
❯♥✐✈❡rs✐❞❛❞ ❞❡ ●✉❛♥❛❥✉❛t♦

❉✐✈✐s✐ó♥ ❞❡ ❈✐❡♥❝✐❛s ❡ ■♥❣❡♥✐❡rí❛s

❈❛♠♣✉s ▲❡ó♥

❋❧✉① ✐♠♣❧✐❝❛t✐♦♥s ❢r♦♠ ❍♦r♥ ❇✲❋✐❡❧❞ ▼❡❛s✉r❡♠❡♥ts ♦♥

◆✉▼■ ❛♥❞ ▲❇◆❋

❚❤❡s✐s ♣r❡s❡♥t❡❞ ❜②

▼■●❯❊▲ ❆◆●❊▲ ❍❊❘◆❆◆❉❊❩ ▼❖❘◗❯❊❈❍❖

❚❤✐s ❞✐ss❡rt❛t✐♦♥ ✐s s✉❜♠✐tt❡❞ ❢♦r t❤❡ ❞❡❣r❡❡ ♦❢

▼❛st❡r ♦❢ P❤②s✐❝s

❆❞✈✐s♦r

❉r✳ ❏✉❧✐á♥ ❋é❧✐① ❱❛❧❞❡③

❈♦✲❛❞✈✐s♦r

❉r✳ ▲❛✉r❛ ❋✐❡❧❞s

❏✉♥❡ ✹✱ ✷✵✶✾



❆❜str❛❝t

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

♠❡❛s✉r❡❞ ❤❛s ❡✈♦❧✈❡❞ ❛♥❞ ♠♦st ✐♥t❡♥s❡ ❛♥❞ ♣♦✇❡r❢✉❧ ♥❡✉tr✐♥♦ s♦✉r❝❡s ❛r❡ ♥❡❝❡ss❛r②✳ ❚❤✐s

✇♦r❦ ❞❡❛❧s ✇✐t❤ ❛♥❛❧②s✐s ♦❢ t✇♦ ♥❡✉tr✐♥♦ ❜❡❛♠s ✭◆✉▼■ ❛♥❞ ▲❇◆❋✮ ❛♥❞ ❤♦✇ t❤❡ ♥❡✉tr✐♥♦

✢✉① ✐s ♠♦❞✐✜❡❞ ❜② ❞✐st♦rt✐♦♥s ♦❢ ❇ ✜❡❧❞✱ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ s✐♠✉❧❛t✐♦♥s ✐♥ ●❊❆◆❚ ✹

✇❡r❡ ♠❛❞❡✳ ❋♦r ◆✉▼■✱ st✉❞✐❡s ♦❢ ♥♦♥✲✉♥✐❢♦r♠ ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥s ✐♥ t❤❡ ❈✉rr❡♥t

❊q✉❛❧✐③❡r ❙❡❝t✐♦♥ ✭❈❊◗✮ ❛♥❞ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥s✐❞❡ t❤❡ ❞❡❝❛② ♣✐♣❡ ✇❡r❡ ♠❛❞❡✳ ❋♦r

▲❇◆❋✱ st✉❞✐❡s ♦❢ ❞✐st♦rt✐♦♥s ♦♥ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♣r♦❞✉❝❡❞ ❜② ❢♦✉r ❞r❛✐♥ ❤♦❧❡s ❧♦❝❛t❡❞ ❛t

t❤❡ ❡♥❞ ♦❢ ❡❛❝❤ ♠❛❣♥❡t✐❝ ❤♦r♥ ❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡♠ ♦♥ t❤❡ ♥❡✉tr✐♥♦ ✢✉① ✇❡r❡ ♠❛❞❡✳



✸

◗✉✐❡r♦ ❞❡❞✐❝❛r ❡st❡ tr❛❜❛❥♦ ❛ ♠✐s ♣❛❞r❡s ▼✐❣✉❡❧ ➪♥❣❡❧ ❍❡r♥á♥❞❡③ ❘✐❝♦ ②

❙❛r❛ ▼♦rq✉❡❝❤♦ ❘♦♠❡r♦ ♣♦r ❛♣♦②❛r♠❡ ❡♥ t♦❞♦ ♠♦♠❡♥t♦ ② s❡r ❧♦s ♣✐❧❛r❡s ❞❡

♠✐ ❢♦r♠❛❝✐ó♥✳



✹

❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❛❝❦♥♦✇❧❡❞❣❡ t❤❡ ▼■◆❊❘ν❆ ❈♦❧❧❛❜♦r❛t✐♦♥ ❢♦r ❛❧❧ t❤❡ s✉♣♣♦rt ❞✉r✐♥❣

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

s✉♣♣♦rt✱ t✐♠❡ ❛♥❞ ❤❡❧♣❡❞ ♠❡ s✐♥❝❡ t❤❡ ✜rst ❞❛② t❤❛t ■ st❛rt❡❞ ✇♦r❦✐♥❣✳ ❙❤❡ ♠♦t✐✈❛t❡❞ ♠❡

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

■ ✇❛♥t t♦ s❛② t❤❛♥❦s t♦ ❏♦r❣❡ ▼♦r✜♥ ✇❤♦ ✐♥✈✐t❡❞ ♠❡ t♦ ✇♦r❦ ♦♥ ▼■◆❊❘ν❆ ❛♥❞ ❤❡❧♣❡❞

♠❡ t♦ ♣r♦❣r❡ss ♦♥ ♠② ✇♦r❦ ❞✉r✐♥❣ t❤✐s ❥♦✉r♥❡②✳

■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❛❝❦♥♦✇❧❡❞❣❡ ♠② ❛❞✈✐s❡r ❏✉❧✐á♥ ❋é❧✐① ❛♥❞ t❤❡ ▲❛❜♦r❛t♦r② ♦❢ ❡❧❡♠❡♥t❛r②

♣❛rt✐❝❧❡s ♦❢ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ●✉❛♥❛❥✉❛t♦ ❢♦r ❤❡❧♣✐♥❣ ♠❡ ✐♥ ♠② ✇♦r❦ ❛♥❞ tr❛✐♥✐♥❣ ❞✉r✐♥❣

t❤❡ ❧❛st ✺ ②❡❛rs✳

❚❤❛♥❦s t♦ ❩❛r❦♦ ✇❤♦ ❤❡❧♣❡❞ ♠❡ ✇✐t❤ t❤❡ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥s✱ t♦ ❆♠✐t ❇❛s❤②❛❧ ✇❤♦

❤❡❧♣❡❞ ♠❡ ✇✐t❤ s✐♠✉❧❛t✐♦♥s ❛♥❞ ✢✉① ♣r♦❜❧❡♠s ❛♥❞ ❇❡♥ ▼❡ss❡r❧②✱ ▼❛r✈✐♥✱ ●✐❛♥ ❛♥❞ ❏♦sé

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

♠❡❛s✉r❡♠❡♥t ❢♦r ❈❊◗✱ ❛♥❞ ❩❤✐❥✐♥❣ ❛♥❞ ❈♦r② ✇❤♦ ✇♦r❦❡❞ ♦♥ t❤❡ ❞r❛✐♥ ❤♦❧❡s ❞❡s✐❣♥ ❛♥❞

t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ ❇ ✜❡❧❞✳

■ ✇♦✉❧❞ s♣❡❝✐❛❧❧② ❧✐❦❡ t♦ ❛❝❦♥♦✇❧❡❞❣❡ ♠② ❢❛♠✐❧②✱ ♠② ♣❛r❡♥ts ▼✐❣✉❡❧ ❛♥❞ ❙❛r❛✱ ❛♥❞

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

t❤❡r❡ t♦ ❣✐✈❡ s✉♣♣♦rt ❛♥❞ ❤❛♣♣✐♥❡ss✳

■ ✇❛♥t t♦ s❛② t❤❛♥❦s t♦ ♠② ❤♦♠❡ t♦✇♥ ❢r✐❡♥❞s ✭❨✉r✐✱ ❘♦❞r✐❣♦ ❛♥❞ ❧❛ ♣❛♥❞✐❧❧✐t❛✮ ❛♥❞

♠② ✉♥✐✈❡rs✐t② ❢r✐❡♥❞s ✭❑❛r❧❛✱ ❘❛ú❧✱ ❏❛✈✐❡r ❛♥❞ ❏❛③♠í♥✮ ✇❤♦ ❜r♦✉❣❤t ♠❡ s✉♣♣♦rt ❞✉r✐♥❣

t❤✐s ❛♠❛③✐♥❣ ❛❞✈❡♥t✉r❡✳

❚❤❛♥❦s t♦ t❤❡ ▲❛t✐♥ ❆♠❡r✐❝❛ ❝♦♠♠✉♥✐t② ✐♥ ❋❡r♠✐❧❛❜ ✇❤♦ ❛❧✇❛②s ♠❛❞❡ ♠❡ ❢❡❡❧ ❧✐❦❡ ✐♥

❤♦♠❡✳

■ ✇❛♥t t♦ ❛❝❦♥♦✇❧❡❞❣❡ t♦ ❈❖◆❆❈②❚✱ ❉❆■P ❛♥❞ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ●✉❛♥❛❥✉❛t♦ ❢♦r t❤❡

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



❈♦♥t❡♥ts

✶ ■♥tr♦❞✉❝t✐♦♥ ✼

✷ ◆❡✉tr✐♥♦ st✉❞✐❡s ✽

✷✳✶ ◆❡✉tr✐♥♦s✱ t❤❡ ✧✉♥❞❡t❡❝t❛❜❧❡✧ ♣❛rt✐❝❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✷ ❚❤❡ ✜rst ♠❡❛s✉r❡♠❡♥t ♦❢ ❛ ♥❡✉tr✐♥♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✸ ◆❡✉tr✐♥♦ ✢❛✈♦✉rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✷✳✹ ◆❡✉tr✐♥♦ ♦s❝✐❧❧❛t✐♦♥ ❛♥❞ t❤❡ ♥❡✇ ❡①♣❡r✐♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✸ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✶✹

✸✳✶ ◆✉▼■ ❜❡❛♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✸✳✷ ❚❤❡ ◆✉▼■ t❛r❣❡t ❛♥❞ ❜❛✤❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✸✳✸ ❋♦❝✉s✐♥❣ s②st❡♠ ✭♠❛❣♥❡t✐❝ ❤♦r♥s✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✸✳✹ ❉❡❝❛② ♣✐♣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✸✳✺ ❆❜s♦r❜❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✹ ▼■◆❊❘ν❆ ✷✸

✹✳✶ ▼■◆❊❘ν❆ ❛♥❞ t❤❡ ♣❤②s✐❝s ❣♦❛❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✹✳✷ ❱❡t♦ ✇❛❧❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✹✳✸ ◆✉❝❧❡❛r t❛r❣❡t r❡❣✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✹✳✹ ❆❝t✐✈❡ tr❛❝❦❡r r❡❣✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✹✳✺ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❛♥❞ ❤❛❞r♦♥✐❝ ❝❛❧♦r✐♠❡t❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✹✳✻ ❲✐❣❣❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✺ ▲❇◆❋✴❉❯◆❊ ✷✾

✺✳✶ ▲❇◆❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✺✳✷ ▲❇◆❋ t❛r❣❡t ❛♥❞ ❜❛✤❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✺✳✸ ▲❇◆❋ ❢♦❝✉s✐♥❣ s②st❡♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✺✳✹ ▲❇◆❋ ❞❡❝❛② ♣✐♣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✺✳✺ ▲❇◆❋ ❛❜s♦r❜❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✺✳✻ ❉❯◆❊ ❞❡t❡❝t♦rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✺



❈♦♥t❡♥ts ✻

✻ ◆✉▼■ st✉❞✐❡s ✸✾

✻✳✶ ❙❤❛♣❡ ❛♥❞ ❇ ✜❡❧❞ ♦❢ ♠❛❣♥❡t✐❝ ❤♦r♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✻✳✷ ❈❊◗ st✉❞② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✻✳✷✳✶ ▼❡❛s✉r❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✻✳✷✳✷ ❙✐♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✻✳✸ ❉❡❝❛② P✐♣❡ st✉❞② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✼ ▲❇◆❋ st✉❞✐❡s ✺✸

✼✳✶ ❉r❛✐♥ ❤♦❧❡ s✐♠✉❧❛t✐♦♥ ♦♥ ❆◆❙❨❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✼✳✷ ❉r❛✐♥ ❤♦❧❡ s✐♠✉❧❛t✐♦♥ ♦♥ ●❊❆◆❚✹ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✽ ❈♦♥❝❧✉s✐♦♥s ✻✸

❆ ❙✉♣♣❧❡♠❡♥t❛r② ♣❧♦ts ✻✹

❇✐❜❧✐♦❣r❛♣❤② ✼✵



❈❤❛♣t❡r ✶✳ ■♥tr♦❞✉❝t✐♦♥

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

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

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

❛♥❞ ✐♥t❡♥s❡ ♥❡✉tr✐♥♦ ❜❡❛♠s✳ ■♥ t❤✐s t❤❡s✐s✱ ❛♥❛❧②s✐s ♦♥ ♥❡✉tr✐♥♦ ❜❡❛♠s✱ ◆✉▼■ ❜❡❛♠ ❛♥❞

▲❇◆❋✱ ❛r❡ ♣r❡s❡♥t❡❞✳ ❚❤❡ ❣♦❛❧ ✐s t♦ st✉❞② ❢♦❝✉s✐♥❣ ♠❛❣♥❡t✐❝ s②st❡♠s ❛♥❞ t❤❡ ✐♠♣❛❝t ♦♥

♥❡✉tr✐♥♦ ✢✉①✳

■♥ ❝❤❛♣t❡r ✷ s♦♠❡ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞✐s❝♦✈❡r✐❡s ♦✈❡r t❤❡ ❧❛st ✶✵✵ ②❡❛rs ♦♥ ♥❡✉tr✐♥♦

♣❤②s✐❝s ❛r❡ ❞❡s❝r✐❜❡❞✳

■♥ ❝❤❛♣t❡r ✸ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ❛t ❋❡r♠✐❧❛❜ ✐s ♣r❡s❡♥t❡❞✱ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❡❛❝❤ ♣❛rt ♦❢ t❤❡

♠♦st ✐♥t❡♥s❡ ♥❡✉tr✐♥♦ ❜❡❛♠ ✐♥ t❤❡ ✇♦r❧❞✳

❈❤❛♣t❡r ✹ ✐s ❛ ❜r✐❡❢ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ❛♥ ❡①♣❡r✐♠❡♥t ♦♥ t❤❡ ◆✉▼■

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

❝❛r❜♦♥✱ ❧❡❛❞ ❛♥❞ ✐r♦♥✳

■♥ ❝❤❛♣t❡r ✺ t❤❡ ❞❡s✐❣♥ ♦❢ ❉❯◆❊✴▲❇◆❋✱ t❤❡ ♠♦st ❛♠❜✐t✐♦✉s ❡①♣❡r✐♠❡♥t ♦♥ ♥❡✉tr✐♥♦

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

■♥ ❝❤❛♣t❡r ✻ t❤❡ ❛♥❛❧②s✐s ❛♥❞ r❡s✉❧ts ❢♦r st✉❞✐❡s ♦♥ t❤❡ ❢♦❝✉s✐♥❣ s②st❡♠ ♦❢ ◆✉▼■ ❜❡❛♠

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

❊q✉❛❧✐③❡r ❙❡❝t✐♦♥ ✭❈❊◗✮ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥s✐❞❡ t❤❡ ❞❡❝❛② ♣✐♣❡ ❛r❡

❞✐s❝✉ss❡❞✳

■♥ ❝❤❛♣t❡r ✼ ❛♥❛❧②s✐s ❛♥❞ r❡s✉❧ts ❢♦r ❞✐st♦rt✐♦♥s ♦♥ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❞✉❡ t♦ ❞r❛✐♥

❤♦❧❡s✱ ✉s❡❞ ❛s ♣❛rt ♦❢ t❤❡ ❝♦♦❧✐♥❣ s②st❡♠ ❢♦r ❤♦r♥ ❆ ♦❢ ▲❇◆❋✱ ❛♥❞ t❤❡ ✐♠♣❛❝t ♦♥ t❤❡

♥❡✉tr✐♥♦ ✢✉① ❛r❡ ❞❡s❝r✐❜❡❞✳

■♥ ❝❤❛♣t❡r ✽ t❤❡ ❝♦♥❝❧✉s✐♦♥s ♦❢ t❤✐s t❤❡s✐s ❢♦r st✉❞✐❡s ♦♥ ◆✉▼■ ❛♥❞ ▲❇◆❋ ❛r❡ ❞❡s❝r✐❜❡❞✳

✼



❈❤❛♣t❡r ✷✳ ◆❡✉tr✐♥♦ st✉❞✐❡s

✷✳✶ ◆❡✉tr✐♥♦s✱ t❤❡ ✧✉♥❞❡t❡❝t❛❜❧❡✧ ♣❛rt✐❝❧❡

❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✷✵t❤ ❝❡♥t✉r②✱ t❤❡r❡ ✇❛s ❛ r❡✈♦❧✉t✐♦♥ ♦♥ t❤❡ ✜❡❧❞ ♦❢ ♣❤②s✐❝s ✇✐t❤ t❤❡

❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❛t♦♠✐❝ t❤❡♦r② ❛♥❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ q✉❛♥t✉♠ ♣❤②s✐❝s✳ ❚❤❡ s❝✐❡♥t✐sts

tr✐❡❞ t♦ ✉♥❞❡rst❛♥❞ ♣r♦❝❡ss❡s ❧✐❦❡ r❛❞✐♦❛❝t✐✈❡ ❞✐s✐♥t❡❣r❛t✐♦♥s✱ ✇❤❡r❡ t❤❡ st✉❞✐❡s ♦♥ α r❛②s

♣r♦✈❡ t❤❡ ❡♥❡r❣② ❝♦♥s❡r✈❛t✐♦♥ ♣r✐♥❝✐♣❧❡✱ ❜✉t t❤❡ r❡s✉❧ts ❢♦r β r❛②s ✇❡r❡ ❞✐✛❡r❡♥t✳ ■♥ ✶✾✶✶

▲✐s❡ ▼❡✐t♥❡r ❛♥❞ ❖tt♦ ❍❛♥♥ s❤♦✇❡❞ t❤❛t t❤❡ ❡♥❡r❣② ❢♦r β ❞❡❝❛② ✧✇❛s ♥♦t ❝♦♥s❡r✈❡❞✧ ❬✶✺❪✳

❚❤❡ β ❞❡❝❛② ❝♦♥s✐sts ♦♥ t❤❡ ❞❡❝❛② ♦❢ ❛♥ ✉♥st❛❜❧❡ ❛t♦♠ ✐♥ ❛ st❛❜❧❡ ❛t♦♠ ❛♥❞ ❛♥ ❡❧❡❝tr♦♥

✇✐t❤ ❛♥ ❡❧❡❝tr♦♥ ❛♥t✐♥❡✉tr✐♥♦✳ ■♥ t❤♦s❡ ❞❛②s t❤❡② ❞✐❞ ♥♦t ❦♥♦✇ ❛❜♦✉t t❤❡ ❡①✐st❡♥❝❡ ♦❢ t❤❡

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

■♥ ✶✾✸✵ P❛✉❧✐ ✇r♦t❡ ❛ ❧❡tt❡r ✇❤❡r❡ ❤❡ ♠❡♥t✐♦♥❡❞ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❡①✐st❡♥❝❡ ♦❢ ❛ ♥❡✇

❡❧❡❝tr✐❝❛❧❧② ♥❡✉tr❛❧ ♣❛rt✐❝❧❡ ✇✐t❤ ❛ ♠❛ss ♥♦t ❧❛r❣❡r t❤❛♥ ✵✳✵✶ ♣r♦t♦♥ ♠❛ss ❛♥❞ ❜❛s✐❝❛❧❧②

✐♠♣♦ss✐❜❧❡ t♦ ❣❡t ♠❡❛s✉r❡❞✳ ❍❡ ❝❛❧❧❡❞ t❤✐s ♥❡✇ ♣❛rt✐❝❧❡ ♥❡✉tr♦♥✱ ♦♥❡ ②❡❛r ❧❛t❡r ❊♥r✐❝♦

❋❡r♠✐ r❡♥❛♠❡ t❤❛t ♣❛rt✐❝❧❡ t♦ ♥❡✉tr✐♥♦ ✭s♠❛❧❧ ❛♥❞ ♥❡✉tr❛❧ ♣❛rt✐❝❧❡✮ ❬✷✷❪✳

✷✳✷ ❚❤❡ ✜rst ♠❡❛s✉r❡♠❡♥t ♦❢ ❛ ♥❡✉tr✐♥♦

❆❢t❡r t❤❡ ❲♦r❧❞ ❲❛r ■■✱ ✇✐t❤ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♥✉❝❧❡❛r ❜♦♠❜s✱ ♣❤②s✐❝✐sts ❋r❡❞❡r✐❝❦

❘❡✐♥❡s ❛♥❞ ❈❧②❞❡ ❈♦✇❛♥ ✉♥❞❡rst♦♦❞ t❤❛t t❤❡② ❤❛❞ ❛♥ ✐♥t❡♥s❡ ♥❡✉tr✐♥♦ s♦✉r❝❡✳ ❚❤❡②

♣r♦♣♦s❡❞ t♦ s♦❧✈❡ t❤❡ ♣r♦❜❧❡♠ ♣♦st✉❧❛t❡❞ ❜② P❛✉❧✐✱ ✇❤✐❝❤ ✇❛s t♦ ✜♥❞ t❤❡ ❡①✐st❡♥❝❡ ♦❢ t❤❡

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

ν̄e + p = n+ e+. ✭✷✳✶✮

❚❤❡ ✜rst ❞❡t❡❝t♦r ✇❛s ❞❡s✐❣♥❡❞ ✇✐t❤ ✶ m3 ♦❢ ❧✐q✉✐❞ s❝✐♥t✐❧❧❛t♦r ❛♥❞ ♣❤♦t♦♠✉❧t✐♣❧✐❡r t✉❜❡s

✭P▼❚✮ ♦♥ ✐ts ❜♦✉♥❞❛r✐❡s✳ ❘❡✐♥❡s ❛♥❞ ❈♦✇❛♥ ✇❛② ♦❢ t❤✐♥❦✐♥❣ ✇❛s t❤✐s✿ t❤❡ ♥❡✉tr✐♥♦s

✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❧✐q✉✐❞ s❝✐♥t✐❧❧❛t♦r✱ ✐t ♣r♦❞✉❝❡❞ ♣♦s✐tr♦♥s✱ t❤❡s❡ ♣♦s✐tr♦♥s ✐♦♥✐③❡ ❝❛✉s✐♥❣

❧✐❣❤t ✢❛s❤❡s ❞❡t❡❝t❡❞ ❜② t❤❡ P▼❚✱ tr❛♥s❢♦r♠✐♥❣ t❤❛t ❧✐❣❤t ♣✉❧s❡s ✐♥ t♦ ❡❧❡❝tr✐❝❛❧ ♣✉❧s❡s✳

✽



❈❤❛♣t❡r ✷✳ ◆❡✉tr✐♥♦ st✉❞✐❡s ✾

❋✐❣✉r❡ ✷✳✶✳ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❈♦✇❛♥ ❛♥❞ ❘❡✐♥❡s ♥❡✉tr✐♥♦ ❞❡t❡❝t♦r✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠
❬✷✹❪✳

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

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

t❛♥❦ ✇✐t❤ ❛ s❤✐❡❧❞ ❢♦r ❝♦s♠✐❝ r❛②s✳

❚❤❡② ❞❡❝✐❞❡❞ t♦ ❝❤❛♥❣❡ t❤❡ ♥✉❝❧❡❛r ❜♦♠❜ t♦ ❛ ✜ss✐♦♥ r❡❛❝t♦r✱ ❛♥❞ ❝❤❛♥❣❡❞ t❤❡ ❞❡✲

t❡❝t✐♦♥ t❡❝❤♥✐q✉❡ ❢♦r t❤❡ s❝❤❡♠❛t✐❝ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✷✳✶✳ ❲❤❡♥ ❛♥ ❛♥t✐♥❡✉tr✐♥♦ ❢r♦♠ t❤❡

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

♣r♦❞✉❝❡s ❛ ♣♦s✐tr♦♥ ❛♥❞ ❛ ♥❡✉tr♦♥✳ ❚❤❡ ♣♦s✐tr♦♥ ✐♥t❡r❛❝ts ✇✐t❤ ❛♥ ❡❧❡❝tr♦♥ ✭❛♥♥✐❤✐❧❛t✐♦♥✮

♣r♦❞✉❝✐♥❣ ✷ ❣❛♠♠❛ r❛②s ❞❡t❡❝t❡❞ ❜② P▼❚ ♦♥ ♦♣♣♦s✐t❡ s✐❞❡s ♦❢ t❤❡ t❛r❣❡t✳ ❚❤❡ ♥❡✉tr♦♥

✐s ❝❛♣t✉r❡❞ ❜② t❤❡ ❝❛❞♠✐✉♠ ♣r♦❞✉❝✐♥❣ ✷ ♠♦r❡ ❣❛♠♠❛ r❛②s ✭t❤♦s❡ ❛r❡ ♣r♦❞✉❝❡❞ ❛❜♦✉t ✶✵

♠✐❝r♦s❡❝♦♥❞s ❧❛t❡r t❤❛♥ t❤❡ ❛♥♥✐❤✐❧❛t✐♦♥ ❣❛♠♠❛s✮✳

❚❤❡ r❡s✉❧ts ✇❡r❡ ♣r❡s❡♥t❡❞ ✐♥ ✶✾✺✻✱ ♠❛❦✐♥❣ ✐t t❤❡ ✜rst ♠❡❛s✉r❡♠❡♥t ♦❢ ♥❡✉tr✐♥♦s✳



❈❤❛♣t❡r ✷✳ ◆❡✉tr✐♥♦ st✉❞✐❡s ✶✵

❋✐❣✉r❡ ✷✳✷✳ ❙❦❡t❝❤ ♦❢ t❤❡ ❈♦✇❛♥ ❛♥❞ ❘❡✐♥❡s ♥❡✉tr✐♥♦ ❞❡t❡❝t♦r✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✷✹❪✳

■♥ ✶✾✻✺ t❤❡ ✜rst ❞❡t❡❝t✐♦♥ ♦❢ ❛t♠♦s♣❤❡r✐❝ ♥❡✉tr✐♥♦s ✇❡r❡ ♠❛❞❡ ✐♥ ❛ ❞❡t❡❝t♦r ✷ ♠✐❧❡s

✉♥❞❡r❣r♦✉♥❞ ✐♥ ❙♦✉t❤ ❆❢r✐❝❛ ❬✷✹❪✳

✷✳✸ ◆❡✉tr✐♥♦ ✢❛✈♦✉rs

❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ✶✾✻✵✱ t❤❡ ♣❤②s✐❝✐sts ♦♥❧② ❦♥❡✇ ✸ ❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s ❛♣❛rt ❢r♦♠ t❤❡

❤❛❞r♦♥s✱ t❤❡ ❧❡♣t♦♥s ✭❡❧❡❝tr♦♥✱ ♠✉♦♥ ❛♥❞ ♥❡✉tr✐♥♦ ✇✐t❤ t❤❡ ✐❞❡❛ t❤❛t t❤❡r❡ ✇❡r❡ ✷ ❦✐♥❞s

♦❢ ♥❡✉tr✐♥♦s✮✳

■♥ t❤❡ s✉♠♠❡r ♦❢ ✶✾✻✵ ▲❡❡ ❛♥❞ ❨❛♥❣ ♣♦✐♥t❡❞ ♦✉t t❤❛t ✐t ✇❛s ✐♠♣♦ss✐❜❧❡ t♦ ❡①♣❧❛✐♥ t❤❡

❛❜s❡♥❝❡ ♦❢ t❤❡ ❞❡❝❛②

µ → e+ γ ✭✷✳✷✮

✇✐t❤♦✉t ✷ t②♣❡s ♦❢ ♥❡✉tr✐♥♦s✳ ❚❤❡ q✉❡st✐♦♥ ✇❛s νµ ≡ νe✱ ✐❢ t❤❛t ✇❛s tr✉❡✱ t❤❡ ♥✉♠❜❡r

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

❞✐✛❡r❡♥t✳ ▲❡❡✲❨❛♥❣ s❛✐❞ t❤❛t ♠✉♦♥ ♥❡✉tr✐♥♦ s❤♦✉❧❞ ♥♦t ♣r♦❞✉❝❡ ❡❧❡❝tr♦♥s ❬✷✻❪✳

❚❤❡ ✜rst ♥❡✉tr✐♥♦ ❜❡❛♠ ✇❛s ❞❡s✐❣♥❡❞✱ ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❢♦r ❛❝❝❡❧❡r❛t✐♦♥ ❛♥❞ ❢♦❝✉s✲



❈❤❛♣t❡r ✷✳ ◆❡✉tr✐♥♦ st✉❞✐❡s ✶✶

❋✐❣✉r❡ ✷✳✸✳ ❙✐♥❣❧❡ ♠✉♦♥ ❡✈❡♥t ❢r♦♠ s♣❛r❦ ❝❤❛♠❜❡r✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✷✻❪✳

✐♥❣ s②st❡♠s ✇❡r❡ ❞❡✈❡❧♦♣❡❞✱ ❝♦♥s❡q✉❡♥t❧② t❤❡ ❞❡t❡❝t♦rs ❜❡❝❛♠❡ ❜✐❣❣❡r ❬✷✼❪✳

❆♥ ❡①♣❡r✐♠❡♥t t♦ ♠❡❛s✉r❡ t❤❡ ✷ t②♣❡s ♦❢ ♥❡✉tr✐♥♦s ✇❛s ❞❡✈❡❧♦♣❡❞✳ ❚❤❡ ❆❧t❡r♥❛t❡ ●r❛✲

❞✐❡♥t ❙②♥❝❤r♦tr♦♥ ✭❆✳●✳❙✳✮ ❛t t❤❡ ❇r♦♦❦❤❛✈❡♥ ◆❛t✐♦♥❛❧ ▲❛❜♦r❛t♦r② ✇❛s ✉s❡❞ t♦ ❛❝❝❡❧❡r❛t❡

♣r♦t♦♥s ❛t ✶✺ ●❡❱✳ ❚❤❡② s❡♥❞ t❤❡ ♣r♦t♦♥s t♦ ❛ ❜❡r②❧❧✐✉♠ t❛r❣❡t✱ ♣r♦❞✉❝✐♥❣ ❛ s❤♦✇❡r ♦❢

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

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

t♦r✱ ❛ s♣❛r❦ ❝❤❛♠❜❡r ✭❛♥ ❡①❛♠♣❧❡ ♦❢ ❛♥ ❡✈❡♥t ✇✐t❤ ❛ ♠✉♦♥ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✷✳✸✮✳

■♥ ✶✾✻✷ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ ❤✐❣❤ ❡♥❡r❣② ♥❡✉tr✐♥♦ r❡❛❝t✐♦♥s ❛♥❞ t❤❡ ❡①✐st❡♥❝❡ ♦❢ t✇♦

❦✐♥❞s ♦❢ ♥❡✉tr✐♥♦s ✇❡r❡ ♠❛❞❡ ❬✶✾❪✳

■♥ ✶✾✼✺ ❛ t❤✐r❞ ❧❡♣t♦♥ ✇❛s ❞✐s❝♦✈❡r❡❞✱ t❤❡ t❛✉ ✧τ✧✱ ❤❡♥❝❡ t❤❡r❡ ✇❛s ❡✈✐❞❡♥❝❡ t♦ t❤✐♥❦

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

t❤❛t ♣❛rt✐❝❧❡✱ ❉✐r❡❝t ❖❜s❡r✈❛t✐♦♥ ♦❢ ◆❯ ❚❛✉ ✭❉❖◆❯❚✮✱ ✐♥ t❤❡ ②❡❛r ✷✵✵✵✱ t❤❡ ✜rst ❡✈✐❞❡♥❝❡

♦❢ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ντ ✇❛s ♠❛❞❡ ❬✾❪✳

◆♦✇ ✇❡ ❤❛✈❡ ✸ ❧❡♣t♦♥s ✇✐t❤ t❤❡✐r r❡s♣❡❝t✐✈❡ ♥❡✉tr✐♥♦✱ t❤r❡❡ ♥❡✉tr✐♥♦ ✢❛✈♦✉rs✳



❈❤❛♣t❡r ✷✳ ◆❡✉tr✐♥♦ st✉❞✐❡s ✶✷

❋✐❣✉r❡ ✷✳✹✳ t❛✉ ❡✈❡♥t ✭❉❖◆❯❚✮✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✾❪✳

✷✳✹ ◆❡✉tr✐♥♦ ♦s❝✐❧❧❛t✐♦♥ ❛♥❞ t❤❡ ♥❡✇ ❡①♣❡r✐♠❡♥ts

■♥ ✶✾✻✼ P♦♥t❡❝♦r✈♦ ❬✷✸❪ ♣✉❜❧✐s❤❡❞ ❛ ♣❛♣❡r ✇❤❡r❡ ❤❡ ❡①♣❧❛✐♥❡❞ t❤❛t ✐❢ ♥❡✉tr✐♥♦s ❤❛✈❡ ♠❛ss✱

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

✢❛✈♦✉r ❝❛♥ ❝❤❛♥❣❡ t♦ ❛♥♦t❤❡r ✢❛✈♦✉r✱ ❢♦r ❡①❛♠♣❧❡ νe ⇋ νµ✱ ✐t ✐s ❝❛❧❧❡❞ ✧♥❡✉tr✐♥♦ ♦s❝✐❧❧❛✲

t✐♦♥✧✳

❏♦❤♥ ❇❛❤❝❛❧❧ ❬✸✸❪ ❝❛❧❝✉❧❛t❡❞ t❤❡ ♥❡✉tr✐♥♦ ✢✉① ♣r♦❞✉❝❡❞ ❜② t❤❡ ❙✉♥✱ ❛♥❞ ❘❛②♠♦♥❞

❉❛✈✐s ❬✺❪ ♠❛❞❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ νe✳ ❇✉t t❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❧✐❦❡ t❤r❡❡ t✐♠❡s

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

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

t❤❡ ♠✐ss✐♥❣ ♥❡✉tr✐♥♦s✳

❖✈❡r t❤❡ ②❡❛rs ❜✐❣❣❡r ❞❡t❡❝t♦rs ✇❡r❡ ♥❡❡❞❡❞ t♦ ❞❡t❡❝t ♥❡✉tr✐♥♦s✱ t❤❡ s♦❧❛r ❛♥❞ ❛t♠♦✲

s♣❤❡r✐❝ ♥❡✉tr✐♥♦ ♦s❝✐❧❧❛t✐♦♥ ✇❡r❡ ♠❡❛s✉r❡❞ ✐♥ ❙✉♣❡r❑❛♠✐♦❦❛♥❞❡ ❬✶✼❪ ❛♥❞ ❙◆❖ ❬✷✵❪✱ ♦t❤❡r

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



❈❤❛♣t❡r ✷✳ ◆❡✉tr✐♥♦ st✉❞✐❡s ✶✸

❚❤❡r❡ ❛r❡ ❡①♣❡r✐♠❡♥ts t❤❛t ❞♦ ♥♦t ✉s❡ s♦❧❛r ♦r ❛t♠♦s♣❤❡r✐❝ ♥❡✉tr✐♥♦s t♦ ✉♥❞❡rst❛♥❞

t❤❡s❡ ♣❛rt✐❝❧❡s ❛♥❞ t❤❡✐r ✐♥t❡r❛❝t✐♦♥s✱ ❢♦r ❡①❛♠♣❧❡ r❡❛❝t♦r ❛♥❞ ♥❡✉tr✐♥♦ ❜❡❛♠✳ ❙♦♠❡

❡①❛♠♣❧❡s ♦❢ ♥❡✉tr✐♥♦ ❜❡❛♠ ♦s❝✐❧❧❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ❛r❡ ▼■◆❖❙ ✭▼❛✐♥ ■♥❥❡❝t♦r ◆❡✉tr✐♥♦

❖s❝✐❧❧❛t✐♦♥ ❙❡❛r❝❤✮❬✶✷❪✱ ◆❖ν❆ ✭◆✉▼■ ❖✛✲❛①✐s νe ❆♣♣❡❛r❛♥❝❡✮❬✶✸❪✱ ❛♥❞ ♥♦✇ ✇✐t❤ t❤❡ ❞❡✲

✈❡❧♦♣♠❡♥t ♦❢ ♥❡✇ t❡❝❤♥♦❧♦❣✐❡s✱ ❉❯◆❊ ✭❉❡❡♣ ❯♥❞❡r❣r♦✉♥❞ ◆❡✉tr✐♥♦ ❊①♣❡r✐♠❡♥t✮❬✶✵❪✳

❚❤❡ ✜rst ♥❡✉tr✐♥♦ ❞❡t❡❝t✐♦♥ ✇❛s ❞❡s✐❣♥❡❞ t♦ ✉s❡ ❛ ♥✉❝❧❡❛r ❜♦♠❜✱ ❜✉t ✇❛s ♠❛❞❡ ✇✐t❤

❛ ✜ss✐♦♥ r❡❛❝t♦r✳ ❚❤❡ νµ ✇❛s ❞❡t❡❝t❡❞ ✇✐t❤ ❛ ♥❡✉tr✐♥♦ ❜❡❛♠ ♦❢ ✶✺ ●❡❱ ♣r♦t♦♥s✱ t❤❡ ντ

✇❛s ♠❡❛s✉r❡❞ ✇✐t❤ ❛ ❜❡❛♠ ♦❢ ♥❡✉tr✐♥♦s st❛rt✐♥❣ ❢r♦♠ ❛ ❜❡❛♠ ♦❢ ✽✵✵ ●❡❱ ♣r♦t♦♥s✳ ❚❤❡

♥❡①t ❜✐❣ ❛♠❜✐t✐♦✉s ❡①♣❡r✐♠❡♥t t♦ ♠❡❛s✉r❡ ♥❡✉tr✐♥♦ ♣r♦♣❡rt✐❡s ✭❉❯◆❊✮ ✇✐❧❧ ✉s❡ t❤❡ ♠♦st

✐♥t❡♥s❡ ♥❡✉tr✐♥♦ ❜❡❛♠ ♦♥ t❤❡ ✇♦r❧❞ ✇✐t❤ ♣r♦t♦♥s ♦❢ ✻✵✲✶✷✵ ●❡❱✳ ❚♦ ♠❛❦❡ ❛ ♠♦r❡ ❡①❛❝t ❛♥❞

❛❝❝✉r❛t❡ ♠❡❛s✉r❡♠❡♥t ❛ ❜❡tt❡r ♥❡✉tr✐♥♦ s♦✉r❝❡ ✐s ♥❡❡❞❡❞✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ❛r✐s❡s t♦ ♠❛❦❡

❜✐❣❣❡r ♥❡✉tr✐♥♦ ❜❡❛♠s ❛♥❞ ✉♥❞❡rst❛♥❞ ❤♦✇ ✐t ✇♦r❦s ❛♥❞ ✇❤❛t ❤❛s s❡♥t t♦ t❤❡ ❞❡t❡❝t♦rs✳



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡

✸✳✶ ◆✉▼■ ❜❡❛♠

❚❤❡ ◆❡✉tr✐♥♦s ❛t t❤❡ ▼❛✐♥ ■♥❥❡❝t♦r ✭◆✉▼■✮ ❜❡❛♠ ❛t ❋❡r♠✐❧❛❜✱ ✐s t❤❡ ♠♦st ♣♦✇❡r❢✉❧ ❛♥❞

✐♥t❡♥s❡ ♥❡✉tr✐♥♦ ❜❡❛♠ ✐♥ t❤❡ ✇♦r❧❞✱ ✐s ✉s❡❞ t♦ ♣r♦✈✐❞❡ ♥❡✉tr✐♥♦s t♦ ▼■◆❊❘ν❆✱ ▼■◆❖❙

❛♥❞ ◆❖ν❆ ❬✻❪✳

❚♦ ♣r♦❞✉❝❡ ♥❡✉tr✐♥♦s✱ ♣❤②s✐❝✐sts ❛❝❝❡❧❡r❛t❡ ♣r♦t♦♥s ❛t ✶✷✵ ●❡❱✱ t❤❡② s❡♥❞ t❤❡s❡ ♣r♦✲

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

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

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

✼✵✵ ♠ ❧❡♥❣t❤✱ ✇❤❡r❡ t❤❡ ❤❛❞r♦♥s ❞❡❝❛② ✐♥ ♥❡✉tr✐♥♦s✱ ❧❡♣t♦♥s ❛♥❞ ♦t❤❡r ♣❛rt✐❝❧❡s✳ ❚❤❡②

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

♥❡✉tr✐♥♦s ♣❛ss t❤r♦✉❣❤ t❤❡ ▼■◆❊❘✈❆ ❛♥❞ ▼■◆❖❙ ♥❡❛r ❞❡t❡❝t♦r ✭✶✳✵✹ ❦♠ ❞♦✇♥str❡❛♠ ♦❢

t❤❡ ◆✉▼■ t❛r❣❡t✮ ❛♥❞ ❝♦♥t✐♥✉❡ t♦ t❤❡ ▼■◆❖❙ ❢❛r ❞❡t❡❝t♦r ✭✼✸✹ ❦♠ ❛✇❛② ✐♥ t❤❡ ❙♦✉❞❛♥

▼✐♥❡ ✐♥ ▼✐♥♥❡s♦t❛✮✳ ❚❤❡ ◆✉▼■ ❜❡❛♠ ❤❛s ❛ s♣✐❧❧ t✐♠❡ ♦❢ ✶✵ µs ✇✐t❤ ❛ t♦t❛❧ ♦❢ 3.6× 1013

♣r♦t♦♥s ♦♥ t❛r❣❡t ✭P❖❚✮✳

❚❤❡r❡ ❛r❡ ❍❛❞r♦♥ ❛♥❞ ♠✉♦♥ ♠♦♥✐t♦rs ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ♥❡✉tr✐♥♦ ✢✉①✳ ❲❤❡♥ t❤❡

♣r♦t♦♥s ❤✐ts t❤❡ t❛r❣❡t✱ ❤❛❞r♦♥s ❛r❡ ♣r♦❞✉❝❡❞✱ ♠♦st ♦❢ t❤❡♠ ❛r❡ ♣✐♦♥s ❛♥❞ ❦❛♦♥s✱ t❤❡

♣r❡❞♦♠✐♥❛♥t ❞❡❝❛②s ❛r❡ t❤❡ ♥❡①t ♦♥❡s π+
→ µ+ + νµ ❛♥❞ K+

→ µ+ + νµ ♣r♦❞✉❝✐♥❣

t❤❡ νµ ❜❡❛♠✳ ❚❤❡r❡ ✐s ♦♥❡ ♠✉♦♥✱ ♦r ❡❧❡❝tr♦♥✱ ❢♦r ❡❛❝❤ ♥❡✉tr✐♥♦✱ ✐❢ ✇❡ ✇❛♥t t♦ ♠❡❛s✉r❡

t❤❡ ♥❡✉tr✐♥♦ ✢✉① ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ◆✉▼■ ❜❡❛♠ ✇❡ ♥❡❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ♥✉♠❜❡r ♦❢ ♠✉♦♥s

♣r♦❞✉❝❡❞ ❬✻❪✳

✸✳✷ ❚❤❡ ◆✉▼■ t❛r❣❡t ❛♥❞ ❜❛✤❡

❚❤❡ ✜rst ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ◆✉▼■ ❜❡❛♠ ✐s t❤❡ ❜❛✤❡✱ ✐t ✐s ✉s❡❞ t♦ ♣r♦t❡❝t t❤❡ ♠❛❣♥❡t✐❝

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

❝♦♠♣♦♥❡♥ts✱ t♦ ♣r♦t❡❝t t❤❛t✱ ❛ ❣r❛♣❤✐t❡ ❝♦r❡ ♦❢ ✶✳✺ ♠ ❧♦♥❣ ❛♥❞ ✺✼ ♠♠ ✐♥ ❞✐❛♠❡t❡r ✭✻✵

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

❜❡❛♠ ♣❛ss❡s✳ ❚❤❡ ❜❛✤❡ ✐s ✜①❡❞ ❛t t❤❡ ✉♣str❡❛♠ ♦❢ t❤❡ t❛r❣❡t✳

✶✹



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✶✺

❋✐❣✉r❡ ✸✳✶✳ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ◆✉▼■ ❜❡❛♠✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✶✹❪✳

❋✐❣✉r❡ ✸✳✷✳ ❇❛✤❡ ❛♥❞ t❛r❣❡t ❢♦r ◆✉▼■ ❜❡❛♠✳

❚❤❡ ♥❡①t ❝♦♠♣♦♥❡♥t ✐s t❤❡ t❛r❣❡t✱ ✐t ✐s ♠❛❞❡ ♦❢ ❣r❛♣❤✐t❡ ✇✐t❤ ❛ ❞❡♥s✐t② ♦❢ ✶✳✼✽ g/cm3✳

❚❤❡ t❛r❣❡t ❤❛s ❛ t♦t❛❧ ❧❡♥❣t❤ ♦❢ ✾✺✳✸✽ ❝♠ ❛♥❞ ❝♦♥s✐sts ♦❢ ❛ ❣r♦✉♣ ♦❢ ✹✼ ✜♥s✱ ❡❛❝❤ ♦♥❡ ✐s

15 ♠♠ t❛❧❧✱ ✻✳✹ ♠♠ ✇✐❞❡ ❛♥❞ ✷✵ ♠♠ ❧♦♥❣✳ ❚❤❡ ✜♥s ❛r❡ ✇❡❧❞❡❞ ✐♥ t✇♦ st❡❡❧ ♣✐♣❡s ✉s❡❞ t♦

tr❛♥s♣♦rt t❤❡ ❝♦♦❧❛♥t ✭✇❛t❡r✮✳ ❚❤❡r❡ ✐s ❛♥♦t❤❡r ❤♦r✐③♦♥t❛❧ ✜♥ ✐♥ t❤❡ t❛r❣❡t ❝❛♥✐st❡r✱ ✶✺✳✼✸

❝♠ ✉♣str❡❛♠ ♦❢ t❤❡ ♠❛✐♥ t❛r❣❡t✳

❚♦ ❝❤❛♥❣❡ t❤❡ ❡♥❡r❣② s♣❡❝tr❛ ♦❢ t❤❡ ◆✉▼■ ❜❡❛♠ ✭❧♦✇✱ ♠❡❞✐✉♠ ❛♥❞ ❤✐❣❤ ❡♥❡r❣②✮ t❤❡

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

❡♥t❡r✐♥❣ t♦ t❤❡ r❛❞✐❛t✐♦♥ ❛r❡❛s✳ ❋♦r ❧♦✇ ❡♥❡r❣② t❤❡ t❛r❣❡t ✐s ✐♥s❡rt❡❞ ✺✵✳✹ ❝♠ ✐♥t♦ t❤❡ ✜rst

❤♦r♥✳



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✶✻

❋✐❣✉r❡ ✸✳✸✳ ❚❛r❣❡t✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✶✹❪✳

❋✐❣✉r❡ ✸✳✹✳ ❇❛✤❡ ❢♦r ◆✉▼■ ❜❡❛♠✳



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✶✼

❋✐❣✉r❡ ✸✳✺✳ ❙❝❤❡♠❛t✐❝ ♦❢ ❢♦❝✉s ❞❡✈✐❝❡ ❢♦r ❧✐❣❤t✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✹❪✳

✸✳✸ ❋♦❝✉s✐♥❣ s②st❡♠ ✭♠❛❣♥❡t✐❝ ❤♦r♥s✮

❚❤❡ ✜rst ❢♦❝✉s✐♥❣ ❞❡✈✐❝❡ ❢♦r ♥❡✉tr✐♥♦ ❜❡❛♠s ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ❙✐♠♦♥ ✈❛♥ ❞❡r ▼❡❡r ✐♥

✶✾✻✶❬✸✹❪✳ ❍❡ ❞❡s✐❣♥❡❞ ❛ ♠❛❣♥❡t✐❝ ❧❡♥s ❢♦r ✐♥❝r❡❛s✐♥❣ t❤❡ ✐♥t❡♥s✐t② ♦❢ ❛ ♥❡✉tr✐♥♦ ❜❡❛♠✳

❚❤❡ ✐❞❡❛ ✇❛s t❛❦❡♥ ❢r♦♠ ❛ ❧✐❣❤t ❢♦❝✉s✐♥❣ s②st❡♠✱ ✇❤❡r❡ t❤❡ ❧✐❣❤t ✐s r❡✢❡❝t❡❞ ✐♥ t❤❡ s✉r❢❛❝❡

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

❞❡❝r❡❛s❡s✱ ✜❣✳ ✸✳✺✳ ❉♦✐♥❣ t❤❡ s❛♠❡ ✇✐t❤ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✭π ❛♥❞ k✮ ❛♥❞ ❛ ❝♦♥❡ ✇✐t❤ t✇♦

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

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

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

♠❡s♦♥s t❤❛t ❞❡❝❛② ✐♥t♦ ♥❡✉tr✐♥♦s✱ ✐♥ ❝♦♥s❡q✉❡♥❝❡✱ ✇❡ ❢♦❝✉s t❤❡ ♥❡✉tr✐♥♦ ❜❡❛♠✱ ✜❣ ✸✳✻✳

■♥ ✶✾✻✸✱ ❇✉❞❦❡r ❞❡s✐❣♥❡❞ ❛ ♠❛❣♥❡t✐❝ ❤♦r♥ ✇✐t❤ ♣❛r❛❜♦❧✐❝ s❤❛♣❡ ✐♥ t❤❡ ✐♥♥❡r ❝♦♥❞✉❝t♦r

❬✷✺❪✱ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥s✐❞❡ t❤❡ ❤♦r♥ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ✐♥♥❡r ❝♦♥❞✉❝✲

t♦r✳ ❲✐t❤ ❛ ♣❛r❛❜♦❧✐❝ s❤❛♣❡✱ t❤❡ ❞❡✈✐❝❡ ❝❛♥ ❢♦❝✉s ♣❛rt✐❝❧❡s ♦❢ ❛♥② ❛♥❣❧❡ ♦❢ ❡♥tr②✱ ✇✐t❤ t❤❡

❝♦♥❡ s❤❛♣❡ t❤✐s ✐s ♥♦t ♣♦ss✐❜❧❡✳

❚❤❡ ♠✉❧t✐✲❤♦r♥ s②st❡♠s ❝♦♥s✐st ✐♥ ♠✉❧t✐♣❧❡ ❢♦❝✉s✐♥❣ ❡❧❡♠❡♥ts✱ t❤❡ ♣r✐♥❝✐♣❛❧ ❛❞✈❛♥t❛❣❡

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

❡❧❡♠❡♥t✳ ❲✐t❤ ❛ ✷ ❤♦r♥ s②st❡♠ t❤❡ ❞✐✈❡r❣❡♥❝❡ ♦❢ t❤❡ ❜❡❛♠ ❝♦✉❧❞ ❜❡ r❡❞✉❝❡❞ ❜② t❤❡ ❤❛❧❢✱

✇✐t❤ ❛ t❤✐r❞ ❧❡♥s✱ t❤❡ ❞✐✈❡r❣❡♥❝❡ ❝♦✉❧❞ ❣♦ ❞♦✇♥ ❜② ❛ ❢❛❝t♦r ♦❢ ✽ ❬✷✺❪✳

■♥ t❤❡ ◆✉▼■ ❜❡❛♠✱ t♦ ❢♦❝✉s t❤❡ ❝❤❛r❣❡❞ ❤❛❞r♦♥s ♣r♦❞✉❝❡❞ ❛t t❤❡ t❛r❣❡t✱ ✷ ♠❛❣♥❡t✐❝



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✶✽

❋✐❣✉r❡ ✸✳✻✳ ❙❝❤❡♠❛t✐❝ ♦❢ ♥❡✉tr✐♥♦ ❤♦r♥✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✹❪✳

❤♦r♥s ❛r❡ ✉s❡❞✱ ✜❣✳ ✸✳✼✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❢r♦♥t ♦❢ t❤❡ ❤♦r♥ ✶ ❛♥❞ t❤❡ ❡♥❞ ♦❢ t❤❡

❤♦r♥ ✷ ✐s ✉s❡❞ ❢♦r ❞✐✛❡r❡♥t ❡♥❡r❣② ❝♦♥✜❣✉r❛t✐♦♥s✱ ✶✵ ♠✱ ✷✸ ♠ ❛♥❞ ✸✼ ♠ ✭❧♦✇✱ ♠❡❞✐✉♠ ❛♥❞

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

❚❤❡ ◆✉▼■ ❤♦r♥s ❤❛✈❡ ❛♥ ✐♥♥❡r ❛♥❞ ♦✉t❡r ❝♦♥❞✉❝t♦r✱ t❤❡ ✐♥♥❡r ❝♦♥❞✉❝t♦r ❤❛s ❛ ♣❛r❛❜♦❧✐❝

r❛❞✐❛❧ ♣r♦✜❧❡✳ ❆ ♣✉❧s❡❞ ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t ✭❤❛❧❢ s✐♥❡ ✇❛✈❡ ❢♦r♠✮ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❛♠♣❧✐✲

t✉❞❡ ♦❢ ✷✵✺ ❦❆ ❛♥❞ ❞✉r❛t✐♦♥ ♦❢ ✷✳✸ ♠s ✭❛✈❡r❛❣❡ ✢❛tt♦♣ ❝✉rr❡♥t ❡q✉❛❧ t♦ ✷✵✵ ❦❆✮ ♣❛ss

t❤r♦✉❣❤ t❤❡ ♦✉t❡r ❝♦♥❞✉❝t♦r t♦ t❤❡ ✐♥♥❡r ❝♦♥❞✉❝t♦r ✭♦r ✈✐❝❡ ✈❡rs❛✱ ❞❡♣❡♥❞s ♦❢ ♥❡✉tr✐♥♦

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

❆♠♣❡r❡✬s ❧❛✇✱ t❤✐s ♠❛❣♥❡t✐❝ ✜❡❧❞ ❣♦❡s ❧✐❦❡ 1/R ❛♥❞ ✐s ❡q✉❛❧ t♦ ③❡r♦ ❢♦r r❛❞✐✐ s♠❛❧❧❡r t❤❛♥

✐♥♥❡r ❝♦♥❞✉❝t♦r✳ ❚❤❡ ✜❡❧❞ ✐s ❡q✉❛❧ t♦ ❡q✉❛t✐♦♥ ✭✸✳✶✮ ✇❤❡r❡ ■ ✐s ✐♥ ❦❆✱ ❘ ✐♥ ♠♠ ❛♥❞ ❇ ✐♥

❚✱ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❣♦❡s ❢r♦♠ ✵✳✶ t♦ ✸✳✵ ❚✱ t❤❡ ❤✐❣❤❡st ✐♥t❡♥s✐t② ✐s ✐♥ t❤❡ ♥❡❝❦ ♦❢ t❤❡ ❤♦r♥

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

♦❢ ♣❛rt✐❝❧❡s tr❛❥❡❝t♦r✐❡s ✐♥s✐❞❡ t❤❡ ❤♦r♥s✱ ❜❡✐♥❣ ❛♣♣r♦①✐♠❛t❡❧② t❤❡ sq✉❛r❡ ♦❢ t❤❡ r❛❞✐✉s ❛t

✇❤✐❝❤ t❤❡ ♣❛rt✐❝❧❡ ❡♥t❡rs t❤❡ ❝♦♥❞✉❝t♦r✳

B =
I

5R
✭✸✳✶✮

❚❤❡ ✐♥♥❡r ❝♦♥❞✉❝t♦r ♦❢ t❤❡ ❤♦r♥s ❛r❡ ❛❧✉♠✐♥✉♠ ♦❢ ✷ ♠♠ ❛♥❞ ✸ ♠♠ ♦❢ t❤✐❝❦♥❡ss✱ ❤♦r♥✶



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✶✾

❋✐❣✉r❡ ✸✳✼✳ ❋♦❝✉s s②st❡♠ ❛t ◆✉▼■ ❜❡❛♠✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✻❪

❛♥❞ ❤♦r♥ ✷ r❡s♣❡❝t✐✈❡❧②✱ ✇✐t❤ ❛ t❤✐❝❦♥❡ss ❡q✉❛❧ t♦ ✹✳✺ ♠♠ ❛t t❤❡ ♥❡❝❦✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ♦❢

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

❆ ❝♦♦❧✐♥❣ s②st❡♠ ✇❛s ❞❡✈❡❧♦♣❡❞ t♦ ❝♦♦❧ t❤❡ ✐♥♥❡r ❝♦♥❞✉❝t♦rs ❛♥❞ r❡♠♦✈❡ ❤❡❛t ❞❡♣♦s✐t❡❞

❜② t❤❡ ❜❡❛♠ ❛♥❞ ❡❧❡❝tr✐❝❛❧ r❡s✐st❛♥❝❡ ❜② t❤❡ ❝✉rr❡♥t ♣✉❧s❡✳ ❊❛❝❤ ❤♦r♥ ❤❛s ❛ ✇❛t❡r ♣♦rt

✐♥ ✸ ❛③✐♠✉t❤❛❧ ♣♦s✐t✐♦♥ ❢♦r ✶✺ ❧♦♥❣✐t✉❞✐♥❛❧ ♣♦s✐t✐♦♥s ❛♥❞ ✹ ❞r❛✐♥ ❤♦❧❡s ❛t t❤❡ ❡♥❞ ♦❢ t❤❡

❤♦r♥✳ ❆t t❤❡ ❡♥❞ ♦❢ t❤❡ ❤♦r♥ t❤❡r❡ ✐s t❤❡ ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t ❡q✉❛❧✐③❡r s❡❝t✐♦♥ ✭❈❊◗✮✱ ✇❤✐❝❤

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

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

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

❝✉rr❡♥t t♦ t❤❡ ❤♦r♥s✳

✸✳✹ ❉❡❝❛② ♣✐♣❡

❚❤❡ ❞❡❝❛② ♣✐♣❡ ❤❛s ✷ ♠ ❞✐❛♠❡t❡r ❛♥❞ ✻✼✺ ♠ ❧❡♥❣t❤✳ ❚❤❡ ♠❡s♦♥s ♣r♦♣❛❣❛t❡ ✐♥s✐❞❡ t❤❡

♣✐♣❡ ❛♥❞ ❞❡❝❛② ✐♥ ♠♦r❡ ♠❡s♦♥s ❛♥❞ ❧❡♣t♦♥s ✭♥❡✉tr✐♥♦s✱ ♠✉♦♥s ❛♥❞ ❡❧❡❝tr♦♥s✮✱ t❤✐s ♣r♦❝❡ss

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

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

❤❡❧✐✉♠ ✭❧♦✇ ❞❡♥s✐t② ❡♥✈✐r♦♥♠❡♥t✮✳ ❚❤❡ ♣✐♣❡ ✐s ♠❛❞❡ ♦❢ st❡❡❧ ✇✐t❤ ✵✳✾✺ ❝♠ ♦❢ t❤✐❝❦♥❡ss✳

❚❤❡ ♣✐♣❡ st❛rts ❛t ✹✻ ♠ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ t❛r❣❡t✳ ❚♦ s❤✐❡❧❞ t❤❡ ❞❡❝❛② ♣✐♣❡ ❢r♦♠ ♣❛rt✐❝❧❡s

t❤❛t ✐♠♣❛❝t t❤❡ ♣✐♣❡ ✇❛❧❧s✱ ❛ ❝♦♥❝r❡t❡ s❤✐❡❧❞✐♥❣ ✐s ✜①❡❞ ❞♦✇♥str❡❛♠ t♦ t❤❡ ♣✐♣❡✳



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✷✵

❋✐❣✉r❡ ✸✳✽✳ ❙❝❤❡♠❛t✐❝ ♦❢ ◆✉▼■ ♠❛❣♥❡t✐❝ ❤♦r♥s✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✻❪✳

❋✐❣✉r❡ ✸✳✾✳ P✐❝t✉r❡ ♦❢ ❤♦r♥ ✶ ✐♥♥❡r ❝♦♥❞✉❝t♦r✳



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✷✶

❋✐❣✉r❡ ✸✳✶✵✳ P✐❝t✉r❡ ♦❢ ❤♦r♥ ✷ ✐♥♥❡r ❝♦♥❞✉❝t♦r✳

❋✐❣✉r❡ ✸✳✶✶✳ P✐❝t✉r❡ ♦❢ t❤❡ ◆✉▼■ ♠❛❣♥❡t✐❝ ❤♦r♥s✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✶✹❪✳

❋✐❣✉r❡ ✸✳✶✷✳ ❉❡❝❛② ♣✐♣❡✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✻❪✳



❈❤❛♣t❡r ✸✳ ◆✉▼■ ❜❡❛♠ ❧✐♥❡ ✷✷

❋✐❣✉r❡ ✸✳✶✸✳ ❙❝❤❡♠❛t✐❝ ♦❢ ❜❡❛♠ ❛❜s♦r❜❡r✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✶✹❪✳

✸✳✺ ❆❜s♦r❜❡r

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

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

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

t✉♥♥❡❧ r❡❣✐♦♥s✳ ❚❤❡ ❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ❛❜s♦r❜❡r ❛r❡ ✺✳✺ ♠ ✇✐❞❡ ① ✺✳✻ ♠ t❛❧❧ ① ✽✳✺ ♠ ❧♦♥❣✳

❲❤❡♥ ♣❛rt✐❝❧❡s ♣❛ss t❤r♦✉❣❤ t❤❡ ❞❡❝❛② ♣✐♣❡ ❛♥❞ t❤❡ ❛❜s♦r❜❡r✱ t❤❡r❡ ❛r❡ ✷✹✵ ♠ ♦❢ s♦❧✐❞

❞♦❧♦♠✐t❡ r♦❝❦✱ t❤✐s ✐s t❤❡ ♠✉♦♥ s❤✐❡❧❞✱ ❛♥❞ ♥❡①t t♦ t❤✐s s❤✐❡❧❞✱ t❤❡r❡ ✐s t❤❡ ▼■◆❖❙ ❤❛❧❧✱

✇❤❡r❡ t❤❡ ▼■◆❊❘✈❆ ❛♥❞ ▼■◆❖❙ ❞❡t❡❝t♦rs ❛r❡ r✉♥♥✐♥❣✳



❈❤❛♣t❡r ✹✳ ▼■◆❊❘ν❆

✹✳✶ ▼■◆❊❘ν❆ ❛♥❞ t❤❡ ♣❤②s✐❝s ❣♦❛❧s

❚❤❡ ▼❛✐♥ ■♥❥❡❝t♦r ❊①♣❡r✐♠❡♥t ν ✲ ❆ ✭♥❡✉tr✐♥♦ ✲ ♥✉❝❧❡♦♥✮ ✐s ❛ ❡①♣❡r✐♠❡♥t ❞❡✈❡❧♦♣❡❞ t♦

♠❡❛s✉r❡ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ ♥❡✉tr✐♥♦s ✇✐t❤ ✺ ❞✐✛❡r❡♥t ♥✉❝❧❡✐ ✭❝❛r❜♦♥✱ ❧❡❛❞✱ ✐r♦♥✱ ✇❛t❡r ❛♥❞

❤❡❧✐✉♠✮✳ ❚❤❡ ◆✉▼■ ❜❡❛♠ s✉♣♣❧✐❡s t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r ✇✐t❤ ♥❡✉tr✐♥♦s✱ ✇❤❡r❡ t❤❡

♥❡✉tr✐♥♦s ✐♥t❡r❛❝t ✇✐t❤ t❤❡ t❛r❣❡ts ❛♥❞ t❤❡ ✜♥❛❧ st❛t❡ ♣❛rt✐❝❧❡s ❛r❡ ♠❡❛s✉r❡❞ ✇✐t❤ ♣❧❛st✐❝

s❝✐♥t✐❧❧❛t♦r ❛♥❞ ❝❛❧♦r✐♠❡t❡rs✳

❚❤❡ ❞❡t❡❝t♦r ✇❛s ❞❡s✐❣♥❡❞ t♦ ❝♦♠♣❧❡t❡ t❤❡ ♣❤②s✐❝s ❣♦❛❧s ♦❢ ▼■◆❊❘ν❆ ✇❤✐❝❤ ❛r❡✿

❼ ▼❡❛s✉r❡♠❡♥ts ♦❢ ✐♥❝❧✉s✐✈❡ ❛♥❞ ❡①❝❧✉s✐✈❡ s✐❣♥❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞ r❡❛❝t✐♦♥s r❡❧❡✈❛♥t t♦

♦s❝✐❧❧❛t✐♦♥ ❡①♣❡r✐♠❡♥ts✳

❼ ❘❡s♦❧✈❡ ♠✉❧t✐✲♣❛rt✐❝❧❡ ✜♥❛❧ st❛t❡s✱ ✐❞❡♥t✐❢②✐♥❣ t❤❡ ♣r♦❞✉❝❡❞ ♣❛rt✐❝❧❡s ✇✐t❤ ❧♦✇ t❤r❡s❤✲

♦❧❞s ✭❡♥❡r❣② ❃ ✶✵✵ ▼❡❱ ❛♥❞ ❛t ❧❡❛st ✶✵ ●❡❱✮✳

❼ ❙t✉❞② ♦❢ ♥✉❝❧❡❛r ❡✛❡❝ts ✐♥ ❛ s✐♥❣❧❡ ❜❡❛♠ s♣✐❧❧✳

❼ ❙t✉❞② ♦❢ ♥✉❝❧❡❛r str✉❝t✉r❡ ❢✉♥❝t✐♦♥s ✭t❛r❣❡ts ✇✐t❤ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ♥✉❝❧❡♦♥ ♥✉♠❜❡r

A✮✳

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

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

❡❧❡❝tr✐❝ ❝❤❛r❣❡ ✐s ♥❡❝❡ss❛r②✱ t♦ ❦♥♦✇ t❤❛t✱ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s r❡q✉✐r❡❞✳ ❚❤❡ ▼■◆❖❙ ✭▼❛✐♥

■♥❥❡❝t♦r ❖s❝✐❧❧❛t✐♦♥ ❙❡❛r❝❤✮ ♥❡❛r ❞❡t❡❝t♦r ✐s ✷ ♠❡t❡rs ❞♦✇♥str❡❛♠ t♦ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝✲

t♦r✱ t❤❡ ▼■◆❖❙ ❞❡t❡❝t♦r ❝♦♥s✐st ♦❢ s❝✐♥t✐❧❧❛t♦r ♣❧❛♥❡s ❛♥❞ ♠❛❣♥❡t✐③❡❞ ✐r♦♥ ♣❧❛t❡s t❤❛t ❧❡t

✉s ♠❡❛s✉r❡ t❤❡ ❝❤❛r❣❡ ❛♥❞ ❡♥❡r❣② ♦❢ ♣❛rt✐❝❧❡s t❤❛t ♣❛ss t❤r♦✉❣❤ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱

♠♦st ♦❢ t❤❡♠ ♠✉♦♥s µ✳

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

♣❧❛♥❡s ♠❛❞❡ ✇✐t❤ ✶✷✼ str✐♣ ❧✐♥❡s✱ s❡❡ ✜❣✉r❡ ✹✳✷✳ ❚❤❡s❡ ♠♦❞✉❧❡s ❤❛✈❡ t❤r❡❡ ❞✐✛❡r❡♥t ♦r✐✲

❡♥t❛t✐♦♥s✱ ❳✲♣❧❛♥❡s✱ ❯✲♣❧❛♥❡s ♦r ❱✲♣❧❛♥❡s✱ ✇❤❡r❡ t❤❡ ❳✲♣❧❛♥❡s ❤❛✈❡ t❤❡ str✐♣s ❛❧✐❣♥❡❞

✷✸



❈❤❛♣t❡r ✹✳ ▼■◆❊❘ν❆ ✷✹

❋✐❣✉r❡ ✹✳✶✳ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✷✶❪✳

❋✐❣✉r❡ ✹✳✷✳ ▼■◆❊❘ν❆ s❝✐♥t✐❧❧❛t♦r str✐♣s ❞❡t❡❝t♦r✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✷✶❪✳



❈❤❛♣t❡r ✹✳ ▼■◆❊❘ν❆ ✷✺

❋✐❣✉r❡ ✹✳✸✳ ❚❤❡ t❤r❡❡ ▼■◆❊❘ν❆ ✈✐❡✇s✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸❪✳

✈❡rt✐❝❛❧❧② ❛♥❞ t❤❡ ❯ ❛♥❞ ❱ ❛r❡ r♦t❛t❡❞ ✻✵ ❞❡❣r❡❡s ❢r♦♠ ❳✳

❚❤❡ ♠❛✐♥ ❞❡t❡❝t♦r ❤❛✈❡ ❛ t♦t❛❧ ♦❢ ✶✷✵ ♠♦❞✉❧❡s ❛♥❞ t✇♦ s❡❝t✐♦♥s✱ t❤❡ ✐♥♥❡r ❞❡t❡❝t♦r

✭■❉✮ ❛♥❞ t❤❡ ♦✉t❡r ❞❡t❡❝t♦r ✭❖❉✮✳ ❙tr✐♣ ❧✐♥❡s ❢♦r ■❉ ❛r❡ tr✐❛♥❣✉❧❛r ✐♥ ❝r♦ss✲s❡❝t✐♦♥✱ ❢♦r

❖❉ t❤❡ str✐♣s ❤❛✈❡ r❡❝t❛♥❣✉❧❛r ❝r♦ss✲s❡❝t✐♦♥✳ ❚❤❡ ■❉ ❛t t❤❡ s❛♠❡ t✐♠❡ ✐s ❞✐✈✐❞❡❞ ✐♥ ❢♦✉r

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

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

t❤❡r❡ ❛r❡ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡tr② ✭❊❈❆▲✮ ❛♥❞ t❤❡ ❤❛❞r♦♥✐❝ ❝❛❧♦r✐♠❡tr② ✭❍❈❆▲✮✳

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

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

✹✳✷ ❱❡t♦ ✇❛❧❧

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

♣r♦❞✉❝❡❞ ❜❡t✇❡❡♥ t❤❡ ◆✉▼■ ❜❡❛♠ ❛♥❞ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ t❤❡s❡ ♠✉♦♥s ❛r❡ ❝❛❧❧❡❞

✧r♦❝❦ ♠✉♦♥s✧✳ ❚❤❡s❡ r♦❝❦ ♠✉♦♥s ❛r❡ ♥♦t ♣r♦❞✉❝❡❞ ❜② t❤❡ ✐♥t❡r❛❝t✐♦♥s ♦❢ ❛ ♥❡✉tr✐♥♦ ✇✐t❤
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❋✐❣✉r❡ ✹✳✹✳ ❚❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r ❢r♦♥t ✈✐❡✇ ✇✐t❤♦✉t ✈❡t♦ ✇❛❧❧✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠
❬✶✶❪✳

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

❛♥❞ ✷ ♣❧❛♥❡s ♦❢ s❝✐♥t✐❧❧❛t♦r ✐♥t❡r❝❛❧❛t❡❞✳

✹✳✸ ◆✉❝❧❡❛r t❛r❣❡t r❡❣✐♦♥

❉♦✇♥str❡❛♠ t♦ t❤❡ ✈❡t♦ ✇❛❧❧✱ t❤❡r❡ ✐s t❤❡ ❧✐q✉✐❞ ❤❡❧✐✉♠✱ ❛ ❝✉❜✐❝ ♠❡t❡r t❛r❣❡t✳ ◆❡①t t♦

t❤❡ ❧✐q✉✐❞ ❤❡❧✐✉♠✱ t❤❡ t❛r❣❡t r❡❣✐♦♥ ✐s ❧♦❝❛t❡❞✱ s❡❡ ✜❣✉r❡ ✹✳✺✳ ❚❤❡r❡ ❛r❡ ✺ t❛r❣❡t ❧❛②❡rs

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

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

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

t❤❡ ✷ t❤✐♥♥❡r t❛r❣❡ts ❛r❡ ❞♦✇♥str❡❛♠✳ ❚❤❡ ✇❛t❡r t❛r❣❡t ✐s ❜❡t✇❡❡♥ t❛r❣❡ts ✸ ❛♥❞ ✹✳

✹✳✹ ❆❝t✐✈❡ tr❛❝❦❡r r❡❣✐♦♥

❚❤❡ tr❛❝❦❡r r❡❣✐♦♥ ✐s ♠❛❞❡ ✇✐t❤ ✻✷ tr❛❝❦✐♥❣ ♠♦❞✉❧❡s✱ ✇✐t❤ ❳✱ ❯ ❛♥❞ ❱ ♣❧❛♥❡s✱ ✐♥t❡r❝❛❧❛t✐♥❣

❯❳ ❛♥❞ ❱❳ ❝♦♥✜❣✉r❛t✐♦♥s✱ ❛❧✇❛②s ✇✐t❤ t❤❡ ❳ ♣❧❛♥❡s ❞♦✇♥str❡❛♠✳ ❚❤❡ tr❛❝❦❡r r❡❣✐♦♥

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

❛ t❤✐❝❦♥❡ss ♦❢ ✵✳✷ ❝♠✳ ❲❤❡♥ ❛ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ♣❛ss❡s t❤r♦✉❣❤ t❤❡ ♣❧❛st✐❝ s❝✐♥t✐❧❧❛t♦r✱
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❋✐❣✉r❡ ✹✳✺✳ ❚❛r❣❡t r❡❣✐♦♥ ❛❧♦♥❣ t❤❡ ❜❡❛♠❧✐♥❡ ❛①✐s✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✶✶❪✳

✐t ❝❛♥ ✐♦♥✐③❡ t❤❡ ❛t♦♠s✱ ✐♥ ❝♦♥s❡q✉❡♥❝❡✱ ❢r❡❡ ❡❧❡❝tr♦♥s ❛r❡ ❣❡♥❡r❛t❡❞✳ ❚❤❡s❡ ❡❧❡❝tr♦♥s

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

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

❡♥❡r❣② ❞❡♣♦s✐t❡❞ ❜② t❤❡ ♣❛rt✐❝❧❡✳

✹✳✺ ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❛♥❞ ❤❛❞r♦♥✐❝ ❝❛❧♦r✐♠❡t❡r

❚❤❡ ■❉ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r ❝♦♥s✐sts ♦❢ ❧❡❛❞ s❤❡❡ts t❤❛t ❛r❡ ✷ ♠♠ t❤✐❝❦♥❡ss✱ ✇✐t❤

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

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

❚❤❡ ❖❉ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r ✐s s✐♠✐❧❛r t♦ t❤❡ ■❉ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r✱ ✇✐t❤

❧❡❛❞ ♦❢ ✷ ♠♠ t❤✐❝❦♥❡ss ❛♥❞ ♣❧❛♥❡s ♦❢ s❝✐♥t✐❧❧❛t♦r ✐♥t❡r❧❡❛✈❡❞✳

❚❤❡ ■❉ ❤❛❞r♦♥✐❝ ❝❛❧♦r✐♠❡t❡r ✐s ♠❛❞❡ ✇✐t❤ ✷✵ ✐r♦♥ s❤❡❡ts ✇✐t❤ ✷✳✺✹ ❝♠ t❤✐❝❦♥❡ss✱

❜❡t✇❡❡♥ ❡❛❝❤ ✐r♦♥ s❤❡❡t✱ ❛ s❝✐♥t✐❧❧❛t♦r ♣❧❛♥❡ ✐s s❡t✱ ✐t ❤❛s ❛ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ ✺✵ ❝♠ ♦❢ ✐r♦♥✳

❲✐t❤ t❤❡ ❝❛❧♦r✐♠❡t❡rs✱ ♠✉♦♥s ♦❢ ✻✵✵ ▼❡❱ ❛♥❞ ♣❤♦t♦♥s ♦❢ ✽✵✵ ▼❡❱ ❛r❡ st♦♣♣❡❞✳ ❚❤❡ ❖❉

❤❛❞r♦♥✐❝ ❝❛❧♦r✐♠❡t❡r ❤❛s ❛ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ ✺✺✳✾ ❝♠✱ ✇✐t❤ ✜✈❡ s❝✐♥t✐❧❧❛t♦r ♣❧❛♥❡s ♦❢ ✷✳✺
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❋✐❣✉r❡ ✹✳✻✳ ▲❡❢t✿ ◆❡✉tr✐♥♦ ✢✉① ❛t ▼■◆❊❘ν❆ ✇✐t❤ ❞❛t❛ ❛♥❞ ▼❈✳ ❘✐❣❤t✿ ❘❛t✐♦ ♥❡✉tr✐♥♦
✢✉① ❛t ▼■◆❊❘ν❆ ✇✐t❤ ❞❛t❛ ♦✈❡r ▼❈✳ ■♠❛❣❡s t❛❦❡♥ ❢r♦♠ ❬✸✷❪✳

❝♠ t❤✐❝❦♥❡ss ❡❛❝❤ ♦♥❡✱ ❛♥❞ t♦t❛❧ ✐r♦♥ ♦❢ ✹✸✳✹ ❝♠✳ ▲❡♥❣t❤ ❡♥♦✉❣❤ t♦ st♦♣ ♣r♦t♦♥s ♦❢ ✼✺✵

▼❡❱ ❬✸✶❪✳

✹✳✻ ❲✐❣❣❧❡

❲❤❡♥ ▼■◆❊❘ν❆ ❛♥❞ t❤❡ ◆✉▼■ ❜❡❛♠ st❛rt❡❞ t♦ r✉♥ ❛t ♠❡❞✐✉♠ ❡♥❡r❣②✱ ♣❡❛❦ ❛r♦✉♥❞ ✼

●❡❱✱ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♥❡✉tr✐♥♦ ✢✉① ❛t ▼■◆❊❘ν❆ ❛♥❞ t❤❡ ❞❛t❛ ❤❛✈❡ ❞✐s❝r❡♣❛♥❝② ✉♣

t♦ ✷✵✪ ✐♥ t❤❡ ❢♦❝✉s✐♥❣ ♣❡❛❦ r❡❣✐♦♥✱ s❡❡ ✜❣✉r❡s ✹✳✻✳

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

t❤❡ ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥✳ ❚❤❡ ✜rst st✉❞✐❡s t♦ s♦❧✈❡ t❤❛t ✇❡r❡ t♦ ❛❞❞ ✉♥❝❡rt❛✐♥t✐❡s t♦

t❤❡ ❜❡❛♠ ♣♦s✐t✐♦♥✱ ❤♦r♥ ❝✉rr❡♥t ❛♥❞ ♦✛s❡t✱ ❛♥❞ t❛r❣❡t ♣♦s✐t✐♦♥ ❛♥❞ ♦✛s❡t✳ ■t ✇❛s ♦❜✈✐♦✉s

t❤❛t ✇❡ ♥❡❡❞❡❞ t♦ ❧❡❛r♥ ♠♦r❡ ❛❜♦✉t t❤❡ ◆✉▼■ ❜❡❛♠✳

❚♦ s♦❧✈❡ t❤❡ ♣r♦❜❧❡♠✱ ❛ χ2 ♠✐♥✐♠✐③❛t✐♦♥ ✇❛s r✉♥ ♦✈❡r ✶✹ ♣❛r❛♠❡t❡rs✱ ❛♥❞ ❛ ✇❡✐❣❤t

❢✉♥❝t✐♦♥ ✇❛s ❝r❡❛t❡❞ t♦ r❡♠♦✈❡ t❤❡ ❞❛t❛✴▼❈ ❞✐s❝r❡♣❛♥❝② ✇✐t❤ t❤❡ ▼❈ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥✳

❚❤✐s ✇❡✐❣❤t ❢✉♥❝t✐♦♥ ✜ts ❢♦r ❡♥❡r❣✐❡s ❜❡t✇❡❡♥ ✶✳✺ ●❡❱ ❛♥❞ ✶✺ ●❡❱ ❬✸✷❪✳ ❍♦✇❡✈❡r✱ t❤❡

♣r♦❜❧❡♠ ✐s ♥♦t s♦❧✈❡❞ ②❡t ❛♥❞ ♠♦r❡ st✉❞✐❡s ♦♥ t❤❡ s✐♠✉❧❛t✐♦♥ ❛r❡ ♥❡❝❡ss❛r②✳
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❚❤❡ ♥❡①t ❣❡♥❡r❛t✐♦♥ ♦❢ ♥❡✉tr✐♥♦ ❡①♣❡r✐♠❡♥ts ✭♥❡✉tr✐♥♦ ♦s❝✐❧❧❛t✐♦♥✱ ♥❡✉tr✐♥♦ ❛str♦♣❤②s✐❝s

❛♥❞ ♥✉❝❧❡♦♥ ❞❡❝❛②✮ ✐s ❣♦✐♥❣ t♦ ❜❡ ❞❡✈❡❧♦♣❡❞ ❜② ❉❡❡♣ ❯♥❞❡r❣r♦✉♥❞ ◆❡✉tr✐♥♦ ❊①♣❡r✐♠❡♥t

✭❉❯◆❊✮✱ ❛♥ ✐♥t❡r♥❛t✐♦♥❛❧ ❝♦❧❧❛❜♦r❛t✐♦♥ t❤❛t ✐♥❝❧✉❞❡s ♠♦r❡ t❤❛♥ ✶✵✵✵ s❝✐❡♥t✐sts✱ ♦✈❡r ✸✵

❝♦✉♥tr✐❡s❀ t❤❡ ❧❛❜♦r❛t♦r② ♦❢ ❡❧❡♠❡♥t❛r② ♣❛rt✐❝❧❡s ♦❢ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ●✉❛♥❛❥✉❛t♦ ❬✽❪ ✐s

♣❛rt ♦❢ t❤❡ ❉❯◆❊ ❝♦❧❧❛❜♦r❛t✐♦♥✳

❚❤❡ ❣♦❛❧s ❢♦r ❉❯◆❊ ❛r❡ t♦ ❛♥s✇❡r ❢✉♥❞❛♠❡♥t❛❧ q✉❡st✐♦♥s ♦❢ ✉♥✐✈❡rs❡ ❧✐❦❡✿ t❤❡ ♦r✐❣✐♥

♦❢ t❤❡ ♠❛tt❡r✲❛♥t✐♠❛tt❡r ❛s②♠♠❡tr② ✐♥ t❤❡ ✉♥✐✈❡rs❡✱ ❢✉♥❞❛♠❡♥t❛❧ ✉♥❞❡r❧②✐♥❣ s②♠♠❡tr✐❡s

♦❢ t❤❡ ✉♥✐✈❡rs❡✱ ❣r❛♥❞ ✉♥✐✜❡❞ t❤❡♦r② ♦❢ t❤❡ ✉♥✐✈❡rs❡✱ ♣r♦t♦♥ ❞❡❝❛②✱ ❛♥❞ ♣r♦♣❡rt✐❡s ♦❢

s✉♣❡r♥♦✈❛❡ ❬✷✽❪✳

✺✳✶ ▲❇◆❋

❚❤❡ ▲♦♥❣ ❇❛s❡❧✐♥❡ ◆❡✉tr✐♥♦ ❋❛❝✐❧✐t② ✭▲❇◆❋✮ ✐s ❣♦✐♥❣ t♦ ❜❡ t❤❡ ♠♦st ♣♦✇❡r❢✉❧ ♥❡✉tr✐♥♦

❜❡❛♠ ✐♥ t❤❡ ✇♦r❧❞✱ ✐t ✐s ❡①♣❡❝t❡❞ t♦ ❜❡ ❝♦♥str✉❝t❡❞ ❜② ✷✵✷✻ ❛♥❞ t♦ ✇♦r❦ ❢♦r ✷✵ ②❡❛rs

s❡♥❞✐♥❣ ♥❡✉tr✐♥♦s ❢r♦♠ ❋❡r♠✐❧❛❜ t♦ ❙❛♥❢♦r❞ ❯♥❞❡r❣r♦✉♥❞ ❘❡s❡❛r❝❤ ❋❛❝✐❧✐t② ✭❙❯❘❋✮ ✐♥

❙♦✉t❤ ❉❛❦♦t❛ ✭✶✸✵✵ ❦♠✮✳

❚❤❡ ❞❡s✐❣♥ ❝♦♥s✐sts ✐♥ ❛ ❤♦r♥✲❢♦❝✉s❡❞ ♥❡✉tr✐♥♦ ❜❡❛♠❧✐♥❡ ✭t❤r❡❡ ♠❛❣♥❡t✐❝ ❤♦r♥s s②st❡♠

❜❛s❡❞ ✐♥ ◆✉▼■ ❜❡❛♠❧✐♥❡✮ ✇✐t❤ ♣r♦t♦♥s ❜❡t✇❡❡♥ ✻✵ ❛♥❞ ✶✷✵ ●❡❱ ❢r♦♠ t❤❡ ❋❡r♠✐❧❛❜ ▼❛✐♥

❋✐❣✉r❡ ✺✳✶✳ ❉❯◆❊ ❡①♣❡r✐♠❡♥t✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✶✵❪✳

✷✾
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❋✐❣✉r❡ ✺✳✷✳ νµ ✢✉① ✐♥ ♥❡✉tr✐♥♦ ♠♦❞❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❖♣t✐♠✐③❡❞ ❞❡s✐❣♥ ✭✸
♠❛❣♥❡t✐❝ ❤♦r♥s✮ ❛♥❞ t❤❡ ❈♦♥❝❡♣t✉❛❧ ❉❡s✐❣♥ ❘❡❢❡r❡♥❝❡ ✭❈❉❘✮ ♣r❡s❡♥t❡❞ ✐♥ ✷✵✶✺ ❜❛s❡❞ ✐♥
✷ ♠❛❣♥❡t✐❝ ❤♦r♥s✱ ◆✉▼■ ❜❡❛♠✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳

■♥❥❡❝t♦r ✭▼■✮✱ t❤❡ s❛♠❡ ✉s❡❞ ❢♦r ◆✉▼■ ❜❡❛♠❧✐♥❡✱ t♦ t❤❡ t❛r❣❡t ❤❛❧❧ ✇✐t❤ ❛ ♣r♦t♦♥ ❜❡❛♠

♣♦✇❡r ♦❢ ✶✳✷ ▼❲✱ ✉♣❣r❛❞❡❛❜❧❡ t♦ ✷✳✹ ▼❲ ❬✸✵❪✳

❆t ✶✳✷ ▼❲ t❤❡ ❜❡❛♠ ✐s ❡①♣❡❝t❡❞ t♦ r✉♥ ✇✐t❤ ✼✳✺ ×1013 ♣r♦t♦♥s ♣❡r ❝②❝❧❡✱ ✇✐t❤ ❛ s♣✐❧❧

❞✉r❛t✐♦♥ ♦❢ ✶✳✵ ×10−5 s ❛♥❞ ❛ ❝②❝❧❡ t✐♠❡ ❜❡t✇❡❡♥ ✵✳✼ t♦ ✶✳✷ s✳

❚❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ♥❡✉tr✐♥♦ ❜❡❛♠ ❛r❡ ♠♦st ❧✐❦❡ ◆✉▼■✱ t❤❡ ✜rst ❝♦♠♣♦♥❡♥t ✐s t❤❡

❜❛✤❡ ✭✉s❡❞ t♦ ♣r♦t❡❝t ✐♥ ❝❛s❡ ♦❢ ♠✐s✲st❡❡r✐♥❣ ♦❢ ♣r✐♠❛r② ❜❡❛♠✮✱ t❤❡♥ t❤❡r❡ ✐s t❤❡ t❛r❣❡t✱

✇❤✐❝❤ ✐s ❡♠❜❡❞ ✐♥ t❤❡ ✜rst ❤♦r♥ ✭❤♦r♥ ❆✮✱ t❤❡ s❡❝♦♥❞ ❤♦r♥ ✭❤♦r♥ ❇✮ ✐s ❞♦✇♥str❡❛♠ t♦

❤♦r♥ ❆✱ ❛♥❞ t❤❡ t❤✐r❞ ❤♦r♥ ✭❤♦r♥ ❈✮ ✐s ✶✺ ♠ ❞♦✇♥str❡❛♠ t♦ ❤♦r♥ ❇✳ ❚❤❡ ❢♦❝✉s✐♥❣ s②st❡♠

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

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

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

r❡♠❛✐♥✐♥❣ ❤❛❞r♦♥s ❛♥❞ ♦♥❧② ❧❡t ♥❡✉tr✐♥♦s ♣❛ss ✭s❡❡ ✜❣✉r❡ ✺✳✸✮✳
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❋✐❣✉r❡ ✺✳✸✳ ❙❝❤❡♠❛t✐❝ ♦❢ ▲❇◆❋ ♥❡✉tr✐♥♦ ❜❡❛♠✱ ❢r♦♠ ❧❡❢t t♦ r✐❣❤t ❜❛✤❡✱ ✸ ❢♦❝✉s✐♥❣ ❤♦r♥s
❛♥❞ t❤❡ ❞❡❝❛② ♣✐♣❡✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳

✺✳✷ ▲❇◆❋ t❛r❣❡t ❛♥❞ ❜❛✤❡

❚❤❡ t❛r❣❡t ✐s ❜❛s❡❞ ♦♥ t❤❡ ❚✷❑ t❛r❣❡t ❞❡s✐❣♥✱ ♠♦❞✐✜❡❞ ❢♦r ❤✐❣❤ ❡♥❡r❣② ❛♥❞ ✇✐t❤ t✇✐❝❡ t❤❡

❧❡♥❣t❤✳ ■t ✐s ❛ ✷ ♠ ❝②❧✐♥❞r✐❝❛❧ ❝♦r❡ ✇✐t❤ ✶✻ ♠♠ ♦❢ ❞✐❛♠❡t❡r✱ ♠❛❞❡ ♦❢ ❣r❛♣❤✐t❡✳ ❚♦ ✐♠♣r♦✈❡

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

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

❆ t♦ ❢♦❝✉s ❧♦✇ ❡♥❡r❣② ♣✐♦♥s✳ ❯♣str❡❛♠ t♦ t❤❡ t❛r❣❡t✱ t❤❡r❡ ✐s t❤❡ ❜❛✤❡t✱ ❛ ❧✐tt❧❡ ❜❛✤❡

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

❝♦✉❧❞ ❝❤❛♥❣❡ ✉♥t✐❧ t❤❡ ✜♥❛❧ ❞❡s✐❣♥✳

❚❤❡ ❜❛✤❡ ✐s ♠❛❞❡ t♦ ♣r♦t❡❝t t❤❡ ✐♥♥❡r ❝♦♥❞✉❝t♦r ♦❢ t❤❡ ❤♦r♥s ❢r♦♠ ❛♥② ♠✐s✲st❡❡r❡❞

❜❡❛♠ ♣✉❧s❡✳ ■t ✐s t❤❡ ✜rst ❡❧❡♠❡♥t ♦❢ t❤❡ ❜❡❛♠❧✐♥❡ ❛♥❞ t❤❡ s❤❛♣❡ ❞❡♣❡♥❞s ♦❢ t❤❡ ❝♦♥✜❣✉✲

r❛t✐♦♥ ♦❢ ❤♦r♥s✱ ❜❡❛♠ ❛♥❞ t❛r❣❡t✳ ❚❤❡ ❜❛✤❡ ❝♦♥s✐sts ♦❢ ❣r❛♣❤✐t❡ t✉❜✉❧❛r s❡❣♠❡♥ts ♦❢ ✽✵

♠♠ ❖❉ ❛♥❞ ✷✻✳✼ ♠♠ ■❉ ✇✐t❤ ❛ t♦t❛❧ ❧❡♥❣t❤ ♦❢ ✷ ♠✱ ❛♥❞ ✐t ✐s ♠♦✉♥t❡❞ ✐♥ ❛♥ ❛❧✉♠✐♥✐✉♠

❝❛s❡✱ s❡❡ ✜❣✉r❡ ✺✳✺✳

✺✳✸ ▲❇◆❋ ❢♦❝✉s✐♥❣ s②st❡♠

❚❤❡ ❢♦❝✉s✐♥❣ s②st❡♠ ❢♦r ✶✳✷ ▼❲ ✇❛s ❞❡s✐❣♥❡❞ ✇✐t❤ ✸ ♠❛❣♥❡t✐❝ ❤♦r♥s t❤❛t ✇♦r❦s ❛s ♦♣t✐❝❛❧

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

✺✳✻✱ ✇❤❡r❡ t❤❡ ▼❈❩❊❘❖ ✐s t❤❡ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ♦r✐❣✐♥ ❢♦r ▼♦♥t❡ ❈❛r❧♦ s✐♠✉❧❛t✐♦♥s✱ ✐t

❤❛s ❛ ❝②❧✐♥❞r✐❝❛❧ s❤❛♣❡ ❢♦r ■❈ ❛♥❞ ❛♥ ❡✛❡❝t✐✈❡ ❧❡♥❣t❤ ♦❢ ✷✳✷✶✽ ♠✳ ✷✳✾✺✻ ♠ ❞♦✇♥str❡❛♠ t♦



❈❤❛♣t❡r ✺✳ ▲❇◆❋✴❉❯◆❊ ✸✷

❋✐❣✉r❡ ✺✳✹✳ ❯♣str❡❛♠ ❛♥❞ ❞♦✇♥str❡❛♠ ♦❢ t❛r❣❡t ❝♦♥❝❡♣t ❞❡s✐❣♥✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳



❈❤❛♣t❡r ✺✳ ▲❇◆❋✴❉❯◆❊ ✸✸

❋✐❣✉r❡ ✺✳✺✳ ❇❛✤❡ ❣❡♦♠❡tr② ❢♦r ▲❇◆❋✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳

▼❈❩❊❘❖ ✐s t❤❡ ❤♦r♥ ❇✱ ✇✐t❤ ❛♥ ❡✛❡❝t✐✈❡ ❧❡♥❣t❤ ♦❢ ✸✳✾✸✷ ♠✱ ❛♥❞ ✇✐t❤ ❝❛♥♦♥✐❝❛❧ s❤❛♣❡

❢♦r ■❈✱ s❡❡ ✜❣✉r❡ ✺✳✼✳ ✶✼✳✽✵✻ ♠ ❞♦✇♥str❡❛♠ t♦ ▼❈❩❊❘❖ ✐s t❤❡ ❤♦r♥ ❈✱ ✇✐t❤ ❛♥ ❡✛❡❝t✐✈❡

❧❡♥❣t❤ ♦❢ ✷✳✶✽✹ ♠ ❛♥❞ ❝♦♥✐❝❛❧ s❤❛♣❡ ❢♦r ■❈✱ s❡❡ ✜❣✉r❡ ✺✳✽✳

❖♥❡ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ◆✉▼■ ❤♦r♥s ❛♥❞ t❤❡ ▲❇◆❋ ❤♦r♥s✱

✐s t❤❡ s❤❛♣❡ ❢♦r ■❈✱ ♣❛r❛❜♦❧✐❝ ❢♦r ◆✉▼■ ❛♥❞ ❝②❧✐♥❞r✐❝❛❧ ❛♥❞ ❝♦♥✐❝❛❧ ❢♦r ▲❇◆❋✳ ❚❤❡ ❤♦r♥s

✇❡r❡ ❞❡s✐❣♥❡❞ t♦ ❜❡ ♠❛❞❡ ♦❢ ❛❧✉♠✐♥✐✉♠✱ ✇✐t❤ t❤✐❝❦♥❡ss ♦❢ ✷ ♠♠✱ ✸ ♠♠ ❛♥❞ ✹ ♠♠ ❢♦r

❤♦r♥s ❆✱ ❇ ❛♥❞ ❈ r❡s♣❡❝t✐✈❡❧② ✐♥ ■❈✳ ❚❤❡ ❖❈ t❤✐❝❦♥❡ss ✐s ✶✻ ♠♠ ❢♦r t❤❡ t❤r❡❡ ❤♦r♥s✱

✇✐t❤ t❤❡ ❖✉t❡r ❖❈ r❛❞✐✉s ❡q✉❛❧ t♦ ✷✷✵✳✺ ♠♠✱ ✻✺✵ ♠♠ ❛♥❞ ✻✺✵ ♠♠ ❢♦r ❤♦r♥s ❆✱ ❇ ❛♥❞

❈ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❡❧❡❝tr✐❝❛❧ r❡s✐st❛♥❝❡ ✐♥ ♦❤♠s ❛r❡ 2.15× 10−04 ❢♦r ❤♦r♥ ❆✱ 7.80× 10−05

❢♦r ❤♦r♥ ❇ ❛♥❞ 2.70× 10−05 ❢♦r ❤♦r♥ ❈✳

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

❚❤❡ ❡❧❡❝tr✐❝❛❧ ♣✉❧s❡s ❛r❡ ❤❛❧❢✲s✐♥❡ ✇❛✈❡s ✇✐t❤ ♣❡❛❦s ♦❢ ✸✵✵ ❦❆✱ t❤❡ ♣✉❧s❡ ✇✐❞t❤ ✐s ❡q✉❛❧ t♦

✵✳✽ ♠s ✇✐t❤ r❡♣❡t✐t✐♦♥ r❛t❡ ♦❢ ✶✳✷✵ s✱ ✵✳✾ s ❛♥❞ ✵✳✼ s ❢♦r ❡♥❡r❣② ❜❡❛♠ ♦❢ ✶✷✵ ●❡❱✱ ✽✵ ●❡❱

❛♥❞ ✻✵ ●❡❱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❡❧❡❝tr✐❝❛❧ r❡s✐st❛♥❝❡ ❢♦r t❤❡ str✐♣❧✐♥❡✱ ✹✺ ♠❡t❡rs✱ ✐s ❡q✉❛❧

t♦ 3.80 × 10−04 Ω✳ ❚❤❡ ❞❡s✐❣♥ ❢♦r ❝✉rr❡♥t ❡q✉❛❧✐③❡r s❡❝t✐♦♥ ✭❈❊◗✮ ❛♥❞ ❞r❛✐♥ ❤♦❧❡s ✐s ✐♥

♣r♦❣r❡ss✳



❈❤❛♣t❡r ✺✳ ▲❇◆❋✴❉❯◆❊ ✸✹

❋✐❣✉r❡ ✺✳✻✳ ❚❡❝❤♥✐❝❛❧ ❞r❛✇✐♥❣ ❢♦r ❤♦r♥ ❆✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳

❋✐❣✉r❡ ✺✳✼✳ ❚❡❝❤♥✐❝❛❧ ❞r❛✇✐♥❣ ❢♦r ❤♦r♥ ❇✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳



❈❤❛♣t❡r ✺✳ ▲❇◆❋✴❉❯◆❊ ✸✺

❋✐❣✉r❡ ✺✳✽✳ ❚❡❝❤♥✐❝❛❧ ❞r❛✇✐♥❣ ❢♦r ❤♦r♥ ❈✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳

❋✐❣✉r❡ ✺✳✾✳ νµ ✢✉① ❛t ❉❯◆❊ ❢❛r ❞❡t❡❝t♦r ✇✐t❤ ❞✐✛❡r❡♥t ❤♦r♥ ❝♦♥✜❣✉r❛t✐♦♥s✳ ■♠❛❣❡
t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳



❈❤❛♣t❡r ✺✳ ▲❇◆❋✴❉❯◆❊ ✸✻

❋✐❣✉r❡ ✺✳✶✵✳ ❙❝❤❡♠❛t✐❝ ♦❢ ❞❡❝❛② ♣✐♣❡ ❞❡s✐❣♥ ❢♦r ▲❇◆❋✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳

✺✳✹ ▲❇◆❋ ❞❡❝❛② ♣✐♣❡

✷✼✳✸ ♠ ❞♦✇♥str❡❛♠ t♦ t❤❡ ▼❈❩❊❘❖ t❤❡r❡ ✐s t❤❡ ❞❡❝❛② ♣✐♣❡✱ ❛ st❡❡❧ ♣✐♣❡ ♦❢ ✶✾✸✳✼ ♠

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

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

♣✐♣❡ ❛ s❡❝♦♥❞ ♣✐♣❡ ❧♦❝❛t❡❞ ❝♦♥❝❡♥tr✐❝❛❧❧② ✇✐t❤ ✹✳✹✸ ♠ ✐♥s✐❞❡ ❞✐❛♠❡t❡r ✐s ✉s❡❞ t♦ ❝✐r❝✉❧❛t❡

❛ ❝♦♦❧✐♥❣ ❣❛s✳

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

♠♦❧❡❝✉❧❡s ❝♦✉❧❞ ❝♦♥❝❡♥tr❛t❡ ✐♥ ❞r❛✐♥ ✇❛t❡r ❝♦❧❧❡❝t❡❞ ✇❤❡♥ t❤❡② ✇❛♥t t♦ ❦❡❡♣ ❞r② t❤❡

❜❡❛♠❧✐♥❡✱ t♦ ❛✈♦✐❞ t❤❛t✱ t✇♦ str❛t❡❣✐❡s ✇❡r❡ ♣r♦♣♦s❡❞✱ t❤❡ ✜rst ♦♥❡ ✐s t♦ ✉s❡ ♥✐tr♦❣❡♥

✐♥st❡❛❞ ♦❢ ❛✐r t♦ ❞r② t❤❡ ❞❡❝❛② ♣✐♣❡✱ t❤❡ s❡❝♦♥❞ ♦♥❡ ✐s t♦ ♣✉t ❛ ❜❛rr✐❡r s②st❡♠ ❜❡t✇❡❡♥ t❤❡

❝♦♥❝r❡t❡ s❤✐❡❧❞✐♥❣ ❛♥❞ t❤❡ s♦✐❧ t♦ r❡❞✉❝❡ t❤❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ tr✐t✐✉♠ ❬✸✵❪✳ ❆ s❝❤❡♠❛t✐❝ ♦❢

t❤❡ ❞❡❝❛② ♣✐♣❡ t❤❛t ❝♦✈❡rs ❛❧❧ t❤❡ ♥❡❝❡ss✐t✐❡s ❢♦r ▲❇◆❋ ✐s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ✜❣✉r❡ ✺✳✶✵✳

✺✳✺ ▲❇◆❋ ❛❜s♦r❜❡r

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

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

♠✐♥✐✉♠✱ st❡❡❧ ❛♥❞ ❝♦♥❝r❡t❡✳ ■t ❝♦♥s✐sts ♦❢ ❛ ❝♦r❡ ❛♥❞ ❛♥ ♦✉t❡r s❤✐❡❧❞✐♥❣ ❬✸✵❪✳



❈❤❛♣t❡r ✺✳ ▲❇◆❋✴❉❯◆❊ ✸✼

❋✐❣✉r❡ ✺✳✶✶✳ ❙❝❤❡♠❛t✐❝ ♦❢ ❤❛❞r♦♥ ❛❜s♦r❜❡r ❞❡s✐❣♥ ❢♦r ▲❇◆❋✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✵❪✳

❚❤❡ ❝♦r❡✱ s❡❡ ✜❣✉r❡ ✺✳✶✶✱ ❝♦♥s✐sts ♦❢ ❛♥ ❛❧✉♠✐♥✐✉♠ s♣♦✐❧❡r ❜❧♦❝❦✱ ✺ ❛❧✉♠✐♥✐✉♠ ♠❛s❦

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

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

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

❛t ✷✳✹ ▼❲✳

✺✳✻ ❉❯◆❊ ❞❡t❡❝t♦rs

❚♦ ❝♦♠♣❧❡t❡ t❤❡ ❣♦❛❧s ❢♦r ❉❯◆❊✱ t❤❡ ❞❡s✐❣♥ ❝♦♥s✐sts ✐♥ t✇♦ ❞❡t❡❝t♦rs✱ t❤❡ ♥❡❛r✱ ❛t ❋❡r♠✐✲

❧❛❜✱ ❛♥❞ t❤❡ ❢❛r ❞❡t❡❝t♦r✱ ❛t ❙❯❘❋✳

❚❤❡ ❣♦❛❧ ❢♦r ❉❯◆❊ ◆❡❛r ❉❡t❡❝t♦r ✭❉❯◆❊◆❉✮ ✐s t♦ ♠❡❛s✉r❡ t❤❡ ♥❡✉tr✐♥♦ ❜❡❛♠✱ ❡♥✲

❡r❣② ❛♥❞ ❝♦♠♣♦s✐t✐♦♥✱ t❤❡ ❞❡s✐❣♥ ✐s ❜❛s❡❞ ✐♥ t❤❡ ◆❖▼❆❉✲✐♥s♣✐r❡❞ ✜♥❡✲❣r❛✐♥❡❞ tr❛❝❦❡r

✭❋●❚✮ ❬✼❪✱ s❡❡ ✜❣✉r❡ ✺✳✶✸✱ t❤❡ ❞❡t❡❝t♦r ✐s ❣♦✐♥❣ t♦ ❜❡ ❛t ✺✵✵ ♠ ❞♦✇♥str❡❛♠ t♦ t❤❡ t❛r❣❡t✳

❚❤❡ ♣❛rts ♦❢ t❤❡ ❋●❚ ❛r❡ ❝❡♥tr❛❧ str❛✇✲t✉❜❡ tr❛❝❦❡r ✭❙❚❚✮✱ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r

✭❊❈❆▲✮✱ ❞✐♣♦❧❡ ♠❛❣♥❡t ♦❢ ✵✳✹ ❚ ❛♥❞ ♠✉♦♥ ✐❞❡♥t✐✜❡rs ✭▼✉■❉✮✳ ❚❤❡ ❞❡t❡❝t♦r ✇❛s ❞❡s✐❣♥❡❞

t♦ ♠❡❛s✉r❡ ♠✉♦♥ ❡♥❡r❣② ✇✐t❤ ❛♥ ✉♥❝❡rt❛✐♥t② ❜❡tt❡r t❤❛♥ ✵✳✷✪ ❛♥❞ ❤❛❞r♦♥ ❡♥❡r❣② ❜❡tt❡r

t❤❛♥ ✵✳✺✪✱ ✇✐t❤ t❤❡ ❝❛♣❛❝✐t② t♦ ♠❡❛s✉r❡ ❡❧❡❝tr✐❝❛❧ ❝❤❛r❣❡ ♦❢ ♠✉♦♥s✱ ❡❧❡❝tr♦♥s ❛♥❞ ❤❛❞r♦♥s

❛♥❞ ❛❧s♦ ❤✐❣❤ r❡s♦❧✉t✐♦♥ ❢♦r ♠♦♠❡♥t✉♠ ♠❡❛s✉r❡♠❡♥t ❬✷✾❪✳

❚❤❡r❡ ❛r❡ ✷ ❞❡s✐❣♥s ❢♦r ❉❯◆❊ ❋❛r ❉❡t❡❝t♦r ✭❉❯◆❊❋❉✮✱ ❡❛❝❤ ♦♥❡ ✇✐t❤ ✹ ♠♦❞✉❧❡s ♦❢ ✶✵

❦t✱ ✶✷ ♠ ❤✐❣❤✱ ✶✹✳✺ ♠ ✇✐❞❡ ❛♥❞ ✺✽ ♠ ❧♦♥❣✱ ❛ t♦t❛❧ ♠❛ss ♦❢ ✹✵ ❦t✱ ✇✐t❤ ▲✐q✉✐❞ ❆r❣♦♥ ❚✐♠❡

Pr♦❥❡❝t♦r ❈❤❛♠❜❡r ✭▲❆r❚P❈✮ ❛s ❞❡t❡❝t✐♦♥ ♠❡t❤♦❞✳ ❚❤❡ ▲❆r❚P❈ ✐s ✉s❡❞ t♦ ♠❡❛s✉r❡

tr❛❝❦s ❛♥❞ ❡♥❡r❣②✱ ✇✐t❤ ❤✐❣❤ ❡✣❝✐❡♥❝② ✐♥ t❤❡ ❡✈❡♥t r❡❝♦♥str✉❝t✐♦♥✳ ❚❤❡ ▲❆r❚P❈ ♦r✐❣✐♥❛❧



❈❤❛♣t❡r ✺✳ ▲❇◆❋✴❉❯◆❊ ✸✽

❋✐❣✉r❡ ✺✳✶✷✳ ✸❉ ♠♦❞❡❧s ♦❢ t✇♦ ❞❡t❡❝t♦rs ❞❡s✐❣♥❡❞ ❢♦r ❉❯◆❊ ❢❛r ❞❡t❡❝t♦r✳ ■♠❛❣❡ t❛❦❡♥
❢r♦♠ ❬✷✽❪✳

❋✐❣✉r❡ ✺✳✶✸✳ ❙❝❤❡♠❛t✐❝ ♦❢ ◆❖▼❆❉ ✜♥❡✲❣r❛✐♥❡❞ tr❛❝❦❡r✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✷✽❪✳

❝♦♥❝❡♣t✐♦♥ ✇❛s ❞❡s✐❣♥❡❞ ❜② ❈❛r❧♦ ❘✉❜❜✐❛ ✐♥ ✶✾✼✼✱ ❛♥❞ ✇❛s ❜❛s❡❞ ✐♥ t❤❡ ❚P❈ ♦❢ ◆②❣r❡♥

❬✹❪✳ ❈♦♥s✐st ✐♥ ❛ ❝❤❛♠❜❡r ✜❧❧❡❞ ✇✐t❤ ❧✐q✉✐❞ ❆r❣♦♥ ✇✐t❤ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♥❞ ❛ s②st❡♠ t♦ ❝♦❧❧❡❝t

❡❧❡❝tr♦♥s✳ ❲❤❡♥ ❛ ♣❛rt✐❝❧❡ ✐♥t❡r❛❝ts ✇✐t❤ t❤❡ ❧✐q✉✐❞ ❆r❣♦♥✱ ❛♥ ✐♦♥ ♣❛✐r ✐s ♣r♦❞✉❝❡❞✱ t❤❡

❡❧❡❝tr♦♥s ❛r❡ ❛❝❝❡❧❡r❛t❡❞ ✇✐t❤ ❛ ❤✐❣❤ ❡❧❡❝tr✐❝ ✜❡❧❞ t♦ str✐♣s t❤❛t ❛r❡ ✉s❡❞ t♦ ❝♦❧❧❡❝t t❤❡s❡

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

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

❧✐❣❤t ❞❡t❡❝t✐♦♥ s②st❡♠ t♦ ❝♦♠♣❧❡♠❡♥t t❤❡ ▲❆r❚P❈ ❞❡t❡❝t✐♦♥ ✐♥ t❤❡ ❉❯◆❊❋❉✱ ❛♥❞ t❤❡r❡

❛r❡ ✷ ❞✐✛❡r❡♥t ❞❡s✐❣♥s✱ s❡❡ ✜❣✉r❡ ✺✳✶✷✳ ❚❤❡ ♦❜❥❡❝t✐✈❡ ✐s t♦ st❛rt t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ ♦♥❡ ✶✵

❦t ♠♦❞✉❧❡ ❜② ✷✵✷✶ ❬✷✽❪✳



❈❤❛♣t❡r ✻✳ ◆✉▼■ st✉❞✐❡s

❆s ✐t ✇❛s st❛t❡❞ ✐♥ t❤❡ ❲✐❣❣❧❡ ❙❡❝t✐♦♥ ✭✹✳✻✮ t❤❡r❡ ✐s ❛ ♠✐s♠❛t❝❤ ❜❡t✇❡❡♥ ❞❛t❛ ❛♥❞ ▼♦♥t❡

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

t♦ s❡❡ ❤♦✇ ✐t ❛✛❡❝ts t❤❡ ♥❡✉tr✐♥♦ ✢✉①✳ ❙t✉❞✐❡s ✇❡r❡ ♠❛❞❡ ❛❜♦✉t t❤❡ ❈✉rr❡♥t ❊q✉❛❧✐③❡r

❙❡❝t✐♦♥ ✭❈❊◗✮ ❛♥❞ t❤❡ ❉❡❝❛② P✐♣❡ ✭❉P✮ ♦♥ t❤❡ ◆✉▼■ ❜❡❛♠ s✐♠✉❧❛t✐♦♥ ✭●❊❆◆❚✹✮ ✈✻r✸✳

✻✳✶ ❙❤❛♣❡ ❛♥❞ ❇ ✜❡❧❞ ♦❢ ♠❛❣♥❡t✐❝ ❤♦r♥s

❚❤❡ ✜rst t❛s❦ ♠❛❞❡ ✇❛s t♦ ♦❜t❛✐♥ t❤❡ s❤❛♣❡ ❛♥❞ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ✷ ♠❛❣♥❡t✐❝ ❤♦r♥s ✐♥

t❤❡ s✐♠✉❧❛t✐♦♥✳ ❚♦ ❞♦ t❤❛t✱ ✧●❡❛♥t✐♥♦s✧ ✇❡r❡ s❡♥t ♦♥ t❤❡ ◆✉▼■ ❜❡❛♠ s✐♠✉❧❛t✐♦♥✱ t❤❡

✧●❡❛♥t✐♥♦s✧ ❛r❡ ✈✐rt✉❛❧ ♣❛rt✐❝❧❡s t❤❛t ❞♦ ♥♦t ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❞❡t❡❝t♦r✱ t❤❡② ❛r❡ ✉s❡❞ t♦

✐❞❡♥t✐❢② s❤❛♣❡s ❛♥❞ ✈♦❧✉♠❡s✳

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

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

s❡❡ ✜❣✉r❡s ❆✳✶✱ ❛♥❞ ❆✳✷✳

❚❤❡♥✱ ✧▼✉♦♥ ●❡❛♥t✐♥♦s✧ ✇❡r❡ ✉s❡❞ t♦ ♦❜t❛✐♥ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥s✐❞❡ t❤❡ ❝♦♥❞✉❝t♦rs✱

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

✈♦❧✉♠❡✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❣♦❡s ❢r♦♠ ✸✳✵ ❚ ✭♥❡❝❦ ♦❢ ❤♦r♥ ✶✮ t♦ ✵✳✶ ❚ ✭♦✉t❡r ❝♦♥❞✉❝t♦r ♦❢

❤♦r♥ ✷✮✱ s❡❡ ✜❣✉r❡s ✻✳✶ ❛♥❞ ✻✳✷✳

❋♦r ❤♦r♥ ✷ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❡❡ ♠✉♦♥ ●❡❛♥t✐♥♦s tr❛❥❡❝t♦r✐❡s ✐♥s✐❞❡ t❤❡ ✐♥♥❡r ❝♦♥❞✉❝t♦r

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

❇✉t t❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ r❡❢❡r❡♥❝❡ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ✇❛s ♣✉t ✐♥ ❤♦r♥ ✶✳ ❲❤❡♥ t❤❡ ♥♦♠✐♥❛❧

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

③❡r♦✳ ▼♦st ♦❢ t❤❡ st✉❞✐❡s ✇❡r❡ ♠❛❞❡ ♦♥❧② ❢♦r ❤♦r♥ ✶✳ ■♥ t❤❡ ♥❡①t s❡❝t✐♦♥ ❛ st✉❞② ♦❢ t❤❡

❈❊◗ ❢♦r ❤♦r♥ ✶ ✐s ❞❡s❝r✐❜❡❞✳

✸✾



❈❤❛♣t❡r ✻✳ ◆✉▼■ st✉❞✐❡s ✹✵

❋✐❣✉r❡ ✻✳✶✳ ▼❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r t❤❡ ✷ ❤♦r♥s ♦❢ ◆✉▼■ ❜❡❛♠ s✐♠✉❧❛t✐♦♥✱ ♥♦t s❝❛❧❡❞✳

❋✐❣✉r❡ ✻✳✷✳ ▲❡❢t✿ ▼❛❣♥❡t✐❝ ✜❡❧❞ ✐♥ ❍♦r♥ ✶ ♦❢ ◆✉▼■ ❜❡❛♠ s✐♠✉❧❛t✐♦♥✳ ❘✐❣❤t✿ ▼❛❣♥❡t✐❝
✜❡❧❞ ✐♥ ❍♦r♥ ✷ ♦❢ ◆✉▼■ ❜❡❛♠ s✐♠✉❧❛t✐♦♥✳



❈❤❛♣t❡r ✻✳ ◆✉▼■ st✉❞✐❡s ✹✶

❋✐❣✉r❡ ✻✳✸✳ ❈✉rr❡♥t ❊q✉❛❧✐③❡r ❙❡❝t✐♦♥ ✐♥ ❤♦r♥ ✶ ✭❜❧❛❝❦ s❡❝t✐♦♥ ♦♥ t❤❡ ❧❡❢t✮✳

✻✳✷ ❈❊◗ st✉❞②

❆s ✐t ✇❛s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ s❡❝t✐♦♥ ✸✳✸✱ t❤❡ ❈✉rr❡♥t ❊q✉❛❧✐③❡r ❙❡❝t✐♦♥ ✭❈❊◗✮ ✐s ❛ str❛✐❣❤t

s❡❝t✐♦♥ ✉s❡❞ t♦ r❡❞✐str✐❜✉t❡ t❤❡ ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t✱ s❡❡ ✜❣✉r❡ ✻✳✸✱ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥✱ ✐t ✐s

❛ss✉♠❡❞ t❤❛t t❤❡ ❝✉rr❡♥t ✐s ✉♥✐❢♦r♠ ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ❈❊◗✱ ✇❤❡♥ t❤❡ ❝✉rr❡♥t ❝♦♠❡s ✐♥ t♦

t❤❡ ✐♥♥❡r ♦r ♦✉t❡r ❝♦♥❞✉❝t♦r✳

■♥ ♦r❞❡r t♦ st✉❞② t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❈❊◗✱ ❛ s✐♠✉❧❛t✐♦♥ ❜② P❛✉❧ ▲❡❜r✉♥ ❬✶✽❪ ❛♥❞ ❛

♠❡❛s✉r❡♠❡♥t ♠❛❞❡ ❜② ❑❛ts✉②❛ ❨♦♥❡❤❛r❛ ❬✸✺❪ ✇❡r❡ ♠❛❞❡✳ ❖♥ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥s ❛

❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛♥❞ ❈❊◗ ♥♦♥✲s②♠♠❡tr✐❝❛❧ ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥ ❛♥❞

❤♦✇ t❤❡s❡ ❞✐st♦rt✐♦♥s ♠♦❞✐❢② t❤❡ ✢✉① ♦♥ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r ✐s ❞❡s❝r✐❜❡❞✳

✻✳✷✳✶ ▼❡❛s✉r❡♠❡♥t

❲✐t❤ t❤❡ ❣♦❛❧ t♦ st✉❞② t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♥❡❛r t♦ t❤❡ ❈❊◗✱ ❛ ♠❡❛s✉r❡♠❡♥t ♥❡❛r t♦ t❤✐s

r❡❣✐♦♥ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ❑❛ts✉②❛ ✇✐t❤✐♥ ✶✪ ❡rr♦r✱ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ♠❛❞❡ ♦♥ t❤❡ ❤♦r♥

t❡st st❛♥❞ ❛t ▼■✲✽✳

❚❤❡ ♠❛❣♥❡t✐❝ ❤♦r♥ ✶ ❤❛s ✶✺ ✇❛t❡r ♣♦rts ✭❆✱ ❇✱ ❈✱ ❉✱ ❊✱ ❋✱ ●✱ ❍✱ ■✱ ❏✱ ❑✱ ▲✱ ▼✱ ◆✱

❖✮ ✉s❡❞ ❛s ❝♦♦❧✐♥❣ s②st❡♠✱ ✇❛t❡r ♣♦rts ❢r♦♠ ❆ t♦ ❖ ❛s ✐♠❛❣❡ ✻✳✹❀ ❑❛ts✉②❛ ✐♥s❡rt❡❞ ❛ ❤❛❧❧

♣r♦❜❡ ✇✐t❤ s♣❡❝✐✜❝❛t✐♦♥s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✻✳✺✱ ❛tt❛❝❤❡❞ t♦ ❛ s✉♣♣♦rt ✜①❡❞ t♦ t❤❡ ♦✉t❡r

❝♦♥❞✉❝t♦r ✐♥ t✇♦ ❞✐✛❡r❡♥t ✇❛t❡r ♣♦rts✱ ▲ ❛♥❞ ❖✱ ❛t t✇♦ ❞✐✛❡r❡♥t r❛❞✐✐ ❢r♦♠ ❜❡❛♠ ❛①✐s✱

✶✵✸✳✵✷✷✹ ♠♠ ✭♥❡❛r ♣♦✐♥t✮ ❛♥❞ ✶✷✽✳✹✷✷✹ ♠♠ ✭❢❛r ♣♦✐♥t✮✱ ❛♥❞ t❤r❡❡ ❞✐✛❡r❡♥t ❛③✐♠✉t❤❛❧

❛♥❣❧❡s✳



❈❤❛♣t❡r ✻✳ ◆✉▼■ st✉❞✐❡s ✹✷

❋✐❣✉r❡ ✻✳✹✳ ❚❡❝❤♥✐❝❛❧ ❞r❛✇✐♥❣ ❢♦r ✇❛t❡r ♣♦rts ✭❆✱ ❇✱ ❈✱ ❉✱ ❊✱ ❋✱ ●✱ ❍✱ ■✱ ❏✱ ❑✱ ▲✱ ▼✱ ◆✱
❖✮ ✐♥ ❤♦r♥ ✶✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✶❪✳

❩ ❬♠♠❪ ❘ ❬♠♠❪ ❇ ❋✐❡❧❞ ❬❚❪

✷✺✵✶ ✶✵✸✳✵✷✷ ✵✳✸✽✽✷✼
✷✺✵✶ ✶✷✽✳✹✷✷ ✵✳✸✶✶✹✼
✷✾✵✶ ✶✵✸✳✵✷✷ ✵✳✸✽✽✷✼
✷✾✵✶ ✶✷✽✳✹✷✷ ✵✳✸✶✶✹✼

❚❛❜❧❛ ✻✳✶✿ ❚❛❜❧❡ ✇✐t❤ t❤❡ s✐♠✉❧❛t❡❞ ❇ ✜❡❧❞ ❢♦r t❤❡ t✇♦ ❞✐✛❡r❡♥t r❛❞✐✐✳

❑❛ts✉②❛ ♠❛❞❡ ✷✵ s✇❡❡♣s ❢♦r ❡❛❝❤ ❤♦r♥ ❝✉rr❡♥t ✭✵✱ ✺✵✱ ✶✵✵ ❛♥❞ ✶✺✵ ❦❆✮ ❛♥❞ ✹✵ s✇❡❡♣s

❢♦r ✷✵✵ ❦❆✱ ❛❢t❡r t❤♦s❡ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡ ❤❛❧❧ ♣r♦❜❡ ✇❛s ✢✐♣♣❡❞ ✶✽✵ ❞❡❣r❡❡s ❛♥❞ t❤❡

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

♠❛❧✐③❡❞ ♠❛❣♥❡t✐❝ ✜❡❧❞✳

❚❤❡ ❤✐❣❤❡r ✉♥❝❡rt❛✐♥t② ✐♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❞✉❡ t♦ t❤❡ s❡♥s♦r ❛r❡❛✱ ✇❤✐❝❤ ❤❛s ❛♥

✉♥❝❡rt❛✐♥t② ♦❢ ✵✳✵✺ ✐♥❝❤❡s ✭✶✳✷✼ ♠♠✮ ♦♥ t❤❡ r❛❞✐❛❧ ❞✐r❡❝t✐♦♥✳ ❋r♦♠ t❤❡ ❡q✉❛t✐♦♥ ✸✳✶✱ t❤❡

✜❡❧❞ ❧♦♦❦s ❧✐❦❡ ✶✴❘✱ t❤❡ ✉♥❝❡rt❛✐♥t② ❞❡♣❡♥❞s ♦♥ t❤❡ r❛❞✐✉s ✇❤❡r❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s

♠❛❞❡✳

❚❤❡ ▲ ✇❛t❡r ♣♦rts ❛r❡ ❛t ✷✺✸✷✳✾✹ ♠♠ ❢r♦♠ t❤❡ ❢r♦♥t ♦❢ t❤❡ ❤♦r♥ ✶✱ ❛t ✷✺✵✶✳✵✻ ♠♠

❢r♦♠ t❤❡ ▼❈❩❊❘❖✱ t❤❡ ❖ ✇❛t❡r ♣♦rts ❛r❡ ❛t ✷✾✸✹✳✺✾ ♠♠ ❢r♦♠ t❤❡ ❢r♦♥t ♦❢ t❤❡ ❤♦r♥✱

✷✾✵✷✳✼✶ ♠♠ ❢r♦♠ t❤❡ ▼❈❩❊❘❖✳ ❚❤❡r❡ ❛r❡ ✇❛t❡r ♣♦rts ✐♥ t❤r❡❡ ❛③✐♠✉t❤❛❧ ❞✐r❡❝t✐♦♥s✱ ❛t

π/2✱ 7π/6 ❛♥❞ 11π/6 t❛❦✐♥❣ t❤❡ ❞❡❢❛✉❧t ❝♦♦r❞✐♥❛t❡ s②st❡♠ ❢♦r ◆✉▼■ ❜❡❛♠ ✭❩ ❛①✐s ❛t t❤❡

s❛♠❡ ❞✐r❡❝t✐♦♥ t♦ t❤❡ ❜❡❛♠❧✐♥❡✱ ❳ ❛①✐s t❤❡ ✇✐❞t❤✱ ❛♥❞ ❨ ❛①✐s t❤❡ ❤❡✐❣❤t✮✳

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

s✉r❡♠❡♥ts ❛r❡ ✐♥ t❛❜❧❡ ✻✳✷✳



❈❤❛♣t❡r ✻✳ ◆✉▼■ st✉❞✐❡s ✹✸

❋✐❣✉r❡ ✻✳✺✳ ❙♣❡❝✐✜❝❛t✐♦♥s ❢♦r ❤❛❧❧ ♣r♦❜❡ ✉s❡❞ t♦ ♠❡❛s✉r❡❞ t❤❡ ❇ ✜❡❧❞✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠
❬✸✺❪✳

❋✐❣✉r❡ ✻✳✻✳ ❍❛❧❧ ♣r♦❜❡ ✐♥ ❛ ❝♦♦❧✐♥❣ ✇❛t❡r ♣♦rt t♦ ♠❡❛s✉r❡ t❤❡ ❇ ✜❡❧❞✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠
❬✸✺❪✳



❈❤❛♣t❡r ✻✳ ◆✉▼■ st✉❞✐❡s ✹✹

❩ ❬♠♠❪ ❘ ❬♠♠❪ φ ❇ ❋✐❡❧❞ ❬❚❪ ✉♥❝❡rt❛✐♥t② ❬❚❪

✷✺✵✶ ✶✵✸✳✵✷✷ π/2 ✵✳✸✽✷✾✾ ± ✵✳✵✵✹✽✼
✷✺✵✶ ✶✵✸✳✵✷✷ 7π/6 ✵✳✸✽✽✽✶ ± ✵✳✵✵✹✽✺
✷✺✵✶ ✶✵✸✳✵✷✷ 11π/6 ✵✳✸✽✽✸✸ ± ✵✳✵✵✹✽✼
✷✾✵✶ ✶✵✸✳✵✷✷ π/2 ✵✳✸✽✸✹✹ ± ✵✳✵✵✹✽✺
✷✾✵✶ ✶✵✸✳✵✷✷ 7π/6 ✵✳✸✽✺✽✸ ± ✵✳✵✵✹✾✸
✷✾✵✶ ✶✵✸✳✵✷✷ 11π/6 ✵✳✸✽✽✾✹ ± ✵✳✵✵✹✽✺
✷✺✵✶ ✶✷✽✳✹✷✷ π/2 ✵✳✸✵✼✶✽ ± ✵✳✵✵✸✶✵
✷✺✵✶ ✶✷✽✳✹✷✷ 7π/6 ✵✳✸✶✵✻✹ ± ✵✳✵✵✸✷✵
✷✺✵✶ ✶✷✽✳✹✷✷ 11π/6 ✵✳✸✶✵✹✹ ± ✵✳✵✵✸✶✾
✷✾✵✶ ✶✷✽✳✹✷✷ π/2 ✵✳✸✵✻✵✽ ± ✵✳✵✵✸✶✹
✷✾✵✶ ✶✷✽✳✹✷✷ 7π/6 ✵✳✸✵✾✸✷ ± ✵✳✵✵✸✶✺
✷✾✵✶ ✶✷✽✳✹✷✷ 11π/6 ✵✳✸✶✵✷✼ ± ✵✳✵✵✸✶✹

❚❛❜❧❛ ✻✳✷✿ ❚❛❜❧❡ ✇✐t❤ t❤❡ ❇ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❢♦r t✇♦ ❩✱ t✇♦ ❘ ❛♥❞ t❤r❡❡ ❛③✐♠✉t❤❛❧
♣♦s✐t✐♦♥s✳

✻✳✷✳✷ ❙✐♠✉❧❛t✐♦♥

❚❤❡ ♠❡❛s✉r❡❞ ♣♦✐♥ts ✇❡r❡ ❢♦✉♥❞ ♦♥ t❤❡ ●✹◆✉▼■ s✐♠✉❧❛t✐♦♥✱ ❢♦✉r ♣♦✐♥ts ❡♥❝❧♦s❡❞ ✐♥ t❤❡

❜❧✉❡ ❝✐r❝❧❡s ♦❢ ✐♠❛❣❡ ✻✳✼✳ ❆ ❝♦♠♣❛r✐s♦♥ ✐s ♣r❡s❡♥t❡❞ ♦♥ t❤❡ ♣❧♦ts ✻✳✽ ❢♦r t❤❡ ▲ ❛♥❞ ❖

✇❛t❡r ♣♦rts✳ ❚❤❡ χ2/ndf ✇❛s ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ ❞❡✜♥✐t✐♦♥ ✻✳✶✱ t❤✐s ✈❛❧✉❡ ❢♦r t❤❡ ♥♦♠✐♥❛❧

s✐♠✉❧❛t✐♦♥ ✐s ❡q✉❛❧ t♦ ✵✳✻✼✹✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♥♦♠✐♥❛❧ ✈❛❧✉❡ ♦❢ t❤❡

♠❛❣♥❡t✐❝ ✜❡❧❞✳

χ2 =
(data−MC)2

uncertainty2
✭✻✳✶✮

P❛✉❧ ❞❡✈❡❧♦♣❡❞ ❛ st✉❞② ❢♦r t❤❡ ❈❊◗ ♦❢ ❤♦r♥ ✶ ✇❤❡r❡ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ✐s ♥♦t s②♠✲

♠❡tr✐❝✱ t❤❡ ❛s②♠♠❡tr② ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t ❞❡♥s✐t② ❞❡❝r❡❛s❡s ❡①♣♦♥❡♥t✐❛❧❧②✱ st❛rt✐♥❣ ❛t t❤❡

❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❈❊◗ ❛♥❞ ❞❡❝❛②✐♥❣ ✉♣str❡❛♠ ♦❢ t❤❡ ❤♦r♥✱ ✇✐t❤ ❛ ❢❛❝t♦r ❝❛❧❧❡❞ ✧❧❡♥❣t❤

s❝❛❧❡✧✳ ❆ ❚❛②❧♦r ❡①♣❛♥s✐♦♥ ✇❛s ✐♥❝❧✉❞❡❞ t♦ ❛❞❞ q✉❛❞r✉♣♦❧❛r t❡r♠s✱ ✇❤❡r❡ ❡❛❝❤ ♣❡❛❦ ❝♦r✲

r❡s♣♦♥❞s t♦ t❤❡ str✐♣❧✐♥❡✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♥ t❤❡ ❩ ❞✐r❡❝t✐♦♥✱ ❜❡❛♠ ❛①✐s✱ ✇❛s ♦♠✐tt❡❞✳

❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❛s②♠♠❡tr② ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t ❞❡♥s✐t② ✇✐t❤ ❛ q✉❛❞r✉♣♦❧❛r t❡r♠✱ t❤❡

❧❡♥❣t❤ s❝❛❧❡ ❛♥❞ t❤❡ str✐♣❧✐♥❡ ❛r❡ s❤♦✇♥ ✐♥ t❤❡ ✜❣✉r❡s ✻✳✾✱ ✻✳✶✵ ❛♥❞ ✻✳✶✶✳

❉✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ ❧❡♥❣t❤ s❝❛❧❡✱ ❢r♦♠ ✶✷✳✺ t♦ ✶✵✵✱ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡

✇❡r❡ t❡st❡❞✱ ✜❣✉r❡s ✻✳✶✷✳ ❚❤❡ χ2/ndf ✇❛s ♦❜t❛✐♥❡❞❀ ❢r♦♠ ✜❣✉r❡s ✻✳✶✸✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦
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s❡❡ t❤❛t t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s ♠♦r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❢♦r ❤✐❣❤ ❧❡♥❣t❤

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

s❝❛❧❡ ❛♥❞ r❡❞✉❝t✐♦♥s ♦♥ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡s ✇❡r❡ ❛♣♣❧✐❡❞❀ t❤❡ χ2/ndf ✇❛s ♦❜t❛✐♥❡❞✱

✜❣✉r❡ ✻✳✶✹✳ ❆ ✈❡rs✐♦♥ ♦❢ t❤✐s ♣❧♦t ✇✐t❤ t❡①t ✈❛❧✉❡s ✐s s❤♦✇♥ ♦♥ t❤❡ ❛♣♣❡♥❞✐① ❆✳✸✳ ❚❤❡

❝♦♥✜❣✉r❛t✐♦♥ ♠♦st ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❢♦r ❧❡♥❣t❤ s❝❛❧❡ ❡q✉❛❧ t♦ ✶✻✷✳✺

❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵✷✺ ✇✐t❤ χ2/ndf ❡q✉❛❧ t♦ ✵✳✺✵✷✱ t❤❡ ❝♦♠♣❛r✐s♦♥

❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛♥❞ t❤❡ s✐♠✉❧❛t✐♦♥ ❛r❡ ✐♥ ❆✳✹✳

❚❤❡ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r ✇❛s ♣r♦❞✉❝❡❞ ❢♦r ❡❛❝❤ ❝♦♥✜❣✉r❛t✐♦♥

✇✐t❤ 1 × 107 P❖❚ ✭Pr♦t♦♥s ❖♥ ❚❛r❣❡t✮✳ ❋♦r ❤❛❞r♦♥s ❛♥❞ ♠✉♦♥s ✇✐t❤ ❧♦✇ ♠♦♠❡♥t✉♠✱

✺✵✵ ▼❡❱✴❝✱ t❤❡r❡ ❛r❡ ♣r♦❜❧❡♠s ✇❤❡♥ t❤❡ tr❛❝❦s ✐♥ ❤♦r♥ ✶ ❛r❡ ❜✐❣❣❡r t❤❛♥ ✻ ♠❡t❡rs✱ t❤❡②

❝❛✉s❡ ♠❡♠♦r② ❝♦rr✉♣t✐♦♥ ✐♥ ❘♦♦t ✜❧❡s✱ t❤♦s❡ tr❛❝❦s ✇❡r❡ ❦✐❧❧❡❞✳ ❚❤❡ ❡♥❡r❣② s♣❡❝tr❛ ✐s ♥♦t

❝♦rr❡❝t ❢♦r t❤❡ ✜rst ✷ ❜✐♥s✳

❋♦r ❤✐❣❤ ❧❡♥❣t❤ s❝❛❧❡s✱ ❜✐❣❣❡r t❤❛♥ ✼✺✱ t❤❡ s✐♠✉❧❛t✐♦♥ ✐s ❜r♦❦❡♥ ✐♥ t❤❡ ❤✐❣❤ ❡♥❡r❣②

r❡❣✐♦♥✱ t❤❡ ❤✐st♦❣r❛♠ ❛♥❞ t❤❡ r❛t✐♦ ❛r❡ s❤♦✇♥ ✐♥ t❤❡ ♣❧♦ts ✻✳✶✺ ❢♦r ❈❊◗ ✇✐t❤ ❧❡♥❣t❤ s❝❛❧❡

❡q✉❛❧ t♦ ✶✵✵ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵ ✭♣❧♦ts ❢♦r ❧❡♥❣t❤ s❝❛❧❡ ❡q✉❛❧ t♦ ✺✵✱ ✻✷✳✺

❛♥❞ ✼✺ ❛r❡ s❤♦✇♥ ❢r♦♠ ❆✳✺ t♦ ❆✳✼✮✱ t❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛♥❞ t❤❡

s✐♠✉❧❛t✐♦♥ ✐s ❡q✉❛❧ t♦ ✻✳✽✳ ❲❤❡♥ t❤❡ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ✐s ❡q✉❛❧ t♦ ✵✱ t❤❡ ✢✉① s❤♦✉❧❞

❜❡ s✐♠✐❧❛r t♦ t❤❡ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥✱ t❤❡ ❡✛❡❝t ❞✐s❛♣♣❡❛rs✱ ❜✉t t❤❡ ✢✉① ♦❜t❛✐♥❡❞ ✐s ✈❡r②

❞✐✛❡r❡♥t ❢♦r ❤✐❣❤ ❡♥❡r❣✐❡s✱ ❛❜♦✉t ✶✵✵✪✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ❝❛♥ ♥♦t ❜❡ tr✉st❡❞ ❢♦r ❧❛r❣❡ ❈❊◗

❧❡♥❣t❤ s❝❛❧❡s✳

❚❤❡ s♠❛❧❧ ❧❡♥❣t❤ s❝❛❧❡ ✇✐t❤ s♠❛❧❧❡st χ2/ndf ✭✵✳✺✹✻✮ ✇❛s ♦❜t❛✐♥❡❞ ✇✐t❤ ❈❊◗ ❧❡♥❣t❤

s❝❛❧❡ ❡q✉❛❧ t♦ ✸✼✳✺ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵✼✺✱ t❤❡ ❝♦♠♣❛r✐s♦♥ ❛r❡ ✐♥ ❆✳✽✱

t❤❡ νµ ✢✉① ❛♥❞ t❤❡ r❛t✐♦ ♦❢ t❤❡ ♥♦♠✐♥❛❧ ♦✈❡r ❈❊◗ ❛r❡ s❤♦✇♥ ♦♥ ✻✳✶✻✳ ❚❤❡ ❡✛❡❝t ❢♦r ❧♦✇

❛♥❞ ❤✐❣❤ ❡♥❡r❣✐❡s ❛r❡ ❛r♦✉♥❞ ✷✪✱ ❜✉t ♠♦r❡ st❛t✐st✐❝s ❛r❡ ♥❡❝❡ss❛r②✳

✻✳✸ ❉❡❝❛② P✐♣❡ st✉❞②

❚❤❡ ❞❡❝❛② ♣✐♣❡✱ ❛ ♣✐♣❡ ♦❢ ✷ ♠❡t❡rs ♦❢ ❞✐❛♠❡t❡r ❛♥❞ ✻✼✺ ♠ ♦❢ ❧❡♥❣t❤ ✇❤❡r❡ t❤❡ ♣❛rt✐❝❧❡s

❞❡❝❛② ✐♥t♦ ♥❡✉tr✐♥♦s ❛♥❞ ♠✉♦♥s✱ ❤❛s ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥s✐❞❡✳ ■♥ ♦r❞❡r t♦ s❡❡ t❤❡ ❡✛❡❝t ♦❢

t❤✐s ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♥ t❤❡ ✢✉① t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♥ t❤❡ ●❡❛♥t✹

◆✉▼■ ❜❡❛♠ s✐♠✉❧❛t✐♦♥ ✇❛s ❛♣♣❧✐❡❞✳
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❋✐❣✉r❡ ✻✳✼✳ ▼❡❛s✉r❡❞ ♣♦✐♥ts ❧♦❝❛t❡❞ ♦♥ t❤❡ ❣❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳
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(Z = 2501, r = 103.022)

(Z = 2501, r = 128.422)

near measurement, r=103.022

far measurement, r=128.422
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0.4

(Z = 2901, r = 103.022)

(Z = 2901, r = 128.422)

near measurement, r=103.022

far measurement, r=128.422

❋✐❣✉r❡ ✻✳✽✳ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛♥❞ t❤❡ ♥♦♠✐♥❛❧ ✈❛❧✉❡ ❢♦r t❤❡ ♠❛❣✲
♥❡t✐❝ ✜❡❧❞ ♦♥ ✇❛t❡r ♣♦rt ▲ ✭❧❡❢t✮ ❛♥❞ ❖ ✭r✐❣❤t✮✳
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❋✐❣✉r❡ ✻✳✾✳ ❆s②♠♠❡tr② ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t ❞❡♥s✐t② ❛t t❤❡ ❡♥❞ ♦❢ ❤♦r♥ ✶✱ ❜❡❣✐♥♥✐♥❣ ♦❢
❈❊◗✱ ✇❤❡r❡ ❡❛❝❤ ♣❡❛❦ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ str✐♣❧✐♥❡✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✶✽❪✳
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0.41

0.415 r = 103.022, length scale = 25 cm. Quad Amp = 0.20

r = 103.022, length scale= 50 cm. Quad Amp = 0.20

r = 103.022, length scale = 75 cm. Quad Amp = 0.20

❋✐❣✉r❡ ✻✳✶✵✳ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤r❡❡ ❞✐✛❡r❡♥t ❧❡♥❣t❤s s❝❛❧❡ ✈❛❧✉❡s ✇✐t❤ t❤❡ s❛♠❡
q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡✱ ❛t r ❂ ✶✵✸✳✵✷✷ ♠♠✱ ❛♥❞ φ ❂ π✴✹✳
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❋✐❣✉r❡ ✻✳✶✶✳ ❙tr✐♣❧✐♥❡ ♦❢ ◆✉▼■ ❤♦r♥ ✷ t❛❦❡♥ ❛t t❤❡ ▼■✲✽✳
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(Z = 2901, r = 103.022) length = 37.5 Quad Amp = 0.025

(Z = 2901, r = 128.422) length = 37.5 Quad Amp = 0.025

near measurement, r=103.022

far measurement, r=128.422
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(Z = 2901, r = 103.022) length = 100 Quad Amp = 0.05

(Z = 2901, r = 128.422) length = 100 Quad Amp = 0.05

near measurement, r=103.022

far measurement, r=128.422

❋✐❣✉r❡ ✻✳✶✷✳ ▲❡❢t✿ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛♥❞ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✸✼✳✺✱
q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❂ ✵✳✵✷✺ ♦♥ ✇❛t❡r ♣♦rt ❖✳ ❘✐❣❤t✿ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❡❛✲
s✉r❡♠❡♥t ❛♥❞ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✶✵✵✱ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❂ ✵✳✵✺ ♦♥ ✇❛t❡r ♣♦rt ❖✳
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❋✐❣✉r❡ ✻✳✶✺✳ ▲❡❢t✿ ❍✐st♦❣r❛♠ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧
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❜❧✉❡✳ ❘✐❣❤t✿ ❘❛t✐♦ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥
♦✈❡r ❈❊◗ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✶✵✵ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵✳
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❋✐❣✉r❡ ✻✳✶✻✳ ▲❡❢t✿ ❍✐st♦❣r❛♠ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧
s✐♠✉❧❛t✐♦♥ ♦♥ r❡❞✱ ❈❊◗ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✸✼✳✺ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵✼✺ ♦♥
❜❧✉❡✳ ❘✐❣❤t✿ ❘❛t✐♦ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥
♦✈❡r ❈❊◗ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✸✼✳✺ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵✼✺✳
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❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✇❛s ♠❡❛s✉r❡❞ ♦♥ ✷✵✵✸ ❜② ❏✐♠ ❍②❧❡♥✱ t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡s ❢♦r t❤❡

✜❡❧❞ ✇❡r❡ Bx = 0.1 ●✱ By = −0.3 ● ❛♥❞ Bz = −0.07 ●✳ ❚❤❡ ❛✈❡r❛❣❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦❢

t❤❡ ❊❛rt❤ ✐s ✵✳✺ ● ❬✶✻❪❀ t❤❡ ✜❡❧❞ ✐♥s✐❞❡ ♦❢ t❤❡ ❞❡❝❛② ♣✐♣❡ ✐s s✐♠✐❧❛r t♦ t❤❡ ❊❛rt❤ ♠❛❣♥❡t✐❝

✜❡❧❞✳ ■♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥s✐❞❡ t❤❡ ♠❛❣♥❡t✐❝ ❤♦r♥s✱ ❜❡t✇❡❡♥ ✸ ❚ ❛♥❞

✵✳✶ ❚✱ t❤❡ ✜❡❧❞ ✐s ✉♣t♦ ✵✳✵✵✷✸✪ ♦♥ t❤❡ ♥❡❝❦ ♦❢ ❤♦r♥ ✶✱ t❤❡ ❞✐✛❡r❡♥❝❡ ✐s ❜✐❣ ❜✉t t❤❡ ❧❡♥❣t❤

♦❢ t❤❡ ❞❡❝❛② ♣✐♣❡ ❝❛♥ ♥♦t ❜❡ ✐❣♥♦r❡❞✳

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

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

♣r♦❜❧❡♠✧✳ ❚❤❡ st✉❞② ✇❛s ♠❛❞❡ ✇✐t❤ ♥❡✉tr✐♥♦ ❛♥❞ ❛♥t✐♥❡✉tr✐♥♦ ♠♦❞❡✱ ❢♦r 1 × 108 P❖❚

❛♥❞ ❤♦r♥ ❝✉rr❡♥t ❡q✉❛❧ t♦ ✷✵✵ ❦❆ ✭✲✷✵✵ ❦❆ ❢♦r ❛♥t✐♥❡✉tr✐♥♦ ♠♦❞❡✮✳ ❚❤❡ ✢✉① ❤✐st♦❣r❛♠

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

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

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

s❡♥t❡❞ ♦♥ t❤❡ r✐❣❤t✳

❚❤❡ ❡✛❡❝t ❢♦r ♥❡✉tr✐♥♦ ♠♦❞❡ ❢♦r ❡♥❡r❣✐❡s ❜❡t✇❡❡♥ ✻ t♦ ✾ ●❡❱ ✐s ❛r♦✉♥❞ ✸✪✱ ✇❤❡♥

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

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

✷✪ ❢♦r ❤✐❣❤ ❡♥❡r❣✐❡s ❜❡t✇❡❡♥ ✼ ❛♥❞ ✾ ●❡❱✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✇❤❡♥ t❤❡ ♠❛❣♥❡t✐❝

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

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

❛r♦✉♥❞ ✶✪ ❢♦r ❧♦✇ ❡♥❡r❣②✱ ✶✳✺ ❛♥❞ ✺ ●❡❱✱ ♠♦r❡ st❛t✐st✐❝s ❝♦✉❧❞ ❤❡❧♣ t♦ ✉♥❞❡rst❛♥❞ t❤♦s❡

❜✐♥s✳
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❋✐❣✉r❡ ✻✳✶✽✳ ▲❡❢t✿ ν̄µ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ t❤❡ r❡❞ ♦♥❡ ❝♦rr❡✲
s♣♦♥❞s t♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♥✱ ❛♥❞ t❤❡ ❜❧✉❡ ♦♥❡ t♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦✛✳ ❘✐❣❤t✿ ❘❛t✐♦ ♦❢ ν̄µ ✢✉①
❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❖◆✴❖❋❋ ♦♥ ❞❡❝❛② ♣✐♣❡✳ ❖❜t❛✐♥❡❞
✇✐t❤ t❤❡ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥ ♦❢ ◆✉▼■ ❜❡❛♠ ♦♥ ●❡❛♥t✹✳
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❚❤❡ ❞❡s✐❣♥ ❢♦r t❤❡ ♦♣t✐❝❛❧ s②st❡♠ ♦♥ ▲❇◆❋ ✐s ✐♥ ♣r♦❣r❡ss❀ st✉❞✐❡s ♦♥ t❤❡ ❞❡s✐❣♥ ❢♦r

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

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

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

✼✳✶ ❉r❛✐♥ ❤♦❧❡ s✐♠✉❧❛t✐♦♥ ♦♥ ❆◆❙❨❙

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

❤♦r♥ ❆ ♦❢ ▲❇◆❋ ✐s ❡q✉❛❧ t♦ ✶✵✶✳✻ ♠♠❀ ❛ ❞✐st♦rt✐♦♥ ♦♥ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ s❤♦✉❧❞ ❜❡ st✉❞✐❡❞

t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❡✛❡❝t ♦❢ t❤❛t ❤♦❧❡s ♦♥ t❤❡ ♥❡✉tr✐♥♦ ✢✉①✳ ❩❤✐❥✐♥❣ ♠❛❞❡ ❛ s✐♠✉❧❛t✐♦♥ ♦❢

t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♥❡❛r t♦ t❤❡ ❞r❛✐♥ ❤♦❧❡s ❬✸✻❪ ✉s✐♥❣ ▼❛①✇❡❧❧ ✸❉ ♦❢ ❆◆❙❨❙ ❬✷❪✳

❍❡ t♦♦❦ ❛ q✉❛rt❡r ♦❢ t❤❡ ❤♦r♥ ✇✐t❤ ❛ ❤♦r♥ ❝✉rr❡♥t ❡q✉❛❧ t♦ ✼✺ ❦❆✱ s❡❡ ✜❣✉r❡ ✼✳✷✳ ❚❤❡ ❝♦✲

♦r❞✐♥❛t❡ s②st❡♠ ✉s❡❞ ♦♥ t❤❡ ❆◆❙❨❙ s✐♠✉❧❛t✐♦♥ ✐s ❞✐✛❡r❡♥t t❤❛t t❤❡ s②st❡♠ ✉s❡❞ ✐♥ ●❡❛♥t✹

s✐♠✉❧❛t✐♦♥✱ t❤❡ ❳ ❛①✐s ✐s ♦♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❜❡❛♠ ✭❩ ❛①✐s ❢♦r ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✮✳ ❚❤❡

✧r✧ ❛♥❞ ✧φ✧ ❛①✐s ❛r❡ t❤❡ s❛♠❡ ❢♦r ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳ ❚❤❡ ✐♥♥❡r r❛❞✐✉s ♦❢ ♦✉t❡r ❝♦♥❞✉❝✲

t♦r ✐s ❡q✉❛❧ t♦ ✷✷✵✳✺ ♠♠✱ ❜✉t t❤❡ s✐♠✉❧❛t✐♦♥ ✇❛s ♠❛❞❡ ✇✐t❤ t❤❡ ❤✐❣❤❡st r❛❞✐✉s ♦❢ ✷✶✵✳✵ ♠♠✳

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

✜❡❧❞ ♦♥ ♣♦❧❛r ❞✐r❡❝t✐♦♥ ✭φ ❝♦♠♣♦♥❡♥t✮ t❤❛t ❣♦❡s ❧✐❦❡ ✶✴❘✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r ❞r❛✐♥

❤♦❧❡s ❤❛s ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ ❘ ❛♥❞ ❩ ❞✐r❡❝t✐♦♥s✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ s✐♠✉❧❛t✐♦♥ ✐s ♣r❡s❡♥t❡❞

❛s ♣♦✐♥ts ♦♥ ❛ ❣r✐❞✱ ✜❣✉r❡ ✼✳✹✱ ✇✐t❤ st❡♣s ♦❢ ✾ ❞❡❣r❡❡s ♦♥ ❛♥❣✉❧❛r ❝♦♠♣♦♥❡♥t φ✳ ❙t❡♣s ♦❢

✺ ♠♠ ♦♥ ❩ ❞✐r❡❝t✐♦♥ ❢r♦♠ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❤♦❧❡ t♦ ✷✵✵ ♠♠ ❞♦✇♥str❡❛♠ ❛♥❞ ✉♣str❡❛♠✳

❙t❡♣s ♦❢ ✷✵ ♠♠ ♦♥ r❛❞✐❛❧ ❞✐r❡❝t✐♦♥ ❢r♦♠ ✶✶✵ t♦ ✷✶✵ ♠♠✳ ❚❤❡ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞✱

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

✼✳✶✶ ✇❤❡r❡ BDH r❡♣r❡s❡♥ts t❤❡ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ❇ ✜❡❧❞ ✇✐t❤ ❞r❛✐♥ ❤♦❧❡s✱ BNom ✐s t❤❡

❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞ ❛♥❞ BTotal ✐s t❤❡ ✐❞❡❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ❇ ✜❡❧❞ B = 60/R✳

(BDH − BNom)

BTotal

. ✭✼✳✶✮

✺✸



❈❤❛♣t❡r ✼✳ ▲❇◆❋ st✉❞✐❡s ✺✹

❋✐❣✉r❡ ✼✳✶✳ ▲❡❢t✿ ♣✐❝t✉r❡ ♦❢ ❤♦r♥ ✶ ♦✉t❡r ❝♦♥❞✉❝t♦r ♦❢ ◆✉▼■ ❜❡❛♠✱ ♦♥❧② ✸ ✈✐s✐❜❧❡ ❞r❛✐♥
❤♦❧❡s ♦♥ t❤❡ ✐♠❛❣❡✳ ❘✐❣❤t✿ ❞r❛✐♥ ❤♦❧❡s ♦♥ ❤♦r♥ ✷ ♦❢ ◆✉▼■ ❜❡❛♠✱ ♦♥❧② t❤❡ ❜♦tt♦♠ ❞r❛✐♥
❤♦❧❡ ✐s ✉s❡❞ t♦ ❞r❛✐♥ ✇❛t❡r ❛♥❞ ❣❛s✱ ❛ ♣✉♠♣ ✐s ✉s❡❞ t♦ ❞r❛✐♥ t♦ ❛ ✇❛t❡r t❛♥❦ t♦ ♣r♦❝❡ss ❛♥❞
r❡✉s❡ t❤❡ ✢✉✐❞s✱ t❤❡ ✸ r❡♠❛✐♥✐♥❣ ❞r❛✐♥ ❤♦❧❡s ❛r❡ ✉s❡❞ ❛s ✐♥♣✉t ♦❢ ✇❛t❡r ❛♥❞ ❣❛s ✭❆r❣♦♥ ❢♦r
◆✉▼■✮✳

❋✐❣✉r❡ ✼✳✷✳ ▲❡❢t✿ ❛ q✉❛rt❡r ♦❢ ❤♦r♥ ❆ ♦❢ ▲❇◆❋ s✐♠✉❧❛t❡❞ ♦♥ ❆◆❙❨❙✱ t❤❡ ❤♦❧❡ ❞✐❛♠❡t❡r
❡q✉❛❧ t♦ ✶✵✶✳✻ ♠♠✳ ❘✐❣❤t✿ ❈♦♦r❞✐♥❛t❡ s②st❡♠ ❢♦r ❆◆❙❨❙ s✐♠✉❧❛t✐♦♥✱ t❤❡ ❝♦♦r❞✐♥❛t❡
s②st❡♠ ✐s ❞✐✛❡r❡♥t t❤❛t t❤❡ ✉s❡❞ ❢♦r ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳ ■♠❛❣❡s t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳



❈❤❛♣t❡r ✼✳ ▲❇◆❋ st✉❞✐❡s ✺✺

❋✐❣✉r❡ ✼✳✸✳ ❉r❛✐♥ ❤♦❧❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ s✐♠✉❧❛t✐♦♥ ♦♥ ❆◆❙❨❙ ♣r❡s❡♥t❡❞ ❜② ❩❤✐❥✐♥❣✱ t❤❡
♠❛❣♥❡t✐❝ ✜❡❧❞ ❣♦❡s ❢r♦♠ ✶✳✻✾ ❚ t♦ ✵✳✶✶ ❚✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳

❋✐❣✉r❡ ✼✳✹✳ ❚❤❡ ❣r✐❞ ✇❛s ♠❛❞❡ ✇✐t❤ st❡♣s ♦❢ ✾ ❞❡❣r❡❡s ♦♥ ❛♥❣✉❧❛r ❝♦♠♣♦♥❡♥t φ✳ ❙t❡♣s
♦❢ ✺ ♠♠ ♦♥ ❩ ❞✐r❡❝t✐♦♥ ❢r♦♠ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❤♦❧❡ t♦ ✷✵✵ ♠♠ ❞♦✇♥str❡❛♠ ❛♥❞ ✉♣str❡❛♠✳
❙t❡♣s ♦❢ ✷✵ ♠♠ ♦♥ r❛❞✐❛❧ ❞✐r❡❝t✐♦♥ ❢r♦♠ ✶✶✵ t♦ ✷✶✵ ♠♠✳ ■♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳



❈❤❛♣t❡r ✼✳ ▲❇◆❋ st✉❞✐❡s ✺✻

✼✳✷ ❉r❛✐♥ ❤♦❧❡ s✐♠✉❧❛t✐♦♥ ♦♥ ●❊❆◆❚✹

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

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

❆◆❙❨❙ ♣♦✐♥t ❛♥❞ ❛ ❙P▲■◆❊ ❢✉♥❝t✐♦♥ ♦♥ ❘❖❖❚✱ ✜❣✉r❡ ✼✳✺✱ ✇❤❡r❡ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✇❛s

♠❛❞❡ ✉s✐♥❣ t❤❡ s✐① st❡♣s ♦❢ ✷✵ ♠♠ ♦♥ ❘✱ ✶✶✵ t♦ ✷✶✵ ♠♠✱ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✇❛s ♠❛❞❡ ❢♦r t❤❡

t❤r❡❡ ❝♦♠♣♦♥❡♥ts ♦❢ ❇ ✜❡❧❞✱ ❢♦r ❛♥❣❧❡s ❜❡t✇❡❡♥ ✲✹✺ t♦ ✹✺ ❞❡❣r❡❡s ✇✐t❤ st❡♣s ♦❢ ✾ ❞❡❣r❡❡s

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

♦♥❧② ❢♦r ♦♥❡ ❞r❛✐♥ ❤♦❧❡✱ t❤❡ ❢♦✉r ❞r❛✐♥ ❤♦❧❡s ✇❡r❡ s✐♠✉❧❛t❡❞ ♦♥ ●❡❛♥t✹ ▲❇◆❋ s✐♠✉❧❛t✐♦♥

✇✐t❤ t❤❡ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞ ❢♦r t❤❡ r❡st ♦❢ t❤❡ ❤♦r♥ ❆✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❆◆❙❨❙

❛♥❞ t❤❡ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥ ✐s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣✐❝t✉r❡s ✼✳✻ t♦ ✼✳✶✶✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ s❡❡ t❤❡

s✐♠✐❧✐t✉❞❡s ❜❡t✇❡❡♥ t❤❡ ❆◆❙❨❙ ❛♥❞ t❤❡ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥s✳

❚❤❡ ❢♦✉r ❞r❛✐♥ ❤♦❧❡s ✇❛s ❛❞❞❡❞ t♦ t❤❡ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥ ❛♥❞ ❛ ♥❡✇ ♣❛r❛♠❡t❡r t♦

♠♦❞✐❢② t❤❡ ♣❡r❝❡♥t❛❣❡ ❡✛❡❝t ♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡s ✇❛s ❞❡✜♥❡❞❀ t❤❡ ❣♦❛❧ ✇❛s t♦ s❡❡ t❤❡ ❡✛❡❝t

♦❢ t❤❡ ❞✐st♦rt✐♦♥ ♦♥ t❤❡ ♥❡✉tr✐♥♦ ✢✉①✳ ❚♦ ❝♦♠♣❛r❡ t❤❡ ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ♦♥ t❤❡ ♥❡✉tr✐♥♦

✢✉①✱ ❛ ✢✉① ✇✐t❤ t❤❡ ❞❡❢❛✉❧t ❇ ✜❡❧❞✱ B = 60/R✱ ✉s✐♥❣ ❛ ✜❡❧❞ ♠❛♣ ✇❛s ♣r♦❞✉❝❡❞ ✭♣❡r❝❡♥t❛❣❡

❡✛❡❝t ♦❢ ❞r❛✐♥ ❤♦❧❡s ❡q✉❛❧ t♦ ③❡r♦✮✳ ❚❤❡ ♥❡✉tr✐♥♦ ✢✉① ❤✐st♦❣r❛♠s ❛♥❞ r❛t✐♦ ❢♦r ♥♦♠✐♥❛❧

s✐♠✉❧❛t✐♦♥ ❛♥❞ ♥♦♠✐♥❛❧ ✇✐t❤ ✜❡❧❞ ♠❛♣ ❛r❡ s❤♦✇♥ ✐♥ ✼✳✶✷✱ ❛❧❧ t❤❡ ✢✉①❡s ✇❡r❡ ♣r♦❞✉❝❡❞

✇✐t❤ 1.5× 108 P❖❚✳ ❚❤❡ ❞✐s❝r❡♣❛♥❝② ❜❡t✇❡❡♥ t❤❡ ♥❡✉tr✐♥♦ ✢✉① ♣r♦❞✉❝❡❞ ✇✐t❤ ✜❡❧❞ ♠❛♣

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

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

❜✉t ✐t r❡q✉✐r❡s ♠♦r❡ ♠❡♠♦r② ✇❤❡♥ t❤❡ ♥❡✉tr✐♥♦ ✢✉① ✐s ♣r♦❞✉❝❡❞✳ ❚❤❡ ❞❡❝✐s✐♦♥ t❛❦❡♥

✇❛s t♦ ✉s❡ t❤✐s st❡♣ s✐③❡✱ t❤❡ ❣♦❛❧ ✐s t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡s✱ ♥♦t t❤❡

r❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❞❡❢❛✉❧t ❇ ✜❡❧❞✳

❚❤❡ ✢✉① ♣r♦❞✉❝❡❞ ✇✐t❤ ✜❡❧❞ ♠❛♣ ✉s✐♥❣ t❤❡ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞ ✇❛s t❛❦❡♥ ❛s t❤❡ ❞❡❢❛✉❧t

✢✉①✳ ❚❤❡ ✢✉① ♣r♦❞✉❝❡❞ ✇✐t❤ ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✼✳✶✸✳ ❚❤❡ ❡✛❡❝t ♦❢ ❞r❛✐♥

❤♦❧❡s ♦♥ t❤❡ ✢✉① ✐s ❧❡ss t❤❛♥ ✵✳✺✪✱ ❜❛s✐❝❛❧❧② t❤❡ ❞r❛✐♥ ❤♦❧❡s ❞♦ ♥♦t ❤❛✈❡ ❡✛❡❝t ♦♥ t❤❡

ν ✢✉①✳ ❆ t❡st ✇✐t❤ t❤❡ ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ❛t ✷✵✵✪ ❜✐❣❣❡r ✇❛s ♠❛❞❡ t♦ s❡❡ ✐❢ ✐t ♠♦❞✐✜❡s

t❤❡ ♥❡✉tr✐♥♦ ✢✉①✳ ❚❤❡ ♣❧♦ts ♦❢ t❤❡ r❡❧❛t✐✈❡ ❇ ✜❡❧❞ ❛t ✷✵✵✪ ❛r❡ s❤♦✇♥ ✐♥ ❆✳✾ ❛♥❞ ❆✳✶✵✳

❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ✢✉① ✇✐t❤ ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ❛t ✷✵✵✪ ❛♥❞ t❤❡ ♣r♦❞✉❝❡❞ ✇✐t❤

♥♦♠✐♥❛❧ ❇ ✜❡❧❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✼✳✶✹✳ ❚❤❡ ❡✛❡❝t ✐s st✐❧❧ ❧❡ss t❤❛♥ ✵✳✺✪✳
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radius [mm]
100 120 140 160 180 200 220

B
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[T
]
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0.004−

0.002−

0

0.002

0.004

ANSYS B field

SPLINE3 function

❋✐❣✉r❡ ✼✳✺✳ ❙♣❧✐♥❡ ❢✉♥❝t✐♦♥ t♦ r❡♣r♦❞✉❝❡ t❤❡ ❇ ✜❡❧❞✱ t❤❡ ❜❧✉❡ sq✉❛r❡s ❛r❡ t❤❡ ❆◆❙❨❙
♣♦✐♥ts✱ t❤❡ r❡❞ ❧✐♥❡ ✐s t❤❡ s♣❧✐♥❡ ❢✉♥❝t✐♦♥ t♦ ♠❛❦❡ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❆◆❙❨❙
♣♦✐♥ts✳ ❚❤✐s ♣❧♦t ✐s t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❢♦r Br ❜❡t✇❡❡♥ r ❡q✉❛❧ t♦ ✶✶✵ t♦ ✷✶✵ ♠♠✳

❚♦ ♠❛❦❡ s✉r❡ t❤❛t t❤❡ ✜❡❧❞ ♠❛♣ ♠♦❞✐✜❡s t❤❡ ✢✉①✱ ❛ ❞❡❡♣❡r ❡✛❡❝t ✇❛s t❡st❡❞✱ t❤❡ ✐❞❡❛

✐s t♦ ✉s❡ t❤❡ s❛♠❡ ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ❢♦r s♠❛❧❧ r❛❞✐✐✳ ❈❤❛♥❣❡ ♦❢ ❡✛❡❝t ❢r♦♠ ✶✶✵ t♦ ✷✶✵ ♠♠

✇✐t❤ st❡♣s ♦❢ ✷✵ ♠♠ t♦ ❛♥ ❡✛❡❝t ❢r♦♠ ✻✵ t♦ ✷✶✵ ♠♠ ✇✐t❤ st❡♣s ♦❢ ✸✵ ♠♠✳ ❚❤❡ ❇ ✜❡❧❞ ✐s

❜✐❣❣❡r ❢♦r s♠❛❧❧ r❛❞✐✐✱ ❞✐st♦rt✐♦♥s ❢♦r ❜✐❣❣❡r ♠❛❣♥❡t✐❝ ✜❡❧❞s s❤♦✉❧❞ ♠♦❞✐❢② ♠♦r❡ t❤❡ ν ✢✉①✳

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

❛r❡ s❤♦✇♥ ♦♥ ❆✳✶✶✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ✢✉① ✇✐t❤ ❞❡❡♣ ❡✛❡❝t ❛♥❞ t❤❡ ♥♦♠✐♥❛❧

❇ ✜❡❧❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ✼✳✶✺✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❡❡ ❛ ❜✐❣❣❡r ❡✛❡❝t✱ ❛r♦✉♥❞ ✶✵ t✐♠❡s ❜✐❣❣❡r

t❤❛♥ t❤❡ ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ✭✷✪ ♦✈❡r t❤❡ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞ ✢✉①✮ ❢♦r ❤✐❣❤ ❡♥❡r❣② ♥❡✉tr✐♥♦s✱

❜❡t✇❡❡♥ ✸✳✺ ❛♥❞ ✹✳✺ ●❡❱✳

❚❤❡ st✉❞② ❢♦r ❤♦r♥s ❇ ❛♥❞ ❈ ✇❛s ♥♦t ♠❛❞❡ ❜❡❝❛✉s❡ t❤❡ ❞r❛✐♥ ❤♦❧❡s ♦♥❧② ♠♦❞✐✜❡s t❤❡

♠❛❣♥❡t✐❝ ✜❡❧❞ ♥❡❛r t♦ t❤❡ ♦✉t❡r ❝♦♥❞✉❝t♦r✱ t❤❡ ♦✉t❡r ❝♦♥❞✉❝t♦r r❛❞✐✉s ❢♦r ❤♦r♥ ❆ ✐s ❡q✉❛❧

t♦ ✷✷✵✳✺ ♠♠ ✇✐t❤ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❡q✉❛❧ t♦ ✵✳✷✼ ❚✳ ❚❤❡ ♦✉t❡r ❡❧❡❝tr✐❝❛❧ ❝♦♥❞✉❝t♦r ❢♦r

❤♦r♥s ❇ ❛♥❞ ❈ ✐s ❡q✉❛❧ t♦ ✻✺✵ ♠♠✱ t❤❡ ❇ ✜❡❧❞ ♥❡❛r t♦ t❤❡ ♦✉t❡r ❡❧❡❝tr✐❝❛❧ ❝♦♥❞✉❝t♦r ✐s

❧❡ss t❤❛♥ ✵✳✶✵ ❚❀ ❞✐st♦rt✐♦♥s ♦♥ ❇ ✜❡❧❞✱ ♠❛❣♥❡t✐❝ ❢♦r❝❡✱ ✇♦✉❧❞ ❜❡ s♠❛❧❧❡r ✐♥ ❝♦♥s❡q✉❡♥❝❡

t❤❡ ❡✛❡❝t ♦♥ t❤❡ ν ✢✉① s❤♦✉❧❞ ❜❡ s♠❛❧❧❡r✳
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Z [mm]
20 40 60 80 100 120 140 160 180 200

0
)/

B
0

-B
φ

(B

0.3−

0.25−

0.2−

0.15−

0.1−

0.05−

0

r = 110 mm

r = 130 mm

r = 150 mm

r = 170 mm

r = 190 mm

r = 210 mm

❋✐❣✉r❡ ✼✳✻✳ ▲❡❢t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bphi ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✵ ❞❡❣r❡❡s ♦❜t❛✐♥❡❞ ✇✐t❤
❆◆❙❨❙ s✐♠✉❧❛t✐♦♥✱ ✐♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bphi ✇✐t❤ ❛♥
❛♥❣❧❡ ♦❢ ✵ ❞❡❣r❡❡s ♦❜t❛✐♥❡❞ ✇✐t❤ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s r❡♣r❡s❡♥ts
t❤❡ ❜❡❛♠ ❛①✐s ✭❩✮✱ ✇❤❡r❡ t❤❡ ③❡r♦ ✐s t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡✳

Z [mm]
20 40 60 80 100 120 140 160 180 200

0
)/

B
0
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(B

0.14−

0.12−

0.1−

0.08−

0.06−

0.04−

0.02−

0

r = 110 mm

r = 130 mm

r = 150 mm

r = 170 mm

r = 190 mm

r = 210 mm

❋✐❣✉r❡ ✼✳✼✳ ▲❡❢t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bphi ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ♦❜t❛✐♥❡❞ ✇✐t❤
❆◆❙❨❙ s✐♠✉❧❛t✐♦♥✱ ✐♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bphi ✇✐t❤ ❛♥
❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ♦❜t❛✐♥❡❞ ✇✐t❤ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s r❡♣r❡s❡♥ts
t❤❡ ❜❡❛♠ ❛①✐s ✭❩✮✱ ✇❤❡r❡ t❤❡ ③❡r♦ ✐s t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡✳
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Z [mm]
0 50 100 150 200

0
/B r

B

0.35−

0.3−

0.25−

0.2−

0.15−

0.1−

0.05−

0

r = 110 mm

r = 130 mm

r = 150 mm

r = 170 mm

r = 190 mm

r = 210 mm

❋✐❣✉r❡ ✼✳✽✳ ▲❡❢t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Br ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ♦❜t❛✐♥❡❞ ✇✐t❤
❆◆❙❨❙ s✐♠✉❧❛t✐♦♥✱ ✐♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Br ✇✐t❤ ❛♥
❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ♦❜t❛✐♥❡❞ ✇✐t❤ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s r❡♣r❡s❡♥ts
t❤❡ ❜❡❛♠ ❛①✐s ✭❩✮✱ ✇❤❡r❡ t❤❡ ③❡r♦ ✐s t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡✳

Z [mm]
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❋✐❣✉r❡ ✼✳✾✳ ▲❡❢t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bz ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ♦❜t❛✐♥❡❞ ✇✐t❤
❆◆❙❨❙ s✐♠✉❧❛t✐♦♥✱ ✐♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bz ✇✐t❤ ❛♥
❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ♦❜t❛✐♥❡❞ ✇✐t❤ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s r❡♣r❡s❡♥ts
t❤❡ ❜❡❛♠ ❛①✐s ✭❩✮✱ ✇❤❡r❡ t❤❡ ③❡r♦ ✐s t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡✳
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❋✐❣✉r❡ ✼✳✶✵✳ ▲❡❢t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bphi ❛t t❤❡ ❝❡♥t❡r ♦❢ ❞r❛✐♥ ❤♦❧❡ ♦❜t❛✐♥❡❞
✇✐t❤ ❆◆❙❨❙ s✐♠✉❧❛t✐♦♥✱ ✐♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bphi

❛t t❤❡ ❝❡♥t❡r ♦❢ ❞r❛✐♥ ❤♦❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s
r❡♣r❡s❡♥ts t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ r❛❞✐❛❧ ❝♦♠♣♦♥❡♥t ❛♥❞ t❤❡ ❝❡♥t❡r ♦❢ ❤♦❧❡✳
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❋✐❣✉r❡ ✼✳✶✶✳ ▲❡❢t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Br ❛t t❤❡ ❝❡♥t❡r ♦❢ ❞r❛✐♥ ❤♦❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤
❆◆❙❨❙ s✐♠✉❧❛t✐♦♥✱ ✐♠❛❣❡ t❛❦❡♥ ❢r♦♠ ❬✸✻❪✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Br ❛t t❤❡
❝❡♥t❡r ♦❢ ❞r❛✐♥ ❤♦❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ●❡❛♥t✹ s✐♠✉❧❛t✐♦♥✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s r❡♣r❡s❡♥ts
t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ r❛❞✐❛❧ ❝♦♠♣♦♥❡♥t ❛♥❞ t❤❡ ❝❡♥t❡r ♦❢ ❤♦❧❡✳



❈❤❛♣t❡r ✼✳ ▲❇◆❋ st✉❞✐❡s ✻✶

0 2 4 6 8 10 12 14
All Neutrino Energy (GeV)

0

5

10

15

20

25

30

35

40

45

50

P
O

T
1
2

/1
0

2
N

e
u
tr

in
o
s
/G

e
V

/m

h1
Entries     1.20954e+07

Mean    2.457

Std Dev     1.393

Total flux default with FM

Total flux default

flux

0 2 4 6 8 10 12 14
All Neutrino Energy (GeV)

0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

1.05 h1
Entries  189088

Mean    5.001

Std Dev     4.063

h1
Entries  189088

Mean    5.001
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Total Flux all neutrino energy default with FM /total flux default (Horn A)

Ratio

❋✐❣✉r❡ ✼✳✶✷✳ ▲❡❢t✿ ❍✐st♦❣r❛♠s ♦❢ t♦t❛❧ ν ✢✉① ❛t t❤❡ ❉❯◆❊ ❢❛r ❞❡t❡❝t♦r✱ ✐♥ r❡❞ t❤❡ ✢✉①
✇✐t❤ ✜❡❧❞ ♠❛♣ ✉s✐♥❣ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞✱ ✐♥ ❜❧✉❡ t❤❡ ✢✉① ✇✐t❤ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥✳ ❘✐❣❤t✿
❘❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ✢✉① ✇✐t❤ ✜❡❧❞ ♠❛♣ ✉s✐♥❣ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞ ♦✈❡r t❤❡ ✢✉① ✇✐t❤ ♥♦♠✐♥❛❧
s✐♠✉❧❛t✐♦♥✳
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Total Flux all neutrino energy DH /total flux default (Horn A)
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❋✐❣✉r❡ ✼✳✶✸✳ ▲❡❢t✿ ❍✐st♦❣r❛♠s ♦❢ t♦t❛❧ ν ✢✉① ❛t t❤❡ ❉❯◆❊ ❢❛r ❞❡t❡❝t♦r✱ ✐♥ r❡❞ t❤❡ ✢✉①
✇✐t❤ ❞r❛✐♥ ❤♦❧❡s✱ ✐♥ ❜❧✉❡ t❤❡ ✢✉① ✇✐t❤ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞✳ ❘✐❣❤t✿ ❘❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ✢✉①
✇✐t❤ ❞r❛✐♥ ❤♦❧❡s ♦✈❡r t❤❡ ✢✉① ✇✐t❤ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞✳



❈❤❛♣t❡r ✼✳ ▲❇◆❋ st✉❞✐❡s ✻✷

0 2 4 6 8 10 12 14
All Neutrino Energy (GeV)

0

5

10

15

20

25

30

35

40

45

50

P
O

T
1
2

/1
0

2
N

e
u
tr

in
o
s
/G

e
V

/m

h1
Entries     1.19421e+07

Mean    2.457

Std Dev     1.393

Total flux with DH at 200%

Total flux default

flux

0 2 4 6 8 10 12 14
All Neutrino Energy (GeV)

0.95

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

1.05 h1
Entries  191360

Mean        5

Std Dev     4.068

h1
Entries  191360

Mean        5

Std Dev     4.068

Total Flux all neutrino energy DH at 200% /total flux default (Horn A)

Ratio

❋✐❣✉r❡ ✼✳✶✹✳ ▲❡❢t✿ ❍✐st♦❣r❛♠s ♦❢ t♦t❛❧ ν ✢✉① ❛t t❤❡ ❉❯◆❊ ❢❛r ❞❡t❡❝t♦r✱ ✐♥ r❡❞ t❤❡ ✢✉①
✇✐t❤ ❞r❛✐♥ ❤♦❧❡s ❛t ✷✵✵✪✱ ✐♥ ❜❧✉❡ t❤❡ ✢✉① ✇✐t❤ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞✳ ❘✐❣❤t✿ ❘❛t✐♦ ❜❡t✇❡❡♥ t❤❡
✢✉① ✇✐t❤ ❞r❛✐♥ ❤♦❧❡s ❛t ✷✵✵✪ ♦✈❡r t❤❡ ✢✉① ✇✐t❤ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞✳
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Total Flux all neutrino energy with deep effect (60 to 210 mm)/total flux default (Horn A)

Ratio

❋✐❣✉r❡ ✼✳✶✺✳ ▲❡❢t✿ ❍✐st♦❣r❛♠s ♦❢ t♦t❛❧ ν ✢✉① ❛t t❤❡ ❉❯◆❊ ❢❛r ❞❡t❡❝t♦r✱ ✐♥ r❡❞ t❤❡ ✢✉①
✇✐t❤ ❞❡❡♣❡r ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t✱ ✐♥ ❜❧✉❡ t❤❡ ✢✉① ✇✐t❤ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞✳ ❘✐❣❤t✿ ❘❛t✐♦ ❜❡t✇❡❡♥
t❤❡ ✢✉① ✇✐t❤ ❞❡❡♣❡r ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ♦✈❡r t❤❡ ✢✉① ✇✐t❤ ♥♦♠✐♥❛❧ ❇ ✜❡❧❞✳



❈❤❛♣t❡r ✽✳ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ♥❡✉tr✐♥♦s ❛r❡ ♦♥❡ ♦❢ t❤❡ ♠♦st ♠②st❡r✐♦✉s ♣❛rt✐❝❧❡s ♦❢ t❤❡ ✉♥✐✈❡rs❡✱ t❤❡ ♣❤②s✐❝✐sts ❤❛✈❡

t❤❡ t❛s❦ t♦ ✉♥❞❡rst❛♥❞ t❤❡♠✳ ❖♥❡ ♦❢ t❤❡ ✜rst st❡♣s ✐s t♦ s✐♠✉❧❛t❡ ♣r♦❝❡ss❡s ❛♥❞ ❝♦♠♣❛r❡

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

♦❢ ✉♥❝❡rt❛✐♥t✐❡s✳ ❖♥❡ ♦❢ t❤❡ ♠❛✐♥ ❣♦❛❧s ♦❢ t❤✐s ✇♦r❦ ✐s t♦ ✉♥❞❡rst❛♥❞ s♦♠❡ ♦❢ t❤❡s❡ ✉♥❝❡r✲

t❛✐♥t✐❡s ♦♥ t❤❡ ❢♦❝✉s✐♥❣ s②st❡♠s ❢♦r ◆✉▼■ ❜❡❛♠ ❛♥❞ ▲❇◆❋✳

■♥ ◆✉▼■ ❜❡❛♠✱ st✉❞✐❡s ❢♦r ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♥ ❈❊◗ ❛♥❞ ❞❡❝❛② ♣✐♣❡ ✇❡r❡ ♠❛❞❡✳ ❲✐t❤ t❤❡

❈❊◗ st✉❞②✱ ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❞❛t❛ ❛♥❞ ▼❈ ✇❛s ♠❛❞❡✳ ❲❡ ♦❜t❛✐♥ t❤❛t ♥♦♥ ✉♥✐❢♦r♠

❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥s ❝♦✉❧❞ ♠♦❞✐❢② t❤❡ ✢✉① ❛r♦✉♥❞ ✸✪ ✇✐t❤ ❝♦♥✜❣✉r❛t✐♦♥s ♠♦r❡

❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♠❡❛s✉r❡♠❡♥ts t❤❛♥ t❤❡ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥✳ ❇✉t t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s

✇✐t❤ s♠❛❧❧❡r χ2 ❛r❡ ❜r♦❦❡♥✱ ❛ ❞❡❜✉❣ ♦❢ t❤❡ ❝♦❞❡ ❛♥❞ ♠♦r❡ t❡sts ❛r❡ ♥❡❝❡ss❛r②✱ ✐♥❝❧✉❞✐♥❣

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

♦r ✸✪ ✐s ❛ ♥♦♥✲♥❡❣❧✐❣✐❜❧❡ ✉♥❝❡rt❛✐♥t② ❛♥❞ ✐t ✐s ♣r❡s❡♥t ✐♥ ❛❧❧ r✉♥ ♦❢ ◆✉▼■ ❜❡❛♠✳ ❆t t❤❡

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

❛❝❝♦♠♣❧✐s❤❡❞✳ ❚❤❡ ▼■◆❊❘ν❆ ❝♦❧❧❛❜♦r❛t✐♦♥ ❢♦✉♥❞ t❤❛t ❝♦rr❡❝t✐♦♥s ♦♥ t❤❡ ♠✉♦♥ ❡♥❡r❣②

r❡❝♦♥str✉❝t✐♦♥ ❛t t❤❡ ▼■◆❖❙ ❞❡t❡❝t♦r r❡♠♦✈❡ t❤❡ ✇✐❣❣❧❡ ❡✛❡❝t✱ st✉❞✐❡s ❛r❡ st✐❧❧ ✐♥ ♣r♦❣r❡ss✳

❲✐t❤ ❞r❛✐♥ ❤♦❧❡s r❡s✉❧ts ❢♦r ❤♦r♥ ❆ ♦♥ ▲❇◆❋✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ✜❡❧❞

♠❛♣ ❢♦r ❞r❛✐♥ ❤♦❧❡s ❤❛s ❛♥ ✐♠♣❛❝t ♦♥ t❤❡ ✢✉① ♦❢ ❧❡ss t❤❛t ✵✳✺✪✳ ❚❤❡ ❝♦❞❡ ❢♦r ❞r❛✐♥ ❤♦❧❡s

✇❛s ❛❞❞❡❞ t♦ t❤❡ ❞❡❢❛✉❧t ▲❇◆❋ s✐♠✉❧❛t✐♦♥ ❢♦r ❢✉t✉r❡ ✇♦r❦s✳ ❚❤✐s r❡s✉❧t ❤❡❧♣s t♦ ✉♥❞❡r✲

st❛♥❞ t❤❡ ❝✉rr❡♥t ❞❡s✐❣♥ ❢♦r ❞r❛✐♥ ❤♦❧❡s✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ♠♦❞✐✜❡s t❤❡ ♥❡✉tr✐♥♦ ✢✉① ❛♥❞

❝♦✉❧❞ ❜❡ ✉s❡❞ ❛s t❤❡ ✜♥❛❧ ❞❡s✐❣♥❀ t❤❡ ♦♣t✐♠✐③❡❞ ❞❡s✐❣♥ ✐s ♥♦t ✜♥✐s❤❡❞ ②❡t ❜✉t t❤✐s r❡s✉❧t

❤❡❧♣s ♦♥ t❤❛t ❤❛r❞ t❛s❦✳

❚❤❡ ✇♦r❦ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ✇❛s ❞❡✈❡❧♦♣❡❞ ❛t ❋❡r♠✐❧❛❜ ❛s ♣❛rt ♦❢ t❤❡ ▼■◆❊❘ν❆

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

t✐♦♥s❀ s✉❝❝❡ss❢✉❧ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞✳ ❚❤✐s ✇♦r❦ ✇✐❧❧ ❤❡❧♣ t♦ ▼■◆❊❘ν❆ ✉♥❞❡rst❛♥❞ ❛

❞✐s❝r❡♣❛♥❝② ✐♥ t❤❡ ♥❡✉tr✐♥♦ ❡♥❡r❣② s♣❡❝tr❛ ✐♥ ❉❛t❛ ❛♥❞ ▼♦♥t❡ ❈❛r❧♦✱ ❛♥❞ t❤✐s ✇✐❧❧ ❛❧s♦

✐♠♣r♦✈❡ t❤❡ ❞❡s✐❣♥ ❛♥❞ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ▲❇◆❋ s✐♠✉❧❛t✐♦♥✳

✻✸
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❋✐❣✉r❡ ❆✳✶✳ ❙❤❛♣❡ ❢♦r t❤❡ ✷ ❤♦r♥s ♦❢ ◆✉▼■ ❜❡❛♠ s✐♠✉❧❛t✐♦♥✱ ♥♦t s❝❛❧❡❞✳ ❖❜t❛✐♥❡❞ ✇✐t❤
●❡❛♥t✐♥♦s✳

❋✐❣✉r❡ ❆✳✷✳ ▲❡❢t✿ ❍♦r♥ ✶ ♦❢ ◆✉▼■ ❜❡❛♠ s✐♠✉❧❛t✐♦♥✳ ❘✐❣❤t✿ ❍♦r♥ ✷ ♦❢ ◆✉▼■ ❜❡❛♠
s✐♠✉❧❛t✐♦♥✳ ◆♦t s❝❛❧❡❞✱ ♦❜t❛✐♥❡❞ ✇✐t❤ ●❡❛♥t✐♥♦s✳

✻✹
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0.680392 0.632642 0.59975 0.582025 0.579583

0.702733 0.60685 0.554558 0.545925 0.580992

0.702733 0.578642 0.529358 0.555058 0.656233

0.702733 0.558425 0.518675 0.584192 0.754992

0.702733 0.543708 0.516417 0.621142 0.858858

0.702733 0.532683 0.51835 0.66035 0.959708

0.702733 0.524342 0.522733 0.698908 1.05408

0.702733 0.517692 0.528317 0.735817 1.1408

0.702733 0.512525 0.534533 0.7701 1.2202

0.702733 0.508283 0.540758 0.801708 1.2924

0.702733 0.504767 0.547058 0.831125 1.35814

0.702733 0.501925 0.553192 0.858092 1.41807
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❣♦❡s ❢r♦♠ ✵✳✵ t♦ ✵✳✶✵ ✇✐t❤ st❡♣s ♦❢ ✵✳✵✷✺ ♦♥ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡✱ ❛♥❞ ✶✷✳✺ t♦ ✶✻✷✳✺
✇✐t❤ st❡♣s ♦❢ ✶✷✳✺ ♦♥ ❧❡♥❣t❤ s❝❛❧❡✳
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❋✐❣✉r❡ ❆✳✹✳ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛♥❞ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✶✻✷✳✺✱ q✉❛❞r✉♣♦✲
❧❛r ❛♠♣❧✐t✉❞❡ ❂ ✵✳✵✷✺ ♦♥ ✇❛t❡r ♣♦rt ▲ ✭❧❡❢t✮ ❛♥❞ ✇❛t❡r ♣♦rt ❖ ✭r✐❣❤t✮✳
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Symmetric Current

Asymmetric Current for length scale = 50 cm and Quad Amp = 0

A detectorν flux at the MINERµν
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❋✐❣✉r❡ ❆✳✺✳ ▲❡❢t✿ ❍✐st♦❣r❛♠ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧
s✐♠✉❧❛t✐♦♥ ♦♥ r❡❞✱ ❈❊◗ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✺✵ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵ ♦♥
❜❧✉❡✳ ❘✐❣❤t✿ ❘❛t✐♦ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥
♦✈❡r ❈❊◗ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✺✵ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵✳ ❚❤❡ ❡✛❡❝t ❢♦r ❤✐❣❤
❧❡♥❣t❤ s❝❛❧❡s ✐s ♥♦t ✈✐s✐❜❧❡✱ t❤❡ s✐♠✉❧❛t✐♦♥ ✇♦r❦s ❢♦r t❤✐s ❧❡♥❣t❤ s❝❛❧❡✳
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Symmetric Current

Asymmetric Current for length scale = 62.5 cm and Quad Amp = 0

A detectorν flux at the MINERµν
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❋✐❣✉r❡ ❆✳✻✳ ▲❡❢t✿ ❍✐st♦❣r❛♠ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧
s✐♠✉❧❛t✐♦♥ ♦♥ r❡❞✱ ❈❊◗ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✻✷✳✺ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵ ♦♥
❜❧✉❡✳ ❘✐❣❤t✿ ❘❛t✐♦ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥
♦✈❡r ❈❊◗ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✻✷✳✺ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵✳ ❚❤❡ ❝❤❛♥❣❡ ❢r♦♠
❧❡♥❣t❤ s❝❛❧❡ ❡q✉❛❧ t♦ ✺✵ ❛♥❞ ❧❡♥❣t❤ s❝❛❧❡ ❡q✉❛❧ t♦ ✻✷✳✺ ✐s ✈✐s✐❜❧❡✱ t❤❡ s✐♠✉❧❛t✐♦♥ st❛rts t♦
❜r❛❦❡✳
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Symmetric Current

Asymmetric Current for length scale = 75 cm and Quad Amp = 0

A detectorν flux at the MINERµν
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❋✐❣✉r❡ ❆✳✼✳ ▲❡❢t✿ ❍✐st♦❣r❛♠ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧
s✐♠✉❧❛t✐♦♥ ♦♥ r❡❞✱ ❈❊◗ ❧❡♥❣t❤ s❝❛❧❡ ❂ ✼✺ ❛♥❞ q✉❛❞r✉♣♦❧❛r ❛♠♣❧✐t✉❞❡ ❡q✉❛❧ t♦ ✵✳✵ ♦♥
❜❧✉❡✳ ❘✐❣❤t✿ ❘❛t✐♦ ♦❢ νµ ✢✉① ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ▼■◆❊❘ν❆ ❞❡t❡❝t♦r✱ ♥♦♠✐♥❛❧ s✐♠✉❧❛t✐♦♥
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0.3−

0.2−

0.1−

0

r = 110 mm

r = 130 mm

r = 150 mm

r = 170 mm

r = 190 mm

r = 210 mm

Z [mm]
0 50 100 150 200

0
)/

B
0

-B
φ

(B

0.3−

0.25−

0.2−

0.15−

0.1−

0.05−

0

r = 110 mm

r = 130 mm

r = 150 mm

r = 170 mm

r = 190 mm

r = 210 mm

❋✐❣✉r❡ ❆✳✾✳ ▲❡❢t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bφ ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✵ ❞❡❣r❡❡s ✇✐t❤ ❛ ❞r❛✐♥
❤♦❧❡s ❡✛❡❝t ❛t ✷✵✵✪✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bφ ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ✇✐t❤
❛ ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ❛t ✷✵✵✪✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s r❡♣r❡s❡♥ts t❤❡ ❜❡❛♠ ❛①✐s ✭❩✮✱ ✇❤❡r❡
t❤❡ ③❡r♦ ✐s t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡✳
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❋✐❣✉r❡ ❆✳✶✵✳ ▲❡❢t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Br ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ✇✐t❤ ❛ ❞r❛✐♥
❤♦❧❡s ❡✛❡❝t ❛t ✷✵✵✪✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bz ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ✇✐t❤
❛ ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t ❛t ✷✵✵✪✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s r❡♣r❡s❡♥ts t❤❡ ❜❡❛♠ ❛①✐s ✭❩✮✱ ✇❤❡r❡
t❤❡ ③❡r♦ ✐s t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡✳
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0.08−
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r = 60 mm

r = 90 mm
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❤♦❧❡s✱ ❣♦❡s ❢♦r r❛❞✐✉s ❡q✉❛❧ t♦ ✶✶✵ t♦ ✷✶✵ ♠♠✳ ❘✐❣❤t✿ r❡❧❛t✐✈❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r Bφ ✇✐t❤
❛♥ ❛♥❣❧❡ ♦❢ ✾ ❞❡❣r❡❡s ✇✐t❤ ❛ ❞❡❡♣❡r ❞r❛✐♥ ❤♦❧❡s ❡✛❡❝t✱ ❣♦❡s ❢♦r r❛❞✐✉s ❡q✉❛❧ t♦ ✻✵ t♦ ✷✶✵
♠♠✳ ■♥ ❜♦t❤ ♣❧♦ts t❤❡ ❳ ❛①✐s r❡♣r❡s❡♥ts t❤❡ ❜❡❛♠ ❛①✐s ✭❩✮✱ ✇❤❡r❡ t❤❡ ③❡r♦ ✐s t❤❡ ❝❡♥t❡r
♦❢ t❤❡ ❞r❛✐♥ ❤♦❧❡✳
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https://admscad.fnal.gov/MSDMain/DWGS/NUMI_437/pdf/437891-A1.pdf
https://admscad.fnal.gov/MSDMain/DWGS/NUMI_437/pdf/437891-A1.pdf
https://www.ansys.com/products/electronics/ansys-maxwell
https://www.ansys.com/products/electronics/ansys-maxwell
http://minerva05.fnal.gov/Arachne/arachnelaunchpage.html
http://minerva05.fnal.gov/Arachne/arachnelaunchpage.html
http://cdsweb.cern.ch/record/117852/files/CERN-EP-INT-77-8.pdf
http://cdsweb.cern.ch/record/117852/files/CERN-EP-INT-77-8.pdf
https://www.nobelprize.org/uploads/2018/06/davis-lecture.pdf
http://www.sciencedirect.com/science/article/pii/S016890021501027X
http://www.sciencedirect.com/science/article/pii/S016890021501027X
http://dx.doi.org/10.1155/2014/129694
http://dx.doi.org/10.1155/2014/129694
http://laboratoriodeparticulaselementales.blogspot.com/
https://www-donut.fnal.gov/
https://lbnf.fnal.gov/
https://minerva.fnal.gov/how-it-works/
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