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❆❜str❛❝t

▼✐❞✲✐♥❢r❛r❡❞ s♣❡❝tr♦s❝♦♣✐❝ t❡❝❤♥✐q✉❡s r❡❧② ♦♥ t❤❡ s♣❡❝✐✜❝ ✧✜♥❣❡r♣r✐♥t✧ ❛❜s♦r♣t✐♦♥

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

t❤❡s❡ ♠♦❧❡❝✉❧❡s✳ ❉❡s♣✐t❡ ❜❡✐♥❣ ✈❡r② s❡♥s✐t✐✈❡ ❛♥❞ s❡❧❡❝t✐✈❡✱ ❜✉❧❦② ❛♥❞ ❡①♣❡♥s✐✈❡ ❡q✉✐♣✲

♠❡♥t s✉❝❤ ❛s ❝♦♦❧❡❞ ♠✐❞✲✐♥❢r❛r❡❞ ❞❡t❡❝t♦rs ❛r❡ r❡q✉✐r❡❞ ❢♦r ❝♦♥✈❡♥t✐♦♥❛❧ s②st❡♠s✳ ■♥

t❤✐s ♣❛♣❡r✱ ✇❡ ❞❡♠♦♥str❛t❡ ❛ ♠✐♥✐❛t✉r❡ ❈▼❖❙✲❝♦♠♣❛t✐❜❧❡ ❙✐❧✐❝♦♥✲♦♥✲■♥s✉❧❛t♦r ✭❙❖■✮

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

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

✐♥❢r❛r❡❞ ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ✭3.25− 3.6µm✮ ✐s t❤❡r♠❛❧❧② tr❛♥s❞✉❝❡❞ t♦ ❛♥ ♦♣t✐❝❛❧ tr❛♥s✲

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

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

❜❡♥❡❛t❤ t❤❡ tr❛♥s❞✉❝❡r✱ ❤❡r❡❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ❡✛❡❝t✐✈❡ t❤❡r♠❛❧ ✐s♦❧❛t✐♦♥ ❜② ❛ ❢❛❝t♦r
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♦❢ ✹✵✳ ❆s ❛ ♣r♦♦❢✲♦❢✲❝♦♥❝❡♣t✱ t❤❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠ ♦❢ ❛ ♣♦❧②♠❡r t❤❛t ❤❛s ❜❡❡♥ ❧♦✲

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

s♣❡❝tr♦s❝♦♣②✳ ❚❤❡ s♣❡❝tr✉♠ ✐s ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ ❛ ❜❡♥❝❤♠❛r❦ ❋♦✉r✐❡r✲❚r❛♥s❢♦r♠

■♥❢r❛r❡❞ s♣❡❝tr♦s❝♦♣② ✭❋❚■❘✮ ♠❡❛s✉r❡♠❡♥t✳ ❆ ♥♦r♠❛❧✐③❡❞ ♥♦✐s❡ ❡q✉✐✈❛❧❡♥t ❛❜s♦r♣t✐♦♥

❝♦❡✣❝✐❡♥t ✭◆◆❊❆✮ ♦❢ 7.6× 10−6cm−1W/Hz1/2 ✐s ❡st✐♠❛t❡❞✳

❑❡②✇♦r❞s

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

❙✐❧✐❝♦♥ ♣❤♦t♦♥✐❝s ✐s ❡♠❡r❣✐♥❣ ❛s ❛♥ ✐♠♣♦rt❛♥t ♣❧❛t❢♦r♠ ❢♦r ♣❤♦t♦♥✐❝ ✐♥t❡❣r❛t✐♦♥✳ ✶ ■t ✐s

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

❝❛t✐♦♥s ✐s ♥♦✇ r❛♣✐❞❧② ❡①♣❛♥❞✐♥❣ t♦✇❛r❞s ♠✐♥✐❛t✉r✐③❡❞ s❡♥s✐♥❣ s②st❡♠s s✉❝❤ ❛s ❧❛❜❡❧✲❢r❡❡

❜✐♦s❡♥s✐♥❣✷✱✸ ❛♥❞ ❣❛s s❡♥s✐♥❣✳✹✱✺

❙♣❡❝tr♦s❝♦♣✐❝ s❡♥s♦rs ❛r❡ ❛♥ ✐♠♣♦rt❛♥t ❝❧❛ss ♦❢ ❞❡✈✐❝❡s t❤❛t ♣r♦❜❡ t❤❡ ✉♥✐q✉❡ ✧✜♥❣❡r♣r✐♥t✧

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

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

t✐❝✉❧❛r ✐♥t❡r❡st ❞✉❡ t♦ t❤❡ ❤✐❣❤❡r ♦♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥ ❝r♦ss✲s❡❝t✐♦♥ ❛t t❤❡s❡ ❢r❡q✉❡♥❝✐❡s ❛s

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

✐♥ t❤✐s ❜❛♥❞✳ ❆t t❤❡ ♠♦♠❡♥t ❤♦✇❡✈❡r✱ ♠✐❞✲✐♥❢r❛r❡❞ s♣❡❝tr♦s❝♦♣✐❝ s❡♥s♦rs ❛r❡ t②♣✐❝❛❧❧② ❜✉❧❦②

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

♦❢ ✈❛r✐♦✉s ♦♣t✐❝❛❧ ❝♦♠♣♦♥❡♥ts ❢♦r t❤✐s ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡✳ ■♥ ♣❛rt✐❝✉❧❛r ❢♦r t❤❡ ✷ t♦ ✹ µm

✇❛✈❡❧❡♥❣t❤ r❛♥❣❡✱ ❛ ♥✉♠❜❡r ♦❢ ❝♦♠♣♦♥❡♥ts ❤❛✈❡ ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ ♦♥ t❤❡ ❙❖■ ♣❧❛t❢♦r♠

s✉❝❤ ❛s ✜❧t❡rs✱ ♠♦❞✉❧❛t♦rs✱ s♦✉r❝❡s ❛♥❞ ❞❡t❡❝t♦rs✳ ✻✕✶✶ ❍♦✇❡✈❡r✱ t❤❡ ❜✉r✐❡❞ ♦①✐❞❡ ❜✉✛❡r ❧❛②❡r

s❤♦✇s str♦♥❣ ❛❜s♦r♣t✐♦♥ ❢♦r ✇❛✈❡❧❡♥❣t❤s ❜❡②♦♥❞ ✹ µm✳✶✷ ■♥t❡❣r❛t✐♦♥ ♦❢ s✐❧✐❝♦♥ ♣❤♦t♦♥✐❝s ❢♦r

s♣❡❝tr♦s❝♦♣② ✐s ❜❡✐♥❣ ❝♦♥s✐❞❡r❡❞ ♦♥ ♦t❤❡r s✉❜str❛t❡ ♣❧❛t❢♦r♠s s✉❝❤ ❛s ❈❛❋✷
✶✸ ❛s ✇❡❧❧ ❛s t❤❡

✉s❡ ♦❢ ❝❤❛❧❝♦❣❡♥✐❞❡ ❣❧❛ss ✇❛✈❡❣✉✐❞❡s✳ ✶✹✕✶✻

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

♦♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥ ♦❢ ❛ ♠❛t❡r✐❛❧ ✐♥❞✐r❡❝t❧②✳ ❚❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ♦♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥ α ✐♥✲
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❞✉❝❡s ❛ ❝❤❛♥❣❡ ♦❢ t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ ♣❛r❛♠❡t❡rs✿ ♣r❡ss✉r❡✱ ❞❡♥s✐t② ❛♥❞ t❡♠♣❡r❛t✉r❡ ✇❤✐❝❤

❝❛♥ ❜❡ ♣r♦❜❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② ❢r♦♠ t❤❡ ❡①❝✐t❛t✐♦♥ s♦✉r❝❡✳ ✶✼ ❚❤❡s❡ t❡❝❤♥✐q✉❡s ❤❛✈❡ ♣r♦✈❡♥ t♦

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

✐❝❛❧ ❝♦♠♣♦✉♥❞s✶✽✕✷✸ ❛♥❞ ♠✐❝r♦s❝♦♣② ❛♣♣❧✐❝❛t✐♦♥s✳ ✷✹✕✷✼ ▲✐♠✐t ♦❢ ❉❡t❡❝t✐♦♥ ✭▲❖❉✮ ✈❛❧✉❡s ♦❢

♣❛rts✲♣❡r✲tr✐❧❧✐♦♥ ✭♣♣t✮ ❤❛✈❡ ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ ✉s✐♥❣ q✉❛rt③✲❡♥❤❛♥❝❡❞ ♣❤♦t♦❛❝♦✉st✐❝ s♣❡❝✲

tr♦s❝♦♣② ✭◗❊P❆❙✮ s②st❡♠s✳ ✷✽✱✷✾ ❖♥❡ ♦❢ t❤❡ ♠❛✐♥ r❡❛s♦♥s ❢♦r t❤❡ s✉❝❝❡ss ♦❢ ♣❤♦t♦t❤❡r♠❛❧

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

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

♠❡❛s✉r❡❞ s✐❣♥❛❧✳ ✶✼ ❚❤✐s ♠❛❦❡s t❤❡s❡ t❡❝❤♥✐q✉❡s ♣❛rt✐❝✉❧❛r❧② ❛ttr❛❝t✐✈❡ ❢♦r ❛♣♣❧✐❝❛t✐♦♥s ✐♥

t❤❡ ✜❡❧❞✳ ■♥ t❤✐s ✇♦r❦✱ ❛ ♥♦✈❡❧ ♣❤♦t♦t❤❡r♠❛❧ s♣❡❝tr♦s❝♦♣✐❝ tr❛♥s❞✉❝❡r ✐s ❞❡♠♦♥str❛t❡❞ t❤❛t

✉s❡s ❛ s✉s♣❡♥❞❡❞ ♠✐❝r♦r✐♥❣ r❡s♦♥❛t♦r ♦♥ ❛ ❙❖■ ❝❤✐♣ t♦ tr❛♥s❞✉❝❡ t❤❡ t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡

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

✭✸✷✺✵✲✸✻✵✵ ♥♠ ♦r ✸✵✼✺✲✷✼✽✵ cm−1✮✳

❚❤❡ s❡♥s✐♥❣ ♣r✐♥❝✐♣❧❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳ ❚❤❡ ❛♥❛❧②t❡ ✐s ❞❡♣♦s✐t❡❞ ✭♦r ❝❛♣t✉r❡❞ ✐♥ r❡❛❧✲❧✐❢❡

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

♣r♦❜❡ ❧✐❣❤t tr❛♥s♠✐ss✐♦♥ T ❝♦✉♣❧❡❞ t♦ t❤❡ ♠✐❝r♦r✐♥❣ ❢❡❛t✉r❡s ❛ ▲♦r❡♥t③✐❛♥ ❧✐♥❡ s❤❛♣❡ ♥❡❛r

r❡s♦♥❛♥❝❡ ✇❤❡r❡ mλprobe,res = 2πRneff ✇✐t❤ m t❤❡ ♠♦❞❡ ♥✉♠❜❡r✱ R t❤❡ r✐♥❣ ✇❛✈❡❣✉✐❞❡

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

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

∆T (λpump) ✇❤✐❝❤ ✐s tr❛♥s❢❡rr❡❞ t♦ t❤❡ r❡s♦♥❛t♦r✳ ■♥ t✉r♥✱ t❤❡ ✐♥❝r❡❛s❡ ✐♥ t❡♠♣❡r❛t✉r❡ ❝❛✉s❡s

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

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

✇❛✈❡❧❡♥❣t❤ λprobe ✐s ❝❤♦s❡♥ ❛t ❛ ♣♦✐♥t ✇❤❡r❡ t❤❡ tr❛♥s♠✐ss✐♦♥ s♣❡❝tr✉♠ ❤❛s t❤❡ ❤✐❣❤❡st s❧♦♣❡

dT/dλ = T
′✳ ❇② ❧♦❝❦✐♥❣ t❤❡ ♣r♦❜❡ ❧❛s❡r t♦ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ♦♣t✐❝❛❧ r❡s♦♥❛♥❝❡✱ t❤❡ r❡s♦♥❛♥❝❡

s❤✐❢t ✐s tr❛♥s❞✉❝❡❞ t♦ ❛ ♣♦✇❡r ❝❤❛♥❣❡ ∆Pprobe ♦❢ t❤❡ ❞❡t❡❝t❡❞ ♣r♦❜❡ s✐❣♥❛❧✳ ❇② ♠♦❞✉❧❛t✲

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

♣♦✇❡r ❝❤❛♥❣❡ ∆Pprobe(λpump) ✇❤✐❝❤ ❝❛♥ ❜❡ r❡❛❞ ♦✉t s❡♥s✐t✐✈❡❧② ✉s✐♥❣ ❛ ❧♦❝❦✲✐♥ t②♣❡ ❞❡t❡❝t✐♦♥✳
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❋✐❣✉r❡ ✶✿ ❚❤❡ ❤❡❛t ❣❡♥❡r❛t❡❞ t❤r♦✉❣❤ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ ♠✐❞✲✐♥❢r❛r❡❞ ♣✉♠♣ ❜❡❛♠ ✐♥❝r❡❛s❡s
t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ r✐♥❣ r❡s♦♥❛t♦r✳ ❚❤r♦✉❣❤ t❤❡ t❤❡r♠♦✲♦♣t✐❝ ❡✛❡❝t✱ t❤❡ ❡✛❡❝t✐✈❡ ✐♥❞❡①
♦❢ t❤❡ ✇❛✈❡❣✉✐❞❡ ❝❤❛♥❣❡s✱ ❤❡r❡❜② ❝❤❛♥❣✐♥❣ t❤❡ r❡s♦♥❛♥❝❡ ✇❛✈❡❧❡♥❣t❤ λres ♦❢ t❤❡ ♠✐❝r♦r✐♥❣✳
❋♦r ❛ ✜①❡❞ ♣r♦❜❡ ✇❛✈❡❧❡♥❣t❤ λprobe✱ ❛ ❝❤❛♥❣❡ ✐♥ ♣r♦❜❡ ♣♦✇❡r ∆Pprobe ✐s ♠❡❛s✉r❡❞ ✉s✐♥❣ ❛
♥❡❛r✲✐♥❢r❛r❡❞ ❞❡t❡❝t♦r✳ ❚❤❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠ ♦❢ t❤❡ ❛♥❛❧②t❡ ❝❛♥ ❜❡ r❡❝♦♥str✉❝t❡❞ ❜②
s❝❛♥♥✐♥❣ t❤❡ ♣✉♠♣ ✇❛✈❡❧❡♥❣t❤ ❛♥❞ r❡❝♦r❞✐♥❣ t❤❡ ♠❛①✐♠✉♠ ♣r♦❜❡ ♠♦❞✉❧❛t✐♦♥ ∆Pprobe,max✳

❊①♣❡r✐♠❡♥t❛❧

❢❛❜r✐❝❛t✐♦♥

❚❤❡ ❛✐r✲❝❧❛❞ r✐♥❣ r❡s♦♥❛t♦r ❞❡✈✐❝❡s ✇❡r❡ ❢❛❜r✐❝❛t❡❞ ✉s✐♥❣ ❛ ▼✉❧t✐ Pr♦❥❡❝t ❲❛❢❡r s❡r✈✐❝❡

✭▼P❲✮ ✐♥ t❤❡ ✷✵✵ ♠♠ ❈▼❖❙✲♣✐❧♦t ❧✐♥❡ ❛t ✐♠❡❝✳ ✸✵ ❚❤❡ s✐❧✐❝♦♥ ❞❡✈✐❝❡ ❧❛②❡r ✐s ✷✷✵ ♥♠ t❤✐❝❦

❛♥❞ r❡sts ♦♥ ❛ ✷ µm t❤✐❝❦ ❜✉r✐❡❞ t❤❡r♠❛❧ ♦①✐❞❡ ✭❇❖❳✮✳ ❚❤❡ ❚❊✲♣♦❧❛r✐③❛t✐♦♥ ❣r❛t✐♥❣ ❝♦✉♣❧❡rs

❛r❡ ❞❡✜♥❡❞ ✉s✐♥❣ ❛ ✼✵ ♥♠ ❡t❝❤ st❡♣✳ ❚♦ ❛❝❤✐❡✈❡ ❤✐❣❤✲◗ ❢❛❝t♦r r❡s♦♥❛t♦rs✱ r✐❜ ✇❛✈❡❣✉✐❞❡s

✇❡r❡ ✉s❡❞ ✇✐t❤ ❛♥ ❡t❝❤ ❞❡♣t❤ ♦❢ ✼✵ ♥♠ ❛♥❞ ✻✺✵ ♥♠ ✇❛✈❡❣✉✐❞❡ ✇✐❞t❤✳ ❚❤❡ r✐♥❣ r❡s♦♥❛t♦rs

❤❛✈❡ ❛ r❛❞✐✉s ♦❢ ✷✺ µm✳ ❆ ❣❛♣ ♦❢ ✼✺✵ ♥♠ ❜❡t✇❡❡♥ t❤❡ ❜✉s ✇❛✈❡❣✉✐❞❡ ❛♥❞ r✐♥❣ r❡s♦♥❛t♦r

✇❛s ❝❤♦s❡♥ t♦ ♦❜t❛✐♥ ❝r✐t✐❝❛❧ ❝♦✉♣❧✐♥❣✳ ❆ ♣❤♦t♦r❡s✐st ❆❩✺✷✶✹ ❢r♦♠ ▼✐❝r♦❈❤❡♠ ✇❛s ✉s❡❞

❛s ❛ ♠♦❝❦✲✉♣ ❛♥❛❧②t❡ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts✳ ❚❤❡ r❡s✐st ✇❛s s♣✐♥✲❝♦❛t❡❞ ❛♥❞ ♣❛tt❡r♥❡❞ ✐♥ t❤❡

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

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

✐♥ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡ ❜② ❛♥✐s♦tr♦♣✐❝ ❡t❝❤✐♥❣ ✐♥ ❛ ❑❖❍✲s♦❧✉t✐♦♥✳ ❚❤❡ s❛♠♣❧❡s ✇❡r❡ t❤✐♥♥❡❞

✹

Page 4 of 24

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



❞♦✇♥ ❢r♦♠ ✼✵✵ µm t♦ ✶✺✵ µm t❤✐❝❦ ❛♥❞ ❝♦♥s❡❝✉t✐✈❡❧② ♣♦❧✐s❤❡❞✳ ❆ ❙✐◆✴❙✐❖① ✭✹✵✵✴✺✵✵ ♥♠✮

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

✐♥ ❛ ❑❖❍✲s♦❧✉t✐♦♥ ✭✽✵◦❈✴ ✷✵✪ ❝♦♥❝❡♥tr❛t✐♦♥✮ ❢♦r ✶✽✵ ♠✐♥✉t❡s✳ ❆ s♣❡❝✐❛❧❧② ❞❡s✐❣♥❡❞ ❤♦❧❞❡r

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

❛❧❧② ♣r♦t❡❝t❡❞ ❜② ✉s✐♥❣ ❛ ♣❤♦t♦r❡s✐st ❧❛②❡r t♦ ♣r❡✈❡♥t s♣✉r✐♦✉s ❑❖❍✲❧❡❛❦❛❣❡ ❢r♦♠ ❞❛♠❛❣✐♥❣

t❤❡ t♦♣ s✉r❢❛❝❡✳ ❚❤❡ ♦♣❡♥❡❞ ✇✐♥❞♦✇s ❛r❡ ✷✽✵ µm ✇✐❞❡ ✇✐t❤ ❛♥ ✉♥✐♥t❡♥t✐♦♥❛❧ s❧✐❣❤t ♦✛s❡t ♦❢

∼ ✷✺ µm ❢r♦♠ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ r✐♥❣ r❡s♦♥❛t♦rs✱ ❛s s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳

❋✐❣✉r❡ ✷✿ ✭❛✮ ▼✐❝r♦s❝♦♣❡ ✐♠❛❣❡ ♦❢ s✉s♣❡♥❞❡❞ r✐♥❣ r❡s♦♥❛t♦r ✇✐t❤ ❘❂✷✺µm ❛♥❞ ✶✳✸✺ µm
t❤✐❝❦ ❆❩✺✷✶✹ ♣❤♦t♦r❡s✐st ♣❛tt❡r♥❡❞ ✐♥ t❤❡ ❛♥♥✉❧❛r r❡❣✐♦♥✳ ✭❜✮ ❇❛❝❦s✐❞❡ ✐♠❛❣❡ ♦❢ t❤❡ s❛♠❡
❞❡✈✐❝❡ s❤♦✇s t❤❛t ❛ 280 × 280µm2 ✇✐♥❞♦✇ ✇❛s ♦♣❡♥❡❞ ✐♥ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡✳ ❚❤❡ ❞❛r❦
❜❧✉❡ r❡❣✐♦♥s ❛r❡ t❤❡ s✐❞❡✇❛❧❧s ♦❢ t❤❡ ❛♥✐s♦tr♦♣✐❝❛❧❧② ❡t❝❤❡❞ s✐❧✐❝♦♥ s✉❜str❛t❡✳ ✭❝✮ ❚❤❡ ✈❛r✐♦✉s
r❡❣✐♦♥s ❛r❡ ✐♥❞✐❝❛t❡❞ ❜② ♣❛rt✐❛❧❧② ❝♦❧♦r✐♥❣ t❤❡ t✐❧t❡❞ ✭52◦✮ ❙❊▼ ✐♠❛❣❡✳ ❚❤❡ ✐♥s❡t s❤♦✇s ❛
❞❡t❛✐❧ ♦❢ t❤❡ t✐❧✐♥❣✳

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

✶✳✸✺ µm t❤✐❝❦ ❞✐s❦ ♦❢ ❆❩✺✷✶✹ ✐s ❧✐t❤♦❣r❛♣❤✐❝❛❧❧② ♣❛tt❡r♥❡❞ ♦♥ t♦♣ ♦❢ t❤❡ s✉s♣❡♥❞❡❞ ♠❡♠✲

❜r❛♥❡ r❡s♦♥❛t♦rs ✐♥s✐❞❡ t❤❡ ❛♥♥✉❧❛r r❡❣✐♦♥ ✇✐t❤ ❛ r❛❞✐✉s ♦❢ ✷✶ µm✳ ❚❤❡ ❧♦❝❛❧✐③❛t✐♦♥ ♦❢ t❤❡

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

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

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

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

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

❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ❙✶ ❛♥❞ ❋✐❣✉r❡ ❙✷ ✐♥ t❤❡ ❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥✳
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❆❧t❤♦✉❣❤ ♥♦ ♠❡❝❤❛♥✐❝❛❧ st❛❜✐❧✐t② t❡sts ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ❞❡✈✐❝❡s✱ ✐t ✐s ❡st✐♠❛t❡❞ t❤r♦✉❣❤

❋❊▼ s✐♠✉❧❛t✐♦♥ t❤❛t t❤❡ ❞❡✈✐❝❡s ❝❛♥ ✇✐t❤st❛♥❞ ❛ ♠❡❝❤❛♥✐❝❛❧ s❤♦❝❦ t❤❛t ❝♦rr❡s♣♦♥❞s t♦ ❛

❧❡✈❡❧ ✶✵ s❡✈❡r✐t② t❤r❡s❤♦❧❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❆♠❡r✐❝❛♥ ◆❛t✐♦♥❛❧ ❙t❛♥❞❛r❞ ❙✷✳✻✷✲✷✵✵✾ ✇❤✐❝❤

❝♦rr❡s♣♦♥❞s t♦ ❛♥ ✐♥❡❧❛st✐❝ ❢r❡❡ ❢❛❧❧ ❢r♦♠ ❛ ❤❡✐❣❤t ♦❢ ✺ ♠✱ ✸✶ s❡❡ ❛❧s♦ ❋✐❣✉r❡ ❙✸ ✐♥ t❤❡ ❙✉♣✲

♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥✳

♠❡❛s✉r❡♠❡♥t s❡t✉♣

❋✐❣✉r❡ ✸✿ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ♣❤♦t♦t❤❡r♠❛❧ s♣❡❝tr♦s❝♦♣② ♠❡❛s✉r❡♠❡♥t s❡t✉♣✳ ❆ t✉♥❛❜❧❡ ♥❡❛r✲
✐♥❢r❛r❡❞ ❧❛s❡r s♦✉r❝❡ ❛t ✶✺✺✵ ♥♠ ✐s ✈❡rt✐❝❛❧❧② ❝♦✉♣❧❡❞ t♦ t❤❡ r✐♥❣ r❡s♦♥❛t♦r ❛❢t❡r ♣❛ss✐♥❣
❛ ✶✵❞❇ ❛tt❡♥✉❛t♦r ❛♥❞ ❛ ♣♦❧❛r✐③❛t✐♦♥ ❝♦♥tr♦❧❧❡r✳ ❚❤❡ ♦♣❡r❛t✐♥❣ ✇❛✈❡❧❡♥❣t❤ λprobe ✐s s❡t
❛t t❤❡ ♣♦✐♥t ✇✐t❤ t❤❡ ❤✐❣❤❡st s❧♦♣❡ ♦❢ t❤❡ r✐♥❣ r❡s♦♥❛t♦r tr❛♥s♠✐ss✐♦♥ s♣❡❝tr✉♠✳ ❆ ❢r❡❡✲
s♣❛❝❡ ♠♦❞✉❧❛t❡❞ t✉♥❛❜❧❡ ♠✐❞✲✐♥❢r❛r❡❞ s♦✉r❝❡ ✭❖P❖✮ ✐s st❡♣✲s❝❛♥♥❡❞ ❛❝r♦ss t❤❡ ❛❜s♦r♣t✐♦♥
s♣❡❝tr✉♠ ✸✷✺✵✲✸✻✵✵ ♥♠✳ ❚❤❡ ♣✉♠♣ ❜❡❛♠ ✐❧❧✉♠✐♥❛t❡s t❤❡ ❛♥❛❧②t❡ ♦♥ t❤❡ r✐♥❣ r❡s♦♥❛t♦r ❢r♦♠
t❤❡ ❡♥❞ ❢❛❝❡t ♦❢ ❛ s✐♥❣❧❡ ♠♦❞❡ ❩r❋✹ ✜❜❡r ❛t ❛♥ ❛♣♣r♦①✐♠❛t❡ ❞✐st❛♥❝❡ ♦❢ ✶✵✵ µm ❢r♦♠ t❤❡
s✉r❢❛❝❡✳ ❆t ❡❛❝❤ λpump✱ t❤❡ ❣❡♥❡r❛t❡❞ ❤❡❛t ✐s tr❛♥s❞✉❝❡❞ t♦ ❛ ❝❤❛♥❣❡ ✐♥ ∆neff ❛♥❞ t❤❡r❡❢♦r❡
t❤❡ r❡s♦♥❛♥❝❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ r✐♥❣✳ ❚❤❡ r❡s✉❧t✐♥❣ ♠♦❞✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ∆Pprobe ✐s r❡❛❞✲
♦✉t ✉s✐♥❣ ❛ ❧♦❝❦✲✐♥ ❛♠♣❧✐✜❡r ❛t t❤❡ ♠♦❞✉❧❛t✐♦♥ ❢r❡q✉❡♥❝②✳ ❆ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❖P❖ ♣♦✇❡r
Ppump ✐s ♠♦♥✐t♦r❡❞ ✐♥ ❢r❡❡✲s♣❛❝❡ ✉s✐♥❣ ❛ t❤❡r♠♦♣✐❧❡ ♣♦✇❡r ♠❡t❡r ✇❤✐❧❡ t❤❡ ❖P❖ ✇❛✈❡❧❡♥❣t❤
✐s ♠♦♥✐t♦r❡❞ ❜② ❛ ✇❛✈❡♠❡t❡r✳ ❚❤❡ ♣r♦❜❡ ♣♦✇❡r Pprobe,max ✐s ♠♦♥✐t♦r❡❞ ✉s✐♥❣ t❤❡ ♥❡❛r✲✐♥❢r❛r❡❞
♣❤♦t♦❞❡t❡❝t♦r ❛t ❛ ✇❛✈❡❧❡♥❣t❤ ♦✛✲r❡s♦♥❛♥❝❡✳

❚❤❡ ♠❡❛s✉r❡♠❡♥t s❡t✉♣ ✐s s❝❤❡♠❛t✐❝❛❧❧② s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳ ❆♥ ❖♣t✐❝❛❧ P❛r❛♠❡tr✐❝

❖s❝✐❧❧❛t♦r ✭❖P❖✮ s②st❡♠ ❢r♦♠ ❆❝✉❧✐❣❤t ✇❛s ✉s❡❞ ❛s t❤❡ ♠✐❞✲✐♥❢r❛r❡❞ ♣✉♠♣ s♦✉r❝❡✳ ❚❤❡
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♠✐❞✲✐♥❢r❛r❡❞ ❡♠✐ss✐♦♥ ✇❛✈❡❧❡♥❣t❤ ✐s s✇❡♣t ❜② ❛❞❥✉st✐♥❣ t❤❡ ✐♥tr❛✲❝❛✈✐t② ❡t❛❧♦♥ ❛♥❣❧❡ ❛♥❞ t❤❡

♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣❡r✐♦❞✐❝❛❧❧② ♣♦❧❡❞ ▲✐t❤✐✉♠ ◆✐♦❜❛t❡ ✭PP▲◆✮ ❝r②st❛❧✳ ▼♦r❡ ❞❡t❛✐❧s ❛❜♦✉t t❤❡

❛✉t♦♠❛t✐♦♥ ♦❢ t❤❡ ✇❛✈❡❧❡♥❣t❤ t✉♥✐♥❣ ♣r♦❝❡ss ❝❛♥ ❜❡ ❢♦✉♥❞ ❤❡r❡✳ ✸✷ ❚❤❡ ❖P❖ ❧✐❣❤t ✐s ❢♦❝✉s❡❞

✐♥t♦ ❛ ❩r❋✹ s✐♥❣❧❡ ♠♦❞❡ ✜❜❡r✳

❆ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❖P❖ ♣♦✇❡r ✐s ♠♦♥✐t♦r❡❞ ✐♥ ❢r❡❡✲s♣❛❝❡ ✉s✐♥❣ ❛ t❤❡r♠♦♣✐❧❡ ❞❡t❡❝t♦r ❙✹✵✶❈

❢r♦♠ ❚❤♦r❧❛❜s✳ ❚❤❡ ♦✉t♣✉t ❩r❋✹ ✜❜❡r ❡♥❞ ✐s ❝❧❡❛✈❡❞ ❛♥❞ ♣♦s✐t✐♦♥❡❞ ∼ 100µm ❛❜♦✈❡ t❤❡

r✐♥❣ r❡s♦♥❛t♦r✳ ❈♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡ ♠♦❞❡ ✜❡❧❞ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❙▼ ✜❜❡r ✐s ❛❜♦✉t 15µm t❤✐s

❡♥s✉r❡s ❛ ❜❡❛♠ s♣♦t ♦♥ t❤❡ r❡s♦♥❛t♦r ✇✐t❤ ❛ ✇❛✐st ♦❢ 35µm✳

❚❤❡ t✉♥❛❜❧❡ ♣r♦❜❡ ❧❛s❡r ❆❣✐❧❡♥t ❚▲✽✶✾✽✵❆ ✐s ✈❡rt✐❝❛❧❧② ❝♦✉♣❧❡❞ t♦ t❤❡ ❝❤✐♣✳ ❚❤❡ ✐♥♣✉t ♣♦✇❡r

✐s ❛tt❡♥✉❛t❡❞ ❜② ✶✵ ❞❇ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ♥♦♥❧✐♥❡❛r ❡✛❡❝ts ✐♥ t❤❡ ❤✐❣❤ ◗ r✐♥❣ r❡s♦♥❛t♦r ❞❡✈✐❝❡✳

❚❤❡ ♦♥✲❝❤✐♣ ♣r♦❜❡ ♣♦✇❡r ✐s ❡st✐♠❛t❡❞ t♦ ❜❡ ❛r♦✉♥❞ ✲✷✸ ❞❇♠✳ ❆ ♣♦❧❛r✐③❛t✐♦♥ ❝♦♥tr♦❧❧❡r ✐s

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

♣r♦❜❡ ♣♦✇❡r ♠❡t❡r ❍P✽✶✺✸✷❆ ✐s ❝♦✉♣❧❡❞ t♦ ❛ ❙t❛♥❢♦r❞ ❙❘✽✸✵ ❧♦❝❦✲✐♥ ❛♠♣❧✐✜❡r✳

❚❤❡ ♠✐❞✲✐♥❢r❛r❡❞ ♣✉♠♣ ✇❛✈❡❧❡♥❣t❤ ✐s t✉♥❡❞ ❢r♦♠ 3.25µm t♦ 3.6µm✳ ❚✇♦ ❞✐✛❡r❡♥t ❞❡✈✐❝❡s

✇❡r❡ ♠❡❛s✉r❡❞ ✇✐t❤ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs ❛♥❞ r❡s♦❧✉t✐♦♥ ∆λpump✱ ❛s s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹ ❛♥❞

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

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

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

❋✐❣✉r❡ ❙✹ ✐♥ t❤❡ ❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥✳ ❚❤❡ ❧♦❝❦✲✐♥ ❛♠♣❧✐✜❡r r❡❝♦r❞s ✶✵ ❝♦♥s❡❝✉t✐✈❡ ❞❛t❛

♣♦✐♥ts ❢♦r ❡❛❝❤ λpump ✉s✐♥❣ ❛♥ ✐♥t❡❣r❛t✐♦♥ t✐♠❡ ♦❢ ✶✵✵ ♠s ❛♥❞ ❛ ✜❧t❡r s❧♦♣❡ ♦❢ ✶✽❞❇✴♦❝t✳ ❚❤❡

♠♦❞✉❧❛t✐♦♥ ❢r❡q✉❡♥❝② ✐s ✸✵✵ ❍③✳ ❚❤❡ r❡❢❡r❡♥❝❡ ♣♦✇❡r ❧❡✈❡❧s ❛r❡ ❝♦❧❧❡❝t❡❞ s✐♠✉❧t❛♥❡♦✉s❧②✳

❚❤❡ ❛❝q✉✐r❡❞ ♣❡❛❦✲t♦✲♣❡❛❦ ♠♦❞✉❧❛t✐♦♥ ✈♦❧t❛❣❡ ❛♠♣❧✐t✉❞❡ S ❛t t❤❡ ♠♦❞✉❧❛t✐♦♥ ❢r❡q✉❡♥❝② ✐s

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

S = G∆Pprobe = GPprobe,max∆Tprobe = GPprobe,max
dT

dλ
(λprobe)

∼ 1/FWHM

∆λprobe

λres

ng

∂n

∂T
∆T (λpump) ✭✶✮

✼

Page 7 of 24

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



✇❤❡r❡ G ✐s t❤❡ ❣❛✐♥ ♦❢ t❤❡ ♣❤♦t♦❞❡t❡❝t♦r✱ ∆Pprobe ✐s t❤❡ ❝❤❛♥❣❡ ✐♥ tr❛♥s♠✐tt❡❞ ♣r♦❜❡ ♣♦✇❡r✱

Pprobe,max ✐s t❤❡ ♠❛①✐♠❛❧ tr❛♥s♠✐tt❡❞ ♣r♦❜❡ ♣♦✇❡r ♦✛✲r❡s♦♥❛♥❝❡✱ ∆Tprobe ✐s t❤❡ ❝❤❛♥❣❡ ✐♥

tr❛♥s♠✐ss✐♦♥✱ dT/dλ ✐s t❤❡ tr❛♥s♠✐ss✐♦♥ s❧♦♣❡ ♦❢ t❤❡ r✐♥❣ r❡s♦♥❛t♦r ❢♦r ❛ ❣✐✈❡♥ λprobe✱ ng

✐s t❤❡ ❣r♦✉♣ ✐♥❞❡①✱ ∂n/∂T ✐s t❤❡ t❤❡r♠♦✲♦♣t✐❝ ❝♦❡✣❝✐❡♥t ✐♥ s✐❧✐❝♦♥ ❛♥❞ ∆T (λpump) ✐s t❤❡

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

✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❧✐♥❡✇✐❞t❤ ✭❋❲❍▼✮ ♦❢ t❤❡ r❡s♦♥❛♥❝❡✳ ❚❤❡ ❋❲❍▼ ♦❢ t❤❡

♠✐❝r♦r✐♥❣s ✐s ✐♥ t✉r♥ ❡q✉❛❧ t♦ λprobe,res/Q ✇✐t❤ Q t❤❡ ❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ r❡s♦♥❛t♦r✳ ✸✸

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

❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ ❡q✉❛t✐♦♥ ✶✳ ✸✹ ❚❤❡ t❡♠♣❡r❛t✉r❡ ♠♦❞✉❧❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛✲

r❛♠❡t❡rs

∆T = γPpumpf [Rring, ω(λ, z)]Rth

≈α(λpump)Leff

(1− e−α(λpump)Leff ) ✭✷✮

✇✐t❤ γ t❤❡ t❤❡r♠❛❧ ♣♦✇❡r ②✐❡❧❞ ✇❤✐❝❤ ✐s t❤❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❛❜s♦r❜❡❞ ♣♦✇❡r t❤❛t ✐s ❝♦♥✈❡rt❡❞

t♦ ❤❡❛t✳ ✭1 − γ✮ ✐s t❤❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❛❜s♦r❜❡❞ ♣♦✇❡r r❡✲❡♠✐tt❡❞ t❤r♦✉❣❤ ❧✉♠✐♥❡s❝❡♥❝❡

♣r♦❝❡ss❡s✳✶✼ ▲✉♠✐♥❡s❝❡♥t ②✐❡❧❞ ✐s ♥♦t♦r✐♦✉s❧② ❦♥♦✇♥ t♦ ❜❡ ✈❡r② ❧♦✇ ✐♥ t❤❡ ♠✐❞✲✐♥❢r❛r❡❞ ❛♥❞

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

❡q✉❛❧ t♦ ✉♥✐t②✶✼✱✸✺✳ Ppump ✐s t❤❡ ♣♦✇❡r ❡①✐t✐♥❣ t❤❡ ❩r❋✹ ✜❜❡r✱ f ✐s t❤❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♦♣t✐❝❛❧

♣♦✇❡r ♦❢ ❛ ●❛✉ss✐❛♥ ❜❡❛♠ ❝♦♥t❛✐♥❡❞ ✇✐t❤✐♥ ❛ r❛❞✐✉s Rring ❢♦r ❛ ❜❡❛♠ ✇✐t❤ ✇❛✐st ω(λ, z)

✇❤❡r❡ z ✐s t❤❡ ❞✐st❛♥❝❡ ♦❢ t❤❡ ✜❜❡r ❢❛❝❡t t♦ t❤❡ r✐♥❣ r❡s♦♥❛t♦r✱ Rth ✐s t❤❡ ❡✛❡❝t✐✈❡ t❤❡r♠❛❧

r❡s✐st❛♥❝❡ ♦❢ t❤❡ tr❛♥s❞✉❝❡r✱ α ✐s t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❛♥❛❧②t❡ ❛♥❞ Leff ✐s t❤❡

❡✛❡❝t✐✈❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❛♥❛❧②t❡✳

❚❤❡ r❡♣♦rt❡❞ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ▼♦❞❡✲❋✐❡❧❞ ❉✐❛♠❡t❡r ✭▼❋❉✮ ♦❢ t❤❡ ❙▼ ♠✐❞✲✐♥❢r❛r❡❞ ✜❜❡r ✐♥

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

❢✉♥❝t✐♦♥ f ✐♥❝r❡❛s❡s ∼✷✵✪ ✐♥ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ❢r♦♠ ✸✷✺✵ ♥♠ t♦ ✸✻✵✵ ♥♠✳ ❚②♣✐❝❛❧ ♣❛r❛♠❡t❡rs

✉s❡❞ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t ❛r❡ ❧✐st❡❞ ✐♥ t❛❜❧❡ ✶✳

✽
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❚❛❜❧❡ ✶✿ P❛r❛♠❡t❡rs ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣❤♦t♦t❤❡r♠❛❧ ❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠ ❛♥❞ s♦♠❡
t②♣✐❝❛❧ ✈❛❧✉❡s ❢♦r t❤❡ t✇♦ ♠❡❛s✉r❡♠❡♥ts ❢r♦♠ ❋✐❣✉r❡ ✹✳ ❆♥ ❡rr♦r ❡st✐♠❛t❡ ✐s ❣✐✈❡♥ ✇❤❡r❡
❛♣♣❧✐❝❛❜❧❡✳

♣❛r❛♠❡t❡r ■ ■■ ❡rr♦r ✉♥✐t
Pprobe,max

❛ ✲✸✷✳✸ ✲✷✽✳✽ ✵✳✶ ❞❇♠
|dT/dλ|max

❜ ✶✷✷ ✻✸ ✶✵✪ ♥♠−1

Q❜ ✶✻✻❦ ✼✼❦ ✶✵✪
λres

❛ ✶✺✺✵✳✵✼✻ ✶✺✹✾✳✷✸✷ ✵✳✵✵✶ ♥♠
Ppump(2921.4cm

−1)❛ ✵✳✹✺ ✵✳✸✺ ✵✳✵✹ ♠❲
∆T (2921.4cm−1) ✶✶✳✵ ✾✳✽ ✷✵ ✪ ♠❑
α(2921.4cm−1) ✼✹✺✳✷ ✻✹✻✳✻ ✷✺ ✪ ❝♠−1

f [Rring✱
ω(2921.4cm−1, 100µm)]❝ ✵✳✽✻ ✵✳✻✹ ✶✵ ✪
Rth

❝ ✶✹✷ ✷✼✸ ✶✪ ❑✴❲
Rring ✸✺ ✷✺ µm
r❡s♦❧✉t✐♦♥ ✺ ✷✵ ♥♠
t♦t❛❧ t✐♠❡ ✸✺ ✶✵ ♠✐♥
z ✶✵✵ ✶✵ µm
G 106 ❱✴❲
ng

❜ ✸✳✼✶ ✺✪
∂n/∂T ✼✳✻ ×10−4 K−1

Leff ✷✳✽ ✵✳✵✶ µm
✐♥t❡❣r❛t✐♦♥ t✐♠❡ ✶✵✵ ♠s
fmod ✸✵✵ ❍③

❛ ♠❡❛s✉r❡❞ ❞✐r❡❝t❧②❀ ❜ ✜t ❢r♦♠ ♠❡❛s✉r❡♠❡♥ts❀ ❝ ❢r♦♠ s✐♠✉❧❛t✐♦♥❀

✾
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■❘❘❆❙

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

❧②t❡ ✇❛s ❡✈❛❧✉❛t❡❞ ✉s✐♥❣ ■♥❢r❛r❡❞ ❘❡✢❡❝t✐♦♥ ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ✭■❘❘❆❙✮ ✉s✐♥❣ ❚▼✲

♣♦❧❛r✐③❡❞ ❧✐❣❤t ❛♥❞ ✉♥❞❡r t❤❡ ❇r❡✇st❡r ❛♥❣❧❡ ♦❢ t❤❡ ❛♥❛❧②t❡✴❛✐r ✐♥t❡r❢❛❝❡✳ ❆ ❱❛r✐❛♥ ✻✽✵

❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ■♥❢r❛r❡❞ ❙♣❡❝tr♦♠❡t❡r ✭❋❚■❘✮ ✇❛s ✉s❡❞✳ ❚❤❡ ✐♥❝✐❞❡♥❝❡ ❛♥❣❧❡ ✇❛s ❛❞✲

❥✉st❡❞ ✉s✐♥❣ t❤❡ ❱❡❡♠❛① ❛❝❝❡s♦r② ❢r♦♠ P✐❦❡ t♦ t❤❡ ❇r❡✇st❡r ❛♥❣❧❡ ♦❢ ✺✽ ❞❡❣r❡❡s ❢♦r t❤❡

♣♦❧②♠❡r✴❛✐r ✐♥t❡r❢❛❝❡✳ ❆ ❩♥❙❡ ✇✐r❡ ❣r✐❞ ♣♦❧❛r✐③❡r ✐s ✉s❡❞ t♦ ♦❜t❛✐♥ ❚▼ ♣♦❧❛r✐③❛t✐♦♥✳ ■♥

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

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

♠❡❛s✉r❡❞ ✐♥ tr❛♥s✢❡❝t❛♥❝❡ ♠♦❞❡❀ ✸✼✱✸✽ t❤❡ ❧✐❣❤t ❡✛❡❝t✐✈❡❧② tr❛✈❡rs❡s t❤❡ s❛♠♣❧❡ t✇✐❝❡✱ s❡❡

❛❧s♦ t❤❡ ✐♥s❡t ♦❢ ❋✐❣✉r❡ ✹✳ ❆ 1.35µm t❤✐❝❦ s❛♠♣❧❡ ✇❛s ♣r❡♣❛r❡❞ ❜② s♣✐♥❝♦❛t✐♥❣ t❤❡ ❆❩✺✷✶✹

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

❇❡❡r✲▲❛♠❜❡rt ❧❛✇ ❛♥❞ ❝♦♠♣❛r✐♥❣ t❤❡ r❡✢❡❝t❛♥❝❡ s♣❡❝tr✉♠ Rs(λ) t♦ t❤❡ r❡✢❡❝t❛♥❝❡ R0(λ)

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

❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t α ✐s ♦♥ t❤❡ ♦r❞❡r ♦❢ 0.05µm−1✳

❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

❋✐❣✉r❡ ✹ s❤♦✇s t❤❡ ♠❡❛s✉r❡❞ ♣❤♦t♦t❤❡r♠❛❧ s♣❡❝tr✉♠ ✇✐t❤ t❤❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠ ❝❛❧❝✉✲

❧❛t❡❞ ✉s✐♥❣ ❡q✉❛t✐♦♥s ✶ ❛♥❞ ✷ ❛♥❞ t❤❡ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ❋❚■❘ s♣❡❝tr✉♠✳ ❚❤❡ ♣❡❛❦

♣♦s✐t✐♦♥s ✭✸✵✶✻✳✼✱ ✷✾✷✶✳✹ ❛♥❞ ✷✽✻✷✳✾ ❝♠−1✮ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❛❧✐♣❤❛t✐❝ ❈−❍ str❡t❝❤✐♥❣

✈✐❜r❛t✐♦♥ ❢r❡q✉❡♥❝✐❡s ❛❣r❡❡ ✇❡❧❧ ✇✐t❤ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢r♦♠ ■❘❘❆❙✳ ✸✾

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

■❘❘❆❙ r❡s✉❧ts✳ ❋✐❣✉r❡ ✹ ❛❧s♦ s❤♦✇s t❤❛t t✇♦ ❞✐✛❡r❡♥t ❞❡✈✐❝❡s ♠❡❛s✉r❡❞ ✉♥❞❡r ❞✐✛❡r❡♥t ❝♦♥✲

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

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

✐s r❡❛s♦♥❛❜❧② ❦♥♦✇♥ ❛♥❞ ❝♦♥tr♦❧❧❡❞✱ t❤❡ ✈❛r✐❛❜✐❧✐t② ♦❢ ♦♥✲❝❤✐♣ ❞❡✈✐❝❡s ✭❡✳❣✳ ◗✲❢❛❝t♦r✮ ❝❛♥ ❜❡

✶✵
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3250 3300 3350 3400 3450 3500 3550 3600

0.02

0.03

0.04

0.05

0.06

0.07

0.08

λpump [nm]

ab
so
rp
ti
on

co
effi

ci
en
t
α
[µ
m

−
1
]

3077 3016.7 2921.4 2862.9 2777.7

αFTIR = −cos θ

2z
ln

(

Rs

R0

)

wavenumber [cm−1]

PT(I)

PT(II)

FTIR/IRRAS

❋✐❣✉r❡ ✹✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠ ♦❢ t❤❡ ♣❤♦t♦r❡s✐st ❆❩✺✷✶✹ r❡❝♦✈❡r❡❞ ❜② t❤❡
♣❤♦t♦t❤❡r♠❛❧ ♠❡t❤♦❞ ✭P❚✮ ❢♦r t✇♦ ❞✐✛❡r❡♥t ❞❡✈✐❝❡s ✉♥❞❡r ❞✐✛❡r❡♥t ♠❡❛s✉r❡♠❡♥t ❝♦♥❞✐t✐♦♥s
■ ❛♥❞ ■■ ✭s❡❡ t❛❜❧❡ ✶✮ t♦ t❤❡ ❛❜s♦r♣t✐♦♥ s♣❡❝tr✉♠ ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ❋❚■❘✳ ❚❤❡ P❚ ❛❜s♦r♣t✐♦♥
❝♦❡✣❝✐❡♥t ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❡q✉❛t✐♦♥s ✶ ❛♥❞ ✷✳ ❋♦r t❤❡ ❋❚■❘ ♠❡❛s✉r❡♠❡♥t✱ t❤❡ ✐♥s❡t s❤♦✇s
t❤❛t t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t αFTIR ✐s ❡st✐♠❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ r❡✢❡❝t❛♥❝❡ s♣❡❝tr✉♠ ♦❢
t❤❡ ❛♥❛❧②t❡ t♦ t❤❡ r❡✢❡❝t❛♥❝❡ s♣❡❝tr✉♠ ♦❢ s✐❧✐❝♦♥ ✭s❡❡ ❢♦r♠✉❧❛ ✐♥ ❣r❛♣❤✮✳ ▼❡❛s✉r❡♠❡♥ts ❛r❡
♣❡r❢♦r♠❡❞ ✉♥❞❡r t❤❡ ❇r❡✇st❡r ❛♥❣❧❡ ✭✺✽ ❞❡❣r❡❡s✮ ❛♥❞ ❚▼ ♣♦❧❛r✐③❛t✐♦♥ t♦ ❡❧✐♠✐♥❛t❡ ❢r✐♥❣❡s
♦❢ t❤❡ tr❛♥s✢❡❝t❛♥❝❡ s♣❡❝tr✉♠✳

✶✶
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❛❝❝♦✉♥t❡❞ ❢♦r✳ ❆♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ❡rr♦r ♦♥ t❤❡ ♣❛r❛♠❡t❡rs ✉s❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡

❛❜s♦r♣t✐♦♥ ✐s ❣✐✈❡♥ ✐♥ t❛❜❧❡ ✶✳ ❆ s❛❢❡ ✈❛❧✉❡ ♦❢ ✶✵✪ ✇❛s ❛ss✉♠❡❞ ❢♦r t❤❡ ✜tt✐♥❣ ❛❧❣♦r✐t❤♠ t♦

r❡tr✐❡✈❡ t❤❡ ◗✲❢❛❝t♦r ❛♥❞ ❞❡r✐✈❛t✐✈❡ ❢r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥t✳ ❇② ❝♦♥s✐❞❡r✐♥❣ t❤❡ ✇♦rst ❝❛s❡

s❝❡♥❛r✐♦ ❢♦r t❤❡ ❡rr♦r ❛❞❞✐t✐♦♥ ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥✱ ✐t ✐s ❡st✐♠❛t❡❞ t❤❛t α ❛t ✷✾✷✶ ❝♠−1 ❢♦r

❡①♣❡r✐♠❡♥t ■■ ✐♥ ❋✐❣✉r❡ ✹ ❧✐❡s ✇✐t❤✐♥ t❤❡ ❡①tr❡♠❡ ❜♦✉♥❞s ♦❢ ✺✵✵✲✽✼✵ ❝♠−1✳

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

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

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

r❛❞✐❛t✐✈❡ ❛❜s♦r♣t✐♦♥ ❞✐r❡❝t❧② ✇❤❡r❡❛s t❤❡ ❋❚■❘ t❡❝❤♥✐q✉❡ ✐s ✐♥✢✉❡♥❝❡❞ ❜② ♦♣t✐❝❛❧ s❝❛tt❡r✐♥❣

❡✛❡❝ts✳✶✼ ■t ✐s ✇❡❧❧ ❦♥♦✇♥ t❤❛t ♦♣t✐❝❛❧ s❝❛tt❡r✐♥❣ ✐s str♦♥❣❡r ❢♦r s❤♦rt❡r ✇❛✈❡❧❡♥❣t❤s ❛♥❞ t❤✐s

❝♦✉❧❞ ❡①♣❧❛✐♥ ✇❤② t❤❡ ❋❚■❘ t❡❝❤♥✐q✉❡ ♦✈❡r❡st✐♠❛t❡s t❤❡ ♥♦♥r❛❞✐❛t✐✈❡ ❛❜s♦r♣t✐♦♥ ❛t s❤♦rt❡r

✇❛✈❡❧❡♥❣t❤s✳

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

s✐t✐✈✐t② Smax/Ppump ✐s ❡st✐♠❛t❡❞ ✐♥ ❋✐❣✉r❡ ✺ ❛♥❞ ❡q✉❛❧s ✶✺✵ ❱✴❲ ❛t t❤❡ ♣❡❛❦ ❛❜s♦r♣t✐♦♥

✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ♣♦❧②♠❡r ♦❢ 2921.4cm−1 ✇✐t❤ α2921.4cm−1 ≈ 750cm−1 ❢♦r ❛ ♥♦♥✲s✉s♣❡♥❞❡❞

r❡s♦♥❛t♦r✳ ❚❤❡ ♣r♦❜❡ ♣♦✇❡r Pprobe,max ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ✐s ✶✳✻µW ✳ ❋✉rt❤❡r ✐♠♣r♦✈❡♠❡♥ts

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

■♥ t❤❡ ❝✉rr❡♥t s❡t✉♣✱ t❤❡ ♠❡❛s✉r❡♠❡♥t t✐♠❡ ✐s ♦♥ t❤❡ ♦r❞❡r ♦❢ ✶✵ ♠✐♥✉t❡s✳ ❚❤❡ s❝❛♥♥✐♥❣

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

❛♥❞ r❡❞✉❝✐♥❣ t❤❡ ♠❡❛s✉r❡❞ ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡✳ ❆♥ ❊①t❡r♥❛❧ ❈❛✈✐t②✲◗✉❛♥t✉♠ ❈❛s❝❛❞❡ ▲❛s❡r

✭❊❈✲◗❈▲✮ ❝❛♥ ❜❡ ✉s❡❞ ✇❤✐❝❤ ❝❛♥ ❛❝❤✐❡✈❡ ❦❍③ s❝❛♥♥✐♥❣ r❛t❡s ✐♥ ❛ ∼ ✼ ❝♠−1 ✇❛✈❡❧❡♥❣t❤

r❛♥❣❡ ♦r ✷✵✲✹✵ ❍③ r❛t❡s ✐♥ ❛ ≈ ✶✵✵✲✶✺✵ ❝♠−1 ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡✳ ✹✵✱✹✶

❚❤❡r♠❛❧ ✐s♦❧❛t✐♦♥

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

s♣♦♥s❡✳ ❚❤❡r♠❛❧ st❡❛❞②✲st❛t❡ ❋❊▼ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ❈❖▼❙❖▲✳ ❚❤❡ ❡✛❡❝✲

✶✷
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❋✐❣✉r❡ ✺✿ P❤♦t♦t❤❡r♠❛❧ s✐❣♥❛❧ ♦♥ t❤❡ ❧♦❝❦✲✐♥ ❛♠♣❧✐✜❡r ❢♦r ✐♥❝r❡❛s✐♥❣ Ppump ❝♦rr❡s♣♦♥❞✐♥❣
t♦ ♠❡❛s✉r❡♠❡♥t I ✐♥ ❋✐❣✉r❡ ✹ ❛t λpump = 2921.4cm−1✳ Ppump ✐s t❤❡ ♣♦✇❡r ❡①✐t✐♥❣ t❤❡ ♠✐❞✲
✐♥❢r❛r❡❞ ✜❜❡r ❢❛❝❡t t♦✇❛r❞s t❤❡ r❡s♦♥❛t♦r✳ ❚❤❡ ❞❡✈✐❝❡ ❝❛♥ ❜❡ ✈✐❡✇❡❞ ❛s ❛ t❤❡r♠❛❧ ❞❡t❡❝t♦r
❢♦r t❤❡ ♠✐❞✲✐♥❢r❛r❡❞ s♦✉r❝❡ ✇✐t❤ ❛ s❡♥s✐t✐✈✐t② S/Ppump ♦❢ ✶✺✵ ❱✴❲ ❢♦r Pprobe ≈ 1.6µW ✳ ❚❤❡
❋❲❍▼ ♦❢ t❤❡ ♦♣t✐❝❛❧ r❡s♦♥❛t♦r ✐s ✶✵ ♣♠✳ ❚❤❡ ❋❲❍▼ ♦❢ t❤❡ ♣❤♦t♦t❤❡r♠❛❧ s✐❣♥❛❧ ✐s ≈ 0.6×
s♠❛❧❧❡r✳
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❋✐❣✉r❡ ✻✿ ✸❉✲❛①✐❛❧ s②♠♠❡tr✐❝❛❧ ❋❊▼ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ t❤❡r♠❛❧ r❡s✐st❛♥❝❡ ♦❢ s✉s✲
♣❡♥❞❡❞ r✐♥❣ r❡s♦♥❛t♦rs✳ ❚❤❡ ❡①♣❡❝t❡❞ ✐♥❝r❡❛s❡ ✐♥ t❤❡r♠❛❧ r❡s✐st❛♥❝❡ Rth ❢♦r ❛ ✇✐♥❞♦✇ ♦❢
280× 280µm2 ✐s ♦♥ t❤❡ ♦r❞❡r ♦❢ ×100✳ ❆ t❤✐♥✱ s✉❜✲♠✐❝r♦♥ t❤✐❝❦ δz r❡♠❛✐♥✐♥❣ s✐❧✐❝♦♥ s❧❛❜ ♦♥
t❤❡ ❜❛❝❦s✐❞❡ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❝❛♥ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡ t❤❡ ✐s♦❧❛t✐♦♥ ❢❛❝t♦r✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢
t❤❡ t✐❧✐♥❣ ✭✐♥❞✐❝❛t❡❞ ✐♥ ❜❧✉❡ ✐♥ ❋✐❣✉r❡ ✷ ✭❝✮✮ ❤❛s ❜❡❡♥ ❛❝❝♦✉♥t❡❞ ❢♦r ❜② ❛❞❞✐♥❣ ❝♦♥❝❡♥tr✐❝ ❙✐
r✐♥❣s ✇✐t❤ ❛ ♣❡r✐♦❞ ♦❢ ✸µm ❛♥❞ ✼✵✪ ✜❧❧ ❢❛❝t♦r ♦♥ t♦♣ ♦❢ t❤❡ ❇❖❳✳ ❚❤❡ ✈❛❧✉❡ ❢♦r Lwindow = 0
❝♦rr❡s♣♦♥❞s t♦ ❡①♣❡r✐♠❡♥t ■ ✐♥ ❋✐❣✉r❡ ✹

✶✸
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t✐✈❡ t❤❡r♠❛❧ r❡s✐st❛♥❝❡ Rth ✇❛s ❡st✐♠❛t❡❞ ❜② ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❛✈❡r❛❣❡ t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡

✐♥ t❤❡ r✐♥❣ ✇❛✈❡❣✉✐❞❡ ❢♦r ❛ ❣✐✈❡♥ ♣♦✇❡r ❞✐ss✐♣❛t✐♦♥✳

■♥ ❋✐❣✉r❡ ✻✱ t❤❡ r❡s✉❧ts ♦❢ ❛ ✸❉ ❛①✐❛❧ s②♠♠❡tr✐❝❛❧ ♠♦❞❡❧ ❛r❡ ❣✐✈❡♥ ✇✐t❤ t❤❡ ❛①✐s ♦❢ s②♠✲

♠❡tr② ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ r✐♥❣ ❛♥❞ ♥♦r♠❛❧ t♦ t❤❡ s✉r❢❛❝❡✳ ❆s s❡❡♥ ✐♥ t❤❡ ♠✐❝r♦s❝♦♣❡ ❛♥❞

❙❊▼ ✐♠❛❣❡s ✐♥ ❋✐❣✉r❡ ✷✱ t❤❡ t♦♣ s✐❧✐❝♦♥ s❧❛❜ ✐s ♦♥❧② ❝♦♥t✐♥✉♦✉s ✐♥ ❛ sq✉❛r❡ 120 × 120µm2

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

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

❡t❝❤❡❞ s❧❛❜ ❜❡②♦♥❞ t❤❡ 60µm r❛❞✐✉s ✇✐t❤ ❛ ♣❡r✐♦❞ ♦❢ ✸ µm ❛♥❞ ❛ ✜❧❧ ❢❛❝t♦r ♦❢ ✼✵✪✱ ❤❡r❡❜②

♠♦❞❡❧✐♥❣ t❤❡ t✐❧✐♥❣ ❛s ❝♦♥❝❡♥tr✐❝ r✐♥❣s✳ ❋r♦♠ ❋✐❣✉r❡ ✻ ✐t ✐s ❝❧❡❛r t❤❛t ❝❛r❡ ❤❛s t♦ ❜❡ t❛❦❡♥

t❤❛t t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡ ✐s ❡t❝❤❡❞ ❝♦♠♣❧❡t❡❧② ✉♣ t♦ t❤❡ ❇❖❳ ❢♦r ♠❛①✐♠✉♠ ❡✛❡❝t✐✈❡♥❡ss✳

❚❤❡ ❤❡❛t ❞✐ss✐♣❛t✐♦♥ t♦ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡ ✐s t❤❡ ❞♦♠✐♥❛♥t ❤❡❛t ❧♦ss ♠❡❝❤❛♥✐s♠✳ ❋r♦♠

t❤❡ ♠✐❝r♦s❝♦♣❡ ❛♥❞ ❙❊▼ ✐♠❛❣❡s ✐♥ ❋✐❣✉r❡ ✷✱ ♦♥❡ s❤♦✉❧❞ ❛❧s♦ ❝♦♥s✐❞❡r t❤❛t ✭❛✮ t❤❡ ♦♣❡♥❡❞

✇✐♥❞♦✇ ✐s ✉♥✐♥t❡♥t✐♦♥❛❧❧② s❤✐❢t❡❞ ❜② 25µm ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ r✐♥❣ ❛♥❞ ✭❜✮ t❤❡

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

❜② ≈ 5µm ✇✐❞❡ str✐♣s ❛❧♦♥❣ t❤❡ ❛❝❝❡ss ✇❛✈❡❣✉✐❞❡s✱ ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❤❡❛t ❞✐ss✐♣❛t✐♦♥

t♦ t❤❡ s✐❞❡s ✭✐♥❞✐❝❛t❡❞ ✐♥ r❡❞ ✐♥ ❋✐❣✉r❡ ✷✭❝✮✮✳ ❋✉❧❧ ✸❉ s✐♠✉❧❛t✐♦♥s ✭✇✐t❤♦✉t t❤❡ t✐❧✐♥❣ ❧❛②❡r✮

✐♥❞✐❝❛t❡ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦r ❜② ✶✵✪ t♦ ❛❝❝♦✉♥t ❢♦r ✭❛✮ ❛♥❞ ❛♥ ❛❞❞✐t✐♦♥❛❧

✷✵✪ ❞❡❝r❡❛s❡ t♦ ❛❝❝♦✉♥t ❢♦r ✭❜✮✳ ❋♦r Lwindow = 280µm✱ t❤❡ ❡①♣❡❝t❡❞ ❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦r

❢r♦♠ ❋✐❣✉r❡ ✻ ✐s ❝♦rr❡❝t❡❞ t♦ ≈ ✺✼ ❢♦r ❜❡tt❡r ❝♦rr❡s♣♦♥❞❡♥❝❡ ✇✐t❤ t❤❡ str✉❝t✉r❡ ❞❡♣✐❝t❡❞ ✐♥

❋✐❣✉r❡ ✷✳

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

s✉❜str❛t❡ ✇✐t❤ t❤❡ s❛♠❡ ♠❡❛s✉r❡♠❡♥t s❡t✉♣✳ ❚❤❡ ❛❝q✉✐r❡❞ ♠❛①✐♠❛❧ ❧♦❝❦✲✐♥ s✐❣♥❛❧ S ❢♦r

❛ ❝❡rt❛✐♥ λpump ✐s ♥♦r♠❛❧✐③❡❞ t♦ t❤❡ r❡❢❡r❡♥❝❡ ♣✉♠♣ ♣♦✇❡r Ppump ❛♥❞ Pprobe✱ s❡❡ ❋✐❣✉r❡ ✼✳

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

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

r❡s♣♦♥s❡ t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❛①✐♠❛❧ s❧♦♣❡ |dT/dλ|max✳ ❚❤❡ s❧♦♣❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡
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▲♦r❡♥t③✐❛♥ tr❛♥s♠✐ss✐♦♥ ❢r♦♠ ❋✐❣✉r❡ ❙✷ ✐♥ t❤❡ ❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡

r❛t✐♦s ♦❢ t❤❡ s✉s♣❡♥❞❡❞ r❡s♦♥❛t♦rs ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ s✉♣♣♦rt❡❞ ♦♥❡s ❛r❡ ❣✐✈❡♥ ✐♥ t❛❜❧❡ ✷✳
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❋✐❣✉r❡ ✼✿ ◆♦r♠❛❧✐③❡❞ ♣❤♦t♦t❤❡r♠❛❧ s✐❣♥❛❧ ♠♦❞✉❧❛t✐♦♥ S ♦❢ 1.35µm t❤✐❝❦ ❆❩✺✷✶✹ ♣❤♦t♦r❡s✐st
❛t λpump = 3419nm(2925cm−1) ❢♦r ✭❛✮ s✉♣♣♦rt❡❞ ❛♥❞ ✭❜✮ s✉s♣❡♥❞❡❞ r✐♥❣ r❡s♦♥❛t♦rs✳ ❚✇♦
❞✐✛❡r❡♥t r✐♥❣ r❡s♦♥❛t♦rs ✇❡r❡ ❝♦♠♣❛r❡❞✳ ❚❤❡ ♠❛①✐♠✉♠ ♣❤♦t♦t❤❡r♠❛❧ s✐❣♥❛❧ ✐s ❡♥❤❛♥❝❡❞ ❜②
♠♦r❡ t❤❛♥ ✶✵ ❞❇ ✐♥ ❜♦t❤ ❝❛s❡s✳

❚❛❜❧❡ ✷✿ P❡r❢♦r♠❛♥❝❡ ❝♦♠♣❛r✐s♦♥ ♦❢ s✉s♣❡♥❞❡❞ ✭❇✮ r❡s♦♥❛t♦rs t♦ s✉♣♣♦rt❡❞ ♦♥❡s ✭❆✮✳ ◗✉❛♥✲
t✐t✐❡s ❛r❡ ❡①♣r❡ss❡❞ ❛s r❛t✐♦s ✭❇✴❆✮✳

❞❡✈✐❝❡ ✶ ✷
Tprobe,B/Tprobe,A ✶✳✵✶✹ ✶✳✹✹✺
∣

∣

∣

dT

dλ

∣

∣

∣

max,B
/
∣

∣

∣

dT

dλ

∣

∣

∣

max,A
✵✳✼✷ ✶✳✵

[Smax/PprobePpump]B / [Smax/PprobePpump]A ✸✵✳✽ ✸✹✳✺
Rth,B/Rth,A ✹✸✳✶ ✸✹✳✺

❚❤❡ ❜❡st ♠❡❛s✉r❡❞ ❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦r E = Rth,B/Rth,A ♦❢ ✹✸ ✐s s❧✐❣❤t❧② ❧♦✇❡r t❤❛♥ ✇❤❛t ✐s

❡①♣❡❝t❡❞ ❢r♦♠ s✐♠✉❧❛t✐♦♥s✳

▲✐♠✐t ♦❢ ❉❡t❡❝t✐♦♥

■t ✐s ❝❧❡❛r t❤❛t ❛ ❤✐❣❤ s❧♦♣❡ ♦❢ t❤❡ tr❛♥s♠✐ss✐♦♥ s♣❡❝tr✉♠ ✐s ❜❡♥❡✜❝✐❛❧ ❢♦r t❤❡ ♣❤♦t♦t❤❡r♠❛❧

s✐❣♥❛❧ ❛♥❞ t❤✉s ❛ ❤✐❣❤ ◗✲❢❛❝t♦r r❡s♦♥❛t♦r ✐s ❞❡s✐r❛❜❧❡✳ ❯❧tr❛ ❤✐❣❤✲◗ ❞✐s❦ r❡s♦♥❛t♦rs ❤❛✈❡
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❜❡❡♥ s❤♦✇♥✳✹✷ ❍♦✇❡✈❡r✱ ❢r♦♠ ❛ ♣r❛❝t✐❝❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ✐t ❜❡❝♦♠❡s ✈❡r② ❞✐✣❝✉❧t t♦ ❧♦❝❦ t❤❡

♣r♦❜❡ ✇❛✈❡❧❡♥❣t❤ t♦ t❤❡ ♦♣t✐♠❛❧ ♦♣❡r❛t✐♥❣ ♣♦✐♥t✳ ❆s ✐♥❞✐❝❛t❡❞ ✐♥ ❋✐❣✉r❡ ✺✱ t❤❡ ❋✉❧❧ ❲✐❞t❤ ❛t

❍❛❧❢✲▼❛①✐♠✉♠ ✭❋❲❍▼✮ ♦❢ t❤❡ ♣❤♦t♦t❤❡r♠❛❧ s✐❣♥❛❧ ✐s ≈ 0.6 t✐♠❡s s♠❛❧❧❡r t❤❛♥ t❤❡ ❋❲❍▼

♦❢ t❤❡ ▲♦r❡♥t③✐❛♥ r❡s♦♥❛♥❝❡ tr❛♥s♠✐ss✐♦♥✳ ❋♦r ❛ r✐♥❣ r❡s♦♥❛♥❝❡ ✇✐t❤ Q > 300k t❤✐s ❣✐✈❡s

❛ ♣❤♦t♦t❤❡r♠❛❧ ❋❲❍▼ ❁ ✸ ♣♠✱ ❛♣♣r♦❛❝❤✐♥❣ t❤❡ ❧✐♠✐ts ♦❢ t❤❡ ❛❝❝✉r❛❝② ♦❢ t②♣✐❝❛❧ ❡①t❡r♥❛❧

❝❛✈✐t② ❧❛s❡rs✳ ❚❤❡r❡❢♦r❡ ✇❡ ❜❡❧✐❡✈❡ t❤❡ ♣r❡s❡♥t❡❞ r✐♥❣ r❡s♦♥❛t♦rs ✇✐t❤ ◗ ❢❛❝t♦rs ❛r♦✉♥❞ ✶✵✵❦

❛r❡ ❛ ❣♦♦❞ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ s❡♥s✐t✐✈✐t② ❛♥❞ ♣r❛❝t✐✈❛❧ ❢❡❛s✐❜✐❧✐t②✳

❚❤❡ ❧✐♠✐t ♦❢ ❞❡t❡❝t✐♦♥ ✭▲❖❉✮ ✐s ❡✈❛❧✉❛t❡❞ ❢♦r t❤❡ t❤❡r♠❛❧❧② ✐s♦❧❛t❡❞ ❞❡✈✐❝❡ ✭✶❜✮✱ ❛s s❤♦✇♥

✐♥ ❋✐❣✉r❡ ✷ ❛♥❞ ✇❤♦s❡ ♠❡❛s✉r❡♠❡♥t r❡s✉❧ts ✇❡r❡ ♣r❡✈✐♦✉s❧② s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳ ❚❤❡ ❘▼❙

❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❧♦❝❦✲✐♥ s✐❣♥❛❧ S ✭❛s ❞❡✜♥❡❞ ✐♥ ❡q✉❛t✐♦♥ ✶✮ ❛t t❤❡ ♦♣t✐♠❛❧ ♣r♦❜❡ ♣♦s✐t✐♦♥ ✐s

0.49mV ❢♦r ❛ ✶✵✵ ♠s ✐♥t❡❣r❛t✐♦♥ t✐♠❡✱ Pprobe,max = 0.5µW ❛♥❞ ❣❛✐♥ G = 106V/W ✳ ❚❤✐s ❝♦r✲

r❡s♣♦♥❞s t♦ ❛ ♠✐♥✐♠❛❧ ❞❡t❡❝t❛❜❧❡ ❝❤❛♥❣❡ ✐♥ ♣r♦❜❡ tr❛♥s♠✐ss✐♦♥ ♦❢ ∆Tprobe = 5× 10−4✱ ✇❤✐❝❤

✐s ❛ r❡❛s♦♥❛❜❧❡ ❡st✐♠❛t❡ ❢♦r ❧♦❝❦✲✐♥ t②♣❡ ❞❡t❡❝t✐♦♥ s❝❤❡♠❡s✳ ●✐✈❡♥ t❤❡ ✐♥❝r❡❛s❡❞ t❤❡r♠❛❧

r❡s✐st❛♥❝❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② Rth ∼ 1.2×104K/W t❤✐s ❧❡❛❞s t♦ ❛♥ ❡st✐♠❛t❡❞ ♥♦r♠❛❧✐③❡❞ ♥♦✐s❡

❡q✉✐✈❛❧❡♥t ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t ✭◆◆❊❆❂αminPpump/
√
∆f✮ ♦❢ 7.6× 10−6cm−1W/Hz1/2 ❢♦r

Pprobe,max = 0.5µW ✳ ❚❤❡ ♦♥✲❝❤✐♣ ♣r♦❜❡ ♣♦✇❡r ❝❛♥♥♦t ❜❡ ❝❤♦s❡♥ t♦♦ ❧❛r❣❡ ❛s t❤❡ t❤❡r♠❛❧

♥♦♥✲❧✐♥❡❛r ❡✛❡❝ts ✇♦✉❧❞ ❛✛❡❝t t❤❡ r❡s♣♦♥s❡ ♦❢ t❤❡ r✐♥❣ r❡s♦♥❛t♦r✳ ❲✐t❤ ❛ ✜❜❡r ♣♦✇❡r Ppump

♦❢ ✺✵ ♠❲✱ Pprobe,on−chip ❂ ✵✳✺ µW ❛♥❞ ✶s ✐♥t❡❣r❛t✐♦♥ t✐♠❡✱ ❛ ♠✐♥✐♠❛❧ ❞❡t❡❝t❛❜❧❡ ❛❜s♦r♣t✐♦♥

❝♦❡✣❝✐❡♥t αmin ♦❢ 1.5× 10−4cm−1 ✐s ♣r❡❞✐❝t❡❞✳

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

❝♦♥❝❡♥tr❛t✐♦♥ ❢❛❝t♦rs ❛s ❤✐❣❤ ❛s 104 ❝❛♥ ❜❡ ♣❛tt❡r♥❡❞ ❢♦r ♣r❛❝t✐❝❛❧ tr❛❝❡ ❣❛s s❡♥s✐♥❣ ❛♣♣❧✐✲

❝❛t✐♦♥s✳✹✱✺✱✹✸ ❚②♣✐❝❛❧ ❛❜s♦r♣t✐♦♥ ✈❛❧✉❡s ♦❢ tr❛❝❡ ❣❛s❡s ✐♥ t❤❡ ✸✲✹µm ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥ ❛r❡ ♦❢

t❤❡ ♦r❞❡r ♦❢ ✸✵ cm−1 ❛t ✶ ❛t♠ ❛♥❞ r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ✹✹ ❊✈❡♥ ✇✐t❤♦✉t ❛ss✉♠✐♥❣ ❣❛s ♣r❡✲

❝♦♥❝❡♥tr❛t✐♦♥ ✐♥s✐❞❡ t❤❡ ❝♦❛t✐♥❣✱ t❤✐s ❣✐✈❡s ❛ ▲❖❉ ❡st✐♠❛t❡ ♦❢ cmin = 5ppm✳
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❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ✐♥ t❡r♠s ♦❢ ◆◆❊❆ r❡♣♦rt❡❞ ❤❡r❡ ✐s ♠♦❞❡st ❝♦♠♣❛r❡❞ t♦ st❛t❡✲♦❢✲t❤❡✲❛rt

♠✐♥✉❛t✉r✐③❡❞ ♦♣t✐❝❛❧ s❡♥s♦rs s✉❝❤ ❛s s♦♠❡ ◗❊P❆❙ ❡①❛♠♣❧❡s ✇❤❡r❡ ◆◆❊❆ ✈❛❧✉❡s ❛s ❧♦✇

❛s 10−10cm−1W/Hz1/2 ❤❛✈❡ ❜❡❡♥ s❤♦✇♥✳ ✷✽✱✷✾ ❍♦✇❡✈❡r t❤❡ ♣r♦♣♦s❡❞ tr❛♥s❞✉❝❡r s❤♦✇s t❤❛t

♥♦♥✲❝♦♥t❛❝t ❛❧❧✲♦♣t✐❝❛❧ ✐♥t❡rr♦❣❛t✐♦♥ ✐s ♣♦ss✐❜❧❡ ✇❤✐❝❤ ❝❛♥ ❜❡ ❛ ❦❡② r❡q✉✐r❡♠❡♥t ✐♥ ❝❡rt❛✐♥

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

❝♦♥❝❡♥tr❛t✐♥❣ ❝♦❛t✐♥❣ ✐s ❡①♣❡❝t❡❞ t♦ ❜r✐♥❣ ❞♦✇♥ t❤❡ ◆◆❊❆ t♦ ❝♦♠♣❡t✐t✐✈❡ ✈❛❧✉❡s✳

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

❛❜❧❡ t♦ s❡❧❡❝t ❛ ♥❛rr♦✇❡r ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ♦❢ ≈ ✶✵✵✲✶✺✵ ❝♠−1 t♦ t❛r❣❡t ♦♥❧② ❛ ❧✐♠✐t❡❞ ♥✉♠❜❡r

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

s♦✉r❝❡ ❝❛♥ ❜❡ ✉s❡❞ s✉❝❤ ❛s ❛ ❉✐str✐❜✉t❡❞ ❋❡❡❞❜❛❝❦ ✭❉❋❇✮ ◗❈▲ ♦r ❊❈✲◗❈▲✳ ❋✉rt❤❡r♠♦r❡✱

❢r❡❡✲s♣❛❝❡ ♦♣t✐❝s ❢♦r t❤❡ ♣r♦❜❡ ❛♥❞ ♣✉♠♣ ❜❡❛♠ ❝❛♥ ❜❡ ✉s❡❞✱ ❛s ♦♣♣♦s❡❞ t♦ ✜❜❡rs✱ t♦ ✢♦♦❞

✐❧❧✉♠✐♥❛t❡ t❤❡ ❝❤✐♣ ❢r♦♠ ❛ s❤♦rt ✭❁✶ ♠❡t❡r✮ ❞✐st❛♥❝❡✳ ❆s ♦♥❧② t❤❡ r✐♥❣ ❝❛♥ ❜❡ ✐❧❧✉♠✐♥❛t❡❞

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

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

❋✐❣✉r❡ ❙✺ ✐♥ t❤❡ ❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥✳ ❆ ❝♦❧❧✐♠❛t❡❞ ♣✉♠♣ ✇✐t❤ ❛ ♠✐❧❧✐♠❡t❡r s✐③❡❞ ❜❡❛♠

❞✐❛♠❡t❡r ✇♦✉❧❞ ❤❛✈❡ ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♣♦✇❡r ❝♦♥t❛✐♥❡❞ ♦♥ t❤❡ r❡s♦♥❛t♦r ♦♥ t❤❡ ♦r❞❡r ♦❢ 10−3✱

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

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

t❤❡ ❝♦❛t✐♥❣✳ ❚❤❡ tr❛♥s♠✐tt❡❞ ♣r♦❜❡ s✐❣♥❛❧ ❝♦✉❧❞ t❤❡♥ ❜❡ ❝♦❧❧❡❝t❡❞ ❜② ❛ ♥❡❛r✲■❘ ❝❛♠❡r❛ ✺✳

❈♦♥❝❧✉s✐♦♥s

❆♥ ♦♥✲❝❤✐♣ ♠✐❞✲■❘ ♣❤♦t♦t❤❡r♠❛❧ s♣❡❝tr♦s❝♦♣✐❝ s❡♥s♦r ✉s✐♥❣ s✉s♣❡♥❞❡❞ s✐❧✐❝♦♥✲♦♥✲✐♥s✉❧❛t♦r

♠✐❝r♦r✐♥❣ r❡s♦♥❛t♦rs ✐s ❞❡♠♦♥str❛t❡❞✳ ❚❤❡ tr❛♥s❞✉❝❡r ❝✐r❝✉♠✈❡♥ts t❤❡ ♥❡❡❞ ♦❢ ✉s✐♥❣ ❛ ♠✐❞✲

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

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

t❤❡ ♣❤♦t♦r❡s✐st ❆❩✺✷✶✹ ✐♥ t❤❡ 3.25−3.6µm ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ ❜❡♥❝❤✲
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♠❛r❦ ❋❚■❘ t❡❝❤♥✐q✉❡s✳

❚❤❡ ♣❤♦t♦t❤❡r♠❛❧ s✐❣♥❛❧ ❤❛s ❜❡❡♥ ✐♥❝r❡❛s❡❞ ❜② ❛ ❢❛❝t♦r ♦❢ ✹✵ ❜② ♦♣❡♥✐♥❣ ❛ ✇✐♥❞♦✇ ✐♥ t❤❡ s✐❧✐✲

❝♦♥ s✉❜str❛t❡ ❜❡♥❡❛t❤ t❤❡ r❡s♦♥❛t♦r✱ ❤❡r❡❜② s✉s♣❡♥❞✐♥❣ t❤❡ r✐♥❣ r❡s♦♥❛t♦rs ♦♥ t❤❡ ❜✉r✐❡❞ ♦①✲

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

✐s ❡st✐♠❛t❡❞ t♦ ❜❡ 1.2× 104K/W ✳ ❚❤❡ ❧❛tt❡r r❡s✉❧ts ✐♥ ❛ ◆◆❊❆ ♦❢ 7.6× 10−6cm−1W/Hz1/2

❢♦r ✵✳✺ µW ♦❢ ♣r♦❜❡ ♣♦✇❡r✳ ❇② ✉s✐♥❣ ❛ ♣✉♠♣ ♣♦✇❡r ♦❢ ✺✵ ♠❲ ❛♥❞ ✶s ✐♥t❡❣r❛t✐♦♥ t✐♠❡✱ ❛

▲❖❉ αmin ♦❢ 1.5 × 10−4cm−1 ✐s ♣r❡❞✐❝t❡❞✳ ❚❤❡r♠❛❧ ❋❊▼ s✐♠✉❧❛t✐♦♥s s✉❣❣❡st t❤❛t ❢✉rt❤❡r

✐♠♣r♦✈❡♠❡♥ts ❜② ❛ ❢❛❝t♦r ♦❢ ✷✲✸ ❝❛♥ ❜❡ ♠❛❞❡ ❜② ♠❛❦✐♥❣ s✉r❡ t❤❛t t❤❡ r✐♥❣ r❡s♦♥❛t♦r ✐s

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

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

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

t❡r♥❡❞ ♦♥ t❤❡ r✐♥❣ tr❛♥s❞✉❝❡rs✳ ❙✉❜✲♣♣♠ ▲❖❉ ✈❛❧✉❡s ❛r❡ ❡①♣❡❝t❡❞ ❢♦r tr❛❝❡ ❣❛s❡s ❛❜s♦r❜✐♥❣

✐♥ t❤❡ 3− 4µm ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡✳

❚❤✐s s❡♥s✐♥❣ ❛♣♣r♦❛❝❤ ✐s s♣❡❝✐✜❝❛❧❧② ✐♥t❡r❡st✐♥❣ ❢♦r ❛❧❧✲♦♣t✐❝❛❧ ♥♦♥✲❝♦♥t❛❝t tr❛❝❡ ❣❛s ❞❡t❡❝✲

t✐♦♥ ❛♣♣❧✐❝❛t✐♦♥s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❞✐s♣♦s❛❜❧❡ ❛♥❞ ❝❤❡❛♣ ❙❖■ r✐♥❣ r❡s♦♥❛t♦r tr❛♥s❞✉❝❡r ❝❛♥

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

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

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

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

❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥ ❆✈❛✐❧❛❜❧❡✿ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ✜❧❡s ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢r❡❡ ♦❢ ❝❤❛r❣❡✳

• ❙✉♣♣♦rt✐♥❣ ■♥❢♦r♠❛t✐♦♥✿ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s✉s♣❡♥❞❡❞ ♠❡♠❜r❛♥❡s❀ ❋❊▼ s✐♠✉❧❛✲

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

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

❚❤❡ ❛✉t❤♦r t❤❛♥❦s t❤❡ ❘❡s❡❛r❝❤ ❋♦✉♥❞❛t✐♦♥ ❋❧❛♥❞❡rs ✭❋❲❖✮ ❢♦r ❛ r❡s❡❛r❝❤ ❣r❛♥t ❛♥❞ t❤❡

❈❤❡❝❦P❛❝❦ ■❲❚ ♣r♦❥❡❝t ❢✉♥❞❡❞ ❜② t❤❡ ❋❧❡♠✐s❤ ❣♦✈❡r♥♠❡♥t✳

❘❡❢❡r❡♥❝❡s

✭✶✮ ❙♦r❡❢✱ ❘✳ ❚❤❡ P❛st✱ Pr❡s❡♥t✱ ❛♥❞ ❋✉t✉r❡ ♦❢ ❙✐❧✐❝♦♥ P❤♦t♦♥✐❝s✳ ■❊❊❊ ❏✳ ❙❡❧✳ ❚♦♣✳ ◗✉❛♥✲

t✉♠ ❊❧❡❝tr♦♥✳ ✷✵✵✻✱ ✶✷✱ ✶✻✼✽✕✶✻✽✼✳

✭✷✮ ❱♦s✱ ❑✳ ❉✳❀ ❇❛rt♦❧♦③③✐✱ ■✳❀ ❙❝❤❛❝❤t✱ ❊✳❀ ❇✐❡♥st♠❛♥✱ P✳❀ ❇❛❡ts✱ ❘✳ ❙✐❧✐❝♦♥✲♦♥✲■♥s✉❧❛t♦r

♠✐❝r♦r✐♥❣ r❡s♦♥❛t♦r ❢♦r s❡♥s✐t✐✈❡ ❛♥❞ ❧❛❜❡❧✲❢r❡❡ ❜✐♦s❡♥s✐♥❣✳ ❖♣t✳ ❊①♣r❡ss ✷✵✵✼✱ ✶✺✱ ✼✻✶✵✕

✼✻✶✺✳

✭✸✮ ◆✐t❦♦✇s❦✐✱ ❆✳❀ ❈❤❡♥✱ ▲✳❀ ▲✐♣s♦♥✱ ▼✳ ❈❛✈✐t②✲❡♥❤❛♥❝❡❞ ♦♥✲❝❤✐♣ ❛❜s♦r♣t✐♦♥ s♣❡❝tr♦s❝♦♣②

✉s✐♥❣ ♠✐❝r♦r✐♥❣ r❡s♦♥❛t♦rs✳ ❖♣t✳ ❊①♣r❡ss ✷✵✵✽✱ ✶✻✱ ✶✶✾✸✵✕✶✶✾✸✻✳

✭✹✮ ❨❡❜♦✱ ◆✳ ❆✳❀ ▲♦♠♠❡♥s✱ P✳❀ ❍❡♥s✱ ❩✳❀ ❇❛❡ts✱ ❘✳ ❆♥ ✐♥t❡❣r❛t❡❞ ♦♣t✐❝ ❡t❤❛♥♦❧ ✈❛♣♦r s❡♥s♦r

❜❛s❡❞ ♦♥ ❛ s✐❧✐❝♦♥✲♦♥✲✐♥s✉❧❛t♦r ♠✐❝r♦r✐♥❣ r❡s♦♥❛t♦r ❝♦❛t❡❞ ✇✐t❤ ❛ ♣♦r♦✉s ❩♥❖ ✜❧♠✳ ❖♣t✳

❊①♣r❡ss ✷✵✶✵✱ ✶✽✱ ✶✶✽✺✾✕✶✶✽✻✻✳

✭✺✮ ❨❡❜♦✱ ◆✳ ❆✳❀ ❙r❡❡✱ ❙✳ P✳❀ ▲❡✈r❛✉✱ ❊✳❀ ❉❡t❛✈❡r♥✐❡r✱ ❈✳❀ ❍❡♥s✱ ❩✳❀ ▼❛rt❡♥s✱ ❏✳ ❆✳❀ ❇❛❡ts✱ ❘✳

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

s✐❧✐❝♦♥ ♣❤♦t♦♥✐❝ ♠✐❝r♦✲r✐♥❣ r❡s♦♥❛t♦r✳ ❖♣t✳ ❊①♣r❡ss ✷✵✶✷✱ ✷✵✱ ✶✶✽✺✺✕✶✶✽✻✷✳

✭✻✮ ▼✉♥❡❡❜✱ ▼✳❀ ❱❛s✐❧✐❡✈✱ ❆✳❀ ❘✉♦❝❝♦✱ ❆✳❀ ▼❛❧✐❦✱ ❆✳❀ ❈❤❡♥✱ ❍✳❀ ◆❡❞❡❧❥❦♦✈✐❝✱ ▼✳❀ P❡✲

♥❛❞❡s✱ ❏✳ ❙✳❀ ❈❡r✉tt✐✱ ▲✳❀ ❘♦❞r✐❣✉❡③✱ ❏✳ ❇✳❀ ▼❛s❤❛♥♦✈✐❝❤✱ ●✳ ❩✳❀ ❙♠✐t✱ ▼✳ ❑✳❀ ❚♦✉r♥✐✱ ❊✳❀

❘♦❡❧❦❡♥s✱ ●✳ ■■■✲❱✲♦♥✲s✐❧✐❝♦♥ ✐♥t❡❣r❛t❡❞ ♠✐❝r♦ ✲ s♣❡❝tr♦♠❡t❡r ❢♦r t❤❡ ✸ µ♠ ✇❛✈❡❧❡♥❣t❤

r❛♥❣❡✳ ❖♣t✳ ❊①♣r❡ss ✷✵✶✻✱ ✷✹✱ ✾✹✻✺✕✾✹✼✷✳

✭✼✮ ❩❧❛t❛♥♦✈✐❝✱ ❙✳❀ P❛r❦✱ ❏✳ ❙✳❀ ▼♦r♦✱ ❙✳❀ ❇♦❣❣✐♦✱ ❏✳ ▼✳ ❈✳❀ ❉✐✈❧✐❛♥s❦②✱ ■✳ ❇✳❀ ❆❧✐❝✱ ◆✳❀

▼♦♦❦❤❡r❥❡❛✱ ❙✳❀ ❘❛❞✐❝✱ ❙✳ ▼✐❞✲✐♥❢r❛r❡❞ ✇❛✈❡❧❡♥❣t❤ ❝♦♥✈❡rs✐♦♥ ✐♥ s✐❧✐❝♦♥ ✇❛✈❡❣✉✐❞❡s

✶✾
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✉s✐♥❣ ✉❧tr❛❝♦♠♣❛❝t t❡❧❡❝♦♠✲❜❛♥❞✲❞❡r✐✈❡❞ ♣✉♠♣ s♦✉r❝❡✳ ◆❛t✳ P❤♦t♦♥✐❝s ✷✵✶✵✱ ✹✱ ✺✻✶✕

✺✻✹✳

✭✽✮ ❲❛♥❣✱ ❘✳❀ ▼✉♥❡❡❜✱ ▼✳❀ ❙♣r❡♥❣❡❧✱ ❙✳❀ ❇♦❡❤♠✱ ●✳❀ ▼❛❧✐❦✱ ❆✳❀ ❇❛❡ts✱ ❘✳❀ ❆♠❛♥♥✱ ▼✳✲❈✳❀

❘♦❡❧❦❡♥s✱ ●✳ ■■■✲❱✲♦♥✲s✐❧✐❝♦♥ ✷✲µ♠✲✇❛✈❡❧❡♥❣t❤✲r❛♥❣❡ ✇❛✈❡❧❡♥❣t❤ ❞❡♠✉❧t✐♣❧❡①❡rs ✇✐t❤

❤❡t❡r♦❣❡♥❡♦✉s❧② ✐♥t❡❣r❛t❡❞ ■♥P✲❜❛s❡❞ t②♣❡✲■■ ♣❤♦t♦❞❡t❡❝t♦rs✳ ❖♣t✳ ❊①♣r❡ss ✷✵✶✻✱ ✷✹✱

✽✹✽✵✕✽✹✾✵✳

✭✾✮ ❘♦❡❧❦❡♥s✱ ●✳ ❡t ❛❧✳ ❙✐❧✐❝♦♥✲❜❛s❡❞ ❤❡t❡r♦❣❡♥❡♦✉s ♣❤♦t♦♥✐❝ ✐♥t❡❣r❛t❡❞ ❝✐r❝✉✐ts ❢♦r t❤❡

♠✐❞✲✐♥❢r❛r❡❞✳ ❖♣t✳ ▼❛t❡r✳ ❊①♣r❡ss ✷✵✶✸✱ ✸✱ ✶✺✷✸✕✶✺✸✻✳

✭✶✵✮ ❙♣♦tt✱ ❆✳❀ P❡t❡rs✱ ❏✳❀ ❉❛✈❡♥♣♦rt✱ ▼✳ ▲✳❀ ❙t❛♥t♦♥✱ ❊✳ ❏✳❀ ▼❡rr✐tt✱ ❈✳ ❉✳❀ ❇❡✇❧❡②✱ ❲✳ ❲✳❀

❱✉r❣❛❢t♠❛♥✱ ■✳❀ ❑✐♠✱ ❈✳ ❙✳❀ ▼❡②❡r✱ ❏✳ ❘✳❀ ❑✐r❝❤✱ ❏✳❀ ▼❛✇st✱ ▲✳ ❏✳❀ ❇♦t❡③✱ ❉✳❀ ❇♦✇✲

❡rs✱ ❏✳ ❊✳ ◗✉❛♥t✉♠ ❝❛s❝❛❞❡ ❧❛s❡r ♦♥ s✐❧✐❝♦♥✳ ❖♣t✐❝❛ ✷✵✶✻✱ ✸✱ ✺✹✺✕✺✺✶✳

✭✶✶✮ ▼❛s❤❛♥♦✈✐❝❤✱ ●✳ ❩✳ ❡t ❛❧✳ ❙✐❧✐❝♦♥ ❛♥❞ ❣❡r♠❛♥✐✉♠ ♠✐❞✲✐♥❢r❛r❡❞ ♣❤♦t♦♥✐❝s✳ Pr♦❝✳ ❙P■❊

✷✵✶✻✱ ✾✼✺✺✱ ✾✼✺✺✵❲✿✶✕✾✼✺✺✵❲✿✻✳

✭✶✷✮ ❙♦r❡❢✱ ❘✳ ▼✐❞✲✐♥❢r❛r❡❞ ♣❤♦t♦♥✐❝s ✐♥ s✐❧✐❝♦♥ ❛♥❞ ❣❡r♠❛♥✐✉♠✳ ◆❛t✳ P❤♦t♦♥✐❝s ✷✵✶✵✱ ✹✱

✹✾✺✕✹✾✼✳

✭✶✸✮ ❈❤❡♥✱ ❨✳❀ ▲✐♥✱ ❍✳❀ ❍✉✱ ❏✳❀ ▲✐✱ ▼✳ ❍❡t❡r♦❣❡♥❡♦✉s❧② ■♥t❡❣r❛t❡❞ ❙✐❧✐❝♦♥ P❤♦t♦♥✐❝s ❢♦r t❤❡

▼✐❞✲■♥❢r❛r❡❞ ❛♥❞ ❙♣❡❝tr♦s❝♦♣✐❝ ❙❡♥s✐♥❣✳ ❆❈❙ ◆❛♥♦ ✷✵✶✹✱ ✽✱ ✻✾✺✺✕✻✾✻✶✳

✭✶✹✮ ▲✐♥✱ ❍✳❀ ▲✐✱ ▲✳❀ ❩♦✉✱ ❨✳❀ ❉❛♥t♦✱ ❙✳❀ ▼✉s❣r❛✈❡s✱ ❏✳ ❉✳❀ ❘✐❝❤❛r❞s♦♥✱ ❑✳❀ ❑♦③❛❝✐❦✱ ❙✳❀

▼✉r❛❦♦✇s❦✐✱ ▼✳❀ Pr❛t❤❡r✱ ❉✳❀ ▲✐♥✱ P✳ ❚✳❀ ❙✐♥❣❤✱ ❱✳❀ ❆❣❛r✇❛❧✱ ❆✳❀ ❑✐♠❡r❧✐♥❣✱ ▲✳ ❈✳❀

❍✉✱ ❏✳ ❉❡♠♦♥str❛t✐♦♥ ♦❢ ❤✐❣❤✲◗ ♠✐❞✲✐♥❢r❛r❡❞ ❝❤❛❧❝♦❣❡♥✐❞❡ ❣❧❛ss✲♦♥✲s✐❧✐❝♦♥ r❡s♦♥❛t♦rs✳

❖♣t✳ ▲❡tt✳ ✷✵✶✸✱ ✸✽✱ ✶✹✼✵✕✶✹✼✷✳

✭✶✺✮ ▲✐✱ ▲✳❀ ▲✐♥✱ ❍✳❀ ◗✐❛♦✱ ❙✳❀ ❩♦✉✱ ❨✳❀ ❉❛♥t♦✱ ❙✳❀ ❘✐❝❤❛r❞s♦♥✱ ❑✳❀ ▼✉s❣r❛✈❡s✱ ❏✳ ❉✳❀ ▲✉✱ ◆✳❀

❍✉✱ ❏✳ ■♥t❡❣r❛t❡❞ ✢❡①✐❜❧❡ ❝❤❛❧❝♦❣❡♥✐❞❡ ❣❧❛ss ♣❤♦t♦♥✐❝ ❞❡✈✐❝❡s✳ ◆❛t✳ P❤♦t♦♥✐❝s ✷✵✶✹✱ ✽✱

✻✹✸✕✻✹✾✳
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✭✶✻✮ ❍❛♥✱ ❩✳❀ ▲✐♥✱ P✳❀ ❙✐♥❣❤✱ ❱✳❀ ❑✐♠❡r❧✐♥❣✱ ▲✳❀ ❍✉✱ ❏✳❀ ❘✐❝❤❛r❞s♦♥✱ ❑✳❀ ❆❣❛r✇❛❧✱ ❆✳❀ ❚❛♥✱ ❉✳

❚✳ ❍✳ ❖♥✲❝❤✐♣ ♠✐❞✲✐♥❢r❛r❡❞ ❣❛s ❞❡t❡❝t✐♦♥ ✉s✐♥❣ ❝❤❛❧❝♦❣❡♥✐❞❡ ❣❧❛ss ✇❛✈❡❣✉✐❞❡✳ ❆♣♣❧✳

P❤②s✳ ▲❡tt✳ ✷✵✶✻✱ ✶✵✽✱ ✶✹✶✶✵✻✿✶✕✶✹✶✶✵✻✿✸✳

✭✶✼✮ ❇✐❛❧❦♦✇s❦✐✱ ❙✳ P❤♦t♦t❤❡r♠❛❧ s♣❡❝tr♦s❝♦♣② ♠❡t❤♦❞s ❢♦r ❝❤❡♠✐❝❛❧ ❛♥❛❧②s✐s ❀ ❏♦❤♥ ❲✐❧❡② ✫

❙♦♥s✱ ✶✾✾✻❀ ❱♦❧✳ ✶✸✹✳

✭✶✽✮ ❍✉✱ ❏✳ ❯❧tr❛✲s❡♥s✐t✐✈❡ ❝❤❡♠✐❝❛❧ ✈❛♣♦r ❞❡t❡❝t✐♦♥ ✉s✐♥❣ ♠✐❝r♦✲❝❛✈✐t② ♣❤♦t♦t❤❡r♠❛❧ s♣❡❝✲

tr♦s❝♦♣②✳ ❖♣t✳ ❊①♣r❡ss ✷✵✶✵✱ ✶✽✱ ✷✷✶✼✹✕✷✷✶✽✻✳

✭✶✾✮ ●❛✐❞✉❦✱ ❆✳❀ ❨♦r✉❧♠❛③✱ ▼✳❀ ❘✉✐❥❣r♦❦✱ P✳ ❱✳❀ ❖rr✐t✱ ▼✳ ❘♦♦♠✲❚❡♠♣❡r❛t✉r❡ ❉❡t❡❝t✐♦♥ ♦❢

❛ ❙✐♥❣❧❡ ▼♦❧❡❝✉❧❡✬s ❆❜s♦r♣t✐♦♥ ❜② P❤♦t♦t❤❡r♠❛❧ ❈♦♥tr❛st✳ ❙❝✐❡♥❝❡ ✷✵✶✵✱ ✸✸✵✱ ✸✺✸✕✸✺✻✳

✭✷✵✮ ❨❛♠❛❞❛✱ ❙✳❀ ❙❝❤♠✐❞✱ ❙✳❀ ▲❛rs❡♥✱ ❚✳❀ ❍❛♥s❡♥✱ ❖✳❀ ❇♦✐s❡♥✱ ❆✳ P❤♦t♦t❤❡r♠❛❧ ■♥❢r❛r❡❞

❙♣❡❝tr♦s❝♦♣② ♦❢ ❆✐r❜♦r♥❡ ❙❛♠♣❧❡s ✇✐t❤ ▼❡❝❤❛♥✐❝❛❧ ❙tr✐♥❣ ❘❡s♦♥❛t♦rs✳ ❆♥❛❧✳ ❈❤❡♠✳

✷✵✶✸✱ ✽✺✱ ✶✵✺✸✶✕✶✵✺✸✺✳

✭✷✶✮ ❙t✐❡✈❛t❡r✱ ❚✳ ❍✳❀ P❛♣❛♥✐❝♦❧❛♦✉✱ ◆✳ ❆✳❀ ❇❛ss✱ ❘✳❀ ❘❛❜✐♥♦✈✐❝❤✱ ❲✳ ❙✳❀ ▼❝●✐❧❧✱ ❘✳ ❆✳ ▼✐✲

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

❖♣t✳ ▲❡tt✳ ✷✵✶✷✱ ✸✼✱ ✷✸✷✽✕✷✸✸✵✳

✭✷✷✮ ❲❡✐ ❏✐♥✱ ❋✳ ❨✳✱ ❨✐♥❣❝❤✉♥ ❈❛♦❀ ❍♦✱ ❍✳ ▲✳ ❯❧tr❛✲s❡♥s✐t✐✈❡ ❛❧❧✲✜❜r❡ ♣❤♦t♦t❤❡r♠❛❧ s♣❡❝✲

tr♦s❝♦♣② ✇✐t❤ ❧❛r❣❡ ❞②♥❛♠✐❝ r❛♥❣❡✳ ◆❛t✳ ❈♦♠♠✉♥✳ ✷✵✶✺✱ ✻✱ ✻✼✻✼✿✶✕✻✼✻✼✿✽✳

✭✷✸✮ ❨❛♥❣✱ ❋✳❀ ❚❛♥✱ ❨✳❀ ❏✐♥✱ ❲✳❀ ▲✐♥✱ ❨✳❀ ◗✐✱ ❨✳❀ ❍♦✱ ❍✳ ▲✳ ❍♦❧❧♦✇✲❝♦r❡ ✜❜❡r ❋❛❜r②✕P❡r♦t

♣❤♦t♦t❤❡r♠❛❧ ❣❛s s❡♥s♦r✳ ❖♣t✳ ▲❡tt✳ ✷✵✶✻✱ ✹✶✱ ✸✵✷✺✕✸✵✷✽✳

✭✷✹✮ ❍❡②❧♠❛♥✱ ❑✳ ❉✳❀ ❑♥❛♣♣❡r✱ ❑✳ ❆✳❀ ●♦❧❞s♠✐t❤✱ ❘✳ ❍✳ P❤♦t♦t❤❡r♠❛❧ ▼✐❝r♦s❝♦♣② ♦❢ ◆♦♥✲

❧✉♠✐♥❡s❝❡♥t ❙✐♥❣❧❡ P❛rt✐❝❧❡s ❊♥❛❜❧❡❞ ❜② ❖♣t✐❝❛❧ ▼✐❝r♦r❡s♦♥❛t♦rs✳ ❏✳ P❤②s✳ ❈❤❡♠✳ ▲❡tt✳

✷✵✶✹✱ ✺✱ ✶✾✶✼✕✶✾✷✸✳

✭✷✺✮ ❱❡r♠❡✉❧❡♥✱ P✳❀ ❈♦❣♥❡t✱ ▲✳❀ ▲♦✉♥✐s✱ ❇✳ P❤♦t♦t❤❡r♠❛❧ ♠✐❝r♦s❝♦♣②✿ ♦♣t✐❝❛❧ ❞❡t❡❝t✐♦♥ ♦❢

s♠❛❧❧ ❛❜s♦r❜❡rs ✐♥ s❝❛tt❡r✐♥❣ ❡♥✈✐r♦♥♠❡♥ts✳ ❏✳ ▼✐❝r♦s❝✳ ✷✵✶✹✱ ✷✺✹✱ ✶✶✺✕✶✷✶✳
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✭✷✻✮ ◆❡❞♦s❡❦✐♥✱ ❉✳ ❆✳❀ ●❛❧❛♥③❤❛✱ ❊✳ ■✳❀ ❉❡r✈✐s❤✐✱ ❊✳❀ ❇✐r✐s✱ ❆✳ ❙✳❀ ❩❤❛r♦✈✱ ❱✳ P✳ ❙✉♣❡r✲

❘❡s♦❧✉t✐♦♥ ◆♦♥❧✐♥❡❛r P❤♦t♦t❤❡r♠❛❧ ▼✐❝r♦s❝♦♣②✳ ❙♠❛❧❧ ✷✵✶✹✱ ✶✵✱ ✶✸✺✕✶✹✷✳

✭✷✼✮ ❉✐♥❣✱ ❚✳ ❳✳❀ ❍♦✉✱ ▲✳❀ ✈❛♥ ❞❡r ▼❡❡r✱ ❍✳❀ ❆❧✐✈✐s❛t♦s✱ ❆✳ P✳❀ ❖rr✐t✱ ▼✳ ❍✉♥❞r❡❞s✲❢♦❧❞

❙❡♥s✐t✐✈✐t② ❊♥❤❛♥❝❡♠❡♥t ♦❢ P❤♦t♦t❤❡r♠❛❧ ▼✐❝r♦s❝♦♣② ✐♥ ◆❡❛r✲❈r✐t✐❝❛❧ ❳❡♥♦♥✳ ❏✳ P❤②s✳

❈❤❡♠✳ ▲❡tt✳ ✷✵✶✻✱ ✼✱ ✷✺✷✹✕✷✺✷✾✳

✭✷✽✮ ❙♣❛❣♥♦❧♦✱ ❱✳❀ P❛t✐♠✐s❝♦✱ P✳❀ ❇♦rr✐✱ ❙✳❀ ❙❝❛♠❛r❝✐♦✱ ●✳❀ ❇❡r♥❛❝❦✐✱ ❇✳ ❊✳❀ ❑r✐❡s❡❧✱ ❏✳ P❛rt✲

♣❡r✲tr✐❧❧✐♦♥ ❧❡✈❡❧ ❙❋ ✻ ❞❡t❡❝t✐♦♥ ✉s✐♥❣ ❛ q✉❛rt③ ❡♥❤❛♥❝❡❞ ♣❤♦t♦❛❝♦✉st✐❝ s♣❡❝tr♦s❝♦♣②✲

❜❛s❡❞ s❡♥s♦r ✇✐t❤ s✐♥❣❧❡✲♠♦❞❡ ✜❜❡r✲❝♦✉♣❧❡❞ q✉❛♥t✉♠ ❝❛s❝❛❞❡ ❧❛s❡r ❡①❝✐t❛t✐♦♥✳ ❖♣t✳

▲❡tt✳ ✷✵✶✷✱ ✸✼✱ ✹✹✻✶✕✹✹✻✸✳

✭✷✾✮ P❛t✐♠✐s❝♦✱ P✳❀ ❙❝❛♠❛r❝✐♦✱ ●✳❀ ❚✐tt❡❧✱ ❋✳ ❑✳❀ ❙♣❛❣♥♦❧♦✱ ❱✳ ◗✉❛rt③✲❊♥❤❛♥❝❡❞ P❤♦t♦❛✲

❝♦✉st✐❝ ❙♣❡❝tr♦s❝♦♣②✿ ❆ ❘❡✈✐❡✇✳ ❙❡♥s♦rs ✷✵✶✹✱ ✶✹✱ ✻✶✻✺✕✻✷✵✻✳

✭✸✵✮ ✐♠❡❝✱ ❊✉r♦♣r❛❝t✐❝❡ ❍♦♠❡♣❛❣❡✳ ✷✵✶✻❀ ❤tt♣✿✴✴✇✇✇✳❡✉r♦♣r❛❝t✐❝❡✲✐❝✳❝♦♠✳

✭✸✶✮ ▲❛♥❣✱ ❇✳ ❲✳ ❙tr✉❝t✉r❛❧ ❉②♥❛♠✐❝s✱ ❱♦❧✉♠❡ ✸ ❀ ❙♣r✐♥❣❡r✱ ✷✵✶✶❀ ♣♣ ✾✺✺✕✾✻✵✳

✭✸✷✮ ▼♦rr✐s♦♥✱ ❆✳ ▼✳❀ ▲✐❛♥❣✱ ❚✳❀ ❉♦✉❜❡r❧②✱ ●✳ ❊✳ ❆✉t♦♠❛t✐♦♥ ♦❢ ❛♥ ❆❝✉❧✐❣❤t ❝♦♥t✐♥✉♦✉s✲

✇❛✈❡ ♦♣t✐❝❛❧ ♣❛r❛♠❡tr✐❝ ♦s❝✐❧❧❛t♦r✳ ❘❡✈✳ ❙❝✐✳ ■♥str✉♠✳ ✷✵✶✸✱ ✽✹✱ ✵✶✸✶✵✷✿✶✕✵✶✸✶✵✷✿✽✳

✭✸✸✮ ❇♦❣❛❡rts✱ ❲✳❀ ❉❡ ❍❡②♥✱ P✳❀ ❱❛♥ ❱❛❡r❡♥❜❡r❣❤✱ ❚✳❀ ❉❡ ❱♦s✱ ❑✳❀ ❑✉♠❛r ❙❡❧✈❛r❛❥❛✱ ❙✳❀

❈❧❛❡s✱ ❚✳❀ ❉✉♠♦♥✱ P✳❀ ❇✐❡♥st♠❛♥✱ P✳❀ ❱❛♥ ❚❤♦✉r❤♦✉t✱ ❉✳❀ ❇❛❡ts✱ ❘✳ ❙✐❧✐❝♦♥ ♠✐❝r♦r✐♥❣

r❡s♦♥❛t♦rs✳ ▲❛s❡r P❤♦t♦♥✐❝s ❘❡✈✳ ✷✵✶✷✱ ✻✱ ✹✼✕✼✸✳

✭✸✹✮ ❲♦♥❣✱ ❈✳ ❨✳❀ ❈❤❡♥❣✱ ❩✳❀ ❈❤❡♥✱ ❳✳❀ ❳✉✱ ❑✳❀ ❋✉♥❣✱ ❈✳ ❑✳❀ ❈❤❡♥✱ ❨✳ ▼✳❀ ❚s❛♥❣✱ ❍✳ ❑✳

❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ♠✐❞✲✐♥❢r❛r❡❞ s✐❧✐❝♦♥✲♦♥✲s❛♣♣❤✐r❡ ♠✐❝r♦r✐♥❣ r❡s♦♥❛t♦rs ✇✐t❤ t❤❡r♠❛❧

t✉♥✐♥❣✳ ■❊❊❊ P❤♦t♦♥✐❝s ❏✳ ✷✵✶✷✱ ✹✱ ✶✵✾✺✕✶✶✵✷✳

✭✸✺✮ ❑❧❛♥✱ P✳❀ ❲✐r③✱ ❏✳ P❤♦t♦❝❤❡♠✐str② ♦❢ ♦r❣❛♥✐❝ ❝♦♠♣♦✉♥❞s✿ ❋r♦♠ ❝♦♥❝❡♣ts t♦ ♣r❛❝t✐❝❡ ❀

❏♦❤♥ ❲✐❧❡② ✫ ❙♦♥s✱ ✷✵✵✾✳
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