
❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛ ❘❡✲❡♥tr② P❧❛s♠❛ ❲✐♥❞ ❚✉♥♥❡❧

❋❧♦✇ ✇✐t❤ ❱❛❝✉✉♠ ❯❧tr❛✈✐♦❧❡t t♦ ◆❡❛r ■♥❢r❛r❡❞

❙♣❡❝tr♦s❝♦♣②

❚♦❜✐❛s ❍❡r♠❛♥♥❛✱ ❙t❡❢❛♥ ▲ö❤❧❡❜✱ ❋❛❜✐❛♥ ❩❛♥❞❡r❝✱ ❍❛♥♥❡s ❋✉❧❣❡❞✱ ❙t❡❢❛♥♦s ❋❛s♦✉❧❛s❡

❯♥✐✈❡rs✐tät ❙t✉tt❣❛rt✱ ■♥st✐t✉t ❢ür ❘❛✉♠❢❛❤rts②st❡♠❡✱

P❢❛✛❡♥✇❛❧❞r✐♥❣ ✷✾✱ ❙t✉tt❣❛rt✱ ●❡r♠❛♥②✱ ❉✕✼✵✺✻✾

❚❤✐s ♣❛♣❡r ♣r❡s❡♥ts t❤❡ ❛♥❛❧②s✐s ♦❢ ♦♣t✐❝❛❧ ❡♠✐ss✐♦♥ s♣❡❝tr♦s❝♦♣✐❝ ♠❡❛s✉r❡♠❡♥ts

❢r♦♠ t❤❡ ✈❛❝✉✉♠ ✉❧tr❛✈✐♦❧❡t ✭✶✷✵ ♥♠✮ t♦ t❤❡ ♥❡❛r ✐♥❢r❛r❡❞ ✭✾✻✵ ♥♠✮ ✐♥ ❛ ❤✐❣❤ ❡♥t❤❛❧♣②

❛✐r ♣❧❛s♠❛ ✢♦✇ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ s✉♣❡r♦r❜✐t❛❧ r❡✲❡♥tr② ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ✈❛❝✉✉♠ ✉❧✲

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

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

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

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

t✐♦♥ ♦❢ t❤❡ ❧♦❝❛❧ ❣r♦✉♥❞ st❛t❡ ❞❡♥s✐t✐❡s ♦❢ ❛t♦♠✐❝ ♦①②❣❡♥ ❛♥❞ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ ❢r♦♠ ❛

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

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

❤❛✈❡ ❜❡❡♥ ❝♦rr❡❝t❡❞ r❡s✉❧t✐♥❣ ✐♥ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉① ✐♥ t❤❡ ✈❛❝✉✉♠

✉❧tr❛✈✐♦❧❡t ♦❢ ✷✸✺ ❦❲✴♠2✳

❛ P❤❉ st✉❞❡♥t✱ ❍✐❣❤ ❊♥t❤❛❧♣② ❋❧♦✇ ❉✐❛❣♥♦st✐❝ ●r♦✉♣✱ ■❘❙✱ ▼❡♠❜❡r ❆■❆❆

❜ ❘❡s❡❛r❝❤ ❙❝✐❡♥t✐st✱ ❍✐❣❤ ❊♥t❤❛❧♣② ❋❧♦✇ ❉✐❛❣♥♦st✐❝ ●r♦✉♣✱ ■❘❙✱ ▼❡♠❜❡r ❆■❆❆
❝ ❘❡s❡❛r❝❤ ❙❝✐❡♥t✐st✱ ❍✐❣❤ ❊♥t❤❛❧♣② ❋❧♦✇ ❉✐❛❣♥♦st✐❝ ●r♦✉♣✱ ■❘❙✱ ▼❡♠❜❡r ❆■❆❆

❞ P❤❉ st✉❞❡♥t✱ ❍✐❣❤ ❊♥t❤❛❧♣② ❋❧♦✇ ❉✐❛❣♥♦st✐❝ ●r♦✉♣✱ ■❘❙✱ ▼❡♠❜❡r ❆■❆❆
❡ Pr♦❢❡ss♦r✱ ❉✐r❡❝t♦r✱ ■❘❙✱ ❙❡♥✐♦r ▼❡♠❜❡r ❆■❆❆



◆♦♠❡♥❝❧❛t✉r❡

Ap ❂ ❞✐❛♠❡t❡r ♦❢ ❛♣❡rt✉r❡✱ ♠♠

Aul ❂ ❊✐♥st❡✐♥ ❝♦❡✣❝✐❡♥t✱ s−1

C ❂ ❝✐r❝❧❡ ♦❢ ❝♦♥❢✉s✐♦♥✱ µm

Cerror ❂ ❡rr♦♥❡♦✉s ❈❈❉ ❝❤✐♣ ❝♦✉♥t✱ ❝♦✉♥ts

c ❂ s♣❡❡❞ ♦❢ ❧✐❣❤t ✐♥ ✈❛❝✉✉♠✱ ♠✴s

DoF ❂ ❞❡♣t❤ ♦❢ ✜❡❧❞✱ ♠♠

E ❂ st❛t❡ ❡♥❡r❣②✱ ❝♠−1

FN ❂ ❋✲♥✉♠❜❡r

f ❂ ❢♦❝❛❧ ❧❡♥❣t❤✱ ♠♠

g ❂ st❛t❡ ❞❡❣❡♥❡r❛❝②

h ❂ P❧❛♥❝❦ ❝♦♥st❛♥t✱ ❏s

hlocal ❂ ❧♦❝❛❧ ♠❛ss✕s♣❡❝✐✜❝ ❡♥t❤❛❧♣②✱ ▼❏✴❦❣

I ❂ ❛r❝ ❝✉rr❡♥t✱ ❆

K ❂ ♣r♦♣♦rt✐♦♥❛❧✐t② ❝♦♥st❛♥t ❢♦r ❛✐r✱ ❲✴✭▼❏✴❦❣ P❛0.5 ♠1.5✮

k ❂ ❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t✱ ❏✴❑

kcal ❂ ❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r✱ ❲✴✭♠2 ♥♠ sr✮✴✭❝♦✉♥ts✴s✮

Lλ ❂ s♣❡❝tr❛❧ r❛❞✐❛♥❝❡✱ ❲✴✭♠2 ♥♠ sr✮

Lλ,Limit ❂ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t s♣❡❝tr❛❧ r❛❞✐❛♥❝❡✱ ❲✴✭♠2 ♥♠ sr✮

M ❂ ♠❛❣♥✐✜❝❛t✐♦♥

ṁ ❂ ♠❛ss ✢♦✇✱ ❣✴s

n ❂ ♥✉♠❜❡r ❞❡♥s✐t②✱ ♠−3

n0 ❂ ❣r♦✉♥❞ st❛t❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t②✱ ♠−3

ni ❂ ❡①❝✐t❡❞ st❛t❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t②✱ ♠−3

P ❂ ❡❧❡❝tr✐❝ ♣♦✇❡r✱ ❦❲

Pk ❂ s♣❡❝tr❛❧ ❧✐♥❡ s❤❛♣❡✱ ♥♠−1

p ❂ ♣r❡ss✉r❡✱ ❤P❛

q̇ ❂ ❤❡❛t ✢✉①✱ ❦❲✴♠2

Reff ❂ ❡✛❡❝t✐✈❡ ♥♦s❡ r❛❞✐✉s✱ ♠♠

✷



r ❂ r❛❞✐❛❧ ❞✐st❛♥❝❡✱ ♠♠

S ❂ r❛✇ s✐❣♥❛❧✱ ❝♦✉♥ts✴s

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

s0 ❂ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ♦❜❥❡❝t ❛♥❞ ❢♦❝✉s✐♥❣ ❡❧❡♠❡♥t✱ ♠♠

T ❂ t❡♠♣❡r❛t✉r❡✱ ❑

U ❂ ❛r❝ ✈♦❧t❛❣❡✱ ❱

v ❂ ✈✐❜r❛t✐♦♥❛❧ q✉❛♥t✉♠ ♥✉♠❜❡r

x ❂ ❛①✐❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ♥♦③③❧❡✱ ♠♠

y ❂ ❤♦r✐③♦♥t❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ♥♦③③❧❡✱ ♠♠

z ❂ ✈❡rt✐❝❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ♥♦③③❧❡✱ ♠♠

αλ ❂ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t✱ ♠−1

δ ❂ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠ ♦❢ ❧✐♥❡ ❜r♦❛❞❡♥✐♥❣✱ ♥♠

ελ ❂ ❡♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t✱ ❲✴✭♠3 ♥♠ sr✮

ε ❂ s♣❡❝tr❛❧❧② ✐♥t❡❣r❛t❡❞ ❡♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t✱ ❲✴✭♠3 sr✮

λ ❂ ✇❛✈❡❧❡♥❣t❤✱ ♥♠

σλ ❂ ❛❜s♦r♣t✐♦♥ ❝r♦ss s❡❝t✐♦♥✱ ♠2

❙✉❜s❝r✐♣ts

❇❇ ❂ ❜❧❛❝❦ ❜♦❞②

❉▲ ❂ ❞❡✉t❡r✐✉♠ ❧❛♠♣

❡①❝ ❂ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥

■❙ ❂ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡

❧ ❂ ❧♦✇❡r st❛t❡

r♦t ❂ r♦t❛t✐♦♥❛❧

t♦t ❂ t♦t❛❧

tr❛♥s ❂ tr❛♥s❧❛t✐♦♥❛❧

✉ ❂ ✉♣♣❡r st❛t❡

✈✐❜ ❂ ✈✐❜r❛t✐♦♥❛❧

✸



■✳ ■♥tr♦❞✉❝t✐♦♥

❱❡❤✐❝❧❡s ❡♥t❡r✐♥❣ t❤❡ ❊❛rt❤✬s ❛t♠♦s♣❤❡r❡ ♦♥ ❤②♣❡r❜♦❧✐❝ tr❛❥❡❝t♦r✐❡s✱ ❡✳❣✳ s❛♠♣❧❡ r❡t✉r♥ ♦r ♣❧❛♥❡✲

t❛r② r❡t✉r♥ ♠✐ss✐♦♥s ❢❡❛t✉r❡ ❤✐❣❤ ❡♥tr② ✈❡❧♦❝✐t✐❡s✳ ❚❤✐s ❧❡❛❞s t♦ ✈❡r② ❤✐❣❤ ❤❡❛t ❧♦❛❞s✱ ✇❤✐❝❤ ♦r✐❣✐♥❛t❡

❢r♦♠ t❤❡ str♦♥❣ s❤♦❝❦ ✇❛✈❡ ❛❤❡❛❞ ♦❢ t❤❡ ✈❡❤✐❝❧❡ ❬✶❪✳ ❚❤❡ ♦♥❧② s✉❝❝❡ss❢✉❧ ❝♦♥❝❡♣t ❢♦r t❤❡r♠❛❧ ♣r♦✲

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

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

❢❡r ❛t t❤❡ ✇❛❧❧ ❛♥❞ ✐♥❝r❡❛s❡s t❤❡ r❡✲r❛❞✐❛t✐♦♥ ♦❢ ❤❡❛t❀ ♣②r♦❧②s✐s ♣r♦❝❡ss❡s ✐♥s✐❞❡ t❤❡ ♠❛t❡r✐❛❧ ❧❡❛❞

t♦ ❛♥ ♦✉t❣❛ss✐♥❣ ✇❤✐❝❤ ❦❡❡♣s t❤❡ ❤♦t ♣❧❛s♠❛ ✢♦✇ ✭❢✉rt❤❡r✮ ❛✇❛② ❢r♦♠ t❤❡ s✉r❢❛❝❡❀ ❛♥❞ ❝❤❡♠✐❝❛❧

❛♥❞ t❤❡r♠❛❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ❝♦♥s✉♠❡s ❤❡❛t t❤r♦✉❣❤ ♦①✐❞❛t✐♦♥✱ ♥✐tr✐❞❛t✐♦♥✱ ❛♥❞ s✉❜❧✐♠❛t✐♦♥ ❬✷✕✺❪✳

❆t t❤❡ ■♥st✐t✉t❡ ♦❢ ❙♣❛❝❡ ❙②st❡♠s ✭■❘❙✮ ♦❢ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❙t✉tt❣❛rt✱ ♣❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧s ❤❛✈❡

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

t❡st✐♥❣ ❬✻✕✾❪✳ ❚❤❡s❡ ❢❛❝✐❧✐t✐❡s✱ ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡ ✶✾✽✵s✱ ❤❛✈❡ ❜❡❡♥ ❞❡s✐❣♥❡❞ t♦ s✐♠✉❧❛t❡ t❤❡ t❤❡r♠♦✲

❝❤❡♠✐❝❛❧ st❛t❡ ✐♥ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ✐♥ ❢r♦♥t ♦❢ ❛ t❤❡r♠❛❧ ♣r♦t❡❝t✐♦♥ ♠❛t❡r✐❛❧✳

❚❤❡ t❤❡r♠❛❧ ❧♦❛❞ ❡♥❝♦✉♥t❡r❡❞ ❝♦♥s✐sts ♦❢ t✇♦ t②♣❡s✱ ❝♦♥✈❡❝t✐✈❡ ❤❡❛t ✢✉① ❛♥❞ r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉①✳ ❆s

t❤❡ r❡✲❡♥tr② s♣❡❡❞ ✐♥❝r❡❛s❡s✱ r❛❞✐❛t✐✈❡ ❤❡❛t✐♥❣ ❜❡❝♦♠❡s ♠♦r❡ ❛♥❞ ♠♦r❡ ❞♦♠✐♥❛♥t ❬✶✵✕✶✷❪✳ ■t ❤❛s ♣r❡✲

✈✐♦✉s❧② ❜❡❡♥ ❢♦✉♥❞ t❤❛t t❤❡ ✈❛❝✉✉♠ ✉❧tr❛✈✐♦❧❡t ✭❱❯❱✮ s♣❡❝tr❛❧ r❡❣✐♦♥✱ t❤❡ ✶✵✵✲✷✵✵ ♥♠ ✇❛✈❡❧❡♥❣t❤

✐♥t❡r✈❛❧✱ ❝♦♥tr✐❜✉t❡s ❛ ♠❛❥♦r ♣❛rt t♦ t❤❡ t♦t❛❧ r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉① ❬✺✱ ✶✸✕✶✼❪✳ ❆❜❧❛t✐✈❡ ♠❛t❡r✐❛❧s

✐♥t❡r❛❝t ✇✐t❤ t❤❡ ✢♦✇✜❡❧❞ ✇❤✐❝❤ ❝❛♥ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ t❤❡ r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉① ❡♥❝♦✉♥✲

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

r❡♣♦rt❡❞ ✐♥ ♥✉♠❡r✐❝❛❧ ❛♥❛❧②s❡s ❬✷✱ ✶✽✱ ✶✾❪✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❧❛❝❦ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ r❡s✉❧ts ✐♥

❧❛r❣❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ ♥✉♠❡r✐❝❛❧ ❝❛❧❝✉❧❛t✐♦♥s ❞✉❡ t♦ t❤❡ ❞♦♠✐♥❛♥t r♦❧❡ ♦❢ t❤❡ ❱❯❱ s♣❡❝tr❛❧ r❡❣✐♦♥

♦♥ t❤❡ t♦t❛❧ r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉① ❬✶✹❪✳ ❚❤❡r❡❢♦r❡✱ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✈❡st✐❣❛t✐♦♥s ♦❢ t❤✐s s♣❡❝tr❛❧ r❡❣✐♦♥

❛r❡ ✐♠♣♦rt❛♥t t♦ ✈❛❧✐❞❛t❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧s ❢♦r t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡r♠❛❧ ❧♦❛❞s ♦♥ ❛ r❡✲❡♥tr② ✈❡❤✐❝❧❡✳

❱❯❱ ❡①♣❡r✐♠❡♥t❛❧ ✐♥✈❡st✐❣❛t✐♦♥s ❛r❡ r❛t❤❡r r❛r❡✱ ✇❤✐❝❤ ✐s ❞✉❡ t♦ t❤❡ ❤✐❣❤ ❝♦♠♣❧❡①✐t② ✇❤❡♥ ❝♦♥✲

s✐❞❡r✐♥❣ ❱❯❱ r❛❞✐❛t✐♦♥ ❞❡t❡❝t✐♦♥✳ ❚❤❡ ♦♥❧② ✢✐❣❤t ❞❛t❛ ❛✈❛✐❧❛❜❧❡ t♦ ❞❛t❡ ❜❡❧♦♥❣s t♦ t❤❡ ❋✐r❡ ■■

r❡✲❡♥tr② ♠✐ss✐♦♥ ✇❤❡r❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❱❯❱ r❛❞✐❛t✐♦♥ ✇❛s ❛ss❡ss❡❞ ❬✷✵✱ ✷✶❪✳ ❋✉rt❤❡r♠♦r❡✱ ❱❯❱

r❛❞✐❛t✐♦♥ ❤❛s ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ❡①t❡♥s✐✈❡❧② ✐♥ ✐♠♣✉❧s❡ ❢❛❝✐❧✐t✐❡s ❬✷✷✕✷✻❪✳ ❚❤❡ ✜rst ✐♥✈❡st✐❣❛t✐♦♥s ♦❢

❱❯❱ r❛❞✐❛t✐♦♥ ✐♥ ❛ ♣❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧ ❛t ■❘❙ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❜② ❘ö❝❦ ✉t✐❧✐③✐♥❣ r❛❞✐♦♠❡tr✐❝ ♠❡❛✲

✹



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

✐♥ ❛ ♥✐tr♦❣❡♥ ♣❧❛s♠❛ ❬✷✼❪✳ ❍♦✇❡✈❡r✱ t♦ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ❛✉t❤♦rs t❤❡r❡ ✐s ♦♥❧② t❤❡ ♣✉❜❧✐❝❛t✐♦♥ ♦❢

P❛❧✉♠❜♦ ❡t ❛❧✳ ✇❤✐❝❤ s❤♦✇s ♦♣t✐❝❛❧ ❡♠✐ss✐♦♥ s♣❡❝tr♦s❝♦♣✐❝ ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ ❱❯❱ ✇❛✈❡❧❡♥❣t❤

✐♥t❡r✈❛❧ ✐♥ ❛ ♣❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧ ❬✷✽❪✳ ❉✉❡ t♦ t❤❡ st❡❛❞② t❡st ❝♦♥❞✐t✐♦♥s ♣❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧s ❛r❡

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

❜❡ ❛❞❛♣t❡❞ t♦ ❜❡ ❛❜❧❡ t♦ ❝♦♥❞✉❝t ❡♠✐ss✐♦♥ s♣❡❝tr♦s❝♦♣✐❝ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❱❯❱ r❛❞✐❛t✐♦♥✳ ❍♦✇❡✈❡r✱

t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❱❯❱ r❛❞✐❛t✐♦♥✱ t❤❡ ❛❝❝✉r❛❝② ♦❢ s♣❡❝tr♦s❝♦♣✐❝ ❝♦♥st❛♥ts ❛♥❞ ❛❜s♦r♣t✐♦♥ ♣r♦❝❡ss❡s

❝♦♠♣❧✐❝❛t❡ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❬✷✾❪✳

■♥ ♦r❞❡r t♦ ❡♥❛❜❧❡ ✐♥✈❡st✐❣❛t✐♦♥s ❛❞r❡ss✐♥❣ t❤❡s❡ ✐ss✉❡s✱ ❛ ❱❯❱ s♣❡❝tr♦s❝♦♣✐❝ s❡t✉♣ ❤❛s ❜❡❡♥ ✐♥✲

st❛❧❧❡❞ ✐♥ t❤❡ ♣❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧ P❲❑✶ ❛t ■❘❙✳ ❚❤❡ s❡t✉♣ ♠❡❛s✉r❡s t❤❡ r❛❞✐❛t✐♦♥ ❡♥t❡r✐♥❣ ❛ ❜♦r❡

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

❢r♦♠ ✶✶✻ t♦ ✶✾✻ ♥♠ ✇✐t❤ ❛ s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ♦❢ ✵✳✵✶ ♥♠✴♣① ❛♥❞ ❛ ❱♦✐❣t ✇✐❞t❤ ♦❢ ✵✳✵✼ ♥♠

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

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

s✐✉♠ ✢✉♦r✐❞❡ ✇✐♥❞♦✇ ✇❤✐❝❤ ✐s ♠♦✉♥t❡❞ ✶✺♠♠ ❜❡❤✐♥❞ t❤❡ s❛♠♣❧❡✬s s✉r❢❛❝❡✳ ❚❤✐s ♣❛♣❡r ♣r❡s❡♥ts

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

♦r❞❡r t♦ ❡✈❛❧✉❛t❡ t❤❡ ♠❡❛s✉r❡❞ ❱❯❱ s♣❡❝tr❛✱ ❛❞❞✐t✐♦♥❛❧ s♣❡❝tr♦s❝♦♣✐❝ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❝♦♥❞✉❝t❡❞

✇✐t❤ ❛♥ ✉❧tr❛✈✐♦❧❡t t♦ ♥❡❛r ✐♥❢r❛r❡❞ ✭❯❱✲◆■❘✮ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠ ✈✐❡✇✐♥❣ t❤❡ ♣❧❛s♠❛ ❢r♦♠ t❤❡

s✐❞❡ t❤r♦✉❣❤ ❛ ✇✐♥❞♦✇ ✐♥ t❤❡ ✈❡ss❡❧ ❬✸✵❪✳

❚❤❡ ❤❛r❞✇❛r❡ ✉s❡❞ ❢♦r t❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ✇❛s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❊❝♦❧❡ P♦❧②t❡❝❤♥✐q✉❡ ❋❡❞❡r❛❧❡ ❞❡ ▲❛✉✲

s❛♥♥❡ ✭❊P❋▲✮ ❛♥❞ t❤❡ ❈❡♥t❡r ❢♦r ❍②♣❡rs♦♥✐❝s ❛t t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ◗✉❡❡♥s❧❛♥❞ ✭❯◗✮✱ ✐♥ t❤❡ ❢r❛♠❡

♦❢ ❛ ❥♦✐♥t r❡s❡❛r❝❤ ♣r♦❥❡❝t s✉♣♣♦rt❡❞ ❜② t❤❡ ❊✉r♦♣❡❛♥ ❙♣❛❝❡ ❆❣❡♥❝② ✭❊❙❆✮✳

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

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

❝❛❧✐❜r❛t❡❞ ❱❯❱ ❛♥❞ ❯❱✲◆■❘ ♦♣t✐❝❛❧ ❡♠✐ss✐♦♥ s♣❡❝tr❛✳ ❚❤❡s❡ s♣❡❝tr❛ ❛r❡ t❤❡♥ ❢✉rt❤❡r r❡❞✉❝❡❞

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

❛t♦♠✐❝ ♦①②❣❡♥ ❛♥❞ ♥✐tr♦❣❡♥✳ ❚❤❡ ✜♥❛❧ r❡s✉❧t ✐s t❤❡ ❱❯❱ s♣❡❝tr❛❧ r❛❞✐❛♥❝❡ ✐♥❝✐❞❡♥t ♦♥ t❤❡ s❛♠♣❧❡

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

✺



■■✳ ❋❛❝✐❧✐t② ❖✈❡r✈✐❡✇

❆❧❧ ❡①♣❡r✐♠❡♥ts ❤❛✈❡ ❜❡❡♥ ❝♦♥❞✉❝t❡❞ ✐♥ t❤❡ ♣❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧ P❲❑✶✱ ✇❤✐❝❤ ❝♦♥s✐sts ♦❢ ❛

✈❡ss❡❧ ✇✐t❤ ❛ ✷♠ ❞✐❛♠❡t❡r ❛♥❞ ✻♠ ❧❡♥❣t❤✳ ■t ✐s ❝♦♥♥❡❝t❡❞ t♦ ❛ ✈❛❝✉✉♠ ♣✉♠♣✐♥❣ s②st❡♠ ❝♦♥s✐st✐♥❣

♦❢ ❛ r♦♦ts t②♣❡ ♣✉♠♣ s②st❡♠ ✇✐t❤ ❢♦✉r st❛❣❡s✳ ❚❤❡ ♣❧❛s♠❛ ❣❡♥❡r❛t♦r ✉s❡❞ ✐s t❤❡ ♠❛❣♥❡t♦♣❧❛s♠❛✲

❞②♥❛♠✐❝ ❛r❝❥❡t ❣❡♥❡r❛t♦r ❘❉✺ ✇❤✐❝❤ ❛❧❧♦✇s ❤✐❣❤ ❧♦❝❛❧ ♠❛ss s♣❡❝✐✜❝ ❡♥t❤❛❧♣② t❡st✐♥❣ ❬✸✶❪✳ ❊❧❡❝tr✐❝

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

✶▼❲ ❡❛❝❤✳ ❙❛♠♣❧❡s ❛r❡ ♠♦✉♥t❡❞ ✐♥ ♣r♦❜❡s ✇❤✐❝❤ ❛r❡ ✐♥st❛❧❧❡❞ ♦♥ ❛ ♠♦✈❛❜❧❡ ♣❧❛t❢♦r♠ ♦♣❡r❛t❡❞ ❜②

❛ ❈◆❈ st❡♣♣✐♥❣ ♠♦t♦r✳ ❚❤❡ ❡q✉✐♣♠❡♥t ✐♥s✐❞❡ t❤❡ ✈❡ss❡❧ ✐s ✇❛t❡r✲❝♦♦❧❡❞ ✇✐t❤ ❛ ✇❛t❡r ♣r❡ss✉r❡ ♦❢

✶✻ ❜❛r t♦ ❦❡❡♣ t❤❡ t❡♠♣❡r❛t✉r❡s ♦❢ t❤❡ ♣r♦❜❡ ❛♥❞ ❛✉①✐❧✐❛r② ❡q✉✐♣♠❡♥t ❜❡❧♦✇ ❝r✐t✐❝❛❧ ♠❛t❡r✐❛❧ ✈❛❧✉❡s✳

❆❧❧ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ♣r❡s❡♥t❡❞ ❤❡r❡ ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ✐♥ ❛ ✢♦✇ ❝♦♥❞✐t✐♦♥ ❝♦rr❡s♣♦♥❞✐♥❣ t♦

❛ ❍❛②❛❜✉s❛ r❡✲❡♥tr② tr❛❥❡❝t♦r② ♣♦✐♥t ❛t ✼✽✳✽ ❦♠ ❛❧t✐t✉❞❡ ✇✐t❤ ❛ ✈❡❧♦❝✐t② ♦❢ ✶✶✳✼ ❦♠✴s ❬✸✷❪✳ ❚❤✐s

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

✇❤✐❝❤ r❡❧❛t❡s ❛ s✉❜s♦♥✐❝ ❜♦✉♥❞❛r② ❧❛②❡r t♦ ❛ ❤②♣❡rs♦♥✐❝ r❡❛❧ ✢✐❣❤t ❝♦♥❞✐t✐♦♥ ❬✸✸❪✳ ❚❤✐s ❝♦♥❝❡♣t

✐s ❜❛s❡❞ ♦♥ t❤❡ ❞✉♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❞❡✜♥❡❞ ❜② t❤❡ ❧♦❝❛❧ ♠❛ss✲s♣❡❝✐✜❝ ❡♥t❤❛❧♣②✱ t❤❡

st❛❣♥❛t✐♦♥ ♣♦✐♥t ♣r❡ss✉r❡ ❛♥❞ t❤❡ ✈❡❧♦❝✐t② ❣r❛❞✐❡♥t ❛t t❤❡ ❡❞❣❡ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳ ❍❡❛t ✢✉①

❛♥❞ st❛❣♥❛t✐♦♥ ♣r❡ss✉r❡ ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞✳ ❆ ❝♦♠❜✐♥❡❞ t♦t❛❧ ♣r❡ss✉r❡ ❛♥❞ ❤❡❛t ✢✉① ♣r♦❜❡ ✇✐t❤

❛ ❞✐❛♠❡t❡r ♦❢ ✽✵♠♠ ❛t ❛♥ ❛①✐❛❧ ❞✐st❛♥❝❡ ♦❢ ✷✼✵♠♠ ❢r♦♠ t❤❡ ♥♦③③❧❡ ✇❛s ✉s❡❞ ❬✸✹❪✳ ❚❤❡ ❧♦❝❛❧

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

hlocal =
q̇fc
K

·

√

Reff

ptot
, ✭✶✮

✇❤❡r❡ q̇fc ✐s t❤❡ ❢✉❧❧② ❝❛t❛❧②t✐❝ ❤❡❛t ✢✉①✱ Reff = 2.3 · R ✐s t❤❡ ❡✛❡❝t✐✈❡ ♥♦s❡ r❛❞✐✉s✱ ptot ✐s t❤❡ t♦t❛❧

♣r❡ss✉r❡ ❛t t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t ❛♥❞ K = 367❲✴✭P❛0.5 ♠1.5 ▼❏✴❦❣✮ ✐s t❤❡ ❝♦♥st❛♥t ❢♦r ❛✐r ❬✸✺❪✳

❚♦t❛❧ ♣r❡ss✉r❡ ❛♥❞ ❤❡❛t ✢✉① ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ❝♦♥❞✐t✐♦♥✳ ❊q✳ ✭✶✮

✇❛s ❞❡r✐✈❡❞ ✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❛ ❤②♣❡rs♦♥✐❝ ✢♦✇ ✐♥ t❤❡r♠❛❧ ❡q✉✐❧✐❜r✐✉♠✱ ✇❤❡r❡ ❤❡❛t ✢✉① ✐s

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

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

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

t❡❝❤♥✐q✉❡s ❬✸✹✱ ✸✻✱ ✸✼❪✳ ❚❤✉s✱ t❤❡ ♠❡t❤♦❞ ✐s ❛ss✉♠❡❞ t♦ r❡s✉❧t ✐♥ ❛ r❡❛s♦♥❛❜❧❡ ❡st✐♠❛t❡ ♦❢ t❤❡ ❧♦❝❛❧

✻



❚❛❜❧❡ ✶ P❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧ ❝♦♥❞✐t✐♦♥ ♣❛r❛♠❡t❡rs✳

P❛r❛♠❡t❡r ❱❛❧✉❡

▼❛ss ✢♦✇ ✭❛✐r✮ ṁ ✶✽✳✵ ❣✴s

❆♠❜✐❡♥t ♣r❡ss✉r❡ p∞ ✶✻✳✻ ❤P❛

❙t❛❣♥❛t✐♦♥ ♣r❡ss✉r❡ ptot ✷✹✳✹ ❤P❛

❆r❝ ❝✉rr❡♥t I ✶✷✷✵❆

❆r❝ ✈♦❧t❛❣❡ U ✶✸✸❱

❊❧❡❝tr✐❝ ♣♦✇❡r P ✶✻✸ ❦❲

❆①✐❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ♥♦③③❧❡ x ✷✼✵♠♠

❍❡❛t ✢✉① q̇ ✹✶✵✵ ❦❲✴♠2

▲♦❝❛❧ ♠❛ss✕s♣❡❝✐✜❝ ❡♥t❤❛❧♣② hlocal ✻✽✳✹▼❏✴❦❣

♠❛ss✲s♣❡❝✐✜❝ ❡♥t❤❛❧♣②✳ ❋✉rt❤❡r ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤✐s q✉❛♥t✐t② ❛r❡ ♣❧❛♥♥❡❞ ✐♥ ❢✉t✉r❡ ❝❛♠♣❛✐❣♥s ❬✸✽❪✳

❆ s✉♠♠❛r② ♦❢ t❤❡ ❢❛❝✐❧✐t② ♣❛r❛♠❡t❡rs ♥❡❡❞❡❞ t♦ ❛❞❥✉st t❤❡ ✢♦✇ ❝♦♥❞✐t✐♦♥ ✐s ❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✶✳

■■■✳ ❊①♣❡r✐♠❡♥t❛❧ ❉❡s✐❣♥

■♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡ r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉① t♦ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❱❯❱ s♣❡❝tr❛❧

r❡❣✐♦♥✱ ❛♥❞ t❤✉s ❡♥❛❜❧✐♥❣ ❛❜❧❛t✐♦♥✲r❛❞✐❛t✐♦♥ ❝♦✉♣❧✐♥❣ ✐♥✈❡st✐❣❛t✐♦♥s✱ ❛ ❱❯❱ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠

❤❛s ❜❡❡♥ ✐♥st❛❧❧❡❞ ✐♥ t❤❡ ♣❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧ P❲❑✶✳ ❯❱✲◆■❘ s♣❡❝tr♦s❝♦♣② ✐s ❝♦♥❞✉❝t❡❞ ✈✐❡✇✐♥❣

t❤❡ ✢♦✇ ✜❡❧❞ ❢r♦♠ t❤❡ s✐❞❡ t♦ ❢✉rt❤❡r ❛♥❛❧②③❡ t❤❡ ♠❡❛s✉r❡❞ ❱❯❱ s♣❡❝tr❛✳

❆✳ ❱❯❱ ❙♣❡❝tr♦s❝♦♣②

✶✳ ❖✈❡r✈✐❡✇ ♦❢ t❤❡ s❡t✉♣

❆ s❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❱❯❱ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳ ❙♣❡❝tr♦s❝♦♣✐❝ ♠❡❛s✉r❡♠❡♥ts

r❡q✉✐r❡ t❤❡ r❛❞✐❛t✐♦♥ ♦❢ ✐♥t❡r❡st t♦ ❜❡ tr❛♥s♠✐tt❡❞ ✐♥t♦ t❤❡ s♣❡❝tr♦♠❡t❡r✳ ❋♦r ❱❯❱ r❛❞✐❛t✐♦♥✱ t❤✐s

✐s ♣❛rt✐❝✉❧❛r❧② ❝❤❛❧❧❡♥❣✐♥❣ ❛s ✐t ✐s str♦♥❣❧② ❛❜s♦r❜❡❞ ❜② ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ✇❤✐❝❤ ✐s ♣r❡s❡♥t ✐♥ t❤❡

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

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

❡✈❛❝✉❛t❡❞ ❧✐❣❤t ♣❛t❤ ✐s ✉s❡❞ s❡❛❧❡❞ ✇✐t❤ ❛ ♠❛❣♥❡s✐✉♠ ✢✉♦r✐❞❡ ✇✐♥❞♦✇✳ ❚❤❡ ✈❛❝✉✉♠ s②st❡♠ ❝♦♥✲

s✐sts ♦❢ t✇♦ t✉r❜♦♠♦❧❡❝✉❧❛r ♣✉♠♣s✱ ❛ ▲❡②❜♦❧❞ ❚✉r❜♦✈❛❝ ✶✺✵ ✭✈❛❝✉✉♠ ♣✉♠♣ ❝❛♣❛❝✐t② ✶✺✵ ❧✴s✮ ❛♥❞ ❛

✼



❋✐❣✳ ✶ ❙❝❤❡♠❛t✐❝ s❡t✉♣ ♦❢ t❤❡ ❱❯❱ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠ ✭♥♦t t♦ s❝❛❧❡✮✳ ❖♣t✐❝❛❧ ♣❛t❤ s❤♦✇♥

❛s ❛ ❞❛s❤❡❞ ❧✐♥❡✳

P❢❡✐✛❡r ❚P❯ ✶✼✵ ✭✈❛❝✉✉♠ ♣✉♠♣ ❝❛♣❛❝✐t② ✶✼✵ ❧✴s✮ ❛♥❞ ❛ r♦t❛r② ✈❛♥❡ ♣✉♠♣ ▲❡②❜♦❧❞ ❉✹❇ ✭✈❛❝✉✉♠

♣✉♠♣ ❝❛♣❛❝✐t② ✹♠3✴❤✮

❈♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❧✐❣❤t ♣❛t❤ ✐♥ ❝❧♦s❡ ♣r♦①✐♠✐t② t♦ t❤❡ ♣❧❛s♠❛ ❛r❡ ❡①♣♦s❡❞ t♦ ❤✐❣❤ ❤❡❛t ❧♦❛❞s✳ ■♥

♦r❞❡r t♦ ♣r♦t❡❝t t❤❡ ♦♣t✐❝❛❧ s②st❡♠ ❢r♦♠ t❤✐s ❤❡❛t ❧♦❛❞ ❛ ❤✐❣❤ ♣r❡ss✉r❡ ✇❛t❡r s②st❡♠ ✐s ✐♥st❛❧❧❡❞

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

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

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

s❛♠♣❧❡s✳

❉✉r✐♥❣ t❤❡ st❛rt✲✉♣ ♣r♦❝❡❞✉r❡ ♦❢ t❤❡ ❢❛❝✐❧✐t② t❤❡ ♣r♦❜❡ s❤♦✉❧❞ ♥♦t ❜❡ ✐♥ t❤❡ ✢♦✇✳ ❚❤❡r❡❢♦r❡✱ t❤❡

s♣❡❝tr♦s❝♦♣✐❝ s❡t✉♣ ❤❛s ❜❡❡♥ ❞❡s✐❣♥❡❞ t♦ ❛❧❧♦✇ t✇♦ ♣r♦❜❡ ♣♦s✐t✐♦♥s✳ ❚❤❡ st❛rt✲✉♣ ♣❤❛s❡ t②♣✐❝❛❧❧②

❧❛sts ❛❜♦✉t ✺♠✐♥ ❛❢t❡r ✇❤✐❝❤ t❤❡ st❡❛❞② ♣❧❛s♠❛ ❝♦♥❞✐t✐♦♥ ❢♦r t❡st✐♥❣ ✐s ❛❝❤✐❡✈❡❞✱ ✐✳ ❡✳ ♠❛ss ✢♦✇✱

❛♠❜✐❡♥t ♣r❡ss✉r❡ ❛♥❞ ❛r❝ ❝✉rr❡♥t ❛r❡ ❛❞❥✉st❡❞ ❛♥❞ ♠♦♥✐t♦r❡❞ ✉♥t✐❧ t❤❡ ❞❡s✐r❡❞ ✈❛❧✉❡s ❛r❡ ❛❝❤✐❡✈❡❞

❛♥❞ ❡①❤✐❜✐t ❛ st❡❛❞② ❜❡❤❛✈✐♦r✳ ❉✉r✐♥❣ t❤❡ st❛rt✲✉♣ ♣❤❛s❡✱ t❤❡ ♣r♦❜❡ ✐s ♣♦s✐t✐♦♥❡❞ ❧❛t❡r❛❧❧② t♦ t❤❡

♣❧✉♠❡ ❜② r❡♣♦s✐t✐♦♥✐♥❣ t❤❡ ♠♦✈❛❜❧❡ t❛❜❧❡ ✭♣♦s✐t✐♦♥ ✶© ✐♥ ❋✐❣✳ ✶✮✳ ❲❤❡♥ t❤❡ ❞❡s✐r❡❞ t❡st ❝♦♥❞✐t✐♦♥

✽



✐s ❛❝❤✐❡✈❡❞✱ t❤❡ ♣r♦❜❡ ✐s r❡♣♦s✐t✐♦♥❡❞ ✐♥t♦ t❤❡ ♣❧✉♠❡ ❝❡♥t❡r ✭♣♦s✐t✐♦♥ ✷© ✐♥ ❋✐❣✳ ✶✮✳ ❖♥❝❡ t❤❡ ♣r♦❜❡

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

❜② t❤❡ s♣❡❝tr♦♠❡t❡r✳ ❚②♣✐❝❛❧ t❡st t✐♠❡s ❛r❡ ❜❡t✇❡❡♥ ✶✵ ❛♥❞ ✷✵ ♠✐♥✉t❡s✳

✷✳ ❖♣t✐❝❛❧ ♣❛t❤

❚❤❡ ❣♦❛❧ ♦❢ t❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ✐s t❤❡ ❛ss❡ss♠❡♥t ♦❢ ❛❜❧❛t✐♦♥✲r❛❞✐❛t✐♦♥ ❝♦✉♣❧✐♥❣ ❬✸✾❪✳ ❚❤❡r❡❢♦r❡✱

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

t❤❡ ❝❛s❡ ♦❢ t❤❡ ❱❯❱ r❛❞✐❛t✐♦♥✱ ✐s ❛❝❤✐❡✈❡❞ ❜② ❧♦♦❦✐♥❣ t❤r♦✉❣❤ t❤❡ s❛♠♣❧❡ ✐♥t♦ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳

❍♦✇❡✈❡r✱ ❧♦♦❦✐♥❣ str❛✐❣❤t ✐♥t♦ t❤❡ ✢♦✇ ♠❡❛♥s ❧♦♦❦✐♥❣ ✐♥t♦ t❤❡ ❣❡♥❡r❛t♦r t♦✇❛r❞s t❤❡ ❝❛t❤♦❞❡✳

❚❤❡ ♣♦ss✐❜❧❡ ❱❯❱ r❛❞✐❛t✐♦♥ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❤✐❣❤❧② ❡①❝✐t❡❞ ❡❧❡❝tr✐❝ ❛r❝ ✐♥s✐❞❡ t❤❡ ❣❡♥❡r❛t♦r

✐s ❛✈♦✐❞❡❞ ❜② ✉s✐♥❣ ❛♥ ❛♥❣❧❡❞ ❧✐❣❤t ♣❛t❤✱ t❤❡ s❛♠❡ str❛t❡❣② ❛s ❡♠♣❧♦②❡❞ ❜② P❛❧✉♠❜♦ ❡t ❛❧✳ ❬✷✽❪✳

❚❤❡ ❱❯❱ r❛❞✐❛t✐♦♥ ❡♥t❡rs t❤❡ ♣r♦❜❡ ❛t t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t t❤r♦✉❣❤ ❛ ❜♦r❡ ❤♦❧❡ ✐♥ t❤❡ s❛♠♣❧❡

✭❞✐❛♠❡t❡r ✷♠♠✮ ❛t ❛♥ ❛♥❣❧❡ ♦❢ ✷✽ ◦ ✭s❡❡ ❋✐❣✳ ✶✮✳ ❚❤❡ ❧✐❣❤t ❡♥t❡rs t❤❡ ❡✈❛❝✉❛t❡❞ ✈♦❧✉♠❡ ✐♥s✐❞❡

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

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

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

♠✐rr♦rs ❛r❡ ♠❛❞❡ ♦❢ ❢✉s❡❞ s✐❧✐❝❛ ✇✐t❤ ❛♥ ❛❧✉♠✐♥✐✉♠ ✫ ♠❛❣♥❡s✐✉♠ ✢✉♦r✐❞❡ ❝♦❛t✐♥❣ ❢♦r ❤✐❣❤ ❱❯❱

r❡✢❡❝t✐✈✐t② ❬✹✵❪✳

❚❤❡ s♣❡❝tr♦♠❡t❡r ✉s❡❞ ✐s ❛♥ ❆❝t♦♥ ❘❡s❡❛r❝❤ ❈♦r♣♦r❛t✐♦♥ ❱▼✲✺✷✶✲❙● s♣❡❝tr♦❣r❛♣❤ ✇✐t❤ ❛ ❢♦❝❛❧

❧❡♥❣t❤ ♦❢ ✶♠ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❊P❋▲ ❈❡♥tr❡ ❞❡ ❘❡❝❤❡r❝❤❡ ❡♥ P❤②s✐q✉❡ ❞❡s P❧❛s♠❛s✳ ■t ✉t✐❧✐③❡s

❛ ✶✺ ◦ ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ ❤❛s ❛ ❝♦♥❝❛✈❡ ❣r❛t✐♥❣ ✇✐t❤ ✶✷✵✵ ❧✐♥❡s✴♠♠✳ ❆♥ ❆♥❞♦r

✐❙t❛r ■❈❈❉ ✸✹✵❚ ✇✐t❤ ✷✵✹✽ × ✺✶✷ ♣✐①❡❧ r❡s♦❧✉t✐♦♥ ✭✇❛✈❡❧❡♥❣t❤ × s♣❛t✐❛❧✮ ✇✐t❤ ❛ ●❡♥ ■■ ✐♥t❡♥s✐✜❡r

✐s ✉s❡❞ ❢♦r ❛❝q✉✐s✐t✐♦♥✱ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❈❡♥tr❡ ❢♦r ❍②♣❡rs♦♥✐❝s ✭❯◗✮✳ ❚❤❡ ❛❝t✉❛❧ ✐♠❛❣❡❞ ❛r❡❛ ✐s

r❡❞✉❝❡❞ ❜② t❤❡ ✐♥t❡♥s✐✜❡r ✐♥ ❢r♦♥t ♦❢ t❤❡ ❈❈❉ ✇❤✐❝❤ ❤❛s ❛ ❞✐❛♠❡t❡r ♦❢ ✶✽♠♠✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦

✶✸✸✹ ♣✐①❡❧s ♦♥ t❤❡ ✇❛✈❡❧❡♥❣t❤ ❛①✐s✳ ❚❤❡ ❝❛♠❡r❛ ✐s s❡❛❧❡❞ ✇✐t❤ ❛ ♠❛❣♥❡s✐✉♠ ✢✉♦r✐❞❡ ✇✐♥❞♦✇✳ ❚❤❡

s♣❡❝tr❛❧ r❛♥❣❡ ♦❢ ♦♥❡ ✐♠❛❣❡ ✐s ❛❜♦✉t ✶✺ ♥♠ ✇✐t❤ ❛ s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ♦❢ ✵✳✵✶ ♥♠✴♣①✳ ❚❤❡ ❛♣♣❛r❛t✉s

❢✉♥❝t✐♦♥ ✇❛s ♦❜t❛✐♥❡❞ ❜② t❤❡ ❜❡st ✜t ♦❢ ❛ ❱♦✐❣t ❢✉♥❝t✐♦♥ t♦ t❤❡ ✶✷✶✳✺ ♥♠ ❧✐♥❡ ✐♥ t❤❡ s♣❡❝tr✉♠ ♦❢

t❤❡ ❞❡✉t❡r✐✉♠ ❝❛❧✐❜r❛t✐♦♥ ❧❛♠♣ ❛♥❞ ❡①❤✐❜✐ts ❛ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠ ♦❢ δGauss = 0.06 ♥♠ ❛♥❞

✾



δLorentz = 0.02 ♥♠✳ ❚❤❡ ✐♥t❡♥s✐✜❡r ✇❛s s❡t t♦ t❤❡ ♠❛①✐♠✉♠ ❣❛✐♥ ♦❢ ✹✵✵✵✱ t❤❡ ❝❛♠❡r❛ t❡♠♣❡r❛t✉r❡

✇❛s s❡t t♦ ✲✸✵ ◦ ❈ ❛♥❞ t❤❡ s❧✐t ✇✐❞t❤ ♦❢ t❤❡ s♣❡❝tr♦♠❡t❡r ✇❛s s❡t t♦ ✶✵✵µ♠ ❢♦r ❛❧❧ ♠❡❛s✉r❡♠❡♥ts

❝♦♥❞✉❝t❡❞✳

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

M =
f

f − s0
✭✷✮

✇✐t❤ t❤❡ ❢♦❝❛❧ ❧❡♥❣t❤ ♦❢ t❤❡ ❝♦♥❝❛✈❡ ♠✐rr♦r✱ f = ✺✵✵♠♠✱ ❛♥❞ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♦❜❥❡❝t ❛♥❞

t❤❡ ❝♦♥❝❛✈❡ ♠✐rr♦r✱ s0 = ✸✷✶✶♠♠✱ ②✐❡❧❞✐♥❣ ❛ ♠❛❣♥✐✜❝❛t✐♦♥ ▼❂✵✳✶✽ ❬✹✶❪✳ ❚❤❡ ❞❡♣t❤ ♦❢ ✜❡❧❞ ♦❢ t❤❡

s❡t✉♣ ✐s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣

DoF =
2FNCs0f

2(s0 − f)

f4 − F 2
NC2s20

, ✭✸✮

✇❤❡r❡ FN ✐s t❤❡ ❋✲♥✉♠❜❡r ❛♥❞ C ✐s t❤❡ ❝✐r❝❧❡ ♦❢ ❝♦♥❢✉s✐♦♥ ❬✹✷❪✳ ❋♦r t❤❡ ❝✐r❝❧❡ ♦❢ ❝♦♥❢✉s✐♦♥✱ t❤❡ ❈❈❉

♣✐①❡❧ s✐③❡ ♦❢ t❤❡ ❝❛♠❡r❛ ✐s ❝❤♦s❡♥ ✭✶✸✳✺µ♠✮✳ ❚❤❡ ❋✲♥✉♠❜❡r ♦❢ t❤❡ ❢♦❝✉s✐♥❣ ♠✐rr♦r ✐s ❝❛❧❝✉❧❛t❡❞ ❛s

FN =
f

Ap

, ✭✹✮

✇❤❡r❡ Ap ✐s t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❛♣❡rt✉r❡ st♦♣ ❬✹✷❪✳ ❚❤❡ r❡s✉❧t✐♥❣ ❋✲♥✉♠❜❡r ✐s FN = 167 ✇❤✐❝❤

②✐❡❧❞s ❛ ❞❡♣t❤ ♦❢ ✜❡❧❞ ♦❢ ❉♦❋❂✶✺✼♠♠✳

❇✳ ❯❱✲◆■❘ ❙♣❡❝tr♦s❝♦♣②

❚❤❡ ❯❱✲◆■❘ s♣❡❝tr♦s❝♦♣✐❝ s❡t✉♣ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ♣❧❛s♠❛ r❛❞✐❛t✐♦♥

✐♥ t❤❡ ✉❧tr❛✈✐♦❧❡t t♦ t❤❡ ♥❡❛r ✐♥❢r❛r❡❞ s♣❡❝tr❛❧ r❛♥❣❡ ✸✵✵✲✾✻✵ ♥♠✱ ✐s ❝♦♥❞✉❝t❡❞ t❤r♦✉❣❤ ❛ s✐❞❡ ✇✐♥❞♦✇✳

❍❡r❡✱ s♣❛t✐❛❧❧② r❡s♦❧✈❡❞ ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ ❜❡❡♥ r❡❛❧✐③❡❞✳ ❆♥ ♦♣t✐❝❛❧ s②st❡♠ ❝♦♥s✐st✐♥❣ ♦❢ ❛ ✢❛t

t✉r♥✐♥❣ ♠✐rr♦r ❛♥❞ ❛ ❝♦♥❝❛✈❡ ❢♦❝✉s✐♥❣ ♠✐rr♦r ✐s ✉s❡❞ ❢♦r ✐♠❛❣✐♥❣ ❛ r❡❣✐♦♥ ♦❢ ✻✵♠♠ ❤❡✐❣❤t ♦♥t♦

t❤❡ s♣❡❝tr♦♠❡t❡r s❧✐t ❬✸✵✱ ✸✹❪✳ ❚❤❡ ♦♣t✐❝❛❧ s②st❡♠ ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ❝❡♥t❡r ♣❧❛♥❡ ♦❢ t❤❡ ✈❡ss❡❧✱

✐✳ ❡✳ t❤❡ st❛❣♥❛t✐♦♥ str❡❛♠❧✐♥❡✳ ❉✉❡ t♦ t❤❡ ❤✐❣❤ ✐♥t❡♥s✐t② ♦❢ t❤❡ ♣❧❛s♠❛ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡

❚❤♦r❧❛❜s ◆❉❯❱✶✵ ❛♥❞ ◆❉❯❱✵✺ ♥❡✉tr❛❧ ❞❡♥s✐t② ❢✉s❡❞ s✐❧✐❝❛ ✜❧t❡rs ✇✐t❤ ♦♣t✐❝❛❧ ❞❡♥s✐t✐❡s ♦❢ ❖❉= 1

❛♥❞ ❖❉= 0.5 ❛r❡ ✉s❡❞ ❢♦r ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥s ❜❡❧♦✇ ✻✺✵ ♥♠✳ ❋♦r ❤✐❣❤❡r ✇❛✈❡❧❡♥❣t❤s✱ ❛ ◆❉❯❱✹✵

✶✵



✭❖❉= 4✮ ✜❧t❡r ✐s ✉s❡❞ t♦ ♣r❡✈❡♥t ♦✈❡rs❛t✉r❛t✐♦♥ ♦❢ t❤❡ ❈❈❉ ❝❛♠❡r❛ ❬✹✸❪✳ ❙❡❝♦♥❞ ♦r❞❡r s♣❡❝tr❛ ❛r❡

❡①❝❧✉❞❡❞ ✉s✐♥❣ ❛ ❙❝❤♦tt ❖●✺✺✵ ❜❛♥❞♣❛ss ❣❧❛ss ✜❧t❡r ✭✇❛✈❡❧❡♥❣t❤s ❜❡❧♦✇ ✺✺✵ ♥♠ ❛r❡ ♥♦t tr❛♥s♠✐tt❡❞✮

❢♦r ✇❛✈❡❧❡♥❣t❤s ❛❜♦✈❡ ✻✺✵ ♥♠ ❛♥❞ ❛ ❑●✹ ❜❛♥❞♣❛ss ❣❧❛ss ✜❧t❡r ✭✇❛✈❡❧❡♥❣t❤s ❜❡❧♦✇ ✸✵✵ ♥♠ ❛r❡ ♥♦t

tr❛♥s♠✐tt❡❞✮ ❢♦r ✇❛✈❡❧❡♥❣t❤s ❜❡❧♦✇ ✻✺✵ ♥♠ ❬✹✹❪✳ ❆❧❧ ✜❧t❡rs ❛r❡ ♠♦✉♥t❡❞ ✐♥ ❢r♦♥t ♦❢ t❤❡ s♣❡❝tr♦♠❡t❡r

❡♥tr❛♥❝❡ s❧✐t✳

❆♥ ❆❝t♦♥ ❙♣❡❝tr❛Pr♦ ✷✼✺✽ s♣❡❝tr♦❣r❛♣❤ ✐♥ ❈③❡r♥②✲❚✉r♥❡r ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ ❛ s❧✐t ✇✐❞t❤ ♦❢ ✽✵µ♠✱

❛ ❢♦❝❛❧ ❧❡♥❣t❤ ♦❢ f = ✼✺✵♠♠✱ ❛♥ ❋✲♥✉♠❜❡r FN = ✾✳✼ ❛♥❞ ❛ ✸✵✵ ❧✴♠♠ ❣r❛t✐♥❣ ✭❜❧❛③❡❞ ❛t ✺✵✵ ♥♠✮ ✐s

✉s❡❞✳ ❙♣❡❝tr❛ ❛r❡ r❡❝♦r❞❡❞ ✇✐t❤ ❛ ✶✵✷✹ × ✷✺✻ ♣✐①❡❧ ❆♥❞♦r ◆❡✇t♦♥ ❉❯✾✷✵◆✲❖❊ ❈❈❉ ❝❛♠❡r❛✳ ❚❤❡

❝❛♠❡r❛ ✐s ♦r✐❡♥t❡❞ s✉❝❤ t❤❛t t❤❡ ✶✵✷✹ ♣✐①❡❧ r❡s♦❧✉t✐♦♥ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✇❛✈❡❧❡♥❣t❤ ❞✐r❡❝t✐♦♥ ♦❢

t❤❡ ❞✐✛r❛❝t❡❞ ❧✐❣❤t✱ ✐✳ ❡✳ t❤❡ ①✲❝♦♠♣♦♥❡♥t ✐♥ ❋✐❣✳ ✷✱ ❛♥❞ t❤❡ ✷✺✻ ♣✐①❡❧ r❡s♦❧✉t✐♦♥ ❝♦rr❡s♣♦♥❞s t♦ t❤❡

s♣❛t✐❛❧ ♣♦s✐t✐♦♥ ✐♥ t❤❡ ♣❧❛s♠❛ ♣❧✉♠❡✱ ✐✳ ❡✳ t❤❡ ③✲❝♦♠♣♦♥❡♥t ✐♥ ❋✐❣✳ ✷✳ ❚❤❡ ❡✛❡❝t✐✈❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥

♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ✈♦❧✉♠❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ❜② ❛♣♣❧②✐♥❣ t❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ ❘❡❢✳ ❬✸✹❪ ❛♥❞ ②✐❡❧❞s

δGauss = 0.6♠♠ ✭❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠✮ ✐♥ t❤❡ ③✲❞✐r❡❝t✐♦♥ ❛♥❞ δGauss = 1.6♠♠ ✭❢✉❧❧ ✇✐❞t❤ ❛t

❤❛❧❢ ♠❛①✐♠✉♠✮ ✐♥ t❤❡ ①✲❞✐r❡❝t✐♦♥✳ ❚❤❡ s♣❡❝tr❛❧ r❛♥❣❡ ♦❢ ♦♥❡ ❛❝q✉✐s✐t✐♦♥ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✶✷✵ ♥♠

✇✐t❤ ❛ s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ♦❢ ✵✳✶✷ ♥♠✴♣①✳ ❚❤❡ ❛♣♣❛r❛t✉s ❢✉♥❝t✐♦♥ ✇❛s ❞❡t❡r♠✐♥❡❞ ❛s ❛ ❜❡st

✜t ♦❢ ❛ ❱♦✐❣t ❢✉♥❝t✐♦♥ t♦ ❛t♦♠✐❝ ❧✐♥❡s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ s♣❡❝tr✉♠ ♦❢ ❛ ❍❣✴❆r ❧❛♠♣

❛♥❞ ②✐❡❧❞s δGauss = 0.24 ♥♠ ❛♥❞ δLorentz = 0.12 ♥♠ r❡s✉❧t✐♥❣ ✐♥ δVoigt = 0.31 ♥♠ ✭❢✉❧❧ ✇✐❞t❤

❛t ❤❛❧❢ ♠❛①✐♠✉♠✮✳

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

❡①♣❡r✐♠❡♥t✳ ❚❤❡ ❝❛♠❡r❛ t❡♠♣❡r❛t✉r❡ ✇❛s s❡t t♦ ✲✻✵ ◦ ❈ ❛♥❞ t❤❡ s❧✐t ✇✐❞t❤ ♦❢ t❤❡ s♣❡❝tr♦♠❡t❡r ✇❛s

s❡t t♦ ✽✵µ♠ ❢♦r ❛❧❧ ♠❡❛s✉r❡♠❡♥ts ❝♦♥❞✉❝t❡❞✳

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

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

♠❡❛s✉r❡♠❡♥t ❧♦❝❛t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ✇♦r❦ ❛r❡ ✷♠♠✱ ✺♠♠✱ ✶✵♠♠✱ ✷✵♠♠✱ ✸✺♠♠ ❛♥❞ ✻✵♠♠

✐♥ ❢r♦♥t ♦❢ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡✳

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

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

♣❧✉♠❡✳

✶✶



❋✐❣✳ ✷ ❯❱✲◆■❘ s♣❡❝tr♦s❝♦♣✐❝ s❡t✉♣✳

❚❤❡ ♠❛❣♥✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❢♦❝✉s✐♥❣ ♦♣t✐❝s ✐s ❝❛❧❝✉❧❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❊q✳ ✭✷✮ ✇✐t❤ f = ✶✺✵♠♠

❛♥❞ s0 = ✶✺✷✵♠♠ r❡s✉❧t✐♥❣ ✐♥ ▼❂✵✳✶✶✳ ❚❤❡ ❞❡♣t❤ ♦❢ ✜❡❧❞ ♦❢ t❤❡ s②st❡♠ ✐s ❉♦❋❂✽✾♠♠ ✉s✐♥❣

❊q✳ ✭✸✮ ✇✐t❤ FN = 150♠♠✴✷✺♠♠= 6 ❛♥❞ C = ✽✵µ♠ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ s❧✐t ✇✐❞t❤ ❛♥❞ t♦

❛♣♣r♦①✐♠❛t❡❧② t❤r❡❡ ♣✐①❡❧s✳

■❱✳ ❈❛❧✐❜r❛t✐♦♥

❇♦t❤ t❤❡ ❱❯❱ ❛♥❞ t❤❡ ❯❱✲◆■❘ s②st❡♠s ❤❛✈❡ ❜❡❡♥ ❝❛❧✐❜r❛t❡❞ ❢♦r ❛❜s♦❧✉t❡ s♣❡❝tr❛❧ r❛❞✐❛♥❝❡✳

❆✳ ❱❯❱ ❙♣❡❝tr♦s❝♦♣②

❚❤❡ s②st❡♠ ✐s ❝❛❧✐❜r❛t❡❞ ✇✐t❤ ❛ ▼❝P❤❡rs♦♥ ♠♦❞❡❧ ✻✸✷ ❞❡✉t❡r✐✉♠ ❧❛♠♣ ✇❤✐❝❤ ❤❛s ❜❡❡♥ ♣r♦✈✐❞❡❞

❜② t❤❡ ❈❡♥tr❡ ❢♦r ❍②♣❡rs♦♥✐❝s ✭❯◗✮✳ ❋♦r t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡✱ ❛ ❝❛❧✐❜r❛t✐♦♥ ❛❞❛♣t❡r ❤❛s ❜❡❡♥

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

✭s❡❡ ❋✐❣✳ ✸✮✳ ❚❤❡ ♣r❡ss✉r❡ ✐♥s✐❞❡ t❤❡ ❛❞❛♣t❡r ✐s ❜❡❧♦✇ ✶× 10−4 ❤P❛ t♦ ❛✈♦✐❞ ❛❞❞✐t✐♦♥❛❧ ❛❜s♦r♣t✐♦♥✳

❉♦✇❡❧ ♣✐♥s ♣♦s✐t✐♦♥ t❤❡ ❧❛♠♣ ♣r❡❝✐s❡❧② ❛t t❤❡ ❞❡s✐r❡❞ ❛♥❣❧❡ ♦❢ ✷✽◦ ✇✐t❤✐♥ t❤❡ ❞❡♣t❤ ♦❢ ✜❡❧❞ ♦❢ t❤❡

s②st❡♠✳ ❲✐t❤ t❤✐s ✐♥✲s✐t✉ ❝❛❧✐❜r❛t✐♦♥ s❡t✉♣✱ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ❝♦♠♣❧❡t❡ s②st❡♠ ✐s ❛❝❝♦✉♥t❡❞ ❢♦r✳

❆ r❛✇ s♣❡❝tr❛❧ ✐♠❛❣❡ ♦❢ ❛ ❝❛❧✐❜r❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳ ❚❤❡ ❤♦r✐③♦♥t❛❧ ❛①✐s ❝♦rr❡s♣♦♥❞s t♦ t❤❡

✇❛✈❡❧❡♥❣t❤ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ❛①✐s ❝♦rr❡s♣♦♥❞s t♦ t❤❡ s♣❛t✐❛❧ ❞✐r❡❝t✐♦♥ ✇❤✐❝❤ ✐s ♥♦t r❡s♦❧✈❡❞ ✐♥ t❤✐s

✶✷



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

✭r✐❣❤t✮✳

❋✐❣✳ ✹ ❘❛✇ ✐♠❛❣❡ ♦❢ ❛ s✐♥❣❧❡ ❝❛❧✐❜r❛t✐♦♥ ♠❡❛s✉r❡♠❡♥t ✭✶✺✺✲✶✼✵ ♥♠✮✳

st✉❞②✳ ■♥ ♦r❞❡r t♦ ✐♥❝r❡❛s❡ t❤❡ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦ ✷✵ ✐♠❛❣❡s ❛r❡ ❛❝❝✉♠✉❧❛t❡❞ ❛♥❞ s✉♠♠❡❞✳

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

❧❛♠♣ s♣❡❝tr✉♠ ❛♥❞ ❛t♦♠✐❝ ❧✐♥❡s ♦❢ t❤❡ ❛✐r ♣❧❛s♠❛ ❡♠✐ss✐♦♥ ❬✹✺✱ ✹✻❪✳ ❆ ♣♦❧②♥♦♠✐❛❧ ✜t ❢✉♥❝t✐♦♥

❛ss✐❣♥s ❛ ✇❛✈❡❧❡♥❣t❤ t♦ ❡❛❝❤ ♣✐①❡❧✳ ❚❤❡ ♣♦❧②♥♦♠✐❛❧ ❞❡❣r❡❡ ❞✐✛❡rs ❜❡t✇❡❡♥ ✶ ❛♥❞ ✷ ❞❡♣❡♥❞✐♥❣ ♦♥

t❤❡ ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥✳

❚❤❡ ♣✐①❡❧ ❧✐♥❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ t♦♣ ✺✪ ♦❢ t❤❡ ✇❛✈❡❧❡♥❣t❤ ✐♥t❡❣r❛t❡❞ ✐♥t❡♥s✐t② ✭s❡❡ t❤❡ ✇❛✈❡✲

❧❡♥❣t❤ ✐♥t❡❣r❛t❡❞ ✈❛❧✉❡ ♦♥ t❤❡ r✐❣❤t ✐♥ ❋✐❣✳ ✹✮ ❛r❡ ❛✈❡r❛❣❡❞ ❛♥❞ ❛ ❞❛r❦ ❢r❛♠❡ ✐s s✉❜tr❛❝t❡❞✳ ❚❤❡

r❡s✉❧t✐♥❣ ❞❛t❛ ✐s ♥♦r♠❛❧✐③❡❞ ❜② t❤❡ ❡①♣♦s✉r❡ t✐♠❡ ✉s❡❞ t♦ ❛❝q✉✐r❡ t❤❡ ✐♠❛❣❡ r❡s✉❧t✐♥❣ ✐♥ ❝♦✉♥ts

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

✶✸



❋✐❣✳ ✺ ❈❛❧✐❜r❛t✐♦♥ ❞❛t❛ ♦❢ t❤❡ ❞❡✉t❡r✐✉♠ ❧❛♠♣✱ r❛✇ ♠❡❛s✉r❡♠❡♥t ❞❛t❛ ❛♥❞ s♠♦♦t❤❡❞ ♠❡❛✲

s✉r❡♠❡♥t ❞❛t❛✳

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

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

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

✽✵ ♣✐①❡❧s ✭✵✳✽ ♥♠✮ ❬✹✾❪✳ ❋✐❣✉r❡ ✺ s❤♦✇s t❤✐s ♣r♦❝❡❞✉r❡ ❢♦r t❤❡ ✇❛✈❡❧❡♥❣t❤ ✐♥t❡r✈❛❧ ✶✺✻✲✶✻✾ ♥♠✳

❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r✱ kcal(λ)✱ ✐s ❝❛❧❝✉❧❛t❡❞ ❜② ❞✐✈✐❞✐♥❣ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❧❛♠♣ s♣❡❝tr❛❧ r❛❞✐❛♥❝❡✱

Lλ,DL✱ ❜② t❤❡ ♠❡❛s✉r❡❞ ♣✐①❡❧ ❝♦✉♥ts ♣❡r s❡❝♦♥❞✱ S✱

kcal(λ) =
Lλ,DL(λ)

S(λ)
✭✺✮

❆❢t❡r t❤✐s ✐s ❞♦♥❡ ❢♦r ❡✈❡r② ♣✐①❡❧✱ s♠❛❧❧ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❛♥❞ ♥♦✐s❡ st✐❧❧ ❡①✐st ✐♥ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡✳

❚❤❡r❡❢♦r❡✱ ❛ ♠♦✈✐♥❣ ❛✈❡r❛❣❡ ✜❧t❡r ✇✐t❤ ❛ ✇✐❞t❤ ♦❢ ✺✵ ♣✐①❡❧s ✐s ✉s❡❞ ♦♥ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ t♦ r❡❞✉❝❡

❞✐s❝♦♥t✐♥✉✐t✐❡s ❛♥❞ ♥♦✐s❡✳

❚❤❡ ❝♦♠♣❧❡t❡ s♣❡❝tr❛❧ r❛♥❣❡ ✐♥✈❡st✐❣❛t❡❞ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ s✐① s✐♥❣❧❡ ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥s ❝♦✈❡r✐♥❣ ✶✺ ♥♠

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

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

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

✐♥ s❡♥s✐t✐✈✐t② ✭✐♥❝r❡❛s❡ ✐♥ kcal✮ ❜❡t✇❡❡♥ t❤❡s❡ ❝✉r✈❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❡❞❣❡ ♦❢ t❤❡ ✐♥t❡♥s✐✜❡❞ ❛r❡❛

♦❢ t❤❡ ❈❈❉ ❝❤✐♣✳ ❚❤❡ st❡❛❞② ❞❡❝r❡❛s❡ ♦❢ s❡♥s✐t✐✈✐t② t♦✇❛r❞s ❧♦✇❡r ✇❛✈❡❧❡♥❣t❤s ✐s ♠♦st❧② ❞✉❡ t♦ t❤❡

✇✐♥❞♦✇ tr❛♥s♠✐ss✐♦♥✳

✶✹



❋✐❣✳ ✻ ❈❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r ♦❢ t❤❡ ❝♦♠♣❧❡t❡ s❡t✉♣ ✐♥ t❤❡ ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ✶✶✻✲✶✾✻ ♥♠✳

❋✐❣✳ ✼ ❈❛❧✐❜r❛t❡❞ ❱❯❱ s♣❡❝tr✉♠ ❛♥❞ r❛✇ ❞❛t❛ ✐♥ t❤❡ s♣❡❝tr❛❧ r❛♥❣❡ ✶✶✻✲✶✾✻ ♥♠✳

❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ str♦♥❣❡st ✺✪ ♦❢ s♣❛t✐❛❧ ♣✐①❡❧ ❧✐♥❡s ♦❢ t❤❡

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

❝♦♠♣❧❡t❡ ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ✐♥✈❡st✐❣❛t❡❞ ✭✶✶✻✲✶✾✻ ♥♠✮ ❝♦♥s✐st✐♥❣ ♦❢ s✐① s✐♥❣❧❡ ✐♠❛❣❡s ✭s❡❡ ❋✐❣✳ ✻✮✳

❚❤❡ ❞✐s❝♦♥t✐♥✉♦✉s ♦✛s❡ts✱ ❡✳ ❣✳ ❛t ✶✺✺ ♥♠ ❛♥❞ ✶✼✵ ♥♠✱ r❡s✉❧t ❢r♦♠ ❞✐✛❡r❡♥t r❡❝♦r❞❡❞ ✐♠❛❣❡s✳

❚❤❡ ❡①♣♦s✉r❡ t✐♠❡s ✈❛r② ❢r♦♠ ✵✳✵✶ s t♦ ✷ s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s♣❡❝tr❛❧ r❡❣✐♦♥✳ ❚❤❡ s❤♦rt❡r ❡①♣♦s✉r❡

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

❞✐s❝♦♥t✐♥✉♦✉s ❞r♦♣s✳ ❚❤❡ ✐♥❝r❡❛s❡❞ ❜❛s❡ ❧❡✈❡❧ ♦❢ t❤❡ s♣❡❝tr✉♠ ❢r♦♠ ✶✶✻✲✶✷✺ ♥♠ ✐s ♠♦st ❧✐❦❡❧② ♥♦t

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

✇❤✐❝❤ ❧❡❛❞s t♦ ❛♥ ❛♠♣❧✐✜❝❛t✐♦♥ ♦❢ ♥♦✐s❡ ✭s❡❡ ❋✐❣✳ ✻✮✳ ❚❤❡ ❝♦♥st❛♥t ♥♦✐s❡ ❧❡✈❡❧ ✇✐t❤✐♥ t❤✐s ✇❛✈❡❧❡♥❣t❤

✶✺



r❡❣✐♦♥ ✐s t❤❡r❡❜② ❞✐st♦rt❡❞ ❜② t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡✳ ❚❤❡ ❧✐♥❡❛r✐t② ♦❢ t❤❡ ❝❛♠❡r❛ ❤❛s ❜❡❡♥ ❝♦♥✜r♠❡❞

❜② s❡♣❛r❛t❡ ❡①♣❡r✐♠❡♥ts ❢♦r t❤❡ ✐♥✈❡st✐❣❛t❡❞ ❡①♣♦s✉r❡ t✐♠❡s✳

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

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

✇❤✐❝❤ ❛❝❝♦✉♥ts ❢♦r t❤❡ r❡s♣❡❝t✐✈❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ s②st❡♠✳

❇✳ ❯❱✲◆■❘ ❙♣❡❝tr♦s❝♦♣②

❋♦r t❤❡ ❯❱✲◆■❘ s❡t✉♣✱ ❛ ❧✐♥❡❛r ✇❛✈❡❧❡♥❣t❤ ❝❛❧✐❜r❛t✐♦♥ ✐s ❝♦♥❞✉❝t❡❞ ❜❛s❡❞ ♦♥ ❛t♦♠✐❝ ❧✐♥❡s ♦❢

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

●✐❣❛❤❡rt③✲❖♣t✐❦ ❇◆✵✶✵✷ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡✳ ❚❤❡ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡ ✐s ♣♦s✐t✐♦♥❡❞ ✐♥ t❤❡ ❢♦❝❛❧ ♣❧❛♥❡✱

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

s♣❛t✐❛❧ ♣✐①❡❧ ❧✐♥❡ ♦❢ t❤❡ ✻✵♠♠ ✈❡rt✐❝❛❧ ❡①t❡♥t ♦❢ t❤❡ s❡t✉♣ ❛♥❞ ❛ ❞❛r❦ ❢r❛♠❡ ✐s s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡

❝❛❧✐❜r❛t✐♦♥ ✐♠❛❣❡✳ ❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r kcal(λ, y) ✐s ♦❜t❛✐♥❡❞ ❜② ✉s✐♥❣

kcal(λ, y) =
Lλ,IS(λ)

S(λ, y)
✭✻✮

✇✐t❤ t❤❡ s♣❡❝tr❛❧ r❛❞✐❛♥❝❡ ♦❢ t❤❡ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡ Lλ,IS ❛♥❞ t❤❡ ❡①♣♦s✉r❡ t✐♠❡ ♥♦r♠❛❧✐③❡❞ ❝♦✉♥ts

♦❢ ❡❛❝❤ ♣✐①❡❧ S(λ, y)✳ ❚❤✐s ❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r ✐s t❤❡♥ s♠♦♦t❤❡❞ ❜② ✉s✐♥❣ ❛ t✇♦ ❞✐♠❡♥s✐♦♥❛❧ ♠♦✈✐♥❣

❛✈❡r❛❣❡ ✜❧t❡r ♦❢ ✸× ✸ ♣✐①❡❧s✳

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

❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r ♦❢ t❤❡ ❝♦♠♣❧❡t❡ ✐♥✈❡st✐❣❛t❡❞ s♣❡❝tr❛❧ r❛♥❣❡ ♦❢ t❤❡ s♣❛t✐❛❧ ♣✐①❡❧ ❧✐♥❡ ✶✺✵ ✐s ♣❧♦tt❡❞

✐♥ ❋✐❣✳ ✽✳ ❚❤❡ ❞✐s❝♦♥t✐♥✉✐t② ❛t ✻✺✵ ♥♠ r❡s✉❧ts ❢r♦♠ ❞✐✛❡r❡♥t tr❛♥s♠✐ss✐✈✐t✐❡s ♦❢ t❤❡ t✇♦ ❜❛♥❞♣❛ss

❣❧❛ss ✜❧t❡rs ❛♥❞ ♥❡✉tr❛❧ ❞❡♥s✐t② ✜❧t❡rs ✉s❡❞✳

▼❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ♣❧❛s♠❛ ❡♠✐ss✐♦♥ ✐♥ t❤✐s ✇♦r❦ ❛r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ ❡①♣♦s✉r❡ t✐♠❡s ❜❡t✇❡❡♥

✵✳✸ ❛♥❞ ✶ s✳ ❆❢t❡r ❡❛❝❤ t❡st✱ ❛ ❞❛r❦ ❢r❛♠❡ ✐s ❛❝q✉✐r❡❞ ✇✐t❤ t❤❡ s❛♠❡ s❡tt✐♥❣s ❛♥❞ s✉❜✲

tr❛❝t❡❞ ❢r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥t✳

❆s t❤❡ ❝❛♠❡r❛ ❞♦❡s ♥♦t ❤❛✈❡ ❛ s❤✉tt❡r✱ t❤❡ ❈❈❉ ❝❤✐♣ r❡❛❞♦✉t ♣r♦❝❡❞✉r❡ ❛❞❞s ❛♥ ❡rr♦r t♦ t❤❡ ♠❡❛✲

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

st❛rts ✇✐t❤ ♣✐①❡❧ ❧✐♥❡ ✷✺✻ ✇❤✐❝❤ ✐s r❡❛❞ ♦✉t ❛❢t❡r t❤❡ s❡t ❡①♣♦s✉r❡ t✐♠❡ ❤❛s ♣❛ss❡❞✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ❡❛❝❤
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❋✐❣✳ ✽ ❈❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r ♦❢ ♣✐①❡❧ ❧✐♥❡ ✶✺✵ ✭✸✵✵✲✾✻✵ ♥♠✮✳

♣✐①❡❧ ✐♥ t❤❛t ❧✐♥❡ ✐s ♥♦r♠❛❧✐③❡❞ ❜② t❤❡ ❡①♣♦s✉r❡ t✐♠❡ r❡s✉❧t✐♥❣ ✐♥ ❛ r❛✇ s✐❣♥❛❧ str❡♥❣t❤ S ✐♥ ❝♦✉♥ts✴s✳

❆❢t❡r t❤❡ ♣✐①❡❧ ❧✐♥❡ ✷✺✻ ✐s r❡❛❞ ♦✉t ❛❧❧ ♦t❤❡r ❧✐♥❡s ❛r❡ s❤✐❢t❡❞ ❞♦✇♥ t❤❡ ❝❤✐♣ ❛♥❞ r❡♠❛✐♥ ✐♥ t❤❛t ♣♦✲

s✐t✐♦♥ ❢♦r t❤❡ t✐♠❡ s♣❡❝✐✜❡❞ ❜② t❤❡ ✈❡rt✐❝❛❧ s❤✐❢t s♣❡❡❞ ✭✶✺✸✳✽µs✮✳ P✐①❡❧ ❧✐♥❡ ✷✺✺✱ ♥♦✇ ❛t t❤❡ ❜♦tt♦♠

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

♦❢ ❝♦✉♥ts ❣❡♥❡r❛t❡❞ ❞✉r✐♥❣ t❤❛t ♣❡r✐♦❞ Cerror ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ Cerror = S(line 256) · 153.8µs✳

❚❤✐s ✈❛❧✉❡ ✐s t❤❡♥ s✉❜tr❛❝t❡❞ ❢r♦♠ ❧✐♥❡ ✷✺✺✳ ▲✐♥❡ ✷✺✹ ❤❛s t♦ ♣❛ss t❤r♦✉❣❤ t❤❡ ♦r✐❣✐♥❛❧ ♣♦s✐t✐♦♥s

♦❢ ❧✐♥❡s ✷✺✻ ❛♥❞ ✷✺✺ ❛♥❞ ✐s ❝♦rr❡❝t❡❞ ❢♦r ❜♦t❤ ❛❞❞✐t✐♦♥❛❧ ❡①♣♦s✉r❡ t✐♠❡s✳ ❚❤✐s ❛❧❣♦r✐t❤♠ ✐s ❞♦♥❡

❛❝❝♦r❞✐♥❣❧② ❢♦r ❡❛❝❤ ♣✐①❡❧ ❧✐♥❡✳ ❚❤❡ r❛✇ s✐❣♥❛❧ ❛♥❞ t❤❡ ❝♦rr❡❝t❡❞ s✐❣♥❛❧ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✾ ❢♦r

t❤❡ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ ♠✉❧t✐♣❧❡t ❛t ✽✻✽ ♥♠ ✇❤✐❝❤ ✇❛s ❛❝q✉✐r❡❞ ✇✐t❤ ❛♥ ❡①♣♦s✉r❡ t✐♠❡ ♦❢ ✵✳✸ s✳ ■t ✐s

❡✈✐❞❡♥t t❤❛t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ r❡❛❞♦✉t ❡rr♦r ✐s s♠❛❧❧❡st ❛t ❧❛r❣❡ ♣✐①❡❧ ♥✉♠❜❡rs ❛s t❤❡s❡ ❧✐♥❡s ❛r❡

r❡❛❞ ♦✉t ✜rst ❛♥❞ ❧❛r❣❡st ❛t s♠❛❧❧ ♣✐①❡❧ ♥✉♠❜❡rs ❛s t❤❡s❡ ❛r❡ r❡❛❞ ♦✉t ❧❛st✳

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

❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r ❛t ❡❛❝❤ ♣✐①❡❧✳ ❚❤❡ s♣❡❝tr✉♠ ♦❢ s♣❛t✐❛❧ ♣✐①❡❧ ❧✐♥❡ ✶✵ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t s = ✷✵♠♠

❢r♦♠ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✵✳

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

t✐♠❡ ♦❢ ❛❧❧ ❛❝q✉✐s✐t✐♦♥s ❛t t❤✐s ❛①✐❛❧ ♣♦s✐t✐♦♥ ✐s ✶ s✳ ❚❤❡ ❞r♦♣ ♦❢ t❤❡ r❛✇ ❞❛t❛ ❛t ✻✺✵ ♥♠ ✐s ❞✉❡ t♦

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

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

✶✼



❋✐❣✳ ✾ ❘❡❛❞♦✉t ❝♦rr❡❝t✐♦♥ ❢♦r t❤❡ ♠✉❧t✐♣❧❡t ❛t ✽✻✽ ♥♠✳

❋✐❣✳ ✶✵ ❘❛✇ ❛♥❞ ❝❛❧✐❜r❛t❡❞ ❞❛t❛ ♦❢ s♣❛t✐❛❧ ♣✐①❡❧ ❧✐♥❡ ✶✵ ✭✷✹✵✲✾✻✵ ♥♠✱ s = ✷✵♠♠✮✳

s✉r❡♠❡♥t ❞❛t❛ ❞♦✇♥ t♦ ✷✹✵ ♥♠✳ ❍♦✇❡✈❡r✱ t❤❡ ❧♦✇❡st ❝❛❧✐❜r❛t❡❞ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡

✐s ✸✵✵ ♥♠✳ ❚❤✉s✱ ❛❧❧ ♠❡❛s✉r❡♠❡♥t ❞❛t❛ ❜❡❧♦✇ t❤✐s ✈❛❧✉❡ ✐s ♦♠✐tt❡❞✳ ❚❤❡ r❡s✉❧t✐♥❣ s♣❡❝tr❛ ♦❢ ❛❧❧

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

✶✳ ▲♦❝❛❧❧② r❡s♦❧✈❡❞ s♣❡❝tr❛

❆ss✉♠✐♥❣ ❛ r♦t❛t✐♦♥❛❧❧② s②♠♠❡tr✐❝ ♣❧❛s♠❛ ❥❡t ❛♥❞ ❛♥ ♦♣t✐❝❛❧❧② t❤✐♥ ♣❧❛s♠❛ ✐♥ t❤❡ ♠❡❛s✉r❡❞

s♣❡❝tr❛❧ r❛♥❣❡✱ ❧♦❝❛❧ ❡♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥ts ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ❆❜❡❧✲tr❛♥s❢♦r♠❛t✐♦♥ ♠❡t❤♦❞s ❬✺✶❪✳

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

✶✽



❋✐❣✳ ✶✶ ❆❜❡❧✲tr❛♥s❢♦r♠❡❞ s♣❡❝tr✉♠ ✭✸✵✵✲✾✻✵ ♥♠✱ s = ✷✵♠♠✮✳

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

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

r❡❛❝❤ ③❡r♦ ✐♥t❡♥s✐t② ✭s❡❡ ❋✐❣✳ ✾✮✱ ❜✉t t❤❡ ♣❛rts ♦✉ts✐❞❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ✈♦❧✉♠❡ ❛r❡ ♥❡❣❧❡❝t❡❞ ❞✉❡

t♦ t❤❡✐r ❧♦✇ ✐♥t❡♥s✐t②✳

❚❤❡ ❛❧❣♦r✐t❤♠ ✉s❡❞ t♦ ♣❡r❢♦r♠ t❤❡ ✐♥✈❡rs✐♦♥ ✐s ❛♥ ❢✲✐♥t❡r♣♦❧❛t✐♦♥ t②♣❡ ✉t✐❧✐③✐♥❣ t❤r❡❡ s♣❧✐♥❡s✳ ❊♠✲

♣✐r✐❝❛❧ st✉❞✐❡s ❜② ❋✉❧❣❡ ❡t ❛❧✳ s❤♦✇❡❞ t❤❛t t❤❡ ❛❧❣♦r✐t❤♠ ✐s ❛❝❝✉r❛t❡ t♦ ✇✐t❤✐♥ ✶✼✪ ❢♦r t❤❡ ♠♦st

❝♦♠♠♦♥ ❞✐str✐❜✉t✐♦♥s ❡①♣❡❝t❡❞ ✐♥ ❛ ♣❧❛s♠❛ ♣❧✉♠❡ ❬✺✷❪✳ ❚❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ✇❛✈❡❧❡♥❣t❤ ✐♥t❡❣r❛t❡❞

✐♥t❡♥s✐t② ♦❢ t❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ✐s ❝❤♦s❡♥ ❛s t❤❡ ♣❧✉♠❡ ❝❡♥t❡r ❛①✐s✳ ❊❛❝❤ ♣✐①❡❧ ❧✐♥❡✱ ❝♦rr❡s♣♦♥❞✐♥❣

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

♣✐①❡❧s ❛♥❞ ✐s s✉❜s❡q✉❡♥t❧② ❆❜❡❧✲tr❛♥s❢♦r♠❡❞✳ ❚❤❡ ❝♦♠♣❧❡t❡ ❆❜❡❧✲tr❛♥s❢♦r♠❡❞ s♣❡❝tr✉♠ ♠❡❛s✉r❡❞

s = ✷✵♠♠ ❢r♦♠ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✶✳

❱✳ ❆♥❛❧②s✐s

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

❡rt✐❡s ♦❢ t❤❡ ✢♦✇✳ ▲♦❝❛❧ ❡♠✐ss✐♦♥ ✈❛❧✉❡s ✐♥ t❤❡ ❯❱✲◆■❘ s♣❡❝tr❛❧ ❜❛♥❞✇✐❞t❤ ❛r❡ ✉s❡❞

✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t♦ ❛♥❛❧②③❡ t❤❡ s❡❧❢ ❛❜s♦r♣t✐♦♥ ♦❢ ❱❯❱ r❛❞✐❛t✐♦♥ ✐♥ ♦r❞❡r t♦ ❝♦rr❡❝t t❤❡

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

st❛t❡s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❯❱✲◆■❘ s♣❡❝tr❛ ❛r❡ ✉s❡❞✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❛♥❛❧②s✐s ❛❧❧♦✇s t❤❡ ❛❜s♦r♣t✐♦♥

♦❢ ❱❯❱ r❛❞✐❛t✐♦♥ ❜❡t✇❡❡♥ st❛❣♥❛t✐♦♥ ♣♦✐♥t ❛♥❞ ✇✐♥❞♦✇ t♦ ❜❡ q✉❛♥t✐✜❡❞✳ ❚❤✉s t❤❡ ❱❯❱ s♣❡❝tr✉♠

✶✾



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

❆✳ ❘♦t❛t✐♦♥❛❧ ❛♥❞ ✈✐❜r❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡

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

❛♥❞ ✈✐❜r❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ❜② ♠❛t❝❤✐♥❣ t❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ t♦ ❛ s✐♠✉❧❛t✐♦♥ ❬✶✻✱ ✺✸✕✺✺❪ ✭s❡❡

❋✐❣✳ ✶✷✮✳ ❚❤❡ ♠❡t❤♦❞ ✉t✐❧✐③❡s t❤❡ r❛❞✐❛t✐♦♥ ❞❛t❛❜❛s❡ P❆❘❆❉❊ ✇❤✐❝❤ ✐s ❛ ❧✐♥❡ ❜② ❧✐♥❡ ❝❛❧❝✉❧❛t✐♦♥

✇✐t❤ t❤❡ ✐♥♣✉t ♣❛r❛♠❡t❡rs ❜❡✐♥❣ ✈✐❜r❛t✐♦♥❛❧ ❛♥❞ r♦t❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ♥✉♠❜❡r

❞❡♥s✐t✐❡s ♦❢ t❤❡ s✐♠✉❧❛t❡❞ s♣❡❝✐❡s ❬✶✵✱ ✺✻❪✳ ❚❡♠♣❡r❛t✉r❡s ❛♥❞ ♥✉♠❜❡r ❞❡♥s✐t② r❛t✐♦s ❛r❡ ✈❛r✐❡❞ ✐♥

♦r❞❡r t♦ ♠❛t❝❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ ▼♦❧❡❝✉❧❛r ❜❛♥❞ r❛❞✐❛t✐♦♥ ♦❢ t❤❡ ◆+
2 ✜rst ♥❡❣❛t✐✈❡ s②st❡♠

✭❇2Σ+
u → ❳2Σ+

g ✮ ❛♥❞ ◆2 s❡❝♦♥❞ ♣♦s✐t✐✈❡ s②st❡♠ ✭❈3Πu → ❇3Πg✮ ✐s ✐♥✈❡st✐❣❛t❡❞ ❬✺✶✱ ✺✼✱ ✺✽❪✳ ■t ✐s

❛ss✉♠❡❞ t❤❛t t❤❡ t✇♦ s♣❡❝✐❡s ❛r❡ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t❡❞ ❛♥❞ ❤❛✈❡ t❤❡ s❛♠❡ ✈✐❜r❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡

Tvib,N
+

2

= Tvib,N2
= Tvib ❛♥❞ t❤❡ s❛♠❡ r♦t❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ Trot,N

+

2

= Trot,N2
= Trot r❡s♣❡❝t✐✈❡❧②✳

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

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

r❡s✉❧t✐♥❣ ❞❛t❛ ✐s s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t❡❞ ❛♥❞ t❤❡♥ ✐♥t❡❣r❛t❡❞ ✇✐t❤ ✇❛✈❡❧❡♥❣t❤ ✐♥t❡r✈❛❧s ❝♦rr❡s♣♦♥❞✐♥❣

t♦ t❤❡ s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠✱ ✐✳ ❡✳ ✵✳✶✷ ♥♠✴♣①✳ ❚❤❡ r❡s✉❧t✐♥❣ s✐♠✉❧❛t❡❞

❞❛t❛ ❛♥❞ t❤❡ ♠❡❛s✉r❡♠❡♥t ❞❛t❛s❡t ❛r❡ ♥♦r♠❛❧✐③❡❞ t♦ t❤❡✐r r❡s♣❡❝t✐✈❡ ♠❛①✐♠✉♠✳ ❆ ❧❡❛st sq✉❛r❡s

✜t ❛❧❣♦r✐t❤♠ ♠✐♥✐♠✐③❡s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❞❛t❛s❡ts ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t❤r❡❡ ♣❛r❛♠❡t❡rs

Trot, Tvib ❛♥❞ nN
+

2

/nN2
✳ ❚❤❡ r❡❧❛t✐✈❡ ♥✉♠❜❡r ❞❡♥s✐t② ✐s ❛ ❢❛❝t♦r t♦ s❝❛❧❡ t❤❡ r❡❧❛t✐✈❡ ❡♠✐ss✐♦♥ ♦❢

t❤❡ ❞✐✛❡r❡♥t ♠♦❧❡❝✉❧❡s✳ ❚❤❡ ❡♠✐ss✐♦♥ ♦r✐❣✐♥❛t❡s ❢r♦♠ ❡❧❡❝tr♦♥✐❝❛❧❧② ❡①❝✐t❡❞ st❛t❡s✳ ●r♦✉♥❞ st❛t❡

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

❛r❡ ❦♥♦✇♥ ❬✻✶❪✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ❢❛❝t♦r nN
+

2

/nN2
✐s ♦♥❧② ❢♦r s❝❛❧✐♥❣ t❤❡ ❡♠✐ss✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t

s♣❡❝✐❡s✳

❚❤✐s ♣r♦❝❡❞✉r❡ ✐s ❝♦♥❞✉❝t❡❞ ❢♦r ❡✈❡r② r❛❞✐❛❧ ❧♦❝❛t✐♦♥ ❛t ❡❛❝❤ ❛①✐❛❧ ❧♦❝❛t✐♦♥ ♠❡❛s✉r❡❞✳ ❚❤❡ r❡s✉❧t✲

✐♥❣ s♣❡❝tr✉♠ ♦♥ t❤❡ st❛❣♥❛t✐♦♥ str❡❛♠❧✐♥❡ ✷✵♠♠ ❢r♦♠ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ✐s ♣r❡s❡♥t❡❞

✐♥ ❋✐❣✳ ✶✷✳ ❚❤❡ ♣❧♦t s❤♦✇s ❣♦♦❞ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ s✐♠✉❧❛t✐♦♥ ❛♥❞ ♠❡❛s✉r❡♠❡♥t

✐♥ t❤❡ ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ✸✸✵✲✹✼✵ ♥♠✳ ❚❤❡ ❛❣r❡❡♠❡♥t ✐♥ t❤❡ ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ✸✵✵✲✸✸✵ ♥♠ ✐s

✇♦rs❡ ✇❤✐❝❤ ✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❧❛r❣❡r ✉♥❝❡rt❛✐♥t② ✭±15✪✮ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ✐♥ t❤❛t r❡❣✐♦♥✳

❚❤❡ ♦✈❡r❛❧❧ ❡rr♦r ♦❢ t❤✐s ♣r♦❝❡❞✉r❡ ✐s ❡st✐♠❛t❡❞ t♦ ❜❡ ❛♣♣r♦①✐♠❛t❡❧② ±1500❑ ❢♦r t❤❡
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❋✐❣✳ ✶✷ ▼❡❛s✉r❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ s♣❡❝tr✉♠ ❢♦r t❤❡ t❡♠♣❡r❛t✉r❡s Tvib = 13280❑ ❛♥❞ Trot =

11660❑ ✭s = 20♠♠✱ r = 0♠♠✮✳

♣r❡s❡♥t❡❞ ❝♦♥❞✐t✐♦♥✳

❚❤❡ r❡s✉❧t✐♥❣ ✈✐❜r❛t✐♦♥❛❧ ❛♥❞ r♦t❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ❞✐str✐❜✉t✐♦♥ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✸✳ ❚❤❡

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

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

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

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

✶✸✸✵✵❑ ✇❤❡r❡❛s ✐♥ t❤❡ r❡❣✐♦♥s ❢✉rt❤❡r ❛✇❛② ❢r♦♠ t❤❡ ♣r♦❜❡ t❤❡ t❡♠♣❡r❛t✉r❡ ✐s ❛❜♦✉t ✶✶✺✵✵❑✳ ❚❤❡

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

s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❛t ❤❛♥❞✳ ❚❤❡ ✈✐❜r❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ❡①❤✐❜✐ts t❤❡ ♦♣♣♦s✐t❡ ❜❡❤❛✈✐♦r✳ ❚❤❡ ❝❡♥t❡r

✈✐❜r❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ❞❡❝r❡❛s❡s t♦✇❛r❞s t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ t♦ ✶✷✻✵✵❑ ✇❤✐❧❡ ✐♥ t❤❡ r❡❣✐♦♥s ❢✉rt❤❡r

❛✇❛② ❢r♦♠ t❤❡ s✉r❢❛❝❡ ✐s ❛❜♦✉t ✶✸✺✵✵❑✳ ❯♥t✐❧ t❤❡ ♦✉t❡r ❡❞❣❡ ♦❢ ✇❤❡r❡ t❤❡ ♠❡❛s✉r❡❞ ❞❛t❛

❝❛♥ ❜❡ ❛♥❛❧②③❡❞✱ ❛ ❝♦♥st❛♥t ✈❛❧✉❡ ♦❢ ✶✵✵✵✵❑ ✐s r❡❛❝❤❡❞✳ ❚❤❡r❡ ✐s ♥♦ ✐♥❢♦r♠❛t✐♦♥ ❛✈❛✐❧❛❜❧❡

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

s❤♦✇s ❛ ♠✐❞ ♠❛①✐♠✉♠ t❤❛t ✐s ♠♦st ❧✐❦❡❧② ❛ttr✐❜✉t❡❞ t♦ t❤❡ s♣❧✐♥❡ ✜tt✐♥❣ ✐♥ t❤❡ ❆❜❡❧✲tr❛♥s❢♦r♠❛t✐♦♥

❛❧❣♦r✐t❤♠✳
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❋✐❣✳ ✶✸ ❱✐❜r❛t✐♦♥❛❧ ✭❧❡❢t✮ ❛♥❞ r♦t❛t✐♦♥❛❧ ✭r✐❣❤t✮ t❡♠♣❡r❛t✉r❡ ❞✐str✐❜✉t✐♦♥✳

❇✳ ❊❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ ❛t♦♠✐❝ ♦①②❣❡♥ ❛♥❞ ♥✐tr♦❣❡♥

❚❤❡ ❡♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ❛t♦♠✐❝ ❡❧❡❝tr♦♥✐❝ tr❛♥s✐t✐♦♥s ❛r❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡❧❡❝tr♦♥✐❝

❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ s♣❡❝✐❡s ✉s✐♥❣ t❤❡ ❇♦❧t③♠❛♥♥ ♣❧♦t ♠❡t❤♦❞ ❬✸✵✱ ✺✼✱ ✻✷❪✳ ■♥

t❤✐s ✇♦r❦ ❛t♦♠✐❝ ♦①②❣❡♥ ❛♥❞ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ ❛r❡ ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ s♣❡❝tr♦s❝♦♣✐❝ ❞❛t❛ ✐s ❡①tr❛❝t❡❞

❢r♦♠ t❤❡ ◆■❙❚ ❞❛t❛❜❛s❡ ❬✹✺❪✳ ❖♥❧② ♠✉❧t✐♣❧❡ts ❛r❡ ❝♦♥s✐❞❡r❡❞ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ s✐♥❝❡ ♠❛♥② ❧✐♥❡s

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

s②st❡♠ ♠❛❦✐♥❣ ✐t ✐♠♣♦ss✐❜❧❡ t♦ tr❡❛t t❤❡♠ ✐♥❞✐✈✐❞✉❛❧❧②✳ ❙♦♠❡ ♠✉❧t✐♣❧❡ts ❛❧s♦ ♦✈❡r❧❛♣ ❡❛❝❤ ♦t❤❡r

✇❤✐❝❤ r❡q✉✐r❡s t❤❡♠ t♦ ❜❡ s❡♣❛r❛t❡❞✳ ❚❤❡r❡❢♦r❡✱ ❡❛❝❤ ❧✐♥❡ ♦❢ ❡✈❡r② ♠✉❧t✐♣❧❡t ✐s s✐♠✉❧❛t❡❞ ✇✐t❤ ❛

❱♦✐❣t ❢✉♥❝t✐♦♥ t❤❛t ❝❛♥ ❜❡ s❝❛❧❡❞ t♦ ♠❛t❝❤ t❤❡ r❡s♣❡❝t✐✈❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛❧ s❤❛♣❡ ❬✺✾✱ ✻✵❪✳ ❊❛❝❤ ❧✐♥❡

✐s ❝♦♥s✐❞❡r❡❞ ✇✐t❤ t❤❡ s❛♠❡ ▲♦r❡♥t③ ❛♥❞ ●❛✉ss ✇✐❞t❤ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❛♣♣❛r❛t✉s ❢✉♥❝t✐♦♥✳

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

❆ ❧❡❛st sq✉❛r❡s ❛❧❣♦r✐t❤♠ ♠❛t❝❤❡s t❤❡ s✐♠✉❧❛t❡❞ ❧✐♥❡ s♣❡❝tr✉♠ ✇✐t❤ t❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr✉♠ ❜②

♦♣t✐♠✐③✐♥❣ s❝❛❧✐♥❣ ❢❛❝t♦rs ❢♦r ❡❛❝❤ ❧✐♥❡✳ ■♥ ❝❛s❡s ✇❤❡r❡ ❧✐♥❡s ♦❢ t❤❡ s❛♠❡ ♠✉❧t✐♣❧❡t ❛r❡ t♦♦ ❝❧♦s❡ t♦

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

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

♦✈❡r❧❛♣✱ ✐✳ ❡✳ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❧✐♥❡ ❝❡♥t❡rs ✐s ❜✐❣❣❡r t❤❛♥ t❤❡ s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥✱ t❤❡ ♣♦rt✐♦♥

♦❢ ❡❛❝❤ ✐♥✈♦❧✈❡❞ ❧✐♥❡ ✐s ✐❞❡♥t✐✜❡❞✳ ❚❤❡ r❡s✉❧t ♦❢ t❤✐s ✜tt✐♥❣ r♦✉t✐♥❡ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✹ ❢♦r t❤❡

✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ✽✺✺✲✽✼✺ ♥♠ ❛t ❛①✐❛❧ ❧♦❝❛t✐♦♥ s = ✷✵♠♠ ❢r♦♠ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ♦♥ t❤❡ st❛❣♥❛t✐♦♥

❧✐♥❡ ✭r = ✵♠♠✮✳

✷✷



❚❛❜❧❡ ✷ ◆✐tr♦❣❡♥ ♠✉❧t✐♣❧❡ts ✉s❡❞ ❢♦r t❤❡ ❇♦❧t③♠❛♥♥ ♣❧♦t ❛s ❧✐st❡❞ ❜② ❘❡❢✳ ❬✹✺❪✳

λ0 ✴ ♥♠ Aul ✴ s−1 Eu ✴ ❝♠−1 gu

✽✻✾✳✹ 2.53 · 107 ✾✹✽✸✽ ✷✵

✽✷✶✳✹ 3.08 · 107 ✾✺✺✶✵ ✶✷

✼✹✺✳✹ 3.71 · 107 ✾✻✼✺✶ ✹

✾✸✾✳✽ 2.51 · 107 ✾✻✽✸✹ ✶✵

✽✻✶✳✾ 3.16 · 107 ✾✼✼✾✹ ✻

✾✵✺✳✷ 3.21 · 107 ✶✵✹✻✷✽ ✻

✻✹✽✳✼ 4.90 · 106 ✶✶✵✷✺✷ ✷✽

✾✵✺✳✵ 2.79 · 107 ✶✶✵✼✶✸ ✶✹

✼✾✵✳✼ 3.14 · 107 ✶✶✷✸✶✶ ✻

❚❛❜❧❡ ✸ ❖①②❣❡♥ ♠✉❧t✐♣❧❡ts ✉s❡❞ ❢♦r t❤❡ ❇♦❧t③♠❛♥♥ ♣❧♦t ❛s ❧✐st❡❞ ❜② ❘❡❢✳ ❬✹✺❪✳

λ0 ✴ ♥♠ Aul ✴ s−1 Eu ✴ ❝♠−1 gu

✼✼✼✳✻ 3.69 · 107 ✽✻✻✷✾ ✶✺

✽✹✹✳✾ 3.22 · 107 ✽✽✻✸✶ ✾

✾✷✻✳✻ 3.71 · 107 ✾✼✹✷✵ ✷✺

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

♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✷ ❢♦r ♥✐tr♦❣❡♥ ❛♥❞ ✐♥ ❚❛❜❧❡ ✸ ❢♦r ♦①②❣❡♥✳

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

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

ε

[

W

m3sr

]

=
nuAulhc

4πλ0

✭✼✮

✇✐t❤ t❤❡ ❊✐♥st❡✐♥ ❝♦❡✣❝✐❡♥t Aul✱ P❧❛♥❝❦✬s ❝♦♥st❛♥t h✱ t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t ✐♥ ✈❛❝✉✉♠ c✱ t❤❡ ♠✉❧t✐♣❧❡t

❝❡♥t❡r ✇❛✈❡❧❡♥❣t❤ λ0 ❛♥❞ t❤❡ ✉♣♣❡r st❛t❡ ♥✉♠❜❡r ❞❡♥s✐t② nu ❬✺✶✱ ✻✸❪✳ ❲✐t❤ t❤❡ ♠❡❛s✉r❡❞ ♠✉❧t✐♣❧❡t

❡♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t✱ t❤❡ ✉♣♣❡r st❛t❡ ♥✉♠❜❡r ❞❡♥s✐t② ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞✳ ❚❤✐s ✐s ❝♦♥❞✉❝t❡❞ ❢♦r ❛❧❧

✐♥✈❡st✐❣❛t❡❞ ♠✉❧t✐♣❧❡ts ❛t ❡✈❡r② ❛①✐❛❧ ❛♥❞ r❛❞✐❛❧ ❧♦❝❛t✐♦♥✳ ❚❤❡ ❝❛❧❝✉❧❛t❡❞ ✉♣♣❡r st❛t❡ ♥✉♠❜❡r

✷✸



❋✐❣✳ ✶✹ ▼❡❛s✉r❡❞ s♣❡❝tr✉♠ ✇✐t❤ ❱♦✐❣t ✜ts ♦♥ ❡❛❝❤ s♣❡❝tr❛❧ ❧✐♥❡ ✭s = ✷✵♠♠✱ r = ✵♠♠✮✳

❞❡♥s✐t② ✐s ✇❡✐❣❤t❡❞ ✇✐t❤ t❤❡ ✉♣♣❡r st❛t❡ ❞❡❣❡♥❡r❛❝② gu ❛♥❞ ♣❧♦tt❡❞ ❛❣❛✐♥st t❤❡ r❡s♣❡❝t✐✈❡ ✉♣♣❡r

st❛t❡ ❊♥❡r❣② Eu✳ ■♥ ❛ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t✐♦♥✱ t❤❡ ❞✐✛❡r❡♥t ❡♥❡r❣② st❛t❡s ❛r❡ ♣♦♣✉❧❛t❡❞

❛❝❝♦r❞✐♥❣ t♦

ni

gi
=

n0

g0
exp

(

−
Ei

kTexc

)

✭✽✮

✇✐t❤ t❤❡ ❡①❝✐t❡❞ ❛♥❞ ❣r♦✉♥❞ st❛t❡ ♥✉♠❜❡r ❞❡♥s✐t✐❡s ni✱ n0✱ t❤❡ r❡s♣❡❝t✐✈❡ ❞❡❣❡♥❡r❛❝✐❡s gi✱ g0✱

t❤❡ ❡①❝✐t❡❞ st❛t❡ ❡♥❡r❣② Ei✱ t❤❡ ❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t k ❛♥❞ t❤❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡

Texc ❬✺✶❪✳ ❚❤❡ ❡♥❡r❣② ❧❡✈❡❧s ♦❢ ❛ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t❡❞ ❛t♦♠ ❛r❡ ♦♥ ❛ str❛✐❣❤t ❧✐♥❡ ✇❤❡♥ ♣❧♦tt❡❞

❧♦❣❛r✐t❤♠✐❝❛❧❧②✳ ❚❤❡ ❜❡st ❧✐♥❡❛r ✜t ✐♥ t❤❡ ❇♦❧t③♠❛♥♥ ♣❧♦t ✐s ❝♦♥❞✉❝t❡❞ ✇✐t❤ ❛ ❧❡❛st sq✉❛r❡s ❛❧❣♦r✐t❤♠

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

❚❤❡ ❇♦❧t③♠❛♥♥ ♣❧♦t ❢♦r t❤❡ ❛①✐❛❧ ❧♦❝❛t✐♦♥ s = ✷✵♠♠ ❢r♦♠ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ♦♥ t❤❡ st❛❣♥❛t✐♦♥ ❧✐♥❡

✭r = ✵♠♠✮ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✺✳

❚❤❡ ❡rr♦r ❜❛rs ✐♥ ❋✐❣✳ ✶✺ r❡s✉❧t ❢r♦♠ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡ s♣❡❝tr♦s❝♦♣✐❝ ❝♦♥st❛♥ts✱ t❤❡ ❝❛❧✐✲

❜r❛t✐♦♥ ❧❛♠♣ ❞❛t❛✱ t❤❡ ❝❛♠❡r❛ ❛❝❝✉r❛❝② ❛♥❞ t❤❡ ❆❜❡❧✲tr❛♥s❢♦r♠❛t✐♦♥ ❬✹✺✱ ✹✼✱ ✹✽✱ ✺✵✱ ✻✹✱ ✻✺❪✳ ❚❤❡

✉♥❝❡rt❛✐♥t② ♦❢ t❤❡ ❆❜❡❧✲tr❛♥s❢♦r♠❛t✐♦♥ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ✷✵✪ ❬✺✷❪✳ ❚❛❦✐♥❣ t❤❡ ❡rr♦r ❜❛rs ✐♥t♦ ❛❝✲

❝♦✉♥t✱ t❤❡ ❡♥❡r❣② ❧❡✈❡❧ ❞✐str✐❜✉t✐♦♥ s❡❡♠s t♦ ❜❡ ❝❧♦s❡ t♦ ❛ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ✐♥✈❡st✐❣❛t❡❞

❡♥❡r❣② r❛♥❣❡✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❡rr♦r ❜❛rs ❛r❡ ✉s❡❞ t♦ ♦❜t❛✐♥ ❛♥ ❡rr♦r ❡st✐♠❛t❡ ♦❢ t❤❡ ❡❧❡❝tr♦♥✐❝

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

✷✹



❋✐❣✳ ✶✺ ❇♦❧t③♠❛♥♥ ♣❧♦t ❢♦r ♦①②❣❡♥ ❛♥❞ ♥✐tr♦❣❡♥ r❡s✉❧t✐♥❣ ✐♥ Texc,O =✽✷✽✶❑ ✭✰✷✵✵✵❑ ✲ ✶✺✵✵❑✮

❛♥❞ Texc,N =✽✺✼✵❑ ✭✰✷✽✵✵❑ ✲ ✶✼✵✵❑✮ ✭s = ✷✵♠♠✱ r = ✵♠♠✮✳

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

st❛t❡✱ r❡s✉❧ts ✐♥ ❧❛r❣❡ ❡rr♦rs ❬✷✶✱ ✻✻✱ ✻✼❪✳ ❆s t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❡♥❡r❣② ♦❢ t❤❡ ❡①❝✐t❡❞ st❛t❡s ✐s s♠❛❧❧✱

t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤✐s ♠❡t❤♦❞ ✇✐t❤ r❡s♣❡❝t t♦ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ✐s s♠❛❧❧✱ ✐✳ ❡✳ ❛

❧❛r❣❡ ✉♥❝❡rt❛✐♥t② ✐♥ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ❡①✐sts ❬✻✽❪✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛t♦♠✐❝ ❡♥❡r❣②

❧❡✈❡❧s t❤r♦✉❣❤♦✉t t❤❡ ✢♦✇✜❡❧❞ ❜❡❤❛✈❡s s✐♠✐❧❛r❧② t♦ t❤❡ ❞✐str✐❜✉t✐♦♥ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✺✳ ❙✐❣♥✐✜❝❛♥t

❞❡✈✐❛t✐♦♥s ❢r♦♠ ❛ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t✐♦♥ ❞♦ ♥♦t ♦❝❝✉r ✐♥ t❤❡ ✐♥✈❡st✐❣❛t❡❞ ❧♦❝❛t✐♦♥s ❛♥❞ ❡♥❡r❣②

r❛♥❣❡✳

❚❤❡ ❝❛❧❝✉❧❛t❡❞ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ❛t♦♠✐❝ ♦①②❣❡♥ ❛♥❞ ♥✐tr♦❣❡♥

❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✻✳ ❚❤❡ ✜❣✉r❡ s❤♦✇s ♥♦ ✈❛❧✉❡s ❢♦r r❛❞✐❛❧ ❧♦❝❛t✐♦♥s ❧❛r❣❡r t❤❛♥ ✺✵♠♠ s✐♥❝❡

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

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

♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✻✳ ❖s❝✐❧❧❛t✐♦♥s ♦❢ ❧❛r❣❡r s❝❛❧❡ ♠✐❣❤t ❜❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❆❜❡❧✲tr❛♥s❢♦r♠❛t✐♦♥

❛❧❣♦r✐t❤♠✱ ❤♦✇❡✈❡r✱ ❝❡rt❛✐♥ tr❡♥❞s ❛r❡ r❡❝♦❣♥✐③❛❜❧❡✳ ❚❤❡ ❝❡♥t❡r ❧✐♥❡ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡s ♦❢ ❜♦t❤

❛t♦♠s ❛r❡ ✈❡r② s✐♠✐❧❛r ❢♦r r❡❣✐♦♥s > ✶✵♠♠ ❢r♦♠ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ✭✽✷✵✵✲✽✽✵✵❑✮✳ ❚❤❡ ❝❡♥t❡r ❧✐♥❡

❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ ♦①②❣❡♥ ❞❡❝r❡❛s❡s t♦✇❛r❞s t❤❡ s✉r❢❛❝❡ t♦ ❛❜♦✉t ✻✺✵✵❑ ✇❤✐❧❡ t❤❡ ❡①❝✐t❛t✐♦♥

t❡♠♣❡r❛t✉r❡ ♦❢ ♥✐tr♦❣❡♥ ♦♥❧② ❞❡❝r❡❛s❡s t♦ ✼✼✵✵❑✳ ❚❤❡ t❡♠♣❡r❛t✉r❡ ❞❡❝r❡❛s❡ ♦❢ ♦①②❣❡♥ ❝❛♥ ❛❧r❡❛❞②

❜❡ s❡❡♥ ❛t s = ✶✵♠♠ ❢r♦♠ t❤❡ s✉r❢❛❝❡✳ ❚❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ ♥✐tr♦❣❡♥ ❞❡❝r❡❛s❡s s❧✐❣❤t❧② ❛t s = ✷♠♠

✷✺



❋✐❣✳ ✶✻ ❊❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ ✭❧❡❢t✮ ❛♥❞ ♦①②❣❡♥

✭r✐❣❤t✮✳

❢r♦♠ t❤❡ s✉r❢❛❝❡✳

❈✳ ◆✉♠❜❡r ❞❡♥s✐t② ♦❢ ❧♦✇ ❡♥❡r❣② st❛t❡s ❢r♦♠ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ❛♥❛❧②s✐s

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

t❤❡ ♥✉♠❜❡r ❞❡♥s✐t② ♦❢ t❤❡ ❧♦✇❡r ❧❡✈❡❧ ❜② ❛♥❛❧②③✐♥❣ r❡❧❛t✐✈❡ ❧✐♥❡ ✐♥t❡♥s✐t✐❡s ♦❢ t❤❡ ♠✉❧t✐♣❧❡t✱ ✐✳ ❡✳ t❤❡

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

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

st❛t❡ ♥✉♠❜❡r ❞❡♥s✐t②✳ ❍♦✇❡✈❡r✱ t❤❡ ❧✐♥❡s ❤❛✈❡ ❞✐✛❡r❡♥t ❛❜s♦r♣t✐♦♥ ❝r♦ss s❡❝t✐♦♥s r❡s✉❧t✐♥❣ ✐♥ s❡❧❢✲

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

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

♦❢ t❤❡ ❧✐♥❡ ✐♥t❡♥s✐t② r❛t✐♦ ✐s ❛ ♠❡❛s✉r❡ ❢♦r t❤❡ ♥✉♠❜❡r ❞❡♥s✐t② ♦❢ t❤❡ ❧♦✇❡r ❧❡✈❡❧✳ ❚❤✐s ♠❡t❤♦❞

❤❛s ❜❡❡♥ ❡♠♣❧♦②❡❞ ❢♦r ♥♦❜❧❡ ❣❛s❡s✱ s✐❧✐❝♦♥ ❛♥❞ ♦①②❣❡♥ ❬✻✻✱ ✻✾✕✼✷❪✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♠❡t❤♦❞ ❤❛s

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

♣❧❛s♠❛ ❬✼✸❪✳

❚❤✐s ♠❡t❤♦❞ ✐s ❛♣♣❧✐❡❞ ❤❡r❡ t♦ t❤❡ ❱❯❱ s♣❡❝tr✉♠ ❢♦r ♦①②❣❡♥ ❛♥❞ ♥✐tr♦❣❡♥ ❧✐♥❡s✳ ◆✐tr♦❣❡♥ tr❛♥s✐t✐♦♥s

✐♥ t❤❡ ❱❯❱ r❡❣✐♦♥ ❢❡❛t✉r❡ t❤r❡❡ ❞✐✛❡r❡♥t ❧♦✇❡r ❧❡✈❡❧s✱ t❤❡ ❣r♦✉♥❞ st❛t❡ ❛♥❞ t✇♦ ❧♦✇ ❧②✐♥❣ ♠❡t❛st❛❜❧❡

st❛t❡s✳ ▲♦✇❡r st❛t❡s ♦❢ ♦①②❣❡♥ tr❛♥s✐t✐♦♥s ✐♥ t❤❡ ❱❯❱ r❡❣✐♦♥ ❛❧s♦ ❢❡❛t✉r❡ t❤❡ ❣r♦✉♥❞ st❛t❡ ❛♥❞

t✇♦ ❧♦✇ ❧②✐♥❣ ♠❡t❛st❛❜❧❡ st❛t❡s ❬✷✶✱ ✹✺❪✳ ❚❤❡ ♠✉❧t✐♣❧❡ts ❝♦♥s✐❞❡r❡❞ ❢♦r ❡✈❛❧✉❛t✐♦♥ ❛r❡ ❧✐st❡❞ ✐♥

✷✻



❚❛❜❧❡ ✹ ◆✐tr♦❣❡♥ ♠✉❧t✐♣❧❡ts ✉s❡❞ ❢♦r t❤❡ s❡❧❢✲❛❜s♦r♣t✐♦♥ ❡✈❛❧✉❛t✐♦♥✳ ❬✹✺❪

λ0 ✴ ♥♠ Aul ✴ s−1 El ✴ ❝♠−1 Eu ✴ ❝♠−1 gl gu

✶✷✵✳✵✵ 4.04 · 108 ✵ ✽✸✸✸✻ ✹ ✶✷

✶✹✾✳✸✸ 3.44 · 108 ✶✾✷✷✽ ✽✻✶✾✸ ✶✵ ✻

✶✷✹✳✸✷ 3.45 · 108 ✶✾✷✷✽ ✾✾✻✻✹ ✶✵ ✶✵

✶✶✼✳✻✾ 9.77 · 107 ✶✾✷✷✽ ✶✵✹✶✾✻ ✶✵ ✻

✶✶✼✳✵✾ 1.05 · 107 ✶✾✷✷✽ ✶✵✹✻✷✽ ✶✵ ✻

✶✶✼✳✵✶ 1.54 · 106 ✶✾✷✷✽ ✶✵✹✻✾✹ ✶✵ ✷✽

✶✶✻✳✽✵ 6.90 · 106 ✶✾✷✷✽ ✶✵✹✽✹✼ ✶✵ ✶✷

✶✶✻✳✼✾ 1.04 · 108 ✶✾✷✷✽ ✶✵✹✽✺✶ ✶✵ ✶✹

✶✶✻✳✺✽ 7.80 · 105 ✶✾✷✷✽ ✶✵✺✵✵✼ ✶✵ ✷✵

✶✶✻✳✹✶ 3.21 · 107 ✶✾✷✷✽ ✶✵✺✶✸✹ ✶✵ ✶✵

✶✼✹✳✸✺ 1.25 · 108 ✷✽✽✸✾ ✽✻✶✾✸ ✻ ✻

✶✹✶✳✶✾ 5.39 · 107 ✷✽✽✸✾ ✾✾✻✻✹ ✻ ✶✵

✶✸✸✳✺✾ 3.06 · 104 ✷✽✽✸✾ ✶✵✸✻✾✸ ✻ ✶✷

✶✸✷✳✼✵ 9.75 · 106 ✷✽✽✸✾ ✶✵✹✶✾✻ ✻ ✻

✶✸✶✳✾✺ 7.26 · 107 ✷✽✽✸✾ ✶✵✹✻✷✽ ✻ ✻

✶✸✶✳✽✻ 1.46 · 105 ✷✽✽✸✾ ✶✵✹✻✼✺ ✻ ✷✽

✶✸✶✳✻✸ 4.80 · 105 ✷✽✽✸✾ ✶✵✹✽✶✵ ✻ ✶✹

✶✸✶✳✺✼ 2.30 · 105 ✷✽✽✸✾ ✶✵✹✽✹✻ ✻ ✶✷

✶✸✶✳✸✵ 2.30 · 105 ✷✽✽✸✾ ✶✵✺✵✵✵ ✻ ✷✵

✶✸✶✳✵✼ 7.73 · 107 ✷✽✽✸✾ ✶✵✺✶✸✹ ✻ ✶✵

✶✷✷✳✽✼ 4.05 · 107 ✷✽✽✸✾ ✶✶✵✷✷✽ ✻ ✻

✶✷✷✳✺✷ 4.41 · 107 ✷✽✽✸✾ ✶✶✵✹✻✶ ✻ ✶✵

✶✶✾✳✵✾ 2.19 · 107 ✷✽✽✸✾ ✶✶✷✽✵✸ ✻ ✻

✶✶✽✳✾✶ 2.48 · 107 ✷✽✽✸✾ ✶✶✷✾✸✽ ✻ ✶✵

❚❛❜❧❡s ✹ ❛♥❞ ✺✳

❚❤❡ ❱❯❱ s♣❡❝tr✉♠ ✐s ❛♥ ✐♥t❡❣r❛❧ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t t❤r♦✉❣❤ t❤❡ ❜♦r❡

❤♦❧❡✳ ■♥ ♦r❞❡r t♦ ❛♣♣❧② t❤❡ ♠❡t❤♦❞ t♦ ❞❡t❡r♠✐♥❡ ♥✉♠❜❡r ❞❡♥s✐t✐❡s✱ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s♣♦rt ❛❧♦♥❣

✷✼



❚❛❜❧❡ ✺ ❖①②❣❡♥ ♠✉❧t✐♣❧❡ts ✉s❡❞ ❢♦r t❤❡ s❡❧❢✲❛❜s♦r♣t✐♦♥ ❡✈❛❧✉❛t✐♦♥✳ ❬✹✺❪

λ0 ✴ ♥♠ Aul ✴ s−1 El ✴ ❝♠−1 Eu ✴ ❝♠−1 gl gu

✶✸✵✳✸✺ 6.12 · 108 ✼✽ ✼✻✼✾✺ ✾ ✸

✶✷✶✳✼✻ 2.06 · 108 ✸✸✼✾✸ ✶✶✺✾✶✽ ✶ ✸

❋✐❣✳ ✶✼ ❉✐str✐❜✉t✐♦♥ ♦❢ r♦t❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ✭✉♣♣❡r ❤❛❧❢✮ ❛♥❞ ♥✉♠❜❡r ❞❡♥s✐t② ♦❢ t❤❡ ❡①❝✐t❡❞

❧❡✈❡❧ ✷s2✷♣2✭3P✮✹s ♦❢ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ ✭❧♦✇❡r ❤❛❧❢✮✳

t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ♦❢ t❤❡ ❱❯❱ s♣❡❝tr♦s❝♦♣② s②st❡♠ ✐s r❡q✉✐r❡❞✳ ❚❤✐s ✐s r❡❛❧✐③❡❞ ✉s✐♥❣ t❤❡ ❯❱✲◆■❘

s♣❡❝tr♦s❝♦♣✐❝ ❞❛t❛ s❡ts ✭s❡❡ ❙❡❝t✐♦♥s ❱❆ ❛♥❞ ❱❇✮✳

❚❤❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡✱ t❤❡ r♦t❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ✭❛s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ tr❛♥s❧❛✲

t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡✮ ❛♥❞ t❤❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t② ♦❢ ❡①❝✐t❡❞ st❛t❡s✱ ❛t ❡✈❡r② ♣♦✐♥t ✐♥ t❤❡ ✢♦✇✜❡❧❞

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

❛♥❞ t❤❡ ♥✐tr♦❣❡♥ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t② ♦❢ t❤❡ ✷s2✷♣2✭3P✮✹s ✭E = 104196 ❝♠−1✮ st❛t❡ ✐s ♣r❡s❡♥t❡❞ ✐♥

❋✐❣✳ ✶✼✳ ❚❤❡ ✜❣✉r❡ ❛❧s♦ s❤♦✇s t❤❡ ❯❱✲◆■❘ ♠❡❛s✉r❡♠❡♥t ❧♦❝❛t✐♦♥s ❛♥❞ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ♦❢ t❤❡ ❱❯❱

s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠✳

❉✉❡ t♦ t❤❡ ❧❛r❣❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ❛①✐❛❧ ❞✐r❡❝t✐♦♥ ✭✶✳✻♠♠✮✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡

t♦ r❡s♦❧✈❡ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✵✲✷♠♠ r❡❣✐♦♥ ✇❛s ♠♦❞❡❧❡❞ ❜② ❛♣♣❧②✐♥❣ ❛♥

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

❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡✳ ❆ ♣❛r❛❜♦❧✐❝ ❞✐str✐❜✉t✐♦♥ ✐s ✉s❡❞ st❛rt✐♥❣ ❛t ✶✳✺♠♠ ✐♥ ❢r♦♥t ♦❢ t❤❡ s✉r❢❛❝❡
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✇✐t❤ t❤❡ ✈❛❧✉❡s ♠❡❛s✉r❡❞ ❛t ✷♠♠ ❛♥❞ ❞❡❝r❡❛s✐♥❣ t♦ ③❡r♦ ❛t♦♠ ❞❡♥s✐t② ❛♥❞ t❤❡ ✇❛❧❧ t❡♠♣❡r❛t✉r❡

r❡s♣❡❝t✐✈❡❧②✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ♠❡❛s✉r❡ ❛t ❛①✐❛❧ ❞✐st❛♥❝❡s ❧♦♥❣❡r t❤❛♥ ✻✵♠♠ ❢r♦♠

t❤❡ ♣r♦❜❡ ✐♥ ❛ s✐♥❣❧❡ ❡①♣❡r✐♠❡♥t ❞✉❡ t♦ ❣❡♦♠❡tr✐❝❛❧ r❡str✐❝t✐♦♥s ♦❢ t❤❡ ♦♣t✐❝❛❧ ❛❝❝❡ss✳ ❚❤❡ ✢♦✇✜❡❧❞

♣r♦♣❡rt✐❡s ❛t ❞✐st❛♥❝❡s ✻✵✲✶✷✵♠♠ ❢r♦♠ t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ❤❛✈❡ t❤✉s ❜❡❡♥ ❛ss✉♠❡❞ t♦ ❜❡ ❝♦♥st❛♥t✳

❉✉❡ t♦ t❤❡ ❧♦✇ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t② ♦❢ ❡①❝✐t❡❞ st❛t❡s ❛t t❤❡ ❡❞❣❡ ♦❢ t❤❡ r❛❞✐❛t✐♥❣ ♣❧❛s♠❛ t❤❡ ♣♦rt✐♦♥

♦❢ r❛❞✐❛t✐♦♥ ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ ♠❡❛s✉r❡❞ ❱❯❱ r❛❞✐❛♥❝❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤✐s r❡❣✐♦♥ t✉r♥❡❞ ♦✉t t♦

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

♦♣t✐❝❛❧ ♣❛t❤ ❜❡❢♦r❡ ✐t r❡❛❝❤❡s t❤❡ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠✳

❇❡s✐❞❡s t❤❡ r❛❞✐❛t✐♥❣ ♣❧❛s♠❛✱ t❤❡ r❡❣✐♦♥ ❜❡t✇❡❡♥ st❛❣♥❛t✐♦♥ ♣♦✐♥t ❛♥❞ ✇✐♥❞♦✇ ✭✷✸♠♠

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

❝♦♠♣❧❡t❡❧② ❡♥❝❧♦s❡❞ ❜② ✇❛t❡r✲❝♦♦❧❡❞ ❝♦♣♣❡r✳ ❆s t❤❡ ❛s♣❡❝t r❛t✐♦ ♦❢ ❞✐❛♠❡t❡r ✭✷♠♠✮ t♦ ❧❡♥❣t❤

✭✷✸♠♠✮ ✐s s♠❛❧❧✱ ♥♦ s✐❣♥✐✜❝❛♥t ♠✐①✐♥❣ ♦❢ ❤♦t ♣❧❛s♠❛ ❛♥❞ ❝♦♦❧ ❣❛s ✐s ❡①♣❡❝t❡❞✳ ❆ t❤❡r♠❛❧ ❛♥❛❧②s✐s

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

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

♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ❤♦✇❡✈❡r ❛✛❡❝ts t❤❡ ❱❯❱ r❛❞✐❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts t❤r♦✉❣❤ ❛❜s♦r♣t✐♦♥✳

❚❤❡ ✢♦✇✜❡❧❞ ♣r♦♣❡rt✐❡s ❛❧♦♥❣ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ♦❢ t❤❡ ❱❯❱ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❜②

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

t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ♦❢ t❤❡ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ st❛t❡s ✷s2✷♣2✭3P✮✸s✱ ✷s2✷♣2✭3P✮✸♣✱

✷s2✷♣2✭3P✮✹s✱ ✷s2✷♣2✭3P✮✹❞ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✽✳ ❚❤❡ s♣❛❝✐♥❣ ❜❡t✇❡❡♥ t❤❡ ♣♦✐♥ts ✐s s♠❛❧❧❡r ✐♥ t❤❡

st❛❣♥❛t✐♦♥ ♣♦✐♥t r❡❣✐♦♥ ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ❛ ❤✐❣❤❡r s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✐♥ r❡❣✐♦♥s ♦❢ str♦♥❣ ❣r❛❞✐❡♥ts✳

❚❤❡ ♣❧♦t s❤♦✇s t❤❛t t❤❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t② ♦❢ t❤❡ ❡①❝✐t❡❞ st❛t❡s ✐♥❝r❡❛s❡s t♦✇❛r❞s t❤❡ st❛❣♥❛t✐♦♥

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

t❤❡ ✢♦✇✜❡❧❞✳ ❚❤❡ r♦t❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ❞❡❝r❡❛s❡s ❢r♦♠ ✶✸✸✵✵❑ ❝❧♦s❡ t♦ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t t♦

✶✵✺✵✵❑ ❛t t❤❡ ❡❞❣❡ ♦❢ t❤❡ r❛❞✐❛t✐♥❣ ♣❧❛s♠❛ ✇❤✐❧❡ t❤❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ✐s ❛❧♠♦st

❝♦♥st❛♥t ❛t ❛ ✈❛❧✉❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✽✵✵✵❑ ❡①❝❡♣t ❢♦r ❛ s❧✐❣❤t ❞❡❝r❡❛s❡ ❛t ✶✵✵♠♠✳

❚❤❡ ♠❡❛s✉r❡♠❡♥t ✈♦❧✉♠❡ ♦❢ t❤❡ ❱❯❱ s♣❡❝tr♦s❝♦♣② s②st❡♠✱ ✐✳ ❡✳ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t✱ ✐s ❛ t❤✐♥ ❝②❧✐♥❞❡r

✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ✶♠♠ ✭s❡❡ ❙❡❝t✐♦♥ ■■■✮✳ ❚❤❡r❡❢♦r❡✱ ❛ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ r❛❞✐❛t✐✈❡

tr❛♥s♣♦rt ❛❧♦♥❣ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ✐s ❝♦♥❞✉❝t❡❞✳ ❋♦r t❤✐s✱ t❤❡ s♣❡❝tr❛❧ ❧✐♥❡ s❤❛♣❡ ✐♥ t❤❡ ♣❧❛s♠❛
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❋✐❣✳ ✶✽ P♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ♦❢ ❡①❝✐t❡❞ ❧❡✈❡❧s ❛♥❞ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ ❛t♦♠✐❝

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

❛t ❡✈❡r② ❧♦❝❛t✐♦♥ ❛❧♦♥❣ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ✐s r❡q✉✐r❡❞ ❬✼✹❪✳ ❙❡✈❡r❛❧ ❧✐♥❡ ❜r♦❛❞❡♥✐♥❣ ♠❡❝❤❛♥✐s♠s ❛r❡

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

❡✈❛❧✉❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ▲❛✉① ❛♥❞ ❛ss✉♠✐♥❣ Ttrans = Trot ❬✺✶✱ ✼✽✱ ✼✾❪✳ ❚❤❡ ❧✐♥❡ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢

♠❛①✐♠✉♠ ✭❋❲❍▼✮ ❞✉❡ t♦ ♥❛t✉r❛❧ ❜r♦❛❞❡♥✐♥❣ ❢♦r tr❛♥s✐t✐♦♥s ✐♥ t❤❡ ❱❯❱ ✇✐t❤ t②♣✐❝❛❧ ❊✐♥st❡✐♥

❝♦❡✣❝✐❡♥ts ✐♥ t❤❡ ♦r❞❡r ♦❢ 108 s−1 ✐s s❡✈❡r❛❧ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❜❡❧♦✇ ❉♦♣♣❧❡r ❜r♦❛❞❡♥✐♥❣ ❬✺✶✱ ✼✺❪✳

❚❤❡ s❛♠❡ ✐s tr✉❡ ❢♦r r❡s♦♥❛♥❝❡ ❜r♦❛❞❡♥✐♥❣ ❬✺✶✱ ✼✻❪✳ ❱❛♥ ❞❡r ❲❛❛❧s ❜r♦❛❞❡♥✐♥❣ ✐s ❛♣♣r♦①✐♠❛t❡❞ ❜②

t❤❡ ❡♠♣✐r✐❝❛❧ r❡❧❛t✐♦♥ ❣✐✈❡♥ ❜② ▲❛✉① ❬✺✶❪✳ ❚❤❡ r❡s♣❡❝t✐✈❡ ❋❲❍▼ ✐s ❛❧s♦ s❡✈❡r❛❧ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡

❜❡❧♦✇ ❉♦♣♣❧❡r ❜r♦❛❞❡♥✐♥❣✳ ❙t❛r❦ ❜r♦❛❞❡♥✐♥❣ ✐s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❞❛t❛ ♣r♦✈✐❞❡❞ ❜② ❏♦❤♥st♦♥

❡t ❛❧✳ ❛♥❞ ❛ss✉♠✐♥❣ Te = TexcN ❛♥❞ ❛♥ ❡q✉✐❧✐❜r✐✉♠ ❡❧❡❝tr♦♥ ❞❡♥s✐t② ♦❢ ✷✳✾× 1021♠−3 ❬✽✵❪✳ ❚❤❡

❡q✉✐❧✐❜r✐✉♠ ✈❛❧✉❡ ✐s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ♠❛ss✲s♣❡❝✐✜❝ ❡♥t❤❛❧♣② ♦❢ ✻✽✳✹▼❏✴❦❣ ❛♥❞ t❤❡

st❛❣♥❛t✐♦♥ ♣r❡ss✉r❡ ♦❢ ✷✹✳✹ ❤P❛✳

❚❤❡ s♣❡❝tr❛❧ s❤❛♣❡ ♦❢ ❡❛❝❤ ❧✐♥❡ Pk(λ, s) ✐s ❡✈❛❧✉❛t❡❞ ❛t ❡❛❝❤ ❧♦❝❛t✐♦♥ ♦♥ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ❢♦r ❛❧❧ ❧✐♥❡s

❜❡❧♦♥❣✐♥❣ t♦ t❤❡ ♠✉❧t✐♣❧❡ts ❧✐st❡❞ ✐♥ ❚❛❜❧❡s ✹ ❛♥❞ ✺✳ ❚❤❡ r❛❞✐❛t✐✈❡ tr❛♥s♣♦rt ✐s ❝❛❧❝✉❧❛t❡❞ ❛❝❝♦r❞✐♥❣

t♦

Lλ(λ) =

∫ Window

Edge of plasma

ελ(λ, s) · exp

(

∫ Window

s

αλ(λ, s)ds

)

ds ✭✾✮

✇✐t❤ t❤❡ s♣❡❝tr❛❧ ❡♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t ❝♦♥s✐st✐♥❣ ♦❢ t❤❡ s✉♠ ♦❢ ❛❧❧ ✐♥✈❡st✐❣❛t❡❞ ❧✐♥❡s
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ελ(λ, s) =
∑

k

nuAulhc

4πλ0

Pk(λ, s) ✭✶✵✮

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

αλ(λ, s) =
∑

k

gu
gl

λ4
0

8πc
Aulnl(s)Pk(λ, s) + σλ,O2

nO2,hole(s) ✭✶✶✮

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

♦❢ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ σλ,O2
❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡ ♥✉♠❜❡r ❞❡♥s✐t② nO2,hole(s) ❬✻✻❪✳ ❈r♦ss s❡❝t✐♦♥s ❢♦r

♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ❛r❡ t❛❦❡♥ ❢r♦♠ ▲✉ ❡t ❛❧✳ ❬✽✶❪✳ ❚❤❡ ❡♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t ❛❧♦♥❣ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ✐s

❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ✉♣♣❡r st❛t❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ❛❝q✉✐r❡❞ t❤r♦✉❣❤ t❤❡ ❯❱✲◆■❘ ♠❡❛s✉r❡♠❡♥ts✳

❚❤❡ ♦♥❧② ✉♥❦♥♦✇♥ ♣❛r❛♠❡t❡rs ❛r❡ t❤❡ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t② ♦❢ t❤❡ ❧♦✇❡r ❧❡✈❡❧ ♦❢

t❤❡ ❛t♦♠s ❛♥❞ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥✳ ❚❤❡ ❞❡♥s✐t② ♦❢ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ♥❡❣❧✐❣✐❜❧❡ ✐♥

t❤❡ ♣❧❛s♠❛✱ ✐✳ ❡✳ ❜❡t✇❡❡♥ t❤❡ ❡❞❣❡ ♦❢ t❤❡ r❛❞✐❛t✐♥❣ ♣❧❛s♠❛ ❛♥❞ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t✱ ❛s ♦①②❣❡♥

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

♦①②❣❡♥ ✐s ❛ss✉♠❡❞ t♦ ❜❡ s✐❣♥✐✜❝❛♥t ✐♥ t❤❡ ❜♦r❡ ❤♦❧❡ ❜❡t✇❡❡♥ st❛❣♥❛t✐♦♥ ♣♦✐♥t ❛♥❞ ✇✐♥❞♦✇✳ ❙✐♥❝❡

♥♦ ❡♠✐ss✐♦♥ ♦❝❝✉rs ✐♥ t❤✐s r❡❣✐♦♥✱ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ♦①②❣❡♥ ✐s ✐rr❡❧❡✈❛♥t ❛♥❞ ♦♥❧② t❤❡ ✐♥t❡❣r❛❧ ✈❛❧✉❡

♦❢ ❛❜s♦r♣t✐♦♥ ♥❡❡❞s t♦ ❜❡ ❡✈❛❧✉❛t❡❞✳ ❚❤✉s✱ ❛ ❝♦♥st❛♥t ❞✐str✐❜✉t✐♦♥ ✐s ❛♣♣❧✐❡❞ ❛♥❞ ❊q✳ ✭✾✮ r❡❞✉❝❡s t♦

Lλ(λ) = Lλ,Plasma(λ) · exp (σλ,O2
nO2,holeshole) ✭✶✷✮

✇✐t❤ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❜♦r❡ ❤♦❧❡ shole✳ ❆♥ ❡st✐♠❛t❡❞ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ♥✉♠❜❡r ❞❡♥s✐t② ✐s ❛♣♣❧✐❡❞

❛s ❛ st❛rt ✈❛❧✉❡✳ ❚❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t✐♥❣ ♦❢ ❧✐♥❡s ✭s❡❡ ♥❡①t s✉❜s❡❝t✐♦♥✮ ❛❧❧♦✇s t❤❡

❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ♥✉♠❜❡r ❞❡♥s✐t②✳ ❚❤✉s✱ t❤❡ ❛♥❛❧②s✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ❱❈ ✐s

❝♦♥❞✉❝t❡❞ ✐t❡r❛t✐✈❡❧②✳

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

❡♠✐ss✐♦♥ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ s♣❡❝✐❡s ❛♥❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✾✳

❚❤❡ ❞✐str✐❜✉t✐♦♥ ✐s ✐♥ q✉❛❧✐t❛t✐✈❡ ❛❣r❡❡♠❡♥t ✇✐t❤ ❛t♦♠ ❞❡♥s✐t② ❞✐str✐❜✉t✐♦♥s ♠❡❛s✉r❡❞ ✐♥ ♣r❡✈✐✲

♦✉s ✐♥✈❡st✐❣❛t✐♦♥s ♦❢ ✢♦✇s ♦❢ t❤❡ s❛♠❡ ♣❧❛s♠❛ ❣❡♥❡r❛t♦r ❬✼✼✱ ✽✷❪✳
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❋✐❣✳ ✶✾ ◆♦r♠❛❧✐③❡❞ ❞✐str✐❜✉t✐♦♥ ♦❢ ♥✉♠❜❡r ❞❡♥s✐t✐❡s ♦❢ ❛❜s♦r❜✐♥❣ ❧❡✈❡❧s ♦❢ ❛t♦♠✐❝ ♥✐tr♦❣❡♥

❛♥❞ ❛t♦♠✐❝ ♦①②❣❡♥ ❛❧♦♥❣ t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t✳

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

♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ♥✉♠❜❡r ❞❡♥s✐t② ✇✐t❤✐♥ t❤❡ ❜♦r❡ ❤♦❧❡✳ ❊❛❝❤ s✐♠✉❧❛t❡❞ s♣❡❝tr✉♠ ✐s ❝♦♥✈♦❧✉t❡❞

✇✐t❤ t❤❡ ❛♣♣❛r❛t✉s ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠ ❛♥❞ ♥♦r♠❛❧✐③❡❞ t♦ t❤❡ r❡s♣❡❝t✐✈❡ ♠❛①✐♠✉♠

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

♠✉❧t✐♣❧❡ts ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❡❛s✉r❡❞ ❞❛t❛ ❛♥❞ ❛ ❧❡❛st sq✉❛r❡s ✜tt✐♥❣ ❛❧❣♦r✐t❤♠ ✐s ❛♣♣❧✐❡❞ t♦

❞❡t❡r♠✐♥❡ t❤❡ ❧♦✇❡r ❧❡✈❡❧ ❞✐str✐❜✉t✐♦♥s nl(s)✱ ✐ ❡✳ t❤❡ ❞✐str✐❜✉t✐♦♥s ✐♥ ❋✐❣✳ ✶✾ ❛r❡ s❝❛❧❡❞✳ ❚❤❡ r❡s✉❧t

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

❋✐❣✉r❡ ✷✵ ♣r❡s❡♥ts ♦♥❧② ❡①❝❡r♣ts ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ❞❛t❛ t♦ s❤♦✇ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ✇❤✐❝❤

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

❇♦❧t③♠❛♥♥ ♣❧♦t ♦❢ t❤❡ ❞❛t❛ ❢r♦♠ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t r❡❣✐♦♥ ✭s = ✷♠♠✱ r = ✵♠♠✮ ✐♥ ❋✐❣✳ ✷✶✱ ✐♥❞✐✲

❝❛t❡❞ ❛s ✬❋r♦♠ ❱❯❱✱ ❜r❛♥❝❤✐♥❣ r❛t✐♦✬✳ ❆❞❞✐t✐♦♥❛❧❧② t❤❡ ❤✐❣❤ ❡♥❡r❣② ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ♦❜t❛✐♥❡❞

❜② ❯❱✲◆■❘ s♣❡❝tr♦s❝♦♣② ❛r❡ ♣r❡s❡♥t❡❞✳

❋✐❣✉r❡ ✷✶ s❤♦✇s t❤❛t t❤❡ ♥✐tr♦❣❡♥ ❛t♦♠s ❛r❡ ♥❡❛r t♦ ❛ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t✐♦♥ ❢♦r t❤❡ ♠❡❛s✉r❡❞

st❛t❡s ❜❡t✇❡❡♥ ✶✾✷✷✽ ❝♠−1 ❛♥❞ ✶✶✷✸✶✶ ❝♠−1✳ ❚❤❡ ♦①②❣❡♥ ❛t♦♠s ❛♣♣❡❛r t♦ ❜❡ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t❡❞

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

Texc,N = 8410❑ ❛♥❞ Texc,O = 8060❑ r❡s♣❡❝t✐✈❡❧②✳

❙♦♠❡ ♠✉❧t✐♣❧❡ts ✐♥ t❤❡ ❱❯❱ s♣❡❝tr✉♠ ❛r❡ ♥♦t s✉✣❝✐❡♥t❧② r❡s♦❧✈❡❞ t♦ ❡♠♣❧♦② t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦
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❋✐❣✳ ✷✵ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♠❡❛s✉r❡♠❡♥t ❞❛t❛ ❛♥❞ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s♣♦rt s✐♠✉❧❛t✐♦♥ ❢♦r

st❛❣♥❛t✐♦♥ ♣♦✐♥t ♥✉♠❜❡r ❞❡♥s✐t✐❡s nN,19228 = 4.2 × 10
21 ♠−3✱ nN,28839 = 3.9 × 10

20 ♠−3✱ nO,78 =

6.5× 10
21 ♠−3✳

❋✐❣✳ ✷✶ ❇♦❧t③♠❛♥♥ ♣❧♦t ❢♦r ♦①②❣❡♥ ❛♥❞ ♥✐tr♦❣❡♥ ♦❢ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t r❡❣✐♦♥ ✭s = ✷♠♠✱

r = ✵♠♠✮ ✇✐t❤ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ❛❝q✉✐r❡❞ t❤r♦✉❣❤ ❯❱✲◆■❘ ❛♥❞ ❱❯❱ s♣❡❝tr♦s❝♦♣②✳

♠❡t❤♦❞✱ ❡ ❣✳ t❤❡ ♥✐tr♦❣❡♥ r❡s♦♥❛♥❝❡ tr✐♣❧❡t ❛t ✶✷✵ ♥♠✳ ❍♦✇❡✈❡r✱ ✇✐t❤ t❤❡ ♦❜t❛✐♥❡❞ ♥✉♠❜❡r ❞❡♥s✐t✐❡s

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

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

❧✐♥❡s ❛r❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t❡❞✱ ✐✳ ❡✳ t❤❡✐r ♣❡❛❦ s♣❡❝tr❛❧ r❛❞✐❛♥❝❡ ✐s ❞❡✜♥❡❞ ❜② ❛ ❜❧❛❝❦ ❜♦❞② t❡♠♣❡r❛t✉r❡✳

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

t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t ❬✽✸✱ ✽✹❪✳ ❋✉rt❤❡r♠♦r❡✱ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t✐♥❣ ✐s ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❛❜s♦r♣t✐♦♥
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♦❝❝✉rr✐♥❣ ✐♥ t❤❡ ❜♦r❡ ❤♦❧❡ ❜❡t✇❡❡♥ ✇✐♥❞♦✇ ❛♥❞ st❛❣♥❛t✐♦♥ ♣♦✐♥t✳ ❚❤✐s ❛❧❧♦✇s t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡

st❛❣♥❛t✐♦♥ ♣♦✐♥t ❱❯❱ s♣❡❝tr✉♠✳

✶✳ ❇❧❛❝❦ ❜♦❞② ❧✐♠✐t

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

❧✐♥❡ ♣r♦✜❧❡✱ ❝♦rr❡s♣♦♥❞s t♦ ❜❧❛❝❦ ❜♦❞② r❛❞✐❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ P❧❛♥❝❦✬s ❧❛✇✳ ❚❤❡ ❧✐♠✐t✐♥❣ ❝r✐t❡r✐♦♥✱

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

exp(−nlσλ∆z) < 0.1 ✭✶✸✮

✇✐t❤ t❤❡ ❛❜s♦r♣t✐♦♥ ❝r♦ss s❡❝t✐♦♥ σλ ❛♥❞ ❛ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ∆z ❬✷✶❪✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤

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

❛t ✶✹✾✳✸✸ ♥♠✱ ✶✸✵✳✸✺ ♥♠ ❛♥❞ ✶✶✻✳✼✾ ♥♠✳ ❚❤❡r❡❢♦r❡✱ t❤❡s❡ ❧✐♥❡s ❛r❡ ❛ss✉♠❡❞ t♦ ❜❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t❡❞

❛♥❞ t❤✉s ❛ ❜❧❛❝❦ ❜♦❞② t❡♠♣❡r❛t✉r❡ ❝❛♥ ❜❡ ❛ss✐❣♥❡❞ t♦ t❤❡ ♠❡❛s✉r❡♠❡♥t r❡s✉❧ts✳ ❋♦r t❤❡ ❣❡♥❡r❛❧

❝❛s❡ ♦❢ ❛ ♥♦♥✲❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t❡❞ ❛t♦♠ t❤❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t ♦❢ ❛ s✐♥❣❧❡ tr❛♥s✐t✐♦♥ ✐s

Lλ,Limit =
2hc2

λ5

nun
B
l

nlnB
u

exp

(

−
hc

λkTexc

)

✭✶✹✮

✇✐t❤ t❤❡ ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t✐♦♥ nu/n
B
u ❛♥❞ nB

l /nl ❢♦r t❤❡ ✉♣♣❡r ❛♥❞ ❧♦✇❡r

❧❡✈❡❧s r❡s♣❡❝t✐✈❡❧② ❬✷✶❪✳

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

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

❞✐✛❡r❡♥t ♣❡❛❦ ✈❛❧✉❡ ❬✺✶❪✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❧✐♥❡ ♣r♦✜❧❡s ♦❢ ❡❛❝❤ s✐♠✉❧❛t❡❞ ♠✉❧t✐♣❧❡t ❛r❡ s❝❛❧❡❞ ✐♥ s✉❝❤

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

❚❤❡ s♣❡❝tr✉♠ ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ t❤✐s ♣r♦❝❡❞✉r❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✷✳ ❋✐❣✉r❡ ✷✸ s❤♦✇s t❤❡ ♠✉❧t✐♣❧❡t

❛t ✶✹✾✳✸✸ ♥♠ ❛t ❛ ❤✐❣❤❡r s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ✇✐t❤ t❤❡ r❡s♣❡❝t✐✈❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t✐♥❣ ❝✉r✈❡✳ ❚❤❡ ❧✐♥❡

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

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

✇✐t❤ ❝♦rr❡❝t✐♦♥ ❢♦r ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ❛❜s♦r♣✲

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

❛t♦♠✐❝ ❡♥❡r❣② st❛t❡s✳

❋✐❣✳ ✷✸ ❙✐♠✉❧❛t❡❞ s♣❡❝tr✉♠ ❛t t❤❡ ✇✐♥❞♦✇

✇✐t❤ ❝♦rr❡❝t✐♦♥ ❢♦r ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ❛❜s♦r♣✲

t✐♦♥ ❛♥❞ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t ♦❢ t❤❡ ✶✹✾✳✸✸ ♥♠

♠✉❧t✐♣❧❡t✳

❚❤❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t❡❞ ♥✐tr♦❣❡♥ ❧✐♥❡s ✇✐t❤ t❤❡ ❧♦✇❡r st❛t❡ nN,19228 ✐♥ t❤❡ s❤♦rt ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥

❜❡❧♦✇ ✶✷✵ ♥♠ ❛♥❞ t❤❡ ♠✉❧t✐♣❧❡t ❛t ✶✹✾✳✸✸ ♥♠ ❛r❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥

✐♥ t❤❡ ❜♦r❡ ❤♦❧❡ ❜② ✉t✐❧✐③✐♥❣ t❤❡✐r ❝♦♠♠♦♥ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t✳ ❆s t❤❡s❡ ❧✐♥❡s s❤❛r❡ t❤❡ s❛♠❡ ❧♦✇❡r st❛t❡✱

❛♥❞ t❤❡ ❯❱✲◆■❘ ❛♥❞ ❜r❛♥❝❤✐♥❣ r❛t✐♦ ❞❛t❛ s✉❣❣❡sts t❤❛t t❤❡ ♥✐tr♦❣❡♥ ❛t♦♠ ✐s ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t❡❞

❢♦r t❤❡ ✉♣♣❡r st❛t❡s ♦❢ t❤♦s❡ tr❛♥s✐t✐♦♥s ✭s❡❡ ❋✐❣✳ ✷✶✮✱ ❊q✳ ✭✶✹✮ ❞✐❝t❛t❡s t❤❛t t❤❡② ❛r❡ ❧✐♠✐t❡❞ ❜②

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

✐♥ t❤❡ s❤♦rt ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥ ②✐❡❧❞✐♥❣ ❛ t❡♠♣❡r❛t✉r❡ ♦❢ TBB,N = 10800K ✭✬❇❇▲ ◆ ✶✾✷✷✽ ❝♠−1✬

✐♥ ❋✐❣✳ ✷✷✮✳ ❚❤✐s ❝✉r✈❡✱ ✐✳ ❡✳ t❤✐s t❡♠♣❡r❛t✉r❡✱ ❛♣♣❧✐❡s ❛❧s♦ t♦ t❤❡ ♠✉❧t✐♣❧❡t ❛t ✶✹✾✳✸✸ ♥♠ ❛s ✐t ❤❛s

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

♦①②❣❡♥ ✐♥ t❤❡ ❜♦r❡ ❤♦❧❡✳ ❲✐t❤ t❤❡ ❦♥♦✇♥ ❛❜s♦r♣t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ ❊q✳ ✭✶✷✮✱ t❤❡ ❖2 ♥✉♠❜❡r

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

②✐❡❧❞s nO2,hole = 6.8 · 1022♠−3✳ ❆ss✉♠✐♥❣ ❛♥ ❛✐r ❝♦♠♣♦s✐t✐♦♥ ✐♥ t❤❡ ❜♦r❡ ❤♦❧❡ ✇✐t❤ t❤❡ ♠❡❛s✉r❡❞

st❛❣♥❛t✐♦♥ ♣r❡ss✉r❡ ✭✷✹✳✸ ❤P❛✮ ❛♥❞ t❤❡ ✐❞❡❛❧ ❣❛s ❧❛✇ ✭p = nkT ✮ t❤❡ ❛✈❡r❛❣❡ t❡♠♣❡r❛t✉r❡ ✐♥ t❤❡ ❜♦r❡

❤♦❧❡ ✐s Thole = 540❑✳ ❚❤✐s t❡♠♣❡r❛t✉r❡ ❝♦♥✜r♠s t❤❡ ♣r❡✈✐♦✉s ❛ss✉♠♣t✐♦♥ ♦❢ ❛ r❡❧❛t✐✈❡❧② ❝♦❧❞ ❣❛s

✈♦❧✉♠❡ ✐♥s✐❞❡ t❤❡ ❜♦r❡ ❤♦❧❡✳ ❲✐t❤ t❤❡ ❦♥♦✇♥ ♥✉♠❜❡r ❞❡♥s✐t② ♦❢ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥✱ t❤❡ tr❛♥s♠✐ss✐♦♥

♦❢ t❤❡ ❣❛s ✐♥ t❤❡ ❜♦r❡ ❤♦❧❡ ❜❡t✇❡❡♥ st❛❣♥❛t✐♦♥ ♣♦✐♥t ❛♥❞ ✇✐♥❞♦✇ ✐s ❡✈❛❧✉❛t❡❞✳ ❚❤✐s tr❛♥s♠✐ss✐♦♥
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❋✐❣✳ ✷✹ ▼❡❛s✉r❡❞ ❱❯❱ s♣❡❝tr✉♠ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❖2 ❛❜s♦r♣t✐♦♥ ❝♦rr❡❝t✐♦♥ ❛♥❞ ❝✉♠✉❧❛t✐✈❡

r❛❞✐❛♥❝❡✳

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

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

♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ❛❜s♦r♣t✐♦♥ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✷✳

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

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

t❤❡ s♣❡❝tr✉♠ ✐♥❝✐❞❡♥t ❛t t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t ✭❋✐❣✳ ✷✹✮✳ ❚❤✐s ✐s t❤❡ r❛❞✐❛t✐♦♥ ✇❤✐❝❤ ❛♥ ❛❜❧❛t✐♦♥

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

✇❤✐❝❤ ✐s ✶✳✺✻ t✐♠❡s ❤✐❣❤❡r ❛t t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t ❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛t t❤❡ ✇✐♥❞♦✇✳

❋✐❣✉r❡ ✷✹ s❤♦✇s t❤❛t t❤❡ ♠✉❧t✐♣❧❡ts ❛t ✶✷✵✳✵✵ ♥♠✱ ✶✷✹✳✸✷ ♥♠✱ ✶✹✶✳✶✾ ♥♠ ❛♥❞ ✶✹✾✳✸✸ ♥♠ ❛r❡ ❛✛❡❝t❡❞

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

✉♥❝❤❛♥❣❡❞✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ s♣❡❝tr❛❧ s❤❛♣❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ❛❜s♦r♣t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❬✽✶❪✳

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

❞❡♥s✐t② ✐s ✉s❡❞ ❢♦r t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s♣♦rt ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❜r❛♥❝❤✐♥❣ r❛t✐♦s ❛♥❞ t❤❡ ❜❧❛❝❦ ❜♦❞②

❧✐♠✐ts✳ ❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣s✳ ✷✵ t♦ ✷✹ ❛r❡ t❤❡ ✜♥❛❧ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❛❢t❡r t❤❡s❡ ✐t❡r❛t✐♦♥s✳

❙✐♠✐❧❛r❧②✱ ❛t♦♠✐❝ ♦①②❣❡♥ ✐s ❛♥❛❧②③❡❞✳ ❚❤❡ ❖2 ❛❜s♦r♣t✐♦♥ ❝♦rr❡❝t❡❞ s♣❡❝tr✉♠ ✐♥ ❋✐❣✳ ✷✷ ✐s ✉s❡❞ t♦

♦❜t❛✐♥ t❤❡ ❜❧❛❝❦ ❜♦❞② t❡♠♣❡r❛t✉r❡ ♦❢ ❛t♦♠✐❝ ♦①②❣❡♥ ✉t✐❧✐③✐♥❣ t❤❡ tr✐♣❧❡t ❛r♦✉♥❞ ✶✸✵✳✸✺ ♥♠✳ ❚❤❡

r❡s♣❡❝t✐✈❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t ②✐❡❧❞s ❛ t❡♠♣❡r❛t✉r❡ ♦❢ TBB,O = 9200K ❛♥❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✷✳

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

✸✻



❝♦♥s✐❞❡r❡❞ ❛♥ ❛✈❡r❛❣❡ ♦❢ t❤❛t r❡❣✐♦♥✳

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

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

❚❤✐s ✐s ❝♦♥❞✉❝t❡❞ ❢♦r t❤❡ ♦①②❣❡♥ ❧✐♥❡ ❛t ✶✷✶✳✼✻ ♥♠ ✭1❙✱ E = 33793 ❝♠−1✮ ❛♥❞ t❤❡ ♥✐tr♦❣❡♥ r❡s♦♥❛♥t

tr✐♣❧❡t ❛t ✶✷✵✳✵✵ ♥♠ ✭4❙0✱ E = 0 ❝♠−1✮✳ ❉✉❡ t♦ t❤❡ ❧❛r❣❡ tr❛♥s✐t✐♦♥ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡

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

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

❣r♦✉♥❞ st❛t❡✳ ❲✐t❤ t❤❡ ♦❜t❛✐♥❡❞ ❜❧❛❝❦ ❜♦❞② t❡♠♣❡r❛t✉r❡ ♦❢ ♥✐tr♦❣❡♥ TBB,N✱ t❤❡ ♣❡❛❦ ✈❛❧✉❡ ♦❢

t❤❡ ❝♦♥s✐❞❡r❡❞ ❧✐♥❡ ❛♥❞ ❊q✳ ✭✶✹✮ t❤❡ ♥✐tr♦❣❡♥ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t✐♥❣ ❝✉r✈❡ ✐s s❝❛❧❡❞ t♦ ♠❛t❝❤ t❤❡ ❧✐♥❡

♣❡❛❦✳ ❚❤❡ s❝❛❧✐♥❣ ❢❛❝t♦r ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡ ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t✐♦♥ ✐♥ ❊q✳ ✭✶✹✮

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

nN,0 = 1.2 · 1022♠−3✳ ❚❤❡ ♥✉♠❜❡r ❞❡♥s✐t② ♦❢ t❤❡ ♦①②❣❡♥ 1❙ ✭E = 33793 ❝♠−1✮ st❛t❡ ✐s ❝❛❧❝✉❧❛t❡❞

❛♥❛❧♦❣♦✉s❧② ❜② ❝♦♥s✐❞❡r✐♥❣ t❤❡ r❡s♣❡❝t✐✈❡ ✈❛❧✉❡s ♦❢ ♦①②❣❡♥ ❛♥❞ ②✐❡❧❞s nO,33793 = 2.2 · 1018♠−3✳

❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t ♦❢ t❤❡ ♥✐tr♦❣❡♥ 2P0 ✭E = 28839 ❝♠−1✮ ❧❡✈❡❧ ✐s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣

❊q✳ ✭✶✹✮ ✇✐t❤ t❤❡ ♥✐tr♦❣❡♥ ❜❧❛❝❦ ❜♦❞② t❡♠♣❡r❛t✉r❡ TBB,N ❛♥❞ t❤❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t② nN,28839

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

✇❤✐❧❡ ❋✐❣✳ ✷✶ ♣r❡s❡♥ts t❤❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ✐♥ t❤❡ ❇♦❧t③♠❛♥♥ ♣❧♦t✳ ❇❛s❡❞ ♦♥ ❛ ❜r❛♥❝❤✐♥❣ r❛t✐♦

❛♥❛❧②s✐s✱ t❤❡ ❖2 ❛❜s♦r♣t✐♦♥ ✐♥ t❤❡ ❜♦r❡ ❤♦❧❡ ❛♥❞ t❤❡ ✐♥t❡♥s✐t② ❧✐♠✐t ❢r♦♠ ❜❧❛❝❦ ❜♦❞② r❛❞✐❛t✐♦♥✱ t♦t❛❧

❞❡♥s✐t✐❡s ♦❢ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ ❛♥❞ ♦①②❣❡♥✱ t❤❡✐r r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡s ❛♥❞ t❤❡

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

❱■✳ ❙✉♠♠❛r②

❚❤❡ ❝♦rr❡❝t✐♦♥ ❢♦r t❤❡ ❜♦r❡ ❤♦❧❡ ❛❜s♦r♣t✐♦♥ ❛❧❧♦✇s ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉①

✐♥❝✐❞❡♥t ♦♥ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t ♦❢ t❤❡ ♣r♦❜❡✳ ❚❤❡ ❛♣♣r♦①✐♠❛t❡ r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉① q̇rad,VUV ❢r♦♠

t❤❡ ♠❡❛s✉r❡❞ ❱❯❱ s♣❡❝tr❛❧ r❡❣✐♦♥ ✐s

q̇rad,VUV = 2π ·

∫ 196 nm

116 nm

Lλdλ = 235 kW/m2 ✭✶✺✮
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❚❛❜❧❡ ✻ ❚❡♠♣❡r❛t✉r❡s ❛♥❞ ♥✉♠❜❡r ❞❡♥s✐t✐❡s ❛t t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t r❡❣✐♦♥✳

Trot ✴ ❑ Tvib ✴ ❑ Texc,N ✴ ❑ Texc,O ✴ ❑ TBBL,N ✴ ❑ TBBL,O ✴ ❑

✭❯❱✲◆■❘ ♦♥❧②✮ ✭❯❱✲◆■❘ ♦♥❧②✮

✶✸✷✼✵ ✶✷✼✺✵ ✽✹✶✵ ✽✵✻✵ ✶✵✽✵✵ ✾✷✵✵

✭✼✼✵✵✮ ✭✻✹✾✵✮

nN ✴ ♠−3 nO ✴ ♠−3

✭❊q✉✐❧✐❜r✐✉♠ ❝❛❧❝✉❧❛t✐♦♥✮ ✭❊q✉✐❧✐❜r✐✉♠ ❝❛❧❝✉❧❛t✐♦♥✮

1.7× 10
22

6.5× 10
21

✭8.3× 10
21✮ ✭2.8× 10

21✮

✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ r♦✉❣❤❧② ✻✪ ♦❢ t❤❡ t♦t❛❧ ♠❡❛s✉r❡❞ ❤❡❛t ✢✉① ✭s❡❡ ❚❛❜❧❡ ✶✮ ❬✶✻❪✳ ❍♦✇❡✈❡r✱ t❤❡

r❡❝♦r❞❡❞ s♣❡❝tr❛ st❡♠ ❢r♦♠ r❛❞✐❛t✐♦♥ ❛t ❛♥ ❛♥❣❧❡ ♦❢ ✷✽ ◦ t♦ t❤❡ ❝❡♥t❡r ❛①✐s✳ ❘ö❝❦ s❤♦✇❡❞ t❤❛t ❱❯❱

r❛❞✐❛t✐♦♥ ✐♥ ❛ ♥✐tr♦❣❡♥ ♣❧❛s♠❛ ✐s ❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❛♥❣❧❡ t♦ t❤❡ ❝❡♥t❡r ❛①✐s ❬✺✸❪✳ ❚❤❡r❡❢♦r❡✱

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

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

t❤❡ ❧✐♥❡ ♦❢ s✐❣❤t ✭t❤❡ ❞✐str✐❜✉t✐♦♥ ✐♥ ❋✐❣✳ ✶✾ ✐s ✉s❡❞✮✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ t❤❡ ❤✐❣❤ ♦♣t✐❝❛❧ t❤✐❝❦♥❡ss

♦❢ ♠❛♥② ♠✉❧t✐♣❧❡ts t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ r❡❣✐♦♥s ❢✉rt❤❡r ❛✇❛② ❢r♦♠ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t ♦♥ t❤❡ ♠❡❛✲

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

t❡♠♣❡r❛t✉r❡s ✐♥ t❤✐s r❡❣✐♦♥ ❝♦♥✜r♠ ❛ t❤❡r♠❛❧ ♥♦♥❡q✉✐❧✐❜r✐✉♠ ❛♥❞ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✻✳

❊❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡s ❞❡r✐✈❡❞ ❢r♦♠ ❯❱✲◆■❘ ♠❡❛s✉r❡♠❡♥ts ♦♥❧② ②✐❡❧❞ ❧♦✇❡r t❡♠✲

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

st❛t❡s✱ ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ❙✐♠✐❧❛r ❡✛❡❝ts ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ ♦t❤❡r ✐♥✈❡st✐❣❛t✐♦♥s ❛♥❞ ❝❛♥ ❜❡

❛ r❡s✉❧t ♦❢ str♦♥❣ ❛❜s♦r♣t✐♦♥ ✐♥ t❤❡ ❱❯❱ s♣❡❝tr❛❧ r❡❣✐♦♥ ❬✽✺✱ ✽✻❪✳ ❚❤❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛✲

t✉r❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ❛❧❧ ♠❡❛s✉r❡❞ ❡①❝✐t❡❞ st❛t❡s ♦❢ t❤❡ t✇♦ ❛t♦♠s ♠❛t❝❤ ✈❡r② ✇❡❧❧ ✭✇✐t❤✐♥ ✹✪✮✳ ❚❤❡

❜❧❛❝❦ ❜♦❞② ❧✐♠✐t t❡♠♣❡r❛t✉r❡ s❤♦✉❧❞ ❜❡ ✐❞❡♥t✐❝❛❧ ✇✐t❤ t❤❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ❬✷✶❪✳

❍♦✇❡✈❡r✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ t❡♠♣❡r❛t✉r❡s ✐s ✶✶✹✵✲✷✸✾✵❑✳ ❚❤❡r❡ ❛r❡ ✈❛r✐♦✉s r❡❛s♦♥s

❢♦r t❤✐s ❞✐s❝r❡♣❛♥❝②✳ ❚❤❡ ❜❧❛❝❦ ❜♦❞② t❡♠♣❡r❛t✉r❡s ❛r❡ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ s✐♠✉❧❛t❡❞ ❧✐♥❡ ♣r♦✜❧❡✳ ■❢

t❤❡ tr❛♥s❧❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ r❛❞✐❛t✐♥❣ ❛t♦♠s ❞✐✛❡rs ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ♠♦❧❡❝✉❧❛r r♦t❛t✐♦♥❛❧
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t❡♠♣❡r❛t✉r❡✱ t❤❡ ❝♦♠♣✉t❡❞ ❧✐♥❡ ♣r♦✜❧❡s ♠❛② ❜❡ ❡rr♦♥❡♦✉s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥

t❤❡ ❇♦❧t③♠❛♥♥ ♣❧♦ts ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❧♦✇❡r st❛t❡s ❤❛s t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✳ ❋✐❣✉r❡ ✶✻ s❤♦✇s t❤❛t

t❤❡ t❡♠♣❡r❛t✉r❡s ❞❡❝r❡❛s❡ t♦✇❛r❞s t❤❡ ♣r♦❜❡ s✉r❢❛❝❡ ❛♥❞ ❚❛❜❧❡ ✻ s❤♦✇s t❤❛t t❤❡s❡ t❡♠♣❡r❛t✉r❡s

✭❯❱✲◆■❘ ♦♥❧②✮ ❝❧♦s❡ t♦ t❤❡ ♣r♦❜❡ ❛r❡ ✉♥❞❡r❡st✐♠❛t❡❞ ❜② ✼✶✵❑ ❛♥❞ ✶✺✼✵❑ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡r❡❢♦r❡✱

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

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

t❤❡ ♦①②❣❡♥ t❡♠♣❡r❛t✉r❡✱ ❛ tr❡♥❞ t❤❛t ✐s ❞✉♣❧✐❝❛t❡❞ ❜② t❤❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t ✐♥ t❤❡ ❱❯❱ s♣❡❝tr✉♠✳

❉✉❡ t♦ t❤❡ ❛①✐❛❧ ❡①t❡♥t ✭✶✳✻♠♠ ❢✉❧❧ ✇✐❞t❤ ❛t ❤❛❧❢ ♠❛①✐♠✉♠✮ ♦❢ t❤❡ ❯❱✲◆■❘ ♠❡❛s✉r❡♠❡♥t ✈♦❧✉♠❡✱

♦♥❧② ❛✈❡r❛❣❡ ✈❛❧✉❡s ♦❢ t❤✐s ✈♦❧✉♠❡ ❛r❡ ❛❝q✉✐r❡❞✳ ■♥ r❡❣✐♦♥s ✇✐t❤ str♦♥❣ ❣r❛❞✐❡♥ts✱ ✐✳ ❡✳ t❤❡ st❛❣✲

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

tr❛♥s❢❡r✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ✉♥❝❡rt❛✐♥t② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ✐s ❧❛r❣❡st ✐♥ t❤❡ s❤♦rt ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥

✭λ < 120 ♥♠✮✳ ❍♦✇❡✈❡r✱ t❤✐s r❡❣✐♦♥ ✐s ✉s❡❞ t♦ ♦❜t❛✐♥ t❤❡ ❜❧❛❝❦ ❜♦❞② ❧✐♠✐t ♦❢ t❤❡ ♥✐tr♦❣❡♥ ❛t♦♠✳

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

t❤❛♥ t❤❡ ✉s✉❛❧ ❤✐❣❤ ❡♥❡r❣② st❛t❡ ❇♦❧t③♠❛♥♥ ♣❧♦t ✭s❡❡ ❋✐❣✳ ✶✺ ✇✐t❤ t❤❡ r❡s♣❡❝t✐✈❡ ❡rr♦r ♠❛r❣✐♥s✮ ❛♥❞

②✐❡❧❞s ❛ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ♦❢ ✽✵✻✵✲✶✵✽✵✵❑✳

❆❧t❤♦✉❣❤ t❤❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ❡①❤✐❜✐ts ✉♥❝❡rt❛✐♥t✐❡s✱ t❤❡ ❡✛❡❝t ♦♥ t❤❡ ❞❡t❡r♠✐♥❛✲

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

❛♥❞ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡①❝✐t❡❞ st❛t❡s ✐s ♦♥❧② ❛ ✇❡❛❦ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠✲

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

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

r✐③❡❞ ✐♥ ❚❛❜❧❡ ✻✳ ❚❤❡s❡ ✈❛❧✉❡s ❛r❡ ❜♦t❤ ❛♣♣r♦①✐♠❛t❡❧② ❞♦✉❜❧❡ ♦❢ ✇❤❛t ✐s ❡①♣❡❝t❡❞ ❢r♦♠ ❡q✉✐❧✐❜r✐✉♠

❝❛❧❝✉❧❛t✐♦♥s ❬✸✾❪✳ P♦ss✐❜❧②✱ t❤❡ t❤❡r♠❛❧ ❜♦✉♥❞❛r② ❧❛②❡r ✐♥❝r❡❛s❡s t❤❡ t♦t❛❧ ♥✉♠❜❡r ❞❡♥s✐t② ♦❢ t❤❡

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

s✐♠✉❧❛t✐♦♥✱ ❡rr♦r ❜❛rs ❛r❡ ♥♦t ❡❛s✐❧② ❡st✐♠❛t❡❞✳ ▲❛✐t② ❡t ❛❧✳ ❛♣♣r♦①✐♠❛t❡ t❤❡ ✉♥❝❡rt❛✐♥t② ❢r♦♠

❜r❛♥❝❤✐♥❣ r❛t✐♦s t♦ ❜❡ ❛❜♦✉t ✺✵✪ ❬✼✷❪✳

❘❡❣❛r❞✐♥❣ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ r❛❞✐❛t✐✈❡ tr❛♥s♣♦rt✱ t❤❡ ✉♥❝❡rt❛✐♥t② ✐♥ t❤❡ ❧✐♥❡ s❤❛♣❡ ❤❛s t♦ ❜❡ ❝♦♥s✐❞✲

❡r❡❞✳ ▲✐♥❡ ✇✐♥❣s ♦❢ tr❛♥s✐t✐♦♥s t❤❛t ❛r❡ str♦♥❣❧② s❡❧❢✲❛❜s♦r❜❡❞ ❝❛♥ ❝♦♥tr✐❜✉t❡ ❛ s✐❣♥✐✜❝❛♥t ❛♠♦✉♥t

t♦ t❤❡ t♦t❛❧ r❛❞✐❛t✐♦♥ ✐♥❝✐❞❡♥t ♦♥ t❤❡ ♣r♦❜❡ ❬✶✹❪✳ ❆s t❤❡ ❡❧❡❝tr♦♥ ❞❡♥s✐t② ✉s❡❞ ✐♥ t❤❡ ♣r❡s❡♥t ✇♦r❦

✸✾



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

❛❝❝✉r❛❝② ♦❢ t❤❡ ♣r❡s❡♥t❡❞ r❡s✉❧ts✳

❚❤✐s st✉❞② ❣✐✈❡s ✜rst ✐♥s✐❣❤t ✐♥t♦ t❤❡ ❡♥❡r❣② st❛t❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ✐♥✈❡st✐❣❛t❡❞ ❛t♦♠s ✐♥ t❤❡

st❛❣♥❛t✐♦♥ r❡❣✐♦♥✳ ❖①②❣❡♥ ❛♣♣❡❛rs t♦ ❜❡ ❝♦♠♣❧❡t❡❧② ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t❡❞ ✇❤✐❧❡ ♥✐tr♦❣❡♥ s❤♦✇s

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

❜② ♥✉♠❡r✐❝❛❧ ❝❛❧❝✉❧❛t✐♦♥s✱ t♦♦ ❬✷✶✱ ✻✼✱ ✽✾❪✳ ❚❤❡ ❣r♦✉♥❞ st❛t❡ ✉♥❞❡r♣♦♣✉❧❛t✐♦♥ r❡s✉❧ts

✐♥ s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r r❛❞✐❛t✐♦♥ ❢♦r t❤❡ tr❛♥s✐t✐♦♥s ✇❤❡r❡ t❤❡ ❣r♦✉♥❞ st❛t❡ ✐s t❤❡ ❧♦✇❡r

st❛t❡ ❬✷✶❪✳ ❚❤❡ ♦r✐❣✐♥ ♦❢ t❤✐s ✉♥❞❡r♣♦♣✉❧❛t✐♦♥ ✐s ♥♦t ②❡t ❝❧❡❛r✳ ▼❡❝❤❛♥✐s♠s ❧❡❛❞✐♥❣ t♦ t❤✐s r❡s✉❧t

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

q✉❛s✐✲st❡❛❞② st❛t❡ ❝♦♥❞✐t✐♦♥ ❬✺✶✱ ✻✼✱ ✽✾✕✾✶❪✳

❆♥♦t❤❡r r❡s✉❧t ✐s t❤❛t ♠♦st ♦❢ t❤❡ ❱❯❱ r❛❞✐❛t✐♦♥ ✐♠♣✐♥❣✐♥❣ ♦♥t♦ t❤❡ ♣r♦❜❡ ♦r✐❣✐♥❛t❡s ❢r♦♠ ❝❧♦s❡ t♦

t❤❡ s✉r❢❛❝❡ ❞✉❡ t♦ t❤❡ ♦♣t✐❝❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❧✐♥❡s ❛♥❞ t❤❡ ❤✐❣❤ ❡①❝✐t❡❞ st❛t❡ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t②

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

✐s ♣r♦❞✉❝❡❞ ✐♥ t❤❡ s❤♦❝❦ ❬✶✻✱ ✾✷❪✳

❱■■✳ ❈♦♥❝❧✉s✐♦♥

❋♦r t❤❡ ♣✉r♣♦s❡ ♦❢ ❛❜❧❛t✐♦♥✲r❛❞✐❛t✐♦♥ ❝♦✉♣❧✐♥❣ ✐♥✈❡st✐❣❛t✐♦♥ ❛ ❱❯❱ s♣❡❝tr♦s❝♦♣② s②st❡♠ ♠❡❛✲

s✉r✐♥❣ r❛❞✐❛t✐♦♥ ✐♥ t❤❡ s♣❡❝tr❛❧ r❛♥❣❡ ✶✶✻✲✶✾✻ ♥♠ ❤❛s ❜❡❡♥ ❞❡s✐❣♥❡❞ ❛♥❞ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ♣❧❛s♠❛

✇✐♥❞ t✉♥♥❡❧ P❲❑✶ ❛t ■❘❙✳ ❚❤❡ s②st❡♠ ♠❡❛s✉r❡s t❤❡ r❛❞✐❛t✐♦♥ ❛t t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t ♦❢ ❛ ♣r♦❜❡✳

❚❤❡ ❧✐❣❤t ✐s ❞✐r❡❝t❡❞ ♦✉t ♦❢ t❤❡ ✈❡ss❡❧ t♦ ❛ ❱❯❱ s♣❡❝tr♦♠❡t❡r ✉s✐♥❣ ❛ s❡r✐❡s ♦❢ ♠✐rr♦rs✳ ❆❞❞✐t✐♦♥✲

❛❧❧②✱ ❯❱✲◆■❘ s♣❡❝tr♦s❝♦♣✐❝ ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ s♣❡❝tr❛❧ r❛♥❣❡ ✸✵✵✲✾✻✵ ♥♠ ❤❛✈❡ ❜❡❡♥ ❝♦♥❞✉❝t❡❞

✈✐❡✇✐♥❣ t❤❡ ♣❧❛s♠❛ ❢r♦♠ t❤❡ s✐❞❡✳ ❯❱✲◆■❘ ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ ❜❡❡♥ ❝♦♥❞✉❝t❡❞ ❛t ✜✈❡ ❞✐st✐♥❝t

❛①✐❛❧ ❧♦❝❛t✐♦♥s ❛♥❞ ❛♥ ❆❜❡❧✲tr❛♥s❢♦r♠❛t✐♦♥ ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞✳ ❇♦t❤ s♣❡❝tr♦s❝♦♣✐❝ s②st❡♠s ❤❛✈❡ ❜❡❡♥

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

P❧❛s♠❛ ✇✐♥❞ t✉♥♥❡❧ t❡sts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛t ❛ ❧♦❝❛❧ ❡♥t❤❛❧♣② ♦❢ ✻✽✳✹▼❏✴❦❣ ❛♥❞ ❛ st❛❣♥❛t✐♦♥ ♣r❡s✲

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

❢✉t✉r❡ ❛❜❧❛t✐♦♥ ✐♥✈❡st✐❣❛t✐♦♥s✳ ❚❤❡ ♠❡❛s✉r❡❞ ❱❯❱ s♣❡❝tr❛ s❤♦✇ str♦♥❣ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ ❛♥❞ ♦①②❣❡♥

❧✐♥❡s✳ ❚❤❡ ❯❱✲◆■❘ s♣❡❝tr✉♠ ❛❧s♦ ❢❡❛t✉r❡s ❧✐♥❡s ❢r♦♠ t❤❡s❡ ❛t♦♠✐❝ s♣❡❝✐❡s ❛s ✇❡❧❧ ❛s ❜❛♥❞s ❢r♦♠

♥✐tr♦❣❡♥ ❛♥❞ ✐♦♥✐③❡❞ ♥✐tr♦❣❡♥ ♠♦❧❡❝✉❧❡s✳

✹✵



❚❤❡ ❧♦❝❛❧ ❡♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❯❱✲◆■❘ ♠❡❛s✉r❡♠❡♥ts ❛s ✇❡❧❧ ❛s t❤❡ ❱❯❱ s♣❡❝tr❛❧ r❛❞✐❛♥❝❡

❤❛✈❡ ❜❡❡♥ ❛♥❛❧②③❡❞ ✐♥ ♦r❞❡r t♦ ❛❝❝❡ss t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ ❱❯❱ r❛❞✐❛t✐♦♥ ✐♥ t❤❡ ✢♦✇ ✜❡❧❞✳ ❚❤❡ ❱❯❱

st❛❣♥❛t✐♦♥ ♣♦✐♥t s♣❡❝tr✉♠ ❤❛s ❜❡❡♥ ♦❜t❛✐♥❡❞ ❜② ❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥

✐♥ t❤❡ ♣r♦❜❡ ❜♦r❡ ❤♦❧❡✳ ❚❤❡ ♠❡❛s✉r❡❞ r❛❞✐❛t✐✈❡ ❤❡❛t ✢✉① ❢r♦♠ t❤❡ ✐♥✈❡st✐❣❛t❡❞ ❱❯❱ s♣❡❝tr❛❧ r❛♥❣❡

✐s 235 kW/m2 ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✻✪ ♦❢ t❤❡ t♦t❛❧ ♠❡❛s✉r❡❞ ❤❡❛t ✢✉①✳

❋✉rt❤❡r♠♦r❡✱ t❤❡ ❱❯❱✲◆■❘ s♣❡❝tr❛ ❛r❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❡♠♣❡r❛t✉r❡s ❛♥❞ ♥✉♠❜❡r ❞❡♥s✐t✐❡s ✐♥

t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t r❡❣✐♦♥✳ ❊❧❡❝tr♦♥✐❝ ❡①❝✐t❛t✐♦♥ t❡♠♣❡r❛t✉r❡s ✐♥ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t r❡❣✐♦♥ ❛r❡

✐♥ t❤❡ r❛♥❣❡ ✽✵✻✵✲✶✵✽✵✵❑✳ ❚❤❡ r♦t❛t✐♦♥❛❧ ❛♥❞ ✈✐❜r❛t✐♦♥❛❧ t❡♠♣❡r❛t✉r❡s ②✐❡❧❞ ✶✸✷✼✵ ❛♥❞ ✶✷✼✺✵❑

r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♠❡❛s✉r❡❞ ♥✉♠❜❡r ❞❡♥s✐t✐❡s ♦❢ ❛t♦♠✐❝ ♥✐tr♦❣❡♥ ❛♥❞ ♦①②❣❡♥ ❛r❡ 1.7× 1022♠−3 ❛♥❞

6.5× 1021♠−3 r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ❛t♦♠✐❝ ♠❡t❛st❛❜❧❡ ❛♥❞ ❣r♦✉♥❞ st❛t❡ ❞❡♥s✐t✐❡s r❡✈❡❛❧❡❞ t❤❛t ♦①②❣❡♥ ✐s ❇♦❧t③✲

♠❛♥♥ ❞✐str✐❜✉t❡❞ ✇❤❡r❡❛s ♥✐tr♦❣❡♥ ✐s ❇♦❧t③♠❛♥♥ ❞✐str✐❜✉t❡❞ ❡①❝❡♣t ❢♦r t❤❡ ❣r♦✉♥❞ st❛t❡✳

❆❝❦♥♦✇❧❡❞❣❡♠❡♥t

❚❤❡ ❛✉t❤♦rs ❣r❛t❡❢✉❧❧② ❛❝❦♥♦✇❧❡❞❣❡ t❤❡ ✜♥❛♥❝✐❛❧ s✉♣♣♦rt ❜② ❊❙❆ t❤r♦✉❣❤ t❤❡ r❡s❡❛r❝❤ ❣r❛♥t

◆♦✳ ✷✵✶✶✴■❚❚✲✻✻✸✷✴P▲✳ ❚❤❡ ❞❡❞✐❝❛t❡❞ s✉♣♣♦rt ♦❢ t❤❡ ✐♥st✐t✉t❡✬s ✇♦r❦s❤♦♣ ✐s ✐♥❞✐s♣❡♥s❛❜❧❡ ❛♥❞

❣r❛t❡❢✉❧❧② ❛❝❦♥♦✇❧❡❞❣❡❞✳ ❚❤❡ ❛✉t❤♦rs ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ t❤❡ ♣r♦❥❡❝t ♣❛rt♥❡rs ❢♦r s❤❛r✐♥❣ t❤❡✐r

❤❛r❞✇❛r❡ ❛♥❞ ❦♥♦✇❧❡❞❣❡ ❛♥❞ t❤❡ ❝♦❧❧❡❛❣✉❡s ❢r♦♠ t❤❡ ❍✐❣❤ ❊♥t❤❛❧♣② ❋❧♦✇ ❉✐❛❣♥♦st✐❝s ●r♦✉♣ ❢♦r

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

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

♣❛♣❡r s✐❣♥✐✜❝❛♥t❧②✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ❆♥❞❡rs♦♥✱ ❏✳ ❉✳✱ ❍②♣❡rs♦♥✐❝ ❛♥❞ ❍✐❣❤✲❚❡♠♣❡r❛t✉r❡ ●❛s ❉②♥❛♠✐❝s✱ ✷♥❞ ❊❞✐t✐♦♥✱ ❆■❆❆ ❊❞✉❝❛t✐♦♥

❙❡r✐❡s✱ ✷♥❞ ❡❞✳✱ ✷✵✵✻✳

❬✷❪ ●✉♣t❛✱ ❘✳ ◆✳✱ ✏❆❡r♦t❤❡r♠♦❞②♥❛♠✐❝ ❆♥❛❧②s✐s ♦❢ ❙t❛r❞✉st ❙❛♠♣❧❡ ❘❡t✉r♥ ❈❛♣s✉❧❡ ✇✐t❤ ❈♦✉♣❧❡❞ ❘❛❞✐✲

❛t✐♦♥ ❛♥❞ ❆❜❧❛t✐♦♥✱✑ ❏♦✉r♥❛❧ ♦❢ ❙♣❛❝❡❝r❛❢t ❛♥❞ ❘♦❝❦❡ts✱ ❱♦❧✳ ✸✼✱ ◆♦✳ ✹✱ ❏✉❧② ✷✵✵✵✱ ♣♣✳ ✺✵✼✕✺✶✹✳

❬✸❪ ❘✐❡❞✱ ❘✳ ❈✳✱ ❘♦❝❤❡❧❧❡✱ ❲✳ ❈✳✱ ❛♥❞ ▼✐❧❤♦❛♥✱ ❏✳ ❉✳✱ ✏❘❛❞✐❛t✐✈❡ ❍❡❛t✐♥❣ t♦ t❤❡ ❆♣♦❧❧♦ ❈♦♠♠❛♥❞ ▼♦❞✲

✉❧❡✿ ❊♥❣✐♥❡❡r✐♥❣ Pr❡❞✐❝t✐♦♥ ❛♥❞ ❋❧✐❣❤t ▼❡❛s✉r❡♠❡♥t✱✑ ❚❡❝❤✳ ❘❡♣✳ ◆❆❙❆✲❚▼✲❳✲✺✽✵✾✶✱ ❏♦❤♥s♦♥ ❙♣❛❝❡

✹✶



❈❡♥t❡r✱ ❆♣r✐❧ ✶✾✼✷✳

❬✹❪ ❍♦s❤✐③❛❦✐✱ ❍✳ ❛♥❞ ▲❛s❤❡r✱ ▲✳ ❊✳✱ ✏❈♦♥✈❡❝t✐✈❡ ❛♥❞ ❘❛❞✐❛t✐✈❡ ❍❡❛t ❚r❛♥s❢❡r t♦ ❛♥ ❆❜❧❛t✐♥❣ ❇♦❞②✱✑

❚❤❡r♠♦♣❤②s✐❝s ❈♦♥❢❡r❡♥❝❡✱ ◆♦✳ ❆■❆❆✲✻✼✲✸✷✼✱ ❆■❆❆✱ ✶✾✻✼✳

❬✺❪ ❏♦❤♥st♦♥✱ ❈✳ ❖✳✱ ●♥♦✛♦✱ P✳ ❆✳✱ ❛♥❞ ▼❛③❛❤❡r✐✱ ❆✳✱ ✏■♥✢✉❡♥❝❡ ♦❢ ❈♦✉♣❧❡❞ ❘❛❞✐❛t✐♦♥ ❛♥❞ ❆❜❧❛t✐♦♥ ♦♥ t❤❡

❆❡r♦t❤❡r♠♦❞②♥❛♠✐❝ ❊♥✈✐r♦♥♠❡♥t ♦❢ P❧❛♥❡t❛r② ❊♥tr② ❱❡❤✐❝❧❡s✱✑ ❘❛❞✐❛t✐♦♥ ❛♥❞ ●❛s✲❙✉r❢❛❝❡ ■♥t❡r❛❝t✐♦♥

P❤❡♥♦♠❡♥❛✱ ❱♦❧✳ ✷✶✽ ♦❢ ❘❚❖ ▲❡❝t✉r❡ ❙❡r✐❡s✱ ✷✵✶✸✳

❬✻❪ ❆✉✇❡t❡r✲❑✉rt③✱ ▼✳✱ ❑✉rt③✱ ❍✳✱ ❛♥❞ ▲❛✉r❡✱ ❙✳✱ ✏P❧❛s♠❛ ❣❡♥❡r❛t♦rs ❢♦r r❡✲❡♥tr② s✐♠✉❧❛t✐♦♥✱✑ ❏♦✉r♥❛❧ ♦❢

Pr♦♣✉❧s✐♦♥ ❛♥❞ P♦✇❡r✱ ❱♦❧✳ ✶✷✱ ◆♦✳ ✻✱ ◆♦✈❡♠❜❡r✲❉❡③❡♠❜❡r ✶✾✾✻✱ ♣♣✳ ✶✵✺✸✕✶✵✻✶✳

❬✼❪ ❆✉✇❡t❡r✲❑✉rt③✱ ▼✳ ❛♥❞ ❲❡❣♠❛♥♥✱ ❚✳✱ ✏❖✈❡r✈✐❡✇ ♦❢ ■❘❙ P❧❛s♠❛ ❲✐♥❞ ❚✉♥♥❡❧ ❋❛❝✐❧✐t✐❡s✱✑ ❘❚❖ ❊❞✉❝❛✲

t✐♦♥❛❧ ◆♦t❡s✱ ❱♦❧✳ ✽✱ ❖❝t✳ ✶✾✾✾✳

❬✽❪ ❉❛❜❛❧à✱ P✳✱ ❍✐❧❢❡r✱ ●✳✱ ❛♥❞ ❆✉✇❡t❡r✲❑✉rt③✱ ▼✳✱ ✏■♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡ ❖①✐❞❛t✐♦♥ ❇❡❤❛✈✐♦✉r ♦❢ ❚❤❡r♠❛❧

Pr♦t❡❝t✐♦♥ ▼❛t❡r✐❛❧s ❙✉♣♣♦rt❡❞ ❜② ▼❛ss ❙♣❡❝tr♦♠❡tr②✱✑ ✷♥❞ ❊✉r♦♣❡❛♥ ❙②♠♣♦s✐✉♠ ♦♥ ❆❡r♦t❤❡r♠♦❞②✲

♥❛♠✐❝s ❢♦r ❙♣❛❝❡ ❱❡❤✐❝❧❡s✱ ◆♦✈✳ ✶✾✾✹✱ ♣♣✳ ✷✸✼✕✷✹✻✳

❬✾❪ ▲❛✉①✱ ❚✳✱ ❆✉✇❡t❡r✲❑✉rt③✱ ▼✳✱ ❲❡❣♠❛♥♥✱ ❚✳✱ ▼♦r✐♥♦✱ ❨✳✱ ❨♦s❤✐♥❛❦❛✱ ❚✳✱ P❛r❦✱ ❈✳✱ ❛♥❞ ❙♣❡❝❦♠❛♥♥✱

❍✳ ❉✳✱ ✏❈♦♠♣❛r✐s♦♥ ♦❢ ❆❜❧❛t✐♦♥ ▼❛t❡r✐❛❧ ❚❡sts ✐♥ ❛ P❧❛s♠❛ ❲✐♥❞ ❚✉♥♥❡❧ ❛♥❞ ▲❛s❡r ❍❡❛t✐♥❣ ❋❛❝✐❧✐t✐❡s✱✑

✸r❞ ❊✉r♦♣❡❛♥ ❲♦r❦s❤♦♣ ♦♥ ❚❤❡r♠❛❧ Pr♦t❡❝t✐♦♥ ❙②st❡♠s✱ ▼❛r❝❤ ✶✾✾✽✳

❬✶✵❪ ▲✐❡❜❤❛rt✱ ❍✳✱ ❍❡r❞r✐❝❤✱ ●✳✱ ❛♥❞ ▼❡rr✐✜❡❧❞✱ ❏✳ ❆✳✱ ✏❆❞✈❛♥❝❡s ❢♦r ❘❛❞✐❛t✐♦♥ ▼♦❞❡❧✐♥❣ ❢♦r ❊❛rt❤ ❘❡✲

❡♥tr② ✐♥ P❆❘❆❉❊✿ ❆♣♣❧✐❝❛t✐♦♥ t♦ t❤❡ ❙❚❆❘❉❯❙❚ ❆t♠♦s♣❤❡r✐❝ ❊♥tr②✱✑ ✹✸r❞ ❆■❆❆ ❚❤❡r♠♦♣❤②s✐❝s

❈♦♥❢❡r❡♥❝❡✱ ❆■❆❆✱ ✷✵✶✷✳
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