♦r t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❡♠❜❡❞❞❡❞ ✐♥ ❛ P❈❇ ✐s s❤♦✇♥ ✐♥ ✜❣✳ ✼✳✽✳ ❚❤❡
❜♦❛r❞ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ♣❛rts✳ ❖♥ t❤❡ ❧❡❢t ❛r❡ t❤❡ ❝♦♥♥❡❝t♦rs ❢♦r t❤❡ ❧♦♥❣✲r❛♥❣❡
❝♦♥♥❡❝t✐♦♥s✳ ❲❤❡r❡❛s✱ t❤❡ ♣♦✇❡r s✉♣♣❧② ♦❢ t❤❡ ✇❛❢❡r ❛♥❞ t❤❡ s❤♦rt✲r❛♥❣❡ ❝♦♥♥❡❝t✐♦♥s
❛r❡ ♦♥ t❤❡ r✐❣❤t ♦❢ t❤❡ ❜♦❛r❞✳
❆t t❤❡ ❜❛❝❦ ♦❢ t❤❡ P❈❇ ✐s t❤❡ ❝♦♦❧✐♥❣ ♠♦❞✉❧❡✳ ■t ✇✐❧❧ ❜❡ t❤✐❝❦❡r t❤❛♥ t❤❡ P❈❇✳

❈♦♦❧✐♥❣ ❜② ❛✐r ✇✐❧❧ r❡q✉✐r❡ ♠♦r❡ s♣❛❝❡ t❤❛♥ ❛ ✇❛t❡r ❝♦♦❧✐♥❣ s♦❧✉t✐♦♥✳ ❋♦r t❤❡ ✈✐s✉❛❧✲
✐③❛t✐♦♥ ❛ ✇❛t❡r ❝♦♦❧✐♥❣ s♦❧✉t✐♦♥ ✐s ❝❤♦s❡♥✳ ❚❤❡ ♠♦❞✉❧❡ ✐s ❛ st❛❝❦ ♦❢ ✜✈❡ ❊♠❜❡❞❞❡❞

✶✵✼



✼ ❘♦❛❞♠❛♣ ❢♦r t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

❋✐❣✉r❡ ✼✳✽✿ P♦ss✐❜❧❡ st❛❝❦ ✉♣ ♦❢ t❤❡ ✜♥❛❧ ❊❲❙✳ ■t ❝♦♥t❛✐♥s ❛❧❧ ❢❡❛t✉r❡s ❧✐❦❡ ❜❛❝❦s✐❞❡
❝♦♥♥❡❝t✐♦♥s✱ s❡✈❡r❛❧ ❝♦♣♣❡r ❧❛②❡rs✱ ❚❙❱s ❛♥❞ ❡♠❜❡❞❞❡❞ ❝❛♣❛❝✐t♦rs✳

❲❛❢❡r ❙②st❡♠s ❛♥❞ ❡❛❝❤ ❤❛s ✐ts ♦✇♥ ❝♦♦❧✐♥❣ ♠♦❞✉❧❡✳ ■♥ ✜❣✳ ✼✳✾ ❛ ❝♦♠♣❧❡t❡ ♠♦❞✉❧❡ ✐s
❞❡♣✐❝t❡❞✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ✜✈❡ ✐s ❝❤♦s❡♥ ❞✉❡ t♦ t❤❡ ✇❡✐❣❤t ♦❢ ❛ ♠♦❞✉❧❡ ❛♥❞ t❤❡ ❡✛♦rt ✐t
t❛❦❡s t♦ r❡♣❧❛❝❡ ❛♥❞ t♦ ❞✐s❛ss❡♠❜❧❡ ♦♥❡ ♠♦❞✉❧❡✳ ❆ ❝♦♦❧✐♥❣ ❜❧♦❝❦ ♦❢ ❛❧✉♠✐♥✉♠ ✇✐t❤
t❤❡ s✐③❡ 40× 40× 0.6 cm3 ✇❡✐❣❤s 2.6 kg✳ ■♥ t♦t❛❧ ❛ ♠♦❞✉❧❡ ✇❡✐❣❤s ❛t ❧❡❛st 13 kg✳
❚❤❡ ♠♦❞✉❧❡s ❛r❡ ❛ss❡♠❜❧❡❞ ♦✉ts✐❞❡ t❤❡ r❛❝❦ ❛♥❞✱ ❡✈❡♥t✉❛❧❧②✱ ♣❧❛❝❡❞ ✐♥ t❤❡ s❡r✈❡r
r❛❝❦ ❛♥❞ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♣♦✇❡r ❛♥❞ ✇❛t❡r s✉♣♣❧② ❛♥❞ ♦t❤❡r ♠♦❞✉❧❡s✳
❆ss✉♠✐♥❣ t❤❡ P❈❇ ✐s ❛r♦✉♥❞ 1mm t❤✐❝❦ ❛♥❞ t❤❡ ❝♦♦❧✐♥❣ ♠♦❞✉❧❡ ✐s 6mm t❤✐❝❦✳

❚❤❡ ✜①❛t✐♦♥ ♦❢ ♦♥❡ ♠♦❞✉❧❡ ✐s ♣❛rt❧② r❡❝❡ss❡❞ ✐♥ t❤❡ ❝♦♦❧✐♥❣ ❜❧♦❝❦✱ t❤❡r❡❢♦r❡✱ ✐t ✐s
❡st✐♠❛t❡❞ t❤❡ ✜①❛t✐♦♥ t❛❦❡s 3mm ♦❢ s♣❛❝❡ ♦♥ ❡❛❝❤ s✐❞❡ ♦❢ t❤❡ ♠♦❞✉❧❡✳ ❚❤❡♥ t❤❡

❋✐❣✉r❡ ✼✳✾✿ ▼♦❞✉❧❡ ♦❢ ✜✈❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠s ✇✐t❤ ✇❛t❡r ❝♦♦❧✐♥❣ ♠♦❞✉❧❡s✳
❚❤❡ ❝♦♠♣❧❡t❡ ♠♦❞✉❧❡ ✇❡✐❣❤s ❛t ❧❡❛st 13 kg✳

r❡s✉❧t✐♥❣ t❤✐❝❦♥❡ss ♦❢ ♦♥❡ ♠♦❞✉❧❡ ✐s✿

5 ∗ (1mm+ 6mm) + 2 ∗ 3mm = 41mm

❋♦r t❤❡ ❛ss❡♠❜❧② ✐♥ t❤❡ r❛❝❦ t❤❡r❡ s❤♦✉❧❞ ❜❡ ❛ s❛❢❡t② ♠❛r❣✐♥ ♦❢ 3mm ❜❡t✇❡❡♥ t❤❡
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✼✳✽ ❋✐♥❛❧ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠

♠♦❞✉❧❡s✳ ❆ st❛♥❞❛r❞ ✶✾✲✐♥❝❤ s❡r✈❡r r❛❝❦ ❤❛s ❛♥ ♦♣❡♥✐♥❣ ✐♥ t❤❡ ❢r♦♥t ♦❢ 45 cm✳
❚❤❡r❡❢♦r❡✱ t❤❡ ♥✉♠❜❡r ♦❢ s②st❡♠s s✐❞❡ ❜② s✐❞❡ ✐s

(45mm− 3mm)/44mm = 10

✇❤✐❝❤ ♠❡❛♥s ✺✵ s②st❡♠s ❝❛♥ ❜❡ ♣❧❛❝❡❞ ♦♥ ♦♥❡ ❢r❛♠❡ s✐❞❡ ❜② s✐❞❡✳ ❆ s❡r✈❡r r❛❝❦ ❤❛s
❛ ❤❡✐❣❤t ♦❢ ✹✷ r❛❝❦ ✉♥✐ts✱ ❛ r❛❝❦ ✉♥✐t ✐s 44.45mm✳ ❚❤❡ ❊❲❙ ♠♦❞✉❧❡ ♦❝❝✉♣✐❡s ♥✐♥❡
r❛❝❦ ✉♥✐ts✳ ❋♦r t❤❡ ♣♦s✐t✐♦♥✐♥❣ ❢r❛♠❡ ❛❜♦✈❡ ❛♥❞ ❜❡❧♦✇ t❤❡ ♠♦❞✉❧❡s ♦♥❡ r❛❝❦ ✉♥✐t
✐s ❡st✐♠❛t❡❞✳ ❚❤✉s✱ t❡♥ r❛❝❦ ✉♥✐ts ❛r❡ ♦❝❝✉♣✐❡❞ ❜② ♦♥❡ ❊❲❙ ♠♦❞✉❧❡✱ ✇❤✐❝❤ ❛❧❧♦✇s
❢♦✉r ♦❢ t❤❡s❡ ❢r❛♠❡s ♣❡r r❛❝❦✳ ■♥ t♦t❛❧ t❤❡r❡ ❛r❡ 4 ∗ 10 ∗ 5 = 200 ❊♠❜❡❞❞❡❞ ❲❛❢❡r
❙②st❡♠s ✐♥ ♦♥❡ r❛❝❦✳ ❋♦r ❝♦♠♣❛r✐s♦♥ ✐♥ t❤❡ ❲❙■ s②st❡♠ ❛r❡ ♦♥❧② ❢♦✉r ✇❛❢❡r ♠♦❞✉❧❡s
♣❡r r❛❝❦✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠ ❡♥❛❜❧❡s ❛ ❤✐❣❤❡r ✐♥t❡❣r❛t✐♦♥ ❧❡✈❡❧
♦❢ s②st❡♠✳

❈♦♥❝❧✉s✐♦♥ ❚♦ r❡❛❝❤ t❤❡ ✜♥❛❧ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠ ❛ ❧♦t ♦❢ ❞❡✈❡❧♦♣♠❡♥t ❤❛s
t♦ ❜❡ ❞♦♥❡✳ P❛rt❧② t❤✐s ❤❛s ❛❧r❡❛❞② st❛rt❡❞ ❧✐❦❡ t❤❡ ❉❊◆❙❊✈✷ ❜♦❛r❞ ✇✐t❤ ❜❛❝❦s✐❞❡
❝♦♥♥❡❝t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ s♦♠❡ ♦❢ t❤❡ ♣♦✐♥ts ❝❛♥ ❜❡ ❞❡✈❡❧♦♣❡❞ ✐♥ ♣❛r❛❧❧❡❧✳ ❋♦r
❡①❛♠♣❧❡✱ ✇✐t❤ ❡❛❝❤ ♥❡✇ ❜♦❛r❞ t❤❡ ❝♦♦❧✐♥❣ ❝❛♥ ❜❡ t❡st❡❞ ❛♥❞ ✐♠♣r♦✈❡❞ ❛♥❞ ✇✐t❤ t✇♦
❜♦❛r❞s t❤❡ ❝♦♥♥❡❝t✐♦♥ ♣r✐♥❝✐♣❧❡s ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞✳
❆t t❤❡ ♠♦♠❡♥t t❤❡ ❝♦♥❝❡♣t ❧♦♦❦s r❡❛s♦♥❛❜❧❡ ❛♥❞ t❤❡ ❞✐st✐♥❝t st❡♣s s❡❡♠ ❢❡❛s✐❜❧❡✳
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✽ ❈♦♥❝❧✉s✐♦♥

■♥ t❤✐s ✇♦r❦ ❝♦♠♣❧❡t❡ s✐❧✐❝♦♥ ✇❛❢❡rs ✇❡r❡ ❡♠❜❡❞❞❡❞ ✐♥t♦ ❛ ♣r✐♥t❡❞ ❝✐r❝✉✐t ❜♦❛r❞
✭P❈❇✮ t❤❡ ✈❡r② ✜rst t✐♠❡✳ ❚❤❡ ♣r♦❥❡❝t ✇❛s ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❝♦♥❞✉❝t❡❞ t♦❣❡t❤❡r ✇✐t❤
t❤❡ ❋r❛✉♥❤♦❢❡r ■♥st✐t✉t❡ ❢♦r ❘❡❧✐❛❜✐❧✐t② ❛♥❞ ▼✐❝r♦✐♥t❡❣r❛t✐♦♥ ✭■❩▼✮ ✐♥ ❇❡r❧✐♥✳ ❆t
✜rst t❤❡ ❝♦rr❡❝t ♠❛t❡r✐❛❧ s❡❧❡❝t✐♦♥ ❢♦r t❤❡ P❈❇ ❤❛❞ t♦ ❜❡ ❢♦✉♥❞✳ ❚❤❡r❡❢♦r❡✱ ❜❛r❡
s✐❧✐❝♦♥ ❞✐s❦s ✇✐t❤ ♥♦ ❛❝t✐✈❡ ❝♦♠♣♦♥❡♥ts ✇❡r❡ ❡♠❜❡❞❞❡❞✳ ❆❢t❡r t❤r❡❡ ✐t❡r❛t✐♦♥s ♦❢
❧❛♠✐♥❛t✐♦♥ ❛ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❛♥ ✉❧tr❛ ❧♦✇ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡r♠❛❧ ❡①♣❛♥s✐♦♥ ✭❈❚❊✮ ♦r✲
❣❛♥✐❝ ♣r❡✐♠♣r❡❣♥❛t❡❞ ❜♦♥❞✐♥❣ ✭♣r❡♣r❡❣✮ ❛♥❞ ❛ ❈♦♣♣❡r✲■♥✈❛r✲❈♦♣♣❡r ✭❈■❈✮ ♠❛t❡r✐❛❧
s❤♦✇❡❞ t❤❡ ❜❡st ♣r♦♣❡rt✐❡s✳ ❚❤❡ ❧❛st ♣r♦t♦t②♣❡ ❜♦❛r❞ ❤❛❞ ❛ ❧♦✇ ✇❛r♣❛❣❡ ❛♥❞ ❛❧❧♦✇❡❞
❛ ♣❛tt❡r♥✐♥❣ ♦❢ t❤❡ ❝♦♣♣❡r ❧❛②❡rs✳ ■♥ t❤❡ s❛♠❡ r✉♥s t❤❡ s②♠♠❡tr✐❝❛❧ st❛❝❦ ✉♣ ✇✐t❤
t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❜♦❛r❞ ✇❛s ✐♠♣r♦✈❡❞✳ ■t t✉r♥❡❞ ♦✉t t❤❛t ❛ t❤✐♥
s❤❡❡t ♦❢ ❈■❈ ✇✐t❤ ❧❛②❡rs ♦❢ ♣r❡♣r❡❣ ♦♥ t♦♣ ❛♥❞ ❜♦tt♦♠ ✐s t❤❡ ❜❡st s✉rr♦✉♥❞✐♥❣ ❢r❛♠❡
❢♦r t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ st❛❝❦ ✉♣ ✇❛s ✉♥❛✛❡❝t❡❞ ❜② t❤❡ t❤❡r♠❛❧ str❡ss
✇❤✐❝❤ ✇❛s ✐♥❞✉❝❡❞ ✐♥ ❛ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t✳ ❚❤❡ r❡s✉❧t ✇❛s ♥♦ ❢❛✐❧✉r❡s ❡♠❡r❣❡❞ ✐♥ t❤❡
♠❡❛♥❞❡r ❛♥❞ ❞❛✐s②✲❝❤❛✐♥ ♠❡❛s✉r❡♠❡♥ts✳
❇❡❢♦r❡ t❤❡ ✇❛❢❡r ❝❛♥ ❜❡ ❡♠❜❡❞❞❡❞ ✐t ❤❛s t♦ ❜❡ ♣r❡♣❛r❡❞ ✐♥ ♦r❞❡r t♦ ✇✐t❤st❛♥❞ t❤❡
❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss✳ ❍❡♥❝❡✱ t❤❡ ✇❛❢❡r ✐s t❤✐♥♥❡❞ ❞♦✇♥ t♦ 250 ➭m t♦ ❜❡ ♠♦r❡ ✢❡①✐❜❧❡✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♣❛❞s ♦❢ t❤❡ r❡❞✐str✐❜✉t✐♦♥ ❧❛②❡r ✭❘❉▲✮ ❣❡t ❛ ❝♦♣♣❡r ✜♥✐s❤ ❢♦r ❛
❜❡tt❡r ❞❡♣♦s✐t ♦❢ ❝♦♣♣❡r ✐♥ t❤❡ ❧❛t❡r ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡❞✉r❡✳ ❚❤❡ ❧❛♠✐♥❛t✐♦♥ st❡♣
❝♦♠❜✐♥❡s t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ❛♥❞ t❤❡ ❞✐✛❡r❡♥t ❧❛②❡rs t♦ t❤❡ ✜♥❛❧ ❜♦❛r❞✳ ■♥ t❤✐s st❡♣
t❤❡ r❡s✐♥ ♦❢ t❤❡ ♣r❡♣r❡❣ ❧❛②❡rs ✐s ❤❡❛t❡❞ ✉♣ ❛♥❞ ❜❡❝♦♠❡s ❛ ❣❧❛ss② st❛t❡ ✇❤✐❝❤ ❞✉r✐♥❣
❝♦♦❧ ❞♦✇♥ ❝✉r❡s ❛♥❞ ❤♦❧❞s t❤❡ ♣❛rts t♦❣❡t❤❡r✳ ❚❤❡ ❛♣♣❧✐❡❞ ♣r❡ss✉r❡ ❞♦❡s ♥♦t ❤❛r♠
t❤❡ ✇❛❢❡r ❛s ❧♦♥❣ ❛s t❤❡r❡ ♥♦ s❤❡❛r ❢♦r❝❡s✳ ◆♦♥❡ ♦❢ t❤❡ ❜❛r❡ s✐❧✐❝♦♥ ❞✐s❦s ❜r♦❦❡ ✐♥
t❤❡ ❡♠❜❡❞❞✐♥❣ t❡sts✳ ❖♥❡ ♦❢ t✇♦ ❍✐❣❤✲■♥♣✉t ❈♦✉♥t ❆♥❛❧♦❣ ◆❡✉r❛❧ ◆❡t✇♦r❦ ❈❤✐♣
✭❍■❈❆◆◆✮ ✇❛❢❡rs ❜r♦❦❡ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ st❡♣✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❛t ✇❛s t❤❡
r♦t❛t✐♦♥ ♦❢ t❤❡ ✇❛❢❡r ✐♥ t❤❡ ❝♦✉rs❡ ♦❢ t❤✐s t❤❡ ❝♦✉♥t❡r♣❛rt ♦❢ t❤❡ ✇❛❢❡r ♥♦t❝❤ ❣♦t
✉♥❞❡r t❤❡ ✇❛❢❡r✳ ❚❤✐s ❧❡❞ t♦ ❛♥ ✉♥❡✈❡♥ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♣r❡ss✉r❡✳ ❚❤❡ s♦❧✉t✐♦♥ ✐s
t♦ r❡♣❧❛❝❡ t❤❡ ♥♦t❝❤ ❜② ❛ ✢❛t✱ t❤✐s ✇✐❧❧ ❜❡ t❡st❡❞ ✇✐t❤ t❤❡ ♥❡①t ♣r♦t♦t②♣❡✳
❚❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♣r♦❝❡ss ♦❢ t❤❡ ♣❧❛t❡❞ t❤r♦✉❣❤ ❤♦❧❡s ✭P❚❍s✮ ❢r♦♠ t♦♣ t♦ ❜♦tt♦♠
♦❢ t❤❡ ❜♦❛r❞ ❤❛❞ t♦ ❜❡ ♠♦❞✐✜❡❞ ❞✉❡ t♦ t❤❡ ❡❧❡❝tr✐❝❛❧❧② ❝♦♥❞✉❝t✐✈❡ ❈■❈ ♠❛t❡r✐❛❧✳
❚❤❡r❡❢♦r❡✱ t❤❡ ❈■❈ s❤❡❡t ✐s ❞r✐❧❧❡❞ ❜❡❢♦r❡ t❤❡ ❧❛♠✐♥❛t✐♦♥ st❡♣✱ t❤❡ ❤♦❧❡s ❣❡t ✜❧❧❡❞
✇✐t❤ r❡s✐♥ ❞✉r✐♥❣ t❤❡ ❧❛♠✐♥❛t✐♦♥ ♣r♦❝❡ss ❛♥❞ t❤❡ r❡s✐♥ s❡r✈❡s ❛s ❛♥ ✐♥s✉❧❛t♦r ❜❡t✇❡❡♥
t❤❡ ❈■❈ ❛♥❞ t❤❡ ❝♦♣♣❡r ♦❢ t❤❡ ❛❝t✉❛❧ P❚❍s✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ P❚❍s ❝♦✉❧❞ ♥♦t ❜❡
✉s❡❞ ❜❡❝❛✉s❡ ❜♦t❤ ✇❛❢❡rs r♦t❛t❡❞ ✐♥ t❤❡ ❧❛♠✐♥❛t✐♦♥ st❡♣✳
❚✇♦ ❉❡❡♣ ❊✈♦❧✉t✐♦◆ ✐♥ ❙②st❡♠ ❊♠❜❡❞❞✐♥❣ ✭❉❊◆❙❊✮ ❜♦❛r❞s ✇✐t❤ ❡♠❜❡❞❞❡❞

❍■❈❆◆◆ ✇❛❢❡rs ✇❡r❡ t❡st❡❞ ✐♥ ❍❡✐❞❡❧❜❡r❣✳ ❚❤❡ ❙✇✐t❝❤r❛♠ t❡st r❡✈❡❛❧❡❞ t❤❛t t❤❡
❝♦♠♠✉♥✐❝❛t✐♦♥ ✇✐t❤ 35% ♦❢ t❤❡ ❝❤✐♣s ✐♥ t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞ ✇✐t❤ t❤❡ ❜r♦❦❡♥ ✇❛❢❡r
✐s ♥♦t ❢✉♥❝t✐♦♥✐♥❣✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❛t ✐s ♠♦st ❧✐❦❡❧② t❤❡ ❜r❡❛❦✐♥❣ ♦❢ t❤❡ ✇❛❢❡r✳
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✽ ❈♦♥❝❧✉s✐♦♥

❋♦r ❝♦♠♣❛r✐s♦♥ ✐♥ t❤❡ ❉❊◆❙❊✵✵✷ ♣r♦t♦t②♣❡ ♦♥❧② t❤r❡❡ ♦✉t ♦❢ ✽✵ ❝❤✐♣s ❛r❡ ♥♦t ✇♦r❦✲
✐♥❣ ♣r♦♣❡r❧② ✇❤✐❝❤ ✐s ❧❡ss t❤❛♥ 4%✳ ❚❤❡ ❞❡❢❡❝t ❝❤✐♣s ❤❛✈❡ ❡rr♦rs ✇❤✐❝❤ ❛❧s♦ ♦❝❝✉r
✐♥ t❤❡ ❲❛❢❡r✲❙❝❛❧❡ ■♥t❡❣r❛t✐♦♥ ✭❲❙■✮ s②st❡♠ ❛♥❞✱ t❤❡r❡❢♦r❡✱ s❡❡♠ ♥♦t t♦ ❜❡ r❡❧❛t❡❞
✇✐t❤ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳
❋✉rt❤❡r♠♦r❡✱ t❤❡r❡ ✇❡r❡ ♥♦ ✐♠♣❛✐r♠❡♥ts ♦❜s❡r✈❛❜❧❡ ♦♥ t❤❡ ❞✐❣✐t❛❧ ❛♥❞ ❛♥❛❧♦❣ ❝✐r✲
❝✉✐ts✳ ❚❤❡ ✢♦❛t✐♥❣ ❣❛t❡ t❡st ❝❤❡❝❦s t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ t❛r❣❡t ✈❛❧✉❡s ❛♥❞ t❤❡
❛❝t✉❛❧ ✈❛❧✉❡s ✐♥ t❤❡ ❛♥❛❧♦❣ ♣❛r❛♠❡t❡r st♦r❛❣❡✳ ❲❤✐❧❡ ❛ ❢❡✇ ✢♦❛t✐♥❣ ❣❛t❡ ❜❧♦❝❦s ✇❡r❡
❜r♦❦❡♥✱ t❤❡r❡ ❛r❡ ♥♦ s✐❣♥s t❤❛t t❤❡ ❢❛✐❧✉r❡s ❛r❡ ✐♥❞✉❝❡❞ ❜② t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss✳
❚❤❡ ❞❡✈✐❛t✐♦♥s ♦❢ t❤❡ ✢♦❛t✐♥❣ ❣❛t❡ ❝❡❧❧s ✇❡r❡ ✐♥ t❤❡ ❛❝❝❡♣t❡❞ r❛♥❣❡ ❢♦r ❍■❈❆◆◆
❝❤✐♣s✳
❆t t❤❡ ❡♥❞ ❛ ♥❡✉r♦♥ ❝❛❧✐❜r❛t✐♦♥ ✇❛s ❝♦♥❞✉❝t❡❞ ♦♥ t❤❡ ✇♦r❦✐♥❣ ❝❤✐♣s✳ ▼♦st ♦❢ t❤❡
♥❡✉r♦♥s ❝♦✉❧❞ ❜❡ ❝❛❧✐❜r❛t❡❞ ❛♥❞ ♦♥❧② ❛ s♠❛❧❧ ♣❡r❝❡♥t❛❣❡ ✇❛s ❜❧❛❝❦✲❧✐st❡❞ ❜② t❤❡ s♦❢t✲
✇❛r❡✱ ✇❤✐❝❤ ✇❛s ❡①♣❡❝t❡❞ ❢♦r t❤❡ ❍■❈❆◆◆ ❝❤✐♣s✳ ❚❤❡ ❝❤✐♣s ✇✐t❤ ❛ ❤✐❣❤❡r ♥✉♠❜❡r
♦❢ s♦rt❡❞ ♦✉t ♥❡✉r♦♥s t❤❛♥ ✉s✉❛❧ ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ♦t❤❡r ❞❡❢❡❝ts ♦♥ t❤❡ ❝❤✐♣s ♦r
✇❡r❡ ♦❜s❡r✈❡❞ ♦♥ t❤❡ ❲❙■ s②st❡♠ t♦♦✳ ◆♦ ❞❡❢❡❝t ✐s r❡❧❛t❡❞ t♦ t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ t❤❡
✇❛❢❡r✳
❚❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ t❤❡ ❜♦❛r❞s ✇❛s t❡st❡❞ ✐♥ ❛ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t ❛♥❞ ❛ s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡✳
■♥ t❤❡ ❝❧✐♠❛t❡ ❝❛❜✐♥❡t t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ✇❛s r❡♣❡t✐t✐✈❡❧② t❤❡r♠❛❧❧② str❡ss❡❞✳ ❆❧✲
♠♦st ✹✵✵ ❝②❝❧❡s ✇❡r❡ ❞r✐✈❡♥ ❜❡t✇❡❡♥ 15 ◦C ❛♥❞ 90 ◦C✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❜♦❛r❞ ❤❛❞ t♦
✉♥❞❡r❣♦ t✇♦ s♦❧❞❡r✐♥❣ r✉♥s ✐♥ t❤❡ ❢✉r♥❛❝❡ ✇✐t❤ ❛ ♠❛①✐♠✉♠ t❡♠♣❡r❛t✉r❡ ♦❢ 230 ◦C✳
❚❤❡ t❤❡r♠❛❧ str❡ss ❤❛❞ ♥♦ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s ❢r♦♠ t❤❡
❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ♥♦ ❢❛✐❧✉r❡s ♦❢ t❤❡ ✇❛❢❡r ❝♦♥t❛❝t ✈✐❛s ♦❝❝✉rr❡❞✳
■♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❲❙■ ❝♦♥❝❡♣t t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ✇❛❢❡rs s❤♦✇❡❞ s❡✈❡r❛❧ ❛❞✈❛♥✲

t❛❣❡s✳ ❚✐♠❡ ❝♦♥s✉♠✐♥❣ t❛s❦s ♦❢ t❤❡ ❲❙■ s②st❡♠ ❧✐❦❡ t❤❡ ✜❧❧✐♥❣ ♦❢ t❤❡ ♣♦s✐t✐♦♥✐♥❣
♠❛s❦ ❛♥❞ t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ✇❛❢❡r ❛♥❞ t❤❡ ▼❛✐♥P❈❇ ❛r❡ r❡♠♦✈❡❞✳ ■♥ t❤❡ ❊♠❜❡❞✲
❞❡❞ ❲❛❢❡r ❙②st❡♠ t❤❡ ❝♦♥t❛❝t ❜❡t✇❡❡♥ ✇❛❢❡r ❛♥❞ ❜♦❛r❞ ✐s ❡st❛❜❧✐s❤❡❞ ✇✐t❤ ♠✐❝r♦✈✐❛s✳
❚❤❡s❡ ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② ❝r❡❛t❡❞ ❛t t❤❡ ❝♦rr❡❝t ♣♦s✐t✐♦♥s ❜❡❝❛✉s❡ t❤❡ ❞r✐❧❧✐♥❣ ♠❛❝❤✐♥❡
t❛❦❡s t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s ♦♥ t❤❡ ✇❛❢❡r ❛s r❡❢❡r❡♥❝❡ ♣♦✐♥ts ❛♥❞✱ ❛❝❝♦r❞✐♥❣❧②✱ ❛❞❥✉sts
t❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ❤♦❧❡s✳ ❍❡♥❝❡✱ t❤❡ ♣r♦❝❡ss ❤❛s ❛ ❤✐❣❤❡r ❧❡✈❡❧ ♦❢ ❛✉t♦♠❛t✐♦♥✳ ❙♦
✐t ❝❛♥ ❜❡ ❡❛s✐❡r s❝❛❧❡❞ ✉♣ t♦ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ s②st❡♠s✳
❆t t❤❡ ♠♦♠❡♥t t❤❡ ❧✐♠✐t✐♥❣ ❢❛❝t♦r ❢♦r t❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ♦❢ t❤❡ ❡♠❜❡❞❞❡❞ ✇❛❢❡rs ✐s

t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♣♣❡r ❧❛②❡rs✳ ❖♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞ ♦♥❧② ❛ ❢♦✉rt❤ ♦❢ t❤❡ ❍■❈❆◆◆
❝❤✐♣s ❝♦✉❧❞ ❜❡ ❛❝❝❡ss❡❞✳ ❋♦r t❤✐s r❡❛s♦♥ t❤❡ ♦♥✲✇❛❢❡r ❝♦♠♠✉♥✐❝❛t✐♦♥ ♦✈❡r t❤❡ ❘❉▲
✜♥❡✲♣✐t❝❤ ❧✐♥❡s ❝♦✉❧❞ ♥♦t ❜❡ t❡st✳ ❚❤❡ ♥❡①t ♣r♦t♦t②♣❡s ✇✐❧❧ ❤❛✈❡ ♠♦r❡ ❝♦♣♣❡r ❧❛②❡rs
❛♥❞✱ t❤✉s✱ ♠♦r❡ ❍■❈❆◆◆s ❝❛♥ ❜❡ ✉s❡❞✳ ❖✈❡r❛❧❧✱ t❤✐s t❤❡s✐s s❤♦✇❡❞ t❤❛t ✐t ✐s ❢❡❛s✐❜❧❡
t♦ ❡♠❜❡❞ s✐❧✐❝♦♥ ✇❛❢❡rs ✐♥t♦ P❈❇s ❛♥❞ t❤❛t ✐t ✐s ✇♦rt❤ ❞♦✐♥❣ ❢✉rt❤❡r ❞❡✈❡❧♦♣♠❡♥t✳
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✾ ❖✉t❧♦♦❦

❚❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ✇❛❢❡rs ✐♠♣❧✐❡s s♦♠❡ r❡str✐❝t✐♦♥s ❢♦r t❤❡ ✇❛❢❡rs✱ t❤✉s✱ ✐t ✐s ♥♦t r❡❛✲
s♦♥❛❜❧❡ t♦ ❡♠❜❡❞ ❡✈❡r② ✇❛❢❡r✳ ❚❤❡ ❤❡❛t ❞✐ss✐♣❛t✐♦♥✱ ❢♦r ❡①❛♠♣❧❡✱ ✐s ❛ ❝r✐t✐❝❛❧ ❢❛❝t♦r
❢♦r t❤❡ ❡♠❜❡❞❞✐♥❣✳ ❚❤❡ ❍■❈❆◆◆ ❝❤✐♣ ❤❛s ❛ ❧♦✇ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞✱ t❤❡r❡❢♦r❡✱
❛ ❧♦✇ ❤❡❛t ❞❡♥s✐t②✳ ■♥ ❝♦♥tr❛st t♦ t❤❛t ❛ s✐❧✐❝♦♥ ✇❛❢❡r ✇✐t❤ ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ♣r♦❝❡s✲
s♦rs ❤❛s ❛ ❤✐❣❤ ♣♦✇❡r ❞❡♥s✐t②✳ ■t ✇♦✉❧❞ ♥♦t ❜❡ ❢❡❛s✐❜❧❡ t♦ ❝♦♦❧ t❤❡ ✇❛❢❡r ❞♦✇♥ ✐♥ ❛♥
❡♠❜❡❞❞❡❞ ✈❡rs✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦♥♥❡❝t✐♦♥ ❞❡♥s✐t② ❤❛s t♦ ❜❡ ❧♦✇✳ ❖t❤❡r✇✐s❡✱
❛ ❢❛♥✲♦✉t ♦❢ t❤❡ s✐❣♥❛❧s ✐s ♥♦t ♣♦ss✐❜❧❡✳ ❆ r❡t✐❝❧❡ ♦♥ t❤❡ ❍■❈❆◆◆ ✇❛❢❡r ❤❛s ♦♥❧② ✼✵
❞✐❣✐t❛❧ s✐❣♥❛❧s ♦♥ ❛ 2× 2 cm2 ❛r❡❛✳ ❚❤❡ ❢❛♥✲♦✉t ♦❢ s❡✈❡r❛❧ ♠♦❞❡r♥ ♣r♦❝❡ss♦rs ♥❡①t
t♦ ❡❛❝❤ ♦t❤❡r ✐s ♥♦t ♣♦ss✐❜❧❡ ❛s t❤❡✐r s✐❣♥❛❧ ❞❡♥s✐t② ✐s t♦♦ ❤✐❣❤✳
❚❤❡r❡❢♦r❡✱ ❝♦♥❝❡✐✈❛❜❧❡ ✜❡❧❞s ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ❛r❡ s②st❡♠s ✇✐t❤ ❛ ❧♦✇ ♣♦✇❡r ❝♦♥s✉♠♣✲
t✐♦♥✱ ❛ ♠♦❞❡r❛t❡ s✐❣♥❛❧ ❞❡♥s✐t② ❛♥❞ s❤♦rt ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❝❤✐♣s✳

❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ❚❤❡ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ✐s t❤❡ s❡❝♦♥❞ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡
♣❧❛t❢♦r♠ ✐♥ t❤❡ ❍✉♠❛♥ ❇r❛✐♥ Pr♦❥❡❝t✳ ■♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s
●r♦✉♣ t❤❡ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ✉s❡s ❛ ❞✐❣✐t❛❧ ❛♣♣r♦❛❝❤ ❢♦r t❤❡ ♥❡✉r♦♥ ❛♥❞ s②♥❛♣s❡
✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐♥ s✐❧✐❝♦♥✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ s✐♥❣❧❡ ❝❤✐♣s ❛r❡
♣❧❛❝❡❞ ♦♥ P❈❇s✳ ❆ s✐♥❣❧❡ ❝❤✐♣ ✐♥t❡❣r❛t❡s ✶✽ ❆❘▼✾ ♣r♦❝❡ss♦r ❝♦r❡s ❛♥❞ ❛ ♣❛❝❦❡t
r♦✉t❡r✳ ❚❤❡ ♥❡✉r♦♥ ❛♥❞ s②♥❛♣s❡ ♠♦❞❡❧s ❛r❡ ❞❡✜♥❡❞ ❜② t❤❡ ❧♦❛❞❡❞ s♦❢t✇❛r❡ ✇❤✐❝❤ ✐s
❡①❡❝✉t❡❞ ♦♥ t❤❡ ♣r♦❝❡ss♦rs✳ ❚❤✉s✱ ❞✐✛❡r❡♥t ♠♦❞❡❧s ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ❛♥❞ ❡❛s✐❧②
❡①❝❤❛♥❣❡❞✳
❚❤❡ ♣♦✇❡r ❞❡♥s✐t② ✐s ✇✐t❤ 1W/cm2 ♦❢ t❤❡ s❛♠❡ ♦r❞❡r ❛s t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠
❬❋✉r❜❡r ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❚❤❡ s②st❡♠ ✐s ❝♦♦❧❡❞ ❜② ❢♦r❝❡❞✲❛✐r ❝♦♦❧✐♥❣✳ ■♥ ✜❣✳ ✾✳✶ ❛ ✹✽✲♥♦❞❡
❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ♠♦❞✉❧❡ ✐s s❤♦✇♥✳ ❆ ✶✾✲✐♥❝❤ r❛❝❦ ❝❛❜✐♥❡t ❝❛♥ ❜❡ ❡q✉✐♣♣❡❞ ✇✐t❤
✶✷✵ ♦❢ t❤❡s❡ ❜♦❛r❞s✳
❚❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❛ s✐❧✐❝♦♥ ✇❛❢❡r ✇✐t❤ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ❝❤✐♣s ❞♦❡s ♥♦t r❡❞✉❝❡
t❤❡ t♦t❛❧ s②st❡♠ ❤❡✐❣❤t✳ ❚❤❡r❡ ❛r❡ ♦t❤❡r ❝♦♠♣♦♥❡♥ts t❤❛♥ t❤❡ ❝♦♦❧✐♥❣ ❧✐♠✐t✐♥❣ t❤❡
♠♦❞✉❧❡✬s ❤❡✐❣❤t ❧✐❦❡ t❤❡ ❊t❤❡r♥❡t ❛♥❞ ❙❡r✐❛❧ ❆❚ ❛tt❛❝❤♠❡♥t ✭❙❆❚❆✮ ❝♦♥♥❡❝t♦rs✳
❚❤❡ ❞❡♥s✐t② ♦❢ ♠♦❞✉❧❡s ✐♥ ❛ r❛❝❦ ❝❛❜✐♥❡t ✇♦✉❧❞ ♥♦t ✐♥❝r❡❛s❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡
♥✉♠❜❡r ♦❢ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ❝❤✐♣s ♦♥ ❛ ✇❛❢❡r ✐s ❤✐❣❤❡r t❤❛♥ ♦♥ t❤❡ ✹✽✲♥♦❞❡s ❜♦❛r❞✳
❚❤✉s✱ t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❛ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ✇❛❢❡r ✐♥❝r❡❛s❡s t❤❡ ❝❤✐♣ ❞❡♥s✐t② ♣❡r
❜♦❛r❞✳
❚❤❡ ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❝❤✐♣s ♦♥ t❤❡ ✹✽✲♥♦❞❡ ❜♦❛r❞ ❛r❡ st❛♥❞❛r❞ P❈❇ ❧✐♥❡s✳
❍❡♥❝❡✱ t❤❡② ❝❛♥ ❜❡ ❝r❡❛t❡❞ ✐♥ ❛♥ ❡♠❜❡❞❞❡❞ s②st❡♠ t♦♦✳ ❚❤❡ ❤✐❣❤❡r ♣❛❝❦❛❣✐♥❣ ❞❡♥s✐t②
♦❢ t❤❡ ❝❤✐♣s ❧❡❛❞s t♦ s❤♦rt❡r ❧✐♥❡s ❜❡t✇❡❡♥ t❤❡ ❝❤✐♣s✱ ✇❤✐❝❤ ❞❡❝r❡❛s❡s t❤❡ r❡q✉✐r❡❞
♣♦✇❡r t♦ ❞r✐✈❡ t❤❡ ❧✐♥❡s✳
❚❤❡ ❝✉rr❡♥t ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡ ❤❛s ♦♥❧② ♦♥❡ ❝♦♣♣❡r ❧❛②❡r ✇❤✐❝❤ ✐s ♥♦t ❡♥♦✉❣❤ t♦
❛❝❤✐❡✈❡ t❤❡ ❢❛♥✲♦✉t ♦❢ t❤❡ s✐❣♥❛❧s ❛♥❞ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♣♦✇❡r s✉♣♣❧②✳ ❚❤✉s✱
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❋✐❣✉r❡ ✾✳✶✿ ❆ ✹✽✲♥♦❞❡ ❙♣✐◆◆❛❦❡r ❜♦❛r❞ ✇✐t❤ ✽✻✹ ❝♦r❡s✳ ❖✈❡r t❤❡ ❙❆❚❆ ❝♦♥♥❡❝✲
t♦rs ♠✉❧t✐♣❧❡ s②st❡♠ ❝❛♥ ❜❡ ✐♥t❡r❝♦♥♥❡❝t❡❞ ❛♥❞ ❜✉✐❧❞ ❧❛r❣❡r ♥❡✉r♦♥❛❧
♥❡t✇♦r❦s✳ ❈♦✉rt❡s② ♦❢ ❏♦❤♥ ❲♦♦❞s ✭❯♥✐✈❡rs✐t② ♦❢ ▼❛♥❝❤❡st❡r✮✳

♠♦r❡ ❝♦♣♣❡r ❧❛②❡rs ❛r❡ ♥❡❡❞❡❞ t♦ ❜❡ ❛❜❧❡ t♦ ❝r♦ss ❧✐♥❡s ♦♥ ❞✐✛❡r❡♥t ❧❛②❡rs✳ ❚❤❡
❝♦♥♥❡❝t✐♦♥ t♦ t❤❡ ✇❛❢❡r ✐s ❡st❛❜❧✐s❤❡❞ ✇✐t❤ ♠✐❝r♦✈✐❛s ❧✐❦❡ ✐♥ t❤❡ ❉❊◆❙❊ ❜♦❛r❞✳ ❚❤❡
❞❡s✐❣♥ ♦❢ t❤❡ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ❝❤✐♣ ❞♦❡s ♥♦t ♥❡❡❞ t♦ ❜❡ ❝❤❛♥❣❡❞ ❛s t❤❡ ♠✐❝r♦✈✐❛s
❝❛♥ ❜❡ ♣❧❛❝❡❞ ♦♥ t❤❡ ❛✈❛✐❧❛❜❧❡ ❝❤✐♣ ♣❛❞s✳ ❖♥❧② ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♣♣❡r ✜♥✐s❤ ❤❛s t♦ ❜❡
❛♣♣❧✐❡❞ ♦♥t♦ t❤❡ ♣❛❞s ❢♦r t❤❡ ✜❧❧✐♥❣ ♦❢ t❤❡ ♠✐❝r♦✈✐❛s ✐♥ t❤❡ ❡❧❡❝tr♦♣❧❛t✐♥❣ ♣r♦❝❡ss✳
❆ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❛ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ✇❛❢❡r ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡
s✐♥❣❧❡ ❝❤✐♣ ♥♦❞❡ ✐s t❤❡ ❡①❝❤❛♥❣❡❛❜✐❧✐t② ♦❢ ❜r♦❦❡♥ ❝❤✐♣s✳ ❖♥ t❤❡ ✹✽✲♥♦❞❡ ❜♦❛r❞ ❛ ❜❛❧❧
❣r✐❞ ❛rr❛② ✭❇●❆✮ ❝❤✐♣ ✐s ❡❛s✐❧② r❡♣❧❛❝❡❞ ✇✐t❤ ❛ ♥❡✇ ♦♥❡✳ ❚❤❡ s✐♥❣❧❡ ❝❤✐♣s ❛r❡ t❡st❡❞
♣r✐♦r t♦ ♣❛❝❦❛❣✐♥❣✳ ❍❡♥❝❡✱ ♦♥❧② ❦♥♦✇♥ ❣♦♦❞ ❞✐❡ ❛r❡ ♣❛❝❦❛❣❡❞ ❛♥❞ ❛ss❡♠❜❧❡❞ ♦♥t♦
t❤❡ ❜♦❛r❞ r❡s✉❧t✐♥❣ ✐♥ ❛ ❢✉❧❧② ❢✉♥❝t✐♦♥✐♥❣ ♠♦❞✉❧❡✳ ❚❤✐s ♣r♦❝❡❞✉r❡ ✐s ♥♦t ♣♦ss✐❜❧❡
✇✐t❤ ❝❤✐♣s ♦♥ ❛ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❚❤❡ ❝❤✐♣s ♦♥ ❛ ✇❛❢❡r ❝❛♥ ❛❧s♦ ❜❡ t❡st❡❞ ❜❡❢♦r❡ t❤❡
❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❜✉t t❤❡② ❝❛♥♥♦t ❜❡ r❡♣❧❛❝❡❞✳ ■♥ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ❡rr♦rs
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❛r❡ ❡①♣❡❝t❡❞ ❛♥❞ ♣r❡❝❛✉t✐♦♥s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞✱ ❢♦r ❡①❛♠♣❧❡✱ t✉r♥✐♥❣ ♦✛ ❝❤✐♣ ❛r❡❛s
❛♥❞ r♦✉t✐♥❣ ❛r♦✉♥❞ ❞❡❢❡❝t✐✈❡ ❝❤✐♣s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❝♦♦❧✐♥❣ ✇✐t❤ ❛✐r ♠✐❣❤t ♥♦t ❜❡
s✉✣❝✐❡♥t t♦ tr❛♥s♣♦rt t❤❡ ❤❡❛t ❛✇❛② ❢r♦♠ ❛♥ ❡♠❜❡❞❞❡❞ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ✇❛❢❡r✳
❚❤❡ ❝❤✐♣s ❛r❡ ♣❧❛❝❡❞ ♦♥ ❛ ✇❛❢❡r ❛s ❞❡♥s❡ ❛s ♣♦ss✐❜❧❡✱ t❤❡r❡❢♦r❡✱ t❤❡ ❤❡❛t ❞❡♥s✐t②
✐♥❝r❡❛s❡s ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ s✐♥❣❧❡ ❝❤✐♣ s❡t✉♣✳
❚❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ ❛ ❙♣✐◆◆❛❦❡r Pr♦❥❡❝t ✇❛❢❡r ✐♥❝r❡❛s❡s t❤❡ ♥❡✉r♦♥ ❛♥❞ s②♥❛♣s❡
❞❡♥s✐t② ♦♥ ❛ s✐♥❣❧❡ ❜♦❛r❞ ❛s t❤❡r❡ ❛r❡ ♠♦r❡ ❝❤✐♣s ✐♥ t❤❡ s❛♠❡ ❛r❡❛✳ ❖♥ t❤❡ ♦t❤❡r
❤❛♥❞ t❤❡ s②st❡♠ ❝♦♠♣❧❡①✐t② ✐♥❝r❡❛s❡s✳ ❚❤❡ ❝♦♦❧✐♥❣ ♦❢ t❤❡ s②st❡♠ ❤❛s t♦ ❜❡ ❛❞❛♣t❡❞
t♦ t❤❡ ❤✐❣❤❡r ❤❡❛t ❞✐ss✐♣❛t✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ ❛❞❞✐t✐♦♥❛❧ ♠❡t❤♦❞s ❢♦r ❡rr♦r ❤❛♥❞❧✐♥❣
✐♥ t❤❡ ❝❤✐♣s ❤❛✈❡ t♦ ❜❡ ❞❡✈✐s❡❞✳
❖✈❡r❛❧❧ ✐t ✐s ❛ ✇♦rt❤ ✇❤✐❧❡ ❛♣♣r♦❛❝❤ ❛s t❤❡ r❡q✉✐r❡❞ ❡✛♦rt ❢♦r t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s
❧♦✇ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❣❛✐♥ ✐♥ t❤❡ ✐♥t❡❣r❛t✐♦♥ ❞❡♥s✐t②✳

❍②❜r✐❞ ❛♣♣r♦❛❝❤ ♦❢ ❲❙■ ❛♥❞ ❲❛❢❡r ❊♠❜❡❞❞✐♥❣ ❚❤❡ r♦❛❞♠❛♣ ❢♦r t❤❡ ❧❛r❣❡✲s❝❛❧❡
❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ r❡♣❧❛❝❡♠❡♥t ✐s ❛ ❧♦♥❣✲t❡r♠ ❣♦❛❧ ❛♥❞ ✇✐❧❧ ♥♦t ✜♥✐s❤ ❜❡❢♦r❡ t❤❡
❡♥❞ ♦❢ t❤❡ ❍✉♠❛♥ ❇r❛✐♥ Pr♦❥❡❝t✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡ ❝❤✐♣ ❞❡✈❡❧♦♣♠❡♥t ✐♥ t❤❡
❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣ ❝♦♥t✐♥✉❡s ❛♥❞ ♥❡✇ ❣❡♥❡r❛t✐♦♥s ♦❢ ❍■❈❆◆◆ ✇❛❢❡rs ✇✐❧❧ ❜❡
♣r♦❞✉❝❡❞✳ ❋♦r t❤❡ ♣❧❛♥♥❡❞ ✇❛❢❡rs ✇✐t❤ t❤❡ 65 nm ♣r♦❝❡ss t❤❡ ❝✉rr❡♥t ❲❙■ ❝♦♥❝❡♣t
✇✐❧❧ ❜❡ r❡✉s❡❞✳ ❚❤❡ ❛✈❛✐❧❛❜❧❡ ♠❡❝❤❛♥✐❝❛❧ ❝♦♠♣♦♥❡♥ts ❛♥❞ P❈❇s ❛r❡ ❦❡♣t✳ ❊s♣❡❝✐❛❧❧②✱
t❤❡ ▼❛✐♥P❈❇s ✭▼❛✐♥P❈❇s✮ ❛r❡ r❡✉s❡❞ ❜❡❝❛✉s❡ ❛ r❡❞❡s✐❣♥ ❛♥❞ ♣r♦❞✉❝t✐♦♥ ♦❢ ♥❡✇
❜♦❛r❞s t❛❦❡s ❛t ❧❡❛st ♦♥❡ ②❡❛r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❘❉▲ ♦♥ t♦♣ ♦❢ t❤❡ 65 nm ✇❛❢❡r ♥❡❡❞s
t♦ ❤❛✈❡ t❤❡ s❛♠❡ ♣✐♥✲♦✉t ❧✐❦❡ t❤❡ 180 nm ✇❛❢❡r✳
❚❤❡ 65 nm ✇❛❢❡rs ❛r❡ ♣r♦❞✉❝❡❞ ♦♥ 30 cm s✐❧✐❝♦♥ ❞✐s❦s✳ ❍❡♥❝❡✱ t❤❡ 20 cm ✇❛❢❡rs ✲ t❤❡
s✐③❡ ✐♥ t❤❡ ❝✉rr❡♥t s②st❡♠ ✲ ❛r❡ ❝✉t ♦✉t ♦❢ t❤❡ 30 cm ✇❛❢❡rs✳ ■❢ t❤❡ ✜♥❛❧ ❇r❛✐♥❙❝❛❧❡❙
s②st❡♠ r❡♣❧❛❝❡♠❡♥t ✐s ♥♦t r❡❛❞②✱ ❛ ❤②❜r✐❞ ❛♣♣r♦❛❝❤ ♦❢ t❤❡ ❲❙■ ❝♦♥❝❡♣t ❛♥❞ t❤❡
✇❛❢❡r ❡♠❜❡❞❞✐♥❣ t❡❝❤♥✐q✉❡ ❝♦✉❧❞ ❜❡ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ st❡♣ t♦ ✐♥❝r❡❛s❡ t❤❡ ✐♥t❡❣r❛t✐♦♥
❞❡♥s✐t②✳ ■t ✇♦✉❧❞ ✉s❡ t❤❡ ❢✉❧❧ 30 cm ✇❛❢❡rs✳ ❚❤❡ ✇❛❢❡rs ❛r❡ ❡♠❜❡❞❞❡❞ ✐♥ ❛ P❈❇ ✇✐t❤
s❡✈❡r❛❧ ❧❛②❡rs ❛♥❞ ❜❛❝❦s✐❞❡ ❝♦♥♥❡❝t✐♦♥s ❜✉t ❛r❡ s✐❧❧ ✐♥t❡❣r❛t❡❞ ✐♥ ❛ ❲❙■ s②st❡♠✳ ■♥
✜❣✳ ✾✳✷ ❛ ♣♦ss✐❜❧❡ str✉❝t✉r❡ ♦❢ ❛ ❤②❜r✐❞ s②st❡♠ ✐s ❞❡♣✐❝t❡❞✳ ❚❤❡ ❡♠❜❡❞❞✐♥❣ ✐s ♥♦t
✉s❡❞ ❛s ❛ r❡♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ▼❛✐♥P❈❇ ❜✉t r❛t❤❡r ❛s ❛♥♦t❤❡r ♣❛❝❦❛❣✐♥❣ st❡♣ ♦❢ t❤❡
✇❛❢❡r✳ ❚❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ❛r❡ st✐❧❧ ✉s❡❞ ❢♦r t❤❡ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥ ✇✐t❤ ❛
♥❡✇ ▼❛✐♥P❈❇✳ ❚❤❡ r❡str✐❝t✐♦♥s ❢♦r ❛ ♥❡✇ ▼❛✐♥P❈❇ ✇✐❧❧ ❜❡ t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡ ❛♥❞✱
t❤❡r❡❢♦r❡✱ t❤❡ st❛❝❦ ✉♣ ✇✐❧❧ ❜❡ t❤❡ s❛♠❡✳ ❙♦ ✐t ❞♦❡s ♥♦t r❡❞✉❝❡ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ t✐♠❡
♦❢ t❤❡ ▼❛✐♥P❈❇✳ ❚❤❡ ♠❛❥♦r ❛❞✈❛♥t❛❣❡s ❛r❡ ❛♥ ❡❛s✐❡r ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ▼❛✐♥P❈❇
❛♥❞ ❛ ❛❧❧ ❝❤✐♣s ♦♥ t❤❡ ✇❛❢❡r ❝♦✉❧❞ ❜❡ ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❤✐❣❤✲s♣❡❡❞ ❧✐♥❡s✳
❖♥ t❤❡ ❧♦✇❡st ❝♦♣♣❡r ❧❛②❡rs ♦❢ t❤❡ ▼❛✐♥P❈❇ ✇❤❡r❡ t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦r ♣❛❞s
❛r❡ ♣❧❛❝❡❞ ❛ ❧♦t ♦❢ s✐❣♥❛❧✲ ❛♥❞ ♣♦✇❡r✲r❡❞✐str✐❜✉t✐♦♥ ✐s ❞♦♥❡✳ P❛rts ♦❢ ✐t ❝♦✉❧❞ ❜❡ ♠♦✈❡❞
t♦ t❤❡ ❝♦♣♣❡r ❧❛②❡rs ♦♥ t❤❡ ❡♠❜❡❞❞❡❞ ✇❛❢❡r✳ ❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ s❛♠❡ ♣♦✇❡r
s✉♣♣❧② ♥❡ts r❡❞✉❝❡s t❤❡ ♥✉♠❜❡r ♦❢ ♣❛❞s ❣♦✐♥❣ t♦ t❤❡ ▼❛✐♥P❈❇✳ ❋✉rt❤❡r♠♦r❡✱ ❡❛❝❤
❍■❈❆◆◆ ❝❤✐♣ ✐♥ ❛ r❡t✐❝❧❡ ❤❛s ✐ts ♦✇♥ ❏♦✐♥t ❚❡st ❆❝t✐♦♥ ●r♦✉♣ ✭❏❚❆●✮ ❝❧♦❝❦ ❚❈❑
❛♥❞ ♠♦❞❡ s❡❧❡❝t s✐❣♥❛❧ ❚▼❙✳ ❇② ❞✐str✐❜✉t✐♥❣ t❤❡s❡ s✐❣♥❛❧s ♦♥ t❤❡ ❡♠❜❡❞❞❡❞ ❝♦♣♣❡r
❧❛②❡rs t❤❡ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❝♦♥♥❡❝t✐♦♥s ❣♦✐♥❣ t❤r♦✉❣❤ t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ✐s
r❡❞✉❝❡❞✳

✶✶✺



✾ ❖✉t❧♦♦❦

❋✐❣✉r❡ ✾✳✷✿ P♦ss✐❜❧❡ s❡t✉♣ ♦❢ ❛ ❤②❜r✐❞ ❛♣♣r♦❛❝❤ s②st❡♠✳ ❚❤❡ 30 cm ❍■❈❆◆◆ ✇❛❢❡r ✐s
❡♠❜❡❞❞❡❞ ✐♥ t❤❡ P❈❇ ✇❤✐❝❤ ✐s ❝♦♥♥❡❝t❡❞ ✈✐❛ t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs
t♦ ❛ r❡❞❡s✐❣♥❡❞ ▼❛✐♥P❈❇✳

❚❤❡ s❛✈❡❞ s♣❛❝❡ ❝♦✉❧❞ ❜❡ ✉s❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ s✐❣♥❛❧ ♣❛❞s✱ t❤✐s ✇❛②
t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ✇❛❢❡r ❛♥❞ t❤❡ ▼❛✐♥P❈❇ ✇♦✉❧❞ ❜❡ ❡❛s✐❡r ❛♥❞ ❧❡ss ❡rr♦r✲♣r♦♥❡✳
❊✈❡♥t✉❛❧❧②✱ t❤❡ s✐❣♥❛❧ ♣❛❞s ❝♦✉❧❞ ❜❡ ♣❧❛❝❡❞ ✐♥ ❛ ✇❛② t❤❛t t❤❡ r♦✉t✐♥❣ ♦♥ t❤❡ ▼❛✐♥P❈❇
✐s ♠♦r❡ ✉♥✐❢♦r♠ ❛♥❞✱ ❤❡♥❝❡✱ ❡❛s✐❡r✳
■t ✇♦✉❧❞ ❜❡ ♣♦ss✐❜❧❡ t♦ ❛❞❞ ♠♦r❡ ❘❉▲s t♦ ❛❝❤✐❡✈❡ t❤❡s❡ ❛❞✈❛♥t❛❣❡s t♦♦✳ ❍♦✇❡✈❡r✱
❢♦r t❤❡ ❘❉▲s ❛❞❞✐t✐♦♥❛❧ ❢✉❧❧✲✇❛❢❡r ♠❛s❦s ❛r❡ r❡q✉✐r❡❞✱ ✇❤✐❝❤ ❛r❡ ❡①♣❡♥s✐✈❡ ❛♥❞ ❡✈❡r②
❝❤❛♥❣❡ r❡q✉✐r❡s ❛ ♥❡✇ s❡t ♦❢ ♠❛s❦s✳ ❚❤❡ ❡♠❜❡❞❞✐♥❣ ❞♦❡s ♥♦t ♥❡❡❞ ❛♥② ♠❛s❦s ❢♦r t❤❡
♣r♦❞✉❝t✐♦♥ ❜❡❝❛✉s❡ ▲❛s❡r ❉✐r❡❝t ■♠❛❣✐♥❣ ✭▲❉■✮ ✐s ✉s❡❞✳ ❚❤❡ ❧❛②♦✉t ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞
✇✐t❤ ❡✈❡r② ♥❡✇ ❜♦❛r❞✳
■♥ t❤✐s ✉s❡ ❝❛s❡ t❤❡ ✇❛❢❡r ❡♠❜❡❞❞✐♥❣ ✐s ❛ ❢❛♥✲♦✉t ♣❛❝❦❛❣✐♥❣ t❡❝❤♥♦❧♦❣② ❛♥❞ t❤❡
♣❛❝❦❛❣❡ ❝❛♥ ❤❛✈❡ ❛♥ ❛r❜✐tr❛r② s❤❛♣❡✳ ■t ❝♦✉❧❞ ❜❡ ❛ ❝✐r❝✉❧❛r s❤❛♣❡ ❛❣❛✐♥ ♦r ❛ q✉❛❞r❛t✐❝
s❤❛♣❡✳
❚❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢ t❤❡ ✇❛❢❡r ✐s ♥♦t ❛ ♣r♦❜❧❡♠ ❢♦r t❤❡ ❤❡❛t ❞✐ss✐♣❛t✐♦♥✳ ❚❤❡ ❜❛❝❦ ♦❢
t❤❡ ✇❛❢❡r ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡r♠❛❧ ✈✐❛s ❛♥❞ t❤❡ ❝♦♣♣❡r ❧❛②❡rs ❜❡❧♦✇ t❤❡ ✇❛❢❡r
❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❤❡❛t s♣r❡❛❞✐♥❣✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♣r❡♣r❡❣ ❧❛②❡rs ❛r❡ ♦♥❧② 50 ➭m t❤✐❝❦
❛♥❞ ❞♦ ♥♦t ❞✐st✉r❜ t❤❡ ❤❡❛t tr❛♥s❢❡r✳
❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t❛r❣❡t ✈❛❧✉❡ ♦❢ ❡♠❜❡❞❞❡❞ ✇❛❢❡rs t❤❡ ♣r♦❞✉❝t✐♦♥ ❝❛♥ ❜❡ ❞♦♥❡ ❛t

t❤❡ ■❩▼ ✐♥ ❇❡r❧✐♥✳ ❆ ❧♦✇ ♥✉♠❜❡r ♦❢ ✇❛❢❡rs ❝❛♥ ❜❡ ❡♠❜❡❞❞❡❞ ✐♥ ❇❡r❧✐♥✱ ❜✉t ❢♦r ❛
❤✐❣❤✲✈♦❧✉♠❡ ♣r♦❞✉❝t✐♦♥ ❛♥♦t❤❡r P❈❇ ♠❛♥✉❢❛❝t✉r❡r ❤❛s t♦ ❜❡ ❢♦✉♥❞✳
❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ❲❙■ ❝♦♥❝❡♣t ❛♥❞ t❤❡ ❡♠❜❡❞❞✐♥❣ t❡❝❤♥✐q✉❡ ❢❛❝✐❧✐t❛t❡s t❤❡

tr❛♥s✐t✐♦♥ ❢r♦♠ 20 cm t♦ 30 cm ✇❛❢❡rs✳ ■t r❡❞✉❝❡s t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ s✐❣♥❛❧✲ ❛♥❞
♣♦✇❡r✲r❡❞✐str✐❜✉t✐♦♥ ♦♥ t❤❡ ▼❛✐♥P❈❇✳ ❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❜♦❛r❞ ❜❡❝♦♠❡s ❡❛s✐❡r
❛♥❞ t❛❦❡s ❧❡ss t✐♠❡✳ ❋✉rt❤❡r♠♦r❡✱ ✐t s❤♦✉❧❞ ❜❡ ♣♦ss✐❜❧❡ t♦ ❝♦♥♥❡❝t ❛❧❧ r❡t✐❝❧❡s t♦ t❤❡✐r
❝♦rr❡s♣♦♥❞✐♥❣ ❋P●❆ ❈♦♠♠✉♥✐❝❛t✐♦♥ P❈❇s ✇✐t❤ ❤✐❣❤✲s♣❡❡❞ ❧✐♥❡s✳
❚❤❡ ♠✐♥✐♠❛❧ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss ❜❡ ❛♥ ✐♠♣r♦✈❡♠❡♥t ✐♥ ❛ ❤②❜r✐❞
❛♣♣r♦❛❝❤ s②st❡♠ ❛r❡ ❜❛❝❦s✐❞❡ ✈✐❛s ❛♥❞ ❛t ❧❡❛st ❢♦✉r ❝♦♣♣❡r ❧❛②❡rs✳ ❆ ♣r♦t♦t②♣❡ ✇✐t❤
❜❛❝❦s✐❞❡ ✈✐❛s ✐s ❝✉rr❡♥t❧② ✐♥ ♣r♦❞✉❝t✐♦♥ ❛♥❞ t❤❡ ✜rst t❡st r❡s✉❧ts ❛r❡ ❡①♣❡❝t❡❞ ✉♥t✐❧
t❤❡ ❡♥❞ ♦❢ t❤❡ ②❡❛r✳ ❚❤❡♥✱ t❤❡ ♥❡①t st❡♣ ✐s t♦ ❛❞❞ ❛ s❡❝♦♥❞ ❝♦♣♣❡r ❧❛②❡r t♦ t❤❡ st❛❝❦

✶✶✻



✉♣ ✇❤✐❝❤ ✇✐❧❧ ❜❡ t❡st❡❞ ✐♥ ✷✵✶✽✳ ❚❤❡ t❡sts ✇✐❧❧ ❡♠❜❡❞ 20 cm ✇❛❢❡rs✳ ■❢ t❤✐s t❡sts
s✉❝❝❡❡❞✱ t❤❡♥ t❤❡ ❡♠❜❡❞❞✐♥❣ t❡sts ✇✐t❤ 30 cm ❜❛r❡ s✐❧✐❝♦♥ ❞✐s❦s ❝♦✉❧❞ st❛rt✳
❚❤❡ ❤②❜r✐❞ ❛♣♣r♦❛❝❤ ✇✐❧❧ ♥♦t r❡❛❝❤ t❤❡ t❛r❣❡t❡❞ ✐♥t❡❣r❛t✐♦♥ ❧❡✈❡❧ ♦❢ t❤❡ ✜♥❛❧ ❊♠✲
❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠ ✭❊❲❙✮ ❜✉t ✐t ❝♦✉❧❞ ❜❡ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ s♦❧✉t✐♦♥ t♦ ❜r✐❞❣❡ t❤❡
t✐♠❡ ✉♥t✐❧ t❤❡ ✜♥❛❧ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ r❡♣❧❛❝❡♠❡♥t ✐s r❡❛❞②✳

◆❡✉r♦♠♦r♣❤✐❝ P❤②s✐❝❛❧ ▼♦❞❡❧ ✈❡rs✐♦♥ ✸ ✭◆▼✲P▼✲✸✮ ■♥ t❤❡ ❋r❛♠❡✇♦r❦ P❛rt✲
♥❡rs❤✐♣ ❆❣r❡❡♠❡♥t t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣ ♣r♦♣♦s❡❞ t✇♦ ♣♦ss✐❜❧❡ ❢✉t✉r❡ ❞❡✈❡❧✲
♦♣♠❡♥ts ❢♦r t❤❡ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ ❝❧✉st❡r ✉♥t✐❧ t❤❡ ❡♥❞ ♦❢ t❤❡ ❍✉♠❛♥ ❇r❛✐♥
Pr♦❥❡❝t ❬❍❇P ✱ ✷✵✶✺❪✳ ❖♥❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝✉rr❡♥t ❲❙■ ❝♦♥❝❡♣t ❛♥❞ ❤❛s ❛ ♠❛①✐✲
♠✉♠ ❝❧✉st❡r s✐③❡ ♦❢ ✺✵ s②st❡♠s✱ ✇❤❡r❡❛s t❤❡ ❧✐♠✐t✐♥❣ ❢❛❝t♦rs ♦❢ t❤❡ ❝❧✉st❡r s✐③❡ ❛r❡
t❤❡ s②st❡♠ ✈♦❧✉♠❡ ❛♥❞ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ▼❛✐♥P❈❇ ❛♥❞ t❤❡ ❛ss❡♠❜❧② ♣r♦❝❡ss✳
❚❤❡ ❤②❜r✐❞ ❛♣♣r♦❛❝❤ ❝♦✉❧❞ s✐♠♣❧✐❢② t❤❡ ▼❛✐♥P❈❇✳ ❚❤✐s ✇❛② t❤❡ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞
♣r♦❞✉❝t✐♦♥ ♦❢ t❤❡ ❜♦❛r❞ ✐s ❧❡ss s♦♣❤✐st✐❝❛t❡❞✳ ◆❡✈❡rt❤❡❧❡ss✱ ✐t ✇♦✉❧❞ ♥♦t r❡♠♦✈❡ t❤❡
❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ❛♥❞ t❤❡ ❛❧✐❣♥♠❡♥t ♣r♦❝❡❞✉r❡✱ t❤❡r❡❢♦r❡✱ st✐❧❧ r❡q✉✐r❡s ❛ ❧♦t ♦❢
❤✉♠❛♥ ✐♥t❡r❛❝t✐♦♥✳
❚❤❡ ♦♥❧② ✐♠♣r♦✈❡♠❡♥t ✐♥ t❡r♠s ♦❢ ❝❧✉st❡r s✐③❡ ❝♦♠❡s ✇✐t❤ t❤❡ s❡❝♦♥❞ ♣r♦♣♦s❛❧

✐♥ t❤❡ ❋r❛♠❡✇♦r❦ P❛rt♥❡rs❤✐♣ ❆❣r❡❡♠❡♥t ✭❋P❆✮✳ ■t ♣❧❛♥s t♦ ✐♥❝r❡❛s❡ t❤❡ ❝❧✉st❡r
s✐③❡ t♦ ✺✵✵ s②st❡♠s✳ ❚❤✐s ✐s ♦♥❧② ❛❝❤✐❡✈❛❜❧❡ ✇✐t❤ ❛ ❤✐❣❤❡r ❧❡✈❡❧ ♦❢ ❛✉t♦♠❛t✐♦♥ ❛♥❞
✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ s②st❡♠s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝♦♥❝❡♣t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❡♠❜❡❞❞✐♥❣ ♦❢
s✐❧✐❝♦♥ ✇❛❢❡rs ✐♥ P❈❇s✳ ■t r❡♠♦✈❡s t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs ❛♥❞ ♠♦st ♦❢ t❤❡ t❛s❦s
t❤❛t ❤❛✈❡ t♦ ❜❡ ❞♦♥❡ ❜② ❤❛♥❞ ❧✐❦❡ t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ✇❛❢❡r ❛♥❞ t❤❡ ▼❛✐♥P❈❇✳
▼✐❝r♦✈✐❛s r❡♣❧❛❝❡ t❤❡ ❡❧❛st♦♠❡r✐❝ ❝♦♥♥❡❝t♦rs t♦ ❝r❡❛t❡ t❤❡ ❝♦♥♥❡❝t✐♦♥s t♦ t❤❡ s✐❧✐❝♦♥
✇❛❢❡r✳ ❚❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ♠✐❝r♦✈✐❛s ✐s ❛❞❥✉st❡❞ ❛❝❝♦r❞✐♥❣❧② t♦ t❤❡ ✜❞✉❝✐❛❧ ♠❛r❦s
♦♥ t❤❡ ✇❛❢❡r ❛✉t♦♠❛t✐❝❛❧❧② ❜② t❤❡ ❞r✐❧❧✐♥❣ ♠❛❝❤✐♥❡✳ ❚❤❡ s❛♠❡ ❤♦❧❞s tr✉❡ ❢♦r t❤❡
❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ❜♦❛r❞ ❧❛②♦✉t t♦ t❤❡ ✇❛❢❡r✳
❚❤❡ ❣♦❛❧ ✐s t♦ ❤❛✈❡ ❜♦❛r❞s t❤❛t ❥✉st ♥❡❡❞ t♦ ❜❡ ❛tt❛❝❤❡❞ t♦ ❛ ❝♦♦❧✐♥❣ ♠♦❞✉❧❡ ❛♥❞
t❤❡♥ ❛r❡ r❡❛❞② ❢♦r t❤❡ ❛ss❡♠❜❧② ✐♥ ❛ st❛♥❞❛r❞ ✶✾✲✐♥❝❤ s❡r✈❡r r❛❝❦✳ ■♥ t❤❡ r❛❝❦ t❤❡
❝❛❜❧❡s ❢♦r t❤❡ ♣♦✇❡r s✉♣♣❧② ❛♥❞ ❡①t❡r♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛r❡ ♣❧✉❣❣❡❞ ✐♥✳
❆s✐❞❡ ❢r♦♠ t❤❡ ❢✉rt❤❡r ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡ss t❤❡ ♥❡✉r♦♠♦r♣❤✐❝

❝❤✐♣s ♥❡❡❞ t♦ ❢✉❧✜❧❧ ❝❡rt❛✐♥ ❝r✐t❡r✐❛✳ ❚❤❡ ❝❤✐♣ ♥❡❡❞s t♦ ❜❡ ♠♦r❡ ♣♦✇❡r ❡✣❝✐❡♥t ✐♥
❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❝✉rr❡♥t ❍■❈❆◆◆ ❝❤✐♣✳ ■t ✇❛s s❤♦✇♥ t❤❛t ❛ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ ♦❢
500W ✐s ❢❡❛s✐❜❧❡ t♦ ❝♦♦❧ ❞♦✇♥✳ ❋♦r t❤❛t ❛♠♦✉♥t ♦❢ ❤❡❛t ❛ ✇❛t❡r ❝♦♦❧✐♥❣ ♦❢ t❤❡
s②st❡♠ ✐s r❡❝♦♠♠❡♥❞❡❞✱ ❛s ❛✐r ❝♦♦❧✐♥❣ ♥❡❡❞s ♠♦r❡ s♣❛❝❡✳ ❆t t❤❡ ♠♦♠❡♥t t❤❡ ♣♦✇❡r
❝♦♥s✉♠♣t✐♦♥ ❢♦r ❛ ❝♦♠♣❧❡t❡ ✇❛❢❡r ✐s t❛r❣❡t❡❞ t♦ ❜❡ ❛r♦✉♥❞ 100W ✇❤✐❝❤ ❝❛♥ ❜❡ ❝♦♦❧❡❞
❜② ❛✐r✳ ❆♥♦t❤❡r ❝r✐t✐❝❛❧ ♣♦✐♥t ✐s t❤❡ ♥✉♠❜❡r ♦❢ s✐❣♥❛❧ ❧✐♥❡s ❧❡❛✈✐♥❣ t❤❡ ✇❛❢❡r✳ ❚❤❡
❡♠❜❡❞❞❡❞ ✇❛❢❡r ❝❛♥♥♦t ❤❛✈❡ ❛♥ ❛r❜✐tr❛r② ♥✉♠❜❡r ♦❢ ❝♦♣♣❡r ❧❛②❡rs ✐♥ t❤❡ P❈❇ st❛❝❦
✉♣✳ ❋♦r ❝♦♠♣❛r✐s♦♥ t❤❡ ❝✉rr❡♥t ❍■❈❆◆◆ ❞❡s✐❣♥ ❤❛s t♦ s❛✈❡ ❤❛❧❢ ♦❢ ✐ts ▲♦✇✲❱♦❧t❛❣❡
❉✐✛❡r❡♥t✐❛❧ ❙✐❣♥❛❧✐♥❣ ✭▲❱❉❙✮ ❧✐♥❦s t♦ ✜t ✐♥t♦ ❛♥ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠ ✇✐t❤ ❢♦✉r
❝♦♣♣❡r ❧❛②❡rs✳
❚❤❡ ❡♠❜❡❞❞✐♥❣ ♣r♦❝❡❞✉r❡ ✐ts❡❧❢ ❞♦❡s ♥♦t ✐♥❝r❡❛s❡ t❤❡ s②st❡♠ ❞❡♥s✐t②✳ ❖t❤❡r ❝♦♠✲

♣♦♥❡♥ts ♦❢ t❤❡ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠ ❧✐❦❡ t❤❡ ❋P●❆ ❈♦♠♠✉♥✐❝❛t✐♦♥ P❈❇s ✭❋❈P
❜♦❛r❞s✮ ❛♥❞ t❤❡ ♣♦✇❡r s✉♣♣❧② ❜♦❛r❞s ❞❡t❡r♠✐♥❡ t❤❡ ♦✈❡r❛❧❧ s②st❡♠ ❤❡✐❣❤t✳ ❚❤❡

✶✶✼



✾ ❖✉t❧♦♦❦

♣♦✇❡r r❡❣✉❧❛t♦rs ❡✐t❤❡r ❤❛✈❡ t♦ ❜❡ ♣✉t ♦♥ t❤❡ ✇❛❢❡r ❞✐r❡❝t❧②✱ ✇❤✐❝❤ ✇♦✉❧❞ r❡q✉✐r❡ ❛❞✲
❞✐t✐♦♥❛❧ ❝✐r❝✉✐t ❞❡✈❡❧♦♣♠❡♥t✱ ♦r ✉s❡ ❧♦✇✲♣r♦✜❧❡ ♣♦✇❡r ♠♦❞✉❧❡s ❧✐❦❡ t❤❡ ❱❚▼✹✽▼P✵✲
s❡r✐❡s ✇✐t❤ t❤❡ ❞r❛✇❜❛❝❦ ♦❢ s♦❧❞❡r✐♥❣ ♦♥ t❤❡ ❜♦❛r❞ ❬❱✐❝♦r ✱ ✷✵✶✼❪✳ ❚♦ r❡♠♦✈❡ t❤❡ ❋❈P
❜♦❛r❞ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ s❝❤❡♠❡ ♦❢ t❤❡ ♥❡✉r♦♠♦r♣❤✐❝ ❝❤✐♣s ❤❛s t♦ ❜❡ ❝❤❛♥❣❡❞✳ ■t ✐s
♠♦r❡ ❡✣❝✐❡♥t✱ ✐❢ t❤❡r❡ ✐s ♥♦ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝❤✐♣✲t♦✲❝❤✐♣ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞
t❤❡ ❝❤✐♣✲t♦✲❤♦st ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ❛ s♦❧✉t✐♦♥ ✇♦✉❧❞ ❜❡ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥
♦❢ ❛ r♦✉t❡r ❝✐r❝✉✐t ✇❤✐❝❤ ✐s ♣❧❛❝❡❞ ♦♥ t❤❡ ❝❤✐♣ ❛♥❞ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ♦✛✲✇❛❢❡r
❝♦♠♠✉♥✐❝❛t✐♦♥✳ ❬❙❝❤❡♠♠❡❧ ✱ ✷✵✶✹❪✳ ❙♦♠❡ ♦❢ t❤❡ r♦✉t❡rs ✇♦✉❧❞ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❤♦st
❝♦♠♣✉t❡rs ❢♦r t❤❡ tr❛♥s❢❡r ♦❢ t❤❡ ♥❡t✇♦r❦ ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ t❤❡ ♥❡✉r❛❧ ❡✈❡♥ts✳ ❚❤❡
♦t❤❡r r♦✉t❡r ❝❤✐♣s ❝❛♥ ❝♦♥♥❡❝t t♦ ♦t❤❡r ♠♦❞✉❧❡s ✐♥ t❤❡ s❛♠❡ r❛❝❦ ♦r t♦ ✇❛❢❡rs ✐♥ ♦t❤❡r
r❛❝❦s✳ ■❞❡❛❧❧②✱ t❤❡ ❛ss❡♠❜❧❡❞ r❛❝❦s ✇✐t❤ ❊❲❙s ❛r❡ ♣❧❛❝❡❞ ✐♥ ❛ t♦r♦✐❞❛❧ str✉❝t✉r❡✳

❋✐❣✉r❡ ✾✳✸✿ ❚♦♣ ✈✐❡✇ ♦♥ ❡✐❣❤t ✶✾✲✐♥❝❤ s❡r✈❡r r❛❝❦s ✐♥ ❛ t♦r♦✐❞❛❧ str✉❝t✉r❡✳ ❋♦r ✈✐✲
s✉❛❧✐③❛t✐♦♥ ❡❛❝❤ r❛❝❦ ❤❛s ✜✈❡ ❊❲❙ ♠♦❞✉❧❡s ♦♥ ♦♥❡ ❧❡✈❡❧✳ ❚❤❡ ❝❛❜❧❡s
❜❡t✇❡❡♥ t❤❡ ♠♦❞✉❧❡s ❛r❡ ❧❛✐❞ ✐♥ t❤❡ ✐♥♥❡r ❛r❡❛✳ ❚❤❡ s❤♦rt❡st ❝♦♥♥❡❝t✐♦♥
❛r❡ t♦ ❛❞❥❛❝❡♥t ♠♦❞✉❧❡s ✭r❡❞ ❧✐♥❡s✮✱ t❤❡ ❧♦♥❣❡st ✐s ❜❡t✇❡❡♥ ♦♣♣♦s✐t❡ r❛❝❦s
✭♠❛❣❡♥t❛ ❧✐♥❡✮✳
❆ r❛❝❦ ❤❛s s❡✈❡r❛❧ ❧❡✈❡❧s✱ ❤❡♥❝❡✱ t❤❡r❡ ❛r❡ ✈❡rt✐❝❛❧ ❝♦♥♥❡❝t✐♦♥s ❜❡t✇❡❡♥
❞✐✛❡r❡♥t ❧❡✈❡❧s t♦♦✳

✶✶✽



■♥ ✜❣✳ ✾✳✸ ❛ ♣♦ss✐❜❧❡ ♣❧❛❝❡♠❡♥t ♦❢ r❛❝❦s ✐s ❞❡♣✐❝t❡❞✳ ❆ t♦r♦✐❞❛❧ str✉❝t✉r❡ ❤❛s t✇♦
♠❛❥♦r ❛❞✈❛♥t❛❣❡s ♦✈❡r ♣❧❛❝✐♥❣ t❤❡ r❛❝❦s ♥❡①t t♦ ❡❛❝❤ ♦t❤❡r✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥
❛❞❥❛❝❡♥t ♠♦❞✉❧❡s ✐s ❝♦♥st❛♥t✱ t❤❡r❡❢♦r❡✱ ♦♥❧② ♦♥❡ ❝❛❜❧❡ ❧❡♥❣t❤ ✐s r❡q✉✐r❡❞✳ ❚❤✐s r❡✲
❞✉❝❡s t❤❡ ❝♦sts ♦❢ t❤❡ ❝❛❜❧❡s ❛s ♦♥❧② ♦♥❡ ❝❛❜❧❡ ❧❡♥❣t❤ ❤❛s t♦ ❜❡ ♦r❞❡r❡❞✳ ❋✉rt❤❡r♠♦r❡✱
t❤❡ ❧♦♥❣❡st ❞✐st❛♥❝❡ ✐s ❜❡t✇❡❡♥ ♦♣♣♦s✐t❡ r❛❝❦s ❛♥❞ ✐s ♦♥❧② ❤❛❧❢ ❛s ❧♦♥❣ ❛s ✐♥ ❛ st❛♥✲
❞❛r❞ r❛❝❦ ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤✉s✱ t❤❡ ♠❛①✐♠✉♠ ❧❛t❡♥❝② ✐♥❞✉❝❡❞ ❜② t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥
♥❡t✇♦r❦ ✐s ❜✐s❡❝t❡❞ ✇❤✐❝❤ ✐s ❞❡❝✐s✐✈❡ ❢♦r ❛ t✐♠❡✲❝♦♥t✐♥✉♦✉s ✇♦r❦✐♥❣ ♥❡✉r♦♥✳ ❚❤❡ ✜♥❛❧
✇✐r✐♥❣ ❞✐❛❣r❛♠ ✐s ♥♦t ②❡t ❞❡✈❡❧♦♣❡❞ ❛s ✐t ❞❡♣❡♥❞s✱ ❢♦r ❡①❛♠♣❧❡✱ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢
❧✐♥❦s ❛✈❛✐❧❛❜❧❡ ♦♥ ♦♥❡ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠✳
❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ ❋❈P ❜♦❛r❞ ❢✉♥❝t✐♦♥❛❧✐t② ❛♥❞ t❤❡ ♦t❤❡r ❡①t❡r♥❛❧ ❝♦♠♣♦♥❡♥ts

♦♥ t❤❡ ✇❛❢❡r ✐s ❡ss❡♥t✐❛❧ ❢♦r t❤❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ s②st❡♠ ❤❡✐❣❤t✳ ❚❤✐s ♣r♦❝❡ss ❛❧s♦
r❡❞✉❝❡s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❝♦♠♣♦♥❡♥ts ✐♥ ❛ s②st❡♠✳ ❚❤❡ ✜♥❛❧ s②st❡♠ ❝♦♥s✐sts ♦❢
♦♥❧② ❛ s✐❧✐❝♦♥ ✇❛❢❡r ❡♠❜❡❞❞❡❞ ✐♥t♦ ❛ P❈❇✱ ❛ ❝♦♦❧✐♥❣ ♠♦❞✉❧❡ ❛♥❞ s♦♠❡ ❝♦♥♥❡❝t♦rs✳
❙♦ t❤❡ ✇✐❞t❤ ♦❢ ❛♥ ❊♠❜❡❞❞❡❞ ❲❛❢❡r ❙②st❡♠ ✐s ♠✐♥✐♠✐③❡❞ t♦ ❛r♦✉♥❞ 1 cm✳ ❚❤✉s✱
❛❧❧♦✇✐♥❣ ❛ ❤✐❣❤❡r ✐♥t❡❣r❛t✐♦♥ ❧❡✈❡❧ ♦❢ t❤❡ s②st❡♠s✳
❚❤❡ ♣♦t❡♥t✐❛❧ t♦ ❛❝❤✐❡✈❡ ❛ ❤✐❣❤❧② ✐♥t❡❣r❛t❡❞ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ ❝❧✉st❡r ✐s

❛✈❛✐❧❛❜❧❡✳ ❆ ❧♦t ♦❢ ♣r♦❣r❡ss ✐s st✐❧❧ ♥❡❡❞❡❞❀ ♦♥ t❤❡ ♣r✐♥t❡❞ ❝✐r❝✉✐t ❜♦❛r❞ ❛♥❞ ♦♥ t❤❡
s✐❧✐❝♦♥ ❝❤✐♣✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ♣r✐♥t❡❞ ❝✐r❝✉✐t ❜♦❛r❞s ❛♥❞ t❤❡ ♥❡✉r♦✲
♠♦r♣❤✐❝ ❝❤✐♣s ❣❡t ♠♦r❡ ❛♥❞ ♠♦r❡ ❝❧♦s❡❧② ✐♥t❡r❧✐♥❦❡❞ ❛♥❞ ✐♥✢✉❡♥❝❡ ❡❛❝❤ ♦t❤❡r✳
❆♥②❤♦✇✱ t❤❡r❡ ✇✐❧❧ ❜❡ ❡①❝✐t✐♥❣ ❞❡✈❡❧♦♣♠❡♥ts ✐♥ t❤❡ s②st❡♠ ❞❡s✐❣♥ ♦❢ t❤❡ ❇r❛✐♥❙❝❛❧❡❙
s②st❡♠✳

✶✶✾





❇✐❜❧✐♦❣r❛♣❤②

✸▼✱ ◆♦✈❡❝ ✻✹✾ ❉❛t❛ ❙❤❡❡t✱ ✸▼✱ ✷✵✶✼✱ ❬❖♥❧✐♥❡❪✳ ❆✈❛✐❧❛❜❧❡✿ ❤tt♣✿✴✴♠✉❧t✐♠❡❞✐❛✳

✸♠✳❝♦♠✴♠✇s✴♠❡❞✐❛✴✻✵✹✸✾✺❖✴✸♠t♠✲♥♦✈❡❝t♠✲✻✹✾✲❡♥❣✐♥❡❡r❡❞✲❢❧✉✐❞✳♣❞❢❄❢♥❂

◆♦✈❡❝✪✷✵✻✹✾❴❉❛t❡♥❜❧❛tt❴✵✺✷✵✶✹✳♣❞❢✳

❆❛♠✐r✱ ❙✳ ❆✳✱ P❡rs♦♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✷✵✶✼✳

❆❧❡✈✐✱ ❉✳✱ ■♥✈❡st✐❣❛t✐♥❣ ❝♦♠♣❡t✐t✐✈❡ ❞②♥❛♠✐❝s ✐♥ ❛ r❡❝✉rr❡♥t ♥❡✉r❛❧ ♥❡t✇♦r❦ ♦♥ ♥❡✉r♦✲
♠♦r♣❤✐❝ ❤❛r❞✇❛r❡✱ ❇❛❝❤❡❧♦r t❤❡s✐s✱ ❘✉♣r❡❝❤t✲❑❛r❧s✲❯♥✐✈❡rs✐tät ❍❡✐❞❡❧❜❡r❣✱ ✷✵✶✺✳

❆◆❙■✴❚■❆✴❊■❆✲✻✹✹✱ ❊❧❡❝tr✐❝❛❧ ❈❤❛r❛❝t❡r✐st✐❝s ♦❢ ▲♦✇ ❱♦❧t❛❣❡ ❉✐✛❡r❡♥t✐❛❧ ❙✐❣♥❛❧❧✐♥❣
✭▲❱❉❙✮✱ ✶✾✾✻✳

❆❚✫❙✱ ❍❉■ ▼✐❝r♦✈✐❛ P❈❇s✱ ❆❝❝❡ss❡❞✿ ✷✵✶✼✲✵✺✲✵✷✱ ✷✵✶✼✱ ❬❖♥❧✐♥❡❪✳ ❆✈❛✐❧✲
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♦♥ ❚❤❡r♠❛❧ ■♥✈❡st✐❣❛t✐♦♥s ♦❢ ■❈s ❛♥❞ ❙②st❡♠s ✭❚❍❊❘▼■◆■❈✮✱ ♣♣✳ ✶✕✻✱ ✷✵✶✶✳
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❑❧✉✇❡r ❆❝❛❞❡♠✐❝✱ ❇♦st♦♥ ❬✉✳❛✳❪✱ ✐♥❝❧✉❞❡s ❜✐❜❧✐♦❣r❛♣❤✐❝❛❧ r❡❢❡r❡♥❝❡s ❛♥❞ ✐♥❞❡①✱
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P❤✐❧✐♣♣✱ ❙✳✱ ❉❡s✐❣♥ ❛♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛ ♠✉❧t✐✲❝❧❛ss ♥❡t✇♦r❦ ❛r❝❤✐t❡❝t✉r❡ ❢♦r
❤❛r❞✇❛r❡ ♥❡✉r❛❧ ♥❡t✇♦r❦s✱ P❤✳❉✳ t❤❡s✐s✱ ❘✉♣r❡❝❤t✲❑❛r❧s ❯♥✐✈❡rs✐tät ❍❡✐❞❡❧❜❡r❣✱
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❘♦s❡♥❜❧❛tt✱ ❋✳✱ ❚❤❡ ♣❡r❝❡♣tr♦♥✿ ❛ ♣r♦❜❛❜✐❧✐st✐❝ ♠♦❞❡❧ ❢♦r ✐♥❢♦r♠❛t✐♦♥ st♦r❛❣❡ ❛♥❞
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✴✴s✉❞❞❡♥❞♦❝s✳s❛♠t❡❝✳❝♦♠✴❝❛t❛❧♦❣❴❡♥❣❧✐s❤✴❤s❡❝✽❴❞✈✳♣❞❢✳

❙❛♠t❡❝✱ ❩❆✶✲❙❡r✐❡s ❉❛t❛ ❙❤❡❡t✱ ❙❛♠t❡❝✱ ✷✵✶✼❜✱ ❬❖♥❧✐♥❡❪✳ ❆✈❛✐❧❛❜❧❡✿ ❤tt♣✿✴✴

s✉❞❞❡♥❞♦❝s✳s❛♠t❡❝✳❝♦♠✴❝❛t❛❧♦❣❴❡♥❣❧✐s❤✴③❛✶✳♣❞❢✳
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❙❝❤❡♠♠❡❧✱ ❏✳✱ P❡rs♦♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✷✵✶✻✳

❙❝❤❡♠♠❡❧✱ ❏✳✱ ❑✳ ▼❡✐❡r✱ ❛♥❞ ❋✳ ❙❝❤ür♠❛♥♥✱ ❆ ❱▲❙■ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛♥ ❆♥❛❧♦❣
◆❡✉r❛❧ ◆❡t✇♦r❦ ❙✉✐t❡❞ ❢♦r ●❡♥❡t✐❝ ❆❧❣♦r✐t❤♠s✱ ♣♣✳ ✺✵✕✻✶✱ ❙♣r✐♥❣❡r ❇❡r❧✐♥ ❍❡✐❞❡❧✲
❜❡r❣✱ ❇❡r❧✐♥✱ ❍❡✐❞❡❧❜❡r❣✱ ❞♦✐✿✶✵✳✶✵✵✼✴✸✲✺✹✵✲✹✺✹✹✸✲✽❴✺✱ ✷✵✵✶✳

❙❝❤❡♠♠❡❧✱ ❏✳✱ ❋✳ ❙❝❤ür♠❛♥♥✱ ❙✳ ❍♦❤♠❛♥♥✱ ❛♥❞ ❑✳ ▼❡✐❡r✱ ❆♥ ✐♥t❡❣r❛t❡❞ ♠✐①❡❞✲
♠♦❞❡ ♥❡✉r❛❧ ♥❡t✇♦r❦ ❛r❝❤✐t❡❝t✉r❡ ❢♦r ♠❡❣❛s②♥❛♣s❡ ❆◆◆s✱ ✐♥ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡
✷✵✵✷ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✐♥t ❈♦♥❢❡r❡♥❝❡ ♦♥ ◆❡✉r❛❧ ◆❡t✇♦r❦s ■❏❈◆◆✬✵✷✱ ♣♣✳ ✷✼✵✹✕
✷✼✶✵✱ ■❊❊❊ Pr❡ss✱ ✷✵✵✷✳

❙❝❤❡♠♠❡❧✱ ❏✳✱ ❆✳ ●rü❜❧✱ ❑✳ ▼❡✐❡r✱ ❛♥❞ ❊✳ ▼✉❧❧❡r✱ ■♠♣❧❡♠❡♥t✐♥❣ s②♥❛♣t✐❝ ♣❧❛st✐❝✐t②
✐♥ ❛ ❱▲❙■ s♣✐❦✐♥❣ ♥❡✉r❛❧ ♥❡t✇♦r❦ ♠♦❞❡❧✱ ✐♥ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✷✵✵✻ ■♥t❡r♥❛t✐♦♥❛❧
❏♦✐♥t ❈♦♥❢❡r❡♥❝❡ ♦♥ ◆❡✉r❛❧ ◆❡t✇♦r❦s ✭■❏❈◆◆✮✱ ■❊❊❊ Pr❡ss✱ ✷✵✵✻✳

❙❝❤❡♠♠❡❧✱ ❏✳✱ ❉✳ ❇rü❞❡r❧❡✱ ❆✳ ●rü❜❧✱ ▼✳ ❍♦❝❦✱ ❑✳ ▼❡✐❡r✱ ❛♥❞ ❙✳ ▼✐❧❧♥❡r✱ ❆ ✇❛❢❡r✲
s❝❛❧❡ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ s②st❡♠ ❢♦r ❧❛r❣❡✲s❝❛❧❡ ♥❡✉r❛❧ ♠♦❞❡❧✐♥❣✱ ✐♥ Pr♦❝❡❡❞✐♥❣s
♦❢ t❤❡ ✷✵✶✵ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ❈✐r❝✉✐ts ❛♥❞ ❙②st❡♠s ✭■❙❈❆❙✮✱ ♣♣✳
✶✾✹✼✕✶✾✺✵✱ ✷✵✶✵❛✳

✶✷✻

https://www.orbotech.com/Direct_Imaging/
https://www.orbotech.com/Direct_Imaging/
http://suddendocs.samtec.com/catalog_english/hsec8_dv.pdf
http://suddendocs.samtec.com/catalog_english/hsec8_dv.pdf
http://suddendocs.samtec.com/catalog_english/za1.pdf
http://suddendocs.samtec.com/catalog_english/za1.pdf
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✇♦r❦ ♦♥ t❤❡ ❜r❛✐♥s❝❛❧❡s ✇❛❢❡r✲s❝❛❧❡ s②st❡♠✱ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✷✵✶✼ ■❊❊❊ ■♥t❡r✲
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❙❝❤✇❛rt③✱ ▼✳✲❖✳✱ ❘❡♣r♦❞✉❝✐♥❣ ❜✐♦❧♦❣✐❝❛❧❧② r❡❛❧✐st✐❝ r❡❣✐♠❡s ♦♥ ❛ ❤✐❣❤❧②✲❛❝❝❡❧❡r❛t❡❞
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t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❚❤❡r♠❛❧✱ ▼❡❝❤❛♥✐❝❛❧ ❛♥❞ ▼✉❧✐t✲P❤②s✐❝s ❙✐♠✉❧❛t✐♦♥
❛♥❞ ❊①♣❡r✐♠❡♥ts ✐♥ ▼✐❝r♦❡❧❡❝tr♦♥✐❝s ❛♥❞ ▼✐❝r♦s②st❡♠s ✭❊✉r♦❙✐♠❊✮✱ ♣♣✳ ✶✕✼✱ ❞♦✐✿
✶✵✳✶✶✵✾✴❊✉r♦❙✐♠❊✳✷✵✶✹✳✻✽✶✸✼✼✻✱ ✷✵✶✹✳

❙♦♥♥❡t✱ ❙✳ ■✳✱ ❙♦♥♥❡t ✸❉ ♣❧❛♥❛r ❊▼ s♦❧✈❡r✱ ✇✇✇✳s♦♥♥❡ts♦❢t✇❛r❡✳❝♦♠✱ ✷✵✶✼✳

❙t❡r③❡♥❜❛❝❤✱ ▲✳✱ ❊♥t✇✐❝❦❧✉♥❣ ❡✐♥❡r s❡❧❜stü❜❡r✇❛❝❤❡♥❞❡♥ ❙♣❛♥♥✉♥❣s✈❡rs♦r❣✉♥❣ ❢ür
❡✐♥ ❛✉❢ ❲❛❢❡r✲❊❜❡♥❡ ✐♥t❡❣r✐❡rt❡s ♥❡✉r♦♠♦r♣❤❡s ❍❛r❞✇❛r❡✲❙②st❡♠✱ ✷✵✶✺✳

❙✉❦❡❣❛✇❛✱ ❙✳✱ ❡t ❛❧✳✱ ❆ ✶✴✹✲✐♥❝❤ ✽♠♣✐①❡❧ ❜❛❝❦✲✐❧❧✉♠✐♥❛t❡❞ st❛❝❦❡❞ ❝♠♦s ✐♠❛❣❡ s❡♥s♦r✱
✐♥ ✷✵✶✸ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❙♦❧✐❞✲❙t❛t❡ ❈✐r❝✉✐ts ❈♦♥❢❡r❡♥❝❡ ❉✐❣❡st ♦❢ ❚❡❝❤♥✐❝❛❧
P❛♣❡rs✱ ♣♣✳ ✹✽✹✕✹✽✺✱ ❞♦✐✿✶✵✳✶✶✵✾✴■❙❙❈❈✳✷✵✶✸✳✻✹✽✼✽✷✺✱ ✷✵✶✸✳

❚❉❑✱ ❙❊❙❯❇✲P❆◆✲❉✶✹✺✽✵✱ ❆❝❝❡ss❡❞✿ ✷✵✶✼✲✵✼✲✷✹✱ ✷✵✶✼✱ ❬❖♥❧✐♥❡❪✳ ❆✈❛✐❧❛❜❧❡✿ ❤tt♣s✿
✴✴♣r♦❞✉❝t✳t❞❦✳❝♦♠✴✐♥❢♦✴❡♥✴❞♦❝✉♠❡♥ts✴❞❛t❛❴s❤❡❡t✴s❡s✉❜✲♣❛♥✲❞✶✹✺✽✵❴❡♥✳

♣❞❢✳

❚❡❝❤■♥s✐❣❤ts✱ ■✳✱ ❆♣♣❧❡ ✐P❤♦♥❡ ✼ ❚❡❛r❞♦✇♥✱ ❆❝❝❡ss❡❞✿ ✷✵✶✼✲✵✼✲✷✸✱ ✷✵✶✼✱ ❬❖♥❧✐♥❡❪✳
❆✈❛✐❧❛❜❧❡✿ ❤tt♣✿✴✴✇✇✇✳t❡❝❤✐♥s✐❣❤ts✳❝♦♠✴❛❜♦✉t✲t❡❝❤✐♥s✐❣❤ts✴♦✈❡r✈✐❡✇✴

❜❧♦❣✴❛♣♣❧❡✲✐♣❤♦♥❡✲✼✲t❡❛r❞♦✇♥✴✳

❚s❡♥❣✱ ❈✳ ❋✳✱ ❈✳ ❙✳ ▲✐✉✱ ❈✳ ❍✳ ❲✉✱ ❛♥❞ ❉✳ ❨✉✱ ■♥❢♦ ✭✇❛❢❡r ❧❡✈❡❧ ✐♥t❡❣r❛t❡❞ ❢❛♥✲♦✉t✮
t❡❝❤♥♦❧♦❣②✱ ✐♥ ✷✵✶✻ ■❊❊❊ ✻✻t❤ ❊❧❡❝tr♦♥✐❝ ❈♦♠♣♦♥❡♥ts ❛♥❞ ❚❡❝❤♥♦❧♦❣② ❈♦♥❢❡r❡♥❝❡
✭❊❈❚❈✮✱ ♣♣✳ ✶✕✻✱ ❞♦✐✿✶✵✳✶✶✵✾✴❊❈❚❈✳✷✵✶✻✳✻✺✱ ✷✵✶✻✳

❱❛r❞❛♠❛♥✱ ❊✳ ❏✳✱ ❋♦✲✇❧♣ ♠❛r❦❡t ❛♥❞ t❡❝❤♥♦❧♦❣② tr❡♥❞s✱ ✐♥ ✷✵✶✼ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥✲
❢❡r❡♥❝❡ ♦♥ ❊❧❡❝tr♦♥✐❝s P❛❝❦❛❣✐♥❣ ✭■❈❊P✮✱ ♣♣✳ ✸✶✽✕✸✷✵✱ ❞♦✐✿✶✵✳✷✸✾✶✾✴■❈❊P✳✷✵✶✼✳
✼✾✸✾✸✽✺✱ ✷✵✶✼✳

✶✷✼

http://www.schmoll-laser.de/fileadmin/pdf/Schmoll-Lasertechnology.pdf
http://www.schmoll-laser.de/fileadmin/pdf/Schmoll-Lasertechnology.pdf
https://product.tdk.com/info/en/documents/data_sheet/sesub-pan-d14580_en.pdf
https://product.tdk.com/info/en/documents/data_sheet/sesub-pan-d14580_en.pdf
https://product.tdk.com/info/en/documents/data_sheet/sesub-pan-d14580_en.pdf
http://www.techinsights.com/about-techinsights/overview/blog/apple-iphone-7-teardown/
http://www.techinsights.com/about-techinsights/overview/blog/apple-iphone-7-teardown/


❱✐❝♦r✱ ❈✳✱ ✹✽❱ ❉✐r❡❝t t♦ ❈P❯✱ ✷✵✶✼✱ ❬❖♥❧✐♥❡❪✳ ❆✈❛✐❧❛❜❧❡✿ ❤tt♣✿✴✴✇✇✇✳✈✐❝♦r♣♦✇❡r✳
❝♦♠✴✐♥❞✉str✐❡s✲❝♦♠♣✉t✐♥❣✴✹✽✈✲❞✐r❡❝t✲t♦✲❝♣✉✳

❲ürt❤ ❊❧❡❦tr♦♥✐❦✱ ❍❉■ ❉❡s✐❣♥ ●✉✐❞❡✱ ✷✵✶✺✳

❩♦❣❧❛✉❡r✱ ❍✳✱ ❊♥t✇✐❝❦❧✉♥❣ ✉♥❞ t❡st❡r❣❡❜♥✐ss❡ ❡✐♥❡s ♣r♦t♦t②♣❡♥s②st❡♠s ❢ür ❞✐❡ ✇❛❢❡r✲
s❝❛❧❡✲✐♥t❡❣r❛t✐♦♥✱ ❉✐♣❧♦♠❛ t❤❡s✐s ✭●❡r♠❛♥✮✱ ❯♥✐✈❡rs✐t② ♦❢ ❍❡✐❞❡❧❜❡r❣✱ ❍❉✲❑■P✲✵✾✲
✷✽✱ ✷✵✵✾✳

❩♦s❝❤❦❡✱ ❑✳✱ ■❩▼ Pr♦❣r❡ss ❘❡♣♦rt ❙P✾ ✲ ❙❡❝♦♥❞ ◗✉❛t❡r❧② ▼❡❡t✐♥❣✱ ✷✵✶✺✳

❩♦s❝❤❦❡✱ ❑✳✱ P❡rs♦♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✷✵✶✻✳

❩♦s❝❤❦❡✱ ❑✳✱ P❡rs♦♥❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✷✵✶✼✳

❩♦s❝❤❦❡✱ ❑✳✱ ▼✳ ●ütt❧❡r✱ ▲✳ ❇ött❝❤❡r✱ ❆✳ ●rü❜❧✱ ❉✳ ❍✉s♠❛♥♥✱ ❏✳ ❙❝❤❡♠♠❡❧✱ ❑✳ ▼❡✐❡r✱
❛♥❞ ❖✳ ❊❤r♠❛♥♥✱ ❋✉❧❧ ✇❛❢❡r r❡❞✐str✐❜✉t✐♦♥ ❛♥❞ ✇❛❢❡r ❡♠❜❡❞❞✐♥❣ ❛s ❦❡② t❡❝❤♥♦❧♦✲
❣✐❡s ❢♦r ❛ ♠✉❧t✐✲s❝❛❧❡ ♥❡✉r♦♠♦r♣❤✐❝ ❤❛r❞✇❛r❡ ❝❧✉st❡r✱ ■♥ ♣r❡♣❛r❛t✐♦♥✱ ❆❝❝❡♣t❡❞✿
✷✵✶✼✲✵✼✲✵✺✱ ✷✵✶✼✳

✶✷✽

http://www.vicorpower.com/industries-computing/48v-direct-to-cpu
http://www.vicorpower.com/industries-computing/48v-direct-to-cpu


❆ ❇r❛✐♥❙❝❛❧❡❙ s②st❡♠

◆❛♠❡ ◗✉❛♥t✐t②

❍■❈❆◆◆ ✇❛❢❡r ✶
❋❈P ❜♦❛r❞ ✹✽
❲■❖ ❜♦❛r❞ ✹
▼❛✐♥P❈❇ ✶
❆♥❛❇ ❜♦❛r❞s ✷
❆✉①P✇r ❜♦❛r❞s ✷
❈❯❘❊ ❜♦❛r❞s ✽
P♦✇❡r■t ✶

❙✉♠ ✻✻

❚❛❜❧❡ ❆✳✶✿ ▲✐st ♦❢ ❛❧❧ ❡❧❡❝tr♦♥✐❝ ❝♦♠♣♦♥❡♥ts ✉s❡❞ ✐♥ ♦♥❡ ✇❛❢❡r ♠♦❞✉❧❡✳

◆❛♠❡ ◗✉❛♥t✐t②

❚♦♣ ❈♦✈❡r ✶
❲❛❢❡r ❇r❛❝❦❡t ✶
❊❧❛st♦♠❡r✐❝ ❈♦♥♥❡❝t♦r P♦s✐t✐♦♥✐♥❣ ▼❛s❦ ✶
❱❡rt✐❝❛❧ r♦❞s ✹
❍♦r✐③♦♥t❛❧ r♦❞s ✽

❙✉♠ ✶✺

❚❛❜❧❡ ❆✳✷✿ ▲✐st ♦❢ ♠❡❝❤❛♥✐❝❛❧ ❝♦♠♣♦♥❡♥ts ✉s❡❞ ✐♥ ♦♥❡ ✇❛❢❡r ♠♦❞✉❧❡✳

✶✷✾



❱♦❧t❛❣❡ ◆❛♠❡ ❱♦❧t❛❣❡
❬V❪

▼❛①✐♠✉♠
❈✉rr❡♥t ❬A❪

▼❛①✐♠✉♠
✈♦❧t❛❣❡ ❞✐✛❡r✲
❡♥❝❡ ❬mV❪

❱❉❉❉✰❱❉❉❖❯❚ ✶✳✽ ✽ ✺✵
❱❉❉❆ ✶✳✽ ✽ ✺✵
❉■❴❱❈❈ ✶✳✽ ✶ ✶✵✵
❉■❴❱❈❈❆◆❆ ✶✳✽ ✵✳✺ ✶✵✵
❉■❴❱❈❈✸✸❆◆❆ ✸✳✸ ✵✳✺ ✶✵✵
❉■❴❱❇■❆❙ ✶✳✷✺ < 0.01 ✶✵✵
❱❖▲ ✵✳✻ ✲ ✶ ✵✳✹ ✺✵
❱❖❍ ✵✳✽ ✲ ✶✳✷ ✵✳✹ ✺✵
❱❉❉❇❯❙ ✶✳✷ ✷✳✹ ✺✵
❱❉❉✷✺ ✷✳✺ ✵✳✺ ✺✵
❱❉❉✺ ✺ < 0.01 ✺✵
❱❉❉✶✷ ✶✶ ✲ ✶✶✳✺ < 0.01 ✺✵

❚❛❜❧❡ ❆✳✸✿ ▲✐st ♦❢ s✉♣♣❧② ✈♦❧t❛❣❡s ♦♥ ❛ r❡t✐❝❧❡✳ ❚❤❡ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛❧❧
r❡t✐❝❧❡s ♦♥ ❛ ✇❛❢❡r ❤❛s t♦ ❜❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❛①✐♠✉♠ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡✳

▲❛②❡r ▲✐♥❡ ❲✐❞t❤ ❬➭m❪ ❙❡♣❛r❛t✐♦♥ ❬➭m❪

❚♦♣ ✽✵ ✶✵✵
❙✺ ✽✵ ✷✵✵
❙✹ ✾✵ ✷✵✵
❙✸ ✾✵ ✷✵✵
❙✷ ✽✵ ✷✵✵
❙✶ ✽✵ ✷✵✵
❇♦tt♦♠ ✽✵ ✶✵✵

❚❛❜❧❡ ❆✳✹✿ ▲✐♥❡ ❣❡♦♠❡tr✐❡s ❢♦r t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❧✐♥❡s ♦♥ t❤❡ ▼❛✐♥P❈❇✳ ❚❤❡ t❛r❣❡t
❞✐✛❡r❡♥t✐❛❧ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❧✐♥❡s ✐s 100Ω✳

✶✸✵



▲❛②❡r ▲✐♥❡ ❲✐❞t❤ ❬➭m❪

❚♦♣ ✶✵✵
❙✺ ✶✵✵
❙✹ ✶✵✵
❙✸ ✶✵✵
❙✷ ✾✵
❙✶ ✾✵
❇♦tt♦♠ ✾✵

❚❛❜❧❡ ❆✳✺✿ ▲✐♥❡ ♣r♦♣❡rt✐❡s ❢♦r t❤❡ s✐♥❣❧❡✲❡♥❞❡❞ ❧✐♥❡s ✇✐t❤ ❛♥ ✐♠♣❡❞❛♥❝❡ ♦❢ 50Ω ♦♥
t❤❡ ▼❛✐♥P❈❇✳

▼♦❞❡❧ ◆❛♠❡ ❍❛r❞✇❛r❡ ◆❛♠❡ ❍❲ r❛♥❣❡ ❋❧♦❛t✐♥❣ ●❛t❡

r❡st✐♥❣ ♣♦t❡♥t✐❛❧ Vrest 0✲1.2V El

s♣✐❦❡ t❤r❡s❤♦❧❞ Vt 0✲1.2V Vt

r❡s❡t ♣♦t❡♥t✐❛❧ Vreset 0✲1.2V Vreset✭∗✮
❡①❝✐t❛t♦r② s②♥❛♣t✐❝ r❡✈❡rs❛❧ ♣♦t❡♥t✐❛❧ Esynx 0✲1.2V Esynx

✐♥❤✐❜✐t♦r② s②♥❛♣t✐❝ r❡✈❡rs❛❧ ♣♦t❡♥t✐❛❧ Esyni 0✲1.2V Esyni

❡①❝✐t❛t♦r② s②♥❛♣t✐❝ t✐♠❡ ❝♦♥st❛♥t τsynx Vsyntcx

✐♥❤✐❜✐t♦r② s②♥❛♣t✐❝ t✐♠❡ ❝♦♥st❛♥t τsyni Vsyntci

r❡❢r❛❝t♦r② ♣❡r✐♦❞ τref 0.01✲6 ➭s Ipl
❧❡❛❦❛❣❡ ❝♦♥❞✉❝t❛♥❝❡ gl 0.1✲6 ➭s Igl
♠❡♠❜r❛♥❝❡ t✐♠❡ ❝♦♥st❛♥t τmem 0.5✲15 ➭s Igl
❛❞❛♣t❛t✐♦♥ ❝♦✉♣❧✐♥❣ ♣❛r❛♠❡t❡r ❛ Igladapt
❛❞❛♣t❛t✐♦♥ t✐♠❡ ❝♦♥st❛♥t τw Iradapt
s♣✐❦❡✲tr✐❣❣❡r❡❞ ❛❞❛♣t❛t✐♦♥ ❜ Ifire
❡✛❡❝t✐✈❡ t❤r❡s❤♦❧❞ ♣♦t❡♥t✐❛❧ Vexp 0✲1.2V Vexp

s❧♦♣❡ ❢❛❝t♦r ∆t Ibexp

❚❛❜❧❡ ❆✳✻✿ ◆❡✉r♦♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❆❞❛♣t✐✈❡ ❡①♣♦♥❡♥t✐❛❧ ✐♥t❡❣r❛t❡✲❛♥❞✲✜r❡ ▼♦❞❡❧
✭❆❞❡①✮ ♦♥ t❤❡ ❍■❈❆◆◆ ❝❤✐♣✳
❚❛❦❡♥ ❢r♦♠ ❬❙❝❤♠✐❞t ✱ ✷✵✶✹❪

✶✸✶





❇ ❇❛r❡ ❙✐❧✐❝♦♥ ❚❡sts

❳✲r❛② ■♠❛❣❡s

❋✐❣✉r❡ ❇✳✶✿ ❳✲r❛② ✐♠❛❣❡ ♦❢ t❤❡ ✜rst ❧❛♠✐♥❛t✐♦♥ ♣r♦t♦t②♣❡✳ ❚❤❡ ✇❛❢❡r ✇❛s ❝✉t ♦✉t ♦❢
t❤❡ ❜♦❛r❞ ❛♥❞ t❤❡ ❝♦♣♣❡r str✉❝t✉r❡s ✇❡r❡ ❡t❝❤❡❞ ♦♥ t♦♣ ❛♥❞ ♦♥ ❜♦tt♦♠✳
❈♦✉rt❡s② ♦❢ ❑❛✐ ❩♦s❝❤❦❡ ✭■❩▼✮✳

✶✸✸



✶

✷

✸

✹

❋✐❣✉r❡ ❇✳✷✿ ❆♥ ❳✲r❛② ✐♠❛❣❡ ♦❢ t❤❡ s❡❝♦♥❞ ❜♦❛r❞ ❛❢t❡r t❤❡ ❧❛s❡r ❞r✐❧❧✐♥❣ t❡sts✳ ■♥ t❤❡
❜❛❝❦❣r♦✉♥❞ ✭✶✮ ✐s t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✱ ✭✷✮ ✐s ❛♥ ❡♥❧❛r❣❡♠❡♥t ✈✐❡✇ ♦❢ ♦♥❡
r❡t✐❝❧❡ ❛♥❞ ✭✸✮ s❤♦✇s t❤❡ ❧♦✇❡r ❝♦♥t❛❝t ♣❛❞s✳ ❆t ✭✹✮ ❛r❡ t❤❡ 60 ➭m ❤♦❧❡s
✇❤✐❝❤ ❛r❡ ❛t t❤❡ ❝♦rr❡❝t ♣♦s✐t✐♦♥✳ ❈♦✉rt❡s② ♦❢ ❑❛✐ ❩♦s❝❤❦❡ ✭■❩▼✮✳ ❚❤❡
✐♠❛❣❡s ❛r❡ ♠♦❞✐✜❡❞✳

✶✸✹



❚❡st P♦✐♥ts ❢♦r t❤❡ ❆❝❝❡❧❡r❛t❡❞ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙tr❡ss

❚❡sts

❋✐❣✉r❡ ❇✳✸✿ ▲❛②♦✉t ♦❢ t❤❡ t❤✐r❞ ❧❛♠✐♥❛t✐♦♥ t❡st ❜♦❛r❞✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❡♥❤❛♥❝❡❞ ✈✐❡✇s
♦♥ t❤❡ t❡st ♣✐♥s ❢♦r t❤❡ r❡s✐st❛♥❝❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ s❤♦✇♥✳ ❚❤❡ ♠❡❛✲
s✉r❡♠❡♥t ❧✐♥❡s ❣♦ ❛❝r♦ss t❤❡ ✇❛❢❡r ❡❞❣❡ s❡✈❡r❛❧ t✐♠❡s✳ ❈♦✉rt❡s② ♦❢ ❑❛✐
❩♦s❝❤❦❡ ✭■❩▼✮✳

✶✸✺



❋✐❣✉r❡ ❇✳✹✿ ▲❛②♦✉t ♦❢ t❤❡ t❤✐r❞ ❧❛♠✐♥❛t✐♦♥ t❡st ❜♦❛r❞✳ ❚❤❡ ❡♥❤❛♥❝❡❞ ✈✐❡✇ s❤♦✇s t❤❡
t❡st ♣♦✐♥ts ❢♦r t❤❡ ❞❛✐s② ❝❤❛✐♥ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ✇❛❢❡r✳ ❈♦✉rt❡s② ♦❢
❑❛✐ ❩♦s❝❤❦❡ ✭■❩▼✮✳

✶✸✻



❈ ❉❊◆❙❊ Pr❡♣❛r❛t✐♦♥

❙♦♥♥❡t ❙✐♠✉❧❛t✐♦♥ ❙t❛❝❦ ❯♣

▲❛②❡r ▼❛t❡r✐❛❧ ❚❤✐❝❦♥❡ss ❬➭m❪ ❉✐❡❧❡❝tr✐❝ ❈♦♥st❛♥t

✵ ❛✐r 40 ∗ 103 ✶✳✵
✶ ♠❡t❛❧❧ ❧❛②❡r 1 ∗ 103
✷ s♦❧❞❡r♠❛s❦ ✸✺ ✸✳✺
✸ ❝♦♣♣❡r ✶✻ ✲
✹ ♣r❡♣r❡❣ ✭✩✮ ✺✵ ✹✳✵
✺ ❇❡♥③♦❝②❝❧♦❜✉t❡♥❡

✭❇❈❇✮ ✭†✮
✷✵ ✷✳✻✺

❚❛❜❧❡ ❈✳✶✿ ❙t❛❝❦ ✉♣ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦♥ t❤❡ ✐♥♥❡r r❡t✐❝❧❡s✳
✭✩✮ ❍✐t❛❝❤✐ ▼❈▲✲❊✲✼✼✵●✭▲❍✮ ❬❍✐t❛❝❤✐ ✱ ✷✵✶✼❜❪✳
✭†✮ ❉❛t❛ t❛❦❡♥ ❢r♦♠ ❈②❝❧♦t❡♥❡ ✹✵✵✵ ❬❉♦✇ ❈❤❡♠✐❝❛❧ ❈♦♠♣❛♥② ✱ ✷✵✶✼❪✳

▲❛②❡r ▼❛t❡r✐❛❧ ❚❤✐❝❦♥❡ss ❬➭m❪ ❉✐❡❧❡❝tr✐❝ ❈♦♥st❛♥t

✵ ❛✐r 40 ∗ 103 ✶✳✵
✶ s♦❧❞❡r♠❛s❦ ✸✺ ✸✳✺
✷ ❝♦♣♣❡r ✶✻ ✲
✸ ♣r❡♣r❡❣ ✭✩✮ ✺✵ ✹✳✵
✹ ♣r❡♣r❡❣ ✭✩✮ ✺✵ ✹✳✵

❚❛❜❧❡ ❈✳✷✿ ❙t❛❝❦ ✉♣ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦✈❡r t❤❡ ❈■❈ ♠❛t❡r✐❛❧✳ ❚❤❡
s♦❧❞❡r♠❛s❦ ✐s ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ t✇♦ ❧❛②❡rs✳ ❚❤❡ ❝♦♣♣❡r ❧✐♥❡s r✉♥ ✐♥ t❤❡
✜rst ❧❛②❡r ♦❢ s♦❧❞❡r r❡s✐st ❛♥❞✱ t❤❡r❡❢♦r❡✱ t❤❡ s❡❝♦♥❞ ❧❛②❡r ♦❢ s♦❧❞❡r r❡s✐st ✐s
♥❡❡❞❡❞ t♦ ❝♦✈❡r t❤❡ ❝♦♣♣❡r ❧✐♥❡✳ ❚❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ❛❞❞✐t✐♦♥❛❧ s♦❧❞❡r♠❛s❦
✐s 16 ➭m✳
✭✩✮ ❍✐t❛❝❤✐ ▼❈▲✲❊✲✼✼✵●✭▲❍✮ ❬❍✐t❛❝❤✐ ✱ ✷✵✶✼❜❪

✶✸✼





❉ ❉❊◆❙❊ ▼❡❛s✉r❡♠❡♥ts

❍■❈❆◆◆ ❊rr♦r ♠❡ss❛❣❡

✾ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✷✾ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✺✸ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✽✶ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✶✵✶ ❧✐♥❦ st❛t✉s ✵①✵❛
✶✵✾ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✶✶✼ ❧✐♥❦ st❛t✉s ✵①✵❛
✶✸✼ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✶✻✶ ❧✐♥❦ st❛t✉s ✵①✵❛
✶✻✾ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✶✼✼ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✶✹✵✵✽✹✵✹✱ ❢♣❣❛ ✐❞ ✵①✵
✶✾✼ ❧✐♥❦ st❛t✉s ✵①✵❛
✷✵✺ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✷✶✸ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✶✵✽✵✽✵✵✹✱ ❢♣❣❛ ✐❞ ✵①✶✵❝✵✵✶
✷✹✶ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✷✼✼ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✸✵✾ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✸✸✼ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✸✻✺ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✵✵✵✵✵✵✵✵✱ ❢♣❣❛ ✐❞ ✵①✵✵✵✵✵✵✵
✸✼✸ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✸✽✾ ❧✐♥❦ st❛t✉s ✵①✵❛
✸✾✸ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✵✵✵✵✵✵✵✵✱ ❢♣❣❛ ✐❞ ✵①✵✵✵✵✵✵✵
✹✵✶ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✛✛✛✛✱ ❢♣❣❛ ✐❞ ✵①✛✛✛✛
✹✶✼ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✵✵✵✵✵✵✵✵✱ ❢♣❣❛ ✐❞ ✵①✵✵✵✵✵✵✵
✹✸✸ tr❛♥s♠✐ss✐♦♥ ❡rr♦r✱ ✇r♦♥❣ r❡❝❡✐✈❡ ✈❛❧✉❡s
✹✸✼ ✇r♦♥❣ ❤✐❝❛♥♥ ✐❞ ✵①✵✵✵✵✵✵✵✵✱ ❢♣❣❛ ✐❞ ✵①✵✵✵✵✵✵✵

❚❛❜❧❡ ❉✳✶✿ ❊rr♦r ♠❡ss❛❣❡s ♦❢ t❤❡ ❙✇✐t❝❤r❛♠ t❡st ❢♦r t❤❡ ❉❊◆❙❊✵✵✶ ✇✐t❤ ❆✉t♦♠❛t✐❝
❘❡♣❡❛t r❡◗✉❡st✳

✶✸✾



❍■❈❆◆◆ ❘❳❴❈▲❑ ❬Ω❪ ❘❳❴❉❆❚ ❬Ω❪ ❚❳❴❈▲❑ ❬Ω❪ ❚❳❴❉❆❚ ❬Ω❪

✾ ① ① ✶✶✸✳✶ ✶✶✹✳✺
✷✾ ✶✶✺✳✽ ✶✶✹✳✵ ✶✶✸✳✽ ✶✶✸✳✶
✺✸ ✶✶✺✳✼ ✶✶✹✳✼ ✶✶✸✳✺ ✶✶✹✳✹
✽✶ ✶✶✸✳✷ ✶✶✹✳✷ ✶✶✸✳✶ ✶✶✷✳✵
✶✵✶ ✶✶✻✳✽ ① ✶✶✺✳✸ ✶✶✹✳✵
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❈♦❧✉♠♥

❘♦✇ ♥✉♠❜❡r ❊✈❡♥ ❖❞❞

✵ Vreset ♥✳❝✳
✶ ✐♥t❴♦♣❴❜✐❛s Ibexp
✷ Vdllrws Vconvoffx

✸ Vbout Iconvi
✹ Vfac Vconvoffi

✺ Ibreset Ispikeamp

✻ Vdep El

✼ Ibstim Ifire
✽ Vthigh Vsyni

✾ Vgmax3 Igladapt
✶✵ Vtlow Vsyntci

✶✶ Vgmax0 Igl
✶✷ Vcira Vt

✶✸ Vgmax1 Ipl
✶✹ Vstdf Vsyntcx

✶✺ Vgmax2 Iradapt
✶✻ Vm Esynx

✶✼ Vbstdf Iconvx
✶✽ ♥✳❝✳ Esyni

✶✾ Vdtc Iintbbx
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✶✹✽



❈❛❧✐❜r❛t✐♦♥ ❙♦❢t✇❛r❡ ❘❡s✉❧ts

❚❤❡ t❛❜❧❡s ✇✐t❤ t❤❡ ♥✉♠❜❡rs ♦❢ s♦rt❡❞ ♦✉t ♥❡✉r♦♥s ✐s s♣❧✐t ✐♥ t✇♦ t❛❜❧❡s✳ ■♥ t❤❡
t❛❜❧❡ ❉✳✽ ❛r❡ t❤❡ ❍■❈❆◆◆s ✇❤✐❝❤ ✇❡r❡ t❡st❡❞ ♦♥❧② ♦♥❡ t✐♠❡✳ ❚❤❡ ❍■❈❆◆◆s ✇❤✐❝❤
❛r❡ t❡st❡❞ ♠✉❧t✐♣❧❡ t✐♠❡s ❛r❡ ✐♥ t❛❜❧❡ ❉✳✾✳

❍■❈❆◆◆ ◆✉♠❜❡r ♦❢ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s

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

❚❛❜❧❡ ❉✳✽✿ ▲✐st ♦❢ ♥❡✉r♦♥s ♠❛r❦❡❞ ❛s ❞❡❢❡❝t✐✈❡ ❢♦r t❤❡ ❉❊◆❙❊✵✵✶ ❜♦❛r❞✳

✶✹✾



♥✉♠❜❡r ♦❢ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s

❍■❈❆◆◆ st❛rt ❛❢t❡r ✶st r✉♥ ❛❢t❡r ✷♥❞ r✉♥ ❛❢t❡r s♦❧❞❡r✐♥❣ ❢✉r♥❛❝❡

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

❚❛❜❧❡ ❉✳✾✿ ▲✐st ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ♥❡✉r♦♥s s♦rt❡❞ ♦✉t ❞✉r✐♥❣ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❛❢t❡r
t❤❡ t❤❡r♠❛❧ str❡ss t❡sts ✇✐t❤ ❉❊◆❙❊✵✵✶✳

✶✺✵



❍■❈❆◆◆ ★ ❜❧❛❝❦✲❧✐st❡❞
♥❡✉r♦♥s

❍■❈❆◆◆
✭❝♦♥t✐♥✉❡❞✮

★ ❜❧❛❝❦ ❧✐st❡❞
♥❡✉r♦♥s

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

❚❛❜❧❡ ❉✳✶✵✿ ❉❡t❛✐❧❡❞ ❧✐st ♦❢ ❜❧❛❝❦✲❧✐st❡❞ ♥❡✉r♦♥s ❢r♦♠ t❤❡ ❝❛❧✐❜r❛t✐♦♥ s♦❢t✇❛r❡ ❢♦r t❤❡
❉❊◆❙❊✵✵✷ ❜♦❛r❞✳

✶✺✶





❊ ❈♦♦❧✐♥❣ ❈❛❧❝✉❧❛t✐♦♥s

■♥ t❛❜❧❡ ❊✳✶ t❤❡ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛✐r ❛♥❞ t❤❡ ❝♦♦❧✐♥❣ s✉r❢❛❝❡ ✐s
❝❛❧❝✉❧❛t❡❞ ❢♦r ❞✐✛❡r❡♥t ❤❡❛t tr❛♥s❢❡r ❝♦❡✣❝✐❡♥ts ❛♥❞ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ ✈❛❧✉❡s✳ ❚❤❡
❝♦♦❧✐♥❣ ❛r❡❛ ✐s ❛ss✉♠♥❡❞ t♦ ❜❡ 30× 30 cm2✳

❍❡❛t ❞✐ss✐♣❛t✐♦♥
❬W/s❪

❍❡❛t tr❛♥s❢❡r ❝♦❡✣❝✐❡♥t h ❬W/(m2K)❪

✺✽ ✶✵✵ ✶✺✵ ✷✵✵ ✷✺✵ ✷✾✵

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

❚❛❜❧❡ ❊✳✶✿ ❚❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❢♦r ❛✐r ❝♦♦❧✐♥❣✳

■♥ t❛❜❧❡ ❊✳✷ t❤❡ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✇❛t❡r ❛♥❞ t❤❡ ❛❧✉♠✐♥✉♠ ❜❧♦❝❦
✐s ❝❛❧❝✉❧❛t❡❞✳ ■t ✐s ❛ss✉♠❡❞ t❤❡ ✇❛❢❡r r✉♥s t❤r♦✉❣❤ ❛ ♣✐♣❡ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ 5mm
❛♥❞ ❛ ❧❡♥❣t❤ ♦❢ 140 cm✳ ❚❤❡ ✇❛t❡r ✢♦✇ ✐s 1.7L/min✳

❍❡❛t ❞✐ss✐♣❛t✐♦♥
❬W/s❪

❍❡❛t tr❛♥s❢❡r ❝♦❡✣❝✐❡♥t h ❬W/(m2K)❪

✷✸✵✵ ✷✺✵✵ ✸✵✵✵ ✸✺✵✵ ✹✵✵✵ ✹✼✵✵

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

❚❛❜❧❡ ❊✳✷✿ ❚❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ❢♦r ✇❛t❡r ❝♦♦❧✐♥❣✳

✶✺✸





❋ ❯s❡❞ ❍❛r❞✇❛r❡ ❛♥❞ ❙♦❢t✇❛r❡

❆❧❧ t❡st ❛♥❞ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ❉❊◆❙❊ ♣r♦t♦t②♣❡s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ ❛ ❈✉❜❡
❙❡t✉♣✳

▼❡❛s✉r❡♠❡♥t ❉❛t❛

❆❧❧ r❛✇ ❞❛t❛ t❤❛t ✇❛s r❡❝♦r❞❡❞ ❢♦r t❤✐s t❤❡s✐s ✐s st♦r❡❞ ♦♥ t❤❡ st♦r❛❣❡ s❡r✈❡r ♦❢ t❤❡
❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✳ ❚❤❡ ♣❛t❤ t♦ t❤❡ ❞❛t❛ ✐s ✑✴❧❡②✴✉s❡rs✴❣❣✉❡tt❧❡✴♣❤❞❴❞❛t❛✑✳

❉❡s✐❣♥ ❉❛t❛

❆❧❧ t❤❡ ❧❛②♦✉t ❞❡s✐❣♥s✱ s❝❤❡♠❛t✐❝s ❛♥❞ ❙♦❧✐❞✇♦r❦ ✜❧❡s ❛r❡ st♦r❡❞ ✐♥ ❣✐t✲r❡♣♦s✐t♦r✐❡s✳
❚❤❡s❡ r❡♣♦s✐t♦r✐❡s ❛r❡ ❧♦❝❛t❡❞ ♦♥ t❤❡ ❣✐t s❡r✈❡r ♦❢ t❤❡ ❊❧❡❝tr♦♥✐❝ ❱✐s✐♦♥s ●r♦✉♣✳
❚❤❡ ✉r❧ ✐s ❤tt♣s✿✴✴❣✐t✈✐③✳❦✐♣✳✉♥✐✲❤❡✐❞❡❧❜❡r❣✳❞❡ ❚♦ ❛❝❝❡ss t❤❡ s❡r✈❡r ❛♥ ❇r❛✐♥❙❝❛❧❡❙
✭❇r❛✐♥❙❝❛❧❡❙✮ ❛❝❝♦✉♥t ✐s r❡q✉✐r❡❞✳

◆❛♠❡ ●✐t ❘❡♣♦s✐t♦r② ❈♦♠♠✐t ■❉

❉❊◆❙❊ ♣❝❜✲❞❡♥s❡ ✸❡❞❜✼✼✾❛❝✷✼❞❜✼✺✻✺✽❢✺✼✽✸✸✸✾✵❞❞❞✵❞✽❡✵❛❡✵✽❢
❉♦✉❜❧❡ ❉❡♥s❡
❈♦♥♥❡❝t♦r
❜♦❛r❞ ✭❉❉❈✮

♣❝❜✲❞❞❝ ❡✹✾❡✼❝✻✵✶❜✸✻✽❡✸✵❛❡✵✹❢❜✷❝❝❡✼✷❝✻✺❜✻❝❢❜❡❝✷✺

■❇♦❛r❞✲t♦✲❉❉❈
✢❡①✲r✐❣✐❞ ❜♦❛r❞
✭❋❧❡①❛❞❛♣t❡r✮

♣❝❜✲✢❡①❛❞❛♣t❡r ❝✵❝❜✺❡✸❛❢✻✺✾✷❞✻❡✾✺✵✹❜✽✵❛✵❛✼✸✽✻❜✼✻❝✺✻✷✻✾❜

❚❛❜❧❡ ❋✳✶✿ ❈♦♠♠✐t ■❉s ♦❢ t❤❡ ♣r♦❥❡❝ts

❍❛r❞✇❛r❡ ■❉s

❚❤❡ ❋✐❡❧❞ Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛② ✭❋P●❆✮ ♦♥ t❤❡ ❋❈P ❜♦❛r❞ ❜♦❛r❞ ❤❛s ♥♦t ❛
✉♥✐q✉❡ s❡r✐❛❧ ♥✉♠❜❡r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❋❈P ❜♦❛r❞ ❜♦❛r❞ ✐s ❞♦♥❡
✇✐t❤ t❤❡ ♣♦✇❡r ❝♦♥tr♦❧❧❡r ♦♥ t❤❡ ❜♦❛r❞✳ ❚❤❡ ❝♦♥tr♦❧❧❡r ❤❛s ❛ ✉♥✐q✉❡ ♥✉♠❜❡r✳
❚❤❡ ❋P●❆ ✐s ✢❛s❤❡❞ ✇✐t❤ t❤❡ ❜✐t✜❧❡ ✑✷✵✶✻✵✹✵✹✲❤♠❢❴❢♣❣❛❴t♦♣✳❜✐♥✑✱ ✐ts ❝♦♠♠✐t ■❉
✐s ✻❛✺✾✻❞✷✻✹✽✾✵❡❡✲❞✐rt②✳

✶✺✺
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❋❈P ❜♦❛r❞ ✵①✶✷✳✸✽✳✵❝✳✼❛✳✽❡✳✺✶✳✾✽✳✵❝✳✺✷✳✵✵✳✵✵✳✵✵✳✵✵✳✵✵✳✵✵✳✵✵✳✵✵✳✵✵
✐❇♦❛r❞ ✸
❆♥❛❧♦❣✉❡
❘❡❛❞♦✉t
▼♦❞✉❧❡

❇✷✵✶✸✶✺

❚❛❜❧❡ ❋✳✷✿ ❍❛r❞✇❛r❡ ■❉s ♦❢ t❤❡ ✉s❡❞ ❝♦♠♣♦♥❡♥ts

❖♣❡r❛t✐♥❣ ❱♦❧t❛❣❡s

❋♦r t❤❡ ❡①♣❡r✐♠❡♥ts t❤❡ ❞❡❢❛✉❧t ✈♦❧t❛❣❡ s❡tt✐♥❣s ❢♦r ❛ ❍■❈❆◆◆ ❛t t❤❡ ✐❇♦❛r❞ ❛r❡
✉s❡❞✳

❱♦❧t❛❣❡ ◆❛♠❡ ❱♦❧t❛❣❡ ❬V❪

❱❉❉❉✰❱❉❉❖❯❚ ✶✳✼✽
❱❉❉❆ ✶✳✽✵
❉■❴❱❈❈ ✶✳✼✼
❉■❴❱❈❈❆◆❆ ✶✳✼✽
❉■❴❱❈❈✸✸❆◆❆ ✸✳✷✾
❉■❴❱❇■❆❙ ✶✳✷✺
❱❖▲ ✵✳✼✶
❱❖❍ ✵✳✾✵
❱❉❉❇❯❙ ✶✳✷✵
❱❉❉✷✺ ✷✳✹✾
❱❉❉✺ ✺✳✶✸
❱❉❉✶✷ ✶✵✳✾✼

❚❛❜❧❡ ❋✳✸✿ ❖♣❡r❛t✐♥❣ ✈♦❧t❛❣❡s ♦♥ t❤❡ ✐❇♦❛r❞✳

❙♦❢t✇❛r❡ ❙t❛❝❦

❋♦r t❤❡ ❡①♣❡r✐♠❡♥ts ❛♥❞ ❤❛r❞✇❛r❡ ❝♦♥tr♦❧ ♣r❡❝♦♠♣✐❧❡❞ s♦❢t✇❛r❡ ♠♦❞✲
✉❧❡s ✇❡r❡ ✉s❡❞✳ ❇❡❢♦r❡ t❤❡ ✷✵t❤ ❋❡❜r✉❛r② ✷✵✶✼ t❤❡ s♦❢t✇❛r❡ ♠♦❞✉❧❡
✧♥♠♣♠❴s♦❢t✇❛r❡✴✷✵✶✻✲✶✵✲✷✻✲✶✧ ✇❛s ✉s❡❞✳ ❆❢t❡r t❤❡ ✷✵t❤ ❋❡❜r✉❛r② t❤❡ ♠♦❞✉❧❡
✇❛s r❡♣❧❛❝❡❞ ❜② ✧♥♠♣♠❴s♦❢t✇❛r❡✴✷✵✶✼✲✵✷✲✷✵✲s♣❛❝❦✲✷✵✶✼✲✵✶✲✷✻✲✶✧✳
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❜✐tt❡r ❞❛✽✾❛✼❡❝❡✹✻✶❛❞✻❡✾✼❛✻❞✼❢✾❡✾❝✵❛✺❜✾❢❝❝❛❢❜✛
❝❛❦❡ ❜✾✶✻✷✽❞❛❜✼❢✻✷❡❜✷✺✻✽✷❝✷❢✷✶✹✸✾✶✷✻✶❢✾✺✵❡✽❜✵
❝❛❧✐❜t✐❝ ✸❞❝✹✺✽✵✾✹✹✶✶✵✶✵✷❢✼✻❝✸✹✽✾✷❛✽✷❡❝❡❢❡✵❝✾❡❜✾✵
❝❞✲❞❡♥♠❡♠✲t❡stst❛♥❞ ✹✽✸❝❝❡❝✾✾✻❡❝✶✸✺✵✶✻✵✾✾✾✶✼❜✹❡✷✶❛❛❛❢✶✺❡❛✸❛✽
❝❤✐♣✲t❡stst❛♥❞ ❞✾❛✷❢✻✸❛✷❛✷✽✷❞✹❜❢❡✽✹❞❞✷❝❢✺✸✹❛✵❜❛✺❡✷✹✽❡❡❝
❡st❡r ❝❝✽✷❡❡✷❢❝❢❜✷✵✷❛❢✺✷❛✷✵❡✷❜❡❡✸❝✼✼✽❛✷❞✽❝✾✻❝❡
❡✉t❡r ❛❡✶✷❜✷✹❡❞✺❡✼✸❝✛✷✷✻✶✻✷✾✻❛✺✺✷❡❢❜✸✻✺✼✹✸❡✹✸
❤❛❧❜❡ ❜❢✼✸✼❞❡✾❡✽❝❢❛❢❛✵✷✼✸✽❛✺✽✼✽❡✽✺✸✻✷✺✼❡✾✷❡✾✹✹
❤✐❝❛♥♥✲s②st❡♠ ✾✷✸✺✵✾❛✶✷✷✹✵❡✵✹✾❝✷✵❞✹✼✶✾✺❡✹❞✵❝❛❜✷✶✶✶❡❢❡✸
❧✐❜✲❜♦♦st✲♣❛t❝❤❡s ❞❛✷❞✸❢✹✺✽❝✹✶✾❢✷✷✾✼✺✾❞✼❛✶✼❝✷✸✵✸❜❡✷✺❢✾❡✷✽✾
❧✐❜✲r❝❢ ✶❝✾✾❛✹✷✶✼❜✺❡✹❛✽✸✽✹❝✺✺✼✵✼✹✹✹❢❝❜❡✸❝❞✽✷✷✷❡❜
❧♦❣❣❡r ✸✻❛❡✷✵✸✶✽✹✾✶✽✸✽✾❞✵❢✼❛✶❡✵❛✾✹✾❛✶❡❞✸✼❞✾❜✸✸❢
♠❛r♦❝❝♦ ✶✻✸✼✹✶❢❡✾❛❢❝✺✼❞❢✾❞✵❛✼✻✷✽✵✻❝✼✽❛✾✸✾✷❡❡✸✹✵✻
♦❞❡✐♥t✲✈✷ ✾✹✼✸❞✼❢✵✻✼❜✾❝✹❜✺✻✽✻✷❞❡✻✹✹✽✾✽❜✵❛❝✾✾✻✼✻✵✼✺
♣②❣❝❝①♠❧ ✽❛❡✾❡✶✾❛❡✵✵❝✹✶✺✷❢❛✺❛✸✽✶❡❜✾❡✻✻✸✺✻✶❝✵✼✸✹✺❢
♣②❤♠❢ ✶❡✵✹❜❛✻✷✹✹✽✵✶✷❝❝❢✸❝❡❛❜❞✹❡❝✷✵✼❡✺✾❝✹❡❡❡✽✻✺
♣②♣❧✉s♣❧✉s ✺❛✻✶✷❛✼❢✺✸✼✷❞✽✸✷❜❡❜❛❝❝✺✸✼✼❡✼✽✛❞✷❞❡❛❜❝❞❡
♣②t❤♦♥✐❝ ❡✾✻✷✽✸✽✽❞✷❡❜✵❝❡✸✹❞❜✼✼✵❝✻✻✵❡❛✸✼✼✶✽❞✾✼❞❞✸❞
♣②✉❜❧❛s ✽✺❜✹❜✷✵❛✶✵❞✶✻❡✸✸✹✷❜✶❝❝❝✶✽✼✽✾✸❝✷❜❡❢✻✶✶✽✾✾
♣②✇r❛♣ ✶✼✹✹❢✽❜✼❡❞❛❜❜✺❛❝✸❜✷✵✽✽❢✾❝❜✾✵✵❡✸✺❢✽✷✸✹❜❞✷
r❛♥t ✹❛✽❛❝❞✵✼✻❢❜✾✺✸✶❝❡✻✶❛✾✾✵❡❢✵❢✹✶✹✾✸✺✽✽✻❞✽✺❞
r❡❞♠❛♥ ❞✻✻✷✷✷✼✹❡❝❝❡✼❛✽✸✻❜❢❛❞❡✼✻✶✵✼✸✷✷✶❞✹✹❞❢✵✽✹✵
s❝tr❧t♣ ✹✷❝✻❞✵❡❛✹✾❢✾✶❞❝✹✹❛✼❛❛❡✶✵✶✼❝❢✹❝❞✾✸✺✷✹✻✽✸✹
st❤❛❧ ✻✶❞❝✹✺✽✸✽✸✻❛✻✵✶❛✹✻✺❡❝✵✼✾✾✺✽❢✹✶❛✺✸✶❞✵✽❝❞✶
s②st❡♠s✐♠✲st❛❣❡✷ ❜❛✶✻✺✵✼❛❡❜✹✶❡✻✷✼✾✺❢❛❢❝❡✵✼✷❞❞✾✶❢❜✷✾✼✸✽✺✵✷
✈♠♦❞✉❧❡ ✽✵❡❢❛❛✻❝❢❜❞✶✻❞✶❢✻✵✼❞❛✹✹❝❡❞❢✷✶❡✼❜❜✷✽❛❛❡✶❢
③t❧ ✷✾✸✹❛✶✷✵✵✸❝✶✹❡✵✽✻✹✸❝❢✷❜✹❜✸❝❜❡✼✺✺✸❡✽✻✵❢✵✽

❚❛❜❧❡ ❋✳✹✿ ❈♦♠♠✐t ■❉s ♦❢ t❤❡ ●✐t r❡♣♦s✐t♦r✐❡s ✐♥ t❤❡ s♦❢t✇❛r❡ ♠♦❞✉❧❡
✧♥♠♣♠❴s♦❢t✇❛r❡✴✷✵✶✻✲✶✵✲✷✻✲✶✧✳
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❜✐tt❡r ❞❛✽✾❛✼❡❝❡✹✻✶❛❞✻❡✾✼❛✻❞✼❢✾❡✾❝✵❛✺❜✾❢❝❝❛❢❜✛
❝❛❦❡ ✸❢✽❜❝❛✵✺✵❢❛❢✵❝❝✺✶✷✸✶❡❜❡❡❝✼✹❢❞❛✺❞❜✺✵❛✷❢✸✼
❝❛❧✐❜t✐❝ ✹✹✸✛✽✵✼❝❞❜❜❛❢✶❝✽✸✶❡✼✵✽✻❜❡✾❝✻✻✶✶✺✷✵❜✼✼✶✵
❝❞✲❞❡♥♠❡♠✲t❡stst❛♥❞ ✹✽✸❝❝❡❝✾✾✻❡❝✶✸✺✵✶✻✵✾✾✾✶✼❜✹❡✷✶❛❛❛❢✶✺❡❛✸❛✽
❝❤✐♣✲t❡stst❛♥❞ ❞✾❛✷❢✻✸❛✷❛✷✽✷❞✹❜❢❡✽✹❞❞✷❝❢✺✸✹❛✵❜❛✺❡✷✹✽❡❡❝
❡st❡r ❝❝✽✷❡❡✷❢❝❢❜✷✵✷❛❢✺✷❛✷✵❡✷❜❡❡✸❝✼✼✽❛✷❞✽❝✾✻❝❡
❡✉t❡r ❛❡✶✷❜✷✹❡❞✺❡✼✸❝✛✷✷✻✶✻✷✾✻❛✺✺✷❡❢❜✸✻✺✼✹✸❡✹✸
❤❛❧❜❡ ❡❛❢✽✽✺❡❝❛✸✵✻❛❜✷✺❡❞❞❛✽✾❢✺✼❢✺✸❢✾✶✾✶✶❡❜✵✾❜❡
❤✐❝❛♥♥✲s②st❡♠ ✵❞✸✼✼❞❡✶✷✽❡❡✷❛❜✺❝✹✽❞✾✷✺❜✽❡✸✶✽✶✻✷❝❞❢❡✹✻✹✾
❧✐❜✲❜♦♦st✲♣❛t❝❤❡s ❞❛✷❞✸❢✹✺✽❝✹✶✾❢✷✷✾✼✺✾❞✼❛✶✼❝✷✸✵✸❜❡✷✺❢✾❡✷✽✾
❧✐❜✲r❝❢ ✶❝✾✾❛✹✷✶✼❜✺❡✹❛✽✸✽✹❝✺✺✼✵✼✹✹✹❢❝❜❡✸❝❞✽✷✷✷❡❜
❧♦❣❣❡r ❜❝✶✼❜✼✶❝❝❡✶✶✵✼❢✽✺✻❝❛✶✶❛✼✽✸✸✷❢✼✻❛❢✺❜✵✻❜❛✶
♠❛r♦❝❝♦ ❛✻❛❢✻❝❞❡❝❜❢❞❝✷✵✶❝✾✼❡❞✼❢❡❞✸✼✶❡❛✼✻✼❝✷✶❡❜✶❜
♦❞❡✐♥t✲✈✷ ✾✹✼✸❞✼❢✵✻✼❜✾❝✹❜✺✻✽✻✷❞❡✻✹✹✽✾✽❜✵❛❝✾✾✻✼✻✵✼✺
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