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str♦♥❣❧② ❞❡♣❡♥❞ ♦♥ t❡♠♣❡r❛t✉r❡✱ t❤❡ ✐♠♣❛❝t ♣❛r❛♠❡t❡rs ❞❡t❡r♠✐♥❡ t❤❡ ♠❛①✐♠✉♠ ❞r♦♣

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

❛t✐♦♥ ♠❛✐♥❧② ❞❡♣❡♥❞s ♦♥ t❤❡ ❧✐q✉✐❞ t❡♠♣❡r❛t✉r❡✱✷✵✱✷✶ ❜✉t ♠❛② ❛❧s♦ ❜❡ ❛✛❡❝t❡❞ ❜② t❤❡ s✉r❢❛❝❡
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♦❢ t❤❡ s♦❧✐❞ ♠❛t❡r✐❛❧✳✶✽

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

♦❢ ❛♣♣r♦❛❝❤❡s ❢♦r t❤❡ r❡❞✉❝t✐♦♥ ❛♥❞ ♣r❡✈❡♥t✐♦♥ ♦❢ ✐❝✐♥❣ ❛r❡ ♠❛♥✐❢♦❧❞✳✷✽ ❇② ✉t✐❧✐③✐♥❣ s✉♣❡r✲

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

❞❡❧❛②✱✷✾✕✸✶ ❛ ❞❡❝r❡❛s❡ ♦❢ ✇❡tt❛❜✐❧✐t② r❡s✉❧t✐♥❣ ✐♥ ❞r♦♣ r❡♣✉❧s✐♦♥ ❜❡❢♦r❡ ♥✉❝❧❡❛t✐♦♥✱✸✷✱✸✸ r❡❞✉❝✲

t✐♦♥ ♦❢ t❤❡ ✐❝❡ ❛❞❤❡s✐♦♥ str❡♥❣t❤ t♦ t❤❡ s✉r❢❛❝❡✱✸✹ ♦r ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❞r♦♣ ♠♦❜✐❧✐t② ♦♥ t❤❡

s✉r❢❛❝❡ t♦ ♣r♦♠♦t❡ ❞r♦♣ s❤❡❞❞✐♥❣✳✸✺

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

❝❧❡❛t✐♦♥✱ ❛♥❞ t✐♠❡ ❛❧✇❛②s ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡✳ ❑♦♥❣ ❛♥❞ ▲✐✉✶✽ ♦❜s❡r✈❡❞ ❛ str♦♥❣ ❞❡✲

♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❢r❡❡③✐♥❣ ✈❡❧♦❝✐t② ❛❧♦♥❣ ❛ s♦❧✐❞ ✇❛❧❧ ♦♥ t❤❡ s✉❜str❛t❡✬s ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s✳

❍♦✇❡✈❡r✱ ❛❧t❤♦✉❣❤ t❤❡ ❢r❡❡③✐♥❣ ✈❡❧♦❝✐t② s✐❣♥✐✜❝❛♥t❧② ✐♥✢✉❡♥❝❡s t❤❡ t✐♠❡ ❛✈❛✐❧❛❜❧❡ ❢♦r ❞r♦♣

r❡♣✉❧s✐♦♥ ♦r s❤❡❞❞✐♥❣✱ t♦ t❤❡ ❛✉t❤♦rs✬ ❦♥♦✇❧❡❞❣❡✱ ♥♦ ❛♥t✐✲✐❝✐♥❣ ❛♣♣r♦❛❝❤ t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t

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

❚❤❡r❡❢♦r❡✱ ✐♥ t❤❡ ♣r❡s❡♥t st✉❞②✱ ❛♥ ❡①♣❡r✐♠❡♥t❛❧ ❢❛❝✐❧✐t②✱ ✜rst ✐♥tr♦❞✉❝❡❞ ❜② ❙❝❤r❡♠❜ ❛♥❞

❚r♦♣❡❛✱✶✾ ✐s ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ t❤❡r♠❛❧ ✐♥✢✉❡♥❝❡ ♦❢ ❛ s♦❧✐❞ s✉❜str❛t❡ ♦♥ t❤❡ s♦❧✐❞✐✜❝❛✲

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

s♦❧✐❞✐✜❝❛t✐♦♥ ♣r♦❝❡ss ✇✐t❤ ❛ ❤✐❣❤✲s♣❡❡❞ ✈✐❞❡♦ s②st❡♠✳ ▼❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ✈❛r✐❡❞ ❛♥❞

t❤❡✐r ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ✈❡❧♦❝✐t② ❛❧♦♥❣ t❤❡ s✉❜str❛t❡ ✐s ♦✉t❧✐♥❡❞✳ ❇❛s❡❞ ♦♥ t❤❡

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

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

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

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

♦❢ ❛♥t✐✲✐❝✐♥❣ s✉r❢❛❝❡s✳

✸



❊①♣❡r✐♠❡♥t❛❧ ▼❡t❤♦❞

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

s♦❧✐❞✐✜❝❛t✐♦♥ ♣r♦❝❡ss ♦❢ ❛ s✉♣❡r❝♦♦❧❡❞ ✇❛t❡r ❞r♦♣ ❛t ❛ s♦❧✐❞ ✇❛❧❧ ❤❛✈❡ ❜❡❡♥ ✐♥tr♦❞✉❝❡❞ ✐♥

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

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

t❤❡ ❝♦♦❧✐♥❣ s②st❡♠ ✐s ❛ ✈❡rt✐❝❛❧❧② ♦r✐❡♥t❡❞ ❍❡❧❡✲❙❤❛✇ ❝❡❧❧ ❝♦♥s✐st✐♥❣ ♦❢ t✇♦ s✐❞❡ ✇❛❧❧s ♠❛❞❡

♦❢ ❛❝r②❧✐❝ ❣❧❛ss ❛♥❞ ❛♥ ❡①❝❤❛♥❣❛❜❧❡ s♣❛❝❡r ❛t t❤❡ ❜❛s❡ ♠❛❞❡ ♦❢ ❛ ✈❛r✐❛❜❧❡ s♠♦♦t❤❡❞ ♠❛t❡r✐❛❧

✇❤✐❝❤ ♣r♦✈✐❞❡s ❛ ❝♦♥st❛♥t ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ s✐❞❡ ✇❛❧❧s✳ ❇♦t❤ t❤❡ ❛❝r②❧✐❝ ❣❧❛ss s❤❡❡ts

❛♥❞ t❤❡ s♣❛❝❡r ❛r❡ st❛❝❦❡❞ ❛♥❞ ✜①❡❞ ✐♥ ❛♥ ❛❧✉♠✐♥✉♠ ❜❛s❡✳ ❆ ✇❛t❡r ❞r♦♣ ✭▼✐❧❧✐✲◗ ❚②♣❡ ✶✱

❡❧❡❝tr✐❝❛❧ ❝♦♥❞✉❝t✐✈✐t② σ ≈ 5.5 ∗ 10−6 S/m ❛t 25 ◦C✮ ✐s tr❛♣♣❡❞ ❜❡t✇❡❡♥ t❤❡ s✐❞❡ ✇❛❧❧s ❛♥❞ ✐s

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

❋✐❣✉r❡ ✶✿ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❍❡❧❡✲❙❤❛✇ ❝❡❧❧ ✇✐t❤ ❛♥ ✐♥s❡rt❡❞ ❞r♦♣✳

❚❤❡ ❍❡❧❡✲❙❤❛✇ ❝❡❧❧ ✐s ♣❧❛❝❡❞ ♦♥ ❛ ❝♦♦❧✐♥❣ ♣❧❛t❡ ✐♥ ❛ ❝❧♦s❡❞ st②r♦❢♦❛♠ ❝❤❛♠❜❡r✳ ●❛s❡♦✉s

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

s✉r❢❛❝❡s✳ ❆ ❞♦✉❜❧❡ ❣❧❛ss❡❞ s✐❞❡ ✇✐♥❞♦✇ ♣r♦✈✐❞❡s ♦♣t✐❝❛❧ ❛❝❝❡ss t♦ t❤❡ st②r♦❢♦❛♠ ❝❤❛♠❜❡r

❛♥❞ t❤❡ ❍❡❧❡✲❙❤❛✇ ❝❡❧❧✳

❆ t❤❡r♠♦❝♦✉♣❧❡ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ 0.5mm ✐s ✐♠♠❡rs❡❞ ✐♥t♦ t❤❡ s♣❛❝❡r s✉❜str❛t❡ ♦❢ t❤❡

❍❡❧❡✲❙❤❛✇ ❝❡❧❧✳ ❲❤✐❧❡ t❤❡ t❡♠♣❡r❛t✉r❡ ❤❛s ❜❡❡♥ ♠❡❛s✉r❡❞ ✇✐t❤✐♥ t❤❡ s♣❛❝❡r ✐♥ ❙❝❤r❡♠❜

❛♥❞ ❚r♦♣❡❛✱✶✾ ✐♥ t❤❡ ♣r❡s❡♥t st✉❞②✱ t❤❡ t❤❡r♠♦❝♦✉♣❧❡ ❞♦❡s ♥♦t ❡♥❞ ✐♥ t❤❡ s♣❛❝❡r✱ ❜✉t ❛t ✐ts

s✉r❢❛❝❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❧✐q✉✐❞ t❡♠♣❡r❛t✉r❡ ✐s ♠❡❛s✉r❡❞ ❛t t❤❡ ❜♦tt♦♠ ♦❢
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t❤❡ ❞r♦♣ ❛♥❞ t❤❡ ♠❡❛s✉r❡♠❡♥t ✐s ✉♥✐♥✢✉❡♥❝❡❞ ❜② t❤❡r♠❛❧ ❝♦♥❞✉❝t✐♦♥ ✇✐t❤✐♥ t❤❡ s♣❛❝❡r✳ ◆♦

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

❋✐❣✉r❡ ✷✿ ❚✇♦ ❞✐♠❡♥s✐♦♥❛❧ s✐❞❡ ✈✐❡✇ ♦❢ t❤❡ ❞❡♥❞r✐t✐❝ s♦❧✐❞✐✜❝❛t✐♦♥ ♦❢ ❛ ✇❛t❡r ❞r♦♣ ❛t ❛♣♣r♦①✲
✐♠❛t❡❧② −15 ◦C ❡♥tr❛♣♣❡❞ ✐♥ t❤❡ ❍❡❧❡✲❙❤❛✇ ❝❡❧❧✳ ❚❤❡ ❞r♦♣ t❡♠♣❡r❛t✉r❡ ✐s ♠❡❛s✉r❡❞ ✇✐t❤ ❛
t❤❡r♠♦❝♦✉♣❧❡ ❡♥❞✐♥❣ ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❞r♦♣✳

❆ ❤✐❣❤✲s♣❡❡❞ ✈✐❞❡♦ ❝❛♠❡r❛ ✭P❤♦tr♦♥ ▼❈ ✷✳✶✮✱ ▲❊❉ ✐❧❧✉♠✐♥❛t✐♦♥ ❛♥❞ ❛ ❞✐✛✉s♦r s❝r❡❡♥

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

✐♥❣✳ ❱✐❞❡♦s ❛r❡ r❡❝♦r❞❡❞ ✇✐t❤ ❛ ❢r❛♠❡ r❛t❡ ❛♥❞ ♦♣t✐❝❛❧ r❡s♦❧✉t✐♦♥ ♦❢ 2000 fps ❛♥❞ ❛♣♣r♦①✳

13µm/pixel✱ r❡s♣❡❝t✐✈❡❧②✳

❲❛t❡r ❞r♦♣s ✇✐t❤ ✈♦❧✉♠❡s r❛♥❣✐♥❣ ❢r♦♠ 1.5µl t♦ 10µl ❛r❡ ✉s❡❞ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts✳ ❚❤❡

❧✐q✉✐❞ t❡♠♣❡r❛t✉r❡ r❛♥❣❡s ❢r♦♠ −1.4 ◦C t♦ −19.3 ◦C✳ ❙❝❤r❡♠❜ ❛♥❞ ❚r♦♣❡❛✶✾ ♦♥❧② ✉s❡❞ ❛

❝♦♣♣❡r s✉❜str❛t❡ t♦ ❡①❛♠✐♥❡ t❤❡ ❢r❡❡③✐♥❣ ♣r♦❝❡ss ❛❧♦♥❣ ❛ s♦❧✐❞ ✇❛❧❧✳ ■♥ t❤❡ ♣r❡s❡♥t st✉❞②✱

✇❡ ❡①♣❛♥❞ t❤❡s❡ r❡s✉❧ts ❜② ❝❤♦♦s✐♥❣ s✉❜str❛t❡ ♠❛t❡r✐❛❧s ✇✐t❤ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s ✈❛r②✐♥❣ ✐♥

❛ ✇✐❞❡ r❛♥❣❡ ❛s s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✶✳

❚❛❜❧❡ ✶✿ ❉❡♥s✐t② ρ✱ ❤❡❛t ❝❛♣❛❝✐t② cp✱ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② k✱ t❤❡r♠❛❧ ❞✐✛✉s✐✈✐t② a ❛♥❞

t❤❡r♠❛❧ ❡✛✉s✐✈✐t② ǫ =
√

ρcpk ♦❢ ✐❝❡✱ ✇❛t❡r ❛♥❞ t❤❡ s✉❜str❛t❡s ✉s❡❞ ✐♥ t❤❡ ♣r❡s❡♥t st✉❞②✳✸✻✱✸✼

ρ cp k α ǫ
[

kg

m3

] [

J
kgK

] [

W
mK

] [

10−6 m2

s

] [

Ws0.5

m2K

]

❈♦♣♣❡r ✽✾✺✹ ✸✽✹ ✸✾✽ ✶✶✺✳✼✺ ✸✼✵✵✵
❆❧✉♠✐♥✉♠ ✷✼✵✼ ✾✵✺ ✷✸✼ ✾✻✳✼✹ ✷✹✶✵✵

❇r❛ss ✽✺✷✷ ✸✽✺ ✶✵✾ ✸✸✳✷✷ ✶✽✾✵✵
❙t❛✐♥❧❡ss st❡❡❧ ✽✵✵✵ ✹✵✵ ✶✹ ✹✳✸✽ ✻✼✵✵
■❝❡ ✭0 ◦C✮ ✾✶✼ ✷✶✵✵ ✷✳✷✶✺ ✶✳✶✺ ✷✵✻✺

❲❛t❡r ✭0 ◦C✮ ✶✵✵✵ ✹✷✶✾ ✵✳✺✻✷ ✵✳✶✸✸ ✶✺✹✵
❆❝r②❧✐❝ ❣❧❛ss ✶✶✽✵ ✶✷✻✵ ✵✳✶✾ ✵✳✶✷✽ ✺✸✶

✺

Markus Schremb
Highlight

Markus Schremb
Sticky Note
Due to the second comment of the second referee, we've added the intersection point to which we refer later at the beginning of the experimental results section.


Markus Schremb
Highlight

Markus Schremb
Sticky Note
Previously, we used "a" for the diffusivity here. No we consitently use "alpha".




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

❙❤❛✇ ❝❡❧❧✱ ✇❤✐❝❤ ✐s s✉❜s❡q✉❡♥t❧② ♣❧❛❝❡❞ ♦♥t♦ t❤❡ ❝♦♦❧✐♥❣ ♣❧❛t❡ ♣r❡❝♦♦❧❡❞ t♦ 0◦C✳ ❚❤❡♥ t❤❡

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

❞♦✇♥ ❛t ❛ ♠♦❞❡r❛t❡ ❝♦♦❧✐♥❣ r❛t❡ ♦❢ 0.2K/s✳ ❋♦r ❧❛r❣❡ s✉♣❡r❝♦♦❧✐♥❣✱ ❢r❡❡③✐♥❣ ❛✉t♦♠❛t✐❝❛❧❧②

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

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

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

✇❛t❡r✲❛✐r✲s✉❜str❛t❡ ❝♦♥t❛❝t ❧✐♥❡✳

❙♦❧✐❞✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❧✐q✉✐❞ r❡s✉❧ts ✐♥ ❛ ❢❛st ✇❛r♠✐♥❣✲✉♣ ♦❢ t❤❡ ❞r♦♣✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞r♦♣

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

✐♥❝r❡❛s❡✳

❘❡s✉❧ts ❛♥❞ ❉✐s❝✉ss✐♦♥

❆s ❞❡s❝r✐❜❡❞ ❜② ❑♦♥❣ ❛♥❞ ▲✐✉✱✶✽ ❛♥❞ ❙❝❤r❡♠❜ ❛♥❞ ❚r♦♣❡❛✱✶✾ s♦❧✐❞✐✜❝❛t✐♦♥ ♦❢ s✉♣❡r❝♦♦❧❡❞

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

✶✳ ❍❡t❡r♦❣❡♥❡♦✉s ♥✉❝❧❡❛t✐♦♥ ❛t t❤❡ ✇❛❧❧ ✐s ❢♦❧❧♦✇❡❞ ❜② t❤❡ t❛♥❣❡♥t✐❛❧ ❣r♦✇t❤ ♦❢ ❛ t❤✐♥ ✐❝❡

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

♦♥ s✉♣❡r❝♦♦❧✐♥❣✳ ❆s ❛❧r❡❛❞② r❡♣♦rt❡❞ ✐♥ ❙❝❤r❡♠❜ ❛♥❞ ❚r♦♣❡❛✱✶✾ ♥✉❝❧❡❛t✐♦♥ ♦❝❝✉rs ❛t

❛ r❛♥❞♦♠ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✇❡tt❡❞ s✉❜str❛t❡ ❛♥❞ ✐s ♥♦t ♣r❡❢❡r❡♥t✐❛❧ ❛t t❤❡ t❤r❡❡✲♣❤❛s❡

❝♦♥t❛❝t ❧✐♥❡✳ ❋♦r s✉♣❡r❝♦♦❧✐♥❣s ✉♣ t♦ ∆T = 7K t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ✐♥✐t✐❛❧ ✐❝❡ ❧❛②❡r

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

❛♥❞ ▲✐✉✱✶✽ ❛♥❞ ❙❝❤r❡♠❜ ❛♥❞ ❚r♦♣❡❛✶✾ s✉❣❣❡st❡❞ t❤❛t t❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ✈❡❧♦❝✐t② ✐s ♦♥❧②

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

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

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

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

✻

Markus Schremb
Highlight

Markus Schremb
Highlight

Markus Schremb
Sticky Note
Added due to the second comment of the third referee.




✉♥st❛❜❧❡ ❣r♦✇t❤ ✇❛s ❢♦✉♥❞ ❛s ∆T = 2.6K ✐♥ ❑♦♥❣ ❛♥❞ ▲✐✉✶✽ ❛♥❞ ❛s ∆T = 4.7K ✐♥

❙❝❤r❡♠❜ ❛♥❞ ❚r♦♣❡❛✳✶✾ ❋♦r s✉♣❡r❝♦♦❧✐♥❣s ❜❡❧♦✇ t❤✐s t❤r❡s❤♦❧❞✱ ♦♥❧② ♣❧❛♥❛r ❣r♦✇t❤ ♦❢

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

✜rst ✐♥st❛❜✐❧✐t② ❜❡❤✐♥❞ t❤❡ t✐♣ ❛♥❞ t❤❡ ♠♦r♣❤♦❧♦❣② ♦❢ ❞❡♥❞r✐t✐❝ s♦❧✐❞✐✜❝❛t✐♦♥ ❞❡♣❡♥❞s

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

✐❝❡ ❧❛②❡r t✐♣ ✐s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✜rst ✐♥st❛❜✐❧✐t② ♦❢ t❤❡ ✐❝❡ ❧❛②❡r s✉r❢❛❝❡✳ ❲❤✐❧❡ s✐♥❣❧❡

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

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

❖♥❧② s♠❛❧❧ ♠✉t✉❛❧ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❞❡♥❞r✐t❡s ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞✳ ❚❤❡r❡❢♦r❡✱ ❛❧❧ ❞❡♥❞r✐t❡s

♣r♦♣❛❣❛t❡ ❛t ❛♣♣r♦①✐♠❛t❡❧② t❤❡ s❛♠❡ s♣❡❡❞ ❛s ❛ s✐♥❣❧❡ ❞❡♥❞r✐t❡✳✶✾ ❆t t❤❡ ❡♥❞ ♦❢ t❤❡

s❡❝♦♥❞ ♣❤❛s❡✱ ♦♥❧② ❛ ♣♦rt✐♦♥ ♦❢ t❤❡ ✐♥✐t✐❛❧❧② s✉♣❡r❝♦♦❧❡❞ ❞r♦♣ ✐s ❢r♦③❡♥ ❛♥❞ ❛ ❧❛tt✐❝❡

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

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

t❡♠♣❡r❛t✉r❡✳

✸✳ ❆ ❢✉rt❤❡r r❡♠♦✈❛❧ ♦❢ ❤❡❛t r❡s✉❧ts ✐♥ st❛❜❧❡ ❢r❡❡③✐♥❣ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ✇❛t❡r✳ ❚❤❡ st❛❜❧❡

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

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

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

t❤❡r❡❢♦r❡ ✐t ✐s ❝♦♥✈❡♥✐❡♥t t♦ s♣❧✐t ✐t ✉♣ ❛♥❞ t♦ ❞❡s❝r✐❜❡ t❤❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss❡s s❡♣❛r❛t❡❧②✳

❆❝❝♦r❞✐♥❣❧②✱ t❤❡ ❢♦❝✉s ♦❢ t❤❡ ♣r❡s❡♥t st✉❞② ✐s ♦♥❧② ♦♥ t❤❡ ✜rst ♣❤❛s❡ ♦❢ s♦❧✐❞✐✜❝❛t✐♦♥✱ ✐✳❡✳ t❤❡

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

❊①♣❡r✐♠❡♥t❛❧ ❘❡s✉❧ts

❋✐❣✉r❡ ✸ s❤♦✇s t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♠❡❛s✉r❡❞ ✐❝❡ ❧❛②❡r ✈❡❧♦❝✐t✐❡s ❢♦r ✈❛r②✐♥❣ ❞❡❣r❡❡s ♦❢ s✉✲

♣❡r❝♦♦❧✐♥❣ ❛♥❞ s✉❜str❛t❡ ♠❛t❡r✐❛❧s✳ ❋♦r ❝♦♠♣❛r✐s♦♥✱ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦❢ ❙❤✐❜❦♦✈ ❡t ❛❧✳✷✼

❢♦r t❤❡ ✈❡❧♦❝✐t② ♦❢ ❛ s✐♥❣❧❡ ❞❡♥❞r✐t❡ ❣r♦✇✐♥❣ ❢r❡❡❧② ✐♥ s✉♣❡r❝♦♦❧❡❞ ✇❛t❡r ✐s ❛❧s♦ s❤♦✇♥✳ ■♥

✼



❚❛❜❧❡ ✷✿ ❋r❡❡③✐♥❣ ♠♦r♣❤♦❧♦❣✐❡s ♦❢ t❤❡ ✜rst ♣❤❛s❡ ♦❢ s✉♣❡r❝♦♦❧❡❞ ❢r❡❡③✐♥❣ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
❧✐q✉✐❞ s✉♣❡r❝♦♦❧✐♥❣✳ ❚❤❡ t✐♣ ♦❢ t❤❡ ✐♥✐t✐❛❧ ✐❝❡ ❧❛②❡r ✐s ❛t t❤❡ ❧❡❢t s✐❞❡ ♦❢ ❡❛❝❤ ♣❤♦t♦❣r❛♣❤ ❛♥❞
✐♥s❡rt❡❞ ✈❡rt✐❝❛❧ ❧✐♥❡s ✐♥❞✐❝❛t❡ t❤❡ ♣♦s✐t✐♦♥ ♦❢ ✜rst ✈✐s✐❜❧❡ ✐♥st❛❜✐❧✐t✐❡s✳ ✭❋r♦♠ ❙❝❤r❡♠❜ ❛♥❞
❚r♦♣❡❛✳✶✾✮

❉❡s❝r✐♣t✐♦♥ ❙✉♣❡r❝♦♦❧✐♥❣
❬❑❪

❉❡t❛✐❧

P❧❛♥❛r ✵✳✳✳✹✳✼

▲❛t❡ ❞❡♥❞r✐t❡s ✹✳✼✳✳✳✼✳✷

❙✐♥❣❧❡ ❞❡♥❞r✐t❡s ✼✳✷✳✳✳✾✳✾

■♥❤♦♠♦❣❡♥❡♦✉s ❢r♦♥t ✾✳✾✳✳✳✶✷✳✵

❍♦♠♦❣❡♥❡♦✉s ❢r♦♥t ✶✷✳✵✳✳✳

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

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

t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♣♦✐♥t ♦❢ t❤❡ ❞❡♥❞r✐t✐❝ ❢r♦♥t ❛♥❞ t❤❡ s✉❜str❛t❡ s✉r❢❛❝❡ ✭s❡❡ ❋✐❣✳ ✷✮ ❤❛s ❜❡❡♥

❛ss✉♠❡❞ t♦ ❜❡ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ✐❝❡ ❧❛②❡r ♣r♦♣❛❣❛t✐♦♥✳ ❚❤❡ ❤♦r✐③♦♥t❛❧ ✈❡❧♦❝✐t② ♦❢ t❤✐s ♣♦✐♥t

✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳ ❚❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ✈❡❧♦❝✐t② ♦♥ t❤❡ ❛❝r②❧✐❝ ❣❧❛ss s✉❜str❛t❡ ✐s ✈❡r② s✐♠✐❧❛r t♦

t❤❡ ✈❡❧♦❝✐t② ♦❢ ❛ s✐♥❣❧❡ ❞❡♥❞r✐t❡✳ ❚❤✉s✱ t❤❡ ❛❝r②❧✐❝ ❣❧❛ss s✉❜str❛t❡ ❛❝ts ❛s ❛♥ ❛❞✐❛❜❛t✐❝ ✇❛❧❧

❛♥❞ ❞♦❡s ♥♦t t❤❡r♠❛❧❧② ✐♥✢✉❡♥❝❡ t❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ♣r♦❝❡ss ✐♥ t❤❡ ♥❡❛r ✇❛❧❧ r❡❣✐♦♥✳
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Free dendrite, Shibkov et al. [27]
Aluminum
Brass
Copper, Schremb and Tropea [19]
PMMA
Steel

❋✐❣✉r❡ ✸✿ ▲❛②❡r ✈❡❧♦❝✐t② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ s✉♣❡r❝♦♦❧✐♥❣ ❢♦r ✈❛r②✐♥❣ s✉❜str❛t❡ ♠❛t❡r✐❛❧s✳ ❊①✲
♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦❢ ❙❤✐❜❦♦✈ ❡t ❛❧✳✷✼ ❢♦r t❤❡ ✈❡❧♦❝✐t② ♦❢ ❛ s✐♥❣❧❡ ❞❡♥❞r✐t❡ ❣r♦✇✐♥❣ ❢r❡❡❧② ✐♥
s✉♣❡r❝♦♦❧❡❞ ✇❛t❡r ✐s ❛❧s♦ s❤♦✇♥✳

❍♦✇❡✈❡r✱ ❛s ❛❧r❡❛❞② ♦❜s❡r✈❡❞ ❜② ❑♦♥❣ ❛♥❞ ▲✐✉✱✶✽ ❛♥❞ ❙❝❤r❡♠❜ ❛♥❞ ❚r♦♣❡❛✱✶✾ t❤❡ ✐❝❡

✽

Markus Schremb
Highlight

Markus Schremb
Highlight

Markus Schremb
Highlight

Markus Schremb
Sticky Note
Due to the suggestion of the first and third referee, we've added Table 2.




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

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

♦♥ t❤❡ s✉❜str❛t❡ ♠❛t❡r✐❛❧ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ❢♦r s✉♣❡r❝♦♦❧✐♥❣s ✉♣ t♦ ∆T = 7K ❜② ❑♦♥❣ ❛♥❞

▲✐✉✳✶✽ ❍♦✇❡✈❡r✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ ♠❡t❛❧❧✐❝ s✉❜str❛t❡s t❤❡ s✉❜str❛t❡ ♠❛t❡r✐❛❧

♦♥❧② ✇❡❛❦❧② ✐♥✢✉❡♥❝❡s t❤❡ ✐❝❡ ❧❛②❡r ♣r♦♣❛❣❛t✐♦♥ ✈❡❧♦❝✐t② ❢♦r ❧❛r❣❡r s✉♣❡r❝♦♦❧✐♥❣✳

❚❤❡♦r❡t✐❝❛❧ ▼♦❞❡❧✐♥❣ ♦❢ ■❝❡ ▲❛②❡r ❙♣r❡❛❞✐♥❣

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

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

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

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

❧❡♥❣t❤ ♣❛r❛♠❡t❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ✐❝❡ ❧❛②❡r t❤✐❝❦♥❡ss✳

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

t✇♦✲♣❤❛s❡ ❙t❡❢❛♥ ♣r♦❜❧❡♠✳ ❋♦r ✐ts ❞❡r✐✈❛t✐♦♥✱ ❧❡t ✉s ✜rst ❤❛✈❡ ❛ ❧♦♦❦ ❛t t❤❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧

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

❈♦♥s✐❞❡r ❛ s❡♠✐✲✐♥✜♥✐t❡ s❧❛❜✱ 0 ≤ y < ∞✱ ♦❢ s✉♣❡r❝♦♦❧❡❞ ✇❛t❡r ✐♥✐t✐❛❧❧② ❛t Tl < Tm✱ ✇❤❡r❡

Tm ✐s t❤❡ ❧✐q✉✐❞ ♠❡❧t✐♥❣ t❡♠♣❡r❛t✉r❡✳ ❆t t✐♠❡ t = 0✱ t❤❡ t❡♠♣❡r❛t✉r❡ Tc ✐s ✐♠♣♦s❡❞ ❛t t❤❡

❜♦✉♥❞❛r② y = 0✱ ❛♥❞ s♦❧✐❞✐✜❝❛t✐♦♥ st❛rts✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ♣❧❛♥❛r ❢r❡❡③✐♥❣ ❢r♦♥t ♠♦✈✐♥❣ ♣❛r❛❧❧❡❧

t♦ t❤❡ s✉❜str❛t❡ s✉r❢❛❝❡ ✐♥t♦ t❤❡ s✉♣❡r❝♦♦❧❡❞ ❧✐q✉✐❞ y > 0✳ ❚❤❡ r❡s✉❧t✐♥❣ t❡♠♣❡r❛t✉r❡ ♣r♦✜❧❡s

✐♥ t❤❡ ❧✐q✉✐❞ ♣❤❛s❡ ❛♥❞ t❤❡ ❣r♦✇✐♥❣ s♦❧✐❞ ❧❛②❡r ❛r❡ q✉❛❧✐t❛t✐✈❡❧② s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳ ■♥ t❤❡ ❝❛s❡

h(t)

Tc

solid supercooled

liquid

T

y

Tm

Tl

❋✐❣✉r❡ ✹✿ ❘❡s✉❧t✐♥❣ t❡♠♣❡r❛t✉r❡ ♣r♦✜❧❡s ✐♥ t❤❡ s♦❧✐❞ ❛♥❞ ❧✐q✉✐❞ ♣❤❛s❡ ❞✉r✐♥❣ ♣❧❛♥❛r ❢r❡❡③✐♥❣
♦❢ ❛ s✉♣❡r❝♦♦❧❡❞ ❧✐q✉✐❞✳

♦❢ Tl < Tm ❛♥❞ Tc < Tm✱ t❤❡ ❧❛t❡♥t ❤❡❛t ♦❢ ❢✉s✐♦♥ ✐s r❡❧❡❛s❡❞ ✐♥ ❜♦t❤ t❤❡ ❧✐q✉✐❞ ❛♥❞ t❤❡

✾
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s♦❧✐❞ ♣❤❛s❡✱ ❛♥❞ t❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ♣r♦❝❡ss ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❛ t✇♦✲♣❤❛s❡ ❙t❡❢❛♥ ♣r♦❜❧❡♠✳✸✽

❚❤❡r❡❢♦r❡✱ t❤❡ t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ✐❝❡ ❧❛②❡r t❤✐❝❦♥❡ss ✐s

h(t) = 2λ
√
αst, ✭✶✮

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

❡q✉❛t✐♦♥

Stc
λ
√
π exp(λ2) erf(λ)

+
Stl

νλ
√
π exp((νλ)2) erfc(νλ)

= 1. ✭✷✮

❚❤❡ ❙t❡❢❛♥ ♥✉♠❜❡rs ❛r❡ ❞❡✜♥❡❞ ❛s

Stc =
cs(Tm − Tc)

L
and Stl =

cl(Tm − Tl)

L
, ✭✸✮

✇❤❡r❡ L ✐s t❤❡ ❧❛t❡♥t ❤❡❛t ♦❢ ❢✉s✐♦♥✱ ❛♥❞ cs ❛♥❞ cl ❛r❡ t❤❡ ❤❡❛t ❝❛♣❛❝✐t✐❡s ♦❢ ✐❝❡ ❛♥❞ ✇❛✲

t❡r✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♣❛r❛♠❡t❡r ν ✐♥ ❊q✳ ✷ ✐s t❤❡ sq✉❛r❡ r♦♦t ♦❢ t❤❡ r❛t✐♦ ♦❢ t❤❡ t❤❡r♠❛❧

❞✐✛✉s✐✈✐t✐❡s ♦❢ ✐❝❡ ❛♥❞ ✇❛t❡r

ν =

√

αs

αl

. ✭✹✮

■♥ r❡❛❧✐t②✱ s♦❧✐❞✐✜❝❛t✐♦♥ ❞♦❡s ♥♦t st❛rt ❛t t❤❡ s❛♠❡ t✐♠❡ ♦✈❡r t❤❡ ❡♥t✐r❡ s✉❜str❛t❡ s✉r❢❛❝❡✱

❜✉t ♦♥❧② ❛t ❛ s✐♥❣❧❡ ♥✉❝❧❡❛t✐♦♥ s✐t❡ ♦♥ t❤❡ s♦❧✐❞ s✉r❢❛❝❡✳ ◆✉❝❧❡❛t✐♦♥ ❛t t✐♠❡ t = 0 ❛♥❞ ♣♦s✐t✐♦♥

~x = 0 ✐s ❢♦❧❧♦✇❡❞ ❜② t❤❡ r❛❞✐❛❧ s♣r❡❛❞✐♥❣ ♦❢ ❛ t❤✐♥ ✐❝❡ ❧❛②❡r ♦✈❡r t❤❡ s✉❜str❛t❡ ✇✐t❤ ❛ ❝♦♥st❛♥t

✈❡❧♦❝✐t② vx✳
✶✽✱✶✾ ❙♦❧✐❞✐✜❝❛t✐♦♥ ❛t ❛♥ ❛r❜✐tr❛r② ♣♦✐♥t ~x ♦♥ t❤❡ s✉r❢❛❝❡ st❛rts ❛t t✐♠❡

t = |~x|/vx. ✭✺✮

❙✐♥❝❡ t❤❡ s♣r❡❛❞✐♥❣ ✈❡❧♦❝✐t② vx ✐s ❝♦♥st❛♥t ✐♥ t✐♠❡ ❛♥❞ s♣❛❝❡✱ ✐t ✐s s✉✣❝✐❡♥t ❛♥❞ ❝♦♥✈❡♥✐❡♥t

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

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

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

✶✵



s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳

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

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

t❤❡ t✐♣ ♦❢ t❤❡ ✐❝❡ ❧❛②❡r ✇❤❡r❡ dh/dx << 1✱ t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ✐❝❡✲✇❛t❡r ✐♥t❡r❢❛❝❡ ✐s

❞♦♠✐♥❛t❡❞ ❜② t❤❡ ✈❡rt✐❝❛❧ ✈❡❧♦❝✐t② vy✳
✶✽

❈♦♥s✐❞❡r ❛ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ♠♦✈✐♥❣ ✇✐t❤ t❤❡ s♣r❡❛❞✐♥❣ ✐❝❡ ❧❛②❡r ❛♥❞ ✇✐t❤ ✐ts ♦r✐❣✐♥ ❛t

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

t✐♣ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❢r♦♠ ❊q✳ ✶ ❛♥❞ ✺ ❛s

h = 2λ

√

αs

x

vx
. ✭✻✮

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

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

♣r♦✜❧❡ ❛r♦✉♥❞ t❤❡ ✐❝❡ ❧❛②❡r ❛♥❞ t❤❡ ✐❝❡ ❧❛②❡r ✐ts❡❧❢ t♦ ❜❡ ♦❢ ♣❛r❛❜♦❧✐❝ s❤❛♣❡✳✶✽✱✷✹ ❯s✐♥❣ t❤✐s

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

h =
√
2Rx, ✭✼✮

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

R

x

y

h(x)

Tm

Tw

Tc

Tl

ice

substrate

water

❋✐❣✉r❡ ✺✿ ❈r♦ss✲s❡❝t✐♦♥❛❧ ✈✐❡✇ ♦❢ t❤❡ ♠♦❞❡❧❡❞ ✐❝❡ ❧❛②❡r✳

✶✶
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Changed according to the fifth comment of the second referee.




❊q✉❛t✐♥❣ ❊q✳ ✻ ❛♥❞ ✼ ②✐❡❧❞s t❤❡ ❤♦r✐③♦♥t❛❧ ✈❡❧♦❝✐t② ♦❢ t❤❡ ✐❝❡ ❧❛②❡r

vx =
2λ2αs

R
✭✽✮

✇❤❡r❡ λ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❊q✳ ✷✳

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

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

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

✇♦✉❧❞ ❜❡ Tc = Tm ❛♥❞ t❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ♣r♦❝❡ss ✇♦✉❧❞ ♥♦t ❜❡ ❛✛❡❝t❡❞ ❜② t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡

s✉❜str❛t❡✱ ❛s ✐♥❞✐❝❛t❡❞ ❛❜♦✈❡ ❢♦r ❛❝r②❧✐❝ ❣❧❛ss ❛s ❛ ❧♦✇✲❝♦♥❞✉❝t✐✈✐t② s✉❜str❛t❡ ✭❋✐❣✳ ✸✮✳ ❋♦r

❛ ✜♥✐t❡❧② ❝♦♥❞✉❝t✐✈❡ s✉❜str❛t❡✱ Tw ≤ Tc ≤ Tm✳ ❋r♦♠ ❛♥❛❧♦❣② ✇✐t❤ t✇♦ s❡♠✐✲✐♥✜♥✐t❡ s♦❧✐❞

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

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

Tc =
ǫsTm + ǫwTw

ǫs + ǫw
. ✭✾✮

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

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

t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♣❛r❛♠❡t❡r λ ✇✐t❤ ❊q✳ ✷ ❛♥❞ ✜♥❛❧❧②✱ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ✈❡❧♦❝✐t②

✇✐t❤ ❊q✳ ✽✳ ❚❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❛r❡ ❛❧❧ t❛❦❡♥ ❢r♦♠ ❚❛❜❧❡ ✶✱ ✐✳❡✳ ❢♦r

❛ t❡♠♣❡r❛t✉r❡ ♦❢ 0 ◦C✳ ❆s s❡❡♥ ❢r♦♠ t❤❡s❡ r❡❧❛t✐♦♥s✱ t❤❡ s✉❜str❛t❡ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s ❛r❡

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

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

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

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

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

Tc − Tw✱ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❊q✳ ✾ ❢♦r ❛♥ ✐♥✐t✐❛❧ s✉❜str❛t❡ t❡♠♣❡r❛t✉r❡ Tw = −10 ◦C ❛♥❞ t❤❡

❡①❛♠✐♥❡❞ s✉❜str❛t❡ ♠❛t❡r✐❛❧s ✐s ❡①❛♠♣❧❛r✐❧② s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✸✳
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❚❛❜❧❡ ✸✿ ❊st✐♠❛t❡❞ t❡♠♣❡r❛t✉r❡ r✐s❡ ♦❢ t❤❡ s✉r❢❛❝❡✱ Tc − Tw✱ ❞✉❡ t♦ s♦❧✐❞✐✜❝❛t✐♦♥ ❝❛❧❝✉❧❛t❡❞
✇✐t❤ ❊q✳ ✾ ❢♦r ✈❛r②✐♥❣ s✉❜str❛t❡ ♠❛t❡r✐❛❧s ❛♥❞ ❛♥ ✐♥✐t✐❛❧ s✉❜str❛t❡ t❡♠♣❡r❛t✉r❡ Tw = −10 ◦C✳

s✉❜str❛t❡ Tc − Tw

♠❛t❡r✐❛❧ ❬❑❪
❈♦♣♣❡r ✵✳✺✸

❆❧✉♠✐♥✉♠ ✵✳✼✾
❇r❛ss ✵✳✾✽

❙t❛✐♥❧❡ss st❡❡❧ ✷✳✸✻
❆❝r②❧✐❝ ❣❧❛ss ✼✳✾✺

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

❛ ❧❡❛st✲sq✉❛r❡s ✜t ♦❢ ❊q✳ ✽ t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ❆s ♦❜s❡r✈❡❞ ❜② ❙❝❤r❡♠❜ ❛♥❞ ❚r♦♣❡❛✶✾

❢♦r t❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ♦❢ s✉♣❡r❝♦♦❧❡❞ ✇❛t❡r ❛t ❛ ✇❛❧❧ ❛♥❞ ❜② ❙❤✐❜❦♦✈ ❡t ❛❧✳✷✼ ❢♦r ❛ s✐♥❣❧❡

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

♣r♦❝❡ss ✐s ❛✛❡❝t❡❞ ❜② ❦✐♥❡t✐❝ ❡✛❡❝ts ♦❢ ♠♦❧❡❝✉❧❛r ❛tt❛❝❤♠❡♥t ❛t t❤❡ ✐❝❡✲✇❛t❡r ✐♥t❡r❢❛❝❡✳ ❲❤✐❧❡

t❤❡ t❤r❡s❤♦❧❞ ❢♦r ❛ s✐♥❣❧❡ ❞❡♥❞r✐t❡ ✇❛s ❢♦✉♥❞ ❢♦r s✉♣❡r❝♦♦❧✐♥❣s ♦❢ ∆T > 4K✱ t❤✐s ❡✛❡❝t ✇❛s

♦❜s❡r✈❡❞ ❢♦r ∆T > 10K ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ❛t ❛ ✇❛❧❧✳✶✾ ❚❤❡ ♣r❡s❡♥t t❤❡♦r❡t✐❝❛❧

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

♠♦❜✐❧✐t② ♦❢ ♠♦❧❡❝✉❧❡s ❢♦r ❤✐❣❤❡r ❞❡❣r❡❡s ♦❢ s✉♣❡r❝♦♦❧✐♥❣✳ ❚❤❡r❡❢♦r❡✱ ❊q✳ ✽ ✐s ✜tt❡❞ t♦ t❤❡

❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦♥❧② ✐♥ t❤❡ r❛♥❣❡ ∆T ≤ 10K t♦ ♦❜t❛✐♥ t❤❡ t✐♣ r❛❞✐✉s R ❢♦r t❤❡ s♦✲❝❛❧❧❡❞

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

♦♥ t❤❡ ❛❝r②❧✐❝ ❣❧❛ss s✉❜str❛t❡✱ t❤❡ ✜tt✐♥❣ ✐s ♥♦t ❛♣♣❧✐❡❞ t♦ t❤❡ ❞❛t❛ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❛❝r②❧✐❝

❣❧❛ss s✉❜str❛t❡✳

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

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

s✉❜str❛t❡ ♠❛t❡r✐❛❧s✳ ❚❤❡ ❡rr♦r ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥t ✐s ❡st✐♠❛t❡❞ ❛s ±0.3K✳

❇❛s❡❞ ♦♥ t❤❡ ❢r❛♠❡ r❛t❡ ❛♥❞ ♣✐①❡❧✲r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❤✐❣❤✲s♣❡❡❞ ✈✐❞❡♦ s②st❡♠✱ ✇❡ ❡st✐♠❛t❡

t❤❡ r❡❧❛t✐✈❡ ❡rr♦r ♦❢ t❤❡ ✈❡❧♦❝✐t② ♠❡❛s✉r❡♠❡♥t t♦ ❜❡ ❜❡❧♦✇ ±5%✳ ❆s s❤♦✇♥ ✐♥ t❤❡ ✜❣✉r❡✱

t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢♦r ∆T ≤ 10K ✐s ✇❡❧❧ ❞❡s❝r✐❜❡❞ ❜② t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ❢♦r ❛❧❧
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❋✐❣✉r❡ ✻✿ ■❝❡ ❧❛②❡r ✈❡❧♦❝✐t② vx ❞❡♣❡♥❞✐♥❣ ♦♥ s✉♣❡r❝♦♦❧✐♥❣∆T ❢♦r ❞✐✛❡r❡♥t s✉❜str❛t❡ ♠❛t❡r✐❛❧s
❛♥❞ t❤❡ t✐♣ r❛❞✐✐ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜✳ ✹✳ ❈♦♠♣❛r✐s♦♥ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭s②♠❜♦❧s✮ ❛♥❞
t❤❡ t✐♣ ✈❡❧♦❝✐t✐❡s t❤❡♦r❡t✐❝❛❧❧② ♠♦❞❡❧❡❞ ✭❧✐♥❡s✮✳

s✉❜str❛t❡ ♠❛t❡r✐❛❧s ✐♥ t❤❡ ❞✐✛✉s✐♦♥✲❧✐♠✐t❡❞ ❣r♦✇t❤ r❡❣✐♠❡✳ ■t ✐s ✇♦rt❤ t♦ ♥♦t❡ t❤❛t t❤❡ t✐♣

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

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

s✉♣❡r❝♦♦❧✐♥❣✳ ■t ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ♠❛r❣✐♥❛❧ st❛❜✐❧✐t② t❤❡♦r② ❜② ▲❛♥❣❡r ❛♥❞ ▼ü❧❧❡r✲

❑r✉♠❜❤❛❛r✹✵✕✹✷ ✇❤✐❝❤ ✐s ❜❛s❡❞ ♦♥ ❛ ❧✐♥❡❛r st❛❜✐❧✐t② ❛♥❛❧②s✐s ❢♦r ❛ ♣❧❛♥❛r ❢r❡❡③✐♥❣ ❢r♦♥t✳✹✸ ■♥

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

✈❛r✐❡s ♦✈❡r t✇♦ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❜❡t✇❡❡♥ ❛♣♣r♦①✐♠❛t❡❧② 80 nm ❛♥❞ 3µm✳ ❆❝❝♦r❞✐♥❣ t♦

t❤❡ t❤❡♦r②✱ ❛ t✐♣ r❛❞✐✉s ♦❢ ❛ ♣r♦♣❛❣❛t✐♥❣ ✐❝❡ ❧❛②❡r ♦❢ R = 350 nm ❝♦rr❡s♣♦♥❞s t♦ ❛ s✐♥❣❧❡

❞❡♥❞r✐t❡ ❣r♦✇✐♥❣ ✐♥ ❛ s✉♣❡r❝♦♦❧❡❞ ♠❡❧t ❛t ❛♣♣r♦①✐♠❛t❡❧② −7.7 ◦C✳ ❍♦✇❡✈❡r✱ t❤❡ r❡❛s♦♥ ❢♦r

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

✐♥✈❡st✐❣❛t✐♦♥✳

❆s s❤♦✇♥ ✐♥ ❚❛❜✳ ✹✱ t❤❡ t✐♣ r❛❞✐✐ ❢♦r t❤❡ ❞✐✛❡r❡♥t s✉❜str❛t❡ ♠❛t❡r✐❛❧s ✈❛r② ❜② ♦♥❧② 14%

✶✹



❚❛❜❧❡ ✹✿ ❚✐♣ r❛❞✐✉s ♦❢ t❤❡ ✐♥✐t✐❛❧ ✐❝❡ ❧❛②❡r ✭❋✐❣✳ ✺✮ ❢♦r ✈❛r②✐♥❣ s✉❜str❛t❡ ♠❛t❡r✐❛❧s✱ ♦❜t❛✐♥❡❞
❜② ✜tt✐♥❣ ❊q✳ ✽ t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢♦r t❤❡ s✉♣❡r❝♦♦❧✐♥❣ r❛♥❣❡ ∆T ≤ 10K✳

s✉❜str❛t❡ t✐♣ r❛❞✐✉s
♠❛t❡r✐❛❧ ❬♥♠❪
❈♦♣♣❡r ✸✸✵

❆❧✉♠✐♥✉♠ ✸✼✹
❇r❛ss ✸✺✽

❙t❛✐♥❧❡ss st❡❡❧ ✸✷✾

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

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

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

s✉❜str❛t❡ ♠❛t❡r✐❛❧s ✭❡①❝❧✉❞✐♥❣ ❛❝r②❧✐❝ ❣❧❛ss✮ ❢♦r ✜tt✐♥❣ ♦❢ ❊q✳ ✽✱ ✇❡ ♦❜t❛✐♥ R = 352 nm

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

t❤❡♦r❡t✐❝❛❧ ❞❛t❛ ❢♦r t❤❡ ✐❝❡ ❧❛②❡r ✈❡❧♦❝✐t② ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❛ ❝♦♥st❛♥t t✐♣ r❛❞✐✉s R = 352 nm✳

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

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

✐♥ ✈❡r② ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✐♥ t❤❡ ❞✐✛✉s✐♦♥✲❧✐♠✐t❡❞ ❣r♦✇t❤ r❡❣✐♠❡✳

❋♦r ❧❛②❡r ✈❡❧♦❝✐t✐❡s ❧❛r❣❡r t❤❛♥ 0.2m/s✱ ❛♥ ✐♥❝r❡❛s✐♥❣ ❞❡✈✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t❤❡♦r❡t✐❝❛❧ ❛♥❞

❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✐s ♦❜s❡r✈❛❜❧❡❀ t❤❡ ♠♦❞❡❧ ♦✈❡r♣r❡❞✐❝ts t❤❡ ❧❛②❡r ✈❡❧♦❝✐t②✳

❋✐❣✉r❡ ✼ ❛❧s♦ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ❢♦r t❤❡ ❞❛t❛ ♦❜t❛✐♥❡❞ ♦♥ t❤❡ ❛❝r②❧✐❝ ❣❧❛ss s✉❜str❛t❡✳

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢♦r ❛❝r②❧✐❝ ❣❧❛ss ✐s ♥♦t ✉s❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ t✐♣ r❛❞✐✉s R✱

❛♥❞ ♥♦ ❞✐st✐♥❝t ✐❝❡ ❧❛②❡r ❣r♦✇t❤ ✐s ♦❜s❡r✈❛❜❧❡ ♦♥ ❛❝r②❧✐❝ ❣❧❛ss✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ❛❣r❡❡♠❡♥t

❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧❡❞ ❣r♦✇t❤ ✈❡❧♦❝✐t② ❛♥❞ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s ✐s ✈❡r② ❣♦♦❞✳

❙✉♠♠❛r② ❛♥❞ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ♦❢ s✉♣❡r❝♦♦❧❡❞ ✇❛t❡r ❝❧♦s❡ t♦ ❛ s♦❧✐❞ s✉❜str❛t❡ ❤❛s ❜❡❡♥ ❡①♣❡r✐♠❡♥t❛❧❧② ✐♥✲

✈❡st✐❣❛t❡❞ ❢♦r t❡♠♣❡r❛t✉r❡s ❞♦✇♥ t♦ −19.3 ◦C✳ ❆ ❍❡❧❡✲❙❤❛✇ ❝❡❧❧ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ❤✐❣❤✲s♣❡❡❞
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❋✐❣✉r❡ ✼✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ t❤❡♦r❡t✐❝❛❧❧② ♠♦❞❡❧❡❞ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧❧② ♠❡❛s✉r❡❞ ❧❛②❡r ✈❡✲
❧♦❝✐t② ❢♦r ❛❧❧ s✉❜str❛t❡ ♠❛t❡r✐❛❧s✳ ❆ ❝♦♥st❛♥t t✐♣ r❛❞✐✉s ♦❢ R = 352 nm ✇❛s ✉s❡❞ ❢♦r t❤❡
❝❛❧❝✉❧❛t✐♦♥ ♦❢ vx✳

✈✐❞❡♦ s②st❡♠ ❤❛✈❡ ❜❡❡♥ ✉s❡❞ t♦ ❡①❛♠✐♥❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s✉❜str❛t❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s

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

♦❢ t❤❡ ❜✉❧❦ ❧✐q✉✐❞✳

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

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

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

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

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

t❤❡ s♦❧✐❞✐✜❝❛t✐♦♥ ✈❡❧♦❝✐t② ✐s ❞r❛st✐❝❛❧❧② ✐♥❝r❡❛s❡❞ ❛t t❤❡ s✉❜str❛t❡ s✉r❢❛❝❡✳ ❋♦r s✉♣❡r❝♦♦❧✐♥❣s

✉♣ t♦ 7K✱ ❑♦♥❣ ❛♥❞ ▲✐✉✶✽ ♦❜s❡r✈❡❞ ❛ str♦♥❣ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s✉❜str❛t❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s

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

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

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

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

♠♦❞❡❧ ❡①♣❧✐❝✐t❧② ✐♥❝♦r♣♦r❛t❡s ❤❡❛t ❝♦♥❞✉❝t✐♦♥ ✐♥ t❤❡ s✉♣❡r❝♦♦❧❡❞ ❧✐q✉✐❞ ❛♥❞ ✐♥ t❤❡ ❣r♦✇✐♥❣
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Removed a spare "the" according to the nineth comment of the first referee.




✐❝❡ ❧❛②❡r✳ ❍❡❛t ❝♦♥❞✉❝t✐♦♥ ✐♥ t❤❡ s♦❧✐❞ ✇❛❧❧✱ ✇❤✐❝❤ ✐s t❤❡ ♦r✐❣✐♥ ♦❢ t❤❡ ✐♥❝r❡❛s❡❞ ✈❡❧♦❝✐t②

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

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

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

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

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

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

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

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

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

♦❢ s✉♣❡r❝♦♦❧✐♥❣s ∆T ≤ 10K ✐s ✇❡❧❧ ❞❡s❝r✐❜❡❞ ❜② t❤❡ s❡♠✐✲❡♠♣✐r✐❝❛❧ ♠♦❞❡❧✳ ❋♦r ❤✐❣❤❡r

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

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

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

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

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

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

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

❚♦ t❤❡ ❛✉t❤♦rs✬ ❦♥♦✇❧❡❞❣❡✱ ✉♥t✐❧ ♥♦✇✱ ♥♦ ❛♣♣r♦❛❝❤ ✐♥✈♦❧✈❡s t❤❡ ♣r♦❝❡ss❡s t❛❦✐♥❣ ♣❧❛❝❡ ❛❢t❡r

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

♣♦t❡♥t✐❛❧ ✐s ♦❜✈✐♦✉s✿ ❚❤❡ ❢r❡❡③✐♥❣ ✈❡❧♦❝✐t② ❛t ❛ s♦❧✐❞ s✉❜str❛t❡ ❞❡t❡r♠✐♥❡s t❤❡ t✐♠❡✲s❝❛❧❡ ♦❢

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

✐♥❞✉❝❡❞ s❤❡❞❞✐♥❣ ♦❢ ✇❛t❡r ❢r♦♠ t❤❡ s✉r❢❛❝❡✳ ❆s s❤♦✇♥ ✐♥ t❤❡ ♣r❡s❡♥t ✇♦r❦✱ t❤❡ ❢r❡❡③✐♥❣ ♦❢

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

❜② s✇✐t❝❤✐♥❣ ❢r♦♠ ❛ ♠❡t❛❧❧✐❝ s✉❜str❛t❡ t♦ ❛♥ ✐♥s✉❧❛t♦r s✉❝❤ ❛s ❛❝r②❧✐❝ ❣❧❛ss✳ ❚❤❡r❡❢♦r❡✱ t❤❡

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

s②st❡♠s✳ ■t ✇♦♥✬t ❜❡ ♣♦ss✐❜❧❡ t♦ ♠❛♥✉❢❛❝t✉r❡ ❛✐r❝r❛❢t ♣❛rts ❢r♦♠ ❛ ♣♦❧②♠❡r ❧✐❦❡ ❛❝r②❧✐❝ ❣❧❛ss✱
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❜✉t s✉✐t❛❜❧❡ ♣♦❧②♠❡r ❝♦❛t✐♥❣s ✇✐❧❧ ♣r♦❜❛❜❧② ❤❛✈❡ t❤❡ s❛♠❡ ❡✛❡❝t✱ ❛s ❧♦♥❣ ❛s t❤❡ ❝♦❛t✐♥❣ ✐s

t❤✐❝❦❡r t❤❛♥ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ s❝❛❧❡ ♦❢ t❤❡ t❤❡r♠❛❧ ❜♦✉♥❞❛r② ❧❛②❡r ✐♥ t❤❡ s✉❜str❛t❡✳

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

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

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

r❛t❡✳

❆❝❦♥♦✇❧❡❞❣❡♠❡♥t

❚❤❡ ❛✉t❤♦rs ❣r❛t❡❢✉❧❧② ❛❝❦♥♦✇❧❡❞❣❡ ✜♥❛♥❝✐❛❧ s✉♣♣♦rt ❢r♦♠ t❤❡ ❉❡✉ts❝❤❡ ❋♦rs❝❤✉♥❣s❣❡♠❡✐♥✲

s❝❤❛❢t ✇✐t❤✐♥ t❤❡ ❝♦❧❧❛❜♦r❛t✐✈❡ r❡s❡❛r❝❤ ♣r♦❥❡❝t ❙❋❇✲❚❘❘ ✼✺ ✭❚P✲❈✸✮✳ ❋✉rt❤❡r♠♦r❡✱ ❍❑❈

❛❝❦♥♦✇❧❡❞❣❡s s✉♣♣♦rt ❢r♦♠ t❤❡ ▲❡✈❡r❤✉❧♠❡ ❚r✉st ✭❘P●✲✷✵✶✹✲✸✵✻✮✳

❘❡❢❡r❡♥❝❡s

✭✶✮ ❍❡✐♥r✐❝❤✱ ❆✳❀ ❘♦ss✱ ❘✳❀ ❩✉♠✇❛❧t✱ ●✳❀ Pr♦✈♦rs❡✱ ❏✳❀ P❛❞♠❛♥❛❜❤❛♥✱ ❱✳❀ ❚❤♦♠s♦♥✱ ❏✳❀

❘✐❧❡②✱ ❏✳ ❆✐r❝r❛❢t ■❝✐♥❣ ❍❛♥❞❜♦♦❦✿ ❋❆❆ ❚❡❝❤♥✐❝❛❧ ❘❡♣♦rt ◆♦✳ ❉❖❚✴❋❆❆✴❈❚✲✽✽✴✽✲✶ ❀

❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ✶✾✾✶❀ ❱♦❧✳ ✶✱✷✱✸✳

✭✷✮ ❈❡❜❡❝✐✱ ❚✳❀ ❑❛❢②❡❦❡✱ ❋✳ ❆✐r❝r❛❢t ■❝✐♥❣✳ ❆♥♥✉✳ ❘❡✈✳ ❋❧✉✐❞ ▼❡❝❤✳ ✷✵✵✸✱ ✸✺✱ ✶✶✕✷✶✳

✭✸✮ ▼❛s♦♥✱ ❏✳ ●✳❀ ❙tr❛♣♣✱ ❏✳ ❲✳❀ ❈❤♦✇✱ P✳ ❚❤❡ ■❝❡ P❛rt✐❝❧❡ ❚❤r❡❛t t♦ ❊♥❣✐♥❡s ✐♥ ❋❧✐❣❤t✳

✷✵✵✻✳

✭✹✮ ▼❛❦❦♦♥❡♥✱ ▲✳ ❙❛❧✐♥✐t② ❛♥❞ ❣r♦✇t❤ r❛t❡ ♦❢ ✐❝❡ ❢♦r♠❡❞ ❜② s❡❛ s♣r❛②✳ ❈♦❧❞ ❘❡❣✳ ❙❝✐✳

❚❡❝❤♥♦❧✳ ✶✾✽✼✱ ✶✹✱ ✶✻✸✕✶✼✶✳

✭✺✮ ❙②♠♦♥s✱ ▲✳❀ P❡rr②✱ ❆✳ Pr❡❞✐❝t✐♥❣ r♦❛❞ ❤❛③❛r❞s ❝❛✉s❡❞ ❜② r❛✐♥✱ ❢r❡❡③✐♥❣ r❛✐♥ ❛♥❞ ✇❡t

s✉r❢❛❝❡s ❛♥❞ t❤❡ r♦❧❡ ♦❢ ✇❡❛t❤❡r r❛❞❛r✳ ▼❡t❡♦r♦❧✳❧ ❆♣♣❧✳ ✶✾✾✼✱ ✹✱ ✶✼✕✷✶✳

✶✽



✭✻✮ ❉❛❧✐❧✐✱ ◆✳❀ ❊❞r✐s②✱ ❆✳❀ ❈❛rr✐✈❡❛✉✱ ❘✳ ❆ r❡✈✐❡✇ ♦❢ s✉r❢❛❝❡ ❡♥❣✐♥❡❡r✐♥❣ ✐ss✉❡s ❝r✐t✐❝❛❧ t♦

✇✐♥❞ t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡✳ ❘❡♥❡✇❛❜❧❡ ❙✉st❛✐♥❛❜❧❡ ❊♥❡r❣② ❘❡✈✳ ✷✵✵✾✱ ✶✸✱ ✹✷✽✕✹✸✽✳
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