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❘❡♠❡r❝✐❡♠❡♥ts

❈❡s r❡♠❡r❝✐❡♠❡♥ts s♦♥t ❧✬❛❜♦✉t✐ss❡♠❡♥t ❞❡ tr♦✐s ❛♥s ❞❡ tr❛✈❛✐❧ ❞✉r❛♥t ❧❡sq✉❡❧❧❡s ❥✬❛✐ ♣✉ r❡♥❝♦♥tr❡r ❡t

tr❛✈❛✐❧❧❡r ❛✈❡❝ ❜❡❛✉❝♦✉♣ ❞❡ ♣❡rs♦♥♥❡s✱ ❥✬❡s♣èr❡ ♥✬♦✉❜❧✐❡r ♣❡rs♦♥♥❡✳

❆✈❛♥t t♦✉t✱ ❥❡ t✐❡♥s à r❡♠❡r❝✐❡r ♠♦♥ ❞✐r❡❝t❡✉r ❞❡ t❤ès❡ ❏❡❛♥✲▼❛r❝ ❉❡❧❛②❡ ❡t ♠♦♥ ❡♥❝❛❞r❛♥t❡ ❈✐♥❞② ❘♦✉♥✲

tr❡❡ ♣♦✉r ❧❡✉rs ❝♦♥s❡✐❧s✱ ❧❡✉rs ❞✐s♣♦♥✐❜✐❧✐tés ❡t ❧❡✉r ❝♦♥✜❛♥❝❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❝❡s tr♦✐s ❛♥s✳ ❏❡ r❡♠❡r❝✐❡

t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❈✐♥❞② q✉✐ ♠✬❛ s✉✐✈✐ ❛✉ q✉♦t✐❞✐❡♥ ❡t q✉✐ ❛ s✉ êtr❡ ❞✐s♣♦♥✐❜❧❡ ❞✉ ❞é❜✉t à ❧❛ ✜♥ t♦✉t

❡♥ ♠❡ ❧❛✐ss❛♥t ❜❡❛✉❝♦✉♣ ❞❡ ❧✐❜❡rtés✳

❯♥ ❣r❛♥❞ ♠❡r❝✐ é❣❛❧❡♠❡♥t á ❉❛♥✐❡❧ ❇♦♥❛♠② ♣♦✉r s❛ ❣❡♥t✐❧❧❡ss❡✱ s❛ ♣❛t✐❡♥❝❡✱ s❛ ❞✐s♣♦♥✐❜✐❧✐té✳

❊♥✜♥ ❚❤✐❡rr② ❇❡r♥❛r❞✳✳✳ q✉✬❛✉r✐♦♥s ♥♦✉s ❢❛✐t s❛♥s t♦✐ ❄ ❚✉ ❛s été ❞✬✉♥❡ ❛✐❞❡ ♣ré❝✐❡✉s❡ ♣❡♥❞❛♥t ❝❡s tr♦✐s

❛♥♥é❡s ❝❛r t✉ ét❛✐s ❧à ❛✉ q✉♦t✐❞✐❡♥ ♣♦✉r ré♣❛r❡r✴♠♦❞✐✜❡r✴❝ré❡r ❞❡s ❞✐s♣♦s✐t✐❢s ❡①♣ér✐♠❡♥t❛✉①✳ ▼❡r❝✐ à

t♦✐ ✦
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❍❛♥❞ ❡t ▼♠❡ ▲❛✉r❡♥❝❡ ●❛❧♦✐s② ♣♦✉r ❧❡✉r tr❛✈❛✐❧ ❞❡ r❛♣♣♦rt❡✉r ❛✐♥s✐ q✉❡ ▼♠❡ ❱ér♦♥✐q✉❡ ❉♦q✉❡t✱ ▼✳

❚❛♥❣✉② ❘♦✉①❡❧ ❡t ▼✳ ◆♦❧✇❡♥♥ ❈❤♦♦✉❛r❞ ♣♦✉r ❧❡✉r tr❛✈❛✐❧ ❞✬❡①❛♠✐♥❛t❡✉r✳

❈❡ tr❛✈❛✐❧ ❡①♣ér✐♠❡♥t❛❧ rés✉❧t❡ ❞❡ ♥♦♠❜r❡✉s❡s ❝♦❧❧❛❜♦r❛t✐♦♥s✳ ❯♥ ❣r❛♥❞ ♠❡r❝✐ à ❇r✉♥♦ ❇♦✐③♦t ♣♦✉r ❧❡s

♠❡s✉r❡s ❘P❊ ❛✐♥s✐ q✉❡ ❧❡s ❞✐s❝✉ss✐♦♥s q✉✐ ❡♥ ♦♥t ❞é❝♦✉❧é❡s✳ ❯♥ ❣r❛♥❞ ♠❡r❝✐ ❛✉ss✐ à ❉❛✈② ❉❛❧♠❛s q✉✐

♠✬❛ ♣❡r♠✐s ❞❡ ❢❛✐r❡ ❞❡s ♠❡s✉r❡s ❞❡ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ à ❙●❘ ❛✉ ❧❛❜♦r❛t♦✐r❡ ❙✉r❢❛❝❡ ❞✉ ✈❡rr❡ ❡t ■♥t❡r❢❛❝❡s

❡t ❚❤✐❜❛✉❧t ❈❤❛r♣❡♥t✐❡r ♣♦✉r ♠✬❛✈♦✐r ♣❡r♠✐s ❞❡ ré❛❧✐s❡r ❧❡s ♠❡s✉r❡s ❘▼◆✳

❊♥✜♥ ❥❡ r❡♠❡r❝✐❡ ❧❡ ❝❤❡❢ ❞✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼❛tér✐❛✉① ❡t Pr♦❝é❞és ❛❝t✐❢s ❈❤r✐st♦♣❤❡ ❏é❣♦✉ ❞❡ ♠✬❛✈♦✐r

❛❝❝✉❡✐❧❧✐ q✉❡❧q✉❡s s❡♠❛✐♥❡s ♣❛r ❛♥ ♣❡♥❞❛♥t ❝❡tt❡ t❤ès❡✳ ❙②❧✈❛✐♥✱ ❖❧✐✈✐❡r ❡t ❘✐❝❤❛r❞ ♣♦✉r ❧❡s ❞✐s❝✉ss✐♦♥s

❛✉t♦✉r ❞❡s s♣❡❝tr❡s ♣❧✉s ♦✉ ♠♦✐♥s ❝♦♠♣ré❤❡♥s✐❜❧❡s✳ ❯♥ ♠❡r❝✐ ♣❛rt✐❝✉❧✐❡r à ❘✐❝❤❛r❞ ❡t ▼✐❝❦❛❡❧ ♣♦✉r ❧❡s

❥♦✉r♥é❡s ♣❛ssé❡s à ✐♥❞❡♥t❡r ♦✉ ❛ ❛❝q✉ér✐r ❞❡s s♣❡❝tr❡s✳ ❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❧✬❡♥s❡♠❜❧❡ ❞✉ ▲▼P❆✳

❏❡ ✜♥✐s ❝❡s r❡♠❡r❝✐❡♠❡♥ts ♣❛r ❧❡s ♣❡rs♦♥♥❡s ❞✉ ❢❡✉ ❙P❈❙■ q✉✐ ♦♥t r❡♥❞✉ ❧❡s ❥♦✉r♥és ❞❡ t❤és❡ ❛❣ré❛❜❧❡s✿
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✐♥❡ ❏✉❧✐❡♥✱ ❈❤r✐st✐♥❡ Pr✐❣✐❛♥✱ ❙②❧✈❛✐♥ ▲❛tt✐❧✱ ▲✉❝ ❇❛r❜✐❡r✱ ❇r✉♥♦ ▲❡❝t❛r❞✱ ❈❧❛✐r❡ ▼❛t❤✐❡✉ ❞✬❍♦✉❧❣❛t❡✱

❏❡❛♥✲❇❛♣t✐st❡ ▼♦✉ss②✱ ❏✉❧✐❡♥ ❘❛✉❧t✱ ❋❛❜✐❡♥ ❙✐❧❧②✱ ❆❧❡①❛♥❞❡r ❙✐♠♦❣✉♥♦✈✱ ▲✉❞♦✈✐❝ ❚♦rt❡❝❤✱ ❱✐♥❝❡♥t ❇❛rt✱

❙❛r❛ ●♦♥③❛❧❡③✱ ❈❤r✐st♦♣❤❡ ▲✉❜✐♥✱ ❘♦♠❛✐♥ ❇r✐ss❡✱ ▼❛①✐♠❡ ❘✐♦✉❧t✱ ❏❡❧❧❡ ❉✐♦♥♦t✱ ▼❛r✐♥❡ ●❛②✱ ❘♦❝✐♦ ❉❡

▼✐❣✉❡❧ ❱✐s❝❛s✐❧❧❛s✱ ❑❡②✈❛♥ P✐r♦✐❞✱❡t❝✳ ❏❡ ❞♦✐s ❞✐r❡ q✉❡ ❈❧❛✐r❡ ▼❛t❤✐❡✉ ❞✬❍♦✉❧❣❛t❡ ❡t ❙❛r❛ ●♦♥③❛❧❡③ ♦♥t

♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝♦♥tr✐❜✉é❡ à à r❡♥❞r❡ ❧❛ ✜♥ ❞❡ t❤ès❡ ❛❣ré❛❜❧❡ q✉❡ ❝❡ s♦✐t ❛✉ ❧❛❜♦ ♦✉ ❞❛♥s ❧❡s ❜♦✉❝❤♦♥s

✦ ❊♥✜♥ ♠❡r❝✐ à ❏♦♥ ❇❛rès ♠♦♥ ❝♦❧❧è❣✉❡ ❞❡ ❜✉r❡❛✉ ♣❡♥❞❛♥t ✷ ❛♥s ♣♦✉r s♦♥ ❤✉♠♦✉r ❡t s❛ ❜♦♥♥❡ ❤✉♠❡✉r✳

▼❡s ❞❡r♥✐❡rs r❡♠❡r❝✐❡♠❡♥t ✈♦♥t à ♠❛ ❢❛♠✐❧❧❡✳ ❏❡ t✐❡♥s ♣❛rt✐❝✉❧✐ér❡♠❡♥t à r❡♠❡r❝✐❡r ♠❡s ♣❛r❡♥ts q✉✐

♠✬♦♥t ♣❡r♠✐s ❞❡ ♠❡♥❡r à ❜✐❡♥ ❝❡s ❧♦♥❣✉❡s ét✉❞❡s✳

▼♦♥ ❞❡r♥✐❡r ♠❡r❝✐ ✐r❛ à t♦✐ ✱❙❛♠✉❡❧ ♣♦✉r t♦♥ s♦✉t✐❡♥✱ t❡s ❝♦♥s❡✐❧s ♠❛✐s é❣❛❧❡♠❡♥t ♣♦✉r t♦✉s ❝❡s ♠♦♠❡♥ts
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s❝❛♥ s✐③❡ ✐s ✼✺× ✼✺ ♠♠2 ❛♥❞ t❤❡ ❤❡✐❣❤t r❛♥❣❡ ✐s ♦✈❡r ✷ ♥♠✳ ❚❤❡ ❝r❛❝❦ ❢r♦♥t ♣r♦♣❛❣❛t❡s ❢r♦♠

t❤❡ ❧❡❢t t♦ t❤❡ r✐❣❤t ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ s♣❡❡❞ ♦❢ ✶✵−11♠✳s−1✳ ■♠❛❣❡ ❛✮ ❡✈✐❞❡♥❝❡ t❤❡ ♥❛♥♦♠❡tr✐❝

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

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

✈✐✐✐



✶✳✶✹ ❚❤❡ str❡ss ❣r❛❞✐❡♥t ❛t t❤❡ ❝r❛❝❦ ❢r♦♥t ❡♥❤❛♥❝❡s s♦❞✐✉♠ ❞✐✛✉s✐♦♥✳ ❚❤✐s ✜❣✉r❡ ✐♠❛❣❡s t❤❡

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

❛r❡ ❞✉❡ t♦ s♦❞✐✉♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✶✳✶✺ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ ✐♥ t❤❡ ✶✺ ♠✐❧❧✐♦♥ ❛t♦♠s s②st❡♠✳ ❋r♦♠ ❬✻✷❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✷✳✶ ❚❤❡r♠❛❧ ❝②❝❧❡ ♦❢ ❙❇◆ ❣❧❛ss✬s ❡❧❛❜♦r❛t✐♦♥✳ TE ❞❡♣❡♥❞s ♦♥ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✷✳✷ ❉r❛✇✐♥❣ ♦❢ ❉♦✉❜❧❡ ❈❧❡❛✈❛❣❡ ❉r✐❧❧❡❞ ❈♦♠♣r❡ss✐♦♥ s❛♠♣❧❡s ❉❈❉❈1 ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡

❢❛✐❧✉r❡ ✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✷✳✸ ❉❡❜❡♥ ♠❛❝❤✐♥❡ ✉s❡❞ ❞✉r✐♥❣ ❡①♣❡r✐♠❡♥t t♦ ♣r♦♣❛❣❛t❡ ❝r❛❝❦s ✐♥ t❤❡ ❙❈❈ r❡❣✐♠❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✷✳✹ ❊①❛♠♣❧❡ ♦❢ ❞❡t❡r♠✐♥✐♥❣ t❤❡ s❤✐❢t ❜❡t✇❡❡♥ t✇♦ ✐♠❛❣❡s t❤r♦✉❣❤ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥✳

❚❤❡ t✐♠❡ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ ♣✐❝t✉r❡s ✐s t❤✐rt② ♠✐♥✉t❡s✳ ❋✐❣✉r❡ ✭❛✮ ✐s t❤❡ r❡❢❡r❡♥❝❡ ❛♥❞ ✭❜✮

✐s t❛❦❡♥ ✸✵ ♠✐♥✉t❡s ❧❛t❡r✳ ❚❤❡ r❡❞ r❡❝t❛♥❣❧❡ ✐s t❤❡ ❛r❡❛ s❡❧❡❝t❡❞ ❢♦r t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥

t❡❝❤♥✐q✉❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✷✳✺ ❊①❛♠♣❧❡ ♦❢ ✐♠❛❣❡s ❛♥❛❧②s✐s st❡♣ ❜② st❡♣ ❛✮ ♦r✐❣✐♥❛❧ ♣✐❝t✉r❡ r♦t❛t❡❞ s✉❝❤ t❤❛t t❤❡ ❝r❛❝❦

❢r♦♥t ♣r♦♣❛❣❛t❡s ❢r♦♠ ❧❡❢t t♦ t❤❡ r✐❣❤t ❜✮ ❡♥❤❛♥❝❡♠❡♥t ♦❢ t❤❡ ❝♦♥tr❛st ❜❡t✇❡❡♥ t❤❡ ❝r❛❝❦

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

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

✷✳✻ ❉r❛✇✐♥❣ ♦❢ ❛♥ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣②✳ ❆ ❧❛s❡r s♣♦t r❡✢❡❝ts ♦✛ t❤❡ t♦♣ ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r

♦♥t♦ t❤❡ ❛rr❛② ♦❢ ♣❤♦t♦❞✐♦❞❡s ✈✐❛ ❛ ♠✐rr♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✷✳✼ ❙❝❤❡♠❛ ♦❢ ❱✐❝❦❡rs P②r❛♠✐❞ ❉✐❛♠♦♥❞ ■♥❞❡♥t❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✷✳✽ ❆ t②♣✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✐♠♣r✐♥t ✉s❡❞ ✐♥ ❞❡t❡r♠✐♥✐♥❣ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❞✐❛❣♦♥❛❧ ❧❡♥❣t❤✱ ✭di ❛♥❞

♠❛r❦❡❞ ❜② ❛ ❝♦♥t✐♥✉♦✉s ❧✐♥❡✮ ❛♥❞ ✐♥ ❡✈❛❧✉❛t✐♥❣ t❤❡ ♣✐❧❡ ✉♣ ♣r♦✜❧❡ ✭❞♦tt❡❞ ❧✐♥❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✷✳✾ ❙❝❤❡♠❛t✐❝ ♦❢ ❛ ❣❡♥❡r✐❝ ✐♠❛❣❡ ❢r♦♠ ❛ ❱✐❝❦❡rs ✐♥❞❡♥t ✉s❡❞ ✐♥ ❞❡t❡r♠✐♥✐♥❣ KC ✳ di ✐s t❤❡

✐♥❞❡♥t❛t✐♦♥ ❞✐❛❣♦♥❛❧ ❧❡♥❣t❤✱ ❛♥❞ d ✐s t❤❡ ❛✈❡r❛❣❡ di ❢♦r ♦♥❡ ✐♥❞❡♥t✳ c ✐s t❤❡ ❝r❛❝❦ ❧❡♥❣t❤

♠❡❛s✉r❡❞ ❢r♦♠ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❝❡♥t❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✷✳✶✵ ❊①❛♠♣❧❡ ♦❢ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✸✳✶ ❉❡♥s✐t② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❘SBN ❢♦r ❑SBN❂❬❙✐❖2❪✴❬❇2❖3❪∼✷✳✺ ✭❜❧✉❡ s❡r✐❡s✮ ❛♥❞ ❑SBN ∼✹✳✺
✭r❡❞ s❡r✐❡s✮✳ ❚❤❡ ❞❡♥s✐t② ✐♥❝r❡❛s❡s ❛♥❞✱ t❤❡♥✱ r❡❛❝❤❡s ❛ ♣❧❛t❡❛✉✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✸✳✷ ❱♦❧✉♠❡ ♦❢ V2 ❛♥❞ V ′
3 ✉♥✐ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN ✳ ❚❤❡ V2 ✈♦❧✉♠❡ ❝♦rr❡s♣♦♥❞ t♦ f2 ❢r❛❝t✐♦♥✱

✐✳❡✳ t❤❡ BO4 ✉♥✐ts✳ ❚❤❡ V
′
3 ✈♦❧✉♠❡ ❝♦rr❡s♣♦♥❞ t♦ Q3 ❢r❛❝t✐♦♥✱ ✐✳❡✳ ❙✐❖4 t❡tr❛❤❡❞r♦♥s ✇✐t❤ ✶

◆❇❖ ✉♥✐ts✳ ❚❤❡ ❞✐✛❡r❡♥t ❝♦❧♦rs ❝♦rr❡s♣♦♥❞ t♦ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ KSBN ✿ r❡❞ KSBN ∼ ✹✳✺✱

❜❧✉❡ KSBN ∼ ✷✳✶✷ ❛♥❞ ❣r❡❡♥ KSBN ∼ ✹✳✹✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✸✳✸ ❊✈♦❧✉t✐♦♥ ♦❢ ❨♦✉♥❣ ♠♦❞✉❧✉s ✭❊✮ ✐♥ ●P❛ ❛♥❞ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ✇✐t❤ t❤❡ ♠♦❧ % ♦❢ Na2O✳ ✹✾

✸✳✹ ✭▲❡❢t✮ ❊✈♦❧✉t✐♦♥ ♦❢ ❣❧❛ss ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥ ✭Pf ✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ P♦✐ss♦♥ r❛t✐♦ ✭ν✮✳

✭❘✐❣❤t✮ ❊✈♦❧✉t✐♦♥ ν ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖✳ ❆ ❣♦♦❞ ❝♦rr❡❧❛t✐♦♥ ✐s ❢♦✉♥❞

❜❡t✇❡❡♥ t❤❡ P♦✐ss♦♥✬ r❛t✐♦ ❛♥❞ t❤❡ ❣❧❛ss ♦r❣❛♥✐③❛t✐♦♥✬ ♣❛r❛♠❛t❡rs s✉❝❤ ❛s✿ ◆❇❖ ❛♥❞ Pf ✳ ✺✶

✸✳✺ ❘♦♦♠✲t❡♠♣❡r❛t✉r❡ ❘❛♠❛♥ s♣❡❝tr❛ ❢♦r ❙❇◆ s❡r✐❡s ❛t ❝♦♥st❛♥t KSBN ✭▲❡❢t✮ KSBN ∼ 2.4❀

✭❘✐❣❤t✮ KSBN ∼ 4.6 ❛♥❞ 3.75 ✭❙❇◆ ✶✹✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✸✳✻ [11]❇ ▼❆❙ ◆▼❘ s♣❡❝tr❛ ❢♦r t❤❡ KSBN ∼✷✳✺ s❡r✐❡s ❝♦❧❧❡❝t❡❞ ❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡✳ ❚❤❡

✐♥t❡♥s✐t② ♦❢ ❡❛❝❤ s♣❡❝tr✉♠ ✐s ♥♦r♠❛❧✐③❡❞✳ ❋r♦♠ t❤❡ ❜♦tt♦♠ t♦ t❤❡ t♦♣✱ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t

✐♥❝r❡❛s❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✐①



▲■❙❚ ❖❋ ❋■●❯❘❊❙

✸✳✼ [23]◆❛ ◆▼❘▼❆❙ s♣❡❝tr❛ ❢♦r t❤❡ ❙❇◆ s❡r✐❡s ❑SBN ∼ ✷✳✺ ❝♦❧❧❡❝t❡❞ ❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡✳

❚❤❡ ✐♥t❡♥s✐t② ♦❢ ❡❛❝❤ s♣❡❝tr✉♠ ✐s ♥♦r♠❛❧✐③❡❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✸✳✽ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ [23]◆❛ ❝❤❡♠✐❝❛❧ s❤✐❢t ❛♥❞✿ ✭❧❡❢t✮ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❬Na2O]❀ ❛♥❞

✭r✐❣❤t✮ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖ ❛s ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ [11]❇ ▼❆❙ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts✳ ✳ ✳ ✺✻

✹✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ✐♠♣r✐♥ts ❢♦r t❤❡ KSBN ∼ 2.5 s❡r✐❡s ✭❙❇◆ ✶✷✱ ❙❇◆ ✷✺✱ ❙❇◆ ✸✵✱

❙❇◆ ✸✺✮ ❛t ✺✵ ❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s✳ ❆♥ ♦♣t✐❝❛❧ ❝❛♠❡r❛ ❝♦✉♣❧❡❞ ✇✐t❤ t❤❡ ❱✐❝❦❡rs✬s

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

s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✷ ❊✈♦❧✉t✐♦♥ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ❢r♦♠ t❤❡ ❙❇◆ ✶✷ t♦ t❤❡ ❙❇◆ ✸✺ ❣❧❛ss❡s ❛t ✺✵ ❣ ✐♥ ❛♠❜✐❡♥t

❝♦♥❞✐t✐♦♥s ❝❛♣t✉r❡❞ ✈✐❛ ❛♥ ❆❋▼✳ ❋r♦♠ t❤❡ ❧❡❢t t♦ t❤❡ r✐❣❤t t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s✳ ✻✷

✹✳✸ ❍❛r❞♥❡ss ✈❛❧✉❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN ❢♦r ❙❇◆ ❣❧❛ss❡s ✭❛t ✺✵ ❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s❀

♠❛①✐♠✉♠ ❧♦❛❞ ❤❡❧❞ ❢♦r ✶✺ s✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✹✳✹ ✭▲❡❢t✮ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss✱ HV ✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆♦♥ ❇r✐❞❣✐♥❣

❖①②❣❡♥ ✭◆❇❖✮ ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ✭❛t ✺✵❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s✮✳

✭❘✐❣❤t✮ ❊✈♦❧✉t✐♦♥ HV ✈❡rs✉s [4]❇ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ✭❛t

✺✵❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✹✳✺ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ✭✐♥❞❡♥t❛t✐♦♥ ❛t ✺✵❣ ✐♥ ❛♠❜✐❡♥t

❝♦♥❞✐t✐♦♥s✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✹✳✻ ❙❡t ♦❢ ♦♣t✐❝❛❧ ✐♠❛❣❡s ✐♥ ❙❇◆ ✶✹ ❛❝q✉✐r❡❞ ❛t ✐♥❝r❡❛s✐♥❣ ❧♦❛❞s✳ ❆s t❤❡ ❧♦❛❞s ✐♥❝r❡❛s❡s t❤❡

♥✉♠❜❡r ♦❢ ❝r❛❝❦s ✐♥✐t✐❛t✐♥❣ ♦✛ t❤❡ ❝♦r♥❡rs ♦❢ t❤❡ ✐♥❞❡♥t❡r ✐♥❝r❡❛s❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✼ ❈r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ❛s t❤❡ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♥❞❡♥t ❧♦❛❞ ❢♦r ❛❧❧ t❤❡ ❙❇◆ ❣❧❛ss❡s✳

❇❧✉❡ s②♠❜♦❧s ❛r❡ t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ KSBN❂✷✳✶ s❡r✐❡s ❛♥❞ r❡❞ s②♠❜♦❧s ❛r❡ t♦ ❜❡

❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ KSBN❂✸✳✼ s❡r✐❡s✳ ◆♦t❡ t❤❛t t❤❡ ❙❇◆ ✶✷ ♣r❡s❡♥ts ❛ s✐♥❣✉❧❛r ❜❡❤❛✈✐♦r✳ ✻✻

✹✳✽ ❚♦✉❣❤♥❡ss ✈❛❧✉❡s KC ♦❢ ❙❇◆ ❣❧❛ss❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN ❢♦r KSBN ∼ 2.5 s❡r✐❡s ✭❜❧✉❡✮

❛♥❞ KSBN ∼ 4.5 s❡r✐❡s ✭r❡❞✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✹✳✾ ❚♦✉❣❤♥❡ss ✈❛❧✉❡s ✭KC✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ν ❢♦r ❛❧❧ t❤❡ ❙❇◆ ❣❧❛ss❡s✳ ❚❤❡ ❧✐♥❡ ✭KC = mν + b

✇❤❡r❡ m = −4.46 ± 0.27 ❛♥❞ b = 1.75 ± 0.06✮ ❞❡♣✐❝ts ❛ ❧✐♥❡❛r ✜t t❤r♦✉❣❤ ❛❧❧ t❤❡ ❞❛t❛✱

❡①❝❧✉❞✐♥❣ ❙❇◆ ✶✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✹✳✶✵ ✭▲❡❢t✮ ❚❤❡ ♥♦r♠❛❧✐③❡❞ r❛t✐♦ ✭V +
i /V −

i ✮ ♦❢ t❤❡ ❣❧❛ss❡s ♣✐❧❡✲✉♣ ✇✐t❤ RSBN ❞✐s♣❧❛②s t✇♦ tr❡♥❞s

❞❡♣❡♥❞✐♥❣ ♦♥ KSBN ✳ ❋♦r KSBN ∼ 2.5✱ t❤❡ r❛t✐♦ ✐♥✐t✐❛❧❧② ✐♥❝r❡❛s❡s✱ ❛♥❞ t❤❡♥ st❛❜✐❧✐③❡s✳

❋♦r KSBN ∼ 4.5✱ t❤❡ r❛t✐♦ ✜rst ❞✐s♣❧❛②s ❛ s❧✐❣❤t ❞❡❝r❡❛s❡✳ ✭❘✐❣❤t✮ ❊✈♦❧✉t✐♦♥ ♦❢ V +
i /V −

i

❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ P♦✐ss♦♥✬ r❛t✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✹✳✶✶ ❚❤❡ r❡❝♦✈❡r② ✈♦❧✉♠❡ ❞❡❝r❡❛s❡s ✇✐t❤ RSBN ✳ ❨❡t t❤❡ s❧♦♣❡s ✭mKSBN∼2.5 = −0.409 ❛♥❞

mKSBN∼4.5 = −0.0431✮ ❞❡♣❡♥❞ s✐❣♥✐✜❝❛♥t❧② ♦♥ t❤❡ KSBN ✈❛❧✉❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✹✳✶✷ P✐❧❡ ✉♣ r❛t✐♦ ✭VP ✮ ✇❤✐❝❤ ❝❤❛r❛❝t❡r✐③❡s t❤❡ ✈♦❧✉♠❡✲❝♦♥s❡r✈✐♥❣ s❤❡❛r ✢♦✇ ✈❡rs✉s RSBN ✳ ❚❤❡

t❡♥❞❡♥❝✐❡s ❛r❡ ❞r❛st✐❝❛❧❧② ❞✐✛❡r❡♥t ❢♦r ❛♣♣r♦①✐♠❛t❡❧② ❝♦♥st❛♥t KSBN ✳✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

①



✹✳✶✸ ✭▲❡❢t✮ ❚❤❡ ✜❣✉r❡ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ✈♦❧✉♠❡ r❡❝♦✈❡r② r❛t✐♦ ✭VR✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢

t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ❢♦r t❤❡ ❙❇◆ ❞❛t❛✳ ❚❤❡ ❜❧✉❡ ❝♦❧♦r ❧✐♥❡ ❞❡♣✐❝ts ❛ ❧✐♥❡❛r ✜t t♦ t❤❡ ❞❛t❛

❢♦r KSBN ∼ 2.5 ✭VR = mKSBN∼2.5ν + bKSBN∼2.5 ✇❤❡r❡ mKSBN∼2.5 = −8.40 ± 0.60 ❛♥❞

bKSBN∼2.5 = 2.34±0.13✮✳ ❚❤❡ r❡❞ ❝♦❧♦r ❧✐♥❡ ❞❡♣✐❝ts ❛ ❧✐♥❡❛r ✜t t♦ t❤❡ ❞❛t❛ ❢♦r KSBN ∼ 4.5

✭VR = mKSBN∼4.5ν + bKSBN∼4.5 ✇❤❡r❡ mKSBN∼4.5 = −1.02 ± 0.30 ❛♥❞ bKSBN∼4.6 =

0.68 ± 0.07✮✳ ✭❘✐❣❤t✮ ❚❤❡ ✜❣✉r❡ ❞❡♣✐❝ts ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ VR ✈❡rs✉s ν r❡❧❛t✐♦♥s❤✐♣s ❢♦✉♥❞

❤❡r❡✐♥ ❛❧♦♥❣ ✇✐t❤ ♣✉❜❧✐s❤❡❞ ❞❛t❛✱ ❜❧❛❝❦ ❞❛t❛ ♣♦✐♥ts ❬✷✶✱ ✸✵✱ ✹✶❪✳ ❚❤❡ ❜❧❛❝❦ ❞❛s❤❡❞ ❧✐♥❡

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

s✐❣♠♦✐❞ ✜t✱ ✭αR✱ βR✱χR✱ δR✮ ❂ ✭✳✾✾✱ ✳✵✵✸✱ ✷✾✱ ✲✳✵✵✼✮✱ ❢♦r t❤❡ ❙❇◆ ❞❛t❛ ❛ss✉♠✐♥❣ ✷ s✉❞♦

♣♦✐♥ts✿ ✭✵✱✶✮ ❛♥❞ ✭✳✺✱ ✵✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✹✳✶✹ ✭▲❡❢t✮ ❚❤❡ ✜❣✉r❡ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ VP ✈❡rs✉s ν ❢♦r ❙❇◆ ❞❛t❛✳ ❚❤❡ ♣✉r♣❧❡ ❝♦❧♦r ❧✐♥❡

❞❡♣✐❝ts ❛ ❧✐♥❡❛r ✜t t♦ t❤❡ ❞❛t❛ ❢♦r KSBN ∼ 2.5 ✭VP = mKSBN∼2.5ν + bKSBN∼2.5 ✇❤❡r❡

mKSBN∼2.5 = 0.30±0.022 ❛♥❞ bKSBN∼2.5 = −0.42±0.05✮✳ ❋♦r KSBN ∼ 4.5✱ t❤❡ ❞❛t❛ ❞♦❡s

♥♦t ✜t ❛ ❧✐♥❡❛r ❡①tr❛♣♦❧❛t✐♦♥✳ ✭❘✐❣❤t✮ ❚❤❡ ✜❣✉r❡ ❝♦♠♣❛r❡s t❤❡ ❝✉r✈❡ VP ✈s ν r❡s✉❧t✐♥❣

❢r♦♠ ♦✉r ✇♦r❦ ✇✐t❤ ♦t❤❡r ♣✉❜❧✐s❤❡❞ ❞❛t❛ ❬✷✶✱ ✸✵✱ ✹✶❪✳ ❚❤❡ ❜❧❛❝❦ ❞❛s❤❡❞ ❧✐♥❡ ❞❡♣✐❝ts t❤❡

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

✭αR✱ βR✱ χR✮ ❂ ✭✳✾✹✱ ✶✺✷✱ ✲✶✻✮✱ ❢♦r t❤❡ ❙❇◆ ❞❛t❛ ❤❡r❡✐♥ ❛ss✉♠✐♥❣ ✷ s✉❞♦ ♣♦✐♥ts✿ ✭✵✱✵✮ ❛♥❞

✭✳✺✱ ✶✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✹✳✶✺ ❊✈♦❧✉t✐♦♥ ♦❢ str❡ss✲❝♦rr♦s✐♦♥ ❝✉r✈❡s ❢♦r ❙❇◆ ❣❧❛ss❡s✳ ✭▲❡❢t✮ ❚❤❡ ❙❈❈ ❝✉r✈❡s ❢♦r ❙❇◆ ✶✷✱

❙❇◆ ✸✵ ❛♥❞ ❙❇◆ ✸✺✱ ✐✳❡✳ ❬Na2O❪ ✐♥❝r❡❛s❡s ❢♦r KSBN ✭∼ ✷✳✺✮ r❡♠❛✐♥s ❝♦♥st❛♥t✳ ✭❘✐❣❤t✮

❚❤❡ ❙❈❈ ❝✉r✈❡s ❢♦r ❙❇◆ ✶✹✱ ❙❇◆ ✻✸✱ ❙❇◆ ✺✾ ❛♥❞ ❙❇◆ ✺✺✱ ✐✳❡✳ ❬Na2O❪ ✐♥❝r❡❛s❡s ②❡t KSBN

✭∼ ✹✳✺✮ r❡♠❛✐♥s ❝♦♥st❛♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✹✳✶✻ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❑E ❛♥❞ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ❬Na2O❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✹✳✶✼ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ s❤✐❡❧❞✐♥❣ ❡✛❡❝t ❛♥❞ ✐ts ✐♠♣❛❝t ♦♥ t❤❡ ❑f ✱ str❡ss ❢❡❧t ❛t t❤❡

❝r❛❝❦ t✐♣✳ ❑appl ✐s t❤❡ ❡①t❡r♥❛❧ str❡ss ❛♣♣❧✐❡❞ ❛♥❞ ❑∗ ✐s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❞✐ss✐♣❛t✐✈❡

③♦♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✹✳✶✽ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❙✐✲❖✲❙✐✱ ❙✐✲❖✲❇✱ ❇✲❖✲❇ ✇✐t❤ t✇♦ ❝♦♦r❞✐♥❛t❡❞ ❖ ❛♥❞ ❖❙✐3✱ ❖❙✐2❇✱

❖❙✐1❇2✱ ❛♥❞ ❖❇3 ✉♥✐ts ✇✐t❤ t❤r❡❡ ❝♦♦r❞✐♥❛t❡❞ ❖ ❝❛❧❝✉❧❛t❡❞ ❜② ▼❉ s✐♠✉❧❛t✐♦♥s ❛♥❞ ✭❧❡❢t✮

t❤❡ s❧♦♣❡ ❜ ❢r♦♠ t❤❡ ❲✐❡❞❡r❤♦r♥✬s ♠♦❞❡❧ ❛♥❞ ✭r✐❣❤t✮ t❤❡ s❧♦♣❡ ♥ ❢r♦♠ ▼❛✉❣✐s ❡q✉❛t✐♦♥✳ ✳ ✼✺

✹✳✶✾ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❧♦♣❡✿ ✭❧❡❢t✮ ❜ ❢r♦♠ t❤❡ ❲✐❡❞❡r❤♦r♥ ♠♦❞❡❧ ❬✹✵❪ ✇❤❡r❡ ❜ ✐s ❧✐♥❦❡❞

t♦ ∆V ∗❀ ❛♥❞ ✭r✐❣❤t✮ ♥ ✐s t❤❡ s❧♦♣❡ ❢r♦♠ t❤❡ ♣♦✇❡r ❧❛✇ r❡❧❛t✐♦♥s❤✐♣ ❬✷✼❪ ❛♥❞ t❤❡ s♦❞✐✉♠

❝♦♥t❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✹✳✷✵ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❧♦♣❡✿ ✭❧❡❢t✮ ❜ ❢r♦♠ t❤❡ ❲✐❡❞❡r❤♦r♥ ♠♦❞❡❧ ❬✹✵❪ ✇❤❡r❡ ❜ ✐s ❧✐♥❦❡❞

t♦ ∆V ∗❀ ❛♥❞ ✭r✐❣❤t✮ ♥ ✐s t❤❡ s❧♦♣❡ ❢r♦♠ t❤❡ ♣♦✇❡r ❧❛✇ r❡❧❛t✐♦♥s❤✐♣ ❬✷✼❪ ✇✐t❤ t❤❡ P♦✐ss♦♥✬s

r❛t✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✹✳✷✶ ❆❋▼ ✐♠❛❣❡s ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ♦❢ ❙❇◆ ❣❧❛ss❡s ✭t♦♣✮ ✭KSBN ∼✷✳✺✮ ❙❇◆ ✶✷ ✭❧✐❣❤t ❜❧✉❡✮ t♦

❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡✮ ✺ µ♠ × ✺ µ♠ ✐♥ ❚❛♣♣✐♥❣♠♦❞❡ ✐♥ ✶✵−7✲✶✵−8 ♠✳s−1 r❡❣✐♠❡❀ ✭❜♦tt♦♠✮

❑SBN ∼✸✳✼ ❙❇◆ ✶✹ ✭❧✐❣❤t r❡❞❀ ❧❡❢t✮ ❛♥❞ KSBN ∼ ✹✳✺ ❙❇◆ ✻✸ t♦ ❙❇◆ ✺✺ ✭❞❛r❦ r❡❞✮ ✺ µ♠

× ✺ µ♠ ✐♥ ❚❛♣♣✐♥❣♠♦❞❡ ✐♥ ✶✵−7✲✶✵−8 ♠✳s−1 r❡❣✐♠❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✹✳✷✷ ❘▼❙ ✈❛❧✉❡s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ♦❢ t❤❡ ❙❇◆ s❡r✐❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✹✳✷✸ ❙❝❤❡♠❛t✐❝ ♦❢ ❛ ❝r❛❝❦ ✭❛♥❞ ✐ts s✉❜s❡q✉❡♥t s✉r❢❛❝❡✮ ♣❛ss✐♥❣ t❤r♦✉❣❤ ✇❡❛❦ r❡❣✐♦♥s ✐♥ ❛♥

✐♥❤♦♠♦❣❡♥❡♦✉s ❣❧❛ss str✉❝t✉r❡✳ ❚❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ✐s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❜❧❛❝❦ s♦❧✐❞ ❝✉r✈❡ ❬✶✹❪✳ ✼✾

①✐
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✶✳✶ ❙❝❤❡♠❡ ♦❢ t❤❡ ✇❛st❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❢r♦♠ ❬✸✻❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

✶✳✷ ❍♦t ❝r✉❝✐❜❧❡ ♣r♦❝❡ss ♦❢ ❘✼❚✼ ❣❧❛ss ❡❧❛❜♦r❛t✐♦♥ ❢r♦♠ ❬✶❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✶✳✸ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡ ❛♥❞ β✲✐rr❛❞✐❛t❡❞ ✭✺×✶✵9 ●●②✮ s✐❧✐❝❛ ❣❧❛ss s❛♠♣❧❡s ❛❢t❡r s✉❜✲

tr❛❝t✐♦♥ ♦❢ ❧✐♥❡❛r ❜❛s❡❧✐♥❡ ✭❋r♦♠ ❬✽❪✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✶✳✹ ❈♦♠♣❛r✐s♦♥ ♦❢ ❊P❘ s♣❡❝tr❛ ❢♦r ❧♦✇ ❛♥❞ ❤✐❣❤ ❛♠♦✉♥t ♦❢ t♦t❛❧ ❛❧❦❛❧✐ ✐♦♥s ❢r♦♠ ❬✻❪✳ ✳ ✳ ✳ ✳ ✳ ✾✼

✶✳✺ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❘❛♠❛♥ s♣❡❝tr✉♠ ♦❢ t❤❡ ✹✲♦①✐❞❡ ❣❧❛ss ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ β✲r❛❞✐❛t✐♦♥ ❞♦s❡

❢r♦♠ ❬✶✷❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

✶✳✻ ❉❡♥s✐t② ❡✈♦❧✉t✐♦♥ ❢♦r s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ✭✸✲✼♦①✐❞❡s✮ s✉❜♠✐tt❡❞ t♦ ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳ ✾✽

✶✳✼ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ❜❛♥❞ ♣❡❛❦ ✈❡rs✉s ❞❡♣♦s✐t❡❞ ♥✉❝❧❡❛r ❡♥❡r❣② ❞♦s❡ ❢♦r ❙❇◆ ✶✹ ✐rr❛❞✐❛t❡❞

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

❡①♣♦♥❡♥t✐❛❧ ❧❛✇ ✭❢r♦♠ ❬✺✷❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

✶✳✽ 11❇ s♣❡❝tr❛ ❢♦r s✐♠♣❧✐✜❡❞ ❣❧❛ss❡s ✭❈❏✶✮ ❜❡❢♦r❡ ✭❜❧❛❝❦ ❧✐♥❡✮ ❛♥❞ ❛❢t❡r ✭r❡❞ ❧✐♥❡✮ ✐rr❛❞✐❛t✐♦♥

❜② ❣♦❧❞ ✐♦♥s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

✶✳✾ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ t❤❡ ❙❖◆ ✻✽ ❣❧❛ss❡s ❞♦♣❡❞ ✇✐t❤ ❝✉r✐✉♠ ❢r♦♠ ❬✺✷❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

✶✳✶✵ ❉❡❝r❡❛s❡ ♦❢ ❙✐✲❖✲❙✐ ❛♥❣❧❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ❢♦r ❙❇◆ ✶✹ ❣❧❛ss ❢r♦♠ ▼❉

s✐♠✉❧❛t✐♦♥s✳ ❉✐s♣❧❛❝❡♠❡♥t ❝❛s❝❛❞❡ ❝♦♠♠❡♥❝❡❞ ❜② ❛ ✵✳✻✵✵ ❦❡❱ ❤❡❛✈② ✐♦♥s ❬✷✶❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✶✳✶✶ ❊①♣❡r✐♠❡♥t❛❧ ❛♥❞ s✐♠✉❧❛t❡❞ r❡❧❛t✐✈❡ ✈❛r✐❛t✐♦♥ ♦❢ ❘❛②❧❡✐❣❤ ✈❡❧♦❝✐t② ✐♥ ❈❏✶ ✭✸ ♦①✐❞❡s✮ ✐rr❛✲

❞✐❛t✐❡❞ s✐♠♣❧✐✜❡❞ ❣❧❛ss❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✶✳✶✷ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❤❛r❞♥❡ss ♦❢ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ✇✐t❤ ❡❧❡❝tr♦♥ ✭❝✐r❝❧❡s✮ ❛♥❞ ❍❡ ✐♦♥s

✭st❛rs✮ ✐rr❛❞✐❛t✐♦♥ ✈❡rs✉s ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ❬✻✻❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✹

✶✳✶✸ ❍❛r❞♥❡ss ✈❛r✐❛t✐♦♥ ✐♥ ❙❖◆✻✽ ❛♥❞ s✐♠♣❧✐✜❡❞ ❣❧❛ss ✐rr❛❞✐❛t❡❞ ✉♥❞❡r ✈❛r✐♦✉s ❝♦♥❞✐t✐♦♥ ✇✐t❤

❡♥❡r❣② ❞♦s❡ ❞❡♣♦s✐t❡❞ ❜② ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥ ✭❧❡❢t✮ ❛♥❞ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥ ✭r✐❣❤t✮ ✳ ✳ ✳ ✶✵✹

✶✳✶✹ ❊✈♦❧✉t✐♦♥ ♦❢ ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ✈❡rs✉s ❧♦❛❞ ❢♦r ❱✐❝❦❡rs ♠✐❝r♦✐♥❞❡♥t❛t✐♦♥ ♦❢ t❤❡

♥♦♥✲r❛❞✐♦❛❝t✐✈❡ ❣❧❛ss ✭❙❖◆✻✽✮✱ ❛♥❞ t❤❡ ❣❧❛ss ✐rr❛❞✐❛t❡❞ ❜② ❍❡✱ ❑r ❛♥❞ ❆✉ ✐♦♥s ❢r♦♠ ❬✺✷❪✳ ✶✵✺

✶✳✶✺ ❋♦✉r ✐♠❛❣❡s ♦❢ t❤❡ ❙❇◆ ✶✹ ❣❧❛ss ❢r❛❝t✉r✐♥❣✳ ✭❚♦♣ ❧❡❢t✮ ✷✻♣s❀ ✭❚♦♣ r✐❣❤t✮ ❛❢t❡r ✸✷♣s❀ ✭❇♦tt♦♠

❧❡❢t✮✿ ❛❢t❡r ✹✵♣s❀ ✭❇♦tt♦♠ r✐❣❤t✮ ❛❢t❡r ✹✹♣s ❢r♦♠ ❬✸✾❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

✷✳✶ ✭▲❡❢t✮ ❙❦❡t❝❤ ♦❢ ❉♦✉❜❧❡ ❈❧❡❛✈❛❣❡ ❉r✐❧❧❡❞ ❈♦♠♣r❡ss✐♦♥ s❛♠♣❧❡s✱ ❉❈❉❈2✱ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡

❢❛✐❧✉r❡ ✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡ ✐♥ βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❚❤❡ ❞✐❛♠❡t❡r ✐s ✵✳✹ ♠♠✱ t❤❡

t❤✐❝❦♥❡ss ✵✳✽ ♠♠✱ t❤❡ ✇✐❞t❤ ✷ ♠♠ ❛♥❞ t❤❡ ❧❡♥❣t❤ ✷✺ ♠♠✳❀ ✭❘✐❣❤t✮ ❉r❛✇✐♥❣ ♦❢ t❤❡ ❣✉✐❞❡

✉s❡❞ t♦ ♣❡r❢♦r♠ ❙❈❈ ❡①♣❡r✐♠❡♥ts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✷✳✷ ❉r❛✇✐♥❣ ♦❢ ✹✲♣♦✐♥t ❜❡♥❞✐♥❣ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✷✳✸ ❙❦❡t❝❤ ♦❢ ❛ ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❡r✳ ❍❛r❞♥❡ss ✈❛❧✉❡s ✇✐❧❧ ❜❡ r❡❢❡r❡♥❝❡❞ ❛s HB ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✾

✷✳✹ ✭▲❡❢t✮ P♦s✐t✐♦♥ ♦❢ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t②♣❡ ♦❢ ✐rr❛❞✐❛t✐♦♥❀ ✭❘✐❣❤t✮ ❆❋▼

✐♠❛❣❡s ♦❢ ✐♥❞❡♥t❛t✐♦♥ ❢♦r t❤❡ ❙❇◆ ✶✷ ✐rr❛❞✐❛t❡❞ He2+✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

✸✳✶ ❙t♦♣♣✐♥❣ ♣♦✇❡r ♦❢ t❤❡ ❡❧❡❝tr♦♥s ✐♥ ♣✉r❡ s✐❧✐❝❛ ✭❊❙t❛r ✐♥♣✉t✿ SiO2 ❛♥❞ ρ❂✷✳✷❣✴❝♠3✮ ❢r♦♠

❊❙❚❆❘ ♣r♦❣r❛♠✳ ❚❤❡ ❧✐♥❡s r❡❢❡r t♦ ❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣ ♣♦✇❡r ✭❞♦tt❡❞ ♣✉r♣❧❡✮✱ r❛❞✐❛t✐✈❡

st♦♣♣✐♥❣ ♣♦✇❡r ✭❤❛s❤❡❞ ❜❧✉❡✮ ❛♥❞ t♦t❛❧ st♦♣♣✐♥❣ ♣♦✇❡r ✭❜❧❛❝❦ ❧✐♥❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✹

①✐✐



✸✳✷ ❙❘■▼ s✐♠✉❧❛t✐♦♥ ❢♦r ♣✉r❡ s✐❧✐❝❛ ✐rr❛❞✐❛t❡❞ ❜② ✻ ▼❡❱ ❤❡❧✐✉♠ ✐♦♥s ❛t ❛ ❞♦s❡ ♦❢ ✸✳✽×✶✵15
✐♦♥s✴❝♠2 ✇✐t❤ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤✿ ✭▲❡❢t✮ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮

st♦♣♣✐♥❣ ♣♦✇❡r❀ ✭❘✐❣❤t✮ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮ ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ❞♦s❡✳

❚❤❡ ❛rr♦✇ t♦✇❛r❞s t❤❡ ❧❡❢t ❛♥❞ t❤❡ ❛rr♦✇ t♦✇❛r❞s t❤❡ r✐❣❤t ❛①❡s r❡❢❡r t♦ t❤❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞

❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s✱ r❡s♣❡❝t✐✈❡❧②✳ ❊❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❞♦♠✐♥❛t❡ ♦✈❡r t❤❡ ✸✵ µ♠ ✐♥t♦

t❤❡ ❣❧❛ss s❛♠♣❧❡✳ ❚❤❡ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠ ❛r♦✉♥❞ ✸✵ µ♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✹

✸✳✸ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮ st♦♣♣✐♥❣ ♣♦✇❡r ✈❡rs✉s t❤❡ ✐rr❛❞✐❛t❡❞ ❞❡♣t❤ ❢♦r

t❤❡ SiO2 ❣❧❛ss ✐rr❛❞✐❛t❡❞ ❜② ❣♦❧❞ ✐♦♥s ✭Au+✮ ❛t ❞✐✛❡r❡♥t ❡♥❡r❣②✿ ✶✱ ✸✳✺ ❛♥❞ ✼ ▼❡❱ ✳ ✳ ✳ ✳ ✶✷✺

✸✳✹ ❊P❘ s♣❡❝tr❛ ♦♥ ❈♦r♥✐♥❣ 7980r ♣r✐st✐♥❡ ✭❜❧❛❝❦ ❧✐♥❡✮ ❛♥❞ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t❡❞ ✭✵✳✵✾ t♦

✷ ●●②✮✿ ✭▲❡❢t✮ P❂✶ ♠❲✱ ❢❂✾✳✽✷ ●❍③ ❛♥❞ ✭❘✐❣❤t✮ P❂✶ µ❲✱ ❢❂✾✳✽✷ ●❍③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✼

✸✳✺ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ t♦t❛❧ ❞❡❢❡❝ts ✇✐t❤ ✐♥t❡❣r❛t❡❞ ❞♦s❡s ✭P❂✶ µ❲✱ ❢❂✾✳✽✷ ●❍③✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✼

✸✳✻ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♥♦r♠❛❧✐③❡❞ ❛t t❤❡ ❤✐❣❤❡st ♣❡❛❦ ♦❢ ♣r✐st✐♥❡ ❛♥❞ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t❡❞

s❛♠♣❧❡s ❛t ✶ ❛♥❞ ✷ ●●②✳ ✭❘✐❣❤t✮ ❆ ③♦♦♠ ✭✷✺✵✲✼✵✵ ❝♠−1✮ ♦❢ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ❛r♦✉♥❞

t❤❡ ❤✐❣❤❡st ♣❡❛❦ ✐♥ ♣r✐st✐♥❡ ❛♥❞ ✶ ❛♥❞ ✷ ●●② ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s❀ ✭λ❂✺✸✷ ♥♠✮✳ ✳ ✶✷✽

✸✳✼ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ✭♥♦r♠❛❧✐③❡❞ ❛t t❤❡ ❤✐❣❤❡st ♣❡❛❦✮ ❢r♦♠ t❤❡ ❣❧❛ss✬ ❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠❀

❜♦tt♦♠ s♣❡❝tr❛✮ t♦ t❤❡ ❜✉❧❦ ✭✹✺ µ♠❀ t♦♣ s♣❡❝tr❛✮❀ ✭❘✐❣❤t✮ ❩♦♦♠ ♦❢ t❤❡ ③♦♥❡ ❛r♦✉♥❞

✸✵✵✲✼✵✵ ❝♠−1✳ ❚❤❡ ❞♦tt❡❞ ❜❧❛❝❦ ❧✐♥❡ ❢❡❛t✉r❡s t❤❡ ❙✐✲❖✲❙✐ ♣♦s✐t✐♦♥ ❜❛♥❞ ❢r♦♠ s♣❡❝tr❛ ❛t

✹✺ µ♠✭λ❂✺✸✷ ♥♠✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾

✸✳✽ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♥♦r♠❛❧✐③❡❞ ❛t t❤❡ ❤✐❣❤❡st ♣❡❛❦ ❢r♦♠ t❤❡ Au+ ✐rr❛❞✐❛t❡❞ ❣❧❛ss ❢r❡❡

s✉r❢❛❝❡ ✭✵ µ♠❀ ❜♦tt♦♠ s♣❡❝tr❛✮ t♦ t❤❡ ❜✉❧❦ ✭✽ µ♠❀ t♦♣ s♣❡❝tr❛✮❀ ✭❘✐❣❤t✮ ▲❡❢t ✜❣✉r❡ ③♦♦♠

♦❢ t❤❡ ③♦♥❡ ❛r♦✉♥❞ ✸✵✵✲✶✶✵✵ ❝♠−1✳ ✭λ❂✺✸✷ ♥♠✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✸✳✾ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♥♦r♠❛❧✐③❡❞ ✉s✐♥❣ t❤❡ ❤✐❣❤❡st ♣❡❛❦ ❢♦r ♣r✐st✐♥❡ ✭❜❧❛❝❦ ❧✐♥❡✮✱ ❡❧❡❝✲

tr♦♥ ✐rr❛❞✐❛t❡❞ ✭♣✉r♣❧❡ ❧✐♥❡✮✱ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✭❧✐❣❤t ❜❧✉❡ ❧✐♥❡❀ ❞❡♣t❤ ✷✹ µ♠✮ ❛♥❞ ❣♦❧❞

✐rr❛❞✐❛t❡❞ ✭❞❛r❦ ❜❧✉❡ ❧✐♥❡❀ ❞❡♣t❤ ✷ µ♠✮❀ ✭❘✐❣❤t✮ ❩♦♦♠ ♦♥ t❤❡ ③♦♥❡ r❛♥❣✐♥❣ ❢r♦♠ ✸✵✵ t♦

✼✵✵ ❝♠−1✳ ❋♦r ❤❡❧✐✉♠ ❛♥❞ ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✱ ♠❛❥♦r ♠♦❞✐✜❝❛t✐♦♥s ❛r❡ ♦❜s❡r✈❡❞ ✭s❡❡ t❡①t ❢♦r

✐♥t❡r♣r❡t❛t✐♦♥✮✳ ✭λ❂✺✸✷ ♥♠✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✸✳✶✵ ✭▲❡❢t✮ ❍❛r❞♥❡ss ✈❛r✐❛t✐♦♥ ✇✐t❤ t❤❡ ✐♥t❡❣r❛t❡❞ ❞♦s❡s ♦❢ ✐rr❛❞✐❛t✐♦♥✱ ✭❘✐❣❤t✮ ❆❋▼ ♣r♦✜❧❡s

♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ✐♠♣r✐♥t ✐♥ ♣r✐st✐♥❡ ✭❜❧❛❝❦ ❧✐♥❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❛t ✶ ●●② ✭r❡❞

❧✐♥❡✮ ✶✳✺ ●●② ✭❞♦t❡❞ r❡❞ ❧✐♥❡✮✳ ❚❤❡ ♠❛①✐♠✉♠ ✐♥❞❡♥t❛t✐♦♥ ❧♦❛❞ ✐s ✺✵ ❣✳ ❚❤❡ ♣r♦✜❧❡s ❛r❡

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

✺ ♣r♦✜❧❡s ❡①tr❛❝t❡❞ ❢r♦♠ ✺ ❞✐✛❡r❡♥t ✐♥❞❡♥t❛t✐♦♥s✳ ❚❤❡ ❜❛s❡❧✐♥❡ r❡❢❡rs t♦ t❤❡ s✉r❢❛❝❡✬s ❧❡✈❡❧✳ ✶✸✷

✸✳✶✶ ✭▲❡❢t✮ ❆ ♣❤♦t♦ ♦❢ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❝♦♥t❛✐♥✐♥❣ t❤❡ ③♦♥❡ ✐rr❛❞✐❛t❡❞ ❜② He2+✱ t❤❡ ❛rr♦✇s

s❤♦✇ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ✐rr❛❞✐❛t✐♦♥✳ ✭❘✐❣❤t✮ ❍❛r❞♥❡ss ✈❛❧✉❡ ✭✐♥ ●P❛✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡

❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❊❛❝❤ ♣♦✐♥t r❡s✉❧ts ❢r♦♠ t❤❡ ❛✈❡r❛❣✐♥❣ ♦✈❡r ✺ ✐♥❞❡♥ts✳ ✳ ✳ ✳ ✶✸✸

✸✳✶✷ ▲♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ❢♦r ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ ♣❡r❢♦r♠❡❞ ✐♥ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ a−SiO2✳✶✸✸

✸✳✶✸ ❱❡❧♦❝✐t② ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t ✈❡rs✉s t❤❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ✭KI✮ ✐♥ ♣r✐st✐♥❡ ❛♥❞ ❡❧❡❝tr♦♥

✐rr❛❞✐❛t❡❞ ❈♦r♥✐♥❣ ✼✾✽✵ s❛♠♣❧❡s ❛t ✶ ❛♥❞ ✷ ●●②✳ ❋r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ❛r❡ ❝♦♥❞✉❝t❡❞ ❛t

❚❂✷✼oC ❛♥❞ ❍❂✹✵%✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✸✳✶✹ ❆❋▼ ✐♠❛❣❡s ✷×✷ µ♠ ♦❢ ♣r✐st✐♥❡ ✭❧❡❢t✮ ❛♥❞ ✷●●② ✐rr❛❞✐❛t❡❞ ✭r✐❣❤t✮ s✐❧✐❝❛ ❣❧❛ss❡s ❜② βe−

❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ❋✐❣✉r❡s ✉s❡ t❤❡ s❛♠❡ ❝♦❧♦r❜❛r✳ ❚❤❡ ❘▼❙ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ✐♠❛❣❡ ✐s✿

✵✳✺✷✸±0.02 ❛♥❞ ✵✳✺✹✷±0.01 ❢♦r t❤❡ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❣❧❛ss✱ r❡s♣❡❝t✐✈❡❧② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

①✐✐✐



▲■❙❚ ❖❋ ❋■●❯❘❊❙

✸✳✶✺ ❆❋▼ ✐♠❛❣❡ ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ♦❢ s✐❧✐❝❛ ✐rr❛❞✐❛t❡❞ ❜② ❤❡❧✐✉♠ ✐♦♥s✳ ❚❤❡ ❝♦❧♦r r❡♣r❡s❡♥ts

✈❛r✐❛t✐♦♥s ✐♥ ❛❞❤❡s✐♦♥ ♦♥ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡✳ ❚❤❡ ♠♦❞❡ ❛❝q✉✐s✐t✐♦♥ ✐s t❤❡ P❡❛❦❋♦r❝❡

❚❛♣♣✐♥❣✳ ❚❤❡ ✜❣✉r❡ ✐s t❤❡ r❡s✉❧t ♦❢ ✹ ✐♠❛❣❡s ✭✷✵×✷✵ µ♠2✮ t❛❦❡♥ ❛t ✶✵✱ ✷✵✱ ✸✵ ❛♥❞ ✹✵ µ♠✳ ✶✸✻

✸✳✶✻ ❍❡✐❣❤t ❆❋▼ ✐♠❛❣❡s ✭✺×✺ µ♠2✮ ♦❢ s✐❧✐❝❛ s✉r❢❛❝❡s✳ ✭▲❡❢t✮ ❈❡♥t❡r ♦❢ t❤❡ ✐♠❛❣❡ ✐s ∼ ✷✺µ♠

❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❙♣♦ts ❛r❡ ♣r❡s❡♥t ❛♥❞ t❤❡r❡ t②♣✐❝❛❧ s✐③❡ ✐s ∼ ✹ ♥♠❀ ✭❘✐❣❤t✮ ❈❡♥t❡r

♦❢ t❤❡ ✐♠❛❣❡ ∼ ✺µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✻

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

❡♠♣❧♦②❡❞ t♦ ❡①tr❛❝t t❤❡s❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ❞❡t❛✐❧❡❞ ✐♥ ❛♣♣❡♥❞✐① ❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

✸✳✶✽ ❊✈♦❧✉t✐♦♥ ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❢♦r t❤❡ s✐❧✐❝❛ ❣❧❛ss✿ ✭❧❡❢t✮ ✐♥ t❤❡ ❜✉❧❦ ✭❜❧❛❝❦ ❢r❛♠❡✮ ❛♥❞

✭r✐❣❤t✮ ❛t ✸ µ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭r❡❞ ❢r❛♠❡✮✳ ❚❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡

s❛♠❡ ❛r❡❛ ❜② ✈❛r②✐♥❣ t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡❀ t❤✉s t❤❡ ✈❡❧♦❝✐t② ✐s s✉♣♣♦s❡❞ t♦

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

✹✳✶ ❊❧❡❝tr♦♥ st♦♣♣✐♥❣ ♣♦✇❡r ❢♦r ❙❇◆ ✶✹ ❣❧❛ss❡s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❊❙❚❛r ♣r♦❣r❛♠ ❬✶❪✳ ❚❤❡

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

st♦♣♣✐♥❣ ♣♦✇❡r ✭❜❧✉❡✮ ❛♥❞ t❤❡ ❜❧❛❝❦ ❧✐♥❡ t♦ t❤❡ t♦t❛❧ st♦♣♣✐♥❣ ♣♦✇❡r✳ ❚❤❡ t♦t❛❧ st♦♣♣✐♥❣

♣♦✇❡rs ❛r❡ ❣✐✈❡♥ ✐♥ t❛❜❧❡ ✹✳✶✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

✹✳✷ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✹ ❜❡❢♦r❡ ✐rr❛❞✐❛t✐♦♥ P❂✶✵ ♠❲✱ ❢❂✾✳✽✷ ●❍③✳ ❚❤❡ r❡s♦♥❛♥❝❡ ♦❢ ❋❡3+

❛♣♣❡❛r ❛t ❣ ∼ ✹✳✸✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼

✹✳✸ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ❣❧❛ss❡s✿ ❙❇◆ ✶✷✱ ❙❇◆ ✶✹✳ ❚✇♦ ❞✐✛❡r❡♥t ♣♦✇❡rs ✇❡r❡ ✉s❡❞ t♦ ❝❤❛r❛❝✲

t❡r✐③❡ t❤❡ ❤♦❧❡ ❛♥❞ ❡❧❡❝tr♦♥ tr❛♣♣❡❞✿ ✭▲❡❢t✮ P❂✶✵ µ❲✱ ❢❂✾✳✽✷ ●❍③ ❛♥❞ ✭❘✐❣❤t✮ P❂✶ ♠❲✱

❢❂✾✳✽✷ ●❍③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼

✹✳✹ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ❣❧❛ss❡s✿ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳ ❉✐✛❡r❡♥t ♣♦✇❡rs ✇❡r❡ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡

❡❧❡❝tr♦♥ ❤♦❧❡s ❛♥❞ ❡❧❡❝tr♦♥ tr❛♣♣✐♥❣✿ ✭▲❡❢t✮ P❂✶✵ µ❲✱ ❢❂✾✳✽✷ ●❍③ ❛♥❞ ✭❘✐❣❤t✮ P❂✶ ♠❲✱

❢❂✾✳✽✷ ●❍③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽

✹✳✺ ❚❤✐s ✜❣✉r❡ ❝♦♠♣❛r❡s t❤❡ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ❣❧❛ss❡s✿ ✭▲❡❢t✮ ❙❇◆ ✶✷ ✭❧✐❣❤t ❜❧✉❡❀ ❧♦✇

s♦❞✐✉♠ ❝♦♥t❡♥t✮ ❛♥❞ ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡❀ ❤✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t✮❀ ❑ ∼ ✷✳✺❀ ❛♥❞ ✭❘✐❣❤t✮
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✹✳✷✶ ❊✈♦❧✉t✐♦♥ ♦❢ ❢❛✐❧✉r❡ ❜❡❤❛✈✐♦r ♦❢✿ ✭❧❡❢t✮ ❙❇◆ ✸✺ ♣r✐st✐♥❡ ✭❞❛r❦ ❜❧✉❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮ ✐♥

str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡❀ ✭r✐❣❤t✮ ❙❇◆ ✺✺ ♣r✐st✐♥❡ ✭❞❛r❦ r❡❞✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✸

✺✳✶ ❙❘■▼ s✐♠✉❧❛t✐♦♥ ❢♦r ❙❇◆ ✶✹ ❣❧❛ss ✐rr❛❞✐❛t❡❞ ❜② ✻ ▼❡❱ ❤❡❧✐✉♠ ✐♦♥s ❛t ❛ ❞♦s❡ ♦❢ ✸✳✽×✶✵15
✐♦♥s✴❝♠2 ✇✐t❤ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤✿ ✭▲❡❢t✮ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮

st♦♣♣✐♥❣ ♣♦✇❡r❀ ✭❘✐❣❤t✮ ♥✉❝❧❡❛r st♦♣♣✐♥❣ ♣♦✇❡r✳ ❊❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❞♦♠✐♥❛t❡ ♦✈❡r t❤❡

✸✵ µ♠ ✐♥t♦ t❤❡ ❣❧❛ss s❛♠♣❧❡✳ ❚❤❡ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠ ❛r♦✉♥❞ ✸✵ µ♠✳ ✳ ✳ ✳ ✶✼✵

✺✳✷ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮ st♦♣♣✐♥❣ ♣♦✇❡r ✈❡rs✉s t❤❡ ✐rr❛❞✐❛t❡❞ ❞❡♣t❤ ❢♦r

t❤❡ SiO2 ❣❧❛ss ✐rr❛❞✐❛t❡❞ ❜② ❣♦❧❞ ✐♦♥s ✭Au+✮ ❛t ❞✐✛❡r❡♥t ❡♥❡r❣②✿ ✶✱ ✸✳✺ ❛♥❞ ✼ ▼❡❱✳ ✳ ✳ ✳ ✳ ✶✼✶
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✺✳✸ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✷ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s

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

❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s ✭✐✳❡✳ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✷✵ µ♠✮✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ❝♦♥❝❡r♥ ❛r❡❛s

✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥t ♦❢ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡ ♦❝❝✉rs ❜❡t✇❡❡♥ ✷✺ ❛♥❞ ✸✵ µ♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✷

✺✳✹ ❩♦♦♠ ❜❡t✇❡❡♥ ✹✵✵✲✾✵✵ ❝♠−1 ♦❢ t❤❡ ✜❣✉r❡ ✺✳✸✳ ■♥ t❤❡ ❜❛❧❧✐st✐❝ ❛r❡❛✱ t❤❡ ❉2 ♣❡❛❦ ❝♦♥tr✐❜✉✲

t✐♦♥ ✐♥❝r❡❛s❡s ✭❣r❛② ❞❛s❤❡❞ ❧✐♥❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✸

✺✳✺ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✹ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s t❤❡

❜✉❧❦ ✭❜♦tt♦♠ t♦ t♦♣✮✳ ❆❣❛✐♥✱ t❤❡ ②❡❧❧♦✇✐s❤ s♣❡❝tr❛ ♣r♦❜❡ r❡❣✐♦♥s ♣r❡❞♦♠✐♥❛♥t❧② ✐♠♣❛❝t❡❞

❜② ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ❝♦♥❝❡r♥ ❛r❡❛s ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠

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

❞❡❡♣❡r t❤❛♥ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ♦❢ t❤❡ ✐♦♥s✮ ✐♥t♦ t❤❡ s❛♠♣❧❡s✳ ❱❛r✐❛t✐♦♥ ✐♥ t❤❡ ❘❛♠❛♥

s♣❡❝tr❛ ❝♦♥❝❡r♥s t❤❡ ❛r❡❛✱ ✇❤❡r❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ♠❛①✐♠✐③❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✸

✺✳✻ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✹ ♣r✐st✐♥❡ ✭❣r❡❡♥✱ ❜♦tt♦♠✮✱ ✐rr❛❞✐❛t❡❞ ❜② ❡❧❡❝tr♦♥ βe− ✭r❡❞✱ ♠✐❞✲

❞❧❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❜② He2+ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❣♦✈❡r♥ t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s

✭②❡❧❧♦✇✱ t♦♣✮✳ ❚❤❡ ✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s t❤r♦✉❣❤ He2+ ❛r❡ ♥♦t

❡q✉✐✈❛❧❡♥t t♦ t❤♦s❡ ✐♥❞✉❝❡❞ ❜② βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❣r❛② ❞❛s❤❡❞ ❧✐♥❡ ♠❛r❦s t❤❡ ♣❡❛❦

♣♦s✐t✐♦♥ ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ ♦❢ t❤❡ ♣r✐st✐♥❡ ❣❧❛ss ✭❣r❡❡♥ ❧✐♥❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✹

✺✳✼ ❘❛♠❛♥ s♣❡❝tr❛ ✐♥ ❙❇◆ ✶✹ He2+✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s r❡❝♦r❞❡❞ ❛t ✷✼ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡

✭❞❛r❦ r❡❞✮ ❛♥❞ ✐♥ t❤❡ ❜✉❧❦ ✭❣r❡❡♥✮✳ ✷✼ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❝♦rr❡s♣♦♥❞s t♦ ✇❤❡r❡

❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ♠❛①✐♠✐③❡✳ ❚❤❡ ❣r❛② ❞❛s❤❡❞ ❧✐♥❡ ♠❛r❦s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❙✐✲❖✲❙✐

❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ ✐♥ t❤❡ ❜✉❧❦ ♠❛t❡r✐❛❧ ✭❣r❡❡♥ ❧✐♥❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✺

✺✳✽ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✸✺ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s

t❤❡ ❜✉❧❦ ✭❜♦tt♦♠ t♦ t♦♣✮✳ ❋r♦♠ ❜♦tt♦♠ t♦ t♦♣✿ t❤❡ ②❡❧❧♦✇✐s❤ s♣❡❝tr❛ ♣r♦❜❡ r❡❣✐♦♥s

♣r❡❞♦♠✐♥❛♥t❧② ✐♠♣❛❝t❡❞ ❜② ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ❝♦♥❝❡r♥ ❛r❡❛s

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

❢❡❛t✉r❡s ❞❡❡♣ ✭✐✳❡✳ ❞❡❡♣❡r t❤❛♥ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ♦❢ t❤❡ ✐♦♥s✮ ✐♥t♦ t❤❡ s❛♠♣❧❡s✳ ✳ ✳ ✳ ✶✼✻

✺✳✾ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✺✺ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s

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

❜② ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ❝♦♥❝❡r♥ ❛r❡❛s ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠

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

■♠♣❛❝t ♦❢ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✐s s❧✐❣❤t ♦♥ t❤✐s ❣❧❛ss ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✻

✺✳✶✵ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✸✺ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s✳ ❚❤❡ ❞❛r❦ ❜❧✉❡ s♣❡❝tr✉♠

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

♠❛①✐♠✉♠❀ ❛♥❞ ✭❘✐❣❤t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✺✺ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s✳ ❚❤❡

❞❛r❦ r❡❞ s♣❡❝tr✉♠ ♣r♦❜❡s t❤❡ ❜✉❧❦ ❛♥❞ t❤❡ ❜r♦✇♥ s♣❡❝tr✉♠ ♣❛rt ❝♦♥❝❡r♥s ❛r❡❛ ✇❤❡r❡ t❤❡

❜❛❧❧✐st✐❝ ❞❛♠❛❣❡s ❛r❡ ♠❛①✐♠✉♠❀ t❤❡ ❝r♦ss ♠❛r❦s ✐♥❞✐❝❛t❡ t❤❡ Q2 ✭✜rst✮ ❛♥❞ Q3 ✭s❡❝♦♥❞✮

♣❡❛❦s ❤❡✐❣❤ts✳ ❚❤❡ ✈❛❧✉❡s ❛r❡ t❤❡ r❛t✐♦ Q2✴Q3✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✼

✺✳✶✶ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✷ ✭❧❡❢t✮ ❛♥❞ ❙❇◆ ✶✹ ✭r✐❣❤t✮ ✐rr❛❞✐❛t❡❞ ❜② Au+ ✐♦♥s ❢r♦♠ t❤❡

✐rr❛❞✐❛t❡❞ ③♦♥❡ ✭t♦♣ r❡❞ ❝✉r✈❡❀ ✷✲✸µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✮ t♦✇❛r❞s t❤❡ ❜✉❧❦ ✭❜♦tt♦♠

❝✉r✈❡❀ ✶✵µ♠✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✽

①✈✐



✺✳✶✷ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡ ✭t♦♣✮✱ Au+✲✐rr❛❞✐❛t❡❞ ✭❜❛❧❧✐st✐❝ ❛r❡❛ ❛♥❞ r❡❞ ❝✉r✈❡✮ ❛♥❞ He2+✲

✐rr❛❞✐❛t❡❞ ✭❜r♦✇♥ ❝✉r✈❡✮ ❙❇◆ ✶✷ ✭❧❡❢t✮ ❛♥❞ ❙❇◆ ✶✹ ✭r✐❣❤t✮ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❚❤❡ t✇♦

♣❧♦ts ♣r❡s❡♥t ❛ ❞❛s❤❡❞ ❣r❛② ❧✐♥❡ ✇❤✐❝❤ ♠❛r❦s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥

❜❛♥❞ ❢♦r t❤❡ t✇♦ ♣r✐st✐♥❡ ❣❧❛ss❡s✳ ❆ s❤✐❢t ✐s ♦❜s❡r✈❡❞ t♦✇❛r❞s ❤✐❣❤ ✇❛✈❡♥✉♠❜❡r ✈❛❧✉❡s✳ ✳ ✳ ✶✼✾

✺✳✶✸ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✸✺ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❜❧✉❡ s♣❡❝tr✉♠ ❝♦♥❝❡r♥s

t❤❡ ♥♦♥✲✐rr❛❞✐❛t❡❞ ❣❧❛ss ❛♥❞ t❤❡ r❡❞ s♣❡❝tr✉♠ t❤❡ ❣♦❧❞ ✐rr❛❞✐❛t❡❞ ❛t ✷µ♠ ❢r♦♠ t❤❡ ❢r❡❡

s✉r❢❛❝❡❀ ✭❘✐❣❤t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✺✺ ❜❡❢♦r❡ ✭r❡❞✮ ❛♥❞ ❛❢t❡r ✭❞❛r❦ r❡❞✮ ✐rr❛❞✐❛t✐♦♥✳ ✳ ✶✽✵

✺✳✶✹ ✭▲❡❢t✮ ❆❋▼ ✐♠❛❣❡s ♦❢ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ❙❇◆ ✶✷ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡

✭❧❡❢t s✐❞❡ ♦❢ ✐♠❛❣❡✮ t♦✇❛r❞s t❤❡ ❜✉❧❦❀ ✭❘✐❣❤t✮ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❤❛r❞♥❡ss ❢r♦♠ t❤❡ ❢r❡❡

s✉r❢❛❝❡ t♦✇❛r❞s t❤❡ ❜✉❧❦ ❢♦r ❙❇◆ ✶✷✱ ❙❇◆ ✶✹✱ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷

✺✳✶✺ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❤❛r❞♥❡ss ❢♦r ❙❇◆ ✶✷ ✭❧✐❣❤t ❜❧✉❡✮✱ ❙❇◆ ✶✹ ✭❣r❡❡♥✮✱ ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡✮

❛♥❞ ❙❇◆ ✺✺ ✭❞❛r❦ r❡❞✮ ❣❧❛ss❡s ✈❡rs✉s [Na2O]✳ ❚❤❡ s❛♠❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❝♦♥t❛✐♥s HB ❢♦r t❤❡

♣r✐st✐♥❡ ❛♥❞ Au+✲✐rr❛❞✐❛t❡❞✳ ❚❤❡ ❧❡❢t ✜❣✉r❡ ♣r❡s❡♥ts t❤❡ tr✉❡ ✈❛❧✉❡s ❛♥❞ t❤❡ r✐❣❤t ♦♥❡ t❤❡

✈❛r✐❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ♣r✐st✐♥❡ ❛♥❞ ✐ts ✐rr❛❞✐❛t❡❞ ❝♦✉♥t❡r♣❛rt✳ ●♦❧❞ ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❛

❞❡❝r❡❛s❡ ✐♥ ❤❛r❞♥❡ss ❛♥❞ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ✈❛r✐❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳ ✶✽✸

✺✳✶✻ ❚❤❡ s❡r✐❡s ♦❢ ✐♠❛❣❡s ❞❡♣✐❝ts t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦ t❤❡ ❜✉❧❦ ❢♦r t❤❡

❙❇◆ ✶✹ ✐rr❛❞✐❛t❡❞ ❜② ❤❡❧✐✉♠ ✐♦♥s✳ ❚❤❡ ❢r❛♠❡ ❝♦❧♦r ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ③♦♥❡ ♣r❡✈✐♦✉s❧②

❞❡✜♥❡❞✿ t❤❡ ②❡❧❧♦✇ ③♦♥❡ ♠❛r❦s t❤❡ ❛r❡❛ ✇❤❡r❡ ✐♥t❡r❛❝t✐♦♥ ❛r❡ ❞♦♠✐♥❛t❡❞ ❜② ❡❧❡❝tr♦♥✐❝

✐♥t❡r❛❝t✐♦♥✱ t❤❡ ❜r♦✇♥ ③♦♥❡✱ t❤❡ ❛r❡❛ ✇❤❡r❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠ ❛♥❞ t❤❡

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

❆❋▼ ✐♠❛❣❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✺

✺✳✶✼ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❘▼❙ ✈❛❧✉❡ ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s ❛❢t❡r ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❙❇◆ ✶✷ ✭❧✐❣❤t

❜❧✉❡✮✱ ❙❇◆ ✶✹ ✭❣r❡❡♥✮✱ ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡✮ ❛♥❞ ❙❇◆ ✺✺ ✭❞❛r❦ r❡❞✮ ❛r❡ ✐♥✈❡st✐❣❛t❡❞ ❢r♦♠

t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠✮ t♦✇❛r❞s t❤❡ ❜✉❧❦ ✭✹✺µ♠✮✳ ❋♦r ❡❛❝❤ ❙❇◆ ❣❧❛ss❡s✱ ❜♦t❤ ✐rr❛❞✐❛t❡❞

❛♥❞ ♣r✐st✐♥❡ s❛♠♣❧❡s ❛r❡ ❛❧s♦ ✐♥✈❡st✐❣❛t❡❞✳ ❋♦r ❝❧❛r✐t②✱ ♦♥❧② t❤❡ ❙❇◆ ✶✹ ✭❜❧❛❝❦✮ ✐s ♣❧♦tt❡❞✳ ✶✽✻

✺✳✶✽ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s r♦✉❣❤♥❡ss ❢r♦♠ ❆❋▼ ✐♠❛❣❡s ❛t ✷ µ♠✱ ✸ µ♠ ❛♥❞ ✺ µ♠

❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✻

✺✳✶✾ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❘▼❙ ✈❛❧✉❡ ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s ❛❢t❡r ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❙❇◆ ✶✷ ✭❧✐❣❤t

❜❧✉❡✮✱ ❙❇◆ ✶✹ ✭❣r❡❡♥✮✱ ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡✮ ❛♥❞ ❙❇◆ ✺✺ ✭❞❛r❦ r❡❞✮ ❛r❡ ✐♥✈❡st✐❣❛t❡❞ ❢r♦♠ t❤❡

❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠✮ t♦✇❛r❞s t❤❡ ❜✉❧❦ ✭✶✵µ♠✮✳ ❋♦r ❡❛❝❤ ❙❇◆ ❣❧❛ss❡s✱ t❤❡✐r ♥♦♥✲✐rr❛❞✐❛t❡❞

❝♦✉♥t❡r♣❛rts ❛r❡ ❛❧s♦ ✐♥✈❡st✐❣❛t❡❞✳ ❋♦r ❝❧❛r✐t②✱ t❤❡ ✜❣✉r❡ ❝♦♥t❛✐♥s ♦♥❧② ♣r✐st✐♥❡ ❙❇◆ ✶✹
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❆✳✶ ❆❞❤❡s✐♦♥ ❆❋▼ ✐♠❛❣❡ ♦❢ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s He2+✲✐rr❛❞✐❛t❡❞✳ ❚❤✐s ❛r❡❛ ❝♦rr❡s♣♦♥❞s t♦ ❛

③♦♥❡ ❛r♦✉♥❞ ∼ ✷✵ % ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❖♥❧② ❛ ♠❡❛♥ ♣❧❛♥❡ ✐s s✉❜tr❛❝t❡❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✻

❆✳✷ ✭▲❡❢t✮ ❆❞❤❡s✐♦♥ ❆❋▼ ✐♠❛❣❡ ♦❢ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s He2+✲✐rr❛❞✐❛t❡❞✳ ❚❤✐s ✐♠❛❣❡ ✐s t❤❡ s❛♠❡

t❤❛♥ ♣r❡s❡♥t❡❞ ✐♥ ❆✳✶✳ ✭❘✐❣❤t✮ ❚❤❡ ✐♠❛❣❡ ❞❡♣✐❝ts r❡s✉❧t✐♥❣ ✧♠❛s❦✧ ✭✧r♦✉❣❤✧ ❜✐♥❛r② ✐♠❛❣❡

❞✉❡ t♦ t❤❡ t❤r❡s❤♦❧❞ t❡st t♦ ❞❡t❡❝t t❤❡ ♠❛❥♦r ❞❡❢❡❝ts✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✼

❆✳✸ ✭▲❡❢t✮ ❆❞❤❡s✐♦♥ ❆❋▼ ✐♠❛❣❡ ♦❢ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s He2+✲✐rr❛❞✐❛t❡❞✳ ❚❤✐s ✐♠❛❣❡ ✐s t❤❡ s❛♠❡

❛s ♣r❡s❡♥t❡❞ ✐♥ ❆✳✶ ✇✐t❤ t❤❡ ✐♠❛❣❡ ❆✳✷ r✐❣❤t r❡♠♦✈❡❞✳ ✭❘✐❣❤t✮ ❚❤❡ ✐♠❛❣❡ ❞❡♣✐❝ts t❤❡

s❡❝♦♥❞ ✧♠❛s❦✧ ✜♥❡r ❞❡t❛✐❧s ❛r❡ r❡✈❡❛❧❡❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✼

❆✳✹ ▼❛s❦ ♦❜t❛✐♥❡❞ ❛❢t❡r t✇♦ ✐t❡r❛t✐♦♥s✿ ✭▲❡❢t✮ r❛✇❀ ✭❘✐❣❤t✮ ❛❢t❡r ✐♠❛❣❡ tr❡❛t♠❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✽

①✈✐✐



▲■❙❚ ❖❋ ❋■●❯❘❊❙

❆✳✺ ❊①❛♠♣❧❡ ♦❢ ❞✐st♦rt✐♦♥ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✐♠❛❣❡s tr❡❛t♠❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✽

①✈✐✐✐



▲✐st ♦❢ ❚❛❜❧❡s

✶✳✶ ◆♦♠❡♥❝❧❛t✉r❡ ✐♥✈♦❦❡❞ ❤❡r❡✐♥✱ ❛♥❞ ❝♦♠♠♦♥❧② ✉s❡❞ ✐♥ ❧✐t❡r❛t✉r❡✱ ❢♦r t❤❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡

❞✐✛❡r❡♥t ❜♦r❛t❡ str✉❝t✉r❡s ❬✷✱ ✼✱ ✶✾✱ ✷✸✱ ✹✶✱ ✽✸❪✳ ❚❤❡ BO3/2 r❡❢❡rs t♦ ♣❧❛♥❛r ✸ ❝♦♦r❞✐♥❛t❡❞

❜♦r♦♥ ❛t♦♠s ✭❛❧s♦ ❝❛❧❧❡❞ [3]B✮✳ ❆♥♦t❤❡r ❝♦♠♠♦♥ s②♠❜♦❧♦❣② ❢♦r t❤❡ ✹ ❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥

❛t♦♠ ✭BO4✮ ✐s
[4]B✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✶✳✷ ●❧❛ss ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❜♦r❛t❡s ✉♥✐ts✿ ❞✐❜♦r❛t❡✱ ♠❡t❛❜♦r❛t❡✱ ♣②r♦❜♦r❛t❡✱

r❡❡❞♠❡r❣♥❡r✐t❡ ❛♥❞ ❞❛♥❜✉r✐t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✶ ❚❛r❣❡ts ♠♦❧❛r ❝♦♠♣♦s✐t✐♦♥s ❛♥❞ r❡❛❧ ♠♦❧❛r ❝♦♠♣♦s✐t✐♦♥s ♦❢ ❡❧❛❜♦r❛t❡❞ ❣❧❛ss s❛♠♣❧❡s ♠❡❛✲

s✉r❡❞ ❜② ■❈P✲❆❊❙ ✇✐t❤ RSBN ❛♥❞ KSBN ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❛r❣❡t ❝♦♠♣♦s✐t✐♦♥s✳ ❚❤❡

❧❛st ❝♦❧✉♠♥ ❞❡♣✐❝ts t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥ t❤❡ r❡st ♦❢ t❤✐s ❞♦❝✉♠❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✷✳✷ ◆♦♠✐♥❛❧ ❢❡❛t✉r❡s ♦❢ ❚❆P ✺✷✺ ✭♦r ▼PP✲✶✸✶✵✵✲✶✵✮ ❛♥❞ ❘❚❊❙P❆ ✭♦r ▼PP✲✶✶✶✷✸✻✶✵✮ t✐♣s ✿

❚✐♣ r❛❞✐✉s ✭♥♠✮✱ ❙♣r✐♥❣ ❝♦♥st❛♥t ✭◆✴♠✮ ❛♥❞ ❘❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✭❦❍③✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✸✳✶ ❉❡✜♥✐t✐♦♥ ♦❢ f1✱ f2✱ f3✱f4✱Q0✱Q1✱Q2✱Q3✱Q4 ❢r❛❝t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✸✳✷ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ ❞❡♥s✐t✐❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ❡①♣❡r✐♠❡♥ts✱ t❤❡♦r② ✭■♥♦✉❡✬s ♠♦❞❡❧ ❬✶✾❪ ❛♥❞

♠❡❛s✉r❡❞ ■❈P✲❆❊❙ ✈❛❧✉❡s ❢♦r t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✮ ❛♥❞ ❱♦r♦♥♦✐ ✈♦❧✉♠❡s Vunit ❜♦r❛t❡

✉♥✐ts ❛♥❞ ✭V ′
unit s✐❧✐❝❛t❡ ✉♥✐ts✮ ❢♦r ❡❛❝❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✸✳✸ VL✱ VT ✱ E✱ ❛♥❞ ν ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ❙❇◆ ❣❧❛ss✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ ❞❡♣✐❝ts t❤❡ s②♠❜♦❧s ✉s❡❞

✐♥ ✜❣✉r❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✸✳✹ ❊①♣❡r✐♠❡♥t❛❧ % ❘SBN ✱ ❑SBN ✱ [4]❇ ❛♥❞ [3]❇ ❞❡t❡r♠✐♥❡❞ ❜② ◆▼❘ [11]❇✳ ❈♦♠♣❛r✐s♦♥ ✇✐t❤
[4]❇Y DB ❛♥❞ [3]❇Y DB ♣r❡❞✐❝t❡❞ ❢r♦♠ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✹✳✶ ❊①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s di ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❆❋▼ ✐♠❛❣❡s ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ✐♥ t❤❡

✈❛r✐♦✉s ❙❇◆ ❣❧❛ss❡s✳ ❊st✐♠❛t❡s ❢♦r HV ❛♥❞ KC ❛r✐s❡s ❢r♦♠ ❡q✉❛t✐♦♥ ✷✳✾ ❛♥❞ ✷✳✶✵✳ ❙❡❝t✐♦♥

✷✳✹✳✸ ❞❡s❝r✐❜❡s ❤♦✇ t♦ ❡st✐♠❛t❡ CR✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ r❡st❛t❡s t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥ t❤❡ ♣❧♦ts

❤❡r❡✐♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✹✳✷ ❊①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s Pid✱ V
+
i ✭µ m3✮✱ V −

i ✭µm3✮✱ V +
i ✴V −

i (%)✱ V −
a ✱ V +

a ❛♥❞ Pad ♦❜t❛✐♥❡❞

❢r♦♠ t❤❡ ❆❋▼ ✐♠❛❣❡s ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts✱ VR ❛♥❞ VP ♦❜t❛✐♥❡❞ ❢r♦♠ ❛♥♥❡❛❧✐♥❣

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

r❡❝❛❧❧❡❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

①✐①



▲■❙❚ ❖❋ ❚❆❇▲❊❙

✹✳✸ ❊st✐♠❛t❡❞ ✈❛❧✉❡s ❢♦r b ✭❢r♦♠ ❬✸✻✱ ✹✵❪✱ ✐✳❡✳ ❡①♣♦♥❡♥t✐❛❧✮✱ n ✭❢r♦♠ ❬✷✼❪✱ ✐✳❡✳ ♣♦✇❡r ❧❛✇✮ ❛♥❞

KE ❢♦r t❤❡ ❙❈❈ ✐♥ ✜❣✉r❡ ✹✳✶✺ ❢♦r ❙❇◆ ❣❧❛ss❡s✳ ❚❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ♦❢ KE ❢♦r ❙❇◆ ✺✾ ❛♥❞

❙❇◆ ✻✸ ✇❛s ♥♦t ❛❝q✉✐r❡❞ ❤❡r❡✐♥✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ r❡❝❛❧❧s t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥ t❤❡ ♣❧♦ts✳ ✳ ✼✸

✶✳✶ ❈❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ r❛♥❣❡ ❢♦r t❤❡ ❘✼❚✼ ❣❧❛ss❡s ❬✶❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

✶✳✷ α ♣❛rt✐❝❧❡ ❛♥❞ r❡❝♦✐❧ ♥✉❝❧❡✉s ❢❡❛t✉r❡s ❢r♦♠ ❛♥ α✲❞❡❝❛②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✷✳✶ ❚❛r❣❡t ♠♦❧❛r ❝♦♠♣♦s✐t✐♦♥s ❛♥❞ ♠❡❛s✉r❡❞ ■❈P✲❆❊❙ ✈❛❧✉❡s✳ RSBN ❛♥❞ KSBN ❝♦rr❡s♣♦♥❞

t♦ t❤❡ ♠❡❛s✉r❡❞ ■❈P✲❆❊❙ ✈❛❧✉❡s✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ r❡♠❛✐♥s ❢♦r ❙❇◆ ❣❧❛ss❡s t❤❡ s②♠❜♦❧s

✉s❡❞ ✐♥ ✜❣✉r❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

✷✳✷ ❊♥❡r❣② ❛♥❞ ✢✉❡♥❝❡s ✉s❡❞ t♦ ❞❛♠❛❣❡ t❤❡ ❣❧❛ss❡s ❜② ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✸✳✶ ❊♥❡r❣② ❛♥❞ ✢✉❡♥❝❡s ✉s❡❞ t♦ ❞❛♠❛❣❡ t❤❡ ❣❧❛ss❡s ❜② ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✸✳✷ ■rr❛❞✐❛t✐♦♥ ❝♦♥❞✐t✐♦♥s ✉s❡❞✿ ❡♥❡r❣② ♦❢ ✐♥❝✐❞❡♥t ♣❛rt✐❝❧❡ ✭❊✮ ❛♥❞ ❞❡♣♦s✐t❡❞ ❡❧❡❝tr♦♥✐❝ ✭❊elec✮

❛♥❞ ♥✉❝❧❡❛r ❡♥❡r❣✐❡s✭❊nucl✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✸✳✸ ❙✉♠♠❛r② ♦❢ t❤❡ H ✈❛❧✉❡s r❡❝♦r❞❡❞ ✐♥ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❉✐✛❡r❡♥t ❡①♣❡r✲

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

βe− ✲✐rr❛❞✐❛t✐♦♥ r❡❢❡rs t♦ ❱✐❝❦❡rs ✐♥❞❡♥t❡r ❛♥❞ ✐♥❝❧✉❞❡s ❛ ♠✐♥♦r ❝❤❛♥❣❡✳ ❚❤❡ ❤❛r❞♥❡ss ❞❡✲

t❡r♠✐♥❡❞ ❜② ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❡r ♦♥ He2+✲ Au+✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡ ✐♥❝❧✉❞❡ ♠♦r❡ ✐♠♣♦rt❛♥t

❝❤❛♥❣❡s ✐♥ t❤❡ ❤❛r❞♥❡ss✳ ց ♠❡❛♥s ❛ ❞❡❝r❡❛s❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

✹✳✶ ❱❛r✐♦✉s ❣❧❛ss ♣❛r❛♠❡t❡rs ♣r❡s❡♥t❡❞ ✐♥ ❝❤❛♣t❡r ✷ s✉♠♠❛r✐③❡❞ ❤❡r❡ ❛❧♦♥❣ ✇✐t❤ t❤❡ t♦t❛❧

st♦♣♣✐♥❣ ♣♦✇❡r ♦❢ ❡❛❝❤ ❣❧❛ss ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❊❙❚❆❘ ♣r♦❣r❛♠✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ r❡❝❛❧❧s

t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥ ♣❧♦ts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

✹✳✷ ❉❡♥s✐t② ✈❛r✐❛t✐♦♥ ♠❡❛s✉r❡❞ ✈✐❛ ❤❡❧✐✉♠ ♣②❝♥♦♠❡t❡r t❡❝❤♥✐q✉❡s ❢♦r ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹

❣❧❛ss❡s✳ ց ✐♠♣❧✐❡s ❛ ❞❡❝r❡❛s❡ ✐♥ ρ ♦r ❡q✉✐✈❛❧❡♥t❧② ❛ s✇❡❧❧✐♥❣ ✐♥ t❤❡ ❣❧❛ss✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✻

✹✳✸ ❚❤❡♦r❡t✐❝❛❧ g✲✈❛❧✉❡s ♦❢ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts ❡①♣❡❝t❡❞ ❢r♦♠ ❧✐t❡r❛t✉r❡ ✐♥ ❙❇◆ ❣❧❛ss❡s ❛❢t❡r

βe− ✲✐rr❛❞✐❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽

✹✳✹ g t❤❡♦r✐❝❛❧ ✈❛❧✉❡s ♦❢ ❇❖❍❈ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts ❢r♦♠ ❬✷✶❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✾

✹✳✺ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ❙❇◆ ✶✷ ❣❧❛ss ♣r✐♦r t♦ ❛♥❞ ❛❢t❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✱ V +✴V − ❞❡✲

t❡r♠✐♥❡❞ ❢r♦♠ ❆❋▼ ✐♠❛❣✐♥❣ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ❛t ✷✺ ❣ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ ❝r❛❝❦

❧❡♥❣t❤ ✭c✮ ❞❡t❡r♠✐♥❡❞ ❛❢t❡r ❱✐❝❦❡rs ✐♥❞❡♥t❛t✐♦♥ ❛t ✸✵✵ ❣ ❢♦r ❙❇◆ ✶✷ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞

✭✷ ●●②✮ s❛♠♣❧❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✺

✹✳✻ ❍❛r❞♥❡ss ♠❡❛s✉r❡♠❡♥ts ❞❡t❡r♠✐♥❡❞ ❛t ✷✺ ❣ ❢♦r ❙❇◆ ✶✹ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❛t ✷ ●●②

❜② ❡❧❡❝tr♦♥s ❛♥❞ KC ✈❛r✐❛t✐♦♥s ♦❜t❛✐♥❡❞ ❜② ✐♥❞❡♥t❛t✐♦♥ ❢♦r ❙❇◆ ✶✹ s❛♠♣❧❡s ❛t ✸✵✵ ❣✳ ✳ ✳ ✶✺✼

✹✳✼ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✳ ✶✺✽

✹✳✽ ❑C ✈❛r✐❛t✐♦♥s ♦❜t❛✐♥❡❞ ❜② ✐♥❞❡♥t❛t✐♦♥ ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾

✹✳✾ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡ s❧♦♣❡ n ❛♥❞ KE ♦❢ t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❝✉r✈❡s ❛♥❞ ❘▼❙ ❢r♦♠ ❢r❛❝t✉r❡

s✉r❢❛❝❡s ❢♦r ❙❇◆ ✶✷ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❛t ✷ ●●②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✵

✹✳✶✵ ❱❛r✐❛t✐♦♥s ✐♥ t❤❡ s❧♦♣❡ ✭n✮ ❛♥❞ ✐♥ KE ❞✉r✐♥❣ ❙❈❈ ♦❢ ❙❇◆ ✶✹✳ ❘▼❙ ✈❛❧✉❡s r❡s✉❧t ❢r♦♠

❛♥❛❧②③✐♥❣ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭✶✳✺ ●●②✮ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✇❤✐❝❤ ✇❡r❡ ❝r❡❛t❡❞ ✇✐t❤ ❝r❛❝❦

t✐♣ ✈❡❧♦❝✐t✐❡s ♦❢ ✶✵−8✲✶✵−9 ♠✳s−1✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✷

①①



✹✳✶✶ ❱❛r✐❛t✐♦♥s ✐♥ t❤❡ s❧♦♣❡ ✭n✮ ❛♥❞ ✐♥ KE ❞✉r✐♥❣ ❙❈❈ ♦❢ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳ ❘▼❙ ✈❛❧✉❡s

r❡s✉❧t ❢r♦♠ ❛♥❛❧②③✐♥❣ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭✶✳✺●●②✮ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✇❤✐❝❤ ✇❡r❡ ❝r❡❛t❡❞

✇✐t❤ ❝r❛❝❦ t✐♣ ✈❡❧♦❝✐t✐❡s ♦❢ ✶✵−8✲✶✵−9 ♠✳s−1✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹

①①✐



▲■❙❚ ❖❋ ❚❆❇▲❊❙

①①✐✐



■♥tr♦❞✉❝t✐♦♥ ❛♥❞ ♠♦t✐✈❛t✐♦♥

●❧❛ss ✐s ♦♥❡ ♦❢ t❤❡ ♦❧❞❡st s②♥t❤❡t✐❝ ♠❛t❡r✐❛❧s ✉s❡❞ ❜② ♠❛♥✳ ❚❤❡ ✐♥t❡r❡st ✐♥ ❣❧❛ss❡s ♦♥❧② ❣r♦✇s ❢r♦♠ ②❡❛r

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

❞✐✛❡r❡♥t✐❛t❡ ❛♠♦r♣❤♦✉s ♠❡❞✐❛ ❢r♦♠ t❤❡✐r ❝r②st❛❧❧✐♥❡ ❝♦✉♥t❡r♣❛rt✳

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

❚❤✐s str♦♥❣ ❞❡❣r❡❡ ♦❢ ❤♦♠♦❣❡♥❡✐t② ✐s ❛t t❤❡ ♦r✐❣✐♥ ♦❢ t❤❡✐r ♠♦st ✐♥t❡r❡st✐♥❣ ♣r♦♣❡rt✐❡s✿ ♦♣t✐❝❛❧ tr❛♥s✲

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

♠❛♥② ✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s ✐♥❝❧✉❞✐♥❣✿ ❜✉✐❧❞✐♥❣ ♠❛t❡r✐❛❧s ✭✇✐♥❞♦✇s ❣❧❛ss✮✱ ❧❛❜♦r❛t♦r② ❣❧❛ss✇❛r❡✱ ❝♦♦❦✲

✇❛r❡✱ ♦♣t✐❝❛❧ ❝♦♠♣♦♥❡♥ts✱ ❡t❝✳ ▼♦r❡♦✈❡r✱ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ❛r❡ ✐♥t❡❣r❛❧ ♣❛rts ♦❢ s②st❡♠s ✉♥❞❡r ❡①t❡r♥❛❧

❛♥❞ ✐♥t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥ ✭s❛t❡❧❧✐t❡s✱ ❣❧❛ss ♣❛❝❦❛❣❡s ♦❢ r❛❞✐♦❛❝t✐✈❡ ✇❛st❡✳✳✳✮ ✇❤✐❝❤ ❣r❛❞✉❛❧❧② ❛❧t❡rs t❤❡ ❣❧❛ss

str✉❝t✉r❡✳ ●❧❛ss✬ ♠❛✐♥ ❞r❛✇❜❛❝❦ ✐s ✐ts ❜r✐tt❧❡♥❡ss✳

❉✉❡ t♦ t❤❡ ❡①tr❡♠❡ ❤♦♠♦❣❡♥❡✐t② ♦❢ ❣❧❛ss❡s✱ ❝♦♥t✐♥✉✉♠ ❡❧❛st✐❝ ❞❡s❝r✐♣t✐♦♥s ✐s ❛❞❡q✉❛t❡ t♦ ❞❡s❝r✐❜❡

str❡ss✱ str❛✐♥ ❛♥❞ ❞✐s♣❧❛❝❡♠❡♥t ✜❡❧❞s ✐♥ t❤❡ ♠❛t❡r✐❛❧ ❞♦✇♥ t♦ ✈❡r② s♠❛❧❧ ❧❡♥❣t❤ s❝❛❧❡s✳ ❚❤✉s✱ t❤❡ ❡♥❡r❣②

r❡❧❡❛s❡❞ ❢♦r ❣r♦✇✐♥❣ ❝r❛❝❦s ✐s ❛❝❝❡ss✐❜❧❡ ♥✉♠❡r✐❝❛❧❧②✳ ❆t ✈❡r② s♠❛❧❧ ❧❡♥❣t❤ s❝❛❧❡s t❤❡ ❤♦♠♦❣❡♥❡✐t② ♦❢ t❤❡

❣❧❛ss ❝❡❛s❡s t♦ ❡①✐st✿ ✢✉❝t✉❛t✐♦♥s ✐♥ t❤❡ ❣❧❛ss❡s str✉❝t✉r❡ ❝♦♠❡ ❛❜♦✉t✳ ❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ str❡ss❡s ♥❡❛r

✢❛✇s ❡♥❛❜❧❡s ❧♦✇ ❧♦❛❞s ✭❛♣♣❧✐❡❞ ❛t t❤❡ ❝♦♥t✐♥✉✉♠ s❝❛❧❡✮ t♦ ♦✈❡r❝♦♠❡ t❤❡ ❡♥❡r❣② ❜❛rr✐❡rs ✭✐✳❡✳ t❤❡ ❢r❛❝t✉r❡

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

❞✐ss✐♣❛t✐♦♥ ♣r♦❝❡ss❡s ❛r❡ ♣r❡s❡♥t ✇✐t❤✐♥ ❛ t✐♥② ③♦♥❡✱ s♦ ❝❛❧❧❡❞ t❤❡ ❢r❛❝t✉r❡ ♣r♦❝❡ss ③♦♥❡✳ ❚❤✐s s❡♣❛r❛t✐♦♥

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

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

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

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

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

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

❢♦r ✐♥st❛♥❝❡✳

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

♣♦s✐t✐♦♥✱ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ✭❛♥❞ t❤❡✐r ❡✈❡♥t✉❛❧ ♠♦❞✐✜❝❛t✐♦♥ t❤r♦✉❣❤ ✈❛r✐♦✉s t②♣❡s ♦❢ ✐rr❛❞✐❛t✐♦♥s✮

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

✶



■◆❚❘❖❉❯❈❚■❖◆

t❤❡s✐s ❝♦♥❝❡♥tr❛t❡s ♦♥ ❤♦✇ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✭❛♥❞ t❤✉s str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s✮ ❛❧t❡rs t❤❡ ♠❡❝❤❛♥✲

✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❣❧❛ss✱ ✐♥❝❧✉❞✐♥❣ str❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣ ❜❡❤❛✈✐♦r ❛♥❞ ❤❛r❞♥❡ss ♣r♦♣❡rt✐❡s✳ ❚❤❡s❡

st✉❞✐❡s ❝♦♥❝❡♥tr❛t❡ ♦♥ ✽ ❙❇◆ ✭Na2O− B2O3 − SiO2✮ ❣❧❛ss❡s✳ ❇② ♠♦❞✉❧❛t✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✱

t❤❡ st✉❞② ❡①♣♦s❡s t❤❡ r♦❧❡ ♦❢ ❡❛❝❤ ♦①✐❞❡✳

P❛rt ■ ❝❤❛♣t❡r ✶ r❡✈✐❡✇s t❤❡ ❝✉rr❡♥t ❦♥♦✇❧❡❞❣❡ ❛❜♦✉t str✉❝t✉r❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❣❧❛ss❡s

✇✐t❤ ❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♦♥ ❙❇◆ ❣❧❛ss❡s✳ ❚❤❡♥✱ ❝❤❛♣t❡r ✷ ❞❡s❝r✐❜❡s t❤❡ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥ st✉❞✐❡❞ ❛♥❞ t❤❡

❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ str✉❝t✉r❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❈❤❛♣t❡r ✸ ❛❞❞r❡ss❡s ❤♦✇

t❤❡ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥ ❝❤❛♥❣❡s t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s✳ ❋✐♥❛❧❧②✱ ❝❤❛♣t❡r

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

P❛rt ■■ ♦❢ t❤✐s t❤❡s✐s ❝♦♥❝❡♥tr❛t❡s ♦♥ ❤♦✇ t✇❡❛❦✐♥❣ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❣❧❛ss ✈✐❛ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥

❛❧t❡rs t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❣❧❛ss✱ ✐♥❝❧✉❞✐♥❣ str❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣ ❜❡❤❛✈✐♦r ❛♥❞ ❤❛r❞♥❡ss

♣r♦♣❡rt✐❡s✳ ❚❤❡s❡ st✉❞✐❡s ❝♦♥❝❡r♥ t❤❡ st♦r❛❣❡ ♦❢ ♥✉❝❧❡❛r ✇❛st❡✳ ❋✐ss✐♦♥ ♣r♦❞✉❝ts ✭❋P✮ ❛♥❞ ♠✐♥♦r ❛❝t✐♥✐❞❡s

✭▼❆✮ ❢r♦♠ s♣❡♥t ❢✉❡❧ ❛r❡ ❡♠❜❡❞❞❡❞ ✐♥ ❝♦♠♣❧❡① ❛❧✉♠✐♥♦ ❜♦r♦ s✐❧✐❝❛t❡ ❣❧❛ss❡s ✭❢r❡q✉❡♥t❧② ❘✼❚✼ ✐♥ ❋r❛♥❝❡✮✳

❊♥s✉r✐♥❣ t❤❡ ❞✉r❛❜✐❧✐t② ♦❢ t❤❡s❡ ❣❧❛ss❡s ♦✈❡r t❤❡ ❧♦♥❣✲t❡r♠ ✭✉♣ t♦ ❢❡✇ ❤✉♥❞r❡❞s ♦❢ t❤♦✉s❛♥❞s ♦❢ ②❡❛rs✮

st✐❧❧ ♣r❡s❡♥ts ❛ ♠❛❥♦r ❝❤❛❧❧❡♥❣❡✳ ❙❛❢❡t② ❝♦♥✜♥✐♥❣ t❤❡♠ ❞✐❝t❛t❡s ❛♥ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡✐r ✈❛r✐❛t✐♦♥s ✐♥

♠✐❝r♦✲str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ❞✉❡ t♦ s❡❧❢✲✐rr❛❞✐❛t✐♦♥✳ ❙❡❧❢✲✐rr❛❞✐❛t✐♦♥ ❣✐✈❡s ✇❛② t♦ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ❜❛❧❧✐st✐❝

✐♥t❡r❛❝t✐♦♥s❀ t❤❡ ❧❛tt❡r ❛♣♣❡❛rs t♦ ❣♦✈❡r♥ t❤❡ ❡✈♦❧✉t✐♦♥s ♦❢ t❤❡ ♣r♦♣❡rt✐❡s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ♠✐❝r♦✲str✉❝t✉r❛❧

✈❛r✐❛t✐♦♥s ❝❛♥ s❝❛❧❡ ✉♣ t♦ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ♠❛❝r♦s❝♦♣✐❝ ♣r♦♣❡rt✐❡s ✭ρ✱ KC ✱ HV ✱ ❙❈❈✳ ✳ ✳ ✮ ✇❤✐❝❤ ❛❧s♦ ♥❡❡❞s

t♦ ❜❡ ✉♥❞❡rst♦♦❞✳

❈♦♠♣❧❡① ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ❝♦♥t❛✐♥ ♦✈❡r ✻✵ ❞✐✛❡r❡♥t ♦①✐❞❡s✱ ♣❧✉s ✐t ✐s ✉♥❞❡r❣♦❡s s❡❧❢✲✐rr❛❞✐❛t✐♦♥✳

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

❧❡✈❡❧ ❛❝t✐✈✐t② ♦❢ t❤❡s❡ ❣❧❛ss❡s ❧✐♠✐ts ❡①♣❡r✐♠❡♥t❛❧ ❛❝❝❡ss✐❜✐❧✐t②✳ ❍❡♥❝❡✱ s❝✐❡♥t✐sts ❝♦♠♣❧❡♠❡♥t ❝♦♠♣❧❡①

❣❧❛ss❡s st✉❞✐❡s ✇✐t❤ st✉❞✐❡s ♦♥ ♠♦❞❡❧ ❣❧❛ss❡s✳ ❖♥❡ s❡t ♦❢ ♠♦❞❡❧ ❣❧❛ss❡s ✉s❡❞ ✐s t❤❡ ❙❇◆ s❡r✐❡s ❛s t❤❡ t❤r❡❡

❞♦♠✐♥❛♥t ♦①✐❞❡s ✐♥ ❘✼❚✼ ❛r❡ s♦❞✐✉♠ ♦①✐❞❡ ✭Na2O✮✱ ❜♦r♦♥ tr✐♦①✐❞❡ ✭B2O3✮✱ ❛♥❞ s✐❧✐❝❛ ✭SiO2✮✳ ▼♦r❡♦✈❡r✱

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

❚❤❡s❡ st✉❞✐❡s ❝♦♥❝❡♥tr❛t❡ ♦♥ ♣✉r❡ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ❛♥❞ ✹ ❙❇◆ ✭Na2O−B2O3−SiO2✮ ❣❧❛ss❡s✳ ❚❤❡ ❙❇◆

❣❧❛ss❡s ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤✐s st✉❞② ❛r❡ t✇♦ ❧♦✇ ❛♥❞ t✇♦ ❤✐❣❤ [Na2O] ❝♦♥❝❡♥tr❛t✐♦♥ ❣❧❛ss❡s✳ ❆❣❛✐♥✱ ❜②

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

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

❣❧❛ss✬ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❊❧❡❝tr♦♥ ❛♥❞ ✭❧✐❣❤t ❛♥❞ ❤❡❛✈②✮ ✐♦♥ ✐rr❛❞✐❛t✐♦♥ t✇❡❛❦ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡

❣❧❛ss✳ ❙✉❜s❡q✉❡♥t❧②✱ st✉❞✐❡s ❡①❛♠✐♥❡ t❤❡✐r ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡✳ ❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ✈❛r✐❡s t❤❡ str✉❝t✉r❡

♦❢ t❤❡ ❣❧❛ss❡s ✈✐❛ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s✳ ▲✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ❣✐✈❡ ✇❛② t♦ ❜♦t❤ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ❜❛❧❧✐st✐❝

✐♥t❡r❛❝t✐♦♥s✳ ❈❤❛♣t❡r ✶ ♣r♦✈✐❞❡s ❛ ❜r✐❡❢ r❡✈✐❡✇ ♦❢ ❍✐❣❤ ▲❡✈❡❧ ❲❛st❡ ✭❍▲❲✮✱ ❛♥❞ t❤❡ t②♣❡ ♦❢ s❡❧❢✲✐rr❛❞✐❛t✐♦♥

❞❛♠❛❣❡ t❤❡s❡ ❣❧❛ss❡s ✉♥❞❡r❣♦✳ ❆❧♦♥❣ ✇✐t❤ ❡①❛♠✐♥✐♥❣ ❍▲❲✱ ✐t ❛❧s♦ ♣r❡s❡♥ts ♣r❡✈✐♦✉s st✉❞✐❡s ♦♥ s✐♠♣❧✐✜❡❞

❣❧❛ss❡s ✉♥❞❡r ❡①t❡r♥❛❧ ♦r ✐♥t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✳ ❙❛♠♣❧❡s ❤❡r❡✐♥ ❢r❡q✉❡♥t❧② r❡✉s❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣s ✉s❡❞

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

t❡❝❤♥✐q✉❡s✳ ❈❤❛♣t❡r ✷ ❞❡s❝r✐❜❡s t❤❡s❡ s❡t✲✉♣s✳ ❈❤❛♣t❡r ✸ ❞❡t❛✐❧s str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ✐♥❞✉❝❡❞ ❜②

❡❧❡❝tr♦♥✱ ❤❡❧✐✉♠ ✐♦♥s ❛♥❞ ❣♦❧❞ ✐♦♥s ✐rr❛❞✐❛t✐♦♥ ♦♥ ❛ s✐♠♣❧❡ ❣❧❛ss❡s✱ ♣✉r❡ ❛♠♦r♣❤♦✉s s✐❧✐❝❛✳ ❈❤❛♣t❡r ✹

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

❡❧❡❝tr♦♥ ♦♥ t❤❡ ❙❇◆ s❡r✐❡s✳ ❈❤❛♣t❡r ✺ ❞❡t❛✐❧s t❤❡ s❛♠❡ ❢♦r ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ♦♥ t❤❡ ❙❇◆ s❡r✐❡s✳

✷



P❛rt ■

▲✐♥❦✐♥❣ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s t♦

❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥

✸



Chapter 1

❈♦♥t❡①t

❈♦♥t❡♥ts

✶✳✶ ●❧❛ss str✉❝t✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✶✳✶✳✶ ❋♦r♠❛t✐♦♥ ♦❢ ❣❧❛ss ♦①✐❞❡s✿ ❩❛❝❤❛r✐❛s❡♥✬s r✉❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✶✳✶✳✷ ❚❡r♥❛r② ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss ♠❛❦❡ ✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✶✳✷ ❈♦♥t❛❝t ❞❛♠❛❣❡ ✐♥ ❣❧❛ss ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✶✳✸ ❈r❛❝❦✐♥❣ ❜❡❤❛✈✐♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✸✳✶ ❋r❛❝t✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✸✳✷ ❙tr❡ss ❝♦rr♦s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

●❧❛ss ✐s ✇❡❧❧ ❦♥♦✇♥ ❛s ❛ ❜r✐tt❧❡ ♠❛t❡r✐❛❧✱ ✐✳❡✳ ✐t ❜r❡❛❦s ❛❜r✉♣t❧② ✇✐t❤♦✉t ❛♥② ♣❧❛st✐❝ ❞❡❢♦r♠❛t✐♦♥✳ ❨❡t✱

t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ s✉❜❝r✐t✐❝❛❧ ❝r❛❝❦ ❣r♦✇t❤ ❝❛♥ ❧✐♠✐t t❤❡ ♠❛t❡r✐❛❧✬s ❧✐❢❡ t✐♠❡✳ ❉❡s♣✐t❡ ✐ts ❜r✐tt❧❡♥❡ss✱ ❣❧❛ss

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

❤✐❣❤ ♠❡❧t✐♥❣ t❡♠♣❡r❛t✉r❡✱ ❡t❝✳✱ ✇❤✐❝❤ ♠❡❛♥s ✐t ❝❛♥ ❜❡ ✉s❡❞ ✐♥ ❝♦♦❦ ✇❛r❡✱ ❧❛❜♦r❛t♦r② ❜❡❛❦❡rs✱ ✇✐♥❞♦✇♣❛♥❡s✱

❧❡♥s❡s✱ ❡t❝✳ ❚❤✉s✱ ✐t ✐s ❝r✉❝✐❛❧ ❢♦r r❡s❡❛r❝❤❡rs ❛♥❞ ❡♥❣✐♥❡❡rs t♦ ✉♥❞❡rst❛♥❞ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡s❡ ❣❧❛ss❡s

t♦ ❡♥s✉r❡ t❤❡ str✉❝t✉r❛❧ ✐♥t❡❣r✐t② ❣❧❛ss✬ ✜♥❛❧ ❛♣♣❧✐❝❛t✐♦♥✳ ❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts ❛ r❡✈✐❡✇ ♦❢ t❤❡ str✉❝t✉r❡✱

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

❛♥❞ ❤♦✇ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ❝❤❛♥❣❡s t❤❡ ❣❧❛ss t♦♣♦❧♦❣② ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧✳ ❚❤❡♥

t❤❡ s❡❝t✐♦♥ ✶✳✷ ❞❡t❛✐❧s ❜r✐❡✢② ❤♦✇ t❤❡ ❣❧❛ss ❜❡❤❛✈❡s ✉♥❞❡r t❤❡ ✐♥❞❡♥t❡r ❛♥❞ ❞❡t❛✐❧s t❤❡ ❢r❛❝t✉r❡ ♣r♦❝❡ss❡s ✐♥

t❤❡ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡✳ ❋✐♥❛❧❧②✱ t❤❡ s❡❝t✐♦♥ ✶✳✸ r❡✈✐❡✇s t❤❡ ❝✉rr❡♥t ❦♥♦✇❧❡❞❣❡ ♦❢ ❢r❛❝t✉r❡ ♠❡❝❤❛♥✐❝s✳

✹



✶✳✶✳ ●▲❆❙❙ ❙❚❘❯❈❚❯❘❊

✶✳✶ ●❧❛ss str✉❝t✉r❡

◆❛t✉r❛❧ ❣❧❛ss ❤❛s ❡①✐st❡❞ s✐♥❝❡ t❤❡ ❞❡♣t❤s ♦❢ t✐♠❡✳ ❊❛r❧② ♠❛♥ ❞✉r✐♥❣ t❤❡ st♦♥❡ ❛❣❡s ✉s❡❞ ♦❜s✐❞✐❛♥

❣❧❛ss ✭❢♦r♠❡❞ ♥❛t✉r❛❧❧② ❢r♦♠ ♠❛❣♠❛ t❤❛t ❝♦♦❧s r❛t❤❡r q✉✐❝❦❧② ♣r❡✈❡♥t✐♥❣ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛ ❝r②st❛❧❧✐♥❡

♠❛t❡r✐❛❧✮ t♦ ♠❛❦❡ ❛rr♦✇s ❛♥❞ ♦t❤❡r t♦♦❧s✳ ❚❤❡ ✜rst ❡✈✐❞❡♥❝❡ ♦❢ ♠❛♥✲♠❛❞❡ ❣❧❛ss ♦❜❥❡❝ts ❞❛t❡s ❜❛❝❦ t♦

❛r♦✉♥❞ ✸✺✵✵ ❇❈ ✐♥ ♥♦rt❤ ❙②r✐❛✱ ▼❡s♦♣♦t❛♠✐❛ ♦r ❆♥❝✐❡♥t ❊❣②♣t✳ ❲✐t❤ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ ❤♦✇ t♦ ♠❛❦❡

❣❧❛ss✱ ❣❧❛ss❡s ❤❛✈❡ ✉♥❞❡r❣♦♥❡ s❡✈❡r❛❧ ♠❛❥♦r ❤✐st♦r✐❝❛❧ ❡✈❡♥ts ✐♥❝❧✉❞✐♥❣✿

• ✶✺✵✵ ❇❈✿ ❊❣②♣t✐❛♥ ❝r❛❢ts♠❡♥ ❜❡❣❛♥ ❞❡✈❡❧♦♣✐♥❣ ❛ ♠❡t❤♦❞ ❢♦r ♣r♦❞✉❝✐♥❣ ❣❧❛ss ♣♦ts ✭✜❣✉r❡ ✶✳✶✮✳

• ❊♥❞ ♦❢ t❤❡ ✶st ❝❡♥t✉r②✿ ❚❤❡ ❞✐s❝♦✈❡r② ♦❢ ❣❧❛ss ❜❧♦✇✐♥❣ t❡❝❤♥✐q✉❡s✳

• ❊♥❞ ♦❢ t❤❡ ✶✸th ❝❡♥t✉r②✿ ❚❤❡ ❣❧❛ss ✐♥❞✉str② ❜❡❣❛♥ t♦ ✢♦✉r✐s❤ ✐♥ ❊✉r♦♣❡ ✇✐t❤ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢

❛♥ ✐♥❞✉str② ✐♥ ❱❡♥✐❝❡✳

• ❆❢t❡r ✶✽✾✵✿ ❖✈❡r t❤❡ ♣❛st ✶✷✺ ②❡❛rs✱ t❤❡ ❞❡✈❡❧♦♣♠❡♥t✱ ♠❛♥✉❢❛❝t✉r❡ ❛♥❞ ✉s❡ ♦❢ ❣❧❛ss ✐♥❝r❡❛s❡❞

r❛♣✐❞❧②✳

• ❚♦❞❛②✿ ●❧❛ss❡s ♠❛❦❡ ✉♣ ❡①t❡♥s✐✈❡ ❝♦♠♣♦♥❡♥ts ✭♦r t❤❡ ♣r✐♥❝✐♣❧❡ ❝♦♠♣♦♥❡♥t✮ ♦❢ ❛ ✇✐❞❡ ✈❛r✐❡t② ♦❢

✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s✿ ❝♦♦❦✇❛r❡✱ t❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥s✱ ♦♣t✐❝s✱ ♥✉❝❧❡❛r ✇❛st❡ ♣r♦t❡❝t✐♦♥✱ str❛✐♥❡❞

❣❧❛ss ❡t❝✳

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

r❡♠❛✐♥s ❛ ♠②st❡r② t♦ s❝✐❡♥t✐sts ❛♥❞ ❡♥❣✐♥❡❡rs✳

❋✐❣✉r❡ ✶✳✶✿ ❊❣②♣t✐❛♥ ❣❧❛ss ❥❛r ❢r♦♠ ✶✺✵✵✲✶✵✵✵ ❇❈ ❬✹❪ ❛♥❞ str❛✐♥❡❞ ❣❧❛ss ❝r❡❛t❡❞ ✐♥ ✶✾✽✼✲✶✾✾✹ ❜② P✳
❙♦✉❧❛❣❡s✳

■♥ ✶✾✽✷✱ ❩❛r③②❝❦✐ ❬✽✺❪ ❞❡✜♥❡❞ ❣❧❛ss❡s ❛s ❛ ❤♦♠♦❣❡♥❡♦✉s ♥♦♥✲❝r②st❛❧❧✐♥❡ s♦❧✐❞ ✇❤✐❝❤ ❡①❤✐❜✐ts ❣❧❛ss tr❛♥s✲

❢♦r♠❛t✐♦♥ ❜❡❤❛✈✐♦r✳ ◆♦♥✲❝r②st❛❧❧✐♥❡ s♦❧✐❞s ❝♦♥❝❡r♥s s♦❧✐❞s ✐♥ ✇❤✐❝❤ q✉❡♥❝❤✐♥❣✱ ♠❡❝❤❛♥✐❝❛❧ ❛❝t✐✈❛t✐♦♥ ♦r

r❛❞✐❛t✐♦♥ ✐♥❞✉❝❡ ❡①❝❡ss ❡♥❡r❣②✳ ❚❤❡r❡❢♦r❡ t❤❡② ❝♦♥t❛✐♥ ♠♦r❡ ❡♥❡r❣② t❤❛♥ t❤❡ ❝r②st❛❧❧✐♥❡ ♣❤❛s❡s ❝♦rr❡✲

s♣♦♥❞✐♥❣ t♦ ❛ ♠❡t❛st❛❜❧❡ ✐✳❡✳ ♥♦♥✲❡q✉✐❧✐❜r✐✉♠ st❛t❡s ♦❢ ♠❛tt❡r✳ ●❧❛ss❡s ❛r❡ ✉s✉❛❧❧② ❝❤❛r❛❝t❡r✐③❡❞ ❜②

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

✺



❈❍❆P❚❊❘ ✶✳ ❈❖◆❚❊❳❚

s✐t✐♦♥ ✭❛ ♠♦r❡ ✢✉✐❞ st❛t❡✮✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ t❤❡r♠❛❧ ❤✐st♦r② ♦❢ ❣❧❛ss ❛✛❡❝ts s✐❣♥✐✜❝❛♥t❧② t❤❡ ❣❧❛ss

♣r♦♣❡rt✐❡s✳

✶✳✶✳✶ ❋♦r♠❛t✐♦♥ ♦❢ ❣❧❛ss ♦①✐❞❡s✿ ❩❛❝❤❛r✐❛s❡♥✬s r✉❧❡s

■♥ ✶✾✸✷✱ ❲✳❍✳ ❩❛❝❤❛r✐❛s❡♥ ❬✽✹❪ ❞❡s❝r✐❜❡❞ t❤❡ ❛❜✐❧✐t② ♦❢ ✈❛r✐♦✉s ♦①✐❞❡s t♦ ❢♦r♠ ❣❧❛ss✳ ❚❤✐s ♣✐♦♥❡❡r✐♥❣

✇♦r❦ s❤♦✇❡❞ t❤❛t t❤❡ ❝❛t✐♦♥s ❛♥❞ ❛♥✐♦♥s ❜♦✉♥❞ t♦❣❡t❤❡r ❛s t❤❡✐r ❝r②st❛❧❧✐♥❡ ❝♦✉♥t❡r♣❛rts ❜✉t t❤❡② ❞♦♥✬t

❤❛✈❡ t❤❡ ❧♦♥❣ r❛♥❣❡ ♦r❞❡r ❛s ❛ ❝r②st❛❧✳ ■♥ t❤❡ s❤♦rt r❛♥❣❡✱ t❤❡ ❝❛t✐♦♥s ❛♥❞ ❛♥✐♦♥s ❜♦✉♥❞ t♦❣❡t❤❡r

❢♦r♠✐♥❣ ♣♦❧②❤❡❞r❛❧ ✉♥✐ts s✉❝❤ ❛s t❡tr❛❤❡❞r❛❧ ❛♥❞ ✺ ♦r ✻✲❝♦♦r❞✐♥❛t❡❞ s✐t❡s✳ ❚❤✉s✱ ❣❧❛ss❡s ❛♥❞ ❝r②st❛❧s

❤❛✈❡ t❤❡ s❛♠❡ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ❛rr❛♥❣❡❞ ✐♥ ❞✐✛❡r❡♥t ♣❛tt❡r♥s❀ ❡✳❣✳✱ ❣❧❛ss❡s ❤❛✈❡ ❜r♦❛❞❡r ❞✐str✐❜✉t✐♦♥s ♦❢

❜♦♥❞ ❛♥❣❧❡s✳ ❆ ❝❧❛ss✐❝ ❡①❛♠♣❧❡ ✐s ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ❣❧❛ss ✭✜❣✉r❡ ✶✳✷ r✐❣❤t✮ ✈❡rs✉s ❝r✐st♦❜❛❧✐t❡ ✭✜❣✉r❡ ✶✳✷

❧❡❢t✮✳ ❇♦t❤ ❤❛✈❡ s✐❧✐❝❛ ❛t♦♠s s✉rr♦✉♥❞❡❞ ❜② ✹ ♦①②❣❡♥ ❛t♦♠s ❢♦r♠✐♥❣ ❛ t❡tr❛❤❡❞r♦♥✳ ❋♦r t❤❡ ❛♠♦r♣❤♦✉s

s✐❧✐❝❛ ❣❧❛ss str✉❝t✉r❡✱ t❤❡ str✉❝t✉r❡ ❞♦❡s ♥♦t ❤❛✈❡ ❛♥② ♣❡r✐♦❞✐❝✐t② ♦r s②♠♠❡tr② ❛t t❤❡ ❧♦♥❣ r❛♥❣❡ ✭✜❣✉r❡

✶✳✷✮✳ ❩❛❝❤❛r✐❛s❡♥✬s ♠♦❞❡❧ t✐t❧❡❞ ❘❛♥❞♦♠ ◆❡t✇♦r❦ ❚❤❡♦r② ❛tt❡♠♣ts t♦ ❞❡s❝r✐❜❡ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ ✈✐❛ ❢♦✉r

r✉❧❡s✿

✶✳ ❆♥ ♦①②❣❡♥ ❛t♦♠ ❧✐♥❦s ❛t ♠♦st t♦ t✇♦ ❣❧❛ss✲❢♦r♠✐♥❣ ❛t♦♠s✳

✷✳ ❚❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢ t❤❡ ❣❧❛ss✲❢♦r♠✐♥❣ ❛t♦♠s ✐s s♠❛❧❧ ✭✸✲✹✮✳

✸✳ ❚❤❡ ♥❡t✇♦r❦ ❢♦r♠❡r ♣♦❧②❤❡❞r❛❧ s❤❛r❡ ❝♦r♥❡rs ✇✐t❤ ❡❛❝❤ ♦t❤❡r✱ ♥♦t ❡❞❣❡s ♦❢ ❢❛❝❡s✳

✹✳ ❚❤❡ ♣♦❧②❤❡❞r❛❧ ❛r❡ ❧✐♥❦❡❞ ✐♥ ❛ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ♥❡t✇♦r❦s✳

❝r✐st♦❜❛❧✐t❡ ❣❧❛ss

❋✐❣✉r❡ ✶✳✷✿ SiO2 r✐♥❣ ♦r❣❛♥✐③❛t✐♦♥ ✐♥ ❝r✐st♦❜❛❧✐t❡ ❛♥❞ s✐❧✐❝❛ ❣❧❛ss✳ ❚❤❡ s♦❧✐❞ ❜❧❛❝❦ ❝✐r❝❧❡s r❡♣r❡s❡♥t s✐❧✐❝❛
❛t♦♠s✳ ❖♣❡♥ ❜❧❛❝❦ ❝✐r❝❧❡s r❡♣r❡s❡♥t ♦①②❣❡♥ ❛t♦♠s✳

❖①✐❞❡s ❢♦❧❧♦✇✐♥❣ t❤❡s❡ ❝♦♥s✐❞❡r❛t✐♦♥s ❛r❡ ❝❛❧❧❡❞ ♥❡t✇♦r❦ ❢♦r♠❡rs✳ ❚❤❡② ❝❛♥ ❢♦r♠ ❛ ❤✐❣❤❧② ❝r♦ss✲❧✐♥❦❡❞

♥❡t✇♦r❦ ♦❢ ❝❤❡♠✐❝❛❧ ❜♦♥❞s✳ SiO2✱ B2O3 ❛r❡ t❤❡ ♠♦st ❝♦♠♠♦♥ ♥❡t✇♦r❦ ❢♦r♠❡rs✱ GeO2 ❛♥❞ P2O5 ❝❛♥

❜❡ ❛❧s♦ ❝✐t❡❞✳ ❆ ❢❡✇ ♦t❤❡r ❡❧❡♠❡♥ts✱ s✉❝❤ ❛s Al2O3✱ Fe2O3✱ TiO2✳✳✳✱ ❝❛♥♥♦t ❢♦r♠ ❣❧❛ss② ♥❡t✇♦r❦ ❜②

t❤❡♠s❡❧✈❡s✳ ❚❤❡✐r ❡❧❡❝tr♦♥❡❣❛t✐✈✐t✐❡s ❛r❡ ❧❡ss ❛♥❞ t❤❡✐r ❜♦♥❞s ✇✐t❤ ♦①②❣❡♥ ❛r❡ ♠♦r❡ ✐♦♥✐❝✳ ❚❤✉s t❤❡②

❝❛♥ s✉❜st✐t✉t❡ ♥❡t✇♦r❦ ❢♦r♠❡rs✳ ❚❤❡s❡ r❡❢❡r t♦ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❡❧❡♠❡♥ts✳ ❆ t❤✐r❞ ❝❛t❡❣♦r② ♦❢ ❡❧❡♠❡♥ts

❡①✐sts✿ t❤❡ ♥❡t✇♦r❦ ♠♦❞✐✜❡rs✳ ❚❤❡✐r ❡❧❡❝tr♦♥❡❣❛t✐✈✐t✐❡s ❛r❡ ❧❡ss t❤❛♥ t❤❡ ♦①②❣❡♥ ♦♥❡s✳ ❚❤❡② ❝❛♥♥♦t ❢♦r♠ ❛

❣❧❛ss② ♥❡t✇♦r❦ ♥♦r r❡♣❧❛❝❡ ❛ ♥❡t✇♦r❦ ❢♦r♠❡r ❛s ✐♥t❡r♠❡❞✐❛t❡s✳ ■♥ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✱ t❤❡② ❝❛♥ ❝♦♠♣❡♥s❛t❡

♥❡❣❛t✐✈❡ ❝❤❛r❣❡ ♦❢ ♥❡t✇♦r❦ ❢♦r♠❡rs ❡❧❡♠❡♥t s✉❝❤ ❛s ❜♦r♦♥ ✭[4]B✮ ♦r ❞❡♣♦❧②♠❡r✐③❡ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦ ❜②

❝r❡❛t✐♥❣ ♥♦♥✲❜r✐❞❣✐♥❣ ♦①②❣❡♥ ❛t♦♠s ✭◆❇❖✮✳ ❚❤❡② ❛r❡ ❝❛❧❧❡❞ ❝♦♠♣❡♥s❛t♦r ❛♥❞ ♠♦❞✐✜❡rs✱ r❡s♣❡❝t✐✈❡❧②✳

❆t♦♠s ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s s❡t ✐♥❝♦r♣♦r❛t❡ ❛❧❦❛❧✐ ❛♥❞ ❛❧❦❛❧✐♥❡ ❡❛rt❤ ❛t♦♠s✳ ❆♥ ❛❞✈❛♥t❛❣❡ t♦ t❤❡s❡ ❡❧❡♠❡♥ts

✐s ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❡❧❛❜♦r❛t✐♦♥ t❡♠♣❡r❛t✉r❡✳ ■♥ ✶✾✽✺✱ ●r❡❛✈❡s ♣✉t ❢♦rt❤ t❤❡ ▼♦❞✐❢②✐♥❣ ❘❛♥❞♦♠ ◆❡t✇♦r❦

✻



✶✳✶✳ ●▲❆❙❙ ❙❚❘❯❈❚❯❘❊

♠♦❞❡❧ ❬✸✵❪✳ ❆❝❝♦r❞✐♥❣ t♦ t❤✐s ♠♦❞❡❧✱ t❤❡ ♠♦❞✐✜❡rs ❢♦r♠ ❝❧✉st❡rs ♦❢ ❡♥r✐❝❤❡❞ ❛r❡❛s r❛t❤❡r t❤❛♥ s♣r❡❛❞

♦✉t r❛♥❞♦♠❧② ✐♥ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✳ ❚❤✉s✱ t❤❡ ❣❧❛ss ❝♦♥t❛✐♥s ❛r❡❛s ❡♥r✐❝❤❡❞ ✐♥ t❤❡ ♥❡t✇♦r❦ ❢♦r♠❡rs ❛♥❞

❛r❡❛s ❡♥r✐❝❤❡❞ ✐♥ ♠♦❞✐✜❡rs ✜❣✉r❡ ✶✳✸✳

❋✐❣✉r❡ ✶✳✸✿ ❆ ♠♦❞✐✜❡❞ r❛♥❞♦♠ ♥❡t✇♦r❦ ❢♦r ❛ ✷ ❞✐♠❡♥s✐♦♥❛❧ ♦①✐❞❡ ❣❧❛ss✳ ❚❤❡ ❞❛s❤❡❞ ③♦♥❡s ❝♦rr❡s♣♦♥❞ t♦
❛r❡❛s ❡♥r✐❝❤❡❞ ✐♥ ♥❡t✇♦r❦ ❢♦r♠❡rs✳ ❇❧❛❝❦ ♣♦✐♥ts r❡♣r❡s❡♥t ♥❡t✇♦r❦ ♠♦❞✐✜❡rs ❬✸✵❪✳

✶✳✶✳✷ ❚❡r♥❛r② ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss ♠❛❦❡ ✉♣

❇♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ❛r❡ ❡①t❡♥s✐✈❡❧② ✉s❡❞ ❜② ✐♥❞✉str②✳ ❚❤✐s s②st❡♠ ♣r❡s❡♥ts t✇♦ ❞❡♠✐①✐♦♥ ❛r❡❛s✳ ❋♦r

❧❡ss t❤❛♥ ✷✵ % ♠♦❧ ♦❢ Na2O✱ ♣❤❛s❡ s❡♣❛r❛t✐♦♥ ♦❝❝✉rs✳ ❚❤✉s✱ ♦♥❡ ❛r❡❛ ✐s ❡♥r✐❝❤❡❞ ✐♥ s✐❧✐❝❛ ❛♥❞ t❤❡

♦t❤❡r ♦♥❡ ✐♥ ❜♦r♦♥ ❛♥❞ s♦❞✐✉♠✳ ■♥❝r❡❛s✐♥❣ ❬Na2O❪ ✭❬❪ ≡ ♠♦❧ %✮ ❧❡❛❞s t♦ ❛ ♠♦r❡ ❤♦♠♦❣❡♥❡♦✉s ❣❧❛ss✳

❆t ❬Na2O❪ ∼ ✺✵ %♠♦❧ t❤❡ ❣❧❛ss ❝r②st❛❧❧✐③❛t✐♦♥ ❤❛♣♣❡♥s✳ ■♥ t❤❡ ❧❛t❡ ✶✾✼✵✬s ❛♥❞ ❡❛r❧② ✶✾✽✵✬s ❉❡❧❧ ❡t

❛❧✳ ♣✉❜❧✐s❤❡❞ ❛ s❡r✐❡s ♦❢ ♣❛♣❡rs ❬✼✱ ✶✾✱ ✽✸❪ ♦♥ ❤♦✇ t❤❡ ❛❞❞✐t✐♦♥ ♦❢ s♦❞✐✉♠ t♦ ❜✐♥❛r② SiO2✲B2O3 ❣❧❛ss

♠♦❞✐✜❡s t❤❡ str✉❝t✉r❛❧ ✉♥✐ts ♦❢ t❤❡ s②st❡♠✶ ✳ ❚❛❜❧❡ ✶✳✷ ♣r❡s❡♥ts t❤❡ ❝❤❡♠✐❝❛❧ ❢♦r♠✉❧❛ ❛♥❞ t❤❡ ❞❡s❝r✐♣t✐♦♥

♦❢ ❜♦r❛t❡ ✉♥✐ts✳ ❆s ♣r❡s❡♥t❡❞ ❜② ❋❡✐❧ ❛♥❞ ❋❡❧❧❡r ❬✷✸❪✱ t❤❡ ✐♥✐t✐❛❧ ❛❞❞✐t✐♦♥ ♦❢ s♦❞✐✉♠ t♦ ❛ ❜✐♥❛r② SiO2✲

B2O3 ❣❧❛ss ❧❡❛❞s t♦ t❤❡ ❝r❡❛t✐♦♥ ♦❢ [4]❇ t❡tr❛❤❡❞r♦♥s ❛♥❞ t❤❡ ❛♥♥✐❤✐❧❛t✐♦♥ ♦❢ ❛ ♣❧❛♥❛r BO3/2 ✉♥✐ts✳ ■t

✐s ❝♦♥❥❡❝t✉r❡❞ t❤❛t t❤❡ str✉❝t✉r❡ ❜❡✐♥❣ ❢♦r♠❡❞ ❞✉r✐♥❣ t❤✐s tr❛♥s❢♦r♠❛t✐♦♥ ✐s ❛ ❞✐❜♦r❛t❡ ❣r♦✉♣ ✭✷× [4]❇

❛♥❞ ✷× [3]❇ ✇✐t❤ ③❡r♦ ◆❇❖✮✳ ❉✉r✐♥❣ t❤✐s ♣r♦❝❡ss t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ r❡♠❛✐♥s ✉♥❞✐st✉r❜❡❞✳ ■♠♣❧②✐♥❣

t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖ ♦♥ s✐❧✐❝❛ t❡tr❛❤❡❞r♦♥s ✐s ③❡r♦✳ ■t ✐s ❡①♣❡❝t❡❞ t❤❛t ♥♦ ♠✐①✐♥❣ ❡①✐sts ❜❡t✇❡❡♥ t❤❡

s✐❧✐❝❛ ❛♥❞ t❤❡ ❜♦r♦♥ ♥❡t✇♦r❦s✳ ❚❤✐s ♣r♦❝❡ss ❝♦♥t✐♥✉❡s ✉♥t✐❧ RSBN❂
[Na2O]

[B2O3]
❂✵✳✺✳ ❙✉❜s❡q✉❡♥t❧② ❜❡t✇❡❡♥

RSBN❂✵✳✺ ❛♥❞ Rmax
SBN❂ ✵✳✺ ✰

KSBN

16
✭KSBN❂ [SiO2]

[B2O3]
✮✱ r❡❡❞♠❡r❣♥❡r✐t❡ ✉♥✐ts ❛♣♣❡❛r t♦ t❤❡ ❞❡tr✐♠❡♥t ♦❢

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

✭❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✿
1

2
✭B2O3 Na2O ✽SiO2✮✳ ❚❤❡ ♥✉♠❜❡r ♦❢ [4]B st✐❧❧ ✐♥❝r❡❛s❡s ❧✐♥❡❛r❧② ✇✐t❤ RSBN ✳

❖t❤❡r✇✐s❡ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ r❡♠❛✐♥s ❢✉❧❧② ❝♦♦r❞✐♥❛t❡❞ ✇✐t❤ ♥♦ ◆❇❖✳ ❚❤❡ t❛❜❧❡ ✶✳✶ ❞❡✜♥❡s t❤❡ f1✱ f2✱

f3 ❛♥❞ f4 ❢r❛❝t✐♦♥s✳ ❚❛❜❧❡ ✶✳✶ ❞❡✜♥❡s ♥♦♠❡♥❝❧❛t✉r❡ ❝♦♠♠♦♥❧② ✉s❡❞ ✐♥ ❧✐t❡r❛t✉r❡ ❬✷✱ ✼✱ ✶✾✱✷✸✱ ✹✶✱✽✸❪✳ ❚❤❡

BO3/2 r❡❢❡rs t♦ ♣❧❛♥❛r ✸ ❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥ ❛t♦♠s✳ f(SiNBO) ❞❡✜♥❡s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ◆❇❖s ♦♥ ❡❛❝❤ s✐❧✐❝❛

t❡tr❛❤❡❞r❛✳ ❚❤❡ ❢r❛❝t✐♦♥s ❜❡t✇❡❡♥ RSBN❂✵ ❛♥❞ Rmax
SBN ❛r❡ ❬✼✱ ✶✾✱✷✸✱✹✶✱✽✸❪✿

✶P❛rt ♦❢ t❤✐s r❡✈✐❡✇ ✐s ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ❇❛r❧❡t ❡t ❛❧✳ ♣✉❜❧✐❝❛t✐♦♥ ❬✷❪

✼
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❙✐❖2

◆❛2❖ ❇2❖3

❋✐❣✉r❡ ✶✳✹✿ ❚❡r♥❛r② ❞✐❛❣r❛♠ ♦❢ t❤❡ SiO2✲B2O3✲Na2O s②st❡♠✳ ❆ ✐s t❤❡ ❝r②st❛❧❧✐③❛t✐♦♥ ❞♦♠❛✐♥✱ ❇ t❤❡
Na2O✲SiO2 ♠❡t❛st❛❜❧❡ ❞❡♠✐①✐♦♥ ❞♦♠❛✐♥✱ ❈ ❝♦♠♣♦s✐t✐♦♥ r❛♥❣❡ ✉s❡❞ ❢♦r ❧❛❜♦r❛t♦r② ❣❧❛ss❡s ❛♥❞ ❉ t❤❡
SiO2✲B2O3✲Na2O ♠❡t❛st❛❜❧❡ ❞❡♠✐①✐♦♥ ❞♦♠❛✐♥✳

❋r❛❝t✐♦♥ ❇♦r❛t❡
f1 BO3/2

f2 BO4

f3 BO3/2 ✇✐t❤ ✶ ◆❇❖
f4 BO3/2 ✇✐t❤ ✷ ◆❇❖

❚❛❜❧❡ ✶✳✶✿ ◆♦♠❡♥❝❧❛t✉r❡ ✐♥✈♦❦❡❞ ❤❡r❡✐♥✱ ❛♥❞ ❝♦♠♠♦♥❧② ✉s❡❞ ✐♥ ❧✐t❡r❛t✉r❡✱ ❢♦r t❤❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t
❜♦r❛t❡ str✉❝t✉r❡s ❬✷✱ ✼✱ ✶✾✱ ✷✸✱ ✹✶✱ ✽✸❪✳ ❚❤❡ BO3/2 r❡❢❡rs t♦ ♣❧❛♥❛r ✸ ❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥ ❛t♦♠s ✭❛❧s♦ ❝❛❧❧❡❞
[3]B✮✳ ❆♥♦t❤❡r ❝♦♠♠♦♥ s②♠❜♦❧♦❣② ❢♦r t❤❡ ✹ ❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥ ❛t♦♠ ✭BO4✮ ✐s

[4]B✳

f1 = 1−R

f2 = R

f3 = 0

f4 = 0

f(SiNBO) = 0































0 < RSBN < Rmax
SBN = 1 +

KSBN

16
✭✶✳✶✮

❇❡②♦♥❞ Rmax
SBN ✱ ❛❞❞✐t✐♦♥❛❧ s♦❞✐✉♠ ❝❛✉s❡s t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ◆❇❖ ♦♥ s✐❧✐❝❛ ✉♥✐ts ✐♥ r❡❡❞♠❡r❣♥❡r✐t❡ ❣r♦✉♣s✳

❚❤✐s tr❛♥s❢♦r♠❛t✐♦♥ ✐s ♣r♦♣♦s❡❞ t♦ ❜❡ ✈❛❧✐❞ ✉♥t✐❧ Rd1
SBN = 0.5 + 0.25KSBN ✳ ❉✉r✐♥❣ t❤✐s ♣r♦❝❡ss [4]B ✐s

❝♦♥st❛♥t ❛♥❞ ❡q✉❛❧ t♦ Rmax
SBN ❬✼✱ ✶✾✱✷✸✱✹✶✱✽✸❪✿

✽
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f1 = 1−Rmax
SBN

f2 = Rmax
SBN

f3 = 0

f4 = 0

f(SiNBO) =
2(R−Rmax

SBN )

KSBN



































Rmax
SBN < RSBN ≤ Rd1

SBN = 0.5 + 0.25×KSBN ✭✶✳✷✮

❙✉❜s❡q✉❡♥t ♠♦❧❡❝✉❧❡s ♦❢ Na2O ❛r❡ s❤❛r❡❞ ❜❡t✇❡❡♥ t❤❡ ❞✐❜♦r❛t❡ ❛♥❞ r❡❡❞♠❡r❣♥❡r✐t❡ ✉♥✐ts ❛♥❞ t❤❡

❢♦r♠❛t✐♦♥ ♦❢ ◆❇❖ ♦♥ s✐❧✐❝❛ t❡tr❛❤❡❞r♦♥s✳ ❉✉r✐♥❣ t❤✐s ♣r♦❝❡ss ❞✐❜♦r❛t❡ ✉♥✐ts ❛r❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ ♣②r♦❜✲

♦r❛t❡ ✉♥✐ts ❛t ❛ r❛t❡ ♦❢
(2− 0.25×KSBN )

(2 +KSBN )
✳ ❘❡❡❞♠❡r❣♥❡r✐t❡ ✉♥✐ts ❛r❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ ♣②r♦❜♦r❛t❡ ✉♥✐ts

❛♥❞ s✐❧✐❝❛t❡ t❡tr❛❤❡❞r♦♥s ✇✐t❤ ✷ ◆❇❖s ♣❡r ❙✐ ❛t♦♠ ❛t ❛ r❛t❡ ♦❢
(KSBN + 0.25×KSBN )

(2 +KSBN )
✳ ❚❤✐s ♣r♦❝❡ss

❝♦♥t✐♥✉❡s ✉♥t✐❧ ❛❧❧ ✸✲❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥ ✉♥✐ts ❝♦♥t❛✐♥ ❛t ❧❡❛st ✶ ◆❇❖ ♦r Rd2 = 1.5+ 0.75×KSBN ✳ ❚❤✉s✱

t❤❡ ❢r❛❝t✐♦♥s ❡✈♦❧✈❡ ❛s ❢♦❧❧♦✇✿

f1 =
(8−KSBN )

8
×

(

0.75− RSBN

2 +KSBN

)

f2 =
(8 +KSBN )

12
×

(

1− RSBN

2 +KSBN

)

f3 =
(R−R1d)

12
×
(

8−KSBN

2 +KSBN

)

f4 =
(R−R1d)

8
×
(

8−KSBN

2 +KSBN

)

+
KSBN

6
×
(

RSBN

2 +KSBN
− 0.25

)

f(SiNBO) =
3

8
+

13

6
×

(

RSBN −Rd1
SBN

2 +KSBN

)































































Rd1
SBN < RSBN ≤ Rd2

SBN ✭✶✳✸✮

❚❤✉s✱ t❤❡ ❢r❛❝t✐♦♥s ♦❢ ❡❛❝❤ ❛r❡ ❡st✐♠❛t❡❞ ❛s ❢♦❧❧♦✇s✿

f1 = 0

f2 =
(8 +KSBN )

12
×
(

1− RSBN

2 +KSBN

)

f3 =
1

6
× (8−KSBN )×

(

1− RSBN

2 +KSBN

)

f4 =
8−KSBN

16
+

RSBN −Rd2
SBN

4
×
(

8−KSBN

2 +KSBN

)

+
KSBN

6
×
(

RSBN

2 +KSBN
− 0.25

)

f(SiNBO) =
3

8
+

13

6
×
(

RSBN −Rd1
SBN

2 +K

)























































Rd2
SBN < RSBN ≤ Rd3

SBN

✭✶✳✹✮

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

❛ss✉♠❡ t❤❛t ♦rt❤♦❜♦r❛t❡ ✉♥✐ts ❛r❡ ❢♦r♠❡❞ ✐♥ t❤✐s r❡❣✐♦♥✱ ❜✉t ♥♦t ♠✉❝❤ r❡s❡❛r❝❤ ❝✉rr❡♥t❧② ❡①✐sts ♦♥ t❤✐s

t♦♣✐❝✳ ❖✈❡r t❤❡ ♣❛st ✷✵ ②❡❛rs✱ t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡s❡ ❢r❛❝t✐♦♥s ❤❛s ❜❡❡♥ q✉❡st✐♦♥❡❞ ❬✷✵✱✺✶✱✺✷❪✳ ❍♦✇ s✐❧✐❝❛t❡

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

♦t❤❡r ✉♥✐ts ❝❛❧❧❡❞ ❞❛♥❜✉r✐t❡ ✭✷ B2O3 ❛♥❞ ✸ SiO4✮ ❬✶✶✱ ✺✶❪✳ ❚❤✐s ✉♥✐ts ❡♠♣❤❛s✐③❡❞ t❤❡ ♠✐①✐♥❣ ♦❢ t❤❡

✾
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t✇♦ ♥❡t✇♦r❦s ❜❡❧♦✇ RSBN < 0.5✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ▼❛♥❛r❛ ❡t ❛❧✳ ❬✺✶❪ ♣r♦♣♦s❡❞ t♦ r❡♣❧❛❝❡ t❤❡ Rd1
SBN

❧✐♠✐t ❜② Rd1
SBN❂0.5 + KSBN/(2N) ✇✐t❤ ◆ ❜❡✐♥❣ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ SiO2 ✐♥ t❤❡ ❜♦r♦s✐❧✐❝❛t❡ ❣r♦✉♣s

✭r❡❡❞♠❡r❣♥❡r✐t❡ ❛♥❞ ❞❛♥❜✉r✐t❡✮✳

✶✳✷ ❈♦♥t❛❝t ❞❛♠❛❣❡ ✐♥ ❣❧❛ss

■♠♣r♦✈❡♠❡♥t ♦❢ ❣❧❛ss✬ str❡♥❣t❤ ❢❛✈♦rs t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s s✉❝❤ ❛s ♥❛♥♦✴♠✐❝r♦

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

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

❞✉r✐♥❣ ❧♦❛❞✐♥❣ ❛♥❞ ✉♥❧♦❛❞✐♥❣✳ ■♥❞❡♥t ♣❛tt❡r♥ ❛♥❞ ❝r❛❝❦ r❡s♣♦♥s❡ ✐s ❧✐♥❦❡❞ t♦ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❛♥❞

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

●❧❛ss❡s ✇✐t❤ t❤❡ s❛♠❡ ❤❛r❞♥❡ss ✈❛❧✉❡ ❝❛♥ ❡①❤✐❜✐t ❞✐✛❡r❡♥t ✐♥❞❡♥t❛t✐♦♥ ♣❛tt❡r♥s ♦r ❝r❛❝❦✐♥❣ ❜❡❤❛✈✐♦rs✳

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

♣r❡ss✉r❡✱ s♦♠❡ ❣❧❛ss❡s✱ s✉❝❤ ❛s ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ✭a − SiO2✮✱ ♣r❡❞♦♠✐♥❛♥t❧② ❞❡♥s✐❢② ✐♥ ❛ ♣❡r♠❛♥❡♥t

♠❛♥♥❡r ❬✽✱ ✷✶✱ ✺✵❪✳ ❨❡t✱ ♦t❤❡r ❣❧❛ss❡s✱ s✉❝❤ ❛s ❜✉❧❦ ♠❡t❛❧❧✐❝ ❣❧❛ss❡s✱ ✉♥❞❡r❣♦ ✈♦❧✉♠❡ ❝♦♥s❡r✈❛t✐✈❡ s❤❡❛r

✢♦✇ ♣r♦❝❡ss❡s ❬✽✶❪✳ ❚❤✉s✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ ❡❛❝❤ ♣r♦❝❡ss ❤✐❣❤❧② ❞❡♣❡♥❞s ♦♥ t❤❡ ❣❧❛ss✬s ❝❤❡♠✐❝❛❧

❝♦♠♣♦s✐t✐♦♥ ❬✸✱ ✶✷✱✻✻❪✳

❚✇♦ ♣r❡❞♦♠✐♥❛♥t ❜❡❤❛✈✐♦rs ♣r❡✈❛✐❧ ✇❤❡♥ st✉❞②✐♥❣ ❛ ❣❧❛ss✬ r❡s♣♦♥s❡ t♦ ❛ s❤❛r♣ ✐♥❞❡♥t❡r✿ ❛♥♦♠❛❧♦✉s

❛♥❞ ♥♦r♠❛❧ ❜❡❤❛✈✐♦r✳ ❆♥♦♠❛❧♦✉s ❣❧❛ss❡s ♠❛✐♥❧② ❞❡♥s✐❢② ✉♥❞❡r ❤✐❣❤ ❡①t❡r♥❛❧ ♣r❡ss✉r❡✱ ✭❡✳❣✳ a−SiO2✮✳ ■♥

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

❬✻✹❪ ✈✐❛ t❤❡ r❡❧❛t✐✈❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❧✐♥❦❛❣❡ ❬✷✶✱ ✺✵✱ ✼✸❪✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♥♦r♠❛❧ ❜❡❤❛✈✐♦r

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

❣❧❛ss ❜② ♣❧❛st✐❝ ✢♦✇✳ ❯♥❞❡r t❤❡s❡ ❝✐r❝✉♠st❛♥❝❡s✱ t❤❡ ❞❡♥s✐t② ♦❢ ♣✐❧❡✲✉♣ r❡❣✐♦♥ ❡q✉❛t❡s t❤❛t ♦❢ t❤❡ ❜✉❧❦

r❡❣✐♦♥ ❬✸✼✕✸✾✱ ✺✾❪✳ ❚②♣✐❝❛❧❧②✱ ❣❧❛ss❡s ✇✐t❤ ♥♦♥✲❜r✐❞❣✐♥❣ ♦①②❣❡♥s ❛♥❞ ❝❛t✐♦♥s ❢❛✈♦r t❤✐s ♣❤❡♥♦♠❡♥♦♥ ❬✸❪✳

❚❤❡ ✜❣✉r❡ ✶✳✺ ❞❡♣✐❝ts t❤❡s❡ t✇♦ ♣r♦❝❡ss❡s✳

❋✐❣✉r❡ ✶✳✺✿ ❙❝❤❡♠❛t✐❝ s❦❡t❝❤ ♦❢ t❤❡ ❞❡❢♦r♠❛t✐♦♥ ♣r♦❝❡ss❡s✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ P♦✐ss♦♥✬s r❛t✐♦✱ t❤❡ ❣❧❛ss
❢❛✈♦r ❞❡♥s✐✜❝❛t✐♦♥ ♦r s❤❡❛r ✢♦✇ ♠❡❝❤❛♥✐s♠s ❬✻✺❪✳

✶✵



✶✳✷✳ ❈❖◆❚❆❈❚ ❉❆▼❆●❊ ■◆ ●▲❆❙❙

❇♦r❛t❡ ✉♥✐ts ❈❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥
❉❡s❝r✐♣t✐♦♥

❉✐❜♦r❛t❡ Na2O✳✷B2O3

▼❡t❛❜♦r❛t❡ ✶✴✷✳Na2O✳B2O3

P②r♦❜♦r❛t❡ ✶✴✷✳✭✷✳Na2O✳B2O3✮

❘❡❡❞♠❡r❣♥❡r✐t❡ ✶✴✷✳✭Na2O✳B2O3✳✽SiO2✮

❉❛♥❜✉r✐t❡ ✷✳B2O3✳✸SiO2

❚❛❜❧❡ ✶✳✷✿ ●❧❛ss ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❜♦r❛t❡s ✉♥✐ts✿ ❞✐❜♦r❛t❡✱ ♠❡t❛❜♦r❛t❡✱ ♣②r♦❜♦r❛t❡✱ r❡❡❞✲
♠❡r❣♥❡r✐t❡ ❛♥❞ ❞❛♥❜✉r✐t❡✳

✶✶
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■♥ ♦r❞❡r t♦ ❞✐s❝r✐♠✐♥❛t❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❡❛❝❤ ♣r♦❝❡ss✱ r❡s❡❛r❝❤❡rs ❞❡✈❡❧♦♣❡❞ ❛ s✐♠♣❧❡ t❡st t♦ ❡st✐♠❛t❡

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

❬✺✵✱ ✻✽✱ ✻✾✱ ✽✶✱ ✽✷❪✳ ❙t✉❞②✐♥❣ t❤❡ ✈♦❧✉♠❡ r❛t✐♦ ✭VR✮ ♦❢ ❛♥ ✐♥❞❡♥t❡r✬s ✐♠♣r✐♥t ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣

♣r♦✈✐❞❡s ❛♥ ❡❛s② ✇❛② t♦ ❡st✐♠❛t❡ t❤❡ ❛♠♦✉♥t ♦❢ ❞❡♥s✐✜❡❞ ✈♦❧✉♠❡✳ ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❬✻✾❪ ❡✈✐❞❡♥❝❡❞ ❛

s✐❣♠♦✐❞ tr❡♥❞ ❜❡t✇❡❡♥ t❤❡ P♦✐ss♦♥✬s r❛t✐♦✱ ν✱ ❛♥❞ VR✿

VR =
1

αR + βRexp(χRν)
+ δR ✭✶✳✺✮

✭αR✱ βR✱ χR✱ δR✮ ❛r❡ ✜tt✐♥❣ ♣❛r❛♠❡t❡rs✳ ❆s ν ✐♥❝r❡❛s❡s VR ❞❡❝r❡❛s❡s✱ t❤✉s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❞✉❡ t♦

❞❡♥s✐✜❝❛t✐♦♥ ❞❡❝r❡❛s❡s✳ ❋✐❣✉r❡ ✶✳✻ ♣r❡s❡♥ts t❤❡ ❞❛t❛ ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❬✻✾❪ ❝♦❧❧❡❝t❡❞ ❛❧♦♥❣ ✇✐t❤ t❤❡✐r

s✐❣♠♦✐❞ ✜t✳

❋✐❣✉r❡ ✶✳✻✿ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ P♦✐ss♦♥✬s r❛t✐♦ ❛♥❞ t❤❡ ✈♦❧✉♠❡ r❛t✐♦ ♦❢ r❡❝♦✈❡r② ✭VR✮ ❢♦r ✈❛r✐♦✉s ❣❧❛ss
❝♦♠♣♦s✐t✐♦♥s ✭❞❛t❛ ❢r♦♠ ❬✽✶❪✮✳

✶✳✸ ❈r❛❝❦✐♥❣ ❜❡❤❛✈✐♦r

✶✳✸✳✶ ❋r❛❝t✉r❡

❈r❛❝❦ ♣r♦♣❛❣❛t✐♦♥

▲✐♥❡❛r ❊❧❛st✐❝ ❋r❛❝t✉r❡ ♠❡❝❤❛♥✐❝s ✭▲❊❋▼✮ ❡✛❡❝t✐✈❡❧② ❞❡s❝r✐❜❡s t❤❡ ❢r❛❝t✉r❡ ♦❢ ❜r✐tt❧❡ s♦❧✐❞s ✉♥❞❡r t❡♥s✐♦♥

❜② r❡❞✉❝✐♥❣ t❤❡ ♣r♦❜❧❡♠ t♦ ❛ ❞❡st❛❜✐❧✐③❛t✐♦♥ ❛♥❞ ❣r♦✇t❤ ♦❢ ❛ ❞♦♠✐♥❛♥t ♣r❡✲❡①✐st✐♥❣ ❝r❛❝❦✳ ■r✇✐♥ ❬✹✷❪

❡st✐♠❛t❡❞ t❤❡ ❧♦❝❛❧ str❡ss ❛r♦✉♥❞ ❛ ❝r❛❝❦ t✐♣ ✐♥ ♠♦❞❡ ■ ✭♦♣❡♥✐♥❣ ♠♦❞❡❀ ✜❣✉r❡ ✶✳✽ ❧❡❢t✮ ❛s✿

σi,j ≈
KI√
2πr

fi,j(θ, v) ✭✶✳✻✮

✶✷
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❢♦r ❛♥ ✐♥✜♥✐t❡ ♣❧❛♥❡✳ ❋✐❣✉r❡ ✶✳✼ ❞❡♣✐❝ts t❤❡ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ❛❤❡❛❞ ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t✿ x ❛♥❞ y ✭✐♥

❝❛rt❡s✐❛♥ ❝♦♦r❞✐♥❛t❡s✮ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ❛♥❞ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ str❛✐♥✱ r❡✲

s♣❡❝t✐✈❡❧②❀ ❛♥❞ r ❛♥❞ θ ❛r❡ ✐♥ ♣♦❧❛r ❝♦♦r❞✐♥❛t❡s✳ v ✐s t❤❡ ❝r❛❝❦ t✐♣ ✈❡❧♦❝✐t②✱ fi,j ✐s ❛ ❞✐♠❡♥s✐♦♥❧❡ss ❢✉♥❝t✐♦♥

♦❢ t❤❡ ❛♥❣❧❡ θ ❛♥❞ t❤❡ ❢r❛❝t✉r❡ ♠♦❞❡✳ KI ✐s t❤❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ✇❤✐❝❤ ✐s t❤❡ ❦❡② ♣❛r❛♠❡t❡r t♦

q✉❛♥t✐❢② t❤❡ ♠❛❝r♦s❝♦♣✐❝ ❢♦r❝✐♥❣ ❛♣♣❧②✐♥❣ ♦♥ t❤❡ ❝r❛❝❦ t✐♣✳ KI ❞❡♣❡♥❞s ♦♥ t❤❡ ❡①t❡r♥❛❧ ❧♦❛❞ ✭σ✮ ❛♥❞

t❤❡ s❛♠♣❧❡ ❣❡♦♠❡tr②✳ ■♥ ❣❡♥❡r❛❧✱ ❝r❛❝❦s ❛r❡ ♥♦t s✐♠♣❧② ✐♥ ♠♦❞❡ ■ ❧♦❛❞✐♥❣✳ ❚❤❡② ❛❧s♦ ✉♥❞❡r❣♦ s❤❡❛r✐♥❣

❋✐❣✉r❡ ✶✳✼✿ ❉❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ❛❤❡❛❞ ♦❢ t❤❡ ❝r❛❝❦ t✐♣✳

✭♠♦❞❡ ■■ ♦r ✐♥✲♣❧❛♥❡ s❤❡❛r✐♥❣✮ ❛♥❞ t❡❛r✐♥❣ ✭♠♦❞❡ ■■■ ♦r ♦✉t✲♦❢ ♣❧❛♥❡ s❤❡❛r✐♥❣✮✳ ❋✐❣✉r❡ ✶✳✽ ❞❡♣✐❝ts t❤❡

t❤r❡❡ ✐♥❞❡♣❡♥❞❡♥t ❧♦❛❞✐♥❣ ♠♦❞❡s✳ ❉✉❡ t♦ ❧✐♥❡❛r s✉♣❡r♣♦s✐t✐♦♥✱ t❤❡ t♦t❛❧ str❡ss ❛t t❤❡ ❝r❛❝❦ t✐♣ ✐s t❤❡ s✉♠

♦❢ t❤❡ t❤r❡❡ ❝♦♥tr✐❜✉t✐♦♥s✿

σtotal
i,j =

∑

mode

σmode
i,j =

∑

mode

Kmode√
2πr

fmode
i,j (θ) ✭✶✳✼✮

❚❤❡ s✉♠ ✐s ♦✈❡r t❤❡ ❞✐✛❡r❡♥t ♠♦❞❡s ♦❢ ❢r❛❝t✉r❡ ✭✐✳❡✳ ■✱ ■■✱ ❛♥❞ ■■■✮✳ ❚❤❡ str❡ss ✜❡❧❞ t❛❦❡s ❛ s✐♥❣✉❧❛r ❢♦r♠

s✐♠✐❧❛r t♦ t❤❡ ❡q✉❛t✐♦♥ ✶✳✼ ✇✐t❤ KI ✱ KII ❛♥❞ KIII ❛ss♦❝✐❛t❡❞ t♦ t❤❡ t❡♥s✐❧❡✱ s❤❡❛r✐♥❣ ❛♥❞ t❡❛r✐♥❣ ♠♦❞❡s✱

r❡s♣❡❝t✐✈❡❧②✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ s✐♥❣✉❧❛r✐t② ❛t t❤❡ ❝r❛❝❦ t✐♣ ✐s ♣❤②s✐❝❛❧❧② ✐♠♣♦ss✐❜❧❡✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡

▼♦❞❡ ■ ▼♦❞❡ ■■ ▼♦❞❡ ■■■

❋✐❣✉r❡ ✶✳✽✿ ❉✐✛❡r❡♥t ♠♦❞❡s ♦❢ ❢r❛❝t✉r❡✿ ♠♦❞❡ ■ ✭♦♣❡♥✐♥❣✮✱ ♠♦❞❡ ■■ ✭s❤❡❛r✐♥❣✮ ❛♥❞ ♠♦r❡ ■■■ ✭t❡❛r✐♥❣✮ ❬✶❪✳

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

t♦ ❛♣♣❧② t❤❡ ▲❊❋▼ ✐s ❝❛❧❧❡❞ t❤❡ ❋r❛❝t✉r❡ Pr♦❝❡ss ❩♦♥❡ ✭❋P❩✮ ❛♥❞ ❡♥❝♦♠♣❛ss❡s ❛❧❧ ❞❛♠❛❣❡ ❛♥❞ ❢❛✐❧✉r❡

♠❡❝❤❛♥✐s♠s✳

✶✸
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❆❝❝♦r❞✐♥❣ t♦ ●r✐✣t❤✬s t❤❡♦r② ❬✸✶❪✱ t❤❡ ♦♥s❡t ♦❢ ❢r❛❝t✉r❡ ♦❝❝✉rs ✇❤❡♥ t❤❡ ❛♠♦✉♥t ♦❢ ❡❧❛st✐❝ ❡♥❡r❣②

st♦r❡❞ ✐♥ t❤❡ s②st❡♠ ❡①❝❡❡❞s t❤❡ ❡♥❡r❣② r❡q✉✐r❡❞ t♦ ❝r❡❛t❡ t✇♦ s✉r❢❛❝❡s✳ G ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♠❡❝❤❛♥✐❝❛❧

❡♥❡r❣② r❡❧❡❛s❡❞ ❛t t❤❡ ♦♥s❡t ♦❢ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ❛♥❞ ✐s r❡❧❛t❡❞ t♦ t❤❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦rs✳ ■♥ ❛ s✐♠♣❧❡

❝❛s❡ ♦❢ ♣✉r❡ t❡♥s✐❧❡ ❧♦❛❞✐♥❣✱ G ✐s r❡❧❛t❡❞ t♦ KI ❜②✿

G =
K2

I

E
✭✶✳✽✮

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

❛r❡❛ ✐s ❝❛❧❧❡❞ t❤❡ ❢r❛❝t✉r❡ ❡♥❡r❣② ✭Γ✮ ❛♥❞ ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛ ♠❛t❡r✐❛❧ ❝♦♥st❛♥t✳ ❚❤❡ ●r✐✣t❤ ❝r✐t❡r✐♦♥ ❢♦r

✉♥st❛❜❧❡ ❝r❛❝❦ ❣r♦✇t❤ ✐s✿

G > Γ ✭✶✳✾✮

❚❤❡ ❜❛❧❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❡♥❡r❣② ✢♦✇✐♥❣ ✐♥t♦ t❤❡ ❋P❩ ❛♥❞ Γ ❣♦✈❡r♥s t❤❡ ❝r❛❝❦ ❢r♦♥t✬s ❛❞✲

✈❛♥❝❡✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ♠♦✈✐♥❣ ❝r❛❝❦ ♣r♦❣r❡ss❡s ❛❧♦♥❣ ❛ ❞✐r❡❝t✐♦♥ s♦ ❛s t♦ r❡♠❛✐♥ ✐♥ ♣✉r❡ t❡♥s✐♦♥ ✐♥ ❛♥

❤♦♠♦❣❡♥❡♦✉s ✐s♦tr♦♣✐❝ s♦❧✐❞s✳ ❚❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ♣r♦♣❛❣❛t✐♦♥ ✐s ❝❤♦s❡♥ s✉❝❤ ❛s✿ KII❂ KIII❂✵✳

✶✳✸✳✷ ❙tr❡ss ❝♦rr♦s✐♦♥

❆ ❣❧❛ss✬s ❧✐❢❡✲t✐♠❡ ❝❛♥ ❜❡ r❡❞✉❝❡❞ ❜② t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ s✉❜❝r✐t✐❝❛❧ ❝r❛❝❦s ✭✐✳❡✳ KI < KC ✈❛❧✉❡✮✳ ❚❤✐s

♣❤❡♥♦♠❡♥♦♥ ✐s ❝❛❧❧❡❞ str❡ss✲❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣✳ ❲✐❡❞❡r❤♦r♥ ✐♥ t❤❡ ❧❛t❡ ✶✾✻✵✬s ❛♥❞ ❡❛r❧② ✶✾✼✵✬s ❡①t❡♥s✐✈❡❧②

st✉❞✐❡❞ s✉❜❝r✐t✐❝❛❧ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ❬✼✼✕✼✾❪✳ ❋✐❣✉r❡ ✶✳✾ ♣r❡s❡♥ts ❛ t②♣✐❝❛❧ ✈❡❧♦❝✐t② ✭v✮ ✈❡rs✉s str❡ss

✐♥t❡♥s✐t② ❢❛❝t♦r ✭KI✮ ❝✉r✈❡✳ ❙✉❜❝r✐t✐❝❛❧ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✐♥✈♦❧✈❡s t❤r❡❡ r❡❣✐♦♥s✿ ✭✶✮ r❡❣✐♦♥ ■ ✐s ❧✐♠✐t❡❞

❋✐❣✉r❡ ✶✳✾✿ ❚②♣✐❝❛❧ ✈✭●✮ ♦r ✈✭❑✮ ❞✐❛❣r❛♠ ❢♦r s✉❜❝r✐t✐❝❛❧ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ❣❧❛ss✳ ❋r♦♠ ❬✶✼❪✳

❜② t✐♠❡ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥ ❛t t❤❡ ❝r❛❝❦ t✐♣❀ ✭✷✮ r❡❣✐♦♥ ■■ ✐s ❧✐♠✐t❡❞ ❜② t❤❡ ❦✐♥❡t✐❝ tr❛♥s♣♦rt ♦❢

❝♦rr♦s✐✈❡ ♠♦❧❡❝✉❧❡s t♦ t❤❡ ❝r❛❝❦ t✐♣❀ ❛♥❞ ✭✸✮ r❡❣✐♦♥ ■■■ st✐❧❧ ❝♦rr❡s♣♦♥❞s t♦ s✉❜✲❝r✐t✐❝❛❧ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥

✶✹



✶✳✸✳ ❈❘❆❈❑■◆● ❇❊❍❆❱■❖❘

❛♥❞ ❞❡♣❡♥❞s ♦♥ t❡♠♣❡r❛t✉r❡❀ ❤♦✇❡✈❡r✱ ✐t ✐s ✐♥❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❛♠♦✉♥t ♦❢ ✇❛t❡r ✐♥ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❬✶✼❪✳

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣❧❛ss ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❛♥♦t❤❡r r❡❣✐♦♥ ✭r❡❣✐♦♥ ✵ ♦r t❤❡ ❡♥✈✐r♦♥♠❡♥t❛❧ ❧✐♠✐t✱ KE✮

♠❛② ❡①✐st✳ ❋♦r str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦rs ❧❡ss t❤❛♥ KE ✱ t❤❡ ❝r❛❝❦ ❢r♦♥t ❞♦❡s ♥♦t ♣r♦♣❛❣❛t❡✳

❙✐♥❝❡ t❤❡ ♠✐❞❞❧❡ ♦❢ ❧❛st ❝❡♥t✉r②✱ ♠✉❧t✐♣❧❡ ♠♦❞❡❧s ✇❡r❡ ♣r♦♣♦s❡❞ t♦ ❞❡s❝r✐❜❡ t❤❡ ❝r❛❝❦ ✈❡❧♦❝✐t② ❞❡♣❡♥✲

❞❡♥❝❡ ❬✶✻✱ ✹✼✱ ✺✸✱ ✺✹✱ ✺✻✱ ✻✵✱ ✼✶✱ ✼✷✱ ✼✹✕✼✻✱ ✼✽✕✽✵❪ ✇✐t❤ str❡ss ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ♣❛r❛♠❡t❡rs✳ ❚❤❡ s❡❝t✐♦♥s

❜❡❧♦✇ ❞❡t❛✐❧ r❡❣✐♦♥ ■ ❛♥❞ r❡❣✐♦♥ ✵ ❛s t❤❡② ❛r❡ t❤❡ ♣r✐♠❛r② ❢♦❝✉s ♦❢ t❤✐s t❤❡s✐s✳ ✭❉❡t❛✐❧s ♦♥ r❡❣✐♦♥ ■■ ❛♥❞

■■■ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡s❡ r❡❢❡r❡♥❝❡s ❬✶✼✱✺✺✱✼✽✱✼✾❪❀ ❤♦✇❡✈❡r t❤❡② ✇✐❧❧ ♥♦t ❜❡ ❞❡t❛✐❧❡❞ ❤❡r❡✐♥✳✮

❘❡❣✐♦♥ ■ ❙tr❡ss✲❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣ ✐♥✈♦❧✈❡s ❛ ❝♦♠♣❧❡① ✐♥t❡r♣❧❛② ❜❡t✇❡❡♥ t❤❡ ❞✐✛✉s✐♦♥ ♦❢ r❡❛❝t✐✈❡

♠♦❧❡❝✉❧❡s ✐♥t♦ t❤❡ ❝r❛❝❦ ❝❛✈✐t② ❛♥❞ ✐♥t♦ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✿ t❤❡ ❝♦rr♦s✐♦♥ ♦r t❤❡ ❞✐ss♦❧✉t✐♦♥ ♦❢ t❤❡ ❣❧❛ss②

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

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

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

t❤❡ ❝r❛❝❦ t✐♣s ✈❡❧♦❝✐t② ✭v✮ ✐♥❝r❡❛s❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r KI ✭✜❣✉r❡ ✶✳✾✮✳ ❊♠♣✐r✐❝❛❧

♠♦❞❡❧s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ t♦ ❡①♣❧❛✐♥ t❤✐s tr❡♥❞ ❬✶✻✱✹✼✱✺✸✱✻✵✱✼✽❪ ❙♦♠❡ ❛✉t❤♦rs ♣r♦♣♦s❡ ❛♥ ❡①♣♦♥❡♥t✐❛❧

✜t ❬✹✼✱✻✵✱✼✽❪ ♦t❤❡rs ❛ ♣♦✇❡r ❧❛✇ ✜t ❬✷✹✱✸✺✱✺✸❪✳ ❖♥❡ ♦❢ t❤❡ ♦r✐❣✐♥❛❧ ❛♥❞ ♠♦st ❝♦♠♠♦♥❧② ✉s❡❞ ♠♦❞❡❧s ✐s ❜②

❲✐❡❞❡r❤♦r♥ ❬✼✽✕✽✵❪✳ ❍✐s ♠♦❞❡❧ ❢♦r ❘❡❣✐♦♥ ■ ❞❡♣❡♥❞s ♦♥ t❤❡ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❤✉♠✐❞✐t② ❛s ❢♦❧❧♦✇s ❬✼✽✱✽✵❪✿

v = v0 exp (αKI) = A

(

pH2O

p0

)m

exp

(

−∆Ea − bKI

RT

)

✭✶✳✶✵✮

✇❤❡r❡ pH2O ✐s t❤❡ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ ✈❛♣♦r ♣❤❛s❡ ✐♥ t❤❡ ❛t♠♦s♣❤❡r❡✱ p0 ✐s t❤❡ t♦t❛❧ ❛t♠♦s♣❤❡r✐❝ ♣r❡ss✉r❡✱

R ✐s t❤❡ ❣❛s ❝♦♥st❛♥t✱ ❛♥❞ T t❤❡ t❡♠♣❡r❛t✉r❡✳ ❆✱ ♠✱ ∆Ea ❛♥❞ ❜ ❛r❡ ❢♦✉r ✜tt✐♥❣ ♣❛r❛♠❡t❡rs t❤❛t ❞❡♣❡♥❞ ♦♥

t❤❡ ❣❧❛ss✬ ❝♦♠♣♦s✐t✐♦♥✳ ❲✐❡r❞❡r❤♦r♥✬s ♠♦❞❡❧ ♦r✐❣✐♥❛t❡s ❢r♦♠ t❤❡ r❡❛❝t✐♦♥✲r❛t❡ t❤❡♦r② ❬✽✵❪✳ ❚❤❡ r❡❛❝t✐♦♥

r❛t❡ ❝♦♥st❛♥t ✐s✿

Kr = κ

(

kT

h

)

exp

(−∆G∗
0

RT

)(

fa
Af

b
B ...

f∗

)

✭✶✳✶✶✮

✇❤❡r❡ κ ✐s t❤❡ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t✱ ∆G∗
0 ✐s t❤❡ ●✐❜❜s ❢r❡❡ ❡♥❡r❣② ♦❢ ❛❝t✐✈❛t✐♦♥✱ ❛♥❞ fa

A✱f
b
B ✳✳✳f

∗ ❛r❡

t❤❡ ❛❝t✐✈✐t② ❝♦❡✣❝✐❡♥ts ❢♦r t❤❡ r❡❛❝t❛♥ts ❛♥❞ ❢♦r t❤❡ ❛❝t✐✈❛t❡❞ st❛t❡✳ ❚❤❡ ●✐❜❜s ❢r❡❡ ❡♥❡r❣② ♦❢ ❛❝t✐✈❛t✐♦♥

✐s r❡❧❛t❡❞ t♦ t❤❡ st❛♥❞❛r❞ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧s ♦❢ t❤❡ r❡❛❝t❛♥ts ❛♥❞ t❤❡ ❛❝t✐✈❛t❡❞ ❝♦♠♣❧❡①✳ ❇② ♠❛❦✐♥❣

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

✈❡❧♦❝✐t②✱ v✱ ✐s✿

v = v0as exp(
µs0 + µg − µ∗

0

RT
) ✭✶✳✶✷✮

✇❤❡r❡ as ✐s t❤❡ ❛❝t✐✈✐t② ♦❢ t❤❡ ✇❛t❡r ✐♥ s♦❧✉t✐♦♥s✱ µs0✱ µg ❛♥❞ µ∗
0 r❡❢❡r t♦ t❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧s ♦❢ t❤❡

r❡❛❝t❛♥ts✿ ♦❢ t❤❡ ✇❛t❡r ✐♥ s♦❧✉t✐♦♥✱ t❤❡ r❡❛❝t✐✈❡ s♣❡❝✐❡s ✐♥ t❤❡ ❣❧❛ss ✭❙✐✲❖ ❜♦♥❞s ✐♥ t❤❡ ❝❛s❡ ♦❢ ♣✉r❡ s✐❧✐❝❛

❣❧❛ss✮ ❛♥❞ t❤❡ ❛❝t✐✈❛t❡❞ ❝♦♠♣❧❡①✱ r❡s♣❡❝t✐✈❡❧②✳ ❲✐❡❞❡r❤♦r♥ ❡t✳ ❛❧✳ ❛ss✉♠❡s µs0 ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡

str❡ss ❛t t❤❡ ❝r❛❝❦ t✐♣✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❜♦t❤ µg ❛♥❞ µ∗
0 ❞❡♣❡♥❞ ♦♥ t❤❡ str❡ss❡s ❛t t❤❡ ❝r❛❝❦ t✐♣✳ ■t

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

t✐♣✱ t❤❡ ❝r❛❝❦ ❢r♦♥t ♣r♦♣❛❣❛t❡s ❢❛st❡r✳ ❍❡♥❝❡✱ t❤❡ str❡ss ❛♣♣❧✐❡❞ t♦ t❤❡ ❝r❛❝❦ t✐♣ ✐♥❝r❡❛s❡s ❛♥❞ µ∗
0✲µg ♠✉st

❞❡❝r❡❛s❡ t♦ ❡①♣❡❝t ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ r❛t❡ ♦❢ ❝r❛❝❦ ❣r♦✇t❤✳ ❋✐♥❛❧❧②✱ t❤❡ s❧♦♣❡ ✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡

❞❡♣❡♥❞s ♦♥ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ µ∗
0✲µg t♦ t❤❡ ❛♣♣❧✐❡❞ str❡ss✳ ❚❤❡ ❣r❡❛t❡r ✐s t❤❡ s❡♥s✐t✐✈✐t②✱ t❤❡ st❡❡♣❡r ✐s t❤❡

s❧♦♣❡ ✐♥ r❡❣✐♦♥ ■✳ ❆ ♠❡❛s✉r❛❜❧❡ tr❡❛t♠❡♥t ♦❢ ❢r❡❡ ❡♥❡r❣② ♦❢ ❛❝t✐✈❛t✐♦♥ ✭∆G∗ = µ∗
0✲µs0 − µg✮ st❡♠s ❢r♦♠

✶✺



❈❍❆P❚❊❘ ✶✳ ❈❖◆❚❊❳❚

t✇♦ ❛ss✉♠♣t✐♦♥s✿ ✭✶✮ t❤❡ ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥ ♦❝❝✉rs ❛t t❤❡ ❝r❛❝❦ t✐♣ ✇❤✐❝❤ ❤❛s ❛ r❛❞✐✉s ♦❢ ❝✉r✈❛t✉r❡ ♦❢ ρct✱

❛♥❞ ✭✷✮ ■♥❣❧✐s r❡❧❛t✐♦♥ ❝♦♥tr♦❧s t❤❡ str❡ss❡s ♦♥ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❜♦♥❞s ❛t t❤❡ ❝r❛❝❦ t✐♣ ❬✼✼✱✽✵❪✳ ❲✐❡❞❡r❤♦r♥

✇r✐t❡s ∆G∗
0 ❛s ❬✽✵❪✿

∆G∗ = −T∆S∗ +∆E∗ −
[

2KI√
πρct

]

∆V ∗ − (γ∗V ∗ − γV )

ρct
✭✶✳✶✸✮

✇❤❡r❡ ∆S∗✱ ∆E∗ ❛♥❞ ∆V ∗ ❛r❡ t❤❡ ❛❝t✐✈❛t✐♦♥ ❡♥tr♦♣②✱ ❡♥❡r❣② ❛♥❞ ✈♦❧✉♠❡✱ r❡s♣❡❝t✐✈❡❧②✳ ❋♦r ❛ s②st❡♠

❝♦♥t❛✐♥✐♥❣ ❛ ❝r❛❝❦ ✉♥❞❡r ❧♦❛❞✐♥❣✱ ❡q✉❛t✐♦♥ ✶✳✶✸ r❡✈❡❛❧s t❤❛t t❤❡ ❧♦❛❞ ✇✐❧❧ ❛❝❝❡❧❡r❛t❡ t❤❡ r❡❛❝t✐♦♥ ♣r♦✈✐❞❡❞

∆V ∗ > 0✳ ■❢ ∆V ∗ < 0✱ t❤❡♥ t❤❡ r❡❛❝t✐♦♥ ❛t t❤❡ ❝r❛❝❦ t✐♣ ✇✐❧❧ ❜❡ ✐♥❤✐❜✐t❡❞ ❬✼✼❪✳ ❙✉❜st✐t✉t✐♥❣ ❡q✉❛t✐♦♥

✶✳✶✸ ✐♥t♦ ❡q✉❛t✐♦♥ ✶✳✶✷ ❣✐✈❡s✿

v = v0as exp

(

ρct (T∆S∗ −∆E∗) + (γ∗V ∗ − γV )

RTρct
+

(

2∆V ∗

RT
√
πρct

)

KI

)

✭✶✳✶✹✮

(γ∗V ∗ − γV ) ❝❤❛♥❣❡s ✇✐t❤ ✢✉❝t✉❛t✐♦♥s ✐♥ t❤❡ s✉r❢❛❝❡ ❝✉r✈❛t✉r❡ ❛r❡ ❢r❡q✉❡♥t❧② ❝♦♥s✐❞❡r❡❞ ♥❡❣❧✐❣✐❜❧❡✳ ■♥

♣r❛❝t✐❝❛❧✐t②✱ ❡q✉❛t✐♦♥ ✶✳✶✹ s✐♠♣❧✐✜❡s ❜② ❛ss✉♠✐♥❣ ❝♦♥st❛♥t t❡♠♣❡r❛t✉r❡✿

v = v0 exp ((−∆Ea + bKI) /RT ) ✭✶✳✶✺✮

✇❤❡r❡ b =

(

2∆V ∗

√
πρct

)

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

✐♥❝r❡❛s❡ ✐♥ ∆V ∗ ✐♠♣❧✐❡s ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ r❡❛❝t❛♥ts ❛♥❞ t❤❡ ❛❝t✐✈❛t✐♦♥ ❝♦♠♣❧❡①

❬✼✼✱ ✽✵❪✳ ❯s✉❛❧❧② ∆V ∗ ✐s ❞❡t❡r♠✐♥❡❞ ❜② ♠❡❛s✉r✐♥❣ ❤♦✇ t❤❡ r❡❛❝t✐♦♥ r❛t❡ ❝❤❛♥❣❡s ✇✐t❤ str❡ss ❬✷✼❪✳ ❚❤❡

❧❛❝❦ ♦❢ ❞❛t❛ ♦♥ t❤❡ ✐♠♣❛❝t ♦❢ t❡♥s✐❧❡ str❡ss ♦♥ ∆V ∗ ♠❛❦❡s ❛ ❣❡♥❡r❛❧ ♣r❡❞✐❝t✐♦♥ tr✐❝❦② ❬✷✼❪✳ ❚❤❡r❡ ✐s ♥♦

❝❧❡❛r ♣r♦♦❢ ❛♥ ❡①♣♦♥❡♥t✐❛❧ r❡❧❛t✐♦♥s❤✐♣ ❧✐♥❦s v t♦ KI ✳ ▲✐t❡r❛t✉r❡ ❝♦♥t❛✐♥s ♦t❤❡r ♣r♦♣♦s❛❧s ❬✷✹✱ ✺✸❪✳ ❋♦r

❡①❛♠♣❧❡✱ ▼❛✉❣✐s ❬✺✸❪ ♣r♦♣♦s❡❞ ❛ ♣♦✇❡r ❧❛✇ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ v ❛♥❞ KI ✿

v = v0

(

KI

K0

)n

✭✶✳✶✻✮

✇❤❡r❡ ♥ ✐s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❝✉r✈❡ ❝❛❧❧❡❞ t❤❡ ❢❛t✐❣✉❡ ♣❛r❛♠❡t❡r ❬✸✺❪✳ ●❡♥❡r❛❧❧② ♥ r❡♠❛✐♥s ❜❡t✇❡❡♥ ✶✷

❛♥❞ ✺✵ ❢♦r s✐❧✐❝❛ ❜❛s❡❞ ❣❧❛ss❡s ❬✷✷❪✳ ❚❤✐s t❤❡♦r② ❛ss♦❝✐❛t❡s t❤❡ ❜❛s✐❝ ♠❡❝❤❛♥✐s♠ ♦❢ ❙❈❈ ✇✐t❤ t❤❡ str❡ss✲

❡♥❤❛♥❝❡❞ t❤❡r♠❛❧ ❛❝t✐✈❛t✐♦♥ ♦❢ t❤❡ ❞✐ss♦❝✐❛t✐✈❡ ❤②❞r♦❧②s✐s r❡❛❝t✐♦♥✳ ▼✐❝❤❛❧s❦❡ ❛♥❞ ❋r❡✐♠❛♥ ❬✺✻❪ ❛tt❡♠♣t

t♦ ❞❡s❝r✐❜❡ t❤❡ r❡❣✐♦♥ ■ ❜② ❛ ♠♦❧❡❝✉❧❛r ♠❡❝❤❛♥✐s♠ ❜② ✇❤✐❝❤ t❤❡ ✇❛t❡r ❝❛♥ r❡❛❝t ✇✐t❤ ❛ str❛✐♥❡❞ ❙✐✲❖

❜♦♥❞✳ ❚❤❡② ❞✐st✐♥❣✉✐s❤❡❞ t❤r❡❡ st❡♣s ✭✜❣✉r❡ ✶✳✶✵❛✮✿ ✭✶✮ t❤❡ ❛❞s♦r♣t✐♦♥ ♦❢ ✇❛t❡r ♠♦❧❡❝✉❧❡ ♦♥ str❛✐♥❡❞

❝r❛❝❦ t✐♣❀ ✭✷✮ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t✇♦ s✐❧❛♥♦❧ ❣r♦✉♣s ❜② ❝❧❡❛✈❛❣❡ ♦❢ ❙✐✲❖ ❛♥❞ ❖✲❍ ❜♦♥❞s❀ ✭✸✮ t❤❡ ❢♦r♠❛t✐♦♥

♦❢ t✇♦ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ❚❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ st❡♣ ✶ ✭r❡❛❝t❛♥ts✮ ❛♥❞ ✸ ✭♣r♦❞✉❝ts✮ ❛✛❡❝t t❤❡ ❡♥❡r❣② ❜❛rr✐❡r

❛♥❞ t❤✉s t❤❡ ❢r❛❝t✉r❡ r❛t❡ ❬✺✻❪✳ ❚❤✐s ♠♦❞❡❧ ❡①♣❧❛✐♥s ❛❧s♦ ❤♦✇ ♠♦❧❡❝✉❧❡s s✉❝❤ ❛s ❛♠♠♦♥✐❛✱ ❤②❞r❛③✐♥❡✱

❡t❝ ❛r❡ ❛❜❧❡ t♦ ❣✐✈❡ r✐s❡ t♦ ❧✐♥❡❛r str❡ss ✐♥t❡♥s✐t② ✈❡rs✉s log v r❡❧❛t✐♦♥s❤✐♣s✿ ❛♥② ♠♦❧❡❝✉❧❡ ✇❤✐❝❤ ✐s ✭✶✮

❝❛♣❛❜❧❡ t♦ ❞♦♥❛t❡ ❛ ♣r♦t♦♥ ♦♥ ❛ s✐❞❡ ❛♥❞ ✇✐t❤ ❛ ❧♦♥❡ ♣❛✐r ♦❢ ❡❧❡❝tr♦♥ ♦♥ t❤❡ ♦t❤❡r s✐❞❡ ❛♥❞ ✭✷✮ s♠❛❧❧

❡♥♦✉❣❤ t♦ r❡❛❝❤ t❤❡ ❝r❛❝❦ t✐♣ ✐s ❝❛♣❛❜❧❡ t♦ r❡❛❝t ✇✐t❤ str❛✐♥❡❞ ❙✐✲❖ ❜♦♥❞s✳ ❋✐❣✉r❡ ✶✳✶✶ r❡♣r❡s❡♥ts t❤❡

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

♠♦❧❡❝✉❧❡✳ ❈❤❛♥❣❡s ✐♥ t❤❡ st❡♣ ✶ ✭r❡❛❝t❛♥ts✮ ❛♥❞ ✸ ✭♣r♦❞✉❝ts✮ ❛❧t❡r t❤❡ ❡♥❡r❣② ❜❛rr✐❡r ❛♥❞ s✉❜s❡q✉❡♥t❧②

t❤❡ ❢r❛❝t✉r❡ r❛t❡ ❬✺✻❪✳ ❚❤✐s ♠♦❞❡❧ ❛❧s♦ ❡①♣❧❛✐♥s ❤♦✇ ♦t❤❡r s♦❧✉t✐♦♥s ✭✐♥❝❧✉❞✐♥❣ ❛♠♠♦♥✐❛✱ ❤②❞r❛③✐♥❡✱ ❡t❝✳✮
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❋✐❣✉r❡ ✶✳✶✵✿ ❘❡❛❝t✐♦♥ st❡♣s ❢♦r ✇❛t❡r ❡♥❤❛♥❝❡❞ ❢r❛❝t✉r❡ ♦❢ ✈✐tr❡♦✉s s✐❧✐❝❛✿ ❛✮ t❤❡ ▼✐❝❤❛❧s❦❡ ❛♥❞ ❋r❡✐♠❛♥
♠♦❞❡❧ ❬✺✻❪✱ ❛♥❞ ❜✮ t❤❡ ▼✐❝❤❛❧s❦❡ ❛♥❞ ❇✉♥❦❡r ♠♦❞❡❧ ❬✺✹❪✳

❘❡❛❝t✐♦♥ ❈♦♦r❞✐♥❛t❡

P
♦t
❡♥
t✐
❛❧

❊
♥❡
r❣
②

r❡❛❝t❛♥ts

❛❝t✐✈❛t❡❞
❝♦♠♣❧❡①

♣r♦❞✉❝ts

❋✐❣✉r❡ ✶✳✶✶✿ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ r❡❛❝t✐♦♥ ❢♦r ❜♦♥❞ r✉♣t✉r❡ ✐♥ s✐❧✐❝❛✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ ✐♥❞✐❝❛t❡s r✉♣t✉r❡ ✐♥
✈❛❝✉✉♠✱ ✇❤❡r❡❛s t❤❡ ❞❛s❤❡❞ ❧✐♥❡ ❞❡♣✐❝ts t❤❡ r✉♣t✉r❡ ✇✐t❤ ✇❛t❡r ❢r♦♠ ❬✺✻❪✳

❣✐✈❡ r✐s❡ t♦ ❧✐♥❡❛r r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ KI ❛♥❞ log(v) ✳ ❆♥② s♦❧✉t✐♦♥ ❛t t❤❡ ❝r❛❝❦ t✐♣ ✇✐❧❧ ❝❛✉s❡ ❙❈❈

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

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

❙✐✲❖✲❙✐ ❜♦♥❞s✳ ❍♦✇❡✈❡r✱ ▼✐❝❤❛❧s❦❡ ❛♥❞ ❋r❡✐♠❛♥✬s ♠♦❞❡❧ ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ✐♠♣❛❝t ♦❢ str❛✐♥

♦♥ t❤❡ ❝❤❡♠✐❝❛❧ r❡❛❝t✐✈✐t② ♦❢ t❤❡ s♦❧✐❞ ❬✺✹❪✳ ▼✐s❝❤❛❧s❦❡ ❛♥❞ ❇✉♥❦❡r ❝♦♥t✐♥✉❡❞ t❤❡ r❡s❡❛r❝❤ ❛♥❞ ❞❡✈❡❧♦♣❡❞

❛ ✜✈❡ st❡♣s ♠♦❞❡❧ t♦ ✐♥❝♦r♣♦r❛t❡ str❛✐♥ ♦♥ t❤❡ ❙✐✲❖✲❙✐ ❜♦♥❞s ❬✺✹❪✳ ❋✐❣✉r❡ ✶✳✶✵ ❜✮ ❞❡♣✐❝ts ▼✐❝❤❛❧s❦❡ ❛♥❞

❇✉♥❦❡r✬s ♠♦❞❡❧✳ ❚❤✐s ♠♦❞❡❧ ❤❛s ✜✈❡ st❡♣s✿✭✶✮ ♦♥❡ s✐❧✐❝❛ r✐♥❣ ✉♥❞❡r❣♦❡s ❛♥ ❡①t❡r♥❛❧ str❡ss✱ ✭✷✮ t❤❡ s✐❧✐❝❛

✶✼



❈❍❆P❚❊❘ ✶✳ ❈❖◆❚❊❳❚

r✐♥❣ ❛❞❥✉sts t♦ t❤❡ ❡①t❡r♥❛❧ str❡ss ❜② ❝❤❛♥❣✐♥❣ ✐ts ❝♦♥✜❣✉r❛t✐♦♥✱ ✭✸✮ t❤❡ ❡①t❡♥s✐♦♥ ♦❢ ❙✐✲❖✲❙✐ ❜♦♥❞ ❛♥❣❧❡s

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

❲❡st ❛♥❞ ❍❡♥❝❤ ❬✼✹✕✼✻❪ ❡①❛♠✐♥❡❞ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ r✐♥❣ s✐③❡ ✇✐t❤ ❜♦♥❞ r✉♣t✉r❡ ✉s✐♥❣ ✜rst ♣r✐♥❝✐♣❧❡

❝❛❧❝✉❧❛t✐♦♥s✳ ❚❤❡② s✐♠✉❧❛t❡❞ t❤❡ r❡❛❝t✐♦♥ ♦❢ ❛ ✇❛t❡r ♠♦❧❡❝✉❧❡ ✇✐t❤ ❛ str❛✐♥❡❞ ✸✲ ✹✲ ❛♥❞ ✺✲❢♦❧❞ s✐❧✐❝❛

r✐♥❣s✳ ❚❤✐s st✉❞② r❡✈❡❛❧s t❤❛t ❞✉r✐♥❣ ❙❈❈ ✺✲♠❡♠❜❡r❡❞ r✐♥❣s ❛❝❝♦♠♠♦❞❛t❡ str❡ss ❜❡tt❡r ❜② r❡♦r❣❛♥✐③✐♥❣

t❤❡♠s❡❧✈❡s✳ ❙♠❛❧❧❡r r✐♥❣s ❛r❡ ❡①tr❡♠❡❧② ❧✐♠✐t❡❞ ❜② t❤❡ ❛♠♦✉♥t ♦❢ r❡♦r❣❛♥✐③❛t✐♦♥ ♣♦ss✐❜❧❡❀ t❤✉s t❤❡② r❡❛❝t

✇✐t❤ ✇❛t❡r ❛t ❧♦✇❡r ❡♥❡r❣✐❡s✳

❚♦♠♦③❛✇❛ ♣r♦♣♦s❡❞ ❛♥ ❛❧t❡r♥❛t✐✈❡ t♦ t❤❡ ❲✐❡❞❡r❤♦r♥✬s ♠♦❞❡❧ t♦ ❡①♣❧❛✐♥ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡

❝r❛❝❦ t✐♣ ❛♥❞ ❛ ✇❛t❡r ♠♦❧❡❝✉❧❡✳ ❋♦r t❤✐s ♠♦❞❡❧✱ t❤❡ ✇❛t❡r ♠♦❧❡❝✉❧❡ ♣❡♥❡tr❛t❡s ✐♥t♦ t❤❡ str❡ss❡❞ r❡❣✐♦♥s✳

❋♦r ❡①❛♠♣❧❡✱ ◆♦❣❛♠✐ ❛♥❞ ❚♦♠♦③❛✇❛ ❬✺✽❪ s✉❜❥❡❝t❡❞ s✐❧✐❝❛ s❧✐❞❡s t♦ ❢♦✉r ♣♦✐♥t ❜❡♥❞✐♥❣ t❡sts ✉♥❞❡r ❤✐❣❤

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

♠✐❝r♦♠❡t❡rs t❤✐❝❦✳ ❚❤✐s ✇♦r❦ ✇❛s ❢✉rt❤❡r ❡①t❡♥❞❡❞ ❜② ❚♦♠♦③❛✇❛ ❡t ❛❧✳ ✐♥ ✶✾✾✶✳ ❚❤✐s t❡st ✉s❡s ❉❈❉❈

✭❉♦✉❜❧❡ ❝❧❡❛✈❛❣❡ ❞r✐❧❧❡❞ ❝♦♠♣r❡ss✐♦♥✮ s❛♠♣❧❡s ❢♦r ❙❈❈ ❡①♣❡r✐♠❡♥ts ❝♦♥❞✉❝t❡❞ ✐♥ ✇❛t❡r✱ ❛✐r✱ ❛♥❞ ♦✐❧✳

❚❤❡s❡ ❡①♣❡r✐♠❡♥ts ❢♦✉♥❞ ❤②❞r♦❣❡♥ ❛t ❞❡♣t❤s ♦❢ ✶✵ ♥♠ ❬✼✶❪ ♦♥ ♣♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ■t ✐s

❤✐❣❤❧② ✉♥❧✐❦❡❧② t❤❛t ❍②❞r♦❣❡♥ ♣❡♥❡tr❛t❡s t♦ s✉❝❤ ❞❡♣t❤s ✐♥ ✉♥str❡ss❡❞ st❛t❡s✳ ❘❡❝❡♥t❧②✱ ▲❡❝❤❡♥❛✉❧t ❡t

❛❧✳ ❝♦♥❞✉❝t❡❞ ❛ s✐♠✐❧❛r ❡①♣❡r✐♠❡♥t ❛s ❚♦♠♦③❛✇❛✬s ❡t ❛❧✳ ✐♥ ✶✾✾✶✳ ❚❤❡s❡ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞

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

❜② ♥❡✉tr♦♥ r❡✢❡❝t✐✈✐t② ❬✹✽❪✳ ❍❡❛✈② ✇❛t❡r ♣❡♥❡tr❛t❡❞ ∼ ✻✳✺ t♦ ✽✳✺ ♥♠ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢

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

t❤❡ ❝r❛❝❦ ❢r♦♥t ❡♥❛❜❧❡ t❤❡ ✇❛t❡r ❞✐✛✉s✐♦♥ ❬✼✶❪✳ ❚❤❡ ✇❛t❡r ♠♦❧❡❝✉❧❡s ❞❛♠❛❣❡ t❤❡ ③♦♥❡ ❛♥❞ ❛✐❞s ✐♥ t❤❡

❢✉rt❤❡r ♣r♦♣❛❣❛t✐♦♥✳

❆❧❧ ♦❢ t❤❡s❡ ♠♦❞❡❧s ❛r❡ ❜❛s❡❞ ♦♥ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s✳ ❇✉♥❦❡r ❬✶✵❪ ❛tt❡♠♣t❡❞ t♦ ❡♥✉♠❡r❛t❡ t❤❡ ♠❛✐♥

r❡❛❝t✐♦♥ ❢♦r s✐❧✐❝❛ ❛♥❞ s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❚❤r❡❡ r❡❛❝t✐♦♥s ❝❛♥ t❛❦❡ ♣❧❛❝❡✿ ✭✶✮ ❤②❞r❛t✐♦♥ ✭♣❡♥❡tr❛t✐♦♥ ♦❢

✇❛t❡r ♠♦❧❡❝✉❧❡ ✐♥t♦ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✮❀ ✭✷✮ ❤②❞r♦❧②s✐s ❛♥❞ ❝♦♥❞❡♥s❛t✐♦♥ ✭❜r❡❛❦ ❛♥❞ ❢♦r♠ ❙✐✲❖✲❙✐ ♥❡t✇♦r❦

❜♦♥❞s✮❀ ❛♥❞ ✭✸✮ ✐♦♥✲❡①❝❤❛♥❣❡ r❡❛❝t✐♦♥s ✭r❡♣❧❛❝❡♠❡♥t ♦❢ ❛ ♠♦❞✐✜❡r ❝❛t✐♦♥ ❜② ❛ ❤②❞r♦❣❡♥ ♦r ❤②❞r♦♥✐✉♠

✐♦♥✮✳ ❚❤❡ t✇♦ ❧❛st r❡❛❝t✐♦♥s ❛r❡ ❞❡t❛✐❧❡❞ ❜❡❧♦✇✿

≡ Si−O− Si ≡ +H2O ⇔ 2[≡ Si−OH]

[≡ Si−O−Na+] + H3O ⇔ 2[≡ Si−OH] + NaOH

❋♦r ♠♦r❡ ❝♦♠♣❧❡① ❣❧❛ss❡s✱ ♦t❤❡r r❡❛❝t✐♦♥s ❝❛♥ t❛❦❡ ♣❧❛❝❡ ❛♥❞ ✐♠♣❛❝t t❤❡ str❡ss✲❝♦rr♦s✐♦♥ ❜❡❤❛✈✐♦r✳

❘❡❣✐♦♥ ✵ ❚❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ r❡❣✐♦♥ ✵ ❞❡♣❡♥❞s ♦♥ t❤❡ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥✳ ❚♦ ❞❛t❡✱ ♥♦ ❡✈✐❞❡♥❝❡ ♦❢ ❛♥

❡♥✈✐r♦♥♠❡♥t❛❧ ❧✐♠✐t ❡①✐sts ❢♦r ♣✉r❡ s✐❧✐❝❛ ❬✺✱ ✺✼❪✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ s♦❞❛✲❧✐♠❡ ❛♥❞ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s

❡①❤✐❜✐t ❛ st❡❡♣ ❞♦✇♥t✉r♥ ❛t ❧♦✇ ✈❛❧✉❡s ♦❢ KI s✉❣❣❡st✐♥❣ ❛ ❢❛t✐❣✉❡ ❧✐♠✐t ♦r ❡♥✈✐r♦♥♠❡♥t❛❧ ❧✐♠✐t ✭KE✮ ❜❡❧♦✇

✇❤✐❝❤ t❤❡ ❝r❛❝❦ ❞♦❡s ♥♦t ❣r♦✇ ❬✷✹✱ ✷✺✱ ✷✾✱ ✸✸✱ ✸✹✱ ✹✻✱ ✼✾❪✳ ❚✇♦ ♣r❡❞♦♠✐♥❛♥t t❤❡♦r✐❡s ❡①✐st t♦ ❡①♣❧❛✐♥ KE ✳

■♥ ✶✾✻✺✱ ❈❤❛r❧❡s ❛♥❞ ❍✐❧❧✐❣ ♠♦❞❡❧❡❞ t❤❡ ❞❡❧❛②❡❞ ♦♥s❡t ♦❢ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ❜② ❝r❛❝❦ t✐♣ ❜❧✉♥t✐♥❣✳ ❚❤✐s

✐s t❤❡ r❡s✉❧t ♦❢ ❞✐ss♦❧✉t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ t✐♣ ❬✷✾✱✹✵❪✳ ▼♦r❡ r❡❝❡♥t❧②✱ ●❡❤r❦❡ ❡t ❛❧✳ ❬✷✾❪ ♣r♦♣♦s❡❞ ❛ ❞✐✛❡r❡♥t

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

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

✶✽



✶✳✸✳ ❈❘❆❈❑■◆● ❇❊❍❆❱■❖❘

✐♥ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ ❬✷✺✱ ✷✻✱ ✷✾✱ ✸✸✱ ✸✹❪✳ ❆♥♦t❤❡r ✐❞❡❛ ❧✐♥❦❡❞ t♦ t❤✐s ♦♥❡ ✐s t❤❡ r❡♣❧❛❝❡♠❡♥t ♦❢ ❛❧❦❛❧✐ ✐♦♥s

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

str❡ss ✇❤✐❝❤ ✐♥ t✉r♥ ♣r❡✈❡♥ts t❤❡ ❝r❛❝❦ ❢r♦♠ ♣r♦♣❛❣❛t✐♥❣ ❬✷✺✱ ✷✻✱✸✸✱ ✸✹❪✳ ■♠♣❛❝t ♦❢ ♣❛r❛♠❡t❡rs✱ s✉❝❤

❛s ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥✱ ♣❍✱ t❡♠♣❡r❛t✉r❡✱ ❤✉♠✐❞✐t②✱ ❡t❝✳ ▲✐t❡r❛t✉r❡ ❤❛s ♠✉❧t✐♣❧❡ st✉❞✐❡s ♦♥ ❤♦✇

t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❝♦♠♣❧❡① ❣❧❛ss❡s ❛✛❡❝ts KE ❛♥❞ t❤❡ s❧♦♣❡ ✐♥ r❡❣✐♦♥ ■ ❬✶✽✱ ✷✽✱ ✷✾✱ ✼✵✱ ✼✽✱ ✼✾❪✳

❋r❡✐♠❛♥ ❡t ❛❧✳ ❬✷✽❪ ❝♦♠♣❛r❡❞ s✉❜❝r✐t✐❝❛❧ ❝r❛❝❦ ❣r♦✇t❤ ✐♥ ♣✉r❡ s✐❧✐❝❛ t♦ t❤❛t ♦❢ ❛❧❦❛❧✐✲s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❚❤❡②

❛ttr✐❜✉t❡ ❞✐✛❡r❡♥❝❡s t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♠♦❞✐❢②✐♥❣ ✐♦♥s Na+ ❛♥❞ Ca2+✳ ❚❤❡ ✐♦♥s ❝❤❛♥❣❡ t❤❡ ❙✐✲❖ ❜♦♥❞

r❡❛❝t✐✈✐t② ♦r ❝❤❛♥❣❡ t❤❡ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦s✳ ❆ ♣r✐♦r✐ t❤❡r❡ ✐s ♥♦ ✇❛② t♦ ♣r❡❞✐❝t t❤❡

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

st✉❞✐❡s ♦♥ ❤♦✇ t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣❍ ❛❧t❡r KE ❛♥❞ r❡❣✐♦♥ ■ ❬✸✺✱✸✻✱✼✽❪✳ ❚❤❡ s❧♦♣❡ ✐♥ r❡❣✐♦♥ ■ ❞❡❝r❡❛s❡s ❛s

t❤❡ ♣❍ ✐♥❝r❡❛s❡s ✐♥ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss✳ ❚❤❡ ♣♦s✐t✐♦♥ ♦❢ r❡❣✐♦♥ ■ s❤✐❢ts t♦ t❤❡ ❧❡❢t ❢♦r ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s

✐♥ ♣✉r❡ s✐❧✐❝❛✱ ❜✉t t❤❡ s❧♦♣❡ r❡♠❛✐♥s ❛❜♦✉t ❝♦♥st❛♥t ❬✼✽❪✳ ❘❡❝❡♥t❧②✱ ✐t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t t❤❡ ✜❝t✐✈❡

t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡ t❤❡ ❣❧❛ss❡s r❡s♣♦♥s❡ t♦ ❢❛t✐❣✉❡ ❬✹✺✱✹✾❪✳ ❇✉t t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ Tf ❛♥❞ t❤❡ ❝♦rr♦s✐♦♥

❜❡❤❛✈✐♦r ✐s tr✐❝❦② ❬✸✻❪✳

❋r❛❝t✉r❡ ✐♥ ❣❧❛ss ❛t ♥❛♥♦♠❡t❡r s❝❛❧❡

❚❤❡ ❢r❛❝t✉r❡ ❡♥❡r❣② ♦❢ ❣❧❛ss ✐s ∼ ✺ ❏✴♠2 ✇❤❡r❡❛s s✉r❢❛❝❡✬s ❡♥❡r❣② ✐s ∼ ✵✳✸ ❏✴♠2 ❬✻✼❪✳ ❉✐ss✐♣❛t✐✈❡

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

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

❊①♣❡r✐♠❡♥t❛❧❧②✱ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❆❋▼✮ ✉♥❝♦✈❡rs ❢r❛❝t✉r❡ ♠❡❝❤❛♥✐s♠ ❛t t❤❡ ♥❛♥♦♠❡t❡r s❝❛❧❡

❞✉r✐♥❣ ❙❈❈✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t ❆❋▼ ✐♠❛❣✐♥❣ ❝❛♥ ❛❝q✉✐r❡ ✐♠❛❣❡s ♦♥❧② ✐♥ t❤❡ ❙❈❈ ❛s t❤❡ ❝r❛❝❦

♥❡❡❞s t♦ ❜❡ ✧✈✐rt✉❛❧❧② st❛t✐♦♥❛r②✧ ❞✉r✐♥❣ t❤❡ t✐♠❡ ✐t t❛❦❡s t♦ ❛❝q✉✐r❡ ♦♥❡ ✐♠❛❣❡✳

❋✐❣✉r❡ ✶✳✶✸ ♣r❡s❡♥ts ❛♥ ❛❞✈❛♥❝✐♥❣ ❝r❛❝❦ ❢r♦♥t ✐♥ ❛❧✉♠✐♥♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ❝❛♣t✉r❡❞ ❜② ❛♥ ❆❋▼✳ ❈r❛❝❦

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

s✐❧✐❝❛✱ ❝❛✈✐t✐❡s ❣r♦✇s t♦ ❛ t②♣✐❝❛❧ s✐③❡ ♦❢ ✶✵✵ ♥♠ ✐♥ ❧❡♥❣t❤ ❛♥❞ ✷✵ ♥♠ ✐♥ ✇✐❞t❤ ✭♣❡♥♥② s❤❛♣❡❞✮ t❤❡♥ ❝♦❛❧❡s❝❡s

✇✐t❤ t❤❡ ❛❞✈❛♥❝✐♥❣ ❝r❛❝❦ ❢r♦♥t ❬✻✶❪✳ ❈♦♥s❡q✉❡♥t❧② ❛ ❝♦♥t✐♥✉♦✉s ❛❞✈❛♥❝✐♥❣ ❝r❛❝❦ ❢r♦♥t ❞♦❡s ♥♦t ♦❝❝✉r✳

❘❛t❤❡r✱ ✐t ♣r♦❣r❡ss❡s ❜② st❡♣s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♠❛❝r♦s❝♦♣✐❝ ✈❡❧♦❝✐t✐❡s ✭❝❛♣t✉r❡❞ ❜② ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡s✮

❞♦ ♥♦t ❝❛♣t✉r❡ t❤❡s❡ ❞❡t❛✐❧s ❜✉t r❛t❤❡r s❡✐③❡ t❤❡ ♦✈❡r❛❧❧ ♣✐❝t✉r❡ ❬✻✶❪✳ ❚❤✉s✱ t❤❡ ❛✈❡r❛❣❡ ✭♠✐❝r♦s❝♦♣✐❝ s❝❛❧❡✮

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

✇❤❡♥ ✐t ♠❡r❣❡s ✇✐t❤ ❞❛♠❛❣❡ r❡❣✐♦♥s✳ ❋✐❣✉r❡ ✶✳✶✷ ❬✻✶❪ ✐s ❛ s❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥ts ♠♦✈❡♠❡♥t✳ ❚❤❡

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

●❧❛ss ✐s ♥♦t ❤♦♠♦❣❡♥❡♦✉s ❛t t❤❡ ❛t♦♠✐❝ s❝❛❧❡ ✭< ✺ ♥♠✮✳ P✉r❡ s✐❧✐❝❛ ❣❧❛ss ♣r❡s❡♥ts ❤❡t❡r♦❣❡♥❡✐t✐❡s✿

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

r✐♥❣s ❜✉t ❛ s❝❛tt❡r ❞♦❡s ❡①✐st ❢r♦♠ ✸ t♦ ✶✵✮✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❧❛r❣❡ s❡❧❡❝t✐♦♥ ♦❢ ❙✐✲❖✲❙✐ ❛♥❣❧❡s✱ ②❡t t❤❡

❙✐✲❖✲❙✐ ❛♥❣❧❡ ❝❡♥t❡rs ♣r❡❞♦♠✐♥❛♥t❧② ❛t ✶✹✻◦ ❬✾✱ ✻✸❪✳ ❚❤❡s❡ ✢✉❝t✉❛t✐♦♥s ❧❡❛❞ t♦ ❧♦✇ t♦✉❣❤♥❡ss✴❞❡♥s✐t✐❡s

r❡❣✐♦♥s ✇❤✐❝❤ ❝♦♥❝❡♥tr❛t❡ str❡ss❡s✳ ❚❤❡② s✉❜s❡q✉❡♥t❧② ❣✐✈❡ ❜✐rt❤ t♦ ❞❛♠❛❣❡ ③♦♥❡s ❛❤❡❛❞ ♦❢ t❤❡ ❝r❛❝❦ t✐♣✳

❏✳P✳ ●✉✐♥ ❛♥❞ ❙✳ ❲✐❡❞❡r❤♦r♥ ❛tt❡♠♣t❡❞ t♦ ❡✈✐❞❡♥❝❡ ♣❧❛st✐❝ ❞❡❢♦r♠❛t✐♦♥s ♦♥ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❜② ❆❋▼

❛♥❛❧②s✐s ❬✸✷✱ ✸✹❪✳ ❚❤❡② ❝♦♥❝❧✉❞❡❞ ❛♥ ❛❧♠♦st ♣❡r❢❡❝t ♦✈❡r❧❛♣♣✐♥❣ ♦❢ t❤❡ t✇♦ s♣❡❝✐♠❡♥s ✭∼ ✺ ♥♠✮✳ ❖♥❡ ♦❢

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

♠❡❛s✉r❡♠❡♥ts✳ ❚❤✉s ✐♥✲s✉✐t❡ ♠❡❛s✉r❡♠❡♥ts ❛❝q✉✐r❡ ❜♦t❤ ♣❧❛st✐❝ ❛♥❞ ❡❧❛st✐❝ ❡✛❡❝ts ✇❤❡r❡❛s t❤❡ ❡❧❛st✐❝

✶✾



❈❍❆P❚❊❘ ✶✳ ❈❖◆❚❊❳❚

♥❛♥♦♠❡tr✐❝ s❝❛❧❡

♠❛❝r♦s❝♦♣✐❝ s❝❛❧❡

❈❛✈✐t② s✐③❡
P
♦s
✐t
✐♦
♥
♦❢

t❤
❡
♠
❛✐
♥
❝r
❛❝
❦
❢r
♦♥

t

❚✐♠❡

❆❋▼ ✈✐s✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ v ❛t❏✉♠♣s

❋✐❣✉r❡ ✶✳✶✷✿ ❚❤❡ ❛✈❡r❛❣❡ ✭♠✐❝r♦s❝♦♣✐❝ s❝❛❧❡✮ ❝r❛❝❦ ✈❡❧♦❝✐t② ✭❜❧✉❡ ❝✉r✈❡✮ ✐s t❤❡ s❧♦✇ ❛❞✈❛♥❝❡♠❡♥t ♦❢ t❤❡
❝r❛❝❦ ❢r♦♥t ✭r❡❞ ❝✉r✈❡s ✇✐t❤ ❧♦✇ s❧♦♣❡s✮ ❛❧♦♥❣ ✇✐t❤ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ❥✉♠♣s ✭❞✐s❝♦♥t✐♥✉♦✉s ♣❛rt ♦❢ t❤❡
r❡❞ ❝✉r✈❡s✮ ♦❢ t❤❡ ❢r♦♥t ✇❤❡♥ ✐t ♠❡r❣❡s ✇✐t❤ ❞❛♠❛❣❡ r❡❣✐♦♥s ❬✻✶❪✳

❡✛❡❝ts ❤❛✈❡ r❡❝♦✈❡r ✐♥ ♣♦st✲♠♦rt❡♠ ❛♥❛❧②s✐s✳ ❈r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ t❤r♦✉❣❤ t❤❡ ❣r♦✇t❤ ❛♥❞ ❝♦❛❧❡s❝❡♥❝❡

♦❢ ❝❛✈✐t✐❡s ✐s ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜s❡r✈❡❞ ❢♦r ❞✐✛❡r❡♥t ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s✳ ❋✳ ❈é❧❛r✐é ❢♦✉♥❞ ❛ s✐♠✐❧❛r

♠❡❝❤❛♥✐s♠ ❢♦r ❛❧✉♠✐♥♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ✭❋✐❣✉r❡ ✶✳✶✸✮✳ ❉✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♣✉r❡ s✐❧✐❝❛ ❛♥❞ ❛❧✉♠✐♥♦s✐❧✐❝❛t❡

❣❧❛ss❡s r❡♠❛✐♥ ✐♥ t❤❡ s✐③❡ ❛♥❞ ❞✐str✐❜✉t✐♦♥ ♦❢ ❝❛✈✐t✐❡s✳ ■♥ ❛❧✉♠✐♥♦s✐❧✐❝❛t❡✱ t❤❡ ❝❛✈✐t② s✐③❡ ✐s ❛r♦✉♥❞ ✶✵ ♥♠✳

■♥ ❝♦♠♣❧❡① ❣❧❛ss❡s✱ ❤❡t❡r♦❣❡♥❡✐t✐❡s ❡♥❤❛♥❝❡ t❤❡ ❝❛✈✐t✐❡s ❜✐rt❤✳ ❆❧s♦✱ ❈é❧❛r✐é ❡t ❛❧✳ ❢♦✉♥❞ ❛♥ ❡♥❤❛♥❝❡❞

❞✐✛✉s✐♦♥ ♦❢ s♦❞✐✉♠ ✐♦♥s ✐♥ t❤❡ str❡ss✲❣r❛❞✐❡♥t ✜❡❧❞ ✐♥ t❤❡ s✉❜✲♠✐❝r♦♠❡tr✐❝ ✈✐❝✐♥✐t② ♦❢ t❤❡ ❝r❛❝❦ t✐♣ ✭✜❣✉r❡

✶✳✶✹✮ ❬✶✸✱ ✶✺❪✳ ❚❤❡ ❡❧❡✈❛t❡❞ str❡ss❡s ❛t t❤❡ ❝r❛❝❦ t✐♣ ❡♥❛❜❧❡ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ t♦ ✉♥❞❡r❣♦ str✉❝t✉r❛❧

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

❧❡♥❣t❤s✱ ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ❡♥❤❛♥❝❡❞ ♠♦❜✐❧✐t② ♦❢ ❛❧❦❛❧✐✳ ❍❡t❡r♦❣❡♥❡✐t✐❡s ✐♥ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦ ✐♥❝r❡❛s❡

❋✐❣✉r❡ ✶✳✶✸✿ ❙❡q✉❡♥❝❡ ♦❢ t♦♣♦❣r❛♣❤✐❝❛❧ ❆❋▼ ✐♠❛❣❡s s❤♦✇✐♥❣ ❙❈❈ ❛t t❤❡ s✉r❢❛❝❡ ♦❢ ❛ ❣❧❛ss s❛♠♣❧❡s✳ ❚❤❡
s❝❛♥ s✐③❡ ✐s ✼✺ × ✼✺ ♠♠2 ❛♥❞ t❤❡ ❤❡✐❣❤t r❛♥❣❡ ✐s ♦✈❡r ✷ ♥♠✳ ❚❤❡ ❝r❛❝❦ ❢r♦♥t ♣r♦♣❛❣❛t❡s ❢r♦♠ t❤❡ ❧❡❢t
t♦ t❤❡ r✐❣❤t ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ s♣❡❡❞ ♦❢ ✶✵−11♠✳s−1✳ ■♠❛❣❡ ❛✮ ❡✈✐❞❡♥❝❡ t❤❡ ♥❛♥♦♠❡tr✐❝ ❞❛♠❛❣❡ ❜❡❢♦r❡ t❤❡
❢r❛❝t✉r❡ ❛❞✈❛♥❝❡❀ ❜✮ ♥✉❝❧❡❛t✐♦♥ ♦❢ ❞❛♠❛❣❡ ❛♥❞ ❝✮ ❝♦❛❧❡s❝❡♥❝❡ ♦❢ ❞❛♠❛❣❡ ✇✐t❤ t❤❡ ❛❞✈❛♥❝✐♥❣ ❝r❛❝❦ ❢r♦♥t✳
❋r♦♠ ❬✶✺❪✳
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✺ µ♠

❋✐❣✉r❡ ✶✳✶✹✿ ❚❤❡ str❡ss ❣r❛❞✐❡♥t ❛t t❤❡ ❝r❛❝❦ ❢r♦♥t ❡♥❤❛♥❝❡s s♦❞✐✉♠ ❞✐✛✉s✐♦♥✳ ❚❤✐s ✜❣✉r❡ ✐♠❛❣❡s t❤❡
s♦❞✐✉♠ ❛s ✐t ❧❡❛✈❡s t❤❡ ❣❧❛ss ♥❡t✇♦r❦ t♦ ♠✐❣r❛t❡ t♦ t❤❡ ❣❧❛ss s✉r❢❛❝❡✳ ❉♦ts ♦♥ t❤❡ ✐♠❛❣❡ ❛r❡ ❞✉❡ t♦
s♦❞✐✉♠✳

✇✐t❤ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥✳ ▼♦❧❡❝✉❧❛r ❉②♥❛♠✐❝s ✐s ❛♥ ❡①❝❡❧❧❡♥t ✇❛② t♦ ♣r♦❜❡ t❤❡

✢✉❝t✉❛t✐♦♥s ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❬✾✱✹✸✱✹✹✱✻✸❪✳ ❲✐t❤♦✉t str❡ss✱ s✐❧✐❝❛ ❣❧❛ss ♣r❡s❡♥ts r✐♥❣ s✐③❡ ✢✉❝t✉❛t✐♦♥s✳

❯♥❞❡r ❧♦❛❞✐♥❣✱ t❤❡s❡ ✢✉❝t✉❛t✐♦♥s ❝♦♥❝❡♥tr❛t❡ str❡ss ❛♥❞ ✐♥ t✉r♥ ❢♦r♠ ❝❛✈✐t② ❣r♦✇t❤✳ ▲✳ ❱❛♥ ❇r✉t③❡❧

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

❝♦♥t❛✐♥✐♥❣ ❛ ♠✐①t✉r❡ ♦❢ ✺ ❛♥❞ ✻ ♠❡♠❜❡r❡❞ r✐♥❣s✳ ❯♥❧✐❦❡ s✐❧✐❝❛ ❣❧❛ss❡s✱ ❛❧❦❛❧✐✲s✐❧✐❝❛ ❣❧❛ss❡s ❡①❤✐❜✐t ❝❛✈✐t✐❡s

r❛♥❞♦♠❧② s♣r❡❛❞ ♦✉t ❬✹✸❪✳ ❋✉rt❤❡r♠♦r❡✱ ❛r❡❛s ❡♥r✐❝❤❡❞ ✐♥ s♦❞✐✉♠ r❡❧❛① str❡ss❡s ❬✹✸✱ ✹✹❪✳ ▼♦❧❡❝✉❧❛r

❉②♥❛♠✐❝s r❡s✉❧ts r❡✈❡❛❧ s✐♠✐❧❛r ♠❡❝❤❛♥✐s♠s ♦❢ ❞❛♠❛❣❡ ❣r♦✇t❤ ❛♥❞ ❝♦❛❧❡s❝❡♥❝❡✳ ▲✳ ❱❛♥ ❇r✉t③❡❧ ❬✾❪

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

s♠❛❧❧✿ ❙✐✲❖ ❜♦♥❞ ❧❡♥❣t❤❡♥✐♥❣ ❛♥❞ ❙✐✲❖✲❙✐ ❛♥❣❧❡s ✐♥❝r❡❛s❡ s❧✐❣❤t❧② ❬✾❪✳ ❉✐s♦r❞❡rs s✉❝❤ ❛s ✢✉❝t✉❛t✐♦♥ ♦❢

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

❡t ❛❧✳ ❛tt❡♠♣t❡❞ t♦ ❡st✐♠❛t❡ ❝❛✈✐t✐❡s s✐③❡ ❞✉r✐♥❣ ❢r❛❝t✉r❡ ✐♥ ♣✉r❡ s✐❧✐❝❛ ❜② ▼❉✳ P♦r❡s ♣r❡❞♦♠✐♥❛♥t❧②

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

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

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

❋✐❣✉r❡ ✶✳✶✺✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ ✐♥ t❤❡ ✶✺ ♠✐❧❧✐♦♥ ❛t♦♠s s②st❡♠✳ ❋r♦♠ ❬✻✷❪✳

▲✳❍✳❑✐❡✉ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ✐♠♣❛❝t ♦❢ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦♥ ❢r❛❝t✉r❡ ♣r♦♣❡rt✐❡s ✐♥ t❡r♥❛r② ❜♦r♦s✐❧✐❝❛t❡

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

st❡♣s ❛r❡ ♣r❡s❡♥t❡❞✿ ✭✶✮ ❡❧❛st✐❝ ✭♥✉❝❧❡❛t✐♦♥ ♦❢ ❝❛✈✐t✐❡s✮✱ ✭✷✮ ♣❧❛st✐❝ ✭❝❛✈✐t✐❡s ❣r♦✇t❤✮✱ ✭✸✮ ❝♦❛❧❡s❝❡♥❝❡ ❛♥❞
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❈❍❆P❚❊❘ ✶✳ ❈❖◆❚❊❳❚

✭✹✮ ❞❡❝♦❤❡s✐♦♥✳ ❊①✐st❡♥❝❡ ♦❢ ❞✐ss✐♣❛t✐♦♥ ❛r❡❛s ✐s ❝♦♥✜r♠❡❞ ❞✉r✐♥❣ ❢r❛❝t✉r❡✳ ❈r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ❙❇◆

❣❧❛ss❡s ❞❡♣❡♥❞s ♦♥ t❤❡ ♦①✐❞❡ ❝♦♥❝❡♥tr❛t✐♦♥s✳ ▼♦r❡ ❬Na2O❪ ❞❡❝r❡❛s❡s t❤❡ ♥✉♠❜❡r ♦❢ ❙✐✲❖ ❛♥❞ ❇✲❖ ❜♦♥❞s

❜r♦❦❡♥✳ ■♥❞❡❡❞ ❛s t❤❡ ❬Na2O❪ ✐♥❝r❡❛s❡s✱ ❧❡ss ❖①✐❞❡ ❋♦r♠❡r✲❖ ❜♦♥❞s ❜r❡❛❦✱ ②❡t t❤❡r❡ ❛r❡ ❛❧s♦ ❧❡ss ♦❢

t❤❡♠ t♦ ❜r❡❛❦ ❜❡❝❛✉s❡ t❤❡ ❬Na2O❪ ❝❛✉s❡s ◆❇❖ ♦♥ t❤❡ ♦①✐❞❡ ❢♦r♠❡rs✳ ❙✉❝❤ r❡s✉❧t ❡①♣❧❛✐♥s t❤❡ ✈❛r✐❛t✐♦♥s

✐♥ ♥✉❝❧❡❛t✐♦♥ ♦❢ ❝❛✈✐t✐❡s ✇✐t❤ s♦❞✐✉♠✳ ❋♦r ❧♦✇ s♦❞✐✉♠ ❙❇◆ ❣❧❛ss❡s✱ t❤❡ ♥✉❝❧❡❛t✐♦♥ ♦❢ ❝❛✈✐t✐❡s t❛❦❡

♣❧❛❝❡ t❤r♦✉❣❤ ❛♥ ✐♥❝r❡❛s❡ ♦❢ r✐♥❣ s✐③❡ ✇❤✐❝❤ ❜r❡❛❦s t❤❡ ❖①✐❞❡❋♦r♠❡r✲❖ ❜♦♥❞s✳ ❆ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥

tr✐✲❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥ ❛♥❞ ♣❧❛st✐❝✐t② ♠❛② ❡①✐st✳ [3]❇✲❖ ❜♦♥❞s ❛❧✐❣♥ ✇✐t❤ t❤❡ str❡ss❡s ❡❛s✐❡r ♠❛❦✐♥❣ t❤❡

❣❧❛ss❡s ♠♦r❡ ✧♣❧❛st✐❝✧✳

❚❤✐s ❝❤❛♣t❡r ❤✐❣❤❧✐❣❤ts t❤❡ ❝✉rr❡♥t ❦♥♦✇❧❡❞❣❡ ♦♥ t❤❡ str✉❝t✉r❛❧✱ ♣❤②s✐❝❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

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

s✐❧✐❝❛t❡ ✉♥✐ts ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳ ❆s ❬Na2O❪ ❝❤❛♥❣❡s✱ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢

❇ ❛t♦♠s ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖ ❡✈♦❧✈❡✳ ❈♦♥s❡q✉❡♥t❧②✱ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s s✉❝❤ ❛s ❤❛r❞♥❡ss ❛♥❞

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

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

str✉❝t✉r❡✳ ❋✐♥❛❧❧②✱ s✉❜❝r✐t✐❝❛❧ ❝r❛❝❦ ❣r♦✇t❤ ❝❛♥ ❧✐♠✐t t❤❡ ❧✐❢❡ t✐♠❡ ♦❢ ❛ ❣❧❛ss ♠❛t❡r✐❛❧✳ ❊①t❡♥s✐✈❡ st✉❞✐❡s

✐♥✈❡st✐❣❛t❡ t❤❡ ❣❧❛ss ✐♥ t❤❡ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡✳ ▲✐t❡r❛t✉r❡ r❡♣♦rt❡❞ t❤❡ ❣❧❛ss ❜r❡❛❦s ❜② ♥✉❝❧❡❛t✐♦♥

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

❙❈❈ ❜❡❤❛✈✐♦r r❡♠❛✐♥s ✉♥❝❧❡❛r✳ ❚❤❡ ✜rst ♣❛rt ♦❢ t❤✐s t❤❡s✐s r❡✈❡❛❧s ❤♦✇ ♠♦❞✉❧❛t✐♥❣ t❤❡ ❣❧❛ss✬s ❝❤❡♠✐❝❛❧

❝♦♠♣♦s✐t✐♦♥ ❛✐❞s ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❙❈❈ ♣r♦♣❡rt✐❡s✳ ❚❤❡ ♥❡①t ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ ❣❧❛ss ❡❧❛❜♦r❛t✐♦♥✱ t❤❡

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

r❡s✉❧ts ♦♥ t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ t❡st ✐♥✈♦❦❡❞ ♦♥ t❤❡ ❙❇◆ s❡r✐❡s ❤❡r❡✐♥✳ ❈❤❛♣t❡r ✹ ❞❡t❛✐❧s ❤♦✇ t❤❡

❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✭✇❤✐❝❤ ✐s ❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s✮ ❛❧t❡rs t❤❡ ♠❡❝❤❛♥✐❝❛❧ ✭❙❈❈✱

KE✱ ❤❛r❞♥❡ss✱ ❡t❝✳✮ ♣r♦♣❡rt✐❡s✳
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❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❏✳ ❇❛rès✳ ❋❛✐❧✉r❡ ♦❢ ❜r✐tt❧❡ ❤❡t❡r♦❣❡♥❡♦✉s ♠❛t❡r✐❛❧s✳ ■♥t❡r♠✐tt❡♥❝②✱ ❈r❛❝❦❡❧✐♥❣ ❛♥❞ ❙❡✐s♠✐❝✐t②✳ P❤❉

t❤❡s✐s✱ ❊❝♦❧❡ ❉♦❝t♦r❛❧❡ P♦❧②t❡❝❤♥✐q✉❡✱ ✷✵✶✸✳

❬✷❪ ▼✳ ❇❛r❧❡t✱ ❆✳ ❑❡rr❛❝❤❡✱ ❏✳✲▼✳ ❉❡❧❛②❡✱ ❛♥❞ ❈✳▲✳ ❘♦✉♥tr❡❡✳ ❙✐♦✷✲♥❛✷♦✲❜✷♦✸ ❞❡♥s✐t②✿ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢

❡①♣❡r✐♠❡♥ts✱ s✐♠✉❧❛t✐♦♥s✱ ❛♥❞ t❤❡♦r②✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✽✷✿✸✷ ✕ ✹✹✱ ✷✵✶✸✳

❬✸❪ ▼✳ ❇❡rt♦❧❞✐ ❛♥❞ ▼✳ ❙❣❧❛✈♦✳ ❙♦❞❛✲❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss✿ ♥♦r♠❛❧ ♦r ❛♥♦♠❛❧♦✉s ❜❡❤❛✈✐♦r ✉♥❞❡r ✈✐❝❦❡rs

✐♥❞❡♥t❛t✐♦♥✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✹✹✿✺✶✕✺✾✱ ✷✵✵✹✳

❬✹❪ ❏ ❇♦❞s✇♦t❤✳ ❊❣②♣t✐❛♥ ❣❧❛ss ❥❛r✳ ❤tt♣✿✴✴❝♦♠♠♦♥s✳✇✐❦✐♠❡❞✐❛✳♦r❣✴✇✐❦✐✴❋✐❧❡

❬✺❪ ❉✳ ❇♦♥❛♠②✱ ❙✳ Pr❛❞❡s✱ ▲✳ P♦♥s♦♥✱ ❉✳ ❉❛❧♠❛s✱ ❈✳▲✳ ❘♦✉♥tr❡❡✱ ❊✳ ❇♦✉❝❤❛✉❞✱ ❛♥❞ ❈✳ ●✉✐❧❧♦t✳ ❊①✲

♣❡r✐♠❡♥t❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ ❞❛♠❛❣❡ ❛♥❞ ❢r❛❝t✉r❡ ✐♥ ❣❧❛ss② ♠❛t❡r✐❛❧s ❛t t❤❡ ♥❛♥♦♠❡tr❡ s❝❛❧❡✳ ■♥t✳ ❏✳

▼❛t❡r✳ Pr♦❞✳ ❚❡❝✳✱ ✷✻✿✸✸✾✕✸✺✸✱ ✷✵✵✻✳

❬✻❪ ❉✳ ❇♦♥❛♠②✱ ❙✳ Pr❛❞❡s✱ ❈✳ ▲✳ ❘♦✉♥tr❡❡✱ ▲✳ P♦♥s♦♥✱ ❉✳ ❉❛❧♠❛s✱ ❊✳ ❇♦✉❝❤❛✉❞✱ ❑✳ ❘❛✈✐✲❈❤❛♥❞❛r✱ ❛♥❞

❈✳ ●✉✐❧❧♦t✳ ◆❛♥♦s❝❛❧❡ ❞❛♠❛❣❡ ❞✉r✐♥❣ ❢r❛❝t✉r❡ ✐♥ s✐❧✐❝❛ ❣❧❛ss✳ ■♥t✳ ❏✳ ❋r❛❝t✉r❡✱ ✶✹✵✭✶✲✹✮✿✸✕✶✹✱ ❏❯▲

✷✵✵✻✳

❬✼❪ P✳ ❏✳ ❇r❛②✱ ❆✳ ❊✳ ●❡✐ss❜❡r❣❡r✱ ❋✳ ❇✉❝❤♦❧t③✱ ❛♥❞ ■✳❆✳ ❍❛rr✐s✳ ●❧❛ss str✉❝t✉r❡✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱

✺✷✿✹✺✕✻✻✱ ✶✾✽✷✳

❬✽❪ P✳ ❲✳ ❇r✐❞❣♠❛♥ ❛♥❞ ■✳ ❙✐♠♦♥✳ ❊✛❡❝t ♦❢ ✈❡r② ❤✐❣❤ ♣r❡ss✉r❡ ♦♥ ❣❧❛ss✳ ❏✳ ❆♣♣❧✳ P❤②s✳✱ ✷✹✿✹✵✺✱ ✶✾✺✸✳

❬✾❪ ✈❛♥ ▲✳ ❇r✉t③❡❧✳ ❈♦♥tr✐❜✉t✐♦♥ à ❧✬ét✉❞❡ ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ r✉♣t✉r❡ ❞❛♥s ❧❡s ❛♠♦r♣❤❡s✿ ét✉❞❡ ♣❛r

❞②♥❛♠✐q✉❡ ♠♦❧❡❝✉❧❛✐r❡ ❞❡ ❧❛ r✉♣t✉r❡ ❞❡ ✈❡rr❡ ❞❡ s✐❧✐❝❡✳ P❤❉ t❤❡s✐s✱ ❯♥✐✈❡rs✐té P❛r✐s ❱■✱ ✶✾✾✾✳

❬✶✵❪ ❇✳❈✳ ❇✉♥❦❡r✳ ▼♦❧❡❝✉❧❛r ♠❡❝❤❛♥✐s♠s ♦❢r ❝♦rr♦s✐♦♥ ♦❢ s✐❧✐❝❛ ❛♥❞ s✐❧✐❝❛t❡ ❣❧❛ss❡✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱

✶✼✾✿✸✵✵✕✸✵✽✱ ✶✾✾✹✳

❬✶✶❪ ❇✳❈✳ ❇✉♥❦❡r✱ ❉✳❘✳ ❚❛❧❧❛♥t✱ ❘✳❏✳ ❑✐r❦♣❛tr✐❝❦✱ ❛♥❞ ●✳▲✳ ❚✉r♥❡r✳ ▼✉❧t✐♥✉❝❧❡❛r ♥✉❝❧❡❛r✲♠❛❣♥❡t✐❝✲

r❡s♦♥❛♥❝❡ ❛♥❞ r❛♠❛♥ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ s♦❞✐✉♠ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss str✉❝t✉r❡s✳ P❤②s✳ ❈❤❡♠✳ ●❧❛ss❡s✱

✸✶✿✸✵✕✹✶✱ ✶✾✾✵✳
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❬✶✷❪ ●✳ ❇✉s❝❛r✐♥♦✱ ❙✳ ❆❣♥❡❧❧♦✱ ❛♥❞ ❋✳ ▼✳ ●❡❧❛r❞✐✳ ❙tr✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥

✐♥ s✐♦✷ ❣❧❛ss✿ ▲♦❝❛❧ ❞❡♥s✐✜❝❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts✳ ❊✉r♦♣❤②s✳ ▲❡tt✳✱ ✽✼✿✷✻✵✵✼✱ ✷✵✵✾✳

❬✶✸❪ ❋✳ ❈é❧❛r✐é✳ ❉②♥❛♠✐q✉❡ ❞❡ ✜ss✉r❛t✐♦♥ à ❜❛ss❡ ✈✐t❡ss❡ ❞❡s ♠❛tér✐❛✉① ✈✐tr❡✉①✳ P❤❉ t❤❡s✐s✱ ❯♥✐✈❡rs✐té

▼♦♥t♣❡❧❧✐❡r ■■✱ ✷✵✵✹✳

❬✶✹❪ ❋✳ ❈é❧❛r✐é✱ ❙✳ Pr❛❞ès✱ ❉✳ ❇♦♥❛♠②✱ ❆✳ ❉✐❝❦❡❧❡✱ ❊✳ ❇♦✉❝❤❛✉❞✱ ❈✳ ●✉✐❧❧♦t✱ ❛♥❞ ❈✳ ▼❛r❧✐❡r❡✳ ❙✉r❢❛❝❡

❢r❛❝t✉r❡ ♦❢ ❣❧❛ss② ♠❛t❡r✐❛❧s ❛s ❞❡t❡❝t❡❞ ❜② r❡❛❧✲t✐♠❡ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❛❢♠✮ ❡①♣❡r✐♠❡♥ts✳

❆♣♣❧✳ ❙✉r❢✳ ❙❝✐✳✱ ✷✶✷✿✾✷✕✾✻✱ ✷✵✵✸✳

❬✶✺❪ ❋✳ ❈é❧❛r✐é✱ ❙✳ Pr❛❞❡s✱ ❉✳ ❇♦♥❛♠②✱ ▲✳ ❋❡rr❡r♦✱ ❊✳ ❇♦✉❝❤❛✉❞✱ ❈✳ ●✉✐❧❧♦t✱ ❛♥❞ ❈✳ ▼❛r❧✐❡r❡✳ ●❧❛ss ❜r❡❛❦s

❧✐❦❡ ♠❡t❛❧✱ ❜✉t ❛t t❤❡ ♥❛♥♦♠❡t❡r s❝❛❧❡✳ P❤②s✳ ❘❡✈✳ ▲❡tt✳✱ ✾✵✭✼✮✿✵✼✺✺✵✹✱ ❋❊❇ ✷✶ ✷✵✵✸✳

❬✶✻❪ ❘✳ ❏✳ ❈❤❛r❧❡s✳ ❙t❛t✐❝ ❢❛t✐❣✉❡ ♦❢ ❣❧❛ss✳ ❏✳ ❆♣♣❧✳ P❤②s✳✱ ✷✾✿✶✺✹✾✕✶✻✻✷✱ ✶✾✺✽✳

❬✶✼❪ ▼✳ ❈✐❝❝♦tt✐✳ ❙tr❡ss✲❝♦rr♦s✐♦♥ ♠❡❝❤❛♥✐s♠s ✐♥ s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❏✳ P❤②s✳❉✳✱ ✹✷✭✷✶✮✿✷✶✹✵✵✻✱ ◆♦✈❡♠❜❡r

✷✵✵✾✳

❬✶✽❪ ❙✳◆✳ ❈r✐❝❤t♦♥✱ ▼✳ ❚♦♠♦③❛✇❛✱ ❏✳❙✳ ❍❛②❞❡♥✱ ❚✳■✳ ❙✉r❛t✇❛❧❛✱ ❛♥❞ ❍✳ ❈❛♠♣❜❡❧❧✳ ❙✉❜❝r✐t✐❝❛❧ ❝r❛❝❦

❣r♦✇t❤ ✐♥ ❛ ♣❤♦s♣❤❛t❡ ❧❛s❡r ❣❧❛ss✳ ❏✳ ❆♠✳ ❈❡r❛♠✳ ❙♦❝✳✱ ✽✷✿✸✵✾✼✕✸✶✵✹✱ ✶✾✾✾✳

❬✶✾❪ ❲✳❏✳ ❉❡❧❧✱ P✳ ❏✳ ❇r❛②✱ ❛♥❞ ❙✳ ❩✳ ❳✐❛♦✳ ❇✲✶✶ ♥♠r✲st✉❞✐❡s ❛♥❞ str✉❝t✉r❛❧ ♠♦❞❡❧✐♥❣ ♦❢ Na2O✲B2O3✲SiO2

❣❧❛ss❡s ♦❢ ❤✐❣❤ s♦❞❛ ❝♦♥t❡♥t✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✺✽✭✶✮✿✶✕✶✻✱ ✶✾✽✸✳

❬✷✵❪ ❍✳ ❉♦✇❡✐❞❛r✳ ❈♦♥s✐❞❡r❛t✐♦♥s ♦♥ t❤❡ str✉❝t✉r❡ ❛♥❞ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜✷♦✸✲s✐♦✷ ❛♥❞ ❣❡♦✷✲s✐♦✷

❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✺✼✿✶✻✻✺✕✶✻✼✵✱ ✷✵✶✶✳

❬✷✶❪ ❋✳▼✳ ❊r♥s❜❡r❣✳ ❘♦❧❡ ♦❢ ❞❡♥s✐✜❝❛t✐♦♥ ✐♥ ❞❡❢♦r♠❛t✐♦♥ ♦❢ ❣❧❛ss❡s ✉♥❞❡r ♣♦✐♥t ❧♦❛❞✐♥❣✳ ❏✳ ❆♠✳ ❈❡r❛♠✳

❙♦❝✱ ✺✶✿✺✹✺✕✺✹✼✱ ✶✾✻✽✳

❬✷✷❪ ❆✳●✳ ❊✈❛♥s ❛♥❞ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✳ Pr♦♦❢ t❡st✐♥❣ ♦❢ ❝❡r❛♠✐❝ ♠❛t❡r✐❛❧s✲❛♥ ❛♥❛❧②t✐❝❛❧ ❜❛s✐s ❢♦r ❢❛✐❧✉r❡

♣r❡❞✐❝t✐♦♥✳ ■♥t✳ ❏✳ ❋r❛❝t✉r❡✱ ✶✵✿✸✼✾✕✸✾✷✱ ✶✾✼✹✳

❬✷✸❪ ❉✳ ❋❡✐❧ ❛♥❞ ❙✳ ❋❡✐❧❧❡r✳ ❚❤❡ ❞❡♥s✐t② ♦❢ s♦❞✐✉♠ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s r❡❧❛t❡❞ t♦ ❛t♦♠✐❝ ❛rr❛♥❣❡♠❡♥ts✳ ❏✳

◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✶✶✾✿✶✵✸✕✶✶✶✱ ✶✾✾✵✳

❬✷✹❪ ❚✳ ❋❡tt✱ ❑✳ ●❡r♠❡r❞♦♥❦✱ ❆✳ ●r♦ss♠✉❧❧❡r✱ ❑✳ ❑❡❧❧❡r✱ ❛♥❞ ❉✳ ▼✉♥③✳ ❙✉❜❝r✐t✐❝❛❧ ❝r❛❝❦ ❣r♦✇t❤ ❛♥❞
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❬✼✺❪ ❏✳❑✳ ❲❡st ❛♥❞ ▲✳▲✳ ❍❡♥❝❤✳ ❙✐❧✐❝❛ ❢r❛❝t✉r❡✿ P❛rt ✐✐ ❛ r✐♥❣ ♦♣❡♥✐♥❣ ♠♦❞❡❧ ✈✐❛ ❤②❞r♦❧②s✐s✳ ❏✳ ▼❛t❡r✳

❙❝✐✳✱ ✷✾✿✺✽✵✽✕✺✽✶✻✱ ✶✾✾✹✳

❬✼✻❪ ❏✳❑✳ ❲❡st ❛♥❞ ▲✳▲✳ ❍❡♥❝❤✳ ❚❤❡ ❡✛❡❝t ♦❢ ❡♥✈✐r♦♥♠❡♥t ♦♥ s✐❧✐❝❛ ❢r❛❝t✉r❡✿ ✈❛❝❝✉♠✱ ❝❛r❜♦♥ ♠♦♥♦①✐❞❡✱

✇❛t❡r ❛♥❞ ♥✐tr♦❣❡♥✳ P❤✐❧♦s✳ ▼❛❣✳ ❆✱ ✼✼✿✽✺✕✶✶✸✱ ✶✾✾✽✳

❬✼✼❪ ❙✳ ▼✳ ❲✐❡❞❡r❤♦r♥✱ ❊✳❘✳ ❋✉❧❧❡r✱ ❛♥❞ ❘✳ ❚❤♦♠s♦♥✳ ▼✐❝r♦♠❡❝❤❛♥✐s♠s ♦❢ ❝r❛❝❦ ❣r♦✇t❤ ✐♥ ❝❡r❛♠✐❝s ❛♥❞

❣❧❛ss❡s ✐♥ ❝♦rr♦s✐✈❡ ❡♥✈✐r♦♥♠❡♥ts✳ ▼❡t✳ ❙❝✐✳✱ ✶✹✿✹✺✵✕✹✺✽✱ ✶✾✽✵✳

❬✼✽❪ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✳ ■♥✢✉❡♥❝❡ ♦❢ ✇❛t❡r ✈❛♣♦r ♦♥ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✐♥ s♦❞❛✲❧✐♠❡ ❣❧❛ss✳ ❆♠✳ ❈❡r❛♠✳

❙♦❝✳ ❇✉❧❧✳✱ ✺✵✿✹✵✼✕✹✶✹✱ ✶✾✻✼✳

❬✼✾❪ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥ ❛♥❞ ▲✳❍✳ ❇♦❧③✳ ❙tr❡ss ❝♦rr♦s✐♦♥ ❛♥❞ st❛t✐❝ ❢❛t✐❣✉❡ ♦❢ ❣❧❛ss✳ ❏✳ ❆♠✳ ❈❡r❛♠✳ ❙♦❝✱

✺✸✿✺✹✸✕✺✹✽✱ ✶✾✼✵✳
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❬✽✵❪ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✱ ❙✳❲✳ ❋r❡✐♠❛♥✱ ❊✳❘✳ ❋✉❧❧❡r✱ ❛♥❞ ❈✳❏✳ ❙✐♠♠♦♥s✳ ❊✛❡❝ts ♦❢ ✇❛t❡r ❛♥❞ ♦t❤❡r ❞✐❡❧❡❝tr✐❝s

♦♥ ❝r❛❝❦✲❣r♦✇t❤✳ ❏✳ ▼❛tt❡r✳ ❙❝✐✳✱ ✶✷✿✸✹✻✵✕✸✹✼✽✱ ✶✾✽✷✳

❬✽✶❪ ❙✳ ❨♦s❤✐❞❛✱ ❏✳✲❈✳ ❙❛♥❣❧❡❜♦❡✉❢✱ ❛♥❞ ❚✳ ❘♦✉①❡❧✳ ◗✉❛♥t✐t❛t✐✈❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ✐♥❞❡♥t❛t✐♦♥✲✐♥❞✉❝❡❞ ❞❡♥✲

s✐✜❝❛t✐♦♥ ✐♥ ❣❧❛ss✳ ❏✳ ▼❛t✳ ❘❡s✳✱ ✷✵✿✸✹✵✹✕✸✹✶✷✱ ✷✵✵✺✳

❬✽✷❪ ❙✳ ❨♦s❤✐❞❛✱ ❏✳✲❈✳ ❙❛♥❣❧❡❜♦❡✉❢✱ ❛♥❞ ❚ ❘♦✉①❡❧✳ ■♥❞❡♥t❛t✐♦♥✲✐♥❞✉❝❡❞ ❞❡♥s✐✜❝❛t✐♦♥ ♦❢ s♦❞❛✲❧✐♠❡ s✐❧✐❝❛t❡

❣❧❛ss✳ ■♥t✳ ❏✳ ▼❛t❡r✳ ❘❡s✳✱ ✾✽✿✸✻✵✕✸✻✹✱ ✷✵✵✼✳

❬✽✸❪ ❨✳❍✳ ❨✉♥✱ ❙✳❆✳ ❋❡❧❧❡r✱ ❛♥❞ P✳❏✳ ❇r❛②✳ ❈♦rr❡❝t✐♦♥ ❛♥❞ ❛❞❞❡♥❞✉♠ t♦ ♥✉❝❧❡❛r ♠❛❣♥❡t✐❝✲r❡s♦♥❛♥❝❡

st✉❞✐❡s ♦❢ t❤❡ ❣❧❛ss❡s ✐♥ t❤❡ s②st❡♠ Na2O✲B2O3✲SiO2✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✸✿✷✼✸✕✷✼✼✱ ✶✾✼✾✳

❬✽✹❪ ❲✳❍✳ ❩❛❝❤❛r✐❛s❡♥✳ ❚❤❡ ❛t♦♠✐❝ ❛rr❛♥❣❡♠❡♥t ✐♥ ❣❧❛ss✳ ❏✳ ❆♠✳ ❈❡r❛♠✳ ❙♦❝✳✱ ✺✹✿✸✽✹✶✕✸✽✺✶✱ ✶✾✸✷✳

❬✽✺❪ ❏✳ ❩❛r③②❝❦②✳ ▲❡s ✈❡rr❡s ❡t ❧✬ ét❛t ✈✐tr❡✉①✳ ▼❛♥s♦♥✱ ✶✾✽✷✳
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Chapter 2

❊❧❛❜♦r❛t✐♦♥ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s

❈♦♥t❡♥ts

✷✳✶ ❋❛❜r✐❝❛t✐♦♥ ❛♥❞ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❣❧❛ss s❛♠♣❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✷✳✷ ❙tr✉❝t✉r❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✷✳✷✳✶ ❘❛♠❛♥ ❛♥❛❧②s✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✷✳✷✳✷ ▼❆❙ ◆▼❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✷✳✸ P❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✷✳✸✳✶ ❉❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✷✳✸✳✷ ❊❧❛st✐❝ ♣r♦♣❡rt✐❡s✿ ❨♦✉♥❣ ♠♦❞✉❧✉s ✭❊✮✱ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✷✳✹ ❊①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s ✿ ♠❡❝❤❛♥✐❝❛❧ ❛♥❛❧②s✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✷✳✹✳✶ ❋r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ✈✐❛ ❉❡❜❡♥ ❧♦❛❞✐♥❣ ♠❛❝❤✐♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✷✳✹✳✷ P♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❛♥❛❧②s✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✷✳✹✳✸ ▼✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ t❡st ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

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

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

✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡ t♦ ✈❛r✐❛t✐♦♥s ❛t t❤❡ ♠❛❝r♦s❝♦♣✐❝ s❝❛❧❡✱ ■ ❝❤♦s❡ t♦ ✐♥✈❡st✐❣❛t❡ t❡r♥❛r②

SiO2✲B2O3✲Na2O ♠♦❞❡❧ ❣❧❛ss❡s✳ ❇② ♠♦❞✉❧❛t✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✱ ■ ❛tt❡♠♣t t♦ ✉♥❞❡rst❛♥❞ t❤❡

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

♠❡t❤♦❞s ✉s❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡✐r str✉❝t✉r❛❧✱ ♣❤②s✐❝❛❧✱ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❙❡❝t✐♦♥ ✷✳✶ ❞❡t❛✐❧s

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

❯♥❞❡rst❛♥❞✐♥❣ ❤♦✇ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✐♥✢✉❡♥❝❡s t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r r❡q✉✐r❡s t✇♦ ✐♥t❡r♠❡❞✐❛t❡

st❡♣s✳ ❋✐rst✱ s❡❝t✐♦♥s ✷✳✷ ❛♥❞ ✷✳✸ ❤✐❣❤❧✐❣❤t s♣❡❝tr♦s❝♦♣② t♦♦❧s ✭✐✳❡✳ ❘❆▼❆◆ ❛♥❞ ▼❆❙ ◆▼❘✮ ✉s❡❞ t♦

st✉❞② ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ str✉❝t✉r❛❧ ❛♥❞ t❤❡ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ✜♥❛❧ s❡❝t✐♦♥ ❞❡t❛✐❧s t❤❡

❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣s ✉s❡❞ t♦ st✉❞② t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ♦❢ t❤❡ ❣❧❛ss❡s ✭✐♥❝❧✉❞✐♥❣✿ str❡ss ❝♦rr♦s✐♦♥

❝r❛❝❦✐♥❣ t❡sts✱ ❤❛r❞♥❡ss t❡sts✳✳✳✮
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✷✳✶ ❋❛❜r✐❝❛t✐♦♥ ❛♥❞ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❣❧❛ss s❛♠♣❧❡s

❚❤❡ ❝♦♠♣♦s✐t✐♦♥s st✉❞✐❡❞ ✭❚❛❜❧❡ ✷✳✶✮ ❝♦♥t❛✐♥ ♠♦❞✉❧❛t❡❞ ❛♠♦✉♥t ♦❢ s✐❧✐❝❛ ✭SiO2✮✱ ❞✐❜♦r♦♥ tr✐♦①✐❞❡ ✭B2O3✮

❛♥❞ s♦❞✐✉♠ ♦①✐❞❡ ✭Na2O✮✳ ❆s ♣r❡s❡♥t❡❞ ✐♥ ❝❤❛♣t❡r ✶ ❜♦t❤ s✐❧✐❝❛ ❛♥❞ ❜♦r♦♥ ❛r❡ ❣❧❛ss ❢♦r♠❡rs✳ ❚❤❡ ❛❞❞✐t✐♦♥

♦❢ B2O3 r❡❞✉❝❡s t❤❡ ♠❡❧t✐♥❣ ♣♦✐♥t ♦❢ t❤❡ ❣❧❛ss✳ Na2O ❝❛♥ ❤❛✈❡ ♦♥❡ ♦❢ t✇♦ r♦❧❡s ✐♥ t❤❡ ❣❧❛ss ✭♣❛rt ✶✮✿

♥❡t✇♦r❦ ♠♦❞✐✜❡r ♦r ❝❤❛r❣❡ ❝♦♠♣❡♥s❛t♦r✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss ✇❤✐❝❤ ❧❡❛❞s t♦

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

■ ♣r❡♣❛r❡❞ t❤❡ ❣❧❛ss ✐♥ t❤❡ ❙❊❈▼ ✭❙❡r✈✐❝❡ ❞✬➱t✉❞❡s ❡t ❈♦♠♣♦rt❡♠❡♥t ❞❡s ▼❛tér✐❛✉① ❞❡ ❝♦♥❞✐t✐♦♥✲

♥❡♠❡♥t✮ ❛t ❈❊❆ ▼❛r❝♦✉❧❡ ✇✐t❤ ❚❤é♦❞♦r❡ ❈♦③③✐❝❛✳ ❋✐❣✉r❡ ✷✳✶ s❦❡t❝❤❡s t❤❡ t❤❡r♠❛❧ s❡q✉❡♥❝❡ ✐♥✈♦❧✈❡❞ ✐♥

t❤❡ ❡❧❛❜♦r❛t✐♦♥ ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s✳ ●❧❛ss❡s ✇✐t❤ ♠♦❧❛r s♦❞✐✉♠ ❝♦♥❝❡♥tr❛t✐♦♥s r❛♥❣✐♥❣ ❜❡t✇❡❡♥ ✶✹ ❛♥❞

✸✺ % ❛r❡ ♣❡r♣❡tr❛t❡❞✳ ❙✐❧✐❝❛✱ ♦rt❤♦❜♦r✐❝ ❛❝✐❞ ✭H3BO3✮ ❛♥❞ s♦❞✐✉♠ ❝❛r❜♦♥❛t❡ ✭Na2CO3✮ ♣♦✇❞❡rs ✇❡r❡

♠❛♥✉❛❧❧② ❤♦♠♦❣❡♥✐③❡❞ ❛♥❞ ♣✉t ✐♥ ❛ ♣❧❛t✐♥✉♠✴❣♦❧❞ ✭Pt✴❆✉✮ ❝r✉❝✐❜❧❡ ❢♦r t❤❡ ❡❧❛❜♦r❛t✐♦♥✳ Pt✴❆✉ ❝r✉❝✐❜❧❡s

❢❛❝✐❧✐t❛t❡ s❧♦✇ ❝♦♦❧✐♥❣ ❛♥❞ t❤❡r♠❛❧ tr❡❛t♠❡♥ts✳ ▼♦r❡♦✈❡r✱ ✐t ❡♥❛❜❧❡s t❤❡ ✉♥st✐❝❦✐♥❣ ♦❢ t❤❡ ❣❧❛ss s♣❡❝✐♠❡♥

❢r♦♠ t❤❡ ❝r✉❝✐❜❧❡✳

■♥✐t✐❛❧❧②✱ t❤❡ ❢✉r♥❛❝❡✬s t❡♠♣❡r❛t✉r❡ ✐s st❛❜✐❧✐③❡❞ ❛t ✷✵✵◦❈ ❢♦r ✷ ❤✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❢✉r♥❛❝❡✬s t❡♠♣❡r❛t✉r❡

❢r♦♠ ✷✵✵◦❈ t♦ ✽✵✵◦❈ ❡♥s✉r❡s t❤❡ ❞❡❝❛r❜♦♥❛t❛t✐♦♥ ♦❢ t❤❡ s♦❞✐✉♠ ❝❛r❜♦♥❛t❡✳ ❚❤✐s st❡♣ ❛❧s♦ ❛✈♦✐❞s ❜✉❜❜❧❡s

✐♥ t❤❡ ✜♥❛❧ ❣❧❛ss✳ ■♥ ❛ ✜♥❛❧ st❡♣✱ ❣❧❛ss ❢✉s✐♦♥ ♦❝❝✉rs ❛t TE ✭❜❡t✇❡❡♥ ✶✶✵✵◦❈ ❛♥❞ ✶✸✵✵◦❈ ❞❡♣❡♥❞✐♥❣ ♦♥

t❤❡ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥✮ ❢♦r ✸ ❤ ✳ ❙✉❜s❡q✉❡♥t❧②✱ t❤❡ ❣❧❛ss ♠❡❧t ❧❡❛✈❡s t❤❡ ❢✉r♥❛❝❡✱ ❛♥❞ ✐t ✐s ♣♦✉r❡❞ ✐♥t♦ ❛

♣r❡❤❡❛t❡❞ ✭✻✵✵◦❈✮ ❝❛r❜♦♥ ❝r✉❝✐❜❧❡✳ ❚❤❡ ❣❧❛ss ♠❡❧t ❡♥t❡rs ❛ s❡❝♦♥❞ ❢✉r♥❛❝❡✱ ❛♥❞ t❤❡ ❝♦♦❧✐♥❣ r❛t❡ ♦❝❝✉rs

❛t ❛ ♠✉❝❤ s❧♦✇❡r r❛t❡ ✭✶✵◦❈✴❤✮ t♦ r❡❧❡❛s❡ t❤❡ r❡s✐❞✉❛❧ str❡ss❡s✳

❚✐♠❡ ✭❤✮

❚❡♠♣❡r❛t✉r❡ ✭◦C✮

✷✵✵ ◦C

✽✵✵ ◦C

TE

❆♥♥❡❛❧✐♥❣

✸❤

✷❤

✸❤

❋✐❣✉r❡ ✷✳✶✿ ❚❤❡r♠❛❧ ❝②❝❧❡ ♦❢ ❙❇◆ ❣❧❛ss✬s ❡❧❛❜♦r❛t✐♦♥✳ TE ❞❡♣❡♥❞s ♦♥ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥✳

❚♦ ❝♦♥✜r♠ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❛ t❤✐r❞ ♣❛rt② ✭Pr✐♠❡❱❡rr❡ ❧♦❝❛t❡❞ ❛t ▼♦♥t♣❡❧❧✐❡r✮ ❝♦♥❞✉❝t❡❞

❝❤❡♠✐❝❛❧ ❛♥❛❧②s❡s ❜② ♠❡❛♥s ♦❢ ▼❊❇✲❊❉❙ ✭❊♥✈✐r♦♥♠❡♥t❛❧ ❊❧❡❝tr♦♥✐❝ ♠✐❝r♦s❝♦♣❡ ❝♦✉♣❧❡❞ ✇✐t❤ ❛♥ ❊♥❡r❣②

❉✐s♣❡rs✐✈❡ ❙♣❡❝tr♦♠❡t❡r✮ ❛♥❞✴♦r ■❈P✲❆❊❙ ✭■♥❞✉❝t✐✈❡❧② ❝♦✉♣❧❡❞ ♣❧❛s♠❛ ❛t♦♠✐❝ ❡♠✐ss✐♦♥ s♣❡❝tr♦s❝♦♣②✮✳

▼❊❇✲❊❉❙ r❡s✉❧ts r❡✈❡❛❧❡❞ s♠❛❧❧ ❛♠♦✉♥ts ♦❢ ✐♠♣✉r✐t✐❡s✱ ❧❡ss t❤❛♥ ✵✳✺%✳ ❚❤❡ r❡s✉❧ts r❡♣♦rt❡❞ ✐♥ t❛❜❧❡ ✷✳✶

❝♦♠❡ ❢r♦♠ t❤❡ ■❈P✲❆❊❙ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❤❛✈❡ ❛♥ ✉♥❝❡rt❛✐♥t② ♦❢ ✶✵%✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s ♦❢

t❤❡ ❢❛❜r✐❝❛t❡❞ ❣❧❛ss❡s ❛r❡ ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ t❤❡ t❛r❣❡t ✈❛❧✉❡s✳ ❚❛❜❧❡ ✷✳✶ ❛❧s♦ ❝♦♥t❛✐♥s t❤❡ r❛t✐♦s ❘SBN

❛♥❞ ❑SBN ❜❛s❡❞ ♦♥ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡s✳

✸✵
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◆❛♠❡ ❚❛r❣❡t ✈❛❧✉❡s ▼❡❛s✉r❡❞ ✈✐❛ ■❈P✲❆❊❙ RSBN KSBN ❙②♠❜♦❧s
SiO2 B2O3 Na2O SiO2 B2O3 Na2O ♠❡❛s✉r❡❞ ♠❡❛s✉r❡❞

❙❇◆ ✶✷ ✺✾✳✻ ✷✽✳✷ ✶✷✳✷ ✺✾✳✹ ✷✽✳✺ ✶✷✳✶ ✵✳✹ ✷✳✶
❙❇◆ ✷✺ ✺✵✳✼ ✷✸✳✾ ✷✺✳✹ ✺✷✳✻ ✷✵✳✻ ✷✻✳✽ ✶✳✸ ✷✳✺
❙❇◆ ✸✵ ✹✼✳✸ ✷✷✳✸ ✸✵✳✹ ✺✶ ✷✵✳✶ ✷✽✳✻ ✶✳✹ ✷✳✺
❙❇◆ ✸✺ ✹✹ ✷✵✳✻ ✸✺✳✹ ✹✻✳✾ ✶✽✳✻ ✸✹✳✺ ✶✳✽ ✷✳✺
❙❇◆ ✶✹ ✻✼✳✽ ✶✽ ✶✹✳✷ ✼✵ ✶✺✳✽ ✶✹✳✷ ✵✳✾ ✹✳✹
❙❇◆ ✻✸ ✻✸✳✷ ✶✻✳✽ ✷✵ ✻✻✳✼ ✶✹✳✶ ✶✾✳✷ ✶✳✸ ✹✳✺
❙❇◆ ✺✾ ✺✾✳✷ ✶✺✳✽ ✷✺ ✻✶✳✶ ✶✸✳✸ ✷✺✳✺ ✶✳✾ ✹✳✺
❙❇◆ ✺✺ ✺✺✳✸ ✶✹✳✼ ✸✵ ✺✽✳✵ ✶✷✳✾ ✷✾✳✶ ✷✳✸ ✹✳✺

❚❛❜❧❡ ✷✳✶✿ ❚❛r❣❡ts ♠♦❧❛r ❝♦♠♣♦s✐t✐♦♥s ❛♥❞ r❡❛❧ ♠♦❧❛r ❝♦♠♣♦s✐t✐♦♥s ♦❢ ❡❧❛❜♦r❛t❡❞ ❣❧❛ss s❛♠♣❧❡s ♠❡❛s✉r❡❞
❜② ■❈P✲❆❊❙ ✇✐t❤ RSBN ❛♥❞ KSBN ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❛r❣❡t ❝♦♠♣♦s✐t✐♦♥s✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ ❞❡♣✐❝ts
t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥ t❤❡ r❡st ♦❢ t❤✐s ❞♦❝✉♠❡♥t✳

✷✳✷ ❙tr✉❝t✉r❛❧ ✐♥✈❡st✐❣❛t✐♦♥

✷✳✷✳✶ ❘❛♠❛♥ ❛♥❛❧②s✐s

❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② t❡❝❤♥✐q✉❡s ✐♥✈♦❦❡ t❤❡ ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣ ♦❢ ❛ ♠♦♥♦❝❤r♦♠❛t✐❝ ❧✐❣❤t✳ ❆ ❧❛s❡r s♦✉r❝❡

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

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

❡✐t❤❡r ❡q✉❛❧ ♦r s❤✐❢t❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❧❛s❡r s♦✉r❝❡✿ ▼♦st ♦❢ t❤❡ ✐♥❝✐❞❡♥t ♣❤♦t♦♥s

✉♥❞❡r❣♦ ❡❧❛st✐❝ ❘❛②❧❡✐❣❤ s❝❛tt❡r✐♥❣ ❛♥❞ t❤❡ ❡①❝✐t❡❞ ♠♦❧❡❝✉❧❡s r❡t✉r♥ ❜❛❝❦ t♦ t❤❡✐r ❢✉♥❞❛♠❡♥t❛❧ st❛t❡ ❜②

❡♠✐tt✐♥❣ ♣❤♦t♦♥s ❛t t❤❡ s❛♠❡ ❢r❡q✉❡♥❝② ❛s t❤❛t ♦❢ t❤❡ s♦✉r❝❡❀ ❚❤✐s ❝♦♠♣♦♥❡♥t r❡♣r❡s❡♥ts ✾✾✳✾✾✾ % ♦❢

t❤❡ t♦t❛❧ s✐❣♥❛❧ ❛♥❞ ✐s ✉s❡❧❡ss ❢♦r ♠♦❧❡❝✉❧❛r ❝❤❛r❛❝t❡r✐③❛t✐♦♥✳ ❈♦♥✈❡rs❡❧②✱ ✵✳✵✵✶ % ♦❢ t❤❡ ✐♥❝✐❞❡♥t ♣❤♦t♦♥s

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

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

✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ♣r♦❝❡ss✳ ❘❛♠❛♥ s❤✐❢ts t♦✇❛r❞ ❤✐❣❤❡r ❛♥❞ ❧♦✇❡r ✈❛❧✉❡s ❛r❡ ❝❛❧❧❡❞ ❆♥t✐✲❙t♦❦❡s ❛♥❞ ❙t♦❦❡s

❢r❡q✉❡♥❝✐❡s✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ s♣❡❝tr❛ ✇❡r❡ r❡❝♦r❞❡❞ ❛t ▲▼P❆ ✭▲❛❜♦r❛t♦✐r❡ ❞❡s ▼❛tér✐❛✉① ❡t Pr♦❝é❞é ❛❝t✐❢s✮ ✐♥ ❈❊❆ ▼❛r❝♦✉❧❡

✇✐t❤ ❘✐❝❤❛r❞ ❈❛r❛❜❛❧❧♦ ❛♥❞ ▼✐❝❦❛❡❧ ●❡♥♥✐ss♦♥✳ ❘❛♠❛♥ s♣❡❝tr❛ ❡♠♣❧♦② ❛ ❏♦❜✐♥ ❨✈♦♥ ❍❘✽✵✵ s♣❡❝tr♦♠❡✲

t❡r✳ ❚❤❡ ❧❛s❡r ✐s ❛ ❨❆● ❧❛s❡r ✭λ❂✺✸✷ ♥♠✮ ✇✐t❤ ❛♥ ❛❞❥✉st❛❜❧❡ ♦✉t♣✉t ♣♦✇❡r✳ ❊①♣❡r✐♠❡♥ts ❛r❡ ✐♥ ❛♠❜✐❡♥t

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

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

✷✳✷✳✷ ▼❆❙ ◆▼❘

❚❤❡ ◆▼❘ t❡❝❤♥✐q✉❡s ✉s❡ t❤❡ ♥✉❝❧❡❛r ♠❛❣♥❡t✐❝ ♠♦♠❡♥t ♦❢ ❛♥ ❛t♦♠✐❝ ♥✉❝❧❡✉s t♦ ❡①tr❛❝t q✉❛♥t✐t❛t✐✈❡

✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❣❧❛ss❡s str✉❝t✉r❡ ✈✐❛ ❛♥ ❡①t❡r♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ▼♦st ♦❢ t❤❡ ♥✉❝❧❡✐ ✐♥ t❤❡ ♣❡r✐♦❞✐❝

t❛❜❧❡ ♣♦ss❡ss ❛ ♥✉❝❧❡❛r ♠❛❣♥❡t✐❝ ♠♦♠❡♥t ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♥✉❝❧❡❛r s♣✐♥ ❛♥❣✉❧❛r ♠♦♠❡♥t✉♠ I✿

µ = γI, ✭✷✳✶✮

✸✶



❈❍❆P❚❊❘ ✷✳ ❊▲❆❇❖❘❆❚■❖◆ ❆◆❉ ❊❳P❊❘■▼❊◆❚❆▲ ▼❊❚❍❖❉❙

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

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

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

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

❢r❡q✉❡♥❝② ✐s ❝❛❧❧❡❞ t❤❡ ▲❛r♠♦r ❢r❡q✉❡♥❝②✱ ω0✳ ❆♣♣❧✐♥❣ ❛♥ ❡①t❡r♥❛❧ r❛❞✐♦✲❢r❡q✉❡♥❝② ♣✉❧s❡ ✐s ❛❞❞❡❞ ✭❛♥

♦s❝✐❧❧❛t✐♥❣ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦❢ s♣❡❝✐✜❝ ❢r❡q✉❡♥❝② ❛♥❞ ❞✉r❛t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ B0✮✱ t❤❡

♣✉❧s❡ r❡s♦♥❛t❡s ✇❤❡♥ ω0❂ωrf ✳ ❆♥ ♦s❝✐❧❧❛t✐♥❣ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ❛♣♣❧✐❡❞ r❛❞✐♦ ❢r❡q✉❡♥❝②

♣✉❧s❡ ❛♣♣❡❛rs✳ ❚❤❡ rf ♣✉❧s❡ ✢✐♣s t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ✈❡❝t♦r ✐♥t♦ t❤❡ tr❛♥s✈❡rs❡ ♣❧❛♥✱ ✇❤✐❧❡ t❤❡ s♣✐♥s ❦❡❡♣

r♦t❛t✐♥❣ ❛r♦✉♥❞ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛t ❛ ❢r❡q✉❡♥❝② ω1 = −γB1✳ ❆❢t❡r rf ♣✉❧s❡✱ t❤❡ s♣✐♥s ❣♦ ❜❛❝❦ t♦ t❤❡✐r

t❤❡r♠❛❧ ❡q✉✐❧✐❜r✐✉♠ st❛t❡ ✇✐t❤ ❛ ❝❡rt❛✐♥ t✐♠❡ ❝❛❧❧❡❞ t❤❡ s♣✐♥✲❧❛tt✐❝❡ r❡❧❛①❛t✐♦♥✳ ❚❤❡ ♣r❡❝❡ss✐♦♥ ♦❢ t❤❡

tr❛♥s✈❡rs❡ ♠❛❣♥❡t✐③❛t✐♦♥ ✐♥❞✉❝❡s ♦s❝✐❧❧❛t✐♥❣ ❡❧❡❝tr✐❝ ❝✉rr❡♥ts t❤❛t ❝❛♥ ❜❡ ❞❡t❡❝t❡❞ ❛♥❞ ✐s t❤❡ ◆▼❘ s✐❣♥❛❧✳

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

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

t❤❡ st❛t✐❝ ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤✐s ❡①t❡r♥❛❧ ✐♥t❡r❛❝t✐♦♥ ✐s ❝❛❧❧❡❞ t❤❡ ❩❡❡♠❛♥ ✐♥t❡r❛❝t✐♦♥✳ ❖t❤❡r ✐♥t❡r❛❝t✐♦♥s

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

■ ♣❡r❢♦r♠❡❞ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ❛t ▲❙❉❘▼ ✭▲❛❜♦r❛t♦✐r❡ ❞❡ ❙tr✉❝t✉r❡ ❡t ❉②♥❛♠✐q✉❡ ♣❛r ❘és♦♥♥❛♥❝❡

▼❛❣♥ét✐q✉❡✮ ✐♥ ❈❊❆ ❙❛❝❧❛② ✇✐t❤ ❚❤✐❜❛✉❧t ❈❤❛r♣❡♥t✐❡r ❛♥❞ ▼é❧❛♥✐❡ ▼♦s❦✉r❛✳ ❚❡sts ❤❡r❡✐♥ ✐♥✈♦❦❡ t❡♥

❝②❧✐♥❞❡r s❛♠♣❧❡s ✭✵✳✽× ✷✳✾✻ ♠♠2✮ ❢♦r ❡❛❝❤ ♦❢ t❤❡ ❙❇◆ ❝♦♠♣♦s✐t✐♦♥ st✉❞✐❡❞ ✐♥ t❤✐s P❤❉✳ ❚❤❡s❡ s❛♠♣❧❡s ❛r❡

s♣❡❝✐❛❧❧② ❞❡s✐❣♥❡❞ ❢♦r ▼❆❙ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts✳ ❋♦r t❤❡ ❡①♣❡r✐♠❡♥ts✱ ❛ ❜♦r♦♥ ❢r❡❡ ♣r♦❜❡ ✇✐t❤ ❛ s♣✐♥♥✐♥❣

r❛t❡ ♦❢ ✶✹ ❦❍③ ❤♦❧❞s t❤❡ s❛♠♣❧❡s✳ ❇r✉❦❡r ❆❱❆◆❈❊ ✺✵✵ s♣❡❝tr♦♠❡t❡r ❝♦❧❧❡❝ts t❤❡ ▼❆❙ ◆▼❘ s♣❡❝tr❛ ❛t

❛ ❢r❡q✉❡♥❝② ♦❢ ✶✻✵✳✶✹ ▼❍③ ❛♥❞ ✶✹✸✱✵✸ ▼❍③ t♦ ♣r♦❜❡ ❜♦r♦♥ ❛♥❞ s♦❞✐✉♠ ❡♥✈✐r♦♥♠❡♥ts✱ r❡s♣❡❝t✐✈❡❧②✳
[11]❇ ♠❛❣✐❝ ❛♥❣❧❡ s♣✐♥♥✐♥❣ ♥✉❝❧❡❛r ♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ✭▼❆❙ ◆▼❘✮ ❡①♣❡r✐♠❡♥ts ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥

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

♦❢ ✷ s ❛♥❞ ❛ ♣✉❧s❡ ❧❡♥❣t❤ ♦❢ ✶ µs ✐♥ ♦r❞❡r t♦ ❤❛✈❡ q✉❛♥t✐t❛t✐✈❡ ❞❛t❛✳ Pr♦❜✐♥❣ t❤❡ ❜♦r❡ ❡♥✈✐r♦♥♠❡♥t r❡✈❡❛❧s

t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ [3]❇ ❛♥❞ [4]❇✳ ❚❤❡ ❤✐❣❤ s②♠♠❡tr② ❛r♦✉♥❞ [4]❇ ❧❡❛❞s t♦ ❛ ❧❛r❣❡ q✉❛❞r✉♣♦❧❛r ❝♦✉♣❧✐♥❣✳

[23]◆❛ ▼❆❙ ◆▼❘ ❡①♣❡r✐♠❡♥ts ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ s♦❞✐✉♠ ❛t♦♠s ❡♥✈✐r♦♥♠❡♥t ✐♥ t❤❡ ❣❧❛ss

str✉❝t✉r❡ ✭❝♦♠♣❡♥s❛t♦r ♦r ♠♦❞✐✜❡r✮✳ ❚❤❡ s♣❡❝tr❛ ❝♦❧❧❡❝t✐♦♥s ✐♥✈♦❦❡ ❛ r❡❝②❝❧❡ ❞❡❧❛② ♦❢ ✶ s ❛♥❞ ❛ ♣✉❧s❡

❧❡♥❣t❤ ♦❢ ✶ µs ✐♥ ♦r❞❡r t♦ ❤❛✈❡ q✉❛♥t✐t❛t✐✈❡ ❞❛t❛✳

✷✳✸ P❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s

❚❤✐s s❡❝t✐♦♥ ❞❡t❛✐❧s t❤❡ t❡❝❤♥✐q✉❡s ✉s❡❞ t♦ ❡①tr❛❝t t❤❡ ✈❛r✐♦✉s ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s✱ ✐♥❝❧✉❞✐♥❣ ρ✱ E✱ ❛♥❞ ν✳

✷✳✸✳✶ ❉❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts

❆r❝❤✐♠❡❞❡s✬ ♣r✐♥❝✐♣❧❡ ♣r♦✈✐❞❡s ❛ s✐♠♣❧❡ ♠❡t❤♦❞ t♦ ❡st✐♠❛t❡ t❤❡ ❞❡♥s✐t②✱ ρ✱ ♦❢ t❤❡ ❣❧❛ss❡s✳ ❙❛♠♣❧❡ ❣❡✲

♦♠❡tr✐❡s ✇❡r❡ ❝②❧✐♥❞❡rs ♦❢ t❤✐❝❦♥❡ss ✶✵ ♠♠ ❛♥❞ ❞✐❛♠❡t❡r ✸✵ ♠♠✳ ❚❡sts ❛r❡ ❝♦♥❞✉❝t❡❞ ❛t ✷✹◦❈ ✉s✐♥❣ ❛♥

❤②❞r♦st❛t✐❝ ❜❛❧❛♥❝❡✳ ■♥✐t✐❛❧❧②✱ t❤❡ ❣❧❛ss s❛♠♣❧❡s ❛r❡ ✇❡✐❣❤t❡❞ ✐♥ ❛✐r ✭md✮ ❛♥❞ ✇❛t❡r ✭mw✮✳ ❚❤❡♥✱ ❦♥♦✇✐♥❣

t❤❡ ❞❡♥s✐t② ♦❢ ✇❛t❡r ✭ρw✮✱ t❤❡ ❞❡♥s✐t② ♦❢ t❤❡ s❛♠♣❧❡ ✭ρ✮ ✐s ❞❡❞✉❝❡❞✿

✸✷
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ρ =
md

md −mw
ρw ✭✷✳✷✮

❚❤❡ ❞❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❞♦♥❡ ❛t ▲❉▼❈ ✭▲❛❜♦r❛t♦✐r❡ ❞✬➱t✉❞❡ ❡t ❞❡ ❉é✈❡❧♦♣♣❡♠❡♥t ❞❡ ▼❛✲

tr✐❝❡s ❞❡ ❈♦♥❞✐t✐♦♥♥❡♠❡♥t✮ ✐♥ ❈❊❆ ▼❛r❝♦✉❧❡ ✇✐t❤ ❇r✉♥♦ P❡♥❡❧♦♥✳

✷✳✸✳✷ ❊❧❛st✐❝ ♣r♦♣❡rt✐❡s✿ ❨♦✉♥❣ ♠♦❞✉❧✉s ✭❊✮✱ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮

❯❧tr❛s♦♥✐❝ ❡❝❤♦❣r❛♣❤② t❡❝❤♥✐q✉❡s ♣r♦✈✐❞❡ ❛♥ ❡①❝❡❧❧❡♥t t❡❝❤♥✐q✉❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✐ ✭❨♦✉♥❣

♠♦❞✉❧✉s ❛♥❞ P♦✐ss♦♥ r❛t✐♦✮✳ ❚❤❡s❡ t❡sts ♠❛❦❡ ✉s❡ ♦❢ ♣✐❡③♦❡❧❡❝tr✐❝ ❛❝♦✉st✐❝ tr❛♥s❞✉❝❡rs ❛t ✶✵ ▼❍③✳ ❚❡sts

✐♥✈♦❦❡ t❤❡ s❛♠❡ s♣❡❝✐♠❡♥s ❛s ❢♦r t❤❡ ❞❡♥s✐t② t❡sts ✭s❡❝t✐♦♥ ✷✳✸✳✶✮✳ ❆ ❞✐❣✐t❛❧ ♠✐❝r♦♠❡t❡r ♠❡❛s✉r❡s ♣r❡❝✐s❡❧②

t❤❡ s♣❡❝✐♠❡♥ ✇✐❞t❤ ✇✐t❤ ❛♥ ❛❝❝✉r❛❝② ♦❢ ± ✶ µ♠✳ ❚❤❡ ✈❡❧♦❝✐t✐❡s ♦❢ ❧♦♥❣✐t✉❞✐♥❛❧ ✭VL✮ ❛♥❞ tr❛♥s✈❡rs❡ ✭VT ✮

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

❜♦✉♥❝❡s ❛t t❤❡ s♣❡❝✐♠❡♥ s✉r❢❛❝❡✳ ❊❧❛st♦❞②♥❛♠✐❝s t❤❡♦r② r❡❧❛t❡s VL ❛♥❞ VT t♦ t❤❡ ❨♦✉♥❣ ♠♦❞✉❧✉s ✭E✮

❛♥❞ P♦✐ss♦♥ r❛t✐♦ ✭ν✮✿

E = ρ ∗ ( 3V 2
L − 4V 2

T

(VL/VT )2 − 1
) ✭✷✳✸✮

ν =
V 2
L − 2V 2

T

2(V 2
L − V 2

T )
✭✷✳✹✮

✷✳✹ ❊①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s ✿ ♠❡❝❤❛♥✐❝❛❧ ❛♥❛❧②s✐s

❚❤✐s s❡❝t✐♦♥ ❞❡t❛✐❧s ♠❡t❤♦❞s ✉s❡❞ t♦ ❣❛t❤❡r ✈❡❧♦❝✐t② ✭v✮ ✈❡rs✉s str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ✭KI✮ ❝✉r✈❡s ✐♥ t❤❡

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

❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② ❛♥❛❧②③✐♥❣ t❤❡ ♣♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ❚❤❡ ❧❛st s❡❝t✐♦♥ ❞❡t❛✐❧s ✐♥❞❡♥t❛t✐♦♥

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

❞❡♥s✐✜❝❛t✐♦♥ ❛♥❞ ♣❧❛st✐❝✐t② ♣r♦❝❡ss❡s ✐♥✈♦❧✈❡❞ ✉♥❞❡r t❤❡ ✐♥❞❡♥t❡r✳

✷✳✹✳✶ ❋r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ✈✐❛ ❉❡❜❡♥ ❧♦❛❞✐♥❣ ♠❛❝❤✐♥❡

❋r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ✐♥✈♦❦❡ s❡✈❡r❛❧ t❡❝❤♥✐q✉❡s t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ str❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣ ♦❝❝✉rs ✐♥ t❤❡

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

♣♦st✲✐♠❛❣✐♥❣ t❡❝❤♥✐q✉❡s t♦ ❛❝q✉✐r❡ ✈❡❧♦❝✐t② ✭v✮ ✈❡rs✉s str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ✭KI✮ ❝✉r✈❡s✳

❙tr❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣ ✭❙❈❈✮ t❡❝❤♥✐q✉❡s

❋r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ✐♥✈♦❦❡ ❉♦✉❜❧❡ ❈❧❡❛✈❛❣❡ ❉r✐❧❧❡❞ ❈♦♠♣r❡ss✐♦♥ ✭❉❈❉❈✮ s❛♠♣❧❡s ❬✼❪ ✇❤✐❝❤ ♣❡r♠✐t

❙❈❈ ❬✷✱ ✶✸✱ ✶✹❪✳ ❚❤❡ ❣❡♦♠❡tr② ♦❢ t❤❡ s❛♠♣❧❡s ✇✐t❤✐♥ ♣❛rt ■ ❛r❡ ❝✉❜♦✐❞s ♦❢ s✐③❡ ✺×✺×✷✺ ♠♠3 ✭❉❈❉❈1✮

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

♣❛rt ■✳ ❆❧❧ ❢r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ❡♠♣❧♦② ❉❈❉❈ s❛♠♣❧❡ ❣❡♦♠❡tr②✳

❋✐❣✉r❡ ✷✳✸ ♣r❡s❡♥ts t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❢r❛❝t✉r❡ s❡t✲✉♣✳ ❚❤❡ s♣❡❝✐♠❡♥s ✭s❝❤❡♠❛t✐❝ ✐♥ ✜❣✉r❡ ✷✳✷✮ ✐s ♣❧❛❝❡❞

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

❧❛r❧② t♦ t❤❡ t✇♦ ✺×✺♠♠2 s✉r❢❛❝❡s✳ ❚❤❡ ❥❛✇s ❛r❡ ❜r♦✉❣❤t ❝❧♦s❡r ❛t ❝♦♥st❛♥t ✈❡❧♦❝✐t② ✭✵✳✵✷ ♠♠✳♠✐♥−1✮✳

✸✸
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❉✐❛♠❡t❡r ✶ ♠♠

❚❤✐❝❦♥❡ss ✺ ♠♠

❲✐❞t❤ ✺ ♠♠

▲❡♥❣t❤ ✷✺ ♠♠

❋✐❣✉r❡ ✷✳✷✿ ❉r❛✇✐♥❣ ♦❢ ❉♦✉❜❧❡ ❈❧❡❛✈❛❣❡ ❉r✐❧❧❡❞ ❈♦♠♣r❡ss✐♦♥ s❛♠♣❧❡s ❉❈❉❈1 ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ ❢❛✐❧✉r❡
✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡

■ ❢r❡q✉❡♥t❧② ♠♦♥✐t♦r ❥❛✇s ❛❧✐❣♥♠❡♥t ❛♥❞ ♦✛s❡t ✇❡r❡ ❝♦rr❡❝t❡❞ ❜② ❚❤✐❡rr② ❇❡r♥❛r❞✳ ❆t s♦♠❡ t✐♠❡✱ t✇♦

s②♠♠❡tr✐❝ ♣r❡✲❝r❛❝❦s ♣♦♣ ♦♣❡♥ ♦✛ t❤❡ ❤♦❧❡ ❛❧♦♥❣ t❤❡ ✷✺ ♠♠ ❧❡♥❣t❤ ♦❢ t❤❡ s♣❡❝✐♠❡♥✳ ❚❤❡ ❥❛✇ ❞✐s♣❧❛❝❡✲

♠❡♥t ❝❡❛s❡s✳ ❚❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ t❤❡ ♣r❡✲❝r❛❝❦ s❧♦✇s ❞✉❡ t♦ t❤❡ s❛♠♣❧❡ ❣❡♦♠❡tr② ✭✉♥❞❡r ❝♦♥st❛♥t ❢♦r❝❡

KI ❞❡❝r❡❛s❡s ❛s t❤❡ ❝r❛❝❦ ❧❡♥❣t❤ ✐♥❝r❡❛s❡s✮✳ ❯♥❞❡r ✈❛❝✉✉♠✱ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ✇♦✉❧❞ st♦♣ ✇❤❡♥ t❤❡ str❡ss

✐♥t❡♥s✐t② ❢❛❝t♦r KI ❛t t❤❡ ❝r❛❝❦ t✐♣ ❜❡❝❛♠❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ❣❧❛ss t♦✉❣❤♥❡ss KC ✳ ❍♦✇❡✈❡r✱ ✐♥ ❛ ❝♦rr♦✲

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

❡①♣❡r✐♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s ✭t❡♠♣❡r❛t✉r❡ ❛♥❞ ❤✉♠✐❞✐t②✮✳ ❍❡♥❝❡✱ ❛ ❣❧♦✈❡ ❜♦① ♠♦♥✐t♦rs t❤❡ t❡♠♣❡r❛t✉r❡ ❛♥❞

❤✉♠✐❞✐t② ♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❞✉r✐♥❣ ❢r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts✳

❙tr❡ss ❣❛✉❣❡

❉✐s♣❧❛❝❡♠❡♥t ❣❛✉❣❡

❙❛♠♣❧❡ ♣♦s✐t✐♦♥

❋✐❣✉r❡ ✷✳✸✿ ❉❡❜❡♥ ♠❛❝❤✐♥❡ ✉s❡❞ ❞✉r✐♥❣ ❡①♣❡r✐♠❡♥t t♦ ♣r♦♣❛❣❛t❡ ❝r❛❝❦s ✐♥ t❤❡ ❙❈❈ r❡❣✐♠❡✳

❉✉❡ t♦ t❤❡ ♦✈❡r❛❧❧ ❣❡♦♠❡tr② ♦❢ t❤❡ s❛♠♣❧❡ ✭❋✐❣✉r❡ ✷✳✷✮ ❬✹✱ ✶✵❪✱ t❤❡ ❝r❛❝❦ ❢r♦♥t ♣r♦♣❛❣❛t❡s ✐♥ ♠♦❞❡

■ ✭♦♣❡♥✐♥❣ ♠♦❞❡✮✳ ❚❤❡ ❉❡❜❡♥ ❧♦❛❞✐♥❣ ♠❛❝❤✐♥❡ ♠♦♥✐t♦rs t❤❡ t✐♠❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❢♦r❝❡ ❛♣♣❧✐❡❞ t♦ t❤❡

s❛♠♣❧❡s✳ ❚❤❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r✱ KI ✱ ✐s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ r❡❢❡r❡♥❝❡s ❬✹✱ ✶✵❪✿

KI =
F

w2
×

√
πa

2w/a+ (0.470w/a− 0.259)× c/a
, ✭✷✳✺✮

✸✹
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✇❤❡r❡ F ✭✉♥✐ts✿ ◆✮ ✐s t❤❡ ❧♦❛❞ ❛♣♣❧②✐♥❣ ♦♥ t❤❡ ✺×✺♠♠2 s✉r❢❛❝❡✱ a ✭✉♥✐ts✿ ♠♠✮ ✐s t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡

❤♦❧❡ ❞r✐❧❧❡❞ ✐♥ t❤❡ ❝❡♥t❡r✱ w ✭✉♥✐ts✿ ♠♠✮ ✐s t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ s❛♠♣❧❡ ❛♥❞ c ✭✉♥✐ts✿ ♠♠✮ ✐s t❤❡ ❧❡♥❣t❤

♦❢ t❤❡ ❝r❛❝❦✳

❖♣t✐❝❛❧ s②st❡♠ ❆ t✉❜✉❧❛r ♠✐❝r♦s❝♦♣❡ ❝♦✉♣❧❡❞ ✇✐t❤ ❛♥ ■❉❙ ✉❊②❡ ✭✶✹✻✺▲❊✲❈✮ ❝❛♠❡r❛ ✐♠❛❣❡s t❤❡ ❝r❛❝❦

♣r♦♣❛❣❛t✐♦♥ ❛t t❤❡ s♣❡❝✐♠❡♥ s✉r❢❛❝❡✳ ❚❤❡ ❉❡❜❡♥ ♠❛❝❤✐♥❡ s✐ts ♦♥ t❤r❡❡ ◆❡✇♣♦rt ❧✐♥❡❛r st❛❣❡ ♠♦t♦rs ✭▲❚❆

♠♦t♦r ❢♦r ❢♦❝✉s✐♥❣ ♦♣t✐♦♥s ❛♥❞ t✇♦ ❈▼❆ ♠♦t♦rs t♦ ❢♦❧❧♦✇ t❤❡ ❝r❛❝❦ ❢r♦♥t✮✳ ❚❤❡s❡ ♠♦t♦rs ♣❡r♠✐t t❤❡

s❛♠♣❧❡ t♦ ❜❡ ❞✐s♣❧❛❝❡❞ ✇❤❡♥ t❤❡ ❝r❛❝❦ ❢r♦♥t ♠♦✈❡s ♦✉ts✐❞❡ t❤❡ t✉❜✉❧❛r ♠✐❝r♦s❝♦♣❡✬s ③♦♥❡ ♦❢ ♦❜s❡r✈❛t✐♦♥✳

■♠❛❣❡ ♣r♦❝❡ss✐♥❣ ♣r♦✈✐❞❡s t❤❡ t✐♠❡✲❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ t✐♣✱ ❛♥❞ t❤❡ ❝r❛❝❦ ✈❡❧♦❝✐t② ✐s s✉❜s❡q✉❡♥t❧②

✐♥❢❡rr❡❞✳ ❚❤❡ ❛r❡❛ ✐♠❛❣❡❞ ✇✐t❤ t❤❡ ♠✐❝r♦s❝♦♣❡ ✐s ✷×✶✳✺ ♠♠2 ❛♥❞ t❤❡ r❡s♦❧✉t✐♦♥ ✐s ✷µ♠ ♣❡r ♣✐①❡❧✳

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

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

❣❡t t❤❡ r✐❣❤t ✈❡❧♦❝✐t②✳ ❚❤❡ ♥❡①t s❡❝t✐♦♥ ❞❡t❛✐❧s t❤❡ ♣♦st✲✐♠❛❣✐♥❣ ♣r♦❝❡ss✐♥❣✳

■♠❛❣❡ ❛♥❛❧②s✐s ❙✐① ♣✐❝t✉r❡s s♣❛♥♥✐♥❣ ❛ ✺ ♠✐♥✉t❡ ✐♥t❡r✈❛❧ ❛r❡ r❡❝♦r❞❡❞ ❡✈❡r② t❤✐rt② ♠✐♥✉t❡s ❛♥❞ ❛✈❡r✲

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

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

❜❡❧♦✇✿

• ❈♦rr❡❝t✐♦♥ ♦❢ t❤❡ s❤✐❢t✿ ❚❤❡ ✜rst ✐♠❛❣❡ ♦❢ t❤❡ s❡r✐❡s ♦❢ s✐① ✐s ❝♦♥s✐❞❡r❡❞ ❛s t❤❡ r❡❢❡r❡♥❝❡✳ ❉✉❡ t♦

t❤❡ ✐♠❛❣❡ s✐③❡ ❛♥❞ t❤❡ s♣❡❡❞ ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t✱ r❡❣✐♦♥s ❢❛r ❛✇❛② ❢r♦♠ t❤❡ ❝r❛❝❦ t✐♣ ❛r❡ ♥♦t ❛❧t❡r❡❞

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

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

t✇♦ ✭t❤❡ ✐♠❛❣❡ ♦❢ ✐♥t❡r❡st ❛♥❞ t❤❡ r❡❢❡r❡♥❝❡ ✐♠❛❣❡✮ ❛♥❞ ❜② ❞❡t❡r♠✐♥✐♥❣ t❤❡ ✐♥✲♣❧❛♥❡ s❤✐❢t ♦❢ t❤❡

♠❛①✐♠✉♠✳ ❙❤✐❢ts ✐♥ ① ❛♥❞ ② ❞✐r❡❝t✐♦♥s ❛r❡ t❤❡♥ ❦♥♦✇♥ ❛♥❞ tr❛♥s❧❛t✐♦♥s ❛r❡ ❛♣♣❧✐❡❞✳ ❋✐❣✉r❡ ✷✳✹

♣r❡s❡♥ts ❛♥ ❡①❛♠♣❧❡✳

❋✐❣✉r❡ ✷✳✹ ♣r❡s❡♥ts t❤❡ r❡❢❡r❡♥❝❡ ♣✐❝t✉r❡ ✭❛✮ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t ♣✐❝t✉r❡ ✭❜✮ ✉s❡❞ ✐♥ t❤❡ ❝r♦ss✲

❝♦rr❡❧❛t✐♦♥✳ ❈r♦ss✲❝♦rr❡❧❛t✐♦♥ t❡❝❤♥✐q✉❡s r❡✈❡❛❧ ❛ s❤✐❢t ♦❢ ✷ ❛♥❞ ✸ ♣✐①❡❧s ✐♥ t❤❡ ① ❛♥❞ ② ❞✐r❡❝t✐♦♥s✱

r❡s♣❡❝t✐✈❡❧②✳

• ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ t✐♣✬s ♣♦s✐t✐♦♥✿ ❋♦r s✐♠♣❧✐❝✐t②✱ ✐♠❛❣❡s ✉♥❞❡r❣♦ ❛ r♦t❛t✐♦♥ s✉❝❤ t❤❛t t❤❡

❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ♠♦✈❡s ❢r♦♠ ❧❡❢t t♦ r✐❣❤t✳ ❋✐❣✉r❡ ✷✳✺ ❡①❡♠♣❧✐✜❡s t❤❡ s✉❝❝❡ss✐✈❡ st❡♣s t❛❦❡♥ t♦

❞❡t❡r♠✐♥❡ t❤❡ ❝r❛❝❦ t✐♣✬s ♣♦s✐t✐♦♥✳ ❋✐❧t❡rs ❛♥❞ s♠♦♦t❤✐♥❣ t❡❝❤♥✐q✉❡s ❡♥❤❛♥❝❡ t❤❡ ❝♦♥tr❛st ❜❡t✇❡❡♥

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

✐s ♠❛♥✉❛❧❧② s❡❧❡❝t❡❞ ✭❋✐❣✉r❡ ✷✳✺ ❝✮✳ ❋✐❣✉r❡ ✷✳✺❞ r❡✈❡❛❧s t❤❡ ♠❡❛♥ ♣✐①❡❧ ✈❛❧✉❡s ❛❧♦♥❣ t❤✐s s❡❧❡❝t❡❞

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

✜❣✉r❡✳ ❨❡t✱ t❤❡ ❜✉❧❦ ♠❛t❡r✐❛❧ ❤❛s ❛ ❧♦✇ ♣✐①❡❧ ♥✉♠❜❡r✳ ❚❤❡ tr❛♥s✐t✐♦♥ ❢r♦♠ ❤✐❣❤ t♦ ❧♦✇ ♣✐①❡❧ ✈❛❧✉❡s

s✐❣♥✐✜❡s t❤❡ ❝r❛❝❦ ❢r♦♥t ♣♦s✐t✐♦♥ ✭✜❣✉r❡ ✷✳✺❡✮✳ ▼♦r❡♦✈❡r✱ ❛ ▼❛t❧❛❜ ♣r♦❣r❛♠ ✐s s❡t✉♣ ❢♦r ❛✉t♦♠❛t✐❝

❞❡t❡❝t✐♦♥✳ ❋✐❣✉r❡ ✷✳✺❡✮ ❞✐s♣❧❛②s ❛ s❛♠♣❧❡ r❡s✉❧t ♦❢ t❤❡ ❛✉t♦♠❛t✐❝ ❞❡t❡❝t✐♦♥ ✇✐t❤ ❛ ❝r♦ss ❛t t❤❡ ❝r❛❝❦

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

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

✸✺



❈❍❆P❚❊❘ ✷✳ ❊▲❆❇❖❘❆❚■❖◆ ❆◆❉ ❊❳P❊❘■▼❊◆❚❆▲ ▼❊❚❍❖❉❙

❛✮ ❜✮

❋✐❣✉r❡ ✷✳✹✿ ❊①❛♠♣❧❡ ♦❢ ❞❡t❡r♠✐♥✐♥❣ t❤❡ s❤✐❢t ❜❡t✇❡❡♥ t✇♦ ✐♠❛❣❡s t❤r♦✉❣❤ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥✳ ❚❤❡
t✐♠❡ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ ♣✐❝t✉r❡s ✐s t❤✐rt② ♠✐♥✉t❡s✳ ❋✐❣✉r❡ ✭❛✮ ✐s t❤❡ r❡❢❡r❡♥❝❡ ❛♥❞ ✭❜✮ ✐s t❛❦❡♥ ✸✵ ♠✐♥✉t❡s
❧❛t❡r✳ ❚❤❡ r❡❞ r❡❝t❛♥❣❧❡ ✐s t❤❡ ❛r❡❛ s❡❧❡❝t❡❞ ❢♦r t❤❡ ❝r♦ss✲❝♦rr❡❧❛t✐♦♥ t❡❝❤♥✐q✉❡✳

v ✈❡rs✉s f(KI✮ ❝✉r✈❡s✿ ❋♦r ❛ ❣✐✈❡♥ ❧♦❛❞✱ t❤❡ ❝r❛❝❦ ❢r♦♥t ♣r♦♣❛❣❛t❡s ❢♦r s♦♠❡ ❛♠♦✉♥t ♦❢ t✐♠❡✳ ❚❤❡♥

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

✐♥ t❤❡ ❣❡❛rs ♦❢ t❤❡ s②st❡♠✳ ❚❤✐s ✐s ❤❡❧♣❢✉❧ t♦ ✐s♦❧❛t❡ t❤❡ ✈❡❧♦❝✐t② r❡❣✐♦♥s ♦♥ t❤❡ ♣♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡

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

❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ❚❤❡ ❧♦❛❞s ❛♣♣❧✐❡❞ ♦♥ t❤❡ ❉❈❉❈1 s❛♠♣❧❡s r❛♥❣❡ ❢r♦♠ ✶✸✵✵ t♦ ✷✸✵✵ ◆✳ ❋r♦♠ t❤❡

❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ❝r❛❝❦ ❧❡♥❣t❤ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡ ❛♥❞ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❢♦r❝❡✱ ■ ❝❛♥ ❞❡❞✉❝❡ t❤❡ v ✈❡rs✉s

KI ❝✉r✈❡s✳ ❚❤❡ v ✈s KI ❝✉r✈❡s ✐s ✐♠♣❛❝t❡❞ ❜② t❤❡ t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡ ❤✉♠✐❞✐t② ❞✉r✐♥❣ ❡①♣❡r✐♠❡♥ts✳

❉✉r✐♥❣ ❣❧❛ss ❢r❛❝t✉r❡✱ t❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ ❝♦♥tr♦❧❧❡❞✳ P❛r❛♠❡t❡rs ❞♦♥✬t ✈❛r② ♠✉❝❤ ❢r♦♠ ♦♥❡ ❡①♣❡r✐♠❡♥t

t♦ t❤❡ ♦t❤❡rs✳

✷✳✹✳✷ P♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❛♥❛❧②s✐s

❋r❛❝t✉r❡ s✉r❢❛❝❡s ✉♥✈❡✐❧ t❤❡ ❢r❛❝t✉r❡ ♣r♦❝❡ss❡s ❛t t❤❡ ♠❡s♦s❝❛❧❡✳ P♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s r❡s✉❧t

❢r♦♠ ❛t♦♠✐❝ ❢♦r❝❡ ✐♠❛❣✐♥❣✳

❆t♦♠✐❝ ❋♦r❝❡ ▼✐❝r♦s❝♦♣❡ ✭❆❋▼✮ ♣r✐♥❝✐♣❧❡

❆t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❆❋▼✮ ✐s ❛ ❤✐❣❤✲r❡s♦❧✉t✐♦♥ s❝❛♥♥✐♥❣ ♣r♦❜❡ ♠✐❝r♦s❝♦♣② t♦♦❧ r❡❛❝❤✐♥❣ ❢r❛❝t✐♦♥s

♦❢ ❛ ♥❛♥♦♠❡t❡r✳ ❚❤❡ ❆❋▼ ❝♦♥s✐sts ♦❢ ❛ ❝❛♥t✐❧❡✈❡r ✇✐t❤ ❛ s❤❛r♣ t✐♣ ♦♥ t❤❡ ❡♥❞✳ ❲❤❡♥ t❤❡ t✐♣ ✐s ❜r♦✉❣❤t

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

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s✐t✉❛t✐♦♥✱ t❤❡s❡ ❢♦r❝❡s ✐♥❝❧✉❞❡ ♠❡❝❤❛♥✐❝❛❧ ❝♦♥t❛❝t ❢♦r❝❡s✱ ❱❛♥ ❞❡r ❲❛❛❧s ❢♦r❝❡s✱ ❝❛♣✐❧❧❛r②

❢♦r❝❡s✱ ❡t❝✳ ❆ ❧❛s❡r s♣♦t r❡✢❡❝ts ♦✛ t❤❡ ❝❛♥t✐❧❡✈❡r ♦♥t♦ ❛♥ ❛rr❛② ♦❢ ♣❤♦t♦❞✐♦❞❡s✱ ❛s ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡

✷✳✻✳ ❆s t❤❡ t✐♣ s❝❛♥s t❤❡ s✉r❢❛❝❡✱ t❤❡ ♣❤♦t♦❞✐♦❞❡ ❞❡t❛✐❧s t❤❡ t✐♣s ♠♦✈❡♠❡♥t ✇✐t❤ t❤❡ s✉r❢❛❝❡✳ ❆ ❢❡❡❞❜❛❝❦

✸✻
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❛✮

❜✮

❝✮

❞✮

❡✮

①

P✐①❡❧✬s ✈❛❧✉❡

❋✐❣✉r❡ ✷✳✺✿ ❊①❛♠♣❧❡ ♦❢ ✐♠❛❣❡s ❛♥❛❧②s✐s st❡♣ ❜② st❡♣ ❛✮ ♦r✐❣✐♥❛❧ ♣✐❝t✉r❡ r♦t❛t❡❞ s✉❝❤ t❤❛t t❤❡ ❝r❛❝❦ ❢r♦♥t
♣r♦♣❛❣❛t❡s ❢r♦♠ ❧❡❢t t♦ t❤❡ r✐❣❤t ❜✮ ❡♥❤❛♥❝❡♠❡♥t ♦❢ t❤❡ ❝♦♥tr❛st ❜❡t✇❡❡♥ t❤❡ ❝r❛❝❦ ❛♥❞ ✐ts ❜❛❝❦❣r♦✉♥❞
❝✮ ♠❛♥✉❛❧ s❡❧❡❝t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ ♣❛t❤ ❞✮ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❝✉t♦✛ ❡✮ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ t✐♣ r❡s✉❧t✐♥❣
❢r♦♠ t❤❡ ❛✉t♦♠❛t✐❝ ❝♦♠♣✉t❛t✐♦♥ ♣r♦❝❡❞✉r❡✳

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

❊①♣❡r✐♠❡♥ts ❤❡r❡✐♥ ✐♥✈♦❦❡ ❛ ❉✐♠❡♥s✐♦♥ ■❝♦♥ ❤❡❛❞ ◆❛♥♦s❝♦♣❡ ❱ ❜② ❇r✉❦❡r✳ ❆♥ ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡

❡♥❛❜❧❡s t❤❡ ✉s❡r t♦ s❡❧❡❝t t❤❡ r❡❣✐♦♥ ♦❢ ✐♥t❡r❡st✳ ❚❤❡ ❆❋▼ ❤❡❛❞ ✐♥❝❧✉❞❡s ❛ ♣✐❡③♦❡❧❡❝tr✐❝ t✉❜❡ s❝❛♥♥❡r✱

❛ ❧❛s❡r✱ ❛♥❞ ❛ q✉❛❞r❛t✉r❡ ♦♣t✐❝❛❧ ❞❡t❡❝t♦r t♦ ❢♦❝✉s ♦♥ t❤❡ s❛♠♣❧❡✬s ❛♥❛❧②③❡ ❛r❡❛✳ ❉✉❡ t♦ t❤❡ ❣❧❛ss✬ ❤✐❣❤

❨♦✉♥❣✬s ♠♦❞✉❧✉s ✭✼✵✲✾✵ ●P❛✮✱ t✐♣s ✇✐t❤ ❛ ❤✐❣❤ s♣r✐♥❣ ❝♦♥st❛♥t ❤❛✈❡ ❜❡❡♥ ✉s❡❞✳ ❇r✉❦❡r✬s ❚❆P ✺✷✺ ❛♥❞
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❋❡❡❞❜❛❝❦

❚
✉❜

❡

▲
❛s
❡r

❙❛♠♣❧❡

P❤♦t♦❞✐♦❞❡s

❈♦♥tr♦❧ s②st❡♠

♣✐
❡③
♦❡
❧❡
❝t
r✐
❝

❋✐❣✉r❡ ✷✳✻✿ ❉r❛✇✐♥❣ ♦❢ ❛♥ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣②✳ ❆ ❧❛s❡r s♣♦t r❡✢❡❝ts ♦✛ t❤❡ t♦♣ ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ♦♥t♦
t❤❡ ❛rr❛② ♦❢ ♣❤♦t♦❞✐♦❞❡s ✈✐❛ ❛ ♠✐rr♦r✳

❘❚❊❙P❆ t✐♣s ❛r❡ ❢r❡q✉❡♥t❧② ✐♥✈♦❦❡❞✳ ❚❛❜❧❡ ✷✳✷ ♣r❡s❡♥ts t❤❡ st❛♥❞❛r❞ ❢❡❛t✉r❡s ♦❢ t❤❡ t✐♣s✳

◆❛♠❡ ❚✐♣ r❛❞✐✉s ✭♥♠✮ ❙♣r✐♥❣ ❝♦♥st❛♥t ✭◆✴♠✮ ❘❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✭❦❍③✮
❚❆P✺✷✺ ✽ ✷✵✵ ✺✷✺
❘❚❊❙P❆ ✽ ✹✵ ✷✵✵

❚❛❜❧❡ ✷✳✷✿ ◆♦♠✐♥❛❧ ❢❡❛t✉r❡s ♦❢ ❚❆P ✺✷✺ ✭♦r ▼PP✲✶✸✶✵✵✲✶✵✮ ❛♥❞ ❘❚❊❙P❆ ✭♦r ▼PP✲✶✶✶✷✸✻✶✵✮ t✐♣s ✿ ❚✐♣
r❛❞✐✉s ✭♥♠✮✱ ❙♣r✐♥❣ ❝♦♥st❛♥t ✭◆✴♠✮ ❛♥❞ ❘❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✭❦❍③✮✳

▼♦st ♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts ❤❡r❡✐♥ ✐♥✈♦❦❡ t❤❡ P❡❛❦❋♦r❝❡ ❚❛♣♣✐♥❣ ♠♦❞❡ r❛t❤❡r t❤❛♥ ❝♦♥t❛❝t ♦r t❛♣♣✐♥❣

♠♦❞❡s✳ ❚❤✐s ♠♦❞❡ ❝♦♥tr♦❧s t❤❡ ❢♦r❝❡ ❛♣♣❧✐❡❞ t♦ t❤❡ s❛♠♣❧❡ ❜② t❤❡ t✐♣ ❛t ❡✈❡r② ♣✐①❡❧✳ ■t ❛❧s♦ ❛❝q✉✐r❡s ❧♦❛❞

❛♥❞ ✉♥❧♦❛❞ ❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ❛t ❡✈❡r② ♣✐①❡❧✳ Pr♦❝❡ss✐♥❣ t❤❡ ❧♦❛❞ ❛♥❞ ✉♥❧♦❛❞ ❝✉r✈❡s r❡✈❡❛❧s ♥♦t ♦♥❧② t❤❡

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

❆❧❧ t❤❡ ✐♥✈❡st✐❣❛t✐♦♥s ✉s❡ P❡❛❦❋♦r❝❡ ❚❛♣♣✐♥❣ ❜❡❝❛✉s❡ t❤✐s ♠♦❞❡ ❛❧s♦ ♠✐♥✐♠✐③❡s ❞❛♠❛❣❡ t♦ t❤❡ ♣r♦❜❡ ♦r

s❛♠♣❧❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ❆❋▼ t✐♣ ❞♦❡s ♥♦t ♣❡♥❡tr❛t❡ s✐❣♥✐✜❝❛♥t❧② ✐♥t♦ t❤❡ s✉r❢❛❝❡ ❞✉❡ t♦ ❧♦✇

❢♦r❝❡✳

❋r❛❝t✉r❡ s✉r❢❛❝❡ r♦✉❣❤♥❡ss

❚❤❡ ❘▼❙ r♦✉❣❤♥❡ss ✐s ❞❡✜♥❡❞ ❛s t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ s✉r❢❛❝❡ ✭hi✮ ❢r♦♠ t❤❡ ❛✈❡r❛❣❡

❤❡✐❣❤t ♦❢ ❛ ♣❧❛♥❡ ✭hfit
i ✮ ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ s✉r❢❛❝❡✿

RMS =

√

√

√

√(
1

N
) ∗

N
∑

i=1

(hi − hfit
i )2. ✭✷✳✻✮

✷✳✹✳✸ ▼✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ t❡st

▼✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❛ ♠❛t❡r✐❛❧✬s r❡s✐st❛♥❝❡ t♦ ♣❡r♠❛♥❡♥t ❞❡❢♦r♠❛t✐♦♥ ✐♥❞✉❝❡❞

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

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

✸✽
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❢r❛❝t✐♦♥ ♦❢ ❞❡♥s✐✜❝❛t✐♦♥ ❛♥❞ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ✐s♦❝❤♦r✐❝ s❤❡❛r ✢♦✇✳ ❚❤✐s s❡❝t✐♦♥ ❞❡t❛✐❧s t❤❡ ❡①♣❡r✐♠❡♥t❛❧

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

❙❛♠♣❧❡ ♣r❡♣❛r❛t✐♦♥

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

♣❛r❛❧❧❡❧❡♣✐♣❡❞s ♦❢ s✐③❡ ✺×✺×✷✺ ♠♠3✳ ■♥❞❡♥t❛t✐♦♥s t❛❦❡ ♣❧❛❝❡ ♦♥ ♦♥❡ ♦❢ t❤❡ ✺×✷✺ ♠♠2 ❢❛❝❡s✳ ❚❤❡ s✉r❢❛❝❡

q✉❛❧✐t② ❛✛❡❝ts t❤❡ ❝r❛❝❦ ❜❡❤❛✈✐♦r ♦❢ ❣❧❛ss❡s❀ t❤❡r❡❢♦r❡ ❞✐❛♠♦♥❞ ❣r✐♥❞✐♥❣ ❞✐s❝s ❛r❡ ✉s❡❞ t♦ ♦❜t❛✐♥ ♦♣t✐❝❛❧

♣♦❧✐s❤✳ ❚❤✐s ✇♦r❦ ✐s ❞♦♥❡ ❜② Pr✐♠❡ ❱❡rr❡ ♦r ❖P❆ ❖♣t✐❝❛❞✳

❱✐❝❦❡rs ■♥❞❡♥t❛t✐♦♥

❚❤❡ ✐♥❞❡♥t❡r ✐s ❛ ❞✐❛♠♦♥❞ ✇✐t❤ ❛ sq✉❛r❡✲❜❛s❡❞ ♣②r❛♠✐❞ ✭✐✳❡✳ st❛♥❞❛r❞ ❱✐❝❦❡rs ✐♥❞❡♥t❡r✮✳ ❚❤❡ ❛♥❣❧❡

❜❡t✇❡❡♥ t❤❡ t✇♦ ♦♣♣♦s✐t❡ ❢❛❝❡s ✐s ✶✸✻◦ ❛♥❞ t❤❛t ❜❡t✇❡❡♥ t✇♦ ♦♣♣♦s✐t❡ ❡❞❣❡s ✐s ✶✹✽◦ ✭❋✐❣✉r❡ ✷✳✼✮✳

d1

d2

✶✸✻◦

✶✹✽◦

❋✐❣✉r❡ ✷✳✼✿ ❙❝❤❡♠❛ ♦❢ ❱✐❝❦❡rs P②r❛♠✐❞ ❉✐❛♠♦♥❞ ■♥❞❡♥t❡r

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

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

✐♥❞❡♥t❛t✐♦♥ ♣❛tt❡r♥✳ ❚❤❡ ❛r❡❛ ♦❢ t❤❡ sq✉❛r❡ ❜❛s❡❞ ♣②r❛♠✐❞ ✐s✿

A =
d2

2 sin 68
. ✭✷✳✼✮

■ ♣❡r❢♦r♠❡❞ ✐♥❞❡♥t❛t✐♦♥ t❡sts ❛t ▲❉▼❈ ✭✭▲❛❜♦r❛t♦✐r❡ ❞✬➱t✉❞❡ ❡t ❞❡ ❉é✈❡❧♦♣♣❡♠❡♥t ❞❡ ▼❛tr✐❝❡s ❞❡

❈♦♥❞✐t✐♦♥♥❡♠❡♥t✮✮ ✐♥ ❈❊❆ ▼❛r❝♦✉❧❡ ✇✐t❤ ▼✐❝❦❛❡❧ ●❡♥♥✐ss♦♥✳ ❚❤❡ ✐♥❞❡♥t❛t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞ ✐♥ ❛

t❤❡r♠❛❧❧② r❡❣✉❧❛t❡❞ r♦♦♠✱ ❛t ✷✺ ◦❈ ✐♥ ❛✐r ✇✐t❤ ❛♥ ❆♥t♦♥ P❛❛r ▼❍❚✲✶✵ ❤❛r❞♥❡ss t❡st❡r✳ ❚❤❡ ✐♥❞❡♥t❛t✐♦♥

❧♦❛❞ ✭❋✮✱ ✈❛r✐❡s ❢r♦♠ ✷✺ ❣ t♦ ✸✵✵ ❣ ❛t ❛ ❝♦♥st❛♥t ❧♦❛❞ r❛t❡✳ ❚❤❡ ❞✇❡❧❧✐♥❣ t✐♠❡ ❛t ♠❛①✐♠✉♠ ❧♦❛❞ ✐s ✶✺ s❡❝

❢♦r ❛❧❧ t❡sts✳ ❚❤❡ t❡sts ❛r❡ r❡♣❡❛t❡❞ ❛t ❧❡❛st ✶✵ t✐♠❡s✳

❆❢t❡r ✐♥❞❡♥t❛t✐♦♥ ❛♥❞ ♦♣t✐❝❛❧ ✐♠❛❣✐♥❣✱ ❛♥ ❆❋▼ ♣r❡❝✐s❡❧② ❝❤❛r❛❝t❡r✐③❡s ✈❛r✐♦✉s ♣❛r❛♠❡t❡rs✳ ❋♦r t❤❡s❡

✐♠❛❣❡s✱ t❤❡ ❆❋▼ ✉s❡s ❇r✉❦❡r✬s ❘❚❊❙P❆ ❝❛♥t✐❧❡✈❡r ✇❤✐❝❤ ❤❛s ❛ s✐❧✐❝♦♥ t✐♣ ✇✐t❤ ❛ ♥♦♠✐♥❛❧ r❛❞✐✉s ♦❢

✽ ♥♠ ❛♥❞ ❛ ♥♦♠✐♥❛❧ ❢♦r❝❡ ❝♦♥st❛♥t ♦❢ ✹✵◆✴♠ ✭t❛❜❧❡ ✷✳✷✮✳ ❚❤❡ s❝❛♥ s✐③❡ ✐s s✉✣❝✐❡♥t❧② ❧❛r❣❡ t♦ ❛✈♦✐❞

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

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

✸✾
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♠❡❛s✉r✐♥❣ t❤❡ ❧❡♥❣t❤ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ❜② ❆❋▼ ❛r❡ ❧❡ss t❤❛♥ 2% ✐♥ ❳ ❛♥❞ ❨ ❞✐r❡❝t✐♦♥s ❛♥❞ ❛❜♦✉t 2% ✐♥ ❩

❞✐r❡❝t✐♦♥✳ P♦st✲✐♠❛❣❡ ❛♥❛❧②s✐s r❡✈❡❛❧s ✹ ♣❛r❛♠❡t❡rs ♣❡r ✐♥❞❡♥t ✭❋✐❣✉r❡ ✷✳✶✵✮✿

✶✳ ❘❡s✐❞✉❛❧ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤✱ Pid

✷✳ ■♥❞❡♥t❛t✐♦♥ ❞✐❛❣♦♥❛❧ ❧❡♥❣t❤✱ di

✸✳ ■♥❞❡♥t❛t✐♦♥ ✈♦❧✉♠❡✱ V −

i ✱ ✈♦❧✉♠❡ ♠❡❛s✉r❡❞ ❜❡❧♦✇ t❤❡ ❢r❡❡ s✉r❢❛❝❡

✹✳ ❱♦❧✉♠❡ ♦❢ ♣✐❧❡✉♣✱ V +
i ✱ ✈♦❧✉♠❡ ♠❡❛s✉r❡❞ ❛❜♦✈❡ t❤❡ ❢r❡❡ s✉r❢❛❝❡

di

❋✐❣✉r❡ ✷✳✽✿ ❆ t②♣✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✐♠♣r✐♥t ✉s❡❞ ✐♥ ❞❡t❡r♠✐♥✐♥❣ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❞✐❛❣♦♥❛❧ ❧❡♥❣t❤✱ ✭di ❛♥❞
♠❛r❦❡❞ ❜② ❛ ❝♦♥t✐♥✉♦✉s ❧✐♥❡✮ ❛♥❞ ✐♥ ❡✈❛❧✉❛t✐♥❣ t❤❡ ♣✐❧❡ ✉♣ ♣r♦✜❧❡ ✭❞♦tt❡❞ ❧✐♥❡✮✳

❍❛r❞♥❡ss t❡sts

❍❛r❞♥❡ss t❡sts ❛♣♣❧② ❛ str❛✐♥ ♦♥ t❤❡ ♠❛t❡r✐❛❧ ❜② ❛ s❤❛r♣ ♦r ❛ ❜❧✉♥t ✐♥❞❡♥t❡r✳ ❚❤❡ ❧♦❛❞ ❝❛✉s❡s t❤❡ ✐♥❞❡♥t❡r

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

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

❛r❡❛ ✭❆✮✿

H =
P

A
. ✭✷✳✽✮

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t❡st✱ ❆ ✐s t❤❡ ♣r♦❥❡❝t❡❞ ❛r❡❛ ❢♦r ❱✐❝❦❡rs ✐♥❞❡♥t❛t✐♦♥s✳ ❈♦♠❜✐♥✐♥❣ ❡q✉❛t✐♦♥ ✷✳✼ ❛♥❞ ✷✳✹

❣✐✈❡s✿

HV =
1.8544F

d2
. ✭✷✳✾✮

❉✉❡ t♦ t❤❡ ♣r❡❝✐s✐♦♥ ♦❢ t❤❡ ❆❋▼✱ d ✐♥ t❤❡ ❛❜♦✈❡ ❡q✉❛t✐♦♥ ✐s ❛❝t✉❛❧❧② t❤❡ ❛✈❡r❛❣❡ di ❢r♦♠ ♦♥❡ ✐♥❞❡♥t ❛s

♠❡❛s✉r❡❞ ❢r♦♠ t❤❡ ❆❋▼✳ HV ✐s t❤❡ ❛✈❡r❛❣❡ ♦❢ ❛t ❧❡❛st ✶✵ ✐♥❞❡♥ts✳

❈r❛❝❦ r❡s✐st❛♥❝❡✱ CR

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

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

❛t ♠✉❧t✐♣❧❡ ❧♦❛❞s✳ ❚❤❡ ❧♦❛❞ ✇❤❡r❡ PC ❡①❝❡❡❞s ✺✵ % ❞❡✜♥❡s t❤❡ ❝r❛❝❦ r❡s✐st❛♥❝❡ ❬✺❪✳

✹✵
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KC ♠❡❛s✉r❡♠❡♥ts ❢r♦♠ ✐♥❞❡♥t❛t✐♦♥

❋r❛❝t✉r❡ t♦✉❣❤♥❡ss ✭KC✮ ❝❤❛r❛❝t❡r✐③❡s t❤❡ ♠❛t❡r✐❛❧✬s r❡s✐st❛♥❝❡ t♦ ❢❛✐❧✉r❡ ✉♥❞❡r ✈❛❝✉✉♠✳ ❍❡r❡✐♥ ❡st✐♠❛t❡s

♦❢ KC ❛r✐s❡ ❢r♦♠ t❤❡ ♠❡❛s✉r❡ ♦❢ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❝r❛❝❦s ❣❡♥❡r❛t❡❞ ♦✛ t❤❡ ❝♦r♥❡rs ♦❢ t❤❡ ✐♥❞❡♥t❡r ✭s❡❡

✜❣✉r❡ ✷✳✾✮✳ ❱❛r✐♦✉s ♠♦❞❡❧s ❡①✐st ✐♥ ❧✐t❡r❛t✉r❡ t♦ ❡st✐♠❛t❡ KC ❜② ✐♥❞❡♥t❛t✐♦♥✳ ❆ ❝♦♠♠♦♥ ♠♦❞❡❧ ✐s t❤❡

❊✈❛♥s ❛♥❞ ▼❛rs❤❛❧❧✬s ♠♦❞❡❧ ✭ ❡q✳ ✷✳✶✵✮✳

❞✴✷

❝

❋✐❣✉r❡ ✷✳✾✿ ❙❝❤❡♠❛t✐❝ ♦❢ ❛ ❣❡♥❡r✐❝ ✐♠❛❣❡ ❢r♦♠ ❛ ❱✐❝❦❡rs ✐♥❞❡♥t ✉s❡❞ ✐♥ ❞❡t❡r♠✐♥✐♥❣ KC ✳ di ✐s t❤❡
✐♥❞❡♥t❛t✐♦♥ ❞✐❛❣♦♥❛❧ ❧❡♥❣t❤✱ ❛♥❞ d ✐s t❤❡ ❛✈❡r❛❣❡ di ❢♦r ♦♥❡ ✐♥❞❡♥t✳ c ✐s t❤❡ ❝r❛❝❦ ❧❡♥❣t❤ ♠❡❛s✉r❡❞ ❢r♦♠
t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❝❡♥t❡r

❊✈❛♥s ❛♥❞ ▼❛rs❤❛❧❧✬s ♠♦❞❡❧ ✐s ♦♥❧② ✈❛❧✐❞ ✇❤❡♥ ❤❛❧❢✲♣❡♥♥② ♠❡❞✐❛♥✲r❛❞✐❛❧ ❝r❛❝❦s ❞❡✈❡❧♦♣ ❬✾❪✳ ❚❤❡s❡

❝r❛❝❦s ❡♠❡r❣❡ ✇❤❡♥ t❤❡ ❧♦❛❞ ✐s s✉✣❝✐❡♥t❧② ❤✐❣❤ ❡♥s✉r✐♥❣ c
d > 1.25 ✭c ❜❡✐♥❣ t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ✐♥✲

❞❡♥t❛t✐♦♥ ❝❡♥t❡r t♦ t❤❡ ❝r❛❝❦ t✐♣ ❛♥❞ d t❤❡ ♠❡❛♥ ♦❢ di ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢♦r ♦♥❡ ✐♥❞❡♥t✮✳ ❋♦r ❤❛❧❢✲♣❡♥♥②

♠❡❞✐❛♥✲r❛❞✐❛❧ ❝r❛❝❦s✱ ❊✈❛♥s ❛♥❞ ▼❛rs❤❛❧❧✬s ♠♦❞❡❧ ✐s ✈❛❧✐❞ ❛♥❞ ✐s ❛s ❢♦❧❧♦✇✿

KC = 0.057 ∗HV ∗
√

d/2

(

E

HV

)2/3

∗
(

c

(d/2)

)−3/2

✭✷✳✶✵✮

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

❝♦♥❞✐t✐♦♥ c > 1.25 d ❛t ✺✵ ❣✳ ❚❤✉s✱ ❛ ❢♦r❝❡ ♦❢ ✺✵ ❣ ❤❛s ❜❡❡♥ s❡❧❡❝t❡❞ ❢♦r t❤❡ KC ♠❡❛s✉r❡♠❡♥ts✳ ◆♦t❡

t❤❛t✱ ❞✉❡ t♦ str❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣✱ c ❝❛♥ ✈❛r② ✇✐t❤ t✐♠❡ ❛❢t❡r ✐♥❞❡♥t❛t✐♦♥ ❬✶❪✳ ❚♦ ❛✈♦✐❞ s✉❜st❛♥t✐❛❧

❡rr♦rs✱ ❛♥ ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡ ✐♠❛❣❡s t❤❡ s✉r❢❛❝❡ ❝r❛❝❦ ♣❛tt❡r♥ ✇✐t❤✐♥ ✺ ♠✐♥✉t❡s ❛❢t❡r ✐♥❞❡♥t❛t✐♦♥✳

❉❡♥s✐✜❝❛t✐♦♥ ✈s ❙❤❡❛r ✢♦✇

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

❣❧❛ss❡s ❬✸✱ ✽✱ ✶✶✱ ✶✷✱ ✶✼❪✳ ❚❤❡ ❤✐❣❤ ♣r❡ss✉r❡s ❜❡♥❡❛t❤ t❤❡ ✐♥❞❡♥t❡r tr✐❣❣❡r t❤❡s❡ t✇♦ ✐rr❡✈❡rs✐❜❧❡ ♣r♦❝❡ss❡s✳

❨♦s❤✐❞❛ ❡t ❛❧✳ ❬✶✼❪ ♣r♦♣♦s❡s ❛ ✸❉ t❡❝❤♥✐q✉❡ t♦ st✉❞② ✐♥❞❡♥t❛t✐♦♥ ✐♠♣r✐♥ts ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ t♦

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

✇❤✐❝❤ ✐s ❧✐♥❦❡❞ t♦ t❤❡ r❡❝♦✈❡r② ♦❢ ❞❡♥s✐✜❡❞ ❛r❡❛s ❬✻✱✽✱✶✻✱✶✼❪✳ ❚❤✉s✱ st✉❞②✐♥❣ t❤❡ ✈♦❧✉♠❡ r❛t✐♦ ❜❡❢♦r❡ ❛♥❞

❛❢t❡r ❛♥♥❡❛❧✐♥❣ ♣r♦✈✐❞❡s ❛♥ ❡❛s② ✇❛② t♦ ❡st✐♠❛t❡ t❤❡ ❛♠♦✉♥t ♦❢ ❞❡♥s✐✜❝❛t✐♦♥ ✈♦❧✉♠❡✳ ■♥❞❡♥t❡❞ s❛♠♣❧❡s

t❤❡♥ ✉♥❞❡r❣♦ ❛♥ ❛♥♥❡❛❧✐♥❣ tr❡❛t♠❡♥t ❛t ✵✳✾ Tg ❢♦r ✷ ❤ ✐♥ ❛✐r✳ ❚❤✐s ✐s s✉✣❝✐❡♥t❧② ❧♦♥❣ t♦ ❛❝❤✐❡✈❡ t❤❡

r❡❝♦✈❡r② ♦❢ ❛ ❧❛r❣❡ ♣r♦♣♦rt✐♦♥ ♦❢ t❤❡ ❞❡♥s✐✜❡❞ r❡❣✐♦♥s ❬✻✱✽✱✶✻✱✶✼❪✳ ❆❢t❡r ❛♥♥❡❛❧✐♥❣✱ ✐♠♣r✐♥ts ❛r❡ ✐♠❛❣❡❞

❛❣❛✐♥✳ P♦st✲tr❡❛t♠❡♥t ♦❢ t❤❡ ✐♠❛❣❡s r❡✈❡❛❧s da✱ la✱ Pad✱ V −
a ❛♥❞ V +

a ✭✜❣✉r❡ ✷✳✶✵✮✳ P♦st✲❛♥❛❧②s✐s ♦❢ t❤❡

✹✶



❈❍❆P❚❊❘ ✷✳ ❊▲❆❇❖❘❆❚■❖◆ ❆◆❉ ❊❳P❊❘■▼❊◆❚❆▲ ▼❊❚❍❖❉❙

❞❛t❛ ✉♥✈❡✐❧s t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❝♦✈❡r② ✈♦❧✉♠❡ r❛t✐♦✱ VR ❬✶✽❪✿

VR =
(V −

i − V −
a ) + (V +

a − V +
i )

V −

i .
✭✷✳✶✶✮

Pid

Pad

❋✐❣✉r❡ ✷✳✶✵✿ ❊①❛♠♣❧❡ ♦❢ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣

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

✉♣ ❛r♦✉♥❞ t❤❡ ✐♥❞❡♥t❛t✐♦♥ s✐t❡s ❡①♣♦s❡s t❤❡ ❛♠♦✉♥t ♦❢ s❤❡❛r ✢♦✇✳ Pr♦✜❧❡s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ ✜❣✉r❡ ✷✳✽

❢♦❧❧♦✇✐♥❣ t❤❡ ❞♦tt❡❞ ❜❧✉❡ ❧✐♥❡✳ ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❬✶✺❪ ♣r♦♣♦s❡ VP t♦ st✉❞② t❤❡ ✈♦❧✉♠❡✲❝♦♥s❡r✈✐♥❣ ✢♦✇ r❛t✐♦✿

VP =
(2V +

i − V +
a )

V −

i

✭✷✳✶✷✮

✭V +
a ✲V +

i ✮ r❡♠♦✈❡s t❤❡ ❞❡♥s✐✜❡❞ ✈♦❧✉♠❡ ❝♦♥tr✐❜✉t✐♦♥ ✐♥ t❤❡ ♣✐❧❡✲✉♣ ❛r❡❛✳ ❚❤❡ ❞❡♥♦♠✐♥❛t♦r ♥♦r♠❛❧✐③❡s

t❤❡ s❤❡❛r ✢♦✇✳

❚❤✐s ♣❛rt ♣r❡s❡♥ts t❤❡ ❡♥t✐r❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❣❧❛ss❡s str✉❝t✉r❡ ❛♥❞ t❤❡✐r

♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❉❡♥s✐t② ♠❡❛s✉r❡♠❡♥t✱ ❡❧❛st✐❝ ♠♦❞✉❧✐ ❞❡t❡r♠✐♥❛t✐♦♥✱ ❘❛♠❛♥ ❛♥❞ ◆▼❘ ❛♥❛❧②s✐s

❣✐✈❡ ❛❝❝❡ss t♦ t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s✳ ❚❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ♠❡❝❤❛♥✐❝❛❧

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

st❡♣s t♦ ❡①tr❛❝t t❤❡ ❙❈❈ ❝✉r✈❡s ❛r❡ ❞❡t❛✐❧❡❞✳ ❚❤❡ t✇♦ ♥❡①t ❝❤❛♣t❡rs ♣r❡s❡♥t t❤❡ r❡s✉❧ts ♦♥✿ t❤❡ ♣❤②s✐❝❛❧

❛♥❞ str✉❝t✉r❡ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s ✭❝❤❛♣t❡r ✸✮ ❛♥❞ t❤❡✐r ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ✭❝❤❛♣t❡r ✹✮✳

✹✷



❇✐❜❧✐♦❣r❛♣❤②
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t❡❝❤♥✐q✉❡ ❢♦r ♠❡❛s✉r✐♥❣ ❢r❛❝t✉r❡ t♦✉❣❤♥❡ss✿ ■✱ ❞✐r❡❝t ❝r❛❝❦ ♠❡❛s✉r❡♠❡♥t✳ ❏✳ ❆♠✳ ❈❡r❛♠✳ ❙♦❝✳✱
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❬✷❪ ❉✳ ❇♦♥❛♠②✱ ❙✳ Pr❛❞❡s✱ ❈✳ ▲✳ ❘♦✉♥tr❡❡✱ ▲✳ P♦♥s♦♥✱ ❉✳ ❉❛❧♠❛s✱ ❊✳ ❇♦✉❝❤❛✉❞✱ ❑✳ ❘❛✈✐✲❈❤❛♥❞❛r✱ ❛♥❞

❈✳ ●✉✐❧❧♦t✳ ◆❛♥♦s❝❛❧❡ ❞❛♠❛❣❡ ❞✉r✐♥❣ ❢r❛❝t✉r❡ ✐♥ s✐❧✐❝❛ ❣❧❛ss✳ ■♥t✳ ❏✳ ❋r❛❝t✉r❡✱ ✶✹✵✭✶✲✹✮✿✸✕✶✹✱ ❏❯▲

✷✵✵✻✳

❬✸❪ P✳ ❲✳ ❇r✐❞❣♠❛♥ ❛♥❞ ■✳ ❙✐♠♦♥✳ ❊✛❡❝t ♦❢ ✈❡r② ❤✐❣❤ ♣r❡ss✉r❡ ♦♥ ❣❧❛ss✳ ❏✳ ❆♣♣❧✳ P❤②s✳✱ ✷✹✿✹✵✺✱ ✶✾✺✸✳

❬✹❪ ▼✳❨✳ ❍❡✱ ▼✳❘✳ ❚✉r♥❡r✱ ❛♥❞ ❊✈❛♥s ❆✳ ●✳ ❆♥❛❧②s✐s ♦❢ t❤❡ ❞♦✉❜❧❡ ❝❧❡❛✈❛❣❡ ❞r✐❧❧❡❞ ❝♦♠♣r❡ss✐♦♥ s♣❡❝✐♠❡♥

❢♦r ✐♥t❡r❢❛❝❡ ❢r❛❝t✉r❡ ❡♥❡r❣② ♠❡❛s✉r❡♠❡♥ts ♦✈❡r ❛ r❛♥❣❡ ♦❢ ♠♦❞❡ ♠✐①✐t✐❡s✳ ❆❝t❛✳ ▼❡t❛❧❧✳ ▼❛t❡r✳✱

✹✸✿✸✹✺✸✕✸✹✺✽✱ ✶✾✾✺✳

❬✺❪ ❈✳ ❍❡r♠❛♥s❡♥✱ ❏✳ ▼❛ts✉♦❦❛✱ ❙ ❨♦s❤✐❞❛✱ ❍✳ ❨❛♠❛③❛❦✐✱ ❨✳ ❑❛t♦✱ ❛♥❞ ❨✳❩✳ ❨✉❡✳ ❉❡♥s✐✜❝❛t✐♦♥ ❛♥❞

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

r❡s✐st❛♥❝❡✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✻✹✿✹✵✕✹✸✱ ✷✵✶✸✳

❬✻❪ ●✳ ❍❡t❤❡r✐♥❣t♦♥✳ ❚❤❡ ✈✐s❝♦s✐t② ♦❢ ✈✐tr❡♦✉s s✐❧✐❝❛✳ P❤②s✳ ❈❤❡♠✳ ●❧❛ss❡s✱ ✺✿✶✸✵✱ ✶✾✻✹✳

❬✼❪ ❈✳ ❏❛♥ss❡♥✳ ❙♣❡❝✐♠❡♥ ❢♦r ❢r❛❝t✉r❡ ♠❡❝❤❛♥✐❝s st✉❞✐❡s ♦♥ ❣❧❛ss✱ ❝❡r❛♠✐❝ s♦❝✐❡t② ♦❢ ❥❛♣❛♥✳ Pr♦❝✳ ✶✵t❤

■♥t ❈♦♥❣✳ ❖♥ ❣❧❛ss✱ ♣❛❣❡s ✶✵✳✷✸✕✶✵✳✸✵✱ ✶✾✼✹✳

❬✽❪ ❏✳❉✳ ▼❛❝❦❡♥③✐❡✳ ❍✐❣❤✲♣r❡ss✉r❡ ❡✛❡❝ts ♦♥ ♦①✐❞❡ ❣❧❛ss❡s✳ ✷✳ s✉❜s❡q✉❡♥t ❤❡❛t tr❡❛t♠❡♥t✳ ❏✳ ❆♠✳ ❈❡r❛♠✳

❙♦❝✳✱ ✹✻✿✹✼✵✱ ✶✾✻✸✳

❬✾❪ ❉✳❇✳ ▼❛rs❤❛❧❧ ❛♥❞ ❆✳●✳ ❊✈❛♥s✳ ❈♦♠♠❡♥t ♦♥ ❡❧❛st✐❝✲♣❧❛st✐❝ ✐♥❞❡♥t❛t✐♦♥ ❞❛♠❛❣❡ ✐♥ ❝❡r❛♠✐❝s✲t❤❡

♠❡❞✐❛♥✲r❛❞✐❛❧ ❝r❛❝❦ s②st❡♠✲r❡♣❧②✳ ❏✳ ❆♠✳ ❈❡r❛♠✳ ❙♦❝✳✱ ✻✹✿❈✶✽✶✕❈✶✽✸✱ ✶✾✽✶✳

❬✶✵❪ ●✳ P❛❧❧❛r❡s✱ ▲✳ P♦♥s♦♥✱ ❆✳ ●r✐♠❛❧❞✐✱ ▼✳ ●❡♦r❣❡✱ ●✳ Pr❡✈♦t✱ ❛♥❞ ▼✳ ❈✐❝❝♦tt✐✳ ❈r❛❝❦ ♦♣❡♥✐♥❣ ♣r♦✜❧❡
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❬✶✶❪ ❆✳ P❡rr✐♦t✱ ❉ ❱❛♥❞❡♠❜r♦✉❝q✱ ❊✳ ❇❛rt❤❡❧✱ ❱✳ ▼❛rt✐♥❡③✱ ▲✳ ●r♦s✈❛❧❡t✱ ❈✳ ▼❛rt✐♥❡t✱ ❛♥❞ ❇✳ ❈❤❛♠✲

♣❛❣♥♦♥✳ ❘❛♠❛♥ ♠✐❝r♦s♣❡❝tr♦s❝♦♣✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ♣❧❛st✐❝ ❜❡❤❛✈✐♦r✳ ❏✳ ❆♠✳

❈❡r❛♠✳ ❙♦❝✱ ✽✾✿✺✾✻✕✻✵✶✱ ✷✵✵✻✳
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❬✶✷❪ ❑✳❲✳ P❡t❡r✳ ❉❡♥s✐✜❝❛t✐♦♥ ❛♥❞ ✢♦✇ ♣❤❡♥♦♠❡♥❛ ♦❢ ❣❧❛ss ✐♥ ✐♥❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts✳ ❏✳ ◆♦♥✲❈r②st✳

❙♦❧✐❞s✱ ✺✿✶✵✸✕✶✶✺✱ ✶✾✼✵✳

❬✶✸❪ ❈✳▲✳ ❘♦✉♥tr❡❡✱ ❉✳ ❇♦♥❛♠②✱ ❉✳ ❉❛❧♠❛s✱ ❙✳ Pr❛❞❡s✱ ❘✳❑✳ ❑❛❧✐❛✱ ❈✳ ●✉✐❧❧♦t✱ ❛♥❞ ❊✳ ❇♦✉❝❤❛✉❞✳ ❋r❛❝t✉r❡

✐♥ ❣❧❛ss ✈✐❛ ♠♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥s ❛♥❞ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ❡①♣❡r✐♠❡♥ts✳ P❤②s✳ ❈❤❡♠✳
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❬✶✹❪ ❈✳▲✳ ❘♦✉♥tr❡❡✱ ❙✳ Pr❛❞❡s✱ ❉✳ ❇♦♥❛♠②✱ ❊✳ ❇♦✉❝❤❛✉❞✱ ❘✳ ❑❛❧✐❛✱ ❛♥❞ ❈✳ ●✉✐❧❧♦t✳ ❆ ✉♥✐✜❡❞ st✉❞②

♦❢ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ❛♠♦r♣❤♦✉s s✐❧✐❝❛✿ ❯s✐♥❣ ❡①♣❡r✐♠❡♥ts ❛♥❞ s✐♠✉❧❛t✐♦♥s✳ ❏✳ ❆❧❧♦✳ ❈♦♠♣❞✳✱
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❬✶✺❪ P✳ ❙❡❧❧❛♣♣❛♥✱ ❚✳ ❘♦✉①❡❧✱ ❋✳ ❈❡❧❛r✐❡✱ ❊✳ ❇❡❝❦❡r✱ P✳ ❍♦✉✐③♦t✱ ❛♥❞ ❘✳ ❈♦♥r❛❞t✳ ❈♦♠♣♦s✐t✐♦♥ ❞❡♣❡♥❞❡♥❝❡
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❬✶✻❪ ❙ ❨♦s❤✐❞❛✱ ❙ ■s♦♥♦✱ ❏✳ ▼❛ts✉♦❦❛✱ ❛♥❞ ◆✳ ❙♦❣❛✳ ❙❤r✐♥❦❛❣❡ ❜❡❤❛✈✐♦r ♦❢ ❦♥♦♦♣ ✐♥❞❡♥t❛t✐♦♥s ✐♥ s✐❧✐❝❛
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❬✶✼❪ ❙✳ ❨♦s❤✐❞❛✱ ❏✳✲❈✳ ❙❛♥❣❧❡❜♦❡✉❢✱ ❛♥❞ ❚✳ ❘♦✉①❡❧✳ ◗✉❛♥t✐t❛t✐✈❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ✐♥❞❡♥t❛t✐♦♥✲✐♥❞✉❝❡❞ ❞❡♥✲
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❣❧❛ss✳ ■♥t✳ ❏✳ ▼❛t❡r✳ ❘❡s✳✱ ✾✽✿✸✻✵✕✸✻✹✱ ✷✵✵✼✳

✹✹



Chapter 3

P❤②s✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ ❙❇◆

❣❧❛ss❡s

❈♦♥t❡♥ts

✸✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ ❞❡♥s✐t② ✈❛❧✉❡s ✇✐t❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✸✳✷ ❊✈♦❧✉t✐♦♥ ♦❢ ❨♦✉♥❣ ♠♦❞✉❧✉s✱ ❊ ❛♥❞ P♦✐ss♦♥✬s r❛t✐♦✱ ν ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✸✳✸ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② ♦❢ ❙❇◆ ❣❧❛ss❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✸✳✸✳✶ ▲♦✇ ❢r❡q✉❡♥❝② ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✸✳✸✳✷ ▲♦✇❡r ▼✐❞✲r❛♥❣❡ ❢r❡q✉❡♥❝② ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s ✺✷

✸✳✸✳✸ ❯♣♣❡r ▼✐❞✲r❛♥❣❡ ❢r❡q✉❡♥❝② ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s ✺✸

✸✳✸✳✹ ❍✐❣❤ ❢r❡q✉❡♥❝② ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✸✳✹ ■♥✈❡st✐❣❛t✐♦♥ ♦❢ ❙❇◆ ❣❧❛ss❡s ✈✐❛ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✸✳✹✳✶ ■♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡ ❜♦r♦♥ ❡♥✈✐r♦♥♠❡♥t t❤r♦✉❣❤ [11]❇ ▼❆❙ ◆▼❘ ✳ ✳ ✳ ✳ ✳ ✺✹

✸✳✹✳✷ ■♥✈❡st✐❣❛t✐♦♥ ♦❢ s♦❞✐✉♠ ❡♥✈✐r♦♥♠❡♥t t❤r♦✉❣❤ [23]◆❛ ◆▼❘ ▼❆❙ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✸✳✺ ❉✐s❝✉ss✐♦♥ ♦♥ str✉❝t✉r❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ ❙❇◆ s❡r✐❡s ❣❧❛ss❡s ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✸✳✻ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

❚❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r ❞❡t❛✐❧s t❤❡ ❡❧❛❜♦r❛t✐♦♥ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ str✉❝t✉r❛❧

❛♥❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts ✐♥✈❡st✐❣❛t✐♦♥s ♦♥ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆

❣❧❛ss❡s✳ ■♥✐t✐❛❧❧②✱ s❡❝t✐♦♥ ✸✳✶ ❞❡s❝r✐❜❡s ♣r❡✈✐♦✉s ♠♦❞❡❧s ♣r❡❞✐❝t✐♥❣ ❤♦✇ t❤❡ ❞❡♥s✐t② ♦❢ t❤❡ ❣❧❛ss❡s ❡✈♦❧✈❡s

✇✐t❤ ❡❧❡♠❡♥t❛r② ✉♥✐ts✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ♣❛rt ♦❢ t❤❡ ♣✉❜❧✐❝❛t✐♦♥ ❬✸❪✳ ❙✉❜s❡q✉❡♥t❧②✱ s❡❝t✐♦♥ ✸✳✷ ♣r❡s❡♥ts

t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❨♦✉♥❣ ♠♦❞✉❧✉s ✭❊✮ ❛♥❞ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ✇✐t❤ t❤❡ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥✳ ❈♦rr❡❧❛t✐♦♥s

❜❡t✇❡❡♥ t❤❡s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ♦t❤❡r str✉❝t✉r❡ ♣r♦♣❡rt✐❡s ❛r❡ ❡①❛♠✐♥❡❞✳ ❙❡❝t✐♦♥s ✸✳✸ ❛♥❞ ✸✳✹ ✐♥✈❡st✐❣❛t❡

t❤❡ ❣❧❛ss str✉❝t✉r❡ ✈✐❛ ❘❛♠❛♥ ❛♥❞ ◆▼❘✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤✐s s❡❝t✐♦♥ ❝♦♠♣❛r❡s ❛♥❞ ❝♦♥tr❛sts 11❇ ❛♥❞ 23◆❛

▼❆❙ ◆▼❘ s♣❡❝tr❛ ✇✐t❤ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧✳ ❙❡❝t✐♦♥ ✸✳✺ s✉♠♠❛r✐③❡s ✐♥❢♦r♠❛t✐♦♥ ♦❜t❛✐♥❡❞ ♦♥

t❤❡ ❣❧❛ss str✉❝t✉r❡✳

✹✺
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✸✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ ❞❡♥s✐t② ✈❛❧✉❡s ✇✐t❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥

❚❤❡ ❞❡♥s✐t② ♦❢ ❣❧❛ss❡s ✐s ❞✐r❡❝t❧② ❧✐♥❦❡❞ t♦ t❤❡ ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ str✉❝t✉r❛❧ ✉♥✐ts ❬✽✱✶✶✕✶✸✱✶✺✱✶✾❪✳

❋✐❣✉r❡ ✸✳✶ ♣r❡s❡♥ts t❤❡ ❞❡♥s✐t② ✈❛r✐❛t✐♦♥s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN =
[Na2O]

[B2O3]
❛t t✇♦ ❝♦♥st❛♥t ✈❛❧✉❡s ♦❢

KSBN =
[SiO2]

[B2O3]
✳ ❚❤❡ ❞❡♥s✐t② ✐♥❝r❡❛s❡s ❛s ❘SBN ✐♥❝r❡❛s❡s✱ ❛♥❞ r❡❛❝❤❡s ❛ ♣❧❛t❡❛✉ ✇❤❡♥ RSBN ❣❡ts ❧❛r❣❡r

t❤❛♥ ∼✶✳✺✳

✵✳✺ ✶ ✶✳✺ ✷ ✷✳✺

✷✳✹✻

✷✳✹✽

✷✳✺

✷✳✺✷

✷✳✺✹

✷✳✺✻

❉
❡♥
s✐
t②
✱
ρ

❘SBN

❋✐❣✉r❡ ✸✳✶✿ ❉❡♥s✐t② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❘SBN ❢♦r ❑SBN❂❬❙✐❖2❪✴❬❇2❖3❪∼✷✳✺ ✭❜❧✉❡ s❡r✐❡s✮ ❛♥❞ ❑SBN ∼✹✳✺
✭r❡❞ s❡r✐❡s✮✳ ❚❤❡ ❞❡♥s✐t② ✐♥❝r❡❛s❡s ❛♥❞✱ t❤❡♥✱ r❡❛❝❤❡s ❛ ♣❧❛t❡❛✉✳

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

❝♦♠♣♦s✐t✐♦♥✳ ❋❡✐❧ ❛♥❞ ❋❡❧❧❡r ❬✶✺❪ ♣r♦♣♦s❡❞ ❛♥ ❡q✉❛t✐♦♥ t♦ r❡❧❛t❡ ρ t♦ ❘SBN ❛♥❞ ❑SBN ✿

ρ =

∑i=4
i=1 Mifi +

K

2
M ′

∑i=4
i=1 Vifi +

K

2
V ′

✭✸✳✶✮

Mi ❛♥❞ Vi ✭✇❤❡r❡ ✐ ✈❛r✐❡s ❢r♦♠ ✶ t♦ ✹✮ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♠❛ss ❛♥❞ ✈♦❧✉♠❡ ♦❢ t❤❡ ❜♦r❛t❡ str✉❝t✉r❛❧ ✉♥✐ts✳

fi r❡❢❡rs t♦ t❤❡ ❜♦r❛t❡ ✉♥✐ts ❞❡✜♥❡ ✐♥ t❤❡ t❛❜❧❡ ✸✳✶✳ ❚❤❡ Mi ✈❛❧✉❡s ❛r❡ t❡①t❜♦♦❦ ✈❛❧✉❡s ❬✸✸❪✳ ❚❤❡ Vi

✈❛❧✉❡s ❝♦♠❡ ❛❜♦✉t t❤r♦✉❣❤ ❧❡❛st sq✉❛r❡ ✜ts ♦♥ t❤❡ ❞❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts ❢r♦♠ t❤❡ ❜✐♥❛r② B2O3 −Na2O

s②st❡♠s ❬✶✺❪✳ M ′ ✐s ❡q✉❛❧ t♦ t❤❡ ♠❛ss ♦❢ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ♣❧✉s t❤❡ ♠❛ss ♦❢ Na2O ❛tt❛❝❤❡❞ t♦ ✐t✳

V ′ ✐s t❤❡ ✈♦❧✉♠❡ ♦❢ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ✇✐t❤ ❜r✐❞❣✐♥❣ ❛♥❞ ♥♦♥✲❜r✐❞❣✐♥❣ ♦①②❣❡♥ ❛t♦♠s ✭◆❇❖s✮ ♣❧✉s t❤❡

Na+ ✐♦♥s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ◆❇❖s✳ ❚❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ V ′ ✐♥✈♦❧✈❡s ❛ ❧❡❛st sq✉❛r❡s ✜t ♦❢ t❤❡ t❡rt✐❛r②

SiO2 − B2O3 − Na2O s②st❡♠✳ ❚❤❡ ❢❛❝t♦r ✶✴✷ ❝♦♠❡s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t t✇♦ B ❛t♦♠s ❡①✐st ❢♦r ❡✈❡r② Si

❛t♦♠✳ ❋❡✐❧ ❛♥❞ ❋❡❧❧❡r✬s ♣❛r❛♠❡t❡rs ✐♥ ❡q✉❛t✐♦♥ ✸✳✶ ✉♥❞❡r❡st✐♠❛t❡s ρ ❜② ∼ ✽ %✳

❖t❤❡r ❛✉t❤♦rs ♠♦❞✐✜❡❞ t❤❡ ❋❡✐❧ ❛♥❞ ❋❡❧❧❡r✬s ♠♦❞❡❧ ❬✽❪✱ ❛♥❞ r❡❝❡♥t❧② ■♥♦✉❡ ❡t ❛❧✳ ❬✶✾❪ ♣r♦♣♦s❡❞ ❛ ♥❡✇

❡q✉❛t✐♦♥ t♦ ❡st✐♠❛t❡ t❤❡ ❞❡♥s✐t②✳ ❚❤❡② ✐♥✈♦❦❡ ❛ ✜rst✲♦r❞❡r ♠✐①t✉r❡ ♠♦❞❡❧ ❢♦r ❛❧❧ t❤❡ ❝♦♠♣♦♥❡♥ts✿

ρ =
2B2O3

∑

i fiMi + SiO2

∑

i QiM
′
i

2B2O3

∑

i fiVi + SiO2

∑

i QiV ′
i

✭✸✳✷✮

✹✻
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❋r❛❝t✐♦♥ ❇♦r❛t❡ ✉♥✐ts
f1 BO3/2

f2 BO4

f3 BO3/2 ✇✐t❤ ✶ ◆❇❖
f4 BO3/2 ✇✐t❤ ✷ ◆❇❖

❋r❛❝t✐♦♥ ❙✐❧✐❝❛t❡ ✉♥✐ts
Q0 ❙✐❖4 t❡tr❛❤❡❞r♦♥s ✇✐t❤ ✹ ◆❇❖
Q1 ❙✐❖4 t❡tr❛❤❡❞r♦♥s ✇✐t❤ ✸ ◆❇❖
Q2 ❙✐❖4 t❡tr❛❤❡❞r♦♥s ✇✐t❤ ✷ ◆❇❖
Q3 ❙✐❖4 t❡tr❛❤❡❞r♦♥s ✇✐t❤ ✶ ◆❇❖
Q4 ❙✐❖4 t❡tr❛❤❡❞r♦♥s ✇✐t❤ ✵ ◆❇❖

❚❛❜❧❡ ✸✳✶✿ ❉❡✜♥✐t✐♦♥ ♦❢ f1✱ f2✱ f3✱f4✱Q0✱Q1✱Q2✱Q3✱Q4 ❢r❛❝t✐♦♥s

✇❤❡r❡ fi ❛♥❞ Qi ❛r❡ t❤❡ ♠♦❧❡ ❢r❛❝t✐♦♥s ♦❢ t❤❡ ith ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ❜♦r❛t❡ ❛♥❞ s✐❧✐❝❛t❡ ✉♥✐ts✳ ❚❛❜❧❡ ✸✳✶

r❡❝❛❧❧s t❤❡ fi ✉♥✐ts ❛♥❞ ♣r❡s❡♥t Qi ✉♥✐ts✳

❊✈❡♥ ✐❢ ■♥♦✉❡✬s ✜t ❣✐✈❡s ❛ ❜❡tt❡r ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❞❡♥s✐t②✱ t❤❡ ✈❛❧✉❡s ♠❡❛s✉r❡❞ ♦♥ t❤❡ ❙❇◆ s❡r✐❡s ❛r❡

st✐❧❧ ✉♥❞❡r❡st✐♠❛t❡❞✳

▼♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s ✭▼❉✮ s✐♠✉❧❛t✐♦♥s ♣r♦✈✐❞❡ ❛❝❝❡ss t♦ t❤❡ ❜❛s✐❝ str✉❝t✉r❛❧ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s ♦❢ ❙❇◆

❣❧❛ss s②st❡♠s✳ ❏❡❛♥✲▼❛r❝ ❉❡❧❛②❡ ♣❡r❢♦r♠❡❞ ▼❉ s✐♠✉❧❛t✐♦♥s ✇❤✐❝❤ ❣✐✈❡ ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ✈♦❧✉♠❡s ♦❢

t❤❡s❡ ❡❧❡♠❡♥t❛r② ✉♥✐ts ❜② ♠❡❛♥s ♦❢ ❱♦r♦♥♦✐ t❡ss❡❧❛t✐♦♥✳ ❊❛❝❤ ❡❧❡♠❡♥t❛r② ✉♥✐t✬s ✈♦❧✉♠❡ ✐s ❞❡✜♥❡❞ ❛s✿

Vunit = V V (F ) +
1

2

BO
∑

i

V V (BO) +

NBO
∑

j

V V (NBO) +NNaVavg(Na) ✭✸✳✸✮

❍❡r❡✱ V V ✭❋✮ ✐s t❤❡ ❛✈❡r❛❣❡ ❱♦r♦♥♦✐ ✈♦❧✉♠❡ ♦❢ t❤❡ ♥❡t✇♦r❦ ❢♦r♠❡r ✭❙✐ ♦r ❇ ❛t♦♠✮ ✐♥ t❤❡ ❣r♦✉♣✳

V V (BO) ❛♥❞ V V (NBO) ❛r❡ t❤❡ ❛✈❡r❛❣❡ ❱♦r♦♥♦✐ ✈♦❧✉♠❡ ♦❢ t❤❡ ❜r✐❞❣✐♥❣ ♦①②❣❡♥ ✭❇❖✮ ❛♥❞ ♥♦♥✲❜r✐❞❣✐♥❣

♦①②❣❡♥ ✭◆❇❖✮ ❛t♦♠s✱ r❡s♣❡❝t✐✈❡❧②✱ ♠❛❦✐♥❣ ✉♣ t❤❡ ❡❧❡♠❡♥t❛r② ✉♥✐t ♦❢ ✐♥t❡r❡st✳ ❚❤❡ ❧❛st t❡r♠ ❝♦rr❡s♣♦♥❞s

t♦ t❤❡ ♥✉♠❜❡r ♦❢ s♦❞✐✉♠ ✐♦♥s ✭NNa✮ ♣❛rt✐❝✐♣❛t✐♥❣ t♦ t❤❡ ❧♦❝❛❧ ❣r♦✉♣ ♠✉❧t✐♣❧✐❡❞ ❜② t❤❡ ❛✈❡r❛❣❡ ❱♦r♦♥♦✐

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

❜♦r❛t❡ ❛♥❞ s✐❧✐❝❛t❡ ✉♥✐t✱ Vunit✱ ✐s ❡st✐♠❛t❡❞ ❛s ❢♦❧❧♦✇✿

〈Vunit〉 = 2 [B2O3]
∑

i

fiV
fiunit
i + [SiO2]

∑

i

QiV
Qiunit
i ✭✸✳✹✮

✇❤❡r❡ t❤❡ s✉♠ ✐s t❛❦❡♥ ♦✈❡r t❤❡ ❞✐✛❡r❡♥t ❙❇◆ ❝♦♠♣♦s✐t✐♦♥s✳ fi r❡♣r❡s❡♥ts t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❜♦r❛t❡ ❡❧❡♠❡♥✲

t❛r② ✉♥✐ts ❛♥❞ Qi r❡♣r❡s❡♥ts t❤❡ ❢r❛❝t✐♦♥ ♦❢ s✐❧✐❝❛t❡ ❡❧❡♠❡♥t❛r② ✉♥✐ts ✐♥ ❡❛❝❤ ❙❇◆ ❣❧❛ss✳

❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❞❡♥s✐t② ♠❡❛s✉r❡❞ ❡①♣❡r✐♠❡♥t❛❧❧②✱ t❤❡ ❞❡♥s✐t② ♣r❡❞✐❝t❡❞ t❤❡♦r❡t✐❝❛❧❧② ✭❢r♦♠

t❤❡ ■♥♦✉❡✬s ♠♦❞❡❧✮ ❛♥❞ t❤❛t ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ▼❉ s✐♠✉❧❛t✐♦♥s ✐s ♣r❡s❡♥t❡❞ ✐♥ t❛❜❧❡ ✸✳✷✳ ❚❤❡ ▼❉

s✐♠✉❧❛t✐♦♥s ♣r♦✈✐❞❡ ❛ ❣♦♦❞ ❡st✐♠❛t✐♦♥ ✭❧❡ss t❤❛♥ ✵✳✸ % ❞✐✛❡r❡♥❝❡ ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s✮✳ ❚❤✐s

st❡♠s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t ❡❛❝❤ ❡❧❡♠❡♥t❛r② ✈♦❧✉♠❡ ✉♥✐t ✐♥ ▼❉ s✐♠✉❧❛t✐♦♥s ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♦t❤❡r

r❡s✉❧ts✳ ❚❤❡ ✈❛❧✉❡s ❢♦r ❡❛❝❤ ✉♥✐ts ❛r❡ ❞❡t❛✐❧❡❞ ✐♥ ♣✉❜❧✐❝❛t✐♦♥ ❬✸❪✳ ❙t✉❞②✐♥❣ Vunit ❛♥❞ V ′
unit ❢♦r ❡❛❝❤ ❙❇◆

❣❧❛ss r❡✈❡❛❧s t❤❛t t❤❡② ✈❛r② ✇✐t❤ [Na2O]✳ ❙♣❡❝✐❛❧❧②✱ V1✱ V2 ❛♥❞ V ′
4 ❛r❡ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ s♦❞✐✉♠

❝♦♥t❡♥t✳ ❋✐❣✉r❡ ✸✳✷ ❤✐❣❤❧✐❣❤ts t❤✐s tr❡♥❞ ❢♦r t✇♦ ✈♦❧✉♠❡s✿ V2 ❛♥❞ V ′
3 ✳ ❆ ❝❧❡❛r ❞❡❝r❡❛s❡ ✐♥ t❤❡ ✈♦❧✉♠❡ ♦❢

t❤❡s❡ str✉❝t✉r❛❧ ✉♥✐ts ♦❝❝✉r ✇✐t❤ ❬Na2O❪✳ ❆ ❞❡♣❡♥❞❡♥❝❡ ✇✐t❤ KSBN ✐s ❛❧s♦ ❡✈✐❞❡♥❝❡❞✳

✹✼



❈❍❆P❚❊❘ ✸✳ P❍❨❙■❈❆▲ ❆◆❉ ❙❚❘❯❈❚❯❘❆▲ ■◆❱❊❙❚■●❆❚■❖◆ ❖❋ ❙❇◆ ●▲❆❙❙❊❙

◆❛♠❡ ρexp ρtheo ρV or ❙②♠❜♦❧s
❙❇◆ ✶✷ ✷✳✹✻✶✾±0.0003 ✷✳✹✺✷ ✷✳✹✻✷
❙❇◆ ✷✺ ✷✳✺✹✹✻±0.0003 ✷✳✺✷✼ ✷✳✺✺✵
❙❇◆ ✸✵ ✷✳✺✹✵✼±0.0001 ✷✳✺✸✵ ✷✳✺✸✼
❙❇◆ ✸✺ ✷✳✺✸✻✽±0.0001 ✷✳✺✸✼ ✷✳✺✷✼
❙❇◆ ✶✹ ✷✳✹✼✸✻±0.0003 ✷✳✹✹✾ ✷✳✹✽✻
❙❇◆ ✺✾ ✷✳✺✸✹✹±0.0005 ✷✳✺✸✺ ✷✳✺✸✾
❙❇◆ ✺✺ ✷✳✺✸✽✸±0.0004 ✷✳✺✹✺ ✷✳✺✷✻

❚❛❜❧❡ ✸✳✷✿ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ ❞❡♥s✐t✐❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ❡①♣❡r✐♠❡♥ts✱ t❤❡♦r② ✭■♥♦✉❡✬s ♠♦❞❡❧ ❬✶✾❪ ❛♥❞ ♠❡❛s✉r❡❞
■❈P✲❆❊❙ ✈❛❧✉❡s ❢♦r t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✮ ❛♥❞ ❱♦r♦♥♦✐ ✈♦❧✉♠❡s Vunit ❜♦r❛t❡ ✉♥✐ts ❛♥❞ ✭V ′

unit s✐❧✐❝❛t❡
✉♥✐ts✮ ❢♦r ❡❛❝❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳

✵✳✺ ✶ ✶✳✺ ✷ ✷✳✺
✷✺

✸✵

✸✺

✹✵

✹✺

❘SBN

❊
❧❡
♠
❡♥
t❛
r②

✈♦
❧✉
♠
❡
❡❧
❡♠

❡♥
ts ❱✬3

❱2

✭❝
♠

3
✴♠

♦❧
✮

❋✐❣✉r❡ ✸✳✷✿ ❱♦❧✉♠❡ ♦❢ V2 ❛♥❞ V ′
3 ✉♥✐ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN ✳ ❚❤❡ V2 ✈♦❧✉♠❡ ❝♦rr❡s♣♦♥❞ t♦ f2 ❢r❛❝t✐♦♥✱

✐✳❡✳ t❤❡ BO4 ✉♥✐ts✳ ❚❤❡ V ′
3 ✈♦❧✉♠❡ ❝♦rr❡s♣♦♥❞ t♦ Q3 ❢r❛❝t✐♦♥✱ ✐✳❡✳ ❙✐❖4 t❡tr❛❤❡❞r♦♥s ✇✐t❤ ✶ ◆❇❖ ✉♥✐ts✳

❚❤❡ ❞✐✛❡r❡♥t ❝♦❧♦rs ❝♦rr❡s♣♦♥❞ t♦ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ KSBN ✿ r❡❞ KSBN ∼ ✹✳✺✱ ❜❧✉❡ KSBN ∼ ✷✳✶✷ ❛♥❞
❣r❡❡♥ KSBN ∼ ✹✳✹✳

❚❤❡ ✈❛r✐❛t✐♦♥ ✐♥ ✈♦❧✉♠❡ ♦❢ str✉❝t✉r❛❧ ✉♥✐ts ✇✐t❤ ❬Na2O❪ ✐s ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡ t❤❡♦r❡t✐❝❛❧ ✜ts✳ ❚❤✐s ✐s

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

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

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

❋✐♥❛❧❧②✱ t❤❡ ❞❡♥s✐t② ✈❛❧✉❡s ✜rst ✐♥❝r❡❛s❡ ✇✐t❤ RSBN ✱ ✇✐t❤ ❬Na2O❪✳ ❚❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ❝❤❛♥❣❡s t❤❡

❣❧❛ss str✉❝t✉r❡✳ ❋✐rst✱ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ❝❤❛♥❣❡s t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢ ❇ ❛t♦♠s ✭❢♦r♠❛t✐♦♥ ♦❢ f2
✉♥✐ts ✭BO4✮ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ f1 ✭BO3/2✮✮✳ ❚❤❡ ✈❛❧✉❡s ♦❢ ❡❛❝❤ ✉♥✐ts ❢r♦♠ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧

❛♥❞ t❤❡ ▼❉ s✐♠✉❧❛t✐♦♥ ❛r❡ ✐♥ ♣✉❜❧✐❝❛t✐♦♥ ❬✸❪✳ ❙✉❝❤ ✉♥✐ts ❛r❡ ❞❡♥s❡r ❬✶✹❪ ❡①♣❧❛✐♥✐♥❣ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ρexp✳

❆s t❤❡ ❬Na2O❪ ✐♥❝r❡❛s❡s ❛❣❛✐♥✱ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ✐s ✐♠♣❛❝t❡❞✿ t❤❡ Na+ ❛tt❛❝❤❡❞ t♦ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦

❞❡❝r❡❛s❡s ❢r❡❡ ✈♦❧✉♠❡ ♦❢ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❜❡❝❛✉s❡ t❤❡ ❛❧❦❛❧✐ ✐♦♥ ♦❝❝✉♣② t❤❡ ✐♥t❡rst✐t✐❛❧ s✐t❡s ❬✸✵❪✳ ❚❤❡

▼❉ s✐♠✉❧❛t✐♦♥s ♣♦✐♥t❡❞ ♦✉t ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❧♦❝❛❧ ✈♦❧✉♠❡s ♦❢ t❤❡ ❜♦r❛t❡ ❛♥❞ s✐❧✐❝❛t❡ ✉♥✐ts ✇✐t❤ ❬Na2O❪✳

❚❤✐s ❝❛♥ ❡①♣❧❛✐♥ t❤❡ ♣❧❛t❡❛✉ ♦❜s❡r✈❡❞✳

■♥ t❤❡ r❡st ♦❢ t❤✐s ✇♦r❦✱ ρ r❡❢❡rs t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✱ ρexp✳

✹✽



✸✳✷✳ ❊❱❖▲❯❚■❖◆ ❖❋ ❨❖❯◆● ▼❖❉❯▲❯❙✱ ❊ ❆◆❉ P❖■❙❙❖◆✬❙ ❘❆❚■❖✱ ν

◆❛♠❡ VL ✭♠✴s✮ VT ✭♠✴s✮ E ✭●P❛✮ ν ❙②♠❜♦❧s
❙❇◆ ✶✷ ✸✵✼✹±17 ✶✽✸✺±6 ✽✵✳✶±0.03 ✵✳✷✵✽±0.06

❙❇◆ ✷✺ ✸✵✺✸±10 ✶✼✽✾±8 ✽✵✳✸±0.04 ✵✳✷✸✽±0.008

❙❇◆ ✸✵ ✷✾✸✽±6 ✶✼✶✸±8 ✼✹✳✼±0.05 ✵✳✷✺✺±0.001

❙❇◆ ✸✺ ✸✵✺✼±15 ✶✼✷✼±6 ✼✻✳✼±0.04 ✵✳✷✻✹±0.002

❙❇◆ ✶✹ ✸✵✹✾±21 ✶✽✺✶±32 ✽✶✳✽±1.02 ✵✳✷✶✵0.015
❙❇◆ ✻✸ ✸✵✹✻±11 ✶✽✵✾±8 ✽✶✳✾±0.06 ✵✳✷✷✻±0.009

❙❇◆ ✺✾ ✷✾✻✽±24 ✶✼✻✼±15 ✼✼✳✷±0.03 ✵✳✷✸✵±0.007

❙❇◆ ✺✺ ✷✾✸✶±20 ✶✻✽✾±4 ✼✷✳✽±0.06 ✵✳✷✺✶±0.005

❚❛❜❧❡ ✸✳✸✿ VL✱ VT ✱ E✱ ❛♥❞ ν ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ❙❇◆ ❣❧❛ss✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ ❞❡♣✐❝ts t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥
✜❣✉r❡s✳

✸✳✷ ❊✈♦❧✉t✐♦♥ ♦❢ ❨♦✉♥❣ ♠♦❞✉❧✉s✱ ❊ ❛♥❞ P♦✐ss♦♥✬s r❛t✐♦✱ ν

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

r❛♥❣❡ ♦r❞❡rs✳ P❛rt ■✳✷✳✸✳✷✳ ❞❡t❛✐❧s ✉❧tr❛s♦♥✐❝ t❡❝❤♥✐q✉❡s ✉s❡❞ t♦ ❛❝q✉✐r❡ VL ❛♥❞ VT ✳ ❋r♦♠ VL ❛♥❞ VT ✱

❡q✉❛t✐♦♥ ✷✳✸ ❛♥❞ ✷✳✹ ♣r♦✈✐❞❡s E ❛♥❞ ν✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ t❛❜❧❡ ✸✳✸ ♣r❡s❡♥ts VL✱ VT ✱ E✱ ❛♥❞ ν ❝❛❧❝✉❧❛t❡❞

❢♦r ❡❛❝❤ ❙❇◆ s❛♠♣❧❡✳

❇♦t❤ E ❛♥❞ ν ❞❡♣❡♥❞ ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❣❧❛ss❡s✳ ❋✐❣✉r❡ ✸✳✸ s❤♦✇s t❤❛t E ✈❛r✐❡s

✇✐t❤ [Na2O]✳ ▲✐t❡r❛t✉r❡ ❝♦♥♥❡❝ts t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ E t♦ ❝❤❛♥❣❡s ✐♥ t❤❡ ✐♥t❡r❛t♦♠✐❝ ❜♦♥❞✐♥❣ ❡♥❡r❣②✱ t❤❡

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

✶✵ ✷✵ ✸✵ ✹✵
✵✳✷

✵✳✷✷

✵✳✷✹

✵✳✷✻

✵✳✷✽

[Na2O]

ν

✶✵ ✷✵ ✸✵
✼✵

✼✺

✽✵

✽✺

[Na2O]

❨
♦✉

♥❣
♠
♦❞

✉❧
✉s

✭●
P
❛✮

❋✐❣✉r❡ ✸✳✸✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❨♦✉♥❣ ♠♦❞✉❧✉s ✭❊✮ ✐♥ ●P❛ ❛♥❞ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ✇✐t❤ t❤❡ ♠♦❧ % ♦❢ Na2O✳

❨❡t✱ t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ E ❛♥❞ Na2O ✐s ♥♦t str❛✐❣❤t❢♦r✇❛r❞✳ ❋♦r t❤❡ ❤✐❣❤KSBN s❡r✐❡s ✭KSBN ∼ 4.6✮✱

❛ ♥♦♥✲❧✐♥❡❛r ❞❡❝r❡❛s❡ ♦❢ E ♦❝❝✉rs✳ ❋♦r t❤❡ ❧♦✇ KSBN s❡r✐❡s ✭KSBN ∼ 2.5✮✱ t❤❡ ❜❡❤❛✈✐♦r ✐s ♠♦r❡ ❝♦♠♣❧❡①✳

❚❤✐s ♦❜s❡r✈❛t✐♦♥ ❝♦♥✜r♠s t❤❡ ❢❛❝t t❤❛t E ❞❡♣❡♥❞s ♦♥ ♠❛♥② ♣❛r❛♠❡t❡rs✳ ❖♥❡ ♦❢ t❤❡s❡ ♣❛r❛♠❡t❡rs ✐s

t❤❡ ❛♠♦✉♥t ♦❢ [4]B ✐♥ t❤❡ ❣❧❛ss✳ ❆s st❛t❡❞ ♣r❡✈✐♦✉s❧②✱ ✇❤❡♥ ❬Na2O❪ ✐♥❝r❡❛s❡s ❛♥❞ Na+ ✐♦♥s ❛r❡ ✐♥ ❝❤❛r❣❡

❝♦♠♣❡♥s❛t♦r r♦❧❡✱ [4]B ❡❧❡♠❡♥ts ✐♥❝r❡❛s❡ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ [3]B ❡❧❡♠❡♥ts✳ ■♥✐t✐❛❧❧② t❤✐s ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡

✐♥ ρ ✇❤✐❝❤ s✉❜s❡q✉❡♥t❧② ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ E✳ ❆s ♠♦r❡ s♦❞✐✉♠ ✐s ❛❞❞❡❞ t♦ t❤❡ ❣❧❛ss✱ s♦♠❡ [4]B s✇✐t❝❤❡s

t♦ [3]B ❡❧❡♠❡♥ts✱ ✇✐t❤ ◆❇❖ ❛♥❞ Na+ ✐♦♥s ❛❝t✐♥❣ ❛s ♥❡t✇♦r❦ ♠♦❞✐✜❡rs✳ ❆❧s♦✱ ❞✉r✐♥❣ t❤✐s ♣❤❛s❡ s♦♠❡ Na+

✐♦♥s ❡♥t❡r ✐♥t♦ t❤❡ s✐❧✐❝❛ ♥❡✇♦r❦ ❛♥❞ ②✐❡❧❞ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ◆❇❖✳ ❇♦t❤ t❤❡s❡ ◆❇❖✱ ❛♥❞ t❤❡ str✉❝t✉r❛❧

✹✾
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tr❛♥s❢♦r♠❛t✐♦♥s ❧❡❛❞ t♦ ❛ ❞❡❝r❡❛s❡ ♦❢ E ❞✉❡ t♦ t❤❡ ✇❡❛❦② ❜✐♥❞✐♥❣ BO3 ♣❧❛♥❛r ✉♥✐ts ❬✷✷❪✳

❚❤❡r❡ ❞♦❡s ♥♦t s❡❡♠s t♦ ❜❡ ❛ ♦♥❡✲t♦✲♦♥❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ E ❛♥❞ [Na2O]✳ ❈♦♥✈❡rs❡❧②✱ t❤❡ P♦✐ss♦♥ r❛t✐♦

✭ν✮ ❛♣♣❡❛rs t♦ ❜❡ ❧✐♥❡❛r❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ [Na2O] ✭✜❣✉r❡ ✸✳✸✮✳ ν ✐s ❛♥ ✐♠♣♦rt❛♥t ♠❛t❡r✐❛❧ ♣❛r❛♠❡t❡r

r❡❧❛t✐♥❣ ❛ ♠❛t❡r✐❛❧✬s r❡❛❝t✐♦♥ t♦ ❛ ✉♥✐❛①✐❛❧ str❛✐♥ ❛♥❞ ✐ts r❡s♣♦♥s❡ ✐♥ t❤❡ ♦t❤❡r t✇♦ ❞✐r❡❝t✐♦♥s✳ ❆ ✜rst

♦r❞❡r ❛♣♣r♦①✐♠❛t✐♦♥ ❢♦r ❛ ❝✉❜✐❝ ✐s♦tr♦♣✐❝ s②st❡♠ ✐s ❛s ❢♦❧❧♦✇s✿

ν = −∆L′

∆L
. ✭✸✳✺✮

∆L ✐s t❤❡ ❝❤❛♥❣❡ ✐♥ ❧❡♥❣t❤ ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ✉♥✐❛①✐❛❧ str❛✐♥ ❛♥❞ ∆L′ ✐s t❤❡ ♠❛t❡r✐❛❧s r❡❛❝t✐♦♥ ✐♥ t❤❡ ♦t❤❡r

❞✐r❡❝t✐♦♥s✳ ❘♦✉①❡❧ ❡t ❛❧✳ ❧✐♥❦ ν ✇✐t❤ t❤❡ ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥ ✭Pf ✮ ❛♥❞ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✬s ❞✐♠❡♥s✐♦♥❛❧✐t② ❬✸✷❪✳

❚❤✉s✱ ν ♣r♦✈✐❞❡s ❛♥ ✐♥t❡r❡st✐♥❣ ✐♥s✐❣❤t ✐♥t♦ ❛ ❣❧❛ss✬s s❤♦rt✲ ❛♥❞ ♠❡❞✐✉♠✲r❛♥❣❡ ♦r❞❡r✳ ν ❞❡♣❡♥❞s ♦♥ t❤❡

❞✐♠❡♥s✐♦♥❛❧✐t② ♦❢ t❤❡ str✉❝t✉r❛❧ ✉♥✐ts✳ ❚❤❡ ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥ ✭Pf ✮ r❡❧❛t❡s t❤❡ ❛♠♦✉♥t ♦❢ ✈♦❧✉♠❡ ♦❝❝✉♣✐❡❞

❜② t❤❡ ❛t♦♠s ✭Vi✮ t♦ t❤❡ t♦t❛❧ ✈♦❧✉♠❡ ♦❢ t❤❡ ❣❧❛ss✿

Pf = ρ×
∑

foxide
i V oxide

i
∑

foxide
i Moxide

i

✭✸✳✻✮

ρ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❡♥s✐t② ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ✭t❛❜❧❡ ✸✳✷✮ ✳ foxide
i ✱ V oxide

i ✱

❛♥❞ Moxide
i ❛r❡ t❤❡ ♠♦❧❛r ❢r❛❝t✐♦♥✱ t❤❡ ♠♦❧❛r ✈♦❧✉♠❡✱ ❛♥❞ t❤❡ ♠♦❧❛r ✇❡✐❣❤t ♦❢ t❤❡ ith ♦①✐❞❡✳ ❋♦r ♦①✐❞❡

AxOy✱ V
AxOy

i ✐s✿

V
AxOy

i = 4/3π ×N × (xr3A + yr3O) ✭✸✳✼✮

N ✐s t❤❡ ❆✈♦❣❛❞r♦ ♥✉♠❜❡r✱ rA ❛♥❞ rO ❛r❡ t❤❡ r❛❞✐✐ ♦❢ ❡❛❝❤ ❡❧❡♠❡♥t ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ♦①✐❞❡✳ ❚❤❡ ♣❛❝❦✐♥❣

❢r❛❝t✐♦♥ ✭Pf ✮ ❝❛♥♥♦t ❜❡ ❛❝❝✉r❛t❡❧② ❞❡t❡r♠✐♥❡❞ s✐♥❝❡ t❤❡ ❛❝t✉❛❧ ❛t♦♠✐❝ r❛❞✐✉s ❛r❡ ♥♦t ❦♥♦✇♥✱ ❜✉t r❡❢❡r❡♥❝❡

❬✸✹❪ ❣✐✈❡s ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡s❡ ✈❛❧✉❡s✳ ❋✐❣✉r❡ ✸✳✹ r❡✈❡❛❧s ❛♥ ✐♥❝r❡❛s✐♥❣ tr❡♥❞ ♦❢ ν ✇✐t❤ Pf ✳ ❚❤✐s tr❡♥❞ ✐s

♥♦t ❧✐♠✐t❡❞ t♦ t❤❡ ❙❇◆ ❣❧❛ss❡s ❤❡r❡✐♥❀ ❘♦✉①❡❧ ❡t ❛❧✳ ❬✶✽✱ ✸✶❪ ❞❡♠♦♥str❛t❡❞ t❤✐s tr❡♥❞ ❢♦r ❛ ✇✐❞❡ r❛♥❣❡ ♦❢

❣❧❛ss ❝♦♠♣♦s✐t✐♦♥s✳

❋✐❣✉r❡ ✸✳✹ ❧❡❢t r❡✈❡❛❧s t❤❛t Pf ✐♥❝r❡❛s❡s ✇✐t❤ ν ❢♦r ❙❇◆ s❛♠♣❧❡s ❤❡r❡✐♥✳ ❋♦r ❧♦✇ [Na2O] ❛♥❞ ν✱ t❤❡

❣❧❛ss str✉❝t✉r❡ ❤❛s ❛ ❧❛r❣❡ ❢r❛❝t✐♦♥ ♦❢ ❢r❡❡ ✈♦❧✉♠❡ ✭✐✳❡✳ ❧♦✇ ❣❧❛ss ♣❛❝❦✐♥❣ ❞❡♥s✐t②✮✳ ❆s [Na2O] ✐♥❝r❡❛s❡s✱

❜♦t❤ ν ❛♥❞ Pf ✐♥❝r❡❛s❡❀ ❝♦♥s❡q✉❡♥t❧② t❤❡ ❢r❡❡ ✈♦❧✉♠❡ ❞❡❝r❡❛s❡s ✐♥ t❤❡ ♠❛tr✐① ♦❢ t❤❡s❡ ❣❧❛ss❡s✳ ❘♦✉①❡❧ ❡t

❛❧✳ ❬✸✷❪ ❛ss♦❝✐❛t❡❞ t❤✐s ✐♥❝r❡❛s❡ ✇✐t❤ ❛ r❡♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✳ ❚❤✐s s♣❡❝✐✜❝❛❧❧② ❛❧t❡rs t❤❡

❝♦♥♥❡❝t✐✈✐t② ♦❢ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✳ ❋✐❣✉r❡ ✸✳✹ r✐❣❤t ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ν ✇✐t❤ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢

◆❇❖ ✭❡st✐♠❛t❡❞ ✈✐❛ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts s❡❡ s❡❝t✐♦♥ ✸✳✹✮✳ ❚❤❡ ❤✐❣❤❡r ✐s t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ✭✐✳❡✳

t❤❡ ❧❡ss ♥✉♠❡r♦✉s ❛r❡ ◆❇❖s✮✱ t❤❡ ❧♦✇❡r ✐s t❤❡ P♦✐ss♦♥✬s r❛t✐♦✳

❋✐♥❛❧❧②✱ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ❛♣♣❡❛rs t♦ ❜❡ ❛ r❡❧❡✈❛♥t ♣❛r❛♠❡t❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ❣❧❛ss✬s ♦r❣❛♥✐③❛t✐♦♥✳

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

t♦ ❧❡ss ❢r❡❡ ✈♦❧✉♠❡ ❛♥❞ ❛ ❧♦✇❡r ❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥✳

✸✳✸ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② ♦❢ ❙❇◆ ❣❧❛ss❡s

❘❛♠❛♥ ❛♥❛❧②s✐s ❝❤❛r❛❝t❡r✐③❡s t❤❡ str✉❝t✉r❡ ♦❢ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss✳ ❋✐❣✉r❡ ✸✳✺ ♣r❡s❡♥ts t❤❡ s♣❡❝tr✉♠ ❡✈♦❧✉✲

t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ❙❇◆ ❣❧❛ss❡s ♦❢ ✐♥❝r❡❛s✐♥❣ s♦❞✐✉♠ ❛♠♦✉♥ts✳ ❚❤❡ t✇♦ ♣❛♥❡❧s ✐♥ ✜❣✉r❡ ✸✳✺ ❝♦rr❡s♣♦♥❞ t♦

✺✵



✸✳✸✳ ❘❆▼❆◆ ❙P❊❈❚❘❖❙❈❖P❨ ❖❋ ❙❇◆ ●▲❆❙❙❊❙

✵✳✷ ✵✳✷✷ ✵✳✷✹ ✵✳✷✻
✵✳✹✼

✵✳✹✽

✵✳✹✾

✵✳✺

✵✳✺✶

✵✳✺✷

ν

P
f
✭%

✮

✵ ✺ ✶✵
✵✳✷

✵✳✷✷

✵✳✷✹

✵✳✷✻

ν

× ✶✵21

❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖

✭♠♦❧✴❝♠−3✮

❋✐❣✉r❡ ✸✳✹✿ ✭▲❡❢t✮ ❊✈♦❧✉t✐♦♥ ♦❢ ❣❧❛ss ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥ ✭Pf ✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ P♦✐ss♦♥ r❛t✐♦ ✭ν✮✳ ✭❘✐❣❤t✮
❊✈♦❧✉t✐♦♥ ν ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖✳ ❆ ❣♦♦❞ ❝♦rr❡❧❛t✐♦♥ ✐s ❢♦✉♥❞ ❜❡t✇❡❡♥ t❤❡ P♦✐ss♦♥✬ r❛t✐♦
❛♥❞ t❤❡ ❣❧❛ss ♦r❣❛♥✐③❛t✐♦♥✬ ♣❛r❛♠❛t❡rs s✉❝❤ ❛s✿ ◆❇❖ ❛♥❞ Pf ✳

t✇♦ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ ❑SBN ✿ ❑SBN ∼✷✳✺ ✭❧❡❢t✮ ❛♥❞ ❑SBN ∼✹✳✺ ✭r✐❣❤t✮✳

✺✵✵ ✶✵✵✵ ✶✺✵✵ ✷✵✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✶✹

❙❇◆ ✻✸

❙❇◆ ✺✾

❙❇◆ ✺✺

✺✵✵ ✶✵✵✵ ✶✺✵✵ ✷✵✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✶✷

❙❇◆ ✷✺

❙❇◆ ✸✵

❙❇◆ ✸✺

❬Na2O❪ ❬Na2O❪

❋✐❣✉r❡ ✸✳✺✿ ❘♦♦♠✲t❡♠♣❡r❛t✉r❡ ❘❛♠❛♥ s♣❡❝tr❛ ❢♦r ❙❇◆ s❡r✐❡s ❛t ❝♦♥st❛♥t KSBN ✭▲❡❢t✮ KSBN ∼ 2.4❀
✭❘✐❣❤t✮ KSBN ∼ 4.6 ❛♥❞ 3.75 ✭❙❇◆ ✶✹✮✳

❙❡✈❡r❛❧ ✈❛r✐❛t✐♦♥s ♦❝❝✉r ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t✿ ✭✶✮ ❛ s❤✐❢t ♦❢ t❤❡ ♠❛✐♥ ❜❛♥❞ ❛t ✹✸✵ ❝♠−1

t♦✇❛r❞s ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s❀ ✭✷✮ ❛ ❞❡❝r❡❛s❡ ✐♥ ❢❡❛t✉r❡s ❜❡t✇❡❡♥ ✺✺✵✲✽✺✵ ❝♠−1 ✱ ✭✸✮ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ❝♦♥tr✐✲

❜✉t✐♦♥ ❛r♦✉♥❞ ✾✵✵✲✶✷✵✵ ❝♠−1❀ ❛♥❞ ✭✹✮ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣❡❛❦ ❛t ✶✹✺✵ ❝♠−1✳

❚❤❡s❡ ❘❛♠❛♥ s♣❡❝tr❛ ♠❡r❣❡ s❡✈❡r❛❧ ❞✐✛❡r❡♥t ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s✳ ❍❡♥❝❡✱ t❤❡✐r ✐♥t❡r♣r❡t❛t✐♦♥ ❤❡r❡✐♥

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

✸✳✸✳✶ ▲♦✇ ❢r❡q✉❡♥❝② ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s

■♥ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② r❡❣✐♦♥ ✭✸✵✵ t♦ ✻✵✵ ❝♠−1✮ s❡✈❡r❛❧ ❝♦♥tr✐❜✉t✐♦♥s ❛♣♣❡❛r✿

✺✶



❈❍❆P❚❊❘ ✸✳ P❍❨❙■❈❆▲ ❆◆❉ ❙❚❘❯❈❚❯❘❆▲ ■◆❱❊❙❚■●❆❚■❖◆ ❖❋ ❙❇◆ ●▲❆❙❙❊❙

❚❤❡ ♠✐①❡❞ str❡t❝❤✐♥❣ ❛♥❞ ❜❡♥❞✐♥❣ ♠♦❞❡s ♦❢ ❙✐✲❖✲❙✐ ✉♥✐ts ❣✐✈❡s ✇❛② t♦ t❤❡ ❜r♦❛❞ ❜❛♥❞ ♦✈❡r t❤❡ ✸✵✵✲

✺✵✵ ❝♠−1 ✇❛✈❡ ♥✉♠❜❡r✳ P✉r❡ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ❤❛s ❛ ❜r♦❛❞ ❜❛♥❞ ❝❡♥t❡r❡❞ ❛t ✹✸✵❝♠ −1✳ ❚❤✐s ❜r♦❛❞ ❜❛♥❞

✐♠♣❧✐❡s ♠✉❧t✐♣❧❡ ❞✐✛❡r❡♥t ❙✐✲❖✲❙✐ ❜♦♥❞ ❛♥❣❧❡s ❬✷✼❪✳

■♥ ❞❡♥s✐✜❡❞ s✐❧✐❝❛✱ t✇♦ ❛❞❞✐t✐♦♥❛❧ ♣❡❛❦s ♦❝❝✉r✿ ❉1 ✭∼✹✾✺❝♠ −1✮ ✇❤✐❝❤ ✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡ ✈✐❜r❛t✐♦♥❛❧

♠♦❞❡s ♦❢ ✹ ♠❡♠❜❡r❡❞ r✐♥❣s❀ ❛♥❞ ❉2 ✭∼✻✵✽ ❝♠−1✮ ✇❤✐❝❤ ✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ♦❢ ✸

♠❡♠❜❡r❡❞ r✐♥❣s ❬✷✹✱ ✷✼❪✳ ❚❤❡ ❛❞❞✐t✐♦♥ ♦❢ [Na2O] t♦ ♣✉r❡ s✐❧✐❝❛ ✭❡✳❣✳ ✐♥ ❜✐♥❛r② Na2O − SiO2✮ ❧❡❛❞s t♦ ❛

r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ✹✸✺ ❝♠−1 ♣❡❛❦ ❛♥❞ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❛ ♣❡❛❦ ❛t ∼✺✷✵ ❝♠−1 ❬✶✻❪✳ ❆❞❞✐t✐♦♥❛❧ s♦❞✐✉♠

s❤✐❢ts t❤❡ ✺✷✵ ❝♠−1 ♣❡❛❦ t♦ ❤✐❣❤❡r ✇❛✈❡ ♥✉♠❜❡rs✳ ❙♦♠❡ ❛✉t❤♦rs ❧✐♥❦ t❤✐s s❤✐❢t t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❙✐✲

❖✲❙✐ ❜♦♥❞ ❛♥❣❧❡ ❬✷✱✹❪✱ ❛♥❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛❞❞✐t✐♦♥❛❧ ❉1 ❛♥❞ ❉2 ❬✾✱✷✸✱✷✹❪✳ ❆♥ ❛r❣✉♠❡♥t s✉♣♣♦rt✐♥❣

t❤✐s s❝❡♥❛r✐♦ ✐s t❤❡ ❝r❡❛t✐♦♥ ♦❢ ◆❇❖ ♦♥ t❤❡ ❙✐ ❛t♦♠s✱ ✇❤✐❝❤ ✐♥❞✉❝❡s ❛ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ❙✐✲❖✭◆❇❖✮ ❜♦♥❞

❧❡♥❣t❤✳ ❚❤✐s ❝❛✉s❡s ❛ s❤✐❢t t♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ❬✷✹❪✳ ▼❛ts♦♥ ❡t ❛❧✳ ❧✐♥❦❡❞ ❛ ♣❡❛❦ ❛t ✺✵✵ ❝♠−1 ✐♥ ❜✐♥❛r②

Na2O − SiO2 ❣❧❛ss❡s t♦ ❞❡❧♦❝❛❧✐③❡❞ ✈✐❜r❛t✐♦♥s ♦❢ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦ ✇✐t❤ ❜r✐❞❣✐♥❣ ❛♥❞ ♥♦♥✲❜r✐❞❣✐♥❣

♦①②❣❡♥ ❛t♦♠s ❬✷✹❪✳

❋✐❣✉r❡ ✸✳✺ r❡✈❡❛❧s ❛ ❝❧❡❛r s❤✐❢t ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ t♦ ❤✐❣❤❡r ✈❛❧✉❡s ✇✐t❤ ❬Na2O❪✳

■t ❝❛♥ ❜❡ ❞✉❡ t♦ t❤❡ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❛✈❡r❛❣❡ ❙✐✲❖✲❙✐ ❜♦♥❞ ❛♥❣❧❡ ♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ◆❇❖s ♦♥ t❤❡ s✐❧✐❝❛

t❡tr❛❤❡❞r❛❧✳ ◆♦t❡ t❤❛t ❛ ❞❡❝r❡❛s❡ ✐♥ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ✐s ♣r❡❞✐❝t❡❞ ✐♥ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛②

♠♦❞❡❧ ❬✼✱ ✶✵✱✸✼❪✳

✸✳✸✳✷ ▲♦✇❡r ▼✐❞✲r❛♥❣❡ ❢r❡q✉❡♥❝② ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s

❚❤❡ ③♦♥❡ ❛r♦✉♥❞ ✭✻✵✵✲✽✺✵ ❝♠−1✮ ✐s t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❜♦r❛t❡✲ ❛♥❞ ❜♦r♦s✐❧✐❝❛t❡✲r✐♥❣ ✉♥✐ts ❣r♦✉♣s✳

• ✻✸✸ ❝♠−1 ❜❛♥❞✿ ❚❤✐s ❜❛♥❞ ✐s ❧✐♥❦❡❞ t♦ ❞❛♥❜✉r✐t❡ ✭Si2O7B2O7✮ ✉♥✐ts ❛♥❞✴♦r ♠❡t❛❜♦r❛t❡ ✭❛ ♣❧❛♥❛r

BO3/2 ❣r♦✉♣ ✇✐t❤ ✶ ◆❇❖ ❛♥❞ ✶ ◆❛+ ✐♦♥ ♥❡❛r❜②✮ ❣r♦✉♣s ❬✺❪✳ ❖t❤❡rs ❛ttr✐❜✉t❡ t❤✐s ♣❡❛❦ s♦❧❡❧② t♦

❞❛♥❜✉r✐t❡ ✉♥✐ts✳

• ✼✵✸ ❝♠−1 ❜❛♥❞✿ ❚❤✐s ♣❡❛❦ ✐s ❧✐♥❦❡❞ t♦ t❤❡ ♠❡t❛❜♦r❛t❡ ✉♥✐ts ❬✻✱ ✷✶❪

• ✼✼✵ ❝♠−1 ♣❡❛❦✿ ❚❤✐s ♣❡❛❦ ✐s ❧✐♥❦❡❞ t♦ t❤❡ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡ ♦❢ t❤❡ ❜♦r❛t❡ r✐♥❣s ✇✐t❤ ✶ ♦r ♠♦r❡

❢♦✉r✲❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥ ✐♥ ❞✐❜♦r❛t❡ st✉❝t✉r❡s ❬✺✱ ✷✽❪

• ✼✽✵ ❝♠−1 ♣❡❛❦✿ ❚❤✐s ♣❡❛❦ ✐s ❧✐♥❦❡❞ t♦ t❤❡ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡ ♦❢ ✧❝❛❣❡❞✧ s✐❧✐❝❛ t❡tr❛❤❡❞r❛❧ ❬✻✱✷✶✱✷✺❪

• ✽✵✻ ❝♠−1 ♣❡❛❦✿ ❚❤❡ ♣❡❛❦ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ t❤r❡❡✲❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥ ✐♥ ❜♦r♦①♦❧s r✐♥❣s ❬✷✵✱✷✽❪

❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❜♦r❛t❡ ❛♥❞ ❜♦r♦s✐❧✐❝❛t❡ r✐♥❣ str✉❝t✉r❡ ❝❤❛♥❣❡ ❢r♦♠ t❤❡ ❙❇◆ ✶✷ t♦ t❤❡ ❙❇◆ ✸✺✱

✐✳❡✳ ❜② ✐♥❝r❡❛s✐♥❣ ❬Na2O❪✳ ❚❤❡ ❞❛♥❜✉r✐t❡✴♠❡t❛❜♦r❛t❡ ♣❡❛❦ ✭✻✸✵ ❝♠−1✮ ✐♥❝r❡❛s❡s ❛♥❞ t❤❡ ✐♥t❡♥s✐t② ♦❢

♠♦st ♦❢ t❤❡ ♦t❤❡r ♣❡❛❦s ❜❡t✇❡❡♥ ✼✵✵ ✲ ✽✵✽ ❝♠−1 ❞❡❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ s♦❞✐✉♠✳ ❆

♠✐♥♦r s❤♦✉❧❞❡r ✐s ♦❜s❡r✈❡❞ t♦ ❣r♦✇ ❛t ✼✸✵ ❝♠−1✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ❞✉❡ t♦ ❛ ❝❤❛✐♥ ♦❢ ♠❡t❛❜♦r❛t❡ ✉♥✐ts ❬✷✶❪✱

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

t❤❡ Na+ ✐♦♥s ❛❝ts ❛s ❝❤❛r❣❡ ❝♦♠♣❡♥s❛t♦rs ❛♥❞ ❢❛✈♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ [3]❇ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ [4]❇ ♦♥❝❡

RSBN > 0.5 + KSBN

16 ✳ ❚❤❡ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❞❛♥❜✉r✐t❡ ♣❡❛❦ ❜❡tr❛②s ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♠✐①✐♥❣ ♦❢ t❤❡ s✐❧✐❝❛

❛♥❞ ❜♦r❛t❡ ♥❡t✇♦r❦s ❬✷✸❪✳

✺✷



✸✳✸✳ ❘❆▼❆◆ ❙P❊❈❚❘❖❙❈❖P❨ ❖❋ ❙❇◆ ●▲❆❙❙❊❙

✸✳✸✳✸ ❯♣♣❡r ▼✐❞✲r❛♥❣❡ ❢r❡q✉❡♥❝② ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s

❚❤❡ r❡❣✐♦♥ ♦❢ t❤❡ s♣❡❝tr❛ ❛r♦✉♥❞ ✽✺✵✲✶✷✺✵ ❝♠−1 r❡✈❡❛❧s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❙✐✲❖− str❡t❝❤✐♥❣ ❜❛♥❞✳

❙t✉❞✐❡s ♣❡r❢♦r♠❡❞ ♦♥ ♣✉r❡ s✐❧✐❝❛ ❛♥❞ ❛❧❦❛❧✐♥❡ s✐❧✐❝❛t❡ ❛♥❞ ❛❧✉♠✐♥♦✲s✐❧✐❝❛t❡ ❣❧❛ss❡s ❛♥❞ ♠❡❧ts ♣❡r♠✐t t❤❡

❛ss✐❣♥♠❡♥t ♦❢ ❜❛♥❞s ✐♥ t❤✐s r❡❣✐♦♥ ❬✷✶✱✷✻❪✳ ❚❤❡ ❜❛♥❞s ❛r❡ ❛ss✐❣♥❡❞ ❛s ❢♦❧❧♦✇✿

• ✾✵✵✲✾✷✵ ❝♠−1 ❙✐✲❖− str❡t❝❤✐♥❣ ✇✐t❤ ✸ ◆❇❖ ❛♥❞ ✶ ❜r✐❞❣✐♥❣ ♦①②❣❡♥ ✭❇❖✮ ✭◗1✮

• ✾✺✵✲✾✽✵ ❝♠−1 ❙✐✲❖− str❡t❝❤✐♥❣ ✇✐t❤ ✷ ◆❇❖ ❛♥❞ ✷ ❇❖ ✭◗2✮

• ✶✵✺✵✲✶✶✵✵ ❝♠−1 ❙✐✲❖− str❡t❝❤✐♥❣ ✇✐t❤ ✶ ◆❇❖ ❛♥❞ ✸ ❇❖ ✭◗3✮

• ✶✶✷✵✲✶✶✾✵ ❝♠−1 ❙✐✲❖− str❡t❝❤✐♥❣ ✇✐t❤ ✵ ◆❇❖ ❛♥❞ ✹ ❇❖ ✭◗4✮✳

❋r♦♠ t❤❡ t❡❝❤♥✐q✉❡s ♣r♦♣♦s❡❞ ❜② ▼②s❡♥ ❡t ❛❧✳ ❬✷✾❪✱ ❛ ❞❡❝♦♥✈♦❧✉t✐♦♥ ✉s✐♥❣ ✜✈❡ ❣❛✉ss✐❛♥s ❜❛♥❞s ♣❡r♠✐ts

❛♥ ❡st✐♠❛t✐♦♥ ♦❢ ❡❛❝❤ ◗n ❝♦♥tr✐❜✉t✐♦♥✳ ❚❤✐s ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞ t♦ t❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s ❜②

●✳ ❇✉r❡❛✉ ❬✾❪ ❛♥❞ ▼❛♥❛r❛ ❡t ❛❧✳ ❬✷✸❪✳ ❚❤❡② s❤♦✇❡❞ t❤❛t t❤❡ r❛t✐♦ ◗4✴◗3 ❞❡❝r❡❛s❡s ✇✐t❤ ❬Na2O❪✳ ❲❡

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

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

s❤✐❢t ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞✳

✸✳✸✳✹ ❍✐❣❤ ❢r❡q✉❡♥❝② ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s

❋✐♥❛❧❧②✱ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ✭✶✷✵✵✲✶✻✵✵ ❝♠−1✮ ❘❛♠❛♥ r❡s♣♦♥s❡ ♣r♦✈✐❞❡s ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ B−O− ❜♦♥❞

✈✐❜r❛t✐♦♥s ❬✻✱ ✶✻✱ ✷✶❪✳ ❚❤✐s r❡❣✐♦♥ ✐♥✈♦❧✈❡s ♥✉♠❡r♦✉s ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❜♦♥❞s ❛♥❞ ♠❛♥② ✐♥t❡r♣r❡t❛t✐♦♥s

❡①✐st✳ ❆ ❢❡✇ ♦❢ t❤❡♠ ❝♦rr❡s♣♦♥❞s t♦✿

• ∼✶✷✺✵ ❝♠−1✿ ❇✲❖− ✈✐❜r❛t✐♦♥s ✐♥ ♣②r♦❜♦r❛t❡ ✉♥✐ts ❬✷✶❪✳

• ✶✷✻✵ ❝♠−1✿ ❋r❛❝t✐♦♥ ♦❢ BO3 ✉♥✐ts ✐♥ ❜♦r♦①♦❧ r✐♥❣s ❬✸✺❪✳

• ∼ ✶✸✷✺ ❝♠−1✿ ▲♦♦s❡ BO3 ✉♥✐ts ❬✸✺❪

• ∼ ✶✸✽✵ ❝♠−1✿ ▼❡t❛❜♦r❛t❡ ✉♥✐ts ❜♦✉♥❞ t♦ [4]B ❬✶❪

• ∼ ✶✹✾✵ ❝♠−1✿ ♠❡t❛❜♦r❛t❡ ✉♥✐ts ❜♦♥❞❡❞ t♦ ♦t❤❡r ♣❧❛♥❛r BO3 ✉♥✐ts ❬✶❪

• ∼ ✶✺✸✵✲✶✺✹✵ ❝♠−1✿ BO3 ✉♥✐ts ✐♥ ❜♦r♦①♦❧s r✐♥❣s ❬✸✺❪

❆ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❛r♦✉♥❞ ✶✹✽✵ ❝♠−1 ✐s ♦❜s❡r✈❡❞ ✐♥ ♦✉r ❞❛t❛✳ ▲✐t❡r❛t✉r❡

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

♦❢ t❤❡ s❤♦✉❧❞❡r ❛r♦✉♥❞ ✼✵✵ ❝♠−1 ✭♠❡t❛❜♦r❛t❡ ✉♥✐ts✮✳ ❚❤❡ ❛❞❞✐t✐♦♥ ♦❢ s♦❞✐✉♠ ✐♥❞✉❝❡s ❛ ❝♦♥✈❡rs✐♦♥ ♦❢
[4]❇ t♦ [3]❇✱ ✇❤✐❝❤ ❡①♣❧❛✐♥s t❤❡ r❡s✉❧ts✳

❬Na2O❪ ✐♠♣❛❝t ❜♦t❤ t❤❡ ❜♦r❛t❡ ❛♥❞ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦✳ ❚❤❡ s❤✐❢t ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥

❜❛♥❞ ✐s ♣r♦❜❛❜❧② ❝♦rr❡❧❛t❡❞ t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ♠❡❛♥ ❙✐✲❖✲❙✐ ❛♥❣❧❡ ❛♥❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ◆❇❖ ❝❧♦s❡ t♦

s✐❧✐❝♦♥ ❛t♦♠✳ ❚❤❡ ❘❛♠❛♥ ❛♥❛❧②③✐s q✉❛❧✐t❛t✐✈❡❧② ❞❡s❝r✐❜❡s t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡ ✐♥❞✉❝❡❞ ❜②

s♦❞✐✉♠ ❝♦♥t❡♥t✳ ❚❤❡ ◆▼❘ ✐♥✈❡st✐❣❛t✐♦♥ ❛tt❡♠♣ts t♦ q✉❛♥t✐❢② ✈❛r✐❛t✐♦♥s ♦❜s❡r✈❡❞✳

✺✸
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✸✳✹ ■♥✈❡st✐❣❛t✐♦♥ ♦❢ ❙❇◆ ❣❧❛ss❡s ✈✐❛ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts

▼❆❙ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ♣r♦❜❡ t❤❡ ❧♦❝❛❧ ❡♥✈✐r♦♥♠❡♥t ♦❢ t❤❡ ❜♦r♦♥ ❛♥❞ s♦❞✐✉♠ ❛t♦♠s✳

✸✳✹✳✶ ■♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡ ❜♦r♦♥ ❡♥✈✐r♦♥♠❡♥t t❤r♦✉❣❤ [11]❇ ▼❆❙ ◆▼❘

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

❝♦♥✈❡♥t✐♦♥❛❧❧② r❡❢❡rr❡❞ t♦ ❛s t❤❡ ❜♦r♦♥ ❛♥♦♠❛❧② ❬✷✸✱✸✻❪✳ [11]❇ ◆▼❘ ▼❆❙ s♣❡❝tr❛ r❡✈❡❛❧s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢

t❤❡ ❜♦r♦♥ ❡♥✈✐r♦♥♠❡♥t ✇✐t❤ s♦❞✐✉♠ ❝♦♥t❡♥t✳ ❋✐❣✉r❡ ✸✳✻ ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ [11] ❇ ◆▼❘ ▼❆❙ ✇✐t❤

t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ❢♦r KSBN ∼ 2.5✳

✵ ✶✵ ✷✵
❈❤❡♠✐❝❛❧ s❤✐❢t ✭♣♣♠✮

❙❇◆ ✶✷

❙❇◆ ✷✺

❙❇◆ ✸✵

❙❇◆ ✸✺

❬Na2O❪

❋✐❣✉r❡ ✸✳✻✿ [11]❇ ▼❆❙ ◆▼❘ s♣❡❝tr❛ ❢♦r t❤❡ KSBN ∼✷✳✺ s❡r✐❡s ❝♦❧❧❡❝t❡❞ ❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡✳ ❚❤❡
✐♥t❡♥s✐t② ♦❢ ❡❛❝❤ s♣❡❝tr✉♠ ✐s ♥♦r♠❛❧✐③❡❞✳ ❋r♦♠ t❤❡ ❜♦tt♦♠ t♦ t❤❡ t♦♣✱ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s✳

❚❤❡ [11]❇ ▼❆❙ ◆▼❘ s♣❡❝tr❛ ♦❢ ❜♦t❤ s❡r✐❡s ❝♦♥s✐st ♦❢ t✇♦ ❜r♦❛❞ ♣❡❛❦s ❝❡♥t❡r❡❞ ❛t ✵ ❛♥❞ ✶✶ ♣♣♠ ✇❤✐❝❤

❝♦rr❡s♣♦♥❞ t♦ [4]❇ ❛♥❞ [3]❇✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥t❡❣r❛t✐♥❣ t❤❡ ❛r❡❛ ✉♥❞❡r ❡❛❝❤ ♣❡❛❦ q✉❛♥t✐✜❡s t❤❡ r❡❧❛t✐✈❡

♣r♦♣♦rt✐♦♥ ♦❢ [4]❇ ✇✐t❤ r❡s♣❡❝t t♦ [3]❇✳ ❚❤✐❜❛✉❧t ❈❤❛r♣❡♥t✐❡r ♣r♦♣♦s❡❞ t♦ ❞❡❝♦♥✈♦❧✉t❡ t❤❡ s♣❡❝tr❛ ❜②

❝♦♥s✐❞❡r✐♥❣ ❢♦✉r ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s ✿ ❚✇♦ ❢♦r t❤❡ [4]❇ ❛♥❞ t✇♦ ❢♦r t❤❡ [3]❇✳

❚❛❜❧❡ ✸✳✹ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❞❡❝♦♥✈♦❧✉t✐♦♥✳ ❋♦r ❜♦t❤ s❡r✐❡s✱ t❤❡ [4]❇ ❢r❛❝t✐♦♥ ✐♥✐t✐❛❧❧② ✐♥❝r❡❛s❡s

✇✐t❤ ❬NaO2❪ ❛♥❞ t❤❡♥ ❞❡❝r❡❛s❡s✳ ❚❤❡ ✐♥✐t✐❛❧ ✐♥❝r❡❛s❡ st❡♠s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t s♦❞✐✉♠ ✐♥✐t✐❛❧❧② ♠❛❦❡s
[3]❇ s✇✐t❝❤ ✐♥t♦ [4]❇ ❛♥❞ ❛❝ts ❛s ❛ [4]❇ ❝❤❛r❣❡ ❝♦♠♣❡♥s❛t♦r✳ ❇✉t ❛❢t❡r ❛ s✉✣❝✐❡♥t ❛♠♦✉♥t ♦❢ s♦❞✐✉♠

✐s ❛❞❞❡❞ t♦ t❤❡ s②st❡♠✱ t❤❡ tr❡♥❞ r❡✈❡rs❡s✳ [4]❇ tr❛♥s❢❡r ❜❛❝❦ ✐♥t♦ [3]❇✳ ❨❡t✱ t❤❡ [3]❇ ❤❛✈❡ ◆❇❖s ♦♥

t❤❡♠✱ ❛♥❞ t❤❡ Na+ ✐♦♥ ❛❝ts ❛s ❛ ♥❡t✇♦r❦ ♠♦❞✐✜❡r✳ ❉✉r✐♥❣ t❤✐s s❡❝♦♥❞ st❛❣❡✱ t❤❡ Na+ ✐♦♥s ❛❧s♦ ♠♦❞✐❢②

t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦✳ ■♥ t❤❡ SiO2✲B2O3✲Na2O s②st❡♠✱ t❤❡ s♦❞✐✉♠ ✐♦♥s✱ ✇❤✐❝❤ ❞♦ ♥♦t ❝♦♥tr✐❜✉t❡ t♦ t❤❡

❢♦r♠❛t✐♦♥ ♦❢ [4]❇ ✉♥✐ts ❛✐❞ ✐♥ t❤❡ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ ❜② ❜r❡❛❦✐♥❣ ❙✐✲❖✲❙✐ ♦r ❙✐✲❖✲❇

❜♦♥❞s✳ [4]❇Y DB ❛♥❞ [3]❇Y DB ❞✐s♣❧❛② t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ❡❛❝❤ ❜♦r♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛②

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

♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ■❈P✲❆❊❙ ♠❡❛s✉r❡♠❡♥ts✳

❆t KSBN ∼ ✷✳✺✱ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ♦❢ [4]❇ ✐♥❝r❡❛s❡s ❢r♦♠ ❙❇◆ ✶✷ t♦ ❙❇◆ ✷✺✳ ❚❤❡♦r❡t✐❝❛❧❧② t❤❡

✺✹
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◆❛♠❡ ❘SBN ❑SBN
[4]❇ [3]❇ [4]❇Y DB

[3]❇Y DB % ◆❇❖ ❙②♠❜♦❧s
❙❇◆ ✶✷ ✵✳✹ ✷✳✺ ✻✵ ✹✵ ✻✺✳✻ ✸✹✳✹ ✷✳✶
❙❇◆ ✷✺ ✶✳✸✵ ✷✳✺ ✼✶✳✺ ✷✽✳✺ ✻✷✳✷ ✸✼✳✽ ✶✷✳✺
❙❇◆ ✸✵ ✶✳✹✹ ✷✳✺ ✻✽✳✾ ✸✶✳✶ ✺✾✳✺ ✹✵✳✺ ✶✺✳✽
❙❇◆ ✸✺ ✶✳✽✺ ✷✳✺ ✻✷✳✷ ✸✼✳✽ ✺✶✳✺ ✹✽✳✺ ✷✺
❙❇◆ ✶✹ ✵✳✽✾ ✹✳✹ ✼✷ ✷✽ ✼✼✳✺ ✷✷✳✺ ✷✳✼
❙❇◆ ✺✾ ✶✳✾✶ ✹✳✺ ✼✾✳✺ ✷✵✳✺ ✼✸✳✺ ✷✻✳✺ ✶✺✳✾
❙❇◆ ✺✺ ✷✳✷✺ ✹✳✺ ✼✻✳✸ ✷✸✳✼ ✻✽ ✸✷ ✷✵✳✾

❚❛❜❧❡ ✸✳✹✿ ❊①♣❡r✐♠❡♥t❛❧ % ❘SBN ✱ ❑SBN ✱ [4]❇ ❛♥❞ [3]❇ ❞❡t❡r♠✐♥❡❞ ❜② ◆▼❘ [11]❇✳ ❈♦♠♣❛r✐s♦♥ ✇✐t❤
[4]❇Y DB ❛♥❞ [3]❇Y DB ♣r❡❞✐❝t❡❞ ❢r♦♠ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧✳

❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧ ❬✼✱ ✶✵✱ ✸✼❪ s✉❣❣❡sts t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ [4]❇ s❤♦✉❧❞ ❞✐s♣❧❛② ❛ ♠❛①✐♠❛ ❛t

Rmax
SBN = .5 + KSBN/16 ∼ ✵✳✻✺✻✳ ❘❡s✉❧ts ❤❡r❡✐♥ ♣r❡❞✐❝t t❤❡ ♣❡❛❦ s❤♦✉❧❞ ♦❝❝✉r ❜❡t✇❡❡♥ ❙❇◆ ✶✷ ❛♥❞

❙❇◆ ✷✺✳ ❆❢t❡r Rmax
SBN ✱ t❤❡ s♦❞✐✉♠ ❝❛✉s❡s t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ◆❇❖ ♦♥ t❤❡ s✐❧✐❝❛ ✉♥✐ts ✐♥ t❤❡ r❡❡❞♠❡r❣♥❡r✐t❡

❣r♦✉♣s✳ ❋r♦♠ ❙❇◆ ✷✺ t♦ ❙❇◆ ✸✺✱ ❜♦t❤ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ t❤❡♦r❡t✐❝❛❧ ✈❛❧✉❡s ♣r❡❞✐❝t ❛ ❞❡❝r❡❛s✐♥❣ tr❡♥❞ ✐♥
[4]❇✳ ❙✐♠✐❧❛r❧②✱ ❛ ❞❡❝r❡❛s✐♥❣ tr❡♥❞ ♦❝❝✉rs ❢♦r ❤✐❣❤❡r s✐❧✐❝❛ ❝♦♥t❡♥t✱ KSBN ∼ 4.5✳ ❆♣❛rt ❢r♦♠ t❤❡ [3]❇✴[4]❇

q✉❛♥t✐✜❝❛t✐♦♥✱ t❤❡ [4]❇ ✉♥✐ts ♠❛② ❡✈♦❧✈❡ ❛s ❡✈✐❞❡♥❝❡❞ ❜② t❤❡ s❤✐❢t ✐♥ t❤❡ [4]❇ ♣❡❛❦ t♦✇❛r❞s ∼ ✵ ♣♣♠

✭✜❣✉r❡ ✸✳✻✮✳ ◆▼❘ s♣❡❝tr❛ ❣✐✈❡ t❤❡ ❛♠♦✉♥t ♦❢ [4]❇ ✐♥ t❤❡ s②st❡♠✳ ❯s✐♥❣ t❤✐s ✈❛❧✉❡ ❛♥❞ ❛ss✉♠✐♥❣ t❤❛t ♦♥❡

Na+ ✐♦♥ ❝♦♠♣❡♥s❛t❡s ♦♥❡ [4]❇ ✉♥✐t✱ ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✐♦♥ ♦❢ s♦❞✐✉♠ ❛t♦♠s ❜♦♥❞❡❞ t♦ t❤❡ ◆❇❖

❝❛♥ ❜❡ ❞♦♥❡ ❬✶✼❪✿

NNBO = NNa −N[4]B , ✭✸✳✽✮

✇❤❡r❡ NNa✱ NNBO✱ ❛♥❞ N[4]B ❛r❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ Na+ ✐♦♥s✱ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖✱ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢

Na+ ✐♦♥s ❛❝t✐♥❣ ❛s ♥❡t✇♦r❦ ❝♦♠♣❡♥s❛t♦rs ✭❡q✉✐✈❛❧❡♥t❧② t❤❡ ♥✉♠❜❡r ♦❢ [4]❇✮ ✐♥ t❤❡ s②st❡♠✱ r❡s♣❡❝t✐✈❡❧②✳

❚❛❜❧❡ ✸✳✹ ❞❡t❛✐❧s t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ◆❇❖ ✐♥ t❤❡ s②st❡♠✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖ ✐♥❝r❡❛s❡s ✇✐t❤ ❬Na2O❪✳ ❚❤✐s

r❡s✉❧t ✐s ❝♦❤❡r❡♥t ✇✐t❤ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ◗n ❜❛♥❞ ❛♥❞ t❤❡ B−O− ❜❛♥❞ ✐♥ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ✭s❡❝t✐♦♥

✸✳✸✮✳

✸✳✹✳✷ ■♥✈❡st✐❣❛t✐♦♥ ♦❢ s♦❞✐✉♠ ❡♥✈✐r♦♥♠❡♥t t❤r♦✉❣❤ [23]◆❛ ◆▼❘ ▼❆❙

❋✐❣✉r❡ ✸✳✼ ❞✐s♣❧❛②s t❤❡ [23]◆❛ ◆▼❘ ▼❆❙ s♣❡❝tr❛ ❢♦r ❙❇◆ ❣❧❛ss❡s ✇✐t❤ ❑SBN ∼ ✷✳✺✳ ❊❛❝❤ s♣❡❝tr✉♠

❝♦♥t❛✐♥s ❛ s✐♥❣❧❡✱ ❜r♦❛❞ ❛s②♠♠❡tr✐❝❛❧ ♣❡❛❦ ✇❤✐❝❤ s❤✐❢ts t♦ t❤❡ r✐❣❤t ❛s t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s

✭❢r♦♠ ❙❇◆ ✶✷ t♦ ❙❇◆ ✸✺✮✳ ❋✐❣✉r❡s ✸✳✽ ❧❡❢t ❛♥❞ r✐❣❤t ❞❡♣✐❝t t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ 23◆❛ ❝❤❡♠✐❝❛❧

s❤✐❢t ❛♥❞ t❤❡ ❬Na2O❪ ❛♥❞ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ❝❤❡♠✐❝❛❧ s❤✐❢t ❞❡♣❡♥❞s ♦♥ t❤❡ r♦❧❡ ♦❢ t❤❡ Na+ ✐♦♥ ✐♥ t❤❡ ❙❇◆ ❣❧❛ss str✉❝t✉r❡✳ ❚❤✐s ✐s ❝♦❤❡r❡♥t

✇✐t❤ ❧✐t❡r❛t✉r❡✿ ◆❛✲❖ ❜♦♥❞s ❧❡♥❣t❤ ❞❡♣❡♥❞s ♦♥ ✐❢ t❤❡ ♦①②❣❡♥ ❛t♦♠ ❜r✐❞❣❡s ♦r ♥♦t ❬✷❪✳ ◆❛✲◆❇❖ ❜♦♥❞

❧❡♥❣t❤ ✐s s❤♦rt❡r t❤❛♥ ◆❛✲❇❖✳ ❱❛r②✐♥❣ t❤❡ ❧♦❝❛❧ ❡♥✈✐r♦♥♠❡♥t ♦❢ t❤❡ s♦❞✐✉♠ ✐♦♥s ❛❧t❡rs t❤❡ ❝❤❡♠✐❝❛❧ s❤✐❢t✳

❚❤❡ ◆▼❘ ❛♥❛❧②s❡s q✉❛♥t✐t❛t✐✈❡❧② ❞❡s❝r✐❜❡ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❧♦❝❛❧ ❡♥✈✐r♦♥♠❡♥t ♦❢ t❤❡ ❇ ❛♥❞ t❤❡

◆❛ ❛t♦♠✳ ❚❤❡ 11❇ q✉❛♥t✐❢② t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ✇❤✐❝❤ ✐♥❝r❡❛s❡s ❛♥❞ t❤❡♥ ❞❡❝r❡❛s❡s ✇✐t❤ ❬Na2O❪✳

❆ ❝❤❛♥❣❡ ✐♥ t❤❡ Na+ ❡♥✈✐r♦♥♠❡♥t ❡①♣r❡ss❡s ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ r♦❧❡ ♦❢ s♦❞✐✉♠ ✐♥ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✳

✺✺
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✲✶✵✵ ✵ ✶✵✵
❈❤❡♠✐❝❛❧ s❤✐❢t ✭♣♣♠✮

❙❇◆ ✶✷

❙❇◆ ✷✺

❙❇◆ ✸✵

❙❇◆ ✸✺

❬Na2O❪

❋✐❣✉r❡ ✸✳✼✿ [23]◆❛ ◆▼❘ ▼❆❙ s♣❡❝tr❛ ❢♦r t❤❡ ❙❇◆ s❡r✐❡s ❑SBN ∼ ✷✳✺ ❝♦❧❧❡❝t❡❞ ❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡✳
❚❤❡ ✐♥t❡♥s✐t② ♦❢ ❡❛❝❤ s♣❡❝tr✉♠ ✐s ♥♦r♠❛❧✐③❡❞✳

✶✵ ✷✵ ✸✵ ✹✵
✲✶✺

✲✶✵

✲✺

✵

✺

❬Na2O❪

❈
❤❡
♠
✐❝
❛❧

s❤
✐❢
t
✭♣
♣♠

✮

✵ ✺

✲✶✵

✲✺

✵

✺

❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖ ✭× ✶✵21✮

❈
❤❡
♠
✐❝
❛❧

s❤
✐❢
t
✭♣
♣♠

✮

❈❤❛r❣❡ ❝♦♠♣❡♥s❛t♦r

▼♦❞✐✜❡r

✶✵

✭♠♦❧✴❝♠−3✮

❋✐❣✉r❡ ✸✳✽✿ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ [23]◆❛ ❝❤❡♠✐❝❛❧ s❤✐❢t ❛♥❞✿ ✭❧❡❢t✮ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❬Na2O]❀ ❛♥❞
✭r✐❣❤t✮ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖ ❛s ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ [11]❇ ▼❆❙ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts✳

✸✳✺ ❉✐s❝✉ss✐♦♥ ♦♥ str✉❝t✉r❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ ❙❇◆ s❡r✐❡s ❣❧❛ss❡s

❚❤✐s ♣❛rt ✐♥✈❡rst✐❣❛t❡s t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s✳ ❉❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts

♣r♦✈✐❞❡ ❛♥ ❡❛s② ✇❛② t♦ ❛❝❝❡ss t♦ t❤❡ str✉❝t✉r❛❧ ✉♥✐ts ✈❛r✐❛t✐♦♥s✳ ❚❤❡♦r❡t✐❝❛❧ ■♥♦✉❡✬s ♠♦❞❡❧ ②✐❡❧❞s ♣r❡❞✐❝✲

t✐♦♥s ♦❢ ρ ✐♥ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ✇❤✐❝❤ ❞✐✛❡rs ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♠❡❛s✉r❡❞ ❜② ∼ 3%✳ ▼❉ s✐♠✉❧❛t✐♦♥

♣❡r♠✐ts ❛ ❜❡tt❡r ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ✈♦❧✉♠❡ ❢♦r ❡❛❝❤ ✉♥✐t✳ ❬Na2O❪ ❞❡❝r❡❛s❡s t❤❡ ✈♦❧✉♠❡ ♦❢ s✉❝❤ str✉❝t✉r❛❧

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

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

s❝♦♣✐❝ ♠❡❝❤❛♥✐❝❛❧ ♣❛r❛♠❡t❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss② str✉❝t✉r❡✳ ▲♦✇ P♦✐ss♦♥✬s r❛t✐♦

✭❛♥❞ ❧♦✇ ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥✮ ❞✐s♣❧❛② ❛ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ ❢r❡❡ ✈♦❧✉♠❡ ❛♥❞ str♦♥❣❡r ❜♦♥❞s ✭❡✳❣✳ s✐❧✐❝❛ ❣❧❛ss✿

ν ∼ 0.17✮✳ ❲❤❡r❡❛s✱ ❤✐❣❤ P♦✐ss♦♥✬s r❛t✐♦ ✐♠♣❧✐❡s ❧❡ss ❢r❡❡ ✈♦❧✉♠❡ ❛♥❞ ✇❡❛❦❡r ❜♦✉♥❞s✳ ❙♣❡❝✐✜❝❛❧❧②✱ ❛

✺✻
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❣♦♦❞ ❝♦rr❡❧❛t✐♦♥ ❛r✐s❡s ❜❡t✇❡❡♥ t❤❡ ❣❧❛ss ❝♦♥♥❡❝t✐✈✐t② ❛♥❞ t❤❡ P♦✐ss♦♥ r❛t✐♦✳ ❚❤✐s ✐s ❝♦♥✜r♠❡❞ ❜② ❘❛♠❛♥

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

❬Na2O❪✳ ❆s t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s✱ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖ ✐♥❝r❡❛s❡s ❧❡❛❞✐♥❣ t♦ ❛ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢

t❤❡ ❣❧❛ss✬s ♥❡t✇♦r❦✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ s✐❧✐❝❛ ❛♥❞ ❜♦r❛t❡ ♥❡t✇♦r❦s ❡✈♦❧✈❡ ❛♥❞ ◆❇❖s ❡♠❡r❣❡ ♦♥ ❜♦t❤

♥❡t✇♦r❦s✳ ❚❤❡ q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ str✉❝t✉r❡ ♣r♦♣❡rt✐❡s r❡q✉✐r❡ ◆▼❘ ✐♥✈❡st✐❣❛t✐♦♥s✳ ❚❤❡ [4]B ❝♦♥❝❡♥tr❛t✐♦♥

✜rst ✐♥❝r❡❛s❡s✱ t❤❡♥ ❞❡❝r❡❛s❡s✳ ❱❛r✐❛t✐♦♥ ✐♥ t❤❡ Na+ ◆▼❘ s♣❡❝tr❛ r❡✈❡❛❧s t❤❡ t✇♦ s✉❝❝❡ss✐✈❡ r♦❧❡s ♦❢ t❤❡

s♦❞✐✉♠ ✐♦♥s ✐♥ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✿ ❝❤❛r❣❡ ❝♦♠♣❡♥s❛t♦r ✭❧♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t✮ ❛♥❞ ♠♦❞✐✜❡r ✭❤✐❣❤ s♦❞✐✉♠

❝♦♥t❡♥t✮

✸✳✻ ❈♦♥❝❧✉s✐♦♥

❙♣❡❝tr♦s❝♦♣② t❡❝❤♥✐q✉❡s ❤✐❣❤❧✐❣❤t t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❙❇◆ ❣❧❛ss str✉❝t✉r❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧

❝♦♠♣♦s✐t✐♦♥✳ ▼♦r❡♦✈❡r✱ t❤❡ ♠❛❝r♦s❝♦♣✐❝ ♣r♦♣❡rt✐❡s ✭❊✱ ν ❛♥❞ ρ✮ ❞❡♣❡♥❞ ♦♥ t❤❡ ❜❛s✐❝ ❜✉✐❧❞✐♥❣ ❜❧♦❝❦s

❝♦♥st✐t✉t✐♥❣ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✳ ❆❞❞✐t✐♦♥ ♦❢ s♦❞✐✉♠ ❧❡❛❞s t♦ ♠❛❥♦r ❝❤❛♥❣❡s ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❛❧ ❛♥❞

♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s✿

✶✳ ❚❤❡♦r❡t✐❝❛❧ r♦❧❡s ♦❢ s♦❞✐✉♠ ❛t♦♠s ✐♥ ❛ ❣❧❛ss② ♥❡t✇♦r❦✿

✐✮ ❈❤❛r❣❡ ❈♦♠♣❡♥s❛t♦r✿ ❚❤❡ s♦❞✐✉♠ ✐♦♥s ✐♥✐t✐❛❧❧② ❛tt❛❝❦ t❤❡ ❜♦r❛t❡ ♥❡t✇♦r❦ ❝❛✉s✐♥❣ t❤❡ [3]B ✉♥✐ts

t♦ ❜❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ [4]B ✉♥✐t ✇✐t❤ ❛ s♦❞✐✉♠ ♥❡❛r❜② ❛❝t✐♥❣ ❛s ❛ ❝❤❛r❣❡ ❝♦♠♣❡♥s❛t♦r✳

✐✐✮ ◆❡t✇♦r❦ ▼♦❞✐✜❡r✿ ❖♥❝❡ Rmax
SBN ♦❝❝✉rs✱ t❤❡ ❛❞❞✐t✐♦♥❛❧ s♦❞✐✉♠ ✐♦♥s ❛tt❛❝❤ t♦ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦

❢♦r♠✐♥❣ ◆❇❖✳ ❆❢t❡r Rd1 = .5 + 0.25 × KSBN ✱ t❤❡♦r❡t✐❝❛❧❧② Na+ ✐♦♥s ❛tt❛❝❦s ❜♦t❤ t❤❡ s✐❧✐❝❛t❡ ❛♥❞

❜♦r❛t❡ ♥❡t✇♦r❦ ❝❛✉s✐♥❣ t❤❡ ❢♦r♠❛t✐♦♥ ◆❇❖ ✐♥ ❜♦t❤ ♥❡t✇♦r❦s✳

✷✳ ❈♦♥✈❡rs✐♦♥ ♦❢ [4]B t♦ [3]B✿ ❘❛♠❛♥ ❛♥❛❧②s✐s ❛♥❞ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ❡✈✐❞❡♥❝❡ ✈❛r✐❛t✐♦♥s ✐♥
[4]B✴[3]B ✇✐t❤ s♦❞✐✉♠ ❝♦♥t❡♥t✳ Na+ ✐♦♥s ✜rst ②✐❡❧❞ ❛ ❝♦♥✈❡rs✐♦♥ ♦❢ [3]B t♦ [4]B✳

✸✳ ❉❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✿ Qn ❛♥❛❧②s✐s ❤✐❣❤❧✐❣❤ts t❤❡ ❝r❡❛t✐♦♥ ♦❢ ◆❇❖ ❛ss♦❝✐❛t❡❞

✇✐t❤ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦✳ ❉❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ ❝❛♥ ❡①♣❧❛✐♥ t❤❡ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❨♦✉♥❣

♠♦❞✉❧✉s✳

✹✳ ❈❤❛♥❣❡ ✐♥ t❤❡ ❣❧❛ss ♦r❣❛♥✐③❛t✐♦♥✿ ν ❛♣♣❡❛rs t♦ ❜❡ t❤❡ r❡❧❡✈❛♥t ♠❡❝❤❛♥✐❝❛❧ ♣❛r❛♠❡t❡r ❝❤❛r✲

❛❝t❡r✐st✐❝s ♦❢ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss② ♠❛tr✐① ❛t t❤❡ ♠❡s♦s❝♦♣✐❝ s❝❛❧❡✳ ▲♦✇ ν ❝♦rr❡s♣♦♥❞s

t♦ ❣❧❛ss❡s ✇✐t❤ ❤✐❣❤ ❝♦♥♥❡❝t✐✈✐t②✱ str♦♥❣ ❜♦♥❞s✱ ❛♥❞ ❤✐❣❤ ❢r❡❡ ✈♦❧✉♠❡ ✭❧♦✇ ❞❡♥s✐t②✮✳ ❈♦♥✈❡rs❡❧②✱

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

❚❤✐s ❝❤❛♣t❡r ♣r♦✈✐❞❡s ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s✳ ❚❤✐s ❝❤❡♠✐❝❛❧

❝♦♠♣♦s✐t✐♦♥ ♣r❡s❡♥ts t✇♦ ❛❞✈❛♥t❛❣❡s✿ ✭✶✮ s✐♠♣❧❡ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥ ✭✐♥ s❤♦rt✮ ❤✐❣❤❧✐❣❤ts t❤❡ r♦❧❡ ♦❢ ❡❛❝❤

♦①✐❞❡✳ ❙♦❞✐✉♠ ❝♦♥t❡♥t ♣❧❛②s ❛ ♠❛❥♦r r♦❧❡ ❜② ♠♦❞✐❢②✐♥❣ ❣❧❛ss t♦♣♦❧♦❣②✳ ❚❤❡ P♦✐ss♦♥✬s r❛t✐♦ s✉♣♣❧✐❡s ❛❝❝❡ss

t♦ t❤❡ s❤♦rt✲♠❡❞✐✉♠ r❛♥❣❡ ♦r❞❡r ✐♥ t❤❡ ❣❧❛ss ♦r❣❛♥✐③❛t✐♦♥✳ ❚❤❡ ♥❡①t ❝❤❛♣t❡r ❡st✐♠❛t❡s t❤❡ ♠❡❝❤❛♥✐❝❛❧

♣r♦♣❡rt✐❡s ❛♥❞ ❧✐♥❦s t❤❡♠ t♦ t❤❡ ❣❧❛ss str✉❝t✉r❡✳

✺✼
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❙♦❧✐❞s✱ ✷✾✸✲✷✾✺✿✹✼✶ ✕ ✹✼✻✱ ✷✵✵✶✳

❬✷❪ ❋✳ ❆♥❣❡❧✐✱ ❖✳ ❱✐❧❧❛✐♥✱ ❙✳ ❙❝❤✉❧❧❡r✱ ❙✳ ■s♣❛s✱ ❛♥❞ ❚✳ ❈❤❛r♣❡♥t✐❡r✳ ■♥s✐❣❤t ✐♥t♦ s♦❞✐✉♠ s✐❧✐❝❛t❡ ❣❧❛ss

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

❈♦s♠♦❝❤✐♠✳ ❆❝t❛✱ ✼✺✿✷✹✺✸✕✷✹✻✾✱ ✷✵✶✶✳

❬✸❪ ▼✳ ❇❛r❧❡t✱ ❆✳ ❑❡rr❛❝❤❡✱ ❏✳✲▼✳ ❉❡❧❛②❡✱ ❛♥❞ ❈✳▲✳ ❘♦✉♥tr❡❡✳ ❙✐♦✷✲♥❛✷♦✲❜✷♦✸ ❞❡♥s✐t②✿ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢

❡①♣❡r✐♠❡♥ts✱ s✐♠✉❧❛t✐♦♥s✱ ❛♥❞ t❤❡♦r②✳ ❏✳ ◆♦♥✲❈r②✳ ❙♦❧✐❞s✱ ✸✽✷✿✸✷ ✕ ✹✹✱ ✷✵✶✸✳

❬✹❪ ❇✳ ❇♦✐③♦t✱ ❙✳ ❆❣♥❡❧❧♦✱ ❇✳ ❘❡②♥❛r❞✱ ❘✳ ❇♦s❝❛✐♥♦✱ ❛♥❞ ●✳ P❡t✐t❡✳ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② st✉❞② ♦❢ ❜❡t❛✲

✐rr❛❞✐❛t❡❞ s✐❧✐❝❛ ❣❧❛ss✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✷✺✿✷✷✕✷✽✱ ✷✵✵✸✳

❬✺❪ ❇✳ ❇♦✐③♦t✱ ●✳ P❡t✐t❡✱ ❉✳ ●❤❛❧❡❜✱ ❇✳ ❘❡②♥❛r❞✱ ❛♥❞ ●✳ ❈❛❧❛s✳ ❘❛♠❛♥ st✉❞② ♦❢ ❜❡t❛✲✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s✳

❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✷✹✸✿✷✻✽✕✷✼✷✱ ✶✾✾✾✳

❬✻❪ ❏ ❇♦♥✜❧s ❞❡✱ ❙✳ P❡✉❣❡t✱ ●✳ P❛♥❝③❡r✱ ❉ ▲✐❣♥② ❞❡✱ ❙ ❍❡♥r②✱ P✳ ❨✳ ◆♦❡❧✱ ❆✳ ❈❤❡♥❡t✱ ❛♥❞ ❇✳ ❈❤❛♠♣❛❣♥♦♥✳

❊✛❡❝t ♦❢ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦♥ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss ❜❡❤❛✈✐♦r ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱

✸✺✻✿✸✽✽✕✸✾✸✱ ✷✵✶✵✳

❬✼❪ P✳❏✳ ❇r❛②✱ ❙✳❆✳ ❋❡❧❧❡r✱ ●✳❊✳ ❏❡❧❧✐s♦♥✱ ❛♥❞ ❨✳❍✳ ❨✉♥✳ ❇✲✶✵ ♥♠r✲st✉❞✐❡s ♦❢ t❤❡ str✉❝t✉r❡ ♦❢ ❜♦r❛t❡

❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✽✲✾✿✾✸✕✾✽✱ ✶✾✽✵✳

❬✽❪ ❑✳ ❇✉❞❤✇❛♥✐ ❛♥❞ ❙✳ ❋❡❧❧❡r✳ ❆ ❞❡♥s✐t② ♠♦❞❡❧ ❢♦r t❤❡ ❧✐t❤✐✉♠✱ s♦❞✐✉♠ ❛♥❞ ♣♦t❛ss✐✉♠ ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss s②st❡♠s✳ P❤②s✳ ❈❤❡♠✳ ●❧❛ss❡s✱ ✸✻✿✶✽✸✕✶✾✵✱ ✶✾✾✺✳

❬✾❪ ●✳ ❇✉r❡❛✉✳ ❈♦♠♣r❡❤❡♥s✐♦♥ str✉❝t✉r❛❧❡ ❞❡s ❡✛❡ts ❞✬❛✉t♦✲✐rr❛❞✐❛t✐♦♥ ❛❧♣❤❛ ❞❛♥s ❧❡s ✈❡rr❡s✿ ❝♦✉♣❧❛❣❡

❡♥tr❡ ❡t✉❞❡s s♣❡❝tr♦s❝♦♣✐q✉❡s ❡t ♠♦❞❡❧✐s❛t✐♦♥ ❛t♦♠✐st✐q✉❡✳ P❤❉ t❤❡s✐s✱ ❯♥✐✈❡rs✐t❡ P✐❡rr❡ ❡t ▼❛r✐❡

❈✉r✐❡ ✭P❛r✐s ❱■✮✱ ✷✵✵✽✳

❬✶✵❪ ❲✳❏✳ ❉❡❧❧✱ P✳ ❏✳ ❇r❛②✱ ❛♥❞ ❙✳ ❩✳ ❳✐❛♦✳ ❇✲✶✶ ♥♠r✲st✉❞✐❡s ❛♥❞ str✉❝t✉r❛❧ ♠♦❞❡❧✐♥❣ ♦❢ Na2O✲B2O3✲SiO2

❣❧❛ss❡s ♦❢ ❤✐❣❤ s♦❞❛ ❝♦♥t❡♥t✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✺✽✭✶✮✿✶✕✶✻✱ ✶✾✽✸✳

❬✶✶❪ ❍✳ ❉♦✇❡✐❞❛r✳ ❚❤❡ ❞❡♥s✐t② ♦❢ s♦❞✐✉♠ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ♠✐❝r♦s❝tr✉❝t✉r❡✳ ❏✳ P❤②s✳

❈❤❡♠✳ ❙♦❧✐❞s✱ ✺✸✿✽✵✼✕✽✶✹✱ ✶✾✾✶✳
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s✐❧✐❝❛t❡ ❣❛❧❛ss❡s✳ ✐✐✐✳ r❛♠❛♥ ✐♥t❡♥s✐t✐❡s ❛♥❞ str✉❝t✉r❛❧ ✉♥✐ts ✐♥ s♦❞✐✉♠ s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❏✳ ❈❤❡♠✳

P❤②s✳✱ ✼✺✿✸✷✷✻✕✸✷✸✼✱ ✶✾✽✶✳

❬✶✼❪ ❆✳ ●r❛♥❞❥❡❛♥✱ ▼✳ ▼❛❧❦✐✱ ❱✳ ▼♦♥t♦✉✐❧❧♦✉t✱ ❋✳ ❉❡❜r✉②❝❦❡r✱ ❛♥❞ ❉✳ ▼❛ss✐♦t✳ ❊❧❡❝tr✐❝❛❧ ❝♦♥❞✉❝t✐✈✐t②

❛♥❞ [11]❜ ♥♠r st✉❞✐❡s ♦❢ s♦❞✐✉♠ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✺✹✿✶✻✻✹✕✶✻✼✵✱ ✷✵✵✽✳

❬✶✽❪ ●✳◆✳ ●r❡❛✈❡s✱ ❆✳▲✳ ●r❡❡r✱ ❘✳❙✳ ▲❛❦❡s✱ ❛♥❞ ❚ ❘♦✉①❡❧✳ P♦✐ss♦♥✬s r❛t✐♦ ❛♥❞ ♠♦❞❡r♥ ♠❛t❡r✐❛❧s✳ ◆❛t✳

▼❛t❡r✳✱ ✶✵✿✽✷✸✕✽✸✼✱ ✷✵✶✶✳

❬✶✾❪ ❍✳ ■♥♦✉❡✱ ❆✳ ▼❛s✉♥♦✱ ❨✳ ❲❛t❛♥❛❜❡✱ ❑✳ ❙✉③✉❦✐✱ ❛♥❞ ❚✳ ■s❡❞❛✳ ❉✐r❡❝t ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♣❤②s✐❝❛❧

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

✉♥✐ts✳ ❏✳ ❆♠✳ ❈❡r❛♠✳ ❙♦❝✳✱ ✾✺✿✷✶✶✕✷✶✻✱ ✷✵✶✷✳

❬✷✵❪ ❲✳▲✳ ❑♦♥✐❥♥❡♥❞✐❥❦ ❛♥❞ ❏✳▼✳ ❙t❡✈❡❧s✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ❜♦r❛t❡ ❣❧❛ss❡s st✉❞✐❡❞ ❜② r❛♠❛♥ s❝❛tt❡r✐♥❣✳

❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✶✽✿✸✵✼✕✸✸✶✱ ✶✾✼✺✳

❬✷✶❪ ❍✳ ▲✐✱ ▲✳❨✳ ❙✉✱ ❛♥❞ ❉✳▼✳ ❙tr❛❝❤❛♥✳ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣✐❝ st✉❞② ♦❢ ❣❛❞♦❧✐♥✐✉♠ ✭✐✐✐✮ ✐♥ s♦❞✐✉♠✲

❛❧✉♠✐♥♦❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✷✾✷✿✶✻✼✕✶✼✻✱ ✷✵✵✶✳

❬✷✷❪ ❆✳ ▼❛❦✐s❤✐♠❛ ❛♥❞ ❏✳❉✳ ▼❛❝❦❡♥③✐❡✳ ❉✐r❡❝t ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ②♦✉♥❣✬s ♠♦❞✉❧✉s ♦❢ ❣❧❛ss✳ ❏✳ ◆♦♥✲❈r②st✳

❙♦❧✐❞s✱ ✶✷✿✸✺✕✹✺✱ ✶✾✼✸✳

❬✷✸❪ ❉✳ ▼❛♥❛r❛✱ ❆✳ ●r❛♥❞❥❡❛♥✱ ❛♥❞ ❉✳❘✳ ◆❡✉✈✐❧❧❡✳ ❆❞✈❛♥❝❡s ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ str✉❝t✉r❡ ♦❢ ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s✿ ❆ r❛♠❛♥ s♣❡❝tr♦s❝♦♣② st✉❞②✳ ❆♠✳ ▼✐♥❡r❛❧✳✱ ✾✹✿✼✼✼✕✼✽✹✱ ✷✵✵✾✳

❬✷✹❪ ❉✳❲✳ ▼❛ts♦♥✱ ❙✳❑✳ ❙❤❛r♠❛✱ ❛♥❞ ❏✳❆✳ P❤✐❧♣♦tts✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ❤✐❣❤✲s✐❧✐❝❛ ❛❧❦❛❧✐✲s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❛

r❛♠❛♥ s♣❡❝tr♦s❝♦♣✐❝ ✐♥✈❡st✐❣❛t✐♦♥✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✺✽✿✸✷✸✕✸✺✷✱ ✶✾✽✸✳

❬✷✺❪ ❉✳❆✳ ▼❝❑❡♦✇♥✱ ❋✳ ▲✳ ●❛❧❡❡♥❡r✱ ❛♥❞ ●✳❊✳ ❇r♦✇♥ ❏r✳ ❙t✉❞✐❡s ♦❢ ❛❧ ❝♦♦r❞✐♥❛t✐♦♥ ✐♥ s✐❧✐❝❛✲r✐❝❤ s♦❞✐✉♠

❛❧✉♠✐♥♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ❛♥❞ s♦♠❡ r❡❧❛t❡❞ ♠✐♥❡r❛❧s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✻✽✿✸✻✶✕✸✼✽✱ ✶✾✽✹✳

❬✷✻❪ P✳ ▼❝▼✐❧❧❛♥✳ ❙tr✉❝t✉r❛❧ st✉❞✐❡s ♦❢ s✐❧✐❝❛t❡ ❣❧❛ss❡s ❛♥❞ ♠❡❧ts✲❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ ❧✐♠✐t❛t✐♦♥s ♦❢ r❛♠❛♥

s♣❡❝tr♦s❝♦♣②✳ ❆♠✳ ▼✐♥❡r✳✱ ✻✾✿✻✷✷✕✻✹✹✱ ✶✾✽✹✳

❬✷✼❪ P✳ ▼❝▼✐❧❧❛♥✱ ❇✳ P✐r✐♦✉✱ ❛♥❞ ❘✳ ❈♦✉t②✳ ❆ r❛♠❛♥ st✉❞② ♦❢ ♣r❡ss✉r❡✲❞❡♥s✐✜❡❞ ✈✐tr❡♦✉s s✐❧✐❝❛✳ ❏✳ ❈❤❡♠✳

P❤②s✳✱ ✽✶✿✹✷✸✹✕✹✷✸✻✱ ✶✾✽✹✳
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❬✷✽❪ ❇✳◆✳ ▼❡❡r❛✱ ❆✳❑✳ ❙♦♦❞✱ ◆✳ ❈❤❛♥❞r❛❜❤❛s✱ ❛♥❞ ❏✳ ❘❛♠❛❦r✐s❤♥❛✳ ❘❛♠❛♥ st✉❞② ♦❢ ❧❡❛❞ ❜♦r❛t❡ ❣❧❛ss❡s✳

❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✶✷✻✭✸✮✿✷✷✹ ✕ ✷✸✵✱ ✶✾✾✵✳

❬✷✾❪ ❇✳❖✳ ▼②s❡♥✱ ▲✳❲✳ ❋✐♥❣❡r✱ ❉✳ ❱✐r❣♦✱ ❛♥❞ ❋✳❆✳ ❙❡✐❢❡rt✳ ❈✉r✈❡✲✜tt✐♥❣ ♦❣ r❛♠❛♥✲s♣❡❝tr❛ ♦❢ s✐❧✐❝❛t❡✲

❣❧❛ss❡s✳ ❆♠✳ ▼✐♥❡r❛❧✳✱ ✻✼✿✻✽✻✕✻✾✺✱ ✶✾✽✷✳

❬✸✵❪ ❆✳ P❡❞♦♥❡✱ ●✳ ▼❛❧❛✈❛s✐✱ ❆✳ ◆✳ ❈♦r♠❛❝❦✱ ❯✳ ❙❡❣r❡✱ ❛♥❞ ▼✳ ❈✳ ▼❡♥③✐❛♥✐✳ ■♥s✐❣❤t ✐♥t♦ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s

♦❢ ❜✐♥❛r② ❛❧❦❛❧✐ s✐❧✐❝❛t❡ ❣❧❛ss❡s❀ ♣r❡❞✐❝t✐♦♥ ❛♥❞ ✐♥t❡r♣r❡t❛t✐♦♥ t❤r♦✉❣❤ ❛t♦♠✐st✐❝ s✐♠✉❧❛t✐♦♥ t❡❝❤♥✐q✉❡s✳

❈❤❡♠✳ ▼❛t❡r✳✱ ✶✾✿✸✶✹✹✱ ✷✵✵✼✳

❬✸✶❪ ❚ ❘♦✉①❡❧✱ ❚✳ ❍❛♠♠♦✉❞❛✱ ❛♥❞ ❆✳ ▼♦ré ❛❝✳ P♦✐ss♦♥✬s r❛t✐♦ ❛♥❞ t❤❡ ❞❡♥s✐✜❝❛t✐♦♥ ♦❢ ❣❧❛ss ✉♥❞❡r ❤✐❣❤

♣r❡ss✉r❡✳ P❤②s✳ ❘❡✈✳ ▲❡tt✳✱ ✶✵✵✿✷✷✺✺✵✶✱ ✷✵✵✽✳

❬✸✷❪ ❚✳ ❘♦✉①❡❧✱ ❍✳ ❏✐✱ ❱✳ ❑❡r②✈✐♥✱ ❚✳ ❍❛♠♠♦✉❞❛✱ ❛♥❞ ❙✳ ❨♦s❤✐❞❛✳ P♦✐ss♦♥✬s r❛t✐♦ ❛♥❞ t❤❡ ❣❧❛ss ♥❡t✇♦r❦

t♦♣♦❧♦❣② ✲ r❡❧❡✈❛♥❝❡ t♦ ❤✐❣❤ ♣r❡ss✉r❡ ❞❡♥s✐✜❝❛t✐♦♥ ❛♥❞ ✐♥❞❡♥t❛t✐♦♥ ❜❡❤❛✈✐♦r✳ ❆❞✈❛♥❝❡❞ ▼❛t❡r✐❛❧s
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❬✸✹❪ ❊✳❏✳ ❲❤✐tt❛❦❡r ❛♥❞ ❘✳ ▼✉♥t✉s✳ ■♦♥✐❝ r❛❞✐✐ ❢♦r ✉s❡ ✐♥ ❣❡♦❝❤❡♠✐str②✳ ●❡♦❝❤✐♠✳ ❈♦s♠♦❝❤✐♠✳ ❆❝t❛✱
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❬✸✺❪ ❚✳ ❨❛♥♦✱ ◆✳ ❑✉♥✐♠✐♥❡✱ ❙✳ ❙❤✐❜❛t❛✱ ❛♥❞ ▼✳ ❨❛♠❛♥❡✳ ❙tr✉❝t✉r❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ s♦❞✐✉♠ ❜♦r❛t❡ ❣❧❛ss❡s

❛♥❞ ♠❡❧ts ❜② r❛♠❛♥ s♣❡❝tr♦s❝♦♣② ✿ ■✳ q✉❛♥t✐t❛t✐✈❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ str✉❝t✉r❛❧ ✉♥✐ts✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱
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❬✸✻❪ ❨✳❍✳ ❨✉♥ ❛♥❞ P✳ ❏✳ ❇r❛②✳ ◆✉❝❧❡❛r ♠❛❣♥❡t✐❝✲r❡s♦♥❛♥❝❡ st✉❞✐❡s ♦❢ ❣❧❛ss❡s ✐♥ s②st❡♠ K2O✲B2O3✲P2O5✳
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❬✸✼❪ ❨✳❍✳ ❨✉♥✱ ❙✳❆✳ ❋❡❧❧❡r✱ ❛♥❞ P✳❏✳ ❇r❛②✳ ❈♦rr❡❝t✐♦♥ ❛♥❞ ❛❞❞❡♥❞✉♠ t♦ ♥✉❝❧❡❛r ♠❛❣♥❡t✐❝✲r❡s♦♥❛♥❝❡

st✉❞✐❡s ♦❢ t❤❡ ❣❧❛ss❡s ✐♥ t❤❡ s②st❡♠ Na2O✲B2O3✲SiO2✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✸✿✷✼✸✕✷✼✼✱ ✶✾✼✾✳
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Chapter 4

▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

❈♦♥t❡♥ts

✹✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝♦♥t❛❝t ❞❛♠❛❣❡s ✇✐t❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✶✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ✭HV ✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✶✳✷ ❈r❛❝❦ r❡s✐st❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✶✳✸ ❚♦✉❣❤♥❡ss✱ KC ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✶✳✹ ❈♦♠♣❧❡♠❡♥t❛r② ♠❡❛s✉r❡♠❡♥ts ♦❢ ❱✐❝❦❡rs ✐♥❞❡♥t❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✹✳✷ ❊✈♦❧✉t✐♦♥ ♦❢ ❙❈❈ ❝✉r✈❡s ✇✐t❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✹✳✷✳✶ ❙❇◆ ❝✉r✈❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✹✳✷✳✷ ❙❤✐❢t ✐♥ ❑E ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✹✳✷✳✸ ❈❤❛♥❣❡s ✐♥ s❧♦♣❡s ✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✹✳✸ ❊✈♦❧✉t✐♦♥ ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✇✐t❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✹✳✹ ❉✐s❝✉ss✐♦♥ ♦♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ s❡r✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✹✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

❈❤❛♣t❡r ✸ ✐♥✈❡st✐❣❛t❡s t❤❡ str✉❝t✉r❛❧ ❛♥❞ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s✳ ❆❢t❡r ❛♥ ✐♥✐t✐❛❧ ✐♥❝r❡❛s❡

✐♥ t❤❡ [4]❇ ❝♦✉♥t ❞✉❡ t♦ ❬Na2O❪✱ ❬Na2O❪ ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ [3]❇ ❛♥❞ ◆❇❖✳ ❆ ❛ ❝♦♥✲

s❡q✉❡♥❝❡✱ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦ ❤❛s ❛ ❧♦✇❡r ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡✳ ❋✐♥❛❧❧②✱ ν ✭t❤❡ P♦✐ss♦♥✬s r❛t✐♦✮ ♣r♦✈✐❞❡s

❛ ❝♦♥t✐♥✉✉♠ ♠❡❛♥s t♦ ❞❡s❝r✐❜❡ t❤❡ ❣❧❛ss❡s s❤♦rt ❛♥❞ ♠✐❞✲r❛♥❣❡ ♦r❞❡r✿ ✭✶✮ ❧♦✇ ν ❡①♣r❡ss❡s r❡t✐❝✉❧❛t❡❞

❣❧❛ss❡s ✇✐t❤ ❧♦✇ ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥✱ ❛♥❞ ✭✷✮ ❤✐❣❤ ν ❝♦rr❡s♣♦♥❞s t♦ ❣❧❛ss❡s ✇✐t❤ ❤✐❣❤❡r ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥ ❛♥❞

❧♦✇ ❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥✳ ❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ✐♥ ❙❇◆

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

s❡❝t✐♦♥ ✹✳✷ ✐♥✈❡st✐❣❛t❡s t❤❡ ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦rs ♦❢ ❙❇◆ ❣❧❛ss❡s ✐♥ str❡ss ❝♦rr♦s✐♦♥✳ ❋✐♥❛❧❧②✱ t❤❡ ❧❛st s❡❝t✐♦♥

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

✻✶



❈❍❆P❚❊❘ ✹✳ ▼❊❈❍❆◆■❈❆▲ P❘❖P❊❘❚■❊❙

✹✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝♦♥t❛❝t ❞❛♠❛❣❡s ✇✐t❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥

❆❢t❡r ✉♥❧♦❛❞✐♥❣ t❤❡ ❱✐❝❦❡rs✬ ✐♥❞❡♥t❡r✱ ❛♥ ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡ ✈✐s✉❛❧❧② ❝❛♣t✉r❡s t❤❡ ❢❡❛t✉r❡s ♦❢ t❤❡ ✐♥❞❡♥ts✳

❋✐❣✉r❡ ✹✳✶ ❞✐s♣❧❛②s ❡①❛♠♣❧❡s ♦❢ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ❢♦r t❤❡ KSBN =
[SiO2]

[B2O3]
∼ 2.5 s❡r✐❡s ✭❙❇◆ ✶✷✱ ❙❇◆ ✷✺✱

❙❇◆ ✸✵✱ ❙❇◆ ✸✺✮✳ ❚❤❡ ❡①❛♠✐♥❛t✐♦♥ ♦❢ ✜❣✉r❡ ✹✳✶ r❡✈❡❛❧s ❛ ❝❧❡❛r ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s♦❞✐✉♠ ❛♠♦✉♥t ♦♥ t❤❡

❝r❛❝❦ ❜❡❤❛✈✐♦r✳ ❋♦r ❧♦✇ ❛♠♦✉♥ts ♦❢ s♦❞✐✉♠ ✭✐✳❡✳ ❙❇◆ ✶✷✮ ❛t ✺✵ ❣✱ ♥♦ ❝r❛❝❦s ❡♠❡r❣❡✱ ✇❤✐❧❡ ❝r❛❝❦s ❛r❡

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

❙❇◆ ✸✺ ❣❧❛ss ❝❛♥ ❜❡ ❛ s✐❣♥ ♦❢ ♣✐❧❡✲✉♣✳ ❋✐❣✉r❡ ✹✳✷ ❞✐s♣❧❛②s ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ❢♦r t❤❡ KSBN ∼ 2.5 s❡r✐❡s

❙❇◆ ✶✷ ❙❇◆ ✷✺ ❙❇◆ ✸✵ ❙❇◆ ✸✺

✶✺ µ♠✶✺ µ♠ ✶✺ µ♠ ✶✺ µ♠

❬Na2O❪

❋✐❣✉r❡ ✹✳✶✿ ❊✈♦❧✉t✐♦♥ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ✐♠♣r✐♥ts ❢♦r t❤❡ KSBN ∼ 2.5 s❡r✐❡s ✭❙❇◆ ✶✷✱ ❙❇◆ ✷✺✱ ❙❇◆ ✸✵✱
❙❇◆ ✸✺✮ ❛t ✺✵ ❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s✳ ❆♥ ♦♣t✐❝❛❧ ❝❛♠❡r❛ ❝♦✉♣❧❡❞ ✇✐t❤ t❤❡ ❱✐❝❦❡rs✬s ✐♥❞❡♥t❡r ❝❛♣t✉r❡s
t❤❡ ✐♠♣r✐♥t ✺ ♠✐♥✉t❡s ❛❢t❡r ✐♥❞❡♥t❛t✐♦♥✳ ❋r♦♠ t❤❡ ❧❡❢t t♦ t❤❡ r✐❣❤t t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s✳

❙❇◆ ✶✷ ❙❇◆ ✷✺ ❙❇◆ ✸✵ ❙❇◆ ✸✺

✶✺ µ♠✶✺ µ♠ ✶✺ µ♠ ✶✺ µ♠

❬Na2O❪

❋✐❣✉r❡ ✹✳✷✿ ❊✈♦❧✉t✐♦♥ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ❢r♦♠ t❤❡ ❙❇◆ ✶✷ t♦ t❤❡ ❙❇◆ ✸✺ ❣❧❛ss❡s ❛t ✺✵ ❣ ✐♥ ❛♠❜✐❡♥t
❝♦♥❞✐t✐♦♥s ❝❛♣t✉r❡❞ ✈✐❛ ❛♥ ❆❋▼✳ ❋r♦♠ t❤❡ ❧❡❢t t♦ t❤❡ r✐❣❤t t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s✳

✭❙❇◆ ✶✷✱ ❙❇◆ ✷✺✱ ❙❇◆ ✸✵✱ ❙❇◆ ✸✺✮ ❛t ✺✵ ❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s ✈✐❛ ❛♥ ❆❋▼✳ ❙✉❜s❡q✉❡♥t❧②✱ t❤❡s❡ ❆❋▼

✐♠❛❣❡s ❛✐❞ ✐♥ ❡♥✉♠❡r❛t✐♥❣ Pid ✭t❤❡ r❡s✐❞✉❛❧ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤✮✱ di ✭t❤❡ ❞✐❛❣♦♥❛❧ ❧❡♥❣t❤✮✱ V
−

i ✭t❤❡ ✈♦❧✉♠❡

❜❡❧♦✇ t❤❡ s✉r❢❛❝❡✮✱ ❛♥❞ V +
i ✭t❤❡ ✈♦❧✉♠❡ ❛❜♦✈❡ t❤❡ s✉r❢❛❝❡✮✳ ❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❢❛❝✐❧✐t❛t❡ ❡st✐♠❛t❡s ♦❢

t❤❡ ❤❛r❞♥❡ss✱ ❝r❛❝❦ r❡s✐st❛♥❝❡✱ KC ✱ ❡t❝✳ ❚❛❜❧❡s ✹✳✶ ❛♥❞ ✹✳✷ s✉♠♠❛r✐③❡ ♦❜t❛✐♥❡❞ ✈❛❧✉❡s ❛❢t❡r ❛✈❡r❛❣✐♥❣

♦✈❡r ❛t ❧❡❛st ✶✵ ❞✐✛❡r❡♥t ✐♥❞❡♥ts✳

✹✳✶✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ✭HV ✮

❊q✉❛t✐♦♥ ✷✳✾ ♣r♦✈✐❞❡s ❛ ♠❡❛♥s t♦ ❝❛❧❝✉❧❛t❡ HV ✭❍❛r❞♥❡ss ✈✐❛ ❛ ❱✐❝❦❡rs ✐♥❞❡♥t❡r✮ ❦♥♦✇✐♥❣ t❤❡ ♠❛①✐♠✉♠

❧♦❛❞ ❛♣♣❧✐❡❞ ❞✉r✐♥❣ t❤❡ ✐♥❞❡♥t ✭F = 50 g✮ ❛❧♦♥❣ ✇✐t❤ di ♦❢ t❤❡ ✐♠♣r✐♥ts ✭✹✳✶✮✳ ❋♦r ❡❛❝❤ s❛♠♣❧❡✱ ■ ♣❡r❢♦r♠❡❞

✻✷



✹✳✶✳ ❊❱❖▲❯❚■❖◆ ❖❋ ❚❍❊ ❈❖◆❚❆❈❚ ❉❆▼❆●❊❙ ❲■❚❍ ❈❍❊▼■❈❆▲ ❈❖▼P❖❙■❚■❖◆

◆❛♠❡ ❉✐❛❣♦♥❛❧s di ✭µ ♠✮ HV CR KC ❙②♠❜♦❧s
d1 d2 ✭▼P❛✮ ✭❣✮ ✭▼P❛✳♠−1/2✮

❙❇◆ ✶✷ ✶✵✳✹ ✶✵✳✻ 8200±300 ✷✼✵ 0.98±0.09

❙❇◆ ✷✺ ✶✶✳✾ ✶✷✳✶✺ 6340±100 ✷✻ .69±0.07

❙❇◆ ✸✵ ✶✷✳✼ ✶✸✳✸ 5400±200 ✸✷ .61±0.06

❙❇◆ ✸✺ ✶✸✳✺ ✶✸✳✼ 5000±200 ✷✾ 0.56±0.06

❙❇◆ ✶✹ ✶✶✳✷ ✶✶✳✸ 7200±300 ✹✺ 0.81±0.08

❙❇◆ ✻✸ ✶✷ ✶✶✳✾ 6400±200 ✸✽ 0.74±0.05

❙❇◆ ✺✾ ✶✸✳✶ ✶✸✳✶ 5370±90 ✸✼ 0.71±0.07

❙❇◆ ✺✺ ✶✹ ✶✸✳✷✺ 4900±100 ✹✵ 0.65±0.05

❚❛❜❧❡ ✹✳✶✿ ❊①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s di ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❆❋▼ ✐♠❛❣❡s ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ✐♥ t❤❡ ✈❛r✐♦✉s
❙❇◆ ❣❧❛ss❡s✳ ❊st✐♠❛t❡s ❢♦r HV ❛♥❞ KC ❛r✐s❡s ❢r♦♠ ❡q✉❛t✐♦♥ ✷✳✾ ❛♥❞ ✷✳✶✵✳ ❙❡❝t✐♦♥ ✷✳✹✳✸ ❞❡s❝r✐❜❡s ❤♦✇
t♦ ❡st✐♠❛t❡ CR✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ r❡st❛t❡s t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥ t❤❡ ♣❧♦ts ❤❡r❡✐♥✳

✶✵ ✐♥❞❡♥t❛t✐♦♥s ❛♥❞ ❞❡✜♥❡❞ t❤❡ HV ✈❛❧✉❡s ❛❢t❡r ❛✈❡r❛❣✐♥❣ ♦✈❡r t❤❡s❡ ✶✵ ✐♥❞❡♥ts✳ ❚❛❜❧❡ ✹✳✶ ♣r❡s❡♥ts t❤❡

♦❜t❛✐♥❡❞ ✈❛❧✉❡s✳ ❋✐❣✉r❡ ✹✳✸ r❡✈❡❛❧s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ HV ✭▼P❛✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN =
[Na2O]

[B2O3]
✳ ❚❤❡

❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ s✐❧✐❝❛t❡ ❣❧❛ss❡s ❛✛❡❝ts s✐❣♥✐✜❝❛♥t❧② t❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡s✳ ❋♦r ❝♦♥st❛♥t KSBN =
[SiO2]
[B2O3]

❛♥❞ ✐♥❝r❡❛s✐♥❣ RSBN ✭❛♥❞ ✐♥❝r❡❛s✐♥❣ ❬Na2O❪✮✱ HV ✈❛❧✉❡ ❞❡❝r❡❛s❡s✳ ❚❤❡ ❞❡❝r❡❛s❡ ✐s ❧❡ss ♣r♦♥♦✉♥❝❡❞

❢♦r t❤❡ KSBN ∼ 4.5 ✭✐✳❡✳ s❛♠♣❧❡s ✇✐t❤ ♠♦r❡ SiO2✮✳ ❚❤✐s ❞❡❝r❡❛s❡ ✐♥ HV ❝♦rr❡s♣♦♥❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢

t❤❡ r❡s✐❞✉❛❧ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ✭Pid✮ ❛s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ❆❋▼ ✐♠❛❣✐♥❣ ✭s❡❡ t❛❜❧❡ ✹✳✷✮✳ ❆s t❤❡ s♦❞✐✉♠

❝♦♥t❡♥t ✐♥❝r❡❛s❡s✱ t❤❡ ✐♥❞❡♥t❡r ♣❡♥❡tr❛t❡s ❞❡❡♣❡r ✐♥t♦ t❤❡ ❣❧❛ss✳
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✽✵✵✵

✾✵✵✵
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❋✐❣✉r❡ ✹✳✸✿ ❍❛r❞♥❡ss ✈❛❧✉❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN ❢♦r ❙❇◆ ❣❧❛ss❡s ✭❛t ✺✵ ❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s❀
♠❛①✐♠✉♠ ❧♦❛❞ ❤❡❧❞ ❢♦r ✶✺ s✮✳

▲✐♥❦✐♥❣ t❤✐s ✈❛r✐❛t✐♦♥ t♦ t❤❡ str✉❝t✉r❡ ✐s t❤❡ ❦❡② t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❣❧❛ss ❜❡❤❛✈✐♦r✳ ❍✐❣❤ ❧❡✈❡❧s ♦❢

❬Na2O❪ r❡❞✉❝❡ t❤❡ ❙❇◆ ❣❧❛ss❡s r❡s✐st❛♥❝❡ t♦ ❱✐❝❦❡rs✬ ✐♥❞❡♥t❛t✐♦♥✳ ❆❜♦✈❡ ❛ t❤r❡s❤♦❧❞ ❛♠♦✉♥t ♦❢ s♦❞✐✉♠

✭✐✳❡✳ RSBN > Rmax
SBN ❢r♦♠ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧✮ ❛ ❝♦♥✈❡rs✐♦♥ ✐♥ [4]❇ ✐♥t♦ [3]❇ ♦❝❝✉rs ❛♥❞

◆❇❖s ❢♦r♠✳ ❋✐❣✉r❡ ✹✳✹ ❧❡❢t ❛♥❞ r✐❣❤t ♣r❡s❡♥t t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ✈❛❧✉❡s ❢♦r t❤❡ ❙❇◆ s❡r✐❡s ✇✐t❤

✻✸
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t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖ ❛♥❞ t❤❡ [4]❇ ❝♦♥❝❡♥tr❛t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳ ❆♥ ✐♥✈❡rs❡ ❝♦rr❡❧❛t✐♦♥ ❝♦♠❡ ❛❜♦✉t

✇✐t❤ HV ❛♥❞ t❤❡ ◆❇❖ ❝♦♥❝❡♥tr❛t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♥♦ ❞✐st✐♥❝t ❝♦rr❡❧❛t✐♦♥ ♦❝❝✉rs ❜❡t✇❡❡♥ t❤❡
[4]❇ ❝♦♥❝❡♥tr❛t✐♦♥ ❛♥❞ HV ✳ ◆❇❖ r❡❞✉❝❡s t❤❡ ❝♦♥♥❡❝t✐✈✐t② ♦❢ t❤❡ ❣❧❛ss✱ ✇❤✐❝❤ ✐♥ t✉r♥ ❛❧t❡rs t❤❡ s❤♦rt

✷ ✹ ✻ ✽ ✶✵ ✶✷ ① ✶✵21

✺✵✵✵

✻✵✵✵

✼✵✵✵

✽✵✵✵

❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖ ✭❝♠−3✮
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❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ [4]❇ ✭❝♠−3✮

❋✐❣✉r❡ ✹✳✹✿ ✭▲❡❢t✮ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss✱ HV ✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆♦♥ ❇r✐❞❣✐♥❣ ❖①②❣❡♥
✭◆❇❖✮ ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ✭❛t ✺✵❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s✮✳ ✭❘✐❣❤t✮ ❊✈♦❧✉t✐♦♥ HV

✈❡rs✉s [4]❇ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡❞✉❝❡❞ ❢r♦♠ t❤❡ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ✭❛t ✺✵❣ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s✮✳

❛♥❞ ♠❡❞✐✉♠✲r❛♥❣❡ ♦r❞❡r✳ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ♣r♦✈✐❞❡s ❛♥ ✐♥t❡r❡st✐♥❣ ✐♥s✐❣❤t ✐♥t♦ t❤❡ ❣❧❛ss✬s s❤♦rt✲ ❛♥❞

♠❡❞✐✉♠✲ r❛♥❣❡ ♦r❞❡r✳ ❚❤❡ P♦✐ss♦♥✬s r❛t✐♦ r❡❧❛t❡s ❛ ♠❛t❡r✐❛❧✬s r❡❛❝t✐♦♥ t♦ ❛ ✉♥✐❛①✐❛❧ str❛✐♥ ❛♥❞ ✐ts r❡s♣♦♥s❡

✐♥ t❤❡ ♦t❤❡r ❞✐r❡❝t✐♦♥s✳ ❍❡r❡✐♥✱ t❤❡ ❙❇◆ ❣❧❛ss❡s ❡①❤✐❜✐t ❛ ν r❛♥❣❡ ♦❢ ✈❛❧✉❡s ❢r♦♠ ✵✳✷✶ t♦ ✵✳✷✼ ✭❚❛❜❧❡ ✸✳✸✮✳

HV ✈❛❧✉❡s ❞❡❝r❡❛s❡ ❛❧♠♦st ❧✐♥❡❛r❧② ✇✐t❤ ν ✭✜❣✉r❡ ✹✳✺✮✳ ❲❤❡♥ ν ✐s ❧♦✇ ✭✐✳❡✳ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ ✐s r❡t✐❝✉❧❛t❡✮✱

HV ✐s ❤✐❣❤✳
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❋✐❣✉r❡ ✹✳✺✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ✭✐♥❞❡♥t❛t✐♦♥ ❛t ✺✵❣ ✐♥ ❛♠❜✐❡♥t
❝♦♥❞✐t✐♦♥s✮✳

❆s st❛t❡❞ ❛❜♦✈❡✱ ❛❞❞✐t✐♦♥❛❧ [Na2O] ②✐❡❧❞s ❝❤❛♥❣❡s ✐♥ ν✳ ■t ❛❧s♦ ❛✛❡❝ts t❤❡ ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥ ✭Pf ✮

✇❤✐❝❤ ✐s ❛ ♠❡❛s✉r❡ ♦❢ ❤♦✇ ❞❡♥s❡❧② t❤❡ s②st❡♠ ✐s ♣❛❝❦❡❞ ❬✶✽❪✳ ❋♦r ❧♦✇ ✈❛❧✉❡s ♦❢ ❬Na2O❪ ❛♥❞ ν✱ t❤❡ ❣❧❛ss

str✉❝t✉r❡ ❤❛s ❛ ❧❛r❣❡ ❢r❛❝t✐♦♥ ♦❢ ❢r❡❡ ✈♦❧✉♠❡ ✭✐✳❡✳ ❧♦✇ ❣❧❛ss ♣❛❝❦✐♥❣ ❞❡♥s✐t②✮✳ ❈♦♥✈❡rs❡❧②✱ ❤✐❣❤ ❛♠♦✉♥t

✻✹
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♦❢ ❬Na2O❪ ②✐❡❧❞s ❤✐❣❤ ν ❛♥❞ ❤✐❣❤ Pf ✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ❢r❡❡ ✈♦❧✉♠❡ s❤♦✉❧❞ ❞❡❝r❡❛s❡ ❛s ❬Na2O❪ ✐♥❝r❡❛s❡s✱

s♦ ❛s t❤❡ HV ✈❛❧✉❡✳ ❚❤✉s✱ ✐t ❛♣♣❡❛rs t❤❛t t❤❡ ❛t♦♠✐❝ ❜♦♥❞ str❡♥❣t❤ ❛♥❞ t❤❡ r❡t✐❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss②

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

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

s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ♦✈❡r❛❧❧ ❜❡❤❛✈✐♦r ✉♣♦♥ ✐♥❞❡♥t❛t✐♦♥✿ ❝r❛❝❦✐♥❣ ❜❡❤❛✈✐♦r✱ ❞❛♠❛❣❡✱ ❞❡♥s✐✜❝❛t✐♦♥✱ ♣❧❛st✐❝

✢♦✇✱ ❡t❝✳ ❚❤❡ ♥❡①t t❤r❡❡ s✉❜s❡❝t✐♦♥s ❛❞❞r❡ss t❤❡s❡ ❞✐✛❡r❡♥❝❡s✳

✹✳✶✳✷ ❈r❛❝❦ r❡s✐st❛♥❝❡

✷✺❣ ✺✵❣ ✶✵✵❣ ✷✵✵❣

✷✵ µ♠✷✵ µ♠ ✷✵ µ♠ ✷✵ µ♠

❋✐❣✉r❡ ✹✳✻✿ ❙❡t ♦❢ ♦♣t✐❝❛❧ ✐♠❛❣❡s ✐♥ ❙❇◆ ✶✹ ❛❝q✉✐r❡❞ ❛t ✐♥❝r❡❛s✐♥❣ ❧♦❛❞s✳ ❆s t❤❡ ❧♦❛❞s ✐♥❝r❡❛s❡s t❤❡
♥✉♠❜❡r ♦❢ ❝r❛❝❦s ✐♥✐t✐❛t✐♥❣ ♦✛ t❤❡ ❝♦r♥❡rs ♦❢ t❤❡ ✐♥❞❡♥t❡r ✐♥❝r❡❛s❡s✳

❚❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❝r❛❝❦s ♣❡r ❝♦r♥❡r ❞❡✜♥❡❞ PC ✱ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❝r❛❝❦ ❛♣✲

♣❡❛r❛♥❝❡✳ ❋✐❣✉r❡ ✹✳✻ ❞✐s♣❧❛②s ♦♣t✐❝❛❧ ✐♠❛❣❡s ❢♦r ❙❇◆ ✶✹ ❛t ❞✐✛❡r❡♥t ❧♦❛❞s✳ ❆t ❧♦✇ ❧♦❛❞s ✭F ≤ ✷✺ ❣✮✱ ♥♦

❝r❛❝❦ ❛r❡ ♦❜s❡r✈❡❞ t♦ ♣♦♣ ✉♣ ❢r♦♠ t❤❡ ❝♦r♥❡rs ♦❢ t❤❡ ❱✐❝❦❡rs✬s ✐♥❞❡♥t❡r✳ ❚❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❝r❛❝❦s

✐♥✐t✐❛t✐♥❣ ♦✛ t❤❡ ❝♦r♥❡rs ♦❢ t❤❡ ❱✐❝❦❡rs✬ ✐♥❞❡♥t❡r ✐♥❝r❡❛s❡s ❜❡t✇❡❡♥ ✷✺ ❣ ❛♥❞ ✷✵✵ ❣✳ ❆t ✷✵✵ ❣✱ ❛❧❧ ❢♦✉r

❝♦r♥❡rs ❤❛✈❡✱ ♦♥ ❛✈❡r❛❣❡✱ ♦♥❡ ❝r❛❝❦✳ ❚❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡✱ PC ✱ ✐s t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢

❝r❛❝❦s ♣❡r ❝♦r♥❡r ♦✈❡r ❛t ❧❡❛st ✶✵ ✐♥❞❡♥ts ❛t ❛ ❣✐✈❡♥ ❧♦❛❞✳ ❋✐❣✉r❡ ✹✳✼ ❡①❡♠♣❧✐✜❡s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❝r❛❝❦

❛♣♣❡❛r❛♥❝❡ ✐♥ ❙❇◆ ✶✹ ✭❞❛r❦ ❣r❡❡♥ st❛rs✮ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♦t❤❡r ❙❇◆ s❛♠♣❧❡s✳ ❆❧❧ ❙❇◆ ❣❧❛ss❡s✱ ❡①❝❡♣t

❙❇◆ ✶✷✱ r❛♣✐❞❧② ✐♥❝r❡❛s❡ t❤❡✐r ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ❛t ❧♦✇ ❧♦❛❞s✳ ✶✵✵ % PC ✇❛s ♥❡✈❡r r❡❛❝❤❡❞

❢♦r ❙❇◆ ✶✷ ❞✉❡ t♦ ❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ✭✐✳❡✳ ❤✐❣❤❡r ❧♦❛❞s ✇❡r❡ ♥♦t ❢❡❛s✐❜❧❡ ✇✐t❤ t❤❡

❤❛r❞♥❡ss t❡st❡r✮✳

❆s r❡❝❛❧❧❡❞ ✐♥ t❤❡ ♣❛rt ■ ❝❤❛♣t❡r ✷ ✐♥ t❤❡ s❡❝t✐♦♥ ✷✳✹✳✸✱ t❤❡ ❝r❛❝❦ r❡s✐st❛♥❝❡✱ CR✱ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❧♦❛❞

❛t ✇❤✐❝❤ PC ❡q✉❛❧s ✺✵% ✭❡st✐♠❛t❡❞ ❜② ❧♦♦❦✐♥❣ ❛t ✇❤❡♥ t❤❡ ❞❛t❛ ✐♥ ✜❣✉r❡ ✹✳✼ ❝r♦ss❡s t❤❡ ✺✵% ❣r❛② ❞♦tt❡❞

❧✐♥❡✮✳ ❚❛❜❧❡ ✹✳✶ ♣r❡s❡♥ts CR ❢♦r t❤❡ ❞✐✛❡r❡♥t ❙❇◆ s❛♠♣❧❡s✳ ❙❇◆ ✶✷ ✐s s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t t❤❛♥ t❤❡ ♦t❤❡r

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

♦❝❝✉rr✐♥❣ ❞✉r✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ❞♦ ♥♦t ❢❛✈♦r ❣r♦✇t❤ ♦❢ ♠❡❞✐❛♥✴r❛❞✐❛❧ ❝r❛❝❦s ✐♥ ❙❇◆ ✶✷ ❛s ♦❜s❡r✈❡❞ ❢♦r

♦t❤❡r ❙❇◆ ❣❧❛ss❡s✳ ❚❤✉s✱ ❝♦♠♣❧❡① ♣r♦❝❡ss❡s s✉❝❤ ❛s ❞❡♥s✐✜❝❛t✐♦♥ ❛♥❞ s❤❡❛r ✢♦✇ ❛r❡ ♥♦♥✲♥❡❣❧✐❣✐❜❧❡ ❢♦r

CR ❡st✐♠❛t❡s✳

✹✳✶✳✸ ❚♦✉❣❤♥❡ss✱ KC

P❛rt ■ ❝❤❛♣t❡r ✷ ✐♥ t❤❡ s❡❝t✐♦♥ ✷✳✹✳✸ ❞❡t❛✐❧s t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r ❡st✐♠❛t✐♥❣ KC ❢r♦♠ ✐♥❞❡♥t❛t✐♦♥s✳ ❚❤❡

❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ♠❡❞✐❛♥✴r❛❞✐❛❧ ❝r❛❝❦s ❧❡♥❣t❤ ♣❡r♠✐t t❤❡ ✉s❡ ♦❢ ❊✈❛♥s ❛♥❞ ▼❛rs❤❛❧❧✬s ♠♦❞❡❧✳ ❈♦♠♣❛r✐♥❣

KC ❢r♦♠ ♦♥❡ ❣❧❛ss t♦ ❛♥♦t❤❡r r❡q✉✐r❡s ❛♥ ❡q✉✐✈❛❧❡♥t ♠❛①✐♠✉♠ ❧♦❛❞✳ ❋♦r ❛❧♠♦st ❛❧❧ t❤❡ s❛♠♣❧❡s✱ r❡❛s♦♥❛❜❧❡

✻✺
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▲♦❛❞ ✭❣✮

P
C
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❋✐❣✉r❡ ✹✳✼✿ ❈r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ❛s t❤❡ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♥❞❡♥t ❧♦❛❞ ❢♦r ❛❧❧ t❤❡ ❙❇◆ ❣❧❛ss❡s✳ ❇❧✉❡
s②♠❜♦❧s ❛r❡ t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ KSBN❂✷✳✶ s❡r✐❡s ❛♥❞ r❡❞ s②♠❜♦❧s ❛r❡ t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡
KSBN❂✸✳✼ s❡r✐❡s✳ ◆♦t❡ t❤❛t t❤❡ ❙❇◆ ✶✷ ♣r❡s❡♥ts ❛ s✐♥❣✉❧❛r ❜❡❤❛✈✐♦r✳

✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ♣❧✉s s✉✣❝✐❡♥t ❡♥❡r❣② t♦ ♣r♦♣❛❣❛t❡ ❝r❛❝❦s ✭CR > 50%✮ ♦❝❝✉rs ❛t ✺✵ ❣✳ ❚❤❡ ♦♥❧②

❡①❝❡♣t✐♦♥ ❤❡r❡ ✐s ❙❇◆ ✶✷✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ❢♦r♠s ✇❡❧❧✲❞❡✈❡❧♦♣❡❞ ❝r❛❝❦s ❛♥❞✱ ❤❡♥❝❡✱ ❞♦❡s ♥♦t s❛t✐s✜❡s t❤❡

❝r✐t❡r✐♦♥ c > 1.25 d ❛t ✺✵ ❣✳ ❆s ❙❇◆ ✶✷ ✐s t❤❡ ♦♥❧② s❛♠♣❧❡ ✇❤✐❝❤ ❞♦❡s ♥♦t ❡①❡♠♣❧✐❢② ♠❡❞✐❛♥✴r❛❞✐❛❧

❝r❛❝❦s✱ t❤❡ ❊✈❛♥s ❛♥❞ ▼❛rs❤❛❧❧✬s ✇✐❧❧ st✐❧❧ ❜❡ ✐♥✈♦❦❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥ ♣✉r♣♦s❡s✳

✵✳✺ ✶ ✶✳✺ ✷ ✷✳✺
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✵✳✽
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❋✐❣✉r❡ ✹✳✽✿ ❚♦✉❣❤♥❡ss ✈❛❧✉❡s KC ♦❢ ❙❇◆ ❣❧❛ss❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN ❢♦r KSBN ∼ 2.5 s❡r✐❡s ✭❜❧✉❡✮ ❛♥❞
KSBN ∼ 4.5 s❡r✐❡s ✭r❡❞✮✳

❋✐❣✉r❡ ✹✳✽ s❤♦✇s t❤❛tKC ❞❡❝r❡❛s❡s ❛s RSBN ✐♥❝r❡❛s❡s ❢♦r ❝♦♥st❛♥tKSBN ✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛tKC

❢♦r ❙❇◆ ✶✷ ♣r♦❜❛❜❧② ♦✈❡r❡st✐♠❛t❡s t❤❡ ❝♦rr❡❝t ✈❛❧✉❡ ❞✉❡ t♦ t❤❡ ❧❛❝❦ ♦❢ ✇❡❧❧✲❞❡✈❡❧♦♣❡❞ ❝r❛❝❦s✳ ❈♦♥✈❡rs❡❧②✱

t❤❡ ✈❛r✐❛t✐♦♥s ♦❢ KC ✇✐t❤ ν ✭♣❧♦tt❡❞ ✐♥ ✜❣✉r❡ ✹✳✾✮ r❡✈❡❛❧s ❛ ❢❛✐r❧② ❣♦♦❞ ❝♦❧❧❛♣s❡✳ ❆ ♥♦t❛❜❧❡ ❡①❝❡♣t✐♦♥ ✐s

t❤❡ ❙❇◆ ✶✷ ❣❧❛ss✳ ❖t❤❡r✇✐s❡✱ ✜❣✉r❡ ✹✳✾ r❡✈❡❛❧s t❤❛t KC ❞❡❝r❡❛s❡s ❧✐♥❡❛r❧② ✇✐t❤ ν ✭KC = mν + b ✇❤❡r❡

✻✻
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m = −4.46± 0.27 ❛♥❞ b = 1.75± 0.06✮✳
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❋✐❣✉r❡ ✹✳✾✿ ❚♦✉❣❤♥❡ss ✈❛❧✉❡s ✭KC✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ν ❢♦r ❛❧❧ t❤❡ ❙❇◆ ❣❧❛ss❡s✳ ❚❤❡ ❧✐♥❡ ✭KC = mν + b
✇❤❡r❡ m = −4.46± 0.27 ❛♥❞ b = 1.75± 0.06✮ ❞❡♣✐❝ts ❛ ❧✐♥❡❛r ✜t t❤r♦✉❣❤ ❛❧❧ t❤❡ ❞❛t❛✱ ❡①❝❧✉❞✐♥❣ ❙❇◆ ✶✷✳

❚❤✐s ❝♦❧❧❛♣s❡ ❤✐❣❤❧✐❣❤ts t❤❡ ❢❛❝t t❤❛t KC ✐s ❧✐♥❦❡❞ t♦ t❤❡ ❣❧❛ss✬s s❤♦rt✲ ❛♥❞ ♠❡❞✐✉♠ ♦r❞❡r✳ ❚♦ ✐♥✈❡s✲

t✐❣❛t❡ ❤♦✇ ν ✐s ❝♦rr❡❧❛t❡❞ t♦ ♠❛tt❡r ✢♦✇ ✉♥❞❡r t❤❡ ✐♥❞❡♥t❡r✱ ■ ♣❡r❢♦r♠❡❞ ❝♦♠♣❧❡♠❡♥t❛r② ♠❡❛s✉r❡♠❡♥ts✳

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

✐♥❞❡♥t❡r ✭❡①✿ ♣✉r❡ s✐❧✐❝❛✮✳

✹✳✶✳✹ ❈♦♠♣❧❡♠❡♥t❛r② ♠❡❛s✉r❡♠❡♥ts ♦❢ ❱✐❝❦❡rs ✐♥❞❡♥t❛t✐♦♥s

❆❋▼ ✐♠❛❣✐♥❣ r❡✈❡❛❧s s❤❛♣❡ ❝❤❛♥❣❡s ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣❛tt❡r♥s ✇✐t❤ ❣❧❛ss ❝❤❡♠✐str② ✭✜❣✉r❡ ✹✳✷✮✳ ❆♥❛✲

❧②③✐♥❣ ❆❋▼ ✐♠❛❣❡s r❡✈❡❛❧s ❝❤❛♥❣❡s ✐♥ t❤❡ ✈♦❧✉♠❡ ♦❢ t❤❡ ♣✐❧❡✲✉♣ V +
i ❛♥❞ t❤❡ ✈♦❧✉♠❡ ♦❢ t❤❡ ✐♥❞❡♥t V −

i ✳

❚❛❜❧❡ ✹✳✷ ♣r❡s❡♥ts t❤❡s❡ ❝❛❧❝✉❧❛t✐♦♥s ❛❧♦♥❣ ✇✐t❤ t❤❡✐r r❛t✐♦ V +
i /V −

i ✳ ❱❛r✐❛t✐♦♥s ✐♥ V +
i /V −

i ❝♦♥✈❡② t❤❡

❣❧❛ss✬s t❡♥❞❡♥❝② ✇✐t❤ ❬Na2O❪ t♦ ♣✐❧❡ ✉♣ ❛r♦✉♥❞ t❤❡ ✐♥❞❡♥t❡r ✉♥❞❡r ♣r❡ss✉r❡ ❬✷✵❪✳ ❋✐❣✉r❡ ✹✳✶✵ ❧❡❢t ♣r❡s❡♥ts

t❤❡ ♥♦r♠❛❧✐③❡❞ r❛t✐♦ ✭V +
i /V −

i ✮ ♦❢ t❤❡ ♣✐❧❡✲✉♣ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ RSBN ✳ ❋✐❣✉r❡ ✹✳✶✵ ✉♥✈❡✐❧s t✇♦ ❞✐✛❡r❡♥t

s❝❡♥❛r✐♦s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✈❛❧✉❡ ♦❢ KSBN ✳ ❋♦r KSBN ∼ 2.5✱ t❤❡ r❛t✐♦ ✐♥✐t✐❛❧❧② ✐♥❝r❡❛s❡s✱ ❛♥❞ s✉❜s❡✲

q✉❡♥t❧② st❛❜✐❧✐③❡s✳ ❋♦r KSBN ∼ 4.5✱ t❤❡ r❛t✐♦ ✜rst s❧✐❣❤t❧② ❞❡❝r❡❛s❡s✱ ❛♥ t❤❡♥ r❡♠❛✐♥s st❛❜❧❡ ✇✐t❤✐♥ t❤❡

❡rr♦r ❜❛rs✳ ❊①❛♠✐♥✐♥❣ t❤❡ t✇♦ s❡r✐❡s t♦❣❡t❤❡r r❡✈❡❛❧s ❛♥ ✐♥✐t✐❛❧ ✐♥❝r❡❛s❡ ✐♥ t❤❡ r❛t✐♦ V +
i /V −

i ✱ ❛♥❞ t❤❡♥ ❛

st❛❜✐❧✐③❛t✐♦♥✳ ■♥ ♦r❞❡r t♦ ❢✉rt❤❡r ❝♦♥✜r♠ ❛ ❣❡♥❡r❛❧ tr❡♥❞ ♠♦r❡ ❙❇◆ ❣❧❛ss❡s ♦❢ ✈❛r②✐♥❣ RSBN ❛♥❞ KSBN

✈❛❧✉❡s s❤♦✉❧❞ ❜❡ ❡❧❛❜♦r❛t❡❞ ❛♥❞ t❡st❡❞✳

❆ ❣♦♦❞ ❝♦rr❡❧❛t✐♦♥ ❡①✐sts ❜❡t✇❡❡♥ V +
i ✴V −

i ❛♥❞ ν ✭✜❣✉r❡ ✹✳✶✵ r✐❣❤t✮✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t ❣❧❛ss❡s ✇✐t❤

❧♦✇❡r ❞❡❣r❡❡s ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ❢❛✈♦r ❞❡♥s✐✜❝❛t✐♦♥ ♣r♦❝❡ss❡s✳ ❈❤❛♥❣✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❛❧t❡rs

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

❝♦♠♣❛❝t✐♦♥ ❬✼✱✶✻✱✶✼✱✷✻✱✸✸❪✳ ❚❤❡ ♦r✐❣✐♥❛❧ str✉❝t✉r❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ❝❛♥ ❜❡ r❡❝♦✈❡r❡❞ ✐❢ s✉✣❝✐❡♥t ❛❝t✐✈❛t✐♦♥

❡♥❡r❣② ✐s s✉♣♣❧✐❡❞ t♦ t❤❡ ♠❛t❡r✐❛❧ ✭❢♦r ✐♥st❛♥❝❡ ❜② ❤❡❛t✐♥❣✮ ❛s ❞❡♠♦♥str❛t❡❞ ❜② ❇r✐❞❣♠❛♥ ❛♥❞ ❙✐♠♦♥ ❬✷❪

❛♥❞ ❧❛t❡r ❜② ▼❛❝❦❡♥③✐❡ ❬✷✻❪✳ ❚❛❜❧❡ ✹✳✷ ♣r❡s❡♥ts t❤❡ ♣❛r❛♠❡t❡rs ❛❝q✉✐r❡❞ ❢r♦♠ ❆❋▼ ✐♠❛❣✐♥❣ ♦❢ ✐♥❞❡♥ts

❜❡❢♦r❡ ✭Pid✱ V
−

i ❛♥❞ V +
i ✮ ❛♥❞ ❛❢t❡r ✭Pad✱ V −

a ❛♥❞ V +
a ✮ ❛♥♥❡❛❧✐♥❣✳ ❚❤❡s❡ ✈❛❧✉❡s ❛r❡ ❛✈❡r❛❣❡ ✈❛❧✉❡s ♦✈❡r

❛t ❧❡❛st t❡♥ ✐♥❞❡♥ts✳ VR ✭✐♥ ♣❛rt ■ ❝❤❛♣t❡r ✷ ✐♥ ❡q✉❛t✐♦♥ ✷✳✶✶✮ ♣r♦✈✐❞❡s ❛♥ ❡st✐♠❛t❡ ♦♥ t❤❡ ❛♠♦✉♥t ♦❢

✻✼
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✵✳✺ ✶ ✶✳✺ ✷ ✷✳✺

✵

✵✳✶

✵✳✷

✵✳✸

✵✳✹

RSBN

V
+ i
✴V

− i

✵✳✷ ✵✳✷✷ ✵✳✷✹ ✵✳✷✻ ✵✳✷✽

✵✳✶✺

✵✳✷

✵✳✷✺

✵✳✸

✵✳✸✺

ν

V
+ i
✴V

− i
❋✐❣✉r❡ ✹✳✶✵✿ ✭▲❡❢t✮ ❚❤❡ ♥♦r♠❛❧✐③❡❞ r❛t✐♦ ✭V +

i /V −

i ✮ ♦❢ t❤❡ ❣❧❛ss❡s ♣✐❧❡✲✉♣ ✇✐t❤ RSBN ❞✐s♣❧❛②s t✇♦ tr❡♥❞s
❞❡♣❡♥❞✐♥❣ ♦♥KSBN ✳ ❋♦rKSBN ∼ 2.5✱ t❤❡ r❛t✐♦ ✐♥✐t✐❛❧❧② ✐♥❝r❡❛s❡s✱ ❛♥❞ t❤❡♥ st❛❜✐❧✐③❡s✳ ❋♦rKSBN ∼ 4.5✱
t❤❡ r❛t✐♦ ✜rst ❞✐s♣❧❛②s ❛ s❧✐❣❤t ❞❡❝r❡❛s❡✳ ✭❘✐❣❤t✮ ❊✈♦❧✉t✐♦♥ ♦❢ V +

i /V −

i ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ P♦✐ss♦♥✬ r❛t✐♦✳

❞❡♥s✐✜❝❛t✐♦♥ ❞✉❡ t♦ ❛♥ ✐♥❞❡♥t❡r✳ ❚❛❜❧❡ ✹✳✷ r❡✈❡❛❧s t❤❡ ❛✈❡r❛❣❡ VR ❢♦r t❤❡ ✈❛r✐♦✉s ❙❇◆ s❛♠♣❧❡s✳ ■t ✐s ✇❡❧❧

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

❋♦r s❛♠♣❧❡s ✇✐t❤ ❧♦✇ KSBN ✈❛❧✉❡s✱ t❤❡ r❡❝♦✈❡r② ✈♦❧✉♠❡ ❞❡❝r❡❛s❡s r♦✉❣❤❧② ❧✐♥❡❛r❧② ✇✐t❤ RSBN ✳

✭VR = mKSBN∼2.5RSBN + bKSBN∼2.5 ✇❤❡r❡ mKSBN∼2.5 = −0.409 ± 0.005 ❛♥❞ bKSBN∼2.5 = 0.800 ±
0.002✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ KSBN ∼ ✹✳✻ s❡r✐❡s ❡①❤✐❜✐ts ❛ s✐❣♥✐✜❝❛♥t❧② ❧❡ss ♣r♦♥♦✉♥❝❡❞ ❞❡❝r❡❛s❡ ❜✉t

❛♣♣r♦①✐♠❛t❡❧② ❧✐♥❡❛r ✭VR = mKSBN∼4.6RSBN + bKSBN∼4.6 ✇❤❡r❡ mKSBN∼4.5 = −0.0431 ± 0.003 ❛♥❞

bKSBN∼4.6 = 0.38± 0.01✮ ✭❋✐❣✉r❡ ✹✳✶✶✮✳

✵✳✺ ✶ ✶✳✺ ✷ ✷✳✺
✵

✵✳✷

✵✳✹

✵✳✻

✵✳✽

RSBN

V
R

❋✐❣✉r❡ ✹✳✶✶✿ ❚❤❡ r❡❝♦✈❡r② ✈♦❧✉♠❡ ❞❡❝r❡❛s❡s ✇✐t❤ RSBN ✳ ❨❡t t❤❡ s❧♦♣❡s ✭mKSBN∼2.5 = −0.409 ❛♥❞
mKSBN∼4.5 = −0.0431✮ ❞❡♣❡♥❞ s✐❣♥✐✜❝❛♥t❧② ♦♥ t❤❡ KSBN ✈❛❧✉❡✳

VP ✭❡q✉❛t✐♦♥ ✷✳✶✷ ✐♥ ♣❛rt ■ ❝❤❛♣t❡r ✷✮ ♣r♦✈✐❞❡s ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ❛♠♦✉♥t ♦❢ s❤❡❛r ✢♦✇ ♣r♦❝❡ss✳

■t ♣❡r♠✐ts t❤❡ r❡♠♦✈❛❧ ♦❢ t❤❡ ❞❡♥s✐✜❡❞ ♣♦rt✐♦♥s ✐♥ t❤❡ ♣✐❧❡✲✉♣ ❜② ✐♠❛❣✐♥❣ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣✳

✻✽
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◆❛♠❡ Pid V +
i V −

i V +
i /V −

i V +
a V −

a Pad VR VP ❙②♠❜♦❧s
µ ♠✮ ✭µ ♠3✮ ✭µ ♠3✮ ✭%✮ ✭µ ♠3✮ ✭µ ♠3✮ ✭µ ♠✮

❙❇◆ ✶✷ ✶✳✵✶✷ ✺ ✸✻✳✼ ✶✸✳✻ ✹ ✶✹✳✹ ✵✳✻✻✺ ✺✷✳✽ ✶✻✳✸
❙❇◆ ✷✺ ✶✳✵✸✼ ✶✸ ✺✹✳✽ ✷✸✳✼ ✶✷ ✸✶✳✶ ✵✳✽✵✺ ✸✵✳✽ ✷✺✳✻
❙❇◆ ✸✵ ✶✳✶✾ ✶✼ ✻✷ ✷✼✳✹ ✶✻✳✸ ✹✼✳✷ ✵✳✾✶✷ ✶✷✳✻ ✷✽✳✻
❙❇◆ ✸✺ ✶✳✷ ✶✾✳✶ ✼✵✳✶ ✷✼✳✸ ✶✺✳✺ ✻✵✳✷ ✶✳✵✽ ✾ ✸✷✳✹
❙❇◆ ✶✹ ✵✳✽✽ ✼ ✸✺✳✷ ✶✾✳✽ ✶✵ ✷✻✳✶ ✵✳✽✷✷ ✸✹✳✸✳✵ ✶✶✳✸
❙❇◆ ✻✸ ✵✳✾✾ ✶✵✳✽ ✹✾✳✸ ✷✶✳✾ ✾ ✸✶✳✼ ✵✳✽✹✹ ✸✷ ✷✺✳✻
❙❇◆ ✺✾ ✶✳✵✸ ✶✷ ✺✺✳✸ ✷✶✳✼ ✶✺ ✹✶✳✼ ✵✳✽✹✻ ✸✵ ✶✻✳✸
❙❇◆ ✺✺ ✶✳✶ ✶✷ ✺✻✳✽ ✷✶✳✶ ✶✺ ✹✸✳✾ ✵✳✽✺✼ ✷✽ ✶✺✳✽
❊rr♦r❜❛r ± ✺ % ± ✺ % ± ✶✵ % ± ✺ % ± ✺ % ± ✺ % ± ✶✵ % ± ✶✵ % ± ✶✵ %

❚❛❜❧❡ ✹✳✷✿ ❊①♣❡r✐♠❡♥t❛❧ ✈❛❧✉❡s Pid✱ V
+
i ✭µ m3✮✱ V −

i ✭µm3✮✱ V +
i ✴V −

i (%)✱ V −
a ✱ V +

a ❛♥❞ Pad ♦❜t❛✐♥❡❞
❢r♦♠ t❤❡ ❆❋▼ ✐♠❛❣❡s ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts✱ VR ❛♥❞ VP ♦❜t❛✐♥❡❞ ❢r♦♠ ❛♥♥❡❛❧✐♥❣ ✐♥✈❡st✐❣❛t✐♦♥s ✐♥ t❤❡
✈❛r✐♦✉s ❙❇◆ ❣❧❛ss❡s✳ ❚❤❡ s②♠❜♦❧s ✉s❡❞ ❢♦r ❡❛❝❤ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥ ❛r❡ r❡❝❛❧❧❡❞✳

❆♥♥❡❛❧✐♥❣ r❡❧✐❡✈❡s ❞❡♥s✐✜❡❞ ❛r❡❛s❀ t❤✐s ❤✐❣❤❧✐❣❤t✐♥❣ ✈❛r✐❛t✐♦♥s ✐♥ ✐s♦❝❤♦r✐❝ s❤❡❛r ✢♦✇✳ ❋✐❣✉r❡ ✹✳✶✷ ❞❡♣✐❝ts

❤♦✇ VP ✈❛r✐❡s ✇✐t❤ RSBN ❢♦r t❤❡ ❞✐✛❡r❡♥t s❡r✐❡s ♦❢ ❣❧❛ss❡s✳ ❋♦r KSBN ∼ 2.5✱ t❤❡ r❛t✐♦ ✐♥❝r❡❛s❡s r♦✉❣❤❧②

❧✐♥❡❛r❧②✳ ❨❡t✱ ❢♦r KSBN ∼ 4.6✱ t❤❡ r❛t✐♦ ❞❡❝r❡❛s❡s✱ ❜✉t ✐t ❛♣♣❡❛rs ♥♦t t♦ ❜❡ ❧✐♥❡❛r✳ ▲✐t❡r❛t✉r❡ s✉❣❣❡sts

✵✳✺ ✶ ✶✳✺ ✷ ✷✳✺
✵

✵✳✶

✵✳✷

✵✳✸

✵✳✹

RSBN

V
P

❋✐❣✉r❡ ✹✳✶✷✿ P✐❧❡ ✉♣ r❛t✐♦ ✭VP ✮ ✇❤✐❝❤ ❝❤❛r❛❝t❡r✐③❡s t❤❡ ✈♦❧✉♠❡✲❝♦♥s❡r✈✐♥❣ s❤❡❛r ✢♦✇ ✈❡rs✉s RSBN ✳ ❚❤❡
t❡♥❞❡♥❝✐❡s ❛r❡ ❞r❛st✐❝❛❧❧② ❞✐✛❡r❡♥t ❢♦r ❛♣♣r♦①✐♠❛t❡❧② ❝♦♥st❛♥t KSBN ✳✮

t❤❛t t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s ❤❛✈❡ ♠♦r❡ ✐♠♣❛❝t ♦♥ VR t❤❛♥ ♦♥ HV ❬✷✽✱ ✷✾✱ ✹✶✱ ✹✷❪✳ ❋✐❣✉r❡ ✹✳✶✸ ✉♥✈❡✐❧s

t✇♦ ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ✇❤❡♥ ❧♦♦❦✐♥❣ ❛t ❛♣♣r♦①✐♠❛t❡❧② ❝♦♥st❛♥t KSBN ✳ ❋♦r s❛♠♣❧❡s ✇✐t❤ KSBN ∼ 2.5✱

t❤❡ r❡❝♦✈❡r② ✈♦❧✉♠❡ ❞❡❝r❡❛s❡s ✇✐t❤ ν ✭VR = mKSBN∼2.5ν + bKSBN∼2.5 ✇❤❡r❡ mKSBN∼2.5 = −8.40± 0.60

❛♥❞ bKSBN∼2.5 = 2.34 ± 0.13✮✳ ❆s t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s ❢♦r ❧♦✇ KSBN ∼ 2.5✱ VR ❞❡❝r❡❛s❡s

q✉✐❝❦❧②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ KSBN ∼ 4.6 s❡r✐❡s ❡①❤✐❜✐ts ❛ s✐❣♥✐✜❝❛♥t❧② ❧❡ss ♣r♦♥♦✉♥❝❡❞ ❞❡❝r❡❛s❡

✭VR = mKSBN∼4.5ν + bKSBN∼4.5 ✇❤❡r❡ mKSBN∼4.5 = −1.02± 0.30 ❛♥❞ bKSBN∼4.6 = 0.68± 0.07✮✳

◆❡✈❡rt❤❡❧❡ss✱ ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❛tt❡♠♣t❡❞ t♦ ❞❡✈❡❧♦♣ ❛♥ ✉♥✐✈❡rs❛❧ ❜❡❤❛✈✐♦r ❢♦r VR ✇✐t❤ ν ❬✸✵❪✭❡q✉❛t✐♦♥

✹✳✶✮✳ ❆s ν ✐♥❝r❡❛s❡s VR ❞❡❝r❡❛s❡s✱ t❤✉s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❞❡♥s✐✜❝❛t✐♦♥ ♦❝❝✉rr✐♥❣ ✐♥ t❤❡ s②st❡♠ ❞❡❝r❡❛s❡s✳

✻✾
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❋✐❣✉r❡ ✹✳✶✸ ♣r❡s❡♥ts t❤❡ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❤❡r❡✐♥✱ t❤❡✐r ❞❛t❛✱ ❛♥❞ t❤❡ s✐❣♠♦✐❞ ✜t t❤❡② ♣r♦♣♦s❡❞ ✭❞❛s❤ ❜❧❛❝❦

❧✐♥❡✮✿

VR =
1

αR + βRexp(χRν)
+ δR ✭✹✳✶✮

✭αR✱ βR✱ χR✱ δR✮ ❛r❡ ✜tt✐♥❣ ♣❛r❛♠❡t❡rs✳ ❚❤❡ ❞❛t❛ ❢♦r t❤❡ ❙❇◆ ❣❧❛ss❡s ❞♦❡s ✜t t❤❡ s♣r❡❛❞ ♦❢ ❞❛t❛ ♣r❡s❡♥t❡❞

✐♥ ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❬✸✵❪✳ ❨❡t✱ ✇❡ ❝❛♥ ♦❜s❡r✈❡❞ ❧❡❢t s❤✐❢t ✭t♦✇❛r❞ s♠❛❧❧❡r ✈❛❧✉❡s ♦❢ ν✮ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡

❣❧❛ss❡s ♦❢ ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❆ ❜❡tt❡r ✜t ✭s♦❧✐❞ ❜r♦✇♥ ❧✐♥❡ ✐♥ t❤❡ ✜❣✉r❡ ✹✳✶✸ ❢♦r t❤❡ ❙❇◆ ❣❧❛ss❡s ✇♦✉❧❞ ♦❝❝✉r

✇✐t❤ ✭αR✱ βR✱ χR✱ δR✮ ❂ ✭✳✾✾✱ ✳✵✵✸✱ ✷✾✱ ✲✳✵✵✼✮✳

✵✳✶ ✵✳✷ ✵✳✸ ✵✳✹

✵

✵✳✷

✵✳✹

✵✳✻

✵✳✽

✶

ν

V
R

✵✳✷✷ ✵✳✷✹ ✵✳✷✻ ✵✳✷✽
✵

✵✳✷

✵✳✹

✵✳✻

✵✳✽

ν

V
R

❋✐❣✉r❡ ✹✳✶✸✿ ✭▲❡❢t✮ ❚❤❡ ✜❣✉r❡ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ✈♦❧✉♠❡ r❡❝♦✈❡r② r❛t✐♦ ✭VR✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ❢♦r t❤❡ ❙❇◆ ❞❛t❛✳ ❚❤❡ ❜❧✉❡ ❝♦❧♦r ❧✐♥❡ ❞❡♣✐❝ts ❛ ❧✐♥❡❛r ✜t t♦ t❤❡ ❞❛t❛ ❢♦r KSBN ∼ 2.5
✭VR = mKSBN∼2.5ν + bKSBN∼2.5 ✇❤❡r❡ mKSBN∼2.5 = −8.40 ± 0.60 ❛♥❞ bKSBN∼2.5 = 2.34 ± 0.13✮✳ ❚❤❡
r❡❞ ❝♦❧♦r ❧✐♥❡ ❞❡♣✐❝ts ❛ ❧✐♥❡❛r ✜t t♦ t❤❡ ❞❛t❛ ❢♦r KSBN ∼ 4.5 ✭VR = mKSBN∼4.5ν + bKSBN∼4.5 ✇❤❡r❡
mKSBN∼4.5 = −1.02± 0.30 ❛♥❞ bKSBN∼4.6 = 0.68± 0.07✮✳ ✭❘✐❣❤t✮ ❚❤❡ ✜❣✉r❡ ❞❡♣✐❝ts ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ VR

✈❡rs✉s ν r❡❧❛t✐♦♥s❤✐♣s ❢♦✉♥❞ ❤❡r❡✐♥ ❛❧♦♥❣ ✇✐t❤ ♣✉❜❧✐s❤❡❞ ❞❛t❛✱ ❜❧❛❝❦ ❞❛t❛ ♣♦✐♥ts ❬✷✶✱ ✸✵✱ ✹✶❪✳ ❚❤❡ ❜❧❛❝❦
❞❛s❤❡❞ ❧✐♥❡ ❞❡♣✐❝ts t❤❡ s✐❣♠♦✐❞ ✜t ♣r♦♣♦s❡❞ ❜② ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❚❤❡ ❜r♦✇♥ s♦❧✐❞ ✜t ❞❡♣✐❝ts t❤❡ ❜❡st
s✐❣♠♦✐❞ ✜t✱ ✭αR✱ βR✱χR✱ δR✮ ❂ ✭✳✾✾✱ ✳✵✵✸✱ ✷✾✱ ✲✳✵✵✼✮✱ ❢♦r t❤❡ ❙❇◆ ❞❛t❛ ❛ss✉♠✐♥❣ ✷ s✉❞♦ ♣♦✐♥ts✿ ✭✵✱✶✮ ❛♥❞
✭✳✺✱ ✵✮✳

✳

❯♥❞❡rst❛♥❞✐♥❣ s❤❡❛r ✢♦✇ r❡q✉✐r❡s VP ✳ ❋✐❣✉r❡ ✹✳✶✹ ✭❧❡❢t✮ ✉♥✈❡✐❧s t✇♦ ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ✇❤❡♥ ❧♦♦❦✐♥❣ ❛t

❛♣♣r♦①✐♠❛t❡❧② ❝♦♥st❛♥tKSBN ✳ ❋♦r s❛♠♣❧❡s ✇✐t❤KSBN ∼ 2.5 ✱ VP ✐♥❝r❡❛s❡s ✇✐t❤ ν ✭VP = mKSBN∼2.5ν+

bKSBN∼2.5 ✇❤❡r❡ mKSBN∼2.5 = 0.30 ± 0.022 ❛♥❞ bKSBN∼2.5 = −0.42 ± 0.05✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡

KSBN ∼ 4.5 s❡r✐❡s ❡①❤✐❜✐ts ❛ ❞r❛st✐❝ ❞❡❝r❡❛s❡ ✐♥ VP ✇✐t❤ ν✳ ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❬✸✵❪ ❡✈✐❞❡♥❝❡❞ ❛ s✐❣♠♦✐❞

✐♥❝r❡❛s✐♥❣ tr❡♥❞ ❜❡t✇❡❡♥ ν ❛♥❞ VP ✭❡q✉❛t✐♦♥ ✹✳✷✮✳ ❚❤✉s✱ t❤❡ ❛♠♦✉♥t ♦❢ ✈♦❧✉♠❡✲❝♦♥s❡r✈✐♥❣ s❤❡❛r ✢♦✇

✐♥❝r❡❛s❡s ✇✐t❤ ν✳ ❋✐❣✉r❡ ✹✳✶✹ r✐❣❤t ♣r❡s❡♥ts t❤❡ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❤❡r❡✐♥✱ t❤❡✐r ❞❛t❛ ✭❜❧❛❝❦ ♣♦✐♥t✮✱ ❛♥❞ t❤❡✐r

s✐❣♠♦✐❞ ✜t ✭❞❛s❤ ❜❧❛❝❦ ❧✐♥❡✮✿

VP =
1

αP + βP exp (χP ν)
✭✹✳✷✮

✭αP ✱ βP ✱ χP ✮ ❛r❡ ✜tt✐♥❣ ♣❛r❛♠❡t❡rs✳ ❖✉r ❞❛t❛ ❢♦r t❤❡ ❙❇◆ ❣❧❛ss❡s ❞♦❡s ✜t t❤❡ s♣r❡❛❞ ♦❢ ❞❛t❛ ♣r❡s❡♥t❡❞

✐♥ ❙❡❧❧❛♣♣❛♥ ❡t ❛❧✳ ❬✸✵❪✳ ❆ ❜❡tt❡r ✜t ❢♦r t❤❡ ❙❇◆ ❣❧❛ss❡s ✇♦✉❧❞ ♦❝❝✉r ✇✐t❤ ✭αP ✱ βP ✱ χP ✮ ❂ ✭✳✾✹✱ ✶✺✷✱ ✲✶✻✮✳

❙❇◆ ❣❧❛ss❡s ❞♦ ✜t t❤❡ ❣❡♥❡r❛❧ s♣r❡❛❞ ♦❢ ❞❛t❛ ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣ ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ VP ✈❡rs❡ ν ❞❛t❛✳

✼✵



✹✳✷✳ ❊❱❖▲❯❚■❖◆ ❖❋ ❙❈❈ ❈❯❘❱❊❙ ❲■❚❍ ❈❍❊▼■❈❆▲ ❈❖▼P❖❙■❚■❖◆

❈♦♥✈❡rs❡❧②✱ t❤❡ s✐❣♠♦✐❞ ✜ts ♠✐ss t❤❡ s✉❜t❧❡t✐❡s ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s ❢♦r ❝♦♥st❛♥t KSBN ✳ ▼♦r❡♦✈❡r✱ t❤❡ VP

❝✉r✈❡ ✐s ❞r❛st✐❝❛❧❧② ❞✐✛❡r❡♥t ❢♦r t❤❡ t✇♦ KSBN s❡r✐❡s ❤❡r❡✐♥✳ KSBN ∼ 2.5 ❤❛s ❛ t❡♥❞❡♥❝② t♦ ✐♥❝r❡❛s❡❀

❛♥❞ KSBN ∼ 4.5 ❤❛s ❛ t❡♥❞❡♥❝② t♦ ❞❡❝r❡❛s❡✳ ❆ ♣♦ss✐❜❧❡ ❡①♣❧❛♥❛t✐♦♥ ❛s t♦ ✇❤② ❙❇◆ ✺✺ ❛♥❞ ❙❇◆ ✺✾

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

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

✵✳✷ ✵✳✷✷ ✵✳✷✹ ✵✳✷✻ ✵✳✷✽
✵

✵✳✶

✵✳✷

✵✳✸

✵✳✹

ν

V
P

✵✳✶ ✵✳✷ ✵✳✸ ✵✳✹ ✵✳✺
✵

✵✳✷

✵✳✹

✵✳✻

✵✳✽

✶

ν

V
P

❋✐❣✉r❡ ✹✳✶✹✿ ✭▲❡❢t✮ ❚❤❡ ✜❣✉r❡ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ VP ✈❡rs✉s ν ❢♦r ❙❇◆ ❞❛t❛✳ ❚❤❡ ♣✉r♣❧❡ ❝♦❧♦r ❧✐♥❡
❞❡♣✐❝ts ❛ ❧✐♥❡❛r ✜t t♦ t❤❡ ❞❛t❛ ❢♦r KSBN ∼ 2.5 ✭VP = mKSBN∼2.5ν + bKSBN∼2.5 ✇❤❡r❡ mKSBN∼2.5 =
0.30±0.022 ❛♥❞ bKSBN∼2.5 = −0.42±0.05✮✳ ❋♦r KSBN ∼ 4.5✱ t❤❡ ❞❛t❛ ❞♦❡s ♥♦t ✜t ❛ ❧✐♥❡❛r ❡①tr❛♣♦❧❛t✐♦♥✳
✭❘✐❣❤t✮ ❚❤❡ ✜❣✉r❡ ❝♦♠♣❛r❡s t❤❡ ❝✉r✈❡ VP ✈s ν r❡s✉❧t✐♥❣ ❢r♦♠ ♦✉r ✇♦r❦ ✇✐t❤ ♦t❤❡r ♣✉❜❧✐s❤❡❞ ❞❛t❛
❬✷✶✱ ✸✵✱ ✹✶❪✳ ❚❤❡ ❜❧❛❝❦ ❞❛s❤❡❞ ❧✐♥❡ ❞❡♣✐❝ts t❤❡ s✐❣♠♦✐❞ ✜t ♣r♦♣♦s❡❞ ❜② ❙❡❧❧❛♣♣❛♥ ❡t✳ ❛❧✳ ❚❤❡ ❜❡✐❣❡ ❝♦❧♦r
✜t ❞❡♣✐❝ts t❤❡ ❜❡st s✐❣♠♦✐❞ ✜t✱ ✭αR✱ βR✱ χR✮ ❂ ✭✳✾✹✱ ✶✺✷✱ ✲✶✻✮✱ ❢♦r t❤❡ ❙❇◆ ❞❛t❛ ❤❡r❡✐♥ ❛ss✉♠✐♥❣ ✷ s✉❞♦
♣♦✐♥ts✿ ✭✵✱✵✮ ❛♥❞ ✭✳✺✱ ✶✮✳

❚❤❡ VR ❛♥❞ VP tr❡♥❞s ❛r❡ ❝♦❤❡r❡♥t ✇✐t❤ r❡s✉❧ts ✐♥ ❧✐t❡r❛t✉r❡ ❬✸✵❪✳ ❚❤❡ ❙❇◆ ✶✷ ♣r❡s❡♥ts ❛ s✐♥❣✉❧❛r

❜❡❤❛✈✐♦r r❡❣❛r❞✐♥❣ t❤❡ ❙❇◆ s❡r✐❡s✳ ◆♦ ❝r❛❝❦s ❛r❡ ✈✐s✐❜❧❡ ❛❢t❡r ❱✐❝❦❡rs✬ ✐♥❞❡♥t❛t✐♦♥ ❛t ✺✵ ❣✳ ❋✉rt❤❡r♠♦r❡✱

✐♥❝r❡❛s✐♥❣ t❤❡ ❧♦❛❞ ✭✷✵✵ ❣✮ ❞✐❞ ♥♦t ❢❛❝✐❧✐t❛t❡ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❝r❛❝❦s ♣♦♣♣✐♥❣ ✉♣ ❢r♦♠ t❤❡ ✐♥❞❡♥t❛t✐♦♥

❝♦r♥❡rs ✭✜❣✉r❡ ✹✳✼✮✳ ❈♦♠♣❧❡♠❡♥t❛r② ✐♥✈❡st✐❣❛t✐♦♥ ❤✐❣❤❧✐❣❤ts t❤❡ ❤✉❣❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❞❡♥s✐✜❝❛t✐♦♥

♣r♦❝❡ss ❞✉r✐♥❣ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ✭✺✵ %✮✳ ❚❤✐s ❝❤❛♥❣❡s t❤❡ ♠❡❝❤❛♥✐s♠ ②✐❡❧❞✐♥❣ ❝r❛❝❦ ❢♦r♠❛t✐♦♥✿ ✭✶✮ ❝❤❛♥❣❡

✐♥ t❤❡ r❡s✐❞✉❛❧ str❡ss❡s r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡s❡ ♣r♦❝❡ss❡s ❬✶❪✱ ✭✷✮ ❛♣♣❡❛r❛♥❝❡ ♦t❤❡r t②♣❡ ♦❢ ❝r❛❝❦s ✉♥❞❡r ✐♥❞❡♥✲

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

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

❢❛✐❧✉r❡ ❜❡❤❛✈✐♦r ♦❢ ❙❇◆ ❣❧❛ss❡s ✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡✳

✹✳✷ ❊✈♦❧✉t✐♦♥ ♦❢ ❙❈❈ ❝✉r✈❡s ✇✐t❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥

■♥ ✈❛❝✉✉♠✱ t❤❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ♠✉st ❡①❝❡❡❞ t❤❡ ❢r❛❝t✉r❡ t♦✉❣❤♥❡ss ✈❛❧✉❡✱ KC ✱ t♦ ♠❛❦❡ t❤❡ ♣r♦♣✲

❛❣❛t❡✳ ❍♦✇❡✈❡r✱ str❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣ ✭KI < KC ❀ ✐✳❡✳ ❝❤❡♠✐❝❛❧❧② ❛ss✐st❡❞ ❝r❛❝❦✐♥❣✮ ❝❛♥ ❧❡❛❞ t♦

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

s❡❝t✐♦♥ ✐♥✈❡st✐❣❛t❡s t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦♥ str❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣✳ ❚❤✐s t❡st r❡✲

✼✶
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q✉✐r❡s ❉❈❉❈ s❛♠♣❧❡s✳ ❯♥❞❡r ❝♦♠♣r❡ss✐♦♥✱ t✇♦ ❝r❛❝❦s ❡♠❡r❣❡ ❛♥❞ t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t

✐s r❡❝♦r❞❡❞✳ ❋r♦♠ t❤❡ ❡①t❡r♥❛❧ str❡ss ❛♣♣❧✐❡❞ t♦ t❤❡ s❛♠♣❧❡s✱ ■ ❛♠ ✐♥ ❛ ♣♦s✐t✐♦♥ t♦ ❞❡t❡r♠✐♥❡ KI ✈✐❛

❡q✉❛t✐♦♥ ✷✳✺✳ ❈❤❛♣t❡r ✶ r❡✈✐❡✇s t✇♦ ❞✐✛❡r❡♥t ♠♦❞❡❧s t♦ ✜t t❤❡ ❙❈❈ ❝✉r✈❡s✿ ❲✐❡❞❡r❤♦r♥ ♣r♦♣♦s❡❞ ❛♥

❡①♣♦♥❡♥t✐❛❧ r❡❧❛t✐♦♥s❤✐♣ ✭❡q✉❛t✐♦♥ ✶✳✶✺✮ ✇❤❡r❡❛s ♦t❤❡r ❛✉t❤♦rs s✉❣❣❡st❡❞ ❛ ♣♦✇❡r ❧❛✇ ✭❡q✉❛t✐♦♥ ✶✳✶✻✮✳

❚❤❡ r❡s✉❧ts ❤❡r❡✐♥ t❛❦❡ t❤❡ ❜♦t❤ ♠♦❞❡❧s ✐♥t♦ ❛❝❝♦✉♥t✳ ❚❤❡ b ✈❛❧✉❡ r❡❢❡rs t♦ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❝✉r✈❡ log(v)

✈s KI ✇❤❡r❡❛s n r❡❢❡rs t♦ t❤❡ ❡①♣♦♥❡♥t ♣r♦✈✐❞❡❞ ❛ ♣♦✇❡r ❧❛✇ r❡❧❛t✐♦♥s❤✐♣ v ∝ Kn✳

✹✳✷✳✶ ❙❇◆ ❝✉r✈❡s

❋✐❣✉r❡ ✹✳✶✺ ❞✐s♣❧❛②s t❤❡ ❝r❛❝❦ ❢r♦♥t ✈❡❧♦❝✐t② ✭v✮ ✈❡rs✉s t❤❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ✭KI✮ ❢♦r ❛❧❧ t❤❡ ❙❇◆

❣❧❛ss❡s✳ ❆s ❡①♣❡❝t❡❞ ❢r♦♠ ❧✐t❡r❛t✉r❡ ❬✷✺✱✸✽✱✸✾❪ t✇♦ ❞✐st✐♥❝t r❡❣✐♦♥s ❛♣♣❡❛r✿

• ❘❡❣✐♦♥ ✵✿ ❡♥✈✐r♦♥♠❡♥t❛❧ ❧✐♠✐t ✭KE✮ ❜❡❧♦✇ ✇❤✐❝❤ t❤❡ ❝r❛❝❦ ❢r♦♥t ✇✐❧❧ ♥♦t ♣r♦♣❛❣❛t❡✳

• ❘❡❣✐♦♥ ■✿ t❤❡ str❡ss ❝♦rr♦s✐♦♥ ③♦♥❡ ✇❤❡r❡ t❤❡ ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥s ❛t t❤❡ ❝r❛❝❦ t✐♣ ❝♦♥tr♦❧ t❤❡ ♣r♦♣✲

❛❣❛t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t✳

❱❛r✐❛t✐♦♥s ❛r❡ ♦❜s❡r✈❡❞ ❛s t❤❡ ❣❧❛ss✬s ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❝❤❛♥❣❡s✳ ❚✇♦ ♠❛❥♦r ♠♦❞✐✜❝❛t✐♦♥s t❛❦❡ ♣❧❛❝❡

❛s t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s✿ ✭✶✮ t❤❡ ❙❈❈ ❝✉r✈❡s s❤✐❢t t♦✇❛r❞ ❤✐❣❤❡r KE ✈❛❧✉❡s❀ ❛♥❞ ✭✷✮ t❤❡ s❧♦♣❡ ✐♥

r❡❣✐♦♥ ■ ✐♥❝r❡❛s❡s✳ ❚❛❜❧❡ ✹✳✸ ♣r❡s❡♥ts b ✭❢r♦♠ ❬✸✻✱✸✽✱✹✵❪✮❀ n ✭❢r♦♠ ❬✷✼❪✮ ❛♥❞ KE ❢♦r t❤❡ ❙❇◆ ❣❧❛ss❡s✳ ❚❤❡

✈❡rt✐❝❛❧ ❧✐♥❡ ♦❢ KE ❢♦r ❙❇◆ ✺✾ ❛♥❞ ❙❇◆ ✻✸ ✇❛s ♥♦t ❛❝q✉✐r❡❞ ❤❡r❡✐♥✳

✵✳✸✺ ✵✳✹ ✵✳✹✺ ✵✳✺

✶✵✲✶✵

✶✵✲✽

✶✵✲✻

❑I✭▼P❛✳♠1/2✮

✈
✭♠

✳s
−
1
✮

❙❇◆ ✺✺
❙❇◆ ✺✾
❙❇◆ ✶✹
❙❇◆ ✻✸

✵✳✸ ✵✳✸✺ ✵✳✹ ✵✳✹✺ ✵✳✺
✶✵✲✾

✶✵✲✽

✶✵✲✼

✶✵✲✻

❑I✭▼P❛✳♠1/2✮

✈
✭♠

✳s
−
1
✮

❙❇◆ ✶✷
❙❇◆ ✸✺
❙❇◆ ✸✵

❋✐❣✉r❡ ✹✳✶✺✿ ❊✈♦❧✉t✐♦♥ ♦❢ str❡ss✲❝♦rr♦s✐♦♥ ❝✉r✈❡s ❢♦r ❙❇◆ ❣❧❛ss❡s✳ ✭▲❡❢t✮ ❚❤❡ ❙❈❈ ❝✉r✈❡s ❢♦r ❙❇◆ ✶✷✱
❙❇◆ ✸✵ ❛♥❞ ❙❇◆ ✸✺✱ ✐✳❡✳ ❬Na2O❪ ✐♥❝r❡❛s❡s ❢♦r KSBN ✭∼ ✷✳✺✮ r❡♠❛✐♥s ❝♦♥st❛♥t✳ ✭❘✐❣❤t✮ ❚❤❡ ❙❈❈ ❝✉r✈❡s
❢♦r ❙❇◆ ✶✹✱ ❙❇◆ ✻✸✱ ❙❇◆ ✺✾ ❛♥❞ ❙❇◆ ✺✺✱ ✐✳❡✳ ❬Na2O❪ ✐♥❝r❡❛s❡s ②❡t KSBN ✭∼ ✹✳✺✮ r❡♠❛✐♥s ❝♦♥st❛♥t✳

✹✳✷✳✷ ❙❤✐❢t ✐♥ ❑E

❋✐❣✉r❡ ✹✳✶✻ ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ KE ✇✐t❤ ❬Na2O❪✳ ❈❧❡❛r❧② t❤❡ KE ✈❛❧✉❡s ✐♥❝r❡❛s❡ ✇✐t❤ ❬Na2O❪✳

❚❤✐s r❡s✉❧t ♠❡❛♥s t❤❛t t❤❡ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ❝♦♠♠❡♥❝❡s ❛t ❤✐❣❤❡r ❧♦❛❞s ❛s ❬Na2O❪ ✐♥❝r❡❛s❡s✳ ▲✐t❡r❛t✉r❡

❤✐❣❤❧✐❣❤ts t❤❡ ✐♠♣♦rt❛♥t r♦❧❡ ♦❢ t❤❡ ❛❧❦❛❧✐ ❝♦♥t❡♥t ♦♥ KE ❬✽✱ ✾✱ ✶✷✱ ✶✸✱ ✸✽✱ ✸✾❪✳ ❆♥ ✐♠♣♦rt❛♥t ♣❤❡♥♦♠❡♥♦♥
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●❧❛ss ♥❛♠❡ ❜ ♥ ❑E ❙②♠❜♦❧s
❙❇◆ ✶✷ ✹✻±3 ✶✾±1.3 ✵✳✸✺✻±0.017

❙❇◆ ✸✵ ✺✾±3 ✷✸✳✸±0.4 ✵✳✸✽✵±0.019

❙❇◆ ✸✺ ✶✶✸±5 ✸✸±2 ✵✳✹✵✼±0.012

❙❇◆ ✶✹ ✺✵±3 ✶✾✳✾±0.7 ✵✳✸✺✷±0.015

❙❇◆ ✻✸ ✺✷±3 ✷✵±1.6 ✴✴
❙❇◆ ✺✾ ✺✸±2 ✷✸✳✺±1.2 ✴✴
❙❇◆ ✺✺ ✻✽±3 ✷✾✳✹±1.2 ✵✳✹✶✸±0.012

❚❛❜❧❡ ✹✳✸✿ ❊st✐♠❛t❡❞ ✈❛❧✉❡s ❢♦r b ✭❢r♦♠ ❬✸✻✱ ✹✵❪✱ ✐✳❡✳ ❡①♣♦♥❡♥t✐❛❧✮✱ n ✭❢r♦♠ ❬✷✼❪✱ ✐✳❡✳ ♣♦✇❡r ❧❛✇✮ ❛♥❞ KE

❢♦r t❤❡ ❙❈❈ ✐♥ ✜❣✉r❡ ✹✳✶✺ ❢♦r ❙❇◆ ❣❧❛ss❡s✳ ❚❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ♦❢ KE ❢♦r ❙❇◆ ✺✾ ❛♥❞ ❙❇◆ ✻✸ ✇❛s ♥♦t
❛❝q✉✐r❡❞ ❤❡r❡✐♥✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ r❡❝❛❧❧s t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥ t❤❡ ♣❧♦ts✳

✶✵ ✷✵ ✸✵ ✹✵

✵✳✸✺

✵✳✹

❬Na2O❪

❑
E
✭▼

P
❛✳
♠

1
/
2
✮

❋✐❣✉r❡ ✹✳✶✻✿ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❑E ❛♥❞ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ❬Na2O❪✳

♦❝❝✉rr✐♥❣ ✐s ✐♦♥ ❡①❝❤❛♥❣❡ ❬✸✱ ✺❪✳ ❉✉r✐♥❣ ❙❈❈ ❡①♣❡r✐♠❡♥ts✱ t❤❡ str❡ss ❛♣♣❧✐❡❞ t♦ t❤❡ ❝r❛❝❦ ❢r♦♥t ❡♥❤❛♥❝❡s

t❤❡ ♠♦❜✐❧✐t② ♦❢ Na+ ♣❡r♠✐tt✐♥❣ ❛♥ ❡❛s② ❡①❝❤❛♥❣❡ ❜❡t✇❡❡♥ t❤❡ ❣❧❛ss ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✭❙❡❡ ♣❛rt ■

❝❤❛♣t❡r ✶ ✐♥ s❡❝t✐♦♥ ✶✳✸✳✷✮✳ ❚♦ ❞❛t❡ ✐t ✐s ✐♥❝♦♥❝❧✉s✐✈❡ ❛s t♦ ✇❤❡t❤❡r H+✱ H2O✱ ♦r H3O
+✱ ❡♥t❡rs t❤❡ ❣❧❛ss

♥❡t✇♦r❦✳ ❨❡t✱ ❋❡tt ❬✽✱ ✾❪ ❛♥❞ ●✉✐♥ ❬✶✷✱ ✶✸❪ s✉❣❣❡st t❤❛t ❤②❞r♦♥✐✉♠ H3O
+ ❡♥t❡rs t❤❡ ❣❧❛ss ♥❡t✇♦r❦✳ ■♥

t❤✐s ❝❛s❡✱ t❤❡ ❢r❛❝t✉r❡ ♣r♦❝❡ss ③♦♥❡ ❞❡✈❡❧♦♣s ❛ ❝♦♠♣r❡ss✐✈❡ str❡ss ❧❡❛❞✐♥❣ t♦ ❛ s❤✐❡❧❞✐♥❣ ❡✛❡❝t✳ ■♠♣❛❝t ♦❢

t❤✐s s❤✐❡❧❞✐♥❣ ❡✛❡❝t ♦♥ t❤❡ ❝r❛❝❦ t✐♣ ❝❛✉s❡s ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❛♣♣❧✐❡❞ str❡ss ❛t t❤❡ ❝r❛❝❦ t✐♣✳ ❋✐❣✉r❡ ✹✳✶✼

♣r❡s❡♥ts ❛ s❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤✐s ♠❡❝❤❛♥✐s♠ ❬✷✺❪✳ ❚❤❡ ❧✐❣❤t ❣r❛② ❜❧♦❝❦ r❡♣r❡s❡♥ts t❤❡ ♠❛t❡r✐❛❧

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

❚❤❡ str❡ss ❢❡❧t ❛t t❤❡ ❝r❛❝❦ t✐♣ Kf ✐s ❬✷✺❪✿

Kf = Kappl +K∗ ✭✹✳✸✮

✇❤❡r❡ Kappl ✐s t❤❡ ❡①t❡r♥❛❧ str❡ss ❛♣♣❧✐❡❞ ❛♥❞ K∗ ❞❡♥♦t❡s t❤❡ s❤✐❡❧❞✐♥❣ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ♠❛t❡r✐❛❧

t♦✉❣❤♥❡ss✳ ❆ s❤✐❡❧❞✐♥❣ ❝♦♥tr✐❜✉t✐♦♥ r❡q✉✐r❡s K∗ < 0✳ ■♥ t❤✐s ❝❛s❡✱ ❛s t❤❡ s❤✐❡❧❞✐♥❣ ③♦♥❡ ❞❡✈❡❧♦♣s ❞✉❡ t♦
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t❤❡ ❣❧♦❜❛❧❧② ❛♣♣❧✐❡❞ str❡ss❡s✱ t❤❡ str❡ss❡s ❛t t❤❡ ❝r❛❝❦ t✐♣ ❞❡❝r❡❛s❡s✳ ❖t❤❡r ♣❤❡♥♦♠❡♥❛ ❛r❡ ❢❡❛s✐❜❧❡✳ ❋♦r

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

❧❛②❡r t❤✐❝❦♥❡ss ❝❛♥ ✐♥❝r❡❛s❡ ✇✐t❤ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ❛s ♦❜s❡r✈❡❞ ✐♥ ♣✉r❡ ❝♦rr♦s✐♦♥ ❡①♣❡r✐♠❡♥ts✳ ■♥ t❤✐s

❝❛s❡✱ t❤❡ t❤✐❝❦♥❡ss ❝❤❛♥❣❡s t❤❡ s❤✐❡❧❞✐♥❣ ❝♦♥tr✐❜✉t✐♦♥ ✇❤✐❝❤ ❞❡❝r❡❛s❡s Kf ✳ ❋✐♥❛❧❧②✱ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t

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

❑appl

❑∗

❑felt

❋✐❣✉r❡ ✹✳✶✼✿ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ s❤✐❡❧❞✐♥❣ ❡✛❡❝t ❛♥❞ ✐ts ✐♠♣❛❝t ♦♥ t❤❡ ❑f ✱ str❡ss ❢❡❧t ❛t t❤❡ ❝r❛❝❦
t✐♣✳ ❑appl ✐s t❤❡ ❡①t❡r♥❛❧ str❡ss ❛♣♣❧✐❡❞ ❛♥❞ ❑∗ ✐s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❞✐ss✐♣❛t✐✈❡ ③♦♥❡✳

❚❤❡ ❝❤❛♣t❡r ✸ ♦❢ t❤✐s t❤❡s✐s ❤✐❣❤❧✐❣❤ts t❤❡ r♦❧❡ ♦❢ s♦❞✐✉♠ ❝♦♥t❡♥t ♦♥ t❤❡ t❡r♥❛r② ❣❧❛ss str✉❝t✉r❡✳ ❋♦r

t❤❡ t✇♦ s❡r✐❡s ❤❡r❡✐♥✱ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖ ✐♥❝r❡❛s❡s ❛♥❞ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢ ❜♦r♦♥ ❞❡❝r❡❛s❡s ❢r♦♠

✹ t♦ ✸✳ ❚❤❡s❡ ❝❤❛♥❣❡s ❛❧t❡r t❤❡ ✇❛② t❤❡ ❣❧❛ss ❝❛♥ ❛❝❝♦♠♠♦❞❛t❡s t❤❡ str❡ss✳ ❑✐❡✉ ❡t ❛❧✳ ❬✷✸❪ st✉❞✐❡❞

t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ str✉❝t✉r❡ ♦♥ t❤❡ ❢❛✐❧✉r❡ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s ❜② ♠❡❛♥s ♦❢ ▼♦❧❡❝✉❧❛r ❉②♥❛♠✐❝s

s✐♠✉❧❛t✐♦♥s✳ ❍❡ ❞r❡✇ ❛tt❡♥t✐♦♥ t♦ t❤❡ ❢❛❝t t❤❛t [3]❇ ✐♥❞✉❝❡s ♠♦r❡ ♣❧❛st✐❝✐t② t❤❛♥ [4]❇✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡
[3]❇ str✉❝t✉r❡s ❤❛✈❡ ♠♦r❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠✳ ■t ✐s ❛❧s♦ ❧✐❦❡❧②✱ ❜✉t t♦ ❞❛t❡ ✉♥st✉❞✐❡❞✱ t❤❛t ◆❇❖ ❛t♦♠s

②✐❡❧❞ ❛❞❞✐t✐♦♥❛❧ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ t♦ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ ✐♥ ❙❇◆ ❣❧❛ss❡s✳ ❍❡ ❛❧s♦ ♦❜s❡r✈❡❞ ❛♥ ✐♥❝r❡❛s❡ ♦❢

❣❧❛ss ♣❧❛st✐❝✐t② ❞✉❡ t♦ ◆❛✲◆❇❖ ❛♥❞ [3]❇ ❜♦♥❞s ❜❡❝❛✉s❡ t❤❡② ❞❡❢♦r♠ ♣❧❛st✐❝❛❧❧② ❬✷✷❪✳ ❚❤❡s❡ ❝❤❛♥❣❡s ✐♥

t❤❡ ❣❧❛ss t♦♣♦❧♦❣② ✐♥❞✉❝❡❞ ❜② s♦❞✐✉♠ ❝♦♥t❡♥t ♣r♦❜❛❜❧② ✐♥❝r❡❛s❡ t❤❡ ❞✐ss✐♣❛t✐✈❡ ♣❤❡♥♦♠❡♥❛ ✐♥ t❤❡ ❋P❩✳

✹✳✷✳✸ ❈❤❛♥❣❡s ✐♥ s❧♦♣❡s ✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡

❋r♦♠ ❧♦✇ s♦❞✐✉♠ ❣❧❛ss❡s ✭❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹✮ t♦ ❤✐❣❤ s♦❞✐✉♠ ❣❧❛ss❡s ✭❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✮✱ t❤❡ s❧♦♣❡

❝❤❛♥❣❡s s✐❣♥✐✜❝❛♥t❧②✳ ❚❤❡ s❧♦♣❡ ✐♥ r❡❣✐♦♥ ■ ❡q✉❛t❡s
d log v

dK
✳ ❚❤✉s✱ ❛♥ ✐♥❝r❡❛s✐♥❣ s❧♦♣❡ ✐♠♣❧✐❡s ❛ s✐❣♥✐✜❝❛♥t

✐♥❝r❡❛s❡ ♦❢ t❤❡ ✈❡❧♦❝✐t②✿ ❛ st❡♣ ♦❢ ✵✳✵✷ ▼P❛✳♠1/2 ✐♥ KI ✱ ✐♥❝r❡❛s❡ t❤❡ ✈❡❧♦❝✐t② ❜② ✶✺✵ % ❢♦r t❤❡ ❙❇◆ ✶✷

❛♥❞ ✷✹✵ % ❢♦r t❤❡ ❙❇◆ ✸✺✳ ❚❤❡r❡ ✐s ♥♦ ❝♦♠♠♦♥ ✉♥❞❡rst❛♥❞✐♥❣ ♦♥ ♠❡❝❤❛♥✐s♠s ♦❝❝✉rr✐♥❣ ❛t t❤❡ ❝r❛❝❦

t✐♣✳

• ❚❤❡ ❲✐❡❞❡r❤♦r♥✬s ♠♦❞❡❧ ❋r♦♠ t❤❡ r❡❛❝t✐♦♥ r❛t❡ t❤❡♦r②✱ ❲✐❡❞❡r❤♦r♥ ❧✐♥❦s t❤❡ s❧♦♣❡ ✐♥ r❡❣✐♦♥ ■ t♦ ❛♥

❛❝t✐✈❛t✐♦♥ ✈♦❧✉♠❡ ∆V ∗ ❬✹✵❪✳ ❖t❤❡r ❛✉t❤♦rs ❬✶✵❪ s✉❣❣❡st t❤❛t ❝❤❛♥❣❡ ✐♥ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♥❡t✇♦r❦

❜♦♥❞ ❛❧s♦ ✐♥✢✉❡♥❝❡ t❤❡ s❧♦♣❡ ✐♥ ❙❈❈ ③♦♥❡✳ ❨❡t✱ ❛❧❧ ♠♦❞❡❧s ❧✐♠✐t t❤❡✐r ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ b ✭♦r n✮ t♦ t❤❡

r❡❛❝t✐♦♥ ♦❢ ✇❛t❡r ✇✐t❤ ≡ Si−O−Si ≡✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s✱ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❙✐✲❖✲❙✐ ✇✐t❤ ✇❛t❡r ✐s

♣r♦❜❛❜❧② ♥♦t t❤❡ ♣r❡❞♦♠✐♥❛♥t r❡❛❝t✐♦♥✳ ▼❉ s✐♠✉❧❛t✐♦♥ ♣❡r❢♦r♠❡❞ ❜② ❏✲✳▼✳ ❉❡❧❛②❡ ♦♥ ❙❇◆ ❣❧❛ss❡s ✭✇✐t❤

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

❢r♦♥t ❝❛♥ ♣r♦♣❛❣❛t❡ s♦ t❤❛t ✐t ♥❡✈❡r ❜r❡❛❦s ❛ ≡ Si−O−Si ≡ ❜♦♥❞✳ ❉✉❡ t♦ t❤❡ s❧♦✇❧② ❡✈♦❧✈✐♥❣ ❞②♥❛♠✐❝s

✼✹
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♦❢ t❤❡ ❙❈❈ r❡❣✐♠❡✱ t❤❡ ❝r❛❝❦ ❣r♦✇t❤ ✐s s❧♦✇ ❡♥♦✉❣❤ t♦ ♣❛ss t❤r♦✉❣❤ t❤❡ ✇❡❛❦❡st ♣♦✐♥ts✳ ❋r♦♠ ❬✸✻✱ ✹✵❪✱

b ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❛❝t✐✈❛t✐♦♥ ✈♦❧✉♠❡✱ ∆V ∗ ❛♥❞ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦
√
ρct ✭ρct ✐s t❤❡ ❝r❛❝❦ t✐♣s

❝✉r✈❛t✉r❡ r❛❞✐✉s✮✳

■♥✈❡rs❡ ♣r♦♣♦rt✐♦♥❛❧✐t② ♦❢
√
ρct ✇✐t❤ b ✐♠♣❧✐❡s t❤❛t ❛s t❤❡ s❧♦♣❡ ✐♥❝r❡❛s❡s t❤❡ ❝r❛❝❦ t✐♣✬s r❛❞✐✉s s❤♦✉❧❞

❣❡t s♠❛❧❧❡r✳ ❨❡t✱ ❛s t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s t❤❡ ❝r❛❝❦ t✐♣ ✐s ❡①♣❡❝t❡❞ t♦ ❜❧✉♥t ♠♦r❡ ❬✶✷❪ ♦r s❤♦✇ ♥♦

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

❚✉r♥✐♥❣ t♦ ∆V ∗✱ ∆V ∗ r❡♣r❡s❡♥ts ❛ ✈❛r✐❛t✐♦♥ ✐♥ ✈♦❧✉♠❡ ❜❡t✇❡❡♥ t❤❡ ❛❝t✐✈❛t❡❞ ❝♦♠♣❧❡① ✭✇✐t❤ ✇❛t❡r

♠♦❧❡❝✉❧❡✮ ❛♥❞ t❤❡ ✉♥r❡❛❝t❡❞ st❛t❡✳ ❚❛❜❧❡ ✸✳✸ ❞❡♣✐❝ts t❤❡ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ❢♦r t❤❡ ❙❇◆ ❣❧❛ss❡s ❤❡r❡✐♥✳

■♥ ❣❡♥❡r❛❧✱ t❤❡ ❨♦✉♥❣ ♠♦❞✉❧✉s ✈❛r✐❡s ❢r♦♠ ✼✷ t♦ ✽✷ ●P❛ ❛♥❞ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ❢r♦♠ ✵✳✷✶ t♦ ✵✳✷✻✳

❚❤❡ ❝❤❛♥❣❡ ✐s t♦ s❧✐❣❤t t♦ ❡①♣❡❝t s✉❝❤ ❛ ❤✉❣❡ ✐♥❝r❡❛s❡ ✐♥ ❜ ❛♥❞ ♥✳ ❋r♦♠ ▼❉ s✐♠✉❧❛t✐♦♥✱ ✐t ✐s ♣♦ss✐❜❧❡

t♦ ❡①tr❛❝t t❤❡ ❜♦♥❞s ✐♥s✐❞❡ t❤❡ ❞✐✛❡r❡♥t ❙❇◆ ❝♦♠♣♦s✐t✐♦♥s✿ ❙✐✲❖✲❙✐✱ ❙✐✲❖✲❇✱ ❇✲❖✲❇ ❜♦♥❞s ❛♥❞ ❖❙✐3✱

❖❙✐2❇✱ ❖❙✐1❇2✱ ❛♥❞ ❖❇3 ✉♥✐ts✳ ❋✐❣✉r❡ ✹✳✶✽ ♣r❡s❡♥ts t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡s❡ t❡r♠s ❛♥❞ b ❛♥❞ n✳

❚❤❡s❡ ♣❧♦ts r❡✈❡❛❧ ♥♦ ❝❧❡❛r r❡❧❛t✐♦♥s❤✐♣✳ ❚❤❡ s❧♦♣❡ ✐♥ str❡ss ❝♦rr♦s✐♦♥ ✐s ♥♦t ❣♦✈❡r♥❡❞ ❜② ♦♥❡ ❜♦♥❞ ✐♥

t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✳ ❚❤✐s ❝♦rr❡❧❛t✐♦♥ ❡①❡♠♣❧✐✜❡s t❤❡ ❢❛❝t t❤❛t ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❙✐✲❖✲❙✐ ❜♦♥❞s ♦♥❧② ❝❛♥♥♦t

✺✵ ✶✵✵ ✶✺✵

✵

✶✵✵

✷✵✵

✸✵✵

✹✵✵

❙❧♦♣❡ ❜

◆
✉♠

❜
❡r

♦❢
❜
♦♥
❞s

✷✵ ✸✵ ✹✵

✵

✶✵✵

✷✵✵

✸✵✵

✹✵✵

✺✵✵

❙❧♦♣❡ ♥

◆
✉♠

❜
❡r

♦❢
❜
♦♥
❞s

❙✐❙✐
❙✐❇
❇❇
❖❙✐3
❖❙✐2❇1

❖❙✐1❇2

❖❇3

❙✐❙✐
❙✐❇
❇❇
❖❙✐3
❖❙✐2❇1

❖❙✐1❇2

❖❇3

❋✐❣✉r❡ ✹✳✶✽✿ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❙✐✲❖✲❙✐✱ ❙✐✲❖✲❇✱ ❇✲❖✲❇ ✇✐t❤ t✇♦ ❝♦♦r❞✐♥❛t❡❞ ❖ ❛♥❞ ❖❙✐3✱ ❖❙✐2❇✱
❖❙✐1❇2✱ ❛♥❞ ❖❇3 ✉♥✐ts ✇✐t❤ t❤r❡❡ ❝♦♦r❞✐♥❛t❡❞ ❖ ❝❛❧❝✉❧❛t❡❞ ❜② ▼❉ s✐♠✉❧❛t✐♦♥s ❛♥❞ ✭❧❡❢t✮ t❤❡ s❧♦♣❡ ❜
❢r♦♠ t❤❡ ❲✐❡❞❡r❤♦r♥✬s ♠♦❞❡❧ ❛♥❞ ✭r✐❣❤t✮ t❤❡ s❧♦♣❡ ♥ ❢r♦♠ ▼❛✉❣✐s ❡q✉❛t✐♦♥✳

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

❣❧❛ss t♦ ❛♥♦t❤❡r✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ❞♦❡s ♥♦t ❣✐✈❡ ✉s ❛❝❝❡ss t♦ t❤❡s❡ ♠❡❝❤❛♥✐s♠s ❛t t❤❡ ❝r❛❝❦ t✐♣✳

❲❡st ❛♥❞ ❍❡♥❝❤ ♣♦✐♥t❡❞ ♦✉t t❤❡ r♦❧❡ ♦❢ t❤❡ r✐♥❣ s✐③❡s ✐♥ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s ♦♥ t❤❡ ❙❈❈ ♣r♦♣❡rt✐❡s ❬✸✹✱✸✺❪✳

❉✉❡ t♦ ❝❤❛♥❣❡s ✐♥ r✐♥❣ str✉❝t✉r❡ ❛♥❞ ❝❤❛♥❣❡s ✐♥ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ✇✐t❤ s♦❞✐✉♠ ❝♦♥t❡♥t✱ t❤❡ r❡❛❝t✐♦♥

r❛t❡ ❝❤❛♥❣❡s ✇✐t❤ str❡ss❡s✳ ❚♦❞❛②✱ ❘❡❛①❋❋ ❝♦✉❧❞ ♣r♦✈✐❞❡ t❤❡ ❦❡②s t♦ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥s

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

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

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

t❤❡♦r②✳ ❚♦♠♦③❛✇❛ ♣r♦♣♦s❡❞ ❛♥♦t❤❡r ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ s✉❜❝r✐t✐❝❛❧ ❝r❛❝❦ ❣r♦✇t❤✳
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• ❚❤❡ ❚♦♠♦③❛✇❛✬s ♠♦❞❡❧ ❚♦♠♦③❛✇❛ ❝♦♥❝❧✉❞❡❞ t❤❛t ❞✐✛✉s✐♦♥ ♦❢ ✇❛t❡r ✐♥t♦ t❤❡ ❝r❛❝❦ t✐♣ ❛✐❞s s✉❜❝r✐t✐❝❛❧

❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥✳ ▼♦r❡♦✈❡r t❤✐s ❞❡❝r❡❛s❡s t❤❡ t♦✉❣❤♥❡ss ❛♥❞ ♣❡r♠✐ts ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ❬✸✶✱✸✷❪✳ ❋✐❣✉r❡

✹✳✶✾ ❞❡♣✐❝ts b ✭❢r♦♠ ❬✸✻✱✹✵❪✮ ❛♥❞ n ✭❢r♦♠ ❬✷✼❪✮ ✇✐t❤ ❬Na2O❪ ❝♦♥t❡♥t✳ ❋r♦♠ ♦♥❡ ❝♦♠♣♦s✐t✐♦♥ t♦ t❤❡ ♦t❤❡r✱

✶✺ ✷✵ ✷✺ ✸✵ ✸✺
✹✵

✻✵

✽✵

✶✵✵

✶✷✵

❬Na2O❪

❙❧
♦♣

❡
❜

✶✺ ✷✵ ✷✺ ✸✵ ✸✺

✷✵

✷✺

✸✵

✸✺

❬Na2O❪

❙❧
♦♣

❡
♥

❋✐❣✉r❡ ✹✳✶✾✿ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❧♦♣❡✿ ✭❧❡❢t✮ ❜ ❢r♦♠ t❤❡ ❲✐❡❞❡r❤♦r♥ ♠♦❞❡❧ ❬✹✵❪ ✇❤❡r❡ ❜ ✐s ❧✐♥❦❡❞ t♦
∆V ∗❀ ❛♥❞ ✭r✐❣❤t✮ ♥ ✐s t❤❡ s❧♦♣❡ ❢r♦♠ t❤❡ ♣♦✇❡r ❧❛✇ r❡❧❛t✐♦♥s❤✐♣ ❬✷✼❪ ❛♥❞ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t✳

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

❢❛✈♦rs ✇❛t❡r ♣❡♥❡tr❛t✐♦♥ ❛♥❞ ❤❡♥❝❡ ✐♥❝r❡❛s❡s t❤❡ s❧♦♣❡✳ ❈é❧❛r✐é ❬✹✱ ✻❪ s♣❡❝✐✜❝❛❧❧② ♦❜s❡r✈❡❞ t❤❡ ♠✐❣r❛t✐♦♥

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

t❤❡ ♣❡♥❡tr❛t✐♦♥ ♦❢ ✇❛t❡r ❢r♦♠ ❚♦♠♦③❛✇❛✬s t❤❡♦r②✳ ❋✐♥❛❧❧②✱ ❚♦♠♦③❛✇❛ ❢♦✉♥❞ ❛ ❜❡tt❡r r❡s✐st❛♥❝❡ ♦❢ ❣❧❛ss

✇❤✐❝❤ ❤❡ ❛ttr✐❜✉t❡s t♦ ❛♥ ❡♥❤❛♥❝❡❞ ♣❧❛st✐❝ ✢♦✇ ❛t t❤❡ ❝r❛❝❦ t✐♣ ❬✶✾✱ ✷✹❪✳ ■t ✐s tr✉❡ t❤❛t ♣❧❛st✐❝ ✢♦✇ ❛t

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

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

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

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

♠♦③❛✇❛✬s t❤❡♦r② ♠❛② ❡①♣❧❛✐♥ t❤❡ ❤✉❣❡ ✈❛r✐❛t✐♦♥ ✐♥ s❧♦♣❡ ❞✉❡ t♦ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱

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

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

s♣♦♥❞✐♥❣ ◆❇❖✮✳ ▼♦r❡♦✈❡r✱ t❤❡ ✐♥❝r❡❛s❡ ✐♥ [Na2O] ✐♥❝r❡❛s❡s t❤❡ ❣❧❛ss❡s r❡❛❝t✐✈✐t② ✇✐t❤ ✇❛t❡r✳ ❚❤✐s ✐♥

t✉r♥ ❢♦r♠s ❛ ✇❡❛❦❡r ❣❧❛ss ❛♥❞ ❞✉❡ t♦ t❤❡ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss t❤❡ s❧♦♣❡ ✐♥❝r❡❛s❡s ✭❋✐❣✉r❡ ✹✳✷✵✮✳

✹✳✸ ❊✈♦❧✉t✐♦♥ ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✇✐t❤ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥

P♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s r❡✈❡❛❧ ❤♦✇ ❛ ❝r❛❝❦ ❢r♦♥t ♣r♦♣❛❣❛t❡s t❤r♦✉❣❤ t❤❡ ❜✉❧❦ ♦❢ t❤❡ ❣❧❛ss❡s✳ ❚❤✉s✱

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

t❤❡ s❛♠♣❧❡✱ t✇♦ str❡ss✲❝♦rr♦s✐♦♥ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❡①✐st✳ ❋✐❣✉r❡s ✹✳✷✶ t♦♣ ✭KSBN ∼ ✷✳✺✮ ❛♥❞ ❜♦tt♦♠ ✭❧❡❢t

KSBN ∼ ✹✳✺❀ ♦t❤❡rs KSBN ∼ ✹✳✺✮ ❞❡♣✐❝t ❆❋▼ ✐♠❛❣❡s ♦❢ t❤❡s❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✇❤❡♥ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡

❝r❛❝❦ ❢r♦♥t ✇❛s ❛♣♣r♦①✐♠❛t❡❧② ✶✵−7✲✶✵−8 ♠✳s−1✳

✼✻
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✶✷✵

ν

❙❧
♦♣

❡

❜

♥

❋✐❣✉r❡ ✹✳✷✵✿ ❈♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❧♦♣❡✿ ✭❧❡❢t✮ ❜ ❢r♦♠ t❤❡ ❲✐❡❞❡r❤♦r♥ ♠♦❞❡❧ ❬✹✵❪ ✇❤❡r❡ ❜ ✐s ❧✐♥❦❡❞ t♦
∆V ∗❀ ❛♥❞ ✭r✐❣❤t✮ ♥ ✐s t❤❡ s❧♦♣❡ ❢r♦♠ t❤❡ ♣♦✇❡r ❧❛✇ r❡❧❛t✐♦♥s❤✐♣ ❬✷✼❪ ✇✐t❤ t❤❡ P♦✐ss♦♥✬s r❛t✐♦✳

■♥ ❣❡♥❡r❛❧✱ t❤❡ r♦✉❣❤♥❡ss ❛♥❞ ♦t❤❡r ❢❡❛t✉r❡s ♦❢ ❛ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❞❡♣❡♥❞ ♦♥ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❝r❛❝❦

❢r♦♥t✳ ❙❧♦✇❡r ✈❡❧♦❝✐t✐❡s ❣✐✈❡ r♦✉❣❤❡r s✉r❢❛❝❡s ❬✸✼❪✳ ❍❡♥❝❡✱ ❛❧❧ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✹✳✷✶

❛r❡ ❞♦♥❡ ✐♥ t❤❡ s❛♠❡ ✈❡❧♦❝✐t② r❛♥❣❡✳ ❋✐❣✉r❡ ✹✳✷✷ ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❘▼❙ ✈❛❧✉❡s ❢♦r ❙❇◆ ❣❧❛ss❡s✳

❘▼❙ ✈❛r✐❛t✐♦♥s ❞❡♣❡♥❞ s✐❣♥✐✜❝❛♥t❧② ♦♥ t❤❡ KSBN s❡r✐❡s✳ ❋♦r KSBN ∼ 2.5✱ ❛ ♥♦t❡✇♦rt❤② ❞❡❝r❡❛s❡ ✐♥

t❤❡ r♦✉❣❤♥❡ss ♦❝❝✉rs ❜❡t✇❡❡♥ ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✷✺✳ ■♥ t❤❡ s❛♠❡ s❡r✐❡s ✭KSBN ∼ 2.5✮✱ ❛ s✐❣♥✐✜❝❛♥t

✐♥❝r❡❛s❡ ♦❢ t❤❡ ❘▼❙ ✈❛❧✉❡s ♦❝❝✉r ❜❡t✇❡❡♥ ❙❇◆ ✷✺ ❛♥❞ ❙❇◆ ✸✺✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ KSBN ∼ 4.6

s❡r✐❡s ♣r❡s❡♥t ❛ ❧✐♥❡❛r ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❘▼❙ ✈❛❧✉❡ ✇✐t❤ ❛ ❧♦✇❡r ❛♠♣❧✐t✉❞❡✳ ❚❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ ❧♦❝❛❧ s②♠♠❡tr②

❣♦✈❡r♥s t❤❡ ❣r♦✇t❤ ❞✐r❡❝t✐♦♥ ❬✶✶❪✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❧♦❝❛❧ ✈❛❧✉❡ ♦❢ KII❂✵ ✭str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ✐♥ ♠♦❞❡ ■■✮✳

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

❇✉t ✐♥❤♦♠♦❣❡♥❡✐t✐❡s ②✐❡❧❞ ❞✐st♦rt✐♦♥s ✐♥ t❤❡ ❝r❛❝❦ ❢r♦♥t✳ ❚❤✉s✱ t❤❡ r♦✉❣❤♥❡ss ❛♥❞ ✐ts ✈❛r✐❛t✐♦♥s ❝❛♥ ❜❡

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

❚❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧ ❛ss✉♠❡s t❤❛t ❙❇◆ ✶✷ ❣❧❛ss ❝♦♥s✐sts ♦❢ t✇♦ ♥❡t✇♦r❦s ✇✐t❤ ❛r❡❛s ❡♥r✐❝❤❡❞

✐♥ s✐❧✐❝❛ ❛♥❞ ✐♥ ❜♦r♦♥✳ ❚❤✐s ❧❡❛❞s t♦ ❤❡t❡r♦❣❡♥❡✐t✐❡s ✇❤✐❝❤ ❡①♣❧❛✐♥ t❤❡ ❤✐❣❤ ❘▼❙ ✈❛❧✉❡ ♦❢ ❙❇◆ ✶✷✳ ❆s

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

❆ ❢✉rt❤❡r ✐♥❝r❡❛s❡ ♦❢ ❬Na2O❪ ❧❡❛❞s t♦ ❛ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ❢❛✈♦r✐♥❣ ✐♥❤♦♠♦❣❡♥❡✐t✐❡s✳ ❚❤✐s ❡①♣❧❛✐♥s t❤❡

✈❛r✐❛t✐♦♥s ♦❜s❡r✈❡❞ ✐♥ t❤❡ r❡❞ s❡r✐❡s t♦♦ ✭✐✳❡✳ t❤❡ s♠❛❧❧ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❘▼❙ ❢r♦♠ ❙❇◆ ✶✹ t♦ ❙❇◆ ✺✺✮✳

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

✹✳✹ ❉✐s❝✉ss✐♦♥ ♦♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ s❡r✐❡s

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

❧✐♥❦❡❞ t♦ t❤❡ r❡t✐❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✿ ❧♦✇❡r ♥❡t✇♦r❦ r❡t✐❝✉❧❛t✐♦♥ ✭✐✳❡✳ ❤✐❣❤❡r ✐s t❤❡ ◆❇❖✮

❞❡❝r❡❛s❡s t❤❡ ❤❛r❞♥❡ss✳ ❇✉t ❣❧❛ss❡s ✇✐t❤ s✐♠✐❧❛r HV ✈❛❧✉❡s ♣r❡s❡♥t ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦rs r❡❣❛r❞✐♥❣ t❤❡

❝r❛❝❦s ❛♣♣❡❛r❛♥❝❡✱ t❤❡ ❢r❛❝t✉r❡ t♦✉❣❤♥❡ss KC ✱ ❡t❝✳ P♦✐ss♦♥✬s r❛t✐♦ ✭ν✮ ❛♣♣❡❛rs t♦ ❜❡ t❤❡ ❦❡② ♣❛r❛♠❡t❡r

✐♥ ✉♥❞❡rst❛♥❞✐♥❣ ❤♦✇ t❤❡ ♠❛tt❡r ✢♦✇s ✉♥❞❡r ❛♥ ✐♥❞❡♥t❡r✳ ❉❡♥s✐✜❝❛t✐♦♥ ❛♥❞ s❤❡❛r ✢♦✇ ❝♦♥tr✐❜✉t✐♦♥s
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❙❇◆ ✶✹ ❙❇◆ ✻✸ ❙❇◆ ✺✾ ❙❇◆ ✺✺

❙❇◆ ✶✷ ❙❇◆ ✷✺ ❙❇◆ ✸✵ ❙❇◆ ✸✺

✲✼ ♥♠ ✼ ♥♠✲✸ ♥♠ ✸ ♥♠✲✷✳✺ ♥♠ ✷✳✺ ♥♠✲✹ ♥♠ ✹ ♥♠

✲✷✳✺ ♥♠ ✷✳✺ ♥♠✲✷ ♥♠ ✷ ♥♠✲✷ ♥♠ ✷ ♥♠✲✷ ♥♠ ✷ ♥♠

❋✐❣✉r❡ ✹✳✷✶✿ ❆❋▼ ✐♠❛❣❡s ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ♦❢ ❙❇◆ ❣❧❛ss❡s ✭t♦♣✮ ✭KSBN ∼✷✳✺✮ ❙❇◆ ✶✷ ✭❧✐❣❤t ❜❧✉❡✮ t♦
❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡✮ ✺ µ♠ × ✺ µ♠ ✐♥ ❚❛♣♣✐♥❣♠♦❞❡ ✐♥ ✶✵−7✲✶✵−8 ♠✳s−1 r❡❣✐♠❡❀ ✭❜♦tt♦♠✮ ❑SBN ∼✸✳✼
❙❇◆ ✶✹ ✭❧✐❣❤t r❡❞❀ ❧❡❢t✮ ❛♥❞ KSBN ∼ ✹✳✺ ❙❇◆ ✻✸ t♦ ❙❇◆ ✺✺ ✭❞❛r❦ r❡❞✮ ✺ µ♠ × ✺ µ♠ ✐♥ ❚❛♣♣✐♥❣♠♦❞❡
✐♥ ✶✵−7✲✶✵−8 ♠✳s−1 r❡❣✐♠❡✳

❞❡♣❡♥❞ ♦♥ ν✳ ❉❡❝r❡❛s✐♥❣ ν ❢❛✈♦rs ❞❡♥s✐✜❝❛t✐♦♥ ♣r♦❝❡ss✱ ✇❤❡r❡❛s ❛s ✐♥❝r❡❛s✐♥❣ ν ❢❛✈♦rs s❤❡❛r ✢♦✇ ♣r♦❝❡ss❡s✳

❈♦♥s❡q✉❡♥❝❡s ♦❢ t❤❡s❡ t✇♦ ♣r♦❝❡ss❡s ❛r❡ ♥♦t ❡q✉✐✈❛❧❡♥t r❡❣❛r❞✐♥❣ t❤❡ ❝r❛❝❦✐♥❣ ❜❡❤❛✈✐♦r✳ ❍✐❣❤ ν ❢❛✈♦r

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

❞❡♣❡♥❞✐♥❣ ♦♥ ν✿ t❤❡ str❡ss ✜❡❧❞ ❡♥❤❛♥❝❡s t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ♠❡❞✐❛♥✲r❛❞✐❛❧ ❝r❛❝❦s ❛t ❤✐❣❤ ν✳ ❆s ❛

❝♦♥s❡q✉❡♥❝❡✱ KC ❞♦❡s ♥♦t tr✉❧② ❡①♣r❡ss ❛ t♦✉❣❤♥❡ss ❜✉t r❛t❤❡r ❤♦✇ t❤❡ ❣❧❛ss ✢♦✇s ✉♥❞❡r ✐♥❞❡♥t❡rs✳

❚❤✐s ❧❡❛❞s t♦ ❛ ❣♦♦❞ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ KC ❛♥❞ ν ❛♥❞ t❤❡ ❧❛❝❦ ♦❢ ✇❡❧❧✲❞❡✈❡❧♦♣❡❞ ❝r❛❝❦ ❢♦r ❧♦✇ ν

❣❧❛ss❡s✳ ❚❤❡ str❡ss ❝♦rr♦s✐♦♥ ✐♥✈❡st✐❣❛t✐♦♥ ❤✐❣❤❧✐❣❤ts t✇♦ ♠❛❥♦r ❝❤❛♥❣❡s✿ ❛ s❤✐❢t ✐♥ KE t♦✇❛r❞s ❤✐❣❤❡r

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

✐♥❝r❡❛s❡❞ ♣❧❛st✐❝✐t② ✭✐rr❡✈❡rs✐❜❧❡ ♣❤❡♥♦♠❡♥❛✮ ♦❢ ❙❇◆ ❣❧❛ss❡s ✇❤✐❝❤ ♦❝❝✉rs ❞✉r✐♥❣ t❤❡ ❧♦❛❞✳ ❆s t❤❡ s♦❞✐✉♠

❝♦♥t❡♥t ✐♥❝r❡❛s❡s t❤❡ ❣❧❛ss ❛❝❝♦♠♠♦❞❛t❡s ❤✐❣❤❡r ❡①t❡r♥❛❧ str❡ss❡s✳ ❚❤✐s ♣❧❛st✐❝✐t② ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜②

t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✭❝r❡❛t✐♦♥ ♦❢ ◆❇❖✱ s♦❞✐✉♠ ♣♦❝❦❡ts✱ ❝♦♥✈❡rs✐♦♥ ♦❢ [3]❇ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ [4]❇✱ ❡t❝✳✮

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

✉♥❞❡rst❛♥❞✐♥❣ ♦♥ t❤❡ ♠❡❝❤❛♥✐s♠s ❛t t❤❡ ❝r❛❝❦ t✐♣✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❛♠♦✉♥t ♦❢ ❬Na2O❪ ✐♠♣❛❝ts t❤❡ ❙❈❈
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❋✐❣✉r❡ ✹✳✷✷✿ ❘▼❙ ✈❛❧✉❡s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ♦❢ t❤❡ ❙❇◆ s❡r✐❡s✳

❋✐❣✉r❡ ✹✳✷✸✿ ❙❝❤❡♠❛t✐❝ ♦❢ ❛ ❝r❛❝❦ ✭❛♥❞ ✐ts s✉❜s❡q✉❡♥t s✉r❢❛❝❡✮ ♣❛ss✐♥❣ t❤r♦✉❣❤ ✇❡❛❦ r❡❣✐♦♥s ✐♥ ❛♥
✐♥❤♦♠♦❣❡♥❡♦✉s ❣❧❛ss str✉❝t✉r❡✳ ❚❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ✐s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❜❧❛❝❦ s♦❧✐❞ ❝✉r✈❡ ❬✶✹❪✳

r❡s♣♦♥s❡ ♦❢ t❤❡ ❣❧❛ss✳ [Na2O] ✐♥❝r❡❛s❡s t❤❡ ❣❧❛ss❡s r❡❛❝t✐✈✐t② ✇✐t❤ ✇❛t❡r ❝r❡❛t✐♥❣ ❛ ✇❡❛❦❡r ❣❧❛ss ❛♥❞ ❞✉❡

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

✉♥❞❡r❧✐♥❡ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡ ✐♥ t❤❡ ❝r❛❝❦ ♣❛t❤✳ ❚❤❡ ❘▼❙ ✐s ❝♦rr❡❧❛t❡❞ t♦ t❤❡ ❛♠♦✉♥t ♦❢ ❞✐s♦r❞❡r ❛❧♦♥❣

✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ✇❡❛❦❡st ♣♦✐♥ts✳

❈❤❛♣t❡r ✷ ❤✐❣❤❧✐❣❤ts t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❣❧❛ss t♦♣♦❧♦❣② ✇✐t❤ ❬Na2O❪✳ ❆❢t❡r ❛♥ ✐♥✐t✐❛❧ ✐♥❝r❡❛s❡ ✐♥ t❤❡ [4]❇

❝♦✉♥t ❞✉❡ t♦ ❬Na2O❪✱ ❬Na2O❪ ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ [3]❇ ❛♥❞ ◆❇❖ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ t❤❡
[4]❇ ❝♦✉♥t✳ ❚❤✐s ❞❡❝r❡❛s❡s t❤❡ ❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✳ ❚❤✐s ❝❤❛♥❣❡ ✐♥❝r❡❛s❡s t❤❡

❣❧❛ss✬s ♣❧❛st✐❝✐t②✳ ❚❤✐s ✐♠♣❛❝ts ❜♦t❤ t❤❡ ❜❡❤❛✈✐♦r ❞✉r✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ❛♥❞ t❤❡ ❢❛✐❧✉r❡ ♠❡❝❤❛♥✐s♠s✳ ❯♥❞❡r

t❤❡ ✐♥❞❡♥t❡r ◆❇❖ ❢❛✈♦r ♣❧❛st✐❝ ✢♦✇ ♣r♦❝❡ss❡s✳ ❚❤✐s ❧❡❛❞s t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ KC ✈❛❧✉❡s ❞❡t❡r♠✐♥❡❞

❢r♦♠ ✐♥❞❡♥t❛t✐♦♥✳ P❧❛st✐❝ ✢♦✇ ♣r♦❝❡ss❡s ❛❧s♦ ❢❛✈♦r s❤✐❢ts ✐♥ KE t♦ ❤✐❣❤❡r ✈❛❧✉❡s ❞✉❡ t♦ ❛ s❤✐❡❧❞✐♥❣ ❡✛❡❝t✳

❨❡t✱ t❤❡ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ❛♥❞ t❤❡ ✐♥❝r❡❛s❡ ✐♥ [Na2O] ❢♦r♠s ❛ ✇❡❛❦❡r ❛♥❞ ♠♦r❡

r❡❛❝t✐✈❡ ❣❧❛ss ✇✐t❤ ✇❛t❡r✳

✹✳✺ ❈♦♥❝❧✉s✐♦♥

❚❤✐s ❝❤❛♣t❡r ❝❧❡❛r❧② ❞✐s♣❧❛②s ❛ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳
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• ❚❤❡ P♦✐ss♦♥✬ r❛t✐♦ ✭ν✮ ✐s ❛ ❦❡② ♣❛r❛♠❡t❡r ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ♦❢

t❤❡ ❣❧❛ss✳ ■t ❣✐✈❡s ✐♥❢♦r♠❛t✐♦♥ ♦♥ ♠❡❝❤❛♥✐s♠s ♦❝❝✉rr✐♥❣ ❞✉r✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ❛♥❞ ✐s ❤✐❣❤❧② ❝♦rr❡❧❛t❡❞

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

t♦ ❢r❛❝t✉r❡✳ ❘❛t❤❡r✱ ✐t r❡✢❡❝ts ❤♦✇ ♠❛tt❡r ✢♦✇s ✉♥❞❡r t❤❡ ❱✐❝❦❡rs✬ ✐♥❞❡♥t❡r ❣✐✈✐♥❣ ✇❛② t♦ ❝r❛❝❦

♣r♦♣❛❣❛t✐♦♥✳

• ❇♦t❤ ✐♥❞❡♥t❛t✐♦♥ ❛♥❞ ❙❈❈ t❡sts ❡✈✐❞❡♥❝❡ ❛ ❝❧❡❛r ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❣❧❛ss✬s ♣❧❛st✐❝✐t② ✇✐t❤

s♦❞✐✉♠ ❝♦♥t❡♥t✳ ❍❛r❞♥❡ss ✐♥✈❡st✐❣❛t✐♦♥s ♣♦✐♥t ♦✉t ❛♥ ✐♥❝r❡❛s❡ ♦❢ ♣✐❧❡✲✉♣ ♣r♦❝❡ss ✇✐t❤ ❬Na2O❪✳

❚❤❡ ❙❈❈ st✉❞✐❡s ❢❡❛t✉r❡ ❛ s❤✐❢t ✐♥ KE ✇✐t❤ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t✳ ❚❤✉s t❤❡ ❣❧❛ss ✐s ❜❡tt❡r ❛❜❧❡ t♦

❛❞❥✉st ✉♥❞❡r ❡①t❡r♥❛❧ str❡ss❡s✳ ❚❤❡ ♣❧❛st✐❝✐t② ❞❡❝r❡❛s❡s KC ❛s ❞❡t❡r♠✐♥❡❞ ❜② ❱✐❝❦❡rs ✐♥❞❡♥t❛t✐♦♥

✇❤❡r❡❛s ✐t ✐♥❝r❡❛s❡s t❤❡ ❧♦❛❞ ❛t ✇❤✐❝❤ t❤❡ ❝r❛❝❦s ♣r♦♣❛❣❛t❡s ✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡✳

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s✳ ❚❤✐s st✉❞② ❤✐❣❤❧✐❣❤ts

t❤❡ ✐♠♣♦rt❛♥t r♦❧❡ ♦❢ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✐♥ t❤❡ ♠❡❝❤❛♥✐s♠s ♦❢ ❞❡❢♦r♠❛t✐♦♥ ✉♥❞❡r ♣r❡ss✉r❡✳ ●❧❛ss❡s

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

str❡ss ❝♦rr♦s✐♦♥ ❜❡❤❛✈✐♦rs ❞❡♣❡♥❞ ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳ ❈❧❡❛r❧② ♣❧❛st✐❝✐t② ✐♥❝r❡❛s❡s t❤❡ KE ✈❛❧✉❡s✳

❈✉rr❡♥t ♠♦❞❡❧s ✐♥ ❧✐t❡r❛t✉r❡ ❝❛♥♥♦t s✐♠♣❧② ❡①♣❧❛✐♥ t❤❡ ✐♥❝r❡❛s❡ ✐♥ s❧♦♣❡ ✇✐t❤ [Na2O]✳ ❘❛t❤❡r✱ ν ✭✇❤✐❝❤

❣✐✈❡s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ ❞❡❣r❡❡ ♦❢ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ❞✉❡ t♦ Na+ ✐♦♥s ❛♥❞ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✮

✐s ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ s❧♦♣❡✳ ❚❤✉s✱ ❬Na2O❪ ✇❡❛❦❡♥s t❤❡ ❣❧❛ss ❛♥❞ ♠❛❦❡s ✐t ♠♦r❡ r❡❛❝t✐✈❡ ✇✐t❤ ✇❛t❡r✳

✽✵



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❆✳ ❆r♦r❛✱ ❉✳❇✳ ▼❛rs❤❛❧❧✱ ❛♥❞ ❇✳❘✳ ▲❛✇♥✳ ■♥❞❡♥t❛t✐♦♥ ❞❡❢♦r♠❛t✐♦♥✴❢r❛❝t✉r❡ ♦❢ ♥♦r♠❛❧ ❛♥❞ ❛♥♦♠❛❧♦✉s

❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✶✿✹✶✺✕✹✷✽✱ ✶✾✼✾✳

❬✷❪ P✳ ❲✳ ❇r✐❞❣♠❛♥ ❛♥❞ ■✳ ❙✐♠♦♥✳ ❊✛❡❝t ♦❢ ✈❡r② ❤✐❣❤ ♣r❡ss✉r❡ ♦♥ ❣❧❛ss✳ ❏✳ ❆♣♣❧✳ P❤②s✳✱ ✷✹✿✹✵✺✱ ✶✾✺✸✳

❬✸❪ ❇✳❈✳ ❇✉♥❦❡r✳ ▼♦❧❡❝✉❧❛r ♠❡❝❤❛♥✐s♠s ♦❢r ❝♦rr♦s✐♦♥ ♦❢ s✐❧✐❝❛ ❛♥❞ s✐❧✐❝❛t❡ ❣❧❛ss❡✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱

✶✼✾✿✸✵✵✕✸✵✽✱ ✶✾✾✹✳

❬✹❪ ❋✳ ❈é❧❛r✐é✳ ❉②♥❛♠✐q✉❡ ❞❡ ✜ss✉r❛t✐♦♥ à ❜❛ss❡ ✈✐t❡ss❡ ❞❡s ♠❛tér✐❛✉① ✈✐tr❡✉①✳ P❤❉ t❤❡s✐s✱ ❯♥✐✈❡rs✐té

▼♦♥t♣❡❧❧✐❡r ■■✱ ✷✵✵✹✳

❬✺❪ ❋✳ ❈é❧❛r✐é✱ ❙✳ Pr❛❞ès✱ ❉✳ ❇♦♥❛♠②✱ ❆✳ ❉✐❝❦❡❧❡✱ ❊✳ ❇♦✉❝❤❛✉❞✱ ❈✳ ●✉✐❧❧♦t✱ ❛♥❞ ❈✳ ▼❛r❧✐❡r❡✳ ❙✉r❢❛❝❡

❢r❛❝t✉r❡ ♦❢ ❣❧❛ss② ♠❛t❡r✐❛❧s ❛s ❞❡t❡❝t❡❞ ❜② r❡❛❧✲t✐♠❡ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❛❢♠✮ ❡①♣❡r✐♠❡♥ts✳

❆♣♣❧✳ ❙✉r❢✳ ❙❝✐✳✱ ✷✶✷✿✾✷✕✾✻✱ ✷✵✵✸✳

❬✻❪ ❋✳ ❈é❧❛r✐é✱ ❙✳ Pr❛❞❡s✱ ❉✳ ❇♦♥❛♠②✱ ▲✳ ❋❡rr❡r♦✱ ❊✳ ❇♦✉❝❤❛✉❞✱ ❈✳ ●✉✐❧❧♦t✱ ❛♥❞ ❈✳ ▼❛r❧✐❡r❡✳ ●❧❛ss ❜r❡❛❦s

❧✐❦❡ ♠❡t❛❧✱ ❜✉t ❛t t❤❡ ♥❛♥♦♠❡t❡r s❝❛❧❡✳ P❤②s✳ ❘❡✈✳ ▲❡tt✳✱ ✾✵✭✼✮✿✵✼✺✺✵✹✱ ❋❊❇ ✷✶ ✷✵✵✸✳

❬✼❪ ❋✳▼✳ ❊r♥s❜❡r❣✳ ❘♦❧❡ ♦❢ ❞❡♥s✐✜❝❛t✐♦♥ ✐♥ ❞❡❢♦r♠❛t✐♦♥ ♦❢ ❣❧❛ss❡s ✉♥❞❡r ♣♦✐♥t ❧♦❛❞✐♥❣✳ ❏✳ ❆♠✳ ❈❡r❛♠✳

❙♦❝✱ ✺✶✿✺✹✺✕✺✹✼✱ ✶✾✻✽✳

❬✽❪ ❚✳ ❋❡tt✱ ❏✳P✳ ●✉✐♥✱ ❛♥❞ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✳ ■♥t❡r♣r❡t❛t✐♦♥ ♦❢ ❡✛❡❝ts ❛t t❤❡ st❛t✐❝ ❢❛t✐❣✉❡ ❧✐♠✐t❡ ♦❢

s♦❞❛✲❧✐♠❡✲s✐❧✐❝❛t❡ ❣❧❛ss✳ ❊♥❣✳ ❋r❛❝t✳ ▼❡❝❤✳✱ ✼✷✿✷✼✼✹✕✷✼✾✶✱ ✷✵✵✺✳

❬✾❪ ❚✳ ❋❡tt✱ ❏✳P✳ ●✉✐♥✱ ❛♥❞ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✳ ❙tr❡ss❡s ✐♥ ✐♦♥✲❡①❝❤❛♥❣❡ ❧❛②❡rs ♦❢ s♦❞❛✲❧✐♠❡✲s✐❧✐❝❛t❡ ❣❧❛ss✳

❋❛t✐❣✉❡ ❋r❛❝t✳ ❊♥❣✳ ▼❛t❡r✳ ❙tr✉❝t✳✱ ✷✽✿✺✵✼✕✺✶✹✱ ✷✵✵✺✳

❬✶✵❪ ❙✳❲✳ ❋r❡✐♠❛♥✱ ❚✳▲✳ ❇❛❦❡r✱ ❛♥❞ ❏✳❇✳ ❲❛❝❤t♠❛♥ ❏r✳ ❆ ❝♦♠♣✉t❡r✐③❡❞ ❢r❛❝t✉r❡ ♠❡❝❤❛♥✐❝s ❞❛t❛❜❛s❡ ❢♦r

♦①✐❞❡ ❣❧❛ss❡✳ ❇✉❧❧✳ ❆♠✳ ❈❡r❛♠✳❙♦❝✳✱ ✻✹✿✶✹✺✷✕✶✹✺✺✱ ✶✾✽✺✳

❬✶✶❪ ❘✳❱✳ ●♦❧❞st❡✐♥ ❛♥❞ ❘✳▲✳ ❙❛❧❣❛♥✐❦✳ ❇r✐tt❧❡ ❢r❛❝t✉r❡ ♦❢ s♦❧✐❞s ✇✐t❤ ❛r❜r✐t❛r② ❝r❛❝❦s✳ ■♥t✳ ❏✳ ❋r❛❝t✉r❡✱

✶✵✿✺✵✼✕✺✷✸✱ ✶✾✼✹✳

❬✶✷❪ ❏✳P✳ ●✉✐♥ ❛♥❞ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✳ ❈r❛❝❦ ❣r♦✇t❤ t❤r❡s❤♦❧❞ ✐♥ s♦❞❛ ❧✐♠❡ s✐❧✐❝❛t❡ ❣❧❛ss✿ r♦❧❡ ♦❢ ❤♦❧❞✲t✐♠❡✳

❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✶✻✿✶✷✕✷✵✱ ✷✵✵✸✳
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❬✶✸❪ ❏✳P✳ ●✉✐♥✱ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✱ ❛♥❞ ❚✳ ❋❡tt✳ ❈r❛❝❦✲t✐♣ str✉❝t✉r❡ ✐♥ s♦❞❛✲❧✐♠❡✲s✐❧✐❝❛t❡ ❣❧❛ss✳ ❏✳ ❆♠✳

❈❡r❛♠✳ ❙♦❝✳✱ ✽✽✿✻✺✷✕✻✺✾✱ ✷✵✵✺✳

❬✶✹❪ P✳❑✳ ●✉♣t❛✱ ❉✳ ■♥♥✐ss✱ ❈✳❘✳ ❑✉r❦❥✐❛♥✱ ❛♥❞ ◗✳ ❩❤♦♥❣✳ ◆❛♥♦s❝❛❧❡ r♦✉❣❤♥❡ss ♦❢ ♦①✐❞❡ ❣❧❛ss s✉r❢❛❝❡s✳

❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✷✻✷✿✷✵✵✕✷✵✻✱ ✷✵✵✵✳

❬✶✺❪ ❘✳ ●②✳ ❙tr❡ss ❝♦rr♦s✐♦♥ ♦❢ ❣❧❛ss✳ ❑❧✉✇❡r ❆❝❛❞❡♠✐❝ P✉❜❧✐❝❤❡rs✱ ✷✵✵✺✳

❬✶✻❪ ❏✳❚✳ ❍❛❣❛♥✳ ▼✐❝r♦♠❡❝❤❛♥✐s❝ ♦❢ ❝r❛❝❦ ♥✉❝❧❡❛t✐♦♥ ❞✉r✐♥❣ ✐♥❞❡♥t❛t✐♦♥s✳ ❏✳ ▼❛t❡r ❙❝✐✳✱ ✶✹✿✷✾✼✺✕✷✾✽✵✱
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s✐✜❝❛t✐♦♥ ✐♥ ❣❧❛ss✳ ❏✳ ▼❛t✳ ❘❡s✳✱ ✷✵✿✸✹✵✹✕✸✹✶✷✱ ✷✵✵✺✳

❬✹✷❪ ❙✳ ❨♦s❤✐❞❛✱ ❏✳✲❈✳ ❙❛♥❣❧❡❜♦❡✉❢✱ ❛♥❞ ❚ ❘♦✉①❡❧✳ ■♥❞❡♥t❛t✐♦♥✲✐♥❞✉❝❡❞ ❞❡♥s✐✜❝❛t✐♦♥ ♦❢ s♦❞❛✲❧✐♠❡ s✐❧✐❝❛t❡

❣❧❛ss✳ ■♥t✳ ❏✳ ▼❛t❡r✳ ❘❡s✳✱ ✾✽✿✸✻✵✕✸✻✹✱ ✷✵✵✼✳
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❈♦♥❝❧✉s✐♦♥ P❛rt ■

P❛rt ■ ✐♥✈❡st✐❣❛t❡s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♣❤②s✐❝❛❧✱ str✉❝t✉r❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ SiO2✲B2O3✲

Na2O ✭❙❇◆✮ ❣❧❛ss s②st❡♠✳ ■ ❝❤♦s❡ t♦ ✐♥✈❡st✐❣❛t❡ ♠♦❞❡❧ ❣❧❛ss❡s ❜② ♠♦❞✉❧❛t✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥

t♦ ❤✐❣❤❧✐❣❤t t❤❡ r♦❧❡ ♦❢ ❡❛❝❤ ♦①✐❞❡ ♦♥ t❤❡✐r ♣r♦♣❡rt✐❡s✳

●❧❛ss s❛♠♣❧❡ ❡❧❛❜♦r❛t✐♦♥ ♦❝❝✉rr❡❞ ❛t ❈❊❆ ▼❛r❝♦✉❧❡✳ ❚❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❬SiO2❪✱ ❬B2O3❪ ❛♥❞ ❬Na2O❪

✈❛r✐❡❞ ❢r♦♠ ♦♥❡ s❡t ♦❢ ❣❧❛ss❡s t♦ ❛♥♦t❤❡r✳ ▼❛♥② r❡s❡❛r❝❤❡rs ❣r♦✉♣ ❙❇◆ s❛♠♣❧❡s ❜❛s❡❞ ♦♥ t❤❡✐r RSBN =
[Na2O]

[B2O3]
❛♥❞ KSBN =

[SiO2]

[B2O3]
r❛t✐♦s✳ ❍❡♥❝❡✱ t✇♦ KSBN s❡r✐❡s ✭✐✳❡✳ KSBN ❤❡❧❞ ❝♦♥st❛♥t✮ ✇❡r❡ ❝❤♦s❡♥

❤❡r❡✐♥✳ ❆❢t❡r ❡❧❛❜♦r❛t✐♦♥✱ st✉❞✐❡s ❛♥❛❧②③❡❞ t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❣❧❛ss❡s✳ ❚❛❜❧❡s ✸✳✷

❛♥❞ ✸✳✸ r❡✈❡❛❧❡❞ ❞❡♥s✐t② ❛♥❞ t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✐ ♦❢ t❤❡ s❛♠♣❧❡s✳ ❘❛♠❛♥ ❛♥❛❧②s✐s ❛♥❞ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts

❞❡s❝r✐❜❡ ❛♥❞ q✉❛♥t✐❢② t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡♥✱ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt② t❡sts ❡♠♣❧♦②

❤❛r❞♥❡ss t❡sts ❛♥❞ ❢r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ♦♥ t❤❡ ❙❇◆ ❣❧❛ss❡s✳ ■♥❞❡♥t❛t✐♦♥ t❡sts ❡st✐♠❛t❡ HV ✱ KC ♣❧✉s

♠❛tt❡r ✢♦✇ ✈✐❛ s❛♠♣❧❡ ❛♥♥❡❛❧✐♥❣✳ ❙tr❡ss ❝♦rr♦s✐♦♥ ❡①♣❡r✐♠❡♥ts ♠❛❦❡ ✉s❡ ♦❢ ❉❈❉❈ s❛♠♣❧❡s ✉♥❞❡r

❝♦♠♣r❡ss✐✈❡ ❧♦❛❞s✳ ❈r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ♦❝❝✉rs ❢♦r s✉❜❝r✐t✐❝❛❧ str❡ss❡s✱ KI < KC ✳

❇② ♠❛✐♥t❛✐♥✐♥❣ KSBN ∼ ❝♦♥st❛♥t✱ ❛♥ ✐♥❝❡❛s✐♥❣ ❬Na2O❪ ❝❤❛♥❣❡s t❤❡ t♦♣♦❧♦❣✐❝❛❧ ♥❡t✇♦r❦ ♦❢ t❤❡ ❣❧❛ss❡s✳

❋♦r RSBN < 0.5✱ s♦❞✐✉♠ ❛tt❛❝❦s t❤❡ ❜♦r❛t❡ ♥❡t✇♦r❦ ❝❛✉s✐♥❣ t❤❡ ❝♦♥✈❡rs✐♦♥ ♦❢ [3]B ✐♥t♦ [4]B ✳ ❚❤❡

s♦❞✐✉♠ ❛❝ts ❛s ❛ ❝❤❛r❣❡ ❝♦♠♣❡♥s❛t♦r✳ ❋✉rt❤❡r♠♦r❡✱ ❞✉r✐♥❣ t❤✐s ♣❤❛s❡✱ ♠❛♥② ❛✉t❤♦rs r❡♣♦rt ❛ ❞❡♠✐①✐♥❣

♦❢ t❤❡ s✐❧✐❝❛t❡ ❛♥❞ ❜♦r❛t❡ ♥❡t✇♦r❦✳ ❙✉❜s❡q✉❡♥t❧②✱ ❜❡t✇❡❡♥ 0.5 < RSBN < Rmax
SBN ✱ s♦❞✐✉♠ ❝♦♥t✐♥✉❡s t♦

❛tt❛❝❤ t♦ t❤❡ ❜♦r❛t❡ ♥❡t✇♦r❦❀ ❤♦✇❡✈❡r ❘❡❡❞♠❡r❣♥❡r✐t❡ ❣r♦✉♣s ❢♦r♠ ❛ss✐st✐♥❣ t❤❡ ❝♦♥♥❡❝t✐✈✐t② ♦❢ t❤❡ t✇♦

♥❡t✇♦r❦s✳ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✷ r❡✈❡❛❧❡❞ s✐❣♥s ♦❢ ♣❤❛s❡ s❡♣❛r❛t✐♦♥❀ t❤✐s ❣❧❛ss ❜♦❛r❞❡rs t❤❡s❡ t✇♦

③♦♥❡s✳ ■♥❝r❡❛s✐♥❣ RSBN ✭✐✳❡✳Rmax
SBN < RSBN < Rd1✮✱ t❤❡ s♦❞✐✉♠ ❜❡❣✐♥s t♦ ❛tt❛❝❤ t♦ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦

❢♦r♠✐♥❣ ◆❇❖ ♦♥ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦✳ ❋♦r Rd1 < RSBN < Rd3✱ Na2O ♠♦❞✐✜❡s ❜♦t❤ t❤❡ s✐❧✐❝❛t❡ ❛♥❞ t❤❡

❜♦r❛t❡ ♥❡t✇♦r❦ ❜② ❛❞❞✐♥❣ ◆❇❖ t♦ t❤❡ ♥❡t✇♦r❦✳ ❉✉r✐♥❣ t❤✐s ♣❤❛s❡✱ [3]B ❢♦r♠ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ [4]B ✳ ❆s

❛ ❝♦♥s❡q✉❡♥❝❡✱ ❣❧❛ss✬s ❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❝r❡❛s❡s✳ ❆ q✉❛♥t✐t② ❡❛s✐❧② ❛ss❡ss❛❜❧❡ ❛♥❞ r❡❧❛t❡❞ t♦ t❤❡

❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥ ✐s t❤❡ P♦✐ss♦♥✬s r❛t✐♦✱ ν✳ ●❡♥❡r❛❧❧② ❧✐t❡r❛t✉r❡ ❛ttr✐❜✉t❡s ❛♥ ✐♥❝r❡❛s✐♥❣ ❞❡❣r❡❡ ♦❢

♣♦❧②♠❡r✐③❛t✐♦♥ ✇✐t❤ ❛ ❞❡❝r❡❛s❡ ✐♥ ν✱ r❡s✉❧ts ❤❡r❡✐♥ ❝♦rr♦❜♦r❛t❡ t❤✐s r❡s✉❧t✳

❯♥❞❡rst❛♥❞✐♥❣ ❤♦✇ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✐♠♣❛❝ts t❤❡ ❣❧❛ss✬ t♦✉❣❤♥❡ss ❛✐❞s ✐♥ ✐♥s✉r✐♥❣ str✉❝t✉r❛❧

✐♥t❡❣r✐t② ♦❢ ❣❧❛ss❡s✳ ❍❛r❞♥❡ss t❡sts ♣r♦✈✐❞❡ ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ HV ✱ KC ♣❧✉s t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❞❡♥s✐✜❝❛✲
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t✐♦♥✴s❤❡❛r ✢♦✇ ❛❢t❡r ✐♥❞❡♥t❛t✐♦♥✳ HV ✈❛❧✉❡s ❞❡♣❡♥❞ ♦♥ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ r❡t✐❝✉❧❛t✐♦♥✿ ✐♥❝r❡❛s✐♥❣ t❤❡

◆❇❖ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡❝r❡❛s❡s HV ✳ ❚❤❡ ❙❇◆ ❣❧❛ss❡s ❛❧s♦ ❡①❤✐❜✐t ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦r r❡❣❛r❞✐♥❣ t♦ t❤❡✐r ✐♥✲

❞❡♥t❛t✐♦♥ ♣❛tt❡r♥s ❛♥❞ t❤❡✐r ❝r❛❝❦✐♥❣ ❜❡❤❛✈✐♦rs✳ ν ❛♣♣❡❛rs t♦ ❜❡ t❤❡ ❦❡② ♣❛r❛♠❡t❡r ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ ❤♦✇

♠❛tt❡r ✢♦✇s ✉♥❞❡r ❛♥ ✐♥❞❡♥t❡r✳ ●❧❛ss❡s ✇✐t❤ ❧♦✇ ✈❛❧✉❡s ♦❢ ν ❢❛✈♦r ❞❡♥s✐✜❝❛t✐♦♥✳ ■♥❝r❡❛s✐♥❣ ν ❞❡❝r❡❛s❡s

t❤❡ ❞❡♥s✐✜❝❛t✐♦♥ ♣r♦❝❡ss❡s ❛♥❞ ✐♥❝r❡❛s❡s s❤❡❛r ✢♦✇ ♣r♦❝❡ss❡s✳ ❱❛r✐❛t✐♦♥s ✐♥ ❜♦t❤ ♣r♦❝❡ss❡s ❛❧t❡r ❝r❛❝❦✐♥❣

❜❡❤❛✈✐♦r✳ ❍✐❣❤❡r ν ✈❛❧✉❡s ❢❛✈♦rs t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ t❤❡ ❧❛t❡r❛❧✲r❛❞✐❛❧ ❝r❛❝❦✳ ❚❤✉s✱ ❛ ❣♦♦❞ ❝♦rr❡❧❛t✐♦♥

❡①✐sts ❜❡t✇❡❡♥ t❤❡ KC ❞❡t❡r♠✐♥❡❞ ❜② ✐♥❞❡♥t❛t✐♦♥ ❛♥❞ ν✳ ❘❛t❤❡r t❤❛♥ ❛ r❡❛❧ ❣❧❛ss t♦✉❣❤♥❡ss✱ KC ✈❛❧✉❡s

❢♦r t❤❡ ❙❇◆ ❣❧❛ss❡s st✉❞✐❡❞ ❤❡r❡✐♥ ❡①♣r❡ss ❤♦✇ ♠❛tt❡r ✢♦✇s ✉♥❞❡r ❱✐❝❦❡rs✬ ✐♥❞❡♥t❡r✳

❯♥❞❡rst❛♥❞✐♥❣ ❤♦✇ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✐♠♣❛❝ts t❤❡ ❣❧❛ss✬ ❙❈❈ ❜❡❤❛✈✐♦r ✇✐❧❧ ❛✐❞ ✐♥ ♣r❡✈❡♥t✐♥❣

♣r❡♠❛t✉r❡ ❢❛✐❧✉r❡ ♦❢ s②st❡♠s✳ ❋♦r KSBN ∼ ❝♦♥st❛♥t✱ ✐♥❝r❡❛s✐♥❣ ❬Na2O❪ s❤✐❢ts KE t♦✇❛r❞s ❤✐❣❤❡r KI

✈❛❧✉❡s✳ ❚❤✐s s❤✐❢t ❝♦rr❡s♣♦♥❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❣❧❛ss✬ ♣❧❛st✐❝✐t②✳ ❚♦♣♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡s ✭✐♥❝r❡❛s❡ ✐♥ [3]❇✱

s♦❞✐✉♠ ♣♦❝❦❡ts✱ ❡t❝✮ ✐♥ t❤❡ ❣❧❛ss✬ str✉❝t✉r❡ ❡♥❛❜❧❡ ✐t t♦ ❛❝❝♦♠♠♦❞❛t❡ ❤✐❣❤❡r str❡ss ❧♦❛❞s✳ ❚❤❡s❡ ❝❤❛♥❣❡s

✐♥ ❡✛❡❝t ❛❧❧♦✇ ❢♦r ❛ ❣r❡❛t❡r s❤✐❡❧❞✐♥❣ ♦❢ t❤❡ ❝r❛❝❦ t✐♣ ❢r♦♠ ❡①t❡r♥❛❧❧② ❛♣♣❧✐❡❞ str❡ss❡s✳ ❋✐♥❛❧❧②✱ t❤❡ s❧♦♣❡

❞r❛st✐❝❛❧❧② ✐♥❝r❡❛s❡s ✇✐t❤ ❬Na2O❪✳ ❘❡s✉❧ts ❤❡r❡✐♥ ❞✐s❝♦✉♥t ♠❡❝❤❛♥✐s♠s ❝✉rr❡♥t❧② ♣r♦♣♦s❡❞ ✐♥ ❧✐t❡r❛t✉r❡✳

❍❡r❡✐♥✱ t❤r❡❡ ♣❛r❛♠❡t❡rs ❞✐s♣❧❛② tr❡♥❞s ✇✐t❤ t❤❡ s❧♦♣❡ ✭n ♦r b✮✿ ν❀ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖❀ ❛♥❞ ❬Na2O❪✳ ❨❡t✱

t❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ ✐♥tr✐♥s✐❝❛❧❧② ❧✐♥❦❡❞✳ ❚❤❡ ♠❡❝❤❛♥✐s♠s ❛t t❤❡ ❝r❛❝❦ t✐♣ ❧❡❛❞ t♦ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❝r❛❝❦

♣❛t❤ ❛s ❞✐s♣❧❛②❡❞ ❜② t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❘▼❙✳

❋✉t✉r❡ ✇♦r❦s ❝♦♥❝❡r♥s t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦♥ t❤❡ ♠❡❝❤❛♥✐s♠s ♦❝❝✉rr✐♥❣ ❛t t❤❡ ❝r❛❝❦ t✐♣✳ ❉✉❡ t♦ t❤❡

❝♦♠♣❧❡①✐t② ♦❢ t❤❡ s②st❡♠s✱ ❤♦✇ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ✐♠♣❛❝ts t❤❡ s❧♦♣❡ ✐♥ r❡❣✐♦♥ ■ r❡♠❛✐♥s ✉♥❝❧❡❛r✳

❙✐♠✉❧❛t✐♦♥s ✉s✐♥❣ ❘❡❛①❋❋ ❝♦✉❧❞ ❤❡❧♣ ✐♥ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡s❡ ♣r♦❝❡ss❡s✳
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✽✻



P❛rt ■■

■♠♣❛❝t ♦❢ ✐rr❛❞✐❛t✐♦♥ ♦♥ str✉❝t✉r❛❧ ❛♥❞

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

s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s
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Chapter 1

■♥tr♦❞✉❝t✐♦♥✿ ❆ r❡✈✐❡✇ ♦❢ str✉❝t✉r❛❧ ❛♥❞

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

♥✉❝❧❡❛r ❣❧❛ss❡s

❈♦♥t❡♥ts

✶✳✶ ◆✉❝❧❡❛r ✇❛st❡ ♠❛♥❛❣❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✶✳✶✳✶ ❖r✐❣✐♥ ♦❢ ♥✉❝❧❡❛r ✇❛st❡ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✶✳✶✳✷ ❍▲❲ ❝♦♥✜♥❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

✶✳✶✳✸ ❋r❡♥❝❤ ♥✉❝❧❡❛r ✇❛st❡ ❣❧❛ss✿ ❘✼❚✼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✶✳✷ ■♥t❡r❛❝t✐♦♥ ♦❢ ♣❛rt✐❝❧❡s ✇✐t❤✐♥ t❤❡ ❧♦♥❣ t❡r♠ st♦r❛❣❡ ❝♦♥✜♥❡♠❡♥t ✳ ✳ ✾✷

✶✳✷✳✶ ❖r✐❣✐♥ ♦❢ t❤❡ ✐rr❛❞✐❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

✶✳✷✳✷ ■♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ β ❞❡❝❛② ❛♥❞ ♠❛tt❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✶✳✷✳✸ ■♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ α ❞❡❝❛② ❛♥❞ ♠❛tt❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✶✳✸ ▲❛❜♦r❛t♦r② t❡st✐♥❣ ♠❡t❤♦❞s ❡♠♣❧♦②❡❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✶✳✹ ❙tr✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✶✳✹✳✶ P✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✶✳✹✳✷ ❙✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✿ ✻ ♦r ❧❡ss ♦①✐❞❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻

✶✳✹✳✸ ❍❡❛✈② ✐♦♥ ✐rr❛❞✐❛t✐♦♥ ♦♥ ❘✼❚✼ ❛♥❞ ❝♦♠♣❧❡① ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

✶✳✹✳✹ ❈♦rr❡❧❛t✐♦♥ ❞❡♥s✐t②✲str✉❝t✉r❡ ✈❛r✐❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✶✳✹✳✺ ❇❛❧❧✐st✐❝ ❞✐s♦r❞❡r✐♥❣ ❛♥❞ ❢❛st q✉❡♥❝❤✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

✶✳✺ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

✶✳✺✳✶ ❨♦✉♥❣ ♠♦❞✉❧✉s ❡✈♦❧✉t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✶✳✺✳✷ ❍❛r❞♥❡ss ❡✈♦❧✉t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✶✳✺✳✸ ❊✈♦❧✉t✐♦♥ ♦❢ ❢r❛❝t✉r❡ t♦✉❣❤♥❡ss ✭KC✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✶✳✻ ❙✉♠♠❛r② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻
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✶✳✶✳ ◆❯❈▲❊❆❘ ❲❆❙❚❊ ▼❆◆❆●❊▼❊◆❚

❚❤✐s ♣❛rt ❝♦♥❝❡r♥s t❤❡ st♦r❛❣❡ ♦❢ ♥✉❝❧❡❛r ✇❛st❡✳ ❋r❡q✉❡♥t❧②✱ ❝♦♠♣❧❡① ❛❧✉♠✐♥♦ ❜♦r♦ s✐❧✐❝❛t❡ ❣❧❛ss❡s

✭❢r❡q✉❡♥t❧② ❘✼❚✼ ✐♥ ❋r❛♥❝❡✮ ❡♠❜❡❞ ✜ss✐♦♥ ♣r♦❞✉❝t ✭❋P✮ ❛♥❞ ♠✐♥♦r ❛❝t✐♥✐❞❡s ✭▼❆✮ ❢r♦♠ s♣❡♥t ❢✉❡❧✳ ❊♥✲

s✉r✐♥❣ t❤❡ ❞✉r❛❜✐❧✐t② ♦❢ t❤❡s❡ ❣❧❛ss❡s ♦✈❡r t❤❡ ❧♦♥❣✲t❡r♠ ✭✉♣ t♦ ❛ ❢❡✇ ❤✉♥❞r❡❞s ♦❢ t❤♦✉s❛♥❞s ♦❢ ②❡❛rs✮ st✐❧❧

♣r❡s❡♥ts ❛ ♠❛❥♦r ❝❤❛❧❧❡♥❣❡✳ ▼♦r❡♦✈❡r ❢✉t✉r❡ ❤✐❣❤ ❧❡✈❡❧ ✇❛st❡s ✭❍▲❲✮ ✇✐❧❧ ❝♦♥t❛✐♥ ♠♦r❡ ✜ss✐♦♥ ♣r♦❞✉❝t

✭❋P✮ ❛♥❞ ♠✐♥♦r ❛❝t✐♥✐❞❡s ✭▼❆✮✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ r❛❞✐♦❛❝t✐✈✐t② ❛♥❞ t✐♠❡ ♦❢ st♦r❛❣❡ ✇✐❧❧ ✐♥❝r❡❛s❡✳ ❚♦

s❛❢❡t② ❝♦♥✜♥❡ t❤❡♠✱ ✐t✬s ❝r✉❝✐❛❧ t♦ ❦♥♦✇ ❤♦✇ ✐rr❛❞✐❛t✐♦♥ ✐♠♣❛❝ts t❤❡ str✉❝t✉r❛❧ ❛♥❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣✲

❡rt✐❡s ♦❢ ❣❧❛ss❡s✳

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

t✐❡s ♦❢ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ■♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ t❤❡ ✐ss✉❡s✱ t❤❡ ✜rst s❡❝t✐♦♥ ❜r✐❡✢② ❞❡t❛✐❧s t❤❡ ♦r✐❣✐♥ ♦❢

❍▲❲ ❛♥❞ ✐ts ♠❛♥❛❣❡♠❡♥t✳ ❙❡❝t✐♦♥ ✶✳✶ ❞❡t❛✐❧s t❤❡ ♦r✐❣✐♥ ❛♥❞ t②♣❡s ♦❢ s❡❧❢✲✐rr❛❞✐❛t✐♦♥s t❤❡ ❍▲❲ ❣❧❛ss❡s

✉♥❞❡r❣♦✳ ❚❤❡s❡ s❡❧❢✲✐rr❛❞✐❛t✐♦♥s ✭❛❧♦♥❣ ✇✐t❤ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✮ ❧❡❛❞ t♦ str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s✳ ❙❡❝✲

t✐♦♥ ✶✳✹ ♣r❡s❡♥ts t❤❡s❡ ♠♦❞✐✜❝❛t✐♦♥s ✐♥ ♣✉r❡ s✐❧✐❝❛✱ s♦❞✐✉♠ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ❛♥❞ ❝♦♠♣❧❡① ❜♦r♦s✐❧✐❝❛t❡

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

♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❣❧❛ss❡s ✭❞❡t❛✐❧❡❞ ✐♥ s❡❝t✐♦♥ ✶✳✺✮✳

✶✳✶ ◆✉❝❧❡❛r ✇❛st❡ ♠❛♥❛❣❡♠❡♥t

✶✳✶✳✶ ❖r✐❣✐♥ ♦❢ ♥✉❝❧❡❛r ✇❛st❡ ❛♥❞ ❝❧❛ss✐✜❝❛t✐♦♥

❘❛❞✐♦❛❝t✐✈❡ ✇❛st❡ ❝♦♠❡s ❢r♦♠ ✈❛r✐♦✉s s♦✉r❝❡s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ s❝✐❡♥t✐sts ❞❡❛❧ ✇✐t❤ r❛❞✐♦❛❝t✐✈❡ ♠❛t❡✲

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

r❛❞✐♦❛❝t✐✈❡ ✇❛st❡s ❝♦♠❡s ❢r♦♠ t❤❡ ♥✉❝❧❡❛r ✐♥❞✉str②✿ ♦♣❡r❛t✐♦♥ ♦r ❞❡❝♦♠♠✐ss✐♦♥✐♥❣ ♦❢ ♥✉❝❧❡❛r ✐♥st❛❧❧❛✲

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

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

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

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

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

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

♦❢ ❤❡❛✈② ♠❡t❛❧s ✇❤✐❝❤ ❛❧s♦ ♥❡❡❞ t♦ ❜❡ s❛❢❡t② ❝♦♥✜♥❡❞✳ ❖♥❝❡ t❤❡ ♥✉❝❧❡❛r ❢✉❡❧ ♣❡❧❧❡ts ❛r❡ ❢♦r♠❡❞ t❤❡② ❡♥t❡r

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

✜ss✐❧❡ ♠❛t❡r✐❛❧ ✭235❯✮✱ ❢❡rt✐❧❡ ♠❛t❡r✐❛❧ ✭238❯✮ ❛♥❞ ♦t❤❡r r❛❞✐♦❛❝t✐✈❡ ❡❧❡♠❡♥ts s✉❝❤ ❛s ✜ss✐♦♥ ♣r♦❞✉❝t ✭❋P✮

❛♥❞ ♠✐♥♦r ❛❝t✐♥✐❞❡s ✭▼❆✮✳ ❋r❛♥❝❡ ❝❤♦s❡ t♦ ❝❤❡♠✐❝❛❧❧② r❡♣r♦❝❡ss ✉r❛♥✐✉♠ ❛♥❞ ♣❧✉t♦♥✐✉♠ ❢r♦♠ s♣❡♥t ❢✉❡❧✳

❚❤❡ P❯❘❊❳ ✭P❧✉t♦♥✐✉♠ ❛♥❞ ❯r❛♥✐✉♠ ❘❡❝♦✈❡r② ❜② ❊❳tr❛❝t✐♦♥✮ ♣r♦❝❡ss ✐s ❛ ❧✐q✉✐❞✲❧✐q✉✐❞ ❡①tr❛❝t✐♦♥

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

✉r❛♥✐✉♠ r❡❡♥t❡r t❤❡ ❢✉❡❧ ❝②❝❧❡ ❛s ▼❖❳ ✭▼✐①❡❞ ❖❳✐❞❡✮ ❢✉❡❧✳ ❖r❣❛♥✐❝ s♦❧✈❡♥ts r❡q✉✐r❡ tr❡❛t♠❡♥t ❛♥❞

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

❛r❡ ❝❤❡♠✐❝❛❧❧② ❛♥❞ ♣❤②s✐❝❛❧❧② ❞✐✛❡r❡♥t ❛♥❞ ❤❛✈❡ ✈❛r②✐♥❣ ❧❡✈❡❧s ♦❢ ❛❝t✐✈✐t②✳ ❚♦ ❢❛❝✐❧✐t❛t❡ t❤❡ ❝♦♥✜♥❡♠❡♥t

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

❛❝t✐✈✐t② ❛♥❞ t❤❡ ❤❛❧❢✲❧✐✈❡s ♦❢ t❤❡ r❛❞✐♦♥✉❝❧✐❞❡s ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ✇❛st❡✳ ❋✐❣✉r❡ ✶✳✶ ♣r❡s❡♥ts ❛ ❝♦♥❝❡♣t✉❛❧

✐❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ✇❛st❡ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❚❤❡ ✈❡rt✐❝❛❧ ❛①✐s ♣r❡s❡♥ts t❤❡ ✇❛st❡✬s ❛❝t✐✈✐t② ❝♦♥t❡♥t ❛♥❞ t❤❡

❤♦r✐③♦♥t❛❧ ❛①✐s t❤❡ ❤❛❧❢✲❧✐✈❡s ♦❢ t❤❡ r❛❞✐♦♥✉❝❧✐❞❡s ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ✇❛st❡✳

✽✾



❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

❍❛❧❢✲❧✐❢❡

❆❝t✐✈✐t② ❝♦♥t❡♥t

❋✐❣✉r❡ ✶✳✶✿ ❙❝❤❡♠❡ ♦❢ t❤❡ ✇❛st❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❢r♦♠ ❬✸✻❪✳

❊①❡♠♣t ✇❛st❡ ✭❊❲✮ ❞♦❡s ♥♦t r❡q✉✐r❡ r❡❣✉❧❛t♦r② ❝♦♥tr♦❧ ❢♦r r❛❞✐❛t✐♦♥ ♣r♦t❡❝t✐♦♥✳ ❚❤❡♥ ✈❡r② s❤♦rt

❧✐✈❡❞ ✇❛st❡s ✭❱❙▲❲✮ ❛♥❞ ✈❡r② ❧♦✇ ❧❡✈❡❧ ✇❛st❡s ✭❱▲▲❲✮ ❛r❡ ✉♥❞❡r r❡❣✉❧❛t♦r② ❝♦♥tr♦❧✱ ❜✉t t❤❡② ❞♦ ♥♦t

r❡q✉✐r❡ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ❝♦♥✜♥❡♠❡♥t✳ ▲♦✇ ❧❡✈❡❧ ✇❛st❡s ✭▲▲❲✮ ❝❛♥ ✐♥❝❧✉❞❡ s❤♦rt ❧✐✈❡❞ r❛❞✐♦♥✉❝❧✐❞❡s ❛t ❤✐❣❤❡r

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

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

♥✉❝❧❡❛r ♣♦✇❡r ♣❧❛♥ts✳ ❙✉❝❤ ✇❛st❡s ❛r❡ st♦r❡❞ ♥❡❛r s✉r❢❛❝❡ ❢❛❝✐❧✐t✐❡s ❢♦r ❛ ♣❡r✐♦❞ ♦❢ ✉♣ t♦ ❛ ❢❡✇ ❤✉♥❞r❡❞

②❡❛rs✳ ❚❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❧❡✈❡❧ ✇❛st❡s ✭■▲❲✮ ❝♦♥t❛✐♥ ❧♦♥❣ ❧✐✈❡❞ r❛❞✐♦♥✉❝❧✐❞❡s ❛♥❞ r❡q✉✐r❡ ❛ ❣r❡❛t❡r ❞❡❣r❡❡

♦❢ ✐s♦❧❛t✐♦♥ t❤❛♥ ▲▲❲✳ ❲❛st❡s ✇✐t❤ ❤✐❣❤❡st ❧❡✈❡❧s ♦❢ ❛❝t✐✈✐t② ✭❍▲❲✮ ❢r❡q✉❡♥t❧② ❛r✐s❡ ❢r♦♠ s♣❡♥t ❢✉❡❧ ♦r

r❡♣r♦❝❡ss✐♥❣ s♦❧✉t✐♦♥s ❝♦♥t❛✐♥✐♥❣ ❋P ❛♥❞ ▼❆✳ ❍▲❲ ❡♠✐t α ♣❛rt✐❝❧❡s ❛♥❞ ♣r♦❞✉❝❡ ❛ s✐❣♥✐✜❝❛♥t ❛♠♦✉♥t ♦❢

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

❖♥❡ s♦❧✉t✐♦♥ ❢♦r ❧♦♥❣✲t❡r♠ st♦r❛❣❡ ♦❢ t❤❡s❡ ✇❛st❡s ✐s ❞❡❡♣ ❣❡♦❧♦❣✐❝❛❧ ❞✐s♣♦s❛❧ ✭t❡♥s t♦ ❛ ❢❡✇ ❤✉♥❞r❡❞ ♦❢

♠❡t❡rs✮ ✐♥ st❛❜❧❡ ❣❡♦❧♦❣✐❝❛❧ ❢♦r♠❛t✐♦♥s✳ ❋r❛♥❝❡ ✈✐tr✐✜❡s ❍▲❲ ❢r❡q✉❡♥t❧② ✐♥ ▲❛ ❍❛❣✉❡ ✭❆❘❊❱❆✮✳

✶✳✶✳✷ ❍▲❲ ❝♦♥✜♥❡♠❡♥t

❍✐❣❤ ❧❡✈❡❧ ✇❛st❡s ❛❝❝♦✉♥t ❢♦r ♦✈❡r ✾✺ % ♦❢ t❤❡ t♦t❛❧ r❛❞✐♦❛❝t✐✈✐t② ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ♥✉❝❧❡❛r ♣♦✇❡r ♣r♦❝❡ss

❜✉t ❧❡ss t❤❛♥ ✸ % ♦❢ t❤❡ t♦t❛❧ ✈♦❧✉♠❡ ✭✇✐t❤ ▲▲❲ ∼✾✵% ❛♥❞ ■▲❲ ∼✼%✮✳ ❆❢t❡r r❡♣r♦❝❡ss✐♥❣✱ ❤✐❣❤ ❧❡✈❡❧

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

r❡❧❡❛s❡ ♦❢ r❛❞✐♦♥✉❝❧✐❞❡s s❤♦✉❧❞ ❜❡ ✐♥s✐❣♥✐✜❝❛♥t✱ ✐✳❡✳ t❤❡ ♠❛tr✐① s❤♦✉❧❞ ❤❛✈❡ ❛ ❣♦♦❞ ❝❤❡♠✐❝❛❧ ❞✉r❛❜✐❧✐t②✳

P❛❝❦❛❣✐♥❣ ✜ss✐♦♥ ♣r♦❞✉❝t r❡q✉✐r❡s ❛ str✉❝t✉r❡ ❛❜❧❡ t♦ ❛❝❝♦♠♠♦❞❛t❡ t❤❡ ♠✉❧t✐♣❧❡ ❡❧❡♠❡♥ts ❛♥❞ t♦ ❜❡

❝❤❡♠✐❝❛❧❧② r❡s✐st❛♥t t♦ ✇❛t❡r ❛♥❞ s❡❧❢✲✐rr❛❞✐❛t✐♦♥s✱ ❡t❝✳ ❱✐tr✐✜❝❛t✐♦♥ ❛♣♣❡❛rs t♦ ❜❡ t❤❡ ♠♦st ❢❛✈♦r❛❜❧❡

❢r♦♠ ❛♥ ✐♥❞✉str✐❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇ ❬✼❪✳ ▼♦r❡♦✈❡r✱ ❣❧❛ss❡s ♣❛rt❛❦❡ ✐♥ ♥✉♠❡r♦✉s ❛❞✈❛♥t❛❣❡s✳ ❚❤❡ ❣❧❛ss②

♥❡t✇♦r❦ ❝❛♥ ✐♥❝♦r♣♦r❛t❡ ❜♦t❤ ❋P ❛♥❞ ▼❆✳ ❆❧s♦✱ ✐t ♣r❡s❡♥ts ❛ ❣♦♦❞ ❝❤❡♠✐❝❛❧ ❞✉r❛❜✐❧✐t②✱ ❧♦✇ ♣♦r♦s✐t② ❛♥❞

✾✵



✶✳✶✳ ◆❯❈▲❊❆❘ ❲❆❙❚❊ ▼❆◆❆●❊▼❊◆❚

♣❡r♠✐ts t❤❡ ❝♦♥✜♥❡♠❡♥t ✐♥ ❧♦✇ ✈♦❧✉♠❡ ❢♦r tr❛♥s♣♦rt❛t✐♦♥✳

❊❧❛❜♦r❛t✐♦♥ ♦❢ ❋r❡♥❝❤ ❘✼❚✼ ❣❧❛ss ❛t ▲❛ ❍❛❣✉❡ ✐♥✈♦❧✈❡s t✇♦ st❡♣s ✭✜❣✉r❡ ✶✳✷✮✿

• ❊✈❛♣♦r❛t✐♦♥ ♦❢ ✇❛t❡r ❛♥❞ ❝❛❧❝✐♥❛t✐♦♥ st❡♣✿ ❝♦♥✈❡rts ♠♦st ♦❢ t❤❡ ❡❧❡♠❡♥ts ♣r❡s❡♥t ✐♥t♦ ♦①✐❞❡s✳ ❚❤✐s

st❡♣ t❛❦❡s ♣❧❛❝❡ ❛t ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡s ✭✶✵✵◦❈ t♦ ✹✵✵◦❈✮✳

• ❱✐tr✐✜❝❛t✐♦♥ st❡♣✿ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❝❛❧❝✐♥❛t✐♦♥ st❡♣ ✐s ♠✐①❡❞ ✇✐t❤ ❣❧❛ss ❢r✐t ✈✐❛ r♦t❛t✐♥❣ t✉❜❡ ❛♥❞

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

t❤❡ ❝❛❧❝✐♥❛t✐♦♥ st❡♣ ❛♥❞ ❢♦r♠s t❤❡ ❣❧❛ss ♣❛❝❦❛❣❡ ✇❤✐❝❤ ❡♠❜❡❞s t❤❡ ✜ss✐♦♥ ♣r♦❞✉❝ts ✐♥t♦ ✐ts ❣❧❛ss②

♥❡t✇♦r❦✳

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

❋✐❣✉r❡ ✶✳✷✿ ❍♦t ❝r✉❝✐❜❧❡ ♣r♦❝❡ss ♦❢ ❘✼❚✼ ❣❧❛ss ❡❧❛❜♦r❛t✐♦♥ ❢r♦♠ ❬✶❪✳

❚❤❡ ❢♦r♠✉❧❛t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❣❧❛ss❡s ♣❡r♠✐t✿

• ❍✐❣❤ s♦❧✉❜✐❧✐t② ♦❢ ❡❧❡♠❡♥ts ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ♥✉❝❧❡❛r ✇❛st❡s✳

• ❚❡♠♣❡r❛t✉r❡ ♦❢ ❡❧❛❜♦r❛t✐♦♥ ❜❡❧♦✇ ✶✶✺✵◦❈ ❢♦r ✐♥❞✉str✐❛❧ ♣r♦❝❡ss✳

• ❈❤❡♠✐❝❛❧ ❞✉r❛❜✐❧✐t② t♦ ❧❡❛❝❤✐♥❣✱ s❡❧❢✲✐rr❛❞✐❛t✐♦♥ ❛♥❞ ❞❡♠✐①✐♥❣✳

✶✳✶✳✸ ❋r❡♥❝❤ ♥✉❝❧❡❛r ✇❛st❡ ❣❧❛ss✿ ❘✼❚✼

❋r❛♥❝❡ ❝❤♦s❡ t♦ ❞❡✈❡❧♦♣ t❤❡ ❘✼❚✼ ❣❧❛ss✱ ✇❤✐❝❤ ❝♦♥t❛✐♥s ∼ ✸✵ ♦①✐❞❡s✳ ❚❛❜❧❡ ✶✳✶ ❞❡t❛✐❧s t❤❡ ❝♦♠♣♦s✐t✐♦♥

♦❢ ❘✼❚✼✳ ◆❡t✇♦r❦ ❢♦r♠❡rs✱ ✇❤✐❝❤ ❛✐❞ ✐♥ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✱ t②♣✐❝❛❧❧② ❢♦✉♥❞ ✐♥

❘✼❚✼ ✐♥❝❧✉❞❡ s✐❧✐❝♦♥✱ ❜♦r♦♥✱ ❛♥❞ ❛❧✉♠✐♥✉♠✳ ❚❤❡② ✐♥❞✉❝❡ str♦♥❣ ❜♦♥❞s ✇❤❡r❡❛s ♥❡t✇♦r❦ ♠♦❞✐✜❡rs s✉❝❤

❛s s♦❞✐✉♠ ❜r❡❛❦ t❤❡s❡ ❜♦♥❞s✱ ❞❡❝r❡❛s✐♥❣ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡✳ ◆❡t✇♦r❦ ♠♦❞✐✜❡rs ❛❧s♦ ❞❡❝r❡❛s❡ t❤❡

♠❡❧t✐♥❣ ♣♦✐♥t ❛♥❞ ❤❛✈❡ ❛ ❢❛✈♦r❛❜❧❡ ❡✛❡❝t ♦♥ t❤❡ ✈✐s❝♦s✐t② ❛♥❞ r❡❛❝t✐✈✐t② ♦❢ t❤❡ ♠♦❧t❡♥ ❣❧❛ss✳ ❍❡♥❝❡✱ t❤❡②

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

✾✶



❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

♣r♦❝❡ss❡s ❢r♦♠ ✐♥❞✉str✐❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇✿ ❡✳❣✳ ♥✐❝❦❡❧ ♦①✐❞❡ ♣❡r♠✐ts ❛ ❝♦♥tr♦❧ ♦❢ t❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t②✳

❚❤❡ ✐♥❝♦r♣♦r❛t✐♦♥ ♦❢ ✜ss✐♦♥ ♣r♦❞✉❝ts ✐s r❡str✐❝t❡❞ t♦ ✶✽✳✺ %✳ ❆t t❤❡ ❡♥❞ ♦❢ t❤❡ ❢❛❜r✐❝❛t✐♦♥ t❤❡ ❘✼❚✼ ❣❧❛ss

✐s ❤♦♠♦❣❡♥❡♦✉s ❛t t❤❡ ♠❛❝r♦s❝♦♣✐❝ s❝❛❧❡✳ ❚❤❡ ♥♦♥✲❛❝t✐✈❡ ❡q✉✐✈❛❧❡♥t t♦ ❘✼❚✼ ✐s ❙❖◆✻✽ ❣❧❛ss✳

❖①②❞❡s %♠❛ss
SiO2 ✹✺✳✶
B2O3 ✶✸✳✾
Na2O ✶✵✳✵
CaO ✹✳✵
Al2O3 ✹✳✾
Fe2O3 ✸✳✵
ZnO ✷✳✺
P2O5 ✵✳✸
NiO ✵✳✹
Cr2O3 ✵✳✺
Li2O ✷✳✵
ZrO2 ✶✳✵

P❧❛t✐♥♦✐❞s ✶✳✻
P❋ ✶✵✳✹
▼❆ ✵✳✹

❚❛❜❧❡ ✶✳✶✿ ❈❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ r❛♥❣❡ ❢♦r t❤❡ ❘✼❚✼ ❣❧❛ss❡s ❬✶❪✳

❚❤❡ ❛❞✈❛♥t❛❣❡ t♦ ❣❧❛ss ♥❡t✇♦r❦s ✐s t❤❡ ❝♦♠♣♦s✐t✐♦♥ ✢❡①✐❜❧✐❧✐t②✳ ❚❤✉s ✐t ❝❛♥ ❜❡ ♠♦❞✐✜❡❞ t♦ ✐♥❝♦r♣♦r❛t❡

♠♦r❡ ❋P✳ ❈✉rr❡♥t r❡s❡❛r❝❤ ❛♥❞ t❡❝❤♥♦❧♦❣② ♣❡r♠✐ts t❤❡ ✐♥❝♦r♣♦r❛t✐♦♥ ♦❢ ✷✷✳✺ % ♠❛ss ♦❢ ❋P ✐♥t♦ t❤❡ ❣❧❛ss

♥❡t✇♦r❦ ✐♥ ❧❛❜♦r❛t♦r②✳ ❋✐♥❛❧❧②✱ ♦t❤❡r ♠❛tr✐①❡s ❝♦♥✜♥❡ s♣❡❝✐✜❝ ❡❧❡♠❡♥ts s✉❝❤ ❛s ✐♦❞✐♥❡✱ ❝❡s✐✉♠✱ ❡t❝✳

❈❡r❛♠✐❝ ♠❛tr✐①❡s ♣r❡s❡♥t ❛❧s♦ ❛❞✈❛♥t❛❣❡s ❢♦r t❤❡ ✐♠♠♦❜✐❧✐③❛t✐♦♥ ♦❢ ❤✐❣❤ ❧❡✈❡❧ ✇❛st❡✿ ✭✶✮ ❣♦♦❞ ❝❤❡♠✐❝❛❧

❞✉r❛❜✐❧✐t②✱ ✭✷✮ ❛❜✐❧✐t② t♦ ❝♦♥✜♥❡ r❛❞✐♦❛❝t✐✈❡ ❡❧❡♠❡♥ts✱ ✭✸✮ ❣♦♦❞ ❜❡❤❛✈✐♦r ✉♥❞❡r s❡❧❢✲✐rr❛❞✐❛t✐♦♥✳ ❍♦✇❡✈❡r✱

t❤❡✐r ❡❧❛❜♦r❛t✐♦♥ ♣r♦❝❡ss❡s ❛r❡ ❞✐✣❝✉❧t t♦ ♠❛♥❛❣❡ ✭❡①✿ ❤✐❣❤ ♣r❡ss✉r❡✮✳ ❚❤❡ ❝♦♥✜♥❡♠❡♥t ♦❢ t❤❡ ✐♦❞✐♥❡

r❡q✉✐r❡s ❧♦✇ t❡♠♣❡r❛t✉r❡ ♣r♦❝❡ss s✉❝❤ ❛s ❙♣❛r❦ P❧❛s♠❛ ❙✐♥t❡r✐♥❣ ✭❙P❙✮ ❛♥❞ ❝❛♥ ❜❡ ❝♦♥✜♥❡♠❡♥t ✐♥ ❛♣❛t✐t❡

❝❡r❛♠✐❝s✳ ❆ ❣♦♦❞ ❝❛♥❞✐❞❛t❡ t♦ ❝♦♥✜♥❡ r❛❞✐♦♥✉❝❧✐❞❡ ❡❧❡♠❡♥ts ✐s ❣❧❛ss②✲❝❡r❛♠✐❝s ✇❤✐❝❤ ❛r❡ ♣♦❧②❝r②st❛❧❧✐♥❡

♠❛t❡r✐❛❧s ♣r♦❞✉❝❡❞ t❤r♦✉❣❤ ❝♦♥tr♦❧❧❡❞ ❝r②st❛❧❧✐③❛t✐♦♥ ❣r♦✇t❤ ✐♥ ❣❧❛ss❡s✳ ❚❤❡② ❝❛♥ ✐♥❝r❡❛s❡ t❤❡ ❛❜✐❧✐t② ♦❢

❣❧❛ss❡s t♦ ✐♥❝♦r♣♦r❛t❡ ❝❡rt❛✐♥ ❡❧❡♠❡♥ts ✇✐t❤ ❧♦✇ s♦❧✉❜✐❧✐t② ✐♥ ❣❧❛ss✱ ❣♦♦❞ t❤❡r♠❛❧ st❛❜✐❧✐t② ❛♥❞ ♠❡❝❤❛♥✐❝❛❧

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

✶✳✷ ■♥t❡r❛❝t✐♦♥ ♦❢ ♣❛rt✐❝❧❡s ✇✐t❤✐♥ t❤❡ ❧♦♥❣ t❡r♠ st♦r❛❣❡ ❝♦♥✜♥❡✲

♠❡♥t

✶✳✷✳✶ ❖r✐❣✐♥ ♦❢ t❤❡ ✐rr❛❞✐❛t✐♦♥

■rr❛❞✐❛t✐♦♥ ❞✉r✐♥❣ t❤❡ ❧♦♥❣ t❡r♠ st♦r❛❣❡ ♠❛✐♥❧② ❛r✐s❡s ❢r♦♠ ✜ss✐♦♥ ♣r♦❞✉❝ts ✭❡✳❣✳ 137❈s✮ ❛♥❞ t❤❡ ♠✐♥♦r

❛❝t✐♥✐❞❡s ✭❡✳❣✳ 241❆♠✮ t❤r♦✉❣❤ β✲ ❛♥❞ α✲❞❡❝❛②✱ r❡s♣❡❝t✐✈❡❧②✳ ❋P ❝♦♥t❛✐♥❡❞ ✐♥ ❍▲❲ ✭137❈s✱ 90❙r✮ ✐♥❞✉❝❡

β✲❞❡❝❛②✱ ✇❤❡r❡❛s ♠✐♥♦r ❛❝t✐♥✐❞❡s ❝♦♥t❛✐♥❡❞ ✐♥ ❍▲❲ ❣❡♥❡r❛t❡ α✲❞❡❝❛② ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ❡♠✐ss✐♦♥ ♦❢

✾✷
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❤❡❧✐✉♠ ♥✉❝❧❡✐ ✭α ♣❛rt✐❝❧❡s✮ ❛♥❞ ❛ r❡❝♦✐❧ ♥✉❝❧❡✉s✿

244
96 Cm ⇒240

94 Pu+4
2 He. ✭✶✳✶✮

✭α✱♥✮ r❡❛❝t✐♦♥s ✭❡①✿10❇✭♥✱α✮7▲✐✮ ❛❧s♦ ✐♥❞✉❝❡ ✐rr❛❞✐❛t✐♦♥ ❜✉t ❛t ❧♦✇❡r ♠❛❣♥✐t✉❞❡✳ ■♥t❡r❛❝t✐♦♥s ♦❢ β✲ ❛♥❞

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

❡♥❡r❣② ♦❢ ❛ ♣❛rt✐❝❧❡ ❝❛♥ ❜❡ ❧♦st ✐♥ t✇♦ ✐♥❞❡♣❡♥❞❡♥t ♠❛♥♥❡rs✿

(

dE

dx

)

total

=

(

dE

dx

)

inelastic

+

(

dE

dx

)

elastic

✭✶✳✷✮

β✲❞❡❝❛② ✐s t❤❡ ♠❛✐♥ s♦✉r❝❡ ♦❢ ✐rr❛❞✐❛t✐♦♥ ❢♦r t❤❡ ✜rst ✸✵✵ ②❡❛rs ♦❢ st♦r❛❣❡✳ ❚❤❡♥✱ α✲❞❡❝❛②s ❞♦♠✐♥❛t❡

❞✉r✐♥❣ t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ❣❧❛ss❡s✬ ❧✐❢❡✲t✐♠❡✳ ■t✬s ❝r✉❝✐❛❧ t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡s❡ t✇♦ ❝♦♠♣♦♥❡♥ts

✐♠♣❛❝t t❤❡ ❧♦♥❣ t❡r♠ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❣❧❛ss ♠❛tr✐①✳

✶✳✷✳✷ ■♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ β ❞❡❝❛② ❛♥❞ ♠❛tt❡r

❉✉r✐♥❣ β✲✐rr❛❞✐❛t✐♦♥✱ ❡♥❡r❣② ❞✐ss✐♣❛t✐♦♥ ♠❛✐♥❧② t❛❦❡s ♣❧❛❝❡ t❤r♦✉❣❤ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ ♦r ✐♦♥✐③❛t✐♦♥✳

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

✶✳✶✽ ▼❡❱✳ β ❞❡❝❛② ❛❧s♦ ♣r♦❞✉❝❡s r❡❝♦✐❧ ♥✉❝❧❡✉s ♦❢ ❧♦✇ ❡♥❡r❣② ✭∼ ❡❱✮ ❛♥❞ ♣❤♦t♦♥s γ✳

✶✳✷✳✸ ■♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ α ❞❡❝❛② ❛♥❞ ♠❛tt❡r

α✲❞❡❝❛② ♦❝❝✉rs ✇❤❡♥ ❛♥ ❛t♦♠ s♣♦♥t❛♥❡♦✉s❧② ❞❡❝❛②s ❡♠✐tt✐♥❣ ✷ ♣r♦t♦♥s ❛♥❞ ✷ ♥❡✉tr♦♥s ✭✐✳❡✳ ❛♥ 4
2He

❛❧s♦ ❝❛❧❧❡❞ ❛♥ α✲♣❛rt✐❝❧❡✮✳ ❚❤❡ ❛t♦♠ ✭AZX✮ ✇❤✐❝❤ r❡❧❡❛s❡s t❤❡ α✲♣❛rt✐❝❧❡ ❞❡❝❛②s ✉♥❞❡r❣♦❡s t❤❡ ❢♦❧❧♦✇✐♥❣

tr❛♥s❢♦r♠❛t✐♦♥

A
ZX ⇒A−4

Z−2 Y +4
2 He ✭✶✳✸✮

A−4
Z−2Y ✐s t❤❡ r❡❝♦✐❧ ♥✉❝❧❡✉s ✇✐t❤ ❤✐❣❤ ♠❛ss✳ ■t ✐♥✈♦❦❡s ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡ ✇✐t❤ r❛t❤❡r ❧♦✇ ❡♥❡r❣②✱ ❛♣♣r♦①✲

✐♠❛t❡❧② ✵✳✶ ▼❡❱✱ t❤r♦✉❣❤ ❝♦❧❧✐s✐♦♥ ❝❛s❝❛❞❡s✳ ❚❤❡ ❝♦❧❧✐s✐♦♥ ❝❛s❝❛❞❡ ✐♥✈♦❧✈❡s s❡❝♦♥❞❛r② ♣r♦❥❡❝t✐❧❡s ✇❤✐❝❤

❛❧s♦ ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✳ ❚❤❡ α✲♣❛rt✐❝❧❡ ✐♥ ❡q✉❛t✐♦♥ ✶✳✸ ❤❛s ❛ ❤✐❣❤ ❡♥❡r❣② ❛♥❞ ❛ s♠❛❧❧

❛t♦♠✐❝ ♠❛ss✳ ■♥t❡r❛❝t✐♦♥s ✐♥✈♦❧✈✐♥❣ α✲♣❛rt✐❝❧❡s ♣r❡❞♦♠✐♥❛♥t❧② ✉♥❞❡r❣♦ ✐♥❡❧❛st✐❝ ✐♥t❡r❛❝t✐♦♥s✳ ❆s ✐ts ❦✐✲

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

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

❡❧❡❝tr♦♥✐❝ ✭∼ ✾✾ %✮ ✐♥t❡r❛❝t✐♦♥s t❤❡♥ ❜❛❧❧✐st✐❝ ✭❧❡ss t❤❛♥ ✶%✮ ✐♥t❡r❛❝t✐♦♥s✳ ❚❛❜❧❡ ✶✳✷ s✉♠♠❛r✐③❡s t❤❡

❞✐✛❡r❡♥t ❝♦♥tr✐❜✉t✐♦♥s ❞✉❡ t♦ α✲❞❡❝❛②✳

P❛rt✐❝✉❧❡ ❊♥❡r❣② ✭▼❡❱✮ P❛t❤ ❧❡♥❣t❤ ❉✐ss✐♣❛t✐♦♥ ♦❢ ✐♥✐t✐❛❧ ❡♥❡r❣② t❤r♦✉❣❤
❊❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥ ◆✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥

α✲♣❛rt✐❝✉❧❡ ∼ ✺ ∼ ✷✵ µ♠ ∼ ✾✾✳✼ % ∼ ✵✳✸ %
❘❡❝♦✐❧ ♥✉❝❧❡✉s ∼ ✵✳✶ ∼ ✹✵ ♥♠ ∼ ✸✼ % ∼ ✻✸ %

❚❛❜❧❡ ✶✳✷✿ α ♣❛rt✐❝❧❡ ❛♥❞ r❡❝♦✐❧ ♥✉❝❧❡✉s ❢❡❛t✉r❡s ❢r♦♠ ❛♥ α✲❞❡❝❛②✳

✾✸



❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

✶✳✸ ▲❛❜♦r❛t♦r② t❡st✐♥❣ ♠❡t❤♦❞s ❡♠♣❧♦②❡❞

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

❣❧❛ss str✉❝t✉r❡ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❙❡✈❡r❛❧ ❧❛❜♦r❛t♦r② ❛❣✐♥❣ ♠❡t❤♦❞s ❡①✐sts✿

• ❆❝t✐♥✐❞❡ ❞♦♣❡❞ ❣❧❛ss❡s ❆❝t✐♥✐❞❡ ❞♦♣❡❞ ❣❧❛ss❡s ❛r❡ ❢r❡q✉❡♥t❧② ✉s❡❞ t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ α✲❞❡❝❛② ✐♥✲

✈♦❦❡s ♠♦❞✐✜❝❛t✐♦♥s ✐♥ t❤❡ ❣❧❛ss② str✉❝t✉r❡✳ ▼♦❞❡❧ α✲❞❡❝❛② ❡①♣❡r✐♠❡♥ts ✐♥❝♦r♣♦r❛t❡ s❤♦rt✲❧✐✈❡❞

❡❧❡♠❡♥ts ✐♥ t❤❡ ❣❧❛ss ♠❛tr✐①✳ ❚❤✐s ♠❡t❤♦❞ ✐s ❝❧♦s❡ t♦ t❤❡ ♣❤❡♥♦♠❡♥❛ ♦❝❝✉rr✐♥❣ ❞✉r✐♥❣ ✜♥❛❧ st♦r✲

❛❣❡ ❜❡❝❛✉s❡✿ ✭✶✮ ✐t t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ✐♠♣❛❝t ♦❢ ♣❛rt✐❝❧❡s ❛♥❞ ❤❡❧✐✉♠ ❛❝❝✉♠✉❧❛t✐♦♥❀ ❛♥❞ ✭✷✮

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

s❛♠♣❧❡s ✇❤✐❝❤ ❧❡❛❞s t♦ r❡❣✉❧❛t♦r② ❝♦♥❞✐t✐♦♥s t♦ ❝♦♥✜♥❡ t❤❡ s❛♠♣❧❡s ❛♥❞ ❧✐♠✐t t❡❝❤♥✐q✉❡s ✉s❡❞ t♦

❝❤❛r❛❝t❡r✐③❡ t❤❡ ❣❧❛ss ❡✈♦❧✉t✐♦♥✳

• ❊①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥ ❋r❡q✉❡♥t❧②✱ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s✱ ❡❧❡❝tr♦♥s✱ ♦r γ✲r❛② ❜♦♠❜❛r❞♠❡♥t ♦❢ s❛♠♣❧❡s

s✐♠✉❧❛t❡ t❤❡ ♥✉❝❧❡❛r ❛♥❞ ❡❧❛st✐❝ ✐♥t❡r❛❝t✐♦♥ ✐ss✉❡❞ ❢r♦♠ t❤❡ β✲ ❛♥❞ α✲❞❡❝❛②s✱ ❛♥❞ r❡❝♦✐❧ ♥✉❝❧❡✉s✳

❇② ✈❛r②✐♥❣ t❤❡ ♣r♦❥❡❝t✐❧❡ ✭♠❛ss✱ ❝❤❛r❣❡ ❛♥❞ ❡♥❡r❣②✮✱ ♦♥❡ ❝❛♥ s❤✐❢ts t❤❡ ❡①♣❡❝t❡❞ ❞❛♠❛❣❡ ❢r♦♠

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

❞✐✛❡rs ❢r♦♠ t❤❡ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡✳ ❍❡❧✐✉♠✱ ❦r②♣t♦♥ ❛♥❞ ❣♦❧❞ ✐♦♥s ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞✳ ❙❛♠♣❧❡s

r❡♠❛✐♥ ♥♦♥✲❛❝t✐✈❡ ❛♥❞ ❛ ❝♦♠♣❧❡t❡ s❡t ♦❢ ❝❤❛r❛❝t❡r✐③❛t✐♦♥s ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞ ✭❘❛♠❛♥✱ ◆▼❘✱ ❲❆❳❙✱

❳❆◆❊❙✱ ❡t❝✳✮✳ ❍♦✇❡✈❡r✱ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t ❤♦♠♦❣❡♥♦✉s❧② ✐rr❛❞✐❛t❡ t❤❡ s❛♠♣❧❡s ❛s ✐♥

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

✐♥ ❛ t❤✐♥ ❧❛②❡r ❝❧♦s❡ t♦ t❤❡ s✉r❢❛❝❡✳

• ❆t♦♠✐st✐❝ s✐♠✉❧❛t✐♦♥ ▼♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s ✭▼❉✮ s✐♠✉❧❛t✐♦♥ ❣✐✈❡s ❛❝❝❡ss t♦ ❞✐s♣❧❛❝❡♠❡♥t ❝❛s❝❛❞❡s

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

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

❢r♦♠ ✐ts ♣❛ss❛❣❡ ✐s ❢❡❛s✐❜❧❡✳

❚❤❡ st✉❞② ❤❡r❡✐♥ ❡♠♣❧♦②s ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥ ❜② ❡❧❡❝tr♦♥✱ ❧✐❣❤t ✭He2+✮ ✐♦♥ ❛♥❞ ❤❡❛✈② ✭Au+✮ ✐♦♥s ✐rr❛❞✐✲

❛t✐♦♥✳ ❚❤❡ ♥❡①t s❡❝t✐♦♥ s✉♠♠❛r✐③❡s ♣r❡✈✐♦✉s r❡s✉❧ts ♦♥ ✐rr❛❞✐❛t❡❞ s✐♠♣❧✐✜❡❞ ❛♥❞ ❝♦♠♣❧❡① ❣❧❛ss❡s✳

✶✳✹ ❙tr✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s

✶✳✹✳✶ P✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s

β ❛♥❞ ❧✐❣❤t ✐♦♥ ❛♥❞ ❤❡❛✈② ✐♦♥ ✐rr❛❞✐❛t✐♦♥ ❝❤❛♥❣❡ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ s✐❧✐❝❛ ❣❧❛ss❡s✱ s♣❡❝✐✜❝❛❧❧② ✐ts ❞❡♥s✐t②

❬✷✻✱ ✹✸✱ ✻✺❪✳ ❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ✭βe−✮ ❝♦♠♠♦♥❧② ❝r❡❛t❡s ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ♣r♦❜❡❞ ✈✐❛

❊P❘ ✭❊❧❡❝tr♦♥ P❛r❛♠❛❣♥❡t✐❝ ❘❡s♦♥❛♥❝❡✮ ♠❡❛s✉r❡♠❡♥ts✳ ●r✐s❝♦♠ ❡t ❛❧✳ ❬✸✵✕✸✷❪ ❡①t❡♥s✐✈❡❧② ❝❤❛r❛❝t❡r✐③❡❞

t❤❡s❡ ♣♦✐♥t ❞❡❢❡❝ts ✐♥ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s✿

✶✳ ❊✬ ❝❡♥t❡rs✿ ❊✬ ❝❡♥t❡rs ❛r❡ ❡❧❡❝tr♦♥s tr❛♣♣❡❞ ❛t ❛♥ ♦①②❣❡♥ ✈❛❝❛♥❝② ✭≡❙✐•✮✳ ❖①②❣❡♥ ✈❛❝❛♥❝✐❡s ❢♦r♠

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

❡①❝✐t♦♥s ✭❜♦✉♥❞ ❡❧❡❝tr♦♥✲❤♦❧❡ ♣❛✐rs ❝r❡❛t❡❞ ❜② ✐♦♥✐③✐♥❣ r❛❞✐❛t✐♦♥✮✳ ❚❤❡ ❞✐s♣❧❛❝❡❞ ♦①②❣❡♥ ❛t♦♠s

♠♦✈❡ t♦ ❛♥ ✐♥t❡rst✐t✐❛❧ ♣♦s✐t✐♦♥s ✇❤❡r❡ t❤❡② r❡❛❞✐❧② ❞✐♠❡r✐s❡ t♦ ❢♦r♠ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ❬✻✺❪✳

✾✹



✶✳✹✳ ❙❚❘❯❈❚❯❘❆▲ ▼❖❉■❋■❈❆❚■❖◆❙

✷✳ ◆❇❖❍❈ ❝❡♥t❡rs✿ ◆♦♥✲❜r✐❞❣✐♥❣✲♦①②❣❡♥ ❝❡♥t❡rs ✭≡❙✐✲❖•✮ r❡s✉❧ts ❢r♦♠ r❛❞✐♦❧②s✐s ♦❢ t❤❡ ❖❍ ❣r♦✉♣✿

≡❙✐✲❖❍ → ≡❙✐✲❖• ✰❍•

✸✳ P❖❘ ❝❡♥t❡rs✿ P❡r♦①② r❛❞✐❝❛❧ ❝❡♥t❡rs r❡♣r❡s❡♥t❡❞ ❛s ≡❙✐✲❖✲❖•✳ ❊P❘ s✐❣♥❛❧ ✐s ✈❡r② s✐♠✐❧❛r t♦ t❤❡

◆❇❖❍❈ ❝❡♥t❡rs✳

✹✳ ❙❚❍s✿ ❙❡❧❢✲tr❛♣♣❡❞ ❤♦❧❡s ♦♥ t❤❡ ❙✐ ❛t♦♠ ✭≡❙✐◦✮

❚❤❡ ❞♦s❡ ❦✐♥❡t✐❝s ♦❢ ❞❡❢❡❝t ❝r❡❛t✐♦♥ ♣r♦❝❡ss❡s ❛r✐s❡s ❜② ❝♦♥s✐❞❡r✐♥❣ ✐♥tr✐♥s✐❝ ✭❜r❡❛❦✐♥❣ ♦❢ ❙✐✲❖ ❜♦♥❞✮ ❛♥❞

❡①tr✐♥s✐❝ ✭❞✉❡ t♦ ✐♠♣✉r✐t✐❡s✮ ❞❡❢❡❝ts ❝r❡❛t✐♦♥ ♣r♦❝❡ss❡s ❛♥❞ ❛ ♣♦ss✐❜❧❡ r❡❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❞❡❢❡❝ts ✉♥❞❡r

✐rr❛❞✐❛t✐♦♥ ❬✸✼✱✻✹❪✳

❇♦✐③♦t ❡t ❛❧✳ ❬✽❪ st✉❞✐❡❞ ♣✉r❡ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ❣❧❛ss str✉❝t✉r❡ a − SiO2 ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❡❧❡❝tr♦♥

✐rr❛❞✐❛t✐♦♥ ❜② ❘❛♠❛♥ ❛♥❛❧②s✐s✳ ❙✐❣♥✐✜❝❛♥t ♠♦❞✐✜❝❛t✐♦♥s ✇❡r❡ ❡✈✐❞❡♥❝❡❞✿ ✭✶✮ ❛ s❤✐❢t ✐♥ t❤❡ ❜❛♥❞ ❛r♦✉♥❞

✹✺✵ ❝♠−1 ✇❤✐❝❤ ✐s ❝♦rr❡❧❛t❡❞ t♦ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ♠❡❛♥ ❙✐✲❖✲❙✐ ❛♥❣❧❡ t♦❣❡t❤❡r ✇✐t❤ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡

❞✐s♣❡rs✐♦♥ ❛r♦✉♥❞ t❤✐s ♠❡❛♥ ✈❛❧✉❡❀ ✭✷✮ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❜❛♥❞ ❧♦❝❛❧✐③❡❞ ❛t ✻✵✷ ❝♠−1 ✭❉2✮ ❛ss✐❣♥❡❞ t♦

✸✲♠❡♠❜❡r❡❞ s✐❧✐❝❛ r✐♥❣s❀ ❛♥❞ ✭✸✮ ❛♥ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❖2 ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❛❝t✐♦♥✿ ✷ Si−O− →
Si−O−Si ✰ ✶✴✷ O2✳ ❚❤❡s❡ ✈❛r✐❛t✐♦♥s ❛r❡ ❝♦♥s✐st❡♥t ❜✉t ✇❡❛❦❡r t❤❛♥ t❤♦s❡ ♦❜s❡r✈❡❞ ❜② ♥❡✉tr♦♥ ❬✷✻✱✺✼❪

❛♥❞ α✲✐rr❛❞✐❛t✐♦♥ ❬✹✹❪✳ ❇✉s❝❛r✐♥♦ ❡t ❛❧✳ ❬✶✼❪ ❡①❛♠✐♥❡❞ t❤❡ r♦❧❡ ♦❢ ✐♠♣✉r✐t✐❡s s✉❝❤ ❛s ❈❧ ❛♥❞ ❖❍ ♦♥ t❤❡

❘❛♠❛♥ s❤✐❢t ✭❝♠−1✮

❘
❛♠

❛♥
s❝
❛t
t❡
r✐
♥❣

✐♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮ ♣r✐st✐♥❡

β✲✐rr❛❞✐❛t❡❞
✭✺✳✶✵9●②✮

❋✐❣✉r❡ ✶✳✸✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡ ❛♥❞ β✲✐rr❛❞✐❛t❡❞ ✭✺×✶✵9 ●●②✮ s✐❧✐❝❛ ❣❧❛ss s❛♠♣❧❡s ❛❢t❡r s✉❜tr❛❝t✐♦♥
♦❢ ❧✐♥❡❛r ❜❛s❡❧✐♥❡ ✭❋r♦♠ ❬✽❪✮

❣❧❛ss str✉❝t✉r❡✳ ❈❧ ✐s ♥♦t ❛ r❡❧❡✈❛♥t ❡❧❡♠❡♥t ✉♥❞❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥❀ ②❡t✱ ❛s t❤❡ ❖❍ ❝♦♥t❡♥t ✐♥❝r❡❛s❡s

t❤❡ ❧♦❝❛❧ ❞❡❣r❡❡ ♦❢ ❞❡♥s✐✜❝❛t✐♦♥ ❞❡❝r❡❛s❡s ❬✶✼❪✳

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

✐rr❛❞✐❛t✐♦♥s ❬✸✱✷✼✱✺✻❪✳ ❘❡❝❡♥t❧② ▼❡♥❞♦③❛ ❡t ❛❧✳ ❬✹✹❪ ♦❜s❡r✈❡❞ ❛ ❞❡♥s✐✜❝❛t✐♦♥ ♦❢ ✸✳✸ % ❢♦r s✐❧✐❝❛ s✉❜♠✐tt❡❞

t♦ ✼✹ ▼❡❱ ❑r ✐♦♥s✳ a − SiO2 ✉♥❞❡r❣♦❡s s❡✈❡r❛❧ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ❞✉❡ t♦ ♥❡✉tr♦♥✴✐♦♥ ✐rr❛❞✐❛t✐♦♥s✿

✭✶✮ ❞❡♥s✐✜❝❛t✐♦♥❀ ✭✷✮ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❉✷ ♣❡❛❦ ✭✸✲♠❡♠❜❡r❡❞ r✐♥❣s✮❀ ✭✸✮ s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r ❞❡❝r❡❛s❡ ✐♥ t❤❡

❛✈❡r❛❣❡ ❜♦♥❞ ❛♥❣❧❡ ❛s ❝♦♠♣❛r❡❞ t♦ s❛♠♣❧❡s ✇❤✐❝❤ ✉♥❞❡r❣♦ ❤②❞r♦st❛t✐❝ ♣r❡ss✉r❡ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❬✷✺❪❀
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❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

❛♥❞ ✭✹✮ ✐♥❝r❡❛s❡❞ ❡t❝❤✐♥❣ r❛t❡ ❬✷✻❪✳ ❉❡✈✐♥❡ ❤②♣♦t❤❡s✐③❡❞ t❤❛t ♥❡✉tr♦♥ ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ✐♥❤♦♠♦❣❡♥❡✐t②

✐♥ a − SiO2✿ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❉✷ ✭✸✲♠❡♠❜❡r❡❞ r✐♥❣s✮ ❝♦✉♥t ✈✐❛ ❘❛♠❛♥ s♣❡❝tr❛❀ ❛♥❞ ❛ ❝r❡❛t✐♦♥ ♦❢ ✈♦✐❞s

✇❤✐❝❤ ❧❡❛❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛❝✐❞ ❡t❝❤✐♥❣ r❛t❡ ❬✷✻❪✳ ❚❤❡s❡ ✈❛r✐❛t✐♦♥s ✐♥ ✐rr❛❞✐❛t❡❞ a − SiO2 ❝❛♥♥♦t

❜❡ ❛ttr✐❜✉t❡❞ s♦❧❡❧② t♦ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✐rr❛❞✐❛t✐♦♥✲✐♥❞✉❝❡❞ ❊✬ ❝❡♥t❡rs ❜❡❝❛✉s❡ t❤❡② s❛t✉r❛t❡ ❜❡❢♦r❡

s✐❣♥✐✜❝❛♥t ❞❡♥s✐✜❝❛t✐♦♥ ♦❝❝✉rs✳

▼❉ s✐♠✉❧❛t✐♦♥s ♦❢ ✵✳✻ ❦❡❱ ❤❡❛✈② ❛t♦♠ ❝❛s❝❛❞❡ ❞✐s♣❧❛❝❡♠❡♥ts ✐♥ a − SiO2 ✉♥❝♦✈❡r❡❞ ❛♥ ✐♥❝r❡❛s❡ ✐♥

t❤❡ ♥✉♠❜❡r ♦❢ t❤r❡❡✲♠❡♠❜❡r❡❞ s✐❧✐❝❛ r✐♥❣s ❬✷✶❪✳ ❙tr✉❝t✉r❛❧ ❛♥❞ ❞❡♥s✐t② ❝❤❛♥❣❡s ✐♥ SiO2 ❞✉r✐♥❣ ✐♦♥ ❛♥❞

β ✐rr❛❞✐❛t✐♦♥ ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t ♣♦✐♥t ❞❡❢❡❝ts ❛❝t ❛s ♣r❡❝✉rs♦rs ❢♦r str✉❝t✉r❛❧ ❡✈♦❧✉t✐♦♥

✉♥❞❡r ✐rr❛❞✐❛t✐♦♥✳ ❇♦t❤ ♣r♦❝❡ss❡s ✭❡❧❡❝tr♦♥✐❝ ❛♥❞ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s✮ ❞❡♥s✐❢② t❤❡ s✐❧✐❝❛

❣❧❛ss❡s✳ ❍♦✇❡✈❡r ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ❛♣♣❡❛r t♦ ❜❡ ♠♦r❡ ❡✛❡❝t✐✈❡ ❬✸✱ ✷✼✱✺✻❪✳

✶✳✹✳✷ ❙✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✿ ✻ ♦r ❧❡ss ♦①✐❞❡s

❚❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ str✉❝t✉r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❣❧❛ss❡s ✐s ❝r✉❝✐❛❧ t♦ ❡♥s✉r❡ t❤❡ ❧♦♥❣ t❡r♠

❞✐s♣♦s❛❧✳ ❍♦✇❡✈❡r✱ t❤❡ str✉❝t✉r❛❧ ❜❡❤❛✈✐♦r ♦❢ ❝♦♠♣❧❡① ❣❧❛ss❡s r❡♠❛✐♥s ✉♥❝❧❡❛r✳ ❙✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s ✇✐t❤ ✸✱ ✹✱ ✺ ♦r ✻ ♦①✐❞❡s ✭t❤❡ ♣r✐♥❝✐♣❛❧ ♦①✐❞❡s ✐♥ ❘✼❚✼ ❣❧❛ss✮ ❛r❡ ✉s✉❛❧❧② ❡♠♣❧♦②❡❞ t♦ ✐♥✈❡st✐❣❛t❡

t❤❡ str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥ ✐♥❞✉❝❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✳ β ❛♥❞ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ✐rr❛❞✐❛t✐♦♥s ❝❤❛♥❣❡ t❤❡

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

♠❛❝r♦s❝♦♣✐❝ ✈❛r✐❛t✐♦♥s ❞❡♣❡♥❞s ♦♥ t❤❡ ❣❧❛ss✬s ❝❤❡♠✐str② ❬✶✸✱✶✻❪✳ ❚❤❡ ♥❡①t s❡❝t✐♦♥ ❞❡t❛✐❧s t❤❡ ♠✐❝r♦s❝♦♣✐❝

✈❛r✐❛t✐♦♥s ❞✉❡ t♦ βe−✲✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ s✉❜s❡q✉❡♥t s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s ❞✉❡ t♦ ✐♦♥ ✐rr❛❞✐❛t✐♦♥✳

❊❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥✱βe−✲✐rr❛❞✐❛t✐♦♥

❚❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦ ✐♥ ❙❇◆ ❣❧❛ss❡s ❝❛♥ ✉♥❞❡r❣♦ t❤❡ s❛♠❡ t②♣❡ ♦❢ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s ❛s ♣r❡s❡♥t❡❞ ✐♥

s❡❝t✐♦♥ ✶✳✹✳✶✳ ◆♦♥❡t❤❡❧❡ss✱ t❤❡ ❜♦r♦♥✱ s♦❞✐✉♠ ❛♥❞ ❛❧✉♠✐♥✉♠ ❛t♦♠s ❛❧s♦ ✐♥tr♦❞✉❝❡ ❛ ❢✉rt❤❡r s♦✉r❝❡ ♦❢

♣♦✐♥t ❞❡❢❡❝ts✳ ❉❡❢❡❝ts ❛ss♦❝✐❛t❡❞ ✐♥ ❛❞❞✐t✐♦♥ ♦❢ t❤❡ ❞❡❢❡❝ts ❞❡t❛✐❧❡❞ ✐♥ s❡❝t✐♦♥ ✶✳✹✳✶ ❛r❡✿

✶✳ ❇❖❍❈✿ ❇♦r♦♥ ♦①②❣❡♥ ❤♦❧❡ ❝❡♥t❡r ❝♦♥❝❡r♥s ❛ ♥♦♥✲❜r✐❞❣✐♥❣ ♦①②❣❡♥ ❛t♦♠ ❜♦♥❞❡❞ t♦ ❛ ❇ ❛t♦♠ ✭≡❇✲
❖•✮ ❬✸✺❪✳

✷✳ ❍C1 ❛♥❞ ❍C2✿ ❍❈ ❛r❡ ❤♦❧❡ ❝❡♥t❡rs tr❛♣♣❡❞ ♦♥ ♦①②❣❡♥ ❛t♦♠s ♥❡❛r ❛❧❦❛❧✐ ✐♦♥ ✭≡❙✐✲❖•◆❛+✮ ❬✸✹❪

✸✳ ❆▲❖❍❈✿ ❆❧ ❖①②❣❡♥ ❍♦❧❡ ❈❡♥t❡r✱ ✭≡❆❧✲❖•✮ ♠❛② ❛❧s♦ ❛♣♣❡❛r ❬✶✶❪

P❛r❛♠❛❣♥❡t✐❝ ❝❡♥t❡rs r❡s✉❧t✐♥❣ ❢r♦♠ ❡❧❡❝tr♦♥ tr❛♣♣✐♥❣ ♣r♦❝❡ss❡s ♦♥ ❋❡3+ ❛♥❞ ❩r4+ ❛❧s♦ ❡①✐st✳ ❚✇♦

❞✐✛❡r❡♥t ❇❖❍❈ s✐❣♥❛❧s ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ q✉❛rt❡t ❛♥❞ ❛ q✉✐♥t❡t ✭✜❣✉r❡ ✶✳✹✮ ❛r❡ ❦♥♦✇♥ ❢♦r ❧♦✇ ❛♥❞ ❤✐❣❤

❛❧❦❛❧✐ ❝♦♥t❡♥t ❬✻❪✳

❇♦✐③♦t ❡t ❛❧✳ ❬✾✱ ✶✵❪ st✉❞✐❡❞ t❤❡ ✐♠♣❛❝t ♦❢ ✐♠♣✉r✐t✐❡s ♦♥ t❤❡ ❞❡❢❡❝t ❝r❡❛t✐♦♥ ✐♥ s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s✳ ❆ ❢❡✇ ♣❡r❝❡♥t ♦❢ ✐r♦♥ ❧✐♠✐ts t❤❡ ❞❡❢❡❝t ❝r❡❛t✐♦♥ ✐♥ t❤❡ str✉❝t✉r❛❧ ❝❤❛♥❣❡s ❬✶✽✱ ✸✸✱ ✹✻✱ ✻✷❪✳ ❚❤❡

r❡❞✉❝t✐♦♥ ♣r♦❝❡ss❡s ♦❢ ❋❡3+ ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥ ♠❛② ❡①♣❧❛✐♥ t❤✐s r❡s✉❧t✳ ❉❡❜♥❛t❤ ❬✶✽❪ ♣r♦♣♦s❡❞ ❛ ♣♦ss✐❜❧❡

❤♦♣♣✐♥❣ ♣r♦❝❡ss ❝♦♥s✉♠✐♥❣ t❤❡ ❡①❝✐t♦♥s ♣r♦❞✉❝❡❞ ❞✉r✐♥❣ t❤❡ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ✇❤✐❝❤ ❝❛♥♥♦t ❜❡ ✉s❡❞

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

❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s ❛r❡ ❝♦♠♠♦♥ ✐♥ ❣❧❛ss❡s ❝♦♥t❛✐♥✐♥❣✱ ❡✳❣✳ ❋❡3+✱ ❩r4+✱ ❛♥❞ ❯4+✳ ❚❤❡s❡ ♣r♦❝❡ss❡s ❝♦✉❧❞

✾✻
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▼❛❣♥❡t✐❝ ✜❡❧❞ ✭♠❚✮

❆
♠
♣❧
✐t
✉❞

❡
✭❛
✳✉
✳✮

❍✐❣❤ ❛❧❦❛❧✐ ❝♦♥t❡♥t

▲♦✇ ❛❧❦❛❧✐ ❝♦♥t❡♥t

❋✐❣✉r❡ ✶✳✹✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ❊P❘ s♣❡❝tr❛ ❢♦r ❧♦✇ ❛♥❞ ❤✐❣❤ ❛♠♦✉♥t ♦❢ t♦t❛❧ ❛❧❦❛❧✐ ✐♦♥s ❢r♦♠ ❬✻❪✳

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

♠✐❣r❛t✐♦♥ ♦❢ ❛❧❦❛❧✐♥❡ ✐♦♥s ❡①✐sts✳ ◆♦ ❞♦s❡ r❛t❡ ❞❡♣❡♥❞❡♥❝❡ ❡①✐sts ✐♥ ❛ r❛♥❣❡ ❜❡t✇❡❡♥ ✷×✶✵3 ❛♥❞ ✷×✶✵4
●②✳s−1 ❬✶✶❪✳ ❇♦✐③♦t ❡t ❛❧✳ ❬✶✷❪ ♣❡r❢♦r♠❡❞ ❘❛♠❛♥ ❛♥❛❧②s✐s ♦♥ ✹✲✱ ✺✲ ❛♥❞ ✻✲♦①✐❞❡ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜②

❡❧❡❝tr♦♥✳ ❙♣❡❝tr❛ ♣r❡s❡♥t❡❞ ❜❡❧♦✇ ❛r❡ s✐♠✐❧❛r t♦ t❤♦s❡ ♦❜t❛✐♥❡❞ ♣r❡✈✐♦✉s❧②✳ ❙❡✈❡r❛❧ ❝❤❛♥❣❡s ♦❝❝✉r✿ ✭✶✮

❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

❘
❛♠

❛♥
s❝
❛t
t❡
r✐
♥❣

✐♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❋✐❣✉r❡ ✶✳✺✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❘❛♠❛♥ s♣❡❝tr✉♠ ♦❢ t❤❡ ✹✲♦①✐❞❡ ❣❧❛ss ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ β✲r❛❞✐❛t✐♦♥ ❞♦s❡
❢r♦♠ ❬✶✷❪✳

✳

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

s✐③❡ ♦❢ t❤❡ s✐❧✐❝❛ r✐♥❣✱ ✭✷✮ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ◗n ❜❛♥❞ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ◗3✴◗2 r❛t✐♦✱ ✐✳❡✳ ❛♥ ✐♥❝r❡❛s❡ ♦❢

t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ♦❢ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ❞✉❡ t♦ ❛❧❦❛❧✐ ♠✐❣r❛t✐♦♥✱ t❤❡♥ ✭✸✮ ❛♣♣❡❛r❛♥❝❡ ♦❢ ♠♦❧❡❝✉❧❛r

♦①②❣❡♥✳ ❉✉r✐♥❣ ✐rr❛❞✐❛t✐♦♥✱ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❙✐✲❖− ❜♦♥❞s ❛r❡ ♣r♦❞✉❝❡❞ ❜② t❤❡ ♠✐❣r❛t✐♦♥ ♦❢ ❛❧❦❛❧✐ ✐♦♥s ✐♥

❣❧❛ss❡s✳ ❚❤❡ r❡❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❙✐✲❖− ❧❡❛❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❙✐✲❖✲❙✐✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥
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❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

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

❣❧❛ss str✉❝t✉r❡ ❛♥❞ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ≡❙✐✲❖✲❖✲❙✐≡ ❜♦♥❞s ✐♠♣❧②✐♥❣ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♥❡✇ ❜✐❣ r✐♥❣s ❬✻✻❪✳

❋✐♥❛❧❧②✱ ♣❤❛s❡ s❡♣❛r❛t✐♦♥ ♦r ♦①②❣❡♥ ❜✉❜❜❧❡s ❝❛♥ t❛❦❡ ♣❧❛❝❡ ❬✻✸❪✳ ❆t ✶✵12 ●●②✱ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss

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

❞✐str✐❜✉t✐♦♥ ❞❡♣❡♥❞ ♦♥ t❤❡ t❡♠♣❡r❛t✉r❡✱ ✢✉❡♥❝❡ ❛♥❞ t②♣❡ ♦❢ ✐rr❛❞✐❛t✐♦♥ ❬✹✼❪✳ ❋♦r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✱

❜✉❜❜❧❡ ❝❛♥ ❛♣♣❡❛r ❜❡t✇❡❡♥ ✶✵10 ❛♥❞ ✶✵13 ●●②❀ t❤❡② ❛r❡ ♥♦t r❛♥❞♦♠❧② s♣r❡❛❞ ♦✉t ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡

❛♥❞ ❞❡♣❡♥❞ ♦♥ t❤❡ ❛❜✐❧✐t② ♦❢ ❛❧❦❛❧✐ t♦ ❞✐✛✉s❡✳ ❆♠♦♥❣ t❤❡s❡ ❛❧❦❛❧✐✱ s♦❞✐✉♠ ✐s t❤❡ ♠♦st s✉s❝❡♣t✐❜❧❡ ❛❧❦❛❧✐

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

t♦✇❛r❞s t❤❡ ❢r❡❡ s✉r❢❛❝❡ ♦❢ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝❤❛r❣❡ ♦❢ t❤❡ ✐♦♥ ✐rr❛❞✐❛t✐♥❣✳ ❬✹✺❪✳

❍❡❛✈② ✐♦♥s ✐rr❛❞✐❛t✐♦♥ ✐♥ s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s

❚♦ ✐♠♣r♦✈❡ t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✱ ❏✳ ❞❡ ❇♦♥✜❧s ❬✶✸❪

st✉❞✐❡❞ s✐♠♣❧✐✜❡❞ ♥✉❝❧❡❛r ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② ❤❡❛✈② ✐♦♥s✳ ❋✐❣✉r❡ ✶✳✻ ♣r❡s❡♥ts ❡✈♦❧✉t✐♦♥ ♦❢ ❞❡♥s✐t② ✐♥

s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ ❈❏✶ ❛♥❞ ❈❏✼ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② Au+ ✐♦♥s✳ ❚❤❡ s✇❡❧❧✐♥❣ ❛♣♣❡❛rs t♦ ✐♥❝r❡❛s❡ ✇✐t❤

❋✐❣✉r❡ ✶✳✻✿ ❉❡♥s✐t② ❡✈♦❧✉t✐♦♥ ❢♦r s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ✭✸✲✼♦①✐❞❡s✮ s✉❜♠✐tt❡❞ t♦ ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳

t❤❡ ✐rr❛❞✐❛t✐♦♥ ✢✉❡♥❝❡ ❛♥❞ ❞❡♣❡♥❞s ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✱ ❡s♣❡❝✐❛❧❧② t❤❡ ❛❧❦❛❧✐ ❝♦♥t❡♥t✳ Na+ ✐♦♥s

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

❘❛♠❛♥ ❛♥❛❧②s✐s ♣❡r♠✐ts t♦ ✐♥✈❡st✐❣❛t❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥ ✐♥❞✉❝❡❞ ❜② Au+ ✐rr❛❞✐❛t✐♦♥ ❬✶✸✱✶✺❪✳

❋✐❣✉r❡ ✶✳✼ ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❙✐✲❖✲❙✐ ❜❛♥❞ s❤✐❢t ✇✐t❤ ❞❡♣♦s✐t❡❞ ♥✉❝❧❡❛r ❡♥❡r❣② ❞♦s❡✳ ❚❤❡ ♣❡❛❦

♦❢ t❤❡ ❜❛♥❞ s❤✐❢ts ❜② ❛❜♦✉t ✶✵ ❝♠−1 ✭❢r♦♠ ∼ ✹✾✻ t♦ ✺✵✻ ❝♠−1✮✳ ❚❤✐s ❝❤❛♥❣❡ ✐s ❛ss♦❝✐❛t❡❞ t♦ ❛ ❞❡❝r❡❛s❡

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

♥✉❝❧❡❛r ❡♥❡r❣② ❞♦s❡ ❡q✉✐✈❛❧❡♥t t♦ ❛♥ ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ♦❢ ✺×✶✵18 α✳❣−1✳ ❚❤❡s❡ ❡①♣❡r✐♠❡♥ts r❡✈❡❛❧❡❞ ❛❧s♦

❝❤❛♥❣❡s ✐♥ t❤❡ s✐❧✐❝❛ ❡♥✈✐r♦♥♠❡♥t ✭❝❤❛♥❣❡ ✐♥ ◗n ❜❛♥❞s✮✱ ❡s♣❡❝✐❛❧❧② ◗3 s♣❡❝✐❡s ✐♥❝r❡❛s❡s ✇❤✐❝❤ r❡✈❡❛❧s t❤❡
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✶✳✹✳ ❙❚❘❯❈❚❯❘❆▲ ▼❖❉■❋■❈❆❚■❖◆❙

❋✐❣✉r❡ ✶✳✼✿ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ❜❛♥❞ ♣❡❛❦ ✈❡rs✉s ❞❡♣♦s✐t❡❞ ♥✉❝❧❡❛r ❡♥❡r❣② ❞♦s❡ ❢♦r ❙❇◆ ✶✹ ✐rr❛❞✐❛t❡❞ ❜② ❣♦❧❞
✐♦♥s✳ ❚❤❡ ❞❛s❤ ❝✉r✈❡ ✇❛s ♦❜t❛✐♥❡❞ ❜② ✜tt✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇✐t❤ ❛♥ ❡①♣♦♥❡♥t✐❛❧ ❧❛✇ ✭❢r♦♠ ❬✺✷❪✮✳

❝r❡❛t✐♦♥ ♦❢ ◆❇❖ ♦♥ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦✳ ▼❉ s✐♠✉❧❛t✐♦♥s ❛❧s♦ ❝♦♥✜r♠ t❤✐s tr❡♥❞✳ ❖t❤❡r ❛✉t❤♦rs s✉❣❣❡st ❛

❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ✐♥❞✉❝❡❞ ❜② t❤❡ ❝♦♥✈❡rs✐♦♥ ♦❢ [4]❇ t♦ [3]❇ ❬✶✻❪✳

❋✐❣✉r❡ ✶✳✽✿ 11❇ s♣❡❝tr❛ ❢♦r s✐♠♣❧✐✜❡❞ ❣❧❛ss❡s ✭❈❏✶✮ ❜❡❢♦r❡ ✭❜❧❛❝❦ ❧✐♥❡✮ ❛♥❞ ❛❢t❡r ✭r❡❞ ❧✐♥❡✮ ✐rr❛❞✐❛t✐♦♥ ❜②
❣♦❧❞ ✐♦♥s✳

❋✐❣✉r❡ ✶✳✽ s❤♦✇s t❤❡ 11❇ s♣❡❝tr❛ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳ 11❇ ▼❆❙ ◆▼❘ ♠❡❛s✉r❡♠❡♥ts

r❡✈❡❛❧ ❛ ❝♦♥✈❡rs✐♦♥ ♦❢ [4]❇ t♦ [3]❇ ✭✶✼ %✮ ❛♥❞ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ◆❛✲❖ ❞✐st❛♥❝❡✳ ❆❣❛✐♥✱ t❤❡ ✈❛r✐❛t✐♦♥✬s

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

❛♥❞ t♦ ❜❡❝♦♠❡ ♠♦❞✐✜❡rs ✐♥ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✳ ▼♦r❡♦✈❡r✱ ●✳ ❇✉r❡❛✉ ❬✶✻❪ ❡♠♣❤❛s✐③❡❞ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢

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

❙tr✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ❛r❡ ❛ss❡ss❡❞ ❜② ▼❉ s✐♠✉❧❛t✐♦♥ ❞✉r✐♥❣ ❜❛❧❧✐st✐❝ ✐rr❛❞✐❛t✐♦♥ ❬✷✷✕✷✹❪✳ ❚❤❡ ❣❧❛ss

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

♦❢ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ ✐s st✐❧❧ ♦❜s❡r✈❡❞✿ ✐t ❣♦❡s ❛❧♦♥❣ ✇✐t❤ ❛♥ ✐♥❝r❡❛s❡ ♦❢ [3]❇ ❛♥❞ ◆❇❖s✳

✾✾



❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

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

str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s✳ ❨❡t✱ s♦♠❡ ❛✉t❤♦rs ❬✹✱ ✺❪ ❧✐♥❦ ❞❡♥s✐t② ❝❤❛♥❣❡s t♦ ✐♦♥✐③❛t✐♦♥ ♣r♦❝❡ss❡s t❤r♦✉❣❤

✐♥✈❡st✐❣❛t✐♦♥s ♦❢ ✐rr❛❞✐❛t✐♦♥ ❜② ✐♦♥s ❛t ❧♦✇❡r ❡♥❡r❣✐❡s✳

✶✳✹✳✸ ❍❡❛✈② ✐♦♥ ✐rr❛❞✐❛t✐♦♥ ♦♥ ❘✼❚✼ ❛♥❞ ❝♦♠♣❧❡① ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s

❘✼❚✼ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② ❡❧❡❝tr♦♥s ❞♦ ♥♦t ❡①❤✐❜✐t ❞❡♥s✐t② ✈❛r✐❛t✐♦♥ ❬✷✾❪✳ ❘✼❚✼ ✐s ❛ ✈❡r② ❝♦♠♣❧❡①

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

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

✐♥❞✉❝❡❞ ❜② ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✳ P❡✉❣❡t ❡t ❛❧✳ ✐♥✈❡st✐❣❛t❡ t❤❡ ✐♠♣❛❝t ♦❢ α✲❞❡❝❛② ♦♥ t❤❡ ❞❡♥s✐t② ♦❢ ❙❖◆✻✽

❣❧❛ss❡s ❬✺✷❪✳ ❋✐❣✉r❡ ✶✳✻ ❞✐s♣❧❛②s t❤❡ ❞❡♥s✐t② ✈❛r✐❛t✐♦♥ ❢♦r ❙❖◆✻✽ ❣❧❛ss ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❆ s✇❡❧❧✐♥❣ ✐s

♦❜s❡r✈❡❞ ❢♦❧❧♦✇❡❞ ❜② st❛❜✐❧✐③❛t✐♦♥ ✐♥ t❤❡ ❞❡♥s✐t② ✈❛r✐❛t✐♦♥✳ ❆t ❧♦✇ ❞♦s❡s✱ t❤❡ ❞❡♥s✐t② r❛♣✐❞❧② ❞❡❝r❡❛s❡s

♦❢ ❛❜♦✉t ✭✵✳✺✴✵✳✻ %✮✳ ❙♦♠❡ ❛✉t❤♦rs ❬✹✶❪ s✉❣❣❡st ❛ ♣♦ss✐❜❧❡ r♦❧❡ ♦❢ t❤❡ ❞♦s❡ r❛t❡ ♦♥ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡

❞❡♥s✐t② ✈❛r✐❛t✐♦♥✱ ❜✉t P❡✉❣❡t ❡t ❛❧✳ ❞✐❞ ♥♦t ❝♦♥✜r♠ t❤✐s ❡✛❡❝t ❬✹✾✱ ✺✷✱ ✺✹❪✳ ❚❤❡ r❛❞✐♦❛❝t✐✈✐t② ♦❢ ❞♦♣❡❞

❣❧❛ss❡s ❧✐♠✐ts str✉❝t✉r❛❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥s✳

❋✐❣✉r❡ ✶✳✾✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ t❤❡ ❙❖◆ ✻✽ ❣❧❛ss❡s ❞♦♣❡❞ ✇✐t❤ ❝✉r✐✉♠ ❢r♦♠ ❬✺✷❪✳

❘❛♠❛♥ ❛♥❛❧②s✐s ❡①♣♦s❡s t❤❡ str✉❝t✉r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ ❙❖◆ ✻✽ ❣❧❛ss ❞♦♣❡❞ ✇✐t❤ ❝✉r✐✉♠ ❬✹✾✱ ✺✶❪✱✭✜❣✉r❡

✶✳✾✮✳ ▼♦❞✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss str✉❝t✉r❡ ♦❝❝✉rs ❜❡t✇❡❡♥ ✷✳✶✵17 α✴❣ ❛♥❞ ✷✳✶✵18 α✴❣✳ ❋✐rst✱ ❡①❛♠✐♥✐♥❣ t❤❡

s✐❣♥❛t✉r❡s ♦❢ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦ ✭❜❛♥❞ ♣❡❛❦❡❞ ❛r♦✉♥❞ ✹✾✵ ❝♠−1✮ r❡✈❡❛❧s ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❛♥❣❧❡

✭s❤✐❢t ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❜❛♥❞ t♦ ❤✐❣❤❡r ✇❛✈❡♥✉♠❜❡rs✮✳ ❚❤❡♥✱ t❤❡ Qn ❜❛♥❞ ❝❤❛♥❣❡s ❜❡t✇❡❡♥ ✷✳✶✵17 α✴❣ ❛♥❞

✷✳✶✵18 α✴❣✳ ❆❢t❡r ✶✵19 α✴❣✱ ♥♦ ♠♦❞✐✜❝❛t✐♦♥s ♦❝❝✉r✳ ❙tr✉❝t✉r❡ ❝❤❛♥❣❡s ❝♦✐♥❝✐❞❡ ✇✐t❤ r❡s✉❧ts ♦❜t❛✐♥❡❞

❜② ❏✳ ❞❡ ❇♦♥✜❧s ♦♥ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t❡❞ s✐♠♣❧✐✜❡❞ ❣❧❛ss s❛♠♣❧❡s ❬✶✸✱ ✶✹❪✳ ❳❛♥❡s ♠❡❛s✉r❡♠❡♥ts s❤♦✇ ❛

❞❡❝r❡❛s❡ ♦❢ t❤❡ ❜♦r♦♥ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ✐♥ ❙❖◆ ✻✽ ❞♦♣❡❞ ❣❧❛ss✳ ❋✉rt❤❡r♠♦r❡✱ ♥♦ ♣❤❛s❡ s❡♣❛r❛t✐♦♥ ♦r

❝r②st❛❧❧✐③❛t✐♦♥ t❛❦❡ ♣❧❛❝❡ ✐♥ t❤❡ ❞♦s❡ r❛♥❣❡ ♣r❡s❡♥t❡❞✳ ■♥t❡r♣r❡t❛t✐♦♥ ♦❢ s✉❝❤ ✈❛r✐❛t✐♦♥s ✐s tr✐❝❦② ❜❡❝❛✉s❡

❘✼❚✼ ❝♦♥t❛✐♥s ❛ s✐❣♥✐✜❝❛♥t ♥✉♠❜❡r ♦❢ ♦①✐❞❡s✳ ❙♦♠❡ ❛✉t❤♦rs s✉❣❣❡st ❬✹✱ ✺❪ t❤❛t ✐♦♥✐③❛t✐♦♥ ♦r ♣r❡s❡♥❝❡

♦❢ ❜✉❜❜❧❡s ✐♥❞✉❝❡ ❣❧❛ss s✇❡❧❧✐♥❣✳ ❍♦✇❡✈❡r✱ ❚✳ ❋❛r❡s s❤♦✇❡❞ ♥♦ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❣❧❛ss s✇❡❧❧✐♥❣ ❛♥❞

✶✵✵



✶✳✹✳ ❙❚❘❯❈❚❯❘❆▲ ▼❖❉■❋■❈❆❚■❖◆❙

❤❡❧✐✉♠ ❝♦♥t❡♥t ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ✐♥ r❡❛❝t♦r ♦♥ ❙❖◆ ✻✽ ❣❧❛ss ✐♥ ✇❤✐❝❤ r❡❛❝t✐♦♥s 10❇✭♥✱α✮7▲✐ ❣❡♥❡r❛t❡ ❤✐❣❤

❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❤❡❧✐✉♠✳ ▼♦r❡♦✈❡r✱ ❞❡♥s✐t② ✈❛r✐❛t✐♦♥ ✐♥ ❞♦♣❡❞ ❣❧❛ss❡s✱ ❡①t❡r♥❛❧❧② ✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s✱ ❛♥❞

▼❉ s✐♠✉❧❛t✐♦♥s t❡♥❞ t♦ ❤✐❣❤❧✐❣❤t t❤❡ r♦❧❡ ♦❢ ❜❛❧❧✐st✐❝ ❡✛❡❝ts ✇✐t❤ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s t♦ ❡①♣❧❛✐♥ ❞❡♥s✐t②

❝❤❛♥❣❡s ❬✶✺✱✷✶✱✺✹❪✳

✶✳✹✳✹ ❈♦rr❡❧❛t✐♦♥ ❞❡♥s✐t②✲str✉❝t✉r❡ ✈❛r✐❛t✐♦♥s

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

❣❧❛ss ❛r❡ ❝♦❤❡r❡♥t ❬✷✱ ✶✸✱ ✶✻✱ ✺✷✱ ✺✹❪✳ ❍♦✇❡✈❡r ❛ s❧✐❣❤t ❞✐s❝r❡♣❛♥❝② ✐♥ t❤❡ ❛♠♣❧✐t✉❞❡ ✐s ❢♦✉♥❞✿ ✐rr❛❞✐❛t✐♦♥s

❜② ❤❡❛✈② ✐♦♥s ✭❆✉+✮ ❧❡❛❞ t♦ ❛ s✇❡❧❧✐♥❣ ♦❢ ✶% ✇❤❡r❡❛s ❛ s✇❡❧❧✐♥❣ ♦❢ ✵✳✺% ♦❝❝✉rs ✐♥ ❞♦♣❡❞ ❝♦♠♣❧❡① ❣❧❛ss❡s✳

▼♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥s ❤✐❣❤❧✐❣❤t t❤❡ r❡♦r❣❛♥✐③❛t✐♦♥ ✐♥ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦ ❛❢t❡r t❤❡ ❞✐s♣❧❛❝❡♠❡♥ts

❝❛s❝❛❞❡s ❞✉❡ t♦ ❛ ♣r✐♠❛r② ❦♥♦❝❦ ♦♥ ❛t♦♠ ✭✐✳❡✳ ❛ s✐♠✉❧❛t❡❞ r❡❝♦✐❧ ♥✉❝❧❡✉s✮ ❬✷✷✕✷✹❪✳

▼❉ s✐♠✉❧❛t✐♦♥s ♦❜s❡r✈❡ ❛ ❞❡♥s✐t② ✈❛r✐❛t✐♦♥ ❛s t❤❡✐r ❡①♣❡r✐♠❡♥t❛❧ ❝♦✉♥t❡r♣❛rts✿ t❤❡ ❣❧❛ss s✇❡❧❧s ❢♦❧✲

❧♦✇❡❞ ❜② ❛ st❛❜✐❧✐③❛t✐♦♥ ♣❤❛s❡ ❬✶✻❪✳ ❙✇❡❧❧✐♥❣ ✐♥ ❙❇◆ ❣❧❛ss❡s ❛♣♣❡❛rs t♦ ♦r✐❣✐♥❛t❡ ❢r♦♠ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡

❧♦❝❛❧ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢ ❇✱ ◆❛ ❛♥❞ ❖ ❛t♦♠s✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖s ✐♥❝r❡❛s❡s✱ ❛♥❞ ❜♦r♦♥ ✉♥❞❡r❣♦❡s

❛ ❝♦♥✈❡rs✐♦♥ ❢r♦♠ [4]❇ t♦ [3]❇ ❝❤❛♥❣✐♥❣ t❤❡ s♦❞✐✉♠ r♦❧❡ ✭❢r♦♠ ❝❤❛r❣❡ ❝♦♠♣❡♥s❛t♦r t♦ ♥❡t✇♦r❦ ♠♦❞✐✜❡r✮✳

❖t❤❡r str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ♦❝❝✉r ❜✉t ❛r❡ ♥♦t ❧✐♥❦❡❞ t♦ ❞❡♥s✐t② ✈❛r✐❛t✐♦♥s ❬✷✶❪✿ ✭✶✮ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡

♠❡❛♥ ❙✐✲❖✲❙✐ ❛♥❣❧❡s ✭✜❣✉r❡ ✶✳✶✵✮❀ ✭✷✮ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ♠❡❛♥ r✐♥❣ s✐③❡❀ ❛♥❞ ✭✸✮ ❛ ✇✐❞❡♥✐♥❣ ♦❢ t❤❡ str✉❝t✉r❛❧

❞✐str✐❜✉t✐♦♥s ✭❛♥❣❧❡✱ ❞✐st❛♥❝❡✱ ❡t❝✳✮ ❬✷✶❪✳ ❙✐♠✉❧❛t✐♦♥s r❡✈❡❛❧ ♠♦r❡ ❞✐s♦r❞❡r❡❞ ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❞✉❡ t♦

✐rr❛❞✐❛t✐♦♥✳ ❋✐♥❛❧❧②✱ ▼❉ s✐♠✉❧❛t✐♦♥s s❤♦✇❡❞ t❤❛t t❤❡ ❝♦r❡s ♦❢ ❞✐s♣❧❛❝❡♠❡♥t ❝❛s❝❛❞❡s ❤❛✈❡ ❛ ❧♦✇❡r ❞❡♥s✐t②✿

t❤❡ P❑❆ ❛t♦♠ ❦♥♦❝❦ ♦t❤❡r ❛t♦♠s ♦✉ts✐❞❡ ♦❢ t❤❡ tr❛❝❦ ♦❢ t❤❡ ♣r♦❥❡❝t✐❧❡ ❧❡❛❞✐♥❣ t♦ ❛ ❞❡♥s✐t② ✢✉❝t✉❛t✐♦♥✳

❚❤❡ ❣❧♦❜❛❧ s✐♠✐❧❛r✐t✐❡s ❜❡t✇❡❡♥ s✐♠✉❧❛t✐♦♥s ❛♥❞ ❡①♣❡r✐♠❡♥ts ✭❡①t❡r♥❛❧ ❛♥❞ ✐♥t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✮ s✉❣❣❡st

t❤❡ ♦r✐❣✐♥ ♦❢ ♠♦❞✐✜❝❛t✐♦♥ ❛r✐s❡ ❢r♦♠ t❤❡ s❛♠❡ ♠❡❝❤❛♥✐s♠✳

❋✐❣✉r❡ ✶✳✶✵✿ ❉❡❝r❡❛s❡ ♦❢ ❙✐✲❖✲❙✐ ❛♥❣❧❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ❢♦r ❙❇◆ ✶✹ ❣❧❛ss ❢r♦♠ ▼❉
s✐♠✉❧❛t✐♦♥s✳ ❉✐s♣❧❛❝❡♠❡♥t ❝❛s❝❛❞❡ ❝♦♠♠❡♥❝❡❞ ❜② ❛ ✵✳✻✵✵ ❦❡❱ ❤❡❛✈② ✐♦♥s ❬✷✶❪✳

✶✵✶



❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

✶✳✹✳✺ ❇❛❧❧✐st✐❝ ❞✐s♦r❞❡r✐♥❣ ❛♥❞ ❢❛st q✉❡♥❝❤✐♥❣

❆♥❛❧♦❣② ❜❡t✇❡❡♥ t❤❡ str✉❝t✉r❛❧ st❛t❡ ❝r❡❛t❡❞ ❜② ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥ ❛♥❞ t❤❡r♠❛❧ q✉❡♥❝❤✐♥❣ ✐s ✉s✉❛❧❧②

✐♥✈♦❦❡❞ t♦ ❡①♣❧❛✐♥ t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥ ❬✶✻✱ ✷✻✱ ✷✽✱ ✺✸✱ ✻✵❪✳ ❈❛s❝❛❞❡s ♦❢ ❞✐s♣❧❛❝❡♠❡♥ts ✐♥ t❤❡ ❣❧❛ss

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

✐s ❡q✉✐✈❛❧❡♥t t♦ ❛ s✐❣♥✐✜❝❛♥t t❡♠♣❡r❛t✉r❡ r✐s❡✳ ❚❤❡ ❣❧❛ss str✉❝t✉r❡ r❡s❡♠❜❧❡s ❛ str✉❝t✉r❡ ❢r♦③❡♥ ❢r♦♠ ❛

❤✐❣❤ t❡♠♣❡r❛t✉r❡ st❛t❡ ❜❡❝❛✉s❡ ✐t ❝❛♥♥♦t r❡❧❛① ❬✷✻❪✳ ■♥ ❛ ♥✉❝❧❡❛r ❣❧❛ss✱ t❤❡ ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ str✉❝t✉r❛❧

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

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

❬✷✻✱ ✷✽✱ ✻✵❪✳ ❇❛s❡❞ ♦♥ t❤✐s ❤②♣♦t❤❡s✐s✱ t❤❡ ❛❝❝✉♠✉❧❛t✐♦♥ ♦❢ ❡✈❡♥ts t❤r♦✉❣❤♦✉t t❤❡ ❣❧❛ss ✈♦❧✉♠❡ r❡s✉❧ts ✐♥

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

❛ q✉❡♥❝❤❡❞ ❣❧❛ss✱ ✐✳❡✳ ❣❧❛ss❡s ✇✐t❤ ❤✐❣❤❡r ✜❝t✐✈❡ t❡♠♣❡r❛t✉r❡✳ ❆✉t❤♦rs ❬✹✷❪ ♣r♦♣♦s❡ t♦ ❞❡s❝r✐❜❡ str✉❝t✉r❛❧

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

♠♦❞❡❧✳ ❉❡st❛❜✐❧✐③❛t✐♦♥ ♦❢ [4]❇ ✉♥✐ts ❞✉❡ t♦ t❤❡ ❝❛s❝❛❞❡s ♦❢ ❞✐s♣❧❛❝❡♠❡♥ts ❛♥❞ ❢♦r♠❛t✐♦♥ ♦❢ [3]❇ ✉♥✐ts

❝♦✐♥❝✐❞❡s ✇✐t❤ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ [4]❇✴[3]❇ ❢r❛❝t✐♦♥ ♦❜s❡r✈❡❞ ❢♦r ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❬✻✶❪✳ ❚❤✐s ✐s ❛❧s♦ ❝♦❤❡r❡♥t

✇✐t❤ t❤❡ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦✳ ▼❉ s✐♠✉❧❛t✐♦♥s ❛❧s♦ r❡✈❡❛❧ t❤✐s ♣❤❡♥♦♠❡♥♦♥ ❬✷✷❪✿

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

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

t♦ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ✭❞❡❝r❡❛s❡ ♦❢ ♠❡❛♥ ❙✐✲❖✲❙✐ ❛♥❣❧❡✮✱ ✐♥❝r❡❛s❡ ♦❢ ◆❇❖s✱ ❛♥❞ ❛♥

✐♥❝r❡❛s❡ ♦❢ [3]❇✳ ❚❤✐s ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ q✉❡♥❝❤❡❞ ❣❧❛ss❡s ❢♦❧❧♦✇s t❤❡ ▼❛r♣❧❡s✬ ♠♦❞❡❧ ✇❤✐❝❤ ❡①♣❧❛✐♥s t❤❡

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

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

❘❡❝❡♥t❧②✱ ❞✐✛❡r❡♥❝❡s ✐♥ ✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② ✐♦♥ ✐rr❛❞✐❛t✐♦♥s ❛♥❞ ❢❛st q✉❡♥❝❤✐♥❣ ✇❡r❡ ❤✐❣❤❧✐❣❤t❡❞ ❬✹✹❪

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

■♥ s✉♠♠❛r②✱ s✐♠♣❧❡ ❛♥❞ ❝♦♠♣❧❡① ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s s✇❡❧❧s ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✱ ❡✐t❤❡r ❞✉❡

t♦ ❞♦♣✐♥❣ ♦r t♦ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❞❡♥s✐t② ♦❢ ❙❖◆ ✻✽ ❣❧❛ss❡s ❞♦♣❡❞ ✇✐t❤ ❝✉r✐✉♠

❞❡❝r❡❛s❡s ❜② ❛❜♦✉t ✵✳✻ %✳ ❚❤❡ ❣❧❛ss r❡♠❛✐♥s ❤♦♠♦❣❡♥❡♦✉s ❛♥❞ ♥♦ ❜✉❜❜❧❡s ❢♦r♠❛t✐♦♥ t❛❦❡s

♣❧❛❝❡ ✐♥ t❤❡ α✲❞❡❝❛② ❞♦s❡s ✐♥✈❡st✐❣❛t❡❞✳ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♣❧✉s ▼❉ s✐♠✉❧❛t✐♦♥s ♣♦✐♥t ♦✉t

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

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

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

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

♣r♦❝❡ss❡s✳

✶✳✺ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

❆s st❛t❡❞ ✐♥ t❤❡ ✐♥tr♦❞✉❝t✐♦♥✱ ✐rr❛❞✐❛t✐♦♥ ❝❛♥ ❧❡❛❞ t♦ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

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

♣r♦♣❡rt✐❡s ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥✳

✶✵✷
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✶✳✺✳✶ ❨♦✉♥❣ ♠♦❞✉❧✉s ❡✈♦❧✉t✐♦♥

❈♦♠♣❧❡① ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② ❤❡❧✐✉♠ ✐♦♥s ❛t ✶✳✼ ▼❡❱ ♣r❡s❡♥t ❛ ❞❡❝r❡❛s❡ ♦❢ ✵✳✻ % ✐♥ t❤❡ ❛❝♦✉st✐❝ ✈❡❧♦❝✐t②❀

✇❤❡r❡❛s t❤❡ s❛♠❡ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② ❤❡❛✈② ✐♦♥s ❞✐s♣❧❛② ❛ ❞❡❝r❡❛s❡ ♦❢ ✽✳✼ % ❬✷✵✱✹✾✱✺✷❪✳ P❡✉❣❡t ❡t ❛❧✳ ❬✹✾❪

st✉❞✐❡❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ r❡❞✉❝❡❞ ♠♦❞✉❧✉s✱ ER ✐♥ ❝♦♠♣❧❡① ❣❧❛ss❡s ✭❙❖◆ ✻✽✮ ❞♦♣❡❞ ✇✐t❤ ❛❝t✐♥✐❞❡s ✭144

❈♠✮✳ ER ✐s ❛♣♣r♦①✐♠❛t❡❧② ✶✺ % ❧❡ss t❤❛♥ ✐ts ♣r✐st✐♥❡ ❝♦✉♥t❡r♣❛rt✳ ❚❤✐s r❡s✉❧t ✐s ❝♦♥✜r♠❡❞ ❜② ▼❉

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

❝❛s❝❛❞❡s ❬✶✾✱ ✷✵❪✳ ❚❤❡ r❡❧❛t✐✈❡ ✈❛r✐❛t✐♦♥s ❢♦r t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❛♥❞ tr❛♥s✈❡rs❡ ✈❡❧♦❝✐t② ❞❡❝r❡❛s❡ ✇✐t❤ t❤❡

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

❋✐❣✉r❡ ✶✳✶✶✿ ❊①♣❡r✐♠❡♥t❛❧ ❛♥❞ s✐♠✉❧❛t❡❞ r❡❧❛t✐✈❡ ✈❛r✐❛t✐♦♥ ♦❢ ❘❛②❧❡✐❣❤ ✈❡❧♦❝✐t② ✐♥ ❈❏✶ ✭✸ ♦①✐❞❡s✮ ✐rr❛❞✐✲
❛t✐❡❞ s✐♠♣❧✐✜❡❞ ❣❧❛ss❡s✳

❆❢t❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ✉♥t✐❧ ❊elec ❡q✉✐✈❛❧❡♥t t♦ ✷✳✸ ✶✵18 α✴❣ ♥♦ ✈❛r✐❛t✐♦♥ ✐s ♦❜s❡r✈❡❞✳ ❚❤✐s s✉❣❣❡sts

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

✶✳✺✳✷ ❍❛r❞♥❡ss ❡✈♦❧✉t✐♦♥

❊①t❡r♥❛❧ βe− ✐rr❛❞✐❛t✐♦♥

❨❛♥❣ ❡t ❛❧✳ st✉❞✐❡❞ t❤❡ ✐♠♣❛❝t ♦❢ ❡❧❡❝tr♦♥ ✭✶✳✷ ▼❡❱✮ ♦♥ t❤❡ ❤❛r❞♥❡ss ♣r♦♣❡rt✐❡s ✭H✮ ✐♥ ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s ❬✻✻❪✳ ❋✐❣✉r❡ ✶✳✶✷ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ H ✇✐t❤ ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ❜② ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✳ ❋♦r t❤❡

❡❧❡❝tr♦♥ ✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s✱ H ✈❛❧✉❡ ❞❡❝r❡❛s❡s s❧✐❣❤t❧②✳ ❨❛♥❣ ❡t ❛❧✳ ❬✻✻❪ ❛ttr✐❜✉t❡❞ t❤✐s ❞❡❝r❡❛s❡ ✇✐t❤ ❛♥

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

❣❧❛ss✳

❊①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥ ❜② ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s

❆❧♦♥❣ ✇✐t❤ βe− ✐rr❛❞✐❛t✐♦♥✱ ❨❛♥❣ ❡t ❛❧✳ ❬✻✻❪ ❛❧s♦ ❡①❛♠✐♥❡❞ t❤❡ ❡✛❡❝t ♦❢ ✐rr❛❞✐❛t✐♦♥ ✇✐t❤ ❧✐❣❤t ✐♦♥s ✭α✱ ✵✳✺

▼❡❱✮✳ ❋✐❣✉r❡ ✶✳✶✷ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ H ✇✐t❤ ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ❜② ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✳ H ❞❡❝r❡❛s❡s

✶✵✸



❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

❍
❛r
❞♥

❡s
s
✭●

P
❛✮

❊♥❡r❣② ❞❡♣♦s✐t✐♦♥ ✭❦❡❱✳❝♠−3✮

❋✐❣✉r❡ ✶✳✶✷✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❤❛r❞♥❡ss ♦❢ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ✇✐t❤ ❡❧❡❝tr♦♥ ✭❝✐r❝❧❡s✮ ❛♥❞ ❍❡ ✐♦♥s
✭st❛rs✮ ✐rr❛❞✐❛t✐♦♥ ✈❡rs✉s ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ❬✻✻❪✳

st❡❛❞✐❧② ❢r♦♠ ✵ t♦ ✶✵22 ❦❡❱✴❝♠−3✳ ❚❤❡ t♦t❛❧ r❡❞✉❝t✐♦♥ ✐♥ ❤❛r❞♥❡ss ✐s ∼ ✶✹%✳ ❙✉❜s❡q✉❡♥t❧②✱ H st❛❜✐❧✐③❡s

❛t ∼ ✶✹% r❡❞✉❝t✐♦♥✳ ❨❛♥❣ ❡t ❛❧✳ ❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡ ♥✉❝❧❡❛r ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ❣♦✈❡r♥s t❤❡ r❡❞✉❝t✐♦♥ ✐♥ H✳

❏✳ ❞❡ ❇♦♥✜❧s st✉❞✐❡❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ H ✐♥ s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② ❣♦❧❞ ✐♦♥s ❬✶✸✱ ✶✹❪✳

H ✈❛❧✉❡s ❞❡❝r❡❛s❡ ❜② ❛❜♦✉t ∼ ✸✺% ❛t ✶✵18 α✴❣✳ ❆❢t❡r ✇❤✐❝❤✱ H st❛❜✐❧✐③❡s✳ ❆✉t❤♦rs ❧✐♥❦❡❞ t❤❡ ❤❛r❞♥❡ss

❞❡❝r❡❛s❡ t♦ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ ❜② ✐rr❛❞✐❛t✐♦♥ ❬✶✹❪✳ ❖✈❡r t❤❡ ♣❛st ❞❡❝❛❞❡✱ P❡✉❣❡t ❡t ❛❧✳

❋✐❣✉r❡ ✶✳✶✸✿ ❍❛r❞♥❡ss ✈❛r✐❛t✐♦♥ ✐♥ ❙❖◆✻✽ ❛♥❞ s✐♠♣❧✐✜❡❞ ❣❧❛ss ✐rr❛❞✐❛t❡❞ ✉♥❞❡r ✈❛r✐♦✉s ❝♦♥❞✐t✐♦♥ ✇✐t❤
❡♥❡r❣② ❞♦s❡ ❞❡♣♦s✐t❡❞ ❜② ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥ ✭❧❡❢t✮ ❛♥❞ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥ ✭r✐❣❤t✮

❝♦♥❞✉❝t❡❞ ♠✉❧t✐♣❧❡ ❡①♣❡r✐♠❡♥ts ♦♥ ❤♦✇ H ✈❛r✐❡s ✐♥ ❝♦♠♣❧❡① ❣❧❛ss❡s ✭❙❖◆ ✻✽✮ ✇✐t❤ ✈❛r②✐♥❣ ❡①t❡r♥❛❧ ❞♦s❡s

❛♥❞ ✐rr❛❞✐❛t✐♦♥ t②♣❡ ✭✐✳❡✳ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s✮ ❬✹✽✱✹✾✱✺✷✱✺✹❪✳ ❋✐❣✉r❡ ✶✳✶✸ ❞✐s♣❧❛②s t❤❡ ❤❛r❞♥❡ss ❡✈♦❧✉t✐♦♥

✐♥ ❙❖◆ ✻✽ ❛♥❞ s✐♠♣❧✐✜❡❞ ❣❧❛ss ✐rr❛❞✐❛t❡❞ ✉♥❞❡r s❡✈❡r❛❧ ❝♦♥❞✐t✐♦♥s ✇✐t❤ ❡♥❡r❣② ❞❡♣♦s✐t❡❞✳ ❈♦♥❝❡r♥✐♥❣

✶✵✹
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He2+ ✐rr❛❞✐❛t✐♦♥✱ t❤❡ ❤❛r❞♥❡ss ✐s ♥♦t ✐♠♣❛❝t❡❞ ✉♥t✐❧ Eelec ❡①❝❡❡❞s ✸× ✶✵18 α✴❣✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱

H ❞❡❝r❡❛s❡s ✇❤❡♥ Enucl ❡①❝❡❡❞s ✶✳✺× ✶✵18 α✴❣ ❢♦r ❆✉✲ ❛♥❞ ❑r✲✐♦♥s ✐rr❛❞✐❛t✐♦♥✳ ❙❖◆✻✽ ❛❝t✐♥✐❞❡✲❞♦♣❡❞

❣❧❛ss❡s ❛❧s♦ ♣r❡s❡♥t ❛ ❞❡❝r❡❛s❡ ✐♥ ❤❛r❞♥❡ss ♦❢ ∼ ✸✵ %✳ ❋✐❣✉r❡ ✶✳✶✸ ❝♦♠♣❛r❡s t❤❡ ❤❛r❞♥❡ss ❡✈♦❧✉t✐♦♥ ✇✐t❤

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

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

❚❤✐s s✉❣❣❡sts t❤❛t ❜❛❧❧✐st✐❝ ❡✛❡❝ts ❛r❡ r❡s♣♦♥s✐❜❧❡ ❢♦r ❤❛r❞♥❡ss ✈❛r✐❛t✐♦♥s ❬✹✾❪✳ ❘❡❝❡♥t❧②✱ ❑✐❧②♠✐s ❡t ❛❧✳

s✉❣❣❡st❡❞ t❤❛t t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❣❧❛ss t♦♣♦❧♦❣② ✭❡✳❣✳ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖s ❛♥❞ [3]❇✮ ✐♥❝r❡❛s❡s

t❤❡ ❣❧❛ss ♣❧❛st✐❝✐t② ❣✐✈✐♥❣ ✇❛② t♦ ❞❡❝r❡❛s❡ ✐♥ H ❬✹✵❪✳

✶✳✺✳✸ ❊✈♦❧✉t✐♦♥ ♦❢ ❢r❛❝t✉r❡ t♦✉❣❤♥❡ss ✭KC✮

KC ✈❛r✐❛t✐♦♥ ❜② ✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥t

■♥❞❡♥t✐♥❣ t❤❡ ❣❧❛ss s❛♠♣❧❡s ❝❛♥ ❝❛✉s❡ ❝r❛❝❦ t♦ ♣r♦♣❛❣❛t❡ ♦✛ t❤❡ ✐♥❞❡♥t❡r✳ ❊①❛♠✐♥✐♥❣ t❤❡✐r ❧❡♥❣t❤ ❛♥❞

t❤❡ q✉❛♥t✐t② ♦❢ ❝r❛❝❦s✱ ❛s r❡✈❡❛❧❡❞ ✐♥ ♣❛rt ■ ❝❤❛♣t❡r ✷✱ ❣✐✈❡s KC ✭❢r❛❝t✉r❡ t♦✉❣❤♥❡ss✮ ❛♥❞ PC ✭❝r❛❝❦

❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t②✮✳

❋✐❣✉r❡ ✶✳✶✹✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ✈❡rs✉s ❧♦❛❞ ❢♦r ❱✐❝❦❡rs ♠✐❝r♦✐♥❞❡♥t❛t✐♦♥ ♦❢ t❤❡
♥♦♥✲r❛❞✐♦❛❝t✐✈❡ ❣❧❛ss ✭❙❖◆✻✽✮✱ ❛♥❞ t❤❡ ❣❧❛ss ✐rr❛❞✐❛t❡❞ ❜② ❍❡✱ ❑r ❛♥❞ ❆✉ ✐♦♥s ❢r♦♠ ❬✺✷❪✳

❋✐❣✉r❡ ✶✳✶✹ r❡✈❡❛❧s t❤❡ ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t②✱ PC ❢♦r ❛ ❱✐❝❦❡rs ✐♥❞❡♥t❡r ✐♥ ❙❖◆✻✽ ❣❧❛ss ✐rr❛❞✐❛t❡❞

❜② ❞✐✛❡r❡♥t ✐♦♥s✿ ❍❡✱ ❑r✱ ❛♥❞ ❆✉✳ ❍❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ❣✐✈❡s s✐♠✐❧❛r r❡s✉❧ts ❛s ♣r✐st✐♥❡ ❙❖◆✻✽ s❛♠♣❧❡s❀

t❤✉s ❍❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t ❝❤❛♥❣❡ s✐❣♥✐✜❝❛♥t❧② PC ✶✳✶✹✮ ❬✺✵✱ ✺✷❪✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ❑r ❛♥❞ ❆✉

✐rr❛❞✐❛t✐♦♥ ✐♥✢✉❡♥❝❡ PC ✳ ❚❤❡ ✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s ❛♣♣❡❛r t♦ ❜❡ ♠♦r❡ ♣❧❛st✐❝✱ ❛♥❞ t❤❡✐r ❝r❛❝❦ r❡s✐st❛♥❝❡

✐♥❝r❡❛s❡s✳ PC ❞❡❝r❡❛s❡s ✇❤❡♥ t❤❡ ❞♦s❡ ✐♥❝r❡❛s❡s ✐♥ ❞♦♣❡❞ ❝✉r✐✉♠ ❙❖◆✻✽ ❣❧❛ss❡s ❬✹✾❪✳ ❆❣❛✐♥ ♥✉❝❧❡❛r

✐♥t❡r❛❝t✐♦♥s ❛♣♣❡❛r t♦ ❣♦✈❡r♥ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ PC ✳

❚❤❡ t♦✉❣❤♥❡ss ✈❛❧✉❡ ✭KC✮ ✐♥❝r❡❛s❡s ❜② ❛❜♦✉t ✷✺ % ❛❢t❡r ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥ ❬✺✵❪✳ ❙✐♠✐❧❛r❧②✱ ▼❛t③❦❡

st✉❞✐❡❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ KC ✐♥ ❘✼❚✼ ❧✐❦❡ ❣❧❛ss❡s✱ ▼❈❈ ✼✻✲✽✽ ✭❆♠❡r✐❝❛♥ ❣❧❛ss✮✱ ❛♥❞ ●P ✾✽✴✶✷ ✭●❡r♠❛♥

❣❧❛ss✮✳ ❚❤❡s❡ ❣❧❛ss❡s ✇❡r❡ ❞♦♣❡❞ ✇✐t❤ ❝✉r✐✉♠ ❛♥❞ st♦r❡❞ ❢♦r ✶✵ ②❡❛rs✳ ❉✉r✐♥❣ t❤✐s ♣❡r✐♦❞✱ KC ✐♥❝r❡❛s❡s

❜② ✶✵✵ %✳

✶✵✺



❈❤❛♣t❡r ✶✳ ❘❡✈✐❡✇ ♦♥ ✐♠♣❛❝ts ♦❢ ✐rr❛❞✐❛t✐♦♥

KC ✈❛r✐❛t✐♦♥ ❜② ❢r❛❝t✉r❡ t❡st t❤r♦✉❣❤ ▼❉ s✐♠✉❧❛t✐♦♥s

▼♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥s ✐♥✈❡st✐❣❛t❡❞ ❢r❛❝t✉r❡ ♣r♦♣❡rt✐❡s ✐♥ s✐♠♣❧✐✜❡❞ ❣❧❛ss❡s ✭✸✲♦①✐❞❡s ❣❧❛ss❡s✮

❬✸✽✱ ✸✾❪✳ ▲✳✲❍✳ ❑✐❡✉ ❡✈✐❞❡♥❝❡❞ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ❙❇◆ s②st❡♠s ✈✐❛ t❤❡ ♥✉❝❧❡❛t✐♦♥✱ ❣r♦✇t❤ ❛♥❞ ❝♦❛❧❡s✲

❝❡♥❝❡ ♦❢ ♥❛♥♦❝❛✈✐t✐❡s ✭✜❣✉r❡ ✶✳✶✺✮ ❬✸✽✱✸✾❪✳ ▲✐t❡r❛t✉r❡ ❛❧s♦ ❡✈✐❞❡♥❝❡s ❛ s✐♠✐❧❛r s❝❡♥❛r✐♦ ✐♥ ♣✉r❡ ❛♠♦r♣❤♦✉s

s✐❧✐❝❛ ❬✺✺✱✺✽✱✺✾❪✳

❙❇◆ ❢r❛❝t✉r❡ s✐♠✉❧❛t✐♦♥s r❡✈❡❛❧ t✇♦ ❝♦♠♣❡t✐♥❣ ❡✛❡❝ts✿ ✭✶✮ t❤❡ s✇❡❧❧✐♥❣ ❛s ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ ✶✳✹✳✷✱

❛♥❞ ✭✷✮ t❤❡ ✐♥❝r❡❛s❡ ♦❢ [3]❇ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ [4]❇✳ ❆s t❤❡ ❢r❡❡ ✈♦❧✉♠❡ ✐♥❝r❡❛s❡s✱ ♥❛♥♦❝❛✈✐t❛t✐♦♥ ♦❝❝✉rs

❛♥❞ t❤❡ r❡s✐st❛♥❝❡ t♦ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ❞❡❝r❡❛s❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ [3]❇ ❛r❡ ♠♦r❡ ❛❜❧❡ t♦ ❛❝❝♦♠♠♦✲

❞❛t❡ str❡ss ❬✸✽✱ ✸✾❪ ❛♥❞ t❤✐s ♣r♦❝❡ss ✐♥❝r❡❛s❡s t❤❡ r❡s✐st❛♥❝❡ t♦ ❢r❛❝t✉r❡ ♣r♦♣❛❣❛t✐♦♥✳ ❑✐❡✉ ❡t ❛❧✳ ❛❧s♦

✐♥✈❡st✐❣❛t❡ t❤❡ ❙✐✲❖✱ ❇✲❖ ❛♥❞ ◆❛✲❖ r❛❞✐❛❧ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥s ❛t ❞✐✛❡r❡♥t t✐♠❡s ❞✉r✐♥❣ ❢r❛❝t✉r❡ ❡①✲

♣❡r✐♠❡♥t✳ ❚❤❡② ❤✐❣❤❧✐❣❤t ❡❧♦♥❣❛t✐♦♥ ♦❢ t❤❡ ❙✐✲❖ ❛♥❞ ❇✲❖ ❜♦♥❞ ✐♥ [4]❇ ✉♥✐ts✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❇✲❖

❜♦♥❞ ✐♥ [3]❇ ✉♥✐ts ❛♥❞ ◆❛✲❖ ❜♦♥❞s ❞♦ ♥♦t ❡❧♦♥❣❛t❡ r❛t❤❡r t❤❡② ❛❞❛♣t t♦ ❧♦❝❛❧ str❡ss❡s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱

❋✐❣✉r❡ ✶✳✶✺✿ ❋♦✉r ✐♠❛❣❡s ♦❢ t❤❡ ❙❇◆ ✶✹ ❣❧❛ss ❢r❛❝t✉r✐♥❣✳ ✭❚♦♣ ❧❡❢t✮ ✷✻♣s❀ ✭❚♦♣ r✐❣❤t✮ ❛❢t❡r ✸✷♣s❀ ✭❇♦tt♦♠
❧❡❢t✮✿ ❛❢t❡r ✹✵♣s❀ ✭❇♦tt♦♠ r✐❣❤t✮ ❛❢t❡r ✹✹♣s ❢r♦♠ ❬✸✾❪✳

▲✳✲❍✳ ❑✐❡✉ ❢♦✉♥❞ ❛♥ ✐♥❝r❡❛s❡✱ ❞❡❝r❡❛s❡ ❛♥❞ st❛❜✐❧✐③❛t✐♦♥ ♦❢ t❤❡ KC ✐♥ t❤❡ ❞✐s♦r❞❡r❡❞ str✉❝t✉r❡ r❡❣❛r❞✲

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

▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❡✈♦❧✈❡ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❆❝❝✉♠✉❧❛t✐♦♥ ♦❢ α✲❞❡❝❛② ✐♥ ❛❝t✐♥✐❞❡✲❞♦♣❡❞

❙❖◆✻✽ ❣❧❛ss❡s ❞✐♠✐♥✐s❤❡s t❤❡✐r ❤❛r❞♥❡ss ✭∼✸✵ %✮✱ t❤❡✐r ❨♦✉♥❣ ♠♦❞✉❧✉s ❛♥❞ ✐♥❝r❡❛s❡s t❤❡✐r

❢r❛❝t✉r❡ t♦✉❣❤♥❡ss ❞❡t❡r♠✐♥❡❞ ❜② ✐♥❞❡♥t❛t✐♦♥✳ ❚❤❡ ❜❡❤❛✈✐♦r ❞✉r✐♥❣ ❢r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts

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

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

✶✳✻ ❙✉♠♠❛r②

❱❛r✐❛t✐♦♥ ✐♥ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❣❧❛ss ❞✉❡ t♦ ✐rr❛❞✐❛t✐♦♥ ❝❛♥ ❧❡❛❞ t♦ t❤❡ s✇❡❧❧✐♥❣ ♦r ❞❡♥s✐✜❝❛t✐♦♥

♦❢ t❤❡ ❣❧❛ss ♣❛❝❦❛❣❡s ❬✷✱✶✸✱✶✻✱✹✾✱✺✹❪✳ ❉✉❡ t♦ t❤❡ ❝♦♥✜♥❡♠❡♥t ♦❢ t❤❡ ❣❧❛ss ♣❛❝❦❛❣❡ ✇✐t❤✐♥ t❤❡ ❝❛♥✐st❡r t❤✐s

✇✐❧❧ ❧❡❛❞ t♦ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ str❡ss❡s✳ α ❞❡❝❛② ❝❛✉s❡s ❝✉r✐✉♠ ❞♦♣❡❞ ❙❖◆✻✽ t♦ s✇❡❧❧ ❜② ∼ ✵✳✻ % ❬✺✷✱ ✺✹❪✳

✶✵✻



✶✳✻✳ ❙❯▼▼❆❘❨

❆t ✷×✶✵18 α✴❣ t❤❡ ❣❧❛ss ♣❛❝❦❛❣❡ r❡❛❝❤❡s ❛ st❛❜✐❧✐③❛t✐♦♥ ♣♦✐♥t✳ ❋r♦♠ ✷×✶✵18 α✴❣ t♦ ✶✵19 α✴❣✱ t❤❡

❞❡♥s✐t② ❞♦❡s ♥♦t ❡✈♦❧✈❡✳ ❘❛♠❛♥✱ ◆▼❘ ❛♥❞ ❳❆◆❊❙ st✉❞✐❡s ♣❧✉s ▼❉ s✐♠✉❧❛t✐♦♥s ♣♦✐♥t❡❞ ♦✉t ❝❤❛♥❣❡s

✐♥ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦ ❢♦r s✐♠♣❧❡ ❛♥❞ ❝♦♠♣❧❡① ❣❧❛ss❡s ❬✶✸✱ ✶✹✱ ✶✻✱ ✷✷✕✷✹✱ ✺✵✕✺✷❪✳ ❈❤❛♥❣❡s ✐♥ t❤❡ ❜♦r♦♥

❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ❛♥❞ ✐♥❝r❡❛s❡ ♦❢ ◆❇❖ t❛❦❡ ♣❧❛❝❡✳ ❇❡s✐❞❡✱ ♠♦❞✐✜❝❛t✐♦♥ ✐♥ t❤❡ ♠❡❞✐✉♠✲r❛♥❣❡ ♦r❞❡r

❛❧s♦ ♦❝❝✉r✿ ❜♦♥❞ ❛♥❣❧❡s ❜❡t✇❡❡♥ ♥❡t✇♦r❦ ❢♦r♠❡rs✱ ❜r♦❛❞❡♥✐♥❣ ♦❢ t❤❡ r✐♥❣ s✐③❡ ❞✐str✐❜✉t✐♦♥✳ ●❧❛ss str✉❝t✉r❡

❛♣♣❡❛rs t♦ ❜❡ ♠♦r❡ ❞✐s♦r❞❡r❡❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ✈❛r②✳ ❨♦✉♥❣

♠♦❞✉❧✉s ❞❡❝r❡❛s❡s ❛❢t❡r α✲❞❡❝❛② ❬✷✵✱ ✺✷✱ ✺✹❪✳ ❚❤✐s ❛♣♣❡❛rs t♦ ❜❡ ✇❡❧❧ ❝♦rr❡❧❛t❡❞ t♦ t❤❡ ❞❡❝r❡❛s❡ ♦❢ t❤❡

♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ✐♥ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦✳ ❆❢t❡r ✐rr❛❞✐❛t✐♦♥✱ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦ ❛♣♣❡❛rs ❧❡ss r✐❣✐❞ ❞✉❡

t♦ ✭✶✮ ✐♥❝r❡❛s❡ ♦❢ ◆❇❖s ✐♥ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ❛♥❞ ✭✷✮ ❝♦♥✈❡rs✐♦♥ ♦❢ [4]❇ t♦ [3]❇✱ ✐♥❝r❡❛s✐♥❣ ❢r❡❡❞♦♠ ❛r♦✉♥❞

❜♦r♦♥ ❛t♦♠s✳ ❇❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ✐♥❞✉❝❡ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✿ ✭✶✮ ❞❡❝r❡❛s❡

♦❢ H ✭✸✵ %✮ ❛♥❞ ✭✷✮ ✐♥❝r❡❛s❡ ♦❢ KC ✳ ❆s ♣r❡✈✐♦✉s❧② ♥♦t✐❝❡❞✱ ❛ st❛❜✐❧✐③❛t✐♦♥ ❛♣♣❡❛rs ❜❡t✇❡❡♥ ✷×✶✵18
α✴❣ t♦ ✶✵19 α✴❣ ❬✺✷❪✳ ❙❡✈❡r❛❧ ❡①♣❧❛♥❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ t♦ ❡❧✉❝✐❞❛t❡ t❤❡ ❤❛r❞♥❡ss ❛♥❞ ❢r❛❝t✉r❡

t♦✉❣❤♥❡ss ✈❛r✐❛t✐♦♥s✳ ❙❡✈❡r❛❧ ❛✉t❤♦rs ❝♦♥❝❧✉❞❡❞ t❤❡ ❣❧❛ss ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ❛✐❞s ✐♥ t❤❡✐r ✈❛r✐❛t✐♦♥s ❬✹✵✱✹✹❪✳

▼♦r❡♦✈❡r✱ t❤❡ ✐♥❝r❡❛s❡ ♦❢ [3]❇ ❢❛✈♦rs ✈✐s❝♦✉s ✢♦✇ ❛t t❤❡ ❝r❛❝❦ t✐♣ ❬✸✽✱✸✾❪✳

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ ❝✉rr❡♥t ❦♥♦✇❧❡❞❣❡ ♦♥ ❤♦✇ t❤❡ str✉❝t✉r❛❧✱ ♣❤②s✐❝❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

♦❢ s✐❧✐❝❛ ❜❛s❡❞ ❣❧❛ss❡s ❛r❡ ✐♠♣❛❝t❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✳ ▲✐t❡r❛t✉r❡ r❡♣♦rts ✐rr❛❞✐❛t✐♦♥ ✐♥❝r❡❛s❡s ✐♥ t❤❡ ❣❧❛ss ❞✐s✲

♦r❞❡r ❛♥❞ ♣❧❛st✐❝✐t②✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ❤❛r❞♥❡ss ❞❡❝r❡❛s❡s ❛♥❞ t❤❡ t♦✉❣❤♥❡ss ✐♥❝r❡❛s❡s✳ ❈♦♠♣❛r✐s♦♥

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

t❤❡ ✐♠♣❛❝t ♦❢ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥ ♦♥ t❤❡ s✐♠♣❧✐✜❡❞ ❜♦r♦s✐❧✐❝❛t❡ s❛♠♣❧❡s✳ ❆s ♣r❡s❡♥t❡❞✱ t❤❡ ✐♥t❡r❛❝t✐♦♥s

❛r❡ ❧♦❝❛❧✐③❡❞ ✐♥ ❛ t❤✐♥ ❧❛②❡r ♦❢ t❤❡ ❣❧❛ss s❛♠♣❧❡s✳ ❙♣❡❝✐✜❝ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✐s r❡q✉✐r❡❞ t♦ ❡st✐♠❛t❡ t❤❡

✐♠♣❛❝t ♦♥ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❚❤❡ ♥❡①t ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ ❝❤♦s❡♥ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s ❢♦r t❤❡

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

❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳

✶✵✼



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❈♦❧❞✲❝r✉❝✐❜❧❡ ❢❛❜r✐❝❛t✐♦♥ ♦❢ ♥✉❝❧❡❛r ❣❧❛ss❡s✳ ❈▲❊❋❙ ❈❊❆✱ ✺✾✿✶✼✕✷✸✱ ❙✉♠♠❡r ✷✵✶✵✳

❬✷❪ ❆✳ ❆❜❜❛s✳ ❈♦♥tr✐❜✉t✐♦♥ ❞❡ ❧✬❡t✉❞❡ ❞❡ ❧✬❡✛❡ts ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❛❧♣❤❛ s✉r ❧❡s ✈❡rr❡s ♥✉❝❧❡❛✐r❡s✳ P❤❉

t❤❡s✐s✱ ❯♥✐✈❡rs✐t❡ P❛r✐s ❱■✱ ✷✵✵✶✳

❬✸❪ ●✳ ❲✳ ❆r♥♦❧❞✳ ■♦♥✲✐♠♣❧❛♥t❛t✐♦♥ ❡✛❡❝ts ✐♥ ❣❧❛ss❡s✳ ❘❛❞✐❛t✳ ❊✛✳ ❉❡❢❡❝ts ❙♦❧✐❞s✱ ✻✺✿✶✼✕✸✵✱ ✶✾✽✷✳

❬✹❪ ●✳ ❲✳ ❆r♥♦❧❞✳ ■♦♥✲✐♠♣❧❛♥t❛t✐♦♥ ❡✛❡❝ts ✐♥ ❛❧❦❛❧✐✲❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❘❛❞✐❛t✳ ❊✛✳ ❉❡❢❡❝ts ❙♦❧✐❞s✱

✾✽✿✺✺✕✻✶✱ ✶✾✽✻✳

❬✺❪ ●✳ ❲✳ ❆r♥♦❧❞✳ ■♦♥✲✐♠♣❧❛♥t❛t✐♦♥✲✐♥❞✉❝❡❞ str❡ss ✐♥ ❣❧❛ss❡s ✲ ✈❛r✐❛t✐♦♥ ♦❢ ❞❛♠❛❣❡ ♠♦❞❡ ❡✣❝✐❡♥❝② ✇✐t❤

❝❤❛♥❣❡s ✐♥ ❣❧❛ss str✉❝t✉r❡✳ ◆✉❝❧✳ ■♥str✉♠✳ ▼❡t❤♦❞s P❤②s✳ ❘❡s✳ ❇✱ ❇❡❛♠ ■♥t❡r❛❝t✳ ▼❛t❡r✳✱ ✸✷✿✺✵✹✕✺✵✼✱

✶✾✽✽✳

❬✻❪ ❙✳ ❇❛❝❝❛r♦✱ ◆✳ ❈❛t❛❧❧♦✱ ❆✳ ❈❡♠♠✐✱ ❛♥❞ ●✳ ❙❤❛r♠❛✳ ❘❛❞✐❛t✐♦♥ ❞❛♠❛❣❡ ♦❢ ❛❧❦❛❧✐ ❜♦r❛t❡ ❣❧❛ss❡s ❢♦r

❛♣♣❧✐❝❛t✐♦♥ ✐♥ s❛❢❡ ♥✉❝❧❡❛r ✇❛st❡ ❞✐s♣♦s❛❧✳ ◆✉❝❧✳ ■♥str✉♠✳ ▼❡t❤♦❞s P❤②s✳ ❘❡s✳ ❇✱ ❇❡❛♠ ■♥t❡r❛❝t✳

▼❛t❡r✳✱ ✷✻✾✿✶✻✼✕✶✼✸✱ ✷✵✶✶✳

❬✼❪ ❘✳ ❇♦❡♥✳ ▲❡ ❝♦❧✐s ❞❡ ✈❡rr❡ ❡t ❧❡s ♣r♦❝❡❞❡s ❞✬ é❧❛❜♦r❛t✐♦♥✳ ▼♦♥♦❣r❛♣❤✐❡ ❞❡ ❧✬é♥❡r❣✐❡ ♥✉❝❧ é❛✐r❡✱ ✷✵✵✾✳

❬✽❪ ❇✳ ❇♦✐③♦t✱ ❙✳ ❆❣♥❡❧❧♦✱ ❇✳ ❘❡②♥❛r❞✱ ❘✳ ❇♦s❝❛✐♥♦✱ ❛♥❞ ●✳ P❡t✐t❡✳ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② st✉❞② ♦❢ ❜❡t❛✲

✐rr❛❞✐❛t❡❞ s✐❧✐❝❛ ❣❧❛ss✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✷✺✿✷✷✕✷✽✱ ✷✵✵✸✳

❬✾❪ ❇✳ ❇♦✐③♦t✱ ◆✳ ❖❧❧✐❡r✱ ❋✳ ❖❧✐✈✐❡r✱ ●✳ P❡t✐t❡✱ ❉✳ ●❤❛❧❡❜✱ ❛♥❞ ❊✳ ▼❛❧❝❤✉❦♦✈❛✳ ■rr❛❞✐❛t✐♦♥ ❡✛❡❝ts ✐♥

s✐♠♣❧✐✜❡❞ ♥✉❝❧❡❛r ✇❛st❡ ❣❧❛ss❡s✳ ◆✉❝❧❡❛r ■♥str✉♠❡♥ts ✫ ▼❡t❤♦❞s ■♥ P❤②s✐❝s ❘❡s❡❛r❝❤ ❙❡❝t✐♦♥ ❇✲

❜❡❛♠ ■♥t❡r❛❝t✐♦♥s ❲✐t❤ ▼❛t❡r✐❛❧s ❛♥❞ ❆t♦♠s✱ ✷✹✵✿✶✹✻✕✶✺✶✱ ✷✵✵✺✳

❬✶✵❪ ❇✳ ❇♦✐③♦t✱ ●✳ P❡t✐t❡✱ ❉✳ ●❤❛❧❡❜✱ ❛♥❞ ●✳ ❈❛❧❛s✳ ❘❛❞✐❛t✐♦♥ ✐♥❞✉❝❡❞ ♣❛r❛♠❛❣♥❡t✐❝ ❝❡♥t❡rs ✐♥ ♥✉❝❧❡❛r

❣❧❛ss❡s✿ ❛♥ ❡♣r s♣❡❝tr♦s❝♦♣② st✉❞②✳ ❱✐❞❡ ❙❝✐❡♥❝❡✱ ❚❡❝❤♥✐q✉❡ ❡t ❆♣♣❧✐❝❛t✐♦♥s✱ ✶✾✾✽✳

❬✶✶❪ ❇✳ ❇♦✐③♦t✱ ●✳ P❡t✐t❡✱ ❉✳ ●❤❛❧❡❜✱ ❛♥❞ ●✳ ❈❛❧❛s✳ ❉♦s❡✱ ❞♦s❡ r❛t❡ ❛♥❞ ✐rr❛❞✐❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ❡✛❡❝ts ✐♥
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✷✳✸✳✸ ❘❛♠❛♥ ❛♥❛❧②s✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✷✳✹ ▼❡❝❤❛♥✐❝❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✷✳✹✳✶ βe− ✲✐rr❛❞✐❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✷✳✹✳✷ ■♦♥ ✐rr❛❞✐❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✷✳✹✳✸ ▼✐❝r♦ ❛♥❞ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✶✶✸



❈❍❆P❚❊❘ ✷✳ ❊❳P❊❘■▼❊◆❚❆▲ ▼❊❚❍❖❉❙ ❉❊❉■❈❆❚❊❉ ❚❖ ❚❍❊ ■❘❘❆❉■❆❚❊❉ ❙❆▼P▲❊❙

❈❤❛♣t❡r ✶ ♣r❡s❡♥ts t❤❡ ❝✉rr❡♥t ❦♥♦✇❧❡❞❣❡ ♦❢ ✐♠♣❛❝t ♦❢ ✐rr❛❞✐❛t✐♦♥ ♦♥ t❤❡ str✉❝t✉r❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧

♣r♦♣❡rt✐❡s✳ ❉✉❡ t♦ t❤❡ ❣❧❛ss ❝♦♠♣❧❡①✐t②✱ ■ ❝❤♦s❡ t♦ st✉❞② ❙❇◆ s❡r✐❡s ❜❡❝❛✉s❡ t❤❡② ❝♦♥t❛✐♥ t❤❡ t❤r❡❡

❞♦♠✐♥❛♥t ♦①✐❞❡s ✐♥ ❘✼❚✼ ✭t❤❡ r❡❛❧ ❣❧❛ss ✉s❡❞ ✐♥ ❋r❛♥❝❡ t♦ st♦r❡ ♥✉❝❧❡❛r ❜②♣r♦❞✉❝ts✮✳ ❚❤✐s ❝❤❛♣t❡r

❞❡t❛✐❧s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t ✉♣ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ ✐rr❛❞✐❛t❡❞ ❣❧❛ss s❛♠♣❧❡s✳ ❙tr✉❝t✉r❛❧✱ ♣❤②s✐❝❛❧✱ ❛♥❞

♠❡❝❤❛♥✐❝❛❧ ❛♥❛❧②s✐s t❡❝❤♥✐q✉❡s ✐♠♣❧❡♠❡♥t ♠❛♥② ♦❢ t❤❡ s❛♠❡ t❡❝❤♥✐q✉❡s ♣r❡s❡♥t❡❞ ✐♥ P❛rt ■ ❈❤❛♣t❡r ✷✳

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

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

✉♥❞❡r❣♦ ♦♥❡ ♦❢ t❤r❡❡ t②♣❡s ♦❢ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✿ ❡❧❡❝tr♦♥✱ ❤❡❧✐✉♠ ♦r ❣♦❧❞ ✐♦♥s✳ ❙❡❝t✐♦♥ ✷✳✷ ❞❡t❛✐❧s

❝♦♥❞✐t✐♦♥s ❝❤♦s❡♥ ❢♦r ❡❛❝❤ ✐rr❛❞✐❛t✐♦♥✳ ❙tr✉❝t✉r❛❧ ❛♥❞ ♣❤②s✐❝❛❧ ❛♥❛❧②s✐s t❡❝❤♥✐q✉❡s ✐♠♣❧❡♠❡♥t ♠❛♥② ♦❢

t❤❡ s❛♠❡ t❡❝❤♥✐q✉❡s ♣r❡s❡♥t❡❞ ✐♥ ❝❤❛♣t❡r ✷ ♦❢ t❤❡ ✜rst ♣❛rt✳ ❙❡❝t✐♦♥ ✷✳✸ ♣r❡s❡♥ts t❤❡ ♦t❤❡r t❡❝❤♥✐q✉❡s t❤❛t

✇❡r❡ ✉s❡❞ ❞✉r✐♥❣ ♠② ♣❤❉ ✇♦r❦ t♦ ❛♥❛❧②③❡ t❤❡ ❞❡♥s✐t② ❛♥❞ ❡❧❡❝tr♦♥✐❝ ♣❛r❛♠❛❣♥❡t✐❝ r❡s♣♦♥s❡ ♦❢ ✐rr❛❞✐❛t❡❞

s❛♠♣❧❡s ❛♥❞ ❜r✐❡✢② r❡✈✐❡✇s t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ♣r♦t♦❝♦❧s✳ ❙❡❝t✐♦♥ ✷✳✹ ♣r❡s❡♥ts t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡

t❡sts ✐♠♣❧❡♠❡♥t ❤❡r❡✐♥ ✐♥❝❧✉❞✐♥❣ ❙❈❈ t❡sts ❛♥❞ ♠✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts✳ ❍♦✇❡✈❡r✱ t❤❡ t❤✐♥ ❧❛②❡r ♦❢

❞❛♠❛❣❡ ❞✉❡ t♦ He2+ ❛♥❞ Au+ ✐rr❛❞✐❛t✐♦♥ r❡q✉✐r❡s ♥❡✇ t❡❝❤♥✐q✉❡s t♦ st✉❞② t❤✐s r❡❣✐♦♥✳ ❚❤✐s ❝❤❛♣t❡r ❛❧s♦

❛❞❞r❡ss❡s t❤❡s❡ t❡❝❤♥✐q✉❡s✳ ❆ ♣r♦t♦t②♣❡ ✐s ✉♥❞❡r✇❛② t♦ ♦✈❡r❝♦♠❡ t❤❡ ❧✐♠✐t❛t✐♦♥s ♦❢ ❙❈❈ ❛♥❞ ✐s ♣r❡s❡♥t❡❞

✐♥ t❤✐s s❡❝t✐♦♥✳

✷✳✶ ●❧❛ss ❝♦♠♣♦s✐t✐♦♥ ✐♥✈❡st✐❣❛t❡❞

❋♦✉r ❙❇◆ ❣❧❛ss s❛♠♣❧❡s ❢r♦♠ ♣❛rt ■ ♣❧✉s ♣✉r❡ s✐❧✐❝❛ ✉♥❞❡r✇❡♥t ✐rr❛❞✐❛t✐♦♥ ❢♦r t❤❡ t❡sts ❤❡r❡✐♥✳ ❙t✉❞✐❡s

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

r❡s♣♦♥s❡ t♦ ✐rr❛❞✐❛t✐♦♥✳ ❚❛❜❧❡ ✷✳✶ s✉♠♠❛r✐③❡s t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s ♦❢ t❤❡ s❛♠♣❧❡s✳ ■t s❤♦✉❧❞ ❜❡

♥♦t❡❞ t❤❛t ❙❇◆ ✶✹ ❝♦♥t❛✐♥s ✭✐♥ ♣r♦♣♦rt✐♦♥✮ t❤❡ s❛♠❡ ❛♠♦✉♥t ♦❢ s✐❧✐❝♦♥✱ ❜♦r♦♥ ❛♥❞ s♦❞✐✉♠ ❛s ❘✼❚✼✳

◆❛♠❡ ❚❛r❣❡t ✈❛❧✉❡s ▼❡❛s✉r❡❞ ✈✐❛ ■❈P✲❆❊❙ RSBN KSBN ❙②♠❜♦❧s
SiO2 B2O3 Na2O SiO2 B2O3 Na2O

❙✐❧✐❝❛ ✶✵✵ ✴✴ ✴✴ ✶✵✵ ✴✴ ✴✴ ✴✴ ✴✴ ✴✴
❙❇◆ ✶✷ ✺✾✳✻ ✷✽✳✷ ✶✷✳✷ ✺✾✳✻ ✷✸✳✾ ✶✻✳✺ ✵✳✹ ✷✳✺
❙❇◆ ✸✺ ✹✹ ✷✵✳✻ ✸✺✳✹ ✹✻✳✾ ✶✽✳✻ ✸✹✳✺ ✶✳✼ ✷✳✺
❙❇◆ ✶✹ ✻✼✳✽ ✶✽ ✶✹✳✷ ✼✵ ✶✺✳✽ ✶✹✳✷ ✵✳✼ ✹✳✹
❙❇◆ ✺✺ ✺✺✳✸ ✶✹✳✼ ✸✵ ✺✽✳✵ ✶✷✳✾ ✷✾✳✶ ✷ ✹✳✺

❚❛❜❧❡ ✷✳✶✿ ❚❛r❣❡t ♠♦❧❛r ❝♦♠♣♦s✐t✐♦♥s ❛♥❞ ♠❡❛s✉r❡❞ ■❈P✲❆❊❙ ✈❛❧✉❡s✳ RSBN ❛♥❞ KSBN ❝♦rr❡s♣♦♥❞ t♦
t❤❡ ♠❡❛s✉r❡❞ ■❈P✲❆❊❙ ✈❛❧✉❡s✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ r❡♠❛✐♥s ❢♦r ❙❇◆ ❣❧❛ss❡s t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥ ✜❣✉r❡s✳

✷✳✷ ❈♦♥❞✐t✐♦♥s ♦❢ ✐rr❛❞✐❛t✐♦♥

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

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

r❡❛❧✐t②✳

✶✶✹



✷✳✸✳ P❍❨❙■❈❆▲ ❆◆❉ ❙❚❘❯❈❚❯❘❆▲ ■◆❱❊❙❚■●❆❚■❖◆

✷✳✷✳✶ βe−✲✐rr❛❞✐❛t✐♦♥

❚❤❡ βe− ✲✐rr❛❞✐❛t✐♦♥ ❡♠♣❧♦②s ❛ ❱❛♥ ❞❡ ●r❛❛✛ ❛❝❝❡❧❡r❛t♦r ✭❙■❘■❯❙✮✳ ■ ♣❡r❢♦r♠❡❞ ❡①♣❡r✐♠❡♥ts ✇✐t❤ ❇r✉♥♦

❇♦✐③♦t ❛t ▲❙■ ✭❊❝♦❧❡ P♦❧②t❡❝❤♥✐q✉❡✱ P❛❧❛✐s❡❛✉✱❋r❛♥❝❡✮✳ ❙■❘■❯❙ ❜♦♠❜❛r❞s s❛♠♣❧❡s ✇✐t❤ ✷✳✺ ▼❡❱ ❡❧❡❝tr♦♥s

✇✐t❤ ❛♥ ❛✈❡r❛❣❡ ❝✉rr❡♥t ♦❢ ✶✸ µ❆ t♦ ♣r❡✈❡♥t s✐❣♥✐✜❝❛♥t ❤❡❛t✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡✳ ▼♦r❡♦✈❡r✱ t❤❡ s❛♠♣❧❡

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

❢r♦♠ ✵✳✵✺ t♦ ✷ ●●② ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳

✷✳✷✳✷ He
2+✲✐rr❛❞✐❛t✐♦♥

He2+✲✐rr❛❞✐❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ❛t ❏❆◆◆✉❙ ❙❛❝❧❛② ❛t ❈❊❆✲❙❛❝❧❛②✱ ❋r❛♥❝❡✳ ❚❤❡ ❡♥❡r❣② ♦❢ t❤❡ He2+ ✐♦♥s ✐s

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

t❛t✐♦♥ ♣r♦❝❡ss❡s ②✐❡❧❞ t❤❡ ❡♠✐ss✐♦♥ ♦❢ ❤✐❣❤ ❡♥❡r❣② ❛❧♣❤❛ ♣❛rt✐❝❧❡s ❛t ✺ ▼❡❱ ✭s❡❡ ❝❤❛♣t❡r ✶✮✳ ❚❤❡ ❞♦s❡ ✐s

✸✳✽×✶✵15 ✐♦♥s✴❝♠2✳ ❆❣❛✐♥✱ t❤❡ t❡♠♣❡r❛t✉r❡ r❡♠❛✐♥s ❜❡❧♦✇ ✹✵◦❈ t♦ ❛✈♦✐❞ ❛♥② ✐♠♣❛❝t ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡✳

✷✳✷✳✸ Au
+✲✐rr❛❞✐❛t✐♦♥

❚❤❡ Au+✲✐rr❛❞✐❛t✐♦♥ ✇❛s ❞♦♥❡ ❛t ❏❆◆◆✉❙✲❖rs❛②✱ ❋r❛♥❝❡ ✇✐t❤ ❈②r✐❧ ❇❛❝❤❡❧❡t✳ ❚❤✐s ✐rr❛❞✐❛t✐♦♥ ❡♠♣❧♦②s

♠✉❧t✐✲❡♥❡r❣② ❞♦s❡s t♦ ♠❛✐♥t❛✐♥ ❛♥ ❛❧♠♦st ❝♦♥st❛♥t ❡❧❛st✐❝ ❞❡♣♦s✐t✐♦♥ ♦♥ t❤❡ ✜rst ✸ µ♠ ❢r♦♠ t❤❡ ❢r❡❡

s✉r❢❛❝❡✳ ❚❛❜❧❡ ✷✳✷ ♣r❡s❡♥ts t❤❡ ❡♥❡r❣② ❛♥❞ ✢✉❡♥❝❡ ❞✉r✐♥❣ t❤❡ Au+✲✐rr❛❞✐❛t✐♦♥✳

■♦♥s ❊♥❡r❣② ✭▼❡❱✮ ❋❧✉❡♥❝❡ ✭✐♦♥s✴❝♠2✮
Au+ ✶ ✹✳✻×✶✵13
Au+ ✸✳✺ ✶✳✹×✶✵14
Au+ ✼ ✸✳✷×✶✵14

❚❛❜❧❡ ✷✳✷✿ ❊♥❡r❣② ❛♥❞ ✢✉❡♥❝❡s ✉s❡❞ t♦ ❞❛♠❛❣❡ t❤❡ ❣❧❛ss❡s ❜② ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳

✷✳✸ P❤②s✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ✐♥✈❡st✐❣❛t✐♦♥

✷✳✸✳✶ ❉❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts

❚❤❡ ❆r❝❤✐♠❡❞❡s✬ ♣r✐♥❝✐♣❧❡ ♣r❡s❡♥t❡❞ ✐♥ ♣r❡✈✐♦✉s ♣❛rt ■✱ r❡q✉✐r❡s ❧❛r❣❡ s❛♠♣❧❡s✱ ②❡t β−
e ✲✐rr❛❞✐❛t✐♦♥ ❡♠✲

♣❧♦②s s♠❛❧❧ s❛♠♣❧❡s✳ ❚❤✉s✱ t❤❡ ❞❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts r❡q✉✐r❡ ❛ ❤❡❧✐✉♠ ♣②❝♥♦♠❡t❡r✳ ▼♦r❡♦✈❡r✱ ❞❡♥s✐t②

♠❡❛s✉r❡♠❡♥ts ♦♥❧② ✐♥✈♦❧✈❡ βe− ✲✐rr❛❞✐❛t✐♦♥ ❛s t❤❡ ♦t❤❡r s❛♠♣❧❡s ❛r❡ ♥♦t ✉♥✐❢♦r♠❧② ✐rr❛❞✐❛t❡❞✳ ❚❤❡ ❞❡♥s✐t②

✐s s✐♠♣❧② t❤❡ r❛t✐♦ ♦❢ t❤❡ ♠❛ss ♦❢ t❤❡ s❛♠♣❧❡ ✭md✮ ❞✐✈✐❞❡❞ ❜② t❤❡ ✈♦❧✉♠❡ ♦❢ t❤❡ s❛♠♣❧❡ ✭Vd✮✳ ❚❤❡ ❣❧❛ss

s❛♠♣❧❡s ❛r❡ ✇❡✐❣❤t❡❞ ✐♥ ❛✐r ✭md✮ ❛t ✷✹◦❈ ✉s✐♥❣ ❛♥ ❤②❞r♦st❛t✐❝ ❜❛❧❛♥❝❡✳ ❚❤❡♥✱ t❤❡ ♣②❝♥♦♠❡t❡r ♦♣❡r❛t❡s ❜②

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

❛♥ ❛♠♦✉♥t ♦❢ ✢✉✐❞ ❡q✉❛❧ t♦ ✐ts ✈♦❧✉♠❡✳ ❆ ❣❛s ♣②❝♥♦♠❡t❡r ♠❡❛s✉r❡s t❤❡ ♣r❡ss✉r❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛♥

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

❣❛s ❞✐s♣❧❛❝❡❞✳

✶✶✺



❈❍❆P❚❊❘ ✷✳ ❊❳P❊❘■▼❊◆❚❆▲ ▼❊❚❍❖❉❙ ❉❊❉■❈❆❚❊❉ ❚❖ ❚❍❊ ■❘❘❆❉■❆❚❊❉ ❙❆▼P▲❊❙

✷✳✸✳✷ ❊❧❡❝tr♦♥✐❝ ♣❛r❛♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡✱ ❊P❘

❚❤❡ ❊P❘ t❡❝❤♥✐q✉❡s ♣r♦❜❡ ❛♥❞ q✉❛♥t✐❢② ♣❛r❛♠❛❣♥❡t✐❝ ❡❧❡♠❡♥ts✳ P❛r❛♠❛❣♥❡t✐❝ ❡✛❡❝ts ❝♦rr❡s♣♦♥❞ t♦

✉♥♣❛✐r❡❞ ❡❧❡❝tr♦♥✳ ❊P❘ ♠❡❛s✉r❡♠❡♥ts r❡✈❡❛❧ ✐♠♣✉r✐t✐❡s s✉❝❤ ❛s ❋❡3+✱ ▼♦+ ♦r ❩r ✭❡✈❡♥ ❛t ✈❡r② ❧♦✇

❝♦♥❝❡♥tr❛t✐♦♥s✱ ❛ ❢❡✇ ♣♣♠✮ ❛♥❞ ❞❡❢❡❝ts ✐♥❞✉❝❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ s✐♠♣❧❡st ❡①❛♠♣❧❡ ♦❢ ❊P❘ t❡❝❤♥✐q✉❡s

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

✇✐t❤ s♣✐♥ s = +1/2 ✐♥✈♦❦❡s ❛ s♣❧✐tt✐♥❣ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❩❡❡♠❛♥ ❧❡✈❡❧s ✭2s + 1 = 2✮✱ ✐✳❡✳ t❤❡ ❩❡❡♠❛♥

❊✛❡❝t✳ ❚❤❡ ❧❡✈❡❧ ❡♥❡r❣✐❡s ❛r❡

E = ms × g × µB ×H ✭✷✳✶✮

✇❤❡r❡ ms = ±1/2 ✐s t❤❡ s♣✐♥ q✉❛♥t✉♠ ♥✉♠❜❡r✱ H ✐s t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥t❡♥s✐t②✱ µB ❇♦❤r ♠❛❣♥❡t♦♥ ❛♥❞

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

∆E = g × µB ×H. ✭✷✳✷✮

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

t♦ t❤❡ ❤✐❣❤❡r ❡♥❡r❣② ❧❡✈❡❧ ✐s t❤❡ ❡ss❡♥❝❡ ♦❢ ❊P❘ s♣❡❝tr♦s❝♦♣②✳ ❆♣♣❧②✐♥❣ ❛♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✇❛✈❡ ✇✐t❤

❢r❡q✉❡♥❝② ν ❝❛✉s❡s t❤❡ ❡❧❡❝tr♦♥ ✐♥ t❤❡ ❧♦✇❡r st❛t❡ t♦ ❛❜s♦r❜s t❤❡ ✇❛✈❡✬s ❡♥❡r❣② ✭hν✱ ✇❤❡r❡ h ✐s t❤❡ P❧❛♥❝❦

❝♦♥st❛♥t✮ ✇❤❡♥ ∆E = hν✳ ❚❤✐s ❡q✉❛t✐♦♥ ✐s t❤❡ r❡s♦♥❛♥❝❡ ❝♦♥❞✐t✐♦♥ ✐♥ ❊P❘✳

❊①♣❡r✐♠❡♥t❛❧❧②✱ ♦t❤❡r ♣❤❡♥♦♠❡♥❛ ❝❤❛♥❣❡ t❤❡ ♥✉♠❜❡r✱ t❤❡ s❤❛♣❡ ❛♥❞ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ ❊P❘ tr❛♥s✐✲

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

Ĥ = µB × ❣×❍× ❙. ✭✷✳✸✮

❣ ❛♥❞ ❍ ❛r❡ t❡♥s♦rs ❛♥❞ ❙ t❤❡ s♣✐♥ ♠❛tr✐① ♦❢ t❤❡ ❝♦♥s✐❞❡r❡❞ s♣❡❝✐❡s✳ ■♥ t❤❡ s♣❡❝✐✜❝ ❝❛s❡ ♦❢ ❣❧❛ss❡s✱ ✐✳❡✳

❛♠♦r♣❤♦✉s ♠❛t❡r✐❛❧s✱ t❤❡ ♠❛❣♥❡t✐❝ ♠♦♠❡♥ts ❛r❡ r❛♥❞♦♠❧② ♦r✐❡♥t❡❞✳ ❚❤✉s✱ t❤❡ ❊P❘ s♣❡❝tr❛ ❛r❡ t❤❡ s✉♠

♦❢ t❤❡ tr❛♥s✐t✐♦♥s ✐♥ ❛❧❧ ❞✐r❡❝t✐♦♥s✳ ■♥ r❡❛❧✐t② ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ s✐♠♣❧❡ ✶ ❡❧❡❝tr♦♥ ❝❛s❡✱ ♠♦r❡ ✐♥t❡r❛❝t✐♦♥s

❤❛✈❡ t♦ ❜❡ t❛❦❡♥ ✐♥ ❝♦♥s✐❞❡r❛t✐♦♥✳ ■♥ ❊P❘ ♠❡❛s✉r❡♠❡♥ts✱ t❤r❡❡ t②♣❡s ♦❢ ✐♥t❡r❛❝t✐♦♥s ❝❛♥ ♦❝❝✉r✿

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

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

• ❙✉♣❡r ❤②♣❡r✜♥❡ ✐♥t❡r❛❝t✐♦♥✿ ❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ♥✉❝❧❡✉s ♠♦♠❡♥t

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

• ❙♣✐♥✲s♣✐♥ ✐♥t❡r❛❝t✐♦♥✿ ❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ✉♥♣❛✐r❡❞ ❡❧❡❝tr♦♥s ♦♥ ❞✐❢✲

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

■ ❤❛✈❡ ❞♦♥❡ ❡①♣❡r✐♠❡♥ts ❛t ▲❙■ ✇✐t❤ ❇r✉♥♦ ❇♦✐③♦t ✉s✐♥❣ ❛ ▼❳ ❇r✉❦❡r ❊P❘ s♣❡❝tr♦♠❡t❡r✳ ❚❤✐s

❡q✉✐♣♠❡♥t ❤❛s ❛ ✶✵✵ ❦❍③ ✜❡❧❞ ♠♦❞✉❧❛t✐♦♥✳ ❊①♣❡r✐♠❡♥ts ✉t✐❧✐③❡ ♠✐❝r♦✇❛✈❡ ♣♦✇❡rs ♦❢ ✶✵µ ❲✱ ✶♠❲ ❛♥❞

✶✵❲✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts t❛❦❡ ♣❧❛❝❡ ✐♥ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s ❛♥❞ ✉s❡ ❛ ✜①❡❞ ❢r❡q✉❡♥❝② ✭❳ ❜❛♥❞ ν❂✾✳✽✷

●❍③✮✳

✶✶✻
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✷✳✸✳✸ ❘❛♠❛♥ ❛♥❛❧②s✐s

❚❤❡ ❝❤❛♣t❡r ✷ ♦❢ t❤❡ ✜rst ♣❛rt ❞❡t❛✐❧s t❤❡ ❘❛♠❛♥ ♣r♦t♦❝♦❧s❀ ❤❡r❡✐♥ ✐s ❛ ❜❛s✐❝ r❡✈✐❡✇✳ ❚❤❡ s❛♠❡ ❡①♣❡r✐✲

♠❡♥t❛❧ s❡t✲✉♣ ✇❡r❡ ✉s❡❞ ❢♦r ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❛s ♣r✐st✐♥❡✳ ❘❛♠❛♥ s♣❡❝tr❛ ❡♠♣❧♦② ❛ ❏♦❜✐♥ ❨✈♦♥ ❍❘✽✵✵

s♣❡❝tr♦♠❡t❡r✳ ❚❤❡ ❧❛s❡r ✐s ❛ ❨❆● ❧❛s❡r ✭λ❂✺✸✷ ♥♠✮ ✇✐t❤ ❛♥ ❛❞❥✉st❛❜❧❡ ♦✉t♣✉t ♣♦✇❡r✳ ❊①♣❡r✐♠❡♥ts ❛r❡ ✐♥

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

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

✷✳✹ ▼❡❝❤❛♥✐❝❛❧ ✐♥✈❡st✐❣❛t✐♦♥

βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s r❡q✉✐r❡ ❛ s❧✐❣❤t ♠♦❞✐✜❝❛t✐♦♥ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ✐rr❛❞✐❛t✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱

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

❢♦r t❤❡s❡ s❛♠♣❧❡s✳ ❍❡♥❝❡✱ s❛♠♣❧❡s ❛r❡ ❜r♦❦❡♥ ✐♥ t✇♦ ✈✐❛ t❤❡ r❡❣✉❧❛r ❉❈❉❈ s❛♠♣❧❡s ♣r❡s❡♥t❡❞ ✐♥ ♣❛rt ■

❝❤❛♣t❡r ✷✳ ❆ ♥❡✇ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦t♦❝♦❧ ♦✈❡r❝♦♠❡s t❤❡ ❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ❉❈❉❈ s❛♠♣❧❡s ❛♥❞ ♣r♦♣❛❣❛t❡s

❝r❛❝❦s ♦♥❧② ✐♥ t❤❡ ❞❛♠❛❣❡❞ r❡❣✐♦♥✳ ❙❡❝t✐♦♥ ✷✳✹✳✷ ♣r❡s❡♥ts t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦t♦❝♦❧✳ ❍♦✇❡✈❡r ✐t ✐s st✐❧❧

✐♥ t❤❡ t❡st✐♥❣ ♣❤❛s❡✱ s♦ ❙❈❈ r❡s✉❧ts ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ❢♦r ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥ ✐rr❛❞✐❛t✐♦♥s✳

✷✳✹✳✶ βe−✲✐rr❛❞✐❛t✐♦♥

❋r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ✐♥✈♦❦❡ ❉❈❉❈ s❛♠♣❧❡s ❢♦r ❙❈❈ t❡sts ♦❢ βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❝♦♥❞✐t✐♦♥s ♦❢ βe− ✲

✐rr❛❞✐❛t✐♦♥ ♣❡r♠✐t ❤♦♠♦❣❡♥❡♦✉s ✐rr❛❞✐❛t✐♦♥ t❤♦✉❣❤ ✵✳✽ ♠♠ ♦❢ ❣❧❛ss✳ ❚❤✉s✱ ❉❈❉❈ s❛♠♣❧❡ t❤✐❝❦♥❡ss ✇❛s

r❡❞✉❝❡❞ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs✳ ❚♦ ❛✈♦✐❞ ❝♦♥❢✉s✐♦♥ t❤❡ ♥❛♠❡ ❢♦r t❤❡ βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡ ✇✐❧❧

❜❡ r❡❢❡rr❡❞ t♦ ❛s ❉❈❉❈2✳ ❉❈❉❈2 s❛♠♣❧❡s ❛r❡ ❝✉❜♦✐❞s ♦❢ ✷×✵✳✽×✷✺ ♠♠3 ✇✐t❤ ❛ ✵✳✹ ♠♠ ❞✐❛♠❡t❡r ❤♦❧❡

❞r✐❧❧❡❞ ✐♥ t❤❡ ❝❡♥t❡r ❛s ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✷✳✶✳ ❚❤❡ s❛♠♣❧❡s ✉♥❞❡r❣♦ ❛ ❝♦♠♣r❡ss✐✈❡ ❧♦❛❞ ❛♣♣❧✐❡❞ ♥♦r♠❛❧

❞

✇✐❞t❤
t❤✐❝❦♥❡ss

❧❡
♥❣
t❤

❋✐❣✉r❡ ✷✳✶✿ ✭▲❡❢t✮ ❙❦❡t❝❤ ♦❢ ❉♦✉❜❧❡ ❈❧❡❛✈❛❣❡ ❉r✐❧❧❡❞ ❈♦♠♣r❡ss✐♦♥ s❛♠♣❧❡s✱ ❉❈❉❈2✱ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡
❢❛✐❧✉r❡ ✐♥ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡ ✐♥ βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❚❤❡ ❞✐❛♠❡t❡r ✐s ✵✳✹ ♠♠✱ t❤❡ t❤✐❝❦♥❡ss ✵✳✽ ♠♠✱
t❤❡ ✇✐❞t❤ ✷ ♠♠ ❛♥❞ t❤❡ ❧❡♥❣t❤ ✷✺ ♠♠✳❀ ✭❘✐❣❤t✮ ❉r❛✇✐♥❣ ♦❢ t❤❡ ❣✉✐❞❡ ✉s❡❞ t♦ ♣❡r❢♦r♠ ❙❈❈ ❡①♣❡r✐♠❡♥ts✳

t♦ t❤❡ ✷×✵✳✽♠♠2 s✉r❢❛❝❡ ✈✐❛ t❤❡ ❉❡❜❡♥ ♠❛❝❤✐♥❡✳ ❉✉❡ t♦ t❤❡ t❤✐♥ t❤✐❝❦♥❡ss ❛♥❞ t♦ ❛✈♦✐❞ ❜✉❝❦❧✐♥❣✱ ❛

❣✉✐❞❡ ❦❡❡♣s t❤❡ s❛♠♣❧❡ ✐♥ ♣❧❛♥❡✳ ❚♦ ✈❡r✐❢② t❤❛t t❤❡ s❛♠♣❧❡ ❣❡♦♠❡tr② ❛♥❞ t❤❡ ❣✉✐❞❡ ❞✐❞ ♥♦t ✐♥✢✉❡♥❝❡ t❤❡

❙❈❈ ❜❡❤❛✈✐♦r✱ ❛t ❧❡❛st t✇♦ s❛♠♣❧❡s ♦❢ ❉❈❉❈2 ✭✐✳❡✳ s❛♠♣❧❡s ❢♦r βe− ✲✐rr❛❞✐❛t✐♦♥✮ ❛♥❞ ❛t ❧❡❛st ✸ s❛♠♣❧❡s ♦❢

t❤❡ r❡❣✉❧❛r ❉❈❉❈1 s❛♠♣❧❡s ✭✐✳❡✳ s❛♠♣❧❡s ❢r♦♠ ♣❛rt ■✮ ✇❡r❡ ❜r♦❦❡♥ ❢♦r ❡❛❝❤ ♦❢ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♣r❡s❡♥t❡❞

✐♥ t❛❜❧❡ ✷✳✶✳ ◆❡✐t❤❡r s❛♠♣❧❡ ❣❡♦♠❡tr② ♥♦r t❤❡ ❣✉✐❞❡ ❣r❡❛t❧② ✐♥✢✉❡♥❝❡❞ ❙❈❈ ♣r♦♣❡rt✐❡s✳ ❱❛r✐❛t✐♦♥s r❡s✉❧t

✶✶✼
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❢r♦♠ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡ ♣♦s✐t✐♦♥✐♥❣ ♦♥ t❤❡ s❛♠♣❧❡✱ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❤♦❧❡✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❤♦❧❡✱ ❡t❝✳

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

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

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

✷✳✹✳✷ ■♦♥ ✐rr❛❞✐❛t✐♦♥

❇♦t❤ He2+✲ Au+✲✐rr❛❞✐❛t✐♦♥ ❢r❛❝t✉r❡ t❡sts ✐♥✈♦❦❡ ❉❈❉❈1 s❛♠♣❧❡s ❛s ♣r❡s❡♥t❡❞ ✐♥ ♣❛rt ■✳ ❆ ❞r❛✇❜❛❝❦

♦❢ t❤✐s ❢♦r♠❛t ✐s t❤❡ ❜✉❧❦ ♦❢ t❤❡ s❛♠♣❧❡s ❞♦♠✐♥❛t❡ t❤❡ ❙❈❈ ♣r♦♣❡rt✐❡s✳ ❚❤✉s✱ ❧✐tt❧❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❙❈❈

♣r♦♣❡rt✐❡s ❝❛♥ ❜❡ ❣❛✐♥❡❞ ✐♥ s✉✐t✳

❚♦ ♦✈❡r❝♦♠❡ t❤✐s s❤♦rt ❝♦♠✐♥❣✱ ✇❡ ❞❡✈❡❧♦♣❡❞ ❛ ♥❡✇ ❡①♣❡r✐♠❡♥t❛❧ ❞❡✈✐❝❡ ✇✐t❤ ❚❤✐❡rr② ❇❡r♥❛r❞✳ ❈♦✉♣❧❡❞

✇✐t❤ t❤❡ ❆❋▼ ❢♦r ✐♠❛❣✐♥❣✱ t❤❡ ❝r❛❝❦ ✐s ✐♥✐t✐❛t❡❞ ❜② ❱✐❝❦❡rs ✐♥❞❡♥t❛t✐♦♥ ❛♥❞ t❤❡♥ ♣r♦♣❛❣❛t❡s ✐♥ ❙❈❈ ✐♥ t❤❡

✐rr❛❞✐❛t❡❞ ③♦♥❡ ❬✷✱ ✸❪✳ ❋✐❣✉r❡ ✷✳✷ ❞❡♣✐❝ts t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣✳ ❙❛♠♣❧❡s ❛r❡ s♣❡❝✐❛❧❧② ❞❡s✐❣♥❡❞ ❢♦r t❤✐s

❋✐❣✉r❡ ✷✳✷✿ ❉r❛✇✐♥❣ ♦❢ ✹✲♣♦✐♥t ❜❡♥❞✐♥❣ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✳

❛♣♣❛r❛t✉s✳ ❚❤❡② ❛r❡ t❤✐♥ ♣❧❛t❡s ♦❢ s✐③❡ ✶× ✷ × ✹✵ ♠♠3✳ ❆ ❱✐❝❦❡rs ✐♥❞❡♥t❡r ♣r♦❞✉❝❡s ❢♦✉r ♣❡r♣❡♥❞✐❝✉❧❛r

❝r❛❝❦ ✐♥ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ✷×✹✵ ♠♠2 r❡❝t❛♥❣✉❧❛r ❢❛❝❡✳ ❚❤❡ s❛♠♣❧❡ ✐s t❤❡♥ ❧♦❛❞❡❞ ✐♥t♦ ❛ ✹✲♣♦✐♥t ❜❡♥❞✐♥❣

❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✭✜❣✉r❡ ✷✳✷✮✳ ❚❤❡ s❛♠♣❧❡s ♣♦s✐t✐♦♥✐♥❣ ✐s s✉❝❤ t❤❛t t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♠❛r❦ ✐s ❜❡t✇❡❡♥

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

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

❚❤❡ ❣r❛② ❜❧♦❝❦ ❛♥❞ t❤❡ r❡❞ ♣✐❧❧❛rs ✭❣✉✐❞❡s✮ ❤❡❧♣ ✐♥ ❡q✉❛❧❧② ❞✐st✉r❜✐♥❣ t❤❡ ❧♦❛❞✳ ❈♦♥tr♦❧❧✐♥❣ t❤❡ ❧♦❛❞

❡♥s✉r❡s s❧♦✇ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥✳ ❖♥❝❡ ✉♣♦♥ str❡ss✱ t❤❡ s❡t✉♣ ❜❡❝♦♠❡s ❆❋▼ ❝♦♠♣❛t✐❜❧❡ ❜② r❡♠♦✈✐♥❣ t❤❡

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

❚❤❡ ❆❋▼ t❤❡♥ ✐♠❛❣❡s t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t ❛t t❤❡ ♥❛♥♦✲s❝❛❧❡✳ ❈✉rr❡♥t❧②✱ t❡❝❤♥✐q✉❡s ❛r❡

❜❡❣✐♥♥✐♥❣ ❞❡✈❡❧♦♣❡❞ t♦ ❡①tr❛❝t t❤❡ ♥❛♥♦s❝❛❧❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦rs ❢r♦♠ ❆❋▼ ✐♠❛❣❡s ✭ ❬✶❪✮✳

✷✳✹✳✸ ▼✐❝r♦ ❛♥❞ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts

■♥❞❡♥t❛t✐♦♥ t❡sts ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ♠❛t❡r✐❛❧✬s r❡s✐st❛♥❝❡ t♦ ♣❡r♠❛♥❡♥t ❞❡❢♦r♠❛t✐♦♥ ✐♥❞✉❝❡❞

❜② ❛ ❤❛r❞❡r ♠❛t❡r✐❛❧ ✉♥❞❡r str❡ss✳ P❛rt ✶ ❝❤❛♣t❡r ✷ ❞❡t❛✐❧s t❤❡ ♠✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts ✇❤✐❝❤ ✇✐❧❧ ❜❡

✉s❡❞ ❢♦r βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❤❡r❡✐♥✳ ❘❡❝❛❧❧✐♥❣✱ s✉❜s❡q✉❡♥t ❆❋▼ ✐♠❛❣✐♥❣ ♦❢ t❤❡ ✐♥❞❡♥ts ❣✐✈❡s ✇❛②

✶✶✽
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t♦ ❤❛r❞♥❡ss ♠❡❛s✉r❡♠❡♥ts✳ ❍❡r❡✐♥✱ t❤❡ ❡①♣❡r✐♠❡♥ts r❡♣❡❛t t❤❡ ♣r♦❝❡❞✉r❡s ✐♥ ❝❤❛♣t❡r ✷❀ ❤♦✇❡✈❡r✱ t❤❡②

♦❝❝✉r ♦♥ t❤❡ s♠❛❧❧❡r s❛♠♣❧❡s ✭✷×✷✺♠♠2 ❢❛❝❡s✮✳ ❙✉r❢❛❝❡ ♣♦❧✐s❤✐♥❣ ❛♥❞ q✉❛❧✐t② ❛r❡ t❤❡ s❛♠❡ ❛s ✐♥ t❤❡

♣r❡✈✐♦✉s ♣❛rt✳ ❖♥❧② βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ✭❞✉❡ t♦ ❤♦♠♦❣❡♥❡♦✉s ✐rr❛❞✐❛t✐♦♥✮ ❝❛♥ t❛❦❡ ❛❞✈❛♥t❛❣❡ ♠✐❝r♦✲

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

t❤✐♥ ✐rr❛❞✐❛t❡❞ ③♦♥❡✳ ◆❛♥♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts ✉s❡ ❛ ♥❛♥♦✐♥❞❡♥t❡r ❳P ✭▼❚❙ ◆❛♥♦ ■♥str✉♠❡♥ts✮ ✇✐t❤ ❛

❇❡r❦♦✈✐❝❤ t✐♣✳ ❚❤❡s❡ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ❞♦♥❡ ❛t ❙❛✐♥t✲●♦❜❛✐♥ ❘❡❝❤❡r❝❤❡ ✇✐t❤ ❉❛✈② ❉❛❧♠❛s✳ ❋✐❣✉r❡ ✷✳✸

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

❋✐❣✉r❡ ✷✳✸✿ ❙❦❡t❝❤ ♦❢ ❛ ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❡r✳ ❍❛r❞♥❡ss ✈❛❧✉❡s ✇✐❧❧ ❜❡ r❡❢❡r❡♥❝❡❞ ❛s HB

t❤❛♥ t❤❡ ❧♦❛❞✱ ❛♥❞ t❤❡ ❧♦❛❞ ✭F ✮ ✐s ❛♥ ♦✉t♣✉t ♦❢ t❤❡ t❡st✳ ❚❤❡ ❤❛r❞♥❡ss✱ ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❧♦❛❞ ❛♣♣❧✐❡❞

✭F ✮ ❛♥❞ t❤❡ ✐♠♣r✐♥t s✉r❢❛❝❡ ✭A✮ ✐♥ ❡q✉❛t✐♦♥ ✷✳✹ ✿

H =
P

A
. ✭✷✳✹✮

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

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

A = 26.43× h2. ✭✷✳✺✮

❆❢t❡r ✐♥❞❡♥t❛t✐♦♥✱ ❆❋▼ ✐♠❛❣✐♥❣ ❝❤❛r❛❝t❡r✐③❡s h ❛♥❞ t❤❡ ❛r❡❛ ♦❢ t❤❡ ✐♥❞❡♥t ❛t t❤❡ s✉r❢❛❝❡✳ ❚♦ ❞✐st✐♥❣✉✐s❤

♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ❜② ❱✐❝❦❡rs ❛♥❞ ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❡r✱ ✇❡ ♥♦t❡ HV t❤❡ ❤❛r❞♥❡ss ❞❡t❡r♠✐♥❡❞ ❜②

❱✐❝❦❡rs ✐♥❞❡♥t❛t✐♦♥ ✭♦♥❧② ✉s❡❞ ❢♦r βe− ✲✐rr❛❞✐❛t✐♦♥s✮ ❛♥❞ HB t❤❡ ❤❛r❞♥❡ss ❢r♦♠ ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❛t✐♦♥✳

❋✐❣✉r❡ ✷✳✹ ❧❡❢t ❞❡♣✐❝ts t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣♦s✐t✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t②♣❡ ♦❢ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❜❧❛❝❦ ❝r♦ss❡s

♣r❡s❡♥t t❤❡ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ ♣♦s✐t✐♦♥✳ ❋♦r ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥✱ t❤❡ ③♦♥❡ ✐♠♣❛❝t❡❞ ❜② ✐rr❛❞✐❛t✐♦♥ ✐s ❛❜♦✉t

✸✵ µ♠✳ ◆❛♥♦✲✐♥❞❡♥t❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ♦♥ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s t❤❡ ❜✉❧❦ ✇✐t❤

❝♦♥st❛♥t ❞❡♣t❤ ♦❢ ♣❡♥❡tr❛t✐♦♥✳ ❋✐❣✉r❡ ✷✳✹ ❞❡♣✐❝ts ❛ s❡r✐❡s ♦❢ t❤❡s❡ t❡sts✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❧❛②❡r ❢♦r

Au+✲✐rr❛❞✐❛t✐♦♥ ✇❛s t♦♦ t❤✐♥ ✭✸ µ♠✮ ❢♦r ❡①♣❡r✐♠❡♥ts ♦♥ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡✳ ❚❤❡ ✐♥❞❡♥t❛t✐♦♥s ✇❡r❡ ❞♦♥❡

♦♥ t❤❡ ✐rr❛❞✐❛t❡❞ s✉r❢❛❝❡✳

❚❤✐s ♣❛rt ♣r❡s❡♥ts t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❣❧❛ss❡s str✉❝t✉r❡ ❛♥❞ t❤❡✐r ♠❡❝❤❛♥✐❝❛❧

♣r♦♣❡rt✐❡s ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥ s❡❧❡❝t❡❞ ❢r♦♠ t❤❡ ♣❛rt ■ ✐s r❡❝❛❧❧❡❞✳ ❚❤❡♥ ❝♦♥❞✐t✐♦♥ ♦❢

βe−✲✱ He
2+✲ ❛♥❞ Au+✲✐rr❛❞✐❛t✐♦♥s ❛r❡ ♣r❡s❡♥t❡❞✳ ❉❡♥s✐t② ♠❡❛s✉r❡♠❡♥t✱ ❘❛♠❛♥ ❛♥❞ ❊P❘ ❛♥❛❧②s✐s ❣✐✈❡

❛❝❝❡ss t♦ t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❡st✐♠❛t✐♦♥ ♦❢

✶✶✾
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❍❡2+ ✐♦♥s ❆✉+ ✐♦♥s

❋✐❣✉r❡ ✷✳✹✿ ✭▲❡❢t✮ P♦s✐t✐♦♥ ♦❢ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t②♣❡ ♦❢ ✐rr❛❞✐❛t✐♦♥❀ ✭❘✐❣❤t✮ ❆❋▼ ✐♠❛❣❡s
♦❢ ✐♥❞❡♥t❛t✐♦♥ ❢♦r t❤❡ ❙❇◆ ✶✷ ✐rr❛❞✐❛t❡❞ He2+✳

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

❚❤❡ t❤r❡❡ ♥❡①t ❝❤❛♣t❡rs ♣r❡s❡♥t t❤❡ r❡s✉❧ts ♦♥✿ ■♠♣❛❝t ♦❢ ✐rr❛❞✐❛t✐♦♥ ♦♥ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s ✭❝❤❛♣t❡r ✸✮

❛♥❞ ✐♠♣❛❝t ♦❢ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ❛♥❞ ✐♦♥s ✐rr❛❞✐❛t✐♦♥ ♦♥ ❙❇◆ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥ ✭❝❤❛♣t❡rs ✹ ❛♥❞ ✺✱

r❡s♣❡❝t✐✈❡❧②✮✳
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❬✶❪ ❑✳ ❍❛♥✱ ▼✳ ❈✐❝❝♦tt✐✱ ❛♥❞ ❙✳ ❘♦✉①✳ ▼❡❛s✉r✐♥❣ ♥❛♥♦s❝❛❧❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦rs ✇✐t❤ ❛♥ ❛t♦♠✐❝ ❢♦r❝❡

♠✐❝r♦s❝♦♣❡✳ ❊✉r♦♣❤②s✳ ▲❡tt✳✱ ✽✾✿✻✻✵✵✸✱ ✷✵✶✵✳

❬✷❪ ❙✳ ❍❡♥❛✉① ❛♥❞ ❋✳ ❈r❡✉③❡t✳ ❈r❛❝❦ t✐♣ ♠♦r♣❤♦❧♦❣② ♦❢ s❧♦✇❧② ❣r♦✇✐♥❣ ❝r❛❝❦s ✐♥ ❣❧❛ss✳ ❏✳ ❆♠✳ ❈❡r❛♠✳

❙♦❝✳✱ ✽✸✿✹✶✺✕✹✶✼✱ ✷✵✵✵✳

❬✸❪ ❏✳❈✳ ◆❡✇♠❛♥ ❛♥❞ ■✳❙✳ ❘❛❥✉✳ ❈r❛❝❦ ❢r♦♥ts ❛♥❞ ❞❛♠❛❣❡ ✐♥ ❣❧❛ss ❛t t❤❡ ♥❛♥♦♠❡tr❡ s❝❛❧❡✳ ❏✳ P❤②s✲

❈♦♥❞❡♥s✳ ▼❛tt✳✱ ✶✺✿✶✽✺✕✶✾✷✱ ✶✾✽✶✳
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Chapter 3

P✉r❡ s✐❧✐❝❛ ❣❧❛ss✿ ■♠♣❛❝t ♦❢ ❡❧❡❝tr♦♥✱ ❧✐❣❤t

❛♥❞ ❤❡❛✈② ✐♦♥s ✐rr❛❞✐❛t✐♦♥

❈♦♥t❡♥ts
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❚❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r ❞❡t❛✐❧s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ❡♠♣❧♦②❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ✐♠♣❛❝t ♦❢ ✐rr❛❞✐❛✲

t✐♦♥s ♦♥ ❣❧❛ss❡s✳ ❚❤❡ ❊P❘ ❛♥❞ ❘❛♠❛♥ ❛♥❛❧②s✐s ❣✐✈❡ ❛❝❝❡ss t♦ t❤❡ str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s✱ ✇❤❡r❡❛s t❤❡

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

♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♣✉r❡ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ a − SiO2 ✐rr❛❞✐❛t❡❞ ❜② ❡❧❡❝tr♦♥ ✭βe−✮✱ ❧✐❣❤t ✐♦♥s

✭He2+✮ ❛♥❞ ❤❡❛✈② ✐♦♥s ✭Au+✮✳ ❇❛r❧❡t ❡t ❛❧✳ ❬✹❪ ❝♦♥t❛✐♥s t❤❡ r❡s✉❧ts ♦♥ t❤❡ str✉❝t✉r❡✱ ❤❛r❞♥❡ss✱ str❡ss ❝♦r✲

r♦s✐♦♥ ♣r♦♣❡rt✐❡s ♦❢ ♣r✐st✐♥❡ ❛♥❞ βe−✲✐rr❛❞✐❛t❡❞ ♣✉r❡ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ✭❈♦r♥✐♥❣ 7980r✮ ♣r❡s❡♥t❡❞ ❤❡r❡✐♥✳

❙❡❝t✐♦♥ ✸✳✶ ❞❡t❛✐❧s t❤❡ ♣r❡❞✐❝t✐♦♥s ✐♥ t❡r♠s ♦❢ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ✈✐❛ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s✳

❙❡❝t✐♦♥ ✸✳✷ ♣r❡s❡♥ts t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② t❤❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ✐rr❛❞✐❛t✐♦♥s✳ ❘❛♠❛♥ ❛♥❞

❊❧❡❝tr♦♥✐❝ P❛r❛♠❛❣♥❡t✐❝ ❘❡s♦♥❛♥❝❡ ✭❊P❘✮ s♣❡❝tr❛ ✇❡r❡ ✉s❡❞ t♦ r❡❝♦r❞ t❤❡s❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s✳ ❚❤❡

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

❝♦rr♦s✐♦♥ ❡①♣❡r✐♠❡♥ts✳

✸✳✶ ❉❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② ✐rr❛❞✐❛t✐♦♥

■rr❛❞✐❛t✐♦♥ ❝❛♥ ✐♥❞✉❝❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞✴♦r ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝♦♥❞✐t✐♦♥s ♦❢ ✐rr❛❞✐❛t✐♦♥s

✭❡♥❡r❣②✱ ✢✉❡♥❝❡✱ ✐♦♥s✱ ❡t❝✳✮✳ ■♥ ♦r❞❡r t♦ ✐s♦❧❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r ❞❛♠❛❣❡✱ ✇❡ s❡❧❡❝t❡❞

❞✐✛❡r❡♥t ♣❛rt✐❝❧❡s ✭❡❧❡❝tr♦♥ ❛♥❞ ❧✐❣❤t ✐♦♥s ❛♥❞ ❤❡❛✈② ✐♦♥s✮ t♦ ✐rr❛❞✐❛t❡ t❤❡ s❛♠♣❧❡s✳ ❍♦✇❡✈❡r✱ ✇❡ ❝❤♦s❡

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

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

❛♥❞ t❤❡ ✢✉①✳ ❚❤✐s s❡❝t✐♦♥ ✉s❡s ♣r♦❣r❛♠s s✉❝❤ ❛s ❊❙❚❆❘ ❛♥❞ ❙❘■▼✴❚❘■▼ t♦ ❡st✐♠❛t❡ t❤❡ st♦♣♣✐♥❣

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

✸✳✶✳✶ βe− ✐rr❛❞✐❛t✐♦♥

❊❙t❛r ✐s ❛ ◆■❙❚ ✭◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ ❙t❛♥❞❛r❞s ❛♥❞ ❚❡❝❤♥♦❧♦❣②✮ ♣r♦❣r❛♠ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ ❡❧❡❝tr♦♥

st♦♣♣✐♥❣ ♣♦✇❡r ❛♥❞ r❛♥❣❡ ♦❢ ❡❧❡❝tr♦♥s ❬✶❪✳ ■t ✉s❡s ❛s ✐♥♣✉t t❤❡ t②♣❡ ♦❢ ♠❛t❡r✐❛❧ ✭❝❤❡♠✐❝❛❧ ❢♦r♠✉❧❛ ❛♥❞

❞❡♥s✐t②✮ ❛♥❞ t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ❜♦♠❜❛r❞✐♥❣ ♣❛rt✐❝❧❡s ✭✷✳✺ ▼❡❱✮✳ ❋r♦♠ t❤✐s ❞❛t❛✱ ✐t ♣r♦✈✐❞❡s✿ ✶✮ t❤❡

❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣ ♣♦✇❡r ✭❛✈❡r❛❣❡ ❡♥❡r❣② ❧♦st ♣❡r ✉♥✐t ❧❡♥❣t❤ ❞✉❡ t♦ ❈♦✉❧♦♠❜ ❝♦❧❧✐s✐♦♥s✮❀ ✷✮ t❤❡ r❛❞✐❛t✐✈❡

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

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

❋♦r ♣✉r❡ s✐❧✐❝❛ ✭❊❙t❛r ✐♥♣✉t✿ SiO2 ❛♥❞ ✷✳✷✷ ❣✴❝♠3✮✱ ✜❣✉r❡ ✸✳✶ ✭❊❙t❛r✬s ♦✉t♣✉t✮ ♣r♦✈✐❞❡s ❛♥ ❡st✐♠❛t✐♦♥

♦❢ t❤❡ st♦♣♣✐♥❣ ♣♦✇❡r ❞✉r✐♥❣ ✐rr❛❞✐❛t✐♦♥✳ ❋♦r t❤❡ ❝✉rr❡♥t ❡①♣❡r✐♠❡♥t ✇✐t❤ ✷✳✺ ▼❡❱ ✐♥❝✐❞❡♥t❡❞ ❡❧❡❝tr♦♥s✱

t❤❡ st♦♣♣✐♥❣ ♣♦✇❡r ✐s ❛❜♦✉t ∼ 3.55×10−4 ❦❡❱✴♥♠✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ✵✳✽ ♠♠ t❤✐❝❦ s❛♠♣❧❡s✱ t❤❡ ❡♥❡r❣② ✐s

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

✸✳✶✳✷ ▲✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s✿ ❙❘■▼ ❝❛❧❝✉❧❛t✐♦♥s

❙❘■▼ ❝❛❧❝✉❧❛t✐♦♥s ❬✺✶❪ ❡st✐♠❛t❡ t❤❡ st♦♣♣✐♥❣ ♣♦✇❡r ❛♥❞ r❛♥❣❡ ♦❢ ✐♦♥s ❬✷❪✳ ■t ✉s❡s ❛s ✐♥♣✉t t❤❡ t②♣❡

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

❛♥❣❧❡✳

✶✷✸
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❊♥❡r❣② ✭❦❡❱✮
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♥❣
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♦✇

❡r
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❡❱

✴♥
♠
✮

❋✐❣✉r❡ ✸✳✶✿ ❙t♦♣♣✐♥❣ ♣♦✇❡r ♦❢ t❤❡ ❡❧❡❝tr♦♥s ✐♥ ♣✉r❡ s✐❧✐❝❛ ✭❊❙t❛r ✐♥♣✉t✿ SiO2 ❛♥❞ ρ❂✷✳✷❣✴❝♠3✮ ❢r♦♠
❊❙❚❆❘ ♣r♦❣r❛♠✳ ❚❤❡ ❧✐♥❡s r❡❢❡r t♦ ❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣ ♣♦✇❡r ✭❞♦tt❡❞ ♣✉r♣❧❡✮✱ r❛❞✐❛t✐✈❡ st♦♣♣✐♥❣ ♣♦✇❡r
✭❤❛s❤❡❞ ❜❧✉❡✮ ❛♥❞ t♦t❛❧ st♦♣♣✐♥❣ ♣♦✇❡r ✭❜❧❛❝❦ ❧✐♥❡✮✳

❍❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✭He2+✮

P❛rt ■■ ❝❤❛♣t❡r ✷ ♣r❡s❡♥ts t❤❡ ✐rr❛❞✐❛t✐♦♥ ❢❛❝✐❧✐t② ❛♥❞ ❝♦♥❞✐t✐♦♥s ❢♦r He2+✲✐rr❛❞✐❛t✐♦♥✳ ❋♦r ♣✉r❡ s✐❧✐❝❛

✐rr❛❞✐❛t❡❞ ✇✐t❤ ✻ ▼❡❱ He2+ ✐♦♥s✱ ❙❘■▼ ❝❛❧❝✉❧❛t✐♦♥s ♣r♦✈✐❞❡s ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ♥✉❝❧❡❛r ❛♥❞ ❡❧❡❝tr♦♥✐❝

st♦♣♣✐♥❣ ♣♦✇❡r ❞✉r✐♥❣ t❤❡ ✐rr❛❞✐❛t✐♦♥ ✇✐t❤ t❤❡ ♣❡♥❡tr❛t✐♦♥ ♦❢ ❤❡❧✐✉♠ ✐♦♥s ✐♥ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss ✭✜❣✉r❡ ✸✳✷

❧❡❢t✮✳ ❚❤❡ ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ♠❛✐♥❧② t❛❦❡s ♣❧❛❝❡ t❤r♦✉❣❤ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ✭∼ ✾✾%✮✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡s
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❙❛♠♣❧❡ ❞❡♣t❤ ✭µ♠✮

✵

✺

✶✵

✶✺ ①✶✵21

✵

✷

✹

①✶✵−3

❋✐❣✉r❡ ✸✳✷✿ ❙❘■▼ s✐♠✉❧❛t✐♦♥ ❢♦r ♣✉r❡ s✐❧✐❝❛ ✐rr❛❞✐❛t❡❞ ❜② ✻ ▼❡❱ ❤❡❧✐✉♠ ✐♦♥s ❛t ❛ ❞♦s❡ ♦❢ ✸✳✽×✶✵15

✐♦♥s✴❝♠2 ✇✐t❤ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤✿ ✭▲❡❢t✮ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮ st♦♣♣✐♥❣ ♣♦✇❡r❀
✭❘✐❣❤t✮ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮ ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ❞♦s❡✳ ❚❤❡ ❛rr♦✇ t♦✇❛r❞s t❤❡ ❧❡❢t ❛♥❞
t❤❡ ❛rr♦✇ t♦✇❛r❞s t❤❡ r✐❣❤t ❛①❡s r❡❢❡r t♦ t❤❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s✱ r❡s♣❡❝t✐✈❡❧②✳ ❊❧❡❝tr♦♥✐❝
✐♥t❡r❛❝t✐♦♥s ❞♦♠✐♥❛t❡ ♦✈❡r t❤❡ ✸✵ µ♠ ✐♥t♦ t❤❡ ❣❧❛ss s❛♠♣❧❡✳ ❚❤❡ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠
❛r♦✉♥❞ ✸✵ µ♠✳

✶✷✹
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❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠✮ t♦ ✭✸✵ µ♠✮✳ ❚❤❡ ❡❧❡❝tr♦♥✐❝ ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ❞♦s❡ ✐s ♠❛①✐♠✉♠ ∼✸✵ µ♠ ✳

❋r♦♠ t❤❡ ❙❘■▼ ❡st✐♠❛t✐♦♥✱ ♦♥❧② t❤❡ ✜rst ✸✵ µ♠ ♦❢ t❤❡ ❣❧❛ss t❤✐❝❦♥❡ss ✇✐❧❧ ❜❡ ❞❛♠❛❣❡❞ ❜② t❤❡ ✻ ▼❡❱ He2+

✐♦♥s✳ ❚♦ ♦❜s❡r✈❡ t❤❡ ✐♦♥ tr❛❝❦ ❢♦r♠❛t✐♦♥✱ (dE/dx) s❤♦✉❧❞ ❜❡ ♦♥ t❤❡ ♦r❞❡r ♦❢ ✷ t♦ ✹ ❦❡❱✴♥♠ ❬✸✱ ✷✻✱ ✷✼❪✳

■♥ t❤❡s❡ ❝♦♥❞✐t✐♦♥s✱ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ (dE/dx) ✐s ∼ ✵✳✸✹ ❦❡❱✴♥♠✱ ✇❤✐❝❤ ✐s ❢❛r ❜❡❧♦✇ t❤❡ t❤r❡s❤♦❧❞

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

❜❡ ♥❡❣❧✐❣✐❜❧❡✳ ❚❤❡ r✐❣❤t ✜❣✉r❡ ✸✳✷ ♣r❡s❡♥ts t❤❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ❞♦s❡s ✇✐t❤ t❤❡

✐rr❛❞✐❛t❡❞ ❞❡♣t❤ ✐♥ s✐❧✐❝❛✳ ❋♦r s✐❣♥✐✜❝❛♥t ❞❛♠❛❣❡ ✐♥ s✐❧✐❝❛✱ t❤❡ ♥✉❝❧❡❛r ❡♥❡r❣② ❞♦s❡ s❤♦✉❧❞ ❡①❝❡❡❞ ✶✵20

❦❡❱✴❝♠3 ❬✸✾❪✳ ❍❡r❡✐♥✱ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ✭∼ ✶✵18 ❦❡❱✴❝♠3✮ ❛r❡ ❜❡❧♦✇ t❤❡ ❞♦s❡ r❡q✉✐r❡❞✳ ❈♦♥s❡q✉❡♥t❧②✱

✐rr❛❞✐❛t✐♦♥✬s ❝♦♥❞✐t✐♦♥ s❤♦✉❧❞ ♥♦t ❧❡❛❞ t♦ ✐♦♥ tr❛❝❦s ❢♦r♠❛t✐♦♥✳

●♦❧❞ ✐rr❛❞✐❛t✐♦♥ ✭Au+✮

■♦♥s ❊♥❡r❣② ✭▼❡❱✮ ❋❧✉❡♥❝❡ ✭✐♦♥s✴❝♠2✮
Au+ ✶ ✹✳✻×✶✵13

Au+ ✸✳✺ ✶✳✹×✶✵14

Au+ ✼ ✸✳✷×✶✵14

❚❛❜❧❡ ✸✳✶✿ ❊♥❡r❣② ❛♥❞ ✢✉❡♥❝❡s ✉s❡❞ t♦ ❞❛♠❛❣❡ t❤❡ ❣❧❛ss❡s ❜② ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳

P❛rt ■■ ❝❤❛♣t❡r ✷ ♣r❡s❡♥ts t❤❡ ✐rr❛❞✐❛t✐♦♥ ❢❛❝✐❧✐t②✳ Au+✲✐rr❛❞✐❛t✐♦♥ ✉s❡s t❤r❡❡ ❞✐✛❡r❡♥t ❡♥❡r❣✐❡s ✐♥ ♦r❞❡r

t♦ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❜❛❧❧✐st✐❝ r❡❣✐♦♥ ♥❡❛r t❤❡ s✉r❢❛❝❡✳ ❚❛❜❧❡ ✸✳✶ ♣r❡s❡♥ts t❤❡ Au+✲✐rr❛❞✐❛t✐♦♥ ❝♦♥❞✐t✐♦♥s✳

❋✐❣✉r❡ ✸✳✸ ♣r♦✈✐❞❡s t❤❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r ❡♥❡r❣② ❧♦ss (dE/dx) ✇✐t❤ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ♦❢ Au+

✐♦♥s ❡st✐♠❛t❡❞ ❜② ❙❘■▼ ❝♦♠♣✉t❛t✐♦♥s✳

✶ ✷ ✸ ✹ ✺
✵

✵✳✺

✶

✶✳✺

✷

✷✳✺

❙❛♠♣❧❡ ❞❡♣t❤ ✭µ♠✮

❊
♥❡
r❣
②
st
♦♣

♣✐
♥❣

♣
♦✇

❡r
✭❦
❡❱

✴♥
♠
✮

❡❧❡❝tr♦♥✐❝
♥✉❝❧❡❛r

❋✐❣✉r❡ ✸✳✸✿ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮ st♦♣♣✐♥❣ ♣♦✇❡r ✈❡rs✉s t❤❡ ✐rr❛❞✐❛t❡❞ ❞❡♣t❤ ❢♦r
t❤❡ SiO2 ❣❧❛ss ✐rr❛❞✐❛t❡❞ ❜② ❣♦❧❞ ✐♦♥s ✭Au+✮ ❛t ❞✐✛❡r❡♥t ❡♥❡r❣②✿ ✶✱ ✸✳✺ ❛♥❞ ✼ ▼❡❱

◆❡❛r❧②✱ ❛ ❤♦♠♦❣❡♥♦✉s ♥✉❝❧❡❛r ❡♥❡r❣② st♦♣♣✐♥❣ ♣♦✇❡r ♦❝❝✉rs ♦✈❡r t❤❡ ✜rst ❧❛②❡r ✷ µ♠ ✐♥ t❤❡ ❣❧❛ss

s❛♠♣❧❡ ✭✜❣✉r❡ ✸✳✸✮✳ ✼✺ % ♦❢ t❤❡ ❡♥❡r❣② ❧♦ss ✐s ❞✉❡ t♦ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❬✶✵✱ ✶✶❪✳ ❊♥❡r❣② ❞❡♣♦s✐t❡❞

t❤r♦✉❣❤ ♥✉❝❧❡❛r ❡①❝✐t❛t✐♦♥ ✐s ✺×✶✵20 ❦❡❱✴❝♠3✱ ✐✳❡✳ ❛❜♦✈❡ t❤❡ ❞♦s❡ r❡q✉✐r❡❞ t♦ ❞❛♠❛❣❡ t❤❡ s✐❧✐❝❛ ❣❧❛ss

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

✶✷✺
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❚②♣❡ ♦❢ ✐rr❛❞✐❛t✐♦♥ ❊ ✭▼❡❱✮ ❊elec ✭❦❡❱✴❝♠3✮ ❊nucl ✭❦❡❱✴❝♠3✮
❍❡2+ ✻ ✶✳✸×✶✵22 ✺✳✽×✶✵19
❆✉+ ✶✴✸✳✺✴✼ ✺✳✵×✶✵20 ✶✳✼×✶✵21

❚❛❜❧❡ ✸✳✷✿ ■rr❛❞✐❛t✐♦♥ ❝♦♥❞✐t✐♦♥s ✉s❡❞✿ ❡♥❡r❣② ♦❢ ✐♥❝✐❞❡♥t ♣❛rt✐❝❧❡ ✭❊✮ ❛♥❞ ❞❡♣♦s✐t❡❞ ❡❧❡❝tr♦♥✐❝ ✭❊elec✮
❛♥❞ ♥✉❝❧❡❛r ❡♥❡r❣✐❡s✭❊nucl✮✳

✸✳✶✳✸ ❈♦♥❝❧✉s✐♦♥

❚❛❜❧❡ ✸✳✷ s✉♠♠❛r✐③❡s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s ❢♦r t❤❡ ✐rr❛❞✐❛t✐♦♥s✱ ❛♥❞ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡

st♦♣♣✐♥❣ ♣♦✇❡r✳ βe− ❛♥❞ He2+ ✐rr❛❞✐❛t✐♦♥ s❤♦✉❧❞ ♥♦t ❧❡❛❞ t♦ s✐❣♥✐✜❝❛♥t str✉❝t✉r❛❧ ❝❤❛♥❣❡s ✐♥ s✐❧✐❝❛✳ ●♦❧❞

✐rr❛❞✐❛t✐♦♥ s❤♦✉❧❞ ❝r❡❛t❡ ✐♦♥ tr❛❝❦ ❢♦r♠❛t✐♦♥ ❛♥❞ ❛ss♦❝✐❛t❡❞ str✉❝t✉r❛❧ ❝❤❛♥❣❡s✳ βe− ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s

❤♦♠♦❣❡♥❡♦✉s ✐rr❛❞✐❛t✐♦♥ t❤r♦✉❣❤ t❤❡ ❣❧❛ss s❛♠♣❧❡✳ ❇♦t❤ He2+ ❛♥❞ Au+ ✐rr❛❞✐❛t✐♦♥s r❡♠❛✐♥ ❧♦❝❛❧✐③❡❞

✇✐t❤✐♥ t❤❡ ✜rst ✸✵ µ♠ ❛♥❞ ✷ µ♠ ❢r♦♠ t❤❡ s♣❡❝✐♠❡♥ s✉r❢❛❝❡✱ r❡s♣❡❝t✐✈❡❧②✳

✸✳✷ ❙tr✉❝t✉r❛❧ ❛♥❛❧②s✐s

✸✳✷✳✶ βe− ✐rr❛❞✐❛t✐♦♥

❊P❘ ♠❡❛s✉r❡♠❡♥ts

❊P❘ s♣❡❝tr❛ r❡✈❡❛❧ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts ✐♥ ❛✲SiO2 ❞✉❡ t♦ βe− ✲✐rr❛❞✐❛t✐♦♥ ✭✜❣✉r❡ ✸✳✹✮✳

❆ ♥✉❧❧ ❊P❘ s✐❣♥❛❧ ♦❝❝✉rs ❢♦r ♥♦♥✲✐rr❛❞✐❛t❡❞ s✐❧✐❝❛ ❣❧❛ss ✭❜❧❛❝❦ ❧✐♥❡✮✱ ❛♥❞ ❛ ♥♦♥✲③❡r♦ s✐❣♥❛❧ ❢♦r ✐rr❛❞✐❛t❡❞

s❛♠♣❧❡s✳ ▲✐t❡r❛t✉r❡ ❬✷✵✱ ✹✸❪ ♣❡r♠✐ts t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧s✳ ❚❤❡ ✇❡❛❦ s✐❣♥❛❧ ❛r♦✉♥❞ g ∼ ✷✳✵✵✷

✐s ✇❡❧❧ ❦♥♦✇♥ ❛s t❤❡ ❊✬ ❝❡♥t❡r ❛♥❞ ❡✈✐❞❡♥❝❡s ❛♥ ❡❧❡❝tr♦♥ tr❛♣♣❡❞ ❛t ❛♥ ♦①②❣❡♥ ✈❛❝❛♥❝② ✭≡ Si−✮ ❬✹✸❪✳

❚❤❡ ❜r♦❛❞ s✐❣♥❛❧ ❡①✐sts ❛r♦✉♥❞ g ∼ ✷✳✵✵✹✲✷✳✵✵✽ ✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡ ◆♦♥✲❇r✐❞❣✐♥❣ ❖①②❣❡♥ ❍♦❧❡ ❈❡♥t❡rs

✭◆❇❖❍❈✱ ≡ Si−O.✮ ♦r P❡r♦①② ❘❛❞✐❝❛❧ ❞❡❢❡❝ts ✭≡ Si−O−O.✮✳ ❋✐❣✉r❡ ✸✳✹ ❞❡♣✐❝ts t❤❡ ❊P❘ s♣❡❝tr❛ ♦❢

βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❛t ♠✐❝r♦✇❛✈❡ ♣♦✇❡rs ♦❢ ✶ ♠❲ ✭❧❡❢t✮ ❛♥❞ ✶ µ❲ ✭r✐❣❤t✮✳ ▼♦❞✉❧❛t✐♥❣ t❤❡ ♠✐❝r♦✇❛✈❡

♣♦✇❡r ❤✐❣❤❧✐❣❤ts ❝❡rt❛✐♥ ❞❡❢❡❝ts✿ t❤❡ ◆❇❖❍❈✴P❖❘ ❝❡♥t❡rs ❛r❡ ❜❡tt❡r ✐♠❛❣❡❞ ❛t ✶ ♠❲ ❛♥❞ t❤❡ ❊✬ ❝❡♥t❡rs

❛r❡ ❛❝q✉✐r❡❞ ❛t ✶ µ❲✳ ❊✬ ❝❡♥t❡r ❊P❘ ❧✐♥❡ s❛t✉r❛t❡s ❢♦r ♠✐❝r♦✇❛✈❡ ♣♦✇❡r ❤✐❣❤❡r t❤❛♥ ✶✵ µ❲✳ ❲❡ ❝❛♥

t❤❡r❡❢♦r❡ ❝♦♥❝❧✉❞❡ ❢r♦♠ t❤❡ ✜❣✉r❡ ✸✳✹ t❤❛t t❤❡ ❞❡❢❡❝ts ♣r♦❞✉❝❡❞ ✐♥ s✐❧✐❝❛ ❣❧❛ss ❛r❡ ♠❛✐♥❧② ❤♦❧❡ ❝❡♥t❡rs✳

❚❤❡ ✐♥s❡t ♦❢ ✜❣✉r❡ ✸✳✹ ❧❡❢t ③♦♦♠s ✐♥ ♦♥ ◆❇❖❍❈ ❛♥❞ P❖❘ gz ❝♦♠♣♦♥❡♥ts✳ ❋r♦♠ ✜❣✉r❡s ✸✳✹✱ t❤❡ ❞❛♠❛❣❡

❛s ♠❡❛s✉r❡❞ ❢r♦♠ ❊P❘ s♣❡❝tr❛ ❞❡♣❡♥❞ ♦♥ t❤❡ ✐♥t❡❣r❛t❡❞ ❞♦s❡✳

◗✉❛♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❞❡❢❡❝t r❡q✉✐r❡s ❛ ❞♦✉❜❧❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ ❊P❘ s♣❡❝tr❛ ❛❢t❡r ♥♦r♠❛❧✐③❛t✐♦♥✳

❋✐❣✉r❡ ✸✳✺ ❞❡♣✐❝ts t❤❡ t♦t❛❧ ❛♠♦✉♥t ♦❢ ❞❡❢❡❝ts ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞♦s❡✳ ❋♦r t❤❡ ❞♦s❡s ❤❡r❡✐♥✱ t❤❡

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

❞❡❢❡❝ts ❝♦♥❝❡♥tr❛t✐♦♥ ❞♦❡s ♥♦t ✐♥❝r❡❛s❡ ❧✐♥❡❛r❧② ✇✐t❤ ✐♥t❡❣r❛t❡❞ ❞♦s❡s✳ ❱❛❝❝❛r♦ ❡t ❛❧✳ ❬✹✷❪ ❛❧s♦ ❤✐❣❤❧✐❣❤t

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

❣r♦✇t❤✳ ❉✉r✐♥❣ ✐rr❛❞✐❛t✐♦♥ t✇♦ ♣r♦❝❡ss❡s t❛❦❡ ♣❧❛❝❡✿ ❡①tr✐♥s✐❝ ♣r♦❝❡ss ❧✐♥❦❡❞ t♦ t❤❡ r✉♣t✉r❡ ♦❢ ❖❍ ❧✐♥❦❛❣❡

❛♥❞ ✐♥tr✐♥s❡❝ ♣r♦❝❡ss ❛ss♦❝✐❛t❡❞ t♦ t❤❡ r✉♣t✉r❡ ♦❢ ❙✐✲❖ ❜♦♥❞s ❬✷✶✱✹✷❪✳

✶✷✻
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P❂✶♠❲ P❂✶µ❲

❋✐❣✉r❡ ✸✳✹✿ ❊P❘ s♣❡❝tr❛ ♦♥ ❈♦r♥✐♥❣ 7980r ♣r✐st✐♥❡ ✭❜❧❛❝❦ ❧✐♥❡✮ ❛♥❞ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t❡❞ ✭✵✳✵✾ t♦ ✷ ●●②✮✿
✭▲❡❢t✮ P❂✶ ♠❲✱ ❢❂✾✳✽✷ ●❍③ ❛♥❞ ✭❘✐❣❤t✮ P❂✶ µ❲✱ ❢❂✾✳✽✷ ●❍③✳

✵ ✵✳✺ ✶ ✶✳✺ ✷
✵

✺✵✵

✶✵✵✵

✶✺✵✵

✷✵✵✵

✷✺✵✵

✸✵✵✵

❉♦s❡s ✭●●②✮

❆
♠
♦✉
♥t

♦❢
❞❡
❢❡
❝t
s
✭❛
✳✉
✳✮

❋✐❣✉r❡ ✸✳✺✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ t♦t❛❧ ❞❡❢❡❝ts ✇✐t❤ ✐♥t❡❣r❛t❡❞ ❞♦s❡s ✭P❂✶ µ❲✱ ❢❂✾✳✽✷ ●❍③✮✳

❘❛♠❛♥

❋✐❣✉r❡ ✸✳✻ ♣r❡s❡♥ts t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ❢♦r ♣r✐st✐♥❡ ❛♥❞ βe− ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ✭✶ ❛♥❞ ✷ ●●②✮ ❜❡t✇❡❡♥ ✶✺✵

❛♥❞ ✶✻✺✵ ❝♠−1✳ ❚❤❡ ❜❧❛❝❦ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡ s❛♠♣❧❡✳ ❚❤❡ ✐♥t❡♥s❡ ❜r♦❛❞ ❜❛♥❞

❛r♦✉♥❞ ✹✺✵ ❝♠−1 ❞♦♠✐♥❛t❡s t❤❡ ❘❛♠❛♥ s♣❡❝tr✉♠✳ ❚❤✐s ❜r♦❛❞ ♣❡❛❦ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❜♦♥❞ ❜❡♥❞✐♥❣

✈✐❜r❛t✐♦♥s ♦❢ Si−O− Si ❛♥❣❧❡ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✜✈❡✲ ❛♥❞ s✐①✲ ♠❡♠❜❡r❡❞ r✐♥❣ str✉❝t✉r❡s ❬✶✽✱✸✹❪✳

❚❤❡r❡ ✐s ❣❡♥❡r❛❧❧② ❛♥ ✐♥✈❡rs❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤✐s ❜❛♥❞ ❛♥❞ t❤❡ ❙✐✲❖✲❙✐ ❛♥❣❧❡ ✐♥

s✐❧✐❝❛t❡ ❣❧❛ss❡s ❬✸✵❪❀ t❤❡ ✇✐❞t❤ ♠❛② ❜❡ ❧✐♥❦❡❞ t♦ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥s✳ ❚❤❡ s❤❛r♣ ❜❛♥❞s ❛t ✹✾✵ ❝♠−1

✭❉✶✮ ❛♥❞ ✻✵✷ ❝♠−1 ✭❉✷✮ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ s②♠♠❡tr✐❝ ♦①②❣❡♥ ❜r❡❛t❤✐♥❣ ✈✐❜r❛t✐♦♥ ♦❢ t❤❡ ❢♦✉r ❛♥❞ t❤r❡❡

♠❡♠❜❡r❡❞ ✭r❡s♣❡❝t✐✈❡❧②✮ s✐❧♦①❛♥❡ r✐♥❣s ♦❢ SiO4 t❡tr❛❤❡❞r❛ ❬✸✺❪✳ ❚❤❡ ❜❛♥❞ ❛t ✽✶✵ ❝♠−1 r❡✢❡❝ts t❤❡ Si−O

✶✷✼
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❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮
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✐t
②
✭❛
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✳✮

Pr✐st✐♥❡
✶●●②
✷●●②

✸✵✵ ✹✵✵ ✺✵✵ ✻✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

Pr✐st✐♥❡
✶●●②
✷●●②

❋✐❣✉r❡ ✸✳✻✿ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♥♦r♠❛❧✐③❡❞ ❛t t❤❡ ❤✐❣❤❡st ♣❡❛❦ ♦❢ ♣r✐st✐♥❡ ❛♥❞ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t❡❞
s❛♠♣❧❡s ❛t ✶ ❛♥❞ ✷ ●●②✳ ✭❘✐❣❤t✮ ❆ ③♦♦♠ ✭✷✺✵✲✼✵✵ ❝♠−1✮ ♦❢ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ❛r♦✉♥❞ t❤❡ ❤✐❣❤❡st ♣❡❛❦
✐♥ ♣r✐st✐♥❡ ❛♥❞ ✶ ❛♥❞ ✷ ●●② ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s❀ ✭λ❂✺✸✷ ♥♠✮✳

s②♠♠❡tr✐❝ ❜♦♥❞ str❡t❝❤✐♥❣ ❬✸✷❪✳ ❲❡❛❦ ❘❛♠❛♥ ❜❛♥❞s ❛t ✶✵✻✵ ❝♠−1 ❛♥❞ ✶✷✵✵ ❝♠−1 ❛r❡ ❛ttr✐❜✉t❡❞ t♦

❛s②♠♠❡tr✐❝ Si − O str❡t❝❤✐♥❣ ✈✐❜r❛t✐♦♥✳ ❚❤❡ r❡❣✐♦♥ ❛r♦✉♥❞ ✽✺✵✲✶✷✺✵ ❝♠−1 r❡✈❡❛❧s t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢

❙✐✲❖− str❡t❝❤✐♥❣ ❜❛♥❞✳ ❚❤✐s ❜❛♥❞ ✐s t❤❡ Qn ❜❛♥❞ ✇❤❡r❡ Qn ❝♦rr❡s♣♦♥❞s t♦ ❙✐✲❖− str❡t❝❤✐♥❣ ✇✐t❤ ♥

❜r✐❞❣✐♥❣ ♦①②❣❡♥ ❛t♦♠s✳ ❚❤❡ ♣♦s✐t✐♦♥ ♦❢ ❡❛❝❤ Qn ❜❛♥❞ ✐s ❞❡t❛✐❧❡❞ ✐♥ t❤❡ ♣❛rt ■ ✐♥ ❝❤❛♣t❡r ✸✳ ❋✐♥❛❧❧② t✇♦

❝♦♥tr✐❜✉t✐♦♥s ♠❛② ❛♣♣❡❛r ❛t t❤❡ ❤✐❣❤ ✇❛✈❡ ♥✉♠❜❡r✿ ✭✶✮ O2 ❞✐ss♦❧✈❡❞ ✐♥t♦ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❛♥❞ ✭✷✮✈O2

♦❢ ❛✐r ❬✽❪✳ ◆♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❛r❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ❜❡t✇❡❡♥ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞

s❛♠♣❧❡s✳ ❊s♣❡❝✐❛❧❧②✱ ♥♦ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ O2 ♠♦❧❡❝✉❧❛r ✐s ♦❜s❡r✈❡❞✳

✸✳✷✳✷ ▲✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ✐rr❛❞✐❛t✐♦♥

❇♦t❤ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ✐rr❛❞✐❛t✐♦♥s ✐♠♣❛❝t ❛ t❤✐♥ ❧❛②❡r ♥❡❛r t❤❡ s✉r❢❛❝❡ ♦❢ ❜♦♠❜❛r❞♠❡♥t✳ ❊P❘ s♣❡❝tr❛

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

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

t❤❡ ✐♦♥ t②♣❡ ❛♥❞ t❤❡ ❞❡♣t❤ ♦❢ ♣❡♥❡tr❛t✐♦♥✳

❍❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥

❘❛♠❛♥ ❛♥❛❧②s✐s ✐♥✈❡st✐❣❛t❡s t❤❡ str✉❝t✉r❡ ❡✈♦❧✉t✐♦♥ ✇✐t❤ t❤❡ ❞❡♣t❤ ♦❢ ♣❡♥❡tr❛t✐♦♥✳ ❋✐❣✉r❡ ✸✳✼ ❞❡♣✐❝ts

❘❛♠❛♥ ❡✈♦❧✉t✐♦♥ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠✮ t♦ t❤❡ ❜✉❧❦ ❢♦r ❛ He2+✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡✳ ❯♥❧✐❦❡ ❡❧❡❝✲

tr♦♥ ✐rr❛❞✐❛t✐♦♥✱ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❤❡❧✐✉♠ ✐rr❛❞✐❛t❡❞ s✐❧✐❝❛ ❡✈✐❞❡♥❝❡ ❤✉❣❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s✳ ❚❤❡s❡

✈❛r✐❛t✐♦♥s ✐♥❝❧✉❞❡✿ ✭✶✮ ❛ s❤✐❢t ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ t♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ❛♥❞ ❛ s❧✐❣❤t

❞❡❝r❡❛s❡ ✐♥ t❤❡ ❋❲❍▼ ✭❢✉❧❧✲✇✐❞t❤ ❤❛❧❢ ♠❛①✮❀ ✭✷✮ ❛ s❤✐❢t ❛♥❞ ❜r♦❛❞❡♥✐♥❣ ♦❢ ❉1 ❜❛♥❞ ❛t ✹✾✺ ❝♠−1❀ ✭✸✮ ❛♥

✐♥❝r❡❛s❡ ♦❢ ❉2 ♣❡❛❦ ❛t ✻✵✸ ❝♠−1❀ ❛♥❞ ✭✹✮ ❛♥ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❧✉♠✐♥❡s❝❡♥❝❡ ❝♦♥tr✐❜✉t✐♦♥✳ ❚❤❡s❡ ✈❛r✐❛t✐♦♥s

❝♦♥❝❡♥tr❛t❡ ❜❡t✇❡❡♥ ✶✺✲✸✺ µ♠✳

✶✷✽
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✷✵ ✉♠
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✷✺ ✉♠
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✹✵ ✉♠
✹✺ ✉♠

❋✐❣✉r❡ ✸✳✼✿ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ✭♥♦r♠❛❧✐③❡❞ ❛t t❤❡ ❤✐❣❤❡st ♣❡❛❦✮ ❢r♦♠ t❤❡ ❣❧❛ss✬ ❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠❀
❜♦tt♦♠ s♣❡❝tr❛✮ t♦ t❤❡ ❜✉❧❦ ✭✹✺ µ♠❀ t♦♣ s♣❡❝tr❛✮❀ ✭❘✐❣❤t✮ ❩♦♦♠ ♦❢ t❤❡ ③♦♥❡ ❛r♦✉♥❞ ✸✵✵✲✼✵✵ ❝♠−1✳ ❚❤❡
❞♦tt❡❞ ❜❧❛❝❦ ❧✐♥❡ ❢❡❛t✉r❡s t❤❡ ❙✐✲❖✲❙✐ ♣♦s✐t✐♦♥ ❜❛♥❞ ❢r♦♠ s♣❡❝tr❛ ❛t ✹✺ µ♠✭λ❂✺✸✷ ♥♠✮✳

❚❤❡ ❜r♦❛❞ ❜❛♥❞ ❛r♦✉♥❞ ✹✺✵ ❝♠−1 ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜♦♥❞✳ ❚❤❡

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

r❡s♣❡❝t✐✈❡❧②✳ ❆ t②♣✐❝❛❧ ❘❛♠❛♥ r❡s♣♦♥s❡ ✐♥ ♣r✐st✐♥❡ ❣❧❛ss❡s ❝♦rr❡s♣♦♥❞s t♦ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ♦❢ ✜✈❡✲ ❛♥❞

s✐①✲ ♠❡♠❜❡r❡❞ r✐♥❣ str✉❝t✉r❡s✳ ❈❧♦s❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠✮ ❛♥❞ ❞❡❡♣❡r ✐♥t♦ t❤❡ ❣❧❛ss ✭✸✺✲✹✵ µ♠✮ t❤❡

❘❛♠❛♥ s♣❡❝tr❛ r❡s❡♠❜❧❡ t❤❛t ♦❢ ♣r✐st✐♥❡ s✐❧✐❝❛✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ s✐❣♥❛❧ s❤✐❢ts t♦✇❛r❞s ❤✐❣❤❡r ✇❛✈❡

♥✉♠❜❡rs ❜❡t✇❡❡♥ ✶✺ ❛♥❞ ✸✺ µ♠ ✐♠♣❧②✐♥❣ s♠❛❧❧❡r ❙✐✲❖✲❙✐ ❜♦♥❞ ❛♥❣❧❡s✳ ❆ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❜❛♥❞ ✇✐❞t❤ ❛❧s♦

♦❝❝✉rs✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ✭✶✮ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜♦♥❞ ❛♥❣❧❡ ❣❡t s♠❛❧❧❡r ❛♥❞ ✭✷✮ t❤❡ st❛♥❞❛r❞

❞❡✈✐❛t✐♦♥ ♦❢ t❤✐s ❛♥❣❧❡ ✐s ❛❧s♦ r❡❞✉❝❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❉2 ♣❡❛❦ ✐♥❝r❡❛s❡s ❜❡t✇❡❡♥ ✶✺ ❛♥❞ ✸✺ µ♠ ✐♠♣❧②✐♥❣

❛ ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ✸✲♠❡♠❜❡r❡❞ r✐♥❣s✳ ❚❤✐s r❡s♣♦♥s❡ ✐s s✐♠✐❧❛r t♦ ✇❤❛t ✐s s❡❡♥ ✐♥ ❞❡♥s✐✜❡❞ s✐❧✐❝❛ ❬✼✱ ✶✽❪✳

❚❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ s♣❡❝tr❛ ❛❢t❡r ✶✵✵✵ ❝♠−1 ✐s tr✐❝❦② ❞✉❡ t♦ t❤❡ ❧✉♠✐♥❡s❝❡♥❝❡ ❝♦♥tr✐❜✉t✐♦♥✳ ❚❤❡ ♠❛❥♦r

♠♦❞✐✜❝❛t✐♦♥s t❛❦❡ ♣❧❛❝❡ ❛t t❤❡ ❇r❛❣❣✬s ♣❡❛❦ ✭✜❣✉r❡ ✸✳✷✮✱ ✐✳❡✳ ✇❤❡r❡ t❤❡ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s r❡❛❝❤ ❛

♠❛①✐♠✉♠✳

●♦❧❞ ✐rr❛❞✐❛t✐♦♥

❋✐❣✉r❡ ✸✳✽ ❧❡❢t ❞❡♣✐❝ts t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠❀ ❜♦tt♦♠✮ t♦ t❤❡ ❜✉❧❦ ❢♦r ❛ Au+✲

✐rr❛❞✐❛t❡❞ s❛♠♣❧❡✳ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ t❤❡ Au+ ✐rr❛❞✐❛t❡❞ s✐❧✐❝❛ s❛♠♣❧❡s ❡①❤✐❜✐t ❤✉❣❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s✳

❚❤❡s❡ ✈❛r✐❛t✐♦♥s ✐♥❝❧✉❞❡✿ ✭✶✮ ❛ s❤✐❢t ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ♠♦❞❡ ❜❛♥❞ t♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s

❛♥❞ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❋❲❍▼❀ ✭✷✮ ❛ s❤✐❢t ❛♥❞ ❜r♦❛❞❡♥✐♥❣ ♦❢ t❤❡ ❉1 ❜❛♥❞ ❛t ✹✾✺ ❝♠−1❀ ✭✸✮ ❛♥ ✐♥❝r❡❛s❡

♦❢ t❤❡ ❉2 ♣❡❛❦ ❛t ✻✵✸ ❝♠−1❀ ❛♥❞ ✭✹✮ ❛ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ Qn ❜❛♥❞✳ ❆♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❖2 ♠♦❧❡❝✉❧❛r ♣❡❛❦✳

❚❤❡s❡ ✈❛r✐❛t✐♦♥s t❛❦❡ ♣❧❛❝❡ ❜❡t✇❡❡♥ ✽ µ♠ ❛♥❞ ✺ µ♠ ✐♥ ❞❡♣t❤✳ ❚❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ♠♦❞❡ ❜❛♥❞

s❤✐❢ts t♦✇❛r❞s ❤✐❣❤❡r ✇❛✈❡ ♥✉♠❜❡rs ❢♦r ❞❡♣t❤s s♠❛❧❧❡r t❤❛♥ ✺ µ♠✱ ✇❤✐❝❤ ✐♠♣❧✐❡s s♠❛❧❧❡r ❙✐✲❖✲❙✐ ❜♦♥❞

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

❜♦♥❞ ❛♥❣❧❡ ❛♥❞ ✐ts st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❞❡❝r❡❛s❡s✳ ❚❤❡ ❣❧❛ss ❞❡♥s✐✜❡s ✉♥❞❡r ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳

✶✷✾



❈❍❆P❚❊❘ ✸✳ P❯❘❊ ❙■▲■❈❆ ●▲❆❙❙✿ ■▼P❆❈❚❖❋ ❊▲❊❈❚❘❖◆✱ ▲■●❍❚ ❆◆❉❍❊❆❱❨ ■❖◆❙ ■❘❘❆❉■❆❚■❖◆

✺✵✵ ✶✵✵✵ ✶✺✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
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②
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❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
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✷ ✉♠
✸ ✉♠
✹ ✉♠
✺ ✉♠
✻ ✉♠
✽ ✉♠

❋✐❣✉r❡ ✸✳✽✿ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♥♦r♠❛❧✐③❡❞ ❛t t❤❡ ❤✐❣❤❡st ♣❡❛❦ ❢r♦♠ t❤❡ Au+ ✐rr❛❞✐❛t❡❞ ❣❧❛ss ❢r❡❡
s✉r❢❛❝❡ ✭✵ µ♠❀ ❜♦tt♦♠ s♣❡❝tr❛✮ t♦ t❤❡ ❜✉❧❦ ✭✽ µ♠❀ t♦♣ s♣❡❝tr❛✮❀ ✭❘✐❣❤t✮ ▲❡❢t ✜❣✉r❡ ③♦♦♠ ♦❢ t❤❡ ③♦♥❡
❛r♦✉♥❞ ✸✵✵✲✶✶✵✵ ❝♠−1✳ ✭λ❂✺✸✷ ♥♠✮✳

✸✳✷✳✸ ❈♦♥❝❧✉s✐♦♥

❈♦♥tr❛r② t♦ ✇❤❛t ✇❛s ♦❜s❡r✈❡❞ ❢♦r ❡❧❡❝tr♦♥✐❝ ✐rr❛❞✐❛t✐♦♥✱ ✐rr❛❞✐❛t✐♦♥ ✉♣♦♥ He2+ ❛♥❞ Au+ ❝❤❛♥❣❡ t❤❡ ❣❧❛ss

str✉❝t✉r❡✳ ❋✐❣✉r❡ ✸✳✾ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❘❛♠❛♥ s♣❡❝tr❛ ❢♦r t❤❡ ♣r✐st✐♥❡✱ ❡❧❡❝tr♦♥ ❛♥❞ ✐♦♥s ✐rr❛❞✐❛t❡❞

❣❧❛ss❡s✳ ◆♦ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥ t❛❦❡ ♣❧❛❝❡ ❢♦r βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❇♦t❤ He2+ ❛♥❞ Au+ ✐♦♥s ✐rr❛❞✐❛t✐♦♥s

❝❤❛♥❣❡ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❛♥❞ ❧❡❛❞ t♦ ❛ ❞❡♥s❡r ❣❧❛ss str✉❝t✉r❡✳ ❋✉rt❤❡r♠♦r❡✱ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ❞✉❡

t♦ He2+ ❛♥❞ Au+ ✐♦♥ ✐rr❛❞✐❛t✐♦♥ r❡✈❡❛❧s s✐♠✐❧❛r t②♣❡s ♦❢ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s✳

✺✵✵ ✶✵✵✵ ✶✺✵✵

✵

✵✳✺

✶
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✵✳✺

✶
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✷

✷✳✺
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✐t
②
✭❛
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Pr✐st✐♥❡
β ✷●●②

❍❡2+

❆✉+

❋✐❣✉r❡ ✸✳✾✿ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♥♦r♠❛❧✐③❡❞ ✉s✐♥❣ t❤❡ ❤✐❣❤❡st ♣❡❛❦ ❢♦r ♣r✐st✐♥❡ ✭❜❧❛❝❦ ❧✐♥❡✮✱ ❡❧❡❝tr♦♥
✐rr❛❞✐❛t❡❞ ✭♣✉r♣❧❡ ❧✐♥❡✮✱ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✭❧✐❣❤t ❜❧✉❡ ❧✐♥❡❀ ❞❡♣t❤ ✷✹ µ♠✮ ❛♥❞ ❣♦❧❞ ✐rr❛❞✐❛t❡❞ ✭❞❛r❦ ❜❧✉❡
❧✐♥❡❀ ❞❡♣t❤ ✷ µ♠✮❀ ✭❘✐❣❤t✮ ❩♦♦♠ ♦♥ t❤❡ ③♦♥❡ r❛♥❣✐♥❣ ❢r♦♠ ✸✵✵ t♦ ✼✵✵ ❝♠−1✳ ❋♦r ❤❡❧✐✉♠ ❛♥❞ ❣♦❧❞
✐rr❛❞✐❛t✐♦♥✱ ♠❛❥♦r ♠♦❞✐✜❝❛t✐♦♥s ❛r❡ ♦❜s❡r✈❡❞ ✭s❡❡ t❡①t ❢♦r ✐♥t❡r♣r❡t❛t✐♦♥✮✳ ✭λ❂✺✸✷ ♥♠✮✳
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βe− ✐rr❛❞✐❛t✐♦♥

▼✐❝r♦s❝❛❧❡ ♣❛r❛♠❛❣♥❡t✐❝ ♣♦✐♥t ❞❡❢❡❝ts✱ r❡✈❡❛❧❡❞ ❜② t❤❡ ❊P❘ ♠❡❛s✉r❡♠❡♥ts ✭✜❣✉r❡ ✸✳✹✮✱ ❞♦ ♥♦t s❝❛❧❡ ✉♣

✇✐t❤ t❤❡ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❘❆▼❆◆ s♣❡❝tr❛ ✭✜❣✉r❡ ✸✳✻✮✳ ❚❤✐s ✐s ❝♦❤❡r❡♥t ✇✐t❤ t❤❡

❧✐t❡r❛t✉r❡ s✐♥❝❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ Si−O−Si ❛♥❣❧❡ ❛♥❞ r✐♥❣ s✐③❡ ✇❡r❡ ♦♥❧② ♦❜s❡r✈❡❞ ✐♥ s❛♠♣❧❡s s✉❜❥❡❝t❡❞ t♦

❡❧❡❝tr♦♥✐❝ ✐rr❛❞✐❛t✐♦♥s ❛❜♦✈❡ ✺ ●●② ❬✼❪✳ ■♥❞❡❡❞✱ ❞❡❢❡❝t ❛❝❝✉♠✉❧❛t✐♦♥ ✐♥ ♣✉r❡ s✐❧✐❝❛ ❞✉r✐♥❣ t❤❡ ✐rr❛❞✐❛t✐♦♥s

❧❡❛❞s t♦ s❧✐❣❤t str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ❛t ❛ ❝r✐t✐❝❛❧ ♣♦✐♥t✳ ❇✉s❝❛r✐♥♦ ❡t ❛❧✳ r❡♣♦rt❡❞ ❧♦❝❛❧ ❞❡♥s✐✜❝❛t✐♦♥ ✐♥

♣✉r❡ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ✭❛✲SiO2✮ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ❞♦s❡s ❬✶✷❪✳ ❚❤❡ ❞✐s❝r❡♣❛♥❝② ❜❡t✇❡❡♥

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

✐rr❛❞✐❛t✐♦♥ ❬✶✸❪✳ ❋✐♥❛❧❧②✱ t✇♦ t②♣❡s ♦❢ str✉❝t✉r❛❧ ❞❛♠❛❣❡ ♦❝❝✉r ✐♥ s✐❧✐❝❛ ❣❧❛ss✿ ✐♥tr✐♥s✐❝✴❡①tr✐♥s✐❝ ♣r♦❝❡ss❡s✳

■♦♥s ✐rr❛❞✐❛t✐♦♥

❱❛r✐♦✉s r❡s❡❛r❝❤❡rs ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❡✛❡❝ts ♦❢ ✐♦♥ tr❛❝❦s ✐♥ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ❬✺✱✷✷✱✷✸✱✷✺✱✹✾❪✳ ❉❡♣❡♥❞✐♥❣

♦♥ t❤❡ ❡①♣❡r✐♠❡♥ts ❬✸✱ ✷✻✱ ✷✼❪✱ t❤❡ t❤r❡s❤♦❧❞ ✈❛❧✉❡s ♦❢ ✐♦♥s tr❛❝❦ ❢♦r♠❛t✐♦♥ r❛♥❣❡ ❢r♦♠ ✷ t♦ ✹ ❦❡❱✴♥♠✳

❈♦♥s✐❞❡r✐♥❣ t❤❡ ✈❛❧✉❡s ♦❢ ❡♥❡r❣② ❧♦ss ✭❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r✮ ❝♦♠♣✉t❡❞ ❤❡r❡✐♥ ✭s❡❡ s❡❝t✐♦♥ ✸✳✶✮✱ ■ ❞♦

♥♦t ❡①♣❡❝t ✐♦♥ tr❛❝❦s ❢♦r♠❛t✐♦♥ ❢♦r t❤❡ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥✳ Au+ ✐rr❛❞✐❛t✐♦♥ s❤♦✉❧❞ ✐♥❞✉❝❡ ✐♦♥ tr❛❝❦s

❢♦r♠❛t✐♦♥s✳ ❆❢t❡r ✐♦♥s ✐rr❛❞✐❛t✐♦♥✱ ♠❛❥♦r ♠♦❞✐✜❝❛t✐♦♥s t❛❦❡ ♣❧❛❝❡✿ ✭✶✮ s❤✐❢t ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣

✈✐❜r❛t✐♦♥ ❜❛♥❞ ❛ttr✐❜✉t❡❞ t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ♠❡❛♥ ❙✐✲❖✲❙✐ ❛♥❣❧❡ ❬✸✸✱ ✸✽❪❀ ❛♥❞ ✭✷✮ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❉2

♣❡❛❦ ❛ss✐❣♥❡❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛❞❞✐t✐♦♥❛❧ s♠❛❧❧ r✐♥❣s ❬✸✺❪✳ ❋♦r t❤❡ t✇♦ t②♣❡s ♦❢ ✐rr❛❞✐❛t✐♦♥✱ t❤❡

s✐❧✐❝❛ ❞❡♥s✐✜❡s✳ ❲❡ ❝❛♥ ❛❧s♦ ♥♦t✐❝❡ t❤❡ s✐♠✐❧❛r ❡✛❡❝ts ✐♥❞✉❝❡❞ ❜② t❤❡ He2+ ✐♥ t❤❡ ❜❛❧❧✐st✐❝ ♣❛rt ❛♥❞ t❤❡

Au+✲✐rr❛❞✐❛t✐♦♥✳

✸✳✸ ▼❡❝❤❛♥✐❝❛❧ ❛♥❛❧②s✐s

✸✳✸✳✶ ❍❛r❞♥❡ss

❚❤❡ ♣❛rt ■■ ❝❤❛♣t❡r ✷ ♣r❡s❡♥ts ♠✐❝r♦✲ ❛♥❞ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ t❡❝❤♥✐q✉❡s✳ ❍❡r❡✐♥ t❤❡s❡ t❡❝❤♥✐q✉❡s ♣r♦❜❡ t❤❡

♠❛t❡r✐❛❧✬s r❡s✐st❛♥❝❡ t♦ ❡①t❡r♥❛❧ ❢♦r❝❡s✳ ❋♦r βe− ✲✐rr❛❞✐❛t✐♦♥✱ ■ ✉s❡❞ ♠✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts t♦ ❞❡t❡r♠✐♥❡

t❤❡ ❤❛r❞♥❡ss s✐♥❝❡ t❤❡ ✐rr❛❞✐❛t✐♦♥ ❞❛♠❛❣❡ ❛r❡ ✉♥✐❢♦r♠❧② ❞✐str✐❜✉t❡❞ t❤r♦✉❣❤♦✉t t❤❡ a−SiO2 s❛♠♣❧❡s✳ ❋♦r

✐♦♥ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❤❛r❞♥❡ss t❡sts ✐♥✈♦❦❡❞ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ t❡❝❤♥✐q✉❡s s✐♥❝❡ t❤❡ ✐rr❛❞✐❛t✐♦♥ ❞❛♠❛❣❡

❛r❡ ❧♦❝❛❧✐③❡❞ ✐♥ ❛ t❤✐♥ ❧❛②❡r ❛t t❤❡ s♣❡❝✐♠❡♥ s✉r❢❛❝❡✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❤❛r❞♥❡ss t❡sts ♠❛❦❡ t❤❡ ✉s❡ ♦❢ ❛

❇❡r❦♦✈✐❝❤ t✐♣ ✭HB✮✳ ❋♦r ❤❡❧✐✉♠ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✱ t❤❡ ❧❛②❡r ✐♠♣❛❝t❡❞ ✐s ♦❢ ∼ ✸✵ µ♠✳ ■♥✈❡st✐❣❛t✐♦♥ ♦❢

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

∼ ✸ µ♠✱ t❤✉s✱ t❤❡ ✐♥❞❡♥t❛t✐♦♥ t❡sts ✇❡r❡ ❞♦♥❡ ♦♥ t❤❡ ✐rr❛❞✐❛t❡❞ s✉r❢❛❝❡✳

❊❧❡❝tr♦♥

❋✐❣✉r❡ ✸✳✶✵ ❧❡❢t ♣r❡s❡♥ts t❤❡ ✈❛r✐❛t✐♦♥s ♦❢ ❤❛r❞♥❡ss ✭HV ✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐rr❛❞✐❛t✐♦♥ ❞♦s❡✳ ❚❤❡r❡ ✐s

❛ s❧✐❣❤t t❡♥❞❡♥❝② ❢♦r t❤❡ ❤❛r❞♥❡ss t♦ ❞❡❝r❡❛s❡ ❛t ✶✳✺ ●●②✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ t❤❡ ❧❛r❣❡ ❡rr♦r ❜❛rs ❛♥❞ t❤❡

❧✐♠✐t❡❞ ♥✉♠❜❡r ♦❢ ✐rr❛❞✐❛t✐♦♥ ❞♦s❡s✱ ✇❡ ❝❛♥♥♦t t❤❡r❡❢♦r❡ ♠❛❦❡ ❛♥② r❡❛❧ ❝♦♥❝❧✉s✐♦♥✳

❋✐❣✉r❡ ✸✳✶✵ r✐❣❤t ❞❡♣✐❝ts t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♣r♦✜❧❡s ✐♥ ♣r✐st✐♥❡ ❛♥❞ βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ✉♥❞❡r ❤✐❣❤

♣r❡ss✉r❡s✳ ❆t ✐♥❞❡♥t❛t✐♦♥ ❧♦❛❞ ♦❢ ✺✵ ❣✱ t❤❡ ❱✐❝❦❡rs✬ ✐♥❞❡♥t❡r ♣❡♥❡tr❛t❡s ❞❡❡♣❡r ✐♥ t❤❡ ♣r✐st✐♥❡ s❛♠♣❧❡

✶✸✶
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t❤❛♥ ❛t t❤❡ ✶ ●●② ❛♥❞ ✷ ●●②✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❈♦r♥✐♥❣ ✼✾✽✵r s❛♠♣❧❡s ❞♦ ♥♦t ❡✈✐❞❡♥❝❡ ♣✐❧❡✲✉♣✱ ✐✳❡✳

♥♦ ✈♦❧✉♠❡ ♦❢ ♠❛tt❡r ❡①✐st ❛❜♦✈❡ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ✭V +
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❋✐❣✉r❡ ✸✳✶✵✿ ✭▲❡❢t✮ ❍❛r❞♥❡ss ✈❛r✐❛t✐♦♥ ✇✐t❤ t❤❡ ✐♥t❡❣r❛t❡❞ ❞♦s❡s ♦❢ ✐rr❛❞✐❛t✐♦♥✱ ✭❘✐❣❤t✮ ❆❋▼ ♣r♦✜❧❡s ♦❢
t❤❡ ✐♥❞❡♥t❛t✐♦♥ ✐♠♣r✐♥t ✐♥ ♣r✐st✐♥❡ ✭❜❧❛❝❦ ❧✐♥❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❛t ✶ ●●② ✭r❡❞ ❧✐♥❡✮ ✶✳✺ ●●② ✭❞♦t❡❞
r❡❞ ❧✐♥❡✮✳ ❚❤❡ ♠❛①✐♠✉♠ ✐♥❞❡♥t❛t✐♦♥ ❧♦❛❞ ✐s ✺✵ ❣✳ ❚❤❡ ♣r♦✜❧❡s ❛r❡ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❡❞❣❡s ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥✳
❚❤❡ s❤♦✇♥ ♣r♦✜❧❡s r❡s✉❧t ❢r♦♠ t❤❡ ❛✈❡r❛❣✐♥❣ ♦✈❡r ✺ ♣r♦✜❧❡s ❡①tr❛❝t❡❞ ❢r♦♠ ✺ ❞✐✛❡r❡♥t ✐♥❞❡♥t❛t✐♦♥s✳ ❚❤❡
❜❛s❡❧✐♥❡ r❡❢❡rs t♦ t❤❡ s✉r❢❛❝❡✬s ❧❡✈❡❧✳

■♦♥s ✐rr❛❞✐❛t✐♦♥

◆❛♥♦✲✐♥❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ♣❡r♠✐t ❛♥ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❤❛r❞♥❡ss ✐♥ t❤❡ t❤✐♥ ❧❛②❡r✳ ❍❡r❡✱ t❤❡ ✐♥❞❡♥✲

t❛t✐♦♥ ❡st✐♠❛t✐♦♥ ♦❝❝✉rs ✈✐❛ ❛ ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❡r✳ HB ❞❡♥♦t❡s t❤❡ ❤❛r❞♥❡ss ♦❢ t❤❡ ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❡r✳

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

❍❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ He2+✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❝♦♥t❛✐♥ ❛ ❧❛r❣❡ ③♦♥❡ ♦❢ ❞❛♠❛❣❡ ✭✉♣ t♦ ∼ ✸✺ µ♠✮✳ ■ ♣❡r✲

❢♦r♠❡❞ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥t ♦♥ t❤❡ ♣♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✭s❡❡ ✜❣✉r❡ ✸✳✶✶ ❧❡❢t✮✳ ❚❤✐s

♣r♦✈✐❞❡s HB ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♦♥ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ✭❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❜♦♠❜❛r❞❡❞ s✉r❢❛❝❡✮✳ ❋✐❣✉r❡

✸✳✶✶ ✭r✐❣❤t✮ ♣r❡s❡♥ts t❤❡ ❞❡♣t❤ ♣r♦✜❧❡s ❢♦r HB ✳ ❖✈❡r t❤❡ ✜rst ✺✲✶✺ µ♠ HB ✈❛❧✉❡ ✐s ❛♣♣r♦①✐♠❛t❡❧② ❝♦♥✲

st❛♥t ✭✇✐t❤✐♥ t❤❡ ❡rr♦r❜❛rs✮✳ ❚❤❡♥✱ HB ❞❡❝r❡❛s❡s ✇✐t❤ ❛ ♠✐♥✐♠❛ ♦❝❝✉rr✐♥❣ ❛r♦✉♥❞ ∼ ✷✺ µ♠✳ ❋✐♥❛❧❧②✱

❛❜♦✈❡ ∼✷✺ µ♠✱ HB ✐♥❝r❡❛s❡s ❛❣❛✐♥ ❛♥❞ s❛t✉r❛t❡s✳ ❚❤✐s s❛t✉r❛t✐♦♥ ✈❛❧✉❡ ✾✳✷ ●P❛ ❝♦rr❡s♣♦♥❞s t♦ t❤❡

✈❛❧✉❡ ❞❡❡♣❡r ✐♥t♦ t❤❡ s②st❡♠ ✱ ❛t ∼✺✵ µ♠✳ ❚❤✐s ❛❧s♦ ❝♦rr❡s♣♦♥❞s t♦ HB ♠❡❛s✉r❡❞ ✐♥ ♣r✐st✐♥❡ s✐❧✐❝❛ ✈✐❛

♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ❤❛r❞♥❡ss ♦✈❡r t❤❡ ✜rst ✺✲✶✺ µ♠ ✐s s❧✐❣❤t❧② ❧♦✇❡r t❤❛♥

HB ❞❡t❡r♠✐♥❡❞ ✐♥ t❤❡ ❜✉❧❦✳ ●♦❧❞ ✐rr❛❞✐❛t✐♦♥ ❆s ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✶✳✷✱ t❤❡ ✐♠♣❛❝t ♦❢ ✐rr❛❞✐❛t✐♦♥

❛♣♣❡❛rs ♦✈❡r t❤❡ ✜rst ∼ ✸µ♠ ♦❢ t❤❡ ❣❧❛ss s❛♠♣❧❡✳ ■♥ t❤✐s ❝❛s❡✱ ✐♥❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ❝♦♠❡ ❛❜♦✉t

♦♥ t❤❡ s✉r❢❛❝❡ ♦❢ ✐♦♥ ❜♦♠❜❛r❞♠❡♥t✳ ❋✐❣✉r❡ ✸✳✶✷ ♣r❡s❡♥ts t❤❡ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ✐♥ ♣r✐st✐♥❡ ❛♥❞

Au+✲✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s✳ ❚❛❜❧❡ ✸✳✸ ♣r❡s❡♥ts HB ✐♥ ♣r✐st✐♥❡ ❛♥❞ Au+✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ✉s✐♥❣ t❤❡ s❛♠❡

❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✳ Au+✲✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❛ ❞❡❝r❡❛s❡ HB ❜② ∼ ✶✵%✳

❉✐s❝✉ss✐♦♥

❚❛❜❧❡ ✸✳✸ ♣r❡s❡♥ts H ❢♦r t❤❡ ❞✐✛❡r❡♥t ✐rr❛❞✐❛t✐♦♥s✳ βe− ✲✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ♠✐♥♦r ❝❤❛♥❣❡s ✐♥ HV ✳ ❖♥ t❤❡

♦t❤❡r ❤❛♥❞✱ He2+ ❛♥❞ Au+✲✐rr❛❞✐❛t✐♦♥ ♣r♦✈♦❦❡ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ He2+✲✐rr❛❞✐❛t✐♦♥✱ t❤❡

✶✸✷
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✽✳✻

✽✳✽
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✾✳✷

✾✳✹

❉✐st❛♥❝❡ ❢r♦♠ ❢r❡❡ s✉r❢❛❝❡ ✭µ♠✮

❍
❛r
❞♥

❡s
s
✭●

P
❛✮

❋✐❣✉r❡ ✸✳✶✶✿ ✭▲❡❢t✮ ❆ ♣❤♦t♦ ♦❢ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❝♦♥t❛✐♥✐♥❣ t❤❡ ③♦♥❡ ✐rr❛❞✐❛t❡❞ ❜② He2+✱ t❤❡ ❛rr♦✇s
s❤♦✇ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ✐rr❛❞✐❛t✐♦♥✳ ✭❘✐❣❤t✮ ❍❛r❞♥❡ss ✈❛❧✉❡ ✭✐♥ ●P❛✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡
❢r❡❡ s✉r❢❛❝❡✳ ❊❛❝❤ ♣♦✐♥t r❡s✉❧ts ❢r♦♠ t❤❡ ❛✈❡r❛❣✐♥❣ ♦✈❡r ✺ ✐♥❞❡♥ts✳

✺✵✵ ✶✵✵✵ ✶✺✵✵
✵

✶✵✵

✷✵✵

✸✵✵

✹✵✵

❉✐s♣❧❛❝❡♠❡♥t ✭♥♠✮

▲
♦❛
❞
✭♠

◆
✮

Pr✐st✐♥❡

❆✉+

❋✐❣✉r❡ ✸✳✶✷✿ ▲♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ❢♦r ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ ♣❡r❢♦r♠❡❞ ✐♥ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ a−SiO2✳

♠♦st s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥ ✐♥ HB ♦❝❝✉rs ❛t ❞❡♣t❤s ❜❡t✇❡❡♥ ✶✺ ❛♥❞ ✸✵ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❘❛♠❛♥

❛♥❛❧②s✐s ❞❡♠♦♥str❛t❡s ❞❡♥s✐✜❝❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ✐♥ t❤✐s r❡❣✐♦♥ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❞❡❝r❡❛s❡

✐♥ t❤✐s r❡❣✐♦♥ ♠❛② ❜❡ r❡❧❛t❡❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ✇❡❛❦ ♣♦✐♥ts ❬✻❪ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ❣❧❛ss ♣❧❛st✐❝✐t②✳

▼♦r❡♦✈❡r✱ ❉❡✈✐♥❡ s✉❣❣❡st❡❞ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ✈♦✐❞s ❛❢t❡r ✐rr❛❞✐❛t✐♦♥s❀ t❤✐s s❤♦✉❧❞ ❛❧s♦ ❧❡❛❞ t♦ ❛ ❞❡❝r❡❛s❡

✐♥ ❤❛r❞♥❡ss ✈❛❧✉❡s✳ ❆❣❛✐♥✱ t❤❡ ❜❛❧❧✐st✐❝ ♣❛rt ♦❢ He2+ ✐♦♥ ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s s✐♠✐❧❛r ✈❛r✐❛t✐♦♥ ♦❢ HB ❛s

❢♦✉♥❞ ✐♥ Au+ ✐♦♥ ✐rr❛❞✐❛t✐♦♥✳

✸✳✸✳✷ ❋r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts

▼❡❝❤❛♥✐s♠s ❧♦❝❛❧✐③❡❞ ❛t t❤❡ ❝r❛❝❦ t✐♣ ❣♦✈❡r♥ t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣ ✭❙❈❈✮ ❜❡❤❛✈✐♦r✳ ❚❤✉s ❞✉❡ t♦

t❤❡ ❤✐❣❤ str❡ss❡s ❛t t❤❡ ❝r❛❝❦ t✐♣✱ ♠✐♥✉t❡ ❞❡❢❡❝ts ❝❛♥ ♣❧❛② ❛ ♠❛❥♦r r♦❧❡ ✐♥ ❙❈❈✳ ❙❛♠♣❧❡s ❛♥❞ t❡❝❤♥✐q✉❡s

✉s❡❞ t♦ ❡①tr❛❝t ❙❈❈ ❝✉r✈❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❝❤❛♣t❡r ✷ ♦❢ t❤❡ ♣❛rts ■ ❛♥❞ ■■✳ ❙❈❈ ❡①♣❡r✐♠❡♥ts r❡✈❡❛❧ v

✈❡rs✉s KI ❝✉r✈❡s ❢♦r ♣r✐st✐♥❡ ❛♥❞ βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ v r❡❢❡rs t♦ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t✱ ❛♥❞

✶✸✸



❈❍❆P❚❊❘ ✸✳ P❯❘❊ ❙■▲■❈❆ ●▲❆❙❙✿ ■▼P❆❈❚❖❋ ❊▲❊❈❚❘❖◆✱ ▲■●❍❚ ❆◆❉❍❊❆❱❨ ■❖◆❙ ■❘❘❆❉■❆❚■❖◆

❚②♣❡ ♦❢ ✐rr❛❞✐❛t✐♦♥ Hpristine Hirradiated ∆ ✭%✮
❙✐❧✐❝❛ βe− ✼✳✽✷± 0.15 ✼✳✺✽± 0.1 ց ✸
❙✐❧✐❝❛ He2+ ✾✳✶✹± 0.18 ✽✳✸✶± 0.15 ց ✾
❙✐❧✐❝❛ Au+ ✽✳✺✺± 0.08 ✼✳✻✽± 0.22 ց ✶✵

❚❛❜❧❡ ✸✳✸✿ ❙✉♠♠❛r② ♦❢ t❤❡ H ✈❛❧✉❡s r❡❝♦r❞❡❞ ✐♥ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❉✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧
s❡t✲✉♣s ✇❡r❡ ✉s❡❞ ❢♦r ❡❛❝❤ s❛♠♣❧❡ ❞✉❡ t♦ t❡❝❤♥✐❝❛❧ ❞✐✣❝✉❧t✐❡s✳ ■♥❞❡♥t❛t✐♦♥ ♦♥ βe− ✲✐rr❛❞✐❛t✐♦♥ r❡❢❡rs t♦
❱✐❝❦❡rs ✐♥❞❡♥t❡r ❛♥❞ ✐♥❝❧✉❞❡s ❛ ♠✐♥♦r ❝❤❛♥❣❡✳ ❚❤❡ ❤❛r❞♥❡ss ❞❡t❡r♠✐♥❡❞ ❜② ❇❡r❦♦✈✐❝❤ ✐♥❞❡♥t❡r ♦♥ He2+✲
Au+✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡ ✐♥❝❧✉❞❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❝❤❛♥❣❡s ✐♥ t❤❡ ❤❛r❞♥❡ss✳ ց ♠❡❛♥s ❛ ❞❡❝r❡❛s❡✳

KI r❡❢❡rs t♦ t❤❡ ❡①t❡r♥❛❧ str❡ss ❛♣♣❧✐❡❞ ♦♥ t❤❡ s②st❡♠✳ ❚❤❡ ❙❈❈ ❢r❛❝t✉r❡ s✉r❢❛❝❡s r❡✈❡❛❧ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡

❝r❛❝❦ ♣❛t❤ ❞✉❡ t♦ ✐rr❛❞✐❛t✐♦♥✳ ❚❤✐s ✐s ❛ss❡♠❜❧❡❞ ✐♥ ❢♦r ❛❧❧ t②♣❡s ♦❢ ✐rr❛❞✐❛t✐♦♥s ✐♥✈❡st✐❣❛t❡❞✳ ❚❤❡ ❘▼❙ ♦❢

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

❊❧❡❝tr♦♥

❙❈❈ ❝✉r✈❡s

❋✐❣✉r❡ ✸✳✶✸ ♣r❡s❡♥ts ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ ❙❈❈ ❝✉r✈❡s ✭✐✳❡✳ v ✈s✳ KI✮ ❢♦r ♣r✐st✐♥❡ ❛♥❞ βe− ✲✐rr❛❞✐❛t❡❞ ✭✶ ●●②

❛♥❞ ✷ ●●②✮ s❛♠♣❧❡s✳ ❆s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣❛rt ■✳✶✳✸✳✷✱ v ✐♥ r❡❣✐♦♥ ■ ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ str❡ss ✐♥t❡♥s✐t②

❢❛❝t♦r ✭KI✮ ❬✶✾✱✷✾✱✹✻✱✹✼❪✳ ❈r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ♣✉r❡ s✐❧✐❝❛ ♦❝❝✉rs ❜② t❤❡ ❤②❞r❛t✐♦♥ ✭♣❡♥❡tr❛t✐♦♥ ♦❢ ❛ ✇❛t❡r

♠♦❧❡❝✉❧❡ ✐♥t♦ t❤❡ ❣❧❛ss ♥❡t✇♦r❦✮ ❛♥❞ ❤②❞r♦❧②s✐s ✭❜r❡❛❦✐♥❣ ♦❢ t❤❡ Si−O− Si ♥❡t✇♦r❦ ❜♦♥❞s✮ ❬✶✹✱ ✹✵✱ ✹✽❪✳

❘❡s✉❧ts ✐♥ ❧✐t❡r❛t✉r❡ ❬✸✼✱ ✹✻✱ ✹✼❪ ❞♦ ♥♦t ❡✈✐❞❡♥❝❡ ❛ st❛t✐❝ ❢❛t✐❣✉❡ ❧✐♠✐t ❢♦r ♣✉r❡ s✐❧✐❝❛✳ ▼♦r❡♦✈❡r✱ ♣✉r❡

s✐❧✐❝❛ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ❞♦♥❡ ✐♥ ♦✉r ❧❛❜♦r❛t♦r② ❜② ❙✳ Pr❛❞ès✱ ❛♥❞ ❛❧s♦ ❡✈✐❞❡♥❝❡ ❛ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✉♥t✐❧

v ∼ 10−11♠✳s−1✳ ❉❛t❛ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ ❬✾❪✳ ❲✐t❤✐♥ t❤❡ ❡rr♦r ❜❛rs✱ r❡s✉❧ts ❤❡r❡✐♥ ❞♦ ♥♦t ❡✈✐❞❡♥❝❡ ❛ st❛t✐❝

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

❆ s♠❛❧❧ s❤✐❢t ✐♥ t❤❡ ♣♦s✐t✐♦♥✱ ✐✳❡✳ v ✈s KI ✱ ♦❢ t❤❡ ❝✉r✈❡ ♦❝❝✉rs✳ ❈♦♥✈❡rs❡❧②✱ ♥♦ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥ ♦❢

t❤❡ s❧♦♣❡ ✐s ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ ♣r✐st✐♥❡ ❛♥❞ s❛♠♣❧❡s ❛t ✶ ●●② ❛♥❞ ✷ ●●②✳ ❍❡♥❝❡✱ ❞✉❡ t♦ ❡①♣❡r✐♠❡♥t❛❧

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

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

t❤❡ ❢r❛❝t✉r❡ ❡①♣❡r✐♠❡♥t✳ ❋✐❣✉r❡ ✸✳✶✹ ♣r❡s❡♥ts ✐♠❛❣❡ ♦❢ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✐♥ ♣r✐st✐♥❡ ❛♥❞ βe− ✲✐rr❛❞✐❛t❡❞

✭✷ ●●②✮ s❛♠♣❧❡s✳ ❚❤❡ s✉r❢❛❝❡ ♠♦r♣❤♦❧♦❣② ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ❧♦♦❦ t❤❡ s❛♠❡✱ t❤❡ ❘▼❙ ♣r❡s❡♥ts

t❤❡ r♦✉❣❤♥❡ss ♦❢ t❤❡s❡ s✉r❢❛❝❡s✳ ❚❤❡ ❘▼❙pristine ❛♥❞ ❘▼❙irradiated 2 GGy ❛r❡ ❛❧s♦ s✐♠✐❧❛r✳ ■t ❛♣♣❡❛rs

t❤❛t βe− ✲✐rr❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t s✐❣♥✐✜❝❛♥t❧② ✐♠♣❛❝t t❤❡ ❝r❛❝❦ ♣❛t❤✳ ❚❤❡ ❣❧❛ss ❞✐s♦r❞❡r ✐s ♥♦t ❝❤❛♥❣❡❞

s✐❣♥✐✜❝❛♥t❧② ❛❢t❡r βe− ✲✐rr❛❞✐❛t✐♦♥✳

■rr❛❞✐❛t✐♦♥ ❜② ✐♦♥s

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

❡①tr❛❝t❡❞ ♦♥ t❤❡ ❙❈❈ ♣r♦♣❡rt✐❡s ✐♥ t❤❡ ✐♦♥✲✐rr❛❞✐❛t❡❞ ③♦♥❡✳ ❙t❛t✐st✐❝❛❧ ❛♥❛❧②s✐s ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❝❛♥

♣r♦✈✐❞❡ ❝❧✉❡s ♦♥ ✇❤❡t❤❡r ♦r ♥♦t t❤❡ ❝r❛❝❦ ♣❛t❤ ✈❛r✐❡s ✭✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❜✉❧❦ ③♦♥❡✮ ✐♥ t❤❡ ✐rr❛❞✐❛t❡❞

③♦♥❡✳ ❋r❛❝t✉r❡ s✉r❢❛❝❡ ❛♥❛❧②s❡s✱ He2+ ❆ ♥❛♥♦✲♠❡❝❤❛♥✐❝❛❧ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣❡ ❝❛♣t✉r❡s t❤❡

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

♦❢ ❜♦♠❜❛r❞♠❡♥t✮ t♦✇❛r❞s t❤❡ ❜✉❧❦✳ ❋✐❣✉r❡ ✸✳✶✺ ♣r❡s❡♥ts t❤❡ ❛❞❤❡s✐♦♥ ♦❢ t❤❡ ❆❋▼ t✐♣ ✇✐t❤ t❤❡ ❢r❛❝t✉r❡

✶✸✹
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✭▼P❛✳♠1/2✮

✈
✭♠

✴s
✮

❙✐❧✐❝❛ ♣r✐st✐♥❡
❙✐❧✐❝❛ ✶ ●●②
❙✐❧✐❝❛ ✷ ●●②

❋✐❣✉r❡ ✸✳✶✸✿ ❱❡❧♦❝✐t② ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t ✈❡rs✉s t❤❡ str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ✭KI✮ ✐♥ ♣r✐st✐♥❡ ❛♥❞ ❡❧❡❝tr♦♥
✐rr❛❞✐❛t❡❞ ❈♦r♥✐♥❣ ✼✾✽✵ s❛♠♣❧❡s ❛t ✶ ❛♥❞ ✷ ●●②✳ ❋r❛❝t✉r❡ ❡①♣❡r✐♠❡♥ts ❛r❡ ❝♦♥❞✉❝t❡❞ ❛t ❚❂✷✼oC ❛♥❞
❍❂✹✵%✳

✲✷♥♠P✉r❡ s✐❧✐❝❛ ♣r✐st✐♥❡ P✉r❡ s✐❧✐❝❛ βe− ✷ ●●②

✷♥♠

❋✐❣✉r❡ ✸✳✶✹✿ ❆❋▼ ✐♠❛❣❡s ✷×✷ µ♠ ♦❢ ♣r✐st✐♥❡ ✭❧❡❢t✮ ❛♥❞ ✷●●② ✐rr❛❞✐❛t❡❞ ✭r✐❣❤t✮ s✐❧✐❝❛ ❣❧❛ss❡s ❜② βe−

❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ❋✐❣✉r❡s ✉s❡ t❤❡ s❛♠❡ ❝♦❧♦r❜❛r✳ ❚❤❡ ❘▼❙ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ✐♠❛❣❡ ✐s✿ ✵✳✺✷✸±0.02 ❛♥❞
✵✳✺✹✷±0.01 ❢♦r t❤❡ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❣❧❛ss✱ r❡s♣❡❝t✐✈❡❧②

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

t♦ ✵ µ♠✳ ❇❡t✇❡❡♥ ✵✲✶✺ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✱ t❤❡ s✉r❢❛❝❡ ✐s ❢❡❛t✉r❡❧❡ss✳ ❋r♦♠ ✶✺✲✸✵ µ♠✱ ❢❡❛t✉r❡s

❛s s♣♦ts ❛♣♣❡❛r ♣❡r♣❡♥❞✐❝✉❧❛r❧② ❢r♦♠ t❤❡ He2+ ❜❡❛♠❧✐♥❡✳ ❚❤❡ s✐③❡ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ s♣♦ts ✐♥❝r❡❛s❡

❛♥❞ r❡❛❝❤ ❛ ♠❛①✐♠✉♠ ❛t ✸✵ µ♠✳ ❆❢t❡r t❤✐s ♣♦✐♥t✱ t❤❡ ❢❡❛t✉r❡s ❞✐s❛♣♣❡❛r✳ ❙✐♠✐❧❛r ♣❛tt❡r♥s ❛♣♣❡❛r ✐♥

t❤❡ t♦♣♦❣r❛♣❤✐❝❛❧ ✐♠❛❣❡s✳ ❋✐❣✉r❡s ✸✳✶✻ ❧❡❢t ❛♥❞ r✐❣❤t ❞✐s♣❧❛② ❤❡✐❣❤t ✐♠❛❣❡s ❝❡♥t❡r❡❞ ❛t ✷✺ µ♠ ❛♥❞ ✺µ♠✱

r❡s♣❡❝t✐✈❡❧②✳ ❆♥❛❧②③✐♥❣ t♦♣♦❣r❛♣❤✐❝❛❧ ✐♠❛❣❡s✱ t❤❡ ❛r❡❛ ❝❧♦s❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✐✳❡✳ ❘▼❙✮ ❝♦♠♣❛r❡s

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

✶✺ µ♠✸✵ µ♠ ✵ µ♠

❍
❡2

+

❜
❡❛
♠
❧✐♥

❡

❋✐❣✉r❡ ✸✳✶✺✿ ❆❋▼ ✐♠❛❣❡ ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ♦❢ s✐❧✐❝❛ ✐rr❛❞✐❛t❡❞ ❜② ❤❡❧✐✉♠ ✐♦♥s✳ ❚❤❡ ❝♦❧♦r r❡♣r❡s❡♥ts
✈❛r✐❛t✐♦♥s ✐♥ ❛❞❤❡s✐♦♥ ♦♥ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡✳ ❚❤❡ ♠♦❞❡ ❛❝q✉✐s✐t✐♦♥ ✐s t❤❡ P❡❛❦❋♦r❝❡ ❚❛♣♣✐♥❣✳ ❚❤❡
✜❣✉r❡ ✐s t❤❡ r❡s✉❧t ♦❢ ✹ ✐♠❛❣❡s ✭✷✵×✷✵ µ♠2✮ t❛❦❡♥ ❛t ✶✵✱ ✷✵✱ ✸✵ ❛♥❞ ✹✵ µ♠✳

t❤❡s❡ t✇♦ r❡❣✐♦♥s✳

✷✺ µ♠ ❢r♦♠ ❢r❡❡ s✉r❢❛❝❡ ✺ µ♠ ❢r♦♠ ❢r❡❡ s✉r❢❛❝❡✲✷ ♥♠

✷ ♥♠

✲✶ ♥♠

✲✶ ♥♠

❋✐❣✉r❡ ✸✳✶✻✿ ❍❡✐❣❤t ❆❋▼ ✐♠❛❣❡s ✭✺×✺ µ♠2✮ ♦❢ s✐❧✐❝❛ s✉r❢❛❝❡s✳ ✭▲❡❢t✮ ❈❡♥t❡r ♦❢ t❤❡ ✐♠❛❣❡ ✐s ∼ ✷✺µ♠
❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❙♣♦ts ❛r❡ ♣r❡s❡♥t ❛♥❞ t❤❡r❡ t②♣✐❝❛❧ s✐③❡ ✐s ∼ ✹ ♥♠❀ ✭❘✐❣❤t✮ ❈❡♥t❡r ♦❢ t❤❡ ✐♠❛❣❡
∼ ✺µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳

❋✐❣✉r❡ ✸✳✶✼ ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ♥✉♠❜❡r ❛♥❞ ❛r❡❛ ♦❢ s♣♦ts ✇✐t❤ t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳

❚❤❡ ♠❡t❤♦❞s ■ ✉s❡❞ t♦ ❡①tr❛❝t t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ♣r♦✈✐❞❡❞ ✐♥ ❛♣♣❡♥❞✐① ❆✳ ❋r♦♠ ✵ t♦ ✶✵ µ♠✱ ♥♦ s✐❣♥✐✜❝❛♥t

❛♠♦✉♥t ♦❢ s♣♦ts ❡①✐st✳ ❋r♦♠ ✶✵ µ♠ t♦ ✷✺ µ♠ t❤❡ ♥✉♠❜❡r ❛♥❞ t❤❡ s✐③❡ ♦❢ s♣♦ts ✐♥❝r❡❛s❡ ✉♣ t♦ ❛ ♠❛①✐♠✉♠

❛r♦✉♥❞ ✷✺ µ♠✳ ❆❢t❡r t❤✐s ♠❛①✐♠✉♠✱ t❤❡ ♥✉♠❜❡r ❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ s♣♦ts ❞❡❝r❡❛s❡✳ ❚❤❡ ❛♣♣❡❛r❛♥❝❡

♦❢ s♣♦t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✐♥❝r❡❛s✐♥❣ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥ ❝♦♥tr✐❜✉t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡ t❤❡② ♠❛①✐♠✐③❡s ✭❛t

∼ ✷✺ µ♠✮ ❛♥❞ ❢❛❧❧ ♦✛ t♦❣❡t❤❡r✳

He2+ ✐♦♥s ✐♥❞✉❝❡ ❛ ♥❡t✇♦r❦ ❝♦♠♣❛❝t✐♦♥ ✇❤✐❝❤ ✐s ❝♦♥✜♥❡❞ ✐♥ ❛ s♠❛❧❧ ③♦♥❡ ♦❢ ✷✵✲✸✵ µ♠✳ ❙❡✈❡r❛❧ ❢❛❝t♦rs

♠❛② ❜❡ ❜❡❤✐♥❞ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡s❡ s♣♦ts✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❞❡♥s✐✜❝❛t✐♦♥ ♣r♦❝❡ss ✉♣♦♥ ✐rr❛❞✐❛t✐♦♥ ❧✐❦❡❧②

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

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

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

s✐♠✐❧❛r t♦ ♠❡❝❤❛♥✐s♠s ♦❝❝✉rr✐♥❣ ❞✉r✐♥❣ ❝r❛❝❦ ❢r♦♥t ❛❞✈❛♥❝❡ ❬✶✼❪✳ ❋r❛❝t✉r❡ s✉r❢❛❝❡ ❛♥❛❧②s✐s ✐♥ Au+

✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s Au+✲✐rr❛❞✐❛t✐♦♥ t❛❦❡s ♣❧❛❝❡ ❛t ❤✐❣❤❡r ❡♥❡r❣②✳ ■♦♥ tr❛❝❦s ❢♦r♠❛t✐♦♥s ❛r❡ ♣r❡❞✐❝t❡❞

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

✶✸✻
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✵

❉✐st❛♥❝❡ ❢r♦♠ ❢r❡❡ s✉r❢❛❝❡ ✭µ♠✮

◆♦♠❜❡r ♦❢ s♣♦ts

❆r❡❛ ♦❢ s♣♦ts

❋✐❣✉r❡ ✸✳✶✼✿ ❊✈♦❧✉t✐♦♥ ♦❢ ♥✉♠❜❡r ❛♥❞ ❛r❡❛ ♦❢ s♣♦ts ✇✐t❤ t❤❡ ❞✐st❛♥❝❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❚❤❡ ♠❡t❤♦❞
❡♠♣❧♦②❡❞ t♦ ❡①tr❛❝t t❤❡s❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ❞❡t❛✐❧❡❞ ✐♥ ❛♣♣❡♥❞✐① ❆✳

✐s ♠♦r❡ ❞✐s♦r❞❡r❡❞ ✇❤✐❝❤ ❡①♣❧❛✐♥s t❤❡ ♦❜s❡r✈❡❞ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❘▼❙ ✭❋✐❣✉r❡ ✸✳✶✽✮✳❚❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡

♦❢ ♣r✐st✐♥❡ ❣❧❛ss ✭❜❧❛❝❦ ❢r❛♠❡✮ ❤❛s ❛ ❘▼❙∼ ✵✳✺ ♥♠✱ t❤❡ ✐rr❛❞✐❛t❡❞ ❘▼❙∼ ✶✳✺ ♥♠✳

✺ ♥♠

✲ ✺ ♥♠

❋✐❣✉r❡ ✸✳✶✽✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❢♦r t❤❡ s✐❧✐❝❛ ❣❧❛ss✿ ✭❧❡❢t✮ ✐♥ t❤❡ ❜✉❧❦ ✭❜❧❛❝❦ ❢r❛♠❡✮ ❛♥❞ ✭r✐❣❤t✮
❛t ✸ µ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭r❡❞ ❢r❛♠❡✮✳ ❚❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ s❛♠❡ ❛r❡❛ ❜② ✈❛r②✐♥❣
t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡❀ t❤✉s t❤❡ ✈❡❧♦❝✐t② ✐s s✉♣♣♦s❡❞ t♦ ❜❡ ❡q✉✐✈❛❧❡♥t✳ ❚❤❡ ❝♦❧♦r❜❛r ✐s ❦❡♣t
❝♦♥st❛♥t ❢♦r t❤❡ t✇♦ ✐♠❛❣❡s✳ ❆ ❝❧❡❛r ✐♥❝r❡❛s❡ ✐s ♦❜s❡r✈❡❞✳

✸✳✸✳✸ ❉✐s❝✉ss✐♦♥

β−
e ✲✐rr❛❞✐❛t✐♦♥s ❞♦ ♥♦t ✐♥❞✉❝❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ❙❈❈ ❜❡❤❛✈✐♦r ♥❡✐t❤❡r ♦♥ ❢r❛❝t✉r❡ s✉r❢❛❝❡✳ ❚❤❡ ❝r❛❝❦

♣❛t❤ ❛♣♣❡❛rs ✉♥❛✛❡❝t❡❞ ❜② ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ❢♦r t❤❡ ❞♦s❡s st✉❞✐❡❞ ❤❡r❡✐♥✳ He2+✲✐rr❛❞✐❛t✐♦♥ ❧❡❛❞ t♦ t❤❡

❢♦r♠❛t✐♦♥ ♦❢ s♣♦ts ♦♥ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❛❢t❡r ❙❈❈ ❡①♣❡r✐♠❡♥ts✳ ❚❤✐s ✐s ♣r♦❜❛❜❧② ❧✐♥❦❡❞ t♦ t❤❡ ❝r❡❛t✐♦♥

♦❢ ♠✐❝r♦✈♦✐❞s ✇❤✐❝❤ ❥♦✐♥ ✇✐t❤ t❤❡ ♠❛✐♥ ❝r❛❝❦ ❢r♦♥t ❞✉r✐♥❣ ❡①♣❡r✐♠❡♥t✳ ❚❤❡ ♥✉♠❜❡r ❛♥❞ t❤❡ s✐③❡ ♦❢ s♣♦ts

✐♥❝r❡❛s❡ ✇✐t❤ t❤❡ ♥✉❝❧❡❛r ❡♥❡r❣② ❞❡♣♦s✐t❡❞✳ ❚❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❛❢t❡r Au+✲✐rr❛❞✐❛t✐♦♥ ❞♦ ♥♦t r❡✈❡❛❧

s✉❝❤ ♣❛tt❡r♥ ✭✜❣✉r❡ ✸✳✶✺ ❛♥❞ ✸✳✶✻✮✳ ❆♥ ❡①♣❧❛♥❛t✐♦♥ ❝♦✉❧❞ ❜❡ t❤❡ ❧♦❝❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s✳

✶✸✼
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Au+ ✐rr❛❞✐❛t✐♦♥ ❝❤❛♥❣❡s t❤❡ ✜rst ❢❡✇ µ♠ ♦❢ t❤❡ ❣❧❛ss s❛♠♣❧❡s✿ ❛ t❤✐♥ ❧❛②❡r ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s

t❤❡ ❜✉❧❦ ✐s ✐♠♣❛❝t❡❞✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ❝♦♥❝❡♥tr❛t❡ ❛r♦✉♥❞ ✷✺✲✸✵µ♠ ❞✉r✐♥❣ ❤❡❧✐✉♠

✐rr❛❞✐❛t✐♦♥✱ ✐✳❡✳ t❤❡ ✐♠♣❛❝t❡❞ ❧❛②❡r ✐s ❝♦♥✜♥❡❞ ❜② t❤❡ ✜rst ✷✵ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭s❧✐❣❤t ❞❛♠❛❣❡s✮

❛♥❞ t❤❡ ❜✉❧❦✳ ❚❤✉s t❤❡ t❤✐♥ ❧❛②❡r ♦❢ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ❝❛♥♥♦t r❡❧❛①✳

✸✳✹ ▲✐♥❦✐♥❣ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s t♦ str✉❝t✉r❡ ✈❛r✐❛t✐♦♥s

✸✳✹✳✶ ❍❛r❞♥❡ss

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

❬✺✵❪✳ ❉✉❡ t♦ t❤❡ ❧♦✇ ❛t♦♠✐❝ ♣❛❝❦✐♥❣ ❞❡♥s✐t②✱ t❤❡ ✈♦❧✉♠❡ s❤r✐♥❦❛❣❡ ♦❝❝✉rs ✈✐❛ t❤❡ r❡❧❛t✐✈❡ ♠♦✈❡♠❡♥ts ♦❢

t❤❡ ❙✐✲❖✲❙✐ ❧✐♥❦❛❣❡ ❬✶✻✱ ✷✽✱ ✹✶❪✳ ❚❤❡ ❞❡♥s✐✜❡❞ ❛r❡❛ ❤❛s s♠❛❧❧❡r r✐♥❣s ✇❤✐❝❤ ❢♦r♠ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ t❤❡

❧❛r❣❡r ♦♥❡s✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ r❡s✉❧ts ✐♥ s❤r✐♥❦❛❣❡ ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥✳ ❘❛♠❛♥ r❡✈❡❛❧s ❛♥❞

q✉❛❧✐✜❡s t❤❡ ❞❡♥s✐✜❝❛t✐♦♥ ♣r♦❝❡ss ❬✸✻❪✳ ❘❡❝❡♥t❧②✱ ❑✐❧②♠✐s ❡t ❛❧✳ ❬✷✹❪ ❤✐❣❤❧✐❣❤t ❛ s❡❝♦♥❞❛r② ♠❡❝❤❛♥✐s♠✱

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

❘❛♠❛♥ s♣❡❝tr❛ ♦❢ s✐❧✐❝❛ ❣❧❛ss❡s ❞♦ ♥♦t ❝❤❛♥❣❡ ❛❢t❡r β−
e ✲✐rr❛❞✐❛t✐♦♥✳ ❍❛r❞♥❡ss ✐♥✈❡st✐❣❛t✐♦♥ s❤♦✇s ♦♥❧②

✸% ❞❡❝r❡❛s❡ ✭✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❡rr♦r❜❛r✮✳

■♦♥s ✐rr❛❞✐❛t✐♦♥ ❝❛✉s❡s a−SiO2 str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s t♦ ♦❝❝✉r ✐♥ t❤❡ ❜❛❧❧✐st✐❝ r❡❣✐♦♥s✳ ❚❤❡s❡ str✉❝t✉r❛❧

✈❛r✐❛t✐♦♥s r❡s❡♠❜❧❡ ♣r✐st✐♥❡ s✐❧✐❝❛ ✉♥❞❡r ❝♦♠♣r❡ss✐♦♥ ❬✶✺❪✳ ❆♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❉2 ♣❡❛❦ ✭s♠❛❧❧ r✐♥❣s✮ ❛♥❞

❛ ❞❡❝r❡❛s❡ ♦❢ ❙✐✲❖✲❙✐ ❛♥❣❧❡ ♦❝❝✉r ❛❢t❡r ✐♦♥ ✐rr❛❞✐❛t✐♦♥✳ ❚❤✉s✱ ✐t ✐s ❛ss✉♠❡❞ t❤❛t ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s

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

✐♥❝r❡❛s❡ ♦❢ t❤❡ ❣❧❛ss ❞✐s♦r❞❡r ❬✸✶❪✳

HB ❞❡❝r❡❛s❡s ❜② ✶✵% ❛❢t❡r ❧✐❣❤t✴❤❡❛✈② ✐♦♥s ✐rr❛❞✐❛t✐♦♥ ✐♥ t❤❡ ❜❛❧❧✐st✐❝ r❡❣✐♦♥ ❢♦r He2+✲✐rr❛❞✐❛t✐♦♥

❛♥❞ Au+✲✐rr❛❞✐❛t✐♦♥✳ ❚❤✐s r❡s✉❧t ✐s ❝♦❤❡r❡♥t ✇✐t❤ ▼❡♥❞♦③❛ ❡t ❛❧✳ ❬✸✶❪ ✐♥✈❡st✐❣❛t✐♦♥✳ ❚❤❡② ❢♦✉♥❞ ❛ ✶✽%

❞❡❝r❡❛s❡ ✐♥ H ❢♦r ✼✹ ▼❡❱ ❑r ✐♦♥s ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❆♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❣❧❛ss ♣❧❛st✐❝✐t② ✭✐♥❝r❡❛s❡ ♦❢

◆❇❖✮ s❤♦✉❧❞ ❡①♣❧❛✐♥❡❞ t❤❡ ❤❛r❞♥❡ss ❞❡❝r❡❛s❡ ❬✸✶❪✳

❋✐♥❛❧❧②✱ ❡❧❡❝tr♦♥✐❝ ❞❡♣♦s✐t✐♦♥ ❜② He2+ ❛♥❞ β−
e ✲✐rr❛❞✐❛t✐♦♥ ❞✐✛❡r ❢♦r t❤❡ s❛♠❡ ❞♦s❡ ✭✶ ●●②✮✳ ❚❤❡

❢♦r♠❡r ✐♥❞✉❝❡s ❞❡♣♦s✐t✐♦♥ ♦✈❡r ❛ ❢❡✇ µ♠✱ ✇❤❡r❡❛s t❤❡ ❧❛tt❡r ♣❡♥❡tr❛t❡s t❤❡ s❛♠♣❧❡ ✭✵✳✽ ♠♠✮✳ ❚❤✐s ✐s ❛

♣♦ss✐❜❧❡ r❡❛s♦♥ ❢♦r s✉❝❤ ❞✐s❝r❡♣❛♥❝②✳

✸✳✹✳✷ ❙❈❈

❉❡s♣✐t❡ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❞❡❢❡❝ts✱ t❤❡ ❙❈❈ ❝✉r✈❡s ❛r❡ ♦♥❧② s❧✐❣❤t❧② ❛❧t❡r❡❞ ❜② βe−✲✐rr❛❞✐❛t✐♦♥✱ ❛♥❞ ❛ ♥✉❧❧

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

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

✇♦r❦✳ ❚❤✐s ✇♦✉❧❞ ❛✐❞ ✐♥ s❡❡✐♥❣ ✐❢ t❤❡ ❙❈❈ ✇♦❜❜❧❡ ♣❡rs✐sts ♦r ✐❢ ❛ ❝❧❡❛r s❤✐❢t ♦❝❝✉rs✳ ✳ ❘❛♠❛♥ ❛♥❛❧②s❡s ❢♦r

✐♦♥✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❞♦ r❡✈❡❛❧ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❜♦♥❞ ❛♥❣❧❡s✳ ❇✉t ❞✉❡ t♦ t❤❡ t❤✐♥ ❧❛②❡r ✐♠♣❛❝t❡❞✱

♥♦ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❙❈❈ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞✳ ❚✉r♥✐♥❣ t♦ s✐♠✉❧❛t✐♦♥s✱ ❲❡st ❛♥❞ ❍❡♥❝❤ st✉❞✐❡❞ ❬✹✹✱ ✹✺❪✱ ✈✐❛

❆❋✶ ✭s❡♠✐❡♠♣✐r✐❝❛❧ q✉❛♥t✉♠✲♠❡❝❤❛♥✐❝❛❧✲❜❛s❡❞ ❆✉st✐♥ ♠❡t❤♦❞✮ ▼❖ ✭♠♦❧❡❝✉❧❛r ♦r❜✐t❛❧✮ ♠❡t❤♦❞✱ t❤❡

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

✸✲❢♦❧❞✱ ✹✲❢♦❧❞❀ ✺✲❢♦❧❞ r✐♥❣s✳ ❙♠❛❧❧❡r r✐♥❣s ✉♥❞❡r str❛✐♥ ❤②❞r♦❧②③❡ ❛t ❧♦✇❡r ❡♥❡r❣✐❡s✳ ❆❝❝♦r❞✐♥❣ t♦ ❲❡st

✶✸✽



✸✳✺✳ ❈❖◆❈▲❯❙■❖◆

❛♥❞ ❍❡♥❝❤✱ ❙❈❈ ✐s ♥♦t ❣♦✈❡r♥❡❞ ❜② t❤❡ ❤②❞r♦❧②s✐s ♦❢ t❤❡ ❜♦♥❞ ✐♠♠❡❞✐❛t❡❧② ❛t t❤❡ ❝r❛❝❦ ❢r♦♥t❀ ❜✉t r❛t❤❡r

❜② t❤❡ ❛rr❛♥❣❡♠❡♥t ♦❢ t❤❡ r✐♥❣s ✐♥ t❤❡ ✐♠♠❡❞✐❛t❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ ❝r❛❝❦ t✐♣✳ ❆s t❤❡ r✐♥❣ r❡❛rr❛♥❣❡♠❡♥t

❛r❡ ❢❛❝✐❧✐t❛t❡❞ ❜② t❤❡ ♦♣❡♥ s♣❛❝❡ ♦❢ ❧❛r❣❡r r✐♥❣ s✐③❡s✱ t❤❡ ❡♥❡r❣② t♦ ❤②❞r♦❧②③❡ t❤❡ ❙✐✲❖✲❙✐ ❜♦♥❞ ✐♥❝r❡❛s❡s✳

❉❡♥s✐✜❝❛t✐♦♥ ✐♥❝r❡❛s❡s t❤❡ ❛♠♦✉♥t ♦❢ s♠❛❧❧ r✐♥❣s ✇❤✐❝❤ ❛r❡ ❡❛s✐❡st t♦ ❤②❞r♦❧②③❡✳ ❋r♦♠ ❲❡st ❛♥❞ ❍❡♥❝❤✱

t❤❡ ❙❈❈ ❝✉r✈❡✬s s❧♦♣❡ ❝♦✉❧❞ ✐♥❝r❡❛s❡✳

✸✳✺ ❈♦♥❝❧✉s✐♦♥

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

✉♥❝❤❛♥❣❡❞ ❛❢t❡r βe− ✲✐rr❛❞✐❛t✐♦♥✳ ■♦♥✲✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❝♦♠♣❛❝t✐♦♥ ♦❢ s✐❧✐❝❛ r✐♥❣ str✉❝t✉r❡✳ ❋✉rt❤❡r♠♦r❡✱

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

✶✳ ❍❡2+ ✐♦♥s ✐♥❞✉❝❡ ♠❛❥♦r ❝❤❛♥❣❡s ✐♥ t❤❡ t❤✐♥ ❧❛②❡r ❧♦❝❛❧✐③❡❞ ❛r♦✉♥❞ ✷✵✲✸✵ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳

❚❤❡ str✉❝t✉r❡ ❛♥❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❝❤❛♥❣❡ s✐❣♥✐✜❝❛♥t❧② ✭❞❡♥s✐✜❝❛t✐♦♥✱ ❞❡❝r❡❛s❡ ♦❢ HB✮✳

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

❢r❛❝t✉r❡ s✉r❢❛❝❡ ♣❛tt❡r♥ ♦❜s❡r✈❡❞✳

✷✳ ❆✉+ ✐♦♥s ✐♠♣❛❝t t❤❡ ✜rst ✸ µ♠ ♦❢ t❤❡ ❣❧❛ss s❛♠♣❧❡✳ ❚❤❡ ❞❛♠❛❣❡❞ ③♦♥❡ ✐s ❞❡♥s❡r ❛♥❞ ♣r❡s❡♥ts ❛

❧♦✇❡r ❤❛r❞♥❡ss ✈❛❧✉❡✳

❋✐♥❛❧❧②✱ ✐♠♣❛❝t ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥ ❣❡♥❡r❛t❡❞ ❜② He2+ ❛♥❞ Au+ ✐♦♥s ✐♥❞✉❝❡ s✐♠✐❧❛r ❝❤❛♥❣❡s ✐♥ t❤❡

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

❚❤✐s ❝❤❛♣t❡r r❡s✉❧ts ♦♥ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♣✉r❡ ❛♠♦r♣❤♦✉s s✐❧✐❝❛ ✐rr❛❞✐❛t✐♦♥

❜② ❡❧❡❝tr♦♥✱ ❧✐❣❤t ✐♦♥s ✭He2+✮ ❛♥❞ ❤❡❛✈② ✐♦♥s ✭Au+✮✳ ◆♦ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥ ✐s ✈✐s✐❜❧❡ ❛❢t❡r ❡❧❡❝tr♦♥

✐rr❛❞✐❛t✐♦♥✳ ■♦♥s ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ♠❛✐♥❧② ❞❡♥s✐✜❝❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ❛♥❞ ❞❡❝r❡❛s❡ ♦❢ ❤❛r❞♥❡ss✳
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❬✹✺❪ ❏✳❑✳ ❲❡st ❛♥❞ ▲✳▲✳ ❍❡♥❝❤✳ ❚❤❡ ❡✛❡❝t ♦❢ ❡♥✈✐r♦♥♠❡♥t ♦♥ s✐❧✐❝❛ ❢r❛❝t✉r❡✿ ✈❛❝❝✉♠✱ ❝❛r❜♦♥ ♠♦♥♦①✐❞❡✱
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❙♦❝✳ ❇✉❧❧✳✱ ✺✵✿✹✵✼✕✹✶✹✱ ✶✾✻✼✳

❬✹✼❪ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥ ❛♥❞ ▲✳❍✳ ❇♦❧③✳ ❙tr❡ss ❝♦rr♦s✐♦♥ ❛♥❞ st❛t✐❝ ❢❛t✐❣✉❡ ♦❢ ❣❧❛ss✳ ❏✳ ❆♠✳ ❈❡r❛♠✳ ❙♦❝✱
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❬✹✽❪ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✱ ❙✳❲✳ ❋r❡✐♠❛♥✱ ❊✳❘✳ ❋✉❧❧❡r✱ ❛♥❞ ❈✳❏✳ ❙✐♠♠♦♥s✳ ❊✛❡❝ts ♦❢ ✇❛t❡r ❛♥❞ ♦t❤❡r ❞✐❡❧❡❝tr✐❝s

♦♥ ❝r❛❝❦✲❣r♦✇t❤✳ ❏✳ ▼❛tt❡r✳ ❙❝✐✳✱ ✶✷✿✸✹✻✵✕✸✹✼✽✱ ✶✾✽✷✳

❬✹✾❪ ❚✳ ❨❛♥❣✱ ❨ ●❛♦✱ ❳✳ ❍✉❛♥❣✱ ❨✳ ❩❤❛♥❣✱ ▼✳ ❚♦✉❧❡♠♦♥❞❡✱ ❏✳ ❳✉❡✱ ❙✳ ❨❛♥✱ ❛♥❞ ❨✳ ❲❛♥❣✳ ❚❤❡ tr❛♥s❢♦r✲

♠❛t✐♦♥ ❜❛❧❛♥❝❡ ❜❡t✇❡❡♥ t✇♦ t②♣❡s ♦❢ str✉❝t✉r❛❧ ❞❡❢❡❝ts ✐♥ s✐❧✐❝❛ ❣❧❛ss ✐♥ ✐♦♥✲✐rr❛❞✐❛t✐♦♥ ♣r♦❝❡ss❡s✳ ❏✳

◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✺✼✿✸✷✹✺✕✸✷✺✵✱ ✷✵✶✶✳
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Chapter 4

❙❇◆ ❣❧❛ss✿ ■♠♣❛❝t ♦❢ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ♦♥

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

❈♦♥t❡♥ts

✹✳✶ ❉❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② βe− ✐rr❛❞✐❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

✹✳✷ ❊✈♦❧✉t✐♦♥ ♦❢ ♣❤②s✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s ✳ ✳ ✳ ✳ ✶✹✻
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✹✳✶✳ ❉❆▼❆●❊❙ ■◆❉❯❈❊❉ ❇❨ βE− ■❘❘❆❉■❆❚■❖◆

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❙❇◆ ❣❧❛ss str✉❝t✉r❡ ❛❢t❡r ❡❧❡❝tr♦♥ ✭βe−✮ ✐rr❛❞✐❛t✐♦♥✳ ❙t✉❞✲

✐❡s ❤❡r❡✐♥ ✉s❡ ❢♦✉r ♦❢ t❤❡ ❡✐❣❤t ❣❧❛ss❡s ❢r♦♠ ♣❛rt ■✿ ❙❇◆ ✶✷✱ ❙❇◆ ✶✹✱ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳ ❙❡❝t✐♦♥

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

❣❧❛ss ❝♦♠♣♦s✐t✐♦♥✳ ❙❡❝t✐♦♥ ✹✳✷ ♣r❡s❡♥ts t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥ ✐♥❞✉❝❡❞ ❜② βe−✲✐rr❛❞✐❛t✐♦♥ ❛s ♦❜s❡r✈❡❞

t❤r♦✉❣❤ ❊P❘ ❛♥❞ ❘❛♠❛♥ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡♥✱ s❡❝t✐♦♥ ✹✳✸ ❞❡t❛✐❧s t❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ✐rr❛❞✐❛t✐♦♥ ♦♥ t❤❡

♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s tr❤♦✉❣❤ ❤❛r❞♥❡ss ❛♥❞ str❡ss ❝♦rr♦s✐♦♥ ❡①♣❡r✐♠❡♥ts✳

✹✳✶ ❉❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② βe− ✐rr❛❞✐❛t✐♦♥

❊❙❚❛r ♣r♦❣r❛♠ ❬✶❪ ✐♥✈❡st✐❣❛t❡s ❞❛♠❛❣❡ ✐♥❞✉❝❡❞ ❜② βe− ✲✐rr❛❞✐❛t✐♦♥✳ ■t ✐s ❢❡❛s✐❜❧❡ t♦ ❡st✐♠❛t❡ t❤❡ ❡❧❡❝tr♦♥

st♦♣♣✐♥❣ ♣♦✇❡r ❦♥♦✇✐♥❣ t❤❡ t②♣❡ ♦❢ ♠❛t❡r✐❛❧ ✭❝❤❡♠✐❝❛❧ ❢♦r♠✉❧❛ ❛♥❞ ❞❡♥s✐t②❀ t❛❜❧❡ ✹✳✶✮ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥✬s

❡♥❡r❣② ❬✶❪✳ ❋♦r ❛♥ ❡♥❡r❣② ♦❢ ✷✳✺ ▼❡❱✱ ❋✐❣✉r❡ ✹✳✶ ♣r❡s❡♥ts t❤❡ ❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣ ♣♦✇❡r✱ t❤❡ r❛❞✐❛t✐✈❡

st♦♣♣✐♥❣ ♣♦✇❡r✱ ❛♥❞ t❤❡ t♦t❛❧ st♦♣♣✐♥❣ ♣♦✇❡r ❢♦r ❙❇◆ ✶✹✳❚❛❜❧❡ ✹✳✶ s✉♠♠❛r✐③❡s t❤❡ st♦♣♣✐♥❣ ♣♦✇❡rs ❢♦r

❙❇◆ ✶✷✱ ❙❇◆ ✶✹✱ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳ ❋♦r ❛❧❧ t❤❡ s❛♠♣❧❡s✱ ✇❡ ❡①♣❡❝t ❛♥ ❤♦♠♦❣❡♥❡♦✉s ❞❡♣♦s✐t✐♦♥ ♦❢ t❤❡

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

✶✵
✷

✶✵
✹

✶✵
✻

✶✵✲✻

✶✵✲✺

✶✵✲✹

✶✵✲✸

✶✵✲✷

✶✵✲✶

❊♥❡r❣② ✭❦❡❱✮

❙t
♦♣

♣✐
♥❣

♣
♦✇
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✮

❋✐❣✉r❡ ✹✳✶✿ ❊❧❡❝tr♦♥ st♦♣♣✐♥❣ ♣♦✇❡r ❢♦r ❙❇◆ ✶✹ ❣❧❛ss❡s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❊❙❚❛r ♣r♦❣r❛♠ ❬✶❪✳ ❚❤❡
❞♦tt❡❞ ❧✐♥❡s r❡❢❡r t♦ ❝♦❧❧✐s✐♦♥ st♦♣♣✐♥❣ ♣♦✇❡r ✭♣✉r♣❧❡✮✱ t❤❡ ❤❛s❤❡❞ ❧✐♥❡ t♦ t❤❡ r❛❞✐❛t✐✈❡ st♦♣♣✐♥❣ ♣♦✇❡r
✭❜❧✉❡✮ ❛♥❞ t❤❡ ❜❧❛❝❦ ❧✐♥❡ t♦ t❤❡ t♦t❛❧ st♦♣♣✐♥❣ ♣♦✇❡r✳ ❚❤❡ t♦t❛❧ st♦♣♣✐♥❣ ♣♦✇❡rs ❛r❡ ❣✐✈❡♥ ✐♥ t❛❜❧❡ ✹✳✶✳

◆❛♠❡ ❘❡❛❧ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ RSBN KSBN ρexp ❙t♦♣♣✐♥❣ ♣♦✇❡r ❙②♠❜♦❧s
SiO2 B2O3 Na2O ✭❦❡❱✴❝♠✮ ×✶✵−4

❙❇◆ ✶✷ ✺✾✳✻ ✷✽✳✸ ✶✷✳✷ ✵✳✹✺ ✷✳✺ ✷✳✹✻✶✾±0.0003 ✸✳✾✸
❙❇◆ ✶✹ ✼✵✳✵ ✶✺✳✽ ✶✹✳✷ ✵✳✽✾ ✹✳✹ ✷✳✹✼✸✻±0.0003 ✸✳✾✺
❙❇◆ ✸✺ ✹✻✳✾ ✶✽✳✻ ✸✹✳✺ ✶✳✽✺ ✷✳✺ ✷✳✺✸✻✽±0.0001 ✹
❙❇◆ ✺✺ ✺✽✳✵ ✶✹✳✼ ✸✵ ✶✳✾✶ ✹✳✺ ✷✳✺✸✽✸±0.0004 ✹✳✵✹

❚❛❜❧❡ ✹✳✶✿ ❱❛r✐♦✉s ❣❧❛ss ♣❛r❛♠❡t❡rs ♣r❡s❡♥t❡❞ ✐♥ ❝❤❛♣t❡r ✷ s✉♠♠❛r✐③❡❞ ❤❡r❡ ❛❧♦♥❣ ✇✐t❤ t❤❡ t♦t❛❧ st♦♣♣✐♥❣
♣♦✇❡r ♦❢ ❡❛❝❤ ❣❧❛ss ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❊❙❚❆❘ ♣r♦❣r❛♠✳ ❚❤❡ ❧❛st ❝♦❧✉♠♥ r❡❝❛❧❧s t❤❡ s②♠❜♦❧s ✉s❡❞ ✐♥
♣❧♦ts✳

✶✹✺



❈❍❆P❚❊❘ ✹✳ ❙❇◆ ●▲❆❙❙✿ ■▼P❆❈❚❖❋ ❊▲❊❈❚❘❖◆ ■❘❘❆❉■❆❚■❖◆ ❖◆●▲❆❙❙ ❙❚❘❯❈❚❯❘❊ ❆◆❉▼❊❈❍❆◆■❈❆▲ P❘❖P❊❘❚■❊❙

✹✳✷ ❊✈♦❧✉t✐♦♥ ♦❢ ♣❤②s✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❙❇◆ ❣❧❛ss❡s

✹✳✷✳✶ ❉❡♥s✐t② ✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② βe−

❚❤❡ ❤❡❧✐✉♠ ♣②❝♥♦♠❡t❡r t❡❝❤♥✐q✉❡s ✭♣r❡s❡♥t❡❞ ✐♥ ❝❤❛♣t❡r ■■✳✷✮ ♣r♦✈✐❞❡ ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ❙❇◆ ✶✷ ❛♥❞

❙❇◆ ✶✹ ❞❡♥s✐t② ♣r✐♦r t♦ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✷✳ ❚❛❜❧❡ ✹✳✷ ♣r❡s❡♥ts t❤❡ ✈❛r✐❛t✐♦♥ ❜❡t✇❡❡♥ ρ ✭♣r✐st✐♥❡

s❛♠♣❧❡✬s ❞❡♥s✐t②✮ ❛♥❞ ρe− ✭βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡ ❞❡♥s✐t②✮✳ ❚❤❡ ❙❇◆ ✶✹ s❛♠♣❧❡ s✇❡❧❧s ❛❢t❡r ✐rr❛❞✐❛t✐♦♥

❜② ∼ ✶✳✻ %✳ ❆ s❧✐❣❤t ❛♠♦✉♥t ♦❢ s✇❡❧❧✐♥❣ ❛♣♣❡❛rs ❢♦r t❤❡ ❙❇◆ ✶✷ s❛♠♣❧❡✱ ❜✉t ✐t ✐s ✇✐t❤✐♥ t❤❡ ❡rr♦r ❜❛r✳

❚❤✉s✱ ❛ ♥✉❧❧ r❡s♣♦♥s❡ ❝❛♥♥♦t ❜❡ ❡❧✐♠✐♥❛t❡❞ ❢♦r t❤❡ ❙❇◆ ✶✷ s❛♠♣❧❡✳

◆❛♠❡ ❉❡♥s✐t② ✈❛r✐❛t✐♦♥ ✭%✮
❙❇◆ ✶✷ ց ✵✳✵✺±0.06

❙❇◆ ✶✹ ց ✶✳✻±0.08

❚❛❜❧❡ ✹✳✷✿ ❉❡♥s✐t② ✈❛r✐❛t✐♦♥ ♠❡❛s✉r❡❞ ✈✐❛ ❤❡❧✐✉♠ ♣②❝♥♦♠❡t❡r t❡❝❤♥✐q✉❡s ❢♦r ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹ ❣❧❛ss❡s✳
ց ✐♠♣❧✐❡s ❛ ❞❡❝r❡❛s❡ ✐♥ ρ ♦r ❡q✉✐✈❛❧❡♥t❧② ❛ s✇❡❧❧✐♥❣ ✐♥ t❤❡ ❣❧❛ss✳

✹✳✷✳✷ ❙tr✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② βe−✲✐rr❛❞✐❛t✐♦♥

❚❤✐s s❡❝t✐♦♥ ✐♥✈❡st✐❣❛t❡s t❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ t❤❡ βe− ✲✐rr❛❞✐❛t✐♦♥ ♦♥ t❤❡ ❣❧❛ss str✉❝t✉r❡✳ ❋✐rst✱ ❊❧❡❝tr♦♥

P❛r❛♠❛❣♥❡t✐❝ ❘❡s♣♦♥s❡ ✭❊P❘✮ ♠❡❛s✉r❡♠❡♥ts q✉❛❧✐❢② ❛♥❞ q✉❛♥t✐❢② t❤❡ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts ✐♥❞✉❝❡❞✳

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

❧❛r❣❡r s❝❛❧❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡✳

❊P❘ ✐♥✈❡st✐❣❛t✐♦♥

❊P❘ s♣❡❝tr❛ r❡✈❡❛❧ ❛♥❞ q✉❛♥t✐❢② t❤❡ ❝r❡❛t✐♦♥ ♦❢ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts✳ ❇❡❢♦r❡ ✐rr❛❞✐❛t✐♦♥✱ ♣r✐st✐♥❡ ❙❇◆

❣❧❛ss❡s r❡✈❡❛❧ ❛ ♥♦♥✲③❡r♦ ❊P❘ r❡s♣♦♥s❡✳ ❊P❘ ♠❡❛s✉r❡♠❡♥ts ❤✐❣❤❧✐❣❤t s♠❛❧❧ ✐♠♣✉r✐t✐❡s ✐♥ t❤❡ ❣❧❛ss❡s

s✉❝❤ ❛s Fe3+ ❛♥❞✴♦r Zr4+ ✭✜❣✉r❡ ✹✳✷✮✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ s✐❣♥❛❧ ♦✉ts✐❞❡ ♦❢ t❤❡ ♥♦✐s❡ ❡①✐sts ❛t ❣ ∼ ✹✳✸✳ ❚❤✐s

❝♦rr❡s♣♦♥❞s t♦ Fe3+ ✐♦♥ ❬✸✸❪✳ ▼❊❇✲❊❉❙ r❡s✉❧ts r❡✈❡❛❧ ❧♦✇ q✉❛♥t✐t✐❡s ✭❛ ❢❡✇ ♣♣♠✮ ♦❢ t❤❡s❡ ✐♠♣✉r✐t✐❡s✳

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

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

❝r❡❛t✐♦♥ ♣r♦❝❡ss ❧✐t❡r❛t✉r❡ ❬✶✶✱✶✼✱✷✽❪✳ ❍♦♣♣✐♥❣ ♣r♦❝❡ss ❝❛♥ t❛❦❡ ♣❧❛❝❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢

✐♠♣✉r✐t✐❡s✿ ❜❧♦❝❦❛❣❡ ♦❢ ❞❡❢❡❝ts ❝r❡❛t✐♦♥ ♦❝❝✉rs ✉♥❞❡r βe− ✲✐rr❛❞✐❛t✐♦♥ ✇❤❡♥ ❣❧❛ss❡s ❤❛✈❡ ♠♦r❡ t❤❛♥ ✶ ✇t%

♦❢ Fe2O3 ❬✷✽❪✳ ■♠♣❛❝t ❝r❡❛t✐♦♥ ❞❡❢❡❝ts s❤♦✉❧❞ ♥♦t ❜❡ ❛✛❡❝t❡❞ ❤❡r❡✐♥ ❛s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✐♠♣✉r✐t✐❡s ✐s

❧♦✇✳ ❋✐❣✉r❡s ✹✳✸ ❛♥❞ ✹✳✹ ❡❧✉❝✐❞❛t❡ βe− ✲✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡❞ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts✳ ▲✐t❡r❛t✉r❡ ♣♦st✉❧❛t❡s

✈❛r✐♦✉s t②♣❡s ♦❢ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts r❡❧❡✈❛♥t ❤❡r❡✐♥✿ ✭✶✮ ❇❖❍❈ ✭❇♦r♦♥ ♦①②❣❡♥ ❤♦❧❡ ❝❡♥t❡rs✮ ❞❡❢❡❝ts ✲

✉♥♣❛✐r❡❞ ❡❧❡❝tr♦♥s ♦♥ ♦①②❣❡♥ ❛t♦♠s ✇✐t❤ ❛ ❜♦r♦♥ ❛t♦♠ ✐♥ t❤❡ ✈✐❝✐♥✐t② ❬✶✹✱ ✷✶✱ ✷✷✱ ✸✹❪✱ ✭✷✮ HC1 ❛♥❞ HC2

❞❡❢❡❝ts✱ ❤♦❧❡ ❝❡♥t❡rs ♥❡❛r ❛❧❦❛❧✐♥❡ ✐♦♥s ❬✺✱ ✻✱ ✶✽✱ ✷✸❪✱ ✭✸✮ ❖①②✱ ♦①②❣❡♥ ❤♦❧❡ ❝❡♥t❡r✱ ✭✹✮ SHC1 ❛♥❞ SHC2✱

s✐❧✐❝♦♥ ❤♦❧❡ ❝❡♥t❡rs ❛♥❞ ✭✺✮ ❊✬ ❝❡♥t❡rs✳ ❚❛❜❧❡ ✹✳✸ ❞❡t❛✐❧s t❤❡ t❤❡♦r❡t✐❝❛❧ ❣✲✈❛❧✉❡s✳ ❊P❘ s♣❡❝tr❛ ♦❢ t❤❡

❙❇◆ ❣❧❛ss❡s ❡①❤✐❜✐t t✇♦ s❤❛♣❡s✿ ✭✶✮ t❤❡ ✜✈❡✲♣❧✉s✲s❤♦✉❧❞❡r ❢♦r ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹ ❣❧❛ss❡s❀ ❛♥❞ ✭✷✮ t❤❡

❢♦✉r✲♣❧✉s✲s❤♦✉❧❞❡r ♦❜s❡r✈❡❞ ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s ✭❋✐❣✉r❡ ✹✳✺✮✳ ▲✐t❡r❛t✉r❡ ❛❧r❡❛❞② ♠❡♥t✐♦♥s

t❤❡s❡ t✇♦ s❤❛♣❡s ❢♦r ❧♦✇ ❛♥❞ ❤✐❣❤ ❛❧❦❛❧✐ ❝♦♥t❡♥t ❬✸❪✳ ❇❛❝❝❛r♦ ❡t ❛❧✳ s✉❣❣❡st t❤❛t✱ t❤❡ ❝❤❛♥❣❡ ✐♥ ❜♦r♦♥

✷❉✉❡ t♦ ❧✐♠✐t❡❞ ❛❝❝❡ss t♦ t❤❡ ❍❡❧✐✉♠ ♣②❝♥♦♠❡t❡r t❤❡ ❞❡♥s✐t✐❡s ♦❢ ❙❇◆ ✺✺ ❛♥❞ ❙❇◆ ✸✺ ✇❡r❡ ♥♦t ♠❡❛s✉r❡❞✳

✶✹✻



✹✳✷✳ ❊❱❖▲❯❚■❖◆ ❖❋ P❍❨❙■❈❆▲ ❆◆❉ ❙❚❘❯❈❚❯❘❆▲ P❘❖P❊❘❚■❊❙ ❖❋ ❙❇◆ ●▲❆❙❙❊❙

✵✳✶ ✵✳✷ ✵✳✸ ✵✳✹
✶✴❣ ✭▲❛♥❞❡ ❣✲❢❛❝t♦r✮

❉
❡r
✐✈
❛t
✐✈
❡
♦❢

❛❜
s♦
r❜
❛♥
❝❡

✭❛
✳✉
✳✮

❣ ∼ ✹✳✸

❋✐❣✉r❡ ✹✳✷✿ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✹ ❜❡❢♦r❡ ✐rr❛❞✐❛t✐♦♥ P❂✶✵ ♠❲✱ ❢❂✾✳✽✷ ●❍③✳ ❚❤❡ r❡s♦♥❛♥❝❡ ♦❢ ❋❡3+

❛♣♣❡❛r ❛t ❣ ∼ ✹✳✸✳

✵✳✹✽ ✵✳✹✾ ✵✳✺ ✵✳✺✶
✶✴❣ ✭▲❛♥❞❡ ❣✲❢❛❝t♦r✮

❉
❡r
✐✈
❛t
✐✈
❡
♦❢

❛❜
s♦
r❜
❛♥
❝❡

✭❛
✳✉
✳✮

✵✳✹✼ ✵✳✹✽ ✵✳✹✾ ✵✳✺ ✵✳✺✶ ✵✳✺✷
✶✴❣ ✭▲❛♥❞❡ ❣✲❢❛❝t♦r✮

❉
❡r
✐✈
❛t
✐✈
❡
♦❢

❛❜
s♦
r❜
❛♥
❝❡

✭❛
✳✉
✳✮

❙❇◆ ✶✷ ♣r✐st✐♥❡
❙❇◆ ✶✷ ✵✳✺ ●●②
❙❇◆ ✶✷ ✶ ●●②
❙❇◆ ✶✷ ✶✳✺ ●●②

P❂✶ µ❲ P❂✶ ♠❲

✵✳✹✽ ✵✳✺ ✵✳✺✷
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❝♦♠♣❛r✐s♦♥s ❜❡t✇❡❡♥ ❙❇◆ ❣❧❛ss❡s ✇✐t❤ ❧♦✇ ❛♥❞ ❤✐❣❤ ❛❧❦❛❧✐ ❝♦♥t❡♥t ❢♦r ❑ ∼ ❝♦♥st❛♥t✳
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❋✐❣✉r❡ ✹✳✹✿ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ❣❧❛ss❡s✿ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳ ❉✐✛❡r❡♥t ♣♦✇❡rs ✇❡r❡ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡
❡❧❡❝tr♦♥ ❤♦❧❡s ❛♥❞ ❡❧❡❝tr♦♥ tr❛♣♣✐♥❣✿ ✭▲❡❢t✮ P❂✶✵ µ❲✱ ❢❂✾✳✽✷ ●❍③ ❛♥❞ ✭❘✐❣❤t✮ P❂✶ ♠❲✱ ❢❂✾✳✽✷ ●❍③✳

❉❡❢❡❝ts gx gy gz ❘❡❢
❇❖❍❈ ✷✳✵✵✷✾ ✷✳✵✶✶✺ ✷✳✵✺ ❬✻✱ ✶✹✱✷✶✱✷✷❪
❖①② ✷✳✵✵✷✹ ✷✳✵✶✶✵ ✷✳✵✹✸✾ ❬✻❪
❙❍❈1 ✷✳✵✵✷✻ ✷✳✵✵✾✸ ✷✳✵✹✾ ❬✶✺✱✶✻❪
❙❍❈2 ✷✳✵✵✺✹ ✷✳✵✵✼✸ ✷✳✵✶✷ ❬✶✺✱✶✻❪
❍❈1 ✷✳✵✵✷✻ ✷✳✵✵✽✽ ✷✳✵✷✶✸ ❬✶✽❪
❍❈2 ✷✳✵✶✶✽ ✷✳✵✶✷✼ ✷✳✵✶✽✸ ❬✶✽❪
❊✬ ✷✳✵✵✶✶ ✷✳✵✵✶✶ ✷✳✵✵✶✶ ❬✶✽❪

❚❛❜❧❡ ✹✳✸✿ ❚❤❡♦r❡t✐❝❛❧ g✲✈❛❧✉❡s ♦❢ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts ❡①♣❡❝t❡❞ ❢r♦♠ ❧✐t❡r❛t✉r❡ ✐♥ ❙❇◆ ❣❧❛ss❡s ❛❢t❡r
βe− ✲✐rr❛❞✐❛t✐♦♥✳

▲✐t❡r❛t✉r❡ ❡①t❡♥s✐✈❡❧② ❞❡t❛✐❧s t❤❡ str✉❝t✉r❡ ♦❢ ❇❖❍❈ ❞❡❢❡❝ts ❬✷✵✕✷✷✱✷✾✱✸✷❪✳ ❑♦r❞❛s ❬✷✵✕✷✷❪ ♣♦st✉❧❛t❡ t❤❡

❡①✐st❡♥❝❡ ♦❢ s❡✈❡r❛❧ ❇❖❍❈ ❝❡♥t❡rs ✇❤✐❝❤ ❞✐✛❡r❡♥t ❣✲✈❛❧✉❡s✳ ❋♦r ❧♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t ✭❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹✮✱

t❤❡ ❇❖❍❈1 s✐❣♥❛❧ ✭♥♦♥✲❜r✐❞❣✐♥❣ ♦①②❣❡♥ ❛tt❛❝❤❡❞ t♦ ✸✲❝♦♦r❞✐♥❛t❡❞ ❜♦r♦♥ ❬✷✷❪✮ ❞♦♠✐♥❛t❡s t❤❡ s♣❡❝tr❛✳

■♥❝r❡❛s✐♥❣ t❤❡ ❛♠♦✉♥t ♦❢ s♦❞✐✉♠ ✭❡✳❣✳ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✮ ♣r♦❜❛❜❧② ❡♠♣❧♦②s ♦t❤❡r ❇❖❍❈ ❞❡❢❡❝ts✳

▼♦r❡♦✈❡r✱ ✐♥❝r❡❛s✐♥❣ t❤❡ [Na2O] ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥❤✐❜✐ts t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❊✬ ❝❡♥t❡rs ✭≡ Si−❀ ❬✼❪✮✳

✶✹✽
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❋✐❣✉r❡ ✹✳✺✿ ❚❤✐s ✜❣✉r❡ ❝♦♠♣❛r❡s t❤❡ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ❣❧❛ss❡s✿ ✭▲❡❢t✮ ❙❇◆ ✶✷ ✭❧✐❣❤t ❜❧✉❡❀ ❧♦✇ s♦❞✐✉♠
❝♦♥t❡♥t✮ ❛♥❞ ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡❀ ❤✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t✮❀ ❑ ∼ ✷✳✺❀ ❛♥❞ ✭❘✐❣❤t✮ ❙❇◆ ✶✹ ✭❣r❡❡♥❀ ❧♦✇ s♦❞✐✉♠
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❉❡❢❡❝ts gx gy gz
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×✶✵7 ×✶✵5

❋✐❣✉r❡ ✹✳✻✿ ❚♦t❛❧ ❛♠♦✉♥t ♦❢ ❞❡❢❡❝ts ❝❛❧❝✉❧❛t❡❞ ❜② ❞♦✉❜❧❡ ✐♥t❡❣r❛t✐♦♥ ♦✈❡r ❊P❘ s♣❡❝tr❛ ❛t P❂✶ ♠❲✱
❢❂✾✳✽✷ ●❍③✿ ✭❧❡❢t✮ ❙❇◆ ✶✷✱ ❙❇◆ ✶✹✱ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❛♥❞ ✭r✐❣❤t✮ ❙❇◆ ✶✹✱ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳

❆ ❞♦✉❜❧❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ s♣❡❝tr❛ ✐♥ ❋✐❣✉r❡s ✹✳✸ ❛♥❞ ✹✳✹ ❣✐✈❡s t❤❡ t♦t❛❧ ❛♠♦✉♥t ♦❢ ❞❡❢❡❝ts ✭s❡❡ ✜❣✉r❡

✹✳✻✮✳ ❚✇♦ ❜❡❤❛✈✐♦rs ♣r❡✈❛✐❧✿ ✭✶✮ ❧♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t ✭❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹✮❀ ❛♥❞ ✭✷✮ ❤✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t

✭❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✮✳ ❋♦r ❧♦✇ s♦❞✐✉♠ ❣❧❛ss❡s✱ t❤❡ ❛♠♦✉♥t ♦❢ ❝r❡❛t❡❞ ❞❡❢❡❝ts ✐s ❤✐❣❤❡r ❛♥❞ ✐♥❝r❡❛s❡s

❛t ✷ ●●②✳ ▼♦r❡ ✐rr❛❞✐❛t✐♦♥ ✇♦✉❧❞ r❡✈❡❛❧ ✐❢ t❤❡ ✷ ●●② s❛♠♣❧❡s ❤❛✈❡ r❡❛❝❤❡❞ t❤❡ s❛t✉r❛t✐♦♥ ♦❢ ❞❡❢❡❝ts✳

✶✹✾



❈❍❆P❚❊❘ ✹✳ ❙❇◆ ●▲❆❙❙✿ ■▼P❆❈❚❖❋ ❊▲❊❈❚❘❖◆ ■❘❘❆❉■❆❚■❖◆ ❖◆●▲❆❙❙ ❙❚❘❯❈❚❯❘❊ ❆◆❉▼❊❈❍❆◆■❈❆▲ P❘❖P❊❘❚■❊❙

❍✐❣❤ ❛❧❦❛❧✐ ❝♦♥t❡♥t ❣❧❛ss❡s r❡❛❝❤ ❛ s❛t✉r❛t✐♦♥ ❜❡❝❛✉s❡ ♥♦ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥s t❛❦❡s ♣❧❛❝❡ ❢r♦♠ ✵✳✺ ●●②

t♦ ✷ ●●②✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❛♠♦✉♥t ♦❢ ❞❡❢❡❝ts ✐s s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r ❢♦r ❤✐❣❤ [Na2O] ❣❧❛ss❡s t❤❛♥ ❢♦r ❧♦✇

[Na2O] ♦♥❡s ✭✜❣✉r❡ ✹✳✻✮✳

❘❛♠❛♥ ✐♥✈❡st✐❣❛t✐♦♥

❘❛♠❛♥ ❛♥❛❧②s✐s ✐♥✈❡st✐❣❛t❡s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✬ str✉❝t✉r❡ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❋✐❣✉r❡ ✹✳✼

♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❙❇◆ ❣❧❛ss❡s ❛❢t❡r t❤❡ ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✳ ❙❇◆ ✶✷ ❋✐❣✉r❡ ✹✳✼ t♦♣ ❧❡❢t r❡✈❡❛❧s

✺✵✵ ✶✵✵✵ ✶✺✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✶✷ ♣r✐st✐♥❡
❙❇◆ ✶✷ ✷●●②

✵ ✺✵✵ ✶✵✵✵ ✶✺✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✶✹ ♣r✐st✐♥❡
❙❇◆ ✶✹ ✶✳✺ ●●②

✺✵✵ ✶✵✵✵ ✶✺✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✸✺ ♣r✐st✐♥❡
❙❇◆ ✸✺ ✷ ●●②

✺✵✵ ✶✵✵✵ ✶✺✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

❙❇◆ ✺✺ ♣r✐st✐♥❡
❙❇◆ ✺✺ ✷ ●●②

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❋✐❣✉r❡ ✹✳✼✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ❣❧❛ss❡s ♣r✐♦r ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✿ ✭❚♦♣ ❧❡❢t✮ ❙❇◆ ✶✷ ♣r✐st✐♥❡ ✭❧✐❣❤t
❜❧✉❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮ ❛t ✷ ●●②❀ ✭❚♦♣ r✐❣❤t✮ ❙❇◆ ✶✹ ♣r✐st✐♥❡ ✭❣r❡❡♥✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮ ❛t ✶✳✺ ●●②❀
✭❇♦tt♦♠ ❧❡❢t✮ ❙❇◆ ✸✺ ♣r✐st✐♥❡ ✭❞❛r❦ ❜❧✉❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮ ❛t ✷ ●●②❀ ❛♥❞ ✭❇♦tt♦♠ r✐❣❤t✮ ❙❇◆ ✺✺
♣r✐st✐♥❡ ✭❞❛r❦ r❡❞✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮ ❛t ✷ ●●②✳ ❙♣❡❝tr❛ ♦❢ βe− ✲✐rr❛❞✐❛t❡❞ ✭r❡❞ ❝✉r✈❡s✮ ❛♣♣❡❛r ❛❜♦✈❡
t❤❡ ♣r✐st✐♥❡ s❛♠♣❧❡s✳

t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡ ✭❧✐❣❤t ❜❧✉❡ ❝✉r✈❡✮ ❛♥❞ βe− ✲✐rr❛❞✐❛t❡❞ ✭r❡❞ ❝✉r✈❡✮ ❙❇◆ ✶✷ s❛♠♣❧❡s ✳ ❚❤❡

♣r✐st✐♥❡ s♣❡❝tr✉♠ ✇❛s ♣r❡✈✐♦✉s❧② ♣r❡s❡♥t❡❞ ✐♥ ♣❛rt ■✳✸✳✸✳ ♦❢ t❤✐s t❤❡s✐s✳ ❙❡✈❡r❛❧ ✈❛r✐❛t✐♦♥s ♦❝❝✉r ❜❡❢♦r❡

❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✿ ✭✶✮ s❤✐❢t ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❛♥❞ t♦ s♠❛❧❧❡r ✇❛✈❡ ♥✉♠❜❡rs❀ ✭✷✮ ❞❡❝r❡❛s❡ ♦❢ t❤❡ s✐❣♥❛❧ ✐♥

t❤❡ r❛♥❣❡ ✻✵✵✲✽✺✵ ❝♠−1❀ ❛♥❞ ✭✸✮ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ◗n ❜❛♥❞✳ ❚❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ s❤✐❢t t♦

✶✺✵



✹✳✷✳ ❊❱❖▲❯❚■❖◆ ❖❋ P❍❨❙■❈❆▲ ❆◆❉ ❙❚❘❯❈❚❯❘❆▲ P❘❖P❊❘❚■❊❙ ❖❋ ❙❇◆ ●▲❆❙❙❊❙

❤✐❣❤❡r ✇❛✈❡ ♥✉♠❜❡rs ❝❛♥ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❛♥❣❧❡s ❬✷✺✱✷✻❪ ❛s t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t

s❤♦✉❧❞ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❝❤❛♥❣❡✳

❙❇◆ ✶✹ ❋✐❣✉r❡ ✹✳✼ t♦♣ r✐❣❤t r❡✈❡❛❧s t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡ ✭❣r❡❡♥ ❝✉r✈❡✮ ❛♥❞ βe− ✲✐rr❛❞✐❛t❡❞

✭r❡❞ ❝✉r✈❡✮ ❙❇◆ ✶✹ ❣❧❛ss✳ ❚❤❡ ♣r✐st✐♥❡ s♣❡❝tr❛ ✇❛s ♣r❡✈✐♦✉s❧② ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ P❛rt ■ ❝❤❛♣t❡r ✸ ♦❢

t❤✐s t❤❡s✐s✳ ❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ s✐❣♥✐✜❝❛♥t❧② ♠♦❞✐✜❡s ❙❇◆ ✶✹ ❣❧❛ss✿ ✭✶✮ ❛ s❤✐❢t ✐♥ t❤❡ ❙✐✲❖✲❙✐ ✈✐❜r❛t✐♦♥

❜❛♥❞ t♦ ❧♦✇❡r ✇❛✈❡♥✉♠❜❡rs❀ ✭✷✮ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❞❛♥❜✉r✐t❡ ♣❡❛❦✬s ✐♥t❡♥s✐t② ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ✭✻✸✸ ❝♠−1✮❀

✭✸✮ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ♥❡✇ s✐❣♥❛❧s ❜❡t✇❡❡♥ ✼✵✵ ❛♥❞ ✽✶✵ ❝♠−1❀ ❛♥❞ ✭✹✮ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❇✲❖− s✐❣♥❛❧✳

❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❋✐❣✉r❡s ✹✳✼ ❜♦tt♦♠ ❧❡❢t ❛♥❞ r✐❣❤t r❡✈❡❛❧ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡ ❙❇◆ ✸✺

❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ r❡❞ ❝✉r✈❡ ✐♥ ❡❛❝❤ ✜❣✉r❡ ❞❡♣✐❝ts ✐ts ❝♦rr❡s♣♦♥❞✐♥❣ βe− ✲✐rr❛❞✐❛t❡❞

❘❛♠❛♥ s♣❡❝tr❛✳ ❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t ♠♦❞✐❢② ❙❇◆ ✸✺ ♥♦r ❙❇◆ ✺✺ s✐❣♥✐✜❝❛♥t❧②✳

✹✳✷✳✸ ❉✐s❝✉ss✐♦♥

❊P❘ ♠❡❛s✉r❡♠❡♥ts ♣❡r♠✐t t♦ ❡st✐♠❛t❡ t❤❡ ♥❛t✉r❡ ❛♥❞ t❤❡ q✉❛♥t✐t✐❡s ♦❢ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts ❝r❡❛t❡❞

❛❢t❡r βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❘❛♠❛♥ s♣❡❝tr❛ r❡✈❡❛❧ q✉❛❧✐t❛t✐✈❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳

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

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

▲♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t✿ ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹ ❣❧❛ss❡s

❊P❘ s♣❡❝tr❛ ✉♥✈❡✐❧ ❛ ❤✉❣❡ ❛♠♦✉♥t ♦❢ ❞❡❢❡❝ts ❝r❡❛t❡❞✿ ❇❖❍❈1✱ ❊✬ ❝❡♥t❡rs✱ ❍❈1 ❛♥❞ ❍❈2✱ ❡t❝✳ ❘❛♠❛♥

❛♥❛❧②③❡s s❤♦✇ ❛ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ❢♦r t❤❡ t✇♦ ❣❧❛ss❡s✳ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧

❬✶✵✱ ✶✷✱ ✸✼❪ ❣❧❛ss❡s s✉❝❤ ❛s ❙❇◆ ✶✷ ❣❧❛ss ❛s ❣❧❛ss❡s ❝♦♥t❛✐♥✐♥❣ t✇♦ s❡♣❛r❛t❡ ♥❡t✇♦r❦s✿ ♦♥❡ ❡♥r✐❝❤❡❞ ✇✐t❤

❜♦r❛t❡ ❛t♦♠s ❛♥❞ ♦♥❡ ❡♥r✐❝❤❡❞ ✇✐t❤ s✐❧✐❝❛t❡ ❛t♦♠s✳ ❋❡❛t✉r❡s ♦❢ t❤❡ ♣r✐st✐♥❡ ❙❇◆ ✶✷ s❛♠♣❧❡ ❞♦ ❛❧❧✉❞❡

t♦ s♦♠❡ ❞❡♠✐①✐♥❣ ♦❢ t❤❡ s✐❧✐❝❛ ❛♥❞ ❜♦r❛t❡ ♥❡t✇♦r❦s ✭s❡❡ s❡❝t✐♦♥ ♣❛rt ■ ❝❤❛♣t❡r ✸✮✳ ❋❡❛t✉r❡s ✐♥ t❤❡ ✻✵✵✲

✽✺✵ ❝♠−1 ❞❡❝r❡❛s❡ s❧✐❣❤t❧② ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❈♦♥tr✐❜✉t✐♦♥s ❛t ✼✵✸✱ ✼✼✵ ❛♥❞ ✽✵✸ ❝♠−1 ❡①♣r❡ss ❛ ❞❡❝r❡❛s❡

♦❢ ♠❡t❛❜♦r❛t❡✱ ❜♦r❛t❡ ❛♥❞ ❜♦r♦①♦❧s ✉♥✐ts✱ r❡s♣❡❝t✐✈❡❧②✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t ♥❡❛r t❤❡ ✼✼✵ ❝♠−1 ♣❡❛❦✱

t❤❡ ✼✽✵ ❝♠−1 ♣❡❛❦ ✭✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡ ♦❢ t❤❡ ✧❝❛❣❡❞✧ s✐❧✐❝❛ t❡tr❛❤❡❞r❛❧✮ ♠❛② ❛❧s♦ ❡①✐st ❤❡r❡✐♥ ❬✾✱ ✷✹✱ ✷✼❪✳

■❢ ✐t ❡①✐sts✱ t❤❡♥ ❧♦♦❦✐♥❣ ❛t t❤❡ s♣❡❝tr❛ ✐t s❤♦✉❧❞ ❜❡ ❞❡❝r❡❛s✐♥❣ t♦♦✳ ■rr❛❞✐❛t✐♦♥ ✐♥ ❙❇◆ ✶✷ ❛♣♣❡❛rs t♦

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

❙❇◆ ✶✹ ❣❧❛ss ❡①❤✐❜✐ts ❛ ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦r✳ ❚❤❡ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❞❛♥❜✉r✐t❡ s✐❣♥❛❧ ✭♣❡❛❦ ❛t ✻✵✸ ❝♠−1✮

❜❡t✇❡❡♥ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❙❇◆ ✶✹ s❛♠♣❧❡s ❛❧❧✉❞❡s t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ✐♥t❡r❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥

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

❢❡❛s✐❜❧❡✳ ❚❤✐s ✐s ❛❧s♦ ❝♦❤❡r❡♥t ✇✐t❤ t❤❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ♠❡t❛❜♦r❛t❡ ✉♥✐ts ✭✼✵✸ ❝♠−1 ❜❛♥❞✮

❛♥❞ ❜♦r♦①♦❧s r✐♥❣s ✭✼✼✵ ❝♠−1 ♣❡❛❦✮✳ ❚❤❡ s✐③❡s ♦❢ t❤❡s❡ ❞♦♠❛✐♥s ❤❛✈❡ ♥♦t ❜❡❡♥ q✉❛♥t✐✜❡❞✳ ❱❛r✐❛t✐♦♥s ✐♥

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

✈❛r② s✐❣♥✐✜❝❛♥t❧② ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ■♥❞❡❡❞ t❤❡ ♣r✐st✐♥❡ ❣❧❛ss ✐s ✈❡r② r❡t✐❝✉❧❛t❡ ✭♦♥❧② ✶% ♦❢ ◆❇❖

❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❨✉♥✱ ❉❡❧❧ ❛♥❞ ❇r❛② ♠♦❞❡❧ ❬✹✱✶✵✱✶✷✱✸✼❪✮✳ ❚❤❡ ❘❛♠❛♥ str✉❝t✉r❡ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ✐♥❞✐❝❛t❡s

t❤❛t Na+ ✐♦♥s ❞✐ss♦❝✐❛t❡❞ ✇✐t❤ [4]B ❛t♦♠s ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥✳ ■t ✐s ❢❡❛s✐❜❧❡ t❤❛t t❤❡ [4]B tr❛♥s❢♦r♠ ✐♥t♦
[3]B ❛s t❤❡r❡ ✐s ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❘❛♠❛♥ s✐❣♥❛❧ ❜❡t✇❡❡♥ ✶✷✵✵ t♦ ✶✻✵✵ ❝♠−1✳ ▼♦r❡♦✈❡r✱ t❤❡ s❤✐❢t ♦❢ t❤❡

❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ s❤✐❢ts t♦ s♠❛❧❧❡r ✇❛✈❡ ♥✉♠❜❡rs ❝♦✉❧❞ ✐♥❞✐❝❛t❡ ♦♥❡ ♦❢ t❤❡ t✇♦ ❢♦❧❧♦✇✐♥❣s✿

✭✶✮ ❧❛r❣❡r ❙✐✲❖✲❙✐ ❜♦♥❞ ❛♥❣❧❡s❀ ❛♥❞ ✭✷✮ ❛ r❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❧❛ss✳ Na+ ✐♦♥s s❡❣r❡❣❛t✐♦♥ ✭✐✳❡✳ ♥♦t

✶✺✶
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❧✐♥❦❡❞ t♦ t❤❡ ❜♦r❛t❡ ♦r t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦✮ ♠❛② ❜❡ ❢♦r♠❡❞✳

❍✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t✿ ❝❛s❡ ♦❢ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s

❍✐❣❤ [Na2O] ❣❧❛ss❡s ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ❊P❘ s♣❡❝tr❛ t❤❛♥ ❧♦✇ [Na2O]✳ ▲♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t

❣❧❛ss❡s ❡①❤✐❜✐ts ❛ ✜✈❡✲♣❧✉s✲s❤♦✉❧❞❡r s♣❡❝tr❛ ✇❡❧❧✲❦♥♦✇♥ ❛s ❇❖❍❈ ❞❡❢❡❝ts❀ ②❡t✱ t❤❡ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ✸✺

❛♥❞ ❙❇◆ ✺✺ ❡①❤✐❜✐t ❛ ❢♦✉r✲♣❧✉s✲s❤♦✉❧❞❡r s♣❡❝tr❛✳

✵✳✹✽✺ ✵✳✹✾ ✵✳✹✾✺ ✵✳✺ ✵✳✺✵✺ ✵✳✺✶
✶✴❣ ✭▲❛♥❞❡ ❣✲❢❛❝t♦r✮

❉
❡r
✐✈
❛t
✐✈
❡
♦❢

❛❜
s♦
r❜
❛♥
❝❡

✭❛
✳✉
✳✮ ❇❖❍❈1

❇❖❍❈2

❇❖❍❈1c

❇❖❍❈1a

❋✐❣✉r❡ ✹✳✽✿ ❊P❘ s♣❡❝tr❛ ♦❢ ❙❇◆ ✺✺ ❣❧❛ss❡s ❛t P❂✶µ❲✱ ❢❂✾✳✽✷●❍③✳ ❊❛❝❤ ✈❡rt✐❝❛❧ ❧✐♥❡ r❡♣r❡s❡♥t t❤❡
❡①♣❡❝t❡❞ ✶✴❣ ✈❛❧✉❡s ♦❢ ❇❖❍❈✿ ❇❖❍❈1 ✭❜❧✉❡✮✱ ❇❖❍❈2 ✭❣r❡❡♥✮✱ ❇❖❍❈1c ✭r❡❞✮ ❛♥❞ ❇❖❍❈1a ✭❜❧❛❝❦✮
❢r♦♠ ❬✷✶✱✷✷❪✳

❑♦r❞❛s ❡♥✉♠❡r❛t❡❞ t❤❡ g−✈❛❧✉❡s ❢♦r s❡✈❡r❛❧ ❇❖❍❈ ❞❡❢❡❝ts ❬✷✶✱ ✷✷❪✳ ❋✐❣✉r❡ ✹✳✽ ♣r❡s❡♥ts t❤❡ ❊P❘

s♣❡❝tr❛ ♦❢ t❤❡ ❙❇◆ ✺✺ ✇✐t❤ t❤❡ t❤❡♦r❡t✐❝❛❧ g✲✈❛❧✉❡s ♣r♦♣♦s❡❞ ❜② ❑♦r❞❛s ❢♦r s❡✈❡r❛❧ ❇❖❍❈ ❞❡❢❡❝ts ✭✈❡rt✐❝❛❧

❧✐♥❡s✮✳ ■♥ ❤✐❣❤ [Na2O] ❣❧❛ss❡s✱ ♥♦ ❝❧❡❛r ❡①✐st❡♥❝❡ ♦❢ ❇❖❍❈ ❞❡❢❡❝ts ❡①✐st✳ ▼♦r❡♦✈❡r✱ t❤❡ t♦t❛❧ ❛♠♦✉♥t ♦❢

♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts ✐♥ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s ✐s ❧❡ss t❤❛♥ ✐♥ ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹ ❣❧❛ss❡s✳

❋✐❣✉r❡ ✹✳✾ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❞❡❢❡❝t ❝♦♥❝❡♥tr❛t✐♦♥ ✇✐t❤ ◆❇❖ ✭❧❡❢t✮ ❛♥❞ t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ [Na2O]

✭r✐❣❤t✮✳ ❍✐❣❤❡r [Na2O] ❞❡❝r❡❛s❡s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❞❡❢❡❝ts✳ ❙♦❞✐✉♠ ♠❛② ❝❤❛♥❣❡ t❤❡ tr❛♣♣✐♥❣ ♣r♦❝❡ss

❛s ✐t ✐s ❛❧r❡❛❞② ❦♥♦✇♥ t♦ ♦❝❝✉r ✇✐t❤ ❡❧❡♠❡♥ts s✉❝❤ ❛s Fe3+ ❬✶✶✱✷✽❪✳ ❚❤✐s ✐s ❛❧s♦ ❝♦♥✜r♠❡❞ ❜② ❛ ❞❡❝r❡❛s❡

✐♥ t❤❡ ❊✬ ❝❡♥t❡r ❝♦♥tr✐❜✉t✐♦♥ ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s✳ ❈❤❛♥❣✐♥❣ ✐♥ ♣r♦❝❡ss❡s ❧❡❛❞✐♥❣ t♦ ❝r❡❛t✐♦♥

♦❢ ❞❡❢❡❝ts ❝♦✉❧❞ ❡①♣❧❛✐♥ s✉❝❤ ❞✐s❝r❡♣❛♥❝✐❡s✳

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

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

❜❡t✇❡❡♥ ❧♦✇ ❛♥❞ ❤✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t✳ ❋✐❣✉r❡ ✹✳✶✵ ♣r❡s❡♥ts t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❊P❘ s♣❡❝tr❛ ❛t
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❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖ ✭× ✶✵21✮
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✷✵✵◦❈

✷✷✺◦❈
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✸✺✵◦❈

✹✵✵◦❈

❙❇◆ ✶✷ ❙❇◆ ✸✺

❋✐❣✉r❡ ✹✳✶✵✿ ❉✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t✇♦ ❊P❘ s♣❡❝tr❛ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✿ ✭❧❡❢t✮ ❙❇◆ ✶✷
❛♥❞ ✭❘✐❣❤t✮ ❙❇◆ ✸✺✳ P❂✶ ♠❲✱ ❢❂✾✳✽✷ ●❍③✳

❞✐✛❡r❡♥t ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s ❢♦r t❤❡ ❤✐❣❤ ❛♥❞ ❧♦✇ [Na2O] ❝♦♥t❡♥t ❣❧❛ss❡s✸✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡

s♣❡❝tr❛ ♣r❡s❡♥t❡❞ ❣✐✈❡ t❤❡ ❞❡❢❡❝ts ❛♥♥❡❛❧❡❞ ♦✉t ❜❡t✇❡❡♥ ✶✵✵◦❈ t♦ ✹✵✵◦❈✳ ❚❤❡ ❧❡❢t ✜❣✉r❡ ✐s ❢♦r ❧♦✇ [Na2O]

❝♦♥t❡♥t ❣❧❛ss❡s✱ ❙❇◆ ✶✷✳ ❚❤❡ s♣❡❝tr❛✬s s❤❛♣❡ r❡♠❛✐♥s s✐♠✐❧❛r ❢r♦♠ ✶✵✵◦❈ t♦ ✷✷✺◦❈✱ ②❡t t❤❡ ❛♠♣❧✐t✉❞❡

✈❛r✐❡s✳ ❆♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s ❜❡t✇❡❡♥ ✶✵✵✲✷✷✺◦❈ ♣r♦❜❛❜❧② ❡❧✐♠✐♥❛t❡ ❇❖❍❈1 ❛♥❞ ❊✬ ❝❡♥t❡rs✳ ❚❤❡

❙❇◆ ✶✷ s♣❡❝tr❛ ❝❤❛♥❣❡s s✐❣♥✐✜❝❛♥t❧② ❢r♦♠ ✷✷✺◦❈ t♦ ✸✺✵◦❈✳ ❚❤❡ s♣❡❝tr❛ s❤❛♣❡ ❛t ✷✺✵◦❈ ✐s s✐♠✐❧❛r t♦ t❤❡

s♣❡❝tr❛ ♦❜s❡r✈❡❞ ❜② ❇♦✐③♦t ❡t ❛❧✳ ✇❤♦ ❤❛✈❡ ❛♥♥❡❛❧❡❞ ❛ ✹✲♦①✐❞❡ ❣❧❛ss ❛t ✷✾✵◦❈ ❬✻❪✳ ❆t t❤✐s t❡♠♣❡r❛t✉r❡✱

❖①② ❞❡❝r❡❛s❡s✳ ❆ ♥✉❧❧ s✐❣♥❛❧ ✐s r❡❛❝❤❡❞ ❛t ✹✵✵◦❈✳ ❋✐❣✉r❡ ✹✳✶✵ r✐❣❤t ❞❡♣✐❝ts ✈❛r✐❛t✐♦♥s ✐♥ ❙❇◆ ✸✺ ❞❡❢❡❝ts

✸❆♥♥❡❛❧✐♥❣ ✇❛s ❤❛s ❜❡❡♥ ❞♦♥❡ ❢r♦♠ ✶✵✵◦❈ t♦ ✹✺✵◦❈✳ ❆♥♥❡❛❧✐♥❣ ❛♥❞ ❛♥❛❧②③✐♥❣ ♣r♦❝❡ss ✇❛s✿ ✭✶✮ ❙❛♠♣❧❡s ✇❡r❡ ♣❧❛❝❡❞ ✐♥
❛♥ ♦✈❡♥ ❢♦r ✶✺ ♠✐♥✉t❡s❀ ✭✷✮ t❤❡ s❛♠♣❧❡s ❛❧❧♦✇❡❞ t♦ ❝♦♦❧ ❢♦r ✶✺ ♠✐♥✉t❡s❀ ✭✸✮ ❊P❘ s♣❡❝tr❛ ❝♦❧❧❡❝t❡❞❀ ❛♥❞ ✭✹✮ ♣r♦❝❡ss r❡♣❡❛ts
❢♦r ❛ s❧✐❣❤t❧② ❤✐❣❤❡r ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ✭st❡♣ ♦❢ ✷✺◦❈✮✳

✶✺✸
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✇❤❡♥ t❤❡ ❛♥♥❡❛❧✐♥❣ ✐s ✈❛r✐❡❞ ❢r♦♠ ✶✵✵◦❈ t♦ ✹✵✵◦❈✳ ❆ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡ ✐♥ t❤❡ s❤❛♣❡ ♦❝❝✉rs ❜❡t✇❡❡♥

✶✵✵◦❈ ❛♥❞ ✶✺✵◦❈✳ ❚❤❡ s♣❡❝tr❛ ❛r❡ s✐♠✐❧❛r ❢r♦♠ ✶✺✵◦❈ t♦ ✷✷✺◦❈✳ ❱❛r✐❛t✐♦♥ ❜❡t✇❡❡♥ s♣❡❝tr❛ ❛♥♥❡❛❧❡❞

❜❡t✇❡❡♥ ✶✺✵ ❛♥❞ ✷✷✺◦❈ ❧♦♦❦s ❧✐❦❡ ❇❖❍❈1 ❝♦♥tr✐❜✉t✐♦♥✳ ❚❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♣❡❛❦s ❛r❡ s✐♠✐❧❛r ✭❛❧❜❡✐t

❛t ❧♦✇❡r ❛♠♣❧✐t✉❞❡s✮ t♦ ✇❤❛t ✇❛s s❡❡♥ ✐♥ ❙❇◆ ✶✷ ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ t❤❡ ❊✬ ❝❡♥t❡r ♥♦t ❜❡✐♥❣ s❡❡♥

✐♥ t❤❡ ❙❇◆ ✸✺ s❛♠♣❧❡s✳ ▲♦✇ ❛♥❞ ❤✐❣❤ s♦❞✐✉♠ ❣❧❛ss❡s ❝♦♥t❛✐♥ ❜♦t❤ ❇❖❍❈1 ❜✉t ✇✐t❤ ❞✐✛❡r❡♥t ❛♠♦✉♥t

❡①♣❧❛✐♥✐♥❣ t❤❡ ❛♠♣❧✐t✉❞❡ ✈❛r✐❛t✐♦♥s✳ ❆t ✷✺✵◦❈✱ ♥♦ ❞❡❢❡❝ts ❛r❡ ❛♥♥❡❛❧❡❞ ♦✉t✳ ❨❡t✱ t❤❡r❡ ✐s st✐❧❧ ❛♥ ❊P❘

r❡s♣♦♥s❡✳ ❲✐t❤ ❛♥ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ♦❢ ✸✵✵◦❈ t❤❡ ❊P❘ s✐❣♥❛❧ ❜❡❣✐♥s t♦ ✈❛r② ❛❣❛✐♥✳ ❍❡♥❝❡ ♠♦r❡

❞❡❢❡❝ts ❛r❡ ❛♥♥❡❛❧❡❞ ♦✉t✳ ❆t t❤✐s t❡♠♣❡r❛t✉r❡✱ ❖①② ❝♦♥tr✐❜✉t✐♦♥ ♠❛② ❞❡❝r❡❛s❡s✳ ❆ ♥✉❧❧ s✐❣♥❛❧ ✐s r❡❛❝❤❡❞

❛t ✸✺✵◦❈✳

❇♦✐③♦t ❡t ❛❧✳ ♦❜s❡r✈❡❞ t❤❛t t❤❡ ♠✐❣r❛t✐♦♥ ♦❢ [Na2O] ❝❛♥ ✐♥❞✉❝❡ str✉❝t✉r❛❧ r❡♦r❣❛♥✐③❛t✐♦♥ ❬✽❪✳ ▼✐❣r❛t✐♦♥

❛♥❞ ❛❣❣r❡❣❛t✐♦♥ ♦❢ s♦❞✐✉♠ ♠♦❞✐❢② t❤❡ ❣❧❛ss str✉❝t✉r❡ ❜②✿ ✭✶✮ ❝❤❛♥❣✐♥❣ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ✐♥

t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ❛♥❞ ✭✷✮ ❢♦r♠❛t✐♦♥ ♦❢ ♦①②❣❡♥ ❜✉❜❜❧❡s✳ ❋♦r ❤✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t✱ s♦❞✐✉♠ ❛❝ts ❛s ❛

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

❣❧❛ss ❛♣♣❡❛r t♦ ❜❡ ❧❡ss s❡♥s✐❜❧❡ t♦ βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❙♦❞✐✉♠ ❝❧✉st❡r✐♥❣ ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ♠❛②

❡①✐st ❢✉rt❤❡r ❤✐♥❞❡r✐♥❣ t❤❡ str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ❛♥❞ ♣r❡✈❡♥t✐♥❣ ❢♦r t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❊✬ ❝❡♥t❡rs✳ ❚❤❡

r❡s✉❧ts ♦♥ t❤❡ ✸✲♦①✐❞❡s ❣❧❛ss ❞✐✛❡r ❢r♦♠ r❡s✉❧ts ♦❜s❡r✈❡❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ✐♥ ✹✲ ✺✲ ❛♥❞ ✻✲♦①✐❞❡s ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s ❬✻✕✽✱ ✷✽✕✸✵✱ ✸✻❪✳ ❇♦✐③♦t ❡t ❛❧✳ ♦❜s❡r✈❡❞ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥

❧✐❦❡ ❨❛♥❣ ❡t ❛❧✳ ❚❤✐s r❡s✉❧ts ❤✐❣❤❧✐❣❤t t❤❡ ❤✉❣❡ ✐♠♣❛❝t ♦❢ t❤❡ ❛❧❦❛❧✐ ❝♦♥t❡♥t ✐♥ t❤❡ ❣❧❛ss r❡s♣♦♥s❡ t♦

βe− ✲✐rr❛❞✐❛t✐♦♥ ❬✷✾❪✳

✹✳✸ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

❚❤❡ ❣❧❛ss str✉❝t✉r❡ ♥♦t❛❜❧② ✐♠♣❛❝ts t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ❛s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣❛rt ■✳✹✳ ♦❢ t❤✐s t❤❡s✐s✳

❚❤✐s s❡❝t✐♦♥ ✐♥✈❡st✐❣❛t❡s t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ βe− ♦♥ ❙❈❈ ❛♥❞ ❤❛r❞♥❡ss ♣r♦♣❡rt✐❡s✳ ❆❋▼ ✐♠❛❣✐♥❣ ♣❡r♠✐ts t♦

❡st✐♠❛t❡ t❤❡ ✐♥❞❡♥t❛t✐♦♥ s❤❛♣❡ ✭V +
i ✱ ♠❛tt❡r ❛❜♦✈❡ t❤❡ s✉r❢❛❝❡ ❛♥❞ V −

i ✱ ♠❛tt❡r ❜❡❧♦✇ t❤❡ s✉r❢❛❝❡✳✮

✹✳✸✳✶ ❍❛r❞♥❡ss ♣r♦♣❡rt✐❡s

❍❛r❞♥❡ss ✈❛r✐❛t✐♦♥s ❝♦rr❡s♣♦♥❞ t♦ ❛ ♠❛❝r♦s❝♦♣✐❝ ❝♦♥s❡q✉❡♥❝❡ ♦❢ ♠✐❝r♦s❝♦♣✐❝ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✐♥

❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❚❤✐s s❡❝t✐♦♥ ❞❡t❛✐❧s ❤♦✇ t❤❡ ❤❛r❞♥❡ss ✈❛r✐❡s ✇✐t❤ ❡①t❡r♥❛❧ βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❙✐♥❝❡ ✐t

✇❛s ♣r❡✈✐♦✉s❧② ♥♦t❡❞ t❤❛t βe− ✲✐rr❛❞✐❛t✐♦♥ ❤❛s ❛ ♠♦r❡ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ ❧♦✇ s♦❞✐✉♠ ❝♦♥❝❡♥tr❛t✐♦♥✱ t❤✐s

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

▲♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t ❣❧❛ss❡s✿ ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹

❙❇◆ ✶✷ ❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ❝❤❛♥❣❡s ❞r❛st✐❝❛❧❧② t❤❡ ❣❧❛ss str✉❝t✉r❡ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❊P❘ ♠❡❛s✉r❡♠❡♥t

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

❜♦r❛t❡ ❛♥❞ s✐❧✐❝❛t❡ ♥❡t✇♦r❦s✳ ❋✐❣✉r❡ ✹✳✶✶ ♣r❡s❡♥ts ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ❢r♦♠ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ t❡st

♦♥ ❙❇◆ ✶✷ ♣r✐st✐♥❡ ❛♥❞ ❙❇◆ ✶✷ ✐rr❛❞✐❛t❡❞ ✭❡❧❡❝tr♦♥s ✷ ●●②✮ s❛♠♣❧❡s ❛t ❝♦♥st❛♥t ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤✳ ❚❤❡

❧♦❛❞ r❡q✉✐r❡❞ t♦ r❡❛❝❤ ✸✵✵ ♥♠ ♦❢ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ❞❡❝r❡❛s❡s ❢♦r t❤❡ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡ ✭r❡❞ ❝✉r✈❡✮✳ ❚❤✐s

❧❡❛❞s t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡ ❛s ♣r❡s❡♥t❡❞ ✐♥ t❛❜❧❡ ✹✳✺✳ ❆t ❝♦♥st❛♥t ❧♦❛❞ ❜② ♠✐❝r♦ ❤❛r❞♥❡ss

t❡sts✱ t❤❡ ✐♥❞❡♥t❡r ♣❡♥❡tr❛t❡s ❞❡❡♣❡r ✐♥ t❤❡ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ✇✐t❤♦✉t ❛♥② s✐❣♥✐✜❝❛♥t ♣✐❧❡✲✉♣ ♣r♦❝❡ss❡s✳

✶✺✹
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✵ ✷✵✵ ✹✵✵ ✻✵✵
✵

✶✵

✷✵

✸✵

❉✐s♣❧❛❝❡♠❡♥t ✭♥♠✮

▲
♦❛
❞
✭♠

◆
✮

❙❇◆ ✶✷ ♣r✐st✐♥❡
❙❇◆ ✶✷ ✷ ●●②

❋✐❣✉r❡ ✹✳✶✶✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ♦❜t❛✐♥❡❞ ❜② ♥❛♥♦✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ❛t ❝♦♥✲
st❛♥t ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ❢♦r ❙❇◆ ✶✷ ♣r✐st✐♥❡ ✭❧✐❣❤t ❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ❙❇◆ ✶✷ ✐rr❛❞✐❛t❡❞ ❛t ✷ ●●② ✭r❡❞
❧✐♥❡✮✳

❇♦t❤ ♥❛♥♦✴♠✐❝r♦ ✐♥❞❡♥t❛t✐♦♥s r❡✈❡❛❧ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❤❛r❞♥❡ss ❜② ❛❜♦✉t 20% ✭❚❛❜❧❡ ✹✳✺✮✳ ■♠❛❣✐♥❣

Pr♦♣❡rt✐❡s SBN12pristine SBN122GGy ∆ ✭%✮
HV (MPa) ✻✾✵✵±100 ✺✺✵✵±70 ✲✷✵
V +✴V − ✼±0.35 ✸✳✹±1.8 ✲✺✵
c ✹✵✳✸±2.5 ✸✽✳✹±1.5 ✴✴

❚❛❜❧❡ ✹✳✺✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ❙❇◆ ✶✷ ❣❧❛ss ♣r✐♦r t♦ ❛♥❞ ❛❢t❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✱ V +✴V − ❞❡t❡r♠✐♥❡❞
❢r♦♠ ❆❋▼ ✐♠❛❣✐♥❣ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ♣r✐♥ts ❛t ✷✺ ❣ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ ❝r❛❝❦ ❧❡♥❣t❤ ✭c✮ ❞❡t❡r♠✐♥❡❞
❛❢t❡r ❱✐❝❦❡rs ✐♥❞❡♥t❛t✐♦♥ ❛t ✸✵✵ ❣ ❢♦r ❙❇◆ ✶✷ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭✷ ●●②✮ s❛♠♣❧❡s✳

✭✐✳❡✳ ✇✐t❤ ❛♥ ❆❋▼✮ ❛♥❞ ❛♥❛❧②③✐♥❣ t❤❡ ✐♥❞❡♥t❛t✐♦♥s t♦♣♦❧♦❣✐❡s ❢♦r ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❢♦❧❧♦✇ t❤❡ s❛♠❡

♠❡t❤♦❞♦❧♦❣② ❛s ❢♦r t❤❡ ♣r✐st✐♥❡ ❣❧❛ss❡s ✭♣❛rt ■✳✷✳✸✳✹✳✮✳ ❍❡♥❝❡✱ ❝♦♠♣❛r✐♥❣ ❛♥❞ ❝♦♥tr❛st✐♥❣ t❤❡ t✇♦ r❡s✉❧ts

✐s ❢❡❛s✐❜❧❡✳ ❚❛❜❧❡ ✹✳✺ ♣r♦✈✐❞❡s V +✴V − ❛s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ♠✐❝r♦✲✐♥❞❡♥t❛t✐♦♥✳ ❚❤❡s❡ ✈❛❧✉❡s ✉♥❞❡r❧✐♥❡ t❤❡

❢❛❝t t❤❛t ✐♥❞❡♥t❡r ✐♥ t❤❡ ✐rr❛❞✐❛t❡❞ ❙❇◆ ✶✷ ❣❧❛ss❡s ♣❡♥❡tr❛t❡s ❞❡❡♣❡r ❛t ❧♦✇ ❧♦❛❞s ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡✐r

♣r✐st✐♥❡ ❝♦✉♥t❡r♣❛rts✳ V +✴V − ❞❡❝r❡❛s❡s ❜② ❤❛❧❢ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ❢♦r ✷ ●●② s❛♠♣❧❡s✳ ❚❤❡ ❣❧❛ss str✉❝t✉r❡

❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ✐s ❧❡ss ❛❜❧❡ t♦ r❡s✐st t♦ ✐♥❞❡♥t❡r✳ ❨❡t✱ ❙❇◆ ✶✷ ❞♦❡s ♥♦t ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡ ✐♥ ρ

❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳

■♥ P❛rt ■ ❝❤❛♣t❡r ✹✱ ■ s❤♦✇❡❞ t❤❛t ❜② ♠♦❞✉❧❛t✐♥❣ t❤❡ ❣❧❛ss ❝❤❡♠✐str②✱ ✇❡ ♠❛❞❡ PC ✈❛r② ✭❝r❛❝❦ ❛♣✲

♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t②❀ ❞❡✜♥❡❞ ✐♥ P❛rt ■✳✷✳✸✳✹✮✳ ❚❤✐s ♠♦❞✐✜❡s CR ✭❝r❛❝❦ r❡s✐st❛♥❝❡✮✳ ❋✐❣✉r❡ ✹✳✶✷ ❞❡♣✐❝ts

PC ❢♦r ✐♥❝r❡❛s✐♥❣ ❧♦❛❞s✳ ■♥❞❡♥t❛t✐♦♥ ❧♦❛❞s ❢♦r ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ♠✉st ❡①❝❡❡❞ ✺✵ ❣ ❜❡❢♦r❡ ❝r❛❝❦s ❛♣✲

♣❡❛r✳ Pr✐st✐♥❡ s❛♠♣❧❡s r❡q✉✐r❡ ✷✺ ❣ ❢♦r ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡✳ ❆s t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❧♦❛❞ ✐♥❝r❡❛s❡s✱ t❤❡ ♣r✐st✐♥❡

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

❨❡t✱ ♦❜s❡r✈❛t✐♦♥s ✐♥ ❙❇◆ ✶✷ ❛r❡ ❧♦❛❞✲❞❡♣❡♥❞❡♥t✳ ❋♦r ❧♦❛❞s ❜❡❧♦✇ ✷✺ ❣ ✭✐♥❝❧✉❞✐♥❣ ♥❛♥♦✲ ❛♥❞ ♠✐❝r♦✲✮✱ t❤❡

❤❛r❞♥❡ss ❞❡❝r❡❛s❡s ❜② ✷✵ % ❜❡t✇❡❡♥ t❤❡ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❆t ❤✐❣❤❡r ❧♦❛❞s ✭> ✷✺ ❣✮✱ t❤❡

❤❛r❞♥❡ss ✈❛❧✉❡ ✐s s✐♠✐❧❛r ♣r✐♦r t♦ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❆ ✜rst ❣✉❡ss ♦❢ ✇❤② t❤❡ ❣❧❛ss ❜❡❤❛✈❡s ❞✐✛❡r❡♥t❧②

✶✺✺
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Pr♦✜❧❡ ✭µ♠✮

P
❡♥
❡t
r❛
t✐
♦♥

❞❡
♣t
❤
✭µ
♠
✮

❙❇◆ ✶✷ ♣r✐st✐♥❡

❙❇◆ ✶✷ ✷ ●●②

❋✐❣✉r❡ ✹✳✶✷✿ ✭▲❡❢t✮ ❈r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ❞❡♣❡♥❞✐♥❣ ♦♥ ❛♣♣❧✐❡❞ ❧♦❛❞ ❢♦r ❙❇◆ ✶✷ ♣r✐st✐♥❡ ✭❜❧✉❡
❧✐♥❡✮ ❛♥❞ ❙❇◆ ✶✷ ✐rr❛❞✐❛t❡❞ ❛t ✷ ●●② ✭r❡❞ ❧✐♥❡✮❀ ✭❘✐❣❤t✮ ■♥❞❡♥t❛t✐♦♥ ♣r♦✜❧❡ ❢♦r ❙❇◆ ✶✷ ♣r✐st✐♥❡ ✭❜❧✉❡
❞♦tt❡❞ ❧✐♥❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞ ❞♦tt❡❞ ❧✐♥❡✮ ❛t ✷●●② ❛t ✶✵✵❣

✉♥❞❡r ❧♦✇ ❧♦❛❞s ✈❡rs✉s ❤✐❣❤ ❧♦❛❞s✱ ✇♦✉❧❞ ❜❡ ❛ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ❣❧❛ss✬s str✉❝t✉r❡ ♥❡❛r t❤❡ s✉r❢❛❝❡✳ ■♥❞❡❡❞✱

❆❜❜❛s ❬✷❪ ❢♦✉♥❞ ❛ s♦❞✐✉♠ ❞❡♣❧❡t✐♦♥ ❝❧♦s❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡✱ ❝❤❛♥❣✐♥❣ ❧♦❝❛❧❧② t❤❡ ❣❧❛ss str✉❝t✉r❡✳ ❋✐❣✉r❡

✹✳✶✸ ❝♦♠♣❛r❡s ❘❛♠❛♥ s✐❣♥❛❧s r❡❝♦r❞❡❞ ❝❧♦s❡ t♦ t❤❡ s✉r❢❛❝❡ ❛♥❞ ✐♥ t❤❡ ❜✉❧❦✳ ❚❤❡ s♣❡❝tr❛ ❞♦ ♥♦t r❡✈❡❛❧

❛♥② ❝❤❛♥❣❡s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s t❤❡ ❣❧❛ss ❜✉❧❦✳ ❚❤✉s✱ t❤❡ r❡❛s♦♥ ✇❤② H ❞❡❝r❡❛s❡s ❜② ∼✷✵% ♦♥

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

✺✵✵ ✶✵✵✵ ✶✺✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❯♣♣❡r ❢❛❝❡
▲♦✇❡r ❢❛❝❡

❋✐❣✉r❡ ✹✳✶✸✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✷ ✐rr❛❞✐❛t❡❞ ❛t ✶ ●●② ❝❧♦s❡ t♦ t❤❡ s✉r❢❛❝❡s ✭✉♣♣❡r ❛♥❞ ❧♦✇❡r ❢❛❝❡s✮

♦❢ KC ❜② ✐♥❞❡♥t❛t✐♦♥ ✐s ❞✐s❝✉ss❡❞ ✐♥ P❛rt ■✳✹✳ ❍❛❧❢✲♣❡♥♥② ♠❡❞✐❛♥✲r❛❞✐❛❧ ❝r❛❝❦s ❞♦ ♥♦t ❞❡✈❡❧♦♣ ✇❡❧❧ ✐♥

❙❇◆ ✶✷ s❛♠♣❧❡s ♥♦r ✐♥ t❤❡✐r ✐rr❛❞✐❛t❡❞ ❝♦✉♥t❡r♣❛rts✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ KC ✇❛s ♥♦t ✐♥✈❡st✐❣❛t❡❞ ❜② t❤✐s

♠❡t❤♦❞✳ ❖t❤❡r✇✐s❡✱ t❤❡ ♠❡❛♥ ❝r❛❝❦ ❧❡♥❣t❤s✱ c✱ ✇❡r❡ s✐♠✐❧❛r ♣r✐♦r t♦ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❛❜❧❡ ✹✳✺

s✉♠♠❛r✐③❡s t❤❡s❡ r❡s✉❧ts✳ ❙❇◆ ✶✹ ❋✐❣✉r❡ ✹✳✶✹ ♣r❡s❡♥ts ♠✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ ✭❧❡❢t✮ ❛♥❞ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥

✭r✐❣❤t✮ t❡st r❡s✉❧ts ❢♦r ❙❇◆ ✶✹✳ ❚❤❡ ♠✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ t❡st ✭❋✐❣✉r❡ ✹✳✶✹ ❧❡❢t✮ ❝♦♠♣❛r❡s ♣r✐st✐♥❡ ✭❣r❡❡♥✮

❛♥❞ ✷ ●●② ✭βe− ❀ r❡❞✮ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❢♦r ❛ ❧♦❛❞ ♦❢ ✺✵ ❣✳ ❈❧❡❛r❧②✱ t❤❡ ✐♥❞❡♥t❡r ♣❡♥❡tr❛t❡s ❞❡❡♣❡r

✶✺✻
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❛❢t❡r ✐rr❛❞✐❛t✐♦♥ t❤❛♥ ❜❡❢♦r❡✳ ❚❤❡ ✈♦❧✉♠❡ ♦❢ ✐♥❞❡♥t❛t✐♦♥ ✐♥❝r❡❛s❡s ❜② ∼ ✶✵% ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ◆❛♥♦✲

✐♥❞❡♥t❛t✐♦♥ t❡sts ✭✜❣✉r❡ ✹✳✶✹ r✐❣❤t✮ ❝♦♠♣❛r❡ ♣r✐st✐♥❡ ✭❣r❡❡♥✮ ❛♥❞ ✷●●② ✭βe− ❀ r❡❞✮ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡ ❢♦r

❛ ❝♦♥st❛♥t ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤✳ ❈❧❡❛r❧②✱ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s r❡q✉✐r❡ ❛ ❧♦✇❡r ❧♦❛❞ t♦ r❡❛❝❤ t❤❡ s❛♠❡ ♣❡♥❡✲

tr❛t✐♦♥ ❞❡♣t❤✳ ❍❡♥❝❡✱ H ✈❛r✐❡s ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥ ❢♦r ❙❇◆ ✶✹✳ ❚❛❜❧❡ ✹✳✻ ♣r❡s❡♥ts ❙❇◆ ✶✹✬s H ❜❡❢♦r❡ ❛♥❞

❛❢t❡r βe− ✲✐rr❛❞✐❛t✐♦♥✳ ■rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❛ ✶✼% ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❤❛r❞♥❡ss✳
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❙❇◆ ✶✹ ♣r✐st✐♥❡

❙❇◆ ✶✹ ✷ ●●②

❋✐❣✉r❡ ✹✳✶✹✿ ✭▲❡❢t✮ Pr♦✜❧❡ ❡✈♦❧✉t✐♦♥ ♦❜t❛✐♥❡❞ ❜② ❆❋▼ ✐♠❛❣✐♥❣ ♦❢ r❡s✐❞✉❛❧ ✐♥❞❡♥ts ❢r♦♠ ♠✐❝r♦ ✐♥❞❡♥t❛t✐♦♥s
❢♦r ❙❇◆ ✶✹ ♣r✐st✐♥❡ ❛♥❞ ❙❇◆ ✶✹ ✐rr❛❞✐❛t❡❞ ❜② ❡❧❡❝tr♦♥s ❛t ✷ ●●②✳ ❊①♣❡r✐♠❡♥t❛❧ ✐♥❞❡♥t❛t✐♦♥ t♦♦❦ ♣❧❛❝❡ ✐♥
❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s ❛♥❞ t❤❡ ❧♦❛❞ ✇❛s ✺✵ ❣✳ ✭❘✐❣❤t✮ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❧♦❛❞✲❞✐s♣❧❛❝❡♠❡♥t ❝✉r✈❡s ❢♦r ❝♦♥st❛♥t
❞❡♣t❤ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts✳

Pr♦♣❡rt✐❡s ❙❇◆ ✶✹pristine ❙❇◆ ✶✹2GGy ∆ ✭%✮
HV ✭▼P❛✮ ✻✺✷✵±80 ✺✹✵✵±120 ✲✶✼
❊✈❛♥s & ❈❤❛r❧❡s ♠♦❞❡❧ ❙❇◆ ✶✹pristine ❙❇◆ ✶✹1.5GGy ∆ ✭%✮
KC✭▼P❛✳

√
m✮ ✶✳✹±0.2 ✷±0.3 ✰✸✵

❚❛❜❧❡ ✹✳✻✿ ❍❛r❞♥❡ss ♠❡❛s✉r❡♠❡♥ts ❞❡t❡r♠✐♥❡❞ ❛t ✷✺ ❣ ❢♦r ❙❇◆ ✶✹ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❛t ✷ ●●② ❜②
❡❧❡❝tr♦♥s ❛♥❞ KC ✈❛r✐❛t✐♦♥s ♦❜t❛✐♥❡❞ ❜② ✐♥❞❡♥t❛t✐♦♥ ❢♦r ❙❇◆ ✶✹ s❛♠♣❧❡s ❛t ✸✵✵ ❣✳

❉✉❡ t♦ t❤❡ s♠❛❧❧ ❛♠♦✉♥t ♦❢ ♣✐❧❡✲✉♣ ❛♥❞ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ♦❢ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✱ ❙❇◆ ✶✹

✐rr❛❞✐❛t❡❞ ♣r♦❜❛❜❧② ❞❡♥s✐✜❡s ♠♦r❡ t❤❛♥ ✐ts ♣r✐st✐♥❡ ❝♦✉♥t❡r♣❛rt✳ ❚❤✐s ❝❛♥ ❜❡ ❝♦rr❡❧❛t❡❞ t♦ ❛ ♠♦r❡ ♦♣❡♥

♥❡t✇♦r❦✳ ❚❤❡s❡ ✈❛r✐❛t✐♦♥s ❧❡❛❞ t♦ ✈❛r✐❛t✐♦♥s ✐♥ PC ✱ ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t②✳ ❚❤❡ ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡

♣r♦❜❛❜✐❧✐t② ❞❡❝r❡❛s❡s s✐❣♥✐✜❝❛♥t❧② ❜❡t✇❡❡♥ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ✭✹✳✶✺✮✳ ▼♦r❡♦✈❡r ❝♦♠♣❛r✐♥❣

✶✳✺ ●●② ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s t♦ ✷ ●●②✱ PC ❞❡❝r❡❛s❡s ❛❣❛✐♥✳ ❊st✐♠❛t✐♥❣ KC r❡q✉✐r❡s ❛ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤

❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t②✳ ❍❡♥❝❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❝❤♦♦s❡ ❛ ❧♦❛❞ ✇✐t❤ ❡♥♦✉❣❤ ❝r❛❝❦s✳ ❇♦t❤ ✶✳✺

❛♥❞ ✷✳✵ ●●② s❛♠♣❧❡s r❡q✉✐r❡ ❡①tr❡♠❡❧② ❤✐❣❤ ❧♦❛❞s t♦ ✐♥✐t✐❛t❡ ❝r❛❝❦ ✭❋✐❣✉r❡ ✹✳✶✺✮✳ ▼♦r❡♦✈❡r✱ ✷ ●●②

s❛♠♣❧❡s r❡❛❝❤ t❤❡ ❧✐♠✐t ♦❢ t❤❡ ❧♦❛❞ ♠❛❝❤✐♥❡ ❜❡❢♦r❡ ❤❛✈✐♥❣ PC > ✺✵%✳ ❚❤✉s✱ KC ❢♦r ✷ ●●② s❛♠♣❧❡s

✐s ♥♦t ❛❝❝❡ss✐❜❧❡✳ ❋♦r t❤❡ ✶✳✺ ●●② s❛♠♣❧❡ ❛ ❧♦❛❞ ♦❢ ✸✵✵ ❣ ❣✐✈❡s ❛ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤ PC ✳ ❆ s✐❣♥✐✜❝❛♥t

✐♥❝r❡❛s❡ ✐♥ KC ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ♦❝❝✉rs ❢♦r ❙❇◆ ✶✹ ✐rr❛❞✐❛t❡❞ ❛t ✶✳✺ ●●② ✳ ❚❤✐s ❝❛♥ ❜❡ ❧✐♥❦❡❞ t♦ t❤❡

✐♥❝r❡❛s❡ ✐♥ ❞❡♥s✐✜❝❛t✐♦♥ ♣r♦❝❡ss❡s ✇❤✐❝❤ ❧✐♠✐ts t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ♠❡❞✐❛♥✴r❛❞✐❛❧ ❝r❛❝❦s ✭❛s ♦❜s❡r✈❡❞ ❢♦r

✶✺✼
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❙❇◆ ✶✹ ♣r✐st✐♥❡

❙❇◆ ✶✹ ✶✳✺●●②

❙❇◆ ✶✹ ✷●●②

❋✐❣✉r❡ ✹✳✶✺✿ ❈r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ❞❡♣❡♥❞✐♥❣ ♦♥ ❧♦❛❞ ❛♣♣❧✐❡❞ ❢♦r ❙❇◆ ✶✹ ♣r✐st✐♥❡ ✭❣r❡❡♥ ❧✐♥❡✮
❛♥❞ ❙❇◆ ✶✹ ✐rr❛❞✐❛t❡❞ ❛t ✶✳✺ ●●② ✭r❡❞ ❧✐♥❡✮ ❛♥❞ ✷ ●●② ✭❞❛r❦ r❡❞ ❧✐♥❡✮✳

♣r✐st✐♥❡ ❣❧❛ss❡s P❛rt ■✳✹✳✮✳

❚❤❡ ♠❡❝❤❛♥✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ r❡s♣♦♥s❡ ♦❢ ❙❇◆ ✶✹ ✐rr❛❞✐❛t❡❞ ❞✐✛❡rs ❢r♦♠ ✐ts ♣r✐st✐♥❡ ❝♦✉♥t❡r♣❛rt✳ βe− ✲

✐rr❛❞✐❛t✐♦♥ ✐♥❝✉❞❡s ❣❧❛ss s✇❡❧❧✐♥❣ ❛♥❞ str✉❝t✉r❡ r❡♦r❣❛♥✐③❛t✐♦♥ ♠❛❦✐♥❣ ❞❡♥s✐✜❝❛t✐♦♥ ♣r♦❝❡ss ❡❛s✐❡r✳ ❆s ❛

❝♦♥s❡q✉❡♥❝❡✱ HV ✐s ❢♦✉♥❞ t♦ ❞❡❝r❡❛s❡ ✇❤❡r❡❛s KC ✐♥❝r❡❛s❡s✳

❍✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t ❣❧❛ss❡s✿ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺

❙❡❝t✐♦♥ ✹✳✷✳✷ r❡✈❡❛❧❡❞ t❤❛t βe− ✲✐rr❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t ✐♥❞✉❝❡ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❛❢t❡r

✐rr❛❞✐❛t✐♦♥✳ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ✉♥❞❡r❣♦ t❤❡ s❛♠❡ t②♣❡ ♦❢ ❛♥❛❧②s✐s ❛s

t❤❡ ❧♦✇ ❬Na2O❪ ❣❧❛ss❡s✳ ❚❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s t❡sts ✐♥❝❧✉❞❡ ♠✐❝r♦✲ ❛♥❞ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥✳ ❊❧❡❝tr♦♥

✐rr❛❞✐❛t✐♦♥ ❧❡✈❡❧s ♦❢ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ s❛♠♣❧❡s st✉❞✐❡❞ ❤❡r❡✐♥ ✐s 1.5 GGy✳ ❚❤❡ t❛❜❧❡ ✹✳✼ ♣r❡s❡♥ts t❤❡

❡✈♦❧✉t✐♦♥ ♦❢ H ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳ HV ❞❡❝r❡❛s❡s s❧✐❣❤t❧② ✐♥ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳

❙❇◆ ✸✺pristine ❙❇◆ ✸✺1.5GGy ∆ ✭%✮
HV ✭▼P❛✮ ✺✵✺✵±120 ✹✼✹✵±80 ✻

❙❇◆ ✺✺pristine ❙❇◆ ✺✺2GGy

HV ✭▼P❛✮ ✺✸✵✵±110 ✺✶✻✵±80 ✸

❚❛❜❧❡ ✹✳✼✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✳

❍♦✇❡✈❡r ❞✉❡ t♦ t❤❡ ❡rr♦r ❜❛r ✐♥ ♣r✐st✐♥❡ s❛♠♣❧❡s✱ t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ r❡s✉❧ts ✐s ♠✐♥✐♠✐③❡❞✳ ❋✐❣✉r❡

✹✳✶✻ ❞❡♣✐❝ts t❤❡ ❝r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❧♦❛❞✳ ❋♦r ❛❧❧ ✐♥❞❡♥t❛t✐♦♥ ❧♦❛❞s✱ ❙❇◆ ✸✺

❛♥❞ ❙❇◆ ✺✺ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ♣r♦❞✉❝❡ PC > ✵%✳ ❆s t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❧♦❛❞ ✐♥❝r❡❛s❡s✱ t❤❡

❙❇◆ ✸✺ ♣r✐st✐♥❡ s❛♠♣❧❡ ❤❛s ❛ ❤✐❣❤❡r t❡♥❞❡♥❝② t♦ ❢♦r♠ ❝r❛❝❦s ❛s ❝♦♠♣❛r❡❞ t♦ ✐ts ✲✐rr❛❞✐❛t❡❞ ❝♦✉♥t❡r♣❛rt✳

❆❜♦✈❡ ✶✵✵ ❣ ❜♦t❤ ❙❇◆ ✸✺ s❛♠♣❧❡s ❤❛✈❡ PC ❂ ✶✵✵ %✳ ❋♦r ❙❇◆ ✺✺ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❤❛✈❡

✶✺✽
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✵

✷✵

✹✵

✻✵

✽✵

✶✵✵

▲♦❛❞ ✭❣✮
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♥❝
❡
♣r
♦❜
❛❜
✐❧✐
t②

✭%
✮

❙❇◆ ✸✺ ♣r✐st✐♥❡

❙❇◆ ✸✺ ✶✳✺ ●●②

✵ ✶✵✵ ✷✵✵ ✸✵✵
✵

✷✵

✹✵

✻✵

✽✵

✶✵✵

▲♦❛❞ ✭❣✮

❈
r❛
❝❦

❛♣
♣
❡❛
r❛
♥❝
❡
♣r
♦❜
❛❜
✐❧✐
t②

✭%
✮

❙❇◆ ✺✺ ♣r✐st✐♥❡

❙❇◆ ✺✺ ✶✳✺ ●●②

❋✐❣✉r❡ ✹✳✶✻✿ ❈r❛❝❦ ❛♣♣❡❛r❛♥❝❡ ♣r♦❜❛❜✐❧✐t② ❞❡♣❡♥❞✐♥❣ ♦♥ ❧♦❛❞ ❛♣♣❧✐❡❞ ❢♦r✿ ✭❧❡❢t✮ ❙❇◆ ✸✺ ♣r✐st✐♥❡ ✭❞❛r❦
r❡❞ ❧✐♥❡✮ ❛♥❞ ❙❇◆ ✸✺ ✐rr❛❞✐❛t❡❞ ❛t ✶✳✺ ●●② ✭r❡❞ ❧✐♥❡✮❀ ✭r✐❣❤t✮ ❙❇◆ ✺✺ ♣r✐st✐♥❡ ✭❞❛r❦ ❜❧✉❡ ❧✐♥❡✮ ❛♥❞
❙❇◆ ✺✺ ✐rr❛❞✐❛t❡❞ ❛t ✶✳✺ ●●② ✭r❡❞ ❧✐♥❡✮✳

t❤❡ s❛♠❡ PC ✭✇✐t❤ ✐♥ t❤❡ ❡rr♦r ❜❛rs✮ ❢♦r ❧♦✇ ❧♦❛❞s✳ ❋♦r ❧♦❛❞s ❣r❡❛t❡r t❤❛♥ ✺✵ ❣ t❤❡r❡ ❛♣♣❡❛rs t♦ ❜❡ ❛

s❧✐❣❤t ❞❡❝r❡❛s❡ ✐♥ PC ❢♦r ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❛s ❝♦♠♣❛r❡❞ t♦ ✐ts ♣r✐st✐♥❡ ❝♦✉♥t❡r♣❛rt✳ ❙❛♠♣❧❡s ❤❛✈❡ ❛ PC

❂✶✵✵% ❛t ✺✵ ❣ ✭♣r✐st✐♥❡✮ ❛♥❞ ✶✵✵ ❣ ✭✐rr❛❞✐❛t❡❞✮✳ ❋♦r t❤❡ t✇♦ s❛♠♣❧❡s✱ ✐rr❛❞✐❛t✐♦♥ ♦♥❧② s❧✐❣❤t❧② ✐♠♣❛❝ts

PC ✳ ❚❛❜❧❡ ✹✳✽ s❤♦✇s t❤❛t ❑C ✐♥❝r❡❛s❡s ✇✐t❤ ✐rr❛❞✐❛t✐♦♥✳ ■♥ ❝♦♥❝❧✉s✐♦♥✱ t❤❡ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ r❡s♣♦♥s❡

t♦ ♥❛♥♦✴♠✐❝r♦ ✐♥❞❡♥t❛t✐♦♥s ❛♣♣❡❛r t♦ ❜❡ ✇❡❛❦❧② ✐♠♣❛❝t❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✳

❊✈❛♥s & ❈❤❛r❧❡s ♠♦❞❡❧ ❙❇◆ ✸✺pristine ❙❇◆ ✸✺1.5GGy ∆ ✭%✮
❑C✭▼P❛✳

√
m✮ ✵✳✻✾±0.05 ✵✳✼✻ ±0.06 ✰✶✺

❙❇◆ ✺✺pristine ❙❇◆ ✺✺1.5GGy ∆ ✭%✮
❑C✭▼P❛✳

√
m✮ ✵✳✼✸±0.09 ✵✳✽✶±0.06 ✰✽

❚❛❜❧❡ ✹✳✽✿ ❑C ✈❛r✐❛t✐♦♥s ♦❜t❛✐♥❡❞ ❜② ✐♥❞❡♥t❛t✐♦♥ ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s✳

❉✐s❝✉ss✐♦♥

❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹ ✉♥❞❡r❣♦ str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ✉♥❞❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ♠❡❝❤❛♥✐❝❛❧

❜❡❤❛✈✐♦r ♦❢ ❙❇◆ ✶✷ ✉♥❞❡r t❤❡ ✐♥❞❡♥t❡r r❡♠❛✐♥s ✉♥❝❧❡❛r✳ ❆t ❧♦✇ ❧♦❛❞s✱ H ❞❡❝r❡❛s❡s✱ ②❡t ❤✐❣❤❡r ❧♦❛❞s ❧❡❛❞

t♦ ❛ s✐♠✐❧❛r r❡s♣♦♥s❡ ✐♥ H ♣r✐♦r t♦ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❘❛♠❛♥ ❛♥❛❧②s✐s ❝❧♦s❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❞♦❡s

♥♦t r❡✈❡❛❧ ❛♥ ❡①♣❧❛♥❛t✐♦♥ t♦ t❤✐s ❞✐s❝r❡♣❛♥❝②✳

❙❇◆ ✶✹ s✇❡❧❧s ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤✐s ❢❛❝✐❧✐t❛t❡s ❞❡♥s✐✜❝❛t✐♦♥ ♣r♦❝❡ss❡s ✐♥ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❛♥❞

❧❡❛❞s t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ H✳ ❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ✜rst ♣❛rt ♦❢ t❤✐s t❤❡s✐s ✭P❛rt ■✳✹✮✱ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡

❞❡♥s✐✜❝❛t✐♦♥✴s❤❡❛r ✢♦✇ ♣r♦❝❡ss❡s ❝♦♥tr✐❜✉t❡ t♦ ❝❤❛♥❣❡s ✐♥ t❤❡ r❡s✐❞✉❛❧ str❡ss❡s ❞✉r✐♥❣ ❛♥❞ ❛❢t❡r ✉♥❧♦❛❞✐♥❣✳

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

s✐❣♥✐✜❝❛♥t❧② ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳

✶✺✾
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❙❇◆ ✸✺ ♦r ❙❇◆ ✺✺ ❞✐✛❡r ❢r♦♠ t❤❡ ❙❇◆ ❣❧❛ss❡s ✇✐t❤ ❧♦✇ [Na2O] ❛s t❤❡② ❤❛✈❡ ❛ r❡str❛✐♥❡❞ ✐♥❞❡♥t❛t✐♦♥

r❡s♣♦♥s❡ t♦ βe− ✲ ✐rr❛❞✐❛t✐♦♥✳ ❖♥❧② s♠❛❧❧ ♠♦❞✐✜❝❛t✐♦♥s ✐♥ H ✭♠✐❝r♦✲ ❛♥❞ ♥❛♥♦✲ ✐♥❞❡♥t❛t✐♦♥✮ ♦❝❝✉r ❞✉❡

t♦ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❘❆▼❆◆ s♣❡❝tr❛ ❞♦ ♥♦t ❡✈✐❞❡♥❝❡ ❛ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✐rr❛❞✐❛t❡❞ ❛♥❞

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

✈❛r✐❛t✐♦♥s ✐♥ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❣❧❛ss❡s✳

❨❛♥❣ ❡t ❛❧✳ ✐♥✈❡st✐❣❛t❡❞ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ♦❢ βe− ✲✐rr❛❞✐❛t❡❞ ✼✲♦①✐❞❡s ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s ❬✸✻❪✳ ❚❤❡② ❢♦✉♥❞ ❛ ✹ % ❞❡❝r❡❛s❡ ✐♥ H ❞✉❡ t♦ ✶●●② βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❘❡s✉❧ts ❤❡r❡✐♥ ❝♦❧❧❛❜♦r❛t❡

t❤✐s r❡s✉❧t ❜✉t t❤❡② ❡①♣♦s❡ ❛ ❤✐❣❤❡r r❡s♣♦♥s❡ ✭❜✉t ✇✐t❤ ❛ ❤✐❣❤❡r ❞♦s❡✮✳ ❚❤❡ ✹ ❙❇◆ ❣❧❛ss❡s ❤❡r❡✐♥ ❛❧s♦

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

r❡s♣♦♥s❡ ❞✉❡ t♦ ✐rr❛❞✐❛t✐♦♥✳

✹✳✸✳✷ ❙tr❡ss ❝♦rr♦s✐♦♥ ❜❡❤❛✈✐♦r

❚❤❡ ✜rst ♣❛rt ♦❢ t❤✐s t❤❡s✐s ❤✐❣❤❧✐❣❤ts t❤❡ ♣r❡❞♦♠✐♥❛♥t r♦❧❡ ♦❢ t❤❡ ❣❧❛ss str✉❝t✉r❡ ♦♥ t❤❡ str❡ss ❝♦rr♦s✐♦♥

❜❡❤❛✈✐♦r✳ ❚❤✐s s❡❝t✐♦♥ ❞❡t❛✐❧s ❤♦✇ t❤❡ ❙❈❈ ♣r♦♣❡rt✐❡s ✈❛r② ✇✐t❤ ❡①t❡r♥❛❧ βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❙✐♥❝❡ ✐t ✇❛s

♣r❡✈✐♦✉s❧② ♥♦t❡❞ t❤❛t βe− ✲✐rr❛❞✐❛t✐♦♥ ❤❛s ❛ ♠♦r❡ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ ❣❧❛ss❡s ✇✐t❤ ❧♦✇ s♦❞✐✉♠ ❝♦♥❝❡♥tr❛✲

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

t❤❡ s❧♦♣❡ n ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ♣♦✇❡r ❧❛✇ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❑I ❛♥❞ t❤❡ ✈❡❧♦❝✐t②✱ v✳ ❑I r❡❢❡rs t♦ t❤❡

str❡ss ✐♥t❡♥s✐t② ❢❛❝t♦r ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ ❡①t❡r♥❛❧ str❡ss ❛♣♣❧✐❡❞ ❬✶✾✱✸✶❪✱ KE r❡❢❡rs t♦ t❤❡ ❢❛t✐❣✉❡ ❧✐♠✐t

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

▲♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t✿ ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✶✹

❙❇◆ ✶✷ ❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ s✐❣♥✐✜❝❛♥t❧② ❛✛❡❝ts t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❢r❛❝t✉r❡ r❡❣✐♠❡ ✐♥ ❙❇◆ ✶✷✱ ✜❣✉r❡

✹✳✶✼✳ ❚❛❜❧❡ ✹✳✾ s✉♠♠❛r✐③❡s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ n ❛♥❞ KE ✳ ❚❤❡ s❧♦♣❡ ♦❢ t❤❡ ❝✉r✈❡ ✐♥❝r❡❛s❡s s✐❣♥✐✜❝❛♥t❧②

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

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

t♦ ❝r❡❛t❡ t❤❡s❡ t✇♦ ❙❈❈ s✉r❢❛❝❡s ✇❛s ✶✵−8✲✶✵−9 ♠✳s−1✳ ❚❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❤✐❣❤❧✐❣❤t ✈❛r✐❛t✐♦♥s ✐♥ t❤❡

❝r❛❝❦ ♣❛t❤ ✈✐❛ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ❘▼❙ ✈❛❧✉❡ ♣r✐♦r ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ✭✹✳✾✮✳

❙❇◆ ✶✷pristine ❙❇◆ ✶✷2GGy

n ✷✵✳✶ ±0.6 ✹✾ ±1

KE ✵✳✸✻±0.02 ✵✳✹✵±0.03

❘▼❙ ✭♥♠✮ ✵✳✽✶ ±0.05 ✶✳✸ ±0.1

❚❛❜❧❡ ✹✳✾✿ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡ s❧♦♣❡ n ❛♥❞ KE ♦❢ t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❝✉r✈❡s ❛♥❞ ❘▼❙ ❢r♦♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s
❢♦r ❙❇◆ ✶✷ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❛t ✷ ●●②✳

❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ❝❤❛♥❣❡s s✐❣♥✐✜❝❛♥t❧② t❤❡ s❧♦♣❡ n ✐♥ t❤❡ str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡✳ ❚❤❡ ✐rr❛❞✐❛t❡❞

❣❧❛ss ✐s ❧❡ss r❡s✐st❛♥❝❡ t♦ str❡ss ❝♦rr♦s✐♦♥ t❤❛♥ ✐ts ♣r✐st✐♥❡ ❝♦✉♥t❡r♣❛rt✳

❙❇◆ ✶✹

❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ s✐❣♥✐✜❝❛♥t❧② ❛❧t❡rs t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❢r❛❝t✉r❡ r❡❣✐♠❡ ✐♥ ❙❇◆ ✶✹ ✭✜❣✉r❡ ✹✳✶✾✮✳

❚❛❜❧❡ ✹✳✶✵ s✉♠♠❛r✐③❡s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ n ❛♥❞ KE ✳ ❚❤❡ str❡ss ❝♦rr♦s✐♦♥ ❝✉r✈❡ s❤✐❢ts ♦✉t t♦ ❤✐❣❤❡r ✈❛❧✉❡s

✶✻✵
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✵✳✷ ✵✳✹ ✵✳✻ ✵✳✽
✶✵

✲✶✵

✶✵
✲✽

✶✵
✲✻

✶✵
✲✹

❑
■
✭▼P❛✳♠−1/2✮

✈
✭♠

✳s
−
1
✮

❙❇◆ ✶✷ ♣r✐st✐♥❡

❙❇◆ ✶✷ ✷ ●●②

❋✐❣✉r❡ ✹✳✶✼✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❢❛✐❧✉r❡ ❜❡❤❛✈✐♦r ♦❢ ❙❇◆ ✶✷ ♣r✐st✐♥❡ ✭❧✐❣❤t ❜❧✉❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮ ✐♥ str❡ss
❝♦rr♦s✐♦♥ r❡❣✐♠❡✳

✺ ♥♠

✲ ✺ ♥♠❙❇◆ ✶✷ ♣r✐st✐♥❡ ❙❇◆ ✶✷ ✶ ●●②

❋✐❣✉r❡ ✹✳✶✽✿ ❋r❛❝t✉r❡ s✉r❢❛❝❡s ♣r✐♦r t♦ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t ✉s❡❞ t♦ ❝r❡❛t❡
t❤❡s❡ t✇♦ ❙❈❈ s✉r❢❛❝❡s ✇❛s ✶✵−8✲✶✵−9 ♠✳s−1✳ ❚❤❡ ❝♦❧♦r ❜❛r r❡♠❛✐♥s t❤❡ s❛♠❡ ❢♦r t❤❡ t✇♦ ✐♠❛❣❡s✳

♦❢ KE ✳ ❋♦r t❤❡ s❛♠❡ ❝r❛❝❦ ❢r♦♥t ✈❡❧♦❝✐t✐❡s✱ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s r❡q✉✐r❡ ❤✐❣❤❡r ❛♣♣❧✐❡❞ ❢♦r❝❡s✳ ▼♦r❡♦✈❡r✱

t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❝✉r✈❡ ❞❡❝r❡❛s❡s ❜② ❛❜♦✉t 60% ❜❡t✇❡❡♥ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳

❚❤❡ s❤✐❢t ✐♥KE ✐♠♣❧✐❡s ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❣❧❛ss✬s ♣❧❛st✐❝✐t② ✈✐❛ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❞✐ss✐♣❛t✐♦♥ ♣❤❡♥♦♠❡♥❛

♦❝❝✉rr✐♥❣ ❞✉r✐♥❣ ❧♦❛❞✐♥❣✳ ❚❤❡ s♦✉r❝❡ ♦❢ t❤❡ ♣❧❛st✐❝✐t② ✈❛r✐❛t✐♦♥s ❧✐❡s ✇✐t❤✐♥ t❤❡ ❝❤❛♥❣❡s ✐♥ ❣❧❛ss str✉❝t✉r❡✿

✭❣❧♦❜❛❧ s✇❡❧❧✐♥❣✱ ❞❡❝r❡❛s❡ ✐♥ ❞❛♥❜✉r✐t❡ str✉❝t✉r❡s✱ ✐♥❝r❡❛s❡ ✐♥ ♠❡t❛❜♦r❛t❡ ✉♥✐ts ❛♥❞ ❜♦r♦①♦❧s r✐♥❣s✱ ❡t❝✳✮✳

❈❧❡❛r② n ❞❡❝r❡❛s❡s ✇✐t❤ ✐rr❛❞✐❛t✐♦♥ ✐♥ ❙❇◆ ✶✹✳ ❲✐❡❞❡r❤♦r♥ ❡t✳❛❧✳ ✭❛s ❞✐s❝✉ss❡❞ ✐♥ P❛rt ■ ✹✳✷ ♦❢ t❤✐s

t❤❡s✐s✮ t❤❡♦r✐③❡❞ t❤❛t t❤❡ s❧♦♣❡ ✐♥ r❡❣✐♦♥ ■ s❤♦✉❧❞ ❜❡ ♣r♦♣♦rt✐♦♥❛❧ t♦ ❛❝t✐✈❛t✐♦♥ ✈♦❧✉♠❡ ✭∆V ✮ ❢♦r t❤❡

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

t❤❛t ♦❢ t❤❡ ❛❝t✐✈❛t❡❞ ❝♦♠♣❧❡① ❬✶✸✱ ✸✺❪✳ ❘❡❝❛❧❧✐♥❣✱ ♥♦ ❞❛t❛ ♦♥ ❤♦✇ ∆V ❞❡♣❡♥❞s ♦♥ t❡♥s✐❧❡ str❡ss❡s ❡①✐st✳

✶✻✶
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✵✳✷ ✵✳✹ ✵✳✻ ✵✳✽ ✶
✶✵

✲✶✵

✶✵
✲✺

❑
■
✭▼P❛✳♠1/2✮

✈
✭♠

✳s
−
1
✮

❙❇◆ ✶✹ ♣r✐st✐♥❡

❙❇◆ ✶✹ ✶✳✺ ●●②

❋✐❣✉r❡ ✹✳✶✾✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❢❛✐❧✉r❡ ❜❡❤❛✈✐♦r ♦❢ ❙❇◆ ✶✹ ♣r✐st✐♥❡ ✭❣r❡❡♥✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮ ✐♥ str❡ss
❝♦rr♦s✐♦♥ r❡❣✐♠❡✳

❙❇◆ ✶✹pristine ❙❇◆ ✶✹1.5GGy

n ✷✵✳✷±0.5 ✽✳✸±0.6

KE ✵✳✸✺±0.02 ✵✳✻✽±0.05

❘▼❙ ✭♥♠✮ ✵✳✻✺±0.03 ✵✳✾✺±0.06

❚❛❜❧❡ ✹✳✶✵✿ ❱❛r✐❛t✐♦♥s ✐♥ t❤❡ s❧♦♣❡ ✭n✮ ❛♥❞ ✐♥ KE ❞✉r✐♥❣ ❙❈❈ ♦❢ ❙❇◆ ✶✹✳ ❘▼❙ ✈❛❧✉❡s r❡s✉❧t ❢r♦♠
❛♥❛❧②③✐♥❣ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭✶✳✺ ●●②✮ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✇❤✐❝❤ ✇❡r❡ ❝r❡❛t❡❞ ✇✐t❤ ❝r❛❝❦ t✐♣ ✈❡❧♦❝✐t✐❡s
♦❢ ✶✵−8✲✶✵−9 ♠✳s−1✳

❨❡t✱ ❞❡❝r❡❛s✐♥❣ n ✇♦✉❧❞ ✐♠♣❧② ❛ ❧♦✇❡r ∆V ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❨♦✉♥❣ ♠♦❞✉❧✉s ❛♥❞ t❤❡ P♦✐ss♦♥✬s

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

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

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

❣❧❛ss str✉❝t✉r❡ s❤♦✉❧❞ ✐♥❤✐❜✐t t❤❡ ♣❡♥❡tr❛t✐♦♥ ♦❢ ✇❛t❡r✳ ❆❝❝♦r❞✐♥❣❧②✱ ✐rr❛❞✐❛t✐♦♥ ✐♥ ❙❇◆ ✶✹ ❤✐♥❞❡rs ❙❈❈✳

❱❛r✐❛t✐♦♥s ✐♥ t❤❡ ❝r❛❝❦ ♣❛t❤ ❛r❡ ❝♦♥✜r♠❡❞ ❜② ♣♦rt✲♠♦rt❡♠ ❛♥❛❧②s✐s ✭✜❣✉r❡ ✹✳✷✵✮✳ ❚❛❜❧❡ ✹✳✶✵ s✉♠✲

♠❛r✐③❡s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❘▼❙ ♦❢ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ❚❤❡ ❘▼❙ ✐♥❝r❡❛s❡s s✐❣♥✐✜❝❛♥t❧② ❜❡t✇❡❡♥ t❤❡

✐rr❛❞✐❛t❡❞ ❛♥❞ ♣r✐st✐♥❡ s❛♠♣❧❡s✳ ■ts ✈❛r✐❛t✐♦♥s ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ ♠✐❝r♦s❝♦♣✐❝ str❡ss❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤

♠✐❝r♦str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✇✐t❤✐♥ t❤❡ ❣❧❛ss✳

❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t s✐❣♥✐✜❝❛♥t❧② ❛❧t❡r t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❢r❛❝t✉r❡

r❡❣✐♠❡ ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ s❛♠♣❧❡s✳ ❋✐❣✉r❡ ✹✳✷✶ ❧❡❢t ❛♥❞ r✐❣❤t ♣r❡s❡♥ts t❤❡ ❙❈❈ ❝✉r✈❡s ♦❢ ❙❇◆ ✸✺

❛♥❞ ❙❇◆ ✺✺✱ r❡s♣❡❝t✐✈❡❧②✱ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❱✐s✉❛❧❧②✱ t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❝✉r✈❡s ✭♣r✐st✐♥❡

❛♥❞ ✐rr❛❞✐❛t❡❞✮ ♦✈❡r❧❛♣✳ ❚❛❜❧❡ ✹✳✶✶ s✉♠♠❛r✐③❡ KE ✱ n✱ ❛♥❞ t❤❡ ❘▼❙ ♦❢ t❤❡ r❡s✉❧t✐♥❣ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❢♦r

♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ s❛♠♣❧❡s✳

✶✻✷
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✷✳✽ ♥♠

✲ ✷✳✽ ♥♠❙❇◆ ✶✹ ♣r✐st✐♥❡ ❙❇◆ ✶✹ ✶✳✺●●②

❋✐❣✉r❡ ✹✳✷✵✿ ■♠❛❣❡s ❞❡♣✐❝t t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ♣r✐♦r t♦ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ✈❡❧♦❝✐t②
♦❢ t❤❡ ❝r❛❝❦ ❢r♦♥t ✉s❡❞ t♦ ❝r❡❛t❡ t❤❡s❡ t✇♦ ❙❈❈ s✉r❢❛❝❡s ✇❛s ✶✵−8✲✶✵−9 ♠✳s−1 ✳ ❚❤❡ ❝♦❧♦r ❜❛r ✐s t❤❡ s❛♠❡
❢♦r t❤❡ t✇♦ ✐♠❛❣❡s✳

❚❤❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ♦❢ KE ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ✇❛s ♥♦t ❛❝q✉✐r❡❞ ❤❡r❡✐♥✳ ❍❡♥❝❡✱ ♥♦ ❝♦♥❝❧✉s✐♦♥ ♦♥ ❛

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

❚❛❜❧❡ ✹✳✶✶ ♣r❡s❡♥ts t❤❡ s❧♦♣❡✱ n✱ ✐♥ r❡❣✐♦♥ ■✳ ❙❇◆ ✸✺✬s s❧♦♣❡ ❞❡❝r❡❛s❡s s❧✐❣❤t❧②✱ ❛♥❞ ❙❇◆ ✺✺✬s s❧♦♣❡

✐♥❝r❡❛s❡s s❧✐❣❤t❧②✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ t❤❡ s❡♠✐✲❧♦❣ st❛t✉s ♦❢ t❤❡ ❡q✉❛t✐♦♥s✱ ❧✐tt❧❡ s✐❣♥✐✜❝❛♥❝❡ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞✳

▼♦r❡♦✈❡r ✐t ✐s ❤❛r❞ t♦ ❡❧✐♠✐♥❛t❡ ❛ ♥✉❧❧ r❡s♣♦♥s❡ ✐♥ n ❞✉❡ t♦ ✐rr❛❞✐❛t✐♦♥✱ ❛s t❤❡ ❙❈❈ ♦✈❡r❧❛♣✳ ■♥ ❝♦♥❝❧✉s✐♦♥✱

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

✵✳✸ ✵✳✹ ✵✳✺ ✵✳✻
✶✵

✲✶✵

✶✵
✲✽

✶✵
✲✽

✶✵
✲✹

❑I✭▼P❛✳♠1/2✮

✈
✭♠

✳s
−
1
✮

✵✳✸ ✵✳✹ ✵✳✺ ✵✳✻
✶✵

✲✶✵

✶✵
✲✽

✶✵
✲✻

❑I✭▼P❛✳♠1/2✮

✈
✭♠

✳s
−
1
✮

❙❇◆ ✸✺ ♣r✐st✐♥❡
❙❇◆ ✸✺ ✶✳✺ ●●②

❙❇◆ ✺✺ ♣r✐st✐♥❡
❙❇◆ ✺✺ ✷ ●●②

❋✐❣✉r❡ ✹✳✷✶✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❢❛✐❧✉r❡ ❜❡❤❛✈✐♦r ♦❢✿ ✭❧❡❢t✮ ❙❇◆ ✸✺ ♣r✐st✐♥❡ ✭❞❛r❦ ❜❧✉❡✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮ ✐♥
str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♠❡❀ ✭r✐❣❤t✮ ❙❇◆ ✺✺ ♣r✐st✐♥❡ ✭❞❛r❦ r❡❞✮ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭r❡❞✮✳

✹✳✶✶ ♣r❡s❡♥ts r♦✉❣❤♥❡ss ✈❛r✐❛t✐♦♥s ❢♦r ❜♦t❤ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳ ❱❛r✐❛t✐♦♥s ♦❢ t❤❡ r♦✉❣❤♥❡ss ❢♦r ♣♦st✲

♠♦rt❡♠ s✉r❢❛❝❡s ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t✳ ❚❤✉s✱ βe− ✲✐rr❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t s✐❣♥✐✜❝❛♥t❧② ❛✛❡❝t t❤❡ ❝r❛❝❦ ♣❛t❤ ❢♦r

❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳

✶✻✸
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❙❇◆ ✸✺pristine ❙❇◆ ✸✺1.5GGy

n ✸✺✳✽✸±0.4 ✸✸✳✹✻±0.2

KE ✵✳✸✽±0.03 ✴✴
❘▼❙ ✭♥♠✮ ✶✳✽✶±0.08 ✶✳✼✽±0.09

SBN55pristine SBN551.5GGy

n ✸✺✳✽✸ ±0.4 ✸✸✳✹✻ ±0.2

KE ✵✳✹✶±0.01 ✴✴
❘▼❙ ✭♥♠✮ ✵✳✽✶±0.08 ✵✳✽✵±0.09

❚❛❜❧❡ ✹✳✶✶✿ ❱❛r✐❛t✐♦♥s ✐♥ t❤❡ s❧♦♣❡ ✭n✮ ❛♥❞ ✐♥ KE ❞✉r✐♥❣ ❙❈❈ ♦❢ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺✳ ❘▼❙ ✈❛❧✉❡s
r❡s✉❧t ❢r♦♠ ❛♥❛❧②③✐♥❣ ♣r✐st✐♥❡ ❛♥❞ ✐rr❛❞✐❛t❡❞ ✭✶✳✺●●②✮ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ✇❤✐❝❤ ✇❡r❡ ❝r❡❛t❡❞ ✇✐t❤ ❝r❛❝❦
t✐♣ ✈❡❧♦❝✐t✐❡s ♦❢ ✶✵−8✲✶✵−9 ♠✳s−1✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ ❡❧❡❝t✐♦♥ ✐rr❛❞✐❛t✐♦♥ ❞♦❡s ♥♦t s✐❣♥✐✜❝❛♥t❧② ✐♠♣❛❝t ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s ✐♥ t❤❡

str❡ss ❝♦rr♦s✐♦♥ r❡❣✐♦♥✳

❉✐s❝✉ss✐♦♥

βe− ✲✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❞❡❢❡❝ts ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡✳ ❇♦♥❞s ❜r❡❛❦✱ ❛♥❞ ❢♦r ❧♦✇ s♦❞✐✉♠ ❣❧❛ss❡s✱ t❤❡

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

❉❡❢❡❝ts ✐♥❞✉❝❡❞ ✐♥ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❞♦ ♥♦t ❧❡❛❞ t♦ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ✐♥ t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❝✉r✈❡s✳

▲♦✇ s♦❞✐✉♠ ❣❧❛ss❡s ♣r❡s❡♥t s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ❤✐❣❤❧✐❣❤t✐♥❣ t❤❡ ❤✉❣❡ ✐♠♣❛❝t ♦❢ t❤❡ ❣❧❛ss

str✉❝t✉r❡ ♦♥ t❤❡ str❡ss ❝♦rr♦s✐♦♥ ❜❡❤❛✈✐♦r✳ ❋✐♥❛❧❧②✱ r❡s✐❞✉❛❧ str❡ss❡s ♠❛② ❜❡ ✐♥❞✉❝❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✳ ❍♦✇

t❤✐s ❛✛❡❝ts t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ♦❢ str❡ss ❝♦rr♦s✐♦♥ ❝r❛❝❦✐♥❣ ✐s ✉♥❦♥♦✇♥✳

✹✳✹ ❈♦♥❝❧✉s✐♦♥

❆ ❣❧❛ss✬s r❡❛❝t✐♦♥ t♦ βe− ✲✐rr❛❞✐❛t✐♦♥ ❞❡♣❡♥❞s s✐❣♥✐✜❝❛♥t❧② ♦♥ t❤❡ ❣❧❛ss❡s ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✿

✶✳ ❙♦❞✐✉♠ ❝♦♥t❡♥t ❞✐♠✐♥✐s❤❡s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts✳ ❊P❘ ✐♥✈❡st✐❣❛t✐♦♥

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

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

✷✳ ❙tr✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s t❛❦❡ ♣❧❛❝❡ ❢♦r ❧♦✇ s♦❞✐✉♠ ❣❧❛ss❡s✳ ▼✐❣r❛t✐♦♥ ♦❢ s♦❞✐✉♠ ❞✉r✐♥❣

βe− ✲✐rr❛❞✐❛t✐♦♥ ✐s ❦♥♦✇♥ t♦ ✐♥❞✉❝❡ str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ❬✻❪✳ ❙♦❞✐✉♠ ✐s ❣❡♥❡r❛❧❧② ❛ ♠♦❜✐❧❡ ❡❧❡✲

♠❡♥t✱ ❛♥❞ ✐ts ♠♦❜✐❧✐t② ✐♥❝r❡❛s❡s ❛s s♦❞✐✉♠ ❝❤❛♥❣❡s r♦❧❡s ❢r♦♠ ❝❤❛r❣❡ ❝♦♠♣❡♥s❛t♦r ♦♥ 4B ✉♥✐ts t♦

♥❡t✇♦r❦ ♠♦❞✐✜❡rs✳ ❙♦❞✐✉♠ ❝❧✉st❡r✐♥❣ ❢♦r ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ♠❛② ❡①✐st ❢✉rt❤❡r ❤✐♥❞❡r✐♥❣ str✉❝✲

t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ ❛s t❤❡ q✉❛♥t✐t② ♦❢ s♦❞✐✉♠ ✐♥❝r❡❛s❡s✱ ❛s ♦♥❡ Na+ ✐♦♥ ♠♦✈❡s ✐♥ t❤❡

❣❧❛ss ♥❡t✇♦r❦ ❛♥♦t❤❡r ❝❛♥ ❡❛s✐❧② t❛❦❡s ✐ts ♣❧❛❝❡✳

✸✳ ❍❛r❞♥❡ss ❛♥❞ str❡ss ❝♦rr♦s✐♦♥ ❜❡❤❛✈✐♦r ❛r❡ str♦♥❣❧② ✐♠♣❛❝t❡❞ ❜② str✉❝t✉r❛❧ ❝❤❛♥❣❡s✳

❲❤❡♥ βe− ✲✐rr❛❞✐❛t✐♦♥ ❛❧t❡rs t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❣❧❛ss ❛s s❡❡♥ ❜② ❘❛♠❛♥✱ ♦t❤❡r ♣r♦♣❡rt✐❡s

✈❛r② ✐♥ r❡s♣♦♥s❡✿ H✱ t❤❡ ❣❧❛ss✬ ♣❧❛st✐❝✐t② ❛♥❞ ✐ts r❡s✐st❛♥❝❡ t♦ str❡ss ❝♦rr♦s✐♦♥ ❜❡❤❛✈✐♦r✳

❆ ❦❡② q✉❡st✐♦♥ ✐s ❤♦✇ t❤❡ r❡s✐❞✉❛❧ str❡ss ✐♠♣❛❝ts t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡✳ ❚❤✐s ❡✛❡❝t ♠❛② ❜❡ s✐❣♥✐✜❝❛♥t✳

❋✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥s s❤♦✉❧❞ ❜❡ ❝♦♥❞✉❝t❡❞ t♦ ❡st✐♠❛t❡ t❤✐s ❡✛❡❝t✳ ❚❤❡ βe−✲✐rr❛❞✐❛t✐♦♥ ❝❛♥ s✐❣♥✐✜❝❛♥t❧②

✶✻✹



✹✳✹✳ ❈❖◆❈▲❯❙■❖◆

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

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

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

✐rr❛❞✐❛t✐♦♥✳ ❚❤✉s✱ t❤❡ s♦❞✐✉♠ ❛♣♣❡❛rs t♦ ✐♥❤✐❜✐t str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ♠❡❝❤❛♥✐❝❛❧

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

s✉❜♠✐tt❡❞ t♦ ✐♦♥s ✐rr❛❞✐❛t✐♦♥ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ r♦❧❡ ♦❢ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥ t❤r♦✉❣❤ He2+✲

❛♥❞ Au+✲ ✐♦♥s ✐rr❛❞✐❛t✐♦♥✳

✶✻✺



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❤tt♣✿✴✴♣❤②s✐❝s✳♥✐st✳❣♦✈✴♣❤②sr❡❢❞❛t❛✴st❛r✴t❡①t✴❡st❛r✳❤t♠❧✳

❬✷❪ ❆✳ ❆❜❜❛s✳ ❈♦♥tr✐❜✉t✐♦♥ ❞❡ ❧✬❡t✉❞❡ ❞❡ ❧✬❡✛❡ts ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❛❧♣❤❛ s✉r ❧❡s ✈❡rr❡s ♥✉❝❧❡❛✐r❡s✳ P❤❉

t❤❡s✐s✱ ❯♥✐✈❡rs✐t❡ P❛r✐s ❱■✱ ✷✵✵✶✳

❬✸❪ ❙✳ ❇❛❝❝❛r♦✱ ◆✳ ❈❛t❛❧❧♦✱ ❆✳ ❈❡♠♠✐✱ ❛♥❞ ●✳ ❙❤❛r♠❛✳ ❘❛❞✐❛t✐♦♥ ❞❛♠❛❣❡ ♦❢ ❛❧❦❛❧✐ ❜♦r❛t❡ ❣❧❛ss❡s ❢♦r

❛♣♣❧✐❝❛t✐♦♥ ✐♥ s❛❢❡ ♥✉❝❧❡❛r ✇❛st❡ ❞✐s♣♦s❛❧✳ ◆✉❝❧✳ ■♥str✉♠✳ ▼❡t❤♦❞s P❤②s✳ ❘❡s✳ ❇✱ ❇❡❛♠ ■♥t❡r❛❝t✳

▼❛t❡r✳✱ ✷✻✾✿✶✻✼✕✶✼✸✱ ✷✵✶✶✳

❬✹❪ ▼✳ ❇❛r❧❡t✱ ❆✳ ❑❡rr❛❝❤❡✱ ❏✳✲▼✳ ❉❡❧❛②❡✱ ❛♥❞ ❈✳▲✳ ❘♦✉♥tr❡❡✳ ❙✐♦✷✲♥❛✷♦✲❜✷♦✸ ❞❡♥s✐t②✿ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢

❡①♣❡r✐♠❡♥ts✱ s✐♠✉❧❛t✐♦♥s✱ ❛♥❞ t❤❡♦r②✳ ❏✳ ◆♦♥✲❈r②✳ ❙♦❧✐❞s✱ ✸✽✷✿✸✷ ✕ ✹✹✱ ✷✵✶✸✳

❬✺❪ ❇✳ ❇♦✐③♦t✱ ❙✳ ❆❣♥❡❧❧♦✱ ❇✳ ❘❡②♥❛r❞✱ ❘✳ ❇♦s❝❛✐♥♦✱ ❛♥❞ ●✳ P❡t✐t❡✳ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣② st✉❞② ♦❢ ❜❡t❛✲

✐rr❛❞✐❛t❡❞ s✐❧✐❝❛ ❣❧❛ss✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✷✺✿✷✷✕✷✽✱ ✷✵✵✸✳

❬✻❪ ❇✳ ❇♦✐③♦t✱ ●✳ P❡t✐t❡✱ ❉✳ ●❤❛❧❡❜✱ ❛♥❞ ●✳ ❈❛❧❛s✳ ❘❛❞✐❛t✐♦♥ ✐♥❞✉❝❡❞ ♣❛r❛♠❛❣♥❡t✐❝ ❝❡♥t❡rs ✐♥ ♥✉❝❧❡❛r

❣❧❛ss❡s✿ ❛♥ ❡♣r s♣❡❝tr♦s❝♦♣② st✉❞②✳ ❱✐❞❡ ❙❝✐❡♥❝❡✱ ❚❡❝❤♥✐q✉❡ ❡t ❆♣♣❧✐❝❛t✐♦♥s✱ ✶✾✾✽✳

❬✼❪ ❇✳ ❇♦✐③♦t✱ ●✳ P❡t✐t❡✱ ❉✳ ●❤❛❧❡❜✱ ❛♥❞ ●✳ ❈❛❧❛s✳ ❉♦s❡✱ ❞♦s❡ r❛t❡ ❛♥❞ ✐rr❛❞✐❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ❡✛❡❝ts ✐♥

❜❡t❛✲✐rr❛❞✐❛t❡❞ s✐♠♣❧✐✜❡❞ ♥✉❝❧❡❛r ✇❛st❡ ❣❧❛ss❡s ❜② ❡♣r s♣❡❝tr♦s❝♦♣②✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✷✽✸✿✶✼✾✕

✶✽✺✱ ✷✵✵✶✳

❬✽❪ ❇✳ ❇♦✐③♦t✱ ●✳ P❡t✐t❡✱ ❉✳ ●❤❛❧❡❜✱ ❇✳ ❘❡②♥❛r❞✱ ❛♥❞ ●✳ ❈❛❧❛s✳ ❘❛♠❛♥ st✉❞② ♦❢ ❜❡t❛✲✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s✳

❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✷✹✸✿✷✻✽✕✷✼✷✱ ✶✾✾✾✳

❬✾❪ ❏ ❇♦♥✜❧s ❞❡✱ ❙✳ P❡✉❣❡t✱ ●✳ P❛♥❝③❡r✱ ❉ ▲✐❣♥② ❞❡✱ ❙ ❍❡♥r②✱ P✳ ❨✳ ◆♦❡❧✱ ❆✳ ❈❤❡♥❡t✱ ❛♥❞ ❇✳ ❈❤❛♠♣❛❣♥♦♥✳

❊✛❡❝t ♦❢ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦♥ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss ❜❡❤❛✈✐♦r ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱

✸✺✻✿✸✽✽✕✸✾✸✱ ✷✵✶✵✳

❬✶✵❪ P✳❏✳ ❇r❛②✱ ❙✳❆✳ ❋❡❧❧❡r✱ ●✳❊✳ ❏❡❧❧✐s♦♥✱ ❛♥❞ ❨✳❍✳ ❨✉♥✳ ❇✲✶✵ ♥♠r✲st✉❞✐❡s ♦❢ t❤❡ str✉❝t✉r❡ ♦❢ ❜♦r❛t❡

❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✽✲✾✿✾✸✕✾✽✱ ✶✾✽✵✳

❬✶✶❪ ❘✳ ❉❡❜♥❛t❤✳ ❚❤❡r♠❛❧❧②✲r❡✈❡rs✐❜❧❡ ❣❛♠♠❛✲r❛②✲✐♥❞✉❝❡❞ r❡❞♦① r❡❛❝t✐♦♥ ❜❡t✇❡❡♥ s✉❜st✐t✉t✐♦♥❛❧ ✐r♦♥

❛♥❞ ❛❧✉♠✐♥✐✉♠ ✐♠♣✉r✐t② ❝❡♥t❡rs ✐♥ ❛ s✐❧✐❝❛ ❣❧❛ss✳ ❏✳ ▼❛t✳ ❘❡s✳✱ ✶✻✿✶✷✼✕✶✸✶✱ ✷✵✵✶✳

✶✻✻



❬✶✷❪ ❲✳❏✳ ❉❡❧❧✱ P✳ ❏✳ ❇r❛②✱ ❛♥❞ ❙✳ ❩✳ ❳✐❛♦✳ ❇✲✶✶ ♥♠r✲st✉❞✐❡s ❛♥❞ str✉❝t✉r❛❧ ♠♦❞❡❧✐♥❣ ♦❢ Na2O✲B2O3✲SiO2

❣❧❛ss❡s ♦❢ ❤✐❣❤ s♦❞❛ ❝♦♥t❡♥t✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✺✽✭✶✮✿✶✕✶✻✱ ✶✾✽✸✳

❬✶✸❪ ❙✳ ❋r❡✐♠❛♥✳ ❚❤❡ ❢r❛❝t✉r❡ ♦❢ ❣❧❛ss✿ P❛st✱ ♣r❡s❡♥t ❛♥❞ ❢✉t✉r❡✳ ■♥t✳ ❏✳ ❆♣♣❧✳ ●❧❛ss ❙❝✐✳✱ ✸✿✽✾✕✶✵✻✱ ✷✵✶✷✳

❬✶✹❪ ❉✳ ●r✐s❝♦♠✳ ❉❡❢❡❝t ❝❡♥t❡rs ✐♥ ❛ ♣✉r❡✲s✐❧✐❝❛✲❝♦r❡ ❜♦r♦s✐❧✐❝❛t❡✲❝❧❛❞ ♦♣t✐❝❛❧ ✜❜❡r✿ ❊sr st✉❞✐❡s✳ ❏✳ ❆♣♣❧✳

P❤②s✳✱ ✹✼✿✾✻✵✕✾✻✼✱ ✶✾✼✻✳

❬✶✺❪ ❉✳ ●r✐s❝♦♠✳ ❙❡❧❢✲tr❛♣♣❡❞ ❤♦❧❡s ✐♥ ❛♠♦r♣❤♦✉s s✐❧✐❝♦♥ ❞✐♦①✐❞❡✳ P❤②s✳ ❘❡✈✳ ❇✱ ✹✵✿✹✷✷✹✕✹✷✷✼✱ ✶✾✽✾✳

❬✶✻❪ ❉✳ ●r✐s❝♦♠✳ ❊❧❡❝tr♦♥✲s♣✐♥✲r❡s♦♥❛♥❝❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ s❡❧❢✲tr❛♣♣❡❞ ❤♦❧❡s ✐♥ ❛♠♦r♣❤♦✉s✲s✐❧✐❝♦♥

❞✐♦①✐❞❡✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✶✹✾✿✶✸✼✕✶✻✵✱ ✶✾✾✷✳

❬✶✼❪ ❉✳ ●r✐s❝♦♠✱ ❈✳ ▼❡r③❜❛❝❤❡r✱ ❘✳❆✳ ❲❡❡❦s✱ ❛♥❞ ❘✳❆✳ ❩✉❤r✳ ❊❧❡❝tr♦♥ s♣✐♥ r❡s♦♥❛♥❝❡ st✉❞✐❡s ♦❢ ❞❡❢❡❝t

❝❡♥t❡rs ✐♥❞✉❝❡❞ ✐♥ ❛ ❤✐❣❤✲❧❡✈❡❧ ♥✉❝❧❡❛r ✇❛st❡ ❣❧❛ss s✐♠✉❧❛♥t ❜② ❣❛♠♠❛✲✐rr❛❞✐❛t✐♦♥ ❛♥❞ ✐♦♥✲ ✐♠♣❧❛♥✲

t❛t✐♦♥✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✷✺✽✿✸✹✕✹✼✱ ✶✾✾✾✳

❬✶✽❪ ❉✳▲✳ ●r✐s❝♦♠✳ ❊❧❡❝tr♦♥✲s♣✐♥✲r❡s♦♥❛♥❝❡ st✉❞✐❡s ♦❢ tr❛♣♣❡❞ ❤♦❧❡✲❝❡♥t❡rs ✐♥ ✐rr❛❞✐❛t❡❞ ❛❧❦❛❧✐ s✐❧✐❝❛t❡✲

❣❧❛ss❡s ✲ ❛ ❝r✐t✐❝❛❧ ❝♦♠♠❡♥t ♦♥ ❝✉rr❡♥t ♠♦❞❡❧ ❢♦r ❤❝✶ ❛♥❞ ❤❝✷✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✻✹✿✷✷✾✕✷✹✼✱

✶✾✽✹✳

❬✶✾❪ ▼✳❨✳ ❍❡✱ ▼✳❘✳ ❚✉r♥❡r✱ ❛♥❞ ❊✈❛♥s ❆✳ ●✳ ❆♥❛❧②s✐s ♦❢ t❤❡ ❞♦✉❜❧❡ ❝❧❡❛✈❛❣❡ ❞r✐❧❧❡❞ ❝♦♠♣r❡ss✐♦♥ s♣❡❝✐♠❡♥

❢♦r ✐♥t❡r❢❛❝❡ ❢r❛❝t✉r❡ ❡♥❡r❣② ♠❡❛s✉r❡♠❡♥ts ♦✈❡r ❛ r❛♥❣❡ ♦❢ ♠♦❞❡ ♠✐①✐t✐❡s✳ ❆❝t❛✳ ▼❡t❛❧❧✳ ▼❛t❡r✳✱

✹✸✿✸✹✺✸✕✸✹✺✽✱ ✶✾✾✺✳

❬✷✵❪ ●✳ ❑♦r❞❛s✳ ❍②s❝♦r❡ s♣❡❝tr♦s❝♦♣② ✐♥ t❤❡ ❜♦r❛t❡ ❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✸✶✿✶✷✷✕✶✷✼✱ ✷✵✵✸✳

❬✷✶❪ ●✳ ❑♦r❞❛s✳ ❣✲❢❛❝t♦r ❝❛❧❝✉❧❛t✐♦♥s ❢♦r t❤❡ s♣❡❝✐❡s ♦❝❝✉rr✐♥❣ ✐♥ ❜♦r❛t❡ ❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱

✸✹✸✿✶✺✾✕✶✻✷✱ ✷✵✵✹✳

❬✷✷❪ ●✳ ❑♦r❞❛s✳ ❖♥ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❜♦❤❝ ✐♥ t❤❡ ❜♦r♦s✐❧✐❝❛t❡ ❛♥❞ ❜♦r♦♣❤♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳

❙♦❧✐❞s✱ ✸✺✶✿✷✸✺✽✕✷✸✻✵✱ ✷✵✵✺✳

❬✷✸❪ ●✳ ❑♦r❞❛s✱ ❇✳ ❈❛♠❛r❛✱ ❛♥❞ ❍✳❏✳ ❖❡❧✳ ❊❧❡❝tr♦♥ s♣✐♥ r❡s♦♥❛♥❝❡ st✉❞✐❡s ♦❢ r❛❞✐❛t✐♦♥ ❞❛♠❛❣❡ ✐♥ s✐❧✐❝❛t❡

❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✺✵✿✼✾✕✾✺✱ ✶✾✽✷✳

❬✷✹❪ ❍✳ ▲✐✱ ▲✳❨✳ ❙✉✱ ❛♥❞ ❉✳▼✳ ❙tr❛❝❤❛♥✳ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣✐❝ st✉❞② ♦❢ ❣❛❞♦❧✐♥✐✉♠ ✭✐✐✐✮ ✐♥ s♦❞✐✉♠✲

❛❧✉♠✐♥♦❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✷✾✷✿✶✻✼✕✶✼✻✱ ✷✵✵✶✳

❬✷✺❪ ❉✳ ▼❛♥❛r❛✱ ❆✳ ●r❛♥❞❥❡❛♥✱ ❛♥❞ ❉✳❘✳ ◆❡✉✈✐❧❧❡✳ ❆❞✈❛♥❝❡s ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ str✉❝t✉r❡ ♦❢ ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s✿ ❆ r❛♠❛♥ s♣❡❝tr♦s❝♦♣② st✉❞②✳ ❆♠✳ ▼✐♥❡r❛❧✳✱ ✾✹✿✼✼✼✕✼✽✹✱ ✷✵✵✾✳

❬✷✻❪ ❉✳❲✳ ▼❛ts♦♥✱ ❙✳❑✳ ❙❤❛r♠❛✱ ❛♥❞ ❏✳❆✳ P❤✐❧♣♦tts✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ❤✐❣❤✲s✐❧✐❝❛ ❛❧❦❛❧✐✲s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❛

r❛♠❛♥ s♣❡❝tr♦s❝♦♣✐❝ ✐♥✈❡st✐❣❛t✐♦♥✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✺✽✿✸✷✸✕✸✺✷✱ ✶✾✽✸✳

❬✷✼❪ ❉✳❆✳ ▼❝❑❡♦✇♥✱ ❋✳ ▲✳ ●❛❧❡❡♥❡r✱ ❛♥❞ ●✳❊✳ ❇r♦✇♥ ❏r✳ ❙t✉❞✐❡s ♦❢ ❛❧ ❝♦♦r❞✐♥❛t✐♦♥ ✐♥ s✐❧✐❝❛✲r✐❝❤ s♦❞✐✉♠

❛❧✉♠✐♥♦s✐❧✐❝❛t❡ ❣❧❛ss❡s ❛♥❞ s♦♠❡ r❡❧❛t❡❞ ♠✐♥❡r❛❧s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✻✽✿✸✻✶✕✸✼✽✱ ✶✾✽✹✳

❬✷✽❪ ◆✳ ❖❧❧✐❡r✱ ❇✳ ❇♦✐③♦t✱ ❇✳ ❘❡②♥❛r❞✱ ❉✳ ●❤❛❧❡❜✱ ❛♥❞ ●✳ P❡t✐t❡✳ ❆♥❛❧②s✐s ♦❢ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ❢♦r♠❛t✐♦♥

✐♥ ✐rr❛❞✐❛t❡❞ ❣❦❛ss❡s✿ ❛ r❛♠❛♥ ❞❡♣t❤ ♣r♦✜❧❡ str✉❞②✳ ❏✳ ◆✉❝❧✳ ▼❛t❡r✳✱ ✸✹✵✿✷✵✾✕✷✶✸✱ ✷✵✵✺✳

✶✻✼



❇■❇▲■❖●❘❆P❍❨

❬✷✾❪ ◆✳ ❖❧❧✐❡r✱ ❇✳ ❇♦✐③♦t✱ ❇✳❛♥❞ ❘❡②♥❛r❞✱ ❉✳ ●❤❛❧❡❜✱ ❛♥❞ ●✳ P❡t✐t❡✳ ❇❡t❛ ✐rr❛❞✐❛t✐♦♥ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✿

t❤❡ r♦❧❡ ♦❢ ♠✐①❡❞ ❛❧❦❛❧✐ ❡✛❡❝t✳ ◆✉❝❧✳ ■♥str✉♠✳ ▼❡t❤♦❞s P❤②s✳ ❘❡s✳ ❇✱ ❇❡❛♠ ■♥t❡r❛❝t✳ ▼❛t❡r✳✱ ✷✶✽✿✶✼✻✕

✶✽✷✱ ✷✵✵✹✳

❬✸✵❪ ◆✳ ❖❧❧✐❡r✱ ❇✳ ❈❤❛♠♣❛❣♥♦♥✱ ❇✳ ❇♦✐③♦t✱ ❨✳ ●✉②♦t✱ ●✳ P❛♥❝③❡r✱ ❛♥❞ ❇✳ P❛❞❧②❛❦✳ ■♥✢✉❡♥❝❡ ♦❢ ❡st❡r♥❛❧

β✲✐rr❛❞✐❛t✐♦♥ ✐♥ ♦①✐❞❡ ❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✷✸✿✷✵✵✕✷✵✻✱ ✷✵✵✸✳

❬✸✶❪ ●✳ P❛❧❧❛r❡s✱ ▲✳ P♦♥s♦♥✱ ❆✳ ●r✐♠❛❧❞✐✱ ▼✳ ●❡♦r❣❡✱ ●✳ Pr❡✈♦t✱ ❛♥❞ ▼✳ ❈✐❝❝♦tt✐✳ ❈r❛❝❦ ♦♣❡♥✐♥❣ ♣r♦✜❧❡

✐♥ ❞❝❞❝ s♣❡❝✐♠❡♥✳ ■♥t✳ ❏✳ ❋r❛❝t✉r❡✱ ✶✺✻✿✶✶✕✷✵✱ ✷✵✵✾✳

❬✸✷❪ ■✳❆✳ ❙❤❦r♦❜ ❛♥❞ ❱✳❋✳ ❚❛r❛s♦✈✳ ❖♥ t❤❡ str✉❝t✉r❡ ♦❢ tr❛♣♣❡❞ ❤♦❧❡s ✐♥ ❜♦r♦s✐❧✐❝❛t❡s✳ ❏✳ ❈❤❡♠✳ P❤②s✳✱

✶✶✸✭✷✸✮✿✶✵✼✷✸✕✶✵✼✸✷✱ ✷✵✵✵✳

❬✸✸❪ ❘✳ ❙t♦ss❡r✱ ●✳ ❙❝❤♦❧③✱ ▼✳ ◆♦❢③✱ ❚✳ ●r❛♥❞❡✱ ❛♥❞ ❙✳ ❆ss❧❛♥❞✳ ❖♥ t❤❡ ♥❛t✉r❡ ❛♥❞ r♦❧❡ ♦❢ ❢❡3+ ✐♦♥s ✐♥

♦①✐❞❡ ❛♥❞ ✢✉♦r✐❞❡ ❣❧❛ss❡s✳ ❇❡r✳ ❇✉♥s❡♥✲●❡s✳ P❤②s✳ ❈❤❡♠✳✱ ✶✵✵✿✶✺✽✽✕✶✺✾✷✱ ✶✾✾✻✳

❬✸✹❪ ❲✳▲✳ ❲❛rr❡♥✱ ▼✳❘✳ ❙❤❛♥❡②❢❡❧t✱ ❉✳▼✳ ❋❧❡❡t✇♦♦❞✱ P✳❙✳ ❲✐♥♦❦✉r✱ ❛♥❞ ❙✳ ▼♦♥t❛❣♥❡✳ ❊❧❡❝tr♦♥ ❛♥❞ ❤♦❧❡

tr❛♣♣✐♥❣ ✐♥ ❞♦♣❡❞ ♦①✐❞❡s✳ ■❊❊❊ ❚r❛♥s✳ ◆✉❝❧✳ ❙❝✐✳✱ ✹✷✿✶✼✸✶✕✶✼✸✾✱ ✶✾✾✺✳

❬✸✺❪ ❙✳▼✳ ❲✐❡❞❡r❤♦r♥✳ ■♥✢✉❡♥❝❡ ♦❢ ✇❛t❡r ✈❛♣♦r ♦♥ ❝r❛❝❦ ♣r♦♣❛❣❛t✐♦♥ ✐♥ s♦❞❛✲❧✐♠❡ ❣❧❛ss✳ ❆♠✳ ❈❡r❛♠✳

❙♦❝✳ ❇✉❧❧✳✱ ✺✵✿✹✵✼✕✹✶✹✱ ✶✾✻✼✳

❬✸✻❪ ❑✳❏✳ ❨❛♥❣✱ ❚✳❙✳ ❲❛♥❣✱ ●✳❋✳ ❩❤❛♥❣✱ ❍✳❇✳ P❡♥❣✱ ▲✳ ❈❤❡♥✱ ▲✳▼✳ ❩❤❛♥❣✱ ❈✳❳✳ ▲✐✱ ❋✳ ❚✐❛♥✱ ❛♥❞ ❲✳ ❨✉❛♥✳

❙t✉❞② ♦❢ ✐rr❛❞✐❛t✐♦♥ ❞❛♠❛❣❡ ✐♥ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss ✐♥❞✉❝❡❞ ❜② ❤❡ ✐♦♥s ❛♥❞ ❡❧❡❝tr♦♥s✳ ◆✉❝❧❡❛r ■♥str✉✲

♠❡♥ts ❛♥❞ ▼❡t❤♦❞s ✐♥ P❤②s✐❝s ❘❡s❡❛r❝❤ ❇✱ ✸✵✼✿✺✹✶✕✺✹✹✱ ✷✵✶✸✳

❬✸✼❪ ❨✳❍✳ ❨✉♥✱ ❙✳❆✳ ❋❡❧❧❡r✱ ❛♥❞ P✳❏✳ ❇r❛②✳ ❈♦rr❡❝t✐♦♥ ❛♥❞ ❛❞❞❡♥❞✉♠ t♦ ♥✉❝❧❡❛r ♠❛❣♥❡t✐❝✲r❡s♦♥❛♥❝❡

st✉❞✐❡s ♦❢ t❤❡ ❣❧❛ss❡s ✐♥ t❤❡ s②st❡♠ Na2O✲B2O3✲SiO2✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✸✿✷✼✸✕✷✼✼✱ ✶✾✼✾✳

✶✻✽



Chapter 5

❙❇◆ ❣❧❛ss✿ ■♠♣❛❝t ♦❢ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s

✐rr❛❞✐❛t✐♦♥s ♦♥ ❣❧❛ss str✉❝t✉r❡ ❛♥❞

♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

❈♦♥t❡♥ts

✺✳✶ ❉❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✵

✺✳✶✳✶ ❉❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② He
2+ ❛♥❞ Au

+ ✐rr❛❞✐❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✵

✺✳✶✳✷ ❙tr✉❝t✉r❛❧ ❞❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② He
2+ ✐rr❛❞✐❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✶

✺✳✶✳✸ ❙tr✉❝t✉r❛❧ ❞❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② Au
+ ✐rr❛❞✐❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✼

✺✳✶✳✹ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✵

✺✳✷ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✵

✺✳✷✳✶ ❍❛r❞♥❡ss ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✶

✺✳✷✳✷ ❙❈❈ ❜❡❤❛✈✐♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

✺✳✷✳✸ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹

✺✳✸ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✼

✶✻✾



❈❍❆P❚❊❘ ✺✳ ■♠♣❛❝t ♦❢ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ♦♥ ❙❇◆ ❣❧❛ss❡s

❚❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r ♣r❡s❡♥t❡❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❙❇◆ ❣❧❛ss ♣r♦♣❡rt✐❡s ❛❢t❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✳ ❚✇♦

❞✐✛❡r❡♥t ❜❡❤❛✈✐♦rs ♦❝❝✉r ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t✳ ▲♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t ❣❧❛ss❡s ❛r❡ s✐❣♥✐✜❝❛♥t❧②

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

s♦❞✐✉♠ ❝♦♥t❡♥t ❣❧❛ss❡s ❛r❡ ✉♥❛✛❡❝t❡❞ ❜② t❤❡ βe−✲✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ s♦❞✐✉♠ ❝♦♥t❡♥t ❛♣♣❡❛rs t♦ ✐♥❤✐❜✐t t❤❡

❣❧❛ss r❡♦r❣❛♥✐③❛t✐♦♥✳ ❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❙❇◆ ❣❧❛ss str✉❝t✉r❡ ❛❢t❡r ❧✐❣❤t ✭✻ ▼❡❱ He2+✮

❛♥❞ ❤❡❛✈② ✐♦♥s ✭♠✉❧t✐ ❡♥❡r❣② Au+✮ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ s❡❝t✐♦♥ t❡sts t❤❡ s❛♠❡ ❢♦✉r ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s

❛s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ s❡❝t✐♦♥ ✷✳✶✱ ❛♥❞ t❤❡ s❡❝t✐♦♥ ✷✳✷ ❞❡t❛✐❧s t❤❡ ❝♦♥❞✐t✐♦♥s ♦❢ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ✜rst ♣❛rt ♦❢
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❘❛♠❛♥ ✐♥✈❡st✐❣❛t❡s t❤❡ str✉❝t✉r❡ ✈❛r✐❛t✐♦♥s ❢r♦♠ t❤❡ s✉r❢❛❝❡ ♦❢ ❜♦♠❜❛r❞♠❡♥t ✐♥t♦ t❤❡ ❜✉❧❦ ♠❛t❡r✐❛❧✳

❙❡❝t✐♦♥ ✺✳✷ ♣r❡s❡♥ts t❤❡ ✐♠♣❛❝t ♦❢ He2+ ❛♥❞ Au+ ♦♥ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳

✺✳✶ ❉❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s

✺✳✶✳✶ ❉❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② He
2+ ❛♥❞ Au
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❊
♥❡
r❣
②
st
♦♣

♣✐
♥❣

♣
♦✇

❡r
✭❦
❡❱

✴♥
♠
✮

❡❧❡❝tr♦♥✐❝
♥✉❝❧❡❛r

✶✵ ✷✵ ✸✵ ✹✵
✵

✵✳✺

✶

✶✳✺

✷

❙❛♠♣❧❡ ❞❡♣t❤ ✭µ♠✮

❊
♥❡
r❣
②
st
♦♣

♣✐
♥❣

♣
♦✇

❡r
✭❦
❡❱

✴♥
♠
✮

♥✉❝❧❡❛r

×✶✵−3

❋✐❣✉r❡ ✺✳✶✿ ❙❘■▼ s✐♠✉❧❛t✐♦♥ ❢♦r ❙❇◆ ✶✹ ❣❧❛ss ✐rr❛❞✐❛t❡❞ ❜② ✻ ▼❡❱ ❤❡❧✐✉♠ ✐♦♥s ❛t ❛ ❞♦s❡ ♦❢ ✸✳✽×✶✵15

✐♦♥s✴❝♠2 ✇✐t❤ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤✿ ✭▲❡❢t✮ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮ st♦♣♣✐♥❣ ♣♦✇❡r❀
✭❘✐❣❤t✮ ♥✉❝❧❡❛r st♦♣♣✐♥❣ ♣♦✇❡r✳ ❊❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❞♦♠✐♥❛t❡ ♦✈❡r t❤❡ ✸✵ µ♠ ✐♥t♦ t❤❡ ❣❧❛ss s❛♠♣❧❡✳
❚❤❡ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠ ❛r♦✉♥❞ ✸✵ µ♠✳

❚❤❡ ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ♠❛✐♥❧② t❛❦❡s ♣❧❛❝❡ t❤r♦✉❣❤ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ✭∼ ✾✾%✮✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡s

❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✵ µ♠✮ t♦ ✭✸✵ µ♠✮✳ ❚❤❡ ❡❧❡❝tr♦♥✐❝ ❞❡♣♦s✐t❡❞ ❡♥❡r❣② ❞♦s❡ ✐s ♠❛①✐♠✉♠ ∼✸✵ µ♠ ✳

❋r♦♠ t❤❡ ❙❘■▼ ❡st✐♠❛t✐♦♥✱ ♦♥❧② t❤❡ ✜rst ✸✵ µ♠ ♦❢ t❤❡ ❣❧❛ss t❤✐❝❦♥❡ss ✇✐❧❧ ❜❡ ❞❛♠❛❣❡❞ ❜② t❤❡ ✻ ▼❡❱

He2+ ✐♦♥s✳

◆❡❛r❧②✱ ✇❤❡♥ ❙❇◆ ❣❧❛ss❡s ❛r❡ ✐rr❛❞✐❛t❡❞ ❜② Au+ ✐♦♥s ❛ ❤♦♠♦❣❡♥♦✉s ♥✉❝❧❡❛r ❡♥❡r❣② st♦♣♣✐♥❣ ♣♦✇❡r

✶✼✵
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✶ ✷ ✸ ✹ ✺
✵

✵✳✺

✶

✶✳✺

✷

✷✳✺

❙❛♠♣❧❡ ❞❡♣t❤ ✭µ♠✮

❊
♥❡
r❣
②
st
♦♣

♣✐
♥❣

♣
♦✇

❡r
✭❦
❡❱

✴♥
♠
✮

❡❧❡❝tr♦♥✐❝

♥✉❝❧❡❛r

❋✐❣✉r❡ ✺✳✷✿ ❊❧❡❝tr♦♥✐❝ ✭❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ♥✉❝❧❡❛r ✭r❡❞ ❧✐♥❡✮ st♦♣♣✐♥❣ ♣♦✇❡r ✈❡rs✉s t❤❡ ✐rr❛❞✐❛t❡❞ ❞❡♣t❤ ❢♦r
t❤❡ SiO2 ❣❧❛ss ✐rr❛❞✐❛t❡❞ ❜② ❣♦❧❞ ✐♦♥s ✭Au+✮ ❛t ❞✐✛❡r❡♥t ❡♥❡r❣②✿ ✶✱ ✸✳✺ ❛♥❞ ✼ ▼❡❱✳

♦❝❝✉rs ♦✈❡r t❤❡ ✜rst ❧❛②❡r ✸ µ♠ ✐♥ t❤❡ ❣❧❛ss s❛♠♣❧❡ ✭✜❣✉r❡ ✺✳✷✮✳ ✼✺ % ♦❢ t❤❡ ❡♥❡r❣② ❧♦ss ✐s ❞✉❡ t♦ ❡❧❡❝tr♦♥✐❝

✐♥t❡r❛❝t✐♦♥s ❬✸✱ ✹❪✳ ❊♥❡r❣② ❞❡♣♦s✐t❡❞ t❤r♦✉❣❤ ♥✉❝❧❡❛r ❡①❝✐t❛t✐♦♥ ✐s ✺×✶✵20 ❦❡❱✴❝♠3✱ ✐✳❡✳ ❛❜♦✈❡ t❤❡ ❞♦s❡

r❡q✉✐r❡❞ t♦ ❞❛♠❛❣❡ t❤❡ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss s❛♠♣❧❡ ❬✸✱ ✹✱ ✶✺❪✳

✺✳✶✳✷ ❙tr✉❝t✉r❛❧ ❞❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② He
2+ ✐rr❛❞✐❛t✐♦♥

❘❡❝❛❧❧✐♥❣ ❙❘■▼ ❝❛❧❝✉❧❛t✐♦♥s ✐♥ s❡❝t✐♦♥ ✸✳✶✳✷✱ t❤❡ He2+ ❜♦♠❜❛r❞✐♥❣ ✐♦♥ ❧♦s❡s ❡♥❡r❣② ❡❧❡❝tr♦♥✐❝ ❞❛♠❛❣❡

♦✈❡r t❤❡ ✜rst ✷✵ µ♠✳ ■♥ t❤❡ ♥❡①t ✶✵ µ♠✱ t❤❡ He2+ ❜♦♠❜❛r❞✐♥❣ ✐♦♥ ❧♦s❡s ❡♥❡r❣② ❞✉❡ t♦ ❜♦t❤ ❡❧❡❝tr♦♥✐❝

❛♥❞ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡s✳ ❚❤❡ ❘❛♠❛♥ st✉❞✐❡s ♣r♦✈✐❞❡ ❛ ♠❡❛♥s t♦ ❛♥❛❧②③❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✇✐t❤ ✐♦♥

♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤✳

❙❇◆ ✶✷

❋✐❣✉r❡ ✺✳✸ ❞❡♣✐❝ts t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ❣❧❛ss str✉❝t✉r❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❞❡♣t❤ ❢r♦♠ ❢r❡❡ s✉r❢❛❝❡ t♦ ❜✉❧❦✳

❆s ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✶✳✷✱ t❤❡ ❞❛♠❛❣❡ ✐♥❞✉❝❡❞ ❜② ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥s ❛r❡ ✐♥❤♦♠♦❣❡♥❡♦✉s ✐♥ ❞❡♣t❤✳

❚❤❡ ②❡❧❧♦✇✐s❤ s♣❡❝tr❛ ♣r♦❜❡ ❛r❡❛s ❝❧♦s❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✜rst ✶✵ µ♠✮✱ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s

♣r❡❞♦♠✐♥❛t❡✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ♣r❡s❡♥t t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ❛t ∼ ✷✺✲✸✵ µ♠✱ ✇❤❡r❡ ❜❛❧❧✐st✐❝

✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠✳ ❚❤❡ t✇♦ t✉rq✉♦✐s❡ ❧✐♥❡s ✐♥❞✐❝❛t❡ ❘❛♠❛♥ ❢❡❛t✉r❡s ♦❢ ❣❧❛ss❡s ✐♥ t❤❡ ❜✉❧❦

✭✹✵✲✺✵µ♠✮✳ ▼♦r❡♦✈❡r✱ t❤❡ ❢❡❛t✉r❡s ♦❢ t❤❡s❡ t✇♦ ❧✐♥❡s ❝♦♠♣❛r❡ ❢❛✈♦r❛❜❧② ✇✐t❤ ✐ts ♣r✐st✐♥❡ ❝♦✉♥t❡r♣❛rt

✭✜❣✉r❡ ✸✳✺✱ ❝❤❛♣t❡r ✸ ♦❢ t❤❡ ♣❛rt ■✮✳

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣r❡✈❛✐❧✐♥❣ t②♣❡ ♦❢ ✐♥t❡r❛❝t✐♦♥s ✭❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r✮✱ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ✈❛r②✳

❇❡❧♦✇ ❤✐❣❤❧✐❣❤ts t❤❡ ✈❛r②✐♥❣ ❢❡❛t✉r❡s ♦❢ ❙❇◆ ✶✷ ✇✐t❤ ✐♥t❡r❛❝t✐♦♥s✿

✶✳ ▼♦❞✐✜❝❛t✐♦♥s ✐♥ t❤❡ ③♦♥❡ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♣r❡❞♦♠✐♥❛♥t✿

• ❚❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ s❤✐❢ts t♦ ❤✐❣❤❡r ✇❛✈❡♥✉♠❜❡rs ✭βe− ✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s ❛❧s♦

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

✶✼✶



❈❍❆P❚❊❘ ✺✳ ■♠♣❛❝t ♦❢ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ♦♥ ❙❇◆ ❣❧❛ss❡s

✺✵✵ ✶✵✵✵ ✶✺✵✵

❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❡❧❡❝tr♦♥✐❝

❜✉❧❦ ❛r❡❛

❜❛❧❧✐st✐❝

❋✐❣✉r❡ ✺✳✸✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✷ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s
t❤❡ ❜✉❧❦ ✭❜♦tt♦♠ t♦ t♦♣✮✳ ❚❤❡ ②❡❧❧♦✇✐s❤ s♣❡❝tr❛ ♣r♦❜❡ r❡❣✐♦♥s ♣r❡❞♦♠✐♥❛♥t❧② ✐♠♣❛❝t❡❞ ❜② ❡❧❡❝tr♦♥✐❝
❡①❝✐t❛t✐♦♥s ✭✐✳❡✳ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✷✵ µ♠✮✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ❝♦♥❝❡r♥ ❛r❡❛s ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠
❛♠♦✉♥t ♦❢ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡ ♦❝❝✉rs ❜❡t✇❡❡♥ ✷✺ ❛♥❞ ✸✵ µ♠✳

✐s ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ♠❡❛♥ ❙✐✲❖✲❙✐ ❛♥❣❧❡ ❬✶✸✱ ✶✹❪✳ ❆♥♦t❤❡r ✐♥t❡r♣r❡t❛t✐♦♥ ✐s ❛ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡

♥✉♠❜❡r ♦❢ ◆❇❖ ♦♥ t❤❡ ❙✐ ❛t♦♠s ❬✶✶❪✳

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

• ❆ s❧✐❣❤t ❝❤❛♥❣❡s ✐♥ Qn ❜❛♥❞ ❡①✐sts✳

❱❛r✐❛t✐♦♥s r❡s❡♠❜❧❡ ❝❤❛♥❣❡s ♦❝❝✉rr✐♥❣ ❛❢t❡r ❡❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥✳ ❊❧❡❝tr♦♥✐❝ ♣r♦❝❡ss❡s ✐♥ ❙❇◆ ✶✷

❛♣♣❡❛r t♦ ❣✐✈❡ ✇❛② t♦ ♠♦r❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❜♦r♦♥✴s✐❧✐❝❛ ♥❡t✇♦r❦s✳

✷✳ ▼♦❞✐✜❝❛t✐♦♥s ✐♥ t❤❡ ③♦♥❡ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ♠✐①✿

• ❚❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ s❤✐❢ts t♦ t❤❡ r✐❣❤t✳ ❚❤❡ ✜❣✉r❡ ✺✳✹ ③♦♦♠s ✐♥ t❤❡ ❛r❡❛

❜❡t✇❡❡♥ ✹✵✵✲✾✵✵ ❝♠−1✳ ❚❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❉2 ❜❛♥❞ ✐s ♠❛r❦❡❞ ❜② ❛ ❞❛s❤❡❞ ❣r❛② ❧✐♥❡✳ ❚❤❡

❝♦♥tr✐❜✉t✐♦♥ ♠❛② ❛♣♣❡❛rs ❛r♦✉♥❞ ✻✵✵ ❝♠−1✿ t❤❡ s✐❣♥❛t✉r❡ ♦❢ t❤❡ ❉2 ❝♦♥tr✐❜✉t✐♦♥ ❛♥❞ t❤❡ s❤✐❢t

✐♥ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❡①♣r❡ss ❛ r❡❞✉❝t✐♦♥ ♦❢ ❜♦♥❞ ❛♥❣❧❡s✳ ■rr❛❞✐❛t✐♦♥ ♠❛② ②✐❡❧❞ ❛♥

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

• ❚❤❡ ♣❡❛❦s ❜❡t✇❡❡♥ ✻✵✵✲✽✺✵ ❝♠−1 ❞❡❝r❡❛s❡✳ ❆❝❝♦r❞✐♥❣ t♦ ❧✐t❡r❛t✉r❡ ❬✶✼❪✱ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡

✼✼✵ ❝♠−1 ❜❛♥❞ ♠❛② ❝♦rr❡s♣♦♥❞ t♦ ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❜♦r♦♥ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r✳

❊❧❡❝tr♦♥✐❝ ❛♥❞ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ❝❤❛♥❣❡ t❤❡ ❙❇◆ ✶✷ ❣❧❛ss str✉❝t✉r❡✳ ❆ r❡❞✉❝t✐♦♥ ♦❢ t❤❡

❙✐✲❖✲❙✐ ❛♥❣❧❡ ❛♥❞ ❝❤❛♥❣❡s ✐♥ t❤❡ ❜♦r❛t❡✲ ❜♦r♦s✐❧✐❝❛t❡ r✐♥❣s ❛♣♣❡❛r t♦ ♦❝❝✉r✳

✶✼✷
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✹✵✵ ✺✵✵ ✻✵✵ ✼✵✵ ✽✵✵

❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❡❧❡❝tr♦♥✐❝

❜✉❧❦ ❛r❡❛

❜❛❧❧✐st✐❝

❋✐❣✉r❡ ✺✳✹✿ ❩♦♦♠ ❜❡t✇❡❡♥ ✹✵✵✲✾✵✵ ❝♠−1 ♦❢ t❤❡ ✜❣✉r❡ ✺✳✸✳ ■♥ t❤❡ ❜❛❧❧✐st✐❝ ❛r❡❛✱ t❤❡ ❉2 ♣❡❛❦ ❝♦♥tr✐❜✉t✐♦♥
✐♥❝r❡❛s❡s ✭❣r❛② ❞❛s❤❡❞ ❧✐♥❡✮✳

✺✵✵ ✶✵✵✵ ✶✺✵✵

✵✳✺

✶

✶✳✺

✷

❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❡❧❡❝tr♦♥✐❝

❜✉❧❦ ❛r❡❛

❜❛❧❧✐st✐❝

❋✐❣✉r❡ ✺✳✺✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✹ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s t❤❡
❜✉❧❦ ✭❜♦tt♦♠ t♦ t♦♣✮✳ ❆❣❛✐♥✱ t❤❡ ②❡❧❧♦✇✐s❤ s♣❡❝tr❛ ♣r♦❜❡ r❡❣✐♦♥s ♣r❡❞♦♠✐♥❛♥t❧② ✐♠♣❛❝t❡❞ ❜② ❡❧❡❝tr♦♥✐❝
❡①❝✐t❛t✐♦♥s✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ❝♦♥❝❡r♥ ❛r❡❛s ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥t ♦❢ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡
♦❝❝✉rs✳ ❚❤❡ ❣r❡❡♥ s♣❡❝tr❛ s❤♦✇ t❤❡ ❘❛♠❛♥ ❢❡❛t✉r❡s ❞❡❡♣ ✭✐✳❡✳ ❞❡❡♣❡r t❤❛♥ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ♦❢ t❤❡
✐♦♥s✮ ✐♥t♦ t❤❡ s❛♠♣❧❡s✳ ❱❛r✐❛t✐♦♥ ✐♥ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ❝♦♥❝❡r♥s t❤❡ ❛r❡❛✱ ✇❤❡r❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s
♠❛①✐♠✐③❡✳

❙❇◆ ✶✹

❋✐❣✉r❡ ✺✳✺ ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❙❇◆ ✶✹ ❣❧❛ss str✉❝t✉r❡ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦ t❤❡ ❜✉❧❦✳ ❚❤❡

②❡❧❧♦✇✐s❤ s♣❡❝tr❛ ♣r♦❜❡s ❛r❡❛s ❝❧♦s❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✜rst ✶✵ µ♠✮✱ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❞♦♠✲

✶✼✸



❈❍❆P❚❊❘ ✺✳ ■♠♣❛❝t ♦❢ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ♦♥ ❙❇◆ ❣❧❛ss❡s

✐♥❛t❡✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ♣r❡s❡♥t t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ❛t ∼ ✷✺✲✸✵ µ♠✱ ✇❤❡r❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s

❛r❡ ♠❛①✐♠✉♠✳ ❚❤❡ t✇♦ ❣r❡❡♥ ❧✐♥❡s ✐♥❞✐❝❛t❡ ❘❛♠❛♥ ❢❡❛t✉r❡s ♦❢ ❣❧❛ss❡s ✐♥ t❤❡ ❜✉❧❦ ✭✹✵✲✺✵µ♠✮✳

❆❣❛✐♥✱ ❘❛♠❛♥ s♣❡❝tr❛ ❛r❡ ❢♦✉♥❞ t♦ ❞❡♣❡♥❞ ♦♥ t❤❡ ♣r♦❜❡❞ ❞❡♣t❤✳ ❇❡❧♦✇ ❤✐❣❤❧✐❣❤ts t❤❡ ✈❛r②✐♥❣ ❢❡❛t✉r❡s

♦❢ ❙❇◆ ✶✹ ✇✐t❤ ✐♥t❡r❛❝t✐♦♥s✿

✶✳ ▼♦❞✐✜❝❛t✐♦♥s ✐♥ t❤❡ ③♦♥❡ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♣r❡❞♦♠✐♥❛♥t

• ❆ s❧✐❣❤t s❤✐❢t ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ ♦❝❝✉rs✳ ❋✐❣✉r❡ ✺✳✻ ❝♦♠♣❛r❡s t❤❡ s♣❡❝tr❛

♦❢ ❙❇◆ ✶✹ ♥♦♥✲✐rr❛❞✐❛t❡❞✱ β✲✐rr❛❞✐❛t❡❞ ❛♥❞ He2+✲✐rr❛❞✐❛t❡❞ ❛❝q✉✐r❡❞ ✐♥ t❤❡ ✜rst ✶✵ µ♠ ❢r♦♠

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

❖✲❙✐ ❜❛♥❞ s❤✐❢ts t♦✇❛r❞s ❤✐❣❤ ✇❛✈❡♥✉♠❜❡rs ❢♦r He2+✲✐rr❛❞✐❛t❡❞✳ ❨❡t✱ ❢♦r β✲✐rr❛❞✐❛t❡❞ ❙❇◆ ✶✹

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

• ❚❤❡ ❢❡❛t✉r❡s ❜❡t✇❡❡♥ ✻✵✵ ❛♥❞ ✽✺✵ ❝♠−1 ❞❡❝r❡❛s❡ s❧✐❣❤t❧②✳

❱❛r✐❛t✐♦♥s ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t ❜✉t ❛r❡ ❞r❛st✐❝❛❧❧② ❞✐✛❡r❡♥t ❢r♦♠ ✇❤❛t ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ❛❢t❡r βe− ✲

✐rr❛❞✐❛t✐♦♥ ✭❋✐❣✉r❡ ✺✳✻✮✳

✹✵✵ ✻✵✵ ✽✵✵ ✶✵✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✶✹ ♣r✐st✐♥❡
❙❇◆ ✶✹ ❡❧❡❝ ❍❡2+

❙❇◆ ✶✹ βe−

❋✐❣✉r❡ ✺✳✻✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✹ ♣r✐st✐♥❡ ✭❣r❡❡♥✱ ❜♦tt♦♠✮✱ ✐rr❛❞✐❛t❡❞ ❜② ❡❧❡❝tr♦♥ βe− ✭r❡❞✱ ♠✐❞❞❧❡✮
❛♥❞ ✐rr❛❞✐❛t❡❞ ❜② He2+ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ❣♦✈❡r♥ t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✭②❡❧❧♦✇✱ t♦♣✮✳ ❚❤❡
✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s t❤r♦✉❣❤ He2+ ❛r❡ ♥♦t ❡q✉✐✈❛❧❡♥t t♦ t❤♦s❡ ✐♥❞✉❝❡❞ ❜② βe− ✲
✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❣r❛② ❞❛s❤❡❞ ❧✐♥❡ ♠❛r❦s t❤❡ ♣❡❛❦ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ ♦❢ t❤❡
♣r✐st✐♥❡ ❣❧❛ss ✭❣r❡❡♥ ❧✐♥❡✮✳

✷✳ ▼♦❞✐✜❝❛t✐♦♥s ✐♥ t❤❡ ③♦♥❡ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ♠✐① ✭❋✐❣✉r❡ ✺✳✼ ❝♦♠♣❛r❡s t❤❡

s♣❡❝tr❛ ♦❢ t❤❡ ❙❇◆ ✶✹ r❡❝♦r❞❡❞ ✐♥ t❤❡ ❜✉❧❦ ✭❣r❡❡♥ ❧✐♥❡✮ ❛♥❞ r❡❝♦r❞❡❞ ❛t ✷✼ µ♠ ❢r♦♠ t❤❡ ❢r❡❡

s✉r❢❛❝❡✳✮✿

• ❚❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ s❤✐❢ts t♦✇❛r❞s ❤✐❣❤❡r ✇❛✈❡♥✉♠❜❡rs✳

• ❙❧✐❣❤t ✈❛r✐❛t✐♦♥s ❛r♦✉♥❞ ✻✵✵✲✽✵✵ ❝♠−1 ♦❝❝✉r✳

• ❈❤❛♥❣❡s ✐♥ Qn ❜❛♥❞ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ B−O− ❝♦♥tr✐❜✉t✐♦♥ t❛❦❡s ♣❧❛❝❡✳

✶✼✹
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❙❇◆ ✶✹ ✷✼ µ♠

❋✐❣✉r❡ ✺✳✼✿ ❘❛♠❛♥ s♣❡❝tr❛ ✐♥ ❙❇◆ ✶✹ He2+✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s r❡❝♦r❞❡❞ ❛t ✷✼ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡
✭❞❛r❦ r❡❞✮ ❛♥❞ ✐♥ t❤❡ ❜✉❧❦ ✭❣r❡❡♥✮✳ ✷✼ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❝♦rr❡s♣♦♥❞s t♦ ✇❤❡r❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s
♠❛①✐♠✐③❡✳ ❚❤❡ ❣r❛② ❞❛s❤❡❞ ❧✐♥❡ ♠❛r❦s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ ✐♥ t❤❡ ❜✉❧❦
♠❛t❡r✐❛❧ ✭❣r❡❡♥ ❧✐♥❡✮✳

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

✭✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ s✐❧✐❝❛ ❤❛✈✐♥❣ ◆❇❖✱ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ B−O− ❝♦♥tr✐❜✉t✐♦♥✱ ❡t❝✳✮✳

❇❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥ ❝❤❛♥❣❡s t❤❡ ❙❇◆ ✶✹ ❘❛♠❛♥ s♣❡❝tr❛ ❢❡❛t✉r❡s✳ ❚❤❡ s❤✐❢t ✐♥ t❤❡ ❙✐✲❖✲❙✐

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

❋♦r t❤✐s ❣❧❛ss✱ t❤❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② βe− ❛♥❞ ❍❡2+ ✐♦♥s ❛r❡ ♥♦t ❡q✉✐✈❛❧❡♥t✳

❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺

❋✐❣✉r❡s ✺✳✽ ❛♥❞ ✺✳✾ r❡♣r❡s❡♥t ❡✈♦❧✉t✐♦♥ ♦❢ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ✭r❡s♣❡❝t✐✈❡❧②✮ ❣❧❛ss str✉❝t✉r❡ ✐♥✈❡st✐❣❛t❡❞

❜② ❘❛♠❛♥ ❛♥❛❧②s✐s✳ ❚❤❡ ❝♦❧♦rs r❡❢❡r t♦ t❤❡ ❞✐✛❡r❡♥t ③♦♥❡s ❛s ♣r❡✈✐♦✉s❧② ❞❡✜♥❡❞✿ t❤❡ ②❡❧❧♦✇✐s❤ s♣❡❝tr❛

♣r♦❜❡ ❛r❡❛s ❝❧♦s❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭✜rst ✶✵ µ♠✮❀ t❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ♣r❡s❡♥t t❤❡ ❘❛♠❛♥ s♣❡❝tr❛

❛t ∼ ✷✺✲✸✵ µ♠✱ ✇❤❡r❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠❀ ❛♥❞ t❤❡ t✇♦ r❡❞ ✭❙❇◆ ✸✺✮ ❛♥❞ t✇♦ ❞❛r❦ ❜❧✉❡

✭❙❇◆ ✺✺✮ ❧✐♥❡s ✐♥❞✐❝❛t❡ ❘❛♠❛♥ ❢❡❛t✉r❡s ♦❢ ❣❧❛ss❡s ✐♥ t❤❡ ❜✉❧❦ ✭✹✵✲✺✵µ♠✮✳ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❞♦ ♥♦t

❡①❤✐❜✐t s✐❣♥✐✜❝❛♥t str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ✐rr❛❞✐❛t❡❞ ③♦♥❡✳ ❊❧❡❝tr♦♥✐❝ ♣❛rt ❢♦r t❤❡ t✇♦ ❣❧❛ss❡s ♠❛t❝❤❡s

t❤❡ s♣❡❝tr❛ ✇✐t❤✐♥ t❤❡ ❜✉❧❦ ✭∼ ✹✵µ♠✮✳ ❚❤❡ ✜❣✉r❡ ✺✳✶✵ ❞❡♣✐❝ts t❤❡ ✈❛r✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❜✉❧❦ ❛♥❞

✐rr❛❞✐❛t❡❞ ♣❛rt ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥t ♦❢ ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥s ♦❝❝✉rs ❢♦r ❙❇◆ ✸✺ ✭❧❡❢t✮ ❛♥❞ ❙❇◆ ✺✺

✭r✐❣❤t✮✳ ❙❧✐❣❤t ✈❛r✐❛t✐♦♥s t❛❦❡ ♣❧❛❝❡ ❛r♦✉♥❞ t❤❡ Qn ❜❛♥❞✳ ❚❤❡ ❝r♦ss❡s ❞❡♣✐❝t t❤❡ ♣❡❛❦ ❢♦r Q3 ✭❤✐❣❤❡st

♣❡❛❦✮ ❛♥❞ Q2 ✭❧♦✇❡r ♣❡❛❦✮✳ ❱❛r✐❛t✐♦♥s ✐♥ ✐♥t❡♥s✐t② ✐♥❞✐❝❛t❡ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ❞❡❣r❡❡ ♦❢

t❤❡ ❣❧❛ss② ♥❡t✇♦r❦s ❢♦r t❤❡ t✇♦ ❣❧❛ss❡s✳ ❙❧✐❣❤t ✐♥❝r❡❛s❡ ✐♥ t❤❡ ✶✺✵✵ ❝♠−1 ♦❝❝✉rs✳ ❱❛r✐❛t✐♦♥ ❞✉❡ t♦

❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✐s s❧✐❣❤t ✇❤❡r❡ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ [Na2O] ✐s ❤✐❣❤✳ ❙♠❛❧❧ ✈❛r✐❛t✐♦♥s ♦❝❝✉r

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

❞❡❣r❡❡ ♠❛② t❛❦❡ ♣❧❛❝❡✳

✶✼✺
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❋✐❣✉r❡ ✺✳✽✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✸✺ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s t❤❡
❜✉❧❦ ✭❜♦tt♦♠ t♦ t♦♣✮✳ ❋r♦♠ ❜♦tt♦♠ t♦ t♦♣✿ t❤❡ ②❡❧❧♦✇✐s❤ s♣❡❝tr❛ ♣r♦❜❡ r❡❣✐♦♥s ♣r❡❞♦♠✐♥❛♥t❧② ✐♠♣❛❝t❡❞
❜② ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ❝♦♥❝❡r♥ ❛r❡❛s ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥t ♦❢ ❜❛❧❧✐st✐❝
❞❛♠❛❣❡ ♦❝❝✉rs✳ ❚❤❡ r❡❞ s♣❡❝tr❛ s❤♦✇ t❤❡ ❘❛♠❛♥ ❢❡❛t✉r❡s ❞❡❡♣ ✭✐✳❡✳ ❞❡❡♣❡r t❤❛♥ t❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤
♦❢ t❤❡ ✐♦♥s✮ ✐♥t♦ t❤❡ s❛♠♣❧❡s✳
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✐t
②
✭❛
✳✉
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❡❧❡❝tr♦♥✐❝

❜❧✉❦ ❛r❡❛

❜❛❧❧✐st✐❝

❋✐❣✉r❡ ✺✳✾✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✺✺ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s
t❤❡ ❜✉❧❦ ✭❜♦tt♦♠ t♦ t♦♣✮✳ ❚❤❡ ②❡❧❧♦✇✐s❤ s♣❡❝tr❛ ♣r♦❜❡ r❡❣✐♦♥s ♣r❡❞♦♠✐♥❛♥t❧② ✐♠♣❛❝t❡❞ ❜② ❡❧❡❝tr♦♥✐❝
❡①❝✐t❛t✐♦♥s✳ ❚❤❡ ❜r♦✇♥✴❜❧❛❝❦ s♣❡❝tr❛ ❝♦♥❝❡r♥ ❛r❡❛s ✇❤❡r❡ t❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥t ♦❢ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡
♦❝❝✉rs✳ ❚❤❡ ❞❛r❦ ❜❧✉❡ s♣❡❝tr❛ s❤♦✇ t❤❡ ❘❛♠❛♥ ❢❡❛t✉r❡s ❞❡❡♣✳ ■♠♣❛❝t ♦❢ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✐s s❧✐❣❤t ♦♥
t❤✐s ❣❧❛ss ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳

❉✐s❝✉ss✐♦♥

❚❤❡ He2+ ✐rr❛❞✐❛t✐♦♥ ❛t ✻ ▼❡❱ ✐♥❞✉❝❡s s❧✐❣❤t ✈❛r✐❛t✐♦♥s✳ ❚❤❡ t❤r❡s❤♦❧❞ ♦❢ ✐♦♥ tr❛❝❦s ❢♦r♠❛t✐♦♥ r❡♠❛✐♥s

✉♥❦♥♦✇♥ ❢♦r ❙❇◆ ❣❧❛ss❡s ❬✶✼❪✳ ❚❤❡ st♦♣♣✐♥❣ ♣♦✇❡r ✐s ❧♦✇ ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r st✉❞✐❡s ❬✶✺✱✶✼❪ ♦♥ t❤❡ s❛♠❡
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❋✐❣✉r❡ ✺✳✶✵✿ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✸✺ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s✳ ❚❤❡ ❞❛r❦ ❜❧✉❡ s♣❡❝tr✉♠
♣r♦❜❡s t❤❡ ❜✉❧❦ ❛♥❞ t❤❡ ❜r♦✇♥ s♣❡❝tr✉♠ ❝♦♥❝❡r♥s t❤❡ ❛r❡❛ ✇❤❡r❡ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡s ❛r❡ ♠❛①✐♠✉♠❀ ❛♥❞
✭❘✐❣❤t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✺✺ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜② He2+ ✐♦♥s✳ ❚❤❡ ❞❛r❦ r❡❞ s♣❡❝tr✉♠ ♣r♦❜❡s t❤❡
❜✉❧❦ ❛♥❞ t❤❡ ❜r♦✇♥ s♣❡❝tr✉♠ ♣❛rt ❝♦♥❝❡r♥s ❛r❡❛ ✇❤❡r❡ t❤❡ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡s ❛r❡ ♠❛①✐♠✉♠❀ t❤❡ ❝r♦ss
♠❛r❦s ✐♥❞✐❝❛t❡ t❤❡ Q2 ✭✜rst✮ ❛♥❞ Q3 ✭s❡❝♦♥❞✮ ♣❡❛❦s ❤❡✐❣❤ts✳ ❚❤❡ ✈❛❧✉❡s ❛r❡ t❤❡ r❛t✐♦ Q2✴Q3✳

t②♣❡ ♦❢ ❣❧❛ss❡s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ✐rr❛❞✐❛t✐♦♥ s❧✐❣❤t❧② ❛❧t❡rs t❤❡ ❣❧❛ss✳ ◆❡✐t❤❡r ❙❇◆ ✸✺ ♥♦r ❙❇◆ ✺✺ s♣❡❝tr❛

♣r❡s❡♥t s✐❣♥✐✜❝❛♥t str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s❀ ❙❇◆ ✶✹ ❣❧❛ss✬ s♣❡❝tr✉♠ ❞♦❡s ❡①❤✐❜✐t ❛ ♣r♦♥♦✉♥❝❡❞ ✈❛r✐❛t✐♦♥

❧♦❝❛t❡❞ ✐♥ t❤❡ ❜❛❧❧✐st✐❝ ♣❛rt ❜✉t ♥♦t s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❡❧❡❝tr♦♥✐❝ r❡❣✐♦♥✳ ❋✐♥❛❧❧②✱ t❤❡ ❙❇◆ ✶✷

s♣❡❝tr❛ ♣r❡s❡♥ts ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞ t❤❡ ❜❛❧❧✐st✐❝ ♣❛rt✳ ❙tr✉❝t✉r❛❧ ❝❤❛♥❣❡s t❛❦❡ ♣❧❛❝❡ ✐♥ t❤❡

❡♥t✐r❡ r❡❣✐♦♥ ✐♠♣❛❝t❡❞ ❜② ✻ ▼❡❱ He2+ ✐rr❛❞✐❛t✐♦♥✱ ✐✳❡✳ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦ ∼ ✸✵ µ♠✳ ❋♦r ❛❧❧ t❤❡ ❣❧❛ss

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

❋✐♥❛❧❧②✱ t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② ❡❧❡❝tr♦♥ ❛♥❞ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ❛r❡ ♥♦t ❡q✉✐✈❛❧❡♥t✳ ❙❇◆ ✶✹

❛❢t❡r β−
e ✲✐rr❛❞✐❛t✐♦♥ ❛♣♣❡❛rs t♦ ❤❛✈❡ ❛r❡❛s ❡♥r✐❝❤❡❞ ✐♥ s✐❧✐❝❛ ❛♥❞ ♦t❤❡rs ❡♥r✐❝❤❡❞ ✐♥ ❜♦r♦♥✳ ❚❤✐s tr❡♥❞ ❞♦❡s

♥♦t t❛❦❡ ♣❧❛❝❡ ❛❢t❡r He2+ ✐rr❛❞✐❛t✐♦♥✳ ❆❜❜❛s ❡t ❛❧✳ ❛❧r❡❛❞② ♦❜s❡r✈❡❞ t❤✐s ❞✐s❝r❡♣❛♥❝② ❬✶❪✳ ❍❡ s♣❡❝✐✜❝❛❧❧②

♦❜s❡r✈❡❞ ✈❛r✐❛t✐♦♥s ✐♥ Na+ ♠✐❣r❛t✐♦♥✿ t❤❡ He2+ ✐rr❛❞✐❛t✐♦♥ ✐♥❝r❡❛s❡s t❤❡ s♦❞✐✉♠ ❝♦♥❝❡♥tr❛t✐♦♥ ❝❧♦s❡

t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡✱ ✇❤❡r❡❛s ❛ ❞❡♣❧❡t✐♦♥ t❛❦❡ ♣❧❛❝❡ ❛❢t❡r β−
e ✲✐rr❛❞✐❛t✐♦♥✳ ❋✐♥❛❧❧② t❤❡ ❞♦s❡ ✐♥t❡❣r❛t❡❞ ✐s

❡q✉✐✈❛❧❡♥t ❢♦r βe− ✲ ❛♥❞ He2+ ✐♦♥s ✐rr❛❞✐❛t✐♦♥ ❛♥❞ ❡q✉❛❧ ✶ ●●②✳ ❚❤❡ ❞✐s❝r❡♣❛♥❝✐❡s ♦❜s❡r✈❡❞ ✐♥ str✉❝t✉r❛❧

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

✵✳✽ ♠♠ ♦❢ t❤❡ s❛♠♣❧❡ t❤✐❝❦♥❡ss✱ ✇❤❡r❡❛s t❤❡ He2+ ✐♦♥s ❣♦ t❤r♦✉❣❤ t❤❡ ✜rst ∼ ✸✵ µ♠ ♦❢ t❤❡ ❣❧❛ss s❛♠♣❧❡

❛♥❞ ❤❡♥❝❡ ❝♦♥❝❡♥tr❛t❡ t❤❡ ❞❛♠❛❣❡ ✐♥ ❛ t❤✐♥ ❧❛②❡r✳

✺✳✶✳✸ ❙tr✉❝t✉r❛❧ ❞❛♠❛❣❡s ✐♥❞✉❝❡❞ ❜② Au
+ ✐rr❛❞✐❛t✐♦♥

❚❤❡ ✜rst ✷ µ♠ ❡♥❡r❣② ❧♦ss ✐s ❞✉❡ t♦ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡✳ ❆❣❛✐♥✱ t❤❡ q✉❛❧✐t❛t✐✈❡ ✈❛r✐❛t✐♦♥ ✐♥

t❤❡ str✉❝t✉r❡ ✐s ❣✐✈❡♥ ❜② t❤❡ ❘❛♠❛♥ ❛♥❛❧②s✐s✳

✶✼✼
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✹✵✵ ✻✵✵ ✽✵✵ ✶✵✵✵ ✶✷✵✵ ✶✹✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

✹✵✵ ✻✵✵ ✽✵✵ ✶✵✵✵ ✶✷✵✵ ✶✹✵✵ ✶✻✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✶✷ ❆✉+ ✶✵ µ♠
❙❇◆ ✶✷ ❆✉+ ✷ µ♠

❙❇◆ ✶✹ ❆✉+ ✶✵ µ♠
❙❇◆ ✶✹ ❆✉+ ✷ µ♠

❋✐❣✉r❡ ✺✳✶✶✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✶✷ ✭❧❡❢t✮ ❛♥❞ ❙❇◆ ✶✹ ✭r✐❣❤t✮ ✐rr❛❞✐❛t❡❞ ❜② Au+ ✐♦♥s ❢r♦♠ t❤❡
✐rr❛❞✐❛t❡❞ ③♦♥❡ ✭t♦♣ r❡❞ ❝✉r✈❡❀ ✷✲✸µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✮ t♦✇❛r❞s t❤❡ ❜✉❧❦ ✭❜♦tt♦♠ ❝✉r✈❡❀ ✶✵µ♠✮✳

❙❇◆ ✶✷

❋✐❣✉r❡ ✺✳✶✶ ❧❡❢t ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❘❛♠❛♥ ❢❡❛t✉r❡s ♦❢ ❙❇◆ ✶✷ ✐♥ t❤❡ ✐rr❛❞✐❛t❡❞ ③♦♥❡ ✭r❡❞ ❝✉r✈❡✱

✷✲✸µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✮ ❛♥❞ ✐♥ t❤❡ ❜✉❧❦ ✭t✉rq✉♦✐s❡ ❝✉r✈❡❀ ✶✵µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✮✳ ❙❡✈❡r❛❧

s✐❣♥✐✜❝❛♥t ♠♦❞✐✜❝❛t✐♦♥s t❛❦❡ ♣❧❛❝❡✿

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

• ❚❤❡ ❉2 ♣❡❛❦ ✐♥❝r❡❛s❡s✳

• ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❜❡t✇❡❡♥ ✻✺✵ ❛♥❞ ✽✵✵ ❝♠−1 ✈❛r②✳

• ❚❤❡ Qn ❜❛♥❞ ❝❤❛♥❣❡s✳

• ❚❤❡ ❖2 ♠♦❧❡❝✉❧❛r ♣❡❛❦ ❛r♦✉♥❞ ✶✺✺✵ ❝♠−1✳

❆❣❛✐♥✱ t❤❡ s❤✐❢t ✐♥ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ ♠❛② ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ♠❡❛♥

✈❛❧✉❡ ♦❢ ❙✐✲❖✲❙✐ ❛♥❣❧❡✳ ▼❛ts♦♥ ❬✶✹❪ ❧✐♥❦ t❤❡ ❙✐✲❖✲❙✐ s❤✐❢t ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦✳ ❚❤✐s

❝❛♥ ❜❡ ❝♦rr❡❧❛t❡❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ◆❇❖ ✐♥ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦✳ ❋✐♥❛❧❧②✱ t❤❡ ❞❡❝r❡❛s❡ ✐♥ ❜♦r❛t❡✲ ❛♥❞

❜♦r♦s✐❧✐❝❛t❡✲r✐♥❣s ♠❛② ❜❡ ❧✐♥❦❡❞ t♦ ❛ ❤✐❣❤❡r ❝♦♥♥❡❝t✐✈✐t② ❜❡t✇❡❡♥ t❤❡ ❜♦r❛t❡ ❛♥❞ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦s✳

❚❤❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❖2 ❝♦♥tr✐❜✉t✐♦♥ ✐s ✉s✉❛❧❧② ❛ss♦❝✐❛t❡❞ t♦ s♦❞✐✉♠ ♠✐❣r❛t✐♦♥ ❛♥❞ ✐s ❡①♣❧❛✐♥❡❞ ❜② ❛

♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦ ❢♦❧❧♦✇✐♥❣✿ ✷ Si−O− → Si−O− Si ✰
1

2
O2 ❬✶✻❪✳

❚❤❡ ✜❣✉r❡ ✺✳✶✷ ❧❡❢t ❝♦♠♣❛r❡s t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡✱ He2+✲✐rr❛❞✐❛t❡❞ ✭❜❛❧❧✐st✐❝ ❛r❡❛✮ ❛♥❞ Au+

✐♦♥ ✐rr❛❞✐❛t❡❞ ❙❇◆ ✶✷ s❛♠♣❧❡s✳ ❱❛r✐❛t✐♦♥s ♦❢ t❤❡ ❘❛♠❛♥ ❢❡❛t✉r❡ ✐♥❞✉❝❡❞ ❜② ✻ ▼❡❱ ❤❡❧✐✉♠ ❛♥❞ ♠✉❧t✐

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

❜❛♥❞ ✐s ❝❧❡❛r❧② s❡❡♥ ❛❢t❡r Au+ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ Au+✲✐rr❛❞✐❛t✐♦♥ ♠❛② ✐♥❝r❡❛s❡ t❤❡ ❝♦♥♥❡❝t✐✈✐t② ❜❡t✇❡❡♥

t❤❡ s✐❧✐❝❛ ❛♥❞ ❜♦r♦♥ ♥❡t✇♦r❦s✳

✶✼✽
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❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✶✷ ♣r✐st✐♥❡
❙❇◆ ✶✷ ❆✉+
❙❇◆ ✶✷ ❍❡2+

✹✵✵ ✻✵✵ ✽✵✵ ✶✵✵✵ ✶✷✵✵ ✶✹✵✵ ✶✻✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✶✹ ♣r✐st✐♥❡
❙❇◆ ✶✹ ❆✉+
❙❇◆ ✶✹ ❍❡2+

❋✐❣✉r❡ ✺✳✶✷✿ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ♣r✐st✐♥❡ ✭t♦♣✮✱ Au+✲✐rr❛❞✐❛t❡❞ ✭❜❛❧❧✐st✐❝ ❛r❡❛ ❛♥❞ r❡❞ ❝✉r✈❡✮ ❛♥❞ He2+✲
✐rr❛❞✐❛t❡❞ ✭❜r♦✇♥ ❝✉r✈❡✮ ❙❇◆ ✶✷ ✭❧❡❢t✮ ❛♥❞ ❙❇◆ ✶✹ ✭r✐❣❤t✮ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❚❤❡ t✇♦ ♣❧♦ts ♣r❡s❡♥t
❛ ❞❛s❤❡❞ ❣r❛② ❧✐♥❡ ✇❤✐❝❤ ♠❛r❦s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❜❡♥❞✐♥❣ ✈✐❜r❛t✐♦♥ ❜❛♥❞ ❢♦r t❤❡ t✇♦ ♣r✐st✐♥❡
❣❧❛ss❡s✳ ❆ s❤✐❢t ✐s ♦❜s❡r✈❡❞ t♦✇❛r❞s ❤✐❣❤ ✇❛✈❡♥✉♠❜❡r ✈❛❧✉❡s✳

❙❇◆ ✶✹

❚❤❡ ✜❣✉r❡ ✺✳✶✶ r✐❣❤t ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❘❛♠❛♥ ❢❡❛t✉r❡s ♦❢ ❙❇◆ ✶✹ ✐♥ t❤❡ ✐rr❛❞✐❛t❡❞ ③♦♥❡ ✭r❡❞ ❝✉r✈❡✱

✷✲✸µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✮ ❛♥❞ ✐♥ t❤❡ ❜✉❧❦ ✭❣r❡❡♥ ❝✉r✈❡❀ ✶✵µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✮✳ ❱❛r✐❛t✐♦♥s ❝❛♥

❜❡ s❡❡♥ ✇✐t❤ ❞✐✛❡r❡♥t str❡♥❣t❤s ❜❡t✇❡❡♥ t❤❡ ❘❛♠❛♥ s♣❡❝tr❛✿

• ❚❤❡ ❙✐✲❖✲❙✐ ♣❡❛❦ s❤✐❢ts t♦ ❤✐❣❤❡r ✇❛✈❡♥✉♠❜❡rs✳

• ❚❤❡ Qn ❜❛♥❞ ❝❤❛♥❣❡s✳

• ❚❤❡ B−O− ❜❛♥❞ ❝♦♥tr✐❜✉t✐♦♥ ✐♥❝r❡❛s❡s s❧✐❣❤t❧②✳

❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺

❋✐❣✉r❡s ✺✳✶✸ ♣r❡s❡♥t t❤❡ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✸✺ ✭❧❡❢t✮ ❛♥❞ ❙❇◆ ✺✺ ✭r✐❣❤t✮ ❛❢t❡r ♠✉❧t✐✲❡♥❡r❣② Au+✲

✐rr❛❞✐❛t✐♦♥✳ ❙❇◆ ✸✺ ✭✜❣✉r❡ ✺✳✶✸ ❧❡❢t✮ s♣❡❝tr❛ r❡✈❡❛❧ t❤❡ ♠♦❞✐✜❝❛t✐♦♥s ♣r✐♠❛r✐❧② ❛r♦✉♥❞ t❤❡ Qn ❜❛♥❞s

❛♥❞ t❤❡ B−O− ❝♦♥tr✐❜✉t✐♦♥✳ ❈❤❛♥❣❡s ♦❝❝✉r ✐♥ t❤❡ Q2/Q3 r❛t✐♦✱ ❛♥❞ ❛ s❧✐❣❤t ✐♥❝r❡❛s❡ ✐♥ B−O− ❜❛♥❞

t❛❦❡s ♣❧❛❝❡✳ ❚❤❡ ❙❇◆ ✺✺ s❛♠♣❧❡ ♣r❡s❡♥ts ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ✈❛r✐❛t✐♦♥s ❛❢t❡r Au+ ✐♦♥s ✐rr❛❞✐❛t✐♦♥✳ ❋✐rst✱

s❧✐❣❤t ❝❤❛♥❣❡s ❛♣♣❡❛r ✐♥ t❤❡ s❤♦✉❧❞❡r ❛r♦✉♥❞ ✼✸✵ ❝♠−1✳ ❆s ♣r❡s❡♥t❡❞ ✐♥ P❛rt ■ ❝❤❛♣t❡r ✸✱ ❧✐t❡r❛t✉r❡

❛ttr✐❜✉t❡s t❤✐s ♣❡❛❦ t♦ ❝❤❛✐♥ ♦❢ ♠❡t❛❜♦r❛t❡ ✉♥✐ts✱ ❜✉t t❤❡ s✐❣♥✐✜❝❛t✐♦♥ ✐s r❛t❤❡r ✉♥❝❧❡❛r ❬✶✷❪✳ ❆ s❡❝♦♥❞

♠♦❞✐✜❝❛t✐♦♥ t❛❦❡s ♣❧❛❝❡ ❛r♦✉♥❞ t❤❡ Qn ❜❛♥❞✳ ❚❤❡ ✾✺✵ ❝♠−1 ✐♥❝r❡❛s❡s ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ t❤❡ ✶✵✽✵ ❝♠−1

♣❡❛❦✳ ❋✐♥❛❧❧②✱ t❤❡ B − O− ❜❛♥❞ ✐♥❝r❡❛s❡s s✐❣♥✐✜❝❛♥t❧②✳ ❚❤❡ ♠♦❧❡❝✉❧❛r ❖2 ❝♦♥tr✐❜✉t✐♦♥ ❛❧s♦ ❛♣♣❡❛rs✳

Au+✲✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ♠✐♥♦r ❝❤❛♥❣❡s ✐♥ t❤❡ ❙❇◆ ✸✺ ❘❛♠❛♥ ❢❡❛t✉r❡s✳ ❚❤❡ ♠♦❞✐✜❝❛t✐♦♥s ♦❢ t❤❡ s♣❡❝tr❛

✐♠♣❧② ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ❛♥❞ ❛ s❧✐❣❤t ❝❤❛♥❣❡ ✐♥ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢ ❜♦r♦♥✳ ❚❤❡ ❙❇◆ ✺✺ ♣r❡s❡♥ts

♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ✈❛r✐❛t✐♦♥s ✭s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ t❤❡ B−O− ❝♦♥tr✐❜✉t✐♦♥✮✳ ◆▼❘ ♠❡❛s✉r❡♠❡♥t s❤♦✉❧❞

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

✶✼✾
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❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

✻✵✵ ✽✵✵ ✶✵✵✵ ✶✷✵✵ ✶✹✵✵ ✶✻✵✵
❲❛✈❡ ♥✉♠❜❡r ✭❝♠−1✮

■♥
t❡
♥s
✐t
②
✭❛
✳✉
✳✮

❙❇◆ ✺✺ ❆✉+ ✶✵ µ♠
❙❇◆ ✺✺ ❆✉+ ✷ µ♠

❙❇◆ ✸✺ ❆✉+ ✶✵ µ♠
❙❇◆ ✸✺ ❆✉+ ✷ µ♠

❋✐❣✉r❡ ✺✳✶✸✿ ✭▲❡❢t✮ ❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✸✺ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❜❧✉❡ s♣❡❝tr✉♠ ❝♦♥❝❡r♥s
t❤❡ ♥♦♥✲✐rr❛❞✐❛t❡❞ ❣❧❛ss ❛♥❞ t❤❡ r❡❞ s♣❡❝tr✉♠ t❤❡ ❣♦❧❞ ✐rr❛❞✐❛t❡❞ ❛t ✷µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡❀ ✭❘✐❣❤t✮
❘❛♠❛♥ s♣❡❝tr❛ ♦❢ ❙❇◆ ✺✺ ❜❡❢♦r❡ ✭r❡❞✮ ❛♥❞ ❛❢t❡r ✭❞❛r❦ r❡❞✮ ✐rr❛❞✐❛t✐♦♥✳

✺✳✶✳✹ ❉✐s❝✉ss✐♦♥

❚❤❡ ♥✉❝❧❡❛r ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ❜② Au+✲✐♦♥s ✐s ❜❡❧♦✇ ✶✵20❦❡❱✴❝♠3 ✇❤✐❝❤ ✐s t❤❡ t❤r❡s❤♦❧❞ s❡t ❜② ▼❡♥❞♦③❛

❡t ❛❧✳ ❛❜♦✈❡ ✇❤✐❝❤ ♦♥❡ ❝❛♥ ❡①♣❡❝t s✐❣♥✐✜❝❛♥t ❞❛♠❛❣❡ ✐♥ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss ❬✶✺❪✳ ❍❡r❡✐♥✱ t❤❡ ✐rr❛❞✐❛t✐♦♥

❝♦♥❞✐t✐♦♥s ❛r❡ s✐♠✐❧❛r t♦ t❤♦s❡ ♦❢ ❏✳ ❞❡ ❇♦♥✜❧s ❬✸✱✹❪ ♦♥ t❤❡ ❙❇◆ ✶✹ ❣❧❛ss✳ ❍❡ ♦❜s❡r✈❡❞ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s

❛❢t❡r ✐rr❛❞✐❛t✐♦♥✿ ✭✶✮ ❣❧❛ss s✇❡❧❧✐♥❣❀ ✭✷✮ t❤❡ ❝♦♥✈❡rs✐♦♥ ♦❢ [4]❇ ✐♥t♦ [3]❇❀ ✭✸✮ t❤❡ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡

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

✐rr❛❞✐❛t✐♦♥ ♦♥ t❤❡ ❙❇◆ s❡r✐❡s ❛r❡ ❝♦❤❡r❡♥t ✇✐t❤ ❏✳ ❞❡ ❇♦♥✜❧s✬ r❡s✉❧ts✳ ❚❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ✈❛r✐❛t✐♦♥ ❞❡♣❡♥❞s

♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s✳ ❋♦r ❧♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t✱ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❙✐✲❖✲❙✐ ❛♥❣❧❡ ♦❝❝✉rs ✭❛♥❞ ❛ ❝❧❡❛r

✐♥❝r❡❛s❡ ✐♥ t❤❡D2 ❜❛♥❞ ❢♦r t❤❡ ❣❧❛ss ❙❇◆ ✶✷✮✳ ❋♦r ❤✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t✱ t❤❡ ❘❛♠❛♥ ❛♥❛❧②s✐s ♠❛✐♥❧② s❤♦✇s

✈❛r✐❛t✐♦♥s ✐♥ t❤❡ Qn ❜❛♥❞ ❛♥❞ t❤❡ B−O− ❜❛♥❞✳ ❚❤❡ ❘❛♠❛♥ ❛♥❛❧②s✐s q✉❛❧✐t❛t✐✈❡❧② ❞❡s❝r✐❜❡s ✈❛r✐❛t✐♦♥s

✐♥❞✉❝❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✳ ▼❡♥❞♦③❛ ❡t ❛❧✳ ❬✶✺❪ ♣❡r❢♦r♠❡❞ ◆▼❘ ❛♥❛❧②s✐s ♦♥ s✐♠✐❧❛r ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❜②

✼✹ ▼❡❱ ❑r ✐♦♥s✳ ❆❢t❡r ✐rr❛❞✐❛t✐♦♥✱ t❤❡ q✉❛♥t✐t② ♦❢ [4]B ❞❡❝r❡❛s❡s ✇✐t❤ r❡s♣❡❝t t♦ [3]B ❛♥❞ ❛❧s♦ ❛ ❤✉❣❡

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

tr❡♥❞ ❛❢t❡r ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥❀ ❜✉t ◆▼❘ ♠❡❛s✉r❡♠❡♥ts ♥❡❡❞ t♦ ❜❡ ♣❡r❢♦r♠❡❞ t♦ q✉❛♥t✐❢② t❤❡s❡ ✈❛r✐❛t✐♦♥s✳

❚❤❡ ♥❡①t s❡❝t✐♦♥ ❡①❛♠✐♥❡s t❤❡ ✐♠♣❛❝t ♦❢ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ♦♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳

✺✳✷ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

▲✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥ ✐rr❛❞✐❛t✐♦♥s ❛❧t❡r t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❣❧❛ss❡s✳ ❚❤✐s s❡❝t✐♦♥ ❞❡t❛✐❧s ❤♦✇ t❤❡s❡ ✈❛r✐❛t✐♦♥s

✐♠♣❛❝t ❤❛r❞♥❡ss ✈❛❧✉❡s ✭s❡❝t✐♦♥ ✺✳✷✳✶✮✳ ❉❡s♣✐t❡ t❤❡ ❢❛❝t t❤❛t ■ ❞✐❞ ♥♦t ❤❛✈❡ ❛❝❝❡ss t♦ t❤❡ ❙❈❈ ❝✉r✈❡s✱ ■

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

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

❜✉❧❦ ♠❛t❡r✐❛❧ ✭✺✳✷✳✷✮ ✈✐❛ t❤❡ ✢✉❝t✉❛t✐♦♥s ✐♥ t❤❡ ❘▼❙ ♦❢ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✳

✶✽✵



✺✳✷✳ ▼❊❈❍❆◆■❈❆▲ P❘❖P❊❘❚■❊❙

✺✳✷✳✶ ❍❛r❞♥❡ss

❈❤❛♣t❡rs ✸ ❛♥❞ ✹ ♦❢ t❤✐s ♣❛rt ❡✈✐❞❡♥❝❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ❣❧❛ss str✉❝t✉r❡s ❝❛♥ ❞r❛st✐❝❛❧❧② ❝❤❛♥❣❡ t❤❡ ❜❡❤❛✈✐♦r

♦❢ t❤❡ ❣❧❛ss ✉♥❞❡r ❛♥ ✐♥❞❡♥t❡r✳ ❨❡t✱ t❤❡ ❞❛♠❛❣❡ r❡❣✐♦♥ r❡♠❛✐♥s ✈❡r② ❝❧♦s❡ t♦ t❤❡ s✉r❢❛❝❡✳ Pr♦❜✐♥❣ t❤✐s t❤✐♥

❧❛②❡r r❡q✉✐r❡s ♥❛♥♦✲✐♥❞❡♥t❡rs ✇❤❡r❡ t❤❡ ❝♦♥tr♦❧ ♣❛r❛♠❡t❡r ✐s t❤❡ ❞❡♣t❤ ♦❢ ♣❡♥❡tr❛t✐♦♥✳ ❇♦t❤ He2+ ❛♥❞

Au+ ✐rr❛❞✐❛t✐♦♥s ✉s❡ ♥❛♥♦✲✐♥❞❡♥t❡rs✳ ❚❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡s ♦❢ t❤❡ ❤❛r❞♥❡ss ❝❛♥♥♦t ❜❡ ❝♦♠♣❛r❡❞ ❞✐r❡❝t❧②

✇✐t❤ ♠✐❝r♦✲✐♥❞❡♥t❛t✐♦♥ t❡sts✱ ❜✉t t❤❡ ❞✐✛❡r❡♥❝❡s ❝❛♥ ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ ✭t❛❜❧❡ ✸✳✶✶✮✳ ❚❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡

✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❛ ❇❡r❦♦✈✐❝❤ t✐♣ ❛♥❞ ✐s r❡❢❡rr❡❞ ❛s HB ✳

He2+ ✐rr❛❞✐❛t✐♦♥

❚❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦♥ ❤♦✇ ❤❛r❞♥❡ss ✈❛r✐❡s ✇✐t❤ t❤❡ ❞❡♣t❤ ♦❢ ♣❡♥❡tr❛t✐♦♥ ♣r♦✈✐❞❡s ✐♥s✐❣❤t ♦♥ t❤❡

❝♦♥s❡q✉❡♥❝❡s ♦❢ ✐rr❛❞✐❛t✐♦♥ ❞❛♠❛❣❡s✳ ❆s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❝❤❛♣t❡r ✷✱ ■ ♣❡r❢♦r♠❡❞ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥ ♠❡❛✲

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

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

❜❧❛❝❦ ❜❛♥❞ ♦♥ t❤❡ ❧❡❢t ♣❛rt ♦❢ t❤❡ ✜❣✉r❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❋r♦♠ ❙❘■▼ ❝❛❧❝✉❧❛t✐♦♥s✱ t❤❡

✜rst ✹ ✐♥❞❡♥ts ❝♦rr❡s♣♦♥❞ ♣r❡❞♦♠✐♥❛♥t❧② t♦ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s ✭✵✲✷✵ µ♠✮✳ ❚❤❡ ♥❡①t ✸ ✐♥❞❡♥ts ♣r♦❜❡

t❤❡ r❡❣✐♦♥ ✇✐t❤ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ✭∼✷✵✲✸✺ µ♠✮✳ ❙✉❜s❡q✉❡♥t✱ ✐♥❞❡♥ts ♣r❡❞♦♠✐♥❛♥t❧② ♣r♦❜❡ t❤❡ ❜✉❧❦

♠❛t❡r✐❛❧✳ ❋✐❣✉r❡ ✺✳✶✹ r✐❣❤t ❞❡♣✐❝ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss ✈❡rs✉s t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳

❚❤❡ ❞✐✛❡r❡♥t ❣❧❛ss❡s r❡✈❡❛❧ s❧✐❣❤t❧② ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦rs✿

• ❙❇◆ ✶✷ ✭❝②❛♥ ❧✐♥❡✮✿ ❚❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡ ❞❡❝r❡❛s❡s ✐♥ t❤❡ ✐rr❛❞✐❛t❡❞ ❛r❡❛✳ ❚❤❡ ✜rst ✷✵ µ♠ ❝♦♥❝❡r♥s

t❤❡ ③♦♥❡ ✇❤❡r❡ ❡❧❡❝tr♦♥✐❝ ❞❛♠❛❣❡s ❛r❡ ♣r❡❞♦♠✐♥❛♥t✳ ❚❤❡♥✱ ❛r♦✉♥❞ ✷✵✲✸✵ µ♠✱ t❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡s

❝♦♥t✐♥✉❡ t♦ ❞❡❝r❡❛s❡s ✉♥t✐❧ ✸✵ µ♠✳ ❚❤❡ ✈❛r✐❛t✐♦♥ ✐s ♦❢ ∼✸✵% ❞❡❝r❡❛s❡ ✐♥ HB ✈❛❧✉❡✳ ❆t ∼ ✸✺ µ♠✱

t❤❡ ✐♥❞❡♥t ♣r♦❜❡s ❛r❡❛s ♥♦t ✐♠♣❛❝t❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✱ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ HB ✈❛❧✉❡ ✐s ♥✉❧❧✳

• ❙❇◆ ✶✹ ✭❣r❡❡♥ ❧✐♥❡✮✿ ❋♦r t❤❡ ✜rst ✺µ♠ HB ✈❛❧✉❡ ✐s ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❜✉❧❦ ✈❛❧✉❡✳ ❚❤❡♥✱ ✐t ❞❡❝r❡❛s❡s

❛❜♦✉t ✶✵% ❢♦r t❤❡ ♥❡①t ✷ ✐♥❞❡♥ts✳ ❆❢t❡r✇❛r❞s HB ❝♦♥t✐♥✉❡s t♦ ❞❡❝r❡❛s❡ ❛s ✐t ♠♦✈❡s ♠♦r❡ ✐♥t♦ t❤❡

❜❛❧❧✐st✐❝ ❞❛♠❛❣❡ r❡❣✐♦♥✳ ❚❤❡ ♠✐♥✐♠✉♠ ✐s ♦❜t❛✐♥❡❞ ❛t ✷✺✲✸✵ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❆❢t❡r✱ t❤❡

♥♦♥✲✐rr❛❞✐❛t❡❞ ③♦♥❡ ✐s ♣r♦❜❡❞ ❛♥❞ t❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡ ❞♦❡s ♥♦t ❡✈♦❧✈❡✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t✱ ❡✈❡♥

✐❢ ❛ s❧✐❣❤t ❞❡❝r❡❛s❡ ✐♥ t❤❡ ✜rst ✶✺ µ♠ ✐s ♦❜s❡r✈❡❞✱ t❤✐s ✐s ♥♦t ❝♦♥❝❧✉s✐✈❡ r❡❣❛r❞✐♥❣ t❤❡ ❡rr♦r ❜❛rs✳

• ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡ ❧✐♥❡✮✿ ❱❛r✐❛t✐♦♥s ✐♥ t❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡ ♦❢ ❙❇◆ ✸✺ ❢♦❧❧♦✇ ❙❇◆ ✶✹✬s tr❡♥❞s✳ ❚❤❡

❡①❝❡♣t✐♦♥ t♦ t❤✐s ✐s ✐♥ t❤❡ ✜rst ✺ µ♠ ✇❤❡r❡ ❤❛r❞♥❡ss ❞❡❝r❡❛s❡s s❧✐❣❤t❧②✳ ❚❤❡ ♠✐♥✐♠✉♠ ♦❝❝✉rs ❛t

✷✺ µ♠✳ ❚❤❡♥✱ t❤❡ ❤❛r❞♥❡ss ✈❛r✐❛t✐♦♥ ❞❡❝r❡❛s❡s t♦ ∼ ✵ % ❜❡❝❛✉s❡ t❤❡ ♣r♦❜❡❞ r❡❣✐♦♥ ✐s ♥♦t ✐♠♣❛❝t❡❞

❜② ✐rr❛❞✐❛t✐♦♥✳

• ❙❇◆ ✺✺ ✭❞❛r❦ r❡❞ ❧✐♥❡✮✿ ❚❤❡ ❤❛r❞♥❡ss ✈❛r✐❛t✐♦♥s ❞❡❝r❡❛s❡s ❝♦♥t✐♥✉♦✉s❧② ✉♥t✐❧ t❤❡② r❡❛❝❤ ❛♥ ❡①✲

tr❡♠✉♠ ❛r♦✉♥❞ ✷✺µ♠✳ ❆ ③❡r♦ ✈❛r✐❛t✐♦♥ ♦❝❝✉rs ❛t ∼ ✸✺ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦

t❤❡ ❜✉❧❦ ♠❛t❡r✐❛❧✳

❆❧❧ HB ✈❛❧✉❡s r❡❛❝❤ ❛ ♠✐♥✐♠✉♠ ❛r♦✉♥❞ ✷✺ µ♠ ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ ❙❇◆ ✶✹ ✇❤✐❝❤ t❤❡ ♠✐♥✐♠✉♠ r❛♥❣❡s

❜❡t✇❡❡♥ ✷✺ ❛♥❞ ✸✵ µ♠✳ ❙✉❜s❡q✉❡♥t❧② ❢♦r ❛❧❧ s❛♠♣❧❡s✱ HB ✈❛❧✉❡s ✐♥❝r❡❛s❡ ❛♥❞ r❡❛❝❤ ✐ts ❜✉❧❦ ✈❛❧✉❡ ✭✇✐t❤✐♥

t❤❡ ❡rr♦r ❜❛r✮ ❜② ∼✸✵ µ♠✳ ❲❡ ❝❛♥ ♥♦t❡ tr❡♥❞s ✐♥ ❙❇◆ ✶✹✱ ❙❇◆ ✸✺✱ ❛♥❞ ❙❇◆ ✺✺ ❢♦r r❡❣✐♦♥s ✐♠♣❛❝t❡❞ ❜②

❡❧❡❝tr♦♥✐❝ ✐rr❛❞✐❛t✐♦♥ ✭✵✲✷✵ µ♠✮ ❞✉❡ t♦ ❡rr♦r ❜❛rs✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❙❇◆ ✶✷ ❤❛s ❛ ♥♦t❡✇♦rt❤② ❞❡❝r❡❛s❡

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

✶✽✶
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❋
r❡
❡
s✉

r❢
❛
❝
❡

❊❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥
✵✲✷✵µ♠

❇❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥
✷✵✲✸✵µ♠

❇
✉
❧❦

✶✵ ✷✵ ✸✵ ✹✵ ✺✵

✲✺✵

✲✹✵

✲✸✵

✲✷✵

✲✶✵

✵

❉✐st❛♥❝❡ ❢r♦♠ ❢r❡❡ s✉r❢❛❝❡ ✭µ♠✮
∆

❍
✭%

✮

❙❇◆ ✺✺ ❍❡2+

❙❇◆ ✸✺ ❍❡2+

❙❇◆ ✶✹ ❍❡2+

❙❇◆ ✶✷ ❍❡2+

❋✐❣✉r❡ ✺✳✶✹✿ ✭▲❡❢t✮ ❆❋▼ ✐♠❛❣❡s ♦❢ ♥❛♥♦✲✐♥❞❡♥t❛t✐♦♥s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ❙❇◆ ✶✷ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡
✭❧❡❢t s✐❞❡ ♦❢ ✐♠❛❣❡✮ t♦✇❛r❞s t❤❡ ❜✉❧❦❀ ✭❘✐❣❤t✮ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❤❛r❞♥❡ss ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s t❤❡
❜✉❧❦ ❢♦r ❙❇◆ ✶✷✱ ❙❇◆ ✶✹✱ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s✳

r❡s♣♦♥s❡ ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s✳ ▼❛❥♦r ♠♦❞✐✜❝❛t✐♦♥s ♦❝❝✉r ❛❢t❡r He2+ ✐♦♥s✿ ✭✶✮ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛

♥❡t✇♦r❦❀ ✭✷✮ ❝♦♥✈❡rs✐♦♥ ♦❢ [4]❇ ✐♥t♦ [3]❇✳ ❚❤❡ ✐♥❝r❡❛s❡ ♦❢ ✇❡❛❦ s♣♦ts ✐♥❝❧✉❞✐♥❣ ◆❇❖ ❝❛♥ ❡①♣❧❛✐♥ ✈❛r✐❛t✐♦♥s

✐♥ ❤❛r❞♥❡ss ♦❜s❡r✈❡❞ ❬✷❪✳ ❙❇◆ ✶✷ ♣r❡s❡♥ts t❤❡ ♠♦st s✐❣♥✐✜❝❛♥t ❞❡❝r❡❛s❡ ✐♥ HB ✈❛❧✉❡ ✐♥ t❤❡ ❡❧❡❝tr♦♥✐❝

♣❛rt✳ ❘❛♠❛♥ ❛♥❛❧②s✐s ♣♦✐♥ts ♦✉t str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s s✐♠✐❧❛r t♦ t❤♦s❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❜❛❧❧✐st✐❝ ♣❛rt ❜✉t

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

HB r❛♥❣❡s ❢r♦♠ ∼ 20 % ❢♦r ❙❇◆ ✶✹ t♦ HB ∼ 28 % ❢♦r ❙❇◆ ✶✷✳ ❨❡t✱ t❤❡ ❞✐✛❡r❡♥❝❡ ✐s q✉❡st✐♦♥❛❜❧❡✳

❙♦♠❡ ♦❢ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❛r✐s❡ ❢r♦♠ t❤❡ ♠❛tr✐① ❛r♦✉♥❞ t❤❡ ✐♥❞❡♥t❡r✳ ❋♦r ❡①❛♠♣❧❡✱

t❤❡ ✐♥❞❡♥t❡r✬s r❡s♣♦♥s❡ ❜❡t✇❡❡♥✶✺✲✸✵ µ♠ ✐s ❛ ♠✐①t✉r❡ ♦❢ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ❜❛❧❧✐st✐❝ ❞❛♠❛❣❡✳ ■♥ t❤❡ ❝❛s❡ ♦❢

❙❇◆ ✶✷ ✇❤✐❝❤ ✐s s✐❣♥✐✜❝❛♥t❧② ✐♠♣❛❝t❡❞ ❜② ❡❧❡❝tr♦♥✐❝ ❞❛♠❛❣❡ ✭✐✳❡✳ ✷✵% ❞❡❝r❡❛s❡ ✐♥ HB✮✱ HB ❛t ✷✺ µ♠

r❡♣r❡s❡♥ts ❛ ♠✐①❡❞ r❡s♣♦♥s❡✳ ❉❡s♣✐t❡ t❤✐s✱ ✐t ✐s ❝❧❡❛r t❤❛t ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ♣❧❛② ❛ ♠❛❥♦r r♦❧❡ ✐♥

❞❡❝r❡❛s✐♥❣ HB ❬✹✱ ✶✽❪✳

Au+ ✐rr❛❞✐❛t✐♦♥

❚❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ r❡✈❡❛❧❡❞ ❤♦✇ ✻ ▼❡❱ He2+✲✐rr❛❞✐❛t✐♦♥ ✈❛r✐❡s t❤❡ ❤❛r❞♥❡ss ✇✐t❤ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ❛s

♠❡❛s✉r❡❞ ♦♥ ❙❈❈ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ❚❤❡ Au+✲✐rr❛❞✐❛t✐♦♥ ♣r♦❞✉❝❡s ❛♥ ❡✈❡♥ t❤✐♥♥❡r ❧❛②❡r ✭∼✸µ♠✮✳ ❚❤✉s

✐♥❞❡♥t❛t✐♦♥s ♦♥ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❛r❡ ♥♦t r❡❛s♦♥❛❜❧❡✳ Au+✲✐rr❛❞✐❛t✐♦♥ ✉♥❞❡r❣♦❡s ❜♦t❤ ♥✉❝❧❡❛r ❛♥❞

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

❚❤❡ ♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ✐s ❦❡♣t ❝♦♥st❛♥t ❛t ✺✵✵ ♥♠✳ ❋✐❣✉r❡ ✺✳✶✺ ❞❡♣✐❝ts HB ✈❛❧✉❡ ❢♦r t❤❡ ♣r✐st✐♥❡ ❣❧❛ss❡s

❛♥❞ HB ❢♦r ✐ts Au+ ❝♦✉♥t❡r♣❛rt✳ ❚❤❡ ❧❡❢t ✜❣✉r❡ ♣r❡s❡♥t t❤❡ r❡❛❧ ✈❛❧✉❡❀ ❛♥❞ t❤❡ r✐❣❤t ✜❣✉r❡ t❤❡ ✈❛r✐❛t✐♦♥

❝❛❧❝✉❧❛t❡❞ ❜❡t✇❡❡♥ t❤❡ ♣r✐st✐♥❡ ❛♥❞ t❤❡ ✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s✳ ❚❤❡ ♠✉❧t✐✲❡♥❡r❣② Au+✲✐rr❛❞✐❛t✐♦♥s ✐♥❞✉❝❡ ❛

❞❡❝r❡❛s❡ ✐♥ HB ✳ HB ✈❛r✐❛t✐♦♥s ❛r❡ s✐♠✐❧❛r t♦ t❤♦s❡ ♦❜s❡r✈❡❞ ❛❢t❡r He2+✲✐rr❛❞✐❛t✐♦♥✳

▼❡♥❞♦③❛ ❡t ❛❧✳ ❝♦rr❡❧❛t❡s t❤✐s ❞❡❝r❡❛s❡ ✇✐t❤ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ✇❡❛❦ s♣♦ts ❬✶✺❪✳ ❏✳ ❞❡

❇♦♥✜❧s ❢♦✉♥❞ s✐♠✐❧❛r r❡s✉❧ts ♦♥ ❙❇◆✶✹ ❬✸✱ ✹❪✳ ❍❡ ❛ss♦❝✐❛t❡❞ ❛ ❣❧♦❜❛❧ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❤❛r❞♥❡ss ✇✐t❤ ❛

❝♦♥✈❡rs✐♦♥ ♦❢ [4]❇ ✐♥t♦ [3]❇ ❛♥❞ ❛ ❣❧❛ss s✇❡❧❧✐♥❣✳ ❚❤❡ s♦❞✐✉♠ r❡❧❡❛s❡❞ ❡♥❛❜❧❡s t❤❡ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡

s✐❧✐❝❛ ♥❡t✇♦r❦✱ ✇❤✐❝❤ s❤♦✉❧❞ ❛❧s♦ ✐♠♣❛❝t t❤❡ ❜❡❤❛✈✐♦r ✉♥❞❡r t❤❡ ✐♥❞❡♥t❡r✳ ❑✐❧②♠✐s ❡t ❛❧✳ ❬✶✵❪ ✐♥✈❡st✐❣❛t❡❞

✶✽✷
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❙❇
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✶✹

❙❇
◆
✺✺

❙❇
◆
✸✺

❋✐❣✉r❡ ✺✳✶✺✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❤❛r❞♥❡ss ❢♦r ❙❇◆ ✶✷ ✭❧✐❣❤t ❜❧✉❡✮✱ ❙❇◆ ✶✹ ✭❣r❡❡♥✮✱ ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡✮ ❛♥❞
❙❇◆ ✺✺ ✭❞❛r❦ r❡❞✮ ❣❧❛ss❡s ✈❡rs✉s [Na2O]✳ ❚❤❡ s❛♠❡ ✈❡rt✐❝❛❧ ❧✐♥❡ ❝♦♥t❛✐♥s HB ❢♦r t❤❡ ♣r✐st✐♥❡ ❛♥❞ Au+✲
✐rr❛❞✐❛t❡❞✳ ❚❤❡ ❧❡❢t ✜❣✉r❡ ♣r❡s❡♥ts t❤❡ tr✉❡ ✈❛❧✉❡s ❛♥❞ t❤❡ r✐❣❤t ♦♥❡ t❤❡ ✈❛r✐❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ♣r✐st✐♥❡
❛♥❞ ✐ts ✐rr❛❞✐❛t❡❞ ❝♦✉♥t❡r♣❛rt✳ ●♦❧❞ ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❛ ❞❡❝r❡❛s❡ ✐♥ ❤❛r❞♥❡ss ❛♥❞ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢
✈❛r✐❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✳

❤❛r❞♥❡ss ❡✈♦❧✉t✐♦♥ ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ✈✐❛ ▼❉ s✐♠✉❧❛t✐♦♥s✳ ❖✉r tr❡♥❞ ✐s ❝♦❤❡r❡♥t ✇✐t❤ t❤✐s st✉❞②✿ ❤❡

♦❜s❡r✈❡❞ ❛ ❞❡❝r❡❛s❡ ✐♥ ❤❛r❞♥❡ss ✈❛❧✉❡s ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ❝♦♥✈❡rs✐♦♥ ♦❢ [4]❇ ✐♥t♦ [3]❇ ❛♥❞ t❤❡ ❝r❡❛t✐♦♥ ♦❢

◆❇❖s✳

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

❋♦r t❤❡ ❙❇◆ ✶✹ ❛♥❞ ❙❇◆ ✺✺ ❣❧❛ss❡s✱ HB ✈❛❧✉❡ ❞❡❝r❡❛s❡s ❜② ∼ ✸✵ %✱ ✇❤❡r❡❛s HB ✈❛❧✉❡ ♦❢ ❙❇◆ ✶✷ ❛♥❞

❙❇◆ ✸✺ ❞❡❝r❡❛s❡s ❜② ∼ ✷✵ %✳ ●✳ ❇✉r❡❛✉ ❬✺❪ ♣♦✐♥t❡❞ ♦✉t t❤❡ r♦❧❡ ♦❢ t❤❡ ✐♥✐t✐❛❧ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥ ♦♥

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

♠♦r❡ s❡♥s✐t✐✈❡ t♦ ✐rr❛❞✐❛t✐♦♥ t❤❛♥ ❞❡♣♦❧②♠❡r✐③❡❞ ❣❧❛ss❡s ❬✺❪✳ ❚❤✐s ✐s ♥♦t ♦❜s❡r✈❡❞ ❤❡r❡✳ ❇♦t❤ ❙❇◆ ✸✺

❛♥❞ ❙❇◆ ✺✺ ❝♦♥t❛✐♥ ❛ s✐❣♥✐✜❝❛♥t ♥✉♠❜❡r ♦❢ ◆❇❖ ❛♥❞ [3]❇✳ ❈♦♥✈❡rs❡❧②✱ ❙❇◆ ✶✹ ❝♦♥t❛✐♥s ❛ ❢❡✇ ◆❇❖✱ ❛♥❞

✐ts ❞❡❝r❡❛s❡ ✐s s✐♠✐❧❛r t♦ t❤❛t ♦❢ ❙❇◆ ✺✺✳ ❚❤❡ r❡s✉❧ts ❤❡r❡✐♥ ❢❛❧❧ ♠♦r❡ ✐♥ ❧✐♥❡ ✇✐t❤ KSBN s❡r✐❡s tr❡♥❞s✳

❘❛♠❛♥ ❛♥❛❧②s✐s ❛✐❞s ✐♥ ❞❡s❝r✐❜✐♥❣ q✉❛❧✐t❛t✐✈❡❧② t❤❡ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥ ✐♥❞✉❝❡❞ ❜② ✐rr❛❞✐❛t✐♦♥✳ ❨❡t✱ ◆▼❘

❛♥❛❧②s✐s ❝♦✉❧❞ q✉❛♥t✐❢② ✈❛r✐❛t✐♦♥s✿ ✭✶✮ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ◆❇❖ ✐♥ t❤❡ s✐❧✐❝❛ ♥❡t✇♦r❦✱ ✭✷✮ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡

❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢ ❜♦r♦♥ ❛t♦♠s✳ ▼❡♥❞♦③❛ ❡t ❛❧✳ q✉❛♥t✐✜❡❞ ♦♥ s✐♠✐❧❛r ❣❧❛ss❡s ✈❛r✐❛t✐♦♥ ✐♥❞✉❝❡❞

❜② ✼✹ ▼❡❱ ❑r ✐♦♥s✳ ❚❤❡② s❤♦✇❡❞ ❛ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❞❡♣❡♥❞❡♥❝② ♦♥ t❤❡ str✉❝t✉r❛❧ ❝❤❛♥❣❡s ❬✶✺❪✳

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

✺✳✷✳✷ ❙❈❈ ❜❡❤❛✈✐♦r

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

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

t❤❡ ❢✉t✉r❡ ✇✐❧❧ ❛r✐s❡ ❢r♦♠ t❤❡ ♥❡✇ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✹✳✷✳ ❯♥t✐❧ t❤❛t t✐♠❡✱ ❞✐r❡❝t

♠❡❛s✉r❡♠❡♥ts ♦❢ ❙❈❈ ❝✉r✈❡s r❡♠❛✐♥ ♦✉t ♦❢ r❡❛❝❤✳ ❨❡t✱ ✐♥❞✐r❡❝t ✐♥❢♦r♠❛t✐♦♥ ❛r✐s❡s ❢r♦♠ ❙❈❈ ❢r❛❝t✉r❡

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

✶✽✸



❈❍❆P❚❊❘ ✺✳ ■♠♣❛❝t ♦❢ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ♦♥ ❙❇◆ ❣❧❛ss❡s

He2+ ✐♦♥ ✐rr❛❞✐❛t✐♦♥

❋♦r ❡❛❝❤ ❣❧❛ss✱ ❛♥ ❆❋▼ ✐♠❛❣❡s t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✐♥✇❛r❞s ✐♥ ♣r✐st✐♥❡ ❛♥❞ He2+✲

✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❋✐❣✉r❡ ✺✳✶✻ ❞❡♣✐❝ts t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ♦❢ t❤❡ He2+✲✐rr❛❞✐❛t❡❞ ❙❇◆ ✶✹✳ ❚❤❡ ✐♠❛❣❡s

❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❡❧❡❝tr♦♥✐❝ r❡❣✐♦♥ ✭②❡❧❧♦✇✐s❤ ❢r❛♠❡s✮✱ ❜❛❧❧✐st✐❝✴❡❧❡❝tr♦♥✐❝ r❡❣✐♦♥ ✭♠❛rr♦♥ ❢r❛♠❡s✮✱ ❛♥❞

❜✉❧❦ ✭❣r❡❡♥ ❢r❛♠❡s✮✳ ◆♦ s✐❣♥✐✜❝❛♥t ✈❛r✐❛t✐♦♥s ♦❝❝✉r ✐♥ t❤❡ ❡❧❡❝tr♦♥✐❝ ✭②❡❧❧♦✇✐s❤✮ ③♦♥❡✳ ❚❤❡ ♣❛tt❡r♥ ❛♥❞

t❤❡ ❘▼❙ ✈❛❧✉❡s ✭❘▼❙electronic zone ∼ ✵✳✻ ♥♠✮ ❞♦ ♥♦t ❡✈♦❧✈❡✳ ❆ ❝❤❛♥❣❡ ✐♥ t❤❡ r♦✉❣❤♥❡ss ♦❝❝✉rs ❛r♦✉♥❞

✷✽ µ♠✳ ❚❤❡ ❘▼❙ ✈❛❧✉❡s ✐♥❝r❡❛s❡ ❜② ✺✵% ✭❘▼❙ballistic zone ∼✵✳✾✶ ♥♠✮✳ ❚❤❡♥✱ t❤❡ ❘▼❙ ❞❡❝r❡❛s❡s ❜❛❝❦

t♦ ❛❜♦✉t ✵ ❛r♦✉♥❞ ✸✹ µ♠✳ ❚❤❡ ❘▼❙bulk zone ❛♥❞ ❘▼❙electronic zone ❛r❡ ♥❡❛r❧② ❡q✉✐✈❛❧❡♥t ❢♦r ❙❇◆ ✶✹

❣❧❛ss✳ ❚❤❡ ✜❣✉r❡ ✺✳✶✼ ♣r❡s❡♥ts ❘▼❙ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦ t❤❡ ❜✉❧❦

❢♦r ❛❧❧ ❙❇◆ s❛♠♣❧❡s✳ ❚❤❡ r❡❢❡r❡♥❝❡ ✈❛❧✉❡ ✐s t❛❦❡♥ ❛t ✺✵ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡

❞♦♥❡ ♦♥ t❤❡ ❙❇◆ ❣❧❛ss❡s ✐rr❛❞✐❛t❡❞ ❛♥❞ ♦♥ t❤❡✐r ♥♦♥✲✐rr❛❞✐❛t❡❞ ❝♦✉♥t❡r♣❛rt✳ ❋♦r ❝❧❛r✐t②✱ ✜❣✉r❡ ✺✳✶✼ ♦♥❧②

s❤♦✇s ❙❇◆ ✶✹ ♥♦♥✲✐rr❛❞✐❛t❡❞ ✭❜❧❛❝❦ ❧✐♥❡✮ ♦❢ t❤❡ ♥♦♥✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❚❤❡ ❛r❡❛ ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❢r❡❡

s✉r❢❛❝❡ ✭❢❡✇ µ♠✮ ♦❢t❡♥ ❝♦♥t❛✐♥s ❞❛♠❛❣❡❞✳ ❇♦t❤ ✐rr❛❞✐❛t❡❞ ❛♥❞ ♥♦♥✲✐rr❛❞✐❛t❡❞ s❛♠♣❧❡ ❤❛✈❡ ❞❛♠❛❣❡ ♥❡❛r

t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❋♦r ❛❧❧ t❤❡ ❙❇◆ ❣❧❛ss❡s✱ ✐rr❛❞✐❛t✐♦♥ ✐♠♣❛❝ts t❤❡ ♣❛t❤ ❢♦❧❧♦✇❡❞ ❜② t❤❡ ❝r❛❝❦ ❛♥❞ ❤✐❣❤❧✐❣❤t

t❤❡ ❣❧❛ss ❞✐s♦r❞❡r✳ ❖✈❡r❛❧❧✱ t❤❡ ❤✐❣❤❡st ❘▼❙ ✈❛r✐❛t✐♦♥ t❛❦❡s ♣❧❛❝❡ ❛r♦✉♥❞ ✷✺✲✸✵ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳

❙❇◆ ✶✷ ❞✐s♣❧❛②s ❛❧s♦ ❛ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ❘▼❙ ❢♦r t❤❡ r❡❣✐♦♥ ✇❤✐❝❤ ✉♥❞❡r❣♦❡s ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s✳ ❚❤❡

♦t❤❡r ❣❧❛ss❡s ❞♦ ♥♦t ❞✐s♣❧❛② ❛ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❛♥❞ ❞❛♠❛❣❡ ❧♦❝❛❧✐③❡s ❛r♦✉♥❞ ✷✺✲✸✵µ♠✳ ❚❤✐s r❡s✉❧ts

♠❛t❝❤ ✇✐t❤ t❤❡ ❘❛♠❛♥ ❛♥❛❧②s✐s✳ ❱❛r✐❛t✐♦♥s ♦❜s❡r✈❡❞ ❢♦r t❤❡ ❙❇◆ ✶✹✱ ❙❇◆ ✸✺ ❛♥❞ ❙❇◆ ✺✺ ❧♦❝❛❧✐③❡ ✐♥

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

✐♥ ❧✐t❡r❛t✉r❡ ❬✾✱ ✶✵✱✶✺✱✶✼❪✳

Au+ ✐♦♥ ✐rr❛❞✐❛t✐♦♥

❆❋▼ ✐♠❛❣❡s ❣❛t❤❡r t♦♣♦❣r❛♣❤✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✐♥✇❛r❞s ♦♥ Au+ ✐♦♥ ✐rr❛❞✐❛t❡❞

s❛♠♣❧❡s✳ ❋✐❣✉r❡ ✺✳✶✽ ♣r❡s❡♥ts ❡✈♦❧✉t✐♦♥s ♦❢ ❙❇◆ ✶✹✬s ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦✇❛r❞s t❤❡

❜✉❧❦ ❛❢t❡r Au+✲✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❧❡❢t ❆❋▼ ✐♠❛❣❡ ♣r❡s❡♥ts t❤❡ ③♦♥❡ ❝❧♦s❡ t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❛♥❞ ✐♠♣❛❝t❡❞

❜② ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ♠✐❞❞❧❡ ✐♠❛❣❡ ♣r❡s❡♥ts t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ❛r♦✉♥❞ ✸✲✹ µ♠✳ t❤❡ ❧❛st ✐♠❛❣❡ ❞✐s♣❧❛②s t❤❡

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

❛❧❧ t❤r❡❡ ✐♠❛❣❡s✳ ❆ ❝❧❡❛r ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❘▼❙ ♦❝❝✉rs ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✭❧❡❢t ✐♠❛❣❡✮ t♦ t❤❡ ❜✉❧❦ ✭r✐❣❤t

✐♠❛❣❡✮✳ ❋✐♥❛❧❧②✱ ❛ ❝❧❡❛r tr❛♥s✐t✐♦♥ ❧✐♥❡ ✐s ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ t❤❡ ✐rr❛❞✐❛t❡❞ ③♦♥❡ ❛♥❞ t❤❡ ♥♦♥✲✐rr❛❞✐❛t❡❞

♣❛rt✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❡ ❧✐♠✐t ♦❢ Au+ ✐♦♥s ♣❡♥❡tr❛t✐♦♥✳ ❋✐❣✉r❡ ✺✳✶✾ ♣r❡s❡♥ts t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ❢r❛❝t✉r❡

s✉r❢❛❝❡✬s ❘▼❙ ✭✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❜✉❧❦✮ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✐♥t♦ t❤❡ ❜✉❧❦✳ ❚❤❡ ❞❛♠❛❣❡❞ ③♦♥❡ ❧♦❝❛❧✐③❡s

✐♥ t❤❡ ❢❡✇ ✜rst µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✱ ❛s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ❙❘■▼ s✐♠✉❧❛t✐♦♥s✳ ❆ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡

✐♥ t❤❡ ❘▼❙ ✈❛❧✉❡ ♦❝❝✉rs ❢♦r t❤❡ ✜rst ✸ µ♠✳ ❚❤❡ ✈❛r✐❛t✐♦♥s ❜❡❝♦♠❡ ✐rr❡❧❡✈❛♥t ❛❢t❡r ✹µ♠✳ ❚❤❡ ❘▼❙

✈❛r✐❛t✐♦♥s ✭✺✵ %✮ ❢♦r ❙❇◆ ✶✷ ❛♥❞ ❙❇◆ ✸✺ ❛r❡ ❧❡ss t❤❛♥ t❤❡ ✈❛r✐❛t✐♦♥s ❢♦r t❤❡ ❙❇◆ ✶✹ ✭✼✽ %✮ ❛♥❞ ❙❇◆ ✺✺

✭s❧✐❣❤t ✐♥❝r❡❛s✐♥❣ tr❡♥❞ ❢r♦♠ ✻✸ % t♦ ✼✺ %✮✳ ❆s ✐♥ He2+✲✐rr❛❞✐❛t✐♦♥✱ KSBN ❣r♦✉♣✐♥❣s ❝♦✉❧❞ ❜❡ r❡❧❡✈❛♥t❀

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

✺✳✷✳✸ ❉✐s❝✉ss✐♦♥

❇♦t❤ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥ ✐rr❛❞✐❛t✐♦♥s ❝❤❛♥❣❡ t❤❡ ❝r❛❝❦ ♣❛t❤✳ ❚❤❡ ❘▼❙ ❞❡♣❡♥❞s ♦♥ ❤❡t❡r♦❣❡♥❡✐t✐❡s ✐♥

t❤❡ ❣❧❛ss str✉❝t✉r❡ ❬✼✱ ✶✾❪✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❣❧❛ss ❞✐s♦r❞❡r ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❘▼❙ ✈❛❧✉❡ ✇❤✐❝❤ ✐s

✶✽✹
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❋r❡❡ s✉r❢❛❝❡
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µ
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♠

✶✻
µ
♠

✶✽
µ
♠

✷✻
µ
♠

✷✹
µ
♠

✷✵
µ
♠

✷✽
µ
♠

✸✵
µ
♠

✸✻
µ
♠

✸✹
µ
♠

✸✷
µ
♠

✹✵
µ
♠

✹ ♥♠

✲✹ ♥♠

❋✐❣✉r❡ ✺✳✶✻✿ ❚❤❡ s❡r✐❡s ♦❢ ✐♠❛❣❡s ❞❡♣✐❝ts t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ t♦ t❤❡ ❜✉❧❦ ❢♦r t❤❡
❙❇◆ ✶✹ ✐rr❛❞✐❛t❡❞ ❜② ❤❡❧✐✉♠ ✐♦♥s✳ ❚❤❡ ❢r❛♠❡ ❝♦❧♦r ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ③♦♥❡ ♣r❡✈✐♦✉s❧② ❞❡✜♥❡❞✿ t❤❡ ②❡❧❧♦✇
③♦♥❡ ♠❛r❦s t❤❡ ❛r❡❛ ✇❤❡r❡ ✐♥t❡r❛❝t✐♦♥ ❛r❡ ❞♦♠✐♥❛t❡❞ ❜② ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥✱ t❤❡ ❜r♦✇♥ ③♦♥❡✱ t❤❡ ❛r❡❛
✇❤❡r❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠ ❛♥❞ t❤❡ ❣r❡❡♥ ❛r❡❛ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❜✉❧❦ ♦❢ t❤❡ s❛♠♣❧❡✳ ❚❤❡
❝♦❧♦r ❜❛r ✐s ❦❡♣t ❝♦♥st❛♥t ❢♦r ❛❧❧ t❤❡ ❆❋▼ ✐♠❛❣❡s✳

✶✽✺
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✵ ✶✵ ✷✵ ✸✵ ✹✵

✵

✶✵

✷✵

✸✵

✹✵

✺✵

✻✵

✼✵

❉✐st❛♥❝❡ ❢r♦♠ ❢r❡❡ s✉r❢❛❝❡ ✭µ♠✮

❱
❛r
✐❛
t✐
♦♥

❘
▼
❙
✭%

✮

❙❇◆ ✶✹ ♣r✐♦r ✐rr❛❞✐❛t✐♦♥

❙❇◆ ✺✺ ❍❡2+

❙❇◆ ✸✺ ❍❡2+

❙❇◆ ✶✹ ❍❡2+

❙❇◆ ✶✷ ❍❡2+

❋✐❣✉r❡ ✺✳✶✼✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❘▼❙ ✈❛❧✉❡ ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s ❛❢t❡r ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❙❇◆ ✶✷ ✭❧✐❣❤t
❜❧✉❡✮✱ ❙❇◆ ✶✹ ✭❣r❡❡♥✮✱ ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡✮ ❛♥❞ ❙❇◆ ✺✺ ✭❞❛r❦ r❡❞✮ ❛r❡ ✐♥✈❡st✐❣❛t❡❞ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡
✭✵ µ♠✮ t♦✇❛r❞s t❤❡ ❜✉❧❦ ✭✹✺µ♠✮✳ ❋♦r ❡❛❝❤ ❙❇◆ ❣❧❛ss❡s✱ ❜♦t❤ ✐rr❛❞✐❛t❡❞ ❛♥❞ ♣r✐st✐♥❡ s❛♠♣❧❡s ❛r❡ ❛❧s♦
✐♥✈❡st✐❣❛t❡❞✳ ❋♦r ❝❧❛r✐t②✱ ♦♥❧② t❤❡ ❙❇◆ ✶✹ ✭❜❧❛❝❦✮ ✐s ♣❧♦tt❡❞✳

✷ µ♠ ✸ µ♠ ✺ µ♠

✹ ♥♠

✲✹ ♥♠

❋✐❣✉r❡ ✺✳✶✽✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s r♦✉❣❤♥❡ss ❢r♦♠ ❆❋▼ ✐♠❛❣❡s ❛t ✷ µ♠✱ ✸ µ♠ ❛♥❞ ✺ µ♠
❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳

❝♦❤❡r❡♥t ✇✐t❤ ❧✐t❡r❛t✉r❡ ❬✹✱ ✻✱ ✽✕✶✵❪✳ ▲✳✲❍✳ ❑✐❡✉ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❢r❛❝t✉r❡ s✉r❢❛❝❡s r♦✉❣❤♥❡ss

✈✐❛ s✐♠✉❧❛t✐♦♥s✳ ❍❡ s✐♠✉❧❛t❡❞ ✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s ❜② q✉❡♥❝❤✐♥❣ ❛t ❤✐❣❤ r❛t❡ ❛♥❞ st✉❞✐❡❞ t❤❡ ❜❡❤❛✈✐♦r

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

♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s ❬✽❪✳ ❆♥❛❧②s✐s ♦❢ t❤❡ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✬ r♦✉❣❤♥❡ss ❛❧s♦ ❤✐❣❤❧✐❣❤ts t❤❡ ✐♥❝r❡❛s❡ ✐♥

t❤❡ ❘▼❙ ✇✐t❤ t❤❡ ❣❧❛ss ❞✐s♦r❞❡r✳ ❉❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛t❡ ♥❡t✇♦r❦✱ ❝❤❛♥❣❡s ✐♥ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥

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

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

t♦ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ❙❈❈ ❜❡❤❛✈✐♦r✳ ❚❤❡ ♥❡①t st❡♣ ✐♥ t❤✐s st✉❞② ✐s t❤❡ ✜♥❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ✹✲♣♦✐♥t ❜❡♥❞✐♥❣

❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣✱ ❛♥❞ ✐ts ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❚❤✐s ❛♣♣❛r❛t✉s ✇✐❧❧ ♣❡r♠✐t t❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡ ❙❈❈

✶✽✻
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❘
▼
❙
✭%

✮

❙❇◆ ✶✹ ♣r✐♦r ✐rr❛❞✐❛t✐♦♥

❙❇◆ ✶✷ ❆✉+

❙❇◆ ✶✹ ❆✉+

❙❇◆ ✸✺ ❆✉+

❙❇◆ ✺✺ ❆✉+

❋✐❣✉r❡ ✺✳✶✾✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❘▼❙ ✈❛❧✉❡ ♦❢ t❤❡ ❙❇◆ ❣❧❛ss❡s ❛❢t❡r ❣♦❧❞ ✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ❙❇◆ ✶✷ ✭❧✐❣❤t
❜❧✉❡✮✱ ❙❇◆ ✶✹ ✭❣r❡❡♥✮✱ ❙❇◆ ✸✺ ✭❞❛r❦ ❜❧✉❡✮ ❛♥❞ ❙❇◆ ✺✺ ✭❞❛r❦ r❡❞✮ ❛r❡ ✐♥✈❡st✐❣❛t❡❞ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡
✭✵ µ♠✮ t♦✇❛r❞s t❤❡ ❜✉❧❦ ✭✶✵µ♠✮✳ ❋♦r ❡❛❝❤ ❙❇◆ ❣❧❛ss❡s✱ t❤❡✐r ♥♦♥✲✐rr❛❞✐❛t❡❞ ❝♦✉♥t❡r♣❛rts ❛r❡ ❛❧s♦
✐♥✈❡st✐❣❛t❡❞✳ ❋♦r ❝❧❛r✐t②✱ t❤❡ ✜❣✉r❡ ❝♦♥t❛✐♥s ♦♥❧② ♣r✐st✐♥❡ ❙❇◆ ✶✹ ✭❜❧❛❝❦✮✳

♣r♦♣❡rt✐❡s ✐♥ He2+ ❛♥❞ Au2+ ✐rr❛❞✐❛t❡❞ ③♦♥❡s✳

❚❤❡ ❤❛r❞♥❡ss ❜❡❤❛✈✐♦r ✐s ❛❧s♦ s✐❣♥✐✜❝❛♥t❧② ✐♠♣❛❝t❡❞✳ ❊①♣❡r✐♠❡♥t❛❧ ✐♥✈❡st✐❣❛t✐♦♥s ♦♥ ✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s

❛♥❞ ▼❉ s✐♠✉❧❛t✐♦♥ ♣❡r❢♦r♠❡❞ ♦♥ ❢❛st q✉❡♥❝❤❡❞ ❣❧❛ss ❝♦♥✜r♠ t❤✐s tr❡♥❞ ❬✹✱✶✵✱✶✺❪✳ ❘❡❝❡♥t❧②✱ ❑✐❧②♠✐s ❡t ❛❧✳

s✐♠✉❧❛t❡❞ ✐rr❛❞✐❛t❡❞ ❙❇◆ ✶✷✱ ❙❇◆ ✶✹ ❛♥❞ ❙❇◆ ✺✺ ❛♥❞ ❡st✐♠❛t❡❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❤❛r❞♥❡ss✳ ❋✐rst✱ t❤❡s❡

s✐♠✉❧❛t✐♦♥s r❡✈❡❛❧❡❞ ❛♥ ✐♥❝r❡❛s✐♥❣ ❞✐s♦r❞❡r ✇❤✐❝❤ ❧❡❛❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ [3]❇ ❛♥❞ t❤❡ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥

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

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

♦♥ t❤❡ ❛♠♦✉♥t ♦❢ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥✿ t❤❡ ❝♦♥✈❡rs✐♦♥ ♦❢ [3]❇ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖✳ ❚♦ ✉♥❞❡rst❛♥❞

t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ ❛♠♣❧✐t✉❞❡✱ t❤✐s st✉❞② r❡q✉✐r❡s ◆▼❘ ♠❡❛s✉r❡♠❡♥ts t♦ q✉❛♥t✐❢② ❡❛❝❤ ✈❛r✐❛t✐♦♥ ❢♦r ❡❛❝❤

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

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

❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ♠❛①✐♠✐③❡✳

✺✳✸ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ✐♦♥s ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❞✐✛❡r❡♥t ❞❛♠❛❣❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♥❛t✉r❡✱ t❤❡ ❡♥❡r❣② ❛♥❞ t❤❡ ✢✉❡♥❝❡ ♦❢

t❤❡ ✐♦♥s✳ ❚❤❡ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ♠❛✐♥❧② ✐♥❞✉❝❡ ❡❧❡❝tr♦♥✐❝ ❞❛♠❛❣❡s ✭✾✾ %✮✳ ●♦❧❞ ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡ ❜♦t❤

❡❧❡❝tr♦♥✐❝ ❛♥❞ ♥✉❝❧❡❛r ❞❛♠❛❣❡s ✭✼✺ % ❛♥❞ ✷✺ %✱ r❡s♣❡❝t✐✈❡❧②✮✳

• ●❧❛ss ❞✐s♦r❞❡r ✐♥❝r❡❛s❡s ❚❤❡ ❘▼❙ ❡st✐♠❛t❡❞ ❢r♦♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ✐♥❝r❡❛s❡ s✐❣♥✐✜❝❛♥t❧② ✐♥

t❤❡ ✐rr❛❞✐❛t❡❞ ③♦♥❡✳ ❚❤✐s ✐s ❛ss♦❝✐❛t❡❞ t♦ str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥✿ ❝❤❛♥❣❡ ✐♥ t❤❡ ❜♦r❛t❡✲ ❜♦r♦s✐❧✐❝❛t❡

r✐♥❣s ✭❝♦♥✈❡rs✐♦♥ ♦❢ [4]❇ ✐♥t♦ [3]❇✱ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ♠❡❛♥ ❙✐✲❖✲❙✐ ❛♥❣❧❡✮ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ◆❇❖

❝♦♥❝❡♥tr❛t✐♦♥✳

✶✽✼



❈❍❆P❚❊❘ ✺✳ ■♠♣❛❝t ♦❢ ❧✐❣❤t ❛♥❞ ❤❡❛✈② ✐♦♥s ♦♥ ❙❇◆ ❣❧❛ss❡s

• ❍❛r❞♥❡ss ❞❡❝r❡❛s❡s ❆♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❣❧❛ss ♣❧❛st✐❝✐t② ❧❡❛❞s t♦ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❤❛r❞♥❡ss✳ ❉❡✲

♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣❧❛ss ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥✱ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ✈❛r✐❛t✐♦♥ r❛♥❣❡s ❢r♦♠ ✷✵✲✸✵ µ♠✳

❱❛r✐❛t✐♦♥ ✐♥ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢ ❜♦r♦♥ ❛t♦♠ ❛♥❞ ✐♥❝r❡❛s❡ ✐♥ ◆❇❖ ❛♣♣❡❛r t♦ ❜❡ t❤❡ r❡❧❡✈❛♥t

♣❛r❛♠❡t❡r t♦ ❣♦✈❡r♥ t❤❡ ❤❛r❞♥❡ss ❜❡❤❛✈✐♦r✳

• ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝r❛❝❦ ♣❛t❤ ❚❤❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❣❧❛ss ❞✐s♦r❞❡r ❛♥❞ t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❣❧❛ss

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

❛r❡ ❡①♣❡❝t❡❞✳ ❋✉rt❤❡r st✉❞✐❡s ❛r❡ r❡q✉✐r❡❞ t♦ ✐♥✈❡st✐❣❛t❡ ❤♦✇ t❤❡ ❙❈❈ ✐s ✐♠♣❛❝t❡❞✳

✶✽✽



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❆✳ ❆❜❜❛s✳ ❈♦♥tr✐❜✉t✐♦♥ à ❧✬ét✉❞❡ ❞❡s ❡✛❡ts ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ α s✉r ❧❡s ✈❡rr❡s ♥✉❝❧❡❛✐r❡s✳ ❚❡❝❤♥✐❝❛❧

r❡♣♦rt✱ ❈❊❆ ❉✐r❡❝t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ♥✉❝❧é❛✐r❡✱ ✷✵✵✷✳

❬✷❪ ◆✳ ❇✐❜❡♥t✱ ❆✳ ❋❛✐✈r❡✱ ●✳ ❋❡rr✉✱ ❏✳▲✳ ❇❛♥t✐❣♥✐❡s✱ ❛♥❞ ❙✳ P❡✉❣❡t✳ ❙✐❧✐❝❛ str✉❝t✉r❛❧ ❝❤❛♥❣❡s ✐♥❞✉❝❡❞ ❜②

t❤❡r♠❛❧ tr❡❛t♠❡♥t ♦r ✐♦♥✐❝ ✐♠♣❧❛♥t❛t✐♦♥ ❛s ♣r♦❜❡❞ ❜② ✐r r❡✢❡❝t❛♥❝❡ s♣❡❝tr♦s❝♦♣②✳ ❏✳ ❆♣♣❧✳ P❤②s✳✱

✶✵✻✿✵✻✸✺✶✷✱ ✷✵✵✾✳

❬✸❪ ❏ ❇♦♥✜❧s ❞❡✳ ❊✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥s s✉r ❧❛ str✉❝t✉r❡ ❞❡ ✈❡rr❡s ❜♦r♦s✐❧✐❝❛t❡s✲❈♦♠♣♦rt❡♠❡♥t ❛ ❧♦♥❣ t❡r♠❡

❞❡s ♠❛tr✐❝❡s ✈✐tr❡✉s❡s ❞❡ st♦❝❦❛❣❡ ❞❡s ❞❡❝❤❡ts ♥✉❝❧❡❛✐r❡s✳ P❤❉ t❤❡s✐s✱ ❯♥✐✈❡rs✐té ❈❧❛✉❞❡ ❇❡r♥❛r❞ ✲

▲②♦♥ ■✱ ✷✵✵✼✳

❬✹❪ ❏ ❇♦♥✜❧s ❞❡✱ ❙✳ P❡✉❣❡t✱ ●✳ P❛♥❝③❡r✱ ❉ ▲✐❣♥② ❞❡✱ ❙ ❍❡♥r②✱ P✳ ❨✳ ◆♦❡❧✱ ❆✳ ❈❤❡♥❡t✱ ❛♥❞ ❇✳ ❈❤❛♠♣❛❣♥♦♥✳

❊✛❡❝t ♦❢ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦♥ ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss ❜❡❤❛✈✐♦r ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱

✸✺✻✿✸✽✽✕✸✾✸✱ ✷✵✶✵✳

❬✺❪ ●✳ ❇✉r❡❛✉✳ ❈♦♠♣r❡❤❡♥s✐♦♥ str✉❝t✉r❛❧❡ ❞❡s ❡✛❡ts ❞✬❛✉t♦✲✐rr❛❞✐❛t✐♦♥ ❛❧♣❤❛ ❞❛♥s ❧❡s ✈❡rr❡s✿ ❝♦✉♣❧❛❣❡

❡♥tr❡ ❡t✉❞❡s s♣❡❝tr♦s❝♦♣✐q✉❡s ❡t ♠♦❞❡❧✐s❛t✐♦♥ ❛t♦♠✐st✐q✉❡✳ P❤❉ t❤❡s✐s✱ ❯♥✐✈❡rs✐t❡ P✐❡rr❡ ❡t ▼❛r✐❡

❈✉r✐❡ ✭P❛r✐s ❱■✮✱ ✷✵✵✽✳

❬✻❪ ◆✳ ❉❡❧❛❞❡rr✐❡r❡✱ ❏✳▼✳ ❉❡❧❛②❡✱ ❋✳ ❆✉❣❡r❡❛✉✱ ●✳ ❉❡s♣❛✉①✱ ❛♥❞ ❙✳ P❡✉❣❡t✳ ▼♦❧❡❝✉❧❛r ❞②♥❛♠✐❝s st✉❞②

♦❢ ❛❝♦✉st✐❝ ✈❡❧♦❝✐t② ✐♥ s✐❧✐❝❛t❡ ❣❧❛ss ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥✳ ❏✳ ◆✉❝❧✳ ▼❛t❡r✳✱ ✸✼✺✿✶✷✵✕✶✸✹✱ ✷✵✵✽✳

❬✼❪ ❘✳❱✳ ●♦❧❞st❡✐♥ ❛♥❞ ❘✳▲✳ ❙❛❧❣❛♥✐❦✳ ❇r✐tt❧❡ ❢r❛❝t✉r❡ ♦❢ s♦❧✐❞s ✇✐t❤ ❛r❜r✐t❛r② ❝r❛❝❦s✳ ■♥t✳ ❏✳ ❋r❛❝t✉r❡✱

✶✵✿✺✵✼✕✺✷✸✱ ✶✾✼✹✳

❬✽❪ ▲✳✲❍✳ ❑✐❡✉✳ ❈♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ s♦✉s ✐rr❛❞✐❛t✐♦♥ ❞❡ ❧❛ té♥❛❝✐t❡ ❞❡s ✈❡rr❡s

♥✉❝❧é❛✐r❡s✳ P❤❉ t❤❡s✐s✱ ❊❝♦❧❡ ❉♦❝t♦r❛❧❡ P♦❧②t❡❝❤♥✐q✉❡✱ ✷✵✶✶✳

❬✾❪ ❉✳ ❆✳ ❑✐❧②♠✐s ❛♥❞ ❏✳ ✳ ▼✳ ❉❡❧❛②❡✳ ◆❛♥♦✐♥❞❡♥t❛t✐♦♥ ♦❢ ♣r✐st✐♥❡ ❛♥❞ ❞✐s♦r❞❡r❡❞ s✐❧✐❝❛✿ ▼♦❧❡❝✉❧❛r

❞②♥❛♠✐❝s s✐♠✉❧❛t✐♦♥s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✽✷✿✽✼✕✾✹✱ ✷✵✶✸✳

❬✶✵❪ ❉✳ ❆✳ ❑✐❧②♠✐s ❛♥❞ ❏✲✳▼✳ ❉❡❧❛②❡✳ ◆❛♥♦✐♥❞❡♥t❛t✐♦♥ st✉❞✐❡s ♦❢ s✐♠♣❧✐✜❡❞ ♥✉❝❧❡❛r ❣❧❛ss❡ ✉s✐♥❣ ♠♦❧❡❝✉❧❛r

❞②♥❛♠✐❝s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s ■♥ ♣r❡ss✱ ✷✵✶✹✳

✶✽✾
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❬✶✶❪ ❲✳▲✳ ❑♦♥✐❥♥❡♥❞✐❥❦ ❛♥❞ ❏✳▼✳ ❙t❡✈❡❧s✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ❜♦r❛t❡ ❣❧❛ss❡s st✉❞✐❡❞ ❜② r❛♠❛♥ s❝❛tt❡r✐♥❣✳

❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✶✽✿✸✵✼✕✸✸✶✱ ✶✾✼✺✳

❬✶✷❪ ❍✳ ▲✐✱ ▲✳❨✳ ❙✉✱ ❛♥❞ ❉✳▼✳ ❙tr❛❝❤❛♥✳ ❘❛♠❛♥ s♣❡❝tr♦s❝♦♣✐❝ st✉❞② ♦❢ ❣❛❞♦❧✐♥✐✉♠ ✭✐✐✐✮ ✐♥ s♦❞✐✉♠✲

❛❧✉♠✐♥♦❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✷✾✷✿✶✻✼✕✶✼✻✱ ✷✵✵✶✳

❬✶✸❪ ❉✳ ▼❛♥❛r❛✱ ❆✳ ●r❛♥❞❥❡❛♥✱ ❛♥❞ ❉✳❘✳ ◆❡✉✈✐❧❧❡✳ ❆❞✈❛♥❝❡s ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ str✉❝t✉r❡ ♦❢ ❜♦r♦s✐❧✐❝❛t❡

❣❧❛ss❡s✿ ❆ r❛♠❛♥ s♣❡❝tr♦s❝♦♣② st✉❞②✳ ❆♠✳ ▼✐♥❡r❛❧✳✱ ✾✹✿✼✼✼✕✼✽✹✱ ✷✵✵✾✳

❬✶✹❪ ❉✳❲✳ ▼❛ts♦♥✱ ❙✳❑✳ ❙❤❛r♠❛✱ ❛♥❞ ❏✳❆✳ P❤✐❧♣♦tts✳ ❚❤❡ str✉❝t✉r❡ ♦❢ ❤✐❣❤✲s✐❧✐❝❛ ❛❧❦❛❧✐✲s✐❧✐❝❛t❡ ❣❧❛ss❡s✳ ❛

r❛♠❛♥ s♣❡❝tr♦s❝♦♣✐❝ ✐♥✈❡st✐❣❛t✐♦♥✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✺✽✿✸✷✸✕✸✺✷✱ ✶✾✽✸✳

❬✶✺❪ ❈✳ ▼❡♥❞♦③❛✱ ❙✳ P❡✉❣❡t✱ ❚✳ ❈❤❛r♣❡♥t✐❡r✱ ▼✳ ▼♦s❦✉r❛✱ ❘✳ ❈❛r❛❜❛❧❧♦✱ ❖✳ ❇♦✉t②✱ ❆✳❍✳ ▼✐r✱ ■✳ ▼♦♥♥❡t✱

❈✳ ●r②❣✐❡❧✱ ❛♥❞ ❈✳ ❏❡❣♦✉✳ ❖①✐❞❡ ❣❧❛ss str✉❝t✉r❡ ❡✈♦❧✉t✐♦♥ ✉♥❞❡r s❤✐❢t ❤❡❛✈② ✐♦♥ ✐rr❛❞✐❛t✐♦♥✳ ◆✉❝❧✳

■♥str✳ ▼❡t❤✳ P❤②s✳ ❘❡s✳ ❇✱ ✸✷✺✿✺✹✕✻✺✱ ✷✵✶✹✳

❬✶✻❪ ❉✳❘✳ ◆❡✉✈✐❧❧❡✱ ❑✳ ❈♦r♠✐❡r✱ ❇✳ ❇♦✐③♦t✱ ❛♥❞ ❆✳▼✳ ❋❧❛♥❝❦✳ ❙tr✉❝t✉r❡ ♦❢ ❜❡t❛✲✐rr❛❞✐❛t❡❞ ❣❧❛ss❡s st✉❞✐❡❞

❜② ①✲r❛② ❛❜s♦r♣t✐♦♥ ❛♥❞ r❛♠❛♥ s♣❡❝tr♦s❝♦♣✐❡s✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✸✷✸✿✷✵✼✕✷✶✸✱ ✷✵✵✸✳

❬✶✼❪ ❙✳ P❡✉❣❡t✱ ❏✳ ▼✳ ❉❡❧❛②❡✱ ❛♥❞ ❈✳ ❏❡❣♦✉✳ ❙♣❡❝✐✜❝ ♦✉t❝♦♠❡s ♦❢ t❤❡ r❡s❡❛r❝❤ ♦♥ t❤❡ r❛❞✐❛t✐♦♥ st❛❜✐❧✐t②

♦❢ t❤❡ ❢r❡♥❝❤ ♥✉❝❧❡❛r ❣❧❛ss t♦✇❛r❞s ❛❧♣❤❛ ❞❡❝❛② ❛❝❝✉♠✉❧❛t✐♦♥✳ ❏✳ ◆✉❝❧✳ ▼❛t❡r✳✱ ✹✹✹✿✼✻✕✾✶✱ ✷✵✶✹✳

❬✶✽❪ ❙✳ P❡✉❣❡t✱ P✳❨✳ ◆♦❡❧✱ ❏✳▲✳ ▲♦✉❜❡t✱ ❙✳ P❛✈❛♥✱ P✳ ◆✐✈❡t✱ ❛♥❞ ❆✳ ❈❤❡♥❡t✳ ❊✛❡❝ts ♦❢ ❞❡♣♦s✐t❡❞ ♥✉❝❧❡❛r

❛♥❞ ❡❧❡❝tr♦♥✐❝ ❡♥❡r❣② ♦♥ t❤❡ ❤❛r❞♥❡ss ♦❢ r✼t✼✲t②♣❡ ❝♦♥t❛✐♥♠❡♥t ❣❧❛ss✳ ◆✉❝❧✳ ■♥str✉♠✳ ▼❡t❤♦❞s P❤②s✳

❘❡s✳ ❇✱ ❇❡❛♠ ■♥t❡r❛❝t✳ ▼❛t❡r✳✱ ✷✹✻✿✸✼✾✕✸✽✻✱ ✷✵✵✻✳

❬✶✾❪ ❙✳ ▼✳ ❲✐❡❞❡r❤♦r♥✱ ❏✳▼✳ ▲♦♣❡③✲❈❡♣❡r♦✱ ❏✳ ❲❛❧❧❛❝❡✱ ❏✳ P✳ ●✉✐♥✱ ❛♥❞ ❚✳ ❋❡tt✳ ❘♦✉❣❤♥❡ss ♦❢ ❣❧❛ss

s✉r❢❛❝❡s ❢♦r♠❡❞ ❜② s✉❜✲❝r✐t✐❝❛❧ ❝r❛❝❦ ❣r♦✇t❤✳ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✼✶✿✶✺✽✷✕✶✺✾✶✱ ✷✵✵✼✳
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❈♦♥❝❧✉s✐♦♥ P❛rt ■■

P❛rt ■■ ✐♥✈❡st✐❣❛t❡s ❤♦✇ t✇❡❛❦✐♥❣ t❤❡ str✉❝t✉r❡ ♦❢ s✐❧✐❝❛ ❛♥❞ ❙❇◆ ❣❧❛ss❡s ✈✐❛ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥ ❛❧t❡rs

t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳

❋r♦♠ t❤❡ ❡✐❣❤t ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s st✉❞✐❡❞ ✐♥ t❤❡ ♣❛rt ■✱ ❢♦✉r ❙❇◆ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥s ♣❧✉s ♣✉r❡ s✐❧✐❝❛

❛r❡ s❡❧❡❝t❡❞✳ ❙❛♠♣❧❡s ✉♥❞❡r❣♦ t❤r❡❡ t②♣❡s ♦❢ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✿ ❡❧❡❝tr♦♥✱ ❤❡❧✐✉♠ ✐♦♥s ❛♥❞ ❣♦❧❞ ✐♦♥s✳

❊❧❡❝tr♦♥s ❜♦♠❜❛r❞ t❤❡ s❛♠♣❧❡s ✇✐t❤ ❛♥ ❡♥❡r❣② ♦❢ ✷✳✺ ▼❡❱ ✇❤✐❝❤ ♣❡r♠✐t ❛ ♣❡♥❡tr❛t✐♦♥ t❤r♦✉❣❤ t❤❡ s❛♠♣❧❡

t❤✐❝❦♥❡ss ♦❢ ✵✳✽ ♠♠✳ βe− ✲✐rr❛❞✐❛t✐♦♥s ✐♥❞✉❝❡ ❤♦♠♦❣❡♥❡♦✉s ❞❛♠❛❣❡s✱ ✇❤❡r❡❛s t❤❡ ❤❡❧✐✉♠ ❛♥❞ t❤❡ ❣♦❧❞ ✐♦♥

✐rr❛❞✐❛t✐♦♥s ♦♥❧② ✐♠♣❛❝t ❛ t❤✐♥ ❧❛②❡r ♦❢ t❤❡ ❣❧❛ss s❛♠♣❧❡s✱ ✸✵ µ♠ ❛♥❞ ✸ µ♠✱ r❡s♣❡❝t✐✈❡❧②✳ ■rr❛❞✐❛t✐♦♥ ✇✐t❤

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

❍❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❞❛♠❛❣❡s ♠❛✐♥❧② t❤r♦✉❣❤ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥s ✭∼ ✾✾ %✮✳ ●♦❧❞ ✐rr❛❞✐❛t✐♦♥

✐♥❞✉❝❡s ❞❛♠❛❣❡s t❤r♦✉❣❤ ❜♦t❤ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ❞❛♠❛❣❡s ❡①❝✐t❛t✐♦♥s✱ ∼ ✼✺ % ❛♥❞ ∼ ✷✺ %✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡

❡♥❡r❣② ♦❢ He2+ ✐s ✻ ▼❡❱ ✇✐t❤ ❛ ❞♦s❡ ♦❢ ✸✳✽×✶✵15✐♦♥s✴❝♠2✳ ●♦❧❞ ✐♦♥s ✐rr❛❞✐❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ✇✐t❤ ♠✉❧t✐✲

❡♥❡r❣② ✐♦♥s t♦ ❣❡t ❛♥ ❛❧♠♦st ❝♦♥st❛♥t ♥✉❝❧❡❛r ✐♥t❡r❛❝t✐♦♥ ❞❡♣♦s✐t❡❞ ♦✈❡r t❤❡ ✸ µ♠ ✐♠♣❛❝t❡❞✳ ❉❡♥s✐t②

♠❡❛s✉r❡♠❡♥ts✱ ❘❛♠❛♥ ❛♥❞ ❊P❘ ❛♥❛❧②s✐s ❣✐✈❡ ❛❝❝❡ss t♦ t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s ♦❢

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

t❡sts✱ KC ❛♥❞ ❙❈❈ t❡sts✳ ◆♦♥✲❤♦♠♦❣❡♥❡♦✉s ❞❡♣♦s✐t✐♦♥ ♦❢ ❡♥❡r❣② ❢♦r ✐♦♥✲✐rr❛❞✐❛t✐♦♥s ❣❛✈❡ ✇❛② t♦ ❛ ♥❡✇

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

❚❤❡ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss ♣r♦♣❡rt✐❡s r❡♠❛✐♥ ✉♥❝❤❛♥❣❡❞ ❛❢t❡r βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❚❤❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ str❡ss

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

❛❢t❡r ✐♦♥ ✐rr❛❞✐❛t✐♦♥s✳ He2+ ✐♦♥s ✐rr❛❞✐❛t✐♦♥s ❧❡❛❞ t♦ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡s ✭∼ ✶✵ %✮✳ ▼✐❝r♦

❝r❛❝❦ ♠❛r❦s ❛r❡ ❛❧s♦ ♦❜s❡r✈❡❞ ♦♥ ♣♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ■rr❛❞✐❛t✐♦♥ ✐♥❞✉❝❡s ❛ ❞❡♥s✐✜❝❛t✐♦♥ ✐♥ t❤❡

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

❛♥❞ ❡①♣❧❛✐♥✐♥❣ t❤❡ ♣❛tt❡r♥ ♦❜s❡r✈❡❞✳ ❙✉❝❤ ❢❡❛t✉r❡s ✇❡r❡ ♥♦t ♦❜s❡r✈❡❞ ❛❢t❡r Au+✲✐rr❛❞✐❛t✐♦♥✳ ❙✐♠✐❧❛r❧② t♦

❤❡❧✐✉♠ ✐♦♥s ✐rr❛❞✐❛t✐♦♥✱ t❤❡ ❞❛♠❛❣❡❞ ③♦♥❡ ✐s ❞❡♥s❡r ❛♥❞ ♣r❡s❡♥ts ❛ ❧♦✇❡r ❤❛r❞♥❡ss ✈❛❧✉❡s ✭∼ ✶✵%✮✳ ❉✉❡ t♦

t❤❡ t❤✐♥ ❧❛②❡r ✐♠♣❛❝t❡❞ ❜② ✐♦♥s ✐rr❛❞✐❛t✐♦♥✱ ❙❈❈ ✐♥❢♦r♠❛t✐♦♥ ✐s ♥♦t ❛✈❛✐❧❛❜❧❡✳ ❋✐♥❛❧❧②✱ t❤❡s❡ ❡①♣❡r✐♠❡♥ts

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

❚❤✐s ♣❛rt ❛❧s♦ ✐♥✈❡st✐❣❛t❡s t❤❡ ✐♠♣❛❝t ♦❢ ✐rr❛❞✐❛t✐♦♥ ♦♥ t❤❡ ❙❇◆ ❣❧❛ss ♣r♦♣❡rt✐❡s✳ ❚❤❡ ✐♠♣❛❝t ♦❢

βe− ✲✐rr❛❞✐❛t✐♦♥ ♦♥ t❤❡ ❙❇◆ s❡r✐❡s ❞❡♣❡♥❞s ♦♥ ❬Na2O❪✳ ▲♦✇ s♦❞✐✉♠ ❝♦♥t❡♥t ❣❧❛ss❡s ❛r❡ s✐❣♥✐✜❝❛♥t❧②

✶✾✶



❈♦♥❝❧✉s✐♦♥ ♣❛rt ■■

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

t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❋♦r ❤✐❣❤ s♦❞✐✉♠ ❝♦♥t❡♥t✱ ❬Na2O❪ ✐♥❤✐❜✐ts t❤❡ str✉❝t✉r❛❧ ♠♦❞✐✜❝❛t✐♦♥s✳ ❆s ❛

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

str❡ss ✐♠♣❛❝ts t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ✐s ♥♦t ❦♥♦✇♥✳ ❋✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥s s❤♦✉❧❞ ❜❡ ❝♦♥❞✉❝t❡❞ t♦

❡st✐♠❛t❡ t❤✐s ❡✛❡❝t ❜❡❝❛✉s❡ ✐t ♠❛② ❜❡ s✐❣♥✐✜❝❛♥t✳ ■♦♥ ✐rr❛❞✐❛t✐♦♥s ✐♥❞✉❝❡ ✈❛r✐❛t✐♦♥ ✐♥ ❛❧❧ t❤❡ ❙❇◆ ❣❧❛ss❡s

✐♥✈❡st✐❣❛t❡❞✳ He2+ ❛♥❞ Au+ ✐♦♥s ✐♥❝r❡❛s❡ t❤❡ ❣❧❛ss ❞✐s♦r❞❡r✳ ❍❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✐♥❝r❡❛s❡s t❤❡ ❘▼❙ ✈❛❧✉❡

✐♥ ❛♥ ❛r❡❛ ❧♦❝❛❧✐③❡❞ ❛r♦✉♥❞ ✷✵✲✸✵ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✱ ✇❤❡r❡ t❤❡ ❜❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♠❛①✐♠✉♠✳

●♦❧❞ ✐rr❛❞✐❛t✐♦♥s ✐♥❞✉❝❡ ❞❛♠❛❣❡s ✐♥ t❤❡ ❛r❡❛ ❧♦❝❛❧✐③❡❞ ✐♥ t❤❡ ✜rst ✸ µ♠ ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❛♥❞ t❤❡

❘▼❙ ✐♥❝r❡❛s❡s s✐❣♥✐✜❝❛♥t❧②✳ ❆❢t❡r ✐rr❛❞✐❛t✐♦♥✱ t❤❡ ❤❛r❞♥❡ss ✈❛❧✉❡ ❞❡❝r❡❛s❡s ❞✉❡ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡

❣❧❛ss ♣❧❛st✐❝✐t②✳ ❚❤❡ r❡❧❡✈❛♥t ♣❛r❛♠❡t❡rs ❛r❡ t❤❡ ◆❇❖s ❛♥❞ t❤❡ ❝♦♦r❞✐♥❛t✐♦♥ ♥✉♠❜❡r ♦❢ t❤❡ ❜♦r♦♥ ❛t♦♠✳

❚❤❡ ✐♥❝r❡❛s❡ ✐♥ [3]❇ ❛♥❞ ◆❇❖ ♠❛❦❡s t❤❡ ♣❡♥❡tr❛t✐♦♥ ♦❢ t❤❡ ✐♥❞❡♥t❡r ❡❛s✐❡r✳ ❆❣❛✐♥ t❤❡ ♠♦❞✐✜❝❛t✐♦♥

♦❢ t❤❡ ❤❛r❞♥❡ss ❜❡❤❛✈✐♦r ❛❢t❡r ✻ ▼❡❱ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥ ✐s ❧♦❝❛❧✐③❡❞ ❛r♦✉♥❞ ✷✵✲✸✵ µ♠ ❢r♦♠ t❤❡ ❢r❡❡

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

✐♥t❡r❛❝t✐♦♥s ♦♥ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❣❧❛ss ♣r♦♣❡rt✐❡s✳

❋✉t✉r❡ ✇♦r❦s ❝♦♥❝❡r♥s t❤❡ ❡st✐♠❛t✐♦♥ ♦♥ ❤♦✇ t❤❡ r❡s✐❞✉❛❧ str❡ss ✐♠♣❛❝ts t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡✳

❚❤✐s ❡✛❡❝t ♠❛② ❜❡ s✐❣♥✐✜❝❛♥t✱ ❛♥❞ t❤✉s✱ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦♥ ❤♦✇ ✐rr❛❞✐❛t✐♦♥ ✐♠♣❛❝ts t❤❡ ♠❡❝❤❛♥✐❝❛❧

r❡s♣♦♥s❡ ✐s tr✐❝❦②✳ ❋✐♥❛❧❧②✱ ✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② βe− ✲✐rr❛❞✐❛t✐♦♥ ❛♥❞ ✈❛r✐❛t✐♦♥s ✐♥❞✉❝❡❞ ❜② t❤❡ ❡❧❡❝tr♦♥✐❝

✐♥t❡r❛❝t✐♦♥s ❞✉❡ t♦ He2+✲✐rr❛❞✐❛t✐♦♥ ❛r❡ ♥♦t ❡q✉✐✈❛❧❡♥t✳ ❚❤✐s ❡✛❡❝t ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t

βe− ✲✐rr❛❞✐❛t✐♦♥ ♣❡♥❡tr❛t❡s t❤♦✉❣❤ t❤❡ ❡♥t✐r❡ s❛♠♣❧❡ t❤✐❝❦♥❡ss ✭✵✳✽ ♠♠✮ ✇❤❡r❡❛s He2+ ♦♥❧② ✐♠♣❛❝ts ❛

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

✶✾✷



❉✐s❝✉ss✐♦♥ ❛♥❞ ●❡♥❡r❛❧ ❈♦♥❝❧✉s✐♦♥

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

SiO2✲B2O3✲Na2O ❣❧❛ss s②st❡♠ ♣❡r♠✐ts t♦ ♠♦❞✉❧❛t❡ t❤❡ ❝❤❡♠✐❝❛❧ ❣❧❛ss ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ t♦ ✉♥❞❡rst❛♥❞

t❤❡ r♦❧❡ ♦❢ ❡❛❝❤ ♦①✐❞❡✳

●❡♥❡r❛❧✐③✐♥❣ ❝♦♠♣❧❡① ❣❧❛ss❡s ❜② t❤❡✐r t❤r❡❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts ✭SiO2✲B2O3✲Na2O✮ ✐s tr✐❝❦②✳ ❚❤❡

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

✐rr❛❞✐❛t✐♦♥✳ ●❧❛ss❡s ❝♦♥t❛✐♥✐♥❣ ❤✐❣❤ ❛♠♦✉♥ts ♦❢ ♦①✐❞❡s r❡❧❛① ❛♥❞ t♦ ❛❞❥✉st t❤❡✐r str❡ss❡s r❡❛❞✐❧②✳

❚❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s ❣r❡❛t❧② ❞❡♣❡♥❞s ♦♥ t❤❡✐r str✉❝t✉r❡ ✭t✇❡❛❦❡❞ ✈✐❛ ❝❤❡♠✐❝❛❧

❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ✐rr❛❞✐❛t✐♦♥✮✳ HV ❞❡♣❡♥❞s ♦♥ t❤❡ ❣❧❛ss ♥❡t✇♦r❦ r❡t✐❝✉❧❛t✐♦♥✿ ✐♥❝r❡❛s✐♥❣ t❤❡ ◆❇❖ ❝♦♥✲

❝❡♥tr❛t✐♦♥ ❞❡❝r❡❛s❡s HV ✳ ■rr❛❞✐❛t✐♦♥ ❝❛✉s❡s HV t♦ ❞❡❝r❡❛s❡✳ ❙❡✈❡r❛❧ ♠♦❞✐✜❝❛t✐♦♥s ♦❝❝✉r ❞❡♣❡♥❞✐♥❣ ♦♥

t❤❡ t②♣❡ ♦❢ ✐rr❛❞✐❛t✐♦♥✿ ✭✶✮ ❛ ❣❧❛ss s✇❡❧❧✐♥❣❀ ✭✷✮ ✈❛r✐❛t✐♦♥ ✐♥ [3]❇✴[4]❇ r❛t✐♦ ❛♥❞ ✭✸✮ ✐♥❝r❡❛s❡ ♦❢ ◆❇❖ ❝♦♥✲

❝❡♥tr❛t✐♦♥✳ ❆❧❧ ♦❢ t❤❡s❡ ✈❛r✐❛t✐♦♥s ❧❡❛❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❣❧❛ss ♣❧❛st✐❝✐t② ❛♥❞ ❛ ❞❡❝r❡❛s❡ ♦❢ r❡s✐st❛♥❝❡

t♦ ❛ s❤❛r♣ ✐♥❞❡♥t❡r✳

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

❞❡♥s✐✜❝❛t✐♦♥ ❛♥❞ s❤❡❛r ✢♦✇✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣❧❛ss t♦♣♦❧♦❣②✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ t✇♦ ♣r♦❝❡ss❡s

❞✐✛❡rs✳ ❚❤❡ ❣❧❛ss❡s ✇✐t❤ ❛ ♣♦♦r ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ◆❇❖ ❛♥❞ ❤✐❣❤❡r ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥ ❞❡♥s✐❢② ♣r❡❢❡r❡♥t✐❛❧❧②✳

❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❣❧❛ss❡s ✇✐t❤ ❛ ❤✐❣❤ ❛♠♦✉♥t ♦❢ ◆❇❖ ❞❡❢♦r♠ ✈✐❛ s❤❡❛r ✢♦✇ ♠❡❝❤❛♥✐s♠✳ ❍♦✇ t❤❡ ♠❛tt❡r

✢♦✇s ✉♥❞❡r ❛♥ ✐♥❞❡♥t❡r ❞❡♣❡♥❞s ♦♥ t❤❡ ❣❧❛ss str✉❝t✉r❡ ❛♥❞ ♠♦r❡ s♣❡❝✐✜❝❛❧❧② t❤❡ P♦✐ss♦♥✬s r❛t✐♦✳ ▲♦✇

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

✐s tr✉❡ ❢♦r ❛ ❤✐❣❤ P♦✐ss♦♥ r❛t✐♦✳ ❚❤❡s❡ ❢❛❝t♦rs ✐♠♣❛❝t r❡s✐❞✉❛❧ str❡ss❡s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ❝r❛❝❦

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

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

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

♠❡❞✐❛♥✴r❛❞✐❛❧ ❝r❛❝❦ ❧❡♥❣t❤✮✳ ●❧❛ss❡s ✇✐t❤ ❤✐❣❤ P♦✐ss♦♥✬s r❛t✐♦✱ ✐✳❡✳ ✇✐t❤ ❧♦✇❡r ❞❡❣r❡❡ ♦❢ ♣♦❧②♠❡r✐③❛t✐♦♥

❛♥❞ ❤✐❣❤ ♣❛❝❦✐♥❣ ❢r❛❝t✐♦♥✱ ❢❛✈♦r s❤❡❛r ✢♦✇ ❛♥❞ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ♠❡❞✐❛♥✴r❛❞✐❛❧ ❝r❛❝❦s ♣r❡s❡♥t ❛ ❧♦✇❡r

KC ✳

❚❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ✐rr❛❞✐❛t✐♦♥ ♦♥ KC ✈❛❧✉❡s r❡q✉✐r❡❞ ♠♦r❡ ✐♥✈❡st✐❣❛t✐♦♥s✳ ■rr❛❞✐❛t✐♦♥ ❝❤❛♥❣❡s t❤❡

❣❧❛ss ♣❧❛st✐❝✐t②✳ ●❧❛ss s✇❡❧❧✐♥❣ s❤♦✉❧❞ ♣❡r♠✐t ❛ ❜❡tt❡r ❞❡♥s✐✜❝❛t✐♦♥ ✉♥❞❡r ✐♥❞❡♥t❡r ♦❢ t❤❡ ❣❧❛ss② ♥❡t✇♦r❦

❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ✐♥ KC ✳ ❆ ❝♦♥tr❛❞✐❝t♦r② s❝❡♥❛r✐♦ ✐s ❛❧s♦ ❢❡❛s✐❜❧❡ ✐♥❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ◆❇❖ s❤♦✉❧❞

❢❛✈♦r s❤❡❛r ✢♦✇ ❛♥❞ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ♠❡❞✐❛♥✴r❛❞✐❛❧ ❝r❛❝❦s ❛♥❞ KC ❞❡❝r❡❛s❡ ❛s ✐s t❤❡ ❝❛s❡ ♦❢ ♣r✐st✐♥❡

✶✾✸



❉✐s❝✉ss✐♦♥ ❛♥❞ ❣❡♥❡r❛❧ ❝♦♥❝❧✉s✐♦♥

❙❇◆ s❛♠♣❧❡s✳ ◆▼❘ ❡①♣❡r✐♠❡♥ts s❤♦✉❧❞ ❜❡ ♣❡r❢♦r♠❡❞ t♦ q✉❛♥t✐❢② t❤❡s❡ t♦♣♦❧♦❣✐❝❛❧ ✈❛r✐❛t✐♦♥s t♦ ❡st✐♠❛t❡

❤♦✇ t❤❡② ❝❛♥ ✐♠♣❛❝t t❤❡ KC ✳

❙t✉❞✐❡s ❤❡r❡✐♥ r❡✲❤✐❣❤❧✐❣❤t ❛ ❧❛❝❦ ♦❢ ❣❡♥❡r❛❧ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ♠❡❝❤❛♥✐s♠s ♦❝❝✉rr✐♥❣ ❛t t❤❡ ❝r❛❝❦

t✐♣✳ ❉❡s♣✐t❡ t❤✐s✱ ❙❈❈ ❝✉r✈❡s ❤❡r❡✐♥ ♣r♦✈✐❞❡ ♣❡rt✐♥❡♥t ✐♥❢♦r♠❛t✐♦♥✳ ❚❤❡ s❤✐❢ts ✐♥ t❤❡ ❙❈❈ ❝✉r✈❡s ✐♥❞✐❝❛t❡

❝❤❛♥❣❡s ✐♥ t❤❡ ❣❧❛ss✬s ♣❧❛st✐❝✐t②✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❬Na2O❪ ✐♥❝r❡❛s❡s KE ✳ ❚❤✐s ✐s ✉♥❞❡rst♦♦❞ ❜② ❛ s❤✐❡❧❞✐♥❣

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

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

❆ s❤✐❢t ✐♥ KE ♦❝❝✉rs✳ P❛rt ♦❢ t❤✐s s❤✐❢t ❝♦✉❧❞ ❜❡ ❞✉❡ t♦ r❡s✐❞✉❛❧ str❡ss❡s✱ ②❡t ❛♥♥❡❛❧✐♥❣ t❤❡♠ ♦✉t ❝♦✉❧❞

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

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

✐t ✇♦✉❧❞ ❜❡ ✐♥t❡r❡st✐♥❣ t♦ ❝♦♥❞✉❝t r❡s✐❞✉❛❧ str❡ss t❡sts ♦♥ ✐rr❛❞✐❛t❡❞ s❛♠♣❧❡s✳ ❋✐♥❛❧❧②✱ ✐♥❝r❡❛s✐♥❣ ❬Na2O❪

❝❤❛♥❣❡s s✐❣♥✐✜❝❛♥t❧② t❤❡ ❙❈❈ s❧♦♣❡✳ ❚❤✐s ✐s ✉♥❞❡rst♦♦❞ ❛s ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❣❧❛ss✬s r❡❛❝t✐✈✐t② ✇✐t❤ t❤❡

✇❛t❡r✳ ❬Na2O❪ ✐♥❞✉❝❡s ♣r❡❢❡r❡♥t✐❛❧ ♣❛t❤ t♦ ✇❛t❡r✳ ❆❢t❡r ✐rr❛❞✐❛t✐♦♥ ♦♥❧② ❣❧❛ss❡s ✇✐t❤ s✐❣♥✐✜❝❛♥t str✉❝t✉r❛❧

♠♦❞✐✜❝❛t✐♦♥s ❝❤❛♥❣❡s t❤❡✐r ❜❡❤❛✈✐♦r ✉♥❞❡r ✐rr❛❞✐❛t✐♦♥✳ ■t ✐s s❡❡♥ t❤❛t ♣❛r❛♠❛❣♥❡t✐❝ ❞❡❢❡❝ts ✭❡st✐♠❛t❡❞

❜② ❊P❘ ♠❡❛s✉r❡♠❡♥ts✮ ❤❛✈❡ ❧✐♠✐t❡❞ ❡✛❡❝t ♦♥ t❤❡ ❤❛r❞♥❡ss ❛♥❞ t❤❡ ❙❈❈ ❜❡❤❛✈✐♦r✳

❚✇❡❛❦✐♥❣ t❤❡ ❣❧❛ss str✉❝t✉r❡ ✈✐❛ ❝❤❛♥❣❡s ✐♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ✐rr❛❞✐❛t✐♦♥s ❛r❡ ♥♦t ❡q✉✐✈❛✲

❧❡♥t✳ ✭❚❤❡ ❧❛tt❡r ♦♥❡ ❤❛s t❤❡ ♣♦t❡♥t✐❛❧ t♦ ✐♥❞✉❝❡ r❡s✐❞✉❛❧ str❡ss❡s ✇❤✐❝❤ ✇❡r❡ ♥♦t t❛❦❡♥ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥

❤❡r❡✳✮ ❚❤✐s ✐♥✈❡st✐❣❛t✐♦♥ ✉♥❞❡r❧✐♥❡s ❛ s♣❡❝✐✜❝ r❡s♣♦♥s❡ ♦❢ ❙❇◆ ❣❧❛ss❡s t♦ ❡①t❡r♥❛❧ ✐rr❛❞✐❛t✐♦♥✳ ●❧❛ss❡s

✇✐t❤ ❤✐❣❤❡r s♦❞✐✉♠ ❝♦♥t❡♥t ❛r❡ ♠♦r❡ st❛❜❧❡ ✉♥❞❡r βe− ✲✐rr❛❞✐❛t✐♦♥✳ ❋♦r t❤❡s❡ ❣❧❛ss❡s✱ ✐rr❛❞✐❛t✐♦♥ ❞♦❡s

♥♦t ❛❧t❡r t❤❡✐r ❤❛r❞♥❡ss ♥♦r ❙❈❈ ❜❡❤❛✈✐♦r✱ ✇❤❡r❡❛s ❧♦✇ ❬Na2O❪ ❣❧❛ss❡s ♣r❡s❡♥t ❤✉❣❡ ✈❛r✐❛t✐♦♥s✳ ❚❤❡ r♦❧❡

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

♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❛❢t❡r ✐♦♥ ✐rr❛❞✐❛t✐♦♥✳ ❇❛❧❧✐st✐❝ ✐♥t❡r❛❝t✐♦♥s ♣r❡❞♦♠✐♥❛♥t❧② ❝❤❛♥❣❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧

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

t❤❡ ❝r❛❝❦ ♣❛t❤ ✭❛s ♦❜s❡r✈❡❞ ❢r♦♠ str❡ss ❝♦rr♦s✐♦♥ ❡①♣❡r✐♠❡♥t✮ ❧♦❝❛❧✐③❡ ✐♥ t❤❡ t❤✐♥ ❧❛②❡r ✇❤❡r❡ t❤❡ ❜❛❧❧✐st✐❝

✐♥t❡r❛❝t✐♦♥s ♠❛①✐♠✐③❡✳ ❋✐♥❛❧❧②✱ t❤❡ ❡❧❡❝tr♦♥✐❝ ✐♥t❡r❛❝t✐♦♥s s✐♠✉❧❛t❡❞ ❜② ❡❧❡❝tr♦♥ ❛♥❞ ❤❡❧✐✉♠ ✐♦♥s ❛r❡ ♥♦t

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

❡r❣②✳ ❊❧❡❝tr♦♥ ✐rr❛❞✐❛t✐♦♥ ♣❡♥❡tr❛t❡s t❤r♦✉❣❤ t❤❡ ✵✳✽ ♠♠ ✇❤❡r❡❛s✱ ❤❡❧✐✉♠ ✐♦♥s ♣❡♥❡tr❛t❡ ♦♥❧② ❛ t❤✐♥ ❧❛②❡r

♦❢ t❤❡ s❛♠♣❧❡ ✭∼ ✸✵ µ♠✮✳ ■♥ s✉♠♠❛r② t❤✐s ✇♦r❦ ✉♥❞❡r❧✐♥❡s s♦♠❡ st✐❧❧ ♦♣❡♥ q✉❡st✐♦♥s✳ ❈♦♥❝❡r♥✐♥❣ t❤❡

♣r✐st✐♥❡ ❣❧❛ss st✉❞✐❡s✱ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ✐♥ t❤❡ ❣❧❛ss ❜❡❤❛✈✐♦r ✐♥ str❡ss ❝♦rr♦s✐♦♥ ✐s ♥❡❡❞❡❞✳ ❙♣❡❝✐❛❧❧②✱

❤♦✇ t❤❡ ❝r❛❝❦ ♣r♦♣❛❣❛t❡s ✐s ✉♥❝❧❡❛r✳ ❙✐♠✉❧❛t✐♦♥s ✉s✐♥❣ ❘❡❛①❋❋ ❝♦✉❧❞ ❤❡❧♣ ✐♥ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣

t❤❡s❡ ♣r♦❝❡ss❡s✳ ❚❤✐s ✐♥✈❡st✐❣❛t✐♦♥ ✐s ❝r✉❝✐❛❧ t♦ ♣r❡❞✐❝t t❤❡ ❣❧❛ss ❜❡❤❛✈✐♦r ✐♥ str❡ss ❝♦rr♦s✐♦♥❀ ❛♥❞ ❤❡♥❝❡✱

t❤❡ ❧✐❢❡ t✐♠❡ ♦❢ t❤❡s❡ ♠❛t❡r✐❛❧s✳ ❖t❤❡r ❡①♣❡r✐♠❡♥ts ✇✐t❤ ❧❛r❣❡r ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥s r❛♥❣❡ ❝❛♥ ❛❧s♦ ❜❡

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

❝♦rr♦s✐♦♥ r❡❣✐♦♥✳ ❋✐♥❛❧❧②✱ t❤❡ ✐♥✈❡st✐❣❛t✐♦♥s ♦♥ ❤❛r❞♥❡ss ❜❡❤❛✈✐♦r ✉♥❞❡r❧✐♥❡ t❤❡ ❤✉❣❡ r♦❧❡ ♦❢ t❤❡ r❡s✐❞✉❛❧

str❡ss ✐♥ t❤❡ ❝r❛❝❦✐♥❣ ❜❡❤❛✈✐♦r✳ ❯♥❞❡rst❛♥❞✐♥❣ t❤❡s❡ str❡ss❡s ✐s ❛ ♠❛❥♦r ❝❤❛❧❧❡♥❣❡ ❢♦r t❤❡ ❢✉t✉r❡✳ ❋✐♥❛❧❧②✱

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

✉♥❞❡rst♦♦❞✳

✶✾✹



❆♣♣❡♥❞✐❝❡s

✶✾✺



Appendix A

❆❋▼ ✐♠❛❣❡ ❛♥❛❧②s✐s✿ ❡①tr❛❝t✐♦♥ ♦❢

✐♥❢♦r♠❛t✐♦♥

P✉r❡ s✐❧✐❝❛ s❛♠♣❧❡s ♣r❡s❡♥t ♣r♦t✉❜❡r❛♥❝❡s ❛❢t❡r ✐rr❛❞✐❛t✐♦♥ ♦♥ t❤❡✐r ♣♦st✲♠♦rt❡♠ ❢r❛❝t✉r❡ s✉r❢❛❝❡s✳ ❚r❡❛t✲

♠❡♥t ♦❢ ❆❋▼ ✐♠❛❣❡s ❡♥❛❜❧❡s tr❛❝❦✐♥❣ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ❛♥❞ s✐③❡ ♦❢ s♣♦ts✳ ❚r❛❝❦✐♥❣ ❢❡❛t✉r❡s ♦♥

t♦♣♦❣r❛♣❤✐❝❛❧ ✐♠❛❣❡s ♣r♦✈❡❞ t♦ ❜❡ ❞✐✣❝✉❧t ❛t ✜rst ❜❡❝❛✉s❡ t❤❡② ❛r❡ s♠❛❧❧✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛❞❤❡s✐♦♥

✐♠❛❣❡ ✭❛❝q✉✐r❡❞ ❛t ❡✈❡r② ♣✐①❡❧✮ ♣r♦✈✐❞❡ t❤❡ ♥❡❡❞ ❝♦♥tr❛st✳ ■♥ ❛ ✜rst t✉r♥✱ t❤❡s❡ ❤✐❣❤ ❝♦♥tr❛st ✐♠❛❣❡s

❢♦r♠ ❛ ♠❛s❦ t♦ ✈✐❛ t❤❡✐r ✈✐s✐❜❧❡ ❢❡❛t✉r❡s✳ ❖✈❡r❧❛②✐♥❣ t❤✐s ♠❛s❦ ♦♥t♦ ❤❡✐❣❤t ✐♠❛❣❡s r❡✈❡❛❧s✿ t❤❡ s✐③❡✱

t❤❡ ❤❡✐❣❤t ❛♥❞ t❤❡ ❛r❡❛ ♦❢ t❤❡ s♣♦ts✳ ❋✐❣✉r❡ ❆✳✶ ❞✐s♣❧❛②s ❛ r❛✇ ❆❋▼ ❛❞❤❡s✐♦♥ ✐♠❛❣❡ ❛❝q✉✐r❡❞ ✈✐❛ t❤❡

P❡❛❦❋♦r❝❡ ❚❛♣♣✐♥❣ ♠♦❞❡ ♦♥ ❛ ❇r✉❦❡r ■❝♦♥ ❆❋▼✳ ❚❤✐s ✐♠❛❣❡ ❝♦rr❡s♣♦♥❞s t♦ ❛ ❢r❛❝t✉r❡ s✉r❢❛❝❡ ✐♥ t❤❡

❜❛❧❧✐st✐❝ ❞❛♠❛❣❡ r❡❣✐♦♥ ♦❢ ❛ He2+✲✐rr❛❞✐❛t❡❞ s✐❧✐❝❛ s❛♠♣❧❡✳ ❚❤❡ s♣♦ts ❝♦rr❡s♣♦♥❞ ❞✉❡ t♦ ♠✐❝r♦❞❛♠❛❣❡

❝r❡❛t❡❞ ❞✉r✐♥❣ ❤❡❧✐✉♠ ✐rr❛❞✐❛t✐♦♥✳

❋✐❣✉r❡ ❆✳✶✿ ❆❞❤❡s✐♦♥ ❆❋▼ ✐♠❛❣❡ ♦❢ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s He2+✲✐rr❛❞✐❛t❡❞✳ ❚❤✐s ❛r❡❛ ❝♦rr❡s♣♦♥❞s t♦ ❛ ③♦♥❡
❛r♦✉♥❞ ∼ ✷✵ % ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡✳ ❖♥❧② ❛ ♠❡❛♥ ♣❧❛♥❡ ✐s s✉❜tr❛❝t❡❞✳

✶✾✻



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

✐♠❛❣❡✳ ■♥ ✜rst st❡♣✱ ❛ ❥✉❞✐❝✐♦✉s t❤r❡s❤♦❧❞ ✈❛❧✉❡ ❡♥❛❜❧❡s t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ t❤❡ ♠♦st ✈✐s✐❜❧❡ ❞❡❢❡❝ts ♦♥ t❤❡

s✉r❢❛❝❡✳ ❋✐❣✉r❡ ❆✳✷ r✐❣❤t ❞❡♣✐❝ts t❤❡ r❡s✉❧t✐♥❣ ♠❛s❦ ❢r♦♠ t❤❡ t❤r❡s❤♦❧❞ t❡st t♦ ❞❡t❡❝t t❤❡ ♠❛❥♦r ❞❡❢❡❝ts✳

❋✐❣✉r❡ ❆✳✷✿ ✭▲❡❢t✮ ❆❞❤❡s✐♦♥ ❆❋▼ ✐♠❛❣❡ ♦❢ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s He2+✲✐rr❛❞✐❛t❡❞✳ ❚❤✐s ✐♠❛❣❡ ✐s t❤❡ s❛♠❡
t❤❛♥ ♣r❡s❡♥t❡❞ ✐♥ ❆✳✶✳ ✭❘✐❣❤t✮ ❚❤❡ ✐♠❛❣❡ ❞❡♣✐❝ts r❡s✉❧t✐♥❣ ✧♠❛s❦✧ ✭✧r♦✉❣❤✧ ❜✐♥❛r② ✐♠❛❣❡ ❞✉❡ t♦ t❤❡
t❤r❡s❤♦❧❞ t❡st t♦ ❞❡t❡❝t t❤❡ ♠❛❥♦r ❞❡❢❡❝ts✮✳

❚❤✐s ✧♠❛s❦✧ ❞♦❡s ♥♦t ❞❡♣✐❝t s♠❛❧❧❡r ❞❡❢❡❝ts✳ ❙✉❜tr❛❝t✐♥❣ ♠❛s❦ ✭✜❣✉r❡ ❆✳✷ r✐❣❤t✮ ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ❆❋▼

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

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

t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t t❤✐♥♥❡r ❢❡❛t✉r❡s✳ ❚❤✐s ♣r♦❝❡❞✉r❡ ✐s r❡♣❡❛t❡❞ ❛s ♠❛♥② t✐♠❡s ❛s ♥❡❝❡ss❛r②✳ ❆❞❞✐♥❣ t❤❡

❋✐❣✉r❡ ❆✳✸✿ ✭▲❡❢t✮ ❆❞❤❡s✐♦♥ ❆❋▼ ✐♠❛❣❡ ♦❢ ♣✉r❡ s✐❧✐❝❛ ❣❧❛ss❡s He2+✲✐rr❛❞✐❛t❡❞✳ ❚❤✐s ✐♠❛❣❡ ✐s t❤❡ s❛♠❡
❛s ♣r❡s❡♥t❡❞ ✐♥ ❆✳✶ ✇✐t❤ t❤❡ ✐♠❛❣❡ ❆✳✷ r✐❣❤t r❡♠♦✈❡❞✳ ✭❘✐❣❤t✮ ❚❤❡ ✐♠❛❣❡ ❞❡♣✐❝ts t❤❡ s❡❝♦♥❞ ✧♠❛s❦✧
✜♥❡r ❞❡t❛✐❧s ❛r❡ r❡✈❡❛❧❡❞✳

✶✾✼



❆PP❊◆❉■❳ ❆✳ ❆❋▼ ■▼❆●❊ ❆◆❆▲❨❙■❙✿ ❊❳❚❘❆❈❚■❖◆ ❖❋ ■◆❋❖❘▼❆❚■❖◆

t✇♦ ♠❛s❦ ✭✜❣✉r❡ ❆✳✷ r✐❣❤t ❛♥❞ ✜❣✉r❡ ❆✳✸ r✐❣❤t✮ ❣✐✈❡s t❤❡ ✜♥❛❧ ♠❛s❦✳ ❚❤❡ ✜♥❛❧ ♠❛s❦ ✐s ♥♦✐s②✳ ■♠❛❣❡

tr❡❛t♠❡♥t ❝❧❡❛♥s t❤❡ ♠❛s❦ ❣✐✈✐♥❣ ♠♦st❧② ❝♦rr❡❝t ❛ss♦❝✐❛t✐♦♥s ❤♦✇❡✈❡r s♦♠❡ ✇r♦♥❣ ♦♥❡s ❛r❡ ❢❡❛s✐❜❧❡✳

❋✐❣✉r❡ ❆✳✺ ❧❡❢t r❡✈❡❛❧s ✐♥❝♦rr❡❝t ❛ss♦❝✐❛t✐♦♥s ❞✉❡ t♦ ✐♠❛❣❡ tr❡❛t♠❡♥ts✳ ❚❤❡s❡ ❞❡❢♦r♠❛t✐♦♥s ♦❝❝✉r ❞✉r✐♥❣

t❤❡ tr❡❛t♠❡♥t ❛♥❞ ♠✉st ❜❡ ❝♦rr❡❝t❡❞✳ ❋✐❣✉r❡ ❆✳✹ r✐❣❤t s❤♦✇s t❤❡ ✜♥❛❧ ♠❛s❦✳ ◆♦✇ tr❡❛t✐♥❣ t❤❡ ✐♠❛❣❡s

❋✐❣✉r❡ ❆✳✹✿ ▼❛s❦ ♦❜t❛✐♥❡❞ ❛❢t❡r t✇♦ ✐t❡r❛t✐♦♥s✿ ✭▲❡❢t✮ r❛✇❀ ✭❘✐❣❤t✮ ❛❢t❡r ✐♠❛❣❡ tr❡❛t♠❡♥t✳

❋✐❣✉r❡ ❆✳✺✿ ❊①❛♠♣❧❡ ♦❢ ❞✐st♦rt✐♦♥ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✐♠❛❣❡s tr❡❛t♠❡♥t✳

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

✶✾✽


