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▲✬❛❝❤%✈❡♠❡♥* ❞❡ ❝❡, -✉❛*/❡, ❛♥♥0❡, ❞❡ *❤%,❡ /❡♣/0,❡♥*❡ ♣♦✉/ ♠♦✐ 4 ❧❛ ❢♦✐, ✉♥

❛❝❝♦♠♣❧✐,,❡♠❡♥*✱ ❡* ✉♥ ♥♦✉✈❡❛✉ ❞0♣❛/*✳ ❉✉/❛♥* ❝❡**❡ ♣0/✐♦❞❡✱ ❥✬❛✐ ♣✉ ❛♣♣/♦✲

❢♦♥❞✐/ ♠❡, ❝♦♥♥❛✐,,❛♥❝❡,✱ /0❛❧✐,❡/ ❞❡, ❡①♣0/✐❡♥❝❡, ✐♥*0/❡,,❛♥*❡, ❡* /❡♥❝♦♥*/❡/

❞❡, ❣❡♥, ♣❛,,✐♦♥♥❛♥*,✳ ❈✬❡,* 4 ❡✉① -✉❡ ❥❡ ❞0❞✐❡ ❝❡**❡ ♣❛❣❡✳

❏✬❛✐♠❡/❛✐, *♦✉* ❞✬❛❜♦/❞ /❡♠❡/❝✐❡/ ❈❤/✐,*✐♥❡ ❇♦❡❣❧✐♥✱ -✉✐ ♠✬❛ ♣/♦♣♦,0

❝❡**❡ *❤%,❡✱ ❛♣/%, ♠❛ ❝❛♥❞✐❞❛*✉/❡ ♣♦✉/ ❧❡ ,✉❥❡* ❊✉/♦♣0❡♥✳ ❏❡ ♥✬❛✉/❛✐, ♣/♦✲

❜❛❜❧❡♠❡♥* /✐❡♥ ♣✉ /0❛❧✐,❡/ 4 ❧✬■D❈▼❙ ,❛♥, ,♦♥ ❛✐❞❡✳ ❏✬❛✐♠❡/❛✐, ❛✉,,✐ ❧❛ /❡✲

♠❡/❝✐❡/ ♣♦✉/ ,♦♥ ❡♥❝❛❞/❡♠❡♥* ❞✉/❛♥* ❝❡, -✉❛*/❡, ❛♥♥0❡,✱ ,❛ ♣/0,❡♥❝❡ ❡* ,♦♥

,♦✉*✐❡♥✱ ♥♦*❛♠♠❡♥* ❧♦/, ❞❡ ♥♦, ❞0♣❧❛❝❡♠❡♥*, ✈❡/, ❧❡, */%, ❣/❛♥❞, ✐♥,*/✉✲

♠❡♥*, ❞❡ /❡❝❤❡/❝❤❡ ✭❚●■❘✮✱ *❡❧ -✉❡ ❇❊❙❙❨ ❡* ❧❡ ❳❋❡❧✳

❏❡ /❡♠❡/❝✐❡ 0❣❛❧❡♠❡♥* ▼❛**❤✐❡✉ ❇❛✐❧❧❡✉❧✱ ♣♦✉/ ❛✈♦✐/ ❛❝❝❡♣*0 ❞✬O*/❡ ♠♦♥

❝♦✲❞✐/❡❝*❡✉/ ❞❡ *❤%,❡✱ ♣♦✉/ ,♦♥ ❛✐❞❡ ❡* ,❛ /✐❣✉❡✉/ ❝♦♥*❛❣✐❡✉,❡✳ ❏❡ ❧✉✐ ,✉✐,

/❡❝♦♥♥❛✐,,❛♥* ❞✬❛✈♦✐/ ❢❛✐* ❞❡ ,♦♥ ♠✐❡✉① ♣♦✉/ -✉❡ ❥❡ ♣✉✐,,❡ ❛✈♦✐/ ❛❝❝%, ❛✉

♠❛*0/✐❡❧ ❞♦♥* ❥✬❛✈❛✐, ❜❡,♦✐♥ ♣♦✉/ ❧❛ ♣♦✉/,✉✐*❡ ❞❡ ❝❡**❡ *❤%,❡✱ ❡* ❞❡ ♠✬❛✈♦✐/

♣❡/♠✐, ❞❡ ❧❛ /0❛❧✐,❡/ ❞❛♥, ❞❡, ❝♦♥❞✐*✐♦♥, ♦♣*✐♠❛❧❡,✳

▼❡/❝✐ 4 ◆✐❝♦❧❛, ❇❡/❣❡❛/❞✱ ♣♦✉/ *♦✉*❡, ❧❡, ♣/0❝✐,✐♦♥, ❛♣♣♦/*0❡,✱ *❛♥* *❡❝❤✲

♥✐-✉❡, -✉❡ ,❝✐❡♥*✐✜-✉❡,✳ ❙♦♥ ❡♥❝❛❞/❡♠❡♥* 4 ❙♦❧❡✐❧ ❡* 4 ❇❡,,② ■■✱ ❧❛ ❜♦♥♥❡

❤✉♠❡✉/ ❞♦♥* ✐❧ ❛ ❢❛✐* ♣/❡✉✈❡ ❛✐♥,✐ -✉❡ ,❛ ♣❛*✐❡♥❝❡ ♦♥* 0*0 ❞❡, 0❧0♠❡♥*, ❝❧❡❢,

♣♦✉/ ❧❛ /0✉,,✐*❡ ❞❡ ❝❡ ♣/♦❥❡*✳

▼❡/❝✐ 4 ▼✐/❝❡❛ ❱♦♠✐/ ♣♦✉/ ♠✬❛✈♦✐/ ❡♥❝❛❞/0 ,✉/ ❧❡ ♠♦♥*❛❣❡ ❞❡ ❝❛/❛❝*0/✐✲

,❛*✐♦♥ ❞❡, 0♠❡**❡✉/, ❚❍③✱ ❡* ♣♦✉/ ❛✈♦✐/ ❝❛❧✐❜/0 ❧❡, ❞✐✛0/❡♥*, 0❧0♠❡♥*, ❛②❛♥*

♣❡/♠✐, ❧❛ ♠❡,✉/❡✳

▼❡/❝✐ 4 ▼✐❝❤❡❧ ❍❡❤♥ ♣♦✉/ ❛✈♦✐/ /0❛❧✐,0 *♦✉*❡, ❧❡, ♠✉❧*✐❝♦✉❝❤❡, ♣/0,❡♥*0❡,

❞❛♥, ❝❡ ♠❛♥✉,❝/✐*✳

▼❡/❝✐ 0❣❛❧❡♠❡♥* 4 ❏❡❛♥✲❙0❜❛,*✐❡♥ ❡* 4 ❏❡❛♥✲D✐❡//❡ ❋/♦❜❡/❣❡/✳ ◆♦, ❞✐,✲

❝✉,,✐♦♥, ❝♦♥,✐,*❛♥* 4 ❝❤❛♥❣❡/ ❧❡ ♠♦♥❞❡ 4 ❣/❛♥❞, ❝♦✉♣, ❞❡ ✧,✐✧ 0*❛✐❡♥* ❞❡,

♣❧✉, ❛❣/0❛❜❧❡,✳

❏✬❛✐♠❡/❛✐, 0❣❛❧❡♠❡♥* /❡♠❡/❝✐❡/ ❙❛❜✐♥❡ ❙✐❡❣✇❛❧❞✱ ❘♦♠❛✐♥ ❇❡/♥❛/❞ ❡* ❍✐✲

❝❤❛♠ ▼❛❥❥❛❞ ♣♦✉/ ♠✬❛✈♦✐/ ❢♦/♠0 ❛✉① ❞✐✛0/❡♥*, ❛♣♣❛/❡✐❧, ♣/0,❡♥*, ❡♥ ,❛❧❧❡

❜❧❛♥❝❤❡✱ ❛✐♥,✐ -✉❡ ❏♦,0 ❙♦❧❛♥♦ ❡* ▼❛*❤✐❛, ●/❛,,✐✱ ♣♦✉/ ♠✬❛✈♦✐/ 0♥♦/♠0♠❡♥*

❛✐❞0 ❧♦/, ❞❡ ♠❡, ♠❛♥✐♣✉❧❛*✐♦♥,✳

▼❡/❝✐ 0❣❛❧❡♠❡♥* 4 ❉❡❡❦,❤❛ ●✉♣*❛ ♣♦✉/ ,❛ ♣/0,❡♥❝❡ ❡* ,❛ ❜♦♥♥❡ ❤✉♠❡✉/✳
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❖✉" ♦❢ "❤❡ ♥✐❣❤" "❤❛" ❝♦✈❡-. ♠❡✱

❇❧❛❝❦ ❛. "❤❡ ♣✐" ❢-♦♠ ♣♦❧❡ "♦ ♣♦❧❡✱

■ "❤❛♥❦ ✇❤❛"❡✈❡- ❣♦❞. ♠❛② ❜❡

❋♦- ♠② ✉♥❝♦♥;✉❡-❛❜❧❡ .♦✉❧✳

■♥ "❤❡ ❢❡❧❧ ❝❧✉"❝❤ ♦❢ ❝✐-❝✉♠."❛♥❝❡

■ ❤❛✈❡ ♥♦" ✇✐♥❝❡❞ ♥♦- ❝-✐❡❞ ❛❧♦✉❞✳

❯♥❞❡- "❤❡ ❜❧✉❞❣❡♦♥✐♥❣. ♦❢ ❝❤❛♥❝❡

▼② ❤❡❛❞ ✐. ❜❧♦♦❞②✱ ❜✉" ✉♥❜♦✇❡❞✳

❇❡②♦♥❞ "❤✐. ♣❧❛❝❡ ♦❢ ✇-❛"❤ ❛♥❞ "❡❛-.

▲♦♦♠. ❜✉" "❤❡ ❍♦--♦- ♦❢ "❤❡ .❤❛❞❡✱

❆♥❞ ②❡" "❤❡ ♠❡♥❛❝❡ ♦❢ "❤❡ ②❡❛-.

❋✐♥❞. ❛♥❞ .❤❛❧❧ ✜♥❞ ♠❡ ✉♥❛❢-❛✐❞✳

■" ♠❛""❡-. ♥♦" ❤♦✇ ."-❛✐" "❤❡ ❣❛"❡✱

❍♦✇ ❝❤❛-❣❡❞ ✇✐"❤ ♣✉♥✐.❤♠❡♥". "❤❡ .❝-♦❧❧✱

■ ❛♠ "❤❡ ♠❛."❡- ♦❢ ♠② ❢❛"❡ ✿

■ ❛♠ "❤❡ ❝❛♣"❛✐♥ ♦❢ ♠② .♦✉❧✳

■♥✈✐❝"✉.

❲✐❧❧✐❛♠ ❊-♥❡." ❍❡♥❧❡②
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❛✈❡❝ ❞❡# ✐♠♣✉❧#✐♦♥# ❞❡ ✻✵ ❢# ♣♦✉( ❞.#❛✐♠❛♥&❡( ✉♥ ✜❧♠ ❞❡ ◆✐✳ ❈❡❝✐ ❛ ♦✉✈❡(&

❧❛ ✈♦✐❡ 4 ❞❡ ♥♦♠❜(❡✉#❡# (❡❝❤❡(❝❤❡#✳ ❆✐♥#✐✱ ❞❡ ❢❛?♦♥ ♣(.❝♦❝❡ ❘✳❋✳❈ ❋❛((♦✇ ❡&

#♦♥ .0✉✐♣❡✱ .&✉❞✐❡ ❧❛ (♦&❛&✐♦♥ ❞❡ ❧✬❛✐♠❛♥&❛&✐♦♥ 4 ❧✬✐♥&❡(❢❛❝❡ ❞❡ ❞❡✉① ❝♦✉❝❤❡#

❢❡((♦♠❛❣♥.&✐0✉❡# ❡& ❛♥&✐❢❡((♦♠❛❣♥.&✐0✉❡# ❬✺✻❪✳ ❈❡& ✐♥&.(W& ♣❡(#✐#&❡ ❛✉❥♦✉(✲

❞✬❤✉✐✱ ❛✈❡❝✱ ♣❛( ❡①❡♠♣❧❡✱ ❧✬.&✉❞❡ ❞❡ ❧❛ ❞②♥❛♠✐0✉❡ ❞❡ ❞.#❛✐♠❛♥&❛&✐♦♥ ❞❛♥# ❧❡

❜✉❧❦ ❞✬✉♥ .❝❤❛♥&✐❧❧♦♥ ❞❡ ◆✐✭✶✺ ♥♠✮✴E❞✭✸✺ ♥♠✮✱ (.❛❧✐#. ♣❛( ❏ ❊♠♠❛♥✉❡❧❧❡

❡& ❛❧✳ ❬✺✹❪✳ ❊♥ ❡✛❡&✱ ❧❡ ❝♦♥&(`❧❡ ♦♣&✐0✉❡ (❡#&❡ ✉♥❡ ♠.&❤♦❞❡ ✐♠♣♦(&❛♥&❡ ♣♦✉(

❧✬.&✉❞❡ ❞❡ ❧✬❛✐♠❛♥&❛&✐♦♥ ❬✶✷❪ ❡& ❧❛ ❧✐&&.(❛&✉(❡ 4 ❝❡ #✉❥❡& ❡#& ❛❜♦♥❞❛♥&❡✳ ❬✺✻✱

✶✶✶✱ ✶✶✵✱ ✷✽✱ ✶✷✵✱ ✹✾✱ ✾✷✱ ✶✷✱ ✸✼✱ ✻✵✱ ✼✸✱ ✺✹❪✳ ▲❛ ❧♦♥❣✉❡✉( ❞✬♦♥❞❡ ✉&✐❧✐#.❡

♣♦✉( ❧❛ ♣❧✉♣❛(& ❞❡# ❡①♣.(✐❡♥❝❡# ❡#& λ ❂ ✼✽✵ ✲ ✽✵✵ ♥♠✱ #♦✐& Ehν ❂ ✶✱✺✺ ❡❱✱
0✉✐ #❡ #✐&✉❡ ❞❛♥# ❧✬✐♥❢(❛(♦✉❣❡ ✭■❘✮✳ ▲❛ ❧✉♠✐;(❡ ❧❛#❡( ❡#& ✉&✐❧✐#.❡ ♣♦✉( ❡①❝✐&❡(

♦♣&✐0✉❡♠❡♥& ❧❡ ♠❛&.(✐❛✉✳ ▲❡ ♣(♦❝❡##✉# ♣❡✉& W&(❡ ❞.❝(✐& ❡♥ &(♦✐# .&❛♣❡# #✉❝✲

❝❡##✐✈❡# ✭✜❣✉(❡ ■✳✶✮✳ ❉❛♥# ❧❛ ♣(❡♠✐;(❡ .&❛♣❡✱ ❞❡# .❧❡❝&(♦♥# ❛❜#♦(❜❡♥& ❧✬.♥❡(❣✐❡

♣♦(&.❡ ♣❛( ❧❡# ♣❤♦&♦♥#✱ ❝❡ 0✉✐ ✐♥❞✉✐& ❞❡# &(❛♥#✐&✐♦♥# .❧❡❝&(♦♥✐0✉❡#✳ ❈♦♠♠❡

♥♦✉# ❧❡ ✈❡((♦♥# ♣❧✉# &❛(❞✱ ❧❡# .❧❡❝&(♦♥# ❡①❝✐&.# ❞❡ ❝❡&&❡ ❢❛?♦♥ ♣❡✉✈❡♥& #❡ ❞.✲

♣❧❛❝❡( ❞❛♥# ❧❡ ♠❛&.(✐❛✉ #✉( ♣❧✉#✐❡✉(# ♥❛♥♦♠;&(❡#✳ ▲❛ ❞❡♥#✐&. ❞✬.&❛& ♥❡ #✉✐&

❛❧♦(# ♣❧✉# ✉♥❡ ❞✐#&(✐❜✉&✐♦♥ ❞❡ ❋❡(♠✐✲❉✐(❛❝ ✿ ❡❧❧❡ ❡#& ❛❧♦(# ❤♦(# .0✉✐❧✐❜(❡✳ ❖♥

♥❡ ♣❡✉& ❞✬❛✐❧❧❡✉(# ♣❛# ❞.✜♥✐( ❞❡ &❡♠♣.(❛&✉(❡ ♣♦✉( ❧❡ ♠❛&.(✐❛✉ 4 ❝❡ #&❛❞❡✳

E❡♥❞❛♥& ❧❡# ✶✵✵ ❢# #✉✐✈❛♥&❡#✱ ❧❡# .❧❡❝&(♦♥# ❝❤❛✉❞# ✈♦♥& .❝❤❛♥❣❡( ❞❡ ❧✬.♥❡(✲

❣✐❡ ❛✈❡❝ ❧❡ (❡#&❡ ❞✉ ♥✉❛❣❡ .❧❡❝&(♦♥✐0✉❡✱ ♣❛( ❝❤♦❝# #✉❝❝❡##✐❢#✳ ❈❡ ♣(♦❝❡##✉#

❝♦♥❞✉✐& ❧❡ ♥✉❛❣❡ .❧❡❝&(♦♥✐0✉❡ 4 ❧❛ &❤❡(♠❛❧✐#❛&✐♦♥ ❞❡# .❧❡❝&(♦♥# ✭✜❣✉(❡ ■✳✶✮✳

▲♦(#0✉❡ ❧❛ &❤❡(♠❛❧✐#❛&✐♦♥ ❡#& ❡✛❡❝&✉.❡✱ ✐❧ ❡#& ♣♦##✐❜❧❡ ❞❡ ❞.✜♥✐( ✉♥❡ &❡♠♣.✲

(❛&✉(❡ .❧❡❝&(♦♥✐0✉❡ ❚e✳ ❆✉① &❡♠♣# ✉❧&(❛✲❝♦✉(&#✱ ❝❡❧❧❡✲❝✐ ❡#& ♣❧✉# ✐♠♣♦(&❛♥&❡

0✉❡ ❧❛ &❡♠♣.(❛&✉(❡ ❞✉ (.#❡❛✉ ❚r✳ ❈❡&&❡ ❞❡(♥✐;(❡ ✈❛ ❞✬❛✐❧❧❡✉(# ❛✉❣♠❡♥&❡( ❡♥

.❝❤❛♥❣❡❛♥& ❞❡ ❧✬.♥❡(❣✐❡ ❛✈❡❝ ❧❡# .❧❡❝&(♦♥#✳ ▲❡ ♠❛&.(✐❛✉ ✈❛ ❡♥#✉✐&❡ ❞✐##✐♣❡(

❧✬.♥❡(❣✐❡ #♦✉# ❢♦(♠❡ &❤❡(♠✐0✉❡✳ ➚ ❧✬.0✉✐❧✐❜(❡✱ ✉♥ ♠❛&.(✐❛✉ ❢❡((♦ ♦✉ ❢❡((✐♠❛✲

❣♥.&✐0✉❡✱ ♣(.#❡♥&❡ ❧❡# ♠♦♠❡♥&# ❞❡ #♣✐♥ ❛❧✐❣♥. ❞❡ ♠❛♥✐;(❡ ❝♦❧✐♥.❛✐(❡ ❞❛♥# ✉♥❡

❞✐(❡❝&✐♦♥✳ ▲♦(# ❞❡# .&❛♣❡# ✷ ❡& ✸ ♣(.#❡♥&.❡# ❞❛♥# ❧❛ ✜❣✉(❡ ■✳✶✱ ❧❡# #♣✐♥# ❞❡#

.❧❡❝&(♦♥# ❡①❝✐&.# ♥❡ #❡(♦♥& ♣❧✉# ♦(❞♦♥♥.# ❝♦♠♠❡ ❞❛♥# ❧✬.&❛& 4 ❧✬.0✉✐❧✐❜(❡✱ ❡&

❈❤❛♣✐&(❡ ■ ▼❛&&❤✐❛# E❛❝. ✶✻



t0

74 26 71 29



 ♣✐♥ ❡% ❧❡ ♣❤♦♥♦♥ ✱ *♥❡+❣✐❡ ❞✉ +* ❡❛✉✳ ➚ ❧✬*3✉✐❧✐❜+❡✱ ❧❡ %+♦✐ ❜❛✐♥ ♦♥% ❧❛

♠6♠❡ %❡♠♣*+❛%✉+❡ ❡%  ♦♥% 7 ❧✬*3✉✐❧✐❜+❡✳ ▲❡ ♣❛  ❛❣❡ ❞❡ *❧❡❝%+♦♥ ❞✬✉♥❡ ❞✐ ✲

%+✐❜✉%✐♦♥ ❞❡ ❋❡+♠♦✲❉✐+❛❝ 7 ✉♥❡ ❞✐ %+✐❜✉%✐♦♥ ❛%❤❡+♠❛❧❡✱ ♣❛+ ❧✬❡①❝✐%❛%✐♦♥ ❧✉✲

♠✐♥❡✉ ❡✱ ❡ % ❝♦♥ ✐❞*+*❡ ❝♦♠♠❡ ✐♥ %❛♥%❛♥*❡✱ ❝❛+ ❜✐❡♥ ♣❧✉ +❛♣✐❞❡ 3✉❡ ❧❡ 

♣❤*♥♦♠>♥❡ ❞❡ %❤❡+♠❛❧✐ ❛%✐♦♥✳ ❈❡%%❡ %+❛♥ ✐%✐♦♥ 7 ✉♥❡ ❞✐ %+✐❜✉%✐♦♥ ❛%❤❡+✲

♠❛❧❡✱ ♥❡ ♣❡✉% ♣❛ 6%+❡ ❞*❝+✐%❡ ♣❛+ ❧❡ ♠♦❞>❧❡✱ ♣✉✐ 3✉❡ ❧❡ ❜❛✐♥ %❤❡+♠✐3✉❡ 

+❡♣+* ❡♥%❡♥% ❧✬❡♥ ❡♠❜❧❡ ❞❡ *❧*♠❡♥% 3✉✐ ❧❡ ❝♦♠♣♦ ❡♥%✳ ❖♥ ♥❡ ♣❡✉% ❞♦♥❝

♣❛ ❢❛✐+❡ ❞❡ ❞✐ %✐♥❝%✐♦♥ ❡♥%+❡ ❧❡ *❧❡❝%+♦♥ ❛②❛♥% *%* ❡①❝✐%* ❡% ❧❡ ❛✉%+❡ ✳

▲❡ *❧❡❝%+♦♥  ❡ %❤❡+♠❛❧✐ ❡♥% ❡% ❧❛ ❝❤❛❧❡✉+ ❡ % ❛❧♦+ +*♣❛+%✐❡ ❡♥%+❡ %♦✉ ❧❡ 

*❧❡❝%+♦♥ ✳ ▲❡ ❜❛✐♥ ♣❡✉% ❛%%❡✐♥❞+❡ ❞❡ %❡♠♣*+❛%✉+❡ ❞❡ ❧✬♦+❞+❡ ❞✉ ♠✐❧❧✐❡+ ❞❡

❞❡❣+* ❡♥ ✉♥ %❡♠♣ ❞❡ ❧✬♦+❞+❡ ❞❡ ✶✵✵ ❢ ✳ ▲✬*♥❡+❣✐❡ ❡ % ❡♥ ✉✐%❡ +*♣❛+%✐❡ ❡♥%+❡

❧❡ ❞❡✉① ❛✉%+❡ ❜❛✐♥ ✱ ❡♥ ❢♦♥❝%✐♦♥ ❞❡ ❧❡✉+ ❝♦♥ %❛♥%❡ ❞❡ ❝♦✉♣❧❛❣❡ ❡% ❞❡ ❧❡✉+ 

❝❛♣❛❝✐%* %❤❡+♠✐3✉❡ +❡ ♣❡❝%✐✈❡ ✳ ■❧ ❡ % 7 ♥♦%❡+ 3✉❡ ❧❡ ♠♦❞>❧❡ ♥❡ ♣+❡♥❞ ♣❛ 

❡♥ ❝♦♠♣%❡ ✉♥ ❝♦✉♣❧❛❣❡ ❛✈❡❝ ✉♥ %❤❡+♠♦ %❛% ❡①%*+✐❡✉+✳ ❈❡❝✐  ✬❡①♣❧✐3✉❡ ♣❛+

❧❡ %❡♠♣ ❝❛+❛❝%*+✐ %✐3✉❡ ❞❡ +❡❢+♦✐❞✐  ❡♠❡♥% ❞✉ ♠❛%*+✐❛✉ ❜❡❛✉❝♦✉♣ ♣❧✉ ❧♦♥❣

3✉❡ ❧❡ ❛✉%+❡ %❡♠♣ ❝❛+❛❝%*+✐ %✐3✉❡ ✳

❯♥ *❧*♠❡♥% ❢❛✐ ❛♥% ❞*❢❛✉% ❞❛♥ ❝❡ ♠♦❞>❧❡ %❤❡+♠♦❞②♥❛♠✐3✉❡ ❡ % ❧✬❛❜ ❡♥❝❡

❞❡ ❧❛ ❞❡ ❝+✐♣%✐♦♥ ❞✉ %+❛♥ ❢❡+% ❞✉ ♠♦♠❡♥% ❛♥❣✉❧❛✐+❡ ❧♦+ ❞❡ ❧❛ ❞* ❛✐♠❛♥%❛✲

%✐♦♥✳ H♦✉+ +*♣♦♥❞+❡ 7 ❝❡%%❡ ♣+♦❜❧*♠❛%✐3✉❡✱ ❥❡ ♣+* ❡♥%❡ ✐❝✐ ♣❧✉ ✐❡✉+ ♠♦❞>❧❡ 

%❤*♦+✐3✉❡ ♣+♦♣♦ * ❞❡♣✉✐ ✳ ❇❛%%✐❛%♦ ❡% ❛❧ ❛ ♣+♦♣♦ * ✉♥ ♠♦❞>❧❡ ❞❡ %+❛♥ ♣♦+%

 ✉♣❡+❞✐✛✉ ✐❢ ❞✉  ♣✐♥ ❬✼✱ ✷✶✱ ✽❪✳ ❙❡❧♦♥ ❝❡ ♠♦❞>❧❡✱ ❧❡ *❧❡❝%+♦♥  ♦♥% %+❛♥ ♣♦+%* 

❞❡ ❢❛R♦♥ ❜❛❧✐ %✐3✉❡ ❡% ❞✐✛✉ ✐✈❡✱ ❤♦+ ❞✉ ♠❛%*+✐❡❧ ♠❛❣♥*%✐3✉❡✳ ■❧ ❡ % 7 ♥♦%❡+

3✉❡ ❧❡  ♣✐♥ ♠❛❥♦+✐%❛✐+❡ ❛ ❣*♥*+❛❧❡♠❡♥% ✉♥ ❧✐❜+❡ ♣❛+❝♦✉+ ♠♦②❡♥ ❡♥%+❡ ❞❡✉①

❝♦❧❧✐ ✐♦♥ ✐♥*❧❛ %✐3✉❡  ✉♣*+✐❡✉+ ❛✉  ♣✐♥ ♠✐♥♦+✐%❛✐+❡✳ ▲❡ ❞*♣❧❛❝❡♠❡♥% *%❛♥%

♣❧✉ ❛✐ * ♣♦✉+ ❧❡ *❧❡❝%+♦♥ ❞✬✉♥❡ ❞❡ ♣♦♣✉❧❛%✐♦♥ ❞❡  ♣✐♥✱ ❝❡ 3✉✐ ❡①♣❧✐3✉❡ ❧❛

❞* ❛✐♠❛♥%❛%✐♦♥ ❞✉ ♠❛%*+✐❛✉ ♠❛❣♥*%✐3✉❡✳ ▲❡ ♠♦❞>❧❡ ♣+*❞✐% ❛✐♥ ✐ ✉♥❡ ❞* ❛✐✲

♠❛♥%❛%✐♦♥ ♥♦♥✲❤♦♠♦❣>♥❡ ❡♥ ❢♦♥❝%✐♦♥ ❞❡ ❧✬*♣❛✐  ❡✉+ ❞✉ ✜❧♠ ❞*♣♦ *  ✉+ ✉♥

 ✉❜ %+❛% ❝♦♥❞✉❝%❡✉+✳ ❊♥ ❡✛❡%✱ ♥❡  ♦♥% ❝♦♥ ✐❞*+* 3✉❡ ❧❡ *❧❡❝%+♦♥ ❡①❝✐%* 

♣❛+ ❧❡ ❧❛ ❡+ ✿ ❧❡ *❧❡❝%+♦♥ ❝❤❛✉❞ ✱ ❤♦+ *3✉✐❧✐❜+❡✳ ❙❡❧♦♥ ❙❤❡♥ ❡% ❛❧✳ ❬✶✵✶❪✱ ❧❡

♠♦❞>❧❡ ❞❡ ❇❛%%✐❛%♦ ❡% ❛❧✳ ♥✬❡①♣❧✐3✉❡ ❝❡♣❡♥❞❛♥% ♣❛ ❧❛ ❞* ❛✐♠❛♥%❛%✐♦♥ ✉❧%+❛✲

+❛♣✐❞❡ ❞✬✉♥ ✜❧♠ ❞❡ ♥✐❝❦❡❧ ❞*♣♦ *  ✉+ ❞✉ ✈❡++❡ ❬✾❪✳ ❉❡ ♠*❝❛♥✐ ♠❡ ♣❤② ✐3✉❡ 

❞✐✛*+❡♥%  ♦♥% ❞♦♥❝ 7 ♣+✐♦+✐ +❡ ♣♦♥ ❛❜❧❡ ❡% ❧❡✉+ ❝♦♥%+✐❜✉%✐♦♥ +❡ ♣❡❝%✐✈❡ ❡ %

❛❝%✐✈❡♠❡♥% ❞*❜❛%%✉❡ 7 ❝❡ ❥♦✉+✳

❑♦♦♣♠❛♥ ❡% ❛❧ ❛ ❛✐♥ ✐ ♣+♦♣♦ * ✉♥ ♠♦❞>❧❡ ♠✐❝+♦ ❝♦♣✐3✉❡ 7 ✸ %❡♠♣*+❛✲

%✉+❡ ❛♣♣❡❧* ♠✸❚▼ ❬✷❪✳ ❉❛♥ ❝❡ ♠♦❞>❧❡✱  ❡ ❜❛ ❛♥%  ✉+ ❧❡ ♠♦❞>❧❡ 7 %+♦✐ 

%❡♠♣*+❛%✉+❡ ✱ ✉♥ ♠*❝❛♥✐ ♠❡  ✉♣♣❧*♠❡♥%❛✐+❡✱  ❡❧♦♥ ❧❡3✉❡❧ ❧❡  ♣✐♥ ❞✬✉♥ *❧❡❝✲

%+♦♥ ♣❡✉%  ❡ +❡%♦✉+♥❡+✱ ❡①♣❧✐3✉❡ ❧❛ ❞* ❛✐♠❛♥%❛%✐♦♥✳ ■❧ ❡ % ❛♣♣❡❧* ✧ ♣✐♥ ✢✐♣✧

❡% ✐❧ ❡ % ❞❡ %②♣❡ ❊❧❧✐♦%✲❨❛❢❡%✳ ❉❛♥ ❝❡ ♠♦❞>❧❡✱ ❧❡ +❡%♦✉+♥❡♠❡♥% ❞✉  ♣✐♥ ❛

❧✐❡✉ ❧♦+ ❞❡ ❧✬✐♥%❡+❛❝%✐♦♥ ❡♥%+❡ ❧✬*❧❡❝%+♦♥ ❡% ✉♥ ♣❤♦♥♦♥ ♦✉ ✉♥❡ ✐♠♣✉+❡%*✳ ▲❛

♣+♦❜❛❜✐❧✐%* ❞❡ +❡%♦✉+♥❡♠❡♥% ❡ % ♥♦%*❡ ”asf”✳ ❈❡ ♠♦❞>❧❡ ♣❡+♠❡% ❞✬❡①♣❧✐3✉❡+

❞❡ ♥♦♠❜+❡✉① +* ✉❧%❛% ❡①♣*+✐♠❡♥%❛✉① ❝♦♥ %❛%* ❧♦+ ❞❡ ❞* ❛✐♠❛♥%❛%✐♦♥ ❞❡

❚❘ ❡% ❞❡ ▼❚✱ ❛✈❡❝ ♣♦✉+  ❡✉❧ ❛❥✉ %❡♠❡♥% ❧❛ ✈❛❧❡✉+ ❞❡ asf ✳ ❈❡ ♠♦❞>❧❡ ♣+*❞✐%

❧✬❡①✐ %❡♥❝❡ ❞❡ ❞* ❛✐♠❛♥%❛%✐♦♥ ❞❡ %②♣❡ ■ ❛✈❡❝ ✉♥  ❡✉❧ %❡♠♣ ❝❛+❛❝%*+✐ %✐3✉❡

❞❡ ❞* ❛✐♠❛♥%❛%✐♦♥ ❡% ■■ ❛✈❡❝ ❞❡✉① %❡♠♣ ❝❛+❛❝%*+✐ %✐3✉❡ ✳ ▲❡ +❛♣♣♦+% Tc/µat
❡ % +❡ ♣♦♥ ❛❜❧❡ ❞✉ %②♣❡ ❞❡ ❞②♥❛♠✐3✉❡✱ ❛✈❡❝ Tc ❧❛ %❡♠♣*+❛%✉+❡ ❞❡ ❈✉+✐❡ ❞✉

❈❤❛♣✐%+❡ ■ ▼❛%%❤✐❛ H❛❝* ✶✽



♠❛"#$✐❛✉ ❡" µat ❡(" ❧❡ ♠♦♠❡♥" ♠❛❣♥#"✐-✉❡ ❛"♦♠✐-✉❡✳ ❈❡ ♠♦❞1❧❡ ❛ #"# ✉"✐❧✐(#
❞❛♥( ❞❡ ♥♦♠❜$❡✉① ❛$"✐❝❧❡( ❬✹✵✱ ✶✹❪ ❡" ❡①♣❧✐-✉❡ ❧❡( $#(✉❧"❛"( ♦❜"❡♥✉( ♥♦"❛♠✲

♠❡♥" ♣♦✉$ ❧❡( ❚❘✳ ■❧ ❡(" ❛✉((✐ (✉✣(❛♠♠❡♥" ♣♦❧②✈❛❧❡♥" ♣♦✉$ ❡①♣❧✐-✉❡$ ❞❡(

❞#(❛✐♠❛♥"❛"✐♦♥( ❞♦♥" ❧✬♦$✐❣✐♥❡ ❡(" ✉♥❡ ✐♠♣✉❧(✐♦♥ ❞✬#❧❡❝"$♦♥( ❝❤❛✉❞(✱ ❝♦♠♠❡

♣$#(❡♥"# ❞❛♥( ❬✸✻✱ ✼✺❪✳ ■❧ ❡(" ❝❡♣❡♥❞❛♥" I ♥♦"❡$ -✉❡ ❧❛ ✈❛❧❡✉$ ❞❡ asf ❡("
❣#♥#$❛❧❡♠❡♥" "$♦♣ ❢❛✐❜❧❡ ♣♦✉$ ❡①♣❧✐-✉❡$ ❧❛ ❞#(❛✐♠❛♥"❛"✐♦♥ I ❧✬❛✐❞❡ ❞✉ (❡✉❧

♠#❝❛♥✐(♠❡ ❞❡ ✧(♣✐♥✲✢✐♣✧✱ ❧❛✐((❛♥" (✉♣♣♦(❡$ -✉❡ ❞✬❛✉"$❡( ♠#❝❛♥✐(♠❡( ❛❞❞✐✲

"✐♦♥♥❡❧( ♣❛$"✐❝✐♣❡♥" I ❧❛ ❞#(❛✐♠❛♥"❛"✐♦♥✳

❈❡( ♠♦❞1❧❡( ♥❡ ♣❛$✈✐❡♥♥❡♥" ♣❛( I ❡①♣❧✐-✉❡$ (❡✉❧( ❧❡( $#(✉❧"❛"( ❡①♣#$✐✲

♠❡♥"❛✉①✳ ❆✐♥(✐✱ ❧❛ ♣$♦❜❧#♠❛"✐-✉❡ ❛❝"✉❡❧❧❡ ❡(" ❞❡ ❞#"❡$♠✐♥❡$ ❧✬✐♠♣♦$"❛♥❝❡ ❞❡

❝❤❛-✉❡ ♣❤#♥♦♠1♥❡ ♣❤②(✐-✉❡ ❞❛♥( ❧❡ ❝❛❞$❡ ❞❡ ❧❛ ❞#(❛✐♠❛♥"❛"✐♦♥ ✉❧"$❛✲$❛♣✐❞❡

♣♦✉$ ✉♥ ♠❛"#$✐❛✉ ❞♦♥♥#✳ ❯♥❡ ❞❡( ♠#"❤♦❞❡( ♣$#❝♦♥✐(#❡( ❡(" ❞❡ (#♣❛$❡$ ❧❡(

❞✐✛#$❡♥"( ♠#❝❛♥✐(♠❡( ♣♦✉$ ♠✐❡✉① ❧❡( ✐❞❡♥"✐✜❡$✳

■✳✷ ❆❧❧✐❛❣❡) ❡♥+,❡ ♠.+❛✉① ❞❡ +,❛♥)✐+✐♦♥ ❡+ +❡,,❡)

,❛,❡) ✭▼❚✲❚❘✮

❉❛♥( ❝❡""❡ (❡❝"✐♦♥✱ ♥♦✉( ♥♦✉( ✐♥"#$❡((❡$♦♥( ❛✉① ❡✛❡"( ❞❡ "❡♠♣#$❛"✉$❡ (✉$

❧❛ ("$✉❝"✉$❡ ❞❡( $#(❡❛✉① ❞❡( ♠#"❛✉① ❞❡ "$❛♥(✐"✐♦♥ ❡" ❞❡( "❡$$❡( $❛$❡( ❞❛♥(

✉♥ ♣$❡♠✐❡$ "❡♠♣(✱ ❡" ❡♥ ♣❛$"✐❝✉❧✐❡$ ❧✬✐♠♣❛❝" ❞❡ ❝❡ ♣❛$❛♠1"$❡ (✉$ ❧✬❛✐♠❛♥✲

"❛"✐♦♥ ❞✉ ♠❛"#$✐❛✉✳ ❈❡❝✐ ♣❡$♠❡""$❛ ❞✬✐♥"$♦❞✉✐$❡✱ ❞❛♥( ✉♥❡ ❞❡✉①✐1♠❡ ♣❛$"✐❡

❧❡ ♠♦❞1❧❡ ❡♠♣❧♦②# ♣♦✉$ ❞#❝$✐$❡ ❧❛ ❞②♥❛♠✐-✉❡ ❞❡ ❞#(❛✐♠❛♥"✐♦♥ ❞❡( ❛❧❧✐❛❣❡(

▼❚✲❚❘✳

❈❤❛♣✐"$❡ ■ ▼❛""❤✐❛( S❛❝# ✶✾



■✳✷✳✶ ❈❛&❛❝()&✐+(✐,✉❡+ ♠❛❣♥)(♦+(❛(✐,✉❡+ ❞✉ ●❞ )❧)♠❡♥✲

(❛✐&❡✳

◆♦✉# ❛❧❧♦♥# ❞(❝*✐*❡ ❞❛♥# ❝❡ ♣❛*❛❣*❛♣❤❡ ❧❡# ❝❛*❛❝0(*✐#0✐1✉❡# ♠❛❣♥(0✐1✉❡#

❞✉ ●❞✳ ❈❡0 (❧(♠❡♥0 ❢❛✐0 ♣❛*0✐❡ ❞❡# 0❡**❡# *❛*❡# ✭❚❘✮ ❡0 ♣❧✉# ♣❛*0✐❝✉❧✐;*❡♠❡♥0

❞❡# ❧❛♥0❤❛♥✐❞❡#✱ ❞❡# ♠❛0(*✐❛✉① #✉✐✈❛♥0 ❧❡ *❡♠♣❧✐##❛❣❡ #✉❝❝❡##✐❢ ❞❡# ♥✐✈❡❛✉①

✹❢✳ ▲❛ ❝♦♥✜❣✉*❛0✐♦♥ (❧❡❝0*♦♥✐1✉❡ ❡#0 0*✐✈❛❧❡♥0❡ 4fn5d16s2✳ ▲❡ ●❞ ❡#0 ✉♥ ♠(0❛❧
❞♦♥0 ❧❛ ❜❛♥❞❡ ❞❡ ❝♦♥❞✉❝0✐♦♥ ❡#0 ❢♦*♠(❡ ♣❛* ❧❡# (❧❡❝0*♦♥# ✐0✐♥(*❛♥0# ✺❞✻#✳

▲✬❛✐♠❛♥0❛0✐♦♥ ♣*♦✈✐❡♥0 ❞❡# ♠♦♠❡♥0# ♠❛❣♥(0✐1✉❡# ❞❡ #♣✐♥ ❞❡# (❧❡❝0*♦♥#

✹❢✳ ❊♥ ❡✛❡0✱ ❧❡ ●❞ ✭4f 7
✮ ❡#0 ❜✐❡♥ ❝♦♥♥✉ ♣♦✉* #❡# ♣*♦♣*✐(0(# ♠❛❣♥(0✐1✉❡# ❡♥

❢♦♥❝0✐♦♥ ❞❡ ❧✬♦❝❝✉♣❛0✐♦♥ ❞❡ ❧✬♦*❜✐0❛❧❡ ✹❢✳ ❈♦♠♠❡ ❧❛ ❝♦✉❝❤❡ ✹ ❢ ❡#0 H ♠♦✐0✐(

*❡♠♣❧✐❡✱ ❧❡ ♥♦♠❜*❡ 1✉❛♥0✐1✉❡ ❞❡ #♣✐♥ ❙ ❡#0 ❙ ❂ ✼✴✷ 0❛♥❞✐# 1✉❡ ❧❡ ♥♦♠❜*❡

1✉❛♥0✐1✉❡ ♦*❜✐0❛❧ ▲ ❡#0 ♥✉❧ ❬✷✹❪✳ ❊♥✜♥✱ ♠

T
❂ ✷ ❙ ❂ ✼ µ❇✴❛0✳ ❊♥ *❛✐#♦♥ ❞❡

❧❡✉* ♥❛0✉*❡ ❧♦❝❛❧✐#(❡✱ ❧❡# (0❛0# ✹❢ ♠❛✐♥0✐❡♥♥❡♥0 ❧❡ ♠♦♠❡♥0 ❞❡ 0②♣❡ ❛0♦♠✐1✉❡

❞❛♥# ❧❛ ♣❤❛#❡ ❝♦♥❞❡♥#(❡✳ ▲✬♦*❞*❡ ♠❛❣♥(0✐1✉❡ ❞❛♥# ❝❡# ♠(0❛✉① #❡ ♣*♦❞✉✐0 ♣❛*

✐♥0❡*❛❝0✐♦♥ ✐♥❞✐*❡❝0❡ ✈✐❛ ❧❛ ♣♦❧❛*✐#❛0✐♦♥ ❞❡ #♣✐♥ ❞❡# (❧❡❝0*♦♥# ❞❡ ❝♦♥❞✉❝0✐♦♥✳

❆✐♥#✐✱ ❧❡# ♠♦♠❡♥0# ♠❛❣♥(0✐1✉❡# ❞✉ ●❞ ♣❡✉✈❡♥0 S0*❡ ❞✐✈✐#(# ❡♥ ❞❡✉① #♦✉#✲

#②#0;♠❡# ✿ ❧❡ ♠♦♠❡♥0 ♠❛❣♥(0✐1✉❡ ❧♦❝❛❧✐#( ✹❢ ♠❛❥❡✉* ❡0 ✐♥❞✉✐0 ✺❞✻# ♠✐♥❡✉*✳

▲❡ ♠♦♠❡♥0 ♠❛❣♥(0✐1✉❡ 0♦0❛❧ ❡#0 ❛✐♥#✐ ❞(❝*✐0 ♣❛* ❧✬(1✉❛0✐♦♥ #✉✐✈❛♥0❡ ✿

µat = µ4f + µ5d6s ✭■✳✶✮

▲❡ ♠♦♠❡♥0 ♠❛❣♥(0✐1✉❡ ♣❛* ❛0♦♠❡ µat #✉✐0 ❧❡# *;❣❧❡# ❞❡ ❍✉♥❞ ✭ µ●❞ ❂
✼✱✺✺ µ❇ ✮✱ ♦Z ❧✬❡①❝;# ♣❛* *❛♣♣♦*0 H ❧❛ ✈❛❧❡✉* ❡♥0✐;*❡ ❡#0 ❛00*✐❜✉( H ❧❛ ♣♦❧❛*✐✲
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❊♥ ✶✾✼✺ ❊+6❦✐♥❡ ❡* ❙*❡+♥ ❬✸✹❪ ♦♥* ♣+4❞✐* ❧✬❡✛❡* ♣+♦❞✉✐* ♣❛+ ❧❡ ❞✐❝❤+♦B6♠❡

♠❛❣♥4*✐'✉❡ ❝✐+❝✉❧❛✐+❡ ❞❛♥6 ✉♥ ♠❛*4+✐❛✉ ♠❛❣♥4*✐'✉❡✳ ▲❛ ❞4♠♦♥6*+❛*✐♦♥ ❡①✲

♣4+✐♠❡♥*❛❧❡ ❛ 4*4 +4❛❧✐64❡ ♣❛+ ❙❝❤T*③ ❡* ❛❧✳ ❬✾✼❪ ❡♥ ✶✾✽✼✳ ▲❛ *❡❝❤♥✐'✉❡ ❞✉

❳▼❈❉ ❛ ♣❧✉6✐❡✉+6 ❛✈❛♥*❛❣❡6✳ ❈♦♠♠❡ ✐♥❞✐'✉4 ❞❛♥6 ❧❡6 ♣❛+❛❣+❛♣❤❡6 ♣+4❝4✲

❞❡♥*6✱ ❧❛ *❡❝❤♥✐'✉❡ ❡6* ❝❤✐♠✐'✉❡♠❡♥* 64❧❡❝*✐✈❡ ❡* ♣❡+♠❡* ❞❡ ♠❡6✉+❡+ ❞❡ ❢❛9♦♥

❞✐6*✐♥❝*❡ ❧❡6 ♠♦♠❡♥*6 ♠❛❣♥4*✐'✉❡6 ♦+❜✐*❛✉① ❡* ❞❡ 6♣✐♥✳ ❊♥✜♥✱ 6❛ 6❡♥6✐❜✐❧✐*4

4❧❡✈4❡✱ ❝❛♣❛❜❧❡ ❞❡ +4❛❧✐6❡+ ❞❡6 ♠❡6✉+❡6 6✉+ ✉♥❡ ♠♦♥♦✲❝♦✉❝❤❡ ❛*♦♠✐'✉❡ +❡♥❞

❝❡**❡ *❡❝❤♥✐'✉❡ ✐♥❝♦♥*♦✉+♥❛❜❧❡ ❞❛♥6 ❧✬4*✉❞❡ ❞❡6 ♥❛♥♦✲♠❛*4+✐❛✉①✳ ■❧ ❡6* ❝❡✲

♣❡♥❞❛♥* Y ♥♦*❡+ '✉❡✱ ♣✉✐6'✉✬♦♥ ♠❡6✉+❡ ❧✬❛❜6♦+♣*✐♦♥ ❞❡6 +❛②♦♥6 ❳ 6✉+ ✉♥

4❝❤❛♥*✐❧❧♦♥✱ ❧❛ ✈❛❧❡✉+ ♠♦②❡♥♥❡ ❞❡ ❧✬4❝❤❛♥*✐❧❧♦♥ ❡6* ♦❜*❡♥✉❡✳ ❯♥❡ 6❡♥6✐❜✐❧✐*4

♣❛+*✐❝✉❧✐[+❡ ❛✉① ♣+❡♠✐❡+6 ♥❛♥♦♠[*+❡6 ❞❡ ❧❛ 6✉+❢❛❝❡ ♣❡✉*✲\*+❡ ♦❜*❡♥✉❡ ❞❛♥6

❝❡+*❛✐♥❡6 ❝♦♥✜❣✉+❛*✐♦♥6 ❡①♣4+✐♠❡♥*❛❧❡6✱ ❝♦♠♠❡ ❧❡ ❚♦*❛❧ ❨✐❡❧❞ ♦✉ ❧❛ ♣❤♦*♦4✲

♠✐66✐♦♥✳

▲❛ +[❣❧❡ ❞✬♦+ ❞❡ ❋❡+♠✐ ✭♦❜*❡♥✉❡ Y ♣❛+*✐+ ❞❡ ❧❛ ♠4*❤♦❞❡ ❞❡6 ♣❡+*✉+❜❛*✐♦♥6

❞4♣❡♥❞❛♥* ❞✉ *❡♠♣6 ❡* ❧✬❛♣♣+♦①✐♠❛*✐♦♥ ❞✐♣♦❧❛✐+❡ 4❧❡❝*+✐'✉❡✮ ❞4❝+✐* ❧❛ ♣+♦✲

❜❛❜✐❧✐*4 ❞❡ *+❛♥6✐*✐♦♥ ❞✬✉♥ 4*❛* ❞✐6❝+❡* ✐♥✐*✐❛❧ ✈❡+6✱ 6♦✐* ✉♥ 4*❛* ❞✐6❝+❡*✱ 6♦✐*

✉♥ ❝♦♥*✐♥✉✉♠ ❞✬4*❛* ✜♥❛❧ ❡♥ ❢♦♥❝*✐♦♥ ❞✉ *❡♠♣6✳ ❉❛♥6 ❧✬4'✉❛*✐♦♥ 6✉✐✈❛♥*❡✱

Hint ❡6* ❞4✜♥✐ ❝♦♠♠❡ ❧✬❤❛♠✐❧*♦♥✐❡♥ ❞✬✐♥*❡+❛❝*✐♦♥ ❡♥*+❡ ❧✉♠✐[+❡ ❡* ♠❛*✐[+❡✳

Wi→j ∝ 〈f |Hint|i〉2 ✭■✳✷✮

▲♦+6'✉❡ ❧❛ ❧✉♠✐[+❡✱ ♣♦❧❛+✐64❡ ❝✐+❝✉❧❛✐+❡♠❡♥*✱ ❡①❝✐*❡ ✉♥ ♠❛*4+✐❡❧ ♠❛❣♥4✲

*✐'✉❡✱ ✐❧ ❡♥ ❞4❝♦✉❧❡ ❞❡ ❧✬❛❜6♦+♣*✐♦♥ ❞✬✉♥ ♣❤♦*♦♥ 6✉✐✈❛♥* ❧❡6 +[❣❧❡6 ❞❡ *+❛♥6✐✲

*✐♦♥ ♣❛+*✐❝✉❧✐[+❡6✳ ▲❡6 +[❣❧❡6 ❞❡ 64❧❡❝*✐♦♥ '✉✐ ❡♥ ❞4❝♦✉❧❡♥* 6♦♥* ✿

∆L = Lf − Li = ±1 ∆ML = MLf
−MLi

= ±1

❈❤❛♣✐*+❡ ■ ▼❛**❤✐❛6 a❛❝4 ✷✻



∆S = Sf − Si = 0 ∆MS = MSf
−MSi

= 0 ✭■✳✸✮

Li ❡& Lf '♦♥& ❧❡' ♥♦♠❜-❡' .✉❛♥&✐.✉❡' ♦-❜✐&❛✉① ❞❡ ❧✬5&❛& ✐♥✐&✐❛❧ ❡& ✜♥❛❧✳

MLf
❡& MLi

'♦♥& ❧❡' ♠♦♠❡♥&' ♠❛❣♥5&✐.✉❡' ♦-❜✐&❛✉① ❞❡ ❧✬5&❛& ✐♥✐&✐❛❧ ❡&

✜♥❛❧✳

Si ❡& Sf '♦♥& ❧❡' ♥♦♠❜-❡' .✉❛♥&✐.✉❡' ❞❡ '♣✐♥ ✐♥✐&✐❛✉① ❡& ✜♥❛✉①✳

MSi
❡& MSf

'♦♥& ❧❡' ♠♦♠❡♥&' ♠❛❣♥5&✐.✉❡' ❞❡ '♣✐♥ ❞❡ ❧✬5&❛& ✐♥✐&✐❛❧ ❡& ✜♥❛❧✳

▲❡' -❡❧❛&✐♦♥' ■✳✸ ♠♦♥&-❡♥& .✉❡ ❧❡ '♣✐♥ ❡'& ❝♦♥'❡-✈5 ❡♥&-❡ ❧✬5&❛& ✜♥❛❧ ❡& ✐♥✐✲

&✐❛❧✳ ❈❡ ♥✬❡'& ♣❛' ❧❡ ❝❛' ❞✉ ♠♦♠❡♥& ♦-❜✐&❛❧✱ ❞♦♥& ❧❛ ✈❛❧❡✉- ❝❤❛♥❣❡✳ ▲❛ ♠❡'✉-❡

❞✉ '✐❣♥❛❧ ❳▼❈❉ '❡ ❢❛✐& ❛✉ '❡✉✐❧ L2,3 ♣♦✉- ❧❡' ▼❚✳ ▲❛ &-❛♥'✐&✐♦♥ 5❧❡❝&-♦♥✐.✉❡

♣-♦❞✉✐&❡ ♣❛- ❧✬❛❜'♦-♣&✐♦♥ ❞❡' -❛②♦♥' ❳ ❡♥&-❛F♥❡ ✉♥❡ &-❛♥'✐&✐♦♥ ❡♥&-❡ ✉♥ 5&❛&

5❧❡❝&-♦♥✐.✉❡ ❞❡ ❧❛ ❝♦✉❝❤❡ ✷♣ ✈❡-' ❧❛ ❝♦✉❝❤❡ ✸❞✳ ▲❡' ❞❡✉① &-❛♥'✐&✐♦♥' H ♣❛-&✐-

❞❡' '❡✉✐❧' ▲2,3 '♦♥& ✿

2p1/2 → 3d et 2p3/2 → 3d ∆L = +1 ✭■✳✹✮

▲❛ ❞❡♥'✐&5 ❞✬5&❛&' ✈✐❞❡' ❡♥&-❡ ❧❡' ♣♦♣✉❧❛&✐♦♥' ❞❡ '♣✐♥' ♠❛❥♦-✐&❛✐-❡' ❡&

♠✐♥♦-✐&❛✐-❡' ❡'& ❞✐'&✐♥❝&❡ ♣♦✉- ❧❡' ♠❛&5-✐❛✉① ♠❛❣♥5&✐.✉❡'✳ ◆♦✉' -❡♣-5'❡♥✲

&♦♥' ❞❛♥' ❧❛ ✜❣✉-❡ ■✳✺ ❧❛ ❞✐✛5-❡♥❝❡ ❞❡ ♣♦♣✉❧❛&✐♦♥ ❞❛♥' ❧✬♦-❜✐&❛❧❡ ✸ ❞✳ ❈❡&&❡

❞✐✛5-❡♥❝❡ ❞❡ ♣♦♣✉❧❛&✐♦♥ ❞❛♥' ❧✬5&❛& ✜♥❛❧ ✐♠♣❛❝&❡ ❧❛ ♣-♦❜❛❜✐❧✐&5 ❞❡ &-❛♥'✐&✐♦♥

♣♦✉- ✉♥ 5❧❡❝&-♦♥✱ ❡♥ ❢♦♥❝&✐♦♥ ❞✉ '♣✐♥ ❞❡ ❧✬5❧❡❝&-♦♥ ❡①❝✐&5✱ ❡& ❧❛ ♣♦❧❛-✐'❛&✐♦♥

❞❡' ♣❤♦&♦♥' ❳✳ ❈❡❝✐ '❡ &-❛❞✉✐& ♣❛- ❞❡' ❞✐✛5-❡♥❝❡' ❞❡ ♣-♦❜❛❜✐❧✐&5' ❞❡ &-❛♥✲

'✐&✐♦♥' ❞5❝-✐&❡' ♣❛- ❧❛ -O❣❧❡ ❞✬♦- ❞❡ ❋❡-♠✐✳ ▲❡ '✐❣♥❛❧ ❳▼❈❉✱ ♣-♦♣♦-&✐♦♥♥❡❧

❛✉ ♠♦♠❡♥& ♠❛❣♥5&✐.✉❡ ❞❡ ❧✬5❧5♠❡♥& ❝❤✐♠✐.✉❡✱ ❛ ♣♦✉- ♦-✐❣✐♥❡ ❧❛ ❞✐✛5-❡♥❝❡

❞❡ ♣-♦❜❛❜✐❧✐&5 ❞❡ &-❛♥'✐&✐♦♥ ❡♥&-❡ ✉♥❡ ♣♦❧❛-✐'❛&✐♦♥ ❝✐-❝✉❧❛✐-❡ ❣❛✉❝❤❡✱ ❡& ✉♥❡

♣♦❧❛-✐'❛&✐♦♥ ❝✐-❝✉❧❛✐-❡ ❞-♦✐&❡ ❞❡' -❛②♦♥' ❳✳

❈❤❛♣✐&-❡ ■ ▼❛&&❤✐❛' Q❛❝5 ✷✼



2,3

4,5



▲❛ ✜❣✉%❡ ■✳✻ ❡*+ ✉♥ *♣❡❝+%❡ ♣%/*❡♥+❛♥+ ❧✬❛❜*♦%♣+✐♦♥ ❞❡ %❛②♦♥* ❳ ♣♦✉%

❞❡✉① ❝❤❛♠♣* ♠❛❣♥/+✐;✉❡* ♦♣♣♦*/* +❡❧❧❡ ;✉✬♦❜+❡♥✉❡ ❡①♣/%✐♠❡♥+❛❧❡♠❡♥+ ❛✉

❈♦L2,3✳ ▲❛ ❞✐✛/%❡♥❝❡ ❞✬❛❜*♦%♣+✐♦♥ ❞❡ %❛②♦♥* ❳ ✭❳❆❙✮ ❡♥+%❡ ❧❡* ❞❡✉① *✐❣♥❛✉①

♣❡%♠❡+ ❞✬♦❜+❡♥✐% ❧❡ *♣❡❝+%❡ ❳▼❈❉✳ ❉❡ ❧❛ ♠D♠❡ ❢❛F♦♥ ;✉❡ ♣♦✉% ❧❡* ▼❚✱

❧✬❛✐♠❛♥+❛+✐♦♥ ❞❡* ❚❘ ❡*+ /+✉❞✐/❡ ♣❛% ❳▼❈❉✳ ▲❡* +%❛♥*✐+✐♦♥* ✉+✐❧✐*/❡* ♣♦✉%

♥♦* ♠❡*✉%❡* *♦♥+ ❝❡❧❧❡* J ♣❛%+✐% ❞✉ *❡✉✐❧ ▼4,5 *♦♥+ ✿

3d3/2 → 4f et 3d5/2 → 4f ✭■✳✺✮

▲❡* %M❣❧❡* ❞❡ *♦♠♠❡*✱ ❡♥ ❛♥♥❡①❡ ✳✷✱ ♣❡%♠❡++❡♥+ ❞✬❡①+%❛✐%❡ ❧❡* ♠♦♠❡♥+*

♠❛❣♥/+✐;✉❡* ❞❡ *♣✐♥ ❡+ ❞✬♦%❜✐+❛❧❡ ❞❡* *♣❡❝+%❡* ❞✬❛❜*♦%♣+✐♦♥✳ ❈❡* %M❣❧❡* ♦♥+

/+/ ❢♦%♠✉❧/❡* ♣❛% ❚❤♦❧❡* ❡+ ❛❧✳ ❬✶✶✼❪ ❡+ ❈❛%%❛ ❡+ ❛❧✳ ❬✷✵❪✳

❈❤❛♣✐+%❡ ■ ▼❛++❤✐❛* T❛❝/ ✷✾



L2,3

M4,5

(XAS)

I0



■✳✸✳✷ ❳▼❈❉ ()*♦❧✉ ❡♥ 0❡♠♣*

❆✜♥ ❞❡ ♠❡&✉(❡( ❧❛ ❞②♥❛♠✐-✉❡ ❞❡ ❧✬❛✐♠❛♥/❛/✐♦♥ ❞✬✉♥ 1❧1♠❡♥/ ❝❤✐♠✐-✉❡

❝♦♥&/✐/✉❛♥/ ❧✬1❝❤❛♥/✐❧❧♦♥✱ ✐❧ ❡&/ ♥1❝❡&&❛✐(❡ ❞❡ (1❛❧✐&❡( ❞❡& ❡①♣1(✐❡♥❝❡& ❳▼❈❉

(1&♦❧✉❡& ❡♥ /❡♠♣&✳ <♦✉( ❝❡❧❛✱ ✉♥ &②&/=♠❡ ♣♦♠♣❡✲&♦♥❞❡ ❡&/ ✉/✐❧✐&1✱ ❧❡& (❛②♦♥&

❳ ♣♦❧❛(✐&1& ❝✐(❝✉❧❛✐(❡♠❡♥/ 1/❛♥/ ✉/✐❧✐&1& ❝♦♠♠❡ &♦♥❞❡✳ ▲❛ ♣♦♠♣❡ ✉/✐❧✐&❡ ✉♥

❧❛&❡( ❢❡♠/♦&❡❝♦♥❞❡ A ✽✵✵ ♥♠✳ ▲❛ &♦♥❞❡ ❡&/ ❣1♥1(1❡ ♣❛( ✉♥ &②♥❝❤(♦/(♦♥ -✉✐
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❈♦●❞✳ 7♦✉I ❧❡, ,❡✉✐❧, ❞✉ ❈♦✱ ❧❡, ❝♦✉❝❤❡, ♦♥% G%G ♠❡,✉IG❡, ❞❛♥, ✉♥ ❝❛, ♦R

❧❡, ❛✐♠❛♥%❛%✐♦♥, ,♦♥% ♣❛I❛❧❧S❧❡, ✭7✮ ❡% ❛♥%✐♣❛I❛❧❧S❧❡, ✭❆7✮✳

❈❤❛♣✐%I❡ ■❱ ▼❛%%❤✐❛, 7❛❝G ✻✷
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❈♦♥❝❧✉&✐♦♥

▲✬♦❜❥❡❝'✐❢ ❞❡ ❝❡ '+❛✈❛✐❧ ❡/' ❞❡ ❝♦♥✜+♠❡+ ❧❛ ❞3♣❡♥❞❛♥❝❡ ❞❡/ ♠♦♠❡♥'/ ♠❛✲

❣♥3'✐7✉❡/ ❞❡ /♣✐♥ ❡' ❞✬♦+❜✐'❡ ❡♥ ❢♦♥❝'✐♦♥ ❞❡ ❧❛ '❡♠♣3+❛'✉+❡✱ ❛✐♥/✐ 7✉❡ ❞❡

❝♦♥✜+♠❡+ ❧❡✉+/ ✈❛❧❡✉+/ ❞❛♥/ ♥♦/ ❛❧❧✐❛❣❡/ ❞❡ ❈♦;' ❡' ❞❡ ❈♦●❞✳ ◆♦✉/ ❛✈♦♥/

3❣❛❧❡♠❡♥' ♠♦♥'+3 7✉❡ ❚c ❡/' /✉♣3+✐❡✉+ @ ❧❛ '❡♠♣3+❛'✉+❡ ❛♠❜✐❛♥'❡✳ ◆♦✉/

❛✈♦♥/ 3❣❛❧❡♠❡♥' ❞3✜♥✐ ❧✬❛❧❧✐❛❣❡ ❧❡ ♣❧✉/ ♣+♦♠❡''❡✉+ ♣♦✉+ ❧❡/ ❡①♣3+✐❡♥❝❡/ ❞②♥❛✲

♠✐7✉❡/✳ ◆♦'♦♥/ 7✉❡ ❧❡/ ✈❛❧❡✉+/ ❳▼❈❉ ♦❜'❡♥✉❡/ /♦♥' ❞❡/ ✈❛❧❡✉+/ ♠♦②❡♥♥❡/✳

❆✐♥/✐✱ ❧❡/ +3/✉❧'❛'/ ♥♦✉/ +❡♥/❡✐❣♥❡♥' /✉+ ❧❡/ ✶✺ ♥♠ ❞❡ ❈♦●❞✱ ❝❡ 7✉✐ ✐♥❝❧✉'

3❣❛❧❡♠❡♥' ❧❡/ ❡✛❡'/ ❞❡ /3❣+3❣❛'✐♦♥ ❞✉ ●❞ @ ❧❛ /✉+❢❛❝❡ ❞❡ ❧❛ ❝♦✉❝❤❡✳

❈❡/ ✈❛❧❡✉+/ ❳▼❈❉ ♥♦✉/ ♦♥' ♣❡+♠✐/ ❞❡ ♣+3♣❛+❡+ ❧❡/ ❡①♣3+✐❡♥❝❡/ +3/♦❧✉❡/

❡♥ '❡♠♣/ ❡' ❞❡ ❝❤♦✐/✐+ ❧❡/ ♣❛+❛♠K'+❡/ ✭3❝❤❛♥'✐❧❧♦♥✱ '❡♠♣3+❛'✉+❡✮ ♦♣'✐♠❛✉①

♣♦✉+ ✉♥ ❜♦♥ +❛♣♣♦+' /✐❣♥❛❧✴❜+✉✐'✳

❈❡/ ♠❡/✉+❡/ ♥♦✉/ ♦♥' ♣❡+♠✐/ ❞✬❡①'+❛✐+❡ ❧❡/ ♠♦♠❡♥'/ ♠❛❣♥3'✐7✉❡/ ❞❡ /♣✐♥

❡' ❞✬♦+❜✐'❡ ♣❛+ ❛'♦♠❡/ ♣♦✉+ ❧❡ ❈♦ ❡' ❧❡ ●❞ ♣♦✉+ ❝❤❛7✉❡ ❝♦✉❝❤❡ ♠❛❣♥3'✐7✉❡

❡' ♣♦✉+ '+♦✐/ '❡♠♣3+❛'✉+❡/ ✿ ✽✵✱ ✶✻✵ ❡' ✸✵✵ ❑✳ ▲❡/ +3/✉❧'❛'/ ♦❜'❡♥✉/ ♣♦✉+ ❧❡

❈♦❜❛❧' /♦♥' ♣+3/❡♥'3/ ❞❛♥/ ❧❡/ ✜❣✉+❡/ ■❱✳✶✶ ❡' ■❱✳✶✷✱ ♣+3/❡♥'❛♥' ❧❡ ♠♦♠❡♥'

♠❛❣♥3'✐7✉❡ ❞❡ /♣✐♥ ❡' ❞✬♦+❜✐'❡ +❡/♣❡❝'✐✈❡♠❡♥'✳ ▲❡/ +3/✉❧'❛'/ ♦❜'❡♥✉/ ♣♦✉+

❧❡ ●❞ ❡♥ ❢♦♥❝'✐♦♥ ❞❡ ❧❛ '❡♠♣3+❛'✉+❡ /♦♥' ♣+3/❡♥'3/ ❞❛♥/ ❧❛ ✜❣✉+❡ ■❱✳✶✸✱ ❡'

♣+3/❡♥'❡♥' ❧❡ ♠♦♠❡♥' ♠❛❣♥3'✐7✉❡ ❞❡ /♣✐♥ ✭❡♥ ❤❛✉'✮ ❡' ♦+❜✐'❛❧ ✭❡♥ ❜❛/✮✳

▼❧Gd ❡/' ♣+❛'✐7✉❡♠❡♥' ♥✉❧ ❡' ❝♦++❡/♣♦♥❞ @ ❝❡ 7✉❡ ❧❛ ❧✐''3+❛'✉+❡ ♣+3✈♦✐'

♣♦✉+ ❞✉ ●❞ ♠❛//✐❢✳ ❈❡♣❡♥❞❛♥' ▼/Gd ❡/' ❜❡❛✉❝♦✉♣ ♣❧✉/ ❢❛✐❜❧❡ ✭✶ @ ✷ µB✴❛'✮
7✉❡ ❧❛ ✈❛❧❡✉+ ❛''❡♥❞✉❡ ✭✸✱✺ µB✴❛'✮ ❬✷✹❪✳ ❉❡ ❧❛ ♠[♠❡ ❢❛\♦♥✱ ▼/Co ❝♦♥/'❛'3
✐❝✐✱ ❡/' ♣❧✉/ ♣❡'✐' 7✉❡ ♣♦✉+ ❧❡ ❝❛/ ❞✉ ❈♦ ♠❛//✐❢✱ '❛♥' ♣♦✉+ ❧❡/ ❛❧❧✐❛❣❡/ ❞❡

❈♦●❞ 7✉❡ ♣♦✉+ ❧✬❛❧❧✐❛❣❡ ❞❡ ❈♦;'✳ ;❛+ ❝♦♥'+❡✱ ▼❧Co ❡/' ♣❧✉/ ✐♠♣♦+'❛♥' 7✉❡

❞❛♥/ ❧❡ ❝❛/ ❞✉ ❈♦●❞ ✭✵✱✶✺ @ ✵✱✷✹✮ ❡' ❝♦++❡/♣♦♥❞ @ ❧❛ ✈❛❧❡✉+ ❞❡ ❜✉❧❦✱ ✵✱✵✻✾

❞❛♥/ ❧✬❛❧❧✐❛❣❡ ❞❡ ❈♦;' ✭✵✱✵✺ @ ✵✱✶✶✮✳ ❬✶✷✹✱ ✶✸❪

■❧ ❡/' 3❣❛❧❡♠❡♥' ✐♥'3+❡//❛♥' ❞❡ ❝♦♥/'❛'❡+ 7✉❡ ❧❡/ ♠♦♠❡♥'/ ▼/ ❡' ▼❧ ❞✐♠✐✲

♥✉❡♥' ❛✈❡❝ ❧✬❛✉❣♠❡♥'❛'✐♦♥ ❞❡ ❧❛ '❡♠♣3+❛'✉+❡✱ ❝❡ 7✉✐ ❡/' ❛''❡♥❞✉✱ ❝❛+ ❧✬❛❣✐'❛✲

'✐♦♥ '❤❡+♠✐7✉❡ ❞✐♠✐♥✉❡ ❧✬❛✐♠❛♥'❛'✐♦♥ ♠❛❝+♦/❝♦♣✐7✉❡✳ ◆♦'♦♥/ 7✉❡ ❚ c ≈ ✺✵✵

❡' ✾✵✵ ❑ ♣♦✉+ ❝❡/ ❛❧❧✐❛❣❡/ ❝♦♠♠❡ ♣+3/❡♥'3 ❞❛♥/ ❧❡ '❛❜❧❡❛✉ ■❱✳✸✳

❊/♣K❝❡ ❝❤✐♠✐7✉❡ TC
Co70Gd30 ✺✺✵ ❑

Co81Gd19 ✾✵✵ ❑

❚❛❜❧❡ ■❱✳✸ ✕ ❚❡♠♣3+❛'✉+❡ ❞❡ ❈✉+✐❡ ❚c ♣♦✉+ ❞❡✉① ❛❧❧✐❛❣❡/ ❞❡ ❈♦●❞ ❞❡

❝♦♥❝❡♥'+❛'✐♦♥ Co70Gd30 ❡' Co81Gd19✳ ❬✸✷✱ ✹✼✱ ✶✶✺❪

◆♦'♦♥/ 7✉❡ ❧❛ ❝❛+❛❝'3+✐/❛'✐♦♥ /'❛'✐7✉❡ ❛ ♣♦✉+ ♦❜❥❡❝'✐❢ ❞❡ ♣+3♣❛+❡+ ❧✬❡①♣3✲

+✐❡♥❝❡ ❞②♥❛♠✐7✉❡✳ ❊♥ ❡✛❡'✱ ❧✬♦❜❥❡❝'✐❢ ❡/' ❞❡ ❝♦♥♥❛b'+❡ ❧✬✐♠♣❛❝' ❞❡ ❧❛ '❡♠♣3✲

+❛'✉+❡ /✉+ ❧✬❛✐♠❛♥'❛'✐♦♥ ♠❡/✉+3❡✳ ▲❡/ ❡①♣3+✐❡♥❝❡/ ♣+3♣❛+❛'♦✐+❡/ ♦♥' ♠♦♥'+3

7✉✬✉♥❡ '❡♠♣3+❛'✉+❡ ♣❧✉/ ❜❛//❡ ♣❡+♠❡''❛✐' ✉♥❡ ❛✐♠❛♥'❛'✐♦♥ ♣❧✉/ ✐♠♣♦+'❛♥'❡✱

❝❡❝✐ ♣❡+♠❡' ❞♦♥❝ ❞✬♦❜/❡+✈❡+ ✉♥ /✐❣♥❛❧ ♣❧✉/ ✐♠♣♦+'❛♥' ❧♦+/ ❞❡/ ❡①♣3+✐❡♥❝❡/

❞❡ ❞3/❛✐♠❛♥'❛'✐♦♥/ ✉❧'+❛+❛♣✐❞❡/✳

❈❤❛♣✐'+❡ ■❱ ▼❛''❤✐❛/ ;❛❝3 ✻✻



■❱✳✸ ❙%&✉❝%✉&❡ ❞❡+ ❝♦✉❝❤❡+ +✉♣/&✐❡✉&❡+ ✿

2%✭✺✮✴❈✉✭✻✵✮

■❧ ❡#$ ♥&❝❡##❛✐*❡ ❞❡ ❥✉#$✐✜❡* ❧✬❡♠♣❧♦✐ ❞✉ ♣❧❛$✐♥❡ ♣♦✉* ❧❛ ♣*❡♠✐3*❡ ❝♦✉❝❤❡

❡$ ❞✉ ❝✉✐✈*❡ ❝♦♠♣♦#❛♥$ ❧❡# ❝♦✉❝❤❡# ✷ ❡$ ✹✳

 !♦#❡❝#✐♦♥ ❞❡ ❧✬❡①❝✐#❛#✐♦♥ ♦♣#✐.✉❡ ❞❡ ❧❛ ♣♦♠♣❡

▲✬♦❜❥❡❝$✐❢ ❞❡ ❧✬❡①♣&*✐❡♥❝❡ ❡#$ ❞✬♦❜#❡*✈❡* ❧✬✐♠♣❛❝$ ❞✉ #♣✐♥ #✉* ❧❛ ❞&#❛✐✲

♠❛♥$❛$✐♦♥ ❞✬✉♥ ❛❧❧✐❛❣❡ ▼❚✲❚❘✳ B♦✉* ❝❡❧❛✱ ❡$ &$❛♥$ ❞♦♥♥& D✉❡ ❧❡ ❝♦♥$*E❧❡

❡#$ ♦♣$✐D✉❡✱ ✐❧ ❡#$ ♥&❝❡##❛✐*❡ ❞❡ ❜❧♦D✉❡* ❧❛ ♣♦♠♣❡ ■❘✳ ❯♥ ❝❛♣♣✐♥❣ ❞❡ ❝✉✐✈*❡

❞❡ ✻✵ ♥♠ ❛ &$& ✉$✐❧✐#& I ❝❡$$❡ ✜♥✳ ❈❡ ♠❛$&*✐❛✉ ❛ &$& ❝❤♦✐#✐ ❞✬✉♥ ♣♦✐♥$ ❞❡ ✈✉❡

♦♣$✐D✉❡ ♣♦✉* ❞❡✉① *❛✐#♦♥#✳ ▲❛ ♣*❡♠✐3*❡ ❡#$ #❛ ❝❛♣❛❝✐$& I ❛❜#♦*❜❡* ❧❡# *❛②♦♥#

■❘✳ ❊♥ ❡✛❡$✱ ❧❡ ❧✐❜*❡ ♣❛*❝♦✉*# ♠♦②❡♥ ❞✬✉♥ ♣❤♦$♦♥ ■❘ ❞❛♥# ❧❡ ❝✉✐✈*❡ ❡#$ ✶✵

♥♠✳❬✼✺❪ ■❧ ❡#$ ❛✐♥#✐ ♣♦##✐❜❧❡ ❞❡ ❜❧♦D✉❡* ❧✬■❘ ❛✈❛♥$ ❧❛ ❝♦✉❝❤❡ ❞❡ ❈♦●❞ ❛✈❡❝

✉♥❡ ❝♦✉❝❤❡ ❞❡ ✻✵ ♥♠ ❞❡ ❈✉✳ ▲❛ ❝♦✉❝❤❡ ❞❡ ❈✉✭✻✵✮ ✈❛ ❝❡♣❡♥❞❛♥$ ❧✐♠✐$❡* ❧❛

$*❛♥#♠✐##✐♦♥ ❞❡# *❛②♦♥# ❳ ❛✉① &♥❡*❣✐❡# *❡❧❛$✐✈❡# ❛✉① #❡✉✐❧# ▲3 ❞✉ ❈♦ ❡$ ▼3

❞✉ ●❞✳ ▲❛ $*❛♥#♠✐##✐♦♥ ❡#$ ❛✐♥#✐ #✉♣&*✐❡✉*❡ I ✽✵✪ ❡$ ✻✵✪ ♣♦✉* ❧❡# ❣❛♠♠❡#

❞✬&♥❡*❣✐❡# *❡❧❛$✐✈❡# ❛✉ ❈♦ ❡$ ❛✉ ●❞ *❡#♣❡❝$✐✈❡♠❡♥$✳ ❬✽✷❪ ▲❡ ❝✉✐✈*❡ ❡#$ ❞♦♥❝

✉♥ ❡①❝❡❧❧❡♥$ ♠❛$&*✐❛✉ ♣♦✉* ❧✐♠✐$❡* ❧❛ $*❛♥#♠✐##✐♦♥ ❞❡# *❛②♦♥# ■❘ $♦✉$ ❡♥

♣❡*♠❡$$❛♥$ ❧❛ ♣*♦♣❛❣❛$✐♦♥ ❞❡# *❛②♦♥# ❳✳

❯♥❡ ♠♦❞&❧✐#❛$✐♦♥ ❞❡ ❧❛ $*❛♥#♠✐##✐♦♥ ❞❡# *❛②♦♥# ■❘ ♣❡*♠❡$ ❞❡ ✈&*✐✜❡*

❧❛ ❢❛✐❜❧❡ $*❛♥#♠✐##✐♦♥ ❞❡# *❛②♦♥# ✐♥❢*❛*♦✉❣❡# ❞❛♥# ❧❡# ♠✉❧$✐♣❧❡# ❝♦✉❝❤❡# ❞✉
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❛,❞✉❡ J ❣)♥),❡, ❛✈❡❝ ❧❡* ♠)#❤♦❞❡* #,❛❞✐#✐♦♥♥❡❧❧❡* ❡# ♦♥ ♣❛,❧❡ ❞❡ ❣❛♣ ❚❍③✳

▲❡* ❛♣♣❧✐❝❛#✐♦♥* ❞❡* ♦♥❞❡* )❧❡❝#,♦♠❛❣♥)#✐=✉❡* *♦♥# ♥♦♠❜,❡✉*❡*✳ ▲❡* ,❛②♦♥*

❣❛♠♠❛ ✭*❝✐♥#✐❣,❛♣❤✐❡✮ ❡# ❳ ✭,❛❞✐♦✮ *♦♥# ✉#✐❧✐*)* ❡♥ ✐♠❛❣❡,✐❡ ♠)❞✐❝❛❧❡ #❛♥❞✐*

=✉❡ ❧❡* ❯❱ ♦♥# ❞❡* ❛♣♣❧✐❝❛#✐♦♥* ❡♥ *♣❡❝#,♦*❝♦♣✐❡✳ ▲❡* #❡❝❤♥♦❧♦❣✐❡* ✉#✐❧✐*❛♥#

❧❛ ❧✉♠✐I,❡ ✈✐*✐❜❧❡ *♦♥# #,I* ♥♦♠❜,❡✉*❡*✳ ▲❡* ✐♥❢,❛✲,♦✉❣❡* ♦♥# ❞❡ ♠✉❧#✐♣❧❡*

❛♣♣❧✐❝❛#✐♦♥* ❞❛♥* ❧❡* ❞♦♠❛✐♥❡* ❞❡ ❧❛ ❝♦♠♠✉♥✐❝❛#✐♦♥ ❡# ❞❡ ❧❛ *♣❡❝#,♦*❝♦♣✐❡✳

❊♥✜♥ ❧❡* ♠✐❝,♦✲♦♥❞❡* ❡# ❧❡* ♦♥❞❡* ,❛❞✐♦ *♦♥# ❧❡* ♣✐❡,,❡* ❛♥❣✉❧❛✐,❡* ❞❡* *②*✲

#I♠❡* ❞❡ ❝♦♠♠✉♥✐❝❛#✐♦♥*✳ ❆ ❧✬✐♥✈❡,*❡✱ ❧❡* #❡,❛❤❡,#③ ♦♥#✱ ❡♥❝♦,❡ J ❝❡ ❥♦✉,✱ ✉♥❡

❛♣♣❧✐❝❛#✐♦♥ ❧✐♠✐#)❡✱ ❝❡❝✐ )#❛♥# ❡♥ ♣❛,#✐❡ ❞Q ❛✉ ❣❛♣ ❞✬)♠✐**✐♦♥ ❡# ❞❡ ❞)#❡❝#✐♦♥✳

❖♥ ♣❡✉# ♥)❛♥♠♦✐♥* ❝✐#❡, =✉❡❧=✉❡* ,)✉**✐#❡*✱ ♥♦#❛♠♠❡♥# ❞❛♥* ❧❡ ❞♦♠❛✐♥❡ ❞❡

❧❛ #)❧)❝♦♠♠✉♥✐❝❛#✐♦♥✱ ♦S ✉♥❡ #,❛♥*♠✐**✐♦♥ ❛ ♣✉ >#,❡ ,)❛❧✐*)❡ ❛✈❡❝ ✉♥ ❢❛✐*❝❡❛✉

❚❍③ ❡♥ ✷✵✵✽ ❬✺✺❪✳ ❈❡❝✐ ♦✛,❡ ❧✬❛✈❛♥#❛❣❡ ❞✬✉♥ #,I* ❤❛✉# ❞)❜✐# ❞✬✐♥❢♦,♠❛#✐♦♥*✱

❛✐♥*✐ =✉❡ ❞✬✉♥❡ #,❛♥*♠✐**✐♦♥ *)❝✉,✐*)❡✱ ❧✬)♠✐**✐♦♥ ❚❍③ )#❛♥# ♣❛,#✐❝✉❧✐I,❡♠❡♥#

❞✐,❡❝#✐✈❡✳ ❈❡❝✐ ,❡♣,)*❡♥#❡ ✉♥❡ ❝♦♥#,❛✐♥#❡ #❡❝❤♥✐=✉❡✱ ♠❛✐* ❝❡❧❛ *✐❣♥✐✜❡ ❛✉**✐

=✉❡ ❧❛ ,)❝❡♣#✐♦♥ ❞✉ *✐❣♥❛❧ ❡*# ❧✐♠✐#)❡ ♣♦✉, ❧❡* ♥♦♥✲❞❡*#✐♥❛#❛✐,❡*✱ ❝❡ =✉✐ ,❡♥❞

✉♥❡ ✐♥#❡,❝❡♣#✐♦♥ ❞✉ *✐❣♥❛❧ ❞✐✣❝✐❧❡✳ ❬✶✷✸✱ ✻✸✱ ✻✶❪

❈❤❛♣✐#,❡ ❱■■ ▼❛##❤✐❛* [❛❝) ✾✾



cm−1 µ



❞❡ "✉❜"%❛♥❝❡" ❞❛♥❣❡*❡✉"❡" ❝♦♠♠❡ ❞❡" ❡①♣❧♦"✐❢" ❬✷✾❪ ❬✷✸❪✳

▼❛✐♥%❡♥❛♥%✱ :✉❡ ♥♦✉" ❛✈♦♥" ✈✉ ❧✬✐♥%=*>% ❞❡" ❚❍③✱ ✈♦②♦♥" :✉❡❧:✉❡" ♠=✲

%❤♦❞❡" ♣❡*♠❡%%❛♥% ❞❡ ❧❡" ❣=♥=*❡*✳

❱■■✳✸ ●%♥%'❛)✐♦♥ ❞❡. ♦♥❞❡. ❚❍③

▲✬✐♥%=*>% *❡❧❛%✐❢ F ❧❛ ❣=♥=*❛%✐♦♥ ❞✬♦♥❞❡" ❚❍③ "✬❡①♣❧✐:✉❡ ♣❛* ❧❡" ❞✐✛=✲

*❡♥%❡" ❛♣♣❧✐❝❛%✐♦♥" ❞=❝*✐%❡" ❞❛♥" ❧❡ ♣❛*❛❣*❛♣❤❡ ♣*=❝=❞❡♥%✳ ❍✐"%♦*✐:✉❡♠❡♥%✱

❧❡" ♣*❡♠✐H*❡" ♦♥❞❡" ❚❍③ =%❛✐❡♥% ❡①%*❛✐%❡" ❞❡ ❧✬=♠✐""✐♦♥ *❛❞✐❛%✐✈❡ ❞✬✉♥ ❝♦*♣"

♥♦✐*✳ ❬✾✸❪ ▲✬❛♠♣❧✐%✉❞❡ ❞✬=♠✐""✐♦♥ =%❛✐% ❝❡♣❡♥❞❛♥% ❡①%*>♠❡♠❡♥% ❢❛✐❜❧❡✳ ❈✬❡"% F

♣❛*%✐* ❞❡" ❛♥♥=❡" ✶✾✼✵✱ ❛✈❡❝ ❧✬❛♣♣❛*✐%✐♦♥ ❞❡" ♣*❡♠✐❡*" ❧❛"❡*" ❢❡♠%♦"❡❝♦♥❞❡"

:✉❡ ❧❛ ❣=♥=*❛%✐♦♥ ❞❡ ❝❡%%❡ ♣❧❛❣❡ ❞❡ ❢*=:✉❡♥❝❡" ❛ ♣✉ >%*❡ ❢❛❝✐❧✐%=❡✳ ❊♥ ❡❢✲

❢❡%✱ ❧❛ ♣❧✉♣❛*% ❞❡" ♣❤=♥♦♠H♥❡" ♣❤②"✐:✉❡" F ❧✬♦*✐❣✐♥❡ ❞❡ ❧✬=♠✐""✐♦♥ ❞✬♦♥❞❡"

❚❍③ *❡♣♦"❡♥% "✉* ✉♥❡ ❡①❝✐%❛%✐♦♥ %*H" ✐♥%❡♥"❡ ❞❡ ♠❛%=*✐❛✉①✳ ◆♦✉" ❞=❝*✐*♦♥"

❞✬❛❜♦*❞ ✉♥❡ ♠=%❤♦❞❡ %♦✉%❡ ♦♣%✐:✉❡ ❞✐%❡ ❞❡ *❡❝%✐✜❝❛%✐♦♥ ♦♣%✐:✉❡✱ :✉❡ ♥♦✉"

❞=%❛✐❧❧❡*♦♥" :✉❡❧:✉❡ ♣❡✉✱ ❛✜♥ ❞✬❡①♣❧✐❝✐%❡* ❧❡ ❜❡"♦✐♥ ❞✬✉♥❡ ✐♠♣♦*%❛♥%❡ ❛♠✲

♣❧✐%✉❞❡ ❞✬❡①❝✐%❛%✐♦♥ ❛✐♥"✐ :✉❡ ❧❡" ❞✐✛=*❡♥%" ♣❤=♥♦♠H♥❡" ♣❤②"✐:✉❡" ❛♠❡♥❛♥%

F ❧✬=♠✐""✐♦♥ ❞❡ ❚❍③✳ ◆♦✉" ♣*="❡♥%❡*♦♥" ❡♥"✉✐%❡ ❧❛ ♠=%❤♦❞❡ =❧❡❝%*♦✲♦♣%✐:✉❡

✭♣❤♦%♦❝♦♥❞✉❝%❡✉*" ♦✉ "✇✐%❝❤" ❞✬❆✉"%♦♥✮✱ ♣♦✉* ❧❛:✉❡❧❧❡ ❧❡ ♠>♠❡ %*❛✈❛✐❧ ✐♥✲

%*♦❞✉❝%✐❢ "❡*❛ *=❛❧✐"=✳ ❊♥✜♥✱ ♥♦✉" ♣*="❡♥%❡*♦♥" ♣❧✉" ❡♥ ❞=%❛✐❧ ❧❡ ♣*✐♥❝✐♣❡ ❞❡

❧✬=♠❡%%❡✉* "♣✐♥%*♦♥✐:✉❡ ✉%✐❧✐"= ❞❛♥" ❝❡%%❡ %❤H"❡✱ ❡♥ ❧❡ ❝♦♠♣❛*❛♥% ❛✉① ❞❡✉①

♠=%❤♦❞❡" ❞=❝*✐%❡" ♣*=❝=❞❡♠♠❡♥%✳

❱■■✳✸✳✶ ❘❡❝(✐✜❝❛(✐♦♥ ❖♣(✐0✉❡

❉❛♥" ✉♥ ♠❛%=*✐❛✉ ❞✐=❧❡❝%*✐:✉❡✱ ❧❛ ♣♦❧❛*✐"❛%✐♦♥ ❧✐=❡ ❛✉ ❝❤❛♠♣ =❧❡❝%*✐:✉❡

❡"% ❝❛*❛❝%=*✐"=❡ ♣❛* ❧❛ "✉"❝❡♣%✐❜✐❧✐%= =❧❡❝%*✐:✉❡✳ ▲❛ ♣♦❧❛*✐"❛%✐♦♥ ❡"% ❣=♥=*❛✲

❧❡♠❡♥% ❝♦♠♣♦"=❡ ❞❡ ♣❧✉"✐❡✉*" ❝♦♥%*✐❜✉%✐♦♥"✱ ❝❤❛❝✉♥❡ ❞=♣❡♥❞❛♥% ❞✉ ❝❤❛♠♣

=❧❡❝%*✐:✉❡ ❝♦♠♠❡ ♣*="❡♥%= ❞❛♥" ❧✬=:✉❛%✐♦♥ ❱■■✳✶ ✿

P = ǫ0χ
1E(t) + ǫ0χ

2E(t)2 + ǫ0χ
3E(t)3 + .... ; ✭❱■■✳✶✮

❛✈❡❝ ǫ0 ❡"% ❧❛ ♣❡*♠✐%%✐✈✐%= ❞✉ ✈✐❞❡ ❡% χ ❡"% ❧❡ %❡♥"❡✉* ❞✐=❧❡❝%*✐:✉❡✳ ❆

❧✬♦*❞*❡ ✶✱ ❝❡ %❡*♠❡ ❡"% ❧✐= F ❧✬✐♥❞✐❝❡ ❞❡ *=❢*❛❝%✐♦♥ ❞✉ ♠❛%=*✐❛✉ ♣❛* ❧❛ *❡✲

❧❛%✐♦♥ ✿ χ1 = n2 − 1✳ X♦✉* *❡♣*="❡♥%❡* ❧✬✐♥%❡*❛❝%✐♦♥ ❧✉♠✐H*❡ ✭❝❤❛♠♣ =❧❡❝✲

%*✐:✉❡✮✴♠❛%✐H*❡ ✭♣♦❧❛*✐"❛%✐♦♥✮✱ "♣=❝✐✜:✉❡ F ❝❤❛:✉❡ ♠❛%=*✐❛✉✱ ❡% "❡" ❝❛*❛❝%=✲

*✐"%✐:✉❡" ✈❡❝%♦*✐❡❧❧❡"✱ ♦♥ ♣❡✉% *=❛❧✐"❡* ✉♥ ❞=✈❡❧♦♣♣❡♠❡♥% ❞❡ ❚❛②❧♦* ❡♥ ❢♦♥❝✲

%✐♦♥ ❞✉ ❝❤❛♠♣ =❧❡❝%*✐:✉❡ :✉✐ *❡♥❞ ❝♦♠♣%❡ ❞❡ ♣*♦❝❡""✉" ♥♦♥✲❧✐♥=❛✐*❡" F %♦✉"

❧❡" ♦*❞*❡" ♥❃✶✳ X♦✉* ❧❛ "✉✐%❡✱ ♥♦✉" ♥♦✉" ❧✐♠✐%❡*♦♥" ❛✉① ❞❡✉① ♣*❡♠✐❡*" %❡*♠❡"

❞❡ ❧✬=:✉❛%✐♦♥ ❱■■✳✶✱ ❝✬❡"%✲F✲❞✐*❡ ❧❡ %❡*♠❡ ❧✐♥=❛✐*❡ ❡% :✉❛❞*❛%✐:✉❡✳ ■❧ ❡"% ✐♠✲

♣♦*%❛♥% ❞❡ ♥♦%❡* :✉❡ ❧❡ ♠❛%=*✐❛✉ ♥❡ ❞♦✐% ♣❛" ❛✈♦✐* ❞❡ ❝❡♥%*❡ ❞❡ "②♠=%*✐❡

♣♦✉* :✉❡ ❧❡ %❡♥"❡✉* χ ❞❡ ❧❛ ♣♦❧❛*✐"❛%✐♦♥ ❞✬♦*❞*❡ ❞❡✉①✱ ♦✉ ❞❡ %♦✉% ♦*❞*❡ ♣❛✐*✱

"♦✐% ♥♦♥ ♥✉❧✳

◆♦✉" ❛❧❧♦♥" ✐❝✐ ♣*="❡♥%❡* :✉❡❧:✉❡" ♣❤=♥♦♠H♥❡" ❞❡ ♣♦❧❛*✐"❛%✐♦♥ ❞✬♦*❞*❡

❈❤❛♣✐%*❡ ❱■■ ▼❛%%❤✐❛" X❛❝= ✶✵✶



fsortie
f1 f2

f1 = f2

E(t) = E0 exp−iωt+ c.c. .

χ(2)

P2(t) = ǫ0 · χ(2) · E2(t) ,

P2(t) = 2ǫ0χ
(2) · E0 · E0 ∗+(ǫ0χ

(2)E2
0exp(−2iωt) + c.c.) .

ω



▲❛ "❡❝%✐✜❝❛%✐♦♥ ♦♣%✐+✉❡✳

◆♦"♦♥$ %✉❡ ❧❛ ♣♦❧❛+✐$❛"✐♦♥ ❞✉ $❡❝♦♥❞ ♦+❞+❡✱ ❞0❝+✐"❡ ♣❛+ ❧✬0%✉❛"✐♦♥ ❱■■✳✹

❡$" ❛✉$$✐ ❝♦♥$"✐"✉0❡ ❞✬✉♥❡ ❝♦♥"+✐❜✉"✐♦♥ 7 ❢+0%✉❡♥❝❡ ♥✉❧❧❡ ✭❧❡ ♣+❡♠✐❡+ "❡+♠❡✮✳

◆♦"♦♥$ 0❣❛❧❡♠❡♥" %✉✬❡♥ +0❣✐♠❡ $"❛"✐♦♥♥❛✐+❡✱ ❝❡""❡ ❝♦♥"+✐❜✉"✐♦♥ ♥❡ ❝♦♥❞✉✐"
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E(z, t) =

∫ −∞

+∞

E(z, ω) · exp(iωt) dω , ✭❱■■✳✺✮
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E(z, t) =

∫ −∞

+∞

E0 · exp(−(ω − ω0)
2 · τ 2p ) · exp(iωt− k(ω)z) dω . ✭❱■■✳✻✮

❖♥ ❞)✜♥✐, τp ❝♦♠♠❡ ❧❛ ❧❛3❣❡✉3 ,❡♠♣♦3❡❧❧❡ ❞✉ ❝❤❛♠♣ )❧❡❝,3✐8✉❡ ✿ τp =
FWHM√

8·ln(2)
♦: ❋❲❍▼ ❡?, ❧❛ ❧❛3❣❡✉3 @ ♠✐✲❤❛✉,❡✉3 ❞❡ ❧✬✐♠♣✉❧?✐♦♥✳ ❙♦✐, ✈g ❧❛

✈✐,❡??❡ ❞❡ ❣3♦✉♣❡ ❞❡ ❧❛ ❧✉♠✐E3❡ @ ❧❛ ❢3)8✉❡♥❝❡ ω0✱ ❡♥ ♣3❡♥❛♥, ❡♥ ❝♦♠♣,❡ ❧❛

❞✐?♣❡3?✐♦♥ ❡, ❡♥ ✐♥,)❣3❛♥, ❱■■✳✻✱ ♦♥ ❛33✐✈❡ @ ❧✬)8✉❛,✐♦♥ ?✉✐✈❛♥,❡✱ ❞)❝3✐✈❛♥, ❧❡

❝❤❛♠♣ )❧❡❝,3✐8✉❡ ❞❡ ❧✬✐♠♣✉❧?✐♦♥ ❣❛✉??✐❡♥♥❡ ✿

E(z, t) = A(z, t) · exp(i(ω0t− k(ω0)z)) . ✭❱■■✳✼✮

❖♥ ♣♦?❡ ❛✉??✐ ❆✭,✮✱ ❧✬❡♥✈❡❧♦♣♣❡ ❣❛✉??✐❡♥♥❡ ❞❡ ❧✬✐♠♣✉❧?✐♦♥ ❧✉♠✐♥❡✉?❡ ❡,

ω0 ❧❛ ❢3)8✉❡♥❝❡ ❞❡ ❧✬♦♥❞❡ ♣♦3,❡✉?❡✳

A(z, t) = A0 · exp(−
(t− z

vg
)2

4τ 2p
) . ✭❱■■✳✽✮

➱!✉❛$✐♦♥ ❞✬♦♥❞❡

❉❛♥? ❝❡,,❡ ?❡❝,✐♦♥✱ ♥♦✉? ❛❧❧♦♥? ♥♦✉? ✐♥,)3❡??❡3 @ ❧✬)♠✐??✐♦♥ )❧❡❝,3♦♠❛✲

❣♥),✐8✉❡ ✐♥❞✉✐,❡ ♣❛3 ❧❛ 3)♣♦♥?❡ ♥♦♥✲❧✐♥)❛✐3❡ ❞✉ ♠✐❧✐❡✉ ❞✬✐♥,)3L,✳ M♦✉3 3)❛❧✐✲

?❡3 ❝❡,,❡ ),✉❞❡✱ ♥♦✉? ❛❧❧♦♥? ❡♠♣❧♦②❡3 ❧❡? )8✉❛,✐♦♥? ❞❡ ▼❛①✇❡❧❧✲❋❛3❛❞❛② ❡,

▼❛①✇❡❧❧✲❆♠♣E3❡ ♣♦✉3 ❞)❝3✐3❡ ♠❛,❤)♠❛,✐8✉❡♠❡♥, ❧❛ 3)♣♦♥?❡ )❧❡❝,3♦♠❛❣♥)✲

,✐8✉❡ ❞✉ ♠✐❧✐❡✉✳

∇× ❊(,, t) + µ0 ·
∂❍(,, t)

∂t
= 0 . ✭❱■■✳✾✮

∇×❍(,, t) = ❥(,, t) +
∂❉(,, t)

∂t
. ✭❱■■✳✶✵✮
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♥❡ ♣♦??E❞❡ ♣❛? ❞❡ ❝❤❛3❣❡? )❧❡❝,3✐8✉❡? ✭ρ✮ ?✉?❝❡♣,✐❜❧❡? ❞❡ ?❡ ❞)♣❧❛❝❡3 ❞❡

❢❛W♦♥ ♠❛❝3♦?❝♦♣✐8✉❡✳ ■❧ ♥✬② ❛ ❞♦♥❝ ♣❛? ❞❡ ❝♦✉3❛♥, ❡, ♦♥ ♣❡✉, ❞♦♥❝ ♣♦?❡3
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∆❊(,, t) = µ0
∂2
❉(,, t)

∂t2
. ✭❱■■✳✶✶✮
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∆❊(!, ω) +
ǫ(ω)ω2
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· ❊(!, ω) = −µ0ω

2
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P2(z, t) = 2ǫ0χ
(2)
OR · A2

0 · exp (−
(t− z

vg
)2

2τ 2p
) . ✭❱■■✳✶✻✮
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P2(z, ω) =
2ǫ0χORA

2
0√

2π
τp · e−

ω2τ2p
2 · e−

iωz
vg . ✭❱■■✳✶✼✮
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−µ0ω
2
#NL(!, ω) = −µ0ω

22ǫ0χORA
2
0√

2π
τp · e−

ω2τ2p
2 · e−

iωz
vg . ✭❱■■✳✶✽✮
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a(ω) = −µ0
2ǫ0χORA

2
0√

2π
ω2τpe

−
ω2τ2p

2 , ✭❱■■✳✶✾✮
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∆E(z, ω) +
ǫ(ω)ω2

c2
· E(z, ω) = −a(ω)e

−iωz
vg ,

ω
τP

τp
ω

ω 0 τp τp
τp τp



E(z, ω) = ETHz(z, ω) exp−iω
z · n(ω)

c
. ✭❱■■✳✷✶✮
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dz2
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−2ik(ω)
∂ETHz(z,ω)

∂z
= a(ω) exp iωz(

n(ω)

c
− 1

vg
) . ✭❱■■✳✷✷✮
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Vb Rl

ph

j(t) = −e× n(t)× v(t) ,

∂J

∂t
= e · n · ∂v

∂t
+ e · v · ∂n

∂t
.

τe τt
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τm =
τe + τt
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dt
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t

τP
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dve,h
dt

= −ve,h
τrel

+
qe,h · Eloc

meff e/t
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ETHz α
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ETHz α e·n·(−ve,t
τrel

+
qe,t · Eloc

meff e,t

)+e·v ·(n0 ·exp((
t

∆T
)2)−(

n(t)

τe
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∆E(z, t)− µ · ǫ · ∂
2E(z, t)

∂t2
= µ · ∂J(z, t)

∂t
.

jc
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TF [−µ · ǫ · ∂
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c2
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TF [µ
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k2
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js(z) = js(dFM) · sinh(dFM − z)/λrel
sinh(dNM)/λrel
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js(dFM)αF
L
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E(d) α γNM · λrel ·
F

L
·

tanh( dNM

2·λrel
)

n1 + n2 + Z0 ·
∫ L

0
σ(z)dz
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I(t) =
+∞
∑

j=−∞

Ij × eijw(t−
z
v
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I(t) =
+∞
∑

i=−∞

aj(t)× cos(−jw
z

v
)) + bj(t)× sin(−jw

z

v
))

bi ∀
±L

2

cos(−jw
L

2× v
)) = 0 .

L =
2j + 1

2
λ, j ∈ N

λ = 2πc/ω

L = λ
2



~Eθ =
k3
0p

4πǫ0
sin(θ)

einiR
′

R′
,

~Hψ =
k3
0nip

4πZ0ǫ0
sin(θ)

einiR
′

R′
,

k2
0 = ω2µ0ǫ0 κi = n2

i =
ǫi
ǫ0

Z0 =
√

µ0
ǫ0



κ1

κ2

~uz
~ux

k2
0 = ω2µ0ǫ0 ,

κi = n2
i =

ǫi
ǫ0

,

ηi =

√

µ0

ǫi
,

γi =
√

λ2 − κi −→
λ→0

−iηi ,

R̃ = k0 × r ,

µ0 ǫ0
ǫi R̃

ã = k0 × a
Rp

Rp =
1− α

1 + α
, α =

κ1γ2
κ2γ1

,



❛✐♥#✐ $✉❡ Rs ❧❛ ()✢❡❝,✐✈✐,) ❞✉ ❝❤❛♠♣ )❧❡❝,(✐$✉❡ ♣♦✉( ✉♥❡ ♦♥❞❡ ♣♦❧❛(✐#)❡

❞❡ ❢❛4♦♥ ,(❛♥#✈❡(#❡ ✭❚❊✮ 9 ❧❛ ❧✐♠✐,❡ ❞❡ ❧❛ ③♦♥❡ ■ 9 ❧❛ ③♦♥❡ ■■✳

Rs =
1− β

1 + β
, α =

γ2
γ1

. ✭❱■■✳✺✽✮

◆♦,♦♥# )❣❛❧❡♠❡♥, ✿

m = n2/n1

cos(ν) =
√

1−m2sin2(θ)

Rs0 =
cos(ν)−mcos(θ)

cos(ν) +mcos(θ)

Rp0 =
mcos(ν)− cos(θ)

mcos(ν) + cos(θ)
✭❱■■✳✺✾✮

ν ❡#, ❧✬❛♥❣❧❡ ✐♥,)(✐❡✉( ❞❛♥# ❧❡ #✉❜#,(❛, ❡, Rp0 ❡#, ❧❛ ()✢❡❝,✐✈✐,) ❞✉ ❝❤❛♠♣

♠❛❣♥),✐$✉❡ ❞❡ ❧✬❛♥❣❧❡ ❞)♣❡♥❞❛♥,❡✳

■♥,(♦❞✉✐#♦♥# ❡♥✜♥ FH
x ❡, FH

z ,❡❧ $✉❡ ✿

FH
x = k0e

i(n1cos(ν)−n2cos(θ))L̃/2 × (1−Rs0)[e
−in1ãcos(ν) +Rs0e

in1(L̃+ã)cos(ν)]

1−R2
s0e

2in1L̃cos(ν)
.

✭❱■■✳✻✵✮

FH
z =

ei(n1cos(ν)−n2cos(θ))L̃/2(1−Rs0)(κ1 − κ2)

(1−R2
p0e

2in1L̃cos(ν))(1−R2
s0e

2in1L̃cos(ν))(κ2n1cos(ν) + κ1n2cos(θ))

×e−in1ãcos(ν)[1+(−Rs0+Rp0−Rs0Rp0e2in1L̃cos(ν)] × ein1ãcos(ν)[−1+Rs0−Rp0+Rs0Rp0e2in1L̃cos(ν)].
✭❱■■✳✻✶✮

▲❡# ❝❤❛♠♣# )❧❡❝,(✐$✉❡

~E✱ ♠❛❣♥),✐$✉❡

~H ♦♥, ❛❧♦(# ❧❡# ❡①♣(❡##✐♦♥# #✉✐✲

✈❛♥,❡# ✿

~E =
k2
0e
in1R̃

R̃
× [FH

x sin(ΦẽΦ) + (FH
x cos(θ)− FH

z sin2(θ))cos(Φ)ẽθ] ,

✭❱■■✳✻✷✮

~H =
k2
0k2e

in1R̃

η0R̃
× [FH

x cos(θ)− (FH
z sin2(θ))cos(Φ)ẽΦ − FH

x sin(Φ)ẽθ] .
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FH
x ❡, FH
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ρ = f(θ) f

r = a× bθ

x = a× bθcos(θ)

y = a× bθsin(θ)
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#✉✐✈❛♥.❡✳

❱■■■✳✷✳✶ ❉❡'❝)✐♣,✐♦♥ ❣0♥0)❛❧❡ ❞❡ ❧❛ '✐♠✉❧❛,✐♦♥

▲❛ #✐♠✉❧❛.✐♦♥ ❡#. +*❛❧✐#*❡ ❞❛♥# ❈❙❚ ✭❈♦♠♣✉.❡+ ❙✐♠✉❧❛.✐♦♥ ❚❡❝❤♥♦❧♦❣②✮

❬✶✵✺❪ ❙.✉❞✐♦ ❡♥ ✉.✐❧✐#❛♥. ❧❡ .❡♠♣❧❛.❡ ❆♥.❡♥♥❡✲●✉✐❞❡ ❞✬♦♥❞❡✳ ◆♦.+❡ ♦❜❥❡❝.✐❢

❡#. ❞❡ +*#♦✉❞+❡ ❧❡# *8✉❛.✐♦♥# ❞❡ ▼❛①✇❡❧❧✲▲♦+❡♥.③ ❡♥ .♦✉. ♣♦✐♥. ❞✐#❝+*.✐#* ❞❡

❧✬❡#♣❛❝❡ #✐♠✉❧*✳ ▲❛ #✐♠✉❧❛.✐♦♥ ❡#. +*❛❧✐#*❡ ❞❛♥# ❧❡ ❞♦♠❛✐♥❡ .❡♠♣♦+❡❧✳ ❊❧❧❡

✶✷✼





ǫr = ǫ
ǫ0

Z =

√

µ0

ǫ
.



▼❛"#$✐❡❛✉① )❡$♠✐""✐✈✐"# #❧❡❝"$✐.✉❡ $❡❧❛"✐✈❡ ✭ǫr✮
❙✐❧✐❝✐✉♠ ✶✶✳✾

❙❛♣❤✐$ ✾✳✹

❙✐❧✐❝❡ ✸✳✼✺

❚❛❜❧❡ ❱■■■✳✶ ✕ )❡$♠✐""✐✈✐"# #❧❡❝"$✐.✉❡ $❡❧❛"✐✈❡ ǫr ❞❡= "$♦✐= =✉❜="$❛"= ✉"✐❧✐=#=
❞❛♥= ❧❡= =✐♠✉❧❛"✐♦♥=✳

▲✬❛♥"❡♥♥❡ ❡=" $❡♣$#=❡♥"#❡ ♣❛$ ❧❡= ❞❡✉① ③♦♥❡= $♦✉❣❡=✱ ❝♦♠♣♦=#❡ ❞❡ )❊❈

✭♣❡$❢❡❝" ❡❧❡❝"$✐❝❛❧ ❝♦♥❞✉❝"♦$✮✳ ■❧ =✬❛❣✐" ❞❡ ❞❡✉① ♣♦❧②❣♦♥❡= =②♠#"$✐.✉❡= =❡❧♦♥

✉♥ ❝❡♥"$❡ ♣❧❛❝# K ❧✬♦$✐❣✐♥❡ ❞❡ ❧❛ ="$✉❝"✉$❡✱ ❡①"$✉❞#= =✉$ ✉♥❡ #♣❛✐==❡✉$ ❞❡

✵✱✶ µm✳ ❊♥✜♥✱ ❧✬#♠❡""❡✉$ ❚❍③ ❡=" $❡♣$#=❡♥"# ♣❛$ ❞❡= ❝♦♥❞✐"✐♦♥= ❛✉① ❧✐♠✐"❡=
✐♥"❡$♥❡= ❞❡ ❧✬❛♥"❡♥♥❡✱ =♦✉= ❢♦$♠❡ ❞✬✉♥ ❣#♥#$❛"❡✉$ ❞❡ ❝♦✉$❛♥" ❡♥ ♣❛$❛❧❧P❧❡

❞✬✉♥❡ $#=✐="❛♥❝❡✳ ❉❛♥= ❧❡= ♣$❡♠✐P$❡= =✐♠✉❧❛"✐♦♥=✱ ❝❡""❡ $#=✐="❛♥❝❡ #"❛✐" ✜①#❡

K ✺✵ ♦❤♠=✱ ♠❛✐= ❧❡= ❞❡$♥✐❡$= "❡="= ♦♥" #"# $#❛❧✐=#= ❛✈❡❝ ✉♥❡ ✐♠♣#❞❛♥❝❡ $❡❧✐#❡

K ❧❛ $❡=✐="✐✈✐"# ρ ♠♦②❡♥♥❡ ❞❡ ❧❛ ❝♦✉❝❤❡ ♠#"❛❧❧✐.✉❡✱ ❢❛✐=❛♥" ❛✐♥=✐ ✐♥"❡$✈❡♥✐$ ❧❛
❣#♦♠#"$✐❡ ❞❡ ❧✬#♠❡""❡✉$ ❞❛♥= ❧❡ ♠♦❞P❧❡✳

Z = ρ
L

l × e
. ✭❱■■■✳✷✮

❖U ▲ ❡=" ❧❛ ❧♦♥❣✉❡✉$ ❞❡ ❧✬#♠❡""❡✉$✱ ❧ =❛ ❧❛$❣❡✉$ ❡" ❡ =♦♥ #♣❛✐==❡✉$✳

❱■■■✳✷✳✸ ❉✐'❝)*+✐'❛+✐♦♥ ❡+ ♠❛✐❧❧❛❣❡

❆✜♥ ❞❡ $#❛❧✐=❡$ ❧❛ =✐♠✉❧❛"✐♦♥✱ ✐❧ ❡=" ♥#❝❡==❛✐$❡ ❞❡ ❞✐=❝$#"✐=❡$ ❧✬❡=♣❛❝❡ =✐✲

♠✉❧#✳ ▲❛ ❞✐=❝$#"✐=❛"✐♦♥ ✉"✐❧✐=❡ ✉♥ ♠❛✐❧❧❛❣❡ ❞❡ "②♣❡ ❤❡①❛❤#❞$❛❧✱ =❛♥= ❞#❢♦$✲

♠❛"✐♦♥ ❞❛♥= ❧❛ ♠❛✐❧❧❡✳ ▲❛ "❛✐❧❧❡ ❞❡= ❝❡❧❧✉❧❡= ❡=" ❛❥✉="#❡ ❞❡ ❢❛Y♦♥ ❛✉"♦♠❛"✐.✉❡

♣❛$ ❧❡ ♠♦❞P❧❡ ♣♦✉$ =✬❛❞❛♣"❡$ ❛✉① ❢♦$♠❡= ♠♦❞#❧✐=#❡=✳ ❈❡❝✐ ❡=" ✈✐=✐❜❧❡ =✉$ ❧❛

✜❣✉$❡ ❱■■■✳✸

❈❤❛♣✐"$❡ ❱■■■ ▼❛""❤✐❛= )❛❝# ✶✸✵



❋✐❣✉$❡ ❱■■■✳✸ ✕ ▼❛✐❧❧❛❣❡ ❤❡①❛❤)❞+❛❧ ✉-✐❧✐.) ♣♦✉+ ❧❛ .✐♠✉❧❛-✐♦♥✳

▲✬❡♠♣❧♦✐ ❞❡ ❝❡ ♠❛✐❧❧❛❣❡ .❡ ❥✉.-✐✜❡ ✐❝✐ ♣❛+ ❞❡. ❢♦+♠❡. ❣)♦♠)-+✐:✉❡. .✐♠♣❧❡.

❡- ♣❛+ ✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ♣❡-✐-❡ -❛✐❧❧❡ ♣❛+ +❛♣♣♦+- ; ❧❛ ❧♦♥❣✉❡✉+ ❞✬♦♥❞❡ ❧❛ ♣❧✉.

❝♦✉+-❡ ❞❡ ❧❛ .✐♠✉❧❛-✐♦♥✳ ▲❡ +❛♣♣♦+- ❡.- ❝♦♠♣+✐. ❡♥-+❡ ✶✴✷✵ ❡- ✶✴✶✺✳ ▲❡ ❝❤♦✐①

❞❡ ❧❛ -❛✐❧❧❡ ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❡.- ❡①-+A♠❡♠❡♥- ✐♠♣♦+-❛♥-✳ ❊♥ ❡✛❡-✱ ❞❛♥. ❈❙❚

.-✉❞✐♦✱ ❧❛ ❝❡❧❧✉❧❡ .❡+❛ ❝♦♥.✐❞)+)❡ ❝♦♠♠❡ ♣❧❡✐♥❡ ❞❡ ❧❛ ♠❛-✐H+❡ ♠❛❥♦+✐-❛✐+❡✱ ❡-

❧❡ ❝❛❧❝✉❧ .❡+❛ +)❛❧✐.) .✉+ ❧✬❛♣♣+♦①✐♠❛-✐♦♥ ❞❡ ❧❛ ❢♦+♠❡ ♣+♦♣♦.)❡ ♣❛+ ❧❡ ♠❛✐❧❧❛❣❡

❡♠♣❧♦②)✱ ❝♦♠♠❡ ♣+).❡♥-) .✉+ ❧❛ ✜❣✉+❡ ❱■■■✳✹✳ ■♥-✉✐-✐✈❡♠❡♥-✱ ❧✬✉-✐❧✐.❛-❡✉+

✈♦✉❞+❛ ✉-✐❧✐.❡+ ✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ❧❛ -❛✐❧❧❡ ❧❛ ♣❧✉. ♣❡-✐-❡ ♣♦..✐❜❧❡✱ ❛✜♥ ❞❡ ❧✐♠✐-❡+

❧✬❡✛❡- ❞❡ ❝+)♥❡❧❛❣❡✳

❈❤❛♣✐-+❡ ❱■■■ ▼❛--❤✐❛. O❛❝) ✶✸✶



∆tmax ≤
1

umax
[

1

∆x2
+

1

∆y2
+

1

∆z2
]
−1
2 .

∆tmax ∆x/y/z
umax



10−3



Aperte

T 2 = 1− |S|2 − APerte .

APerte |S|2
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❆♥"❡♥♥❡ ❜♦✇✲"✐❡

❈❡""❡ ❛♥"❡♥♥❡ ❡%" .❡❧❛"✐✈❡♠❡♥" ♣❧✉% ❝♦♠♣❧❡①❡✱ ❝♦♠♠❡ ♠♦♥".,❡ ❞❛♥% ❋✐✲

❣✉.❡ ❱■■■✳✽✳ ❈❡♣❡♥❞❛♥"✱ ❛✈❡❝ "♦✉❥♦✉.% ✷ ❛①❡% ❞❡ %②♠,".✐❡✱ ❧❡ ♥♦♠❜.❡ ❞❡

♣❛.❛♠2".❡% ♣❡✉" ;".❡ .,❞✉✐" < ✺✳ ❈❡% ♣❛.❛♠2".❡% %♦♥" ❧❡% ❝♦♦.❞♦♥♥,❡% ❞❡%

♣♦✐♥"% ❆✱❇ ❡" ❈ ♣.,%❡♥",% %✉. ❧❛ ✜❣✉.❡ ❱■■■✳✽✳ ■❧ ❡%" ♥,❝❡%%❛✐.❡ ❞❡ ♥♦"❡. /✉❡

❧❡ ♣❛.❛♠2".❡ ❨ ❞✉ ♣♦✐♥" ❇ ❛ ,", ✜①,✳ ❊♥ ❡✛❡"✱ ❧✬♦❜❥❡❝"✐❢ ,"❛✐" ❞✬❛✈♦✐. ✉♥

❛♥❣❧❡ ✐♥❞,♣❡♥❞❛♥" ❞❡ ❧❛ ❧❛.❣❡✉. ❞❡ ❧✬,♠❡""❡✉.✱ "♦✉" ❡♥ ♠❛✐♥"❡♥❛♥" ❧❛ ❢♦.♠❡

❣,♥,.❛❧❡ ❞❡ ❧✬❛♥"❡♥♥❡ ❜♦✇✲"✐❡✳ ❈❡❝✐ ❛ ♥,❝❡%%✐", ✉♥ ♣♦✐♥" ✐♥"❡.♠,❞✐❛✐.❡ ❞♦♥"

❧❛ ❞✐%"❛♥❝❡ ♣❛. .❛♣♣♦." < ❧✬,♠❡""❡✉. %✉. ❧✬❛①❡ ❨ ,"❛✐" ♣❡"✐"✳ ❈❡""❡ ❞✐%"❛♥❝❡

❛ ,", ✜①,❡ < ✶✵µ♠✱ .❡♥❞❛♥" ❧❛ ❞✐%"❛♥❝❡ ♥,❣❧✐❣❡❛❜❧❡ ♣❛. .❛♣♣♦." < ❧❛ "❛✐❧❧❡ ❞❡
❧✬✉♥ ❞❡% ❜.❛% ❞❡ ❧✬❛♥"❡♥♥❡✳

❈❡❝✐ ♣❡.♠❡" ❞✬♦❜"❡♥✐. ❧❡% ❞✐♠❡♥%✐♦♥% ❞❡ ❧✬❛♥"❡♥♥❡✱ ❊❛✱ ▲❛✱ ❊❡✱ ▲❡ ❡" ❊❝✱

❝♦♠♠❡ ♣.,%❡♥", ❞❛♥% ❋✐❣✉.❡ ❱■■■✳✽✳ ❈❡ %♦♥" ❧❡% ♣❛.❛♠2".❡% /✉✐ ♦♥" %❡.✈✐

♣♦✉. ❧✬♦♣"✐♠✐%❛"✐♦♥✱ ❡" /✉✐ %♦♥" ♣.,%❡♥",% ❞❛♥% ❧❛ %✉✐"❡ ❞✉ ♠❛♥✉%❝.✐"✳

❈❤❛♣✐".❡ ❱■■■ ▼❛""❤✐❛% X❛❝, ✶✸✺





❞❡ ❝#$❡# ✉♥❡ ❢♦#♠❡ ❛②❛♥, ✉♥ $❝❤❛♥,✐❧❧♦♥♥❛❣❡ 1❛,✐1❢❛✐1❛♥,✳ ■❧ ❡1, ♥$❛♥♠♦✐♥1

♣♦11✐❜❧❡ ❞❡ ♣❛#❛♠$,#✐1❡# ❧❡1 ♣♦❧②❣♦♥❡1 ❛✈❡❝ 1❡✉❧❡♠❡♥, ✹ ❞❡❣#$1 ❞❡ ❧✐❜❡#,$✳

❊♥ ❡✛❡,✱ ❧✬$<✉❛,✐♦♥ ❞❡1 ♣♦✐♥,1 ❞✬✉♥❡ 1♣✐#❛❧❡ ❧♦❣❛#✐,❤♠✐<✉❡ ❡1, ❧❛ 1✉✐✈❛♥,❡ ✿

r = α× βθ . ✭❱■■■✳✺✮

❉❛♥1 ✉♥ #❡♣C#❡ ♣♦❧❛✐#❡✱ D ♣❛#,✐# ❞✉ ♠♦♠❡♥, ♦E ❧❛ ❞✐1,❛♥❝❡ ❛✉ ❝❡♥,#❡  

❞✉ ♣♦✐♥, ❡1, #❡❧✐$ D ❧✬❛♥❣❧❡ θ ♣❛# ❧✬$<✉❛,✐♦♥ ❱■■■✳✺✱ ❧❛ ❢♦#♠❡ ❣$♦♠$,#✐<✉❡ ❡1,

✉♥❡ 1♣✐#❛❧❡ ❧♦❣❛#✐,❤♠✐<✉❡✳ ■❧ 1✉✣, ❞♦♥❝ ❞❡ ❞❡✉① ♣❛#❛♠C,#❡1 ♣♦✉# ❞$❝#✐#❡

,♦,❛❧❡♠❡♥, ✉♥ ❜#✐♥ ❞❡ ❧❛ ❧✐❣♥❡ ❞$❧✐♠✐,❛♥, ✉♥ ❞❡1 ❜#❛1 ❞❡ ❧✬❛♥,❡♥♥❡✳ ❈❡♣❡♥✲

❞❛♥,✱ ❝❤❛<✉❡ ❜#❛1 ❡1, ❝♦♠♣♦1$ ❞❡ ❞❡✉① ❜#✐♥1 ❛✜♥ ❞❡ ❢♦#♠❡# ✉♥❡ 1✉#❢❛❝❡ ❡,

❞❡✉① ❜#❛1 1♦♥, ♥$❝❡11❛✐#❡1✳ ■❧ ❢❛✉, ❞♦♥❝ ♣❛#❛♠$,#✐1❡# ✹ ❜#✐♥1 ❞✐✛$#❡♥,1 ♣♦✉#

♦❜,❡♥✐# ✉♥❡ ❛♥,❡♥♥❡ 1♣✐#❛❧❡✳

❏✬❛✐ ❞♦♥❝ ❛❥♦✉,$ ❞❡✉① ♣❛#❛♠C,#❡1 1✉♣♣❧$♠❡♥,❛✐#❡1✱ γk ❡, θj ❛✜♥ ❞❡ ❞$❝#✐#❡
,♦,❛❧❡♠❡♥, ❧❡ ♣♦❧②❣♦♥❡ ❞✬✐♥,$#M,✳ N♦✉# ❧❡ ❜#❛1 1✉♣$#✐❡✉#✱ θhaut ❂ ✵ ➦ ❡, θbas
❂ ✶✽✵ ➦ ♣♦✉# ❧❡ ❜#❛1 ✐♥❢$#✐❡✉#✳ ❉❡ ❧❛ ♠M♠❡ ❢❛S♦♥✱ ✐❧ ❡1, ♥$❝❡11❛✐#❡ ❞❡ 1$♣❛#❡#

❧❡ ❜#✐♥ ❡①,$#✐❡✉# ❞✉ ❜#❛1✱ ❡, ❧❡ ❜#✐♥ ✐♥,$#✐❡✉#✱ ♣❧✉1 ♣❡,✐,✳ ▲❡ ♣❛#❛♠C,#❡ γk ❡1,
✉,✐❧✐1$ ♣♦✉# ❝❡❧❛ ❡, ✈❛✉, ✵ ♣♦✉# γe ,❛♥❞✐1 <✉❡ γi ♣✐❧♦,❛♥, ❧✬$♣❛✐11❡✉# ❞✉ ❜#❛1✱

❡1, ♦♣,✐♠✐1$✳

❖♥ ♦❜,✐❡♥, ❛✐♥1✐ ❧❡1 $<✉❛,✐♦♥1 ❱■■■✳✻ ❡, ❱■■■✳✼ ❞$❝#✐✈❛♥, ❧❡1 ❝♦♦#❞♦♥♥$❡1

❞✬✉♥ ♣♦✐♥,1 ✐ ❞✉ ♣♦❧②❣♦♥❡ ❞$❝#✐✈❛♥, ❧❡1 ❛♥,❡♥♥❡1 1♣✐#❛❧❡1 ❞❛♥1 ✉♥ #❡♣C#❡

❝❛#,$1✐❡♥✱ ✉,✐❧✐1$❡1 ❞❛♥1 ❧❡1 ♣#♦❣#❛♠♠❡1 <✉❡ ❥✬❛✐ ❡♠♣❧♦②$1 ♣♦✉# #$❛❧✐1❡# ❧❡1

❣$♦♠$,#✐❡1✳

xi = (a× i+ a0)× γk × sin(θj + b× log(i)) . ✭❱■■■✳✻✮

yi = (a× i+ a0)× γk × cos(θj + b× log(i)) . ✭❱■■■✳✼✮

▲❡ ♣❛#❛♠C,#❡ a ❡1, ❧❡ ❝♦❡✣❝✐❡♥, ❞✐#❡❝,❡✉# ❞$✜♥✐11❛♥, ❧✬$❧♦✐❣♥❡♠❡♥, ❞✉

♣♦✐♥,✳ ■❧ ❡1, #❡1♣♦♥1❛❜❧❡ ❞❡ ✧❧✬♦✉✈❡#,✉#❡✧ ❞❡1 ❜#❛1✳ ❯♥ ❣#❛♥❞ ♣❛#❛♠C,#❡ ❛

#$1✉❧,❡#❛✐, ❡♥ ✉♥❡ 1♣✐#❛❧❡ ♣#❡1<✉❡ ♣❧❛,❡✱ ,❛♥❞✐1 <✉❡ ❧❡ ❝❛1 ❝♦♥,#❛✐#❡ ❞♦♥♥❡#❛✐,

✉♥❡ 1♣✐#❛❧❡ ,#C1 ❛#<✉$❡✱ ♠❛✐1 ♣❧✉1 ♣❡,✐,❡✳ a0 ❡1, ✉♥ ❝♦❡✣❝✐❡♥, ❝♦♥1,❛♥, <✉❡ ❥✬❛✐

#❛❥♦✉,$ ❛✜♥ ❞❡ ♠✬❛11✉#❡# <✉❡ ❧❡1 ♣♦✐♥,1 ✐♥✐,✐❛✉① ❞❡ ❧❛ 1♣✐#❛❧❡ ♥❡ ❝❤❛♥❣❡♥, ♣❛1

❧♦#1 ❞❡ ❧✬♦♣,✐♠✐1❛,✐♦♥ ❞✉ ♣❛#❛♠C,#❡ ❛✳ ❆✜♥ ❞❡ #❡❧✐❡# ❧❛ 1♣✐#❛❧❡ D ✉♥ $♠❡,,❡✉#✱

✉♥❡ ❛♥,❡♥♥❡ ❞✐♣[❧❡ #❡❧✐❡ ❝❡❧✉✐✲❝✐ ❛✉① ♣♦✐♥,1 ❞❡ ❞$♣❛#, ❞❡ ❧❛ 1♣✐#❛❧❡✳

▲❡ #$1✉❧,❛, ❡1, ♣#$1❡♥,$ ❡♥ ✜❣✉#❡ ❱■■■✳✾✳

❈❤❛♣✐,#❡ ❱■■■ ▼❛,,❤✐❛1 N❛❝$ ✶✸✼



❋✐❣✉$❡ ❱■■■✳✾ ✕ ●"♦♠"%&✐❡ ❞✬❛♥%❡♥♥❡ -♣✐&❛❧❡✳ ▲❡- ❞✐♠❡♥-✐♦♥- -♦♥% ❝❡❧❧❡-

✐--✉❡- ❞❡- ♣❛&❛♠4%&❡- ✉%✐❧✐-"- ♣♦✉& ✉♥ -✉❜-%&❛% ❞❡ -❛♣❤✐&✳

❱■■■✳✷✳✻ ❖♣'✐♠✐*❛'✐♦♥

▲✬♦♣%✐♠✐-❛%✐♦♥ ❛ "%" &"❛❧✐-"❡ ❡♥ ❞❡✉① "%❛♣❡-✳ ❚♦✉% ❞✬❛❜♦&❞✱ ❥✬❛✐ ❜❛❧❛②"

❧❛ ✈❛❧❡✉& ❞❡- ❞✐✛"&❡♥%- ♣❛&❛♠4%&❡- ❞❡- ❛♥%❡♥♥❡-✱ ❡♥%&❡ ✉♥ ♠✐♥✐♠✉♠ ❡% ✉♥

♠❛①✐♠✉♠ ❞"✜♥✐- ❞❡ ❢❛@♦♥ ❛&❜✐%&❛✐&❡✳ ▲❡- ❞✐✛"&❡♥%- ♣❛&❛♠4%&❡- ♦♥% "%" ♠♦❞✐✲

✜"- ❞❡ ❢❛@♦♥ ✐♥❞"♣❡♥❞❛♥%❡✱ ❛✜♥ ❞❡ ♠✐♥✐♠✐-❡& ❧❡ ♣❛&❛♠4%&❡ ❙ -✉& ✉♥❡ ❣❛♠♠❡

❞❡ ❢&"D✉❡♥❝❡- ❧❛ ♣❧✉- ❧❛&❣❡ ♣♦--✐❜❧❡ ❝♦♠♣&✐-❡ ❡♥%&❡ ✺✵✵ ❡% ✷✺✵✵ ●❍③✳ ❈❡❝✐ ❛

♣❡&♠✐- ❞✬♦❜%❡♥✐& ❞❡- ♠❛①✐♠❛ ❧♦❝❛✉①✱ ❛✉%♦✉& ❞❡-D✉❡❧- ✉♥❡ ♦♣%✐♠✐-❛%✐♦♥ ♣❛&

-%&❛%"❣✐❡ ❞✬"✈♦❧✉%✐♦♥ ❛✈❡❝ ❛❞❛♣%❛%✐♦♥ ❞❡ ♠❛%&✐❝❡- ❞❡ ❝♦✈❛&✐❛♥❝❡ ✭❈▼❆✲❊❙✮

❛ "%" ❡♠♣❧♦②"❡ ♣♦✉& ❛✣♥❡& ❧❡- &"-✉❧%❛%-✱ %♦✉% ❡♥ ♣&❡♥❛♥% ❛♣♣✉✐ -✉& ❧❡- ❜❛✲

❧❛②❛❣❡- ❞"❥Q &"❛❧✐-"-✳ ▲❡- &"❣❧❛❣❡- ♣&"-❡♥%"- ❞❛♥- ❧❡- ❞✐✛"&❡♥%- %❛❜❧❡❛✉① -♦♥%

❝❡✉① ❡♠♣❧♦②"- ♣♦✉& ❧❛ &"❛❧✐-❛%✐♦♥ ❞❡- ❛♥%❡♥♥❡- ♣❛& ❧❛ -✉✐%❡✳

❈❤❛♠♣ ❧♦✐♥)❛✐♥

❯♥❡ ❢♦✐- ❧❡ ❞❡-✐❣♥ ♦♣%✐♠✐-"✱ -♦♥ ❝❤❛♠♣ ❧♦✐♥%❛✐♥ ❛ "%" "%✉❞✐"✳ ❏❡ ♠❡ -✉✐-

❛✐♥-✐ ✐♥%"&❡--" Q ❧✬❛♠♣❧✐%✉❞❡ ❞❡ ❧❛ ♣✉✐--❛♥❝❡ &❛②♦♥♥"❡ ❡♥ ❢♦♥❝%✐♦♥ ❞❡ ❧❛ ❢&"✲

D✉❡♥❝❡ ❡% ❞❡ ❧✬❛♥❣❧❡✱ ❛✜♥ ❞❡ ❝♦♥♥❛T%&❡ ❧❡- ❞✐&❡❝%✐♦♥- ♣&✐✈✐❧"❣✐"❡- ❞✬"♠✐--✐♦♥-

❞❡- ❛♥%❡♥♥❡-✳

❈❤❛♣✐%&❡ ❱■■■ ▼❛%%❤✐❛- W❛❝" ✶✸✽
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▼!"❤♦❞❡ ❞❡ '!❛❧✐+❛"✐♦♥ ❞❡+ ❛♥"❡♥♥❡+

▲❛ "#❛❧✐&❛'✐♦♥ ❞❡& #❝❤❛♥'✐❧❧♦♥& ❛♥'❡♥♥❡&✲#♠❡''❡✉"& &❡ ❢❛✐' ❡♥ ❞❡✉① #'❛♣❡&✳

▲✬#❝❤❛♥'✐❧❧♦♥ ❡&' "#❝✉♣#"# '❡❧ 6✉❡ ❞#❝"✐' ❞❛♥& ❧❡ ♣"#❝#❞❡♥' ♣❛"❛❣"❛♣❤❡✱ &♦✉&

❧❛ ❢♦"♠❡ ❞✬✉♥❡ '"✐✲❝♦✉❝❤❡ ♠#'❛❧❧✐6✉❡ ❞#♣♦&#❡ &✉" ✉♥ &✉❜&'"❛'✳ ❉❛♥& ✉♥ ♣"❡✲

♠✐❡" '❡♠♣&✱ ❧❛ '"✐♣❧❡ ❝♦✉❝❤❡ ❡&' ❣"❛✈#❡ ♣❛" ❧✐'❤♦❣"❛♣❤✐❡ ❧❛&❡" ♣♦&✐'✐✈❡✳ ❯♥

❞#♣=' ❞❡ "#&✐♥❡ ❡&' "#❛❧✐&# ♣✉✐& ❧❡& ③♦♥❡& #♠❡''"✐❝❡& &♦♥' ✐♥&♦❧#❡&✱ "❡♥❞❛♥' ❧❛

"#&✐♥❡ "#&✐&'❛♥'❡ ❛✉ ❞#✈❡❧♦♣♣❡♠❡♥' ❞❛♥& ❝❡& ❛✐"❡&✳ ❯♥❡ ❣"❛✈✉"❡ ✐♦♥✐6✉❡ ❡&'

❡♥&✉✐'❡ "#❛❧✐&#❡✱ ❝❡ 6✉✐ "❡'✐"❡ ❧❛ '"✐✲❝♦✉❝❤❡ ♠#'❛❧❧✐6✉❡ ❞❛♥& ❧❡& ③♦♥❡& ♥✉❡&✳

▲❛ ❞❡✉①✐?♠❡ #'❛♣❡ ❝♦♥&✐&'❡ @ "#❛❧✐&❡" ❧❡& ❛♥'❡♥♥❡& ♣"♦♣"❡♠❡♥' ❞✐'❡&✳ ❉❡✉①

❝♦✉❝❤❡& ❞❡ "#&✐♥❡ &♦♥' ❛♣♣❧✐6✉#❡&✱ ❧❛ ❝♦✉❝❤❡ ✐♥❢#"✐❡✉"❡ "#❛❣✐&&❛♥' ♣❧✉& ✈✐'❡

❛✈❡❝ ❧❛ &♦❧✉'✐♦♥ ❞❡ ❞#✈❡❧♦♣♣❡♠❡♥' 6✉❡ ❧❛ ❝♦✉❝❤❡ &✉♣#"✐❡✉"❡✳ ❈❡❝✐ ♣❡"♠❡'

❞✬❛✈♦✐" ✉♥ &✉"♣❧♦♠❜ ❞❡ "#&✐♥❡✱ ♣❡"♠❡''❛♥' ❞✬#✈✐'❡" 6✉❡ ❧❛ ❝♦✉❝❤❡ ♠#'❛❧❧✐6✉❡

❞#♣♦&#❡ &✉" ❧❡ &✉❜&'"❛' ♥❡ ✧❝♦❧❧❡✧ ❛✈❡❝ ❝❡❧❧❡ ❞#♣♦&#❡ &✉" ❧❛ "#&✐♥❡ @ "❡'✐"❡"

❧♦"& ❞✉ ❧✐❢'✲♦✛✳ ❯♥❡ #'❛♣❡ ❞✬✐♥&♦❧❛'✐♦♥ ❡&' ❡♥&✉✐'❡ "#❛❧✐&#❡✱ ❞✉"❛♥' ❧❛6✉❡❧❧❡ ✐❧

❡&' ♥#❝❡&&❛✐"❡ ❞✬❛❧✐❣♥❡" ❧❛ ♥♦✉✈❡❧❧❡ ③♦♥❡ @ #❝❧❛✐"❡" &✉" ❧❡& ❣"❛✈✉"❡& "#❛❧✐&#❡&

❧♦"& ❞❡ ❧❛ ♣"❡♠✐?"❡ #'❛♣❡✳ ▲❛ "#&✐♥❡ ❡&' ❡♥&✉✐'❡ ❞#✈❡❧♦♣♣#❡✱ ♣✉✐& ❧✬#❝❤❛♥'✐❧❧♦♥

"❡❝♦✉✈❡"' ❞✬✉♥❡ ❜✐✲❝♦✉❝❤❡ ❝♦♠♣♦&#❡ ❞❡ ❚✐✭✶✵♥♠✮✴❆✉✭✻✵♥♠✮ ♣❛" #✈❛♣♦"❛✲

'✐♦♥✱ ♣❛" ❢❛✐&❝❡❛✉ ❞✬#❧❡❝'"♦♥&✳ ▲❡ '✐'❛♥❡ ❛ #'# ❝❤♦✐&✐ ♣♦✉" ❛&&✉"❡" ❧✬❛❞❤#&✐♦♥

❞❡ ❧✬❛♥'❡♥♥❡ @ ❧✬#♠❡''❡✉" &♣✐♥'"♦♥✐6✉❡ ❛✐♥&✐ 6✉✬❛✉ &✉❜&'"❛'✱ '❛♥❞✐& 6✉❡ ❧✬♦"

❡&' ❝❤♦✐&✐ ♣♦✉" &❛ ❜♦♥♥❡ ❝♦♥❞✉❝'✐✈✐'# #❧❡❝'"✐6✉❡✳ ▲❛ '♦'❛❧✐'# ❞❡ ❧❛ "#&✐♥❡ ❡&'

❡♥&✉✐'❡ "❡'✐"#❡✱ ♥❡ ❧❛✐&&❛♥' ❧❛ ❜✐✲❝♦✉❝❤❡ 6✉❡ &✉" ❧❡& ③♦♥❡& ✐♥✐'✐❛❧❡♠❡♥' ✧♥✉❡&✧✳

▲❡ ♣"♦'♦❝♦❧❡ ❝♦♠♣❧❡' ❡&' ❞♦♥♥# ❞❛♥& ❧✬❛♣♣❡♥❞✐❝❡ ✳✾✱ ❡' ❡&' ♣"#&❡♥'# ❞❛♥& ❧❛

✜❣✉"❡ ❱■■■✳✶✸✳

❚"♦✐& &✉❜&'"❛'& ♦♥' #'# ✉'✐❧✐&#& ✿ ❞✉ &✐❧✐❝✐✉♠ ✭❙✐✮✱ ❞✉ &❛♣❤✐" ✭❆❧2❖3✮ ❡' ❞❡

❧❛ &✐❧✐❝❡ ❢♦♥❞✉❡ ✭❢✉&❡❞ &✐❧✐❝❛✮ ✭❙✐❖2✮✳ ▲❡ ♣"❡♠✐❡" ♠❛'#"✐❛✉ ❛ ❡&&❡♥'✐❡❧❧❡♠❡♥'

&❡"✈✐ ❝♦♠♠❡ ❡♥'"❛T♥❡♠❡♥' ❡' ❛ '"?& ✈✐'❡ #'# #❝❛"'#✳ ❊♥ ❡✛❡'✱ ✐❧ ❛❜&♦"❜❡ ❡'

❛''#♥✉❡ ❧❛ ♣♦♠♣❡ ■❘ ✉'✐❧✐&#❡ ♣♦✉" ❡①❝✐'❡" ❧✬#♠❡''❡✉" &♣✐♥'"♦♥✐6✉❡ ❧✐♠✐'❛♥'

❝❡"'❛✐♥❡& ♠❡&✉"❡&✳ ▲❛ ♣"✐♥❝✐♣❛❧❡ ❞✐✛#"❡♥❝❡ ❡♥'"❡ ❧✬❆❧✷❖✸ ❡' ❧❡ ❙✐❖✷✱ ❡&' ❧❛

❝♦♥&'❛♥'❡ ❞✐#❧❡❝'"✐6✉❡ ❞✉ ♠❛'#"✐❛✉✱ 6✉✐✱ ❝♦♠♠❡ ❡①♣❧✐6✉# ♣❧✉& ❤❛✉'✱ ❡&' ❧✐#❡

@ ❧✬✐♠♣#❞❛♥❝❡ ❞✉ ♠❛'#"✐❛✉✳

❈❤❛♣✐'"❡ ❱■■■ ▼❛''❤✐❛& Y❛❝# ✶✹✶





❱■■■✳✹✳✶ ❉&'❡❝'✐♦♥ ❞✬♦♥❞❡ ❚❍③ ❣34❝❡ ❛✉ ❚❡❧❧✉3✉3❡ ❞❡

❩✐♥❝✳

▲❡ ❝#✐%&❛❧ ❞❡ ❩♥❚❡ ❡%& ✉♥❡ ♣✐/❝❡ ❝❡♥&#❛❧❡ ❞❡ ♥♦&#❡ %②%&/♠❡ ❞❡ ❞3&❡❝&✐♦♥✳

■❧ ❡%& ♥3❝❡%%❛✐#❡ ❞❡ ❝♦♥♥❛6&#❡ ❧❡ ❢♦♥❝&✐♦♥♥❡♠❡♥& ❞❡ ❧✬♦#❣❛♥❡ ❞❡ ❞3&❡❝&✐♦♥

♣♦✉# 3✈❛❧✉❡# ❡✣❝❛❝❡♠❡♥& ❧✬3♠❡&&❡✉# &❡%&3 ❡& %❡% ❞✐✛3#❡♥&❡% ❞3❝❧✐♥❛✐%♦♥%✳ ▲❡

♣❤3♥♦♠/♥❡ ♣❤②%✐>✉❡ ? ❧✬♦#✐❣✐♥❡ ❞❡ ❧❛ ❞3&❡❝&✐♦♥ ❞✬♦♥❞❡ ❚❍③ ❡%& ✉♥ ❡✛❡&

❞✬✐♥&❡#❛❝&✐♦♥ ❧✉♠✐/#❡✲♠❛&✐/#❡ ❞✬♦#❞#❡ ✉♥✳ ❉❡ ❢❛✐&✱ %♦✉% ❧✬❡✛❡& ❞✉ ❝❤❛♠♣ 3❧❡❝✲

&#✐>✉❡ ❚❍③ ❡①&❡#♥❡✱ ❧✬✐♥❞✐❝❡ ♦♣&✐>✉❡ ❞✉ ❝#✐%&❛❧ %✉❜✐& ✉♥❡ ♠♦❞✐✜❝❛&✐♦♥✳ ❈❡

♣❤3♥♦♠/♥❡ ❡%& ❝♦♥♥✉ %♦✉% ❧❡ ♥♦♠ ❞✬❡✛❡& I♦❝❦❡❧%✳ ▲✬3✈♦❧✉&✐♦♥ ❞❡ ❧✬✐♥❞✐❝❡ ♦♣✲

&✐>✉❡ ❞✉ ❝#✐%&❛❧ ❡%& ❡♥%✉✐&❡ ❞3&❡❝&3❡ ♣❛# ✉♥❡ %♦♥❞❡ ♦♣&✐>✉❡ ■❘✳ ❈❡❝✐ ♣❡#♠❡&

❞✬♦❜&❡♥✐# ❧❛ ✈❛❧❡✉# ❞✉ ❝❤❛♠♣ 3❧❡❝&#✐>✉❡✳

■❧ ❡%& ♠❛✐♥&❡♥❛♥& ♥3❝❡%%❛✐#❡ ❞❡ ❧✐❡# ❧❡ #❡&❛#❞ ❞❡ ♣❤❛%❡ %✉❜✐ ♣❛# ❧❛ %♦♥❞❡

❞❛♥% ❧❡ ❝#✐%&❛❧ ❛✈❡❝ ❧❡ ❝❤❛♠♣ 3❧❡❝&#✐>✉❡ ❚❍③✳ ❊♥ %✉♣♣♦%❛♥& >✉❡ ❧❛ %♦♥❞❡ %❡

♣#♦♣❛❣❡ %✉# ❧✬❛①❡ ③✱ ❧❡ ❝❤❛♥❣❡♠❡♥& ❞❡ ♣♦❧❛#✐%❛&✐♦♥ %✬❡①♣#✐♠❡ ♣❛# ✉♥ #❡&❛#❞

❞❡ ♣❤❛%❡ ❡♥&#❡ ❧❛ ♣♦❧❛#✐%❛&✐♦♥ %✉# ❧✬❛①❡ ① ♣❛# #❛♣♣♦#& ? ❧❛ ♣♦❧❛#✐%❛&✐♦♥ %✉#

❧✬❛①❡ ②✳ ❖♥ ♣❡✉& ❛✐♥%✐ ❞3❝#✐#❡ ❧❡ #❡&❛#❞ ❞❡ ♣❤❛%❡ #❡❧❛&✐❢ 3❧3♠❡♥&❛✐#❡ δΦTHz(t)
♣❛# ❧✬3>✉❛&✐♦♥ %✉✐✈❛♥&❡ ✿

δΦTHz(t) =
ω

c
n3
0r41ETHz(T ) · dz . ✭❱■■■✳✽✮

❉❛♥% ❝❡&&❡ 3>✉❛&✐♦♥ ♥0 ❡%& ❧✬✐♥❞✐❝❡ ♦♣&✐>✉❡ ❞✉ ♠❛&3#✐❛✉✱ #41 ✉♥❡ ❝♦♠♣♦%❛♥&❡

❞✉ &❡♥%❡✉# 3❧❡❝&#♦✲♦♣&✐>✉❡✱ ❊THz(t) ❧❡ ❝❤❛♠♣ 3❧❡❝&#✐>✉❡ ❚❍③ ? ❧✬✐♥%&❛♥& &✱

♣♦❧❛#✐%3 %❡❧♦♥ ①✱ ❡& ❞③ ❧✬3♣❛✐%%❡✉# 3❧3♠❡♥&❛✐#❡✳ ❊♥ ♣♦%❛♥& CZnTe =
ω
c
n3
0r41 ♦♥

♦❜&✐❡♥& ✿

δΦTHz(t) = CZnTeETHz(t) · dz . ✭❱■■■✳✾✮

❊♥ ✐♥&3❣#❛♥& ❝❡ #❡&❛#❞ ❞❡ ♣❤❛%❡ 3❧3♠❡♥&❛✐#❡ %✉# &♦✉&❡ ❧❛ ❧♦♥❣✉❡✉# ❞✉

❝#✐%&❛❧✱ ♦♥ ♦❜&✐❡♥& ❧❛ ❢♦#♠✉❧❡ %✉✐✈❛♥&❡ ✿

∆ΦTHz(t) = (1−R)CZnTe

∫ L

0

ETHz(
z

c
∆n+ t)e−αz · dz . ✭❱■■■✳✶✵✮

❘ ❡%& ❧❛ #3✢❡①✐♦♥ ❞✉ ❝❤❛♠♣ 3❧❡❝&#✐>✉❡ ? ❧✬✐♥&❡#❢❛❝❡ ❛✐#✴♠❛&3#✐❛✉✱ & ❧❡ &❡♠♣%✱

∆n ❧❛ ✈❛#✐❛&✐♦♥ ❞❡ ❧✬✐♥❞✐❝❡ ♦♣&✐>✉❡ ❞✉ ♠✐❧✐❡✉ ❡& ✶✴α ❧❛ ❧♦♥❣✉❡✉# ❝❛#❛❝&3#✐%✲

&✐>✉❡ ❞✬❛&&3♥✉❛&✐♦♥ ❞❡ ❧✬♦♥❞❡ ❡①❝✐&❛&#✐❝❡ ❚❍③ ❞❛♥% ❧❡ ♠✐❧✐❡✉✳ ❊♥ %✉♣♣♦%❛♥&

>✉❡ ❧❡ ❝❤❛♠♣ 3❧❡❝&#✐>✉❡ ❚❍③ ♥❡ ✈❛#✐❡ ♣❛% ❡♥ ❢♦♥❝&✐♦♥ ❞❡ ❧❛ ♣♦%✐&✐♦♥ ❡& >✉❡

❧✬❛&&3♥✉❛&✐♦♥ ❡%& ❢❛✐❜❧❡ ♣❛# #❛♣♣♦#& ? ❧❛ &❛✐❧❧❡ ❞✉ ❝#✐%&❛❧✱ ♦♥ ♣❡✉& #3❛❧✐%❡#

❧✬✐♥&3❣#❛❧❡ ❡& ♦♥ ♦❜&✐❡♥& ❛❧♦#% ❧✬3❣❛❧✐&3 %✉✐✈❛♥&❡ ✿

ETHz(t) =
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∫ + inf

− inf
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f(Ω) = Copt(Ω)× χ
(2)
eff (ω0; Ω, ω0 − Ω)× [

ei∆k+(ω0,Ω)l) − 1

i∆k+(ω0,Ω)
] .

Copt(Ω)

χ
(2)
eff
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❙❖▲❊■▲ ? @❛/✐#✲❙❛❝❧❛② ❡3 ❝❡❧✉✐ ❞❡ ❇❊❙❙❨ ■■ ? ❇❡/❧✐♥✳

❈❤❛♣✐3/❡ ▼❛33❤✐❛# @❛❝1 ✶✾✷



✳✷ ❆♣♣❡♥❞✐❝❡ ✶ ✿▲✐❡♥, ❡♥-.❡, ,♣❡❝-.❡, ❳▼❈❉

❡- ♠♦♠❡♥-, ▼s ❡- ▼L✳

❯♥❡ ❢♦✐& ❧❡& &♣❡❝*+❡& ❞✬❛❜&♦+♣*✐♦♥ ❞❡ +❛②♦♥ ❳✱ ❛✉① &❡✉✐❧& ▲✷✱✸ ❞❡& ♠9*❛✉①

❞❡ *+❛♥&✐*✐♦♥✭▼❚✮ ❡* ▼✹✱✺ ❞❡& *❡++❡& +❛+❡& ✭❚❘✮ ♦❜*❡♥✉&✱ ✐❧ ❡&* ♣♦&&✐❜❧❡ ❞✬❡①✲

*+❛✐+❡ ❧❡& ♠♦♠❡♥*& ♠❛❣♥9*✐C✉❡& ❞❡ &♣✐♥ ✭▼s✮ ❡* ♦+❜✐*❛❧❡ ✭▼L✮ ♣♦✉+ ❝❤❛C✉❡

❛*♦♠❡✳ F♦✉+ ❝❡ ❢❛✐+❡✱ ✐❧ ❡&* ♣♦&&✐❜❧❡ ❞✬✉*✐❧✐&❡+ ❧❡& +G❣❧❡& ❞❡ &♦♠♠❡& ♣+♦♣♦&9❡&

♣❛+ ❚❤♦❧❡ ❡* ❛❧✳ ❬✶✶✼❪ ❡* ❈❛++❛ ❡* ❛❧✳❬✷✵❪ ❡♥ ✶✾✾✷ ❡* ✶✾✾✸ +❡&♣❡❝*✐✈❡♠❡♥*✳ ▲❡&

9C✉❛*✐♦♥& ♣♦✉+ ❧❡& ▼❚ ❡* ❧❡ ❚❘ &♦♥* ❧❡& &✉✐✈❛♥*❡& ✿

 ♦✉# ❧❡& ▼❚ ✿

ML = − 2Q

3Riso

· n3d
h ✭✶✮

ML = −3P − 2Q

Riso

· n3d
h · (1 + 7

2

〈Tz〉
〈Sz〉

)−1
✭✷✮

♥

3d
h ✿ ♥♦♠❜+❡ ❞❡ *+♦✉& ❞❡ ❧❛ ❜❛♥❞❡ ✸❞

F ✿ ✐♥*9+❣❛❧❡ ❞✉ &✐❣♥❛❧ ❳▼❈❉ ❞✉ &❡✉✐❧ ▲✸✱

◗ ✿ ✐♥*9❣+❛❧❡ ❞✉ &✐❣♥❛❧ ❳▼❈❉ ❞✉ &❡✉✐❧ ▲✸ ❡* ▲✷✱

❘iso ✦ ✐♥*9❣+❛❧❡ ❞✉ &✐❣♥❛❧ ✐&♦*+♦♣❡ ♠♦✐♥& ❧❡ ❢♦♥❞ ❞✉ &❡✉✐❧ ▲✸ ❡* ▲✷
〈Tz〉 ✿ ♦♣9+❛*❡✉+ ♠❛❣♥9*✐C✉❡ ❞✐♣♦❧❛✐+❡
▲✬♦♣9+❛*❡✉+ ♠❛❣♥9*✐C✉❡ ❞✐♣♦❧❛✐+❡ 〈Tz〉 ❛ ♣♦✉+ ♦+✐❣✐♥❡ ❧✬✐♥*❡+❛❝*✐♦♥ &♣✐♥✲

♦+❜✐*❡✳ F♦✉+ ❧❡ ❋❡✱ ❧❡ ◆✐ ❡* ❞❛♥& ❧❡ ❝❛& C✉✐ ♥♦✉& ♦❝❝✉♣❡✱ ❧❡ ❈♦✱ ❛✐♥&✐ C✉❡

❝❡+*❛✐♥& ❛✉*+❡& ▼❚✱ ❝❡ *❡+♠❡ ❡&* ♥9❣❧✐❣❡❛❜❧❡✱ &❡❧♦♥ ❧✬9*✉❞❡ +9❛❧✐&9❡ ♣❛+ ❚❡✲

+❛♠✉+❛ ❡* ❛❧✳ ❬✶✶✻❪ ❡♥ ✶✾✾✻✳ ❖♥ ♣❡✉* ❞♦♥❝ &✐♠♣❧✐✜❡+ ✷ ❡* ♦❜*❡♥✐+ ✿

ML = −3P − 2Q

Riso

· n3d
h ✭✸✮

 ♦✉# ❧❡& ❚❘ ✿

ML =
Q

Riso

· n4f
h ✭✹✮

ML =
5P − 3Q

2Riso

· n4f
h · (1 + 3

〈Tz〉
〈Sz〉

)−1
✭✺✮

❖♥ ❞9✜♥✐* ✐❝✐ ❧❡& C✉❛♥*✐*9& &✉✐✈❛♥*❡& ✿

♥

4f
h ✿ ♥♦♠❜+❡ ❞❡ *+♦✉& ❞❡ ❧❛ ❜❛♥❞❡ ✹❢

F ✿ ✐♥*9❣+❛❧❡ ❞✉ &✐❣♥❛❧ ❳▼❈❉ ❞✉ &❡✉✐❧ ▼✺✱

◗ ✿ ✐♥*9❣+❛❧❡ ❞✉ &✐❣♥❛❧ ❳▼❈❉ ❞✉ &❡✉✐❧ ▼✺ ❡* ▼✹✱

❘iso ✦ ✐♥*9❣+❛❧❡ ❞✉ &✐❣♥❛❧ ✐&♦*+♦♣❡ ♠♦✐♥& ❧❡ ❢♦♥❞ ❞✉ &❡✉✐❧ ▼✺ ❡* ▼✹
〈Tz〉 ✿ ♦♣9+❛*❡✉+ ♠❛❣♥9*✐C✉❡ ❞✐♣♦❧❛✐+❡
■❧ ♥✬❡&* ♣❛& ♣♦&&✐❜❧❡ ❞❡ ♥9❣❧✐❣❡+ 〈Tz〉 ♣♦✉+ ❧❛ ♣❧✉♣❛+* ❞❡& ❚❘✱ Z ❧✬❡①❝❡♣*✐♦♥

♥♦*❛❜❧❡ ❞✉ ●❞✱ ❝♦♠♠❡ ♦♥ ♣❡✉* ❧❡ ❝♦♥&*❛*❡+ ❞❛♥& ❧❡ *❛❜❧❡❛✉ ✺✳

◆♦✉& ❛✈♦♥& ❞♦♥❝ ✉*✐❧✐&9 ❧❛ ❢♦+♠✉❧❡

ML =
5P − 3Q

2Riso

· n4f
h · (1 + 3

〈Tz〉
〈Sz〉

)−1
✭✻✮

❈❤❛♣✐*+❡ ▼❛**❤✐❛& F❛❝9 ✶✾✸



●❞ ❚❜ ❉②

〈Tz〉
〈Sz〉

✲✵✱✵✵✸ ✲✵✱✵✽✸ ✲✵✱✵✵✺✸

(1 + 3 〈Tz〉
〈Sz〉

)−1
✶✱✵✵✾ ✶✱✸✸✷ ✶✱✶✽✾

❚❛❜❧❡ ✺ ✕ ❱❛❧❡✉56 ❞❡6 5❛♣♣♦596

〈Tz〉
〈Sz〉

❡9 ❞❡6 9❡5♠❡6 (1 + 3 〈Tz〉
〈Sz〉

)−1
♣♦✉5 95♦✐6

❚❘ ❞✐✛>5❡♥9❡6✱ ❞♦♥9 ❧❡ ●❞✳

♣♦✉5 ❧❡6 ❝❛❧❝✉❧6 ❞❡ ✈❛❧❡✉56 ▼s ❡9 ▼L ♣♦✉5 ❧❡ ●❞✳ ❈❡ 95❛✈❛✐❧ ❡69 ❞>❝5✐9

❞❛♥6 ❧❡ ♣❛5❛❣5❛♣❤❡ 6✉✐✈❛♥9✳

❊①❡♠♣❧❡ ❞❡ '(❛✐'❡♠❡♥' ♣♦✉( ❧❡. ▼❚✳

▲❛ ✜❣✉5❡ ✷✼ ♣5>6❡♥9❡ ❧❛ ♣5♦❝>❞✉5❡ ❛♣♣❧✐J✉>❡ ♣♦✉5 ♦❜9❡♥✐5 ❧❡6 ✈❛❧❡✉56

K✱ ◗ ❡9 ❘iso ❞❡6 ❞♦♥♥>❡6 ♦❜9❡♥✉❡6 6✉5 ❧❡6 ❚●■❘✳ ▲❡6 ❞♦♥♥>❡6 ♦❜9❡♥✉❡6
6✉5 ❝❡6 695✉❝9✉5❡6 6♦♥9 ❝❡❧❧❡6 ❞❡ ❧✬❛❜6♦5♣9✐♦♥ ❞✬✉♥ ❢❛✐6❝❡❛✉ ❞❡ ♣❤♦9♦♥6 ❳

♣❛5 ✉♥ >❝❤❛♥9✐❧❧♦♥ 6♦✉♠✐6 Q ✉♥ ❝❤❛♠♣ ♠❛❣♥>9✐J✉❡ ❡①9>5✐❡✉5 ❞✬❛♠♣❧✐9✉❞❡

❍✳ ❉❡✉① ♠❡6✉5❡6 6♦♥9 5>❛❧✐6>❡6✱ ✉♥❡ 9❡❧❧❡ J✉❡ ❍

+
❂ ❍·~ux ❡9 ✉♥❡ 9❡❧❧❡ J✉❡

❍

−
❂ ✲❍·~ux✱ ❛✈❡❝ ~ux ✉♥ ✈❡❝9❡✉5 ❝❤♦✐6✐ ❞❛♥6✱ ♦✉ ❤♦56 ❞✉ ♣❧❛♥✱ ❡♥ ❢♦♥❝9✐♦♥

❞❡ ❧✬>❝❤❛♥9✐❧❧♦♥ ♦❜6❡5✈>✳ ❈❡❝✐ ❡69 ❡♥ ❡✛❡9 ♣❧✉6 6✐♠♣❧❡ ❞✬✉♥ ♣♦✐♥9 ❞❡ ✈✉❡

❛♣♣❧✐❝❛9✐❢ J✉❡ ❞❡ ❝❤❛♥❣❡5 ❧❛ ♣♦❧❛5✐6❛9✐♦♥ ❝✐5❝✉❧❛✐5❡ ❞✉ ❢❛✐6❝❡❛✉ ❞❡ ♣❤♦9♦♥6

❡9 ♣❡5♠❡9 ❞✬♦❜9❡♥✐5 ❧❡ 6✐❣♥❛❧ 5❡❝❤❡5❝❤>✱ ❝♦♠♠❡ ❡①♣❧✐J✉> ❞❛♥6 ❧❡ ❝❤❛♣✐95❡ ✶✳

K❛5 ❛❜✉6 ❞❡ ❧❛♥❣❛❣❡✱ ♦♥ ❛♣♣❡❧❧❡ ❣>♥>5❛❧❡♠❡♥9 ❧❡6 ❛❜6♦5♣9✐♦♥6 ♦❜9❡♥✉❡6 ♣❛5

❧❡ ♥♦♠ ❞✉ ❝❤❛♠♣ ♠❛❣♥>9✐J✉❡ ❛♣♣❧✐J✉>✳ ▲❡ ❝❤♦✐① ❞✉ 6❡♥6 ❡69 ❛5❜✐95❛✐5❡✳ ▲❡

6✐❣♥❛❧ ❳▼❈❉ ❡69 ❛❧♦56 ❞>✜♥✐ ❝♦♠♠❡ ❳▼❈❉ ❂ ❍

+
✲❍

−
✳ ❉❡ ❧❛ ♠U♠❡ ❢❛V♦♥✱

♦♥ ❞>✜♥✐9 ❧❡ 6✐❣♥❛❧ ✐6♦95♦♣❡ 9❡❧ J✉❡ ❙✐❣■6♦❂ ✭❍

+
✰ ❍

−
✮✴✷✳ ■❧ 6✬❛❣✐9 ❡♥ ❡✛❡9 ❞❡

❧❛ ♠♦②❡♥♥❡ ❞✬❛❜6♦5♣9✐♦♥ ❞✉ ❢❛✐6❝❡❛✉ ❳ ♣❛5 ❧✬>❝❤❛♥9✐❧❧♦♥ ❡♥95❡ ❧❛ ♣♦❧❛5✐6❛9✐♦♥

❣❛✉❝❤❡ ❡9 ❞5♦✐9❡✳ ▲❡ ❢♦♥❞ ❡69 ❞>✜♥✐ ♣❛5 ❧✬>J✉❛9✐♦♥ 6✉✐✈❛♥9❡ ✿

Fond = I760eV +(1+
2

3
tanh(0, 8 ·EL3

pic)+
1

3
tanh(0, 8 ·EL2

pic)) · (I830eV − I760eV )

✭✼✮

❖♥ ❞>✜♥✐9 ✐❝✐ ❧❡6 J✉❛♥9✐9>6 6✉✐✈❛♥9❡6 ✿

■760eV ✿ ✐♥9❡♥6✐9> ❛✈❛♥9 ❧❡ ♣✐❝ ▲3✳

❊

L3
pic ❡9 ❊

L2
pic ✿ >♥❡5❣✐❡ ❝♦55❡6♣♦♥❞❛♥9 ❛✉ ♠❛①✐♠✉♠ ❞❡6 ♣✐❝6 L3 ❡9 L2

■830eV ✿ ✐♥9❡♥6✐9> ❛♣5_6 ❧❡ ♣✐❝ ▲3✳

❈❤❛♣✐95❡ ▼❛99❤✐❛6 K❛❝> ✶✾✹



3d
h

4f
h

4f
h



✳✸ ❆♣♣❡♥❞✐❝❡ ✷ ✿ ❚❛❜❧❡❛✉① ❞❡ 123✉❧4❛4 ❞✉ ❝❤❛✲

♣✐41❡ ✹

❊❝❤❛♥%✐❧❧♦♥ ❙❡♥+ ❚❡♠♣/0❛%✉0❡ 2 ◗ ❘✐+♦

Co68,3Gd31,7(15nm)/Cu(4nm) ❆2 ✸✵✵ ✲✵✱✶✷ ✲✵✱✵✺ ✶✱✼✻

/Co75Pt25(4nm)/Cu(3nm)/Pt(6nm) ✶✻✵ ✲✵✱✶✹ ✲✵✱✵✺ ✶✱✼✻

✽✵ ✲✵✱✶✺ ✲✵✱✵✺ ✶✱✼✻

2 ✽✵ ✲✵✱✵✹ ✲✵✱✵✸ ✶✱✻✻

Co68,3Gd31,7(15nm)/Cu(4nm) ❆2 ✸✵✵ ✲✵✱✶✷ ✲✵✱✵✺ ✶✱✼✺

/Co75Pt25(3nm)/Cu(3nm)/Pt(6nm) ✶✻✵ ✲✵✱✶✹ ✲✵✱✵✺ ✶✱✼✻

✽✵ ✲✵✱✶✺ ✲✵✱✵✺ ✶✱✼✻

Co68,3Gd31,7(15nm)/Cu(4nm) ❆2 ✸✵✵ ✲✵✱✵✻ ✲✵✱✵✸ ✶✱✺✻

/Co75Pt25(2nm)/Cu(3nm)/Pt(6nm) ✶✻✵ ✲✵✱✶✵ ✲✵✱✵✸ ✶✱✹✾

✽✵ ✲✵✱✶✷ ✲✵✱✵✹ ✶✱✺✷

2 ✸✵✵ ✲✵✱✵✼ ✲✵✱✵✹ ✶✱✺✶

✶✻✵ ✲✵✱✵✾ ✲✵✱✵✺ ✶✱✹✻

✽✵ ✲✵✱✵✾ ✲✵✱✵✸ ✶✱✸✶

❚❛❜❧❡ ✻ ✕ 2✱ ◗ ❡% ❘iso ❡①%0❛✐%+ ❞❡+ ♠❡+✉0❡+ ❳▼❈❉ ♦❜%❡♥✉❡+ ❧♦0+ ❞✉ %0❛✐✲

%❡♠❡♥% ❞❡+ +✐❣♥❛✉① ♦❜%❡♥✉+ ❛✉① +❡✉✐❧+ ❞✉ ❈♦L2,3✳

❊❝❤❛♥%✐❧❧♦♥ ❚❡♠♣/0❛%✉0❡ 2 ◗ ❘✐+♦

Co61Gd39(15nm)/Cu(60nm)/Pt(6nm) ✸✵✵ ✲✵✱✶✸ ✲✵✱✵✻ ✶✱✹✶

✽✵ ✲✵✱✶✺ ✲✵✱✵✼ ✶✱✹✹
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# -*- coding: utf-8 -*-

"""

Created on Tue Jun 7 09:35:04 2022

@author: Matthias

"""

import numpy as np

import math as m

import matplotlib.pyplot as plt

#LPM photon ds Pt,Cu,CoPt

LPM=[5,150,4]

pas=10

tailleEchant=81

att = np.ones(tailleEchant*pas)

coltab=['blue','orange','green','red']

#Profile = np.ones(81*pas)*100

Profile = [[],[],[],[]]

Xaxe=[[],[],[],[]] #Axe des abscisses

YMAX=[[],[],[],[]]

Ymin=[[],[],[],[]]

def LPMfunc(x):

if x<5*pas:

return([LPM[0],0])

elif x<65*pas:

return([LPM[1],1])#LPM photon ds Cu

elif x<71*pas:

return([LPM[2],2])#LPM photon ds CoPt

elif x<81*pas:

return([LPM[1],3])#LPM photon ds Cu

attenuation = 0

for i in range(5*pas,tailleEchant*pas):

t=LPMfunc(i)

temp=m.exp(-attenuation)

Xaxe[t[1]].append(i/pas)

Profile[t[1]].append(100*temp)

YMAX[t[1]].append(100)

Ymin[t[1]].append(0)
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attenuation+=1/(t[0]*pas)

for j in range(len(Profile)):

plt.plot(Xaxe[j],Profile[j],coltab[j])

print(j)

plt.fill_between(Xaxe[j],YMAX[j], Ymin[j],

where=YMAX[j] >= Ymin[j], facecolor=coltab[j],

alpha=0.5, interpolate=True)

plt.xticks(np.arange(0,tailleEchant+1,5))

plt.savefig("AbsElectrons.svg")

print(Profile[3][-1])
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# -*- coding: utf-8 -*-

"""

Created on Mon Apr 1 10:08:25 2019

@author: bergeard

"""

import sys

import io

import os

import linecache

import numpy as np

import scipy as sp

from scipy import *

from scipy.integrate import odeint

import matplotlib.pyplot as plt

from scipy.interpolate import interp1d

from math import *

from scipy import linalg

from pyspec_spec import SpecDataFile

##Select the file path towards the data

filePath = r"-"

os.chdir( filePath )

#list_dir = os.listdir('.')

#print(list_dir)

##Indicate the root of the file names:

fileName = "2021-05-Boeglin-01_" # spec filename

limiteBasse=978

limiteHaute=983

files=[164,165,166,169,170,171,174,175,176,179,180,181,184,185,186,189]

if len(files)==0:

for i in range (limiteBasse,limiteHaute+1, 1):

if ((i-limiteBasse)%5!=3 and (i-limiteBasse)%5!=4):

if i<100:

files.append('0'+str(i))

else:

files.append(str(i))
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#if ((i-limiteBasse)%5!=3 and (i-limiteBasse)%5!=4):

#if ((i-limiteBasse)%4!=3):

#files.append(i)

print(files)

nb_files=len(files) # number of scans.

NfileName = "{0}{1}".format(fileName,files[0])

fs = io.open(NfileName, "r")

lineOut = fs.readline()

print(lineOut)

list_Header = lineOut.split()

N_header = len(list_Header)

k = 0

while fs.readline():

k+=1

N_delay = k

print("number of delay in the scan = ",N_delay)

fs.close()

sensors = ["Delay","AcqBcSP","AcqBcSU","AcqBcSPM","AcqBcSUM"]

# here are listed all the sensor need to extract the TR-XMCD signal

index_sensors = []

# contains the number of the column corresponding to the sensors in the files

s = 0

for s in sensors:

#print(list_Header.index(s))

index_sensors.append(list_Header.index(s))

print("The number of sensors is = ",len(index_sensors))

DATA=np.zeros((N_delay,len(sensors)))

i = 0

for i in files:

print(i)

S_fileName = "{0}{1}".format(fileName,i)

f = io.open(S_fileName, "r")

line = f.readline() # we skip the first line that contains the headers....

z = 0

while z < N_delay:

line = f.readline() # we read the line i

nData = line.split()

# we transform "line" which is a string as a list of the constituents.
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o = 0

u = 0

for o in index_sensors:

DATA[z][u]+=float(nData[o])

u+=1

z+=1

p=0

while p<N_delay:

q = 0

while q < len(index_sensors):

DATA[p][q]/=nb_files

q+=1

p+=1

delay = DATA[:,0]

pumpP = DATA[:,1]

pumpM = DATA[:,3]

unpumpP = DATA[:,2]

unpumpM = DATA[:,4]

XMCD = (pumpP-pumpM)/(unpumpP-unpumpM)

plt.plot(delay,XMCD)

plt.ylabel('Normalized XMCD ')

plt.xlabel("Delay (ps)")

#plt.xlim(650,680)

plt.show()

plt.plot(delay,pumpP)

plt.plot(delay,pumpM)

plt.plot(delay,unpumpP)

plt.plot(delay,unpumpM)

plt.ylabel('transmission ')

plt.xlabel("Delay (ps)")

#plt.xlim(650,680)

plt.show()

## We save the data:

new_fileName = "{0}{1}{2}{3}".format("Femtoslicing_",files[0],"_",len(files))

fout = io.open(new_fileName, "w") #le fichier de sauvegarde est ouvert...

p=0

while p<N_delay:
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q = 0

while q < len(index_sensors):

fout.write(str(DATA[p][q]))

fout.write(" ")

q+=1

fout.write(str(XMCD[p]))

fout.write("\n")

p+=1

fout.close()
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# -*- coding: utf-8 -*-

"""

Created on Tue Oct 19 16:25:58 2021

@author: Matthias

"""

import numpy as np

import matplotlib.pyplot as plt

from math import *

import random as rd

import operator

import os.path

#Var utiles

Xaxe=[] #Axe des abscisses

Yaxe=[] #Axes de ordonnées de teste

SommeCo=0 #Somme des contributions du Co

SommeGd=0 #Somme des contributions du Gd

dlCo = 2 #choix des valeurs de libre parcour moyen pour le Co

#-3 a donnes les meilleurs resultats-

dlGd = 1 #choix des valeurs de libre parcour moyen pour le Gd

#-1 a donnes les meilleurs resultats-

pas=1

MinSput=2

choixEchant='D_F_4339'

#Var Algorythme genetique

NombreGenerationMax = 10000

TaillePop=100

Vec1=[0,2,26,60,0.35,0.35,0.35,0,0,0]

Pop=[]

ProbMut=0.8

AmpMut=0.9

#Variables physiques
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theta = radians(0)

Vbulk=35/100 #Valeure min,supposée égale à la concentration

#du bulk

#Stack

Profile = np.zeros((150*pas,3)) #Profile chimique

Emission = np.zeros((150*pas,3)) #Profile d'émission

#Valeur cible Test init:

tabPRIMe=

[[50, 100, 250, 310 ], #Minutes de sputtering

[1.80554, 1.7084, 0.82251, 0.60704], #Gd4d/Co3p 400eV

[1.59935, 0.48384, 0.4741, 0.30491], #Gd4d/Co3p 700eV

[nan, 0.33895, 0.21502, 0.17374]] #Gd4d/Co3p 1000eV

tab1_5250=

[[50, 100, 250, 310 ], #Minutes de sputtering

[1.9498, 0.72328, 0.5354, 0.33672], #Gd4d/Co3p 400eV

[1.59935, 0.4917, 0.4741, 0.30491], #Gd4d/Co3p 700eV

[nan, 0.36787, 0.31192, 0.27716]] #Gd4d/Co3p 1000eV

#5250 Matthias

tab_5250_Matthias_4d=

[[50, 100, 250, 310 ], #Minutes de sputtering

[2.90611, 1.11951, 0.87416, 0.54559], #Gd4d/Co3p 400eV

[1.18011, 0.57867, 0.48247, 0.32124], #Gd4d/Co3p 700eV

[nan, 0.39999, 0.327, 0.24658]] #Gd4d/Co3p 1000eV

tab_5250_Matthias_4f=

[[50, 100, 250, 310 ], #Minutes de sputtering

[3.54737, 1.37399, 0.60136, 0.41106], #Gd4f/Co3p 400eV

[2.52178, 0.97468, 0.4938, 0.36465], #Gd4f/Co3p 700eV

[nan, 0.61649, 0.32097, 0.28802]] #Gd4f/Co3p 1000eV

#5250 Nicolas

tab_5250_Nicolas_4d=

[[50, 100, 250, 310 ], #Minutes de sputtering

[2.54606, 0.77466, 0.43052, 0.29313], #Gd4d/Co3p 400eV

[0.75906, 0.47805, 0.35684, 0.27093], #Gd4d/Co3p 700eV

[0.61176, 0.44449, 0.31799, 0.2566 ]] #Gd4d/Co3p 1000eV

tab_5250_Nicolas_4f=

[[50, 100, 250, 310 ], #Minutes de sputtering

[4.72996, 1.38552, 0.67651, 0.46803], #Gd4d/Co3p 400eV

[1.91189, 0.80703, 0.47524, 0.32823], #Gd4d/Co3p 700eV
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[0.70381, 0.3391, 0.18188, 0.14199]] #Gd4d/Co3p 1000eV

angle_5250_Nicolas=[0.4188,0.36265,0.37601,

0.38712,0.42768,0.48607,0.70472] #Gd4f/Co3p Angle

#4339 Nicolas

tab_4339_Nicolas_4fd=

[[50, 100, 250, 310 ], #Minutes de sputtering

[8.4981, 2.47568, 2.20125, 2.20501], #Gd4f/Co3d 400eV

[3.13902, 1.47968, 1.47603, 1.39891], #Gd4f/Co3d 700eV

[1.07879, 0.62176, 0.72431, 0.68856]] #Gd4f/Co3d 1000eV

tab_4339_Nicolas_4dp=

[[50, 100, 250, 310 ], #Minutes de sputtering

[3.1992, 1.39113, 1.1883, 1.15497], #Gd4d/Co3p 400eV

[1.36153, 0.92134, 1.05993, 0.96209], #Gd4d/Co3p 700eV

[0.90888, 0.88846, 0.95293, 0.95428]] #Gd4d/Co3p 1000eV

#4339 Deeksha

tab_4339_Deeksha_4fd=

[[50, 100, 250, 310 ], #Minutes de sputtering

[6.49666, 2.20572, 2.09012, 2.08185], #Gd4f/Co3d 400eV

[2.95507, 1.60547, 1.73367, 1.62711], #Gd4f/Co3d 700eV

[1.0686, 0.75745, 0.77711, 0.78425]] #Gd4f/Co3d 1000eV

tab_4339_Deeksha_4dp=

[[50, 100, 250, 310 ], #Minutes de sputtering

[2.59574, 1.35428, 1.09281, 1.03744], #Gd4d/Co3p 400eV

[0.99076, 0.89194, 1.05377, 0.90352], #Gd4d/Co3p 700eV

[0.88445, 0.74658, 0.82692, 0.85167]] #Gd4d/Co3p 1000eV

#Sauvegarde et variables

if choixEchant == 'M0':

tab=tab1_5250

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "PopSaved_V3_5250_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'M_D_5250':

tab=tab_5250_Matthias_4d
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xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "PopSavedV3_5250_2_4d_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'M_F_5250':

tab=tab_5250_Matthias_4f

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "PopSavedV3_5250_2_4f_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'N_D_5250':

tab=tab_5250_Nicolas_4d

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "PopSavedV3_5250_Nicolas_4d_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'N_F_5250':

tab=tab_5250_Nicolas_4f

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "PopSavedV3_5250_Nicolas_4f_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'N_D_4339':

tab=tab_4339_Nicolas_4dp

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "PopSavedV3_4339_Nicolas_4dp_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'N_F_4339':

tab=tab_4339_Nicolas_4fd

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "PopSavedV3_4339_Nicolas_4fd_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'D_F_4339':

tab=tab_4339_Deeksha_4fd

xAngleCible=[0,30,50]

yAngleCible=[1.21633,1.14049,1.34923]

fichierSauvegarde = "PopSavedV3_4339_Deksha_4fd_Sputt"+
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str(tab[0][MinSput])+".dat"

elif choixEchant == 'D_D_4339':

tab=tab_4339_Deeksha_4dp

xAngleCible=[0,30,50]

yAngleCible=[1.21633,1.14049,1.34923]

fichierSauvegarde = "PopSavedV3_4339_Deksha_4dp_Sputt"+

str(tab[0][MinSput])+".dat"

#Constantes physiques

#336;636;936

if dlCo == 1:

LambdaCO=[7.28,11.13,14.71] #Tanuma,Powel & Penn

#(optical data +

#predictive formula)

elif dlCo == 2:

LambdaCO=[6.98,10.78,14.27] #Gries (predictive formula)

elif dlCo == 3:

LambdaCO=[6.19,8.18,9.68] #EPES & Monte Carlo

#Calculations (experimental

#data) Al reference

else:

LambdaCO=[8.93,12.71,15.74] #EPES & Monte Carlo

#Calculations (experimental

#data) Pd reference

#248;548;848

if dlGd == 1:

LambdaGD=[7.33,12.52,17.26] #Tanuma,Powel & Penn

#(optical data +

#predictive formula)

else:

LambdaGD=[6.67,11.65,16.16] #Gries (predictive formula)

Energie=[400,700,1000]#Energie des photons

#Préparation des deux axes.

for i in range (0,len(Profile)):

Xaxe.append(i/pas)

Yaxe.append(1)
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#Fonctions mathématique utiles

def Step(x,valeure,OF=0):

if OF==0:

if x>valeure:

return(1)

else:

return(0)

elif OF==1:

if x<valeure:

return(1)

else:

return(0)

def Porte(MIN,MAX,x):

if x>=MIN and x<MAX:

return(1)

else:

return(0)

#Fonctions de calcul de la concentration du Gadolinium

def ConcentrationGd(NBcouche,Vector,tailleTab,Vfin):

val=Porte(0,Vector[1],NBcouche/pas)*Vector[4]+

Porte(Vector[1],Vector[2],NBcouche/pas)*Vector[5]+

Porte(Vector[2],Vector[3],NBcouche/pas)*Vector[6]+

Porte(Vector[3],tailleTab,NBcouche/pas)*Vfin

return(val)

def creaProfil(ProfileLocal,Population,SolutionLocal,Vbulklocal):

#Creation du profile chimique

for i in range(len(ProfileLocal)):

#ConcentrationGd(i,Pop[0],len(Profile),Vbulk

Gd=ConcentrationGd(i,Population[SolutionLocal],

len(ProfileLocal),Vbulklocal)

ProfileLocal[i][0]=Gd

#Suposition: pas de Co dans l'alu.

if i/pas >=0:

ProfileLocal[i][1]=(1-Gd)

ProfileLocal[i][2]=0

else:

ProfileLocal[i][1]=0

ProfileLocal[i][2]=(1-Gd)

return(ProfileLocal)

def creaEmission(ProfileLocal,SolutionLocal,LambdaCOLocal,

LambdaGDLocal):
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#Control qualité de la solution

variance=0

#Emission de Co et Gd de chaque couche et somme

#des participation pour chaque énergie

for j in range(len(LambdaCOLocal)):

SommeGd=0

SommeCo=0

attenuation = 0

for i in range(0,len(Profile)):

temp=exp(-attenuation/cos(theta))

SommeGd+=ProfileLocal[i][0]*temp

SommeCo+=ProfileLocal[i][1]*temp

attenuation +=

1/((Profile[i][0]*LambdaGDLocal[j]+

(1-Profile[i][0])*LambdaCOLocal[j])*pas)

Pop[SolutionLocal][j+7]=(SommeGd/SommeCo)

variance+=((SommeGd/SommeCo)-tab[j+1][MinSput])**2

Pop[SolutionLocal][0]=variance

#Fonctions algo Gene

def mutation(individu,chance):

copie=individu.copy()

if (rd.randrange(0,10,1)/10)<chance:

copie[rd.randrange(1,7,1)]*=(1+

rd.randrange(-AmpMut*10,1+AmpMut*10,1)/10)

for i in range(4,7,1):

if copie[i]>1 or copie[i]<0:

return(individu)

if copie[1]<0 or copie[1]>copie[2] or

copie[2]>copie[3] or copie[3]>150*pas:

return(individu)

return(copie)

def Enfant(Papa,Maman):

copie=Papa.copy()

for i in range(1,len(copie)):

if (rd.randrange(0,10,1)/10)<0.5:

copie[i]=Maman[i]

return(copie)

#Début du programme

rd.seed()
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#Init population et problème:

if os.path.isfile(fichierSauvegarde):

Pop = np.loadtxt(fichierSauvegarde)

else:

for i in range(TaillePop):

Pop.append(mutation(Vec1,ProbMut))

k=0

while k<NombreGenerationMax:

if k!=0:

#Supression des éléments les plus mauvais

integ=int(TaillePop/2)

for i in range(integ,TaillePop-1):

Pop[i]=Enfant(Pop[integ],Pop[i-integ])

Pop[TaillePop-1]=Enfant(Pop[integ],Pop[0])

#Mutation des parents

for i in range(1,integ):

Pop[i]=mutation(Pop[i], ProbMut)

#Partie Physique: Evaluation des solutions

for Solution in range(TaillePop):

Profile = np.ones((150*pas,3)) #Profile chimique

Emission = np.ones((150*pas,3)) #Profile d'émission

Profile=creaProfil(Profile,Pop,Solution,Vbulk)

creaEmission(Profile,Solution,LambdaCO,LambdaGD)

#Triage des éléments du plus petit au plus grand.

Pop=sorted(Pop,key=operator.itemgetter(0))

k+=1

if (k*100/NombreGenerationMax)%1==0:

print(k*100/NombreGenerationMax, " %")

#Verif solution

Somme = (tab[1][MinSput]**2+tab[2][MinSput]**2+tab[3][MinSput]**2)

SommeExp = (Pop[0][7]**2+Pop[0][8]**2+Pop[0][9]**2)

Erreur = Pop[0][0]*100/Somme

print(" Variance: ",Pop[0][0], "\n",

"Erreur",Erreur, "\n",

"Somme Experience",Somme, "\n",

"Somme Simulation",SommeExp, "\n","\n",

"Exp a 400 eV:",tab[1][MinSput],"\n",
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"Exp a 700 eV:",tab[2][MinSput] ,"\n",

"Exp a 1000 eV:",tab[3][MinSput] ,"\n","\n",

"Valeur a 400 eV:",Pop[0][7],"\n",

"Valeur a 700 eV:",Pop[0][8] ,"\n",

"Valeur a 1000 eV:",Pop[0][9] ,"\n")

Profile=creaProfil(Profile, Pop, 0, Vbulk)

plt.plot(Xaxe,Profile[:,0], label="Concentration de Gadolinium")

plt.plot(Xaxe,Profile[:,1], label="Concentration de Cobalt")

np.savetxt(fichierSauvegarde, Pop)
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# -*- coding: utf-8 -*-

"""

Created on Fri Oct 29 11:42:43 2021

@author: Matthias

"""

from tkinter import *

from math import *

import numpy as np

import matplotlib.pyplot as plt

import matplotlib

matplotlib.use('TkAgg')

from matplotlib.backends.backend_tkagg import FigureCanvasTkAgg,

NavigationToolbar2Tk

from matplotlib.figure import Figure

from pandas import DataFrame

#Var utiles

Xaxe=[] #Axe des abscisses

Yaxe=[] #Axes de ordonnées de teste

Xangle=[0,0,0,0,0,0,0]

Yangle=[0,0,0,0,0,0,0]

SommeCo=0 #Somme des contributions du Co

SommeGd=0 #Somme des contributions du Gd

dlCo = 3 #choix des valeurs de libre parcours moyen pour le Co

#3 a donné les meilleurs resultats

dlGd = 1 #choix des valeurs de libre parcours moyen pour le Gd

#1 a donné les meilleurs resultats

pas=1

MinSput=2

choixEchant='N_D_5250'

#Valeur cible Test init:

tabPRIMe=

[[50, 100, 250, 310 ], #Minutes de sputtering

[1.80554, 1.7084, 0.82251, 0.60704], #Gd4d/Co3p 400eV

[1.59935, 0.48384, 0.4741, 0.30491], #Gd4d/Co3p 700eV

[nan, 0.33895, 0.21502, 0.17374]] #Gd4d/Co3p 1000eV
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tab1_5250=

[[50, 100, 250, 310 ], #Minutes de sputtering

[1.9498, 0.72328, 0.5354, 0.33672], #Gd4d/Co3p 400eV

[1.59935, 0.4917, 0.4741, 0.30491], #Gd4d/Co3p 700eV

[nan, 0.36787, 0.31192, 0.27716]] #Gd4d/Co3p 1000eV

#5250 Matthias

tab_5250_Matthias_4d=

[[50, 100, 250, 310 ], #Minutes de sputtering

[2.90611, 1.11951, 0.87416, 0.54559], #Gd4d/Co3p 400eV

[1.18011, 0.57867, 0.48247, 0.32124], #Gd4d/Co3p 700eV

[nan, 0.39999, 0.327, 0.24658]] #Gd4d/Co3p 1000eV

tab_5250_Matthias_4f=

[[50, 100, 250, 310 ], #Minutes de sputtering

[3.54737, 1.37399, 0.60136, 0.41106], #Gd4f/Co3p 400eV

[2.52178, 0.97468, 0.4938, 0.36465], #Gd4f/Co3p 700eV

[nan, 0.61649, 0.32097, 0.28802]] #Gd4f/Co3p 1000eV

#5250 Nicolas

tab_5250_Nicolas_4d=

[[50, 100, 250, 310 ], #Minutes de sputtering

[2.54606, 0.77466, 0.43052, 0.29313], #Gd4d/Co3p 400eV

[0.75906, 0.47805, 0.35684, 0.27093], #Gd4d/Co3p 700eV

[0.61176, 0.44449, 0.31799, 0.2566 ]] #Gd4d/Co3p 1000eV

tab_5250_Nicolas_4f=

[[50, 100, 250, 310 ], #Minutes de sputtering

[4.72996, 1.38552, 0.67651, 0.46803], #Gd4f/Co3p 400eV

[1.91189, 0.80703, 0.47524, 0.32823], #Gd4f/Co3p 700eV

[0.70381, 0.3391, 0.18188, 0.14199]] #Gd4f/Co3p 1000eV

angle_5250_Nicolas=[0.4188,0.36265,0.37601,0.38712,0.42768,

0.48607,0.70472] #Gd4f/Co3p Angle

#4339 Nicolas

tab_4339_Nicolas_4fd=

[[50, 100, 250, 310 ], #Minutes de sputtering

[8.4981, 2.47568, 2.20125, 2.20501], #Gd4f/Co3d 400eV

[3.13902, 1.47968, 1.47603, 1.39891], #Gd4f/Co3d 700eV

[1.07879, 0.62176, 0.72431, 0.68856]] #Gd4f/Co3d 1000eV

angle_4339_fd_Nicolas=[2.2517, 1.68648, 1.571, 1.7284,

1.69593, 2.10084, 2.45016] #Gd4f/Co3d Angle
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tab_4339_Nicolas_4dp=

[[50, 100, 250, 310 ], #Minutes de sputtering

[3.1992, 1.39113, 1.1883, 1.15497], #Gd4d/Co3p 400eV

[1.36153, 0.92134, 1.05993, 0.96209], #Gd4d/Co3p 700eV

[0.90888, 0.88846, 0.95293, 0.95428]] #Gd4d/Co3p 1000eV

angle_4339_fp_Nicolas=[1.75703, 1.33996, 1.33636, 1.41822,

1.42386, 1.73382, 1.93215] #Gd4f/Co3p Angle

#4339 Deeksha

tab_4339_Deeksha_4fd=

[[50, 100, 250, 310 ], #Minutes de sputtering

[6.49666, 2.20572, 2.09012, 2.08185], #Gd4f/Co3d 400eV

[2.95507, 1.60547, 1.73367, 1.62711], #Gd4f/Co3d 700eV

[1.0686, 0.75745, 0.77711, 0.78425]] #Gd4f/Co3d 1000eV

tab_4339_Deeksha_4dp=

[[50, 100, 250, 310 ], #Minutes de sputtering

[2.59574, 1.35428, 1.09281, 1.03744], #Gd4d/Co3p 400eV

[0.99076, 0.89194, 1.05377, 0.90352], #Gd4d/Co3p 700eV

[0.88445, 0.74658, 0.82692, 0.85167]] #Gd4d/Co3p 1000eV

#Sauvegarde et variables

if choixEchant == 'M0':

tab=tab1_5250

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "MainV3_5250_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'M_D_5250':

tab=tab_5250_Matthias_4d

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "MainV3_5250_2_4d_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'M_F_5250':

tab=tab_5250_Matthias_4f

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "MainV3_5250_2_4f_Sputt"+

str(tab[0][MinSput])+".dat"
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elif choixEchant == 'N_D_5250':

tab=tab_5250_Nicolas_4d

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "MainV3_5250_Nicolas_4d_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'N_F_5250':

tab=tab_5250_Nicolas_4f

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_5250_Nicolas

fichierSauvegarde = "MainV3_5250_Nicolas_4f_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'N_D_4339':

tab=tab_4339_Nicolas_4dp

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_4339_fp_Nicolas

fichierSauvegarde = "MainV3_4339_Nicolas_4dp_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'N_F_4339':

tab=tab_4339_Nicolas_4fd

xAngleCible=[0,10,20,30,40,50,60]

yAngleCible=angle_4339_fd_Nicolas

fichierSauvegarde = "MainV3_4339_Nicolas_4fd_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'D_F_4339':

tab=tab_4339_Deeksha_4fd

xAngleCible=[0,30,50]

yAngleCible=[1.21633,1.14049,1.34923]

fichierSauvegarde = "MainV3_4339_Deksha_4fd_Sputt"+

str(tab[0][MinSput])+".dat"

elif choixEchant == 'D_D_4339':

tab=tab_4339_Deeksha_4dp

xAngleCible=[0,30,50]

yAngleCible=[1.21633,1.14049,1.34923]

fichierSauvegarde = "MainV3_4339_Deksha_4dp_Sputt"+

str(tab[0][MinSput])+".dat"

#Constantes physiques

#336;636;936
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if dlCo == 1:

LambdaCO=[7.28,11.13,14.71] #Tanuma,Powel & Penn

#(optical data +

#predictive formula)

elif dlCo == 2:

LambdaCO=[6.98,10.78,14.27] #Gries (predictive formula)

elif dlCo == 3:

LambdaCO=[6.19,8.18,9.68] #EPES & Monte Carlo

#Calculations (experimental

#data) Al reference

elif dlCo == 4:

LambdaCO=[8.93,12.71,15.74] #EPES & Monte Carlo

#Calculations (experimental

#data) Pd reference

else:

LambdaCO=[7.33,12.52,17.26]

#248;548;848

if dlGd == 1:

LambdaGD=[7.33,12.52,17.26] #Tanuma,Powel & Penn

#(optical data +

#predictive formula)

else:

LambdaGD=[6.67,11.65,16.16] #Gries (predictive formula)

Energie=[400,700,1000] #Energie des photons

#Variables physiques

theta = radians(0)

ExpLCG = 1.1 #Longueur carac du gradient

VMGd=9/10 #Valeur max ségrégée en surface

VmGd =0/10

Vbulk=2/10 #Valeure min,supposée égale à la concentration

#du bulk

Al=0 #Nombre couche d'aluminium (Angstrum)

Gd=(Al+2) #Nombre de couche où il y seulement du Gd (Angstrum)

ZV=(VMGd+VmGd)/Vbulk + Gd

#Stack

Profile = np.ones((150*pas,3)) #Profile chimique

Emission = np.ones((150*pas,3)) #Profile d'émission

#Préparation des deux axes.

for i in range (0,len(Profile)):

Xaxe.append(i/pas)
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Yaxe.append(1)

window = Tk()

NbBouttons = 15

N=100

s=[Scale]*NbBouttons

b=[Label]*13

c0=StringVar()

c1=StringVar()

c2=StringVar()

c3=StringVar()

c4=StringVar()

B=0.5

Vec=[0]*15

Sol=[0]*4

FrameGroup = [None,None,None,None]

#FrameGroup.append()

for i in range(4):

FrameGroup[i]=Frame(window, borderwidth=2, relief=GROOVE)

FrameGroup[i].pack(side=LEFT, padx=30, pady=30)

plt.figure

def Porte(MIN,MAX,x):

if x>=MIN and x<MAX:

return(1)

else:

return(0)

def ConcentrationGd(NBcouche,Vector,tailleTab,Vfin):

temp=[0,1,2,3,4,5,10,15,20,30,40,50,75,100,125,150]

val=0

for i in range(15):

val+=Porte(temp[i],temp[i+1],NBcouche/pas)*Vector[i]

return(val)

def creaProfil(ProfileLocal,SolutionLocal,Vbulklocal):

#Creation du profile chimique

for i in range(len(ProfileLocal)):

#ConcentrationGd(i,Pop[0],len(Profile),Vbulk

Gd=ConcentrationGd(i,SolutionLocal,len(ProfileLocal),
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Vbulklocal)

ProfileLocal[i][0]=Gd

#Suposition: pas de Co dans l'alu.

if i/pas >=0:

ProfileLocal[i][1]=(1-Gd)

ProfileLocal[i][2]=0

else:

ProfileLocal[i][1]=0

ProfileLocal[i][2]=(1-Gd)

return(ProfileLocal)

def creaEmission(ProfileLocal,EmissionLocal,LambdaCOLocal,

LambdaGDLocal,thetaLocal):

#Contrôle qualité de la solution

variance=0

#Emission de Co et Gd de chaque couche et somme des

#participations pour chaque énergie

for j in range(len(LambdaCOLocal)):

SommeGd=0

SommeCo=0

attenuation = 0

for i in range(0,len(ProfileLocal)):

temp=exp(-attenuation/cos(thetaLocal))

EmissionLocal[i][0]=ProfileLocal[i][0]*temp

EmissionLocal[i][1]=ProfileLocal[i][1]*temp

SommeGd+=ProfileLocal[i][0]*temp

SommeCo+=ProfileLocal[i][1]*temp

attenuation +=

1/((ProfileLocal[i][0]*LambdaGDLocal[j]+

ProfileLocal[i][1]*LambdaCOLocal[j])*pas)

Sol[j]=(SommeGd/SommeCo)

variance+=((SommeGd/SommeCo)-tab[j+1][MinSput])**2

Sol[3]=variance

def ImpRendu():

f=open('SolutionSavedMainV2.dat','ab')

Pp = np.ones((150*pas,3))

Pp = creaProfil(Pp, Vec, Vbulk)

np.savetxt(f, Vec)

np.savetxt('DenierVecteurSSMV2.dat',Pp[:,0], newline=' ')

print("\n")

print(str(Vec[0:15]))

temp = Sol[0]**2+Sol[1]**2+Sol[2]**2

print("Variance: ",Sol[3], "\n",

"Valeur a 400 eV:",Sol[0],"\n",
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"Valeur a 700 eV:",Sol[1] ,"\n",

"Valeur a 1000 eV:",Sol[2] ,"\n",

"Somme: ", temp,"\n","Erreur: ",

Sol[3]*100/temp )

print(Yangle)

def edited(event):

#Stack

Profile = np.ones((150*pas,3)) #Profile chimique

Emission = np.ones((150*pas,3)) #Profile emission

for j in range(NbBouttons):

Vec[j]=float(s[j].get())

thetaCorrect=float(scaleAngle.get())

Profile=creaProfil(Profile,Vec,Vbulk)

for i in range(60,-10,-10):

theta = radians(i)

TC = radians(thetaCorrect)

creaEmission(Profile,Emission,LambdaCO,LambdaGD,theta-TC)

Xangle[i//10]=i

Yangle[i//10]=Sol[1]

plt.clf()

ax = plt.subplot(2,1,1)

ax.plot(Xaxe,Profile[:,0])

plt.xlabel("Couche (A)",size=16)

plt.ylabel(" Contribution de la couche(A.U)

Concentration (%)",size=14)

cx = plt.subplot(2,1,2)

cx.plot(Xangle,Yangle)

cx.plot(xAngleCible,yAngleCible)

ax.set(xlim=(-0.1,len(Profile)), ylim=(-0.1, 1.1))

cx.set(xlim=(0,60), ylim=(min(yAngleCible)*0.8,

max(yAngleCible)*1.2))

plt.show(block=False)

c0.set(str(Sol[3]))

c1.set(str(Sol[0]))

c2.set(str(Sol[1]))

c3.set(str(Sol[2]))

c4.set(str(Vec[0:15]))

for i in range(len(s)):

s[i]= Scale(FrameGroup[(i//5)+1], label='Concentration '+

str(i+1), from_=0, to=1, orient=HORIZONTAL,length=200,
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showvalue=1, tickinterval=0.05, resolution=0.05, command=edited)

s[i].pack()

#Rendu

Rendu=Button(FrameGroup[0],text="Rendu", command=ImpRendu)

Rendu.pack()

MAJ=Button(FrameGroup[0],text="Maj", command=edited)

MAJ.pack()

c4.set(str(Vec[0:6]))

b[0]=Label(FrameGroup[0], text="The variance is:")

b[1]=Label(FrameGroup[0], textvariable=c0)

b[2]=Label(FrameGroup[0], text="Ratio 400 eV: ")

b[3]=Label(FrameGroup[0], textvariable=c1)

b[4]=Label(FrameGroup[0], text="Cible: " + str(tab[1][MinSput]))

b[5]=Label(FrameGroup[0], text="Ratio 700 eV:")

b[6]=Label(FrameGroup[0], textvariable=c2)

b[7]=Label(FrameGroup[0], text="Cible: " + str(tab[2][MinSput]))

b[8]=Label(FrameGroup[0], text="Ratio 1000 eV:")

b[9]=Label(FrameGroup[0], textvariable=c3)

b[10]=Label(FrameGroup[0], text="Cible: " + str(tab[3][MinSput]))

b[11]=Label(FrameGroup[0], text="Vecteur")

b[12]=Label(FrameGroup[0], textvariable=c4)

for i in range(12):

b[i].pack()

scaleAngle=Scale(FrameGroup[0], label="Angle de Correction",

from_=-60, to=60, orient=HORIZONTAL,length=200, showvalue=10,

tickinterval=5, resolution=5, command=edited)

scaleAngle.pack()

window.mainloop()
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# -*- coding: utf-8 -*-

"""

Spyder Editor

This is a temporary script file.

"""

import math

import pylab as plt

pas=10

a=2

b=3

d=4

angle = math.pi

k=0.5

nomFichier1 = "./askii/Spirale2B1.txt"

nomFichier2 = "./askii/Spirale2B2.txt"

nomFichierCalc1 = "./askii/SpiraleCalcB1.txt"

nomFichierCalc2 = "./askii/SpiraleCalcB2.txt"

def RAYON(n,c1,e,c2,ang):

#return(c1*math.exp(n*k*ANGLE(n,c2,ang))+e*pas)

return(c1*math.exp((k*n)/pas)+e)

def ANGLE(n,c2,ang):

#return((c2*n+ang*pas)*2*math.pi/pas)

return(c2*n/pas + ang)

def fx(n,c1,c2,e,ang):

return(RAYON(i,c1,e,c2,ang)*math.sin(ANGLE(i,c2,ang)))

def fy(n,c1,c2,e,ang):

return(RAYON(i,c1,e,c2,ang)*math.cos(ANGLE(i,c2,ang)))

def R(n):

return((1+math.sqrt(n)*1)/pas)
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fin = [[0 for i in range(int(2*d*pas))] for j in range(4)]

finStr = [[0 for i in range(int(2*d*pas))] for j in range(4)]

finCalc= [[0 for i in range(int(2*d*pas))] for j in range(4)]

f1 = open(nomFichier1, "w")

f2 = open(nomFichier2, "w")

calc1 = open(nomFichierCalc1, "w")

calc2 = open(nomFichierCalc2, "w")

for i in range(int(d*pas)):

fin[0][i]=fx(i,a,b,R(i),0)

fin[1][i]=fy(i,a,b,R(i),0)

fin[0][2*int(d*pas)-1-i]=fx(i,a,b,-R(i),0)

fin[1][2*int(d*pas)-1-i]=fy(i,a,b,-R(i),0)

fin[2][i]=fx(i,a,b,R(i),angle)

fin[3][i]=fy(i,a,b,R(i),angle)

fin[2][2*int(d*pas)-1-i]=fx(i,a,b,-R(i),angle)

fin[3][2*int(d*pas)-1-i]=fy(i,a,b,-R(i),angle)

finStr[0][i]="(a*exp(k*"+str(i)+"/pas)+(1+("+str(i)+

"^(1/2)/pas)))*sin(b*"+str(i)+"/pas)"

finStr[0][2*int(d*pas)-1-i]=

"(a*exp(k*"+str(2*int(d*pas)-1-i)+"/pas)

-(1+("+str(2*int(d*pas)-1-i)

+"^(1/2)/pas)))*sin(b*"+str(2*int(d*pas)-1-i)+ "/pas)"

finStr[1][i]="(a*exp(k*"+str(i)+"/pas)+(1+("+str(i)+

"^(1/2)/pas)))*cos(b*"+str(i)+"/pas)"

finStr[1][2*int(d*pas)-1-i]=

"(a*exp(k*"+str(2*int(d*pas)-1-i)+"/pas)

-(1+("+str(2*int(d*pas)-1-i)+

"^(1/2)/pas)))*cos(b*"+str(2*int(d*pas)-1-i)+ "/pas)"

finStr[2][i]="(a*exp(k*"+str(i)+"/pas)+(1+("+str(i)+

"^(1/2)/pas)))*sin((b*"+str(i)+"/pas)+ang)"

finStr[2][2*int(d*pas)-1-i]=

"(a*exp(k*"+str(2*int(d*pas)-1-i)+"/pas)

-(1+("+str(2*int(d*pas)-1-i)+

"^(1/2)/pas)))*sin((b*"+str(2*int(d*pas)-1-i)+"/pas)+ang)"
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finStr[3][i]="(a*exp(k*"+str(i)+"/pas)+(1+("+str(i)+

"^(1/2)/pas)))*cos((b*"+str(i)+"/pas)+ang)"

finStr[3][2*int(d*pas)-1-i]=

"(a*exp(k*"+str(2*int(d*pas)-1-i)+"/pas)

-(1+("+str(2*int(d*pas)-1-i)+

"^(1/2)/pas)))*cos((b*"+str(2*int(d*pas)-1-i)+"/pas)+ang)"

finCalc[0][i]= str(fin[0][i])

finCalc[0][2*int(d*pas)-1-i]= str(fin[0][2*int(d*pas)-1-i])

finCalc[1][i]= str(fin[1][i])

finCalc[1][2*int(d*pas)-1-i]= str(fin[1][2*int(d*pas)-1-i])

finCalc[2][i]=str(fin[2][i])

finCalc[2][2*int(d*pas)-1-i]=str(fin[2][2*int(d*pas)-1-i])

finCalc[3][i]=str(fin[3][i])

finCalc[3][2*int(d*pas)-1-i]=str(fin[3][2*int(d*pas)-1-i])

for i in range(len(finStr[0])):

f1.write(finStr[0][i] +" " + finStr[1][i]+"\n")

f2.write(finStr[2][i] +" " + finStr[3][i]+"\n")

calc1.write(finCalc[0][i] +" " + finCalc[1][i]+"\n")

calc2.write(finCalc[0][i] +" " + finCalc[1][i]+"\n")

f1.close()

f2.close()

plt.plot(fin[0],fin[1])

plt.plot(fin[2],fin[3])

plt.show()
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