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■♥tr♦❞✉❝t✐♦♥

❈❡ tr❛✈❛✐❧ ♣♦rt❡ ❞✬❛❜♦r❞ s✉r ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ s②♥t❤ès❡ ❞✬❛❣ré❣❛ts ❞❛♥s
❧❡s ✈❡rr❡s✳ ▲✬✐♥térêt ❞❡s ❛❣ré❣❛ts ❝♦♥❝❡r♥❡ à ❧❛ ❢♦✐s ❧✬ét✉❞❡ ❞❡ ❧❡✉rs ♣r♦♣r✐étés ♣❤②s✐q✉❡s✱
❞♦♠✐♥é❡s ♣❛r ❧❡s ❡✛❡ts ❞✉ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ ❞❡s ♣♦rt❡✉rs ❡t ❧✬✐♠♣♦rt❛♥❝❡ ❣r❛♥❞✐ss❛♥t❡
❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ s✉r❢❛❝❡✱ ❡t ❧❡✉rs ❛♣♣❧✐❝❛t✐♦♥s ♣♦t❡♥t✐❡❧❧❡s✳ ▲❡s ❛❣ré❣❛ts ♦♥t ❞❡s ♣r♦♣r✐é✲
tés t❤❡r♠♦❞②♥❛♠✐q✉❡s✱ ♦♣t✐q✉❡s ❡t é❧❡❝tr♦♥✐q✉❡s ♦r✐❣✐♥❛❧❡s ❬✶❪✱ q✉✐ s♦♥t ✐♥t❡r♠é❞✐❛✐r❡s ❡♥tr❡
❝❡❧❧❡s ❞✉ ♠❛tér✐❛✉ ♠❛ss✐❢ ❡t ❝❡❧❧❡s ❞❡ ❛t♦♠❡s ❬✷✱ ✸❪✳ ▲❡✉rs ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❣❛r❞❡♥t
✉♥❡ ❝❡rt❛✐♥❡ ♣❛r❡♥té ❛✈❡❝ ❝❡❧❧❡s ❞✉ ♠❛tér✐❛✉ ♠❛ss✐❢ ✿ ❞❛♥s ❧❡s ❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs ♦♥
♦❜s❡r✈❡ ✉♥❡ ❞✐s❝rét✐s❛t✐♦♥ ♣❧✉s ♠❛rq✉é❡ ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ q✉❡ ❞❛♥s ❧❡s ❛❣ré❣❛ts ♠ét❛❧✲
❧✐q✉❡s ❞❡ t❛✐❧❧❡ ❝♦♠♣❛r❛❜❧❡✳ ▲❛ ♥❛t✉r❡ ❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞ét❡r♠✐♥❡ ❧❡s ♣r♦♣r✐étés
♦♣t✐q✉❡s ❞❡s ❛❣ré❣❛ts✳ ❉❛♥s ❧❡s ❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s✱ ❧❛ ❞❡♥s✐té ❞✬ét❛t ❡st tr♦♣ ❢♦rt❡ ♣♦✉r
♦❜s❡r✈❡r ❧❡s tr❛♥s✐t✐♦♥s ✐♥❞✐✈✐❞✉❡❧❧❡s ❡♥tr❡ ❧❡s ♥✐✈❡❛✉①✱ ❡t ❝❡ s♦♥t ❧❡s ♦s❝✐❧❧❛t✐♦♥s ❝♦❧❧❡❝t✐✈❡s
❞❡s é❧❡❝tr♦♥s ❞❡ ❝♦♥❞✉❝t✐♦♥ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥✳ ❉❛♥s
❧❡s s❡♠✐❝♦♥❞✉❝t❡✉rs✱ ❧❡ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ ❞❡ ❧✬❡①❝✐t♦♥ r❡♥❢♦r❝❡ ❧❛ ❢♦r❝❡ ❞✬♦s❝✐❧❧❛t❡✉r ❞❡s
♣r❡♠✐èr❡s tr❛♥s✐t✐♦♥s ♦♣t✐q✉❡s ❛✐♥s✐ q✉❡ ❧❡✉r ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ ❜❧❡✉✳ ❈❡s ♦❜❥❡ts s♦♥t ❛✐♥s✐ ❞❡s
é♠❡tt❡✉rs ❡✣❝❛❝❡s à ✉♥❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❛❥✉st❛❜❧❡✱ à ❝♦♥❞✐t✐♦♥ ❞❡ s❛✈♦✐r ❣ér❡r ❧❡s ♣❛r❛✲
♠ètr❡s ❞❡ ❧❛ s②♥t❤ès❡✳ P❛r ❡①❡♠♣❧❡✱ ❞❡s ❛❣ré❣❛ts ❞❡ PbS ❞❡ 3, 5 nm ❞❡ r❛②♦♥ ♦♥t ✉♥ ❣❛♣
❡✛❡❝t✐❢ à 1, 5 µm✱ ❝❡ q✉✐ ❡♥ ❢❛✐t ✉♥ ❜♦♥ ❝❛♥❞✐❞❛t ♣♦✉r ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ♠❛tér✐❛✉①
♣♦✉r ❧❡s té❧é❝♦♠♠✉♥✐❝❛t✐♦♥s✱ à ❝♦♥❞✐t✐♦♥ ❞✬♦❜t❡♥✐r ✉♥ ❝♦♥trô❧❡ ♣ré❝✐s ❞❡ ❧❡✉r ❝r♦✐ss❛♥❝❡
✭t❛✐❧❧❡ ❡t ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✮✳

■❧ ❡①✐st❡ ❞❡ ♥♦♠❜r❡✉s❡s ♠ét❤♦❞❡s ❞❡ s②♥t❤ès❡ ❞✬❛❣ré❣❛ts ❞❛♥s ❞❡s ♠❛tr✐❝❡s ❞✐✈❡rs❡s ❬✷❪✳
❖♥ ♣❡✉t ♣❛r ❡①❡♠♣❧❡ ❧❡s s②♥t❤ét✐s❡r ❡♥ s♦❧✉t✐♦♥ ♣❛r ❞❡s ♠ét❤♦❞❡s ❞❡ ❝❤✐♠✐❡ ❞❡s ♣♦❧②♠èr❡s
❡t ❞❡s ♦r❣❛♥♦♠ét❛❧❧✐q✉❡s✳ ▲✬❛✈❛♥t❛❣❡ ❞❡ ❝❡s ♠ét❤♦❞❡s rés✐❞❡ ❞❛♥s ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛tt❡✐♥❞r❡
❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ très étr♦✐t❡s ❡t ❞❡ ❝♦♥trô❧❡r ❧❡s ét❛ts ❞❡ s✉r❢❛❝❡ ♣❛r ❞❡s ❧✐❣❛♥❞s
❛♣♣r♦♣r✐és✳ ❉✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❡✉r ✉t✐❧✐s❛t✐♦♥ ❞❛♥s ❧❡s ❛♣♣❧✐❝❛t✐♦♥s✱ ❧❡ ♣r♦❜❧è♠❡ ❞❡ ❝❡s
♠ét❤♦❞❡s rés✐❞❡ ❞❛♥s ❧✬✐♥s❡rt✐♦♥ ❞❡s ❛❣ré❣❛ts ❞❛♥s ❞❡s ♠❛tr✐❝❡s ❞✉r❛❜❧❡s✳ ▲❡ ♣r♦❝é❞é s♦❧✲❣❡❧
♣❡r♠❡t ❡♥ ♣r✐♥❝✐♣❡ ❞✬✐♥❝❧✉r❡ ❧❡s ♥❛♥♦♣❛rt✐❝✉❧❡s ❞❛♥s ❧❡ ❣❡❧✱ ♠❛✐s ❧❡ r❡❝✉✐t ♥é❝❡ss❛✐r❡ ❞❡ ❝❡
❞❡r♥✐❡r ♣♦✉r ♦❜t❡♥✐r ❧❡ s♦❧ ❝♦♥❞✉✐t à ✉♥ é❧❛r❣✐ss❡♠❡♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳ ❯♥❡ ❛✉tr❡
s♦❧✉t✐♦♥ ❝♦♥s✐st❡ à ❧❡s ❢❛✐r❡ ❝r♦îtr❡ ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❞❡s ✈❡rr❡s ✐♥♦r❣❛♥✐q✉❡s✳ ▲❛ s②♥t❤ès❡
tr❛❞✐t✐♦♥♥❡❧❧❡ ❝♦♥s✐st❡ à ✐♥tr♦❞✉✐r❡ ❧❡s ♣ré❝✉rs❡✉rs ❞✉ ♥❛♥♦❝r✐st❛❧ ❞❛♥s ❧❛ ❝♦♠♣♦s✐t✐♦♥ ✐♥✐t✐❛❧❡
❞✉ ✈❡rr❡ ❞❡ ♠❛♥✐èr❡ à ❧❡s ❞✐ss♦✉❞r❡✱ ♣✉✐s ❞❡ ❝♦✉❧❡r r❛♣✐❞❡♠❡♥t ❧❡ ✈❡rr❡ ❡♥ ❢✉s✐♦♥ ❛✈❛♥t ❞❡ ❧❡
r❡❝✉✐r❡ ❞❡ ♠❛♥✐èr❡ ❝♦♥trô❧é❡ ♣♦✉r ❞é❝❧❡♥❝❤❡r ❧❛ ❝r♦✐ss❛♥❝❡✳ ❉❡ ❝❡tt❡ ♠❛♥✐èr❡✱ ♦♥ ♦❜t✐❡♥t ♣❛r
❡①❡♠♣❧❡ ❧❡s ✈❡rr❡s ❞✐t ✧r✉❜✐s✧ ❞❡ ❝♦✉❧❡✉r r♦✉❣❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬❛❣ré❣❛ts ❞❡
❝✉✐✈r❡ ♦✉ ❞✬♦r ❬✹✱ ✺❪ ❀ ♦✉ ❜✐❡♥ ❡♥❝♦r❡ ❞❡s ✜❧tr❡s ❝♦❧♦rés ❞❡ ❝♦✉❧❡✉r ♦r❛♥❣❡ ✈✐❢ ♦❜t❡♥✉s ❣râ❝❡ à
❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ CdSSe ❬✷❪✳ ■❧ ❡st ❝❡♣❡♥❞❛♥t ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥trô❧❡r très ✜♥❡♠❡♥t
❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡ ✐♥✐t✐❛❧ ❛✐♥s✐ q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢✉s✐♦♥ ❡t ❞❡ r❡❝✉✐t ❞❡ s♦rt❡ q✉❡
♥♦♥ s❡✉❧❡♠❡♥t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ s♦✐t t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t ♣❡r♠✐s❡ ✭❧❛ s✉rs❛t✉r❛t✐♦♥ ❞♦✐t
êtr❡ ❛tt❡✐♥t❡ ❞❛♥s ❧❡ ✈❡rr❡ ✉♥❡ ❢♦✐s ❝♦✉❧é✮ ♠❛✐s s✉rt♦✉t q✉✬❡❧❧❡ s♦✐t ❝♦♥trô❧é❡ ❧♦rs ❞✉ r❡❝✉✐t✳

▲❛ s②♥t❤ès❡ ❞✬❛❣ré❣❛ts ❞❛♥s ❧❡s ✈❡rr❡s ❡st ❛✉ss✐ ♣♦ss✐❜❧❡ ♣❛r ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ❬✻✱ ✼✱ ✽❪✳
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❈❡s ❞❡r♥✐❡rs s♦♥t ✉t✐❧✐sés s♦✐t ♣♦✉r ♠♦❞✐✜❡r ❧❡ ✈❡rr❡ ♣❛r ❣é♥ér❛t✐♦♥ ❞❡ ❞é❢❛✉ts ✭s♦✉✈❡♥t
❝❤❛r❣és✮ ❧❡ ❧♦♥❣ ❞✉ ♣❛r❝♦✉rs ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ✭ré❣✐♠❡ ❞✬✐rr❛❞✐❛t✐♦♥✮✱ s♦✐t ♣♦✉r ♠♦❞✐✜❡r ❧❛
❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞✉ ♠❛tér✐❛✉ ✐♥✐t✐❛❧ ♣❛r ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞✬é❧é♠❡♥ts ❤étér♦❣è♥❡s ✭ré❣✐♠❡
❞✬✐♠♣❧❛♥t❛t✐♦♥✮✳ ▲❡✉rs ❡✛❡ts s❡ ❞é❝❧✐♥❡♥t s✉r ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ❞❡ t❡♠♣s ✿ ❞❡ ❧❛
r❡❧❛①❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❛♣♣♦rté❡ ♣❛r ❝❤♦❝s ❛✈❡❝ ❧❡s é❧❡❝tr♦♥s ❡t ❧❡s ♥♦②❛✉① ❞✉ ♠❛tér✐❛✉ ✭ps✮
à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ♣❧✉s ♦✉ ♠♦✐♥s st❛❜❧❡s ✭µs → s✮ ❡t ❧❡✉r r❡❝♦♠❜✐♥❛✐s♦♥ ✭s → an✮✳
▲❡s ♣❤é♥♦♠è♥❡s ✐♥❞✉✐ts s♦♥t ♠✉❧t✐♣❧❡s ❬✾❪ ✿ ❞✐✛✉s✐♦♥ ❛❝❝é❧éré❡ s♦✉s ❢❛✐s❝❡❛✉✱ é❝❤❛✉✛❡♠❡♥t✱
❝❤❛♥❣❡♠❡♥t ❞❡ ✈♦❧✉♠❡ ✳ ✳ ✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ♣♦✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ♣rés❡♥t❡ ❡♥
♣r✐♥❝✐♣❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬❛✈❛♥t❛❣❡s✳ ❊❧❧❡ ♣❡r♠❡t ❞✬✐♥tr♦❞✉✐r❡ ♥✬✐♠♣♦rt❡ q✉❡❧ é❧é♠❡♥t
❞❛♥s ♥✬✐♠♣♦rt❡ q✉❡❧❧❡ ♠❛tr✐❝❡ ❡t ♣r♦❝✉r❡ ❞❡s ♣❛r❛♠ètr❡s s✉♣♣❧é♠❡♥t❛✐r❡s ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛
❝r♦✐ss❛♥❝❡ t❡❧s q✉❡ ✢✉❡♥❝❡✱ é♥❡r❣✐❡ ❡t t❡♠♣ér❛t✉r❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥✴✐rr❛❞✐❛t✐♦♥✳ ❊♥ ré❣✐♠❡
❞✬✐♠♣❧❛♥t❛t✐♦♥✱ ♦♥ ♣❡✉t ❛✐♥s✐ ❝♦♥trô❧❡r ✭✐✮ ❧❛ q✉❛♥t✐té ❞✬é❧é♠❡♥t ✐♥tr♦❞✉✐t✱ q✉✐ ♣❡✉t êtr❡ très
s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ♦❜t❡♥✉❡ ♣❛r ❧❡s ♠ét❤♦❞❡s ❞✬✐♥tr♦❞✉❝t✐♦♥ ✧à ❧✬éq✉✐❧✐❜r❡✧ ✭♣❛r ❡①❡♠♣❧❡ ❞✐s✲
s♦❧✉t✐♦♥ ❞✬é❧é♠❡♥t ❞❛♥s ✉♥ ✈❡rr❡ ❢♦♥❞✉✮✱ ❛✐♥s✐ q✉❡ ✭✐✐✮ ❧❡ ♣r♦✜❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t✱
❣râ❝❡ ❛✉q✉❡❧ ♦♥ ♣❡✉t ♣❡♥s❡r ❛ ♣r✐♦r✐ ❛tt❡✐♥❞r❡ ✉♥ ♠❡✐❧❧❡✉r ❝♦♥trô❧❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡
❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ✭❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐té ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✮✳
P❛r ❛✐❧❧❡✉rs✱ ✉♥ s②stè♠❡ s♦✉♠✐s à ✉♥❡ ✐♠♣❧❛♥t❛t✐♦♥✴✐rr❛❞✐❛t✐♦♥ ❡st ♣ré♣❛ré ❞❛♥s ✉♥ ét❛t
♦r✐❣✐♥❛❧✱ ✐♥❛❝❝❡ss✐❜❧❡ ♣❛r ❧❡s t❡❝❤♥✐q✉❡s ❝❧❛ss✐q✉❡s ♣r♦❝❤❡s ❞❡ ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✳
P❛r ✐rr❛❞✐❛t✐♦♥✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬✐♥❞✉✐r❡ ❞✐r❡❝t❡♠❡♥t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❬✶✵✱ ✶✶❪ ♣r♦❜❛❜❧❡♠❡♥t
♣❛r ❞✐✛✉s✐♦♥ ❛❝❝é❧éré❡ s♦✉s ✐rr❛❞✐❛t✐♦♥✱ ♦✉ ❜✐❡♥ ❞❡ ♠♦❞✐✜❡r ❧❡ ♠❛tér✐❛✉ ❤ôt❡ ❞❡ ♠❛♥✐èr❡ à
❛✈♦✐r ✉♥ ❝♦♥trô❧❡ ❛❝❝r✉ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❧♦rs ❞✬✉♥ r❡❝✉✐t ✉❧tér✐❡✉r ❬✶✷❪✳

❈❡♣❡♥❞❛♥t✱ ✐❧ ❡①✐st❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❞✐✣❝✉❧tés ❬✽❪ q✉❛♥t ❛✉ ❝♦♥trô❧❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛✲
t✐♦♥ ♣❡♥❞❛♥t ❡t ❛♣rès ✐♠♣❧❛♥t❛t✐♦♥ ❞✬✐♦♥s✳ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✐♠♣❧❛♥t❡r ♥✬✐♠♣♦rt❡ q✉❡❧ é❧é♠❡♥t
❞❛♥s ♥✬✐♠♣♦rt❡ q✉❡❧❧❡ ♠❛tr✐❝❡ ♥✬✐♠♣❧✐q✉❡ ♣❛s ♥é❝❡ss❛✐r❡♠❡♥t ✭✐✮ q✉❡ ❧✬♦♥ ♣❡✉t ❧✬② ❢❛✐r❡ ♣ré✲
❝✐♣✐t❡r✱ ♦✉ ✭✐✐✮ q✉❡ ❧✬♦♥ ♦❜t✐❡♥t ❧❛ ❢♦r♠❡ ❝❤✐♠✐q✉❡ q✉❡ ❧✬♦♥ ❞és✐r❡✱ ♦✉ ❡♥❝♦r❡✱ s✐ ❝❡s ❞❡✉①
❝♦♥❞✐t✐♦♥s s♦♥t s❛t✐s❢❛✐t❡s✱ ✭✐✐✐✮ q✉❡ ❧✬♦♥ ♦❜t✐❡♥t ✉♥ ❝♦♥trô❧❡ s❛t✐s❢❛✐s❛♥t ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳ ➪
♣r♦♣♦s ❞❡s ♣♦✐♥ts ✭✐✮ ❡t ✭✐✐✮ ✿ ❧✬✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❡ Si ❡t Ge ♥❡ ❝♦♥❞✉✐t à ❧❛ ♣ré❝✐♣✐✲
t❛t✐♦♥ ❞❡ SiGe q✉❡ ❞❛♥s SiO2 ❡t Al2O3 ❡t ♣❛s ❞❛♥s Si ❬✶✸❪ ❀ ❧❛ ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❡
■♥✰❆s✱ ●❛✰P ♦✉ ■♥✰P ❝♦♥❞✉✐t à ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ■♥❆s✱ ●❛P ♦✉ ■♥P ❞❛♥s SiO2 ❡t Si
♠❛✐s ♣❛s ❞❛♥s Al203✳ ▲✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❩♥ ❞❛♥s SiO2 ❝♦♥❞✉✐t ❛♣rès r❡❝✉✐t à ❧❛ ❢♦r♠❛t✐♦♥
❞❡ ♥❛♥♦❝r✐st❛✉① ❞❡ Zn ❡t ❞❡ ZnSiO4 ❬✶✹❪✳ ▲❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♥✬❡st ♣❛s ❛ss✉ré ✿
❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ ♦❜s❡r✈é❡s s♦♥t s♦✉✈❡♥t ❧❛r❣❡s✱ ✈♦✐r❡s ❜✐♠♦❞❛❧❡s ✭♣ré❝✐♣✐t❛t✐♦♥ ❞❡
s✉❧❢✉r❡ ❬✶✹❪✱ ♦✉ ❞✬❛r❣❡♥t ❬✶✺❪ ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ ❞❛♥s SiO2✮✳ P❧✉s ❧❛ ✢✉❡♥❝❡ ✐♠♣❧❛♥té❡ ❡st
❢♦rt❡✱ ♣❧✉s ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ s✬é❧❛r❣✐t✳ ▲❡s ❛❣ré❣❛ts ❞❡ ♠ét❛✉① ♥♦❜❧❡s ❝r♦✐ss❡♥t ❞❛♥s
❧❡ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✱ ❝♦♠♠❡ ❛tt❡♥❞✉✳ P❛r ❝♦♥tr❡✱ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts
❝♦♠♣♦s✐t❡s t❡❧s q✉❡ ❧❡s ❝❤❛❧❝♦❣é♥✉r❡s s✬♦❜s❡r✈❡ ❛✉ss✐ très ❧♦✐♥ ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥✲
t❛t✐♦♥ ❬✶✻✱ ✶✼✱ ✶✹❪✳ ▲♦rsq✉❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st ❛ss✐sté❡ ♣❛r ❢❛✐s❝❡❛✉ ❞✬✐♦♥s✱ ❧✬❡✣❝❛❝✐té r❡s♣❡❝t✐✈❡
❞❡s ❞✐✛ér❡♥ts t②♣❡s ❞❡ r❛❧❡♥t✐ss❡♠❡♥t ✲ ♥✉❝❧é❛✐r❡ ♦✉ é❧❡❝tr♦♥✐q✉❡ ✲ s✉r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡
❧❛ ❝r♦✐ss❛♥❝❡ ♥✬❡st ♣❛s ❝❧❛r✐✜é❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r ❛✉❝✉♥ ♠é❝❛♥✐s♠❡ ♠✐❝r♦s❝♦♣✐q✉❡ ♥✬❡st ♣r♦♣♦sé✳

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❡①❛♠✐♥❡r♦♥s ❞✬❛❜♦r❞ ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ❞✉ ❝♦♥trô❧❡ ❞❡ ❧❛
❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❛ss✐sté❡ ♣❛r ❢❛✐s❝❡❛✉ ❞✬✐♦♥s✳ ◆♦✉s ♠♦♥tr❡r♦♥s ❧✬✐♠♣♦rt❛♥❝❡
❞❡s ❡✛❡ts ❞✬♦①②❞♦ré❞✉❝t✐♦♥ s✉r ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❧❛ ❣❡r♠✐♥❛✲
t✐♦♥✴❝r♦✐ss❛♥❝❡ ❀ ❝❡s ❡✛❡ts r❡❞♦① ét❛♥t ❧✐és ❛✉ss✐ ❜✐❡♥ ❛✉① ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥
✭❝❛s ❞❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t✮ q✉✬à ❧✬✐♥t❡r❛❝t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❧✬✐♠♣❧❛♥t ❛✈❡❝ s♦♥ ❡♥✲
✈✐r♦♥♥❡♠❡♥t ✭❝❛s ❞❡s ❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s ❞❡ ♣❧♦♠❜✮✳ ▲❡ ❝♦♥trô❧❡ ❞❡ ❧❛
❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs q✉❡ ♥♦✉s ❛✈♦♥s ❛tt❡✐♥t ♥♦✉s ❛ ❡♥s✉✐t❡
♣❡r♠✐s ✉♥❡ ét✉❞❡ ❞❡ ❧❡✉r ♣r♦♣r✐étés ♦♣t✐q✉❡s ❞✬é♠✐ss✐♦♥✱ ❡♥ ❧✐❛✐s♦♥ ❛✈❡❝ ❧❡s ❡✛❡ts
❞✉ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡✳



✾

❉❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❛ ❞✐s❝✉ss✐♦♥ ❞❡ ♥♦s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① ❢❛✐t ❛♣♣❡❧ à ❞❡s ❞♦♠❛✐♥❡s
❛ss❡③ ❞✐✈❡rs ❞❡ ❧❛ ♣❤②s✐q✉❡ ❡t ❞❡ ❧❛ ❝❤✐♠✐❡✱ ♥♦✉s ❛✈♦♥s ❥✉❣é ✉t✐❧❡ ❞❡ r❛♣♣❡❧❡r ❞❡ ♠❛♥✐èr❡
s②♥t❤ét✐q✉❡ ❧❡s tr♦✐s t❤è♠❡s s✉✐✈❛♥ts✳ ◆♦✉s ♣rés❡♥t❡r♦♥s ❞✬❛❜♦r❞ ❧❡s ❜❛s❡s ❞❡ ❧❛ ♣❤②s✐❝♦✲
❝❤✐♠✐❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ✭♠é❧❛♥❣❡ ❜✐♥❛✐r❡✱ ❝❤❛♣✐tr❡ ✶✮ s❡❧♦♥ ❧❡sq✉❡❧❧❡s ❧❡s rés✉❧t❛ts s♦♥t
❧❡ ♣❧✉s s♦✉✈❡♥t ❞✐s❝✉tés ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ ◆♦✉s ❞✐s❝✉t❡r♦♥s ❡♥s✉✐t❡ ❞❡s ♣❛rt✐❝✉❧❛r✐tés ❞❡ ❧❛
♣❤②s✐❝♦✲❝❤✐♠✐❡ ❞❡s ✈❡rr❡s ✭❝❤❛♣✐tr❡ ✷✮✱ ♥♦t❛♠♠❡♥t ❧❡✉rs ♣r♦♣r✐étés ❞✬♦①②❞♦✲ré❞✉❝t✐♦♥✱ q✉✐
♠♦❞✐✜❡♥t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ t❡❧❧❡ q✉✬❡❧❧❡ ❡st ♣rés❡♥té❡ ❛✉ ❝❤❛♣✐tr❡ ✶✳ ➪ ❝❡tt❡ ♦❝❝❛s✐♦♥✱ ♥♦✉s
♣r♦♣♦s♦♥s ✉♥❡ r❡✈✉❡ ❝r✐t✐q✉❡ ❞❡ ❧❛ ❧✐ttér❛t✉r❡ ❡①♣ér✐♠❡♥t❛❧❡ s✉r ❧❡ s✉❥❡t✳ ▲❡ ❝❤❛♣✐tr❡ ✸ ❡st
✉♥❡ ✐♥tr♦❞✉❝t✐♦♥ ❛✉① ❡✛❡ts ❞✉ ♣❛ss❛❣❡ ❞✬✐♦♥s ❞❛♥s ❧❛ ♠❛t✐èr❡✱ ♠♦♥tr❛♥t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡✲
♠❡♥t ❞❡s ❝♦♥séq✉❡♥❝❡s très ❞✐✛ér❡♥t❡s s❡❧♦♥ ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ s✉r ❧❛ ♥❛t✉r❡ ❡t ❧❛
❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ❞é❢❛✉ts ✐♥❞✉✐ts✳ ◆♦✉s ♣r♦♣♦s♦♥s ❡♥ ♣❛rt✐❝✉❧✐❡r ✉♥❡ r❡✈✉❡ ❛❝t✉❛❧✐sé❡ ❞❡ ❧❛
❝ré❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡ ❧♦rs ❞✬✉♥❡ ✐♠♣❧❛♥t❛t✐♦♥✲✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡✳ ▲❡
❝❤❛♣✐tr❡ ✹ ❡①♣♦s❡ ❡♥✜♥ ❧❛ ♠❛♥✐èr❡ ❞♦♥t ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ♣♦✉r ♣ré♣❛r❡r
♥♦s é❝❤❛♥t✐❧❧♦♥s✱ ❛✐♥s✐ q✉❡ ❧❡s ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ❞❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♦✉
❞❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s ❡♠♣❧♦②é❡s ❞❛♥s ❝❡ tr❛✈❛✐❧✳

◆♦✉s ♠♦♥tr♦♥s ❡♥s✉✐t❡ ✭❝❤❛♣✐tr❡ ✺✮ ❧❡ rô❧❡ ♣ré♣♦♥❞ér❛♥t ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ s✉r
❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t✱ q✉✬✐❧s ❛✐❡♥t ♣♦✉r ♦r✐❣✐♥❡ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ♦✉
s❛ ❝♦♥tr❡♣❛rt✐❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✳ P❛r ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s éq✉✐❧✐❜r❡s r❡❞♦① ❞✉ ♠✐❧✐❡✉✱ ❝❡s ❞é✲
❢❛✉ts s♦♥t s✉s❝❡♣t✐❜❧❡s ❞❡ ❝❤❛♥❣❡r ❧❡s ♣r♦♣♦rt✐♦♥s r❡❧❛t✐✈❡s ❞❡ ❧❛ ✈❛❧❡♥❝❡ ✵ ❡t ✰■ ❞❡ ❧✬❛r❣❡♥t
❡t ❞♦♥❝ ❞✬✐♥❞✉✐r❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ✴ ❝r♦✐ss❛♥❝❡✳ ◆♦✉s ♠❡ttr♦♥s ❡♥ é✈✐❞❡♥❝❡ ❛✉ ❝❤❛♣✐tr❡ ✻
❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ❝❤✐♠✐❡ ❝♦♠♣❧❡①❡ ❞❡s ❝❤❛❧❝♦❣è♥❡s s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦✲
❣é♥✉r❡s ❞❡ P❜ ✭P❜❙✱ P❜❙❡✱ P❜❚❡✮ ré❛❧✐sé❡ ♣❛r r❡❝✉✐t ❞❡ s✐❧✐❝❡ ♣✉r❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t
Pb +X ✭X❂ S✱ Se✱ Te✮✳ ◆♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s r❡❞♦① ❞❡s ❝❤❛❧❝♦❣è♥❡s ❛✈❡❝
❧❛ ♠❛tr✐❝❡ r❡♥❞❡♥t ❝♦♠♣t❡ ❞❡ ❧❛ ♥❛t✉r❡ ❞❡s ❛❣ré❣❛ts ❢♦r♠és✱ ❛✐♥s✐ q✉❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s
❞❡ ❣❡r♠✐♥❛t✐♦♥ ❡t ❝r♦✐ss❛♥❝❡ q✉✐ ♥❡ r❡❧è✈❡♥t ♣❛s ❞✉ ♠♦❞è❧❡ ❝❧❛ss✐q✉❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥
♣rés❡♥té ❛✉ ❝❤❛♣✐tr❡ ✶✳ ◆♦✉s ♣r♦♣♦s❡r♦♥s ✭❝❤❛♣✐tr❡ ✼✮ ✉♥❡ ✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ❧♦✲
❣♥♦r♠❛❧❡ ❞❡ t❛✐❧❧❡ r❡♥❝♦♥tré❡ s②sté♠❛t✐q✉❡♠❡♥t ❧♦rs ❞✉ ♠ûr✐ss❡♠❡♥t ❞❡ ❝❡s s②stè♠❡s✱ ❝♦♠♠❡
❧❡ rés✉❧t❛t ❞❡ ❧❛ ♣❡rt❡ ❞❡ ♠é♠♦✐r❡ ❞✉ s②stè♠❡ s♦✉s ❧✬❡✛❡t ❞❡s ♠✉❧t✐♣❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❣❡r✲
♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡✳

❆✐♥s✐✱ ♥♦✉s ♠♦♥tr♦♥s q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ♥❡ ❞✐s♣❡♥s❡ ♣❛s ❞❡ t❡♥✐r ❝♦♠♣t❡
❞❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❧✬✐♠♣❧❛♥t ❛✈❡❝ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✱ q✉✬✉♥❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡
❞✬❛❣ré❣❛ts ❞❡ PbS ✭❝❤❛♣✐tr❡ ✽✮ ❝♦♥s✐st❛♥t à ✐♠♣❧❛♥t❡r ❞✉ s♦✉❢r❡ ❞❛♥s ❞❡s ✈❡rr❡s ❛✉ ♣❧♦♠❜
♣❡r♠❡ttr❛ ❞❡ ♠✐❡✉① ❝♦♥trô❧❡r✳ ▲❡s ❛❣ré❣❛ts ❛✐♥s✐ s②♥t❤ét✐sés é♠❡tt❡♥t ❡✣❝❛❝❡♠❡♥t ❞❛♥s ❧❡
♣r♦❝❤❡ ✐♥❢r❛r♦✉❣❡✳ ▲✬ét✉❞❡ ❞❡ ❧❡✉rs ♣r♦♣r✐étés ❞✬é♠✐ss✐♦♥ ♠♦♥tr❡ ✉♥❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬❡①❝✐✲
t❛t✐♦♥ très ✐♠♣♦rt❛♥t❡ ❛✐♥s✐ q✉❡ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ♥✐✈❡❛✉ ❞✬✧❡①❝✐t♦♥ ♥♦✐r✧✳



❈❤❛♣✐tr❡ ✶

P❤②s✐❝♦✲❝❤✐♠✐❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥

❈❡ ❝❤❛♣✐tr❡ ❛ ♣♦✉r ❜✉t ❞❡ r❛♣♣❡❧❡r ❧❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡
❞❛♥s ✉♥ ❛❧❧✐❛❣❡ ❜✐♥❛✐r❡ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❤♦♠♦❣è♥❡ s♣❛t✐❛❧❡♠❡♥t✳ ❈❡tt❡ ♣rés❡♥t❛t✐♦♥ ❡st ❝♦✉✲
r❛♠♠❡♥t ✉t✐❧✐sé❡ ♣♦✉r ❞✐s❝✉t❡r ❞❡s rés✉❧t❛ts ❞❡ ❝r♦✐ss❛♥❝❡ ❞❛♥s ❧❡s ❛❧❧✐❛❣❡s ♠ét❛❧❧✐q✉❡s ♠❛✐s
❛✉ss✐ ❞❛♥s ❧❡s ✈❡rr❡s✳ ◆♦✉s ❞✐s❝✉t❡r♦♥s ❞❡ ❧❛ ♣❡rt✐♥❡♥❝❡ ❞❡ ❝❡ ♠♦❞è❧❡ ♣♦✉r ❞é❝r✐r❡ ❧❛ ❝r♦✐s✲
s❛♥❝❡ ❞❛♥s ❧❡s ✈❡rr❡s ✭❝❤❛♣✐tr❡ ✷✱ ✺✱ ✻ ❡t ✼✮✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ❡①❛♠✐♥❡r♦♥s ❧✬❡✛❡t ❞✉
❝❛r❛❝tèr❡ ✐♥❤♦♠♦❣è♥❡ ❞❡s s②stè♠❡s ♦❜t❡♥✉s ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ ✭❝❤❛♣✐tr❡ ✻ ❡t ✼✮✳

❚❡①t❡s ❞❡ ré❢ér❡♥❝❡s ✿

✶✳ ●r♦✇t❤ ❛♥❞ ❈♦❛rs❡♥✐♥❣✱ ▲✳ ❘❛t❦❡ ✫ P✳❲✳ ❱♦♦r❤❡❡s✱ ❙♣r✐♥❣❡r ✷✵✵✷✱ ❇❡r❧✐♥✳

✷✳ ❚❤❡♦r② ♦❢ ✜rst✲♦r❞❡r ♣❤❛s❡ tr❛♥s✐t✐♦♥✱ ❑✳ ❇✐♥❞❡r✱ ❘❡♣✳ Pr♦❣✳ P❤②s✳ ✺✵ ✭✶✾✽✼✮ ✼✽✸✳

▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❝♦♥s✐st❡ ❡♥ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♣❡t✐ts ❛♠❛s ✭♣ré❝✐♣✐tés✱ ❝❧✉st❡rs✱ ♥❛♥♦❝r✐s✲
t❛✉①✱ ♦✉ ❛❣ré❣❛ts✮ q✉✐ s❡ ❞✐✛ér❡♥❝✐❡♥t ❞❡ ❧❛ ♠❛tr✐❝❡ ❡♥✈✐r♦♥♥❛♥t❡ ♣❛r ❧❡✉r ❝♦♠♣♦s✐t✐♦♥
❝❤✐♠✐q✉❡✳ ▲✬ét✉❞❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ r❡✈✐❡♥t à ❡①❛♠✐♥❡r ❞✬❛❜♦r❞ ❧❡s ❝♦♥❞✐t✐♦♥s t❤❡r♠♦❞②✲
♥❛♠✐q✉❡s ❞❡ st❛❜✐❧✐té ❞❡ ❝❡s ♣❤❛s❡s ✭♣❛rt✐❡ ✶✳✶✮✱ ♣✉✐s ❧❡✉r ❝✐♥ét✐q✉❡ ❞❡ ❢♦r♠❛t✐♦♥ ✭❝r♦✐ss❛♥❝❡✱
♣❛rt✐❡ ✶✳✷✮✳ ▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❡st ❡♥ ❧✐❡♥ étr♦✐t ❛✈❡❝ ❧❛ ♣❤②s✐q✉❡ ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡ ✿ ❡❧❧❡
s✬❡✛♦r❝❡ ❞❡ ❞é❝r✐r❡ ✉♥❡ é✈♦❧✉t✐♦♥ ❞✬✉♥ s②stè♠❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞✬✉♥❡ ♣❤❛s❡ ♠ét❛st❛❜❧❡
♦✉ ✐♥st❛❜❧❡ ✈❡rs ✉♥❡ ♣❤❛s❡ st❛❜❧❡✳

✶✳✶ ❚❤❡r♠♦❞②♥❛♠✐q✉❡ ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡

❯♥ s②stè♠❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ♣❡✉t ❡①✐st❡r s♦✉s ♣❧✉s✐❡✉rs ♣❤❛s❡s✳ ❉❛♥s ❧❡s s②stè♠❡s à
✉♥ s❡✉❧ ❝♦♥st✐t✉❛♥t✱ ❡❧❧❡s s❡ ❞✐st✐♥❣✉❡♥t ♣❛r ❧✬ét❛t s♦✉s ❧❡q✉❡❧ s❡ tr♦✉✈❡ ❧❛ ♠❛t✐èr❡ ✭❧✐q✉✐❞❡✱
❣❛③✱ s♦❧✐❞❡✳ ✳ ✳ ✮✱ ♠❛✐s ❛✉ss✐ ✲ à ❧✬ét❛t s♦❧✐❞❡ ✲ ♣❛r ❞❡s ❞✐✛ér❡♥❝❡s ❞❡ ❝r✐st❛❧❧♦❣r❛♣❤✐❡✳ ❉❛♥s ❧❡
❝❛s ♦ù ❝♦❡①✐st❡♥t ♣❧✉s✐❡✉rs ❡s♣è❝❡s ❝❤✐♠✐q✉❡s✱ ❞❡s ❞✐✛ér❡♥❝❡s ❞❡ ❝♦♠♣♦s✐t✐♦♥ ♣♦✉rr♦♥t ❛✉ss✐
❞é✜♥✐r ❞❡s ♣❤❛s❡s ❞✐st✐♥❝t❡s✳
■❧ ② ❛ ♣♦ss✐❜✐❧✐té ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❝❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s ♣❛r ♠♦❞✐✜❝❛t✐♦♥ ❞✬✉♥❡ ♦✉ ❞❡ ♣❧✉✲
s✐❡✉rs ❝♦♥tr❛✐♥t❡s ❛✉①q✉❡❧❧❡s ❡st s♦✉♠✐s ❧❡ s②stè♠❡✳ P❛r ❡①❡♠♣❧❡✱ ♦♥ ♣❡✉t ❝❤♦✐s✐r ❞❡ ❢❛✐r❡
✈❛r✐❡r ❧❛ t❡♠♣ér❛t✉r❡ ❚ ♦✉ ❧❛ ♣r❡ss✐♦♥ ♣✱ ♠❛✐s ♦♥ ♣❡✉t ❛✉ss✐ ❝❤❛♥❣❡r ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ci ✲
♦✉ ❞❡ ♠❛♥✐èr❡ éq✉✐✈❛❧❡♥t❡ ❧❛ ❢r❛❝t✐♦♥ ♠♦❧❛✐r❡ xi ✲ ❞✬✉♥ ❝♦♥st✐t✉❛♥t ✐✳ ▲❛ t❤❡r♠♦❞②♥❛♠✐q✉❡
♥♦✉s ❞✐t q✉❡ ❧❛ ♣❤❛s❡ ❧❛ ♣❧✉s st❛❜❧❡ ❡st ❝❡❧❧❡ ❞✬é♥❡r❣✐❡ ❧✐❜r❡ G(T, p, ci) ♠✐♥✐♠✉♠✳ ❈❡ ❝r✐tèr❡
♣❡r♠❡t ❞❡ ❞é✜♥✐r ❧❡s ③♦♥❡s ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s t❤❡r♠♦❞②♥❛♠✐q✉❡s ❞❛♥s ❧❡sq✉❡❧❧❡s
✉♥❡ ♣❤❛s❡ ❞♦♥♥é❡ ❡st st❛❜❧❡✳

✶✵



✶✶

❖♥ ❞é✜♥✐t ❛✉ss✐ ❧❡ ♣❛r❛♠ètr❡ ❞✬♦r❞r❡ ❞❡ ❧❛ tr❛♥s✐t✐♦♥✱ à ❧✬❛✐❞❡ ❞✬✉♥❡ ❣r❛♥❞❡✉r ♣r♦♣r❡ ❛✉ s②s✲
tè♠❡ ét✉❞✐é✳ ❈❡❧✉✐✲❝✐ ♣❡r♠❡t ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡ ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡s✳ ■❧ ❡st ❝❤♦✐s✐
♣❛r♠✐ ❧❡s q✉❛♥t✐tés ✐♥t❡♥s✐✈❡s ❞✉ s②stè♠❡ ♣r❡♥❛♥t ✉♥❡ ✈❛❧❡✉r ♥✉❧❧❡ ❞❛♥s ❧❛ ♣❤❛s❡ ❞és♦r❞♦♥✲
♥é❡ ❡t ♥♦♥ ♥✉❧❧❡ ❞❛♥s ❧❛ ♣❤❛s❡ ♦r❞♦♥♥é❡✳

P♦✉r ✉♥ ♠é❧❛♥❣❡ ❞♦♥♥é ④ci⑥✱ ♦♥ ♣❡✉t ❡♥✈✐s❛❣❡r ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡s ❞✉ t②♣❡ ❝❤❛♥✲
❣❡♠❡♥t ❞✬ét❛t ✭❧✐q✉✐❞❡✲s♦❧✐❞❡ ♣❛r ❡①❡♠♣❧❡✮✳ ▲❡ ♣❛r❛♠ètr❡ ❞✬♦r❞r❡ ❡st ❛❧♦rs ✉♥ ❞❡s ✈❡❝t❡✉rs
rés❡❛✉ ré❝✐♣r♦q✉❡✳ ▲❛ ♣❤❛s❡ s♦❧✐❞❡ ♦❜t❡♥✉❡ ❛ ❧❛ ♠ê♠❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ q✉❡ ❧❛ ♣❤❛s❡
❧✐q✉✐❞❡✶✳

▼❛✐s ✉♥ ❛✉tr❡ t②♣❡ ❞❡ tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡ ❡st ♠❛✐♥t❡♥❛♥t ❡♥✈✐s❛❣❡❛❜❧❡ ✿ ❧❛
❞é♠✐①t✐♦♥ à ❧✬ét❛t s♦❧✐❞❡✱ ✐✳❡✳ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ s♦❧✐❞❡s ❞❡ ❝♦♠♣♦s✐t✐♦♥s ❞✐✛ér❡♥t❡s
❞❡ ❝❡❧❧❡ ❞✉ s♦❧✐❞❡ ✐♥✐t✐❛❧✳ ❈✬❡st ❧❡ ❝❛s q✉✐ ✈❛ ♥♦✉s ✐♥tér❡ss❡r ❞❛♥s ❝❡ tr❛✈❛✐❧✳ ■❝✐✱ ❧❡
♣❛r❛♠ètr❡ ❞✬♦r❞r❡ ❡st ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s
à ❧✬ét❛t s♦❧✐❞❡ ✳ Pr❡♥♦♥s ❧❡ ❝❛s ❞✬✉♥ ❛❧❧✐❛❣❡ ❜✐♥❛✐r❡ ✭❆✱❇✮ ✿ ❧✬♦r✐❣✐♥❡ ♠✐❝r♦s❝♦♣✐q✉❡ ❞❡ ❝❡tt❡
❞é♠✐①t✐♦♥ ❡st ❧✬❛✣♥✐té ♣❧✉s ❣r❛♥❞❡ ❞❡ ❆ ❡t ❞❡ ❇ ♣♦✉r ❡✉①✲♠ê♠❡s q✉❡ ♣♦✉r ❧✬❛✉tr❡ é❧é♠❡♥t✳
❈❡tt❡ ❛✣♥✐té ❡st ❧❛ ❝♦♠♣♦s❛♥t❡ ♣r✐♥❝✐♣❛❧❡ ❞❡ ❧✬❡♥t❤❛❧♣✐❡ ❍✱ à ❧❛q✉❡❧❧❡ s✬❛❥♦✉t❡ ✉♥ t❡r♠❡
❡♥tr♦♣✐q✉❡ ❞✬✐♠♣♦rt❛♥❝❡ ❝r♦✐ss❛♥t❡ ❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡✳ ■❧ ② ❛✉r❛ ❛✐♥s✐ sé❣ré❣❛t✐♦♥ ❞❡ ❆
❞❛♥s ❇ à ❞❡s t❡♠♣ér❛t✉r❡s s✉✣s❛♠♠❡♥t ❜❛ss❡s✳

❊♥ ♣r❡♥❛♥t ♣♦✉r ♣❛r❛♠ètr❡ ❞✬♦r❞r❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❡♥tr❡ ❧❡ ♣ré❝✐♣✐té ❡t
❧❛ ♠❛tr✐❝❡ ❡♥✈✐r♦♥♥❛♥t❡✱ ✉♥ ♠♦❞è❧❡ s✐♠♣❧❡ ❞❡ s♦❧✉t✐♦♥ ré❣✉❧✐èr❡ ♣❡r♠❡t ❞❡ r❡tr♦✉✈❡r ❧❡
❢♦r♠❛❧✐s♠❡ ❞é✈❡❧♦♣♣é ♣❛r ▲❛♥❞❛✉ ❞❛♥s s♦♥ ét✉❞❡ ♣❤é♥♦♠é♥♦❧♦❣✐q✉❡ ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡
❬✶✽❪✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✬éq✉✐❧✐❜r❡ xB ❞❛♥s ❧❡s ❞❡✉① ♣❤❛s❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
t❡♠♣ér❛t✉r❡ ❡st ❞♦♥♥é❡ ♣❛r ✿

Tb = 2Tc
(1 − 2xB)

ln((1 − xB)/xB)
✭✶✳✶✮

❈❡tt❡ ❝♦✉r❜❡ Tb(xB) ❡st ❛♣♣❡❧é❡ ❜✐♥♦❞❛❧❡✳ ■❧ ② ❛ t♦✉❥♦✉rs ♠✐s❝✐❜✐❧✐té ❛✉ ❞❡ss✉s ❞❡ ❧❛ t❡♠♣é✲
r❛t✉r❡ ❝r✐t✐q✉❡ Tc ✿

Tc =
∆H0

m

2R
✭✶✳✷✮

P❛r ❛✐❧❧❡✉rs ♦♥ ❛♣♣❡❧❧❡ ❝♦✉r❜❡ s♣✐♥♦❞❛❧❡ ❧❡ ❧✐❡✉ ❞❡s ♣♦✐♥ts ❞✬✐♥✢❡①✐♦♥ ❞❡ ❧❛ ❝♦✉r❜❡ ❞❡ ❧✬é♥❡r❣✐❡
❧✐❜r❡ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ ❞✬♦r❞r❡ ✭✐❝✐ ❧❛ ❝♦♠♣♦s✐t✐♦♥✮✳ P❛r ❡①❡♠♣❧❡✱ ❞❛♥s
❧❡ ❝❛s ❞✬✉♥❡ s♦❧✉t✐♦♥ ré❣✉❧✐èr❡✱ ❧❛ ❝♦♥❞✐t✐♦♥ ∂2Gm

∂x2
B

= 0 ❞♦♥♥❡ ✿

Tsp = 4TcxB(1 − xB) ✭✶✳✸✮

▲❛ ✜❣✉r❡ ✶✳✶ ♣❡r♠❡t ❞❡ ✈✐s✉❛❧✐s❡r ❧❡s ❞✐✛ér❡♥t❡s ré❣✐♦♥s q✉❡ ❞é✜♥✐ss❡♥t ❧❛ ❜✐♥♦❞❛❧❡ ❡t ❧❛
s♣✐♥♦❞❛❧❡✳ ▲❛ ❜✐♥♦❞❛❧❡ sé♣❛r❡ ✉♥❡ ③♦♥❡ ✭■✮ ♦ù ❧❡s ❞❡✉① ❝♦♠♣♦sés ❆ ❡t ❇ s♦♥t
♠✐s❝✐❜❧❡s ❞✬✉♥❡ ③♦♥❡ ✭■■✮ ♦ù ✐❧s ♥❡ ❧❡ s♦♥t ♣❧✉s✳ ▲❛ ❝♦✉r❜❡ s♣✐♥♦❞❛❧❡ sé♣❛r❡ ❝❡tt❡
❞❡r♥✐èr❡ ré❣✐♦♥ ❡♥ ❞❡✉① ✿ ✉♥❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❡ s②stè♠❡ ❡st st❛❜❧❡ ✈✐s à ✈✐s ❞❡ ♣❡✲
t✐t❡s ✢✉❝t✉❛t✐♦♥s ❞❡ ❝♦♠♣♦s✐t✐♦♥ ✭♠ét❛st❛❜✐❧✐té✱ ③♦♥❡ ■■❛✮✱ ❧✬❛✉tr❡ ❞❛♥s ❧❛q✉❡❧❧❡
❧❡ s②stè♠❡ ❡st ✐♥st❛❜❧❡ ✈✐s à ✈✐s ❞❡ ❝❡s ♣❡t✐t❡s ✢✉❝t✉❛t✐♦♥s ✭✐♥st❛❜✐❧✐té ✿ ③♦♥❡
■■❜✮✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❞❛♥s ❧❡ ❝❛s ♠ét❛st❛❜❧❡✱ ❧❛ sé♣❛r❛t✐♦♥ ❞❡ ♣❤❛s❡ ♥é❝❡ss✐t❡ ❧❡ ❢r❛♥❝❤✐s✲
s❡♠❡♥t ❞✬✉♥❡ ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧ ✭❧❛ ❜❛rr✐èr❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥✮✱ ❛❧♦rs q✉❡ ❧❛ sé♣❛r❛t✐♦♥ ❞❡
♣❤❛s❡ s❡ ❢❛✐t s♣♦♥t❛♥é♠❡♥t ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❞é❝♦♠♣♦s✐t✐♦♥ s♣✐♥♦❞❛❧❡✳ ❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s

✶❙❛✉❢ s✐ ✐❧ ② ❛ ❝♦❡①✐st❡♥❝❡ ❞❡s ❞❡✉① ♣❤❛s❡s ❧✐q✉✐❞❡ ❡t s♦❧✐❞❡✱ ❝❡ ❞❡r♥✐❡r ♣♦✐♥t ❡st ❞✐✛ér❡♥t ❞✉ ❝❛s ❞✬✉♥
s②stè♠❡ à ✉♥ s❡✉❧ ❝♦♥st✐t✉❛♥t✳
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❝♦♥s✐❞ér♦♥s ❞❡s s②stè♠❡s ♦ù ❧❛ ❢r❛❝t✐♦♥ ❞❡ s♦❧✉té ♥❡ ❞é♣❛ss❡ ♣❛s ❧✬♦r❞r❡ ❞✉ ♣♦✉r❝❡♥t ✭✜❣✉r❡
✶✳✶ ❜✮✱ ❡t ✐❧s s❡r♦♥t ❞♦♥❝ ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ❞❛♥s ✉♥ ét❛t ♠ét❛st❛❜❧❡ ✭ré❣✐♦♥ ■■❛✮ ❛✉ ❞é❜✉t
❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳

❋✐❣✳ ✶✳✶✿ ✭❛✮ ✿ ❣r❛♣❤❡ ♠♦♥tr❛♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ sé♣❛r❛t✐♦♥ ❞❡ ♣❤❛s❡
Tb ✭❝♦✉r❜❡ ❜✐♥♦❞❛❧❡✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♠é❧❛♥❣❡ q✉✐ ❡st ✐❝✐ ❧❡ ♣❛r❛✲
♠ètr❡ ❞✬♦r❞r❡ ❞❡ ❧❛ tr❛♥s✐t✐♦♥✳ ❈❡tt❡ ❝♦✉r❜❡ sé♣❛r❡ ❧❡ ❞♦♠❛✐♥❡ ❞❡ ♠✐s❝✐❜✐❧✐té ✭■✮ ❞✉
❞♦♠❛✐♥❡ ❞✬✐♠♠✐s❝✐❜✐❧✐té ✭■■✮✳ ❈❡ ❞❡r♥✐❡r ❡st sé♣❛ré ❡♥ ❞❡✉① ♣❛r ❧❛ ❝♦✉r❜❡ s♣✐♥♦❞❛❧❡
Ts(xB) ❡♥ ✉♥ ❞♦♠❛✐♥❡ ❞❡ ♠ét❛st❛❜✐❧✐té ✭■■❛✮ ❡t ✉♥ ❞♦♠❛✐♥❡ ❞✬✐♥st❛❜✐❧✐té ✭■■❜✮✳ ✭❜✮
❡st ✉♥ ❛❣r❛♥❞✐ss❡♠❡♥t ❞✉ ❣r❛♣❤❡ ✭❛✮ ❞❛♥s ❧❛ ③♦♥❡ ❞❡s ❢❛✐❜❧❡s ❢r❛❝t✐♦♥s ❡♥ ❇✳ Tc ❡st
❧❛ t❡♠♣ér❛t✉r❡ ❝r✐t✐q✉❡✳

▲❡s ♣r✐♥❝✐♣❡s ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ♣❡r♠❡tt❡♥t ❞❡ ♣ré✈♦✐r ❧❛ st❛❜✐❧✐té ❞✬✉♥❡
♣❤❛s❡ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ❞♦♥♥é❡s ♠❛✐s ♥❡ ❞é❝r✐✈❡♥t ♣❛s ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛
tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡ ✭♣❛rt✐❡ ✶✳✷✮✳

✶✳✶✳✶ ➱q✉❛t✐♦♥ ❞❡ ●✐❜❜s✲❚❤♦♠♣s♦♥

❈❡ q✉✐ ❛ été é❝r✐t ♣❧✉s ❤❛✉t s✉r ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ s✉♣♣♦s❛✐t ✐♠♣❧✐✲
❝✐t❡♠❡♥t q✉❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ❡♥tr❡ ❧❡s ❞❡✉① ♣❤❛s❡s ét❛✐t ♣❧❛♥❡✳ ❖r✱ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥
❝♦♠♠❡♥❝❡ ♠✐❝r♦s❝♦♣✐q✉❡♠❡♥t ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞❡ q✉❡❧q✉❡s ❛t♦♠❡s✳
■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡ s✉r❢❛❝❡ ❞❛♥s ❧❛ t❤❡r♠♦❞②✲
♥❛♠✐q✉❡ ❞❡ ❧❛ ❞é♠✐①t✐♦♥✳ ❈❡❧❛ s❡ tr❛❞✉✐t ♣❛r ❧✬❛❥♦✉t ❞✬✉♥ t❡r♠❡ ❞❡ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡
dW = σdA à ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧✬❡♥t❤❛❧♣✐❡ ❧✐❜r❡ ❞✉ s②stè♠❡ ✭♦ù dW ❡st ✉♥ tr❛✈❛✐❧ é❧é♠❡♥t❛✐r❡
❛ss♦❝✐é à ❧✬❛❝❝r♦✐ss❡♠❡♥t dA ❞❡ ❧✬❛✐r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡✱ σ ❡st ✉♥❡ é♥❡r❣✐❡ ✐♥t❡r❢❛❝✐❛❧❡✮✳ ❈❡ t❡r♠❡
s✉♣♣❧é♠❡♥t❛✐r❡ ❞❡ tr❛✈❛✐❧ ♣❡✉t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ tr❛✈❛✐❧ ❞❡s ❢♦r❝❡s ❞❡ ♣r❡ss✐♦♥✳
❙✐ ♦♥ ❝♦♥s✐❞èr❡ ✉♥ s②stè♠❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ à ❞❡✉① ❝♦♥st✐t✉❛♥ts ❆ ❡t ❇ ❞❛♥s ❞❡s ❝♦♥❞✐✲
t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❡t ❞❡ ♣r❡ss✐♦♥ t❡❧❧❡s q✉✬✐❧ ② ❛ ❞é♠✐①t✐♦♥ ❡♥tr❡ ❞❡✉① ♣❤❛s❡s α ❡t β✱ ❧❡s
❝♦♥❞✐t✐♦♥s ❞✬éq✉✐❧✐❜r❡ ❝❤✐♠✐q✉❡ s✬é❝r✐✈❡♥t ✿

µβA(xβB , P
β) = µαA(xαB , P

α) ✭✶✳✹✮

µβB(xβB , P
β) = µαB(xαB , P

α) ✭✶✳✺✮
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❋✐❣✳ ✶✳✷✿ ❊✛❡t ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❡♥tr❡ ❞❡✉① ♣❤❛s❡s s✉r ❧✬éq✉✐❧✐❜r❡ ❞❡
s♦❧✉❜✐❧✐té✳

❛✈❡❝ µji ❧❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞❡ ❧✬❡s♣è❝❡ i ❞❛♥s ❧❛ ♣❤❛s❡ j✳ ❊t s✐ ❞❡ ♣❧✉s ❧❛ ♣❤❛s❡ β ❡st s♦✉s
❢♦r♠❡ s♣❤ér✐q✉❡ ✭❞❡ r❛②♦♥ R✮✱ ❧✬éq✉✐❧✐❜r❡ ♠é❝❛♥✐q✉❡ s✬é❝r✐t ♠❛✐♥t❡♥❛♥t ✿

P β = Pα + 2σ/R ✭✶✳✻✮

❛✈❡❝ P i ❧❛ ♣r❡ss✐♦♥ ❞❛♥s ❧❛ ♣❤❛s❡ i✳ ❉❡ ❝❡s ❝♦♥❞✐t✐♦♥s ❞✬éq✉✐❧✐❜r❡✱ ❧✬éq✉❛t✐♦♥ ❞❡ ●✐❜❜s✲
❚❤♦♠♣s♦♥ ✭●❚✮ ❞♦♥♥❡ ❧❛ ❢r❛❝t✐♦♥ ♠♦❧❛✐r❡ ❞❡ ❇ ❞❛♥s ❧❛ ♣❤❛s❡ α à ❧✬✐♥t❡r❢❛❝❡ ❛✈❡❝
❧❛ ♣❤❛s❡ β ✭xα,GTB ✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ♠♦❧❛✐r❡ ❞❡ ❇ ♣rès ❞✬✉♥❡ ✐♥t❡r❢❛❝❡
♣❧❛♥❡ ✭xα,pB ✮ ❞❛♥s ❧❡s ♠ê♠❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♣r❡ss✐♦♥ ❡t ❞❡ t❡♠♣ér❛t✉r❡ ✭✜❣✉r❡
✶✳✷✮ ✿

xα,GTB (R) = xα,pB exp
(

2Vmσ
kBTR

)
✭✶✳✼✮

♦ù Vm ❡st ❧❡ ✈♦❧✉♠❡ ♠♦❧❛✐r❡ ❞✉ s♦❧✉té✳ ▲❛ ❞✐st❛♥❝❡ l = 2Vmσ/kBT ❡st ❛♣♣❡❧é❡ ❞✐st❛♥❝❡
❞❡ ❝❛♣✐❧❧❛r✐té✳ P❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ CdS✱ ♦♥ tr♦✉✈❡ ✉♥❡ ✈❛❧❡✉r ♠❛①✐♠✉♠ ♣♦✉r
σ ❞❡ 0, 15 J.m−2 ❬✶✾❪✳ ❙❛❝❤❛♥t q✉❡ ❧❡ ✈♦❧✉♠❡ ♠♦❧❛✐r❡ ❞❡ CdS ❡st ❞❡ 2, 4 m3.mol−1 ♦✉
2, 95 m3.mol−1 s✉✐✈❛♥t q✉✬✐❧ ❡st ❞❛♥s s❛ ❢♦r♠❡ ❤❡①❛❣♦♥❛❧❡ ♦✉ ❝✉❜✐q✉❡✱ ♦♥ tr♦✉✈❡ à 300 K
✉♥❡ ❞✐st❛♥❝❡ ❞❡ ❝❛♣✐❧❧❛r✐té ❞✬❡♥✈✐r♦♥ 3 nm✳

✶✳✷ P❤②s✐q✉❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡

❉❛♥s ♥♦s ✈❡rr❡s✱ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❛ ❧✐❡✉ à ❧✬ét❛t s♦❧✐❞❡✳ ❯♥ ❞✐❛❣r❛♠♠❡ ❞❡ ♣❤❛s❡ ❞✉ t②♣❡
❞❡ ❝❡❧✉✐ ❞❡ ❧❛ ✜❣✉r❡ ✶✳✸ ♣❡r♠❡t ❞❡ ✈✐s✉❛❧✐s❡r ❧❛ s✐t✉❛t✐♦♥✳ ❙❡ ♣❧❛❝❡r ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s t❤❡r✲
♠♦❞②♥❛♠✐q✉❡s ❞❡ ❞é♠✐①t✐♦♥ ✭ré❣✐♦♥ ■■✮ ♥✬❡st ❝❡♣❡♥❞❛♥t ♣❛s s✉✣s❛♥t ♣♦✉r q✉❡ ❧❛ ❝r♦✐ss❛♥❝❡
s❡ ❞é❝❧❡♥❝❤❡✳ ❊♥ ❡✛❡t✱ ♣♦✉r ❞❡s t❡♠♣ér❛t✉r❡s s✉✣s❛♠♠❡♥t ❜❛ss❡s ✭Ttrempe ♣❛r ❡①❡♠♣❧❡✮✱
❧❡s ❞é♣❧❛❝❡♠❡♥ts ❞❡s ❛t♦♠❡s ❞❛♥s ✉♥ s♦❧✐❞❡ s♦♥t q✉❛s✐♠❡♥t ✐♥❡①✐st❛♥ts ✿ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❡st
❜❧♦q✉é❡ ❝✐♥ét✐q✉❡♠❡♥t✳ ▲❡s ✈❡rr❡s ❞♦♣és ❧♦rs ❞❡ ❧❡✉r ❢✉s✐♦♥ ♣❛r ✉♥ é❧é♠❡♥t ♥♦♥ ♠✐s❝✐❜❧❡
♣✉✐s tr❡♠♣és à ❧❛ ✜♥ ❞❡ ❧❡✉r ❢✉s✐♦♥ s♦♥t ❞❛♥s ❝❡tt❡ s✐t✉❛t✐♦♥✱ ❞❡ ♠ê♠❡ q✉❡ ❧❡s ✈❡rr❡s ❞♦♣és
♣❛r ✐♠♣❧❛♥t❛t✐♦♥ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ❯♥ r❡❝✉✐t ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❛✜♥ ❞❡ ❢❛✈♦r✐s❡r
❧❛ ❞✐✛✉s✐♦♥✱ ♠♦t❡✉r ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳ ➪ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ r❡❝✉✐t ✭Trecuit✮ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥
❡st ♣❡r♠✐s❡ t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t s✐ ❧❡ ❞♦♣❛❣❡ ✐♥✐t✐❛❧ ❡♥ ❇ x0

B ❡st s✉♣ér✐❡✉r à ❧❛ ❧✐♠✐t❡ ❞❡
s♦❧✉❜✐❧✐té xα,pB ❞❡ ❇ ❞❛♥s ❧❛ ♣❤❛s❡ α✳ ▲❛ s✉rs❛t✉r❛t✐♦♥ ❙ ♣❡r♠❡t ❞❡ q✉❛♥t✐✜❡r ❝❡t ❡①❝ès✱ ❡t
s❡ ❞é✜♥✐t ♣❛r ✿

S(t) =
<xB>(t)−xα,p

B

xβ,p
B −xα,p

B

✭✶✳✽✮

< xB > (t) ❡st ❧❛ ❢r❛❝t✐♦♥ ♠♦②❡♥♥❡ ❞❡ ❇ ❞❛♥s ❧❛ ♣❤❛s❡ α ❛✉ ❝♦✉rs ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥
✭< xB > (t = 0) = x0

B ❞❛♥s ❧❛ s✉✐t❡✮✳ ❈♦♠♠❡ ❞❡s ❛t♦♠❡s ❞❡ ❇ s♦♥t ♣r♦❣r❡ss✐✈❡♠❡♥t r❡t✐rés
❞✉ ♠✐❧✐❡✉ ✐♥✐t✐❛❧ ✭q✉✐ t❡♥❞ ❛❧♦rs ✈❡rs ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ♣❤❛s❡ α✮ ♣♦✉r ❢❛✐r❡ ❝r♦îtr❡ ❧❛ ♣❤❛s❡
β✱ ❧❛ s✉rs❛t✉r❛t✐♦♥ ❛ t❡♥❞❛♥❝❡ à ❞✐♠✐♥✉❡r ❛✈❡❝ ❧✬❛✈❛♥❝❡♠❡♥t ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✱ s❛✉❢ s✬✐❧ ❡①✐st❡



✶✹

❋✐❣✳ ✶✳✸✿ ❉✐❛❣r❛♠♠❡ ❞❡ ♣❤❛s❡ ❞✬✉♥ s②stè♠❡ ❜✐♥❛✐r❡ ❆✲❇✳ ■❧ ❝♦♠❜✐♥❡ à ❧❛ ❢♦✐s
✉♥❡ tr❛♥s✐t✐♦♥ ❧✐q✉✐❞❡✲s♦❧✐❞❡ ✭❧❡s ré❣✐♦♥s ■❛ ❡t ■❜✮ ❡t ✉♥❡ tr❛♥s✐t✐♦♥ ❞❡ ❞é♠✐①t✐♦♥
✭ré❣✐♦♥ ■■ ❞é❧✐♠✐té❡ ♣❛r ❧❛ ❜✐♥♦❞❛❧❡✱ ❞❡ ♠ê♠❡ q✉❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✶✳✶✮✳ ❊ ❡st ❧❡ ♣♦✐♥t
❡✉t❡❝t✐q✉❡✳ ❉❛♥s ❧❛ ré❣✐♦♥ α s❡ ❢♦r♠❡ ✉♥ ❛❧❧✐❛❣❡ s♦❧✐❞❡ r✐❝❤❡ ❡♥ ❆✱ ❧✬❛❧❧✐❛❣❡ ❞❡ ❧❛
ré❣✐♦♥ β ét❛♥t r✐❝❤❡ ❡♥ ❇✳ ❈❡ q✉✐ ♥♦✉s ✐♥tér❡ss❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ ❡st ❧❛ ♣ré❝✐♣✐t❛t✐♦♥
❞❡ ❧❛ ♣❤❛s❡ β ❞❛♥s ❧❛ ♣❤❛s❡ α ✭❞é♠✐①t✐♦♥ à ❧✬ét❛t s♦❧✐❞❡✮ ❡t ♥♦♥ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥
❞✬✉♥❡ ♣❤❛s❡ s♦❧✐❞❡ ✭α ♦✉ β✮ ❞❛♥s ❧❡ ❧✐q✉✐❞❡ ✭❝r✐st❛❧❧✐s❛t✐♦♥✮✳ ❯♥ t❡❧ ❞✐❛❣r❛♠♠❡
♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡s ❡✛❡ts ❞❡ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡✱ q✉✐ ♣❡✉✈❡♥t ❝❡♣❡♥❞❛♥t
♠♦❞✐✜❡r ❞❡ ♠❛♥✐èr❡ ✐♠♣♦rt❛♥t❡ ❧❡s ❢r♦♥t✐èr❡s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❬❪✳



✶✺

❞❡s s♦✉r❝❡s ❡①tér✐❡✉r❡s ❞❡ ❇✳

❋✐❣✳ ✶✳✹✿ ■❧❧✉str❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳

▲✬❛♣♣❛r✐t✐♦♥ ❞❡ ❧❛ ♣❤❛s❡ β ❞❛♥s ❧❛ ♣❤❛s❡ α ✲ ét❛♣❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥ ✲ ❡st ❞✉❡ à ❧✬❡①✐s✲
t❡♥❝❡ ❞❡ ✢✉❝t✉❛t✐♦♥s ❞❡ ❝♦♠♣♦s✐t✐♦♥✱ t♦✉❥♦✉rs ♣rés❡♥t❡s ❞❛♥s ✉♥ s②stè♠❡ ♠ê♠❡ à ❧✬éq✉✐❧✐❜r❡✳
◆♦✉s ❛✈♦♥s ❞é❥à ✈✉ ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ♣❤❛s❡s ✭♣❛rt✐❡ ✶✳✶✮✱ q✉✬✉♥ s②stè♠❡
♣❧❛❝é ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❞é♠✐①t✐♦♥ ❡st s❡♥s✐❜❧❡ ❞❡ ♠❛♥✐èr❡ ❞✐✛ér❡♥t❡ à ❞✬✐♥✜♠❡s ♣❡rt✉r✲
❜❛t✐♦♥s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ s✉✐✈❛♥t q✉✬✐❧ ❡st ❞❛♥s ✉♥❡ ③♦♥❡ ❞❡ ♠ét❛st❛❜✐❧✐té ♦✉ ❞❛♥s ✉♥❡ ③♦♥❡
❞✬✐♥st❛❜✐❧✐té✳ ❈♦♠♠❡ ♠❡♥t✐♦♥♥é ♣❧✉s ❤❛✉t✱ ♥♦✉s ♥♦✉s ♣ré♦❝❝✉♣❡r♦♥s ✉♥✐q✉❡♠❡♥t ❞❛♥s ❧❛
♣❛rt✐❡ ✶✳✷✳✶ ❞❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ à ♣❛rt✐r ❞✬✉♥ s②stè♠❡ ♠ét❛st❛❜❧❡✱ ♣♦✉r ❧❡q✉❡❧
❧❡s ✢✉❝t✉❛t✐♦♥s ❞♦✐✈❡♥t ❞é♣❛ss❡r ✉♥ ❝❡rt❛✐♥ s❡✉✐❧ ❞✬é♥❡r❣✐❡ ♣♦✉r s❡ ❞é✈❡❧♦♣♣❡r✳
▲❛ ❢♦r♠❛t✐♦♥ ❞❡ ✢✉❝t✉❛t✐♦♥s ❞❡ ❝♦♠♣♦s✐t✐♦♥ st❛❜❧❡s ✐♥❞✉✐t ❞❛♥s ❧❛ ♣❤❛s❡ ✐♥✐t✐❛❧❡♠❡♥t ❤♦✲
♠♦❣è♥❡ ❞❡s ❣r❛❞✐❡♥ts ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❡♥tr❡ ❧❡s ❣❡r♠❡s ❞❡ ❧❛ ♣❤❛s❡ β ❡t ❧❡ r❡st❡ ❞✉
s②stè♠❡✱ r✐❝❤❡ ❡♥ ❆✳ ❈❡s ❣r❛❞✐❡♥ts ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ s♦♥t ❧❡ ♠♦t❡✉r ❞❡ ❧❛ sé♣❛r❛t✐♦♥ ❞❡
♣❤❛s❡ ♣❡♥❞❛♥t ❧✬ét❛♣❡ ❞❡ ❝r♦✐ss❛♥❝❡ ✭♣❛rt✐❡ ✶✳✷✳✷✮ q✉✐ s✉✐t ❝❡❧❧❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥✳
❋✐♥❛❧❡♠❡♥t✱ ♣♦✉r ❞❡s s②stè♠❡s ❢❡r♠és✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❛ s✉rs❛t✉r❛t✐♦♥ ❞✐♠✐♥✉❡ à ♠❡s✉r❡
q✉❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❛✈❛♥❝❡✳ ▲❛ ❝r♦✐ss❛♥❝❡ ❞✬✉♥ ♣ré❝✐♣✐té ❞♦♥♥é s✉❜✐t ❛❧♦rs ❧✬✐♥✢✉❡♥❝❡ ❞❡s ♣ré❝✐✲
♣✐tés ❡♥✈✐r♦♥♥❛♥ts✱ ❡t ❧❡s ❡✛❡ts ❞❡ ❧❛ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡✳ ❈✬❡st ❧✬ét❛♣❡ ❞✐t❡ ❞❡♠ûr✐ss❡♠❡♥t
❞✬❖st✇❛❧❞ ✭♣❛rt✐❡ ✶✳✷✳✸✮✳

✶✳✷✳✶ ●❡r♠✐♥❛t✐♦♥

▲❡s ♣r❡♠✐èr❡s ❞❡s❝r✐♣t✐♦♥s ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ♦♥t été ❢❛✐t❡s ♣❛r ●✐❜❜s ❬✷✵❪ ♣✉✐s ♣❛r ▲❛♥✲
❞❛✉ ❡t ▲✐❢s❤✐t③ ❬✶✽❪ s✉r ❧❛ ❜❛s❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ❡t ♣❡r♠❡tt❡♥t ❞❡ ❞ér✐✈❡r ❧✬❡①♣r❡ss✐♦♥
❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❡t ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ❣❡r♠❡ ❡♥ éq✉✐❧✐❜r❡ ✐♥st❛❜❧❡ ❛✈❡❝ ❧❛ ♠❛tr✐❝❡✳ ◆é❛♥♠♦✐♥s
❝❡tt❡ ❞❡s❝r✐♣t✐♦♥ ♥❡ ❝♦♥t✐❡♥t ♣❛s ❧❡ ❢❛❝t❡✉r ❞é❝❧❡♥❝❤❛♥t ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ✲ ❧✬❡①✐st❡♥❝❡ ❞❡
✢✉❝t✉❛t✐♦♥s ✲ ❡t ♦♥ ♣ré❢ér❡r❛ ✐❝✐ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❜❛sé❡ s✉r ❧❛ ♠é❝❛♥✐q✉❡ st❛t✐st✐q✉❡✳

▼♦❞è❧❡ ❝✐♥ét✐q✉❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥

❉❛♥s ❧❡s t❤é♦r✐❡s ❞❡ ❝❤❛♠♣ ♠♦②❡♥✱ ❧❛ ♥♦♥✲♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ✢✉❝t✉❛t✐♦♥s ❡♥tr❛î♥❡ ❞❡s
ét❛ts ♠ét❛st❛❜❧❡s ❞❡ ❞✉ré❡ ❞❡ ✈✐❡ ✐♥✜♥✐❡✳❉❡♣✉✐s ❱♦❧❧♠❡r ❬✷✶❪ ❡t ❇❡❝❦❡r ❡t ❉ör✐♥❣ ❬✷✷❪✱
♦♥ ❝♦♥♥❛ît ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ✢✉❝t✉❛t✐♦♥s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❛♥s ❧❛ r❡❧❛①❛t✐♦♥ ❞❡
❧✬ét❛t ♠ét❛st❛❜❧❡ ✈❡rs ❧✬éq✉✐❧✐❜r❡✳ ▲❡✉r ♠♦❞è❧❡ ❞é❝r✐t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ✧❣♦✉tt❡s✧
✭❧❡s ✢✉❝t✉❛t✐♦♥s✮ ❝♦♥t❡♥❛♥t l ❛t♦♠❡s✱ ♣❛r ❝♦♥❞❡♥s❛t✐♦♥ ♦✉ é✈❛♣♦r❛t✐♦♥ ❞✬❛❣ré✲
❣❛ts ❞❡ t❛✐❧❧❡ l′ q✉❡❧❝♦♥q✉❡✳

❖♥ ♠♦♥tr❡ ❛❧♦rs q✉❡ ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ❧❛



✶✻

s♦♠♠❡ ❞❡ ❞❡✉① ❝♦♠♣♦s❛♥t❡s ✿

∂nl(t)
∂t = ∂nl(t)

∂t

∣∣∣
cond

+ ∂nl(t)
∂t

∣∣∣
coag

✭✶✳✾✮

▲❛ ♣r❡♠✐èr❡ ❞é❝r✐t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ♣❛r ❝♦♥❞❡♥s❛t✐♦♥ ❞❡s ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡ l ❛✈❡❝
❝❡✉① ❞❡ t❛✐❧❧❡s l′ < lc ≪ l✱ ❛❧♦rs q✉❡ ❧❛ ❞❡✉①✐è♠❡ ❞é❝r✐t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ♣❛r ❝♦❛✲
❣✉❧❛t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ ♣❛r ét❛♣❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❛✈❡❝ ❧❡s ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡ l′ > lc✳ lc
❡st r❡❧✐é à ❧❛ t❛✐❧❧❡ ❞❡s ✢✉❝t✉❛t✐♦♥s ❞✉ s②stè♠❡✳

❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ à ❧✬ét❛t s♦❧✐❞❡✱ ♦♥ ✐♠❛❣✐♥❡ ♠❛❧ ❧❛ ❞✐✛✉s✐♦♥ ❞✬❛❣ré❣❛ts ❞❡
t❛✐❧❧❡ s✉♣ér✐❡✉r❡ à q✉❡❧q✉❡s ❛t♦♠❡s✳ ❖♥ ❡st ❞♦♥❝ ♣❧✉tôt ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡
♣❛r ❝♦♥❞❡♥s❛t✐♦♥✱ ❞♦♥t ❧❡ t❡r♠❡ s✬é❝r✐t ✿

∂nl(t)

∂t

∣∣∣
cond

=
∂

∂l

[
Rl

∂

∂l
nl(t) −

∂

∂l

(
∆Fl
kBT

)
Rlnl(t)

]
✭✶✳✶✵✮

❛✈❡❝ Rl = 1
neq

l

∑
l′ l

′2W (l, l′) ❞é♣❡♥❞❛♥t ❞❡s t❛✉① ❞❡ ré❛❝t✐♦♥ W (l, l′) ❡♥tr❡ ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡
l ❡t l′ ✭s✉r❢❛❝❡ ❞❡ ❧✬❛❣ré❣❛t ♠✉❧t✐♣❧✐é❡ ♣❛r s♦♥ t❛✉① ❞❡ r❡♥❝♦♥tr❡ ❛✈❡❝ ❧❡s ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡
l′✮✱ ❡t ∆Fl ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❛❣ré❣❛t ❞❡ t❛✐❧❧❡ l✳
▲✬éq✉❛t✐♦♥ ✭✶✳✶✵✮ ❡st ❞❡ ❧❛ ❢♦r♠❡ ✿

dnl(t)
dt + d

dlJl = 0 ✭✶✳✶✶✮

q✉✐ ♥✬❡st ❛✉tr❡ q✉❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❝❧✉st❡rs ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s
t❛✐❧❧❡s l✳ ▲❡ ❝♦✉r❛♥t ❞❡ ❝❧✉st❡rs Jl s❡ s❝✐♥❞❡ ❡♥ ✉♥❡ ❝♦♠♣♦s❛♥t❡ ✧❞✐✛✉s✐✈❡✧ Jdiff = Rl

∂
∂lnl(t)

❡t ✉♥❡ ❝♦♠♣♦s❛♥t❡ ❞❡ ✧❞ér✐✈❡✧ Jder = − ∂
∂l (

∆Fl

kBT
)Rlnl(t) ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s t❛✐❧❧❡s ❞✬❛❣ré❣❛t✳

▲❛ ❝♦♠♣♦s❛♥t❡ ❞✐✛✉s✐✈❡ ❡st ✉♥ t❡r♠❡ ❞❡ ✢✉❝t✉❛t✐♦♥s ❞❡ t❛✐❧❧❡✳ ❊❧❧❡ t❡♥❞ à é❧❛r❣✐r ❧❛ ❞✐str✐✲
❜✉t✐♦♥ ✐♥✐t✐❛❧❡ ❞❡ t❛✐❧❧❡ ✭n1 = ni✱ nl 6=0 = 0✮ ✿ ❝✬❡st ❧❛ s♦✉r❝❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✳ P❛r ❝♦♥tr❡✱
❧❡ s✐❣♥❡ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ❞ér✐✈❡ ❞✉ ❝♦✉r❛♥t ❞✬❛❣ré❣❛t ❞❛♥s ✭✶✳✶✵✮ ❞é♣❡♥❞ ❞❡ ❧❛ ♣❡♥t❡
∂∆Fl

∂l ✿ s♦♥ ♦r✐❣✐♥❡ ❡st t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ❡❧❧❡ ♣♦✉ss❡ ❧❡ s②stè♠❡ à ♠✐♥✐♠✐s❡r s♦♥ é♥❡r❣✐❡ ❧✐❜r❡✳

■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞✬❛✈♦✐r ✉♥❡ é✈❛❧✉❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ∆Fl ❞✬✉♥❡ ❣♦✉tt❡ ❡♥ ❢♦♥❝✲
t✐♦♥ ❞❡ s❛ t❛✐❧❧❡✳ ❈❡tt❡ é♥❡r❣✐❡ ✈❛ ❞é♣❡♥❞r❡ ❞❡s ❝♦♥❞✐t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s ❛✉①q✉❡❧❧❡s ❡st
s♦✉♠✐s ❧❡ s②stè♠❡✳ ❙✐ ♦♥ s❡ ♣❧❛❝❡ à ❧❛ tr❛♥s✐t✐♦♥✱ ❧❡s ♣♦t❡♥t✐❡❧s ❝❤✐♠✐q✉❡s ❞❡s ❞❡✉① ♣❤❛s❡s
α ❡t β s♦♥t é❣❛✉① ✿ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❣♦✉tt❡ ♥❡ ❝♦ût❡ q✉❡ ❧✬é♥❡r❣✐❡ ♣♦✉r ❢♦r♠❡r ❧✬✐♥t❡r❢❛❝❡
❡♥tr❡ ❧❡s ❞❡✉① ♣❤❛s❡s ✭t❡r♠❡ γl2/3 ♣r♦♣♦rt✐♦♥♥❡❧ à ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬❛❣ré❣❛t✮✳ ❙✐ ♦♥ s❡ ❞é♣❧❛❝❡
♠❛✐♥t❡♥❛♥t ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞✬✐♠♠✐s❝✐❜✐❧✐té ✭❡♥ ❜❛✐ss❛♥t ❧❛ t❡♠♣ér❛t✉r❡ ♣❛r ❡①❡♠♣❧❡✮✱ ❧❡ ♣♦✲
t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❞❡s ❞❡✉① ♣❤❛s❡s ♥✬❡st ♣❧✉s é❣❛❧ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❣♦✉tt❡ s✬❛❝❝♦♠♣❛❣♥❡
❞✬✉♥ ❣❛✐♥ ❞✬é♥❡r❣✐❡ ♣r♦♣♦rt✐♦♥♥❡❧ ❛✉ ✈♦❧✉♠❡ ❞❡ ❧❛ ❣♦✉tt❡✳ ▲✬é♥❡r❣✐❡ ❧✐❜r❡ ∆Fl ♣❡✉t ❞♦♥❝
s✬é❝r✐r❡ ✿

∆Fl = γl2/3 − δSl ✭✶✳✶✷✮

♦ù γ ❡st r❡❧✐é à ❧❛ t❡♥s✐♦♥ ❞❡ s✉r❢❛❝❡✱ S ❡st ❧❛ s✉rs❛t✉r❛t✐♦♥ ✭éq✉❛t✐♦♥ ✭✶✳✽✮✮ ❡t
δ ✉♥ ♣❛r❛♠ètr❡ ♣♦s✐t✐❢✳ ▲✬é♥❡r❣✐❡ ❧✐❜r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ l ♣rés❡♥t❡ ❞♦♥❝ ✉♥ ♠❛①✐✲
♠✉♠ ♣♦✉r ✉♥❡ t❛✐❧❧❡ ❛♣♣❡❧é❡ t❛✐❧❧❡ ❝r✐t✐q✉❡ l∗ = ( 2γ

3δS )3✳ ❖♥ s✉♣♣♦s❡r❛ ❞❛♥s ❧❛ s✉✐t❡
q✉❡ ❝❡tt❡ ❡①♣r❡ss✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡✱ ❝❛❧❝✉❧é❡ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❞✬éq✉✐❧✐❜r❡✱ r❡st❡ ✈❛❧❛❜❧❡
❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ét❛t ♠ét❛st❛❜❧❡✳

❆✐♥s✐ ✭✜❣✉r❡ ✶✳✺✮ ✿



✶✼

❋✐❣✳ ✶✳✺✿ ❆❧❧✉r❡ ❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ∆Fl ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ l ❞✬✉♥ ❛❣ré❣❛t ✭éq✉❛✲
t✐♦♥ ✭✶✳✶✷✮✮✳ P♦✉r ❞❡s ✈❛❧❡✉rs ❛❞éq✉❛t❡s ❞❡ ❧❛ s✉rs❛t✉r❛t✐♦♥ S✱ ∆Fl ♣rés❡♥t❡ ✉♥
♠❛①✐♠✉♠ à ❧❛ t❛✐❧❧❡ ❝r✐t✐q✉❡ l∗✳

♣♦✉r l < l∗ ✿ ∂∆Fl

∂l > 0✱ ❞♦♥❝ ❧❛ ❞ér✐✈❡ s✬♦♣♣♦s❡ à ❧❛ ❞✐✛✉s✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ s✐ ✉♥ ❛❣ré❣❛t
❞❡ t❛✐❧❧❡ ❝♦♠♣r✐s❡ ❞❛♥s ❝❡tt❡ ❣❛♠♠❡ s❡ ❢♦r♠❡✱ ✐❧ ❛ ♣❧✉tôt t❡♥❞❛♥❝❡ à s❡ ❞✐ss♦✉❞r❡ ❀

♣♦✉r l > l∗ ✿ ❧❛ ❞ér✐✈❡ ✈❛ ❞❛♥s ❧❡ ♠ê♠❡ s❡♥s q✉❡ ❧❛ ❞✐✛✉s✐♦♥ ❡t ❞♦♥❝ ❧❡s ❛❣ré❣❛ts q✉✐ ❢r❛♥✲
❝❤✐ss❡♥t ❧❛ t❛✐❧❧❡ ❝r✐t✐q✉❡ l∗ ❝r♦✐ss❡♥t✳

❈❡tt❡ ❛♣♣r♦❝❤❡ st❛t✐st✐q✉❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ♣❡r♠❡t ❞❡ ❜✐❡♥ r❡♥❞r❡ ❝♦♠♣t❡ ❞❡ ❧✬✐♥✢✉❡♥❝❡
❞❡s ✢✉❝t✉❛t✐♦♥s ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞❡ ❣❡r♠✐♥❛t✐♦♥✲ ❝r♦✐ss❛♥❝❡✳ P❧✉s ✐♥tér❡ss❛♥t✱ ❡❧❧❡ ❡st
❣é♥ér❛❧✐s❛❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞✬❛❣ré❣❛ts ❞é✜♥✐s ♥♦♥ ♣❛s s❡✉❧❡♠❡♥t ♣❛r ❧❡✉r t❛✐❧❧❡
♠❛✐s ❛✉ss✐ ♣❛r ❞✬❛✉tr❡s ❝♦♦r❞♦♥♥é❡s ❝♦♠♠❡ ❧❡✉r ❢♦r♠❡✱ ❧❡✉r ❝❤❛r❣❡✱ ❧❛ ❣❡r♠✐✲
♥❛t✐♦♥ ❞✬❛❣ré❣❛ts ❝♦♠♣♦s✐t❡s✳ ✳ ✳ ❊❧❧❡ ♣❡r♠❡ttr❛ ❞♦♥❝ ❞❡ ♠✐❡✉① ❞é❝r✐r❡ ❧❛ ❣❡r♠✐✲
♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❛♥s ❧❡s ✈❡rr❡s✱ ❞❛♥s ❧❡sq✉❡❧s ✐❧ ❢❛✉t t❡♥✐r ❝♦♠♣t❡
❞❡s éq✉✐❧✐❜r❡s r❡❞♦① ❛✉①q✉❡❧s s♦♥t s♦✉♠✐s ❝❤❛q✉❡ ♠♦♥♦♠èr❡ ✭❝✬❡st ♣❛r ❡①❡♠♣❧❡
❧❡ ❝❛s ❞❡ ❧✬❛r❣❡♥t ❡t ❞❡s ❝❤❛❧❝♦❣è♥❡s ❞❛♥s ❝❡ tr❛✈❛✐❧✮✳

◆♦✉s s♦♠♠❡s ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s ♠ét❛st❛❜❧❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ✐❧ ❡①✐st❡
✉♥❡ ❜❛rr✐èr❡ é♥❡r❣ét✐q✉❡ ♣♦✉r ❧❛ ❣❡r♠✐♥❛t✐♦♥✳ ❊❧❧❡ s❡ ❝❛❧❝✉❧❡ ❛✐sé♠❡♥t à ♣❛rt✐r ❞❡ ❧✬é♥❡r❣✐❡
❧✐❜r❡ ❞✬✉♥ ❛❣ré❣❛t ✭✶✳✶✷✮ ✿

∆Fl∗ =
4γ3

27δ2S2
✭✶✳✶✸✮

❖♥ r❡♠❛rq✉❡ q✉❡ ❝❡tt❡ ❜❛rr✐èr❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❣r❛♥❞❡ ✭❞❡ ♠ê♠❡ q✉❡ ❧❛ t❛✐❧❧❡ ❝r✐t✐q✉❡
l∗ = ( 2γ

3δS )3✮ q✉❡ ❧❛ s✉rs❛t✉r❛t✐♦♥ S ❡st ❢❛✐❜❧❡ ❀ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧✬♦♥ s❡ r❛♣♣r♦❝❤❡ ❞❡ ❧❛ ❝♦✉r❜❡
❞❡ ❝♦❡①✐st❡♥❝❡✳

▲❡ t❛✉① ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❡st ❧❡ ♣r♦❞✉✐t ❞❡ ❞❡✉① t❡r♠❡s ✿ ❧❡ ♣r❡♠✐❡r ❡st ❞✉ t②♣❡ ❜❛rr✐èr❡
❞✬❛❝t✐✈❛t✐♦♥✱ r❡✢ét❛♥t ❧❡ ❢❛✐t q✉✬✐❧ ❢❛✉t q✉❡ ❧✬é♥❡r❣✐❡ ❞✉ ❣❡r♠❡ ❞é♣❛ss❡ ✉♥❡ ✈❛❧❡✉r ❝r✐t✐q✉❡
∆Fl∗ ♣♦✉r êtr❡ st❛❜❧❡ ❀ ❧✬❛✉tr❡ ét❛♥t ✉♥ t❡r♠❡ ❝✐♥ét✐q✉❡ ❞é♣❡♥❞❛♥t ❞❡s Rl ❞é✜♥✐s ♣❧✉s ❤❛✉t✱
❛✉tr❡♠❡♥t ❞✐t ❞❡ ❧❛ ✈✐t❡ss❡ à ❧❛q✉❡❧❧❡ ❧❡s ♠♦♥♦♠èr❡s s❡ ❞ét❛❝❤❡♥t ♦✉ s✬❛tt❛❝❤❡♥t à ❧✬❛❣ré❣❛t✳
❈❡ ❞❡r♥✐❡r ❢❛❝t❡✉r ♣❡✉t s❡ r❡❧✐❡r ❛✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞✉ ♠♦♥♦♠èr❡ ❞❛♥s ❧❛ ♠❛tr✐❝❡✱
q✉✐ ❡st s♦✉✈❡♥t ❧✉✐ ❛✉ss✐ s♦✉s ✉♥❡ ❢♦r♠❡ t❤❡r♠✐q✉❡♠❡♥t ❛❝t✐✈é❡✳ ▲❡ t❛✉① ❞❡ ❣❡r♠✐♥❛t✐♦♥
st❛t✐♦♥♥❛✐r❡ ♣❡✉t ❞♦♥❝ s❡ tr♦✉✈❡r ❞❛♥s ❧❡ ❧✐ttér❛t✉r❡ ✭❡✳❣✳ ❬✷✸❪✮ s♦✉s ❧❛ ❢♦r♠❡ ✿

J = J0exp
(
−∆GD

kBT

)
exp

(
−∆Fl∗

kBT

)
✭✶✳✶✹✮

♦ù ∆GD ❡st ❧✬é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❞✐✛✉s✐♦♥✳ ❈❡tt❡ ❢♦r♠❡ ♣❡r♠❡t ❞❡ ❞✐s❝✉t❡r ❞❡ ❧✬❡✛❡t



✶✽

❞❡ ❧❛ t❡♠♣ér❛t✉r❡ s✉r ❧❡ t❛✉① ❞❡ ❣❡r♠✐♥❛t✐♦♥✱ à ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ ✐♥✐t✐❛❧❡ x0
B ✜①é❡✳

▲♦rsq✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞é❝r♦ît✱ ❞✬✉♥❡ ♣❛rt ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞✐♠✐♥✉❡ ❡t ❞✬❛✉tr❡ ♣❛rt✱
à ❝♦♠♣♦s✐t✐♦♥ ✜①é❡✱ ❧❡ s②stè♠❡ s✬é❧♦✐❣♥❡ ❞❡ ❧❛ ❝♦✉r❜❡ ❞❡ ❝♦❡①✐st❡♥❝❡ ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❛
s✉rs❛t✉r❛t✐♦♥ S ❛✉❣♠❡♥t❡✳ ▲❛ ❜❛rr✐èr❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥ ∆Fl∗ ❞✐♠✐♥✉❡ ❞♦♥❝ ❡t s❛ ❝♦♥tr✐❜✉t✐♦♥
❛✉ t❛✉① ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❛✉❣♠❡♥t❡✳ ❆✐♥s✐✱ ❧❡s t❡r♠❡s ❝✐♥ét✐q✉❡ ❡t t❤❡r♠♦❞②♥❛♠✐q✉❡
❥♦✉❡♥t ❞❛♥s ❞❡s s❡♥s ♦♣♣♦sés ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✱ ❡t ✐❧ ❡①✐st❡ ✉♥❡
t❡♠♣ér❛t✉r❡ ♦♣t✐♠✉♠ ❞❡ ❣❡r♠✐♥❛t✐♦♥✳

●❡r♠✐♥❛t✐♦♥ ❤♦♠♦❣è♥❡ ❞❛♥s ❧❡s s②stè♠❡s ré❡❧s

❉❛♥s ❝❡ q✉✐ ✈✐❡♥t ❞✬êtr❡ ♣rés❡♥té✱ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ❡st ♣r♦✈♦q✉é❡ ♣❛r ❧❡s ✢✉❝t✉❛t✐♦♥s ❞❡
❝♦♥❝❡♥tr❛t✐♦♥✳ ❈❡s ❞❡r♥✐èr❡s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❞✬♦r✐❣✐♥❡ t❤❡r♠✐q✉❡ ❡t ✐♥s✉✣s❛♥t❡s ♣♦✉r
r❡♥❞r❡ ♣♦ss✐❜❧❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞❡ t❛✐❧❧❡ ❝r✐t✐q✉❡ ❝♦♥t❡♥❛♥t ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞✬❛t♦♠❡s✳
P❛r ❛✐❧❧❡✉rs✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ ❧✬❛❣ré❣❛t ✭éq✉❛t✐♦♥ ✶✳✶✷✮ ❢❛✐t ✐♥t❡r✈❡♥✐r ❞❡s é♥❡r✲
❣✐❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ s✉r❢❛❝❡ ❡t ✈♦❧✉♠❡ q✉✐ s♦♥t ❞ér✐✈é❡s à ♣❛rt✐r ❞✉ ♠❛tér✐❛✉ ♠❛ss✐❢ ✭❧❡
♣❛r❛♠ètr❡ ❞é❝r✐✈❛♥t ❧❛ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡ γ ❝♦♠♠❡ ❝❡❧✉✐ ❞é❝r✐✈❛♥t ❧✬é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ δ✮✳
❈❡❝✐ ❡st ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞✬❛✉t❛♥t ♣❧✉s ❢❛✉ss❡ q✉❡ ❧❛ t❛✐❧❧❡ ❞❡s ❛❣ré❣❛ts ❞✐♠✐♥✉❡ ✿ ♣❛r
❡①❡♠♣❧❡✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ♦s❝✐❧❧❛t✐♦♥ ❞❡ ❧❛ st❛❜✐❧✐té ❞✬❛❣ré❣❛ts ❞❡ ♣❡t✐t❡ t❛✐❧❧❡ s✉✐✈❛♥t q✉✬✐❧s
❝♦♥t✐❡♥♥❡♥t ✉♥ ♥♦♠❜r❡ ♣❛✐r ♦✉ ✐♠♣❛✐r ❞✬❛t♦♠❡s ✭❛✉tr❡♠❡♥t ❞✐t ❧✬é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ ❞é♣❡♥❞
♠❛✐♥t❡♥❛♥t ❞❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧✬❛❣ré❣❛t✮✱ ❧✬❡①✐st❡♥❝❡ ❞❡ ✧♥♦♠❜r❡s ♠❛❣✐q✉❡s✧ ❞✬❛t♦♠❡s ❞❛♥s ❧❡s
❝❧✉st❡rs ♣❧✉s ❣r♦s r❡✢èt❡ ❧✬❡✛❡t ♣ré❝é❞❡♥t ❝♦♠❜✐♥é à ❧✬✐♥✢✉❡♥❝❡ ❞❡s ét❛ts ❞❡ s✉r❢❛❝❡ s✉r ❧❛
st❛❜✐❧✐té t❤❡r♠♦❞②♥❛♠✐q✉❡ t♦t❛❧❡✮✳ ▲❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ❝❡s ❡✛❡ts ❞❡ ♣❡t✐t❡s t❛✐❧❧❡s s✉r ❧❛
✈❛r✐❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ ❛✈❡❝ ❧❛ t❛✐❧❧❡ ❞✉ ❝❧✉st❡r ♦♥t été ❛❜♦r❞és ré❝❡♠♠❡♥t ♣❛r ❇❡❧✲
❧♦♥✐ ❡t ❛❧ ❬✷✹❪ ✿ ❧❡s ❛✉t❡✉rs ♠♦♥tr❡♥t q✉❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ s❡❧♦♥ ✉♥ ♣r♦❝❡ss✉s
❤♦♠♦❣è♥❡ à ♣❛rt✐r ❞✬✉♥❡ s♦❧✉t✐♦♥ s✉rs❛t✉ré❡ ❡♥ ♠♦♥♦♠èr❡ t❡❧❧❡ q✉❡ ♣rés❡♥té❡ ♣❧✉s ❤❛✉t ♥✬❡st
♣❛s ❝♦rr❡❝t❡ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s s②stè♠❡s ré❡❧s✱ ❝❛r ❧✬✐♥t❡♥s✐té ❞❡s ✢✉❝t✉❛t✐♦♥s t❤❡r♠✐q✉❡s
♥✬❡st ♣❛s s✉✣s❛♥t❡ ♣♦✉r ❛tt❡✐♥❞r❡ ❞❡s t❛✐❧❧❡s ❝r✐t✐q✉❡s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞✬❛t♦♠❡s✳ P❛r
❛✐❧❧❡✉rs✱ ❧❛ t❡♥❞❛♥❝❡ ét❛♥t à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ ♣❛r ❛t♦♠❡ ❧♦rsq✉❡ ❧❛
t❛✐❧❧❡ ❞❡ ❧✬❛❣ré❣❛t ❞✐♠✐♥✉❡✱ ♦♥ ❞❡✈r❛✐t ♦❜s❡r✈❡r ✉♥ ❜❧♦❝❛❣❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✱ ❡t ❞♦♥❝ ❞❡
❧❛ ❝r♦✐ss❛♥❝❡✱ ❥✉sq✉✬à ❞❡s t❡♠♣ér❛t✉r❡s ❜✐❡♥ ❡♥ ❞❡ss♦✉s ❞❡ ❝❡❧❧❡s ♣ré✈✉❡s ♣❛r ❧❡ ❞✐❛❣r❛♠♠❡
❞❡ ♣❤❛s❡ ❝❛❧❝✉❧é ♣♦✉r ❧❡ ♠❛tér✐❛✉ ♠❛ss✐❢✳ ▲❛ ❝r♦✐ss❛♥❝❡ ét❛♥t ♦❜s❡r✈é❡ ❛✉✲❞❡ss✉s ❞❡ ❝❡tt❡
t❡♠♣ér❛t✉r❡✱ ❝❡❧❛ ✐♠♣❧✐q✉❡ ❧✬❡①✐st❡♥❝❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❤étér♦❣è♥❡✱ à ♣❛rt✐r ❞✬♦❧✐❣♦♠èr❡s ❞é❥à
♣rés❡♥ts ❡♥ s♦❧✉t✐♦♥ ♦✉ ❜✐❡♥ ❞❡ ❞é❢❛✉ts✴✐♠♣✉r❡tés ❞✉ ♠❛tér✐❛✉✳ ❈❡s ❞❡r♥✐❡rs s♦♥t ♣rés❡♥ts
❡♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❛♥s ❧❡s ✈❡rr❡s✱ ❝♦♠♠❡ ♥♦✉s ❧❡ ✈❡rr♦♥s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✳

✶✳✷✳✷ ❈r♦✐ss❛♥❝❡

❈♦♥s✐❞ér♦♥s ✉♥ ❣❡r♠❡ ❞❡ ♣❤❛s❡ β ❢r❛♥❝❤✐ss❛♥t ❧❛ t❛✐❧❧❡ ❝r✐t✐q✉❡ ❞ét❡r♠✐♥é❡ ♣❛r ❧❡s ❝♦♥❞✐✲
t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❡t ❞❡ s✉rs❛t✉r❛t✐♦♥✱ ❢❛❝t❡✉rs ♠♦❞✐✜❛❜❧❡s ❛✐sé♠❡♥t ❡♥ ♣r❛t✐q✉❡✳ ■❧ ❛♣✲
♣❛r❛ît ❛❧♦rs ✉♥❡ ❞✐✛ér❡♥❝❡ ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ❡♥tr❡ ❧❛ s✉r❢❛❝❡ ❞✉ ❣❡r♠❡ ❡t ❧❛ ♠❛tr✐❝❡
❡♥✈✐r♦♥♥❛♥t❡✳ ❊♥ t❡r♠❡ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ ❝❡❧❛ r❡✈✐❡♥t à ❞✐r❡ q✉✬✐❧ ② ❛ ✉♥❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡
❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬éq✉✐❧✐❜r❡ xα,GTB (R∗) ❞❡ ❇ à ❧❛ s✉r❢❛❝❡ ❞✉ ❣❡r♠❡ ✲ ❞♦♥♥é❡ ♣❛r ●✐❜❜s✲
❚❤♦♠♣s♦♥✷ ✭♣❛rt✐❡ ✶✳✶✳✶✮ ✲ ❡t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ✐♥✐t✐❛❧❡ x0

B ✳ ❈❡ ❣r❛❞✐❡♥t ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡
✭♦✉ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✮ ♣r♦✈♦q✉❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ❇ ✈❡rs ❧❡ ❣❡r♠❡ s✉r❝r✐t✐q✉❡ ❡t ❞♦♥❝ ❧❛ ❜❛✐ss❡
❧♦❝❛❧❡ ❞❡ ❧❛ s✉rs❛t✉r❛t✐♦♥✳ P❛r ❛✐❧❧❡✉rs✱ ❞✬❛✉tr❡s ❣❡r♠❡s s✉r❝r✐t✐q✉❡s ❛♣♣❛r❛✐ss❛♥t ❞❛♥s ❧✬❡♥✲
t♦✉r❛❣❡ ❞❡ ❝❡ ♣r❡♠✐❡r ❣❡r♠❡✱ ♦♥ ❞✐st✐♥❣✉❡r❛ ❞♦♥❝ ❞❡✉① ré❣✐♠❡s ❞❡ ❝r♦✐ss❛♥❝❡ ✿ ❞❛♥s ✉♥
♣r❡♠✐❡r t❡♠♣s✱ ❧❡s ❝❤❛♠♣s ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ❝❡s ♣ré❝✐♣✐tés ♥❡ s❡ r❡❝♦✉✈r❡♥t ♣❛s ❡t ❧❛ ❝r♦✐s✲

✷■❧ ❡st ♥é❛♥♠♦✐♥s ♣r♦❜❛❜❧❡ q✉❡ ❧❛ r❡❧❛t✐♦♥ ❞❡ ●✐❜❜s✲❚❤♦♠♣s♦♥ ♥❡ s♦✐t ♣❛s ✈❛❧✐❞❡ ❡♥ ❛❧❧❛♥t ✈❡rs ❧❡s ♣❡t✐t❡s
t❛✐❧❧❡s✳ ❊❧❧❡ ❛ ❡♥ ❡✛❡t été ❞ét❡r♠✐♥é❡ ♣❛r ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s ♠❛❝r♦s❝♦♣✐q✉❡s✳
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s❛♥❝❡ ❡st ❞✐t❡ ✐♥❞é♣❡♥❞❛♥t❡ ❀ ❡♥s✉✐t❡ ❧❛ s✉rs❛t✉r❛t✐♦♥ ❞✐♠✐♥✉❡ ❡t ❧❡s ❛❣ré❣❛ts ❡♥tr❡♥t ❡♥
❝♦♠♣ét✐t✐♦♥ ♣♦✉r ❧❛ ❝❛♣t✉r❡ ❞❡s ❛t♦♠❡s ❞❡ ❇ ✭✈♦✐r ♠ûr✐ss❡♠❡♥t ♣❛rt✐❡ ✶✳✷✳✸✮✳

❈r♦✐ss❛♥❝❡ ❞✬✉♥ ❛❣ré❣❛t ✐s♦❧é

❈❡tt❡ ♣❛rt✐❡ ❛ ♣♦✉r ❜✉t ❞✬ét❛❜❧✐r ❧❛ ❧♦✐ ❞✬é✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ R(t) ❞✬✉♥ ♣ré❝✐♣✐té ❝r♦✐ss❛♥t
à ♣❛rt✐r ❞✬✉♥❡ ♠❛tr✐❝❡ à s✉rs❛t✉r❛t✐♦♥ ❝♦♥st❛♥t❡ S0✳ ❊♥ ♣❤❛s❡ s♦❧✐❞❡✱ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬✉♥
❛❣ré❣❛t ♣❡✉t êtr❡ ❧✐♠✐té❡ s♦✐t ♣❛r ❧❛ ✈✐t❡ss❡ ❞❡ ❞✐✛✉s✐♦♥ ❞❡s s♦❧✉tés ✈❡rs ❧❡s ♣ré❝✐♣✐tés✱ s♦✐t
♣❛r ❧❛ ✈✐t❡ss❡ ❞❡ ré❛❝t✐♦♥ ❞✉ s♦❧✉té à ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬❛❣ré❣❛t✳

❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ♦♥ ♣❡✉t ♠♦♥tr❡r ❬✷✺❪ q✉❡ ❧❡ r❛②♦♥ ♦❜é✐t à ❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ ✿

dR

dt
= k(T )(x0

B − xαB) = k′(T )S0 ✭✶✳✶✺✮

♣♦✉r ❧❛q✉❡❧❧❡ ♦♥ s✉♣♣♦s❡ ✉♥❡ s✉rs❛t✉r❛t✐♦♥ ❝♦♥st❛♥t❡ ❡t ❧❛ ♥♦♥ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡
t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡✳ k(T ) ❡st ✉♥ ♣ré❢❛❝t❡✉r ♣r♦♣♦rt✐♦♥♥❡❧ à ❧❛ ❢réq✉❡♥❝❡ ❞❡ s❛✉t ❞✉ s♦❧✉té
s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬❛❣ré❣❛t ❡t à ✉♥ t❡r♠❡ ❞❡ ❜❛rr✐èr❡ é♥❡r❣ét✐q✉❡✱ q✉❡ ❧❡ s♦❧✉té ❞♦✐t ❢r❛♥❝❤✐r
♣♦✉r ❢❛✐r❡ ♣❛rt✐❡ ❞❡ ❧✬❛❣ré❣❛t✳ ❖♥ ❛✉r❛ ❞♦♥❝ R ∝ t✳

▲❛ ❧✐ttér❛t✉r❡ ❝♦♥❝❡r♥❛♥t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s ♠♦♥tr❡ q✉❡ ❧❛ ♣ré✲
❝✐♣✐t❛t✐♦♥ ❡st ♣❧✉tôt ❝♦♥trô❧é❡ ♣❛r ❧❛ ❞✐✛✉s✐♦♥ ❞✉ s♦❧✉té q✉❡ ♣❛r ❧❛ ✈✐t❡ss❡ ❞❡
ré❛❝t✐♦♥ à ❧❛ s✉r❢❛❝❡ ❞❡s ♥❛♥♦❝r✐st❛✉①✳

▲❛ ❞✐✛✉s✐♦♥ ❞❡ ❇ ❞❛♥s ❧❛ ♠❛tr✐❝❡ ❡st ❝❧❛ss✐q✉❡♠❡♥t ❞♦♥♥é❡ ♣❛r ✿

∂xαB
∂t

= D∇2xαB ✭✶✳✶✻✮

❈❡tt❡ éq✉❛t✐♦♥ ❝♦♥t✐❡♥t ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❧♦❝❛❧❡ ❞❡ ❧❛ ♠❛t✐èr❡ ❝♦♠❜✐♥é❡ à ❧✬❤②♣♦t❤ès❡ ❧✐♥é❛✐r❡
❞✉ tr❛♥s♣♦rt ❞❡ ❇ ✭✢✉① ♣r♦♣♦rt✐♦♥♥❡❧ ❛✉ ❣r❛❞✐❡♥t ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✮✳ ◆♦✉s ❢❡r♦♥s ✐❝✐ ❧✬❤②♣♦✲
t❤ès❡ ❞✉ ré❣✐♠❡ st❛t✐♦♥♥❛✐r❡✱ ∂x

α
B

∂t ≈ 0✱ q✉✐ ❡st ❥✉st✐✜é❡ ♣♦✉r ❞❡s t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❢❛✐❜❧❡s
✭DS0 ≪ 1✮✸✳ ▲❡ ❝❤❛♠♣ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ s✬é❝r✐t ❛❧♦rs ✿

xαB(r) = x0
B + (xα,GTB (R) − x0

B)Rr (r > R) ✭✶✳✶✼✮

❈✬❡st ✜♥❛❧❡♠❡♥t ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ à ❧✬✐♥t❡r❢❛❝❡ ❞✉ ♣ré❝✐♣✐té q✉✐ ♠è♥❡ à ❧❛ ❧♦✐
❞❡ ❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✭✜❣✉r❡ ✶✳✻✮ ✿

dR
dt = D

R

(x0
B−xα,GT

B (R))

(xβ,GT
B (R)−xα,GT

B (R))
✭✶✳✶✽✮

xα,GTB (R) ét❛♥t ❞♦♥♥é ♣❛r ❧✬éq✉❛t✐♦♥ ❞❡ ●✐❜❜s✲❚❤♦♠♣s♦♥ ✭✶✳✼✮✱ ❧✬éq✉❛t✐♦♥ ✭✶✳✶✽✮ ♥✬❡st ♣❛s
✐♥té❣r❛❜❧❡ ❢❛❝✐❧❡♠❡♥t ❞❛♥s ❧❡ ❝❛s ❣é♥ér❛❧✳
❈❡♣❡♥❞❛♥t✱ s✐ x0

B ≫ xα,GTB (R) ✭s✉rs❛t✉r❛t✐♦♥ ✐♠♣♦rt❛♥t❡✮✱ ♦♥ ♣❡✉t ♥é❣❧✐❣❡r ❧❡s ❡✛❡ts ❞❡ t❡♥✲
s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡ ❡t ❛♣♣r♦①✐♠❡r x0

B−xGTB (R) ≈ x0
B−xαB ✳ ❉❡ ♣❧✉s✱ ♦♥ ❛ s♦✉✈❡♥t xβ,GTB (R) ≫

xα,GTB (R) ✭♠✐❧✐❡✉ ❞✐❧✉é ❡t ♣ré❝✐♣✐tés ❞❡ ❇ ♣r❡sq✉❡ ♣✉rs✮ ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥
R ❞❡s ❞❡✉① t❡r♠❡s ❞✉ ❞é♥♦♠✐♥❛t❡✉r ❡st ✉♥❡ ❝♦rr❡❝t✐♦♥ ❢❛✐❜❧❡ ♣❛r r❛♣♣♦rt à ❧❡✉r ❞✐✛ér❡♥❝❡✳

✸✈♦✐r ❬✷✺❪ ♣♦✉r ❧❡ ❝❛❧❝✉❧ s❛♥s ❝❡tt❡ ❤②♣♦t❤ès❡✳
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❋✐❣✳ ✶✳✻✿ ❈❤❛♠♣ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❇ ❛✉t♦✉r ❞✬✉♥ ♣ré❝✐♣✐té ❞❡ r❛②♦♥ ❘✱ t❡❧ q✉❡
❞♦♥♥é ♣❛r ❧✬éq✉❛t✐♦♥ ✶✳✶✼✳ ❈❡ ❝❤❛♠♣ ✐♥❞✉✐t ✉♥ ❝♦✉r❛♥t ❞❡ ❇ ✈❡rs ❧❡ ♣ré❝✐♣✐té JB✳

❈❡tt❡ ❞❡r♥✐èr❡ s✬❛♣♣r♦①✐♠❡ ❛❧♦rs ❜✐❡♥ ♣❛r xβ,GTB (R) − xα,GTB (R) ≈ xβ,pB − xα,pB ✳ ▲✬éq✉❛t✐♦♥
✭✶✳✶✽✮ s✬✐♥tè❣r❡ ♠❛✐♥t❡♥❛♥t ❢❛❝✐❧❡♠❡♥t ❡♥ ✿

R2 −R2
0 = 2DS0(t− t0) ✭✶✳✶✾✮

❞♦♥♥❛♥t ❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ R ∝ t1/2 ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❧✐♠✐té❡ ♣❛r ❞✐✛✉s✐♦♥✳ ❈❡tt❡
❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ ❛ été ✈ér✐✜é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❞❛♥s ❞❡ ♥♦♠❜r❡✉① ❝❛s✱ ♥♦t❛♠♠❡♥t ♣♦✉r
❞❡s s②stè♠❡s ♣r♦❝❤❡s ❞❡ ❝❡✉① q✉✐ ♥♦✉s ✐♥tér❡ss❡♥t ✿ ♥❛♥♦❝r✐st❛✉① ❞❡ PbTe ❞❛♥s ✉♥ ✈❡rr❡
s✐❧✐❝❛t❡ ❬✷✻❪✱ ♥❛♥♦❝r✐st❛✉① ❞❡ PbSe ❞❛♥s ✉♥ ✈❡rr❡ ♣❤♦s♣❤❛t❡✱ ✳ ✳ ✳

❊q✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té

●é♥ér❛❧❡♠❡♥t✱ ❧✬♦❜s❡r✈❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ♣r♦❞✉✐t ✉♥❡ ✐♥❢♦r✲
♠❛t✐♦♥ st❛t✐st✐q✉❡ ❡t ♥♦♥ ♣❛s ✐♥❞✐✈✐❞✉❡❧❧❡✳ ❖♥ ♠❡s✉r❡ ♣❛r ❡①❡♠♣❧❡ ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❧✬é✈♦❧✉t✐♦♥
❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s t❛✐❧❧❡s ❡t ♥♦♥ ♣❛s ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝r♦✐ss❛♥❝❡ ❞✬✉♥ ❛❣ré❣❛t ✜①é✳
P❛r ❛✐❧❧❡✉rs✱ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ t❤é♦r✐q✉❡✱ ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞✬✉♥ ❛❣ré❣❛t ♣❛rt✐❝✉❧✐❡r
❞é♣❡♥❞r❛ ❢♦rt❡♠❡♥t ❞❡s ✢✉❝t✉❛t✐♦♥s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ q✉✬❡❧❧❡s s♦✐❡♥t ❞✬♦r✐❣✐♥❡ t❤❡r♠✐q✉❡
❝♦♠♠❡ ♣❡♥❞❛♥t ❧❛ ❣❡r♠✐♥❛t✐♦♥ ♦✉ ❜✐❡♥ ❝❛✉sé❡s ♣❛r ❧❡ ✈♦✐s✐♥❛❣❡ ❞✬❛✉tr❡s ♣ré❝✐♣✐tés ♣❡♥❞❛♥t
❧❛ ❝r♦✐ss❛♥❝❡✳ ■❧ ❝♦♥✈✐❡♥t ❞♦♥❝ ♣♦✉r ❞❡s r❛✐s♦♥s ❢♦♥❞❛♠❡♥t❛❧❡s ❞❡ ❞é❝r✐r❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡♥
t❡r♠❡s st❛t✐st✐q✉❡s ✿ ♦♥ ❝❤❡r❝❤❡r❛ ❛❧♦rs ❧✬é✈♦❧✉t✐♦♥ ♥♦♥ ♣❛s s❡✉❧❡♠❡♥t ❞✬✉♥❡ t❛✐❧❧❡ ♠♦②❡♥♥❡
♠❛✐s ❝❡❧❧❡ ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡s✳

◆♦✉s ❛❧❧♦♥s t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡①❛♠✐♥❡r ❞❛♥s ❝❡ tr❛✈❛✐❧ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❝♦♥trô❧❡ ❞❡
❝❡tt❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳ ❙♦♥ ♣r❡♠✐❡r ♠♦♠❡♥t ✲ ❧❡ r❛②♦♥ ♠♦②❡♥ ✲ ❡st ❛✐sé♠❡♥t ❝♦♥trô❧é ♣❛r
❧❛ ❝♦♠❜✐♥❛✐s♦♥ t❡♠♣ér❛t✉r❡✴❞✉ré❡ ❞✉ r❡❝✉✐t✳ ❚♦✉t ❧❡ tr❛✈❛✐❧ s❡ ❝♦♥❝❡♥tr❡ ❡♥ r❡✈❛♥❝❤❡ s✉r
❧❡ ❝♦♥trô❧❡ ❞❡s ♠♦♠❡♥ts ❞✬♦r❞r❡ s✉♣ér✐❡✉r✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❝❡❧✉✐ ❞✬♦r❞r❡ ❞❡✉① q✉✐ ❞ét❡r♠✐♥❡
s❛ ❧❛r❣❡✉r✳ ❉❡ ❧❛ q✉❛❧✐té ❞✉ ❝♦♥trô❧❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞é♣❡♥❞❡♥t ♣❛r ❡①❡♠♣❧❡ ❧❡s
❛♣♣❧✐❝❛t✐♦♥s ♣♦ss✐❜❧❡s ❞❡s ❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs ❞❛♥s ❧❡s ✈❡rr❡s✳ ❙♦✐t ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡
♣ré❝✐♣✐tés ❝❛r❛❝tér✐sé❡ ♣❛r ❧❡✉r ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ f(R, t)✳ ❉❛♥s ❧✬❡s♣❛❝❡ ❞❡s t❛✐❧❧❡s✱ ♦♥
♣❡✉t é❝r✐r❡ ❞❡ ♠❛♥✐èr❡ très ❣é♥ér❛❧❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ♣ré❝✐♣✐tés ❛✉t♦✉r ❞✬✉♥



✷✶

r❛②♦♥ ❘ ❡t ❛✉ t❡♠♣s t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ✢✉① ❞❡ ❝ré❛t✐♦♥✴❞✐s♣❛r✐t✐♦♥ ❞❡ ♣ré❝✐♣✐tés j(R, t) ✿

∂f
∂t + ∂

∂R

(
f dRdt

)
= j ✭✶✳✷✵✮

▲❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ dR
dt ❝♦♠❜✐♥é❡ à ❝❡❧❧❡ ❞✉

t❛✉① ❞❡ ❝ré❛t✐♦♥✲❞✐s♣❛r✐t✐♦♥ ❞❡ ♣ré❝✐♣✐tés ♣❡r♠❡t ❞❡ ♣ré❞✐r❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❬✷✼✱ ✷✽❪ ✹✳

✶✳✷✳✸ ▼ûr✐ss❡♠❡♥t

➪ ♣❛rt✐r ❞✉ ♠♦♠❡♥t ♦ù ❧❛ s✉rs❛t✉r❛t✐♦♥ ❜❛✐ss❡✱ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ♣ré❝✐♣✐tés
❡♥tr❡ ❞❛♥s ✉♥❡ ♣❤❛s❡ ❝♦♠♣ét✐t✐✈❡✳ ❉❡ ♠❛♥✐èr❡ s♦✉s✲❥❛❝❡♥t❡✱ ❝❡❧❛ tr❛❞✉✐t ❧✬❡①✐s✲
t❡♥❝❡ ❞❡ ❧❛ ❧♦✐ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ❇ ♣rés❡♥t❡ ❞❛♥s ❧❡ s②stè♠❡✳
❈❡tt❡ ❧♦✐ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ s❡ ❝♦♠❜✐♥❡ à ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té ♣♦✉r ❞♦♥♥❡r ❧❡
❝♦♠♣♦rt❡♠❡♥t ❛✉① t❡♠♣s ❧♦♥❣s✳
▲❛ ❜❛✐ss❡ ❞❡ ❧❛ s✉rs❛t✉r❛t✐♦♥ ❛ ❞❡✉① ❡✛❡ts ✿

✕ ❧❡s ❝❤❛♠♣s ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ❇ ❞❡s ♣ré❝✐♣✐tés s❡ r❡❝♦✉✈r❡♥t✱ ❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❛ ❝♦♥❝❡♥✲
tr❛t✐♦♥ ✐♥✐t✐❛❧❡ ét❛✐t é❧❡✈é❡ ❀

✕ ❧❡s ❡✛❡ts ❞❡ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡ q✉❡ ♥♦✉s ❛✈✐♦♥s ♥é❣❧✐❣és ❞❛♥s ❧❡s ♣r❡♠✐❡rs st❛❞❡s ❞❡
❧❛ ❝r♦✐ss❛♥❝❡ ✭✈♦✐r éq✉❛t✐♦♥ ✭✶✳✶✾✮✮ t❡♥❞❡♥t à ♠✐♥✐♠✐s❡r ❧❛ s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t t♦t❛❧❡
❡♥tr❡ ❧❡s ♣❤❛s❡s α ❡t β✳

❈❡s ❞❡✉① ♣❤é♥♦♠è♥❡s ❞ét❡r♠✐♥❡♥t ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ♠♦②❡♥ dR/dt✳

❈❛s ❞✬✉♥ s②stè♠❡ ✐♥✜♥✐♠❡♥t ❞✐❧✉é ✿ ❞✐str✐❜✉t✐♦♥ ▲❙❲

▲❡ ♣r♦❜❧è♠❡ ❞✉ ♠ûr✐ss❡♠❡♥t à ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞❡ ❇ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ♥✬❡st ♣❛s ❞✬✉♥
❛❜♦r❞ ❢❛❝✐❧❡ ❝❛r ✐❧ ❞❡♠❛♥❞❡ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♣ré❝✐♣✐tés✳ ▲❛ rés♦❧✉t✐♦♥
❞✉ ♣r♦❜❧è♠❡ ❡st ❞♦♥❝ s✐♠♣❧✐✜é❡ ❧♦rsq✉✬♦♥ s❡ ♣❧❛❝❡ à ❧❛ ❧✐♠✐t❡ x0

B → 0✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s
t❛✐❧❧❡s ❞✬✉♥ s②stè♠❡ ✐♥✜♥✐♠❡♥t ❞✐❧✉é ❛ été ❞ét❡r♠✐♥é❡ ♣❛r ▲✐❢❝❤✐t③ ❡t ❙❧②♦s♦✈ ✭▲❙✮ ❬✸✵❪ ❡t
✐♥❞é♣❡♥❞❛♠♠❡♥t ♣❛r ❲❛❣♥❡r ✭❲✮ ❬✸✶❪ ✭s♦✐t ▲❙❲✮✳

❖♥ ♣❡✉t ❛♣♣❧✐q✉❡r ❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ ❞♦♥♥é❡ ♣❛r ❧❛ ❢♦r♠❡ ❣é♥ér❛❧❡ ✭✶✳✶✽✮✳
❉❛♥s ❝❡tt❡ ❢♦r♠✉❧❡✱ < xB > (t) ❡st ❧❛ ❝♦♥❞✐t✐♦♥ ❧✐♠✐t❡ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ à ❧✬✐♥✜♥✐ à ❧❛q✉❡❧❧❡
❡st s♦✉♠✐s ❧❡ ♣ré❝✐♣✐té ✭✈♦✐r ❝❛❧❝✉❧ ♣❛❣❡ ✶✾ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ✐♥❞é♣❡♥❞❛♥t❡✮✳ ■❝✐✱
♣r❡♥❞r❡ ❧❛ ❧✐♠✐t❡ ❞✬✉♥❡ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ♥✉❧❧❡ r❡✈✐❡♥t à ❢❛✐r❡ ✉♥❡ ❤②♣♦t❤ès❡
❞❡ ❝❤❛♠♣ ♠♦②❡♥ ✿ ❝❤❛q✉❡ ♣ré❝✐♣✐té ♥❡ ✈♦✐t ♣❛s ❧❡s ❛✉tr❡s ♣r✐s ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t
✲ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ♣❧✉s ♣r♦❝❤❡s ✲ ♠❛✐s s❡✉❧❡♠❡♥t ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♠♦②❡♥♥❡
< xB > (t) ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❢r❛❝t✐♦♥ ♠♦②❡♥♥❡ ❞❡ ❇ q✉✐ ♥✬❡st ♣❛s s♦✉s ❢♦r♠❡
♣ré❝✐♣✐té❡✳ ❖♥ t✐❡♥t ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡ ❡♥ ❞é✜♥✐ss❛♥t ❛❧♦rs
✉♥ r❛②♦♥ ❝r✐t✐q✉❡ Rc(t) ♣❛r✺ ✿

< xB > (t) = xα,pB exp
(

2Vmσ
kBTRc(t)

)
✭✶✳✷✶✮

✹▲✬éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té ✭✶✳✷✵✮ ❡st ❞❡ str✉❝t✉r❡ ❛♥❛❧♦❣✉❡ à ❧✬éq✉❛t✐♦♥ ❣é♥ér❛❧❡ ❞✬é✈♦❧✉t✐♦♥ ✭✶✳✶✵✮ ❬✷✾❪✳
❆✐♥s✐✱ ❧✬❛♣♣r♦❝❤❡ ❞❡ ❇❡❝❦❡r ❡t ❉ör✐♥❣ ✭♣✳✶✺✮ ❝♦♠♣❧été❡ ♣❛r ❝❡❧❧❡ ❞❡ ❇✐♥❞❡r ♣❡r♠❡t ♥♦♥ s❡✉❧❡♠❡♥t ❞❡ ❞é✲
❝r✐r❡ ♣❧✉s ❝♦rr❡❝t❡♠❡♥t ❧❛ ❣❡r♠✐♥❛t✐♦♥✱ ♠❛✐s ❝♦♥t✐❡♥t ❛✉ss✐ ❧❡s é❧é♠❡♥ts ❞❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳
▲✬❛♣♣r♦❝❤❡ ❝❧❛ss✐q✉❡ ♣❛rt ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té ✭✶✳✷✵✮ ❞❛♥s ❧❛q✉❡❧❧❡ ♦♥ ✐♥tr♦❞✉✐t ❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡
❡t ❧❡s t❡r♠❡s s♦✉r❝❡s✱ ❛❧♦rs q✉❡ ❧✬❛♣♣r♦❝❤❡ ❞❡ ♠é❝❛♥✐q✉❡ st❛t✐st✐q✉❡ ❞♦♥♥❡ ❞✐r❡❝t❡♠❡♥t ❧✬éq✉❛t✐♦♥ ❣é♥ér❛❧❡
❞✬é✈♦❧✉t✐♦♥ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡✳

✺▲❛ ❞é♣❡♥❞❛♥❝❡ ❞❡ Rc ❛✈❡❝ ❧❡ t❡♠♣s ❡st ♦♠✐s❡ ❞❛♥s ❧❛ s✉✐t❡ ♣♦✉r ❞❡s r❛✐s♦♥s ❞❡ ❧✐s✐❜✐❧✐té✳



✷✷

❆✜♥ ❞❡ s❡ ♣❧❛❝❡r ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ▲❙❲✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❢❛✐r❡ ❧❡s ❛♣♣r♦①✐♠❛t✐♦♥s
s✉♣♣❧é♠❡♥t❛✐r❡s 2Vmσ

kBTRc(t)
, 2Vmσ
kBTR(t) ≪ 1 ✲ q✉✐ ♥❡ s♦♥t ❝❡♣❡♥❞❛♥t ♣❛s ❢♦r❝é♠❡♥t r❡♠♣❧✐❡s ❞❛♥s

❧❡s s②stè♠❡s ❝♦♥s✐❞érés ❞❛♥s ❝❡ tr❛✈❛✐❧ ✭✈♦✐r é✈❛❧✉❛t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❧❛ ❞✐st❛♥❝❡
❞❡ ❝❛♣✐❧❧❛r✐té ♣✳✶✸ ❡t s✐♠✉❧❛t✐♦♥s ▼♦♥t❡ ❈❛r❧♦ ❬✸✷❪✮✳ ❈❡s ❛♣♣r♦①✐♠❛t✐♦♥s ♣❡r♠❡tt❡♥t ❞✬é❝r✐r❡ ✿

dR
dt = 2Vmσ

kBT (xβ,p
B −xα,p

B )

D
R2

(
R
Rc

− 1
)

✭✶✳✷✷✮

▲❡ ❞❡r♥✐❡r ♣♦✐♥t ❝♦♠♠✉♥ ❞❛♥s ❧❡s ❛♣♣r♦❝❤❡s ❞❡ ▲❙ ❡t ❲ ❡st q✉✬✐❧s r❡♠❛rq✉❡♥t q✉❡ ❧❛ ❧♦✐ ❞❡
❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ ✭✶✳✷✷✮ s✉❣❣èr❡ ✉♥❡ ❧♦✐ ❞✬é❝❤❡❧❧❡ ❞✉ r❛②♦♥ ♠♦②❡♥ R ❡♥ R ∝ Rc✳ ■❧s ✐♥tr♦✲
❞✉✐s❡♥t ❞♦♥❝ ❝❤❛❝✉♥ ✉♥ r❛②♦♥ ♥♦r♠❛❧✐sé z = R/Rc✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ❛♣♣r♦❝❤❡s
rés✐❞❡ ❞❛♥s ❧❡ tr❛✐t❡♠❡♥t ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ✿ ▲❙ rés♦✉t ❧❡ ♣r♦❜❧è♠❡ ❞❡ ♠❛♥✐èr❡
s❡❧❢✲❝♦♥s✐st❛♥t❡ ❛❧♦rs q✉❡ ❲ s✐♠♣❧✐✜❡ ❧✬❛♥❛❧②s❡ ❡♥ ❝♦♥s✐❞ér❛♥t q✉❡ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞❡s
♣ré❝✐♣✐tés ❡st ❝♦♥s❡r✈é❡✳

▲❡s tr♦✐s ❛✉t❡✉rs ❛rr✐✈❡♥t ❛✉ ♠ê♠❡ rés✉❧t❛t✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ s✬é❝r✐t ✿

fLSW (R, t) = n0

(
Rc0
Rc

)3
342−5/3e

Rc

(
R

Rc

)2(
R

Rc
+ 3

)−7/3

(
3

2
− R

Rc

)−11/3

exp

(
1

2R
3Rc

− 1

)
✭✶✳✷✸✮

♦ù n0 ❡st ❧❛ ❞❡♥s✐té ✐♥✐t✐❛❧❡ ❞❡ ♣ré❝✐♣✐tés ❡t Rc,0 ❧❡ r❛②♦♥ ❝r✐t✐q✉❡ à t❂✵✱ ❡t ❧❛ ❞é♣❡♥❞❛♥❝❡
❡♥ t❡♠♣s ét❛♥t ❝♦♥t❡♥✉❡ ✉♥✐q✉❡♠❡♥t ❞❛♥s ❧❡ r❛②♦♥ ❝r✐t✐q✉❡ ✿

Rc(t) =

(
R3
c0 +

4

9

2VmσD

(xβB)2kBT
t

)1/3

✭✶✳✷✹✮

■❧ s❡ tr♦✉✈❡ q✉❡ < R >= Rc ♣❛r ❝❛❧❝✉❧ ❞✉ ♣r❡♠✐❡r ♠♦♠❡♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥✳ ▲✬é✈♦❧✉t✐♦♥
❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐té ❡st ❞♦♥♥é❡ ♣❛r ✿

n(t) =

∫ ∞

0

fLSW (R, t)dR = n0

(
Rc0
Rc

)3

✭✶✳✷✺✮

❡t ♦♥ r❡♠❛rq✉❡ q✉❡ ❝❡tt❡ ❞❡r♥✐èr❡ éq✉❛t✐♦♥ ♣❡✉t s✬é❝r✐r❡ ❞✬✉♥❡ ♠❛♥✐èr❡ tr❛❞✉✐s❛♥t ❧❛ ❝♦♥s❡r✲
✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ✿

n(t)
4

3
πR3

c = cste

(
= n0

4

3
πR3

c0

)
✭✶✳✷✻✮

❈❛s ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ✜♥✐❡s

▲❛ t❤é♦r✐❡ ❞❡ ▲❙❲ ♥✬❡st ✈❛❧❛❜❧❡ q✉❡ ♣♦✉r ❧❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s très ❢❛✐❜❧❡s Φ <
0, 1 %at✳ ❙✐ ❝❡tt❡ ❞❡r♥✐èr❡ ❛✉❣♠❡♥t❡✱ ✐❧ ❢❛✉t t❡♥✐r ❝♦♠♣t❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ❝❤❛♠♣s
❞❡ ❞✐✛✉s✐♦♥ ❞❡ ♣ré❝✐♣✐tés ❛❞❥❛❝❡♥ts✳ ❈♦♥s✐❞ér♦♥s ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❛♥s ✉♥ ♠✐❧✐❡✉ à ❢r❛❝t✐♦♥
✈♦❧✉♠✐q✉❡ ♥♦♥ ♥✉❧❧❡✱ s♦♥ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ s❡r❛ ♣❧✉s ♦✉ ♠♦✐♥s ❣r❛♥❞ s✉✐✈❛♥t q✉✬❡❧❧❡ s❡
tr♦✉✈❡ ♣rès ❞✬✉♥❡✻ ♣❛rt✐❝✉❧❡ ♣❧✉s ♣❡t✐t❡ ♦✉ ♣❧✉s ❣r♦ss❡ q✉✬❡❧❧❡ ✭r❡s♣❡❝t✐✈❡♠❡♥t✮✳ ▲❡ t❛✉① ❞❡
❝r♦✐ss❛♥❝❡ ♠♦②❡♥ ❞♦♥♥é ♣❛r ✭✶✳✷✷✮ ♥✬❡st ♣❧✉s ✈❛❧✐❞❡✼✳

✻♣♦✉r ♥❡ ❝♦♥s✐❞ér❡r q✉❡ ❧❡ ♣r❡♠✐❡r t❡r♠❡✱ ❞✐♣♦❧❛✐r❡✱ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❝❤❛♠♣s ❞❡ ❞✐✛✉s✐♦♥✳ ✳ ✳
✼❉✉ ❢❛✐t ❞❡s ♠✉❧t✐♣❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♣ré❝✐♣✐tés à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡✱ ❧❡s ❝❛❧❝✉❧s ❞ét❛✐❧❧és s♦♥t ♣❧✉s

❝♦♠♣❧✐q✉és q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ▲❙❲✳ ❯♥❡ ♣rés❡♥t❛t✐♦♥ ❞❡ ❞✐✛ér❡♥t❡s ❛♣♣r♦❝❤❡s ❡st ❞♦♥♥é❡ ❞❛♥s ❬✷✺❪✳ ❊❧❧❡s
r❡♣♦s❡♥t s✉r ❞❡s ❝❛❧❝✉❧s t❤é♦r✐q✉❡s ❞❡ ♠✐❧✐❡✉ ❡✛❡❝t✐❢✱ ❞❡ ♠é❝❛♥✐q✉❡ st❛t✐st✐q✉❡✱ ♦✉ ❡♥❝♦r❡ s✉r ❧❛ s✐♠✉❧❛t✐♦♥
♥✉♠ér✐q✉❡✳



✷✸

❋✐❣✳ ✶✳✼✿ ❆❧❧✉r❡ ❞❡s ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ré❞✉✐t❡ ♣♦✉r ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s Φ✱
♣♦✉r Φ = 0 ♦♥ r❡tr♦✉✈❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ▲❙❲ ✭❞✬❛♣rès ❆r❞❡❧❧ ❬✸✸❪✮✳

▲❡s ❧♦✐s ❞❡ ♣✉✐ss❛♥❝❡ ❣♦✉✈❡r♥❛♥t ❧✬é✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ♠♦②❡♥ ❡t ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐tés
❞❛♥s ❧❡ ❝❛s ▲❙❲ r❡st❡♥t ❝❡♣❡♥❞❛♥t ✈❛❧❛❜❧❡s✳ ❈❡ s♦♥t ❧❡s ♣ré❢❛❝t❡✉rs q✉✐ ❞é♣❡♥❞❡♥t ♠❛✐♥t❡✲
♥❛♥t ❞❡ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ Φ✳
❖♥ ❛✉r❛ ❞♦♥❝ < R >= K(Φ)t1/3✱ ❡t ♣❛r ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ n(t) = K ′(Φ)t−1

✭K(Φ 6= 0) > K(0)✱ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st ❛❝❝é❧éré❡ ♣❛r ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡✮✳
▲✬❛❧❧✉r❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ❛✉ss✐ s✐♠✐❧❛✐r❡ à ▲❙❲✱ ❛✈❡❝ ✉♥❡ q✉❡✉❡ ❞❡ ❞✐str✐❜✉t✐♦♥
✈❡rs ❧❡s ♣❡t✐t❡s t❛✐❧❧❡s✱ ❧❛ ❞✐✛ér❡♥❝❡ ét❛♥t ✉♥ é❧❛r❣✐ss❡♠❡♥t à ♠❡s✉r❡ q✉❡ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉✲
♠✐q✉❡ ❛✉❣♠❡♥t❡ ✭✜❣✉r❡ ✶✳✼✮✳

▲♦✐ ❞✬é❝❤❡❧❧❡ ❡t ❝♦♠♣♦rt❡♠❡♥t ❛s②♠♣t♦t✐q✉❡

❈♦♠♠❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥ t❡♠♣s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ❝♦♥t❡♥✉❡ ✉♥✐q✉❡♠❡♥t
❞❛♥s ❧❡ r❛②♦♥ ❝r✐t✐q✉❡ ✭✐✳❡✳ ❧❡ r❛②♦♥ ♠♦②❡♥✮✱ ♦♥ ♣❡✉t réé❝r✐r❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ▲❙❲
✭✶✳✷✸✮ s♦✉s ❧❛ ❢♦r♠❡ ✿

fLSW (R, t) = n(t)

[
1

Rc
f̃

(
R

Rc

)]
= n0R

3
c0

1

R4
c

f̃

(
R

Rc

)
✭✶✳✷✼✮

♦ù f̃ ❡st ❝❡ q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❧❛ ❢♦r♠❡ ❛s②♠♣t♦t✐q✉❡ ✭❛✉① t❡♠♣s ❧♦♥❣s✮ ❞❡ ❧❛ ❞✐str✐✲
❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✿

f̃(z) = 342−5/3ez2 (z + 3)
−7/3 ( 3

2 − z
)−11/3

exp
(

1
2z
3 −1

)
✭✶✳✷✽✮

❛✈❡❝
∫∞
0
f̃(z)dz = 1 ✭❝❡tt❡ é❝r✐t✉r❡ ♣❡r♠❡t ❞❡ ✈♦✐r ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❧❡ rés✉❧t❛t ✶✳✷✺✮✳ ▲❙❲ ❡t

❧❡s t❤é♦r✐❡s ❞é❝r✐✈❛♥t ❧❡ ❝❛s ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ♥♦♥ ♥✉❧❧❡s ♣ré❞✐s❡♥t ❧✬❡①✐st❡♥❝❡ ❞✬✉♥
ré❣✐♠❡ ❛s②♠♣t♦t✐q✉❡ ♣♦✉r ❞❡s t❡♠♣s ✐♥✜♥✐s✳ ❉❛♥s ❝❡tt❡ s✐t✉❛t✐♦♥✱ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡s t❛✐❧❧❡s ❡♥ ❝♦♦r❞♦♥♥é❡s ré❞✉✐t❡s ♥❡ ❞é♣❡♥❞ q✉❡ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ✐♥✐t✐❛❧❡ ❡♥ ❇ ❡t
♥✬❛ ❡♥ ♣❛rt✐❝✉❧✐❡r ❛✉❝✉♥❡ ♠é♠♦✐r❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ✐♥✐t✐❛❧❡ ❞❡s t❛✐❧❧❡s✳ ▲❡s ❧♦✐s ❞✬é❝❤❡❧❧❡
❛ss♦❝✐é❡s à ❝❡tt❡ ❢♦r♠❡ ❛s②♠♣t♦t✐q✉❡ s♦♥t ✿

< R > (t) ∝ t1/3 ✭✶✳✷✾✮

n(t) ∝ t−1 ✭✶✳✸✵✮



✷✹

S(t) ∝ t−1/3 ✭✶✳✸✶✮

▲❡s ❧♦✐s ❞❡ ♣✉✐ss❛♥❝❡ ❞♦♥♥❛♥t ❧❛ ✈❛r✐❛t✐♦♥ ❞✉ r❛②♦♥ ❡t ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐té ❡♥
❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♦♥t été ✈ér✐✜é❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳ P❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣ré❝✐✲
♣✐t❛t✐♦♥ ❞❡ Co ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ❞❡ Cu ❬✸✹❪✱ ♦✉ ❜✐❡♥ ❡♥❝♦r❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥
❞❡ CdTeS ❞❛♥s ✉♥ ✈❡rr❡ ❜♦r♦s✐❧✐❝❛t❡ ❬✸✺❪✱ ♦✉ ❞❡ CdSe ❞❛♥s ❞❡s s✐❧✐❝❛t❡s ❬✸✻❪✳ ❈❡ ♥✬❡st ❝❡✲
♣❡♥❞❛♥t ♣❛s ✉♥❡ ✈ér✐✜❝❛t✐♦♥ ❞❡ ❧❛ ✈❛❧✐❞✐té ❞❡ ❧❛ t❤é♦r✐❡ ▲❙❲✱ ❝❛r ✐❧ ♥✬② ❛ ♣❛s ❞❡ r❡❧❛t✐♦♥
✉♥✐✈♦q✉❡ ❡♥tr❡ ❡①♣♦s❛♥t ❞❡ ❝r♦✐ss❛♥❝❡ ❡t ♠é❝❛♥✐s♠❡ ❞❡ ♠ûr✐ss❡♠❡♥t✳
▲❡ ❝❛r❛❝tèr❡ ❛s②♠♣t♦t✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❛♣rès ♠ûr✐ss❡♠❡♥t ❛ été ♦❜s❡r✈é ❡①✲
♣ér✐♠❡♥t❛❧❡♠❡♥t ♣❛r ❇❛♥✜ ❬✸✼❪ ✿ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ♣r❡♥❞ ✉♥❡ ❢♦r♠❡ ♥♦r♠❛❧✐sé❡ ✉♥✐q✉❡
❧♦rsq✉❡ ❧❡ r❛②♦♥ ❡st ♥♦r♠❛❧✐sé ♣❛r ❧❡ r❛②♦♥ ♠♦②❡♥✳ ❈❡❝✐ ❡st t♦✉t à ❢❛✐t ❝♦♥s✐st❛♥t ❛✈❡❝ ❧❡s ❝❛✲
r❛❝tér✐st✐q✉❡s ❞✉ ♠ûr✐ss❡♠❡♥t ♣rés❡♥té❡s ❝✐✲❞❡ss✉s✳ ▲❡s ❞ét❛✐❧s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞ét❡r♠✐♥❛♥t
❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ ♠♦②❡♥ ❡t ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳

▲❡ ❝♦♠♣♦rt❡♠❡♥t ❛s②♠♣t♦t✐q✉❡ ✭t → ∞✮ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s ❞❡ ♥❛♥♦❝r✐st❛✉①
❝♦♠♣♦rt❡ ✉♥❡ ❣r❛♥❞❡ ♣❛rt ❞✬✉♥✐✈❡rs❛❧✐té✱ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ✐❧ ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡s ❝♦♥❞✐t✐♦♥s
✐♥✐t✐❛❧❡s✱ ♠❛✐s ✉♥✐q✉❡♠❡♥t ❞❡ ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❡t ❞❡ ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s✳ ▲❡s
❝♦♥❞✐t✐♦♥s ♣❛rt✐❝✉❧✐èr❡s ✭✐✳❡✳ ❧❡s ❞ét❛✐❧s ❞❡s ♠é❝❛♥✐s♠❡s✱ ❧❛ ♥❛t✉r❡ ❞✉ s②stè♠❡✳ ✳ ✳ ✮ r❡♥tr❡♥t
❡♥ ❥❡✉ ❞❛♥s ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ✭✜♥ ❞✉ ❝❤❛♣✐tr❡ ✶✮ ❡t ❧❡s ❝♦❡✣❝✐❡♥t
♥✉♠ér✐q✉❡s ❡t ❧❡s ❡①♣♦s❛♥ts ❞❡s ❧♦✐s ❞✬é❝❤❡❧❧❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s s♦♥t ❝r✉✲
❝✐❛❧❡s ❞❛♥s ❧❡ ❞ér♦✉❧❡♠❡♥t ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ❡t ✐♥t❡r✈✐❡♥♥❡♥t ❞❛♥s ❧❛ ✈✐t❡ss❡ à ❧❛q✉❡❧❧❡ ❧❡
ré❣✐♠❡ ❛s②♠♣t♦t✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ❛tt❡✐♥t✳



❈❤❛♣✐tr❡ ✷

Pré❝✐♣✐t❛t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛❧❧♦♥s ❡①❛♠✐♥❡r ❧❡s ♣r♦♣r✐étés ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s q✉✐ r❡♥❞❡♥t
s♣é❝✐✜q✉❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❛♥s ❝❡s ♠❛tér✐❛✉①✱ ❡♥ ♠❡tt❛♥t ❧✬❛❝❝❡♥t s✉r ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s
❞✐✛ér❡♥ts ét❛ts ❞❡ ❝❤❛r❣❡ ❞❡s é❧é♠❡♥ts ♣❛rt✐❝✐♣❛♥t à ❧❛ ❝r♦✐ss❛♥❝❡✳ ◆♦✉s ♣rés❡♥t❡r♦♥s ❞✬❛❜♦r❞
❧❛ str✉❝t✉r❡ ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s ✭♣❛rt✐❡ ✷✳✶✮ q✉✐ ❝♦♠❜✐♥❡ ❞és♦r❞r❡ à ❧♦♥❣✉❡ ❞✐st❛♥❝❡ ❡t ♦r❞r❡
à très ❝♦✉rt❡ ❞✐st❛♥❝❡ s♦✉s ❧✬❡✛❡t ❞❡ ❝♦♥tr❛✐♥t❡s ❝❤✐♠✐q✉❡s ✭♥♦t❛♠♠❡♥t ❞❡ ❧❛ ✈❛❧❡♥❝❡ ❞❡s
❝❛t✐♦♥s✮✳ ◆♦✉s ❡①♣❧✐q✉❡r♦♥s ❡♥s✉✐t❡ ❝♦♠♠❡♥t ❧✬♦♠♥✐♣rés❡♥❝❡ ❞❡ ❧✬♦①②❣è♥❡ ❞❛♥s ❧❡s ✈❡rr❡s
s✐❧✐❝❛t❡s ❝♦♥❞✉✐t à t❡♥✐r ❝♦♠♣t❡ ❞❡s éq✉✐❧✐❜r❡s r❡❞♦① ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ét❛ts ❞❡ ❝❤❛r❣❡
❞❡s ❝❛t✐♦♥s ❞✉ ✈❡rr❡ ✭♣❛rt✐❡ ✷✳✷✮✳ ▲❡s ♣r♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥ ✭♣❛rt✐❡ ✷✳✸✮ ❞é♣❡♥❞r♦♥t à ❧❛
❢♦✐s ❞❡ ❧✬♦r❞r❡ str✉❝t✉r❛❧ à ❝♦✉rt❡ ❡t ♠♦②❡♥♥❡ ❞✐st❛♥❝❡ ❡t ❞❡ ❧✬ét❛t ❝❤✐♠✐q✉❡ ❞✉ ❞✐✛✉s❡✉r✳
❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❝❡s ♣r♦♣r✐étés ❝❤✐♠✐q✉❡s✱ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ❡✛❡ts
r❡❞♦①✱ ♦♥t ✉♥❡ très ❢♦rt❡ ✐♥✢✉❡♥❝❡ s✉r ❧❡ ❞ér♦✉❧❡♠❡♥t ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡✳ ❊❧❧❡s
❞ét❡r♠✐♥❡r♦♥t à ❧❛ ❢♦✐s ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ st❛❜✐❧✐té ❞❡s ♣❤❛s❡s ❡t ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✳
◆♦✉s ❞✐s❝✉t❡r♦♥s ❞❡s é❝❛rts ❡♥tr❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ✭♣❛rt✐❡
✷✳✹✮ ❡t ❧❡s ♠♦❞è❧❡s ❞é❝r✐✈❛♥t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❛♥s ❞❡s ♠é❧❛♥❣❡s ❜✐♥❛✐r❡s ✭❝❤❛♣✐tr❡ ✶✮✳

✷✳✶ ❙tr✉❝t✉r❡ ❞❡s ✈❡rr❡s

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ✐♥tr♦❞✉✐r♦♥s ❜r✐è✈❡♠❡♥t ❧❛ ♠❛♥✐èr❡ ❞❡ ❞é❝r✐r❡ ❧❛ str✉❝t✉r❡ ❞❡
✈❡rr❡s ❞✬♦①②❞❡s✱ ❛✈❡❝ ❞❡✉① ♦❜❥❡❝t✐❢s ✿ ❞✬✉♥❡ ♣❛rt ❝❛r❛❝tér✐s❡r ❧❡✉r ♥❛t✉r❡ ❞és♦r❞♦♥♥é❡ ♣❛r
❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥s st❛t✐st✐q✉❡s ❞❡ ❧♦♥❣✉❡✉rs ❡t ❞✬❛♥❣❧❡s ❞❡ ❧✐❛✐s♦♥s✱ ❡t ❞✬❛✉tr❡
♣❛rt ♠♦♥tr❡r ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❝❤✐♠✐q✉❡s ✭✈❛❧❡♥❝❡✱ ♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ❡♥❣❛❣é❡s✮
❡♥tr❡ ❧❡s ❝❛t✐♦♥s ❡t ❧✬♦①②❣è♥❡✳ ❈❡tt❡ ❞❡s❝r✐♣t✐♦♥ ♥♦✉s s❡r✈✐r❛ ❞❡ ❜❛s❡ ♣♦✉r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥
❞❡s ♣r♦♣r✐étés r❡❞♦① ❡t ❞❡ ❞✐✛✉s✐♦♥ ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ✭♣❛rt✐❡ ✷✳✷ ❡t ✷✳✸✮✳ ❈✬❡st
❛✉ss✐ ♣❛r r❛♣♣♦rt à ❝❡tt❡ ❞❡s❝r✐♣t✐♦♥ q✉❡ ❧❡s ❞é❢❛✉ts ❝réés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ s❡r♦♥t ré♣❡rt♦r✐és
✭str✉❝t✉r❡✱ ♣r♦♣r✐étés r❡❞♦①✮ ❛✉ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✳

❖✉✈r❛❣❡s ❞❡ ré❢ér❡♥❝❡ ✿

✶✳ ❚❤❡ P❤②s✐❝s ♦❢ ❙tr✉❝t✉r❛❧❧② ❉✐s♦r❞❡r❡❞ ▼❛tt❡r✱ ◆✳❊✳ ❈✉s❛❦✱ ■❖P P✉❜❧✐s❤✐♥❣ ▲t❞ ✶✾✽✼✱
❊♥❣❧❛♥❞✳

✷✳ P❤②s✐❝s ♦❢ ❆♠♦r♣❤♦✉s ▼❛t❡r✐❛❧s✱ ❙✳❘✳ ❊❧❧✐♦t✱ ▲♦♥❣♠❛♥ ✶✾✾✵✳

▲❡s ✈❡rr❡s s♦♥t ❞❡s ♠❛tér✐❛✉① ❛♠♦r♣❤❡s✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧✬✐♥✈❛r✐❛♥❝❡ ♣❛r tr❛♥s✲
❧❛t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ ♠❛tér✐❛✉ ♥✬❡st ♣❛s ✈ér✐✜é❡ à ❧♦♥❣✉❡ ❞✐st❛♥❝❡✳ ▲❡s s♦❧✐❞❡s
❛♠♦r♣❤❡s s✉❜✐ss❡♥t ✉♥❡ tr❛♥s✐t✐♦♥ ✈✐tr❡✉s❡ ❡♥tr❡ ❧✬ét❛t ❧✐q✉✐❞❡ ❡t ❧✬ét❛t s♦❧✐❞❡✳

✷✺



✷✻

▲❛ tr❛♥s✐t✐♦♥ ✈✐tr❡✉s❡ s❡ ❝❛r❛❝tér✐s❡ ♣❛r ✉♥❡ ✈❛r✐❛t✐♦♥ ❝♦♥t✐♥✉❡ ❞❡s ♣❛r❛♠ètr❡s t❤❡r♠♦❞②✲
♥❛♠✐q✉❡s ❡①t❡♥s✐❢s✱ t❡❧s q✉❡ ❧❡ ✈♦❧✉♠❡ s♣é❝✐✜q✉❡✱ ❛✉ ♣❛ss❛❣❡ ❞❡ ❧❛ tr❛♥s✐t✐♦♥✶✳ ▲✬ét❛t ❞✬✉♥
✈❡rr❡ ✈❛ ❞é♣❡♥❞r❡ ❞❡ ❧❛ ♠❛♥✐èr❡ ❞♦♥t ✐❧ ❛ été ♣ré♣❛ré ✭♣❛r ❡①❡♠♣❧❡ ❞❡ s❛ ✈✐t❡ss❡ ❞❡ r❡❢r♦✐❞✐s✲
s❡♠❡♥t✮✳ ❉❛♥s ✉♥ ✈❡rr❡✱ ✐❧ ♥✬② ❛ ♣❛s ❞❡ s②♠étr✐❡ ❞❡ tr❛♥s❧❛t✐♦♥✱ ❞♦♥❝ ✉♥ ♠♦t✐❢ ❞❡ q✉❡❧q✉❡s
❛t♦♠❡s ❞♦♥t ❧❛ ré♣ét✐t✐♦♥ ❡♥❣❡♥❞r❡r❛✐t ❧❛ str✉❝t✉r❡ ♥✬❡①✐st❡ ♣❛s✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ str✉❝t✉r❡
♣❡✉t êtr❡ ❞é❝r✐t❡ ❞❡ ♠❛♥✐èr❡ st❛t✐st✐q✉❡ ✿ ✉♥ ❛t♦♠❡ ét❛♥t ♣❧❛❝é à ❧✬♦r✐❣✐♥❡✱ ❡❧❧❡ ❝♦♥s✐st❡
à ❞é❝r✐r❡ ❧❛ ♣r♦❜❛❜✐❧✐té J(r) ❞❡ tr♦✉✈❡r ✉♥ ❛✉tr❡ ❛t♦♠❡ à ❧❛ ❞✐st❛♥❝❡ r ❞✉ ♣r❡♠✐❡r✳ ❈❡tt❡
♣r♦❜❛❜✐❧✐té s✬❛♣♣❡❧❧❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ r❛❞✐❛❧❡ ✿

J(r) = 4πr2ρ(r) ✭✷✳✶✮

♦ù ρ(r) ❡st ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❛t♦♠✐q✉❡✳ P♦✉r ✉♥ ❝r✐st❛❧ ♣❛r❢❛✐t✱ ρ(r) ❡st ✉♥❡ sér✐❡ ❞❡ ♣✐❝s
❞❡ ❉✐r❛❝ ✭♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❡s ❞✐st❛♥❝❡s a

√
2/2✱ ❛✱ a

√
6/2✳ ✳ ✳ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ rés❡❛✉ ❢❝❝

❞❡ ♠❛✐❧❧❡ a✮✳ ❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❛t♦♠✐q✉❡ ❞✬✉♥ ♠❛tér✐❛✉ ❛♠♦r♣❤❡
♣rés❡♥t❡ ✉♥❡ sér✐❡ ❞❡ ❧❛r❣❡s ♣✐❝s ♣♦✉r r ❢❛✐❜❧❡s ♣✉✐s ❡❧❧❡ t❡♥❞ ✈❡rs ✉♥❡ ✈❛❧❡✉r ❝♦♥st❛♥t❡ ♣♦✉r
❞❡s r s✉✣s❛♠♠❡♥t ❣r❛♥❞s✳ ❖♥ ✈♦✐t ❛✐♥s✐ q✉❡ ❧❛ str✉❝t✉r❡ ❞❡s ♠❛tér✐❛✉① ❛♠♦r♣❤❡s ♣❡✉t
êtr❡ r❡❣❛r❞é❡ à ♣❧✉s✐❡✉rs é❝❤❡❧❧❡s ❞❡ ❧♦♥❣✉❡✉rs✱ q✉❡ ♥♦✉s ❞ét❛✐❧❧♦♥s ❜r✐è✈❡♠❡♥t
❝✐✲❞❡ss♦✉s✳

❋✐❣✳ ✷✳✶✿ ❉✐str✐❜✉t✐♦♥ r❛❞✐❛❧❡ ❞❡s ❛t♦♠❡s ❞❛♥s SiO2 ✿ ❧❡s ❜❛rr❡s ✈❡rt✐❝❛❧❡s ❝♦r✲
r❡s♣♦♥❞❡♥t ❛✉ ❝❛s ❞❡ s❛ ❢♦r♠❡ ❝r✐st❛❧❧✐♥❡ ✭q✉❛rt③✮ ❛❧♦rs q✉❡ ❧❛ ❝♦✉r❜❡ ❝♦♥t✐♥✉❡
r❡♣rés❡♥t❡ ❧❡ ❝❛s ❞❡ ❧❛ s✐❧✐❝❡✳ ❉❛♥s ❝❡ ❞❡✉①✐è♠❡ ❝❛s✱ ❧✬♦r❞r❡ à ❝♦✉rt❡ ❞✐st❛♥❝❡ s❡
♠❛♥✐❢❡st❡ ♣❛r ❧❛ ♣rés❡♥❝❡ ❞❡ ❞❡✉① ♣✐❝s ❜✐❡♥ rés♦❧✉s ✭❝♦rr❡s♣♦♥❞❛♥ts ❛✉① ❞✐st❛♥❝❡s
❞✉ tétr❛è❞r❡ SiO4✮✱ ❧❛ ♠♦♥té❡ ❞✬✉♥ ❢♦♥❞s ❝♦♥t✐♥✉ ♣♦✉r ❧❡s ❣r❛♥❞s r ♠❛♥✐❢❡st❛♥t ❧❡
❝❛r❛❝tèr❡ ❛♠♦r♣❤❡ ❞❡ ❧❛ str✉❝t✉r❡ à ♣❧✉s ❧♦♥❣✉❡ ❞✐st❛♥❝❡✳

✷✳✶✳✶ ❖r❞r❡ à ❝♦✉rt❡ ❞✐st❛♥❝❡

❯♥ ♠❛tér✐❛✉ ❛♠♦r♣❤❡ ♥✬❡st ❥❛♠❛✐s st❛t✐st✐q✉❡♠❡♥t ❞és♦r❞♦♥♥é à ❝♦✉rt❡ ❞✐s✲
t❛♥❝❡✱ ♣♦✉r ❧❡s ❞❡✉① r❛✐s♦♥s s✉✐✈❛♥t❡s ✿

✕ ❧❡s ❝♦♥tr❛✐♥t❡s ❞❡ ❝♦♠♣❛❝t✐♦♥ ✲ ♠❛①✐♠✐s❛t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ✲ ❞❛♥s ❧❡ ❝❛s ❞❡
s②stè♠❡ ré❣✐s ♣❛r ✉♥❡ ❢♦r❝❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❝❡♥tr♦s②♠étr✐q✉❡ ✭♣❛r ❡①❡♠♣❧❡
♠♦❞è❧❡ ❞❡ s♣❤èr❡s ❞✉r❡s✱ ♣♦t❡♥t✐❡❧ ❞✬✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡ ▲❡♥♥❛r❞✲❏♦♥❡s✮

✶❛✉ ❝♦♥tr❛✐r❡ ❞✬✉♥❡ ✈ér✐t❛❜❧❡ tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡ ❧✐q✉✐❞❡✲s♦❧✐❞❡ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❡s ♠ê♠❡s ♣❛r❛♠ètr❡s s✉✲
❜✐ss❡♥t ✉♥❡ ❞✐s❝♦♥t✐♥✉✐té✳



✷✼

❋✐❣✳ ✷✳✷✿ ❊♥❝❤❛î♥❡♠❡♥t ❞❡s tétr❛è❞r❡s SiO4 ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✳ ▲✬❛♥❣❧❡ α1 ❡st
❛♣♣❡❧é ❛♥❣❧❡ ❞✐❤è❞r❛❧ ♦✉ ❛♥❣❧❡ ❞❡ t♦rs✐♦♥✳ ■❧ r❡♣rés❡♥t❡ ❡♥ ❡✛❡t ❧❛ t♦rs✐♦♥ ❡♥tr❡
❞❡✉① tétr❛è❞r❡s SiO4 s✉❝❝❡ss✐❢s ✭❧❛ ♣❛rt✐❡ ❞r♦✐t❡ ❡st ✉♥❡ ✈✉❡ ❞✉ s❝❤é♠❛ ❞❡ ❣❛✉❝❤❡
s✉✐✈❛♥t ❧❛ ✢è❝❤❡✮

✕ ❧❡s ❝♦♥tr❛✐♥t❡s ❛♣♣♦rté❡s s✉r ❧❡s ❧♦♥❣✉❡✉rs ❞❡ ❧✐❛✐s♦♥s✱ ❧❡✉rs ❛♥❣❧❡s r❡s♣❡❝✲
t✐❢s✱ ❡t ❧❛ ✈❛❧❡♥❝❡ ❧♦rsq✉❡ ❧❡s ❝♦♥st✐t✉❛♥ts ❞✉ ♠❛tér✐❛✉ ❛♠♦r♣❤❡ s♦♥t r❡❧✐és
♣❛r ❞❡s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s ✭✐❧ s✬❛❣✐t ✐❝✐ ❞❡ ❝♦♥tr❛✐♥t❡s ❞❡ ♥❛t✉r❡ ❝❤✐♠✐q✉❡✮✳
▲❡s ✈❡rr❡s s✐❧✐❝❛t❡s ✉t✐❧✐sés ❞❛♥s ❝❡ tr❛✈❛✐❧ r❡♥tr❡♥t ❞❛♥s ❝❡tt❡ ❞❡r♥✐èr❡ ❝❛✲
té❣♦r✐❡✳

▲❡s ♣❛r❛♠ètr❡s ❞ét❡r♠✐♥❛♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♣r❡♠✐❡rs ♣✐❝s ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥
r❛❞✐❛❧❡ s♦♥t ✿ ✭✐✮ ❧❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡ r1 ❛✈❡❝ ❧❡s ♣r❡♠✐❡rs ✈♦✐s✐♥s✱ ✭✐✐✮ ❧❡ ♥♦♠❜r❡ ❞❡ ❝❡s
♣r❡♠✐❡rs ✈♦✐s✐♥s✱ ✭✐✐✐✮ ❡t s✬✐❧ ② ❛ ❞❡s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s ❧✬❛♥❣❧❡ ♠♦②❡♥ θ ❡♥tr❡ ❧❡s ❞❡✉① ♣r❡✲
♠✐èr❡s ❧✐❛✐s♦♥s à ♣❛rt✐r ❞❡ ❧✬❛t♦♠❡ ❝❡♥tr❛❧✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ ♣♦s✐t✐♦♥ ❞✉ ♣r❡♠✐❡r ♣✐❝ ❡st
❞ét❡r♠✐♥é❡ ♣❛r r1✱ ❧❡ ♣✐❝ ét❛♥t é❧❛r❣✐ ♣❛r ❧❡s ✈❛r✐❛t✐♦♥s st❛t✐st✐q✉❡s ∆r1 ❞❡ ❝❡tt❡ ❞✐st❛♥❝❡ ❡t
❧❡✉rs ✈✐❜r❛t✐♦♥s t❤❡r♠✐q✉❡s✳ ▲❡ ❞❡✉①✐è♠❡ ♣✐❝ s❡ tr♦✉✈❡ à ❧❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡ 2r1 sin(θ/2) ❡t
❞♦♥❝ ❛✉r❛ ✉♥❡ ❝♦♠♣♦s❛♥t❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❞✬é❧❛r❣✐ss❡♠❡♥t ❞✉❡ ❛✉① ✈❛r✐❛t✐♦♥s st❛t✐st✐q✉❡s
∆θ ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❧✐❛✐s♦♥✳ ▲✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ r ❝♦♥❞✉✐t à ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ♣❧✉s ❡♥ ♣❧✉s
❞❡ ♣❛r❛♠ètr❡s ❞❛♥s ❧❡s ❢❛❝t❡✉rs ❞✬é❧❛r❣✐ss❡♠❡♥t ❞❡s ♣✐❝s✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡ ❧❛ ✈❛❧❡✉r ❝♦♥st❛♥t❡
❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ r❛❞✐❛❧❡ à ❧❛ ❧✐♠✐t❡ ❞❡s ❣r❛♥❞s r✳

❉❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s✱ ♣❛r ❡①❡♠♣❧❡ ❧❛ s✐❧✐❝❡ ♣✉r❡ SiO2✱ ❧❡s ✢✉❝t✉❛t✐♦♥s ❞❡ ❧♦♥❣✉❡✉rs
❞❡ ❧✐❛✐s♦♥s s♦♥t ❢❛✐❜❧❡s ✭∆rSi−O/rSi−O ≈ 10−3✮✱ ❡t ❧❡s ✢✉❝t✉❛t✐♦♥s ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❧❛ ❧✐❛✐s♦♥
Si − O − Si ♣❛s tr♦♣ ✐♠♣♦rt❛♥t❡s ✭∆β1/β1 ≈ 0, 1✱ ✈♦✐r ✜❣✉r❡ ✷✳✷ ❡t ✷✳✸✭❛✮✮✳ ❖♥ ♣❡✉t ❞♦♥❝
❞é✜♥✐r ✉♥ ♣♦❧②è❞r❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❛✉t♦✉r ❞❡ ❝❤❛q✉❡ é❧é♠❡♥t✳ ❉❛♥s ❧❡ ❝❛s ❞❡ SiO2 ❧❡ s✐❧✐✲
❝✐✉♠ s❡r❛ ❛✉ ❝❡♥tr❡ ❞✬✉♥ tétr❛è❞r❡ ❞✬❛t♦♠❡s ❞✬♦①②❣è♥❡✱ ❞❛♥s ❧❡ ❝❛s ❞✉ B2O3 ❧❡ ❜♦r❡ s❡r❛
❛✉ ❝❡♥tr❡ ❞✬✉♥ tr✐❛♥❣❧❡ ❞✬❛t♦♠❡s ❞✬♦①②❣è♥❡ ✭❞❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s ❝❡♣❡♥❞❛♥t✱ ❧❛ ❝♦♦r❞✐♥❛t✐♦♥
♣❡✉t ❝❤❛♥❣❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❥♦✉t ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉✮✳

▲❛ str✉❝t✉r❡ ❡st ❞♦♥❝ très ♦r❞♦♥♥é❡ ❝❤✐♠✐q✉❡♠❡♥t ❡t s♣❛t✐❛❧❡♠❡♥t à ♣❡t✐t❡
é❝❤❡❧❧❡✳ ▲❡ ❞és♦r❞r❡ ♣r♦✈✐❡♥t ♣❧✉tôt ❞❡ ❧❛ ♠❛♥✐èr❡ ❞♦♥t ❧❡s ✉♥✐tés ♣♦❧②é❞r✐q✉❡s
✈♦♥t s❡ ❧✐❡r ❡♥tr❡ ❡❧❧❡s✱ ❝❡ q✉❡ ❧✬♦r❞r❡ à ♠♦②❡♥♥❡ ❞✐st❛♥❝❡ s✬❡✛♦r❝❡ ❞❡ ❞é❝r✐r❡✳



✷✽

❋✐❣✳ ✷✳✸✿ ❘és✉❧t❛ts ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❞✬✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ ✿
✭❛✮ ❉✐str✐❜✉t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❙✐✲❖✲❙✐ ❀ ✭❜✮ ❉✐str✐❜✉t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✐❤è❞r❛❧ α1✱ ❧❛ ❧✐❣♥❡
❤♦r✐③♦♥t❛❧❡ r❡♣rés❡♥t❡ ❧❡ ♠♦❞è❧❡ ✐❞é❛❧ ❞❡ ❩❛❝❤❛r✐❛s❡♥✳ ❉✬❛♣rès ❬✸✽❪✱ ❇❑❙ ❡t ❱❙▲
❢♦♥t ré❢ér❡♥❝❡ ❛✉ t②♣❡ ❞❡ ♣♦t❡♥t✐❡❧ ✐♥t❡r❛t♦♠✐q✉❡ ✉t✐❧✐sé ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥✳



✷✾

❯♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ✭❝❤❛♣✐tr❡ ✸✮ ♣r♦✈✐❡♥♥❡♥t ❞❡ ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛
str✉❝t✉r❡ à ❝♦✉rt❡ ❞✐st❛♥❝❡ ✭r✉♣t✉r❡ ❞❡ ❧✐❛✐s♦♥s✱ ♣✐é❣❡❛❣❡ ❞❡ ❝❤❛r❣❡s ❛✈❡❝ ♣♦✉r ❝♦♥séq✉❡♥❝❡
❞❡s ré❛rr❛♥❣❡♠❡♥ts ❞❡s ♣♦❧②è❞r❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥✮✳

✷✳✶✳✷ ❖r❞r❡ à ♠♦②❡♥♥❡ ❞✐st❛♥❝❡

▲❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣❛✐r❡s ❡t ❞❡s tr✐♣❧❡ts ❞✬❛t♦♠❡s ♦♥t ♣❡r♠✐s ❧❛ ❞é✜♥✐t✐♦♥
❞❡ ❧✬♦r❞r❡ à ❝♦✉rt❡ ❞✐st❛♥❝❡✳ P❛r ❡①t❡♥s✐♦♥✱ ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞✬♦r❞r❡ s✉♣ér✐❡✉r
✈♦♥t ❞♦♥♥❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ rés❡❛✉ ✈✐tr❡✉① à ♠♦②❡♥♥❡ ❞✐st❛♥❝❡✳ P❛r
❡①❡♠♣❧❡✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s q✉❛❞r✉♣❧❡ts ❢❛✐t ✐♥t❡r✈❡♥✐r ❧✬❛♥❣❧❡ ❞✐t ❞✐❤è❞r❛❧✱ ❡♥
♣❧✉s ❞❡s ♣❛r❛♠ètr❡s ❞é❥à é✈♦q✉és ♣❧✉s ❤❛✉t✳ ❈❡t ❛♥❣❧❡✱ q✉✐ ♠❡s✉r❡ ❧❛ t♦rs✐♦♥ ❛✉t♦✉r ❞✬✉♥❡
❧✐❛✐s♦♥ ❡♥tr❡ ❞❡✉① ♣♦❧②è❞r❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥✱ ❡st ❡♥ ❣é♥ér❛❧ ❞✐str✐❜✉é s✉r t♦✉t❡ s❛ ♣❧❛❣❡ ❞❡
✈❛❧❡✉rs ♣♦ss✐❜❧❡s✱ ♠❛✐s ♣❛s ❞❡ ♠❛♥✐èr❡ ✉♥✐❢♦r♠❡ ✭✜❣✉r❡ ✷✳✸✭❜✮✮✳ ❊①❛♠✐♥❡r ❧❡s ❝♦rré❧❛t✐♦♥s
❞✬♦r❞r❡ s✉♣ér✐❡✉r r❡✈✐❡♥t à ét✉❞✐❡r ❧❡s ♣♦ss✐❜✐❧✐tés ❞❡ s✉♣❡rstr✉❝t✉r❡s✱ ❝♦♠♠❡ ❧❡s ❛♥♥❡❛✉①
❜♦r♦①♦❧ ♣❧❛♥ ❞❛♥s ❧❡ B2O3 ✈✐tr❡✉① ❬✸✾❪✳

❊♥ ✶✾✸✷✱ ❩❛❝❤❛r✐❛s❡♥ ❬✹✵❪ ❛ ♣r♦♣♦sé ✉♥ ♠♦❞è❧❡ ❞❡ str✉❝t✉r❡ ✈✐tr❡✉s❡ ❞✐t ✧❈❘◆✧ ✭♣♦✉r
❈♦♥t✐♥✉♦✉s ❘❛♥❞♦♠ ◆❡t✇♦r❦✮ ❞❛♥s ❧❡q✉❡❧ ✿ ✭✐✮ ❧✬❛rr❛♥❣❡♠❡♥t ❞❡s ♣♦❧②è❞r❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥
r❡♣♦s❡ s✉r ✉♥❡ ❞✐str✐❜✉t✐♦♥ ✉♥✐❢♦r♠❡ ❞❡ ❧✬❛♥❣❧❡ ❞✐❤è❞r❛❧ ✭✜❣✉r❡ ✷✳✸✭❜✮✮✱ ✭✐✐✮ ✉♥❡
str✉❝t✉r❡ s❛♥s ❛✉❝✉♥ ❞é❢❛✉t ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ✭❞✬♦ù ❧❡ t❡r♠❡ ✧❈♦♥t✐♥✉♦✉s✧✮✳ P♦✉r ❝❡s ❞❡✉①
r❛✐s♦♥s✱ s♦♥ ♠♦❞è❧❡ ❡st ✐❞é❛❧✳

❉❛♥s SiO2 ♣✉r❡✱ ❧❡s tétr❛è❞r❡s SiO4 s♦♥t ❧✐és ❡♥tr❡ ❡✉① ♣❛r ❧❡✉r s♦♠♠❡t ❡t ❧❡s ❞é❢❛✉ts
❞❡ ❝❡tt❡ str✉❝t✉r❡ s♦♥t ré♣❡rt♦r✐és ♣❛r r❛♣♣♦rt à ❧✬❛rr❛♥❣❡♠❡♥t ❈❘◆✳ ❈❡rt❛✐♥s ❞é❢❛✉ts ❞❡
s❛ str✉❝t✉r❡ s♦♥t ♣rés❡♥ts ❞ès ❧❛ ✜♥ ❞❡ ❧❛ s②♥t❤ès❡ ❞✉ ✈❡rr❡ ✭❞é❢❛✉ts ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ❞❡
t②♣❡ ♣❛✐r❡s ❞❡ ❋r❡♥❦❡❧✱ ✐♠♣✉r❡tés✮✱ ♦✉ ❜✐❡♥ s♦♥t ✐♥❞✉✐ts ♣❛r ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ❝♦♠♠❡ ❞❛♥s
❝❡ tr❛✈❛✐❧✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ❧❡s ❞é❢❛✉ts ❝♦✉r❛♠♠❡♥t ét✉❞✐és s♦♥t ❧❡s ❞é❢❛✉ts ❞❡ ❝♦♦r✲
❞✐♥❛t✐♦♥ ♥é❝❡ss✐t❛♥t ❧❛ r✉♣t✉r❡ ❞❡ ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ✭str✉❝t✉r❡ ❡t ❢♦r♠❛t✐♦♥ ❞ét❛✐❧❧é❡s ❡♥
♣❛rt✐❡ ✸✳✹✳✶✮✱ ❡t ❜❡❛✉❝♦✉♣ ♠♦✐♥s s♦✉✈❡♥t ❝❡✉① r❡❧✐és à ❧✬♦r❞r❡ à ♠♦②❡♥♥❡ ♣♦rté❡ ✭r❡❧❡✈❛♥t ❞❡
❧✬❛rr❛♥❣❡♠❡♥t ❞❡s ♣♦❧②è❞r❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥✮ ❝❛r ❝❡s ❞❡r♥✐❡rs s♦♥t ♣❧✉s ❞✐✣❝✐❧❡s à ♠❡ttr❡ ❡♥
é✈✐❞❡♥❝❡✳ ▲❛ str✉❝t✉r❡ ❞✬✉♥ ✈❡rr❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❞♦♥♥é❡ ❞é♣❡♥❞ ❜❡❛✉❝♦✉♣ ❞❡ ❧❛ ♠❛♥✐èr❡
❞♦♥t ✐❧ ❛ été ♣ré♣❛ré ✭❤✐st♦✐r❡ t❤❡r♠✐q✉❡ ❡t ♠é❝❛♥✐q✉❡✮✳ ❈❡❝✐ tr❛❞✉✐t ❧✬❡①✐st❡♥❝❡ ❞❡ ❞✐✛é✲
r❡♥❝❡s str✉❝t✉r❛❧❡s à ❝♦✉rt❡s ❡t ♠♦②❡♥♥❡s ♣♦rté❡s ❡t s❡ ♠❛♥✐❢❡st❡ à tr❛✈❡rs s❡s ♣r♦♣r✐étés
♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s✱ ♣❛r ❡①❡♠♣❧❡ ❝❡❧❧❡ ❞❡ ❞✐✛✉s✐♦♥✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❡st ❡♥ ❡✛❡t ❞é♣❡♥❞❛♥t❡ ❞❡
♠é❝❛♥✐s♠❡s ❞❡ r❡❧❛①❛t✐♦♥ à ❞❡s é❝❤❡❧❧❡s q✉✐ ♥❡ s♦♥t ♣❛s s❡✉❧❡♠❡♥t ❧♦❝❛❧❡s✳

✷✳✶✳✸ ❈❛s ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s ✿ ❢♦r♠❛t❡✉rs ❡t ♠♦❞✐✜❝❛t❡✉rs ❞❡ ré✲
s❡❛✉

▲❡s ❞❡✉① ❞❡r♥✐èr❡s s❡❝t✐♦♥s ♦♥t ♠♦♥tré ❝♦♠♠❡♥t ✉♥ rés❡❛✉ ✈✐tr❡✉① s❡ str✉❝t✉r❡ à ♣❛rt✐r
❞❡s ❛t♦♠❡s ❧❡ ❝♦♥st✐t✉❛♥t✳ P♦✉r ❝❡ q✉✐ ❡st ❞❡s ✈❡rr❡s ❞✬♦①②❞❡✱ s❡✉❧❡s q✉❡❧q✉❡s ❡s♣è❝❡s
❝❤✐♠✐q✉❡s✱ r❛ss❡♠❜❧é❡s ❞❛♥s ❧❛ ❢❛♠✐❧❧❡ ❞❡s ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉①✱ s♦♥t s✉s❝❡♣✲
t✐❜❧❡s ❞❡ ❞♦♥♥❡r ❞❡s rés❡❛✉① ✈✐tr❡✉① st❛❜❧❡s ✿ B ✭B2O3✱ Z = 3✮✱ Si ✭SiO2✱ Z = 4✮✱ As
✭As2O3✱ Z = 3✮✱ P ✭P2O5✱ Z = 3✮✱ ●❡ ✭GeO2✱ Z = 4✮✱ Z ✐♥❞✐q✉❛♥t ❧❡ ❞❡❣ré ❞❡ ❝♦♦r❞✐♥❛t✐♦♥✳
▲❛ ❝♦✉❝❤❡ ❞❡ ✈❛❧❡♥❝❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ ❝❡s ❛t♦♠❡s ❡st ❞❡ t②♣❡ p✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬❡♥❣❛❣❡r ✸
♦✉ ✹ ❧✐❛✐s♦♥s ❞❡ ♥❛t✉r❡ ❝♦✈❛❧❡♥t❡ ❛✈❡❝ ❧✬♦①②❣è♥❡✱ ❡t ❛✐♥s✐ ❞❡ ❢♦r♠❡r ❧❡s ♣♦❧②è❞r❡s à ❧❛ ❜❛s❡
❞❡ ❧❛ str✉❝t✉r❡ ✈✐tr❡✉s❡✳ ❈❡s ♣♦❧②è❞r❡s s♦♥t ❛❧♦rs r❡❧✐és ♣❛r ❧❡✉r s♦♠♠❡t ❞❛♥s ✉♥❡ str✉❝t✉r❡
❞✉ t②♣❡ ❈❘◆ ✭❧❡s ♦①②❣è♥❡s s♦♥t ❛❧♦rs ❞✐t ✧♣♦♥t❛♥ts✧✮✳ ❉❛♥s ❧❡s ❛t♦♠❡s ❛②❛♥t ✉♥❡ ❝♦✉❝❤❡
❞❡ ✈❛❧❡♥❝❡ ❞❡ t②♣❡ p✱ ♦♥ tr♦✉✈❡r❛ ❛✉ss✐ ❞❡s é❧é♠❡♥ts q✉✐ ♥❡ s♦♥t ♣❛s ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉



✸✵

❡♥ t❛♥t q✉❡ t❡❧s✱ ♠❛✐s q✉✐ ❡♥ ❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ❧❡s é❧é♠❡♥ts ❝✐tés ♣❧✉s ❤❛✉t ♣❛rt✐❝✐♣❡♥t à ❧❛
t❡♥✉❡ ❞✉ rés❡❛✉✳ P❛r ❡①❡♠♣❧❡ Pb ✭Z = 2✮✱ ♠❛✐s ❛✉ss✐ Al ♦✉ Ga ✭Z = 6✮ q✉✐ ♣❛rt❛❣❡♥t ❞❡s
❢❛❝❡s ❡t✴♦✉ ❞❡s ❝♦✐♥s ❛✈❡❝ ❧❡s ♣♦❧②è❞r❡s ❛❞❥❛❝❡♥ts✳
▲❡ rés❡❛✉ ✈✐tr❡✉① ♣❡✉t êtr❡ ❛❧téré ♣❛r ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❛♥s ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✬é❧é✲
♠❡♥ts ❛♣♣❡❧és ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉✳ ❈❡s é❧é♠❡♥ts s♦♥t ❝♦✉r❛♠♠❡♥t ❞❡s ❛❧❝❛❧✐♥s
❡t ❞❡s ❛❧❝❛❧✐♥♦✲t❡rr❡✉① ✭R = Na,Ca, Li,K, . . .✮✳ ▲❡✉r ❝♦✉❝❤❡ é❧❡❝tr♦♥✐q✉❡ ❞❡ ✈❛❧❡♥❝❡ ❡st ❞❡
s②♠étr✐❡ s✱ ❞♦♥❝ s❛♥s ❞✐r❡❝t✐♦♥ ♣r✐✈✐❧é❣✐é❡✱ ❡t ✐❧s s♦♥t ❞❡ ♣❧✉s très é❧❡❝tr♦♣♦s✐t✐❢s✳ ▲❡✉r ✐♥t❡r✲
❛❝t✐♦♥ ❛✈❡❝ ❧✬♦①②❣è♥❡ ❡st ♣❛r ❝♦♥séq✉❡♥t à ❝❛r❛❝tèr❡ ❢♦rt❡♠❡♥t ✐♦♥✐q✉❡✳ ▲❡✉r ✐♥tr♦❞✉❝t✐♦♥
❞❛♥s ❧❡ ✈❡rr❡ s♦✉s ❢♦r♠❡ RO ✭R = Ca, . . .✮ ♦✉ R2O ✭R = Na,Li,K, . . .✮ ✈❛ ❜r✐s❡r ❧❛ ❝♦♥t✐✲
♥✉✐té ❞✉ rés❡❛✉ ❡♥ tr❛♥s❢♦r♠❛♥t ❞❡s ♦①②❣è♥❡s ♣♦♥t❛♥ts ❡♥ ♦①②❣è♥❡s ❝❤❛r❣és ♥é❣❛t✐✈❡♠❡♥t ❡t
♥✬❡♥❣❛❣❡❛♥t q✉✬✉♥❡ s❡✉❧❡ ❧✐❛✐s♦♥ ❛✈❡❝ ❧❡ ❢♦r♠❛t❡✉r ❞❡ rés❡❛✉ ❛❞❥❛❝❡♥t ✭◆❇❖ ✿ ◆♦♥ ❇r✐❞❣✐♥❣
❖①②❣❡♥✮✳ ❖♥ ♣❡✉t é❝r✐r❡ ❢♦r♠❡❧❧❡♠❡♥t ✿

Na2O + ≡ Si−O − Si ≡ → ≡ Si−O− . . . Na+ + Na+ . . . O− − Si ≡

❋✐❣✳ ✷✳✹✿ ❙tr✉❝t✉r❡ ❞✬✉♥ ✈❡rr❡✱ ✭❛✮ tétr❛è❞r❡s SiO4 r❡❧✐és ♣❛r ❧❡✉r s♦♠♠❡t✱ ✭❜✮
r✉♣t✉r❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ Si−O − Si s♦✉s ❧✬❛❝t✐♦♥ ❞✬✉♥ ♠♦❞✐✜❝❛t❡✉r ✭Na2O✮

▲❛ ❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ rés❡❛✉ ✈✐tr❡✉① s❡ ♠❛♥✐❢❡st❡ ♣❛r ❧❛ ❝❤✉t❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡
❢✉s✐♦♥ ❞✉ ♠é❧❛♥❣❡ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ ❞❡ ❧✬❛❥♦✉t ❞✬✉♥ ♠♦❞✐✜❝❛t❡✉r✳ ❉❡s ❡①♣ér✐❡♥❝❡s ❞❡ ❞✐❢✲
❢r❛❝t✐♦♥ ❡t ❞❡s s✐♠✉❧❛t✐♦♥s ▼♦♥t❡ ❈❛r❧♦ ✐♥❞✐q✉❡♥t q✉❡ ❧❡ s♦❞✐✉♠ r❡st❡ ♣r♦❝❤❡ ❞❡s ♦①②❣è♥❡s
♥♦♥ ♣♦♥t❛♥ts✳ P❧✉s ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ s♦❞✐✉♠ ✐♥tr♦❞✉✐t❡ ❡st ❣r❛♥❞❡✱ ♣❧✉s ❧❡ ♥♦♠❜r❡ ❞✬♦①②❣è♥❡s
♥♦♥ ♣♦♥t❛♥ts ❧✐és ❛✉ Si ❛✉❣♠❡♥t❡✳ ❖♥ ♥♦t❡r❛ ♣❛r ❛✐❧❧❡✉rs ❧❛ ♣♦ss✐❜✐❧✐té q✉✬✐❧ ② ❛✐t ❞❛♥s ❝❡
t②♣❡ ❞❡ ✈❡rr❡ ❞❡✉① rés❡❛✉① ✐♥t❡r♣é♥étrés✱ ❧✬✉♥ ❝♦✈❛❧❡♥t ♦r❣❛♥✐sé ❛✉t♦✉r ❞❡s tétr❛è❞r❡s SiO2

❡t ❧✬❛✉tr❡ ✐♦♥✐q✉❡ ❢♦r♠é ❞❡ Na2O ❬✹✶❪✳

✷✳✷ Pr♦♣r✐étés ❞✬♦①②❞♦✲ré❞✉❝t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s

❚❡①t❡s ❞❡ ré❢ér❡♥❝❡s ✿

✶✳ ❈❤❡♠✐str② ♦❢ ●❧❛ss❡s✱ ❆✳P❛✉❧✱ ❈❤❛♣♣♠❛♥ ✫ ❍❛❧❧✱ ◆❡✇ ❨♦r❦✱ ✶✾✽✷✳

✷✳ ✓ ❙t❛❜✐❧✐t② ♦❢ ♠❡t❛❧ ✐♦♥s ✐♥ ♠♦❧t❡♥ ❣❧❛ss ✿ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ r❡❞✉❝t✐♦♥ ❛♥❞ ♦①✐❞❛t✐♦♥ ✔✱
❏✳❆✳ ❉✉✛②✱ P❤②s✳ ❈❤❡♠✳ ●❧❛ss❡s✱ ✹✵✭✷✮ ✭✶✾✾✾✮ ✺✹✳

❉❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s✱ ❞❡ ♥♦♠❜r❡✉① é❧é♠❡♥ts t❡❧s q✉❡ ❧❡s ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ ✭Fe✱
Cr✱ Ni✱ Ag✱ ✳ ✳ ✳ ✮✱ ♣❡✉✈❡♥t êtr❡ ♣rés❡♥ts s♦✉s ❞✐✛ér❡♥ts ét❛ts r❡❞♦①✳ ❈♦♠♠❡ ♥♦✉s ❧❡ ✈❡rr♦♥s
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♣❧✉s ❧♦✐♥✱ ❝❡❝✐ ❡st ♣♦ss✐❜❧❡ ❣râ❝❡ à ❧❛ ❝❛♣❛❝✐té ❞❡ ❧✬♦①②❣è♥❡ à s✉♣♣♦rt❡r ❞❡s ✈❛r✐❛t✐♦♥s ✐♠♣♦r✲
t❛♥t❡s ❞❡ s♦♥ ét❛t ❞❡ ❝❤❛r❣❡ ❡✛❡❝t✐❢✳
Pr❡♥♦♥s ♣♦✉r ❡①❡♠♣❧❡ ❧✬❛r❣❡♥t✱ q✉✐ ♥♦✉s ✐♥tér❡ss❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ ✿ ♥♦✉s ✈❡rr♦♥s q✉✬✐❧ ♣❡✉t
êtr❡ ♣rés❡♥t ❛✉ ♠♦✐♥s s♦✉s ❢♦r♠❡ Ag0 ❡t Ag+✱ ❡♥ éq✉✐❧✐❜r❡ r❡❞♦①✳ ◆♦✉s ♠♦♥tr❡r♦♥s ❞❛♥s ❝❡
tr❛✈❛✐❧ q✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❝❡t éq✉✐❧✐❜r❡ ❧♦rs ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡
❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t✳ ◆♦✉s ♣rés❡♥t♦♥s ❞♦♥❝ ❞❛♥s ❝❡tt❡ ♣❛rt✐❡ ❧❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❡①✲
tér✐❡✉rs ❞♦♥t ❞é♣❡♥❞ ❧✬éq✉✐❧✐❜r❡ r❡❞♦① ❞✬✉♥ ✐♦♥ ♠ét❛❧❧✐q✉❡ ♣❧♦♥❣é ❞❛♥s ✉♥ ✈❡rr❡ ✭♣r❡ss✐♦♥
♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✱ t❡♠♣ér❛t✉r❡✮ ❛✐♥s✐ q✉❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ s✉r ❝❡t éq✉✐❧✐❜r❡✳

✷✳✷✳✶ ❖①②❞❛t✐♦♥✲ré❞✉❝t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s

❊♥ s♦❧✉t✐♦♥ ❛q✉❡✉s❡✱ ❧✬ét✉❞❡ ❞❡s ♣r♦♣r✐étés r❡❞♦① ❢❛✐t ❝❧❛ss✐q✉❡♠❡♥t ❛♣♣❡❧ à ❞❡s ❝♦✉♣❧❡s
r❡❞♦① ✭❖①✴❘❡❞✮✱ ♣♦ssé❞❛♥t ✉♥ ❝❡rt❛✐♥ ♣♦t❡♥t✐❡❧ r❡❞♦① E0✳ ❈❡ ❞❡r♥✐❡r ❡st ✉♥❡ ♠❛♥✐èr❡ ❞✐❢✲
❢ér❡♥t❡ ❞❡ ❞♦♥♥❡r ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❞✬é❧❡❝tr♦♥s ❡♥tr❡ ❧✬♦①②❞❛♥t ❡t ❧❡
ré❞✉❝t❡✉r ✿

Ox+ ne− → Red ✭✷✳✷✮

❡t ♣❡r♠❡t ❞❡ ❝❧❛ss❡r s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ ♣♦t❡♥t✐❡❧ ❧❡s ❞✐✛ér❡♥ts ❝♦✉♣❧❡s✳ ❈❡tt❡ é❝❤❡❧❧❡ ♣❡r♠❡t
❡♥s✉✐t❡ ❞❡ ❞ét❡r♠✐♥❡r ✈✐s✉❡❧❧❡♠❡♥t ❧❡s ré❛❝t✐♦♥s q✉❛♥t✐t❛t✐✈❡s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ré❛❝t✐❢s ❡♥
♣rés❡♥❝❡✳ ▲❡ ♠ê♠❡ ❢♦r♠❛❧✐s♠❡ ❛ été ❛❞♦♣té ♣♦✉r ❞é❝r✐r❡ ❧❡s ré❛❝t✐♦♥s r❡❞♦① ❞❛♥s ❧❡s ✈❡rr❡s✳
❙✐ ♦♥ ❝♦♥s✐❞èr❡ ✉♥ ✐♦♥ ♠ét❛❧❧✐q✉❡ ❞❛♥s ✉♥ ✈❡rr❡ ❞✬♦①②❞❡✱ ♦♥ é❝r✐r❛ ❛❧♦rs ❧❛ ❞❡♠✐✲ré❛❝t✐♦♥
r❡❞♦① ✿

Mx+ →My+ + (y − x)e− ✭✷✳✸✮

❉❛♥s ✉♥ ✈❡rr❡ ❞✬♦①②❞❡✱ ❧✬♦①②❣è♥❡ ❡st ❝❧❛ss✐q✉❡♠❡♥t ❧✬é❧é♠❡♥t ❧❡ ♣❧✉s é❧❡❝tr♦♥é❣❛t✐❢✱ ❡t s❡rt
❞♦♥❝ ❞❡ rés❡r✈♦✐r ❞❡ ❝❤❛r❣❡s ♥é❣❛t✐✈❡s ♣❧✉s ♦✉ ♠♦✐♥s ❞✐s♣♦♥✐❜❧❡s✳ ■❧ ❡st ❡♥ éq✉✐❧✐❜r❡ ❛✈❡❝ s❛
❢♦r♠❡ ❞❡ ❞❡❣ré r❡❞♦① 0 ✿

O2 + 4e− → 2O2− ✭✷✳✹✮

❊♥ ❝♦♠❜✐♥❛♥t ✭✷✳✸✮ ❡t ✭✷✳✹✮✱ ♦♥ ♦❜t✐❡♥t ❧✬éq✉❛t✐♦♥ ❣♦✉✈❡r♥❛♥t ❧✬éq✉✐❧✐❜r❡ r❡❞♦① ❞❡ ❧✬é❧é♠❡♥t
M ❞❛♥s ❧❡ ✈❡rr❡✳ ❖♥ ♣❡✉t ❧✬é❝r✐r❡ ❢♦r♠❡❧❧❡♠❡♥t ❞❡ ♣❧✉s✐❡✉rs ♠❛♥✐èr❡s ❞✐✛ér❡♥t❡s ❬✹✷❪ ❞♦♥t ✿

M2x+
(verre) + y−x

2 O2 (verre) →M2y+
(verre) + (y − x)O2−

(verre) ✭✷✳✺✮

♦✉✱ ❞❛♥s ✉♥❡ ✈❡rs✐♦♥ ♥❡ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r q✉❡ ❧❡s ♦①②❞❡s ❝♦rr❡s♣♦♥❞❛♥ts ❛✉① ✐♦♥s M ❞❡
✈❛❧❡♥❝❡s ❞✐✛ér❡♥t❡s ✿

MOx (verre) + y−x
2 O2 (verre) →MOy (verre) ✭✷✳✻✮

P♦✉r ❝❤❛❝✉♥❡ ❞❡ ❝❡s ré❛❝t✐♦♥s✱ ♦♥ ♣❡✉t é❝r✐r❡ ❧❛ ❝♦♥st❛♥t❡ ❞✬éq✉✐❧✐❜r❡ ❝♦♠♠❡ ✉♥ ♣r♦❞✉✐t ❞❡s
❛❝t✐✈✐tés✱ ♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ✿

K =
[aM2y+][aO2−]y−x

[aM2x+][aO2]
y−x

2

✭✷✳✼✮

❡t ♣♦✉r ❧❛ ❞❡✉①✐è♠❡ ✿

K =
[aMOy]

[aMOx][aO2]
y−x

2

✭✷✳✽✮

❈❡s ❞❡✉① é❝r✐t✉r❡s ❞✐✛ér❡♥t❡s ❞♦✐✈❡♥t ♥é❝❡ss❛✐r❡♠❡♥t ❞♦♥♥❡r ❧❡ ♠ê♠❡ rés✉❧t❛t ♣♦✉r ❧❛ ♣r♦✲
♣♦rt✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ré❞✉✐t❡ ❞❡M ♣❛r r❛♣♣♦rt à s❛ ❢♦r♠❡ ♦①②❞é❡ ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳
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P❛r ❝♦♥séq✉❡♥t✱ ❧✬❛❝t✐✈✐té ❞❡ ❝❤❛q✉❡ ❡s♣è❝❡ ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❡s ❝♦♥st❛♥t❡s ❞❡
ré❛❝t✐♦♥ ❝✐✲❞❡ss✉s s❡r❛ très ❞✐✛ér❡♥t❡ ❞❡ ❧❡✉r ❝♦♥❝❡♥tr❛t✐♦♥✳ ❊①♣r✐♠é ❞✬✉♥ ♣♦✐♥t
❞❡ ✈✉❡ ♣❧✉s ♠✐❝r♦s❝♦♣✐q✉❡✱ ❧❡s éq✉❛t✐♦♥s ✭✷✳✺✮ ❡t ✭✷✳✻✮ s♦♥t ❢♦r♠❡❧❧❡s ❝❛r ❧❡s ❡s✲
♣è❝❡s ♥❡ s♦♥t ❣é♥ér❛❧❡♠❡♥t ♣❛s ♣rés❡♥t❡s ❞❛♥s ❧❡ ✈❡rr❡ s♦✉s ❧❛ ❢♦r♠❡ é❝r✐t❡ ✭❝✬❡st
❝❡ q✉❡ ✈❡✉t ❞✐r❡ ❧✬✐♥❞✐❝❡ ✧✈❡rr❡✧ ♠❡♥t✐♦♥♥é à ❝❤❛q✉❡ ❢♦✐s✮ ✿ ♦♥ ♥❡ tr♦✉✈❡r❛ ♣❛s ❞✬✐♦♥
O2− ✐s♦❧é ✭♣♦rt❛♥t ❡✛❡❝t✐✈❡♠❡♥t ❞❡✉① ❝❤❛r❣❡s ♥é❣❛t✐✈❡s✮✱ ♥✐ ❞✬✐♦♥s ♠ét❛❧❧✐q✉❡ M2x+ ♦✉
M2y+ s❛♥s ❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❧✐❣❛♥❞s ♣❛r ❡①❡♠♣❧❡✳ ▲❡s ♣r♦♣r✐étés r❡❞♦① ❞✬✉♥ ✐♦♥ M ✭s❛
❝❛♣❛❝✐té à ❧✐❜ér❡r ♦✉ ❛❝❝❡♣t❡r ✉♥ é❧❡❝tr♦♥✮ ❞é♣❡♥❞❡♥t ❞♦♥❝ ❞❡ ♠❛♥✐èr❡ ❝r✉❝✐❛❧❡ ❞❡ ❧❛ ♠❛♥✐èr❡
❞♦♥t ✐❧ ✐♥t❡r❛❣✐t ❛✈❡❝ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t ✭✐❝✐ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s ♦①②❣è♥❡s✮✳

❊♥ ✈❡rt✉ ❞❡ ❧✬é❝r✐t✉r❡ ✭✷✳✼✮ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✬éq✉✐❧✐❜r❡✱ ❧❡s ❢❛❝t❡✉rs ❞ét❡r♠✐♥❛♥ts ❞❡ ❧✬éq✉✐✲
❧✐❜r❡ r❡❞♦① ❞❡ M ❞❛♥s ✉♥ ✈❡rr❡ s❡r♦♥t ❞♦♥❝ ✿ ❧✬❛❝t✐✈✐té ❞❡ ❧✬♦①②❣è♥❡ ♠♦❧é❝✉❧❛✐r❡ O2✱ ❞❡s ✐♦♥s
r❡❞♦①M2x+ ❡tM2y+✱ ❡t ❞❡ ❧✬♦①②❛♥✐♦♥ O2− ❛✐♥s✐ q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ T à tr❛✈❡rs ❧❛ ❝♦♥st❛♥t❡
❞❡ ré❛❝t✐♦♥ K✳ ❚♦✉t❡ ❧❛ ❞✐✣❝✉❧té ❞❡ ❧✬ét✉❞❡ ❞❡s ré❛❝t✐♦♥s r❡❞♦① ❞❛♥s ❧❡s ✈❡rr❡s rés✐❞❡ ❞❛♥s
❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ✭♣❛r ❧❡ ❝❛❧❝✉❧ ♦✉ ❧❛ ♠❡s✉r❡✮ ❞❡s ❛❝t✐✈✐tés ❞❡ ❧❛ ♠❛❥♦r✐té ❞❡s ré❛❝t✐❢s ❡t ❞❡s
♣r♦❞✉✐ts ❞❡s ré❛❝t✐♦♥s r❡❞♦①✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❝❡❧❧❡ ❞❡ ❧✬♦①②❛♥✐♦♥✳

❆❝t✐✈✐té ❞❡s ✐♦♥s r❡❞♦① M2x+ ❡t M2y+

❊❧❧❡ ❞é♣❡♥❞ ❞❡ ♥♦♠❜r❡✉① ❢❛❝t❡✉rs ❝♦♠♠❡ ❧❛ ♥❛t✉r❡ ❞❡ ❧✬✐♦♥ ✭t❛✐❧❧❡✱ ❝❤❛r❣❡✱ ❝♦♥✜❣✉r❛✲
t✐♦♥ é❧❡❝tr♦♥✐q✉❡✱ ♣♦❧❛r✐s❛❜✐❧✐té✱ ✳ ✳ ✳ ✮ ❞❡ s❛ ❝♦♦r❞✐♥❛t✐♦♥✱ ❞❡ ❧❛ s②♠étr✐❡ ❞❡ ❧✬❛rr❛♥❣❡♠❡♥t
❞❡s ❧✐❣❛♥❞s✱ ❞❡ ❧❡✉r ♣♦❧❛r✐s❛❜✐❧✐té✱ ❡t ❡♥✜♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ✈❡rr❡✳ ●é♥ér❛❧❡♠❡♥t✱ ❝❡s
❡✛❡ts s❡r♦♥t ♥é❣❧✐❣és ❡t ❝❡ s♦♥t ❧❡s ❝♦♥❝❡♥tr❛t✐♦♥s q✉✐ s❡r♦♥t ✉t✐❧✐sé❡s ❡♥ ♣r❛t✐q✉❡✳ ❈❡s ❡✛❡ts
❞✬❛❝t✐✈✐tés s❡r♦♥t s❡♥s✐❜❧❡s ❞❛♥s ❧❡ ❝❛s ♦ù ❞❡ ❢♦rt❡s ❝♦♥❝❡♥tr❛t✐♦♥s ❞✬✐♦♥s ▼ s♦♥t ✐♥tr♦❞✉✐t❡s
❞❛♥s ❧❡ ✈❡rr❡ ✿ ✐❧s ❥♦✉❡♥t ❛❧♦rs ❧❡ rô❧❡ ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❡t ♣❛rt✐❝✐♣❡♥t ❞♦♥❝ à ❧✬ét❛❜❧✐ss❡♠❡♥t
❞❡ ❧✬ét❛t r❡❞♦① ♠♦②❡♥ ❞✉ ✈❡rr❡✳

❊✛❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡

❈✬❡st ❧❛ ❢♦r♠❡ ré❞✉✐t❡ ❞❡ ❧✬✐♦♥ M q✉✐ ❡st ❢❛✈♦r✐sé❡ ♣❛r ❧❡s t❡♠♣ér❛t✉r❡s ❞❡ ❢✉s✐♦♥ é❧❡✈é❡s
✭❛♥♥❡①❡ ❆✳✶✳✹✮✱ ❝❡ q✉✐ ❛ été ✈ér✐✜é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❬✹✸✱ ✹✹❪✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣ré♣❛r❛t✐♦♥
❞❡ ✈❡rr❡s à ❧✬❛r❣❡♥t ♣♦✉r ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ❜❡s♦✐♥ ❞❡ ❧❡ ❞✐ss♦✉❞r❡ ❡♥t✐èr❡♠❡♥t s♦✉s ❢♦r♠❡
♦①②❞é❡ Ag+ ❝❛r ✉♥ ❞❡s ♦❜❥❡❝t✐❢s ❡st ❞❡ ❞ét❡r♠✐♥❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ s✉r ❧❛ ♥❡✉tr❛✲
❧✐s❛t✐♦♥ ❞❡s ✐♦♥s Ag+✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❞✐♠✐♥✉é ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❢✉s✐♦♥ ❛✉ ♠❛①✐♠✉♠✱ ✉♥❡
❧✐♠✐t❡ ♣r❛t✐q✉❡ à ❝❡❝✐ ét❛♥t ❞❡ ❝♦♥s❡r✈❡r ❧✬❤♦♠♦❣é♥é✐té ✜♥❛❧❡ ❞✉ ✈❡rr❡✳

❆❝t✐✈✐té ❞❡ ❧✬♦①②❣è♥❡ ♠♦❧é❝✉❧❛✐r❡ O2

❖♥ ✉t✐❧✐s❡ ❣é♥ér❛❧❡♠❡♥t ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❡♥ ♦①②❣è♥❡ ❛✉✲❞❡ss✉s ❞✉ ✈❡rr❡ ❡♥ ❢✉s✐♦♥✱
♠❛✐s ❝❡ ♥✬❡st ✈❛❧❛❜❧❡ q✉❡ ♣♦✉r ❞❡s ♣r❡ss✐♦♥s ♣❛s tr♦♣ ❣r❛♥❞❡s✳ ❯♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛
♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡ ❢❛✈♦r✐s❡ ❧❛ ❢♦r♠❡ ♦①②❞é❡ ❞✬✉♥ ✐♦♥ ♠✉❧t✐✈❛❧❡♥t ❬✹✺❪✳ ▲❛ ✜❣✉r❡ ✷✳✺
r❡♣rés❡♥t❡ ❧✬❡✛❡t ❞❡ ❧✬♦①②❣è♥❡ ♠♦❧é❝✉❧❛✐r❡ ♣♦✉r ❞✐✛ér❡♥ts ❝♦✉♣❧❡s r❡❞♦① ✭❛♥♥❡①❡ ❆✳✶✳✸✮✳

▲✬❛r❣❡♥t ❡st✱ ♣❛r♠✐ ❧❡s ❞✐✛ér❡♥ts ❝♦✉♣❧❡s r❡❞♦① ❡♥✈✐s❛❣és✱ ❝❡❧✉✐ q✉✐ s❡ tr♦✉✈❡r❛ ❧❡ ♣❧✉s
❛✐sé♠❡♥t s♦✉s ❢♦r♠❡ ♥❡✉tr❡ ✭✜❣✉r❡ ✷✳✺✮ ❝❡ q✉✐ ✐❧❧✉str❡ ❧❛ ❞✐✣❝✉❧té q✉❡ ❧✬♦♥ ❛ ❡♥ ♣r❛t✐q✉❡ à
❧❡ ❣❛r❞❡r s♦✉s ❢♦r♠❡ ♦①②❞é❡ ❞❛♥s ✉♥ ✈❡rr❡✳
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❋✐❣✳ ✷✳✺✿ ❱❛r✐❛t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ré❞✉✐t❡ s✉r ❧❛ ❢♦r♠❡ ♦①②❞é❡ ❞❡ ❞✐✛é✲
r❡♥ts ❝♦✉♣❧❡s r❡❞♦① ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢✉❣❛❝✐té ✭♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡✮ ❞❡ O2 ❛✉✲❞❡ss✉s
❞✬✉♥ ❜♦r♦s✐❧✐❝❛t❡ à T = 1150✝C✳ ✭❉✬❛♣rès ❙❝❤r❡✐❜❡r ❬✹✻❪✮

❆❝t✐✈✐té ❞❡ ❧✬♦①②❛♥✐♦♥

❈❡tt❡ ❛❝t✐✈✐té r❡❝♦✉✈r❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✬❡✛❡t ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡✱ ♠❛✐s ❧❛
r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ❡st ❞✐✣❝✐❧❡ à ♣ré✈♦✐r✳ ◆♦✉s ✉t✐❧✐s❡r♦♥s ✐❝✐ ❧❛ ♥♦t✐♦♥ ❞❡ ❜❛s✐❝✐té ♦♣t✐q✉❡
❞✬✉♥ ✈❡rr❡✳ ❈❡tt❡ ❣r❛♥❞❡✉r ❛ été ✐♥tr♦❞✉✐t❡ ♣❛r ❉✉✛② ❬✹✼❪ à ♣❛rt✐r ❞✬✉♥❡ ❞❡s❝r✐♣t✐♦♥ ♦r❜✐t❛✲
❧❛✐r❡ ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❞❡s ✐♦♥s M ✭✈♦✐r ❛♥♥❡①❡ ❆✳✶✳✷ ♣♦✉r ✉♥❡ ✐♥tr♦❞✉❝t✐♦♥✮✳ ❖♥
❛♣♣❡❧❧❡r❛ ❜❛s✐❝✐té ❞✬✉♥ ✈❡rr❡ ❧❛ ❝❛♣❛❝✐té ❞❡ s❡s ♦①②❣è♥❡s à r❡♥❞r❡ ❞✐s♣♦♥✐❜❧❡ ❧❡✉rs ❝❤❛r❣❡s
♣♦✉r ❧❛ st❛❜✐❧✐s❛t✐♦♥ ❞❡s ❝❛t✐♦♥s ♠ét❛❧❧✐q✉❡s✳ ▲✬❛❥♦✉t ❞❡ ♠♦❞✐✜❝❛t❡✉rs✱ ❡♥ ✐♥❞✉✐s❛♥t ❧❛ ❞é✲
♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ rés❡❛✉ ✈✐tr❡✉①✱ ♣r♦✈♦q✉❡ ✉♥❡ ❤❛✉ss❡ ♣r♦❣r❡ss✐✈❡ ❞❡ ❧❛ ❝❤❛r❣❡ ♥é❣❛t✐✈❡
♣♦rté❡ ♣❛r ❧❡s ♦①②❣è♥❡s ❡t ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❜❛s✐❝✐té ❞✉ ✈❡rr❡✳ ❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ♦♥
♦❜s❡r✈❡ ✭✜❣✉r❡ ✷✳✻✮ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧✬éq✉✐❧✐❜r❡ ✈❡rs ❧❛ ❢♦r♠❡ ♦①②❞é❡ ❞❡ ❧✬✐♦♥ ▼ à ♠❡s✉r❡
q✉❡ ❧❛ ❜❛s✐❝✐té ❞✉ ✈❡rr❡ ❛✉❣♠❡♥t❡✳

❆✐♥s✐✱ ✐❧ s❡r❛ ♣❧✉s ❢❛✈♦r❛❜❧❡ ❞✬✉t✐❧✐s❡r ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ q✉❡ ❧❛ s✐❧✐❝❡ ♣✉r❡✱ ♠♦✐♥s ❜❛s✐q✉❡✱
❧♦rsq✉✬✐❧ s✬❛❣✐r❛ ❞❡ t❡st❡r ❧❡s ❡✛❡ts ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛r❣❡♥t✳

✷✳✷✳✷ ◗✉✐❞ ❞❡s ♣r♦♣r✐étés r❡❞♦① ❡♥ ❞❡ss♦✉s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡
❢✉s✐♦♥ ❄

▲❛ ♠❛❥♦r✐té ❞❡s ét✉❞❡s ❞❡s ♣r♦♣r✐étés r❡❞♦① ❞❡s ✈❡rr❡s ❛ été ré❛❧✐sé❡ à ❧✬ét❛t ❢♦♥❞✉✱ ♣♦✉r
❧❡q✉❡❧ ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✬✉♥ éq✉✐❧✐❜r❡ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ét❛ts r❡❞♦① ❞✬✉♥
é❧é♠❡♥t ❛❥♦✉té ❛✉ ✈❡rr❡ ❢♦♥❞✉✳ ▲❛ ✈✐t❡ss❡ ❞✬ét❛❜❧✐ss❡♠❡♥t ❞❡ ❝❡t éq✉✐❧✐❜r❡ ❞é♣❡♥❞ ❞❡ ❧❛ t❡♠✲
♣ér❛t✉r❡ ❡t ❞❡ ❧❛ ❞✉ré❡ ❞❡ ❧❛ ❢♦♥t❡✱ ♣♦✉r ❞❡s r❛✐s♦♥s ❝✐♥ét✐q✉❡s✳

❖r✱ ❝❡ s♦♥t ❞❡s ✈❡rr❡s tr❡♠♣és à t❡♠♣ér❛t✉r❡ ✐♥❢ér✐❡✉r❡ à ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ tr❛♥s✐t✐♦♥
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❋✐❣✳ ✷✳✻✿ ✭❛✮ ✿ ✈❛r✐❛t✐♦♥ ❞✉ r❛♣♣♦rt ❞❡ ❧❛ ❢♦r♠❡ ré❞✉✐t❡ s✉r ❧❛ ❢♦r♠❡ ♦①②❞é❡ ❞✉ Fe ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❥♦✉t ❞❡ ♠♦❞✐✜❝❛t❡✉rs✱ ♣♦✉r ❞❡s ✈❡rr❡s ❞❡ s✐❧✐❝❛t❡s ❞✬❛❧❝❛❧✐♥s ❡♥ ❢✉s✐♦♥
à 1400✝C s♦✉s ❛✐r✳ ✭❜✮ ✿ ▲❡s ♠ê♠❡s ♠❡s✉r❡s✱ ♠❛✐s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❜❛s✐❝✐té ♦♣t✐q✉❡
❞❡s ❝♦♠♣♦s✐t✐♦♥s ❝♦rr❡s♣♦♥❞❛♥t❡s✳ ❊❧❧❡ ♣❡r♠❡t ❡♥ ♣❧✉s ❞❡ r❛ss❡♠❜❧❡r s♦✉s ✉♥ ♠♦❞è❧❡
✉♥✐q✉❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ✈❡rr❡s ❞❡ ❝♦♠♣♦s✐t✐♦♥s très ❞✐✛ér❡♥t❡s ✭❞✬❛♣rès ❇❛✉❝❦❡
❬✹✽❪✮✳

✈✐tr❡✉s❡ q✉✐ ♥♦✉s ✐♥tér❡ss❡♥t ❞❛♥s ❝❡ tr❛✈❛✐❧ ✿ q✉❡ ❞❡✈✐❡♥♥❡♥t ❧❡s ♣r♦♣r✐étés r❡❞♦① ❞✬✉♥
✈❡rr❡ ❧♦rsq✉✬♦♥ ❞✐♠✐♥✉❡ ❢♦rt❡♠❡♥t s❛ t❡♠♣ér❛t✉r❡ ❄ ❖♥ ❛❞♠❡t à ❝❡ ♣r♦♣♦s q✉✬✉♥ ✈❡rr❡
❝♦♥s❡r✈❡ ❧❡s ♣r♦♣r✐étés r❡❞♦① ✭♣r♦♣♦rt✐♦♥s r❡s♣❡❝t✐✈❡s ❞❡s ❞✐✛ér❡♥ts ét❛ts ❞❡
❝❤❛r❣❡✳ ✳ ✳ ✮ q✉✬✐❧ ❛✈❛✐t ❥✉st❡ ❛✈❛♥t ❞✬êtr❡ ❝♦✉❧é✷✳ ❈❡❝✐ ❥✉st✐✜❡ ❧✬✐♥térêt ♣♦rté ❝✐✲❞❡ss✉s
❛✉① ♣r♦♣r✐étés r❡❞♦① ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❧❛ ❢✉s✐♦♥✳

❈❡♣❡♥❞❛♥t✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s ✐❝✐ à ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ♣r♦♣r✐étés ❞❛♥s ❧❛ ❝♦✉❝❤❡
s✉♣❡r✜❝✐❡❧❧❡ ❞✉ ✈❡rr❡ ✭0 − 4 µm ❞❡ ♣r♦❢♦♥❞❡✉r✮✳ ❈❡tt❡ ❞✐st❛♥❝❡ ❡st s✉✣s❛♠♠❡♥t ❢❛✐❜❧❡
♣♦✉r q✉❡ ❧❡s ❝♦♥st✐t✉❛♥ts ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❞✉ r❡❝✉✐t ♣✉✐ss❡♥t ❧❛ ♣❛r❝♦✉r✐r ♣❛r ❞✐✛✉s✐♦♥✳
▲✬❛t♠♦s♣❤èr❡ ❞✉ r❡❝✉✐t ♥✬ét❛♥t ❣é♥ér❛❧❡♠❡♥t ♣❛s ❧❛ ♠ê♠❡ q✉❡ ❝❡❧❧❡ ❞❡ ❧❛ ❢✉s✐♦♥✱ ♦♥ ♣❡✉t
❞♦♥❝ s✬❛tt❡♥❞r❡ à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧✬ét❛t r❡❞♦① ❞✉ ✈❡rr❡✱ ✈♦✐r❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧❛
♠✐❝r♦str✉❝t✉r❡ ❡t ❞❡s ♣r♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥✳ ❉❡s ❡✛❡ts ❞❡ ❝❡ t②♣❡ ♦♥t ♣❛r ❡①❡♠♣❧❡ été
r❛♣♣♦rtés ♣❛r ▼✐♦t❡❧❧♦ ❬✹✾❪ à ♣r♦♣♦s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬♦r ❞❛♥s ❞❡ ❧❛ s✐❧✐❝❡ ♣✉r❡
✐♠♣❧❛♥té❡ ❡t r❡❝✉✐t❡ ❞❛♥s ❞✐✛ér❡♥t❡s ❛t♠♦s♣❤èr❡s ✭He✱ N2✱ O2✱ ❝✬❡st ♣♦✉r ❝❡ ❞❡r♥✐❡r q✉❡ ❧❛
❝r♦✐ss❛♥❝❡ ❡st ♣❧✉s r❛♣✐❞❡✮✱ ♣❛r ❙❝❤♠✐❞t ❬✺✵❪ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ ●❡
❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ s♦✉s ❛t♠♦s♣❤èr❡ ❞✬♦①②❣è♥❡ ✭♦①②❞❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞❡s ♥❛♥♦❝r✐st❛✉① ❞❡
Ge ❡♥ GeO2✮✱ ♦✉ ❜✐❡♥ ❡♥❝♦r❡ ♣❛r ❊❦✐♠♦✈ ❬✸✻❪ ♣♦✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ CdS ❞❛♥s ✉♥
✜❧♠ ❞❡ s✐❧✐❝❡ ✭❝r♦✐ss❛♥❝❡ ♣❧✉s r❛♣✐❞❡ s♦✉s H2 q✉❡ s♦✉s ❛✐r✮✳
◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s ✿ ❧❡s ❛t♠♦s♣❤èr❡s ♣♦✉✈❛♥t ✐♥❞✉✐r❡ ❞❡s
❝❤❛♥❣❡♠❡♥ts ❞✉ r❡❞♦① ❞❡s ✈❡rr❡s s♦♥t ❝❡❧❧❡s ❝♦♥t❡♥❛♥t ❞❡ ❧✬♦①②❣è♥❡ ✭O2,H2O✮
♦✉ ❜✐❡♥ s✉s❝❡♣t✐❜❧❡s ❞❡ ré❛❣✐r ❛✈❡❝ ❧✉✐ ✭H2✮✳ ❆✜♥ ❞✬é✈✐t❡r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐
✭♣❛rt✐❡ ✹✳✶✳✸✮ ✉♥ ❣❛③ r❡❧❛t✐✈❡♠❡♥t ✐♥❡rt❡ ❞❡ ❝❡ ♣♦✐♥t ❞❡ ✈✉❡ ✿ N2✳ ❈❡ ❣❛③ ❡st ❝♦♥♥✉
♣♦✉r s❡ ❧✐❡r ❢❛✐❜❧❡♠❡♥t ✭✐♥t❡r❛❝t✐♦♥ ❞❡ t②♣❡ ❱❛♥ ❞❡r ❲❛❛❧s✮ ❛✈❡❝ ❧❡ rés❡❛✉ ✈✐tr❡✉①✳ ❈❡ ♥✬❡st
♣❛r ❝♦♥tr❡ ♣❛s ❧❡ ❝❛s ❞❡ ❧✬❛♠♠♦♥✐❛❝ NH3 q✉✐ ♣❡✉t ré❛❣✐r ❝❤✐♠✐q✉❡♠❡♥t ❛✈❡❝ ❧❡ rés❡❛✉ ♣♦✉r

✷▲❛ ♠❛❥♦r✐té ❞❡s ét✉❞❡s s♣❡❝tr♦s❝♦♣✐q✉❡s ❡st ❞✬❛✐❧❧❡✉rs ♠❡♥é❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❡t ♥♦♥ s✉r ❧❡ ✈❡rr❡
❢♦♥❞✉✳ ✳ ✳
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s❡ s✉❜st✐t✉❡r à ❧✬♦①②❣è♥❡ ❞❡ ❧✐❛✐s♦♥ Si−O ❬✺✶❪✳

✷✳✷✳✸ ❘❡❞♦① ❡t ✐rr❛❞✐❛t✐♦♥

◆♦✉s ✈❡rr♦♥s ❛✉ ❝❤❛♣✐tr❡ s✉✐✈❛♥t q✉✬✉♥ ❞❡s ❡✛❡ts ❞✬✉♥ r❛②♦♥♥❡♠❡♥t ✐♦♥✐s❛♥t✱ ❡t ❞♦♥❝
❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡s ✐rr❛❞✐❛t✐♦♥s ✐♦♥✐q✉❡s✱ s✉r ✉♥ ✈❡rr❡ ❡st ❧❡ ♣✐é❣❡❛❣❡ ❞❡ ❝❤❛r❣❡s ✭é❧❡❝tr♦♥s ❡t
tr♦✉s✮ s✉r ❧❡s ❛t♦♠❡s ❞✉ rés❡❛✉✳ ❉✉ ♣♦✐♥t ❞❡ ✈✉❡ r❡❞♦①✱ ❝❡s é❧❡❝tr♦♥s ✭r❡s♣✳ tr♦✉s✮ ♣✐é❣és ♥❡
s❡r♦♥t ❛✉tr❡s q✉❡ ❞❡s ré❞✉❝t❡✉rs ✭r❡s♣✳ ♦①②❞❛♥ts✮ ♣✉✐ss❛♥ts✳ ❊♥ ❡✛❡t✱ ❝❡s ❝❤❛r❣❡s ♣✐é❣é❡s s♦♥t
✐♥st❛❜❧❡s ✭✉♥ r❡❝✉✐t ❡♥✲❞❡ss♦✉s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ tr❛♥s✐t✐♦♥ ✈✐tr❡✉s❡ s✉✣t à ❧❡s ❧✐❜ér❡r✮
❡t ❧❡s ré❛❝t✐♦♥s ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ♣❡✉✈❡♥t ❛✉ss✐ s✬❡♥✈✐s❛❣❡r ❝♦♠♠❡ ❞❡s ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s
❞✬♦①②❞♦✲ré❞✉❝t✐♦♥✳ ◆♦✉s ♠♦♥tr❡r♦♥s ♣❛r ❧❛ s✉✐t❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❛r❣❡♥t q✉❡ ❧❡s ❡✛❡ts r❡❞♦①
✐♥❞✉✐ts ♣❛r ✐rr❛❞✐❛t✐♦♥ s♦♥t s✉s❝❡♣t✐❜❧❡s ❞❡ ♠♦❞✐✜❡r ❞❡ ♠❛♥✐èr❡ r❛❞✐❝❛❧❡ ❧❡s ♣r♦♣r✐étés ❞❡
♣ré❝✐♣✐t❛t✐♦♥✳
◆♦t♦♥s ♣♦✉r ✜♥✐r q✉❡ ❞❡ t❡❧s ❡✛❡ts s♦♥t ❜✐❡♥ ❞é❝r✐ts ❡♥ s♦❧✉t✐♦♥ ❛q✉❡✉s❡✱ ❛✈❡❝ ❞❡s ❛♣♣❧✐❝❛t✐♦♥s
♣r❛t✐q✉❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s é♠✉❧s✐♦♥s ♣❤♦t♦❣r❛♣❤✐q✉❡s✳ ◆♦✉s ❡①♣❧✐❝✐t❡r♦♥s ❞❛♥s ❝❡ tr❛✈❛✐❧
❝❡tt❡ ❛♥❛❧♦❣✐❡ très ❢♦rt❡✱ ❡♥ ♥♦✉s ❡✛♦rç❛♥t ❞❡ ❞é❣❛❣❡r ❧❡s s♣é❝✐✜❝✐tés ❧✐é❡s à ❧✬✉t✐❧✐s❛t✐♦♥
❞✬✐rr❛❞✐❛t✐♦♥s ✐♦♥✐q✉❡s✳

✷✳✸ Pr♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥

■❧ ♥❡ ♣❡✉t ② ❛✈♦✐r ❞❡ ❝r♦✐ss❛♥❝❡ s❛♥s ❞✐✛✉s✐♦♥ ✭❝❤❛♣✐tr❡ ✶✮✳ ❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ❛❧❧♦♥s
❞♦♥❝ ♣rés❡♥t❡r ❧❡s q✉❡❧q✉❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s ❡♥ ✐♥s✐st❛♥t s✉r
❧✬✐♥✢✉❡♥❝❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❝❤✐♠✐q✉❡s ❞✉ ❞✐✛✉s❡✉r ❛✈❡❝ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳

❖♥ tr♦✉✈❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬❛rt✐❝❧❡s ❞❡ r❡✈✉❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ tr❛✐t❛♥t ❞❡ ❧❛ ❞✐✛✉✲
s✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s ✿

✕ ❘✳❍✳ ❉♦r❡♠✉s✱ ✐♥ ▼♦❞❡r♥ ❆s♣❡❝t ♦❢ t❤❡ ❱✐tr❡♦✉s ❙t❛t❡✱ ✈♦❧✳✷✱ ❡❞✳ ❏✳❉✳ ▼❛❝❦❡♥③✐❡✱
❇✉tt❡r✇♦rt❤✱ ▲♦♥❞♦♥ ✶✾✻✷✱ ♣✳✶ ✳

✕ ●✳❍✳ ❋r✐s❝❤❛t✱ ■♦♥✐❝ ❉✐✛✉s✐♦♥ ✐♥ ❖①✐❞❡ ●❧❛ss❡s✱ ❚r❛♥s ❚❡❝❤ P✉❜❧✳✱ ❆❡❞❡r♠❛♥♥s❞♦r❢
✶✾✼✺✳

✕ ❘✳ ❚❡r❛✐ ❛♥❞ ❘✳ ❍❛②❛♠✐✱ ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✱ ✶✽✭✷✮ ✭✶✾✼✺✮ ✷✶✼✳
❉❡ ♣❧✉s✱ ♦♥ tr♦✉✈❡r❛ ✉♥❡ ❝♦♠♣✐❧❛t✐♦♥ ❞❡ ❞✐✈❡rs❡s ♠❡s✉r❡s ❞❡ ❞✐✛✉s✐♦♥ ❢❛✐t❡s ❞❛♥s ❧❡s ✈❡rr❡s
✭❢♦♥❞✉s ♦✉ ♣❛s✮ ❞❛♥s ❩❤❛❜r❡✈ ❡t ❛❧✳ ❬✺✷❪✳

❉❛♥s ✉♥ s♦❧✐❞❡ ✐♦♥✐q✉❡✱ ❧❛ ❞✐✛✉s✐♦♥ s❡ ❢❛✐t à ♣❛rt✐r ❞❡ s✐t❡s ✐♥t❡rst✐❝✐❡❧s ♦✉ s✉❜st✐t✉t✐♦♥♥❡❧s
❜✐❡♥ ✐❞❡♥t✐✜❛❜❧❡s ✭❣é♦♠étr✐❡✱ t❛✐❧❧❡✳ ✳ ✳ ✮✳ ▲❡s ♠é❝❛♥✐s♠❡s ❞❡ s❛✉t ❡♥tr❡ ❝❡s s✐t❡s s♦♥t ❞♦♥❝
❡♥ ♥♦♠❜r❡ ✜♥✐ ❡t ♦♥ ♣❡✉t ❛ ♣r✐♦r✐ ❝❛❧❝✉❧❡r ♣♦✉r ❝❤❛❝✉♥ ✉♥❡ é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛
❞✐✛✉s✐♦♥ E✱ ♣❡r♠❡tt❛♥t ❡♥s✉✐t❡ ❞❡ ❞ér✐✈❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ♣❛r ❧❛ ❢♦r♠✉❧❡ ❞✬❊✐♥st❡✐♥✲
❙♠♦❧✉❝❤♦✇s❦✐ ✿

D = D0 exp− E

kBT
✭✷✳✾✮

▲❡ ❝❛s ❞❡s ✈❡rr❡s ❡st ♣❧✉s ❝♦♠♣❧❡①❡✳ ◆♦✉s ❛✈♦♥s ✈✉ ❡♥ ♣❛rt✐❡ ✷✳✶ q✉❡ ❧❛ str✉❝t✉r❡ ❞❡s ✈❡rr❡s
❞✬♦①②❞❡s ♣♦✉✈❛✐t s❡ ❞é❝r✐r❡ ❝♦♠♠❡ ✉♥ ❡♥❝❤❛î♥❡♠❡♥t ♣❧✉s ♦✉ ♠♦✐♥s ❝♦♥t✐♥✉ ❞❡ ♣♦❧②è❞r❡s ❞❡
❝♦♦r❞✐♥❛t✐♦♥✱ q✉✐ ❞é✜♥✐ss❡♥t ❞♦♥❝ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s ❞✬✐♥t❡rst✐❝❡s✳ ➪ ❧❛ ❞✐✛ér❡♥❝❡
❞❡s s♦❧✐❞❡s ❝r✐st❛❧❧✐♥s✱ ❧❛ ❤❛✉t❡✉r ❞❡s ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧ ❡♥tr❡ ❞❡✉① ♠✐♥✐♠❛ ♥✬❡st ❞♦♥❝ ♣❛s
✐❞❡♥t✐q✉❡ ❞✬✉♥ s❛✉t à ❧✬❛✉tr❡✳ ❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ♦♥ ✈ér✐✜❡ ❝❡♣❡♥❞❛♥t ❧❛ r❡❧❛t✐♦♥ ✷✳✾✱ ❧✬é♥❡r✲
❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ tr♦✉✈é❡ ♥✬ét❛♥t ❛❧♦rs q✉✬✉♥❡ ♠♦②❡♥♥❡✳ ❖♥ ♣❡✉t ♠♦♥tr❡r t❤é♦r✐q✉❡♠❡♥t q✉❡
❧❛ ❝♦♥✈❡r❣❡♥❝❡ ✈❡rs ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❛✈❡❝ ✉♥❡ s❡✉❧❡ é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ❡st ré❛❧✐sé❡ q✉❛♥❞
❧❡ ♥♦♠❜r❡ ❞❡ s❛✉ts ❞❡✈✐❡♥t ❣r❛♥❞ ❬✺✸❪✳
▲❡s ♠♦❞è❧❡s ❞❡ ❞✐✛✉s✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s s✬❡✛♦r❝❡♥t ❞❡ ❝❛❧❝✉❧❡r ❧✬é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ♠♦②❡♥♥❡



✸✻

❡t ❧❡ ♣ré❢❛❝t❡✉r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♥❛t✉r❡ ❞❡ ❧✬é❧é♠❡♥t ❞✐✛✉s❛♥t ❡t ❞❡ s❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝
❧❡ ♠✐❧✐❡✉ ❡♥✈✐r♦♥♥❛♥t✳ ▲✬é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ s❡ s❝✐♥❞❡ ❣é♥ér❛❧❡♠❡♥t ❡♥ ❞❡✉① ♣❛rt✐❡s ✿ ✉♥❡
❝♦♠♣♦s❛♥t❡ ❞❡ ❞✐ss♦❝✐❛t✐♦♥ tr❛❞✉✐s❛♥t ❧❡s ❧✐❛✐s♦♥s ✭❛ ♣r✐♦r✐ ❞❡ ♥❛t✉r❡ ✐♦♥✐❝♦✲❝♦✈❛❧❡♥t❡✮ ❡♥✲
❣❛❣é❡s ♣❛r ❧✬é❧é♠❡♥t ❞✐✛✉s❛♥t ❛✈❡❝ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✱ ❡t ✉♥❡ ❝♦♠♣♦s❛♥t❡ ❞❡ ♠é❝❛♥✐q✉❡ ❞❡
❞✐❧❛t❛t✐♦♥ ❞✉ rés❡❛✉ ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞❡ ❧✬é❧é♠❡♥t ❞✬✉♥ s✐t❡ à ❧✬❛✉tr❡✳ ▲❛ ♥❛t✉r❡ ❞❡ ❧❛ ❧✐❛✐s♦♥
❝❤✐♠✐q✉❡ ❞✉ ❞✐✛✉s❡✉r ❛✈❡❝ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t❡✳

✷✳✸✳✶ ❉✐✛✉s✐♦♥ ❞❡s ❣❛③ r❛r❡s ❡t ❞❡s ♠♦❧é❝✉❧❡s

▲❡s ❣❛③ r❛r❡s s♦♥t ✐♥❡rt❡s ❝❤✐♠✐q✉❡♠❡♥t✱ ✐❧s ♥✬❡♥❣❛❣❡♥t ♣❛s ❞❡ ❧✐❛✐s♦♥s ❛✈❡❝ ❧❡
rés❡❛✉ ✈✐tr❡✉①✳ ▲❡✉r ❞✐✛✉s✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s s✐❧✐❝❛t❡s s❡ ❢❛✐t ❞♦♥❝ ❝♦♠♠❡ ❞❛♥s
✉♥ s♦❧✐❞❡ ♣❧✉s ♦✉ ♠♦✐♥s ♦✉✈❡rt✳ ▲❛ s❡✉❧❡ ❝♦♠♣♦s❛♥t❡ ❞❡ ❧✬é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ❡st
❝❡❧❧❡ ❞❡ ❞✐❧❛t❛t✐♦♥ ❡t ❛ été é✈❛❧✉é❡ ♣❛r ❆♥❞❡rs♦♥ ❡t ❙t✉❛rt ❬✺✹❪✳ ▲❡✉r ♠♦❞è❧❡ ❡st ❡♥ ❛❝❝♦r❞
❝♦rr❡❝t ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ❣❛③ r❛r❡s ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✱ ❧❡ ❝❛s ❞❡ ✈❡rr❡s s✐❧✐❝❛t❡s
♣♦s❛♥t ♣❧✉s ❞❡ ♣r♦❜❧è♠❡s✳ ❖♥ tr♦✉✈❡r❛ ❞❛♥s ❙❤❡❧❜② ❬✺✺❪ ✉♥❡ ❞✐s❝✉ss✐♦♥ ♣❧✉s ❝♦♠♣❧èt❡ ❞❡ ❝❡s
♠♦❞è❧❡s✳
▲❛ ❝♦♥st❛♥t❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s ♣♦✉✈❛♥t ✐♥t❡r❛❣✐r ❝❤✐♠✐✲
q✉❡♠❡♥t ❛✈❡❝ ❧❡ ♠✐❧✐❡✉ s❡♠❜❧❡ ♣♦✉✈♦✐r s❡ ❞é❝r✐r❡ ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱ ❧❛ t❛✐❧❧❡
r❡♥tr❛♥t ❡♥ ❥❡✉ ét❛♥t ❧❛ t❛✐❧❧❡ ♠♦❧é❝✉❧❛✐r❡ ✭❤②❞r♦❣è♥❡ ❬✺✻❪✱ ♦①②❣è♥❡ ❬✺✼❪✱ ♠♦❧é✲
❝✉❧❡ ❞✬❡❛✉ ❬✺✽❪✮✳

▲❛ ❞✐✛✉s✐♦♥ ❞❡s ♠ét❛✉① ♥♦❜❧❡s s♦✉s ❢♦r♠❡ ♥❡✉tr❡ r❡♥tr❡ ♣r♦❜❛❜❧❡♠❡♥t ❞❛♥s ❝❡tt❡ ❝❛té✲
❣♦r✐❡✱ ♠❛✐s ♦♥ tr♦✉✈❡ ♣❡✉ ❞❡ ❞♦♥♥é❡s ✜❛❜❧❡s s✉r ❧❡✉r ❞✐✛✉s✐♦♥ ❞❛♥s ❝❡t ét❛t ❝❤✐♠✐q✉❡✳

✷✳✸✳✷ ❉✐✛✉s✐♦♥ ✐♦♥✐q✉❡

❊♥ ❞❡❤♦rs ❞❡s ❣❛③ r❛r❡s ❡t ❞❡ ❝❡rt❛✐♥❡s ♠♦❧é❝✉❧❡s✱ ❧❡s ❛✉tr❡s é❧é♠❡♥ts s✉s❝❡♣t✐❜❧❡s ❞❡
❞✐✛✉s❡r ❞❛♥s ❧❡s ✈❡rr❡s ❞é✈❡❧♦♣♣❡♥t ❞❡s ✐♥t❡r❛❝t✐♦♥s ❝❤✐♠✐q✉❡s ❛✈❡❝ ❧❡✉r ❡♥t♦✉r❛❣❡✱ ❝❡ q✉✐
✐♥tr♦❞✉✐t ❞❡s ❝♦♠♣♦s❛♥t❡s s✉♣♣❧é♠❡♥t❛✐r❡s ❞❛♥s ❧✬ é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❞✐✛✉s✐♦♥✳ ❊♥
♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❡ ❝❛s ❞❡s ✐♦♥s✱ ❝❡✉①✲❝✐ ❡♥❣❛❣❡♥t ❞❡s ❧✐❛✐s♦♥s ✐♦♥✐❝♦✲❝♦✈❛❧❡♥t❡ ❛✈❡❝ ❧❡✉rs ✈♦✐✲
s✐♥s ✐♠♠é❞✐❛ts✳ ❉❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s ♣❛r ❡①❡♠♣❧❡✱ ❧❡ rés❡❛✉ ❡st ❝♦♥st✐t✉é ❞✬❛♥✐♦♥s ✭❡♥
❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ✐♦♥s ♦①②❞❡s O2−✮ s✐t✉és ❛✉① s♦♠♠❡ts ❞❡s ♣♦❧②è❞r❡s ❞❡ ❝♦♦r❞✐♥❛t✐♦♥
✭♣❛rt✐❡ ✷✳✶✮ ❡t ❧✐és ❞❡ ♠❛♥✐èr❡ ❝♦✈❛❧❡♥t❡ ✭❡✳❣✳ ❛✈❡❝ Si4+✮ ♦✉ ❜✐❡♥ ✐♦♥✐q✉❡ ✭❡✳❣✳ ❛✈❡❝ Na+✮
❛✈❡❝ ❧❡s ❝❛t✐♦♥s ❞✉ rés❡❛✉✳

▼é❝❛♥✐s♠❡s ❞❡ ❞✐✛✉s✐♦♥ ✐♦♥✐q✉❡

▲❡s ♣❧✉s r❛♣✐❞❡s ❞✐✛✉s❡✉rs ✐♦♥✐q✉❡s s♦♥t s❛♥s ❝♦♥t❡st❡ ❧❡s ❛❧❝❛❧✐♥s✱ ❡t ♦♥ tr♦✉✈❡ ❞❡ ♥♦♠✲
❜r❡✉s❡s ét✉❞❡s ❞❡ ❧❡✉r ♣r♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✱ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥
❡t ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ s②♥t❤ès❡ ❞❡s ✈❡rr❡s ❞❛♥s ❧❡ ❝❛s ♣❛rt✐❝✉❧✐❡r ❞✉ s♦❞✐✉♠ ❬✺✾❪✳ ▲❛ ❝♦♠♣❛r❛✐✲
s♦♥ ❞❡s ❡①♣ér✐❡♥❝❡s ❞❡ ❞✐✛✉s✐♦♥ ❡t ❞❡ ❝♦♥❞✉❝t✐✈✐té ✸ ❡st ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉① ❞é❜❛ts s✉r ❧❡s
♠é❝❛♥✐s♠❡s ♣♦ss✐❜❧❡s ❞❡ ❞✐✛✉s✐♦♥✳ ❈❡s ❞❡r♥✐❡rs s✬✐♥s♣✐r❡♥t ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❛♥s ❧❡s ❝r✐st❛✉①
✐♦♥✐q✉❡s ✭tr❛♥s♣♦rt ❧✐❜r❡✱ ❛ss✐sté❡ ♣❛r ❧❛❝✉♥❡✱ ♣❛r ✐♥t❡rst✐t✐❡❧✱ ✧✐♥t❡rst✐❝✐❛❧❝②✧✱ ✳ ✳ ✳ ✮✳

❉✐✛✉s✐♦♥ ❞❡s ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉

❉❡ ♠ê♠❡ q✉❡ ❞❛♥s ❧❡s ❝r✐st❛✉① ✐♦♥✐q✉❡s✱ ❧❡s ❛♥✐♦♥s ❞✉ rés❡❛✉ ✭✐❝✐ ✿ O2−✮ s♦♥t très ♣❡✉
♠♦❜✐❧❡s✳ ▲❡s ❞♦♥♥é❡s q✉❡ ❧✬♦♥ tr♦✉✈❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ♣❡✉✈❡♥t êtr❡ r❡❣r♦✉♣é❡s ❡♥ ❞❡✉①

✸◗✉✐ s♦♥t r❡❧✐é❡s ♣❛r ❧❛ ❢♦r♠✉❧❡ ◆❡r♥st✲❊✐♥st❡✐♥✳
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❝❛té❣♦r✐❡s ❞✐st✐♥❝t❡s s✉✐✈❛♥t q✉❡ ❧✬♦♥ r❡❣❛r❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞✬♦①②❣è♥❡ ♠♦❧é❝✉❧❛✐r❡ ✭❢❛✐❜❧❡s é♥❡r✲
❣✐❡s ❞✬❛❝t✐✈❛t✐♦♥✮ ♦✉ ❜✐❡♥ ❝❡❧❧❡ ❞❡ ❧✬♦①②❣è♥❡ ❞✉ rés❡❛✉ ✭❢♦rt❡s é♥❡r❣✐❡s ❞✬❛❝t✐✈❛t✐♦♥✮ ❬✻✵❪✳
❯♥❡ é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❞✐✛✉s✐♦♥ ❞❡ O2− ❞❛♥s ✉♥ ✈❡rr❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ✭✶✻ Na2O✱
✶✷ CaO✱ ✼✷ SiO2✮ ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡s ✉t✐❧✐sé❡s ❞❛♥s ❝❡ tr❛✈❛✐❧ ❡st ❞♦♥♥é❡ ♣❛r ❚❡r❛✐ ❡t ❛❧✳ ❬✻✶❪✱
✐❧s tr♦✉✈❡♥t D = 8×10−10 cm2s−1 à T = 1073 K✱ ❡t ❡♥ ❡①tr❛♣♦❧❛♥t ❧❡✉rs ❞♦♥♥é❡s ♦♥ tr♦✉✈❡
D = 2×10−14 cm2s−1 à T = 673 K✳ ❖♥ tr♦✉✈❡ ❧❡ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❝♦❡✣❝✐❡♥t ❞❡
❞✐✛✉s✐♦♥ ♣♦✉r O2− ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ ✈❡rs 1000✝C ❬✺✾❪✳ ▲❡s ♦①②❛♥✐♦♥s s♦♥t ❞♦♥❝ très ♣❡✉
♠♦❜✐❧❡s à ❞❡s t❡♠♣ér❛t✉r❡s ♣r♦❝❤❡s ❞❡ Tg✳
▲❡s ❝❛t✐♦♥s ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉①✱ ❧✐és ❞❡ ♠❛♥✐èr❡ ❝♦✈❛❧❡♥t❡ ❛✈❡❝ ❧❡s ♦①②❛♥✐♦♥s✱
s♦♥t ❞❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡ q✉❛s✐✲✐♠♠♦❜✐❧❡s✳ P❛r ❡①❡♠♣❧❡✱ ♦♥ tr♦✉✈❡ très ♣❡✉ ❞❡ ♠❡✲
s✉r❡s ❞❡ ❞✐✛✉s✐♦♥ ❞❡ Si4+ ❬✺✾❪✱ ❡t s❡✉❧❡♠❡♥t à ❧✬ét❛t ❢♦♥❞✉✳ ❊♥ ❞❡ss♦✉s ❞❡ Tg✱ ♦♥ ♣♦✉rr❛
❞♦♥❝ ❝♦♥s✐❞ér❡r ❧❡ s✐❧✐❝✐✉♠ ❝♦♠♠❡ ✐♠♠♦❜✐❧❡✳

❋✐❣✳ ✷✳✼✿ ✭❛✮ ❈♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ♠✉❧t✐♣❧❡s ✐♦♥s ❞ét❡r♠✐♥é ♣❛r ♠ét❤♦❞❡ ✈♦❧✲
t❛♠étr✐q✉❡ ❞❛♥s ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ s♦❞♦✲❝❛❧❝✐q✉❡✳ ✶ ✿ Ag+✱ ✷ ✿ Cd2+✱ ✸ ✿ Fe3+✱ ✹ ✿
Ni2+✱ ✺ ✿ Te4+✱ ✻ ✿ Cr3+✱ ✼ ✿ Zn2+✱ ✽ ✿ Bi3+✱ ✾ ✿ As3+✱ ✶✵ ✿ Pb2+✱ ✶✶ ✿ Co2+✱ ✶✷ ✿
Sb3+✱ ✶✸ ✿ Sn4+✱ ✶✹ ✿ Ta3+✱ ✶✺ ✿ Cr6+✳ ✭❜✮ ▼✐s❡ ❡♥ ♣❡r♣❡❝t✐✈❡ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡
❞✐✛✉s✐♦♥ ♠❡s✉rés ❡♥ ✭❛✮ ✭③♦♥❡ ❣r✐sé❡✮ s✉r ✉♥❡ ❣❛♠♠❡ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❡ t❡♠♣ér❛✲
t✉r❡ ❡t ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ❞✐✛✉s✐♦♥ ❞✬❛✉tr❡s ✐♦♥s ✭Si4+✱ Na+✱ Ca2+✮ ❞ét❡r♠✐♥é❡
♣❛r ♠ét❤♦❞❡ ❞❡ tr❛❝❡✉rs✳ ▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ s♦♥t ❞♦♥♥és ✐❝✐ ❡♥ m2.s−1✳
✭❉✬❛♣rès ❘üss❡❧ ❬✻✷❪✮
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❉✐✛✉s✐♦♥ ❞❡s ❝❛t✐♦♥s

▲❡s ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉① ❞✉ t②♣❡ ❛❧❝❛❧✐♥s ❡t ❛❧❝❛❧✐♥♦✲t❡rr❡✉① ❛✐♥s✐ q✉❡ ❧❡s é❧é♠❡♥ts
❞❡ tr❛♥s✐t✐♦♥ s♦♥t ❧✐és ❞❡ ♠❛♥✐èr❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♦♥✐q✉❡ ❛✈❡❝ ❧❡s ♦①②❣è♥❡s✱ ❡t s♦♥t ❜❡❛✉❝♦✉♣
♣❧✉s ♠♦❜✐❧❡s✳ ▲❛ ❞✐✛✉s✐♦♥ ❞❡ ❝❡s ❝❛t✐♦♥s ❞é♣❡♥❞ ❞✬✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♣❛r❛♠ètr❡s t❡❧s q✉❡
❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡ ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❧✬❡✛❡t ❞❡ ❢♦r♠❛t❡✉rs ♦✉ ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉
❞❡ ♥❛t✉r❡ ❞✐✛ér❡♥t❡ s✉r ❧❛ ❞✐✛✉s✐♦♥ ❞✉ Na+ ❬✺✾❪✮✱ ❧❛ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡ ❡t ❧✬✐♠♣♦rt❛♥❝❡
❞✬✐♠♣✉r❡tés ✭❡✳❣✳ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡✱ ❡t s❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧❛ t❡♥❡✉r ❡♥
❡❛✉✱ s✉r ❧❛ ❞✐✛✉s✐♦♥ ❞❡ Na+ ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ ❬✺✾❪✮✳
➪ ❝♦♠♣♦s✐t✐♦♥ ❡t ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡ ✜①é❡s✱ ♦♥ tr♦✉✈❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ✉♥
❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❡s r❛②♦♥s ✐♦♥✐q✉❡s✱ ❧❡s é♥❡r❣✐❡s ❞✬❛❝t✐✈❛t✐♦♥
❡t ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ✿ ♣❧✉s ✉♥ ✐♦♥ ❡st ❣r♦s ❡t ❝❤❛r❣é✱ ♣❧✉s s❛ ❝♦♥st❛♥t❡
❞❡ ❞✐✛✉s✐♦♥ ❡st ❢❛✐❜❧❡ ❬✻✸❪✳ ❘üss❡❧ ❬✻✷❪ ✭✜❣✉r❡ ✷✳✼✮ ❡t ❈❧❛✉ss❡♥ ❬✻✹❪ ♣rés❡♥t❡♥t ❧✬ét✉❞❡ ❞❡ ❧❛
❞✐✛✉s✐♦♥ ❞✬✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬✐♦♥s ❞❛♥s ✉♥ ✈❡rr❡ ❢♦♥❞✉ s✐❧✐❝❛t❡ s♦❞♦✲❝❛❧❝✐q✉❡ ❡t ❜♦r♦s✐❧✐❝❛t❡✱
r❡s♣❡❝t✐✈❡♠❡♥t✳ ❉✬❛♣rès ❧❛ ✜❣✉r❡ ✷✳✼ ✭❜✮ ♦♥ ♣❡✉t ❡st✐♠❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ♠♦②❡♥ ❞❡s
✐♦♥s ❞❡ ❧❛ ③♦♥❡ ❣r✐sé❡ ✭❞♦♥t Te4+✱ Zn2+✱ Pb2+ q✉✐ s♦♥t ❞✬✐♥térêt ❞❛♥s ❝❡ tr❛✈❛✐❧✮ ❞❡ ❧✬♦r❞r❡
❞❡ 10−13 − 10−17 cm2s−1 ❛✉① ❛❧❡♥t♦✉rs ❞❡ ❧❛ Tg✱ ❝❡ q✉✐ ❡st s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t✹ ♣♦✉r
q✉❡ ❧❡s ✐♦♥s ♣✉✐ss❡♥t ♣❛rt✐❝✐♣❡r à ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts q✉✐ ❧❡s ❝♦♥t✐❡♥♥❡♥t ✭t❡❧s q✉❡❧s ♦✉
❜✐❡♥ s♦✉s ❢♦r♠❡ ré❞✉✐t❡✮✳

❖♥ ♣❡✉t ❞♦♥❝ rés✉♠❡r ❧❛ ❞✐✛✉s✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s ❞❡ ❧❛ ♠❛♥✐èr❡
s✉✐✈❛♥t❡ ✿ ❧❡s ❧✐❛✐s♦♥s ❝❤✐♠✐q✉❡s ❡♥tr❡ ❧❡s ❝❛t✐♦♥s ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉ ❡t ❧❡s
♦①②❛♥✐♦♥s ❞é✜♥✐ss❡♥t ✉♥ ❡♥❝❤❛î♥❡♠❡♥t ❞❡ ♣♦❧②è❞r❡s✱ ♣❧✉s ♦✉ ♠♦✐♥s r✐❣✐❞❡ ❡t
❞✐s❝♦♥t✐♥✉ ✭s✉✐✈❛♥t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❡t ❧❛ t❡♠♣ér❛t✉r❡✮ ❡t q✉❡
❧✬♦♥ ♣♦✉rr❛ ❝♦♥s✐❞ér❡r ❝♦♠♠❡ ✜①❡ à ♥♦s t❡♠♣ér❛t✉r❡s ❞❡ tr❛✈❛✐❧ ✭≤ Tg✮✳ ▲❡s
❛✉tr❡s ❝❛t✐♦♥s ❡t ❧❡s ♠♦❧é❝✉❧❡s s♦♥t ❛✉ ❝♦♥tr❛✐r❡ ♠♦❜✐❧❡s✱ ❞❡ ♠❛♥✐èr❡ ✈❛r✐❛❜❧❡
s✉✐✈❛♥t ❧❡✉r ❝❤❛r❣❡ ❡t ❧❡✉r t❛✐❧❧❡✳

✷✳✹ Pré❝✐♣✐t❛t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s ✈❡rs✉s t❤é♦r✐❡ ❝❧❛ss✐q✉❡
❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡

▲❛ s②♥t❤ès❡ ❞❡ ♥❛♥♦❝r✐st❛✉① ❡st ♣♦ss✐❜❧❡ ❞❛♥s ❞❡ ♥♦♠❜r❡✉① ♠✐❧✐❡✉① ✿ ✈❡rr❡s ❡t ❝r✐st❛✉①
✐♥♦r❣❛♥✐q✉❡s✱ ♣♦❧②♠èr❡s✱ s♦❧✉t✐♦♥s ❧✐q✉✐❞❡s✱ s✉r❢❛❝❡s ✭✈♦✐r P❡r❡♥❜♦♦♠ ❡t ❛❧✳ ❬✸❪ ❡t ❍❛❧♣❡r✐♥
❬✻✺❪ ♣♦✉r ❧❡s ♥❛♥♦❝r✐st❛✉① ♠ét❛❧❧✐q✉❡s ❡t ●❛♣♦♥❡♥❦♦ ❬✷❪ ♣♦✉r ❧❡s ♥❛♥♦❝r✐st❛✉① s❡♠✐❝♦♥❞✉❝✲
t❡✉rs✮✳ P❛r ❛✐❧❧❡✉rs✱ ✐❧ ❡①✐st❡ ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ❞♦♥♥é❡ ❞❡ ♠✉❧t✐♣❧❡s ♠ét❤♦❞❡s ❞❡ s②♥t❤ès❡✳
P❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡s ✈❡rr❡s✱ ♦♥ ♣❡✉t ♣r♦❝é❞❡r ♣❛r tr❡♠♣❡ ❞❡ ✈❡rr❡ ❝♦♥t❡♥❛♥t ❧❡ s❡♠✐❝♦♥✲
❞✉❝t❡✉r ❞✐❧✉é✱ ♣❛r ♣r♦❝é❞é s♦❧✲❣❡❧✱ ♣❛r ❡♥❝❛♣s✉❧❛t✐♦♥ ❞❛♥s ❧❡s ③é♦❧✐t❤❡s✱ ♣❛r ❞❡s ♠ét❤♦❞❡s
❞❡ ❝♦✲é✈❛♣♦r❛t✐♦♥ ✭♠❛❣♥❡tr♦♥ ❘❋ s♣✉tt❡r✐♥❣ q✉✐ ♣❡r♠❡t ❞❡ ❢❛✐r❡ ❞❡s ❛❣ré❣❛ts ❞❡ Si ♦✉ Ge✱
♠❛✐s ❛✉ss✐ ❞❡ ■■✲❱■ ❞❛♥s ❞❡s ✜❧♠s ❞❡ s✐❧✐❝❡ ♣✉r❡✮✱ ♣❛r ✐♠♣❧❛♥t❛t✐♦♥✳ ✳ ✳ ◆♦✉s ♥♦✉s ❝♦♥❝❡♥tr❡✲
r♦♥s ❝✐✲❞❡ss♦✉s s✉r ❧❛ s②♥t❤ès❡ ❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s ♣❛r ❢✉s✐♦♥ ❞✐r❡❝t❡ ❞✬✉♥❡ ❝♦♠♣♦s✐t✐♦♥
✭s✐❧✐❝❛t❡s✱ ❜♦r♦s✐❧✐❝❛t❡s ❡t ♣❤♦s♣❤❛t❡s✮ ❝♦♥t❡♥❛♥t ❧❡s é❧é♠❡♥ts ❞✉ s❡♠✐❝♦♥❞✉❝t❡✉r✴♠ét❛❧✳

❈❡tt❡ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡ ❞❛♥s ❧❡s ✈❡rr❡s ❡st ❧❛ ♣❧✉s ❛♥❝✐❡♥♥❡✳ ❊❧❧❡ ❝♦♥s✐st❡ à ✐♥tr♦❞✉✐r❡
❧❡s é❧é♠❡♥ts ❞✉ ♥❛♥♦❝r✐st❛❧ ❞❛♥s ❧❡ ✈❡rr❡ ❛✈❛♥t s❛ ❢♦♥t❡ ❞❡ ♠❛♥✐èr❡ à ré❛❧✐s❡r ❧❛ s✉rs❛t✉r❛✲
t✐♦♥✳ ➪ ❧❛ ✜♥ ❞❡ ❧❛ ❢♦♥t❡✱ ❧❡ ✈❡rr❡ ❞♦✐t êtr❡ tr❡♠♣é s✉✣s❛♠♠❡♥t r❛♣✐❞❡♠❡♥t ❛✜♥ ❞❡ ♣ré✈❡♥✐r
t♦✉t ❞é❜✉t ❞❡ ❝r♦✐ss❛♥❝❡ ✭❝❡ ♣♦✐♥t ❡st ♥é❛♥♠♦✐♥s très ❞✐✣❝✐❧❡ à ✈ér✐✜❡r✮✳ ❯♥❡ ♦✉ ♣❧✉s✐❡✉rs
ét❛♣❡s ❞❡ r❡❝✉✐t ♣❡r♠❡tt❡♥t ❡♥s✉✐t❡ ❞❡ ❢❛✐r❡ ❝r♦îtr❡ ❧❡s ♥❛♥♦❝r✐st❛✉① ❞❡ ♠❛♥✐èr❡ ♣❧✉s ♦✉

✹➪ t✐tr❡ ❞✬❡①❡♠♣❧❡✱ ✉♥ ❝♦❡✣❝✐❡♥t ❞❡ 10−15 cm2s−1 r❡♣rés❡♥t❡ ✉♥❡ ❧♦♥❣✉❡✉r ♠♦②❡♥♥❡ ❞❡ ❞✐✛✉s✐♦♥ ❞❡
20 nm ❡♥ 1 h✳



✸✾

♠♦✐♥s ❝♦♥trô❧é❡✳

❯♥ ❡①❛♠❡♥ ❝r✐t✐q✉❡ ❞❡ ❧❛ ❧✐ttér❛t✉r❡ ❝♦♥❝❡r♥❛♥t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s
✭♣❛rt✐❡ ✷✳✹✳✶✮ ❡t s❡♠✐❝♦♥❞✉❝t❡✉rs ✭♣❛rt✐❡ ✷✳✹✳✷✮ ❞❛♥s ❧❡s ✈❡rr❡s ♠♦♥tr❡r❛ q✉❡ ❧❛ t❤é♦r✐❡ ❝❧❛s✲
s✐q✉❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ✭❝❤❛♣✐tr❡ ✶✮ ♥✬❡♥ r❡♥❞ ♣❛s ❝♦♠♣t❡✳ ■❧ ❡st ❡♥ ❡✛❡t ♥é❝❡ss❛✐r❡
❞❡ r❡❧✐❡r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ à ❧❛ ♣❤②s✐❝♦✲❝❤✐♠✐❡ s♣é❝✐✜q✉❡ ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s✳ ◆♦✉s ❛✈♦♥s ✈✉
❝✐✲❞❡ss✉s ✭♣❛rt✐❡s ✷✳✶ ❡t ✷✳✷✮ q✉✬✉♥ é❧é♠❡♥t ❞♦♥♥é ❡♥❣❛❣❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❝❤✐♠✐q✉❡s ♣❧✉s ♦✉
♠♦✐♥s ❢♦rt❡s ❛✈❡❝ ❧❡ ✈❡rr❡ ❞✬♦①②❞❡ ❞❛♥s ❧❡q✉❡❧ ✐❧ ❡st ✐♥❝❧✉s✳ ❊❧❧❡s ✈♦♥t ❞é♣❡♥❞r❡ ❞❡ s❛ ❝❤❛r❣❡✱
❞❡ s❛ t❛✐❧❧❡✱ ❞❡ ❧❛ ♥❛t✉r❡ ❞❡s ❧✐❛✐s♦♥s ❡♥❣❛❣é❡s ❛✈❡❝ ❧✬♦①②❣è♥❡✳ ✳ ✳ ❈❡❝✐ ❞ét❡r♠✐♥❡ ❢♦rt❡♠❡♥t
s❛ ♠♦❜✐❧✐té ✭♣❛rt✐❡ ✷✳✸✮ ❡t s❛ s♦❧✉❜✐❧✐té✳ ❏✉sq✉✬✐❝✐✱ ✐❧ s❡♠❜❧❡ q✉❡ ❧❡s s❝❤é♠❛s ❝❧❛ss✐q✉❡ ❞❡ ❧❛
❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✉ ❝❤❛♣✐tr❡ ✶ ♣❡✉✈❡♥t s✬❛♣♣❧✐q✉❡r✳

❈❡ ♥✬❡st ♣❧✉s ❧❡ ❝❛s q✉❛♥❞ ♦♥ r❡♠❛rq✉❡ q✉❡ ❧❡s ❝❛t✐♦♥s ♣❡✉✈❡♥t ❡①✐st❡r s♦✉s ♣❧✉s✐❡✉rs
✈❛❧❡♥❝❡s ❞✐✛ér❡♥t❡s ✲ ♥♦té❡s ❇ ❡t ❇✬ ♣❛r ❡①❡♠♣❧❡ ✲ ❞❛♥s ✉♥ ✈❡rr❡ ❞✬♦①②❞❡ ✭♣❛rt✐❡ ✷✳✷ s✉r ❧❡
r❡❞♦①✮✳ ■♠❛❣✐♥♦♥s ❛❧♦rs q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s s♦♥t ré✉♥✐❡s ♣♦✉r q✉❡ ❧✬✉♥❡ ❞❡s ✈❛❧❡♥❝❡s ✭❇✮ ❞✬✉♥
✐♦♥ ❞♦♥♥é ♣ré❝✐♣✐t❡ ❞❛♥s ❧❡ ✈❡rr❡✳ ▲❡s ❝♦♥séq✉❡♥❝❡s s❡ ❞é❝❧✐♥❡♥t s✉r ❞❡✉① ♣❧❛♥s ✿

✕ ▲❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ✭✐✳❡✳ ❧❡s ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s✮ ✿ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥
❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❞é♠✐①t✐♦♥ ❞✬✉♥ ♠é❧❛♥❣❡ ❜✐♥❛✐r❡ ❆✲❇ ❢❛✐t ✐♥t❡r✈❡♥✐r ❧❡s ❞✐✛ér❡♥t❡s ♣♦s✲
s✐❜✐❧✐tés ❞❡ ré❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① é❧é♠❡♥ts ✭✈✐❛ ❧❡✉r ❡♥t❤❛❧♣✐❡ ❞❡ ❧✐❛✐s♦♥ ♣❛r ❡①❡♠♣❧❡✱
♣❛rt✐❡ ✶✳✶✮✳ ▲❛ s✐t✉❛t✐♦♥ ❡st ♠♦✐♥s s✐♠♣❧❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ♠é❧❛♥❣❡ ❞❡ ✈❛❧❡♥❝❡✳ ❉✉ ❢❛✐t
❞❡ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥❡ ré❛❝t✐♦♥ r❡❞♦① B ⇋ B′ ❡♥tr❡ ❇ ❡t ❇✬✱ ♦♥ ♥❡ ♣❡✉t ❡①✲
❝❧✉r❡ ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❡s ♣ré❝✐♣✐tés ❛✉ ♣r♦❝❡ss✉s r❡❞♦① ✭ré❛❝t✐♦♥s ❞✉ t②♣❡ ✿
Bn ⇋ B′✮ ❡t ❞♦♥❝ à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s ❝♦♥❞✐t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s ❞❡ ❞é♠✐①t✐♦♥✳

✕ ▲❡ ❞ér♦✉❧❡♠❡♥t ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ✿ ✐❧ ❡st très ♣r♦❜❛❜❧❡ q✉❡ ❧❛ ✈❛❧❡♥❝❡ ❇✬
♣❛rt✐❝✐♣❡ ♠❛✐♥t❡♥❛♥t à ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ❧❛ ❞é♠✐①t✐♦♥✳ ❯♥❡ ❛♣♣r♦❝❤❡ ❝♦rr❡❝t❡ ❞❡ ❧❛ ❣❡r✲
♠✐♥❛t✐♦♥ ❞♦✐t ❞♦♥❝ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❞❡✉① ❢♦r♠❡s ❝❤✐♠✐q✉❡s ❇ ❡t ❇✬✱ ❡t ♥♦♥ ♣❧✉s
s❡✉❧❡♠❡♥t ❧❡ ♥♦♠❜r❡ ❞❡ ❇ ❞❛♥s ❧✬❛❣ré❣❛t ✭♣❛rt✐❡ ✶✳✷✳✶✮✳ ❊♥s✉✐t❡✱ ❧❡s ❞❡✉① ✈❛❧❡♥❝❡s ❇
❡t ❇✬ ❞é✈❡❧♦♣♣❡♥t ❞❡s ✐♥t❡r❛❝t✐♦♥s ❞✐✛ér❡♥t❡s ❛✈❡❝ ❧❡ rés❡❛✉ ✈✐tr❡✉① ❡t ♥✬♦♥t ❞♦♥❝ ♣❛s
❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ✐❞❡♥t✐q✉❡s✳ ▲❛ ❝✐♥ét✐q✉❡ ❞❡ ❝r♦✐ss❛♥❝❡ s❡r❛ ❞♦♥❝ ❛❢✲
❢❡❝té❡ à ♣❧✉s✐❡✉rs t✐tr❡s ✲ ❧❡ ❣r❛❞✐❡♥t ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ét❛♥t ❞ét❡r♠✐♥é ♣❛r
❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❞✐✛✉s✐♦♥ ❡t ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ s♦❧✉❜✐❧✐té ✲
♣❛r ❧❡ ♠é❧❛♥❣❡ ❞❡ ✈❛❧❡♥❝❡✳

❈❡s ❝♦♥s✐❞ér❛t✐♦♥s ❝♦♥❝❡r♥❡♥t ❛ ♣r✐♦r✐ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ ♥❛t✉r❡ ❞✐✛ér❡♥t❡ ✭♠é✲
t❛❧❧✐q✉❡ ♦✉ s❡♠✐❝♦♥❞✉❝t❡✉r✮ ❞❛♥s ❧❡s ♦①②❞❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s s❡♠✐❝♦♥❞✉❝t❡✉rs s♦♥t s♦✉✈❡♥t
❞❡s ❝♦♠♣♦sés ❜✐♥❛✐r❡s ✭✈♦✐r❡ t❡r♥❛✐r❡s✱ ❙✐ ❡t ●❡ ♠✐s à ♣❛rt✮✱ ❝❡ q✉✐ ❝♦♠♣❧✐q✉❡ ❡♥❝♦r❡ ❧❡
s❝❤é♠❛ ❞✉ ♠é❧❛♥❣❡ ❞❡ ✈❛❧❡♥❝❡ ♣rés❡♥té ❝✐✲❞❡ss✉s ✭✈♦✐r ♣❛rt✐❡ ✷✳✹✳✷✮✳ ❈✐✲❞❡ss♦✉s✱ ♥♦✉s ❡①❛✲
♠✐♥♦♥s s✉❝❝❡ss✐✈❡♠❡♥t ❧❡s ❝❛s ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s ❡t s❡♠✐❝♦♥❞✉❝t❡✉rs ❝♦♠♣♦s✐t❡s✳

✷✳✹✳✶ ❆❣ré❣❛ts ♠ét❛❧❧✐q✉❡s

▲❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s ❞❛♥s ❧❡s ♠❛tér✐❛✉① ❞✐é❧❡❝tr✐q✉❡s ✐♥tér❡ss❡ ❞❡ ♠✉❧✲
t✐♣❧❡s ❞♦♠❛✐♥❡s✳ ❍✐st♦r✐q✉❡♠❡♥t✱ ✐❧s ♦♥t été ✉t✐❧✐sés ♣♦✉r ❧❡✉rs ♣r♦♣r✐étés ❞❡ ❝♦❧♦r❛t✐♦♥ ✿ ❧✬♦r
❡t ❧❡ ❝✉✐✈r❡ s♦♥t ré♣✉tés ♣♦✉r ❧❡✉r ❝♦❧♦r❛t✐♦♥ r✉❜✐s ✐♥t❡♥s❡✱ ❡t ❧✬❛r❣❡♥t ♣♦✉r s❛ ❝♦❧♦r❛t✐♦♥
❥❛✉♥❡✳ ❈❡s ❝♦❧♦r❛t✐♦♥s ♦♥t ♣♦✉r ♦r✐❣✐♥❡ ❧✬❛❜s♦r♣t✐♦♥ ❞✉ ♣❧❛s♠♦♥ ❞❡ s✉r❢❛❝❡ ❞❛♥s ❧❡ ré❣✐♠❡
❞❡s ♣❡t✐t❡s t❛✐❧❧❡s ✭≈ 1 − 10 nm✮ ✭❛♥♥❡①❡ ❇✳✷✮✳ ▲❡s ✈❡rr❡s ❞♦♣és ❛✈❡❝ ❞❡s ❛❣ré❣❛ts ♠ét❛❧✲
❧✐q✉❡s ♣♦ssè❞❡♥t ❛✉ss✐ ❞❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s ♥♦♥ ❧✐♥é❛✐r❡s ♣❧✉s ✐♥tér❡ss❛♥t❡s q✉❡ ❧❡s ✈❡rr❡s
♥♦♥ ❞♦♣és ✭s✉s❝❡♣t✐❜✐❧✐té ❞✬♦r❞r❡ ✸ ✐♠♣♦rt❛♥t❡✮✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡ ❧✬✐♥térêt r❡♥♦✉✈❡❧é ♣♦✉r ❝❡s
♠❛tér✐❛✉① ❞❛♥s ❧❡s ❞❡r♥✐èr❡s ❛♥♥é❡s✳ ❊♥❝♦r❡ ♣❧✉s ré❝❡♠♠❡♥t✱ ❧❡s ♣r♦♣r✐étés ❞❡ ❧❛ rés♦♥❛♥❝❡



✹✵

♣❧❛s♠♦♥ ❞❛♥s ❧❡ ❣✉✐❞❛❣❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ♦♥t été ❞é♠♦♥tré❡s ❬✻✻❪✳

▲❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡ ✈❡rr❡s ❝♦❧♦rés ♣❛r ❞❡s ♣❛rt✐❝✉❧❡s ♠ét❛❧❧✐q✉❡s ❡st ❝♦♥♥✉❡ ❞❡♣✉✐s ❞❡s
s✐è❝❧❡s ❬✹✱ ✺❪✳ ◆♦✉s ♥♦✉s ❝♦♥❝❡♥tr♦♥s ♣❛r ❧❛ s✉✐t❡ s✉r ❧❡ ❝❛s ❞❡ ❧✬❛r❣❡♥t✱ q✉❡ ♥♦✉s ❛✈♦♥s
✉t✐❧✐sé ❞❛♥s ♥♦tr❡ tr❛✈❛✐❧✱ ❝❛r s❡s ❝❧✉st❡rs ❞❡ ❢❛✐❜❧❡s t❛✐❧❧❡ s♦♥t très ❢❛❝✐❧❡♠❡♥t ❞ét❡❝t❛❜❧❡s
♣❛r ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❡t ♣❛r ❘P❊ ✭♣❛rt✐❡ ✹✳✻✮✳ ▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ s②♥t❤ès❡ ❞❡ ♥❛♥♦❝r✐st❛✉①
❞✬❛r❣❡♥t ❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s ❡st ❧❡ s✉✐✈❛♥t✳ ❉❡ ❧✬♦①②❞❡ ❞✬❛r❣❡♥t ❡st ✐♥❝❧✉s ❞❛♥s ❧❛ ❝♦♠✲
♣♦s✐t✐♦♥ ❞✬✉♥ ✈❡rr❡ ❞✬♦①②❞❡s ✭s✐❧✐❝❛t❡✱ ❜♦r♦s✐❧✐❝❛t❡✱ ♣❤♦s♣❤❛t❡✳ ✳ ✳ ✮ ❛✈❛♥t s❛ ❢✉s✐♦♥✳ ▲❡ ✈❡rr❡
❛✐♥s✐ ♦❜t❡♥✉ ❡st tr❡♠♣é r❛♣✐❞❡♠❡♥t ❛✜♥ ❞✬é✈✐t❡r t♦✉t❡ ❝r♦✐ss❛♥❝❡ q✉✬✉♥ r❡❝✉✐t ✉❧tér✐❡✉r ❡st
❝❤❛r❣é❡ ❞❡ ❝♦♥trô❧❡r✳ ▲❡ ♣r♦❜❧è♠❡ à rés♦✉❞r❡ ❧♦rs ❞❡ ❝❡tt❡ s②♥t❤ès❡ ❡st ❞✬✐♥tr♦❞✉✐r❡ ✉♥❡
❣r❛♥❞❡ q✉❛♥t✐té ❞✬❛r❣❡♥t ❞❛♥s ❧❡ ✈❡rr❡ s❛♥s q✉✬✐❧ ♥❡ ♣ré❝✐♣✐t❡ ✭❧❛ s♦❧✉❜✐❧✐té ❞❡ Ag0 ❡st très
❢❛✐❜❧❡✮✳ ❈❡rt❛✐♥s ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉ t❡❧s q✉❡ Al2O3 ♦✉ P2O5 ♦✉ PbO ❞é♣❧❛❝❡♥t ❧✬éq✉✐❧✐❜r❡
r❡❞♦① ✈❡rs ❧❛ ❢♦r♠❡ ♦①②❞é❡ ✭❡✳❣✳ Ag+✮✳ ❖♥ ♣❡✉t ❛✉ss✐ ❢❛✐r❡ ❛✉❣♠❡♥t❡r ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡
❞✬♦①②❣è♥❡ ♦✉ ❞✐♠✐♥✉❡r ❧❛ t❡♠♣ér❛t✉r❡ à ❧❛ ✜♥ ❞❡ ❧❛ ❢✉s✐♦♥ ✭♣❛rt✐❡ ✷✳✷✳✶✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s
❝♦♥❞✐t✐♦♥s s♦♥t s♦✉✈❡♥t tr♦♣ ♦①②❞❛♥t❡s ❡t ✐♥❤✐❜❡♥t ❧❛ ❝r♦✐ss❛♥❝❡ ✉❧tér✐❡✉r❡ ✿ ❧✬éq✉✐❧✐❜r❡ r❡❞♦①
Ag0

⇋ Ag+ ❡st tr♦♣ ❞é♣❧❛❝é ✈❡rs ❧❛ ❢♦r♠❡ ♦①②❞é❡✱ ❡t ❧❛ ❜❛✐ss❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ✈❡rr❡
♥✬❡st ♣❛s s✉✣s❛♥t❡ ♣♦✉r ❞é♣❧❛❝❡r ❧✬éq✉✐❧✐❜r❡ ❞❡ ♠❛♥✐èr❡ à ❝❡ q✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ Ag0

❞é♣❛ss❡ s❛ s♦❧✉❜✐❧✐té✳ ■❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❛❥♦✉t❡r ❞❡s é❧é♠❡♥ts r❡❞♦① ♠✉❧t✐✈❛❧❡♥ts ❞✉ t②♣❡ Sn✱
Sb✱ As ❛✜♥ ❞❡ ❞é♣❧❛❝❡r ❧✬éq✉✐❧✐❜r❡ ❝✐✲❞❡ss✉s ✈❡rs ❧❛ ❢♦r♠❡ Ag0 ❧♦rs ❞❡ r❡❝✉✐ts ❡♥ ❞❡ss♦✉s ❞❡
Tg✳ ▲✬❛r❣❡♥t✱ ♠❛❥♦r✐t❛✐r❡♠❡♥t s♦✉s ❢♦r♠❡ ♦①②❞é❡ ❛♣rès ❧❛ tr❡♠♣❡✱ s❡r❛ ❞❡ ❝❡tt❡ ♠❛♥✐èr❡ ♣r♦✲
❣r❡ss✐✈❡♠❡♥t ré❞✉✐t ❞✉r❛♥t ❧❛ ❝r♦✐ss❛♥❝❡ ✭2 Ag+ +As3+ ⇋ 2 Ag0 +As5+✮✳ ❈❧❛ss✐q✉❡♠❡♥t✱
❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ❛❣ré❣❛ts ❡st ♦❜t❡♥✉ ♣❛r ✉♥ tr❛✐t❡♠❡♥t t❤❡r♠✐q✉❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s
♣ré❛❧❛❜❧❡♠❡♥t ❞♦♣és ♣❛r ❧❡ ♠ét❛❧✳

❖♥ s❡ tr♦✉✈❡ ❝❡rt❛✐♥❡♠❡♥t ❞❛♥s ✉♥❡ s✐t✉❛t✐♦♥ ❞❡ ♠é❧❛♥❣❡ ❞❡s ✈❛❧❡♥❝❡s ❞✉ ♠ét❛❧ ❞❛♥s
❧❡ ✈❡rr❡✱ ♠❛✐s ❛✉❝✉♥❡ ❞❡s ét✉❞❡s ❞❡ ❧❛ ❝✐♥ét✐q✉❡ ❞❡ ❝r♦✐ss❛♥❝❡ ♣rés❡♥té❡s ❝✐✲❞❡ss♦✉s ♥✬❡♥
t✐❡♥♥❡♥t ❝♦♠♣t❡✳ ▲❛ ❝✐♥ét✐q✉❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞❛♥s ❝❡s ✈❡rr❡s ❛ été ♣❡✉ ét✉❞✐é❡ ❬✻✼✱ ✻✽✱ ✻✾❪✳
■t♦✐❣❛✇❛ ❬✻✽❪ ♦❜s❡r✈❡ ✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ t1/3 ❞✉ r❛②♦♥ ♠♦②❡♥ ❞ét❡r♠✐♥é ♣❛r ▼✐❝r♦s❝♦♣✐❡
❊❧❡❝tr♦♥✐q✉❡ à ❚r❛♥s♠✐ss✐♦♥ ✭▼❊❚✮ s✉r ❞❡✉① ❞é❝❛❞❡s ❞❡ t❡♠♣s✱ ❝❡ q✉✐ ❡st s✐❣♥✐✜❝❛t✐❢✱ ♠❛✐s
♠❡s✉r❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ q✉✐ ♥✬❡st ♣❛s ❞❡ ❢♦r♠❡ ▲❙❲✳ P❛r ✉♥❡ ét✉❞❡ s②sté♠❛t✐q✉❡✱
❑❡❧❧❡r♠❛♥♥ ❬✻✾❪ ♠♦♥tr❡ ❛✉ss✐ ♣❛r ❙❆❳❙ ✭❙♠❛❧❧ ❆♥❣❧❡ ❳✲r❛② ❙❝❛tt❡r✐♥❣✮ q✉❡ ❧❡ r❛②♦♥ ♠♦②❡♥
✈❛r✐❡ ❡♥ t1/3✱ ♠❛✐s ♥❡ ♣❡✉t r✐❡♥ ❞✐r❡ s✉r ❧❛ ❢♦r♠❡ ♣ré❝✐s❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✭♦♥ ♥❡
♣❡✉t ♠❡s✉r❡r q✉❡ ❧❡s ♠♦♠❡♥ts ❞✬♦r❞r❡ ✶ ❡t ✷ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ♣❛r ❝❡tt❡ ♠ét❤♦❞❡✮✳
■❧ ♥❡ ♣❡✉t ❞♦♥❝ ♣❛s ❝♦♥❝❧✉r❡ s✉r ❧❛ ♣❡rt✐♥❡♥❝❡ ❞✉ ♠é❝❛♥✐s♠❡ ▲❙❲ ❞❡ ♠ûr✐ss❡♠❡♥t✳

❯♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ s❡r❛ ❞♦♥❝ ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡
❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❧✬✐♥✢✉❡♥❝❡ ❞✉ ♠é❧❛♥❣❡ ❞❡s ✈❛❧❡♥❝❡s ❞❡ ♠ét❛✉① s✉r ❧❡✉r ♣ré✲
❝✐♣✐t❛t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s✳ ◆♦✉s ✉t✐❧✐s❡r♦♥s ♣♦✉r ❝❡❧❛ ❞❡s r❛②♦♥♥❡♠❡♥ts
✐♦♥✐s❛♥ts✱ q✉✐ ❛✛❡❝t❡♥t ❞✐r❡❝t❡♠❡♥t ❧✬ét❛t ❞❡ ❝❤❛r❣❡ ❞❡s ❝♦♠♣♦s❛♥ts ❞✉ ✈❡rr❡✱ ❡t
♠♦♥tr❡r♦♥s ♣❛r ❧❛ ♠ê♠❡ ♦❝❝❛s✐♦♥ q✉❡ ❝❡✉①✲❝✐ s♦♥t ✉♥ ♠♦②❡♥ ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛
❝r♦✐ss❛♥❝❡✳

✷✳✹✳✷ ❆❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs

▲❛ ❝r♦✐ss❛♥❝❡ ❞❡ ♥❛♥♦❝r✐st❛✉① ❞❡ t②♣❡ ■✲❱■■ ✭CuCl✱ CuBr✱ CuI✱ AgBr✱ AgI✮ ■■✲❱■
✭CdS✱ CdSe✱ CdS1−xSex✱ CdTe1−xSx✱✳ ✳ ✳ ✮✱ ❡t ■❱✲❱■ ✭PbS✱ PbSe✱ PbTe✮ ❡st ♣♦ss✐❜❧❡ ❞❛♥s
❧❡s ✈❡rr❡s ❞✬♦①②❞❡s ❬✷❪✳
▲❡s ♥❛♥♦❝r✐st❛✉① ■✲❱■■ s♦♥t ✉t✐❧✐sés ❞❡ ♠❛♥✐èr❡ ❝♦♠♠❡r❝✐❛❧❡ ♣♦✉r ❧❡✉rs ♣r♦♣r✐étés ♣❤♦t♦✲
❝❤r♦♠✐q✉❡s✱ ❞❛♥s ❞❡s ✈❡rr❡s s✐❧✐❝❛t❡s ❡t ❜♦r♦s✐❧✐❝❛t❡s✳ ▲❡s ■■✲❱■ ✭♥♦t❛♠♠❡♥t CdS1−xSex✮
s❡r✈❡♥t à ❧❛ ❝♦♥❢❡❝t✐♦♥ ❞❡ ✜❧tr❡s ❝♦❧♦rés✳ ▲❡s ♠ét❤♦❞❡s ❡♠♣✐r✐q✉❡s ❞❡ s②♥t❤ès❡ ❞❡ ♥❛♥♦✲
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❝r✐st❛✉① s❡♠✐❝♦♥❞✉❝t❡✉rs s♦♥t ❝♦♥♥✉❡s ❞❡♣✉✐s ♣❧✉s✐❡✉rs ❞é❝❡♥♥✐❡s✳ ❈✬❡st ♣❧✉s ré❝❡♠♠❡♥t
✭♠✐❧✐❡✉ ❞❡s ❛♥♥é❡s ✽✵✮ q✉❡ ❧❛ s②♥t❤ès❡ ❞❡ ❝❡s ♦❜❥❡ts ❛ ❝♦♥♥✉ ✉♥ r❡❣❛✐♥ ❞✬✐♥térêt✱ ♠♦t✐✈é
t❛♥t t❤é♦r✐q✉❡♠❡♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❡✉rs ♣r♦♣r✐étés ♦♣t✐q✉❡s✱ q✉❡
♣r❛t✐q✉❡♠❡♥t ♣❛r ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛♣♣❧✐❝❛t✐♦♥s ♣❤♦t♦♥✐q✉❡s✳ ▲❡s ❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs
✈♦②❛♥t ❧❡✉r ❣❛♣ ❡✛❡❝t✐❢ ❛✉❣♠❡♥t❡r ❛✈❡❝ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❡✉r t❛✐❧❧❡ ❬✼✵❪✱ ♦♥ ♣❡✉t ❡♥✈✐s❛❣❡r
❞❡ ❝♦♥trô❧❡r ❧❛ ❝r♦✐ss❛♥❝❡ ❛✜♥ ❞❡ ❧❡ ré❣❧❡r ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡s té❧é❝♦♠✳ ■❧
❡st ❞♦♥❝ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t ✐❝✐ ❞✬❛✈♦✐r ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❧❛ ♣❧✉s ✜♥❡ ♣♦ss✐❜❧❡✳

❘❡♠❛rq✉♦♥s t♦✉t ❞✬❛❜♦r❞ q✉✬✐❧ s✬❛❣✐t ✐❝✐ ❞❡ ❢❛✐r❡ ❝r♦îtr❡ ❞❡s ❛❣ré❣❛ts ❝♦♠♣♦sés ❞❡ ❞❡✉①
à tr♦✐s é❧é♠❡♥ts ❞✐✛ér❡♥ts✳ ❖♥ ❡st ❞♦♥❝ ❞é❥à ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s très ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s ❞❡
▲❙❲✳

▲❡s ❡✛❡ts s✉✐✈❛♥ts ❝♦♥❞✉✐s❡♥t à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧❛ t❤é♦r✐❡ ❞✉ ♠ûr✐ss❡♠❡♥t s❡❧♦♥
▲❙❲ ✿

✕ ❉❡ ♠ê♠❡ q✉❡ s✉❣❣éré ❡♥ ✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❡ ✷✳✹✱ ❧❡ ♠é❧❛♥❣❡ ❞❡ ✈❛❧❡♥❝❡s ❞✬✉♥
é❧é♠❡♥t ❞♦♥♥é ❡st ♣♦ss✐❜❧❡✳ ❙✐ ❧✬♦♥ s❡ r❡str❡✐♥t à ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s✱ ♥♦✉s
✈❡rr♦♥s ♣❛r ❧❛ s✉✐t❡ q✉✬✐❧ ❡st ❢♦rt❡♠❡♥t ✐♠♣r♦❜❛❜❧❡ ♣♦✉r Pb ♦✉ Cd✱ ❧❡s é❧é♠❡♥ts ét❛♥t
❣é♥ér❛❧❡♠❡♥t ❞❛♥s ❧✬ét❛t ✰■■ ❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s ❝♦✉r❛♥ts ✭❛♥♥❡①❡ ❆✳✸✮✳ ▼❛✐s
♣❛r ❝♦♥tr❡✱ ❧❡ ❝❛s ❞❡s ❝❤❛❧❝♦❣è♥❡s ❡st ♥❡tt❡♠❡♥t ♠♦✐♥s ❢❛✈♦r❛❜❧❡✱ ❝❡✉① ❝✐ ♣♦✉✈❛♥t êtr❡
♣rés❡♥ts ❞❛♥s ❧❡s ♦①②❞❡s ❛✈❡❝ ❞❡s ét❛ts r❡❞♦① ❛❧❧❛♥t ❞❡ ✲■■ à ✰❱■ s✉✐✈❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s
r❡❞♦① ❞✉ ✈❡rr❡ ✭❛♥♥❡①❡ ❆✳✷✮✳

✕ ▲❡s ❝♦♥st✐t✉❛♥ts ❞❡s ♥❛♥♦❝r✐st❛✉① ét❛♥t ❞❡ ♥❛t✉r❡ ❝❤✐♠✐q✉❡ ❞✐✛ér❡♥t❡✱ ❧❡✉r
✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ ❤ôt❡ ♥✬❡st ♣❛s ✐❞❡♥t✐q✉❡ ✿ s♦❧✉❜✐❧✐té✱ ❝♦❡✣❝✐❡♥t
❞❡ ❞✐✛✉s✐♦♥✱✳ ✳ ✳ P❛r ❡①❡♠♣❧❡✱ ✐❧ ❢❛✉t ♠❛✐♥t❡♥❛♥t é❝r✐r❡ ❛✉t❛♥t ❞❡ r❡❧❛t✐♦♥s ❞❡ ●✐❜❜s✲
❚❤♦♠♣s♦♥ q✉❡ ❞✬é❧é♠❡♥ts ❞❛♥s ❧❡ ♥❛♥♦❝r✐st❛❧✳ ▲❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ ❞✬✉♥
❛❣ré❣❛t s❡r❛ ♣❛r ❝♦♥séq✉❡♥t s♦✉s ✉♥❡ ❢♦r♠❡ ♣❧✉s ❝♦♠♣❧❡①❡ q✉❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✳

✕ ▲❛ st♦❡❝❤✐♦♠étr✐❡ ❞❡s ❛❣ré❣❛ts ♣❡✉t ❛ ♣r✐♦r✐ ✈❛r✐❡r ❛✉ ❝♦✉rs ❞❡ ❧❛ ❣❡r♠✐✲
♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ✭♣r♦❜❛❜❧❡♠❡♥t ❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❡s ❡✛❡ts ❞❡ s✉r❢❛❝❡ s♦♥t ✐♠♣♦r✲
t❛♥ts✱ ❝✬❡st✲à✲❞✐r❡ ♣❡♥❞❛♥t ❧✬ét❛♣❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥✮✳

❊①❛♠✐♥♦♥s q✉❡❧q✉❡s ♦❜s❡r✈❛t✐♦♥s ✐♥❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧❡s rés✉❧t❛ts ❞❡ ▲❙❲✳

▲❡s ❝♦♠♣♦s✐t✐♦♥s ❞❡ ✈❡rr❡s ❝♦♥t❡♥❛♥t ❞❡s ❝❤❛❧❝♦❣è♥❡s ♦♥t été ❞é✜♥✐❡s ❡♠♣✐r✐q✉❡♠❡♥t
s❡❧♦♥ ❧❡s ♣r♦♣r✐étés ❞és✐ré❡s✳ ❈❡ s♦♥t ❣é♥ér❛❧❡♠❡♥t ❞❡s ❝♦♠♣♦s✐t✐♦♥s ❞❡ t②♣❡ ❜♦r♦s✐❧✐❝❛t❡s
SiO2✱ B2O3✱ Na2O✱K2O✱ CaO ♦✉ ZnO ❬✼✶✱ ✸✺✱ ✼✷✱ ✼✸❪ ❞❛♥s ❧❡sq✉❡❧❧❡s ♦♥ ❛tt❡✐♥t ❞❡s ❝♦♥❝❡♥✲
tr❛t✐♦♥ ❞❡ ❞♦♣❛❣❡ ❡♥ s❡♠✐❝♦♥❞✉❝t❡✉r ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ❞❡ ✇t✪ ✭♣♦✉r❝❡♥t ❡♥ ♠❛ss❡✮✳

Pr♦❜❧è♠❡ ❞❡ rét❡♥t✐♦♥

▲❡ ♣r♦❜❧è♠❡ ❞❡s ❝♦♠♣♦s✐t✐♦♥s à ❜❛s❡ ❞❡ s✐❧✐❝❛t❡s ❡st ❝❡❧✉✐ ❞❡ ❧❛ rét❡♥t✐♦♥ ❞❡s ❝❤❛❧❝♦❣è♥❡s
✭✈♦✐r ♣❛rt✐❡ ❆✳✷✳✶✮✳ ▲❛ ❢r❛❝t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡ ZnO q✉❡ ❧✬♦♥ tr♦✉✈❡ ❞❛♥s ❝❡s ✈❡rr❡s✱ ❛✐♥s✐ q✉❡
❧❛ ❢✉s✐♦♥ ❡♥ ❛t♠♦s♣❤èr❡ ré❞✉❝tr✐❝❡✺ ❛♠é❧✐♦r❡ ❝❡tt❡ rét❡♥t✐♦♥✳ ❖♥ ❛tt❡✐♥t ❛✐♥s✐ ❞❡s ❝♦♥❝❡♥✲
tr❛t✐♦♥s ❞❡ ❧✬♦r❞r❡ ❞❡ ✵✱✶ ✪❛t✱ ❝❡ q✉✐ r❡st❡ ❢❛✐❜❧❡✳ ▲❡ ③✐♥❝ ❥♦✉❡ ❛✉ss✐ ♣r♦❜❛❜❧❡♠❡♥t ✉♥ rô❧❡
❞❛♥s ❧❛ ❝r♦✐ss❛♥❝❡✱ ❡♥ s❡ s✉❜st✐t✉❛♥t ❡♥ ♣❛rt✐❡ ❛✉ ❝❛❞♠✐✉♠ ❞❛♥s ❧❡s ♥❛♥♦❝r✐st❛✉① ❬✼✹❪✳ ❈❡tt❡
♦❜s❡r✈❛t✐♦♥ é❧♦✐❣♥❡ ❡♥❝♦r❡ ♣❧✉s ❧❡ s②stè♠❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♠ûr✐ss❡♠❡♥t s❡❧♦♥ ▲❙❲✳ P❧✉s
ré❝❡♠♠❡♥t✱ ✉♥❡ rét❡♥t✐♦♥ ❡♥ s❡♠✐❝♦♥❞✉❝t❡✉r ❞✐① ❢♦✐s s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡s s✐❧✐❝❛t❡s ❛ été
♠♦♥tré❡ ❞❛♥s ❞❡s ❝♦♠♣♦s✐t✐♦♥s à ❜❛s❡ ❞❡ ♣❤♦s♣❤❛t❡ ✭s②stè♠❡ P2O5 ✲ Na2O ✲ ZnO ✲ AlF3✮

✺❞❡ ♠❛♥✐èr❡ à ❢❛✈♦r✐s❡r ❧❛ ❢♦r♠❡ ré❞✉✐t❡ X2− ❞❡s ❝❤❛❧❝♦❣è♥❡s
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❬✼✺✱ ✼✻❪✳

❆✈❛♥t ♠ê♠❡ ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ✭❛♣rès ❧❛ ❝♦✉❧é❡✮✱ ❧✬é❧❛❜♦r❛t✐♦♥ ❞❡ ✈❡rr❡s ❛✉①
❝❤❛❧❝♦❣é♥✉r❡s ♦❜é✐t à ❞❡s ✐♠♣ér❛t✐❢s ❞❡ rét❡♥t✐♦♥ ❧♦rs ❞❡ ❧❛ ❢✉s✐♦♥✳ ❖♥ ✈♦✐t ❞♦♥❝ ❞é❥à ❧✬✐♥térêt
❞✬✉t✐❧✐s❡r ❞❡s ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ♣♦✉r ❞é♣❛ss❡r ❝❡s ❧✐♠✐t❡s ❞❡ rét❡♥t✐♦♥✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ s❡
❝♦♥❝❡♥tr❡r s✉r ❧✬❡✛❡t ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡ ❤ôt❡ s✉r ❧❡ s❡✉❧ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳

Pr♦♣r✐étés ❞❡ ❝r♦✐ss❛♥❝❡

▲❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❛♥s ❧❡s ✈❡rr❡s ❛ été ét✉❞✐é❡ à ❧✬❛✐❞❡ ❞❡ ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s✳
▲❡s ♣❧✉s ✐♥tér❡ss❛♥t❡s s♦♥t ❧❛ ▼❊❚ ✭♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡✮✱ ❡t ❧❡s ♠ét❤♦❞❡s ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ♥❡✉tr♦♥s ✭❙♠❛❧❧ ❆♥❣❧❡ ◆❡✉tr♦♥ ❙❝❛tt❡r✐♥❣ ✲ ❙❆◆❙✮ ♦✉
❞❡ r❛②♦♥s ❳ ✭❙❆❳❙✮ ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ✈❛r✐❛t✐♦♥s ❞✉ r❛②♦♥ ♠♦②❡♥ ❡t ❞❡ ❧❛ ❢r❛❝t✐♦♥
✈♦❧✉♠✐q✉❡ ❞❡ ♥❛♥♦❝r✐st❛✉①✻✳ ■❧ ❡st ❛✉ss✐ ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❧✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ♣♦✉r ❛✈♦✐r
✉♥❡ ✐❞é❡ ❞❡ ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ❛❣ré❣❛ts ❡t ❞❡ ❧❡✉r ❞❡♥s✐té✱ ♠❛✐s ❧❡s rés✉❧t❛ts
s♦♥t ❛❧♦rs ❞é♣❡♥❞❛♥ts ❞❡s ❤②♣♦t❤ès❡s ❞✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s s♣❡❝tr❡s ✭❢♦r❝❡s ❞✬♦s❝✐❧❧❛t❡✉r ❡t
r❡❧❛t✐♦♥ t❛✐❧❧❡✲❣❛♣ ❡✛❡❝t✐❢✮✳

▲❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① s♦♥t ❣é♥ér❛❧❡♠❡♥t ❞✐s❝✉tés ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♠♦❞è❧❡ ❝❧❛ss✐q✉❡
❞❡ ❣❡r♠✐♥❛t✐♦♥ ✲ ❝r♦✐ss❛♥❝❡ ✲ ♠ûr✐ss❡♠❡♥t ✭❝❤❛♣✐tr❡ ✶✮✱ ♣❛r ❡①❡♠♣❧❡ ❬✸✻❪✳ ❈❡♣❡♥❞❛♥t✱ ❧❛
sé♣❛r❛t✐♦♥ ❞❡s ét❛♣❡s ❞❡ ♠ûr✐ss❡♠❡♥t ❡t ❞❡ ❝r♦✐ss❛♥❝❡ ✐♥❞é♣❡♥❞❛♥t❡ ❡st r❛r❡♠❡♥t ♥❡tt❡ ❡t
❧✬❡①♣♦s❛♥t t❡♠♣♦r❡❧ ❞❡ ❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ s❡♠❜❧❡ ♣❧✉tôt ✈❛r✐❡r ❝♦♥t✐♥û♠❡♥t ❞❛♥s ❧❛ ❣❛♠♠❡
❞❡ t❡♠♣s✴t❡♠♣ér❛t✉r❡ ét✉❞✐é❡✳

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❧❛ sé♣❛r❛t✐♦♥ ❞❡ ♣❤❛s❡ s❡ ❢❛✐t à r❛②♦♥ ❝♦♥st❛♥t ❬✸✻✱ ✼✼❪✳ ❈✬❡st ❧❛
q✉❛♥t✐té ♣ré❝✐♣✐té❡ q✉✐ ❛✉❣♠❡♥t❡ ♣❡♥❞❛♥t ❝❡tt❡ ♣❤❛s❡✱ ❥✉sq✉✬à ❝❡ q✉❡ ❧❛ ♠❛❥♦r✐té ❞✉ s❡✲
♠✐❝♦♥❞✉❝t❡✉r ✐♥✐t✐❛❧ s♦✐t s♦✉s ❢♦r♠❡ ♥❛♥♦❝r✐st❛❧❧✐♥❡ ❬✼✼❪✳ ❈✬❡st ♣❡♥❞❛♥t ❝❡tt❡ ét❛♣❡ q✉❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ❧❛ ♣❧✉s ✜♥❡ ✭FWHM ≈ 0, 1−0, 15〈R〉✮ ❡t ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t ❣❛✉s✲
s✐❡♥♥❡✳

▲❡ ré❣✐♠❡ ❞❡ ❝r♦✐ss❛♥❝❡ ✐♥❞é♣❡♥❞❛♥t❡ ♥✬❡st ♣❛s ♦❜s❡r✈❛❜❧❡ ❢❛❝✐❧❡♠❡♥t✳ ◗✉❡❧q✉❡s ❛✉t❡✉rs
❧❡ r❛♣♣♦rt❡♥t s✉r ❧❛ ❜❛s❡ ❞✬✉♥❡ ✈❛r✐❛t✐♦♥ ❞✉ r❛②♦♥ ♠♦②❡♥ ❡♥ t1/2 ❬✸✻✱ ✼✼✱ ✸✺✱ ✼✽✱ ✷✻❪✳ ▲❛
♠❡s✉r❡ ❞❡ ▲✐♣♦✈s❦✐✐ ❬✼✽❪ ❡st ❜❛sé❡ s✉r ❧✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞✬❛❣ré❣❛ts ❞❡ PbS s✉r ✉♥ ✐♥t❡r✲
✈❛❧❧❡ ❞❡ ❞✉ré❡ ❞❡ r❡❝✉✐t ❞❡ ♠♦✐♥s ❞✬✉♥❡ ❞é❝❛❞❡ ✿ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❝♦♥❝❧✉r❡ à ✉♥ ré❣✐♠❡ ❞❡
❝r♦✐ss❛♥❝❡ ✐♥❞é♣❡♥❞❛♥t❡ s✉r ❧❛ ❜❛s❡ ❞❡s ❞♦♥♥é❡s ❢♦✉r♥✐❡s✳ ▲❛ ❞✐s♣❡rs✐♦♥ ❡st très ✐♠♣♦rt❛♥t❡✱
❡t s✉rt♦✉t ❧❛ ❝♦✉r❜❡ ❞♦✐t êtr❡ ❛❥✉sté❡ ❛✈❡❝ ❞❡s ❧♦✐ ❞✉ t②♣❡ 〈R〉 = R0 + αtβ ✼✱ ❝❡ q✉✐ ❡st
♣♦ss✐❜❧❡ ❞❛♥s ❧❡ ❝❛s ♣rés❡♥t ❛✈❡❝ ❛✈❡❝ ❞❡s ❝♦✉♣❧❡s ❞❡ ♣❛r❛♠ètr❡s ❛❧❧❛♥t ❞❡ ❬R0 = 0, β = 0, 5❪
à ❬R0 = 3 nm, β = 0, 85❪✽✳ ❈❡t ❡①❡♠♣❧❡ ✐❧❧✉str❡ ❧❛ ❞✐✣❝✉❧té ❞❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ❧♦✐ ❞❡
❝r♦✐ss❛♥❝❡ ❛✈❡❝ ❧❛ s✐♠♣❧❡ ❞♦♥♥é❡ ❞❡ q✉❡❧q✉❡s r❛②♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ❞❡ r❡❝✉✐t✳ ▲❡s
❡①♣ér✐❡♥❝❡s ❞❡ ▲✉❜❧✐♥s❦❛②❛ ❬✼✼❪ s♦♥t ♣❧✉s ❝♦♥❝❧✉❛♥t❡s à ❝❡t é❣❛r❞ ❝❛r ♦♥ ♣❡✉t ❞ét❡r♠✐♥❡r
❧❡ ♠♦♠❡♥t ♦ù ❧❡ r❛②♦♥ ❝♦♠♠❡♥❝❡ à ❝r♦îtr❡ ❡t ❧❛ ✈❛❧❡✉r ❞❡ ❝❡ r❛②♦♥ ✐♥✐t✐❛❧ R0✳ ❈❡♣❡♥❞❛♥t✱
❧❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡ ❡st ♣r❡sq✉❡ à s❛t✉r❛t✐♦♥ ❧♦rsq✉❡ ❧❡ r❛②♦♥ ❝♦♠♠❡♥❝❡ à ❝r♦îtr❡✱ ❡t ♦♥
❞❡✈r❛✐t ❞♦♥❝ s❡ tr♦✉✈❡r ❡♥ ré❣✐♠❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❝♦♠♣ét✐t✐✈❡ ❡t ♥♦♥ ♣❛s ✐♥❞é♣❡♥❞❛♥t❡ ❝♦♠♠❡
❧❡ s✉❣❣èr❡♥t ❧❡s ❛✉t❡✉rs ♣♦✉r ❥✉st✐✜❡r ❧❡✉r ❛❥✉st❡♠❡♥t ❡♥ t1/2✳ ▲❡s ♠❡s✉r❡s ❙❆❳❙ ❞❡ ❑❡❧✲
❧❡r♠❛♥♥ ❬✸✺❪ ❡t ❈r❛✐❡✈✐❝❤ ❬✷✻❪✱ ♠♦♥tr❛♥t ❧❛ ❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ à ❞❡♥s✐té ❞❡ ♥❛♥♦❝r✐st❛✉①
❝♦♥st❛♥t❡ ❢♦♥t ❧❛ ❞é♠♦♥str❛t✐♦♥ ❞❡ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ré❣✐♠❡ ❞❡ ❝r♦✐ss❛♥❝❡ ✐♥❞é♣❡♥❞❛♥t❡ ❞❛♥s

✻◆é❛♥♠♦✐♥s✱ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❡♥ ❙❆◆❙ ❡t ❙❆❳❙ ❡st ♠♦❞è❧❡s✲❞é♣❡♥❞❛♥t❡✳
✼▲✬ét❛♣❡ ❞❡ ♠ûr✐ss❡♠❡♥t ♥❡ ❝♦♠♠❡♥❝❡ ❡♥ ❡✛❡t q✉✬❛♣rès ✉♥ ❞é❜✉t ❞❡ ❝r♦✐ss❛♥❝❡✳
✽❉❡s ✈❛❧❡✉rs ❞❡ R0 ❞❡ q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s s♦♥t ♣❛r❢❛✐t❡♠❡♥t ❡♥✈✐s❛❣❡❛❜❧❡s ❞✬❛♣rès ❧❡s ♠❡s✉r❡s ❞❡ ❊❦✐♠♦✈

❬✸✻❪ ❡t ▲✉❜❧✐♥s❦❛②❛ ❬✼✼❪



✹✸

❧❡ ❝❛s ❞❡ CdTe0,9S0,1 ❡t PbTe r❡s♣❡❝t✐✈❡♠❡♥t✳ ❈❡♣❡♥❞❛♥t ❧❛ ❧♦✐ ❞❡ ✈❛r✐❛t✐♦♥ ❞✉ r❛②♦♥ ♠♦②❡♥
❡st ❧à ❡♥❝♦r❡ ♣❧✉s ❛✣r♠é❡ q✉❡ ❞é♠♦♥tré❡ ✿ ❞❡s ❛❥✉st❡♠❡♥ts ❞✉ t②♣❡ 〈R〉 = R0 +αtβ ♥❡ s♦♥t
♣❛s ❝♦♥s✐❞érés✳

❊♥✜♥✱ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ q✉❡st✐♦♥s s❡ ♣♦s❡♥t ❛✉ss✐ ❝♦♥❝❡r♥❛♥t ❧❡ ré❣✐♠❡ ❞❡ ♠ûr✐ss❡✲
♠❡♥t✳ ▼ê♠❡ s✐ ❧✬é✈♦❧✉t✐♦♥ ❞✉ r❛②♦♥ ♠♦②❡♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ✉♥❡ ❧♦✐
❡♥ t1/3 ❬✸✺✱ ✸✻✱ ✼✶❪✱ ❧❛ ✈❛❧✐❞✐té ❞❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ s❡❧♦♥ ❧❛ t❤é♦r✐❡ ❞é✈❡❧♦♣♣é❡ ♣❛r ▲❙❲ ❡st
❧♦✐♥ ❞✬êtr❡ ❞é♠♦♥tré❡✳ ❚♦✉t ❞✬❛❜♦r❞ r❡♠❛rq✉♦♥s q✉❡ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧✬❡①♣♦✲
s❛♥t ❞❡ ❧❛ ❧♦✐ t❡♠♣♦r❡❧❧❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❡t ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♥✬❡st ♣❛s ✉♥✐✈♦q✉❡
❬✷✾❪✱ ❡t ❡♥s✉✐t❡ ✐❧ ❡①✐st❡ ❞❡s ♣r♦❜❧è♠❡s ❞✬❛❥✉st❡♠❡♥t ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛✈❡❝ ❧❡s ❧♦✐s
t❡♠♣♦r❡❧❧❡s✳ ▼❛✐s ❧❛ ♣r❡✉✈❡ ❧❛ ♣❧✉s ♥❡tt❡ ❞❡ ❞é✈✐❛t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉① ♠é❝❛♥✐s♠❡ ▲❙❲
❡st ❧❛ ❢♦r♠❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ ♦❜s❡r✈é❡ ♣❛r P♦tt❡r ❬✼✶❪ ✭♠❛❧❣ré ❧❡s ❛✣r♠❛t✐♦♥s ❞❡s
❛✉t❡✉rs✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ❛♣♣❛r❡♠♠❡♥t ❣❛✉ss✐❡♥♥❡✱ ♥❡ ♣rés❡♥t❡ ♣❛s ❞❡ q✉❡✉❡ ✈❡rs
❧❡s ♣❡t✐t❡s t❛✐❧❧❡s✮✱ ♣❛r ▲✉❜❧✐♥s❦❛②❛ ❬✼✼❪ ✭❢♦r♠❡ ❣❛✉ss✐❡♥♥❡ é❧❛r❣✐❡ ♣❛r r❛♣♣♦rt à ❧✬ét❛♣❡ ❞❡
✧❣❡r♠✐♥❛t✐♦♥✧✮ ❡t ❞❡ ♠❛♥✐èr❡ ❡♥❝♦r❡ ♣❧✉s ❝♦♥tr❛❞✐❝t♦✐r❡ ♣❛r ❊❦✐♠♦✈ ❬✸✻❪ ✭❞✐str✐❜✉t✐♦♥ ❞❡
❢♦r♠❡ ♣r❡sq✉❡ ❧♦❣♥♦r♠❛❧❡ ✦✮✳

▲❡s ❞é✈✐❛t✐♦♥s ❛✉ ❝♦♠♣♦rt❡♠❡♥t ▲❙❲ ♦♥t ❞♦♥❝ ✐❝✐ ♣♦✉r ♦r✐❣✐♥❡ ❧❛ ♥❛t✉r❡ ❝♦♠♣♦s✐t❡ ❞❡s
❛❣ré❣❛ts✳ ❊♥ ❝♦♥❝❧✉s✐♦♥✱ ♣❡✉ ❞✬ét✉❞❡s s✉r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ s✉r ❧❡s ♣r♦♣r✐étés
❞❡ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s ❞❛♥s ❧❡s ✈❡rr❡s✱ ♥♦t❛♠♠❡♥t s✉r ❧❡ rô❧❡ ❡①❛❝t ❞✉
③✐♥❝ ✲ ♦♠♥✐♣rés❡♥t ❞❛♥s ❧❡s ❝♦♠♣♦s✐t✐♦♥s✾✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts
♠ét❛❧❧✐q✉❡s✱ r❡♠❛rq✉♦♥s q✉✬✐❧ ❡st ❞✐✣❝✐❧❡✱ ❢❛❝❡ ❛✉① ♠✉❧t✐♣❧❡s ♠é❝❛♥✐s♠❡s ❡♥ ❥❡✉ ❞❛♥s ❧❛
❝r♦✐ss❛♥❝❡✱ ❞❡ ❝♦♥❝❧✉r❡ à ❧✬✐♠♣♦rt❛♥❝❡ r❡s♣❡❝t✐✈❡ ❞❡ ❝❤❛❝✉♥ à ♣❛rt✐r ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥s ❞❡s
❡①♣♦s❛♥ts t❡♠♣♦r❡❧s ❡t ❞❡s ❢♦r♠❡s ❞❡ ❞✐str✐❜✉t✐♦♥s✳

❈♦♥❝❡r♥❛♥t ❧✬ét✉❞❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs ❞❛♥s ❝❡ tr❛✲
✈❛✐❧✱ ♥♦✉s ♥♦✉s ❛tt❛❝❤❡r♦♥s✱ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ✿ ✭✐✮ à ♠♦♥tr❡r
❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ❝❤✐♠✐❡ ❞❡s ❝❤❛❧❝♦❣è♥❡s ❞❛♥s ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s ❞❡
Pb ❞❛♥s ❧❡s ✈❡rr❡s✱ ✭✐✐✮ à ♠♦♥tr❡r q✉❡ ❧❛ q✉❛♥t✐té ❞✬✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❡s
❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ ♦❜s❡r✈é❡s ❡st ❢❛✐❜❧❡✱ ✭✐✐✐✮ à ♠❡ttr❡ ❛✉ ♣♦✐♥t ✉♥❡ ♥♦✉✈❡❧❧❡
♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡ é❧❛r❣✐ss❛♥t ❧❡s ♣♦ss✐❜✐❧✐tés ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝❤✐♠✐❡ ❞❡ ❧❛
♣ré❝✐♣✐t❛t✐♦♥✳

✾❙❛♥s ❛❧❧❡r ♣♦✉r ❧✬✐♥st❛♥t ❥✉sq✉✬à ét✉❞✐❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ s✉r ❧❡✉r ♣r♦♣r✐étés ♦♣t✐q✉❡s ✿ s❡✉❧
❡①❡♠♣❧❡ tr♦✉✈é ❝♦♥❝❡r♥❛♥t ❧✬❡✛❡t ❞❡ ❧❛ ♥❛t✉r❡ ❞❡ ❧✬❛❧❝❛❧✐♥ s✉r ❧❡s ♣r♦♣r✐étés ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ❞✬❡①❝✐t♦♥
♣❤♦t♦❝réé ❬✼✾❪✳



❈❤❛♣✐tr❡ ✸

❊✛❡ts ❞❡ r❛②♦♥♥❡♠❡♥ts ✐♦♥✐s❛♥ts

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ❛✜♥ ❞❡ ❞♦♣❡r ❧❡ ♠❛tér✐❛✉ ✐♥✐t✐❛❧ ❞❡
♠❛♥✐èr❡ ❝♦♥trô❧é❡ ✭ré❣✐♠❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥✮✱ ♦✉ ❜✐❡♥ ❞❡ ❧❡ ♠♦❞✐✜❡r ❡♥ ❣é♥ér❛♥t ❞❡s ❞é❢❛✉ts
❡t✴♦✉ ✉♥❡ ♠♦❜✐❧✐té ❛❝❝é❧éré❡ ❞❡s ❝♦♠♣♦s❛♥ts ❞✉ ♥❛♥♦❝r✐st❛❧ ✭ré❣✐♠❡ ❞✬✐rr❛❞✐❛t✐♦♥✮✳ ❉❛♥s ❧❡
♣r❡♠✐❡r ❝❛s✱ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st ♦❜s❡r✈é❡ ❧♦rs ❞❡ r❡❝✉✐ts à ❞❡s t❡♠♣ér❛t✉r❡s ♣r♦❝❤❡s ❞❡ Tg✱ ♣♦✉r
❧❡sq✉❡❧❧❡s ❧❡s ❡✛❡ts ❞❡ ❝ré❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❧♦rs ❞✉ r❛❧❡♥t✐ss❡♠❡♥t ❞❡s ✐♦♥s s♦♥t ♥é❣❧✐❣❡❛❜❧❡s✳
◆♦✉s ♥✬❡♥tr❡r♦♥s ❞♦♥❝ ♣❛s très ❛✈❛♥t ❞❛♥s ❧❛ ♣rés❡♥t❛t✐♦♥ ❞❡ ❝❡ ré❣✐♠❡ ❞❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡✳
P❛r ❝♦♥tr❡✱ ♥♦✉s ❛❧❧♦♥s ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧✬❡✛❡t ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s é♥❡r❣ét✐q✉❡s
s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t✳ ◆♦✉s ♥♦✉s ❝♦♥❝❡♥tr❡r♦♥s ❞♦♥❝ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ s✉r ❧❛
♥❛t✉r❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❛♣♣♦rté❡s ♣❛r ❧❡ ♣❛ss❛❣❡ ❞❡ ❝❡s ✐♦♥s✱ ❡♥ ❧❡s ❝♦♠♣❛r❛♥t ♥♦t❛♠♠❡♥t
❛✉① ❡✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ♣❤♦t♦♥s✳ ◆♦✉s ❞é❝r✐r♦♥s ❞✬❛❜♦r❞ ❧❡s ♣r♦❝❡ss✉s ❞✬✐♥t❡r❛❝t✐♦♥
é❧é♠❡♥t❛✐r❡s ✭♣❛rt✐❡ ✸✳✶✮ ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ❛✈❡❝ ❧❡s ♥♦②❛✉① ❡t ❧❡s é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡✳ ❉❛♥s ✉♥
❞❡✉①✐è♠❡ t❡♠♣s✱ ♥♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ❞❛♥s ❧❡ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥
✐♦♥✐q✉❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ❝❡❧❧❡ q✉❡ ❧✬♦♥ r❡♥❝♦♥tr❡ ❛♣rès ✐rr❛❞✐❛t✐♦♥ γ ✭♣❛rt✐❡
✸✳✷✮✳ ❊♥✜♥✱ ♥♦✉s ❛❜♦r❞❡r♦♥s s✉❝❝✐♥❝t❡♠❡♥t ❧❡s ét❛♣❡s ✐♥t❡r♠é❞✐❛✐r❡s ❞✉ r❡t♦✉r à ❧✬éq✉✐❧✐❜r❡
❞✉ ♠❛tér✐❛✉ s♦✉♠✐s à ✐rr❛❞✐❛t✐♦♥ ✭♣❛rt✐❡ ✸✳✸✮ ❛✈❛♥t ❞❡ ♣rés❡♥t❡r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s
♣r✐♥❝✐♣❛✉① ❞é❢❛✉ts tr♦✉✈és ❛♣rès ✐rr❛❞✐❛t✐♦♥ ❞❡ ✈❡rr❡s s✐❧✐❝❛t❡s ✭♣❛rt✐❡ ✸✳✹✮✱ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❡s
❞✐✛ér❡♥❝❡s ❞❡ ❞é♣ôt ❞✬é♥❡r❣✐❡ ❝♦♥st❛té❡s ♣❧✉s ❤❛✉t✳

✸✳✶ ■♥t❡r❛❝t✐♦♥ ✐♦♥✲♠❛t✐èr❡

❚❡①t❡s ❞❡ ré❢ér❡♥❝❡s ✿

✶✳ ◆✳ ❇♦❤r✱ ▼❛t✳ ❋②s✳ ▼❡❞❞✳ ❱✐❞✳ ❙❡❧❦✳ ✶✽✭✽✮ ✭✶✾✹✽✮✳

✷✳ P✳ ❙✐❣♠✉♥❞✱ ❘❛❞✳ ❊✛✳ ✶ ✭✶✾✻✾✮ ✶✺✳

✸✳ ❏✳ ▲✐♥❞❤❛r❞ ▼✳ ❙❝❤❛r✛ ❛♥❞ ❍✳❊✳ ❙❝❤✐♦tt✱ ▼❛t✳ ❋②s✳ ▼❡❞❞✳ ❱✐❞✳ ❙❡❧❦✳ ✸✸✭✶✹✮ ✭✶✾✻✸✮✳

▲❛ ♣é♥étr❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s ❞❛♥s ❧❛ ♠❛t✐èr❡ s✬❛❝❝♦♠♣❛❣♥❡ ❞❡ ♠✉❧t✐♣❧❡s ✐♥t❡r✲
❛❝t✐♦♥s q✉✐ ✈♦♥t ♣r♦❣r❡ss✐✈❡♠❡♥t tr❛♥s❢ér❡r ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ à ❧✬❡♥s❡♠❜❧❡ ❞✉ ♠✐❧✐❡✉✳
❖♥ ❡♥ ❞✐st✐♥❣✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡✉① t②♣❡s ✿

✕ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ♣❡✉t s✉❜✐r ❞❡s ❝♦❧❧✐s✐♦♥s é❧❛st✐q✉❡s ❛✈❡❝ ❧❡s ♥♦②❛✉① ❛t♦♠✐q✉❡s
❞❡ ❧❛ ❝✐❜❧❡ ❡t ✐♥❞✉✐r❡ ❞❡s ❞é♣❧❛❝❡♠❡♥ts ❛t♦♠✐q✉❡s ✭r❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡✮✳

✕ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ♣❡✉t ❛✉ss✐ ✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡s é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡ ❧♦rs ❞❡ ❝♦❧❧✐✲
s✐♦♥s ✐♥é❧❛st✐q✉❡s✶✱ ❝❡ q✉✐ ♣r♦✈♦q✉❡ ❞❡s ❡①❝✐t❛t✐♦♥s ✐♥❞✐✈✐❞✉❡❧❧❡s ♦✉ ❝♦❧❧❡❝✲

✶❈❡❝✐ ✈❡✉t ❞✐r❡ q✉❡ ❧✬ét❛t ✐♥t❡r♥❡ ❞✬✉♥ ❞❡s é❧é♠❡♥ts ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❝❤❛♥❣❡ ✭❡① ✿ ✐♦♥✐s❛t✐♦♥ ❞❡ ❧✬❛t♦♠❡

✹✹



✹✺

t✐✈❡s ❞✉ ❜❛✐♥ ❞✬é❧❡❝tr♦♥s ✿ ✐♦♥✐s❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s✱ é❥❡❝t✐♦♥ ❡t ♠✐❣r❛t✐♦♥ ❞❡
❝❤❛r❣❡s ✭r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✮✳

❖♥ s✉♣♣♦s❡ ❬✽✵❪ ❣é♥ér❛❧❡♠❡♥t q✉❡ ❧❡s ❞❡✉① ♣r♦❝❡ss✉s ❞✬✐♥t❡r❛❝t✐♦♥ ♣❡✉✈❡♥t
êtr❡ ❞é❝♦✉♣❧és ❡t q✉✬♦♥ ♣❡✉t ❞♦♥❝ é❝r✐r❡ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❝♦♠♠❡
❧❛ s♦♠♠❡ ❞❡s ❞❡✉① ❝♦♥tr✐❜✉t✐♦♥s ❝♦rr❡s♣♦♥❞❛♥t❡s ✿

dE

dx
=
dE

dx

∣∣∣
nucl

+
dE

dx

∣∣∣
elec

✭✸✳✶✮

❊❧❧❡s s❡r♦♥t ❞ét❛✐❧❧é❡s ❞❛♥s ❧❡s ❞❡✉① ♣❛rt✐❡s s✉✐✈❛♥t❡s ✭✸✳✶✳✷ ❡t ✸✳✶✳✸✮✳ ❊♥✜♥✱ s❡r❛ é✈♦q✉é❡
✭♣❛rt✐❡ ✸✳✶✳✹✮ ❧❛ ♥❛t✉r❡ st❛t✐st✐q✉❡ ❞✉ ❞é♣ôt ❞✬é♥❡r❣✐❡ ♣❛r ❞❡s ✐♦♥s ❞❛♥s ✉♥ ♠❛tér✐❛✉✳

✸✳✶✳✶ ❈✐♥é♠❛t✐q✉❡ ❡t ❞②♥❛♠✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ à ❞❡✉① ❝♦r♣s ✿
❞é✜♥✐t✐♦♥s

❈✐♥é♠❛t✐q✉❡

▲❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t ❡t ❞❡ ❧✬é♥❡r❣✐❡ ❛✉ ❝♦✉rs ❞✬✉♥❡
❝♦❧❧✐s✐♦♥ ❡♥tr❡ ✉♥❡ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❞❡ ♠❛ss❡ M1 ❡t ❞✬é♥❡r❣✐❡ E1 s✉r ✉♥❡
♣❛rt✐❝✉❧❡ ❝✐❜❧❡ ✐♠♠♦❜✐❧❡ ❞❡ ♠❛ss❡ M2 ♣❡r♠❡t ❞❡ ❞é❞✉✐r❡ ✉♥❡ sér✐❡ ❞❡ r❡❧❛t✐♦♥s
❞é❝r✐✈❛♥t ❧❛ ❝✐♥é♠❛t✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥✳ ▲❡s r❡❧❛t✐♦♥s s✬é❝r✐✈❡♥t ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❞❛♥s
❧❡ r❡♣èr❡ ❞✉ ❝❡♥tr❡ ❞❡ ♠❛ss❡✱ ♦ù ❧✬❛♥❣❧❡ ❞❡ ❞é✢❡①✐♦♥ ✭✐✳❡✳ ❛♥❣❧❡ ❞❡ r♦t❛t✐♦♥ ❞❡s q✉❛♥t✐tés
❞❡ ♠♦✉✈❡♠❡♥t✮ ❡st ♥♦té θ✳ ❉❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ❧❛❜♦r❛t♦✐r❡✱ ❧❛ ❞é✈✐❛t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡
✐♥❝✐❞❡♥t❡ ❡st ❞♦♥♥é❡ ♣❛r ✿

tanφ = M2 sin θ
M1+M2 sin θ ✭✸✳✷✮

❊❧❧❡ ❡st ❛ss♦❝✐é❡ à ✉♥ tr❛♥s❢❡rt ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t à ❧❛ ❝✐❜❧❡ ❞❡ ✿

T = Tmax sin2 θ
2 ✭✸✳✸✮

Tmax = 4M1M2

(M1+M2)2
E1 ✭✸✳✹✮

Tmax ❡st ❧✬é♥❡r❣✐❡ ♠❛①✐♠✉♠ tr❛♥s❢ér❛❜❧❡✱ ❡t ❝♦rr❡s♣♦♥❞ à ✉♥ ❝❤♦❝ ❢r♦♥t❛❧ ✭θ = 0✱ φ = 0✮✳
P❛r ❡①❡♠♣❧❡✱ ❧❡ tr❛♥s❢❡rt ♠❛①✐♠✉♠ ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✬✉♥ α ❞❡ 2 MeV s✉r ✉♥ é❧❡❝tr♦♥
❧✐❜r❡ ✭r❡s♣✳ 7Li✱ 209Bi✮ ❡st ❞❡ Tmax = 1 keV ✭r❡s♣✳ 1, 85 MeV ✱ 147 keV ✮✳ ▲❡ tr❛♥s❢❡rt
♠❛①✐♠✉♠ ❞✬é♥❡r❣✐❡ ❡st ❢❛✐❜❧❡ s✐ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ♠❛ss❡ ❡♥tr❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐✲
❞❡♥t❡ ❡t ❧❛ ♣❛rt✐❝✉❧❡ ❝✐❜❧❡ ❡st ✐♠♣♦rt❛♥t❡ ✭M1 ≪ M2 ♦✉ M1 ≫ M2✮✱ ✐♠♣♦rt❛♥t
s❡✉❧❡♠❡♥t s✐ ❧❡s ♠❛ss❡s s♦♥t ♣r♦❝❤❡s✳ ❆✐♥s✐ ❧❡ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ ❞✬✉♥ ✐♦♥ ✐♥❝✐❞❡♥t ✈❡rs
✉♥ é❧❡❝tr♦♥ ❝✐❜❧❡ s❡r❛ t♦✉❥♦✉rs ❢❛✐❜❧❡✱ ❛❧♦rs q✉❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ tr❛♥s❢❡rt ✈❡rs ❧❡s ♥♦②❛✉① ❞❡
❧❛ ❝✐❜❧❡ ❞é♣❡♥❞r❛ ❞✉ ❝♦✉♣❧❡ ✐♦♥✴❝✐❜❧❡✳

▲✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ♣❛rt✐❝✉❧❡s s❡ ♠❛♥✐❢❡st❡ ❡♥ ♣r✐♥❝✐♣❡ ♣❛r ✉♥ t❡r♠❡ s✉♣♣❧é♠❡♥✲
t❛✐r❡ ❞✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❞é♣❡♥❞❛♥t ❞❡ ❧❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ♣❛rt✐❝✉❧❡s ✐♥t❡r❛❣✐ss❛♥t❡s✳
▼❛✐s ❝❡ t❡r♠❡ ❞❡✈✐❡♥t ♥é❣❧✐❣❡❛❜❧❡ ❧♦rsq✉❡ ❧❡s ❞❡✉① ♣❛rt✐❝✉❧❡s s♦♥t s✉✣s❛♠♠❡♥t ❧♦✐♥ ❧✬✉♥❡
❞❡ ❧✬❛✉tr❡✱ ❡t ♦♥ ♣❡✉t ❛❧♦rs ❢❛✐r❡ ❧❡ ❜✐❧❛♥ ❝✐♥é♠❛t✐q✉❡ t❡❧ q✉❡ ♣rés❡♥té ❝✐✲❞❡ss✉s✳

❝✐❜❧❡✮✳
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❋✐❣✳ ✸✳✶✿ ❙❝❤é♠❛ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♣❛r ❧❡ ♣♦t❡♥t✐❡❧ ❝❡♥tr❛❧ V (r) ❡♥tr❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡
♠❛ss❡ M1 ❡t ❝❡❧❧❡ ❞❡ ♠❛ss❡ M2✳ p ❡st ❧❡ ♣❛r❛♠ètr❡ ❞✬✐♠♣❛❝t✱ b ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡
❞✬❛♣♣r♦❝❤❡ ❡t θ ❧✬❛♥❣❧❡ ❞❡ ❞é✢❡①✐♦♥✳

❙❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✐✛ér❡♥t✐❡❧❧❡

▲❡ ❝❛❧❝✉❧ ❞❡ ❝✐♥é♠❛t✐q✉❡ ♥❡ ❞✐t ❛❜s♦❧✉♠❡♥t r✐❡♥ ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬❛✈♦✐r
✉♥ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ T ✱ ❞❛♥s ❧❡q✉❡❧ ✐♥t❡r✈✐❡♥♥❡♥t ❧❡s ❞ét❛✐❧s ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥
♣ré❝é❞❡♠♠❡♥t ♥é❣❧✐❣és✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❝❡tt❡ ♣r♦❜❛❜✐❧✐té ❞é♣❡♥❞ ❞✉ ré❣✐♠❡ ❞❡
r❛❧❡♥t✐ss❡♠❡♥t✳

❆✈❛♥t ❞✬❡①❛♠✐♥❡r ❧❡s ❞✐✛ér❡♥ts ré❣✐♠❡s ❞✬✐♥t❡r❛❝t✐♦♥✱ ✐♥tr♦❞✉✐s♦♥s ❧❡s ❝♦♥❝❡♣ts ❞❡ ♣❛r❛✲
♠ètr❡ ❞✬✐♠♣❛❝t✱ ❞❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❡t ❧❡s r❡❧❛t✐♦♥s q✉✐ ❧❡s ❧✐❡♥t✳
▲❡ ♣❛r❛♠ètr❡ ❞✬✐♠♣❛❝t✱ ♦✉ ❞✐st❛♥❝❡ ❞❡ ✈✐sé❡✱ ❡st ❧❛ ❞✐st❛♥❝❡ p ❡♥tr❡ ❧❡ ❝❡♥tr❡
❞✐✛✉s❡✉r ❡t ❧❛ tr❛❥❡❝t♦✐r❡ ✐♥✐t✐❛❧❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ✭✈♦✐r ✜❣✉r❡ ✸✳✶✮✳ ▲❡
♣♦t❡♥t✐❡❧ V (r) ✈❛ ❞ét❡r♠✐♥❡r ✉♥❡ r❡❧❛t✐♦♥ ♣❛rt✐❝✉❧✐èr❡ θ(p)✱ q✉✐ ♣❡✉t s✬é❝r✐r❡ ❞❛♥s
❧❡ ❝❛s ❞✬✉♥ ♣♦t❡♥t✐❡❧ ❝❡♥tr❛❧ ✿

θ(p) = π − 2p
∫∞
r=rmin

dr/r2
q

1−V (r)
E − p2

r2

✭✸✳✺✮

❖♥ ❞é✜♥✐t ❡♥s✉✐t❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ dσ(θ) ♣❛r ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡ ♥♦♠❜r❡ ❞❡
♣❛rt✐❝✉❧❡ ❞✐✛✉sé❡s ❡♥tr❡ θ ❡t θ+dθ ❡t ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ✐♥❝✐❞❡♥t❡s ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡
✭✢✉❡♥❝❡ φ✮ ✿

dσ(θ) = dN
φ ✭✸✳✻✮

▲❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ σ ❡st ❤♦♠♦❣è♥❡ à ✉♥❡ s✉r❢❛❝❡ ❡t s✬❡①♣r✐♠❡ ❡♥ ❜❛r♥ ✭✶ ❜❛r♥ ❂ 10−24 cm−2

s♦✐t ❡♥✈✐r♦♥ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ♣❛r cm ❞❡ ♠❛tér✐❛✉ tr❛✈❡rsé✱ ✉♥❡ ❞❡♥s✐té ❛t♦♠✐q✉❡ t②♣✐q✉❡ ét❛♥t
❞❡ 1023 − 1024 cm−3✮✳

P♦✉r ❧❡s ♣♦t❡♥t✐❡❧s ❝♦♥s✐❞érés ✐❝✐✱ ❧❛ r❡❧❛t✐♦♥ θ(p) ❞♦♥♥é❡ ❡♥ ✸✳✺ ❡st ♠♦♥♦t♦♥❡✱ ✐✳❡✳ ❧❡s
❝♦❧❧✐s✐♦♥s à ♣❛r❛♠ètr❡ ❝♦♠♣r✐s ❞❛♥s ✉♥❡ ❝♦✉r♦♥♥❡ ❝✐r❝✉❧❛✐r❡ ✭✜❣✉r❡ ✸✳✶✮ ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s
❞é✢❡①✐♦♥s ❝♦♠♣r✐s❡ ❡♥tr❡ ❞❡✉① ❝ô♥❡s ❞❡ ❞❡♠✐✲❛♥❣❧❡ ❛✉ s♦♠♠❡t ❝♦♠♣r✐s ❡♥tr❡ θ ❡t θ + dθ✱
s♦✐t dN = 2πpdpφ ❡t ❞♦♥❝ ✿

dσ(θ) = 2πpdp ✭✸✳✼✮

♦✉ ♣❛r ✉♥✐té ❞✬❛♥❣❧❡ s♦❧✐❞❡ ✿
dσ

dΩ
(θ) =

p(θ)

sin θ

∣∣∣∣
dp

dθ

∣∣∣∣ ✭✸✳✽✮
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❖♥ ♣❡✉t ✜♥❛❧❡♠❡♥t é❝r✐r❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ T ♣♦✉r ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡
❡♥ ❝♦♠❜✐♥❛♥t ❧❛ ❞é✜♥✐t✐♦♥ ✭✸✳✼✮ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ dσ(θ)✱ ❧❛ r❡❧❛t✐♦♥ ✭✸✳✺✮ tr❛❞✉✐s❛♥t ❧❛
❞②♥❛♠✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ θ(p) ❡t ❧❛ r❡❧❛t✐♦♥ ❝✐♥é♠❛t✐q✉❡ T (θ) ✭✸✳✸✮✳
❖♥ ♠♦♥tr❡ ❡♥✜♥ q✉❡ ❧❡ ♣♦✉✈♦✐r ❞✬❛rrêt ❞❡ ❧✬éq✉❛t✐♦♥ ✭✸✳✶✮ ❡st r❡❧✐é ❞❡ ♠❛♥✐èr❡
❣é♥ér❛❧❡ à ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ♣❛r ✿

−dE
dx = NC

∫
Tdσ(T ) ✭✸✳✾✮

❛✈❡❝ NC ❧❛ ❞❡♥s✐té ✈♦❧✉♠✐q✉❡ ❞❡ ❝❡♥tr❡s ❞✐✛✉s❡✉rs✳

❊①❡♠♣❧❡ ❞✬✉♥ ♣♦t❡♥t✐❡❧ ❝♦✉❧♦♠❜✐❡♥

❈❡t ❡①❡♠♣❧❡ ✈❛ ♥♦✉s s❡r✈✐r à ✐♥tr♦❞✉✐r❡ ❧❡s ❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs ❝❛r❛❝té✲
r✐st✐q✉❡s ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♣❛rt✐❝✉❧❡✲♠❛t✐èr❡ ❬✽✶❪ q✉❡ s♦♥t ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡
❞✬❛♣♣r♦❝❤❡ ❞❡ ❧✬✐♦♥ ♣❛r r❛♣♣♦rt à s❛ ❝✐❜❧❡✱ ❧❡s ❧♦♥❣✉❡✉rs ❞✬é❝r❛♥t❛❣❡ ❞❡s ♣♦t❡♥✲
t✐❡❧s ❞❡s ♥♦②❛✉① ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ❡t ❞❡ ❧❛ ❝✐❜❧❡✱ ❡t ❡♥✜♥ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡
❞❡ ❇r♦❣❧✐❡ ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t✳

▲✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❈♦✉❧♦♠❜ ❡♥tr❡ ✉♥❡ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❞❡ ❝❤❛r❣❡ Z1 ❡t ❧❛ ❝✐❜❧❡
❞❡ ❝❤❛r❣❡ Z2✱ s✉♣♣♦sé❡s ♣♦♥❝t✉❡❧❧❡s✱ ❡st ❞♦♥♥é❡ ♣❛r ✿

V (r) =
Z1Z2e

2

r
✭✸✳✶✵✮

▲❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❜ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❞❡ ♠❛ss❡ M1 ❡st
ré❛❧✐sé❡ ❧♦rs ❞✬✉♥❡ ❝♦❧❧✐s✐♦♥ ❢r♦♥t❛❧❡✱ s♦✐t ❧♦rsq✉❡ t♦✉t❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ✐♥✐t✐❛❧❡
❡st tr❛♥s❢♦r♠é❡ ❡♥ é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡ ✿

M1V
2

2 = Z1Z2e
2

b ✭✸✳✶✶✮

▲❛ r❡❧❛t✐♦♥ ✭✸✳✺✮ ❞é❝r✐✈❛♥t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ s✬❡①♣r✐♠❡ s✐♠♣❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❝❡ ♣❛r❛♠ètr❡ ✿

tan
θ

2
=

b

2p
✭✸✳✶✷✮

❖♥ ♦❜t✐❡♥t ❛❧♦rs ❧❛ ❢♦r♠✉❧❡ ❞❡ ❘✉t❤❡r❢♦r❞ ❞♦♥♥❛♥t ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✐✛ér❡♥t✐❡❧❧❡ ✿

dσ

dΩ
(θ) =

b2

16

1

sin4 θ/2
✭✸✳✶✸✮

q✉✐ s✬é❝r✐t ❛✉ss✐ ✿

dσ(T ) = 2π
Z2

1Z
2
2e

4

M2V 2
dT
T 2 ✭✸✳✶✹✮

❖♥ ❝♦♥st❛t❡ q✉❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❞✐✛✉s✐♦♥ s❡❧♦♥ ❘✉t❤❡r❢♦r❞ ❞✐✈❡r❣❡ ❧♦rsq✉✬♦♥ ❝♦♥s✐❞èr❡
❞❡s ❝♦❧❧✐s✐♦♥s à ❣r❛♥❞s ♣❛r❛♠ètr❡s ❞✬✐♠♣❛❝t p ≫ b✱ ✐✳❡✳ à ❢❛✐❜❧❡ ❞é✈✐❛t✐♦♥ ✭éq✉❛t✐♦♥s ✭✸✳✶✷✮
❡t ✭✸✳✶✸✮✮ ❡t ❢❛✐❜❧❡ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ ✭éq✉❛t✐♦♥s ✭✸✳✸✮ ❡t ✭✸✳✶✹✮✮✳
❈❡ ♣❛r❛❞♦①❡ ❡st ❧❡✈é ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞✬é❝r❛♥t❛❣❡ ✿ ❛✉① ❞✐st❛♥❝❡s s✉♣ér✐❡✉r❡s
à ✉♥❡ ❣r❛♥❞❡✉r ❛♣♣❡❧é❡ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥t❛❣❡ ❛✱ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ✈♦✐t ❧❡ ♣♦t❡♥t✐❡❧
❛t♦♠✐q✉❡ é❝r❛♥té ♣❛r ❝❡❧✉✐ ❞❡s é❧❡❝tr♦♥s ❡♥✈✐r♦♥♥❛♥ts✳ ❖♥ ♣♦✉rr❛ ♣❛r ❡①❡♠♣❧❡
✉t✐❧✐s❡r ❞❡s ♣♦t❡♥t✐❡❧s é❝r❛♥tés ❞✉ t②♣❡ ❚❤♦♠❛s✲❋❡r♠✐ ✿

Φ(r) = Z1Z2

r φTF (r/a) ✭✸✳✶✺✮
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♦ù φTF (r/a) ❡st ❧❛ ❢♦♥❝t✐♦♥ ❞✬é❝r❛♥ ❞❡ ❚❤♦♠❛s✲❋❡r♠✐ ✭φTF (r ≪ a) → 1 ❀ φTF (r ≫ a) → 0✮✳
▲❡ r❛②♦♥ ❞✬é❝r❛♥ a ✈❛r✐❡ ❝♦♠♠❡ Z1/3

1 ❡t ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ t❛✐❧❧❡ ❛t♦♠✐q✉❡✳ ▲❛ ❢♦r♠✉❧❡ ❞❡
❘✉t❤❡r❢♦r❞ ✭✸✳✶✸✮ ♦✉ ✭✸✳✶✹✮ ♥❡ s✬❛♣♣❧✐q✉❡ q✉❡ s✐ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ s✬❛♣♣r♦❝❤❡ s✉✣s❛♠✲
♠❡♥t ♣rès ❞✉ ♥♦②❛✉ ✭b ≤ p ≪ a✮ ♣♦✉r ♥é❣❧✐❣❡r ❧❡s ❡✛❡ts ❞✬é❝r❛♥t❛❣❡✳ P♦✉r ❧❡s ♣❛r❛♠ètr❡s
❞✬✐♠♣❛❝t ♣❧✉s ❣r❛♥❞s q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥ ✭b ≪ a ≤ p✮✱ ❧❛ ❢♦r❝❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡st ♣❧✉s
❢❛✐❜❧❡ ❡t ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡✈✐❡♥t très ✐♥❢ér✐❡✉r❡ à ❧❛ ✈❛❧❡✉r s❡❧♦♥ ❘✉t❤❡r❢♦r❞✳

❖♥ ♣❡✉t ❛✐♥s✐ é❝r✐r❡ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ♣❛r ❧✬éq✉❛t✐♦♥ ✭✸✳✾✮ à ❧✬❛✐❞❡ ❞❡ ❧❛ ❞♦♥♥é❡ ❞❡ ❧❛
s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞♦♥♥é❡ ♣❛r ✭✸✳✶✹✮ ♣♦✉r 0 < Tmin < T < Tmax ❡t dσ(T ) = 0 ♣♦✉r ❧❡s ❛✉tr❡s
✈❛❧❡✉rs ❞❡ ❚✳ ❖♥ é✈✐t❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❡♥ r❡str❡✐❣♥❛♥t ❧❛ ✈❛❧✐❞✐té ❞❡ ❝❡tt❡
❢♦r♠✉❧❡ ❛✉① é♥❡r❣✐❡s s✉♣ér✐❡✉r❡s à Tmin ✿

dE

dx
= 2πNC

Z2
1Z

2
2e

4

M2V 2

∫ Tmax
Tmin

dT
T

= 2πNC
Z2

1Z
2
2e

4

M2V 2 ln Tmax

Tmin
✭✸✳✶✻✮

❊♥✜♥ ✉♥❡ tr♦✐s✐è♠❡ ❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡ ❡st ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ❞❡
❇r♦❣❧✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ λ ✿

λ = h
mv ✭✸✳✶✼✮

▲♦rsq✉❡ ❝❡tt❡ ❣r❛♥❞❡✉r ❡st ❝♦♠♣❛r❛❜❧❡ à a ♦✉ b✱ ✐❧ ❢❛✉t ❢❛✐r❡ ✉♥❡ ❞❡s❝r✐♣t✐♦♥
q✉❛♥t✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥✳ ❙✐ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❡st ✉♥ é❧❡❝tr♦♥✱ s❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡
❡st ❞❡ tr♦✐s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ♣♦✉r ❧❡s ✐♦♥s ✿ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ s♦♥
✐♥t❡r❛❝t✐♦♥ ❡st ♥é❝❡ss❛✐r❡♠❡♥t q✉❛♥t✐q✉❡✳

▲❡s ❧♦♥❣✉❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ♦♥t ❞❡s ✈❛r✐❛t✐♦♥s ❞✐✛ér❡♥t❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡
❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ✿ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ✈❛r✐❡ ❡♥ 1/v2 s✉✐✈❛♥t ❧✬éq✉❛t✐♦♥
✭✸✳✶✶✮✱ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ❞❡ ❇r♦❣❧✐❡ ✈❛r✐❡ ❡♥ 1/v✱ ❡t ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥t❛❣❡ ❡st q✉❛s✐♠❡♥t
❝♦♥st❛♥t❡✳ ■❧ ❡st ❛✐♥s✐ ❞✬✉s❛❣❡ ❞❡ ❞✐s❝✉t❡r ❞❡s ❞✐✛ér❡♥ts ré❣✐♠❡s ❞❡ r❛❧❡♥t✐ss❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡✳ ▲❡ t❛❜❧❡❛✉ ✸✳✶ ❞♦♥♥❡ ✉♥❡ ❡st✐♠❛t✐♦♥ ❞❡s ❞✐st❛♥❝❡s
❝❛r❛❝tér✐st✐q✉❡s ♣♦✉r ❧❡s ♣r✐♥❝✐♣❛✉① ✐♦♥s ✉t✐❧✐sés ❞❛♥s ❝❡ tr❛✈❛✐❧✳

v (m.s−1) λ (pm) b (pm) aion (pm)
He 1, 2 MeV 7, 5 × 106 0, 012 0, 037 35
Br 12 MeV 5, 3 × 106 0, 003 0, 06 13
Pb 500 keV 6, 7 × 105 0, 02 9, 3 10
S 100 keV 7, 7 × 105 0, 03 7 17

❚❛❜✳ ✸✳✶✿ ❊st✐♠❛t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ✐♥tr♦❞✉✐t❡s ❞❛♥s ❧❡
t❡①t❡ ♣♦✉r ❧❡s ♣r✐♥❝✐♣❛✉① ❝♦✉♣❧❡s ✐♦♥✲é♥❡r❣✐❡ ✉t✐❧✐sés ❞❛♥s ❝❡ tr❛✈❛✐❧✳ ▲✬é❧é♠❡♥t ❝✐❜❧❡
❡st ❞✉ s✐❧✐❝✐✉♠✳ ▲❡ ❝❛❧❝✉❧ ❞❡ b ❡st ♠❡♥é ❡♥ ❝♦♥s✐❞ér❛♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡
❡♥tr❡ ❧❡s ❞❡✉① ♥♦②❛✉① t♦t❛❧❡♠❡♥t é♣❧✉❝❤és ❞❡ ❧❡✉rs é❧❡❝tr♦♥s✳

❈❤❛r❣❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡

■❧ ❝♦♥✈✐❡♥t ❡♥✜♥✱ ❛✈❛♥t ❞❡ ❞♦♥♥❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥ts
ré❣✐♠❡s ❞❡ r❛❧❡♥t✐ss❡♠❡♥t✱ ❞❡ ❞✐s❝✉t❡r ❞❡ ❧✬ét❛t ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❛✉ ❢✉r ❡t à ♠❡s✉r❡



✹✾

❞❡ s❛ ♣é♥étr❛t✐♦♥ ❞❛♥s ❧❛ ♠❛t✐èr❡✳ ❈❡t ét❛t ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❧✬✐♦♥s ✐♥❝✐❞❡♥t✱
♠❛✐s ♣❧✉tôt ❞❡ s❛ ✈✐t❡ss❡ ❡t ❞❡ s♦♥ Z✷✳ ◆♦✉s ❛✈♦♥s ❥✉sq✉✬à ♠❛✐♥t❡♥❛♥t ❝♦♥s✐❞éré q✉❡ ❧✬✐♦♥
ét❛✐t t♦t❛❧❡♠❡♥t é♣❧✉❝❤é ❞❡ s❡s é❧❡❝tr♦♥s✳ ❈❡❝✐ ♥✬❡st ❡♥ ❢❛✐t ✈❛❧❛❜❧❡ q✉❡ s✐ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛
♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❡st s✉♣ér✐❡✉r❡ à ❧❛ ✈✐t❡ss❡ ❞❡ s❡s é❧❡❝tr♦♥s ♦r❜✐t❛✉①✳ ❈❡❧❧❡✲❝✐ ❡st é✈❛❧✉é❡
❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❚❤♦♠❛s✲❋❡r♠✐ ♣❛r vBZ

2/3
1 ❛✈❡❝ vB = e2/4πǫ0~ ❧❛ ✈✐t❡ss❡ ❞❡ ❇♦❤r ❞❡s

é❧❡❝tr♦♥s ✭❆✳◆✳ ✿ vB = 2, 2 × 106m.s−1✮✳ ▲❛ ✈✐t❡ss❡ ❞❡ ❇♦❤r ❞❡ ❧✬é❧❡❝tr♦♥ ❝♦rr❡s♣♦♥❞ à ✉♥❡
é♥❡r❣✐❡ ❞❡ 25 keV/uma✳
▲♦rsq✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❡st ✐♥❢ér✐❡✉r❡ à ❧❛ ✈✐t❡ss❡ ❞❡ s❡s
é❧❡❝tr♦♥s ♦r❜✐t❛✉①✱ ❧❛ ♣❛rt✐❝✉❧❡ ♣❡✉t ❣❛❣♥❡r ❞❡s é❧❡❝tr♦♥s ❞✉ ♠✐❧✐❡✉ ❡t s♦♥ ét❛t
❞❡ ❝❤❛r❣❡ ❡✛❡❝t✐❢ ✢✉❝t✉❡ ❛✉t♦✉r ❞❡ ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ Z∗

1 ❞♦♥♥é❡ ♣❛r ❬✽✶❪ ✿

Z∗
1 = Z

1/3
1

V
vB

(Z∗
1 < Z1/2) ✭✸✳✶✽✮

= Z1

(
1 − exp

(
− 3V

2vBZ1

))
(Z∗

1 → Z1) ✭✸✳✶✾✮

❙✐ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❡♥tr❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❡t ❧❛ ❝✐❜❧❡ ❡st ✐♥❢ér✐❡✉r❡ à
❧❛ ❞✐st❛♥❝❡ ❞✬é❝r❛♥t❛❣❡✱ ❧✬❡✛❡t ❞❡ ❧❛ ❝❛♣t✉r❡ ❞✬é❧❡❝tr♦♥s s✉r ❧❡ ♣♦t❡♥t✐❡❧ ❞✬✐♥t❡r❛❝t✐♦♥ ♥❡ s❡
❢❛✐t ♣❛s s❡♥t✐r ✭✐♥t❡r❛❝t✐♦♥ ♥♦②❛✉ ✐♥❝✐❞❡♥t ✲ ♥♦②❛✉✱ ♦✉ ♥♦②❛✉ ✐♥❝✐❞❡♥t ✲ é❧❡❝tr♦♥✮✳ P❛r ❝♦♥tr❡✱
♣♦✉r ❞❡s ❞✐st❛♥❝❡s ♠✐♥✐♠❛❧❡s ❞✬❛♣♣r♦❝❤❡ ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❞✬é❝r❛♥t❛❣❡✱ ❧❡s ❝♦rtè❣❡s
é❧❡❝tr♦♥✐q✉❡s ❡♥tr❡♥t ❡♥ ❥❡✉ ❞❛♥s ❧❛ ♥❛t✉r❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ✭✐♥t❡r❛❝t✐♦♥ ♥♦②❛✉ é❝r❛♥té ✐♥❝✐✲
❞❡♥t ✲ ♥♦②❛✉ é❝r❛♥té ♦✉ ♥♦②❛✉ é❝r❛♥té ✐♥❝✐❞❡♥t ✲ é❧❡❝tr♦♥✮✳ ❉❛♥s ❝❡ tr❛✈❛✐❧ ✭t❛❜❧❡❛✉ ✸✳✶✮✱ ❧❡s
✐♦♥s ♥❡ s❡r♦♥t ❥❛♠❛✐s t♦t❛❧❡♠❡♥t é♣❧✉❝❤és✳

❈♦♦r❞♦♥♥é❡s ré❞✉✐t❡s

■❧ ❡st ❝♦♠♠♦❞❡✱ q✉❡ ❝❡ s♦✐t ♣♦✉r ❧❡ ré❣✐♠❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡ ♦✉ é❧❡❝tr♦♥✐q✉❡
✭✜❣✉r❡ ✸✳✷✮✱ ❞✬✐♥tr♦❞✉✐r❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ré❞✉✐t❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ǫ ✿

ǫ =
a

b
=

M2

M1 +M2

a

Z1Z2e2
✭✸✳✷✵✮

❡t ❧❛ ❧♦♥❣✉❡✉r ré❞✉✐t❡ ρ ✿

ρ = x πa2NC
4M1M2

(M1 +M2)2
✭✸✳✷✶✮

♦ù NC ❡st ❧❛ ❞❡♥s✐té ❞❡ ❝❡♥tr❡s ❞✐✛✉s❡✉rs ❞❡ ❧❛ ❝✐❜❧❡ ✭❞❡♥s✐té ❛t♦♠✐q✉❡ ♣♦✉r ❧❡ r❛❧❡♥t✐ss❡♠❡♥t
♥✉❝❧é❛✐r❡ ♦✉ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ♣♦✉r ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✮✳
▲❡ ♣♦✉✈♦✐r ❞✬❛rrêt s✬é❝r✐t ❛❧♦rs ❞❡ ♠❛♥✐èr❡ t♦✉t à ❢❛✐t ❣é♥ér❛❧❡ ✿

dE

dx
= −a2NC

Z1Z2e
2

a

M1

M1 +M2

dǫ

dρ
✭✸✳✷✷✮

✸✳✶✳✷ ❘❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡

➪ ❤❛✉t❡ ✈✐t❡ss❡✱ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❡st t♦t❛❧❡♠❡♥t é♣❧✉❝❤é❡ ❞❡ s❡s é❧❡❝tr♦♥s ❡t ❧❛ ❞✐s✲
t❛♥❝❡ ❞✬❛♣♣r♦❝❤❡ ❛✈❡❝ ❧❡s ♥♦②❛✉① ❞❡ ❧❛ ❝✐❜❧❡ ❡st très ❢❛✐❜❧❡ ❞❡✈❛♥t ❧❡ r❛②♦♥ ❞✬é❝r❛♥ ❞❡ ❧❛
❝✐❜❧❡ ✭b/a ≪ 1✱ ǫ ≫ 1✮ ✿ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❡t ❧❛ ❝✐❜❧❡ ❡st ❞♦♥❝ ✉♥❡
✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡ ❡♥tr❡ ❧❡s ❞❡✉① ♥♦②❛✉①✳ ▲❡ r❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡ ❡st ❞♦♥♥é ♣❛r
❧❛ ❢♦r♠❡ ✸✳✶✻✳ ◆♦✉s ✈❡rr♦♥s ❞❛♥s ❧❛ ♣❛rt✐❡ s✉✐✈❛♥t❡ q✉❡ ❝❡❧❛ r❡♣rés❡♥t❡✱ ❞❛♥s ❝❡ ré❣✐♠❡ ❞❡

✷❯♥ t❡❧ ét❛t ❞❡ ❝❤❛r❣❡ st❛t✐♦♥♥❛✐r❡ ❡st ❛tt❡✐♥t ❛♣rès ❧❛ ♣é♥étr❛t✐♦♥ ❞❡ q✉❡❧q✉❡s ♠♦♥♦❝♦✉❝❤❡s ❞❡ ♠❛tér✐❛✉✳



✺✵

❋✐❣✳ ✸✳✷✿ ❈♦♠♣❛r❛✐s♦♥ ❞✉ r❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡ ❡t é❧❡❝tr♦♥✐q✉❡ ❞❛♥s ❧❛ ❣❛♠♠❡
❞❡s ❢❛✐❜❧❡s ✈✐t❡ss❡s ❡♥ ❝♦♦r❞♦♥♥é❡s ré❞✉✐t❡s✳ ▲❡ r❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡ ❡st ❞♦♥♥é
♣❛r ❧❛ ❢♦r♠✉❧❡ ✭✸✳✷✸✮✱ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ♣❛r ❧❛ ❢♦r♠✉❧❡ ✭✸✳✷✼✮ ♣♦✉r
✉♥ ✐♦♥ He ♦✉ Br ♣é♥étr❛♥t ❞❛♥s ❞✉ s✐❧✐❝✐✉♠✳ ❖♥ ✈ér✐✜❡ q✉❡ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t
é❧❡❝tr♦♥✐q✉❡ ❡st t♦✉❥♦✉rs ❞♦♠✐♥❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣é♥étr❛t✐♦♥ ❞✬✉♥ ✐♦♥ ❧é❣❡r
❞❛♥s ✉♥ ♠❛tér✐❛✉ ❧♦✉r❞✳

✈✐t❡ss❡✱ ✉♥❡ ❢r❛❝t✐♦♥ très ❢❛✐❜❧❡ ❞✉ r❛❧❡♥t✐ss❡♠❡♥t t♦t❛❧✳

▲♦rsq✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞✐♠✐♥✉❡✱ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ❞✬♦r✐❣✐♥❡ ♥✉❝❧é❛✐r❡ ❛✉❣♠❡♥t❡
❡t ♣❛ss❡ ♣❛r ✉♥ ♠❛①✐♠✉♠ ♣♦✉r ǫ ≈ 0, 5✳ ▲❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡ ❣❛❣♥❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡
❞✬é❧❡❝tr♦♥s ❡t ❝♦♥❥♦✐♥t❡♠❡♥t ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❛✉❣♠❡♥t❡ ♣♦✉r ❞❡✈❡♥✐r ❞❡
❧✬♦r❞r❡ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥t❛❣❡ ❞❡s ❛t♦♠❡s ❞❡ ❧❛ ❝✐❜❧❡✳ ❆✐♥s✐✱ ✐❧ ❢❛✉t tr❛✐t❡r ❧✬✐♥t❡r❛❝t✐♦♥
❞❡ ❞❡✉① ♥♦②❛✉① é❝r❛♥tés✳ P♦✉r ❝❡❧❛ ♦♥ ♣❡✉t ✉t✐❧✐s❡r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❚❤♦♠❛s✲❋❡r♠✐ ❬✽✵❪✳ ❯♥❡
❢♦r♠❡ ❛♥❛❧②t✐q✉❡ ❛ ❛✉ss✐ été ❞ér✐✈é❡ ❬✽✷❪ ✭✜❣✉r❡ ✸✳✷✮ ✿

dǫ

dρ

∣∣∣
nucl

=
ln (1 + 1, 14ǫ)

2(ǫ+ 0, 013ǫ0,21 + 0, 19ǫ0,5)
✭✸✳✷✸✮

▲❡ t❛❜❧❡❛✉ ✸✳✶ ❞♦♥♥❡ ✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❝❡s ❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs ❝❛r❛❝tér✐st✐q✉❡s
♣♦✉r ❞✐✛ér❡♥ts ✐♦♥s✴é♥❡r❣✐❡s ✉t✐❧✐sés ❞❛♥s ❝❡ tr❛✈❛✐❧✱ ❧❛ ❝✐❜❧❡ ét❛♥t ✐❝✐ ❞✉ s✐❧✐❝✐✉♠✳ ▲✬❤é❧✐✉♠
❡t ❧❡ ❜r♦♠❡ s♦♥t ❞❛♥s ❧❡ ❝❛s ǫ ≫ 1 ❡t ❞♦♥❝ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❞♦♠✐♥❡r❛ ✭✈♦✐r
♣❛rt✐❡ s✉✐✈❛♥t❡✮ ❛❧♦rs q✉❡ ♣♦✉r ❧❡ ♣❧♦♠❜ ❡t ❧❡ s♦✉❢r❡ ♦♥ ❡st ❞❛♥s ✉♥ ré❣✐♠❡ ♦ù ❧❡s ❞❡✉①
r❛❧❡♥t✐ss❡♠❡♥ts ✭♥✉❝❧é❛✐r❡ ❡t é❧❡❝tr♦♥✐q✉❡✮ ❝♦❡①✐st❡♥t ✭ǫ ≈ 1✮✳

✸✳✶✳✸ ❘❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡

❈✬❡st ❧❡ ♠♦❞❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t ❞♦♠✐♥❛♥t ♣♦✉r ❧❡s ✐♦♥s ✐♥❝✐❞❡♥ts à ❤❛✉t❡ ✈✐t❡ss❡ ǫ≫ 1✳
❯♥ ❝❛❧❝✉❧ ❝❧❛ss✐q✉❡ ❜❛sé s✉r ❧❡ ♣♦t❡♥t✐❡❧ ❝♦✉❧♦♠❜✐❡♥ ❞♦♥♥❡ ❧❡ ❜♦♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✳ ❙♦✐t
q1 = Z∗

1e ❧❛ ❝❤❛r❣❡ ❡✛❡❝t✐✈❡ ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ✿
✕ ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡s é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡ ✭❞❡♥s✐té ✈♦❧✉♠✐q✉❡ NaZ2 ❛✈❡❝ Na ❧❛ ❞❡♥s✐té



✺✶

❛t♦♠✐q✉❡✮ ❛♣♣♦rt❡r❛ ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ ✿

dE

dx

∣∣∣
elec

= 2πNa
q21e

2

meV 2
ln

2meV
2

I
✭✸✳✷✹✮

❛✈❡❝ I ❧✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ ❞❡ ♣r❡♠✐èr❡ ✐♦♥✐s❛t✐♦♥✱ q✉✐ ♣❡✉t êtr❡ ❡st✐♠é❡ s❡❧♦♥ ❇❧♦❝❤ ♣❛r
I ≈ 11Z2 (eV )✳

✕ s✐ ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ✉♥ ❛t♦♠❡ ❞❡ ❧❛ ❝✐❜❧❡ ❡st ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ✐♦♥✲♥♦②❛✉ ♥♦♥ é❝r❛♥té❡
❛❧♦rs ♦♥ ❛ ✿

dE

dx

∣∣∣
nucl

= 2πNa
q21Z

2
2

M2V 2
ln
Tmax
Tmin

✭✸✳✷✺✮

❆✐♥s✐ ❧❡ r❛♣♣♦rt ❞❡s ♣❡rt❡s ❞✬é♥❡r❣✐❡ ❡st ❞❡ ✿

dE/dxnucl
dE/dxelec

≈ Z2me

M2
=
me

mp
≈ 1/4000 ≪ 1 ✭✸✳✷✻✮

❈❡ ❝❛❧❝✉❧ ❞♦♥♥❡ ✉♥❡ ❜♦♥♥❡ ✐❞é❡ ❞❡ ❧✬✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡ ❞❡s r❛❧❡♥t✐ss❡♠❡♥ts✱ ♠❛✐s ❧❡s
❛♣♣r♦①✐♠❛t✐♦♥s ❞✉ ❝❛❧❝✉❧ ❞✉ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ s♦♥t tr♦♣ ❣r♦ss✐èr❡s ♣♦✉r ✉♥❡ é✈❛✲
❧✉❛t✐♦♥ q✉❛♥t✐t❛t✐✈❡✳ ❊♥ ❡✛❡t✱ ♥♦✉s ❛✈♦♥s ❢❛✐t ✉♥ ❝❛❧❝✉❧ ❝❧❛ss✐q✉❡ ❛❧♦rs q✉❡ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐✲
♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❡st ♣❡t✐t❡ ❞❡✈❛♥t ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ❞❡ ❇r♦❣❧✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ ▲❡ ❝❛❧❝✉❧
♣ré❝é❞❡♥t ♥✬❡st str✐❝t❡♠❡♥t ✈❛❧❛❜❧❡ q✉❡ ♣♦✉r V ≪ 2Z1vB ✱ s♦✐t ❡♥ ♣r❛t✐q✉❡ ♣♦✉r ❞❡s é♥❡r❣✐❡s
tr♦♣ ❢❛✐❜❧❡s ♣♦✉r q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ s♦✐t ❞é❝r✐t❡ ♣❛r ✉♥ ♣♦t❡♥t✐❡❧ ❈♦✉❧♦♠❜✐❡♥ ✭✈♦✐r ♣❧✉s ❧♦✐♥
❧❡ ré❣✐♠❡ ❞❡s ♠♦②❡♥♥❡s ❡t ❢❛✐❜❧❡s ✈✐t❡ss❡s✮✳

❖♥ ❞é❝r✐t ❞♦♥❝ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❞✬✐♦♥s ❞❡ ♠❛♥✐èr❡ q✉❛♥t✐q✉❡✱ ❡♥ ❞✐st✐♥✲
❣✉❛♥t ❞✐✛ér❡♥ts ré❣✐♠❡s ❞❡ ✈✐t❡ss❡✳ ❊♥ ♠❡tt❛♥t ❞❡ ❝ôté ❧❡ ré❣✐♠❡ r❡❧❛t✐✈✐st❡ q✉✐ ❝♦♥❝❡r♥❡ ❞❡s
é♥❡r❣✐❡s s✉♣ér✐❡✉r❡s ❛✉ GeV ✱ ♦♥ s❡ tr♦✉✈❡ ❞✬❛❜♦r❞ ❞❛♥s ✉♥ ré❣✐♠❡ ♦ù ❧✬✐♦♥ ✐♥❝✐❞❡♥t ❡st t♦✲
t❛❧❡♠❡♥t é♣❧✉❝❤é ❡t ✐♥t❡r❛❣✐t ❞❡ ♠❛♥✐èr❡ ❈♦✉❧♦♠❜✐❡♥♥❡ ❛✈❡❝ ❧❡s é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡ ✭ré❣✐♠❡
❞❡ ❇❡t❤❡✮ ❡t ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❡st ❞♦♥♥é ♣❛r ❧❛ ❢♦r♠✉❧❡ ✭✸✳✷✹✮ à ✉♥ ❢❛❝t❡✉r ✷ ♣rès✳

P♦✉r ❞❡s ✈✐t❡ss❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭V ≈ vBZ
2/3
1 , vBZ

2/3
2 ✮✱ ❧❡s é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡ ✐♥t❡r✲

❛❣✐ss❡♥t ❛✈❡❝ ✉♥ ✐♦♥ ❞❡ ❝❤❛r❣❡ ❡✛❡❝t✐✈❡ ✐♥❢ér✐❡✉r❡ à Z1e✱ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❡st ❞♦♥❝ ♠♦✐♥s
♣r♦❜❛❜❧❡ ✿ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ❛✉❣♠❡♥t❡ ♠♦✐♥s ✈✐t❡ q✉❡ s❡❧♦♥ ❧❡ ré❣✐♠❡ ❞❡ ❇❡t❤❡ ♣✉✐s ♣❛ss❡
♣❛r ✉♥ ♠❛①✐♠✉♠✳

❊♥✜♥ ♣♦✉r ❞❡s ✈✐t❡ss❡s ❞❡ ❧✬✐♦♥ ❡♥❝♦r❡ ♣❧✉s ❢❛✐❜❧❡s ✭E < 100keV/uma✮✱ ♦♥ ❛ ❛✛❛✐r❡ à ✉♥❡
✐♥t❡r❛❝t✐♦♥ ❝♦♠♣❧❡①❡ ✐♦♥ ❢♦rt❡♠❡♥t é❝r❛♥té ✲ ❛t♦♠❡✱ ❞✉r❛♥t ❧❛q✉❡❧❧❡ ❧❡s ❝♦rtè❣❡s é❧❡❝tr♦♥✐q✉❡s
♦♥t ❧❡ t❡♠♣s ❞❡ s❡ ré❛rr❛♥❣❡r ✿ ❧❡s ét❛ts é❧❡❝tr♦♥✐q✉❡s s♦♥t ❞❡s ♦r❜✐t❛❧❡s ♠♦❧é❝✉❧❛✐r❡s ❞♦♥t
❧❡s ❝❛r❛❝tér✐st✐q✉❡s ✈❛r✐❡♥t ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ ✐♥t❡r♥✉❝❧é❛✐r❡✳ ❈❡ st❛❞❡ ❛ été ❞é❝r✐t ❞❡ ♠❛♥✐èr❡s
❞✐✛ér❡♥t❡s ♣❛r ❋✐rs♦✈ ❬✽✸✱ ✽✹❪ ❞✬✉♥❡ ♣❛rt ❡t ▲✐♥❤❛r❞✱ ❙❝❤❛r✛ ❡t ❙❝❤✐♦tt ✭❛❜ré✈✳ ▲❙❙✮ ❬✽✺❪✳
❈❡tt❡ ❞❡r♥✐èr❡ t❤é♦r✐❡ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t❡ ❝❛r ❡❧❧❡ ♣❡r♠❡t ❞❡ r❛♠❡♥❡r t♦✉s
❧❡s ❝♦✉♣❧❡s ✭✐♦♥ ✐♥❝✐❞❡♥t✴❝✐❜❧❡✮ à ✉♥❡ ♠ê♠❡ ❝♦✉r❜❡ ❡♥ ❝♦♦r❞♦♥♥é❡s ♥♦r♠❛❧✐sé❡s✸✳ ❆✈❡❝ ❧❡s
♥♦t❛t✐♦♥s ✭✸✳✷✵✮ ❡t ✭✸✳✷✶✮✱ ✐❧s tr♦✉✈❡♥t ✿

dǫ

dρ

∣∣∣
elec

= kǫ1/2 ✭✸✳✷✼✮

❛✈❡❝ ✿

k = 0, 08
(Z1Z2)

1/2

(Z
2/3
1 + Z

2/3
2 )3/4

(A1 +A2)
3/2

A
1/2
2 A

3/2
1

✭✸✳✷✽✮

✸❆✉① ❞é♣❡♥s ❞❡ ❧❛ ♣ré❝✐s✐♦♥✱ ❞❡s ❝❛❧❝✉❧s ♣❧✉s ♣ré❝✐s ♥é❝❡ss✐t❛♥t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♣❧✉s ❧♦✉r❞❡
q✉❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❚❤♦♠❛s✲❋❡r♠✐ ❞✉ ♣♦t❡♥t✐❡❧ é❝r❛♥té ❞❡ ♥♦②❛✉✳



✺✷

♦ù A1 ❡t A2 s♦♥t ❧❡s ♠❛ss❡s ❛t♦♠✐q✉❡s ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ❡t ❞❡s ❛t♦♠❡s ❞❡ ❧❛ ❝✐❜❧❡✱ r❡s♣❡❝✲
t✐✈❡♠❡♥t✳ ❉❛♥s ❝❡ ré❣✐♠❡✱ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡
✐♥❝✐❞❡♥t❡✳ ❆ ❧✬❛✐❞❡ ❞❡ ❝❡tt❡ ❢♦r♠✉❧❡✱ ♦♥ tr♦✉✈❡ kHe→Si = 0, 6 ❡t kBr→Si = 0, 1 ✭✜❣✉r❡ ✸✳✷✮✳

❉❛♥s ❧❡ ❧♦❣✐❝✐❡❧ ❞❡ s✐♠✉❧❛t✐♦♥ ❙❘■▼ ✭❙t♦♣♣✐♥❣ ❛♥❞ ❘❛♥❣❡ ♦❢ ■♦♥ ✐♥ ▼❛tt❡r ❬✽✻❪✮✱ ❧❡s
r❛❧❡♥t✐ss❡♠❡♥ts é❧❡❝tr♦♥✐q✉❡s ❡t ♥✉❝❧é❛✐r❡s s♦♥t t❛❜✉❧és ♣♦✉r ❝❤❛q✉❡ ❝♦✉♣❧❡ ✭Z1✱Z2✮✱ ❧❡s ♣❛✲
r❛♠ètr❡s ❞✬é❝r❛♥t❛❣❡ ét❛♥t ❛❥✉stés ❞❡ ♠❛♥✐èr❡ à r❡♣r♦❞✉✐r❡ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✳ P♦✉r
❧❡s ♠❛tr✐❝❡s ❝♦♠♣♦sé❡s✱ ♦♥ ✉t✐❧✐s❡ ❧❛ ❧♦✐ ❞❡ ❇r❛❣❣✱ q✉✐ st✐♣✉❧❡ q✉❡ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ❞✉ ♠❛✲
tér✐❛✉ ❡st ❧❛ s♦♠♠❡ ❞❡s r❛❧❡♥t✐ss❡♠❡♥ts ♣♦♥❞éré❡ ❞❡s ❢r❛❝t✐♦♥s ❛t♦♠✐q✉❡s ✭❝❡❧❛ r❡✈✐❡♥t à
♥é❣❧✐❣❡r ❧❡s é✈❡♥t✉❡❧s ❡✛❡ts ❝❤✐♠✐q✉❡s✱ ✐♠♣♦rt❛♥ts s❡✉❧❡♠❡♥t à très ❜❛ss❡s é♥❡r❣✐❡s✮✳ ●râ❝❡
à ❧❛ s✐♠✉❧❛t✐♦♥ ❚❘■▼✱ ♥♦✉s ❛✈♦♥s ♣✉ ❛❥✉st❡r ❧✬é♥❡r❣✐❡ ❡t ❧❛ ✢✉❡♥❝❡ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡
♠❛♥✐èr❡ à ré❛❧✐s❡r ✉♥ ♣r♦✜❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ à ❧❛ ♣r♦❢♦♥❞❡✉r ✈♦✉❧✉❡✳

✸✳✶✳✹ ❙t❛t✐st✐q✉❡ ❞❡ ❞é♣ôt ❞✬é♥❡r❣✐❡

▲❡s r❛❧❡♥t✐ss❡♠❡♥ts é❧❡❝tr♦♥✐q✉❡s ❡t ♥✉❝❧é❛✐r❡s ❞♦♥♥és ❡♥ ♣❛rt✐❡ ✸✳✶✳✷ ❡t ✸✳✶✳✸ s♦♥t ❡♥
❢❛✐t ❞❡s ✈❛❧❡✉rs ♠♦②❡♥♥❡s✳ ▲❡ ❞é♣ôt ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❛ ♠❛t✐èr❡ ❡st ✉♥ ♣❤é♥♦♠è♥❡ ❛❧é❛t♦✐r❡ ❡t
❞✐s❝♦♥t✐♥✉✱ ❞♦♥t q✉❡❧q✉❡s ♣r♦♣r✐étés st❛t✐st✐q✉❡s s♦♥t r❛♣♣❡❧é❡s ❝✐✲❞❡ss♦✉s✳

❙♦✐t ✉♥❡ é♣❛✐ss❡✉r x ❞❡ ♠❛tér✐❛✉✳ ❊♥ ♣❛ss❛♥t à tr❛✈❡rs✱ ✉♥ ✐♦♥ ♣❡r❞ ✉♥❡ ❝❡rt❛✐♥❡ q✉❛♥t✐té
❞✬é♥❡r❣✐❡ ∆E(x) ♣❛r N(x) ✐♥t❡r❛❝t✐♦♥s s✉❝❝❡ss✐✈❡s✱ ❛✉①q✉❡❧❧❡s ♦♥ ♣❡✉t ❛ss♦❝✐❡r ✉♥❡ ♣❡rt❡
❞✬é♥❡r❣✐❡ Ti∈[1,N(x)]✳ N(x) ❡t ❧❡s Ti s♦♥t ❞❡s ✈❛r✐❛❜❧❡s ❛❧é❛t♦✐r❡s✱ ❡t ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❡st
❞♦♥♥é❡ ♣❛r ✿

∆E(x) =

N(x)∑

i=1

Ti ✭✸✳✷✾✮

▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡ Ti ❡st ❞♦♥♥é❡ ♣❛r fT (T ) = 1
σt

dσT

dT ♣❛r ❞é✜♥✐t✐♦♥ ❞❡ ❧❛
s❡❝t✐♦♥ ❡✣❝❛❝❡✱ ❛✈❡❝ σt =

∫
T
dσT ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ t♦t❛❧❡✳ ▲❛ ♣r♦❜❛❜✐❧✐té ❞✬❛✈♦✐r n ✐♥t❡r❛❝✲

t✐♦♥s ❡st ♥♦té❡ Pn✳ ❆✐♥s✐ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ ❡st T = 1
σt

∫
TdσT ❡t ❧❡ ♥♦♠❜r❡ ♠♦②❡♥

❞✬✐♥t❡r❛❝t✐♦♥ ❞❛♥s ❧✬é♣❛✐ss❡✉r x N(x) =
∑
n nPn✳

❖♥ ♣❡✉t ❛❧♦rs ♠♦♥tr❡r q✉❡ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❡st ✿

∆E(x) = N(x) T ✭✸✳✸✵✮

❉❛♥s ✉♥ ♠❛tér✐❛✉ ❞és♦r❞♦♥♥é ❞❡ ❞❡♥s✐té ✈♦❧✉♠✐q✉❡ NC ❞❡ ❝❡♥tr❡s ❞✐✛✉s❡✉rs✱ ♦♥ ❛ N(x) =
NCxσt s♦✐t ∆E(x) = NCx

∫
TdσT ✱ ❝❡ q✉✐ ♥✬❡st ❛✉tr❡ q✉❡ ❧❡ rés✉❧t❛t ✭✸✳✾✮ r❡❧✐❛♥t ❧❛ ♣❡rt❡

❞✬é♥❡r❣✐❡ à ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✐✛ér❡♥t✐❡❧❧❡✳ ▲❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡ ♣r♦❥❡té❡ ♣❛r❝♦✉r✉❡ ♣❛r ❧✬✐♦♥
❡st r❡❧✐é❡ à ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ ♣❛r ✿

Rp =

∫ 0

E0

dE

dE/dx
✭✸✳✸✶✮

❈❡♣❡♥❞❛♥t✱ t♦✉s ❧❡s ✐♦♥s ♥❡ s✬✐♠♣❧❛♥t❡♥t ♣❛s à Rp ❞✉ ❢❛✐t ❞❡s ✢✉❝t✉❛t✐♦♥s ❞❡ ❧❛ ♣❡rt❡
❞✬é♥❡r❣✐❡ ∆E(x) ❛✉t♦✉r ❞❡ s❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ∆E(x)✳ ▲❛ ❢♦r♠❡ ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥
❡st r❡❧✐é❡ ❛✉① ♠♦♠❡♥ts ❞✬♦r❞r❡ s✉♣ér✐❡✉r ❞❡ ∆E(x)✱ ❡♥ ♣❛rt✐❝✉❧✐❡r à s❛ ✈❛r✐❛♥❝❡ Ω2(x)✳ ❖♥
tr♦✉✈❡ à ♣❛rt✐r ❞❡s ❧♦✐s ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡s Ti ❡t ❞❡ n ✹ ✿

Ω2(x) = N(x)V ar(T ) + T
2
V ar(N(x)) ✭✸✳✸✷✮

✹❘és✉❧t❛t ✈❛❧❛❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❝♦❧❧✐s✐♦♥s ❜✐♥❛✐r❡s✱ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❡s ♣❡rt❡s ❞✬é♥❡r❣✐❡s s♦♥t ❢❛✐❜❧❡s ♣❛r
r❛♣♣♦rt à ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳



✺✸

❏✉sq✉✬✐❝✐✱ ❛✉❝✉♥❡ ❤②♣♦t❤ès❡ ♥✬ét❛✐t ♥é❝❡ss❛✐r❡ s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣r♦❜❛❜✐✲
❧✐té ❞✉ ♥♦♠❜r❡ ❞✬✐♥t❡r❛❝t✐♦♥s Pn✳ ❖r ❞❛♥s ✉♥ ✈♦❧✉♠❡ ❞♦♥♥é ❞❡ ♠❛tér✐❛✉ ❞✐❧✉é✱
❧❡ ♥♦♠❜r❡ ❞❡ ❝❡♥tr❡s ❞✐✛✉s❡✉rs s✉✐t ✉♥❡ ❧♦✐ ❞❡ P♦✐ss♦♥✱ ❞✬♦ù ♦♥ ❞é❞✉✐t q✉❡ ❧❡
♥♦♠❜r❡ ❞✬✐♥t❡r❛❝t✐♦♥ N(x) s✉✐t ❛✉ss✐ ✉♥❡ t❡❧❧❡ ❧♦✐✱ ❞❡ ♣❛r❛♠ètr❡ N(x) ✿

Pn = N(x)
n! exp−N(x) ✭✸✳✸✸✮

❯♥❡ ❞❡s ♣r♦♣r✐étés ❞❡ ❝❡tt❡ ❧♦✐ ❞❡ ♣r♦❜❛❜✐❧✐té ❡st q✉❡ V ar(N(x)) = N(x)✱ s✐ ❜✐❡♥ q✉❡ ❧✬♦♥
tr♦✉✈❡ ❧❡ rés✉❧t❛t ❝❧❛ss✐q✉❡ ✿

Ω2(x) = N(x) T 2 = NCx

∫
T 2dσT ✭✸✳✸✹✮

✸✳✷ ❉❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ✭❉❊❉✮

◆♦✉s ♠♦♥tr❡r♦♥s ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧ q✉❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ❞❛♥s
❧❡s ✈❡rr❡s ♣❡✉t êtr❡ ❝♦♥trô❧é❡ ♣❛r ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ♦✉ ❞❡ ♣❤♦t♦♥s ✭❯❱✱ ❳✱ γ✮✳
▲❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡ ❛♣rès ✐rr❛❞✐❛t✐♦♥ γ ❡st ♥é❛♥♠♦✐♥s ♣❧✉s ❢❛✐❜❧❡ q✉✬❛♣rès ✉♥❡ ✐rr❛❞✐❛t✐♦♥
❞✬✐♦♥s✱ ♦❜s❡r✈❛t✐♦♥ ❞♦♥t ♥♦✉s ♠♦♥tr❡r♦♥s q✉✬❡❧❧❡ ❡st r❡❧✐é❡ à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❞❡♥s✐té ❞✬é♥❡r❣✐❡
❞é♣♦sé❡ ✭♣❛rt✐❡ ✸✳✷✳✷✮✳ ◆♦✉s ♣ré❝✐s♦♥s ❞✬❛❜♦r❞ s✉❝❝✐♥❝t❡♠❡♥t ❧❡ ♠é❝❛♥✐s♠❡ ❞✬✐♥t❡r❛❝t✐♦♥
❞✬✉♥ ♣❤♦t♦♥ γ ❛✈❡❝ ❧❛ ♠❛t✐èr❡ ✭♣❛rt✐❡ ✸✳✷✳✶✮✳

✸✳✷✳✶ ■rr❛❞✐❛t✐♦♥ γ

❯♥ ♣❤♦t♦♥ ✐♥❝✐❞❡♥t ♣❡✉t êtr❡ s♦✐t ❞✐✛✉sé✱ s♦✐t ❛❜s♦r❜é ♣❛r ❧❛ ♠❛t✐èr❡✳ ▲♦rs ❞❡ ❧❛ ❞✐✛✉s✐♦♥✱
❧❡ ♣❤♦t♦♥ ✐♥❝✐❞❡♥t ❡st réé♠✐s ♣❛r ❧❡ ❝❡♥tr❡ ❞✐✛✉s❡✉r ❛✈❡❝ ✉♥❡ é♥❡r❣✐❡ ✐♥❢ér✐❡✉r❡ ♦✉ é❣❛❧❡ à
s♦♥ é♥❡r❣✐❡ ✐♥✐t✐❛❧❡ ✿

✕ ♦♥ ♣❛r❧❡ ❞❡ ❞✐✛✉s✐♦♥ ❘❛②❧❡✐❣❤ ✭é❧❛st✐q✉❡✮ s✬✐❧ ♥✬② ♣❛s ❞❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡✳
✕ s✐ ♣❛r ❝♦♥tr❡ ❧❡ ♣❤♦t♦♥ réé♠✐s ❛ ♣❡r❞✉ ✉♥❡ ♣❛rt✐❡ ❞❡ s♦♥ é♥❡r❣✐❡ ❧♦rs ❞❡ ❧✬❡①❝✐t❛t✐♦♥

❞✬✉♥ é❧❡❝tr♦♥ ❞✉ ♠✐❧✐❡✉✱ ♦♥ ♣❛r❧❡ ❞❡ ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥ ✭✐♥é❧❛st✐q✉❡✮✳
▲❡ ♣❤♦t♦♥ ✐♥❝✐❞❡♥t ♣❡✉t ❛✉ss✐ êtr❡ t♦t❛❧❡♠❡♥t ❛❜s♦r❜é ♣❛r ❧❡s é❧❡❝tr♦♥s ❞✉ ♠✐❧✐❡✉ q✉✐ s♦♥t
❛❧♦rs ❡①❝✐tés ✈❡rs ❞❡s ♦r❜✐t❛❧❡s ❞✬é♥❡r❣✐❡s s✉♣ér✐❡✉r❡s ✭é♥❡r❣✐❡ ❞❡ ♣❤♦t♦♥s ✐♥❢ér✐❡✉r❡ à q✉❡❧✲
q✉❡s ❞✐③❛✐♥❡s ❞✬é❧❡❝tr♦♥✈♦❧t✮ ♦✉ ❜✐❡♥ é❥❡❝té ❞❡ ❧✬❛t♦♠❡ ✭❡✛❡t ♣❤♦t♦é❧❡❝tr✐q✉❡✮✳ ❊♥✜♥✱ ♣♦✉r
❞❡s é♥❡r❣✐❡s s✉♣ér✐❡✉r❡s à 1, 02 MeV ✱ ✐❧ ♣❡✉t ② ❛✈♦✐r ❝ré❛t✐♦♥ ❞❡ ♣❛✐r❡s✳

▲❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❞❡ ❝❡s ❞✐✛ér❡♥ts ♣r♦❝❡ss✉s ❞✬✐♥t❡r❛❝t✐♦♥ ❞é♣❡♥❞❡♥t ❞❡
❧✬é♥❡r❣✐❡ ❞✉ ♣❤♦t♦♥ ❡t ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ❝✐❜❧❡✳ ❊♥ rés✉♠é ✿

✕ à ❢❛✐❜❧❡s é♥❡r❣✐❡s ✭E < 500 keV ✮✱ ❝✬❡st ❧✬❡✛❡t ♣❤♦t♦é❧❡❝tr✐q✉❡ q✉✐ ❞♦♠✐♥❡✳
✕ ❞❛♥s ❧❛ ❣❛♠♠❡ ✐♥t❡r♠é❞✐❛✐r❡ ❞✬é♥❡r❣✐❡ ✭E ≈ 1 MeV ✮✱ ❝❡ s♦♥t ❧❡s ❞✐✛✉s✐♦♥s
❈♦♠♣t♦♥ q✉✐ s♦♥t ♣ré♣♦♥❞ér❛♥t❡s

✕ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛✐r❡s ❞♦♠✐♥❡ ♣♦✉r ❧❡s ❤❛✉t❡s é♥❡r❣✐❡s ✭E > 5 MeV ✮✳
▲✬❛❜s♦r♣t✐♦♥ t♦t❛❧❡ ❞❡s ♣❤♦t♦♥s γ s✬é❝r✐t ❞♦♥❝ ❝♦♠♠✉♥é♠❡♥t ❝♦♠♠❡ ❧❛ s♦♠♠❡ ❞❡ ❧✬❛❜s♦r♣✲
t✐♦♥ ❞✉❡ à ❝❤❛❝✉♥ ❞❡ ❝❡s tr♦✐s ♣r♦❝❡ss✉s ✿ I = I0 exp−(µ x)✱ ❛✈❡❝ µ = µPE+µComp+µpaire✳

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❞❡s ♣❤♦t♦♥s γ ♣r♦❞✉✐ts ♣❛r ✉♥❡ s♦✉r❝❡ r❛✲
❞✐♦❛❝t✐✈❡ ❞❡ 60Co✳ ▲♦rs ❞❡ s❛ ❞és✐♥té❣r❛t✐♦♥✱ ✐❧ é♠❡t ❞❡✉① γ ❞✬é♥❡r❣✐❡ 1, 17 MeV
❡t 1, 33 MeV ✳ ❈❡s ♣❤♦t♦♥s ✐♥t❡r❛❣✐ss❡♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t ♣❛r ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥
❛✈❡❝ ❧❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ✈❡rr❡s s✐❧✐❝❛t❡s✳
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❉❛♥s ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥✱ ✉♥ ♣❤♦t♦♥ ✭❞✬é♥❡r❣✐❡ hν✮ ❡♥tr❡ ❡♥ ❝♦❧❧✐s✐♦♥ ❛✈❡❝ ✉♥ é❧❡❝tr♦♥ ❞✉
♠✐❧✐❡✉ q✉✐ ❡st é♠✐s ❛✈❡❝ ✉♥ ❝❡rt❛✐♥ ❛♥❣❧❡ ♣❛r r❛♣♣♦rt à ❧❛ tr❛❥❡❝t♦✐r❡ ✐♥✐t✐❛❧❡ ❞✉ ♣❤♦t♦♥✳
❈❡ ❞❡r♥✐❡r ♣❡r❞ ✉♥❡ ♣❛rt✐❡ ❞❡ s♦♥ é♥❡r❣✐❡ ❡t ❡st ❞é✈✐é ✭é♥❡r❣✐❡ hν′✮✳ ▲❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s
❞✬❛❜s♦r♣t✐♦♥ σa ❡t ❞❡ ❞✐✛✉s✐♦♥ σdiff ♦♥t été ❞♦♥♥é❡s ♣❛r ❑❧❡✐♥✲◆✐s❤✐♥❛ ❬✽✼❪ ✭σtot = σa +
σdiff ✮✳ ❙✐ ♦♥ ❛♣♣❡❧❧❡ α = hν

m0c2
❧❡ r❛♣♣♦rt ❡♥tr❡ ❧✬é♥❡r❣✐❡ ❞✉ ♣❤♦t♦♥ ✐♥❝✐❞❡♥t ❡t ❧✬é♥❡r❣✐❡

❞❡ ♠❛ss❡ ❞❡ ❧✬é❧❡❝tr♦♥✱ ❛❧♦rs ❧✬é♥❡r❣✐❡ ♠❛①✐♠✉♠ tr❛♥s❢éré❡ ♣❛r ❧❡ ♣❤♦t♦♥ à ❧✬é❧❡❝tr♦♥ s✬é❝r✐t
✭❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❡t ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t ❛✉ ❝♦✉rs ❞✉ ❝❤♦❝✱ ❞❡ ♠❛♥✐èr❡
❛♥❛❧♦❣✉❡ à ✸✳✶✳✶✮ ✿

Tmax = m0c
2 2α2

1+2α ✭✸✳✸✺✮

▲✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ tr❛♥s❢éré❡ à ❧✬é❧❡❝tr♦♥ ❈♦♠♣t♦♥ ❡st ❞♦♥♥é❡ ♣❛r

< T >= σa

σtot
αm0c

2 ✭✸✳✸✻✮

▲✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ ❝♦♥s❡r✈é❡ ♣❛r ❧❡ ♣❤♦t♦♥ ❞✐✛✉sé ❡st q✉❛♥t à ❡❧❧❡ ❞♦♥♥é❡ ♣❛r ✿

< hν′ >=
σdiff
σtot

αm0c
2 ✭✸✳✸✼✮

s♦✐t ♣♦✉r ❧❡s γ ❞✉ 60Co✱ Tmax = 0, 8 MeV ✱ < T > ≈ 0, 6 MeV ❡t < hν′ > ≈ 0, 6 MeV ✳
▲✬é❧❡❝tr♦♥ ❈♦♠♣t♦♥ ❡st ♣r♦❣r❡ss✐✈❡♠❡♥t ❛rrêté ❞❛♥s ❧❡ ♠❛tér✐❛✉ ♣❛r ❧❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦♥✲
é❧❡❝tr♦♥ ✭s♦♥ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ ♣♦✉r ❞❡s é♥❡r❣✐❡s ❞❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ keV ❡st ❞❡
❧✬♦r❞r❡ ❞❡ 1 mm✮✳ ▲❡ ♣❤♦t♦♥ ❈♦♠♣t♦♥ s❡❝♦♥❞❛✐r❡ ♣❡✉t ❡♥s✉✐t❡ à ♥♦✉✈❡❛✉ ✐♥t❡r❛❣✐r ❛✈❡❝ ❧❛
♠❛tr✐❝❡ ♣♦✉r ❡①❝✐t❡r ❞❡ ♥♦✉✈❡❛✉① é❧❡❝tr♦♥s ♣❛r ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥✱ ♠❛✐s ❛✉ss✐ ✉♥ ♣❡✉ ♣❧✉s
♣❛r ❡✛❡t ♣❤♦t♦é❧❡❝tr✐q✉❡ ❝❛r s♦♥ é♥❡r❣✐❡ ❡st ❡♥ ♠♦②❡♥♥❡ ❞❡✉① ❢♦✐s ♠♦✐♥❞r❡ q✉❡ ❧✬é♥❡r❣✐❡
✐♥✐t✐❛❧❡✳

❙✐ ♦♥ ♣r❡♥❞ ❧✬❡①❡♠♣❧❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s γ ❞✉ 60Co ❛✈❡❝ ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡✱ ♦♥ ♣❡✉t
❡st✐♠❡r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬✐♥t❡r❛❝t✐♦♥ à 5, 5 − 6 × 10−2 cm2g−1✱ s♦✐t ✉♥ ❝♦❡✣❝✐❡♥t ❞✬❛❜✲
s♦r♣t✐♦♥ ❞❡ 6, 5 × 10−2 cm−1 ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ❞❡♥s✐té ❞✉ ✈❡rr❡ ✭2, 5 g.cm−3✮✳ ◆♦s
é❝❤❛♥t✐❧❧♦♥s ❢❛✐s❛♥t ❝❧❛ss✐q✉❡♠❡♥t 1 mm ❞✬é♣❛✐ss❡✉r✱ ✵✱✻✺ ✪ ❞❡s γ ✐♥❝✐❞❡♥ts ✐♥t❡r❛❣✐ss❡♥t
❛✈❡❝ ❧✬é❝❤❛♥t✐❧❧♦♥✳ ▲❛ ♣r♦♣♦rt✐♦♥ ❞❡ γ ❞✐✛✉sés ❛②❛♥t à ❧❡✉r t♦✉r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❈♦♠♣t♦♥
❛✈❡❝ ❧❛ ♠❛tér✐❛✉ s❡r❛ ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✱ ❡t ♥♦✉s ♥é❣❧✐❣❡r♦♥s ❞♦♥❝ ❧❡✉r ♣❛rt ❞❛♥s ❧❡
❞é♣ôt ❞✬é♥❡r❣✐❡ t♦t❛❧ ✭❡♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ♦♥ ♥é❣❧✐❣❡ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞✬✉♥❡ ❞♦✉❜❧❡ ✐♥t❡r❛❝t✐♦♥
❈♦♠♣t♦♥ ♣❛r ♣❤♦t♦♥ ✐♥❝✐❞❡♥t✮✳

❉❛♥s ❧❡ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥s γ✱ ❧✬é❧❡❝tr♦♥ ❈♦♠♣t♦♥ ✐ss✉ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♣r✐♠❛✐r❡
❞✉ ♣❤♦t♦♥ ♣❡r❞ ♣r♦❣r❡ss✐✈❡♠❡♥t s♦♥ é♥❡r❣✐❡ ❞❛♥s ❧❡ ♠❛tér✐❛✉ ♣❛r ✐♥t❡r❛❝t✐♦♥s
é❧❡❝tr♦♥✲é❧❡❝tr♦♥✺✳ ▲✬é♥❡r❣✐❡ ❡st ❞é♣♦sé❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❧❡ ❧♦♥❣ ❞✉ ♣❛r❝♦✉rs ❞❡s
é❧❡❝tr♦♥s ❈♦♠♣t♦♥✳

✸✳✷✳✷ ❈♦♠♣❛r✐s♦♥ ❞❡s ❉❊❉

▲❡ ré❣✐♠❡ ❞✬❡①❝✐t❛t✐♦♥ ❞✉ ♠❛tér✐❛✉ ❧♦rs ❞✉ r❛❧❡♥t✐ss❡♠❡♥t ❞✬✉♥ ✐♦♥ ❡♥ ré❣✐♠❡ é❧❡❝tr♦✲
♥✐q✉❡ ❡st très ❞✐✛ér❡♥t ❞❡ ❝❡❧✉✐ ♦❜t❡♥✉ ❛♣rès ✐rr❛❞✐❛t✐♦♥ γ✳

✺❈❡ s♦♥t ❧❡s ♣❧✉s ❡✣❝❛❝❡s ❞✉ ❢❛✐t ❞❡ ❧✬✐❞❡♥t✐té ❞❡s ♠❛ss❡s✳



✺✺

■rr❛❞✐❛t✐♦♥ γ

▲✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✲é❧❡❝tr♦♥ ❡st ❧❡ ♣r♦❝❡ss✉s ♠❛❥♦r✐t❛✐r❡ ❞❡ ❞é♣ôt ❞✬é♥❡r❣✐❡✳ ▲✬✐❞❡♥t✐té
❞❡s ♠❛ss❡s ❝♦♥❞✉✐t ♣❛r ✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡ à ✉♥ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ ♠❛①✐♠✉♠ Tmax
é❣❛❧ à ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♥❝✐❞❡♥t❡✳ ❆✐♥s✐✱ ♣♦✉r ✉♥ é❧❡❝tr♦♥ ❈♦♠♣t♦♥ ❞❡ E = 600 keV ✱
❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❘✉t❤❡r❢♦r❞ ✭✸✳✶✹✮ ❞♦♥♥❡ ✉♥❡ é♥❡r❣✐❡ ♠♦②❡♥♥❡ ❞❡ T ≈ 900 eV ♣♦✉r
❧❡s é❧❡❝tr♦♥s s❡❝♦♥❞❛✐r❡s✻✳ ❈❡❝✐ ❡st très ♣r♦❝❤❡ ❞❡ ❧✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ tr❛♥s❢éré❡ ❛✉① é❧❡❝✲
tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡ ♣❛r ❧❡ ♣❛ss❛❣❡ ❞✬✉♥ ✐♦♥ ✭✈♦✐r ❝✐✲❞❡ss✉s✮✳ ▲♦rs ❞❡ ❝❤❛q✉❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡✱
q✉❡❧q✉❡s ♣❛✐r❡s é❧❡❝tr♦♥s✲tr♦✉s st❛❜❧❡s s♦♥t ❝réé❡s ❞❛♥s ❧❡ ♠❛tér✐❛✉✳ ▲❡ ❝❛❧❝✉❧ ❞✉ r❛❧❡♥t✐s✲
s❡♠❡♥t ♣❛r ❧❛ ❢♦r♠✉❧❡ ✭✸✳✾✮ ❝♦♥❞✉✐t ♣❛r ❛✐❧❧❡✉rs à S ≈ Ne

πe4

ETmin
T ✱ s♦✐t 0, 08 eV.nm−1 ❛✈❡❝

Ne = 6, 5 × 1023 cm−3✳ ❈❡ r❛❧❡♥t✐ss❡♠❡♥t ❝♦rr❡s♣♦♥❞ à ✉♥❡ ✐♥t❡r❛❝t✐♦♥ t♦✉s ❧❡s 10 µm ❧❡
❧♦♥❣ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❡♥ ♠♦②❡♥♥❡✱ s♦✐t ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ très ❢❛✐❜❧❡ ❞❡ ♣❛✐r❡ é❧❡❝tr♦♥✲tr♦✉✱
❛✉ ❝♦♥tr❛✐r❡ ❞❡s ✐♦♥s ❡♥ ré❣✐♠❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✳

■rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡

❉❛♥s ❧❡ ré❣✐♠❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✱ ❧❛ ❢❛✐❜❧❡ ♠❛ss❡ ❞❡ ❧✬é❧❡❝tr♦♥ ♣❛r r❛♣♣♦rt
à ❝❡❧❧❡ ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t ✭M1 ≫ me✮ ❞ét❡r♠✐♥❡ ❢♦rt❡♠❡♥t ❧❛ t♦♣♦❧♦❣✐❡ ❞✉ ❞é♣ôt ❞✬é♥❡r❣✐❡ ✿

✕ ▲❛ r❡❧❛t✐♦♥ ✭✸✳✷✮ s✬❛♣♣r♦①✐♠❡ ✿ tanφ ≈ me sin θ
M1

≪ 1✳ ▲✬✐♦♥ ✐♥❝✐❞❡♥t ❡st très ❢❛✐❜❧❡♠❡♥t
❞é✈✐é ❧♦rsq✉✬✐❧ ✐♥t❡r❛❣✐t ❛✈❡❝ ✉♥ é❧❡❝tr♦♥✳ P❛r ❝♦♥tr❡ ❝❡ ❞❡r♥✐❡r ❡st é❥❡❝té ❞❛♥s ❧❡ ♣❧❛♥
♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬✐♦♥✳

✕ ▲❡ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ ❛✉① é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡ ❡st ❛✉ ♠❛①✐♠✉♠ ❞❡ Tmax ≈ 2meV
2

✭❞✬❛♣rès ❧✬éq✉❛t✐♦♥ ✭✸✳✹✮✮✱ ❝❡ q✉✐ ❡st très ❢❛✐❜❧❡ ♣❛r r❛♣♣♦rt à ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡
❧✬✐♦♥ ✭M1V

2/2✮✳ ▲❡ ♣❛r❝♦✉rs ❞❡s é❧❡❝tr♦♥s ❞✬é♥❡r❣✐❡ Tmax ❝♦♥st✐t✉❡ ❞♦♥❝ ❧❛ ❧✐♠✐t❡ s✉✲
♣ér✐❡✉r❡ ❞❡ ❧✬❡①t❡♥s✐♦♥ ❞✉ ❞é♣ôt ❞✬é♥❡r❣✐❡✳

❖♥ ♣❡✉t ❡st✐♠❡r ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ Tmax ≈ 4me

M1
E ❞❛♥s ❧❡ ❝❛s ❞❡s ✐♦♥s ✉t✐❧✐sés ❞❛♥s

❝❡ tr❛✈❛✐❧✳ P♦✉r ✉♥ ✐♦♥ Br ❞❡ E = 12 MeV ✱ Tmax ≈ 300 eV ✭s♦✐t ✉♥ ♣❛r❝♦✉rs
❞❡ 2 − 3 nm ❞❛♥s SiO2✮✱ ❡t ♣♦✉r ✉♥ ✐♦♥ He ❞❡ 1, 6 MeV ✱ Tmax ≈ 800 eV ✭s♦✐t ✉♥
♣❛r❝♦✉rs ❞❡ 20 nm ❞❛♥s SiO2✮✳ P♦✉r ✜①❡r ❧❡s ✐❞é❡s✱ ❧✬é♥❡r❣✐❡ ❞✬✐♦♥✐s❛t✐♦♥ ♠♦②❡♥♥❡ ❞❛♥s
SiO2 ❡st ❞✬❡♥✈✐r♦♥ Tmin ≈ 100 eV ✭❝❛❧❝✉❧é❡ ♣❛r ❧❛ ❢♦r♠✉❧❡ ❞❡ ❇♦❤r✮✱ ❡t ♦♥ ♣❡✉t ❡st✐♠❡r
❧✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❛✈❡❝ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❘✉t❤❡r❢♦r❞ ❞♦♥♥é❡ ❡♥ ✭✸✳✶✹✮ ✿

T =
TminTmax
Tmax − Tmin

ln
Tmax
Tmin

✭✸✳✸✽✮

❙♦✐t ♥✉♠ér✐q✉❡♠❡♥t ♣♦✉r ❧❡s ❝❛s q✉✐ ♥♦✉s ✐♥tér❡ss❡♥t ✿ T (Br) ≈ 150 eV ❡t T (He) ≈ 200 eV ✳
❉✉ ❢❛✐t ❞❡ ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❡♥ 1/T 2 ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡✱ ❧❡s é♥❡r❣✐❡s ♠♦②❡♥♥❡s tr❛♥s❢éré❡s
❛✉① é❧❡❝tr♦♥s ❞❛♥s ❧❡ ❝❛s ❞✉ Br 12 MeV ♦✉ ❞✉ He 1, 6 MeV ♣é♥étr❛♥t ❞❛♥s ❧❡ ♠ê♠❡ ♠❛✲
tér✐❛✉ s♦♥t très ♣r♦❝❤❡s✱ ❡t ❧✬é♥❡r❣✐❡ ❡st ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞é♣♦sé❡ ❞❛♥s ✉♥ ❝②❧✐♥❞r❡ ❞❡ 1 nm
❞❡ r❛②♦♥ ❛✉t♦✉r ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬✐♦♥✳ ❉❡s s✐♠✉❧❛t✐♦♥s ▼♦♥t❡❈❛r❧♦ ♦♥t q✉❛♥t✐✜é ❝❡tt❡
❡①t❡♥s✐♦♥ ❬✽✽❪✳ ❈❡ ❝❛❧❝✉❧ ❞♦♥♥❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❞é♣♦sé❡ ♣❛r ❧❛ ❝❛s❝❛❞❡ ❞✬❡①❝✐t❛t✐♦♥s
s❡❝♦♥❞❛✐r❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬✐♦♥✳ ❯♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞✬é❧❡❝✲
tr♦♥s ♣r♦✈❡♥❛♥t ❞❡s ♥♦♠❜r❡✉s❡s ❡①❝✐t❛t✐♦♥s ❞❡ ❢❛✐❜❧❡ é♥❡r❣✐❡ s❡ r❡tr♦✉✈❡ ❞❛♥s ✉♥❡ ré❣✐♦♥ très
♣r♦❝❤❡ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬✐♦♥✳ ❆✉✲❞❡❧à ❞✬✉♥ r❛②♦♥ ❝❛r❛❝tér✐st✐q✉❡✱ ❧❛ ❞❡♥s✐té ❞✬é❧❡❝tr♦♥s
❝réés ❞✐♠✐♥✉❡ ❢♦rt❡♠❡♥t✱ à ❝❛✉s❡ ❞❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ très ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡
❝ré❛t✐♦♥ ❞✬é❧❡❝tr♦♥s ♣r✐♠❛✐r❡s é♥❡r❣ét✐q✉❡s ✭✜❣✉r❡ ✸✳✸✮✳

✻❊♥ ♣r❡♥❛♥t ❞❡s é♥❡r❣✐❡s s✉♣ér✐❡✉r❡s à ❧✬é♥❡r❣✐❡ ❞✬✐♦♥✐s❛t✐♦♥ é✈❛❧✉é❡ s❡❧♦♥ ❧❛ ❢♦r♠✉❧❡ ❞❡ ❇♦❤r à Tmin ≈
100 eV ❞❛♥s SiO2✳



✺✻

❋✐❣✳ ✸✳✸✿ ❉✐str✐❜✉t✐♦♥ r❛❞✐❛❧❡ ❞✬é❧❡❝tr♦♥s ❝♦♥sé❝✉t✐✈❡s à ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ❞✬✐♦♥ é♥❡r✲
❣ét✐q✉❡s ♣❛r s✐♠✉❧❛t✐♦♥ ▼♦♥t❡ ❈❛r❧♦ ❬✽✽❪✳



✺✼

▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❝❡s ❞❡✉① t②♣❡s ❞✬✐rr❛❞✐❛t✐♦♥ rés✐❞❡ ❞❛♥s ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬✐♥✲
t❡r❛❝t✐♦♥ ❜❡❛✉❝♦✉♣ ♣❧✉s ❢♦rt❡ ♣♦✉r ✉♥ ✐♦♥ Br ❞❡ 12 MeV q✉❡ ♣♦✉r ✉♥ ✐♦♥ He ❞❡
1, 6 MeV ✿ à ❧✬❛✐❞❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❘✉t❤❡r❢♦r❞✱ ♦♥ tr♦✉✈❡

(
dσ
dT

)
Br
/
(
dσ
dT

)
He

≈
250✳ ❯♥❡ ❛✉tr❡ ♠❛♥✐èr❡ ❞❡ s✬❡♥ r❡♥❞r❡ ❝♦♠♣t❡ ❡st ❞❡ ❝❛❧❝✉❧❡r ❧❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡ ❡♥tr❡
❝❤❛q✉❡ ✐♥t❡r❛❝t✐♦♥ l ❡st✐♠é❡ ♣❛r l ≈ T

−dE/dx ✿ ❞❛♥s SiO2 ♦♥ ❛ dσ
dT (Br 12MeV ) ≈ 4 keV.nm−1

❡t dσ
dT (He 1, 6 MeV ) ≈ 0, 3 keV.nm−1✱ s♦✐t l(Br, 12 MeV ) ≈ 0, 4 ➴✱ ❡t l(He 1, 6 MeV ) ≈ 5

➴✳ ❙❛❝❤❛♥t q✉❡ ❞❛♥s ❝❡ t②♣❡ ❞❡ ✈❡rr❡ ❧❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡ ❡♥tr❡ ❛t♦♠❡s ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✷✱✺
➴✱ ❝❡❧❛ ❢❛✐t ❡♥✈✐r♦♥ ✻ ✐♥t❡r❛❝t✐♦♥s é❧é♠❡♥t❛✐r❡s ♣❛r ❛t♦♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❇r✱ ❡t ✵✱✺ s❡✉❧❡♠❡♥t
❞❛♥s ❧❡ ❝❛s ❞❡ ❍❡✱ ❧❡ ❧♦♥❣ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t✳ ▲❛ très ❢♦rt❡ ❞❡♥s✐té ❞❡ ❞é♣ôt
❞❛♥s ❧❡ ❝❛s ❞❡ ❇r r❡♥❞ ♣♦ss✐❜❧❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ tr❛❝❡s ✭♣❛rt✐❡ ✸✳✸✮✱ ❝❡ q✉✐ ♥✬❡st ♣❛s ❧❡ ❝❛s
♣♦✉r ❍❡✳

P♦✉r rés✉♠❡r✱ ❧❡s ✐♦♥s ❡♥ ré❣✐♠❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ♦♥t ✉♥❡ tr❛✲
❥❡❝t♦✐r❡ r❡❝t✐❧✐❣♥❡ ❡t ✐♦♥✐s❡♥t ❧❡ ♠❛tér✐❛✉ ❞❛♥s ✉♥ ❝②❧✐♥❞r❡ ❞❡ q✉❡❧q✉❡s ♥❛♥♦✲
♠ètr❡s ❛✉t♦✉r ❞❡ ❝❡tt❡ tr❛❝❡✳ ▲❡ ❞é♣ôt ❞✬é♥❡r❣✐❡ é❧❡❝tr♦♥✐q✉❡ ❛✉ s❡✐♥ ❞❡ ❝❡
❝②❧✐♥❞r❡ ❡st très ❞❡♥s❡ ✭❝ré❛t✐♦♥ ❞✬✉♥ ✈ér✐t❛❜❧❡ ♣❧❛s♠❛✮✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧✬✐♦♥✐✲
s❛t✐♦♥ ♣❛r ✐♥t❡r❛❝t✐♦♥ ❈♦♠♣t♦♥ ❞✬✉♥ ♣❤♦t♦♥ γ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❞✐❧✉é❡ ✭❞✬✉♥
❢❛❝t❡✉r 104 − 105✮✱ ❡t s❡ ❢❛✐t ❧❡ ❧♦♥❣ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ♣❧✉s ❛❧é❛t♦✐r❡ ❞❡ ❧✬é❧❡❝tr♦♥
❈♦♠♣t♦♥✳

✸✳✸ ❘❡❧❛t✐♦♥ ❡♥tr❡ ❉❊❉ ❡t ❞é❢❛✉ts

❉❛♥s ❧❡ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥s ✐♦♥✐q✉❡s✱ ❧❡s ✐♥t❡r❛❝t✐♦♥s ♣r✐♠❛✐r❡s ♦♥t ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❧✬é❥❡❝✲
t✐♦♥ ❞✬é❧❡❝tr♦♥s ✭r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✮ ♦✉ ❞❡ ♥♦②❛✉① ✭r❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡✮ q✉✐
✈♦♥t à ❧❡✉r t♦✉r ✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡ ♠❛tér✐❛✉ ❡♥✈✐r♦♥♥❛♥t ❞❛♥s ✉♥❡ ❣❛♠♠❡ ❞❡ t❡♠♣s ❞❡ ❧✬♦r❞r❡
❞❡ 10−14s à 10−12s ❡t ❞♦♥♥❡r ♥❛✐ss❛♥❝❡ à ❞❡s ❞é❢❛✉ts ❞✐ts ♣r✐♠❛✐r❡s✳ ❈❡s ❞é❢❛✉ts s❡ ré❛r✲
r❛♥❣❡♥t ❡♥s✉✐t❡ ❞❛♥s ❞❡s t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡ 10−10s ♣♦✉r ❞♦♥♥❡r ❞❡s ❞é❢❛✉ts ♣❧✉s st❛❜❧❡s✳
▲❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ❧✐❡♥ ❡♥tr❡ ❧❛ ♥❛t✉r❡✴❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ❡t ❧❡s ❞é❢❛✉ts ❧❡s ♣❧✉s
st❛❜❧❡s ❡st ✉♥ ❞♦♠❛✐♥❡ ❞❡ r❡❝❤❡r❝❤❡ ♦✉✈❡rt✳

❊♥ ❡✛❡t✱ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♠❛tér✐❛✉ ❞✉r❛♥t ❝❡s ét❛♣❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡st
très ❝♦♠♣❧❡①❡ ✿ ❧❡s ✐♥t❡r❛❝t✐♦♥s s♦♥t ♠✉❧t✐♣❧❡s ❡t ❞♦♥♥❡♥t ❧✐❡✉ à ❞❡s ❡✛❡ts ♥♦♥ ❧✐♥é❛✐r❡s✱
❡t t♦t❛❧❡♠❡♥t ❤♦rs ❞✬éq✉✐❧✐❜r❡✳ ▲❛ ♥❛t✉r❡ ❝❤✐♠✐q✉❡ ❞✉ ♠❛tér✐❛✉ ❥♦✉❡ ✉♥ rô❧❡ ❞❡ ♣❧✉s ❡♥
♣❧✉s ✐♠♣♦rt❛♥t à ♠❡s✉r❡ q✉❡ ❧✬♦♥ s❡ ❞✐r✐❣❡ ✈❡rs ❧✬ét❛t st❛t✐♦♥♥❛✐r❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❡s ✐s♦✲
❧❛♥ts ✭✈❡rr❡s ❡t ❝r✐st❛✉① ✐♦♥✐q✉❡s ❝♦✉r❛♥ts✮ s❡ ❞é♠❛rq✉❡♥t ❞✬❛✉tr❡s ♠❛tér✐❛✉① ❝♦♠♠❡ ❧❡s
♠ét❛✉① ♦✉ ❧❡s s❡♠✐❝♦♥❞✉❝t❡✉rs ♣❛r ❧❡ ❢❛✐t q✉❡ ❞❡s ❞é❢❛✉ts ❝❤❛r❣és ♣❡✉✈❡♥t s❡ ❢♦r♠❡r✳ ❈❡❝✐
❥♦✉❡r❛ ✉♥ ❣r❛♥❞ rô❧❡ ❞❛♥s ❧❛ ♠❛♥✐èr❡ ❞♦♥t ❧❡s ❞é❢❛✉ts ♣r✐♠❛✐r❡s ✈♦♥t ✐♥t❡r❛❣✐r ❡t s❡ ❝♦♠❜✐♥❡r✳

❘❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡

▲❡s ♥♦②❛✉① ❞❡ r❡❝✉❧s ✈♦♥t ✐♥❞✉✐r❡ ❞❡s ❝❛s❝❛❞❡s ❞❡ ❝♦❧❧✐s✐♦♥s ❛t♦♠✐q✉❡s ❡t ❞♦♥❝ ❞❡ ♥♦♠✲
❜r❡✉① ❞é♣❧❛❝❡♠❡♥ts ❞✬❛t♦♠❡s ❤♦rs ❞❡ ❧❡✉r ♣♦s✐t✐♦♥ ❞✬éq✉✐❧✐❜r❡ ❞❛♥s ❧❡ rés❡❛✉ ✭♣❡rt❡ ❞✬é♥❡r❣✐❡
♣❛r ❝❛ss✉r❡ ❞❡ ❧✐❛✐s♦♥s✱ ❡①❝✐t❛t✐♦♥s ❞❡s ✈✐❜r❛t✐♦♥s ❞✉ rés❡❛✉✱ ✐♦♥✐s❛t✐♦♥s ❞✬❛t♦♠❡s✳ ✳ ✳ ✮✳ ❉❡s
s✐♠✉❧❛t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ♠♦❧é❝✉❧❛✐r❡ ❞♦♥♥❡♥t ✉♥❡ ❜♦♥♥❡ ✐❞é❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ❝❛s❝❛❞❡s
❬✽✾❪✳
❈❡ ♠♦❞❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t ♥✬❡st ✐♠♣♦rt❛♥t q✉✬❡♥ ré❣✐♠❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳ ❉❛♥s ❝❡ tr❛✈❛✐❧✱
♥♦✉s ✉t✐❧✐s♦♥s ❞❡s ✐♦♥s é♥❡r❣ét✐q✉❡s ♣♦✉r ✐♥❞✉✐r❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ❞❛♥s ❧❡s
✈❡rr❡s✳ ▲♦rs ❞❡ t❡❧❧❡s ✐rr❛❞✐❛t✐♦♥s✱ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❞❡s ✐♦♥s ❡st ♣ré♣♦♥❞ér❛♥t✳
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◆♦✉s ❞ét❛✐❧❧♦♥s ❞♦♥❝ ❝✐✲❞❡ss♦✉s ❧✬❡✛❡t ❞❡ ❧❛ ❉❊❉ ❡♥ ré❣✐♠❡ é❧❡❝tr♦♥✐q✉❡ s✉r ❧❡s ♠é❝❛♥✐s♠❡s
❞❡ r❡❧❛①❛t✐♦♥ ✈❡rs ❧✬éq✉✐❧✐❜r❡✳

❘❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡

▲✬é♥❡r❣✐❡ ❝♦♠♠✉♥✐q✉é❡ ❛✉① é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡ ❡st ♣r♦❣r❡ss✐✈❡♠❡♥t ❞é❣r❛❞é❡ ❧♦rs ❞❡ ❧❡✉r
❞✐✛✉s✐♦♥ ❞❛♥s ❧❡ ♠❛tér✐❛✉✱ à tr❛✈❡rs ❞❡ ♥♦♠❜r❡✉① ♣r♦❝❡ss✉s ✿ r❡❝♦♠❜✐♥❛✐s♦♥s é❧❡❝tr♦♥s✲tr♦✉s✱
❞és❡①❝✐t❛t✐♦♥ ❆✉❣❡r✱ r❡❧❛①❛t✐♦♥ ❡①❝✐t♦♥✐q✉❡✱ ❡①❝✐t❛t✐♦♥ ❞❡s ✈✐❜r❛t✐♦♥s ❞✉ rés❡❛✉✳ ✳ ✳ ✳ ▲♦rs
❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ γ✱ ❧❛ ❉❊❉ ❡st ❢❛✐❜❧❡✱ ✐✳❡✳ ❧❡s ♣❛✐r❡s e− − h+ ❝réé❡s ✐♥t❡r❛❣✐ss❡♥t ❢❛✐❜❧❡♠❡♥t
❡♥tr❡ ❡❧❧❡s✳ ❈❡ ♥✬❡st ♣❧✉s ❧❡ ❝❛s ♣♦✉r ❞❡s ✐♦♥s ❡♥ ré❣✐♠❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✱ ♦ù
❝✬❡st ✉♥ ✈ér✐t❛❜❧❡ ♣❧❛s♠❛ q✉✐ ❡st ✐♥❞✉✐t ❧❡ ❧♦♥❣ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬✐♦♥✳ P♦✉r r❡♥❞r❡ ❝♦♠♣t❡
❞❡ t❡❧s ❡✛❡ts ♥♦♥ ❧✐♥é❛✐r❡s✱ ❞❡s ♠♦❞è❧❡s ❞✐t ✧❞✬❡①♣❧♦s✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡✧ ❬✾✵✱ ✾✶❪ ♦✉ ✧❞❡
♣♦✐♥t❡ t❤❡r♠✐q✉❡✧ ❬✾✷❪ ♦♥t été ♣r♦♣♦sés✳ ❈❡s ❞❡✉① ♠♦❞è❧❡s t❡♥t❡♥t ❞❡ ❞é❝r✐r❡ ❧❛ ♠❛♥✐èr❡ ❞♦♥t
❧✬é♥❡r❣✐❡ tr❛♥s❢éré❡ ♣❛r ❧✬✐♦♥ ✐♥❝✐❞❡♥t ❛✉ ❜❛✐♥ ❞✬é❧❡❝tr♦♥s ❞✉ ♠❛tér✐❛✉ ❡st tr❛♥s❢éré❡ ❛✉ rés❡❛✉✳
▲❡✉rs ❤②♣♦t❤ès❡s s♦♥t ❝❡♣❡♥❞❛♥t s✐♠♣❧✐✜❝❛tr✐❝❡s ❛✉ r❡❣❛r❞ ❞❡s ♣r♦❝❡ss✉s ❞✬é✈♦❧✉t✐♦♥ ❞❡s
❡①❝✐t❛t✐♦♥s é❧❡❝tr♦♥✐q✉❡s ✭❝♦♠♣ét✐t✐♦♥ ❡♥tr❡ ❛✉t♦✲♣✐é❣❡❛❣❡ ❡t ❞✐✛✉s✐♦♥ ❞❡s ❡①❝✐t♦♥s✮ ❬✾✸✱ ✾✹❪✳

❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ❞✬✐♦♥ é♥❡r❣ét✐q✉❡s s✉✣s❛♠♠❡♥t ❧♦✉r❞s ✲ ❢♦rt❡ ❉❊❉
✲ ❞❛♥s ✉♥ s♦❧✐❞❡ ✐s♦❧❛♥t s✬❛❝❝♦♠♣❛❣♥❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ③♦♥❡ ❧✐♥é❛✐r❡ très ❢♦rt❡♠❡♥t ❡♥✲
❞♦♠♠❛❣é❡✱ ❛♣♣❡❧é❡ tr❛❝❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳

P❤é♥♦♠è♥❡ ❞❡ tr❛❝❡

❆✉ ❞❡ss✉s ❞❡ ✈❛❧❡✉rs ❞❡ r❛❧❡♥t✐ss❡♠❡♥t ❞❡ q✉❡❧q✉❡s keV.nm−1✱ ♦♥ ♦❜s❡r✈❡ ♣❛r ❞✐✛✉s✐♦♥
❞❡ r❛②♦♥s ❳ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞❡✉① t②♣❡s ❞❡ ❞é❢❛✉ts ❧❡ ❧♦♥❣ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t
❬✾✺❪ ✿

✕ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s
✕ ❞é❢❛✉ts ét❡♥❞✉s ✿ ❝❡s ❞é❢❛✉ts ♦♥t ✉♥ ✈♦❧✉♠❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 103 ➴3✳ ■❧s s❡ ❢♦r♠❡♥t ♣r♦❜❛✲

❜❧❡♠❡♥t ❡♥ ❞❡✉① t❡♠♣s ✿ ❧❡s é❧❡❝tr♦♥s ❡①❝✐tés ❡♥ ❞❡♥s✐té très é❧❡✈é❡s ♣❛r ❧❡ ♣❛ss❛❣❡ ❞❡
❧✬✐♦♥ ❢♦r♠❡♥t ❞❡s ❞é❢❛✉ts ♣r✐♠❛✐r❡s q✉✐ ❞❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s s❡ ré❛rr❛♥❣❡♥t s✐ ❧❡✉r
❝♦♥❝❡♥tr❛t✐♦♥ ❡st s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t❡✳ ▲❡ t❛❜❧❡❛✉ ✸✳✹ ❞♦♥♥❡ ✉♥❡ ✐❞é❡ ❞❡s ♣r♦✲
❝❡ss✉s é❧❡❝tr♦♥✐q✉❡s très ❞✐✈❡rs ❞❛♥s ❧❡s ③♦♥❡s à ❢♦rt❡s ❞❡♥s✐tés ❞✬❡①❝✐t❛t✐♦♥ ❬✾✻❪✳ P❛r
❡①❡♠♣❧❡ ❞❛♥s ❧❡ α−quartz✱ ♦♥ ♦❜s❡r✈❡ ❞❡s ❞é❢❛✉ts ét❡♥❞✉s à ♣❛rt✐r ❞❡ 2 keV.nm−1 ❬✾✷❪✳

▲✬❡①✐st❡♥❝❡ ❞❡ ❝❡s ❞é❢❛✉ts ét❡♥❞✉s ❡st s♣é❝✐✜q✉❡ ❞❡s ❣r❛♥❞❡s ❉❊❉✳ ▲❛ ♣r♦♣♦rt✐♦♥ r❡s✲
♣❡❝t✐✈❡ ❞❡s ❞❡✉① t②♣❡s ❞❡ ❞é❢❛✉ts ❞é♣❡♥❞ ❞❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❉❊❉✳ ▲♦rsq✉❡ ❧❡ ♣♦✉✈♦✐r ❞✬❛rrêt
é❧❡❝tr♦♥✐q✉❡ Se ❛✉❣♠❡♥t❡ ✭✜❣✉r❡ ✸✳✺✮✱ ♦♥ ❝♦♥st❛t❡ ✭✐✮ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ r❛②♦♥ ❞❡s ❞é❢❛✉ts
ét❡♥❞✉s✱ ✭✐✐✮ ✉♥ r❡❝♦✉✈r❡♠❡♥t ♣r♦❣r❡ss✐❢ ❞❡ ❝❡s ③♦♥❡s ❝♦♥❞✉✐s❛♥t à ✉♥❡ tr❛❝❡ ❝♦♥t✐♥✉❡ ♣♦✉r
❞❡s r❛❧❡♥t✐ss❡♠❡♥ts s✉♣ér✐❡✉rs à ❡♥✈✐r♦♥ 10 keV.nm−1 ❬✾✼❪✳ ❈❡tt❡ tr❛❝❡ ❡st ❛♣♣❡❧é❡ tr❛❝❡
❧❛t❡♥t❡✱ ❡t ♣❡✉t êtr❡ ré✈é❧é❡ ♣❛r ❛tt❛q✉❡ ❝❤✐♠✐q✉❡ ❬✾✽❪✳ ▲✬❡①t❡♥s✐♦♥ r❛❞✐❛❧❡ ❞❡ ❝❡s ❞é❢❛✉ts ❡st
❞❡ q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s ✭✜❣✉r❡ ✸✳✺✮ ❡t ❞é♣❡♥❞ ❞❡ ❧✬❡①t❡♥s✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❞✬é❧❡❝tr♦♥s ❝réés
♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ✭✜❣✉r❡ ✸✳✸✮✳

❆✐♥s✐ ❞❛♥s ❧❛ s✐❧✐❝❡✱ ♦♥ ♣❡✉t s✬❛tt❡♥❞r❡ à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ q✉❡❧q✉❡s ❞é❢❛✉ts ét❡♥❞✉s ♣♦✉r
✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s Br 12MeV ❥✉sq✉✬à 2 µm ❞❡ ♣r♦❢♦♥❞❡✉r✳ P❛r ❝♦♥tr❡✱ ✐❧s s❡r♦♥t ❛❜s❡♥ts
❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥sHe 1, 6 MeV ✳ ▲✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❝❡s ❞❡✉① t②♣❡ ❞✬✐♦♥s
❝♦♥st✐t✉❡r❛ ✉♥ t❡st ❞✉ rô❧❡ ❞❡s ❞é❢❛✉ts ét❡♥❞✉s s✉r ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts
♠ét❛❧❧✐q✉❡s ❞❛♥s ❧❡s s✐❧✐❝❛t❡s✳ ▲❛ ❉❊❉ ✈❛ ❞♦♥❝ ❞ét❡r♠✐♥❡r ❞❡ ♠❛♥✐èr❡ ✐♠♣♦rt❛♥t❡ ❧❛ ♠❛♥✐èr❡
❞♦♥t ❧❡s ❝❤❛r❣❡s ❝réé❡s ❧♦rs ❞✉ ♣❛ss❛❣❡ ❞❡ ❧✬✐♦♥ ✈♦♥t ♣r♦❣r❡ss✐✈❡♠❡♥t s❡ tr❛♥s❢♦r♠❡r ❡♥ ❞é❢❛✉ts
♣❧✉s st❛❜❧❡s✳ ❈♦♠♠❡ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ♠♦❞è❧❡ ❞♦♥♥❛♥t ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♠❛tér✐❛✉ ❞❡ ❧✬ét❛♣❡
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❋✐❣✳ ✸✳✹

❞✬✐rr❛❞✐❛t✐♦♥ à s♦♥ ét❛t q✉❛s✐ st❛t✐♦♥♥❛✐r❡ à ✉♥❡ t❡♠♣ér❛t✉r❡ ❞♦♥♥é❡✱ ♥♦✉s ♥♦✉s ❧✐♠✐t❡r♦♥s
à ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❝❡ ❞❡r♥✐❡r ✐ss✉❡ ❞❡ ❧❛ ❧✐ttér❛t✉r❡✳

✸✳✹ ■♠♣❧❛♥t❛t✐♦♥✴■rr❛❞✐❛t✐♦♥ ❞❡ ✈❡rr❡s ❞✬♦①②❞❡s

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ❡①❛♠✐♥♦♥s ♣❧✉s ❡♥ ❞ét❛✐❧ ❧❡s ❝♦♥séq✉❡♥❝❡s str✉❝t✉r❛❧❡s ❞❡ ❧✬✐rr❛✲
❞✐❛t✐♦♥ ❞❡ ✈❡rr❡s ❞✬♦①②❞❡s✳ ◆♦✉s ♣rés❡♥t♦♥s ❞✬❛❜♦r❞ ❧❡s ♣r✐♥❝✐♣❛✉① ❞é❢❛✉ts ❝réés ❧♦rs ❞✬✉♥❡
✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ♣❤♦t♦♥s✱ ❧❡✉r ❝✐♥ét✐q✉❡ ❞❡ ❢♦r♠❛t✐♦♥ ❡t ❞❡ r❡❝✉✐t✳ ❉❛♥s ❧❛ ♣❡rs♣❡❝t✐✈❡
❞✉ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❛♣rès ✐rr❛❞✐❛t✐♦♥✱ ♥♦✉s ♠❡ttr♦♥s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧✬❛❝❝❡♥t s✉r ❧❛
♠♦❞✐✜❝❛t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s r❡❞♦① q✉✬✐♥❞✉✐t ❧❡ ♣✐é❣❡❛❣❡ ❞✬é❧❡❝tr♦♥s ❡t ❞❡ tr♦✉s s✉r ❧❡s s✐t❡s
❞✉ rés❡❛✉ ✭♣❛rt✐❡ ✸✳✹✳✷✮✳ ❉✉ ❢❛✐t ❞✬✉♥❡ ❉❊❉ ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡✱ ❧✬✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡
♣ré♣❛r❡ ❧❡ ♠❛tér✐❛✉ ❞❛♥s ✉♥ ét❛t ❞✐✛ér❡♥t ❞❡ ❝❡❧✉✐ ❛tt❡✐♥t ♣❛r ✐rr❛❞✐❛t✐♦♥ ❞❡ ♣❤♦t♦♥s ✭♣❛rt✐❡
✸✳✹✳✸✮ ✿ ♥❛t✉r❡✱ ♣r♦♣♦rt✐♦♥ ❡t st❛❜✐❧✐té ❞❡s ❞é❢❛✉ts✱ ✈❛r✐❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣❛r❝♦✉rs ❞❡ ❧✬✐♦♥✱
❡✛❡t ❝❤✐♠✐q✉❡ ❞❡ ❧✬✐♠♣❧❛♥t✳

✸✳✹✳✶ Pr✐♥❝✐♣❛✉① ❞é❢❛✉ts ❞❛♥s ❧❡s s✐❧✐❝❛t❡s

❱❡rr❡s ♥♦♥ ✐rr❛❞✐é

❉❛♥s ❧❡s ✈❡rr❡s ré❡❧s✱ ♦♥ ♦❜s❡r✈❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❞é✈✐❛t✐♦♥s ♣❛r r❛♣♣♦rt à ❧❛ str✉❝✲
t✉r❡ ✐❞é❛❧❡ ❈❘◆ ♣rés❡♥té❡ ❡♥ ♣❛rt✐❡ ✷✳✶ ❬✶✵✵❪✳
❙✐ ♦♥ ❝♦♥s✐❞èr❡ ✉♥ ✈❡rr❡ ❞❡ ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉ ✭SiO2 ❡st ❧✬❡①❡♠♣❧❡ ❧❡ ♣❧✉s ét✉❞✐é✮✱ ❧✬❡①✐s✲
t❡♥❝❡ ❞❡ ❝❡s ❞é✈✐❛t✐♦♥s ❢❛✐t ❞✐♠✐♥✉❡r ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ✭❞❡ ♠ê♠❡ q✉❡ ❞❛♥s ❧❡s ❝r✐st❛✉① ✐♦♥✐q✉❡s✮✳
❖♥ tr♦✉✈❡r❛✱ ❛✈❡❝ ❧❡s ♥♦t❛t✐♦♥s ❞❡s ❝r✐st❛✉① ✐♦♥✐q✉❡s✱ ❞❡s ❧❛❝✉♥❡s ✭❞é❢❛✉ts ❞❡ ❙❤♦tt❦②✮ ❛✐♥s✐
q✉❡ ❞❡s ♣❛✐r❡s ❧❛❝✉♥❡s✲✐♥t❡rst✐t✐❡❧s ✭❞é❢❛✉ts ❞❡ ❋r❡♥❦❡❧✮✳ P❛r ❡①❡♠♣❧❡ ✉♥❡ ♣❛✐r❡ ❞❡ ❋r❡♥❦❡❧ ❡♥
♦①②❣è♥❡ s❡r❛ ❝♦♥st✐t✉é❡ ❞✬✉♥❡ ❧❛❝✉♥❡ ✭≡ Si−Si ≡✮ ❡t ❞✬✉♥ ✐♥t❡rst✐t✐❡❧ ✭≡ Si−O−O−Si ≡✮✱
❡t ♣❡✉t êtr❡ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❡♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❛✐♥s✐ q✉✬❡♥ ❧✉♠✐♥❡s❝❡♥❝❡✳ ▲❛ ❢♦r♠❛t✐♦♥
❞❡ ❝❡ t②♣❡ ❞❡ ❞é❢❛✉ts r❡q✉✐❡rt ♥é❛♥♠♦✐♥s ❧❛ r✉♣t✉r❡ ❞❡ ❞❡✉① ❧✐❛✐s♦♥s ✿ ✐❧s s❡r♦♥t ❞♦♥❝ ♠♦✐♥s
❢réq✉❡♥ts q✉❡ ❧❡s ❞é❢❛✉ts ❞❡ ✈❛❧❡♥❝❡ ♦ù ✉♥❡ s❡✉❧❡ ❧✐❛✐s♦♥ ❡st ❜r✐sé❡✳ ❈❡s ❞❡r♥✐❡rs ♣❡✉✈❡♥t êtr❡
♠✐s ❡♥ é✈✐❞❡♥❝❡ ❡♥ ❘P❊ ❬✶✵✶❪ ✭❊①❡♠♣❧❡ ✿ r✉♣t✉r❡ ❤étér♦♣♦❧❛✐r❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ Si−O ❛✈❡❝ ❧❛
❢♦r♠❛t✐♦♥ ❞✬✉♥ ♦①②❣è♥❡ ♥♦♥ ♣♦♥t❛♥t ❡t ❞✬✉♥ ❙✐ tr✐✲❝♦♦r❞♦♥♥é q✉✐ r❡❧❛①❡ ❞❛♥s ❧❡ ♣❧❛♥ ❞é✜♥✐
♣❛r s❡s tr♦✐s ❛t♦♠❡s ❞✬♦①②❣è♥❡✮✳



✻✵

❋✐❣✳ ✸✳✺✿ ❊✛❡t ❞❡ tr❛❝❡ ❞❛♥s ❧❡ ❨■● ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣♦✉✈♦✐r ❞✬❛rrêt é❧❡❝tr♦♥✐q✉❡ Se
♣♦✉r ❞❡s ✐♦♥s ❞❛♥s ❞❡s ❣❛♠♠❡s ❞❡ ✈✐t❡ss❡ ❞✐✛ér❡♥t❡s ❬✾✾❪✳



✻✶

❈❡s ❞é❢❛✉ts s♦♥t ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ♠✐♥♦r✐t❛✐r❡s ♣❛r r❛♣♣♦rt à ❝❡✉① rés✉❧t❛♥t ❞❡ ❧✬✐♥tr♦✲
❞✉❝t✐♦♥ ❞❡ ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉ ❞✐✛ér❡♥ts ✭♣❛r ❡①❡♠♣❧❡ ❞❡ ♣♦❧❛r✐s❛❜✐❧✐té ✲ Ge ✲ ♦✉ ❞❡ ✈❛❧❡♥❝❡
✲ Al ✲ ❞✐✛ér❡♥t❡s ❞❛♥s SiO2✮✱ ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉ ✭♣❛rt✐❡ ✷✳✶✳✸✮ ♦✉ ❡♥❝♦r❡ ❞❡ ❧✬✐♥✲
tr♦❞✉❝t✐♦♥ ❞✬✐♠♣✉r❡tés ✭H2O✱ Cl✮ ♣❡♥❞❛♥t ❧❛ s②♥t❤ès❡✳ ❉❛♥s ❝❡ tr❛✈❛✐❧✱ ❝❡ s♦♥t ❞❡s ❛❧❝❛❧✐♥s
❡t ❞❡s ❛❧❝❛❧✐♥♦✲t❡rr❡✉① q✉✐ s♦♥t ❛❥♦✉tés ❡♥ q✉❛♥t✐té ✐♠♣♦rt❛♥t❡✱ ❛✈❡❝ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❧❛
❢♦r♠❛t✐♦♥ ❞✬✉♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞✬❛t♦♠❡s ❞✬♦①②❣è♥❡ ♥♦♥✲♣♦♥t❛♥ts✳

❱❡rr❡s ✐rr❛❞✐és

❙✐ ♦♥ s❡ r❡str❡✐♥t à ❧❛ s✐❧✐❝❡ ✉❧tr❛ ♣✉r❡✱ ♦♥ r❡♥❝♦♥tr❡ tr♦✐s t②♣❡s ❞❡ ❞é❢❛✉ts ♣❛r❛♠❛❣♥é✲
t✐q✉❡s ✿

❊✬ ✿ ✐❧ ❡st ❞❡ ❧❛ ❢♦r♠❡ ≡ Si•✳ ▲✬é❧❡❝tr♦♥ ❡st s✐t✉é ❞❛♥s ✉♥❡ ♦r❜✐t❛❧❡ sp3 ♣❡♥❞❛♥t❡ ❞❡ ❧✬❛t♦♠❡
❞❡ s✐❧✐❝✐✉♠✱ ❡t ♣❛r ❝♦♥séq✉❡♥t ❝❡ ❞é❢❛✉t ❡st ✈✐s✐❜❧❡ ❡♥ ❘P❊ ❬✶✵✵✱ ✶✵✶✱ ✶✵✷✱ ✶✵✸❪ ❡t
✐❞❡♥t✐✜❛❜❧❡ ❡♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡✳

❋✐❣✳ ✸✳✻✿ ❙tr✉❝t✉r❡ ❞✉ ❞é❢❛✉t ❊✬✳

◆❇❖❍❈ ✿ ✭◆♦♥✲❇r✐❞❣✐♥❣ ❖①②❣❡♥ ❍♦❧❡ ❈❡♥t❡r✮ ❝♦♠♠❡ s♦♥ ♥♦♠ ❧✬✐♥❞✐q✉❡✱ ✐❧ s❡ ❢♦r♠❡ ♣❛r
♣✐é❣❡❛❣❡ ❞✬✉♥ tr♦✉ s✉r ✉♥ ♦①②❣è♥❡ ♥♦♥ ♣♦♥t❛♥t ✿ ≡ Si−O•✳ ■❧ ❡st ❜✐❡♥ ❝❛r❛❝tér✐sé ❡♥
❘P❊ ❬✶✵✹✱ ✶✵✺❪✳

❋✐❣✳ ✸✳✼✿ ❙tr✉❝t✉r❡ ❞✉ ❞é❢❛✉t ◆❇❖❍❈✳

P❖❘ ✿ ✭P❡r❖①✐❞❡ ❘❛❞✐❝❛❧✮ ✐❧ ❡st ❞❡ ❧❛ ❢♦r♠❡ ≡ Si − O − O•✱ ♦ù ❧✬é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡ ❡st
❧♦❝❛❧✐sé s✉r ❧❡s ❞❡✉① ❛t♦♠❡s ❞✬♦①②❣è♥❡✳ ■❧ ❡st ❞♦♥❝ ✈✐s✐❜❧❡ ❡♥ ❘P❊ ❬✶✵✵❪✳

❈❡s tr♦✐s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ s♦♥t s✉✣s❛♠♠❡♥t st❛❜❧❡s ♣♦✉r ♣♦✉✈♦✐r êtr❡ ♦❜s❡r✈és ❡♥
❘P❊ ❡t ❡♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ✭t❛❜❧❡❛✉ ✸✳✷ ❡t ✸✳✸✮✳

✸✳✹✳✷ ❋♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts st❛❜❧❡s ❛♣rès ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ♣❤♦✲
t♦♥s

▲❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ♦♥t été ét✉❞✐és ♠❛❥♦r✐t❛✐r❡♠❡♥t ❛♣rès ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ♣❤♦✲
t♦♥s ✭❯❱✱ ❳✱ γ✮ ♣❛r ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❡t ❘P❊ ✭✈♦✐r r❡✈✉❡ ❞❡ ❇♦✐③♦t ❬✶✵✾❪✮✳ ❉❛♥s ❝❡ ❝❛s✱



✻✷

❋✐❣✳ ✸✳✽✿ ❋♦r♠❛t✐♦♥ ❞✬✉♥ r❛❞✐❝❛❧ ♣❡r♦①②❞❡ ✭P❖❘✮ à ♣❛rt✐r ❞✬✉♥ ♣♦♥t ♣❡r♦①②❞❡✳

❉é❢❛✉t ♣♦s✐t✐♦♥ ✭❡❱✮ ❧❛r❣❡✉r ✭❡❱✮
◆❇❖❍❈ ✶ ✷ ✵✱✹
◆❇❖❍❈ ✷ ✷✱✽✷ ✵✱✽
P❖❘❄ ✺✱✸ ✵✱✽
❊✬ ✺✱✼✼✲✻✱✷✸

❚❛❜✳ ✸✳✷✿ ❈❛r❛❝tér✐st✐q✉❡s ❞❡s ♣✐❝s ❞✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞❡ ❞é❢❛✉ts ♦❜t❡♥✉s ♣❛r
✐rr❛❞✐❛t✐♦♥ γ ❬✶✵✻❪✳ ◆❇❖❍❈✶ ❡t ◆❇❖❍❈✷ ❝♦rr❡s♣♦♥❞❡♥t à ❞❡✉① t②♣❡s ❞✐✛ér❡♥ts ❞❡
◆❇❖❍❈ ❬✶✵✵❪✳

❉é❢❛✉t ❢❛❝t❡✉r g ❘é❢✳

◆❇❖❍❈✶
✷✱✵✵✶ ❬✶✵✻❪

✷✱✵✵✹✶ ✲ ✷✱✵✶ ✲ ✷✱✵✶✾✻ ❬✶✵✼❪

◆❇❖❍❈✷
✶✱✾✾✺ ❬✶✵✻❪

✷✱✵✶ ✲ ✷✱✵✶✷✺ ✲ ✷✱✵✶✾✽ ❬✶✵✼❪

P❖❘
✶✱✾✾✷ ❬✶✵✻❪

✷✱✵✵✶✹ ✲ ✷✱✵✵✼✹ ✲ ✷✱✵✻✼ ❬✶✵✽❪

❊✬
✶✱✾✾✾

✷✱✵✵✵✸ ✲ ✷✱✵✵✵✻ ✲ ✷✱✵✵✶✼ ❬✶✵✽❪

❚❛❜✳ ✸✳✸✿ ❈❛r❛❝tér✐st✐q✉❡s ❘P❊ ❞❡s ❞é❢❛✉ts
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❧❡ ré❣✐♠❡ ❞✬❡①❝✐t❛t✐♦♥ ❡st ♣✉r❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❛✈❡❝ ✉♥❡ ❢❛✐❜❧❡ ❞❡♥s✐té ❞✬✐♦♥✐s❛t✐♦♥ ✭♣❛rt✐❡s
✸✳✷✮✱ ❝❡ q✉✐ ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ♣♦♥❝t✉❡❧s st❛❜❧❡s ♣❛r ♣✐é❣❡❛❣❡ ❞✬é❧❡❝✲
tr♦♥s ♦✉ ❞❡ tr♦✉s ✭r❡✈✉❡s ❞❡ ◆✐s❤✐❦❛✇❛ ❡t ❛❧✳ ❬✶✶✵❪✱ ❲❡❡❦s ❬✶✵✷❪✱ ■♠❛✐ ❡t ❛❧✳ ❬✶✶✶❪✱ ❆♠♦ss♦✈
❡t ❛❧✳ ❬✶✶✷❪✮✳ ■♠❛✐ ❡t ❛❧✳ ❬✶✶✶❪ ♦♥t ✐♥tr♦❞✉✐t ❧❛ ❞✐st✐♥❝t✐♦♥ ❡♥tr❡ ♣r♦❝❡ss✉s ✐♥tr✐♥sèq✉❡s ❡t
❡①tr✐♥sèq✉❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s✳

Pr♦❝❡ss✉s ✐♥tr✐♥sèq✉❡s

❈❡ s♦♥t ❧❡s ♣r♦❝❡ss✉s ❛②❛♥t ❧✐❡✉ ❞❛♥s ✉♥❡ s✐❧✐❝❡ ♣✉r❡ ❡①❡♠♣t❡ ❞✬✐♠♣✉r❡tés✱ ❝✬❡st✲à✲❞✐r❡ ❧❛
r✉♣t✉r❡ ❤♦♠♦♣♦❧❛✐r❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ Si − O✱ ♦✉ ❜✐❡♥ ❧❛ ❝❛♣t✉r❡ ❞✬é❧❡❝tr♦♥ ♦✉ ❞❡ tr♦✉ s✉r ❧❡s
❞é❢❛✉ts ❞❡ ❋r❡♥❦❡❧ ❞é❝r✐ts ♣❧✉s ❤❛✉t✳

▲❛ r✉♣t✉r❡ ❤♦♠♦♣♦❧❛✐r❡ ❞❡ ❧❛ ❧✐❛✐s♦♥ Si − O ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❊✬ ♣♦✉r ✉♥
◆❇❖❍❈ ✿

≡ Si−O − Si ≡ + hν → ≡ Si−O• + •Si ≡ ✭✸✳✸✾✮

❈❡tt❡ ré❛❝t✐♦♥ ♣❡✉t s✬♦❜s❡r✈❡r ❧♦rsq✉❡ ❧❡s ♣r♦❝❡ss✉s ❞❡ ❢♦r♠❛t✐♦♥ ❡①tr✐♥sèq✉❡s ✭✈♦✐r ❝✐✲
❞❡ss♦✉s✮ s♦♥t ❝♦✉rt✲❝✐r❝✉✐tés ♣❛r ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❧✐❛✐s♦♥s ❝♦♥tr❛✐♥t❡s ❬✶✶✸✱ ✶✶✹❪
♦✉ ❞♦♣❛❣❡ ❞❡ ✈❡rr❡ ❛✉ ✢✉♦r ❬✶✶✺❪✳
❯♥ ❞❡✉①✐è♠❡ ♣r♦❝❡ss✉s ✐♥tr✐♥sèq✉❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ♣❛ss❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ s♦✉s
✐rr❛❞✐❛t✐♦♥ ❞✬✉♥❡ ♣❛✐r❡ ❞❡ ❋r❡♥❦❡❧ ✭❡♥ O✮ ✿

2 ≡ Si−O − Si ≡ + hν → ≡ Si− Si ≡ + ≡ Si−O −O − Si ≡ ✭✸✳✹✵✮

▲❛ ❧❛❝✉♥❡ ❡♥ O ♣❡✉t ❡♥s✉✐t❡ ❢♦r♠❡r ✉♥ ❊✬ ♣❛r ♣✐é❣❡❛❣❡ ❞✬✉♥ tr♦✉ ✿

≡ Si− Si ≡ + hν → ≡ Si• + +Si ≡ ✭✸✳✹✶✮

❡t ❧✬♦①②❣è♥❡ ✐♥t❡rst✐t✐❡❧ ✭♣♦♥t ♣❡r♦①②❞❡✮ ♣❡✉t ❢♦r♠❡r ✉♥ ❊✬ ❡t ✉♥ P❖❘ ♣❛r r✉♣t✉r❡ ❤♦♠♦✲
♣♦❧❛✐r❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ Si−O ✿

≡ Si−O −O − Si ≡ + hν → ≡ Si• + •O −O − Si ≡ ✭✸✳✹✷✮

Pr♦❝❡ss✉s ❡①tr✐♥sèq✉❡s

▲❡ ♥♦♠❜r❡ ❞❡ ❞é❢❛✉ts ♣r♦❞✉✐t ♣❛r ❞❡s ♣r♦❝❡ss✉s ❡①tr✐♥sèq✉❡s ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t
❞✉ ❢❛✐t ❞❡ ❧❛ ❣r❛♥❞❡ ❞✐✈❡rs✐té ❞❡ ❧❡✉rs ♣ré❝✉rs❡✉rs ✿

✕ ✐♠♣✉r❡tés ❛♥✐♦♥✐q✉❡s ❞❡ ❧❛ ❢♦r♠❡ Si−X ❛✈❡❝ X =OH✱ H✱ Cl✳ ✳ ✳ ❙♦✉s ✐rr❛❞✐❛t✐♦♥✱ ❧❛
❧✐❛✐s♦♥ Si−X s❡ ❜r✐s❡ ♣♦✉r ❢♦r♠❡r ✉♥ ❊✬ ❡t ❞❡s ❛t♦♠❡s ❣❛③❡✉① ✭H✱ Cl✮ ♦✉ ❞❡s r❛❞✐❝❛✉①
❤②❞r♦①②❧ OH•✳ ❉❛♥s ❧❡ ❝❛s ❞❡ Si−OH ♦♥ ♣❡✉t ❛✉ss✐ ❢♦r♠❡r ❞❡s ◆❇❖❍❈ ♣❛r r✉♣t✉r❡
❞❡ ❧❛ ❧✐❛✐s♦♥ O −H✳

✕ ♠♦❧é❝✉❧❡s ❞❡ ❣❛③ ❞✐ss♦✉t❡s ❞❛♥s ❧❡ rés❡❛✉ ✭H2✱ O2✱ H2O✱ Cl2✱✳ ✳ ✳ ✮✳ ❈❡s ♠♦❧é❝✉❧❡s
♣r❡♥♥❡♥t ♣❛rt à ❞❡s ré❛❝t✐♦♥s ❞❡ r❛❞✐♦❧②s❡ ❡t ❝♦♥❞✉✐s❡♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣ré❝✉rs❡✉rs
❞❡ t②♣❡ Si − X ♦✉ ❜✐❡♥ à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ♣❛r❛♠❛❣♥ét✐q✉❡s ✭❊①❡♠♣❧❡ ✿ ≡
Si• + O2 + hν → ≡ Si−O−O•✮✳ ❈❡t ❡①❡♠♣❧❡ ✐❧❧✉str❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✐♥t❡r❝♦♥✈❡rs✐♦♥
❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts t②♣❡s ❞❡ ❞é❢❛✉ts ❬✶✶✻✱ ✶✶✼✱ ✶✶✽❪✳

✕ ✐♠♣✉r❡tés ❞❡ ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉ ❞❡ ✈❛❧❡♥❝❡ ❞✐✛ér❡♥t❡ ✭P ✱ Al✱ ✳ ✳ ✳ ✮ ♦✉ ❞❡ ♣♦❧❛r✐s❛❜✐❧✐té
❞✐✛ér❡♥t❡ ✭Ge✮✱ ♦✉ ❜✐❡♥ ❡♥❝♦r❡ ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉✳

❈❛s ♣❛rt✐❝✉❧✐❡r ❞❡s ✈❡rr❡s s✐❧✐❝❛t❡s

P❡✉ ❞✬❛rt✐❝❧❡s ❡①✐st❡♥t ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ s✉r ❧✬❡✛❡t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s s✐❧✐✲
❝❛t❡s✳ ❖♥ tr♦✉✈❡ ✉♥ très ❣r❛♥❞ ♥♦♠❜r❡ ❞✬♦①②❣è♥❡ ♥♦♥✲♣♦♥t❛♥t ❞❛♥s ❝❡ t②♣❡ ❞❡ ✈❡rr❡s✱ ❞✉
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❢❛✐t ❞❡ ❧❛ r✉♣t✉r❡ ❞❡ ❧✐❛✐s♦♥ Si − O ♣❛r ❧❡s ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉✳ ❈❡ ❞é❢❛✉t étr❛♥❣❡r à
❧❛ str✉❝t✉r❡ ❞❡ SiO2 ♣✉r❡ ❡st ✉♥ ♣✐è❣❡ à tr♦✉ très ❡✣❝❛❝❡ ❡t ❢♦r♠❡ ❞❡s ◆❇❖❍❈ ❡♥ ❣r❛♥❞
♥♦♠❜r❡✳ ❉❛♥s ❝❡ t②♣❡ ❞❡ ✈❡rr❡s✱ ❝❡ s♦♥t ❧❡s ♣r♦❝❡ss✉s ❡①tr✐♥sèq✉❡s q✉✐ ❞♦♠✐♥❡♥t ❧❛ ❢♦r♠❛t✐♦♥
❞❡ ❞é❢❛✉ts✳
❈❡❧❛ s✬♦❜s❡r✈❡ ❡♥ ❘P❊ ✭❧❡ s♣❡❝tr❡ ét❛♥t ❞♦♠✐♥é ♣❛r ❧❡ s✐❣♥❛❧ ❞❡ ❝❡s ❞é❢❛✉ts✮ ♠❛✐s ❛✉ss✐ ❡♥
❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ✭♣✐❝s ❝❛r❛❝tér✐st✐q✉❡s à ✷ ❡t ✷✱✼ ❡❱✱ ❝♦rr❡s♣♦♥❞❛♥t à ❞❡✉① t②♣❡s ❞✐✛ér❡♥ts
❞❡ ♣✐è❣❡s✮✳
❉❛♥s ❧❡s s✐❧✐❝❛t❡s✱ ❧❛ ♠❛❥♦r✐té ❞❡s ❞é❢❛✉ts ♣❛r❛♠❛❣♥ét✐q✉❡s ♦❜s❡r✈és s♦♥t ❞❡s tr♦✉s ♣✐é❣és✳
❖r ❧❡ ♠❛tér✐❛✉ r❡st❡ ❣❧♦❜❛❧❡♠❡♥t ♥❡✉tr❡ ✿ q✉❡ ❞❡✈✐❡♥♥❡♥t ❧❡s é❧❡❝tr♦♥s ❝♦rr❡s♣♦♥❞❛♥ts ❬✶✵✵❪ ❄
❆ ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡✱ ❧❡ s❡✉❧ ❛rt✐❝❧❡ ❞♦♥♥❛♥t ✉♥❡ ✐♥❞✐❝❛t✐♦♥ à ❝❡ s✉❥❡t ❡st ❝❡❧✉✐ ❞❡ ●r✐s❝♦♠
❬✶✶✾❪✳ ❊♥ ✐rr❛❞✐❛♥t ✉♥ ❜♦r❛t❡ ❞✬❛❧❝❛❧✐♥ à 77 K✱ ✐❧ r❡♠❛rq✉❡ ❞❡s ♣✐❝s ❧❛r❣❡s ❡♥ ❘P❊ q✉✐ ❞✐s♣❛✲
r❛✐ss❡♥t ❧♦rsq✉❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ré❝❤❛✉✛é à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡
❝❡s ♣✐❝s s♦♥t très ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t❡s ❞❡ ❧❛ ♥❛t✉r❡ ❞❡ ❧✬❛❧❝❛❧✐♥✳ ❊♥ s✬❛♣♣✉②❛♥t s✉r ❞✬❛✉tr❡s
❝♦♥s✐❞ér❛t✐♦♥s✱ ●r✐s❝♦♠ ❛ttr✐❜✉❡ ❝❡s ♣✐❝s à ❞❡s é❧❡❝tr♦♥s ♣✐é❣és s✉r ❞❡s ❛♠❛s ❞✬❛❧❝❛❧✐♥s✳

❈♦♥❝❡♥tr❛t✐♦♥ ❡t st❛❜✐❧✐té ❞❡s ❞é❢❛✉ts

❆ ❝♦♠♣♦s✐t✐♦♥ ❞♦♥♥é❡✱ ❧❛ ♥❛t✉r❡✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡t ❧❛ st❛❜✐❧✐té ❞❡s ❞é❢❛✉ts r❡♥❝♦♥trés
❞❛♥s ❧❡s ✈❡rr❡s ❞é♣❡♥❞❡♥t ❞❡ très ♥♦♠❜r❡✉① ❢❛❝t❡✉rs ✿

✕ ❧✬❤✐st♦✐r❡ t❤❡r♠✐q✉❡ ❞✉ ✈❡rr❡ ✐♥✐t✐❛❧✱
✕ ❧❛ ♣rés❡♥❝❡ ❞✬✐♠♣✉r❡tés✱
✕ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥✱
✕ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ♠❡s✉r❡ ✭❘P❊✱ ❆❖✮✱
✕ ❧✬❤✐st♦✐r❡ t❤❡r♠✐q✉❡ ♣♦st✲✐rr❛❞✐❛t✐♦♥✳

▲❛ ❝✐♥ét✐q✉❡ ❞❡ ❝ré❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s ♣❤é✲
♥♦♠è♥❡s ❞❡ ❝ré❛t✐♦♥ ✐♥tr✐♥sèq✉❡ ❡t ❡①tr✐♥sèq✉❡✱ ❛✐♥s✐ q✉❡ ❧❛ ♣♦ss✐❜❧❡ ✐♥t❡r❝♦♥✈❡rs✐♦♥✳ ▲❡
♠♦❞è❧❡ ❧❡ ♣❧✉s s✐♠♣❧❡ ❡st ❝❡❧✉✐ ❞❡ ●❛❧❡❡♥❡r ❬✶✷✵❪✳ ❉❛♥s ❝❡ ♠♦❞è❧❡✱ ❧❛ q✉❛♥t✐té ❞❡ ❞é❢❛✉ts
❢♦r♠és à ♣❛rt✐r ❞❡s ♣ré❝✉rs❡✉rs s❛t✉r❡ r❛♣✐❞❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✢✉❡♥❝❡✱ ❛❧♦rs q✉❡ ❧❛
❝♦♠♣♦s❛♥t❡ ❞❡ ❢♦r♠❛t✐♦♥ ✐♥tr✐♥sèq✉❡ r❡st❡ très ❧♦✐♥ ❞❡ ❧❛ s❛t✉r❛t✐♦♥ ❡t ❛✉❣♠❡♥t❡ ❞♦♥❝ ❧✐✲
♥é❛✐r❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞♦s❡ ✭✜❣✉r❡ ✸✳✾✮✳ ▲❛ s❛t✉r❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❞é❢❛✉ts s❡ ❞é❝r✐t
❝❧❛ss✐q✉❡♠❡♥t ♣❛r ✉♥ ♠♦❞è❧❡ ❞❡ r❡❝♦✉✈r❡♠❡♥t ❞❡ tr❛❝❡s ❞❡ ❞é♣ôt ❞✬é♥❡r❣✐❡✳ ❉❛♥s ❧✬❤②♣♦t❤ès❡
♦ù ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❞é❢❛✉ts ❡st t♦t❛❧❡ ❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞❡ ❧❛ tr❛❝❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ✐♦♥✐s❛♥t❡✱
❡t s✐ ♦♥ ♥♦t❡ y ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞✬✉♥ ❞é❢❛✉t ❞❡ t②♣❡ ❞♦♥♥é✱ ❛❧♦rs ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛
q✉❛♥t✐té ❞❡ ❞é❢❛✉ts dy ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐♥❝ré♠❡♥t ❞❡ ❞♦s❡ dD s✬é❝r✐t ✿

dy = ρ(1 − y)dD ✭✸✳✹✸✮

♦ù ρ ❡st ✉♥ ✈♦❧✉♠❡ ❡✣❝❛❝❡ ❞❡ ❝ré❛t✐♦♥✳ ❆♣rès ✐♥té❣r❛t✐♦♥ ✿

y = 1 − e−ρD ✭✸✳✹✹✮

▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ❞é❢❛✉ts ❡st ♣❧✉s ❝♦♠♣❧✐q✉é❡ s✐ ♦♥ t✐❡♥t ❝♦♠♣t❡ ❞❡ ❧❛ ♣♦ss✐✲
❜✐❧✐té ❞✬✐♥t❡r❝♦♥✈❡r✐s♦♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts t②♣❡s ❞❡ ❞é❢❛✉ts ❬✶✷✶❪✳

❊♥ ét✉❞✐❛♥t ❧❛ q✉❛♥t✐té ❞❡ ❞é❢❛✉ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞♦s❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ✈❡rr❡s s✐❧✐❝❛t❡s✱
♥♦✉s ✈ér✐✜❡r♦♥s q✉❡ ❧❡✉r ♣r♦❝❡ss✉s ❞❡ ❢♦r♠❛t✐♦♥ ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ❡①tr✐♥sèq✉❡ ✭♣❛rt✐❡ ✺✳✷✳✷✮✳
❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡ ♣✐é❣❡❛❣❡ ❞✬é❧❡❝tr♦♥ ♣❛r Ag+ r❡♥tr❡ ❞❛♥s ❝❡tt❡ ❝❛té❣♦r✐❡✳

❯♥ r❡❝✉✐t ❛♣rès ✐rr❛❞✐❛t✐♦♥ ❝♦♥❞✉✐t à ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞é❢❛✉ts ♣❛r ❞✐✛✉s✐♦♥✳ ▲à
❡♥❝♦r❡✱ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ❞é❢❛✉ts ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡ ❧❡✉r ♥❛t✉r❡ ❡t ❞❡ ❧❡✉r



✻✺

❋✐❣✳ ✸✳✾✿ ❉é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❡♥ ❞❡✉① ♣r♦❝❡ss✉s ❡①tr✐♥sèq✉❡
❡t ✐♥tr✐♥sèq✉❡ ❡t ❛♣♣❧✐❝❛t✐♦♥ à ❧❛ ❝ré❛t✐♦♥ ❞❡ ❝❡♥tr❡s ❊✬ ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ ♣❛r
✐rr❛❞✐❛t✐♦♥ ❳ ✭❞✬❛♣rès ●❛❧❡❡♥❡r ❬✶✷✵❪✮✳
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❋✐❣✳ ✸✳✶✵✿ ❈♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❞❡ ❧❛ s✐❧✐❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡
r❡❝✉✐t✳ ❈❡tt❡ ✜❣✉r❡ ✐❧❧✉str❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ✐♠♣✉r❡tés ❞❡ ❧❛ s✐❧✐❝❡ s✉r ❧❛ st❛❜✐❧✐té ❞❡s
❞é❢❛✉ts ✭❞✬❛♣rès ●r✐s❝♦♠ ❬✶✷✹❪✮✳

❝♦♥❝❡♥tr❛t✐♦♥ ❛♣rès ✐rr❛❞✐❛t✐♦♥ ❬✶✷✷❪ ✭✜❣✉r❡ ✸✳✶✵✮✱ ❛✐♥s✐ q✉❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❡①tér✐❡✉r❡s ❞❡
r❡❝✉✐t ❬✶✷✸❪✳ ▲❛ ♠❛❥♦r✐té ❞❡s ❞é❢❛✉ts s♦♥t r❡❝✉✐ts ❡♥ ❞❡ss♦✉s ❞❡ Tg✳

✸✳✹✳✸ ■rr❛❞✐❛t✐♦♥s ♣❛r ❞❡s ✐♦♥s

▲♦rs ❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡✱ ❧✬é♥❡r❣✐❡ ❡st ❞é♣♦sé❡ ❞❡ ♠❛♥✐èr❡ très ❞✐✛ér❡♥t❡ q✉❡ ❧♦rs
❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ γ ✿ ✭✐✮ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬é♥❡r❣✐❡ ❡st ❞é♣♦sé❡ ♣❛r ❝❤♦❝s ❛✈❡❝ ❧❡s ❛t♦♠❡s ❞❡ ❧❛
❝✐❜❧❡✱ ✭✐✐✮ ❧❡ r❡st❡ ❞❡ ❧✬é♥❡r❣✐❡ ❡st tr❛♥s♠✐s ❛✉① é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡✱ ❝♦♠♠❡ ❧♦rs ❞✬✐rr❛❞✐❛t✐♦♥
γ✱ ♠❛✐s ❛✈❡❝ ❞❡s ❞❡♥s✐tés ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡s✳ ❈❡❧❛ ❢❛✈♦r✐s❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts
❞❡ ♥❛t✉r❡ ❞✐✛ér❡♥t❡ ❞✉ ❝❛s ❞❡s ✐rr❛❞✐❛t✐♦♥s γ ✿ ♦♥ ♦❜s❡r✈❡ ♣❛r ❡①❡♠♣❧❡ ❞❡s ❞é❢❛✉ts B2 ❬✶✷✺❪✱
❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♣✐é❣❡❛❣❡ ❞❡ ❞❡✉① é❧❡❝tr♦♥s s✉r ✉♥❡ ❧❛❝✉♥❡ ❞✬♦①②❣è♥❡ ✭✈✐s✐❜❧❡ ❡♥ ❛❜s♦r♣t✐♦♥
♦♣t✐q✉❡ à 5 eV ♠❛✐s ♣❛s ❡♥ ❘P❊✮✳ ❈❡ ❞❡r♥✐❡r ❞é❢❛✉t ❡st ❡♥ éq✉✐❧✐❜r❡ ❛✈❡❝ ❧❛ ❧✐❛✐s♦♥ Si−Si✱
q✉✐ ❡❧❧❡ ❛❜s♦r❜❡ à 7, 6 eV ❬✶✷✻❪ ✭❝♦♠♠❡ ❧❡ P❖❘ ❬✶✷✼❪ ♠❛✐s ❝❡ ❞❡r♥✐❡r ❡st ✈✐s✐❜❧❡ ❡♥ ❘P❊✱ ❝❡
q✉✐ ♣❡r♠❡t ❞❡ ❧❡s ❞✐✛ér❡♥❝✐❡r✮✳ ▲❡s ❞✐✛ér❡♥❝❡s ❞❡ ♠♦❞❡ ❞❡ ❞é♣ôt ❞✬é♥❡r❣✐❡ ✐♥❞✉✐s❡♥t ❛✉ss✐
❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s ♣r♦♣♦rt✐♦♥s ❞❡ ❞é❢❛✉ts ♦❜s❡r✈❛❜❧❡s✳ P❛r ❡①❡♠♣❧❡ ❧❡s tr♦✉s ♣❡✉✈❡♥t s❡
♣✐é❣❡r s✉r ❧❡s ❛t♦♠❡s ❞✬♦①②❣è♥❡ ♣♦✉r ❞♦♥♥❡r ❞❡s P❖❘ ❡t ❞❡ ◆❇❖❍❈✱ ♠❛✐s ♦♥ ♦❜s❡r✈❡r❛
♠❛❥♦r✐t❛✐r❡♠❡♥t ❧❡s ♣r❡♠✐❡rs ❧♦rs ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ❬✶✷✼✱ ✶✷✽❪ ✭♣❧✉s ❣é♥ér❛❧❡♠❡♥t
❧♦rsq✉❡ ❧❛ ❞❡♥s✐té ❞❡ ❞é♣ôt ❞✬é♥❡r❣✐❡ ❡st ❢♦rt❡ ❬✶✷✾❪✮ ❡t ♣❧✉tôt ❧❡s s❡❝♦♥❞s ❧♦rs ❞✬✐rr❛❞✐❛t✐♦♥s
à ❢❛✐❜❧❡ ❞❡♥s✐té ❞❡ ❞é♣ôts ❞✬é♥❡r❣✐❡ ✭❡✳❣✳ ✐rr❛❞✐❛t✐♦♥ γ ❝✐✲❞❡ss✉s✮✳ ▲❛ ♣❧✉s ❣r❛♥❞❡ ❉❊❉ ❞❛♥s
❧❡ ❝❛s ❞❡s ✐♦♥s ✐♥❞✉✐t ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ❞❡♥s✐té ❞❡ ❞é♣❧❛❝❡♠❡♥ts q✉❡ ❧♦rs ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ✳

❍♦s♦♥♦ ❡t ❛❧✳ ❬✶✷✾❪ ♦♥t très ❜✐❡♥ ♠♦♥tré q✉❡ ❧❛ ❝♦♠♣♦s❛♥t❡ é❧❡❝tr♦♥✐q✉❡ ❞✉ r❛❧❡♥t✐ss❡♠❡♥t
❡st r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❞❡ t②♣❡ ❋r❡♥❦❡❧ ❡♥ ♦①②❣è♥❡✱ ♠❛❧❣ré ❧✬❛❜s❡♥❝❡ ❞❡
t♦✉t ❞é♣❧❛❝❡♠❡♥t ❞✬❛t♦♠❡s ❞❡ ❧❛ ♠❛tr✐❝❡ ♣❛r ❝❤♦❝s ❛✈❡❝ ❧✬✐♦♥ ✐♥❝✐❞❡♥t✳ ▲✬✐rr❛❞✐❛t✐♦♥ ❞❡ SiO2

♣❛r ✉♥ H 10 MeV ❝♦♥❞✉✐t ❡♥ ❡✛❡t à ✉♥❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ s♦✉s ❢♦r♠❡ é❧❡❝tr♦♥✐q✉❡ à ✾✾✱✾✾
✪✳ ❈✬❡st ❧❛ très ❢♦rt❡ ❞❡♥s✐té ❞✬❡①❝✐t❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ q✉✐ ✐♥❞✉✐t ❞❡s ❞é♣❧❛❝❡♠❡♥ts ❡t ré❛r✲



✻✼

❋✐❣✳ ✸✳✶✶✿ ❱❛r✐❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ✭❛✮ ❧✐❛✐s♦♥s Si − Si✱ ✭❜✮ P❖❘✱ ✭❝✮
❊✬ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❛♣rès ✐rr❛❞✐❛t✐♦♥ ♣❛r H 10 MeV ❞❛♥s SiO2✳ ❊♥
❡♥❝❛rt ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ t♦t❛❧❡ ❞❡ ❧✐❛✐s♦♥s Si− Si ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
✢✉❡♥❝❡ ❞✬✐rr❛❞✐❛t✐♦♥ F ✿ ❧❛ ✈❛r✐❛t✐♦♥ ❡♥ F 0,65 ♥❡ ❝♦rr❡s♣♦♥❞ ♣❛s à ✉♥ ré❣✐♠❡ ❞❡
❝ré❛t✐♦♥ tr❛❝❡ ♣❛r tr❛❝❡✳ ❉✬❛♣rès ❬✶✷✾❪✳

r❛♥❣❡♠❡♥ts ❞❡s ❧✐❛✐s♦♥s ❡♥tr❡ ❧❡s ❝♦♥st✐t✉❛♥ts ❞✉ ✈❡rr❡ ❬✶✸✵✱ ✾✸✱ ✾✹❪✳ ❍♦s♦♥♦ ❡t ❛❧✳ ♦❜s❡r✈❡♥t
❛✐♥s✐ ❧❛ ❝ré❛t✐♦♥ ❡♥ q✉❛♥t✐té éq✉✐✈❛❧❡♥t❡✱ ❡t ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡
✭✜❣✉r❡ ✸✳✶✶✮✱ ❞❡ ❧❛❝✉♥❡s ❡♥ ♦①②❣è♥❡ ✭Si − Si ❡t ❊✬✮ ❡t ❞✬✐♥t❡rst✐t✐❡❧s ✭P❖❘✱ O2✮✳ ▲❡s ❛✉✲
t❡✉rs ♠❡s✉r❡♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ✺ ♣❛✐r❡s ❞❡ ❋r❡♥❦❡❧ ♣❛r H 10 MeV ✱ s♦✐t ✉♥❡ ❡✣❝❛❝✐té ❞❡
❝ré❛t✐♦♥ ❞✬❡♥✈✐r♦♥ 5× 10−7 eV −1 ✭❉❡✈✐♥❡ ❬✶✸✶❪ ❝♦♥✜r♠❡ ❝❡t ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❡♥ tr♦✉✈❛♥t
5 × 10−7 eV −1 ♣♦✉r ❞❡s H ❞❡ 70 keV ✮✳

❙✐ à ❧✬✐♥✈❡rs❡✱ ♦♥ ré❛❧✐s❡ ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ❛✈❡❝ ✉♥ ✐♦♥ ♣❧✉s ❧♦✉r❞ q✉❡ ❧❛ ♠❛tr✐❝❡✱ ❧❡ r❛❧❡♥✲
t✐ss❡♠❡♥t ❡st ♠❛❥♦r✐t❛✐r❡♠❡♥t ♥✉❝❧é❛✐r❡✳ ▲❡s ❞é♣❧❛❝❡♠❡♥ts ❛t♦♠✐q✉❡s q✉❡ ❧❡ ♣❛ss❛❣❡ ❞❡ ❧✬✐♦♥
♣r♦✈♦q✉❡ s♦♥t ❛✉ss✐ ✉♥❡ s♦✉r❝❡ ✐♥tr✐♥sèq✉❡ ❞❡ ❝ré❛t✐♦♥ ❞❡ ❞é❢❛✉ts✱ ❡t ♥♦t❛♠♠❡♥t ❞❡ t②♣❡
❋r❡♥❦❡❧ ❛♥❛❧♦❣✉❡s à ❝❡✉① q✉❡ ❧✬♦♥ tr♦✉✈❡ s♦✉s ❧✬❡✛❡t ❞✬✉♥ r❛❧❡♥t✐ss❡♠❡♥t ❞❡ ♥❛t✉r❡ é❧❡❝tr♦✲
♥✐q✉❡ ❬✶✸✷❪✳
▲❡s ♣r♦❝❡ss✉s ✐♥tr✐♥sèq✉❡s ♣❡✉✈❡♥t êtr❡ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧♦rsq✉❡ ❧❡s ✢✉❡♥❝❡s ❞✬✐♠♣❧❛♥t❛t✐♦♥
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❋✐❣✳ ✸✳✶✷✿ ■♠♣❧❛♥t❛t✐♦♥ ❞✬✐♦♥s ❈r ❞❡ 160 keV ❞❛♥s SiO2 ✿ ✭❛✮ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s
❞é❢❛✉ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✢✉❡♥❝❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭ré❣✐♠❡ ❞❡ ❤❛✉t❡ ✢✉❡♥❝❡✮✳ ✭❜✮
❈♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ♣♦✉r ✉♥❡ ✢✉❡♥❝❡ ❞❡ 5 ×
1015 cm−2✳ ❉✬❛♣rès ❬✶✸✷❪✳

s♦♥t ❢❛✐❜❧❡s ♦✉ ❧♦rsq✉✬♦♥ ✉t✐❧✐s❡ ✉♥ ❣❛③ r❛r❡✳ ▲✬❡✛❡t ❝❤✐♠✐q✉❡ ❞❡ ❧✬✐♦♥ ✐♠♣❧❛♥té s✉r ❧❛ ♥❛t✉r❡
❡t ❧❛ q✉❛♥t✐té ❞❡ ❞é❢❛✉ts ❝réés ❡st ❛❧♦rs ♥é❣❧✐❣❡❛❜❧❡✳ ❉❡✈✐♥❡ ❬✶✸✸❪ ❛ ♣❛r ❡①❡♠♣❧❡ ♠♦♥tré ♣❛r
✐♠♣❧❛♥t❛t✐♦♥ à ❜❛ss❡ ✢✉❡♥❝❡ ✭1011 − 1015cm−2✮ ❞❡ O✱ N ✱ Ne✱ Ar✱ As✱ Sb✱ Bi à ❞❡s é♥❡r❣✐❡s
❛❧❧❛♥t ❞❡ 30 à 300 keV ✭✺✵ ✪ ❞❡ ❧✬é♥❡r❣✐❡ ❞é♣♦sé❡ s♦✉s ❢♦r♠❡ ♥✉❝❧é❛✐r❡✮ q✉❡ ❧❡s ❝❡♥tr❡s ❊✬
s♦♥t ❝réés ❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞❡ ❧❛ ❝❛s❝❛❞❡ ❞❡ ❝♦❧❧✐s✐♦♥ ✿ ❧❡ ♣r♦✜❧ ❞❡ ❝❡s ❞é❢❛✉ts s✉✐t ❧❡ ♣r♦✜❧
❞❡ ❞♦♠♠❛❣❡ ♥✉❝❧é❛✐r❡ t❡❧ q✉❡ ❞♦♥♥é ♣❛r ❙❘■▼ ❬✶✸✹❪✳ ▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❡♥ ❢♦♥❝✲
t✐♦♥ ❞❡ ❧❛ ✢✉❡♥❝❡ ♥❡ s✉✐t ♣❛s str✐❝t❡♠❡♥t ❧✬éq✉❛t✐♦♥ ✭✸✳✹✹✮ ❝❛r ✉♥❡ ♣❛rt✐❡ ❞❡s ❞é❢❛✉ts s♦♥t
✧r❡❝✉✐ts✧ ❧♦rs ❞✉ r❡❝♦✉✈r❡♠❡♥t ❞❡s ❝❛s❝❛❞❡s✳ ▲✬❡✣❝❛❝✐té ❞❡ ❝ré❛t✐♦♥ ❞❡ ❊✬ ❛ été é✈❛❧✉é❡ à
5×10−4 eV −1✱ s♦✐t ✶✵✵✵ ❢♦✐s ♣❧✉s q✉❡ ❧✬❡✣❝❛❝✐té ❞❡ ❝ré❛t✐♦♥ ♣❛r r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✳
P♦✉r ❞❡s ✢✉❡♥❝❡s ♣❧✉s ✐♠♣♦rt❛♥t❡s ✭s✉♣ér✐❡✉r❡s à 1016 cm−2✮✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❧✬✐♦♥
✐♠♣❧❛♥té ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ ❥♦✉❡ ✉♥❡ rô❧❡ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞ét❡r♠✐♥❛♥t ❞❛♥s ❧❛ ♥❛t✉r❡ ❞❡s ❞é✲
❢❛✉ts ❢♦r♠és ✿ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞✬✉♥ é❧é♠❡♥t ❞❡ tr❛♥s✐t✐♦♥ ❝♦♠♠❡ ❧❡ ❝❤r♦♠❡ ❬✶✸✷❪ à ❞❡s ✢✉❡♥❝❡s
❞❡ 1016 cm−2 ♣♦♠♣❡ ❧✬♦①②❣è♥❡ ❞✉ rés❡❛✉ ❡t ❝♦♥❞✉✐t à ❧❛ ❢♦r♠❛t✐♦♥ ♠❛❥♦r✐t❛✐r❡ ❞❡ ❞é❢❛✉ts
❞é✜❝✐❡♥ts ❡♥ ♦①②❣è♥❡ ✭B2✱ Si − Si ✲ ✜❣✉r❡ ✸✳✶✷✮✳ ❉❡ ♠❛♥✐èr❡ s②♠♣t♦♠❛t✐q✉❡✱ ❉❡rr②❜❡rr②
❬✶✸✺❪ ♠♦♥tr❡ ❧❛ ❢♦r♠❛t✐♦♥ ♣ré❢ér❡♥t✐❡❧❧❡ ❞❡ P❖❘ ♣❛r ✉♥❡ ✐♠♣❧❛♥t❛t✐♦♥ ❞✬♦①②❣è♥❡✳ ❍♦s♦♥♦
❬✶✸✻✱ ✶✸✼❪ ❛ s②sté♠❛t✐sé ❝❡tt❡ ❛♣♣r♦❝❤❡ ❡♥ ♠♦♥tr❛♥t q✉❡ ❧❛ ♥❛t✉r❡ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts
❞❛♥s ❧❡ ré❣✐♠❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ♥✬♦❜é✐t ♣❛s à ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s s✉r ❧❡ ♠♦❞❡ ❞❡ ❞é♣ôt ❞✬é♥❡r❣✐❡
✭é❧❡❝tr♦♥✐q✉❡ ♦✉ ♥✉❝❧é❛✐r❡✮ ♠❛✐s ♣❧✉tôt s✉r ❧❛ ♥❛t✉r❡ ❝❤✐♠✐q✉❡ ❞❡ ❧✬✐♠♣❧❛♥t✱ ❡♥ ♣❛rt✐❝✉❧✐❡r
❧❡✉r é❧❡❝tr♦♥é❣❛t✐✈✐té ✭♣❛r❛♠ètr❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞❛♥s ❧❡ s❡♥s ♦ù ✐❧ ♣❡r♠❡t ❞❡ ❝♦♠♣❛r❡r
❧❡s st❛❜✐❧✐tés ❞❡ ❧✐❛✐s♦♥s✮✳ ▲❡s ✐♠♣❧❛♥ts é❧❡❝tr♦♣♦s✐t✐❢s M ♣♦♠♣❡♥t ❧✬♦①②❣è♥❡ ❞✉ rés❡❛✉ ♣♦✉r
❢♦r♠❡r ❞❡s ❧✐❛✐s♦♥s M −O ❡♥ ❧❛✐ss❛♥t ❞❡s ❞é❢❛✉ts ❞✉ t②♣❡ ❧❛❝✉♥❡s ❡♥ ♦①②❣è♥❡ ❡♥ ❝♦♥❝❡♥tr❛✲
t✐♦♥ ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ❞❡ ❧✬✐♠♣❧❛♥t ❀ ❛❧♦rs q✉❡ ❧❡s ✐♠♣❧❛♥ts é❧❡❝tr♦♥é❣❛t✐❢s ré❛❣✐ss❡♥t ❛✈❡❝
Si ♣♦✉r ❢♦r♠❡r ❞❡s ❧✐❛✐s♦♥s Si− A✱ ❛✈❡❝ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❞❡ t②♣❡
✐♥t❡rst✐t✐❡❧s ❡♥ ♦①②❣è♥❡ ✭P❖❘ ♦✉ O2✮✳ ▲❡s ❞é❢❛✉ts s♦♥t ❢♦r♠és ❡♥ q✉❛♥t✐té ❝♦♠♣❛r❛❜❧❡ à
❝❡❧❧❡ ❞❡ ❧✬✐♠♣❧❛♥t✳
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❋✐❣✳ ✸✳✶✸✿ ▲❛ ♥❛t✉r❡ ❡t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❡♥ ré❣✐♠❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ à
❤❛✉t❡ ✢✉❡♥❝❡ ❡st ❝♦rré❧é❡ à ❧✬é❧❡❝tr♦♥é❣❛t✐✈✐té ✭❚❛❜❧❡❛✉ ■✮ ♣❧✉tôt q✉✬à ❧❛ ♥❛t✉r❡ ❞✉
r❛❧❡♥t✐ss❡♠❡♥t ✭❚❛❜❧❡❛✉ ■■✮✳ ❉✬❛♣rès ❬✶✸✼❪✳
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▲❡ r❡❝✉✐t ❞❡s ❞é❢❛✉ts ❊✬ ❝réés ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ ✐♦♥✐q✉❡ ❛ été ét✉❞✐é ♣❛r ❉❡✈✐♥❡ ❬✶✸✹✱ ✶✸✶❪✳
▲❛ ❝✐♥ét✐q✉❡ ❞❡ r❡❝✉✐t ❞é♣❡♥❞ ❢❛✐❜❧❡♠❡♥t ❞❡ ❧❛ ✢✉❡♥❝❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭1012 − 1015 cm−2✮✱
❡t s❡ ❢❛✐t ❡♥tr❡ 100 ❡t 300✝C✱ ❝♦♠♠❡ ❧❡s ❊✬ ❝réés ♣❛r ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ♣❤♦t♦♥s✳ ▲❡s ♠é❝❛✲
♥✐s♠❡s ❞❡ r❡❝✉✐t ❞❡ ❝❡s ❞é❢❛✉ts ♥✬❡st ❝❡♣❡♥❞❛♥t ♣❛s ❝❧❛r✐✜é ✿ ♦♥ ♣❡✉t ❡♥✈✐s❛❣❡r ❧❛ ❝❛♣t✉r❡ ❞✬✉♥
tr♦✉ ✭tr❛♥s❢♦r♠❛t✐♦♥ ❡♥ B2✮✱ ❞✬✉♥ ♦①②❣è♥❡ ✭tr❛♥s❢♦r♠❛t✐♦♥ ❡♥ ◆❇❖❍❈✮✱ ♦✉ ❞✬✉♥❡ ♠♦❧é❝✉❧❡
❞❡ O2 ✭tr❛♥s❢♦r♠❛t✐♦♥ ❡♥ P❖❘✮✱ ♦✉ ❜✐❡♥ ❡♥❝♦r❡ ❧❛ r❡❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❧✐❛✐s♦♥ Si−O−Si✳ ▲❛
r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞é❢❛✉ts ❡st ✉♥ ♣r♦❝❡ss✉s ❝♦♠♣❧❡①❡ ❞✉ ❢❛✐t ❞❡ ❧❡✉r ♠✉❧t✐♣❧✐❝✐té ❞❡ ♥❛t✉r❡✳
❖♥ ♣♦✉rr❛✱ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥ ❞❡ ♣❤♦t♦♥s ❧❡s ❝♦♥s✐❞ér❡r ❝♦♠♠❡ ❞❡s ré❛❝t✐♦♥s
r❡❞♦① ❡♥tr❡ ❞✬✉♥❡ ♣❛rt ❧❡s ❢♦rts ♦①②❞❛♥ts q✉❡ s♦♥t ❧❡s tr♦✉s ♣✐é❣és ❡t ❧❡s ❢♦rts ré❞✉❝t❡✉rs
q✉❡ s♦♥t ❧❡s é❧❡❝tr♦♥s ♣✐é❣és✳ ▲❛ ✈✐t❡ss❡ ❞❡ ❝❡s ré❛❝t✐♦♥s r❡❞♦① ❞é♣❡♥❞r❛ ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té
❞❡ r❡♥❝♦♥tr❡ ❞❡ ❝❡s é❧é♠❡♥ts ❡t ❞♦♥❝ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✱ ✈✐❛ ❧❡✉r ❞✐✛✉s✐♦♥✳ P❛r ❛✐❧❧❡✉rs ✐❧
❡st ♣r♦❜❛❜❧❡ q✉❡ ❧❡ r❡❝✉✐t ❞❡s ❞é❢❛✉ts ❢❛ss❡ ✐♥t❡r✈❡♥✐r ❞❡s ré❛rr❛♥❣❡♠❡♥ts ❞❡ ❧❛ str✉❝t✉r❡ à
♠♦②❡♥♥❡ ♣♦rté❡ ❞✉ ✈❡rr❡ ✿ ❉❡✈✐♥❡ ❬✶✸✶❪ ❛ ❡♥ ❡✛❡t ♠♦♥tré q✉❡ ❧❡ r❡❝✉✐t ❡♥tr❡ 150 ❡t 300✝C ❞❡s
❝❡♥tr❡s ❊✬ ❡st ré✈❡rs✐❜❧❡ ✭❞✐✛✉s✐♦♥✴♣✐é❣❡❛❣❡ ❞❡ ❧✬♦①②❣è♥❡✱ ❢♦r♠❛t✐♦♥ ❞❡ P❖❘✮ ❡t q✉✬✐❧ ❢❛✉t
r❡❝✉✐r❡ ❛✉ ❞❡ss✉s ❞❡ 500✝C ♣♦✉r ♦❜t❡♥✐r ✉♥ r❡❝✉✐t ✐rré✈❡rs✐❜❧❡ ❞❡s ❝❡♥tr❡s ❊✬ ✭r❡❢♦r♠❛t✐♦♥
❞✉ rés❡❛✉ ❈❘◆✮✳

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s r❡❧✐♦♥s ❧❡s ❡✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ à ❞❡s ❡✛❡ts r❡❞♦①
❞❡s ❞é❢❛✉ts✳ ◆♦✉s ♥❡ ♥♦✉s ♣ré♦❝❝✉♣❡r♦♥s ♣❛s ❞❡ ❝❡s é✈❡♥t✉❡❧❧❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧❛ str✉❝t✉r❡
à ♠♦②❡♥♥❡ ♣♦rté❡ ❡t r❛✐s♦♥♥❡r♦♥s ✉♥✐q✉❡♠❡♥t ❡♥ t❡r♠❡ ❞✬é❧❡❝tr♦♥s ❡t ❞❡ tr♦✉s ♣✐é❣és ❡t
❞❡s ré❛❝t✐♦♥s ❡♥tr❡ ❝❡s ❞❡✉① ♣♦♣✉❧❛t✐♦♥s✳ ❉❛♥s ❝❡ ❝❛❞r❡ ❞✬✐♥t❡r♣rét❛t✐♦♥✱ ❧❡s ❡✛❡ts ❞❡ ❧❛
♥❛t✉r❡ ❞✉ r❛❧❡♥t✐ss❡♠❡♥t ❞❡s ✐♦♥s s❡ ♠❛♥✐❢❡st❡♥t ♣❛r ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s
❞✐✛ér❡♥ts ❞é❢❛✉ts ✭❡ss❡♥t✐❡❧❧❡♠❡♥t ❧❡s ♣❛✐r❡s ❞❡ ❋r❡♥❦❡❧ ❡♥ ♦①②❣è♥❡ ❞❛♥s SiO2✮ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✳



❈❤❛♣✐tr❡ ✹

❚❡❝❤♥✐q✉❡s ❡①♣ér✐♠❡♥t❛❧❡s

✹✳✶ ❙②♥t❤ès❡ ❞❡ ✈❡rr❡s

▲❛ s②♥t❤ès❡ ❞❡s ✈❡rr❡s ❛ été ❡✛❡❝t✉é❡ ❛✉ ❈❡♥tr❡ ❊✉r♦♣é❡♥ ❞❡ ❘❡❝❤❡r❝❤❡ ❞❡ ❈♦r♥✐♥❣ ❞❡
❋♦♥t❛✐♥❡❜❧❡❛✉✳ ▲❡s ♠❛t✐èr❡s ♣r❡♠✐èr❡s ✉t✐❧✐sé❡s s♦♥t ❞✉ q✉❛rt③ ✐ss✉ ❞❡s s❛❜❧❡s ❞❡ ❧❛ ré❣✐♦♥ ❞❡
❋♦♥t❛✐♥❡❜❧❡❛✉✱ ❧❡s ❛❧❝❛❧✐♥s ❡t ❧❡s ❛❧❝❛❧✐♥♦✲t❡rr❡✉① s♦♥t ❛❥♦✉tés s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ♥✐tr❛t❡ ✭❛✜♥
❞✬❛✈♦✐r ✉♥ ✈❡rr❡ à ❝❛r❛❝tèr❡ ♦①②❞❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡s ✈❡rr❡s à ❧✬❛r❣❡♥t✮ ❡t ❞❡ ❝❛r❜♦♥❛t❡✳

✹✳✶✳✶ ❱❡rr❡s à ❧✬❛r❣❡♥t

▲❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ ✉t✐❧✐sé❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✭❡♥ ✪ ♠♦❧é❝✉❧❛✐r❡✮ ✿

SiO2 ✼✹
NaO ✶✻
Ca2O ✶✵

▲✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❛ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ♠✐s❡ ❛✉ ♣♦✐♥t ❝❛r ✐❧ ❡st très ♣❡✉ s♦❧✉❜❧❡
s♦✉s ❢♦r♠❡ Ag+ ❞❛♥s ❧❡s ✈❡rr❡s s✐❧✐❝❛t❡s✳
▲✬ét✉❞❡ ❞❡s ❡✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥ s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ♣♦s❡ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ♣♦ss✐❜❧❡ ♥❡✉tr❛❧✐s❛✲
t✐♦♥ ❞❡s ✐♦♥s Ag+ ♣rés❡♥ts ❞❛♥s ❧❛ ♠❛tr✐❝❡ ♣❛r ❧❡ r❛②♦♥♥❡♠❡♥t ✐♦♥✐s❛♥t✳ ■❧ ❡st ❞♦♥❝ ❡ss❡♥t✐❡❧
❞❡ s✬❛✛r❛♥❝❤✐r ❞❡s ❡✛❡ts ❞❡ ♥❡✉tr❛❧✐s❛t✐♦♥ ❛ss♦❝✐és à ❞❡s ❛❞❞✐t✐❢s t❡❧s q✉❡ Sn ♦✉ Sb✱ q✉✐ s♦♥t
❞✬❤❛❜✐t✉❞❡ ❛❥♦✉tés ❞❛♥s ❝❡ t②♣❡ ❞❡ ✈❡rr❡s ❡t ❞♦♥t ❧❡ rô❧❡ ❡st ❞♦✉❜❧❡ ✿ ✭✐✮ ♦①②❞❡r ❧✬❛r❣❡♥t ❞❛♥s
❧❛ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ❢✉s✐♦♥ ❞✉ ✈❡rr❡ ✭T > 1000✝C✮ ❡t ❞♦♥❝ é✈✐t❡r q✉❡ ❝❡❧✉✐✲❝✐
♥❡ ♣ré❝✐♣✐t❡ ❧♦rsq✉❡ ❧✬♦♥ ❝♦✉❧❡ ❧❡ ✈❡rr❡ ❀ ✭✐✐✮ ❛ss✐st❡r ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❧♦rs ❞✬✉♥ r❡❝✉✐t
❞❡ ❝r♦✐ss❛♥❝❡ ✉❧tér✐❡✉r✳ ❊♥ ❧✬❛❜s❡♥❝❡ ❞❡ t❡❧s ❛❞❞✐t✐❢s✱ ✉♥❡ ♠✐s❡ ❛✉ ♣♦✐♥t ❞❡ ❧❛ s②♥t❤ès❡ ❡st
♥é❝❡ss❛✐r❡ ❡t ❛ été ♠❡♥é❡ ❡♥ ❞❡✉① ét❛♣❡s ✿ ✭✐✮ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ❞ét❡r♠✐♥é
❧❛ q✉❛♥t✐té ♠❛①✐♠✉♠ ❞✬❛r❣❡♥t q✉❡ ❧✬♦♥ ♣♦✉✈❛✐t ✐♥tr♦❞✉✐r❡ ❞❛♥s ❧❡ ✈❡rr❡ s✐❧✐❝❛t❡ ❝✐✲❞❡ss✉s✱
❝♦♠♣t❡ t❡♥✉ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢✉s✐♦♥ ✭❛t♠♦s♣❤èr❡ ❞✉ ❢♦✉r✱ ♣♦ss✐❜✐❧✐té ❞❡ ❜❛❧❛②❛❣❡ ❞❡ ❖2✮ ❀
✭✐✐✮ ♥♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ❞ét❡r♠✐♥é ❧❛ ❜♦♥♥❡ ♣r♦❝é❞✉r❡ ♣♦✉r q✉❡ ❧❡ ✈❡rr❡✱ ❡t ♣❛r ✈♦✐❡ ❞❡ ❝♦♥sé✲
q✉❡♥❝❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛r❣❡♥t✱ s♦✐t ❧❡ ♣❧✉s ❤♦♠♦❣è♥❡ ♣♦ss✐❜❧❡✳
▲❡s ♣r❡♠✐❡rs ❡ss❛✐s ♦♥t ❝♦♥s✐sté ❡♥ ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞✬❛r❣❡♥t s♦✉s ❢♦r♠❡ ❞❡ ♥✐tr❛t❡ ❡♥ ♣♦✉❞r❡ ✿
❧❡s ✈❡rr❡s ❝♦♥t❡♥❛♥t ❞❡s q✉❛♥t✐tés ❞✬❛r❣❡♥t ♣r♦❝❤❡ ❞❡ s❛ ❧✐♠✐t❡ ❞❡ s♦❧✉❜✐❧✐té ❧❛✐ss❛✐❡♥t ✈♦✐r
❛♣rès ❢✉s✐♦♥ ❞❡s t❛❝❤❡s ❥❛✉♥❡s ❞❛♥s ❧❛ ♠❛ss❡✱ ✐♥❞✐q✉❛♥t ✉♥❡ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛r❣❡♥t ❡t ❞♦♥❝
✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ très ❤étér♦❣è♥❡✳ ▲❡s ❡ss❛✐s s✉✐✈❛♥ts ♦♥t ❞♦♥❝ ❝♦♥s✐sté à ❞✐ss♦✉❞r❡ ❧❡ ♥✐✲
tr❛t❡ ❞✬❛r❣❡♥t ❞❛♥s ❡♥✈✐r♦♥ 100 mL ❞✬❡❛✉ ❞és✐♦♥✐sé❡ ✭♣♦✉r 1 kg ❞❡ ✈❡rr❡✮ ♣✉✐s ❞✬❤✉♠✐❞✐✜❡r
❧❛ ❝♦♠♣♦s✐t✐♦♥ ❛✈❛♥t s♦♥ ❡♥❢♦✉r♥❡♠❡♥t✳ ❈❡tt❡ ♣r♦❝é❞✉r❡ ❛ ♣❡r♠✐s ❞✬é✈✐t❡r ❧❛ ♣rés❡♥❝❡ ❞❡

✼✶



✼✷

t❛❝❤❡s ❥❛✉♥❡s ❞❛♥s ❧❛ ♠❛ss❡ ❞✉ ✈❡rr❡✱ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬❛r❣❡♥t s❡ r❡tr♦✉✈❡ ♥é❛♥♠♦✐♥s ❛✉ ❢♦♥❞
❞✉ ❝r❡✉s❡t✳ ❯♥ ❞♦s❛❣❡ ♣❛r ■❈P ♠❛ss❡ s✉r ❞❡s ♣ré❧è✈❡♠❡♥ts à ❞❡s ❡♥❞r♦✐t ❞✐✛ér❡♥ts ❞✉ ❜❧♦❝
❞❡ ✈❡rr❡ ✐ss✉s ❞❡ ❧❛ ❢✉s✐♦♥ ❛ ♠♦♥tré ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛r❣❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡
✶✵ ✪✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡ ✈❡rr❡ ❡①❤✐❜❛✐t ❞❡s ✐♥❞✐❝❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✬✐♥❤♦♠♦❣é♥é✐tés t❡❧❧❡s q✉❡
❞❡s ❝♦r❞❡s ✭✈❛r✐❛t✐♦♥s ❞✬✐♥❞✐❝❡ ❞✉ ✈❡rr❡ ❧✐é❡s à ❞❡s ✐♥❤♦♠♦❣é♥é✐tés ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✮✳ ❆✜♥
❞❡ ré❣❧❡r ❝❡ ♣r♦❜❧è♠❡✱ ❧❡s ✈❡rr❡s ✐ss✉s ❞❡ ❝❡tt❡ ♣r❡♠✐èr❡ ❢✉s✐♦♥ ♦♥t été ❜r♦②és ❡t r❡❢♦♥❞✉s✳
❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♠❛①✐♠❛❧❡ ❞✬❛r❣❡♥t ✐♥tr♦❞✉✐t❡ ❞❛♥s ❧❡ ✈❡rr❡ ♣❛r ❝❡tt❡
♣r♦❝é❞✉r❡ ❛ été ❞❡ 150 ppm ❛t♦♠✐q✉❡ ✭appm✮ ❞✬❛r❣❡♥t✳

✹✳✶✳✷ ❱❡rr❡s ❛✉ Pb

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ✉♥❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡ ♥❛♥♦❝r✐s✲
t❛✉① ❞❡ PbS ❞❛♥s ❧❡s ✈❡rr❡s ✭❝❤❛♣✐tr❡ ✽✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à ✐♠♣❧❛♥t❡r ❞✉ s♦✉❢r❡ ❞❛♥s
❞❡s ✈❡rr❡s ❛✉ Pb ❛✈❛♥t ❞❡ r❡❝✉✐r❡ ♣♦✉r ❞é✈❡❧♦♣♣❡r ❧❛ ❝r♦✐ss❛♥❝❡✳ ❉❡ ♥♦♠❜r❡✉s❡s ❝♦♠♣♦s✐t✐♦♥s
❞❡ ✈❡rr❡s s♦♥t s✉s❝❡♣t✐❜❧❡s ❞✬✐♥té❣r❡r ❞✉ Pb✳ ▲❡s ❞✐✛ér❡♥t❡s ❝♦♠♣♦s✐t✐♦♥s ❝❤♦✐s✐❡s ❞❛♥s ❝❡
tr❛✈❛✐❧ s♦♥t ♣rés❡♥té❡s ❛✉ ❝❤❛♣✐tr❡ ✽✳ ❈❡s ✈❡rr❡s ♦♥t ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ tr❛♥s✐t✐♦♥ ✈✐tr❡✉s❡
❞❛♥s ❧❛ ❣❛♠♠❡ ❬500 − 570❪ ✝C✳ P❧✉s ✐❧s ❝♦♥t✐❡♥♥❡♥t ❞❡ ♣❧♦♠❜✱ ♣❧✉s ✐❧s s♦♥t ❧✐q✉✐❞❡s à ✉♥❡
t❡♠♣ér❛t✉r❡ ❞❡ ❢✉s✐♦♥ ❞♦♥♥é❡✱ ❝❡ q✉✐ ❛ ❢❛❝✐❧✐té ❧✬♦❜t❡♥t✐♦♥ ❞❡ ✈❡rr❡s ❞❡ ❜♦♥♥❡ q✉❛❧✐té✳ ❆♣rès
♠é❧❛♥❣❡ ❞❡s ♠❛t✐èr❡s ♣r❡♠✐èr❡s✱ ❝❡s ✈❡rr❡s ♦♥t été ❢♦♥❞✉s ❡♥ ❝r❡✉s❡t ❞❡ s✐❧✐❝❡ ♣✉r❡ ✈❡rs 1500
✝C ♣❡♥❞❛♥t 3 h✱ s♦✉s ❛✐r✱ ♣✉✐s ❝♦✉❧és ❡♥ ♠♦✉❧❡ ❞❡ ❣r❛♣❤✐t❡ s✉r ♠❛r❜r❡ ❞✬❛❝✐❡r✱ ❛✈❛♥t ❞✬êtr❡
❡♥❢♦✉r♥és ♣♦✉r r❡❝✉✐t ✈❡rs Tg ♣♦✉r r❡❧❛①❡r ❧❡s ❝♦♥tr❛✐♥t❡s ♠é❝❛♥✐q✉❡s ❛❝❝✉♠✉❧é❡s ❧♦rs ❞❡ ❧❛
❝♦✉❧é❡✳
▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ rés✉❧t❛♥t❡ ❞❡ Pb ❞❛♥s ❝❡s ✈❡rr❡s ♥✬❛ ♣❛s été ♠❡s✉ré❡ ❛♣rès ❢✉s✐♦♥✳ ◆♦✉s
❛✈♦♥s ❞❛♥s ❧❛ s✉✐t❡ ✉t✐❧✐sé ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♥♦♠✐♥❛❧❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❡♥❢♦✉r♥é❡✳

✹✳✶✳✸ Pré♣❛r❛t✐♦♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s

▲❡s ♣❛✈és ❞❡ ✈❡rr❡s ✐ss✉s ❞❡ ❧❛ ❢✉s✐♦♥ s♦♥t ❞é❝♦✉♣és ❡♥ é❝❤❛♥t✐❧❧♦♥s ❞❡ ✺ ♠♠ × ✶✵ ♠♠ ×
✷ ♠♠ ✭♣♦✉r ❧✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡✮ ♦✉ ✷ ♠♠ × ✶✵ ♠♠ × ✷ ♠♠ ✭♣♦✉r ❧❛ ❘P❊✮✳ ▲❡ ♣♦❧✐ss❛❣❡
❞❡s ❢❛❝❡s ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ré❛❧✐sé ❛✈❡❝ ❞❡ ❧✬♦①②❞❡ ❞❡ ❝ér✐✉♠ CeO2 ♣♦✉r ❛tt❡✐♥❞r❡ ✉♥ ♣♦❧✐
♦♣t✐q✉❡✳ ▲❡✉r ♠♦♥t❛❣❡ ♣♦✉r ✐♠♣❧❛♥t❛t✐♦♥ ❡st ❞é❝r✐t à ❧❛ s❡❝t✐♦♥ ✹✳✷✳ ▲❡s r❡❝✉✐ts ♥é❝❡ss❛✐r❡s
♣♦✉r ♣r♦♠♦✉✈♦✐r ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts ♦♥t été ré❛❧✐sés à ❧✬❛✐❞❡ ❞✬✉♥ ❢♦✉r t✉❜✉❧❛✐r❡ ❡♥
q✉❛rt③ s♦✉s ✉♥ ✢✉① ❞✬❛③♦t❡ s❡❝ ♣r♦✈❡♥❛♥t ❞✬✉♥❡ ❜♦✉t❡✐❧❧❡ ❞✬❛③♦t❡ ❧✐q✉✐❞❡ ✭✈♦✐r r❡♠❛rq✉❡s ♣✳
✸✸ s✉r ❧❡ ❝❤♦✐① ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❞❡ r❡❝✉✐t✮✳ ❈❡ ❢♦✉r ♣❡r♠❡t ❞✬❡✛❡❝t✉❡r ❞❡s r❡❝✉✐ts ❞❛♥s ❧❛
❣❛♠♠❡ ❬200 − 1200❪ ✝C✳ ▲❡s é❝❤❛♥t✐❧❧♦♥s s♦♥t ❞✐s♣♦sés ❞❛♥s ✉♥❡ ♥❛❝❡❧❧❡ ❞✬❛❧✉♠✐♥❡✱ ❧❛ ❢❛❝❡
✐♠♣❧❛♥té❡ t♦✉r♥é❡ ✈❡rs ❧❡ ❤❛✉t✳ ▲❡s r❡❝✉✐ts à ❞❡s t❡♠♣ér❛t✉r❡s ✐♥❢ér✐❡✉r❡s ♦♥t été ré❛❧✐sés à
❧✬❛✐❞❡ ❞✬✉♥❡ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡✱ s♦✉s ❛✐r✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❧❛ t❡♠♣ér❛t✉r❡ ❡st ❝♦♥trô❧é❡ ♣❛r
t❤❡r♠♦❝♦✉♣❧❡ ❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❛ ♥❛❝❡❧❧❡✳ ▲♦rs ❞❡ ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❧❛ ♥❛❝❡❧❧❡ ❝♦♥t❡♥❛♥t ❧❡s
é❝❤❛♥t✐❧❧♦♥s ❞❛♥s ❧❡ ❢♦✉r✱ s❛ t❡♠♣ér❛t✉r❡ ♠♦♥t❡ ❡♥ q✉❡❧q✉❡s s❡❝♦♥❞❡s à ✾✵ ✪ ❞❡ ❧❛ ❝♦♥s✐❣♥❡
T ✱ ❡♥ ❞❡✉① à tr♦✐s ♠✐♥✉t❡s à T −10✳ ▲❡ ❝❤r♦♥♦♠ètr❡ ❡st ❞é❝❧❡♥❝❤é à ♣❛rt✐r ❞❡ ❝❡ ♠♦♠❡♥t✲❧à✳
▲❡s ♣r♦❝❡ss✉s ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts ❞❛♥s ❝❡ tr❛✈❛✐❧ ét❛♥t t❤❡r♠✐q✉❡♠❡♥t ❛❝t✐✈és ✭❞✐✛✉s✐♦♥✱
r❡❧❛①❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥✮✱ ♥♦✉s ♥é❣❧✐❣❡r♦♥s ❧❡s ♣❤é♥♦♠è♥❡s ❛②❛♥t ❧✐❡✉ ❞❛♥s ❧❡s ✷✲✸
♣r❡♠✐èr❡s ♠✐♥✉t❡s ❛♣rès ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❧❛ ♥❛❝❡❧❧❡✳ ▲❛ t❡♠♣ér❛t✉r❡ ❞✉ ❢♦✉r ❡st ré❣✉❧é❡ à
1 − 2✝C ❝❡ q✉✐ ❡st ♥é❣❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ❧❛ ❝♦♥s✐❣♥❡ 500 − 1000✝C✳ ■❧ ❢❛✉t ♣❛r ❝♦♥tr❡ ❢❛✐r❡
❛tt❡♥t✐♦♥ à ❞✬é✈❡♥t✉❡❧❧❡s ❞ér✐✈❡s ❞✉❡s à ❧✬✐♥❡rt✐❡ t❤❡r♠✐q✉❡ ❞✉ ❢♦✉r✳



✼✸

✹✳✷ ■♠♣❧❛♥t❛t✐♦♥✲■rr❛❞✐❛t✐♦♥

▲❡s ✐♠♣❧❛♥t❛t✐♦♥s ❡t ✐rr❛❞✐❛t✐♦♥s ❞✬✐♦♥s ♦♥t été ré❛❧✐sé❡s ❛✉ ❈❙◆❙▼✲❖rs❛② s✉r ❧❡s ❛❝❝é✲
❧ér❛t❡✉rs ■❘▼❆ ❡t ❆❘❆▼■❙ ✭✈♦✐r ❛♥♥❡①❡ ❈✮✳

✹✳✷✳✶ ■♥térêt ♣♦✉r ❝❡tt❡ ét✉❞❡

■❘▼❆ ét❛♥t ✉♥ ✐♠♣❧❛♥t❡✉r à ♠♦②❡♥♥❡ é♥❡r❣✐❡✱ ✐❧ ❛ été ✉t✐❧✐sé ❞❛♥s ❝❡ tr❛✈❛✐❧ ♣♦✉r ré❛❧✐s❡r
❞❡s ✐♠♣❧❛♥t❛t✐♦♥s ❞✬é❧é♠❡♥ts à q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛♥♦♠ètr❡s ❞❡ ♣r♦❢♦♥❞❡✉r à ♣❛rt✐r ❞❡
❧❛ s✉r❢❛❝❡ ✿ ✭✐✮ Ag ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ ❡t ❧❡s s✐❧✐❝❛t❡s ♣♦✉r ❧✬ét✉❞❡ ✉❧tér✐❡✉r❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡
❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ✭❧❛ ✜❣✉r❡ ✺✳✶ ♠♦♥tr❡ ✉♥ ❡①❡♠♣❧❡ ❞❡ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞✬✐♦♥s ❛r❣❡♥t
❞❛♥s ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡✮ ❀ ✭✐✐✮ ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❡ Pb+S✱ Pb+Se✱ Pb+Te ❡t Cd+Se
❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ à ♣❛rt✐r ❞✬✉♥ ♣r♦✜❧ ✐♠♣❧❛♥té ✭❞❡ ♥♦♠❜r❡✉①
❡①❡♠♣❧❡s ❞❡ ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❜t❡♥✉ ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ s♦♥t ❞♦♥♥és ❛✉ ❝❤❛♣✐tr❡ ✻✮ ❀
✭✐✐✐✮ ✐♠♣❧❛♥t❛t✐♦♥ ❞❡ S ❞❛♥s ❧❡s ✈❡rr❡s ❛✉ ♣❧♦♠❜ ♣♦✉r ❝r♦✐ss❛♥❝❡ ✉❧tér✐❡✉r❡✳ ▲❡ r❛❧❡♥t✐ss❡✲
♠❡♥t ❞❡ ❝❡s ✐♦♥s ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ♥✉❝❧é❛✐r❡✳ ▲❡ ❧❡❝t❡✉r tr♦✉✈❡r❛ ❞❡s ❡①❡♠♣❧❡s ❞❡ ♣r♦✜❧s
❞✬✐♠♣❧❛♥t❛t✐♦♥ ♠❡s✉ré ♣❛r ♣r♦✜❧♦♠étr✐❡ ❙■▼❙ ❞❛♥s ❧❡s ❛rt✐❝❧❡s ❞✉ ❝❤❛♣✐tr❡ ✻✳
▲♦rsq✉✬✐❧ s✬❛❣✐t ❞✬✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡✱ ❧✬♦r❞r❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❡st ✉♥ ♣❛r❛♠ètr❡ s✉♣♣❧é✲
♠❡♥t❛✐r❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ✿ ❧❛ ♥♦t❛t✐♦♥ A + B ✐♥❞✐q✉❡ q✉❡ ❧✬é❧é♠❡♥t A ❡st ✐♠♣❧❛♥té ❛✈❛♥t
❧✬é❧é♠❡♥t B✳ ❉❛♥s ♥♦s ❡①♣ér✐❡♥❝❡s ❝♦♥❝❡r♥❛♥t ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s ❞❡
Pb✱ ❧❡s ❞✐✛ér❡♥❝❡s ♦❜s❡r✈é❡s ❧♦rsq✉✬♦♥ ✐♥✈❡rs❡ ❧✬♦r❞r❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ♥✬♦♥t ♠♦♥tré q✉❡ ❞❡s
❡✛❡ts ❢❛✐❜❧❡s✱ q✉✐ ♣❡✉✈❡♥t êtr❡ ❛ttr✐❜✉és à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❞✬✐♠♣❧❛♥t❛t✐♦♥
s✉✐✈❛♥t q✉✬✉♥ é❧é♠❡♥t ❞♦♥♥é ❡st ✐♠♣❧❛♥té ❡♥ ♣r❡♠✐❡r ♦✉ ❡♥ ❞❡✉①✐è♠❡ ✭♥♦✉s ❛✈♦♥s ♦❜s❡r✈é
✉♥ t❡❧ ♣❤é♥♦♠è♥❡ ❧♦rs ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❡ Pb ❡t ❞❡ S ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✳✮

❉✉ ❢❛✐t ❞❡ ❧❛ ♣❧✉s ❣r❛♥❞❡ ❣❛♠♠❡ ❞❡ t❡♥s✐♦♥ ❞✬❛❝❝é❧ér❛t✐♦♥✱ ❆❘❆▼■❙ ❛ été ✉t✐❧✐sé ❞❡
♣❧✉s✐❡✉rs ♠❛♥✐èr❡s ❞✐✛ér❡♥t❡s ✿ ✭✐✮ ✐♠♣❧❛♥t❛t✐♦♥ ❞✬✐♦♥s Br ❡t He ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❡✛❡ts
❞✬✐rr❛❞✐❛t✐♦♥ ❡♥ ré❣✐♠❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❀ ✭✐✐✮ ♠✉❧t✐✲
✐♠♣❧❛♥t❛t✐♦♥ ❞❡ S ❞❛♥s ❧❡s ✈❡rr❡s ❛✉ Pb ✭♣❧✉s✐❡✉rs é♥❡r❣✐❡s s♦♥t ✉t✐❧✐sé❡s ❞❡ ♠❛♥✐èr❡ à ré❛❧✐s❡r
✉♥ ♣r♦✜❧ ❝♦♥st❛♥t ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ s✉r 2 µm ❞❡ ♣r♦❢♦♥❞❡✉r✮ ❀ ✭✐✐✐✮ ❝❛r❛❝tér✐s❛t✐♦♥ ❘❇❙ ❞❡
❧❛ s✐❧✐❝❡ ✐♠♣❧❛♥té❡ Pb ✭✈♦✐r ♣❛rt✐❡ ✹✳✹✮✳

▲❡s ♣r♦✜❧s ✭♣r♦❢♦♥❞❡✉r ❞✬✐♠♣❧❛♥t❛t✐♦♥✱ ❧❛r❣❡✉r ❞✉ ♣✐❝✮ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥s ♣❡✉✈❡♥t êtr❡
s✐♠✉❧és ♣❛r ❚❘■▼ ✭s✐♠✉❧❛t✐♦♥ ▼♦♥t❡ ❈❛r❧♦ ❞❡ ❧❛ ♣é♥étr❛t✐♦♥ ❞✬✐♦♥s ❞❛♥s ❧❛ ♠❛t✐èr❡ ❬✽✻❪✮✳ ❖♥
tr♦✉✈❡r❛ ❛✉ss✐ ❞❛♥s ❝❡ ❧♦❣✐❝✐❡❧ ❞❡s t❛❜❧❡s ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❡t ♥✉❝❧é❛✐r❡ é✈❛❧✉é❡
♣♦✉r ❝❤❛q✉❡ ❝♦✉♣❧❡ ✐♦♥✲❝✐❜❧❡✳ ▲❛ ✜❣✉r❡ ✹✳✶ ❞♦♥♥❡ ✉♥ ❡①❡♠♣❧❡ ❞✬✉♥❡ t❡❧❧❡ s✐♠✉❧❛t✐♦♥ ❞❛♥s
❧❡ ❝❛s ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞✉ ✈❡rr❡ s✐❧✐❝❛t❡ à ❧✬❛r❣❡♥t ✉t✐❧✐sé ❞❛♥s ❝❡ tr❛✈❛✐❧ ♣❛r ❞❡s ✐♦♥s Br
12 MeV ❡t He 1, 6 MeV ✳

✹✳✷✳✷ Pr♦❜❧è♠❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞❡s ❝❤❛r❣❡s s♦✉s ❢❛✐s❝❡❛✉

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ✐♠♣❧❛♥t♦♥s ❞❡s ✈❡rr❡s✱ q✉✐ s♦♥t ❞❡s ✐s♦❧❛♥ts é❧❡❝tr✐q✉❡s✱ ❛✈❡❝ ❞❡s
♣❛rt✐❝✉❧❡s ❝❤❛r❣é❡s✳ ■❧ ② ❛ ❛✐♥s✐ ✉♥ ❛♣♣♦rt ❞❡ ❝❤❛r❣❡s ❞❛♥s ✉♥❡ ③♦♥❡ ♣r♦❝❤❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡✱
❝❤❛r❣❡s q✉✐ ♥❡ ♣❡✉✈❡♥t ♣❛s s✬é❝♦✉❧❡r ✈❡rs ❧❡ s✉❜str❛t✱ à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞❛♥s
❞❡s ♠ét❛✉①✳ ■❧ ❡st ❣é♥ér❛❧❡♠❡♥t ❛❞♠✐s q✉❡ ❝❡ s♦♥t ❧❡s ❝❤❛r❣❡s ✭é❧❡❝tr♦♥s ❡t ✐♦♥s✮ ❛rr❛❝❤é❡s
❞❡ ❧❛ ♣❧❛q✉❡ s✉♣♣♦rt ✭♠ét❛❧❧✐q✉❡✮ ❧♦rsq✉❡ ❧❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ❧❡ ❢r❛♣♣❡ q✉✐ ✈♦♥t ❡✛❡❝t✐✈❡♠❡♥t
♥❡✉tr❛❧✐s❡r ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬✐s♦❧❛♥t✳❆✜♥ ❞✬♦♣t✐♠✐s❡r ❧❡ ♣r♦❝❡ss✉s ❞❡ ♥❡✉tr❛❧✐s❛t✐♦♥ t♦✉t
❡♥ ❧✐♠✐t❛♥t ❧❛ s✉r❢❛❝❡ t♦t❛❧❡ à ❜❛❧❛②❡r ♣❛r ❧❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s✱ ♥♦✉s ❛✈♦♥s ❧✐♠✐té ❧❛
t❛✐❧❧❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s à ✉♥❡ s✉r❢❛❝❡ ❞❡ 5 × 10 mm2✱ ❡t ❧❡ ♠♦♥t❛❣❡ ❛ été ❢❛✐t ❛✈❡❝
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❋✐❣✳ ✹✳✶✿ ❈♦♥tr✐❜✉t✐♦♥ ❞❡s r❛❧❡♥t✐ss❡♠❡♥ts ♥✉❝❧é❛✐r❡ ❡t é❧❡❝tr♦♥✐q✉❡ ❧♦rs ❞✬✐rr❛❞✐❛✲
t✐♦♥ ♣❛r ❞❡s ✐♦♥s ❇r ❞❡ 12 MeV ♦✉ He ❞❡ 1, 6 MeV ✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣❛r❝♦✉rs
❞❡ ❧✬✐♦♥ ❞❛♥s ❧❡ ✈❡rr❡ s✐❧✐❝❛t❡✱ ❞✬❛♣rès ❧❡s ✈❛❧❡✉rs ❞❡ r❛❧❡♥t✐ss❡♠❡♥t t❛❜✉❧é❡s ❞❛♥s
❙❘■▼✳

❛✉ ♠♦✐♥s 2, 5 mm ❞✬é❝❛rt ❡♥tr❡ ❝❤❛q✉❡ é❝❤❛♥t✐❧❧♦♥✳

❯♥❡ ❛✉tr❡ s♦❧✉t✐♦♥✱ ♥♦♥ ✉t✐❧✐sé❡ ✐❝✐✱ ❡st ❞❡ ❝❛r❜♦♥❡r ❧❡s é❝❤❛♥t✐❧❧♦♥s ❛✈❛♥t ❧✬✐♠♣❧❛♥t❛✲
t✐♦♥✴✐rr❛❞✐❛t✐♦♥✳

✹✳✷✳✸ Pr♦❜❧è♠❡ ❞✬é❝❤❛✉✛❡♠❡♥t s♦✉s ❢❛✐s❝❡❛✉

▲❡s ✐♦♥s ✐♠♣❧❛♥tés ❞❛♥s ❧❡ ✈❡rr❡ ❞✐ss✐♣❡♥t ❧❡✉r é♥❡r❣✐❡ ♣❛r é♠✐ss✐♦♥ ❞❡ ❧✉✲
♠✐èr❡ ✭♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡ ❞✉❡ à ❞❡s r❡❝♦♠❜✐♥❛✐s♦♥s é❧❡❝tr♦♥✲tr♦✉✮ ♠❛✐s s✉rt♦✉t
♣❛r ❡①❝✐t❛t✐♦♥ ❞❡s ✈✐❜r❛t✐♦♥s ❞✉ rés❡❛✉✱ ✐✳❡✳ ❡♥ é❝❤❛✉✛❛♥t ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❯♥ t❡❧
é❝❤❛✉✛❡♠❡♥t ♣❡✉t r❡❝✉✐r❡ ❝❡rt❛✐♥s ❞é❢❛✉ts✱ ♦✉ ❜✐❡♥ ❡♥❝♦r❡ ❢❛✈♦r✐s❡r ❧❛ ❞✐✛✉s✐♦♥✳
❆✜♥ ❞❡ sé♣❛r❡r ❧❡s ♣❤é♥♦♠è♥❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ s♦✉s ✐rr❛❞✐❛t✐♦♥ ❞❡ ❝❡✉① q✉❡
❧✬♦♥ ❝♦♥trô❧❡ ♣❛r ✉♥ r❡❝✉✐t ✉❧tér✐❡✉r✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ✈♦❧♦♥t❛✐r❡♠❡♥t ❧✐♠✐té ❧❛
♣✉✐ss❛♥❝❡ ❞✐ss✐♣é❡ ❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥✳

■❧ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ ❞❡ ❝♦♥♥❛îtr❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❞✉r❛♥t ❧✬✐rr❛❞✐❛t✐♦♥✳
❙♦♥ é✈❛❧✉❛t✐♦♥ ❡st ♣rés❡♥té❡ ❝✐✲❞❡ss♦✉s✳ ❯♥ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ❞✬é♥❡r❣✐❡ E ✭❡♥ ❡❱✮ ❡t ❞❡ ❝♦✉✲
r❛♥t I ❞✐ss✐♣❡ ✉♥❡ ♣✉✐ss❛♥❝❡ P = EI/e ❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥✳ P❛r ❡①❡♠♣❧❡✱ ✉♥ ✐♦♥ Br6+ ❞❡
E = 12 MeV ❡♥✈♦②é à ✉♥ ❝♦✉r❛♥t ❞❡ 150 nA.cm−2 ✭s♦✐t ✉♥ ✧❝♦✉r❛♥t✧ ❞❡ ♣❛rt✐❝✉❧❡s ❞❡
f = 25 nA.cm−2✮ ❞✐ss✐♣❡ ✉♥❡ ♣✉✐ss❛♥❝❡ ♠♦②❡♥♥❡ P = Ef ❞❡ 0, 3 W.cm−2 ❞❛♥s ❧❡ ✈♦❧✉♠❡
❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ✭♣♦rt✐♦♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❞❡ q✉❡❧q✉❡s ♠✐❝r♦♥s à ♣❛rt✐r ❞❡ ❧❛ s✉r❢❛❝❡✮✳
▲❛ q✉❛♥t✐té ❞❡ ❝❤❛❧❡✉r ❛♣♣♦rté❡ ♣❛r ❧✬✐♠♣❧❛♥t❛t✐♦♥✴✐rr❛❞✐❛t✐♦♥ ❞✐✛✉s❡ ❡♥s✉✐t❡ r❛♣✐❞❡♠❡♥t
❞❛♥s ❧❡ ✈♦❧✉♠❡ ❡♥t✐❡r ❞✉ ♠❛tér✐❛✉✳ ▲❡ t❡♠♣s ♠✐s ♣❛r ❧❛ ❝❤❛❧❡✉r ♣♦✉r tr❛✈❡rs❡r ❧✬é❝❤❛♥t✐❧❧♦♥
❥✉sq✉✬à s❛ ❢❛❝❡ ✐♥❢ér✐❡✉r❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ τ ≈ l2

Kverre
s♦✐t ❡♥✈✐r♦♥ 1 s ✭♣♦✉r SiO2✱ ♦♥ ❛

K ≈ 1, 8× 10−2 cm2s−1✮✱ ❝❡ q✉✐ ❡st très ❝♦✉rt ♣❛r r❛♣♣♦rt ❛✉① ❞✉ré❡s t②♣✐q✉❡s ❞✬✐♠♣❧❛♥t❛✲
t✐♦♥ ✭> 100 s✮✳ ❙❛♥s ❢✉✐t❡ t❤❡r♠✐q✉❡ ✈❡rs ❧❡ s✉♣♣♦rt✱ ❧✬é❝❤❛♥t✐❧❧♦♥ ✈♦✐t ❞♦♥❝ s❛ t❡♠♣ér❛t✉r❡
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❋✐❣✳ ✹✳✷✿ ❈♦♥✜❣✉r❛t✐♦♥ t②♣✐q✉❡ ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s ❞❡ ✈❡rr❡ ♣❛r ✉♥
❢❛✐s❝❡❛✉ ❞✬✐♦♥s ❞❡ ♣✉✐ss❛♥❝❡ P ✳ ▲✬é♥❡r❣✐❡ ❞❡ ❧✬✐♦♥ s❡ r❡tr♦✉✈❡ ❡♥ ♣❛rt✐❡ s♦✉s ❢♦r♠❡
❞❡ ♣❤♦t♦♥s ✭❛♣rès r❡❝♦♠❜✐♥❛✐s♦♥s é❧❡❝tr♦♥✲tr♦✉✱ Jrechν ✮ ♦✉ ❜✐❡♥ s♦✉s ❢♦r♠❡ ❞❡ ❝❤❛❧❡✉r
✭JdiffQ ✮ q✉✐ ❞✐✛✉s❡ r❛♣✐❞❡♠❡♥t ✈❡rs ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳ ▲❡s é❝❤❛♥t✐❧❧♦♥s
s♦♥t ♠❛✐♥t❡♥✉s s✉r ❧❛ ♣❧❛q✉❡ s✉♣♣♦rt à ❧✬❛✐❞❡ ❞❡ r❡ss♦rts ♠ét❛❧❧✐q✉❡s✳ ▲❛ ♣r❡ss✐♦♥
❞❡ ✜①❛t✐♦♥ ❞ét❡r♠✐♥❡ ❞❡ ♠❛♥✐èr❡ ✐♠♣♦rt❛♥t❡ ❧❛ ✈❛❧❡✉r ❞✉ ❝♦✉r❛♥t ❞❡ ❢✉✐t❡ ✭JfuiteQ ✮✱
❡t ❞♦♥❝ ❧❛ t❡♠♣ér❛t✉r❡ ❡♥ ré❣✐♠❡ st❛t✐♦♥♥❛✐r❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥✴✐rr❛❞✐❛t✐♦♥✳

s✬é❧❡✈❡r ❧✐♥é❛✐r❡♠❡♥t ❛✈❡❝ ❧❛ ❞✉ré❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳ ❆✉① t❡♠♣ér❛t✉r❡s ♠❡s✉ré❡s ❝✐✲❞❡ss♦✉s✱
♦♥ ♣❡✉t ♥é❣❧✐❣❡r ❧❡ r❛②♦♥♥❡♠❡♥t ❞✉ ❝♦r♣s ♥♦✐r✳
❊♥ ♣r❛t✐q✉❡✱ ❧❡s é❝❤❛♥t✐❧❧♦♥s s♦♥t ✜①és s✉r ✉♥❡ ♣❧❛q✉❡ ♠ét❛❧❧✐q✉❡ à ❧✬❛✐❞❡ ❞❡ ♣❛tt❡s ♠ét❛❧✲
❧✐q✉❡s ✈✐ssé❡s✳ ❙❛♥s ♣ré❝❛✉t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ ✭❞✉ t②♣❡ ❝♦✉❝❤❡ ❞❡ ❝♦♥t❛❝t t❤❡r♠✐q✉❡ ❛✈❡❝
❞❡ ❧❛ ❣r❛✐ss❡ à ✈✐❞❡ ❡♥tr❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ❧❛ ♣❧❛q✉❡✮✱ ❧❡ ❝♦♥t❛❝t t❤❡r♠✐q✉❡ ❛✈❡❝ ❧❛ ♣❧❛q✉❡ ❡st
très ❞é♣❡♥❞❛♥t ❞❡ ❧❛ ♣r❡ss✐♦♥ ❡①❡r❝é❡ s✉r ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❈❡❧✉✐✲❝✐ s❡r❛ ♠❛①✐♠✉♠ à ❧❛ ✈❡rt✐❝❛❧❡
❞✉ ♣♦✐♥t ❞❡ ✜①❛t✐♦♥✱ ♠❛✐s r❡st❡ très ❞✐✣❝✐❧❡ à ♠♦❞é❧✐s❡r✳
■❧ ❡st ♣❧✉s s✐♠♣❧❡ ❞❡ ♠❡s✉r❡r ❧✬é❝❤❛✉✛❡♠❡♥t ❞❛♥s ♥♦s ❝♦♥❞✐t✐♦♥s ❞✬✐rr❛❞✐❛t✐♦♥✳ P♦✉r ❝❡❧❛✱
♥♦✉s ❛✈♦♥s ✜①é ✉♥ t❤❡r♠♦❝♦✉♣❧❡ ❡♥tr❡ ❧❛ s✉r❢❛❝❡ ✐rr❛❞✐é❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ❧❛ ♣❛tt❡ ❞❡ ✜①❛✲
t✐♦♥✳ ❉❡ ♣❧✉s✱ ✉♥ ❝❛♣♦t ♠ét❛❧❧✐q✉❡ ♣r♦tè❣❡ ❧❡ t❤❡r♠♦❝♦✉♣❧❡ ❞✉ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s✱ ❞❡ ♠❛♥✐èr❡ à
❝❡ q✉❡ ❝❡ ❞❡r♥✐❡r ♥❡ ♣❛rt✐❝✐♣❡ ♣❛s à ❧✬é❝❤❛✉✛❡♠❡♥t ❞✉ t❤❡r♠♦❝♦✉♣❧❡✳ ❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s ❞❡
♠♦♥t❛❣❡ ❡t ♣♦✉r ✉♥ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s Br ❞❡ 12 MeV ✱ 150 nA.cm−2 ♥♦✉s ❛✈♦♥s ♠❡s✉ré
✉♥❡ t❡♠♣ér❛t✉r❡ ❞✬é❝❤❛♥t✐❧❧♦♥ ❞❡ 37 ✝C✳ ◆♦✉s ❛✈♦♥s ❛✉ss✐ ❝♦♥st❛té q✉✬✐❧ ❢❛✉t
q✉❡❧q✉❡s ♠✐♥✉t❡s ♣♦✉r ❛tt❡✐♥❞r❡ ❧❡ ré❣✐♠❡ ♣❡r♠❛♥❡♥t ❞❡ t❡♠♣ér❛t✉r❡✳
▲❛ ❝♦♥❞✐t✐♦♥ P < 0, 3 W.cm−2 ❛ été r❡s♣❡❝té❡ ❞❛♥s t♦✉t❡s ♥♦s ❡①♣ér✐❡♥❝❡s✳

✹✳✷✳✹ ■rr❛❞✐❛t✐♦♥s à ❢r♦✐❞

■❧ ❡st ❛✉ss✐ ✐♥tér❡ss❛♥t ❞❡ ♣r♦❝é❞❡r à ❞❡s ✐rr❛❞✐❛t✐♦♥s à 80 K ❝❛r ❧❡s ♣❤é♥♦♠è♥❡s ♦❜s❡r✈és
t❡❧s q✉❡ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ❞❡ s✐❧✐❝❛t❡s s♦♥t très s❡♥s✐❜❧❡s ❛✉ ♠♦✐♥❞r❡
ré❝❤❛✉✛❡♠❡♥t ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❯♥ ♣♦rt❡✲♦❜❥❡t ♣❡r♠❡t ❞❡ ré❛❧✐s❡r ✉♥❡ t❡❧❧❡ ✐rr❛❞✐❛t✐♦♥ s✉r
❆❘❆▼■❙✳ ▲❡ ♣r♦❜❧è♠❡ ❡st ❡♥s✉✐t❡ ❞❡ tr❛♥s❢ér❡r ❧❡s é❝❤❛♥t✐❧❧♦♥s ✈❡rs ✉♥ ❉❡✇❛r ❞❡ st♦❝❦❛❣❡
t♦✉t ❡♥ ❝♦♥s❡r✈❛♥t ❧❛ t❡♠♣ér❛t✉r❡ ❧❛ ♣❧✉s ♣r♦❝❤❡ ♣♦ss✐❜❧❡ ❞❡ 77 K✳
P♦✉r ❧❡ ❞é♠♦♥t❛❣❡ ❞✉ ♣♦rt❡✲♦❜❥❡t✱ ✉♥ ✢✉① ❞✬❛③♦t❡ ❧✐q✉✐❞❡ ❛ ❞♦♥❝ été ❡♥✈♦②é s✉r ❧❡s é❝❤❛♥✲
t✐❧❧♦♥s ♣❡♥❞❛♥t q✉❡ ❧❛ ♣❧❛q✉❡ s✉r ❧❛q✉❡❧❧❡ ✐❧s s♦♥t ♠♦♥tés ❡st ❞é✈✐ssé❡ ♣✉✐s ♣❧♦♥❣é❡ ❞❛♥s ✉♥
❉❡✇❛r ❞✬❛③♦t❡ ❧✐q✉✐❞❡✳ ➪ ❧✬❛✐❞❡ ❞✬✉♥ t❤❡r♠♦❝♦✉♣❧❡ ❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❡ ♣♦rt❡✲♦❜❥❡t✱ ♥♦✉s ❛✈♦♥s
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✈ér✐✜é q✉❡ ❧❡ ❝♦♥t❛❝t t❤❡r♠✐q✉❡ ❡♥tr❡ ❧❛ ♣❧❛q✉❡ ❡t ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ❜♦♥ ❡t q✉❡ ❧❛ t❡♠♣ér❛t✉r❡
❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ ❞❡ ❧❛ ♣❧❛q✉❡✳ ◆♦✉s ❛✈♦♥s ♠❡s✉ré q✉✬❡❧❧❡ ♥✬❛ ♣❛s ❞é♣❛ssé
110 K ❧♦rs ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❡t ❡st r❡sté❡ ❛✉t♦✉r ❞❡ 77 K ❧♦rs ❞✉ ❞é♠♦♥t❛❣❡ ❞❡ ❧❛ ♣❧❛q✉❡ ❡t
❞✉ st♦❝❦❛❣❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s✳

✹✳✷✳✺ ■rr❛❞✐❛t✐♦♥ γ

▲❡s ✐rr❛❞✐❛t✐♦♥s γ ♦♥t été ré❛❧✐sé❡ à ❧✬❛✐❞❡ ❞❡ ❧❛ s♦✉r❝❡ 60❈♦ ❞✉ ❧❛❜♦r❛t♦✐r❡ ❞❡ ❈❤✐♠✐❡
P❤②s✐q✉❡ à ❖rs❛② s✉r ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ ❞♦♣é à ❧✬❛r❣❡♥t ❞❛♥s ❧❛ ♠❛ss❡✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉①
✐rr❛❞✐❛t✐♦♥s ♣❛r ❞❡s ✐♦♥s✱ t♦✉t ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ✐rr❛❞✐é ❞❡ ♠❛♥✐èr❡ ❤♦♠♦❣è♥❡ ❧♦rs ❞✬✐rr❛❞✐❛✲
t✐♦♥ γ✳ ❉❡✉① t❡♠♣ér❛t✉r❡s ❞✬✐rr❛❞✐❛t✐♦♥ ♦♥t été ✉t✐❧✐sé❡s ✭❛♠❜✐❛♥t❡ ❡t ❛③♦t❡ ❧✐q✉✐❞❡✮✳ P♦✉r
❝❡tt❡ ❞❡r♥✐èr❡✱ ❧❡s é❝❤❛♥t✐❧❧♦♥s ♦♥t été ✜①és s✉r ✉♥❡ ♣❧❛q✉❡ ❡♥ ♣❧❛st✐q✉❡ ✐♥tr♦❞✉✐t❡ ♣❡r♣❡♥✲
❞✐❝✉❧❛✐r❡♠❡♥t ❛✉ ❢❛✐s❝❡❛✉ γ ❞❛♥s ✉♥ ❞❡✇❛r r❡♠♣❧✐ ❞✬❛③♦t❡ ❧✐q✉✐❞❡✳ ▲❡ ❞é❜✐t ❞❡ ❞♦s❡ ✉t✐❧✐sé
❞❡ 2, 5 kGy.h−1 ❡st r❡sté ❝♦♥st❛♥t ❛✉ ❧♦♥❣ ❞❡ ♥♦s ❡①♣ér✐❡♥❝❡s✳ ❆✐♥s✐✱ ❧❡s ❞✐✛ér❡♥t❡s ❞♦s❡s
❝♦rr❡s♣♦♥❞❡♥t à ❞✐✛ér❡♥ts t❡♠♣s ❞✬❡①♣♦s✐t✐♦♥✳ ▲❡s t❡♠♣s ❞✬❡①♣♦s✐t✐♦♥ s♦♥t ❝♦♠♣r✐s ❡♥tr❡ ✷
❡t ✸✻✵ ♠✐♥✉t❡s✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❞❡s ❞♦s❡s ❞❡ 100 Gy à 15 kGy✳ ▲❡ tr❛♥s❢❡rt ❞✬✉♥ é❝❤❛♥✲
t✐❧❧♦♥ ❞❡ ❧✬✐rr❛❞✐❛t❡✉r à ❧❛ ❜♦✉t❡✐❧❧❡ ❞✬❛③♦t❡ ❧✐q✉✐❞❡ ❞❡ st♦❝❦❛❣❡ s❡ ❢❛✐t ❞❛♥s ❧✬❛③♦t❡ ❧✐q✉✐❞❡
❛✜♥ ❞❵é✈✐t❡r t♦✉t r❡❝✉✐t t❤❡r♠✐q✉❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s✳

✹✳✸ ▼❡s✉r❡ ♣❛r ▼✐❝r♦s❝♦♣✐❡ ➱❧❡❝tr♦♥✐q✉❡ ❡♥ ❚r❛♥s♠✐s✲
s✐♦♥

◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❛ ▼✐❝r♦s❝♦♣✐❡ ➱❧❡❝tr♦♥✐q✉❡ ❡♥ ❚r❛♥s♠✐ss✐♦♥ ✭▼❊❚✮ à ❧❛ ❢♦✐s ❞❡ ♠❛✲
♥✐èr❡ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ st❛t✐st✐q✉❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❡t ❡♥ ♠♦❞❡ ❤❛✉t❡ rés♦❧✉t✐♦♥
♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♠✐❝r♦str✉❝t✉r❡ ❞❡s ❛❣ré❣❛ts ✭✈♦✐r❡ ❛♥♥❡①❡ ❉✮✳

✹✳✸✳✶ Pré♣❛r❛t✐♦♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s

❯♥❡ ♦❜s❡r✈❛t✐♦♥ ▼❊❚ ♥é❝❡ss✐t❡ ❛✉ ♣ré❛❧❛❜❧❡ ❧✬❛♠✐♥❝✐ss❡♠❡♥t ❞❡ ❧❛ ③♦♥❡ à ♦❜s❡r✈❡r ❥✉sq✉✬à
❞❡s é♣❛✐ss❡✉rs ✐♥❢ér✐❡✉r❡s à 100 nm✱ ❛✜♥ q✉✬❡❧❧❡ s♦✐t tr❛♥s♣❛r❡♥t❡ ❛✉① é❧❡❝tr♦♥s✳ ❈❡t ❛♠✐♥✲
❝✐ss❡♠❡♥t ♣❡✉t s❡ ❢❛✐r❡ ♣❛r ❞❡ ♥♦♠❜r❡✉s❡s t❡❝❤♥✐q✉❡s ✭♠é❝❛♥✐q✉❡s✱ ✐♦♥✐q✉❡s✱ ❝❤✐♠✐q✉❡s✳ ✳ ✳ ✮
❡t ♥é❝❡ss✐t❡ ✉♥❡ ♠✐s❡ ❛✉ ♣♦✐♥t ♣♦✉r ❝❤❛q✉❡ t②♣❡ ❞✬é❝❤❛♥t✐❧❧♦♥✳
▲❛ ♣ré♣❛r❛t✐♦♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ▼❊❚ ❡st ❧✬ét❛♣❡ ❧❛ ♣❧✉s ❧♦♥❣✉❡ ❡t ❧❛ ♣❧✉s ❞✐❢✲
✜❝✐❧❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡s ♣ré❝✐♣✐tés✳ ❉❛♥s ❝❡ tr❛✈❛✐❧✱ ✉♥❡ ♣r♦♣♦rt✐♦♥ ✐♠♣♦rt❛♥t❡
❞✉ t❡♠♣s ❛ été ❝♦♥s❛❝ré à ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞✬✉♥ ♣r♦t♦❝♦❧❡ ❞❡ ♣ré♣❛r❛t✐♦♥ ❛②❛♥t
✉♥ t❛✉① ❞❡ ré✉ss✐t❡ ✐♠♣♦rt❛♥t ✭✺✵ ✪ ❡♥ ♠♦②❡♥♥❡✮✳ ▲❡s ♣r♦t♦❝♦❧❡s ♠✐s ❛✉ ♣♦✐♥t
s♦♥t ♣rés❡♥tés ❡♥ ❛♥♥❡①❡ ❉✳✷✳
❖♥ ♥♦t❡r❛ à ❝❡ ♣r♦♣♦s q✉❡ ❧✬ét❛♣❡ ❞❡ ♣♦❧✐ss❛❣❡ ✐♦♥✐q✉❡ ❛✉ P■P❙ ❞♦♥♥❡ ✉♥ rés✉❧t❛t ❞✐✣✲
❝✐❧❡♠❡♥t ♣ré✈✐s✐❜❧❡✱ ❡①trê♠❡♠❡♥t ❞é♣❡♥❞❛♥t ❞✉ ❝♦✉♣❧❡ ♠❛tér✐❛✉✴❝♦❧❧❡ ❡t ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡
❝♦❧❧❛❣❡ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❡✳

✹✳✸✳✷ ❖❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡♥ ♠✐❝r♦s❝♦♣✐❡ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡

❊♥ ♣r❛t✐q✉❡✱ ♣❡✉ ❞❡ ♥❛♥♦❝r✐st❛✉① s♦♥t ❡♥ ♣♦s✐t✐♦♥ ❞❡ ❞✐✛r❛❝t✐♦♥ ✭❝❡❧❛ ♣❡✉t s❡ ✈♦✐r ❡♥
♦❜s❡r✈❛♥t ❧❛ ❞✐✛r❛❝t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ♣❛r sé❧❡❝t✐♦♥ ❞✬❛✐r❡ s✉r q✉❡❧q✉❡s ❛❣ré❣❛ts ❝❤♦✐s✐s✮✳ ❈❡✉①
q✉✐ ❞✐✛r❛❝t❡♥t ❛♣♣❛r❛✐ss❡♥t ❣é♥ér❛❧❡♠❡♥t ❛✈❡❝ ✉♥ ❝♦♥tr❛st❡ très r❡♥❢♦r❝é ♣❛r r❛♣♣♦rt ❛✉①
❛✉tr❡s✱ ❞♦♥t ❧❡ ❝♦♥tr❛st❡ r❡❧è✈❡ ♣❧✉tôt ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞✬❛❜s♦r♣t✐♦♥✴❞✐✛✉s✐♦♥ ❞❡s é❧❡❝tr♦♥s
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❋✐❣✳ ✹✳✸✿ ❙❝❤é♠❛ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ▼❊❚ ❞❡s ❝♦✉♣❡s tr❛♥s✈❡rs❡s✳ ▲✬✐♠❛❣❡ ▼❊❚
♦❜t❡♥✉❡ ❡st ❧❛ ♣r♦❥❡❝t✐♦♥ ❞✬✉♥❡ é♣❛✐ss❡✉r t ❞❡ ✈❡rr❡ ❞♦♣é✳ ❈♦♠♠❡ ❧❡ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝✲
tr♦♥s ❡st ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥✱ ♦♥ ♣❡✉t ♠❡s✉r❡r ♣❛r ❝❡tt❡
♠ét❤♦❞❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r à ♣❛rt✐r
❞❡ ❧❛ s✉r❢❛❝❡ ✐♠♣❧❛♥té❡ ✭③♦♥❡ ❣r✐sé❡✮✳

❡♥tr❡ ❧❛ ♠❛tr✐❝❡ ❡♥✈✐r♦♥♥❛♥t❡ ✭♣r✐♥❝✐♣❛❧❡♠❡♥t SiO2✮ ❡t ❧❡s é❧é♠❡♥ts ❝♦♥st✐t✉t✐❢s ❞❡s ♥❛♥♦✲
❝r✐st❛✉①✱ ❣é♥ér❛❧❡♠❡♥t ♣❧✉s ❞❡♥s❡s ❡♥ é❧❡❝tr♦♥s ✭PbS✱ PbSe✱ PbTe✱ Te✱ Ag✮✳ P♦✉r ❧✬❛♥❛❧②s❡
st❛t✐st✐q✉❡ ❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s✱ ♥♦✉s ❛✈♦♥s ♣r✐s ❡♥ ❝♦♠♣t❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝♦♥tr❛st❡s ✈✐s✐❜❧❡s✱
❡♥ é❧❛❜♦r❛♥t ✉♥❡ ♠ét❤♦❞❡ ❞❡ tr❛✐t❡♠❡♥t ❞❡s ✐♠❛❣❡s ♣❡r♠❡tt❛♥t ❞❡ ♠❡s✉r❡r ❧❡s ♥♦♠❜r❡✉①
♣ré❝✐♣✐tés q✉✐ ♥❡ s♦♥t ♣❛s ❡♥ ♣♦s✐t✐♦♥ ❞❡ ❞✐✛r❛❝t✐♦♥✳

▼ét❤♦❞❡ ❞❡ ♣r✐s❡ ❞✬✐♠❛❣❡

◆♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssés ❞❛♥s ❝❡ tr❛✈❛✐❧ ❛✉① ♣r♦♣r✐étés ❞❡ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❛♥s
✉♥ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳ ❉❡ ❢❛✐t✱ ✉♥ ♣❛r❛♠ètr❡ ✐♠♣♦rt❛♥t ❞❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ♣ré❝✐♣✐t❛✲
t✐♦♥ ❡st ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❝r♦✐ss❛♥❝❡✳❆✜♥ ❞✬é✈✐t❡r t♦✉t ❜✐❛✐s ❞❛♥s ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s
❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s ❡t ❞❡ ♣r♦❢♦♥❞❡✉rs✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ♣r✐s s♦✐♥ ❞❡ ♣r❡♥❞r❡
❞❡s ✐♠❛❣❡s ♦ù ❧✬✐♥t❡r❢❛❝❡ ✈❡rr❡✴❝♦❧❧❡ ❞❡ ❧❛ ❝♦✉♣❡ tr❛♥s✈❡rs❡ ❡st ✈✐s✐❜❧❡ ❡t ♣❛r❛❧✲
❧è❧❡ à ✉♥ ❞❡s ❝ôtés ❞❡ ❧✬✐♠❛❣❡ ✭✜❣✉r❡ ✹✳✸✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ❛ été ❛♣♣❧✐q✉é❡ ❞❛♥s ❧❡ ❝❛s
❞❡ ❧❛ s✐❧✐❝❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t ♣❛r Pb+ S✱ Pb+ Se✱ Pb+ Te✱ Te ♣♦✉r ❧❛q✉❡❧❧❡ ❞❡s
❣r❛♥❞✐ss❡♠❡♥ts ❞❛♥s ❧❛ ❣❛♠♠❡ 90−180 k× s♦♥t s✉✣s❛♥ts ♣♦✉r ♣♦✉✈♦✐r ❞ét❡r♠✐♥❡r ❧❡ r❛②♦♥
❞❡s ♣ré❝✐♣✐tés t♦✉t ❡♥ ❛②❛♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣r♦❢♦♥❞❡✉rs ❞❡ ❝r♦✐ss❛♥❝❡ s✉r ✉♥❡ s❡✉❧❡ ✐♠❛❣❡✳
❙✐ ❧❡s ❛❣ré❣❛ts s♦♥t ♣❡t✐ts ❡t ♥é❝❡ss✐t❡♥t ✉♥ ❢♦rt ❣r❛♥❞✐ss❡♠❡♥t ♣♦✉r ❧❡s ♦❜s❡r✈❡r✱ ✐❧ ❢❛✉t
♣r❡♥❞r❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬✐♠❛❣❡s s❡ s✉♣❡r♣♦s❛♥t à ♣❛rt✐r ❞❡ ❧❛ s✉r❢❛❝❡ ♣♦✉r r❡❝♦♥st✐t✉❡r
❧❡ ♣r♦✜❧ ❞❡ ❝r♦✐ss❛♥❝❡ ✭❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛r❣❡♥t ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✮✳

▼❡s✉r❡ ❞❡s r❛②♦♥s ❡t ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❝r♦✐ss❛♥❝❡

❊①♣ér✐♠❡♥t❛❧❡♠❡♥t✱ ❧✬é♣❛✐ss❡✉r ❞❡s ❝♦✉♣❡s tr❛♥s✈❡rs❡s ✈❛r✐❡ ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ à ❧✬✐♥t❡r❢❛❝❡
❝♦❧❧❡✲✈❡rr❡✱ ❝❡ q✉✐ ❝♦♠♣❧✐q✉❡ ❧❡ ❞é♣♦✉✐❧❧❡♠❡♥t ❞❡s ✐♠❛❣❡s✳ ❊♥ ❡✛❡t✱ ❧❡s tr❛✐t❡♠❡♥ts ❞✬✐♠❛❣❡
❝❧❛ss✐q✉❡s ♣♦✉r ❞ét❡r♠✐♥❡r ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ ❞❡ ♣ré❝✐♣✐tés ❢♦♥t ❛♣♣❡❧ à ✉♥ s❡✉✐❧❧❛❣❡
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❞❡ ❧✬❤✐st♦❣r❛♠♠❡ ❞❡s ♥✐✈❡❛✉① ❞❡ ❣r✐s ❞❡ ❧✬✐♠❛❣❡✳ ❙✐ ❧✬✐♠❛❣❡ ♣♦ssè❞❡ ✉♥ ❢♦♥❞s ❝♦♥t✐♥✉ ✈❛✲
r✐❛❜❧❡✱ ❝♦♠♠❡ ❝✬❡st s♦✉✈❡♥t ❧❡ ❝❛s ❞❛♥s ♥♦s ♦❜s❡r✈❛t✐♦♥s✱ ❝❡tt❡ ♠ét❤♦❞❡ ♥❡ ♣❡✉t s✬❛♣♣❧✐q✉❡r
❞✐r❡❝t❡♠❡♥t ❡t ♥é❝❡ss✐t❡r❛✐t ❧✬✉t✐❧✐s❛t✐♦♥ ♣ré❛❧❛❜❧❡ ❞✬✉♥❡ ❝♦rr❡❝t✐♦♥ ❞❡ ❢♦♥❞ ❝♦♥t✐♥✉✱ ♣❡✉ ♣r❛✲
t✐q✉❡ à ♠❡ttr❡ ❡♥ ÷✉✈r❡✳ ▼ê♠❡ ❛♣rès ✉♥❡ ❝♦rr❡❝t✐♦♥ ❞❡ ❢♦♥❞✱ ❧❡ ❝♦♥t♦✉r ❞✉ ♣ré❝✐♣✐té ♥✬❡st
♣❛s ❞ét❡r♠✐♥é ❞❡ ♠❛♥✐èr❡ ✉♥✐q✉❡✳ ❊♥ ❡✛❡t ✿ ✭✐✮ ❧✬✐♠❛❣❡ ❡st ❜r✉✐té❡ ❡t s✉rt♦✉t ✭✐✐✮ ❧❡ ❝♦♥tr❛st❡
❞❡s ♣ré❝✐♣✐tés ❡st ✈❛r✐❛❜❧❡✳ P❛r ❝♦♥séq✉❡♥t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s t❛✐❧❧❡s s❡r❛ ❞✐✛ér❡♥t❡ s✉✐✈❛♥t
❧❛ ✈❛❧❡✉r ❞✉ s❡✉✐❧❧❛❣❡ ❞❡ ♥✐✈❡❛✉① ❞❡ ❣r✐s✳

◆♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ❡t ✉t✐❧✐sé ❞❛♥s ❝❡ tr❛✈❛✐❧ ✉♥❡ ❛✉tr❡ ♠ét❤♦❞❡ r❡♣♦s❛♥t
s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞✉ ❝♦♥t♦✉r ❞❡s ♣ré❝✐♣✐tés ♣❛r ✉♥ ❝❛❧❝✉❧ ❞✉ ❣r❛❞✐❡♥t ✭✜❣✉r❡
✹✳✹✮✳ ❊❧❧❡ ♣❡r♠❡t ❞❡ s✬❛✛r❛♥❝❤✐r ♥❛t✉r❡❧❧❡♠❡♥t ❞❡s ♣r♦❜❧è♠❡s ❞❡ ❢♦♥❞ ❝♦♥t✐♥✉
❝❛r ❝✬❡st ✉♥❡ ♠ét❤♦❞❡ ❧♦❝❛❧❡✳ ❊❧❧❡ ❝♦♥s✐st❡ à ❝♦♥✈♦❧✉❡r ❧✬✐♠❛❣❡ ❞✬♦r✐❣✐♥❡ ❛✈❡❝ ✉♥
♦♣ér❛t❡✉r ❞❡ ❣r❛❞✐❡♥t ✶ ❞❡ t❛✐❧❧❡ 3 × 3✱ ❧❡ ♠❛①✐♠✉♠ ❞✉ ❣r❛❞✐❡♥t ❞ét❡r♠✐♥❛♥t ❧❡
❝♦♥t♦✉r ❞❡s ♣ré❝✐♣✐tés ❞❡ ♠❛♥✐èr❡ ✉♥✐q✉❡ q✉❡❧❧❡s q✉❡ s♦✐❡♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡
❝♦♥tr❛st❡ ✭✐✳❡✳ q✉❡❧❧❡ q✉❡ s♦✐t ❧✬✐♥t❡♥s✐té ❞✉ ❣r❛❞✐❡♥t✮✳

❈❤❛q✉❡ ♣ré❝✐♣✐té ❡st ❡♥s✉✐t❡ ❡♥t♦✉ré ♠❛♥✉❡❧❧❡♠❡♥t ♣❛r ✉♥❡ ❢♦r♠❡ ❡❧❧✐♣s♦ï❞❛❧❡✱ ❞♦♥t ♦♥
♠❡s✉r❡ ❡♥s✉✐t❡ ❧✬❛✐r❡ ❡t ❧❛ ♣♦s✐t✐♦♥ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ✭✐✮ s♦♥ r❛②♦♥ ♠♦②❡♥ ❡t ✭✐✐✮ s❛ ❞✐st❛♥❝❡
à ❧✬✐♥t❡r❢❛❝❡ ✭❂ ♣r♦❢♦♥❞❡✉r✮✳

➪ ♣❛rt✐r ❞❡ ❝❡s ❞❡✉① ❞♦♥♥é❡s✱ ✉♥❡ sér✐❡ ❞❡ ♣r♦❣r❛♠♠❡s ✭❝♦❞❡ s♦✉s ■●❖❘ ❡♥
❛♥♥❡①❡ ❍✮ ♣❡r♠❡tt❡♥t ❞✬é✈❛❧✉❡r ❡t ❞❡ tr❛❝❡r ✿

✕ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ t♦t❛❧❡✱
✕ ❧❛ ❞❡♥s✐té ❞❡ ♥❛♥♦❝r✐st❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✱
✕ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ❝♦♥st✐t✉❛♥ts s♦✉s ❢♦r♠❡ ♣ré❝✐♣✐té❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
♣r♦❢♦♥❞❡✉r✱

✕ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ♣❛rt✐❡❧❧❡ ❡♥tr❡ ❞❡✉① ♣r♦❢♦♥❞❡✉rs z1 ❡t z2 ❝❤♦✐s✐❡s✱
✕ ❧❛ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐tés ❡♥tr❡ ❞❡✉① ♣r♦❢♦♥❞❡✉rs z1 ❡t z2 ❝❤♦✐s✐❡s✱
✕ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❡♥ ❝♦♦r❞♦♥♥é❡s ❣❛✉ss✐❡♥♥❡s ❞❡
♥✬✐♠♣♦rt❡ q✉❡❧❧❡ ❞✐str✐❜✉t✐♦♥✱

✕ ❞✬é✈❛❧✉❡r ❧❛ ❞✐st❛♥❝❡ ❞✬é❝r❛♥t❛❣❡ ❞✉ ❝❤❛♠♣ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❛✉t♦✉r ❞❡
♣ré❝✐♣✐tés ❞❡ r❛②♦♥ ♠♦②❡♥ R ❡t ❞❡ ❞❡♥s✐té n ♣❛r λ = 1√

4πRn
✳

✹✳✸✳✸ ➱t❛❧♦♥♥❛❣❡ ❞❡s é♣❛✐ss❡✉rs ❞❡s é❝❤❛♥t✐❧❧♦♥s ▼❊❚

❈♦♠♠❡ ♠❡♥t✐♦♥♥é ♣❧✉s ❤❛✉t✱ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❧❛ ❧❛♠❡ ▼❊❚ ❡♥ ❢♦♥❝✲
t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❛✈❡❝ ❧✬✐♥t❡r❢❛❝❡ ❝♦❧❧❡✲✈❡rr❡ ♣❡✉t ❝♦♥❞✉✐r❡ à ❞❡s ❜✐❛✐s ❞❛♥s ❧❡s ❡st✐♠❛t✐♦♥s
❞❡ ❞✐str✐❜✉t✐♦♥s ✭t❛✐❧❧❡✱ ♣r♦❢♦♥❞❡✉r✱ ❝♦♥❝❡♥tr❛t✐♦♥✳ ✳ ✳ ✮ ❡t ❞❛♥s ❧❡s é✈❡♥t✉❡❧❧❡s ❝♦♠♣❛r❛✐s♦♥s
❡♥tr❡ é❝❤❛♥t✐❧❧♦♥s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ré✢é❝❤✐ s✉r ❧❡s ❞✐✛ér❡♥t❡s ♠❛♥✐èr❡s ❞✬❡st✐♠❡r ❧✬é♣❛✐ss❡✉r
tr❛✈❡rsé❡ ♣❛r ❧❡s é❧❡❝tr♦♥s✳ ▲❛ ♠ét❤♦❞❡ stéré♦❣r❛♣❤✐q✉❡ ❝♦♥s✐st❛♥t à ❞é♣♦s❡r ❞❡s ❛❣ré❣❛ts
❞✬♦r s✉r ❧❛ ❧❛♠❡ ♠✐♥❝❡ ❡st ❞✐✣❝✐❧❡ à ♠❡ttr❡ ❡♥ ÷✉✈r❡ ❝❛r ❧✬é♣❛✐ss❡✉r ❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s ❡st
✈❛r✐❛❜❧❡✳ ◆♦✉s ❛✈♦♥s ♣ré❢éré ❝❛❧✐❜r❡r ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬é♣❛✐ss❡✉r

✶❉❡ t②♣❡ ❙♦❜❡❧ ❞❛♥s ♥♦tr❡ ❝❛s✳ ▲❡ ♥♦②❛✉ ❞❡ ❝❡t ♦♣ér❛t❡✉r ❡st ✿

S =
q

`

S2
x + S2

y

´

❛✈❡❝

Sx =

0

@

1 0 −1
2 0 −2
1 0 −1

1

A Sy =

0

@

1 2 1
0 0 0
−1 −2 −1

1

A



✼✾

❋✐❣✳ ✹✳✹✿ ❊①❡♠♣❧❡ ❞❡ tr❛✐t❡♠❡♥t ♣❛r ♠ét❤♦❞❡ ❞✉ ❣r❛❞✐❡♥t s✉r ✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡
s✐❧✐❝❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t ♣❛r Pb ❡t S✳ ✭❛✮ ✐♠❛❣❡ ❞✬♦r✐❣✐♥❡✱ ❧❡s ♣ré❝✐♣✐tés
s❡ ❞ét❛❝❤❡♥t ❞✉ ❢♦♥❞ ❝♦♥t✐♥✉ ❛♠♦r♣❤❡ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❝♦♥tr❛st❡ ♣❧✉s s♦♠❜r❡s ❀
✭❜✮ ✐♠❛❣❡ tr❛✐té❡ ♣❛r ✉♥❡ ❝♦♥✈♦❧✉t✐♦♥ ♣❛ss❡ ❜❛s 5 × 5 ♣✉✐s ✉♥ tr❛✐t❡♠❡♥t ❞✉ ❣r❛✲
❞✐❡♥t ❙♦❜❡❧✳ ▲❡s ♣ré❝✐♣✐tés s♦♥t ✈✐s✉❛❧✐sés ♣❛r ❧❡✉r ❝♦♥t♦✉r ❜r✐❧❧❛♥t ✭♠❛①✐♠✉♠ ❞✉
❣r❛❞✐❡♥t✮✳ ❘❡❝✉✐t 850✝C ✴ 1 h✱ ❞♦s❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ 2×1015 at.cm−2✳



✽✵

❞✬é❝❤❛♥t✐❧❧♦♥ tr❛✈❡rsé❡✳ ◆♦✉s ♠♦♥tr♦♥s ❝✐ ❞❡ss♦✉s ✭✐✮ q✉✬✉♥❡ t❡❧❧❡ ❝❛❧✐❜r❛t✐♦♥ ❡st ✉t✐❧✐s❛❜❧❡
♣♦✉r ❞❡s é♣❛✐ss❡✉rs ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ [50− 150] nm✱ ❡t q✉❡ ✭✐✐✮ ❝♦♠♣t❡ t❡♥✉ ❞❡ ❝❡t ✐♥t❡r✈❛❧❧❡
❞✬é♣❛✐ss❡✉r✱ ❧❡s ❡rr❡✉rs ❞❡ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❞❡♥s✐té ❡t ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ s♦♥t ❞♦♠✐♥é❡s ♣❛r
❧✬é✈❛❧✉❛t✐♦♥ ▼❊❚ ❞✉ r❛②♦♥ ❡t ♥♦♥ ♣❛s ♣❛r ❧❛ ♠❡s✉r❡ ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ❧❛♠❡ ▼❊❚✳ ❉❛♥s ❧❛
s✉✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ♥✬❛✈♦♥s ❞♦♥❝ ♣❛s s②sté♠❛t✐q✉❡♠❡♥t ♠❡s✉ré ❧✬é♣❛✐ss❡✉r ❞❡ ♥♦s ❧❛♠❡s
▼❊❚✱ ♠❛✐s ♣❧✉tôt ♣r✐s ✉♥❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡ 100 nm✳ ▲✬❡rr❡✉r ❝♦rr❡s♣♦♥❞❛♥t à ❝❡ ❝❤♦✐① ❛
été ❞ét❡r♠✐♥é❡ ❝✐✲❞❡ss♦✉s à ❡♥✈✐r♦♥ ✺✵ ✪✳ ❉❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥s
♦❜s❡r✈é❡s ♦♥t ❧✐❡✉ s✉r q✉❡❧q✉❡s ❞é❝❛❞❡s✱ ❝❡❧❛ ♥✬❤②♣♦t❤éq✉❡r❛ ♣❛s ❧❡s ❝♦♥❝❧✉s✐♦♥s✳

❈❛❧✐❜r❛t✐♦♥ ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ❞❡s é❧❡❝tr♦♥s

P♦✉r ♠❡s✉r❡r ❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ❧❛♠❡ ▼❊❚✱ ♦♥ tr♦✉✈❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ♠❡♥t✐♦♥ ❞❡
❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♣❡rt❡s ❞✬é♥❡r❣✐❡s ✭s✐❣♥❛❧ ❞✉ ❙✐ ♦✉ ❞✉ ❖✮ ❬✶✸✽❪ ♠❛✐s ❛✉ss✐ ♣❧✉s s✐♠♣❧❡♠❡♥t
❞❡ ♠❡s✉r❡ ❞✉ ❢❛❝t❡✉r ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡s é❧❡❝tr♦♥s ❬✶✸✾❪ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❝❛❣❡ ❞❡ ❋❛r❛❞❛②
♣♦✉r ❡♥ ♠❡s✉r❡r ❧❡ ✢✉① ✭✈✐❛ ❧❡ ❝♦✉r❛♥t ❝♦rr❡s♣♦♥❞❛♥t✮✳ ◆♦✉s ♥♦✉s s♦♠♠❡s ✐♥s♣✐rés ❞❡ ❝❡tt❡
❞❡r♥✐èr❡ ♠ét❤♦❞❡ ♠❛✐s ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❝❛♠❡r❛ ❈❈❉ ♣♦✉r ♠❡s✉r❡r ❧❡ ❝♦✉r❛♥t ❞✬é❧❡❝tr♦♥s
tr❛♥s♠✐s à tr❛✈❡rs ❧❛ ❧❛♠❡✳ ➪ ❧✬❛✐❞❡ ❞❡ ❧❛ ❝❛♠ér❛✱ ♦♥ ♣❡✉t ♠❡s✉r❡r ❞❛♥s ❧❡ tr♦✉ ❞❡ ❧❛ ❝♦✉♣❡
tr❛♥s✈❡rs❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦✉♣s I0 ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ❢❛✐s❝❡❛✉ ✐♥❝✐❞❡♥t✷✱ ♣✉✐s ❧❡ ♥♦♠❜r❡ ❞❡
❝♦✉♣s tr❛♥s♠✐s It(x, y) à tr❛✈❡rs ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❞é♣❡♥❞ ❞❡ ❧❛ ♣♦s✐t✐♦♥ (x, y) ❞❛♥s
❧❛ ❧❛♠❡ ❝❛r s♦♥ é♣❛✐ss❡✉r t(x, y) ✈❛r✐❡✳ ▲✬é♣❛✐ss❡✉r ❡st r❡❧✐é❡ ✈✐❛ ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛❜s♦r♣t✐♦♥
❞❡s é❧❡❝tr♦♥s α ❛✉ r❛♣♣♦rt r ❡♥tr❡ ❧✬✐♥t❡♥s✐té tr❛♥s♠✐s❡ s✉r ❧✬✐♥t❡♥s✐té ✐♥✐t✐❛❧❡ ♣❛r ✿

−αt(x, y) = ln

(
It(x, y)

I0

)
= ln(r) ✭✹✳✶✮

❘❡st❡ à ❞ét❡r♠✐♥❡r ❧❛ ✈❛❧❡✉r ❞❡ α ♣♦✉r ❧❡ ♠❛tér✐❛✉ ét✉❞✐é✱ ❡t ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❞✬♦❜✲
s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❧❛♠❡ ✭t❛✐❧❧❡ ❞❡ ❞✐❛♣❤r❛❣♠❡ ❝♦♥❞❡♥s❡✉r ❡t ♦❜❥❡❝t✐❢✱ ♣♦s✐t✐♦♥ à ❧✬❡✉❝❡♥tr✐q✉❡
❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✱ ♠✐s❡ ❛✉ ♣♦✐♥t✮✳ ❉❛♥s ❝❡ ❜✉t✱ ♥♦✉s ❛✈♦♥s ♣ré♣❛ré✱ ❛✈❡❝ ❧✬❛✐❞❡ ❞❡ ▼✳ ❆♣r✐❧✐✱
✉♥❡ sér✐❡ ❞❡ ❞é♣ôts ❞❡ SiO2 ❞✬é♣❛✐ss❡✉r ✈❛r✐❛❜❧❡ s✉r ❣r✐❧❧❡ ❞❡ ♠✐❝r♦s❝♦♣✐❡✸✳ P✉✐s ♥♦✉s ❛✈♦♥s
♠❡s✉ré ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❝❡s ❞✐✛ér❡♥t❡s ❝♦✉❝❤❡s ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❛✐s❝❡❛✉ ❞♦♥♥é❡s
s✉r ❧❡ ❈▼✶✷ ✿ ❞✐❛♣❤r❛❣♠❡ ♦❜❥❡❝t✐❢ ❞❡ 20 µm✱ ❞✐❛♣❤r❛❣♠❡ ❝♦♥❞❡♥s❡✉r ❞❡ 100 µm ❡t ♠✐s❡ ❛✉
♣♦✐♥t s♦✐❣♥❡✉s❡✳ ◆♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ✈ér✐✜é q✉❡ ❧❛ ✈❛❧❡✉r ❞✉ r❛♣♣♦rt ❞❡ ❧✬✐♥t❡♥s✐té tr❛♥s♠✐s❡
s✉r ❧✬✐♥t❡♥s✐té ✐♥❝✐❞❡♥t❡ ♥❡ ❞é♣❡♥❞ ♣❛s ❞✉ ❣r❛♥❞✐ss❡♠❡♥t ✉t✐❧✐sé✱ ❞❡ ❧❛ ❝♦♥❞❡♥s❛t✐♦♥ ❞✉ ❢❛✐s✲
❝❡❛✉✱ ♥✐ ❞❡ ❧❛ ✈❛❧❡✉r ❛❜s♦❧✉❡ ❞❡ ❧✬✐♥t❡♥s✐té ✐♥❝✐❞❡♥t❡✳ ▲❛ ✈❛❧❡✉r ❞✉ r❛♣♣♦rt r ♣♦✉r ❧❛ ❝♦✉❝❤❡
❞❡ ❝❛r❜♦♥❡ q✉✐ s❡rt ❞❡ s✉♣♣♦rt ❛✉ ❞é♣ôt ❞❡ s✐❧✐❝❡ ❛ été é✈❛❧✉é❡ ❞❡ ♠❛♥✐èr❡ r❡♣r♦❞✉❝t✐❜❧❡ s✉r
✉♥❡ ❣r✐❧❧❡ ✈✐❡r❣❡ à r = 0, 88✳ ❈❡tt❡ ✈❛❧❡✉r ♣❡r♠❡ttr❛ ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡s r❛♣♣♦rts ♦❜s❡r✈és s✉r
❧❡s é❝❤❛♥t✐❧❧♦♥s ❞é♣♦sés✳ ▲❛ ✜❣✉r❡ ✹✳✺ ♠♦♥tr❡ ❧❡ rés✉❧t❛t ❞❡s ♠❡s✉r❡s s✉r ❧❡s é❝❤❛♥t✐❧❧♦♥s ❞❡
s✐❧✐❝❡ ❞é♣♦sé❡ ❡t ❧❡ rés✉❧t❛t ❞❡ ❧✬❛❥✉st❡♠❡♥t ❛✈❡❝ ❧✬éq✉❛t✐♦♥ ✭✹✳✶✮✱ ❞✬♦ù ♦♥ t✐r❡ ✉♥❡ é✈❛❧✉❛t✐♦♥
❞✉ ❝♦❡✣❝✐❡♥t ❞✬❛❜s♦r♣t✐♦♥ ❞❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s ❞❡ α = 1, 25 × 10−3 ➴−1✳

❯t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❝❛❧✐❜r❛t✐♦♥ ✲ ❈♦♠♣❛r❛✐s♦♥ ❞♦s❡ ✐♠♣❧❛♥té❡ ✴ ❞♦s❡ ♠❡s✉ré❡ ♣❛r
▼❊❚

◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ❝❡t ét❛❧♦♥♥❛❣❡ ❞❛♥s ❧❡ ❝❛s ❞❡ s✐❧✐❝❡ ✐♠♣❧❛♥té❡ ♣❛r Ag ✭480 keV ✱
1015 cm−2✮ ✐rr❛❞✐é❡ à ❞✐✛ér❡♥t❡s ✢✉❡♥❝❡s ❞❡ Br ✭11, 9 MeV ✱ 1012 − 1014 cm−2✮ ❛✈❛♥t ❞✬êtr❡
r❡❝✉✐ts à 750✝C ✴ 15 min✳ P♦✉r ❝❤❛❝✉♥ ❞❡ ❝❡s é❝❤❛♥t✐❧❧♦♥s✱ ♦♥ ♦❜s❡r✈❡ ✉♥ ♣✐❝ ♣❧❛s♠♦♥ ✈❡rs
400 nm ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ s✐❣♥❛❧❛♥t ❧❛ ♣rés❡♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t✱ ❝❡ q✉❡ ❧❛ ♠✐❝r♦s❝♦♣✐❡

✷❡♥ ❢❛✐s❛♥t ❛tt❡♥t✐♦♥ ❞❡ ♥❡ ♣❛s s❛t✉r❡r ❧❛ ❈❈❉✳
✸●r✐❧❧❡ ❞❡ ❝✉✐✈r❡ ❝♦♥st✐t✉é❡ ❞✬✉♥ ❣r✐❧❧❛❣❡ ❞❡ ❈✉ r❡❝♦✉✈❡rt s✉r ❧❡q✉❡❧ r❡♣♦s❡ ✉♥ ✜❧♠ ♠✐♥❝❡ ❞❡ ❝❛r❜♦♥❡✳
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❋✐❣✳ ✹✳✺✿ ▼❡s✉r❡ ❞✉ ❝♦❡✣❝✐❡♥t ❞✬❛❜s♦r♣t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❞❡ 120 keV ❞✉ ▼❊❚
❈▼✶✷ ✭❖❘❙❆❨✲❈❙◆❙▼✮ ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✳ ❉✐❛♣❤r❛❣♠❡ ♦❜❥❡❝t✐❢ ❞❡ 20 µm✱ ❞✐❛✲
♣❤r❛❣♠❡ ❝♦♥❞❡♥s❡✉r ❞❡ 100 µm✳ ▲❡s ❞♦♥♥é❡s s♦♥t ❝♦rr✐❣é❡s ❞❡ ❧✬❛❜s♦r♣t✐♦♥ à tr❛✲
✈❡rs ❧❡ s✉♣♣♦rt ❞❡ ❝❛r❜♦♥❡✳

✢✉❡♥❝❡ Br ✭1013 at.cm−2✮ 0, 1 0, 4 1 2 4
✢✉❡♥❝❡ Ag ✲ ▼❊❚ ✭1015 at.cm−2✮ 1, 4 1, 6 1 2 0, 3

t ✭nm✮ ✶✹✵ ✽✵✲✶✷✵ ✶✵✵ ✺✵✲✽✵ ✶✽✺

❚❛❜✳ ✹✳✶✿ ▼❡s✉r❡s ❞❡ ❧❛ ✢✉❡♥❝❡ ❞✬❛r❣❡♥t ✈✉❡ s♦✉s ❢♦r♠❡ ♣ré❝✐♣✐té❡ ❞❛♥s ❧❛ ❧❛♠❡
▼❊❚ ❞✬é♣❛✐ss❡✉r t✱ ♣♦✉r ❞✐✛ér❡♥ts é❝❤❛♥t✐❧❧♦♥s ♣ré♣❛rés ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❆❣
✭480 keV ✱ 1015 cm−2✮ ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✱ ♣✉✐s ✐rr❛❞✐és ✭❇r✱ 11, 9 MeV ✮ à ❧❛ ✢✉❡♥❝❡
✐♥❞✐q✉é❡ ❞❛♥s ❧❡ t❛❜❧❡❛✉ ❛✈❛♥t ❞✬êtr❡ r❡❝✉✐ts à 750✝C ✴ 15 min✳

❝♦♥✜r♠❡✳ ▲✬❛✐r❡ s♦✉s ❧❡ ♣✐❝ ♣❧❛s♠♦♥ ❡st ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t ❝♦♥st❛♥t❡ ❡t ♥✬❛✉❣♠❡♥t❡ ♣❛s
❛✈❡❝ ❧❛ ❞✉ré❡ ❞✉ r❡❝✉✐t ✿ ♦♥ ♣❡✉t ❞♦♥❝ ♣❡♥s❡r q✉❡ ❧❛ t♦t❛❧✐té ❞❡ ❧✬❛r❣❡♥t ✐♠♣❧❛♥té ❛ ♣ré❝✐♣✐té✳
❆✜♥ ❞❡ ✈ér✐✜❡r ❝❡ ❞❡r♥✐❡r ♣♦✐♥t✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ❛♥❛❧②sé ♣❧✉s ✜♥❡♠❡♥t ❧❡s ❧❛♠❡s ▼❊❚ ❡♥
t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❡✉rs ✈❛r✐❛t✐♦♥s ❞✬é♣❛✐ss❡✉r✱ t❡❧❧❡s q✉✬❡❧❧❡s ♣❡✉✈❡♥t êtr❡ é✈❛❧✉é❡s à ♣❛rt✐r
❞✉ ❝♦❡✣❝✐❡♥t ❞✬❛❜s♦r♣t✐♦♥ ❞ét❡r♠✐♥é ♣❧✉s ❤❛✉t✳

▲❡ t❛❜❧❡❛✉ ✹✳✶ ♣rés❡♥t❡ ❧❡ rés✉❧t❛t ❞❡ ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♠❛t✐èr❡ s♦✉s ❢♦r♠❡
♣ré❝✐♣✐té❡ s❡❧♦♥ ❧❛ ♠ét❤♦❞❡ ♣rés❡♥té❡ ❡♥ ♣❛rt✐❡ ✹✳✸✳✷✳ ▼❛❧❣ré ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ ♠❡s✉r❡
❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ❧❛♠❡✱ ♦♥ ❝♦♥st❛t❡ ❞❡s ✈❛r✐❛t✐♦♥s ❞✬✉♥ ❢❛❝t❡✉r ✷ ❞❡ ❧❛ q✉❛♥t✐té ✈✉❡ s♦✉s
❢♦r♠❡ ♣ré❝✐♣✐té❡ ♣❛r r❛♣♣♦rt à ❧❛ ✢✉❡♥❝❡ ✐♠♣❧❛♥té❡✱ ❡t ✉♥❡ t❡♥❞❛♥❝❡ à ❧❛ s✉r❡st✐♠❛t✐♦♥✳ ❖♥
♣❡✉t ❛ttr✐❜✉❡r ❝❡❧❛ à ❧❛ ♣❡t✐t❡ t❛✐❧❧❡ ❞❡s ❛❣ré❣❛ts ♦❜s❡r✈és ✭2−3 nm✮✱ ❝❡ q✉✐ ✐♥❞✉✐t ❞❡s ❡rr❡✉rs
✐♠♣♦rt❛♥t❡s s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡ ❡♥ ▼❊❚✳ ❉❡ ♣❧✉s✱ ♦♥ ❝♦♥st❛t❡ q✉❡
❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ❧❛♠❡ ✈❛r✐❡ ❞❛♥s ✉♥ ✐♥t❡r✈❛❧❧❡ r❡❧❛t✐✈❡♠❡♥t étr♦✐t [50 − 150] nm ❛✉t♦✉r ❞❡
100 nm ✭±50 %✮✳ P♦✉r ❞❡s é♣❛✐ss❡✉rs s✉♣ér✐❡✉r❡s✱ ❧✬❛❜s♦r♣t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡st ✐♠♣♦rt❛♥t❡
❡t ❧❡s ❧❛♠❡s s♦♥t s♦✉✈❡♥t ✐♥♦❜s❡r✈❛❜❧❡s✳ ❆✐♥s✐✱ ❧❡s ❡rr❡✉rs ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ♠❡s✉r❡ ▼❊❚ ❞❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❛❣ré❣❛ts ❞♦♠✐♥❡♥t ❝❡❧❧❡ ❞❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ❧❛♠❡✱
s✐ ♦♥ ♣r❡♥❞ ♣♦✉r ❝❡tt❡ ❞❡r♥✐èr❡ ✉♥❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡ 100 nm✳

✹✳✸✳✹ ▼❊❚ ❍❛✉t❡ ❘és♦❧✉t✐♦♥ ✭▼❊❚❍❘✮

❈♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❏✳ ▼❛❥✐♠❡❧ ✭❈❊❈▼✲❈◆❘❙✱ ❱✐tr②✮ ❡t ❈✳ ❘✐❝♦❧❧❡❛✉ ✭▲P❙✲❊❙P❈■✱ P❛✲
r✐s✮✳
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▲❛ ▼❊❚ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡ ♥❡ ♥♦✉s ❛ ♣❛s ♣❡r♠✐s ❞✬✐❞❡♥t✐✜❡r ❞❡ ♠❛♥✐èr❡ ❡①❤❛✉st✐✈❡ ❧❡s
♣❤❛s❡s ❝r✐st❛❧❧✐♥❡s ❞❡s ❛❣ré❣❛ts ♦❜s❡r✈és✳ ❊♥ ♣r❛t✐q✉❡✱ très ♣❡✉ ❞❡ ♣ré❝✐♣✐tés ❞♦♥♥❡♥t ❞❡s
t❛❝❤❡s ❡♥ ❞✐✛r❛❝t✐♦♥ ♣❛r sé❧❡❝t✐♦♥ ❞✬❛✐r❡✱ ❞♦♥t ♦♥ ♣❡✉t s❡✉❧❡♠❡♥t ✈ér✐✜❡r ❧❛ ❝♦❤ér❡♥❝❡ ❛✈❡❝ ❧❡s
str✉❝t✉r❡s ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡s ❛tt❡♥❞✉❡s✳ ❉❡ ♣❧✉s✱ ❧✬✐♥t❡♥s✐té ❞❡s ♣✐❝s ❞❡ ❞✐✛r❛❝t✐♦♥ ❞✬❛❣ré✲
❣❛ts ✈❛r✐❛♥t ❝♦♠♠❡ ❧✬✐♥✈❡rs❡ ❞❡ ❧❡✉r r❛②♦♥ R✱ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❧❡✉r ♥❛t✉r❡ ❡♥ ❞✐✛r❛❝t✐♦♥
é❧❡❝tr♦♥✐q✉❡ ♣❡✉t êtr❡ r❡♥❞✉❡ ❞✐✣❝✐❧❡✳ ❆✜♥ ❞❡ ♠❡s✉r❡r ♣ré❝✐sé♠❡♥t ❧❡s ❞✐st❛♥❝❡s ✐♥t❡r♣❧❛✲
♥❛✐r❡s ❞❡ ♥♦s ❛❣ré❣❛ts✱ ❡t ❛✐♥s✐ ❞✬✐❞❡♥t✐✜❡r ❢♦r♠❡❧❧❡♠❡♥t ❧❡✉r ♥❛t✉r❡ ❝❤✐♠✐q✉❡✱ ♥♦✉s ❛✈♦♥s
❞♦♥❝ ❝❤♦✐s✐ ❞❡ ❢❛✐r❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ▼❊❚❍❘ ✭❛♥♥❡①❡ ❉✳✶✳✷✮✳

❈♦♥❞✐t✐♦♥s ❞✬♦❜s❡r✈❛t✐♦♥ ❡t ❞❡ tr❛✐t❡♠❡♥t ❞❡s ✐♠❛❣❡s

▲❡s ♦❜s❡r✈❛t✐♦♥s ♦♥t été ❢❛✐t❡s s✉r ❧❡ ♠✐❝r♦s❝♦♣❡ ❏❊❖▲ ✷✵✶✵❋ ❞✉ ▲P❙✲❊❙P❈■ éq✉✐♣é ❞✬✉♥
❝❛♥♦♥ à ❡✛❡t ❞❡ ❝❤❛♠♣ ✭❋❊●✮ s♦✉s 200 kV ❞❡ t❡♥s✐♦♥✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❋❊● ❛♠é❧✐♦r❡ ❧❛
♠♦♥♦❝❤r♦♠❛t✐❝✐té ❞❡ ❧❛ s♦✉r❝❡ ❞✬é❧❡❝tr♦♥s✱ ❡t ❞♦♥❝ r❡♣♦✉ss❡ ❧❛ ❧✐♠✐t❡ ❞✬✐♥❢♦r♠❛t✐♦♥ di✳
❯♥❡ ❞✐✣❝✉❧té ✐♠♣♦rt❛♥t❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡s ❛❣ré❣❛ts ❡♥ ▼❊❚❍❘ ❡st ❧❡✉r é✈♦❧✉t✐♦♥ r❛✲
♣✐❞❡ s♦✉s ❧❡ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥s ✿ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❞❡s ❝❤❛♥❣❡✲
♠❡♥ts ❞✬✐♥t❡♥s✐té ❞❡s ❞✐✛ér❡♥t❡s t❛❝❤❡s ❞✐✛r❛❝té❡s✱ ❡t ❛ss❡③ r❛♣✐❞❡♠❡♥t ✭t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡
q✉❡❧q✉❡s ♠✐♥✉t❡s✮ ❧❡ ❝♦♥tr❛st❡ ❞❡ ♣❤❛s❡ ❞✐s♣❛r❛ît t♦t❛❧❡♠❡♥t ✭❢✉s✐♦♥ ❄ ❛♠♦r♣❤✐s❛t✐♦♥ s♦✉s
❢❛✐s❝❡❛✉ ❄✳ ✳ ✳ ✮✳ ▲❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❡t ❧✬❛❝q✉✐s✐t✐♦♥ ❞❡ ❧✬✐♠❛❣❡ ❞♦✐t ❞♦♥❝ êtr❡ très r❛♣✐❞❡ ✿ ❧❛ ♣❧✉✲
♣❛rt ❞✉ t❡♠♣s ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé s❡✉❧❡♠❡♥t ✉♥ q✉❛rt ❞❡ ❧❛ s✉r❢❛❝❡ t♦t❛❧❡ ❞❡ ❧❛ ❈❈❉ ✭✐♠❛❣❡
512× 512 ♣✐①❡❧s✮✳ ▲✬❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s ❡st ❢❛✐t❡ ♣❛r tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r r❛♣✐❞❡ ✭❋❋❚ →
❢réq✉❡♥❝❡s s♣❛t✐❛❧❡s ❞❡ ❧✬✐♠❛❣❡✮✳ ▲❡ ❢♦♥❞s ❛♠♦r♣❤❡ ❞♦♥♥❡ ✉♥ ❢♦♥❞s ❝♦♥t✐♥✉ ✭❝♦♥✈♦❧✉é ❞❡ ❧❛
❢♦♥❝t✐♦♥ ❞❡ tr❛♥s❢❡rt ❞❡ ❧✬❛♣♣❛r❡✐❧✮✱ ❡t s✐ ❧✬❛❣ré❣❛t ♦❜s❡r✈é ❡st ❡♥ ♣♦s✐t✐♦♥ ❞❡ ❞✐✛r❛❝t✐♦♥✱ ♦♥
♦❜s❡r✈❡ ✉♥ ❝♦✉♣❧❡ ❞❡ t❛❝❤❡s s②♠étr✐q✉❡s ♣❛r r❛♣♣♦rt à ❧✬♦r✐❣✐♥❡ ✭k = 0✮ ❡t ❞♦♥t ❧❛ ♠❡s✉r❡ ❞❡
❧✬é❝❛rt❡♠❡♥t ❞♦♥♥❡ ❧❛ ❞✐st❛♥❝❡ ✐♥t❡r♣❧❛♥❛✐r❡ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❞❡ ♣❧❛♥s ❡♥ ♣♦s✐t✐♦♥ ❞❡ ❞✐✛r❛❝t✐♦♥✳
◆♦✉s ♦❜s❡r✈♦♥s ❝♦✉r❛♠♠❡♥t ♣❧✉s✐❡✉rs ❝♦✉♣❧❡s ❞❡ t❛❝❤❡s s✉r ❧❛ ❋❋❚✳ ❈❡❝✐ s❡ ♣r♦❞✉✐t ♣♦✉r
❞❡s ♠✐❝r♦str✉❝t✉r❡s très ❞✐✛ér❡♥t❡s ✿

✕ ❛❣ré❣❛t ❡♥ ❛①❡ ❞❡ ③♦♥❡ ✿ ❧❡s ❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés ♣r♦✈✐❡♥♥❡♥t t♦✉s ❞❡ ❧❛ ♠ê♠❡ ♣❛rt✐❡ ❞❡
❧✬❛❣ré❣❛t✳ ▲❡ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥s ❡st ❝♦❧✐♥é❛✐r❡ à ✉♥❡ ❞✐r❡❝t✐♦♥ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❞❡
s②♠étr✐❡ ✐♠♣♦rt❛♥t❡✳

✕ ❛❣ré❣❛t ♣♦❧②❝r✐st❛❧❧✐♥ ✿ ❧❡s ❞✐✛ér❡♥ts ❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés ♣r♦✈✐❡♥♥❡♥t ❛❧♦rs ❞❡ ♣♦rt✐♦♥s
❞✐✛ér❡♥t❡s ❞✉ ♥❛♥♦❝r✐st❛❧✳ ❖♥ ♣❡✉t ✐s♦❧❡r ❧❛ ♣♦rt✐♦♥ ❞✉ ♥❛♥♦❝r✐st❛❧ ❞✬♦ù ♣r♦✈✐❡♥t ✉♥
❝♦✉♣❧❡ ❞❡ t❛❝❤❡s ❞♦♥♥é ❡♥ ♠❛sq✉❛♥t ❧❡s ❛✉tr❡s ❝♦✉♣❧❡s ❞❛♥s ❧❛ ❋❋❚ ❛✈❛♥t ❞✬❡♥ ❡✛❡❝✲
t✉❡r ❧❛ ❋❋❚ ✐♥✈❡rs❡✳

▲❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ❞✐st❛♥❝❡s ✐♥t❡r♣❧❛♥❛✐r❡s ❡st ❛✐♥s✐ ré❛❧✐sé❡ ❛✈❡❝ ✉♥❡ ♣ré❝✐s✐♦♥ ❞❡
±3 %✳

✹✳✹ ▼❡s✉r❡s ❞❡s ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥

◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ❞❡✉① ♠ét❤♦❞❡s ❞✐✛ér❡♥t❡s ❞✬❛♥❛❧②s❡ ❞❡ ❝♦✉❝❤❡s ♠✐♥❝❡s ✿ ❧❛ ❘❇❙ ✭❘✉✲
t❤❡r❢♦r❞ ❇❛❝❦❙❝❛tt❡r✐♥❣✱ ✈♦✐r ❛♥♥❡①❡ ❊✳✷✮ ❡t ❧❡ ❙■▼❙ ✭❙❡❝♦♥❞❛r② ■♦♥ ▼❛ss ❙♣❡❝tr♦s❝♦♣②✱
✈♦✐r ❛♥♥❡①❡ ❊✳✶✮✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❙■▼❙ ❡st ❧❡ rés✉❧t❛t ❞✬✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❋✳ ❏♦♠❛r❞
❛✉ ▲P❙❈✲❈◆❘❙✱ ❇❡❧❧❡✈✉❡✳



✽✸

✹✳✹✳✶ ❈♦♠♣❧é♠❡♥t❛r✐té ❘❇❙✴❙■▼❙

▲❛ ❘❇❙ ❝♦♥s✐st❡ à ❡♥✈♦②❡r ✉♥ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ❞✬é♥❡r❣✐❡ ❝♦♥♥✉❡ ✭M1✱ E0✮ s✉r ❧❛ ❝✐❜❧❡ à
❛♥❛❧②s❡r✱ ❧✬é♥❡r❣✐❡ ❞❡s ✐♦♥s rétr♦❞✐✛✉sés ❞♦♥♥❛♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛ ♣r♦❢♦♥❞❡✉r ❡t ❧❛
♥❛t✉r❡ ❞❡s ❛t♦♠❡s ❞❡ ❧❛ ❝✐❜❧❡✳ ❖♥ ❛tt❡✐♥t t②♣✐q✉❡♠❡♥t ✉♥ ♥✐✈❡❛✉ ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡
10−4 at ✪ ♣♦✉r ❧❡ Pb ❞❛♥s SiO2✱ ❡t s❡✉❧❡♠❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ 10−2 at ✪ ♣♦✉r ❧❡s é❧é♠❡♥ts
très ❧é❣❡rs ❝♦♠♠❡ ❧❡ S✳ ▲♦rs ❞❡ ❧✬ét✉❞❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s ❞❡ Pb✱
❧❡s ❝♦♥❝❡♥tr❛t✐♦♥s ♠❛①✐♠✉♠ ❛tt❡✐♥t❡s ❛♣rès ✐♠♣❧❛♥t❛t✐♦♥ s♦♥t ❞❡ ❧✬♦r❞r❡ ❞❡ ✵✱✷ ✪❛t ✿ ♦♥ ♥❡
♣❡✉t ré❛❧✐s❡r q✉❡ ❧❛ ♣r♦✜❧♦♠étr✐❡ ❞✉ Pb ❞❛♥s ❧❛ s✐❧✐❝❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t Pb + S✱
❡t Pb+ Se✳ ❊♥ ♣r✐♥❝✐♣❡ ♦♥ ❞♦✐t ♣♦✉✈♦✐r ❞ét❡❝t❡r ❧❡ ❚❡✱ ♠❛✐s s♦♥ ♣r♦✜❧ ✈❛ s❡ r❡❝♦✉✈r✐r ❛✈❡❝
❝❡❧✉✐ ❞✉ Pb ✐♠♣❧❛♥té séq✉❡♥t✐❡❧❧❡♠❡♥t✳ ❊♥ r❛✐s♦♥ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥❢ér✐❡✉r❡s ♦✉ é❣❛❧❡s à
100 appm✱ ❧✬❛r❣❡♥t ❞✐ss♦✉s ❞❛♥s ♥♦s ✈❡rr❡s s✐❧✐❝❛t❡s ♥✬❡st ♣❛s ❞ét❡❝t❛❜❧❡✳ ▲❛ ❘❇❙ ❡st ✉♥❡
♠ét❤♦❞❡ q✉❛♥t✐t❛t✐✈❡ ✿ ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ✢✉❡♥❝❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞✉ Pb ❞❛♥s SiO2 ❡st ré❛❧✐sé❡
à q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ♣rès✳

▲❡ ❙■▼❙ ❡st ✉♥❡ ♠ét❤♦❞❡ ❞❡str✉❝t✐✈❡ q✉✐ ❝♦♥s✐st❡ à ❛♥❛❧②s❡r ❧❡s ♣r♦❞✉✐ts ❞✬ér♦s✐♦♥ ❞❡
❧❛ ❝♦✉❝❤❡ s✉♣❡r✜❝✐❡❧❧❡ ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥✳ ❈❡tt❡ ♠ét❤♦❞❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s s❡♥s✐❜❧❡ ❡♥ t❡r♠❡
❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ q✉❡ ❧❛ ❘❇❙✳ ❊❧❧❡ ♥♦✉s ♣❡r♠❡ttr❛ ❞♦♥❝ ❞❛♥s ❝❡ tr❛✈❛✐❧ ❞❡ ré❛❧✐s❡r ❧❡s ♣r♦✜❧s
❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ Ag✱ S✱ Se✱ Te ❡t ❛ ❢♦rt✐♦r✐ Pb✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❛ ❣❛♠♠❡ ❞❡ ♣r♦❢♦♥❞❡✉r
s✉r ❧❛q✉❡❧❧❡ ♦♥ ♣❡✉t ❢❛✐r❡ ❞❡s ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥s ♣❛r ❘❇❙ ❡st ❧✐♠✐té❡ à q✉❡❧q✉❡s ❝❡♥✲
t❛✐♥❡s ❞❡ ♥❛♥♦♠ètr❡s ✭400 − 500 nm ♣♦✉r ❧❡ Pb✮✳ ▲❡ ❙■▼❙ r❡♠é❞✐❡ à ❝❡t ✐♥❝♦♥✈é♥✐❡♥t ❝❛r
❧❡s ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ s♦♥t ♠❡s✉r❛❜❧❡s s✉r q✉❡❧q✉❡s ♠✐❝r♦♥s ❞❡ ♣r♦❢♦♥❞❡✉r✳ ▲✬✐♥❝♦♥✈é✲
♥✐❡♥t ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛ ♠ét❤♦❞❡ ❡st s♦♥ ❝❛r❛❝tèr❡ s❡♠✐✲q✉❛♥t✐t❛t✐❢✳ ■❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡✱ ❞✉ ❢❛✐t
❞❡ ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ✐♥t❡r❛❝t✐♦♥s ❧♦rs ❞❡ ❧✬é♠✐ss✐♦♥ ✐♦♥✐q✉❡✱ ❞❡ ♠♦❞é❧✐s❡r ❧✬❛♥❛❧②s❡✱ ❡♥❝♦r❡
♠♦✐♥s ❞❡ ❧❛ q✉❛♥t✐✜❡r✳ ■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞✬❛✈♦✐r ✉♥❡ ré❢ér❡♥❝❡ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✲ ❧❡ ♣❧✉s
s♦✉✈❡♥t ❞❡s é❝❤❛♥t✐❧❧♦♥s ✐♠♣❧❛♥tés ♠❡s✉rés ❡♥ ❘❇❙ ✲ ❛✜♥ ❞✬ét❛❧♦♥♥❡r ❧❡ s②stè♠❡ ❞❡ ♠❡s✉r❡
✭❝❡t ét❛❧♦♥♥❛❣❡ r❡st❛♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t s❡♥s✐❜❧❡ ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ ❝♦❧❧❡❝t❡✮✳

❖♥ ❧❡ ✈♦✐t✱ ❧❛ ❘❇❙ ❡t ❧❡ ❙■▼❙ s♦♥t ❞❡s ♠ét❤♦❞❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞✬❛♥❛❧②s❡ ❞❡ s✉r❢❛❝❡✳
❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡ ❝❛r❛❝tèr❡ q✉❛♥t✐t❛t✐❢ ❞❡ ❧❛ ❘❇❙ ♣♦✉r ❧❛ ♠❡s✉r❡ ❞❡s
✢✉❡♥❝❡s ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ Pb ✭❛♥♥❡①❡ ❊✳✷✳✶✮✱ ❡t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡ ❙■▼❙✱ ♣♦✉r ❧❛ ♣r♦✜❧♦♠é✲
tr✐❡✳

✹✳✹✳✷ Pr♦✜❧♦♠étr✐❡ ❙■▼❙

▼✐s❡ ❡♥ ♦❡✉✈r❡

❊♥ ❙■▼❙✱ ♦♥ ❡♥✈♦✐❡ ✉♥ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ❝❤❛r❣és s✉r ❧✬é❝❤❛♥t✐❧❧♦♥✱ ❝❡ q✉✐ ♣♦s❡ ✉♥ ❝❡rt❛✐♥
♥♦♠❜r❡ ❞❡ ♣r♦❜❧è♠❡s ♣♦✉r ❧✬ét✉❞❡ ❞✬✐s♦❧❛♥ts ❝♦♠♠❡ ♥♦s ✈❡rr❡s✳ ❆✜♥ ❞✬❛✈♦✐r ✉♥ ❝❤❛♠♣ ❞❡
❝♦❧❧❡❝t❡ ❧❡ ♣❧✉s ❤♦♠♦❣è♥❡ ♣♦ss✐❜❧❡✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ❞é♣♦sé ❛✉ ♠♦✐♥s 50 nm ❞✬♦r s✉r ❧❛ s✉r❢❛❝❡
❞❡s ✈❡rr❡s✳ ❉❡s ❝❤❛r❣❡s ♣❡✉✈❡♥t ❝❡♣❡♥❞❛♥t s❡ ❝ré❡r s✉r ❧❡s ♣❛r♦✐s ❞✉ ❝r❛tèr❡✳ ❆✜♥ ❞✬é✈✐t❡r
❝❡❧❛✱ ♥♦✉s ❛✈♦♥s tr❛✈❛✐❧❧é ❡♥ ♣r✐♠❛✐r❡ ♣♦s✐t✐❢ ✭Cs+✮ ❡t s❡❝♦♥❞❛✐r❡ ♥é❣❛t✐❢✱ ✉♥❡ ❝♦♠♣❡♥s❛t✐♦♥
❞❡ ❝❤❛r❣❡ ét❛♥t ré❛❧✐sé❡ à ❧✬❛✐❞❡ ❞✬✉♥ ❛♣♣♦rt ❞✬é❧❡❝tr♦♥s ❞❡ ❢❛✐❜❧❡ é♥❡r❣✐❡✳
▲❛ ❧✐♠✐t❡ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❜s❡r✈❛❜❧❡ ✈❛r✐❡ ❞✬✉♥ é❧é♠❡♥t à ✉♥ ❛✉tr❡ ❡t ❡♥ ❢♦♥❝t✐♦♥ ❞✉
♠❛tér✐❛✉ ❞❛♥s ❧❡q✉❡❧ ✐❧ ❡st ♦❜s❡r✈é ✭✈♦✐r t❛❜❧❡❛✉ ✹✳✹✳✷ ♣♦✉r ❧❡s é❧é♠❡♥ts ♦❜s❡r✈és ❞❛♥s ❝❡
tr❛✈❛✐❧✮✳

Pb S Ag
10 − 100 ppm 1 ppm 1 ppm
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❋✐❣✳ ✹✳✻✿ ❊①❡♠♣❧❡ ❞❡ sé♣❛r❛t✐♦♥ ❡♥ ♠❛ss❡ ❞✉ s✐❣♥❛❧ ❞✉ 34S ❞✬❛✈❡❝ ❝❡❧✉✐ ❞✉ 16O18O✳
❋❛✐s❝❡❛✉ ♣r✐♠❛✐r❡ ✿ Cs+✱ Ip = 5, 5 nA✱ 10, 5 keV ✱ ❜❛❧❛②❛❣❡ 150 µm× 150 µm✳ ▲❛
rés♦❧✉t✐♦♥ ❡♥ ♠❛ss❡ ❡st ✐❝✐ ❞❡ ✶✻✵✵✳

■❧ ② ❛ ❡♥ ❡✛❡t ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ tr❛✈❛✐❧ ❞❡ s♦rt✐❡ ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ à ❧✬❛✉tr❡✱ ♠❛✐s ❛✉ss✐
❞❡s ✐♥t❡r❢ér❡♥❝❡s ♣♦ss✐❜❧❡s ❛✈❡❝ ❞✬❛✉tr❡s ✐♦♥s✴❝♦♠♣❧❡①❡s ♠♦❧é❝✉❧❛✐r❡s q✉✐ ♦❜❧✐❣❡♥t ♣❛r❢♦✐s à
tr❛✈❛✐❧❧❡r à ❞❡s rés♦❧✉t✐♦♥s ❡♥ ♠❛ss❡ ✐♠♣♦rt❛♥t❡s✳ ▲❡ ❝❛s ❞❡ ❧✬ét✉❞❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ s✐❧✐❝❡
♣✉r❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t ♣❛r PbS ✐❧❧✉str❡ ❜✐❡♥ ❝❡ ♣r♦♣♦s✳
P❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s é❧é♠❡♥ts ❞❛♥s ❝❡ tr❛✈❛✐❧✱ ❧❡ P❜ ❡st ❜❡❛✉❝♦✉♣ ♠♦✐♥s ❡✣❝❛❝❡♠❡♥t
❝♦❧❧❡❝té✱ s❡✉❧❡♠❡♥t ❛✉ ❞❡ss✉s ❞❡ 10−100 ppm ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✳ ❆✜♥ ❞✬❛♠é❧✐♦r❡r ❧❛ s❡♥s✐❜✐❧✐té✱
♥♦✉s ❛✈♦♥s tr❛✈❛✐❧❧é ❛✉ ♠✐♥✐♠✉♠ ❞❡ rés♦❧✉t✐♦♥ ❡♥ ♠❛ss❡✱ ❡t ❡♥ ♠♦❞❡ ♠✐❝r♦s♦♥❞❡ ✭tr❛♥s❢❡rt
❞②♥❛♠✐q✉❡ ❞❡s ✐♦♥s s❡❝♦♥❞❛✐r❡s✹✮✳ ❆✉ ❝♦♥tr❛✐r❡ ❞❛♥s ❧❡ ❝❛s ❞✉ s♦✉❢r❡✱ ❧❡ s✐❣♥❛❧ ❡st ✐♥t❡♥s❡
♠❛✐s ❧❛ ♣r♦①✐♠✐té ❞✬✉♥❡ ♠❛ss❡ ✸✹ ❞❡ ❧✬✐♦♥ ♠♦❧é❝✉❧❛✐r❡ 16O18O ✐♠♣♦s❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡
♣❧✉s ❣r❛♥❞❡ rés♦❧✉t✐♦♥ ❡♥ ♠❛ss❡ M/∆M ≈ 1600 ✭✜❣✉r❡ ✹✳✻✮✱ ❛❧♦rs q✉✬❡❧❧❡ ét❛✐t ❞❡ ✸✵✵ ♣♦✉r
❧✬♦❜s❡r✈❛t✐♦♥ ❞❛♥s t♦✉s ❧❡s ❛✉tr❡s ❝❛s✳

❉é♣♦✉✐❧❧❡♠❡♥t ❞❡s ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥

▲✬❛♥❛❧②s❡ ❢♦✉r♥✐t ✉♥ ♣r♦✜❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞♦♥♥é ❡♥ ❝♦✉♣✴s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✭✜❣✉r❡
✹✳✼✮✳ ▲❛ ♣r♦❝é❞✉r❡ ❞❡ ❞é♣♦✉✐❧❧❡♠❡♥t ❝✐✲❞❡ss♦✉s ♣❡r♠❡t ❞❡ ♣rés❡♥t❡r ✉♥ ♣r♦✜❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ✿

✕ ❈♦♠♠❡♥❝❡r ♣❛r ❞ét❡r♠✐♥❡r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ❞ét❡r♠✐♥♦♥s
❧✬✐♥st❛♥t ❞❡ ❧❛ ♣❧✉s ❣r❛♥❞❡ ♣❡♥t❡ ♣♦✉r ❧❡s ❞✐✛ér❡♥ts s✐❣♥❛✉① ❞❡ ♠❛tr✐❝❡ 16O,28 Si,30 Si
❡♥ ♣r❡♥❛♥t ❧❡✉r ❞ér✐✈é❡✳ ❚②♣✐q✉❡♠❡♥t✱ ♦♥ ❛ ❞❡s t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡ 40 s✳ ❈❡ t❡♠♣s
❝♦rr❡s♣♦♥❞ à ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✉ ré❣✐♠❡ ♣❡r♠❛♥❡♥t ❞✬ér♦s✐♦♥ ❡t ♥♦✉s s❡rt à ✜①❡r ❧❛
♣♦s✐t✐♦♥ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❞é♣ôt ♠ét❛❧❧✐q✉❡ ✲ ✈❡rr❡✳

✹❉❡ ♠❛♥✐èr❡ ❛♥❛❧♦❣✉❡ ❛✉ ❙❚❊▼ ♦✉ ❛✉ ▼❊❇✱ ✉♥❡ ♠✐❝r♦s♦♥❞❡ ❡st ❜❛❧❛②é❡ s✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ❧✬♦♣t✐q✉❡ ❞❡
tr❛♥s❢❡rt s✬❛❞❛♣t❡ ❡♥ t❡♠♣s ré❡❧ ♣♦✉r r❡❞r❡ss❡r ❧❡s ✐♦♥s s❡❝♦♥❞❛✐r❡s s✉r ❧✬❛①❡ ♦♣t✐q✉❡✳ ❈❡ ♠♦❞❡ s✬♦♣♣♦s❡ ❛✉
♠♦❞❡ st❛t✐q✉❡ ❞❡ ❝♦❧❧❡❝t✐♦♥✱ ♦ù ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ③♦♥❡ à ❛♥❛❧②s❡r ❡st ✐rr❛❞✐é❡ ♣❛r ❧❡s ✐♦♥s ♣r✐♠❛✐r❡s✳
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❋✐❣✳ ✹✳✼✿ ❊①❡♠♣❧❡ ❞❡ ♣r♦✜❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts ❞✬✉♥❡ s✐❧✐❝❡
♣✉r❡ ✐♠♣❧❛♥té❡ ♣❛r S ✭100 keV ✱ 2, 2 × 1015 cm−2✮✳ Pr✐♠❛✐r❡ ✿ Cs+ ❛❝❝é❧érés s♦✉s
−10 kV s♦✉s ✉♥ ❝♦✉r❛♥t ♠♦②❡♥ ❞❡ 13, 5 nA✱ ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ s♦♥❞❡ ❡st ❞❡ 1 µm ❜❛❧❛②é
s✉r ✉♥❡ s✉r❢❛❝❡ ❞❡ 150 × 150 µm✳ ❙❡❝♦♥❞❛✐r❡ ✿ ♥é❣❛t✐❢ ❛❝❝é❧éré s♦✉s −4, 5 kV ✳ ▲❛
rés♦❧✉t✐♦♥ ❡♥ ♠❛ss❡ ❡st ❞❡ ✶✻✵✵✳ ▲❡s é❧é♠❡♥ts ❧❡s ♣❧✉s ❝♦♥❝❡♥trés ✭16O✱ 28Si✮ s♦♥t
❞ét❡❝tés ❛✈❡❝ ✉♥❡ ❝❛❣❡ ❞❡ ❋❛r❛❞❛②✱ ❛❧♦rs q✉❡ ❧❡s ♠♦✐♥s ❝♦♥❝❡♥trés ✭30Si✱ 34S✮ ❧❡
s♦♥t ❛✈❡❝ ✉♥ ♠✉❧t✐♣❧✐❝❛t❡✉r ❞✬é❧❡❝tr♦♥s✳

✕ ▲❛ ♣r♦❢♦♥❞❡✉r ✜♥❛❧❡ ❞✉ tr♦✉ ❞✬❛♥❛❧②s❡ ❡st ♠❡s✉ré❡ ♣❛r ♣r♦✜❧♦♠étr✐❡ ✿ ❝♦♥♥❛✐ss❛♥t ❧❡
t❡♠♣s t♦t❛❧ ❞✬❛♥❛❧②s❡✱ ♦♥ ♣❡✉t ❡♥ ❞é❞✉✐r❡ ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞✉ t❛✉① ❞❡ s♣✉tt❡r✐♥❣✳
▲✬ét❛❧♦♥♥❛❣❡ ❡♥ ♣r♦❢♦♥❞❡✉r ❡st ❛❧♦rs ♦❜t❡♥✉ ♣❛r ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❞✉ t❡♠♣s ❞✬❡①♣ér✐❡♥❝❡
♣❛r ❧❡ t❛✉① ❞❡ s♣✉ttt❡r✐♥❣✳ ❈❡❝✐ ♥✬❡st q✉✬✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❝❛r ❝❡ ❞❡r♥✐❡r ♣❡✉t ✈❛r✐❡r
❞❛♥s ❧❡ t❡♠♣s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ♠✉❧t✐♣❧❡s ♣❛r❛♠ètr❡s t❡❧s q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❝❤❛♠♣s
é❧❡❝tr✐q✉❡s ❛✉ ❢✉r ❡t à ♠❡s✉r❡ ❞❡ ❧✬ér♦s✐♦♥ ✭♦♥ tr❛✈❛✐❧❧❡ ❛✈❡❝ ✉♥ ✐s♦❧❛♥t✳ ✳ ✳ ✮✱ ❧❡s ❞ér✐✈❡s
❞✉ ❝♦✉r❛♥t ❞✬❛♥❛❧②s❡ ❡t ❞✬❡✣❝❛❝✐té ❞❡ ❞ét❡❝t❡✉r✳

✕ ❖♥ ❝♦♥st❛t❡ ♣❛r ❛✐❧❧❡✉rs q✉❡ ❧❡ s✐❣♥❛❧ ❞❡ ♠❛tr✐❝❡ ✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ❞✬❛♥❛❧②s❡✳
▲❡s ❝❛✉s❡s ❞❡ ❝❡s ✈❛r✐❛t✐♦♥s ♣❡✉✈❡♥t êtr❡ ♠✉❧t✐♣❧❡s ✿ ✢✉❝t✉❛t✐♦♥s ❞✉ t❛✉① ❞❡ s♣✉tt❡r✐♥❣✱
❞❡ ❧✬❡✣❝❛❝✐té ❞❡ ❞ét❡❝t✐♦♥✱ ❞✉ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ ❞✉ s✐❣♥❛❧✳ ✳ ✳ P♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡
❝❡s ❡✛❡ts s✉r ❧❡ s✐❣♥❛❧ ❞❡ ❧✬é❧é♠❡♥t ❞✬✐♥térêt✱ s♦♥ s✐❣♥❛❧ ❡st ❞✐✈✐sé ♣❛r ❧❡ s✐❣♥❛❧ ❞✬✉♥
é❧é♠❡♥t ❞❡ ❧❛ ♠❛tr✐❝❡ ♠❡s✉ré ❛✈❡❝ ❧❡ ♠ê♠❡ ❞ét❡❝t❡✉r ✭30Si✮✳

✕ ❖♥ ré❛❧✐s❡ ✜♥❛❧❡♠❡♥t ❧✬ét❛❧♦♥♥❛❣❡ ❞❡ ❧✬é❝❤❡❧❧❡ ✈❡rt✐❝❛❧❡ ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s✳ ❉❛♥s ❧❡ ❝❛s
❞❡s é❝❤❛♥t✐❧❧♦♥s ✐♠♣❧❛♥tés ♥♦♥✲r❡❝✉✐ts✱ ❧❛ ✢✉❡♥❝❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ♣❡r♠❡t ❞❡ ❧❡ ❢❛✐r❡ ❛✐✲
sé♠❡♥t à ♣❛rt✐r ❞❡ ❧✬✐♥té❣r❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❝♦✉♣s✳ ▲❛ s✐t✉❛t✐♦♥ ❡st ♣❧✉s ❝♦♠♣❧✐q✉é❡
❛♣rès r❡❝✉✐t ❝❛r ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬é❧é♠❡♥t s✉✐✈✐ ❛ ♣✉ ❞✐✛✉s❡r ❥✉sq✉✬à ❧❛ s✉r❢❛❝❡ ❞✉ ✈❡rr❡
❡t s✬é✈❛♣♦r❡r ✭♣❡rt❡ ❞❡ ♠❛t✐èr❡✮✳ P♦✉r ❞❡s t❡♠♣ér❛t✉r❡s ♦✉ ❞❡s ❞✉ré❡s ❞❡ r❡❝✉✐t ♣❡✉
✐♠♣♦rt❛♥t❡s✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré ❝❡ ♣❤é♥♦♠è♥❡ ♥é❣❧✐❣❡❛❜❧❡ ❡t ❞♦♥❝ ♣ré❝é❞é ❞❡ ♠ê♠❡
q✉❡ ♣♦✉r ❧❡s é❝❤❛♥t✐❧❧♦♥s ♥♦♥ r❡❝✉✐ts ♣❛r ✐♥té❣r❛t✐♦♥s ❞✉ ♥♦♠❜r❡ ❞❡ ❝♦✉♣s ❡t ♥♦r♠❛❧✐✲
s❛t✐♦♥ à ❧❛ ✢✉❡♥❝❡ ✐♥✐t✐❛❧❡ ✐♠♣❧❛♥té❡✳ ✭✈♦✐r ❧✬ét✉❞❡ ❘❇❙ ❞✉ P❜ ❞❛♥s ❧❡s é❝❤❛♥t✐❧❧♦♥s ❞❡
SiO2 ✐♠♣❧❛♥tés séq✉❡♥t✐❡❧❧❡♠❡♥t Pb+ S ✲ ❝❤❛♣✐tr❡ ✻✮✳



✽✻

❋✐❣✳ ✹✳✽✿ ❙❝❤é♠❛ ❞✬✉♥ s♣❡❝tr♦♣❤♦t♦♠ètr❡ à ❞♦✉❜❧❡ ❢❛✐s❝❡❛✉✳ ▲✬❛❜s♦r♣t✐♦♥ à ❧❛ ❧♦♥✲
❣✉❡✉r ❞✬♦♥❞❡ λ0 ❡st ❞♦♥♥é❡ ♣❛r ✿ α(λ0)l = ln I0

I ✱ ❛✈❡❝ l ❧✬é♣❛✐ss❡✉r tr❛✈❡rsé❡ ❞❡
♠❛tér✐❛✉ ❛❜s♦r❜❛♥t✳

✹✳✺ ❙♣❡❝tr♦s❝♦♣✐❡ ❖♣t✐q✉❡

✹✳✺✳✶ ❆❜s♦r♣t✐♦♥ ❖♣t✐q✉❡

▲❡s ❡①♣ér✐❡♥❝❡s ❞✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡s ♦♥t été ♠❡♥é❡s s✉r ✉♥ s♣❡❝tr♦♠ètr❡ ❝♦♠♠❡r❝✐❛❧
❞❡ ❧❛ ♠❛rq✉❡ ❱❆❘■❆◆ ✭♠♦❞è❧❡ ❈❛r② ✺✵✵✮✳ ▲❛ ♠❡s✉r❡ ❡st ❢❛✐t❡ ❡♥ ❞♦✉❜❧❡ ❢❛✐s❝❡❛✉ ✭✜❣✉r❡
✹✳✽✮✱ ✉♥ ♣♦✉r ❧❛ ré❢ér❡♥❝❡ ✭✐❝✐ ❞❡ ❧✬❛✐r✮ ❡t ❧✬❛✉tr❡ ♣♦✉r ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❉❛♥s t♦✉s ❧❡s s♣❡❝tr❡s✱ ✉♥
❞✐❛♣❤r❛❣♠❡ ❞❡ 5 mm ❞❡ ❞✐❛♠ètr❡ ❡st ♣❧❛❝é ❞❡✈❛♥t ❧❡s é❝❤❛♥t✐❧❧♦♥s✳ ▲❡ t❡♠♣s ❞✬❛❝❝✉♠✉❧❛t✐♦♥
♣❛r ♣♦✐♥t ❡st ❞❡ 0, 3 s✱ ❝❡ q✉✐ ❞♦♥♥❡ ❡♥ ♣r❛t✐q✉❡ ✉♥ ♥✐✈❡❛✉ ❞❡ ❜r✉✐t ❞❡ 10−4 ❡♥ ❛❜s♦r♣t✐♦♥✳
◗✉❡❧q✉❡s r❡♠❛rq✉❡s s♦♥t ♥é❝❡ss❛✐r❡s ❝♦♥❝❡r♥❛♥t ❧❡ tr❛✐t❡♠❡♥t ❞❡s s♣❡❝tr❡s ✐ss✉s ❞❡ ❧❛ ♠❡s✉r❡✳

❉❛♥s ❧❡ ❝❛s ❞❡s ✐rr❛❞✐❛t✐♦♥s γ✱ ♦♥ ♣❡✉t ❝♦♥s✐❞ér❡r q✉❡ ❧❡ ❞é♣ôt ❞✬é♥❡r❣✐❡ ❡st ❤♦♠♦❣è♥❡
❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✭s❡✉❧s q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ❞❡s ♣❤♦t♦♥s γ tr❛✈❡rs❛♥t ❧❡ ♠❛✲
tér✐❛✉ s✉❜✐ss❡♥t ✉♥❡ ❞✐✛✉s✐♦♥ ❈♦♠♣t♦♥✮✳ ❆✐♥s✐ ♦♥ ♣❡✉t ❡①♣r✐♠❡r ❧✬❛❜s♦r❜❛♥❝❡ ❡♥ m−1 ❡♥
❞✐✈✐s❛♥t ❧❡s s♣❡❝tr❡s ❞✬❛❜s♦r♣t✐♦♥ ♣❛r ❧✬é♣❛✐ss❡✉r ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ✐rr❛❞✐❛t✐♦♥s
♣❛r ❞❡s ✐♦♥s✱ ❝❡s ❞❡r♥✐❡rs s✬❛rrêt❡♥t ❛✉ ❜♦✉t ❞❡ q✉❡❧q✉❡s ♠✐❝r♦♥s ✭♣♦✉r ❧❡s Br ❞❡ 12 MeV
❡t ❧❡s He ❞❡ 1, 6 MeV ✉t✐❧✐sés✮✳ ❈♦♠♠❡ ❧❡ ❞é♣ôt ❞✬é♥❡r❣✐❡ ❡st très ❢♦rt❡♠❡♥t ✐♥❤♦♠♦❣è♥❡
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✱ ♦♥ s✬❛tt❡♥❞ ❞♦♥❝ à ✉♥❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts
très ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t❡ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✳ ■❧ ❡st ✐♠♣♦ss✐❜❧❡ ❛ ♣r✐♦r✐ ❞❡ s❛✈♦✐r ♣❛r q✉❡❧❧❡
♣r♦❢♦♥❞❡✉r ♥♦r♠❛❧✐s❡r✱ ❡t ♥♦✉s ❛✈♦♥s ❞♦♥❝ tr❛❝é ❧✬❛❜s♦r❜❛♥❝❡ t❡❧❧❡ q✉❡ ♠❡s✉ré❡✳

❈♦rr❡❝t✐♦♥s ❞✐✈❡rs❡s

▲❡s s♣❡❝tr❡s s♦♥t t♦✉t ❞✬❛❜♦r❞ ❝♦rr✐❣és ❞❡s ❛rt❡❢❛❝ts ❞✉ s♣❡❝tr♦♠ètr❡✱ ♥♦t❛♠♠❡♥t ✉♥
❞é❝r♦❝❤❡♠❡♥t ❞û à ✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ s♦✉r❝❡ ✈❡rs 350 nm✳ ▲❛ ❝♦rr❡❝t✐♦♥ ❛♣♣♦rté❡ ❡st ✐❝✐ ✉♥
s✐♠♣❧❡ ❞é❝❛❧❛❣❡ ❞✬✉♥❡ ♣❛rt✐❡ ❞✉ s♣❡❝tr❡✳
❊♥✜♥✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssés ❞❛♥s ❝❡ tr❛✈❛✐❧ ❛✉① ♠♦❞✐✜❝❛t✐♦♥s ❛♣♣♦rté❡s ❛✉ ✈❡rr❡
♣❛r ✉♥ r❛②♦♥♥❡♠❡♥t ✐♦♥✐s❛♥t✳ ❆✜♥ ❞❡ ♥✬❛✈♦✐r q✉❡ ❧✬✐♥❢♦r♠❛t✐♦♥ r❡❧❛t✐✈❡ à ❝❡s ♠♦❞✐✜❝❛t✐♦♥s✱
❧❡ ❢♦♥❞s ❞✬❛❜s♦r♣t✐♦♥ r❡❧❛t✐❢ à ❧❛ ♠❛tr✐❝❡ ✈✐tr❡✉s❡ ❛ été s♦✉str❛✐t ✭❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ s♦♥
é♣❛✐ss❡✉r ❞❛♥s ❧❡ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥s ❛✉① ✐♦♥s✮✳



✽✼

❋✐❣✳ ✹✳✾✿ ❙❝❤é♠❛ ❞✉ ♠♦♥t❛❣❡ ❞❡ ♠❡s✉r❡ ❞❡ P▲ ❝♦♥t✐♥✉❡ ré❛❧✐sé ❛✉ ❈❊❘❋✳

✹✳✺✳✷ P❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡ ✭P▲✮

P▲ ❝♦♥t✐♥✉❡

▲❡s ❡①♣ér✐❡♥❝❡s ❞❡ ♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡ ❝♦♥t✐♥✉❡ ❞✬❛❣ré❣❛ts ❞❡ PbS ♦♥t été ré❛❧✐sé❡s s✉r
✉♥ ♠♦♥t❛❣❡ q✉❡ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ❛✉ ❈❊❘❋ ✭✜❣✉r❡ ✹✳✾✮✳ ▲✬❡①❝✐t❛t✐♦♥ ❡st ♣r♦❞✉✐t❡ ♣❛r ✉♥
❧❛s❡r Ar+ é♠❡tt❛♥t à 488 nm✳ ▲❡s ✈❡rr❡s s✐❧✐❝❛t❡s ❡t ❞❡ s✐❧✐❝❡ ♣✉r❡ ♥✬❛②❛♥t q✉✬✉♥❡ ❛❜s♦r♣✲
t✐♦♥ ❢❛✐❜❧❡ ❞❛♥s ❝❡tt❡ ❣❛♠♠❡ ✭❞❡ ❧✬♦r❞r❡ ❞❡ 0, 1 cm−1✮✱ ❧❡ ❧❛s❡r ❡①❝✐t❡ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❡s
♣♦rt❡✉rs ❞❛♥s ❧❡ ❝♦♥t✐♥✉✉♠ ❞❡ ❧❛ ❞❡♥s✐té ❞✬ét❛ts é❧❡❝tr♦♥✐q✉❡ ❞❡s ❛❣ré❣❛ts✳ ▲❡ ❢❛✐s❝❡❛✉ ❧❛s❡r
❡①❝✐t❛t❡✉r ❡st ❡♥✈♦②é ❛✈❡❝ ✉♥❡ ✐♥❝✐❞❡♥❝❡ ❞❡ ✹✺✝s✉r ❧❛ ❢❛❝❡ ✐♠♣❧❛♥té❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❛❧♦rs
q✉❡ ❧❡ s✐❣♥❛❧ ❞❡ P▲ ❡st ❝♦❧❧❡❝té ♣❛r ✉♥❡ ✜❜r❡ ♦♣t✐q✉❡ à ❣r♦s ❝♦❡✉r ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t à
❝❡tt❡ ♠ê♠❡ ❢❛❝❡ ✐♠♣❧❛♥té❡✳
▲❛ ✜❜r❡ ❞❡ ❝♦❧❧❡❝t✐♦♥ ❡st ❡♥s✉✐t❡ ❡♥✈♦②é❡ ❞❛♥s ✉♥ s♣❡❝tr♦♠ètr❡ ❏♦❜✐♥ ❨✈♦♥ ❙♣❡① ✸✷✵✳ P❧✉✲
s✐❡✉rs rés❡❛✉① ❞❡ ♥❛t✉r❡ ❞✐✛ér❡♥t❡s ♦♥t été ✉t✐❧✐sés ♣♦✉r ❝❡ tr❛✈❛✐❧✱ s✉✐✈❛♥t ❧❛ ❣❛♠♠❡ s♣❡❝tr❛❧❡
ét✉❞✐é❡✳ P♦✉r ❧❡s ♠ê♠❡s r❛✐s♦♥s ❞❡ s❡♥s✐❜✐❧✐té ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❣❛♠♠❡ s♣❡❝tr❛❧❡✱ ♥♦✉s ❛✈♦♥s
✉t✐❧✐sé ❞✐✛ér❡♥ts ❞ét❡❝t❡✉rs ✿

✶✳ ❞ét❡❝t❡✉r ■♥●❛❆s ✿ ❣❛♠♠❡ s♣❡❝tr❛❧❡ 850 − 1650 nm✱ ♥♦♥ r❡❢r♦✐❞✐✳

✷✳ ❞ét❡❝t❡✉r P❜❙ ✿ ❣❛♠♠❡ s♣❡❝tr❛❧❡ 1−3 µm✱ ♠♦✐♥s s❡♥s✐❜❧❡ ❞❡ ❞❡✉① ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r
q✉❡ ❧❡ ❞ét❡❝t❡✉r ■♥●❛❆s✱ ♥♦✉s ❧✬❛✈♦♥s ✉t✐❧✐sé ♣♦✉r ❧❡s s♣❡❝tr❡s ❞❛♥s ❧❛ ❣❛♠♠❡ 1, 5 −
3 µm✳ ❈❡ ❞ét❡❝t❡✉r ❡st r❡❢r♦✐❞✐ à −30✝C ♣❛r ❡✛❡t P❡❧t✐❡r✳ ❉❡ ♣❧✉s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡
tr❛✈❛✐❧❧❡r ❡♥ ❞ét❡❝t✐♦♥ s②♥❝❤r♦♥❡ ✿ ❧❡ t❡♠♣s ❞❡ ré♣♦♥s❡ ❞✉ ❞ét❡❝t❡✉r ❛ ❞♦♥❝ été ♠❡s✉ré
❛✜♥ ❞❡ s❡ ♣❧❛❝❡r à ❧❛ ❢réq✉❡♥❝❡ ♦♣t✐♠✉♠ ❞❡ ❤❛❝❤❛❣❡ ❞❡ ❧✬❡①❝✐t❛t✐♦♥ ✭53 Hz✮✳ ◆♦✉s
❛✈♦♥s ✈ér✐✜é q✉❡ ❝❡tt❡ ❢réq✉❡♥❝❡ ❡st très ✐♥❢ér✐❡✉r❡ à ❧❛ ❢réq✉❡♥❝❡ ❞❡ r❡❧❛①❛t✐♦♥ ❞❡ ❧❛
P▲ ❞❡s ❛❣ré❣❛ts ❞❡ PbS ✭≈ 1 MHz✮✳

▲❡s s♣❡❝tr❡s ♦❜t❡♥✉s ✭✈♦✐r ❡①❡♠♣❧❡s ❛✉ ❝❤❛♣✐tr❡ ✽✮ s♦♥t ❡♥s✉✐t❡ ❝♦rr✐❣és ❞❡ ❧✬❡✣❝❛❝✐té
s♣❡❝tr❛❧❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ s②stè♠❡ ❞❡ ❝♦❧❧❡❝t✐♦♥ ✭✜❜r❡✰ ✜❧tr❡ ❞✬❡♥tré❡ ❞✉ s♣❡❝tr♦♠ètr❡ ✰
rés❡❛✉ ✰ ❞ét❡❝t❡✉r✮✳ P♦✉r ❝❡ ❢❛✐r❡✱ ♦♥ ✉t✐❧✐s❡ ✉♥❡ ❧❛♠♣❡ s♣❡❝tr❛❧❡ ◗❚❍ ✷✺✵ ✭❧❛♠♣❡ à ✜❧❛✲
♠❡♥t ❞❡ t✉♥❣stè♥❡✮ q✉✐ ♣rés❡♥t❡ ✉♥ s♣❡❝tr❡ ❞✬é♠✐ss✐♦♥ ❧❛r❣❡ ❛✉t♦✉r ❞❡ 800 nm ❞♦♥♥é ♣❛r ❧❡
❝♦♥str✉❝t❡✉r ❡t q✉❡ ❧✬♦♥ ♣r❡♥❞r❛ ❝♦♠♠❡ ré❢ér❡♥❝❡✳ ▲✬❡✣❝❛❝✐té s♣❡❝tr❛❧❡ ❞✬✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥
❞❡ ❞ét❡❝t✐♦♥ ❞♦♥♥é❡ ❡st ❞♦♥❝ ❞♦♥♥é❡ ♣❛r ❧❛ ré♣♦♥s❡ ❞❡ ❝❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ à ❧✬❡①❝✐t❛t✐♦♥ ♣❛r
❧❛ ❧❛♠♣❡ s♣❡❝tr❛❧❡ ❛♣rès ❞✐✈✐s✐♦♥ ♣❛r ❧❡ s♣❡❝tr❡ ❞✬é♠✐ss✐♦♥ ❞❡ ❧❛ ❧❛♠♣❡✳

❯♥ ❞❡s ✐♥térêts ❞❡s ❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs rés✐❞❡ ❞❛♥s ❧❡✉r ♣r♦♣r✐étés ❞✬é♠✐ss✐♦♥ ✭♣❛r✲
t✐❡ ✽✳✸✳✶✮✳ ▲❡s ♠❡s✉r❡s ❞❡ P▲ rés♦❧✉❡s ❡♥ t❡♠♣s ♣❡r♠❡tt❡♥t ❞✬❛✈♦✐r ♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥s s✉r
❧❛ ♥❛t✉r❡ ❞❡s tr❛♥s✐t✐♦♥s r❛❞✐❛t✐✈❡s ❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s ✭ét❛ts ❡①❝✐t♦♥✐q✉❡s✱ ❞é❢❛✉ts ❞❡ s✉r✲
❢❛❝❡✳ ✳ ✳ ✮✳ ❉❡s ❡①♣ér✐❡♥❝❡s ❞❡ P▲ rés♦❧✉❡s ❡♥ t❡♠♣s ♦♥t été ré❛❧✐sé❡s ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❉✳



✽✽

P❛❝✐✜❝✐ ❡t ❋✳ Pr✐♦❧♦ ✭▼❆❚■❙ ✲ ❯♥✐✈✳ ❞❡ ❈❛t❛♥❡✱ ■t❛❧✐❡✮✳ ❊❧❧❡s s♦♥t ❞é❝r✐t❡s ❞❛♥s ❧❛ ♣❛rt✐❡ ✽✳✸✳

✹✳✻ ❘és♦♥❛♥❝❡ P❛r❛♠❛❣♥ét✐q✉❡ ❊❧❡❝tr♦♥✐q✉❡ ✭❘P❊✮

❈♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❇✳ ❇♦✐③♦t ✭▲❙■✲❊❝♦❧❡ P♦❧②t❡❝❤♥✐q✉❡✱ P❛❧❛✐s❡❛✉✮✳

❯♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬❡s♣è❝❡s ♠♦♥♦ ❡t ♣♦❧②❛t♦♠✐q✉❡s ❞❡ ❧✬❛r❣❡♥t s♦♥t ✈✐s✐❜❧❡s ❡♥ ❘P❊✳
P❛r ❛✐❧❧❡✉rs✱ ❧✬❛r❣❡♥t ♣♦ssè❞❡ s♦✉s ❢♦r♠❡ ♥❛t✉r❡❧❧❡ ❞❡✉① ✐s♦t♦♣❡s ❞✬❛❜♦♥❞❛♥❝❡ éq✉✐✈❛❧❡♥t❡
107Ag ✺✶✱✽ ✪ ❡t 109Ag ✹✽✱✷ ✪ t♦✉s ❞❡✉① ❞❡ s♣✐♥ ♥✉❝❧é❛✐r❡ ✶✴✷✳ ■❧ ❢❛✉t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡
❝❡t ❡✛❡t ❞❛♥s ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s s♣❡❝tr❡s✳

Ag0 ▲❛ ❝♦♥✜❣✉r❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❞❡ ❧✬❛r❣❡♥t ♥❡✉tr❡ ❡st 4d105s1✳ ▲✬é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡ ❞❡
Ag0 ♣❡r♠❡t s❛ ❞ét❡❝t✐♦♥ ❡♥ ❘P❊✳ ▲❡ ♥♦②❛✉ ❞✬❛r❣❡♥t ❛ ♣❛r ❛✐❧❧❡✉rs ✉♥ s♣✐♥ ♥✉❝❧é❛✐r❡ ■
❂ 1

2 ✳ ■❧ ② ❛ ❞♦♥❝ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ ❡♥tr❡ ❧✬é❧❡❝tr♦♥ ❡t ❧❡ ♥♦②❛✉ ❞❡ ❧✬❛r❣❡♥t q✉✐
❞é❞♦✉❜❧❡ ❧❡ ♣✐❝ ❘P❊ ❞❡ ❧✬Ag0 ✭✷■✰✶ ❂ ✷✮✳ ❈❡ ❞é❞♦✉❜❧❡♠❡♥t ✈❛ êtr❡ ✐♠♣♦rt❛♥t ❞✉ ❢❛✐t
❞✉ ❝❛r❛❝tèr❡ s ❞❡ ❧✬é❧❡❝tr♦♥ ♥♦♥ ❛♣♣❛r✐é ✭♣r♦❜❛❜✐❧✐té ♥♦♥ ♥✉❧❧❡ ❞✬êtr❡ s✉r ❧❡ ♥♦②❛✉✮ ❡t
❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❡♥ r−3 ✭éq✉❛t✐♦♥ ■✳✾✮ ❞❡ ❧✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❞❡✉① ❞✐♣ô❧❡s✳ ❉❡
♣❧✉s✱ ❧✬♦r❜✐t❛❧❡ s ét❛♥t ✐s♦tr♦♣❡✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ ✈❛ êtr❡ ✐s♦tr♦♣❡ ✭A ❡st s❝❛❧❛✐r❡✮✳

Ag+ ❉❛♥s ❧❡ ✈❡rr❡ ♥♦♥ ✐rr❛❞✐é✱ ❧✬❛r❣❡♥t ❡st s♦✉s ❢♦r♠❡ ✐♦♥✐q✉❡ Ag+ ❞❡ ❝♦♥✜❣✉r❛t✐♦♥ 4d105s0 ✿
✐❧ ♥✬② ❛ ♣❛s ❞✬é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡✱ ❧❡ Ag+ ♥❡ s❡r❛ ♣❛s ✈✐s✐❜❧❡ ❡♥ ❘P❊✳

Ag2+ ❖♥ ♣❡✉t é❣❛❧❡♠❡♥t tr♦✉✈❡r ❞❡ ❧✬❛r❣❡♥t s♦✉s ❢♦r♠❡ Ag2+✳ ■❧ ❡st ❞❡ ❝♦♥✜❣✉r❛t✐♦♥ 4d95s0✱
❛✈❡❝ ✉♥ é❧❡❝tr♦♥ ♥♦♥ ❛♣♣❛r✐é ❞❛♥s ✉♥❡ ♦r❜✐t❛❧❡ d✳ ❯♥❡ ♦r❜✐t❛❧❡ d ❛ ✉♥ ♥♦❡✉❞ s✉r ❧❡
♥♦②❛✉ ❞♦♥❝ ❧✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ s❡r❛ ❜❡❛✉❝♦✉♣ ♠♦✐♥s ✐♠♣♦rt❛♥t❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡
Ag0 ❝❛r ❧❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧✬é❧❡❝tr♦♥ ❡t ❧❡ ♥♦②❛✉ ❡st ♣❧✉s ❣r❛♥❞❡✳ ❉❡ ♣❧✉s✱ ❧✬♦r❜✐t❛❧❡ d
❡st ❛♥✐s♦tr♦♣❡✱ ✐❧ ❡st ❞♦♥❝ ♣r♦❜❛❜❧❡ q✉❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ ❧❡ s♦✐t ❛✉ss✐✳

Ag+
2 ❖♥ ♣❡✉t é❣❛❧❡♠❡♥t r❡♥❝♦♥tr❡r ❞❡s ❡s♣è❝❡s ❞❡ ♥✉❝❧é❛r✐té ♣❧✉s ❣r❛♥❞❡ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡
Ag+

2 ✭♣❛rt✐❡ ✺✳✷✳✷✮✳ ▲✬é❧❡❝tr♦♥ ❝é❧✐❜❛t❛✐r❡ ❡st ❞é❧♦❝❛❧✐sé s✉r ❧❡s ❞❡✉① ❛t♦♠❡s ❞✬❛r❣❡♥t ❞❡
s♣✐♥ ♥✉❝❧é❛✐r❡s ■ ❂ 1

2 ✿ ✐❧ ✈♦✐t ✉♥ s♣✐♥ ■❂✶✳ ▲❡ ♣✐❝ ❝♦rr❡s♣♦♥❞❛♥t s❡r❛ ❞♦♥❝ ✉♥ tr✐♣❧❡t
✭✷■✰✶ ❂ ✸✮✳

■❧ ❡st ❛✐♥s✐ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t ❞✬♦❜s❡r✈❡r ♥♦s é❝❤❛♥t✐❧❧♦♥s ✐rr❛❞✐és
❡♥ ❘P❊ ❛✜♥ ❞❡ ✿

✕ ❞ét❡r♠✐♥❡r ❧✬ét❛t ❞❡ ❧✬❛r❣❡♥t ❛♣rès ❧✬✐rr❛❞✐❛t✐♦♥ ✭s✉✐✈❛♥t ❧❡ t②♣❡ ❞✬✐rr❛❞✐❛✲
t✐♦♥ ♥♦t❛♠♠❡♥t✮ ❀

✕ ❞ét❡r♠✐♥❡r q✉❡❧❧❡s s♦♥t ❧❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❝r♦✐ss❛♥❝❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱
❧❛ ❘P❊ ♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ✈ér✐✜❡r ❧❛ ❥✉st❡ss❡ ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s ❢❛✐t❡s ❛
♣r✐♦r✐ ❡♥ ♣❛rt✐❡ ✷✳✹ s✉r ❧✬❡✛❡t ❞✉ ♠é❧❛♥❣❡ ❞❡ ✈❛❧❡♥❝❡ s✉r ❧❡s ♣r❡♠✐èr❡s
ét❛♣❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳

✹✳✻✳✶ ▼♦♥t❛❣❡

▲❡s ♠❡s✉r❡s ❞❡ ❘P❊ ♦♥t été ❢❛✐t❡s s✉r ✉♥ s♣❡❝tr♦♠ètr❡ ❇r✉❦❡r ❊▼❳ ✉t✐❧✐sé ❞❛♥s ❧❛ ❜❛♥❞❡
❳ ✭❊❘ ✵✹✶ ❳● ▼✐❝r♦✇❛✈❡ ❇r✐❞❣❡ ❳✲❇❛♥❞✮✳

▲❛ ❝❛✈✐té ❞❛♥s ❧❛q✉❡❧❧❡ ♦♥t été ❢❛✐t❡s ❧❡s ♠❡s✉r❡s ❡st ✉♥ ❝r②♦st❛t ♣❧❛❝é ❞❛♥s ❧✬❡♥tr❡❢❡r ❞❡
❧✬❛✐♠❛♥t✳ ▲❛ ❢réq✉❡♥❝❡ ❞❡ tr❛✈❛✐❧ ❡st ❛✉t♦✉r ❞❡ 9, 42 GHz✳ ❯♥ ✢✉① ❞✬❛③♦t❡ ❢r♦✐❞ ❡st ✐♥❥❡❝té
❞❛♥s ❧❛ ❝❛✈✐té ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ❢❛✐r❡ ❞❡s ♠❡s✉r❡s ❞❡ s♣❡❝tr❡s à 120K✳ ▲♦rsq✉❡ ❧❡s é❝❤❛♥t✐❧❧♦♥s
♦♥t été ✐rr❛❞✐és ❡t ❝♦♥s❡r✈és à ❧✬❛③♦t❡ ❧✐q✉✐❞❡ ♣♦✉r ❜❧♦q✉❡r ❧❡✉r é✈♦❧✉t✐♦♥✱ ❧❡ tr❛♥s❢❡rt ✈❡rs ❧❛
❝❛✈✐té s❡ ❢❛✐t ❞❛♥s ❧✬❛③♦t❡ ❧✐q✉✐❞❡✳



✽✾

▲♦rs ❞❡s ♣❛ss❛❣❡s ❞❛♥s ❧✬❛✐r✱ ✉♥ ♣❡✉ ❞✬❡❛✉ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ♣❡✉t s❡ ❝♦♥❞❡♥s❡r s✉r ❧❡ t✉❜❡
❡t ❧✬é❝❤❛♥t✐❧❧♦♥ ✭T < 0✝C✮ ❡t ❢❛✉ss❡r ❧✬✐♥t❡♥s✐té ❞✉ ♣✐❝ ♦❜s❡r✈é ❡♥ ❝♦♥tr✐❜✉❛♥t à ❧✬❛❜s♦r♣✲
t✐♦♥ ❘P❊✳ P♦✉r é✈✐t❡r ❝❡ ♣r♦❜❧è♠❡ ❡t ✉♥✐q✉❡♠❡♥t ❧♦rsq✉❡ ❧❡s é❝❤❛♥t✐❧❧♦♥s ♦♥t été r❡❝✉✐ts
à ❞❡s t❡♠♣ér❛t✉r❡s ❛✉ ♠♦✐♥s é❣❛❧❡s à ❧✬❛♠❜✐❛♥t❡✱ ❧❡ t✉❜❡ ❡t ❧✬é❝❤❛♥t✐❧❧♦♥ s♦♥t ré❝❤❛✉✛és à
❧✬❛♠❜✐❛♥t❡✱ ❡ss✉②és ❡t ♠✐s ❞❛♥s ❧❛ ❝❛✈✐té✳ ▲✬é✈♦❧✉t✐♦♥ ❞✉ s②stè♠❡ ♣❡♥❞❛♥t ❧❡ tr❛♥s❢❡rt ❞❡
❧✬é❝❤❛♥t✐❧❧♦♥ à ❧✬❛♠❜✐❛♥t❡ ✭q✉❡❧q✉❡s s❡❝♦♥❞❡s✮ ❡st ♥é❣❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ❧✬é✈♦❧✉t✐♦♥ q✉✬✐❧ ❛ s✉❜✐❡
♣❡♥❞❛♥t ❧❡ r❡❝✉✐t ♣ré❝é❞❡♥t✳

✹✳✻✳✷ P❛r❛♠ètr❡s ❞❡ ♠❡s✉r❡

▲❡s s♣❡❝tr❡s ♦♥t été ❡♥r❡❣✐strés ♣♦✉r ❞❡s ✈❛❧❡✉rs ❞❡ ❝❤❛♠♣ ❡♥tr❡ 2750 ❡t 4250 G ✿ t♦✉s
❧❡s ♣✐❝s ✈✐s✐❜❧❡s s♦♥t ❞❛♥s ❝❡tt❡ ❣❛♠♠❡✳ ▲✬❛♠♣❧✐t✉❞❡ ❡t ❧❛ ❢réq✉❡♥❝❡ ❞❡ ♠♦❞✉❧❛t✐♦♥ s♦♥t
r❡s♣❡❝t✐✈❡♠❡♥t 3 G ❡t 100 kHz✳ ▲❡ ❜r✉✐t ❡st ✜❧tré ♣❛r ✉♥ ♣❛ss❡✲❜❛s ❞❡ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣s
❞❡ 327 ms✳ P❛r ❛✐❧❧❡✉rs✱ ❧✬❛❜s♦r♣t✐♦♥ ❞✬✉♥ ❝❡♥tr❡ ♣❛r❛♠❛❣♥ét✐q✉❡ ♣❡✉t s❛t✉r❡r s✐ ❧❛ ♣✉✐ss❛♥❝❡
✉t✐❧✐sé❡ ❡st tr♦♣ ❣r❛♥❞❡✳ ♦♥ é✈✐t❡ ❝❡ ♣❤é♥♦♠è♥❡ ❞❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s ❡♥ r❡st❛♥t ❡♥ ❞❡ss♦✉s
❞❡ 1 mW ✭t❛❜❧❡❛✉ ✹✳✷✮✳

❡s♣è❝❡ ♣✉✐ss❛♥❝❡ ✭mW ✮
◆❇❖❍❈ 10

❊✬ 1
Ag0 5
Ag2+ ❃ 125

Ag+
2 5

❚❛❜✳ ✹✳✷✿ P✉✐ss❛♥❝❡ ❞❡ s❛t✉r❛t✐♦♥ ❞❡s ❡s♣è❝❡s ♣❛r❛♠❛❣♥ét✐q✉❡s r❡♥❝♦♥tré❡s ❞❛♥s
❝❡ tr❛✈❛✐❧✳

▲❛ ✈❛❧❡✉r ❞✉ ❣❛✐♥ ❡st ❛❥✉sté❡ ❛✜♥ q✉❡✱ ❞✬✉♥❡ ♣❛rt✱ ❧❡ s✐❣♥❛❧ ♥❡ s♦✐t ♣❛s ♥♦②é ❞❛♥s ❧❡
❜r✉✐t ❡t q✉❡✱ ❞✬❛✉tr❡ ♣❛rt✱ ✐❧ ♥❡ s❛t✉r❡ ♣❛s ❧❛ ❞✐♦❞❡ ❞❡ ♠❡s✉r❡✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s s♣❡❝tr❡s
♥✬❡st ♣♦ss✐❜❧❡ q✉✬❛♣rès ❞✐✈✐s✐♦♥ ♣❛r ❧❡ ❣❛✐♥✳ ❉❡ ♣❧✉s✱ ❧❡ s♣❡❝tr♦♠ètr❡ ét❛♥t très s❡♥s✐❜❧❡ ❛✉①
✐♠♣✉r❡tés ♣rés❡♥t❡s ❞❛♥s ❧❛ ❝❛✈✐té✱ ✉♥❡ ❛❝q✉✐s✐t✐♦♥ ❞✉ ❜❧❛♥❝ ✭♠❡s✉r❡ s❛♥s é❝❤❛♥t✐❧❧♦♥✱ t♦✉t❡s
❝♦♥❞✐t✐♦♥s ❞❡ ♠❡s✉r❡s é❣❛❧❡s ♣❛r ❛✐❧❧❡✉rs✮ ❡st ❢❛✐t❡ ré❣✉❧✐èr❡♠❡♥t ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❧❡ s♦✉str❛✐r❡
❛✉① s♣❡❝tr❡s✳

✹✳✻✳✸ ◗✉❛♥t✐✜❝❛t✐♦♥

▲✬❛✐r❡ ❞✉ s✐❣♥❛❧ ❘P❊ ❞✬✉♥ ❝❡♥tr❡ ♣❛r❛♠❛❣♥ét✐q✉❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ♥♦♠❜r❡ ❞❡
❝❡♥tr❡s✳ ❊❧❧❡ s✬♦❜t✐❡♥t ❡♥ ✐♥té❣r❛♥t ❞❡✉① ❢♦✐s ❧❡ s♣❡❝tr❡ ♠❡s✉ré ✭q✉✐✱ r❛♣♣❡❧♦♥s✲❧❡✱ ❡st ✉♥❡
❞ér✐✈é❡✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ❞❡ ❞♦✉❜❧❡ ✐♥té❣r❛t✐♦♥ ♥❡ ♣❡r♠❡t q✉✬✉♥❡ q✉❛♥t✐✜❝❛t✐♦♥ r❡❧❛t✐✈❡ ❞✉
♥♦♠❜r❡ ❞❡ ❝❡♥tr❡s ♣❛r❛♠❛❣♥ét✐q✉❡s✱ ❞♦♥t ♥♦✉s ♥♦✉s s❛t✐s❢❡r♦♥s ❞❛♥s ❝❡ tr❛✈❛✐❧✳



❈❤❛♣✐tr❡ ✺

❈♦♥trô❧❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥
❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s ♣❛r
✐rr❛❞✐❛t✐♦♥

■❧ ② ❛ ✶✵✵ ❛♥s✱ ▼❛①✇❡❧❧ ●❛r♥❡tt é❝r✐✈❛✐t ❝❡s q✉❡❧q✉❡s ❧✐❣♥❡s ❞❛♥s s♦♥ ❛rt✐❝❧❡ tr❛✐t❛♥t ❞✉
❝❤❛♠♣ ♠♦②❡♥✶✱ ♠❡tt❛♥t ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❡♥ é✈✐❞❡♥❝❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s
❞❛♥s ❧❡s ✈❡rr❡s s♦✉s ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ ✿

✓ ❬✳ ✳ ✳ ❪ ■ ❛s❦❡❞ ▼r✳ ❋✳ ❙♦❞❞②✱ ♦♥ ✾t❤ ◆♦✈❡♠❜❡r✱ ✶✾✵✸✱ ❛t ❯♥✐✈❡rs✐t② ❈♦❧❧❡❣❡✱
▲♦♥❞♦♥✱ t♦ ❡①❛♠✐♥❡ ✇❤❡t❤❡r t❤❡ ❡♠❛♥❛t✐♦♥ ❢r♦♠ r❛❞✐✉♠ ✭◆❉▲❘ ✿ ♣❛rt✐❝✉❧❡s α✱
❞♦♥t ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❡♥ t❛♥t q✉❡ ♥♦②❛✉ ❞✬❍é❧✐✉♠ ♥✬❛ été ré❛❧✐sé❡ q✉❡ ❝✐♥q ❛♥s
♣❧✉s t❛r❞ ♣❛r ❘✉t❤❡r❢♦r❞✮ ✇❛s ❝❛♣❛❜❧❡ ♦❢ ❝♦❧♦✉r✐♥❣ q✉❛rt③ ❣❧❛ss ✐♥ ✇❤✐❝❤ t❤❡r❡
❝♦✉❧❞ ❡✈✐❞❡♥t❧② ❜❡ ♥♦ ♣♦ss✐❜✐❧✐t② ♦❢ t❤❡ ❡①❝r❡t✐♦♥ ♦❢ ♠❡t❛❧✳ ❍❡ st❛t❡❞ ♠❡ t❤❛t
❤❡ ❛♥❞ Pr♦❢❡ss♦r ❘❛♠s❛② ❤❛s ❛❧r❡❛❞② ♠❛❞❡ t❤✐s ❡①♣❡r✐♠❡♥t ❛♥❞ ❤❛❞ ❢♦✉♥❞ ♥♦
❝♦❧♦r❛t✐♦♥✳
❆t ♠② r❡q✉❡st ▼r ❙♦❞❞② t❤❡♥ ♣❧❛❝❡❞ ❛ s♠❛❧❧ ♣✐❡❝❡ ♦❢ ❝♦❧♦✉r❧❡ss ❣♦❧❞ ❣❧❛ss ✐♥
❛ t✉❜❡ ❝♦♥t❛✐♥✐♥❣ s♦♠❡ ❡♠❛♥❛t✐♦♥✳ ❲✐t❤✐♥ t✇♦ ❞❛②s ❛♥ ✉♥♠✐st❛❦❛❜❧❡ r✉❜② t✐♥t
❛♣♣❡❛r❡❞ ✐♥ t❤❡ ❣❧❛ss✳
❬✳ ✳ ✳ ❪ ❙✐r ❲✐❧❧✐❛♠ ❘❛♠s❛② ❤❛s ❧❛t❡❧② ❡①♣♦s❡❞ s♦♠❡ ❝❧❡❛r s✐❧✈❡r ❣❧❛ss ❛♥❞ s♦♠❡
s♦❞❛ ❣❧❛ss ❛t t❤❡ s❛♠❡ t✐♠❡ t♦ t❤❡ ❡♠❛♥❛t✐♦♥ ❢r♦♠ r❛❞✐✉♠✳ ❆❢t❡r ❛ ❢♦rt♥✐❣❤t✬s
❡①♣♦s✉r❡ t❤❡ s✐❧✈❡r ❣❧❛ss ❤❛❞ t✉r♥❡❞ ❛ ❢❛✐♥t ②❡❧❧♦✇ ❛♥❞ t❤❡ s♦❞❛ ❣❧❛ss ❛ ❞❡❡♣ ❜❧✉❡
✈✐♦❧❡t✳ ✔
❏✳❈✳ ▼❛①✇❡❧❧ ●❛r♥❡tt✱ P❤✐❧♦s✳ ❚r❛♥s✳ ❘♦②✳ ❙♦❝✳ ▲♦♥❞✳ ✷✵✸ ✭✶✾✵✹✮ ♣✳ ✸✾✾

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛❧❧♦♥s ❡①❛♠✐♥❡r ❧❛ ♠❛♥✐èr❡ ❞❡ ❝♦♥trô❧❡r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts
♠ét❛❧❧✐q✉❡s ✭✐❝✐ ❞❡ ❧✬❛r❣❡♥t✮ ♣❛r ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡✳ ❯♥ ❡①❛♠❡♥ ❞❡ ❧❛ ❧✐ttér❛t✉r❡ s✉r ❝❡ s✉❥❡t
♠♦♥tr❡ q✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ♠✐❝r♦s❝♦♣✐q✉❡ s♦✉s✲❥❛❝❡♥t ♥✬❡st ♣❛s é❝❧❛✐r❝✐ ✭♣❛rt✐❡ ✺✳✶✳✶✮✳ ❈❡ tr❛✲
✈❛✐❧ ♠♦♥tr❡r❛ q✉❡ ❧✬❡✛❡t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ s✉r ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s
❞❛♥s ✉♥ ✈❡rr❡ ❞✬♦①②❞❡ rés✐❞❡ ❞❛♥s ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ♣r♦♣r✐étés r❡❞♦① ❞❡ ❝❡ ✈❡rr❡ s♦✉s ❧✬❡✛❡t
❞❡s é❧❡❝tr♦♥s ❡t ❞❡s tr♦✉s ❝réés ❧♦rs ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥✳

✶❘❡♠❡r❝✐❡♠❡♥ts ❝❤❛❧❡✉r❡✉① à ❆❧❡①❛♥❞r❡ ❇r♦♥✐❛t♦✇s❦✐ ✦

✾✵



✾✶

◆♦✉s ♠♦♥tr❡r♦♥s ❞✬❛❜♦r❞ ✭♣❛rt✐❡ ✺✳✷✮ ❣râ❝❡ à ✉♥❡ ✐rr❛❞✐❛t✐♦♥ γ✱ à ❢❛✐❜❧❡ ❞❡♥s✐té ❞✬é♥❡r❣✐❡
❞é♣♦sé❡ ✭❉❊❉✱ ♣❛rt✐❡ ✸✳✷✮ q✉❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ❢❛✐t ✐♥t❡r✈❡♥✐r s❡s ❞✐❢✲
❢ér❡♥t❡s ✈❛❧❡♥❝❡s ♣rés❡♥t❡s ❞❛♥s ❧❡s ✈❡rr❡s✱ ❡♥ très ❢♦rt❡ ❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧❛ ♠❛♥✐èr❡ ❞♦♥t ❧❛
❣❡r♠✐♥❛t✐♦♥ s❡ ❢❛✐t ♣❛r r❛❞✐♦❧②s❡ ❞❡ s♦❧✉t✐♦♥s ❛q✉❡✉s❡s ❞❡ Ag+✳ ◆♦✉s ♠♦♥tr❡r♦♥s ❡♥s✉✐t❡
✭♣❛rt✐❡ ✺✳✸✮ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ q✉❡ ❧❛ très ❢♦rt❡ ❉❊❉ ❞é♣♦sé❡ ✭♣❛rt✐❡ ✸✳✹✮
♣ré♣❛r❡ ❧❡ s②stè♠❡ ❞❛♥s ✉♥ ét❛t très ❞✐✛ér❡♥t ❞❡ ❝❡❧✉✐ q✉❡ ❧✬♦♥ ❛tt❡✐♥t ♣❛r ✐rr❛❞✐❛t✐♦♥ γ
✭♥❛t✉r❡ ❞❡s ❞é❢❛✉ts✱ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❡s ✐♦♥s Ag+✮✳

✺✳✶ ■♥tr♦❞✉❝t✐♦♥

✺✳✶✳✶ ❊✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡

❇✐❡♥ q✉✬♦❜s❡r✈és ❛✉ ❞é❜✉t ❞✉ s✐è❝❧❡ ❞❡r♥✐❡r✱ ❝❡ ♥✬❡st q✉❡ ré❝❡♠♠❡♥t q✉❡ ❧❡s ❡✛❡ts ❞✬✐r✲
r❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ♠ét❛✉① ♥♦❜❧❡s ♦♥t été r❡❞é❝♦✉✈❡rts ❡t ét✉❞✐és ♣❧✉s
s②sté♠❛t✐q✉❡♠❡♥t✳ ▲❡ r❛❧❡♥t✐ss❡♠❡♥t ❞❡s ✐♦♥s ❞❛♥s ❧❛ ♠❛t✐èr❡ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❞❡✉① ❝♦♠✲
♣♦s❛♥t❡s✱ é❧❡❝tr♦♥✐q✉❡ ❡t ♥✉❝❧é❛✐r❡ ✭❝❤❛♣✐tr❡ ✸✮✱ ❧❛ ❞✐s❝✉ss✐♦♥ s✬❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❝♦♥❝❡♥tré❡
s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧✬✐♠♣♦rt❛♥❝❡ r❡s♣❡❝t✐✈❡ ❞❡ ❝❡s ❞❡✉① t②♣❡s ❞❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ s✉r ❧❛
♣ré❝✐♣✐t❛t✐♦♥ ♦❜s❡r✈é❡✳ ◆♦✉s ❞✐s❝✉t♦♥s ❝✐✲❞❡ss♦✉s ❞❡s rés✉❧t❛ts ❞❡ ❧❛ ❧✐ttér❛t✉r❡ à ❝❡ s✉❥❡t✳

▼❛③③♦❧❞✐ ❡t ❛❧✳ ❬✶✹✵❪ ♦♥t ✐rr❛❞✐é ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s ✐♠♣❧❛♥tés ♣❛r ❞❡ ❧✬❛r❣❡♥t ❞❡ 270 keV ✱
1, 5 × 1016 at.cm−2 ✭❝♦♥❝❡♥tr❛t✐♦♥ ♠♦②❡♥♥❡ ❞✬❛r❣❡♥t ❞❡ ✺ ✪ ❛t ❛✉ s❡✐♥ ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥✲
t❛t✐♦♥✮✳ ▲❡s ❡✛❡ts ✉❧tér✐❡✉rs ❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ❛✉① ✐♦♥s s♦♥t ❞✐✣❝✐❧❡s à ❞é❝♦rré❧❡r ❞❡s ❡✛❡ts
❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ s❡r✈❛♥t à ✐♥tr♦❞✉✐r❡ ❧✬❛r❣❡♥t ❞❛♥s ❧❡ ✈❡rr❡✳ ❊♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❡ ❝❛s ❞❡s
✈❡rr❡s ❞❡ s✐❧✐❝❡ ❢♦♥❞✉❡ ❡t ❞❡s ❜♦r♦s✐❧✐❝❛t❡s✱ ✐❧ ② ❛ ♠❛♥✐❢❡st❡♠❡♥t ✉♥❡ ♠♦❜✐❧✐té ✐♠♣♦rt❛♥t❡ ❞❡
❧✬❛r❣❡♥t ❧♦rs ❞❡ s♦♥ ✐♠♣❧❛♥t❛t✐♦♥✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ✉♥❡ ♣❡rt❡ ❞❡ ♠❛t✐èr❡ ❡t s✉rt♦✉t ❧❛ ♣ré✲
❝✐♣✐t❛t✐♦♥✳ ❯♥❡ ✐rr❛❞✐❛t✐♦♥ ❝♦♥sé❝✉t✐✈❡ ❛✈❡❝ ❞❡s ✐♦♥s ❛③♦t❡ ✭100 keV ❀ 1, 5 × 1017 at.cm−2✮
❛❝❝❡♥t✉❡ ❝❡tt❡ é✈♦❧✉t✐♦♥ ❡t ❝♦♥❞✉✐t à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ♣ré❝✐♣✐tés✳ P❧✉s ✐♥té✲
r❡ss❛♥t❡ ❡st ❧❛ s✐t✉❛t✐♦♥ ❞✉ ✈❡rr❡ s✐❧✐❝❛t❡ s♦❞♦✲❝❛❧❝✐q✉❡ ✿ ✐❧ ♥❡ ♣rés❡♥t❡ ♣❛s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥
♦✉ ❞❡ ♣❡rt❡ ❞✬❛r❣❡♥t ❧♦rs ❞❡ s♦♥ ✐♠♣❧❛♥t❛t✐♦♥ ✭♠❛❧❣ré ✉♥❡ ✢✉❡♥❝❡ é❧❡✈é❡✮✳ ❈✬❡st ✐❝✐ ✉♥✐q✉❡✲
♠❡♥t ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❧✬❛③♦t❡ ❝♦♥sé❝✉t✐✈❡ q✉✐ ♣r♦✈♦q✉❡ ❧❛ ♠♦❜✐❧✐té ♥é❝❡ss❛✐r❡ à ❧❛ ❝r♦✐ss❛♥❝❡✳
❈❡♣❡♥❞❛♥t ❝❡tt❡ ❡①♣ér✐❡♥❝❡ ♥✬❡st ♣❛s ❝♦♥❝❧✉❛♥t❡ q✉❛♥t à ❧✬✐♥✢✉❡♥❝❡ r❡s♣❡❝t✐✈❡ ❞❡s r❛❧❡♥✲
t✐ss❡♠❡♥ts é❧❡❝tr♦♥✐q✉❡ ❡t ♥✉❝❧é❛✐r❡ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts✱ ♠❛❧❣ré ❝❡ q✉✬❛✣r♠❡♥t ❧❡s
❛✉t❡✉rs✳ ❉✬✉♥❡ ♣❛rt✱ ❧✬❡✛❡t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❧✬❛③♦t❡ ❡st ✐♥t❡r♣rété ❡♥ t❡r♠❡s ❞❡ ❞é♣ôt
❞✬é♥❡r❣✐❡ é❧❡❝tr♦♥✐q✉❡ ❬✶✹✶❪✱ ❛❧♦rs q✉❡ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡ ❞❡ ❧✬❛③♦t❡ ♥✬❡st ♣❛s ❞✉ t♦✉t
♥é❣❧✐❣❡❛❜❧❡ à ❧❛ ♣r♦❢♦♥❞❡✉r ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ✭Se/Sn ≈ 2✮✳ ▲❡s ❛✉t❡✉rs s✬❛♣♣✉✐❡♥t
❛✉ss✐ s✉r ❧❡s rés✉❧t❛ts ❞✬❆r♥♦❧❞ ❬✶✹✷❪ ♣♦✉r ❥✉st✐✜❡r ❧❛ tr❛♥s❢♦r♠❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ✐♠♣❧❛♥té ❡♥
❛r❣❡♥t ♠ét❛❧❧✐q✉❡ ❝♦❧❧♦ï❞❛❧ ♣❛r ❧❡s ❡✛❡ts ❞✉ ❞é♣ôt ❞✬é♥❡r❣✐❡ é❧❡❝tr♦♥✐q✉❡✳ ▲✬❛rt✐❝❧❡ ❞❡ ❆r♥♦❧❞
♥❡ ♠❡♥t✐♦♥♥❡ ❝❡♣❡♥❞❛♥t ❛✉❝✉♥ ❡✛❡t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✱ ♠❛✐s s❡✉❧❡♠❡♥t ✉♥ ❡✛❡t ❞❡ ♥❡✉tr❛❧✐s❛✲
t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ✐♦♥✐q✉❡ ❝♦♥t❡♥✉ ✐♥✐t✐❛❧❡♠❡♥t ❞❛♥s ❧❡ ✈❡rr❡ ♠ét❛♣❤♦s♣❤❛t❡ ✷✳ ❉✬❛✉tr❡ ♣❛rt✱
❧❛ ✢✉❡♥❝❡ ❞✬❛③♦t❡ ✉t✐❧✐sé❡ ❡st très ✐♠♣♦rt❛♥t❡ ✭❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛③♦t❡ rés✉❧t❛♥t❡ ❞❡ ❧✬♦r❞r❡
❞❡ ✸✵ ✪ ❛t ✦ ✦✮ ✿ ❧❡ ♠❛tér✐❛✉ ♥✬❡st ♣❧✉s ❞❡ ❧❛ s✐❧✐❝❡ ♠❛✐s ♣❧✉tôt ✉♥ ♦①②♥✐tr✉r❡ ❞❡ s✐❧✐❝✐✉♠✳
▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❡st ❞♦♥❝ ❛✉ss✐ ❧❡ rés✉❧t❛t ❞✬❡✛❡ts ❝❤✐♠✐q✉❡s q✉✐ ❜r♦✉✐❧❧❡♥t s❛♥s
❛✉❝✉♥ ❞♦✉t❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❡♥ t❡r♠❡s ❞❡ ♥❛t✉r❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t✳

▲✬éq✉✐♣❡ ❞❡ ▼❛③③♦❧❞✐✴❆r♥♦❧❞ ❛ ❡①❛♠✐♥é ❧❡ ❝❛s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛r❣❡♥t ✐♥❞✉✐t❡ ♣❛r
✐rr❛❞✐❛t✐♦♥ ❞❡ ✈❡rr❡s é❝❤❛♥❣és Na+✴Ag+ s✉r q✉❡❧q✉❡s ♠✐❝r♦♥s ❞❡ ♣r♦❢♦♥❞❡✉r ❬✶✶❪✳ ▲❛ ❝r♦✐s✲

✷❆r♥♦❧❞ ♦❜s❡r✈❡ ✉♥❡ ❛❜s♦r♣t✐♦♥ ❛✉t♦✉r ❞❡ 360 nm✱ ❝♦♠❜✐♥é❡ à ✉♥❡ é♠✐ss✐♦♥ ❧❛r❣❡ ✈❡rs 620 nm✱ q✉✬✐❧
❛ttr✐❜✉❡ à Ag2+✳ ◆♦✉s ♣❡♥s♦♥s q✉✬❡❧❧❡ ❡st ♣❧✉tôt ❞✉❡ à Ag0 ✭♣❧✉s ❧♦✐♥ rés✉❧t❛ts s✉r ❧❡s ✈❡rr❡s ❞♦♣és ❛r❣❡♥t
❡t ✐rr❛❞✐é ♣❛r ❞❡s γ✮✳



✾✷

s❛♥❝❡ ❞❡s ❛❣ré❣❛ts ♣❛r ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ ❡st ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ♣❛r ❧✬❛♣♣❛r✐t✐♦♥ ❞✉ ♣✐❝ ♣❧❛s✲
♠♦♥ ❡♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡✳ ▲❡s ❛✉t❡✉rs ✐♥t❡r♣rèt❡♥t ❞❡ ♥♦✉✈❡❛✉ ❧❡✉rs rés✉❧t❛ts ❡♥ t❡r♠❡s
❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✱ ❝❡ q✉✐ ❡st ♣♦ss✐❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ H 24 keV ✭Se/Sn ≈ 100✮
❡t He 27 keV ✭Se/Sn ≈ 10✮ ♠❛✐s ♣❧✉s ❞❛♥s ❧❡ ❝❛s ❞❡ N 100 keV ✱ ♣♦✉r ❧❡s ♠ê♠❡s r❛✐s♦♥s
q✉❡ ❝✐✲❞❡ss✉s✳ ❉❡ ♣❧✉s✱ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❡♥ t❡r♠❡s ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ♥❡ ♣❡✉t ♣❛s
r❡♥❞r❡ ❝♦♠♣t❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❞❡s ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❛♣rès ✐rr❛❞✐❛t✐♦♥✱ q✉✐
♣rés❡♥t❡ ❞❡ ♠❛♥✐èr❡ s②sté♠❛t✐q✉❡ ❞❡✉① ♣✐❝s ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡
❧✬é❧é♠❡♥t s❡r✈❛♥t à ✐rr❛❞✐❡r✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ❝❡s ♣✐❝s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♥✬ét❛♥t ♠❛❧❤❡✉r❡✉s❡✲
♠❡♥t ♣❛s ❝♦rré❧é❡ à ❧✬♦❜s❡r✈❛t✐♦♥ ▼❊❚ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❝♦♥❝❧✉r❡✱ ❝♦♠♠❡
❧❡ ❢♦♥t ❧❡s ❛✉t❡✉rs✱ q✉❡ s❡✉❧ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❞ét❡r♠✐♥❡ ❧❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡✳
❉❡ ♣❧✉s ♦♥ ♥❡ ♣❡✉t ✐❝✐ ❛✉ss✐ ❡①❝❧✉r❡ ❞❡s ❡✛❡ts ❞❡ ♠♦❞✐✜❝❛t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❧❛ ♠❛tr✐❝❡ s♦✉s
✐rr❛❞✐❛t✐♦♥ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❡s ✢✉❡♥❝❡s ✉t✐❧✐sé❡s s♦♥t s✉♣ér✐❡✉r❡s à 1016 cm−2 ✭s♦✐t ❞❡s
❝♦♥❝❡♥tr❛t✐♦♥s s✉♣ér✐❡✉r❡s à q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ❛t♦♠✐q✉❡s✮✳

▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ♣❛r ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ ❞❛♥s ❧❡s ✈❡rr❡s é❝❤❛♥❣és à
❧✬❛r❣❡♥t ❛ ❛✉ss✐ été ❡①❛♠✐♥é❡ ♣❛r ❧✬éq✉✐♣❡ ❞❡ P♦❧♠❛♥ ❬✶✹✸❪✳ ▲❡s ✐♦♥s ✉t✐❧✐sés s♦♥t ♣❧✉s é♥❡r❣é✲
t✐q✉❡s ✭He 400 keV ✱ Ne 1 MeV ✱ Xe 2 MeV ✮✳ ❉❛♥s ❧❡ ❝❛s ❞✉ ♥é♦♥ ❡t ❞✉ ①é♥♦♥✱ ❧❛ q✉❛♥t✐té
t♦t❛❧❡ ♣ré❝✐♣✐té❡ s❡♠❜❧❡ êtr❡ ❝♦rré❧é❡ ❛✉ ❞é♣ôt ❞✬é♥❡r❣✐❡ s♦✉s ❢♦r♠❡ ♥✉❝❧é❛✐r❡ ✐♥té❣ré s✉r t♦✉t
❧❡ ♣❛r❝♦✉rs ❞❡s ✐♦♥s✳ ❈❡♣❡♥❞❛♥t✱ ❛✉❝✉♥❡ ✈ér✐✜❝❛t✐♦♥ ▼❊❚ ♥✬❡st ❢❛✐t❡ ✭s✐ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s
❛✉t❡✉rs ❡st ❝♦rr❡❝t❡✱ ♦♥ ♦❜s❡r✈❡r❛✐t ✉♥❡ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ✐♠♣♦rt❛♥t❡ ✈❡rs ❧❛
✜♥ ❞✉ ♣❛r❝♦✉rs ❞❡ ❧✬✐♦♥✮✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧✬❤é❧✐✉♠✱ ❧❛ ❝♦♠♣♦s❛♥t❡ é❧❡❝tr♦♥✐q✉❡ ❡st ♠❛❥♦r✐✲
t❛✐r❡ ✭❝❡ q✉❡ ❝♦♥✜r♠❡ ❧✬♦❜s❡r✈❛t✐♦♥ ▼❊❚ ❞✬✉♥❡ ❞❡♥s✐té ❞❡ ♥❛♥♦❝r✐st❛✉① ❞é❝r♦✐ss❛♥t❡ ❛✈❡❝
❧❛ ♣r♦❢♦♥❞❡✉r✮✳ ❆✐♥s✐ ❝❡s ❡①♣ér✐❡♥❝❡s ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞✬❛✣r♠❡r q✉❡ s❡✉❧ ❧✬✉♥ ♦✉ ❧✬❛✉tr❡
❞❡s ♠é❝❛♥✐s♠❡s ❞❡ r❛❧❡♥t✐ss❡♠❡♥t ✭♥✉❝❧é❛✐r❡ ♦✉ é❧❡❝tr♦♥✐q✉❡✮ ✐♥❞✉✐t ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts
❞✬❛r❣❡♥t✳

▲❡s ét✉❞❡s ❝✐✲❞❡ss✉s s❡ ❝❛r❛❝tér✐s❡♥t ♣❛r ✉♥❡ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ❞✉r❛♥t ❧✬ét❛♣❡
❞✬✐rr❛❞✐❛t✐♦♥✳ ▼❛✐s ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ✢✉❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ✐♠♣♦rt❛♥t❡s ❬✶✹✵✱ ✶✶❪ ✐♥❞✉✐t ♥é✲
❝❡ss❛✐r❡♠❡♥t ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❧❛ ♠❛tr✐❝❡ q✉✐ ♥❡ s♦♥t ♣❛s
♥é❣❧✐❣❡❛❜❧❡s ❧♦rs ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t✳ ❈❡s ❡✛❡ts ❝❤✐♠✐q✉❡s ✐♥❞✉✐ts ♣❛r ❧✬✐♠♣❧❛♥t
s♦♥t ❛❜s❡♥ts ❧♦rs ❞❡s ✐rr❛❞✐❛t✐♦♥s ♣❛r ❞❡s ❣❛③ r❛r❡s ✭He✱ Ne✱ Xe✮✳ ▼❛✐s ✭✐✮ ❧❡s ♣r♦✜❧s ❞❡
❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛r❣❡♥t ❛♣rès ✐rr❛❞✐❛t✐♦♥ ❬✶✶❪ ✭✐✐✮ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❧✬❡✛❡t ❞❡ ❝❡s ❞✐✛ér❡♥ts
✐♦♥s✱ ♣♦✉r ❧❡sq✉❡❧s ❧❡ r❛♣♣♦rt Se/Sn ✈❛r✐❡ ❞❡ ✶✵✵ à ✵✱✶ ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞❡ ❝♦♥❝❧✉r❡ q✉❡
s❡✉❧ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ✐♥❞✉✐t ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ❬✶✹✸❪✳ ❈❡s ♦❜s❡r✈❛t✐♦♥s
s♦♥t ♣❛r ❝♦♥tr❡ ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❡✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥ q✉❡ ♥♦✉s ♣r♦♣♦s♦♥s
❞❛♥s ❝❡ tr❛✈❛✐❧ ✿ ❧❡ ♣❛ss❛❣❡ ❞✬✉♥ ✐♦♥ ❝ré❡ ❞❡s ❞é❢❛✉ts ❞❛♥s ❧❛ ♠❛tr✐❝❡✱ q✉❡ ❝❡ s♦✐t ♣❛r ❝❤♦❝s
❛✈❡❝ ❧❡s é❧❡❝tr♦♥s ♦✉ ❛✈❡❝ ❧❡s ❛t♦♠❡s ❞❡ ❧❛ ❝✐❜❧❡ ✭♣❛rt✐❡ ✸✳✹✳✸✮✳ ❈❡s ❞é❢❛✉ts s♦♥t ❛❧♦rs ✉♥
rés❡r✈♦✐r ❞✬é❧❡❝tr♦♥s ♦✉ ❞❡ tr♦✉s q✉✐ ✈♦♥t ♠♦❞✐✜❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t
✭♠♦❜✐❧✐té✱ ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s✮✳ ◆♦tr❡ tr❛✈❛✐❧ s✬❡✛♦r❝❡r❛ ❞♦♥❝ ❞❡ ❞é❝r✐r❡ ♠✐❝r♦s❝♦♣✐q✉❡♠❡♥t
❧❡s ❡✛❡ts ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ s✉r ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts✳

❖♥ tr♦✉✈❡ ♣❡✉ ❞✬✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳
P✐✈✐♥ ❬✶✹✹❪ ❛ ❡①❛♠✐♥é ❝❡tt❡ q✉❡st✐♦♥ ❧♦rs ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❞✬✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ é❝❤❛♥❣é✱ ♠❛✐s
❧❛ ❝r♦✐ss❛♥❝❡ ❛ ♣r♦❜❛❜❧❡♠❡♥t ❞é❥à ❝♦♠♠❡♥❝é❡ ❞❛♥s s❡s é❝❤❛♥t✐❧❧♦♥s ✭✉♥❡ P▲ ❛ttr✐❜✉é❡ à
Ag2+

3 ❡st ♦❜s❡r✈❛❜❧❡ ❛✈❛♥t ✐rr❛❞✐❛t✐♦♥✮ ❝❡ q✉✐ ❤②♣♦t❤èq✉❡ s❡s ❝♦♥❝❧✉s✐♦♥s✳ ❱❛❧❡♥t✐♥ ❡t ❛❧✳
❬✶✷❪ ♦♥t ♣❛r ❝♦♥tr❡ ❞é♠♦♥tré ✉♥❡ ♠ét❤♦❞❡ ♦r✐❣✐♥❛❧❡ ❞❡ s②♥t❤ès❡ ♣❡r♠❡tt❛♥t ❞❡ ❝♦♥trô❧❡r ✐♥✲
❞é♣❡♥❞❛♠♠❡♥t ❧❛ ❣❡r♠✐♥❛t✐♦♥ ❡t ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ ❈✉ ♣❛r ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s
é♥❡r❣ét✐q✉❡s à très ❢❛✐❜❧❡ ✢✉❡♥❝❡ (Br 12 MeV, 1012−1013 cm−2)✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❞ét❡r♠✐♥❡ ❧❛
❞❡♥s✐té ❞❡ ♣ré❝✐♣✐tés ❛❧♦rs q✉✬✉♥ r❡❝✉✐t ✉❧tér✐❡✉r ♣❡r♠❡t ❞❡ ❝♦♥trô❧❡r ❧❛ t❛✐❧❧❡ ❞❡s ♣ré❝✐♣✐tés✳
❱❛❧❡♥t✐♥ ❡t ❛❧✳ ✐♥t❡r♣rèt❡♥t ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❞✬❛❣ré❣❛ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r



✾✸

❡t ❞❡ ❧❛ ✢✉❡♥❝❡ ♣❛r ✉♥ ❡✛❡t ❞❡ r❡❝♦✉✈r❡♠❡♥t ❞❡ tr❛❝❡ ✭♣❛rt✐❡ ✸✳✸✮ ✿ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ♥✬❛✉r❛✐t
❧✐❡✉ q✉❡ ❧♦rsq✉✬✉♥❡ q✉❛♥t✐té s✉✣s❛♥t❡ ❞✬é♥❡r❣✐❡ ❡st ❞é♣♦sé❡ à ❞❡s ❉❊❉ ♥é❝❡ss❛✐r❡s ♣♦✉r ❧❛
❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ét❡♥❞✉s ✭♣❛rt✐❡ ✸✳✸✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts
ét❡♥❞✉s ❡t ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ♥✬❡st ♣❛s ❡①♣❧✐❝✐té✳

▲❛ ❞é♠❛r❝❤❡ q✉❡ ♥♦✉s ♣r♦♣♦s♦♥s ❞♦♥❝ ❝♦♥s✐st❡ à ✭✐✮ ❞ét❡r♠✐♥❡r ❧❛ ♠❛♥✐èr❡ ❞♦♥t ❧❡s ❞é✲
❢❛✉ts ✐♥t❡r✈✐❡♥♥❡♥t ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞❡ ❝r♦✐ss❛♥❝❡ ❀ ✭✐✐✮ ❞é❝r✐r❡ ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥
❞❡ ❝❡s ❞é❢❛✉ts ♣❛r ❧❡s ❞✐✛ér❡♥t❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❧✬✐♦♥ ❧♦rs ❞❡ s❛ ♣é♥étr❛t✐♦♥ ❡t s♦♥ ✐♥s❡rt✐♦♥
❞❛♥s ❧❡ ✈❡rr❡ ✭t②♣❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t✱ ✐♥t❡r❛❝t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❧✬✐♦♥ ❛✈❡❝ ❧❛ ♠❛tr✐❝❡✮✳ ❉❛♥s ❝❡
tr❛✈❛✐❧✱ ♥♦✉s é❧❛r❣✐ss♦♥s ❧❛ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡ ❞❡ ❱❛❧❡♥t✐♥ ❡t ❛❧✳ ❬✶✷❪ ❛✉ ❝❛s ❞❡ ✈❡rr❡s ❞♦♣és
à ❧✬❛r❣❡♥t✳ ▲✬❛r❣❡♥t ❡st ❧❡ ❝❛s ❧❡ ♣❧✉s ❢❛✈♦r❛❜❧❡ ♣♦✉r s♦♥❞❡r ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s
✐♥❞✉✐ts ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ❝❛r ♦♥ ♣❡✉t ❞ét❡❝t❡r ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ s❡s ❢♦r♠❡s ♠♦❧é❝✉❧❛✐r❡s
✭Ag0✱ Ag+✱ Ag+

2 ✱ ✳ ✳ ✳ ✮ ❡♥ ❘P❊✱ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ✭❆❖✮✱ ❡t P▲✳ ❉❡ ♣❧✉s✱ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s✲
♠♦♥ ❞❡s ❛❣ré❣❛ts ❝♦♥t❡♥❛♥t ♣❧✉s ❞✬✉♥❡ ❞✐③❛✐♥❡ ❞✬❛t♦♠❡s ❡st ❡♥ ♣r✐♥❝✐♣❡ ♦❜s❡r✈❛❜❧❡✳ ▲❡ rô❧❡
♠✐❝r♦s❝♦♣✐q✉❡ ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡s ❛❣ré❣❛ts s❡r❛ s❡✉❧❡♠❡♥t ❞é✲
t❛✐❧❧é ❞❛♥s ❧❡ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥ γ✱ ♣♦✉r ❞❡s r❛✐s♦♥s ❞❡ s❡♥s✐❜✐❧✐té ❞❡ ♠❡s✉r❡ ✭♣❛rt✐❡ ✺✳✷✮✳ ◆♦✉s
♠♦♥tr♦♥s ❡♥s✉✐t❡ ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ♣❡♥❞❛♥t ✉♥ r❡❝✉✐t
♣ré❝é❞é ❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ❧♦✉r❞s ✭t②♣❡ Br 12 MeV ❝♦♠♠❡ ❞❛♥s ❬✶✷❪✮ ♠❛✐s ❛✉ss✐
❞❛♥s ❧❡ ❝❛s ❞✬✐♦♥s ❧é❣❡rs ✭He 1, 6 MeV ✮✱ ♣♦✉r ❧❡q✉❡❧ ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ tr❛❝❡ ✭❝❡❧✉✐ ❞é❝r✐t ❡♥
♣❛rt✐❡ ✸✳✸✮ ❡st ✐♥❡①✐st❛♥t✳ ◆♦✉s ❞✐s❝✉t♦♥s ❞❛♥s ❧❛ ♠ê♠❡ ♣❡rs♣❡❝t✐✈❡ ❞✬❡✛❡t r❡❞♦① ❞❡s ❞é❢❛✉ts
❞✬✐rr❛❞✐❛t✐♦♥ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❡♥ ♠♦♥tr❛♥t q✉❡ ❧❛ ❢♦rt❡ ❉❊❉ ♣ré♣❛r❡ ❧❡ s②stè♠❡ ❞❛♥s ✉♥
ét❛t ❞✐✛ér❡♥t q✉❡ ❧♦rs ❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ✳

✺✳✶✳✷ ❉✐✛✉s✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❞❛♥s ❧❡s ✈❡rr❡s s✐❧✐❝❛t❡s

▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ♥é❝❡ss✐t❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ❝❡ ❞❡r♥✐❡r ❞❛♥s ❧❛ ♠❛tr✐❝❡
✈✐tr❡✉s❡✳ ❖r ❝❡❧✉✐✲❝✐ ❡st ♣rés❡♥t ❞❛♥s ❧❡s ✈❡rr❡s s♦✉s ♣❧✉s✐❡✉rs ✈❛❧❡♥❝❡s✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t Ag0

❡t Ag+✱ q✉✐ s♦♥t t♦✉t❡s ❧❡s ❞❡✉① s✉s❝❡♣t✐❜❧❡s ❞❡ ♣❛rt✐❝✐♣❡r à ❧❛ ❝r♦✐ss❛♥❝❡✳

❉❛♥s ❧❡s ✈❡rr❡s ❞❛♥s ❧❡sq✉❡❧s ✐❧ ❡st ❞✐ss♦✉s ✉♥✐q✉❡♠❡♥t s♦✉s ❢♦r♠❡ ♦①②❞é❡✱ ♦♥ ♠♦♥tr❡ q✉❡
❝✬❡st ✉♥ ❞❡s é❧é♠❡♥ts ❧❡s ♣❧✉s ♠♦❜✐❧❡s ✭✜❣✉r❡ ✷✳✼ ❡t ❩❤❛❜r❡✈ ❡t ❛❧✳ ❬✺✷❪✮✳ ◆♦✉s ❛✈♦♥s ✈ér✐✜é
❝❡ ♣♦✐♥t ❞❛♥s ❧❡s ✈❡rr❡s s✐❧✐❝❛t❡s ✉t✐❧✐sés ♣♦✉r ♥♦s ❡①♣ér✐❡♥❝❡s✱ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❞♦♥♥é❡ ❡♥
♣❛rt✐❡ ✹✳✶✳✶✳ ◆♦✉s ❧❡s ❛✈♦♥s ❞✬❛❜♦r❞ ✐♠♣❧❛♥tés ♣❛r Ag ✭480 keV ✱ 1015 cm−2✮ ❞❡ ♠❛♥✐èr❡ à
❛tt❡✐♥❞r❡ ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ 500 appm ❛✉ ♣✐❝ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳ ▲❡s é❝❤❛♥t✐❧❧♦♥s
s♦♥t ❡♥s✉✐t❡ r❡❝✉✐ts à ❞✐✛ér❡♥t❡s t❡♠♣ér❛t✉r❡s ❝♦♠♣r✐s❡s ❡♥tr❡ 213 ❡t 550✝C ♣❡♥❞❛♥t 1 h✱
♣✉✐s ❧❡s ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ s♦♥t ♠❡s✉rés ♣❛r ❙■▼❙ ✭♣❧✉s s❡♥s✐❜❧❡ q✉❡ ❧❛ ❘❇❙ ❞❛♥s ❧❛
❣❛♠♠❡ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✉t✐❧✐sé❡ ✐❝✐ ✲ ♣❛rt✐❡ ✹✳✹✳✶✮✳ ▲❛ ✜❣✉r❡ ✺✳✶ ♠♦♥tr❡ q✉✬✐❧ s✉✣t ❞✬✉♥
r❡❝✉✐t à 350✝C ♣♦✉r q✉❡ ❧❡ ♣r♦✜❧ ❛✐t ❝♦♠♣❧èt❡♠❡♥t ❞✐s♣❛r✉ ♣❛r ❞✐✛✉s✐♦♥ ❞❡ ❧✬❛r❣❡♥t ✈❡rs ❧❛
♣r♦❢♦♥❞❡✉r ❞✉ ✈❡rr❡ ✿ ♦♥ ❛tt❡✐♥t ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ q✉❛s✐ ❝♦♥st❛♥t❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 7 appm✳
❊♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡✱ ♦♥ ♥✬♦❜s❡r✈❡ ❛✉❝✉♥❡ ❜❛♥❞❡ ❞✬❛❜s♦r♣t✐♦♥ ❧✐é❡ à ❧✬❛r❣❡♥t ✭♣❧❛s♠♦♥✱
Ag0 ❛t♦♠✐q✉❡✮ ❞❛♥s ❝❤❛❝✉♥ ❞❡s é❝❤❛♥t✐❧❧♦♥s✳ ▲❛ ❢♦r♠❡ ❝❤✐♠✐q✉❡ ❞❡ ❧✬❛r❣❡♥t q✉✐ ❞✐✛✉s❡ ❡st
❞♦♥❝ Ag+✳ ▲✬é❧❛r❣✐ss❡♠❡♥t ♥♦♥ ❣❛✉ss✐❡♥ ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞û à
❞❡s ❡✛❡ts ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭❝♦♥❝❡♥tr❛t✐♦♥ ❡t ♥❛t✉r❡ ❞❡s ❞é❢❛✉ts ✈❛r✐❛❜❧❡s ❛✈❡❝ ❧❛ ♣r♦❢♦♥❞❡✉r✮
❞♦♥t ❧❡s ❝♦♥séq✉❡♥❝❡s ♣❡✉✈❡♥t êtr❡ ♠✉❧t✐♣❧❡s t❛♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧✬éq✉✐❧✐❜r❡ ❝❤✐♠✐q✉❡
Ag0

⇋ Ag+ q✉❡ s✉r ❧❡s ♣r♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥✳ ■❧ ❡st ❛✉ss✐ ♣♦ss✐❜❧❡ q✉❡ ❧✬❛r❣❡♥t s♦✐t s♦✉s
❢♦r♠❡ ♠♦❧é❝✉❧❛✐r❡ ✭Ag+

2 ✱ ✳ ✳ ✳ ✮✱ ♠❛✐s à ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s tr♦♣ ❢❛✐❜❧❡s ♣♦✉r êtr❡ ♦❜s❡r✈é❡s✱
❡t q✉✬✐❧ s❡ ❞✐ss♦❧✈❡ ❡♥s✉✐t❡✳ ◆♦tr❡ ❡①♣ér✐❡♥❝❡ ✐❧❧✉str❡ ❜✐❡♥ ❧❛ ❣r❛♥❞❡ ♠♦❜✐❧✐té ❞❡ Ag+ ❞❛♥s
✉♥ ✈❡rr❡ s✐❧✐❝❛t❡✱ ♠ê♠❡ à ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ r❡❝✉✐t très ✐♥❢ér✐❡✉r❡s à ❧❛ Tg ❞✉ ✈❡rr❡ ✭550✝C✮✳



✾✹

❋✐❣✳ ✺✳✶✿ Pr♦✜❧ ❙■▼❙ ❞❡ 107Ag ❛♣rès ✐♠♣❧❛♥t❛t✐♦♥ à 480 keV ✱ 1015 cm−2 ❡t r❡❝✉✐t
♣❡♥❞❛♥t 1 h ❛✉① t❡♠♣ér❛t✉r❡s ✐♥❞✐q✉é❡s✳ ❆♣rès ✉♥ r❡❝✉✐t à ❧❛ Tg = 550✝C ❞✉ ✈❡rr❡✱
❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♠♦②❡♥♥❡ ❞✬❛r❣❡♥t ❡st ❞❡ 0, 3 appm✱ ❝♦♥tr❡ 500 appm ❛✉ ♠❛①✐♠✉♠
❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳

➪ ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡✱ ✐❧ ♥✬② ❛ ♣❛s ❞❡ ♠❡s✉r❡ ❞✐r❡❝t❡ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ Ag0 ❞❛♥s ❧❡s
✈❡rr❡s s✐❧✐❝❛t❡s✱ ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t à ❝❛✉s❡ ❞❡ s❛ très ❢❛✐❜❧❡ s♦❧✉❜✐❧✐té ❞❛♥s ❝❡s ❞❡r♥✐❡rs ✭✐✳❡✳
✐❧ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞é❥à s♦✉s ❢♦r♠❡ ❞✬❛❣ré❣❛ts à ❢❛✐❜❧❡ ❝♦♥❝❡♥tr❛t✐♦♥✮✳ ❆ ❝❡ ♣r♦♣♦s✱ r❡♠❛r✲
q✉♦♥s q✉❡ ❧❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s ♣r♦♣♦s❛♥t ❞❡s é✈❛❧✉❛t✐♦♥s ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞❡ Ag0

✭❡✳❣✳ ❬✶✹✺✱ ✻✼❪✮ s♦♥t ❢❛✐t❡s à ♣❛rt✐r ❞✬❛❥✉st❡♠❡♥t ❞❡ ♣r♦♣r✐étés ❞❡ ❝r♦✐ss❛♥❝❡ à ❞❡s ♠♦❞è❧❡s
st❛♥❞❛r❞ ✭❞✉ t②♣❡ ❛❧❧✐❛❣❡ ❜✐♥❛✐r❡✱ ❝❤❛♣✐tr❡ ✶✮✳ ❈♦♠♠❡ ❝❡ tr❛✈❛✐❧ ♠♦♥tr❡ q✉❡ ❝❡tt❡ ❛♣♣r♦❝❤❡
❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❡st ✐♥❝♦♠♣❧èt❡✱ ❡t ♥♦t❛♠♠❡♥t q✉❡ ❧❛ ❢♦r♠❡ Ag+ ❥♦✉❡ ✉♥ rô❧❡ ❞❛♥s ❧❛
❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡✱ ❝❡s é✈❛❧✉❛t✐♦♥s ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ♥❡ s♦♥t ♣r♦❜❛❜❧❡♠❡♥t ♣❛s
❝♦rr❡❝t❡s✳ ❉❛♥s ❞✬❛✉tr❡s ❡①♣ér✐❡♥❝❡s ❬✶✹✻❪✱ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞❡ Ag0 ❛♥♥♦♥❝é ❡st
❝❛❧❝✉❧é ❡♥ ♣rés❡♥❝❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✱ ❝❡tt❡ ❞❡r♥✐èr❡ ❛❧tér❛♥t ❧❛ ♠♦❜✐❧✐té ❛♣♣❛r❡♥t❡✳

✺✳✷ ▼é❝❛♥✐s♠❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❛♣rès ✐rr❛❞✐❛t✐♦♥

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ♠♦♥tr♦♥s ❝♦♠♠❡♥t ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❣❡r♠✐♥❛✲
t✐♦♥✴❝r♦✐ss❛♥❝❡ ❛♣rès ✐rr❛❞✐❛t✐♦♥ ❢♦♥t ✐♥t❡r✈❡♥✐r ❧❡s é❧❡❝tr♦♥s ❡t ❧❡s tr♦✉s ♣✐é❣és ❝réés ❧♦rs ❞❡
❧✬✐rr❛❞✐❛t✐♦♥✳ ◆♦✉s ♠♦♥tr♦♥s q✉❡ ❧✬♦♥ ♣❡✉t s✉✐✈r❡ ❧❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❝❧✉s✲
t❡rs ❞✬❛r❣❡♥t ❡t ❧❡s ❝♦rré❧❡r à ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ❞✐✛ér❡♥ts ❞é❢❛✉ts✳ P♦✉r ❝❡❧❛
♥♦✉s ❡✛❡❝t✉♦♥s ✉♥ r❡❝✉✐t ❞❡ ✈❡rr❡s ❝♦♥t❡♥❛♥t ❞❡ ❧✬♦r❞r❡ ❞❡ 100 appm ❞✬❛r❣❡♥t ♣ré❛❧❛❜❧❡♠❡♥t
✐rr❛❞✐és ♣❛r ❞❡s γ ✭❞ét❛✐❧s ❡①♣ér✐♠❡♥t❛✉① ❡♥ ♣❛rt✐❡ ✹✳✶ ❡t ✹✳✷✮✳

✺✳✷✳✶ ▲❡s ✈❡rr❡s ♣❤♦t♦s❡♥s✐❜❧❡s

▲❛ ❞é❝♦✉✈❡rt❡ ❞❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❝♦♥trô❧❡r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s ❞❛♥s ❧❡s
✈❡rr❡s ♣❛r ❞❡s ✐rr❛❞✐❛t✐♦♥s ♣❛r ❞❡s ♣❤♦t♦♥s r❡♠♦♥t❡ à ✉♥❡ s♦✐①❛♥t❛✐♥❡ ❞✬❛♥♥é❡s ✿ ❡❧❧❡ ❡st



✾✺

❧✬♦❡✉✈r❡ ❞✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❝❤❡r❝❤❡✉rs ❞❡ ❈♦r♥✐♥❣ ●❧❛ss ❲♦r❦s ✭♠❛✐♥t❡♥❛♥t ❈♦r♥✐♥❣✮ ✿
❉❛❧t♦♥ ❬✶✹✼✱ ✶✹✽❪ ❞❛♥s ❧❡ ❝❛s ❞❡ ✈❡rr❡s ❛✉ ❝✉✐✈r❡✱ ❆r♠✐st❡❛❞ ❬✶✹✾❪ ❞❛♥s ❧❡ ❝❛s ❞❡ ✈❡rr❡s à
❧✬❛r❣❡♥t ✭♠❛✐s ❛✉ss✐ ✐♥❞é♣❡♥❞❛♠♠❡♥t ♣❛r ❇❛❞❣❡r ❡t ❍✉♠♠❡❧ ❬✶✺✵❪✮✱ ❡t ❙t♦♦❦❡② ❬✶✺✶❪ ❞❛♥s ❧❡
❝❛s ❞❡ ✈❡rr❡s ❞♦♣és à ❧✬♦r✳ ❈❡s ✈❡rr❡s ♠♦❞✐✜és ♣❛r ❡①♣♦s✐t✐♦♥ à ❧❛ ❧✉♠✐èr❡ s♦♥t ❧♦❣✐q✉❡♠❡♥t
❛♣♣❡❧és ✈❡rr❡s ♣❤♦t♦s❡♥s✐❜❧❡s✳ ➪ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡s ✈❡rr❡s ✉t✐❧✐sés ❞❛♥s ♥♦tr❡ ét✉❞❡✱ ❧❡s ✈❡rr❡s
♣❤♦t♦s❡♥s✐❜❧❡s ❝♦♥t✐❡♥♥❡♥t ✉♥ ré❞✉❝t❡✉r Sb2O3 ❛✐♥s✐ q✉✬✉♥ ♣❤♦t♦s❡♥s✐❜✐❧✐s❛t❡✉r CeO2✱ ❧❡
s❡❝♦♥❞ ♣❡r♠❡tt❛♥t ❞❡ ré❛❧✐s❡r ❧❡s ✐rr❛❞✐❛t✐♦♥s ❛✈❡❝ ❞❡s ♣❤♦t♦♥s très ♣❡✉ é♥❡r❣ét✐q✉❡s ✭✹ ❡❱✮✳
▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ❝❧✉st❡rs ♠ét❛❧❧✐q✉❡s ♥é❝❡ss✐t❡ ❧❛ ré❞✉❝t✐♦♥ ❞❡s ✐♦♥s Ag+ ♣rés❡♥ts ✐♥✐t✐❛✲
❧❡♠❡♥t ❡♥ s♦❧✉t✐♦♥ ❞❛♥s ❧❡ ✈❡rr❡✳ P❧✉s✐❡✉rs ♠é❝❛♥✐s♠❡s ♦♥t été s✉❣❣érés✳
❙t♦♦❦❡② ❬✶✺✶❪ ❛ ♣r♦♣♦sé ✉♥❡ ♣r❡♠✐èr❡ ✐♥t❡r♣rét❛t✐♦♥ ❡♥ t❡r♠❡s ❞❡ ♣r♦❝❡ss✉s ♣❤♦t♦❣r❛♣❤✐q✉❡
✭❞✬❛♣rès ❝❡ q✉✬✐❧ ét❛✐t ❝♦♥♥✉ ❞❡ ❝❡ ❞❡r♥✐❡r à s♦♥ é♣♦q✉❡✮✳ ▲❡s ♣❤♦t♦é❧❡❝tr♦♥s ✐♥❞✉✐ts ♣❛r
❧✬✐rr❛❞✐❛t✐♦♥ s♦♥t ❞✬❛❜♦r❞ ♣✐é❣és ❞❛♥s ❧❡ ♠❛tér✐❛✉ ✭✐♠❛❣❡ ❧❛t❡♥t❡✮✱ ♣✉✐s ✉♥ r❡❝✉✐t ♣❡r♠❡t
❧❡✉r ♠✐❣r❛t✐♦♥✱ ❞✬♦ù ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❡s ✐♦♥s ❛r❣❡♥t ❡♥ ❛t♦♠❡s ❞✬❛r❣❡♥t ♣✉✐s ❧❛ ❣❡r♠✐♥❛✲
t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞❡ ❝❡s ❞❡r♥✐❡rs✳ ▲❛ ♥❛t✉r❡ ❞❡s ♣✐è❣❡s à ♣❤♦t♦é❧❡❝tr♦♥s r❡st❡ ❝❡♣❡♥❞❛♥t ♦❜s✲
❝✉r❡ ✭♣✐é❣❡❛❣❡ s✉r ❧❡s ❞é❢❛✉ts ❞✉ ✈❡rr❡ ❄ ♥❛t✉r❡ ❞❡ ❝❡s ♣✐è❣❡s ❄ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞ès ❧✬✐rr❛❞✐❛✲
t✐♦♥ ❄✮✳ ▲✬ét✉❞❡ ♣♦stér✐❡✉r❡ ❞❡ ▼❛✉r❡r ❬✶✺✷❪✱ s✐ ❡❧❧❡ ❛ ❜✐❡♥ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧❡ ❝♦♥trô❧❡ ❞❡
❧❛ ❞❡♥s✐té ❞✬❛❣ré❣❛ts ♣❛r ❧❛ ✢✉❡♥❝❡ ❞✬✐rr❛❞✐❛t✐♦♥✱ ♥✬❛ ❝❡♣❡♥❞❛♥t ♣❛s ♣❡r♠✐s ❞❡ ❝❧❛r✐✜❡r ❧❡s
♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ✭❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡ ♠♦♠❡♥t ♦ù ❧❛ ré❞✉❝t✐♦♥ s❡ ♣r♦❞✉✐t✮✳ ■❧
❢❛✉t ❛tt❡♥❞r❡ ❑r❡✐❜✐❣ ❬✶✺✸❪ ❡t s♦♥ ❡①❛♠❡♥ ❛tt❡♥t✐❢ ❞❡s s♣❡❝tr❡s ❞✬❛❜s♦r♣t✐♦♥ ♣♦✉r ♠❡ttr❡
❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ❢❛✐❜❧❡ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ✭✶ ✪ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥✐t✐❛❧❡ ❡♥ Ag+✮
❞ès ❧✬✐rr❛❞✐❛t✐♦♥ ❯❱ ❞✬✉♥ ✈❡rr❡ ♣❤♦t♦s❡♥s✐❜❧❡✱ ❡♥ ❝♦♥tr❛❞✐❝t✐♦♥ ❛✈❡❝ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❣❡r✲
♠✐♥❛t✐♦♥ ♣r♦♣♦sé ♣❛r ❙t♦♦❦❡②✳ ▲❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ❛✉ ♠♦♠❡♥t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❡st ❝♦♥✜r♠é❡
✐♥❞é♣❡♥❞❛♠♠❡♥t ♣❛r ❞❡s ❡①♣ér✐❡♥❝❡s ✭❛♥tér✐❡✉r❡s ✦✮ ❞❡ ❘P❊ ❞❛♥s ❞❡s ✈❡rr❡s ♠ét❛♣❤♦s♣❤❛t❡s
✐rr❛❞✐és ♣❛r ❞❡s γ ✭❨♦❦♦t❛✱ ✶✾✻✻ ❬✶✺✹❪✮✱ ❞❡s ✈❡rr❡s s✐❧✐❝❛t❡s ✐rr❛❞✐és ♣❛r ❞❡s ❳ ✭❩❤✐t♥✐❦♦✈✱ ✶✾✻✽
❬✶✺✺❪✮ ❡t ♣❛r ❞❡s γ ✭■♠❛❣❛✇❛✱ ✶✾✻✾ ❬✶✺✻❪✮✳ ◆é❛♥♠♦✐♥s ❝❡s ❞❡r♥✐❡rs ❛✉t❡✉rs s❡ ❝♦♥❝❡♥tr❡♥t s✉r
❧✬ét✉❞❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❘P❊ ❞❡s ❝❡♥tr❡s ♦❜s❡r✈és ❡t ♥✬ét✉❞✐❡♥t ♣❛s ❧❡s ♣r♦♣r✐étés ❞❡ ♣ré✲
❝✐♣✐t❛t✐♦♥✳ ❑r❡✐❜✐❣ ♣r♦♣♦s❡ q✉❡ ✭✐✮ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❝♦♥s✐st❡ ❡♥ ❧✬❛❣ré❣❛t✐♦♥
❞❡s ❛r❣❡♥ts ♥❡✉tr❛❧✐sés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥✱ ✭✐✐✮ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st ❡♥s✉✐t❡ ❛ss✉ré❡ ♣❛r ❧❛ ❞✐✛✉s✐♦♥
❞❡ Ag+ ✈❡rs ❧❡s ❛❣ré❣❛ts✱ Ag+ ét❛♥t ♥❡✉tr❛❧✐sé ♣rès ❞❡ ❧❡✉r s✉r❢❛❝❡ ❣râ❝❡ ❛✉① ré❞✉❝t❡✉rs ✭❆s✱
❙❜✮ ✐♥❝❧✉s ❞❛♥s ❧❛ ❝♦♠♣♦s✐t✐♦♥✳ ▲❛ ❣❡r♠✐♥❛t✐♦♥ s❡r❛✐t ❞♦♥❝ ❤♦♠♦❣è♥❡✳ ❈❡♣❡♥❞❛♥t ❑r❡✐❜✐❣
r❡♠❛rq✉❡ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡ ✉♥❡ ❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts ♠ê♠❡ ❧♦rsq✉❡ ❧❡s ré❞✉❝t❡✉rs s♦♥t
❛❜s❡♥ts ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥✱ ❡t ♥❡ ♣❛r❧❡ ♣❛s ❞✉ rô❧❡ ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ✭✧❝♦❧♦r ❝❡♥t❡rs✧✮✳
◆♦tr❡ tr❛✈❛✐❧ ❛ ♣♦✉r ❜✉t ❞❡ ❧❡✈❡r ❝❡s ❝♦♥tr❛❞✐❝t✐♦♥s✳

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ♣rés❡♥t♦♥s ✉♥❡ ♣r❡♠✐èr❡ ❞❡s❝r✐♣t✐♦♥ ❞ét❛✐❧❧é❡ ❞❡s ét❛♣❡s ❞❡ ❧❛
❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞❛♥s ❞❡s ✈❡rr❡s s♦✉♠✐s à ✐rr❛❞✐❛t✐♦♥ γ✳ ◆♦✉s ♠♦♥tr❡r♦♥s✱ ❝♦♠♠❡
❛♥♥♦♥❝é ❡♥ ♣❛rt✐❡ ✷✳✹ q✉✬✐❧ ❢❛✉t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ✭✐✮ ❧❡s ❞✐✛ér❡♥t❡s ✈❛❧❡♥❝❡s ❞❡ ❧✬❛r❣❡♥t ❧♦rs
❞❡ s❛ ❝r♦✐ss❛♥❝❡ ❡t s❛ ❣❡r♠✐♥❛t✐♦♥✱ ✭✐✐✮ ❧❡s ✐♥t❡r❛❝t✐♦♥s r❡❞♦① ❞❡s ❡s♣è❝❡s à ❧✬❛r❣❡♥t ❛✈❡❝ ❧❛
♠❛tr✐❝❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ❞é❢❛✉ts ❝réés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ✭é❧❡❝tr♦♥s ❡t tr♦✉s ♣✐é❣és✮✳ ◆♦✉s
✜♥✐r♦♥s ❡♥ ♠♦♥tr❛♥t q✉❡ ❧❡s ét❛♣❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ q✉❡ ❧✬♦♥ ♣❡✉t ♦❜s❡r✈❡r ❞❛♥s ❧❡s ✈❡rr❡s
♣❤♦t♦s❡♥s✐❜❧❡s s♦♥t très ❛♥❛❧♦❣✉❡s ❛✉① ♦❜s❡r✈❛t✐♦♥s ❢❛✐t❡s ❧♦rs ❞❡ ❧❛ r❛❞✐♦❧②s❡ ❞❡ s♦❧✉t✐♦♥s
❝♦♥t❡♥❛♥t ❞❡s Ag+✳ ❈❡ ❞❡r♥✐❡r ♣♦✐♥t r❡♥❢♦r❝❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ♥♦s ❡①♣ér✐❡♥❝❡s ❞✬✐rr❛❞✐❛✲
t✐♦♥ ❡♥ t❡r♠❡s ❞❡ ✧♣r♦❝❡ss✉s ♣❤♦t♦❣r❛♣❤✐q✉❡✧ ❡t ♦✉✈r❡ ✉♥❡ ♣❡rs♣❡❝t✐✈❡ ♦r✐❣✐♥❛❧❡ ✭♣❛rt✐❡ ✺✳✸✮
❝♦♥❝❡r♥❛♥t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❡✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ♠é✲
t❛❧❧✐q✉❡s ❞❛♥s ❧❡s ✈❡rr❡s✳
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✺✳✷✳✷ ❘és✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①

P♦✉r ét✉❞✐❡r ❧❡s ❡✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s ❢❛❜r✐q✉é ✉♥ ✈❡rr❡ à ❜❛s❡ s✐❧✐❝❛t❡ ✭♣❛r✲
t✐❡ ✹✳✶✳✶✮ ❞❛♥s ❧❡q✉❡❧ ❡st ❞✐ss♦✉t❡ ✉♥❡ q✉❛♥t✐té ❞✬❛r❣❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ 100 appm✳ ❆✉❝✉♥
ré❞✉❝t❡✉r ♥✬❡st ✐♥tr♦❞✉✐t ❞❛♥s ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❛✜♥ ❞✬✐s♦❧❡r ❧❡s ❡✛❡ts r❡❞♦① ❞❡ ❧❛ s❡✉❧❡ ❝♦♠✲
♣♦s✐t✐♦♥ ❞❡ ❜❛s❡ ❞✉ ✈❡rr❡✳ ▲❡s ✐rr❛❞✐❛t✐♦♥s γ ♦♥t été ré❛❧✐sé❡s s❡❧♦♥ ❧❛ ♣r♦❝é❞✉r❡ ❞é❝r✐t❡ ❡♥
♣❛rt✐❡ ✹✳✷✳✺✳ ▲✬❡✛❡t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❛✐♥s✐ q✉❡ ❝❡❧✉✐ ❞❡s r❡❝✉✐ts ✉❧tér✐❡✉rs ♦♥t été ♦❜s❡r✈és ❡♥
❘P❊ ✭♣❛rt✐❡ ✹✳✻✮ ❡t ❡♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ✭❆❖✱ ♣❛rt✐❡ ✹✳✺✳✶✮✳ ▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛r❣❡♥t ❡st
❝❤♦✐s✐❡ ❞❡ s♦rt❡ q✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬✐rr❛❞✐❡r ❛✈❛♥t r❡❝✉✐t ♣♦✉r ♦❜s❡r✈❡r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥✳
▲❛ ✜❣✉r❡ ✺✳✷ ♠♦♥tr❡ q✉✬✐❧ ♥✬② ❛ ❛✉❝✉♥❡ ♣ré❝✐♣✐t❛t✐♦♥ ❧♦rs ❞✉ r❡❝✉✐t ❞✉ ✈❡rr❡ ♥♦♥ ✐rr❛❞✐é✳ ❆
❝♦♥tr❛r✐♦✱ ✐❧ ② ❛ ♣ré❝✐♣✐t❛t✐♦♥ ❧♦rsq✉❡ ❧❡ ✈❡rr❡ ❡st ♣ré❛❧❛❜❧❡♠❡♥t ✐rr❛❞✐é ♣❛r ❞❡s γ ✭✜❣✉r❡ ✺✳✸✮✳

❋✐❣✳ ✺✳✷✿ ❱❡rr❡ s✐❧✐❝❛t❡ ❞♦♣é ❡♥ ❛r❣❡♥t à 65 appm✱ ♥♦♥ ✐rr❛❞✐é✱ r❡❝✉✐t ❛✉① t❡♠♣é✲
r❛t✉r❡s ✐♥❞✐q✉é❡s✳

❖❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ♣❛r ✐rr❛❞✐❛t✐♦♥

❈♦♠♠❡ ❛tt❡♥❞✉ ❬✶✺✹✱ ✶✺✺✱ ✶✺✻❪✱ ♥♦s ✈❡rr❡s s✐❧✐❝❛t❡s ❞♦♣és à ❧✬❛r❣❡♥t ❡t ✐rr❛❞✐és à ❧❛
t❡♠♣ér❛t✉r❡ ❞❡ ❧✬❛③♦t❡ ❧✐q✉✐❞❡ ♣rés❡♥t❡♥t✱ ❡♥ ❘P❊✱ ❧❡s ♣✐❝s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ Ag0 s♦✉s ❧❛
❢♦r♠❡ ❞✬✉♥ ❞♦✉❜❧❡t ❞❡ ❢♦r♠❡ ❝♦♠♣❧❡①❡ ✭✜❣✉r❡ ✺✳✹✱ r❡❝✉✐ts à 22✝C ❡t 90✝C / 30 min✮✳ ❯♥❡
♣❛rt✐❡ ❞❡s ♣❤♦t♦é❧❡❝tr♦♥s s❡rt ❞♦♥❝ à ré❞✉✐r❡ ❧✬✐♦♥ ❛r❣❡♥t s❡❧♦♥ ✿

Ag+ + e− → Ag0 ✭✺✳✶✮

➪ T = 120 K✱ ♦♥ ♦❜s❡r✈❡ ✉♥ s✐❣♥❛❧ ♥♦♥ ❞é❞♦✉❜❧é à ❧❛ ♠ê♠❡ ♣♦s✐t✐♦♥ q✉❡ ❧❡ ❞♦✉❜❧❡t ❞✬❛r❣❡♥t✳
➪ ❝❡tt❡ t❡♠♣ér❛t✉r❡✱ ❧❡s r❡❧❛①❛t✐♦♥s str✉❝t✉r❛❧❡s s♦♥t très ❧❡♥t❡s ❡t ❧✬❛r❣❡♥t ❡st ♣r♦❜❛❜❧❡♠❡♥t
r❡sté ❞❛♥s s❛ ❝♦♥✜❣✉r❛t✐♦♥ ✐♦♥✐q✉❡✳

◆♦✉s s❛✈♦♥s ♣❛r ❛✐❧❧❡✉rs ✭♣❛rt✐❡ ✸✳✹✮ q✉❡ ❧❡s ❝❤❛r❣❡s ✭♣❤♦t♦é❧❡❝tr♦♥s ❡t ♣❤♦t♦tr♦✉s✮ ❝réé❡s
♣❛r ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❧✬é❧❡❝tr♦♥ ❈♦♠♣t♦♥ ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ ♣❡✉✈❡♥t ❛✉ss✐ s❡ ♣✐é❣❡r s✉r ❧❡s ❞é✲
❢❛✉ts ❞✉ rés❡❛✉ ✈✐tr❡✉①✱ ❝❡ q✉❡ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é ❛✉ss✐ ❜✐❡♥ ❡♥ ❘P❊ q✉✬❡♥ ❛❜s♦r♣t✐♦♥
♦♣t✐q✉❡ ✭❆❖✮✳ ▲❡s ◆❇❖❍❈ s♦♥t r❡s♣♦♥s❛❜❧❡s ❞✉ s✐❣♥❛❧ ❘P❊ très ✐♥t❡♥s❡ à g = 2, 0097 ❡t
g = 2, 0036 ✭✜❣✉r❡ ✺✳✹ ❡t s✉rt♦✉t ✺✳✺✮✳ ❖♥ ♦❜s❡r✈❡ ❛✉ss✐ ✉♥ s✐❣♥❛❧ ❛ttr✐❜✉é à ❞❡s é❧❡❝tr♦♥s
♣✐é❣és ✭g = 1, 964✮✳ P❛r ❝♦♥tr❡ ❊✬ ❡t P❖❘ ♥❡ s♦♥t ♣❛s ❡♥ ♥♦♠❜r❡ s✉✣s❛♥t ♣♦✉r êtr❡ ♦❜s❡r✈és
♣❛r ❝❡tt❡ ♠ét❤♦❞❡✳



✾✼

❋✐❣✳ ✺✳✸✿ ❆❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞✬✉♥ ✈❡rr❡ ❞♦♣é ❡♥ ❛r❣❡♥t à 118 appm✱ ✐rr❛❞✐é ♣❛r ❞❡s
γ à 21 kGy à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❡t r❡❝✉✐t 30 min ❛✉① t❡♠♣ér❛t✉r❡s ✐♥❞✐q✉é❡s
✭é❝❤❡❧❧❡ ❧♦❣❛r✐t❤♠✐q✉❡ ♣♦✉r ❧✬❛❜s♦r❜❛♥❝❡✮✳

❊♥ ❆❖✱ ❧❡ s♣❡❝tr❡ ❡st ❝♦♥st✐t✉é ❞❡ ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ q✉✐ s❡ ❝❤❡✈❛✉❝❤❡♥t ✭✜❣✉r❡ ✺✳✻
✭❜✮✮✳ ❆✜♥ ❞✬✐s♦❧❡r ❧❛ ❝♦♠♣♦s❛♥t❡ ❞✬❛❜s♦r♣t✐♦♥ ❞❡ Ag0✱ ♥♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ✐rr❛❞✐é ✉♥ ✈❡rr❡
❞❡ ♠ê♠❡ ❝♦♠♣♦s✐t✐♦♥ ♥❡ ❝♦♥t❡♥❛♥t ♣❛s ❞❡ Ag+ ✐♥✐t✐❛❧❡♠❡♥t ✭✜❣✉r❡ ✺✳✻ ✭❛✮✮✳ ❙♦♥ s♣❡❝tr❡
❞✬❆❖ ❡st ❞é❝♦♠♣♦s❛❜❧❡ ❡♥ ❣❛✉ss✐❡♥♥❡s ❞♦♥t ❧❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s s♦♥t ❞♦♥♥és ❞❛♥s ❧❡
t❛❜❧❡❛✉ ✺✳✶✳ ▲❡s ♣✐❝s tr♦✉✈és s♦♥t ♣r♦❝❤❡s ❞❡ ❝❡✉① tr♦✉✈és ♣❛r ❙❤❡♥❣ ❞❛♥s ✉♥ ✈❡rr❡ ❛♥❛❧♦❣✉❡
❬✶✵✻❪✳ ❖♥ ♦❜s❡r✈❡ ❞❡s tr♦✉s ♣✐é❣és s♦✉s ❢♦r♠❡ ❞❡ ◆❇❖❍❈ ✭1, 98 ❡t 2, 79 eV ✮ ❡t P❖❘ ✭♣✐❝s
✈❡rs 5, 35 eV ✮ ❛✐♥s✐ q✉❡ ❞❡s é❧❡❝tr♦♥s ♣✐é❣és ✭4, 1 eV ❀ ❞❡ str✉❝t✉r❡ ♥♦♥ ❝❛r❛❝tér✐sé❡✮✳ ▲❡s
❊✬ ♥❡ s♦♥t ♣❛s ✈✐s✐❜❧❡s ❞❛♥s ❝❡s ❡①♣ér✐❡♥❝❡s ❝❛r ✐❧s ❛❜s♦r❜❡♥t ✈❡rs 7 eV ❡t ♥é❝❡ss✐t❡♥t ❞♦♥❝
❞❡s ❡①♣ér✐❡♥❝❡s ❱❯❱✳ ▲❡s ✈❡rr❡s s✐❧✐❝❛t❡s ✉t✐❧✐sés ✐❝✐ ❝♦♥t✐❡♥♥❡♥t ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬❛t♦♠❡s
❞✬♦①②❣è♥❡ ♥♦♥ ♣♦♥t❛♥ts ✭♣rés❡♥❝❡ ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉✱ ♣❛rt✐❡ ✷✳✶✳✸✮✱ q✉✐ s♦♥t ❞❡s
❞é❢❛✉ts ❞✉ rés❡❛✉ ♣r♦♣✐❝❡s à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ◆❇❖❍❈ ♣❛r ♣✐é❣❡❛❣❡ ❞❡ tr♦✉ ✭♣r♦❝❡ss✉s ❡①✲
tr✐♥sèq✉❡✮✳ ◆♦✉s ✈ér✐✜♦♥s q✉❡ ❝❡ ❞é❢❛✉t ❞♦♠✐♥❡ ❡✛❡❝t✐✈❡♠❡♥t ❧❡ s♣❡❝tr❡ ❘P❊ ✭✜❣✉r❡ ✺✳✺✮✳ ▲❛
♥❛t✉r❡ ❞❡s tr♦✉s ♣✐é❣és ♦❜s❡r✈és ❞❛♥s ♥♦s ❡①♣ér✐❡♥❝❡s ❞❡ ❘P❊ ❡t ❞✬❆❖ ❡st ❜✐❡♥ ✐❞❡♥t✐✜é❡ ✿
◆❇❖❍❈✱ P❖❘✳ ❈❡ ♥✬❡st ♣❛s ❧❡ ❝❛s ❞❡s é❧❡❝tr♦♥s ♣✐é❣és ✿ ❧❡ ♣✐❝ ❘P❊ à g = 1, 964 ✭✜❣✉r❡ ✺✳✺✮
❡t ❧✬❆❖ à 4, 1 eV ✭✜❣✉r❡ ✺✳✻✮ s♦♥t ❛ss♦❝✐és à ❞❡s é❧❡❝tr♦♥s ♣✐é❣és ♠❛✐s ❞❡ str✉❝t✉r❡ ✐♥❝♦♥♥✉❡✱
❧❡ ❝❡♥tr❡ ❊✬ ♥✬❡st ♣❛s ❡♥ ❝♦♥❝❡♥tr❛t✐♦♥ s✉✣s❛♥t❡ ♣♦✉r êtr❡ ✈✐s✐❜❧❡ ❡♥ ❘P❊ ✭✜❣✉r❡ ✺✳✺✮✳ ▲❡s
é❧❡❝tr♦♥s ♣❡✉✈❡♥t ❛✉ss✐ s❡ ♣✐é❣❡r s✉r ❞❡s ❝❧✉st❡rs ❞✬❛❧❝❛❧✐♥s✱ ❝❡ ❞❡r♥✐❡r ét❛♥t Na+ ❞❛♥s ♥♦tr❡
✈❡rr❡ ✭●r✐s❝♦♠ ❬✶✶✾❪✱ ♣❛rt✐❡ ✸✳✹✳✷✮✳

❆♣rès ✐rr❛❞✐❛t✐♦♥ ❞✉ ✈❡rr❡ ❝♦♥t❡♥❛♥t ❞❡ ❧✬❛r❣❡♥t à ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡
17 appm✱ ♥♦✉s ♦❜s❡r✈♦♥s ✭✜❣✉r❡ ✺✳✻✭❜✮✮ ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥ ♣✐❝ s✉♣♣❧é♠❡♥t❛✐r❡ ❞✬❛❜s♦r♣t✐♦♥
à 3, 6 eV ✭λ = 345 nm✮✳ ▲❡s ♣❛r❛♠ètr❡s ❞❡ ❝❡ ♥♦✉✈❡❛✉ ♣✐❝ ❞✬❛❜s♦r♣t✐♦♥ ♦♥t été ❞ét❡r♠✐♥és
♣❛r ❛❥✉st❡♠❡♥t ♠✉❧t✐❣❛✉ss✐❡♥ ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ✭t❛❜❧❡❛✉ ✺✳✷✮✱ ❡♥ r❡♣r❡♥❛♥t ❧❡s ✈❛❧❡✉rs ❞❡s ♣♦✲
s✐t✐♦♥s ❡t ❧❛r❣❡✉rs ✭♠❛✐s ♣❛s ❧❡s ✐♥t❡♥s✐tés✮ ❞❡s ♣✐❝s ❞❡ ❞é❢❛✉ts ❞✉ ✈❡rr❡ ♥♦♥ ❞♦♣é ✭t❛❜❧❡❛✉
✺✳✶✮ ❡t ❡♥ ❧❛✐ss❛♥t ♣❛r ❝♦♥tr❡ ❧✐❜r❡s ❧❡s tr♦✐s ♣❛r❛♠ètr❡s ❞✉ ♥♦✉✈❡❛✉ ♣✐❝✳ ◆♦✉s ❛ttr✐❜✉♦♥s ❝❡
♣✐❝ à Ag0 s✉r ❧❛ ❜❛s❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ s✐♠✉❧t❛♥é❡ ❞❡ ❝❡ ❝❡♥tr❡ ❡♥ ❘P❊✳ ▲❛ ♣♦s✐t✐♦♥ ❞✉ ♣✐❝
❞✬❛❜s♦r♣t✐♦♥ ❡st ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❝❡❧❧❡s tr♦✉✈é❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ♣♦✉r Ag0 ❧✐❜r❡ ❬✶✺✼❪ ❡t



✾✽

❋✐❣✳ ✺✳✹✿ ❙♣❡❝tr❡ ❘P❊ ❞✬✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ ❞♦♣é à ❧✬❛r❣❡♥t ✭130 appm✮✱ ✐rr❛❞✐é ♣❛r
❞❡s γ à ✉♥❡ ❞♦s❡ ❞❡ 15 kGy✱ ❡t r❡❝✉✐t à ❞✐✛ér❡♥t❡s t❡♠♣ér❛t✉r❡s ✭s♣❡❝tr❡s ❡♥r❡✲
❣✐strés à 120 K✮✳ ❱♦✐r ❧❡ t❡①t❡ ♣♦✉r ❧❡s ❞ét❛✐❧s ❞❡ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s
❝♦♥tr✐❜✉t✐♦♥s✳

P♦s✐t✐♦♥ ✭eV ✮ ▲❛r❣❡✉r ✭eV ✮ ■♥t❡♥s✐té ✭cm−1✮
1, 98 0, 3 1, 01
2, 79 0, 65 2, 13
4, 1 1 2, 44
5, 35 0, 6 4, 11

❚❛❜✳ ✺✳✶✿ ❈❛r❛❝tér✐st✐q✉❡s ❞❡s ♣✐❝s ❞❡ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ❞✉ s♣❡❝tr❡ ❞✬❛❜s♦r♣t✐♦♥ ❞✉
✈❡rr❡ ♥♦♥ ❞♦♣é ✐rr❛❞✐é à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ✭40 kGy✮✳



✾✾

❋✐❣✳ ✺✳✺✿ ❙♣❡❝tr❡ ❘P❊ ❞❡s ❞é❢❛✉ts ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ✐rr❛❞✐é ♣❛r ❞❡s γ à 15 kGy
✭③♦♦♠ ❡♥ ❤❛✉t à ❞r♦✐t❡✱ s♣❡❝tr❡s ❡♥r❡❣✐strés à 120 K✮✳

❋✐❣✳ ✺✳✻✿ ❉é❝♦♠♣♦s✐t✐♦♥ ❞✉ s♣❡❝tr❡ ♦♣t✐q✉❡ ❞✬✉♥ ✈❡rr❡ ✐rr❛❞✐é ♣❛r ❞❡s γ à 40 kGy ✿
✭❛✮ s❛♥s ❛r❣❡♥t✱ ✭❜✮ ❞♦♣é ♣❛r 17 appm ❛t♦♠✐q✉❡ ❞✬❛r❣❡♥t✳ ❆❝❝♦r❞ ❡♥tr❡ ❧❛ ❝♦✉r❜❡ ❡①✲
♣ér✐♠❡♥t❛❧❡ ✭❝❡r❝❧❡s✮ ❡t ❧❛ s♦♠♠❡ ✭tr❛✐t ✜♥✮ ❞❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡s ❞✐✛ér❡♥ts ❞é❢❛✉ts
✭♣♦✐♥t✐❧❧és✮

✳



✶✵✵

P♦s✐t✐♦♥ ✭eV ✮ ▲❛r❣❡✉r ✭eV ✮ ■♥t❡♥s✐té ✭cm−1✮
1, 98 0, 3 0, 19
2, 79 0, 65 0, 41
3, 63 0, 5 0, 47
4, 1 1 0, 86
5, 4 0, 65 1, 7

❚❛❜✳ ✺✳✷✿ ❈❛r❛❝tér✐st✐q✉❡s ❞❡s ♣✐❝s ❞❡ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ❞✉ s♣❡❝tr❡ ❞✬❛❜s♦r♣t✐♦♥ ❞✉
✈❡rr❡ ❞♦♣é ❛r❣❡♥t 17 appm ❛t♦♠✐q✉❡✱ ✐rr❛❞✐é à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ✭40 kGy✮✳

Ag0 ❞❛♥s ❧✬❡❛✉ ❬✶✺✽❪✳ ▲✬❛❜s♦r♣t✐♦♥ ❞❡ Ag0 ❞é♣❡♥❞ ❡♥ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♣♦❧❛r✐té ❞✉ ♠✐❧✐❡✉ ❡t ❞✉
t②♣❡ ❞❡ ❧✐❣❛♥❞ q✉✐ ❧❡ ❝♦♠♣❧❡①❡✳ ❉❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡✱ Ag0 ❡st ❝♦♦r❞✐♥é ❝♦♠♠❡ ❞❛♥s ❧✬❡❛✉
♣❛r ❞❡s ❛t♦♠❡s ❞✬♦①②❣è♥❡ ❬✶✺✾❪✱ ❝❡ q✉✐ ♣❡✉t ❡①♣❧✐q✉❡r ❧❛ ♣r♦①✐♠✐té ❞❡ ❧❡✉r ❧♦♥❣✉❡✉r ❞✬♦♥❞❡
❞✬❛❜s♦r♣t✐♦♥✳ ▲✬✐❞❡♥t✐✜❝❛t✐♦♥ ❝♦♥❥♦✐♥t❡ ❞❡ Ag0 ❡♥ ❘P❊ ❡t ❡♥ ❆❖ ❝♦♥✜r♠❡ ❧❛ ❝♦♥❝❧✉s✐♦♥ ❞❡
❑r❡✐❜✐❣ ❬✶✺✸❪ s❡❧♦♥ ❧❛q✉❡❧❧❡ ❧✬✐rr❛❞✐❛t✐♦♥ ✐♥❞✉✐t ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ Ag+ ❞✐ss♦✉s
❞❛♥s ❧❡ ✈❡rr❡✳

▲♦rsq✉❡ ❧✬❛r❣❡♥t ❡st ❛❥♦✉té ❛✉ ✈❡rr❡ s♦✉s ❢♦r♠❡ ❞❡ Ag+✱ s❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥
♠♦♥tr❡ q✉✬✐❧ ❥♦✉❡ ✉♥ rô❧❡ ❞❡ ♣✐è❣❡ à é❧❡❝tr♦♥s✳ ◆♦✉s r❡♠❛rq✉♦♥s ❛✉ss✐ q✉❡ ❧❡s ✐♥t❡♥s✐tés ❞❡
♣✐❝s ❞✬❛❜s♦r♣t✐♦♥ ❞❡s ❞é❢❛✉ts ❞❡ ❧❛ ♠❛tr✐❝❡ ✭✜❣✉r❡ ✺✳✻✮ s♦♥t ❞❡✉① à ❝✐♥q ❢♦✐s ♠♦✐♥s ✐♥t❡♥s❡s
❞❛♥s ❧❡ ✈❡rr❡ ❞♦♣é à ❧✬❛r❣❡♥t ✭t❛❜❧❡❛✉ ✺✳✷✮ q✉❡ ❞❛♥s ❧❡ ♥♦♥ ❞♦♣é ✭t❛❜❧❡❛✉ ✺✳✶✮ ✿ ❧❛ ♣rés❡♥❝❡
❞❡ ❧✬❛r❣❡♥t ❢❛✈♦r✐s❡ ❞♦♥❝ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡s é❧❡❝tr♦♥s ❡t ❞❡s tr♦✉s ❝réés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥✳
❊♥ ❡✛❡t✱ ❞✬❛t♦♠❡ Ag0 ❢♦r♠é ♣❛r ♣✐é❣❡❛❣❡ ❞✬✉♥ é❧❡❝tr♦♥ ♣❡✉t ❛❧♦rs ❥♦✉❡r ❧❡ rô❧❡ ❞❡ ♣✐è❣❡ à
tr♦✉ s❡❧♦♥ ❧❛ ré❛❝t✐♦♥ ✿

Ag0 + h+ → Ag+ ✭✺✳✷✮

❆✜♥ ❞✬❡①♣❧✐q✉❡r ♣♦✉rq✉♦✐ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ✜♥❛❧❡ ❞❡ ♣✐è❣❡s à é❧❡❝tr♦♥s ❞❡ ❧❛ ♠❛tr✐❝❡ ❞✐♠✐♥✉❡
❛✉ss✐✱ ♦♥ ♣❡✉t ❡♥✈✐s❛❣❡r ❧❛ s✉✐t❡ ❞❡ ré❛❝t✐♦♥s ❞✉ t②♣❡ ✿

Ag+ + h+ → Ag2+ ✭✺✳✸✮

Ag2+ + e− → Ag+ ✭✺✳✹✮

❈❡ rô❧❡ ❞❡ ❝❡♥tr❡ ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❧✬❛r❣❡♥t✱ é❧é♠❡♥t à ✈❛❧❡♥❝❡ ♠✉❧t✐♣❧❡✱ ❡st ❝♦♥♥✉ ❞❡
❧♦♥❣✉❡ ❞❛t❡ ❬✶✻✵❪✱ ♠❛✐s ♣❛s ❞❛♥s ❧❛ ♣❡rs♣❡❝t✐✈❡ ♣rés❡♥t❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❛♥s ❧❡s
✈❡rr❡s✳ ❈❡s r❡❝♦♠❜✐♥❛✐s♦♥s ♣❡✉✈❡♥t s❡ ♣r♦❞✉✐r❡ ❞❛♥s ❧❛ tr❛❝❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❈♦♠♣t♦♥✱ ❧♦rsq✉❡
❧❡s é❧❡❝tr♦♥s ❡t ❧❡s tr♦✉s ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡ ❧♦❝❛❧✐sés✱ ❡t ♣❧✉s t❛r❞ ♣❛r ❞✐✛✉s✐♦♥ ❞❡s é❧❡❝tr♦♥s
❡t tr♦✉s ♣✐é❣és ✭❡t ❞♦♥❝ ♣❧✉s ❧❡♥t❡♠❡♥t✮✳ ◆♦s ♦❜s❡r✈❛t✐♦♥s ♠♦♥tr❡♥t q✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡
♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ré❛❝t✐♦♥s r❡❞♦① ❡♥tr❡ ❧❡s ❡s♣è❝❡s à ❧✬❛r❣❡♥t ❡t ❧❡s ❛✉tr❡s ❞é❢❛✉ts ❞✬✐rr❛✲
❞✐❛t✐♦♥✱ ❞ès ❧❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ✭❝❡ q✉❡ ❑r❡✐❜✐❣ ❡t s❡s ♣ré❞é❝❡ss❡✉rs ❛✈❛✐❡♥t
♥é❣❧✐❣é✮✳

◆♦✉s ❛✈♦♥s ✈ér✐✜é q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ❡st ✉♥ ♣r♦❝❡ss✉s ❡①tr✐♥✲
sèq✉❡ ✭♣❛rt✐❡ ✸✳✹✳✷✮ ❡♥ ét✉❞✐❛♥t ❧❡✉r t❛✉① ❞❡ ❝ré❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞♦s❡ ❡♥ ❛❜s♦r♣t✐♦♥
♦♣t✐q✉❡ ✭✜❣✉r❡ ✺✳✼✮✳ ▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❝réés ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞♦s❡
❡st ❜✐❡♥ ❛❥✉sté❡ ♣❛r ✉♥❡ ❧♦✐ ❞✉ t②♣❡ ✭✸✳✹✹✮ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❞é❢❛✉ts ♣ré❡①✐s✲
t❛♥ts ✭❛✉ s❡♥s ❞❡ ❞é✈✐❛t✐♦♥ ♣❛r r❛♣♣♦rt à ❧❛ str✉❝t✉r❡ ❈❘◆ ❞❡ SiO2✮ ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥✳ P❛r
❛❥✉st❡♠❡♥t ❞❡ ♥♦s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛✈❡❝ ❧✬éq✉❛t✐♦♥ ✭✸✳✹✹✮✱ ♦♥ tr♦✉✈❡ 1/ρ ≈ 7 kGy✳
❙❛❝❤❛♥t q✉❡ 1 Gy = 5× 1010 ✐♥t❡r❛❝t✐♦♥s γ ♣❛r cm3 ❞❡ ♠❛tér✐❛✉✱ ❧❡ ✈♦❧✉♠❡ ❡✣❝❛❝❡ ❞❡ ❝ré❛✲
t✐♦♥ ❞❡s ❞é❢❛✉ts ❡st ❞✬❡♥✈✐r♦♥ 10−15 cm3✱ ❝♦♠♣❛r❛❜❧❡ ❛✉ ✈♦❧✉♠❡ ❞❡ ❧❛ tr❛❝❡ ❞❡ ❧✬é❧❡❝tr♦♥
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❈♦♠♣t♦♥ ❝❛❧❝✉❧é ♣❛r ❈♦♦♣❡r ❬✶✻✶❪ ✿ 10−14 cm3✳ ✶✴ρ r❡♣rés❡♥t❡ ✉♥❡ ❞♦s❡ ❝r✐t✐q✉❡ à ♣❛rt✐r ❞❡
❧❛q✉❡❧❧❡ ✐❧ ② ❛ r❡❝♦✉✈r❡♠❡♥t ❞❡s tr❛❝❡s ❡t ❞♦♥❝ s❛t✉r❛t✐♦♥ ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❞✬✐rr❛✲
❞✐❛t✐♦♥✳

❋✐❣✳ ✺✳✼✿ ▼❛①✐♠✉♠ ❞✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞❡s ❞✐✛ér❡♥ts ♣✐❝s ❞❡ ❞é❢❛✉ts ❞✬é❝❤❛♥✲
t✐❧❧♦♥s ❞♦♣és ❡♥ ❛r❣❡♥t ✐rr❛❞✐és ♣❛r ❞❡s γ à ❞✐✛ér❡♥t❡s ❞♦s❡s ✭s②♠❜♦❧❡s✮✳ ▲❡s
❝♦✉r❜❡s s♦♥t ❧❡s ❛❥✉st❡♠❡♥ts ♣❛r ❧❛ ❢♦♥❝t✐♦♥ ✭P♦✐ss♦♥✮ ❞♦♥♥é❡ ♣❛r ●❛❧❡❡♥❡r ❬✶✷✵❪ ✿
A = A0(1 − e−ρD) ♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts ♣❛r ♣r♦❝❡ss✉s ❡①tr✐♥sèq✉❡s✳

❊st✐♠♦♥s ♠❛✐♥t❡♥❛♥t ❛✈❡❝ q✉❡❧❧❡ ❡✣❝❛❝✐té Ag+ ❡st ♥❡✉tr❛❧✐sé ❞❛♥s ❧❡ ✈❡rr❡✳ ◆♦✉s ❢❛✐s♦♥s
✐❝✐ ❧✬❤②♣♦t❤ès❡ q✉❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❡①t✐♥❝t✐♦♥ ❞❡ Ag0 ❞❛♥s ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ ❡st s✐♠✐❧❛✐r❡ à
❝❡❧✉✐ ❞❛♥s ❧✬❡❛✉ ✭17000 M−1cm−1 ❬✶✺✽❪✮✱ ❤②♣♦t❤ès❡ ❥✉st✐✜é❡ ♣❛r ❧❡s ❝♦♥s✐❞ér❛t✐♦♥s ❝✐✲❞❡ss✉s
s✉r ❧✬❛♥❛❧♦❣✐❡ ❞❡ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❡t ❧❛ ♣r♦①✐♠✐té ❞❡s r❛✐❡s ❞✬❛❜s♦r♣t✐♦♥ ❞❛♥s ❝❡s ❞❡✉①
♠✐❧✐❡✉①✳ Pr❡♥♦♥s ❧❡ ❝❛s ❞✬✉♥ ✈❡rr❡ ❞♦♣é à 118 appm ❛t♦♠✐q✉❡ ✐rr❛❞✐é à 21 kGy ✭✜❣✉r❡ ✺✳✽✮✳
❉✬❛♣rès ❧❛ ✜❣✉r❡ ✺✳✼✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ Ag0 ❡st ♣r❡sq✉❡ à s❛t✉r❛t✐♦♥ ♣♦✉r ❝❡tt❡ ✢✉❡♥❝❡✳
P❛r ❞é❝♦♠♣♦s✐t✐♦♥ ♠✉❧t✐❣❛✉ss✐❡♥♥❡ ❞❡ ❧✬❛❜s♦r♣t✐♦♥✱ ♦♥ tr♦✉✈❡ ✉♥❡ ✐♥t❡♥s✐té ❞❡ 15 cm−1 ♣♦✉r
❧❡ ♣✐❝ ❞❡ Ag0✱ s♦✐t ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ 1017Ag0 cm−3✳ ▲❛ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥✐t✐❛❧❡ ❡♥ Ag+

ét❛♥t ❞❡ 7 × 1018 cm−3✱ ❡♥✈✐r♦♥ ✶✵ ✪ ❞❡ ❧✬❛r❣❡♥t ❛ été ♥❡✉tr❛❧✐sé✳ ❈❡tt❡ ✐rr❛❞✐❛t✐♦♥ ❛②❛♥t
été ❢❛✐t❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✱ ❡t ❧❡ s♣❡❝tr❡ ❞✬❛❜s♦r♣t✐♦♥ ❛②❛♥t été ❡♥r❡❣✐stré q✉❡❧q✉❡s
❥♦✉rs ❛♣rès✱ ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉✬✉♥❡ ♣❛rt✐❡ ❞❡ Ag0 ❛ ❞✐s♣❛r✉ ♣❛r r❡❝♦♠❜✐♥❛✐s♦♥ ❛✈❡❝ ❞❡s tr♦✉s
♣✐é❣és ❞❛♥s ❧❛ ♠❛tr✐❝❡ ✿ ♦♥ ♥✬♦❜s❡r✈❡ ♣❛s ✐❝✐ t♦✉s ❧❡s Ag0 ❝réés ♣❛r ✐rr❛❞✐❛t✐♦♥✳ ❊♥ ♣r❡♠✐èr❡
❛♣♣r♦①✐♠❛t✐♦♥✱ ♥♦✉s ❝♦♥❝❧✉♦♥s ♥é❛♥♠♦✐♥s q✉❡ ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❡st q✉❛s✐✲t♦t❛❧❡
❞❛♥s ❧❛ tr❛❝❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❈♦♠♣t♦♥✳

❖❜s❡r✈❛t✐♦♥ ❞❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥

◆♦✉s ❞é❝r✐✈♦♥s ❧❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ♥❡✉tr❛❧✐sé ♣❛r r❡❝✉✐t
❞✬✉♥ ✈❡rr❡ ❞♦♣é ✭[Ag+] = 118 appm✮ ✐rr❛❞✐é ♣❛r ❞❡s γ ✭21 kGy✱ t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✮ à ❞❡s
t❡♠♣ér❛t✉r❡s ❡♥tr❡ 90 ❡t 370✝C✳ ◆♦✉s ✐❞❡♥t✐✜♦♥s ❞✬❛❜♦r❞ ❧❡s ❡s♣è❝❡s ❢♦r♠é❡s ❛✈❛♥t ❞❡ ❝♦r✲
ré❧❡r ❧❡✉r é✈♦❧✉t✐♦♥ à ❝❡❧❧❡ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ❞✐✛ér❡♥ts ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ♦❜s❡r✈❛❜❧❡s✳

P♦✉r ❞❡s r❡❝✉✐ts à ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ 150✝C✱ ♦♥ ♦❜s❡r✈❡ ❡♥ ❘P❊ ✭✜❣✉r❡ ✺✳✹✮ ❧❛ ❞✐s✲
♣❛r✐t✐♦♥ ❞✉ s✐❣♥❛❧ ❞❡ Ag0 ❡t ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥ ❞♦✉❜❧❡t ❞❡ ❢❛❝t❡✉r g ♣❧✉s ❢❛✐❜❧❡ ✭❞♦♥❝ ❞é❝❛❧é
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✈❡rs ❧❡s ❝❤❛♠♣s é❧❡✈és✮✳ ❈❡ s✐❣♥❛❧ ❡st ❜✐❡♥ ✐❞❡♥t✐✜é ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬✶✻✷✱ ✶✻✸✱ ✶✻✹❪ ❝♦♠♠❡
♣r♦✈❡♥❛♥t ❞❡ Ag+

2 ✭g = 1, 994 ❀ A = 780 MHz = 279 G✮✳ ▲✬❛r❣❡♥t ♥❡✉tr❡ ❛ ❞♦♥❝ ré❛❣✐ ❛✈❡❝
✉♥ ✐♦♥ ❛r❣❡♥t ❬✶✻✷✱ ✶✻✹❪ s❡❧♦♥ ✿

Ag0 +Ag+ → Ag+
2 ✭✺✳✺✮

❊♥ ❆❖✱ ❧❡ ♣✐❝ ❞✬❛❜s♦r♣t✐♦♥ s❡ ❞é❝❛❧❡ ✈❡rs ❧❡ ❜❧❡✉ ❞❡ 345 nm à 310 nm ❛✈❡❝ ✉♥ é♣❛✉❧❡♠❡♥t
✈❡rs 280 nm ✭✜❣✉r❡ ✺✳✽✮✳ ◆♦✉s ❛ttr✐❜✉♦♥s ❞♦♥❝ ❧❡ ♣✐❝ ❞✬❛❜s♦r♣t✐♦♥ à 310 nm à ❧❛ ❢♦r♠❛t✐♦♥
❞❡ Ag+

2 ✳ ❈❡ ❞é❝❛❧❛❣❡ ❞✉ ♣✐❝ ❞✬❛❜s♦r♣t✐♦♥ ❛ss♦❝✐é ❛✉ ♣❛ss❛❣❡ ❞❡ Ag0 à Ag+
2 ❡st t♦✉t à ❢❛✐t

❛♥❛❧♦❣✉❡ à ❝❡ q✉✐ ❡st ♦❜s❡r✈é ❧♦rs ❞❡ ❧❛ r❛❞✐♦❧②s❡ ❞❡ s♦❧✉t✐♦♥ ❛q✉❡✉s❡ ❝♦♥t❡♥❛♥t Ag+ ❬✶✺✽❪
♦ù ❧❡ ♣✐❝ ❞✬❛❜s♦r♣t✐♦♥ ❞❡ Ag+

2 ❡st ❛✉ss✐ ❝❡♥tré à 310 nm✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ❝♦♥❝♦♠✐t❛♥t❡ ❞❡ ❝❡
s✐❣♥❛❧ ❡♥ ❘P❊ ❡t ❞✉ ♣✐❝ à 310 nm ❡♥ ❆❖ ❛✈❡❝ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ r❡❝✉✐t
❡st ✉♥❡ ❝♦♥✜r♠❛t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ ❞❡ ❝❡tt❡ ❛ttr✐❜✉t✐♦♥✳

❋✐❣✳ ✺✳✽✿ ❆❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞✬✉♥ ✈❡rr❡ ❞♦♣é ❡♥ ❛r❣❡♥t à 118 appm✱ ✐rr❛❞✐é ♣❛r
❞❡s γ à 21 kGy ❡t r❡❝✉✐t 30 ♠✐♥✉t❡s ❛✉① t❡♠♣ér❛t✉r❡s ✐♥❞✐q✉é❡s✳

g‖ 2, 28
g⊥ 2, 04

A⊥ ✭●✮ 30
∆g‖ ≈ 0, 06
∆g⊥ ≈ 0, 015

❚❛❜✳ ✺✳✸✿ P❛r❛♠ètr❡s ❞✉ ♣✐❝ ❘P❊ ❞❡ Ag2+

❆♣rès ❧❡ r❡❝✉✐t à 150✝C✱ ♦♥ ♦❜s❡r✈❡ ❛✉ss✐ ✉♥ s✐❣♥❛❧ ❘P❊ ✭✜❣✉r❡ ✺✳✹✮ ✈❡rs g = 2, 04 q✉✐
❡st ❛ttr✐❜✉é à Ag2+ ❬✶✻✺✱ ✶✻✹❪✳ ❈❡ ♣✐❝ ♣rés❡♥t❡ ✉♥❡ ❛♥✐s♦tr♦♣✐❡ ✉♥✐❛①✐❛❧❡ ❞✉ ❢❛❝t❡✉r g✳ ▲❡
s✐❣♥❛❧ ✈❡rs g = 2, 28 ❝♦rr❡s♣♦♥❞ ❛✉ g‖ ❡t ❧❡s ❞❡✉① ♣✐❝s ✈❡rs g = 2, 05 ❝♦rr❡s♣♦♥❞❡♥t à g⊥✳ ❈❡
❞❡r♥✐❡r ♣✐❝ ❡st ❞é❞♦✉❜❧é ♣❛r ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥✸✳ ▲❡s ♣❛r❛♠ètr❡s ❞✉ ♣✐❝ ❘P❊ ❞❡ Ag2+ s♦♥t
rés✉♠és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✸✳ ❖♥ ♦❜s❡r✈❡ ❛✐♥s✐ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❧❛ ré❛❝t✐♦♥ ✭✺✳✸✮✱ ♣ré❞✐t❡

✸❖♥ ♥❡ ♣❡✉t ❝❡♣❡♥❞❛♥t ♣❛s ❞✐r❡ s✬✐❧ ② ❛ ❛♥✐s♦tr♦♣✐❡ ❞✉ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥ ❝❛r ♦♥ ♥❡ ✈♦✐t ♣❛s ❝❡ ❝♦✉♣❧❛❣❡
s✉r ❧❛ ❝♦♠♣♦s❛♥t❡ ♣❛r❛❧❧è❧❡ q✉✐ ❡st très ❧❛r❣❡✳
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❝✐✲❞❡ss✉s✱ ❡♥tr❡ Ag+ ❡t ❧❡s tr♦✉s ❝réés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ♣✉✐s ♣✐é❣és s✉r ❧❡ rés❡❛✉ s♦✉s ❢♦r♠❡
❞❡ P❖❘ ♦✉ ❞❡ ◆❇❖❍❈ ✿

Ag+ +NBOHC → Ag2+ +NBO ✭✺✳✻✮

Ag+ + POR→ Ag2++ ≡ Si−O −O− ✭✺✳✼✮

❈❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❡s♣è❝❡s à ❧✬❛r❣❡♥t ❡t ❧❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡
❡st ❝♦♥✜r♠é❡ ❡♥ ✜❣✉r❡ ✺✳✾✱ ♦ù ❧❛ q✉❛♥t✐té ❞❡s ❞✐✛ér❡♥ts ❞é❢❛✉ts ♦❜s❡r✈és ❡♥ ❘P❊ ❡st tr❛❝é❡
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ r❡❝✉✐t ❞✬✉♥ ✈❡rr❡ ❞♦♣é à ❧✬❛r❣❡♥t à 130 appm ❡t ✐rr❛❞✐é
à 15 kGy à ❧✬❛③♦t❡ ❧✐q✉✐❞❡✳ ❈❡tt❡ q✉❛♥t✐té✱ ❞ét❡r♠✐♥é❡ ❡♥ ✐♥té❣r❛♥t ❧❡ s✐❣♥❛❧ ❘P❊ ✭♣❛rt✐❡
✹✳✻✳✸✮ ❞❡s s♣❡❝tr❡s ♠♦♥trés ❡♥ ✜❣✉r❡ ✺✳✹✱ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✉ ❞é❢❛✉t✳

❋✐❣✳ ✺✳✾✿ ■♥té❣r❛❧❡ ❞❡s ❞✐✛ér❡♥ts s✐❣♥❛✉① ❘P❊ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡
r❡❝✉✐t ✭❞✉ré❡ ✸✵ ♠✐♥✮

❊♥tr❡ 120 K ❡t ❧✬❛♠❜✐❛♥t❡ ✭295 K✮✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ t♦✉s ❧❡s ❞é❢❛✉ts ♦❜s❡r✈❛❜❧❡s✱
é❧❡❝tr♦♥s ♣✐é❣és ✭Ag0✱ é❧❡❝tr♦♥ ♣✐é❣é✮ ❡t tr♦✉s ♣✐é❣és ✭◆❇❖❍❈✮ ❞✐♠✐♥✉❡✳ ■❧ ② ❛ r❡❝♦♠❜✐♥❛✐s♦♥
é❧❡❝tr♦♥✲tr♦✉ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ré❛❝t✐♦♥s ❞✉ t②♣❡ ✿

NBOHC + e− → NBO ✭✺✳✽✮

Ag0 +NBOHC → Ag+ +NBO ✭✺✳✾✮

❊♥tr❡ 90✝C ✭360 K✮ ❡t 150✝C ✭420 K✮✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s q✉❛♥t✐tés ❞❡ ◆❇❖❍❈
❡t ❞❡ Ag0 ❝♦rré❧é❡ à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥✱ ❞❛♥s ❞❡s ♣r♦♣♦rt✐♦♥s ❝♦♠♣❛r❛❜❧❡s✱ ❞❡ Ag2+ ❡t ❞❡
Ag+

2 ✱ ❝❡ q✉✐ ❝♦♥✜r♠❡ ❧❛ ✈r❛✐s❡♠❜❧❛♥❝❡ ❞❡s ré❛❝t✐♦♥s ✭✺✳✻✮ ❡t ✭✺✳✺✮✳ ▲❡s ◆❇❖❍❈✱ ♣r♦❞✉✐ts ❡♥
très ❣r❛♥❞ ♥♦♠❜r❡ ❧♦rs ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ γ✱ ♣❛r❛✐ss❡♥t ❞♦♥❝ ❛✈♦✐r ✉♥ rô❧❡ ❝r✉❝✐❛❧ ❞❛♥s ❧✬é✈♦❧✉✲
t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❞✉ ❢❛✐t ❞❡ ❧❡✉r ❝❛r❛❝tèr❡ ♦①②❞❛♥t ✭éq✉❛t✐♦♥s ✺✳✾ ❡t ✺✳✺✮✳

P♦✉r ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ r❡❝✉✐t s✉♣ér✐❡✉r❡s à 150✝C✱ ♦♥ ♥✬♦❜s❡r✈❡ ♣❛s ❞❡ ♥♦✉✈❡❛✉①
❝❡♥tr❡s ♣❛r❛♠❛❣♥ét✐q✉❡s ❡♥ ❘P❊ ❡t ❧❡ s✐❣♥❛❧ ❞✐s♣❛r❛ît t♦t❛❧❡♠❡♥t ✈❡rs 310✝C✳ ▲❡s é✈❡♥t✉❡❧s
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❝❡♥tr❡s ❝♦♥t❡♥❛♥t ❞❡ ❧✬❛r❣❡♥t s♦♥t s♦✐t ❡♥ ♥♦♠❜r❡ ✐♥s✉✣s❛♥t s♦✐t ♥♦♥ ♣❛r❛♠❛❣♥ét✐q✉❡s✳ P❛r
❝♦♥tr❡✱ ♦♥ ♦❜s❡r✈❡ ❡♥ ❆❖ ✉♥ ❞é❝❛❧❛❣❡ ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ✈❡rs 280 nm ❧♦rsq✉❡ ❧❛ t❡♠♣ér❛t✉r❡
❡st ❝♦♠♣r✐s❡ ❡♥tr❡ 260 ❡t 360✝C ✭✜❣✉r❡ ✺✳✽✮✳ P♦✉r ❝❡s t❡♠♣ér❛t✉r❡s✱ ❧❛ ❘P❊ ♠♦♥tr❡ q✉❡
❧❛ ♠❛❥♦r✐té ❞❡s ❞é❢❛✉ts ❞✉ ✈❡rr❡ ✭♥♦t❛♠♠❡♥t ◆❇❖❍❈✮ ♦♥t été r❡❝✉✐ts✱ ✐❧s ♥❡ s♦♥t ❞♦♥❝
♣❛s r❡s♣♦♥s❛❜❧❡s ❞❡ ❧✬❆❖ ♦❜s❡r✈é❡✳ ❊♥ s♦❧✉t✐♦♥ ❛q✉❡✉s❡✱ ❧✬❡s♣è❝❡ Ag2+

4 ❢♦r♠é❡ ♣❛r ré❛❝t✐♦♥
❞❡ ❞❡✉① Ag+

2 ❡st r❡s♣♦♥s❛❜❧❡ ❞✬✉♥ ♠❛ss✐❢ ❞✬❛❜s♦r♣t✐♦♥ à 280 nm ❬✶✺✽❪✳ ❈❡tt❡ ré❛❝t✐♦♥ ❡st
♥é❛♥♠♦✐♥s très ♣❡✉ ♣r♦❜❛❜❧❡ ❞❛♥s ♥♦s ✈❡rr❡s ❝❛r ❧❛ ♠♦❜✐❧✐té ❞❡s ❡s♣è❝❡s ❡st très ❢♦rt❡♠❡♥t
❝♦♥tr❛✐♥t❡ stér✐q✉❡♠❡♥t ✿ Ag+

2 ❞✐✛✉s❡ ♣r♦❜❛❜❧❡♠❡♥t ♠♦✐♥s ✈✐t❡ q✉❡ Ag0 ❡t Ag+✳ ▲❡s ré❛❝t✐♦♥s
♣♦ss✐❜❧❡s s♦♥t ♣❧✉tôt ✿

Ag+
2 +Ag0 → Ag+

3 ✭✺✳✶✵✮

Ag+
2 +Ag+ → Ag2+

3 ✭✺✳✶✶✮

◆♦✉s ♣r♦♣♦s♦♥s ❞♦♥❝ q✉❡ ❧❡ ♣✐❝ ❞✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❝❡♥tré à 280 nm s♦✐t ❛ttr✐❜✉é à Ag+
3

♦✉ à Ag2+
3 ✳

▲❛ ♣ré❝✐♣✐t❛t✐♦♥

▲♦rsq✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ r❡❝✉✐t ❛✉❣♠❡♥t❡ ❡♥❝♦r❡✱ ♦♥ ♦❜s❡r✈❡ ❞✐r❡❝t❡♠❡♥t ❧✬❛♣♣❛r✐t✐♦♥
❞✉ ♣✐❝ ♣❧❛s♠♦♥ à 400 nm ✭✜❣✉r❡ ✺✳✸✮✳ ▲❡s ❡①❝✐t❛t✐♦♥s ❝♦❧❧❡❝t✐✈❡s ❞✬é❧❡❝tr♦♥s ❛♣♣❛r❛✐ss❡♥t
♣♦✉r ❞❡s ❛❣ré❣❛ts ❝♦♥t❡♥❛♥t ♣❧✉s ❞❡ ✻ ❛t♦♠❡s ❞✬❛r❣❡♥t ❬✶✻✻❪✱ ♠❛✐s ❧❛ rés♦♥❛♥❝❡ ❡st ♣r♦❝❤❡
❞❡ s❛ ✈❛❧❡✉r ♣ré❞✐t❡ ♣❛r ▼✐❡ à ♣❛rt✐r ❞❡ t❛✐❧❧❡s ❜✐❡♥ s✉♣ér✐❡✉r❡s ✭q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞✬❛t♦♠❡s✮
❬✶✻✼❪✳ ◆♦✉s ♥✬♦❜s❡r✈♦♥s ❝❡♣❡♥❞❛♥t ❛✉❝✉♥ s✐❣♥❛❧ ❞✬❛❜s♦r♣t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ ❡♥tr❡ ❧✬❛❜s♦r♣✲
t✐♦♥ à 280 nm ❡t ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ à 400 nm✳ ❊♥ ✉t✐❧✐s❛♥t ❧✬éq✉❛t✐♦♥ ❇✳✸✽ à ❧❛ ♣❛❣❡
✷✶✺✱ ♦♥ é✈❛❧✉❡ ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡ ✭❞✐❛♠ètr❡✮ ❞❡s ♣ré❝✐♣✐tés à ❡♥✈✐r♦♥ 1 − 2 nm✳ ▲❛ q✉❛♥t✐té
❞✬❛r❣❡♥t ♣ré❝✐♣✐té❡ ✭♣❛rt✐❡ ❇✳✷✳✺✮ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 4× 1016 Ag.cm−3✱ s♦✐t ❡♥✈✐r♦♥ ✶ ✪ ❞❡ ❧❛
❝♦♥❝❡♥tr❛t✐♦♥ t♦t❛❧❡ ❞✬❛r❣❡♥t✱ ❡t s❡✉❧❡♠❡♥t ✶✵ ✪ ❞❡ ❧❛ q✉❛♥t✐té ♥❡✉tr❛❧✐sé❡ s❡ r❡tr♦✉✈❡ s♦✉s
❢♦r♠❡ ♣ré❝✐♣✐té❡✳ ✾✵ ✪ ❞❡ ❧✬❛r❣❡♥t ♥❡✉tr❛❧✐sé ❛ ❞♦♥❝ été ré♦①②❞é ❞✉r❛♥t ❧❡ r❡❝✉✐t ✭✈♦✐r❡ ❧❛
❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞✬❛r❣❡♥t ré❞✉✐t ❡♥ ✜❣✉r❡ ✺✳✾✮✱ ♣r♦❜❛❜❧❡♠❡♥t ♣❛r ré❛❝t✐♦♥ ❛✈❡❝ ❧❡s
tr♦✉s ♣✐é❣és ❞❛♥s ❧❡ ✈❡rr❡ ♣❡♥❞❛♥t ❧✬✐rr❛❞✐❛t✐♦♥ ✭ré❛❝t✐♦♥s ❞✉ t②♣❡ ✭✺✳✾✮✮✳
❊♥✜♥✱ s✐ ♦♥ r❡❝✉✐t ❧✬é❝❤❛♥t✐❧❧♦♥ à ❞❡s t❡♠♣ér❛t✉r❡s s✉♣ér✐❡✉r❡s à Tg ♦♥ ♦❜s❡r✈❡ ❧❛ r❡❞✐ss♦✲
❧✉t✐♦♥ ❞❡s ❛❣ré❣❛ts✳ ➪ ❝❡s t❡♠♣ér❛t✉r❡s t♦✉s ❧❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ♦♥t été r❡❝✉✐ts ✿ ❝✬❡st
❞♦♥❝ ✐❝✐ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡ q✉✐ ✐♠♣♦s❡ ❞❡s ❝♦♥❞✐t✐♦♥s ♦①②❞❛♥t❡s à ❧✬❛r❣❡♥t✳ ❊♥ ❡✛❡t ❧❡
✈❡rr❡ ❛ été ❢❛❜r✐q✉é ❞❡ t❡❧❧❡ ♠❛♥✐èr❡ q✉❡ ❧✬❛r❣❡♥t ♥❡ ♣ré❝✐♣✐t❡ ♣❛s ♣❛r s✐♠♣❧❡ r❡❝✉✐t ✭✜❣✉r❡
✺✳✷✮✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧✬ét❛t t❤❡r♠♦❞②♥❛♠✐q✉❡♠❡♥t st❛❜❧❡ ❞❡ ❧✬❛r❣❡♥t ❞❛♥s ❝❡ ✈❡rr❡ ❡st Ag+✳
❉❛♥s ❧❡ ❝❛s ❞❡ ✈❡rr❡s ♣❤♦t♦s❡♥s✐❜❧❡s ❬✶✺✶✱ ✶✺✷✱ ✶✺✸❪✱ ❧❡s ❝♦♥❞✐t✐♦♥s r❡❞♦① s♦♥t ♠♦❞✐✜é❡s ♣❛r
❧❛ ♣rés❡♥❝❡ ❞❡ ré❞✉❝t❡✉rs ❞❛♥s ❧❛ ❝♦♠♣♦s✐t✐♦♥✱ ❝❡ q✉✐ ❡♠♣ê❝❤❡ ❧❛ r❡❞✐ss♦❧✉t✐♦♥ ❞❡s ❛❣ré❣❛ts
❢♦r♠és✳ ▲✬✐rr❛❞✐❛t✐♦♥ s❡rt ✉♥✐q✉❡♠❡♥t ❞❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s à ♠♦❞✐✜❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❣❡r✲
♠✐♥❛t✐♦♥ ❞❡s ❛❣ré❣❛ts✳ ❊♥ ❧✬❛❜s❡♥❝❡ ❞❡ ré❞✉❝t❡✉rs✱ ❞❛♥s ❧❡s ✈❡rr❡s ✉t✐❧✐sés ❞❛♥s ❝❡ tr❛✈❛✐❧✱
❧✬✐rr❛❞✐❛t✐♦♥ ❡st ❛✉ss✐ ❞ét❡r♠✐♥❛♥t❡ ✭✈✐❛ ❧❡s ❞é❢❛✉ts✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ré❞✉❝t❡✉rs✱ q✉✬❡❧❧❡ ✐♥❞✉✐t
❞❛♥s ❧❛ ♠❛tr✐❝❡✮ ❞✉r❛♥t ❧✬ét❛♣❡ ❞❡ ❝r♦✐ss❛♥❝❡✳

❙t❛❜✐❧✐té à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❞❡s ❡s♣è❝❡s à ❧✬❛r❣❡♥t

▲✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s r❛②♦♥s γ ❛ ❞♦♥❝ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ♥❡✉tr❛❧✐sé ❡♥✈✐r♦♥ ✶✵ ✪
❞❡ ❧✬❛r❣❡♥t ❞✉ ✈❡rr❡✳ P✉✐s ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❛ ♣❡r♠✐s à Ag0 ❡t Ag+ ❞❡
❞✐✛✉s❡r ♣♦✉r ❞♦♥♥❡r ♥❛✐ss❛♥❝❡ ♣❛r ❛❣ré❣❛t✐♦♥s s✉❝❝❡ss✐✈❡s à ❞❡s ♠♦❧é❝✉❧❡s ♣❧✉s st❛❜❧❡s✱ ♣✉✐s
❞❡s ❛❣ré❣❛ts✳ ◆♦✉s ♠♦♥tr♦♥s ✐❝✐ q✉❡ ❝❡s ♠♦❧é❝✉❧❡s ❞✬❛r❣❡♥t ❢♦r♠é❡s ❞❛♥s ❧❡ ✈❡rr❡ s♦♥t ❞❡
♣❧✉s ❡♥ ♣❧✉s st❛❜❧❡s à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ à ♠❡s✉r❡ q✉❡ ❧❡✉r ♥✉❝❧é❛r✐té ❛✉❣♠❡♥t❡✳ ❉❡s
é❝❤❛♥t✐❧❧♦♥s ❞❡ ✈❡rr❡ ❝♦♥t❡♥❛♥t 118 appm ❞✬❛r❣❡♥t ✐rr❛❞✐é ♣❛r ❞❡s γ à 21 kGy à t❡♠♣ér❛t✉r❡
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❛♠❜✐❛♥t❡ ♦♥t été r❡❝✉✐ts à 100✝C ✭❧✬❛r❣❡♥t ❡st ❛❧♦rs ♠❛❥♦r✐t❛✐r❡♠❡♥t s♦✉s ❢♦r♠❡ Ag0✮ ❡t à
140✝C ✭❧❡s ❡s♣è❝❡s s♦♥t Ag+

2 ❡t Ag+
3 ✴Ag2+

3 ✮✳ P✉✐s ♥♦✉s ❛✈♦♥s ❝♦♠♣❛ré ❧✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡
❞❡ ❝❡s é❝❤❛♥t✐❧❧♦♥s ❥✉st❡ ❛♣rès ❧❡ r❡❝✉✐t ❡t ❛♣rès ✶✶ ♠♦✐s à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ✭✜❣✉r❡
✺✳✶✵✮✳ P♦✉r ❧✬é❝❤❛♥t✐❧❧♦♥ q✉✐ ❛ été r❡❝✉✐t à 100✝C ♣❡♥❞❛♥t 30 ♠✐♥✉t❡s ✭✜❣✉r❡ ✺✳✶✵✭❛✮✮ ❧❡s
❛t♦♠❡s ❞❡ Ag0 ♣rés❡♥ts ❥✉st❡ ❛♣rès ❧❡ r❡❝✉✐t ♦♥t ♣r❡sq✉❡ t♦t❛❧❡♠❡♥t ❞✐s♣❛r✉✱ ❛❧♦rs q✉❡ ❞❛♥s
❧❡ ❝❛s ❞✉ r❡❝✉✐t à 140✝C ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ Ag+

2 ❛ ❞✐♠✐♥✉é ♠❛✐s ❝❡❧❧❡ ❞❡ Ag+
3 ✴Ag2+

3 ❛ ♣❡✉
é✈♦❧✉é✳ ❖♥ ❛ ❞♦♥❝ ❧✬♦r❞r❡ ❞❡ st❛❜✐❧✐té s✉✐✈❛♥t ✿

Ag0 < Ag+
2 < Ag+

3 /Ag
2+
3 < . . . < Agn ✭✺✳✶✷✮

❈❡ rés✉❧t❛t s♦✉❧✐❣♥❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬❤✐st♦✐r❡ t❤❡r♠✐q✉❡ ❞✉ ✈❡rr❡ ✐rr❛❞✐é s✉r ❧❛ ❝r♦✐ss❛♥❝❡
❞✬❛❣ré❣❛ts q✉✐ ❡♥ rés✉❧t❡✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❧❛ q✉❛♥t✐té ♥❡✉tr❛❧✐sé❡ ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ♥❡ ❞ét❡r✲
♠✐♥❡ ♣❛s ❝♦♠♣❧èt❡♠❡♥t ❧❛ ❞❡♥s✐té ✜♥❛❧❡ ❞✬❛❣ré❣❛t✳

P❛r ❛✐❧❧❡✉rs✱ ♥♦✉s ♠❡tt♦♥s ❡♥ é✈✐❞❡♥❝❡ ✐❝✐ ✉♥❡ ✧t❛✐❧❧❡ ❝r✐t✐q✉❡✧ ❞✬❛❣ré❣❛ts ✿ ❡♥ ❞❡ss♦✉s
❞❡ ✸ ❛t♦♠❡s ❞✬❛r❣❡♥t✱ ❧❡s ❝❧✉st❡rs s♦♥t ✐♥st❛❜❧❡s ✈✐s✲à✲✈✐s ❞❡ ❧✬♦①②❞❛t✐♦♥ ♣❛r ❧❡s ❞é❢❛✉ts
❞❡ ❧❛ ♠❛tr✐❝❡✱ à ❧✬✐♥✈❡rs❡ ❞❡s ❝❧✉st❡rs ❞❡ t❛✐❧❧❡ s✉♣ér✐❡✉r❡✳ ❊♥ t❡r♠❡s ❞❡ ♣❤♦t♦❣r❛♣❤✐❡✱ ♦♥
❞✐r❛✐t q✉❡ ❧✬✐♠❛❣❡ ❧❛t❡♥t❡ ❢♦r♠é❡ à 100✝C ✴ 30 min ♥✬❡st ♣❛s st❛❜❧❡✱ à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❝❡❧❧❡
❢♦r♠é❡ à 140 ✝C ✴ 30 min✱ ❧❡ s❡✉✐❧ ét❛♥t ✜①é ♣❛r ❧❡ ♣♦t❡♥t✐❡❧ r❡❞♦① ❞✉ ❞é✈❡❧♦♣♣❡✉r ✭♦✉
ré✈é❧❛t❡✉r✮ ❝♦♥t❡♥✉ ❞❛♥s ❧✬é♠✉❧s✐♦♥ ♣❤♦t♦❣r❛♣❤✐q✉❡✳ ❈❡tt❡ ❛♥❛❧♦❣✐❡ ❡♥tr❡ ❧❛ ♣❤♦t♦❣r❛♣❤✐❡
❡t ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ❞❛♥s ❧❡s ✈❡rr❡s s❡r❛ ❞é✈❡❧♦♣♣é❡ ❧♦rs ❞❡ ❧❛ ❞✐s❝✉ss✐♦♥✳

❋✐❣✳ ✺✳✶✵✿ ➱✈♦❧✉t✐♦♥ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❞❡s s♣❡❝tr❡s ❞✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞❡
✈❡rr❡s s✐❧✐❝❛t❡s ❞♦♣és ❡♥ ❛r❣❡♥t à 118 appm✱ ✐rr❛❞✐és γ à ✉♥❡ ❞♦s❡ ❞❡ 21 kGy ❡t
r❡❝✉✐ts ✭❛✮ 100✝C ✴ 30 min ❡t ✭❜✮ 140✝C ✴ 30 min✳

✺✳✷✳✸ ❉✐s❝✉ss✐♦♥

▲❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ♣rés❡♥té❡s ❝✐✲❞❡ss✉s ❝♦♥st✐t✉❡♥t ✉♥❡ ét✉❞❡ ♣❧✉s ❞ét❛✐❧❧é❡ q✉❡
❝❡ q✉✐ ❛✈❛✐t été ré❛❧✐sé ❥✉sq✉❡✲❧à ❞❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts
❞✬❛r❣❡♥t ❞❛♥s ❧❡s ✈❡rr❡s ✐rr❛❞✐és ♣❛r ❞❡s ♣❤♦t♦♥s✳ ◆♦✉s ❛✈♦♥s ❞é❝r✐t ❧❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡
❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❛♥s ❝❡ ♠✐❧✐❡✉✳
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❋✐❣✳ ✺✳✶✶✿ ▲❡s tr✐❛♥❣❧❡s r❡♣rés❡♥t❡♥t ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ♣r❡♠✐èr❡ ✐♦♥✐s❛✲
t✐♦♥ ❞❛♥s ❧❡ ✈✐❞❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞✬❛t♦♠❡s ❞❡ ❧✬❛❣ré❣❛t✱ ❧❡s r♦♥❞s ❝❡❧❧❡ ❞✉
♣♦t❡♥t✐❡❧ ré❞♦①✳ ❉✬❛♣rès ❬✶✺✽❪✳

❙t❛❜✐❧✐té ❞❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t

▲❡ rés✉❧t❛t ❞❡ ♥♦s ❡①♣ér✐❡♥❝❡s ♠♦♥tr❡ ❞❡ ❣r❛♥❞❡s s✐♠✐❧✐t✉❞❡s ❛✈❡❝ ❧❡ ❝❛s ❞❡ ❧❛ r❛❞✐♦❧②s❡
❞❡ s♦❧✉t✐♦♥s ❝♦♥t❡♥❛♥t ✐♥✐t✐❛❧❡♠❡♥t Ag+ ❬✶✺✽❪✱ q✉✐ ❡st ✉♥ ❞♦♠❛✐♥❡ ❢r✉❝t✉❡✉① ❞❡ r❡❝❤❡r❝❤❡
❞❡♣✉✐s ✸✵ ❛♥s✱ ❛✈❡❝ ❞❡s ✐♠♣❧✐❝❛t✐♦♥s ré❝❡♥t❡s ❡♥ t❡r♠❡ ❞✬❛♣♣❧✐❝❛t✐♦♥s✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡
❧✬❛♠é❧✐♦r❛t✐♦♥ ❞✉ r❡♥❞❡♠❡♥t ❞✉ ♣r♦❝❡ss✉s ♣❤♦t♦❣r❛♣❤✐q✉❡ ❬✶✻✽❪✳ ❈❡s s②stè♠❡s✱ ❝♦♥t❡♥❛♥t
✐♥✐t✐❛❧❡♠❡♥t Ag+✱ s♦♥t ét✉❞✐és ♣❛r ❞❡s ♠ét❤♦❞❡s ✐♠♣✉❧s✐♦♥♥❡❧❧❡s ✭ns✮ ❞✉ ❢❛✐t ❞❡ ❧❛ ❣r❛♥❞❡
♠♦❜✐❧✐té ❞❡s ❡s♣è❝❡s ❡♥ s♦❧✉t✐♦♥✳ ■❧s s♦♥t ♣❛r ❡①❡♠♣❧❡ ✐rr❛❞✐és ♣❛r ❞❡s ♣❛q✉❡ts ❞✬é❧❡❝tr♦♥s
é♥❡r❣ét✐q✉❡s ✭0, 5 − 1 MeV ✮ ❡t ❧✬é✈♦❧✉t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ❞❡s ❞✐✛ér❡♥t❡s ❡s♣è❝❡s
❡st ♦❜s❡r✈é❡ ♣❛r ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞ès ❧❛ ✜♥ ❞❡ ❧✬✐♠♣✉❧s✐♦♥✳ ▲✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❡①♣é✲
r✐❡♥❝❡s ♠❡♥é❡s ❞❛♥s ❝❡s s②stè♠❡s r❡♣♦s❡ s✉r ❧✬✐❞é❡ q✉❡✱ ❞❛♥s ❧❡ ré❣✐♠❡ ❞❡ ♣❡t✐t❡s t❛✐❧❧❡s✱
❧❛ st❛❜✐❧✐té ❞❡s ❛❣ré❣❛ts ❡st très ❞é♣❡♥❞❛♥t❡ ❞❡s é❝❤❛♥❣❡s ❞❡ ❝❤❛r❣❡s ✭❛✈❡❝ ♣❛r ❡①❡♠♣❧❡
❞❡s ♦s❝✐❧❧❛t✐♦♥s ❞✉ ♣♦t❡♥t✐❡❧ ❞✬✐♦♥✐s❛t✐♦♥ s✉✐✈❛♥t q✉❡ ❧❡ ♥♦♠❜r❡ ❞✬❛t♦♠❡s ❞❡ ❧✬❛❣ré❣❛t ❡st
♣❛✐r ♦✉ ✐♠♣❛✐r✱ ✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❧❛ ✜❣✉r❡ ✺✳✶✶✮✳ ❊♥ s♦❧✉t✐♦♥ ❛q✉❡✉s❡✱ ❧❡ ❝❛r❛❝tèr❡ ❞♦♥✲
♥❡✉r ❞✬é❧❡❝tr♦♥ ❞❡s ❛❣ré❣❛ts ❞✐♠✐♥✉❡ ❛✈❡❝ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞✬❛t♦♠❡s ❞✬❛r❣❡♥t ✿
E0(Ag+/Ag0)(eau) = −1, 8VNHE ♣♦✉r ❛tt❡✐♥❞r❡ +0.5 VNHE ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❣r♦s ❛❣ré✲
❣❛ts ✭✜❣✉r❡ ✺✳✶✶✮✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬é♥❡r❣✐❡ ❞❡ ♣r❡♠✐èr❡ ✐♦♥✐s❛t✐♦♥ ❡t ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡
❧❛ ré❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❞✬é❧❡❝tr♦♥ ✭♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ♣♦t❡♥t✐❡❧ r❡❞♦① E0✮ ✈❛r✐❡ ❡♥ 1/R✱ s❡❧♦♥
✉♥❡ é✈❛❧✉❛t✐♦♥ t❤é♦r✐q✉❡ ❞❡ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ s♦❧✈❛t❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ❡♥✈✐r♦♥♥❛♥t
❬✶✻✾❪✳ ■❧ ❡st ❡♥ ❡✛❡t ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❢❛❝✐❧❡ ♣♦✉r ❧❡ ♠✐❧✐❡✉ ❡♥✈✐r♦♥♥❛♥t ❞❡ s♦❧✈❛t❡r ❧❛ ❝❤❛r❣❡
❞✬✉♥ ❛❣ré❣❛t q✉❛♥❞ ❧❛ t❛✐❧❧❡ ❞❡ ❝❡ ❞❡r♥✐❡r ❛✉❣♠❡♥t❡✳

▲❡s ❞✐✛ér❡♥❝❡s ❞❡ st❛❜✐❧✐té ❞❡s ❡s♣è❝❡s ♠♦❧é❝✉❧❛✐r❡s ❞❡ ❧✬❛r❣❡♥t ♦❜s❡r✈é❡s ❞❛♥s ❧❡s ✈❡rr❡s
✭♣❛rt✐❡ ✺✳✷✳✷✱ ♣✳ ✶✵✹✮ s♦♥t ❞❛♥s ❧❡ ♠ê♠❡ s❡♥s q✉❡ ♣♦✉r ❧❡s ♠ê♠❡s ❡s♣è❝❡s ❡♥ s♦❧✉t✐♦♥ ❛q✉❡✉s❡✳
❈♦♠♣t❡ t❡♥✉ ❞❡s ❛♥❛❧♦❣✐❡s ❞❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡s ❛❣ré❣❛ts ❞❛♥s ❝❡s
❞❡✉① ♠✐❧✐❡✉①✱ ♥♦✉s ❛❞♠❡ttr♦♥s q✉❡ ❧❡ ♣♦t❡♥t✐❡❧ ré❞♦① ❞❡s ❛❣ré❣❛ts ❞❛♥s ❧❡s ✈❡rr❡s ❛ ✉♥❡
✈❛r✐❛t✐♦♥ s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❛♥s ❧✬❡❛✉✳ ❈❡ t❡r♠❡ ♥✬❡st ❥❛♠❛✐s ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡s t❤é♦r✐❡s
❞é❝r✐✈❛♥t ❧❛ ❝r♦✐ss❛♥❝❡✱ ❧♦rsq✉✬❡❧❧❡s é✈❛❧✉❡♥t ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ ❧✬❛❣ré❣❛t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s❛
t❛✐❧❧❡✱ ✐❧ ✐♥t❡r✈✐❡♥❞r❛ ❢♦rt❡♠❡♥t ❧♦rs ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ✭♣❛r❧❡r ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❤étér♦❣è♥❡ ♦✉
❤♦♠♦❣è♥❡ ❛✲t✲✐❧ ❡♥❝♦r❡ ✉♥ s❡♥s ❄✮✱ ♠❛✐s ❛✉ss✐ ❧♦rs ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ✭✈♦✐r ❝✐✲❞❡ss♦✉s✮✳
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❊✛❡ts r❡❞♦① ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥

❯♥ r❛②♦♥♥❡♠❡♥t ✐♦♥✐s❛♥t ✐♥❞✉✐t ❞❛♥s ❧❛ ♠❛t✐èr❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬é❧❡❝tr♦♥s ❡t ❞❡ tr♦✉s
é♥❡r❣ét✐q✉❡s q✉✐ ✈♦♥t ♣r♦❣r❡ss✐✈❡♠❡♥t s❡ ❧♦❝❛❧✐s❡r ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉✬✐❧s ♣❡r❞❡♥t ❧❡✉r
é♥❡r❣✐❡ ♣❛r ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡s é❧❡❝tr♦♥s ❡t ❧❡s ✈✐❜r❛t✐♦♥s ❞✉ ♠✐❧✐❡✉✳

❘❛♣♣❡❧♦♥s t♦✉t ❞✬❛❜♦r❞ q✉❡❧q✉❡s rés✉❧t❛ts ❝♦♥❝❡r♥❛♥t ❧✬✐rr❛❞✐❛t✐♦♥ ❞❡ s♦❧✉t✐♦♥ ❛q✉❡✉s❡
❝♦♥t❡♥❛♥t ❞❡ ❧✬❛r❣❡♥t✱ s✐t✉❛t✐♦♥ très ♣r♦❝❤❡ ❞❡ ❧❛ ♣❤♦t♦❣r❛♣❤✐❡ ❝❧❛ss✐q✉❡✳ ▲❛ ♣r❡♠✐èr❡ ❡s♣è❝❡
tr❛♥s✐t♦✐r❡ ❢♦r♠é❡ ❡st ❧✬é❧❡❝tr♦♥ s♦❧✈❛té✱ très ré❞✉❝t❡✉r ✭E0(H2O/e

−
aq) = −2, 87 VNHE✮✳ ❈❡

❞❡r♥✐❡r ❞✐s♣❛r❛ît ❡♥s✉✐t❡ ♣❛r ré❛❝t✐♦♥ ❛✈❡❝ ❝❡rt❛✐♥s s✐t❡s ❞✉ ♠✐❧✐❡✉ ♣♦✉r ❢♦r♠❡r ❞❡s ♣r♦❞✉✐ts
s❡❝♦♥❞❛✐r❡s très ré❛❝t✐❢s ✭r❛❞✐❝❛✉① ❧✐❜r❡s✮✳ ▲❡s ❝♦♥❞✐t✐♦♥s r❡❞♦① ❞❛♥s ❧❡sq✉❡❧❧❡s s❡ ❞ér♦✉❧❡ ❧❛
❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts s♦♥t ❞♦♥❝ ✜①é❡s ♣❛r ❧❛ ♥❛t✉r❡ ❞❡s ❡s♣è❝❡s ♣r♦❞✉✐t❡s ♣❛r ♣✐é❣❡❛❣❡ ❞❡s
tr♦✉s ❡t ❞❡s é❧❡❝tr♦♥s✳ ▲✬♦♣ér❛t✐♦♥ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧✬✐♠❛❣❡✱ ❛✉ s❡♥s ♦ù ❧✬❡♥t❡♥❞ ❧❛ ♣❤♦✲
t♦❣r❛♣❤✐❡✱ ❝♦♥s✐st❡r❛ ❛✐♥s✐ à ✐♥tr♦❞✉✐r❡ ❞❛♥s ❧❛ s♦❧✉t✐♦♥ ✭♦✉ à ♠❡ttr❡ ❡♥ ❝♦♥t❛❝t ❧✬é♠✉❧s✐♦♥
♣❤♦t♦❣r❛♣❤✐q✉❡✮ ✉♥❡ ♠♦❧é❝✉❧❡ ❞♦♥♥❡✉s❡ ❞✬é❧❡❝tr♦♥ ✭❞é✈❡❧♦♣♣❡✉r ♦✉ ré✈é❧❛t❡✉r✮✳ ❚♦✉s ❧❡s
❛❣ré❣❛ts ❞♦♥t ❧❡ ♣♦t❡♥t✐❡❧ r❡❞♦① s❡r❛ s✉♣ér✐❡✉r à ❝❡❧✉✐ ❞✉ ré✈é❧❛t❡✉r ♣♦✉rr♦♥t ❝r♦îtr❡ s❡❧♦♥ ❧❛
séq✉❡♥❝❡ ✿ ❛❣ré❣❛t✐♦♥ ❞❡ Ag+ ✴ ré❞✉❝t✐♦♥ ♣❛r ❧❡ ré✈é❧❛t❡✉r✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡s ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡
s♦✉s ❝r✐t✐q✉❡ s❡r♦♥t ♦①②❞és ❥✉sq✉✬à ❞✐ss♦❧✉t✐♦♥ ❬✶✼✵❪✳ ❙✉✐✈❛♥t ❧❛ ✈❛❧❡✉r ❞✉ ♣♦t❡♥t✐❡❧ r❡❞♦① ❞✉
ré✈é❧❛t❡✉r✱ ❧❡ ♥♦♠❜r❡ ❝r✐t✐q✉❡ ❞✬❛t♦♠❡s ❞✬❛r❣❡♥t ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✷ à ✺✳ ❘❡♠❛rq✉♦♥s ✐❝✐ q✉❡
❝❡tt❡ t❛✐❧❧❡ ❝r✐t✐q✉❡ ❞❡ ❝❧✉st❡rs ❞✬❛r❣❡♥t ♥✬❛ r✐❡♥ à ✈♦✐r ❛✈❡❝ ❧❛ t❛✐❧❧❡ ❝r✐t✐q✉❡ ❛✉ s❡♥s ❞❡ ❧❛
t❤é♦r✐❡ ❝❧❛ss✐q✉❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ✐ss✉❡ ❞❡ ❧✬éq✉❛t✐♦♥ ✭✶✳✶✷✮✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ❡❧❧❡ ❡st
❧❡ rés✉❧t❛t ❞❡ ❧❛ ❝♦♠♣ét✐t✐♦♥ ❡♥tr❡ ❧✬é♥❡r❣✐❡ ❞❡ s✉r❢❛❝❡ ❡t ❧✬é♥❡r❣✐❡ ❞❡ ✈♦❧✉♠❡ ❞❡ ❧✬❛❣ré❣❛t✱
❛❧♦rs q✉❡ ❝❡❧❧❡ ❞♦♥t ♥♦✉s ♣❛r❧♦♥s ✐❝✐ ♣r♦✈✐❡♥t ❞❡ ♣❤é♥♦♠è♥❡s r❡❞♦① ❡♥tr❡ ❧❡s ❛❣ré❣❛ts ❡t ❧❡
♠✐❧✐❡✉ ❡♥✈✐r♦♥♥❛♥t✳

◆♦✉s ❛✈♦♥s r❡♠❛rq✉é ❡♥ ♣❛rt✐❡ ✺✳✷✳✷ ✭✐✮ ❧❛ s✐♠✐❧✐t✉❞❡ très ❢♦rt❡ ❞❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡
❧✬❛❣ré❣❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❞❛♥s ♥♦s ✈❡rr❡s ✐rr❛❞✐és ❡t ❝❡❧❧❡s ❞❛♥s ❧❡s s♦❧✉t✐♦♥s ❛q✉❡✉s❡s ✭♥❛t✉r❡
❞❡s ❡s♣è❝❡s ❢♦r♠és✱ ré❛❝t✐♦♥s✮✳ P❛r ❛✐❧❧❡✉rs✱ ✭✐✐✮ ❧❡s ❡✛❡ts ♣r✐♠❛✐r❡s ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ s♦♥t
❛✉ss✐ ✐❞❡♥t✐q✉❡s ✿ ❧❛ s♦❧✈❛t❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s ♣r♦❞✉✐ts ♣❛r ✐rr❛❞✐❛t✐♦♥ ❞❡ ✈❡rr❡s ❞✬♦①②❞❡ ❡st
❝❧❛✐r❡♠❡♥t ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ♣❛r ❇❛r❦❛tt ❬✶✼✶✱ ✶✼✷❪ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ✈❡rr❡ ♠ét❛♣❤♦s♣❤❛t❡
✭❛❜s♦r♣t✐♦♥ ❞❛♥s ❧❡ r♦✉❣❡✱ 700 nm✮✳ ▲❛ ❝♦✉❧❡✉r ❜❧❡✉❡ ❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s ✐rr❛❞✐és à 77 K
s✬✐♥t❡r♣rèt❡ ❛✐♥s✐ q✉❛❧✐t❛t✐✈❡♠❡♥t ❝♦♠♠❡ ❧❛ ♣rés❡♥❝❡ ❞✬é❧❡❝tr♦♥s s♦❧✈❛tés ❞❛♥s ♥♦s ✈❡rr❡s
s✐❧✐❝❛t❡s✳

e− → e−sol ✭✺✳✶✸✮

▲✬❛♥❛❧♦❣✐❡ ❞❡ ♥♦s ❡①♣ér✐❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ❞❡ ✈❡rr❡s s✐❧✐❝❛t❡s ❞♦♣és à ❧✬❛r❣❡♥t ❛✈❡❝ ❝❡❧❧❡s
❞✬✐rr❛❞✐❛t✐♦♥ ❞❡ s♦❧✉t✐♦♥s ❛q✉❡✉s❡s ♠❡t ❡♥ ✈❛❧❡✉r ❧❡ rô❧❡ ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ❞❛♥s ❧❛
♠♦❞✐✜❝❛t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s r❡❞♦① q✉✐ rè❣♥❡♥t ❛✉ s❡✐♥ ❞✬✉♥ ✈❡rr❡ ✐rr❛❞✐é✳ ❉❛♥s ✉♥ ✈❡rr❡✱ ❧❡s
é❧❡❝tr♦♥s ❡t ❧❡s tr♦✉s s❡ ♣✐è❣❡♥t s❡❧♦♥ ❧❡s ré❛❝t✐♦♥s ❞✉ t②♣❡ ✿

e−sol + verre→ defauts(E′, . . .) ✭✺✳✶✹✮

h+ + verre→ defauts(POR,NBOHC, . . .) ✭✺✳✶✺✮

▲❡s é❧❡❝tr♦♥s ♣✐é❣és s✉r ❧❡ rés❡❛✉ s❡r♦♥t ❞❡ ❜♦♥s ré❞✉❝t❡✉rs ❡t ❧❡s tr♦✉s ❞❡ ❜♦♥s ♦①②❞❛♥ts✳ ▲❛
✜❣✉r❡ ✺✳✶✷ s❝❤é♠❛t✐s❡ ❝❡ q✉❡ ♣♦✉rr❛✐t êtr❡ ❧✬é❝❤❡❧❧❡ ❞❡s ♣♦t❡♥t✐❡❧s ré❞♦① ❞❛♥s ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡
✐rr❛❞✐é✱ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s r❡♠❛rq✉❡s ❢❛✐t❡s ❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡ s✉r ❧❛ ✈❛r✐❛t✐♦♥
❞✉ ♣♦t❡♥t✐❡❧ r❡❞♦① ❞❡s ❛❣ré❣❛ts ❛✈❡❝ ❧❡✉r t❛✐❧❧❡✳

▲✬❡♥s❡♠❜❧❡ ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ❞✉ ✈❡rr❡ ✜①❡ ✉♥ ♣♦t❡♥t✐❡❧ r❡❞♦① ♠♦②❡♥✱ ❛✉tr❡♠❡♥t
❞✐t ✐❧s ❥♦✉❡♥t ❧❡ rô❧❡ ❞❡ ré✈é❧❛t❡✉r ❧♦rs ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts ✭❞❛♥s ✉♥ s❡♥s é❧❛r❣✐
♣❛r r❛♣♣♦rt à ❝❡❧✉✐ ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé ❡♥ ♣❤♦t♦❣r❛♣❤✐❡✱ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❡s ❞é❢❛✉ts
❞✬✐rr❛❞✐❛t✐♦♥ s♦♥t ♥♦♥ s❡✉❧❡♠❡♥t ❞❡s é❧❡❝tr♦♥s ♠❛✐s ❛✉ss✐ ❞❡s tr♦✉s ♣✐é❣és✮✳ ▲✬❡①✐st❡♥❝❡ ❞✬✉♥
♣♦t❡♥t✐❡❧ r❡❞♦① ♠♦②❡♥ ♣❡r♠❡t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ ❞✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s✳ ▲❛ t❛✐❧❧❡



✶✵✽

❋✐❣✳ ✺✳✶✷✿ ❉✐❛❣r❛♠♠❡ ❞❡ ♣♦t❡♥t✐❡❧s r❡❞♦① ✭❊0✮ ❞❡s ❡s♣è❝❡s ♣rés❡♥t❡s ❞❛♥s ❧❡ ✈❡rr❡✳

❝r✐t✐q✉❡ ♦❜s❡r✈é❡ ❡♥ ♣❛rt✐❡ ✺✳✷✳✷ ✭♣✳ ✶✵✹✮ ❡♥ ❡st ❧❛ ♠❛♥✐❢❡st❛t✐♦♥ ❧❛ ♣❧✉s é✈✐❞❡♥t❡✱ ❡♥ str✐❝t❡
❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧✬ét❛♣❡ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ ♣❤♦t♦❣r❛♣❤✐❡ ❝❧❛ss✐q✉❡ ✿ ❧❡s ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡
✐♥❢ér✐❡✉r à ✸✲✹ ❛t♦♠❡s s♦♥t ✐♥st❛❜❧❡s ✈✐s✲à✲✈✐s ❞❡ ❧❡✉r ♦①②❞❛t✐♦♥ ♣❛r ❧❡ ♠✐❧✐❡✉ ❡♥✈✐r♦♥♥❛♥t✱
❧❡s ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡ s✉♣ér✐❡✉r❡ ét❛♥t ♣❛r ❝♦♥tr❡ st❛❜❧❡s✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡ ♣♦t❡♥t✐❡❧ r❡❞♦①
♠♦②❡♥ ❞é♣❡♥❞ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡ ✿ ♣❛r ❡①❡♠♣❧❡✱ ❧✬❛❞❞✐t✐♦♥ ❞✬♦①②❞❡s ❞❡ As ♦✉ ❞❡
Sb ❞❛♥s ❧❡s ✈❡rr❡s ♣❤♦t♦s❡♥s✐❜❧❡s ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s ❝♦♥❞✐t✐♦♥s ♣❧✉s ré❞✉❝tr✐❝❡s q✉✬❛✈❡❝
❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡ ❞❡ ❜❛s❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ✱ ❧❛ ❣r❛♥❞❡ q✉❛♥t✐té ❞❡
◆❇❖❍❈ ✐♥❞✉✐t❡ ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ❝♦♥❞✉✐t à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞✬❛t♦♠❡s ❞✬❛r❣❡♥t
s♦✉s ❢♦r♠❡ ♥❡✉tr❡ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ ❞✉ r❡❝✉✐t✳ ◆♦✉s ♠♦♥tr❡r♦♥s ❛ ❝♦♥tr❛r✐♦ q✉❡ ❧✬✐rr❛❞✐❛t✐♦♥
♣❛r ❞❡s ✐♦♥s ♣ré♣❛r❡ ❧❡ ✈❡rr❡ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ♣❧✉s ré❞✉❝tr✐❝❡s✱ à tr❛✈❡rs ✉♥❡ ♣r♦♣♦rt✐♦♥
♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❡ ❊✬ ✭✈♦✐r ❡♥s✉✐t❡ ❧❛ ♣❛rt✐❡ ✺✳✸✮✳

▲✐❡♥ ❡♥tr❡ ♥❡✉tr❛❧✐s❛t✐♦♥ ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ❡t ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥

❉❛♥s ❧❡s ✈❡rr❡s ♣❤♦t♦s❡♥s✐❜❧❡s✱ ❧❡s ❛✉t❡✉rs ♦♥t s♦✉✈❡♥t ❝♦♥❝❧✉✱ s✉r ❧❛ ❜❛s❡ ❞❡ ❧✬ét✉❞❡
❞❡ ❧❛ ❞❡♥s✐té ❞✬❛❣ré❣❛ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞♦s❡ ❞✬✐rr❛❞✐❛t✐♦♥✱ q✉❡ ❧✬ét❛♣❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥
❝♦♥s✐st❛✐t ❡♥ ❧✬❛❣ré❣❛t✐♦♥ ❞❡s ❛t♦♠❡s Ag0 ♥❡✉tr❛❧✐sés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ❬✶✺✸✱ ✶✺✷❪✳ ✭✐✮ ❊♥ ♦❜✲
s❡r✈❛♥t q✉❡ ❧❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❢♦♥t ✐♥t❡r✈❡♥✐r ❞❡s ❡s♣è❝❡s t❡❧❧❡s q✉❡ Ag+

2

♦✉ Ag+
3 ✴Ag2+

3 ✱ ♥♦✉s ♠♦♥tr♦♥s q✉❡ Ag+ ✐♥t❡r✈✐❡♥t ❛✉ss✐ ❞❛♥s ❧❛ ❣❡r♠✐♥❛t✐♦♥✳ P❛r ❛✐❧❧❡✉rs✱
✭✐✐✮ ♥♦✉s ❛✈♦♥s ❛✉ss✐ ♦❜s❡r✈é ❧❛ ré♦①②❞❛t✐♦♥ ❞❡ Ag0 ♣❛r ❞❡s tr♦✉s ♣✐é❣és ❞❛♥s ❧❛ ♠❛tr✐❝❡
✭ré❛❝t✐♦♥ ✭✺✳✾✮✮✳ ❉❡ ♠❛♥✐èr❡ ❛♥❛❧♦❣✉❡ ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ Ag+ ♣✉✐ss❡ ❞❛♥s ❧❡ ♠ê♠❡ t❡♠♣s
êtr❡ ré❞✉✐t ♣❛r ❞❡s é❧❡❝tr♦♥s ♣✐é❣és✳ ❈❡s ❞❡✉① ♣♦✐♥ts s♦♥t rés✉♠és ❣r❛♣❤✐q✉❡♠❡♥t ❡♥ ✜✲
❣✉r❡ ✺✳✶✸✳ P♦✉r ❝❡s ❞❡✉① r❛✐s♦♥s✱ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛ q✉❛♥t✐té ❞❡ Ag+ ♥❡✉tr❛❧✐sé ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥
❡t ❧❛ ❞❡♥s✐té ❞❡ ❣❡r♠❡s ✭❞é❞✉✐t❡ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐tés ❛♣rès ❝r♦✐ss❛♥❝❡✮ ❡st très ✐♥❞✐r❡❝t✳

❯♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❝♦rr❡❝t❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ✴ ❝r♦✐ss❛♥❝❡✱ t❡❧❧❡ q✉❡ ❝❡❧❧❡ ❡sq✉✐ssé ❞❛♥s ❧❛
s❡❝t✐♦♥ s✉✐✈❛♥t❡✱ ♥é❝❡ss✐t❡ ❛❧♦rs ✭✐✮ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ré❛❝t✐♦♥s ❞❡ r❡❝♦♠✲
❜✐♥❛✐s♦♥ ❡♥tr❡ ❧❡s é❧❡❝tr♦♥s ❡t ❧❡s tr♦✉s ♣✐é❣és ✭Ag0 ❢❛✐s❛♥t ♣❛rt✐❡ ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❝❛té❣♦r✐❡✱
❡♥tr❡ ❛✉tr❡s✳ ✳ ✳ ✮✱ ❛✐♥s✐ q✉❡ ✭✐✐✮ ❞❡s ré❛❝t✐♦♥s ❞✬❛❣ré❣❛t✐♦♥ ♦ù ✐♥t❡r✈✐❡♥♥❡♥t à ❧❛ ❢♦✐s Ag0 ❡t
Ag+✳ ❈✬❡st ❧à ✉♥❡ tâ❝❤❡ très ❞✐✣❝✐❧❡ à ❛❝❤❡✈❡r ❛✉ r❡❣❛r❞ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❛❝t✉❡❧❧❡s ❞❡ ❧❛
♥❛t✉r❡ ❡t ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞é❢❛✉ts ❞❛♥s ❧❡s ✈❡rr❡s✱ ❛✐♥s✐ q✉❡ ❞❡s t❤é♦✲



✶✵✾

❋✐❣✳ ✺✳✶✸✿ ▲✬✐rr❛❞✐❛t✐♦♥ ❞✉ ✈❡rr❡ ✐♥✐t✐❛❧ ❝♦♥❞✉✐t à ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞✬✉♥❡ ♣❛rt✐❡
❞❡ Ag+ ❡♥ Ag0✳ ◆♦✉s ❛✈♦♥s ♦❜s❡r✈é ❞❛♥s ❝❡ tr❛✈❛✐❧ ❧❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❧❛
♣ré❝✐♣✐t❛t✐♦♥✳

r✐❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳ ◆♦✉s ♥♦✉s ❝♦♥t❡♥t❡r♦♥s ❞✬❡♥ ♣♦s❡r q✉❡❧q✉❡s ❥❛❧♦♥s✱ s❡❧♦♥ ❧✬❛♣♣r♦❝❤❡
st❛t✐st✐q✉❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❢❛✐t❡ ♣❛r ❇✐♥❞❡r ❬✷✾❪✳

P❡rs♣❡❝t✐✈❡s s✉r ❧❡ tr❛✐t❡♠❡♥t t❤é♦r✐q✉❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞❛♥s ❝❡s
s②stè♠❡s

▲♦rs ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✱ ✐❧ ❢❛✉t t❡♥✐r ❝♦♠♣t❡ ❞❡s ❞✐✛ér❡♥t❡s ✈❛❧❡♥❝❡s ❞❡ ❧✬❛r❣❡♥t ❞❛♥s ❧❡
♣r♦❝❡ss✉s ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❡t ❞❡ ❝r♦✐ss❛♥❝❡ ✭Ag0✱ Ag+✱ Ag2+✮ ❛✐♥s✐ q✉❡ ❞❡s ❡✛❡ts r❡❞♦① ❞❡s
❞é❢❛✉ts✳ ▲❡s ré❛❝t✐♦♥s s❡r♦♥t ❞♦♥❝ ❞✉ t②♣❡ ✿

Agl +Ag0
⇋ Agl+1 ✭✺✳✶✻✮

❝♦♠♠❡ ❛tt❡♥❞✉ ♣❛r ✉♥❡ ✈✐s✐♦♥ ❝❧❛ss✐q✉❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ t❡❧❧❡ q✉❡ ❞é✈❡❧♦♣♣é❡
❛✉ ❝❤❛♣✐tr❡ ✶✳ ▼❛✐s s❡r♦♥t ❛✉ss✐ ♣♦ss✐❜❧❡s ❞❡s ré❛❝t✐♦♥s t❡❧❧❡s q✉❡ ✿

Agl +Ag+
⇋ Ag+

l ✭✺✳✶✼✮

Agq+l + defaut(h+) ⇋ Ag
(q+1)+
l ✭✺✳✶✽✮

Agq+l + defaut(e−) ⇋ Ag
(q−1)+
l ✭✺✳✶✾✮

❙✐ ♦♥ ♥❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ q✉❡ ❧❛ ♣r❡♠✐èr❡ ré❛❝t✐♦♥ ✭✺✳✶✻✮✱ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❡st
❞é❝r✐t❡ ❞❡ ♠❛♥✐èr❡ st❛t✐st✐q✉❡ ♣❛r ❧❡ ♠♦❞è❧❡ ❞❡ ❣♦✉tt❡s ❞❡ ❱♦❧❧♠❡r ❬✷✶❪ ❡t ❇❡❝❦❡r ❡t ❉ör✐♥❣
❬✷✷❪✳ ❯♥❡ s❡✉❧❡ ✧❝♦♦r❞♦♥♥é❡✧ ✭❧❡ ♥♦♠❜r❡ l ❞✬❛t♦♠❡s ❞✬❛r❣❡♥t✮ s✉✣t ♣♦✉r ❞é❝r✐r❡ ❧✬é✈♦❧✉t✐♦♥
❞✉ s②stè♠❡✳ ❖♥ ♦❜t✐❡♥t ❧❡s éq✉❛t✐♦♥s ❞✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ nl(t) ❞✬❛❣ré❣❛ts ❞❡ t❛✐❧❧❡
l ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ t♦✉s ❧❡s ❝❤❡♠✐♥s ❞❡ ❞❡str✉❝t✐♦♥ ♦✉ ❞❡ ❢♦r♠❛t✐♦♥ ✭✜❣✉r❡ ✺✳✶✹✮ ✿

dnl(t)

dt
= Cl−1nl−1(t) − Clnl(t) + El+1nl+1(t) − Elnl(t) (l > 1) ✭✺✳✷✵✮

dn1(t)

dt
= −C1n1(t) + E2n2(t) ✭✺✳✷✶✮



✶✶✵

❋✐❣✳ ✺✳✶✹✿ ❙❝❤é♠❛ ✐❧❧✉str❛♥t ❧❡s ❞✐✛ér❡♥ts ❝❤❡♠✐♥s ❞❡ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❛❣ré❣❛t ❞❡
t❛✐❧❧❡ l à ♣❛rt✐r ❞❡s ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡ l − 1 ♦✉ l + 1✳

♦ù Cl ❡t El s♦♥t ❧❡s t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❡t ❞✬é✈❛♣♦r❛t✐♦♥ ❞✬✉♥ ❛t♦♠❡ s✉r ✉♥ ❛❣ré❣❛t ❞❡ t❛✐❧❧❡
l✳ ❆ ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ♦♥ ♣❡✉t é❝r✐r❡ ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ ❜✐❧❛♥ ❞ét❛✐❧❧é ✭q✉✐ ❡st ❧❛
tr❛❞✉❝t✐♦♥ st❛t✐st✐q✉❡ ❞❡ ❧❛ ❧♦✐ ❞✬❛❝t✐♦♥ ❞❡ ♠❛ss❡✮ ✿

Cln
eq
l = El+1n

eq
l+1 = W (l, 1) ✭✺✳✷✷✮

▲❡s t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❡t ❞✬é✈❛♣♦r❛t✐♦♥ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✭✺✳✷✵✮ ❡t ✭✺✳✷✶✮ ♣❡✉✈❡♥t ❞♦♥❝ êtr❡
r❡♠♣❧❛❝és ♣❛r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞✬✉♥ ✉♥✐q✉❡ t❛✉① ❞❡ tr❛♥s✐t✐♦♥ W (l, 1)✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡s
❝♦♥❝❡♥tr❛t✐♦♥s ❞✬❛❣ré❣❛ts à ❧✬éq✉✐❧✐❜r❡ ♦❜é✐ss❡♥t à ✉♥❡ st❛t✐st✐q✉❡ ❞❡ ❇♦❧t③♠❛♥♥ ✿

neql = n0exp

(
−∆Fl
kBT

)
✭✺✳✷✸✮

❛✈❡❝ ∆Fl ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❛❣ré❣❛t ❞❡ t❛✐❧❧❡ l✳
▲✬éq✉❛t✐♦♥ ✭✺✳✷✵✮ s✬é❝r✐t ❛❧♦rs ✿

dnl(t)

dt
= W (l − 1, 1)

(
nl−1(t)

neql−1

− nl(t)

neql

)
+W (l, 1)

(
nl+1(t)

neql+1

− nl(t)

neql

)
✭✺✳✷✹✮

❊♥ ❢❛✐s❛♥t ✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❧✐♠✐té ❛✉t♦✉r ❞❡ l ❞❛♥s ✭✺✳✷✹✮✱ ♦♥ ♦❜t✐❡♥t ✉♥❡ éq✉❛t✐♦♥ q✉✐
❡①♣r✐♠❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s t❛✐❧❧❡s ❞✬❛❣ré❣❛ts ✿

dnl(t)
dt + d

dlJl = 0 ✭✺✳✷✺✮

♦ù ❧❡ ✧❝♦✉r❛♥t ❞❡ ❝❧✉st❡rs✧ ♣❡✉t s✬é❝r✐r❡ ✿

Jl = W (l, 1)
∂

∂l

(
nl(t)

neql

)
✭✺✳✷✻✮

▲✬é♥❡r❣✐❡ ❧✐❜r❡ q✉❡ ❧✬♦♥ ✐♥tr♦❞✉✐t ❞❛♥s ❝❡ ♠♦❞è❧❡ ❡st ❝❡❧❧❡ ❝❧❛ss✐q✉❡♠❡♥t ❝❛❧❝✉❧é❡ ❡♥ ♥❡
t❡♥❛♥t ❝♦♠♣t❡ q✉❡ ❞❡s ❝♦♥tr✐❜✉t✐♦♥s ❞✬é♥❡r❣✐❡ ❞❡ s✉r❢❛❝❡ ❡t ❞❡ ✈♦❧✉♠❡ ✭éq✉❛t✐♦♥ ✭✶✳✶✷✮✮✳

▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❡✛❡ts r❡❞♦① ❞❛♥s ❧❛ ❝r♦✐ss❛♥❝❡ ❛❧tèr❡ ❧❛ ♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ❝r♦✐s✲
s❛♥❝❡ ❝♦♠♠❡ s✉✐t✳ ❯♥ ❛❣ré❣❛t ❡st ♠❛✐♥t❡♥❛♥t ❞é❝r✐t ♣❛r ♥♦♥ s❡✉❧❡♠❡♥t ❧❡ ♥♦♠❜r❡ ❞✬❛r❣❡♥t
q✉✬✐❧ ❝♦♥t✐❡♥t l ♠❛✐s ❛✉ss✐ s❛ ❝❤❛r❣❡ q✳ ▲❛ ✜❣✉r❡ ✺✳✶✺ ♣rés❡♥t❡ ❧✬❛♥❛❧♦❣✉❡ ❞❡ ❧❛ ✜❣✉r❡ ✺✳✶✹✱
♠❛✐s ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ré❛❝t✐♦♥s ❞✉ t②♣❡ ✭✺✳✶✼✮✱ ✭✺✳✶✽✮ ❡t ✭✺✳✶✾✮✳ ▲❛ ❝r♦✐ss❛♥❝❡ ❞❡s
❛❣ré❣❛ts ❞♦✐t ♠❛✐♥t❡♥❛♥t s❡ ❞é❝r✐r❡ ❞❛♥s ✉♥ ❡s♣❛❝❡ à ❞❡✉① ❞✐♠❡♥s✐♦♥s (l, q)✳ ▲✬éq✉❛t✐♦♥
❞✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ nl,q ❞❡s ❛❣ré❣❛ts ❞❡ t❛✐❧❧❡ l ❡t ❞❡ ❝❤❛r❣❡ q s✬é❝r✐t ♠❛✐♥t❡♥❛♥t ✿

dnl,q(t)

dt
= −c+l,qnl,q + c+l−1,qnl−1,q + c−l,qnl+1,q + c−l−1,qnl,q

−d+
l,qnl,q + d+

l,q−1nl,q−1 + d−l,qnl,q+1 + d−l,q−1nl,q

−r+l,qnl,q + r+l−1,q−1nl−1,q−1 + d−l,qnl+1,q+1 + d−l−1,q−1nl,q ✭✺✳✷✼✮



✶✶✶

❋✐❣✳ ✺✳✶✺✿ ■❧❧✉str❛t✐♦♥ ❞❡s ❞✐✛ér❡♥ts ❝❤❡♠✐♥s ❞❡ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❛❣ré❣❛t ❞❡ t❛✐❧❧❡ l
❡t ❞❡ ❝❤❛r❣❡ q s✉✐✈❛♥t ❧❡s tr♦✐s ❝❤❡♠✐♥s ♣♦ss✐❜❧❡s ✿ ré❛❝t✐♦♥ ré❞♦① ❛✈❡❝ ❧❡s ❞é❢❛✉ts
❞❡ ❧❛ ♠❛tr✐❝❡✱ ❛❣ré❣❛t✐♦♥ ❞❡ Ag0 ♦✉ ❛❣ré❣❛t✐♦♥ ❞❡ Ag+✳

❈♦♠♠❡ ❞❛♥s ❧❛ ❝❛s ❞❡ ❧✬❛❣ré❣❛t✐♦♥ s✐♠♣❧❡✱ ♦♥ ♣❡✉t é❝r✐r❡ ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❜❛❧❛♥❝❡ ❞ét❛✐❧❧é❡
♣♦✉r ❝❤❛q✉❡ éq✉✐❧✐❜r❡ ✿

c+l,qn
eq
l,q = c−l,qn

eq
l+1,q = Cl,q ✭✺✳✷✽✮

d+
l,qn

eq
l,q = d−l,qn

eq
l,q+1 = Dl,q ✭✺✳✷✾✮

r+l,qn
eq
l,q = r−l,qn

eq
l+1,q+1 = Rl,q ✭✺✳✸✵✮

♦ù neql,q ❡st ❡♥❝♦r❡ ❞♦♥♥é ♣❛r ❧✬éq✉❛t✐♦♥ ❞❡ ❇♦❧t③♠❛♥♥ ✿

neql,q = n0 exp−∆F (l, q)

kBT
✭✺✳✸✶✮

❛✈❡❝ ∆F (l, q) ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ ❧✬❛❣ré❣❛t (l, q) q✉✐ ❞é♣❡♥❞ t♦✉❥♦✉rs ❞✉ ♥♦♠❜r❡ ❞✬❛t♦♠❡ l
♠❛✐s ❛✉ss✐ ❞❡ s❛ ❝❤❛r❣❡ q✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❡ ∆F (l, q) ♣♦✉r ❧❡s ❢❛✐❜❧❡s ✈❛❧❡✉rs ❞❡ q ❡t l ♥❡
s♦♥t ♣❛s ❝❛❧❝✉❧❛❜❧❡ ❢❛❝✐❧❡♠❡♥t ✿ ♣❛r ❡①❡♠♣❧❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❞❡ Ag+

2 ✈❛ êtr❡ ❡①trê♠❡♠❡♥t
❞é♣❡♥❞❛♥t❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s q✉✬❡❧❧❡ ❞é✈❡❧♦♣♣❡ ❛✈❡❝ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❡
∆F (l, q) ❛✉① ❢❛✐❜❧❡s ✈❛❧❡✉rs ❞❡ q ❡t l ♥❡ s❡r♦♥t ♣❛s ♠♦♥♦t♦♥❡s✳ ▲❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ♣r❡♠✐èr❡s
ét❛♣❡s ✭✧❣❡r♠✐♥❛t✐♦♥✧✮ ♥é❝❡ss✐t❡♥t ❞♦♥❝ ✉♥ tr❛✐t❡♠❡♥t ❞✐s❝r❡t ❞❡ ✭✺✳✷✼✮✳
❉❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❣r❛♥❞❡s t❛✐❧❧❡s✱ ♦♥ ♣❡✉t ❞♦♥♥❡r ✉♥❡ ❡①♣r❡ss✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜r❡ ❛♥❛❧♦❣✉❡
à ✭✶✳✶✷✮✱ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ♣♦t❡♥t✐❡❧ r❡❞♦① ❡①♣♦sé❡ ♣❧✉s ❤❛✉t ✿

∆F (l, q) = γl2/3 − δµl − α
q2

l1/3
✭✺✳✸✷✮

♦ù ❧❡ ❞❡r♥✐❡r t❡r♠❡ ❡♥tr❡ ♣❛r❡♥t❤ès❡s ♣❡r♠❡t ❞❡ r❡tr♦✉✈❡r ❧❡ ♣♦t❡♥t✐❡❧ r❡❞♦① ∆F (l, q + 1)−
∆F (l, q)✳ ❈❡tt❡ ❡①♣r❡ss✐♦♥ ❡st ✐♥❝♦rr❡❝t❡ ♣♦✉r ❞❡s ✈❛❧❡✉r ❞❡ q > 1✱ ❝❛r ❡❧❧❡ ♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡
❞✬✉♥ t❡r♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❈♦✉❧♦♠❜ ❡♥tr❡ ♣❧✉s✐❡✉rs ❝❤❛r❣❡s ❞❛♥s ❧❡ ♠ê♠❡ ❛❣ré❣❛t✳ ❉❛♥s



✶✶✷

❧❛ ❧✐♠✐t❡ ❞❡s ❣r❛♥❞ l✱ ❝✬❡st ❧❡ t❡r♠❡ ❞✬é♥❡r❣✐❡ ❞❡ ✈♦❧✉♠❡ δµl q✉✐ ❞♦♠✐♥❡ ❧✬é♥❡r❣✐❡ ❞✬✐♥t❡r❢❛❝❡
γl2/3 ❡t s✉rt♦✉t ❧❡s ❡✛❡ts r❡❞♦① −α q2

l1/3 ✳ ▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❡st ❢❛✈♦r❛❜❧❡ s✐ δµ > 0 ❞é❢❛✈♦r❛❜❧❡
s✐♥♦♥✳ ❉❛♥s ❧❡s ✈❡rr❡s ✉t✐❧✐sés ❞❛♥s ❝❡ tr❛✈❛✐❧✱ ❧❛ ❢♦r♠❡ st❛❜❧❡ ❞❡ ❧✬❛r❣❡♥t ❡st Ag+✱ s♦✐t δµ < 0✳

▲✬✐rr❛❞✐❛t✐♦♥ ♣❡r♠❡t ❞❡ ❜✐❛✐s❡r t❡♠♣♦r❛✐r❡♠❡♥t ❝❡tt❡ ❝♦♥tr❛✐♥t❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❡♥ ✿
✭✐✮ ♥❡✉tr❛❧✐s❛♥t ✉♥❡ ♣❛rt✐❡ ♦✉ ❧❛ t♦t❛❧✐té ❞❡ Ag+✱ ✭✐✐✮ ❝ré❛♥t ❞❡s ❞é❢❛✉ts ♦①②❞❛♥t ❡t s✉rt♦✉t
ré❞✉❝t❡✉rs✳



✶✶✸

✺✳✸ ❈❛s ❞❡ ❢♦rt❡s ❉❊❉ ✿ ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡

P♦✉r ❧✬ét✉❞❡ ❞❡ ❧✬❡✛❡t ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t✱
♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡ ✈❡rr❡ ❞❡ ♠ê♠❡ ❝♦♠♣♦s✐t✐♦♥ ❞♦♣é à ❧✬❛r❣❡♥t ✭130 appm✮ q✉❡ ❝❡❧✉✐ ✉t✐❧✐sé
❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡ ♣♦✉r ❞é❝r✐r❡ ❧✬❡✛❡t ❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ γ✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❛ ♠♦♥tré q✉❡
❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❡st ❣♦✉✈❡r♥é❡ ♣❛r ❧❡s ✐♥t❡r❛❝t✐♦♥s r❡❞♦① ❞❡s ❞✐✛ér❡♥t❡s ✈❛❧❡♥❝❡s ❞❡ ❧✬❛r❣❡♥t
❛✈❡❝ ❧❡s ❝❤❛r❣❡s ♣✐é❣és s✉r ❧❡ rés❡❛✉ ✈✐tr❡✉① ❧♦rs ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥✳ ■❝✐✱ ♥♦✉s ❡①❛♠✐♥♦♥s ❧❛
♣♦ss✐❜✐❧✐té ❞✬❛♣♣❧✐q✉❡r ✉♥ t❡❧ s❝❤é♠❛ ❞✬✐♥t❡r♣rét❛t✐♦♥ ❛✉ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥s ♣❛r ❞❡s ✐♦♥s✳

✺✳✸✳✶ ❈r♦✐ss❛♥❝❡ ❝♦♥trô❧é❡ ♣❛r ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡

▲❛ ♣♦ss✐❜✐❧✐té ❞✬✉♥❡ ♣ré❝✐♣✐t❛t✐♦♥ ❛ss✐sté❡ ♣❛r ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ❡st ❝♦♥♥✉❡ ❞❡ ❧♦♥❣✉❡ ❞❛t❡✱
❡t ❛ été ❞é♠♦♥tré❡ ❞❛♥s ❧❡s ✈❡rr❡s ❬✶✵❪✳ ❖r ♥♦✉s s♦✉❤❛✐t♦♥s sé♣❛r❡r ❧❡s ❡✛❡ts ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥
❞❡ ❝❡✉① ❞✉ r❡❝✉✐t ✭❞♦♥t ❧❛ ❢♦♥❝t✐♦♥ ❡st ❞✬❛ss✉r❡r ❧❛ ♠♦❜✐❧✐té ❞❡s ❡s♣è❝❡s✮✱ ❛✜♥ ❞❡ s❡ ♣❧❛❝❡r
❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ❧❡s ♣❧✉s ♣r♦❝❤❡s ♣♦ss✐❜❧❡s ❞❡s ✐rr❛❞✐❛t✐♦♥s γ✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ré❛❧✐sé
✉♥❡ ét✉❞❡ ♣ré❛❧❛❜❧❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝♦✉r❛♥t ❞✬✐rr❛❞✐❛t✐♦♥✳

❈❤♦✐① ❞✉ ❝♦✉r❛♥t ❞✬✐rr❛❞✐❛t✐♦♥

❯♥ ✈❡rr❡ ❞♦♣é ❡♥ ❛r❣❡♥t à 130 appm ❛ été ✐rr❛❞✐é à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ♣❛r ❞❡ ❧✬❤é❧✐✉♠
1, 6 MeV à ✉♥❡ ✢✉❡♥❝❡ ❝♦♥st❛♥t❡ ❞❡ 1016 at.cm−2 ♠❛✐s à ❞❡s ♣✉✐ss❛♥❝❡s ✈❛r✐❛❜❧❡s ✭♣❛rt✐❡
✹✳✷✳✸✮✳ P❛r ❡①❡♠♣❧❡✱ ✉♥❡ ✐rr❛❞✐❛t✐♦♥ He 1, 6 MeV à ✉♥ ❝♦✉r❛♥t ❞❡ 0, 2 µA.cm−2 ❝♦♥❞✉✐t à
✉♥❡ ♣✉✐ss❛♥❝❡ ❞✐ss✐♣é❡ ❞❡ 0, 2×10−6.1, 6×106 = 0, 32 W.cm−2✳ ▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❡st ❞ét❡❝té❡
♣❛r ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❡♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ✭✜❣✉r❡ ✺✳✶✻✮✳ ❖♥ ♦❜s❡r✈❡ ✉♥❡ ♣ré❝✐♣✐t❛✲
t✐♦♥ q✉❛♥t✐t❛t✐✈❡ ♣♦✉r ❞❡s ♣✉✐ss❛♥❝❡s s✉♣ér✐❡✉r❡s à 1, 5 W.cm−2✳ P♦✉r ✉♥❡ ♣✉✐ss❛♥❝❡ ❞❡
0, 6 W.cm−2✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ♣♦✉r ❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❝♦♠✲
♣r✐s❡s ❡♥tr❡ 350 ❡t 450 nm✱ q✉✐ ✐♥❞✐q✉❡ s❛♥s ❞♦✉t❡ ✉♥ ❞é❜✉t ❞✬❛❣ré❣❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t✳ ❊♥✜♥
♣♦✉r ❞❡s ♣✉✐ss❛♥❝❡s ❞é♣♦sé❡s ✐♥❢ér✐❡✉r❡s✱ ♦♥ ♥✬♦❜s❡r✈❡ ❛✉❝✉♥ ♠❛ss✐❢ ❞✬❛❜s♦r♣t✐♦♥ ❧✐é à ❧✬❛r✲
❣❡♥t✳

▲♦rs ❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥✱ ❧❛ ♠♦❜✐❧✐té ♣❡✉t êtr❡ ❛✉❣♠❡♥té❡ ❛✉ss✐ ❜✐❡♥ ♣❛r ❞❡s ❡✛❡ts t❤❡r✲
♠✐q✉❡s ❞✉s à ❧❛ ❞✐ss✐♣❛t✐♦♥ ❞❡ ❝❤❛❧❡✉r ❧♦rs ❞❡ ❧❛ r❡❧❛①❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❛♣♣♦rté❡ ♣❛r ❧✬✐♦♥✱
q✉❡ ♣❛r ❞❡s ❡✛❡ts s♣é❝✐✜q✉❡s à ❧✬✐rr❛❞✐❛t✐♦♥ ✭♠♦❜✐❧✐té ❢❛✈♦r✐sé❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞é❢❛✉ts✮✳
❆✜♥ ❞❡ ❞✐st✐♥❣✉❡r ❝❡s ❞❡✉① ❡✛❡ts ❧✬✉♥ ❞❡ ❧✬❛✉tr❡✱ ♥♦✉s ❛✈♦♥s ♠❡s✉ré ❧❛ t❡♠♣ér❛t✉r❡ ❛tt❡✐♥t❡
♣❛r ❧❡s é❝❤❛♥t✐❧❧♦♥s s♦✉s ✐rr❛❞✐❛t✐♦♥ ✭t❛❜❧❡❛✉ ✺✳✹✮ ❡♥ ✉t✐❧✐s❛♥t ✉♥ t❤❡r♠♦❝♦✉♣❧❡ ❡♥ ❝♦♥t❛❝t
❛✈❡❝ ❧✬é❝❤❛♥t✐❧❧♦♥✳ P♦✉r ✉♥❡ ♣✉✐ss❛♥❝❡ ❞❡ 3 W.cm−2✱ ❡❧❧❡ ❛tt❡✐♥t 100✝C ❡♥✈✐r♦♥ ❛❧♦rs q✉✬❡❧❧❡
♥✬❛tt❡✐♥t q✉❡ 37✝C ❧♦rsq✉❡ ❧❛ ♣✉✐ss❛♥❝❡ ❡st ✶✵ ❢♦✐s ♣❧✉s ❢❛✐❜❧❡✳
▲♦rsq✉✬♦♥ r❡❝✉✐t ❝❡ ❞❡r♥✐❡r é❝❤❛♥t✐❧❧♦♥ ✈❡rs 300✝C ✭✜❣✉r❡ ✺✳✷✶✮✱ ♦♥ ♦❜t✐❡♥t ✉♥❡ ❝r♦✐ss❛♥❝❡
❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ♦❜s❡r✈é❡ ❥✉st❡ ❛♣rès ✐rr❛❞✐❛t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡ ♣✉✐ss❛♥❝❡ ❞é❣❛❣é❡
❞❡ 3 W.cm−2✳ ❉✬❛♣rès ❧❡s ❞♦♥♥é❡s ❞❡ ▼❛❝❦❡♥③✐❡ ❬✶✼✸❪ s✉r ❧❛ ❞✐✛✉s✐♦♥ ❞❡ Ag+✱ s♦♥ ❝♦❡✣❝✐❡♥t
❞❡ ❞✐✛✉s✐♦♥ ♣✉r❡♠❡♥t t❤❡r♠✐q✉❡ ♥✬❡st ♣❛s ♥é❣❧✐❣❡❛❜❧❡ à 100✝C✱ t❡♠♣ér❛t✉r❡ ❛tt❡✐♥t❡ ❧♦rs ❞❡
❧✬✐rr❛❞✐❛t✐♦♥ à ❤❛✉t❡ ♣✉✐ss❛♥❝❡ ✭t❛❜❧❡❛✉ ✺✳✹✮✳ ❈❡♣❡♥❞❛♥t ✐❧ r❡st❡ ✐♥❢ér✐❡✉r à ❝❡ q✉✬✐❧ s❡r❛✐t à
✸✵✵✝❈✱ t❡♠♣ér❛t✉r❡ q✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❛tt❡✐♥❞r❡ ♣♦✉r ♦❜s❡r✈❡r ✉♥❡ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts✳
❆✐♥s✐✱ ❧❡s ❡✛❡ts ❞❡ ❞✐✛✉s✐♦♥ ❛❝❝é❧éré❡ ♣❛r ❧❡s ❞é❢❛✉ts ❝réés s♦✉s ❢❛✐s❝❡❛✉ ♣❛rt✐❝✐♣❡♥t ❛✉ss✐ à
❧❛ ❝r♦✐ss❛♥❝❡ à ❢♦rt ❝♦✉r❛♥t ❞✬✐rr❛❞✐❛t✐♦♥✳

❉❛♥s ❧❛ s✉✐t❡ ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❧❡s ✐rr❛❞✐❛t✐♦♥s ❛✈❡❝ ❞❡s ♣✉✐ss❛♥❝❡s ❞✐ss✐♣é❡s ✐♥❢ér✐❡✉r❡s
à 0, 3 W.cm−2✱ ❝❡ q✉✐ ❡st s✉✣s❛♥t ♣♦✉r é✈✐t❡r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ✭❝❡❧❛ ♥✬✐♠♣❧✐q✉❡ ♣❛s ♣♦✉r
❛✉t❛♥t q✉❡ ❧❛ ♠♦❜✐❧✐té ❡st ♥✉❧❧❡ ❧♦rs ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥✮✳



✶✶✹

❋✐❣✳ ✺✳✶✻✿ ❙♣❡❝tr❡s ❞✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞❡ ✈❡rr❡ ❞♦♣é ❡♥ ❛r❣❡♥t 130 appm✱ ❡t ✐rr❛✲
❞✐é ♣❛r ❞❡s ✐♦♥s ❤é❧✐✉♠ ✭1, 6 MeV ✱ 1016 ❛t✴❝♠2✮ à ❞✐✛ér❡♥t❡s ♣✉✐ss❛♥❝❡s ✭✐♥❞✐q✉é❡s
❡♥ W.cm−2✮✳

♣✉✐ss❛♥❝❡ ✭W.cm−2✮ T (✝C) D ✭❝♠2✳s−1✮ ti ✭min✮
0, 3 40 5 · 10−19 140
3 100 3 · 10−16 14

❚❛❜✳ ✺✳✹✿ ❘és✉♠é ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ✐rr❛❞✐❛t✐♦♥s✳ T ❡st ❧❛ t❡♠♣ér❛t✉r❡ ❛t✲
t❡✐♥t❡ ♣❛r ❧✬é❝❤❛♥t✐❧❧♦♥ ❧♦rs ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥✱ t ❧❡ t❡♠♣s ❞✬✐rr❛❞✐❛t✐♦♥✱ ❡t D ❧❡ ❝♦❡❢✲
✜❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ❧✬✐♦♥ Ag+✳
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❉é❝❧❡♥❝❤❡♠❡♥t ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s Br é♥❡r❣ét✐q✉❡s

❱❛❧❡♥t✐♥ ❡t ❛❧✳ ❬✶✷❪ ♦♥t ré❝❡♠♠❡♥t ♠♦♥tré ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❝♦♥trô❧❡r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré✲
❣❛ts ❞❡ Cu ❡t ❞❡ Ni ❡♥ ✐rr❛❞✐❛♥t✱ ❛✈❛♥t r❡❝✉✐t✱ ❛✈❡❝ ❞❡s ✐♦♥s ❧♦✉r❞s é♥❡r❣ét✐q✉❡s ✉♥ ✈❡rr❡
❝♦♥t❡♥❛♥t ✐♥✐t✐❛❧❡♠❡♥t ❧❡ ♠ét❛❧ s♦✉s ❢♦r♠❡ ♦①②❞é❡✳ ❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ♠♦♥tr♦♥s q✉❡
❧✬♦♥ ♣❡✉t ❛✉ss✐ ❝♦♥trô❧❡r ❞❡ ❝❡tt❡ ♠❛♥✐èr❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t✳ ➪ ❧❛ ❞✐✛ér❡♥❝❡
❞❡ ❱❛❧❡♥t✐♥✱ q✉✐ ❛ ♦❜s❡r✈é ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ♣❛r ❍❘❚❊▼✱ ♥♦✉s ✉t✐❧✐s♦♥s ✐❝✐ ❧✬❆❖ ♣♦✉r ♠❡ttr❡
❡♥ é✈✐❞❡♥❝❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬Ag✳

◆♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ✈ér✐✜é q✉❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st ❞é❝❧❡♥❝❤é❡ ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❡ r❡✲
❝✉✐t ❞✬✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ ❞♦♣é ❡♥ ❛r❣❡♥t à 130 appm ❡t ✐rr❛❞✐é ♣❛r Br ✭12 MeV ✱ 1014 at.cm−2✮
♣❡r♠❡t ❞❡ ♣ré❝✐♣✐t❡r ❞❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t✱ ❞ét❡❝tés ♣❛r ❧❡✉r rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❡♥ ❆❖ ✭✜✲
❣✉r❡ ✺✳✶✼✮✳ ▲❛ ♣ré❝✐♣✐t❛t✐♦♥ ❝♦♠♠❡♥❝❡ ✈❡rs 300✝C✱ ❡st ♦♣t✐♠❛❧❡ à 370✝C✱ ♣✉✐s ❧❡s ❛❣ré❣❛ts
s❡ ❞✐ss♦❧✈❡♥t à ❞❡s t❡♠♣ér❛t✉r❡s s✉♣ér✐❡✉r❡s✳ ❈❡tt❡ ❞❡r♥✐èr❡ ♦❜s❡r✈❛t✐♦♥ ❡st s✐♠✐❧❛✐r❡ ❛✉ ❝❛s
❞❡s ✈❡rr❡s ❞♦♣é ❛✉ ❈✉ ✭♦✉ ◆✐✮✱ ❛✐♥s✐ q✉✬❛✉ ❝❛s ❞❡s ✐rr❛❞✐❛t✐♦♥s ♣❛r ❞❡s γ ♣rés❡♥té ❝✐✲❞❡ss✉s✳

❋✐❣✳ ✺✳✶✼✿ ❆❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞✬✉♥ ✈❡rr❡ ❞♦♣é ❡♥ ❛r❣❡♥t à 130 appm ❡t ✐rr❛❞✐é
♣❛r ❞❡s ✐♦♥s ❜r♦♠❡ 12 MeV ✱ 1014 at.cm−2✱ r❡❝✉✐t ❛✉① t❡♠♣ér❛t✉r❡s ✐♥❞✐q✉é❡s✳ ▲❛
❝♦✉r❜❡ ❡♥ ♣♦✐♥t✐❧❧és ❡st ❧✬❛❜s♦r♣t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ ♥♦♥ ✐rr❛❞✐é❡✱ ♣♦✉r ré❢ér❡♥❝❡✳

❉❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧✬♦♥ ♣❡✉t ❛✉ss✐ ❝♦♥trô❧❡r ❧❛ q✉❛♥t✐té
❞❡ ♠ét❛❧ ♣ré❝✐♣✐té❡ à ❧✬❛✐❞❡ ❞❡ ❧❛ ✢✉❡♥❝❡ ❞✬✐rr❛❞✐❛t✐♦♥✱ ❞❡ ♠ê♠❡ q✉❡ ❞❛♥s ❧❡s ✈❡rr❡s ❞♦♣és
❛✉ Cu ✭❡t Ni✮ ✐rr❛❞✐és ♣❛r ❞❡s ✐♦♥s Br✳ ▲❛ ❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t ❡st ♦❜s❡r✈❛❜❧❡
❡♥ ❆❖✱ à tr❛✈❡rs ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❡✉r rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ✭❛♥♥❡①❡ ❇✳✷✳✺✮✳ ▲✬✐♥té❣r❛❧❡
❞❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ q✉❛♥t✐té ❞✬❛r❣❡♥t ♣ré❝✐♣✐té❡✱ ❡t s❛ ❧❛r❣❡✉r ✈❛r✐❡
❡♥ 1/R✳ ▲❛ ✜❣✉r❡ ✺✳✶✽ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥✱ ❛♣rès r❡❝✉✐t à ❧❛ t❡♠✲
♣ér❛t✉r❡ ♦♣t✐♠❛❧❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ✭✜❣✉r❡ ✺✳✶✼✮ ♣♦✉r ♣❧✉s✐❡✉rs ✢✉❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r
Br 12 MeV ❞✬✉♥ ✈❡rr❡ ❞♦♣é ❡♥ ❛r❣❡♥t à 130 appm✳ ❖♥ ♦❜s❡r✈❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛
q✉❛♥t✐té ♣ré❝✐♣✐té❡ ❛✈❡❝ ❧❛ ❞♦s❡ ✭✜❣✉r❡ ✺✳✶✾✮✱ ❝♦♠❜✐♥é❡ à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❧❛
rés♦♥❛♥❝❡ ♣❧❛s♠♦♥✱ ✐✳❡✳ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡ ❞❡s ❛❣ré❣❛ts✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞❡
❧❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡ ♥❡ ♣r❡♥❞ ❝❡♣❡♥❞❛♥t ♣❛s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ♣♦✐ss♦♥♥✐❡♥♥❡✱ ❝♦✉r❜❡ s❡❧♦♥
❧❛q✉❡❧❧❡ ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ❞❡♥s✐té ❞✬❛❣ré❣❛ts ❞❡ Cu ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✢✉❡♥❝❡ ❡st ✐♥t❡r♣rété❡
♣❛r ❱❛❧❡♥t✐♥ ❡t ❛❧✳✳ ▲❡s ❞❡✉① ❡①♣ér✐❡♥❝❡s ♥❡ s♦♥t ♥é❛♥♠♦✐♥s ♣❛s ❡①❛❝t❡♠❡♥t ❝♦♠♣❛r❛❜❧❡✱
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❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧✬❡①♣ér✐❡♥❝❡ ♣rés❡♥t❡ ✐♥tè❣r❡ ❧❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡ ❞❛♥s t♦✉t ❧✬é❝❤❛♥t✐❧❧♦♥
✭q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❝r♦✐ss❛♥❝❡✮ ② ❝♦♠♣r✐s ❧❡s ♣ré❝✐♣✐tés ❞❡ t❛✐❧❧❡s ✐♥❢ér✐❡✉r❡s à
❧❛ ❧✐♠✐t❡ ❞❡ rés♦❧✉t✐♦♥ ❞❡ ❧❛ ▼❊❚ ✭❣râ❝❡ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡✱ ♦♥ ♦❜s❡r✈❡
❧❡s ❛❣ré❣❛ts ❝♦♥t❡♥❛♥t ♣❧✉s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞✬❛t♦♠❡s ❝♦♥tr❡ ❞❡s t❛✐❧❧❡s s✉♣ér✐❡✉r❡s à
q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❡♥ ❍❘▼❊❚✮ ❀ ❛❧♦rs q✉❡ ❧❛ ♠❡s✉r❡ ❞❡ ❱❛❧❡♥t✐♥ ❡t ❛❧ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s
❛❣ré❣❛ts ♦❜s❡r✈❛❜❧❡s ❡♥ ▼❊❚ ❞❛♥s ✉♥❡ ❝♦✉❝❤❡ ❞é❧✐♠✐té❡ ❡t ♣r♦❝❤❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ ✈❡rr❡✳

❋✐❣✳ ✺✳✶✽✿ ❱❡rr❡s ❞♦♣és ❡♥ ❛r❣❡♥t à 130 appm ❡t ✐rr❛❞✐és ♣❛r ❞❡s ✐♦♥s ❜r♦♠❡ à
❞✐✛ér❡♥t❡s ✢✉❡♥❝❡s ❡t r❡❝✉✐ts à 370✝C ♣❡♥❞❛♥t 15 ♠✐♥✉t❡s ✭✢✉❡♥❝❡s ✐♥❞✐q✉é❡s ❡♥
at.cm−2✮✳

◆♦✉s ❛✈♦♥s ♣✉ ❞é♠♦♥tr❡r ❧✬❡✣❝❛❝✐té ❞✉ ♠♦❞❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❞❡s ✐♦♥s
Br à ❞é❝❧❡♥❝❤❡r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ✐♠♣❧❛♥té ❞❡ ❞❡s ✐♦♥s ❛r❣❡♥t
✭480 keV ✱ 1015 cm−2✮ ❞❛♥s ❧❛ ♠❛tr✐❝❡ ❞❡ ✈❡rr❡ s✐❧✐❝❛t❡ ♥♦♥ ❞♦♣é❡ ✭♣❛rt✐❡ ✺✳✶✳✷✮✳ ◆♦✉s s❛✲
✈♦♥s q✉✬✉♥ s✐♠♣❧❡ r❡❝✉✐t t❤❡r♠✐q✉❡ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ❞é❝❧❡♥❝❤❡r ❧❛ ❝r♦✐ss❛♥❝❡✳ P❛r ❝♦♥tr❡✱
❛♣rès ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s Br ✭12 MeV ✱ 1014 cm−2✮ ❡t r❡❝✉✐t à 350✝C✱ ♥♦✉s ❛✈♦♥s
♦❜s❡r✈é ✉♥❡ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❡♥ ❆❖ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t
✭✜❣✉r❡ ✺✳✷✵✮✳ ▲✬❛r❣❡♥t ét❛♥t ✐♠♣❧❛♥té ❡♥tr❡ 50 ❡t 250 nm ❞❡ ♣r♦❢♦♥❞❡✉r✱ ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡
r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ② ❡st ❧❛r❣❡♠❡♥t ♠❛❥♦r✐t❛✐r❡ ✭Se/Sn ≈ 30✮✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s
❞❡ ❝r♦✐ss❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ r❡❝✉✐t s♦♥t t♦✉t à ❢❛✐t ❛♥❛❧♦❣✉❡s à ❝❡ q✉❡ ♥♦✉s
❛✈♦♥s ♦❜s❡r✈é ❞❛♥s ❧❡s ✈❡rr❡s ❞♦♣és à ❧✬❛r❣❡♥t ❞❛♥s ❧❛ ♠❛ss❡ ❛✈❛♥t ❞✬êtr❡ ✐rr❛❞✐és✳ ▲✬é❝❤❛♥✲
t✐❧❧♦♥ ♥♦♥ r❡❝✉✐t ♠❛✐s ✐rr❛❞✐é ♣rés❡♥t❡ ✉♥ ❢♦♥❞ ❞✬❛❜s♦r♣t✐♦♥ ❞✉ ❛✉① ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥ ❞❡
❧❛ ♠❛tr✐❝❡ ✭❞✬❛❧❧✉r❡ ❛♥❛❧♦❣✉❡ à ❝❡❧✉✐ ♦❜s❡r✈é ❡♥ ✜❣✉r❡ ✺✳✷✹✱ ✈♦✐r ♣❧✉s ❧♦✐♥✮✱ ❛✈❡❝ ❡♥ ♣❧✉s ✉♥
♣✐❝ ❞✬❛❜s♦r♣t✐♦♥ à 365 nm✱ ❞♦♥t ♥♦✉s ❛✈♦♥s ✈✉ q✉✬✐❧ ❡st ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥
❞❡ ❧✬✐♦♥ ❛r❣❡♥t ♣rés❡♥t ✐♥✐t✐❛❧❡♠❡♥t ✭♣❛rt✐❡ ✺✳✷ s✉r ❧✬❡✛❡t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ γ✮✳ ❆♣rès ✉♥ r❡❝✉✐t
à 200✝C✱ ❧❡s ❝❡♥tr❡s ❝réés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ♦♥t ❞✐s♣❛r✉s✳ ■❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ q✉❡ ❧✬❛r❣❡♥t s♦✐t
s♦✉s ❢♦r♠❡ ♠♦❧é❝✉❧❛✐r❡✱ à ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s tr♦♣ ❢❛✐❜❧❡s ♣♦✉r êtr❡ ♦❜s❡r✈é✳ ▲♦rsq✉✬♦♥ ❛✉❣✲
♠❡♥t❡ ❡♥❝♦r❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ r❡❝✉✐t✱ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ s❡ ❞é✈❡❧♦♣♣❡✱ ❡t ❧❡ ♠❛①✐♠✉♠
❞❡ q✉❛♥t✐té ♣ré❝✐♣✐té❡ ❡st ❛tt❡✐♥t ♣♦✉r ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ 350✝C✳ ▲♦rsq✉❡ ❧❛ t❡♠♣ér❛t✉r❡
❞❡ r❡❝✉✐t ❡st s✉♣ér✐❡✉r❡✱ ♦♥ ♦❜s❡r✈❡ ✉♥ ♣ré❝✐♣✐t❛t✐♦♥ ♠♦✐♥s ✐♠♣♦rt❛♥t❡✱ ❝♦♠♠❡ ❞❛♥s ❧❡ ✈❡rr❡
❞♦♣é ❞❛♥s ❧❛ ♠❛ss❡ ✐rr❛❞✐é ♣❛r ❞❡ ✐♦♥s Br ✭♦✉ ♣❛r ❞❡s γ✮✳ ◆♦✉s ❛✈♦♥s ❛✉ss✐ ré❛❧✐sé ✉♥❡
❡①♣ér✐❡♥❝❡ ❞✬✐rr❛❞✐❛t✐♦♥ à ❞✐✛ér❡♥t❡s ✢✉❡♥❝❡s s✉r ❝❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ✈❡rr❡s ✐♠♣❧❛♥tés Ag✱



✶✶✼

❋✐❣✳ ✺✳✶✾✿ ◗✉❛♥t✐té ❞✬❛r❣❡♥t ♣ré❝✐♣✐té ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✢✉❡♥❝❡ ♣♦✉r ❞❡s ✐rr❛❞✐❛✲
t✐♦♥s ♣❛r ❞❡s ✐♦♥s Br ❞❡ 12 MeV ✭❝❡r❝❧❡s ♣❧❡✐♥s ❡t ❝❡r❝❧❡s ✈✐❞❡s ✿ ❞❡✉① ❡①♣ér✐❡♥❝❡s
❞✐✛ér❡♥t❡s✮✳

❋✐❣✳ ✺✳✷✵✿ ❆❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞✬✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ ❞♦♣é ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ ❞✬✐♦♥s Ag+

✭480 keV ✱ 1015 cm−2✮✱ ✐rr❛❞✐é ♣❛r ❞❡s ✐♦♥s Br ✭12 MeV ✱ 1014 cm−2✮ ❡t r❡❝✉✐t
❛✉① t❡♠♣ér❛t✉r❡s ✐♥❞✐q✉é❡s✳ ▲❛ ✜❣✉r❡ ❞❡ ❣❛✉❝❤❡ ♣❡r♠❡t ❞❡ r❡♥❞r❡ ♣❧✉s ✈✐s✐❜❧❡ ❧❡s
♣r❡♠✐èr❡s ét❛♣❡s ❞✉ r❡❝✉✐t✳



✶✶✽

♠❛✐s ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ♥❡ s♦♥t ♣❛s s②sté♠❛t✐q✉❡s ✿ ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡
❧❡ ✈❡rr❡ ✐♥✐t✐❛❧ ♥❡ s♦✐t ♣❛s s✉✣s❛♠♠❡♥t ❤♦♠♦❣è♥❡ ♣♦✉r ♠❡♥❡r ❝❡ t②♣❡ ❞✬❡①♣ér✐❡♥❝❡✳

Pré❝✐♣✐t❛t✐♦♥ ❛♣rès ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s He

▲✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❱❛❧❡♥t✐♥ ❡t ❛❧✳ ❬✶✷❪ ❞❡s ❡✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s r❡♣♦s❡♥t s✉r
❧✬❤②♣♦t❤ès❡ q✉❡ s❡✉❧s ❞❡s ❞é♣ôts ❞✬é♥❡r❣✐❡ s✉♣ér✐❡✉rs à q✉❡❧q✉❡s keV.nm−1✱ ♠❡♥❛♥t à ❧❛
❢♦r♠❛t✐♦♥ ❞❡ tr❛❝❡ ✭♣❛rt✐❡ ✸✳✸✮✱ s♦♥t s✉s❝❡♣t✐❜❧❡s ❞✬✐♥❞✉✐r❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❛♣rès r❡❝✉✐t✳ P♦✉r
t❡st❡r ❝❡tt❡ ❤②♣♦t❤ès❡✱ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ❤é❧✐✉♠ ❞❡ 1, 6 MeV ✱
❞♦♥t ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ❡st ❛✉ ♠❛①✐♠✉♠ ❞❡ 0, 3 keV.nm−1✱ ✐✳❡✳ ✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❡♥ ❞❡s✲
s♦✉s ❞✉ s❡✉✐❧ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ tr❛❝❡ ❞❛♥s ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡✳

❋✐❣✳ ✺✳✷✶✿ ❆❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞❡ ✈❡rr❡ ❞♦♣é ❛r❣❡♥t 130 appm✱ ✐rr❛❞✐é ❤é❧✐✉♠
1, 6 MeV à ✉♥❡ ✢✉❡♥❝❡ ❞❡ 1015 at.cm−2 ♥♦♥ r❡❝✉✐t ❡t r❡❝✉✐t ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s
✐♥❞✐q✉é❡s✳ ❖♥ ❛ ❛❥♦✉té ❡♥ ♣♦✐♥t✐❧❧és ❧✬❛❜s♦r♣t✐♦♥ ❞✉ ✈❡rr❡ ♥♦♥ ✐rr❛❞✐é✳

❊♥ ✜❣✉r❡ ✺✳✷✶✱ ♥♦✉s ♦❜s❡r✈♦♥s q✉✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s He+ ✭1, 6 MeV ✮ à ✉♥❡
✢✉❡♥❝❡ ❞❡ 1015 at.cm−2 ✐♥❞✉✐t ✉♥❡ ♣ré❝✐♣✐t❛t✐♦♥ ❝♦♠♣❛r❛❜❧❡ à ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s
Br 12 MeV à ✉♥❡ ✢✉❡♥❝❡ ❞❡ 1013 at.cm−2✱ à tr❛✐t❡♠❡♥t t❤❡r♠✐q✉❡ ✐❞❡♥t✐q✉❡✳ ▲❛ ✜❣✉r❡ ✺✳✷✸
❝♦♠♣❧èt❡ ❧❛ ✜❣✉r❡ ✺✳✶✾ ❛✈❡❝ ❧❡s ♣♦✐♥ts ❛ss♦❝✐és à ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ❤é❧✐✉♠s ✭✜❣✉r❡ ✺✳✷✷✮✳
❈❡tt❡ ❞❡r♥✐èr❡ ❝♦♥trô❧❡ ❞♦♥❝ ❛✉ss✐ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❞❡ ♠❛♥✐èr❡ t♦✉t à ❢❛✐t ❛♥❛✲
❧♦❣✉❡ à ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s Br✱ à ✉♥ ❞é❝❛❧❛❣❡ ❞❡ ❞♦s❡ ♣rès q✉✐ s❡r❛ ❝♦♠♠❡♥té ♣❧✉s ❧♦✐♥✳ P❛r
❛✐❧❧❡✉rs✱ ♦♥ ♦❜s❡r✈❡ ❧❛ s❛t✉r❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞❡ ❧❛ q✉❛♥t✐té ❞✬❛r❣❡♥t ♣ré❝✐♣✐té❡✳ ❉❛♥s ❧❡ ❝❛s ❞✉
Br✱ ♦♥ ❛tt❡✐♥t ❛✐♥s✐ ✉♥❡ q✉❛♥t✐té ♣r♦❥❡té❡ ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡ ✐rr❛❞✐é❡ ❞❡ 3× 1015 Ag.cm−2✱
❝❡ q✉✐ ❡st ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ q✉❛♥t✐té t♦t❛❧❡ ❞✬❛r❣❡♥t ✭3, 9 × 1015 Ag.cm−2✮ ♣rés❡♥t❡
❞❛♥s ❧✬é♣❛✐ss❡✉r ✐rr❛❞✐é❡ t♦t❛❧❡ ✭5 µm✮✳ ➪ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡s ✐rr❛❞✐❛t✐♦♥s γ✱ ✶✵✵ ✪ ❞❡ ❧✬❛r❣❡♥t
♣rés❡♥t ✐♥✐t✐❛❧❡♠❡♥t ❞❛♥s ❧❡ ✈♦❧✉♠❡ ✐rr❛❞✐é ♣❛r ❞❡s ✐♦♥s ♣❡✉t êtr❡ ♣ré❝✐♣✐té✳

❆✐♥s✐✱ ♥♦✉s ♣♦✉✈♦♥s ❣é♥ér❛❧✐s❡r ❧❡ rés✉❧t❛t ♦❜t❡♥✉ ❞❛♥s ❧❡ ❝❛s ❞❡s ✐♦♥s ❧♦✉r❞s ❛✉① ✐r✲
r❛❞✐❛t✐♦♥s ♣❛r ❞❡s ✐♦♥s ❧é❣❡rs✱ ❛✐♥s✐ q✉❡ ♣❛r ❞❡s ♣❤♦t♦♥s ✭♣❛rt✐❡ ✺✳✷✮✳ ❊♥ rés✉♠é✱ t♦✉t❡
r❛❞✐❛t✐♦♥ ✐♦♥✐s❛♥t❡ ✭✐♦♥s✱ ♣❤♦t♦♥s✱ é❧❡❝tr♦♥s✳✳✳✮ ♣❡r♠❡t ✉♥ ❝♦♥trô❧❡✱ ✈✐❛ s❛ ✢✉❡♥❝❡✱ ❞❡ ❧❛



✶✶✾

❋✐❣✳ ✺✳✷✷✿ ❱❡rr❡s ❞♦♣és ❡♥ ❛r❣❡♥t à 130 appm ❡t ✐rr❛❞✐és ♣❛r ❞❡s ✐♦♥s ❤é❧✐✉♠ à
❞✐✛ér❡♥t❡s ✢✉❡♥❝❡s ❡t r❡❝✉✐ts à 370✝C ♣❡♥❞❛♥t 15 ♠✐♥✉t❡s ✭✢✉❡♥❝❡s ✐♥❞✐q✉é❡s ❡♥
at.cm−2✮✳

❋✐❣✳ ✺✳✷✸✿ ◗✉❛♥t✐té ❞✬❛r❣❡♥t ♣ré❝✐♣✐té ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✢✉❡♥❝❡ ♣♦✉r ❞❡s ✐rr❛❞✐❛✲
t✐♦♥s ♣❛r ❞❡s ✐♦♥s Br ❞❡ 12 MeV ✭❝❡r❝❧❡s ♣❧❡✐♥s ❡t ❝❡r❝❧❡s ✈✐❞❡s✱ ❞❡✉① ❡①♣ér✐❡♥❝❡s
❞✐✛ér❡♥t❡s✮ ❡t He ❞❡ 1, 6 MeV ✭❝r♦✐①✮✳



✶✷✵

q✉❛♥t✐té ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ♣ré❝✐♣✐t❛♥t ❞❛♥s ❝❡s ✈❡rr❡s✳ ▲❡ ❝♦♥trô❧❡ ❞❡ ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡ ❞❡s
❛❣ré❣❛ts r❡✈✐❡♥t ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ r❡❝✉✐t ❛♣♣❧✐q✉é❡s ❡♥s✉✐t❡✳ ▲❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ♣r♦❝❡ss✉s
♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❝❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❛✈❛♥❝é❡ ❞❛♥s ❞❛♥s ❧❡ ❝❛s
❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ♣❤♦t♦♥s ✭rés✉❧t❛ts ❞❡ ❧❛ ♣❛rt✐❡ ✺✳✷✮ ✿ ♥♦✉s ❛✈♦♥s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♠✐s
❡♥ é✈✐❞❡♥❝❡ ❧❡ rô❧❡ ❝r✉❝✐❛❧ ❞❡s ❝❤❛r❣❡s ♣✐é❣é❡s ❞❛♥s ❧❡ ♠❛tér✐❛✉ ❧♦rs ❞❡ s♦♥ ✐rr❛❞✐❛t✐♦♥✳ ◆♦✉s
❛❧❧♦♥s ❞♦♥❝ ♥❛t✉r❡❧❧❡♠❡♥t ❛♣♣❧✐q✉❡r ✉♥ t❡❧ s❝❤é♠❛ ❞✬✐♥t❡r♣rét❛t✐♦♥ ♣♦✉r ❡①♣❧✐q✉❡r ❧✬❡✛❡t
❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s✱ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞✉ ❢❛✐t q✉❡ ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ❡st
❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ❧♦rs ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ ✭♣❛rt✐❡ ✸✳✷✳✷✮✳

✺✳✸✳✷ ➱t❛t ❞✉ ✈❡rr❡ ❛♣rès ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s

▲❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ❧♦rs ❞✬✐rr❛❞✐❛t✐♦♥ ❞✬✐♦♥s ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡
❧♦rs ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ ✿ ❝❡❝✐ ❝♦♥❞✉✐t à ♣ré♣❛r❡r ❧❡ ✈❡rr❡ ❞♦♣é ❞❛♥s ✉♥ ét❛t ❞✐✛ér❡♥t✱
q✉❡ ♥♦✉s ♥♦✉s ❡✛♦rç♦♥s ❞❡ ❝❛r❛❝tér✐s❡r ❝✐✲❞❡ss♦✉s✳

◆❡✉tr❛❧✐s❛t✐♦♥ ♣❛r ✐rr❛❞✐❛t✐♦♥

❆♣rès ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ✱ ❧❡s ❡①♣ér✐❡♥❝❡s ❞❡ ❘P❊ ❡t ❞✬❆❖ ♦♥t ❢♦r♠❡❧❧❡♠❡♥t ♠♦♥tré
❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❡ Ag0✳ ◆♦✉s ♠♦♥tr♦♥s ❝✐✲❞❡ss♦✉s q✉✬✐❧ ❡st ♣❧✉s ❞✐✣❝✐❧❡ ❞✬♦❜t❡♥✐r ❧❡ ♠ê♠❡
t②♣❡ ❞✬✐♥❢♦r♠❛t✐♦♥s q✉❛♥t✐t❛t✐✈❡s ❧♦rsq✉✬♦♥ ✉t✐❧✐s❡ ✉♥❡ ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡✳

▲✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s Br ❞❡ 12 MeV ❡t He ❞❡ 1, 6 MeV ♥❡ ♠♦❞✐✜❡ ❧❡ ✈❡rr❡ q✉❡
s✉r ❡♥✈✐r♦♥ 5 µ♠ ❞✬é♣❛✐ss❡✉r✱ s♦✐t ✉♥ ✈♦❧✉♠❡ ✐rr❛❞✐é ✷✵✵ ❢♦✐s ♠♦✐♥s ✐♠♣♦rt❛♥t q✉❡ ❧♦rs ❞❡s
✐rr❛❞✐❛t✐♦♥s γ✳ ❊♥ ❘P❊✱ ❧❡ ❜r✉✐t ❞✉ s♣❡❝tr♦♠ètr❡ ✉t✐❧✐sé ♥❡ ♥♦✉s ❛ ♣❛s ♣❡r♠✐s ❞✬♦❜s❡r✈❡r
✉♥❡ ♥❡✉tr❛❧✐s❛t✐♦♥✱ ♠ê♠❡ t♦t❛❧❡✱ ❞❡ ❧✬❛r❣❡♥t✳ ❊♥ ❡✛❡t ❧❡ r❛♣♣♦rt s✐❣♥❛❧ s✉r ❜r✉✐t ✭❙✴◆✮ ❞✉
♣✐❝ ❞❡ Ag0 ❛♣rès ✐rr❛❞✐❛t✐♦♥ γ à ✉♥❡ ❞♦s❡ ❞❡ 15 kGy ❡t r❡❝✉✐t à ❧✬❛♠❜✐❛♥t❡ ♣❡♥❞❛♥t 30
♠✐♥✉t❡s ✭✜❣✉r❡ ✺✳✹✮ ❡st ❞✬❡♥✈✐r♦♥ ✶✵✳ ▲❛ ♣r♦♣♦rt✐♦♥ ❞❡ Ag+ ♥❡✉tr❛❧✐sé ❛ été é✈❛❧✉é❡ ❞❛♥s
❝❡ ❝❛s à q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♣♦✉r❝❡♥t ✭♣❛rt✐❡ ✺✳✷✳✷ ❡t ✜❣✉r❡ ✺✳✼✮✳ ❆♣rès ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s
✐♦♥s✱ ❧❡ s✐❣♥❛❧ s❡r❛ ✷✵✵ ❢♦✐s ♣❧✉s ❢❛✐❜❧❡ ❡t ❞♦♥❝ ♥♦②é ❞❛♥s ❧❡ ❜r✉✐t✱ ♠ê♠❡ s✐ ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥
❡st t♦t❛❧❡✳

❋✐❣✳ ✺✳✷✹✿ ❆❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❞❡ ✈❡rr❡s ❞♦♣és ❡♥ ❛r❣❡♥t à 130 appm✱ ❡t ✐rr❛❞✐és à
❞✐✛ér❡♥t❡s ✢✉❡♥❝❡s ✭✐♥❞✐q✉é❡s ❡♥ at.cm−2 ✭❛✮ Br 12 MeV ✱ ✭❜✮ He 1, 6 MeV ✳

❊♥ ❆❖✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ♠♦♥té❡ ❞❡ ❧❛ ❧✐❣♥❡ ❞❡ ❜❛s❡ ❡♥tr❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✐rr❛❞✐é ❡t ❧❡ ♥♦♥
✐rr❛❞✐é ✭✜❣✉r❡ ✺✳✷✹✮✱ ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ 350 − 700 nm q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉①



✶✷✶

❝♦♥tr✐❜✉t✐♦♥s ❞❡s ◆❇❖❍❈ ✭λ = 420 nm✮✱ ❞❡s é❧❡❝tr♦♥s ♣✐é❣és ✭λ = 300 nm✮ ❡t à Ag0

✭λ = 345 nm✮✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❛❜s❡♥❝❡ ❞❡ str✉❝t✉r❛t✐♦♥ ❞❡ ❝❡tt❡ ♠♦♥té❡ ❞❡ ❞é❢❛✉ts ❡♠♣ê❝❤❡
❧❡✉r q✉❛♥t✐✜❝❛t✐♦♥✳ ▲✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ❡st ❞❡ 10−2✱ s♦✐t
✉♥❡ ❛❜s♦r❜❛♥❝❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 10−2/5 µm ≈ 20 cm−1✱ ❝♦♠♣❛r❛❜❧❡ ❛✉① 15 cm−1 tr♦✉✈és ❞❛♥s
❧❡ ❝❛s ❞✬✐rr❛❞✐❛t✐♦♥ γ ✭♣✳✶✵✶✮✱ ❝❡s ❞❡r♥✐❡rs ❝♦rr❡s♣♦♥❞❛♥t à ❡♥✈✐r♦♥ ✶✵ ✪ ❞✬❛r❣❡♥t ♥❡✉tr❛❧✐sé✳
❆✐♥s✐ ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ♣❛r ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ ❡st à ♣❡✉ ♣rès ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ♦❜t❡♥✉❡
❛♣rès ✐rr❛❞✐❛t✐♦♥ γ✳ ▲❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ♣❛r ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ ❡st ❝♦♥✜r♠é❡ ♣❛r
❆r♥♦❧❞ ❬✶✹✷❪ ♣❛r ♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡ ❞❡ Ag0 ❞❛♥s ✉♥ ✈❡rr❡ ♣❤♦s♣❤❛t❡ très
❝♦♥❝❡♥tré ❡♥ ❛r❣❡♥t ✭✶✵✵ ❢♦✐s ♣❧✉s q✉❡ ❧❡ ♥♦tr❡✮ ❡t ✐rr❛❞✐é ♣❛r ❞✐✛ér❡♥ts ✐♦♥s ✭H+✱ He+ ❡t O+

❞✬é♥❡r❣✐❡s r❡s♣❡❝t✐✈❡s 200✱ 400 ❡t 400 keV ✮✳ ■❧ ♦❜s❡r✈❡ ✉♥❡ ♣r♦♣♦rt✐♦♥♥❛❧✐té ❡♥tr❡ ❧❛ q✉❛♥t✐té
❞❡ Ag0 à ✉♥❡ ♣r♦❢♦♥❞❡✉r ❞♦♥♥é❡ ❡t ❧❡ ❞é♣ôt ❞✬é♥❡r❣✐❡ é❧❡❝tr♦♥✐q✉❡ ❝♦rr❡s♣♦♥❞❛♥t✳ ▲❡s ✐♦♥s
✉t✐❧✐sés ♣❡r❞❛♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t ❧❡✉r é♥❡r❣✐❡ s♦✉s ❢♦r♠❡ ❞❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✱ ✐❧ ❡st
❞✐✣❝✐❧❡ ❞❡ ❝♦♥❝❧✉r❡ s✉r ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❛♥s ✉♥❡ ré❣✐♦♥ ♦ù ❧❡ r❛❧❡♥t✐ss❡♠❡♥t
♥✉❝❧é❛✐r❡ s❡r❛✐t ❞♦♠✐♥❛♥t ✭♣❛r ❡①❡♠♣❧❡ ❡♥ ✜♥ ❞❡ ♣❛r❝♦✉rs ❞❡ Br✮✳

❘❡♠❛rq✉♦♥s ✐❝✐ q✉❡ ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ❛✉① ✐♦♥s ❞é♣❡♥❞ ❞❡s
❝❛r❛❝tér✐st✐q✉❡s ❞✉ ✈❡rr❡ ✭❝♦♠♣♦s✐t✐♦♥✱ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡✳✳✳✮✱ ❡t ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥
❛r❣❡♥t✳ ❈❡❝✐ ❡st ❜✐❡♥ ✐❧❧✉stré ♣❛r ❧✬❡①♣ér✐❡♥❝❡ ❝♦♥s✐st❛♥t à ❞♦♣❡r ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ ❞❡ ré❢ér❡♥❝❡
♣❛r ✐♠♣❧❛♥t❛t✐♦♥ ❞✬✐♦♥s ❛r❣❡♥t ✭♣❛rt✐❡ ✺✳✸✳✶✮✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ ♣r♦♣♦rt✐♦♥ ❞✬❛r❣❡♥t ♥❡✉tr❛❧✐sé
❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❡ ✈❡rr❡ ❡st ❞♦♣é ❞❛♥s ❧❛ ♠❛ss❡✳ ❈❡❧❛ ♣❡✉t
êtr❡ ❞✉ à ❧❛ ♣❧✉s ❢♦rt❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬❛r❣❡♥t ❛✉ s❡✐♥ ❞✉ ♣r♦✜❧ ✐♠♣❧❛♥té ✭> 1000 appm ❝♦♥tr❡
< 100 appm ♣♦✉r ❧❡ ✈❡rr❡ ❞♦♣é ❞❛♥s ❧❛ ♠❛ss❡✮✱ ♦✉ ❜✐❡♥ à ❞❡s ❡✛❡ts ❞✬✐♠♣❧❛♥t❛t✐♦♥✳

◆❛t✉r❡ ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥

▲❡s é❧❡❝tr♦♥s ❡t ❧❡s tr♦✉s ♣r♦❞✉✐ts ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ♣❡✉✈❡♥t ❛✉ss✐ s❡ ♣✐é❣❡r
s✉r ❧❡ rés❡❛✉ ✈✐tr❡✉①✱ ❝♦♠♠❡ ❡♥ té♠♦✐❣♥❡ ❧❛ ❢♦r♠❛t✐♦♥ ♣r♦❜❛❜❧❡ ❞❡ ◆❇❖❍❈ ❡♥ ❆❖ ✭✜❣✉r❡
✺✳✷✹✮✳ ▲❡s ◆❇❖❍❈ s♦♥t ❢♦r♠és ❡♥ q✉❛♥t✐té ❝♦♠♣❛r❛❜❧❡ ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ γ✳ ❊♥ ❡✛❡t✱ ❧❡s ♦r❞r❡s
❞❡ ❣r❛♥❞❡✉rs s♦♥t ❧❡s ♠ê♠❡s q✉❡ ♣♦✉r Ag0 ✿ ❧❡✉r ❛❜s♦r♣t✐♦♥ t②♣✐q✉❡ ✭✈❡rs 500 nm✮ ❡st ❞❡
5 × 10−2✱ ❡t ❝♦♥❝❡r♥❡ ✉♥ ✐♥t❡r✈❛❧❧❡ ❞❡ ♣r♦❢♦♥❞❡✉r ❞❡ ❧✬♦r❞r❡ ❞❡ 5 µm s♦✐t ✉♥❡ ❛❜s♦r❜❛♥❝❡
❞❡ ❧✬♦r❞r❡ ❞❡ 10 cm−1✱ s✉♣ér✐❡✉r❡ ❞✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r à ❧❛ ✈❛❧❡✉r tr♦✉✈é❡ ❞❛♥s ❧❡ ❝❛s
❞❡s γ ✭t❛❜❧❡❛✉ ✺✳✷✮✳ ■❧ ❡st ❞✐✣❝✐❧❡ ❞✬♦❜t❡♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ✜❛❜❧❡s s✉r ❧❡s ❛✉tr❡s t②♣❡s ❞❡
❞é❢❛✉ts ❡♥ ❆❖ à ❝❛✉s❡ ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❜r✉t❛❧❡ ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ ♣♦✉r ❞❡s
❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ✐♥❢ér✐❡✉r❡s à 300 nm✳ P❛r ❝♦♥tr❡✱ ♦♥ ♦❜s❡r✈❡ ❡♥ ❘P❊ ✭✜❣✉r❡ ✺✳✷✺✮ ♥♦♥ ♣❧✉s
s❡✉❧❡♠❡♥t ❞❡s ◆❇❖❍❈ ✭g = 2, 008✮ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡s γ ♠❛✐s ❛✉ss✐ ❞❡s ❊✬ ✭g = 2, 0008✮✳
❖♥ ✈ér✐✜❡ q✉❡ ❧✬✐♥t❡♥s✐té ❞✉ ♣✐❝ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ◆❇❖❍❈ ❡st ❞❛♥s ❧❡ r❛♣♣♦rt ✷✵✵ ❞❡s
é♣❛✐ss❡✉rs ✐rr❛❞✐é❡s ❡♥tr❡ ❧❡s ✐♦♥s ✭s✐❣♥❛❧ ❞❡ ❧✬♦r❞r❡ ❞❡ 2× 10−2✱ é♣❛✐ss❡✉r ✐rr❛❞✐é❡ ❞❡ 5 µm✮
❡t ❧❡s γ ✭s✐❣♥❛❧ ❞❡ ❧✬♦r❞r❡ ❞❡ 6✱ é♣❛✐ss❡✉r ✐rr❛❞✐é❡ ❞❡ 1 mm✮✳ ▲❡ ❢❛✐t q✉❡ ❧❡ s✐❣♥❛❧ ❞❡s ❊✬
s♦✐t ♠❛✐♥t❡♥❛♥t ✈✐s✐❜❧❡ s✐❣♥✐✜❡ q✉❡ ❧❡✉r ❢♦r♠❛t✐♦♥ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❡✣❝❛❝❡ ♣❛r ✐rr❛❞✐❛t✐♦♥
✐♦♥✐q✉❡ q✉❡ ♣❛r ✐rr❛❞✐❛t✐♦♥ γ✳ ◆♦✉s ❛✈♦♥s ❡♥ ❡✛❡t ✈✉ ❡♥ ♣❛rt✐❡ ✸✳✹✳✸ q✉❡ ❧❡ r❛❧❡♥t✐ss❡♠❡♥t
❞❡s ✐♦♥s ❞❛♥s ❧❛ ♠❛t✐èr❡ s❡ ❢❛✐t à ❞❡ très ❣r❛♥❞❡s ❞❡♥s✐tés ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡✱ ❝❡ q✉✐ ❢❛✈♦r✐s❡
❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣❛✐r❡s ❞❡ ❋r❡♥❦❡❧ ❡♥ ♦①②❣è♥❡✱ ❛✈❡❝ ♣✐é❣❡❛❣❡ ❞✬é❧❡❝tr♦♥s s♦✉s ❢♦r♠❡ ❞❡ ❊✬ ✭❡t
B2✮ ❡t ❞❡ tr♦✉s s♦✉s ❢♦r♠❡ ❞❡ P❖❘ ❡t ❞❡ O2✳

◆♦✉s ❛✈♦♥s ♣✉ s✉✐✈r❡ ❧❡ r❡❝✉✐t ❞❡s ❊✬ ❡t ◆❇❖❍❈ ♦❜s❡r✈és ❡♥ ❘P❊✳ ❈❡s ❞é❢❛✉ts s❡ r❡✲
❝♦♠❜✐♥❡♥t ❞❛♥s ✉♥❡ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡ ❝♦♠♣r✐s❡ ❡♥tr❡ 100✝C ❡t 250✝C✱ t❡♠♣ér❛t✉r❡
❛✉✲❞❡ss✉s ❞❡ ❧❛q✉❡❧❧❡ ✐❧s ♥❡ s♦♥t ♣❧✉s ♦❜s❡r✈❛❜❧❡s ❡♥ ❘P❊ ✭✜❣✉r❡ ✺✳✷✻✮✳ ❈❡s t❡♠♣ér❛t✉r❡s ❞❡
r❡❝✉✐t s♦♥t s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ♦❜s❡r✈és ❞❛♥s ❧❡ ❝❛s ❞❡s ❞é❢❛✉ts ❢♦r♠és ♣❛r ✐rr❛❞✐❛t✐♦♥ γ✳



✶✷✷

❋✐❣✳ ✺✳✷✺✿ ❙♣❡❝tr❡ ❘P❊ ❞✬é❝❤❛♥t✐❧❧♦♥s ❞❡ ✈❡rr❡ ❞♦♣é à ❧✬❛r❣❡♥t ❡t ✐rr❛❞✐és ♣❛r ❞❡s
✐♦♥s Br 12 MeV à ✉♥❡ ✢✉❡♥❝❡ ❞❡ 1014 at.cm−2 ❡t He 1, 6 MeV à ✉♥❡ ✢✉❡♥❝❡ ❞❡
1015 at.cm−2✳

❋✐❣✳ ✺✳✷✻✿ ❙♣❡❝tr❡ ❘P❊ ❞✬é❝❤❛♥t✐❧❧♦♥s ❞♦♣és ❡♥ ❛r❣❡♥t à 65 appm✱ ❡t ✐rr❛❞✐és ♣❛r
❞❡s ✐♦♥s ❤é❧✐✉♠ à ✉♥❡ ✢✉❡♥❝❡ ❞❡ 1015 at.cm−2 ❡t r❡❝✉✐ts ❛✉① t❡♠♣ér❛t✉r❡s ✐♥❞✐q✉é❡s✳



✶✷✸

✺✳✸✳✸ ❊✛❡t ❞❡ ❧❛ ❉❊❉ s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥

▲❡s rés✉❧t❛ts ♣ré❝é❞❡♥ts ✐♥❞✐q✉❡♥t q✉❡ ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ❉❊❉ ❝♦♥❞✉✐s❡♥t à ✿ ✭✐✮ ❞❡s ✈❛✲
r✐❛t✐♦♥s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞é❢❛✉ts✱ q✉✐ ❧✉✐ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ✭♣❛rt✐❡ ✸✳✹✳✸✮ à ♣❛rt✐❝✉❧❡
✐♦♥✐s❛♥t❡ ✐❞❡♥t✐q✉❡ ❡♥✈♦②é❡ à ❞❡s ✢✉❡♥❝❡s ✈❛r✐❛❜❧❡s ❀ ✭✐✐✮ ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♥❛t✉r❡ ❞❡ ❞é✲
❢❛✉ts✳ ❈❡❝✐ ♣❡r♠❡t ❞✬✐♥t❡r♣rét❡r ♥♦s ♦❜s❡r✈❛t✐♦♥s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ✐♥❞✉✐t❡ ♣❛r ❞✐✛ér❡♥ts
t②♣❡s ❞❡ r❛②♦♥♥❡♠❡♥t✳

▲✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ❝♦♥❞✉✐t à ❞❡s ♣r♦♣♦rt✐♦♥s ❞❡ ❞é❢❛✉ts ❞✐✛ér❡♥t❡s ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥
♣❛r ❞❡s γ✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ♣r♦♣♦rt✐♦♥s ❞✬é❧❡❝tr♦♥s ♣✐é❣és s♦✉s ❢♦r♠❡ ❞❡ ❊✬ ❡st ♣❧✉s ✐♠♣♦r✲
t❛♥t❡✳ ❉✉ ❢❛✐t ❞❡ ❧❛ ♣❧✉s ❣r❛♥❞❡ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡✱ ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ♣ré♣❛r❡
❞♦♥❝ ❧❡ s②stè♠❡ ❞❛♥s ✉♥ ét❛t ♣❧✉s ré❞✉❝t❡✉r q✉❡ ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ✳ ❊t ❧✬♦♥ ❝♦♠♣r❡♥❞
♠❛✐♥t❡♥❛♥t ♣♦✉rq✉♦✐ t♦✉t ❧✬❛r❣❡♥t ❝♦♥t❡♥✉ ❞❛♥s ❧❛ ③♦♥❡ ✐rr❛❞✐é❡ ♣❛r ❞❡s ✐♦♥s ♣❡✉t s❡ r❡tr♦✉✲
✈❡r s♦✉s ❢♦r♠❡ ❞✬❛❣ré❣❛ts ✭✜❣✉r❡ ✺✳✷✸ ❡t r❡♠❛rq✉❡ ♣✳✶✶✽✮✱ ♠ê♠❡ s✐ ✐❧ ♥✬❡st ♣❛s ♥❡✉tr❛❧✐sé
t♦t❛❧❡♠❡♥t ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥✳ ❆✉ ❝♦♥tr❛✐r❡ ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ γ✱ ♦ù ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ◆❇❖❍❈
♦①②❞❛♥t ❡st ♣❧✉s ✐♠♣♦rt❛♥t❡s✱ r❡♥❞❛♥t ✐♠♣♦ss✐❜❧❡ ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ♣❛r r❡❝♦♠❜✐♥❛✐s♦♥ ❧♦rs
❞✉ r❡❝✉✐t✱ ❡t ❞♦♥❝ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞✬❛r❣❡♥t ♥❡✉tr❛❧✐sé✳

❙✐ ♥♦✉s ❝♦♠♣❛r♦♥s ♠❛✐♥t❡♥❛♥t ❧✬❡✛❡t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r Br ❛✈❡❝ ❝❡❧✉✐ ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥
♣❛rHe✱ ♥♦✉s ♦❜s❡r✈♦♥s ✉♥ ❞é❝❛❧❛❣❡ s②sté♠❛t✐q✉❡ ❡♥tr❡ ❧❡s ❝♦✉r❜❡s ❞✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té
♣ré❝✐♣✐té❡ ✭✜❣✉r❡ ✺✳✷✸✮✳ ❯♥❡ ♣ré❝✐♣✐t❛t✐♦♥ éq✉✐✈❛❧❡♥t❡ ❡st ♦❜t❡♥✉❡ ❛✈❡❝ ✉♥❡ ✢✉❡♥❝❡ ❞✬✐rr❛❞✐❛✲
t✐♦♥ ✶✵✵ ❢♦✐s ♣❧✉s ❢❛✐❜❧❡ ❞❡ Br q✉❡ ❞❡ He✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞✬❛r❣❡♥t ♣ré❝✐♣✐té❡
❛✈❡❝ ❧❛ ✢✉❡♥❝❡ ❞✬✐rr❛❞✐❛t✐♦♥ ❛ ❧✐❡✉ ❛✉✲❞❡ss✉s ❞✬✉♥❡ ❝❡rt❛✐♥❡ ✢✉❡♥❝❡ ♠✐♥✐♠❛❧❡ ✭1011 at.cm−2

♣♦✉r ❧❡ ❜r♦♠❡ ❡t 1013 at.cm−2 ♣♦✉r ❧✬❤é❧✐✉♠✮✳ ❈❡ ❞é❝❛❧❛❣❡ s❡ r❡tr♦✉✈❡ ❛✉ss✐ ❧♦rs ❞❡ ❧❛ ❢♦r♠❛✲
t✐♦♥ ❞❡ ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥✱ ♣❛r ❡①❡♠♣❧❡ ♦❜s❡r✈é❡ ❡♥ ❆❖ ✭✜❣✉r❡ ✺✳✷✹✮✱ ❝❡ q✉✐ s♦✉t✐❡♥t ♥♦tr❡
✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❞é❢❛✉ts ❞❛♥s ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r ✐rr❛❞✐❛t✐♦♥ ♣❛r
❞❡s ✐♦♥s✳

▲❛ ♣❧✉s ❢♦rt❡ ❉❊❉ ❡♥tr❡ ❧✬✐rr❛❞✐❛t✐♦♥ ❞❡ Br ❡t ❝❡❧❧❡ ❞❡ He ❡①♣❧✐q✉❡ ❛✉ss✐ q✉❛♥t✐t❛t✐✈❡✲
♠❡♥t ❧❡ ❞é❝❛❧❛❣❡ ❞❡ ✢✉❡♥❝❡ ♦❜s❡r✈é✳ ▲❡s ✐♦♥s Br ✭12 MeV ✮ ❡t He ✭1, 6 MeV ✮ s✬✐♠♣❧❛♥t❡♥t
à ❧❛ ♠ê♠❡ ♣r♦❢♦♥❞❡✉r✱ ❞❡ ❧✬♦r❞r❡ ❞❡ 5 µm✳ ▲❡✉r ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❧✐♥é❛✐r❡ ♠♦②❡♥♥❡ s❡r♦♥t r❡s✲
♣❡❝t✐✈❡♠❡♥t ✿ 2, 4 keV.nm−1 ❡t 0, 3 keV.nm−1✳ ❈❡tt❡ é♥❡r❣✐❡ ❡st ♣❡r❞✉❡ ❡♥ ❣r❛♥❞❡ ♠❛❥♦r✐té
♣❛r r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡✳ ❉✬❛♣rès ✉♥ ❝❛❧❝✉❧ ❝✐♥é♠❛t✐q✉❡ ✭♣❛rt✐❡ ✸✳✷✳✷✮✱ ❧❡ tr❛♥s❢❡rt
❞✬é♥❡r❣✐❡ ❛✉① é❧❡❝tr♦♥s ❞❡ ❧❛ ❝✐❜❧❡ ♣❡✉t êtr❡ ♣❧✉s ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡ He q✉❡ ❞❛♥s ❝❡❧✉✐
❞❡ Br✳ ❆✐♥s✐ ❧❛ ❞❡♥s✐té ❧✐♥é❛✐r❡ ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ❞♦♥♥é❡ ❝✐✲❞❡ss✉s s❡r❛ ❞✐❧✉é❡ ❞❛♥s ✉♥ ✈♦✲
❧✉♠❡ ♣❧✉s ❣r❛♥❞ ♣♦✉r He q✉❡ ♣♦✉r Br✳ ❊♥ r❡♣r❡♥❛♥t ❧❡s ✈❛❧❡✉rs ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ♠♦②❡♥♥❡
tr❛♥s❢éré❡ ❛✉① é❧❡❝tr♦♥s ❝❛❧❝✉❧é❡ ❡♥ ♣❛rt✐❡ ✸✳✷✳✷✱ ✭T (Br) ≈ 150 eV ❡t T (He) ≈ 200 eV ✮✱ ❝❡❧❛
❞♦♥♥❡ ✉♥ ✈♦❧✉♠❡ ❞❡ ❞é♣ôt ✸ ❢♦✐s ♣❧✉s ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡ He q✉❡ ❞❡ Br✱ s♦✐t ✜♥❛❧❡✲
♠❡♥t ✉♥❡ ❞❡♥s✐té ✈♦❧✉♠✐q✉❡ ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ✷✺ ❢♦✐s ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ ❝❛s ❞❡ Br✳
P❛r ❛✐❧❧❡✉rs✱ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❉❊❉ ❡♥tr❡ Br ❡t He ✐♥❞✉✐t ♥♦♥ s❡✉❧❡♠❡♥t ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛
q✉❛♥t✐té ❞❡ ❞é❢❛✉ts ❝réés ♠❛✐s ❛✉ss✐ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧❡✉r ♣r♦♣♦rt✐♦♥s r❡s♣❡❝t✐✈❡s ✭✜❣✉r❡
✺✳✷✺✮ ✿ ❡♥ ♣❛ss❛♥t ❞✬✉♥ ❜r♦♠❡ ✭12 MeV ✮ à ✉♥ ❤é❧✐✉♠ ✭1, 6 MeV ✮ ❧❡ r❛♣♣♦rt ◆❇❖❍❈✴❊✬
❛✉❣♠❡♥t❡ ❞❡ ✷✵ ✪✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❧❡ ✈❡rr❡ ✐rr❛❞✐é ♣❛r He ❡st ♣r♦❜❛❜❧❡♠❡♥t ♣❧✉s ♦①②❞❛♥t
q✉❡ ❝❡❧✉✐ ✐rr❛❞✐é ♣❛r Br✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ♣❡✉t ❡①♣❧✐q✉❡r q✉✬✐❧ ❢❛✐❧❧❡✱ à ❧❛ ❉❊❉ ♣rès✱ ✉♥❡
✢✉❡♥❝❡ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❡ He ♣♦✉r ❛tt❡✐♥❞r❡ ❧❡ ♠ê♠❡ st❛❞❡ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ q✉✬❛✈❡❝ ✉♥❡
✐rr❛❞✐❛t✐♦♥ ♣❛r ❧❡ ❜r♦♠❡✳ ❈❡tt❡ t❡♥❞❛♥❝❡ à ❧❛ ❢♦r♠❛t✐♦♥ ♣❧✉s ❡✣❝❛❝❡ ❞❡ ❞é❢❛✉ts ♦①②❞❛♥ts
❛✈❡❝ ❧❛ ❜❛✐ss❡ ❞❡ ❧❛ ❉❊❉ ❡st ❝♦♥✜r♠é❡ ♣❛r ❧❡s ❡①♣ér✐❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ γ ✿ ❧❛ ❉❊❉ ② ❡st 104

à 105 ❢♦✐s ♣❧✉s ❢❛✐❜❧❡✱ ❡t ♦♥ ♥✬♦❜s❡r✈❡ ♣❧✉s q✉❡ ❞❡s ◆❇❖❍❈✳



✶✷✹

✺✳✸✳✹ ❉②♥❛♠✐q✉❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥

➪ ❧❛ ❧✉♠✐èr❡ ❞❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❡①♣ér✐❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ❞✬✐♦♥s à tr❛✈❡rs ❧❡ rô❧❡ ❞❡s
❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥✱ ♥♦✉s ♣♦✉✈♦♥s ♠❛✐♥t❡♥❛♥t ❝♦♠♠❡♥t❡r ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡
❡♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡✳ ▲❡s ✜❣✉r❡s ✺✳✶✽ ❡t ✺✳✷✷ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥✱
❛♣rès r❡❝✉✐t ♣♦✉r ♣❧✉s✐❡✉rs ✢✉❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s Br 12 MeV ❡t He 1, 6 MeV
❞✬✉♥ ✈❡rr❡ ❞♦♣é ❡♥ ❛r❣❡♥t à 130 appm✳ P♦✉r ❝❡s ❞❡✉① ✐♦♥s✱ ♦♥ ♦❜s❡r✈❡ ✭✐✮ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡ ❧❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡ ❛✈❡❝ ❧❛ ❞♦s❡ ✭✜❣✉r❡ ✺✳✷✸✮✱ q✉❡ ♥♦✉s ❛ttr✐❜✉♦♥s à ❧✬❛✉❣♠❡♥t❛t✐♦♥
❞❡ ❧❛ ♥❡✉tr❛❧✐s❛t✐♦♥ ✴ ❝ré❛t✐♦♥ ❞❡ ❞é❢❛✉ts ré❞✉❝t❡✉rs ❛✈❡❝ ❧❛ ✢✉❡♥❝❡ ❞✬✐rr❛❞✐❛t✐♦♥ ❀ ✭✐✐✮ ✉♥❡
❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥✱ ✐✳❡✳ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡
❞❡s ❛❣ré❣❛ts✳

❆✜♥ ❞✬❡①♣❧✐q✉❡r ❝❡tt❡ ❞❡r♥✐èr❡ ♦❜s❡r✈❛t✐♦♥✱ r❡♠❛rq✉♦♥s ❞✬❛❜♦r❞ q✉❡ ❧✬♦♥ ❞✐st✐♥❣✉❡ ❣é✲
♥ér❛❧❡♠❡♥t ❞❡✉① t②♣❡s ❞✐st✐♥❝ts ❞❡ ♠é❝❛♥✐s♠❡s ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥✱
s✉✐✈❛♥t ❧❡✉r ♠♦❜✐❧✐té ✿ s✐ ❝❡s ❞❡r♥✐❡rs ❞✐✛✉s❡♥t r❛♣✐❞❡♠❡♥t✱ ♦♥ ♣❡r❞ très ✈✐t❡ t♦✉t❡ ♠é♠♦✐r❡
❞❡ ❧❛ t♦♣♦❧♦❣✐❡ ❞✉ ❞é♣ôt ❞✬é♥❡r❣✐❡ ❡t ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ s❡ ❢❛✐t ❞❡ ♠❛♥✐èr❡ ❤♦♠♦❣è♥❡ ❀ ♣❛r
❝♦♥tr❡✱ s✐ ❧❡✉r ❞✐✛✉s✐♦♥ ❡st très ❧❡♥t❡✱ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ ✈❛ s❡ ❞ér♦✉❧❡r à ❧✬✐♥tér✐❡✉r ❞❡s tr❛❝❡s
❞✬✐rr❛❞✐❛t✐♦♥ ✭♣r♦❝❡ss✉s ✐♥tr❛✲tr❛❝❡✱ ✐♥❤♦♠♦❣è♥❡✮✳ ❙✐ ❧✬❡✛❡t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ r❡st❛✐t ❝♦♥✜♥é
❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞❡ ✈❡rr❡ ✐rr❛❞✐é ♣❛r ❝❤❛q✉❡ ✐♦♥ ✐♥❝✐❞❡♥t ✭r❡❝♦♠❜✐♥❛✐s♦♥ ✐♥❤♦♠♦❣è♥❡✮✱ ♦♥ ♥❡
❞❡✈r❛✐t ♣❛s ♦❜s❡r✈❡r ❞❡ ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡ ❞❡s ❛❣ré❣❛ts ❛✈❡❝ ❧❛ ✢✉❡♥❝❡✱ ♠❛✐s
s❡✉❧❡♠❡♥t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡ à ♠❡s✉r❡ q✉❡ ❧✬✐rr❛❞✐❛t✐♦♥ ♠♦❞✐✜❡ ❧❡
♠❛tér✐❛✉✱ ❝❡ q✉✐ ♥✬❡st ♣❛s ❧❡ ❝❛s✳ ▲❛ ❣r❛♥❞❡ ♠♦❜✐❧✐té ❞❡ ❧✬❛r❣❡♥t à ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ r❡❝✉✐t
✉t✐❧✐sé❡ ✭370✝C✱ ✈♦✐r ✜❣✉r❡ ✺✳✶✮ ❡st ♣r♦❜❛❜❧❡♠❡♥t r❡s♣♦♥s❛❜❧❡ ❞✉ ❝❛r❛❝tèr❡ ❤♦♠♦❣è♥❡ ❞❡ ❧❛
❝r♦✐ss❛♥❝❡ ♦❜s❡r✈é❡✳ ■❧ ❡st ❡♥ r❡✈❛♥❝❤❡ ✐♠♣♦ss✐❜❧❡ ❞❡ ❝♦♥❝❧✉r❡ s✉r ❧❛ ♥❛t✉r❡ ❤♦♠♦❣è♥❡ ♦✉
✐♥❤♦♠♦❣è♥❡ ❞✉ ♣r♦❝❡ss✉s ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❛✉tr❡s ❞é❢❛✉ts ❞✬✐rr❛❞✐❛t✐♦♥✱ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡
❞♦♥♥é❡s s✉r ❧❡✉r ♠♦❜✐❧✐té✳

▲❡s ❝♦♥s✐❞ér❛t✐♦♥s ❞é✈❡❧♦♣♣é❡s ❝✐✲❞❡ss✉s ♥❡ ❝♦♥❝❡r♥❡♥t q✉❡ ❧❡ ré❣✐♠❡ ❞❡ ✢✉❡♥❝❡ ♦ù ❧❡s
tr❛❝❡s ❞❡s ✐♦♥s s♦♥t ✐♥❞é♣❡♥❞❛♥t❡s✳ ▲❛ ❞✐st❛♥❝❡ r❛❞✐❛❧❡ ♠♦②❡♥♥❡ ❞❡ ♣❛r❝♦✉rs ❞❡s é❧❡❝✲
tr♦♥s ét❛♥t ❞✬❡♥✈✐r♦♥ 1 nm ✭♣❛rt✐❡ ✸✳✷✳✷✮✱ ❝❡❧❛ ❝♦rr❡s♣♦♥❞ à ❞❡s ✢✉❡♥❝❡s ✐♥❢ér✐❡✉r❡s à
3 × 1013 at.cm−2✱ q✉❡ ❝❡ s♦✐t ♣♦✉r Br ❝♦♠♠❡ ♣♦✉r He✳ P♦✉r ❞❡s ✢✉❡♥❝❡s s✉♣ér✐❡✉r❡s✱
❧❡s tr❛❝❡s s❡ r❡❝♦✉✈r❡♥t ♣r♦❣r❡ss✐✈❡♠❡♥t ❡t ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ s❡ ❢❛✐t ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s
q✉❛s✐✲❤♦♠♦❣è♥❡s✳

✺✳✸✳✺ ◗✉❡st✐♦♥ ❞❡ ❧✬❡✛❡t ❞❡ ❧❛ ♥❛t✉r❡ ❞✉ r❛❧❡♥t✐ss❡♠❡♥t

▲❡s ❡①♣ér✐❡♥❝❡s ❞✬❆❖ r❡♥s❡✐❣♥❡♥t s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ t♦t❛❧❡ ❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ♥❡
❞♦♥♥❡♥t ❞♦♥❝ ❛✉❝✉♥❡ ✐♥❞✐❝❛t✐♦♥ s✉r s❛ ré♣❛rt✐t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ♣é♥é✲
tr❛t✐♦♥ ❞❡s ✐♦♥s✱ ♥♦t❛♠♠❡♥t ♣❛r r❛♣♣♦rt ❛✉① ❡✛❡ts r❡s♣❡❝t✐❢s ❞✉ r❛❧❡♥t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡
❡t é❧❡❝tr♦♥✐q✉❡ s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥✳ ▲❛ ▼❊❚ ❡st ❞✐✣❝✐❧❡♠❡♥t ré❛❧✐s❛❜❧❡ s✉r ❝❡s é❝❤❛♥t✐❧❧♦♥s
❢❛✐❜❧❡♠❡♥t ❝♦♥❝❡♥trés✱ ❞✉ ❢❛✐t ❞❡ ❧❛ très ♣❡t✐t❡ t❛✐❧❧❡ ❞❡s ❛❣ré❣❛ts ❡t ❞❡ ❧❡✉r ❢❛✐❜❧❡ ❞❡♥s✐té✳
▲❛ ♣r♦✜❧♦♠étr✐❡ ❙■▼❙ ❞♦♥♥❡ ♣❛r ❝♦♥tr❡ ❞❡ ❜♦♥♥❡s ✐♥❞✐❝❛t✐♦♥s s✉r ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛
ré♣❛rt✐t✐♦♥ ✐♥❞✉✐t❡ ♣❛r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ s♦✉s r❡❝✉✐t ✭✜❣✉r❡ ✺✳✷✼✮✳ ❖♥ ♥✬♦❜s❡r✈❡ ❛✉❝✉♥❡ ♠♦❞✐✲
✜❝❛t✐♦♥ ❞✉ ♣r♦✜❧ ❞❡ ❧✬❛r❣❡♥t ❥✉st❡ ❛♣rès ✐rr❛❞✐❛t✐♦♥✱ ♠❛✐s ♣❛r ❝♦♥tr❡ ❞❡ ❢♦rts ré❛rr❛♥❣❡♠❡♥ts
❞❡ ♠❛t✐èr❡ ❧♦rs ❞❡ r❡❝✉✐ts ♣♦✉r ❧❡sq✉❡❧s ✐❧ ② ❛ ♣ré❝✐♣✐t❛t✐♦♥✳ ◗✉✬✐❧s s♦✐❡♥t ✐rr❛❞✐és ♣❛r Br ♦✉
He✱ ♦♥ ♦❜s❡r✈❡ ✿ ✭✐✮ ✉♥❡ ③♦♥❡ ❞❡ ❞é♣❧ét✐♦♥ ❞❛♥s ❧❡s ✺✵✵ ♣r❡♠✐❡rs ♥❛♥♦♠ètr❡s à ♣❛rt✐r ❞❡ ❧❛
s✉r❢❛❝❡✱ q✉❡❧q✉❡s ♠♦❞✐✜❝❛t✐♦♥s ❧é❣èr❡s ❞❛♥s ✉♥❡ ③♦♥❡ ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ 0, 5 ❡t 4 µm ❞❡
♣r♦❢♦♥❞❡✉r✱ ❡t ✉♥ r❡❜♦♥❞ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ✈❡rs ❧❛ ♣r♦❢♦♥❞❡✉r ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭5 µm✮✳ ❈❡
r❡❜♦♥❞ ❡st ♣❧✉s ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡ He q✉❡ ❞❡ Br✱ ❝❡ q✉✐ ❡①❝❧✉t ❧❡s ❡✛❡ts ❞❡ r❛❧❡♥✲
t✐ss❡♠❡♥t ♥✉❝❧é❛✐r❡ ❞❛♥s s❛ ❢♦r♠❛t✐♦♥✳ ❯♥ r❡❜♦♥❞ ❞❡ ❝❡ t②♣❡ ❛ ❞é❥à été ♦❜s❡r✈é ❞❛♥s ❧❡ ❝❛s



✶✷✺

❋✐❣✳ ✺✳✷✼✿ Pr♦✜❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬❛r❣❡♥t ❛♣rès ✐rr❛❞✐❛t✐♦♥ ❡t r❡❝✉✐t✳

❞❡ ❧✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ❞❡ ✈❡rr❡s s✐❧✐❝❛t❡s é❝❤❛♥❣és ❆❣ ❬✶✶❪✱ s❛♥s ✐♥t❡r♣rét❛t✐♦♥✳ ◆♦✉s
♥❡ s❛✈♦♥s ♣❛s s✐ ❝❡ r❡❜♦♥❞ ❡st ❛ss♦❝✐é à ✉♥❡ ♣ré❝✐♣✐t❛t✐♦♥ ❡t s✉❣❣ér♦♥s q✉❡ ❝❡tt❡ ❞✐✛✉s✐♦♥
♣♦✉rr❛✐t êtr❡ ❧✬❡✛❡t ❞✬✉♥ ❣r❛❞✐❡♥t ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❡♥tr❡ ❧❛ ③♦♥❡ ✐rr❛❞✐é❡ ❡t ❝❡❧❧❡
q✉✐ ♥❡ ❧✬❡st ♣❛s✳ ❆✜♥ ❞❡ ré♣♦♥❞r❡ à ❝❡tt❡ q✉❡st✐♦♥✱ ✐❧ s❡r❛✐t ✉t✐❧❡ ❞❡ ♠❡s✉r❡r ❧❡s ✈❛r✐❛t✐♦♥s
❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❧❡ ❧♦♥❣ ❞✉ ♣❛r❝♦✉rs ❞❡s ✐♦♥s✱ ♣❛r ❡①❡♠♣❧❡ ❡♥ ♠❡s✉r❛♥t ❧✬✐♥t❡♥s✐té ❞✉ ♣✐❝
♣❧❛s♠♦♥ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ ❞❡ ❧✬ér♦s✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ✐rr❛❞✐é❡ ✭♣❛r ❛tt❛q✉❡ ❝❤✐♠✐q✉❡✮✳

✺✳✹ ❈♦♥❝❧✉s✐♦♥

◆♦✉s ❛✈♦♥s ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ❝❧❛r✐✜é ❧✬❛❝t✐♦♥ ❞❡ r❛②♦♥♥❡♠❡♥t ✐♦♥✐s❛♥t s✉r ❧❛ ♣ré❝✐♣✐t❛✲
t✐♦♥ ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s ❞❛♥s ❧❡s ✈❡rr❡s✳ ❉❛♥s ❧❡ ❝❛s ❢❛✈♦r❛❜❧❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛r❣❡♥t✱
♥♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ❝❧❛r✐✜é ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥ ✲ ❝r♦✐ss❛♥❝❡ à ❧✬❛✐❞❡
❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ ❡♥ ♠♦♥tr❛♥t q✉❡ ❧❡s ♣❤é♥♦♠è♥❡s r❡❞♦① ❥♦✉❡♥t ✉♥ rô❧❡ ♣❛rt✐❝✉✲
❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t ✿ ❧❡s ❞✐✛ér❡♥t❡s ✈❛❧❡♥❝❡s ✭❞❡❣rés r❡❞♦①✮ ❞❡ ❧✬❛r❣❡♥t ❡♥tr❡♥t ❡♥ ❥❡✉ ❧♦rs
❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡t ❧❛ ❣❡r♠✐♥❛t✐♦♥✱ à tr❛✈❡rs ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s r❡❞♦① ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ ❡t ❡♥
♣❛rt✐❝✉❧✐❡r ❧❡s ❞é❢❛✉ts ❝réés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ✭é❧❡❝tr♦♥s ❡t tr♦✉s ♣✐é❣és✮✳ ▲❛ ❣❡r♠✐♥❛t✐♦♥ s❡
❢❛✐t ❞❡ ♠❛♥✐èr❡ très ❛♥❛❧♦❣✉❡ à ❧❛ ❣❡r♠✐♥❛t✐♦♥ ♣❛r r❛❞✐♦❧②s❡ ❞❡ s♦❧✉t✐♦♥s ❛q✉❡✉s❡s ❞❡ Ag+ ♦✉
❞❛♥s ❧❡s é♠✉❧s✐♦♥s ♣❤♦t♦❣r❛♣❤✐q✉❡s✳ ❉❛♥s ❧❡s ✈❡rr❡s✱ ❝❡ s♦♥t ❧❡s é❧❡❝tr♦♥s ❡t ❧❡s tr♦✉s ♣✐é❣és
❞❛♥s ❧❛ ♠❛tr✐❝❡ q✉✐ ✈♦♥t ❥♦✉❡r ❧❡ rô❧❡ ❞✉ ré✈é❧❛t❡✉r ❡t ♠♦❞✐✜❡r t❡♠♣♦r❛✐r❡♠❡♥t ❧❡s ❝♦♥❞✐✲
t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✳ ◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ♠♦♥tré q✉❡ ❧✬♦♥ ♣❡✉t ét❡♥❞r❡
❧❛ s②♥t❤ès❡ ❛ss✐sté❡ ♣❛r ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ❞❡ ❱❛❧❡♥t✐♥ ❡t ❛❧✳ ❬✶✷❪ ❛✉ ❝❛s ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t✱
❡♥ ♠♦♥tr❛♥t q✉❡ ❝❡tt❡ s②♥t❤ès❡ ♥✬❡st ♣❛s ❧✐♠✐té❡ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✐♦♥s ❧♦✉r❞s é♥❡r❣ét✐q✉❡s✳
❈❡s ❡①♣ér✐❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ♦♥t ❡♥s✉✐t❡ été ✐♥t❡r♣rété❡s ♠✐❝r♦s❝♦♣✐q✉❡♠❡♥t
s✉✐✈❛♥t ❧❡s ✐♥❢♦r♠❛t✐♦♥s ♣r♦❝✉ré❡s ♣❛r ❧❡s ❡①♣ér✐❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ✳ ◆♦✉s ❛✈♦♥s
♠♦♥tré q✉❡ ❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡✱ très ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ✐♦♥s✱ ♠♦❞✐✜❡ ❧❛
q✉❛♥t✐té ❞❡ ❞é❢❛✉ts ❢♦r♠és ❛✐♥s✐ q✉❡ ❧❡✉r ♥❛t✉r❡✱ ❝♦♥❞✉✐s❛♥t à ❞❡s ❝♦♥❞✐t✐♦♥s ❜❡❛✉❝♦✉♣ ♣❧✉s
ré❞✉❝tr✐❝❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✳
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❉❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✱ ♥♦✉s ❛❧❧♦♥s ♠♦♥tr❡r q✉❡ ❧❡s ❡✛❡ts r❡❞♦① ❥♦✉❡♥t ❛✉ss✐ ✉♥ rô❧❡
❝r✉❝✐❛❧ ❧♦rsq✉✬♦♥ ✉t✐❧✐s❡ ❧❡s ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ❡♥ ré❣✐♠❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳ P♦✉r ❞❡s r❛✐s♦♥s t❛♥t
❢♦♥❞❛♠❡♥t❛❧❡s q✉✬❛♣♣❧✐q✉é❡s✱ ♥♦✉s ❡①❛♠✐♥♦♥s ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s
❞❡ ♣❧♦♠❜ ❛♣rès ✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧❡✉r ❝♦♥st✐t✉❛♥ts✳ ◆♦✉s ♠♦♥tr♦♥s ❧❡s ❞✐✛ér❡♥t❡s ♠❛♥✐❢❡st❛✲
t✐♦♥s s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❝❤✐♠✐q✉❡s ❝♦♠♣❧❡①❡s q✉✬❡♥❣❛❣❡♥t ❧❡s ❝❤❛❧❝♦❣è♥❡s
✐♠♣❧❛♥tés ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ ✈✐tr❡✉s❡ ❡♥✈✐r♦♥♥❛♥t❡✳



❈❤❛♣✐tr❡ ✻

❊✛❡t ❞✉ r❡❞♦① ❞❡s ❝❤❛❧❝♦❣è♥❡s s✉r
❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡
❝❤❛❧❝♦❣é♥✉r❡s ❞❡ ♣❧♦♠❜

❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ♥♦✉s ❛❧❧♦♥s ❡①❛♠✐♥❡r ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é✲
♥✉r❡s ❞❡ Pb ré❛❧✐sé❡ ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ ❞❡s ❞❡✉① é❧é♠❡♥ts ❞✉
s❡♠✐❝♦♥❞✉❝t❡✉r✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ♣♦✉r ❧❛ s②♥t❤ès❡ ❞✬❛❣ré❣❛ts ❝♦♠♣♦s✐t❡s ♥✬❡st
♣❛s ♥♦✉✈❡❧❧❡✱ ❡t ❡❧❧❡ ♣❡r♠❡t ❧❛ s②♥t❤ès❡ ❞❡ s✉❧❢✉r❡s ❞❡ Zn ❬✶✼❪ ❞❡ Cd ❬✶✼✹❪ ❡t ❞❡ Pb ❬✶✹❪✳
❈❡s s②♥t❤ès❡s ♦♥t été ré❛❧✐sé❡s à ❧✬❛✐❞❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ à très ❤❛✉t❡s ✢✉❡♥❝❡s✱ s✉♣ér✐❡✉r❡s
à 1016 at.cm−2✳ ❊❦✐♠♦✈ ❬✶✼✹❪ ❛ ♠♦♥tré q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ✢✉❡♥❝❡s s✉♣ér✐❡✉r❡s à q✉❡❧q✉❡s
1015 at.cm−2 ✐♥❞✉✐t à ❧❛ ❢♦✐s ❣❡r♠✐♥❛t✐♦♥ ❡t ❝r♦✐ss❛♥❝❡ ❛✉ ❝♦✉rs ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥✳ ❖r✱ ♥♦✉s
❞és✐r♦♥s ét✉❞✐❡r sé♣❛ré♠❡♥t ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❡t ❞❡ ❝r♦✐ss❛♥❝❡✱ ❝❡ q✉✐ ♥♦✉s ❛
❝♦♥❞✉✐t à ✉t✐❧✐s❡r ❞❡s ✢✉❡♥❝❡s ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ 1015 at.cm−2 ✭❈❡ ❞❡r♥✐❡r ♣♦✐♥t
❡st é❝❧❛✐r❝✐ ❛✉ ❝❤❛♣✐tr❡ ✼✮✳

❈❡ ❝❤❛♣✐tr❡ ❡st s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❧❛ sér✐❡ ❞✬❛rt✐❝❧❡s s✉✐✈❛♥ts ✿

✶✳ ✧❊✛❡❝t ♦❢ ❞✐✛✉s✐♦♥ ♦♥ ✐♦♥ ❜❡❛♠✲s②♥t❤❡s✐③❡❞ P❜❙ ♥❛♥♦❝r②st❛❧s ✧✱ ❘✳ ❊s♣✐❛✉ ❞❡ ▲❛✲
♠❛❡str❡✱ ❍✳ ❇❡r♥❛s✱ ❋✳ ❏♦♠❛r❞✱ ◆✉❝❧✳ ■♥st✳ ❆♥❞ ▼❡t❤✳ ■♥ P❤②s✳ ❘❡s✳ ❇ ✷✶✻ ✭✷✵✵✹✮
✹✵✷✳

✷✳ ✧❉✐✛✉s✐♦♥ ♣r♦♣❡rt✐❡s ♦❢ ❝❤❛❧❝♦❣❡♥s ✭❙✱ ❙❡✱ ❚❡✮ ✐♥t♦ ♣✉r❡ s✐❧✐❝❛ ✧✱ ❘✳ ❊s♣✐❛✉ ❞❡ ▲❛✲
♠❛❡str❡✱ ❋✳ ❏♦♠❛r❞✱ ❏✳ ▼❛❥✐♠❡❧ ❛♥❞ ❍✳ ❇❡r♥❛s ❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s ✸✺✶ ✭✷✵✵✺✮ ✸✵✸✶✳

✸✳ ✧❍♦✇ ❝❤❡♠✐str② ❛✛❡❝ts t❤❡ ✐♦♥ ❜❡❛♠ s②♥t❤❡s✐s ♦❢ P❜❙ ♥❛♥♦❝r②st❛❧s✧✱ ❘✳ ❊s♣✐❛✉ ❞❡
▲❛♠❛❡str❡✱ ❍✳ ❇❡r♥❛s✱ ❈❤✳ ❘✐❝♦❧❧❡❛✉ ❛♥❞ ❏✳ ▼❛❥✐♠❡❧ ✭■❇▼▼✮ ◆✉❝❧✳ ■♥st✳ ❆♥❞ ▼❡t❤✳
■♥ P❤②s✳ ❘❡s✳ ❇ ✷✹✷ ✭✷✵✵✻✮ ✷✶✹✳

✹✳ ✧❙②♥t❤❡s✐s ♦❢ ❧❡❛❞ ❝❤❛❧❝♦❣❡♥✐❞❡s ♥❛♥♦❝r②st❛❧s ❜② ❝♦ ✐♠♣❧❛♥t❛t✐♦♥ ✐♥ s✐❧✐❝❛✧✱ ❘✳ ❊s♣✐❛✉
❞❡ ▲❛♠❛❡str❡✱ ❏✳ ▼❛❥✐♠❡❧✱ ❋✳ ❏♦♠❛r❞✱ ❛♥❞ ❍✳ ❇❡r♥❛s✱ ❏✳ P❤②s✳ ❈❤❡♠✳ ❇ ✶✵✾ ✭✶✾✾✺✮
✶✾✶✹✽✳

▲❡ ♣r❡♠✐❡r ❛rt✐❝❧❡ ♣rés❡♥t❡ ❧❛ ♣r❡♠✐èr❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ PbS ❡t ❧✬✐♥✲
❞✐❝❛t✐♦♥ ❞✬✐♥✢✉❡♥❝❡ ❞❡ ♣r♦❝❡ss✉s ❝♦♠♣❧❡①❡s ❞❡ ❞✐✛✉s✐♦♥ ✿ ❧❛ ❞✐✛✉s✐♦♥ ❞✉ s♦✉❢r❡ ♥❡ s❡ ❢❛✐t
♣❛s ♣❛r é❧❛r❣✐ss❡♠❡♥t ♣r♦❣r❡ss✐❢ ❞❡ s♦♥ ♣r♦✜❧ ❣❛✉ss✐❡♥ ❝♦♠♠❡ ❝✬❡st ❧❡ ❝❛s ♣♦✉r Pb✳ ◆♦✉s
✈ér✐✜♦♥s ❛✉ss✐ q✉❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❡st ❞ét❡r♠✐♥é❡ ♣❛r ❧❡ ❝♦♥st✐t✉❛♥t ❞❡ ♣❧✉s ❢❛✐❜❧❡
❝♦♥❝❡♥tr❛t✐♦♥✳

✶✷✼



✶✷✽

▲❡ s❡❝♦♥❞ ❛rt✐❝❧❡ ❡st ✉♥❡ ét✉❞❡ s②sté♠❛t✐q✉❡ ❞❡s ♣r♦♣r✐étés ❞❡s ❝❤❛❧❝♦❣è♥❡s ✭S✱ ♠❛✐s ❛✉ss✐
Se ❡t Te s❡✉❧s✮ ✐♠♣❧❛♥tés ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✳ ◆♦✉s ♠♦♥tr♦♥s ❧✬❛♥❛❧♦❣✐❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡
❞✐✛✉s✐♦♥ ❞✉ s♦✉❢r❡ ❡t ❞✉ sé❧é♥✐✉♠ ❡♥ ❧✬✐♥t❡r♣rét❛♥t ❡♥ t❡r♠❡ ❞❡ ♠é❧❛♥❣❡ ❞✬ét❛t r❡❞♦①✳ ◆♦✉s
♠♦♥tr♦♥s ❡♥ r❡✈❛♥❝❤❡ q✉❡ ❧❡ ❚❡ ❛ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ♠ét❛❧❧✐q✉❡ très ♠❛rq✉é✳ ▲❡ tr♦✐s✐è♠❡
❛rt✐❝❧❡ ❡st ❧❛ ❝♦♥✜r♠❛t✐♦♥ ❞❡ ❧✬❡✛❡t ❞✉ r❡❞♦① ❞❡s ❝❤❛❧❝♦❣è♥❡s s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞❛♥s ❧❡ ❝❛s
♣❛rt✐❝✉❧✐❡r ❞❡ PbS s②♥t❤ét✐sé ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ ✿ ♥♦✉s ♠❡t✲
t♦♥s ❡♥ é✈✐❞❡♥❝❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ PbS ❡t ❞❡ PbSO4✳ ▲❡ q✉❛tr✐è♠❡ ❛rt✐❝❧❡
✈✐❡♥t ❝♦♥✜r♠❡r ❧❡s ❝♦♥❝❧✉s✐♦♥s ❞✉ ♣ré❝é❞❡♥t ❞❛♥s ❧❡ ❝❛s ❞✬❛✉tr❡s ❝❤❛❧❝♦❣è♥❡s✳ ▲❡s rés✉❧t❛ts
s♦♥t s②sté♠❛t✐sés ❡t ❞✐s❝✉tés ♣❧✉s ❡♥ ❞ét❛✐❧✳
▲❡s ❞❡✉① ❞❡r♥✐❡rs ❛rt✐❝❧❡s ♣rés❡♥t❡♥t ♣❛r ❛✐❧❧❡✉rs ❧❛ ♣r❡♠✐èr❡ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡ ❧✬é♠✐ss✐♦♥
❞❡ ♥❛♥♦❝r✐st❛✉① ❞❡ PbS s②♥t❤ét✐sés ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✳ ❈❡tt❡
é♠✐ss✐♦♥✱ ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ 1, 5 − 2 µm✱ ❡st r❡❧✐é❡ à ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡s
❝❤❛r❣❡s ❝♦♥✜♥é❡s ❞❛♥s ❧❡s ❛❣ré❣❛ts ❞❡ PbS✳
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Abstract

Combining secondary ion mass spectroscopy (SIMS) and transmission electron microscopy (TEM), we show that

nucleation of PbS nanocrystals formed via co-implantation in pure silica is critically dependent on the post-implant

diffusion properties of Pb and S. Upon annealing, implanted Pb diffuses classically whereas only a few percent of the

implanted S diffuses significantly. After annealing at 850 �C/1 h, the depth distribution of nanocrystals is no longer

determined by the less concentrated element rather than the initial concentration profiles. Our results emphasize the role

of glass chemistry in composite nanocrystal formation.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Synthesizing low band-gap compound semi-

conductor nanocrystals in waveguide materials is

of interest for applications in photonics devices.

Specifically, lead salt nanocrystals (PbS, PbSe, . . .)

grown in glasses have shown optical gain in

waveguide configurations [1] and have been used

as saturable absorbers in Q-switched lasers [2–5].

The key parameters to be controlled for optical

applications are, besides the mean radius of the

nanocrystals, their size distribution and density. In

[1–5], the semiconductor components were part of

the initial glass composition. This requires extreme

control over the components� retention and redox

melting conditions (see e.g. [6]). Another approach

is to ion-implant the required elements into the

host at an energy and fluence allowing precise

control over the dopant depth and concentration:

several groups [7,8] have synthesized various

semiconductors (Groups III–V and II–VI, Si,

Ge, . . .) in different hosts (SiO2, Al2O3, Si). We

show here that the mechanisms of post-implant

composite semiconductor nanocrystal growth may

actually be rather complex, mainly because the

two implanted species generally have different

diffusion behaviors (and/or different chemical

interaction with the host constituents).

We address this question in the special case of

PbS. It has previously been shown [8] that it

may be grown in its usual rocksalt structure in

SiO2 and Al2O3, after Pb and S implantation at

*Corresponding author. Tel.: +33-16915-5262; fax: +33-

16915-5268.

E-mail address: espiau@csnsm.in2p3.fr (R. Espiau de Lam-
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comparatively high fluences (2.5–7.5 · 1016 at cm�2)
and annealing at 1000 �C. We therefore chose the

SiO2 host in this study.

2. Experimental

Corning pure silica was co-implanted with Pb

(480 keV, 1.4 · 1015 at cm�2) and S (100 keV,

2.2 · 1015 at cm�2), with the IRMA facility at

CSNSM. SIMS profiling revealed a shift between

the Pb and S profiles (Fig. 1), the S distribution

being closer to the surface (range Rp (S)¼ 110 nm)
than the Pb distribution (range Rp (Pb)¼ 155 nm).
This was not anticipated, but had the advantage of

allowing us to study the influence of stoichiometry

on the composite nanocrystal growth. From the

work of Ekimov et al. [9] (on CdSe), we conclude

that nanocrystal nucleation and the initial stages

of growth occur above fluences of a few 1015

at cm�2. We therefore chose low implantation flu-

ences, in order to study both nanocrystal nucle-

ation and growth.

Sample annealing was performed in a quartz

tube furnace under dry N2. Transmission Electron

Microscopy (TEM), performed on a Philips CM12

operated at 120 keV, allowed characterization of

the observed nanocrystals� radii and depth distri-

butions via study of cross-sectional TEM samples.

The nanocrystal radii were evaluated on the TEM

images. Depth distributions were obtained by

measuring the distance between the surface and

the precipitate centers. TEM images were taken so

as to have the surface parallel to one of the image

sides, thus avoiding a bias in the depth distribu-

tion. This information was complemented by dif-

fusion data obtained from Secondary Ion Mass

Spectroscopy (SIMS) with a Cameca IMS 4F

probe using a Csþ primary beam. The signal was

detected using an electron multiplicator. The 30Si

signal was recorded for finer calibration of the

surface position and detector efficiency correction.

Depth calibration was achieved by measurements

of the depth of the post-analysis crater with a

Tencor Stylus profilometer.

3. Results and discussion

Since the growth dynamics of nanocrystals were

expected to depend on the diffusion properties of

the implanted components in the host, Pb and S

were first implanted separately into SiO2 samples

at the same energy and fluence as in the co-im-

planted samples, and annealed during 1 h at three

different temperatures (800, 850 and 900 �C). To

facilitate analysis, the initial (post-implant) Pb and

S concentration profiles of Fig. 1 will henceforth

be approximated by Gaussians.

As regards Pb diffusion (Fig. 2), SIMS mea-

surements show the expected increase in profile

width. In the framework of classical diffusion,

oc

ot
¼ DDc; ð1Þ

where c is the dopant concentration, D the diffu-

sion constant and t the duration of the experiment;

the concentration profile as a function of depth

and time is

cðz; tÞ ¼ c0
r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
2 þ 2Dt

p exp

 

� ðz� z0Þ2
2ðr2 þ 2DtÞ

!

; ð2Þ

where z is the depth, z0 the maximum concentration

depth of the initial profile and r its initial width.

We neglected the influence of the surface (the

concentration at the surface is at most a percent of
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Fig. 1. Implanted Pb and S concentration profiles, measured

via SIMS.
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the maximum concentration). Measurements of the

concentration profile width then lead to the diffu-

sion coefficients listed in Table 1.

Sulfur diffusion behavior (Fig. 3) is in sharp

contrast to that of Pb. To our knowledge, this is

the first time that sulfur diffusion characteristics

are measured in a glass. The bulk of the implanted

sulfur does not change at all; a diffusion tail ap-

pears, involving only a few percent of the S con-

centration. A rough estimate of the latter�s

diffusion coefficient was obtained by noting that

the profile tail at depths above �400 nm was

practically Gaussian. The diffusion coefficient was

then deduced (see Table 1) following the same

procedure as for Pb.

The large non-diffusing sulfur fraction is pre-

sumably related to its chemical properties in glass

after implantation and annealing. Sulfur differs

from oxygen in its reluctance to form non-bridging

bonds, thus enhancing the possibility of forming

sulfur chains. Moreover, because Si–S bonds are

weaker than Si–O bonds, oxygen replacement by

sulfur in silicate glasses is known to be low. As a

consequence the solubility of sulfur in oxide glass

is also low, and there is evidence [10] that its mo-

bile form may be SO3. Bonafos et al. [11] discussed

the state of sulfur in the case of post-annealed Zn

and S co-implanted silica, also suggesting that S

forms either S colloids or Si–S bonds, the latter

being less likely than the former. We may account

for our results in the following way. The solubility

limit of S in pure silica determines the (small)

fraction of implanted S atoms that may diffuse

during annealing. The rest, which cannot dissolve

into the matrix, may form colloids after implan-

tation and/or upon post-anneal cooling down. As

annealing proceeds and those S atoms below the

solubility limit diffuse – in the form of SO3 or Si–S

– out of the implanted region, the sulfur concen-

tration on the sides of the implanted profile tends

to decrease below the solubility limit, inducing

progressive dissolution of S colloids. Since our

SIMS results do not measure accurate absolute

values, we cannot confirm this assumption quan-

titatively.
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Fig. 2. Concentration profile of implanted lead in silica mea-

sured by SIMS before and after annealing. Pb was implanted at

480 keV, fluence 1.4 · 1015 at cm�2.
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Fig. 3. Concentration profile of implanted sulfur in silica

according to SIMS measurements and after annealing. S was

implanted at 100 keV, fluence 2.2· 1015 at cm�2.

Table 1

Diffusion coefficient (cm2 s�1) of Pb and S according to a simple

diffusion model of a Gaussian profile

T DðSÞ D(Pb)

800 �C 2.5E)14 2.0E)16

850 �C 5.5E)14 6.0E)16

900 �C 1.5E)13 1.0E)15

Ea �1.9 eV �1.8 eV
Because of the limited temperature range and diffusion coeffi-

cient value uncertainty, only the order of magnitude of the

activation energy is given.
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We now consider nanocrystal formation and

growth in the light of these diffusion results. After

annealing at 850 �C/1 h (Fig. 4), numerous very

small clusters (r < 2 nm) are observed at depths

70 nm < z < 120 nm. Their nature (crystalline or

amorphous?, stoichiometric PbS or S-rich phase?)

remains to be determined. They only contribute a

few percent to the total implanted atom concen-

tration, hence do not influence our conclusions

below. Larger clusters (2 nm < r < 10 nm) are

found in the range 70 nm < z < 350 nm, i.e., at

depths well beyond the maximum distance (�250
nm) expected from the implanted ion profile.

These larger clusters were identified as PbS by

selective area electron diffraction (SAED). By

matching the concentration profile from SIMS

experiments to the nanocrystalline PbS concen-

tration profile deduced from TEM (Fig. 5), we can

evaluate an average thickness of our observed

TEM sample cross sections (here, the TEM sample

thickness was about 100 nm). The cluster distri-

bution may be quantitatively accounted for in the

following way. For 0 < z < 140 nm, the PbS con-

centration is close to the Pb concentration, i.e., the

element whose concentration is lowest. Between

z ¼ 140 nm and z ¼ 290 nm the stoichiometry is

reversed, the PbS concentration now following the

(lower concentration) S profile. At larger values of

z, the nanocluster density again follows the limit-

ing concentration element, i.e., Pb. We therefore

conclude that – at least in the case of the larger

PbS nanocrystals formed after low temperature

annealing – the nucleation process (hence nano-

crystal density) is limited by the low-concentration

component.

Thus, although post-implantation growth of

composite nanocrystals is governed, as expected,

by the overlapping component concentration

profiles, diffusion may be of particular importance

in the evolution of the nanocrystal population�s

depth distribution. This is especially true in cases

such as that of S, where anomalous diffusion leads

to a complex initial growth behavior and depth

distribution of PbS precipitates.
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Fig. 4. TEM image of sample annealed at 850 �C/1 h. Large
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Abstract

The diffusion properties of chalcogens (S, Se, Te) implanted into SiO2 were studied via secondary ion mass spectroscopy (SIMS)
profiling between room temperature and the glass transition temperature (800–950 �C). Annealing of Te-containing samples leads
directly to precipitation of metallic tellurium nanocrystals within the implantation profile. The S and Se concentration profiles were
fitted by using a simple diffusion model in order to provide estimates of the diffusion constant and approximate solubility of these
fast moving chemical species. A comparison of their differing diffusion behavior with complementary data on these systems suggests
that (i) their oxidation states play a crucial role and (ii) the chalcogen propagation mechanism actually involves complex chemical
interactions.
� 2005 Elsevier B.V. All rights reserved.

PACS: 61.72.Ww; 66.30.Jt; 61.43.Fs; 64.75.+g

1. Introduction

The crucial role of chemical interactions on the diffu-
sion and solubility of dilute elements in oxide glasses has
been repeatedly demonstrated in the extensive literature
on cation diffusion properties [1], especially for network
modifying elements such as sodium [2]. The case of an-
ions and multivalent ions is less well-documented: the
former move very slowly (most studies are devoted to
oxygen), and the latter are more difficult to analyze,
since the requirement of thermodynamic equilibrium be-
tween different charge states may lead to differences in
diffusion properties. We are interested here in chalco-
gens: their formal redox states range from �II to +VI

depending on concentration and redox interaction with
their host [3,4]. These properties are used to color
glasses: for example, poly-sulfides, -selenides and -tellu-
rides (�II redox state) can produce yellow to brown
coloring, whereas the presence of sulfur (selenium, tellu-
rium) in elemental form produces blue (respectively
pink, pink-red). The oxidized forms of chalcogens are
colorless, and are usually used as refining agent during
melting of oxide glasses. Such applications have encour-
aged various authors to study their chemical, diffusion
and solubility properties in melts (see [5] for a review).
On the other hand, chalcogens can also combine with
metals (Fe, Zn, Cd, Pb, etc.) when heated near the glass
transition temperature in order to form stable chalco-
genide nanocrystals with very interesting and diverse
optical properties [6]. The chalcogen diffusion properties
in this temperature range are of particular importance,
since they determine the nanocrystal nucleation and
growth features. For example, we have recently shown
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that they account for �anomalous� PbS nanocrystal
growth after annealing Pb- and S-implanted silica [7].
Quite generally, the Gibbs–Thompson relation in a sys-
tem consisting of more than two components has been
shown to depend on their diffusion properties [8]. Hence,
the growth and coarsening of practically all compound
nanocrystals may be expected to depend on the mecha-
nisms by which chemistry can affect diffusion.

We address this topic in the case of a pure silica host
and use SIMS to monitor changes in the concentration
profiles of implanted chalcogens. The mobility and diffu-
sion properties are measured and discussed in relation to
the different oxidation states of chalcogens in SiO2.

2. Experimental

Pure silica glass was implanted with S, Se or Te
(Table 1) at the IRMA facility [9] at CSNSM. The flu-
ences were chosen, so as to have identical concentrations
at the maximum of the implanted profile (about
0.3 at.%), according to TRIM simulations [10]. Ruther-
ford backscattering profiling (even with Se and Te) only
provides indicative results (far worse than 10% accu-
racy) because of the low chalcogen concentration.
Hence, diffusion and solubility properties were moni-
tored by SIMS profiling after annealing between 800
and 950 �C for 1 h in a silica tube furnace under dry
N2. SIMS analyses were performed with the LPSC Cam-
eca IMS 4F probe using a Cs+ primary beam. The signal
was detected using an electron multiplier. Our analyzing
conditions provide an estimated detection threshold of
0.1 appm for chalcogens. Special care was taken to ob-
tain concentration profiles under identical collection
conditions between unannealed and annealed samples.
The 30Si signal was simultaneously recorded in order
to determine the surface position and to correct for
detector efficiency variations in time. This method al-
lowed us to determine the absolute concentration and
the concentration profile to within about 10% (observed
variation between nominally identical samples). Depth
calibration was achieved by measuring the depth of
the post-analysis crater with a Tencor Stylus profilo-
meter, assuming a constant sputtering rate. Transmis-
sion electron microscopy (TEM) was performed on

two different microscopes: (1) a Philips CM12 operated
at 120 kV for the observation of possible precipitated
phases and (2) a JEOL 2010F High Resolution (HR)
electron microscope equipped with a field emission gun
operating at 200 kV for nanocluster structure deter-
mination.

3. Results

Annealing temperatures and durations were chosen
in order to have measurable concentration profile
changes (Fig. 1). S and Se diffusion profiles are very sim-
ilar: the bulk of the implanted element does not move at
all, while a diffusion tail appears below a concentration
threshold involving only a few percent of the implanted
species. On the contrary, no diffusion tail occurred in the
case of Te, but its entire profile broadened very slowly.
In all samples, less than 10% of the implanted element
was lost through the interface, according to our SIMS
concentration profiles. These qualitative observations
may be related to the chemical properties of chalcogens
in silicate glasses as discussed below.

An obvious explanation for the non-moving chalco-
gen fraction is that precipitation occurs. TEM experi-
ments conducted after annealing at 890 �C for 1 h
did show precipitation of a tellurium-related phase
(Fig. 2(a)). A few tens of precipitates were imaged by
HRTEM (Fig. 2(b)) and found to be monocrystalline.
Lattice fringe spacings and observation of several zone
axes fully agreed with the trigonal form P3121 (a =
b = 4.456 Å, c = 5.921 Å) of bulk metallic tellurium in
standard conditions [11]. However, for sulfur and sele-
nium no precipitated phase was observed under TEM:
the non-moving component involving these species is
trapped in the glass matrix in some atomic or molecular
form, the most likely candidate being polysulfides, well-
known [4] to exist in S-containing glasses (see Section
4). Attempts to identify the polysulfides directly by opti-
cal absorption (OA) were unsuccessful, since the absorp-
tion coefficient (estimated with the help of values given in
[4]) is about 10�6 (concentration 0.1 at.% and OA value
through a 100 nm thickness), i.e., some two orders of
magnitude lower than the detection limit of OA
spectrometers.

We may assume that the fast-moving component of
S and Se deserved in our experiments is in equilib-
rium with the non-moving one. In the case of sulfur,
for example, this equilibrium could be formally written:

S2�
ð�IIÞ þ 2O2 $ SO2�

4ðþVIÞ
ð1Þ

In semilogarithmic coordinates of (Fig. 1), the fast-dif-
fusing species exhibit a parabolic tail on the large depth
side of the concentration profile. Hence, we can use the
classical diffusion equation:

Table 1

Implantation and annealing parameters

S Se Te

E (keV) 100 210 300

Fluence (·1015 at. cm�2) 2 1.5 1.4

Annealing time (h) 1

Annealing temperature (�C) 800–950

E is the implantation energy.
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ot
¼ DDc; ð2Þ

where c is the dopant concentration, D the diffusion con-
stant, and t is the duration of the experiment. The diffu-
sion coefficient can be expressed assuming thermal
activation:

D ¼ D0 expð�EA=kBT Þ; ð3Þ

where EA is the activation energy, T the temperature, kB

the Boltzmann constant and D0 is the frequency factor.
The assumptions of the simulation are the following:

• The diffusing medium is homogeneous. In particular,
we do not take into account possible modifications of
the near-surface region (e.g. presence of H2O).

Fig. 1. Concentration profile measured by SIMS, for thermal treat-

ments (annealing duration is 1 h) given in the figures. Graphs (a), (b),

(c) are respectively for sulfur, selenium and tellurium. Note that depth

scales are different in the three cases. In the case of sulfur and selenium,

the continuous line is the best fit of the experimental profile by the

diffusion model explained in text. The fitting procedure was conducted

only on the Gaussian tail of the concentration profiles (depth

>350 nm).

Fig. 2. (a) TEM image of Te implanted pure silica (300 keV,

1.35 · 1015 at. cm�2, annealed at 890 �C/1 h) showing the existence of

a precipitated phase. The right side of the image is the SiO2 surface. (b)

[11�23] axis zone HRTEM image of a metallic tellurium nanocrystal.

Lattice spacing are given ±2%.
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• The projected range of the implanted elements is
around 130 nm, while concentration profiles after
annealing are significantly broader. The influence of
the annealing ambient on the SiO2 surface cannot
be neglected. Chalcogens are known to be very vola-
tile; as anneals are carried out under a dry N2 flux, we
assume that sulfur or selenium oxides diffusing to the
surface evaporate rapidly. This is consistent with
experiments in which the concentration of S and Se
is low at the glass surface. Therefore we choose
absorbing conditions at the interface: c(z = 0, t) = 0
for every t. Due to the trapping of most of the S/Se
within the implanted profile, we assume that there is
no correlation between the diffusion behaviors on
either side of the depth distribution.

• Equilibrium reaction (1) is assumed to hold. It
involves reduced (immobile) chalcogens and an oxi-
dized form whose diffusion is simulated here. Diffu-
sion occurs as long as the concentration is below a
threshold c0, which is interpreted as the equilibrium
concentration of the oxidized form in the presence
of the reduced form.

• Finally, the experimental as-implanted concentration
profiles are the initial profiles for the calculation.

The model�s adjustable parameters are the diffusion
coefficient D and the equilibrium concentration c0.
Fig. 3 gives a snapshot of the calculated concentration
profile after 1 h diffusion at 850 �C. The experimental

features are qualitatively reproduced: a large non-
moving solute fraction, together with a fast-diffusing
one whose concentration profile is reasonably approxi-
mated by a Gaussian diffusion tail. However, the con-
centration profile near the equilibrium concentration
threshold is not adequately modeled, presumably be-
cause: (a) equilibrium cannot be reached in a time much
shorter than the diffusion time; (b) there is actually a
spread of equilibrium concentrations (rather than a un-
ique concentration value), corresponding to multiple
equilibria between oxidized sulfur and polysulfides of
various nuclearities; (c) there is a varying glass environ-
ment around sulfur species. We therefore, restrict our
adjustment of the concentration profile in Fig. 1 to the
diffusion tail (in practice z > 350 nm). The fitting para-
meters are given in Tables 2 and 3: equilibrium concen-
tration C0 values vary around mean values of 80 appm
for S and 140 appm for Se. Chalcogens differ from oxy-
gen in that they tend to form chains rather than non-
bridging bonds. Since Si- (S, Se, Te) bonds are weaker
than Si–O bonds [3], oxygen replacement by a chalcogen
in silicate glasses is low. We emphasize that, for the rea-
sons listed above, the values of C0 are only indicative.

The thermal evolution of the diffusion coefficient
can be fitted by an Arrhenius law (Eq. (2) and Fig. 4),
leading to D(S) = 6 · 10�5exp(�2eV/kBT) cm2 s�1 and
D(Se) = 2 · 103exp(�4eV/kBT) cm

2 s�1. These values
are only indicative, as discussed below.

Fig. 3. Example of calculation according to the model proposed in

text. Dotted line is the initial sulfur concentration profile as can be

determined by SIMS and plain line is the result of the calculation with

given parameters D = 6.4 · 10�14 cm2 s�1 and C0 = 4.6 · 10+18

at. cm�3. Dashed lines are the results of calculation for (D = 7.2 ·

10�14 cm2 s�1, C0 = 3.5 · 10+18 at. cm�3) and (D = 5.4 · 10�14 cm2

s�1, C0 = 7 · 10+18 at. cm�3). In all cases duration is fixed to 1 h.

Results of calculation can be compared to experiment (symbol: 850 �C/

1 h annealing).

Table 2

Diffusion coefficient (cm2 s�1) of S and Se according to an elementary

diffusion model (see text)

T (�C) D(S) D(Se)

800 (2.5 ± 0.6) · 10�14 (4 ± 3) · 10�16

850 (6.4 ± 0.6) · 10�14 (3 ± 1.5) · 10�15

900 (1.6 ± 0.2) · 10�13 (2.5 ± 0.3) · 10�14

950 – (6.8 ± 0.7) · 10�14

Ea 2 ± 0.4 eV 4 ± 0.8 eV

Because of the limited temperature range and diffusion coefficient value

uncertainty, the �activation energy� Ea is approximate. Its significance is

discussed in the text. Error bars do not include modelling uncertainties.

Table 3

Equilibrium concentration (at. cm�3) of S and Se according to the

diffusion model in text

T (�C) C0(S) C0(Se)

800 6 · 1018 9.0 · 1018

850 4.6 · 1018 9.0 · 1018

900 4.2 · 1018 8 · 1018

950 – 1017

hC0i 80 ppm 140 ppm

Values in italics are extrapolated from higher temperatures, in order to

estimate the diffusion constant. hC0i is the average equilibrium con-

centration in atomic ppm (SiO2: 6.5 · 10+22 at. cm�3, 2.17 g cm�3).

Error bars do not include modelling uncertainties.
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4. Discussion

The detailed mechanisms of ion diffusion in glass are
still under discussion [2]. They depend on the specific
glass structure, the nature of the solute (ionic or neutral
for example), its interactions with the network formers,
etc. In the case of moving ions (and of neutral solutes),
some correlation was found between the ionic size and
the diffusion coefficient, provided that the ions carried
the same charge. As expected, ions with a large ionic
radius move more slowly than smaller ones [12,13].

Tellurium is known to occur mainly in its elemental
form in silicates glasses: its low solubility and high boil-
ing point (1390 �C) favor precipitation. Tellurates (oxi-
dation state +VI) are decomposed by SiO2, and
polytellurides (negative oxidation states) may be formed
in glasses but are unstable on reheating [14]. Our Te dif-
fusion data may then be explained in the following way:
whatever the state of tellurium after implantation, heat-
ing at temperatures above 800 �C tends to reduce or oxi-
dize tellurium to its elemental form, which partly
precipitates (Fig. 2). Its atomic radius (about 130 pm)
is at least three times bigger than the natural voids of sil-
icate glasses and this hinders its ability to move very
fast. The slow broadening of the tellurium profile is only
indirectly related to metallic Te mobility in pure silica,
since some precipitation occurs. Hence, our model
assumptions do not apply to the measured Te concen-
tration profiles.

On the other hand, Se and S are easily encountered in
different oxidation states: mainly +IV and +VI but also
�II, and in the elemental form for Se. Sulfur in silicate
glass can be in either reduced or oxidized redox states
[15–18]. Schreiber [15] has verified that sulfur is progres-

sively dissolved in silicate glasses according to the fol-
lowing redox reactions:

SO3 $ SO2 þ 1=2O2 ð4Þ

SO3 þO2�
glass $ SO2�

4 $ S2� þ 2O2 ð5Þ

SO2 þO2�
glass $ SO2�

3 $ S2� þ 3=2O2 ð6Þ

The sulfites ðSO2=SO
2�
3 Þ and sulfates ðSO3=SO

2�
4 Þ can be

found under oxidizing conditions, whereas reducing
conditions favor sulfides (S2�). Pure silica being an
acidic glass favors the oxidized form, which is always
very mobile in glass melts [3]. The amount of sulfur that
can be dissolved into a glass depends on the redox con-
ditions, but always remains low (typically 0.1–1 wt% in a
borosilicates melt [13,16]). In the (�II) oxidation state,
sulfur is known to form polysulfides: these structures
contain several ions (Pauling ionic radius: r(S2�) =
184 pm) bound together, hence excluding diffusion of
this chemical form. We conclude that the non-moving
fraction of S observed in our experiments is in the �II
oxidation state, whereas the fast moving species are in
the +IV/+VI state. There are much less data on Se oxi-
dation state in silicate glasses [19]. To some extent, it is
analogous to the case of sulfur: Se can exist as polysele-
nides and but also in elemental form: both are too big
(r(Se2�) = 198 pm, r(Se) = 120 pm) to move easily in
pure silica. According to the above-mentioned authors,
in silicate glasses the elemental form remains in solution
in the atomic state rather than as precipitates. The most
probable oxidized form should be +IV. Similar redox
reactions can be written:

SeO2 $ SeþO2 ð7Þ

SeO2 þO2�
glass $ SeO2�

3 $ Se2� þ 3=2O2 ð8Þ

We conclude that the non-moving proportion of Se ob-
served in our experiments is in the �II or 0 oxidation
state, whereas the fast moving species is in +IV state.

At first sight, the large diffusion constants of S (+IV/
+VI) and Se (+IV) listed in Table 1 may appear to be
correlated to the small ionic radii of the respective ions:
r(S4+) = 50 pm; r(S6+) = 30–40 pm; r(Se4+) = 64 pm;
r(Se6+) = 40–60 pm are comparable to the size of silica
voids. The faster diffusion of sulfate/sulfite ions com-
pared to that of selenite may be related to their smaller
sizes. However, we have seen above that the most prob-
able chemical form of oxidized form of sulfur or sele-
nium in oxide glasses is in association with oxygen.
This is confirmed by EXAFS studies [20] of the Se envi-
ronment in silicate glasses, showing strong covalent
bonding to the matrix oxygen in Na2SeO3 units. The dif-
fusion of the oxidized form therefore involves molecular
units whose size is much bigger than the network inter-
stices: it should not be fast, if a simple picture of non-
interacting species moving through a more or less open
network were adequate. Our point is that the diffusing
units contain oxygen; the latter being ubiquitous in the

Fig. 4. Arrhenius plot of the diffusion coefficients found for S and Se

(see Table 1). Straight lines are the adjustment of experimental values

by Eq. (2).
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glass, mobility probably involves exchanges with
network oxygen and corresponding rearrangements of
X–O (X = S, Se) bonds, as in molecular oxygen diffu-
sion [21]. Molecules (in our case SOx or SeOx) poten-
tially having chemical interactions with the matrix via
oxygen bonding, have more complex diffusion mecha-
nisms that cannot be simply correlated to sizes or bond
enthalpies. A consequence of this interpretation is that
the simple Arrhenius analysis given above provides a
very oversimplified view of the diffusion process, and
that the corresponding diffusion and solubility values
deduced from it – although useful as empirical guides
– are definitely only indicative.

5. Conclusion

We have measured diffusion and solubility properties
of chalcogens in pure silica in the temperature range 800–
950 �C by SIMS profiling. Due to its metallic character,
tellurium moves very slowly and tends to precipitate
upon annealing. On the other hand, sulfur and selenium
have a slightly soluble (of the order of 100 ppm atomic)
but very mobile form, likely in their oxide form (SO3 and
SeO2). A significant proportion of S (respectively Se)
above the equilibrium concentration threshold may be
in the polysulfide (respectively polyselenide) form, and
thus practically immobile. Our experiments emphasize
that the chalcogens� chemical interactions with the glass
host crucially affect their diffusion properties.
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Abstract

Solid state chemical reactions involving the multiple oxidation states of sulfur are shown to dominate the synthesis of PbS nanocrys-
tals in pure silica via co-implantation and annealing. The formation of PbSO4 as well as PbS nanocrystals and small amorphous clusters
is evidenced, and related to atomic transport occurring during annealing. A mechanism is proposed.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The optical properties of narrow-gap semiconducting
nanocrystals such as PbS in glass or silica are of consider-
able current interest, as regards both basic physics [1] and
applications [2]. PbS nanocrystals have been synthesized
in glasses by introducing the components of the nanocrys-
tals directly into the melt, cooling and subsequently heating
to promote some control over nanocrystal growth [3].
Nanocrystalline PbS was also synthesized by high fluence
(2.5–7.5 · 1016 at. cm�2, Pb at about 300 keV and S at
about 80 keV) co-implantation of Pb and S into pure silica
and annealing at 1000 �C [4–7], but the size distribution
was large and bimodal. The present work offers an explana-
tion of the latter results. We show that the nucleation and
growth of PbS nanocrystals are largely determined by Pb
and S redox properties in silica. In crystalline PbS, the for-
mal oxidation state of Pb is usually (+II), that of S (�II).

On the other hand, Pb in glasses is commonly in the
(+II) oxidation state, whereas S oxidation states range
from (�II) to (+VI). A whole range of chemical reactions
can therefore combine sulfur with Pb (and/or preexisting
PbS clusters) to form PbS nanocrystals, threatening growth
control. We show that ion implantation cannot circumvent
the chemical interaction between the implanted elements
and the host, and that this interaction is crucial in the early
stages of growth.

2. Experimental

Pure silica was co-implanted with S (100 keV, 2 · 1015

at. cm�2) and Pb (480 keV, 2 · 1015 at. cm�2), with the
IRMA facility [8]. Diffusion and solubility properties were
monitored by SIMS profiling after systematic sample
anneals ranging from 800 to 900 �C in a quartz tube
furnace under dry N2. Both medium and high resolution
transmission electron microscopy (TEM) was performed
on the samples, as well as photoluminescence (PL) experi-
ments with a 488 nm/365 mW argon laser chopped at
53 Hz and PL signal detection by a cooled PbS detector
using a lock-in amplifier.
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3. Results and discussion

After co-implantation and annealing at 850 �C for 1 h,
TEM (Fig. 1(a)) revealed the growth of large contrasted
precipitates surrounded by numerous small ones (size <
2 nm). Annealed samples exhibited a strong PL in the
wavelength range 1.2–2.2 lm (Fig. 2), shifting to higher
wavelengths at longer anneals, hence presumably related
to exciton recombination in the nanocrystals.

Two different precipitate structures were found by
HRTEM: the expected cubic Fm�3m ða ¼ b ¼ c ¼ 5:94 ÅÞ
structure (Fig. 1(b)) and a structure with spacing close to
d = 2.75 Å, observed in 1/5 of the precipitates. An axis
zone showed this lattice spacing together with two direc-
tions of order two and an extinction in one of them
(Fig. 1(c)). We ascribe it to the orthorhombic PbSO4 phase
(space group Pbnm, a = 6.959 Å, b = 8.482 Å, c = 5.398 Å)
[9]. In PbSO4, sulfur is in the (+VI) formal oxidation state,
whereas in PbS it is in the (�II) state. About 40% of ob-
served precipitates are polycrystalline and mostly PbSO4.
The latter composition is favored by the simultaneous exis-
tence of different sulfur oxidation states (+VI/�II) during
nanocrystal formation, polycrystallinity being due to fast
quenching from melted nanocrystals after anneal.

Numerous small clusters of size <2 nm are found: they
exhibit no lattice fringes under HRTEM, indicating that
they are amorphous; their chemical nature is unknown.
They are separated from the PbS/PbSO4 nanocrystals by
a depleted layer (not shown), suggesting that small clusters
dissolve progressively, contributing to the growth of
surrounding larger PbS/PbSO4 nanocrystals. No PL is
detected at wavelengths below 1 lm (Fig. 2), confirming
the absence of small PbS nanocrystals.

We have shown elsewhere [10] that PbS (PbS04) precip-
itation is controlled by the less-concentrated element
(either Pb or S, O being ubiquitous in silica), and that
the diffusion behavior of sulfur depends strongly on its
redox state. Most implanted sulfur atoms are in the immo-
bile (�II) state, a small proportion being in the very mobile
(+VI) state. The latter is responsible for growth outside of
the implanted profile, i.e. partial loss of growth depth con-
trol. This difference in mobility, originating from chemical
interactions of sulfur with the silica host, leads to multiple
chemical routes for the synthesis of PbS as exemplified by
the formation of PbSO4 nanocrystals. Reduced (�II) sulfur
has the same oxidation state as in PbS, but is not very
mobile since it is usually in polysulfide form in oxide
glasses [11]: hence, it is not obvious that it participates
directly in PbS growth reactions.

We propose the following scenario for initial growth.
The numerous small, amorphous clusters observed prior
to nanocrystal growth could be chemical combinations of
Pb and polysulfides. The latter�s low mobility inhibits
nanocrystal growth. When SO3 diffusion sets in (higher
annealing temperatures/longer annealing times), growth
of PbS and/or PbSO4 occurs by the reactions: PbO +
SO3 ! PbSO4 M PbS + 2O2 or PbO + SO3 ! PbS + 2O2.

The freed oxygen help to dissolve polysulfides into mobile
SO3 groups ðe.g. S2� þ 2O2 ! SO3 þO2�

glassÞ, which may

Fig. 1. (a) TEM image of Pb + S co-implanted silica, after annealing at

850 �C for 1 h. Hatched lines show the implanted depth range. Precipitates

outside of this zone are due to sulfur diffusion (see text and [9]). (b, c):

HRTEM images from Pb and S co-implanted sample annealed at 850 �C

for 1 h; (b) [100] axis zone image of a cubic PbS nanocrystal. Inset is the

image FFT; (c) [120] axis zone image of orthorhombic PbSO4 nanocrys-

tal. Inset is the image FFT.
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then participate in growth. This is consistent with progres-
sive dissolution of small amorphous precipitates into sur-
rounding nanocrystals. Nucleation of PbS/PbSO4 would
then be controlled by the dissolution kinetics of the amor-
phous clusters, and this may account both for the observed
nanocrystal size distribution broadening and for the differ-
ence between initial implant profiles and final nanocrystal
depth distribution.

4. Conclusions

We have shown that controlling compound semiconduc-
tor nanocrystal formation by implantation is not straight-
forward, and cannot rely simply on initial implantation
profiles and nonequilibrium states. One has to consider:
(i) the diffusion properties of the individual components –
for example in our case, the fact that sulfur has at least
two different oxidation states with very different mobilities;
(ii) the diffusion interactions (through their chemical affin-
ity) between the two components of the nanocrystals; (iii)

chemical reactions between the nanocrystal and host com-
ponents (notably oxygen). The second effect may be
emphasized at higher implantation fluences, due to steeper
concentration gradients. Similar redox and diffusion effects
are likely also important in other chalcogenide nanocrys-
tals� syntheses by ion implantation.
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Lead chalcogenide (PbS, PbSe, and PbTe) nanocrystals were synthesized by sequential implantation of Pb
and one of the chalcogen species into pure silica. The implantation energy and fluence were chosen so that
the implantation profiles practically overlap at a depth≈150 nm with a maximum concentration of about 0.3
atom %. Annealing for 1-8 h at 850-900 °C triggers nanocrystal growth, which is monitored by high-
resolution (HRTEM) and conventional transmission electron microscopy (TEM), secondary-ion mass
spectrometry (SIMS), and Rutherford backscattering spectrometry (RBS). Striking differences are found in
the depth distributions and microstructures of the resulting nanocrystals. We show that the differing chemical
interactions of Pb and chalcogens (between each other and with silica) play a crucial role in chalcogenide
nucleation and growth. Using available information on chalcogen redox states in silicate glass, we propose
a nonclassical nucleation and growth mechanism consistent with our experimental results. The complex
chemistry involved at the microscopic level is shown to impair control over the nanocrystal size distribution.
Finally, PbS nanocrystal-doped silica is shown to emit intense photoluminescence (PL) in the 1.5-2 µm
wavelength range, an effect that we relate to the above nucleation and growth scheme.

1. Introduction

Lead chalcogenide nanocrystals have been synthesized in
glasses by various routes. The earliest one consists of introducing
the components directly into the glass melt. After pouring and
cooling of the glass, subsequent heating promotes a more or
less controlled growth of nanocrystals. The method has been
successfully applied to chalcogenide nanocrystal synthesis in
various types of glasses: PbS (silicate glass),1 PbSe (phosphate
glass),2,3 and PbTe (borosilicate4 and silicate5 glasses). Synthesis
control can usually only be achieved in rather limited composi-
tion and temperature ranges.

An apparently efficient way to overcome compositional
limitations is to use the ion implantation technique to force
solubility in any desired matrix. The use of ion beams with
controlled energy and fluence obviously provides control over
the initial dopants’ depth distribution and concentration. Does
it also lead to control over nanocrystal sizes and spatial
distributions after the required postimplant annealing? Only PbS
nanocrystal synthesis had been reported so far, via sequential
implantation of Pb and S at high fluences (2.5-7.5 × 1016

at‚cm-2) into pure silica, followed by annealing at 1000°C.6-9

However, the size distribution was often found to be bimodal
and uncontrolled. It is improved when going to low doses,7 but
size distributions remain rather broad and close to a log-normal
shape. We have shown10 that such lack of control must be related
to the chemical interaction of sulfur with pure silica, which
strongly influences S diffusion properties11 as well as the

composition and structure of growing nanocrystals.12 Here, we
extend our previous studies of PbS formation to other ion
implantation and annealing conditions and study PbSe and PbTe
nanocrystal formation conditions as well. We show that the
growth characteristics (crystalline structure, precipitation depth)
of lead chalcogenide nanocrystals grown by annealing of
sequentially implanted pure silica may be interpreted in terms
of differences in the chalcogen chemical properties. We offer
answers to the following questions: What is the chemical nature
of the chalcogenide nanocrystals formed in this way? What is
their nucleation mechanism? What is the influence of the
chalcogen chemical state(s) on growth, and especially on size
and depth control?

2. Chemistry of Chalcogens and Chalcogenides in Glasses

The chalcogen formal redox states generally range from-II
to +VI, depending on the concentration and redox interaction
with their host.13 Such effects dominate in implanted glasses
despite the latters’ initially nonequilibrium character, simply
because nanocrystal formation requires annealing at sufficiently
high temperatures. Although they are in the same column of
the periodic table, chemical properties vary when switching from
S to Se, and even more so from Se to Te. Under given redox
conditions (glass composition, temperature, and composition of
the annealing atmosphere), they will be present in differing
states. In silicate glasses, S may be found in-II to +VI redox
states, whereas Se and Te are in-II, 0, and+IV states. Oxidized
forms are usually very mobile and volatile (e.g., the glass
transition temperatures of SeO2 and TeO2 are, respectively, 317
°C and 450°C). Reduced-II forms are usually encountered as
polychalcogenides, thus hindering their potential diffusion, and
Te very often occurs as metallic precipitates. Among the three
chalcogens, S is the one that has been most studied14 for
technological reasons.

* Corresponding author. E-mail: bernas@csnsm.in2p3.fr. Telephone:
+33 16915 5222. Fax:+33 16915 5268.

† CSNSM/CNRS, Université Paris Sud.
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The influence of these chemical properties on the chalcogen
diffusion properties is quite drastic.11 The behavior of implanted
Se is somewhat similar to that of implanted S, with the
overwhelming fraction being in the immobile reduced form,
while a small oxidized fraction (concentration below 100 appm)
is very mobile. However, the oxidized form of Se may actually
be in the+IV redox state (SeO2), whereas that of S is more
likely in the+VI state (SO3),13 and their diffusion coefficients
differ by one to 2 orders of magnitude, that of oxidized selenium
being lower than that of oxidized sulfur.11 Implanted Te is
mainly in the atomic state and precipitates as Te metal upon
annealing.11 Because of their chemical interaction, chalogen
motion in turn has a major effect on Pb motion. As first shown
in ref 12 and 15, the chemical state of sulfur not only determines
the chemical nature of the precipitated phase but also the depth
distribution of the nanocrystals via the Pb-chalcogen correlated
diffusion properties. This is detailed below. We consequently
expect, and find, significant differences in nucleation and growth
behavior depending on the chalcogens that combine with Pb.

3. Experimental Section

It was previously shown6-9 that PbS cluster nucleation and
early growth occur during implantation above concentrations
around 1021 at cm-3. We thus restrict our studies to lower
concentrations so as to observe precipitation from the earliest
stage and also to enhance experimental accuracy in depth and
radius distribution determination.

Pure Corning silica was sequentially implanted with Pb and
one of the chalcogens at concentrations well below the
aforementioned threshold (Table 1). Implantations were per-
formed with the IRMA facility16 at CSNSM. Using the standard
SRIM code,17 energies (and fluences) were chosen so that the
projected range (and concentration at maximum) of both lead
and the chalcogen would coincide. Rutherford backscattering
(RBS) experiments were performed in a number of cases, using
the ARAMIS accelerator18 at CSNSM with 1.2 MeV He, to
determine Pb profiles. Such measurements also allowed us to
check the Pb implanted fluence, which was systematically 30-

40% higher than expected from ion current measurements during
implantation, presumably due to sample charging effects. After
implantation, samples were annealed in a quartz tube furnace
at temperatures ranging from 800 to 900°C for 1 h, under dry
N2 atmosphere, in order to minimize compositional changes in
the glass during the anneal. Secondary ion mass spectrometry
(SIMS) was performed with a Cameca IMS 4F probe at LPSC
using a Cs+ primary beam. Secondary ion signals were detected
using an electron multiplier. The30Si signal was simultaneously
recorded in order to determine the surface position and to correct
for detector efficiency. Depth calibration was achieved by
postanalysis crater depth measurements with a Tencor Stylus
profilometer, assuming a constant sputtering rate. Transmission

electron microscopy (TEM) was performed on (1) the CSNSM
Philips CM12 microscope operating at 120 keV in order to
observe the nanocrystal phases, radii, and depth distribution
according to a procedure described elsewhere,10 and (2) the
CECM JEOL 2010 high-resolution electron microscope (HREM)
equipped with a field emission gun operating at 200 kV for
crystallographic structure identification. To compare the el-
emental depth distribution as deduced from SIMS with the
element concentration in the nanocrystal distribution, we evalu-
ated the latter by (i) determining the radius and depth of each
nanocrystal in the TEM cross-sectional micrographs, (ii) in a
given depth slice, summing the nanocrystal volumes (deduced
from their radius), and (iii) dividing by the average TEM cross-
section thickness and the number of molecules (in crystalline
form) per unit volume (19.1 PbS‚nm-3, 17.2 PbSe‚nm-3, 14.9
PbTe‚nm-3, 12.6 PbSO4‚nm-3, 29.6 Te‚nm-3). On a TEM
micrograph, only a surface density of nanocrystals (i.e., surface
concentration projected on the image plane along the direction
of the electron beam) is measured. The thicknesse of the cross-
section sample, unless specified otherwise, was taken to bee
) 100 nm (50-150 nm is a reasonable range of observable
TEM sample thicknesses). As seen below (Figures 7-10), an
error on the cross-section thickness may affect the agreement
between the absolute quantities of elements as determined via
TEM or SIMS, but it has no effect on the profiles and the profile
modifications. Note that, in the following experiments, we used
both TEM and photoluminescence to study the effect of
reversing the (lead vs chalcogen) implantation sequence and
found no significant differences. In the photoluminescence (PL)
experiments conducted on (S+ Pb) sequentially implanted
samples (Section 6), an Ar laser operated at 488 nm was used
for excitation; the sample’s PL was collected by an optical fiber
and dispersed by a Jobin Yvon TRIAX 320 spectrograph. The
signal was detected by a PbS detector and corrected for the entire
system collection efficiency using a tungsten lamp.

4. Results

Our previously reported SIMS measurements15 revealed
definite discrepancies with the as-implanted concentration
profiles expected from SRIM simulations. The Pb implanted
profile was 20% larger and shifted to greater depths; on the
other hand, S and Se distributions were closer to the surface
than expected. Annealing in the range 850-900 °C/1 h led to
clustering in all sequentially implanted samples, as shown below,
and the postanneal nanocrystal depth distribution extended well
beyond the initial concentration profiles. The evidence for (and
consequences of) annealing-induced species diffusion are the
main topic of this paper.

4.1. Phase Identification. The microstructure of all observed
nanocrystal types was investigated by HRTEM. Several tens
of precipitates were studied in each type of sample. Our results
on Pb+ S implanted silica, published elsewhere,12 revealed
growth not only of PbS (S in-II redox state) but also of PbSO4

(S in+VI redox state) nanocrystals. In this case, a large fraction
of the nanocrystals was polycrystalline, sometimes containing
both the PbS and PbSO4 phases (see Figure 1).

A similar structural behavior might have been expected in
the case of Pb+ Se implanted silica in view of the similarities
between Se and S diffusion in silica. However, all observed
lattice fringes spacings and zone axis (Figure 2) fully agreed
with the standardFm3hm (a ) b ) c ) 6.13 Å) cubic form of
PbSe. Neither PbSeO3 nor PbSeO4 nanocrystals were observed.
Moreover, only single crystals were found. To our knowledge,
this is the first report of PbSe nanocrystal synthesis by sequential
implantation in pure silica.

TABLE 1: E Is the Implantation Energy, Rp the Projected
Range, and fwhm the Full Width at Half-Maximum of the
Implantation Profile, According to SRIM Simulations.a

S Pb Se Te Pb

E (keV) 100 480 210 300 480
fluence (1015 at‚cm-2) 2.2 1.4 1.5 1.35 1
Rp (nm) 136 144 141 140 144
fwhm (nm) 108 67 101 87 67
max concentration (atom %) 0.30 0.30 0.21 0.23 0.22

annealing time (h) 1
annealing temperature (°C) 800-950

a Also listed are the maximum concentrations at depthRp, assuming
an atomic density 6.5× 1022 at‚cm-3 (i.e., 2.17 g‚cm-3) for SiO2.
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Structural identification in the case of Pb+ Te sequentially
implanted samples is not as straightforward. Almost all nano-
crystals were monocrystalline (Figure 3), but phase identification
by HRTEM was difficult because the interplanar distances of
Te and PbTe are similar (dTe

010 ) 3.86 Å close todPbTe
111 )

3.73 Å; dTe
011 ) dPbTe

200 ) 3.23 Å; dTe
012 ) 2.35 Å anddTe

110

) 2.23 Å close todPbTe
220 ) 2.28 Å). All our measured

interplanar distances were compatible with both phases. From
the zone axis symmetry, two of the nanocrystals were identified
as Te, but the orientation of the majority did not allow
discrimination between PbTe and Te.

4.2. Phase Evolution during Annealing. In the earlier
growth stages (as soon as a PL signal is observed (see Section
6), for example, after a 30 min anneal at 850°C) we found
rather large clusters (diameter≈ 6 nm) identified as crystalline
PbS or PbSe, surrounded by very small clusters whose diameter
was below 2 nm, all localized inside the implantation profile.
None of these small clusters exhibited lattice fringes under
HRTEM. They were presumably amorphous, and their chemical
composition could not be determined. Photoluminescence (PL)
experiments on the corresponding PbS samples detected no
signal at wavelengths below 1µm for any of our annealing
conditions (see below, Section 6), whereas, had these small
nanocrystals been crystalline PbS, we should have expected light
emission in this region, according to the size-gap relation for
PbS nanocrystals.19 Our TEM experiments revealed that these
clusters progressively dissolved as growth proceeded, contribut-

ing to the growth of nearby PbS or PbSe nanocrystals (Figure
4a). Such nanocrystal growth, occurring via dissolution of
preexisting amorphous clusters, is not at all typical of standard
homogeneous nucleation. We suggest that it is due to the
combination of chalcogen redox states in the case of PbS and
PbSe (Figure 4b, see discussion in Section 5).

4.3. Postanneal Nanocrystal Depth Distribution: Influence
of Chemistry. Sample annealing induced marked differences
in the depth distributions of both the implanted constituents and

Figure 1. Example of polycrystalline PbS/PbSO4 nanocrystal containing at least three domains differing by their interplanar distances and orientation.
Inset: the FFT of the original image, showing three different couples of spots, indicating the presence of diffracting planes (arrow). In the FFT, one
can filter the background so as to isolate the diffracting region corresponding to one particular couple of spots (filtered image on the left). See also
ref 12.

Figure 2. Zone axis [220] image of a cubic PbSe nanocrystal, showing
two different interplanar distancesd200 ) 3.06 Å andd111 ) 3.54 Å
(a); FFT of the image, showing the symmetry of the zone axis (b);
inverse FFT of the filtered FFT, so as to better isolate the nanocrystal
lattice from the surrounding amorphous signal (c).

Figure 3. 3. PbTe [100] or Te zone axis (a) and (c). Te zone axis; the
FFT of each image is on the right-hand side (b). In (c), the nanocrystal
is probably melting under the electron beam.
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the nanocrystals that they formed. RBS provided evidence
(Figure 5) for very significant changes in the Pb concentration
profile, even leading to a∼20% loss of Pb content from the
samples after annealing up to temperatures corresponding to
the nanocrystal formation range. These changes are a conse-
quence of the differing chemical interaction of the chalcogens
with SiO2 or Pb. Figure 6 shows the nanocrystal density depth
dependence as measured by TEM for each chalcogenide family.
Nanocrystal growth of all three chalcogenides clearly occurs
well outside of the as-implanted profiles:11,15on the far side of
the profile for Pb+ S implanted samples, on both sides of the
implanted region for Se+ Pb, and again chiefly on the far side
of the Te+ Pb implanted region. An understanding of these
results requires a study of each chalcogen’s chemical interaction
with the host and with Pb.

4.3.1. Precipitation in the S + Pb Implanted Sample. As noted
above, a detailed SIMS analysis15 showed that our Pb and S
profiles were somewhat shifted in opposite directions as
compared to those expected from SRIM simulations; this
accounts for the shift in Figure 6a between the maximum
concentration (arrow) and the maximum nanocrystal density,
but certainly not for the nucleation and growth of PbSand

PbSO4 nanocrystals outside of the implanted profile. In refs 11
and 15, the Pb and S concentration profiles were determined
independently after annealing of a sample implanted with only
one of the elements. But in the sequentially implanted samples,
the mobility of a species is affected both by its interaction with
the other and by the occurrence of precipitation. Hence, we
measured both the Pb and S concentration profiles in the
sequentially implanted sample after annealing (Figure 7a), and
checked that, as detailed in ref 15, the total amount of
precipitated PbS (or PbSO4) at a given depth is controlled by
the least concentrated element. The fast-diffusing oxidized form
of sulfur determines the depth distribution of PbS and/or PbSO4

nanocrystals, leading to precipitation outside of the implanted
profile.

We were unable to determine whether PbSO4 is the main
precipitated phase in the in-depth region (z > 250 nm) of the
sample. However, we observed both the PbS and PbSO4 phases
in a sample annealed 4 h at 900°C, for which 70% of the
nanocrystals had grown outside the implanted profile (Figure
7b). In most cases, we could not distinguish between the PbS
and PbSO4 structures; however, of the 12 precipitates whose
structure was identified, five contained both the PbS and PbSO4

phases and seven were PbSO4. This suggests that equilibrium
was reached between both sulfur redox states after sufficient
annealing, facilitated by fast-diffusing SO3 (see reaction 1,
Section 5).

Figure 4. Pb+ S sequentially implanted into silica after annealing at
850°C/1 h. Examples of small amorphous precipitates in the depleted
layer around large nanocrystals (a). Suggested mechanism of depleted
layer formation (b).

Figure 5. RBS measurement of Pb concentration ([Pb]) in S+ Pb
implanted sample with a 1.2-MeV He beam. Initial concentration was
1.88× 1015 Pb‚cm-2 and decreased during annealing at 850°C. Inset
shows the RBS spectra for the as-implanted sample and after a 7 h
anneal at 850°C. Positions of the Pb, Si, O, and C surface peaks are
indicated by an arrow (C was deposited before the RBS analysis so as
to avoid sample charging during measurements).

Figure 6. Left-hand side: Representative examples of TEM cross
sections for different chalcogen implantation (SiO2 surface is on left
side of micrographs). S+ Pb sequentially implanted silica; after
annealing at 850°C/1 h, nanocrystals grow on the low-depth side of
the implanted profile (a). Se+ Pb sequentially implanted silica; after
annealing at 900°C/1 h, nanocrystals grow on both outer sides of the
implanted profile (b). Te+ Pb sequentially implanted silica; after
annealing at 900°C/1 h, nanocrystals grow within and on the high-
depth side of the implanted profile (c). Right-hand side: Measured
density of nanocrystals in the same samples, determined by TEM. The
arrow indicates the position of the initial Pb and chalcogen concentration
maximum (Table 1):Rp(Pb) ) 144 nm;Rp(S) ) 136 nm;Rp(Se))
141 nm;Rp(Te) ) 140 nm.
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4.3.2. Comparison Between PbSe and PbS. Chalcogen
diffusion experiments11 showed that S and Se are chemically
very similar as opposed to Te; when implanted into SiO2, they
both have two different oxidation states, one of which is quasi-
immobile, whereas the other is very mobile. However, the
oxidized form of selenium is likely the+IV state (versus+VI
for sulfur), which is less mobile. In our Se+ Pb sequentially
implanted samples, the Se implantation energy and fluence were
chosen so that the depth and concentration were identical to
those of S in the S+ Pb sequentially implanted samples of
Table 1. But in this case, TEM experiments (Figure 6b) show
that nanocrystals are preferentially synthesized on either side
of (rather than inside) the implanted profile, in strong contrast
to the (S+ Pb) implanted sample, and SIMS profiling confirms
that this is due to Pb and Se transport (Figure 8a). Moreover,
the PbSe nanocrystals’ average radii (Figure 8b) are larger on
both sides of the implanted profile than in its center. Our results
indicate that, although they are only a small fraction of the total,
the mobile oxidized chalcogens play a major role in promoting
nucleation and growth outside the implanted profile. Also, a
comparison of the (S+ Pb) and (Se+ Pb) results clearly shows
that the chemical interactions of chalcogens with both the host
and the sequentially implanted Pb affect the depth at which
nucleation and growth occur.

4.3.3. The Special Case of PbTe/Te. Nucleation and growth
outside of the implanted profile was also observed after (Te+

Pb) sequential implantation and annealing (Figure 6c). In Figure
9, we compare the initial concentration profile as determined
by SRIM with the elements’ concentration profile in precipitated
form as measured by TEM. Because, as noted above, Te and
PbTe precipitates could not be distinguished, the precipitated
concentration was plotted, assuming 100% of one or the other.
Approximately half of the precipitated concentration is outside

of the implanted profile. As we identified no very mobile form
of Te in diffusion experiments, and because, contrary to the
cases of S and Se,11 no Te was found outside of the implantation
profile when implanting the sample with Te alone and annealing
under the same conditions, we cannot ascribe nucleation and
growth outside of the implanted profile to diffusion. We suggest
that the presence of Pb provides a chemical interaction that
enhances Te mobility, leading to precipitation outside the
implanted profile.

The Pb-chalcogen chemical interaction and its effect on the
diffusion properties and precipitation can be evidenced by
comparing the postanneal profile of the elements in SiO2 when
implanted alone or sequentially implanted. Figure 10a shows
the effect on the sulfur concentration profile of identical anneals
(1 h at 900°C) for a S (or Pb) implanted sample versus a (S+

Figure 7. Total concentration profiles of Pb and S compared to the
nanocrystal depth distribution measured by TEM (a). Sample thickness
was taken ase ) 50 nm so as to match SIMS concentration and TEM
measurement. All samples were annealed 1 h at 850°C. Precipitation
is governed by the least-concentrated element. Nanocrystal density depth
distribution in the same class of sample after annealing 4 h at 900°C
(b). More than 70% of the nanocrystals have grown outside of the initial
(70 < z < 200 nm) implanted profile.

Figure 8. Growth characteristics of the sample annealed 1 h at 900
°C after Se+ Pb sequential implantation in pure silica. Total
concentration profiles of Pb (triangle) and Se (square) as measured by
SIMS compared to those deduced from TEM via PbSe nanocrystals
distribution (thick line) (a). The precipitated amount is governed by
the least concentrated element. Depth dependence of PbSe nanocrystal
radii (b). Each point is an average over 49 precipitates, its abscissa
being the average depth and the ordinate their average radius. Error
bars are statistical because of the finite averaging ensemble size.

Figure 9. Comparison of initial concentration profiles of Pb and Te
as determined by SRIM (Table 1) with the precipitated element
concentration, as deduced from TEM under the assumption thatall
precipitates are either PbTe (full circles) or Te (empty circles). The
sample is (Te+ Pb) sequentially implanted silica annealed 1 h at 890
°C.
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Pb) implanted sample. In the latter case, while precipitation
within the implanted profile leads to a decrease of the profile
width, a well-known effect,20 there is significant sulfur in-depth
profile broadening due to precipitation with Pb. The latter
element’s profile is also broadened, its mobility being enhanced
by its interaction with fast-moving sulfur (Figure 10b). In the
case of the (Se+ Pb) sample, a similar effect occurs (Figure
10c), except that nanocrystal formation now occurs on both
slopes of the implanted profile rather on one side. The difference
in chemical behavior of Se and S relative to Pb is presumably
the source of this effect.

5. Discussion

5.1. Effect of Redox Properties on Nucleation. We have
shown that chalcogenide nanocrystal formation in these sequen-
tially implanted samples cannot be analyzed in simple nucleation
theory terms. We discuss a possible mechanism for nanocrystal
nucleation and growth that takes the known chemical properties
into account and involves intermediate steps.

Upon annealing, slow-diffusing Pb combines with the reduced
form of the chalcogen inside the implantation profile to form
the small amorphous clusters identified in our (S+ Pb) samples.
The small, oxidized (e.g., SO3 or SeO2) chalcogen fraction is

likely a key factor of growth due to its much faster diffusion.11

Growth of PbS and/or PbSO4 then occurs by the two reactions:

The oxygen freed in these reactions diffuses inside the
implanted profile, contributing to the dissolution of amorphous
Pb polysulfide clusters, leading to PbO and to mobile SO3

groups (e.g., via the reaction S2- + 2O2f SO3 + O2-
glass) so

that, in turn, reactions 1 and 2 again promote PbS nanocrystal
nucleation and growth. The process is summarized in Figure
4b. Nanocrystal synthesis may thus occur via different nucleation
paths: (i) the reaction of free Pb with diffusing SO3, leading to
either PbSO4 or directly to PbS, (ii) the reduction of PbSO4

nanocrystals, (iii) the crystallization of small precursors PbxSy

(with the help of SO3?), and possibly, (iv) the reaction of free
lead with S2-. Analogous nucleation stages may be operative
in the case of PbSe because of the chemical similarity between
S and Se. For PbTe, whose chemistry differs markedly,
nucleation mechanisms should also differ, but at least two
distinct nucleation paths are possible: (i) direct formation of
PbTe nanocrystals by the reaction of isolated Pb and Te or (ii)
initial formation of Te nanocrystals (much less soluble in silica
than Pb) and incorporation of Pb as annealing proceeds. Finally,
and most importantly, the high diffusivity of the sulfate (or, to
a lesser extent, sulfite) groups could explain why PbS nano-
crystal growth tends to occur on the slopes of the implanted
profiles (see below).

5.2. On Nucleation and Growth Outside of the Implanted
Profile. According to classical nucleation and growth theory
for an AB mixture,21,22 precipitation outside of the implanted
profile should not occur. From the Gibbs-Thompson relation,
the solubility of B at the surface of stable nanocrystals (with
radius R > R*) is lower than that of B at the surface of a
nanocrystal with a critical radiusR* at the stability threshold.
If precipitates have already reached the coarsening stage inside
an implanted profile, the mean concentration of B in the A-rich
phase is close to its solubility value at the average-size
nanocrystal’s surface. Were this picture valid in our systems,
outdiffusion from the precipitate region should only lead to
average concentrations below the stable nucleus formation limit.
Nucleation and growth might then occur in precoarsening
growth stages, but not once the majority of B has precipitated.
This is in strong contrast to our observations. In the case of
sequentially implanted (S+ Pb) samples, for example, combined
SIMS and TEM experiments show that essentially all the Pb
and S are contained in a PbS+ PbSO4 nanocrystal profile after
a 1 h anneal at 850°C (Figure 7a), a profile that broadens
continuously as annealing proceeds to higher temperatures and
longer times (Figure 7b).10 Clearly, our sequentially implanted
systems do not satisfy the criteria of classical theory.

In fact, of course, our samples are far from the binary mixture
situation referred to above because three elements (the chalco-
gen, Pb and O) and their compounds are involved in growth.
Kuehman and Voorhees23 found that, in a ternary system in
which coarsening involves three simultaneous Gibbs-Thompson
relations, each of these depend on all diffusion coefficients and
solubilities in the various constituent nanocrystal phases.
Moreover, the compositional ratio varies greatly in our samples.
For example, in the (S+ Pb) sample annealed 1 h at 850°C
(Figure 7a), PbS and PbSO4 nanocrystals are formed both in a
Pb-excess region (at depths between 120 and 270] nm and in a
S-excess region (depths below 120 nm or beyond 270 nm). In

Figure 10. Modification of implanted atom mobility by the Pb-
chalcogen interaction (from SIMS measurements). Comparison of S
concentration after a 1 hanneal at 850°C of S implanted and S+ Pb
implanted silica (a); comparison of Pb concentration after a 1 hanneal
at 850 °C of Pb implanted and S+ Pb implanted silica (b). Pb
concentration in the Se+ Pb sequentially implanted silica, after
annealing at different temperatures (c). The difference between (b) and
(c) illustrates the chalcogen’s influence on Pb mobility.

PbO+ SO3f PbSO4T PbS+ 2O2 (1)

PbO+ SO3f PbS+ 2O2 (2)
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the Se+ Pb sample annealed at 900°C/1 h (Figure 8), PbSe
nanocrystals are formed both in a Pb-excess region (beyond 50
nm) and in a Se-excess region (below 50 nm); at the projected
range of Se and Pb, the uncombined Pb concentration is at least
2-3 times larger than that contained in PbSe nanocrystals.

Redox chemistry, such as eqs 1 and 2, must be involved in
the growth process, including the various redox states of the
chalcogen and of all possible O states, such as 0 for O2, or-II
for O2-

glass, SeO2, and PbO. A quantitative approach to the
results should account not only for thermodynamical features
(the equilibrium concentration of the oxidized forms, the
chemical interaction between the oxidized and the reduced
forms, the magnitude of the chemical interaction of each
chalcogen with Pb), but also for the nucleation and growth
kinetics (the diffusion of the oxidized form of Se being slower
than that of S, the dissolution kinetics of small amorphous
clusters formed inside the implantation profile, the dominating
nucleation mechanism in the Se+ Pb case...). This is clearly a
very ambitious program for the future.

5.3. Nanocrystal Size Distributions. The present work was
undertaken in an attempt to produce a high density of small
nanocrystals for optical applications. Control over the average
nanocrystal size and narrowness of the size distribution are thus
a crucial feature. Our TEM pictures (Figure 6) show that, despite
the differences described above in the diffusion coefficients and
chemical state of chalcogens, the final average nanocrystal radii
in our annealed samples were all quite similar (〈R〉PbS ) 2.8
nm, 〈R〉PbSe) 3.45 nm,〈R〉PbTe or Te) 4.05 nm), as were the
size distributions. The latter are asymmetric, as shown in Figure
11, and approach a log-normal shape whose geometrical
standard deviation is systematically about 1.45. A discussion
of these features, on the basis of work24 performed in various
areas of growth science, is given in ref 10, which shows that
their very existence testifies to the absence of any precise
information on the growth process. Multiple nucleation and
growth processes occur, as listed in the preceding paragraphs;
their interference blurs the effect that each alone would have
on the size distribution. This memory loss translates to a fast
relaxation of the size distribution to its asymptotic log-normal
shape. This interpretation is supported by the fact that, in the
annealed (S+ Pb) and (Se+ Pb) samples, identical log-normal
size distributions were found at different depths, i.e., whether
the nanocrystals had grown inside or (after diffusing) outside
of the initial implantation profile.

6. Optical Emission Properties

The limited implantation depth (typically 100-200 nm) and
fluence do not produce a sufficient number of nanocrystals to

observe optical absorption in our samples, but a rather intense
PL due to the first exciton state was observed12 in the (S+ Pb)
implanted samples, and more results of this system are discussed
below. On the other hand, the (Se+ Pb) sequentially implanted
samples failed to display any PL despite TEM evidence for the
presence of PbSe nanocrystals with a radius below 7 nm after
annealing (Figures 6b and 8b). Assuming, for simplicity, a gap
Eg ) 0.28 eV, as deduced from the nanocrystal size-gap
relation,19 and an effective massm* ) 0.077me, such nano-
crystals should have emitted light at wavelengths below about
3 µm (which was the spectral detection limit of our PbS
detector). The absence of any signal was possibly due to PL
quenching by very efficient photoexcited carriers or to surface
defect-induced nonradiative transitions. Why this should affect
PbSe and not PbS remains unclear.

The (S+ Pb) samples exhibited significant PL as soon as
nanocrystal growth set in. Figure 12a shows the PL of a
sequentially implanted sample annealed at 850°C for different
durations. The PL signal was centered at about 1.5µm (fwhm
) 0.5 µm) after a 30 min anneal. As the annealing time
increased, the PL line intensity increased considerably and
displayed a red-shift (centered at 1.6-2.0 µm after a 2-3 h
anneal) due to nanocrystal growth. Further annealing led to a
decrease in the PL intensity, which disappeared after an 8 h
anneal (Figure 12b). The nanocrystal radius, deduced from the
PL intensity maximum via ref 19 (right-hand side of Figure
12a), may be compared to the values measured via TEM after
several anneals. For example, after a 1 hanneal at 850°C, we
find 〈R〉 ) 3.8 nm from TEM, corresponding to a lowest exciton
state emission wavelength at 1.6µm, according to the model.
Other experimental TEM determinations of mean nanocrystal
radii for longer anneals (〈R〉 (900 °C/1 h)) 4.1 nm,〈R〉 (900
°C/2 h)) 4.5 nm, and〈R〉 (900°C/4 h)) 5.1 nm) also compare

Figure 11. Example of size distribution in S+ Pb implanted sample
after annealing at 850°C/1 h (400 precipitates). The thin line is the
adjustment by a log-normal probability density functionflog-normal(R )

r) ) 1/(r ln(σ)x2π) exp(-(ln(r/µ))2/2(ln(σ))2) with µ ) 3.7 nm andσ
) 1.4.

Figure 12. PL emission properties of S+ Pb and Pb+ S sequentially
implanted sample as a function of annealing time at 850°C/1 h. Increase
of the peak wavelength maximum, the inset being examples of PL
spectra (a). On the right side of the graph is the mean radius,
corresponding to the peak wavelength, estimated by the model in ref
19. PL intensity variations (b) . The thin line is proportional toR-6 as
estimated with the help of data in (a).
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favorably with values deduced from PL experiments in Figure
12a. We note that such estimates are only indicative, the model
in ref 19 being valid for perfectly spherical nanocrystals with
infinite confinement barriers, whereas our microstructures
include polycrystalline nanocrystals and PbSO4/PbS interfaces.
Also, and importantly, our comparison concerns the average
nanocrystal sizes, whereas the rather broad observed PL
emission line presumably involves contributions from nano-
crystals of different sizes. But the correlation between the
average PL peak wavelength shift and nanocrystal size is a
reasonable indication that the observed PL is due to the confined
exciton within the PbS nanocrystals, and the relation between
PbS nanocrystal sizes, average PL emission wavelength, and
PL intensity provides additional information on the growth
mechanisms. For example, the PL intensity increase with
annealing time was very sharp, whereas the PL position
remained fairly constant. This is consistent with TEM observa-
tions (Figure 4a), showing that growing nanocrystals very
rapidly reach a mean radius of about 3-3.5 nm at the expense
of smaller amorphous (hence nonemitting) clusters.

Regarding the sharp PL intensity decrease after a 2 hanneal
at 850°C (Figure 12b), we note the following. The PL intensity
IPL scales asn‚fosc wheren is the PbS nanocrystal density and
fosc, their oscillator strength. Predictions based on the electron
and hole wave function overlap, leading tofosc ∝ R-3 for a
crystallite with radiusR.25 Assuming that the PbS nanocrystal
volume fraction is conserved in our system, increasing the
average nanocrystal size leads to a density decrease varying as
n ∝ R-3 and, hence, to theIPL ∝ R-6 dependence shown as a
thin line in Figure 12b. In fact, the experimental PL intensity
decreased much more rapidly. This discrepancy may be due to
several causes: a PbS nanocrystal volume fraction decrease by
outdiffusion from the sample during long anneals (Figure 5), a
partial reverse transformation of PbS into PbSO4, and/or the
increasing influence of nonradiative paths as annealing proceeds.

7. Conclusion

We have synthesized lead chalcogenide nanocrystals by
sequential implantation of the components into pure silica. The
redox properties of the nanocrystal constituents, especially those
of the chalcogens, are shown to have a major influence on the
nanocrystal microstructures as well as on their growth charac-
teristics, final size distribution, and spatial repartition. We have
shown that the use of ion implantation as a means of synthesis
cannot bypass these redox properties because the required
postannealing process activates the chemical interactions of the
implanted elements among themselves and with the host. As a
result, it is impossible to rely on the initial implantation profiles
to predict the nanocrystals’ depth distribution; the coupling
between diffusion and precipitation must be taken into account.
The rather complex chalcogen chemistry also leads to multiple
nucleation mechanisms, possible transient nanocrystal chemical
compositions, and differing final nanocrystal compositions for

different chalcogens (e.g., PbS and PbSe versus pure Te). Its
effect on diffusion leads to lack of growth control and affects
the size distribution broadening. Controlling the redox chemistry
(chemical nature of the matrix, composition of the annealing
atmosphere) is a prerequisite to reaching better control over
growth and, hence, over the lead chalcogenide optical properties.
In the case of PbS, we have succeeded in obtaining intense,
although rather broad, optical emission in the range 1.5-2.0
µm.
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✶✺✶

❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ❛♥❛❧②sé ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞❡ PbX ✭X = S✱ Se✱ Te✮
❛♣rès ✐♠♣❧❛♥t❛t✐♦♥ ❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♠✐❝r♦s❝♦♣✐q✉❡✳ ◆♦✉s ❛✈♦♥s
♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧✬✐♥✢✉❡♥❝❡ ♦♠♥✐♣rés❡♥t❡ ❞❡ ❧✬ét❛t r❡❞♦① ❞❡s ❝❤❛❧❝♦❣è♥❡s ❞❛♥s ❝❡s ♦①②❞❡s
s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ✉❧tér✐❡✉r❡✳ ❉❡ ❝❡ ❢❛✐t ✿ ✭✐✮ ❧❛ ❣❡r♠✐♥❛t✐♦♥ ♥✬♦❜é✐t ♣❛s à ✉♥ s❝❤é♠❛ ❝❧❛s✲
s✐q✉❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❤♦♠♦❣è♥❡ ❞✉ ❢❛✐t ❞✉ ♠é❧❛♥❣❡ ♣r♦❜❛❜❧❡ ❞❡ ❞✐✛ér❡♥t❡s ét❛ts r❡❞♦① ❞❡s
❝❤❛❧❝♦❣è♥❡s ❡t ❞❡ ❧❛ ♥❛t✉r❡ ❝♦♠♣♦sé❡ ❞❡s ❛❣ré❣❛ts q✉✐ ♣ré❝✐♣✐t❡♥t✱ ✭✐✐✮ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st très
❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t❡ ❞❡s ♣r♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥ ❡t ❞♦♥❝ ❞❡ ❧✬ét❛t ❝❤✐♠✐q✉❡ ❞❡s ❝❤❛❧❝♦❣è♥❡s✱
q✉✐ ❡st ❞é✜♥✐ ♣❛r ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ ❡t Pb✱ ✭✐✐✐✮ ❡t ❡♥✜♥ ❧❛ ♥❛t✉r❡ ❝❤✐♠✐q✉❡
❞❡s ♣ré❝✐♣✐tés ♦❜t❡♥✉s ❡st ❡❧❧❡ ❛✉ss✐ ❧❡ rés✉❧t❛t ❞❡ ❧✬éq✉✐❧✐❜r❡ ❝❤✐♠✐q✉❡ ❞❡s ❝❤❛❧❝♦❣è♥❡s ❛✈❡❝
❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t ✭✐♥❝❧✉❛♥t Pb✮✳

▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s ❞❡s ♣ré❝✐♣✐tés ♦❜s❡r✈és ❞❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s s♦♥t s♦✉✈❡♥t✱
❛♣rès ✉♥ r❡❝✉✐t ♣❧✉s ♦✉ ♠♦✐♥s ❧♦♥❣✱ ❞❡ ❢♦r♠❡ ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡✳ ◆♦✉s ❛❧❧♦♥s ❞❛♥s
❧❡ ❝❤❛♣✐tr❡ ✼ ♣rés❡♥t❡r ✉♥❡ ét✉❞❡ s②sté♠❛t✐q✉❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❝❡tt❡ ❢♦r♠❡
❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡✳ ◆♦✉s ♠♦♥tr❡r♦♥s q✉❡ ❧❡s s②stè♠❡s ❝♦♥t❡♥❛♥t ❞❡s ❝❤❛❧❝♦❣è♥❡s ❢❛✲
✈♦r✐s❡♥t ❝❡tt❡ ❢♦r♠❡✱ ❞✉ ❢❛✐t ❞❡ ❧❛ ❝♦♠♣ét✐t✐♦♥ ❡♥tr❡ ❧❡s ♠✉❧t✐♣❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❣❡r♠✐♥❛✲
t✐♦♥✴❝r♦✐ss❛♥❝❡ q✉❡ ♥♦✉s ❛✈♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡✳ ▲❡s rés✉❧t❛ts ❞❡ ❝❡ ❝❤❛♣✐tr❡ ♠♦♥tr❡♥t q✉✬✐❧
❡st ❝r✉❝✐❛❧ ❞❡ ❝♦♥trô❧❡r ❧❛ ♣❤②s✐❝♦✲❝❤✐♠✐❡ ❞❡s ♣r♦❝❡ss✉s ❞❡ ❝r♦✐ss❛♥❝❡✳ ◆♦✉s ♠♦♥tr❡r♦♥s ❛✉
❝❤❛♣✐tr❡ ✽ q✉❡ ❝❡ ❝♦♥trô❧❡ ♣❡✉t êtr❡ ré❛❧✐sé ❡♥ ❢❛❜r✐q✉❛♥t ❞❡s ✈❡rr❡s ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❛♣♣r♦✲
♣r✐é❡✱ ❝♦♥t❡♥❛♥t PbO✱ ❞❡ s♦rt❡ q✉❡ s❡✉❧ ❧❡ ❝❤❛❧❝♦❣è♥❡ ❞♦✐✈❡ êtr❡ ✐♠♣❧❛♥té ♣♦✉r ❛ss✉r❡r ❧❛
s✉rs❛t✉r❛t✐♦♥ ♥é❝❡ss❛✐r❡✳ ❈❡tt❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡ ♣r♦❞✉✐t ❞❡s ♥❛♥♦❝r✐st❛✉① ❞❡
PbS ❞♦♥t ❧❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s s♦♥t très ✐♥tér❡ss❛♥t❡s t❛♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❢♦♥❞❛♠❡♥t❛❧
q✉✬❛♣♣❧✐q✉é✳



❈❤❛♣✐tr❡ ✼

❈♦♠♣♦rt❡♠❡♥t ❛s②♠♣t♦t✐q✉❡ ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞✬❛❣ré❣❛ts
♦❜t❡♥✉s ♣❛r ✐♠♣❧❛♥t❛t✐♦♥

▲❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡s ♣r♦♣r✐étés ❞❡ ♥❛♥♦❝r✐st❛✉① s❡♠✐❝♦♥❞✉❝t❡✉rs ♥é❝❡ss✐t❡♥t ✉♥ ❝♦♥trô❧❡
❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✱ ❡t ❞♦♥❝ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥✲
t❛t✐♦♥ ♣❡r♠❡t ❞❡ ❞é♣❛ss❡r ❛✐sé♠❡♥t ❧❡s ❧✐♠✐t❡s ❞❡ s♦❧✉❜✐❧✐té ❞✬✉♥ é❧é♠❡♥t ❞❛♥s ✉♥❡ ♠❛tr✐❝❡
❞♦♥♥é❡✱ ❡t ❞♦♥❝ ❞❡ ❢❛✐r❡ ♣ré❝✐♣✐t❡r ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ✐♠♣♦rt❛♥t❡s ❞✬❛❣ré❣❛ts✱ ♠❛✐s
♦♥ ❝♦♥st❛t❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❞❡s ❞✐✣❝✉❧tés à ❛tt❡✐♥❞r❡ ✉♥ ❝♦♥trô❧❡ s❛t✐s❢❛✐s❛♥t ❞❡ ❧❛ ❞✐s✲
tr✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳ ❆♣rès ✐♠♣❧❛♥t❛t✐♦♥ à ❤❛✉t❡ ✢✉❡♥❝❡✱ ❝❡s ❞❡r♥✐èr❡s s♦♥t ❧❛r❣❡s ❡t ♣❛r❢♦✐s
❜✐♠♦❞❛❧❡s ✿ ❝✬❡st ❧❡ ❝❛s ♣♦✉r ❈❞❙❡ ❬✶✼✹❪✱ ❈❞❙✱ P❜❙ ❬✶✹❪✱ ❆✉ ❬✶✼✺❪✱ ❩♥❙ ❬✶✹✱ ✶✼❪ ❡t ❙✐ ❬✶✼✻❪
❞❛♥s SiO2✳ ❚♦✉t❡s ❝❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ s♦♥t ♣❧✉s ❧❛r❣❡s q✉❡ ❝❡❧❧❡s ♦❜t❡♥✉❡s ♣❛r ❞✬❛✉tr❡s
♠♦❞❡s ❞❡ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ✭❝♦❧❧♦ï❞❛❧❡s ♣❛r ❡①❡♠♣❧❡✮✱ ❡t ❝❡❝✐ ❝♦♥st✐t✉❡ ❧✬✐♥❝♦♥✈é♥✐❡♥t ❧❡
♣❧✉s ✐♠♣♦rt❛♥t ❞❡ ❧❛ s②♥t❤ès❡ ♣❛r ✐♠♣❧❛♥t❛t✐♦♥✳ ■❧ ❝♦♥✈✐❡♥t ❞♦♥❝ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❛ ❝❛✉s❡ ❞❡
❝❡ ♠❛♥q✉❡ ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❛✜♥ ❞✬② r❡♠é❞✐❡r✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ♠♦♥tr❡r♦♥s
❞♦♥❝ ❝♦♠♠❡♥t ❧❡s ♠✉❧t✐♣❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞❡ ❝❡s ❛❣ré❣❛ts ❞❛♥s ❧❡s
✈❡rr❡s ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t s♦♥t r❡s♣♦♥s❛❜❧❡s ❞❡ ❧✬é❧❛r❣✐ss❡♠❡♥t ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✈❡rs ✉♥❡ ❢♦r♠❡ ❛s②♠♣t♦t✐q✉❡ ♠❛①✐♠✐s❛♥t s♦♥ ❡♥tr♦♣✐❡ ❡t ♣r♦❝❤❡ ❞✬✉♥❡
❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡✶✳

✼✳✶ ■♥tr♦❞✉❝t✐♦♥

✼✳✶✳✶ ❉✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡ t❛✐❧❧❡ ❡♥ ♣❤②s✐q✉❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡

■❧ ❡①✐st❡ ❞❡ ♥♦♠❜r❡✉s❡s ❢♦r♠❡s ❞✐✛ér❡♥t❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ❞❡ t❛✐❧❧❡ s✉✐✈❛♥t
❧❛ ♥❛t✉r❡ ❞❡s s②stè♠❡s ❡t ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ❝r♦✐ss❛♥❝❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r
❝♦♥❞❡♥s❛t✐♦♥ ❡♥ ♣❤❛s❡ s♦❧✐❞❡ ✭❝❤❛♣✐tr❡ ✶✮✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❛❞♦♣t❡ ✉♥❡ ❢♦r♠❡ ❛s②♠✲
♣t♦t✐q✉❡ ❞❡ ❢♦r♠❡ ▲❙❲ ❞♦♥t ❧✬♦r✐❣✐♥❡ ♠✐❝r♦s❝♦♣✐q✉❡ ❡st ❧❛ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡ ❡♥tr❡ ❧❡s
❛❣ré❣❛ts✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ s✬é❧❛r❣✐t s✐ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞✬❛❣ré❣❛ts ❛✉❣♠❡♥t❡✱ ❝❛r
❧❡✉rs ❝❤❛♠♣s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥s ❡♥tr❡♥t ♣r♦❣r❡ss✐✈❡♠❡♥t ❡♥ ❝♦♠♣ét✐t✐♦♥✱ ❡♥ ♣❧✉s ❞❡s ❡✛❡ts

✶▲❡s rés✉❧t❛ts ♣rés❡♥tés ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ♦♥t ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥ ❛rt✐❝❧❡ ✿ ✧❙✐❣♥✐✜❝❛♥❝❡ ♦❢ ❧♦❣♥♦r♠❛❧ ♥❛♥♦✲
❝r②st❛❧ s✐③❡ ❞✐str✐❜✉t✐♦♥s✧✱ ❘✳ ❊s♣✐❛✉ ❞❡ ▲❛♠❛ëstr❡ ❛♥❞ ❍✳ ❇❡r♥❛s✱ P❤②s✳ ❘❡✈✳ ❇✳ ✼✸ ✭✷✵✵✻✮ ✶✷✺✸✶✼

✶✺✷



✶✺✸

❞❡ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡✳
❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ❛✉ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✱ ♥♦✉s ♦❜s❡r✈♦♥s s②sté♠❛t✐q✉❡♠❡♥t✱ ❛♣rès
❝r♦✐ss❛♥❝❡ ❞❡ ♣r♦✜❧s ✐♠♣❧❛♥tés séq✉❡♥t✐❡❧❧❡♠❡♥t P❜ ❡t ❙✱ ❙❡ ♦✉ ❚❡✱ ❞❡s ❞✐str✐❜✉t✐♦♥s ❧♦❣♥♦r✲
♠❛❧❡ ❞❡ t❛✐❧❧❡ ✭❛♥♥❡①❡ ❋✮ ✿

f(r) =
1

r ln(σ)
√

2π
exp

(
− ln2(r/µ)

2 ln2(σ)

)
✭✼✳✶✮

❖♥ r❡♥❝♦♥tr❡ ❛✉ss✐ ❝❡tt❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❛♥s ❞✬❛✉tr❡s s②stè♠❡s ré❛❧✐sés ♣❛r ✐♠♣❧❛♥✲
t❛t✐♦♥✳ P❛r ❡①❡♠♣❧❡✱ ❡❧❧❡ ❡st ♦❜s❡r✈é❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞✬♦r ❞❛♥s ❧❛
s✐❧✐❝❡ ♣✉r❡ ✭▼✐♦t❡❧❧♦ ❡t ❛❧✳ ❬✹✾❪✮✱ ❞✬❛❣ré❣❛ts ❞❡ ●❛◆ ❛♣rès ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❛♥s ❞❡s
❞✐é❧❡❝tr✐q✉❡s ✭❇♦rs❡❧❧❛ ❡t ❛❧✳ ❬✶✼✼❪✮ ♦✉ ❜✐❡♥ ❡♥❝♦r❡ ❞✬✐♥❝❧✉s✐♦♥s ♠ét❛❧❧✐q✉❡s ❞❛♥s ❧✬❛❧✉♠✐♥✐✉♠
✭❆♥❞❡rs♦♥ ❡t ❛❧✳ ❬✶✼✽❪ ❡t ❍❛❣è❣❡ ❡t ❛❧✳ ❬✶✼✾❪✮✳ ❈❡tt❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st très ❞✐✛ér❡♥t❡
❞❡ ▲❙❲ ❬✸✵✱ ✸✶❪ ❛❧♦rs q✉❡ ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞✬❛❣ré❣❛t✐♦♥ s♦♥t ♣r♦❝❤❡s ✭❧✐♠✐té❡
♣❛r ❞✐✛✉s✐♦♥ ❞❡s ❡s♣è❝❡s✱ ❡✛❡t ❞❡ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡✮✳ ❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❝❡t é❝❛rt✱ ♥♦✉s
❛✈♦♥s ❞♦♥❝ ♠❡♥é ✉♥❡ ét✉❞❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❛♥s ❧❡sq✉❡❧❧❡s ♦♥ ♣❡✉t tr♦✉✈❡r ✉♥❡ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ ❧♦❣♥♦r♠❛❧❡✱ ❡♥ ♥♦✉s ❝♦♥❝❡♥tr❛♥t s✉r ❧✬✐♥❢♦r♠❛t✐♦♥ q✉✬❡❧❧❡ ❝♦♥t✐❡♥t ❞❡s ♣r♦❝❡ss✉s ❞❡
❝r♦✐ss❛♥❝❡ ❞❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s✳

▲❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡ ♣r♦❜❛❜✐❧✐té s❡ r❡♥❝♦♥tr❡ ❞❛♥s ❞❡ ♥♦♠❜r❡✉① ❛✉tr❡s ❞♦♠❛✐♥❡s
s❝✐❡♥t✐✜q✉❡s ❬✶✽✵❪ ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞❛♥s ❝❡✉① tr❛✐t❛♥t ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳ ❙❛ ❣é♥ér❛✲
❧✐té r❡❝♦✉✈r❡ ✉♥ ❧❛r❣❡ s♣❡❝tr❡ ❞❡ ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s✳ ▲❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ ❛s②♠♣t♦t✐q✉❡ ❛ été ❜❡❛✉❝♦✉♣ ét✉❞✐é❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r ❝♦❛❣✉❧❛t✐♦♥
❬✶✽✶✱ ✶✽✷✱ ✶✽✸✱ ✶✽✹❪✳ ❉❛♥s ❝❡ ❝❛s ♦♥ ❞✐st✐♥❣✉❡ ❞❡ ♥♦♠❜r❡✉① ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s
✭✐✳❡✳ ❞❡s ❢♦r♠❡s ❞✐✛ér❡♥t❡s ❞❡ ♥♦②❛✉ K✮ ✿ ❛❣ré❣❛t✐♦♥ ❡♥ ré❣✐♠❡ ❜❛❧✐st✐q✉❡✱ ❞❛♥s ❞❡s é❝♦✉✲
❧❡♠❡♥ts✳ ✳ ✳ ▲✬é✈❡♥t✉❡❧❧❡ ❢♦r♠❡ ❢r❛❝t❛❧❡ ❞❡s ❛❣ré❣❛ts ❢♦r♠és ♣❡✉t ❛✉ss✐ êtr❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡
❬✶✽✸❪✳ ▲❡s ❞✐str✐❜✉t✐♦♥s tr♦✉✈é❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ✭❞❛♥s ❧❡s ❛ér♦s♦❧s ❡t ❧❡s ❝♦❧❧♦ï❞❡s✮ ❡t
t❤é♦r✐q✉❡♠❡♥t s♦♥t très s♦✉✈❡♥t ♣r♦❝❤❡s ❞❡ ❝❡❧❧❡s ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡ ❬✶✽✺❪✳ ❙✐ ❧❛ ❢♦r♠❡ ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ♥✬❡st ♣❛s ❞é♣❡♥❞❛♥t❡ ❞❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡ ❞❡ ❝♦❛❣✉❧❛t✐♦♥✱
●♠❛s❝❤♦✇s❦✐ ❬✶✽✺❪ ❛ ♠♦♥tré q✉❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧✬é❝❛rt t②♣❡ ❧❡ ♣❧✉s ♣r♦❜❛❜❧❡ ❡♥ ❞é♣❡♥❞❛✐t
❢♦rt❡♠❡♥t✳ P❛r ❡①❡♠♣❧❡✱ ✐❧ tr♦✉✈❡ σ = 1, 4 ♣♦✉r ✉♥❡ ❝♦❛❣✉❧❛t✐♦♥ ❜r♦✇♥✐❡♥♥❡ ✐rré✈❡rs✐❜❧❡ ❡t
♥♦♥ ❢r❛❝t❛❧❡✱ σ = 1, 54 s✐ ❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❡st ♣♦ss✐❜❧❡✳ ✳ ✳
▲❡s rés✉❧t❛ts ❝✐✲❞❡ss✉s ❝♦♥❝❡r♥❡♥t ❞❡s s②stè♠❡s ❢❡r♠és✱ ♣♦✉r ❧❡sq✉❡❧s ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ✐♠♣♦r✲
t❛♥t❡ ❞✬❛❣ré❣❛ts ❝♦❛❣✉❧❡✳ ■❧s ♥❡ ❞é♣❡♥❞❡♥t ♣❛s ❞❡ ❧✬ét❛t ✐♥✐t✐❛❧ ❞✉ s②stè♠❡✳ ❖♥ r❡♥❝♦♥tr❡
❛✉ss✐ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❧♦❣♥♦r♠❛❧❡ ❞❛♥s ❞❡s s②stè♠❡s ♦✉✈❡rts✱ ♣❛r ❡①❡♠♣❧❡ ❧♦rs ❞❡
❧❛ s②♥t❤ès❡ ❞❡ ♣❛rt✐❝✉❧❡s ♠ét❛❧❧✐q✉❡s ✉❧tr❛✜♥❡s ♣❛r é✈❛♣♦r❛t✐♦♥ ❬✶✽✻✱ ✶✽✼❪✳ ❉❛♥s ❝❡ ❝❛s✱ ✉♥
♠♦❞è❧❡ ❞❡ ❝r♦✐ss❛♥❝❡ r❡♣♦s❛♥t s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✉ t❡♠♣s ❞❡ ❝r♦✐ss❛♥❝❡ ❛ été ❞é✈❡❧♦♣♣é
♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❬✶✽✽❪✳ ▲❡s ♣❛rt✐❝✉❧❡s ❞❡ ♠ét❛❧
❢♦r♠❡♥t ✉♥ ♥✉❛❣❡ ❛✉✲❞❡ss✉s ❞✉ ♠ét❛❧ ❡♥ ❢✉s✐♦♥✱ ❡t ❝❡❧❧❡s q✉✐ s♦♥t ✜♥❛❧❡♠❡♥t ❝♦❧❧❡❝té❡s ♦♥t
tr❛✈❡rsé ❝❡ ♥✉❛❣❡ ♣❛r ❞✐✛✉s✐♦♥✴❞ér✐✈❡ ♣❡♥❞❛♥t ✉♥ t❡♠♣s q✉✐ ❡st ❞✐str✐❜✉é s✉✐✈❛♥t ✉♥❡ ❧♦✐ ❧♦✲
❣♥♦r♠❛❧❡ ❞❡ ♣r♦❜❛❜✐❧✐té✳ ❈♦♠♠❡ ❧❡ r❛②♦♥ ❡st ❝♦✉r❛♠♠❡♥t ✉♥❡ ❢♦♥❝t✐♦♥ ♣✉✐ss❛♥❝❡ ❞✉ t❡♠♣s
❞❡ ❝r♦✐ss❛♥❝❡✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡s s✉✐t ❛✉ss✐ ✉♥❡ ❧♦✐ ❧♦❣♥♦r♠❛❧❡✳

◆♦✉s ❡①❛♠✐♥❡r♦♥s ❞✬❛❜♦r❞ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts à ♣❛rt✐r ❞❡ ♣r♦✜❧s ✐♠♣❧❛♥tés✱ q✉✐
s♦♥t ❞❡s s②stè♠❡s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ très ✐♥❤♦♠♦❣è♥❡✱ ❡♥ ♠♦♥tr❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❝♦♥✈❡r✲
❣❡♥❝❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✈❡rs ❧❛ ❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡✱ ❡t ❡♥ ✐♥s✐st❛♥t s✉r ❧❡s é❝❛rts
♦❜s❡r✈és à ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞❛♥s ❧❡s s②stè♠❡s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❤♦♠♦❣è♥❡✳ ❈❡tt❡ ❞❡r♥✐èr❡
❝♦♠♣❛r❛✐s♦♥ s♦✉❧è✈❡ ❧❡s q✉❡st✐♦♥s s✉✐✈❛♥t❡s ✿ q✉❡❧❧❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ♠é❝❛♥✐s♠❡s ❞❡
❝r♦✐ss❛♥❝❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ❞❡ t❛✐❧❧❡ ❝♦♥t✐❡♥t✲❡❧❧❡ ❄ ◗✉❡❧❧❡ ❡st ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛
ré♣♦♥s❡ à ❧❛ q✉❡st✐♦♥ ♣ré❝é❞❡♥t❡ ❡t ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❄ ◆♦✉s ♠♦♥tr❡r♦♥s à ❝❡tt❡



✶✺✹

♦❝❝❛s✐♦♥ q✉❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ r❡♥❝♦♥tr❡ ❞❡ ❧❛ ❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡ ❝♦♥st❛té❡ ❝✐✲❞❡ss✉s ❡st ré✈é❧❛✲
tr✐❝❡ ❞✉ ❝❛r❛❝tèr❡ ❢♦rt❡♠❡♥t ❛❧é❛t♦✐r❡ ❞❡ ❧❛ ♣❧✉♣❛rt ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ❝r♦✐ss❛♥❝❡ ♠❡♥t✐♦♥♥és✱
❡t ❞♦♥❝ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡ ❝❡✉① ré❣✐ss❛♥t ❧❛ ❝r♦✐ss❛♥❝❡ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s é❝❤❛♥t✐❧❧♦♥s ré❛❧✐sés
♣❛r ✐♠♣❧❛♥t❛t✐♦♥✳

✼✳✶✳✷ ❆♣♣r♦❝❤❡ t❤é♦r✐q✉❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ s②stè♠❡s ✐♥❤♦♠♦✲
❣è♥❡s

❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✱ ♥♦✉s ❛✈♦♥s ♣rés❡♥té ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬✉♥ ♠✐❧✐❡✉
❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✉♥✐❢♦r♠❡✳ ❯♥ rés✉❧t❛t ♠❛rq✉❛♥t ❞❡ ❝❡tt❡ ét✉❞❡ ❡st ❧❛ ❢♦r♠❡ ❛s②♠♣t♦t✐q✉❡
❞❡ t②♣❡ ▲❙❲ q✉❡ ♣r❡♥❞ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳ ❉é✜♥✐ss♦♥s ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥ λ✳ ◆♦✉s
❛✈♦♥s ❞ér✐✈é ❡♥ ♣❛rt✐❡ ✶✳✷✳✷ ❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ ❞✬✉♥ ❛❣ré❣❛t ✐s♦❧é à ♣❛rt✐r ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡
❞✐✛✉s✐♦♥ ❝❧❛ss✐q✉❡ ✭✶✳✶✻✮ ♣♦✉r ❧❡ s♦❧✉té ❇ s❡ tr♦✉✈❛♥t ❞❛♥s ❧❛ ♣❤❛s❡ β✳ ❖♥ ♣❡✉t t❡♥✐r ❝♦♠♣t❡
❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ♣ré❝✐♣✐tés ❡♥✈✐r♦♥♥❛♥ts ❞❛♥s ✉♥ tr❛✐t❡♠❡♥t ❞✉ ❝❤❛♠♣ ♠♦②❡♥ s♦✉s ❧❛ ❢♦r♠❡
❞✬✉♥ t❡r♠❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❞❛♥s ❧✬éq✉❛t✐♦♥ ❞❡ ❞✐✛✉s✐♦♥✷ q✉✐ s✬é❝r✐t ❛❧♦rs ✿

∂xαB
∂t

= D∇2xαB − 4πD < R > nxαB ✭✼✳✷✮

❛✈❡❝ n ❧❛ ❞❡♥s✐té ♠♦②❡♥♥❡ ❞❡ ♣ré❝✐♣✐té ❡t < R > ❧❡✉r r❛②♦♥ ♠♦②❡♥✳ ❊♥ ré❣✐♠❡ st❛t✐♦♥♥❛✐r❡✱
∂xα

B

∂t ≈ 0✱ ❡t ❧❡s ✈❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ xαB s♦♥t ❞♦♠✐♥é❡s ♣❛r ✉♥❡
éq✉❛t✐♦♥ ❞✐✛ér❡♥t✐❡❧❧❡ ❞✉ s❡❝♦♥❞ ♦r❞r❡✱ ❞♦♥♥❛♥t ✉♥❡ s♦❧✉t✐♦♥ ❡①♣♦♥❡♥t✐❡❧❧❡ ❛✈❡❝
✉♥❡ ❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡ λ ❛♣♣❡❧é❡ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥ ✿

λ = 1√
4π<R>n

✭✼✳✸✮

P❡♥❞❛♥t ❧✬ét❛♣❡ ❞❡ ♠ûr✐ss❡♠❡♥t ❞❡ t②♣❡ ▲❙❲✱ ♦♥ ❛ < R >∝ t1/3 ❡t n ∝ t−1 ❡t ❞♦♥❝ ❧❛
❧♦♥❣✉❡✉r ❞✬é❝r❛♥ ❛✉❣♠❡♥t❡ ❝♦♠♠❡ λ ∝ t1/3✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐tés ❞♦♠✐♥❡
❧❛ ❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ ♠♦②❡♥ ❞❡s ❛❣ré❣❛ts ❡t t❡♥❞ à ❢❛✐r❡ ❝r♦îtr❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥✳ ❙♦✉s
❢♦r♠❡ ✐♥té❣r❛❧❡ ❡t ♣♦✉r ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❤♦♠♦❣è♥❡✱ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ✭✶✳✷✻✮
❧♦rs ❞✉ ♠ûr✐ss❡♠❡♥t ▲❙❲ ❡①♣r✐♠❡ s✐♠♣❧❡♠❡♥t q✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ s♦❧✉té s♦✉s ❢♦r♠❡
♣ré❝✐♣✐té❡ ❡st ❝♦♥st❛♥t❡ ✭♣❛rt✐❡ ✶✳✷✳✸✮✳

❉✉r❛♥t ❧❛ ❞❡r♥✐èr❡ ❞é❝❡♥♥✐❡✱ ❧✬✐♥térêt ❞❡s ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ♣♦✉r ❧❛ s②♥t❤ès❡ ❞✬❛❣ré❣❛ts
❛ été ❞é♠♦♥tré ❞❛♥s ❞❡s ♠❛tr✐❝❡s ❞❡ ♥❛t✉r❡s ❞✐✛ér❡♥t❡s✳ ▲♦rsq✉❡ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❡st ✉t✐✲
❧✐sé❡✱ ❧❛ ❝r♦✐ss❛♥❝❡ ❛ ❧✐❡✉ ❞❛♥s ✉♥❡ ③♦♥❡ ♦ù ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ s♦❧✉té ✈❛r✐❡ s♣❛t✐❛❧❡♠❡♥t
❞❡ ♠❛♥✐èr❡ ✐♠♣♦rt❛♥t❡ ❡t ❧✬❡①♣♦sé ❞❡ ❧❛ ♣❛rt✐❡ ✶✳✷ ♥✬❡st ❞♦♥❝ ♣❧✉s r✐❣♦✉r❡✉s❡♠❡♥t ✈❛❧❛❜❧❡✳
❙❡✉❧s ❚r✐♥❦❛✉s ❡t ❛❧✳ ❬✶✽✾❪ ❡t ♣❧✉s ré❝❡♠♠❡♥t ❇♦r♦❞✐♥ ❬✶✾✵✱ ✶✾✶❪ ♦♥t ❡①❛♠✐♥é
❞❡ ♠❛♥✐èr❡ ❛♥❛❧②t✐q✉❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬✉♥ ♣r♦✜❧ ✐♠♣❧❛♥té✱ ♣♦✉r ❧❛q✉❡❧❧❡ ✐❧ ❛♣♣❛✲
r❛ît q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥ λ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❬✶✾✶✱ ✶✾✷❪✳ ❇♦r♦❞✐♥ ♠♦♥tr❡
q✉❡ ❧✬♦♥ ♣❡✉t ❞❡ ♠❛♥✐èr❡ ❛♥❛❧♦❣✉❡ ❞é✜♥✐r ✉♥❡ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥ ♣❛r ❧❛ ❢♦r♠✉❧❡ ✭✼✳✸✮✱ ♠❛✐s
q✉❡ ❝❡tt❡ ❞❡r♥✐èr❡ ✈❛r✐❡ ♠❛✐♥t❡♥❛♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥✸✳ ❉❛♥s ❧❡
❝❛s ✐♥❤♦♠♦❣è♥❡✱ ❧✬éq✉❛t✐♦♥ ✭✶✳✷✻✮ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❞♦✐t êtr❡ ♠♦❞✐✜é❡ ❛✜♥ ❞❡
t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧❛ ♣❡rt❡ ❞❡ ♠❛t✐èr❡ ♣❛r ❞✐✛✉s✐♦♥✱ ❡t ❝❡❝✐ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❛♥s
❧✬é❝❤❛♥t✐❧❧♦♥ ❬✶✽✾❪✳ ❈✬❡st ✉♥❡ ♠❛♥✐❢❡st❛t✐♦♥ ❞✉ ❝♦✉♣❧❛❣❡ q✉✐ ❡①✐st❡ ♠❛✐♥t❡♥❛♥t ❡♥tr❡ ❧✬é✈♦✲
❧✉t✐♦♥ ❞✉ s②stè♠❡ ❞❛♥s ❧✬❡s♣❛❝❡ ré❡❧ ✭t❛✐❧❧❡ ❡t ❞❡♥s✐té ❞✬❛❣ré❣❛ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥
❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥✮ ❡t ❧✬❡s♣❛❝❡ ❞❡s t❛✐❧❧❡s ✭❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✮✳

✷❚❡r♠❡ ♣✉✐ts✴s♦✉r❝❡ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ♣rés❡♥❝❡ ❞❡ ♣ré❝✐♣✐tés ❛✉t♦✉r ❞✉ ♣♦✐♥t ❞❡ ❧✬❡s♣❛❝❡ ❝♦♥s✐❞éré✳
✸n ❡t < R > s♦♥t ♠❛✐♥t❡♥❛♥t ❧❛ ❞❡♥s✐té ♠♦②❡♥♥❡ ❧♦❝❛❧❡ ❡t ❧❡ r❛②♦♥ ♠♦②❡♥ ❧♦❝❛❧ ❞❡s ♣ré❝✐♣✐tés ❞é✜♥✐s s✉r

✉♥ ✈♦❧✉♠❡ ♣❧✉s ♣❡t✐t q✉❡ λ3✳



✶✺✺

❚r✐♥❦❛✉s ❡t ❛❧✳ ❞✐s❝✉t❡♥t ❞❡ ♠❛♥✐èr❡ ❞ét❛✐❧❧é❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥ ♣r♦✜❧ ✐♠♣❧❛♥té✱ s✉✐✲
✈❛♥t ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r r❡s♣❡❝t✐❢ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥ λ ❡t ❞❡ ❧❛ ❧❛r❣❡✉r ∆ ❞✉ ♣r♦✜❧
❞✬✐♠♣❧❛♥t❛t✐♦♥ ✿

✕ ❙✐ λ ≪ ∆✱ ❛❧♦rs ♦♥ ♣❡✉t ♥é❣❧✐❣❡r ❧♦❝❛❧❡♠❡♥t ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ✐♥❤♦♠♦❣é♥é✐tés ❞❡
❝♦♥❝❡♥tr❛t✐♦♥ ♠♦②❡♥♥❡ ❞❛♥s ❧❛ ❝r♦✐ss❛♥❝❡✳ ▲❡ s②stè♠❡ ✈ér✐✜❡ ❧♦❝❛❧❡♠❡♥t ❧❡s ❧♦✐s ❞✉
♠ûr✐ss❡♠❡♥t ♣rés❡♥té❡s ❛✉ ❝❤❛♣✐tr❡ ✶✳ ❉❡ ♣❧✉s ✐❧ ♠♦♥tr❡ q✉❡ ❧❡ ♣r♦✜❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥
t♦t❛❧❡ s❡ rétré❝✐t✱ ❝❡ q✉✐ ❡st ❛✉ss✐ ♦❜s❡r✈é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t✳

✕ ❊♥ r❡✈❛♥❝❤❡✱ s✐ λ ≫ ∆✱ ❧❛ ❞✐✛✉s✐♦♥ ❞✉ s♦❧✉té ❡st ❞♦♠✐♥é❡ ♣❛r ❧❡s ❡✛❡ts ❞✬✐♥❤♦♠♦❣é✲
♥é✐té ❞✉ ❝❤❛♠♣ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❡t ❧❡s ❛❣ré❣❛ts t❡♥❞❡♥t à s❡ ❞✐ss♦✉❞r❡ ♣❛r ❞✐✛✉s✐♦♥
❞❡ s♦❧✉té ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳

❈♦♠♠❡ λ ❝r♦ît✱ ♦♥ r❡❥♦✐♥t t♦✉❥♦✉rs ❧❡ ré❣✐♠❡ λ > ∆ ✭❛✉ ❜♦✉t ❞✬✉♥ t❡♠♣s s✉✣s❛♠♠❡♥t
❧♦♥❣ s✐ λ ≪ ∆ ✐♥✐t✐❛❧❡♠❡♥t✮✳ ❆♣rès ✉♥ ❝❡rt❛✐♥ t❡♠♣s✱ ❧❛ ❞✐✛✉s✐♦♥ ❤♦rs ❞❡ ❧❛ ③♦♥❡ ❞❡ ♣ré❝✐✲
♣✐t❛t✐♦♥ ❡st ❧❡ ♣❤é♥♦♠è♥❡ ❞♦♠✐♥❛♥t ✭❙✐ ♦♥ ré❛❧✐s❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞❛♥s ✉♥ ♠✐❧✐❡✉ s❡♠✐✲✐♥✜♥✐✱
❧✬ét❛t ❞✬éq✉✐❧✐❜r❡ ❞✉ s②stè♠❡ ❡st ✐♥✜♥✐♠❡♥t ❞✐❧✉é✱ ❧❡s ❛❣ré❣❛ts s✬ét❛♥t ❞✐ss♦✉s✮✳

▲❡s q✉❡st✐♦♥s ♣♦sé❡s ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❝❡ ❝❤❛♣✐tr❡ à ♣r♦♣♦s ❞✉ ❝♦♥trô❧❡ ❞❡ ❧❛ ❞✐s✲
tr✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ s♦♥t r❡❧✐é❡s à ❝❡❧❧❡s ❝♦♥❝❡r♥❛♥t ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❞❡♥s✐té ❞✬❛❣ré❣❛ts ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✳ ◆♦✉s ♠♦♥tr❡r♦♥s ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❝❡tt❡ ét✉❞❡ ❝♦♠♠❡♥t ❧❛
❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ s❡ ♠❛♥✐❢❡st❡ ♣❛r ✉♥❡ ♣❡rt❡ ❞❡
❝♦♥trô❧❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳

✼✳✷ ❘és✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①

✼✳✷✳✶ ❈❤♦✐① ❞❡ ❧❛ ✢✉❡♥❝❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ✢✉❡♥❝❡s é❧❡✈é❡s ❬✶✹✱ ✶✼✱ ✶✼✹✱ ✶✼✺✱ ✶✼✻❪ ❛ ❞❡✉① ❡✛❡ts s✉r ❧❛ ❣❡r♠✐♥❛✲
t✐♦♥✴❝r♦✐ss❛♥❝❡ ✿ ✭✐✮ ❡❧❧❡ ♣r♦✈♦q✉❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞ès ❧✬ét❛♣❡ ❞✬✐♠✲
♣❧❛♥t❛t✐♦♥ ❀ ✭✐✐✮ ❡❧❧❡ ❛❝❝❡♥t✉❡ ❧❡s ❡✛❡ts ❞✬✐♥❤♦♠♦❣é♥é✐té t❡❧s q✉❡ ♣rés❡♥tés ❞❛♥s ❧❡ ❝❤❛♣✐tr❡
♣ré❝é❞❡♥t✳ ➪ é♥❡r❣✐❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❝♦♥st❛♥t❡✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ✢✉❡♥❝❡s é❧❡✈é❡s ❝♦♥❞✉✐t ❧♦❝❛✲
❧❡♠❡♥t à ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s é❧❡✈é❡s ❡♥ ❞♦♣❛♥t ✭❝♦✉r❛♠♠❡♥t s✉♣ér✐❡✉r❡s à q✉❡❧q✉❡s ♣♦✉r❝❡♥ts
❛t♦♠✐q✉❡✮ ❛✈❡❝ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ✉♥ ❣r❛❞✐❡♥t ❞❡ ♣♦t❡♥t✐❡❧ ❝❤✐♠✐q✉❡ ✐♠♣♦rt❛♥t ❡♥tr❡ ❧❛ ③♦♥❡
✐♠♣❧❛♥té❡ ❡t ❝❡❧❧❡ q✉✐ ♥❡ ❧✬❡st ♣❛s✳

❆✜♥ ❞❡ s✐t✉❡r ♥♦tr❡ ré❣✐♠❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ♣❛r r❛♣♣♦rt à ❧❛ ❞✐s❝✉ss✐♦♥ ❞❡ ❚r✐♥❦❛✉s ❬✶✽✾❪
❡t ❛❧✳ ❡sq✉✐ssé❡ ❝✐✲❞❡ss✉s ✭♣❛rt✐❡ ✼✳✶✳✷✮✱ ❡st✐♠♦♥s ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥t❛❣❡ ♣♦✉r ✉♥ ♣r♦✜❧ ❞❡
❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧❛r❣❡✉r ∆ ré❛❧✐sé ♣❛r ✉♥❡ ✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ✢✉❡♥❝❡ ❋✳ ▲❛ ❝♦♥❝❡♥tr❛t✐♦♥
♠♦②❡♥♥❡ ❡♥ s♦❧✉té ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ < c >≈ F

∆ ✳ ❙✐ ❛♣rès ❝r♦✐ss❛♥❝❡ ♦♥ ♦❜t✐❡♥t ✉♥ ❡♥s❡♠❜❧❡
❞❡ ♣ré❝✐♣✐tés ❞❡ t❛✐❧❧❡ ♠♦②❡♥♥❡ < R >✱ ❧❡✉r ❞❡♥s✐té ♠♦②❡♥♥❡ s❡r❛ ❞♦♥❝ ✿ n ≈ <c>

Na4π/3<R>3

❛✈❡❝ Na ❧❛ ❞❡♥s✐té ❛t♦♠✐q✉❡ ❞❡ ❇ ❞❛♥s ❧❛ ♣❤❛s❡ β✳ ❆✐♥s✐ ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥ ♠♦②❡♥♥❡ ♣❡✉t
s❡ réé❝r✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✢✉❡♥❝❡✹ ✿

λ ≈ < R >

√
Na∆

3F
✭✼✳✹✮

✹❖♥ ♣♦✉rr❛ ❛✉ss✐ ❝❛❧❝✉❧❡r ❧❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡ ❡♥tr❡ ❝❤❛q✉❡ ♣ré❝✐♣✐té ♣❛r ✿

l ≈ < R >

„

4πNa∆

3F
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✶✺✻

▲❡s s②♥t❤ès❡s à très ❤❛✉t❡ ✢✉❡♥❝❡ ♣rés❡♥té❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ♦♥t ❧❡s ♣❛r❛♠ètr❡s s✉✐✲
✈❛♥ts ✿ é♥❡r❣✐❡s ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ keV ✱ s♦✐t ❞❡s ♣r♦✜❧s ❞❡ ❧❛r❣❡✉r
50 − 100 nm✳ ▲❡s ❞❡♥s✐tés ❛t♦♠✐q✉❡s ❞❛♥s ❧❡s ❝r✐st❛✉①✺ s♦♥t t♦✉❥♦✉rs ❞❡ ❧✬♦r❞r❡ ❞❡ ❧✬♦r❞r❡
❞❡ 20− 60 at.nm−3✳ ▲❡s ✢✉❡♥❝❡s ✉t✐❧✐sé❡s ét❛♥t t♦✉❥♦✉rs s✉♣ér✐❡✉r❡s à 1016 cm−2✱ ♦♥ tr♦✉✈❡
❞❡s ❞✐st❛♥❝❡s ❞✬é❝r❛♥t❛❣❡ ✐♥❢ér✐❡✉r❡s ❛✉ r❛②♦♥ ♠♦②❡♥ ✭q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s✮✳ ▲❡ ♠ûr✐ss❡♠❡♥t
❡st ❞♦♥❝ très ❧♦❝❛❧✱ ❡t ♦♥ ✈ér✐✜❡ q✉❡ ❝❡❧❛ ❝♦♥❞✉✐t à ❞❡ très ❢♦rt❡s ❤étér♦❣é♥é✐tés ❞❡s ❝❛r❛❝✲
tér✐st✐q✉❡s ❞❡ ❝r♦✐ss❛♥❝❡ ❛✈❡❝ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s très ❧❛r❣❡s ❡t ♣❛r❢♦✐s ❜✐♠♦❞❛❧❡s✳
P❛r ❛✐❧❧❡✉rs✱ ♦♥ ♦❜s❡r✈❡ ❣é♥ér❛❧❡♠❡♥t ✉♥ ❞é❜✉t ❞❡ ❝r♦✐ss❛♥❝❡ ❞✉r❛♥t ❧✬ét❛♣❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥
❧♦rsq✉❡ ❞❡s ✢✉❡♥❝❡s très é❧❡✈é❡s s♦♥t ✉t✐❧✐sé❡s✱ s♦✉s ❧✬❡✛❡t ❞❡ ❧❛ ❞✐✛✉s✐♦♥ s♦✉s ❢❛✐s❝❡❛✉ ❞✬✐♦♥s✳
❈❡❝✐ ❛ été ♦❜s❡r✈é ❡♥ ♠✐❝r♦s❝♦♣✐❡ ❞❛♥s ❧❡ ❝❛s ❞✬❛❣ré❣❛ts ❞❡ ❈❞❙❡ ❞❛♥s ❧❡s ✈❡rr❡s ♣♦✉r ❞❡s
✢✉❡♥❝❡s ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s 1016 cm−2 ❡t ❞❡s é♥❡r❣✐❡s t②♣✐q✉❡s ❞❡ 100 − 500 keV ✭s♦✐t
✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ t②♣✐q✉❡ ❞❡ 1021 cm−3✮ ❬✶✼✹❪✱ ♦✉ ❜✐❡♥ ❡♥❝♦r❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡
❞❡ ❩♥❚❡ ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡ ✭é♥❡r❣✐❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 100 keV ✱ ✢✉❡♥❝❡ ❞❡ 2 × 1016 cm−2✱ s♦✐t
✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ t②♣✐q✉❡ ❞❡ 4 × 1021 cm−3✮ ❬✶✾✸❪✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❡st à
t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✳

P♦✉r ♥♦tr❡ ét✉❞❡✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤♦✐s✐ ❞❡ ♥❡ ♣❛s ❞é♣❛ss❡r ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬✐♠♣❧❛♥✲
t❛t✐♦♥ ❞❡ 1021 cm−3 ✭✢✉❡♥❝❡s ♣❧✉s ❢❛✐❜❧❡s q✉❡ 1016 cm−2 ❛✉① é♥❡r❣✐❡s ❝❤♦✐s✐❡s✮ ❞❡ ♠❛♥✐èr❡ à
é✈✐t❡r ❛✉ ♠❛①✐♠✉♠ ❧❡s ❡✛❡ts ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ s♦✉s ✐♠♣❧❛♥t❛t✐♦♥✳ ◆♦✉s ♠♦♥tr♦♥s
❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❝✐✲❞❡ss♦✉s q✉❡ ❝❡❧❛ ♥❡ s✉✣t ♣❛s ♣♦✉r s✬❛✛r❛♥❝❤✐r ❞❡s ❡✛❡ts ❞✬✐♥❤♦♠♦❣é✲
♥é✐té ❞❡ ❝r♦✐ss❛♥❝❡ ❡t q✉✬✐❧ ❢❛✉t s❡ ♣❧❛❝❡r à ❞❡s ✢✉❡♥❝❡s ✺ ❢♦✐s ♣❧✉s ❢❛✐❜❧❡s ❡♥❝♦r❡ ♣♦✉r ♦❜t❡♥✐r
✉♥ ♠ûr✐ss❡♠❡♥t t♦✉t à ❢❛✐t ❤♦♠♦❣è♥❡✳
▲❡ s❡♠✐❝♦♥❞✉❝t❡✉r ❞✬✐♥térêt ✐❝✐ ❡st P❜❙✱ ♣♦✉r ❧❡q✉❡❧ Na = 19 PbS.nm−3✳ ▲❡s é♥❡r❣✐❡s ❞✬✐♠✲
♣❧❛♥t❛t✐♦♥ ❞✉ t❛❜❧❡❛✉ ✼✳✶ ❞♦♥♥❡♥t ❞❡s ❧❛r❣❡✉rs à ♠✐✲❤❛✉t❡✉r ❞❡ ❧✬♦r❞r❡ ❞❡ ∆ ≈ 100 nm✱ s♦✐t
λ ≈ 2 < R > ✭r❡s♣✳ λ ≈ 6 < R >✮ ♣♦✉r ✉♥❡ ✢✉❡♥❝❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ 1016 cm−2 ✭r❡s♣✳
2 × 1015 cm−2✮✳ ▲❡s ❛❣ré❣❛ts ♦❜s❡r✈és ❛②❛♥t ✉♥ r❛②♦♥ ♠♦②❡♥ ❞❡ q✉❡❧q✉❡ ♥❛♥♦♠ètr❡s✱ ♦♥
❡st ❞❛♥s ❧❡ ré❣✐♠❡ ♦ù ❧❛ ❞✐st❛♥❝❡ ❞✬é❝r❛♥t❛❣❡ ❡st très ❢❛✐❜❧❡ ❞❡✈❛♥t ❧❛ ❧❛r❣❡✉r ❞✉ ♣r♦✜❧ ♣♦✉r
✉♥❡ ✢✉❡♥❝❡ ❞❡ 1016 cm−2✳ P❛r ❝♦♥tr❡✱ ♣♦✉r ✉♥❡ ✢✉❡♥❝❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ 2× 1015 cm−2✱ ❧❛
❞✐st❛♥❝❡ ❞✬é❝r❛♥t❛❣❡ ♥✬❡st ♣❧✉s ♥é❣❧✐❣❡❛❜❧❡ ✭♠ê♠❡ s✐ ✐♥❢ér✐❡✉r❡✮ ❞❡✈❛♥t ❧❛ ❧❛r❣❡✉r ❞✉ ♣r♦✜❧
❡t ❧❡ ♠ûr✐ss❡♠❡♥t s❡r❛ ♣❧✉s ❤♦♠♦❣è♥❡✳
◆♦✉s ❛✈♦♥s ❢❛✐t ❝r♦îtr❡ ❞❡s ♥❛♥♦❝r✐st❛✉① ❞❡ PbS ♣❛r r❡❝✉✐t ❞❡ s✐❧✐❝❡ ♣✉r❡ ✐♠♣❧❛♥té❡ séq✉❡♥✲
t✐❡❧❧❡♠❡♥t à ❞❡s é♥❡r❣✐❡s ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✐❞❡♥t✐q✉❡s ♠❛✐s à ❞❡✉① sér✐❡s ❞❡ ✢✉❡♥❝❡s✱ ✉♥❡ ❞❡
❧✬♦r❞r❡ ❞❡ 1016 cm−2 ✭✶✱✷✹ ✪ ❛t✮✱ ❡t ❧❛ ❞❡✉①✐è♠❡ ❝✐♥q ❢♦✐s ♠♦✐♥s ✐♠♣♦rt❛♥t❡ ✭✵✱✷✺ ✪ ❛t✮
✭t❛❜❧❡❛✉ ✼✳✶✮✳ ❆♣rès r❡❝✉✐t à 900✝C / 1 h✱ ❧✬❛❧❧✉r❡ ❞❡ ❧❛ ❝♦✉❝❤❡ ✐♠♣❧❛♥té❡ ❡st ❡①❛♠✐♥é❡ ❡♥
▼❊❚ ✭✜❣✉r❡ ✼✳✶✮✳ ❖♥ ✈ér✐✜❡ q✉❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♥❤♦♠♦❣è♥❡ ❞❛♥s ❧❡ ❝❛s
❞♦♣é à ✶✱✷✹ ✪❛t q✉❡ ♣♦✉r ✵✱✷✺ ✪❛t✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡ ❞❡s ❛❣ré❣❛ts ✈❛r✐❡
❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❛✈❡❝ ❧❛ ♣♦s✐t✐♦♥ ❞❛♥s ❧❡ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❡t ❧❛ ré♣❛rt✐t✐♦♥ ❡♥ ♣r♦❢♦♥✲
❞❡✉r ❞❡s ❛❣ré❣❛ts ❡st ♣❧✉s ❤étér♦❣è♥❡ ❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥ à ❤❛✉t❡ ✢✉❡♥❝❡✳ ▲❡ ♠ûr✐ss❡♠❡♥t
❡st ❛✉ ❞é❜✉t très ❧♦❝❛❧✱ ❝❡ q✉❡ ❝♦♥✜r♠❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ très ❣r♦s ♣ré❝✐♣✐tés ❛✉ ❝❡♥tr❡ ❞✉
♣r♦✜❧✳ ◆♦s ♦❜s❡r✈❛t✐♦♥s à ❤❛✉t❡ ✢✉❡♥❝❡ s♦♥t s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ❞✬é❝❤❛♥t✐❧❧♦♥s ♣ré♣❛rés ♣❛r
✐♠♣❧❛♥t❛t✐♦♥ q✉❡ ❧✬♦♥ tr♦✉✈❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ✭✈♦✐r ré❢ér❡♥❝❡s ❬✶✹✱ ✶✼✱ ✶✼✹✱ ✶✼✺❪ ❝✐té❡s ♣❧✉s
❤❛✉t✮✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ▼❡❧❞r✉♠ ❡t ❛❧✳ ❬✶✹❪ ♦♥t ♠♦♥tré ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t q✉❡ ❝❡tt❡ t❡♥❞❛♥❝❡
à ❧✬é❧❛r❣✐ss❡♠❡♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞♦♣❛♥t ✭✐✳❡✳
❧❛ ✢✉❡♥❝❡✱ à é♥❡r❣✐❡ ✜①é❡✮ ❞❛♥s ❧❡ ❝❛s ❞❡ ♥❛♥♦❝r✐st❛✉① ❞❡ ❩♥❙ ❞❛♥s SiO2✳

P♦✉r ❧❛ s✉✐t❡ ❞❡ ♥♦tr❡ ét✉❞❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❛s②♠♣t♦t✐q✉❡s ❞❡ t❛✐❧❧❡✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝
❝❤♦✐s✐ ❞❡ ré❛❧✐s❡r ❞❡s ✐♠♣❧❛♥t❛t✐♦♥s à ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ ✵✱✸ ✪ ❛t ✭✐♠♣❧❛♥t❛t✐♦♥
à ❞❡s ✢✉❡♥❝❡s ❞❡ ❧✬♦r❞r❡ ❞❡ 2 × 1015 cm−2✮✱ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡st ❤♦♠♦❣è♥❡ ❞❛♥s

✺❊①❡♠♣❧❡s ❆❣ ✿ 59 at.nm−3✱ ❚❡ ✿ 30 at.nm−3
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❧❡ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳

❚❛❜✳ ✼✳✶✿ ❈♦♥❞✐t✐♦♥s ❞✬✐♠♣❧❛♥t❛t✐♦♥s ❞❡s ❞❡✉① é❝❤❛♥t✐❧❧♦♥s✱ ❞♦♥t ❧❛ ❝r♦✐ss❛♥❝❡ ❡st
✐❧❧✉stré❡ ♣❛r ❧❛ ✜❣✉r❡ ✼✳✶✳ ▼❛tr✐❝❡ ✿ s✐❧✐❝❡ ♣✉r❡✳

❙ P❜
❊♥❡r❣✐❡ ✭keV ✮ 100 480

❋❧✉❡♥❝❡ ✭✶✱✷✹ ✪❛t✮ 11 × 1015 cm−2 7 × 1015 cm−2

❋❧✉❡♥❝❡ ✭✵✱✷✺ ✪❛t✮ 2, 2 × 1015 cm−2 1, 4 × 1015 cm−2

✼✳✷✳✷ ❈♦♠♠❡♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞✬❛❣ré❣❛ts ❞❡✈✐❡♥t ❧♦❣♥♦r✲
♠❛❧❡ ✲ ❊①♣ér✐❡♥❝❡s

❈♦♥s✐❞ér♦♥s ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ s✐❧✐❝❡ ✐♠♣❧❛♥tés séq✉❡♥t✐❡❧❧❡♠❡♥t P❜✰❙ s❡❧♦♥ ❧❛ séq✉❡♥❝❡
❞♦♥♥é❡ ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✼✳✷ ✭é❝❤❛♥t✐❧❧♦♥ P❜❙✶✮✳ ◆♦✉s ❛✈♦♥s s♦✉♠✐s ❝❡s é❝❤❛♥t✐❧❧♦♥s à ❞✐✛é✲
r❡♥ts tr❛✐t❡♠❡♥ts t❤❡r♠✐q✉❡s✱ ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❛ t❡♠♣ér❛t✉r❡ ✭T ∈ ❬800 − 1000✝C❪✮ ❡t ❧❛
❞✉ré❡ ❞✉ r❡❝✉✐t ✭t ∈ [0−8 h]✮✳ ❈♦♠♠❡ ❛tt❡♥❞✉✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✬✉♥ ❞❡ ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s
s❡ tr❛❞✉✐t ♣❛r ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡ ❞❡s ❛❣ré❣❛ts✳ ❯♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛
t❡♠♣ér❛t✉r❡ ♦✉ ❞❡ ❧❛ ❞✉ré❡ ❞✉ r❡❝✉✐t ♦♥t ✉♥ ❡✛❡t ❛♥❛❧♦❣✉❡ ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❝❛r
❧❛ ❞✐✛✉s✐♦♥ ❡st ✉♥ ♣❛r❛♠ètr❡ ❡ss❡♥t✐❡❧ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳ ❉❛♥s ❧❡ ♣r❡♠✐❡r ❝❛s✱ ♦♥ ❛✉❣♠❡♥t❡ ❧❛
❝♦♥tr✐❜✉t✐♦♥ t❤❡r♠✐q✉❡♠❡♥t ❛❝t✐✈é❡ ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥✱ ❞❛♥s ❧✬❛✉tr❡✱ ♦♥ ❛✉❣♠❡♥t❡ ❧❡
♥♦♠❜r❡ t♦t❛❧ ❞❡ s❛✉ts ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts s✐t❡s ❞✉ rés❡❛✉✳
▲❛ ✜❣✉r❡ ✼✳✷ ✐❧❧✉str❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✉ré❡ ❞✉ r❡❝✉✐t✳
❉❡✉① é❝❤❛♥t✐❧❧♦♥s ♣ré♣❛rés s❡❧♦♥ ❧❛ séq✉❡♥❝❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❛♣♣❡❧é P❜❙✶
❞❛♥s ❧❡ t❛❜❧❡❛✉ ✼✳✷ s♦♥t r❡❝✉✐ts à 900✝C r❡s♣❡❝t✐✈❡♠❡♥t ♣❡♥❞❛♥t 1 h ❡t 8 h✳ ❉✬❛♣rès ét✉❞❡
▼❊❚✱ ❧❡✉rs ❞✐str✐❜✉t✐♦♥s ❞❡ r❛②♦♥s s♦♥t tr❛❝és ❡♥ ✜❣✉r❡ ✼✳✷✭❛✮ ✿ à 900✝C / 1 h✱ ❧❛ ❞✐str✐✲
❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st r❡❧❛t✐✈❡♠❡♥t s②♠étr✐q✉❡ ♣❛r r❛♣♣♦rt à s♦♥ ♠❛①✐♠✉♠ ❡t ✉♥ ❛❥✉st❡♠❡♥t
❣❛✉ss✐❡♥ ✭t✐r❡ts✮ ❡st ❝♦rr❡❝t✳ P❛r ❝♦♥tr❡✱ ❛♣rès ✉♥ tr❛✐t❡♠❡♥t ❞❡ 900✝C / 8 h✱ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ ❡st ♠❛♥✐❢❡st❡♠❡♥t ❞✐ss②♠étr✐q✉❡ ✈❡rs ❧❡s ❣r❛♥❞❡s t❛✐❧❧❡s✱ ❡t ❜✐❡♥ ❛❥✉sté❡ ♣❛r ✉♥❡
❧♦❣♥♦r♠❛❧❡ ✭tr❛✐t ♣❧❡✐♥✮✳

▲❡s ♣❛r❛♠ètr❡s ❞✬❛❥✉st❡♠❡♥t s♦♥t ❡st✐♠és ❝♦♠♠❡ s✉✐t ✿
✕ ❧❡s ❞❡✉① ♣r❡♠✐❡rs ♠♦♠❡♥ts ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ {Ri} ❞❡s r❛②♦♥s ❞♦♥♥❡♥t ❧✬❡st✐♠❛t✐♦♥ ❞❡
s♦♥ ❛❥✉st❡♠❡♥t ❣❛✉ss✐❡♥✳ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡ ❝❛s ❞✉ r❡❝✉✐t 900✝C / 1 h✱ ♦♥ tr♦✉✈❡
< R >= 4, 80 nm ❡t ✉♥ é❝❛rt t②♣❡ σR = 1, 85 nm✳

✕ P♦✉r ❧❛ ❧♦❣♥♦r♠❛❧❡✱ ❝❡ s♦♥t ❧❡s ❞❡✉① ♣r❡♠✐❡rs ♠♦♠❡♥ts ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✉ ❧♦❣❛r✐t❤♠❡
❞❡s r❛②♦♥s {lnRi} q✉✐ ❞ét❡r♠✐♥❡♥t ❧❛ ♠♦②❡♥♥❡ ❡t ❧✬é❝❛rt t②♣❡ ❣é♦♠étr✐q✉❡ ✭❛♥♥❡①❡ ❋✮✳
❖♥ tr♦✉✈❡ ♣♦✉r ❧❡ r❡❝✉✐t ❞❡ 900✝C / 8 h✱ µ = 8, 65 nm ❡t σ = 1, 5✳

❖♥ ♣❡✉t ❥✉❣❡r ❞❡ ❧✬❛❝❝♦r❞ ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛✈❡❝ ✉♥ ❛❥✉st❡♠❡♥t ❧♦❣♥♦r♠❛❧❡ ❡♥
tr❛ç❛♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s r❛②♦♥s ❡♥ ❝♦♦r❞♦♥♥é❡s ❣❛✉ss✐❡♥♥❡s
✭✜❣✉r❡ ✼✳✷✭❜✮✮✳ ▲✬❛✈❛♥t❛❣❡ ❞❡ ❝❡tt❡ r❡♣rés❡♥t❛t✐♦♥ ❡st ❞❡ ♠❡ttr❡ ❧✬❛❝❝❡♥t s✉r ❧❡s q✉❡✉❡s ❞❡
❞✐str✐❜✉t✐♦♥s ✭❡♥ ❞✬❛✉tr❡ ♠♦ts s✉r ❧❡s ♠♦♠❡♥ts ❞✬♦r❞r❡ s✉♣ér✐❡✉rs ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥✮✱ q✉✐
s♦♥t ❞ét❡r♠✐♥❛♥t❡s ❞❛♥s ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ q✉❛❧✐té ❞❡ ❧✬❛❥✉st❡♠❡♥t✳ P♦✉r tr❛❝❡r ❧❛ ❢♦♥❝t✐♦♥
❞❡ ré♣❛rt✐t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡s r❛②♦♥s {Ri}i∈[1,N ] ✱ ♥♦✉s ❛✈♦♥s ❛ttr✐❜✉é
✉♥ ♣♦✐❞s 1/N à ❝❤❛q✉❡ ♠❡s✉r❡✳ ❉❛♥s ❝❡tt❡ r❡♣rés❡♥t❛t✐♦♥✱ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❡st
r❡♣rés❡♥té❡ ♣❛r ✉♥❡ ❞r♦✐t❡ ❞♦♥t ❧❛ ♣❡♥t❡ ❡st ❧✬é❝❛rt t②♣❡ ❣é♦♠étr✐q✉❡ ✭❛♥♥❡①❡ ❋✮✳ ❆✐♥s✐ ♥♦✉s
✈ér✐✜♦♥s q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❛♣rès ✉♥ r❡❝✉✐t ❞❡ 900✝C / 8 h s✉✐t ❜✐❡♥ ✉♥❡ ❞r♦✐t❡✱
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❋✐❣✳ ✼✳✶✿ ■❧❧✉str❛t✐♦♥ ❞❡ ❧✬❡✛❡t ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✉ s♦❧✉té s✉r ❧✬❛s♣❡❝t ❞❡ ❧❛ ❝r♦✐s✲
s❛♥❝❡✳ ■❝✐✱ P❜ ❡t ❙ s♦♥t ✐♠♣❧❛♥tés s✉❝❝❡ss✐✈❡♠❡♥t ❞❛♥s SiO2 ❛✉① ♠ê♠❡s é♥❡r❣✐❡s✱
♠❛✐s à ❞❡s ✢✉❡♥❝❡s ❞❛♥s ✉♥ r❛♣♣♦rt ✺ ✭t❛❜❧❡❛✉ ✼✳✶✮✳ ▲✬é❝❤❡❧❧❡ ❡st ❧❛ ♠ê♠❡ s✉r ❧❡s
❞❡✉① ✜❣✉r❡s✳ Rp s✐❣♥❛❧❡ ❧❛ ♣♦s✐t✐♦♥ ❞✉ ♠❛①✐♠✉♠ ❞✉ ♣✐❝ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ P❜ ❡t ❙
s❡❧♦♥ ❚❘■▼✳ ▲✬é❝❤❛♥t✐❧❧♦♥ à ✶✱✷✹ ✪ ❛t ❡st r❡❝✉✐t à 890✝C / 1 h✱ ❝❡❧✉✐ à ✵✱✷✹ ✪ ❛t
à 900✝C / 1 h✳
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❋✐❣✳ ✼✳✷✿ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ st❛t✐st✐q✉❡ ❞❡s r❛②♦♥s ❞✬❛❣ré❣❛ts ❞❡ P❜❙ ♦❜t❡♥✉s
♣❛r r❡❝✉✐t ❞❡ s✐❧✐❝❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t P❜✰❙ ✭♣❛r❛♠ètr❡s ❞✬✐♠♣❧❛♥t❛t✐♦♥
❞❛♥s ❧❡ t❛❜❧❡❛✉ ✼✳✷✱ é❝❤❛♥t✐❧❧♦♥ P❜❙✶✮ ❡t r❡❝✉✐t à 900✝C ♣❡♥❞❛♥t 1 h ✭tr✐❛♥❣❧❡s✮ ♦✉
8 h ✭r♦♥❞s✮✳ ❙♦♥t tr❛❝és ❞❡s ❛❥✉st❡♠❡♥ts ❛✈❡❝ ❧♦✐ ♥♦r♠❛❧❡ ✭t✐r❡ts✮ ♦✉ ❧♦❣♥♦r♠❛❧❡
✭tr❛✐t ♣❧❡✐♥✮✳ ✭❛✮ ✿ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s ❀ ✭❜✮ ✿ r❡♣rés❡♥t❛t✐♦♥
❞❡s ❢♦♥❝t✐♦♥s ❞❡ ré♣❛rt✐t✐♦♥✳



✶✻✵

❋✐❣✳ ✼✳✸✿ ❊✛❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ r❡❝✉✐t s✉r ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡
✭r❡♣rés❡♥té❡ ♣❛r s❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥✮✳ ▲❡s ♣❛r❛♠ètr❡s ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ s♦♥t
❝❡✉① ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ P❜❙✶ ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✼✳✷✳ ▲❡s ❧✐❣♥❡s ❞r♦✐t❡s s♦♥t ❧❡s ❛❥✉st❡✲
♠❡♥ts ♣❛r ✉♥❡ ❧♦❣♥♦r♠❛❧❡✳

❞❡ ♣❡♥t❡ σ = 1, 47✳ ▲❛ ❝♦✉r❜❡ t✐r❡té❡ ❡st ❧✬❛❥✉st❡♠❡♥t ❣❛✉ss✐❡♥ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ♠ê♠❡
❞✐str✐❜✉t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ r❛②♦♥s {Ri} ✿ ❝❡t ❛❥✉st❡♠❡♥t ♥❡ ❝♦♥✈✐❡♥t ♣❛s✳ ▲✬ét✉❞❡ ét❛♥t
♠❡♥é❡ s✉r q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♣ré❝✐♣✐tés✱ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦♥✜❛♥❝❡ s✉r ❧❛ ✈❛❧❡✉r ❞❡ ❧✬é❝❛rt
t②♣❡ ❣é♦♠étr✐q✉❡ ❡st ❞✬❡♥✈✐r♦♥ ±2 − 4 % ✭❆♥♥❡①❡ ❋✮✳

❆✐♥s✐✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ t❡♥❞ ✈❡rs ✉♥❡ ❧♦❣♥♦r♠❛❧❡ ❧♦rsq✉❡ ❧❛
❞✉ré❡ ❞✉ r❡❝✉✐t ❡st ❛✉❣♠❡♥té❡ à t❡♠♣ér❛t✉r❡ ✜①é❡✳ P♦✉r ❧❡ ♠ê♠❡ t②♣❡ ❞✬é❝❤❛♥t✐❧❧♦♥s✱ ♥♦✉s
❛✈♦♥s ❛✉ss✐ ❢❛✐t ✈❛r✐❡r ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ r❡❝✉✐t ♣♦✉r ✈ér✐✜❡r q✉❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ r❡st❡ ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡ ✿ ♣♦✉r ✉♥ r❡❝✉✐t ❞❡ 800✝C / 8 h✱ ♦♥ tr♦✉✈❡ ✉♥ ❜♦♥
❛❝❝♦r❞ ❛✈❡❝ ✉♥❡ ❧♦❣♥♦r♠❛❧❡ ❛✈❡❝ µ = 5, 7 nm ❡t σ = 1, 52 ✭✜❣✉r❡ ✼✳✸✮✳

✼✳✷✳✸ ❉✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ❞❡ t❛✐❧❧❡ ❞❡ ❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡

◆♦✉s ❛✈♦♥s ♣❛r ❛✐❧❧❡✉rs ♦❜s❡r✈é q✉❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ♥❡ ❝❤❛♥❣❡ ♣❛s
✭♠ê♠❡ é❝❛rt t②♣❡ ❣é♦♠étr✐q✉❡✮ ♠❛❧❣ré ❧❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s ♣❛r❛♠ètr❡s ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭❧❛r✲
❣❡✉r ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✱ ❧✬♦r❞r❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥✮✱ ♦✉ ❞❡ ♥❛t✉r❡ ❞✉ s❡♠✐❝♦♥❞✉❝t❡✉r ✭P❜❙✱
P❜❙❡✱ P❜❚❡✱ ❈❞❙❡✮ q✉❡ ♥♦✉s ❛✈♦♥s ♦♣érés ✭✜❣✉r❡ ✼✳✹ ❡t t❛❜❧❡❛✉ ✼✳✷✮✳
▲❡s é❝❛rts t②♣❡ ❣é♦♠étr✐q✉❡s tr♦✉✈és ❞❛♥s ❝❡s ❡①♣ér✐❡♥❝❡s s♦♥t t♦✉❥♦✉rs ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡
[1, 45 − 1, 55]✳ ❆✐♥s✐✱ ❡♥ ♥♦r♠❛❧✐s❛♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ r❛②♦♥s {Ri} ♣❛r ❧❡✉r ♠♦②❡♥♥❡ ❣é♦✲
♠étr✐q✉❡✱ ♦♥ ♣❡✉t r❛♠❡♥❡r t♦✉t❡s ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s s✉r ✉♥❡ ♠ê♠❡ ❝♦✉r❜❡✳ ▲♦rsq✉✬♦♥
tr❛❝❡ ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ré♣❛rt✐t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡s✱ ❡❧❧❡ s❡ r❛♠è♥❡♥t s✉r ✉♥❡ ❞r♦✐t❡ ❞❡ ♣❡♥t❡
✶✱✺ ❡♥ ❝♦♦r❞♦♥♥é❡s ❣❛✉ss✐❡♥♥❡s ✭✜❣✉r❡ ✼✳✹✮✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞♦♥♥❛♥t ❝❡tt❡ ❞r♦✐t❡
❡st ✿

f̃(z) =
1

z ln(1, 5)
√

2π
exp

(
− ln2(z)

2 ln2(1, 5)

)
✭✼✳✺✮

❊❧❧❡ ♥❡ ❞é♣❡♥❞ ♣❧✉s ❞✉ t❡♠♣s à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ s♦♥ ❤♦♠♦❧♦❣✉❡ ♥♦♥ ♥♦r♠❛❧✐sé ✭✼✳✶✮✳ ❊♥ ✈❡rt✉
❞❡ ❝❡tt❡ ♣r♦♣r✐été ♥♦✉s ❧✬❛♣♣❡❧❧❡r♦♥s ❞❛♥s ❧❛ s✉✐t❡ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡✳ ▲❛ ❞é♣❡♥❞❛♥❝❡
❡♥ t❡♠♣s ❡st ✉♥✐q✉❡♠❡♥t ❝♦♥t❡♥✉❡ ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠♦②❡♥♥❡ ❣é♦♠étr✐q✉❡ µ ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡s t❛✐❧❧❡s✳



✶✻✶

❋✐❣✳ ✼✳✹✿ ❋♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥ ♣♦✉r ♣❧✉s✐❡✉rs é❝❤❛♥t✐❧❧♦♥s ❞♦♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡
s②♥t❤ès❡ s♦♥t ❞♦♥♥é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✼✳✷✳ ❉❛♥s ❝❤❛q✉❡ ❝❛s ❧❡ r❛②♦♥ ❡st ♥♦r♠❛❧✐sé
à ❧❛ ♠♦②❡♥♥❡ ❣é♦♠étr✐q✉❡ µ✳ P❜❙✶ ✿ µ(800✝C / 1 h) = 5, 7 nm✱ µ(900✝C / 1 h) =
8, 7 nm ❀ P❜❙✷ ✿ µ = 3, 2 nm ❀ P❜❙✸ ✿ µ = 4, 7 nm ❀ ❈❞❙❡ ✿ µ = 5 nm✳ ▲❛ ❧✐❣♥❡
❝♦♥t✐♥✉❡ ❡st ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡ ❛✈❡❝ σ = 1, 5✱ ❧❡s ❞❡✉①
❧✐❣♥❡s t✐r❡té❡s ❞é✜♥✐ss❡♥t ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦♥✜❛♥❝❡ à ✾✺ ✪ ❛✉t♦✉r ❞❡ ❧✬❛❥✉st❡♠❡♥t à
❧❛ ❧♦❣♥♦r♠❛❧❡✱ ♣♦✉r ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ✸✵✵ ♣ré❝✐♣✐tés✳

é❝❤❛♥t✐❧❧♦♥s é❧é♠❡♥t é♥❡r❣✐❡ ✭keV ✮ ✢✉❡♥❝❡ ✭1015 cm−2✮ r❡❝✉✐t

P❜❙✶

P❜ 510 1, 4 × 1015 800✝C / 8 h
P❜ 260 1015

✫
❙ 110 1, 7 × 1015

❙ 50 1, 3 × 1015 900✝C / 8 h

P❜❙✷
P❜ 500 1, 2 × 1015

900✝C / 1 hP❜ 350 6 × 1014

❙ 110 2 × 1015

P❜❙✸
❙ 100 2, 2 × 1015

900✝C / 4 h
P❜ 480 1, 4 × 1015

❈❞❙❡
❈❞ 500 1, 3 × 1015

900✝C / 1 h
❙❡ 270 2 × 1015

❚❛❜✳ ✼✳✷✿ ❈♦♥❞✐t✐♦♥s ❞❡ s②♥t❤ès❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞♦♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s
s♦♥t tr❛❝é❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✼✳✹✳



✶✻✷

✼✳✷✳✹ ●❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠✲
♣❧❛♥t❛t✐♦♥

❉❛♥s ❝❡ q✉✐ ♣ré❝è❞❡✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ t♦t❛❧❡✱ ✐✳❡✳ ♣r❡♥❛♥t ❡♥
❝♦♠♣t❡ t♦✉s ❧❡s ❛❣ré❣❛ts ♦❜s❡r✈❛❜❧❡s s♦✉s ▼❊❚✳ ❈♦♠♠❡ s✉❣❣éré ❝✐✲❞❡ss✉s ✭♣❛rt✐❡ ✼✳✶✳✷✮✱
❧✬ét✉❞❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❛♥s ❧❡s s②stè♠❡s ✐♥❤♦♠♦❣è♥❡s ♥❡ ♣❡✉t êtr❡
❞✐ss♦❝✐é❡ ❞❡ ❝❡❧❧❡ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐tés ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✱ q✉✐
❡st ❧✬♦❜❥❡t ❞❡ ❝❡tt❡ ♣❛rt✐❡✳
◆♦✉s ♠♦♥tr♦♥s ❝✐✲❞❡ss♦✉s q✉❡ ❞❡s ❛❣ré❣❛ts ♣❡✉✈❡♥t s❡ ❢♦r♠❡r ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✲
✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❧❛ ✜❣✉r❡ ✼✳✶✮ ❡t q✉❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ✈❡rs ✉♥❡
❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡ ❡st ❝♦rré❧é❡ à ❝❡ ♣❤é♥♦♠è♥❡✳

▲♦rs ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ à ♣❛rt✐r ❞✬✉♥ ♣r♦✜❧ ✐♠♣❧❛♥té✱ ❧❡✭s✮ s♦❧✉té✭s✮ ♣❡✉✈❡♥t ❞✐✛✉s❡r ❡t ❞❛♥s
❝❡rt❛✐♥s ❝❛s ♣ré❝✐♣✐t❡r ❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳ ❈✬❡st ♣❛r ❡①❡♠♣❧❡ ❝❡ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡
❞❛♥s ❧❡s é❝❤❛♥t✐❧❧♦♥s ✐♠♣❧❛♥tés P❜✰❙✳ ▲❛ ✜❣✉r❡ ✼✳✺ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♥❛✲
♥♦❝r✐st❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ♣♦✉r ❧❡s ❞❡✉① é❝❤❛♥t✐❧❧♦♥s ❞♦♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡
t❛✐❧❧❡ s♦♥t ♠♦♥tré❡s ❡♥ ✜❣✉r❡ ✼✳✷✳ ❆♣rès ✉♥ r❡❝✉✐t à 900✝C / 1 h✱ ❧❡s ♥❛♥♦❝r✐st❛✉① s❡ s♦♥t
❢♦r♠és ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡s ❧✐♠✐t❡s ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭z ≈ 70−250 nm✮ ❡t ❧❛ ❞✐str✐✲
❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ♣❧✉s ♣r♦❝❤❡ ❞✬✉♥❡ ❣❛✉ss✐❡♥♥❡ q✉❡ ❞❡ ❧❛ ❧♦❣♥♦r♠❛❧❡✳ P❛r ❝♦♥tr❡✱ ❛♣rès ✉♥
r❡❝✉✐t à 900✝C / 8 h✱ ❧❡s ♥❛♥♦❝r✐st❛✉① s♦♥t ❞✐str✐❜✉és ❥✉sq✉✬à ❞❡s ♣r♦❢♦♥❞❡✉rs ✭z ≈ 800 nm✮
♣❧✉s✐❡✉rs ❢♦✐s s✉♣ér✐❡✉r❡s à ❧❛ ♣r♦❢♦♥❞❡✉r ♠♦②❡♥♥❡ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭Rp = 140 nm✮ ❡t ❧❛ ❞✐s✲
tr✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ♠❛✐♥t❡♥❛♥t très ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡✳ ➪ ♥✬✐♠♣♦rt❡ q✉❡❧ ✐♥st❛♥t✱
❞❡s ❛❣ré❣❛ts ❣❡r♠❡♥t ❡t ❝r♦✐ss❡♥t s✉r ❧❡ ❝ôté ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ♦r✐❡♥té ✈❡rs ❧❡s ❣r❛♥❞❡s
♣r♦❢♦♥❞❡✉rs ✳ P❛r ❝♦♥séq✉❡♥t✱ ❞✉ ❢❛✐t ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✱ ✐❧ ② ❛ ❛✉ss✐ ❞✐ss♦❧✉t✐♦♥
❞❡s ❛❣ré❣❛ts✱ ♣r♦❜❛❜❧❡♠❡♥t ❞❛♥s ❧❡s ③♦♥❡s ❞❡ ♣❧✉s ❣r❛♥❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s✳ ➪ 900✝C / 8 h✱
❧❛ ✜❣✉r❡ ✼✳✺ ♠♦♥tr❡ q✉❡ ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ❛❣ré❣❛ts ❛②❛♥t ❝rû ✐♥✐t✐❛❧❡♠❡♥t ❞❛♥s ❧❡ ♣r♦✜❧
❞✬✐♠♣❧❛♥t❛t✐♦♥ s❡ s♦♥t ❞✐ss♦✉s✳ ❈❡tt❡ ❞✐ss♦❧✉t✐♦♥ ♥❡ s❡ ❢❛✐t ♣❛s s❡❧♦♥ ✉♥ ♠é❝❛♥✐s♠❡ ❞✉ t②♣❡
▲❙❲✳ ❊♥ ❡✛❡t✱ s✐ ❧❡ ♠ûr✐ss❡♠❡♥t ét❛✐t ❧♦❝❛❧❡♠❡♥t ❞❡ t②♣❡ ▲❙❲✱ ♦♥ r❡tr♦✉✈❡r❛✐t ❞❛♥s ❧❡s
♣ré❝✐♣✐tés r❡st❛♥t t♦✉t ❧❡ s♦❧✉té ❝♦♥t❡♥✉ ✐♥✐t✐❛❧❡♠❡♥t ❞❛♥s ❧❡s ♣ré❝✐♣✐tés q✉✐ s❡ s♦♥t ❞✐ss♦✉s ✿
✐❧ ② ❛✉r❛✐t ❧♦❝❛❧❡♠❡♥t ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✳ ❖r ❝❡ ♥✬❡st ♣❛s ❝❡ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡ ❞❛♥s
♥♦s é❝❤❛♥t✐❧❧♦♥s ✿ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ PbS s♦✉s ❢♦r♠❡ ❞✬❛❣ré❣❛ts ✭✜❣✉r❡ ✼✳✻✮ ❛ ❛✉ss✐ ❞✐♠✐♥✉é
❞✬✉♥ ❢❛❝t❡✉r s✉♣ér✐❡✉r à ✶✵ ❞❛♥s ❧❛ ③♦♥❡ ✐♠♣❧❛♥té❡✳ ■❧ ② ❛ ❜✐❡♥ tr❛♥s❢❡rt ♥❡t ❞❡ ♠❛t✐èr❡
✈❡rs ❧❡s ❣r❛♥❞❡s ♣r♦❢♦♥❞❡✉rs ✭❡t ♣r♦❜❛❜❧❡♠❡♥t ❛✉ss✐ ♣❡rt❡ ♣❛r ❧✬✐♥t❡r❢❛❝❡✮ ❞û ❛✉
t❡r♠❡ ❞❡ ❞✐✛✉s✐♦♥ q✉✐ ✐♥t❡r✈✐❡♥t ♠❛✐♥t❡♥❛♥t ❞❛♥s ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❧♦❝❛❧❡ ❞❡ ❧❛
♠❛t✐èr❡ ✭❚r✐♥❦❛✉s ❡t ❛❧✳ ❬✶✽✾❪✮✳

▲❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣ré❝✐♣✐tés ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❡t ❧❛
❝♦♥✈❡r❣❡♥❝❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✈❡rs ✉♥❡ ❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡ ❡st ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡
♠❛♥✐èr❡ ♣❧✉s ♥❡tt❡ ❧♦rs ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ à ♣❛rt✐r ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❞❡ s✐❧✐❝❡ ♣✉r❡ ✐♠♣❧❛♥té
séq✉❡♥t✐❡❧❧❡♠❡♥t ♣❛r Pb ❡t Te ❡t r❡❝✉✐t à 890✝C ♣❡♥❞❛♥t 1 h ✭✜❣✉r❡ ✼✳✼✮✳ ❖♥ ♦❜s❡r✈❡ ❞❡s
❞✐✛ér❡♥❝❡s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ s✉✐✈❛♥t q✉❡ ❧✬♦♥ sé❧❡❝t✐♦♥♥❡ ❧❡s ❛❣ré❣❛ts ❛②❛♥t ♣ré❝✐♣✐té
❞❛♥s ❧❡ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭❢♦r♠❡ ❞❡ ❞✐str✐❜✉t✐♦♥ ♥♦♥✲❝❛r❛❝tér✐st✐q✉❡ < R >= 4, 4 nm✮
♦✉ ❜✐❡♥ ❡♥ ❞❡❤♦rs ❞❡ ❝❡❧✉✐✲❝✐ ✭< R >= 3, 8 nm✮ ✿ ❝✬❡st ❞❛♥s ❝❡tt❡ ❞❡r♥✐èr❡ ③♦♥❡ q✉❡ ❧❛
❢♦r♠❡ ❞❡ ❞✐str✐❜✉t✐♦♥ ❝♦♥✈❡r❣❡ ✈❡rs ✉♥❡ ❧♦❣♥♦r♠❛❧❡✱ ❛✈❡❝ ✉♥ é❝❛rt t②♣❡ ❣é♦♠étr✐q✉❡ ❞❡ 1, 4✳
❉❛♥s ❧❡ ❝❛s ❞❡s é❝❤❛♥t✐❧❧♦♥s ♣ré♣❛rés ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❡ Pb ❡t S ✭♦✉ Se✮✱ ♦♥
♦❜s❡r✈❡ ♣❛r ❝♦♥tr❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ tr❛♥❝❤❡ ❞❡ ♣r♦❢♦♥❞❡✉r✱ ✐✳❡✳
♥♦t❛♠♠❡♥t ❛✉ s❡✐♥ ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳ ❈❡tt❡ ❞❡r♥✐èr❡ ♦❜s❡r✈❛t✐♦♥ ♣❡✉t s✬❡①♣❧✐q✉❡r ❛✉
r❡❣❛r❞ ❞❡s ♣r♦♣r✐étés ❝❤✐♠✐q✉❡s ❞❡s ❝❤❛❧❝♦❣è♥❡s q✉✐ s♦♥t très ❞✐st✐♥❝t❡s ❧♦rsq✉✬♦♥ ♣❛ss❡ ❞✉
t❡❧❧✉r❡ ❛✉ s♦✉❢r❡✴sé❧é♥✐✉♠ ✭✻✮ ✿ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ s♦♥t très ❞✐✛ér❡♥t❡s ♣♦✉r ❧❡
t❡❧❧✉r❡ ❞♦♥t ✉♥❡ s❡✉❧❡ ❢♦r♠❡ ❝❤✐♠✐q✉❡ ♠ét❛❧❧✐q✉❡ ♣❛rt✐❝✐♣❡ à ❧❛ ❝r♦✐ss❛♥❝❡✱ à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡s



✶✻✸

❋✐❣✳ ✼✳✺✿ ▼❡s✉r❡ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ♣ré❝✐♣✐tés ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ♣♦✉r
✷ r❡❝✉✐ts ❞✐✛ér❡♥ts ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ t②♣❡ P❜❙✶ ✭t❛❜❧❡❛✉ ✼✳✷✮✳ ▲❡s ❞✐str✐❜✉t✐♦♥s
❞❡ t❛✐❧❧❡s ❝♦rr❡s♣♦♥❞❛♥t❡s s♦♥t ❞♦♥♥é❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✼✳✷✳ ▲❛ ❞❡♥s✐té ♠❡s✉ré❡ ✐❝✐
✭❡①♣r✐♠é❡ ❡♥ cm−2✮ ❡st ❧❛ ❞❡♥s✐té ❞✬❛❣ré❣❛ts ♣r♦❥❡té❡ s✉r ❧✬✐♠❛❣❡ ▼❊❚✳ ◆✬❛②❛♥t
♣❛s ❞❡ ♠❡s✉r❡ ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ❧❛♠❡ ▼❊❚ à ❧✬❡♥❞r♦✐t ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥✱ ✐❧ ♥✬❡st
♣❛s ♣♦ss✐❜❧❡ ❞❡ r❡♠♦♥t❡r à ❧❛ ❞❡♥s✐té ✈♦❧✉♠✐q✉❡ ❞❡ ♥❛♥♦❝r✐st❛✉①✳ ❖♥ ♣❡✉t ♥é❛♥✲
♠♦✐♥s ♦❜t❡♥✐r ✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❧❛ ❞❡♥s✐té ✈♦❧✉♠✐q✉❡ ❡♥ ❞✐✈✐s❛♥t ❧❛ ❞❡♥s✐té
s✉r❢❛❝✐q✉❡ ♠❡s✉ré❡ ♣❛r ❧✬é♣❛✐ss❡✉r t②♣✐q✉❡ ❞❡s ❧❛♠❡s ▼❊❚ ✭≈ 100 nm✮✳

❋✐❣✳ ✼✳✻✿ ■♥té❣r❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ P❜❙ ✈✉❡ s♦✉s ❢♦r♠❡ ❞✬❛❣ré❣❛ts ❡♥ ▼❊❚ ♣♦✉r
❧✬é❝❤❛♥t✐❧❧♦♥ ❞❡ t②♣❡ P❜❙✶ ✭t❛❜❧❡❛✉ ✼✳✷✮ r❡❝✉✐t ♣❡♥❞❛♥t ❞❡s ❞✉ré❡s ❞❡ ✶❤ ❡t ✽❤✳ ❆♣rès
✽❤ ❞❡ r❡❝✉✐t ❧❛ q✉❛♥t✐té ❞❡ P❜❙ ♣ré❝✐♣✐té❡ s❡ tr♦✉✈❡ ❜✐❡♥ ❛✉ ❞❡❧à ❞❡s ♣r♦❢♦♥❞❡✉rs
❞✬✐♠♣❧❛♥t❛t✐♦♥✳
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❋✐❣✳ ✼✳✼✿ ✭❛✮ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣r♦✜❧s ✐♥✐t✐❛✉① ❞❡ Pb ❡t Te ❞ét❡r♠✐♥és ♣❛r ❚❘■▼
✭❧✐❣♥❡ ✜♥❡✱ ♣❧❡✐♥❡ ❡t t✐r❡té❡✮ ❛✈❡❝ ❧❡s ♣r♦✜❧s ❞✬é❧é♠❡♥ts ♣ré❝✐♣✐tés ♠❡s✉rés ♣❛r ▼❊❚✱
❡♥ s✉♣♣♦s❛♥t q✉❡ t♦✉s ❧❡s ♣ré❝✐♣✐tés s♦♥t s♦✐t ❞✉ PbTe ✭s②♠❜♦❧❡s ♣❧❡✐♥s✮ s♦✐t ❞✉ Te
✭❝❡r❝❧❡s✮✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❡st ❞❡ ❧❛ s✐❧✐❝❡ ♣✉r❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t ♣❛r Pb+Te
♣✉✐s r❡❝✉✐t à 890✝C ♣❡♥❞❛♥t 1 h ✭❞❡r♥✐❡r ❛rt✐❝❧❡ ❞✉ ❝❤❛♣✐tr❡ ✻✮✳ ✭❜✮ ❋♦♥❝t✐♦♥ ❞❡
ré♣❛rt✐t✐♦♥ ❞❡s r❛②♦♥s ❞✬❛❣ré❣❛ts ❡♥ ❝♦♦r❞♦♥♥é❡s ❣❛✉ss✐❡♥♥❡s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
♣r♦❢♦♥❞❡✉r ♣♦✉r ❧❡ ♠ê♠❡ é❝❤❛♥t✐❧❧♦♥ q✉✬❡♥ ✭❛✮✳ ❉❡✉① ✐♥t❡r✈❛❧❧❡s ❞❡ ♣r♦❢♦♥❞❡✉r ♦♥t
été ❛♥❛❧②sé❡ sé♣❛ré♠❡♥t ✿ ❧❛ ♣r❡♠✐èr❡ ✲ [0 − 220] nm ✲ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♣r♦✜❧ ✐♠✲
♣❧❛♥té ✭❧✐❣♥❡ ♣♦✐♥t✐❧❧é✮✱ ❡t ❧✬❛✉tr❡ à ❞❡s ♣r♦❢♦♥❞❡✉rs ♣❧✉s ✐♠♣♦rt❛♥t❡ ✭❧✐❣♥❡ ♣❧❡✐♥❡✮✳
▲❛ ❧✐❣♥❡ ✜♥❡ ❡st ❧✬❛❥✉st❡♠❡♥t ♣❛r ✉♥❡ ❢♦♥❝t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡ ❞✬❛❣ré❣❛ts ❛②❛♥t ❝r✉ à ❞❡s ♣r♦❢♦♥❞❡✉rs s✉♣ér✐❡✉r❡ à 220 nm ✭σ = 1.4✮✳

❛✉tr❡s ❝❤❛❧❝♦❣è♥❡s✳

✼✳✸ ❉✐s❝✉ss✐♦♥

❈❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① s♦✉❧è✈❡♥t ❧❛ q✉❡st✐♦♥ ❞✉ ❧✐❡♥ ❡♥tr❡ ❧❡s ❞é✈✐❛t✐♦♥s ♦❜s❡r✈é❡s
❛✉ ❝♦♠♣♦rt❡♠❡♥t ▲❙❲ ❡t ❧❡ ❢❛✐t q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ t❡♥❞❡ ♠❛✐♥t❡♥❛♥t ✈❡rs ✉♥❡
❧♦❣♥♦r♠❛❧❡✳ P❧✉s ❣é♥ér❛❧❡♠❡♥t✱ q✉❡❧❧❡ ❡st ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❛s②♠✲
♣t♦t✐q✉❡ ❞❡ t❛✐❧❧❡ ❡t ❧❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❄ ◆♦✉s ❝♦♠♣❛r❡r♦♥s
❞✬❛❜♦r❞ ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r ❝♦♥❞❡♥s❛t✐♦♥ ❡t ♣❛r ❝♦❛❣✉❧❛t✐♦♥ ❞❛♥s ✉♥ s②stè♠❡ ❞❡ ❝♦♥❝❡♥tr❛✲
t✐♦♥ ❤♦♠♦❣è♥❡ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r q✉❡❧❧❡s s♦♥t ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❞ét❡r♠✐♥❛♥t ❧❛ ❢♦r♠❡ ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳ ❊♥s✉✐t❡✱ ♥♦✉s ❞✐s❝✉t❡r♦♥s ❞❡s ❞✐✛ér❡♥❝❡s ❞✬é✈♦❧✉t✐♦♥ ❞✬✉♥ ♣r♦✜❧ ✐♠✲
♣❧❛♥té ❛✈❡❝ ✉♥ s②stè♠❡ ❤♦♠♦❣è♥❡ ❡♥ t❡r♠❡ ❞❡ ♣❡rt❡ ❞❡ ♠é♠♦✐r❡ ❞❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s
❞❡ ❝r♦✐ss❛♥❝❡✱ à ❧✬❛✐❞❡ ❞❡ ❧❛ ♥♦t✐♦♥ ❞✬❡♥tr♦♣✐❡ ❞❡ ❞✐str✐❜✉t✐♦♥✳ ◆♦✉s ♠♦♥tr❡r♦♥s q✉❡ ✿ ✭✐✮
❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡①♣ér✐♠❡♥t❛❧❡ ❡st ♣r♦❝❤❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ♠❛①✐♠✐s❛♥t ❧✬❡♥tr♦♣✐❡✱
s♦✉s ❧✬❛❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✱ ✭✐✐✮ ❧❛
❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡ ❡st ✉♥❡ ❢♦♥❝t✐♦♥ q✉✐ ♥✬❛ ♣❛s ❞❡ s✐❣♥✐✜❝❛t✐♦♥ ♣❤②s✐q✉❡ ❡♥ t❛♥t q✉❡ t❡❧❧❡✱
♠❛✐s ❡st ♥é❛♥♠♦✐♥s ✉t✐❧❡ ❡♥ ♣r❛t✐q✉❡ ♣♦✉r ❛♣♣r♦❝❤❡r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡①♣ér✐♠❡♥t❛❧❡✳



✶✻✺

✼✳✸✳✶ ▲✐❡♥ ❡♥tr❡ ♠é❝❛♥✐s♠❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ❡t ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐✲
❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ❞❡ t❛✐❧❧❡

❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ♥♦✉s ❛❧❧♦♥s ❡①❛♠✐♥❡r ❧❡ ♠ûr✐ss❡♠❡♥t ❞✬✉♥ s②stè♠❡ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥
✐♥✐t✐❛❧❡ ❤♦♠♦❣è♥❡✱ q✉✐ ❡st ✉♥❡ s✐t✉❛t✐♦♥ r❡❧❛t✐✈❡♠❡♥t ❜✐❡♥ ❝❧❛r✐✜é❡ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❡①♣ér✐✲
♠❡♥t❛❧ ❡t t❤é♦r✐q✉❡✱ ❛✜♥ ❞✬✐❞❡♥t✐✜❡r ❝♦♠♠❡♥t ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ♠ûr✐ss❡♠❡♥t s♦♥t r❡❧✐és
❛✉① ✐♥❢♦r♠❛t✐♦♥s ❛♣♣♦rté❡s ♣❛r ❝❤❛q✉❡ éq✉❛t✐♦♥ ❞✬é✈♦❧✉t✐♦♥✳

❉❡ ❝❡ ♣♦✐♥t ❞❡ ✈✉❡✱ ❧❛ ♣rés❡♥t❛t✐♦♥ t❤é♦r✐q✉❡ ❞❡ ❇✐♥❞❡r ❬✷✾✱ ✶✾✹❪ ✭♣❛rt✐❡ ✶✳✷✳✶✮ ❡st ✐♥✲
tér❡ss❛♥t❡ ❝❛r ❡❧❧❡ ♠♦♥tr❡ ❧✬❛♥❛❧♦❣✐❡ ❞✉ tr❛✐t❡♠❡♥t ❞✉ ♠ûr✐ss❡♠❡♥t ❞❛♥s ❧❡s ❞❡✉① ré❣✐♠❡s
❞❡ ❝r♦✐ss❛♥❝❡ ✲ ❛ ♣r✐♦r✐ très ❞✐✛ér❡♥ts ✲ q✉❡ s♦♥t ❧❛ ❝♦♥❞❡♥s❛t✐♦♥ ✭♠❡♥❛♥t à ▲❙❲✮ ❡t ❧❛
❝♦❛❣✉❧❛t✐♦♥ ✭♠❡♥❛♥t à ✉♥❡ ❢♦r♠❡ ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡✮✳ ▲✬éq✉❛t✐♦♥ ❞✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ❞♦♥♥é❡ ♣❛r ✭✶✳✾✮ ✭♣❛❣❡ ✶✻✮✱ ❡t ❧✬♦♥ ❝♦♥s❡r✈❡ s♦✐t ❧❡ ♣r❡♠✐❡r ♠❡♠❜r❡
s✐ ♦♥ s✬♦❝❝✉♣❡ ❞❡ ❝♦♥❞❡♥s❛t✐♦♥ ✭✐✳❡✳ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ♣❛r ❛❣ré❣❛t✐♦♥ ❞❡ ♠♦♥♦♠èr❡s ♦✉ ❞❡ très
♣❡t✐ts ♣♦❧②♠èr❡s ❞❡ s♦❧✉té✮ s♦✐t ❧❡ s❡❝♦♥❞ s✬✐❧ s✬❛❣✐t ❞❡ ❝♦❛❣✉❧❛t✐♦♥ ✭✈♦✐r ❝✐✲❞❡ss♦✉s✮✳ ▲✬♦❜✲
s❡r✈❛t✐♦♥ ❞✬✉♥❡ ❢♦r♠❡ ❛s②♠♣t♦t✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❛✉① t❡♠♣s ❧♦♥❣s ❞❡ r❡❝✉✐t
❡st ✉♥ ❝❛r❛❝tèr❡ ✉♥✐✈❡rs❡❧ ❞❡ s②stè♠❡s r❡❧❛①❛♥t ✈❡rs ❧✬éq✉✐❧✐❜r❡ ✭❧❡s ❞❡r♥✐èr❡s r❡♠❛rq✉❡s ❞✉
❝❤❛♣✐tr❡ ✶✮✳ ❇✐♥❞❡r ♠♦♥tr❡ q✉❡ ❧❡ tr❛✐t❡♠❡♥t ❛s②♠♣t♦t✐q✉❡ ❞❡ ❝❡s ❞❡✉① ré❣✐♠❡s ❞✬❛♣♣r♦①✐✲
♠❛t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❝r♦✐ss❛♥❝❡ s✬❛❜♦r❞❡♥t ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ ❡♥ ♣♦s❛♥t q✉❡ ❧❛ ❢♦r♠❡
❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ❞✉ t②♣❡ ✿

nl(t) = tyñ(lt−x) ✭✼✳✻✮

❛✈❡❝ ❧❡s ♥♦t❛t✐♦♥s ❞❡ ❇✐♥❞❡r ✭❧❛ ✈❛r✐❛❜❧❡ l ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ✈♦❧✉♠❡ ❞❡ ❧✬❛❣ré❣❛t✮✱ ♦✉

f(R, t) = ty1f̃(Rt−x1) ✭✼✳✼✮

❛✈❡❝ ❧❡s ♥♦t❛t✐♦♥s ❞❡ ❧❛ ♣❛rt✐❡ s✉r ❧❡ ♠ûr✐ss❡♠❡♥t ✭♣❛rt✐❡ ✶✳✷✳✸✮✳ ❈❡❝✐ ❡st ✈❛❧❛❜❧❡ ❧♦rsq✉❡
t → ∞✱ ♦ù f̃ ✭♦✉ ñ✮ ❡st ❧❛ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ❞❡ t❛✐❧❧❡✳ ❈❡ s♦♥t ❧❡s ❝♦♥tr❛✐♥t❡s ❞❡
❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❡t ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❝r♦✐ss❛♥❝❡✮ q✉✐ ✈♦♥t ❞ét❡r♠✐♥❡r ❡♥s✉✐t❡ ❧❛
✈❛❧❡✉r ❞❡s ❡①♣♦s❛♥ts t❡♠♣♦r❡❧s ❡t ❧❛ ❢♦r♠❡ ♣ré❝✐s❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡✳

▲❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ♠❛t✐èr❡ s✬é❝r✐t ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱ q✉❡❧ q✉❡ s♦✐t ❧❡
♠é❝❛♥✐s♠❡ ❞♦♠✐♥❛♥t ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ✿

∫ ∞

0

lnl(t)dl = cste ou

∫ ∞

0

R3f(R, t)dR = cste ✭✼✳✽✮

♦✉✱ ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❢♦r♠❡ ❛s②♠♣t♦t✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✿
∫ ∞

0

vñ(v)du = cste ou

∫ ∞

0

u3f̃(u)du = cste ✭✼✳✾✮

♦ù ❧✬♦♥ ❛ ❢❛✐t ❧❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ✈❛r✐❛❜❧❡ v = lt−x ❡t u = Rt−x1 ❡♥ ✉t✐❧✐s❛♥t ❧❡s r❡❧❛t✐♦♥s ✭✼✳✻✮
❡t ✭✼✳✼✮✳ ❉✬♦ù ♦♥ ❡♥ ❞é❞✉✐t ♣♦✉r ❧❛ ❝♦❛❣✉❧❛t✐♦♥ ❡t ❧❛ ❝♦♥❞❡♥s❛t✐♦♥ y = −2x ✭y1 = −4x1✮✳
❈❡ ♥✬❡st ❞♦♥❝ ♣❛s ❝❡tt❡ éq✉❛t✐♦♥ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ q✉✐ ❡①♣❧✐q✉❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❢♦r♠❡ ❞❡ ❞✐s✲
tr✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡♥tr❡ ❧❛ ▲❙❲ ❡t ❧❛ ❧♦❣♥♦r♠❛❧❡✳

❉❛♥s ❧❡ ❝❛s ❤♦♠♦❣è♥❡✱ ❧❡s ♣❛rt✐❝✉❧❛r✐tés ❞✉ ♠é❝❛♥✐s♠❡s ❞❡ ❝r♦✐ss❛♥❝❡ s♦♥t ❝♦♥t❡♥✉❡s
❞❛♥s ❧❡s éq✉❛t✐♦♥s s♣é❝✐✜q✉❡s ❞✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ❞♦♥♥é❡s ♣❛r ✻ ✿

∂nl(t)

∂t

∣∣∣
coag

=
1

2

∫ l

lc

dl′W (l − l′, l′)
nl′(t)

neql′

nl−l′(t)

neql−l′
− nl(t)

neql

∫ ∞

lc

dl′W (l, l′)
nl′(t)

neql′
✭✼✳✶✵✮

✻❈❡tt❡ éq✉❛t✐♦♥ ❡st ❜✐❡♥ ❛♥❛❧♦❣✉❡ à ❝❡❧❧❡ ❞♦♥♥é❡ ♣❛r ❙♠♦❧✉❝❤♦✇s❦✐ ❬✶✽✹❪



✶✻✻

❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝♦❛❣✉❧❛t✐♦♥ ❡t ✿

∂nl(t)

∂t

∣∣∣
cond

=
∂

∂l

[
Rl

∂

∂l
nl(t) −

∂

∂l

(
∆Fl
kBT

)
Rlnl(t)

]
✭✼✳✶✶✮

♣♦✉r ❧❛ ❝♦♥❞❡♥s❛t✐♦♥✳ ❈❡tt❡ ❞❡r♥✐èr❡ ♣❡✉t s✬❛❜♦r❞❡r ♥✉♠ér✐q✉❡♠❡♥t ❞❛♥s ❧❡ ❝❛s ✐♥✜♥✐♠❡♥t
❞✐❧✉é ♣♦✉r ❞♦♥♥❡r ▲❙❲✱ ❛❧♦rs q✉❡ ❧❛ rés♦❧✉t✐♦♥ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝♦❛❣✉❧❛t✐♦♥ ❡st ❝♦♠♣❧✐q✉é❡
♣❛r s♦♥ ❝❛r❛❝tèr❡ ♥♦♥ ❧✐♥é❛✐r❡✱ ❞✉ ❢❛✐t q✉❡ ❧✬♦♥ ♣❡r♠❡t ❧✬❛❣ré❣❛t✐♦♥ ❡♥tr❡ ❝❧✉st❡rs ❞❡ t❛✐❧❧❡
q✉❡❧❝♦♥q✉❡✳ ■❧ ♥✬❡①✐st❡ ♣❛s ❞❡ s♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡ ❞❛♥s ❧❡ ❝❛s ❣é♥ér❛❧✼✱ ♠❛✐s ❧❡s ❡①♣ér✐❡♥❝❡s
❝♦♠♠❡ ❧❡s rés♦❧✉t✐♦♥s ♥✉♠ér✐q✉❡s ♠♦♥tr❡♥t q✉❡ ❧❛ ❢♦r♠❡ ❛s②♠♣t♦t✐q✉❡ ❡st ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦✲
❣♥♦r♠❛❧❡✳ ❙✇✐❢t ❬✶✾✺❪ ❛ ♣❛r♠✐ ❧❡s ♣r❡♠✐❡rs ✈ér✐✜é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❧✬❡①✐st❡♥❝❡ ❞✬✉♥❡ ❢♦r♠❡
❛s②♠♣t♦t✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡ q✉❛♥❞ t→ ∞✱ ❡♥ ♥♦r♠❛✲
❧✐s❛♥t ❧❛ t❛✐❧❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ♣❛r ❧❡✉r t❛✐❧❧❡ ♠♦②❡♥♥❡✳ ❈❡s ♦❜s❡r✈❛t✐♦♥s ❛❧❧❛✐❡♥t ❞❡ ♣❛✐r ❛✈❡❝
❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❞❡ ❝♦❛❣✉❧❛t✐♦♥ ❜r♦✇♥✐❡♥♥❡ ♣❛r ❍✐❞② ❬✶✾✻❪✱ q✉✐ ♠♦♥tr❛✐t ❛✉ss✐
q✉❡ ❝❡tt❡ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ♥❡ ❞é♣❡♥❞❛✐t ♣❛s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ✐♥✐t✐❛❧❡✳ ❋r✐❡❞❧❛♥❞❡r
❬✶✾✼❪ ❛ ❡♥s✉✐t❡ ❝♦♥✜r♠é ❞❡ ♠❛♥✐èr❡ t❤é♦r✐q✉❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❛s②♠♣t♦t✐q✉❡ ❞❡s ❞✐str✐❜✉✲
t✐♦♥s ❞❡ t❛✐❧❧❡ ♣❛r ❧❛ rés♦❧✉t✐♦♥ ❞❡ ♠❛♥✐èr❡ ❛♣♣r♦❝❤é❡ ❞❡s éq✉❛t✐♦♥s ❞❡ ❝♦❛❣✉❧❛t✐♦♥✳

❆✐♥s✐✱ ❝❡ s♦♥t ❞❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞✐st✐♥❝ts q✉✐ ✐♥❞✉✐s❡♥t ❧❡s ❞✐✛ér❡♥❝❡s ❞❡
❢♦r♠❡s ❞❡ ❞✐str✐❜✉t✐♦♥s ❛s②♠♣t♦t✐q✉❡ ❞❡ t❛✐❧❧❡s✳ ❈♦♠♣r❡♥❞r❡ ♣♦✉rq✉♦✐ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡ tr♦✉✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❞❛♥s ✉♥❡ ❝♦✉❝❤❡ ✐♠♣❧❛♥té❡ ❡st ❧♦❣♥♦r♠❛❧❡ ♥é❝❡ss✐t❡ ❞♦♥❝
✉♥ ❡①❛♠❡♥ ❞❡s ❝♦♥❞✐t✐♦♥s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❝r♦✐ss❛♥❝❡✱ ♣♦✉r ② ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s é❝❛rts
❛✉ ❝♦♠♣♦rt❡♠❡♥t ▲❙❲✳ ❈❡ q✉✐ ❞✐✛ér❡♥❝✐❡ ❢♦♥❞❛♠❡♥t❛❧❡♠❡♥t ♥♦tr❡ s②stè♠❡ ❞❡ ❝❡❧✉✐ ♦ù ❧✬♦♥
♦❜s❡r✈❡ ▲❙❲ ❡st s♦♥ ❝❛r❛❝tèr❡ ✐♥❤♦♠♦❣è♥❡✱ ❛✈❡❝ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❧❡ ❝♦✉♣❧❛❣❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥
❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s t❛✐❧❧❡s ❞✬❛❣ré❣❛ts ❡t ❝❡❧❧❡ ❞❛♥s ❧✬❡s♣❛❝❡ ré❡❧ ✭❞❡♥s✐té ❞✬❛❣ré❣❛ts ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✱ ❞✐✛✉s✐♦♥ ❞❡ s♦❧✉té✮✳ ❈✬❡st ❞❛♥s ❝❡ ❞❡r♥✐❡r q✉❡ ♥♦✉s ❛✈♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡
❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ✉♥❡ ❞é✈✐❛t✐♦♥ ❛✉ ♠ûr✐ss❡♠❡♥t s❡❧♦♥ ▲❙❲ ✿ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡
❞✬❛❣ré❣❛ts ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ✭♣❛rt✐❡ ✼✳✷✳✹✮✳ ❉❛♥s ❝❡ q✉✐ s✉✐t✱ ♥♦✉s ❢❛✐s♦♥s
❧❡ ❧✐❡♥ ❡♥tr❡ ❝❡tt❡ ♦❜s❡r✈❛t✐♦♥ ❡t ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ✈❡rs ✉♥❡ ❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡✱ ❡♥ ✐♥t❡r♣rét❛♥t
❧❛ ❣❡r♠✐♥❛t✐♦♥ ❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❝♦♠♠❡ ✉♥❡ ♣❡rt❡ ❞❡ ♠é♠♦✐r❡ ❞❡s ❝♦♥❞✐t✐♦♥s
✐♥✐t✐❛❧❡s✳

✼✳✸✳✷ P❡rt❡ ❞❡ ♠é♠♦✐r❡ ❞❡ ❧❛ s✐t✉❛t✐♦♥ ✐♥✐t✐❛❧❡ ✲ ❊♥tr♦♣✐❡ ❞❡ ❞✐str✐✲
❜✉t✐♦♥

❉❛♥s ❧❡s é❝❤❛♥t✐❧❧♦♥s ✐♠♣❧❛♥tés séq✉❡♥t✐❡❧❧❡♠❡♥t P❜✰❙ ❡t r❡❝✉✐ts ✭✜❣✉r❡ ✼✳✺ ❡t ✼✳✻✮✱ ❧❛
❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♣ré❝✐♣✐tés ❛♣rès ✉♥ r❡❝✉✐t ❧♦♥❣ ✭900✝C / 8 h✮ ♥✬❡st ♣❧✉s ❞✉ t♦✉t
❧❛ ♠ê♠❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ✐♥✐t✐❛❧❡ t❡❧❧❡ q✉✬♦♥ ♣❡✉t ❧✬♦❜s❡r✈❡r ❛♣rès ✉♥ r❡❝✉✐t ❝♦✉rt ✭900
✝C / 1 h✮✳ ▲❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ❛❣ré❣❛ts ✭❃✾✺ ✪✮ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡ ❛♣rès 8 h ❞❡ r❡❝✉✐t
♥✬❡①✐st❛✐❡♥t ♣❛s ❛✉ ❜♦✉t ❞❡ 1 h ❞❡ r❡❝✉✐t ✿ ✐❧s ♦♥t ♣r♦❣r❡ss✐✈❡♠❡♥t ❣❡r♠és ❞❛♥s ❝❡t ✐♥t❡r✈❛❧❧❡
❞❡ t❡♠♣s✳ ❈❡ ♣♦✐♥t ❡st très ❞✐✛ér❡♥t ❞✉ ♠ûr✐ss❡♠❡♥t s❡❧♦♥ ▲❙❲✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ❧❛
❣❡r♠✐♥❛t✐♦♥ ❡st ♥é❣❧✐❣❡❛❜❧❡ ❞✉r❛♥t ❧✬ét❛♣❡ ❞❡ ♠ûr✐ss❡♠❡♥t✳ ▲❡s ♣ré❝✐♣✐tés q✉✐ s❡ ❞✐ss♦❧✈❡♥t
❧❡ ❢♦♥t ❛✉ ♣r♦✜t ❞❡ ❝❡✉① ❞é❥à ❡①✐st❛♥ts✳ ❆✉ ❜♦✉t ❞✬✉♥ t❡♠♣s✱ ♠ê♠❡ très ❧♦♥❣✱ ❞❡ ♠ûr✐ss❡♠❡♥t
t♦✉s ❧❡s ❛❣ré❣❛ts q✉✐ s✉❜s✐st❡♥t ét❛✐❡♥t ♣rés❡♥ts ❛✉♣❛r❛✈❛♥t✱ ❛✉ ❝♦♥tr❛✐r❡ ❞❡ ❝❡ q✉❡ ❧✬♦♥ ♦❜✲
s❡r✈❡ ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❞❡ ♥♦s ❝♦✉❝❤❡s ✐♠♣❧❛♥té❡s ✭✜❣✉r❡ ✼✳✽✮✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❧❛ ♠é♠♦✐r❡
❞❡ ❧❛ s✐t✉❛t✐♦♥ ✐♥✐t✐❛❧❡ ❛♣rès ♠ûr✐ss❡♠❡♥t ❞✬✉♥ s②stè♠❡ ❤♦♠♦❣è♥❡ ✭❞✐str✐❜✉t✐♦♥
▲❙❲✮ ❡st ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ❞❛♥s ❧❡ ♠ûr✐ss❡♠❡♥t ❞✬✉♥❡ ❝♦✉❝❤❡ ✐♠♣❧❛♥té❡✱ ♦ù

✼❊♥ ❢❛✐s❛♥t ❞❡s ❤②♣♦t❤ès❡s s✉r ❧❡s t❛✉① ❞❡ ré❛❝t✐♦♥ ❲✭❧✱❧✬✮ ❡♥ ré❣✐♠❡ ❜r♦✇♥✐❡♥ ❡♥ ❞✐♠❡♥s✐♦♥ tr♦✐s✱ ❇✐♥❞❡r
❡♥ ❞é❞✉✐t ①❂✶✴✷✳



✶✻✼

❋✐❣✳ ✼✳✽✿ ❙❝❤é♠❛ ♣❡r♠❡tt❛♥t ❞❡ ❝♦♠♣❛r❡r ❧❡ ♠ûr✐ss❡♠❡♥t ❞✬✉♥ ♣r♦✜❧ ✐♠♣❧❛♥té ✿ ✭❛✮
s❡❧♦♥ ▲❙❲✱ ❝✬❡st à ❞✐r❡ ❧♦rsq✉❡ ❧❛ s♦❧✉❜✐❧✐té ❡st ❞ét❡r♠✐♥é❡ ✉♥✐q✉❡♠❡♥t ♣❛r ❧✬éq✉❛✲
t✐♦♥ ❞❡ ●✐❜❜s ❚❤♦♠♣s♦♥ ❀ ✭❜✮ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ PbS à ♣❛rt✐r
❞✬✉♥ ♣r♦✜❧ ✐♠♣❧❛♥té✳ ❉❛♥s ❧❡ ♣r❡♠✐❡r ❝❛s✱ ❧❡s ❛❣ré❣❛ts ♣rés❡♥ts à t2 > t1 ét❛✐t t♦✉s
♣rés❡♥ts ✐♥✐t✐❛❧❡♠❡♥t ✭❝r♦✐① ❜❧❛♥❝❤❡s✮✱ ❛❧♦rs q✉❡ ❞❛♥s ❧❡ s❡❝♦♥❞ ❝❛s✱ ❞❡s ❛❣ré❣❛ts
✭s②♠❜♦❧✐sés ♣❛r ❞❡s ❝❡r❝❧❡s ✈✐❞❡s✮ ♦♥t ❣❡r♠é ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❡t
♥✬ét❛✐❡♥t ♣❛s ♣rés❡♥ts à t1✳

❧✬♦♥ ♦❜s❡r✈❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡ t❛✐❧❧❡✳ ❉❛♥s ❝❡ ❞❡✉①✐è♠❡ ❝❛s✱ ♦♥
♣❡r❞ ❛✉ ❜♦✉t ❞✬✉♥ t❡♠♣s s✉✣s❛♠♠❡♥t ❧♦♥❣ t♦✉t❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ✭♦✉ ❧❛ ♠é♠♦✐r❡✮
❞❡ ❝❡ q✉✬ét❛✐t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❛❣ré❣❛ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ♣r♦❢♦♥❞❡✉r ❡t ❞❡
❧❡✉r t❛✐❧❧❡ ❞❛♥s ❧❡ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳

▲✬✐♥t❡r♣rét❛t✐♦♥ ❝✐✲❞❡ss✉s ♠❡t ❡♥ ✈❛❧❡✉r ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ♣❡rt❡ ❞✬✐♥❢♦r♠❛t✐♦♥ ❞❛♥s
❧✬é✈♦❧✉t✐♦♥ ❞✉ s②stè♠❡✳ ■❧ ❡st ❝♦♥♥✉ ❞❡♣✉✐s ❙❤❛♥♥♦♥ ❬✶✾✽❪ q✉❡ ❧✬♦♥ ♣❡✉t ♠❡s✉r❡r ❧❛ q✉❛♥t✐té
❞✬✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣r♦❜❛❜✐❧✐té ❢ ❡♥ ❝❛❧❝✉❧❛♥t s♦♥ ❡♥tr♦♣✐❡ ❙
♣❛r ✿

S =

∫
f ln f ✭✼✳✶✷✮

❏❛②♥❡s ❬✶✾✾✱ ✷✵✵❪ ❛ ♠♦♥tré ❡♥s✉✐t❡ ❝♦♠♠❡♥t ❧✬❡♥tr♦♣✐❡ ❞é✜♥✐❡ ❝✐✲❞❡ss✉s ❛✉ s❡♥s ❞❡ ❧❛ t❤é♦r✐❡
❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ♣♦✉✈❛✐t ❛✉ss✐ s✬❛♣♣❧✐q✉❡r ❡♥ ♣❤②s✐q✉❡ st❛t✐st✐q✉❡ ✿ ♦♥ ♠♦♥tr❡ ♣❛r ❡①❡♠♣❧❡
q✉❡ ❧✬❡♥tr♦♣✐❡ ❡st ♠❛①✐♠✐sé❡ à ❧✬éq✉✐❧✐❜r❡✱ ❝♦♠♠❡ ❛tt❡♥❞✉ ♣❛r ❧❡s ♣r❡♠✐❡rs ❞é✈❡❧♦♣♣❡♠❡♥ts
❞❡ ❧❛ ♥♦t✐♦♥ ❞✬❡♥tr♦♣✐❡ ❡♥ t❤❡r♠♦❞②♥❛♠✐q✉❡✳ ❈❡tt❡ ♠❛①✐♠✐s❛t✐♦♥ ❞♦✐t t❡♥✐r ❝♦♠♣t❡ ❞❡s
❝♦♥tr❛✐♥t❡s ❛♣♣❧✐q✉é❡s ❛✉ s②stè♠❡ ✭t❡❧❧❡ q✉✬✉♥ ✈♦❧✉♠❡ ♦✉ ✉♥❡ ♣r❡ss✐♦♥ ✜①é❡✱✳ ✳ ✳ ✮✳

❉❛♥s ❧❛ s✉✐t❡✱ ♥♦✉s ♣rés❡♥t♦♥s ❧❡s ❣r❛♥❞❡s ❧✐❣♥❡s ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❡t ❧❛ ♣❡rt✐♥❡♥❝❡ ❞❡ s♦♥
❛♣♣❧✐❝❛t✐♦♥ à ❧✬ét✉❞❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥✱ ❡♥ ♠♦♥tr❛♥t ❡♥ ♣❛rt✐❝✉❧✐❡r ❝♦♠♠❡♥t ❡❧❧❡ s✬❛♣♣❧✐q✉❡
❛✉ ❝❛s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r ❝♦❛❣✉❧❛t✐♦♥✳ ❛✈❛♥t ❞✬❡①❛♠✐♥❡r ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❝❡ ♣r✐♥❝✐♣❡ à ❧❛
❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❧❛ ♣❧✉s ♣r♦❜❛❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝♦❛❣✉❧❛t✐♦♥✳
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✼✳✸✳✸ ❈r♦✐ss❛♥❝❡ ❡t ♠❛①✐♠✐s❛t✐♦♥ ❞❡ ❧✬❡♥tr♦♣✐❡

❈❡ s♦♥t ❲❛♥❣ ❡t ❋r✐❡❞❧❛♥❞❡r ❬✷✵✶❪ q✉✐ ♦♥t ❧❡s ♣r❡♠✐❡rs ♠❡♥t✐♦♥♥é ❧❡ ♣❛r❛❧❧è❧❡ ❡♥tr❡ ❧❡
❢❛✐t ❞❡ tr♦✉✈❡r ✉♥❡ ❢♦r♠❡ ❞é✜♥✐❡ ❞❡ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ❞❡ t❛✐❧❧❡ ❧♦rs ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡
❡t ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ ♠é❝❛♥✐q✉❡ st❛t✐st✐q✉❡ ❛✉ ♣r♦❜❧è♠❡ ❞❡ ❧❛ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞❡s ❣❛③ ✿

✓ ❬✳ ✳ ✳ ❪ ❚❤❡r❡ ❛r❡ ❝❡rt❛✐♥ ❧✐❦❡♥❡ss❡s t♦ t❤❡ ❦✐♥❡t✐❝ t❤❡♦r② ♦❢ ❣❛s❡s ❛❝❝♦r❞✐♥❣ t♦
✇❤✐❝❤✱ ❣✐✈❡♥ s✉✣❝✐❡♥t t✐♠❡✱ ❛❧❧ ✐♥✐t✐❛❧ ✈❡❧♦❝✐t② ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥s ❛♣♣r♦❛❝❤
t❤❡ ▼❛①✇❡❧❧✐❛♥ ❢♦r♠✳ ✳ ✳ ✔

❋r✐❡❞❧❛♥❞❡r ❬✶✽✷✱ ✶✽✶❪ ❛ ❡♥s✉✐t❡ ✐♥tr♦❞✉✐t ❧❛ ♥♦t✐♦♥ ❞✬❡♥tr♦♣✐❡ ❞❛♥s ❧✬ét✉❞❡ ❞❡ ❧❛ t❛✐❧❧❡ ❡t
❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞✬❛ér♦s♦❧s✳ ■❧ ❡st ❛❧♦rs ❡♥✈✐s❛❣❡❛❜❧❡ ❞✬❛♣♣❧✐q✉❡r ❧❡ ♣r✐♥❝✐♣❡ ❞❡
♠❛①✐♠✐s❛t✐♦♥ ❞✬❡♥tr♦♣✐❡ à ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❧❛ ♣❧✉s ♣r♦❜❛❜❧❡✳

❊♥ t❤é♦r✐❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ❬✷✵✷❪✱ ❧✬❡♥tr♦♣✐❡ ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❡st ♠❛①✐♠✐sé s♦✉s ✉♥
❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❝♦♥tr❛✐♥t❡s q✉❡ ❧✬♦♥ ♣❡✉t é❝r✐r❡ ❞❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡ ✿

∫
Ci(u)f(u)du =< Ci > ✭✼✳✶✸✮

❖♥ ♣❡✉t ♠♦♥tr❡r q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ f∗ q✉✐ ♠❛①✐♠✐s❡ ❧✬❡♥tr♦♣✐❡ ✭✼✳✶✷✮ ❡st ❞♦♥♥é❡ ♣❛r ✿

f∗(u) = exp

(
λ0 +

∑

i

λiCi(u)

)
✭✼✳✶✹✮

♦ù ❧❡s λi s♦♥t ❝❤♦✐s✐s ❞❡ t❡❧❧❡ ♠❛♥✐èr❡ à s❛t✐s❢❛✐r❡ ❧❡s ❝♦♥tr❛✐♥t❡s ✭✼✳✶✸✮✱ ❡t ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡
♥♦r♠❛❧✐s❛t✐♦♥

∫
f∗ = 1 ✽✳

❉❛♥s ❧✬ét✉❞❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✱ ❝❡ s♦♥t ❧❡s éq✉❛t✐♦♥s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ q✉✐
✈♦♥t ❞é✜♥✐r ❧❡s ❝♦♥tr❛✐♥t❡s ❛✉①q✉❡❧❧❡s ❡st s♦✉♠✐s❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s t❛✐❧❧❡s✳
▲❛ ❝♦♥tr❛✐♥t❡ ❧❛ ♣❧✉s s✐♠♣❧❡ ❡st ❞♦♥♥é❡ ♣❛r ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ✭éq✉❛t✐♦♥ ✭✼✳✽✮✮✳
▲❛ ❞❡✉①✐è♠❡ ❝♦♥tr❛✐♥t❡ ❡st ❧✬éq✉❛t✐♦♥ ❞✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ♣❛r ❡①❡♠♣❧❡
✭✼✳✶✵✮ ♣♦✉r ❧❛ ❝♦❛❣✉❧❛t✐♦♥ ❡t ✭✼✳✶✶✮ ♣♦✉r ❧❛ ❝♦♥❞❡♥s❛t✐♦♥✳ ❈❡s éq✉❛t✐♦♥s s♦♥t ❜✐❡♥ ❞❡s éq✉❛✲
t✐♦♥s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❝♦♠♠❡ ❧✬❛ ♠♦♥tré ❇✐♥❞❡r ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝♦♥❞❡♥s❛t✐♦♥ ✭✈♦✐r ♣❛rt✐❡
✶✳✷✳✶ ❛✈❡❝ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧✬éq✉❛t✐♦♥ ✭✶✳✶✶✮✮✳ ➪ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✱
❡❧❧❡ ♥❡ s✬❡①♣r✐♠❡ ♣❛s s✐♠♣❧❡♠❡♥t ❡t r❡♥❢❡r♠❡ t♦✉t ❧❡ r❡st❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ❝♦♥❝❡r♥❛♥t ❧❛
❝r♦✐ss❛♥❝❡✳ P♦✉r ✜♥✐r ❝❡tt❡ ✐♥tr♦❞✉❝t✐♦♥ ❛✉ ♣r✐♥❝✐♣❡ ❞❡ ♠❛①✐♠✐s❛t✐♦♥ ❞✬❡♥tr♦♣✐❡✱ r❡♠❛rq✉♦♥s
q✉❡ t♦✉t❡s ❧❡s ❝♦♥tr❛✐♥t❡s ♥❡ ❝♦♥t✐❡♥♥❡♥t ♣❛s ❧❛ ♠ê♠❡ q✉❛♥t✐té ❞✬✐♥❢♦r♠❛t✐♦♥✳
❉❛♥s ❝❡rt❛✐♥s ❝❛s ✭✈♦✐r ❝✐✲❞❡ss♦✉s ❧✬❡①❡♠♣❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r ❝♦❛❣✉❧❛t✐♦♥✮✱

✽❊♥ ♣❤②s✐q✉❡ st❛t✐st✐q✉❡ ❧❛ ❢♦r♠✉❧❛t✐♦♥ ❡st ❞✐✛ér❡♥t❡✳ ❖♥ ✐♥tr♦❞✉✐t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♣❛rt✐t✐♦♥ Z ✿

Z =

Z

exp−
 

X

i

λiCi(u)

!

du ✭✼✳✶✺✮

♦ù ❧❡s {λi} s♦♥t ❧❡s ♠✉❧t✐♣❧✐❝❛t❡✉rs ❞❡ ▲❛❣r❛♥❣❡✱ ❞♦♥♥és ♣❛r ✿

< Ci >= −∂ ln Z

∂λi
✭✼✳✶✻✮

λ0 = ln Z ✭✼✳✶✼✮
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✉♥ ♣❡t✐t ♥♦♠❜r❡ ❞❡ ❝♦♥tr❛✐♥t❡s s✉✣s❡♥t ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ❢♦r♠❡ ❞❡ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ ♣r♦❝❤❡ ❞❡ ❧❛ ❢♦r♠❡ q✉❡ ❧✬♦♥ ♦❜t✐❡♥❞r❛✐t s✐ ♦♥ t❡♥❛✐t ❝♦♠♣t❡ ❞❡ t♦✉t❡s
❧❡s ❝♦♥tr❛✐♥t❡s✳ ❉❛♥s ❧❡ ❝❛s ♣❛rt✐❝✉❧✐❡r ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✱ ♥♦✉s ❛tt✐r❡r♦♥s ♣❛rt✐❝✉❧✐èr❡♠❡♥t
❧✬❛tt❡♥t✐♦♥ s✉r ❧❛ q✉❛♥t✐té ❞✬✐♥❢♦r♠❛t✐♦♥ q✉✐ ❡st ❛♣♣♦rté❡ ♣❛r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ♠é❝❛♥✐s♠❡s
♣ré❝✐s ❞✬❛❣ré❣❛t✐♦♥✳

❘♦s❡♥ ❬✷✵✸❪ ❛ ❧❡ ♣r❡♠✐❡r ❡♠♣❧♦②é ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ♠❛①✐♠✐s❛t✐♦♥ ❞✬❡♥tr♦♣✐❡ ❞❛♥s ❧❡ ❝❛s ❞❡
❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ✭❝♦❛❣✉❧❛t✐♦♥ ♥♦♥ ❢r❛❝t❛❧❡✮✳ ❊♥ ♥❡ t❡♥❛♥t ❝♦♠♣t❡ q✉❡ ❞❡s ❝♦♥tr❛✐♥t❡s
❞❡ ♥♦r♠❛❧✐s❛t✐♦♥ ❡t ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞✉ ✈♦❧✉♠❡✱ ✐❧ tr♦✉✈❡ ñ = e−v✳ ❈❡ rés✉❧t❛t ❡st ✉♥❡ très
❜♦♥♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s tr♦✉✈és ♣❛r ❧❡ ❝❛❧❝✉❧ ❛✈❡❝ ❞❡s ♥♦②❛✉① ❞❡ ❝♦❛❣✉❧❛t✐♦♥
❜r♦✇♥✐❡♥♥❡ ❬✶✾✼❪ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❧❛r❣❡s ♣❛rt✐❝✉❧❡s✱ ♠♦♥tr❛♥t q✉❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥✉❡
❞❛♥s ❝❡ ♥♦②❛✉ ♥✬❡st ♣❛s très ✐♠♣♦rt❛♥t❡ ❞❛♥s ❝❡tt❡ ❧✐♠✐t❡✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ ♦❜s❡r✈é❡s
❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❛♣rès ❝r♦✐ss❛♥❝❡ ♣❛r ❝♦❛❣✉❧❛t✐♦♥ ét❛♥t ♣r♦❝❤❡s ❞✬✉♥❡ ❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡
❬✶✽✺❪✱ ❧❛ ♣❛rt✐❡ ❣r❛♥❞❡ t❛✐❧❧❡ ❞❡ ❧❛ ❧♦❣♥♦r♠❛❧❡ s✐❣♥✐✜❡ ❧❛ ♠❛①✐♠✐s❛t✐♦♥ ❞❡ ❧✬❡♥tr♦♣✐❡ ❞❡ ❞✐str✐✲
❜✉t✐♦♥ q✉✐ ♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡ ❞✉ ❞ét❛✐❧ ❞❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ♠❛✐s s❡✉❧❡♠❡♥t ❞❡
❧❛ ❝♦♥tr❛✐♥t❡ très ❣é♥ér❛❧❡ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✳ ▲✬❛♣♣❧✐❝❛t✐♦♥ ❞✉ ♣r✐♥❝✐♣❡ ❞❡ ♠❛①✐✲
♠✐s❛t✐♦♥ ❞✬❡♥tr♦♣✐❡ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ♣❡t✐t❡s t❛✐❧❧❡s ♠♦♥tr❡ ❡♥ r❡✈❛♥❝❤❡ q✉❡ ❧✬✐♥❢♦r♠❛t✐♦♥
❞✉ ♠é❝❛♥✐s♠❡ ❞❡ ❝r♦✐ss❛♥❝❡ ♥✬❡st ♣❛s ♥é❣❧✐❣❡❛❜❧❡✳

❉❛♥s ❧❛ ♣❡rs♣❡❝t✐✈❡ tr❛❝é❡ ♣❛r ❇✐♥❞❡r✱ q✉✐ s♦✉❧✐❣♥❡ ❧❡s s✐♠✐❧✐t✉❞❡s ❞❡ tr❛✐t❡♠❡♥t ❞❡ ❧❛
❝r♦✐ss❛♥❝❡ ♣❛r ❝♦❛❣✉❧❛t✐♦♥ ❡t ♣❛r ❝♦♥❞❡♥s❛t✐♦♥✱ ✐❧ ♣❛r❛ît ❞♦♥❝ ✐♥tér❡ss❛♥t ❞✬❡①❛♠✐♥❡r ❧✬❛♣✲
♣❧✐❝❛t✐♦♥ ❞✉ ♣r✐♥❝✐♣❡ ❞❡ ♠❛①✐♠✐s❛t✐♦♥ ❞✬❡♥tr♦♣✐❡ à ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r ❝♦♥❞❡♥s❛t✐♦♥✳

✼✳✸✳✹ ❊♥tr♦♣✐❡ ❡t ❝r♦✐ss❛♥❝❡ à ♣❛rt✐r ❞✬✉♥ ♣r♦✜❧ ✐♠♣❧❛♥té

▲♦rsq✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡st ❤♦♠♦❣è♥❡✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡st ❞❡ ❧❛ ❢♦r♠❡ ▲❙❲
❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ♥✉❧❧❡s ✭♣❛rt✐❡ ✶✳✷✳✸✮✳ ▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s s❡✉❧❡s
❝♦♥tr❛✐♥t❡s ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥ ❡t ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❝♦♥❞✉✐t à ❧❛ ❞✐str✐❜✉t✐♦♥
ñ = e−v✱ q✉✐ ❡st ♠❛♥✐❢❡st❡♠❡♥t très é❧♦✐❣♥é❡ ❞❡ ▲❙❲✳ ❆✐♥s✐ ❝❡s ❞❡✉① ❝♦♥tr❛✐♥t❡s ♥✬❛♣✲
♣♦rt❡♥t ♣❛s s✉✣s❛♠♠❡♥t ❞✬✐♥❢♦r♠❛t✐♦♥ s✉r ❧❡ ♣r♦❝❡ss✉s ❞❡ ♠ûr✐ss❡♠❡♥t✳ ❆✉tr❡♠❡♥t ❞✐t✱
❧✬✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ❧✬éq✉❛t✐♦♥ ❞✬é✈♦❧✉t✐♦♥ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦r✲
t❛♥t❡ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❛ ❢♦r♠❡ ✜♥❛❧❡ ▲❙❲ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ❞❡
t❛✐❧❧❡✳ P❛r ❛✐❧❧❡✉rs✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ▲❙❲ s✬é❧❛r❣✐t à ♠❡s✉r❡ q✉❡ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡
❛✉❣♠❡♥t❡✱ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡♥tr♦♣✐❡✾✱ q✉✐ ♣❡✉t s✬✐♥t❡r♣rét❡r à ❧❛ ❧✉✲
♠✐èr❡ ❞❡s ♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❝r♦✐ss❛♥❝❡✳ ❉❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s
♥✉❧❧❡s✱ ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ✭✶✳✷✷✮ ❞✬✉♥ ❛❣ré❣❛t ❡st ❞ét❡r♠✐♥é ❞❡ ♠❛♥✐èr❡ ✉♥✐✈♦q✉❡ ♣❛r ❧❡
r❛♣♣♦rt ❞❡ s♦♥ r❛②♦♥ ❛✉ r❛②♦♥ ❝r✐t✐q✉❡ ✭✶✳✷✶✮✳ P❛r ❝♦♥tr❡✱ ❧♦rsq✉❡ ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡
❛✉❣♠❡♥t❡✱ ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ❞✬✉♥ ❛❣ré❣❛t ❞♦♥♥é ✈❛ ❞é♣❡♥❞r❡ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞❡ s♦♥
❡♥✈✐r♦♥♥❡♠❡♥t ❧♦❝❛❧ ❝♦♠♠❡ s✉❣❣éré ❡♥ ♣❛❣❡ ✷✷✳ ▲❡ ❣r❛❞✐❡♥t ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ à ❧❛ s✉r❢❛❝❡
❞✬✉♥ ❛❣ré❣❛t ♥✬❡st ♣❧✉s s❡✉❧❡♠❡♥t ❞ét❡r♠✐♥é ♣❛r ❧❡s ❡✛❡ts ❞❡ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡✱ ♠❛✐s ❛✉ss✐
♣❛r ❧❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❝❡✉① ❞❡s ❛❣ré❣❛ts ♣r♦❝❤❡s✳ ▲✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✬✉♥ ❛❣ré❣❛t ❞♦♥♥é
ét❛♥t ❛❧é❛t♦✐r❡ ✭❞✉ ❢❛✐t ❞❡ ❧❛ ♥❛t✉r❡ ❛❧é❛t♦✐r❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✳ ✳ ✳ ✮✱ ✉♥ t❡r♠❡ st♦❝❤❛st✐q✉❡
✐♥t❡r✈✐❡♥t ❞♦♥❝ ♠❛✐♥t❡♥❛♥t ❞❛♥s ❧❛ ❧♦✐ ❞❡ ❝r♦✐ss❛♥❝❡ ❞✉ r❛②♦♥ ❡t ❧✬❡♥tr♦♣✐❡ ❞❡ ❧❛ ❞✐str✐❜✉✲
t✐♦♥ ❞❡ t❛✐❧❧❡ ❛✉❣♠❡♥t❡✳ ▲✬❛❥♦✉t ❞✬✉♥ ♠é❝❛♥✐s♠❡ ❞❡ ❝r♦✐ss❛♥❝❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❡t
s❛ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝ ❝❡❧✉✐ r❡♣♦s❛♥t s✉r ❧❛ t❡♥s✐♦♥ s✉♣❡r✜❝✐❡❧❧❡ ❝♦♥❞✉✐t ❞♦♥❝ à
✉♥ é❧❛r❣✐ss❡♠❡♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ✐✳❡✳ ✉♥❡ ♣❡rt❡ ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛

✾❈❡❝✐ ♣❡✉t s✬❛♣♣ré❤❡♥❞❡r ❛✈❡❝ ✉♥❡ ❣❛✉ss✐❡♥♥❡✱ ❞♦♥t ❧✬❡♥tr♦♣✐❡ ❡st ❞♦♥♥é❡ ❞❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡ ♣❛r Sg =

ln (σ
√

2πe)✱ ❛✈❡❝ σ ❧✬é❝❛rt t②♣❡✳



✶✼✵

❋✐❣✳ ✼✳✾✿ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❧✬❛❥✉st❡♠❡♥t ❞❡ ❞✐str✐❜✉t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ✈♦❧✉♠❡
❞❡ ♥❛♥♦❝r✐st❛✉① ❞❛♥s ✶✷ é❝❤❛♥t✐❧❧♦♥s ❞✐✛ér❡♥ts ❞❡ s✐❧✐❝❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t
♣❛r Cd+Se✱ Pb+Te✱ Pb+Se ❡t Pb+S ❡t r❡❝✉✐t à ❞❡s t❡♠♣ér❛t✉r❡s ♣r♦❝❤❡s ❞❡ 900
✝C✳ ❧❛ ❧✐❣♥❡ ❡♥ tr❛✐t ♣❧❡✐♥ ❡st ❧❛ ❢♦♥❝t✐♦♥ ñ = e−v ✭✈♦✐r t❡①t❡✮ ❡t ❧❛ ❧✐❣♥❡ ♣♦✐♥t✐❧❧é
❧❛ ❧♦❣♥♦r♠❛❧❡ ❛❥✉st❛♥t ❛✉ ♠✐❡✉① ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✳

❝r♦✐ss❛♥❝❡✳

▲✬❛♣♣❧✐❝❛t✐♦♥ ❞✉ ♣r✐♥❝✐♣❡ ❞❡ ♠❛①✐♠✐s❛t✐♦♥ ❞❡ ❧✬❡♥tr♦♣✐❡ à ❧❛ ❝r♦✐ss❛♥❝❡ ♣❛r ❝♦❛❣✉❧❛t✐♦♥
✐♥❞✐q✉❡ q✉❡ ❧❛ s❡✉❧❡ ❝♦♥tr❛✐♥t❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❝♦♥❞✉✐t à ✉♥❡ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡✱ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❣r❛♥❞❡s t❛✐❧❧❡s✳ ❉❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s
♣ré♣❛rés ♣❛r ✐♠♣❧❛♥t❛t✐♦♥✱ ♦♥ ❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ à ❝♦♥❞✐t✐♦♥ ❞❡ ♣r❡♥❞r❡ ✉♥❡
♣r♦❢♦♥❞❡✉r s✉✣s❛♥t❡ ❞❡ ♠❛tr✐❝❡ ✭❡t ❡♥ ♥é❣❧✐❣❡❛♥t ❧❛ ♣❡rt❡ ❞❡ ♠❛t✐èr❡ ♣❛r ❧✬✐♥t❡r❢❛❝❡✮✳ ▲❛
❢♦♥❝t✐♦♥ ♠❛①✐♠✐s❛♥t ❧✬❡♥tr♦♣✐❡ ❛✈❡❝ ❝❡tt❡ s❡✉❧❡ ❝♦♥tr❛✐♥t❡ ❡st ❞♦♥❝ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡
❧❛ ❝♦❛❣✉❧❛t✐♦♥ ñ = e−v✳ ❙✉r ❧❛ ✜❣✉r❡ ✼✳✾ ♥♦✉s ❛✈♦♥s tr❛❝é ❝❡tt❡ ❢♦♥❝t✐♦♥ ❡t ♥♦s ❞♦♥♥é❡s
❡①♣ér✐♠❡♥t❛❧❡s ✭♠❡s✉r❡s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ s✉r ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ♣r♦❢♦♥❞❡✉r ♦ù ❧✬♦♥
♣❡✉t ♦❜s❡r✈❡r ❞❡s ❛❣ré❣❛ts✱ ✐✳❡✳ ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧✬❤②♣♦t❤ès❡ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✮ ✿
♦♥ ❝♦♥st❛t❡ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝♦❛❣✉❧❛t✐♦♥ q✉❡ ✭✐✮ ❧❛ ❢♦♥❝t✐♦♥ ñ = e−v ❡st ♣r♦❝❤❡
❞❡ ♥♦s ❞♦♥♥é❡s ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❣r❛♥❞❡s t❛✐❧❧❡s✱ ✭✐✐✮ ❛❧♦rs q✉✬❡❧❧❡ ❡♥ ❞é✈✐❡ ♣♦✉r ❧❡s ♣❡✲
t✐t❡s t❛✐❧❧❡s ✭ñ(v = 0) = 1 ❜✐❡♥ q✉✬❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ♦♥ ♥❡ tr♦✉✈❡ ♣❧✉s ❞✬❛❣ré❣❛ts ❞❡ t❛✐❧❧❡
♥✉❧❧❡ ♣♦✉r ❞❡s t❡♠♣s ❞❡ ❝r♦✐ss❛♥❝❡ s✉✣s❛♠♠❡♥t ❧♦♥❣s✮✳ ❙✉r ❝❡tt❡ ♠ê♠❡ ✜❣✉r❡✱ ♥♦✉s ❛✈♦♥s
tr❛❝é ✉♥❡ ❧♦❣♥♦r♠❛❧❡ ré❞✉✐t❡ ✭µ = 1✮ ❞♦♥t ❧✬é❝❛rt t②♣❡ ❡st ❝❤♦✐s✐ ❞❡ ♠❛♥✐èr❡ à ❛❥✉st❡r ❛✉
♠✐❡✉① ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❣r❛♥❞❡s t❛✐❧❧❡s✳ ❊❧❧❡ ❛ ❧✬❛✈❛♥t❛❣❡ ❞❡
t❡♥❞r❡ ✈❡rs ✵ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ♣❡t✐t❡s t❛✐❧❧❡s✳ ❆✐♥s✐ ❧❛ ❧♦❣♥♦r♠❛❧❡ ♥✬❛ ♣❛s ❞❡ s❡♥s
♣❤②s✐q✉❡ ❡♥ s♦✐t ♠❛✐s ❡st ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ très ♣r❛t✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡ ré❡❧❧❡ ✿ ❡❧❧❡ ♠♦❞é❧✐s❡ ❝♦rr❡❝t❡♠❡♥t ❧❛ ❢♦♥❝t✐♦♥ ❞✬❡♥tr♦♣✐❡ ♠❛①✐♠✉♠ ♣♦✉r
❧❡s ❣r❛♥❞❡s t❛✐❧❧❡s ❡t t❡♥❞ ✈❡rs ✵ ♣♦✉r ❞❡s t❛✐❧❧❡s ♥✉❧❧❡s✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉❡
❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❝♦❛❣✉❧❛t✐♦♥✱ ♥♦✉s ❝♦♥❝❧✉r♦♥s q✉❡ ❧❡ ❞ét❛✐❧ ❞✉ ✭❞❡s✮ ♠é❝❛♥✐s♠❡✭s✮ ❞❡ ❣❡r✲
♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ♥✬♦♥t q✉❡ ♣❡✉ ❞✬✐♥✢✉❡♥❝❡ s✉r ❧❛ ❢♦r♠❡ ♣ré❝✐s❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✳

❆✐♥s✐✱ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❝♦♥❞❡♥s❛t✐♦♥ q✉✐ s♦♥t ❡ss❡♥t✐❡❧s ❞❛♥s ❧❡ ❝❛s ❞✉ ♠ûr✐ss❡♠❡♥t ❞✬✉♥
s②stè♠❡ ❤♦♠♦❣è♥❡ ✭✐❧ ❛ss✉r❡♥t ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ✈❡rs ❧❡ t②♣❡
▲❙❲✮ ♥❡ ❧❡ s♦♥t ♣❧✉s ❞❛♥s ❝❡❧✉✐ ❞✉ ♠ûr✐ss❡♠❡♥t ❞❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s✱ très ✐♥❤♦♠♦❣è♥❡s✱
♦ù ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ♣❡✉t s❡ ❢❛✐r❡ ❡♥ ❞❡❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥✳ ❈❡❝✐ ❡st ❝♦❤ér❡♥t ❛✈❡❝



✶✼✶

❧✬♦❜s❡r✈❛t✐♦♥ ✭♣❛rt✐❡ ✼✳✷✳✹✮ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥✲
t❛t✐♦♥ ✿ ♥♦✉s ❧✬❛✈♦♥s ✈✉✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✬é✈♦❧✉t✐♦♥ ❞✉ s②stè♠❡ s♦♥t ❛❧♦rs très é❧♦✐❣♥é ❞❡
▲❙❲✳ ▲❛ ♥❛t✉r❡ ❛❧é❛t♦✐r❡ ❞❡ ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❤♦rs ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ r❡❧â❝❤❡
❧❛ ❝♦♥tr❛✐♥t❡ ❢♦rt❡ ❞♦♥♥é❡ ♣❛r ❧❡ t❛✉① ❞❡ ❝r♦✐ss❛♥❝❡ ▲❙❲ ✭éq✉❛t✐♦♥ ✭✶✳✷✷✮✮ ❡t ♦✛r❡ ✉♥ ❝❤❡♠✐♥
❡✣❝❛❝❡ ❞✬❛✉❣♠❡♥t❛t✐♦♥ ❞✬❡♥tr♦♣✐❡ ❡♥ ❞✐♠✐♥✉❛♥t ❧❛ q✉❛♥t✐té ❞✬✐♥❢♦r♠❛t✐♦♥ q✉✬❡❧❧❡ ❛♣♣♦rt❡✳

✼✳✹ ❈♦♥❝❧✉s✐♦♥

▲❡s ♠✉❧t✐♣❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❞✐✛✉s✐♦♥ ❡t ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❝♦♥sé❝✉t✐❢s à ❧✬✉t✐❧✐✲
s❛t✐♦♥ ❞❡ ❝❤❛❧❝♦❣è♥❡s✱ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❛✉ ❝❤❛♣✐tr❡ ✻✱ s♦♥t r❡s♣♦♥s❛❜❧❡s ❞❡ ❧✬é❧❛r❣✐ss❡♠❡♥t ❞❡
❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ❡t ❞❡ s❛ ❝♦♥✈❡r❣❡♥❝❡ ✈❡rs ✉♥❡ ❢♦r♠❡ ❧♦❣♥♦r♠❛❧❡✳ ❉❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s
❣r❛♥❞❡s t❛✐❧❧❡s✱ ❝❡tt❡ ❞❡r♥✐èr❡ ❡st ❡♥ ❡✛❡t ♣r♦❝❤❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥ q✉✐ ♠❛①✐♠✐s❡
s♦♥ ❡♥tr♦♣✐❡ ❛✈❡❝ ❧❛ s❡✉❧❡ ❝♦♥tr❛✐♥t❡ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✳ ▲❡s ❝❤❛♣✐tr❡s ✺ ❡t ✻ ♦♥t ♠✐s
❡♥ é✈✐❞❡♥❝❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ♣❤é♥♦♠è♥❡s r❡❞♦① ❞❛♥s ❧❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts
❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s✳ ❈❡✉①✲❝✐ ♦✉✈r❡♥t ❞❡ ♥♦✉✈❡❛✉① ❝❤❡♠✐♥s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡
❞✬❛❣ré❣❛ts✱ ❢❛✈♦r✐s❛♥t ❛✐♥s✐ ✉♥ é❧❛r❣✐ss❡♠❡♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✿ s❛ r❡❧❛①❛t✐♦♥ ✈❡rs
❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❡♥tr♦♣✐❡ ♠❛①✐♠✉♠ ♥❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ q✉❡ ❞❡s ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ très
❣é♥ér❛❧❡s t❡❧❧❡s q✉❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✳ ▲♦rsq✉❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❡st ✉t✐❧✐sé❡✱ ❧❡ ❝❛✲
r❛❝tèr❡ ✐♥❤♦♠♦❣è♥❡ ❞✉ s②stè♠❡ ❢❛✈♦r✐s❡ ❝❡tt❡ r❡❧❛①❛t✐♦♥✱ s♣é❝✐❛❧❡♠❡♥t ❧♦rsq✉❡ ❧✬♦♥ ❝❤❡r❝❤❡
à ❢❛✐r❡ ❝r♦îtr❡ ❞❡s ❛❣ré❣❛ts ❝♦♠♣♦s✐t❡s✳ ❈♦♥trô❧❡r ❧❛ ❝r♦✐ss❛♥❝❡ ♥é❝❡ss✐t❡ ❞♦♥❝ ❞❡ r❡str❡✐♥❞r❡
❧❡ ♥♦♠❜r❡ ❞❡ ♠é❝❛♥✐s♠❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❝r♦✐ss❛♥❝❡✱ ❞♦♥❝ ❞✬❡♥ ❢❛✈♦r✐s❡r ✉♥ ♣❛r r❛♣♣♦rt ❛✉①
❛✉tr❡s✳ ◆♦✉s ♣rés❡♥t♦♥s ❛✉ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✱ ❞❛♥s ❧❡ ❝❛s ♣❛rt✐❝✉❧✐❡r ❞❡ PbS✱ ✉♥❡ ♠ét❤♦❞❡ ✉t✐✲
❧✐s❛♥t ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❡t ♣❡r♠❡tt❛♥t ❞✬♦❜t❡♥✐r ✉♥ ♠❡✐❧❧❡✉r ❝♦♥trô❧❡ ❞❡ s❛ ❝r♦✐ss❛♥❝❡ ❣râ❝❡ à ✉♥
ré❣❧❛❣❡ ❞❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ❞❡ ❝r♦✐ss❛♥❝❡ ♣❛r ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ ❤ôt❡✳



❈❤❛♣✐tr❡ ✽

◆♦✉✈❡❧❧❡ s②♥t❤ès❡ ❡t ♣r♦♣r✐étés
♦♣t✐q✉❡s ❞❡ ♥❛♥♦❝r✐st❛✉① ❞❡ P❜❙
❞❛♥s ❧❡s ✈❡rr❡s

❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ✻✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré ❡♥ ✉t✐❧✐s❛♥t ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞✬✐♦♥s✱ q✉❡ ❧❡s ✐♥t❡r❛❝✲
t✐♦♥s ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ❞❡s é❧é♠❡♥ts ✐♠♣❧❛♥tés ❞❛♥s ❧❡ ✈❡rr❡ ❥♦✉❡♥t ✉♥ rô❧❡ ✐♥❝♦♥t♦✉r♥❛❜❧❡
❞❛♥s ❧❡s ♣r♦❝❡ss✉s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ✉❧tér✐❡✉rs✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡ s♦✉❢r❡ ❡st ♣ré✲
s❡♥t s♦✉s ❞❡ ♥♦♠❜r❡✉s❡s ❢♦r♠❡s r❡❞♦① ❞❛♥s ❧❡s ✈❡rr❡s s✐❧✐❝❛t❡s ✿ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡
❞❡✉① ❞✬❡♥tr❡ ❡❧❧❡s✱ ✲■■ ❡t ✰❱■✱ ❞ét❡r♠✐♥❡♥t ❞❡ ♠❛♥✐èr❡ ✐♠♣♦rt❛♥t❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛
❝r♦✐ss❛♥❝❡✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❡❧❧❡s ❡♥tr❡♥t ❡♥ ❝♦♠♣ét✐t✐♦♥ ❞❛♥s ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❛✈❡❝ ❧❡ P❜ ❡♥
❞♦♥♥❛♥t r❡s♣❡❝t✐✈❡♠❡♥t PbS ♦✉ PbSO4✳ ❊♥s✉✐t❡ ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s ❝❤✐♠✐q✉❡s ❛✈❡❝ ❧❡ rés❡❛✉
s♦♥t ❞✐✛ér❡♥t❡s✱ ❝❡ q✉✐ ✐♥❞✉✐t ❞❡ très ❢♦rt❡s ❞✐s♣❛r✐tés ❞❡ ♠♦❜✐❧✐té ❡♥tr❡ S(−II) ♣❡✉ ♠♦❜✐❧❡ ❡t
S(+V I) ❛✉ ❝♦♥tr❛✐r❡ très ♠♦❜✐❧❡✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡
s♦♥t ♠✉❧t✐♣❧❡s✱ ❛❝❝é❧ér❛♥t ❧❛ r❡❧❛①❛t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✈❡rs s❛ ❢♦r♠❡ ❧❛ ♣❧✉s ♣r♦✲
❜❛❜❧❡ ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡ ✭❝❤❛♣✐tr❡ ✼✮✳ ❆✐♥s✐ ❧❡ ♠❛♥q✉❡ ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡ ❛ ♣♦✉r ❝❛✉s❡ ♠✐❝r♦s❝♦♣✐q✉❡ ❧❡ ♠❛♥q✉❡ ❞❡ ♠❛îtr✐s❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❝❤✐♠✐q✉❡s ❞❡ ❧❛ ❝r♦✐s✲
s❛♥❝❡✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞✬✐♦♥s ♥❡ ❝♦♥❞✉✐t ♣❛s ❛✉t♦♠❛t✐q✉❡♠❡♥t ❛✉ ❝♦♥trô❧❡ ❞❡
❧❛ ❝r♦✐ss❛♥❝❡✳

■❝✐✱ ♥♦✉s ♣rés❡♥t♦♥s ✉♥❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡ ❞✬❛❣ré❣❛ts ❞❡ PbS ❞❛♥s ❧❡s ✈❡rr❡s✱
♣❡r♠❡tt❛♥t ❞✬❡♥✈✐s❛❣❡r ✉♥ ❞é❝♦✉♣❧❛❣❡ ♣❧✉s ✐♠♣♦rt❛♥t q✉❡ ❧❡s s②♥t❤ès❡s ♣ré❝é❞❡♥t❡s ❞❛♥s
❧❡s ✈❡rr❡s ❞❡ ❧❛ ♣❤②s✐❝♦✲❝❤✐♠✐❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬✉♥❡ ♣❛rt ❡t ❞❡ ❧❛ ❞❡♥s✐té ❞✬❛❣ré❣❛ts
s②♥t❤ét✐sés ❞✬❛✉tr❡ ♣❛rt✳ ❈❡tt❡ ♠ét❤♦❞❡ ❡st ❜❛sé❡ s✉r ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ S ❞❛♥s ✉♥ ✈❡rr❡ ❛✉
PbO ✭♣❛rt✐❡ ✽✳✶✮ ◆♦✉s ♠♦♥tr❡r♦♥s ✭♣❛rt✐❡ ✽✳✸✮ q✉❡ ❧❡s ❛❣ré❣❛ts ❞❡ PbS ❛✐♥s✐ s②♥t❤ét✐sés ♦♥t
❞❡s ♣r♦♣r✐étés ❞✬é♠✐ss✐♦♥ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t❡✱ t❛♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❢♦♥❞❛♠❡♥t❛❧
q✉❡ ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ♣r❛t✐q✉❡s✱ ❛♣rès ❛✈♦✐r ♣rés❡♥té ❜r✐è✈❡♠❡♥t ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s
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✽✳✶ ◆♦✉✈❡❧❧❡ s②♥t❤ès❡ ❞❡ P❜❙ ❞❛♥s ❧❡s ✈❡rr❡s ♣❛r ✐♠♣❧❛♥✲
t❛t✐♦♥ ❞❡ s♦✉❢r❡ ❞❛♥s ❞❡s ✈❡rr❡s ❛✉ P❜

❉❛♥s ❝❡tt❡ ♣❛rt✐❡ ♥♦✉s ♣rés❡♥t♦♥s ✉♥❡ ♥♦✉✈❡❧❧❡ s②♥t❤ès❡ ❞✬❛❣ré❣❛ts ❞❡ P❜❙ ❞❛♥s ❧❡s ✈❡rr❡s
❝♦♥s✐st❛♥t à ✐♠♣❧❛♥t❡r ❞✉ s♦✉❢r❡ ❞❛♥s ✉♥ ✈❡rr❡ ❛✉ P❜ ❛✈❛♥t ❞❡ ❧❡ r❡❝✉✐r❡ ❛✉① ❛❧❡♥t♦✉rs ❞❡ s❛
Tg✳ ❈❡tt❡ ♠ét❤♦❞❡ ♥♦✉s ♣❡r♠❡t ❞❡ ❝♦♥trô❧❡r ❧❛ ♣❤②s✐❝♦✲❝❤✐♠✐❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts
♣❛r ❧❡ ❝❤♦✐① ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡✳ ❊❧❧❡ ❛ ❛✉ss✐ ❧✬❛✈❛♥t❛❣❡ ❝♦♥❝♦♠✐t❛♥t ❞❡ ré❛❧✐s❡r ✉♥
t❛✉① ❞❡ ❞♦♣❛❣❡ ❡♥ ♥❛♥♦❝r✐st❛✉① très ✐♠♣♦rt❛♥t ✿ ❡♥ ❡✛❡t✱ ✭✐✮ Pb ❡st ✉♥ é❧é♠❡♥t ✐♥❝♦r♣♦r❛❜❧❡
❡♥ ❣r❛♥❞❡ q✉❛♥t✐té ❞❛♥s ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ ✭❛♥♥❡①❡ ❆✳✸✮✱ ✭✐✐✮ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥
♣♦✉r ✐♥tr♦❞✉✐r❡ ❧❡ s♦✉❢r❡ ❞❛♥s ❧❡ ✈❡rr❡ ♣❡r♠❡t ❞❡ ❞é♣❛ss❡r ❛✐sé♠❡♥t s❛ ❢❛✐❜❧❡ rét❡♥t✐♦♥ ❞❛♥s
❧❡s s✐❧✐❝❛t❡s✳
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We describe a synthesis of PbS nanocrystals in glasses, involving 150 keV sulfur implantation into

Pb-containing silicate glasses at peak concentrations up to 3.6 at. % and postannealing around the

glass transition temperature �500–600 °C�. The PbS nanocrystals, whose growth is evidenced by

transmission electron microscopy, display intense photoluminescence �PL� in the 1–1.5 �m

wavelength range. Besides bypassing the sulfur retention problem occurring in traditional glass

fusion techniques, our method improves control over nucleation and growth. The latter is

demonstrated by the impact on the PbS nanocrystal PL properties of progressively replacing CaO by

ZnO in a S-implanted Pb glass. © 2005 American Institute of Physics. �DOI: 10.1063/1.2132091�

I. INTRODUCTION

Synthesizing semiconductor nanocrystals in glasses is of

considerable interest for photonic applications since the

quantum confinement of photon- or electron-induced carriers

gives rise to several remarkable optical properties. For ex-

ample, quantum-dot-doped materials may be used as gain

media for lasers.
1,2

The fast nonlinear absorption of PbS-

doped glasses makes them candidates for use as saturable

absorbers.
3,4

Moreover, in the case of PbS, its low bulk band-

gap energy �Eg=0.41 eV� and small effective mass �m*

=0.12m0� combine to allow wavelength tuning in a broad

range: an effective band gap around 1.5 �m is obtained for

average nanocrystal radii around 3 nm �strong confinement

regime�.

The control of semiconductor nanocrystal nucleation and

growth in glasses poses a number of basic problems, how-

ever. These are related to the complex thermodynamics of

such multicomponent systems, e.g., their diffusion properties

and phase diagrams are strongly affected by multiple charge

state and defect interactions. Traditional preparation methods

consist in introducing the nanocrystal components directly

into the glass melt. After pouring and cooling, the glass may

be heated to promote more or less controlled nanocrystal

growth. This method has been successfully applied to the

synthesis of PbS in silicate glasses.
5

Fine adjustment of the

glass composition is compulsory to obtain adequate sulfur

retention during glass melting and is also important �al-

though rarely mentioned� for nucleation and growth control

during subsequent annealing. Rather low maximum chalco-

genide concentrations were obtained in this way: about

0.1 at. % in borosilicate glasses
6–9

and below 1 at. % in

phosphate glasses.
10,11

Ion implantation is apparently an at-

tractive solution to the problem of sulfur retention, as the

implants’ depth and concentration may be controlled via the

implantation energy and fluence. PbS nanocrystal synthesis

was reported by high-dose �2.5–7.5�1016 at. cm−2� implan-

tation of both Pb and S into pure silica followed by annealing

at 1000 °C.
12–15

However, growth control turns out to be

poorer than by using the fusion method, and even control

over the depth dependence of nanocrystal growth is lost.
13,16

We have shown elsewhere that the use of ion implantation in

pure silica cannot circumvent the quite complex chemical

interactions of chalcogen elements with both Pb and the

glass host.
17,18

In the work presented here, we have imple-

mented an alternate solution to PbS nanocrystal synthesis by

combining a nonequilibrium technique �ion implantation of

S� with adequate control over the chemical properties of Pb-

containing soda-lime glasses.

Controlling PbS nanocrystal synthesis in silicate glasses

simultaneously requires a means of introducing a significant

amount of sulfur while adjusting the glass composition so as

to control the precipitation chemistry. We show that both of

these constraints may be satisfied independently by sulfur

ion implantation into appropriate Pb-containing silicate

glasses. We demonstrate that rather high PbS nanocrystal

concentrations may be obtained by this hybrid method. We

then extend it to a wider range of glass compositions, facili-

tating control of PbS nanocrystal growth. An example in-

volves the progressive replacement of CaO by ZnO in a Pb-

containing soda-lime silicate glass.

II. EXPERIMENT

Glasses were prepared at the Corning Research Center

by adding lead oxide to a silicate base glass: the components

were mixed in silica crucibles before melting at 1550 °C for

3 h in air. After pouring, glasses were annealed for 1 h at

580 °C and cooled slowly to avoid strain. Table I shows the

a�
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batch compositions used in this work. The glass referenced

Pb3 �resp. PbZn� contains 3.6 at. % �resp. 0.5 at. %� Pb, i.e.,

an order of magnitude above the upper limit ��1 wt. % SO3

leading to 0.3 at. % S� reached
19,20

by melting the same glass

in a SO3 atmosphere. Their glass transition temperatures Tg

are in the range of 500–540 °C. Sulfur was added to the

glass by ion implantation using the IRMA �Ref. 21� facility

at Orsay. Sulfur ions were implanted at 150 keV at fluences

�Table I� such that the maximum S concentration was equal

�according to stopping and range of ions in matter �SRIM�

simulations�
22

to that of Pb. Samples were postannealed in a

quartz tube furnace under dry N2 atmosphere at temperatures

close to Tg. Precipitated phases were monitored via transmis-

sion electron microscopy �TEM� with a Philips CM12 micro-

scope operated at 120 kV. Continuous-wave �cw� photolumi-

nescence �PL� spectra, obtained at room temperature with a

InGaAs detector, also allowed monitoring of the nanocrystal

growth from knowledge of the size-wavelength relation.
23

III. RESULTS AND DISCUSSION

A. PbS nanocrystal growth from a S-implanted
lead glass

The TEM observation of our S-implanted Pb3 glass an-

nealed for 1 h at 570 °C clearly shows �Fig. 1� the growth of

PbS nanocrystals �average radius of 3–4 nm around the im-

planted sulfur depth distribution maximum, ca. 150 nm�. As-

suming that the entirety of implanted sulfur has precipitated

into 3.5 nm radius nanocrystals, the average nanocrystal den-

sity within the implanted layer would be 2�1018 cm−3 �i.e.,

2�1013 / implanted cm2�. The nanocrystal density on the

TEM micrograph �Fig. 1� is compatible with this figure.

PbSO4 precipitates, which were found previously
24

after

�Pb+S� coimplantation into pure silica, are absent due to the

use of a glass of higher basicity �soda-lime silicate instead of

pure silica�, favoring the reduced sulfur form S�−II� at the

expense of the oxidized form S�+VI�.
19,20,25

Nucleation out-

side of the implanted profile is limited; measurements of the

sulfur diffusion profile by secondary ion mass spectrometry

�not shown here� of a S-implanted silicate glass �

74 mol %SiO2, 16 mol %Na2O, and 10 mol %CaO� an-

nealed at temperatures up to 100 °C above Tg exhibit no

diffusion tail, as opposed to those observed in similar experi-

ments with a pure silica host.
26

In the latter, the diffusion tail

was ascribed to the very mobile oxidized sulfur S�+VI�,

whose concentration must be far lower in the base silicate

glass used here.

B. Photoluminescence

The PL spectrum of the sample shown in Fig. 2 peaks at

a wavelength of 1.56 �m. According to Wang and Herron,
23

this corresponds to the effective gap of a 3.5 nm radius PbS

TABLE I. Lead-glass composition and glass transition temperature Tg �DTA curve onset� of the samples studied

in this work and corresponding sulfur implantation fluences �the implantation energy was 150 keV�. The total

�ZnO+CaO� composition was always 8.5 mol %.

mol % Pb3 ZnPb0 ZnPb1 ZnPb5 ZnPb9

SiO2 64 74 74 74 74

Na2O 15.5 16 16 16 16

CaO 10.5 8.5 7 3.5 0

ZnO 0 0 1.5 5 8.5

PbO 10 1.5 1.5 1.5 1.5

Tg �°C� 495 535 530 515 515

Pb �at. %� 3.6 0.5 0.5 0.5 0.5

Fluence �at. cm−2� 3.4�1016 4.7�1015 4.7�1015 4.7�1015 4.7�1015

FIG. 1. TEM micrograph of S-implanted Pb3 glass after a 1 h anneal at

570 °C. Inset: selective area electron diffraction showing diffraction spots

and narrow rings due to PbS nanocrystals.

FIG. 2. PL spectra of the S-implanted Pb3 glass after a 1 h anneal at dif-

ferent temperatures. The PL intensity is maximized at temperatures close to

Tg. The maximum PL shifts towards longer wavelengths as the annealing

temperature is increased, i.e., as growth proceeds.
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nanocrystal. This indicates that the PL of our sample is due

to direct recombination inside the confined exciton, an inter-

pretation that is confirmed by the redshift of the PL maxi-

mum wavelength as the nanocrystal size and effective gap

grow by annealing at increasing temperatures. The Stokes

shift of the PL is hence rather small in our samples, in ac-

cordance with observations of colloidal PbS nanocrystals.
27

This is in strong contrast to the case of cadmium chalcogen-

ide nanocrystals grown in similar glass hosts: in that case,

the PL is due to transitions between states in excitons that are

trapped on nanocrystal surfaces, and such states display a

large Stokes shift.
28

More detailed emission property

studies
29

show that PbS nanocrystals synthesized in the way

described here have a higher excitation cross section than

that of Er in glasses and display a temperature-dependent

radiative lifetime ascribed to the presence of a dark exciton

state. Such results enhance the value of this hybrid synthesis

scheme for the use of PbS-doped glasses in optical applica-

tions. In the following, we reverse this approach and use PL

to monitor growth properties, assuming that the PL maxi-

mum is always close to the effective gap of our nanocrystals.

C. Controlling nanocrystal nucleation and growth

Nanocluster nucleation and initial growth can only occur

via component species’ mobility. Systematic studies
30

have

shown that for the majority of metal ions in glasses, signifi-

cant mobility only sets in at temperatures within 10%–15%

of Tg. Hence there is a kinetic limitation to the process, pos-

sibly involving collective motion in the glass. For PbS nano-

cluster synthesis in our S-implanted lead-containing glasses,

annealing at 440 °C, well below Tg, leads to a PL intensity

increase at a fixed wavelength of about 1 �m �Fig. 3�a��. We

interpret this result as an increase in the number of PbS

nanocrystals �“nucleation regime”� with a mean radius �R�

�1.9 nm. This agrees with the observations on cadmium

chalcogenide nanocrystals synthesized by implantation in

pure silica
31,32

in which the earliest stage consists in an in-

crease of the precipitate volume fraction at a constant size of

a few nanometers. Unfortunately, in our case the nanocluster

size is at the very limit of high-resolution TEM �HRTEM�

measuring possibilities for nanoclusters in a glass matrix so

that no significant information on the nucleation time evolu-

tion may be obtained. On the other hand, when annealed

above Tg, the PL shifts to longer wavelengths with little

variation in intensity: this behavior �Fig. 3�b�� is ascribed to

nanocrystal growth �“growth regime”�. Assuming that PL

broadening is mostly due to size inhomogeneity and using

the size-gap relation, an estimate of the size distribution full

width at half maximum �FWHM� is FWHM/ �R��20% in

the nucleation regime and 30%–35% in the growth regime.

This is half that observed in �Pb+S� coimplanted silica

�FWHM/ �R��60%, confirmed by TEM�,
18

demonstrating

that our synthesis technique provides rather good control

over nucleation and growth of PbS nanocrystals.

Ideally, a direct determination of the nanocrystal radius

�via high-resolution transmission electron microscopy, for

example� as a function of annealing temperature and time

should allow comparison to nucleation and growth models.

In our case, this approach is unfortunately invalidated

by the fact that we deal with a very inhomogeneous PbS

nanocrystal density distribution due to the S implantation

profile so that usual nucleation and growth schemes as-

suming homogeneous distributions
33

no longer apply.

For example, analytical calculations and simulations
34

indicate—and experiments
13,17

confirm—that the size

distribution shape then deviates significantly from the classi-

cal Lifshitz–Slyozov–Wagner
35

�LSW� coarsening size dis-

tribution.

As PbO is easily included into silicate glasses, the use of

ion implantation to control the amount of sulfur in the host

allows exploration of a broad glass composition range. ZnO

is commonly used in glasses designed for lead chalcogenide

nanocrystal growth
5–11

because it improves chalcogenide

retention,
36,37

but it can also affect nucleation and growth, as

shown in the case of CdSSe nanocrystals in Zn-containing

glasses,
38,39

where Zn replaced the metal in the chalcogenide

composition. Another example is that of extended x-ray-

absorption fine structure �EXAFS� studies
40

showing that

while Se is preferentially linked to Zn in ZnO-containing

silicate glasses, it is strongly coordinated to oxygen in Zn-

free glasses. In order to verify the influence of the ZnO con-

tent on nucleation and growth, we progressively replaced

CaO by ZnO in an initially Zn-free soda-lime silicate glass

FIG. 3. PL spectra of S-implanted Pb3 glass at �a� 440 °C and �b� 500 °C,

after increasing annealing durations. The PL intensity after a 500 °C anneal

is one to two orders of magnitude higher than after a 440 °C anneal.
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�see PbZn glasses in Table I� and studied the PL dependence

after the same sulfur implantation and heat treatment �2 h at

600 °C� as in the previous case. Figure 4 and Table II show

that the redshift of the PL �related to the PbS nanocrystal

size� increases with the ZnO concentration. The narrowest Pl

linewidth �FWHM=180 nm� corresponded to a size distribu-

tion of only FWHM/ �R��15%, a figure rarely encountered.

This value was obtained for a glass in which CaO was en-

tirely replaced by ZnO; its PL was centered at 1.53 �m,

demonstrating the possibilities of our technique for designing

an highly doped optically active medium in the optical tele-

communication wavelength range. The PL line intensity was

some ten times higher for a ZnO concentration of 5 mol %;

its FWHM was then about 250 nm, corresponding to a size

distribution of ca. 25%. We note that the PL intensity varied

by about an order of magnitude depending on whether low-

or high-ZnO-concentration �or mixed ZnO–CaO� glasses

were used, whereas the glasses were all implanted with the

same S fluence. This is another clear manifestation of the

complex chemistry leading to growth of PbS nanocrystals in

oxide glasses.
18

What is the effect of an increased Zn content on nucle-

ation and growth of PbS nanocrystals? Nanocrystal growth is

faster because Zn weakens S bonding to the glass network
40

and thus S in more likely to diffuse. On the other hand, the

nucleation rate of PbS �and hence the PL intensity� is some-

what lower in Zn-rich glasses because Pb competes with Zn

in binding to chalcogenides. With zinc diffusion being faster

than that of Pb in silicates,
41

we conjecture that �an unknown

proportion of� ZnS clusters may form initially; whereas later

the more stable PbS phase is formed because the PbS bond

enthalpy �347 kJ/mol� is higher than that of ZnS

�205 kJ/mol�.
42

This would explain why the maximum PL

intensity is reached when the mixed ZnO–CaO glass is used

as host. In a Zn-free glass, PbS precipitation could be hin-

dered by the slow lead diffusion within the glass, leading to

a very small growth rate. At high Zn concentrations, sulfur

may diffuse faster, accelerating PbS growth, but ZnS nano-

cluster formation could limit the volume fraction of PbS

nanoclusters. The optimum yield for PbS nanoclusters would

then be reached for a mixed CaO–ZnO glass due to a trade-

off between the Zn-aided S diffusion which accelerates PbS

nanocluster growth and the drawback of ZnS nanocluster

formation. The maximum precipitation efficiency is obtained

at the expense of growth control, the size distribution broad-

ening �hence the PL spectrum width� being enhanced, prob-

ably by competing Zn-free versus Zn-rich nucleation and

growth mechanisms.

Finally, we note that if ZnS nanocrystals do grow, their

gap is at least 3.6 eV, hence their PL is centered at wave-

lengths well above those observed here and does not contrib-

ute to our spectra. On the other hand, an effect of Zn impu-

rity �or nanocluster� absorption on the PL excitation

mechanism of PbS nanocrystals cannot be excluded at this

stage.

IV. CONCLUSION

We have successfully synthesized PbS nanocrystals by

annealing �around Tg� a sulfur-implanted Pb-containing sili-

cate glass. In doing so, we circumvented two major draw-

backs of previous methods. The use of S implantation helps

us to overcome the retention problem of traditional methods,

and the concomitant possibility of accessing a wide range of

Pb-containing glass compositions allows rather precise PbS

nanocrystal nucleation and growth control. The technique is

therefore far more effective than sequential implantation of

the components in pure silica. Combined with this hybrid

technique, the addition of Zn to the Pb-glass composition

should allow fabrication of waveguides doped with a high

volume fraction of PbS nanocrystals, whose relatively nar-

row size distribution �ca. 15% at a wavelength of 1.53 �m�

is of considerable interest for optical telecommunications.
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✶✼✾

✽✳✷ ❙tr✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✬❛❣ré❣❛ts ❞❡ P❜❙

▲❡s ❡✛❡ts ❞✉ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ s✉r ❧❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s ✲ ❞✐s❝rét✐s❛t✐♦♥ ❞✉ s♣❡❝tr❡
❞❡s ❡①❝✐t❛t✐♦♥s ♦♣t✐q✉❡s✱ ❛❝❝r♦✐ss❡♠❡♥t ❞❡ ❧❛ ❢♦r❝❡ ❞✬♦s❝✐❧❧❛t❡✉r✱ ♥♦♥✲❧✐♥é❛r✐tés ❡①❛❧té❡s ❡t r❛✲
♣✐❞❡s✱ ♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡ ❡✣❝❛❝❡ ✲ s❡r♦♥t ✈✐s✐❜❧❡s ❧♦rsq✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ❞❡ ❇r♦❣❧✐❡
❞❡s ❡①❝✐t❛t✐♦♥s é❧é♠❡♥t❛✐r❡s s❡r❛ ❞❡ ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ♥❛♥♦❝r✐st❛❧ ✭♣❛rt✐❡
✽✳✷✳✶✮✳ P❧✉s✐❡✉rs ♠♦❞è❧❡s ♦♥t été ❞é✈❡❧♦♣♣és ♣♦✉r ❡♥ r❡♥❞r❡ ❝♦♠♣t❡ ♣❧✉s q✉❛♥t✐t❛t✐✈❡♠❡♥t✳
▲❡ ♣r❡♠✐❡r✱ ❡t ❧❡ ♣❧✉s s✐♠♣❧❡✱ ✉t✐❧✐s❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡ ✭❛♥♥❡①❡ ❊✮✳ ▲❡s
✈❡rs✐♦♥s ❛♠é❧✐♦ré❡s ❞❡ ❝❡ ♠♦❞è❧❡ r❡♥❞❡♥t ❜✐❡♥ ❝♦♠♣t❡ ❞❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s ❞✬❛❣ré❣❛ts ❞❡
s❡♠✐❝♦♥❞✉❝t❡✉rs ■■✲❱ ❡t s✉rt♦✉t ■■✲❱■✳ ❊♥ r❡✈❛♥❝❤❡✱ ❝❡ ♠♦❞è❧❡ ♥❡ s✬❛♣♣❧✐q✉❡ ♣❛s ❜✐❡♥ ❛✉①
❝❛s ❞❡s s❡❧s ❞❡ ♣❧♦♠❜✱ ❡t ❞♦♥❝ ❡♥ ♣❛rt✐❝✉❧✐❡r à PbS✳ ❊♥ ❡✛❡t ❧❡✉r str✉❝t✉r❡ ❝r✐st❛❧❧✐♥❡ ❡st
❞✐✛ér❡♥t❡✱ ❝❡ q✉✐ ✐♥❞✉✐t ❞❡ ❢♦rt❡ ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧❡✉r ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s✱ ❡t ❞♦♥❝ ❞❡
❧✬❡✛❡t ❞✉ ❝♦♥✜♥❡♠❡♥t s✉r ❝❡s ❞❡r♥✐èr❡s ✭♣❛rt✐❡ ✽✳✷✳✷✮✳ ❈♦♠♠❡ ♥♦s ❡①♣ér✐❡♥❝❡s ❞❡ P▲ ✭♣❛rt✐❡
✽✳✸✮ ❞♦♥♥❡♥t ❞❡s ❞ét❛✐❧s s✉r ❧❛ str✉❝t✉r❡ ✜♥❡ ❞✉ ♥✐✈❡❛✉ ❡①❝✐t♦♥✐q✉❡ ❞✬é♠✐ss✐♦♥✱ ♥♦✉s ♣ré✲
s❡♥t❡r♦♥s ✜♥❛❧❡♠❡♥t ❧❡s ❞✐✛ér❡♥t❡s ✐♥t❡r❛❝t✐♦♥s à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ♣♦✉r s❛ ❞ét❡r♠✐♥❛t✐♦♥
✭♣❛rt✐❡ ✽✳✷✳✸✮

✽✳✷✳✶ ❈♦♥✜♥❡♠❡♥t ❞✬❡①❝✐t♦♥s

▲❡ ♣r❡♠✐❡r ét❛t ❡①❝✐té ❞✬✉♥ s❡♠✐❝♦♥❞✉❝t❡✉r ❝♦rr❡s♣♦♥❞ à ❧✬❡♥✈♦✐ ❞✬✉♥ é❧❡❝tr♦♥ ❞❡ ❧❛
❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ✈❡rs ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥✱ ❡t ❞♦♥❝ à ❧❛ ❝ré❛t✐♦♥ ❝♦♥❝♦♠✐t❛♥t❡ ❞✬✉♥ tr♦✉
❞❛♥s ✉♥❡ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡✳ ▲✬é❧❡❝tr♦♥ ❡t ❧❡ tr♦✉ s✉❜✐ss❛♥t ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡
ré❝✐♣r♦q✉❡✱ ♦♥ ❢♦r♠❡ ❛❧♦rs ✉♥ ❡①❝✐t♦♥ ❞✐t ❞❡ ❲❛♥♥✐❡r✳ ▲❡ ❝❛❧❝✉❧ ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞❡
❧✬❡①❝✐t♦♥ ❡st ❛♥❛❧♦❣✉❡ ❛✉ ♣r♦❜❧è♠❡ ❞❡ ❧✬❛t♦♠❡ ❞✬❤②❞r♦❣è♥❡✱ ❡t ♦♥ ♣❡✉t ❞♦♥❝ ❞é✜♥✐r ✉♥ r❛②♦♥
❞❡ ❇♦❤r ❞❡ ❧✬❡①❝✐t♦♥ aB ❡t s♦♥ é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ Ry∗ s❡❧♦♥ ✿

aB =
ǫ~

µe2
= 0, 53

ǫm0

µ
≫ a0 ✭✽✳✶✮

Ry∗ =
e2

2ǫaB
=

µe4

2ǫ~2
= 13.6 eV

µ

m0ǫ2
≪ Ry ✭✽✳✷✮

♦ù ǫ ❡t µ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❡t ❧❛ ♠❛ss❡ ré❞✉✐t❡ ❞✉ s❡♠✐❝♦♥❞✉❝t❡✉r✱
m0 ❧❛ ♠❛ss❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❧✐❜r❡ ❡t a0 ❧❡ r❛②♦♥ ❞❡ ❇♦❤r ❡t ❘② ❧✬é♥❡r❣✐❡ ❘②❞❜❡r❣ ❞❡ ❧✬❛t♦♠❡
❞✬❤②❞r♦❣è♥❡✳ ■❧ ❢❛✉t ❛❧♦rs s✬❛tt❡♥❞r❡ à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ q✉❛♥❞ ❧❛ t❛✐❧❧❡
❞✉ ♥❛♥♦❝r✐st❛❧ ❛♣♣r♦❝❤❡ ❝❡❧❧❡ ❞✉ r❛②♦♥ ❞❡ ❇♦❤r ❞❡ ❧✬❡①❝✐t♦♥ ✭✜❣✉r❡ ❇✳✾✮✳ P♦✉r PbS ❧❡ r❛②♦♥
❞❡ ❇♦❤r ❞❡ ❧✬❡①❝✐t♦♥ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 15 nm✳ ❚♦✉s ❧❡s ❛❣ré❣❛ts s②♥t❤ét✐sés ❞❛♥s ❝❡ tr❛✈❛✐❧
s❡r♦♥t ❡♥ ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt✳

✽✳✷✳✷ ❘❡❧❛t✐♦♥ t❛✐❧❧❡✲❣❛♣ ♣♦✉r ❞❡s ❛❣ré❣❛ts ❞❡ P❜❙

▲❡s ❝❤❛❧❝♦❣é♥✉r❡s ❞❡ ♣❧♦♠❜ ♦♥t ✉♥❡ str✉❝t✉r❡ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❞❡ t②♣❡ ◆❛❈❧ Fm3̄m✱
❝♦♥tr❛✐r❡♠❡♥t ❛✉① s❡♠✐❝♦♥❞✉❝t❡✉rs ■■■✲❱ ♦✉ ■■✲❱■ q✉✐ s♦♥t ❡✉① ❞✉ t②♣❡ F43̄m✳ P❛r ❝♦♥sé✲
q✉❡♥t✱ ❧❡✉r str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❡st ❞✐✛ér❡♥t❡✱ ❛✈❡❝ ✉♥ ❣❛♣ ❞✐r❡❝t s✐t✉é ♥♦♥ ♣❛s ❛✉ ❝❡♥tr❡
❞❡ ❧❛ ③♦♥❡ ❞❡ ❇r✐❧❧♦✉✐♥ ♠❛✐s ❛✉① q✉❛tr❡ ♣♦✐♥ts L éq✉✐✈❛❧❡♥ts✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❇❧♦❝❤ ❞✉ ❜♦r❞
❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ❡st ❞❡ s②♠étr✐❡ s ❛❧♦rs q✉❡ ❝❡❧❧❡ ❞✉ ❜♦r❞ ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥
❡st ❞❡ s②♠étr✐❡ pz✱ ♦ù z ❡st ❧❛ ❞✐r❡❝t✐♦♥ ✶✶✶ ❞✉ rés❡❛✉ ❝✉❜✐q✉❡✳ P❛r ❛✐❧❧❡✉rs✱ ❧❛ str✉❝t✉r❡ ❞❡
❜❛♥❞❡ ❡st ♥♦♥ ♣❛r❛❜♦❧✐q✉❡ ✭❡t ❛♥✐s♦tr♦♣❡✮ ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ❣❛♣✳ ❆✐♥s✐✱ ✐❧ ❡st ❡①❝❧✉ ❞✬✉t✐❧✐s❡r
❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡ ❞❛♥s ❧❡ ❝❛s ❞❡ PbS✳
❉✬❛✉tr❡s ❛♣♣r♦❝❤❡s ♦♥t ❞♦♥❝ été ❞é✈❡❧♦♣♣é❡s✱ ❞♦♥t ♥♦✉s ♥❡ ♣rés❡♥t❡r♦♥s q✉❡ ❝❡❧❧❡ ❛♣♣❡❧é❡
♠♦❞è❧❡ ❤②♣❡r❜♦❧✐q✉❡ ✭❲❛♥❣ ❡t ❍❡rr♦♥ ❬✷✵✹✱ ✷✵✺✱ ✷✵✻✱ ✷✵✼✱ ✷✵✽❪✮✳

▲❡s ❤②♣♦t❤ès❡s ❞✉ ♠♦❞è❧❡ ❤②♣❡r❜♦❧✐q✉❡ s♦♥t ❧❡s s✉✐✈❛♥t❡s ✿
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❋✐❣✳ ✽✳✶✿ ➱♥❡r❣✐❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ tr❛♥s✐t✐♦♥ ❡①❝✐t♦♥✐q✉❡ ❞✬❛❣ré❣❛ts ❞❡ PbS✳ ❈♦♠✲
♣❛r❛✐s♦♥ ❞❡s ❝❛❧❝✉❧s t❤é♦r✐q✉❡s s✉✐✈❛♥t ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡ ✭❧✐❣♥❡
♣♦✐♥t✐❧❧é❡✮✱ ❧❡ ♠♦❞è❧❡ ❞❡ ❧❛ ❜❛♥❞❡ ❤②♣❡r❜♦❧✐q✉❡ ❬✷✵✼❪ ✭❧✐❣♥❡ t✐r❡té❡✮✱ ❡t s✉✐✈❛♥t ❧❡
❢♦r♠❛❧✐s♠❡ ❦✳♣ à ✹ ❜❛♥❞❡s ❬✷✵✾❪✳ ▲❡s ❞❡✉① ❞❡r♥✐❡rs ♠♦❞è❧❡s s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s
❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ✭tr✐❛♥❣❧❡s ❬✷✵✾❪✱ r♦♥❞s ❬✷✵✽❪✱ ❝❛rrés ❬✷✶✵❪✱ ❝r♦✐① ❬✷✶✶❪✮✳

✕ ❧✬❡①❝✐t❛t✐♦♥ ❧❛ ♣❧✉s ❜❛ss❡ ❞✉ rés❡❛✉ PbS ❡st ❧❡ tr❛♥s❢❡rt ❞✬✉♥ é❧❡❝tr♦♥ ❞✉ S− ✈❡rs ❧❡
Pb+ ❛✈❡❝ ✉♥ ❝♦ût ❡♥ é♥❡r❣✐❡ é❣❛❧ à ❧✬é♥❡r❣✐❡ ❞✉ ❣❛♣ ❀

✕ s❡✉❧❡s ❞❡✉① ❜❛♥❞❡s s♦♥t ✐♠♣♦rt❛♥t❡s ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞✉ ❣❛♣ ✿ ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ❡t ❧❛
❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ❛✉ ♣♦✐♥t L ❞❡ ❧❛ ③♦♥❡ ❞❡ ❇r✐❧❧♦✉✐♥✳

❉❛♥s ❧❡ ❝❛s ❞❡ PbS ✭♠❛✐s ♣❛s ❞❡ PbSe✮ ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡s ♠❛ss❡s ❡✛❡❝t✐✈❡s ❛✉ ♣♦✐♥t ▲ ❡st
❢❛✐❜❧❡ ❡t ♦♥ ♣❡✉t ✉t✐❧✐s❡r m∗ = 0, 085 m0✳ ▲❡ ❣❛♣ ❞✬✉♥ ❛❣ré❣❛t ❞❡ r❛②♦♥ ❘ s✬é❝r✐t ❞❛♥s ❧❡
❝❛❞r❡ ❞❡ ❝❡ ♠♦❞è❧❡ ✿

∆E =

√
E2
g +

2~2Eg
m∗ (

π

R
)2 ✭✽✳✸✮

▲❡ ♠♦❞è❧❡ ❤②♣❡r❜♦❧✐q✉❡ ❡st ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ très ❝♦rr❡❝t❡ ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s
♣♦✉r Eg = 0, 41 eV ❡t m∗ = 0, 085 m0 ✭✜❣✉r❡ ✽✳✶✮✳

✽✳✷✳✸ ❙tr✉❝t✉r❡ ✜♥❡

❙✐ ❧❡ ♠♦❞è❧❡ ❤②♣❡r❜♦❧✐q✉❡ ❡st ✉♥❡ très ❜♦♥♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞✉ ♣r❡♠✐❡r ét❛t
❡①❝✐té✱ ✐❧ ♥❡ ♣❡✉t ♣❛s ♣ré❞✐r❡ ❡♥ r❡✈❛♥❝❤❡ ❧✬é♥❡r❣✐❡ ❞❡s tr❛♥s✐t✐♦♥s s✉♣ér✐❡✉r❡s ❡t ❡♥❝♦r❡ ♠♦✐♥s
❧❛ str✉❝t✉r❡ ✜♥❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ tr❛♥s✐t✐♦♥✳ ■❧ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ❝❡❧❛ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞✬❡✛❡ts
s✉♣♣❧é♠❡♥t❛✐r❡s t❡❧s q✉❡ ✭✐✮ ❧❛ ♣rés❡♥❝❡ ❞✬❛✉tr❡s ❜❛♥❞❡s ❞✬é♥❡r❣✐❡ s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡ ❧❛
❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ♦✉ ✐♥❢ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ❀ ✭✐✐✮ ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡ ❜❛♥❞❡
❛✉ ♣♦✐♥t ▲✱ ✭✐✐✐✮ ❧❡ ❝♦✉♣❧❛❣❡ ✐♥t❡r✈❛❧❧é❡ ❡t ✭✐✈✮ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞❡ ❈♦✉❧♦♠❜ ❡t ❞✬é❝❤❛♥❣❡ ❡♥tr❡
❧✬é❧❡❝tr♦♥ ❡t ❧❡ tr♦✉✳
❙❡✉❧s ❧❡s ❞❡✉① ♣r❡♠✐❡rs ❡✛❡ts ♦♥t été ❛❜♦r❞és ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ ❑❛♥❣ ❡t ❲✐s❡ ❬✷✵✾❪ ♦♥t
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❋✐❣✳ ✽✳✷✿ ❊✛❡t ❞❡ ❧✬é❧❛r❣✐ss❡♠❡♥t ✐♥❤♦♠♦❣è♥❡ s✉r ❧❡ s♣❡❝tr❡ ❞✬❛❜s♦r♣t✐♦♥ ❞✬❛❣ré❣❛ts
❞❡ PbS ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ✈✐tr❡✉s❡✳

ré❛❧✐sé ✉♥ ❝❛❧❝✉❧ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❢♦r♠❛❧✐s♠❡ k.p à q✉❛tr❡ ❜❛♥❞❡s ✭s♣✐♥ ✐♥❝❧✉s✮ ❞❛♥s ❧✬❛♣♣r♦①✐✲
♠❛t✐♦♥ ✐s♦tr♦♣❡ ✭✜❣✉r❡ ✽✳✸✮✳ ❈❡ ❝❛❧❝✉❧ ❞♦♥♥❡ ❞❡s é♥❡r❣✐❡s ❞❡ tr❛♥s✐t✐♦♥s ♣r♦❝❤❡s ❞❡ ❝❡❧❧❡s
♦❜s❡r✈és ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ✭✜❣✉r❡ ✽✳✷✮✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡s ❜❛♥❞❡s ❞❡ ❝♦♥❞✉❝✲
t✐♦♥ ❡t ❞❡ ✈❛❧❡♥❝❡ ❛✉ ♣♦✐♥t ▲ ❡st ✉♥✐q✉❡♠❡♥t tr❛✐té❡ ❡♥ ♣❡rt✉r❜❛t✐♦♥ ✿ ❝❡❝✐ ❞♦♥♥❡ ❧✬♦r❞r❡ ❞❡
❣r❛♥❞❡✉r ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ✭q✉❡❧q✉❡s 10 meV ✮ ♠❛✐s ♥é❣❧✐❣❡ ❧❡ ♠é❧❛♥❣❡ é✈❡♥t✉❡❧ ❞❡ ❧✬ét❛t ❢♦♥✲
❞❛♠❡♥t❛❧ ❞❡ ❧✬❡①❝✐t♦♥ ❛✈❡❝ ❞❡s ét❛ts ❞❡ ♣❧✉s ❤❛✉t❡ é♥❡r❣✐❡ ❡t ❞❡ s②♠étr✐❡ ❞✐✛ér❡♥t❡✳ ▲❛ ♣r✐s❡
❡♥ ❝♦♠♣t❡ ♥♦♥ ♣❡rt✉r❜❛t✐✈❡ ❞❡ ❧✬❛♥✐s♦tr♦♣❡ ❞❡ ❜❛♥❞❡ ❬✷✶✷✱ ✷✶✸❪ ♠♦♥tr❡✱ ❡♥ ♦✉tr❡✱ ❧✬❡①✐st❡♥❝❡
❞✬✉♥❡ tr❛♥s✐t✐♦♥ ❢❛✐❜❧❡♠❡♥t ♣❡r♠✐s❡ très ♣r♦❝❤❡ ❡♥ é♥❡r❣✐❡ ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ❢♦♥❞❛♠❡♥t❛❧❡✳
▲❡s ❡✛❡ts ❞✉ ❝♦✉♣❧❛❣❡ ✐♥t❡r✈❛❧❧é❡ s♦♥t s✐❣♥✐✜❝❛t✐❢s ❞❛♥s ❧❡s ♥❛♥♦❝r✐st❛✉① ❞❡ ❙✐ ❬✷✶✹❪✳ ❉❡
♠ê♠❡✱ PbS ❛ s♦♥ ❣❛♣ ❛✉ ♣♦✐♥t ▲ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❇r✐❧❧♦✉✐♥ q✉✐ ❡st ❞é❣é♥éré q✉❛tr❡ ❢♦✐s✳ ■❧
❡st ❛✉ss✐ ♣♦ss✐❜❧❡ ❞❡ ❢♦r♠❡r ❞❡s ❡①❝✐t♦♥s ✐♥❞✐r❡❝ts✱ ❛✈❡❝ ❧✬❛✐❞❡ ❞❡ ♣❤♦♥♦♥s✳ ❉❛♥s ✉♥ ❛❣ré❣❛t
❞❡ PbS✱ ❧❡s é❧❡❝tr♦♥s ❡t ❧❡s ♣❤♦♥♦♥s ✈♦♥t s✉❜✐r ❧❡s ❡✛❡ts ❞❡ ❝♦♥✜♥❡♠❡♥t✱ ❝❡ q✉✐ r❡♥❞ ♣❧✉s
❞✐✣❝✐❧❡ ❧✬❛♥❛❧②s❡ ❞❡s ❡✛❡ts ❞❡ ❝♦✉♣❧❛❣❡ ✐♥t❡r✈❛❧❧é❡ ❬✷✵✾❪✳ ❖♥ ♥❡ tr♦✉✈❡ ♣❛s ❞✬ét✉❞❡ ❝♦♠♣❧èt❡
❞❡ ❝❡s ❡✛❡ts ❛❧♦rs q✉✬✐❧s s♦♥t ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r q✉❡ ❝❡✉① ❧✐és à ❧✬❛♥✐s♦tr♦♣✐❡✱ ❡✳❣✳
10 meV à ♣❛rt✐r ❞❡ ❧✬é♥❡r❣✐❡ t②♣✐q✉❡ ❞❡s ♣❤♦♥♦♥s ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❢♦r♠❛t✐♦♥ ❞✬❡①❝✐t♦♥s
✐♥❞✐r❡❝ts ❞❛♥s PbS ♠❛ss✐❢ ❬✷✵✾❪ ❯♥ ❝❛❧❝✉❧ ❞❡ ❧✐❛✐s♦♥s ❢♦rt❡s ♠♦♥tr❛♥t ✉♥ ét❛t s✐♥❣✉❧❡t ✭✈❡✲
♥❛♥t ❞❡ ❧✬❡①❝✐t♦♥ ❞✐r❡❝t✮ ✰ tr✐♣❧❡t ✭❧❡s tr♦✐s ❡①❝✐t♦♥s ✐♥❞✐r❡❝ts ♣♦ss✐❜❧❡s✮✱ ❞♦♥t ❧❡ s♣❧✐tt✐♥❣ ❡st
♥é❣❧✐❣❡❛❜❧❡ ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡ t❛✐❧❧❡ ❝♦♥s✐❞éré❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ ❡st ❞♦♥♥é❡ ❞❛♥s ❬✷✶✸❪✱ ♠❛✐s
♥❡ s❡♠❜❧❡ ♣❛s ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ♣❤♦♥♦♥s✳
■❧ ❡st ❡♥✜♥ ♥é❝❡ss❛✐r❡ ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❡✛❡ts ❞✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✲tr♦✉ ❞❡ ❈♦✉❧♦♠❜
❡t ❞✬é❝❤❛♥❣❡✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❈♦✉❧♦♠❜ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 50 meV ❬✷✵✾❪ ❝❡ q✉✐ ❡st ❛ss❡③ ❢♦rt
♣♦✉r r❡❞✐str✐❜✉❡r ❧❡s ❢♦r❝❡s ❞✬♦s❝✐❧❧❛t❡✉rs ❞❡s tr❛♥s✐t✐♦♥s✳ P❛r ❛✐❧❧❡✉rs✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡
❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s meV ❬✷✵✾❪✳

▲❡s ♣❤é♥♦♠è♥❡s ❞✬❛♥✐s♦tr♦♣✐❡ ❞❡ ❜❛♥❞❡✱ ❞❡ ❝♦✉♣❧❛❣❡ ✐♥t❡r✈❛❧❧é❡✱ ❡t ❞✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❈♦✉✲
❧♦♠❜✱ ♠❡tt❛♥t ❡♥ ❥❡✉ ❞❡s é♥❡r❣✐❡s ❝♦♠♣❛r❛❜❧❡s✱ s♦♥t s✉s❝❡♣t✐❜❧❡s ❞❡ ♠♦❞✐✜❡r ❞❡ ♠❛♥✐èr❡
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❋✐❣✳ ✽✳✸✿ ◆✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❡t ❞✉ tr♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞✬✉♥
♥❛♥♦❝r✐st❛❧ ❞❡ PbS ✭❞✬❛♣rès ❬✷✵✾❪✮✳ j ❡st ❧❡ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ t♦t❛❧✱ ❡t π ❧❛ ♣❛r✐té
❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞✉ ♥✐✈❡❛✉①✳

✐♠♣♦rt❛♥t❡ ❧❛ str✉❝t✉r❡ ✜♥❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ tr❛♥s✐t✐♦♥ ❡①❝✐t♦♥✐q✉❡✳ ▲❛ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❡①✲
♣ér✐♠❡♥t❛❧❡ ❞✬✉♥ ét❛t ✧♥♦✐r✧ ❞✬é♠✐ss✐♦♥ ❞❡ ♥♦s ❛❣ré❣❛ts ❞❡ PbS ✭♣❛rt✐❡ ✽✳✸✮ ❞❡✈r❛✐t ♠♦t✐✈❡r
❞❡s ét✉❞❡s ❞❡ ❧❛ str✉❝t✉r❡ ✜♥❡ ❞❡ ❧✬❡①❝✐t♦♥✱ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s t❡r♠❡s ❞✬✐♥✲
t❡r❛❝t✐♦♥s ❞é❝r✐ts ♣❧✉s ❤❛✉t✳

✽✳✸ ➱♠✐ss✐♦♥ ♦♣t✐q✉❡ ❞✬❛❣ré❣❛ts ❞❡ P❜❙

❉❛♥s ❧❡s ❛❣ré❣❛ts à ❜❛s❡ ❞❡ s❡♠✐❝♦♥❞✉❝t❡✉r ■■■✲❱ ❡t ■■✲❱■✱ ❧✬é♠✐ss✐♦♥ ♣❡✉t s❡ ❢❛✐r❡ s♦✐t
♣❛r r❡❝♦♠❜✐♥❛✐s♦♥ ❞✐r❡❝t❡ ❞❡ ❧✬❡①❝✐t♦♥ ❝♦♥✜♥é ❞❛♥s ❧❡ ♥❛♥♦❝r✐st❛❧✱ s♦✐t ✈✐❛ ❞❡s ét❛ts ❞❡ ♣✐è❣❡s
à ❧❛ s✉r❢❛❝❡ ❞❡s ♥❛♥♦❝r✐st❛✉①✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♠♣♦s❛♥t❡ ❛ ❞❡s t❡♠♣s ❞❡ ✈✐❡ r❛❞✐❛t✐❢s ❞❡ ❧✬♦r❞r❡
❞❡ ❧❛ ♥❛♥♦s❡❝♦♥❞❡✱ ❡t ✉♥ ❢❛✐❜❧❡ ❞é❝❛❧❛❣❡ ❙t♦❦❡s ❞❡ ❧✬é♠✐ss✐♦♥ ♣❛r r❛♣♣♦rt à ❧✬❛❜s♦r♣t✐♦♥ ✭❞û
♣r✐♥❝✐♣❛❧❡♠❡♥t ❛✉① ✐♥t❡r❛❝t✐♦♥s ❡①❝✐t♦♥✲♣❤♦♥♦♥✮✳ ❙❛ ❧❛r❣❡✉r ❡st ❣é♥ér❛❧❡♠❡♥t ❞♦♠✐♥é❡ ♣❛r
❧✬é❧❛r❣✐ss❡♠❡♥t ✐♥❤♦♠♦❣è♥❡ ❞û à ❧❛ ❞✐s♣❡rs✐♦♥ ❡♥ t❛✐❧❧❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧❡s r❡❝♦♠❜✐♥❛✐s♦♥s ✈✐❛
❧❡s ♣✐è❣❡s ♦♥t ✉♥❡ ❞✉ré❡ ❞❡ ✈✐❡ ♣❧✉s ❧♦♥❣✉❡ ✭❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ♠✐❝r♦s❡❝♦♥❞❡✮ ❡t ❧❡✉r s♣❡❝tr❡
❞✬é♠✐ss✐♦♥ ❡st très ❧❛r❣❡ ❡t ❜❡❛✉❝♦✉♣ ♣❧✉s ❞é❝❛❧é ✈❡rs ❧❡ r♦✉❣❡✳
▲❛ ♥❛t✉r❡ ❞❡s ♣✐è❣❡s ♥✬❡st ♣❛s ❝❧❛✐r❡✳ ◆é❛♥♠♦✐♥s ✐❧ ❡st r❡❝♦♥♥✉ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t q✉❡ ❧❛ s✉r✲
❢❛❝❡ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❝❡ ♣✐é❣❡❛❣❡ ❬✷✶✺✱ ✷✶✻✱ ✷✶✼❪ ✿ ❞❡s ♥❛♥♦❝r✐st❛✉① ❞♦♥t ❧❛ s✉r❢❛❝❡
♥✬❡st ♣❛s ♣❛ss✐✈é❡ ✈♦✐❡♥t ❧❡✉r r❡♥❞❡♠❡♥t ❞❡ ❧✉♠✐♥❡s❝❡♥❝❡ ❛✉❣♠❡♥té ❞❡ ♠❛♥✐èr❡ ✐♠♣♦rt❛♥t❡
❧♦rsq✉❡ ❧❡s ♣✐è❣❡s ❞❡ s✉r❢❛❝❡ s♦♥t s❛t✉rés ❛✈❡❝ ❞❡s ♠♦❧é❝✉❧❡s ♦r❣❛♥✐q✉❡s ❬✷✶✽✱ ✷✶✾✱ ✷✷✵❪✱ ♦✉
❜✐❡♥ ❧♦rsq✉✬✉♥ s❡♠✐❝♦♥❞✉❝t❡✉r à ♣❧✉s ❣r❛♥❞ ❣❛♣ ❡st é♣✐t❛①✐é s✉r s❛ s✉r❢❛❝❡ ✭✧❝❛♣♣✐♥❣✧✮ ❬✷✷✶❪✳
❈❡s ♣✐è❣❡s ♣♦✉rr❛✐t êtr❡ ❞❡s ❧✐❛✐s♦♥s ♣❡♥❞❛♥t❡s à ❧❛ s✉r❢❛❝❡ ❞❡s ♥❛♥♦❝r✐st❛✉①✳
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✽✳✸✳✶ Pr♦♣r✐étés ❞❡ ❧✉♠✐♥❡s❝❡♥❝❡

❉❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✱ ♥♦✉s ❛✈♦♥s ❛❜♦r❞é ❧❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s ❞✬❛❣ré❣❛ts ❡♥ ♣ré✲
s❡♥❝❡ ❞✬✉♥ ❝❤❛♠♣ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ✭❊▼✮ ✿ ❛❜s♦r♣t✐♦♥ ❡t é♠✐ss✐♦♥ st✐♠✉❧é❡✳ ❖♥ ♣❡✉t ❛✉ss✐
♦❜s❡r✈❡r ✉♥❡ é♠✐ss✐♦♥ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❤❛♠♣ ❊▼ ✭é♠✐ss✐♦♥ s♣♦♥t❛♥é❡✮✳ P♦✉r ❡①♣❧✐q✉❡r ❝❡
♣❤é♥♦♠è♥❡✱ ✐❧ ❢❛✉t tr❛✐t❡r ❧❡ ❝❤❛♠♣ ❊▼ ❞❡ ♠❛♥✐èr❡ q✉❛♥t✐q✉❡✳ ❖♥ ♣❡✉t ❛✉ss✐ ❡♥ r❡♥❞r❡
❝♦♠♣t❡ à ❧✬❛✐❞❡ ❞❡s r❡❧❛t✐♦♥s ❞✬❊✐♥st❡✐♥✳

❚r❛♥s✐t✐♦♥s r❛❞✐❛t✐✈❡s

❈♦♥s✐❞ér♦♥s ✉♥ s②stè♠❡ à ❞❡✉① ♥✐✈❡❛✉① ❞❛♥s ✉♥❡ ❝❛✈✐té ✭❝♦r♣s ♥♦✐r✮ ✿ ❡♥ é❝r✐✈❛♥t q✉❡
❧❡s s②stè♠❡s ❡①❝✐tés ♣❛r ❛❜s♦r♣t✐♦♥ ❞✬✉♥ ♣❤♦t♦♥ s❡ ❞és❡①❝✐t❡♥t s♦✐t ♣❛r é♠✐ss✐♦♥ st✐♠✉❧é❡ ❡t
s♣♦♥t❛♥é❡✱ ♦♥ tr♦✉✈❡ q✉❡ ❧❡ t❛✉① ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ r❛❞✐❛t✐❢ ❡st ❞♦♥♥é ♣❛r ✿

Rr =
1

τr
=
e2ω2

ijǫ
1/2
m fij

6πǫ0m0c3
F 2 ✭✽✳✹✮

♦ù fij ❡st ❧❛ ❢♦r❝❡ ❞✬♦s❝✐❧❧❛t❡✉r ❞❡ ❧❛ tr❛♥s✐t✐♦♥✱ ❡t F ❡st ❧❡ ❢❛❝t❡✉r ❞❡ ❝❤❛♠♣ ❧♦❝❛❧ ✭❢❛❝t❡✉r
❞❡ ♣r♦♣♦rt✐♦♥♥❛❧✐té ❡♥tr❡ ❧❡ ❝❤❛♠♣ ❡①tér✐❡✉r ❡t ❧❡ ❝❤❛♠♣ ✐♥tér✐❡✉r à ❧✬❛❣ré❣❛t ✲ ✈♦✐r ❛♥♥❡①❡
❇✳✷✳✷✮ ✿

F =
3ǫm

ǫ̃+ 2ǫm
✭✽✳✺✮

❈❡ ❞❡r♥✐❡r t❡r♠❡ s❡r❛ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡ PbS✱ ❝❛r ❧❛ ❝♦♥st❛♥t❡ ❞✐✲
é❧❡❝tr✐q✉❡ ❞❡ ❝❡ ❞❡r♥✐❡r ❡st très ✐♠♣♦rt❛♥t❡ ♣❛r r❛♣♣♦rt à ❝❡❧❧❡ ❞✉ ✈❡rr❡✳

❉❛♥s ❧❡s ♥❛♥♦❝r✐st❛✉① ré❡❧s✱ ❧❡s r❡❝♦♠❜✐♥❛✐s♦♥s r❛❞✐❛t✐✈❡s s♦♥t ❡♥ ❝♦♠♣ét✐t✐♦♥ ❛✈❡❝
❞✬❛✉tr❡s ♠é❝❛♥✐s♠❡s ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ✭r❛❞✐❛t✐✈❡s ❡t ♥♦♥ r❛❞✐❛t✐✈❡s✮✱ t❡❧s q✉❡ ❧❛ ❞és❡①❝✐t❛✲
t✐♦♥ ✈✐❛ ❧❡s ♣❤♦♥♦♥s✱ ❧❡s ❞é❢❛✉ts✱ ♦✉ ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ t②♣❡ ❆✉❣❡r ❧♦rsq✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥
❞❡ ♣♦rt❡✉rs ❛✉❣♠❡♥t❡ ❞❛♥s ❧❡ ♥❛♥♦❝r✐st❛❧✳ ❈❡s ♠é❝❛♥✐s♠❡s ❝♦♠♣ét✐t✐❢s s♦♥t r❡s♣♦♥s❛❜❧❡s ❞❡
t❛✉① ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ♣❧✉s ✐♠♣♦rt❛♥ts q✉❡ ♣ré✈✉s ♣❛r ✉♥ ♠é❝❛♥✐s♠❡ ♣✉r❡♠❡♥t r❛❞✐❛t✐❢ t❡❧
q✉❡ ❝✐✲❞❡ss✉s✳

■♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✲♣❤♦♥♦♥

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ❞❡s t❤é♦r✐❡s ♦♥t ♣ré❞✐t ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✉ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❧❡s ♣♦r✲
t❡✉rs ❡①❝✐tés ❞❛♥s ❧❡s ♥❛♥♦❝r✐st❛✉① ❡t ❧❡s ♣❤♦♥♦♥s ♦♣t✐q✉❡s ✭✈✐❛ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❋rö❧✐❝❤✮
❬✷✷✷❪✳ ❊♥ ❡✛❡t✱ ❡♥ ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt ❞❛♥s ✉♥ ♥❛♥♦❝r✐st❛❧ s♣❤ér✐q✉❡✱ ❧❡s ❢♦♥❝t✐♦♥s
❡♥✈❡❧♦♣♣❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❡t ❞✉ tr♦✉ s♦♥t ♣r❡sq✉❡ ✐❞❡♥t✐q✉❡s✱ ❝❡ q✉✐ ❞✐♠✐♥✉❡ ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ❞❡
❧✬❡①❝✐t♦♥ ❡t ❞♦♥❝ ❧❛ ❢♦r❝❡ ❞✉ ❝♦✉♣❧❛❣❡ ❛✉① ♣❤♦♥♦♥s ♦♣t✐q✉❡s ✭✧♣❤♦♥♦♥ ❜♦tt❧❡♥❡❝❦✧✮✳ ❈❡♣❡♥✲
❞❛♥t✱ ♦♥ ♦❜s❡r✈❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❞❡s ❢❛❝t❡✉rs ❞❡ ❍✉❛♥❣✲❘❤②s ♥♦♥ ♥✉❧s✶✳ ❈❡❝✐ s✬❡①♣❧✐q✉❡
♣❛r ❧✬❡①trê♠❡ s❡♥s✐❜✐❧✐té ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❛✉① r❡❝♦✉✈r❡♠❡♥t ❞❡s ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡ ❞❡ ❧✬é❧❡❝✲
tr♦♥ ❡t ❞✉ tr♦✉ ❡t ❧❡s é❝❛rts à ❧❛ s✐t✉❛t✐♦♥ ✐❞é❛❧❡ ❝♦♥s✐❞éré❡ ❝✐✲❞❡ss✉s ✭❢❛❝t❡✉rs ❝♦rr❡❝t✐❢s
❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ♣rés❡♥tés ❡♥ ❛♥♥❡①❡✱ ❢♦r♠❡ ré❡❧❧❡ ❞❡s ❛❣ré❣❛ts✱ ✐♥✢✉❡♥❝❡ ❞✉
♣✐é❣❡❛❣❡✱✳ ✳ ✳ ✮✳ ▲✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✲♣❤♦♥♦♥ ❡st ❞♦♥❝ ❧❛ s♦✉r❝❡ ♣r✐♥❝✐♣❛❧❡ ❞✬é❧❛r❣✐ss❡♠❡♥t
❤♦♠♦❣è♥❡ ❞❡ ❧✬é♠✐ss✐♦♥✳

✶▲❡ ❢❛❝t❡✉r ❞❡ ❍✉❛♥❣✲❘❤②s S ❡st ❧❡ ♣❛r❛♠ètr❡ ❞✉ ❞é❝❛❧❛❣❡ ❙t♦❦❡s ❡♥tr❡ ❧❛ ♣♦s✐t✐♦♥ s♣❡❝tr❛❧❡ ❞❡ ❧✬❛❜s♦r♣✲
t✐♦♥ ❡t ❞❡ ❧❛ ♣❤♦t♦❧✉♠✐♥❡s❝❡♥❝❡ ❞✉❡ s♣é❝✐✜q✉❡♠❡♥t à ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✲♣❤♦♥♦♥✳



✶✽✹

❘❡❧❛①❛t✐♦♥ ✈✐❛ ❞❡s ❞é❢❛✉ts

▲❡s ❞é❢❛✉ts ❞❛♥s ❧❡s ♥❛♥♦❝r✐st❛✉① ♦✛r❡♥t ❛✉ss✐ ❞❡s ❝❤❡♠✐♥s ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥✳ ▲❡s ♣♦r✲
t❡✉rs ♣❤♦t♦❝réés ❞❛♥s ❧❡ ✈♦❧✉♠❡ ❞✉ ♥❛♥♦❝r✐st❛❧ ♣❡✉✈❡♥t êtr❡ ♣✐é❣és s✉r ❞❡s ét❛ts ❞❡ s✉r❢❛❝❡
❞❛♥s ❧❡ ❣❛♣ ✭❧✐❛✐s♦♥s ♣❡♥❞❛♥t❡s✱ ét❛t ❧✐és ❛✈❡❝ ❧❛ ♠❛tr✐❝❡✳ ✳ ✳ ✮ ♦✉ s✉r ❞❡s ét❛ts ❧♦❝❛❧✐sés ❞❛♥s
❧❡ ✈♦❧✉♠❡ ❞❡ ❧✬❛❣ré❣❛t ✭❧❛❝✉♥❡s✱ ✐♥t❡rst✐t✐❡❧s✱ ✐♠♣✉r❡tés✳ ✳ ✳ ✮✳ ❈❡ ♣✐é❣❡❛❣❡ s✬❛❝❝♦♠♣❛❣♥❡ ❣é✲
♥ér❛❧❡♠❡♥t ❞✬✉♥❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ♥♦♥ r❛❞✐❛t✐✈❡ ❞✉ ♣♦rt❡✉r ✭♣❛r ♣r♦❝❡ss✉s ♠✉❧t✐♣❤♦♥♦♥ ♣❛r
❡①❡♠♣❧❡✮✳ ▲❛ r❡❝♦♠❜✐♥❛✐s♦♥ ♣❡✉t ❡♥s✉✐t❡ s❡ ❢❛✐r❡ r❛❞✐❛t✐✈❡♠❡♥t à ♣❛rt✐r ❞❡ ❝❡ ♥✐✈❡❛✉ ❞❡ ❞é✲
❢❛✉ts ❛✈❡❝ ❧❡ ♣♦rt❡✉r ❡♥❝♦r❡ ❝♦♥✜♥é✱ ♦✉ ❜✐❡♥ ♥♦♥✲r❛❞✐❛t✐✈❡♠❡♥t ✭♣❛r ❧❛ ♠❛tr✐❝❡ ♣❛r ❡①❡♠♣❧❡✮✳

▼é❝❛♥✐s♠❡ ❆✉❣❡r

❈❡ ♠é❝❛♥✐s♠❡ ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ❡st très ✐♠♣♦rt❛♥t ❞❛♥s ❧❡s ♥❛♥♦❝r✐st❛✉① ❡①❝✐tés ♣❛r ❞❡
❢♦rt❡s ♣✉✐ss❛♥❝❡s ❞❡ ♣♦♠♣❡✳ ❉❛♥s ❝❡ ❝❛s✱ ✐❧ ♣❡✉t ② ❛✈♦✐r ♣❧✉s ❞✬✉♥ ❡①❝✐t♦♥ ❝♦♥✜♥é ❞❛♥s ❧❡
♥❛♥♦❝r✐st❛❧ ✭♣❛r ❡①❡♠♣❧❡ ✉♥ ❡①❝✐t♦♥ ❡t ✉♥ é❧❡❝tr♦♥✮ ❡t ❧✬é♥❡r❣✐❡ ❧✐❜éré❡ ♣❛r ❧❛ r❡❝♦♠❜✐♥❛✐✲
s♦♥ ❞❡ ❧✬❡①❝✐t♦♥ ❡st tr❛♥s❢éré❡ ❛✉① ❛✉tr❡s ♣♦rt❡✉rs✱ q✉✐ s♦♥t ❛❧♦rs ❡①❝✐tés ❞❛♥s ❞❡s ♥✐✈❡❛✉①
s✉♣ér✐❡✉rs✳

✽✳✸✳✷ ➱t✉❞❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é♠✐ss✐♦♥ ❞❡ ♥❛♥♦❝r✐st❛✉① ❞❡ P❜❙

◆♦✉s ♣rés❡♥t♦♥s ❞❛♥s ❝❡tt❡ ♣❛rt✐❡ s♦✉s ❢♦r♠❡ ❞✬❛rt✐❝❧❡ ❧❡s rés✉❧t❛ts ❞❡ ❧✬ét✉❞❡ ❞❡s ♣r♦✲
♣r✐étés ❞✬é♠✐ss✐♦♥ s♦✉s ❡①❝✐t❛t✐♦♥ ♥♦♥ rés♦♥❛♥t❡ ❞❡s ❛❣ré❣❛ts ❞❡ PbS s②♥t❤ét✐sés s❡❧♦♥ ❧❛
♠ét❤♦❞❡ ❞é❝r✐t❡ ❡♥ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✳ ▲❛ ❞é♣❡♥❞❛♥❝❡ ❞✉ t❡♠♣s ❞❡ ♠♦♥té❡ ♦✉ ❞❡ ✈✐❡ ❞❡ ❧❛ P▲
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣✉✐ss❛♥❝❡ ❞❡ ♣♦♠♣❡ ❡t ❧❛ t❡♠♣ér❛t✉r❡ ♣❡r♠❡t ❞❡ ❝❛r❛❝tér✐s❡r ❧❛ str✉❝t✉r❡
✜♥❡ ❞✉ ♥✐✈❡❛✉ ❞✬❡①❝✐t♦♥ ❡t ❞❡ ♠❡s✉r❡r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬❡①❝✐t❛t✐♦♥ ❞❡ ❧✬é♠✐ss✐♦♥✳
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PbS nanocrystals �diameter of 5–7 nm� were synthesized via sulfur ion implantation in Pb-based

glasses and postannealing. They display strong emission at around 1.5 �m due to quantum

confinement, and a very large photoluminescence �PL� excitation cross section. The PL intensity and

decay rate temperature dependences provide evidence for a large energy splitting �ca. 30 meV� of

the emitting exciton ground state fine structure, presumably due to the complex PbS electronic band

structure. © 2006 American Institute of Physics. �DOI: 10.1063/1.2201885�

The optical properties of lead chalcogenide

nanocrystals
1–4

are particularly interesting because of �i�
their electronic band structure due to an unusual rocksalt

crystallographic structure and �ii� the easily obtained “strong

confinement” character of both electron and hole for nano-

crystals. For PbS nanocrystals, the small band gap and effec-

tive mass allow controlled light emission tuning from about

3 �m to the visible range by decreasing their size, making

them attractive candidates for optically active materials in

the midinfrared �IR� range.

A major obstacle to their study is the difficulty of PbS

nanocrystal growth control in glasses except in limited

cases.
5,6

We developed a versatile synthesis method
7

by im-

planting sulfur into a broad range of PbO-containing glasses,

and found intense photoluminescence �PL� emission ascribed

to direct recombination of the confined PbS nanocrystal ex-

citon. Here, we present measurements of the excitation cross

section of PbS nanocrystals emitting at around 1.5 �m

�size�7 nm�, and of temperature-dependent PL intensities

and lifetimes. Our results provide evidence for a splitting of

the exciton ground state with a long-lived �“dark exciton”�
state lying below a short-lived �“bright”� state, as found in

CdSe �Refs. 8 and 9� and Si nanocrystals,
10

but with major

differences due to the unusual electronic structure
11,12

of PbS

nanoclusters.

Polished samples of a Pb-containing silicate glass �73

SiO2, 16 CaO, 10 CaO, and 1 PbO mol %� were implanted

with 150 keV sulfur ions �fluence of 3.4�1015 cm−2�. A 1 h

postanneal at 675 °C promoted nucleation and growth of

PbS nanocrystals, as evidenced by transmission electron mi-

croscopy �TEM�.
7

Time-resolved PL experiments were per-

formed with an Ar ion laser �488 nm line� chopped at 55 Hz

by an acousto-optic modulator. The laser beam was focused

�0.3 mm radius spot� on the sample surface and sample emis-

sion was in the linear excitation regime. PL was collected by

lenses and dispersed by a spectrograph, and detected via a

near-IR Hamamatsu photomultiplier tube. The overall system

response time �30 ns� was ten times shorter than the fastest

transient signal observed. Standard PL spectra were detected

via a liquid nitrogen cooled Ge detector and acquired with a

lock-in amplifier using the acousto-optic modulator fre-

quency as a reference.

Excitation features of excitons confined in semiconduc-

tor nanocrystals are often approximated by a two-level

system.
13

Using a linear rate equation with this model, the

total lifetime � is �−1=�r
−1+�nr

−1, where �r and �nr are the ra-

diative and nonradiative lifetimes, respectively. The PL in-

tensity is proportional to the number of nanocrystals in the

excited state N* optically pumped by a photon flux � and to

the radiative recombination rate,

IPL � N*�r
−1. �1�

Upon excitation, the emitted intensity increase is an expo-

nential with

�on
−1 = �� + �−1, �2�

where � is the excitation cross section.

Figure 1 shows PL spectra at three different temperatures

in the range of 11–290 K of a sample whose emission is

centered at 1.4 �m and inhomogeneously broadened �full

width at half maximum �FWHM�=350 nm�. The relation be-

tween size and effective gap,
14

neglecting the small Stokes

shift,
2

leads to a mean PbS nanocrystal radius of 2.8 nm,

consistent with the average radius of 3.5�0.5� nm measured

a�
Author to whom correspondence should be addressed; electronic mail:

bernas@csnsm.in2p3.fr

FIG. 1. Photoluminescence spectra taken at three different temperatures for

a sample containing PbS nanocrystals. The laser pump power was 45 mW.
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by TEM �Ref. 7� on a sample emitting at 1.55 �m. PL decay

measurements performed at 11 K and at room temperature

are shown in Fig. 2. Decay times are some three orders of

magnitude larger than those of direct exciton recombination

in II-VI nanocrystals,
9

due to the enhanced local field factor

acting on the spontaneous recombination rate of the first ex-

citon transition in lead salts.
2

Ignoring excitonic state pertur-

bation by shape and interface effects for simplicity,
2

we com-

pute �r=0.3 �s for a 3.5 nm radius PbS nanocrystal

�corresponding to an effective gap ca. 0.8 eV�, compared

with a measured value of 1.7 �s. The discrepancy is accept-

able in view of our approximation, and does not jeopardize

our interpretation in terms of confined exciton recombina-

tion. Due to exciton hopping between nanocrystals
15

or to

sample inhomogeneities,
9

the PL decay �Fig. 2� is described

by stretched exponentials, I�t�= I0 exp�−�t /����, where � is

an effective decay time and � a constant between 0 and 1. At

300 K we find �=1.7 �s and �=0.78, while at 11 K we

obtain �=12.5 �s and �=0.7.

The very low surface concentration of nanocrystals pre-

cluded a direct determination of the excitation cross section

from an optical transmission measurement. However, PL rise

times at T=11 K and �=1400 nm were measured as a func-

tion of photon flux. The results followed Eq. �2� �see inset of

Fig. 2�: the intercept corresponds to a lifetime �=15.8 �s,

within 20% of the value obtained in the direct measurement

of Fig. 2. From its slope, we deduce an excitation cross sec-

tion �=1.5�10−14 cm2. The latter �at 488 nm� is 105 times

higher than typical values for Er emission in optical fibers at

1.54 �m and two orders of magnitude higher than those re-

ported for Si nanocrystal-sensitized Er emission.
16

This re-

sult clearly provides strong incentive for a direct optical gain

measurement.

We emphasize that nonradiative recombinations do not

provide a major contribution to the decay time temperature

dependence of Fig. 2, since the PL intensity increases be-

tween 11 and 180 K �Fig. 1�, whereas the decay time de-

creases continuously as the temperature rises. The radiative

rate is therefore temperature dependent. Figure 3 displays the

PL intensity �a� and decay time �b� as a function of tempera-

ture for two different emission wavelengths �1.4 �m, tri-

angles; 1.6 �m, squares�. Assuming that the average absorp-

tion cross section remains constant between 11 and 300 K

and hence that the excitation rate ���10−2 �s−1 is negli-

gible as compared with the experimental recombination rates

�−1, we deduce a radiative recombination rate temperature

dependence �Fig. 3�c�� similar to those
10,16,17

due to the

quantum confinement-enhanced electron-hole exchange in-

teraction. The energy splitting 	 between exciton states is

usually
18,19

in the 1–10 meV range, and PL emission from

the triplet �dark exciton� state to the singlet ground state is

partially allowed due to spin-orbit interaction mixing. If

kBT
	 the triplet state alone is populated and the radiative

emission lifetime increases, whereas if kBT�	 both states

are populated, the radiative lifetime is reduced, and the quan-

tum yield increased. The effective radiative lifetime �r of the

system can be expressed
17

in terms of both singlet �S and

triplet �T state radiative lifetimes:

1

�r

=
3/�T + �1/�S�exp�− 	/kBT�

3 + exp�− 	/kBT�
. �3�

Fitting our results to Eq. �3� �Fig. 3�c�� we find at 1.4 �m

�1.6 �m� �T /�S=18±2 �5.2±0.4� and 	=37±3 meV

�22±2 meV�. The splitting 	 is much larger than in CdSe

and Si nanocrystals and in strong disagreement with the only

available estimate of the PbS exchange interaction.
11

This is

presumably due to the latter’s failure in describing the lowest

excitation level’s fine structure. Other factors that influence

the fine structure and hence 	 for PbS are the band

anisotropy
12

mixing of states with different parities, the

electron-hole Coulomb interaction, and the existence of in-

tervalley scattering
11

resulting from direct band gap at

four equivalent Brillouin zone L points. All await detailed

evaluation.

In conclusion we offer evidence for the existence of a

“dark exciton” state in IV-VI nanocrystals, although a more

FIG. 2. �a� PL time decay curves at T=11 and 300 K taken at the maximum

PL emission wavelength ��=1400 nm�. The lines are stretched exponentials

with �=1.7 �s and �=0.78 �T=300 K�, and �=12.5 �s and �=0.7 �T

=11 K�. The laser pump power was 45 mW. �b� PL rise rate 1 /�on vs photon

flux � at �=1.4 �m measured at 11 K.

FIG. 3. Temperature dependence at low power density �0.3 W cm−2�, and

two different emission wavelengths of �a� PL intensity and �b� PL decay

time, and �c� radiative lifetime of PbS nanocrystals. Full lines in �c� are fits

to Eq. �3�.
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complete description of the first exciton level’s fine structure

is clearly required. The efficient emission from PbS nano-

crystals around 1.5 �m and the correspondingly large exci-

tation cross sections suggest that this system may be a prom-

ising alternative for future optical amplifiers or low power

fast saturable absorbers.

The authors are grateful to C. Delerue and B. Sermage

for insightful remarks, and to O. Kaitasov and S. Collin for

technical assistance.
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❈♦♥❝❧✉s✐♦♥

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ❡①❛♠✐♥é ❧❡ ♣r♦❜❧è♠❡ ❞✉ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts
♠ét❛❧❧✐q✉❡s ✭Ag✮ ♦✉ s❡♠✐❝♦♥❞✉❝t❡✉rs ✭PbS✱ PbSe✱ PbTe✮ ❞❛♥s ❧❡s ✈❡rr❡s à ❧✬❛✐❞❡ ❞❡ ❢❛✐s✲
❝❡❛✉① ❞✬✐♦♥s✳ ◆♦s rés✉❧t❛ts ❞é♠♦♥tr❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ♣r♦♣r✐étés ❞✬♦①②❞♦ré❞✉❝t✐♦♥ ❞✉r❛♥t
❝❤❛❝✉♥❡ ❞❡s ét❛♣❡s ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥✳

◆♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ❝❧❛r✐✜é ❧✬❛❝t✐♦♥ ❞❡ r❛②♦♥♥❡♠❡♥t ✐♦♥✐s❛♥t s✉r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré✲
❣❛ts ♠ét❛❧❧✐q✉❡s ❞❛♥s ❧❡s ✈❡rr❡s✱ ❡♥ très ❢♦rt❡ ❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧❡ ♣r♦❝❡ss✉s ♣❤♦t♦❣r❛♣❤✐q✉❡✳
❉❛♥s ❧❡ ❝❛s ❢❛✈♦r❛❜❧❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛r❣❡♥t✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é ❧❡s ♠é❝❛♥✐s♠❡s ♠✐✲
❝r♦s❝♦♣✐q✉❡ ❞❡ ❣❡r♠✐♥❛t✐♦♥ ✲ ❝r♦✐ss❛♥❝❡ à ❧✬❛✐❞❡ ❞✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ ❡t ♠♦♥tré q✉❡
❧❡s ♣❤é♥♦♠è♥❡s r❡❞♦① ❥♦✉❡♥t ✉♥ rô❧❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t ✿ ❧❡s ❞✐✛ér❡♥t❡s ✈❛❧❡♥❝❡s
✭❞❡❣rés r❡❞♦①✮ ❞❡ ❧✬❛r❣❡♥t ❡♥tr❡♥t ❡♥ ❥❡✉ ❧♦rs ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡t ❧❛ ❣❡r♠✐♥❛t✐♦♥✱ à tr❛✈❡rs
❧❡✉rs ✐♥t❡r❛❝t✐♦♥s r❡❞♦① ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ❞é❢❛✉ts ❝réés ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥✳
❉❛♥s ✉♥ ✈❡rr❡✱ ❧✬✐rr❛❞✐❛t✐♦♥ ✐♥❞✉✐t ❡♥ ❡✛❡t ❞❡ ♥♦♠❜r❡✉① ❞é❢❛✉ts ❧❡ ❧♦♥❣ ❞✉ tr❛❥❡t ❞❡ ❧✬✐♦♥
s♦✉s ❧❛ ❢♦r♠❡ ❞❡ tr♦✉s ❡t ❞✬é❧❡❝tr♦♥s ♣✐é❣és s✉r ❧❡s ❞é❢❛✉ts ❞✉ rés❡❛✉ ✭❧✐❛✐s♦♥s Si−O ❜r✐sé❡s
s♦✉s ❧✬❛❝t✐♦♥ ❞✉ r❛②♦♥♥❡♠❡♥t ♦✉ ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉✱ ❧❛❝✉♥❡s ♦✉ ✐♥t❡rst✐t✐❡❧s ❞✬♦①②✲
❣è♥❡✮✳ ▲❛ ❣❡r♠✐♥❛t✐♦♥ s❡ ❢❛✐t ❞❡ ♠❛♥✐èr❡ très ❛♥❛❧♦❣✉❡ à ❧❛ ❣❡r♠✐♥❛t✐♦♥ ♣❛r r❛❞✐♦❧②s❡ ❞❡
s♦❧✉t✐♦♥s ❛q✉❡✉s❡s ❞❡ Ag+ ♦✉ ❞❛♥s ❧❡s é♠✉❧s✐♦♥s ♣❤♦t♦❣r❛♣❤✐q✉❡s✳ ❉❛♥s ❧❡s ✈❡rr❡s✱ ❝❡ s♦♥t
❧❡s é❧❡❝tr♦♥s ❡t ❧❡s tr♦✉s ♣✐é❣és ❞❛♥s ❧❛ ♠❛tr✐❝❡ q✉✐ ❥♦✉❡♥t ❧❡ rô❧❡ ❞✉ ré✈é❧❛t❡✉r ❡t ♠♦❞✐✜❡♥t
t❡♠♣♦r❛✐r❡♠❡♥t ❧❡s ❝♦♥❞✐t✐♦♥s t❤❡r♠♦❞②♥❛♠✐q✉❡s ❞❡ ♣ré❝✐♣✐t❛t✐♦♥✳ ❏✉sq✉✬à ❝❡ tr❛✈❛✐❧✱ ❧❡s
❞❡s❝r✐♣t✐♦♥s ❞❡ ❧✬❡✛❡t ❞❡ r❛②♦♥♥❡♠❡♥ts ✐♦♥✐s❛♥ts✱ ♣❤♦t♦♥s ♦✉ ✐♦♥s✱ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré✲
❣❛ts ❞❛♥s ❧❡s ✈❡rr❡s ♥❡ t❡♥❛✐❡♥t ♣❛s ❝♦♠♣t❡ ❞❡ ❝❡s ❡✛❡ts ❞✬♦①②❞♦ré❞✉❝t✐♦♥✳ ❖♥ ♦❜s❡r✈❡ ✉♥❡
❝♦♥✈❡r❣❡♥❝❡ s✐❣♥✐✜❝❛t✐✈❡ ❞❡s ❞❡s❝r✐♣t✐♦♥s ❞❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞❡ ❧✬❡✛❡t ❞❡ r❛②♦♥♥❡♠❡♥ts
✐♦♥✐s❛♥ts ❡♥ t❡r♠❡s ❞❡ r❡❞♦① ❞❛♥s ❧❡s s♦❧✉t✐♦♥s ♦r❣❛♥✐q✉❡s ❡t ✐♥♦r❣❛♥✐q✉❡s✱ ❧❡s ♣♦❧②♠èr❡s ❡t
♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡s s♦❧✐❞❡s ✐♥♦r❣❛♥✐q✉❡s t❡❧s q✉❡ ❧❡s ✈❡rr❡s ♣❤♦s♣❤❛t❡s ❡t s✐❧✐❝❛t❡s✳
◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ♠♦♥tré q✉✬✉♥❡ ✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ ♣❡r♠❡t ❞❡ ❞é❝❧❡♥❝❤❡r ❧❛ ❝r♦✐ss❛♥❝❡
❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ❞❛♥s ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡ s♦❞♦❝❛❧❝✐q✉❡✱ ❡t ❞✬❡♥ ❝♦♥trô❧❡r ❧❛ ❞❡♥s✐té ♣❛r s❛
✢✉❡♥❝❡✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ❡①t❡♥s✐♦♥ ❞❡s rés✉❧t❛ts ❞❡ ❱❛❧❡♥t✐♥ ❡t ❛❧✳ ❬✶✷❪ ♦❜t❡♥✉s ♣♦✉r ❧❛ ❝r♦✐ss❛♥❝❡
❞✬❛❣ré❣❛ts ❞❡ ❝✉✐✈r❡ ❡t ❞❡ ♥✐❝❦❡❧ ❞❛♥s ❞❡s ✈❡rr❡s ❛♥❛❧♦❣✉❡s✳ P❛r ❝♦♥tr❡✱ ❧✬❡✛❡t ❞❡ ❧✬✐rr❛❞✐❛t✐♦♥
♣❛r ❞❡s ✐♦♥s ❞❡ ✈❡rr❡s ❞♦♣és à ❧✬Ag ♥❡ r❡♣♦s❡ ♣❛s✱ ❝♦♠♠❡ s✉❣❣éré ♣❛r ❱❛❧❡♥t✐♥ ♣♦✉r ❞❡s ✈❡rr❡s
❛✉ Cu✱ s✉r ❞❡s ❡✛❡ts ❞❡ tr❛❝❡ ✿ ♦♥ ♦❜s❡r✈❡ ❡♥ ❡✛❡t✱ à ✉♥ ❢❛❝t❡✉r ♣rès ❛ttr✐❜✉❛❜❧❡ ❡♥ ❣r❛♥❞❡
♣❛rt✐❡ à ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❞❡♥s✐té ❞❡ ❞é♣ôt ❞✬é♥❡r❣✐❡✱ ❧❡s ♠ê♠❡s ❡✛❡ts ❧♦rs ❞❡ ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r
Br ❞❡ 12 MeV ✭❞♦♥t ❧❡ r❛❧❡♥t✐ss❡♠❡♥t ♠❛①✐♠✉♠ ❞❡ 4 keV.nm−1 ♣❡r♠❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡
❞é❢❛✉ts ét❡♥❞✉s✮ ❡t ❧♦rs ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r He ❞❡ 1, 6 MeV ✭❞♦♥t ❧❡ r❛❧❡♥t✐ss❡♠❡♥t✱ ❞❡ ❧✬♦r❞r❡
❞❡ 0, 3 keV.nm−1✱ ❡st tr♦♣ ❢❛✐❜❧❡ ♣♦✉r ❢♦r♠❡r ✉♥❡ tr❛❝❡✮✳ ▲❡s ❛s♣❡❝ts ♠❛❝r♦s❝♦♣✐q✉❡s ❞✉
❝♦♥trô❧❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ♣❛r ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s ✐♦♥s ❡t ❞❡s γ ét❛♥t ❛♥❛❧♦❣✉❡s ✭❞é❝❧❡♥✲
❝❤❡♠❡♥t ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥✱ ❝♦♥trô❧❡ ❞❡ ❧❛ q✉❛♥t✐té ♣ré❝✐♣✐té❡ ♣❛r ❧❛ ✢✉❡♥❝❡✮✱ ♥♦✉s ❛✈♦♥s
❡♥s✉✐t❡ ♠♦♥tré ❧❛ ❝♦❤ér❡♥❝❡ ❞✬✉♥❡ ✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❡✛❡ts ❞✬✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡ s❡❧♦♥ ❧❡s
✐♥❢♦r♠❛t✐♦♥s ♣r♦❝✉ré❡s ♣❛r ❧❡s ❡①♣ér✐❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ✱ ✐✳❡✳ s❡❧♦♥ ❞❡s ❡✛❡ts r❡❞♦①✳
▲❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ❡st ❞❡ ✹ ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ ❝❛s ❞❡s

✶✽✽



✶✽✾

✐♦♥s ✭≈ 1 keV.nm−1✮ q✉❡ ❝❡❧✉✐ ❞❡s γ ✭< 1 eV.nm−1✮✳ ❈❡❝✐ ♠♦❞✐✜❡ ❧❛ q✉❛♥t✐té ❞❡ ❞é❢❛✉ts
❢♦r♠és ❛✐♥s✐ q✉❡ ❧❡✉r ♥❛t✉r❡✱ ❝♦♥❞✉✐s❛♥t à ❞❡s ❝♦♥❞✐t✐♦♥s ❜❡❛✉❝♦✉♣ ♣❧✉s ré❞✉❝tr✐❝❡s ♣♦✉r ❧❡
❝♦✉♣❧❡ Ag+/Ag0✱ ❝❡ q✉✐ ❢❛✈♦r✐s❡ s❛ ♣ré❝✐♣✐t❛t✐♦♥✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ ✐♥t❡r♣rét❛t✐♦♥✱ ❧❡s
❡✛❡ts r❡s♣❡❝t✐❢s ❞❡ ❧❛ ♥❛t✉r❡ ❞✉ r❛❧❡♥t✐ss❡♠❡♥t ♥❡ s♦♥t ♣❛s ❝❧❛r✐✜és✳ ■❧ ❡st ❞✐✣❝✐❧❡ s❛♥s ét✉❞❡
❝♦♠♣❧é♠❡♥t❛✐r❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✱ ❞✬❡①♣❧✐q✉❡r ❧✬❛✉❣♠❡♥t❛✲
t✐♦♥ ❜r✉t❛❧❡ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ t♦t❛❧❡ ❞✬❛r❣❡♥t à ❧❛ ♣r♦❢♦♥❞❡✉r ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧✬é❧é♠❡♥t
❛②❛♥t s❡r✈✐ à ✐rr❛❞✐❡r✳ ❯♥❡ ét✉❞❡ ❝♦♥s✐st❛♥t à ❝♦rré❧❡r ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❛✈❡❝ ❧❛ ♥❛t✉r❡ ❡t ❧❛
q✉❛♥t✐té ❞❡ ❞é❢❛✉ts ♣r♦❞✉✐ts ♣❛r ❧✬✐rr❛❞✐❛t✐♦♥ ❞♦♥♥❡r❛✐t ❞❡s ✐♥❞✐❝❛t✐♦♥s s✉♣♣❧é♠❡♥t❛✐r❡s s✉r
❝❡ ❞❡r♥✐❡r ♣♦✐♥t✱ ❡t ❛✐❞❡r❛✐t à t❡st❡r ❧❛ ✈❛❧✐❞✐té ❞❡ ❧✬❡①♣❧✐❝❛t✐♦♥ ♣r♦♣♦sé❡ ✐❝✐ ❡♥ t❡r♠❡s ❞✬❡❢✲
❢❡ts r❡❞♦① ❞❡s ❞é❢❛✉ts✳ ❉✬❛✉tr❡ ♣❛rt✱ ♥♦s ❡①♣ér✐❡♥❝❡s s✉❣❣èr❡♥t ❞❡s ❞✐✛ér❡♥❝❡s ✐♠♣♦rt❛♥t❡s
❞❛♥s ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ r❡❧❛①❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ tr❛♥s♠✐s❡ ❛✉ ❜❛✐♥ ❞✬é❧❡❝tr♦♥s ❞❛♥s ❧❡ ❝❛s
❞✬✐rr❛❞✐❛t✐♦♥ à très ❢♦rt❡ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡✱ q✉❡ ❞❡s ❡①♣ér✐❡♥❝❡s ❞✬✐rr❛❞✐❛t✐♦♥ ✐♦♥✐q✉❡
♣✉❧sé❡ ♣♦✉rr❛✐❡♥t é❝❧❛✐r❡r✳ ▲✬❛♥❛❧♦❣✐❡ ❢❛✐t❡ ❛✈❡❝ ❧❡s ✐rr❛❞✐❛t✐♦♥ ♣❛r ❞❡s γ ♣❡r♠❡t ❞✬❡♥✈✐s❛❣❡r
❞❡s ♠♦②❡♥s ♥♦✉✈❡❛✉① ❞❡ ❝♦♥trô❧❡r ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❜✐♠ét❛❧❧✐q✉❡s ❞❛♥s ❧❡s ✈❡rr❡s ❬✷✷✸❪✳

❉❛♥s ❧❡s ❡①♣ér✐❡♥❝❡s ♣ré❝é❞❡♥t❡s✱ ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❞✉ ✈❡rr❡ ✐♥✐t✐❛❧ ❡st ♠♦❞✐✲
✜é ♣❛r ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❞é❢❛✉ts✳ ▲❡ r❡❝✉✐t ❝♦♥sé❝✉t✐❢ ❡st à t❡♠♣ér❛t✉r❡ s✉✣s❛♠♠❡♥t ❢❛✐❜❧❡
♣♦✉r ❝♦♥s❡r✈❡r tr❛♥s✐t♦✐r❡♠❡♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❤♦rs éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ♥é❝❡ss❛✐r❡s
à ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t✳ ◆♦✉s ♠♦♥tr♦♥s ✉♥❡ str❛té❣✐❡ ❞✐✛ér❡♥t❡ ❞✬✉t✐❧✐s❛t✐♦♥
❞❡s ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ❧♦rsq✉✬✐❧ s✬❛❣✐t ❞❡ ❢❛✐r❡ ❝r♦îtr❡ ❧❡s ❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s ❞❡ ♣❧♦♠❜
❞❛♥s ✉♥ ✈❡rr❡ s✐❧✐❝❛t❡✳ ▲✬✐♥térêt ❞❡s ❢❛✐s❝❡❛✉① ❞✬✐♦♥s ❡st ✐❝✐ ❞❡ ré❛❧✐s❡r ✉♥❡ s✉rs❛t✉r❛t✐♦♥ ✐♠✲
♣♦ss✐❜❧❡ à ❛tt❡✐♥❞r❡ ♣❛r ❧❡s t❡❝❤♥✐q✉❡s ❝❧❛ss✐q✉❡s ❞❡ ♣ré♣❛r❛t✐♦♥ ❞❡s ✈❡rr❡s✳ ❯♥ r❡❝✉✐t à ❞❡s
t❡♠♣ér❛t✉r❡s ♣❧✉s ♣r♦❝❤❡s ❞❡ ❧❛ Tg ét❛♥t ❡♥s✉✐t❡ ♥é❝❡ss❛✐r❡ ♣♦✉r ❢❛✐r❡ ❝r♦îtr❡ ❧❡s ❛❣ré❣❛ts✱
❧❛ ♣ré❝✐♣✐t❛t✐♦♥ s❡ ❞ér♦✉❧❡ ❞♦♥❝ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ❜❡❛✉❝♦✉♣ ♣❧✉s ♣r♦❝❤❡s ❞❡ ❧✬éq✉✐❧✐❜r❡
t❤❡r♠♦❞②♥❛♠✐q✉❡ q✉❡ ❧❡ ❝❛s ❞❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t✳
▲❛ ❢❛❝✐❧✐té q✉❡ ♣r♦❝✉r❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ♣♦✉r ✐♥tr♦❞✉✐r❡ ✉♥ é❧é♠❡♥t ❞♦♥♥é ❞❛♥s ❧❛ ♠❛tr✐❝❡
❝❤♦✐s✐❡ ♥❡ ♣❡r♠❡t ♣❛s ❞✬é✈✐t❡r ❧❡s ❡✛❡ts ❞✬✐♥t❡r❛❝t✐♦♥s ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ❞❡ ❧✬✐♠♣❧❛♥t ❛✈❡❝
s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❡s ❡①♣ér✐❡♥❝❡s ♣rés❡♥té❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ♠♦♥tr❡♥t ✉♥ ♠❛♥q✉❡ ❞❡
❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❧♦rsq✉❡ Pb ❡t S s♦♥t ✐♠♣❧❛♥tés ❞❛♥s ❞❡s ♠❛tr✐❝❡s ❞❡ ❝♦♠♣♦s✐t✐♦♥s
s✐♠♣❧❡s t❡❧❧❡s q✉❡ ❧❛ s✐❧✐❝❡ ♣✉r❡ ♦✉ ❧✬❛❧✉♠✐♥❡✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ s♦♥t très ❧❛r❣❡s ❡t ❧❡s
❛❣ré❣❛ts ♥❡ ❝r♦✐ss❡♥t ♣❛s t♦✉s ❞❛♥s ❧❡ ♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧❡✉rs ❝♦♥st✐t✉❛♥ts✳ ◆♦✉s ❛✈♦♥s
❞♦♥❝ ❞✬❛❜♦r❞ ♠❡♥é ✉♥❡ ét✉❞❡ s②sté♠❛t✐q✉❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s
❞❡ ♣❧♦♠❜ ♣❛r r❡❝✉✐t ❞❡ s✐❧✐❝❡ ♣✉r❡ ✐♠♣❧❛♥té❡ séq✉❡♥t✐❡❧❧❡♠❡♥t ♣❛r Pb ❡t ✉♥ ❝❤❛❧❝♦❣è♥❡ ✭S✱
Se ♦✉ Te✮✳ ◆♦s ❡①♣ér✐❡♥❝❡s ♠♦♥tr❡♥t q✉❡ ❧❡ ♠❛♥q✉❡ ❞❡ ❝♦♥trô❧❡ ♦❜s❡r✈é ❡st ✐♠♣✉t❛❜❧❡ à ❧❛
♠✉❧t✐♣❧✐❝✐té ❞❡s ♠é❝❛♥✐s♠❡s ❝❤✐♠✐q✉❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥ ❡t ❞❡ ❝r♦✐ss❛♥❝❡ ❞é❝♦✉❧❛♥t ❞❡ ❧✬✉t✐❧✐s❛✲
t✐♦♥ ❞❡ ❝❤❛❧❝♦❣è♥❡s✳ ▲❡s ❝❤❛❧❝♦❣è♥❡s ❡♥❣❛❣❡♥t ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ ❞❡ s✐❧✐❝❡ ♣✉r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s
q✉✐ ❞é♣❡♥❞❡♥t ❞❡ ❧❡✉r ♥❛t✉r❡✱ ❡t q✉❡ ♥♦✉s ❛✈♦♥s ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ♣❛r ✉♥❡ ❡①♣ér✐❡♥❝❡ ❞❡
❞✐✛✉s✐♦♥ ✿ ❧❡ r❡❝✉✐t ❞✬é❝❤❛♥t✐❧❧♦♥s ✐♠♣❧❛♥tés ✉♥✐q✉❡♠❡♥t ♣❛r ❧✬✉♥ ❞❡s ❝❤❛❧❝♦❣è♥❡s ❛ ♠♦♥tré
q✉✬✉♥❡ ❢r❛❝t✐♦♥ très ❢❛✐❜❧❡ ❞✉ s♦✉❢r❡ ♦✉ ❞✉ sé❧é♥✐✉♠ ❡st ♠♦❜✐❧❡ ✭♣r♦❜❛❜❧❡♠❡♥t s♦✉s ❢♦r♠❡
♦①②❞é❡ ✰❱■ ❡t ✰■❱ r❡s♣❡❝t✐✈❡♠❡♥t✮ ❛❧♦rs q✉❡ ❧❡✉r ♠❛❥♦r✐té ❡st très ♣❡✉ ♠♦❜✐❧❡ ✭❡t ♣r♦✲
❜❛❜❧❡♠❡♥t s♦✉s ❢♦r♠❡ ré❞✉✐t❡ ❞❡ ♣♦❧②s✉❧❢✉r❡s ♦✉ ♣♦❧②sé❧❡♥✐✉r❡s✮✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧❡ t❡❧❧✉r❡
❡st ♠❛❥♦r✐t❛✐r❡♠❡♥t s♦✉s ❢♦r♠❡ ♠ét❛❧❧✐q✉❡ ❡t ♣ré❝✐♣✐t❡ s♦✉s ❢♦r♠❡ ❞❡ ♥❛♥♦❝r✐st❛✉①✳ ❈❡s ❞✐❢✲
❢ér❡♥❝❡s ✐♠♣♦rt❛♥t❡s ❞✬✐♥t❡r❛❝t✐♦♥ ❞❡s ❝❤❛❧❝♦❣è♥❡s ❛✈❡❝ ❧❛ ♠❛tr✐❝❡ s❡ tr❛❞✉✐s❡♥t ❞❛♥s ❧❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s ❞❡ Pb ❝♦rr❡s♣♦♥✲
❞❛♥ts ✿ ♥❛t✉r❡ ❝❤✐♠✐q✉❡ ❡t ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡ ❞❡s ❛❣ré❣❛ts ❢♦r♠és ✭✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡
❞❡ Pb + S ✿ ♠é❧❛♥❣❡ ❞❡ PbS ❡t PbSO4 ❀ Pb + Se ✿ PbSe ✉♥✐q✉❡♠❡♥t ❀ Pb + T ❡ ✿ PbTe ❡t
Te✮✱ ❞✐str✐❜✉t✐♦♥s ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡s ❛❣ré❣❛ts ♣❛r r❛♣♣♦rt ❛✉ ♣r♦✜❧ ❞✬✐♠✲
♣❧❛♥t❛t✐♦♥ ✭✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❡ Pb + S ✿ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❛✉ ❝❡♥tr❡ ❞✉ ♣r♦✜❧ ♣✉✐s
❞❡ ♣❧✉s ❡♥ ♣❧✉s ❡♥ ♣r♦❢♦♥❞❡✉r ❀ Pb+Se ✿ ♠❛❥♦r✐t❛✐r❡♠❡♥t s✉r ❧❡s ❞❡✉① ❜♦r❞s ❞✉ ♣r♦✜❧ ❞✬✐♠✲
♣❧❛♥t❛t✐♦♥✱ très ♣❡✉ ❛✉ ❝❡♥tr❡ ❀ Pb+Te ✿ ♠❛❥♦r✐t❛✐r❡♠❡♥t s✉r ❧❡ ❜♦r❞ ❣r❛♥❞❡ ♣r♦❢♦♥❞❡✉r ❞✉
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♣r♦✜❧ ❞✬✐♠♣❧❛♥t❛t✐♦♥ ❡t ✉♥ ♣❡✉ ❛✉ ❝❡♥tr❡✮✳ ▲❛ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ s❡ ♣r♦❞✉✐t ❞♦♥❝ s❡❧♦♥
❞❡ ♠✉❧t✐♣❧❡s ♠é❝❛♥✐s♠❡s q✉✐ ♥❡ r❡❧è✈❡♥t ♣❛s ❞❡ ❧❛ t❤é♦r✐❡ st❛♥❞❛r❞ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✳
❆♣rès r❡❝✉✐t ❞❡ ❝❡s é❝❤❛♥t✐❧❧♦♥s ré❛❧✐sés ♣❛r ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é ❞❡
♠❛♥✐èr❡ ré♣été❡ ✉♥❡ ❢♦r♠❡ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞✬❛✉t❛♥t ♣❧✉s ♣r♦❝❤❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡
q✉❡ ❧❡ ♠ûr✐ss❡♠❡♥t ❡st ❛✈❛♥❝é✳ ❈❡tt❡ ❢♦r♠❡ ❞❡ ❞✐str✐❜✉t✐♦♥ s❡ r❡tr♦✉✈❡ ❞❛♥s ❞❡ ♥♦♠❜r❡✉s❡s
❛✉tr❡s ét✉❞❡s ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✱ ♦ù ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ s♦♥t très ❞✐✛é✲
r❡♥ts ❞❡ ❝❡✉① ❞❡ ♥♦tr❡ s②stè♠❡ ✭♣❛r ❡①❡♠♣❧❡✱ ❝r♦✐ss❛♥❝❡ ♣❛r ❝♦❛❣✉❧❛t✐♦♥✮✳ ❈❡tt❡ ❣é♥ér❛❧✐té
♣r♦✈✐❡♥t ❞❡ ❧❛ ♥❛t✉r❡ très ❛❧é❛t♦✐r❡ ❞❡s ♣r♦❝❡ss✉s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡✳ ❊♥ ✉t✐❧✐s❛♥t ❧❡
♣r✐♥❝✐♣❡ ❞❡ ♠❛①✐♠✐s❛t✐♦♥ ❞✬❡♥tr♦♣✐❡ ❛✈❡❝ ❧❛ s❡✉❧❡ ❝♦♥tr❛✐♥t❡ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✱
♥♦✉s ❝♦♥st❛t♦♥s ❡♥ ❡✛❡t q✉❡ ♥♦s ❞✐str✐❜✉t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ t❛✐❧❧❡ ré❞✉✐t❡s s♦♥t ❜✐❡♥
t♦✉t❡s ❛❥✉sté❡s ♣❛r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❡♥tr♦♣✐❡ ♠❛①✐♠❛❧❡✱ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡s ❣r❛♥❞❡s t❛✐❧❧❡s✳
P♦✉r ❧❡s ♣❡t✐t❡s t❛✐❧❧❡s✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞é✈✐❡ ❞❡ ❝❡❧❧❡ ❞✬❡♥tr♦♣✐❡ ♠❛①✐✲
♠✉♠ ❞ét❡r♠✐♥é❡ ❛✈❡❝ ❧❛ s❡✉❧❡ ❝♦♥tr❛✐♥t❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❝❛r ❧❡ ❞ét❛✐❧ ❞❡s
♠é❝❛♥✐s♠❡s ♠✐❝r♦s❝♦♣✐q✉❡s ❞❡ ❝r♦✐ss❛♥❝❡ ❥♦✉❡ ✉♥ rô❧❡ ♣❧✉s ✐♠♣♦rt❛♥t✳ ❆✐♥s✐✱ ♥♦✉s ♠♦♥tr♦♥s
q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ♥✬❡st q✉✬✉♥ ❛❥✉st❡♠❡♥t ♣r❛t✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡
❡①♣ér✐♠❡♥t❛❧❡✱ ♣❡r♠❡tt❛♥t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ à ❧❛ ❢♦✐s ❞❡ ❧❛ ❧✐♠✐t❡ ❞❡s ❣r❛♥❞❡s t❛✐❧❧❡s✱ ❞♦♠✐✲
♥é❡ ♣❛r ❧❡s ❡✛❡ts ❡♥tr♦♣✐q✉❡s✱ ❡t ❞❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❞✬♦❜s❡r✈❛t✐♦♥s ❞✬❛❣ré❣❛ts
❞❡ ♣❧✉s ❡♥ ♣❧✉s ♣❡t✐ts✳ ❉❛♥s ❧❡s s②stè♠❡s ✐♠♣❧❛♥tés séq✉❡♥t✐❡❧❧❡♠❡♥t✱ ♥♦✉s ♣❡♥s♦♥s q✉❡ ❧❡s
♥♦♠❜r❡✉① ♠é❝❛♥✐s♠❡s ❞❡ ❣❡r♠✐♥❛t✐♦♥✴❝r♦✐ss❛♥❝❡ q✉❡ ♥♦✉s ❛✈♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡ ♣❧✉s ❤❛✉t
❢❛✈♦r✐s❡♥t ❧❛ r❡❧❛①❛t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✈❡rs s❛ ❢♦r♠❡ ❞✬❡♥tr♦♣✐❡ ♠❛①✐♠❛❧❡✳
❯♥ ♠❡✐❧❧❡✉r ❝♦♥trô❧❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞✬❛❣ré❣❛t ❞❡ PbS ♥é❝❡ss✐t❡ ❞♦♥❝ ✉♥ ❛❥✉st❡✲
♠❡♥t ♣ré❝✐s ❞❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐❝♦❝❤✐♠✐q✉❡s ❞❡ s②♥t❤ès❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡ ❧❛ ❝❤✐♠✐❡ ❞✉
s♦✉❢r❡✳ ◆♦✉s ❛✈♦♥s ✐♠❛❣✐♥é ✉♥❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❞❡ s②♥t❤ès❡ q✉✐ ♣❡r♠❡t ❞❡ ❞✐♠✐♥✉❡r très
s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❛ ❧❛r❣❡✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ♠ét❤♦❞❡ ❝♦♥s✐st❛♥t à ✐♠♣❧❛♥t❡r ❞✉
s♦✉❢r❡ ❞❛♥s ❞❡s ✈❡rr❡s ❛✉ Pb ❛✈❛♥t ✉♥ r❡❝✉✐t ♣rès ❞❡ s❛ Tg✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥
❞❡ s♦✉❢r❡ ♣❡r♠❡t ❞❡ ❞é♣❛ss❡r ❛✐sé♠❡♥t s❛ ❧✐♠✐t❡ ❞❡ s♦❧✉❜✐❧✐té ❞❛♥s ❧❡s ✈❡rr❡s s✐❧✐❝❛t❡s✱ ❝❡ q✉✐
ét❛✐t ✉♥❡ ❧✐♠✐t❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡s t❡❝❤♥✐q✉❡s tr❛❞✐t✐♦♥♥❡❧❧❡s ❞❡ s②♥t❤ès❡✳ ❈♦♠♠❡ ❧❡ ♣❧♦♠❜
s✬✐♥sèr❡ ❛✐sé♠❡♥t ❞❛♥s ❧❡s ✈❡rr❡s s✐❧✐❝❛t❡s✱ ♦♥ ♣❡✉t ❛tt❡✐♥❞r❡ ♣❛r ♥♦tr❡ ♠ét❤♦❞❡ ❞❡s ❝♦♥❝❡♥✲
tr❛t✐♦♥s ❞❡ PbS ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♣♦✉r❝❡♥t ❛t♦♠✐q✉❡✱ ❝❡ q✉✐ ❡st ❝♦♠♣ét✐t✐❢
❛✈❡❝ ❧❡s ♠ét❤♦❞❡s s♦❧✲❣❡❧✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡ ♣r♦❜❧è♠❡ ❞❡ rét❡♥t✐♦♥ ❞❡s ♠ét❤♦❞❡s tr❛❞✐t✐♦♥♥❡❧❧❡s
❧✐♠✐t❛✐t ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥s ❞❡ ✈❡rr❡ ✉t✐❧✐s❛❜❧❡s✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ♣❡r✲
♠❡t ❞❡ r❡❧â❝❤❡r ❝❡tt❡ ❝♦♥tr❛✐♥t❡ ❡t ❞✬❡①♣❧♦r❡r ✉♥ s♣❡❝tr❡ ♣❧✉s ❧❛r❣❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥s ❞❡ ✈❡rr❡✱
❡♥ ❡①❛♠✐♥❛♥t ❛❧♦rs ❧❡✉rs ✐♥✢✉❡♥❝❡s s✉r ❧❡ s❡✉❧ ❝♦♥trô❧❡ ❞❡ ❧❛ ♣ré❝✐♣✐t❛t✐♦♥✳ ❉❡ ❝❡tt❡ ♠❛♥✐èr❡✱
♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧✬♦♥ ♣❡✉t ❛❥✉st❡r ❧❡s ♣r♦♣r✐étés ❞✬é♠✐ss✐♦♥ ♦♣t✐q✉❡ ❞❡s ❛❣ré❣❛ts ❞❡
PbS ❞❛♥s ❧❡ ♣r♦❝❤❡ ✐♥❢r❛r♦✉❣❡✱ ❡t ♣❛r ❡①❡♠♣❧❡ ❛✣♥❡r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ❛❣ré❣❛ts
♣♦✉r ❛tt❡✐♥❞r❡ ✉♥❡ ❧❛r❣❡✉r à ♠✐✲❤❛✉t❡✉r ❞❡ ✶✺ ✪✳
P♦✉r ✜♥✐r✱ ❧✬é♠✐ss✐♦♥ ✐♥t❡♥s❡ ❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s ❛ ♠♦t✐✈é ✉♥❡ ét✉❞❡ ♣❧✉s ❞ét❛✐❧❧é❡ ❞❡ s❡s
♣r♦♣r✐étés✱ ❛✈❡❝ ❞❡s ✐♠♣❧✐❝❛t✐♦♥s ❛✉ss✐ ❜✐❡♥ t❤é♦r✐q✉❡s q✉❡ ✈✐s à ✈✐s ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ♣♦t❡♥✲
t✐❡❧❧❡s ❞❡ ❝❡s ❛❣ré❣❛ts✳ ◆♦✉s ♠♦♥tr♦♥s ❞✬❛❜♦r❞ q✉❡ ❧✬é♠✐ss✐♦♥ ❛ ♣♦✉r ♦r✐❣✐♥❡ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥
❞✐r❡❝t❡ ❞❡s ♣♦rt❡✉rs ♣❤♦t♦❝réés à ♣❛rt✐r ❞✉ ♥✐✈❡❛✉ ❢♦♥❞❛♠❡♥t❛❧ ❞❡ ❧✬❡①❝✐t♦♥✳ P❛r ✉♥❡ ét✉❞❡
❞❡ ❝❡ ❞❡r♥✐❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✱ ♥♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ✉♥ ♥✐✈❡❛✉
❞✬❡①❝✐t♦♥ ♥♦✐r s✐t✉é 20 à 40 meV ❡♥ ❞❡ss♦✉s ❞❡ ❧✬ét❛t ❜r✐❧❧❛♥t✱ ❛♥❛❧♦❣✉❡ à ❝❡❧✉✐ q✉❡ ❧✬♦♥
♦❜s❡r✈❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ❛❣ré❣❛ts ❞❡ ❙✐ ♦✉ ❞❡ ❈❞❙❡ s♦✉s ❧✬❡✛❡t ❞❡ ❧✬❛❝❝r♦✐ss❡♠❡♥t ❞❡ ❧✬é♥❡r❣✐❡
❞✬é❝❤❛♥❣❡ ❧♦rsq✉❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧✬❛❣ré❣❛t ❞✐♠✐♥✉❡✳ ◆é❛♥♠♦✐♥s✱ ❧❛ str✉❝t✉r❡ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡
❞❡ PbS ét❛♥t ❞✐✛ér❡♥t❡ ❞❡ ❝❡s ❞❡r♥✐❡rs s❡♠✐❝♦♥❞✉❝t❡✉rs✱ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬✐♥t❡r❛❝t✐♦♥s
t❡❧❧❡s q✉❡ ❧✬❛♥✐s♦tr♦♣✐❡ ❡t ❧❛ ♥♦♥ ♣❛r❛❜♦❧✐❝✐té ❞❡ ❜❛♥❞❡✱ ❧❡ ❝♦✉♣❧❛❣❡ ✐♥t❡r✈❛❧❧é❡ ♦✉ ❜✐❡♥ ❡♥✲
❝♦r❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❈♦✉❧♦♠❜ s♦♥t s✉s❝❡♣t✐❜❧❡s ❞✬❡①♣❧✐q✉❡r ♥♦tr❡ ♦❜s❡r✈❛t✐♦♥✳ ❈❡tt❡ ❞❡r♥✐èr❡
❞❡✈r❛✐t ❞♦♥❝ st✐♠✉❧❡r ❞✬❛✉tr❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❡t t❤é♦r✐q✉❡s ❞❡ ❧❛ str✉❝t✉r❡ ✜♥❡ ❞❡
❧✬❡①❝✐t♦♥ ❞❛♥s ❧❡s ❛❣ré❣❛ts ❞❡ PbS✳ ◆♦✉s ❛✈♦♥s ♣❛r ❛✐❧❧❡✉rs ♠❡s✉ré ✉♥❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬❡①✲
❝✐t❛t✐♦♥ ✭488 nm✮ ❞❡ ❧❛ P▲ ✭1, 4 µm✮ ❞❡ ♥♦s ❛❣ré❣❛ts ❞❡ PbS ❞❡ ❧✬♦r❞r❡ ❞❡ 10−14 cm−2✳ ❈❡tt❡



✶✾✶

✈❛❧❡✉r ❡st ❝✐♥q ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ❛✉✲❞❡ss✉s ❞❡ ❝❡❧❧❡ ❞❡ ❧✬é♠✐ss✐♦♥ ❞❡ ❧✬Er ✭1, 53 µm✮ ❡①❝✐té
à ❧❛ ♠ê♠❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱ ❡t ✉♥ à ❞❡✉① ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❧✬é♠✐ss✐♦♥ ❞✬Er ✭1, 53 µm✮
s❡♥s✐❜✐❧✐té ♣❛r ❞❡s ♥❛♥♦❝r✐st❛✉① ❞❡ Si✳ ❈❡tt❡ ✈❛❧❡✉r é❧❡✈é❡✱ ❝♦♥❥✉❣✉é❡ à ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛✈♦✐r
❞❡ ❣r❛♥❞❡s ❞❡♥s✐tés ❞✬❛❣ré❣❛ts ❢❛✐t ❞✉ ♠❛tér✐❛✉ ❛✐♥s✐ s②♥t❤ét✐sé ✉♥ ❜♦♥ ❝❛♥❞✐❞❛t ♣♦✉r ❧❡s
❢♦♥❝t✐♦♥s ❞❡ ré❣é♥ér❛t✐♦♥ ❞❡ s✐❣♥❛✉① ❞❛♥s ❧❡s té❧é❝♦♠♠✉♥✐❝❛t✐♦♥s ♦♣t✐q✉❡s✳ ❉❡ ♣❧✉s✱ ❧✬✉t✐❧✐✲
s❛t✐♦♥ ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ♣♦✉r ❧❛ s②♥t❤ès❡ ❞❡s ❛❣ré❣❛ts ❝♦♥st✐t✉❡ ✉♥ ❛✈❛♥t❛❣❡ ❝❡rt❛✐♥ ❞❛♥s ❧❛
♣❡rs♣❡❝t✐✈❡ ❞❡ ❧✬✐♥té❣r❛t✐♦♥ ♣❧❛♥❛✐r❡ ❞❡ ❝❡s ❢♦♥❝t✐♦♥s✳



❆♥♥❡①❡ ❆

Pr♦♣r✐étés ❞❡s ❝❤❛❧❝♦❣è♥❡s ❡t ❞✉
P❜ ❞❛♥s ❧❡s ✈❡rr❡s ❞✬♦①②❞❡s

❉❛♥s ❝❡tt❡ ❛♥♥❡①❡✱ ♥♦✉s ♣rés❡♥t♦♥s ❞✬❛❜♦r❞ ❧❛ ♥♦t✐♦♥ ❞✬❛❝✐❞♦✲❜❛s✐❝✐té ❞✬✉♥ ✈❡rr❡ t❡❧❧❡
q✉✬❡①♣♦sé❡ ♣❛r ❉✉✛② ❬✹✼❪ ✭♣❛rt✐❡ ❆✳✶✮✳ ❊❧❧❡ ♣❡r♠❡t ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡ ❝♦♠♣♦s✐✲
t✐♦♥ s✉r ❧❡s éq✉✐❧✐❜r❡s r❡❞♦① ❞❛♥s ✉♥ ✈❡rr❡ ❞✬♦①②❞❡✳ P✉✐s ♥♦✉s ♣❛ss♦♥s ❡♥ r❡✈✉❡ ❧❡s ♣r♦♣r✐étés
♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s ❞❡s ❝❤❛❧❝♦❣è♥❡s ✭♣❛rt✐❡ ❆✳✷✮ ❡t ❞✉ ♣❧♦♠❜ ✭♣❛rt✐❡ ❆✳✸✮ ❞❛♥s ❧❡s ✈❡rr❡s✱ s♦✉s
❧❛ ❢♦r♠❡ ❞✬✉♥❡ s②♥t❤ès❡ ❞❡ ❧❛ ❧✐ttér❛t✉r❡✳

❆✳✶ ❆❝✐❞♦✲❜❛s✐❝✐té ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s

❈❡tt❡ ♥♦t✐♦♥ ♣❡r♠❡t ❞❡ ❞✐s❝✉t❡r ❞❡ ❧✬❡✛❡t ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ s✉r ❧✬éq✉✐❧✐❜r❡
r❡❞♦① ❞✬✉♥ ✐♦♥ M ✭♣❧✉tôt ❞❡ ♥❛t✉r❡ ♠ét❛❧❧✐q✉❡✮✳

❆✳✶✳✶ ❉é✜♥✐t✐♦♥ ❞❡ ❧✬ét❛t r❡❞♦① ❞❡s ✐♦♥s M

■❧ ❡st ♥é❝❡ss❛✐r❡ ❛✈❛♥t t♦✉t❡ ❞✐s❝✉ss✐♦♥ ❞❡ ❢❛✐r❡ ✉♥ ❝♦♠♠❡♥t❛✐r❡ s✉r ❧❛ ♥❛t✉r❡ ❞❡ ❧✬ét❛t
r❡❞♦① ❞✬✉♥ ✐♦♥M ❞❛♥s ✉♥ ✈❡rr❡ ❞✬♦①②❞❡✳ ▲✬éq✉❛t✐♦♥ r❡❞♦① ✭✷✳✺✮ ♣♦✉rr❛✐t ♣❛r ❡①❡♠♣❧❡ s✉❣❣é✲
r❡r✱ à t♦rt✱ q✉❡ ❧❛ ❝❤❛r❣❡ ♣♦rté❡ ♣❛r ❧✬✐♦♥ M ❡st +xe ♦✉ +ye✳ ❊♥ ré❛❧✐té✱ ✉♥❡ ❢♦✐s ✐♥séré ❞❛♥s
✉♥ ✈❡rr❡ ❞✬♦①②❞❡✱ ✉♥ ❝❛t✐♦♥ M ✈❛ ✐♥t❡r❛❣✐r é❧❡❝tr♦st❛t✐q✉❡♠❡♥t ❛✈❡❝ ❧❡s ❝❤❛r❣❡s ♥é❣❛t✐✈❡s
❛♣♣♦rté❡s ♣❛r ❧❡s ♦①②✲❛♥✐♦♥s✳ ▲❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ t♦t❛❧❡ ✈❛ ❞♦♥❝ s❡ ré♣❛rt✐r ❡♥ ♣❛rt✐❡
s✉r ❧❡ ♠ét❛❧✱ ❡t ❧❛ ❝❤❛r❣❡ ❡✛❡❝t✐✈❡♠❡♥t ♣♦rté❡ ♣❛r ❝❡ ❞❡r♥✐❡r ✈❛ ❞é❝r♦îtr❡✱ s❛♥s q✉❡ ❧❡ ❞❡❣ré
❢♦r♠❡❧ ❞✬♦①②❞❛t✐♦♥ ❞❡ ▼ ♥❡ ❝❤❛♥❣❡✳ ❖♥ ♥❡ ♣❡✉t ❞♦♥❝ ♣❛s ❞é✜♥✐r ❧❡ ❞❡❣ré ❞✬♦①②❞❛t✐♦♥ ❞✉
♠ét❛❧ ♣❛r s❛ ❝❤❛r❣❡ ❡✛❡❝t✐✈❡✳ ■❧ ❛ ❢❛❧❧✉ ❛tt❡♥❞r❡ ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞✉ ❝♦♥❝❡♣t ❞✬❛❝✐❞♦✲❜❛s✐❝✐té
♦♣t✐q✉❡ ♣❛r ❉✉✛② ❬✹✼❪ ♣♦✉r q✉❡ s♦✐t ❞♦♥♥é❡ ✉♥❡ ❞é✜♥✐t✐♦♥ ♣❧✉s ❝❧❛✐r❡ ❞✉ ❞❡❣ré r❡❞♦① ❞✬✉♥
é❧é♠❡♥t ❞❛♥s ✉♥ ✈❡rr❡✳ ❈❡❧✉✐✲❝✐ ❡st ❞é✜♥✐ ❞❡ ♠❛♥✐èr❡ s♣❡❝tr♦s❝♦♣✐q✉❡ ✿ ❝❤❛q✉❡ ✈❛❧❡♥❝❡ ❞✬✉♥
✐♦♥ ♣♦ssé❞❡r❛ ❞❡s ♣r♦♣r✐étés s♣❡❝tr♦s❝♦♣✐q✉❡s ❝❛r❛❝tér✐st✐q✉❡s ✭tr❛♥s✐t✐♦♥s ♣❡r♠✐s❡s ♦✉ ♣❛s✱
é♥❡r❣✐❡s ❞❡ ❝❡s tr❛♥s✐t✐♦♥s✮ q✉✐ ♣❡r♠❡ttr♦♥t ❞❡ ❧❡s ❞✐st✐♥❣✉❡r ❧❡s ✉♥❡s ❞❡s ❛✉tr❡s✳ ❈❡tt❡ ❞é✜✲
♥✐t✐♦♥ ét❛✐t ❝❡♣❡♥❞❛♥t ❛♣♣❧✐q✉é❡ ✐♠♣❧✐❝✐t❡♠❡♥t ❞❡♣✉✐s ❧❡s tr❛✈❛✉① ❞❡ ❲❡②❧ ❬✹❪ ♣❛r ❡①❡♠♣❧❡✳

❆✳✶✳✷ ❉é✜♥✐t✐♦♥ ❞❡ ❧❛ ❜❛s✐❝✐té ❞✬✉♥ ✈❡rr❡ ❞✬♦①②❞❡

◆♦✉s ❛✈♦♥s ✈✉ ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡ ❝♦♥❝❡r♥❛♥t ❧❛ str✉❝t✉r❡ ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s q✉❡
❧❡s ❝❛t✐♦♥s ♦♥t ❧❡✉r ♣r❡♠✐èr❡ s♣❤èr❡ ❞❡ ❝♦♦r❞✐♥❛t✐♦♥ ♦❝❝✉♣é❡ ♣❛r ❞❡s ❛t♦♠❡s ❞✬♦①②❣è♥❡✳ ❈❡s

✶✾✷



✶✾✸

♦①②❣è♥❡s✱ é❧é♠❡♥ts é❧❡❝tr♦♥é❣❛t✐❢s✱ s♦♥t ♣♦rt❡✉rs ❞❡ ❝❤❛r❣❡s ♥é❣❛t✐✈❡s✱ ❞❛♥s ✉♥❡ ♣r♦♣♦rt✐♦♥
q✉✐ ✈❛ ❞é♣❡♥❞r❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡✳ ❈❡tt❡ ❝❤❛r❣❡ ♥é❣❛t✐✈❡ ✈❛ ♣❡r♠❡ttr❡ ❧❛ st❛❜✐❧✐s❛✲
t✐♦♥ ❞❡ ❧✬é❧é♠❡♥tM ❞❛♥s ✉♥ ét❛t r❡❞♦① ❞♦♥♥é✱ ♣❛r ❡✛❡t ❈♦✉❧♦♠❜✐❡♥✳ ▲❡s ♦r❜✐t❛❧❡s ♣❧❡✐♥❡s ❞❡
❧✬♦①②❛♥✐♦♥ O2− ✈♦♥t ✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡s ♦r❜✐t❛❧❡s ✈✐❞❡s ❞✉ ♠ét❛❧ ▼ ❡t st❛❜✐❧✐s❡r ❝❡ ❞❡r♥✐❡r ♣❛r
✉♥❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ♣❛rt✐❡❧❧❡ ❞❡s é❧❡❝tr♦♥s ❬✹✼❪✳ ❉❛♥s ❧❡ ❝❛s ❞✉ s✐❧✐❝✐✉♠✱ ❝❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st
très ❢♦rt❡♠❡♥t ❝♦✈❛❧❡♥t❡✱ ✐✳❡✳ ❧❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡st très ❢♦rt❡✱ ❛❧♦rs q✉❡ ❞❛♥s ❧❡
❝❛s ❞❡ ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉① ❧❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❡st très ❢❛✐❜❧❡✱ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ♣❧✉tôt ✐♦♥✐q✉❡
✭❈❡tt❡ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❡st r❡❧✐é❡ à ❧❛ ❞✐✛ér❡♥❝❡ ❞✬é❧❡❝tr♦♥é❣❛t✐✈✐té ❞❡s é❧é♠❡♥ts ❡♥ ♣rés❡♥❝❡✮✳
❖♥ ❛♣♣❡❧❧❡r❛ ❞♦♥❝ ❜❛s✐❝✐té ❞✬✉♥ ✈❡rr❡ ❧❛ ❝❛♣❛❝✐té ❞❡ s❡s ♦①②❣è♥❡s à r❡♥❞r❡ ❞✐s♣♦♥✐❜❧❡s ❧❡✉rs
❝❤❛r❣❡s ♣♦✉r ❧❛ st❛❜✐❧✐s❛t✐♦♥ ❞❡s ❝❛t✐♦♥s ♠ét❛❧❧✐q✉❡s✳ ▲❡ t❡r♠❡ ❞❡ ❜❛s✐❝✐té ❞♦✐t êtr❡ ❝♦♠♣r✐s
✐❝✐ ❛✉ s❡♥s ❞❡ ▲❡✇✐s ✿ ✉♥ ✈❡rr❡ ❡st ❞✐t ♣❧✉s ❜❛s✐q✉❡ ❧♦rsq✉❡ ❧❡s ♦①②❣è♥❡s s♦♥t ♣❧✉s ❞♦♥♥❡✉rs
❞✬é❧❡❝tr♦♥s✳ ❆✐♥s✐✱ ❧❡s ❢♦r♠❛t❡✉rs ❞❡ rés❡❛✉ s♦♥t ❞❡s ❛❝✐❞❡s✱ ❡t ❧❡s ♠♦❞✐✜❝❛t❡✉rs ❞❡ rés❡❛✉
❞❡s ❜❛s❡s✳
❖♥ ❛ ✈✉ ❝✐✲❞❡ss✉s q✉❡ ❧✬❛❜s♦r♣t✐♦♥ ♣❡r♠❡tt❛✐t ❞❡ ❞ét❡r♠✐♥❡r ❧✬ét❛t r❡❞♦① ❞✬✉♥ ✐♦♥ ♠ét❛❧✲
❧✐q✉❡✱ ❡❧❧❡ ♣❡r♠❡t ❛✉ss✐ ❞❡ ♠❡s✉r❡r ❧❛ ❜❛s✐❝✐té ❞✬✉♥ ✈❡rr❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s❛ ❝♦♠♣♦s✐t✐♦♥✳
■♠❛❣✐♥♦♥s q✉❡ ❧✬♦♥ ❞✐ss♦❧✈❡ ✉♥ ✐♦♥ ❞❛♥s ✉♥ ✈❡rr❡✳ ▲✬❛❥♦✉t ❞❡ ♠♦❞✐✜❝❛t❡✉rs✱ ❡♥ ✐♥❞✉✐s❛♥t ❧❛
❞é♣♦❧②♠ér✐s❛t✐♦♥ ❞✉ rés❡❛✉ ✈✐tr❡✉①✱ ♣r♦✈♦q✉❡ ✉♥❡ ❤❛✉ss❡ ♣r♦❣r❡ss✐✈❡ ❞❡ ❧❛ ❝❤❛r❣❡ ♥é❣❛t✐✈❡
♣♦rté❡ ♣❛r ❧❡s ♦①②❣è♥❡s ❡t ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❜❛s✐❝✐té ❞✉ ✈❡rr❡✳
▲✬✐♦♥✱ ❛✈❛♥t ❞❡ ❝❤❛♥❣❡r ❞❡ ❞❡❣ré r❡❞♦①✱ ✈❛ ❞✬❛❜♦r❞ s✬❛❝❝♦♠♠♦❞❡r ❞❡ ❝❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡
❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❧♦❝❛❧❡ ✿ s❛ ❝❤❛r❣❡ ❡✛❡❝t✐✈❡ ✈❛ ❞✐♠✐♥✉❡r✱ ❡t ❧✬é♥❡r❣✐❡ ❡♥tr❡ s❡s ♦r❜✐t❛❧❡s
✈❛ êtr❡ ♠♦❞✐✜é❡ ❬✷✷✹❪✳ ❙♣❡❝tr♦s❝♦♣✐q✉❡♠❡♥t✱ ❧❛ ♥❛t✉r❡ ❞❡s tr❛♥s✐t✐♦♥s ♥❡ ✈❛ ♣❛s ❝❤❛♥❣❡r✱
♠❛✐s ♦♥ ✈❛ ♦❜s❡r✈❡r ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❝♦♥t✐♥✉❡s✱ ♣❛r ❡①❡♠♣❧❡ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♣✐❝s ❞✬❛❜✲
s♦r♣t✐♦♥ ❬✷✷✺❪✳ ▲✬é❝❛rt à ❧❛ ♣♦s✐t✐♦♥ ✐♥✐t✐❛❧❡ s❡r❛ ✉♥❡ ♠❡s✉r❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧❛ ❜❛s✐❝✐té ❡t
♦♥ ❧✬❛♣♣❡❧❧❡ ❜❛s✐❝✐té ♦♣t✐q✉❡ ❬✷✷✹❪✳ ❊❧❧❡ ♣❡r♠❡t ❞❡ ❝♦♠♣❛r❡r ❞❡s ✈❡rr❡s ❞✬♦①②❞❡s ❛ ♣r✐♦r✐ ❞❡
❝♦♠♣♦s✐t✐♦♥s très ❞✐✛ér❡♥t❡s✳ ▲❛ ❜❛s✐❝✐té ♦♣t✐q✉❡ ❛ ❛✉ss✐ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ❝❛❧❝✉❧s t❤é♦r✐q✉❡s✳
❉✬❛✉tr❡s ❣r❛♥❞❡✉rs t❡❧❧❡s q✉❡ ❧❡ ❞é❝❛❧❛❣❡ ❝❤✐♠✐q✉❡ ❞❡ ❧✬❖✶s ❞❛♥s ❧❡s s♣❡❝tr❡s ❳P❙ ❞✬♦①②❞❡s
❬✷✷✻❪✱ ♦✉ ❜✐❡♥ ❧❛ ré❢r❛❝t✐✈✐té ❞❡s ✐♦♥s ♦①②❞❡s ❬✷✷✼❪ ♣❡✉✈❡♥t s❡r✈✐r à ♠❡s✉r❡r ❧❛ ❜❛s✐❝✐té ❞❡s
♦①②❞❡s ❡t s♦♥t ❞♦♥❝ r❡❧✐é❡s à ❧❛ ❜❛s✐❝✐té ♦♣t✐q✉❡✳

❆✳✶✳✸ ❊✛❡t ❞❡ ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡

❆ ♣❛rt✐r ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞❡ ré❛❝t✐♦♥ K ❞♦♥♥é❡ ♣❛r ✭✷✳✼✮✱ ♦♥ ❛ ✿

log(pO2) =
4

2(y − x)
log

(
aM2y+

aM2x+

)
+ cste(T, composition, . . .) ✭❆✳✶✮

❛✈❡❝ 2(y−x) ❧❡ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s é❝❤❛♥❣és ❧♦rs ❞❡ ❧❛ ré❛❝t✐♦♥✱ ❡t cste✭❚✱ ❝♦♠♣♦s✐t✐♦♥✱ ✳ ✳ ✳ ✮
❧❡ t❡r♠❡ ❝♦♥t❡♥❛♥t ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ❡t ❧✬❛❝t✐✈✐té ❞❡ O2− ✭✐❧ ❞é♣❡♥❞ ❞♦♥❝ ❢♦rt❡♠❡♥t
❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡✮✳ ▲❛ ✜❣✉r❡ ✷✳✺ r❡♣rés❡♥t❡ ❧✬❡✛❡t ❞❡
❧✬♦①②❣è♥❡ ♠♦❧é❝✉❧❛✐r❡ ♣♦✉r ❞✐✛ér❡♥ts ❝♦✉♣❧❡s r❡❞♦①✳

❆✳✶✳✹ ❊✛❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡

▲✬❡✛❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ s✉r ❧❛ ❝♦♥st❛♥t❡ ❞✬éq✉✐❧✐❜r❡ K ❡st ❞♦♥♥é❡ ♣❛r ❧❛ ❧♦✐ ❞❡ ❱❛♥✬t
❍♦✛ ✿

dlnK

dT
=

∆H

RT
✭❆✳✷✮

♦ù ∆H ❡st ❧❛ ✈❛r✐❛t✐♦♥ ❞✬❡♥t❤❛❧♣✐❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ✭♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ✿ q✉❡❧q✉❡s ❞✐③❛✐♥❡s
❞❡ kJmol−1✮✳ ❊♥ ✜①❛♥t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡ ❛✐♥s✐ q✉❡ ❧❛ ♣r❡ss✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬♦①②❣è♥❡✱



✶✾✹

♦♥ ♦❜t✐❡♥t ❧❛ ✈❛r✐❛t✐♦♥ ❞✉ r❛♣♣♦rt ❡♥tr❡ ❧❛ ❢♦r♠❡ ♦①②❞é❡ ❡t ré❞✉✐t❡ ❞❡ ❧✬✐♦♥ ♠ét❛❧❧✐q✉❡ ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ✿

log

(
aM2y+

aM2x+

)
= − ∆H

2.3RT
+B ✭❆✳✸✮

❋✐❣✳ ❆✳✶✿ ▼❡s✉r❡ ✈♦❧t❛♠étr✐q✉❡ ❞✉ ♣♦t❡♥t✐❡❧ r❡❞♦① ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
♣♦✉r ❞✐✛ér❡♥ts ❝♦✉♣❧❡s ✭❞✬❛♣rès ❬✷✷✽❪✮✳ ✶ ✿ Sb3+/Sb0✱ ✷ ✿ Sb5+/Sb3+✱ ✸ ✿ As3+/As0✱
✹ ✿ As5+/As3+✱ ✺ ✿ Cu2+/Cu+✱ ✻ ✿ Fe3+/Fe2+✱ ✼ ✿ S4+/S0✳

❉❛♥s ❧❛ s✉✐t❡✱ ♥♦✉s ♣❛ss♦♥s ❡♥ r❡✈✉❡ ❧❡s ♣r♦♣r✐étés ♣❤②s✐❝♦❝❤✐♠✐q✉❡s ❞❡s é❧é♠❡♥ts ✉t✐❧✐sés
❞❛♥s ❝❡ tr❛✈❛✐❧✳

❆✳✷ Pr♦♣r✐étés ❞❡s ❝❤❛❧❝♦❣è♥❡s ❞❛♥s ❧❡s ♦①②❞❡s

▲❡s ❝❤❛❧❝♦❣è♥❡s s♦♥t ❡♠♣❧♦②és ♣❛r ❧❡s ✈❡rr✐❡rs ❝♦♠♠❡ ❛❣❡♥ts ❝♦❧♦r❛♥ts ✭❝♦✉❧❡✉r ❥❛✉♥❡✲
♠❛rr♦♥ ❞❡ ❧❡✉r ❢♦r♠❡ ❝❤❛❧❝♦❣é♥✉r❡ ❞❡ ♠ét❛✉① ❞✐✈❡rs✱ ❜❧❡✉❡ ✭S✮ r♦s❡✲r♦✉❣❡ ✭Se✱ Te✮ s♦✉s ❧❛
❢♦r♠❡ é❧é♠❡♥t❛✐r❡✮✱ ❡t s✉rt♦✉t ❝♦♠♠❡ ❛❣❡♥ts ❛✣♥❛♥ts✶ ❞❡ ✈❡rr❡s ❞✬♦①②❞❡s✳ ❖♥ tr♦✉✈❡r❛ ❛✐♥s✐
❜❡❛✉❝♦✉♣ ❞✬ét✉❞❡s ❞❡ ❧❡✉r ♣r♦♣r✐étés ❞❛♥s ❧❡s ✈❡rr❡s ❡♥ ❢✉s✐♦♥✱ q✉✐ s♦♥t rés✉♠é❡s ❝✐✲❞❡ss♦✉s✳
❈❡♣❡♥❞❛♥t✱ ❝❡ tr❛✈❛✐❧ ❡st ❝❡♥tré ❛✉t♦✉r ❞❡s ♣r♦♣r✐étés ❞❡ ♣ré❝✐♣✐t❛t✐♦♥ ✭✐❝✐✱ ❞❡s ❝❤❛❧❝♦❣é♥✉✲
r❡s ❞❡ ♣❧♦♠❜✮✱ ♣♦✉r ❧❡sq✉❡❧s ❧❡s r❡❝✉✐ts ❞❡s ✈❡rr❡s s❡ ❢♦♥t ❛✉① ❛❧❡♥t♦✉rs ❞❡ Tg✱ s♦✐t q✉❡❧q✉❡s
❝❡♥t❛✐♥❡s ❞❡ ❞❡❣rés ❡♥ ❞❡ss♦✉s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❢✉s✐♦♥ ❞❡s ✈❡rr❡s✳ ■❧ ♥✬❡①✐st❡ q✉❡ ♣❡✉
❞✬ét✉❞❡s ❞❡s ♣r♦♣r✐étés ❞❡s ❝❤❛❧❝♦❣è♥❡s ✈❡rs Tg✱ ❡t ❛✉❝✉♥❡ ❝♦♥❝❡r♥❛♥t ❧❡s ♣r♦♣r✐étés ❞❡ ❞✐❢✲
❢✉s✐♦♥✳ ◆♦✉s ❛✈♦♥s ❝♦♠❜❧é ❝❡ ♠❛♥q✉❡ ❛✉ ❝❤❛♣✐tr❡ ✻ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❞✐s❝✉t❡r ❞❡s rés✉❧t❛ts ❞❡
❧❛ ♣ré❝✐♣✐t❛t✐♦♥✳ ❈❡s ❡①♣ér✐❡♥❝❡s ❞❡ ❞✐✛✉s✐♦♥ s♦♥t ❝♦♠♠❡♥té❡s à ❧❛ ❧✉♠✐èr❡ ❞❡s ♣r♦♣r✐étés
♣rés❡♥té❡s ❝✐✲❞❡ss♦✉s✳

❆✳✷✳✶ Pr♦♣r✐étés r❡❞♦①

❚❡①t❡ ❞❡ ré❢ér❡♥❝❡ ✿
✶❧❡ ❜✉t ❞✬✉♥ ❛✣♥❛♥t ❡st ❞✬é❧✐♠✐♥❡r ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❜✉❧❧❡s ❞✬❛✐r ❞❛♥s ❧❡ ✈❡rr❡ ✜♥❛❧✳ ■❝✐✱ ❧✬❛❥♦✉t ❞❡ Na2SO4

♣❡r♠❡t ❧❛ ❧✐❜ér❛t✐♦♥ ❞❡ O2 ❞❛♥s ❧❡ ✈❡rr❡ ❡♥ ❢✉s✐♦♥ s✉✐✈❛♥t ❧❛ ré❛❝t✐♦♥ Na2SO4 → 2Na2O + 2SO2 + O2✱ ❡t
❛✐♥s✐ ❞❡ ❢❛✐r❡ ❣r♦ss✐r ❧❡s ❜✉❧❧❡s ❞✬❛✐r ♣♦✉r ❢❛❝✐❧✐t❡r ❧❡✉r ♠✐❣r❛t✐♦♥ ✈❡rs ❧❛ s✉r❢❛❝❡ ❞✉ ✈❡rr❡✳



✶✾✺

✶✳ ❈❤❡♠✐❝❛❧ ❆♣♣r♦❛❝❤ t♦ ●❧❛ss✱ ▼✳❇✳ ❱♦❧❢✱ ❊❧s❡✈✐❡r ❙❝✐❡♥❝❡ P✉❜❧✐s❤✐♥❣ ❈♦♠♣❛❣♥② ■♥❝✱
◆❡✇ ❨♦r❦✱ ✶✾✽✹ ✿ s♦✉❢r❡ ♣✳✺✷✹✱ s❡❧❡♥✐✉♠ ♣✳✺✹✹✱ t❡❧❧✉r❡ ♣✳✺✺✹✳

❊t❛ts r❡❞♦① ❞❡s ❝❤❛❧❝♦❣è♥❡s ❞❛♥s ❧❡s s✐❧✐❝❛t❡s

▲❡s ❝❤❛❧❝♦❣è♥❡s ✭O✱ S✱ Se✱ Te✱ Po✮ s♦♥t ✉♥❡ ❢❛♠✐❧❧❡ ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ♣ér✐♦❞✐q✉❡ s✐t✉é❡
à ❧❛ ❝♦❧♦♥♥❡ ✶✻ ✭❝♦♥✜❣✉r❛t✐♦♥ é❧❡❝tr♦♥✐q✉❡ ❞✉ t②♣❡ ns2np4✮✳ ■❧s s♦♥t ❝❛r❛❝tér✐sés ♣❛r ✉♥❡
é♥❡r❣✐❡ ❞✬✐♦♥✐s❛t✐♦♥ é❧❡✈é❡ ❡t ❞♦♥♥❡♥t ❢❛❝✐❧❡♠❡♥t ❞❡s ✐♦♥s ❝❤❛❧❝♦❣é♥✉r❡s ✭❞❡❣ré r❡❞♦① ✲■■✮✳
▲✬♦①②❣è♥❡✱ ❧❡ s♦✉❢r❡✱ ❡t ❧❡ sé❧é♥✐✉♠ s♦♥t ❞❡s ♠ét❛❧❧♦ï❞❡s✱ ❛❧♦rs q✉❡ ❧❡ t❡❧❧✉r✐✉♠ ❡t ❧❡ ♣♦❧♦✲
♥✐✉♠ s♦♥t ♣❧✉tôt à ❝❛r❛❝tèr❡ ♠ét❛❧❧✐q✉❡✳ ❆ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❧✬♦①②❣è♥❡✱ ❧❡ s♦✉❢r❡ ❡t ❧❡ sé❧é♥✐✉♠
s✉♣♣♦rt❡♥t ♠❛❧ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥s ♥♦♥ ♣♦♥t❛♥t❡s ✿ ✐❧s ♦♥t ❛❧♦rs t❡♥❞❛♥❝❡ à s✬❛ss♦❝✐❡r
s♦✉s ❢♦r♠❡ ❞❡ ❝❤❛î♥❡s ♣❛r ❡①❡♠♣❧❡ ❞❡ ♣♦❧②s✉❧❢✉r❡s ♦✉ ❞❡ ♣♦❧②sé❧é♥✉r❡s✳ ▼❛✐s ❧❡s ❝❤❛❧❝♦❣è♥❡s
❡①✐st❡♥t ❛✉ss✐ s♦✉s ❞❡ ♥♦♠❜r❡✉① ❛✉tr❡s ét❛ts r❡❞♦① ❞♦♥t ❧❡s ♣r♦♣♦rt✐♦♥s r❡s♣❡❝t✐✈❡s ✈♦♥t
❞é♣❡♥❞r❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ✈❡rr❡✱ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡ ❧❛ ❞✉ré❡ ❞❡ ❧❛ ❢✉s✐♦♥ ❡t ❞❡s
♣r❡ss✐♦♥s ♣❛rt✐❡❧❧❡s ❞❡ ❣❛③ ❛✉✲❞❡ss✉s ❞✉ ✈❡rr❡ ❡♥ ❢✉s✐♦♥ ✭♣❛rt✐❡ ✷✳✷✮✳ ❉❛♥s ❧❡s s✐❧✐❝❛t❡s✱ ♦♥
tr♦✉✈❡ ❣é♥ér❛❧❡♠❡♥t ❧❡ s♦✉❢r❡ ❞❛♥s ❧❡s ét❛ts r❡❞♦① ✲■■ ❡t ✰❱■✱ ❧❡ sé❧é♥✐✉♠ ❡t ❧❡ t❡❧❧✉r❡ ❞❛♥s
❧❡s ét❛ts ✲■■✱ ✵ ❡t ✰■❱✳ ❈❡ s♦♥t ❧❡s ❢♦r♠❡s ♦①②❞é❡s q✉✐ s♦♥t très ✈♦❧❛t✐❧❡s ✭T > 317✝C ♣♦✉r
SeO2✱ T > 450✝C ♣♦✉r TeO2 ♣❛r ❡①❡♠♣❧❡✮✱ ❡t ❞♦♥❝ r❡s♣♦♥s❛❜❧❡s ❞❡ ❧❛ ❢❛✐❜❧❡ rét❡♥t✐♦♥ ❞❡s
❝❤❛❧❝♦❣è♥❡s ❞❛♥s ❧❡s s✐❧✐❝❛t❡s✳ ▲❡s ❡s♣è❝❡s r❡❞♦① ❞❡ ❞❡❣ré ✲■■ s♦♥t s♦✉✈❡♥t r❡♥❝♦♥tré❡s s♦✉s
❢♦r♠❡ ❞❡ ❝❤❛î♥❡s ❞❡ ♣♦❧②✲❝❤❛❧❝♦❣é♥✉r❡s✱ ❞♦♥❝ ❛ ♣r✐♦r✐ ♣❡✉ ♠♦❜✐❧❡s ❞❛♥s ❧❛ ♠❛tr✐❝❡✳ ❊♥✜♥✱
❧❡ t❡❧❧✉r❡ ❛t♦♠✐q✉❡ ✭r❡❞♦① ✵✮ ❡st s♦✉✈❡♥t r❡♥❝♦♥tré s♦✉s ❢♦r♠❡ ♣ré❝✐♣✐té❡✳

❚❡ ❉❛♥s ❧❡s ✈❡rr❡s s✐❧✐❝❛t❡s✱ t♦✉t❡s ❧❡s ❢♦r♠❡s ❛✉tr❡s q✉❡ ❧❛ ♥❡✉tr❡ s♦♥t r❡❧❛t✐✈❡♠❡♥t ✐♥✲
st❛❜❧❡s ✿ ❧❡s ♦①②❞❡s TeO3 ❡t TeO s♦♥t ✐♥st❛❜❧❡s à ❤❛✉t❡ t❡♠♣ér❛t✉r❡ ❡t s❡ ré❞✉✐s❡♥t
♦✉ s✬♦①②❞❡♥t✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❡♥ TeO2✳ ❈❡ ❞❡r♥✐❡r ét❛♥t ✈♦❧❛t✐❧❡✱ ✐❧ ♥✬❡st ❝♦✉r❛♠♠❡♥t
♣❛s ♦❜s❡r✈é ❞❛♥s ❧❡s s✐❧✐❝❛t❡s ❝♦♥t❡♥❛♥t ❞✉ ❚❡✳ ▲❡s t❡❧❧✉r❛t❡s ✭❝♦♠♠❡ Na2TeO4✮ s♦♥t
✐♥st❛❜❧❡s ✈✐s à ✈✐s ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ SiO2 ✭Na2TeO4+SiO2 → Na2SiO3+TeO3✱ TeO3

ét❛♥t ✐♥st❛❜❧❡ s❡ ❞é❝♦♠♣♦s❡ r❛♣✐❞❡♠❡♥t ❡♥ TeO2✮✳ ❊♥✜♥✱ ❧❡s t❡❧❧✉r❡s✱ q✉✐ ♣❡✉✈❡♥t é✈❡♥✲
t✉❡❧❧❡♠❡♥t s❡ ❢♦r♠❡r ❞❛♥s ❞❡s ✈❡rr❡s ♣❧✉tôt ❛❝✐❞❡s✱ s♦♥t ✐♥st❛❜❧❡s à ❤❛✉t❡ t❡♠♣ér❛t✉r❡✳

❙❡ ➪ ❧❛ ❞✐✛ér❡♥❝❡ ❞✉ Te✱ ♦♥ ♣❡✉t ♠♦❞✐✜❡r ❧✬ét❛t r❡❞♦① ❞✉ sé❧é♥✐✉♠ s✉r ✉♥❡ ❣❛♠♠❡ ♣❧✉s
❧❛r❣❡ à ❧✬❛✐❞❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢✉s✐♦♥✳ ▲♦rsq✉✬❡❧❧❡s s♦♥t très ré❞✉❝tr✐❝❡s✱ ♦♥ tr♦✉✈❡r❛
♣❧✉tôt ❞❡s sé❧é♥✐✉r❡ ❡t ♣♦❧②✲sé❧é♥✐✉r❡s✱ ❧❡ sé❧é♥✐✉♠ ❛t♦♠✐q✉❡ ❛♣♣❛r❛îtr❛ ❧♦rsq✉❡ ❧❡s
❝♦♥❞✐t✐♦♥s ré❞✉❝tr✐❝❡s s❡r♦♥t ❛❞♦✉❝✐❡s✳ ❊♥ ❝♦♥❞✐t✐♦♥s ♦①②❞❛♥t❡s✱ ♦♥ tr♦✉✈❡r❛ ✉♥ ♠é✲
❧❛♥❣❡ ❞❡ sé❧é♥✐t❡s ❡t ❞❡ sé❧é♥✐✉♠ ❛t♦♠✐q✉❡✳ ▲❡s sé❧é♥❛t❡s ♥❡ s❡ r❡♥❝♦♥tr❡♥t q✉❡ très
r❛r❡♠❡♥t✳

❙ ❈✬❡st ❞❛♥s ❝❡ ❝❛s q✉❡ ❧❡s ét✉❞❡s ❧❡s ♣❧✉s ♥♦♠❜r❡✉s❡s ♦♥t été ré❛❧✐sé❡s ✭à ❝❛✉s❡ ❞❡ s♦♥ rô❧❡
✐♠♣♦rt❛♥t ❞✬❛✣♥❛♥t✮✳ ❊❧❧❡s s♦♥t ♣❛ssé❡s ❡♥ r❡✈✉❡ ♣❛r ❙❤❡❧❜② ❬✷✷✾❪✳ ❉❛♥s ❧❡s ✈❡rr❡s
s✐❧✐❝❛t❡s✱ ❧❡ s♦✉❢r❡ s❡ r❡♥❝♦♥tr❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t s♦✉s ❢♦r♠❡ ❞❡ s✉❧❢❛t❡s ✭❝♦♥❞✐t✐♦♥s ♦①②✲
❞❛♥t❡s✮ ❬✷✸✵❪ ♦✉ ❞❡ s✉❧❢✉r❡s ✭❝♦♥❞✐t✐♦♥s ré❞✉❝tr✐❝❡s✮ ❬✹✻✱ ✷✸✶✱ ✷✸✷❪✳ ▲❡s ♣r❡ss✐♦♥s ♣❛r✲
t✐❡❧❧❡s ♠✐♥✐♠✉♠ ❞✬♦①②❣è♥❡ ♣♦✉r tr❛♥s❢♦r♠❡r ❧❡s s✉❧❢✉r❡s ❡♥ s✉❧❢❛t❡s s♦♥t ✈❛r✐❛❜❧❡s
s✉✐✈❛♥t ❧❛ ❝♦♠♣♦s✐t✐♦♥✱ ♣❛r ❡①❡♠♣❧❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 10−3 ❛t♠ ♣♦✉r ❞❡s s✐❧✐❝❛t❡s ❜✐♥❛✐r❡s
❢♦♥❞✉s✳ ❙♦✉s ❛✐r ❡t ❛✉✲❞❡ss✉s ❞❡ 900✝C✱ ❧❡s s✉❧❢✉r❡s ❞✬❛❧❝❛❧✐♥s s❡ ❞é❝♦♠♣♦s❡♥t✱ s❡✉❧s
❧❡s s✉❧❢✉r❡s ❞❡ ♠ét❛✉① ❞❡ tr❛♥s✐t✐♦♥ ❡t ❞❡ Pb s♦♥t st❛❜❧❡s à ♣❧✉s ❤❛✉t❡ t❡♠♣ér❛t✉r❡✳
▲❡s s✉❧✜t❡s s♦♥t ♠✐♥♦r✐t❛✐r❡s ❝❛r ✐❧s s❡ ❞é❝♦♠♣♦s❡♥t ❛✉✲❞❡ss✉s ❞❡ 500✝C✳

▲✬ét❛t r❡❞♦① ❞❡s ❝❤❛❧❝♦❣è♥❡s ♣❡✉t êtr❡ ♠❡s✉ré ♣❛r ❞✐✈❡rs❡s t❡❝❤♥✐q✉❡s s♣❡❝tr♦s❝♦♣✐q✉❡s
❝♦♠♠❡ ❧✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ✭❧❡s ❞❡❣rés r❡❞♦① ✲■■ ❡t ✵ s♦♥t s♦✉✈❡♥t ❝♦❧♦rés ❛❧♦rs q✉❡ ❧❡s ❢♦r♠❡s
♦①②❞é❡s ✰■❱ ❡t ✰❱■ s♦♥t ✐♥❝♦❧♦r❡s✮✱ ♠❛✐s ❛✉ss✐ ♣❛r ❞❡s ❡①♣ér✐❡♥❝❡s ❞✬❊❳❆❋❙✱ ♦✉ ❞❡ ❘P❊✳



✶✾✻

P❛r ❡①❡♠♣❧❡✱ ✉♥ ✈❡rr❡ SiO2 −K2O −CaO ❢♦♥❞✉ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ré❞✉❝tr✐❝❡s ❡t ❛✉q✉❡❧
❛ été r❛❥♦✉té ❞✉ sé❧é♥✐✉♠ s♦✉s ❢♦r♠❡ é❧é♠❡♥t❛✐r❡ ❡①❤✐❜❡ ♣❛r ❊❳❆❋❙ ❛✉ s❡✉✐❧ ❞✉ ❙❡ ✉♥❡
str✉❝t✉r❡ ❝❛r❛❝tér✐st✐q✉❡ ❞✉ sé❧é♥✐t❡ ❞✬❛❧❝❛❧✐♥ ✭t②♣❡ Na2SeO3✮✱ ❞♦♥❝ ❞❡ ❧❛ ❢♦r♠❡ ✰■❱ ❞❡ Se
❬✷✸✸❪✳ ▲✬✐rr❛❞✐❛t✐♦♥ ❞❡ s✐❧✐❝❛t❡s ❞✬❛❧❝❛❧✐♥s ♦✉ ❞❡ ❜♦r❛t❡s ❞✬❛❧❝❛❧✐♥s ❝♦♥t❡♥❛♥t ❞✉ s♦✉❢r❡ ✐♥❞✉✐t
❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❡♥tr❡s ✈✐s✐❜❧❡s ❡♥ ❘P❊✱ ❛ttr✐❜✉❛❜❧❡s à ❞❡s r❛❞✐❝❛✉① ❞❡ ♣♦❧②s✉❧❢✉r❡s ❛✐♥s✐
q✉❡ ❧✬❛♥✐♦♥ SO−

3 ✐ss✉ ❞✉ ♣✐é❣❡❛❣❡ ❞✬✉♥ tr♦✉ s✉r ✉♥ s✉❧✜t❡ ❬✷✸✹❪✳

■♠♣♦rt❛♥❝❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❞✉r❛♥t ❧❛ ❢✉s✐♦♥ ❞✉ ✈❡rr❡

❉✉ ❢❛✐t ❞❡ ❧❛ ❢♦rt❡ ✈♦❧❛t✐❧✐té ❞❡s ❡s♣è❝❡s ♦①②❞é❡s ❞❡ ❝❤❛❧❝♦❣é♥✉r❡s ❡t ❞❡ ❧❡✉r ❝♦❡✣❝✐❡♥t ❞❡
❞✐✛✉s✐♦♥ ✐♠♣♦rt❛♥t à ❧✬ét❛t ❢♦♥❞✉✱ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❞❡ ❢✉s✐♦♥ ❥♦✉❡ ✉♥ ❣r❛♥❞
rô❧❡✳ ❊❧❧❡ ✈❛ ❞ét❡r♠✐♥❡r ✭✐✮ ❧❛ q✉❛♥t✐té s♦❧✉❜❧❡ ❞✉ ❝❤❛❧❝♦❣è♥❡s ❞❛♥s ❧❡ ✈❡rr❡ ✭❧♦✐ ❞❡ ❍❡♥r②✮✱
✭✐✐✮ ❞é♣❧❛❝❡r ❧❡s éq✉✐❧✐❜r❡s r❡❞♦① ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ❢♦r♠❡s r❡❞♦①✳ ■❧ ❢❛✉t ❞♦♥❝ ♣r❡♥❞r❡ ❡♥
❝♦♠♣t❡ ❧❡s ♣r❡ss✐♦♥s ♣❛rt✐❡❧❧❡s ❞❡ O2✱ ♠❛✐s ❛✉ss✐ ❞❡ SO2 ❡t SO3 ❞❛♥s ❧✬ét❛❜❧✐ss❡♠❡♥t ❞❡
❧✬éq✉✐❧✐❜r❡ r❡❞♦① ❡♥ ♣rés❡♥❝❡ ❞❡ s♦✉❢r❡✳ P❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡ ❝❛s ❞✉ s♦✉❢r❡✱ ❙❝❤r❡✐❜❡r ❡t ❛❧✳
❬✹✻✱ ✷✸✺❪ ♣r♦♣♦s❡♥t ❧❡s ré❛❝t✐♦♥s r❡❞♦① s✉✐✈❛♥t❡s ✿

SO2 +
1

2
O2 ⇋ SO3 ✭❆✳✹✮

❧❡ SO2 ❡t SO3 ét❛♥t ❡♥ éq✉✐❧✐❜r❡ s✉✐✈❛♥t ❧❛ ❧♦✐ ❞❡ ❍❡♥r② ❡♥tr❡ ❧✬❛t♠♦s♣❤èr❡ ❡t ❧❡ ✈❡rr❡ ❡♥
❢✉s✐♦♥✳ ❉❡ ♣❧✉s✱ ✐❧ ❡st ❣é♥ér❛❧❡♠❡♥t ❛❞♠✐s q✉❡ ❧❡ s♦✉❢r❡ ❞❡ ❞❡❣ré r❡❞♦① ✰■❱ ❡t ✰❱■ ❡st
✐♥❝♦r♣♦ré ❞❛♥s ❧❡ ✈❡rr❡ s♦✉s ❢♦r♠❡ ❞✬♦①②❛♥✐♦♥s s✉❧✜t❡ SO2−

3 ❡t s✉❧❢❛t❡ SO2−
4 ✱ s✉✐✈❛♥t ❧❡s

ré❛❝t✐♦♥s ✿
SO3 +O2−

verre ⇋ SO2−
4 ✭❆✳✺✮

SO2 +O2−
verre ⇋ SO2−

3 ✭❆✳✻✮

❊♥✜♥ ❧❡s ❢♦r♠❡s ♦①②❞é❡s s♦♥t ❡♥ éq✉✐❧✐❜r❡ ❛✈❡❝ ❧❛ ❢♦r♠❡ s✉❧❢✉r❡ ✿

SO2 +O2−
verre ⇋ S2− +

3

2
O2 ✭❆✳✼✮

SO3 +O2−
verre ⇋ S2− + 2O2 ✭❆✳✽✮

SO2−
4 ⇋ S2− + 2O2 ✭❆✳✾✮

❆✐♥s✐✱ ✉♥ ✈❡rr❡ ♣ré♣❛ré ❛✈❡❝ ❞❡s ♠❛t✐èr❡s ♣r❡♠✐èr❡s ❡①❡♠♣t❡s ❞❡ s♦✉❢r❡ ♠❛✐s ❢♦♥❞✉ s♦✉s
✉♥❡ ❛t♠♦s♣❤èr❡ ❝♦♥t❡♥❛♥t ❞✉ SO2 ♦✉ ❞✉ SO3 ✐♥❝♦r♣♦r❡r❛ ❞❡s s✉❧❢❛t❡s ❞❛♥s s❛ str✉❝t✉r❡✱
❣râ❝❡ à ❧❛ ❞✐✛✉s✐♦♥ ❞❡s ♦①②❞❡s ❞❡ s♦✉❢r❡ ❞❛♥s ❧❡ ✈❡rr❡ ❢♦♥❞✉✳

❉✬❛♣rès ❝❡s ré❛❝t✐♦♥s✱ ❧❛ s♦❧✉❜✐❧✐té ❞✉ s♦✉❢r❡ s♦✉s ❢♦r♠❡ ❞❡ s✉❧❢❛t❡ ✈❛ ❡♥ ❞é❝r♦✐ss❛♥t ❛✉
❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧✬❛t♠♦s♣❤èr❡ ❞❡✈✐❡♥t ré❞✉❝tr✐❝❡ ♦✉ q✉❡ ❧✬❛❝✐❞✐té ❞✉ ✈❡rr❡ ❡♥ ❢✉s✐♦♥ ❛✉❣✲
♠❡♥t❡ ✭♣❛r ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞✬❛❧❝❛❧✐♥s ♣❛r ❡①❡♠♣❧❡✮✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞❡ s✉❧❢✉r❡ ❡st
❢❛✈♦r✐sé❡ ♣❛r ✉♥❡ ❛t♠♦s♣❤èr❡ ré❞✉❝tr✐❝❡ ❡t ✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ♣❧✉s ❜❛s✐q✉❡✳
▲❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡♥tr❛î♥❡ ✉♥❡ ♣❧✉s ❢❛✐❜❧❡ s♦❧✉❜✐❧✐té ❞✉ s♦✉❢r❡ s♦✉s s❛ ❢♦r♠❡
s✉❧❢❛t❡✳ ▲✬ét✉❞❡ ✈♦❧t❛♠étr✐q✉❡ ❞❡ ❘üss❡❧ ❬✷✸✻❪ ♠♦♥tr❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ r❡❞♦①
❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡ ♣♦✉r ❧❡s ❝♦✉♣❧❡s r❡❞♦① ✰■❱✴✵ ❞❡ S✱ Se ❡t Te✳



✶✾✼

Pr♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥

❱✳❆✳ ❩❤❛❜r❡✈ ❡t ❛❧✳ ❬✺✷❪ ♦♥t ré❝❡♠♠❡♥t ♣❛ssé ❡♥ r❡✈✉❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❞✐✛✉s✐♦♥
❝♦♥t❡♥✉❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ ❖♥ ❝♦♥st❛t❡ q✉❡ ❧❡s ét✉❞❡s ❞❡s ♣r♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥ ❞❡s
❝❤❛❧❝♦❣è♥❡s ❞❛♥s ❧❡s ✈❡rr❡s s♦♥t très r❛r❡s✳
P♦✉r ✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ✈❡rr❡ ✉t✐❧✐sé❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ ✭✶✻Na2O ✶✵CaO ✼✹SiO2✮ ❬✷✸✻❪✱ ❧❡
❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ❞✉ t❡❧❧✉r✐✉♠ s♦✉s s❛ ❢♦r♠❡ TeO2 ❛ été ❞ét❡r♠✐♥é ❡♥tr❡ ✽✵✵ ❡t 1300
✝C ✭10−7✲10−9 cm2s−1✮✳
▲❡s ♣r♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥ ❞✉ s♦✉❢r❡ ♦♥t été ét✉❞✐é❡s ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❛❧✉♠✐♥♦s✐❧✐❝❛t❡ ✭✸✼CaO
✶✵Al2O3 ✺✸SiO2✮ ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡ 1360−1520✝C ❬✷✸✼❪✳ ❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱
♦♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❛ ❢♦r♠❡ ♠♦❜✐❧❡ ❞✉ s♦✉❢r❡ ❞❛♥s ✉♥ ♦①②❞❡ ❡st ❧❛ ❢♦r♠❡ ♦①②❞é❡ SO3 ♦✉ SO2−

4 ✳

❆✳✸ Pr♦♣r✐étés ❞✉ ♣❧♦♠❜ ❞❛♥s ❧❡s s✐❧✐❝❛t❡s

❘ô❧❡ str✉❝t✉r❛❧ ❞❡ ❧✬♦①②❞❡ ❞❡ ♣❧♦♠❜

▲❡ ♣❧♦♠❜ s❡ r❡♥❝♦♥tr❡ ❧❡ ♣❧✉s ❝♦✉r❛♠♠❡♥t s♦✉s s❛ ❢♦r♠❡ ✭✰■■✮ PbO ❞❛♥s ❧❡s ♦①②❞❡s✳
❉❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ♣❛rt✐❝✉❧✐èr❡s✱ ♦♥ ❧❡ tr♦✉✈❡ ❛✉ss✐ s♦✉s ❢♦r♠❡ ré❞✉✐t❡ ♣ré❝✐♣✐té❡ ✭❝♦♥❞✐✲
t✐♦♥s ré❞✉❝tr✐❝❡s ❞❡ ❢✉s✐♦♥✮ ♠❛✐s ❛✉ss✐ s♦✉s ❢♦r♠❡ ♦①②❞é❡ Pb2O ✭❡①✐st❡♥❝❡ ♣♦ss✐❜❧❡ ❞❛♥s
❞❡s ✈❡rr❡s très ❝♦♥❝❡♥trés ❡♥ Pb ❢♦♥❞✉s ❡♥ ✉t✐❧✐s❛♥t Pb(NO3)2 ❝♦♠♠❡ ♠❛t✐èr❡ ♣r❡♠✐èr❡✮✳
▲✬♦①②❞❡ ❞❡ PbO s❡ ✈♦❧❛t✐❧✐s❡ à ♣❛rt✐r ❞❡ t❡♠♣ér❛t✉r❡s ❞❡ ❧✬♦r❞r❡ ❞❡ 900✝C ❬✷✸✽❪✳
❉✉ ♣♦✐♥t ❞❡ ✈✉❡ str✉❝t✉r❛❧✱ ❧❡ ♣❧♦♠❜ ❡st ❞✐t ❢♦r♠❛t❡✉r ❞❡ rés❡❛✉ ❝♦♥❞✐t✐♦♥♥❡❧ ✿ s❡✉❧✱ ✐❧ ♥❡
♣❡✉t ❢♦r♠❡r ❞❡ ✈❡rr❡ st❛❜❧❡✱ s❛ ❝♦♦r❞✐♥❡♥❝❡ ét❛♥t ✐♥❢ér✐❡✉r❡ à ❞❡✉① ✭❝✬❡st ✉♥ ❞❡s ❝r✐tèr❡s ❞❡
❢♦r♠❛t✐♦♥s ❞✬✉♥ ✈❡rr❡ ❞✬♦①②❞❡ ♣♦sé ♣❛r ❩❛❝❤❛r✐❛s❡♥✮✳ ▼❛✐s ❡♥ ❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ✉♥ ❢♦r♠❛t❡✉r
❞❡ rés❡❛✉ ✭♣❛r ❡①❡♠♣❧❡ SiO2✮ ♣rés❡♥t ♠ê♠❡ ❡♥ ❢❛✐❜❧❡ q✉❛♥t✐té✱ ♦♥ ♦❜t✐❡♥t ❞❡s ✈❡rr❡s st❛❜❧❡s✳
▲❡ Pb s✬✐♥sèr❡ ❞❛♥s ❧❛ str✉❝t✉r❡ ✈✐tr❡✉s❡ ❞❡ ♠❛♥✐èr❡ ❞✐✛ér❡♥t❡ s✉✐✈❛♥t s❛ ❝♦♥❝❡♥tr❛t✐♦♥✳ P❛r
❡①❡♠♣❧❡ ❞❛♥s ✉♥ ✈❡rr❡ ❜✐♥❛✐r❡ SiO2 − PbO✱ ❡♥ ❞❡ss♦✉s ❞❡ ✷✵✲✹✵ ♠♦❧✪ ❞❡ PbO✱ ❧❡ ♣❧♦♠❜ s❡
tr♦✉✈❡ ❡♥ ♣♦s✐t✐♦♥ ❞❡ ♠♦❞✐✜❝❛t❡✉r✱ à ❝❛r❛❝tèr❡ ✐♦♥✐q✉❡ r❡❧❛t✐✈❡♠❡♥t ♠❛rq✉é✳ P❛r ❝♦♥tr❡ ❛✉
❞❡ss✉s ❞❡ ❝❡ s❡✉✐❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ s❛ ❧✐❛✐s♦♥ ❛✈❡❝ ❧✬♦①②❣è♥❡ ❞✉ rés❡❛✉ ✈✐tr❡✉① ❛❝q✉✐❡rt ✉♥
❝❛r❛❝tèr❡ ♣❧✉s ❝♦✈❛❧❡♥t✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ❧❛ ❢♦rt❡ ♣♦❧❛r✐s❛❜✐❧✐té ❞✉ Pb ❧✉✐ ♣❡r♠❡t ❞❡ s❡
str✉❝t✉r❡r ❡♥ ♣♦❧②è❞r❡s PbO3 ♦✉ PbO4 r❡❧✐és ❡♥tr❡ ❡✉① ❡t ❛ss✉r❛♥t ❧❛ ❝♦❤és✐♦♥ ❞✉ ✈❡rr❡ à ♠❡✲
s✉r❡ q✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ Pb ❛✉❣♠❡♥t❡ ✭✈♦✐r ❬✷✸✾✱ ✷✹✵✱ ✷✹✶❪ ❡t ré❢ér❡♥❝❡s q✉✐ ② s♦♥t ❝✐té❡s✮✳

▼♦❜✐❧✐té

▲❡s ♣r♦♣r✐étés ❞❡ ❞✐✛✉s✐♦♥ ❞✉ ♣❧♦♠❜ ❞❛♥s ❧❡s ♦①②❞❡s ♦♥t été ét✉❞✐é❡s à ❧✬ét❛t ❢♦♥❞✉ ♣♦✉r
❝❡rt❛✐♥❡s ❝♦♠♣♦s✐t✐♦♥s ❞❡ ✈❡rr❡ ✭✈♦✐r ❧❛ r❡✈✉❡ ❞❡ ❱✳❆✳ ❩❤❛❜r❡✈ ❡t ❛❧✳ ❬✺✷❪✮✳ ❖♥ tr♦✉✈❡ ❛✉ss✐
✉♥ ♣❡t✐t ♥♦♠❜r❡ ❞✬ét✉❞❡s ♣♦✉r ❞❡s t❡♠♣ér❛t✉r❡s ❡♥ ❞❡ss♦✉s ❞❡ Tg ✿ ✉♥❡ é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥
❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ 1, 1 eV ❡st tr♦✉✈é❡ ❞❛♥s ✉♥ ✈❡rr❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ PbO−SiO2 ❬✷✹✷❪ ❀ ❞❛♥s ❧❡
✈❡rr❡ 2B2O3−PbO✱ ❉❡ ▲✉❝❛ ❡t ❛❧✳ ❬✷✹✸❪ tr♦✉✈❡♥t D(480✝C) = 1, 4×10−12 cm2s−1 ❛✈❡❝ ✉♥❡
é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ✵✱✻ ❡❱✳ ❉❛♥s ❝❡s ✈❡rr❡s✱ ❧❛ ❢❛✐❜❧❡ é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ ❧❛ ❞✐✛✉s✐♦♥
❡st ♣r♦❜❛❜❧❡♠❡♥t ❞✉❡ à ❧❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞✉ Pb ❞❛♥s ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✉ rés❡❛✉ ✈✐tr❡✉①✳ ❊♥✜♥✱
❧✬ét✉❞❡ ré❛❧✐sé❡ ❞❛♥s ❧❡ ✈❡rr❡ ❧❡ ♣❧✉s ♣r♦❝❤❡ ❞❡ ♥♦tr❡ ❝❛s ✭70 SiO2✱ 11, 5 Al2O3✱ 10 CaO✱
8, 5 Na2O✮ ❛ été ❢❛✐t❡ ♣❛r ❈❤❡♥❣②✉ ❡t ❛❧✳ ❬✻✸❪ ✿ ✐❧ tr♦✉✈❡ ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡
580 − 620✝C ✉♥❡ é♥❡r❣✐❡ ❞✬❛❝t✐✈❛t✐♦♥ ❞❡ 3 eV ❡t D(600✝C) = 3, 6 × 10−15 cm2s−1✳



❆♥♥❡①❡ ❇

Pr♦♣r✐étés ♦♣t✐q✉❡s ❞❡s
♥❛♥♦❝r✐st❛✉①

▲❡s ♥❛♥♦❝r✐st❛✉① ét✉❞✐és ❞❛♥s ❝❡ tr❛✈❛✐❧ s♦♥t ❞❡ ♥❛t✉r❡ s♦✐t ♠ét❛❧❧✐q✉❡ s♦✐t s❡♠✐❝♦♥❞✉❝✲
tr✐❝❡✳ ▲❡✉rs ♣r♦♣r✐étés ♦♣t✐q✉❡s ❞❛♥s ❧❛ ❣❛♠♠❡ ❞✉ ✈✐s✐❜❧❡ à ❧✬✐♥❢r❛r♦✉❣❡ ✭❣❛♠♠❡ ❞❛♥s ❧❛q✉❡❧❧❡
❧❡s ✈❡rr❡s ✉t✐❧✐sés ❝♦♠♠❡ ♠❛tr✐❝❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ s♦♥t ❣é♥ér❛❧❡♠❡♥t tr❛♥s♣❛r❡♥ts ✮ s♦♥t ❞♦♥❝
❞❡ ♥❛t✉r❡s très ❞✐✛ér❡♥t❡s✳ ▲❡s ❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s ♣rés❡♥t❡♥t ✉♥❡ ❛❜s♦r♣t✐♦♥ ❞✉❡ à ❧❛ rés♦✲
♥❛♥❝❡ ♣❧❛s♠♦♥ ❞❡s é❧❡❝tr♦♥s ❞❡ ❝♦♥❞✉❝t✐♦♥ à ❧❛ s✉r❢❛❝❡ ❞❡s ❛❣ré❣❛ts ✭♣❛rt✐❡ ❇✳✷✮✱ ❛❧♦rs q✉❡ ❧❡s
❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs ✈♦✐❡♥t ❧❡✉r ❣❛♣ é❧❡❝tr♦♥✐q✉❡ ♠♦❞✐✜é ♣❛r ❧❡ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡
❞❡s ♣♦rt❡✉rs ❞❡ ❝❤❛r❣❡ ✭♣❛rt✐❡ ❇✳✸✮✳ ❉❛♥s ❝❡tt❡ ❛♥♥❡①❡✱ ♥♦✉s ♣rés❡♥t❡r♦♥s ❧❡s ♣r✐♥❝✐♣❛❧❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡✉r ❞é♣❡♥❞❛♥❝❡ ❛✈❡❝ ❧❛ t❛✐❧❧❡ ❞❡s
❛❣ré❣❛ts✱ ♠❛✐s ❛✉ss✐ ❧❡✉r ❣r❛♥❞❡ s❡♥s✐❜✐❧✐té à ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡①tér✐❡✉r✳ ❯♥❡ ✐❧❧✉str❛t✐♦♥ ❞❡
❝❡ ❞❡r♥✐❡r ♣♦✐♥t ❡st ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ ❞❡s ♣❛✐r❡s é❧❡❝tr♦♥✲tr♦✉ ♣❤♦t♦❝réé❡s ❞❛♥s ❧❡s ❛❣ré❣❛ts
s❡♠✐❝♦♥❞✉❝t❡✉rs ♣❛r ❧❡s ét❛ts ❧♦❝❛❧✐sés ❞❡ s✉r❢❛❝❡ ✭♣r♦♣r✐étés ❞❡ P▲ ❡♥ ♣❛rt✐❡ ❇✳✸✳✹✮✳

❇✳✶ ■♥tr♦❞✉❝t✐♦♥

▲❡s ♣r♦♣r✐étés ❞❡ s♦❧✐❞❡s ❝r✐st❛❧❧✐♥s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❞é❝r✐t❡s s❛♥s ré❢ér❡♥❝❡ à ❧❡✉r t❛✐❧❧❡✳
❈❡♣❡♥❞❛♥t ❝❡❧❧❡✲❝✐ ❥♦✉❡ ✉♥ rô❧❡ ❝r♦✐ss❛♥t ❧♦rsq✉✬❡❧❧❡ ❡♥tr❡ ❞❛♥s ✉♥❡ ❣❛♠♠❡ ✐♥❢ér✐❡✉r❡ à 10 nm✳
❉✉r❛♥t ❧❡s q✉✐♥③❡ ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❡✉r t❛✐❧❧❡ ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡
✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣r♦♣r✐étés ♣❛r❢♦✐s très ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s ❞✉ ♠❛tér✐❛✉ ♠❛ss✐❢✳

▲✬❡①❡♠♣❧❡ ❧❡ ♣❧✉s t②♣✐q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡s s❡♠✐❝♦♥❞✉❝t❡✉rs ❡st ❝❡❧✉✐ ❞✉ s✉❧❢✉r❡ ❞❡ ❝❛❞✲
♠✐✉♠ CdS✱ s❡♠✐❝♦♥❞✉❝t❡✉r ❞♦♥t ❧❡ ❣❛♣ é❧❡❝tr♦♥✐q✉❡ ♣❡✉t êtr❡ ❛❥✉sté ❡♥tr❡ 2, 5 ❡t 4 eV ✱ ❛❧♦rs
q✉❡ ❧❡ t❡♠♣s ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ r❛❞✐❛t✐✈❡ ❞✉ ♥✐✈❡❛✉ ❞✬❡①❝✐t❛t✐♦♥ ♣❡r♠✐s ❧❡ ♣❧✉s ❜❛s ✈❛r✐❡ ❞❡
♣❧✉s✐❡✉rs ♥❛♥♦s❡❝♦♥❞❡s à q✉❡❧q✉❡s ❢r❛❝t✐♦♥s ❞❡ ♣✐❝♦s❡❝♦♥❞❡s ❬✷✹✹❪✳ ❚♦✉❥♦✉rs ❞❛♥s ❧❡ ♠ê♠❡
♦r❞r❡ ❞✬✐❞é❡✱ ❧✬é♥❡r❣✐❡ r❡q✉✐s❡ ♣♦✉r ❛❥♦✉t❡r ✉♥❡ ❝❤❛r❣❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❡st ❛❝❝r✉❡ ❞❡ 0, 5 eV
❬✷✹✺❪✱ ❡t ❧❡s ♥♦t✐♦♥s ❝❧❛ss✐q✉❡s ❞❡ tr❛♥s♣♦rt ❞❡ ❝❤❛r❣❡ ♥❡ s✬❛♣♣❧✐q✉❡♥t ♣❧✉s ❀ ❧❛ t❡♠♣ér❛t✉r❡
❞❡ ❢✉s✐♦♥ ❞✐♠✐♥✉❡ ❞❡ 1600✝C à 400✝C ❬✷✹✻❪✳ ▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ♣r♦♣r✐étés ❡st ♦❜t❡♥✉ ❡♥
❞✐♠✐♥✉❛♥t ❧❛ t❛✐❧❧❡ ❞✬✉♥ s❡✉❧ ♠❛tér✐❛✉✳

■❧ ② ❛ ❞❡✉① ♣r✐♥❝✐♣❛❧❡s r❛✐s♦♥s à ❝❡s ✈❛r✐❛t✐♦♥s ❞❡s ♣r♦♣r✐étés ❞❡s ♥❛♥♦❝r✐st❛✉① ❛✈❡❝ ❧❡✉r
t❛✐❧❧❡ ✿ t♦✉t ❞✬❛❜♦r❞✱ ❧❡ ♥♦♠❜r❡ ❞✬❛t♦♠❡s ❡♥ s✉r❢❛❝❡ ❞✬✉♥ ♥❛♥♦❝r✐st❛❧ ♥✬❡st ♣❧✉s ✉♥❡ ❢r❛❝t✐♦♥
♥é❣❧✐❣❡❛❜❧❡ ❞✉ t♦t❛❧ ❞❡s ❛t♦♠❡s ❀ ❡t ❞✬❛✉tr❡ ♣❛rt✱ ❧❡s ♣r♦♣r✐étés ✐♥tr✐♥sèq✉❡s ❞✉ ♥❛♥♦❝r✐st❛❧
s♦♥t ❢♦rt❡♠❡♥t ♠♦❞✐✜é❡s ♣❛r ❧❡ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ ❞❡s é❧❡❝tr♦♥s✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❝❛r❛❝✲

✶✾✽



✶✾✾

tér✐st✐q✉❡ ✈❛ êtr❡ ❞ét❡r♠✐♥❛♥t❡ ❞❛♥s ❧❡s ♣r♦♣r✐étés é❧❡❝tr♦♥✐q✉❡s ❡t ♦♣t✐q✉❡s ❞❡ ❝❡s ♦❜❥❡ts✳

❖✉✈r❛❣❡s ❞❡ ré❢ér❡♥❝❡ ✿

✶✳ ◆❛♥♦str✉❝t✉r❡s ✲ ❚❤❡♦r② ❛♥❞ ♠♦❞❡❧❧✐♥❣✱ ❈✳ ❉❡❧❡r✉❡ ❛♥❞ ▼✳ ▲❛♥♥♦♦✱ ❙♣r✐♥❣❡r ❱❡r❧❛❣✱
❇❡r❧✐♥✱ ❍❡✐❞❡❧❜❡r❣✱ ✷✵✵✹✳

✷✳ ◆♦♥❧✐♥❡❛r ♦♣t✐❝s ✐♥ ❝♦♠♣♦s✐t❡ ♠❛t❡r✐❛❧s✱ ❈✳ ❋❧②t③❛♥✐s✱ ❋✳ ❍❛❝❤❡✱ ▼✳❈✳ ❑❧❡✐♥✱ ❉✳ ❘✐❝❛r❞
❛♥❞ P✳ ❘♦✉ss✐❣♥♦❧✱ Pr♦❣✳ ❖♣t✳✱ ✷✾ ✭✶✾✾✶✮ ✸✷✸✳

✸✳ Pr✐♥❝✐♣❧❡s ♦❢ t❤❡ ❚❤❡♦r② ♦❢ ❙♦❧✐❞s✱ ❏✳▼✳ ❩✐♠❛♥✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss✱ ▲♦♥❞♦♥✱
✶✾✻✹✳

❇✳✶✳✶ ❉✐s❝rét✐s❛t✐♦♥ ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ✲ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡

❉❡ ♥♦♠❜r❡✉s❡s ❡①♣ér✐❡♥❝❡s ♠♦♥tr❡♥t q✉❡ ❧❛ ❞❡♥s✐té ❞✬ét❛t é❧❡❝tr♦♥✐q✉❡ ❞❡s
♥❛♥♦❝r✐st❛✉① s❡ s✐t✉❡ ❡♥tr❡ ❝❡❧❧❡ ❞✉ ♠❛tér✐❛✉ ♠❛ss✐❢✱ ❝♦♥st✐t✉é❡ ❞❡ ❜❛♥❞❡s ❝♦♥t✐✲
♥✉❡s✱ ❡t ❝❡❧❧❡ ❞✬❛t♦♠❡s ♦✉ ❞❡ ♠♦❧é❝✉❧❡s✱ ❝♦♥st✐t✉é❡ ❞❡ ♥✐✈❡❛✉① ❞✐s❝r❡ts✳ ❉❛♥s ❞❡s
❛❣ré❣❛ts✱ ❧❛ ❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡st ❧✐♠✐té❡ à ✉♥❡ ré❣✐♦♥ ✜♥✐❡ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r ❧❡ ♣✉✐ts
❞❡ ♣♦t❡♥t✐❡❧ ❞❡ ❧✬❛❣ré❣❛t✳ ❙✐ ❧❛ t❛✐❧❧❡ ❞✉ ♣♦t❡♥t✐❡❧ ❝♦♥✜♥❛♥t ❡st ♣❧✉s ♣❡t✐t❡ q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡
❞é❧♦❝❛❧✐s❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s✱ ✐❧s ❛❝q✉✐èr❡♥t ✉♥❡ é♥❡r❣✐❡ s✉♣♣❧é♠❡♥t❛✐r❡ ✭❞✬♦r✐❣✐♥❡ q✉❛♥t✐q✉❡✮✱
❝❡ q✉✐ ❝♦♥❞✉✐t à ✉♥❡ ❞✐s❝rét✐s❛t✐♦♥ ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ♣❡r♠✐s ❞❡s é❧❡❝tr♦♥s✶✳

▲❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✬❛❣ré❣❛ts ♣❡✉t êtr❡ ❛♣♣r♦❝❤é❡ à ♣❛rt✐r ❞❡ ❝❡❧❧❡ ❞✉ s♦❧✐❞❡ ♠❛ss✐❢✳
❉❛♥s ❝❡ ❞❡r♥✐❡r✱ ❧❛ s②♠étr✐❡ ❞❡ tr❛♥s❧❛t✐♦♥ ❛ss✉r❡ q✉❡ ❧❡s ét❛ts é❧❡❝tr♦♥✐q✉❡s s♦♥t s♦✉s ❢♦r♠❡
❞✬♦♥❞❡s ❞❡ ❇❧♦❝❤ ❞é❧♦❝❛❧✐sé❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ ❝r✐st❛❧ ❬✷✹✼❪✳ ❉❛♥s ✉♥ ❛❣ré❣❛t✱ ❝❡tt❡ s②♠étr✐❡
❞❡ tr❛♥s❧❛t✐♦♥ ❡st ❜r✐sé❡✱ ❡t ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ét❛ts ♥❡ ♣❡✉t ♣❧✉s s❡ ❢❛✐r❡ ❡♥ t❡r♠❡ ❞❡ ✈❡❝t❡✉rs
❞✬♦♥❞❡✳ P♦✉r ❞❡s ❛❣ré❣❛ts ♣❛s tr♦♣ ♣❡t✐ts✱ ♦♥ ♣❡✉t ❝❡♣❡♥❞❛♥t ❢❛✐r❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ q✉❡ ❧✬ét❛t
❞❡ ❧✬é❧❡❝tr♦♥ ❡st s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ♣❛q✉❡t ❞✬♦♥❞❡ ❞❡ ❇❧♦❝❤ ❬✷✹✼❪ ✿

ψ =
∑

n

Fn(r)un(r) ✭❇✳✶✮

▲❛ ❢♦♥❝t✐♦♥ ❡♥✈❡❧♦♣♣❡ ♦❜é✐t à ✉♥❡ éq✉❛t✐♦♥ ❞❡ ❙❝❤rö❞✐♥❣❡r ❞✉ t②♣❡ ✿
(
− ~

2

2m
∇2

r + V (r)

)
Fn(r) = EFn(r) ✭❇✳✷✮

▲❛ ✈❛❧❡✉r ❞❡ ❧❛ ♠❛ss❡m ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡t ❞✉ ♣♦t❡♥t✐❡❧ V (r) ❛✉q✉❡❧ ❡❧❧❡ ❡st s♦✉♠✐s❡ ❞é♣❡♥❞❡♥t
❞❡s ♣r♦♣r✐étés ❞✬é❝r❛♥t❛❣❡ ❞❡s ♠❛tér✐❛✉①✷ ✿

▼ét❛✉① ✿ ▲❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ st❛t✐q✉❡ ❞❡s ♠ét❛✉① ❡st ✐♥✜♥✐❡✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❧✬é❝r❛♥✲
t❛❣❡ ❞❡s ♣♦t❡♥t✐❡❧s é❧❡❝tr♦st❛t✐q✉❡s ❡st ré❛❧✐sé s✉r ❞❡s ❞✐st❛♥❝❡s très ❝♦✉rt❡s ❞❡ ❧✬♦r❞r❡
❞❡ 1/kF ✱ s♦✐t ❡♥✈✐r♦♥ ❧❛ ❞✐st❛♥❝❡ ✐♥t❡r❛t♦♠✐q✉❡✳ P❛r ❝♦♥séq✉❡♥t✱ ♦♥ ♣❡✉t ❝♦♥s✐❞ér❡r ❧❡s
é❧❡❝tr♦♥s ❡t ❧❡s tr♦✉s ❝♦♠♠❡ ❞❡s ♣❛rt✐❝✉❧❡s ❧✐❜r❡s ❞❡ ♠❛ss❡ ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ ❞❡ ❧✬é❧❡❝tr♦♥
❧✐❜r❡ ✭m = m0 ❞❛♥s ✭❇✳✷✮✮✳ ❉❡ ♣❧✉s✱ ❧✬é❝r❛♥t❛❣❡ ❞✉ ♣♦t❡♥t✐❡❧ ❈♦✉❧♦♠❜✐❡♥ ❡♥tr❡ ❧✬é❧❡❝✲
tr♦♥ ❡t ❧❡ tr♦✉ ❢❛✐t q✉❡ ❧❡ s❡✉❧ ♣♦t❡♥t✐❡❧ V (r) ❛✉q✉❡❧ ✐❧s s♦♥t s♦✉♠✐s ❡st ❧❡ ♣♦t❡♥t✐❡❧ ❞❡
❜❛rr✐èr❡ à ❧❛ s✉r❢❛❝❡ ❞✉ ♥❛♥♦❝r✐st❛❧✳

✶▲❡ ♣r✐♥❝✐♣❡ ❞✬✐♥❝❡rt✐t✉❞❡ ❞❡ ❍❡✐s❡♥❜❡r❣ ∆p∆x ≈ 1✱ ♣❡r♠❡t ❞❡ ✈♦✐r q✉❡ s✐ ♦♥ r❡str❡✐♥t ❧❛ ❞é❧♦❝❛❧✐s❛t✐♦♥
❞❡s é❧❡❝tr♦♥s ✭∆x : ∞ → fini✮ ❛❧♦rs ❛♣♣❛r❛ît ✉♥❡ ✐♥❝❡rt✐t✉❞❡ ✜♥✐❡ s✉r ❧❡s ✐♠♣✉❧s✐♦♥s✳

✷❉❡ ♠❛♥✐èr❡ s♦✉s✲❥❛❝❡♥t❡✱ ✐❧ s✬❛❣✐t ❞❡ ❞✐✛ér❡♥❝❡s ❞❛♥s ❧❡s ✐♥t❡r❛❝t✐♦♥s é❧❡❝tr♦♥✲é❧❡❝tr♦♥ ❬✷✹✽✱ ✷✹✼❪✳



✷✵✵

❙❡♠✐❝♦♥❞✉❝t❡✉rs ➪ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡s ♠ét❛✉①✱ ❧❡✉r ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ st❛t✐q✉❡ ❡st ✜✲
♥✐❡✱ ❞✉ ❢❛✐t ❞❡ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❣❛♣✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬é❝r❛♥t❛❣❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡
♣♦rt❡✉rs ❞❡ ❝❤❛r❣❡s ♥✬❡st ♣❛s t♦t❛❧✳ ■❧ ❢❛✉t ♠❛✐♥t❡♥❛♥t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡ t❡r♠❡
❞✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡ ❞❛♥s V (r)✱ ❡♥ ♣❧✉s ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ❜❛rr✐èr❡✳ ❉❡ ♣❧✉s✱ ❧❡s
❜❛♥❞❡s ❞❡ ❝♦♥❞✉❝t✐♦♥ ❡t ❞❡ ✈❛❧❡♥❝❡ ♦♥t ✉♥❡ ❢♦r♠❡ ❛♣♣r♦❝❤é❡ ♣❛r❛❜♦❧✐q✉❡ ❛✉ ♥✐✈❡❛✉
❞✉ ❣❛♣ ❞♦♥t ❧❡s ♠❛ss❡s ❡✛❡❝t✐✈❡s s♦♥t ❞✐✛ér❡♥t❡s ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❧✐❜r❡✳

▲❛ rés♦❧✉t✐♦♥ ❞❡ ✭❇✳✷✮ ❞❛♥s ✉♥ ❝❛s s✐♠♣❧❡ ♣❡r♠❡t ❞❡ ✈♦✐r q✉❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ét❛ts
s❡ ❢❛✐t ♣❧✉tôt ❡♥ t❡r♠❡ ❞❡ ♥♦♠❜r❡s q✉❛♥t✐q✉❡s ♦r❜✐t❛✉①✳ ❙✐ ♦♥ ❝♦♥s✐❞èr❡ ✉♥ é❧❡❝tr♦♥ ❝♦♥✜♥é
❞❛♥s ✉♥ ♣♦t❡♥t✐❡❧ ❝❛rré ✐♥✜♥✐ ❞❡ s②♠étr✐❡ s♣❤ér✐q✉❡✱ s❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ s✬é❝r✐t à ❧✬❛✐❞❡ ❞✬❤❛r✲
♠♦♥✐q✉❡s s♣❤ér✐q✉❡s✸ ✿

ψlmn(r) = φlmn(r)f(r) ✭❇✳✸✮

φlmn(r) = Blnjl(αln(r/R))Y ml (θ, φ) ✭❇✳✹✮

♦ù Y ml s♦♥t ❧❡s ❤❛r♠♦♥✐q✉❡s s♣❤ér✐q✉❡s✱ jl(x) ❧❡s ❢♦♥❝t✐♦♥ s♣❤ér✐q✉❡s ❞❡ ❇❡ss❡❧ ❞✬♦r❞r❡ ❧✱
αln s♦♥ nieme ③ér♦✱ ❡t Bln ✉♥❡ ❝♦♥st❛♥t❡ ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥✳ ▲❡s ♥♦♠❜r❡s q✉❛♥t✐q✉❡s l ❡t
m s✬❛♣♣❛r❡♥t❡♥t ❛✉① ♥♦♠❜r❡s q✉❛♥t✐q✉❡s ♦r❜✐t❛✉① ❞é❝r✐✈❛♥t ❧✬ét❛t ❞❡s é❧❡❝tr♦♥s ❞❛♥s ❧❡s
❛t♦♠❡s✳ ▲❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞❡ ❧✬é❧❡❝tr♦♥ s♦♥t ❛❧♦rs ❞♦♥♥és ♣❛r ✿

Enl =
~

2α2
nl

2meR2
✭❇✳✺✮

❈♦♠♠❡ ♣♦✉r ❧❡s ❛t♦♠❡s✱ ❝❡s ♥♦♠❜r❡s q✉❛♥t✐q✉❡s ❞é❝r✐✈❡♥t ❧❛ s②♠étr✐❡ ❞❡ ❧✬ét❛t ❞✬é♥❡r❣✐❡
❝♦rr❡s♣♦♥❞❛♥t ❡t ✈♦♥t ❞♦♥❝ ❞ét❡r♠✐♥❡r ❧❡s tr❛♥s✐t✐♦♥s ♣♦ss✐❜❧❡s ✭♣❛rt✐❡ ❇✳✸✳✹✮✳

▲❡ ❝❛r❛❝tèr❡ ❞✐s❝r❡t ❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡s ❛❣ré❣❛ts ♣❡✉t ❛✉ss✐ s✬❛♣♣ré❤❡♥❞❡r
♣❛r ❤②❜r✐❞❛t✐♦♥ ❞✬♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ✭❝✬❡st ✉♥❡ ✈✐s✐♦♥ ♣❧✉s ❝❤✐♠✐q✉❡✮✳ ▲❡s ❜❛♥❞❡s ❞✬é♥❡r❣✐❡
❞✉ s♦❧✐❞❡ ♠❛ss✐❢ s♦♥t ❝♦♥str✉✐t❡s ♣❛r ❤②❜r✐❞❛t✐♦♥s s✉❝❝❡ss✐✈❡s ❞❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s ✐♥❞✐✲
✈✐❞✉❡❧❧❡s✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ❛❣ré❣❛ts✱ ♦♥ ❝♦♥s❡r✈❡ ❧❡ ❝❛r❛❝tèr❡ ❞✐s❝r❡t ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡✱
♠ê♠❡ s✐ ❧❛ ♣r♦①✐♠✐té ❞❡ ❝❡s ❞❡r♥✐❡rs s✉❣❣èr❡ ❞é❥à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❜❛♥❞❡s✳ ❯♥ ❝❛❧❝✉❧ s✐♠♣❧❡
❞❛♥s ✉♥ ❝❛s ✶❉ ✭❝❤❛î♥❡ ❞✬♦r❜✐t❛❧❡s s ❡♥ ✐♥t❡r❛❝t✐♦♥ ❬✷✶✹❪✮ ♣❡r♠❡t ❞❡ s❡ r❡♥❞r❡ ❝♦♠♣t❡ q✉❡
❧✬❡s♣❛❝❡♠❡♥t ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞✐s❝r❡ts ❞❛♥s ✉♥ ♥❛♥♦❝r✐st❛❧ ❞é♣❡♥❞ é✈✐❞❡♠♠❡♥t ❞❡
s❛ t❛✐❧❧❡ ✭❝♦♠♠❡ ✈✉ ❝✐✲❞❡ss✉s✮ ♠❛✐s ❣❛r❞❡ ❛✉ss✐ ❧❡ s♦✉✈❡♥✐r ❞❡ ❧❛ ❞❡♥s✐té ❞✬ét❛ts ❞✉ ♠❛tér✐❛✉
♠❛ss✐❢ ✭♣❧✉s ❧❛ ❞❡♥s✐té ❞✬ét❛ts ❡st ❣r❛♥❞❡✱ ♣❧✉s ❧✬é❝❛rt ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ❡st ❢❛✐❜❧❡✮✳ ❆✐♥s✐
❞❛♥s ✉♥ ♠ét❛❧✱ ❧❡ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐ ❡st ❡♥ ♠✐❧✐❡✉ ❞❡ ❜❛♥❞❡✱ ❞♦♥❝ à ✉♥ ❡♥❞r♦✐t
♦ù ❧❛ ❞❡♥s✐té ❞✬ét❛ts ❡st ♥♦♥ ♥✉❧❧❡ ✿ ❧✬❡s♣❛❝❡♠❡♥t ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① s❡r❛ ❞♦♥❝
❢❛✐❜❧❡ ❬✸✱ ✷✹✾❪✱ ❡t ❧❡s ❡✛❡ts q✉❛♥t✐q✉❡s ❝♦rr❡s♣♦♥❞❛♥ts s♦♥t s❡✉❧❡♠❡♥t ✈✐s✐❜❧❡s à
❜❛ss❡ t❡♠♣ér❛t✉r❡ ❡t ♣♦✉r ❞❡s ❛❣ré❣❛ts ❞❡ ❢❛✐❜❧❡ t❛✐❧❧❡✳ P❛r ❝♦♥tr❡✱ ❞❛♥s ❧❡ ❝❛s
❞❡s s❡♠✐❝♦♥❞✉❝t❡✉rs✱ ❧❡ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐ s❡ s✐t✉❡ à ♠✐✲❝❤❡♠✐♥ ❡♥tr❡ ❧❛ ❜❛♥❞❡ ❞❡
❝♦♥❞✉❝t✐♦♥ ❡t ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ✿ ❧❡s ét❛ts ❞♦♠✐♥❛♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ♦♣t✐q✉❡
à ❢❛✐❜❧❡ é♥❡r❣✐❡ s♦♥t ❧❡s ét❛ts ❞❡ ❜♦r❞ ❞❡ ❜❛♥❞❡✱ ❞♦♥t ❧❛ ❞❡♥s✐té ❡st ❢❛✐❜❧❡✳ ▲❡s
❡✛❡ts ❞❡ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ s❡r♦♥t ❞♦♥❝ ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛❝✐❧❡♠❡♥t ✈✐s✐❜❧❡s
✭♣♦✉r ❞❡s ❛❣ré❣❛ts ♣❧✉s ❣r♦s ❡t ❞❡s t❡♠♣ér❛t✉r❡s ♣❧✉s ✐♠♣♦rt❛♥t❡s✮✳

❇✳✶✳✷ ❘é♣♦♥s❡ ♦♣t✐q✉❡ ❞✬❛❣ré❣❛ts ✿ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡

◆♦✉s ❛✈♦♥s ✈✉ ❝✐✲❞❡ss✉s ❝♦♠♠❡♥t ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞❡s ❛❣ré❣❛ts ❡st ♠♦❞✐✜é❡ ♣❛r
❧❡ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ ❞❡s é❧❡❝tr♦♥s✳ ❘❡st❡ à ❢❛✐r❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❝❡❧❧❡✲❝✐ ❡t ❧❡✉rs ❞✐✛ér❡♥t❡s

✸❊♥ ré❛❧✐té✱ ❧❛ ❜♦✐t❡ ❡st ✉♥ ♥❛♥♦❝r✐st❛❧ ❞❡ ♠❛tér✐❛✉ ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❞❡ ❣❛♣ ❜❡❛✉❝♦✉♣ ♣❧✉s ❣r❛♥❞✱ ❧❛ ❢♦♥❝t✐♦♥
❞✬♦♥❞❡ t♦t❛❧❡ ❞❡ ❧✬é❧❡❝tr♦♥ ♦✉ ❞✉ tr♦✉ ❡st ❞♦♥❝ ❧❡ ♣r♦❞✉✐t ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❇❧♦❝❤ ♣❛r ❧❛ ❢♦♥❝t✐♦♥ ❞♦♥♥é❡ ❡♥
✭❇✳✸✮✱ q✉✐ ❡st ❧❛ ❢♦♥❝t✐♦♥ ❡♥✈❡❧♦♣♣❡ ❋ ✐♥tr♦❞✉✐t❡ ❝✐✲❞❡ss✉s✳



✷✵✶

❝❛r❛❝tér✐st✐q✉❡s ♦♣t✐q✉❡s ✿ ❛❜s♦r♣t✐♦♥ ❡t ❧✉♠✐♥❡s❝❡♥❝❡ ♣♦✉r ❝❡ q✉✐ ❡st ❞❡ ❧❛ ré♣♦♥s❡ ❧✐♥é❛✐r❡
❛✉① ♦♥❞❡s ❊▼✳
❯♥❡ ✐♠❛❣❡ ♠❛❝r♦s❝♦♣✐q✉❡ ❝❧❛ss✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ ❊▼ ❛✈❡❝ ❧❛ ♠❛t✐èr❡ ❡st ❞❡
❝♦♥s✐❞ér❡r q✉❡ ❧❡s é❧❡❝tr♦♥s ✈♦♥t ré♣♦♥❞r❡ r❛♣✐❞❡♠❡♥t ❛✉① ❝❤❛♠♣s ♦s❝✐❧❧❛♥ts ❛❧♦rs q✉❡ ❧❡s
♥♦②❛✉① ✈♦♥t r❡st❡r ✜①❡s ✿ ✐❧ s❡ ❢♦r♠❡ ❛❧♦rs ✉♥❡ ♣♦❧❛r✐s❛t✐♦♥ ♠♦②❡♥♥❡ P q✉✐ s❡r❛ ♣r♦♣♦rt✐♦♥✲
♥❡❧❧❡✹ ❛✉ ❝❤❛♠♣ ❛♣♣❧✐q✉é E0 ✿

P = χǫ0E0 ✭❇✳✻✮

♦ù χ ❡st ❧❛ s✉s❝❡♣t✐❜✐❧✐té ❞❡ ❧✬❛❣ré❣❛t✱ q✉✐ ❡st r❡❧✐é❡ à s❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ǫ̃ = 1 + χ✳
▼✐❝r♦s❝♦♣✐q✉❡♠❡♥t✱ ✉♥ ❝❤❛♠♣ ❊▼ ♦s❝✐❧❧❛♥t ✐♥❞✉✐t ❞❡s tr❛♥s✐t✐♦♥s ❞✬é❧❡❝tr♦♥s
❞❡s ♥✐✈❡❛✉① ♦❝❝✉♣és à ❧✬éq✉✐❧✐❜r❡ ✈❡rs ❞❡s ♥✐✈❡❛✉① ✐♥♦❝❝✉♣és ❞✬é♥❡r❣✐❡ s✉♣ér✐❡✉r❡
❡t ♦♥ ♣❡✉t ❡①♣r✐♠❡r ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣r♦❜❛❜✐❧✐tés ❞❡ ❝❡s
tr❛♥s✐t✐♦♥s✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞✐♣♦❧❛✐r❡ ✭tr❛✐t❡♠❡♥t ❡♥ ♣❡rt✉r❜❛t✐♦♥ ❞❡ ❧❛
♠❛tr✐❝❡ ❞✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✲♣❤♦t♦♥ ❬✷✺✵❪✮ ❡t ❡♥ ✉t✐❧✐s❛♥t ✉♥ ❢♦r♠❛❧✐s♠❡ ❞❡ ♠❛tr✐❝❡ ❞❡ ❧❛
❞❡♥s✐té✱ ♦♥ tr♦✉✈❡ ❬✷✺✶✱ ✷✺✷❪ ✿

ǫ̃(ω,k ≈ 0) =

1 −
∑

i,j

eβ2
ij

ǫ0Ω

{
1

~ω + i~/τ − (ǫj − ǫi)
− 1

~ω + i~/τ + (ǫj − ǫi)

}
(fi − fj) ✭❇✳✼✮

❛✈❡❝ βij ❧✬é❧é♠❡♥t ❞❡ ♠❛tr✐❝❡ ❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧✬ét❛t ✐♥✐t✐❛❧ i ❞✬é♥❡r❣✐❡ ǫi ❡t ✜♥❛❧ j ❞✬é♥❡r✲
❣✐❡ ǫj ✱ τ ❧❡ t❡♠♣s ❞❡ ❞é❝♦❤ér❡♥❝❡ ❞❡s é❧é♠❡♥ts ♥♦♥ ❞✐❛❣♦♥❛✉① ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡ tr❛♥s✐t✐♦♥✱
t❡♠♣s q✉✐ ❞ét❡r♠✐♥❡ ❧✬é❧❛r❣✐ss❡♠❡♥t ❞❡ ❧❛ r❛✐❡ s♣❡❝tr❛❧❡✳ fi ❡st ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬♦❝❝✉♣❛t✐♦♥
❞✉ ♥✐✈❡❛✉ i à ❧✬éq✉✐❧✐❜r❡✱ s❡❧♦♥ ❋❡r♠✐✲❉✐r❛❝✳

❈❡tt❡ ❡①♣r❡ss✐♦♥ ♣❡r♠❡t ❡♥ ♣r✐♥❝✐♣❡ ❞❡ ❝❛❧❝✉❧❡r ❧❛ ré♣♦♥s❡ à ✉♥ ❝❤❛♠♣ ❊▼ ❛♣♣❧✐q✉é ❞✬✉♥
❛❣ré❣❛t✱ q✉✬✐❧ s♦✐t ♠ét❛❧❧✐q✉❡ ♦✉ s❡♠✐✲❝♦♥❞✉❝t❡✉r✱ à ♣❛rt✐r ❞❡ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ s❛ str✉❝t✉r❡
é❧❡❝tr♦♥✐q✉❡✳
❖♥ tr♦✉✈❡ à ❝❡ ♣r♦♣♦s ❞❡✉① ré❣✐♠❡s ❞✐✛ér❡♥ts ❞✬❛♣♣r♦①✐♠❛t✐♦♥s ❞❡ ❝❡tt❡ ❡①♣r❡ss✐♦♥ ❬✷✹✽❪ ✿

❙✐ ~ω ≈ (ǫj − ǫi) ✿ ❛❧♦rs ✉♥ ❞❡s t❡r♠❡s ❞❡ ❧❛ s♦♠♠❡ ❞♦♠✐♥❡ ❧❡s ❛✉tr❡s✱ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡
tr❛♥s✐t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❡♥tr❡ ❧❡s ét❛ts i ❡t j ✭❛❜s♦r♣t✐♦♥ ♦✉ é♠✐ss✐♦♥ st✐♠✉❧é❡✮✳ ❖♥
♣❛r❧❡ ❞✬❡①❝✐t❛t✐♦♥ ✐♥❞✐✈✐❞✉❡❧❧❡✳ ❈✬❡st ♣❛r ❡①❡♠♣❧❡ ❧❡ ❝❛s ❞❛♥s ❧❡s s❡♠✐❝♦♥✲
❞✉❝t❡✉rs ❡①❝✐tés ♣❛r ✉♥❡ ❧✉♠✐èr❡ ✈✐s✐❜❧❡ ♦✉ ■❘ ✭~ω ❞❡ ❧✬♦r❞r❡ ❞✉ ❣❛♣ Eg✮✱
♣♦✉r ❧❛q✉❡❧❧❡ ❧❡s tr❛♥s✐t✐♦♥s s❡ ❢♦♥t ❛❧♦rs ❡♥tr❡ ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ✭♣❧❡✐♥❡✮
❡t ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ✭✈✐❞❡✮ ✭ǫj − ǫi ≥ Eg✮✳

❙✐ ~ω ≫ (ǫj − ǫi) ✿ ❖♥ ❡st ❛❧♦rs ❞❛♥s ✉♥ t♦✉t ❛✉tr❡ ré❣✐♠❡ ❞✬❡①❝✐t❛t✐♦♥ ♦ù t♦✉s ❧❡s t❡r♠❡s
❞❡ ❧❛ s♦♠♠❡ ❞❛♥s ✭❇✳✼✮ ❥♦✉❡♥t ✉♥ rô❧❡✳ ❆✉tr❡♠❡♥t ❞✐t t♦✉t❡s ❧❡s tr❛♥s✐t✐♦♥s i↔ j
s♦♥t ❡①❝✐té❡s ✿ ❝✬❡st ✉♥ ♠♦❞❡ ❞✬❡①❝✐t❛t✐♦♥ ❝♦❧❧❡❝t✐✈❡ ❞✐t ♠♦❞❡ ♣❧❛s♠♦♥✳
❊♥ ♥é❣❧✐❣❡❛♥t ❧❛ ❝♦♠♣♦s❛♥t❡ ❞✬❛♠♦rt✐ss❡♠❡♥t ❞❛♥s ✭❇✳✼✮✱ ♦♥ ♣❡✉t é❝r✐r❡

ǫ̃(ω,k ≈ 0) ≈ 1 − ω2
p

ω2 ✱ ♦ù ωp ❡st ❛♣♣❡❧é❡ ❢réq✉❡♥❝❡ ♣❧❛s♠♦♥✳ ❊♥ ♣r❛t✐q✉❡✱ ♦♥
r❡♥❝♦♥tr❡ ❝❡tt❡ s✐t✉❛t✐♦♥ ❧♦rsq✉✬♦♥ ✐❧❧✉♠✐♥❡ ❞❡s ♠ét❛✉① ❛✈❡❝ ✉♥❡ ❧✉♠✐èr❡
✈✐s✐❜❧❡ ✿ ❧❡✉r ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐ ét❛♥t s✐t✉é ❡♥ ♠✐❧✐❡✉ ❞❡ ❜❛♥❞❡✱ ❧❡s tr❛♥s✐t✐♦♥s
s♦♥t ❞♦♥❝ ♠❛✐♥t❡♥❛♥t ♣♦ss✐❜❧❡s ♣♦✉r ~ω ≫ ǫj − ǫi ≈ 0✳

❆ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❛✐♥s✐ ❞ét❡r♠✐♥é❡✱ ❡st ❛ss♦❝✐é ✉♥ ✐♥❞✐❝❡ ♦♣t✐q✉❡ ✭❝♦♠♣❧❡①❡✮ ✿

N = nop + iKop =
√
ǫ̃ ✭❇✳✽✮

✹❈❡❝✐ ❡st ✈❛❧❛❜❧❡ ❞❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ ❧✐♥é❛✐r❡✳
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❞♦♥t ♦♥ ❞é❞✉✐t ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛❜s♦r♣t✐♦♥ ✿

α =
2ωKop

c
✭❇✳✾✮

❇✳✶✳✸ ❆❣ré❣❛ts ❡♥❢♦✉✐s ❞❛♥s ❞❡s ❞✐é❧❡❝tr✐q✉❡s ✿ ❝♦♥st❛♥t❡ ❞✐é❧❡❝✲
tr✐q✉❡ ❡✛❡❝t✐✈❡

❇✐❡♥ s♦✉✈❡♥t✱ ❧❡s ❛❣ré❣❛ts s♦♥t s②♥t❤ét✐sés ♦✉ ✐♥sérés ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ✿ ♦♥ ét✉❞✐❡ ❞♦♥❝
❧❛ ré♣♦♥s❡ ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞✬❛❣ré❣❛ts ♣❧♦♥❣és ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❞❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ǫm✱
♣❧✉tôt q✉❡ ❝❡❧❧❡ ❞✬✉♥ ❛❣ré❣❛t ✉♥✐q✉❡ ǫ̃ ❞❛♥s ❧❡ ✈✐❞❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡
♥❛♥♦❝r✐st❛✉① ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞❡s ❝❤❛♠♣s
❊▼ ❞✐✛✉sés✳ ▲❡ ❝❤❛♠♣ ✈✉ ♣❛r ✉♥ ❛❣ré❣❛t ♥✬❡st ♣❧✉s ❧❡ ❝❤❛♠♣ ❊▼ ❞❡ ❧✬♦♥❞❡
✐♥❝✐❞❡♥t❡ ♠❛✐s ✉♥ ❝❤❛♠♣ ❧♦❝❛❧ q✉✐ ❡st ❧❛ s♦♠♠❡ ❞✉ ❝❤❛♠♣ ✐♥❝✐❞❡♥t ❡t ❞✉ ❝❤❛♠♣
❞✐✛✉sé ♣❛r ❧❡s ❛❣ré❣❛ts ❡♥✈✐r♦♥♥❛♥ts✳ ❉❛♥s ❝❡ ❣❡♥r❡ ❞❡ s✐t✉❛t✐♦♥✱ ✐❧ ❡st ❝❧❛ss✐q✉❡ ❞✬❛❞♦♣✲
t❡r ❧❡ tr❛✐t❡♠❡♥t ❞❡ ▲♦r❡♥t③ ❬✷✺✸❪✱ q✉✐ ❡st ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞✐♣♦❧❛✐r❡ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞✉
❝❤❛♠♣ ❞✐✛✉sé ♣❛r ❧❡s ❛❣ré❣❛ts✳
▲❡ ❝❤❛♠♣ ❧♦❝❛❧ ✈✉ ♣❛r ✉♥ ❛❣ré❣❛t ❞♦♥♥é ❡st ❧❛ s♦♠♠❡ ❞❡ ♣❧✉s✐❡✉rs ❝♦♥tr✐❜✉t✐♦♥s ✿

Eloc = E0 + E1 + E2 ✭❇✳✶✵✮

♦ù E0 ❡st ❧❡ ❝❤❛♠♣ ✐♥❝✐❞❡♥t✱ E1 ❧❡ ❝❤❛♠♣ ❝réé ♣❛r ❧❡s ❝❤❛r❣❡s ❞❡ ♣♦❧❛r✐s❛t✐♦♥ à ❧❛ s✉r❢❛❝❡
❞✬✉♥❡ s♣❤èr❡ ❝❡♥tré❡ s✉r ❧✬❛❣ré❣❛t s✉✣s❛♠♠❡♥t ❣r❛♥❞❡ ♣♦✉r ♥é❣❧✐❣❡r ❧❡s ✢✉❝t✉❛t✐♦♥s ❞✬❡♥✲
✈✐r♦♥♥❡♠❡♥t✱ ❡t E2 ❧❡ ❝❤❛♠♣ rés✉❧t❛♥t ❛✉ ❝❡♥tr❡ ❞❡ ❧❛ s♣❤èr❡ ❞❡s ❞✐✛✉s✐♦♥s s✉r ❧❡s ❛❣ré❣❛ts
❝♦♥t❡♥✉s ❡♥ s♦♥ s❡✐♥✳ ❯♥❡ ❞✐s❝✉ss✐♦♥ ❝♦♠♣❧èt❡ ❞❡s ❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s q✉❡ ❧✬♦♥ ♣❡✉t
r❡♥❝♦♥tr❡r ✭♣❛r ❡①❡♠♣❧❡ ❝❤❛î♥❡✴❡♥s❡♠❜❧❡ ❞✬❛❣ré❣❛ts ❡♥ ❝♦♥t❛❝t ♣❛r ❝♦❛❣✉❧❛t✐♦♥✮ ❡st ❞♦♥♥é❡
❞❛♥s ❑r❡✐❜✐❣ ❡t ❛❧✳ ❬✷✺✹❪✳ ◆♦✉s ♥♦✉s r❡str❡✐♥❞r♦♥s ✐❝✐ ❛✉ ❝❛s ❞❡ ❞✐s♣❡rs✐♦♥s ❛❧é❛t♦✐r❡s ❞✬❛❣ré✲
❣❛ts ✐s♦❧és ✿ ❧❡ s❡✉❧ ♣❛r❛♠ètr❡ ❞é❝r✐✈❛♥t ❧❛ t♦♣♦❧♦❣✐❡ ❞✉ s②stè♠❡ ❡st ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡
❞✬❛❣ré❣❛ts Φ =

P

i Vi

Vtot
✳

❈❧❛ss✐q✉❡♠❡♥t✱ ♦♥ s✉♣♣♦s❡ q✉❡ ❧✬✐♥t❡r❢ér❡♥❝❡ ❞❡s ❝❤❛♠♣s ❞✐✛✉sés ♣❛r ❧❡s ❛❣ré❣❛ts ❞❛♥s ❧❛
s♣❤èr❡ ❡st ❞❡str✉❝tr✐❝❡ ✭E2 = 0✮✳ P❛r ❝♦♥tr❡✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛❣ré❣❛ts ❡♥ ❞❡❤♦rs ❞❡ ❧❛ s♣❤èr❡
❝ré❡♥t ✉♥❡ ♣♦❧❛r✐s❛t✐♦♥ ✉♥✐❢♦r♠❡ P ✈✐❛ ❧❡✉r ❝❤❛♠♣ ❊▼ ❞✐✛✉sé ✿ ❛✉ ❝❡♥tr❡ ❞❡ ❧❛ s♣❤èr❡ ❝❡tt❡
♣♦❧❛r✐s❛t✐♦♥ ✉♥✐❢♦r♠❡ ✐♥❞✉✐t ❧❡ ❝❤❛♠♣ E1 = P

3ǫ0
✳ ▲❡ ❝❤❛♠♣ ❧♦❝❛❧ ✈✉ ♣❛r ❝❤❛q✉❡ ❛❣ré❣❛t ❡st

❞♦♥❝ ✿

Eloc = E0 +
P

3ǫ0
✭❇✳✶✶✮

❯♥❡ s❡❝♦♥❞❡ r❡❧❛t✐♦♥ é❝r✐t q✉❡ ❧❛ ♣♦❧❛r✐s❛t✐♦♥ P ❛ ♣♦✉r ♦r✐❣✐♥❡ ♠✐❝r♦s❝♦♣✐q✉❡ ❧❡s ♠♦♠❡♥ts
❞✐♣♦❧❛✐r❡s ❞❡s ❛❣ré❣❛ts s♦✉♠✐s ❛✉ ❝❤❛♠♣ ❧♦❝❛❧ Elocal✱ ❝❡ q✉✐ s✬é❝r✐t à ❧✬❛✐❞❡ ❞❡s ♣♦❧❛r✐s❛❜✐❧✐té
αi ❞❡s ❞✐✛ér❡♥ts ❛❣ré❣❛ts ✿

P =
∑

i

NiαiElocal ✭❇✳✶✷✮

❊♥ ❝♦♠❜✐♥❛♥t ❧❡s éq✉❛t✐♦♥s ❇✳✶✶ ❡t ❇✳✶✷✱ ♦♥ ♣❡✉t é❝r✐r❡ D = ǫ0E0 + P = ǫ0ǫeffE0 ❛✈❡❝ ✿

ǫeff = ǫm
1 + 2

3ǫ0ǫm

∑
iNiαi

1 − 1
3ǫ0ǫm

∑
iNiαi

✭❇✳✶✸✮

▲❡ ♠✐❧✐❡✉ s❡ ❝♦♠♣♦rt❡ ❝♦♠♠❡ ✉♥ ♠✐❧✐❡✉ ❤♦♠♦❣è♥❡ ❞❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡
ǫeff ✳ ❊♥ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞✬❛❣ré❣❛ts✱ ♦♥ tr♦✉✈❡ ❧❛ r❡❧❛t✐♦♥
❞❡ ▼❛①✇❡❧❧✲●❛r♥❡tt ❬✷✺✺❪ ✿

ǫeff−ǫm
ǫeff +2ǫm

= Φ ǫ̃−ǫm
ǫ̃+2ǫm

✭❇✳✶✹✮
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❈❡tt❡ t❤é♦r✐❡ ♥✬❡st ✈❛❧❛❜❧❡ q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ❢❛✐❜❧❡s✳ ❆✐♥s✐✱ ❛✈❡❝ ❧❛
❝♦♥❞✐t✐♦♥ ✿

Φ

∣∣∣∣
ǫ̃− ǫm
ǫ̃+ 2ǫm

∣∣∣∣≪ 1 ✭❇✳✶✺✮

❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❡✛❡❝t✐✈❡ ♣❡✉t s✬é❝r✐r❡ ✿

ǫeff ≈ ǫm

(
1 + 3Φ − 9Φ

ǫm
ǫ̃+ 2ǫm

)
✭❇✳✶✻✮

❇✳✷ ❘és♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s

❖✉✈r❛❣❡ ❞❡ ré❢ér❡♥❝❡ ✿

✶✳ ❖♣t✐❝❛❧ Pr♦♣❡rt✐❡s ♦❢ ▼❡t❛❧ ❈❧✉st❡rs✱ ❯✳ ❑r❡✐❜✐❣✱ ▼✳ ❱♦❧❧♠❡r✱ ❙♣r✐♥❣❡r ❱❡r❧❛❣✱ ❇❡r❧✐♥
❍❡✐❞❡❧❜❡r❣ ✶✾✾✺✳

❇✳✷✳✶ ■♥tr♦❞✉❝t✐♦♥

❉❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✱ ♥♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡s é❧❡❝tr♦♥s s♦♥t ❝♦♥✜♥és q✉❛♥t✐q✉❡✲
♠❡♥t ❞❛♥s ❧❡s ❛❣ré❣❛ts ❞❡ ♠❛tér✐❛✉① ♠ét❛❧❧✐q✉❡s✱ ♠❛✐s q✉❡ ❝❡s ❡✛❡ts ♥❡ s♦♥t ✈✐s✐❜❧❡s q✉❡
♣♦✉r ❞❡ très ♣❡t✐t❡s t❛✐❧❧❡s✳ ❉❛♥s ✉♥ t❡❧ ❝❛s✱ ❧❡ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐ s❡ s✐t✉❡ ❧❡ ♣❧✉s s♦✉✈❡♥t
❡♥tr❡ ❞❡✉① ♥✐✈❡❛✉①✱ ❡t ✉♥ ❝❤❛♠♣ ❊▼ ❡①❝✐t❡r❛ ❞❡ ♣ré❢ér❡♥❝❡ ❞❡s tr❛♥s✐t✐♦♥s ✐♥❞✐✈✐❞✉❡❧❧❡s✳
P♦✉r ❞❡s t❛✐❧❧❡s s✉♣ér✐❡✉r❡s✱ ❧❛ rés♦♥❛♥❝❡ ❛❝q✉✐❡rt ✉♥ ❝❛r❛❝tèr❡ ❝♦❧❧❡❝t✐❢ ❞✉ ❢❛✐t ❞❡ ❧❛ ♥❛t✉r❡
❞❡ ♣❧✉s ❡♥ ♣❧✉s ♠ét❛❧❧✐q✉❡ ❞❡s é❧❡❝tr♦♥s ❛✉ ♥✐✈❡❛✉ ❞❡ ❋❡r♠✐ ✭❞❡♥s✐té ❞✬ét❛ts ❞❡ ♣❧✉s ❡♥
♣❧✉s ✐♠♣♦rt❛♥t❡✮✳ ▲❛ ✜❣✉r❡ ❇✳✶ ✐❧❧✉str❡ ❝❡ ♣r♦♣♦s ❞❛♥s ❧❡ ❝❛s ✐♥t❡r♠é❞✐❛✐r❡ ❞✬✉♥ ❛❣ré❣❛t ❞❡
s♦❞✐✉♠ Na20 ✿ ❧❡s ❞❡✉① t②♣❡s ❞✬❡①❝✐t❛t✐♦♥s s♦♥t ♣rés❡♥t❡s ❞❛♥s ❞❡s ♣r♦♣♦rt✐♦♥s ❝♦♠♣❛r❛❜❧❡s✳

❋✐❣✳ ❇✳✶✿ P❛rt✐❡ ✐♠❛❣✐♥❛✐r❡ ❞❡ s✉s❝❡♣t✐❜✐❧✐té ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❛❣ré❣❛t ❞❡ Na20 ❝❛❧✲
❝✉❧é❡ ♣❛r ✉♥ ♠♦❞è❧❡ ❞✉ ❥❡❧❧✐✉♠ ✭tr❛✐t ♣♦✐♥t✐❧❧é✮ ❬✷✺✻❪✳ ▲❛ ❝♦✉r❜❡ ❡♥ tr❛✐t ♣❧❡✐♥ ❡st ❧❡
rés✉❧t❛t ❞❡ ❧❛ t❤é♦r✐❡ ❞❡ ▼✐❡ s❛♥s ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞✬❡✛❡t ❞❡ t❛✐❧❧❡✳ ▲❛ ✢è❝❤❡ ✐♥❞✐q✉❡
❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ✭❧é❣èr❡♠❡♥t ❞é❝❛❧é❡ ✈❡rs ❧❡ r♦✉❣❡✮✱ ❧❡s ❛✉tr❡s rés♦♥❛♥❝❡s ét❛♥t
❛ttr✐❜✉é❡s à ❞❡s ❡①❝✐t❛t✐♦♥s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞✬é❧❡❝tr♦♥✲tr♦✉✳
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❊♥ ♣r✐♥❝✐♣❡✱ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s s❡ ❢❛✐t à ♣❛rt✐r ❞❡ ❧❛ str✉❝t✉r❡
é❧❡❝tr♦♥✐q✉❡ ❞❡s ❛❣ré❣❛ts✳ ❈❡❧❛ ♥é❝❡ss✐t❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠ét❤♦❞❡s ❞❡ ❝❛❧❝✉❧ ❞❡ ♠é❝❛♥✐q✉❡
q✉❛♥t✐q✉❡ ✿ ❝❛❧❝✉❧ ❛❜ ✐♥✐t✐♦ ❞❡ ❝❤✐♠✐❡ q✉❛♥t✐q✉❡ ♣♦✉r ❧❡s ❡①❝✐t❛t✐♦♥s é❧❡❝tr♦♥✲tr♦✉ ✐♥❞✐✈✐✲
❞✉❡❧❧❡s ❬✷✺✼❪✱ ♠ét❤♦❞❡ ❞✉ ❥❡❧❧✐✉♠ ✭❚❉▲❉❆ ♦✉ ❘P❆✮ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞❡s ❡①❝✐t❛t✐♦♥s ❝♦❧❧❡❝t✐✈❡s
❬✷✺✽❪✳ ❈❡s ♠ét❤♦❞❡s s♦♥t t♦✉t❡❢♦✐s ❧✐♠✐té❡s ♣♦✉r ❞❡s r❛✐s♦♥s ❞❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ à ❞❡ très
♣❡t✐ts ❛❣ré❣❛ts✳

▲❡s ❛❣ré❣❛ts ♦❜s❡r✈❛❜❧❡s ❞❛♥s ♥♦s ❡①♣ér✐❡♥❝❡s ♥❡ ♣rés❡♥t❛♥t q✉✬✉♥❡ rés♦♥❛♥❝❡
♣❧❛s♠♦♥ ❡♥ ❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡✱ ♥♦✉s r❡str❡✐❣♥♦♥s ❝❡tt❡ ♣rés❡♥t❛t✐♦♥ ❛✉① ❛❣ré✲
❣❛ts ❞❡ t❛✐❧❧❡ s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t❡ ♣♦✉r êtr❡ ❝♦♥s✐❞érés ❝♦♠♠❡ ♠ét❛❧❧✐q✉❡s✳
P♦✉r ❝❡s ❛❣ré❣❛ts✱ ✉♥ tr❛✐t❡♠❡♥t ❞✬é❧❡❝tr♦❞②♥❛♠✐q✉❡ ❝❧❛ss✐q✉❡ ✭▼♦❞è❧❡ ❞❡ ▼✐❡✱
♣❛rt✐❡ ❇✳✷✳✷✮ s✉✣t ♣♦✉r ♦❜t❡♥✐r ❧❛ ré♣♦♥s❡ ❞✬✉♥ ❛❣ré❣❛t ✐s♦❧é à ✉♥ ❝❤❛♠♣ ❊▼✳
▲❡s ❞ét❛✐❧s ❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞♦♥t ♦♥ ❛ ✈✉ q✉✬✐❧s ❞ét❡r♠✐♥❡♥t ❧❛ ré♣♦♥s❡ ♦♣t✐q✉❡
s♦♥t ❛❧♦rs ❝♦♥t❡♥✉s ❞❛♥s ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ǫ(ω,R) q✉✐ ❞é♣❡♥❞ ♠❛✐♥t❡♥❛♥t ❞✉ r❛②♦♥
❞✉ ♥❛♥♦❝r✐st❛❧ R✳ ▲✬é✈❛❧✉❛t✐♦♥ ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❡st ♠❡♥é❡ ❞❡ ♠❛♥✐èr❡ s❡♠✐✲❝❧❛ss✐q✉❡ ❞❛♥s
❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤é♦r✐❡ ❞❡ ❧❛ ré♣♦♥s❡ ❧✐♥é❛✐r❡ ✭♣❛rt✐❡ ❇✳✷✳✸✮✳ ❈♦♠♠❡ ❧❡s ❝❛❧❝✉❧s ♣ré❝é❞❡♥ts
s♦♥t ♠❡♥és s✉r ❞❡s ❛❣ré❣❛ts ✐s♦❧és✱ ♥♦✉s ♣rés❡♥t❡r♦♥s ❡♥ ♣❛rt✐❡ ❇✳✷✳✹ ❧✬❡✛❡t ❞❡s ✐♥t❡r❛❝t✐♦♥s
❡♥tr❡ ❛❣ré❣❛ts ❞❛♥s ❞❡s ♠❛tér✐❛✉① ❝♦♠♣♦s✐t❡s à ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ✜♥✐❡✱ ❛✐♥s✐ ❝❡✉① ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡s t❛✐❧❧❡s ❞❡s ❛❣ré❣❛ts✱ ❞❡ ❧❡✉rs ❢♦r♠❡s ❡t ❞❡ ❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t s✉r ❧❛ ❢♦r♠❡
❞❡ ❧❛ rés♦♥❛♥❝❡✳

❇✳✷✳✷ ▼♦❞è❧❡ ❞❡ ▼✐❡

▼✐❡ ❬✷✺✾❪ ❛ ❧❡ ♣r❡♠✐❡r rés♦❧✉ ❧❡ ♣r♦❜❧è♠❡ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞✬✉♥ ❝❤❛♠♣ é❧❡❝tr♦♠❛❣♥ét✐q✉❡
♣❛r ✉♥❡ ♣❛rt✐❝✉❧❡ ♠ét❛❧❧✐q✉❡ ❞❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ✭❝♦♠♣❧❡①❡✮ ǫ̃ ✐♠♠❡r❣é❡ ❞❛♥s ✉♥ ♠✐❧✐❡✉
✐♥✜♥✐ ❞❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ǫm✳ ■❧ ✉t✐❧✐s❡ ♣♦✉r ❝❡❧❛ ❧❡s éq✉❛t✐♦♥s ❞❡ ▼❛①✇❡❧❧ ❝♦♠❜✐♥é❡s
❛✉① ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s ❝❧❛ss✐q✉❡s ❞❡s ❝❤❛♠♣s é❧❡❝tr✐q✉❡ ❡t ♠❛❣♥ét✐q✉❡ à ❧✬✐♥t❡r❢❛❝❡ ❡♥tr❡
❞❡✉① ❞✐é❧❡❝tr✐q✉❡s✳ ❚r❛✈❛✐❧❧❛♥t ❡♥ ❝♦♦r❞♦♥♥é❡s s♣❤ér✐q✉❡s✱ ✐❧ ✉t✐❧✐s❡ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ❣é♥ér❛❧❡
❞✉ ❝❤❛♠♣ ❊▼ ❞❛♥s ❝❡tt❡ s②♠étr✐❡✱ ✐✳❡✳ ✐❧ t✐❡♥t ❝♦♠♣t❡ ❞❡s t❡r♠❡s ♠✉❧t✐♣♦❧❛✐r❡s ✭✈♦✐r ❬✷✻✵❪
♣♦✉r ✉♥❡ ♣rés❡♥t❛t✐♦♥ ❛❝t✉❛❧✐sé❡ ❞✉ ❝❛❧❝✉❧✮✳ ❖♥ ❞é✜♥✐t ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬❛❜s♦r♣t✐♦♥ σabs
❝♦♠♠❡ ❧❛ ♣r♦❜❛❜✐❧✐té q✉❡ ❧❡ ❝❤❛♠♣ ❊▼ s♦✐t ❛❜s♦r❜é ♣❛r ❧❛ ♣❛rt✐❝✉❧❡✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡
❞❡ ❞✐✛✉s✐♦♥ σdiff ❝♦♠♠❡ ❧❛ ♣r♦❜❛❜✐❧✐té q✉❡ ❧❡ ❝❤❛♠♣ ❊▼ s♦✐t ❞✐✛✉sé ❞❛♥s ✉♥❡ ❞✐r❡❝t✐♦♥
❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞✉ ❢❛✐s❝❡❛✉ ✐♥❝✐❞❡♥t ❡t ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬❡①t✐♥❝t✐♦♥ σext = σabs + σdiff ✳
▲❡ ❝❛❧❝✉❧ ❞❡ ▼✐❡ ❞❛♥s ❧❡ ❝❛s ❣é♥ér❛❧ ❞♦♥♥❡ ✿

σext =
2π

|k|2
∞∑

l=1

(2l + 1)Re{al + bl} ✭❇✳✶✼✮

σsca =
2π

|k|2
∞∑

l=1

(2l + 1)(|al|2 + |bl|2) ✭❇✳✶✽✮

al =
mψl(mx)ψ

′
l(x) − ψ′

l(mx)ψl(x)

mψl(mx)η′l(x) − ψ′
l(mx)ηl(x)

✭❇✳✶✾✮

bl =
ψl(mx)ψ

′
l(x) −mψ′

l(mx)ψl(x)

ψl(mx)η′l(x) −mψ′
l(mx)ηl(x)

✭❇✳✷✵✮

♦ù m = n
nm

=
√

ǫ̃
ǫm

❡st ❧❡ r❛♣♣♦rt ❞❡s ✐♥❞✐❝❡s ❞❡ ré❢r❛❝t✐♦♥✱ k ❧❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ ❞❛♥s ❧❡ ✈✐❞❡✱

x = |k|R ❧❛ t❛✐❧❧❡ ré❞✉✐t❡ ♣❛r ❧✬❛✉tr❡ ❣r❛♥❞❡✉r ❝❛r❛❝tér✐st✐q✉❡ q✉✬❡st ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞✉
❝❤❛♠♣ ❊▼ ✐♥❝✐❞❡♥t ❡t ψl(z) ❡t ηl(z) ❧❡s ❢♦♥❝t✐♦♥s ❝②❧✐♥❞r✐q✉❡s ❞❡ ❘✐❝❝❛t✐ ❇❡ss❡❧✳ ▲✬✐♥❞✐❝❡
♣r✐♠❡ ✐♥❞✐q✉❡ ❧❛ ❞✐✛ér❡♥t✐❛t✐♦♥ ♣❛r r❛♣♣♦rt à ❧✬❛r❣✉♠❡♥t ❞❡ ❧❛ ❢♦♥❝t✐♦♥✳ ▲✬✐♥❞✐❝❡ l ❝♦rr❡s♣♦♥❞
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❋✐❣✳ ❇✳✷✿ ■♠♣♦rt❛♥❝❡ ❞❡s ❞✐✛ér❡♥t❡s ❝♦♥tr✐❜✉t✐♦♥s ✭❆ ✿❛❜s♦r♣t✐♦♥✱ ❙ ✿❞✐✛✉s✐♦♥✮ ❛✉
❝♦❡✣❝✐❡♥t ❞✬❡①t✐♥❝t✐♦♥ ❞♦♥♥é❡ ♣❛r ❧❡ ❝❛❧❝✉❧ ❞❡ ▼✐❡✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ♥❛♥♦❝r✐st❛✉①
❞✬❛r❣❡♥t ❬✷✻✶❪✳ P♦✉r ❞❡s t❛✐❧❧❡s ✐♥❢ér✐❡✉r❡s à 15 nm✱ ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❡①t✐♥❝t✐♦♥ ❡st
❞♦♠✐♥é❡ ♣❛r ❧✬❛❜s♦r♣t✐♦♥ ❞✐♣♦❧❛✐r❡ ✭A1✮✱ ❧❡s ❝♦♠♣♦s❛♥t❡s ❞❡ ❞✐✛✉s✐♦♥ ❞✐♣♦❧❛✐r❡ ✭S1✮
❡t ♠✉❧t✐♣♦❧❛✐r❡ ✭Ai ❡t Si✱ i ≥ 2✮ ét❛♥t ♥é❣❧✐❣❡❛❜❧❡s✳

❛✉① ❞✐✛ér❡♥ts ♠♦❞❡s ❞✬❡①❝✐t❛t✐♦♥ ❞✉ ♥❛♥♦❝r✐st❛❧ ✿ ❞✐♣♦❧❛✐r❡ ✭l = 1✮✱ q✉❛❞r✉♣♦❧❛✐r❡ ✭l = 2✮✱
✳ ✳ ✳ ❡t ❧❡s s❡❝t✐♦♥s ❡✣❝❛❝❡s ❇✳✶✼ ❡t ❇✳✶✽ s♦♥t ❧❡s s♦♠♠❡s ❞❡ ❝❡s ❞✐✛ér❡♥t❡s ❝♦♥tr✐❜✉t✐♦♥s ✭✜✲
❣✉r❡ ❇✳✷✮✳

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ❧❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t q✉❡ ♥♦✉s ♦❜s❡r✈❡r♦♥s ♦♥t ✉♥❡ t❛✐❧❧❡
✐♥❢ér✐❡✉r❡ à 5 − 10 nm✱ ❡t ❧❡✉r rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ s❡ s✐t✉❡ ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡
❧♦♥❣✉❡✉r ❞✬♦♥❞❡ 300 − 500 nm ✿ ♦♥ ❛✉r❛ ❞♦♥❝ x = |k|R ≪ 1✱ q✉✐ ❡st ❧❛ ❝♦♥❞✐t✐♦♥
❞✉ ré❣✐♠❡ q✉❛s✐ st❛t✐q✉❡✳ ▲❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ✐♥❝✐❞❡♥t❡ ❡st très s✉♣ér✐❡✉r❡
à ❧❛ t❛✐❧❧❡ ❞❡s ❛❣ré❣❛ts ❡t ❝❡✉①✲❝✐ s♦♥t ❞♦♥❝ s♦✉♠✐s à ✉♥ ❝❤❛♠♣ ✉♥✐❢♦r♠❡ ✈❛r✐❛♥t ❞❛♥s ❧❡
t❡♠♣s ✭✜❣✉r❡ ❇✳✸✮✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ ❝♦♥tr✐❜✉t✐♦♥ ♠❛❥♦r✐t❛✐r❡ à ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬❡①t✐♥❝t✐♦♥
❡st ❞✐♣♦❧❛✐r❡ é❧❡❝tr✐q✉❡ ❡t ❧❛ ❢♦r♠✉❧❡ ✭❇✳✶✼✮ s✬❛♣♣r♦①✐♠❡ ❜✐❡♥ ♣❛r ❧❛ ❢♦r♠❡ ❝♦✉r❛♥t❡ ✿

σext(ω) = 9
ω

c
ǫ3/2m V0

ǫ2(ω)

[ǫ1(ω) + 2ǫm]2 + ǫ2(ω)2
✭❇✳✷✶✮

♦ù c ❡st ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ❞❛♥s ❧❡ ✈✐❞❡✱ V0 ❡st ❧❡ ✈♦❧✉♠❡ ❞✉ ♣ré❝✐♣✐té ✭4πR3/3✮✱ ❧❛
❢♦♥❝t✐♦♥ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ s❡ ❞é❝♦♠♣♦s❛♥t ❡♥ ǫ̃(ω) = ǫ1(ω) + iǫ2(ω)✳▲❡ ♠❛①✐♠✉♠
❞❡ σext ❛ ❧✐❡✉ ❧♦rsq✉❡ ❧❡ ❞é♥♦♠✐♥❛t❡✉r ❞❡ ❇✳✷✶ ❡st ♠✐♥✐♠✉♠ ✭s♦✐t [ǫ1(ω) + 2ǫm]2 + ǫ2(ω)2

♠✐♥✐♠✉♠✮✳
❖♥ ♣❡✉t r❡tr♦✉✈❡r ❧❡ rés✉❧t❛t ❞❡ ▼✐❡ ❞❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ q✉❛s✐✲st❛t✐q✉❡ ✭❇✳✷✶✮ ♣❛r ✉♥
❝❛❧❝✉❧ s✐♠♣❧❡✳ ❊♥ ♣❛rt❛♥t ❞❡ ❧❛ s✐t✉❛t✐♦♥ s✐♠♣❧❡ ❞é❝r✐t❡ ❡♥ ✜❣✉r❡ ❇✳✸✱ ✐❧ s✉✣t ❞✬é❝r✐r❡ q✉❡
❧❛ ♣♦❧❛r✐s❛t✐♦♥ P ❡st r❡❧✐é❡ ❛✉ ❝❤❛♠♣ ❧♦❝❛❧ ♣❛r ❧❛ ♣♦❧❛r✐s❛❜✐❧✐té α ✿ P = ǫmαEi✳ ❊♥ ré❣✐♠❡
q✉❛s✐ st❛t✐q✉❡✱ ❧❛ ♣♦❧❛r✐s❛❜✐❧✐té ❞❡ ❧❛ s♣❤èr❡ ❡st ♣r♦❝❤❡ ❞❡ s❛ ✈❛❧❡✉r st❛t✐q✉❡ 4πǫ0R

3✳ ❖♥
♦❜t✐❡♥t ❛❧♦rs ǫ = 1 + 9V0

ǫ2m
ǫ̃+2ǫm

❞♦♥t ❧❛ ♣❛rt✐❡ ✐♠❛❣✐♥❛✐r❡ ❡st ❧✬❡①♣r❡ss✐♦♥ ❇✳✷✶✳

❉✬❛♣rès ❧❛ ❢♦r♠✉❧❡ ✭❇✳✷✶✮✱ ♦♥ ❝♦♥st❛t❡ q✉❡ s✐ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞❡s
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❋✐❣✳ ❇✳✸✿ ❆♣♣r♦①✐♠❛t✐♦♥ ❞✐♣♦❧❛✐r❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥ ❛❣ré❣❛t ♠ét❛❧❧✐q✉❡ ❛✈❡❝ ✉♥
❝❤❛♠♣ ❊▼✳ ❈♦♠♠❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ λ ❞✉ ❝❤❛♠♣ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❣r❛♥❞❡ q✉❡
❧❡ r❛②♦♥ ❞✉ ♥❛♥♦❝r✐st❛❧✱ ❝❡ ❞❡r♥✐❡r ♥❡ ✈♦✐t q✉✬✉♥ ❝❤❛♠♣ ✉♥✐❢♦r♠❡ ♦s❝✐❧❧❛♥t ❞❛♥s
❧❡ t❡♠♣s✳ ❈❡ ❝❤❛♠♣ ✉♥✐❢♦r♠❡ ♣♦❧❛r✐s❡ ❧❛ s♣❤èr❡✱ ❝❡ q✉✐ ❛❥♦✉t❡ ✉♥❡ ❝♦♠♣♦s❛♥t❡
s✉♣♣❧é♠❡♥t❛✐r❡ ❛✉ ❝❤❛♠♣ ✐♥t❡r♥❡ Ei✳

❛❣ré❣❛ts ❡st t❡❧❧❡ q✉❡ |ǫ̃ + 2ǫm| → 0 ❛❧♦rs ❧❡ ❝❤❛♠♣ ✐♥t❡r♥❡ ❞❛♥s ❧✬❛❣ré❣❛t Ei ❡st
très ❢♦rt❡♠❡♥t r❡♥❢♦r❝é ♣❛r r❛♣♣♦rt ❛✉ ❝❤❛♠♣ ❡①tér✐❡✉r ❛♣♣❧✐q✉é E0✳ ❈❡t ❡✛❡t
❡st s♦✉✈❡♥t ❛♣♣❡❧é ❝♦♥✜♥❡♠❡♥t ❞✐é❧❡❝tr✐q✉❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬✷✻✷✱ ✷✶✹❪✳ ❈✬❡st
✉♥ ❡✛❡t ❝❧❛ss✐q✉❡ ♣❛r ♦♣♣♦s✐t✐♦♥ ❛✉① ❡✛❡ts ❞❡ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ ♣rés❡♥tés
❡♥ ♣❛rt✐❡ ❇✳✶✳✶✳

▼✐❡ ❛ rés♦❧✉ ❧❡ ♣r♦❜❧è♠❡ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✱ ♠❛✐s ✐❧ ♥❡ ❞✐t r✐❡♥ s✉r ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡ ❞✉ ♠ét❛❧✱ q✉✐ r❡♥tr❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬❡①t✐♥❝t✐♦♥ ✭❇✳✷✶✮✳ ❈❡❝✐
❢❛✐t ❧✬♦❜❥❡t ❞❡ ❧❛ ♣❛rt✐❡ s✉✐✈❛♥t❡✳

❇✳✷✳✸ ▼♦❞è❧❡s ❞❡ ❝♦♥st❛♥t❡s ❞✐é❧❡❝tr✐q✉❡s

▲❡ ♠♦❞è❧❡ ❞❡ ▼✐❡ ♥❡ s❡ ❥✉st✐✜❡ ♣❛s ♣♦✉r ❞❡s t❛✐❧❧❡s ❞✬❛❣ré❣❛ts tr♦♣ ♣❡t✐t❡s✱ ♣♦✉r ❧❡sq✉❡❧❧❡s
❧❡ ❝❛r❛❝tèr❡ ✐♥❞✐✈✐❞✉❡❧ ❞❡s tr❛♥s✐t✐♦♥s é❧❡❝tr♦♥✐q✉❡s ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ♠❛rq✉é✳ ❖♥ s❡ ♣❧❛❝❡
❞♦♥❝ ❞❛♥s ✉♥ ré❣✐♠❡ ❞❡ t❛✐❧❧❡ ♦ù ❧❡ ❝❛r❛❝tèr❡ ♠ét❛❧❧✐q✉❡ ❞❡s ❛❣ré❣❛ts ❡st s✉✣s❛♠♠❡♥t
❛✣r♠é✳ ❈❡❝✐ ❥✉st✐✜❡ ❧❛ ❞é♠❛r❝❤❡ ❛❞♦♣té❡ q✉✐ ❝♦♥s✐st❡ à ♣❛rt✐r ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡
❞✉ ♠ét❛❧ ♠❛ss✐❢✱ ❡♥ ② ❛❥♦✉t❛♥t ❞❡s ❝♦rr❡❝t✐♦♥s ♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡ t❛✐❧❧❡ ✜♥✐❡ ❞❡s
❛❣ré❣❛ts✳

▼ét❛❧ ♠❛ss✐❢

❉✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❡✉r ré♣♦♥s❡ ♦♣t✐q✉❡✱ ❧❡s ♠ét❛✉① ♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞érés ❡♥ ♣r❡♠✐èr❡
❛♣♣r♦①✐♠❛t✐♦♥ ❝♦♠♠❡ ❞❡s ❣❛③ ❞✬é❧❡❝tr♦♥s ❧✐❜r❡s✳ ▲❡ ♠♦❞è❧❡ ❞❡ ❉r✉❞❡ ❞é❝r✐t ❜✐❡♥ ❧❛ ❝♦♥tr✐❜✉✲
t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ à ❧❛ ❢♦♥❝t✐♦♥ ❞✐é❧❡❝tr✐q✉❡✳ ❉❛♥s ❝❡ ♠♦❞è❧❡✱ t♦✉s
❧❡s é❧❡❝tr♦♥s ré❛❣✐ss❡♥t ❡♥ ♣❤❛s❡ ❛✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞❡ ❧✬♦♥❞❡ ❊▼ ✐♥❝✐❞❡♥t❡ E = E0e

iωt✳
▲❡ ♠♦✉✈❡♠❡♥t ❞✬✉♥ é❧❡❝tr♦♥ ❞❡ ♠❛ss❡ me ❡st ❞é❝r✐t ❝❧❛ss✐q✉❡♠❡♥t ♣❛r ✿

me
∂2r

∂t2
+meωc

∂r

∂t
= eE = eE0e

iωt ✭❇✳✷✷✮

♦ù ωc = vF

l∞
❡st ✉♥❡ ❝♦♥st❛♥t❡ ❞é❝r✐✈❛♥t ❧✬❛♠♦rt✐ss❡♠❡♥t ❞✉ ♠♦✉✈❡♠❡♥t ❞❡s é❧❡❝tr♦♥s ✿

❡❧❧❡ ❡st r❡❧✐é❡ ❛✉① ❞✐✛ér❡♥ts ♣r♦❝❡ss✉s ❞❡ ❞✐✛✉s✐♦♥ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❞❡s ✐♠♣✉r❡tés✱ ❞❡s
♣❤♦♥♦♥s✱✳ ✳ ✳ ✈✐❛ ❧❡ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ l∞✳
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▲❡ ♠♦✉✈❡♠❡♥t ❞❡ ❝❡t é❧❡❝tr♦♥ ✐♥❞✉✐t ✉♥ ❞✐♣ô❧❡ p✱ ❧❛ ♣♦❧❛r✐s❛t✐♦♥ ♠❛❝r♦s❝♦♣✐q✉❡ P = np ❡st
❧❛ s♦♠♠❡ ❞❡ ❝❡s ❞✐✛ér❡♥ts ❞✐♣ô❧❡s ✭n ❡st ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥✮✳
▲❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ǫ̃(ω) ❞✉ ♠ét❛❧ ♣❡✉t ❞♦♥❝ s✬é❝r✐r❡ ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ ✿

ǫ̃(ω) = 1 + χD(ω) = 1 −
ω2
p

ω2 + ω2
c

+ i
ω2
pωc

ω(ω2 + ω2
c )

✭❇✳✷✸✮

♦ù χD(ω) ❡st ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ❉r✉❞❡ ❞❡ ❧❛ s✉s❝❡♣t✐❜✐❧✐té ❡t

ωp =

√
ne2

ǫ0me
✭❇✳✷✹✮

❧❛ ❢réq✉❡♥❝❡ ♣❧❛s♠♦♥✳ ❉❛♥s ❧❡ ✈♦❧✉♠❡✱ ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ rés♦♥❛♥❝❡ ǫ1(ω) = 0 ❡st ✈ér✐✜é❡ ♣♦✉r
ω = ωp✳

❈❡ ♠♦❞è❧❡ ❞♦♥♥❡ ❞❡ ❜♦♥s rés✉❧t❛ts ♣♦✉r ❧❡s ♠ét❛✉① ❛❧❝❛❧✐♥s ✭❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥
ét❛♥t ❞❡ t②♣❡ s✱ ❝❤❛q✉❡ ❛t♦♠❡ ❛♣♣♦rt❛♥t ✉♥ é❧❡❝tr♦♥✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧ ♥✬❡st ♣❛s s✉✣s❛♥t
♣♦✉r ♠♦❞é❧✐s❡r ❝♦rr❡❝t❡♠❡♥t ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞❡s ❛✉tr❡s ♠ét❛✉①✱ ❝❛r ❧❡s tr❛♥s✐t✐♦♥s
❞✐t❡s ✐♥t❡r❜❛♥❞❡s ❬✷✻✸❪ s♦♥t ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡✳ ❈♦♠♠❡ ❧❡✉r ♥♦♠ ❧✬✐♥❞✐q✉❡✱
❧❡s tr❛♥s✐t✐♦♥s ✐♥t❡r❜❛♥❞❡s s♦♥t ❞❡s ❡①❝✐t❛t✐♦♥s ❞✬é❧❡❝tr♦♥s ❞❡ ❜❛♥❞❡s ♣❧✉s ♣r♦❢♦♥❞❡s q✉❡
❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥✳ P♦✉r ❝❡❧❛ ♦♥ ❛❥♦✉t❡ ✉♥ t❡r♠❡ ❞❡ s✉s❝❡♣t✐❜✐❧✐té ❝♦♠♣❧❡①❡ χIB(ω)
❞❛♥s ❧✬❡①♣r❡ss✐♦♥ ❇✳✷✸ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡✳ ❯♥❡ ❢♦✐s ❧❛ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❝♦♥♥✉❡✱
❝❡ t❡r♠❡ ♣❡✉t êtr❡ ❝❛❧❝✉❧é ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❢♦r♠✉❧❡ ❞❡ ❜❛s❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ é❧❡❝tr♦♥✲♣❤♦t♦♥
❞❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞✐♣ô❧❡ é❧❡❝tr✐q✉❡ ❬✷✻✹❪✳ ▲❛ ❝♦♠♣♦s❛♥t❡ ❞✐ss✐♣❛t✐✈❡ ✭♣❛rt✐❡ ✐♠❛❣✐♥❛✐r❡✮
❞❡ χIB(ω) ♣❡✉t s✬é❝r✐r❡ ✿

χIB2 =
1

ω2

∑

i,f

|Mif |2Jif (ω) ✭❇✳✷✺✮

❡♥ s✉♣♣♦s❛♥t q✉❡ ❧❡s é❧é♠❡♥ts ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡ tr❛♥s✐t✐♦♥ s♦♥t ❝♦♥st❛♥ts ❞❛♥s ❧❛ ③♦♥❡ ❞❡
❇r✐❧❧♦✉✐♥ ✭❩❇✮✱ ❡t Jif (ω) = 2

(2π)3

∫
ZB

d3kδ(Ef (k) − Ei(k) − ~ω) ❡st ❧❛ ❞❡♥s✐té ❞✬ét❛t ❥♦✐♥t❡
❡♥tr❡ ❧✬ét❛t ✐♥✐t✐❛❧ i ✭❞❛♥s ❧❛ ❜❛♥❞❡ ♣r♦❢♦♥❞❡✮ ❡t ❧✬ét❛t ✜♥❛❧ f ✭❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥✮✳ ▲❛
♣❛rt✐❡ ❞✐s♣❡rs✐✈❡ χIB1 ♣❡✉t ❛❧♦rs s❡ ❝❛❧❝✉❧❡r ♣❛r ❧❡s r❡❧❛t✐♦♥s ❞❡ ❑r❛♠❡rs✲❑r♦♥✐❣✳
❉❛♥s ❧❡ ❝❛s ❞❡s ❛❧❝❛❧✐♥s✱ ❧❡ s❡✉✐❧ ❞✬❡①❝✐t❛t✐♦♥ ❞❡s tr❛♥s✐t✐♦♥s ✐♥t❡r❜❛♥❞❡s ❡st très é❧❡✈é ✭é✈❛❧✉é
♣❛r ❡①❡♠♣❧❡ à 0.64EF ❬✷✻✺❪✮✳ P❛r ❝♦♥tr❡✱ ❝❡ ♥✬❡st ♣❧✉s ✈r❛✐ ♣♦✉r ❧❡s ❛✉tr❡s ♠ét❛✉① ❡t ❡♥
♣❛rt✐❝✉❧✐❡r ♣♦✉r ❧❡s ♠ét❛✉① ♥♦❜❧❡s ✭t❛❜❧❡❛✉ ❇✳✶✮✳ ❈❡ s♦♥t ❧❡s tr❛♥s✐t✐♦♥s ✐♥t❡r❜❛♥❞❡s q✉✐ s♦♥t
r❡s♣♦♥s❛❜❧❡s ❞❡s ❞✐✛ér❡♥❝❡s ❞❡ ♣r♦♣r✐étés ♦♣t✐q✉❡s ❞❛♥s ❧❡ ✈✐s✐❜❧❡ ❡♥tr❡ ❧❡s ♠ét❛✉① ♥♦❜❧❡s
✭❧❡✉r ❝♦✉❧❡✉r ❡♥ ♣❛rt✐❝✉❧✐❡r✮✳

Cu Ag Au
2, 1 eV 3, 9 eV 2, 4 eV

❚❛❜✳ ❇✳✶✿ ➱♥❡r❣✐❡ s❡✉✐❧ ❞❡s tr❛♥s✐t✐♦♥s ✐♥t❡r❜❛♥❞❡s ❞❡s ♠ét❛✉① ♥♦❜❧❡s✳ ❉❛♥s ❝❤❛q✉❡
❝❛s✱ ❝❡❧❛ ❝♦rr❡s♣♦♥❞ à ❞❡s tr❛♥s✐t✐♦♥s ❞❡ ❜❛♥❞❡s ❞❡ t②♣❡ d ✈❡rs ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝✲
t✐♦♥ ✭t②♣❡ s✮✳

❉é♣❡♥❞❛♥❝❡ ❛✈❡❝ ❧❛ t❛✐❧❧❡ ❘ ❞✬✉♥ ❛❣ré❣❛t

▲❛ t❤é♦r✐❡ ❞❡ ▼✐❡ ✉t✐❧✐sé❡ ❛✈❡❝ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞✉ ♠❛tér✐❛✉ ♠❛ss✐❢ ❞é❝r✐t ❜✐❡♥
❧❡s ❡✛❡ts ❞❡s ❣r❛♥❞❡s t❛✐❧❧❡s ✭❝♦♠♣♦s❛♥t❡ ♠✉❧t✐♣♦❧❛✐r❡ ❡t ❞✐✛✉s✐♦♥ ❘❛②❧❡✐❣❤✮ s✉r ❧❡s ♣r♦♣r✐é✲
tés ♦♣t✐q✉❡s ❞❡s ❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ré❣✐♠❡ q✉❛s✐✲st❛t✐q✉❡✱ ❧❡s t❛✐❧❧❡s



✷✵✽

❞❡s ❛❣ré❣❛ts s♦♥t t❡❧❧❡s q✉❡ ❧❡s ❡✛❡ts q✉❛♥t✐q✉❡s ❡①♣♦sés ❡♥ ♣❛rt✐❡ ✭❇✳✷✳✶✮ r❡♥tr❡♥t ❡♥ ❥❡✉✳
❈❡❧❛ s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ❡✛❡ts ❞✬é❝r❛♥t❛❣❡✱ ❛✉tr❡♠❡♥t ❞✐t ♣❛r ✉♥❡ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡ ❞é♣❡♥❞❛♥t ♠❛✐♥t❡♥❛♥t ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ s②stè♠❡ ǫ̃(ω,R) ❬✷✻✻✱ ✷✻✼❪✳

P❧✉s✐❡✉rs ♠❛♥✐èr❡s ❞❡ ❝❛❧❝✉❧❡r ❝❡tt❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ R ❡①✐st❡♥t✱ ❧✬✉♥❡ r❡♣♦s❛♥t s✉r ❧❛ ❝♦r✲
r❡❝t✐♦♥ ❞❡ ❧❛ ❢♦r♠✉❧❡ ❝❧❛ss✐q✉❡ ❞❡ ❧❛ ❝♦♥❞✉❝t✐✈✐té✱ ❡t ♣❧✉s✐❡✉rs ❛✉tr❡s s✬❛♣♣✉②❛♥t s✉r ✉♥❡
❞❡s❝r✐♣t✐♦♥ q✉❛♥t✐q✉❡ ❞❡ ❧❛ ♣♦❧❛r✐s❛❜✐❧✐té✳

❉❛♥s ❧❛ ✈✐s✐♦♥ ❞❡ ❉r✉❞❡ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ♠ét❛✉① ✭éq✉❛t✐♦♥
❇✳✷✸✮ ❧❛ ❝♦♥st❛♥t❡ ωc = vF

l∞
❞é❝r✐t ❧❡s ♣r♦❝❡ss✉s ❞❡ r❡❧❛①❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❞❡

❝♦♥❞✉❝t✐♦♥✳ ▲❡ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ ❞❡s é❧❡❝tr♦♥s l∞ s✬✐♥t❡r♣rèt❡ ❝♦♠♠❡ ❧❛
❞✐st❛♥❝❡ ♠♦②❡♥♥❡ ❡♥tr❡ ❝❤❛q✉❡ ✐♥t❡r❛❝t✐♦♥✳ P♦✉r ❞❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t ✭l∞ =
57 nm✮ ❡♥ ré❣✐♠❡ q✉❛s✐ st❛t✐q✉❡✱ ♦♥ ❛ 2R ≪ l∞ ✿ ❧❛ ❞✐✛✉s✐♦♥ ♣❛r ❧❛ s✉r❢❛❝❡
♥✬❡st ♣❧✉s ✉♥ ♠é❝❛♥✐s♠❡ ♥é❣❧✐❣❡❛❜❧❡ ❞❡ r❡❧❛①❛t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❞❡ ❝♦♥❞✉❝t✐♦♥
❬✷✻✽✱ ✷✻✾✱ ✷✼✵❪✳ P❧✉s✐❡✉rs ❝❛❧❝✉❧s s♦♥t ♣♦ss✐❜❧❡s s✉✐✈❛♥t q✉❡ ❧✬♦♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❛ ❞✐✛✉s✐♦♥
❡st ❞✐✛✉s❡ ✭lR = 4

3R✮ ♦✉ s♣é❝✉❧❛✐r❡ ✭lR = R✮ ❬✷✼✶✱ ✷✼✷❪✳ ▲❡s ❞✐✛ér❡♥t❡s ❛♣♣r♦❝❤❡s ❞♦♥♥❡♥t
t♦✉t❡s ✉♥❡ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ♣❛r ❧❛ s✉r❢❛❝❡ ❡♥ A/R✳ ❊❧❧❡s ❞✐✛èr❡♥t s✉r ❧❡ ❢❛❝t❡✉r
♥✉♠ér✐q✉❡ A✱ t♦✉❥♦✉rs ❞❡ ❧✬♦r❞r❡ ❞❡ ❧✬✉♥✐té✺✳ P❛r ❧❛ rè❣❧❡ ❞❡ ▼❛t❤✐❡ss❡♥✱ ❧❡ t❛✉① ❞❡ r❡❧❛①❛t✐♦♥
s✬é❝r✐t ♠❛✐♥t❡♥❛♥t ✿

ωc(R) = vF

(
1

l∞
+
A

R

)
✭❇✳✷✻✮

▲❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❧✐❜r❡s à ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ❧✬❛❣ré❣❛t s✬é❝r✐t ❝♦♠♠❡
❞❛♥s ❇✳✷✸ ❡♥ r❡♠♣❧❛ç❛♥t ωc ♣❛r ωc(R)✳ ▲✬❡✛❡t ❞♦♠✐♥❛♥t ✐❝✐ ♥✬❛ ♣❛s ♣♦✉r ♦r✐❣✐♥❡ ❧❛ ❞✐s❝rét✐✲
s❛t✐♦♥ ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ s♦✉s ❧✬❡✛❡t ❞✉ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡✱ ♠❛✐s ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡
❧❛ r❡❧❛①❛t✐♦♥ ❞❡ ❧✬❡①❝✐t❛t✐♦♥ ❝♦❧❧❡❝t✐✈❡ ✭t❡r♠❡ ❡♥ 1/τ ❞❛♥s ❧✬❡①♣r❡ss✐♦♥ ✭❇✳✼✮ ❞❡ ❧❛ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡✮✳

❖♥ tr♦✉✈❡r❛ ❞❛♥s ❧❛ r❡✈✉❡ ❞❡ ❘✉♣♣✐♥ ❡t ❛❧✳ ❬✷✼✸❪ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ♠é✲
t❤♦❞❡s ✉t✐❧✐sé❡s ♣♦✉r ❞ér✐✈❡r ǫ̃ à ♣❛rt✐r ❞❡ ♠♦❞è❧❡s q✉❛♥t✐q✉❡s ❞✬é❧❡❝tr♦♥s ❧✐❜r❡s ❞❛♥s ✉♥❡
❜♦ît❡✳ ❈❡s ❝❛❧❝✉❧s ❞♦♥♥❡♥t ❛✉ss✐ ✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ 1/R ❞❡ ❧❛ ♣❛rt✐❡ ✐♠❛❣✐♥❛✐r❡ ❞❡ ǫ̃✳ ❈❡tt❡
❞é♣❡♥❞❛♥❝❡ ♦❜s❡r✈é❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ♣❡✉t ❞♦♥❝ ❛✉ss✐ êtr❡ ❡①♣❧✐q✉é❡ à ♣❛rt✐r ❞✬❡✛❡ts
q✉❛♥t✐q✉❡s ✭❞✐s❝rét✐s❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡✱ ♣❛rt✐❡ ❇✳✶✳✶✮✻✳ ❉✬❛✉tr❡s ♣❤é✲
♥♦♠è♥❡s ❛♣♣♦rt❡♥t ❛✉ss✐ ✉♥❡ ✈❛r✐❛t✐♦♥ ❡♥ 1/R à ❧❛ r❡❧❛①❛t✐♦♥ ✿ ❧❛ r✉❣♦s✐té ❞❡
❧✬✐♥t❡r❢❛❝❡ ❬✷✼✹❪✱ ❡t ♣❧✉s s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❡s ❡✛❡ts ❧✐és à ❧❛ ♣rés❡♥❝❡ ❞✉ ♠✐❧✐❡✉
❡①tér✐❡✉r ❬✷✼✺❪✳ ❉❛♥s ❝❡tt❡ ❞❡r♥✐èr❡ ré❢ér❡♥❝❡✱ P❡rss♦♥ ❡①❛♠✐♥❡ ❧❡ ❝❛s ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t
❞❛♥s SiO2✱ ❡t ♠♦♥tr❡ q✉❡ ❧❡s ét❛ts é❧❡❝tr♦♥✐q✉❡s ❞❡ ❧❛ ♠❛tr✐❝❡ s♦♥t ♠♦❞✐✜és à ❧✬✐♥t❡r❢❛❝❡ ❛✈❡❝
❧❡ ♠ét❛❧✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ❝❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ♦✉✈r❡ ❧❛ ♣♦ss✐❜✐❧✐té ❛✉① é❧❡❝tr♦♥s ❞❡ ❝♦♥❞✉❝✲
t✐♦♥ ❞❡ ❞✐✛✉s❡r ❤♦rs ❞✉ ♥❛♥♦❝r✐st❛❧ ✈❡rs ❧❛ ♠❛tr✐❝❡✱ ❝❡ q✉✐ ❡st ✉♥ ❝❤❡♠✐♥ s✉♣♣❧é♠❡♥t❛✐r❡ ❞❡
r❡❧❛①❛t✐♦♥ ❞✉ ♣❧❛s♠♦♥✳

❊♥ ♣r❛t✐q✉❡ ♣♦✉r ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❞é❝r✐r♦♥s ❧✬❡✛❡t ❞❡ ❧❛ t❛✐❧❧❡ ♣❛r ✉♥ t❡r♠❡
❛❞❞✐t✐♦♥♥❡❧ ❡♥ 1/R ❛✉ t❡r♠❡ ❞❡ r❡❧❛①❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ❞❡ ❉r✉❞❡ ✭♠♦❞è❧❡ ❝❧❛s✲
s✐q✉❡ ❞❡ r❡❧❛①❛t✐♦♥✮✳ ❈❡❝✐ ❝♦♥❞✉✐t à ✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❡♥ 1/R ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❧❛
rés♦♥❛♥❝❡ ♣❧❛s♠♦♥✳

✺❈❡❝✐ ♣❡✉t s✬❛♣♣ré❤❡♥❞❡r q✉❛❧✐t❛t✐✈❡♠❡♥t ❡♥ ❢❛✐s❛♥t ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❞✐✛✉s✐♦♥ ♣❛r ❧❛
s✉r❢❛❝❡ ✭∝ 4πR2✮ ❡t ❧❡ ♥♦♠❜r❡ ❞✬é❧❡❝tr♦♥s ✭∝ 4π

3
R3✮✳

✻▼ê♠❡ s✐ ❞❡ ❣r♦ss❡s ❛♣♣r♦①✐♠❛t✐♦♥s s♦♥t ❢❛✐t❡s ❝♦♥❝❡r♥❛♥t ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ✿
❤❛✉t❡✉r ❞❡ ❜❛rr✐èr❡ ✐♥✜♥✐❡✱ s❡✉❧❡♠❡♥t ❧❡s é❧❡❝tr♦♥s ❧✐❜r❡s ♣r✐s ❡♥ ❝♦♠♣t❡✱ ♣❛s ❞✬❡✛❡t ❞❡ s✉r❢❛❝❡✱ ♣❛s ❞❡
tr❛✐t❡♠❡♥t ❞❡s ✐♥t❡r❛❝t✐♦♥s ❝♦✉❧♦♠❜✐❡♥♥❡ ❡t ❞✬é❝❤❛♥❣❡✳
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❇✳✷✳✹ ❈♦rr❡❝t✐♦♥s

◆♦✉s ❛✈♦♥s ❥✉sq✉✬à ♠❛✐♥t❡♥❛♥t ❝♦♥s✐❞éré ❧❛ ré♣♦♥s❡ à ✉♥ ❝❤❛♠♣ ❊▼ ❞✬✉♥ ❛❣ré❣❛t ✉♥✐q✉❡
❞❡ ❢♦r♠❡ ♣❛r❢❛✐t❡♠❡♥t s♣❤ér✐q✉❡ ❞❛♥s ❧❡ ✈✐❞❡✳ ❊♥ ♣r❛t✐q✉❡✱ ✐❧ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❝♦✉r❛♥t ❞✬ét✉✲
❞✐❡r ❧❛ ré♣♦♥s❡ ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞✬❛❣ré❣❛ts ❡♥❢♦✉✐s ❞❛♥s ✉♥❡ ♠❛tr✐❝❡✳ ❈♦♠♠❡ ❞é❥à ♠❡♥t✐♦♥♥é
à ❧❛ ✜♥ ❞✉ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✱ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ♠❛tr✐❝❡ ✐♥❞✉✐t ❞❡s ❡✛❡ts ❞❡ ♣♦❧❛r✐s❛t✐♦♥✱
❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ ❞❡s ❛❣ré❣❛ts ❞✉ ❢❛✐t ❞❡ ❧❛ ♣♦ss✐❜❧❡ ❞✐✛✉s✐♦♥ ❞❡s é❧❡❝tr♦♥s ✈❡rs
❧❛ ♠❛tr✐❝❡ ❡t ❞❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡s ♠♦❧é❝✉❧❡s ♣❤②s✐✲ ♦✉ ❝❤✐♠✐✲s♦r❜é❡s s✉r ❧❛ s✉r❢❛❝❡ ❞❡
❧✬❛❣ré❣❛t✳ ❉❡ ♣❧✉s✱ ✐❧ ❢❛✉t ❛✉ss✐ t❡♥✐r ❝♦♠♣t❡ ❞❡s é✈❡♥t✉❡❧❧❡s ❞é❢♦r♠❛t✐♦♥s ❞❡ ❧❛ ❢♦r♠❡ s♣❤é✲
r✐q✉❡✳
❊♥✜♥✱ ✐❧ ❡st ❛✉ss✐ ♥é❝❡ss❛✐r❡ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞✬❡✛❡ts ❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡s ❡t ❞❡ ❢♦r♠❡s
❞✬❛❣ré❣❛ts✱ ❛✐♥s✐ q✉❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ♣♦ss✐❜❧❡s ❡♥tr❡ ❧❡✉rs ❝❤❛♠♣s ❊▼ ❞✐✛✉sés✳

❊✛❡t ❞❡ ❧❛ ❢♦r♠❡ ❞✬✉♥ ❛❣ré❣❛t

❊♥ ♣r❛t✐q✉❡✱ ❧❡s ❛❣ré❣❛ts s②♥t❤ét✐sés ❡♥ ♠❛tr✐❝❡ ✈✐tr❡✉s❡ ♥❡ s♦♥t ♣❛s ❞❡ ❢♦r♠❡ ♣❛r❢❛✐✲
t❡♠❡♥t s♣❤ér✐q✉❡✳ ❯♥❡ ❜♦♥♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡s ❞é❢♦r♠❛t✐♦♥s ❢❛✐❜❧❡s ❡st ❞❡ ❝♦♥s✐❞ér❡r ❞❡s
❛❣ré❣❛ts ❡❧❧✐♣s♦ï❞❛✉①✳ ▲❛ ♣♦❧❛r✐s❛❜✐❧✐té ❞✬✉♥ ❛❣ré❣❛t ❡❧❧✐♣s♦ï❞❛❧ ❞❡ ❢♦♥❝t✐♦♥ ❞✐é❧❡❝tr✐q✉❡ ǫ̃✱
❜❛✐❣♥❛♥t ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❞❡ ❢♦♥❝t✐♦♥ ❞✐é❧❡❝tr✐q✉❡ ǫm s✬é❝r✐t ✿

αi =
ǫ̃− ǫm

3Li (ǫm + (ǫ̃− ǫm))
✭❇✳✷✼✮

♦ù αi ❡st ❧❛ ♣♦❧❛r✐s❛❜✐❧✐té ♣♦✉r ❧❡s tr♦✐s ❛①❡s ❞❡ ❧✬❡❧❧✐♣s♦ï❞❡ ✭①✱②✱③✮ ❡t Li ❧❡ ❢❛❝t❡✉r ❞❡ ❞é♣♦✲
❧❛r✐s❛t✐♦♥ ♣♦✉r ❝❤❛q✉❡ ❛①❡✳
▲❛ ❞é♣❡♥❞❛♥❝❡ ❣é♦♠étr✐q✉❡ ❞❡ ❧❛ rés♦♥❛♥❝❡ ❞❡ ♣❧❛s♠♦♥ ❡st ❞♦♥❝ ré❣✐❡ ♣❛r ❧❡ ❢❛❝t❡✉r ❞❡ ❞é✲
♣♦❧❛r✐s❛t✐♦♥ ▲✳ P♦✉r ✉♥❡ s♣❤èr❡ Li = 1/3 ∀i✱ ❡t ✉♥❡ s❡✉❧❡ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❡st ♣rés❡♥t❡✳ ❊♥
r❡✈❛♥❝❤❡✱ ♣♦✉r ✉♥ ❡❧❧✐♣s♦ï❞❡ ❞❡ ré✈♦❧✉t✐♦♥✱ ▲ ♣r❡♥❞ ❞❡✉① ✈❛❧❡✉rs q✉✐ t❡♥❞❡♥t r❡s♣❡❝t✐✈❡♠❡♥t
✈❡rs ✵ ❡t ✶ ❡t ✐❧ ② ❛ ❛❧♦rs ❞❡✉① rés♦♥❛♥❝❡s ♣❧❛s♠♦♥s✳ ❈❡s ❞❡✉① rés♦♥❛♥❝❡s✱ ♣♦✉r ✉♥ ♠ê♠❡
♠ét❛❧✱ s♦♥t ❞é♣❧❛❝é❡s ❧✬✉♥❡ ✈❡rs ❧❡ r♦✉❣❡ ❡t ❧✬❛✉tr❡ ✈❡rs ❧❡ ❜❧❡✉ ♣❛r r❛♣♣♦rt à ❧❛ rés♦♥❛♥❝❡
❞❡ ❧❛ s♣❤èr❡ ✐s♦❧é❡✳

❉✐str✐❜✉t✐♦♥ st❛t✐st✐q✉❡ ❞❡ ♥❛♥♦❝r✐st❛✉①

▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❞é♣❡♥❞❡♥t ❞❡ ❧❡✉r t❛✐❧❧❡✱ ❧❡✉r ❢♦r♠❡✱ ❡t ❧❡✉r
❡♥✈✐r♦♥♥❡♠❡♥t ♣r♦❝❤❡✳ ❉❛♥s ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♥❛♥♦❝r✐st❛✉①✱ t♦✉s ❝❡s ♣❛r❛♠ètr❡s ✈♦♥t êtr❡
❞✐str✐❜✉és ❡t é❧❛r❣✐r ❞❡ ♠❛♥✐èr❡ ✐♥❤♦♠♦❣è♥❡ ❧❡ ♣✐❝ ♣❧❛s♠♦♥✳ ♣❛r ❡①❡♠♣❧❡✱ s✐ ♦♥ ❝♦♥s✐❞èr❡ ✉♥❡
❞✐str✐❜✉t✐♦♥s ❞❡ ♥❛♥♦❝r✐st❛✉① ❞❡ ❞é❢♦r♠❛t✐♦♥s ✈❛r✐❛❜❧❡s✱ ❝❡t ❡✛❡t ♣r♦✈♦q✉❡ ✉♥ é❧❛r❣✐ss❡♠❡♥t
❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❬✷✼✻✱ ✷✼✼❪ q✉✐ s✬❛❥♦✉t❡ à ❧✬❡✛❡t ✐♥tr✐♥sèq✉❡ ❞❡ t❛✐❧❧❡ ❞é❝r✐t ❡♥ ❇✳✷✳✸✳
✭✈♦✐r ❛✉ss✐ ♣❛rt✐❡ ❇✳✷✳✺ ♣♦✉r ✉♥❡ é✈❛❧✉❛t✐♦♥ ❞❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❝❡s ♣❤é♥♦♠è♥❡s ❞❛♥s ❧❡ ❝❛s
❞❡ ♥❛♥♦❝r✐st❛✉① ❞✬❛r❣❡♥t ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ❞❡ ✈❡rr❡ s✐❧✐❝❛t❡✮✳

❊✛❡t ❞❡ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ✜♥✐❡ ❞❡ ♥❛♥♦❝r✐st❛✉①

▲❡s ❡✛❡ts ❞❡ ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ✜♥✐❡s ♦♥t ❞é❥à été ❞✐s❝✉tés ❡♥ ♣❛rt✐❡ ❇✳✶✳✸✱ ♥♦✉s ❛✈♦♥s
♠♦♥tré q✉✬✐❧s s♦♥t ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡s t❤é♦r✐❡s ❞❡ ♠✐❧✐❡✉ ❡✛❡❝t✐❢✳
❯♥ ❝❛s ❧✐♠✐t❡ ❡st ❝❡❧✉✐ ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ❢❛✐❜❧❡s t❡❧ q✉❡ ❞é✜♥✐t ♣❛r ❧❛ ❝♦♥❞✐t✐♦♥ ✭❇✳✶✺✮✳
❙✐ ❞❡ ♣❧✉s ǫm =

√
nop ❡st ❝♦♥st❛♥t ❡t ré❡❧✱ ❡t ǫ2 ≪ ǫ1✱ ♦♥ r❡tr♦✉✈❡ ✉♥❡ é❝r✐t✉r❡ ❞✉ ❝♦❡✣❝✐❡♥t

❞✬❛❜s♦r♣t✐♦♥ ❛♥❛❧♦❣✉❡ à ❝❡❧❧❡ ❞✉ ❝♦❡✣❝✐❡♥t ❞✬❡①t✐♥❝t✐♦♥ ❞✬✉♥ ❛❣ré❣❛t ✉♥✐q✉❡ ❞♦♥♥é❡ ♣❛r
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▼✐❡ ✭éq✉❛t✐♦♥ ❇✳✷✶✮ ❡♥ r❡♠♣❧❛ç❛♥t s✐♠♣❧❡♠❡♥t ❧❡ ✈♦❧✉♠❡ V0 ❞❡ ❧✬❛❣ré❣❛t ♣❛r ❧❡✉r ❢r❛❝t✐♦♥
✈♦❧✉♠✐q✉❡ Φ✼ ✿

α =
ω

cnop
Im(ǫeff ) ✭❇✳✷✽✮

≈ 9
ω

c
ǫ3/2m Φ

ǫ2
[ǫ1 + 2ǫm]2 + ǫ22

✭❇✳✷✾✮

❆✐♥s✐✱ ♣♦✉r ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ❢❛✐❜❧❡s✱ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞❡s ❝❤❛♠♣s ❊▼ ❡♥tr❡ ❛❣ré❣❛ts
s♦♥t ♥é❣❧✐❣❡❛❜❧❡s ❡t ♦♥ ♣❡✉t ❝♦♥s✐❞ér❡r ❧❡s ❛❣ré❣❛ts ❝♦♠♠❡ ✐s♦❧és✳ ❖♥ r❡♠❛rq✉❡r❛ ✐❝✐ q✉❡
❧❛ ❝♦♥❞✐t✐♦♥ ❇✳✶✺ ❞é♣❡♥❞ ❞❡ ǫ̃ ✐✳❡✳ ❞❡s ♣❛rt✐❝✉❧❛r✐tés ❞✉ s②stè♠❡ ét✉❞✐é ✭❢réq✉❡♥❝❡✱ r❛②♦♥ ❡t
❢♦r♠❡ ❞❡s ❛❣ré❣❛ts✱ ♠❛tr✐❝❡ ❤ôt❡ ✳ ✳ ✳ ✮✳

❊✛❡t ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡s ❛❣ré❣❛ts

❯♥❡ ❞❡s ❤②♣♦t❤ès❡s ❞❡ ❧❛ t❤é♦r✐❡ ❞❡ ▼✐❡ ❡st q✉❡ ❧✬❛❣ré❣❛t ❡st ♥❡✉tr❡ é❧❡❝tr✐q✉❡♠❡♥t✳ ❖♥
♣❡✉t s✬❛tt❡♥❞r❡ à ❞❡s ❞é✈✐❛t✐♦♥s ❞❛♥s ❧❡ ❝❛s ❞❡ ❝❧✉st❡rs ❝❤❛r❣és ✿ ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ✐♠♣♦r✲
t❛♥t❡ ❞❡ ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡✱ ❞❡s tr❛♥s❢❡rt ❞❡ ❝❤❛r❣❡ ❡♥tr❡ ❧❛ ♠❛tr✐❝❡ ❡t ❧❡ ♥❛♥♦❝r✐st❛❧✱
❞❡s ❧♦❝❛❧✐s❛t✐♦♥s ❞❡ ♣♦rt❡✉rs s✉r ❧❡s ❞é❢❛✉ts ♣❡✉✈❡♥t ♠♦❞✐✜❡r ❧❡s ♣r♦♣r✐étés ❞❡ rés♦♥❛♥❝❡✳
❏✉sq✉✬à ♠❛✐♥t❡♥❛♥t✱ ❝❡ ♣r♦❜❧è♠❡ ♥✬❛ ❝❡♣❡♥❞❛♥t ♣❛s tr♦✉✈é ❞❡ ♠♦❞é❧✐s❛t✐♦♥ t❤é♦r✐q✉❡✳
❈❡ ♣r♦❜❧è♠❡ ❛ été ❛❜♦r❞é ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t s✉r ❞❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t ♣ré♣❛rés ♣❛r ✐rr❛❞✐❛✲
t✐♦♥ ❞❡ s♦❧✉t✐♦♥ ❛q✉❡✉s❡ ❝♦♥t❡♥❛♥t ❞✉ ♥✐tr❛t❡ ❞✬❛r❣❡♥t ❬✷✼✽✱ ✷✼✾❪✳ ❍❡♥❣❧❡✐♥ ❡t ❛❧✳ ♠♦♥tr❡♥t
❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ ❞❡ ❧✬❛❞❞✐t✐♦♥ ❞✬é❧❡❝tr♦♥s ♦✉
❞❡ tr♦✉s✳

❇✳✷✳✺ ❆❣ré❣❛ts ❞✬❛r❣❡♥t ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ✈✐tr❡✉s❡

❉❛♥s ❝❡tt❡ ♣❛rt✐❡ ♣rés❡♥t♦♥s r❛♣✐❞❡♠❡♥t ❧❡s ❞✐✛ér❡♥t❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ rés♦♥❛♥❝❡
♣❧❛s♠♦♥ ❞❛♥s ❧❡ ❝❛s ♣❛rt✐❝✉❧✐❡r ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ❞❡ ✈❡rr❡ ❞✬♦①②❞❡✳ ◆♦✉s
♠♦♥tr♦♥s ❡♥s✉✐t❡ q✉❡❧❧❡ q✉❛♥t✐té ❞✬✐♥❢♦r♠❛t✐♦♥ s✉r ❧❡s ❛❣ré❣❛ts ✭t❛✐❧❧❡✱ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✮
♣❡✉t êtr❡ ❡①tr❛✐t❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ rés♦♥❛♥❝❡✳

▲❡s rés✉❧t❛ts ♣ré❝é❞❡♥ts ✉t✐❧✐sés ❞❛♥s ❝❡tt❡ ♣❛rt✐❡ s♦♥t ❧❡s s✉✐✈❛♥ts✳ ▲❡s ❛❣ré❣❛ts ❞✬❛r❣❡♥t
ét✉❞✐és ❞❛♥s ❝❡ tr❛✈❛✐❧ s♦♥t s✉✣s❛♠♠❡♥t ♣❡t✐ts ♣♦✉r q✉❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ q✉❛s✐✲st❛t✐q✉❡ ❞❡s
❢♦r♠✉❧❡s ❞❡ ▼✐❡ ✭éq✉❛t✐♦♥s ✭❇✳✶✼✮✲✭❇✳✷✵✮✮ s♦✐t ✈❛❧❛❜❧❡ ✿

σext(ω) = 9
ω

c
ǫ3/2m V0

ǫ2(ω)

[ǫ1(ω) + 2ǫm]2 + ǫ2(ω)2
✭❇✳✸✵✮

♦ù c ❡st ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ❞❛♥s ❧❡ ✈✐❞❡✱ V0 ❡st ❧❡ ✈♦❧✉♠❡ ❞✉ ♣ré❝✐♣✐té ✭4/3πR3✮✱ ❧❛
❢♦♥❝t✐♦♥ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ s❡ ❞é❝♦♠♣♦s❛♥t ❡♥ ǫ̃(ω) = ǫ1(ω) + iǫ2(ω)✳
▲❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ❧✬❛r❣❡♥t ♠❛ss✐❢ ❡st ♣r✐s❡ s♦✉s s❛ ❢♦r♠❡ ❞❡ ❉r✉❞❡ ✿

ǫ̃(ω) = 1 + χD(ω) = 1 −
ω2
p

ω2 + ω2
c

+ i
ω2
pωc

ω(ω2 + ω2
c )

✭❇✳✸✶✮

♦ù χD(ω) ❡st ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ❉r✉❞❡ ❞❡ ❧❛ s✉s❝❡♣t✐❜✐❧✐té ❡t

ωp =

√
ne2

ǫ0me
✭❇✳✸✷✮

✼❧❛ ❝❛❞r❡ ❞❡ ❝❡ ❝❛❧❝✉❧ ❞❡ ♠✐❧✐❡✉ ❡✛❡❝t✐❢ ❡st ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞✐♣♦❧❛✐r❡ ✿ ❧✬éq✉❛t✐♦♥ ❇✳✷✶ ❡st ❜✐❡♥ ✈❛❧✐❞❡✳ ❉❡
♣❧✉s✱ ❧❡s ❡✛❡ts ❞♦♠✐♥❛♥ts ❞❛♥s ❝❡ ré❣✐♠❡ s♦♥t ❧❡s ❡✛❡ts ❞✬❛❜s♦r♣t✐♦♥ ❡t ♣❛s ❞❡ ❞✐✛✉s✐♦♥ ✭✜❣✉r❡ ❇✳✷ ❞❛♥s ❧❡
❝❛s ❞❡ ❧✬❛r❣❡♥t✮ ✐❧ ❡st ❞♦♥❝ ♣♦ss✐❜❧❡ ❞❡ ❝♦♠♣❛r❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❡①t✐♥❝t✐♦♥ ❞♦♥♥é ♣❛r ❇✳✷✶ ❡t ❧❡ ❝♦❡✣❝✐❡♥t
❞✬❛❜s♦r♣t✐♦♥ ❇✳✷✾✳



✷✶✶

❧❛ ❢réq✉❡♥❝❡ ♣❧❛s♠♦♥✳ ▲❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ ❞❡ ❉r✉❞❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❛r❣❡♥t ♠❛ss✐❢
s♦♥t ✿

✕ s❛ ✈✐t❡ss❡ ❞❡ ❋❡r♠✐ vF = 1, 38 × 106m.s−1✱
✕ s♦♥ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ l∞ = 57 nm✱
✕ s❛ ❢réq✉❡♥❝❡ ♣❧❛s♠♦♥ ❞❡ ✈♦❧✉♠❡ ωp = 1, 37 × 1016s−1 ✭9, 2 eV ✮✳

❖♥ ❡♥ ❞é❞✉✐t ✉♥❡ ❢réq✉❡♥❝❡ ❞❡ ❝♦❧❧✐s✐♦♥ ❞✬❡♥✈✐r♦♥ ωc = 3 × 1013s−1✳
P♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡ t❛✐❧❧❡ ✜♥✐❡✱ ❧❡ t❛✉① ❞❡ r❡❧❛①❛t✐♦♥ ❡st ♠♦❞✐✜é s❡❧♦♥ ✿

ωc(R) = vF

(
1

l∞
+
A

R

)
✭❇✳✸✸✮

❊♥✜♥✱ ❝♦♠♠❡ ♦♥ ♦❜s❡r✈❡ ♥♦♥ ♣❛s ✉♥ ❛❣ré❣❛t ✐s♦❧é ♠❛✐s ✉♥ ❡♥s❡♠❜❧❡ ❞✬❛❣ré❣❛ts✱ ❧✬❛❜s♦r♣t✐♦♥
❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s ❞é♣❡♥❞r❛ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❡✛❡❝t✐✈❡✱ ❝❡ q✉✐ ❞♦♥♥❡✱ ♣♦✉r ❞❡
❢❛✐❜❧❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ✿

α ≈ 9
ω

c
ǫ3/2m Φ

ǫ2
[ǫ1 + 2ǫm]2 + ǫ22

✭❇✳✸✹✮

♦ù Φ ❡st ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡ ❞✬❛❣ré❣❛ts✳

Pr✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s tr❛♥s✐t✐♦♥s ✐♥t❡r❜❛♥❞❡s

■❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡s tr❛♥s✐t✐♦♥s ✐♥t❡r❜❛♥❞❡s ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ✈❛❧❡✉r ♣❧✉s
♣r♦❝❤❡ ❞❡ ❧❛ ré❛❧✐té ✭3, 8 eV ✮ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❞❡ ✈♦❧✉♠❡✳ ❈❡ ♠ê♠❡
❡✛❡t r❛♠è♥❡ ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ rés♦♥❛♥❝❡ ❞✉ ♠♦❞❡ ❞✐♣♦❧❛✐r❡ ❞❡ s✉r❢❛❝❡ ✭ǫ1(ω) + 2ǫm = 0✱
s♦✐t ωdip =

ωp√
3
❞❛♥s ❧❡ ✈✐❞❡✮ ❞❡ ❧✬❯❱ ✭5, 6 eV ✮ ❛✉ ✈✐s✐❜❧❡ ✭3, 6 eV ✮✳ ▲❛ ✜❣✉r❡ ❇✳✹ ♠♦♥tr❡

❣r❛♣❤✐q✉❡♠❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❝❡ ❞é❝❛❧❛❣❡ ❡♥ ❞é❝♦♠♣♦s❛♥t ❧❡s ❞✐✛ér❡♥t❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡
❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡✳ ▲❡s ❝♦♠♣♦s❛♥t❡s ré❡❧❧❡ ❡t ✐♠❛❣✐♥❛✐r❡ ❞❡ ❧❛ s✉s❝❡♣t✐❜✐❧✐té
✐♥t❡r❜❛♥❞❡ ♣❡✉✈❡♥t êtr❡ ❡①tr❛✐t❡s à ♣❛rt✐r ❞❡s ♠❡s✉r❡s ❞❡ ❧✬✐♥❞✐❝❡ ❝♦♠♣❧❡①❡ q✉❡
❧✬♦♥ tr♦✉✈❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ✭✜❣✉r❡ ❇✳✺✮✳

■❧ ❡st ❡♥s✉✐t❡ ❢❛❝✐❧❡ ❞❡ ♠♦❞✐✜❡r ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ❉r✉❞❡ ✭❇✳✸✶✮ s❡❧♦♥ ❧❛ ❝♦rr❡❝✲
t✐♦♥ ❝❧❛ss✐q✉❡ ✭❇✳✸✸✮ ❞✉ ❧✐❜r❡ ♣❛r❝♦✉rs ♠♦②❡♥ ♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡ t❛✐❧❧❡✳ P♦✉r ✜♥✐r
❛✈❡❝ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❛♠ètr❡s ✉t✐❧✐sés ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ♣r✐s nop ≈ 1, 5
♣♦✉r ❧✬✐♥❞✐❝❡ ♦♣t✐q✉❡ ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡ ✈❡rr❡ s✐❧✐❝❛t❡✳

❱❛❧✐❞✐té ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❡✛❡❝t✐✈❡ ❞❡ ▼●

❆✐♥s✐ ♣♦✉r✈✉✱ ♥♦✉s ❛✈♦♥s ♣✉ ❡①❛♠✐♥❡r t♦✉t ❞✬❛❜♦r❞ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ✈❛❧✐❞✐té ❞❡ ❧✬❛♣✲
♣r♦①✐♠❛t✐♦♥ ✭❇✳✶✺✮ ♥é❝❡ss❛✐r❡ ♣♦✉r ♣♦✉✈♦✐r é❝r✐r❡ ❧✬❛❜s♦r♣t✐♦♥ s♦✉s ❧❛ ❢♦r♠❡ ✭❇✳✸✹✮✳ ▲❛ t❛✐❧❧❡
❞❡s ❛❣ré❣❛ts ❞❛♥s ❝❡ tr❛✈❛✐❧ ♥❡ ❞é♣❛ss❛♥t ♣❛s q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s✱ ♥♦✉s r❡st♦♥s ❞❛♥s ❧✬❛♣✲
♣r♦①✐♠❛t✐♦♥ q✉❛s✐✲st❛t✐q✉❡ ✭❡q✳ ❞✐♣♦❧❛✐r❡✮✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ tr❛❝é s✉r ❧❛ ✜❣✉r❡ ❇✳✻✭❛✮✱ ❧❡

❢❛❝t❡✉r
∣∣∣ ǫ̃−ǫmǫ̃+2ǫm

∣∣∣ ❞❡ ❧❛ ❝♦♥❞✐t✐♦♥ ✭❇✳✶✺✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❛✉t♦✉r ❞❡ ❧❛ ré✲
s♦♥❛♥❝❡ ♣❧❛s♠♦♥✳ ❈♦♠♠❡ ❛tt❡♥❞✉✱ ✐❧ ② ❛ ✉♥❡ rés♦♥❛♥❝❡ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♠♦❞❡
♣❧❛s♠♦♥ ❞❡ s✉r❢❛❝❡✱ ❡t ❧❡ ❝❤❛♠♣ ❞✐♣♦❧❛✐r❡ ❡st ❛❧♦rs très ✐♠♣♦rt❛♥t ❛✉t♦✉r ❞❡ ❧❛
♣❛rt✐❝✉❧❡ ✿ ❝✬❡st ❛✉t♦✉r ❞❡ ❧❛ rés♦♥❛♥❝❡ q✉❡ ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s
❢❛✐❜❧❡s ❡st ❧❛ ♣❧✉s r❡str✐❝t✐✈❡✳ ❊♥ tr❛ç❛♥t ❞♦♥❝ ♠❛✐♥t❡♥❛♥t ❧❡ ♠❛①✐♠✉♠ ❞❡

∣∣∣ ǫ̃−ǫmǫ̃+2ǫm

∣∣∣ ❡♥

❢♦♥❝t✐♦♥ ❞✉ r❛②♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✱ ♥♦✉s ✈♦②♦♥s q✉❡ ❧❛ ❝♦♥❞✐t✐♦♥ Φ
∣∣∣ ǫ̃−ǫmǫ̃+2ǫm

∣∣∣ ≤ 10−2 ❡st ✈ér✐✜é❡

♣♦✉r Φ ≤ 2 × 10−3✳ ❙✐ ♦♥ t✐❡♥t ❝♦♠♣t❡ ❞✬✉♥❡ ❞❡♥s✐té ❞❡ 6 × 1022 at.cm−3 ♣♦✉r ✉♥ ✈❡rr❡



✷✶✷

❋✐❣✳ ❇✳✹✿ ❉é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❡ ré❡❧❧❡ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ❧✬❛r❣❡♥t
♠❛ss✐❢ ǫ1 ❝♦♠♠❡ ❧❛ s♦♠♠❡ ❞❡ s❛ ❝♦♠♣♦s❛♥t❡ ❞❡ ❉r✉❞❡ ǫDrude1 ❡t ❞❡ ❝❡❧❧❡ ♣r♦✈❡♥❛♥t
❞❡s tr❛♥s✐t✐♦♥s ✐♥t❡r❜❛♥❞❡s χIB1 ✳ ▲❡s ❞❡✉① ❧✐❣♥❡s ❤♦r✐③♦♥t❛❧❡s ✜①❡♥t ❧❡s ❝♦♥❞✐t✐♦♥s
❞❡ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❞❡ ✈♦❧✉♠❡ ǫ = 0 ❡t ❞❡ s✉r❢❛❝❡ ǫ = −2 ❞❛♥s ❧❡ ✈✐❞❡✳ ❖♥
✈✐s✉❛❧✐s❡ ❣r❛♣❤✐q✉❡♠❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s tr❛♥s✐t✐♦♥s ✐♥t❡r❜❛♥❞❡s ❞❛♥s ❧❛ ♣♦s✐t✐♦♥
❞❡ ❝❡s rés♦♥❛♥❝❡s✳

❋✐❣✳ ❇✳✺✿ ❆❧❧✉r❡ ❞❡s ❝♦♠♣♦s❛♥t❡s ✐♥t❡r❜❛♥❞❡s✱ ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ✐♥❞é♣❡♥❞❛♥t❡s
❞❡ ❧❛ t❛✐❧❧❡✳ ❊❧❧❡ s♦♥t ❡①tr❛✐t❡s ❞❡s ♠❡s✉r❡s ❞❡ ❝♦♥st❛♥t❡s ❞✐é❧❡❝tr✐q✉❡s ❞❡ ▲é✈êq✉❡
❬✷✽✵❪✴❲✐♥s❡♠✐✉s ❬✷✽✶❪ ✭r♦♥❞s✮ ❡t ❞❡ ❏♦❤♥s♦♥ ❬✷✽✷❪ ✭❝r♦✐①✮✳



✷✶✸

❋✐❣✳ ❇✳✻✿ ❱❛❧✐❞✐té ❞❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡s ❢❛✐❜❧❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ❞❛♥s ❧❡ ❝❛s
♣❛rt✐❝✉❧✐❡r ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ♣❧♦♥❣és ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ❞❡ ✈❡rr❡ s✐❧✐❝❛t❡ ✭nop ≈
1, 5✮ ✿ ✭❛✮ ❡①❡♠♣❧❡ ❞❡ ❝❛❧❝✉❧ ❞❡

∣∣∣ ǫ̃−ǫmǫ̃+2ǫm

∣∣∣ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❛❣ré❣❛t ❞✬❛r❣❡♥t ❞❡ 5 nm ❞❡

r❛②♦♥ ❡♥ ✉t✐❧✐s❛♥t ❧❡s ❞♦♥♥é❡s ❞❡ ▲é✈êq✉❡ ❬✷✽✵❪✴❲✐♥s❡♠✐✉s ❬✷✽✶❪ ♣♦✉r ❧❛ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡✳ ❖♥ ✈ér✐✜❡ ❜✐❡♥ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ rés♦♥❛♥❝❡ ❧♦rsq✉❡ ❧❡ ❞é♥♦♠✐♥❛t❡✉r

ǫ̃+ 2ǫm s✬❛♣♣r♦❝❤❡ ❞❡ ✵✳ ✭❜✮ ❆❧❧✉r❡ ❞✉ ♠❛①✐♠✉♠ ❞❡
∣∣∣ ǫ̃−ǫmǫ̃+2ǫm

∣∣∣ ♣♦✉r ❧❡s r❛②♦♥s ❘ ❞❡s

♥❛♥♦❝r✐st❛✉① ❝♦♠♣r✐s ❞❛♥s ✉♥❡ ❣❛♠♠❡ ♦ù ❧✬❛♣♣r♦①✐♠❛t✐♦♥ q✉❛s✐st❛t✐q✉❡ ❡st ✈❛❧❛❜❧❡✳

s✐❧✐❝❛t❡✱ ❡t ❞✬✉♥❡ ❞❡♥s✐té ❞❡ 60 Ag.nm−3 ❞❛♥s ❧✬❛r❣❡♥t ♠ét❛❧✱ ❝❡❧❛ r❡✈✐❡♥t à s❡ ❧✐♠✐t❡r à ❞❡s
❝♦♥❝❡♥tr❛t✐♦♥s ❞✬❛r❣❡♥t ✐♥❢ér✐❡✉r❡s à ✵✱✷ ✪❛t✳

◗✉❡❧❧❡s ✐♥❢♦r♠❛t✐♦♥s ❞❛♥s ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❄

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ❛tt❡♥❞♦♥s ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ❞❡s ✐♥❢♦r♠❛t✐♦♥s
s✉r ❧❡s ♥❛♥♦❝r✐st❛✉① ét✉❞✐és ✭t❛✐❧❧❡ ♠♦②❡♥♥❡✱ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡✱ ❧❛r❣❡✉r ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡ ❄ ❢♦r♠❡ ❄✳ ✳ ✳ ✮✳ ■❧ ❡st ❞♦♥❝ ✐♥tér❡ss❛♥t ❞✬❡①❛♠✐♥❡r ❛✉ ♣ré❛❧❛❜❧❡ ♣❛r ❧❡ ❝❛❧❝✉❧ ❧❡s ✐♥❢♦r♠❛✲
t✐♦♥s q✉❡ ♥♦✉s ♣♦✉✈♦♥s ❡s♣ér❡r ♦❜t❡♥✐r ❛✈❡❝ ✉♥ ♠✐♥✐♠✉♠ ❞❡ ✜❛❜✐❧✐té✳

❚♦✉t ❞✬❛❜♦r❞✱ r❡♠❛rq✉♦♥s q✉✬✐❧ ❡①✐st❡ ✉♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞❡ ♠❡s✉r❡s ❞❡ ❧❛ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡ ❞❡ ❧✬❛r❣❡♥t ♠❛ss✐❢ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ✭✈♦✐r P❛❧✐❦❬✷✽✸❪✮✳ ◆♦✉s ❡♥ ❛✈♦♥s sé❧❡❝t✐♦♥♥é
❞❡✉① ✿ ❝❡❧❧❡ sé❧❡❝t✐♦♥♥é❡ ♣❛r P❛❧✐❦ ❞❛♥s s❛ r❡✈✉❡ ✭❝♦♠❜✐♥❛✐s♦♥ ❞❡ ♠❡s✉r❡s ❞❡ ▲é✈êq✉❡ ❬✷✽✵❪
❡t ❲✐♥s❡♠✐✉s ❬✷✽✶❪✮ ❡t ❝❡❧❧❡ ❞❡ ❏♦❤♥s♦♥ ❬✷✽✷❪✳ ❊❧❧❡s ✐❧✉str❡♥t ❧❛ ❣r❛♥❞❡ ❞é♣❡♥❞❛♥❝❡ ❞❡ ❧❛
✈❛r✐❛t✐♦♥ ❡♥ 1/R ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❧❛ rés♦♥❛♥❝❡ ♣❧❛s♠♦♥ ✭✜❣✉r❡ ❇✳✼✮✳ ❆✐♥s✐✱ ✐❧ ❡st ❞✐✣✲
❝✐❧❡ ❞❡ ♠❡s✉r❡r ❧❡ r❛②♦♥ ✭♠♦②❡♥✮ ❞✬❛❣ré❣❛ts ❞✬❛r❣❡♥t ♣❛r ❛❥✉st❡♠❡♥t ❛✈❡❝ ✉♥❡
❢♦r♠❡ t❤é♦r✐q✉❡ ❞❡ ♣✐❝ ♣❧❛s♠♦♥ ❞é❞✉✐t❡ ❞❡ ❧❛ s✐♠♣❧❡ ♠❡s✉r❡ ❞❡ ❧❛ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡ ❞✉ ♠ét❛❧ ♠❛ss✐❢ ✳ ❈❡s ❝❛❧❝✉❧s ♠♦♥tr❡♥t ❧❛ ❣r❛♥❞❡ s❡♥s✐❜✐❧✐té ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡
❧❛ rés♦♥❛♥❝❡ ♣❧❛♠♦♥ à ❧❛ ♠❡s✉r❡ ❞❡ Im(χIB) ✭✜❣✉r❡ ❇✳✺✮ ✿ ❧❛ ❧❛r❣❡✉r ❞❛♥s ❧❡ ❝❛s ❞❡ ❏♦❤♥s♦♥
❡st ♣❧✉s ❢❛✐❜❧❡ ❝❛r ❧❡✉rs ♠❡s✉r❡s ❞♦♥♥❡♥t Im(χIB) ♣❧✉s ♣r♦❝❤❡ ❞❡ ③ér♦ q✉❡ ❧❡s ♠❡s✉r❡s ❝❤♦✐✲
s✐❡s ♣❛r P❛❧✐❦✳ ■❧ ❡st ♣❛r ❝♦♥séq✉❡♥t ♥é❝❡ss❛✐r❡ ❞✬ét❛❧♦♥♥❡r ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ✉♥❡ r❡❧❛t✐♦♥
t❛✐❧❧❡✲❧❛r❣❡✉r ❞❡ ♣✐❝ ♣❧❛s♠♦♥s✱ ❡♥ ♠❡s✉r❛♥t ❝♦♥❥♦✐♥t❡♠❡♥t ❧✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❡t ❧❛ t❛✐❧❧❡
♠♦②❡♥♥❡ ❞❡s ♣ré❝✐♣✐tés ♦❜t❡♥✉s ✭♣❛r ❡①❡♠♣❧❡ ♣❛r ▼❊❚✮ s✉r ❧❡s ♠ê♠❡s é❝❤❛♥t✐❧❧♦♥s✳



✷✶✹

❋✐❣✳ ❇✳✼✿ ❆❧❧✉r❡ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❧❛r❣❡✉r à ♠✐✲❤❛✉t❡✉r ❞✉ ♣✐❝ ♣❧❛s♠♦♥
s✉✐✈❛♥t ❞✐✛ér❡♥ts ♠♦❞è❧❡s✳ ▲❡s ♣♦✐♥ts ♠❛rq✉és ♣❛r ❞❡s s②♠❜♦❧❡s s♦♥t ❧❡ rés✉❧✲
t❛t ❞✬✉♥ ❝❛❧❝✉❧ ❝❧❛ss✐q✉❡ ✉t✐❧✐s❛♥t ❧❛ ❝♦rr❡❝t✐♦♥ ✭❇✳✸✸✮ ❛✈❡❝ ❆❂✶ ❞❡ ❧❛ ❝♦♠♣♦✲
s❛♥t❡ ❞❡ ❉r✉❞❡ ❞❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡✳ ▲❛ ❝♦♠♣♦s❛♥t❡ ✐♥t❡r❜❛♥❞❡✱ ❝♦♥s✐❞é✲
ré❡ ❝♦♠♠❡ ✐♥❞é♣❡♥❞❛♥t❡ ❞❡ ❧❛ t❛✐❧❧❡ ❡st ❡①tr❛✐t❡ ❞❡s ♠❡s✉r❡s ❞❡ ❝♦♥st❛♥t❡s ❞✐é❧❡❝✲
tr✐q✉❡s ❞❡ ▲é✈êq✉❡ ❬✷✽✵❪✴❲✐♥s❡♠✐✉s ❬✷✽✶❪ ✭▲❲ ✿ r♦♥❞s✮ ♦✉ ❜✐❡♥ ❞❡ ❏♦❤♥s♦♥ ❬✷✽✷❪
✭❏ ✿ ❝❛rrés✮✳ P♦✉r ❝♦♠♣❛r❛✐s♦♥✱ ❧❛ ❝♦✉r❜❡ ✐ss✉❡ ❞✉ ❝❛❧❝✉❧ q✉❛♥t✐q✉❡ ❞❡ ❑❛✇❛❜❛t❛
❬✷✹✾❪ ❡st tr❛❝é❡ ❡♥ ♣♦✐♥t✐❧❧é✳ ▲❡s ❧✐❣♥❡s ❡♥ tr❛✐t ✜♥ s♦♥t ❞❡s ❛❥✉st❡♠❡♥ts ✿ ▲❲
∆λ1/2(nm) = 32 + 100/R(nm) ❀ ❏ ∆λ1/2(nm) = 7 + 102/R(nm)✳

❙✐ ❧✬❛❥✉st❡♠❡♥t ❞❡s s♣❡❝tr❡s ❡①♣ér✐♠❡♥t❛✉① ❛✈❡❝ ❧✬❛✐❞❡ ❞✬✉♥❡ ♠❡s✉r❡ ❞❡ ❧❛ ❝♦♥st❛♥t❡
❞✐é❧❡❝tr✐q✉❡ ❞❡ ❧❛ ❧✐ttér❛t✉r❡ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ♠❡s✉r❡r ❞❡ ♠❛♥✐èr❡ ❛❜s♦❧✉❡ ❧❡ r❛②♦♥ ❞❡s
❛❣ré❣❛ts ♦❜s❡r✈és✱ ✐❧ ❞❡✈r❛✐t ♣❡r♠❡ttr❡ ♣♦✉r ✉♥❡ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞♦♥♥é❡ ❞✬é✈❛❧✉❡r ❧❡s
❡✛❡ts ❞❡ ❧✬é❧❛r❣✐ss❡♠❡♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡s✳ Pr❡♥♦♥s ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❣❛✉ss✐❡♥♥❡ ❞❡
t❛✐❧❧❡s✱ ❝❡♥tré❡ ❛✉t♦✉r ❞❡ ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ R0 ❡t ❞❡ ❧❛r❣❡✉r r❡❧❛t✐✈❡ à ♠✐✲❤❛✉t❡✉r δ ✿

f(R) =
1√
2πσ

exp− (R−R0)
2

2σ2
✭❇✳✸✺✮

✭❛✈❡❝ ❝❡s ♥♦t❛t✐♦♥s✱ δ ≈ 2,35σ
R0

✮✳ ❙✐ ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛❜s♦r♣t✐♦♥ ❞✬✉♥ ❛❣ré❣❛t ❡st ❞♦♥♥é ♣❛r
α(R,ω) ❛❧♦rs ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛❜s♦r♣t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❛❣ré❣❛ts s❡r❛ ❞♦♥♥é ♣❛r✽ ✿

αf (R0, δ, ω) =

∫ ∞

0

f(R)α(R,ω)dR ✭❇✳✸✻✮

▲❛ ✜❣✉r❡ ❇✳✽ rés✉♠❡ ❣r❛♣❤✐q✉❡♠❡♥t ❧❡ rés✉❧t❛t ❞✬✉♥ t❡❧ ❝❛❧❝✉❧ ♣♦✉r ❞❡s r❛②♦♥s ♠♦②❡♥s ♣♦✉r
❧❡sq✉❡❧s ❧❡ ré❣✐♠❡ q✉❛s✐✲st❛t✐q✉❡ ❡st ✈ér✐✜é ❡t ❞❡s ❧❛r❣❡✉rs r❡❧❛t✐✈❡s ❞❡ ❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡
❛❧❧❛♥t ❥✉sq✉✬à ✶✵✵ ✪✳ ❖♥ ♥❡ ✈♦✐t ❛✉❝✉♥ ❡✛❡t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ s✉r ❧❛ ❧❛r❣❡✉r ❞✉ ♣✐❝ à
♠✐✲❤❛✉t❡✉r✳ ❆✐♥s✐✱ ✐❧ s❡r❛ ✐♠♣♦ss✐❜❧❡ ❞❡ r❡♠♦♥t❡r à ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❛✉tr❡s q✉❡ ❧❛
t❛✐❧❧❡ ♠♦②❡♥♥❡ à ♣❛rt✐r ❞❡ ❧❛ ❧❛r❣❡✉r ❞✉ ♣✐❝ ♣❧❛s♠♦♥ ❞❛♥s ❧❡ ❝❛s ❞❡ ❞✐str✐❜✉t✐♦♥s
❞❡ t❛✐❧❧❡s ✭❛✉ss✐ ❜✐❡♥ ❧❛r❣❡s q✉✬❛s②♠étr✐q✉❡s✮✳ ❈❡tt❡ ❝♦♥❝❧✉s✐♦♥ ❡st ✈❛❧❛❜❧❡ ❞❛♥s ❧❛
♠❡s✉r❡ ♦ù ❧❡s ❛❣ré❣❛ts ❝♦♥s✐❞érés ♦♥t ✉♥❡ ❛❜s♦r♣t✐♦♥ ❞❛♥s ❧❡ ré❣✐♠❡ q✉❛s✐ st❛t✐q✉❡✳ ❙✐ ♦♥

✽❉❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s ❢❛✐❜❧❡s ✭❇✳✶✺✮✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧❡s ❛❣ré❣❛ts s♦♥t s❛♥s
✐♥t❡r❛❝t✐♦♥✳ ❉❛♥s ❧❡ ❝❛s ❝♦♥tr❛✐r❡✱ ♦♥ ♥❡ ♣❡✉t ❞✐ss♦❝✐❡r ❧❡ tr❛✐t❡♠❡♥t ❞❡s ❡✛❡ts ❞❡ ❝❤❛♠♣s ❧♦❝❛✉① ❡t ❞❡
❞✐str✐❜✉t✐♦♥s ❞❡ t❛✐❧❧❡ ✿ s✉r ✉♥ ❛❣ré❣❛t ❞♦♥♥é✱ ❧✬❡✛❡t ❞✬✉♥ ❣r♦s ✈♦✐s✐♥ s❡r❛ ♣❧✉s ✐♠♣♦rt❛♥t q✉❡ ❝❡❧✉✐ ❞✬✉♥ ♣❡t✐t
à ❧❛ ♠ê♠❡ ❞✐st❛♥❝❡✳



✷✶✺

❋✐❣✳ ❇✳✽✿ ❊✛❡t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ s✉r ❧❛ ❧❛r❣❡✉r ❞✉ ♣✐❝ ♣❧❛s♠♦♥✳ δ ❡st ❧❛
❧❛r❣❡✉r r❡❧❛t✐✈❡ à ♠✐✲❤❛✉t❡✉r ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❣❛✉ss✐❡♥♥❡ ❞❡ t❛✐❧❧❡✳ ▲❡ ❝❛❧❝✉❧ ❛
❛✉ss✐ été ♠❡♥é ❛✈❡❝ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ▲❙❲ ✭❛s②♠étr✐q✉❡✮✳ ▲✬❛❜s❝✐ss❡ ❞✉ ♣♦✐♥t ❝♦r✲
r❡s♣♦♥❞ à ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥✳ ❈❡ ❝❛❧❝✉❧ ❛ été ♠❡♥é ❛✈❡❝ ❧❡s ✈❛❧❡✉rs
❞❡ ❝♦♥st❛♥t❡s ❞✐é❧❡❝tr✐q✉❡s ❞❡ ❞❡ ▲é✈êq✉❡❬✷✽✵❪✴❲✐♥s❡♠✐✉s ❬✷✽✶❪✱ ❧❛ ❝♦♠♣♦s❛♥t❡ ❞❡
❉r✉❞❡ ét❛♥t ❝♦rr✐❣é❡ s❡❧♦♥ ❧✬éq✉❛t✐♦♥ ✭❇✳✸✸✮ ❛✈❡❝ ❆❂✶✳

s♦rt ❞❡ ❝❡ ré❣✐♠❡✱ ❧❡s rés♦♥❛♥❝❡s ❞✬♦r❞r❡ s✉♣ér✐❡✉r ✭q✉❛❞r✉♣♦❧❛✐r❡✳ ✳ ✳ ✮ s❡ ❞é✈❡❧♦♣♣❡♥t ❡t ✐♥✲
❞✉✐s❡♥t ✉♥❡ ❛❜s♦r♣t✐♦♥ ❞é❝❛❧é❡ ✈❡rs ❧❡ r♦✉❣❡✳ ▲❡s ❡✛❡ts ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡✈✐❡♥♥❡♥t
❛❧♦rs ❞ét❡r♠✐♥❛♥ts ✭✈♦✐r ❑r❡✐❜✐❣ ❬✷✺✹❪ ♣✳✹✶✮✳

❊♥✜♥✱ ❑r❡✐❜✐❣ ❬✶✺✸❪ ❛ r❡❧✐é ❧✬✐♥té❣r❛❧❡ ❞✉ ♣✐❝ ♣❧❛s♠♦♥ à ❧❛ q✉❛♥t✐té ❞✬❛r❣❡♥t ♣ré❝✐♣✐té❡
♣❛r ❧❛ r❡❧❛t✐♦♥ s✉✐✈❛♥t❡ ✿

αmax∆λ = AΦ ✭❇✳✸✼✮

αmax∆λ ❡st ♣r♦♣♦rt✐♦♥♥❡❧ à ❧✬❛✐r❡ ❞✉ ♣✐❝ ✭αmax ❡st ❧✬✐♥t❡♥s✐té ❞✉ ♣✐❝ ♣❧❛s♠♦♥ ❡♥ cm−1

❡t ∆λ ❡st ❝♦♥✈❡rt✐ ❡♥ ❡❱✮✳ A ✈❛✉t ❛❧♦rs 1, 25 × 106 eV.cm−1✱ Φ ét❛♥t ❧❛ ❢r❛❝t✐♦♥ ✈♦❧✉♠✐q✉❡
❞✬❛r❣❡♥t s♦✉s ❢♦r♠❡ ❞❡ ♣ré❝✐♣✐tés✳
▲✬❛r❣❡♥t ❝r✐st❛❧❧✐s❡ s❡❧♦♥ ✉♥❡ ♠❛✐❧❧❡ ❝❢❝ ❞❡ ♣❛r❛♠ètr❡ ❛ ❂ ✹✱✵✽✻✼ ➴✳ ❈❡tt❡ ♠❛✐❧❧❡ ❝♦♥t✐❡♥t
✹ ❛t♦♠❡s ❞✬❛r❣❡♥t s♦✐t ✉♥❡ ❞❡♥s✐té ✈♦❧✉♠✐q✉❡ ❞❡ 5, 86 × 1022 Ag.cm−3✳ ▲❡s ✈❡rr❡s s✐❧✐❝❛t❡s
✉t✐❧✐sés ❞❛♥s ❝❡ tr❛✈❛✐❧ ❛②❛♥t ❝♦✉r❛♠♠❡♥t 6× 1022 at.cm−3✱ ♦♥ ♣♦✉rr❛ ❝♦♥❢♦♥❞r❡ ❧❛ ❢r❛❝t✐♦♥
✈♦❧✉♠✐q✉❡ ❡t ❧❛ ❢r❛❝t✐♦♥ ❛t♦♠✐q✉❡ ❞✬❛r❣❡♥t✳

❊♥ ❝♦♠❜✐♥❛♥t ❝❡s éq✉❛t✐♦♥s✱ ♦♥ tr♦✉✈❡ ✉♥❡ ❢♦r♠❡ ❞❡ ❧♦r❡♥t③✐❡♥♥❡ ♣♦✉r ❧❡ ♣✐❝ ♣❧❛s♠♦♥
❞♦♥t ❧❛ ♣♦s✐t✐♦♥ λm ❡st ❞♦♥♥é❡ ♣❛r λ2

m = λ2
p(1 + 2n2

0) ❡t ❧❛ ❧❛r❣❡✉r à ♠✐✲❤❛✉t❡✉r ❡st ∆λ =
λ2

p

λc
(1 + 2n2

0)✳ ❉✬❛♣rès ▼♦r✐②❛ ❬✷✽✹❪✱ ❧❛ ❞❡♠✐✲❧❛r❣❡✉r à ♠✐✲❤❛✉t❡✉r ∆λ ❞✉ ♣✐❝ ♣❧❛s♠♦♥ ❛ ✉♥❡
❞é♣❡♥❞❛♥❝❡ ❡♥ ❘ s✉✐✈❛♥t ✿

∆λ = 0.0063 + 0.29/R+ 5.4 × 10−10R3 ✭❇✳✸✽✮

❝❡ q✉✐ ♣❡r♠❡t ❞❡ ❞é❞✉✐r❡ ❧❡ r❛②♦♥ ♠♦②❡♥ ❁R❃ ❞❡s ♣ré❝✐♣✐tés à ♣❛rt✐r ❞❡ ❧❛ ❧❛r❣❡✉r ❞✉ ♣✐❝
♣❧❛s♠♦♥✳

❇✳✸ Pr♦♣r✐étés ♦♣t✐q✉❡s ❞✬❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs

❖✉✈r❛❣❡s ❞❡ ré❢ér❡♥❝❡ ✿
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✶✳ ❖♣t✐❝❛❧ Pr♦♣❡rt✐❡s ♦❢ ❙❡♠✐❝♦♥❞✉❝t♦r ◆❛♥♦❝r②st❛❧s✱ ❙✳❱✳ ●❛♣♦♥❡♥❦♦✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✲
✈❡rs✐t② Pr❡ss✱ ❈❛♠❜r✐❞❣❡ ✶✾✾✽✳

✷✳ ◆❛♥♦str✉❝t✉r❡s ✲ ❚❤❡♦r② ❛♥❞ ▼♦❞❡❧❧✐♥❣✱ ❈✳ ❉❡❧❡r✉❡ ❛♥❞ ▼✳ ▲❛♥♥♦♦✱ ❙♣r✐♥❣❡r ❱❡r❧❛❣✱
❇❡r❧✐♥ ❍❡✐❞❡❧❜❡r❣ ✷✵✵✹✳

❇✳✸✳✶ ❆♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡

▲❛ ♣r❡♠✐èr❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ é❧❡❝tr♦♥✐q✉❡s ❞❡ ♥❛♥♦❝r✐st❛✉① ❛ été ♣r♦✲
♣♦sé❡ ♣❛r ❊❢r♦s ❛♥❞ ❊❢r♦s ❬✷✽✺❪✳ ▲❡✉rs ❤②♣♦t❤ès❡s s♦♥t très s✐♠♣❧✐✜❝❛tr✐❝❡s ✿ ❧❡ ♥❛♥♦❝r✐st❛❧
❡st s✉♣♣♦sé ❛✈♦✐r ✉♥❡ ❢♦r♠❡ s♣❤ér✐q✉❡ ❞❡ r❛②♦♥ ❘✱ ❧❡s ♣♦rt❡✉rs ❞❡ ❝❤❛r❣❡ s✉❜✐r ✉♥ ♣♦t❡♥t✐❡❧
✐♥✜♥✐ à ❧❛ s✉r❢❛❝❡ ❞✉ ♥❛♥♦❝r✐st❛❧✱ ❡t ❡♥✜♥ ❧❡ s❡♠✐❝♦♥❞✉❝t❡✉r ❡st ♠♦❞é❧✐sé ♣❛r ❞❡✉① ❜❛♥❞❡s
♣❛r❛❜♦❧✐q✉❡s ❡t ✐s♦tr♦♣❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ❝❡♥tr❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❇r✐❧❧♦✉✐♥✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❤②✲
♣♦t❤ès❡ r❡✈✐❡♥t à s❡ ❞♦♥♥❡r ❞❡✉① ♠❛ss❡s ❡✛❡❝t✐✈❡s✱ m∗

e ♣♦✉r ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ❡t m∗
h

♣♦✉r ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡✱ ❝❡ q✉✐ ❥✉st✐✜❡ ❧✬❛♣♣❡❧❧❛t✐♦♥ ❞✉ ♠♦❞è❧❡✳
▲❡ ❤❛♠✐❧t♦♥✐❡♥ q✉✐ ❣♦✉✈❡r♥❡ ❧❛ ❢♦♥❝t✐♦♥ ❡♥✈❡❧♦♣♣❡ ❞❡s é❧❡❝tr♦♥s ❡t ❞❡s tr♦✉s ❞❛♥s ❧❡ ❝❛❞r❡
❞❡ ❝❡tt❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❡st ❞♦♥♥é ❞❛♥s ❧❡ ❝❛s ❣é♥ér❛❧ ♣❛r ❇♦r❡❧❧✐ ❡t ❛❧✳ ❬✷✶✵❪ ✿

H = − ~
2

2m∗
e

∇2
e −

~
2

2m∗
h

∇2
h −

e2

ǫ|re − rh|
+ V (re) + V (rh) ✭❇✳✸✾✮

♦ù re ❡t rh s♦♥t ❧❡s ✈❡❝t❡✉rs ♣♦s✐t✐♦♥ ❞❡ ❧✬❡❧❡❝tr♦♥ ❡t ❞✉ tr♦✉ ❡t ❱ ❧❡ ♣♦t❡♥t✐❡❧ ❡①tér✐❡✉r
❛✉q✉❡❧ ✐❧s s♦♥t s♦✉♠✐s✳ ❉❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥ s✐♠♣❧❡ ❞❡ ❊❢r♦s V (r) = 0 s✐ r < R ❡t ∞ s✐♥♦♥✳
▲❡s é♥❡r❣✐❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡t ❤❛♠✐❧t♦♥✐❡♥ s♦♥t ❧✬é♥❡r❣✐❡ ❞❡ ❝♦♥✜♥❡♠❡♥t

h2

m∗

e/h
R2 ❡t ❧✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡ e2

ǫR ♦✉ e2

ǫaB
✭❧❡ ♣❧✉s ❧❛r❣❡ ❞❡s ❞❡✉①✮✳

▲❡✉r ❞é♣❡♥❞❛♥❝❡ ❡♥ t❛✐❧❧❡ ❝♦♥❞✉✐t à ❝♦♥s✐❞ér❡r ❞❡✉① ❝❛s ❧✐♠✐t❡s ✿

ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢❛✐❜❧❡ ❞é✜♥✐ ♣❛r R ≫ aB ✱ ♣♦✉r ❧❡q✉❡❧ ❧❡ ❝❛r❛❝tèr❡ ❞❡ ❧✬❡①❝✐t♦♥
❡♥ t❛♥t q✉❡ q✉❛s✐✲♣❛rt✐❝✉❧❡ ❡st ♣rés❡r✈é✱ ❧❡ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ ♠♦❞✐✜❛♥t s❡✉❧❡♠❡♥t
❧❡s ❞❡❣rés ❞❡ ❧✐❜❡rté ❞❡ tr❛♥s❧❛t✐♦♥ ❞❡ ❧✬❡①❝✐t♦♥ ✭t❡r♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡
❞♦♠✐♥❛♥t✮ ❀

ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt ♦ù ❛✉ ❝♦♥tr❛✐r❡ R ≪ aB ✳ ❊♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥✱ ♦♥
♣❡✉t é❧✐♠✐♥❡r ❧✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡ ❡t ❞♦♥❝ ❞é❝♦✉♣❧❡r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬é❧❡❝tr♦♥
❡t ❞✉ tr♦✉✱ t♦✉s ❧❡s ❞❡✉① ❝♦♥✜♥és ❞❛♥s ❧❡ ♥❛♥♦❝r✐st❛❧✳

❉❛♥s ❧❡ ❝❛s ✐♥t❡r♠é❞✐❛✐r❡✱ ♦ù ❘ ❡st ❝♦♠♣❛r❛❜❧❡ à aB ✱ ❧❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ♥❡ ♣❡✉✈❡♥t ♣❛s
s❡ ❝❛❧❝✉❧❡r ❞❡ ♠❛♥✐èr❡ s✐♠♣❧❡✳ ▲❛ ♠♦❜✐❧✐té ❞❡ ❧✬é❧❡❝tr♦♥ ét❛♥t s♦✉✈❡♥t ♠♦✐♥s ✐♠♣♦rt❛♥t❡ q✉❡
❝❡❧❧❡ ❞✉ tr♦✉✱ ❧✬é❧❡❝tr♦♥ ❡st ❞♦♥❝ ♣❧✉s ❢♦rt❡♠❡♥t ❝♦♥✜♥é ❛❧♦rs q✉❡ ❧❡ tr♦✉ ✈♦✐t ♠❛❥♦r✐t❛✐r❡✲
♠❡♥t ❧❡ ♣♦t❡♥t✐❡❧ ❝♦✉❧♦♠❜✐❡♥ ❞❡ ❧✬é❧❡❝tr♦♥✳

❈♦♥✜♥❡♠❡♥t ❢❛✐❜❧❡

❉❛♥s ❧❡ ❝❛s ❞✉ ❝♦♥✜♥❡♠❡♥t ❢❛✐❜❧❡ ✭R ≫ aB✮✱ ❧✬❡①❝✐t♦♥ ♥✬❡st ♣❛s ❞étr✉✐t ❡t ❝✬❡st ❝❡tt❡
q✉❛s✐ ♣❛rt✐❝✉❧❡ q✉✐ ❡st s♦✉♠✐s❡ à ❧✬✐♥✢✉❡♥❝❡ ❞✉ ❝♦♥✜♥❡♠❡♥t✳ ❉❛♥s ✉♥ s❡♠✐❝♦♥❞✉❝t❡✉r ♠❛ss✐❢✱
❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ❞❡ ❧✬❡①❝✐t♦♥ s✬é❝r✐t ✿

E(K) = Eg −
R∗
y

n2
+

~
2K2

2M
n = 1, 2 . . . ✭❇✳✹✵✮

♦ù K ❡st ❧❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ ❞❡ ❧✬❡①❝✐t♦♥✱ M = m∗
e + m∗

h s❛ ♠❛ss❡✱ ❡t Eg ❧❡ ❣❛♣ ❞✉ s❡✲
♠✐❝♦♥❞✉❝t❡✉r✳ ▲❡ ❞❡✉①✐è♠❡ t❡r♠❡ ❝♦rr❡s♣♦♥❞ ❛✉① ét❛ts ❤②❞r♦❣é♥♦ï❞❡s ❞❡ ❧✬❡①❝✐t♦♥✱ ❛❧♦rs



✷✶✼

❋✐❣✳ ❇✳✾✿ ❖r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞✉ r❛②♦♥ ❞❡ ❇♦❤r ❞✬❡①❝✐t♦♥ ❞❛♥s ❞✐✛ér❡♥ts s❡♠✐❝♦♥✲
❞✉❝t❡✉rs ✭❞✬❛♣rès ●❛♣♦♥❡♥❦♦ ❬✷❪✮✳

q✉❡ ❧❡ tr♦✐s✐è♠❡ t❡r♠❡ ❡st s♦♥ é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡ tr❛♥s❧❛t✐♦♥✳ ❈✬❡st ❝❡tt❡ ❞❡r♥✐èr❡ q✉✐ ❡st
q✉❛♥t✐✜é❡ s♦✉s ❧✬❛❝t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ❝♦♥✜♥❡♠❡♥t V (r) ✿

Enml = Eg −
R∗
y

n2
+

~
2χ2

ml

2MR2
✭❇✳✹✶✮

▲✬ét❛t ❞❡ ❧✬❡①❝✐t♦♥ ❞❛♥s ❧❡ ♥❛♥♦❝r✐st❛❧ ❡st ❞ét❡r♠✐♥é ♣❛r tr♦✐s ♥♦♠❜r❡s q✉❛♥t✐q✉❡s n, l,m(n >
0)✱ ♥ ❞é❝r✐✈❛♥t t♦✉❥♦✉rs ❧✬✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡✱ ❛❧♦rs q✉❡m ❡t l ❞é❝r✐✈❡♥t ❧✬ét❛t ❞✉ ❝❡♥tr❡
❞❡ ♠❛ss❡ ❡♥ ♣rés❡♥❝❡ ❞✉ ♣♦t❡♥t✐❡❧ ❡①tér✐❡✉r✳ ❖♥ ❡♥ ❞é❞✉✐t ❧✬é♥❡r❣✐❡ ❞✉ ♣r❡♠✐❡r ét❛t ❡①❝✐té
✭n = 1✱ m = 1✱ l = 0✮ ✿

E1S1s = Eg −R∗
y(1 − µ

M

(πaB
R

)2
)

✭❇✳✹✷✮

▲❡s ❡✛❡ts ❞❡ ❝♦♥✜♥❡♠❡♥t q✉❛♥t✐q✉❡ ✐♥❞✉✐s❡♥t ❞♦♥❝ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❣❛♣ ❡✛❡❝t✐❢ ❞❡
R∗
y
µ
M (πaB

R )2✳ ◆♦t♦♥s q✉❡ ❝❡ t❡r♠❡ ❡st ❢❛✐❜❧❡ ❞❡✈❛♥t R∗
y ❞✉ ❢❛✐t q✉❡ ♥♦✉s ❛✈♦♥s s✉♣♣♦sé

R≫ aB ✳

❈♦♥✜♥❡♠❡♥t ❢♦rt

❈♦♠♠❡ ✐♥❞✐q✉é ♣❧✉s ❤❛✉t✱ ♦♥ ♣❡✉t ❞❛♥s ❝❡ ❝❛s ❞é❝♦✉♣❧❡r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬é❧❡❝tr♦♥
❡t ❞✉ tr♦✉✳ P❛r ❝♦♥séq✉❡♥t✱ ✐❧ s✉✣t ❞❡ rés♦✉❞r❡ ❧❡ ♣r♦❜❧è♠❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❝♦♥✜♥é ❞❛♥s ✉♥
♣♦t❡♥t✐❡❧ ❞❡ s②♠étr✐❡ s♣❤ér✐q✉❡ ❝❛rré ✐♥✜♥✐✳ ▲❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞❡ ❧✬é❧❡❝tr♦♥ s✬é❝r✐t ❛❧♦rs s♦✉s
❧❛ ❢♦r♠❡ ✿

ψelmn(re) = φelmn(re)uc(re) ✭❇✳✹✸✮

♦ù uc(re) ❛ ❧❛ ♣ér✐♦❞✐❝✐té ❞✉ rés❡❛✉ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❡♥✈❡❧♦♣♣❡ φelmn(re) ♣r❡♥❞ ❧❛ ❢♦r♠❡ ✿

φelmn(r) = Blnjl(αln(r/R))Y ml (θ, φ) ✭❇✳✹✹✮
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❋✐❣✳ ❇✳✶✵✿ ❱❛r✐❛t✐♦♥ ❞✉ ❣❛♣ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ r❛②♦♥ ❞✉ ♥❛♥♦❝r✐st❛❧ ❡t ❞❡ ❧❛ ♥❛t✉r❡ ❞✉
s❡♠✐❝♦♥❞✉❝t❡✉r s❡❧♦♥ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡✳ ❖♥ ♦❜s❡r✈❡ q✉❡ ♣❧✉s ❧❛
♠❛ss❡ ré❞✉✐t❡ ❡st ❢❛✐❜❧❡✱ ♣❧✉s ❧❛ ♣❧❛❣❡ ❞❡ ✈❛r✐❛t✐♦♥ ❞✉ ❣❛♣ ❡st ✐♠♣♦rt❛♥t❡✳ ✭❞✬❛♣rès
●❛♣♦♥❡♥❦♦ ❬✷❪✮

♦ù Y ml s♦♥t ❧❡s ❤❛r♠♦♥✐q✉❡s s♣❤ér✐q✉❡s✱ jl(x) ❧❡s ❢♦♥❝t✐♦♥ s♣❤ér✐q✉❡s ❞❡ ❇❡ss❡❧ ❞✬♦r❞r❡ ❧✱
αln s♦♥ nieme ③ér♦✱ ❡t Bln ✉♥ ❝♦♥st❛♥t❡ ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥✳ ❊♥ ♣r❡♥❛♥t ❧❡ ③ér♦ ❞❡s é♥❡r❣✐❡s
❛✉ s♦♠♠❡t ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡✱ ❧✬é♥❡r❣✐❡ ❛ss♦❝✐é❡ à ❝❡tt❡ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❡st ✿

Enl = Eg +
~

2α2
nl

2m∗
eR

2
✭❇✳✹✺✮

❯♥❡ ❢♦r♠✉❧❡ ❛♥❛❧♦❣✉❡ s✬❛♣♣❧✐q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ❝♦♥✜♥❡♠❡♥t ❞✉ tr♦✉ ❡t ❧❡s ♥✐✈❡❛✉① ♣❡r♠✐s
♥❡ s♦♥t ♣❧✉s ré♣❛rt✐s s✉✐✈❛♥t ✉♥ ❝♦♥t✐♥✉✉♠ ♠❛✐s ♣❧✉tôt s✉✐✈❛♥t ✉♥❡ é❝❤❡❧❧❡ ❞✐s❝rèt❡✱ q✉✐
♣❡✉t êtr❡ ✐♥❞❡①é❡ ❝♦♠♠❡ ❝❡❧❧❡ ❞❡s ♥✐✈❡❛✉① ❛t♦♠✐q✉❡s ✿ 1s ♣♦✉r ✭n = 0✱ l = 1✮✱ 1p ♣♦✉r
✭n = 1✱ l = 1✮✱ ❡t❝✳ ✳ ✳ ✳ P❛r ❛✐❧❧❡✉rs✱ ❧✬é♥❡r❣✐❡ ❞✉ ♣r❡♠✐❡r ♥✐✈❡❛✉ ❡①❝✐té s✬é❝r✐t ♠❛✐♥t❡♥❛♥t✱
❛✈❡❝ α01 = π ✿

E = Eg +
~

2π2

2µR2
✭❇✳✹✻✮

❈❡ ❝❛❧❝✉❧ ❡st ❝❡rt❡s très s✐♠♣❧❡ ❛✉ r❡❣❛r❞ ❞❡ ❧❛ ré❛❧✐té ♠❛✐s ✐❧ ❛ ❧✬❛✈❛♥t❛❣❡ ❞✬êtr❡ ❢❛✐t à
♣❛rt✐r ❞❡s ♣r❡♠✐❡rs ♣r✐♥❝✐♣❡s ❡t ❞❡ ❞♦♥♥❡r ✉♥❡ ❜♦♥♥❡ ❡st✐♠❛t✐♦♥ ❞✉ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ ❜❧❡✉ ❞✉
❣❛♣ ❞✉ ♥❛♥♦❝r✐st❛❧ s❡♠✐❝♦♥❞✉❝t❡✉r✳ ▲❡s ♣❛r❛♠ètr❡s ✐♠♣♦rt❛♥ts q✉✐ ❞ét❡r♠✐♥❡♥t ❧❛
❣❛♠♠❡ ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❛q✉❡❧❧❡ ✈❛r✐❡ ❧❡ ❣❛♣ ❞✉ ♥❛♥♦❝r✐st❛❧ s♦♥t ❧❛ ♠❛ss❡ ré❞✉✐t❡
❞❡ ❧✬❡①❝✐t♦♥ µ ❡t ❧❡ r❛②♦♥ R ❞✉ ♥❛♥♦❝r✐st❛❧ ✭✈❛r✐❛t✐♦♥ ❡♥ 1/R2 ✭✜❣✉r❡ ❇✳✶✵✮✮✳

❇✳✸✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞✉ ♠♦❞è❧❡ ❞❡ ♠❛ss❡ ❡✛❡❝t✐✈❡

❈❡ ♠♦❞è❧❡ s✐♠♣❧❡ ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡ s✉r❡st✐♠❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ ❞é❝❛❧❛❣❡ ❞✉ ❣❛♣ ✈❡rs
❧❡ ❜❧❡✉✳ ❉❡s ♣ré❞✐❝t✐♦♥s ♣❧✉s ✜❛❜❧❡s ❞♦✐✈❡♥t t❡♥✐r ❝♦♠♣t❡ ❞❡s ❡✛❡ts ❞❡ ❜❛rr✐èr❡ ✜♥✐❡ ❞❡ ♣♦✲
t❡♥t✐❡❧✱ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡ ❡♥tr❡ ❧❡ tr♦✉ ❡t ❧✬é❧❡❝tr♦♥✱ ❞❡ ❧❛ ♥♦♥ ♣❛r❛❜♦❧✐❝✐té ❞❡ ❧❛
❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ❡t ❞❡ ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡s ❜❛♥❞❡s ❞❡ ✈❛❧❡♥❝❡✳ ❉❡s ♠♦❞è❧❡s ❛❧t❡r♥❛t✐❢s✱
❡♥ ♣❛rt✐❡ ❡♠♣✐r✐q✉❡s✱ ♦♥t ❛✉ss✐ été ❞é✈❡❧♦♣♣és ♣♦✉r ❛♠é❧✐♦r❡r ❧❛ ♣ré❞✐❝t✐♦♥✳ ▲❡s ❞✐✛ér❡♥t❡s



✷✶✾

❤②♣♦t❤ès❡s ❞❡ ❊❢r♦s ❡t ❊❢r♦s ❬✷✽✺❪✱ s✉r ❧❛ ❢♦r♠❡ ❞✉ ♥❛♥♦❝r✐st❛❧✱ ❧✬❛❧❧✉r❡ ❞✉ ♣♦t❡♥t✐❡❧ ❝♦♥✜✲
♥❛♥t✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ s❡♠✐❝♦♥❞✉❝t❡✉r s♦♥t ❞✐s❝✉té❡s ✐❝✐✳

▲✬❛♣♣r♦①✐♠❛t✐♦♥ ❞✬✉♥❡ ❢♦r♠❡ s♣❤ér✐q✉❡ ❞❡ ♥❛♥♦❝r✐st❛✉① ♥✬❡st ♣❛s ✉♥❡ ❝♦rr❡❝t✐♦♥ ✐♠♣♦r✲
t❛♥t❡ ❞❡s ❡✛❡ts ❞❡ ❝♦♥✜♥❡♠❡♥t✱ ❝♦♠♠❡ ❧✬♦♥ ♠♦♥tré ❊❢r♦s ❡t ❘♦❞✐♥❛ ❬✷✽✻❪ ❡♥ ❝♦♥s✐❞ér❛♥t ❞❡s
❞é✈✐❛t✐♦♥s ❡❧❧✐♣s♦ï❞❛❧❡s ❞❡ ❧❛ ❢♦r♠❡ s♣❤ér✐q✉❡✳

■♥✢✉❡♥❝❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡①tér✐❡✉r

▲✬✐♥✢✉❡♥❝❡ ❞✉ ♠✐❧❡✉ ❡♥✈✐r♦♥♥❛♥t ❡①tér✐❡✉r ❛✉ ♥❛♥♦❝r✐st❛❧ ❡st ♣r✐♠♦r❞✐❛❧❡✱ ❡t ❝✬❡st ❡♥
♣❛rt✐❝✉❧✐❡r ❝❡ ♣♦✐♥t q✉✐ ♠♦t✐✈❡ ❧❡s r❡❝❤❡r❝❤❡s s✉r ❧❡s ♣♦ss✐❜❧✐tés ❞❡ ✧❝❛♣♣✐♥❣✧✳ ❊♥ ♣r❛t✐q✉❡✱
❧❡s ♥❛♥♦❝r✐st❛✉① s♦♥t t♦✉❥♦✉rs ❡♥❢♦✉✐s ❞❛♥s ✉♥ ♠✐❧✐❡✉ ❞✐é❧❡❝tr✐q✉❡ ❞❡ ❝♦♥st❛♥t❡ ǫ2✱ q✉✐ ❡st
❞✬❤❛❜✐t✉❞❡ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❝❡❧❧❡ ❞✉ s❡♠✐❝♦♥❞✉❝t❡✉r ǫ1✳ ❙✐ ♦♥ ♣r❡♥❞ ❧✬❡①❡♠♣❧❡ ❞✬✉♥ ♥❛♥♦❝r✐s✲
t❛❧ s❡♠✐❝♦♥❞✉❝t❡✉r ✭Eg ≈ 1 − 3 eV ✮ ❡♥❢♦✉✐ ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ✈✐tr❡✉s❡ ✭gap ≈ 5 − 6 eV ✮✱ ❧❛
❤❛✉t❡✉r ❞✉ ♣✉✐ts ❞❡ ♣♦t❡♥t✐❡❧ ✈✉ ♣❛r ❧❡s ♣♦rt❡✉rs ♥✬❡st ♣❧✉s ✐♥✜♥✐❡ ♠❛✐s ❞❡ ❧✬♦r❞r❡ ❞❡ ✷✲✺
❡❱ ❝✬❡st à ❞✐r❡ ♣r♦❝❤❡ ❞❡s é♥❡r❣✐❡s ❞❡ ❝♦♥✜♥❡♠❡♥t ❡♥ ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt✳ Pr❛t✐✲
q✉❡♠❡♥t✱ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞❡s ♣♦rt❡✉rs ♣é♥ètr❡ ❞❛♥s ❧❛ ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧ ♣r♦✈♦q✉❛♥t
✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ❝♦♥✜♥❡♠❡♥t✱ ❝♦♥st❛té❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t s✉r ❞❡s ❛❣ré❣❛ts
❞❡ ❈❞❙ ❞❡ ♣❡t✐t❡ t❛✐❧❧❡ ✭1 − 2 nm✮✳ ▲❡s ❡✛❡ts ❞❡ ♣♦t❡♥t✐❡❧ ❞❡ ❜❛rr✐èr❡ ✜♥✐ ♦♥t été é✈❛❧✉és
t❤é♦r✐q✉❡♠❡♥t ♣❛r ❞✐✈❡rs ❛✉t❡✉rs ❬✷✽✼✱ ✼✵✱ ✷✽✽✱ ✷✽✾❪✳ ▲❡✉rs rés✉❧t❛ts ❝♦♥❝❡r♥❛♥t ❧❡ ♣r❡♠✐❡r
ét❛t ❡①❝✐té ♦♥t ❝♦♥✜r♠é ❧❛ ❜❛✐ss❡ ❞❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉ ❝❛s ❞✬✉♥❡ ❜❛rr✐èr❡ ❞❡
❤❛✉t❡✉r ✐♥✜♥✐❡ ❡t ❧✬✐♥✢✉❡♥❝❡ ❝r♦✐ss❛♥t❡ ❞❡ ❧❛ ❤❛✉t❡✉r ❞❡ ❧❛ ❜❛rr✐èr❡ ❛✈❡❝ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡
❧❛ t❛✐❧❧❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❚r❛♥ ❚❤♦❛✐ ❬✷✽✽❪ ♣♦✉r ✉♥ ❛❣ré❣❛t ❞❡ r❛②♦♥ R = 0, 5aB
❛ ♠♦♥tré q✉❡ ❧✬é♥❡r❣✐❡ ❞✉ ♣r❡♠✐❡r ét❛t ❡①❝✐té ❞✐♠✐♥✉❡ ❞❡ Eg + 35R∗

y ♣♦✉r ✉♥❡ ❤❛✉t❡✉r ❞❡
❜❛rr✐èr❡ ✐♥✜♥✐❡ à Eg + 15R∗

y ♣♦✉r ✉♥❡ ❤❛✉t❡✉r ❞❡ ❜❛rr✐èr❡ ❞❡ 40R∗
y✳

P❛r ❛✐❧❧❡✉rs✱ ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ❝♦♥st❛♥t❡s ❞✐é❧❡❝tr✐q✉❡s ❞♦♥♥❡♥t ❧✐❡✉ à ❞❡s ❡✛❡ts ❞❡ ♣♦❧❛r✐s❛✲
t✐♦♥ ✿ ❧✬é❧❡❝tr♦♥ ❡t ❧❡ tr♦✉ ❞❛♥s ❧❡ ♥❛♥♦❝r✐st❛❧ s♦♥t ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡✉rs ❝❤❛r❣❡s ✐♠❛❣❡s
✐♥❞✉✐t❡s ❬✷✾✵❪✱ ❝❡ q✉✐ s❡ tr❛❞✉✐t ♣❛r ❞❡s t❡r♠❡s ❞✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❞❛♥s ❧❡ ❤❛♠✐❧t♦♥✐❡♥
✭❇✳✸✾✮ ❬✷✾✶❪✳ ▲❛ s♦❧✉t✐♦♥ ❞❡ ❝❡t ❤❛♠✐❧t♦♥✐❡♥ ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ✈❛r✐❛t✐♦♥♥❡❧❧❡ ♠♦♥tr❡ ♣❡✉
❞❡ ❞✐✛ér❡♥❝❡ ❛✈❡❝ ❧❡ ❝❛❧❝✉❧ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡ ❡♥tr❡ ❧❡ tr♦✉ ❡t
❧✬é❧❡❝tr♦♥ ✭✈♦✐r ❝✐✲❞❡ss♦✉s✮✱ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❛✉① ❢❛✐❜❧❡s t❛✐❧❧❡s ❞❡ ♥❛♥♦❝r✐st❛✉①✳ P❛r ❝♦♥tr❡✱
❧❡s ❡✛❡ts ❞❡ ♣♦❧❛r✐s❛t✐♦♥ s♦♥t ✐♠♣♦rt❛♥ts ❞❛♥s ❧❡ ❝❛s ǫ1 ≫ ǫ2,m

∗
h ≫ m∗

e, ah < R < ae✳
❊♥✜♥✱ ❡♥ ❝♦♥s✐❞ér❛♥t ❝♦♥❥♦✐♥t❡♠❡♥t ❧❡s ❡✛❡ts ❞❡ ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧ ❞❡ ❤❛✉t❡✉r ✜♥✐❡ ❡t
❝❡✉① ❞❡ ♣♦❧❛r✐s❛t✐♦♥✱ ❇❛♥②❛✐ ❡t ❛❧✳ ❬✷✾✷❪ ♦♥t ♠♦♥tré ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛✉t♦✲♣✐é❣❡❛❣❡ ❞❡s ♣♦r✲
t❡✉rs✳ ❯♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ❝♦♥✜♥❡♠❡♥t à r❛②♦♥ ❞❡ ♥❛♥♦❝r✐st❛❧ ❝♦♥st❛♥t ❡t ✉♥❡
❞✐♠✐♥✉t✐♦♥ ❞✉ r❛②♦♥ ❞✬✉♥ ♥❛♥♦❝r✐st❛❧ à ♣♦t❡♥t✐❡❧ ❞❡ ❝♦♥✜♥❡♠❡♥t ❝♦♥st❛♥t ♠♦❞✐✜❡♥t ❧✬ét❛t
❞❡ ❧❛ ♣❛✐r❡ é❧❡❝tr♦♥✲tr♦✉ ❞✬✉♥ ét❛t ❞❡ ✈♦❧✉♠❡✱ ♦ù ❧❡s ❞❡✉① ♣♦rt❡✉rs s♦♥t ❧♦❝❛❧✐sés ❞❛♥s ❧❡
♥❛♥♦❝r✐st❛❧✱ à ✉♥ ét❛t ❞❡ ♣✐è❣❡ ❡♥ s✉r❢❛❝❡ ❞❛♥s ❧❡q✉❡❧ ❧❛ ❞✐str✐❜✉t✐♦♥ r❛❞✐❛❧❡ ❞❡ ❝❤❛r❣❡ ❡st
❝♦♥❝❡♥tré❡ ♣rès ❞❡ ❧❛ s✉r❢❛❝❡✳ ❈❡t ❡✛❡t ❞❡ ♣✐é❣❡❛❣❡ ❡st ♣❧✉s ✐♠♣♦rt❛♥t ♣♦✉r ❧❛ ♣❛rt✐❝✉❧❡ ❧❛
♣❧✉s ❧♦✉r❞❡✱ ❝✬❡st à ❞✐r❡ ❧❡ tr♦✉✳ ❆✐♥s✐✱ s✐ ✉♥ s❡♠✐❝♦♥❞✉❝t❡✉r ♣rés❡♥t❡ ❞❡ ❢♦rt❡s ❞✐s♣❛r✐tés
❡♥tr❡ ❧❡s ♠❛ss❡s ❡✛❡❝t✐✈❡s ❞✉ tr♦✉ ❡t ❞❡ ❧✬é❧❡❝tr♦♥✱ ♦♥ ♣❡✉t s✬❛tt❡♥❞r❡ à ✉♥❡ sé♣❛r❛t✐♦♥ ❞❡s
❝❤❛r❣❡s ❝♦♥❞✉✐s❛♥t à ❞❡s ♠♦♠❡♥ts ❞✐♣♦❧❛✐r❡s ❞✬❡①❝✐t♦♥ ❡①❛❧tés✳ ❈❡ ❞❡r♥✐❡r ♣♦✐♥t ❡st ✐♥tér❡s✲
s❛♥t ♣♦✉r ❞✬é✈❡♥t✉❡❧❧❡s ❛♣♣❧✐❝❛t✐♦♥s ❞✬♦♣t✐q✉❡ ♥♦♥ ❧✐♥é❛✐r❡ ❞❡ ❝❡s ♠❛tér✐❛✉①✳

■♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡ ❡♥ ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt

❈♦♠♠❡ ❞é❥à s✉❣❣éré ♣❧✉s ❤❛✉t✱ ❧❡s ❡✛❡ts ❞✬✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡✱ ♥♦♥ ♣r✐s ❡♥ ❝♦♠♣t❡
❞❛♥s ❧❛ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ ❞✬❊❢r♦s ✭♣❛rt✐❡ ❇✳✸✳✶✮ s♦♥t ❞✬✐♠♣♦rt❛♥❝❡ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❞❛♥s ❧❡
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ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt ❬✷✾✵✱ ✷✾✸❪✳ Pr❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡ t❡r♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠✲
❜✐❡♥♥❡ ❞❛♥s ❧❡ ❤❛♠✐❧t♦♥✐❡♥ ✭❇✳✸✾✮ ♥❡ ♣❡r♠❡t ♣❧✉s ❞❡ ❞é❝♦✉♣❧❡r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬é❧❡❝tr♦♥ ❡t
❞✉ tr♦✉✳ ▲❛ rés♦❧✉t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ s❡ ❢❛✐t ❞♦♥❝ ♣❧✉tôt ♣❛r ♠ét❤♦❞❡ ✈❛r✐❛t✐♦♥♥❡❧❧❡ ❡t ❞♦♥♥❡
❧❡ rés✉❧t❛t s✉✐✈❛♥t ♣♦✉r ❧✬é♥❡r❣✐❡ ❞✉ ♣r❡♠✐❡r ét❛t ❡①❝✐té ✿

E = Eg +
~

2π2

2µR2
− 1, 786

e2

ǫR
✭❇✳✹✼✮

♦ù ❧❡ t❡r♠❡ ♣r♦♣♦rt✐♦♥♥❡❧ à e2

ǫR ❛❥♦✉té ♣❛r r❛♣♣♦rt à ✭❇✳✹✻✮ ❞é❝r✐t ❧✬✐♥t❡r❛❝t✐♦♥ ❈♦✉❧♦♠❜✐❡♥♥❡✳
❑❛②❛♥✉♠❛ ❬✷✾✹❪ ❛ été ♣❧✉s ❧♦✐♥ ❞❛♥s ❧❡ ❝❛s ❞❡s s❡♠✐❝♦♥❞✉❝t❡✉rs à ❣❛♣ ❞✐r❡❝t ❡t ❞♦♥♥❡ ♣♦✉r
❧✬é♥❡r❣✐❡ ❞✉ ♣r❡♠✐❡r ét❛t ❡①❝✐té ❞❛♥s ❧❡ ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt ✿

E = Eg +
~

2π2

2µR2
− 1, 786

e2

ǫR
− 0, 248R∗

y ✭❇✳✹✽✮

❧❡ ❞❡r♥✐❡r t❡r♠❡ ét❛♥t ❧❡ rés✐❞✉ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡①❝✐t♦♥✐q✉❡ ❞❡ ❧✬é❧❡❝tr♦♥ ❡t ❞✉ tr♦✉✱ ♥♦♥ ♥é✲
❣❧✐❣❡❛❜❧❡ q✉❛♥❞ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ❞✉ s❡♠✐❝♦♥❞✉❝t❡✉r ❡st ❢❛✐❜❧❡✳ ❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡
♦♥ ✈♦✐t q✉❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧✬❡①❝✐t♦♥ ♣❡✉t s❡ ❞é❝♦♠♣♦s❡r ❝♦♠♠❡ ✿

Eexc = Eg +R∗
y(
aB
R

)2(A1 +A2
R

aB
+A3(

R

aB
)2 + . . .) ✭❇✳✹✾✮

A1 ❡st ❞♦♥♥é ♣❛r ❧❡s r❛❝✐♥❡s ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❇❡ss❡❧✱ ❡t ❞❡s ❝❛❧❝✉❧s ♥✉♠ér✐q✉❡s ❞♦♥♥❡♥t
A2 = −1, 786 ❡t A3 = −0, 248 ♣♦✉r ❧❡ ♣r❡♠✐❡r ét❛t ❡①❝✐té ✶s✶s✱ ❡t A2 = −1, 884 ♣♦✉r ❧❡
❞❡✉①✐è♠❡ ♥✐✈❡❛✉ ❡①❝✐té ✶♣✶♣✳
❯♥ t❡❧ ♠♦❞è❧❡ ❞♦♥♥❡ ✉♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❡①♣ér✐❡♥❝❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❈❞❙ ❡♥ ré❣✐♠❡ ❞❡ ❝♦♥✜✲
♥❡♠❡♥t ❢♦rt✳

Pr✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡

❯♥❡ ❞❡r♥✐èr❡ ❛♠é❧✐♦r❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ❞❡ ❧❛ ♣❛rt✐❡ ❇✳✸✳✶ t✐❡♥t ❝♦♠♣t❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡
❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ✿ ❞❛♥s ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡s s❡♠✐❝♦♥❞✉❝t❡✉rs✱ ❝❡tt❡ ❜❛♥❞❡ ❡st s✐① ❢♦✐s
❞é❣é♥éré❡ ❡♥ ✐♥❝❧✉❛♥t ❧❡ s♣✐♥ ❞❡ ❧✬é❧❡❝tr♦♥✱ ❝❛r ♣r♦✈❡♥❛♥t ❞❡ ❧✬❤②❜r✐❞❛t✐♦♥ ❞✬♦r❜✐t❛❧❡s ♣✳ ❉❛♥s
✉♥ s❡♠✐❝♦♥❞✉❝t❡✉r ♠❛ss✐❢✱ ❧✬✐♥t❡r❛❝t✐♦♥ s♣✐♥✲♦r❜✐t❡ ❧è✈❡ ♣❛rt✐❡❧❧❡♠❡♥t ❝❡tt❡ ❞é❣é♥ér❡s❝❡♥❝❡✱
❞♦♥♥❛♥t ♥❛✐ss❛♥❝❡ à ✉♥❡ ❜❛♥❞❡ ❞é❣é♥éré❡ q✉❛tr❡ ❢♦✐s ♥♦♠♠é❡ P3/2 ❡t ✉♥❡ ❛✉tr❡ ❞é❣é♥éré❡
❞❡✉① ❢♦✐s P1/2 ✭❧❡s ✐♥❞✐❝❡s s♦♥t ❧❡s ✈❛❧❡✉rs ❞✉ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ ❏❂▲✰❙✮✳ ❚♦✉t❡s ❝❡s ❜❛♥❞❡s
s♦♥t ♣❛r❛❜♦❧✐q✉❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ♣♦✐♥t Γ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❇r✐❧❧♦✉✐♥✳ ▲❡s ❜❛♥❞❡s ❞❡ tr♦✉s ❧é❣❡rs
❡t ❧♦✉r❞s s♦♥t ❞é❣é♥éré❡s ❛✉ ♣♦✐♥t Γ ❛❧♦rs q✉❡ ❧❛ tr♦✐s✐è♠❡ ❡st r❡❥❡té❡ à ✉♥❡ é♥❡r❣✐❡ ✐♥❢ér✐❡✉r❡
♣❛r ❧❡ ❝♦✉♣❧❛❣❡ s♣✐♥ ♦r❜✐t❡ ✭▲✉tt✐♥❣❡r ❡t ❑♦❤♥ ❬✷✾✺❪✮✳ ❊♥ ♣❧✉s ❞❡ ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡ ❧❛
❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡✱ ✐❧ ❢❛✉t ❛✉ss✐ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡s ❜❛♥❞❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧❡✉r
❡①tr❡♠✉♠ ✭❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡ ❞é♣❡♥❞ ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡✮✳ ❈❡s
❞❡✉① r❡♠❛rq✉❡s ♦♥t ♣♦✉r ❝♦♥séq✉❡♥❝❡ q✉❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞✉ tr♦✉ ♥✬❡st
♣❧✉s ❞❡ ❧❛ ❢♦r♠❡ ✭❇✳✹✹✮✱ ♠❛✐s ❝♦♠♠❡ ✉♥ ♠é❧❛♥❣❡ ❞❡ ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡ ❞❡ s②♠étr✐❡s ❞✐✛ér❡♥t❡s
✭❡t ❞♦♥❝ ❛②❛♥t ✉♥❡ é♥❡r❣✐❡ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞♦♥♥é❡ ❡♥ ✭❇✳✹✺✮✮✳ ▲✬❡①✐st❡♥❝❡ ❞✬✉♥ ♣♦t❡♥t✐❡❧
❝♦♥✜♥❛♥t ♣r♦✈♦q✉❡ ❧❡ ❝♦✉♣❧❛❣❡ ❞✉ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ ❛t♦♠✐q✉❡ ❏ ❡t ❞✉ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ ▲
❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❡♥✈❡❧♦♣♣❡✳ ▲❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞❡ tr♦✉ s♦♥t ❢♦rt❡♠❡♥t ♠♦❞✐✜és ♣❛r ❧❛ ♣r✐s❡
❡♥ ❝♦♠♣t❡ ❞❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞❡s tr♦✉s ❞❛♥s ❧❡ ❤❛♠✐❧t♦♥✐❡♥ ❞❡ ▲✉tt✐♥❣❡r ❬✷✾✻✱ ✷✾✼❪✳

❇✳✸✳✸ ❈❛❧❝✉❧s ❛❧t❡r♥❛t✐❢s

▲✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡ ❡st ❛❝❝❡♣t❛❜❧❡ q✉❛♥❞ ❧❛ ❢♦♥❝t✐♦♥ ❡♥✈❡❧♦♣♣❡ ✈❛r✐❡
❧❡♥t❡♠❡♥t ♣❛r r❛♣♣♦rt ❛✉① ♣❛r❛♠ètr❡s ❞✉ rés❡❛✉✳ ❈✬❡st ❧❡ ❝❛s ♣♦✉r ❧❡ ♣r❡♠✐❡r ét❛t ❡①❝✐té
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q✉❛♥❞ ❧❡ r❛②♦♥ ❞✉ ♥❛♥♦❝r✐st❛❧ ♥✬❡st ♣❛s tr♦♣ ♣❡t✐t ✭R > 2 nm✮✳ ❈❡tt❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❡st
♠♦✐♥s ❜♦♥♥❡ ♣♦✉r ❧❡s ét❛ts ❡①❝✐tés ♣❧✉s ❤❛✉t ❡♥ é♥❡r❣✐❡✱ ♣♦✉r ❧❡sq✉❡❧s ❧❛ ❢♦♥❝t✐♦♥ ❡♥✈❡❧♦♣♣❡
♣♦ssè❞❡ ✉♥❡ ♦✉ ♣❧✉s✐❡✉rs s✉r❢❛❝❡s ♥♦❞❛❧❡s✳ ▲✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡ s✉r❡st✐♠❡
❣é♥ér❛❧❡♠❡♥t ❧❡ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ ❜❧❡✉ ❞✉ s❡✉✐❧ ❞✬❛❜s♦r♣t✐♦♥✱ ❡t ❞❡ ♠❛♥✐èr❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t
✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ ré❣✐♠❡ ❞❡s ♣❡t✐t❡s t❛✐❧❧❡s✳ P❧✉s✐❡✉rs ♠❛♥✐èr❡s ❞❡ ❝♦♥t♦✉r♥❡r ❝❡ ♣r♦❜❧è♠❡
♦♥t été ♣r♦♣♦sé❡s ❡t s♦♥t ♣rés❡♥té❡s très ❜r✐è✈❡♠❡♥t ✭r❡✈✉❡ ♣❧✉s ❝♦♠♣❧èt❡ ♣❛r ❨♦✛❡ ❬✷✾✽❪ ❡t
♣❧✉s ré❝❡♠♠❡♥t ♣❛r ❉❡❧❡r✉❡ ❬✷✶✹❪✮✳

✧❊✛❡❝t✐✈❡ ❜♦♥❞ ♦r❞❡r ♠♦❞❡❧✧

❈❡tt❡ ♠ét❤♦❞❡ ❛ été ✉t✐❧✐sé❡ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ♣❛r ❊✐♥❡✈♦❧❧ ❬✷✾✾❪✳ ■❧ ✉t✐❧✐s❡ ✉♥❡ ❝♦♠❜✐✲
♥❛✐s♦♥ ❞❡ ❞❡✉① ♣r♦❝é❞✉r❡s ✿ ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ❡st tr❛✐té❡ ♣❛r ✉♥ ♠♦❞è❧❡ ❞❡ ❧✐❛✐s♦♥ ❢♦rt❡✱ ❧❡s
♣❛r❛♠ètr❡s ❞✬✐♥t❡r❛❝t✐♦♥ ét❛♥t ❝❤♦✐s✐s ❞❡ ♠❛♥✐èr❡ à ❛❥✉st❡r ❧❛ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❡①♣ér✐♠❡♥✲
t❛❧❡ ♣rès ❞✉ ♠❛①✐♠✉♠✳ P❛r ❝♦♥tr❡✱ ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ❡st tr❛✐té❡ ♣❛r ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡
❧❛ ♠❛ss❡ ❡✛❡❝t✐✈❡✳ ❈❡tt❡ ♠ét❤♦❞❡ ❛ ❧✬❛✈❛♥t❛❣❡ ❞✬✐♥❝❧✉r❡ ❧❡s ❡✛❡ts ❞❡ ❜❛rr✐èr❡ ❞❡ ♣♦t❡♥t✐❡❧ ✜♥✐
❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❝♦✉❧♦♠❜✐❡♥♥❡ ❡♥tr❡ ❧✬é❧❡❝tr♦♥ ❡t ❧❡ tr♦✉✳ ▲❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞❡ ❧✬❡①❝✐t♦♥
s♦♥t ❞ét❡r♠✐♥és ♣❛r ♠ét❤♦❞❡ ✈❛r✐❛t✐♦♥♥❡❧❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❞❡ ♠ê♠❡ q✉❡ ♣♦✉r ❧❡ ♠♦❞è❧❡ ❞❡ ❧❛
♠❛ss❡ ❡✛❡❝t✐✈❡✱ ❝❡tt❡ ❛♣♣r♦❝❤❡ s✉r❡st✐♠❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧✬❡①❝✐t♦♥✳

▼ét❤♦❞❡ ❞❡s ♣s❡✉❞♦ ♣♦t❡♥t✐❡❧s ❡♠♣✐r✐q✉❡s

❈❡tt❡ ♠ét❤♦❞❡ ❞ér✐✈❡ ❞❡s ❝❛❧❝✉❧s ❞❡ str✉❝t✉r❡ ❞❡ ❜❛♥❞❡ ❞❡ s❡♠✐❝♦♥❞✉❝t❡✉rs ♠❛ss✐❢s ❞♦♥✲
♥❛♥t ✉♥❡ ❜♦♥♥❡ ❡st✐♠❛t✐♦♥ ❞✉ ❣❛♣✱ ❞❡s str✉❝t✉r❡s ❞❡ ❜❛♥❞❡ ❡t ❞❡s é♥❡r❣✐❡s ❞❡s ét❛ts ❡①❝✐tés✳
❊❧❧❡ ❛ été ✉t✐❧✐sé❡ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❞❛♥s ❧❡ ❝❛s ❞❡s s❡♠✐❝♦♥❞✉❝t❡✉rs ❈❞❙✱ ●❛❆s✱ ❡t ●❛P
♣❛r ❘❛♠❛ ❑r✐s❤♥❛ ❡t ❋r✐❡s♥❡r ❬✸✵✵✱ ✸✵✶❪✳ ■❧s ♦♥t ❝❛❧❝✉❧é ❧✬é♥❡r❣✐❡ ❞❡ ❧✬❡①❝✐t♦♥ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ t❛✐❧❧❡✱ ❧❛ ❢♦r♠❡✱ ❧❛ str✉❝t✉r❡ ❝r✐st❛❧❧✐♥❡ ❡t ❧❡s ♣❛r❛♠ètr❡s ❞❡ ♠❛✐❧❧❡ ❞✉ s❡♠✐❝♦♥❞✉❝t❡✉r✳
▲❛ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à r❡♠♣❧❛❝❡r ❧❡ ❝❤❛♠♣ ❝r✐st❛❧❧✐♥ ✈✉ ♣❛r ❧❡s é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡ ♣❛r ✉♥❡
❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡ ♣s❡✉❞♦✲♣♦t❡♥t✐❡❧s ❛t♦♠✐q✉❡s✳ ▲❛ ♥❛t✉r❡ ❡♠♣✐r✐q✉❡ ❞❡ ❧❛ ♠ét❤♦❞❡
✈✐❡♥t ❞❡ ❧❛ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t ❞❡s ♣❛r❛♠ètr❡s ❞❡s ♣♦t❡♥t✐❡❧s ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐✲
♠❡♥t❛❧❡s✳ ❈❡tt❡ ♠ét❤♦❞❡ ❞♦♥♥❡ ❞❡ très ❜♦♥ rés✉❧t❛ts✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡s très
♣❡t✐t❡s t❛✐❧❧❡s✱ ❝❡ q✉❡ ❧✬♦♥ ❛ttr✐❜✉❡ ❛✉ ❝❛r❛❝tèr❡ ❡♠♣✐r✐q✉❡ ❞✉ ❝❛❧❝✉❧✳

❈❛❧❝✉❧ s❡♠✐✲❡♠♣✐r✐q✉❡ ❞❡ ❧✐❛✐s♦♥s ❢♦rt❡s

❉❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ♦♥t r❡❧❡✈é q✉❡ ❧❡s é♥❡r❣✐❡s ❞❡s ♥✐✈❡❛✉① ❞❡ ❜❛ss❡ é♥❡r❣✐❡ s♦♥t ❞❛♥s
✉♥❡ ré❣✐♦♥ ❞❡ ❧❛ ❜❛♥❞❡ q✉✐ ♥✬❡st ♣❧✉s ♣❛r❛❜♦❧✐q✉❡ ❬✸✵✷✱ ✸✵✸✱ ✸✵✹❪✳ ❖♥ ♣❡✉t s✬❡♥ r❡♥❞r❡ ❝♦♠♣t❡
s✐♠♣❧❡♠❡♥t ❛✈❡❝ ❧❛ r❡❧❛t✐♦♥ ❞✬✐♥❝❡rt✐t✉❞❡ ❞❡ ❍❡✐s❡♥❜❡r❣✳ ❉❛♥s ✉♥ ♥❛♥♦❝r✐st❛❧✱ ❧✬❡①t❡♥s✐♦♥ ❞❡
❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ R✱ ❞♦♥❝ ❧❡ ✈❡❝t❡✉r ❞✬♦♥❞❡ k ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ π/R✱ ❡t
❝❡tt❡ ✈❛❧❡✉r ❞♦✐t êtr❡ ❝♦♠♣❛ré❡ à ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❇r✐❧❧♦✉✐♥✱ ❝✬❡st à ❞✐r❡ à ❧✬❛♠♣❧✐t✉❞❡
❞✉ ✈❡❝t❡✉r rés❡❛✉ ré❝✐♣r♦q✉❡ G = 2π/a✳ P♦✉r k > 0, 1G ✭✐✳❡✳ 2R < 10a✮ ❧❡s é♥❡r❣✐❡s ♥❡ s♦♥t
♣❧✉s s✉r ❧❛ ♣❛rt✐❡ ♣❛r❛❜♦❧✐q✉❡ ❞❡ ❧❛ ❜❛♥❞❡✳ ❊♥ ♣r✐♥❝✐♣❡✱ ❧❡ ♣r♦❜❧è♠❡ ❡st rés♦❧✉ ❡♥ t❡♥❛♥t
❝♦♠♣t❡ ❞❡ ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ❝♦♠♣❧èt❡ ❞♦♥♥é❡ ♣❛r ❡①❡♠♣❧❡ ♣❛r ✉♥ ❝❛❧❝✉❧ ❞❡ str✉❝t✉r❡
❞❡ ❜❛♥❞❡✳
❉❛♥s ❝❡tt❡ ♠ét❤♦❞❡✱ ♦♥ ❞ét❡r♠✐♥❡r❛ ❞♦♥❝ ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❝♦♠❜✐✲
♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞✬♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡✱ ♦♥ ✉t✐❧✐s❡r❛ ♣❧✉tôt
✉♥❡ ❜❛s❡ ❞✬♦r❜✐t❛❧❡s ❤②❜r✐❞é❡s ❞✉ t②♣❡ sp3✳ ▲❡s ♣❛r❛♠ètr❡s ❞✬✐♥t❡r❛❝t✐♦♥ s❡r♦♥t ❧à ❡♥❝♦r❡
❞ét❡r♠✐♥és ♣❛r ❛❥✉st❡♠❡♥t ❛✈❡❝ ❧❡s str✉❝t✉r❡s ❞❡ ❜❛♥❞❡ ❞✉ s❡♠✐❝♦♥❞✉❝t❡✉r ♠❛ss✐❢✱ ❝❡ q✉✐
❞♦♥♥❡ s♦♥ ❝❛r❛❝tèr❡ ❡♠♣✐r✐q✉❡ à ❧❛ ♠ét❤♦❞❡✳ ▲❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ♥✬❡st ♣❛s ❛❞❛♣té❡ à
✉♥ t❡❧ tr❛✐t❡♠❡♥t ❝❛r ❧❡s ♦r❜✐t❛❧❡s ❛t♦♠✐q✉❡s à ❧✬♦r✐❣✐♥❡ ❞❡ ❝❡tt❡ ❜❛♥❞❡ s♦♥t ❞❡ ❝❛r❛❝tèr❡ s
❡t ❞♦♥❝ ❧❡✉r r❡❝♦✉✈r❡♠❡♥t ❡st ❢❛✐❜❧❡✳ ❖♥ ♣ré❢ér❡r❛ ✉♥ tr❛✐t❡♠❡♥t ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥



✷✷✷

❡♥ ❞é✈❡❧♦♣♣❛♥t ❧❛ r❡❧❛t✐♦♥ ❞❡ ❞✐s♣❡rs✐♦♥ à ❧✬♦r❞r❡ ✹ ✿

Ec(k) = E0 +
~

2k2

2m∗
e

+ αk4 ✭❇✳✺✵✮

❝❡ q✉✐ ❡st ✉♥❡ ❜♦♥♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❛♥s ✉♥❡ ❣❛♠♠❡ ✐♥t❡r♠é❞✐❛✐r❡ ❞❡ t❛✐❧❧❡✳ ❊♥ ❞❡ss♦✉s ❞❡
2 nm✱ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧✐❛✐s♦♥ ❢♦rt❡ ❞♦♥♥❡ ❞❡ ♠❡✐❧❧❡✉rs rés✉❧t❛ts✳

❇✳✸✳✹ ❙♣❡❝tr♦s❝♦♣✐❡ ♦♣t✐q✉❡ ❞❡ ♥❛♥♦❝r✐st❛✉① s❡♠✐❝♦♥❞✉❝t❡✉rs

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s ❛✉① ♣r♦♣r✐étés ♦♣t✐q✉❡s ❧✐♥é❛✐r❡s ❞❡s ❛❣ré❣❛ts
s❡♠✐❝♦♥❞✉❝t❡✉rs ✭❛❜s♦r♣t✐♦♥ ❡t ❧✉♠✐♥❡s❝❡♥❝❡✮✳ ▲❡✉r ❞ét❡r♠✐♥❛t✐♦♥ ❡st ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡
❧✬ét✉❞❡ ❞❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s ✐♥tér❡ss❛♥t❡s ♣♦✉r ❧❡s ❛♣♣❧✐❝❛t✐♦♥s ✿ ❧❡s ❛❣ré❣❛ts ❙❈ ✈♦✐❡♥t
♣❛r ❡①❡♠♣❧❡ ❧❡✉r ❛❜s♦r♣t✐♦♥ s❛t✉r❡r ❧♦rsq✉✬✐❧s s♦♥t s♦✉♠✐s à ❞❡ ❢♦rt❡s ♣✉✐ss❛♥❝❡s ❞❡ ♣♦♠♣❡✱
❡t ❧❡s t❡♠♣s t②♣✐q✉❡s ❞❡ rét❛❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛❜s♦r♣t✐♦♥ s♦♥t ❞❡ ❧✬♦r❞r❡ ❞❡ 10 ps✱ ❝❡ q✉✐ ❡♥
❢❛✐t ❞❡ ❜♦♥s ❝❛♥❞✐❞❛ts ♣♦✉r ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ❧❛s❡r ❞é❝❧❡♥❝❤é ♣❛r ❣❛✐♥✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡s ❛❣ré✲
❣❛ts ❙❈ s♦♥t ❞❡ ❜♦♥ é♠❡tt❡✉rs✱ ❡t ♣❡r♠❡tt❡♥t ❞♦♥❝ ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ❞✐♦❞❡s ❧✉♠✐♥❡s❝❡♥t❡s
❡✣❝❛❝❡s✱ ❡t ❞❡ ❧❛s❡rs ❧♦rsq✉✬♦♥ ❧❡s ✐♥sèr❡ ❞❛♥s ✉♥❡ ❝❛✈✐té ❬✸✵✺✱ ✸✵✻❪✳

◆♦✉s ❛✈♦♥s ✈✉ ❡♥ ♣❛rt✐❡ ❇✳✶✳✷ q✉❡ ❧❛ ❝♦♥st❛♥t❡ ❞✐é❧❡❝tr✐q✉❡ ✭❇✳✼✮ ❞ét❡r♠✐♥❛✐t ❧❡s ♣r♦✲
♣r✐étés ♦♣t✐q✉❡s ❞❡s ❛❣ré❣❛ts✳ ❖♥ ♣❡✉t ❡♥ ❞é❞✉✐r❡ ✉♥❡ ❡①♣r❡ss✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥t ❞✬❛❜s♦r♣t✐♦♥
♣❛r ✭❇✳✾✮ ✿

α(ω) = C(ω)fi(1 − fj) − C(ω)fj(1 − fi) ✭❇✳✺✶✮

C(ω) = pF 2
∑

i,j

πωe2|〈i|r.e|j〉|2
cnopǫ0Ω

δ(~ω − ~ωji) ✭❇✳✺✷✮

♦ù Ω ❡st ❧❡ ✈♦❧✉♠❡ ❞✉ ♥❛♥♦❝r✐st❛❧✱ fi ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞✉ ♥✐✈❡❛✉ |i〉 s✉✐✈❛♥t ❋❡r♠✐ ❉✐r❛❝✱ ❡t e

❧❛ ♣♦❧❛r✐s❛t✐♦♥ ❞❡ ❧✬♦♥❞❡ ✐♥❝✐❞❡♥t❡✳ ▲❡ ♣r❡♠✐❡r t❡r♠❡ ❞❡ ✭❇✳✺✶✮ ❝♦rr❡s♣♦♥❞ à ✉♥❡ tr❛♥s✐t✐♦♥
|i〉 → |j〉 ✭❛❜s♦r♣t✐♦♥✮ ❡t ❧❡ ❞❡✉①✐è♠❡ t❡r♠❡ à ✉♥❡ tr❛♥s✐t✐♦♥ |j〉 → |i〉✱ ✐✳❡✳ à ✉♥❡ é♠✐ss✐♦♥
st✐♠✉❧é❡✳ P♦✉r ✉♥ s❡♠✐❝♦♥❞✉❝t❡✉r s♦✉s ❢❛✐❜❧❡ ❡①❝✐t❛t✐♦♥ fi ≫ fj ✱ ❡t ❧✬❛❜s♦r♣t✐♦♥ ❡st ❜✐❡♥ ❧❡
♣❤é♥♦♠è♥❡ ❞♦♠✐♥❛♥t✳

❋♦r♠❡ s♣❡❝tr❛❧❡ ❞❡ ❧✬❛❜s♦r♣t✐♦♥

▲❡ s♣❡❝tr❡ ❞✬❛❜s♦r♣t✐♦♥ ✐ss✉ ❞❡ ✭❇✳✺✶✮ ❡st ❝♦♥st✐t✉é ❞❡ r❛✐❡s ✐♥✜♥✐♠❡♥t ✜♥❡s ❛✉① é♥❡r❣✐❡s
❞❡ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ✭s♦♠♠❡ ❞❡ ❢♦♥❝t✐♦♥s ❞❡ ❉✐r❛❝ δ(~ω − ~ωji)✮✳ ❊♥ ♣r❛t✐q✉❡✱
❝❤❛q✉❡ tr❛♥s✐t✐♦♥ ❡st é❧❛r❣✐❡ ♣❛r ♣❧✉s✐❡✉rs ♣❤é♥♦♠è♥❡s ✿

✕ é❧❛r❣✐ss❡♠❡♥t ✐♥tr✐♥sèq✉❡ ❞❡ ❧❛ r❛✐❡ ❞û ❛✉① ❝♦✉♣❧❛❣❡s ❛❧é❛t♦✐r❡s ❞✉ s②stè♠❡ é❧❡❝tr♦♥✐q✉❡
❛✈❡❝ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t ✭t❡♠♣s ❞❡ ❞é❝♦❤ér❡♥❝❡ τ ❞❛♥s ❧❛ ❢♦r♠✉❧❡ ✭❇✳✼✮✮✳ ▲❛ r❛✐❡ ❛❞♦♣t❡
❛❧♦rs ✉♥❡ ❢♦r♠❡ ❧♦r❡♥t③✐❡♥♥❡ ❞♦♥t ❧❛ ❧❛r❣❡✉r ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à τ ✳

✕ é❧❛r❣✐ss❡♠❡♥t ✐♥tr✐♥sèq✉❡ ❞✉❡ ❛✉ ❝♦✉♣❧❛❣❡ é❧❡❝tr♦♥✲♣❤♦♥♦♥ q✉✐ ♠♦❞✐✜❡ ❧❛ ❢♦r♠❡ ❞❡
❧✬❛❜s♦r♣t✐♦♥ ❞❡ ♠❛♥✐èr❡ ♣❧✉s s♣é❝✐✜q✉❡✳

✕ é❧❛r❣✐ss❡♠❡♥t ✐♥❤♦♠♦❣è♥❡ ❞✉ ❢❛✐t q✉❡ ❧✬♦♥ r❡❣❛r❞❡ ♥♦♥ ♣❛s ✉♥ ❛❣ré❣❛t ✉♥✐q✉❡ ♠❛✐s
✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞✬❛❣ré❣❛ts ❞❛♥s ✉♥ ✈❡rr❡ ✭❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ❞❡ ❢♦r♠❡✱ ❞❡ str✉❝t✉r❡
❝r✐st❛❧❧✐♥❡✳ ✳ ✳ ✮✳
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▲❡ ♣❤é♥♦♠è♥❡ ❞♦♠✐♥❛♥t ❞❛♥s ❧❡s é❝❤❛♥t✐❧❧♦♥s ré❡❧s ❡st ❧✬é❧❛r❣✐ss❡♠❡♥t ✐♥❤♦♠♦❣è♥❡ ❞û à
❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ❛❣ré❣❛ts✳ ❆✐♥s✐✱ ❝❤❛q✉❡ tr❛♥s✐t✐♦♥ ❡st é❧❛r❣✐❡ ❡t ❧❡ s♣❡❝tr❡ ❞✬❛❜✲
s♦r♣t✐♦♥ ❛✉✲❞❡ss✉s ❞✉ ❣❛♣ ♣rés❡♥t❡ ✉♥❡ sér✐❡ ❞❡ ♣♦✐♥ts ❞✬✐♥✢❡①✐♦♥ ♣❧✉tôt q✉✬✉♥❡ sér✐❡ ❞❡
♠❛①✐♠❛✳ ❯♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡s ❡✛♦rts ❞❡ s②♥t❤ès❡ ❝♦♥s✐st❡ ❞♦♥❝ à ♠❛îtr✐s❡r ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡✳

❋♦r❝❡ ❞✬♦s❝✐❧❧❛t❡✉r

▲✬✐♥t❡♥s✐té ❞❡s ♣✐❝s ❞✬❛❜s♦r♣t✐♦♥ ❡st ❞ét❡r♠✐♥é❡ ♣❛r ❧❡s é❧é♠❡♥ts ❞❡ ♠❛tr✐❝❡ ❞❡ ❧✬♦♣ér❛t❡✉r
♠♦♠❡♥t 〈i|p.e|j〉 = im0ωji〈i|r.e|j〉✱ q✉❡ ❧✬♦♥ é❝r✐t ♣❧✉s ❝❧❛ss✐q✉❡♠❡♥t s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡
❢♦r❝❡ ❞✬♦s❝✐❧❧❛t❡✉r ✿

ij =
2|〈i|p.e|j〉|2
m0~ωji

✭❇✳✺✸✮

❯♥ ❞❡s ✐♥térêts ❞❡s ❛❣ré❣❛ts s❡♠✐❝♦♥❞✉❝t❡✉rs ✭à ❝♦té ❞❡ ❝❡❧✉✐ ❞❡ ♣♦✉✈♦✐r ré❣❧❡r ❧❛ ♣♦s✐t✐♦♥
❞✉ ❣❛♣ ♣❛r ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ t❛✐❧❧❡✮ ❡st ❞❡ ❝♦♥❝❡♥tr❡r ❧❛ ❢♦r❝❡ ❞✬♦s❝✐❧❧❛t❡✉r ❞❛♥s ✉♥ ♥♦♠❜r❡
✜♥✐ ❞❡ tr❛♥s✐t✐♦♥s✳ ▲✬é❧é♠❡♥t ❞❡ ♠❛tr✐❝❡ ❞✉ ♣r❡♠✐❡r ét❛t ❡①❝✐té ❞❡ ❧✬❡①❝✐t♦♥ ❡st ❞♦♥♥é ❞❡
♠❛♥✐èr❡ ❣é♥ér❛❧❡ ♣❛r ✿

|〈i|p.e|j〉|2 = |〈v|p.e|c〉|2|
∫
F (r, r)dr|2 ✭❇✳✺✹✮

P♦✉r ✉♥ ✈♦❧✉♠❡ V ❞❡ s❡♠✐❝♦♥❞✉❝t❡✉r✱ ❝❡t é❧é♠❡♥t ❞❡ ♠❛tr✐❝❡ ✈❛✉t ✿

|〈i|p.e|j〉|2 = |〈v|p.e|c〉|2 V

πaB
✭❇✳✺✺✮

♣♦✉r ❧✬❡①❝✐t♦♥ ❞❛♥s ❧❡ s♦❧✐❞❡ ♠❛ss✐❢ ❛❧♦rs q✉✬✐❧ ❡st ❞❡ ✿

|〈i|p.e|j〉|2 = |〈v|p.e|c〉|2 ✭❇✳✺✻✮

♣♦✉r ✉♥ ❡①❝✐t♦♥ ❡♥ ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt✳ ▲❡ r❛♣♣♦rt ❡♥tr❡ ❧❡s ❢♦r❝❡s ❞✬♦s❝✐❧❧❛t❡✉r s❡r❛
❞♦♥❝ ❞❡ ❬✸✵✼❪ ✿

f0D
f3D

=
3

4

(aB
R

)
✭❇✳✺✼✮

❘è❣❧❡ ❞❡ sé❧❡❝t✐♦♥

P♦✉r ❞❡s r❛✐s♦♥s ❞❡ s②♠étr✐❡✱ t♦✉t❡s ❧❡s tr❛♥s✐t✐♦♥s ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ❞✐s❝r❡ts ♥❡ s♦♥t
♣❛s ♣❡r♠✐s❡s✳ ❈♦♥s✐❞ér♦♥s ❧❡ ♠♦❞è❧❡ ❧❡ ♣❧✉s s✐♠♣❧❡ ❞❡ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ❞✬✉♥ ❛❣ré❣❛t
s❡♠✐❝♦♥❞✉❝t❡✉r ❡♥ ré❣✐♠❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❢♦rt ❞é❝r✐t ❡♥ ♣❛rt✐❡ ❇✳✶✳✶✱ ❧✬é❧❡❝tr♦♥ ❡①❝✐té à ♣❛rt✐r
❞❡ s♦♥ ét❛t ❢♦♥❞❛♠❡♥t❛❧ ❡st ❝♦♥✜♥é ❞❛♥s ✉♥❡ s♣❤èr❡ ❞❡ r❛②♦♥ R ♦ù ❧❡ ♣♦t❡♥t✐❡❧ ❡st ♥✉❧✱ ❝❡
❞❡r♥✐❡r ét❛♥t ✐♥✜♥✐ s✉r ❧❛ ❜❛rr✐èr❡✳ ❉❛♥s ❝❡ ❝❛s ❧❡s ét❛ts ♣r♦♣r❡s ♦♥t ❧❡✉r ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡
❞♦♥♥é❡ ♣❛r ✭❇✳✸✮✱ ✭❇✳✹✮ ❡t ❧❡✉r é♥❡r❣✐❡ ♣❛r ✭❇✳✺✮✳ ▲✬é❧é♠❡♥t ❞❡ ♠❛tr✐❝❡ s✬é❝r✐t ✿

〈ψnlm|p.e|ψn′l′m′〉 ≈ 〈uc|p.e|uv〉〈ψnlm|ψn′l′m′〉 = 〈uc|p.e|uv〉δnn′δll′δmm′ ✭❇✳✺✽✮

δij ❡st ❧❡ s②♠❜♦❧❡ ❞❡ ❑r♦♥❡❝❦❡r✳ ❆✐♥s✐ ❧❡s tr❛♥s✐t✐♦♥s s♦♥t ♣❡r♠✐s❡s ❧♦rsq✉❡ ❧❡s ♥♦♠❜r❡s
q✉❛♥t✐q✉❡s ❞❡ ❧✬ét❛t ❞❡ ❧✬é❧❡❝tr♦♥ ❡t ❞✉ tr♦✉ s♦♥t é❣❛✉①✳

❈❡s rè❣❧❡s ❞❡ sé❧❡❝t✐♦♥ s♦♥t ❧❛r❣❡♠❡♥t ♠♦❞✐✜é❡s s✐ ♦♥ t✐❡♥t ❝♦♠♣t❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s
❞❡ ❧❛ str✉❝t✉r❡ é❧❡❝tr♦♥✐q✉❡ ✐♥❞✉✐t❡ ♣❛r ❧❡s t❡r♠❡s ❞✬✐♥t❡r❛❝t✐♦♥s s✉♣♣❧é♠❡♥t❛✐r❡s t❡❧s q✉❡
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❧❡ s♣✐♥ ♦r❜✐t❡✳ ▲❡ s♣✐♥ ♦r❜✐t❡ ❡st très ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝❛s ❞❡s s❡♠✐❝♦♥❞✉❝t❡✉rs ■■■✲❱ ❡t
■■✲❱■ ❝❛r ✐❧ ❧è✈❡ ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡ ❜❛♥❞❡ ❞❡ ✈❛❧❡♥❝❡ ❡t ❞♦♥♥❡ ♥❛✐ss❛♥❝❡ à ✉♥❡ ❜❛♥❞❡ ❞❡
tr♦✉s ❧♦✉r❞s ❡t ❞❡ tr♦✉s ❧é❣❡rs✳ ▲❡s ❢♦♥❝t✐♦♥s ❞✬♦♥❞❡ s♦♥t ❛❧♦rs ❞❡s ❝♦♠❜✐♥❛✐s♦♥s ❧✐♥é❛✐r❡s
❞✬♦r❜✐t❛❧❡s ❞❡ s②♠étr✐❡ ❞✐✛ér❡♥t❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡s rè❣❧❡s ❞❡ sé❧❡❝t✐♦♥ s♦♥t ♠♦❞✐✜é❡s ❞❡
♠❛♥✐èr❡ ✐♠♣♦rt❛♥t❡✱ ❡t ❞❡s ♣✐❝s ❞✬❛❜s♦r♣t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡s s♦♥t ♦❜s❡r✈és ❬✸✵✽❪✳
❉❡ ♥♦♠❜r❡✉① ❛✉tr❡s ❡✛❡ts ♣❡✉✈❡♥t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡ ✿ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡
s♣❤ér✐q✉❡✱ ❧✬❛♥✐s♦tr♦♣✐❡ ❞❡ ❜❛♥❞❡✱ ❧❛ ♥♦♥ ♣❛r❛❜♦❧✐❝✐té ❞❡ ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝t✐♦♥✱ ❧❡s ❡❢✲
❢❡ts ❞❡ ♣♦t❡♥t✐❡❧ ❞❡ ❝♦♥✜♥❡♠❡♥t ✜♥✐✱ ❧❡s ❡✛❡ts ❞❡ ♣♦❧❛r✐s❛t✐♦♥✱ ❞✬✐♥t❡r❛❝t✐♦♥ ❞✬é❝❤❛♥❣❡ ❡♥tr❡
❧✬é❧❡❝tr♦♥ ❡t ❧❡ tr♦✉✳ ✳ ✳ ❛✈❡❝ ❞❡s ❡✛❡ts ✈❛r✐❛❜❧❡s s✉r ❧✬é♥❡r❣✐❡ ❞❡ ❝♦♥✜♥❡♠❡♥t ❡t ❧❛ str✉❝t✉r❡
✜♥❡ ❞❡s ❡①❝✐t❛t✐♦♥s ❞✉ ♥❛♥♦❝r✐st❛❧✳

❯♥ ❡①❡♠♣❧❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ s♣❡❝tr❡ ❞✬❛❜s♦r♣t✐♦♥ ♦♣t✐q✉❡ ❡st ❞♦♥♥é ❡♥ ✜❣✉r❡ ✽✳✷ ❞❛♥s
❧❡ ❝❛s ❞✬❛❣ré❣❛ts ❞❡ PbS ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ ❞❡ ✈❡rr❡✳ ▲❛ ✜❣✉r❡ ♠♦♥tr❡ ❛✉ss✐ ❧❡s tr❛♥s✐t✐♦♥s
♣❡r♠✐s❡s t❡❧❧❡s q✉❡ ❝❛❧❝✉❧é❡s ❞❛♥s ❧❛ ré❢ér❡♥❝❡ ❬✷✵✾❪✳ ▲❡ ❝❛❧❝✉❧ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s ❡✛❡ts ❞❡
❝♦✉♣❧❛❣❡ s♣✐♥✲♦r❜✐t❡✱ ❛✈❡❝ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❞❡ ♥♦♠❜r❡✉s❡s tr❛♥s✐t✐♦♥s ♣❡r♠✐s❡s ❛✉✲❞❡ss✉s
❞✉ ❣❛♣✳ ❉✉ ❢❛✐t ❞❡ ❧✬é❧❛r❣✐ss❡♠❡♥t ✐♥❤♦♠♦❣è♥❡ ❞❡s tr❛♥s✐t✐♦♥s✱ s❡✉❧❡ ❧❛ ♣r❡♠✐èr❡ tr❛♥s✐t✐♦♥
❡st ❜✐❡♥ rés♦❧✉❡ s♣❡❝tr❛❧❡♠❡♥t✳



❆♥♥❡①❡ ❈

❆❝❝é❧ér❛t❡✉r ❞✬✐♦♥s

❈✳✶ ■♠♣❧❛♥t❡✉r ■❘▼❆

■❘▼❆ ✭✜❣✉r❡ ❈✳✶✮ ❡st ✉♥ ✐♠♣❧❛♥t❡✉r ♠♦②❡♥♥❡ é♥❡r❣✐❡ ❞✬✐♦♥s ♣♦s✐t✐❢s ❬✸✵✾❪✳ ■❧ ❛ été ♠✐s
❡♥ s❡r✈✐❝❡ ❡♥ ✶✾✼✽ ❡t ✐❧ ❡st ❝❛♣❛❜❧❡ ❞❡ ♣r♦❞✉✐r❡ ❧❛ ♠❛❥♦r✐té ❞❡s é❧é♠❡♥ts ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥
♣ér✐♦❞✐q✉❡ ✭❡♥✈✐r♦♥ ✽✵✮ s♦✉s ❞❡s ❝❤❛r❣❡s ❞✐✛ér❡♥t❡s ❡t ❞❡s t❡♥s✐♦♥s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ✺ à
✶✽✵❦❱✳
▲❛ s♦✉r❝❡ ❞✬✐♦♥s ❡st ❞❡ t②♣❡ ❇❡r♥❛s✲◆✐❡r ✿ ❧❡s é❧é♠❡♥ts à ✐♦♥✐s❡r s♦♥t ✐♥tr♦❞✉✐t s♦✉s ❧❛ ❢♦r♠❡
❞❡ ❣❛③ ♦✉ ❞❡ ✈❛♣❡✉r ✭❝♦r♣s ♣✉r ♦✉ ❝♦♠♣♦sé✮ q✉✐ ❡st ✐♦♥✐sé ♣❛r ❧❡s é❧❡❝tr♦♥s ✐ss✉ ❞❡ ❧❛ ❞é✲
❝❤❛r❣❡ ❞✬✉♥ ✜❧❛♠❡♥t ❡♥ t✉♥❣stè♥❡✳ P❛r ❡①❡♠♣❧❡✱ ❞❛♥s ❝❡ tr❛✈❛✐❧ ❞❡s ❢❛✐s❝❡❛✉① ❞❡ Pb✱ S ❡t ❆❣
♦♥t été ❡①tr❛✐ts✳ ❧❡s ♣ré❝✉rs❡✉rs ❞❡ ❝❡s ❞✐✛ér❡♥ts ✐♦♥s s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞✉ Pb ♠ét❛❧❧✐q✉❡
❝❤❛✉✛é ❞❛♥s ✉♥ ❝r❡✉s❡t✱ ❞✉ ❣❛③ SF6✱ ❡t ❞✉ AgCl✳
▲❡s ✐♦♥s ♣♦s✐t✐❢s ❝réés s♦♥t ❞✬❛❜♦r❞ ❛❝❝é❧érés s♦✉s ✉♥❡ t❡♥s✐♦♥ ❛❧❧❛♥t ❞❡ 5 à 30 kV ♣♦✉r êtr❡
❡♥s✉✐t❡ tr✐és ❡♥ r❛♣♣♦rt masse

charge ♣❛r ✉♥ ❛✐♠❛♥t✳ ▲❡s ✐♦♥s sé❧❡❝t✐♦♥♥és s✉❜✐ss❡♥t ❡♥s✉✐t❡ ✉♥❡
❞❡✉①✐è♠❡ ❛❝❝é❧ér❛t✐♦♥ ✭0 − 150 kV ✮ q✉✐ ❧❡✉r ♣❡r♠❡t ❞✬❛tt❡✐♥❞r❡ ❧❡✉r é♥❡r❣✐❡ ✜♥❛❧❡✱ ❞❛♥s ❧❛
❣❛♠♠❡ 5 − 540 keV s✉✐✈❛♥t ❧❡✉r ❝❤❛r❣❡✳
▲❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥ ❡st ❡♥s✉✐t❡ ❢♦❝❛❧✐sé à ❧✬❛✐❞❡ ❞✬✉♥❡ tr✐♣❧❡t ❞❡ ❧❡♥t✐❧❧❡s é❧❡❝tr♦st❛t✐q✉❡s✱ ♣✉✐s
❜❛❧❛②é ❡♥ ❳✲❨ s✉r ❧❛ ❝✐❜❧❡ ♣❛r ✉♥ s②stè♠❡ ❞❡ ♣❧❛q✉❡s é❧❡❝tr♦st❛t✐q✉❡s✳ ▲❛ ♠❡s✉r❡ ❞❡ ❧❛
✢✉❡♥❝❡ ✐♠♣❧❛♥té❡ s❡ ❢❛✐t à ❧✬❛✐❞❡ ❞✬✉♥ ✐♥té❣r❛t❡✉r ❞❡ ❝♦✉r❛♥t ❜r❛♥❝❤é ❞✐r❡❝t❡♠❡♥t s✉r ❧❡
♣♦rt❡ ♦❜❥❡t✳

❈✳✷ ▲✬❛❝❝é❧ér❛t❡✉r ❞✬✐♦♥s ❆❘❆▼■❙

❆❘❆▼■❙ ✭✜❣✉r❡ ❈✳✷✮ ❡st ✉♥ ❛❝❝é❧ér❛t❡✉r ❞✬✐♦♥s ❤❛✉t❡ é♥❡r❣✐❡ ❞❡ t②♣❡ t❛♥❞❡♠ ❛②❛♥t ✉♥❡
t❡♥s✐♦♥ ♥♦♠✐♥❛❧❡ ❞❡ 2 MV ❬✸✶✵✱ ✸✶✶✱ ✸✶✷❪✳ ■❧ ♣❡✉t ❢♦♥❝t✐♦♥♥❡r s♦✐t ❡♥ ♠♦❞❡ t❛♥❞❡♠ s♦✐t ❡♥
♠♦❞❡ ❱❛♥ ❞❡ ●r❛❛❢✳

♠♦❞❡ ❱❛♥ ❞❡ ●r❛❛❢ ❞❛♥s ❝❡ ♠♦❞❡✱ ♦♥ ✉t✐❧✐s❡ ✉♥❡ s♦✉r❝❡ ❞✬✐♦♥s ♣♦s✐t✐❢s s✐t✉é❡ ❞❛♥s ❧✬ét❛❣❡
❤❛✉t❡ t❡♥s✐♦♥ ✭❛♣♣❡❧é t❡r♠✐♥❛❧✮ ❞❡ ❧✬❛❝❝é❧ér❛t❡✉r✳ ▲❛ s♦✉r❝❡ ❡st ❞❡ t②♣❡ P❡♥♥✐♥❣ ✿ ❧❡s
é❧é♠❡♥ts s♦♥t ✐♥tr♦❞✉✐ts s♦✉s ❢♦r♠❡ ❣❛③❡✉s❡ ❡t ✐♦♥✐sés ❞❛♥s ✉♥ ♣❧❛s♠❛ ❞✬é❧❡❝tr♦♥s très
é♥❡r❣ét✐q✉❡s✳ ▲✬❛✈❛♥t❛❣❡ ❞✬✉♥❡ t❡❧❧❡ s♦✉r❝❡ ♣❛r r❛♣♣♦rt à ✉♥❡ s♦✉r❝❡ ❞❡ t②♣❡ ❇❡r♥❛s
◆✐❡r ❡st s❛ ❞✉ré❡ ❞❡ ✈✐❡ ♣❧✉s ✐♠♣♦rt❛♥t❡✳ ❊♥ ❝♦♥tr❡♣❛rt✐❡✱ ❧❛ ❞✐s♣❡rs✐♦♥ ❡♥ é♥❡r❣✐❡ ❞❡s
✐♦♥s ♣r♦❞✉✐ts ❡st ♣❧✉s ❣r❛♥❞❡✳ ❊♥ ♣r❛t✐q✉❡✱ ❝❡tt❡ s♦✉r❝❡ ❡st ✉t✐❧✐sé❡ ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥
❞❡ He+ ❡t He2+ ♠❛✐s ❛✉ss✐ ❞✬❛③♦t❡ ❡t ❞✬❤②❞r♦❣è♥❡✳

✷✷✺



✷✷✻

❋✐❣✳ ❈✳✶✿ ❙❝❤é♠❛ ❞❡ ❧✬❛❝❝é❧ér❛t❡✉r ■❘▼❆

❋✐❣✳ ❈✳✷✿ ❙❝❤é♠❛ ❞❡ ❧✬❛❝❝é❧ér❛t❡✉r ❆❘❆▼■❙✳ ■❍❊ ✿ ✐♠♣❧❛♥t❛t✐♦♥ ❤❛✉t❡ é♥❡r❣✐❡✳



✷✷✼

♠♦❞❡ ❚❛♥❞❡♠ ❉❛♥s ❝❡ ♠♦❞❡✱ ♦♥ t✐r❡ ❛✈❛♥t❛❣❡ ❞❡✉① ❢♦✐s ❞❡ ❧❛ t❡♥s✐♦♥ ❛❝❝é❧ér❛tr✐❝❡ ❡♥
♣r❛t✐q✉❛♥t ✉♥ é♣❧✉❝❤❛❣❡ ❞❡ ❝❤❛r❣❡s ❞❛♥s ❧❡ t❡r♠✐♥❛❧✳ ■❧ ❡st ♣♦✉r ❝❡❧❛ ♥é❝❡ss❛✐r❡ ❞❡
♣r♦❞✉✐r❡ ❞❡s ✐♦♥s ♥é❣❛t✐❢s✳ ❖♥ ✉t✐❧✐s❡ ✉♥❡ s♦✉r❝❡ ❞❡ t②♣❡ ▼✐❞❞❧❡t♦♥ ❞❛♥s ❧❛q✉❡❧❧❡ ✉♥❡
❝❛t❤♦❞❡ ❝♦♥t❡♥❛♥t ❧❡s é❧é♠❡♥ts à ♣✉❧✈ér✐s❡r ❡st ❜♦♠❜❛r❞é❡ ♣❛r ❞❡s ✐♦♥s ❈és✐✉♠✳ ❯♥❡
❧❛r❣❡ ❣❛♠♠❡ ❞✬é❧é♠❡♥ts ♣❡✉t êtr❡ ♣r♦❞✉✐t❡ ♣❛r ❝❡tt❡ ♠ét❤♦❞❡✱ ♥♦t❛♠♠❡♥t ❝❡✉① ❛②❛♥t
✉♥❡ ❛✣♥✐té é❧❡❝tr♦♥✐q✉❡ ✐♠♣♦rt❛♥t❡✳ ❆♣rès ❡①tr❛❝t✐♦♥ ❞❡ ❧❛ s♦✉r❝❡✱ ❧❡s ✐♦♥s ♥é❣❛t✐❢s
s♦♥t ❛❝❝é❧érés ♣❛r ✉♥❡ t❡♥s✐♦♥ ❞❡ 20 à 50 keV ✱ ♣✉✐s tr✐és ❡♥ ♠❛ss❡✳ ❯♥ s❡❝♦♥❞ ét❛❣❡
❞✬❛❝❝é❧ér❛t✐♦♥ ✭0 − 100 kV ✮ ♣❡r♠❡t ❞❡ ré❣❧❡r ❧❛ ❢♦❝❛❧✐s❛t✐♦♥ ❞✉ ❢❛✐s❝❡❛✉ ❛✉ ❝❡♥tr❡
❞❡ ❧❛ t❡r♠✐♥❛❧✳ ❆ ❝❡t ❡♥❞r♦✐t✱ ❧❡s ✐♦♥s ♥é❣❛t✐❢s ♣❛ss❡♥t ❞❛♥s ❝❡ q✉❡ ❧✬♦♥ ❛♣♣❡❧❧❡ ❧❡
t✉❜❡ é♣❧✉❝❤❡✉r ✿ ✉♥❡ ❢❛✐❜❧❡ ♣r❡ss✐♦♥ ❞✬❛③♦t❡ ❡st ♠❛✐♥t❡♥✉❡ ❧♦❝❛❧❡♠❡♥t ❞❛♥s ❝❡tt❡ ③♦♥❡✱
♣❡r♠❡tt❛♥t ❧✬é♣❧✉❝❤❛❣❡ ❞❡s ✐♦♥s ♥é❣❛t✐❢s ✐♥❝✐❞❡♥ts✳ ❈❡s ❞❡r♥✐❡rs ❛❝q✉✐èr❡♥t ❛❧♦rs ✉♥❡
❝❤❛r❣❡ ♣♦s✐t✐✈❡ ❡t ♣❡✉✈❡♥t ❞♦♥❝ êtr❡ ❛❝❝é❧érés à ♥♦✉✈❡❛✉ ♣❛r ❧✬ét❛❣❡ ❤❛✉t❡ t❡♥s✐♦♥
✭2 MV ✮✳

❉❛♥s ❧❡s ❞❡✉① ♠♦❞❡s ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t✱ ❧❡ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ♣♦s✐t✐❢s ✐ss✉s ❞❡ ❧✬❛❝❝é❧ér❛t❡✉r ❡st
❢♦❝❛❧✐sé ♣❛r ✉♥ tr✐♣❧❡t q✉❛❞r✉♣♦❧❛✐r❡✱ ❡t ❝❡♥tré à ❧✬❛✐❞❡ ❞❡ ♣❧❛q✉❡s é❧❡❝tr♦st❛t✐q✉❡s✳ ❊♥✜♥✱
❧❡s ✐♦♥s s✉❜✐ss❡♥t ✉♥ ❞❡r♥✐❡r tr✐ ❡♥ ♠❛ss❡ ♣❛r ✉♥ ❛✐♠❛♥t✱ q✉✐ ❧❡s ❡♥✈♦✐❡ ♣❛r ❛✐❧❧❡✉rs ❞❛♥s ✉♥❡
❞❡s ❧✐❣♥❡s ✭❝❛r❛❝tér✐s❛t✐♦♥✱ ✐♠♣❧❛♥t❛t✐♦♥✱ ❧✐❛✐s♦♥ ■❘▼❆✮✳



❆♥♥❡①❡ ❉

▼✐❝r♦s❝♦♣✐❡ ➱❧❡❝tr♦♥✐q✉❡ ❡♥
❚r❛♥s♠✐ss✐♦♥

▲❛ ▼✐❝r♦s❝♦♣✐❡ ➱❧❡❝tr♦♥✐q✉❡ ❡♥ ❚r❛♥s♠✐ss✐♦♥ ✭▼❊❚✮ ✉t✐❧✐s❡ ✉♥ ❢❛✐s❝❡❛✉ ❝♦❤ér❡♥t ❞✬é❧❡❝✲
tr♦♥s ♣♦✉r ♦❜t❡♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s str✉❝t✉r❛❧❡s s✉r ❧✬é❝❤❛♥t✐❧❧♦♥ tr❛✈❡rsé✳ ▲✬✐♥t❡r❛❝t✐♦♥
é❧❡❝tr♦♥✲♠❛t✐èr❡ ét❛♥t ❢♦rt❡✱ ❡❧❧❡ ♥é❝❡ss✐t❡ ❧❛ ♣ré♣❛r❛t✐♦♥ ❞✬é❝❤❛♥t✐❧❧♦♥s ❞❡ ♠♦✐♥s ❞❡ 100 nm
❞✬é♣❛✐ss❡✉r ✭❝❡ q✉✐ ❡st ❢❛✐❜❧❡ ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s t②♣❡s ❞❡ r❛②♦♥♥❡♠❡♥t ❞✬❛♥❛❧②s❡ ❝♦♠♠❡
❧❡s r❛②♦♥s ❳ ♦✉ ❧❡s ♥❡✉tr♦♥s t❤❡r♠✐q✉❡s✮✳
▲✬✐♥t❡r❛❝t✐♦♥ ❞❡s é❧❡❝tr♦♥s ❛✈❡❝ ❧❛ ♠❛t✐èr❡ ❡st s♦✐t é❧❛st✐q✉❡ s♦✐t ✐♥é❧❛st✐q✉❡✳ ❈❡s ❞✐✛ér❡♥t❡s
✐♥t❡r❛❝t✐♦♥s s♦♥t ❛✉t❛♥t ❞❡ ♠❛♥✐èr❡ ❞✐✛ér❡♥t❡s ❞✬✉t✐❧✐s❡r ✉♥ ▼❊❚ ✿

✕ ▲❛ ❞✐✛✉s✐♦♥ é❧❛st✐q✉❡ ❞❡s é❧❡❝tr♦♥s ♣❛r ❧❡ ♣♦t❡♥t✐❡❧ é❧❡❝tr♦♥✐q✉❡ ❞❡s ❛t♦♠❡s✱ q✉✐ ❞♦♥♥❡
❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛ str✉❝t✉r❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ♦❜s❡r✈é ✭♠❛tér✐❛✉ ❛♠♦r♣❤❡ ♦✉ ❝r✐s✲
t❛❧❧✐♥✮✳ ❊❧❧❡ ❡st ♦❜s❡r✈é❡ ❡♥ ✐♠❛❣❡r✐❡ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡ ✭❝❤❛♠♣ ❝❧❛✐r✱ ❝❤❛♠♣ s♦♠❜r❡✱
❞✐✛r❛❝t✐♦♥ ♣❛r sé❧❡❝t✐♦♥ ❞✬❛✐r❡✱ ✳ ✳ ✳ ✮ ❡t ❡♥ ❤❛✉t❡ rés♦❧✉t✐♦♥ ✭▼❊❚❍❘✮✳

✕ P❛r ❛✐❧❧❡✉rs✱ ❧❡s é❧❡❝tr♦♥s s✉❜✐ss❡♥t ❛✉ss✐ ❞❡s ❞✐✛✉s✐♦♥s ✐♥é❧❛st✐q✉❡s✱ ❝♦♥❞✉✐s❛♥t à
❞❡s ♣❡rt❡s ❞✬é♥❡r❣✐❡ ✭❞❡ ❧✬eV à q✉❡❧q✉❡s keV ✮ ❞❡s é❧❡❝tr♦♥s tr❛♥s♠✐s✳ ▲❛ ♠❡s✉r❡ ❞❡
❝❡s ♣❡rt❡s ❞✬é♥❡r❣✐❡ ❝♦♠❜✐♥é❡ à ❧❡✉r ❝❛rt♦❣r❛♣❤✐❡ ❡st ❧❡ tr❛✈❛✐❧ ❞❡ ❧❛ s♣❡❝tr♦s❝♦♣✐❡
❞❡s ♣❡rt❡s ❞✬é♥❡r❣✐❡s é❧❡❝tr♦♥✐q✉❡s✳ ❈❡s tr❛♥s❢❡rts ❞✬é♥❡r❣✐❡ ♣r♦✈♦q✉❡♥t ✐♥❞✐r❡❝t❡♠❡♥t
❧✬é❥❡❝t✐♦♥ ❞✬é❧❡❝tr♦♥s s❡❝♦♥❞❛✐r❡s✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬é❧❡❝tr♦♥s ❆✉❣❡r ❛✐♥s✐ q✉❡ ❧✬é♠✐ss✐♦♥
❞❡ ♣❤♦t♦♥s ❳ ♣❛r ❞és❡①❝✐t❛t✐♦♥✱ ❞♦♥t ♦♥ ♣❡✉t ❛✉ss✐ ❢❛✐r❡ ❧❡s s♣❡❝tr♦s❝♦♣✐❡s✳ ❈❡s ❡①✲
♣ér✐❡♥❝❡s ❞♦♥♥❡♥t ❣é♥ér❛❧❡♠❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛ ♥❛t✉r❡ ❝❤✐♠✐q✉❡ ❞✉ ♠❛tér✐❛✉
ét✉❞✐é✱ à ❞❡s é❝❤❡❧❧❡s ❛tt❡✐❣♥❛♥t ❧❡ ♥❛♥♦♠ètr❡✳

❉✳✶ ❋♦r♠❛t✐♦♥ ❞❡ ❧✬✐♠❛❣❡ ❡♥ ▼❊❚

❯♥ ▼❊❚ ❢♦♥❝t✐♦♥♥❡ s❡❧♦♥ ❧❡ ♠ê♠❡ ♣r✐♥❝✐♣❡ q✉✬✉♥ ♠✐❝r♦s❝♦♣❡ ♦♣t✐q✉❡✱ à ❝❡❝✐
♣rès q✉✬✐❧ ✉t✐❧✐s❡ ❞❡s é❧❡❝tr♦♥s ❡t ♣❛s ❞❡s ♣❤♦t♦♥s✱ ❡t q✉❡ ❧✬♦♥ ♣❡✉t ❛❥✉st❡r ❧❛
❞✐st❛♥❝❡ ❢♦❝❛❧❡ ❞❡s ❧❡♥t✐❧❧❡s é❧❡❝tr♦♠❛❣♥ét✐q✉❡s✳
▲❡s é❧❡❝tr♦♥s ❛②❛♥t ✐♥t❡r❛❣✐ ❛✈❡❝ ❧✬é❝❤❛♥t✐❧❧♦♥ s♦♥t ❝♦❧❧❡❝tés ♣❛r ❧❛ ❧❡♥t✐❧❧❡ ♦❜❥❡❝✲
t✐❢ ✿ ❧❡ ❞✐❛❣r❛♠♠❡ ❞❡ ❞✐✛r❛❝t✐♦♥ s❡ s✐t✉❡ ❞❛♥s ❧❡ ♣❧❛♥ ❢♦❝❛❧ ♦❜❥❡❝t✐❢✱ ❡t ❧✬✐♠❛❣❡
❞❛♥s ❧❡ ♣❧❛♥ ✐♠❛❣❡ ♦❜❥❡❝t✐❢✳ ❯♥ ❝♦✉♣❧❡ ❞❡ ❧❡♥t✐❧❧❡s ♣❡r♠❡t ❡♥s✉✐t❡ ❞❡ ♣r♦❥❡t❡r
❧✬✉♥❡ ♦✉ ❧✬❛✉tr❡ ✐♠❛❣❡ s✉r ❧✬é❝r❛♥ ♦✉ ❧❡ ❞ét❡❝t❡✉r ✭✜❣✉r❡ ❉✳✶✮✳

❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ♦❜s❡r✈♦♥s ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ✈❡rr❡ ✲ ③♦♥❡ ❛♠♦r♣❤❡ ❞és♦r❞♦♥♥é❡ à

✷✷✽



✷✷✾

❋✐❣✳ ❉✳✶✿ ❙❝❤é♠❛ ❞❡ ♣r✐♥❝✐♣❡ ❞✬✉♥ ▼❊❚✳



✷✸✵

❧♦♥❣✉❡s ❞✐st❛♥❝❡s ❡t ♣❛rt✐❡❧❧❡♠❡♥t ♦r❞♦♥♥é❡s à ❝♦✉rt❡s ❞✐st❛♥❝❡s ✭♣❛rt✐❡ ✷✳✶✮ ✲ ❝♦♥t❡♥❛♥t ❞❡s
♣ré❝✐♣✐tés ❝r✐st❛❧❧✐♥s✳ ▲❡s é❧❡❝tr♦♥s ❞✐✛✉sés é❧❛st✐q✉❡♠❡♥t ♣r♦✈✐❡♥♥❡♥t ❞♦♥❝ ❞❡ ❞❡✉① ré❣✐♦♥s
❞❡ ♥❛t✉r❡ str✉❝t✉r❛❧❡ très ❞✐✛ér❡♥t❡ ❡t q✉✐ ❞♦♥♥❡♥t ❞♦♥❝ ❞❡s ❞✐❛❣r❛♠♠❡s ❞❡ ❞✐✛r❛❝t✐♦♥
❞✐st✐♥❝ts✳
❉❛♥s ❧❡ ♣❧❛♥ ❢♦❝❛❧ ❞❡ ❧✬♦❜❥❡❝t✐❢✱ ❧❛ ❞✐✛✉s✐♦♥ é❧❛st✐q✉❡ ♣❛r ✉♥ ♠❛tér✐❛✉ ❛♠♦r♣❤❡ ❞♦♥♥❡ ✉♥ ❢♦♥❞s
❝♦♥t✐♥✉ ✭❞û ❛✉ ❞és♦r❞r❡ à ❧♦♥❣✉❡ ❞✐st❛♥❝❡✮✱ ❛✉q✉❡❧ s✬❛❥♦✉t❡ q✉❡❧q✉❡s ❛♥♥❡❛✉① ❞✐✛✉s ♣rès ❞✉
❝❡♥tr❡ ❞✉ ❞✐❛❣r❛♠♠❡ ✭♦r❞r❡ à ❝♦✉rt❡ ❞✐st❛♥❝❡✮✳ P❛r ❝♦♥tr❡✱ ❧❛ ❞✐✛✉s✐♦♥ ❞❡s é❧❡❝tr♦♥s s✉r ❧❡s
♣❧❛♥s rét✐❝✉❧❛✐r❡s ❞❡s ♥❛♥♦❝r✐st❛✉① ❞♦♥♥❡ ♥❛✐ss❛♥❝❡ à ❞❡s ❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés ❝❛r❛❝tér✐st✐q✉❡s
❞❡ ❧❡✉r str✉❝t✉r❡ ❝r✐st❛❧❧♦❣r❛♣❤✐q✉❡✳ ▲❡ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥ s♦rt❛♥t ❞❡ ❧❛ s♦✉r❝❡ ♣❡✉t êtr❡
❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥❡ ♦♥❞❡ ♣❧❛♥❡ ψ(r) = exp 2πik0.r ❞♦♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ♣♦t❡♥t✐❡❧
❝r✐st❛❧❧✐♥ ❞✬✉♥ ♥❛♥♦❝r✐st❛❧ ❞♦♥♥❡ ✉♥❡ ♦♥❞❡ q✉✐ ❡st ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞✉ ❢❛✐s❝❡❛✉ tr❛♥s♠✐s
❡t ❞❡s ❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés ❛✉① ✈❡❝t❡✉rs g ❞✉ rés❡❛✉ ré❝✐♣r♦q✉❡ ✭♦♥❞❡s ❞❡ ❇❧♦❝❤✮ ✿

ψs(r) =
∑

g

ug(z) exp iφg(z) exp 2πi(k0 + g).r ✭❉✳✶✮

▲❡ ❞✐❛❣r❛♠♠❡ ❞❡ ❞✐✛r❛❝t✐♦♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ♥✬❡st ❛✉tr❡ q✉❡ ❧❡ ♠♦❞✉❧❡ ❞❡ ❧❛ tr❛♥s❢♦r♠é❡ ❞❡
❋♦✉r✐❡r ✭❚❋✮ ❞❡ ❝❡tt❡ éq✉❛t✐♦♥✳ ❉❛♥s ❧❡ ♣❧❛♥ ✐♠❛❣❡ ❞❡ ❧✬♦❜❥❡❝t✐❢✱ ❧✬❛♠♦r♣❤❡ ❡st ❞♦♥❝ s♦✉s
❢♦r♠❡ ❞✬✉♥ ❢♦♥❞s ❝♦♥t✐♥✉ ❛✈❡❝ ❞❡s ✈❛r✐❛t✐♦♥s ❞✬✐♥t❡♥s✐tés ❞♦♥t ❧❛ t❛✐❧❧❡ ♠♦②❡♥♥❡ ❡st r❡❧✐é❡ à
❧✬♦r❞r❡ à ❝♦✉rt❡ ❞✐st❛♥❝❡✳ ■❧ ❡①✐st❡ ♣❧✉s✐❡✉rs ♠❛♥✐èr❡s ❞❡ ❢❛✐r❡ r❡ss♦rt✐r ❧❡s ♥❛♥♦❝r✐st❛✉① ❞❡
❝❡ ❢♦♥❞s ❝♦♥t✐♥✉ ✭❢♦r♠❛t✐♦♥ ❞❡ ❝♦♥tr❛st❡✮✳

❉✳✶✳✶ Pr♦❜❧è♠❡ ❞❡ ❝♦♥tr❛st❡

▲❡ rô❧❡ ❞❡ ❧❛ ❧❡♥t✐❧❧❡ ♦❜❥❡❝t✐❢ ❡st ❞❡ tr❛♥s❢ér❡r ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞❡ s♦rt✐❡ ❞❡
❧✬é❝❤❛♥t✐❧❧♦♥ ❥✉sq✉✬❛✉ ♣❧❛♥ ✐♠❛❣❡✳ ❈❡ tr❛♥s❢❡rt s✬❛❝❝♦♠♣❛❣♥❡ ❞❡ ❢♦rt❡s ♠♦❞✐✜✲
❝❛t✐♦♥s ❞❡s ❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés ✭❛♠♣❧✐t✉❞❡ ug(z) ❡t✴♦✉ ♣❤❛s❡ φg(z)✮ ❝♦♥trô❧❛❜❧❡s
♣❛r ❧✬♦♣ér❛t❡✉r✱ ♦✉ ❜✐❡♥ ❛✉ ❝♦♥tr❛✐r❡ ❞ét❡r♠✐♥é❡s ♣❛r ❧❡s ❧✐♠✐t❡s ❞❡ ❧✬❛♣♣❛r❡✐❧✳
❙❡❧♦♥ ❧❛ t❤é♦r✐❡ ❞✬❆❜❜❡✱ ♦♥ ♣❡✉t ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❝♦♥s✐❞ér❡r q✉❡ ❧❛
❚❋ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬♦♥❞❡ ❞❛♥s ❧❡ ♣❧❛♥ ❢♦❝❛❧ ❡st ❧❡ ♣r♦❞✉✐t ❞❡ ❧❛ ❚❋ ❞❡ ❧❛ ❢♦♥❝t✐♦♥
❞✬♦♥❞❡ ❥✉st❡ ❛♣rès ❧✬é❝❤❛♥t✐❧❧♦♥ ψs(k) ♣❛r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ tr❛♥s❢❡rt ❞❡ ❧✬❛♣♣❛r❡✐❧
H(k) = A(k) exp iφ(k)✳

❯♥❡ ♣r❡♠✐èr❡ ♠❛♥✐èr❡ ❞❡ ❝♦♥tr❛st❡r ❧❡s ♥❛♥♦❝r✐st❛✉① ❡st ❞❡ ♠❛♥✐♣✉❧❡r ❧✬❛♠♣❧✐t✉❞❡ ❞❡s
❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés ✭❝♦♥tr❛st❡ ❞✬❛♠♣❧✐t✉❞❡✮✳ ❈❡❧❛ r❡✈✐❡♥t à ♠♦❞✐✜❡r s❝✐❡♠♠❡♥t A(k) ❞❛♥s ❧❛
❢♦♥❝t✐♦♥ ❞❡ tr❛♥s❢❡rt ❞✬❛♣♣❛r❡✐❧✳ P❛r ❡①❡♠♣❧❡✱ ♦♥ ♣❡✉t ✿

✕ ❙é❧❡❝t✐♦♥♥❡r ✉♥✐q✉❡♠❡♥t ❧❡ ❢❛✐s❝❡❛✉ tr❛♥s♠✐s à ❧✬❛✐❞❡ ❞✬✉♥ ❞✐❛♣❤r❛❣♠❡ ❞❛♥s ❧❡ ♣❧❛♥
❢♦❝❛❧ ❞❡ ❧❛ ❧❡♥t✐❧❧❡ ♦❜❥❡❝t✐❢✶✳ ❈✬❡st ✉♥❡ ✐♠❛❣❡r✐❡ ❞✐t❡ ❡♥ ❝❤❛♠♣ ❝❧❛✐r ♦ù ❧❡s ❛❣ré❣❛ts
❛♣♣❛r❛îtr♦♥t ♣❧✉s s♦♠❜r❡ q✉❡ ❧❡ ❢♦♥❞s ❛♠♦r♣❤❡✳

✕ ❙é❧❡❝t✐♦♥♥❡r ✉♥✐q✉❡♠❡♥t ✉♥ ❞❡s ❢❛✐s❝❡❛✉ ❞✐✛r❛❝té✱ t♦✉❥♦✉rs à ❧✬❛✐❞❡ ❞✬✉♥ ❞✐❛♣❤r❛❣♠❡
❞❛♥s ❧❡ ♣❧❛♥ ❢♦❝❛❧ ❞❡ ❧❛ ❧❡♥t✐❧❧❡ ♦❜❥❡❝t✐❢✳ ❈✬❡st ✉♥❡ ✐♠❛❣❡r✐❡ ❞✐t❡ ❡♥ ❝❤❛♠♣ s♦♠❜r❡ ♦ù
❧❡s ❛❣ré❣❛ts ❛♣♣❛r❛îtr♦♥t ❝❡tt❡ ❢♦✐s✲❝✐ ♣❧✉s ❝❧❛✐r q✉❡ ❧❡ ❢♦♥❞s ❛♠♦r♣❤❡✳

❙✐ ❧❡s ❞✐❛♣❤r❛❣♠❡s s♦♥t ❛ss❡③ ❣r❛♥❞s ♣♦✉r ❢❛✐r❡ ♣❛ss❡r à ❧❛ ❢♦✐s ❧❡ ❢❛✐s❝❡❛✉ tr❛♥s♠✐s ❡t
❛✉ ♠♦✐♥s ✉♥ ❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés✱ ❛❧♦rs ❧❡ ❝♦♥tr❛st❡ ❡st ❧❡ rés✉❧t❛t ❞❡ ❧✬✐♥t❡r❢ér❡♥❝❡ ❡♥tr❡ ❝❡s

✶▲❛ ❝♦♥tr✐❜✉t✐♦♥ ❞✉ ❞✐❛♣❤r❛❣♠❡ à ❧✬❛♠♣❧✐t✉❞❡ A(k) ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ tr❛♥s❢❡rt s✬é❝r✐t ♣❛r ❡①❡♠♣❧❡ ✐❝✐ ✿

Adiaph(k) = 1 (|k| < k0)

= 0 (|k| > k0)

❛✈❡❝ k0 ♣❧✉s ♣❡t✐t q✉❡ t♦✉s ✈❡❝t❡✉rs ❞✬♦♥❞❡ ❞❡s ❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés✳
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❋✐❣✳ ❉✳✷✿ ❊①❡♠♣❧❡ ❞❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ rés♦❧✉t✐♦♥ ♣♦✉r ✉♥ ▼❊❚ s♦✉s ✷✵✵❦❱✱
❛✈❡❝ Cs = 0.5 mm✳ ❊♥ ✭❛✮ ❧❡ ❢❛❝t❡✉r ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡s ❢réq✉❡♥❝❡s s♣❛t✐❛❧❡s ❡st
tr❛❝é ❡♥ ❢♦♥❝t✐♦♥ ❞❡ k ❡t ❞❡ ❧❛ ❞é❢♦❝❛❧✐s❛t✐♦♥✳ P♦✉r ❧❛ ❞é❢♦❝❛❧✐s❛t✐♦♥ ❞❡ ❙❝❤❡r③❡r
∆fmax✱ ♦♥ ♠❛①✐♠✐s❡ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ k s✉r ❧❡q✉❡❧ ❧❡ ❢❛❝t❡✉r ❞❡ tr❛♥s♠✐ss✐♦♥ ❡st ♥♦♥
♥✉❧✳ ❊♥ ✭❜✮✱ s❡❝t✐♦♥ ❞✉ ❣r❛♣❤❡ ❡♥ ✭❛✮ à ❧❛ ❞é❢♦❝❛❧✐s❛t✐♦♥ ❞❡ ❙❝❤❡r③❡r✱ ♠♦♥tr❛♥t
❧✬✐♥✢✉❡♥❝❡ ❞❡s ✐♥st❛❜✐❧✐tés ❞✉ ♠✐❝r♦s❝♦♣❡ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❢♦♥❝t✐♦♥ ❞✬❛tté♥✉❛t✐♦♥s
G1 ❡t G2✳

❢❛✐s❝❡❛✉①✳ ■❝✐ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ♣❤❛s❡ ❡♥tr❡ ❧❡s ❢❛✐s❝❡❛✉① q✉✐ ✐♥t❡r❢èr❡♥t ❞ét❡r♠✐♥❡ ❡♥ ❣r❛♥❞❡
♣❛rt✐❡ ❧❡ ❝♦♥tr❛st❡ ✭❝♦♥tr❛st❡ ❞❡ ♣❤❛s❡✮✳ ▲♦rsq✉✬✉♥ ♥❛♥♦❝r✐st❛❧ ❡st ❡♥ ♣♦s✐t✐♦♥ t❡❧❧❡ q✉❡ ❧❡
❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥s ♣❡✉t êtr❡ ❞✐✛r❛❝té s✉r ✉♥ ❞❡s ♣❧❛♥s rét✐❝✉❧❛✐r❡s✱ ♦♥ ♦❜s❡r✈❡ ❞❛♥s ❧❡ ♣❧❛♥
✐♠❛❣❡ ✉♥ rés❡❛✉ ❞❡ ❢r❛♥❣❡s ❞♦♥t ❧❛ ♣ér✐♦❞❡ ❞♦♥♥❡ ❧❛ ❞✐st❛♥❝❡ ✐♥t❡rrét✐❝✉❧❛✐r❡✱ ♣♦✉r✈✉ q✉❡ ❧❛
rés♦❧✉t✐♦♥ s♦✐t s✉✣s❛♥t❡✳

❉✳✶✳✷ Pr♦❜❧è♠❡ ❞❡ rés♦❧✉t✐♦♥

❈❡tt❡ ❞❡r♥✐èr❡ ❡st ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t❡ ❞❡ ❢❛❝t❡✉rs t❡❧s q✉❡ ❧❡s ❛❜❡rr❛t✐♦♥s
❞❡ ❧✬♦♣t✐q✉❡ ♠❛❣♥ét✐q✉❡✱ ❧✬é❝❛rt à ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✱ ❛✐♥s✐ q✉❡
❧❛ ❞✐s♣❡rs✐♦♥ ❡♥ é♥❡r❣✐❡ ❞✉ ❢❛✐s❝❡❛✉ ❞✬é❧❡❝tr♦♥ ✐♥❝✐❞❡♥t ❡t ❞✬❛✉tr❡s ✐♥st❛❜✐❧✐tés✳
❈✬❡st ❣é♥ér❛❧❡♠❡♥t ❛✈❡❝ ❞❡s ♠✐❝r♦s❝♦♣❡s s♣é❝✐✜q✉❡s ❞✐ts ❞❡ ❤❛✉t❡ rés♦❧✉t✐♦♥
q✉❡ ❧✬♦♥ ❛ ❧❛ rés♦❧✉t✐♦♥ s✉✣s❛♥t❡ ♣♦✉r ♦❜s❡r✈❡r ❞❡s ❢r❛♥❣❡s✳

❊♥ ▼❊❚ ❤❛✉t❡ rés♦❧✉t✐♦♥✱ ♦♥ ♦❜s❡r✈❡ ❞❡s ♦❜❥❡ts ❞✬é♣❛✐ss❡✉r ❢❛✐❜❧❡✱ ♣♦✉r ❧❡sq✉❡❧s ❧✬✐♥t❡♥✲
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s✐té ❞❡ ❧✬✐♠❛❣❡ ♣r♦❥❡té❡ s✉r ❧✬é❝r❛♥ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à sinφ(k) ✭♦❜❥❡ts ❞❡ ♣❤❛s❡ ❢❛✐❜❧❡✮✳
❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❛ ♣❤❛s❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ tr❛♥s❢❡rt ❞❡ ❧❛ ❧❡♥t✐❧❧❡ ♦❜❥❡❝t✐❢ s✬é❝r✐t ✿

φObj(k) = −2π

(
∆fλ

2
k2 +

Csλ
3

4
k4

)
✭❉✳✷✮

Cs ❡st ✉♥ ♣❛r❛♠ètr❡ ✜①❡ ❞é♣❡♥❞❛♥t ❞❡ ❧❛ q✉❛❧✐té ❞✉ ♠✐❝r♦s❝♦♣❡✱ λ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡s
é❧❡❝tr♦♥s✱ ❡t ∆f ❧❛ ❞é❢♦❝❛❧✐s❛t✐♦♥ ✭♣❛r❛♠ètr❡ ❛❥✉st❛❜❧❡✮ ♣❛r r❛♣♣♦rt à ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t✳
➪ ❞é❢♦❝❛❧✐s❛t✐♦♥ ❞♦♥♥é❡✱ sinφObj(k) ❡st ✉♥❡ ❢♦♥❝t✐♦♥ ♦s❝✐❧❧❛♥t❡ ❞❡ k✱ s✬❛♥♥✉❧❛♥t ❡♥ k = 0
✭❝❛r❛❝tér✐st✐q✉❡ ❞✬✉♥❡ ✐♠❛❣❡ ❞❡ ♣❤❛s❡✮✳ ❖♥ ♣❡✉t ♠❛①✐♠✐s❡r ❧❛ ♣♦s✐t✐♦♥ ❞✉ ♣r❡♠✐❡r
③ér♦ à k 6= 0 ♣♦✉r ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❞é❢♦❝❛❧✐s❛t✐♦♥ ❞✐t❡ ❞❡ ❙❝❤❡r③❡r ✭−1, 2

√
Csλ✮✳

P♦✉r ❝❡tt❡ ❞é❢♦❝❛❧✐s❛t✐♦♥✱ ♦♥ ♠❛①✐♠✐s❡ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡s k ♦ù ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡s
❢❛✐s❝❡❛✉① ❞✐✛r❛❝tés ❡st ♣♦ss✐❜❧❡✳ ❈❡❧❛ ❞♦♥♥❡ ✉♥❡ ♣r❡♠✐èr❡ ❧✐♠✐t❡ ❞❡ rés♦❧✉t✐♦♥
ds = 0, 65(Csλ

3)1/4✳
❙✐ ♦♥ ♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡ ❞❡s ❛✉tr❡s ❧✐♠✐t❛t✐♦♥s ❞✉ ♠✐❝r♦s❝♦♣❡✱ ❧❡ t❡r♠❡ ❡♥ sinφObj(k) ❝♦♥t✐✲
♥✉❡ ❞✬♦s❝✐❧❧❡r ❡♥tr❡ ✲✶ ❡t ✶ ♣♦✉r k → ∞✳ ❊♥ ré❛❧✐té✱ ❧❛ ♥♦♥✲♠♦♥♦❝❤r♦♠❛t✐❝✐té ❞❡ ❧❛ s♦✉r❝❡
❞✬é❧❡❝tr♦♥✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ t❡♥s✐♦♥ ❞✬❛❝❝é❧ér❛t✐♦♥✱ ❡t ❞✉ ❝♦✉r❛♥t ❞❡ ❧❛ ❧❡♥t✐❧❧❡ ♦❜❥❡❝t✐❢
r❛❥♦✉t❡♥t ❞❡s t❡r♠❡s s✉♣♣❧é♠❡♥t❛✐r❡s à ❧❛ ❢♦♥❝t✐♦♥ ❞❡ tr❛♥s❢❡rt ❡♥ ❛❧tér❛♥t ❧❛ ❞é❢♦❝❛❧✐s❛✲
t✐♦♥ ∆f ± δf ✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❛ ♣❤❛s❡ ✭❉✳✷✮ ❡st ♠✉❧t✐♣❧✐é❡ ♣❛r ✉♥❡ ❢♦♥❝t✐♦♥ ❡♥✈❡❧♦♣♣❡
❞é❝r♦✐ss❛♥t❡ q✉✐ ❛tté♥✉❡ ❢♦rt❡♠❡♥t t♦✉s ❧❡s ✈❡❝t❡✉rs ❞✬♦♥❞❡ s✉♣ér✐❡✉rs à ki✱ ❞é♣❡♥❞❛♥t ❞❡s
✢✉❝t✉❛t✐♦♥s ❝❛r❛❝tér✐st✐q✉❡s ❝✐✲❞❡ss✉s ❡t ❞❡s ❛❜❡rr❛t✐♦♥s ❝❤r♦♠❛t✐q✉❡s ❞✉ ♠✐❝r♦s❝♦♣❡✳ ❈❡❝✐
❝♦♥st✐t✉❡ ✉♥❡ s❡❝♦♥❞❡ ❧✐♠✐t❡ à ❧❛ rés♦❧✉t✐♦♥ ❞✉ ♠✐❝r♦s❝♦♣❡ ❛♣♣❡❧é❡ ❧✐♠✐t❡ ❞✬✐♥✲
❢♦r♠❛t✐♦♥ ❞✉ ♠✐❝r♦s❝♦♣❡ ✿ di = |1/ki| ≈

√
0, 5πδfλ✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❡st ♣❧✉s ❢❛✐❜❧❡

q✉❡ ❧❛ ❧✐♠✐t❡ ❙❝❤❡r③❡r ❞❡ rés♦❧✉t✐♦♥✱ ❡t ♣❡r♠❡t ❞❛♥s ♥♦tr❡ tr❛✈❛✐❧ ❧✬♦❜s❡r✈❛t✐♦♥
❞❡ ❞✐st❛♥❝❡s ✐♥t❡rrét✐❝✉❧❛✐r❡s ✐♥❢ér✐❡✉r❡s à ✷➴✳

❉✳✷ Pr♦t♦❝♦❧❡s ❞❡ ♣ré♣❛r❛t✐♦♥ ❞❡s ❝♦✉♣❡s tr❛♥s✈❡rs❡s ▼❊❚

❉✳✷✳✶ Pr♦t♦❝♦❧❡ ♣♦✉r ❧❛ s✐❧✐❝❡ ♣✉r❡

✶èr❡ ❉é❝♦✉♣❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❖♥ ✉t✐❧✐s❡ ✉♥❡ s❝✐❡ ❝✐r❝✉❧❛✐r❡ ✭❧❛♠❡ ♠ét❛❧❧✐q✉❡ ❞❡ ✷✵✵
♠✐❝r♦♥s ❞✬é♣❛✐ss❡✉r✮ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❞é❝♦✉♣❡✱ ❧❛ ✈✐t❡ss❡ ❞❡ ❞é❝♦✉♣❡ ❡st ❧❡♥t❡✱ ❡♥tr❡
✺ ❡t ✻ tr✴♠✐♥✳ ❉✬❛❜♦r❞ ❝♦❧❧❡r ❧✬é❝❤❛♥t✐❧❧♦♥ s✉r ❧❛ ❢❛❝❡ ✐♥tér❡ss❛♥t❡ ✭♣❛r ❡①❡♠♣❧❡ ❧❛ ❢❛❝❡
✐♠♣❧❛♥té❡✮ à ❧✬❛✐❞❡ ❞❡ ❧❛ ❝♦❧❧❡ ❝r✐st❛❧✳ ◆❡ ♣❛s ♦✉❜❧✐❡r ❞❡ ♠❛rq✉❡r ❧❛ ❢❛❝❡ ♣❛s ✐♥tér❡ss❛♥t❡
❛✈❡❝ ✉♥ ❞✐❛♠❛♥t✱ ❝❡❝✐ ❛✉ ♠✐❧✐❡✉ ❞❡ ❧❛ ❞é❝♦✉♣❡ ❞❡ ♠❛♥✐èr❡ à é✈✐t❡r ❧❡s ❝♦♥❢✉s✐♦♥s ❡♥
❝❛s ❞❡ ❞ét❛❝❤❡♠❡♥t ❛❝❝✐❞❡♥t❡❧ ❞❡ ❧✬❛❧❧✉♠❡tt❡✳ ❊♥❧❡✈❡r ❧❛ ❝❤✉t❡ ❞❡ ❞é❝♦✉♣❡ ❡t tr❛♥❝❤❡r
❧✬❛❧❧✉♠❡tt❡ rés✉❧t❛♥t❡ ✭❞✐♠❡♥s✐♦♥ 5 × 1 × 1✮ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t à s❛ ❧♦♥❣✉❡✉r ❡t à
♣❡✉ ♣rès ❛✉ ♠✐❧✐❡✉ ✭✷✱✺ ♠♠✮✳ ▲❛✈❡r ❧✬é❝❤❛♥t✐❧❧♦♥ à ❧✬❛❝ét♦♥❡✳

❈♦❧❧❛❣❡ ❞❡ ❞❡✉① ✧ ❛❧❧✉♠❡tt❡s ✧ ➚ ❢❛✐r❡ s✉r ✉♥❡ ❧❛♠❡ ❞❡ ♠✐❝r♦s❝♦♣❡ très ♣r♦♣r❡ ✭♥❡t✲
t♦②❛❣❡ ❛❝ét♦♥❡ ✰ ❡ss✉②❛❣❡ s♦♣❛❧✐♥✮✳ Pré♣❛r❡r t♦✉t ❞✬❛❜♦r❞ ✉♥❡ ❝♦❧❧❡ é♣♦①② ❞✐t❡ ●✶
✭rés✐♥❡ ♣❧✉s ❞✉r❝✐ss❡✉r ❜r✉♥✮✱ ♥❡ ♣❛s ♠❡ttr❡ tr♦♣ ❞❡ ❞✉r❝✐ss❡✉r s✐♥♦♥ ❧❛ ❝♦❧❧❡ ♥✬❡st ♣❧✉s
❡✣❝❛❝❡ ✿ ✶ ✈♦❧✉♠❡ ❞❡ ❞✉r❝✐ss❡✉r✱ ✶✵ ✈♦❧✉♠❡s ❞❡ rés✐♥❡✳ ❊♥s✉✐t❡ ♣ré♣❛r❡r ❛✈❡❝ ❜❡❛✉✲
❝♦✉♣ ❞❡ s♦✐♥ ❧✬ét❛t ❞❡ s✉r❢❛❝❡ ❞❡s ❞❡✉① ❧❛♠❡s à ❝♦❧❧❡r ✭❞❡ ❞✐♠❡♥s✐♦♥ ✶✯✶✯✷✱✺ ♠♠✮ ✿
s✬❛✐❞❡r ❞✬✉♥ ♣❡✉ ❞❡ ❝❤✐✛♦♥ ❞❡ ♣❛♣✐❡r ♣r♦♣r❡ ♥❡ ♣❧✉❝❤❛♥t ♣❛s ✐♠❜✐❜é ❞✬❛❝ét♦♥❡✱ ✐❧ ❢❛✉t
q✉❡ s♦✉s ❜✐♥♦❝✉❧❛✐r❡ ❧✬ét❛t ❞❡ s✉r❢❛❝❡ ♥❡ ♣rés❡♥t❡ ❛✉❝✉♥❡ tr❛❝❡ ❞❡ ❣r❛✐ss❡✱ ❞❡ ❝♦❧❧❡ ♦✉
❞❡ ♣♦✉ss✐èr❡✳ ❊♥ ♣r❛t✐q✉❡✱ ♣❧✉s ❧✬é♣❛✐ss❡✉r ❞❡ ❝♦❧❧❡ ❡st ❢❛✐❜❧❡ ♣❧✉s ❧❛ ③♦♥❡ ♦❜s❡r✈❛❜❧❡
❡♥ ▼❊❚ ❛ ❞❡ ❝❤❛♥❝❡s ❞✬êtr❡ ❣r❛♥❞❡✳ ❆✈❡❝ ✉♥ ❝✉r❡✲❞❡♥t✱ ♠❡ttr❡ ❞❡ ❧❛ ❝♦❧❧❡ s✉r ✉♥❡
❞❡s ❛❧❧✉♠❡tt❡s ♣✉✐s ♠❡ttr❡ ❧❛ ❞❡✉①✐è♠❡ ❧❛♠❡ s✉r ❧❛ ♣r❡♠✐èr❡ ❡♥ ✈❡✐❧❧❛♥t à ❧❡✉r ❜♦♥
❛❧✐❣♥❡♠❡♥t r❡s♣❡❝t✐❢✳ ❙✐ ❧❛ q✉❛♥t✐té ❞❡ ❝♦❧❧❡ ❡st ❛ss❡③ ❢❛✐❜❧❡ ♦♥ ♣❡✉t ✈♦✐r ❞❡s ❢r❛♥❣❡s



✷✸✸

❞✬é❣❛❧❡s é♣❛✐ss❡✉r ❡♥ ❧✉♠✐èr❡ ❜❧❛♥❝❤❡✱ ❝❡ q✉✐ ❡st s✐❣♥❡ ❞✬✉♥ ❜♦♥ ❝♦❧❧❛❣❡✳ ▼❡ttr❡ s♦✉s
♣r❡ss❡ ❡♥ ✈ér✐✜❛♥t t♦✉❥♦✉rs q✉❡ ❧✬✉♥❡ ❞❡s ❧❛♠❡s ♥❡ s❡ ❞é❝❛❧❡ ♣❛s ♣❛r r❛♣♣♦rt à ❧✬❛✉tr❡✳
❉é♣♦s❡r ❞❡s té♠♦✐♥s ❞❡ ❝♦❧❧❡ ♣♦✉r ♣♦✉✈♦✐r s✉r✈❡✐❧❧❡r ❧❛ ❜♦♥♥❡ ♣r✐s❡ ❞❡ ❧❛ ❝♦❧❧❡ ✭s✐ ❛✉
❜♦✉t ❞❡ ✺ ♠✐♥✉t❡s ❧❡ té♠♦✐♥ ♥✬❛ ♣❛s ✈✐ré ❛✉ r♦✉❣❡ ❢♦♥❝é✱ ✐♥t❡rr♦♠♣r❡ ❧❡ ❝❤❛✉✛❛❣❡✱
♠❡ttr❡ r❛♣✐❞❡♠❡♥t ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❛♥s ❧✬❛❝ét♦♥❡ ❡t r❡❝♦♠♠❡♥❝❡r ❧✬♦♣ér❛t✐♦♥ ❞❡ ❝♦❧✲
❧❛❣❡✮✳ ❙✐ ❧❡ té♠♦✐♥ ✈✐r❡✱ ❛tt❡♥❞r❡ ❡♥✈✐r♦♥ ✶✺ ♠✐♥✉t❡s ❧❡ sé❝❤❛❣❡ ❝♦♠♣❧❡t ❞❡ ❧❛ ❝♦❧❧❡ à
✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 150✝C✳

P♦❧✐ss❛❣❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ❢❛❝❡ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ ét❛♣❡ ❡st ❞✬❛♣❧❛♥✐r ❧❛ s✉r❢❛❝❡ ❛♣♣❡❧é❡
à êtr❡ ❝♦❧❧é❡ s✉r ❧❛ r♦♥❞❡❧❧❡ s✉♣♣♦rt ❡♥ ❝✉✐✈r❡✱ ❡t ❞❡ s♦✐❣♥❡r s✉r ❝❡tt❡ ❢❛❝❡ ❧✬ét❛t ❞❡
❧✬✐♥t❡r❢❛❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ♠♦r❝❡❛✉① ❞❡ ❧❛ ❝♦✉♣❡ tr❛♥s✈❡rs❡✳ ❖♥ ✉t✐❧✐s❡ ♣♦✉r ❝❡❧❛ ✉♥
tr✐♣♦❞❡✳ ❙✬❛ss✉r❡r t♦✉t ❞✬❛❜♦r❞ ❞❡ ❧❛ ♣❧❛♥é✐té ❞✉ s✉♣♣♦rt✱ ♣❛r ❡①❡♠♣❧❡ ❡♥ ❧❡ ♣♦s❛♥t
s✉r ✉♥❡ s✉r❢❛❝❡ ♣❧❛♥❡✳ ❈♦❧❧❡r ❧✬é❝❤❛♥t✐❧❧♦♥ à ❧✬❛✐❞❡ ❞❡ ❧❛ ❝♦❧❧❡ ❝r✐st❛❧✱ ❧✬✐♥t❡r❢❛❝❡ ét❛♥t
♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧❛ ❞✐r❡❝t✐♦♥ ❞✬❛tt❛q✉❡✳ P❛rt✐r ❞✉ ♣❛♣✐❡r ✶✺♠♠ ❥✉sq✉✬❛✉ ✸♠♠ ♣♦✉r
❧❡ ♣♦❧✐ss❛❣❡ ❛✈❡❝ ♣❡rt❡ ❞❡ ♠❛t✐èr❡ ✐♠♣♦rt❛♥t❡✳ ▲❛ ✜♥✐t✐♦♥ ❞❡ ❧✬ét❛t ❞❡ s✉r❢❛❝❡ ✭♣❡✉ ❞❡
r❛②✉r❡s ✈✐s✐❜❧❡s✱ ✐♥t❡r❢❛❝❡ ❞✉ s❛♥❞✇✐❝❤ s❛♥s é❝❧❛ts✱ ✈♦✐r❡ ✐♥✈✐s✐❜❧❡ ❞❛♥s ❧❡s ❜♦♥s ❝❛s✮
❡st ré❛❧✐sé❡ ♣❛r ✉♥ ♣♦❧✐ss❛❣❡ ✶♠♠✴qq ♠✐♥✉t❡s ❡t ✵✱✶♠♠✴qq ♠✐♥✉t❡s✳

❈♦❧❧❛❣❡ s✉r ✉♥❡ ❣r✐❧❧❡ ❞❡ ❈✉✐✈r❡ ❙♦✉s ❜✐♥♦❝✉❧❛✐r❡✱ ♠❡ttr❡ ❞❡ ❧❛ ❝♦❧❧❡ ●✶ s✉r ❧❛ ❣r✐❧❧❡ ❞❡
❈✉✐✈r❡ à ❧✬❛✐❞❡ ❞✬✉♥ ❝✉r❡ ❞❡♥t✳ ◆❡ ♣❛s ♠❡ttr❡ tr♦♣ ❞❡ ❝♦❧❧❡ s✐♥♦♥ ❧✬é❝❤❛♥t✐❧❧♦♥ ❣❧✐ss❡ tr♦♣
❢❛❝✐❧❡♠❡♥t ❧♦rsq✉✬♦♥ ❧❡ ♣r❡ss❡ ❡t s✉rt♦✉t ♦♥ r✐sq✉❡ ❞❡ ❢❛✐r❡ ❞é❜♦r❞❡r ❧❛ ❝♦❧❧❡ ❞❡ ❧❛ ❣r✐❧❧❡
❡t ❞♦♥❝ ❞❡ ❝♦❧❧❡r ❧❛ ❣r✐❧❧❡ ❡t ❧✬é❝❤❛♥t✐❧❧♦♥ s✉r ❧❡ s✉♣♣♦rt ❞❡ ❝♦❧❧❛❣❡✳ ❈♦❧❧❡r ❧✬é❝❤❛♥t✐❧❧♦♥
♣❛r s❛ ❢❛❝❡ ♣ré❛❧❛❜❧❡♠❡♥t ♣♦❧✐❡✱ s✉r ❧❛ ❢❛❝❡ ♥♦♥ ♣♦❧✐❡ ❞❡ ❧❛ r♦♥❞❡❧❧❡ ❞❡ ❈✉✐✈r❡✳ ▼ê♠❡
♣r♦❝é❞✉r❡ ❞❡ ❝♦❧❧❛❣❡ q✉❡ ♣ré❝é❞❡♠♠❡♥t s✉r ✉♥❡ ❧❛♠❡ ❞❡ ♠✐❝r♦s❝♦♣❡ ❛✈❡❝ ✉♥ té♠♦✐♥
♣❡♥❞❛♥t ✉♥❡ q✉✐♥③❛✐♥❡ ❞❡ ♠✐♥✉t❡s✳ ❉✬❡①♣ér✐❡♥❝❡✱ ✐❧ ♥✬❡st ♣❛s ♥é❝❡ss❛✐r❡ ❞✬❛♣♣✉②❡r ❛✈❡❝
✉♥❡ ♣r❡ss❡✳

P♦❧✐ss❛❣❡ ❞❡ ❧❛ ❞❡✉①✐è♠❡ ❢❛❝❡ ❈♦❧❧❡r ❧✬é❝❤❛♥t✐❧❧♦♥ à ❧❛ ❝♦❧❧❡ ❝r✐st❛❧ ❝♦té ❣r✐❧❧❡ ❞❡ ❝✉✐✈r❡
s✉r ❧❡ tr✐♣♦❞❡✳ ❋❛✐r❡ ❛tt❡♥t✐♦♥ à é✈✐t❡r ❧❡s ❜✉❧❧❡s ❞✬❛✐r s♦✉s ❧❡ ✈❡rr❡✱ ❝❛r ❡❧❧❡s s♦♥t
❞❡s ♣♦✐♥ts ❞❡ ❢r❛❣✐❧✐té ♠é❝❛♥✐q✉❡✳ ▲❡ ♣♦❧✐ss❛❣❡ s✬❡✛❡❝t✉❡ ❛✈❡❝ ❧❡s ♠ê♠❡s ✜♥❡ss❡ ❞❡
❣r❛✐♥s q✉❡ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢❛❝❡ ❡t ♦♥ ❝♦♥trô❧❡ ❞❡ ♠❛♥✐èr❡ ❛tt❡♥t✐✈❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡
❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ❧❛♠❡ ❛✉ ♠✐❝r♦s❝♦♣❡✳ ❊♥ ❛rr✐✈❛♥t ❛✉① ❛❧❡♥t♦✉rs ❞❡ 80 mm✱ ✐❧ ✈❛✉t
♠✐❡✉① ❛rrêt❡r ❧❡ 15 µm s♦✉s ♣❡✐♥❡ ❞❡ ❝❛ss❡r ❧✬é❝❤❛♥t✐❧❧♦♥ ✭s✉rt♦✉t s✐ ❝❡❧✉✐✲❝✐ ❡st ♠❛❧
❝♦❧❧é✮✳ ▲✬é♣❛✐ss❡✉r ✜♥❛❧❡ à ❛tt❡✐♥❞r❡ ❡st ❞❡ 15 µm ✭♠♦✐♥s é♣❛✐s✱ ❧✬é❝❤❛♥t✐❧❧♦♥ s❡ ❞é❢♦r♠❡
❧♦rsq✉✬♦♥ ❧❡ ❞é❝♦❧❧❡ ♦✉ ❜✐❡♥ s♦✉s P■P❙✱ ♣❧✉s é♣❛✐s ♦♥ ❛✉❣♠❡♥t❡ ❧❡ t❡♠♣s ❞❡ ♣♦❧✐ss❛❣❡
✐♦♥✐q✉❡✮✳ ▲❡ ♣♦❧✐ss❛❣❡ t❡r♠✐♥é✱ ♦♥ ré❝✉♣èr❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ♦♥ ❧❡ ♥❡tt♦✐❡ ❞❛♥s ❧✬❛❝ét♦♥❡✳

P♦❧✐ss❛❣❡ ✜♥❛❧ ❛✉ P■P❙ P❧❛❝❡r ❧✬é❝❤❛♥t✐❧❧♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ♣✐♥❝❡s ❞✉ ♣♦rt❡ é❝❤❛♥t✐❧❧♦♥ ❡♥
✈❡✐❧❧❛♥t à ❝❡ q✉❡ ❧✬✐♥t❡r❢❛❝❡ s♦✐t ❝❡♥tré❡ s✉r ❧❡ ❝❡♥tr❡ ❞✉ tr♦✉ s✐t✉é ❛✉ ♠✐❧✐❡✉ ❞✉ ♣♦rt❡
é❝❤❛♥t✐❧❧♦♥✳ ❘é❣❧❡r ❧❡ P■P❙ ✿ ♦✉✈r✐r ❧❛ ❜♦✉t❡✐❧❧❡ ❞✬❆r❣♦♥✳ ❘é❣❧❡r ❧❡s ♣❛r❛♠ètr❡s ❞✉
❢❛✐s❝❡❛✉ ❞✬✐♦♥ à ✈✐❞❡ ✭t❡♥s✐♦♥ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡ 3, 7 keV ✱ ✐♥❝❧✐♥❛✐s♦♥ ❞❡s ❢❛✐s❝❡❛✉① ❞❡ ✾✝
♣♦✉r ❧✬✐♥❢ér✐❡✉r ❡t ✼✝♣♦✉r ❧❡ s✉♣ér✐❡✉r✮✱ ré❣❧❡r ❧❛ ♠✐♥✉t❡r✐❡ ✭t②♣✐q✉❡♠❡♥t 30 min ♣♦✉r
15 µm✮✱ ♣✉✐s ♠❡ttr❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ❧❛♥❝❡r ❧✬ér♦s✐♦♥✳ ❖♥ ♣❡✉t ❝♦♥trô❧❡r ❧✬❛✈❛♥❝❡♠❡♥t
❡♥ ❧✉♠✐èr❡ q✉❛s✐ ♠♦♥♦❝❤r♦♠❛t✐q✉❡ ♣❛r ❧❡s ❢r❛♥❣❡s ❞✬é❣❛❧❡ é♣❛✐ss❡✉r✱ ♣✉✐s ❡♥ ❧✉♠✐èr❡
❜❧❛♥❝❤❡ ❧♦rsq✉❡ ❧❡ ♣❡r❝❡♠❡♥t ❞✉ tr♦✉ ❡st ♣r♦❝❤❡✳

❉✳✷✳✷ Pr♦t♦❝♦❧❡ ♣♦✉r ❧❡s s✐❧✐❝❛t❡s

◗✉❡❧q✉❡s ♣♦✐♥ts s♦♥t à ♠♦❞✐✜❡r s✐ ♦♥ ❞és✐r❡ ♣ré♣❛r❡r ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ✈❡rr❡ à ❜❛s❡
s✐❧✐❝❛t❡✳ ❈❡s ✈❡rr❡s ♦♥t ❞❡s ♣r♦♣r✐étés ♠é❝❛♥✐q✉❡s ❞✐✛ér❡♥t❡s s✐ ❜✐❡♥ q✉❡ ✿

✕ ▲♦rs ❞✉ ♣♦❧✐ss❛❣❡ ♠é❝❛♥✐q✉❡ ♣❛r tr✐♣♦❞❡✱ ♦♥ ❛tt❡✐♥t ✉♥ ét❛t ❞❡ s✉r❢❛❝❡ très s❛t✐s❢❛✐s❛♥t
❛✈❡❝ ❞❡s ♣❛♣✐❡rs ❞❡ ♣❧✉s ❣r♦s ❣r❛✐♥ q✉❡ ♣♦✉r ❧❛ s✐❧✐❝❡ ✭✈❡rr❡ ♠é❝❛♥✐q✉❡♠❡♥t ♠♦✐♥s



✷✸✹

❢r❛❣✐❧❡ ❄✮
✕ ▲♦rs ❞✉ ♣♦❧✐ss❛❣❡ ✐♦♥✐q✉❡✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✐♦♥s ❆r ❞❡ tr♦♣ ❣r❛♥❞❡ é♥❡r❣✐❡ ♣r♦✈♦q✉❡ ❞❡s

❞é❢♦r♠❛t✐♦♥s ♣❧❛st✐q✉❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❧♦rsq✉❡ ❝❡❧✉✐✲❝✐ ❡st ♣rès ❞✉ ♣❡r❝❡♠❡♥t✳

▲❡ ♣♦❧✐ss❛❣❡ ✐♦♥✐q✉❡ ❞❡✈❛♥t ❞♦♥❝ s❡ ❢❛✐r❡ à ♣❧✉s ❢❛✐❜❧❡ é♥❡r❣✐❡✱ ❧❡ t❛✉① ❞✬ér♦s✐♦♥ ❡st très ❢❛✐❜❧❡✳
❖♥ ♥❡ ♣❡✉t ❞♦♥❝ ♣❛s ♣❛rt✐r ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ 15 µm ❞✬é♣❛✐ss❡✉r✱ s♦✉s ♣❡✐♥❡ ❞❡ ♣❛ss❡r ❞❡s
❤❡✉r❡s à ♣❡r❝❡r ❧❡ tr♦✉✳ ■❧ ❢❛✉t ❞♦♥❝ ❝♦♥t✐♥✉❡r ❧❡ ♣♦❧✐ss❛❣❡ ♠é❝❛♥✐q✉❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳ ❖r ♦♥
♥❡ ♣❡✉t ♣❛s ❞❡s❝❡♥❞r❡ ❡♥ ♣♦❧✐ss❛❣❡ tr✐♣♦❞❡ ❡♥ ❞❡ss♦✉s ❞❡ 10 µm ❞✬é♣❛✐ss❡✉r ❝❛r ❝❡❧❛ ❢r❛❣✐❧✐s❡
é♥♦r♠é♠❡♥t ❧❛ ❧❛♠❡ ✭s❛✉❢ à ❢❛✐r❡ ✉♥ ❜✐s❡❛✉ ❡♥ ♣✉r❡ tr✐♣♦❞❡✱ ❝❡ q✉✐ ❡st ❛✉ss✐ ✉♥ ét❛♣❡ ❧♦♥❣✉❡
❡t ❞é❧✐❝❛t❡✮✳ ▲❛ ♣r♦❝é❞✉r❡ ❛❞♦♣té❡ ❡st ❞♦♥❝ ❧❛ s✉✐✈❛♥t❡ ✿

❧❡s ♣r❡♠✐èr❡s ét❛♣❡s ❞é❝♦✉♣❡ ✲ ❝♦❧❧❛❣❡ ✲ ♣♦❧✐ss❛❣❡ ✶èr❡ ❢❛❝❡ ✲ ❝♦❧❧❛❣❡ s✉r r♦♥❞❡❧❧❡ ❞❡ ❝✉✐✈r❡
♥❡ s♦♥t ♣❛s ♠♦❞✐✜é❡s

▲❡ ♣♦❧✐ss❛❣❡ ❞❡ ❧❛ ❞❡✉①✐è♠❡ ❢❛❝❡ s❡ ❢❛✐t ❞✬❛❜♦r❞ à ❧❛ tr✐♣♦❞❡ ❥✉sq✉✬à ✉♥❡ é♣❛✐ss❡✉r ❞❡
❧✬♦r❞r❡ ❞❡ 40 µm ❥✉sq✉✬à ❛✈♦✐r ✉♥❡ ét❛t ❞❡ s✉r❢❛❝❡ ❝♦rr❡❝t ✭♠❛✐s ♣❛s ♥é❝❡ss❛✐r❡♠❡♥t
♣❛r❢❛✐t✮✳ ❖♥ ✉t✐❧✐s❡ ❡♥s✉✐t❡ ✉♥ ❉✐♠♣❧❡r ♣♦✉r ❝r❡✉s❡r ✉♥❡ ❝✉✈❡tt❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬✐♥t❡r❢❛❝❡
✭❣r❛✐♥s ❞❡ ❞✐❛♠❛♥t 2− 6 µm✱ ✈✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ✐♠♣♦rt❛♥t❡✮✳ ▲❡ ❝♦♥trô❧❡ ❞❡ ❧✬ér♦s✐♦♥
s❡ ❢❛✐t s♦✉s ❜✐♥♦❝✉❧❛✐r❡✱ ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t s✉r ❧❛ ❢❛❝❡ ✐♥❢ér✐❡✉r❡ s❡ ❢❛✐s❛♥t à ❧✬❛✐❞❡ ❞❡ ❧❛
❧✉♠✐èr❡ ❞✐✛✉sé❡ ♣❛r ❧❡s ♣♦✉ss✐èr❡s ♣✐é❣é❡s ❞❛♥s ❧❛ ❝♦❧❧❡ ❝r✐st❛❧✳ ❊♥ ♣❧✉s ❞✬❛tt❡✐♥❞r❡ ❞❡s
é♣❛✐ss❡✉rs ❢❛✐❜❧❡s ❛✉ ❢♦♥❞ ❞❡ ❧❛ ❝✉✈❡tt❡✱ ❝❡tt❡ ♠ét❤♦❞❡ ♣❡r♠❡t ❞❡ ❝❡♥tr❡r ❞❡ ♠❛♥✐èr❡
✜❛❧❜❡ ❧❡ tr♦✉ ❛♣rès P■P❙ s✉r ❧✬✐♥t❡r❢❛❝❡✳

P♦❧✐ss❛❣❡ ✐♦♥✐q✉❡ ✜♥❛❧ ✭❛✈❡❝ P■P❙✮ é♥❡r❣✐❡ ♣r♦❝❤❡ ❞❡ 2 keV ✱ ♦♥ rè❣❧❡ ❧❡ ❝♦✉r❛♥t ❞❡ ♠❛✲
♥✐èr❡ à é✈✐t❡r t♦✉t❡ ❞é❢♦r♠❛t✐♦♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ s♦✉s ❢❛✐s❝❡❛✉✳



❆♥♥❡①❡ ❊

❆♥❛❧②s❡ ❞❡s s✉r❢❛❝❡s ♣❛r ❢❛✐s❝❡❛✉①
❞✬✐♦♥s

❊✳✶ Pr✐♥❝✐♣❡ ❞✉ ❙■▼❙

❯♥ ❢❛✐s❝❡❛✉ ❞✬✐♦♥s ✭❞✐ts ♣r✐♠❛✐r❡s✮ ❡st ❢♦❝❛❧✐sé s✉r ✉♥❡ ♣❡t✐t❡ ♣♦rt✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡
❧✬é❝❤❛♥t✐❧❧♦♥ à ❛♥❛❧②s❡r ✭t②♣✐q✉❡♠❡♥t 100 µm× 100 µm✮✳ ▲✬é♥❡r❣✐❡ ❞❡s ✐♦♥s ♣r✐♠❛✐r❡s ✭Cs+

O2−✮ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 1− 20 keV ✿ ❧❛ ❝❛s❝❛❞❡ ❞❡ ❝♦❧❧✐s✐♦♥s q✉❡ ❝❡s ✐♦♥s ♣r♦✈♦q✉❡♥t ❞❛♥s ❧❡s
♣r❡♠✐❡rs ♥❛♥♦♠ètr❡s ❞✉ ♠❛tér✐❛✉ ❝✐❜❧❡ ✐♥❞✉✐t ❧✬é❥❡❝t✐♦♥ ❞✬❡s♣è❝❡s ✐♦♥✐sé❡s ✭✐♦♥s s❡❝♦♥❞❛✐r❡s✮
❞♦♥t ❧❛ ♥❛t✉r❡ ❡t ❧❛ q✉❛♥t✐té s♦♥t ❧✐és ✭✐♥❞✐r❡❝t❡♠❡♥t ✦✮ à ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♠❛tér✐❛✉ ✐♥✐t✐❛❧✳
❈❡s ✐♦♥s s❡❝♦♥❞❛✐r❡s s♦♥t ❡①tr❛✐ts ♣❛r ✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❡t sé♣❛rés ♣❛r ✉♥ ❝❤❛♠♣ ♠❛❣♥é✲
t✐q✉❡ ❛✈❛♥t ❞❡ ❢r❛♣♣❡r ✉♥ ❞ét❡❝t❡✉r✳ ❙♦✉s ❧✬❛❝t✐♦♥ ❞❡s ✐♦♥s ♣r✐♠❛✐r❡s✱ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ❞♦♥❝
♣r♦❣r❡ss✐✈❡♠❡♥t ér♦❞é ✭✜❣✉r❡ ❊✳✶✮✳

❋✐❣✳ ❊✳✶✿ Pr✐♥❝✐♣❡ ❞❡ ❧✬❛♥❛❧②s❡ ✐♦♥✐q✉❡ ♣❛r ❙■▼❙✳

▲❡s ✐♦♥s s❡❝♦♥❞❛✐r❡s é♠✐s ♣❛r ❧✬é❝❤❛♥t✐❧❧♦♥ ♣❛ss❡♥t à tr❛✈❡rs ✉♥❡ ♦♣t✐q✉❡ ❞❡ tr❛♥s❢❡rt ❞♦♥t
❧❡ ❜✉t ❡st ❞❡ ❣r❛♥❞✐r ❧✬✐♠❛❣❡ ❞❡ ❧❛ ③♦♥❡ ér♦❞é❡✱ ♣✉✐s à tr❛✈❡rs ✉♥ s❡❝t❡✉r é❧❡❝tr♦st❛t✐q✉❡ ❛♣rès
❧❡q✉❡❧ ❧❡s ✐♦♥s s❡❝♦♥❞❛✐r❡s s♦♥t ❞✐s♣❡rsés s✉✐✈❛♥t ❧❡✉r é♥❡r❣✐❡✱ ♣✉✐s ❡♥✜♥ à tr❛✈❡rs ✉♥ s❡❝t❡✉r
♠❛❣♥ét✐q✉❡ q✉✐ ♣❡r♠❡t ❞❡ r❡❢♦❝❛❧✐s❡r ❡♥ é♥❡r❣✐❡ ❡t ❞❡ ❞✐s♣❡rs❡r ❡♥ ♠❛ss❡ ❛✈❛♥t ❧❡ ❞ét❡❝t❡✉r✳
❉❡s ❢❡♥t❡s ❞❡ ❧❛r❣❡✉r ré❣❧❛❜❧❡ s✐t✉é❡s ❛♣rès ❝❤❛❝✉♥ ❞❡s ❞❡✉① s❡❝t❡✉rs ♣❡r♠❡tt❡♥t ❞✬❛❥✉st❡r
❧❡s rés♦❧✉t✐♦♥s ❡♥ é♥❡r❣✐❡ ❡t ❡♥ ♠❛ss❡✳

✷✸✺



✷✸✻

❋✐❣✳ ❊✳✷✿ ❙❝❤é♠❛ ❞❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ❘❇❙✳ E0 ❡st ❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ α ✐♥❝✐✲
❞❡♥t❡✳ ❆♣rès ❛✈♦✐r tr❛✈❡rsé ✉♥❡ é♣❛✐ss❡✉r z0 ❞❡ ♠❛tér✐❛✉✱ ❡❧❧❡ ✐♥t❡r❛❣✐t ❛✈❡❝ ❧✬é❧é✲
♠❡♥t à ❛♥❛❧②s❡r ♣♦✉r êtr❡ ❞é✈✐é❡ ✈❡rs ❧❛ ❞ét❡❝t❡✉r✳

▲❡ ❙■▼❙ ♣r♦❝è❞❡ à ✉♥❡ ❛♥❛❧②s❡ ❝❤✐♠✐q✉❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ s♦✐t ❡♥ ❢♦r♠❛♥t ✉♥❡ ✐♠❛❣❡ ❞❡ ❧❛
s✉r❢❛❝❡ ❛♥❛❧②sé❡ ✭rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ 1 µm✱ ♥♦♥ ✉t✐❧✐sé ❞❛♥s ❝❡ tr❛✈❛✐❧✮ s♦✐t ❡♥ ♠❡s✉r❛♥t
✉♥ ♣r♦✜❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✭rés♦❧✉t✐♦♥ ❡♥ ♣r♦❢♦♥❞❡✉r ❞❡ q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s✮✳ ▲❛ rés♦❧✉t✐♦♥
❡♥ ♠❛ss❡ ♣❡✉t ❛tt❡✐♥❞r❡ M/∆M ≈ 104 ❡t ❧❛ s❡♥s✐❜✐❧✐té ❡♥ ❝♦♥❝❡♥tr❛t✐♦♥ ❡st ❝♦✉r❛♠♠❡♥t ❞❡
❧✬♦r❞r❡ ❞✉ ♣♣♠ ✭✈♦✐r❡ ❞✉ ♣♣❜ ❞❛♥s ❝❡rt❛✐♥ ❝❛s✮✳

❊✳✷ ❊❧é♠❡♥ts ❞❡ ❘❇❙

▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❞✬❛♥❛❧②s❡ ❞❡ ❝♦✉❝❤❡s ♠✐♥❝❡s ❡st ❞✬❡♥✈♦②❡r ✉♥ ❢❛✐s❝❡❛✉
❞✬✐♦♥ ❞✬é♥❡r❣✐❡ ❝♦♥♥✉❡ ✭M1✱ E0✮ s✉r ❧❛ ❝✐❜❧❡ à ❛♥❛❧②s❡r✱ ❡t ❞❡ ❞ét❡❝t❡r ❧❡s ✐♦♥s rétr♦❞✐✛✉sés
❞❛♥s ✉♥❡ ❞✐r❡❝t✐♦♥ ❞♦♥♥é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r é♥❡r❣✐❡ ✭✜❣✉r❡ ❊✳✷✮✳ ❉❛♥s ❧❡ ❝❛s ♣rés❡♥t✱ ♥♦✉s
❛✈♦♥s ✉t✐❧✐sé ❞❡s 4He ❞❡ 1, 2 MeV ✳ ▲❛ ❞é✈✐❛t✐♦♥ ❡♥tr❡ ❧❡ ❢❛✐s❝❡❛✉ ✐♥❝✐❞❡♥t ❡t ❧❡ rétr♦❞✐✛✉sé
❡st ❞❡ φ = 165✝✳

❈♦♥s✐❞ér♦♥s ✉♥ ❛t♦♠❡ ❞❡ ♠❛ss❡ M2 ❡♥ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✳ ▲❛ ❝✐♥é♠❛t✐q✉❡ ❞❡ ❧✬✐♥✲
t❡r❛❝t✐♦♥ ✭♣❛rt✐❡ ✸✳✶✳✶✮ ♣ré❞✐t q✉❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧✬✐♦♥ ✐♥❝✐❞❡♥t rétr♦❞✐✛✉sé ♣❛r ❝❡t ❛t♦♠❡ s❡r❛
Er = KE0✱ ♦ù ❧❡ ❢❛❝t❡✉r ❝✐♥é♠❛t✐q✉❡ K ❡st ❞♦♥♥é ♣❛r ✿

K =




M1 cosφ+

√
M2

2 −M2
1 sin2 φ

M1 +M2





2

✭❊✳✶✮

▲❡ t❛❜❧❡❛✉ ❊✳✶ ♠♦♥tr❡ ❧❡s ❢❛❝t❡✉rs ❝✐♥é♠❛t✐q✉❡s ♣♦✉r ❧❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts ét✉❞✐és ♣❛r ❘❇❙
❞❛♥s ❝❡ tr❛✈❛✐❧✳

Si O Pb Al Bi Au
K(165✝) ✵✱✺✻✽✽ ✵✳✸✻✺✾ ✵✱✾✷✻✽ ✵✱✺✺✺✻ ✵✱✾✷✽ ✵✱✾✷✸✷

❚❛❜✳ ❊✳✶✿ ❋❛❝t❡✉rs ❝✐♥é♠❛t✐q✉❡s ♣♦✉r ✉♥ 4He ✐♥❝✐❞❡♥t ❡t rétr♦❞✐✛✉sé à ✶✻✺✝✳ ▲❛
♣❛rt✐❡ ❞r♦✐t❡ ❞✉ t❛❜❧❡❛✉ ❝♦♠♣♦rt❡ ❧❡s é❧é♠❡♥ts ✉t✐❧✐sés ♣♦✉r ❧✬ét❛❧♦♥♥❛❣❡ ❞❡ ❧❛ r❡❧❛✲
t✐♦♥ ❝❛♥❛❧✲♣❡rt❡ ❞✬é♥❡r❣✐❡✳

❖♥ ✈ér✐✜❡ q✉❡ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❧♦rs ❞✉ ❝❤♦❝ ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❢❛✐❜❧❡ ✭❑
♣r♦❝❤❡ ❞❡ ✶✮ à ♠❡s✉r❡ q✉❡ ❧❛ ♠❛ss❡ M2 ❡st ❣r❛♥❞❡ ✭❝❛r M2 ≫M1 = MHe✮✳ ❆✐♥s✐



✷✸✼

❋✐❣✳ ❊✳✸✿ ❊①❡♠♣❧❡ ❞❡ s♣❡❝tr❡ ❘❇❙ ❞✬✉♥❡ s✐❧✐❝❡ ♣✉r❡ ✐♠♣❧❛♥té❡ Pb ✭480 keV ✱
1015 cm−2✮✳ ❈✬❡st ✉♥ s♣❡❝tr❡ ❜r✉t ❞♦♥♥❛♥t ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦✉♣s ❞ét❡❝té ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❡✉r é♥❡r❣✐❡ é❝❤❛♥t✐❧❧♦♥♥é❡ s✉r ✺✶✷ ❝❛♥❛✉① ✭❧❡ ❝❛♥❛❧ ❞✬✐♥❞✐❝❡ ✺✶✷ ❝♦rr❡s♣♦♥❞ à
✉♥❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ♥✉❧❧❡✮✳ ▲❡s 4He s♦♥t ❞✬é♥❡r❣✐❡ 1, 2 MeV ✱ ♣♦✉r ✉♥❡ ❞♦s❡ t♦t❛❧❡
❞❡ 10µC✳

❧❡ s✐❣♥❛❧ ❞✉ Pb ✐♠♣❧❛♥té s❡r❛ ❝♦rr❡❝t❡♠❡♥t sé♣❛ré ❞❡ ❝❡❧✉✐ ❞❡ ❧❛ ♠❛tr✐❝❡ ❡♥✈✐r♦♥✲
♥❛♥t❡ SiO2 ✭✜❣✉r❡ ❊✳✸✮✳ ❉❛♥s ❝❡tt❡ ✜❣✉r❡✱ ❧❡s ❞✐✛ér❡♥ts s❡✉✐❧s ❞❡ ❞ét❡❝t✐♦♥ ❞❡s é❧é♠❡♥ts
❞✬✐♥térêt ❞❛♥s ❝❡ tr❛✈❛✐❧ s♦♥t ✈✐s✉❛❧✐sés ♣❛r ✉♥ tr❛✐t ✈❡rt✐❝❛❧ ✭✈♦✐r t❛❜❧❡❛✉ ❊✳✶✮✳ ❖♥ r❡♠❛rq✉❡
à ❝❡ ♣r♦♣♦s ✉♥ ♣✐❝ ❞❡ ❝❛r❜♦♥❡✱ ❝❛r ❧❡s é❝❤❛♥t✐❧❧♦♥s ✲ ✐s♦❧❛♥ts ✲ ♦♥t été ❝❛r❜♦♥és ♣♦✉r ❢❛❝✐❧✐t❡r
❧✬é❝♦✉❧❡♠❡♥t ❞❡s ❝❤❛r❣❡s✳ ▲❡ s✐❣♥❛❧ ♦❜s❡r✈é ❡♥ ❞❡ss♦✉s ❞✉ s❡✉✐❧ ❞❡ ❙✐ ✭r❡s♣✳ ❞❡ ❖✮ ❝♦rr❡s♣♦♥❞
à ❞❡s ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❞❡s ❛t♦♠❡s ❞❡ ❙✐ ✭r❡s♣✳ ❖✮ ❞❛♥s ❧❛ ♣r♦❢♦♥❞❡✉r ❞✉ ♠❛tér✐❛✉✳ ■❧ ❡st
❝r♦✐ss❛♥t à ❝❛✉s❡ ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✉❡ à ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞❡
❧✬α ✭✈♦✐r ❝✐✲❞❡ss♦✉s✮✳

❊✳✷✳✶ ❉♦s❛❣❡

▲❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ 4He✲❛t♦♠❡ ❝✐❜❧❡ ✈❛ ❞ét❡r♠✐♥❡r ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬✐♥t❡r✲
❛❝t✐♦♥ σ ❡t ❞♦♥❝ ❧✬✐♥t❡♥s✐té ❞✉ s✐❣♥❛❧ rétr♦❞✐✛✉sé A ✭❡♥ ✐♥❝✐❞❡♥❝❡ ♥♦r♠❛❧❡✮ ✿

A = σQΩN ✭❊✳✷✮

❛✈❡❝ ◗ ❧❛ ❞♦s❡ ❞✬✐♦♥ 4He ✐♥❝✐❞❡♥t✱ Ω ❧✬❛♥❣❧❡ s♦❧✐❞❡ ❞ét❡❝t✐♦♥ ❡t ◆ ❧❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡
❞✬❛t♦♠❡s ❝✐❜❧❡s✳ ❉❛♥s ❧❡ ❝❛s ❞❡ 4He ✐♥❝✐❞❡♥ts ❞❡ 1, 2 MeV ✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬✐♥t❡r❛❝t✐♦♥
❡st ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ ❞♦♥♥é❡ ♣❛r ❘✉t❤❡r❢♦r❞ ✭❞✬♦ù ❧❡ ♥♦♠ ❞❡ ❧❛ ♠ét❤♦❞❡✮ ✶✳ ❊♥ ♣r❡♠✐èr❡
❛♣♣r♦①✐♠❛t✐♦♥✱ ♦♥ ✈♦✐t ♣❛r ❧❛ ❢♦r♠✉❧❡ ✭✸✳✶✹✮ q✉❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ✈❛r✐❡ ❝♦♠♠❡ Z2

2 ✭✐✳❡✳ à
♣❡✉ ♣rès ❝♦♠♠❡ M2

2 ✮ ✿ ♣❧✉s ✉♥ é❧é♠❡♥t ❡st ❧♦✉r❞✱ ♣❧✉s s❛ ❞ét❡❝t✐♦♥ ♣❛r ❘❇❙ ❡st
s❡♥s✐❜❧❡✳ ♦♥ ❛tt❡✐♥t t②♣✐q✉❡♠❡♥t ✉♥ ♥✐✈❡❛✉ ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ 10−4at✪
♣♦✉r ❧❡ Pb✱ ❡t ❛✉ ❝♦♥tr❛✐r❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 10−2at✪ ♣♦✉r ❧❡s é❧é♠❡♥ts très ❧é❣❡rs✳
❈❡❝✐ ❡①♣❧✐q✉❡ ❧❛ ❞✐✣❝✉❧té à ♦❜s❡r✈❡r ❧❡ s♦✉❢r❡ ❡t ❧❡ sé❧é♥✐✉♠ ❛✉① ❝♦♥❝❡♥tr❛t✐♦♥s ✉t✐❧✐sé❡s
❞❛♥s ❝❡ tr❛✈❛✐❧ ✭< qq10−3at✪✮✳

✶❊♥ ré❛❧✐té✱ ♦♥ ❡st ❞é❥à ❞❛♥s ✉♥ ré❣✐♠❡ ♦ù ❧❛ ❝❤❛r❣❡ ❞❡s ❞❡✉① ♥♦②❛✉① ❡st ♣❛rt✐❡❧❧❡♠❡♥t é❝r❛♥té❡ ♣❛r ❧❡s
é❧❡❝tr♦♥s ❞❡ ✈❛❧❡♥❝❡✳
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❆✜♥ ❞❡ q✉❛♥t✐✜❡r ❧❛ q✉❛♥t✐té ❞❡ Pb ❞❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s✱ ✉♥❡ ré❢ér❡♥❝❡ ❞❡ ❇✐s♠✉t❤ ✐♠♣❧❛♥✲
té❡ à ✉♥❡ ✢✉❡♥❝❡ ❞❡ 1, 06× 1016 cm−2 ❛ été ✉t✐❧✐sé❡✳ ▲❛ ✢✉❡♥❝❡ ❞❡ Pb ❞❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s
❡st ❞é❞✉✐t❡ à ❧✬❛✐❞❡ ❞❡ ❧❛ ❢♦r♠✉❧❡ ✭❊✳✷✮ ❛♣♣❧✐q✉é❡ ❛✉ Pb ❡t ❛✉ Bi ✿

NPb = NBi
σBiQBi
σPbQPb

APb
ABi

✭❊✳✸✮

❖♥ ✈♦✐t q✉❡ ❧✬❛♥❣❧❡ s♦❧✐❞❡ ❞✉ ❞ét❡❝t❡✉r ❞✐s♣❛r❛ît✳ ❊♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥ σBi

σP b
≈ Z2

Bi

Z2
P b
✱

✐❧ s✉✣t ❞❡ ♠❡s✉r❡r ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡s ✢✉❡♥❝❡s ❞✉ ❢❛✐s❝❡❛✉ ❞✬❛♥❛❧②s❡ Qi ✭♣❛s
♥é❝❡ss❛✐r❡ ❞❡ ❧❡s ❝♦♥♥❛îtr❡ ❡♥ ✈❛❧❡✉r ❛❜s♦❧✉❡✮ ❡t ❧❡ r❛♣♣♦rt ❞❡ ❧✬✐♥té❣r❛❧❡ ❞✉
♥♦♠❜r❡ ❞❡ ❝♦✉♣s ♣♦✉r q✉❛♥t✐✜❡r ❧❡ Pb ❞❛♥s ♥♦s é❝❤❛♥t✐❧❧♦♥s✳ ▲❛ ♣ré❝✐s✐♦♥ ❞❡
❝❡tt❡ ❞ét❡r♠✐♥❛t✐♦♥ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ♣♦✉r❝❡♥ts✳

❊✳✷✳✷ ➱t❛❧♦♥♥❛❣❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡✲♣r♦❢♦♥❞❡✉r ❞❛♥s ❧❡ ❝❛s ❞✉ P❜
❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡

❉❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré ✉♥ ✐♦♥ ❝✐❜❧❡ à ❧❛ s✉r❢❛❝❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥
à ♦❜s❡r✈❡r✳ ❊♥ ♣r❛t✐q✉❡✱ ❝❡✉①✲❝✐ ♣❡✉✈❡♥t êtr❡ ❡♥❢♦✉✐s ❞❛♥s ❧❡ ♠❛tér✐❛✉✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ 4He
✐♥❝✐❞❡♥t ♣❡r❞ ✉♥❡ ❝❡rt❛✐♥❡ ♣❛rt✐❡ ❞❡ s♦♥ é♥❡r❣✐❡ ❞❛♥s ❧❡ ♠❛tér✐❛✉ ❛✈❛♥t ❞✬✐♥t❡r❛❣✐r ❛✈❡❝ ❧✬✐♦♥
❝✐❜❧❡✷✳ ❉❡ ♠ê♠❡ ❛♣rès ✐♥t❡r❛❝t✐♦♥✱ ❧❡ 4He rétr♦❞✐✛✉sé ♣❡r❞ ✉♥❡ ♣❛rt✐❡ ❞❡ s♦♥ é♥❡r❣✐❡ ❧❡ ❧♦♥❣
❞❡ s♦♥ ♣❛r❝♦✉rs ✈❡rs ❧❛ s✉r❢❛❝❡ ❞✉ ♠❛tér✐❛✉✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡s 4He s❡r♦♥t ❞ét❡❝tés à
❞❡s é♥❡r❣✐❡s ❞✬❛✉t❛♥t ♣❧✉s ❢❛✐❜❧❡s q✉✬✐❧s ❛✉r♦♥t ✐♥t❡r❛❣✐t ❛✈❡❝ ❞❡s ❛t♦♠❡s ❝✐❜❧❡s
❞❡ ♣❧✉s ❡♥ ♣❧✉s ♣r♦❢♦♥❞s✳ ▲❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❝♦♥✈❡rs✐♦♥ ♣❡rt❡ ❞✬é♥❡r❣✐❡✲
♣r♦❢♦♥❞❡✉r ♣❡r♠❡t ❞❡ tr❛❝❡r ❧❡s ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬é❧é♠❡♥ts ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✳
❊♥ ♥♦t❛♥t z0 ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❧✬❛t♦♠❡ ❝✐❜❧❡✱ E1(z0) ❧✬é♥❡r❣✐❡ ❞❡ ❧✬✐♦♥ ❞✬❛♥❛❧②s❡ 4He ❞✬é♥❡r❣✐❡
✐♥✐t✐❛❧❡ E0 à ❧❛ ♣r♦❢♦♥❞❡✉r ❞✬❛♥❛❧②s❡ z0✱ ❡t E2(z0) ❧✬é♥❡r❣✐❡ ❞❡ s♦rt✐❡ ❞❡ ❧✬✐♦♥ ❞✬❛♥❛❧②s❡✱ ❧❛
♣❡rt❡ ❞✬é♥❡r❣✐❡ t♦t❛❧❡ ∆E s✬é❝r✐t ✿

∆E = (E0 − E1(z0)) + (1 −K)E1(z0) + (KE1(z0) − E2(z0)) = E0 − E2(z0) ✭❊✳✹✮

❡t s❡ ❞é❝♦♠♣♦s❡ ❜✐❡♥ ❡♥ ✉♥ ♣r❡♠✐❡r t❡r♠❡ (E0 − E1(z0)) ❞❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ♣♦✉r ❛tt❡✐♥❞r❡
❧❛ ♣r♦❢♦♥❞❡✉r z0✱ ❞✬✉♥ s❡❝♦♥❞ ❞❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❛✉ ❝♦✉rs ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬❛t♦♠❡ ❝✐❜❧❡
(1−K)E1(z0) à ❝❡tt❡ ♣r♦❢♦♥❞❡✉r✱ ❡t ❡♥✜♥ ❞✬✉♥❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ (KE1(z0)−E2(z0)) ❧♦rsq✉❡
❧❡ 4He r❡♠♦♥t❡ ✈❡rs ❧❛ s✉r❢❛❝❡✳ E1(z0) ❡t E2(z0) s❡ ❝❛❧❝✉❧❡♥t s✉✐✈❛♥t✸ ✿

z0 =

∫ E1(z0)

E0

dE

(dE/dz)elec
✭❊✳✺✮

z0
cos θ

=

∫ E2(z0)

KE1(z0)

dE

(dE/dz)elec
✭❊✳✻✮

❯♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ st❛♥❞❛r❞ ❡st ❞❡ ❝♦♥s✐❞ér❡r ❧❡ r❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ❝♦♠♠❡ ❝♦♥st❛♥t
❞❛♥s ❧❡s ✐♥té❣r❛❧❡s ✭❊✳✺✮ ❡t ✭❊✳✻✮✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à ✿

∆E = (1 −K)E0 + z0

(
K
dE

dz

∣∣∣
z=0

− 1

cos θ

dE

dz

∣∣∣
z=z0

)
✭❊✳✼✮

✷➪ ♣r✐♦r✐ ❞❡ ♠❛♥✐èr❡ é❧❡❝tr♦♥✐q✉❡ ❡t ♥✉❝❧é❛✐r❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡s 4He ❞❡ 1, 2 MeV ✱ ❝❡ s❡r❛ ♠❛❥♦r✐t❛✐r❡♠❡♥t
s♦✉s ❢♦r♠❡ é❧❡❝tr♦♥✐q✉❡ ✭Se/Sn ≈ 800 ❞❛♥s SiO2✮✳

✸◆♦t❡ ✿ φ ❡st ❧❛ ❞é✈✐❛t✐♦♥ t♦t❛❧❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ α✱ s✐ ❜✐❡♥ q✉❡ ♣r❛t✐q✉❡♠❡♥t φ > π/2 ❡t cos φ < 0✳
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❋✐❣✳ ❊✳✹✿ ✭❛✮ ❘❛❧❡♥t✐ss❡♠❡♥t é❧❡❝tr♦♥✐q✉❡ ✭Se✮ ❡t ♥✉❝❧é❛✐r❡ ✭Sn✮ ❞✬✉♥ 4He ❞❛♥s ❧❛
s✐❧✐❝❡ ♣✉r❡ ✭d = 2, 17 g.cm−3✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s♦♥ é♥❡r❣✐❡ ✭❞✬❛♣rès ❚❘■▼✮✳ ✭❜✮ ❝❛s
❞❡s 4He ✉t✐❧✐sés ❡♥ ❘❇❙ ❞❛♥s ❝❡ tr❛✈❛✐❧✳

▲❡ ♣r❡♠✐❡r t❡r♠❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❝✐♥é♠❛t✐q✉❡ ❞é❝r✐t❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é✲
❞❡♥t❡ ✹✳✹✳✶✱ ❧❡ s❡❝♦♥❞ t❡r♠❡ ❞é♣❡♥❞❛♥t ❞❡ ③ ❛♣♣♦rt❡ ❧✬ét❛❧♦♥♥❛❣❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡✲♣r♦❢♦♥❞❡✉r✳
❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞❡s ♣❡rt❡s ❞✬é♥❡r❣✐❡ ❝♦♥st❛♥t❡ s❡ ❥✉st✐✜❡ s✐ ❡❧❧❡ ♥❡ ✈❛r✐❡ ♣❛s tr♦♣ s✉r ❧❛ ❣❛♠♠❡
❞❡ ♣r♦❢♦♥❞❡✉r ❝♦♥s✐❞éré❡✳

◆♦✉s ❛♣♣❧✐q✉♦♥s ♠❛✐♥t❡♥❛♥t ✉♥ t❡❧ ❝❛❧❝✉❧ à ❧✬ét❛❧♦♥♥❛❣❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡✲♣r♦❢♦♥❞❡✉r ❞❛♥s
❧❡ ❝❛s ❞✉ Pb ❞❛♥s SiO2✳ ▲✬❛❧❧✉r❡ ❞❡ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❞✬✉♥ 4He ❞❛♥s SiO2 ❡st ❞♦♥♥é❡ ❡♥
✜❣✉r❡ ❊✳✹✳ ❖♥ ✈♦✐t q✉❡ ♣♦✉r ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞❛♥s ❧❡s ♣r❡♠✐èr❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛♥♦♠ètr❡ ❞❡
♣r♦❢♦♥❞❡✉r✱ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 0, 31−0, 34 keV.nm−1✳ ➪ ♣❛rt✐r ❞❡
❝❡s ❞♦♥♥é❡s✱ ♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r
❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ Pb s❡❧♦♥ ❧❛ ❢♦r♠✉❧❡ ❡①❛❝t❡ ✭éq✉❛t✐♦♥ ✭❊✳✹✮ ❡♥ ❝♦♠❜✐♥❛✐✲
s♦♥ ❛✈❡❝ ✭❊✳✺✮ ❡t ✭❊✳✻✮✮ ♦✉ s❡❧♦♥ ❧❛ ❢♦r♠✉❧❡ ❛♣♣r♦❝❤é❡ ✭❊✳✼✮✳ ▲❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡
❛♣♣r♦❝❤é❡ s♦✉s ❡st✐♠❡ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ré❡❧❧❡ ❞✬❡♥✈✐r♦♥ ✷ ✪ ✭10 nm à 400 nm
❞❡ ♣r♦❢♦♥❞❡✉r✱ ✜❣✉r❡ ❊✳✺✮✳



✷✹✵

❋✐❣✳ ❊✳✺✿ ➱t❛❧♦♥♥❛❣❡ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ✲ ♣r♦❢♦♥❞❡✉r ♣♦✉r ❧❡ Pb ❞❛♥s ❧❛ s✐❧✐❝❡ ♣✉r❡✳
▲❛ ❝♦✉r❜❡ ❡♥ tr❛✐t ♣❧❡✐♥ r❡♣rés❡♥t❡ ❧❡ ❝❛❧❝✉❧ s❡❧♦♥ ❧❛ ❢♦r♠✉❧❡ ✭❊✳✹✮ ❡♥ ❝♦♠❜✐♥❛✐s♦♥
❛✈❡❝ ✭❊✳✺✮ ❡t ✭❊✳✻✮✱ ❝❡❧❧❡ ❡♥ ♣♦✐♥t✐❧❧é ❡st ❧❡ ❝❛❧❝✉❧ s❡❧♦♥ ❧❛ ❢♦r♠✉❧❡ ❛♣♣r♦❝❤é❡ ✭❊✳✼✮✳
❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ♥♦✉s ❛✈♦♥s t❡♥✉ ❝♦♠♣t❡ ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❝❛r❜♦♥❡ ❞é♣♦sé❡ s✉r
❧❡s é❝❤❛♥t✐❧❧♦♥s ♣♦✉r é✈✐t❡r ❧❡s ❡✛❡ts ❞❡ ❝❤❛r❣❡ s♦✉s ❢❛✐s❝❡❛✉✱ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡
♣❡rt❡ ❞✬é♥❡r❣✐❡ s✉♣♣❧é♠❡♥t❛✐r❡✳



❆♥♥❡①❡ ❋

➪ ♣r♦♣♦s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❧♦❣♥♦r♠❛❧❡ ❞❡ ♣r♦❜❛❜✐❧✐té

❋✳✶ ❉é✜♥✐t✐♦♥

▲❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❡st ❛✉ ♣r♦❞✉✐t ❞❡ ✈❛r✐❛❜❧❡s ❛❧é❛t♦✐r❡s ✐♥❞é♣❡♥❞❛♥t❡s ✭✈✳❛✳✐✳✮
❝❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ♥♦r♠❛❧❡ ❡st à ❧❛ s♦♠♠❡ ✿ s✐ ❧❡s Xi s♦♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ✈✳❛✳✐✳ ❡t ❳ ❧❡✉r
♣r♦❞✉✐t X =

∏
Xi✱ ❛❧♦rs ♣❛r ❧❡ t❤é♦rè♠❡ ❞❡ ❧❛ ❧✐♠✐t❡ ❝❡♥tr❛❧❡ ❧❛ ✈✳❛✳✐✳ ❞é✜♥✐❡ ♣❛r ln(X) t❡♥❞s

✈❡rs ✉♥❡ ❧♦✐ ♥♦r♠❛❧❡ q✉❛♥❞ ✐ t❡♥❞s ✈❡rs ❧✬✐♥✜♥✐✳ P❛r ❞é✜♥✐t✐♦♥✱ ❳ t❡♥❞ ✈❡rs ✉♥❡ ❞✐str✐❜✉t✐♦♥
❧♦❣♥♦r♠❛❧❡✳ ❙❛ ❢♦♥❝t✐♦♥ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣r♦❜❛❜✐❧✐té ❡st ❞♦♥♥é❡ ♣❛r ✿

flognormale(X = x) =
1

x lnσ
√

2π
exp

(
− (lnx/µ)2

2(lnσ)2

)
✭❋✳✶✮

♦ù µ ❡st ❛♣♣❡❧é ♠♦②❡♥♥❡ ❣é♦♠étr✐q✉❡ ❡t σ é❝❛rt t②♣❡ ❣é♦♠étr✐q✉❡✳ ▲❛ ✜❣✉r❡ s✉✐✈❛♥t❡ ❞♦♥♥❡
❧✬❛❧❧✉r❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ♣♦✉r ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡ σ à µ ✜①é✳

✷✹✶



✷✹✷

❙❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥ ❡st ❞♦♥♥é❡ ♣❛r ✿

Flognormale(X < x) =
1

2

(
1 + erf

(
lnx/µ

lnσ

))
✭❋✳✷✮

❖♥ ♥♦t❡r❛ q✉❡ ❧✬❡s♣ér❛♥❝❡ ♠❛t❤é♠❛t✐q✉❡ ❞❡ ❧❛ ✈✳❛✳ ❳ ❡st ❞✐✛ér❡♥t❡ ❞❡ µ ✿

E(X) = µ exp

(
(lnσ)2

2

)
✭❋✳✸✮

▲❛ ✈❛r✐❛♥❝❡ ❡t ❧✬é❝❛rt t②♣❡ s✬é❝r✐✈❡♥t ✿

V ar(X) = µ2 exp
(
(lnσ)2

) (
exp

(
(lnσ)2

)
− 1
)

✭❋✳✹✮

σ(X) = µ
√
exp ((lnσ)2) (exp ((lnσ)2) − 1) ✭❋✳✺✮

❋✳✷ ❊st✐♠❛t✐♦♥ ❞❡ ❧❛ ♠♦②❡♥♥❡ ❡t ❞❡ ❧✬é❝❛rt t②♣❡ ❣é♦♠é✲
tr✐q✉❡ ❞✬✉♥❡ ❧♦❣♥♦r♠❛❧❡ ✲ ■♥t❡r✈❛❧❧❡s ❞❡ ❝♦♥✜❛♥❝❡

❊♥ ♥♦t❛♥t ψ = lnµ ❡t τ = lnσ✱ ❧❛ ✈✳❛✳ Z = lnX−ψ
τ ❡st ❞✐str✐❜✉é❡ s✉✐✈❛♥t ✉♥❡ ❧♦✐ ♥♦r♠❛❧❡

ré❞✉✐t❡ ✭N(0, 1)✮✳ ▲❡s ❡st✐♠❛t❡✉rs ψ̂ ❡t τ̂ ❞❡ ψ ❡t τ s✬é❝r✐✈❡♥t ✿

ψ̂ = z̄ =
1

n

n∑

i=1

zi ✭❋✳✻✮

τ̂ =

√√√√ 1

n

n∑

i=1

(zi − z̄)2 ✭❋✳✼✮

ψ ❡t τ ét❛♥t ❧❡s ♣❛r❛♠ètr❡s ❞✬✉♥❡ ❧♦✐ ♥♦r♠❛❧❡✱ ♦♥ ♣❡✉t ❝❛❧❝✉❧❡r ❞❡ ♠❛♥✐èr❡ st❛♥❞❛r❞ ❧❡s
✐♥t❡r✈❛❧❧❡s ❞❡ ❝♦♥✜❛♥❝❡ ❛✉t♦✉r ❞❡ ❧❡✉r ❡st✐♠❛t✐♦♥✳

❉✬✉♥❡ ♣❛rt✱ ❝♦♠♠❡
√

(n−1)2

nbτ2 (ψ̂−ψ) → T (n− 1) ✭❧♦✐ ❞❡ ❙t✉❞❡♥t à ♥✲✶ ❞❡❣rés ❞❡ ❧✐❜❡rté✮✱
♦♥ ❛ ❧✬❡♥❝❛❞r❡♠❡♥t s✉✐✈❛♥t ✿

ψ ∈
[
ψ̂ − t0,025

√
nτ̂2

(n− 1)2
; ψ̂ + t0,025

√
nτ̂2

(n− 1)2

]
✭❋✳✽✮

▲❡s ♣♦♣✉❧❛t✐♦♥s st❛t✐st✐q✉❡s ❞❡ ♣ré❝✐♣✐tés ❝♦♥s✐❞éré❡s ✐❝✐ ❝♦♠♣r❡♥❛♥t q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡
♣ré❝✐♣✐tés✱ ♦♥ ❛ T (n − 1) → N(0, 1)✳ ❖♥ ❛ ❞♦♥❝ ✉♥❡ ❜♦♥♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧✬✐♥t❡r✈❛❧❧❡

❞❡ ❝♦♥✜❛♥❝❡ à ✾✺ ✪ ♣❛r ✿ ψ ∈
[
ψ̂ − 1,96bτ√

n
; ψ̂ + 1,96bτ√

n

]
✳ ❚②♣✐q✉❡♠❡♥t✱ ♣♦✉r ❧❡s ❧♦❣♥♦r♠❛❧❡

r❡♥❝♦♥tré❡s ❞❛♥s ❝❡ tr❛✈❛✐❧✱ ♦♥ ❛ n ≈ 400 ❡t τ̂ ≈ 0, 3ψ̂✱ s♦✐t ✉♥ ✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦♥✜❛♥❝❡ ❛✉t♦✉r
❞❡ ❧❛ ✈❛❧❡✉r ❞❡ ψ ❞✬❡♥✈✐r♦♥ ±3%✳

❉✬❛✉tr❡ ♣❛rt✱ ❝♦♠♠❡ n2
bτ2

(n−1)τ2 → χ2(n− 1)✱ ♦♥ ❛ ❧✬❡♥❝❛❞r❡♠❡♥t s✉✐✈❛♥t ✿

τ ∈
[

nτ̂√
(n− 1)α0,025

;
nτ̂√

(n− 1)β0,025

]
✭❋✳✾✮

[
χ2(n− 1)

]
(α0,025) = 0, 025 ✭❋✳✶✵✮

[
χ2(n− 1)

]
(β0,025) = 0, 975 ✭❋✳✶✶✮



✷✹✸

❆✐♥s✐ ♣♦✉r ♥ s✉✣s❛♠❡♥t ❣r❛♥❞✱ τ ∈
[√

n
α0,025

τ̂ ;
√

n
β0,025

τ̂

]
✳ ▲❡ t❛❜❧❡❛✉ s✉✐✈❛♥t ❞♦♥♥❡ q✉❡❧✲

q✉❡s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ♣♦✉r ✉♥❡ ♣♦♣✉❧❛t✐♦♥ st❛t✐st✐q✉❡ ❞❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♣ré❝✐♣✐tés ✿

♥ ✶✵✵ ✷✵✵ ✹✵✵ ✻✵✵ ✶✵✵✵
τ/τ̂ ∈ ❬✵✱✽✽✱✶✱✶✻❪ ❬✵✱✾✶✱✶✱✶✶❪ ❬✵✱✾✹✱✶✱✵✼❪ ❬✵✱✾✺✱✶✱✵✻❪ ❬✵✱✾✻✱✶✱✵✺❪

❖♥ ❣❛❣♥❡ ♣❡✉ ❞✬✐♥❢♦r♠❛t✐♦♥ ❡♥ ❛✉❣♠❡♥t❛♥t ❧❛ st❛t✐st✐q✉❡ ❞❡ ✹✵✵ à ✶✵✵✵ ♣ré❝✐♣✐tés✳ P♦✉r
♥❂✹✵✵✱ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦♥✜❛♥❝❡ s✉r ❧❛ ✈❛❧❡✉r ❞❡ τ ❡st ❞♦♥❝ ❞❡ ±6 − 7 %✳

◆♦✉s s♦♠♠❡s ♠❛✐♥t❡♥❛♥t ❡♥ ♠❡s✉r❡ ❞❡ ❝❛❧❝✉❧❡r ❧❡s ✐♥t❡r✈❛❧❧❡s ❞❡ ❝♦♥✜❛♥❝❡ s✉r ❧❛ ♠♦②❡♥♥❡
❡t ❧✬é❝❛rt t②♣❡ ❣é♦♠étr✐q✉❡✳ ❙✐ τ = τ̂(1 + ǫ) ❛✈❡❝ ǫ≪ 1 ❛❧♦rs σ ≈ ebτ (1± ǫτ̂)✳ ❉❛♥s ♥♦tr❡ ❝❛s✱
τ̂ ≈ 0, 4 ✭σ ≈ 1, 5✮✱ ❡t s✐ ♦♥ r❡♣r❡♥❞s n ≈ 400✱ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦♥✜❛♥❝❡ à ✾✺ ✪ s✉r ❧✬é❝❛rt
t②♣❡ ❣é♦♠étr✐q✉❡ σ ❡st ❞❡ ±2 − 3 %✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦♥✜❛♥❝❡ à ✾✺ ✪
s✉r ❧❛ ♠♦②❡♥♥❡ ❣é♦♠étr✐q✉❡ µ ❡st ♣♦✉r n ≈ 400 ❡t µ ≈ 1 − 2 ✭t②♣✐q✉❡✮ ❞❡ ±3 − 6 %✳



❆♥♥❡①❡ ●

❙✐♠✉❧❛t✐♦♥ ♥✉♠ér✐q✉❡ ❞❡ ❧❛
❞✐✛✉s✐♦♥

❉❛♥s ❝❡tt❡ ❛♥♥❡①❡ ❡st ♣rés❡♥té❡ ❧❛ ♣r♦❝é❞✉r❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ✉t✐❧✐sé❡ ❞❛♥s
❧✬❛rt✐❝❧❡ ✧❉✐✛✉s✐♦♥ ♣r♦♣❡rt✐❡s ♦❢ ❝❤❛❧❝♦❣❡♥s ✭❙✱ ❙❡✱ ❚❡✮ ✐♥t♦ ♣✉r❡ s✐❧✐❝❛ ✧✱ ❘✳ ❊s♣✐❛✉ ❞❡ ▲❛✲
♠❛❡str❡✱ ❋✳ ❏♦♠❛r❞✱ ❏✳ ▼❛❥✐♠❡❧ ❛♥❞ ❍✳ ❇❡r♥❛s ✭❏✳ ◆♦♥✲❈r②st✳ ❙♦❧✐❞s✮ ❛✉ ❝❤❛♣✐tr❡ ✻✳ ■❧ s✬❛❣✐t
❞❡ s✐♠✉❧❡r ❧❛ ❞✐✛✉s✐♦♥ ❞✬✉♥ s♦❧✉té ❛②❛♥t ✉♥❡ s♦❧✉❜✐❧✐té c0✱ ❡t ✐♠♣❧❛♥té à ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥
s✉♣ér✐❡✉r❡ à ❝❡tt❡ ✈❛❧❡✉r✳ ■❧ ❢❛✉t ❞♦♥❝ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧❛ ❢♦r♠❡ ✐♥✐t✐❛❧❡ ❞✉ ♣r♦✜❧ ❞✬✐♠♣❧❛♥✲
t❛t✐♦♥ ✭q✉✐ ♥✬❡st ♣❛s t♦✉t à ❢❛✐t ❣❛✉ss✐❡♥♥❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞✉
s♦✉❢r❡✮✱ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡✱ ❡t ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬éq✉✐❧✐❜r❡ cO ❞❡ ❧❛ ❢♦r♠❡ q✉✐
❞✐✛✉s❡✳ ❯♥ ❝❛❧❝✉❧ ❢♦r♠❡❧ ❞❛♥s ✉♥❡ t❡❧❧❡ s✐t✉❛t✐♦♥ ❡st ❞✐✣❝✐❧❡✱ ✈♦✐r ✐♠♣♦ss✐❜❧❡✱ ♥♦✉s ❛✈♦♥s
❞♦♥❝ ♣ré❢éré rés♦✉❞r❡ ❧❡ ♣r♦❜❧è♠❡ ❞❡ ♠❛♥✐èr❡ ♥✉♠ér✐q✉❡✳ P♦✉r ❝❡❧❛ ♥♦✉s ❛✈♦♥s ❡♠♣❧♦②é ✉♥❡
♠ét❤♦❞❡ ❞❡ ré❞✉❝t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ ❞é❝r✐t❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✧P❛rt✐❛❧ ❉✐✛❡r❡♥t✐❛❧ ❊q✉❛t✐♦♥✧
s✉r ❧❡ s✐t❡ ❞❡s ◆✉♠❡r✐❝❛❧ ❘❡❝❡♣✐❡s ✿ ❤tt♣ ✿✴✴✇✇✇✳❧✐❜r❛r②✳❝♦r♥❡❧❧✳❡❞✉✴♥r✴❝❜♦♦❦❝♣❞❢✳❤t♠❧✳ ▲❛
♠ét❤♦❞❡ r❡♣♦s❡ s✉r ✉♥❡ ❞✐s❝rét✐s❛t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❞✐✛✉s✐♦♥✱ ❝❡ q✉✐ ♣r♦❞✉✐t ✉♥❡ ♠❛tr✐❝❡
tr✐❞✐❛❣♦♥❛❧❡✳ ▲✬✐♥✈❡rs✐♦♥ ❞❡ ❝❡tt❡ ♠❛tr✐❝❡ ♥❡ s❡ ❢❛✐t ♣❛s ♣❛r ❧❛ ♠ét❤♦❞❡ ❞✉ ♣✐✈♦t✱ q✉✐ ❡st
❣r♦ss❡ ❝♦♥s♦♠♠❛tr✐❝❡ ❞❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧✱ ♠❛✐s ❡♥ t✐r❛♥t ❛✈❛♥t❛❣❡ ❞✉ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ③ér♦s
❞❡ ❧❛ ♠❛tr✐❝❡ ♣❛r ❞é❝♦♠♣♦s✐t✐♦♥ ▲❯ ✭✈♦✐r ❧❡ ❝❤❛♣✐tr❡ ✧❙♦❧✉t✐♦♥ ♦❢ ▲✐♥❡❛r ❆❧❣❡❜r❛✐❝ ❊q✉❛✲
t✐♦♥s✧ ❞✉ s✐t❡ ❞❡s ◆✉♠❡r✐❝❛❧ ❘❡❝❡♣✐❡s✮✳
▲✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞✉ ❝❛❧❝✉❧ ❛ été ré❛❧✐sé❡ s♦✉s ▼❆❚▲❆❇✳

Pr♦❣r❛♠♠❡ ♣r✐♥❝✐♣❛❧ ✿ ♦♣t✐♠✐s❛t✐♦♥✳♠ ❝❛❧❝✉❧❛♥t ❧❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ❡♥tr❡ ✉♥ ♣r♦✜❧
❡①♣ér✐♠❡♥t❛❧ ❡t ✉♥ ♣r♦✜❧ ❝❛❧❝✉❧é ♣❛r ❧❛ ❢♦♥❝t✐♦♥ s✐♠✉❞✐❢❢✳
• ❝❧❡❛r ❛❧❧

•t✐❝
❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ rés✉❧t❛t ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥ s✐♠✉❙ ❡t ❞✉ ✈❡❝t❡✉r ❛❜s❝✐ss❡ ①❙✳
•❣❧♦❜❛❧ s✐♠✉❙ ①❙

♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡♥ t❡♠♣s ♥♠❛① ❡t ❡♥ ❡s♣❛❝❡❥♠❛①✳
•♥♠❛①❂✶✷✵✵ ❀
•❥♠❛①❂✺✵✵ ❀
❝❤❛r❣❡♠❡♥t ❡♥ ♠é♠♦✐r❡ ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❙■▼❙ ❞✉ ♣r♦✜❧ ❞❡ s♦✉❢r❡ ❛♣rès r❡❝✉✐t à
850✝C/1 h✳ st♦❝❦❛❣❡ ❞❛♥s ✉♥❡ ♠❛tr✐❝❡ à ❞❡✉① ❝♦❧♦♥♥❡s ❛♣♣❡❧❧é❡ ❙✽✺✵
•❧♦❛❞ ❙✽✺✵✳t①t

❞é✜♥✐t✐♦♥ ❞✬✉♥ ✈❡❝t❡✉r ❝♦♥❝❡♥tr❛t✐♦♥ s❡✉✐❧ c0
•❈❖❂✭✺ ✿✵✳✷ ✿✽✮✯✶❡✶✽ ❀

✷✹✹
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•♥❂♠❛①✭s✐③❡✭❈❖✮✮ ❀
❝❛❧❝✉❧ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ♣r♦✜❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣❛r ❧❛❢♦♥❝t✐♦♥ s✐♠✉❞✐❢❢
❞♦♥t ❧❡ rés✉❧t❛t ❡st st♦❝❦é ❞❛♥s ❧❛ ♠❛tr✐❝❡ s✐♠✉❙ ❡t ❧❡ ✈❡❝t❡✉r ①❙✳ ❈❡ ♣r❡♠✐❡r ❝❛❧❝✉❧ ♣♦✉r ❧❡
♣r❡♠✐❡r s❡✉✐❧ ❈❖✭✶✱✶✮ ♣❡r♠❡t ❞❡ ✜①❡r ①❙ ✿
•❬s✐♠✉❙✱①❙❪❂s✐♠✉❞✐❢❢✭✬❙✐♥✐✬✱ ♥♠❛①✱ ✺✵✵✱ ✷✱ ❈❖✭✶✱✶✮✱ ✶✷✵✵✮ ❀

■♥t❡r♣♦❧❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s s✉✐✈❛♥t ❧✬❛❜s❝✐ss❡ ①❙ ❞✉ ❝❛❧❝✉❧ ✿
•❙✽✺✵✐♥t❡r❂✐♥t❡r♣✶✭❙✽✺✵✭ ✿✱✶✮✬✱ ❙✽✺✵✭ ✿✱✷✮✬✱①❙✱ ✬❧✐♥❡❛r✬✮ ❀

❧❡s ❞♦♥♥é❡s ❡①♣ér✐❡♠❡♥t❛❧❡s ♥❡ s♦♥t ♣❛s ♦❜❧✐❣❛t♦✐r❡♠❡♥t ❞é✜♥✐❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣r♦❢♦♥✲
❞❡✉rs ①❙✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✉ ✈❡❝t❡✉r ✐♥t❡r♣♦❧❛t✐♦♥ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ♥✉❧❧❡
♣❛r ✿
•❙✽✺✵✐♥t❡r❂♠❛①✭❙✽✺✵✐♥t❡r✱✵✮ ❀
❘❡str✐❝t✐♦♥ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ✭é①♣ér✐♠❡♥t❛❧❡s ❡t ❝❛❧❝✉❧é❡s✮ à ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ♣r♦❢♦♥✲
❞❡✉r ♦ù ❧✬♦♥ ❛ ❧❛ q✉❡✉❡ ❞❡ ❞✐✛✉s✐♦♥ ✭③❃✸✺✵♥♠✮
•❙✽✺✵✐♥t❡r❜✐s❂❙✽✺✵✐♥t❡r✭ ✿✱✶✺✵ ✿✺✵✵✮ ❀

•s✐♠✉❙❜✐s❂s✐♠✉❙✭ ✿✱✶✺✵ ✿✺✵✵✮ ❀

❝❛❧❝✉❧ ❞❡ ❧✬é❝❛rt ❡♥tr❡ ✈❛❧❡✉r ❝❛❧❝✉❧é❡s ❡t ❡①♣ér✐♠❛♥t❛❧❡s ❡t st❛❝❦❛❣❡ ❞❡ ❝❡t é❝❛rt ❞❛♥s ❧❡
✈❡❝t❡✉r r❡s ✿
•❆❂❛❜s✭s✐♠✉❙❜✐s✲♦♥❡s✭♥♠❛①✱✶✮✯❙✽✺✵✐♥t❡r❜✐s✮ ❀
•❇❂s✉♠✭❆✬✮ ❀
•r❡s❂❇✬ ❀
■tér❛t✐♦♥ ❞✉ ❝❛❧❝✉❧ ♣ré❝é❞❡♥t ♣♦✉r ❧❡s ❛✉tr❡s s❡✉✐❧s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ ❡♥ ❝♦♥❝❛t❡♥❛♥t ❧❡ ré✲
s✉❧t❛t à ❧❛ ♠❛tr✐❝❡ r❡s
•❢♦r ✐❂✷ ✿♥

• ❬s✐♠✉❙✱①❙❪❂s✐♠✉❞✐❢❢✭✬❙✐♥✐✬✱ ♥♠❛①✱ ✺✵✵✱ ✷✱ ❈❖✭ ✿✱✐✮✱ ✶✷✵✵✮ ❀

• ❙✽✺✵✐♥t❡r❂✐♥t❡r♣✶✭❙✽✺✵✭ ✿✱✶✮✬✱ ❙✽✺✵✭ ✿✱✷✮✬✱①❙✱ ✬❧✐♥❡❛r✬✮ ❀

• ❙✽✺✵✐♥t❡r❂♠❛①✭❙✽✺✵✐♥t❡r✱✵✮ ❀

• ❙✽✺✵✐♥t❡r❜✐s❂❙✽✺✵✐♥t❡r✭ ✿✱✶✺✵ ✿✺✵✵✮ ❀

• s✐♠✉❙❜✐s❂s✐♠✉❙✭ ✿✱✶✺✵ ✿✺✵✵✮ ❀

• ❆❂❛❜s✭s✐♠✉❙❜✐s✲♦♥❡s✭♥♠❛①✱✶✮✯❙✽✺✵✐♥t❡r❜✐s✮ ❀

• ❇❜✐s❂s✉♠✭❆✬✮ ❀

• r❡s❂❬r❡s ❇❜✐s✬❪ ❀

•❡♥❞
•t♦❝
❖♥ ♣❡✉t ♠❛✐♥t❡♥❛♥t ❞ét❡r♠✐♥❡r ✈✐s✉❡❧❧❡♠❡♥t ❧❡ ♠✐♥✐♠✉♠ ❞❡ ❧✬é❝❛rt ❢♦♥❝t✐♦♥ ❞✉ ♣❛r❛♠ètr❡
t❡♠♣s ❡t ❡s♣❛❝❡ ❡♥ tr❛ç❛♥t ✿
•❝♦♥t♦✉r✭r❡s✱✶✺✵✮

▲❡ ♣r♦❣r❛♠♠❡ s✉✐✈❛♥t ❡st ❧❛ ❢♦♥❝t✐♦♥ ♣❡r♠❡tt❛♥t ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♣r♦✜❧ ❞❡
❝♦♥❝❡♥tr❛t✐♦♥✱ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞✬✉♥ s❡✉✐❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❛✉✲❞❡ss✉s ❞✉q✉❡❧ ✐❧ ♥✬② ❛ ♣❛s
♠♦❜✐❧✐té✳ ▲❡s ♣❛r❛♠ètr❡s ❞❡ ❝❡tt❡ ❢♦♥❝t✐♦♥ s♦♥t ✿

❢✐❧❡ ♥♦♠ ❞✉ ✜❝❤✐❡r ❞é❝r✐✈❛♥t ❧❡ ♣r♦✜❧ ✐♥✐t✐❛❧ ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✭✉♥❡ ❝♦❧♦♥♥❡ ❛❜s❝✐ss❡✱ ✉♥❡
❝♦❧♦♥♥❡ ❝♦♥❝❡♥tr❛t✐♦♥✮✳

♥♠❛① ♣❛r❛♠ètr❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡♥ t❡♠♣s ✭❞é✜♥✐ ❞❛♥s ❧❡ ♣r♦❣r❛♠♠❡ ♣r✐♥❝✐♣❛❧✮✳

❥♠❛① ♣❛r❛♠ètr❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡♥ ❡s♣❛❝❡ ✭❞é✜♥✐ ❞❛♥s ❧❡ ♣r♦❣r❛♠♠❡ ♣r✐♥❝✐♣❛❧✮✳

❛❧♣❤❛ ♣❛r❛♠ètr❡ ❞❡ ❧❛ ❞✐✛✉s✐♦♥✳ ❛❧♣❤❛ ❡st r❡❧✐é ❛✉ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐✛✉s✐♦♥ ♣❛r alpha = Dδt
(δx)2

♦ù δt ❡st ❧❡ t❡♠♣s ❞❡ ❞✐❢✉s✐♦♥ t♦t❛❧ ❞❡ ❧✬❡①♣ér✐❡♥❝❡✱ ❡t δx ❧❡ ♣❛s ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡
❧❛ ♣r♦❢♦♥❞❡✉r✳

❝✵ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ s❡✉✐❧
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❞❡♣t❤ ✈❛❧❡✉r ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r s✉r ❧❛q✉❡❧❧❡ ❢❛✐r❡ ❧❡ ❝❛❧❝✉❧

•❢✉♥❝t✐♦♥ ❬r❡s✱ ①✐♥t❡r❪❂s✐♠✉❞✐❢❢✭❢✐❧❡✱ ♥♠❛①✱ ❥♠❛①✱ ❛❧♣❤❛✱ ❝✵✱ ❞❡♣t❤✮

• ❈❡①♣❂❧♦❛❞ ✭❬❢✐❧❡✱✬✳t①t✬❪✮ ❀

❛✱ ❜ ❡t ❝ s♦♥t ❧❡s tr♦✐s ❝♦❡✣❝✐❡♥t ❞❡ ❧❛ ♠❛tr✐❝❡ tr✐❞✐❛❣♦♥❛❧❡ ❞é❝r✐✈❛♥t ❞❡ ♠❛♥✐èr❡ ❞✐s❝rèt❡
❧✬éq✉❛t✐♦♥ ❞❡ ❞✐✛✉s✐♦♥ ✿
• ❛❂✲❛❧♣❤❛✯♦♥❡s✭✶✱❥♠❛①✮ ❀

• ❝❂✲❛❧♣❤❛✯♦♥❡s✭✶✱❥♠❛①✮ ❀

• ❜❂✶✰✷✯❛❧♣❤❛✯♦♥❡s✭✶✱❥♠❛①✮ ❀

♣❛r❛♠ètr✐s❛t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s à ❧❛ s✉r❢❛❝❡ ✿
• ❝✭✶✱✶✮❂✵ ❀

• ❜✭✶✱✶✮❂✶✰❛❧♣❤❛ ❀

✐♥✐t✐❛❧✐s❛t✐♦♥ ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s ✿ ❯ ❡st ❧❛ ❢r❛❝t✐♦♥ ❞❡ s♦❧✉té ♠♦❜✐❧❡✱ ❱ ❧❛ ❢r❛❝t✐♦♥ ❞✬✐♠♠♦❜✐❧❡
❡t ❈t♦t ❡st ❧❛ s♦♠♠❡ ❞❡s ❞❡✉①✳
• ❯❂③❡r♦s✭♥♠❛①✱❥♠❛①✮ ❀

• ❱❂③❡r♦s✭♥♠❛①✱❥♠❛①✮ ❀

• ❈t♦t❂③❡r♦s✭♥♠❛①✱❥♠❛①✮ ❀

❝❛❧❝✉❧ ❞✉ ✈❡❝t❡✉r ❛❜s❝✐ss❡
• ①✐♥t❡r❂③❡r♦s✭✶✱❥♠❛①✮ ❀

• ❢♦r ✐❂✶ ✿❥♠❛①

• ①✐♥t❡r✭✶✱✐✮❂❞❡♣t❤✯✭✐✲✶✮✴❥♠❛① ❀

• ❡♥❞

■♥t❡r♣♦❧❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s s✉✐✈❛♥t ❧✬❛❜s❝✐ss❡ ①✐♥t❡r ❞✉ ❝❛❧❝✉❧ ✿
• ❈t♦t✭✶✱ ✿✮❂✐♥t❡r♣✶✭❈❡①♣✭ ✿✱✶✮✬✱ ❈❡①♣✭ ✿✱✷✮✬✱①✐♥t❡r✱ ✬❧✐♥❡❛r✬✮ ❀

❧❡s ❞♦♥♥é❡s ❡①♣ér✐❡♠❡♥t❛❧❡s ♥❡ s♦♥t ♣❛s ♦❜❧✐❣❛t♦✐r❡♠❡♥t ❞é✜♥✐❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣r♦❢♦♥✲
❞❡✉rs ①✐♥t❡r✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✉ ✈❡❝t❡✉r ✐♥t❡r♣♦❧❛t✐♦♥ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ♥✉❧❧❡
♣❛r ✿
• ❈t♦t✭✶✱ ✿✮❂♠❛①✭❈t♦t✭✶✱ ✿✮✱✵✮ ❀

✈❛❧❡✉r ✐♥✐t✐❛❧❡ ❞❡ ❯ ❡t ❱ ✿
• ❯❂♠✐♥✭❝✵✱❈t♦t✮ ❀

• ❱❂❈t♦t✲❯ ❀

❝❛❧❝✉❧ ❞❡ ❞✐✛✉s✐♦♥ ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❢♦♥❝t✐♦♥ tr✐❞✐❛❣ s✉r ❧❛ ❢r❛❝t✐♦♥ ♠♦❜✐❧❡ ❯✭✐✲✶✱ ✿✮ à ❧✬✐♥s✲
t❛♥t ✭✐✲✶✮ ♣♦✉r ❡♥ ❞é❞✉✐r❡ ❝❡❧❧❡ à ❧✬✐♥st❛♥t s✉✐✈❛♥t✳ ▲❡s tr♦✐s ❧✐❣♥❡s ❡♥✲❞❡ss♦✉s é❝r✐✈❡♥t q✉❡
❧❛ ❢r❛❝t✐♦♥ ❞❡ s♦❧✉té ✐♠♠♦❜✐❧❡ s❡ ❞✐ss♦✉s ✐♠♠é❞✐❛t❡♠❡♥t ✭❈t♦t✭✐✱ ✿✮❂①✰❱✭✐✲✶✱ ✿✮✮ ♣♦✉r
r❡s♣❡❝t❡r ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ s❡✉✐❧ à c0 ✭❯✭✐✱ ✿✮❂♠✐♥✭❝✵✱❈t♦t✭✐✱ ✿✮✮✮
• ❢♦r ✐❂✷ ✿♥♠❛①

• ①❂tr✐❞✐❛❣✭❛✱❜✱❝✱❯✭✐✲✶✱ ✿✮✱❥♠❛①✮ ❀

• ❈t♦t✭✐✱ ✿✮❂①✰❱✭✐✲✶✱ ✿✮ ❀

• ❯✭✐✱ ✿✮❂♠✐♥✭❝✵✱❈t♦t✭✐✱ ✿✮✮ ❀

• ❱✭✐✱ ✿✮❂♠❛①✭❈t♦t✭✐✱ ✿✮✲❯✭✐✱ ✿✮✱✵✮ ❀

• ❡♥❞

• ①❂tr✐❞✐❛❣✭❛✱❜✱❝✱❯✭♥♠❛①✱ ✿✮✱❥♠❛①✮ ❀

• ❈❢✐♥❂①✰❱✭♥♠❛①✱ ✿✮ ❀

• r❡s❂❯✰❱ ❀

❋♦♥❝t✐♦♥ ♣❡r♠❡tt❛♥t ❧✬✐♥✈❡rs✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ ✐ss✉❡ ❞❡ ❧❛ ❞✐s❝rét✐s❛t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡
❞✐✛✉s✐♦♥ ✿
•❢✉♥❝t✐♦♥ ✉♥✶❂tr✐❞✐❛❣✭❛✱❜✱❝✱✉♥✱❥♠❛①✮

• ❜❡t❂❜✭✶✮ ❀

• ✉♥✶✭✶✮❂✉♥✭✶✮✴❜❡t ❀
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• t❛♠♣❂③❡r♦s✭❬✶✱❥♠❛①❪✮ ❀

• ❢♦r ❥❂✷ ✿❥♠❛①

• t❛♠♣✭❥✮❂❝✭❥✲✶✮✴❜❡t ❀

• ❜❡t❂❜✭❥✮✲❛✭❥✮✯t❛♠♣✭❥✮ ❀

• ✐❢ ❜❡t❂❂✵

• ❞✐s♣✭✬❡❝❤❡❝ tr✐❞✐❛❣✬✮ ❀

• ❡♥❞

• ✉♥✶✭❥✮❂✭✉♥✭❥✮✲❛✭❥✮✯✉♥✶✭❥✲✶✮✮✴❜❡t ❀

• ❡♥❞

• ❢♦r ❥❂✭❥♠❛①✲✶✮ ✿✲✶ ✿✶

• ✉♥✶✭❥✮❂✉♥✶✭❥✮✲t❛♠♣✭❥✰✶✮✯✉♥✶✭❥✰✶✮ ❀

• ❡♥❞



❆♥♥❡①❡ ❍

Pr♦❣r❛♠♠❡ ❞❡ tr❛✐t❡♠❡♥t ❞❡s
✐♠❛❣❡s ▼❊❚

▲✬✐♥✈❡st✐❣❛t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❛♥s ✉♥ é❝❤❛♥t✐❧❧♦♥ ❝♦♥s✐st❡ à ❧❛ ♣r✐s❡ ❞❡ q✉❡❧✲
q✉❡s ✐♠❛❣❡s ❣é♥ér❛❧❡♠❡♥t ❛✉ ♠ê♠❡ ❣r♦ss✐ss❡♠❡♥t✳ ▲❡s ♣r♦❣r❛♠♠❡s q✉✐ s✉✐✈❡♥t ✉t✐❧✐s❡♥t ❧❡
rés✉❧t❛t ❞✉ ❞é♣♦✉✐❧❧❡♠❡♥t ❞❡ ❝❡s ✐♠❛❣❡s ❞♦♥♥❛♥t ♣♦✉r ❝❤❛q✉❡ ❛❣ré❣❛t ✿ ❧❡✉r ❛✐r❡✱ ❛✐♥s✐ q✉❡
❧❡✉r ♣♦s✐t✐♦♥ ✭❳✐✱❨✐✮ ❡♥ ♣✐①❡❧ s✉r ❧✬✐♠❛❣❡ ❞❡ t❛✐❧❧❡ 1030 × 1300✳

❍✳✶ ❚r❛✐t❡♠❡♥t ✐♥❞✐✈✐❞✉❡❧ ❞❡s ✐♠❛❣❡s

■❧ ❢❛✉t t♦✉t ❞✬❛❜♦r❞ ❞ét❡r♠✐♥❡r ♣♦✉r ❝❤❛q✉❡ ✐♠❛❣❡ ❧❛ t❛✐❧❧❡✱ ❧❡ ✈♦❧✉♠❡ ❞❡ ❝❤❛q✉❡ ❛❣ré❣❛t
à ♣❛rt✐r ❞❡ ❧❛ ♠❡s✉r❡ ❞❡ ❧❡✉r ❛✐r❡✳

▼❛❝r♦ t❛✐❧❧❡✭♣✐①❡❧✮

❱❛r✐❛❜❧❡ ♣✐①❡❧❂✵✳✸✹✷✺ ✪ ét❛❧♦♥♥❛❣❡ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ♣✐①❡❧ ❡♥ ♥♠

♣r♦♠♣t ♣✐①❡❧✱ ✧✧

❙tr✐♥❣ ❞❡st✶❂✧r❛②♦♥✧

❙tr✐♥❣ ❞❡st✷❂✧✈♦❧✉♠❡✧

❘❡♠♦✈❡❋r♦♠❚❛❜❧❡ ✇❛✈❡✸

❑✐❧❧❲❛✈❡s ✇❛✈❡✸

❘❡♥❛♠❡ ✇❛✈❡✵✱❛✐r❡ ❀ ❘❡♥❛♠❡ ✇❛✈❡✶✱❳✐ ❀ ❘❡♥❛♠❡ ✇❛✈❡✷✱❨✐ ❀

❱❛r✐❛❜❧❡ ❞✐♠❂♥✉♠♣♥ts✭✩✧❛✐r❡✧✮

❙✐❧❡♥t ✶ ❀ P❛✉s❡❯♣❞❛t❡

▼❛❦❡ ✴❖✴◆❂✭❞✐♠✮ ✩❞❡st✶

✩❞❡st✶❂♣✐①❡❧✯sqrt✭❛✐r❡✴P✐✮ ✪ ❝❛❧❝✉❧ ❞✉ r❛②♦♥

❆♣♣❡♥❞❚♦❚❛❜❧❡ ✩❞❡st✶

❲❛✈❡❙t❛ts ✩❞❡st✶

▼❛❦❡ ✴❖✴◆❂✭❞✐♠✮ ✩❞❡st✷

✩❞❡st✷❂✹✴✸✯P✐✯✭✩❞❡st✶✮✂ ✸ ✪ ❝❛❧❝✉❧ ❞✉ ✈♦❧✉♠❡ ❝♦rr❡s♣♦♥❞❛♥t

✷✹✽
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❆♣♣❡♥❞❚♦❚❛❜❧❡ ✩❞❡st✷

❊♥❞▼❛❝r♦

❊♥s✉✐t❡✱ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❧✬❛❣ré❣❛t✳ P♦✉r ❝❡❧❛✱ ✐❧ ❢❛✉t ❢♦✉r♥✐r ❛✉ ♣r♦✲
❣r❛♠♠❡ ❧❡s ❝♦♦r❞♦♥♥é❡s ❞❡ ❞❡✉① ♣♦✐♥ts ❞✐st✐♥❝ts ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭❳✶✱❨✶✮ ❡t ✭❳✷✱❨✷✮✱ ❡♥ ♣✐①❡❧✳
❧✬ét❛❧♦♥♥❛❣❡ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✉ ♣✐①❡❧ ❡st ❞♦♥♥é ♣❛r ❧❛ ✈❛r✐❛❜❧❡ ♣✐①❡❧✳

▼❛❝r♦ ♣r♦❢♦♥❞❡✉r✭❳✶✱❨✶✱❳✷✱❨✷✱♣✐①❡❧✮

✈❛r✐❛❜❧❡ ❳✶❂✵

♣r♦♠♣t ❳✶✱✧✧

✈❛r✐❛❜❧❡ ❨✶❂✶✵✷✾

♣r♦♠♣t ❨✶✱✧✧

✈❛r✐❛❜❧❡ ❳✷❂✺✷✽

♣r♦♠♣t ❳✷✱✧✧

✈❛r✐❛❜❧❡ ❨✷❂✵

♣r♦♠♣t ❨✷✱✧✧

❱❛r✐❛❜❧❡ ♣✐①❡❧❂✵✳✸✹✷✺

♣r♦♠♣t ♣✐①❡❧✱✧✧

❙tr✐♥❣ ❛❜s❝❂✧❳✐✧

❙tr✐♥❣ ♦r❞❂✧❨✐✧

❙✐❧❡♥t ✶ ❀ P❛✉s❡❯♣❞❛t❡

❱❛r✐❛❜❧❡ ❞✐♠❂♥✉♠♣♥ts✭✩❛❜s❝✮

❙tr✐♥❣ ❞❡st ❂ ✧♣r♦❢✧

▼❛❦❡ ✴❖✴◆❂✭❞✐♠✮ ✩❞❡st

✩❞❡st❂♣✐①❡❧✯❛❜s✭✭❨✷✲❨✶✮✯✭✩❛❜s❝✲❳✶✮✴✭❳✷✲❳✶✮✲✭✩♦r❞✲❨✶✮✮✴sqrt✭✶✰✭✭❨✷✲❨✶✮✴✭❳✷✲❳✶✮✮

✂ ✷✮

❆♣♣❡♥❞❚♦❚❛❜❧❡ ✩❞❡st

❲❛✈❡❙t❛ts ✴◗ ✩❞❡st

❊♥❞▼❛❝r♦

❍✳✷ ❙②♥t❤ès❡ ❞❡s ❞♦♥♥é❡s

▲❡s ♣r♦❣r❛♠♠❡s ♣ré❝é❞❡♥ts ❞♦♥♥❛♥t ♣♦✉r ❝❤❛q✉❡ ✐♠❛❣❡ ❧❡ r❛②♦♥✱ ❧❛ ♣r♦❢♦♥❞❡✉r ❡t ❧❛
✈♦❧✉♠❡ ❞❡ ❝❤❛q✉❡ ❛❣ré❣❛t ♦❜s❡r✈é✱ ✐❧ ❢❛✉t ❝♦♣✐❡r ❝❡s ❞♦♥♥é❡s ❧❡s ✉♥❡s à ❧❛ s✉✐t❡ ❞❡s ❛✉tr❡s
❛✈❛♥t ❞✬❛♣♣❧✐q✉❡r ❧❡ ♣r♦❣r❛♠♠❡ s✉✐✈❛♥t✱ ❞♦♥t ❧❛ ✜♥❝t✐♦♥ ❡st ❞❡ tr❛❝❡r ❛✉t♦♠❛t✐q✉❡♠❡♥t ✭✐✮
❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡✱ ✭✐✐✮ ❧❛ ❞❡♥s✐té ❞✬❛❣ré❣❛ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r ❡t ✭✐✐✐✮ ❧❛
q✉❛♥t✐té ❞❡ ♠❛t✐èr❡ ✈✉❡ s♦✉s ❢♦r♠❡ ❞❡ ♣é❝✐♣✐tés ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✳

▼❛❝r♦ s②♥t❤❡s❡✭◆✐♠✱ ▲✱ ❧❡❣❡♥❞❡✱❞✮

❱❛r✐❛❜❧❡ ◆✐♠✱ ▲✱❞

❙tr✐♥❣ ❧❡❣❡♥❞❡❂✧❡♥tr❡r ❧❛ ❧é❣❡♥❞❡ ✐❝✐✧



✷✺✵

Pr♦♠♣t ◆✐♠✱ ✧❡♥tr❡r ❧❡ ♥♦♠❜r❡ ❞✬✐♠❛❣❡s ❛♥❛❧②sé❡s ✿✧

Pr♦♠♣t ▲✱ ✧❡♥tr❡r ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭♥♠✮ ♣❛r ✐♠❛❣❡✧

Pr♦♠♣t ❧❡❣❡♥❞❡✱ ✧♥♦♠ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡t ❝♦♥❞✐t✐♦♥s ❞❡ s②♥t❤ès❡ ✭\\r ♣♦✉r ❛❧❧❡r

à ❧❛ ❧✐❣♥❡✮✧

Pr♦♠♣t ❞✱ ✧❞❡♥s✐té ❛t♦♠✐q✉❡ ✿ P❜❙ ✶✾✳✶ ❀ P❜❙❡ ✶✼✳✷ ❀ P❜❚❡ ✶✹✳✺✱ ❆❣ ✺✼✳✷✧

❲❛✈❡❙t❛ts r❛②♦♥

▼❛❦❡ ✴❖ ❤✐st♦❴r❛②♦♥

❍✐st♦❣r❛♠ ✴❇❂✵✱❱❴s❞❡✈✴✸✱tr✉♥❝✭✸✯❱❴♠❛①✴❱❴s❞❡✈✮✰✶ r❛②♦♥✱ ❤✐st♦❴r❛②♦♥

❤✐st♦❴r❛②♦♥❂ ❤✐st♦❴r❛②♦♥ ✯✸✴✭❱❴s❞❡✈✯❱❴♥♣♥ts✮

❙❡t❙❝❛❧❡✴P ① ❱❴s❞❡✈✴✻✱❱❴s❞❡✈✴✸✱✧✧✱ ❤✐st♦❴r❛②♦♥

❉✐s♣❧❛② ❤✐st♦❴r❛②♦♥

▲❛❜❡❧ ❧❡❢t ✧ \\❢✵✶\\❩✶✻♣r♦❜❛❜✐❧✐t② ❞❡♥s✐t②✧

▲❛❜❡❧ ❜♦tt♦♠ ✧\\❢✵✶\\❩✶✻r❛❞✐✉s ✭♥♠✮✧

▼♦❞✐❢②●r❛♣❤ ❧s✐③❡❂✷✱♠♦❞❡❂✺✱t✐❝❦❂✷✱♠✐rr♦r❂✶✱❢❙t②❧❡❂✶✱❢❙✐③❡❂✶✻✱❛①❚❤✐❝❦❂✷✱r❣❜❂✭✵✱✵✱✵✮

❚❡①t❇♦①✴❈✴◆❂t❡①t✵✴❙❂✸✴❆❂▼❈ ✧\\❢✵✶\\❩✶✻✧✰❧❡❣❡♥❞❡

❲❛✈❡❙t❛ts ✴◗ ♣r♦❢

▼❛❦❡ ✴❖ ❤✐st♦❴♣r♦❢

❍✐st♦❣r❛♠ ✴❇❂✵✱❱❴s❞❡✈✴✸✱tr✉♥❝✭✸✯❱❴♠❛①✴❱❴s❞❡✈✮✰✶ ♣r♦❢✱ ❤✐st♦❴♣r♦❢

❤✐st♦❴♣r♦❢❂❤✐st♦❴♣r♦❢✴✭❱❴s❞❡✈✴✸✯◆✐♠✯▲✯✶❡✲✶✹✮

❙❡t❙❝❛❧❡✴P ① ❱❴s❞❡✈✴✻✱❱❴s❞❡✈✴✸✱✧✧✱ ❤✐st♦❴♣r♦❢

❉✐s♣❧❛② ❤✐st♦❴♣r♦❢

▲❛❜❡❧ ❧❡❢t ✧\\❢✵✶\\❩✶✻♥❈s ❞❡♥s✐t② ✭❝♠\\❙✲✷\\▼✮✧
▲❛❜❡❧ ❜♦tt♦♠ ✧\\❢✵✶\\❩✶✻❞❡♣t❤ ✭♥♠✮✧

▼♦❞✐❢②●r❛♣❤ ❧s✐③❡❂✷✱♠♦❞❡❂✹✱♠❛r❦❡r❂✶✾✱t✐❝❦❂✷✱♠✐rr♦r❂✶✱❢❙t②❧❡❂✶✱❢❙✐③❡❂✶✻✱❛①❚❤✐❝❦❂✷

✱r❣❜❂✭✵✱✵✱✵✮✱♥♦t❛t✐♦♥✭❧❡❢t✮❂✶✱❧♦❣✭❧❡❢t✮❂✶

❚❡①t❇♦①✴❈✴◆❂t❡①t✵✴❙❂✸✴❆❂▼❈ ✧\\❢✵✶\\❩✶✻✧✰❧❡❣❡♥❞❡

■♥t❍✐st✭✧♣r♦❢✧✱ ✧✈♦❧✉♠❡✧✱ ✶✺✱ ◆✐♠✱ ▲✱❞✮

❊♥❞▼❛❝r♦

▲❛ ▼❛❝r♦ s②♥t❤❡s❡ ❛♣♣❡❧❧❡ ✉♥❡ ♠❛❝r♦ ♥♦♠♠é❡ ■♥t❍✐st ❞♦♥t ❧❛ ❢♦♥❝t✐♦♥ ❡st ❞❡ ❝❛❧❝✉❧❡r
❧❛ q✉❛♥t✐té ❞✬✉♥✐tés str✉❝t✉r❛❧❡s ❢♦r♠❛♥t ❧❡ ♥❛♥♦❝r✐st❛❧✱ ❞❛♥s ✉♥❡ tr❛♥❝❤❡ ❞é✜♥✐❡ ❞❡ ♣r♦❢♦♥✲
❞❡✉r✳

▼❛❝r♦ ■♥t❍✐st✭❛❜s❝✱ ♦r❞✱ ♥❇✐♥s✱ ◆✐♠✱ ▲✱❞✮

❙tr✐♥❣ ❛❜s❝❂✧♣r♦❢✧

❙tr✐♥❣ ♦r❞❂✧✈♦❧✉♠❡✧

❱❛r✐❛❜❧❡ ♥❇✐♥s ❂ ✶✺

❱❛r✐❛❜❧❡ ▲✱❞

Pr♦♠♣t ❛❜s❝✱ ✧♥♦♠ ❞❡ ❧❛ ✇❛✈❡ ❡♥ ❛❜s❝✐ss❡✧

Pr♦♠♣t ♦r❞✱ ✧♥♦♠ ❞❡ ❧❛ ✇❛✈❡ ❛ ✐♥té❣r❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❜s❝✐ss❡✧

Pr♦♠♣t ♥❇✐♥s✱ ✧♥♦♠❜r❡ ❞❡ ❜✐♥s ✧

Pr♦♠♣t ◆✐♠✱ ✧♥♦♠❜r❡ ❞✬✐♠❛❣❡s ❛♥❛❧②sé❡s ✿✧

Pr♦♠♣t ▲✱ ✧❧♦♥❣✉❡✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭♥♠✮ ✧

Pr♦♠♣t ❞✱ ✧❞❡♥s✐té ❛t♦♠✐q✉❡ ✿ P❜❙ ✶✾✳✶ ❀ P❜❙❡ ✶✼✳✷ ❀ P❜❚❡ ✶✹✳✺✱ ❆❣ ✺✼✳✷✧

❱❛r✐❛❜❧❡ ♥♣♥ts



✷✺✶

❙tr✐♥❣ ✴● ❧❡❣❡♥❞❡

❙✐❧❡♥t ✶ ❀P❛✉s❡❯♣❞❛t❡

❙tr✐♥❣ ❞❡st ❂ ✧✐♥t❴❤✐st♦✧

♥♣♥ts ❂♥✉♠♣♥ts✭✩❛❜s❝✮

❲❛✈❡❙t❛ts ✴◗ ✩❛❜s❝

✐❢ ✭❱❴♠✐♥ ❂❂ ❱❴♠❛①✮

Pr✐♥t ✧❡rr♦r ✿ ♠✐♥❂♠❛①✧

❡❧s❡

▼❛❦❡ ✴❖✴◆❂✭♥❇✐♥s✮ ✩❞❡st

❙❡t❙❝❛❧❡ ①✱ ❱❴♠✐♥✱ ❱❴♠❛①✱✩❞❡st

✩❞❡st❂✵

■♥t❇✐♥✭✩❛❜s❝✱ ✩♦r❞✱ ✩❞❡st✱ ♥❇✐♥s✱ ❱❴♠✐♥✱ ❱❴♠❛①✮

Pr✐♥t ❞❡st ✰ ✧ ❝r❡❛t❡❞✧

❙❡t❙❝❛❧❡✴P ①

❱❴♠✐♥✰✭❱❴♠❛①✲❱❴♠✐♥✮✴✭✷✯♥❇✐♥s✮✱✭❱❴♠❛①✲❱❴♠✐♥✮✴♥❇✐♥s✱✧✧✱ ✩❞❡st

❡♥❞✐❢

✐♥t❴❤✐st♦❂✐♥t❴❤✐st♦✯✶✼✳✷✯♥❇✐♥s✴✭✭❱❴♠❛①✲❱❴♠✐♥✮✯▲✯◆✐♠✯✶❡✲✶✹✮

❉✐s♣❧❛② ✐♥t❴❤✐st♦

▼♦❞✐❢②●r❛♣❤ ♠♦❞❡❂✹✱♠❛r❦❡r❂✶✾

❙❡t❆①✐s ❜♦tt♦♠ ✵✱❱❴♠❛①

▲❛❜❡❧ ❧❡❢t ✧\\❢✵✶\\❩✶✻P❜❙ ✉♥✐ts ❞❡♥s✐t②

✭❝♠\\❙✲✷\\▼✮✧
▲❛❜❡❧ ❜♦tt♦♠ ✧\\❢✵✶\\❩✶✻❞❡♣t❤ ✭♥♠✮✧

▼♦❞✐❢②●r❛♣❤

❧s✐③❡❂✷✱t✐❝❦❂✷✱♠✐rr♦r❂✶✱r❣❜❂✭✵✱✵✱✵✮✱♥♦t❛t✐♦♥✭❧❡❢t✮❂✶✱❧♦❣✭❧❡❢t✮❂✶✱❢❙t②❧❡❂✶✱❢❙✐③❡❂✶✻✱❛①❚❤✐❝❦❂✷

❚❡①t❇♦①✴❈✴◆❂t❡①t✵✴❙❂✸✴❆❂▼❈

✧\\❢✵✶\\❩✶✻✧✰❧❡❣❡♥❞❡

❊♥❞▼❛❝r♦

▼❛❝r♦ ♣❡r♠❡tt❛♥t ❞❡ tr❛❝❡r ❧✬❤✐st♦❣r❛♠♠❡ ❞❡ ♥✬✐♠♣♦rt❡ q✉❡❧❧❡ ✇❛✈❡ ❛✈❡❝ ✉♥ ❝❤♦✐① ❞✉
❜✐♥ ❝❛❧❝✉❧é à ♣❛rt✐r ❞❡ ❧❛ st❛t✐st✐q✉❡ ❞❡ ❧❛ ✇❛✈❡✳
▼❛❝r♦ ❢❞✐st✭✇✮

❙tr✐♥❣ ✇❂✧✈♦❧✉♠❡✧

❙tr✐♥❣ r❡s❂✧❤✐st♦❴✈♦❧✧

❲❛✈❡❙t❛ts ✩✇

▼❛❦❡ ✴❖ ✩r❡s

❍✐st♦❣r❛♠ ✴❇❂✵✱❱❴s❞❡✈✴✸✱tr✉♥❝✭✸✯❱❴♠❛①✴❱❴s❞❡✈✮✰✶ ✩✇✱ ✩r❡s

✩r❡s❂ ✩r❡s ✯✸✴✭❱❴s❞❡✈✯❱❴♥♣♥ts✮

❙❡t❙❝❛❧❡✴P ① ❱❴s❞❡✈✴✻✱❱❴s❞❡✈✴✸✱✧✧✱ ✩r❡s

❉✐s♣❧❛② ✩r❡s

▲❛❜❡❧ ❧❡❢t ✧\\❢✵✶\\❩✶✻♣r♦❜❛❜✐❧✐t② ❞❡♥s✐t②✧

▲❛❜❡❧ ❜♦tt♦♠ ✧\\❢✵✶\\❩✶✸ ✈♦❧✉♠❡ ✭♥♠✮✧

▼♦❞✐❢②●r❛♣❤ ❧s✐③❡❂✷✱♠♦❞❡❂✺✱t✐❝❦❂✷✱♠✐rr♦r❂✶✱❢❙t②❧❡❂✶✱❢❙✐③❡❂✶✻✱❛①❚❤✐❝❦❂✷✱r❣❜❂✭✵✱✵✱✵✮



✷✺✷

❊♥❞▼❛❝r♦

❍✳✸ ❉✐str✐❜✉t✐♦♥s ♣❛rt✐❡❧❧❡s

P❛r ❛✐❧❧❡✉rs✱ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ✉♥ ♣r♦❣r❛♠♠❡ ❞✐str✐♣❛rt ♣❡r♠❡tt❛♥t ❞❡ ❝❛❧❝✉❧❡r
❞❡s ❞✐str✐❜✉t✐♦♥s ♣❛rt✐❡❧❧❡s ❞❡ ♣r♦❜❛❜✐❧✐té ❡♥tr❡ ❞❡✉① ♣r♦❢♦♥❞❡✉rs z1 ❡t z2✳

▼❛❝r♦ ❞✐str✐♣❛rt✭♣✶✱♣✷✱s♦✉r❝❡✱ ❝♦♥❞✐t✐♦♥✱❞❡st✮

❱❛r✐❛❜❧❡ ♣✶✱♣✷

Pr♦♠♣t ♣✶✱ ✧❡♥tr❡r ❧❛ ♣r♦❢♦♥❞❡✉r ♠✐♥✐✧

Pr♦♠♣t ♣✷✱ ✧❡♥tr❡r ❧❛ ♣r♦❢♦♥❞❡✉r ♠❛①✐✧

❙tr✐♥❣ ❞❡st❂✧r❛②♦♥❜✐s✧

❙tr✐♥❣ s♦✉r❝❡❂✧r❛②♦♥✧

❙tr✐♥❣ ❝♦♥❞✐t✐♦♥❂✧♣r♦❢✧

▼❛❦❡ ✴❖✴◆❂✵ ✩❞❡st

tr✐✭✩s♦✉r❝❡✱ ✩❝♦♥❞✐t✐♦♥✱ ✩❞❡st✱ ♣✶✱ ♣✷✮

❲❛✈❡❙t❛ts ✩❞❡st

▼❛❦❡ ✴❖ ❤✐st♦❴r❛②♦♥❴♣❛rt

❍✐st♦❣r❛♠ ✴❇❂✵✱❱❴s❞❡✈✴✸✱tr✉♥❝✭✸✯❱❴♠❛①✴❱❴s❞❡✈✮✰✶ ✩❞❡st✱ ❤✐st♦❴r❛②♦♥❴♣❛rt

❉✐s♣❧❛② ❤✐st♦❴r❛②♦♥❴♣❛rt

▼♦❞✐❢②●r❛♣❤ ♠♦❞❡❂✺

▲❛❜❡❧ ❧❡❢t ✧❝♦✉♣s✧

▲❛❜❡❧ ❜♦tt♦♠ ✧r❛②♦♥ ✭♥♠✮✧

▼♦❞✐❢②●r❛♣❤ t✐❝❦❂✷✱♠✐rr♦r❂✶

❊♥❞▼❛❝r♦

❈❡tt❡ ♠❛❝r♦ ❢❛✐t ❛♣♣❡❧❧❡ ❛✉① ❞❡✉① s♦✉s✲♣r♦❣r❛♠♠❡s s✉✐✈❛♥ts ✿

❋✉♥❝t✐♦♥ ❝♦❧❧❡r✭✇✱①✮

✇❛✈❡ ✇

❱❛r✐❛❜❧❡ ①

❱❛r✐❛❜❧❡ ♥❂♥✉♠♣♥ts✭✇✮

❘❡❞✐♠❡♥s✐♦♥✴◆❂✭♥✰✶✮ ✇

✇❬♥❪❂①

❊♥❞

❋✉♥❝t✐♦♥ tr✐✭s♦✉r❝❡✱ ❝♦♥❞✐t✐♦♥✱ ❞❡st✱ ❧♦✇❡r ✉♣♣❡r✮

❲❛✈❡ s♦✉r❝❡✱ ❝♦♥❞✐t✐♦♥✱ ❞❡st

❱❛r✐❛❜❧❡ ❧♦✇❡r✱ ✉♣♣❡r

❱❛r✐❛❜❧❡ ✐✱ ♥♣♥ts

♥♣♥ts ❂♥✉♠♣♥ts✭s♦✉r❝❡✮

✐ ❂ ✵
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❘❡❞✐♠❡♥s✐♦♥✴◆❂✵ ❞❡st

❞♦

✐❢ ✭✭❧♦✇❡r❁❝♦♥❞✐t✐♦♥❬✐❪✮ ✪✫ ✭❝♦♥❞✐t✐♦♥❬✐❪❁✉♣♣❡r✮✮

❝♦❧❧❡r✭❞❡st✱s♦✉r❝❡❬✐❪✮

❡♥❞✐❢

✐✰❂✶

✇❤✐❧❡ ✭✐❁♥♣♥ts✮

❊♥❞

❍✳✹ ❱❛r✐❛t✐♦♥s ❧♦❝❛❧❡s ❞❡s ♣r❡♠✐❡rs ♠♦♠❡♥ts ❞❡ ❞✐str✐✲
❜✉t✐♦♥

▲❡s ♣r♦❣r❛♠♠❡s q✉✐ s✉✐✈❡♥t ♥♦✉s ♦♥t ♣❛r ❡①❡♠♣❧❡ ♣❡r♠✐s ❞✬é✈❛❧✉❡r ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛
t❛✐❧❧❡ ♠♦②❡♥♥❡ ♦✉ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❞✬é❝r❛♥t❛❣❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦❢♦♥❞❡✉r✳

▼❛❝r♦ ✈❛r❧♦❝✭❛❜s❝✱ s♦✉r❝❡✱ ◆❡❝❤✱ ◆✐♠✱ ▲✮

❱❛r✐❛❜❧❡ ◆❡❝❤✱ ◆✐♠✱ ▲

♣r♦♠♣t ◆❡❝❤✱ ✧♥♦♠❜r❡ ❞❡ ❞♦♥♥é❡s ♣♦✉r ❧❛ ♠♦②❡♥♥❡✧

❙tr✐♥❣ s♦✉r❝❡❂✧r❛②♦♥✧

❙tr✐♥❣ ❛❜s❝❂✧♣r♦❢✧

Pr♦♠♣t ◆✐♠✱ ✧❡♥tr❡r ❧❡ ♥♦♠❜r❡ ❞✬✐♠❛❣❡s ❛♥❛❧②sé❡s ✿✧

Pr♦♠♣t ▲✱ ✧❡♥tr❡r ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭♥♠✮ ♣❛r ✐♠❛❣❡✧

❙tr✐♥❣ ❛❜s❝❝♦♣②❂✧❝♦♣✐❡❛❜s❝✧

❙tr✐♥❣ s♦✉r❝❡❝♦♣②❂✧❝♦♣✐❡s♦✉r❝❡✧

❙tr✐♥❣ ❨✶❂✧s♦✉r❝❡♠♦②✧

❙tr✐♥❣ ❳✶❂✧❛❜s❝♠♦②✧

❙tr✐♥❣ ❨✷❂✧s♦✉r❝❡❞❡✈✧

❙tr✐♥❣ ❳✷❂✧❛❜s❝❞❡✈✧

❙tr✐♥❣ ❳✸❂✧❞❡❧t❛❛❜s❝✧

❙tr✐♥❣ ❨✸❂✧❞❡❧t❛s♦✉r❝❡✧

❙tr✐♥❣ ♣♦✉❜❡❧❧❡❂✧✐♥t❡r♠❡❞✐❛✐r❡✧

❙tr✐♥❣ ①❡rr♦r❜❛r❂✧❡rr❡✉r❳✧

❙tr✐♥❣ ②❡rr♦r❜❛r❂✧❡rr❡✉r❨✧

❙tr✐♥❣ s❝r❧❡♥❣t❤❂✧❡❝r❛♥✧

❱❛r✐❛❜❧❡ ♥♣♥ts

♥♣♥ts ❂♥✉♠♣♥ts✭✩❛❜s❝✮

▼❛❦❡ ✴❖ ✩❳✶✱ ✩❨✶✱✩❳✷✱ ✩❨✷✱ ✩♣♦✉❜❡❧❧❡✱ ✩①❡rr♦r❜❛r✱ ✩②❡rr♦r❜❛r✱ ✩❳✸✱ ✩❨✸✱ ✩s❝r❧❡♥❣t❤

▼❛❦❡ ✴◆❂✭♥♣♥ts✮✴❖ ✩s♦✉r❝❡❝♦♣②✱ ✩❛❜s❝❝♦♣②

✩s♦✉r❝❡❝♦♣②❂✩s♦✉r❝❡

✩❛❜s❝❝♦♣②❂✩❛❜s❝

❙♦rt ✩❛❜s❝❝♦♣② ✩❛❜s❝❝♦♣②✱ ✩s♦✉r❝❡❝♦♣②

st❛t♣❛rt✭✩s♦✉r❝❡❝♦♣②✱ ✩❨✶✱✩❨✷✱ ✩❨✸✱ ✩♣♦✉❜❡❧❧❡✱ ◆❡❝❤✮

st❛t♣❛rt✭✩❛❜s❝❝♦♣②✱ ✩❳✶✱✩❳✷✱ ✩❳✸✱ ✩♣♦✉❜❡❧❧❡✱ ◆❡❝❤✮



✷✺✹

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

❉✐s♣❧❛② ✩❨✶ ✈s ✩❳✶

▼♦❞✐❢②●r❛♣❤ ♠♦❞❡❂✸✱♠❛r❦❡r❂✶✾✱ t✐❝❦❂✷✱♠✐rr♦r❂✶✱❢❙t②❧❡❂✶✱❢❙✐③❡❂✶✻✱❛①❚❤✐❝❦❂✷✱r❣❜❂✭✵✱✵✱✵✮

▲❛❜❡❧ ❧❡❢t ✧\\❢✵✶\\❩✶✻r❛❞✐✉s ✭♥♠✮✧ ❀

▲❛❜❡❧ ❜♦tt♦♠ ✧\\❢✵✶\\❩✶✻❞❡♣t❤ ✭♥♠✮✧ ❀

✩①❡rr♦r❜❛r❂✩❳✷

✩②❡rr♦r❜❛r❂✷✯✩❨✷✴sqrt✭◆❡❝❤✮

❊rr♦r❇❛rs✴❚❂✵✴▲❂✷ ✩❨✶ ❳❨✱✇❛✈❡❂✭✩①❡rr♦r❜❛r✱✩①❡rr♦r❜❛r✮✱✇❛✈❡❂✭✩②❡rr♦r❜❛r✱✩②❡rr♦r❜❛r✮

❲❛✈❡❙t❛ts ✴◗ ✩❨✶

❙❡t❆①✐s ❧❡❢t ✵✱✶✳✷✯❱❴♠❛①

❚❡①t❇♦①✴❈✴◆❂t❡①t✵✴❙❂✸✴❆❂▼❈ ✧\\❢✵✶\\❩✶✻✧✰❧❡❣❡♥❞❡

✴✴ ❝❛❧❝✉❧ ❡t ❛❢❢✐❝❤❛❣❡ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬é❝r❛♥

✩s❝r❧❡♥❣t❤❂✭✹✯P✐✯◆❡❝❤✴✭✩❳✸✯◆✐♠✯▲✯✶❡✲✶✹✯✶❡✲✺✮✯✩❨✶✯✶❡✲✼✮✂ ✭✲✶✴✷✮✴✶❡✲✼

❉✐s♣❧❛② ✩s❝r❧❡♥❣t❤ ✈s ✩❳✶

▼♦❞✐❢②●r❛♣❤ ♠♦❞❡❂✸✱♠❛r❦❡r❂✶✾✱ t✐❝❦❂✷✱♠✐rr♦r❂✶✱❢❙t②❧❡❂✶✱❢❙✐③❡❂✶✻✱❛①❚❤✐❝❦❂✷✱r❣❜❂✭✵✱✵✱✵✮

▲❛❜❡❧ ❧❡❢t ✧\\❢✵✶\\❩✶✻s❝r❡❡♥✐♥❣ ❧❡♥❣t❤ ✭♥♠✮✧ ❀

▲❛❜❡❧ ❜♦tt♦♠ ✧\\❢✵✶\\❩✶✻❞❡♣t❤ ✭♥♠✮✧ ❀

❲❛✈❡❙t❛ts ✴◗ ✩s❝r❧❡♥❣t❤

❙❡t❆①✐s ❧❡❢t ✵✱✶✳✷✯❱❴♠❛①

❊♥❞▼❛❝r♦

❈❡ ♣r♦❣r❛♠♠❡ ❢❛✐t ❛♣♣❡❧ ❛✉ s♦✉s ♣r♦❣r❛♠♠❡ s✉✐✈❛♥t ✿

❋✉♥❝t✐♦♥ st❛t♣❛rt✭✇✱❞❡st✶✱ ❞❡st✷✱ ❞❡st✸✱ ♣♦✉❜❡❧❧❡✱◆t✮

✇❛✈❡ ✇✱ ❞❡st✶✱❞❡st✷✱ ❞❡st✸✱ ♣♦✉❜❡❧❧❡

❱❛r✐❛❜❧❡ ◆t

❱❛r✐❛❜❧❡ ✐✱ ❧✐♠✱ ◆♣ts

❘❡❞✐♠❡♥s✐♦♥✴◆❂✵ ❞❡st✶✱ ❞❡st✷✱ ❞❡st✸

❘❡❞✐♠❡♥s✐♦♥✴◆❂✭◆t✮ ♣♦✉❜❡❧❧❡

✐❂✵

◆♣ts❂♥✉♠♣♥ts✭✇✮

❧✐♠❂ ◆♣ts✴◆t✲✶

❞♦

♣♦✉❜❡❧❧❡❂✇❬♣✰✐✯◆t❪

❲❛✈❡❙t❛ts✴◗ ♣♦✉❜❡❧❧❡

❝♦❧❧❡r✭❞❡st✶✱❱❴❛✈❣✮

❝♦❧❧❡r✭❞❡st✷✱❱❴s❞❡✈✮

❝♦❧❧❡r✭❞❡st✸✱ ❱❴♠❛①✲❱❴♠✐♥✮

✐✰❂✶

✇❤✐❧❡ ✭✐❁❧✐♠✮

❊♥❞



✷✺✺

❍✳✺ ❈❛❧❝✉❧ ❡t tr❛❝é ❞❡ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥

▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❡①♣ér✐♠❡♥t❛❧❡ ❛✈❡❝ ❧❛ ❧♦❣♥♦r♠❛❧❡ ❡st ♠✐s❡
❡♥ ✈❛❧❡✉r ❡♥ tr❛ç❛♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡ ❡♥ ❝♦♦r❞♦♥♥é❡s ❣❛✉ss✐❡♥♥❡s✳
◆♦✉s ❛✈♦♥s é❝r✐t ❧❡ ♣r♦❣r❛♠♠❡ ❞❛♥s ❝❡ ❜✉t✳

♠❛❝r♦ ❢r❡♣❛rt✭s♦✉r❝❡✱ ❞❡st✮

❙tr✐♥❣ s♦✉r❝❡❂✧r❛②♦♥✧

❙tr✐♥❣ ❞❡st❂✧❢✉♥❝r❡♣❛rt✧

❙tr✐♥❣ ❢✐t❂✧r❛②♦♥❧♦❣✧

❙tr✐♥❣ t❡st❂✧❧♦❣♥♦r♠❢r❡♣✧

❙tr✐♥❣ t❡st❛❂✧❧s✇❢r❡♣✧

❙tr✐♥❣ t❡st❜❂✧❣❛✉ss❢r❡♣✧

❙tr✐♥❣ t❡st❝❂✧❣❛✉ss✈❡r✐❢✧

❙tr✐♥❣ ❝♦❡❢❂✧♣❛r❛❧♦❣♥♦r♠✧

❱❛r✐❛❜❧❡ ♥✱ s✐❣✱ ♠✉✱r

♥❂♥✉♠♣♥ts✭✩s♦✉r❝❡✮

▼❛❦❡ ✴❖✴◆❂✭♥✮ ✩❞❡st

▼❛❦❡ ✴❖✴◆❂✭♥✮ ✩❢✐t

✐♥t♣r♦❜❛✭✩s♦✉r❝❡✱ ✩❞❡st✮

✩❞❡st❂❡r❢r❡❝✐✭✷✯✩❞❡st✲✶✮

✩❢✐t❂❧♥✭✩s♦✉r❝❡✮

❲❛✈❡❙t❛ts ✩s♦✉r❝❡ ❀ ✴✴ ❝❛❧❝✉❧ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥ ❞❡ ❧❛ ❧♦❣♥♦r♠❛❧❡

r❂❱❴s❞❡✈✴❱❴❛✈❣

♠✉❂❧♥✭❱❴s❞❡✈✮✲✵✳✺✯❧♥✭✭✶✰r✂ ✷✮✯r✂ ✷✮

s✐❣❂sqrt✭❧♥✭✶✰r✂ ✷✮✮

♣r✐♥t ❡①♣✭♠✉✮✱❡①♣✭s✐❣✮

♠❛❦❡ ✴❖✴◆❂✶✵✵✵ ✩t❡st

❙❡t❙❝❛❧❡✴■ ① ✵✳✵✶✱ ✶✵✵✱ ✩t❡st

♠❛❦❡ ✴❖ ✩❝♦❡❢❂ ✶✱ ❡①♣✭♠✉✮✱ ❡①♣✭s✐❣✮

✩t❡st❂ ❧♦❣♥♦r♠❛❧❡✭✩❝♦❡❢✱①✮

■♥t❡❣r❛t❡ ✩t❡st

✩t❡st❂❡r❢r❡❝✐✭✷✯✩t❡st✲✶✮

❲❛✈❡❙t❛ts ✩s♦✉r❝❡ ❀ ✴✴ ❝❛❧❝✉❧ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣❛rt✐t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥

▲❙❲

♠❛❦❡ ✴❖✴◆❂✶✵✵✵✵ ✩t❡st❛

❙❡t❙❝❛❧❡✴■ ① ✵✳✵✶✱ ✶✳✹✾✯❱❴❛✈❣✱ ✩t❡st❛

✩t❡st❛❂ ❧s✇ ✭❱❴❛✈❣✱①✮

■♥t❡❣r❛t❡ ✩t❡st❛

❲❛✈❡❙t❛ts ✩t❡st❛ ❀

✩t❡st❛❂✩t❡st❛✴✭✶✳✵✵✶✯❱❴♠❛①✮

✩t❡st❛❂❡r❢r❡❝✐✭✷✯✩t❡st❛✲✶✮

❲❛✈❡❙t❛ts ✩s♦✉r❝❡ ❀ ✴✴ ✈ér✐❢✐❝❛t✐♦♥ ❞❡ ❧❛ ❣❛✉ss✐❡♥♥❡ ♣❛r ❢♦r♠✉❧❡ ❡①❛❝t❡



✷✺✻

♠❛❦❡ ✴❖✴◆❂✶✵✵✵✵ ✩t❡st❝

❙❡t❙❝❛❧❡✴■ ① ✵✳✵✶✱ ✺✵✵✱ ✩t❡st❝

✩t❡st❝❂✭①✲❱❴❛✈❣✮✴✭❱❴s❞❡✈✯sqrt✭✷✮✮

❉✐s♣❧❛② ✩❞❡st ✈s ✩s♦✉r❝❡

❆♣♣❡♥❞❚♦●r❛♣❤ ✴❈❂✭✵✱✵✱✻✺✺✸✺✮✩t❡st

❆♣♣❡♥❞❚♦●r❛♣❤ ✴❈❂✭✵✱✵✱✻✺✺✸✺✮✩t❡st❛

❆♣♣❡♥❞❚♦●r❛♣❤ ✴❈❂✭✵✱✵✱✻✺✺✸✺✮✩t❡st❝

▼♦❞✐❢②●r❛♣❤ ♠♦❞❡❂✸

▲❛❜❡❧ ❧❡❢t ✧r❡♣❛rt✐t✐♦♥ ❢✉♥❝t✐♦♥✧

▲❛❜❡❧ ❜♦tt♦♠ ✧r❛❞✐✉s ✭♥♠✮✧

▼♦❞✐❢②●r❛♣❤ t✐❝❦❂✷✱♠✐rr♦r❂✶

▼♦❞✐❢②●r❛♣❤ ❧♦❣✭❜♦tt♦♠✮❂✶

▼♦❞✐❢②●r❛♣❤ ♠♦❞❡✭❧♦❣♥♦r♠❢r❡♣✮❂✵

▼♦❞✐❢②●r❛♣❤ ♠♦❞❡✭❧s✇❢r❡♣✮❂✵

▼♦❞✐❢②●r❛♣❤ ♠♦❞❡✭❣❛✉ss✈❡r✐❢✮❂✵

❙❡t❆①✐s ❧❡❢t ✲✷✳✵✺✱✷✳✵✺

❙❡t❆①✐s ❜♦tt♦♠ ✶✱✶✻

❚❡①t❜♦①✴◆❂t❡①t✵✴❙❂✸✴❆❂▲❚ ✧é❝❤✳ \rr❡❝✉✐t✧

❡♥❞♠❛❝r♦

❈❡ ♣r♦❣r❛♠♠❡ ♥é❝❡ss✐t❡ ❧❡s s♦✉s ♣r♦❣r❛♠♠❡s s✉✐✈❛♥ts ✿

❢✉♥❝t✐♦♥ ✐♥t♣r♦❜❛✭✇✱①✮

❲❛✈❡ ✇✱①

❱❛r✐❛❜❧❡ ✐❂✵

❱❛r✐❛❜❧❡ ♥❂♥✉♠♣♥ts✭✇✮

❞♦

①❬✐❪❂ ✭✐✰✶✮✴♥

✐✰❂✶

✇❤✐❧❡ ✭✐❁♥✮

❡♥❞

❢✉♥❝t✐♦♥ ❡r❢r❡❝✐✭①✮

✈❛r✐❛❜❧❡ ①

❱❛r✐❛❜❧❡ ❛✵❂✲✶✵✵✱ ❜✵❂✶✵✵

❱❛r✐❛❜❧❡ ❞❡st

✐❢ ✭✭✭❡r❢✭❛✵✮✲①✮✯✭❡r❢✭❜✵✮✲①✮✮❃✵✮

❛❜♦rt ✧❛tt❡♥t✐♦♥ ❡rr❡✉r ❢♦♥❝t✐♦♥ ❡r❢ r❡❝✐♣r♦q✉❡✧

❡❧s❡

❞♦

✐❢ ✭✭❡r❢✭❛✵✰✭❜✵✲❛✵✮✴✷✮✲①✮❁✵✮

❛✵❂❛✵✰✭❜✵✲❛✵✮✴✷

❡❧s❡

❜✵❂❜✵✲✭❜✵✲❛✵✮✴✷



✷✺✼

❡♥❞✐❢

✇❤✐❧❡✭✭✭❜✵✲❛✵✮✴✷✮❃✵✳✵✵✵✵✵✶✮

❡♥❞✐❢

❞❡st❂❛✵✰✭❜✵✲❛✵✮✴✷

r❡t✉r♥ ❞❡st

❡♥❞



❆♥♥❡①❡ ■

❊❧❡♠❡♥ts t❤é♦r✐q✉❡s ❞❡ ❘P❊

■✳✶ ❙♣✐♥ ❞❛♥s ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡

◗✉❛♥❞ ♦♥ ❛♣♣❧✐q✉❡ ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ~B s✉r ✉♥ ♠✐❧✐❡✉✱ ❧❡s ❞✐♣ô❧❡s ♠❛❣♥ét✐q✉❡s ~µi
♣rés❡♥ts ✈♦♥t ✐♥t❡r❛❣✐r ❛✈❡❝ ❝❡ ❝❤❛♠♣✳ ▲✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥ ❞✐♣ô❧❡ ~µ✌ ❛✈❡❝ ❧❡ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ~B✱ ♣❛r❛❧❧è❧❡ à ❧✬❛①❡ z✱ ❡st ❞♦♥♥é❡ ♣❛r ✿

U = −~µ · ~B ✭■✳✶✮

♦ù ~B ❡st ❧❡ ✈❡❝t❡✉r ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t ~µ ❡st ❧❡ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ❞✉ ❞✐♣ô❧❡✳ ▲❡ ♠♦♠❡♥t

♠❛❣♥ét✐q✉❡ ❞✬✉♥ é❧❡❝tr♦♥ ❞❡ s♣✐♥ ~̂S ❡st ❞♦♥♥é ♣❛r ✿

~µ = −¯̄gβe ~̂S ✭■✳✷✮

▲❡ s✐❣♥❡ ❵✲✬ ✈✐❡♥t ❞❡ ❧❛ ❝❤❛r❣❡ ♥é❣❛t✐✈❡ ❞❡ ❧✬é❧❡❝tr♦♥✱ βe = |e|~
2me

= 9, 274× 10−24J.T−1❡st
❧❡ ♠❛❣♥ét♦♥ ❞❡ ❇♦❤r✱ ¯̄g r❡❧✐❡ ❞❡✉① ✈❡❝t❡✉rs ❡t ❡st ❞♦♥❝ ✉♥ t❡♥s❡✉r ❞✬♦r❞r❡ ✷ ✭♠❛tr✐❝❡ ✸×✸✮✱
♦♥ ❧✬❛♣♣❡❧❧❡ t❡♥s❡✉r ❩❡❡♠❛♥✳ ❖♥ ♣❡✉t ❧✬é❝r✐r❡ ❞❛♥s s♦♥ s②stè♠❡ ❞✬❛①❡s ♣r♦♣r❡s ✿




g1 0 0
0 g2 0
0 0 g3





❙✐ g1 = g2 = g3✱ ❧❡ s♣✐♥ ❡st ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ✐s♦tr♦♣❡ ❡t ¯̄g = g ¯̄I✱ ♦ù ¯̄I ❡st ❧❛ ♠❛tr✐❝❡
✐❞❡♥t✐té✳ ❣ ❡st ❛❧♦rs ❛♣♣❡❧é ❢❛❝t❡✉r ❩❡❡♠❛♥✳ ❙❛✉❢ s✐ ♠❡♥t✐♦♥♥é✱ ♦♥ s❡ ♣❧❛❝❡r❛ ❞❛♥s ❧❡ ❝❛s
✐s♦tr♦♣❡ ♣♦✉r s✐♠♣❧✐✜❡r ❧❡s ♥♦t❛t✐♦♥s✳

❉❛♥s ✉♥ ♠✐❧✐❡✉ ✐s♦tr♦♣❡✱ ❧✬♦r✐❡♥t❛t✐♦♥ ❞✬✉♥ s♣✐♥ S ❞❛♥s ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡st q✉❛♥✲
t✐✜é❡ ✿ ❧❛ ♣r♦❥❡❝t✐♦♥ ❞✉ s♣✐♥ s✉r ❧❛ ❞✐r❡❝t✐♦♥ z ♣❡✉t ♣r❡♥❞r❡ s❡s ✈❛❧❡✉rs ❞❛♥s [−Sz,−Sz +
1, . . . , Sz − 1, Sz]✳ ▲❡ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ ❞✬✉♥ é❧❡❝tr♦♥ ❧✐❜r❡ ✈❛✉t ❛❧♦rs µz = −geβeMS ✱
❛✈❡❝ ge❂✷✱✵✵✷✸✷ ❧❛ ❝♦♥st❛♥t❡ ❞❡ sé♣❛r❛t✐♦♥ ❩❡❡♠❛♥ ❞❡ ❧✬é❧❡❝tr♦♥ ❧✐❜r❡✳ ❈❡tt❡ q✉❛♥t✐✜❝❛t✐♦♥
❞✉ ♠♦♠❡♥t ❛♥❣✉❧❛✐r❡ ❞❡ s♣✐♥ ❝♦♥❞✉✐t à ✉♥❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞✉ ❞✐♣ô❧❡✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥ s♣✐♥ ♥✉❝❧é❛✐r❡✱ µz ♣r❡♥❞r❛ ❧❡s ✈❛❧❡✉rs gnβnMI ✱ ❛✈❡❝ gn ❧❡ ❢❛❝t❡✉r g ♥✉❝❧é❛✐r❡
❡t βn = |e|~

2mp
❧❡ ♠❛❣♥ét♦♥ ♥✉❝❧é❛✐r❡✳ ❈♦♠♠❡ ❧❡ r❛♣♣♦rt ❞❡s ♠❛ss❡s ❞❡ ❧✬é❧❡❝tr♦♥ ❡t ❞✉ ♣r♦t♦♥

❡st ✶✴✶✽✹✵✱ ❧❛ r❛♣♣♦rt ❞❡s ♠❛❣♥ét♦♥s ❡st ✐♥✈❡rs❡ ✿ βe

βn
= 1840✳ ▲❡s ❢réq✉❡♥❝❡s ❡t ❝❤❛♠♣s

❞❡ rés♦♥❛♥❝❡ ❞❡s s♣✐♥s é❧❡❝tr♦♥✐q✉❡s ❡t ♥✉❝❧é❛✐r❡s ♥❡ s♦♥t ❞♦♥❝ ♣❛s ❞❛♥s ❧❛ ♠ê♠❡ ❣❛♠♠❡✳
❉❛♥s ♥♦tr❡ ❝❛s✱ ♦♥ ét✉❞✐❡ ❧❛ rés♦♥❛♥❝❡ ❞❡s s♣✐♥s é❧❡❝tr♦♥✐q✉❡s ✿ ♦♥ ❛♣♣❡❧❧❡ ❝❡tt❡ t❡❝❤♥✐q✉❡
❧❛ ❘és♦♥❛♥❝❡ P❛r❛♠❛❣♥ét✐q✉❡ ❊❧❡❝tr♦♥✐q✉❡ ✭❘P❊✮✳

✷✺✽



✷✺✾

▲❡ s♣✐♥ ❞❡ ❧✬é❧❡❝tr♦♥ ✈❛✉t Sz = 1
2 ✱ MS ♣❡✉t ♣r❡♥❞r❡ ❧❡s ✈❛❧❡✉rs ± 1

2 ✳ ❆❧♦rs µz ❛ ❞❡✉①
✈❛❧❡✉rs ♣♦ss✐❜❧❡s ∓ 1

2geβe✳ ❖♥ ♦❜t✐❡♥t ❞♦♥❝ ❞❡✉① ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❩❡❡♠❛♥ é❧❡❝tr♦♥✐q✉❡s ✿

Uup = +
1

2
geβeB ✭■✳✸✮

Udown = −1

2
geβeB ✭■✳✹✮

▲✬é❝❛rt ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ❡st ❞♦♥❝ ✿

∆U = geβeB ✭■✳✺✮

▲❛ ❘P❊ ❝♦♥s✐st❡ à ❛♣♣❧✐q✉❡r ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣♦✉r ❧❡✈❡r ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡
s♣✐♥ ✭éq✉❛t✐♦♥ ■✳✺✮✱ ♣✉✐s à ❡①❝✐t❡r ❧❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❧❡s ♥✐✈❡❛✉① ❛✐♥s✐ ❝réés ❛✈❡❝ ✉♥ ❝❤❛♠♣
é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ♣♦✉r hν = ∆U ✳ ❖♥ r❡♠❛rq✉❡r❛ q✉❡ ❞✬❛♣rès ❧❡ ♣r✐♥❝✐♣❡ ❞✬❡①❝❧✉s✐♦♥ ❞❡
P❛✉❧✐✱ q✉❛♥❞ ❞❡✉① é❧❡❝tr♦♥s ♦❝❝✉♣❡♥t ❧❛ ♠ê♠❡ ♦r❜✐t❛❧❡✱ ✐❧s ♦♥t ❞❡s s♣✐♥s ♦♣♣♦sés ✿ ❧❡✉r MS

✈❛✉t + 1
2 ♣♦✉r ❧✬✉♥ ❡t − 1

2 ♣♦✉r ❧✬❛✉tr❡✳ ❆✐♥s✐✱ ❧❡ ♠♦♠❡♥t ♠❛❣♥ét✐q✉❡ s✬❛♥♥✉❧❡ ❡t ✐❧ ♥✬② ❛ ♣❛s
❞✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳ ❖♥ ♥✬♦❜s❡r✈❡r❛ ❞♦♥❝ q✉❡ ❧❡s ❡s♣è❝❡s ❝♦♥t❡♥❛♥t ❞❡s
é❧❡❝tr♦♥s ♥♦♥ ❛♣♣❛r✐és✳

■✳✷ ▲❡ ❢❛❝t❡✉r ❩❡❡♠❛♥ g

▲❡ ❝❤❛♠♣ r❡ss❡♥t✐ ♣❛r ✉♥ s♣✐♥ ♥✬❡st ♣❛s s❡✉❧❡♠❡♥t ❧❡ ❝❤❛♠♣ ❛♣♣❧✐q✉é✳ ■❧ ② ❛ ✉♥❡ ❝♦♥tr✐✲
❜✉t✐♦♥ ❧♦❝❛❧❡ ❞✉❡ ❛✉① ❞✐♣ô❧❡s ❡♥✈✐r♦♥♥❛♥ts✳ ▲❡ ❝❤❛♠♣ q✉❡ ✈♦✐t ❧❡ s♣✐♥ ❡st ✉♥ ❝❤❛♠♣ ❡✛❡❝t✐❢ ✿

Beff = Bext +Blocal ✭■✳✻✮

❉❛♥s ❧✬éq✉❛t✐♦♥ ■✳✺✱ ♦♥ ❞♦✐t ❞♦♥❝ ❝♦♥s✐❞ér❡r ❧❡ ❝❤❛♠♣ t♦t❛❧ ❡t ♥♦♥ ♣❛s ❧❡ ❝❤❛♠♣ ❡①t❡r♥❡✳
❖r✱ ✐❧ ❡st ♣❧✉s ❝♦♠♠♦❞❡ ♣♦✉r ❧❡s ❝❛❧❝✉❧s ✉❧tér✐❡✉rs ❞✬✉t✐❧✐s❡r ❧❡ ❝❤❛♠♣ ❛♣♣❧✐q✉é ❝❛r ♦♥ ❧❡
❝♦♥♥❛ît✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❤❛♠♣ ❡✛❡❝t✐❢✳ ❖♥ ❞é✜♥✐t ❞♦♥❝ ✉♥ ❢❛❝t❡✉r ❡✛❡❝t✐❢ g ✿

Beff =
g

ge
Bext ✭■✳✼✮

❈❡ ❢❛❝t❡✉r g ❡st ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✉ s♣✐♥✳ ▲✬éq✉❛t✐♦♥ q✉✐ ❝❛r❛❝tér✐s❡ ❧❛
rés♦♥❛♥❝❡ s✬é❝r✐t ♠❛✐♥t❡♥❛♥t ❞✬❛♣rès ■✳✺ ❡t ■✳✻ ✿

hν = ∆U = gβeBext ✭■✳✽✮

h ❡t βe s♦♥t ❞❡s ❝♦♥st❛♥t❡s✳ P♦✉r ✉♥ s②stè♠❡ ❞♦♥♥é✱ g ❡st ✜①é✳ ❖♥ ♣❡✉t ❢❛✐r❡ ✈❛r✐❡r ❞❡✉①
♣❛r❛♠ètr❡s ✿ ❧❛ ❢réq✉❡♥❝❡ ❞✉ ❝❤❛♠♣ é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡①❝✐t❛t❡✉r ❡t ❧✬✐♥t❡♥s✐té ❞✉ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡ ❛♣♣❧✐q✉é✳ ❊♥ ❘P❊✱ ❧❛ ♠ét❤♦❞❡ ✉t✐❧✐sé❡ ❡st ❞❡ tr❛✈❛✐❧❧❡r à ❢réq✉❡♥❝❡ ✜①é❡ ❡t ❞❡
❜❛❧❛②❡r ❞❡s ✈❛❧❡✉rs ❞❡ ❝❤❛♠♣✳ ▲❡ s✐❣♥❛❧ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ rés♦♥❛♥❝❡ ❡st ✉♥ ♣✐❝ ❞♦♥t ❧❡
♠❛①✐♠✉♠ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r g✳ ❆✜♥ ❞✬❛✈♦✐r ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ♣ré❝✐s✐♦♥ s✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥
❞✉ ❢❛❝t❡✉r g✱ ❧❡ s♣❡❝tr❡ q✉✬♦♥ ♦❜t✐❡♥t ♣❛r ✉♥❡ ♠❡s✉r❡ ❞❡ ❘P❊ ❡st ❧❛ ❞ér✐✈é❡ ❞❡ ❝❡ s✐❣♥❛❧ ✭✈♦✐r
✜❣✉r❡ ■✳✶✮ ✿ ✐❧ ❡st ♣❧✉s ❢❛❝✐❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ♣♦s✐t✐♦♥ ❞✬✉♥ ③ér♦ q✉❡ ❝❡❧❧❡ ❞✬✉♥ ♠❛①✐♠✉♠✳
❆ ♣❛rt✐r ❞❡ ❧❛ ✈❛❧❡✉r ❞✉ ❝❤❛♠♣ ♣♦✉r ❧❡q✉❡❧ s❡ ♣r♦❞✉✐t ❧❛ rés♦♥❛♥❝❡✱ ♦♥ ❞é❞✉✐t ❧❡ ❢❛❝t❡✉r g
❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✉ s♣✐♥✳



✷✻✵

■✳✸ ▲✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡

▲❛ ❘P❊ ❛♣♣♦rt❡ é❣❛❧❡♠❡♥t ❞✬❛✉tr❡s ✐♥❢♦r♠❛t✐♦♥s✳ ❊♥ ❡✛❡t✱ ❧❡s ❞✐♣ô❧❡s ♠❛❣♥ét✐q✉❡s ✈♦✐✲
s✐♥s ✭s♣✐♥s é❧❡❝tr♦♥✐q✉❡s ♦✉ ♥✉❝❧é❛✐r❡s✮ ♦♥t ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ ❧♦❝❛❧❡ ❛✉ ❝❤❛♠♣ q✉✐ ❡st ♣r❛✲
t✐q✉❡♠❡♥t ✐♥❞é♣❡♥❞❛♥t❡ ❞✉ ❝❤❛♠♣ ❛♣♣❧✐q✉é✳ ▲✬é♥❡r❣✐❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❞❡✉① ❞✐♣ô❧❡s ❡st
❞♦♥♥é❡ ♣❛r ✿

Udipolar(~r) =
µ0

4π

[
~µe · ~µn
r3

− 3( ~µe · ~r)( ~µn · ~r)
r5

]
✭■✳✾✮

▲❡ ❝❤❛♠♣ ❧♦❝❛❧ ✐♥❞✉✐t ♣❛r ❝❡s ❞✐♣ô❧❡s ❞é♣❡♥❞ ❜❡❛✉❝♦✉♣ ❞❡ ❧❡✉r ét❛t ❞❡ s♣✐♥✳ ❆✐♥s✐✱ ❝♦♠♠❡
♣❧✉s✐❡✉rs ét❛ts ❞❡ s♣✐♥s s♦♥t ♣♦ss✐❜❧❡s✱ ✐❧ ② ❛ ♣❧✉s✐❡✉rs ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞♦♥❝ ♣❧✉s✐❡✉rs ✈❛❧❡✉rs
❞✉ ❝❤❛♠♣ ❞❡ rés♦♥❛♥❝❡ ✿ ❧❡ ♣✐❝ ❞❡ rés♦♥❛♥❝❡ s❡ ❞é❞♦✉❜❧❡ ♣♦✉r ✉♥ s♣✐♥ ■ ❂ ✶✴✷ ♣❛r ❡①❡♠♣❧❡✶✳
❈❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❡st ❞✐t❡ ❤②♣❡r✜♥❡✳ ❈❡tt❡ ✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ ❧✐❡ ❧❡s ♠♦♠❡♥ts é❧❡❝tr♦♥✐q✉❡
❡t ♥✉❝❧é❛✐r❡✳ ▲❡ ❝❛❧❝✉❧ ❞❡ ❝❡ ❝❤❛♠♣ ❞♦♥♥❡ ❛❝❝ès à ❧❛ ❝♦♥st❛♥t❡ ❤②♣❡r✜♥❡ ❞❡ ❝♦✉♣❧❛❣❡ A0✳

Udipolar(~r) = A0
~S · ~I ✭■✳✶✵✮

▲✬❍❛♠✐❧t♦♥✐❡♥ ❞❡ s♣✐♥ t♦t❛❧ ❡st ❧❛ s♦♠♠❡ ❞❡ t♦✉t❡s ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ♣ré❝❡♠♠❡♥t ❡①♣♦✲
sé❡s ✿

Ĥ = gβeBŜz −
∑

i

gniβniBÎiz +
∑

i

AoiŜz Îiz ✭■✳✶✶✮

▲❡ ♣r❡♠✐❡r t❡r♠❡ ❡st ❧✬é♥❡r❣✐❡ ❩❡❡♠❛♥ é❧❡❝tr♦♥✐q✉❡✱ ❧❡ s❡❝♦♥❞ ❡st ❧✬é♥❡r❣✐❡ ❩❡❡♠❛♥ ♥✉❝❧é❛✐r❡✷

❡t ❧❡ tr♦✐s✐è♠❡ ❡st ❧✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡✳ Aoi ❡st ❧❛ ❝♦♥st❛♥t❡ ❤②♣❡r✜♥❡ ❞❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡
❧✬é❧❡❝tr♦♥ ❡t ❧❡ ♥♦②❛✉ ✐✳ ❖♥ ♣❡✉t ❧✬❡①♣r✐♠❡r ❡♥ ✉♥✐té ❞❡ ❝❤❛♠♣ ✿ ao = Ao/geβe✱ ♦♥ ❧✬❛♣♣❡❧❧❡
❛❧♦rs s♣❧✐tt✐♥❣ ❤②♣❡r✜♥✳ ▲❡ t❡r♠❡ ❩❡❡♠❛♥ ♥✉❝❧é❛✐r❡ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❤②♣❡r✜♥❡ s♦♥t ❡♥ ❣é♥ér❛❧
♣❡t✐ts ❞❡✈❛♥t ❧❡ t❡r♠❡ ❩❡❡♠❛♥ é❧❡❝tr♦♥✐q✉❡✳

■✳✹ ❆♥✐s♦tr♦♣✐❡

P❧✉s ❣é♥ér❛❧❡♠❡♥t✱ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✉ s♣✐♥ é❧❡❝tr♦♥✐q✉❡ ♥✬❡st ♣❛s ✐s♦tr♦♣❡✳ ▲❡ ❝❤❛♠♣ ❞❡
rés♦♥❛♥❝❡ ♥✬❡st ♣❛s ❧❡ ♠ê♠❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s♦♥ ♦r✐❡♥t❛t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉① ❛①❡s ♣r✐♥❝✐♣❛✉①
❞✉ s✐t❡✳ P❛r ❡①❡♠♣❧❡✱ ♣♦✉r ❞❡s ❝❤❛♠♣s r❡s♣❡❝t✐✈❡♠❡♥t ♣❛r❛❧❧è❧❡ ❡t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉① ❛①❡s
♣r✐♥❝✐♣❛✉① ❞✬✉♥ ❝r✐st❛❧ ❞❡ s②♠étr✐❡ ❛①✐❛❧❡✱ ♦♥ ❞é✜♥✐t ❞❡✉① ❢❛❝t❡✉rs ❣ ✿

g‖ =
hν

βeB‖
✭■✳✶✷✮

g⊥ =
hν

βeB⊥
✭■✳✶✸✮

❉❛♥s ❧❡ t❡♥s❡✉r ❩❡❡♠❛♥✱ ❧❡s ✈❛❧❡✉rs ♣r✐♥❝✐♣❛❧❡s ♥❡ ✈♦♥t ♣❛s êtr❡ é❣❛❧❡s ✿



g‖ 0 0
0 g⊥ 0
0 0 g⊥





▲❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ rés♦♥❛♥❝❡ ✈❛r✐❡ ❞♦♥❝ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ❞✉ ❝❤❛♠♣✳ ▲❡ ❢❛❝t❡✉r g ❝♦rr❡s✲
♣♦♥❞❛♥t à ✉♥ ❝❤❛♠♣ ♦r✐❡♥té ❛❧é❛t♦✐r❡♠❡♥t ♣❛r r❛♣♣♦rt à ❧✬❛①❡ ❞❡ s②♠étr✐❡ ❞✉ ❝r✐st❛❧ ✭❛♥❣❧❡
θ✮ ❛ ❧❛ ❢♦r♠❡ ✿

g2 = g2
⊥sin

2θ + g2
‖cos

2θ ✭■✳✶✹✮

✶q✉❛♥❞ ❧❡ s♣✐♥ ✈❛✉t ■✱ ❧❛ ♠✉❧t✐♣❧✐❝✐té ❞✉ ♣✐❝ ❡st ✷■✰✶
✷❧❛ s♦♠♠❡ s✉r ✐ ❝♦rr❡s♣♦♥❞ ❛✉① ❞✐✛ér❡♥ts ♥♦②❛✉① ✈♦✐s✐♥s ❞❡ ❧✬é❧❡❝tr♦♥
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❉❛♥s ✉♥ ✈❡rr❡✱ q✉✬♦♥ ♣❡✉t ❝♦♥s✐❞ér❡r ❝♦♠♠❡ ✉♥❡ ♣♦✉❞r❡ ❞❡ ♠♦♥♦❝r✐st❛✉①✱ t♦✉t❡s ❧❡s
♦r✐❡♥t❛t✐♦♥s ❞❡s ❛①❡s ❞❡ s②♠étr✐❡ ♣❛r r❛♣♣♦rt ❛✉ ❝❤❛♠♣ s♦♥t éq✉✐♣r♦❜❛❜❧❡s✳ ❖♥ ❞♦✐t ❞♦♥❝
s♦♠♠❡r s✉r t♦✉t❡s ❧❡s ✈❛❧❡✉rs ❞❡ θ✳ ❖♥ ♦❜t✐❡♥t✱ ❛♣rès ❝❛❧❝✉❧s✱ ✉♥❡ ❞✐✈❡r❣❡♥❝❡ ❞✉ s✐❣♥❛❧ ❘P❊
♣♦✉r B⊥ ❡t ✉♥❡ ✈❛❧❡✉r ✜♥✐❡ ♥♦♥ ♥✉❧❧❡ ♣♦✉r B‖✳

❋✐❣✳ ■✳✶✿ ❙✐❣♥❛❧ ❘P❊ S ❡t s❛ ❞ér✐✈é❡ S′ ♣♦✉r ✉♥ ❢❛❝t❡✉r ❣ ❛♥✐s♦tr♦♣❡ ✭s②♠étr✐❡
✉♥✐❛①✐❛❧❡✮✳

▲✬✐♥t❡r❛❝t✐♦♥ ❞✐♣♦❧❛✐r❡ ❡❧❧❡ ❛✉ss✐ ♣❡✉t êtr❡ ❛♥✐s♦tr♦♣❡✳ ▲❛ ❝♦♥st❛♥t❡ ❞❡ ❝♦✉♣❧❛❣❡ ❤②♣❡r✜♥
❆ ❡st é❣❛❧❡♠❡♥t ✉♥❡ ♠❛tr✐❝❡ q✉✐ ♣❡✉t ❛✈♦✐r ❞❡s ✈❛❧❡✉rs ♣r✐♥❝✐♣❛❧❡s ❞✐✛ér❡♥t❡s✳
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❘és✉♠é ✿ ▲❛ s②♥t❤ès❡ ❞❛♥s ✉♥ ✈❡rr❡ ❞✬❛❣ré❣❛ts ♠ét❛❧❧✐q✉❡s ♦✉ s❡♠✐❝♦♥❞✉❝t❡✉rs ♣❡r♠❡t ❧✬ét✉❞❡ ❞❡ ❧❡✉rs

♣r♦♣r✐étés ✐♥tr✐♥sèq✉❡s ❡t ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ❞✐s♣♦s✐t✐❢s ♣♦✉r ❧✬♦♣t♦é❧❡❝tr♦♥✐q✉❡✳ ▲✬✐♠♣❧❛♥t❛t✐♦♥ ✐♦♥✐q✉❡ ♣❡r✲

♠❡t ❡♥ ♣r✐♥❝✐♣❡ ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡s ❧✐♠✐t❡s ❞❡ s♦❧✉❜✐❧✐té✱ ♠❛✐s ♣❡r♠❡t✲❡❧❧❡ ✉♥ ❝♦♥trô❧❡ ❞❡ ❧❛ ❞❡♥s✐té✱ ❧❛ t❛✐❧❧❡

♠♦②❡♥♥❡ ❡t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡s ❞❡s ❛❣ré❣❛ts ré❛❧✐sés ❄ ◆♦✉s ❛✈♦♥s ét✉❞✐é ❧❡s ❡✛❡ts ❞❡ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ✿

é❝❛rt à ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡✱ ❡t ❞é♣ôt ❞✬é♥❡r❣✐❡ ❣é♥ér❛t❡✉r ❞❡ ♣♦rt❡✉rs ✭é❧❡❝tr♦♥s ❡t tr♦✉s✮ ❝❤❛r❣és✳

◆♦✉s ♠♦♥tr♦♥s ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬♦①②❞♦ré❞✉❝t✐♦♥ ❞✉❡ ❛✉ ♣❛ss❛❣❡ ❡t à ❧✬❛rrêt ❞❡s ✐♦♥s✱ ❡t ❢❛✐s♦♥s ✈❛r✐❡r ❧❛

❞❡♥s✐té ❞✬é♥❡r❣✐❡ ❞é♣♦sé❡ ♣♦✉r ✐♥❞✉✐r❡ ❞❡s ❝♦♥❞✐t✐♦♥s ré❞✉❝tr✐❝❡s ❢❛✈♦r❛❜❧❡s à ❧❛ ♣ré❝✐♣✐t❛t✐♦♥ ❞✬❛❣ré❣❛ts

♠ét❛❧❧✐q✉❡s✳ ▲❡ ♠é❝❛♥✐s♠❡ ❞✬❛❣ré❣❛t✐♦♥ ❞❡ Ag ❞❛♥s ❧❡ ✈❡rr❡ ❡st ❛♥❛❧♦❣✉❡ à ❝❡❧✉✐ ❞❡ ❧❛ ♣❤♦t♦❣r❛♣❤✐❡✳ ◆♦✉s

❛✈♦♥s ❡♥s✉✐t❡ ét✉❞✐é ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts ❞❡ s❡♠✐❝♦♥❞✉❝t❡✉rs ❝♦♠♣♦sés ✲ ❧❡s ❝❤❛❧❝♦❣é♥✉r❡s ❞❡ ♣❧♦♠❜

✭PbS✱ PbSe✱ PbTe✮✱ ❛✉① ♣r♦♣r✐étés ♦♣t✐q✉❡s ✐♥tér❡ss❛♥t❡s✳ ◆♦✉s ♠❡tt♦♥s ❡♥ é✈✐❞❡♥❝❡ ❧❡s ❡✛❡ts ❝♦♠♣❧❡①❡s ❞❡

❧❛ ❝❤✐♠✐❡ r❡❞♦① ❞❡s ❝❤❛❧❝♦❣è♥❡s✱ ❡t ❧❡✉r ❧✐❡♥ ❛✈❡❝ ❧❛ ♣❡rt❡ ❞❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬❛❣ré❣❛ts s②♥t❤ét✐sés

❛♣rès ✐♠♣❧❛♥t❛t✐♦♥ séq✉❡♥t✐❡❧❧❡ ❞❡ Pb ❡t S✳ ◆♦✉s ❞é✈❡❧♦♣♣♦♥s ✉♥❡ ♥♦✉✈❡❧❧❡ s②♥t❤ès❡ ❝♦♥trô❧é❡ ❞✬❛❣ré❣❛ts ❞❡

PbS ❝♦♥s✐st❛♥t✱ ❛✈❛♥t r❡❝✉✐t✱ à ✐♠♣❧❛♥t❡r ❞✉ s♦✉❢r❡ ❞❛♥s ❞❡s ✈❡rr❡s ❛✉ Pb✳ ▲❡ ❝❤♦✐① ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉

✈❡rr❡ ♣❡r♠❡t ❞❡ ❝♦♥trô❧❡r ❧❛ ❝r♦✐ss❛♥❝❡✱ ❡t ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ S ♣❡r♠❡t ❞✬❛tt❡✐♥❞r❡ ❞❡s ❢r❛❝t✐♦♥s ✈♦❧✉♠✐q✉❡s

✐♠♣♦rt❛♥t❡s✳ ▲❡s ♣r♦♣r✐étés ❞✬é♠✐ss✐♦♥ ♦♣t✐q✉❡ ❞❡ ❝❡s ❛❣ré❣❛ts ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ✭✈❡rs 1, 5 µm✮ ❢♦♥t ❛♣♣❛✲

r❛îtr❡ ✉♥❡ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞✬❡①❝✐t❛t✐♦♥ très ✐♠♣♦rt❛♥t❡ ❡t ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ♥✐✈❡❛✉ ❞✬✧❡①❝✐t♦♥ ♥♦✐r✧✳
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