
❯♥✐✈❡rs✐t② ♦❢ ❋❡rr❛r❛
P❤②s✐❝s ❛♥❞ ❊❛rt❤ ❙❝✐❡♥❝❡s ❉❡♣❛rt♠❡♥t

❉❡❣r❡❡ ♦❢ ❉♦❝t♦r ♦❢ P❤✐❧♦s♦♣❤② ✐♥ s✉❜❥❡❝t ♦❢ P❤②s✐❝s

❘❡s❡❛r❝❤ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ✐♥ ❝②❧✐♥❞r✐❝❛❧
tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r ✇✐t❤ µ❚P❈ r❡❛❞♦✉t

❢♦r t❤❡ ❇❊❙■■■ ❡①♣❡r✐♠❡♥t

❙✉♣❡r✈✐s♦r✿
❉r✳ ●✐❛♥❧✉✐❣✐ ❈✐❜✐♥❡tt♦

❊①❛♠✐♥❡rs✿
❉r✳ ❊r✐❦❛ ❉❡ ▲✉❝✐❛

Pr♦❢✳ ❚❤❡♦❞♦r♦s ❆❧❡①♦♣♦✉❧♦s

P❤❉ ❈♦♦r❞✐♥❛t♦r✿
Pr♦❢✳ ❱✐♥❝❡♥③♦ ●✉✐❞✐

❈❛♥❞✐❞❛t❡✿

❘✐❝❝❛r❞♦ ❋❛r✐♥❡❧❧✐

❆❝❛❞❡♠✐❝ ②❡❛rs ✷✵✶✺✲✷✵✶✽
❳❳❳■ ❝♦✉rs❡ ✲ ❋■❙✴✵✹



✐✐



❆❜str❛❝t

❚❤❡ t❤✐r❞ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ ❙♣❡❝tr♦♠❡t❡r✱ ❇❊❙■■■✱ ✐s ❛♥ ❛♣♣❛r❛t✉s
❢♦r ❤✐❣❤ ❡♥❡r❣② ♣❤②s✐❝s r❡s❡❛r❝❤✳ ❚❤❡ ❤✉♥t✐♥❣ ♦❢ ♥❡✇ ♣❛rt✐❝❧❡s ❛♥❞ t❤❡ ♠❡❛s✉r❡♠❡♥t
♦❢ t❤❡✐r ♣r♦♣❡rt✐❡s ♦r t❤❡ r❡s❡❛r❝❤ ♦❢ r❛r❡ ♣r♦❝❡ss❡s ❛r❡ s♦✉❣❤t t♦ ✉♥❞❡rst❛♥❞ ✐❢ t❤❡
♠❡❛s✉r❡♠❡♥ts ❝♦♥✜r♠ t❤❡ ❙t❛♥❞❛r❞ ▼♦❞❡❧ ❛♥❞ t♦ ❧♦♦❦ ❢♦r ♣❤②s✐❝s ❜❡②♦♥❞ ✐t✳ ❚❤❡
❞❡t❡❝t♦rs ❡♥s✉r❡ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❡✈❡♥ts ❜❡❧♦♥❣✐♥❣ t♦ t❤❡ s✉❜✲❛t♦♠✐❝ ❞♦♠❛✐♥✳
❚❤❡ ♦♣❡r❛t✐♦♥ ❛♥❞ t❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ❇❊❙■■■ ✐♥♥❡r tr❛❝❦❡r ✐s ❝♦♠♣r♦♠✐s❡❞ ❞✉❡
t♦ t❤❡ t❤❡ r❛❞✐❛t✐♦♥ ❧❡✈❡❧ ♦❢ t❤❡ ❛♣♣❛r❛t✉s✳ ❆ ♥❡✇ ❞❡t❡❝t♦r ✐s ♥❡❡❞❡❞ t♦ ❣✉❛r❛♥t❡❡
❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ t♦ ✐♠♣r♦✈❡ t❤❡ ♣❤②s✐❝s r❡s❡❛r❝❤✳ ❆ ❝②❧✐♥❞r✐❝❛❧ tr✐♣❧❡✲●❊▼
❞❡t❡❝t♦r ✭❈●❊▼✮ ✐s ❛♥ ❛♥s✇❡r t♦ t❤✐s ♥❡❡❞✿ ✐t ✇✐❧❧ ♠❛✐♥t❛✐♥ t❤❡ ❡①❝❡❧❧❡♥t ♣❡r✲
❢♦r♠❛♥❝❡ ♦❢ t❤❡ ✐♥♥❡r tr❛❝❦❡r ✇❤✐❧❡ ✐♠♣r♦✈✐♥❣ t❤❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ❜❡❛♠
❞✐r❡❝t✐♦♥ ❛❧❧♦✇✐♥❣ ❛ ❜❡tt❡r r❡❝♦♥str✉❝t✐♦♥ ♦❢ s❡❝♦♥❞❛r② ✈❡rt✐❝❡s✳ ❚❤❡ t❡❝❤♥♦❧♦❣✐❝❛❧
❝❤❛❧❧❡♥❣❡ ♦❢ t❤❡ ❈●❊▼ ✐s r❡❧❛t❡❞ ✐♥ ✐ts s♣❛t✐❛❧ ❧✐♠✐t❛t✐♦♥ ❛♥❞ t❤❡ ♥❡❡❞❡❞ ❝②❧✐♥❞r✐❝❛❧
s❤❛♣❡✳ ❆t t❤❡ s❛♠❡ t✐♠❡ t❤❡ ❞❡t❡❝t♦r ❤❛s t♦ ❡♥s✉r❡ ❛♥ ❡✣❝✐❡♥❝② ❝❧♦s❡ t♦ ✶ ❛♥❞ ❛
st❛❜❧❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❜❡tt❡r t❤❛♥ 150µm✱ ✐♥❞❡♣❡♥❞❡♥t❧② ❢r♦♠ t❤❡ tr❛❝❦ ✐♥❝✐❞❡♥t
❛♥❣❧❡ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ 1T ♠❛❣♥❡t✐❝ ✜❡❧❞✳

■♥ t❤❡ ②❡❛rs ✷✵✶✹✲✷✵✶✽ t❤❡ ❈●❊▼✲■❚ ❤❛s ❜❡❡♥ ❞❡s✐❣♥❡❞ ❛♥❞ ❜✉✐❧t✳ ❚❤r♦✉❣❤
s❡✈❡r❛❧ t❡st ❜❡❛♠ ❛♥❞ s✐♠✉❧❛t✐♦♥s t❤❡ ♦♣t✐♠❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ❢r♦♠ t❤❡ ❣❡♦♠❡tr✐❝❛❧
❛♥❞ ❡❧❡❝tr✐❝❛❧ ♣♦✐♥ts ♦❢ ✈✐❡✇ ❤❛s ❜❡❡♥ ❢♦✉♥❞✳ ❆ ♥❡✇ ❡❧❡❝tr♦♥✐❝s ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞
t♦ r❡❛❞♦✉t ❝❤❛r❣❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ t✐♠❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❞❡t❡❝t♦r s✐❣♥❛❧✳ ❚❤✐s
❛❧❧♦✇s t♦ ♠❡❛s✉r❡ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ t❤❡ ❈●❊▼✲
■❚✳ ❚✇♦ ❛❧❣♦r✐t❤♠s ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ❢♦r t❤✐s ♣✉r♣♦s❡✱ t❤❡ ❝❤❛r❣❡ ❝❡♥tr♦✐❞ ❛♥❞ t❤❡
µ❚P❈✱ ❛ ♥❡✇ t❡❝❤♥✐q✉❡ ✐♥tr♦❞✉❝❡❞ ❜② ❆❚▲❆❙ ✐♥ ▼✐❝r♦▼❡❣❛s ❛♥❞ ❞❡✈❡❧♦♣❡❞ ❤❡r❡
❢♦r t❤❡ ✜rst t✐♠❡ ❢♦r tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r✳

❆ ❝♦♠♣❧❡t❡ tr✐♣❧❡✲●❊▼ s✐♠✉❧❛t✐♦♥ s♦❢t✇❛r❡ ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ t♦ ✐♠♣r♦✈❡ t❤❡
❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ❞❡t❡❝t✐♦♥ ♣r♦❝❡ss❡s✳ ❚❤❡ s♦❢t✇❛r❡ r❡♣r♦❞✉❝❡s t❤❡ ❈●❊▼✲■❚ ❜❡✲
❤❛✈✐♦r ✐♥ t❤❡ ❇❊❙■■■ ♦✤✐♥❡ s♦❢t✇❛r❡✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❈●❊▼✲■❚ ✐♥ t❤❡ ❇❊❙■■■
❛♣♣❛r❛t✉s ✈❛❧✐❞❛t❡s t❤❡ ✐♠♣r♦✈❡♠❡♥ts ♦❢ t❤❡ ❞❡t❡❝t♦r t❤♦✉❣❤t t❤❡ st✉❞② ♦❢ s♦♠❡
♣❤②s✐❝s ❛♥❛❧②s✐s✳



✐✈ ❈♦♥t❡♥ts



❈♦♥t❡♥ts

✶ ❚❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ P♦s✐tr♦♥ ❈♦❧❧✐❞❡r ■■ ❛♥❞ t❤❡ ❇❡✐❥✐♥❣ ❙♣❡❝✲

tr♦♠❡t❡r ■■■ ✶

✶✳✶ ❇❊P❈■■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✶✳✷ ❚❤❡ ❇❊❙■■■ ❞❡t❡❝t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹
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✶✳✷✳✺ ❚❤❡ tr✐❣❣❡r s②st❡♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✶✳✸ ❚❤❡ ❇❊❙■■■ ♣❤②s✐❝s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✸✳✶ ❍❛❞r♦♥ ❙♣❡❝tr♦s❝♦♣② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✸✳✷ ❈❤❛r♠♦♥✐✉♠ ♣❤②s✐❝s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✶✳✸✳✸ ❈❤❛r♠ ♣❤②s✐❝s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✶✳✹ ❚❤❡ ♥❡❡❞s ♦❢ ❛ ♥❡✇ ✐♥♥❡r tr❛❝❦❡r ❢♦r ❇❊❙■■■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷ ❈●❊▼✲■❚ ✷✺

✷✳✶ ❚❤❡ ❑▲❖❊✲✷ ■❚ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✷✳✷ ■♥♥♦✈❛t✐♦♥ ♦❢ t❤❡ ❇❊❙■■■ ❈●❊▼✲■❚ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✷✳✸ ❚❤❡ ♥❡✇ ❆❙■❈ ❢♦r t❤❡ ❇❊❙■■■ ❈●❊▼✲■❚ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽
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✸✳✺ ■♥♥♦✈❛t✐♦♥s ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
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❇✳✸ ❋✐rst ❞✐✛✉s✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝♦rr❡❝t✐♦♥s ♣❛r❛♠❡t❡rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵



▲■❙❚ ❖❋ ❋■●❯❘❊❙ ①✐

❇✳✹ ❙❡❝♦♥❞ ❞✐✛✉s✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝♦rr❡❝t✐♦♥ ❛♥❞ ✐ts ♣❛r❛♠❡t❡rs ✳ ✳ ✳ ✳ ✶✷✶

❇✳✺ ❚❤✐r❞ ❞✐✛✉s✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝♦rr❡❝t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✷

❇✳✻ µ❚P❈ r❡s♦❧✉t✐♦♥ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❝♦rr❡❝t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸



①✐✐ ▲■❙❚ ❖❋ ❋■●❯❘❊❙



▲✐st ♦❢ ❚❛❜❧❡s

✶✳✶ ▼❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❇❊P❈■■ st♦r❛❣❡ r✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✶✳✷ ▼❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❇❊❙■■■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✶✳✸ ❚❖❋ t✐♠❡ r❡s♦❧✉t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✶✳✹ ●❡♦♠❡tr✐❝❛❧ ♣❛r❛♠❡t❡rs ♦❢ ❊▼❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✶✳✺ ◗❈❉ t❤❡♦r✐❡s ❛♥❞ ❡♥❡r❣② s❝❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✶✳✻ ■♥♥❡r tr❛❝❦❡r r❡q✉✐r❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✶ ❈●❊▼✲■❚ ❣❡♦♠❡tr✐❝❛❧ ❞❡t❛✐❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✺✳✶ ❉r✐❢t ♣❛r❛♠❡t❡rs ❢r♦♠ ●❛r✜❡❧❞✰✰ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✶ ❙✉♠♠❛r② ❝✉ts ♦♥ t❤❡ ❜❡♥❝❤♠❛r❦ ❝❤❛♥♥❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

❆✳✶ P❤②s✐❝❛❧ ❝♦♥st❛♥ts ❛♥❞ ❛♣♣r♦①✐♠❛t❡❞ ✈❛❧✉❡s ♦❢ ❡♥❡r❣② ❧♦ss ❛♥❞ ✐♦♥

♣❛✐r ♣r♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽



①✐✈ ▲■❙❚ ❖❋ ❚❆❇▲❊❙



❈❤❛♣t❡r ✶

❚❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ P♦s✐tr♦♥

❈♦❧❧✐❞❡r ■■ ❛♥❞ t❤❡ ❇❡✐❥✐♥❣

❙♣❡❝tr♦♠❡t❡r ■■■

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

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

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

♦r t❤❡ tr❛♥s✐t✐♦♥s ❢r♦♠ ❛ st❛t❡ t♦ ❛♥♦t❤❡r✳ ❆r♦✉♥❞ t❤❡ ✇♦r❧❞ t❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❡①✲

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

t❤❡ ❝♦❧❧✐s✐♦♥ r❡s✉❧ts ♦❢ ❤✐❣❤ ❡♥❡r❣② ♣❛rt✐❝❧❡s✱ ♦♥❡ ♦❢ t❤♦s❡ ❡①♣❡r✐♠❡♥ts ✐s t❤❡ ❇❊✐❥✐♥❣

❙♣❡❝tr♦♠❡t❡r ✭❇❊❙■■■✮ ❛t t❤❡ ■♥st✐t✉t❡ ♦❢ ❍✐❣❤ ❊♥❡r❣② P❤②s✐❝s ✭■❍❊P✮ ✐♥ P❡♦♣❧❡✬s

❘❡♣✉❜❧✐❝ ♦❢ ❈❤✐♥❛ ✭P❘❈✮✿ ❛♥ ❛♣♣❛r❛t✉s ❝♦♠♣♦s❡❞ ♦❢ s❡✈❡r❛❧ s✉❜✲❞❡t❡❝t♦rs t❤❛t

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

❚❤❡ ❧❡♣t♦♥s ❛r❡ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ P♦s✐tr♦♥ ❈♦❧❧✐❞❡r ✭❇❊P❈■■✮✳ ❚❤❡②

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

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

✭■P✮✳ ❚❤❡ ❝❡♥t❡r ♦❢ ♠❛ss ❡♥❡r❣② r❛♥❣❡ ✈❛r✐❡s ❢r♦♠ 2GeV t♦ 4.6GeV ✐♥ ♦r❞❡r t♦ ❡①✲

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

❡①♦t✐❝s ❛♥❞ ♦t❤❡r t♦♣✐❝s ❡①♣❧❛✐♥❡❞ ✐♥ ❙❡❝t✳ ✶✳✸

■♥ t❤✐s ❈❤❛♣✳ ❛ r❡✈✐❡✇ ❛❜♦✉t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❧❛②♦✉t ✇✐❧❧ ❜❡ r❡♣♦rt❡❞ ❛♥❞ t❤❡

♣❤②s✐❝s r❡s❡❛r❝❤ ♦❢ t❤❡ ❇❊❙■■■ ❡①♣❡r✐♠❡♥t ✐♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ t❤❡ s❝❡♥❛r✐♦ ❛♥❞

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

✇♦r❦✳



✷

❚❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ P♦s✐tr♦♥ ❈♦❧❧✐❞❡r ■■ ❛♥❞ t❤❡ ❇❡✐❥✐♥❣ ❙♣❡❝tr♦♠❡t❡r

■■■

✶✳✶ ❇❊P❈■■

❇❊P❈■■ ✐s t❤❡ ✉♣❣r❛❞❡ ♦❢ t❤❡ ♣r❡✲❡①✐st✐♥❣ ❇❊P❈ ♠❛❝❤✐♥❡ ❛♥❞ ✐t ✐s ❛ ❞♦✉❜❧❡ r✐♥❣

❡❧❡❝tr♦♥ ♣♦s✐tr♦♥ ❝♦❧❧✐❞❡r t❤❛t ❛❝ts ❛❧s♦ ❛s ❛ s②♥❝❤r♦tr♦♥ r❛❞✐❛t✐♦♥ ✭❙❘✮ s♦✉r❝❡ ❬✶✱ ✷❪✳

❚❤❡ ❜❡❛♠ ❡♥❡r❣② r❛♥❣❡s ❢r♦♠ ✶ t♦ 2.3GeV ✇✐t❤ ❛ ❞❡s✐❣♥ ❧✉♠✐♥♦s✐t② ♦❢ 1033 cm−2s−1

❛t 1.89GeV t❤❛t ❤❛s ❜❡❡♥ r❡❛❝❤❡❞ ✐♥ ✷✵✶✻ ❞❛t❛ t❛❦✐♥❣ ♦♥ ❆♣r✐❧ ✶✹th✳ ❚❤❡ ❢❛❝✐❧✐t②

✐s ❡①♣❧♦✐t❡❞ ✐♥ ❤✐❣❤ ❡♥❡r❣② ♣❤②s✐❝s ❡①♣❡r✐♠❡♥t ❛♥❞ s②♥❝❤r♦tr♦♥ r❛❞✐❛t✐♦♥✳ ❚❤❡

❛❝❝❡❧❡r❛t✐♦♥ ♦❢ e+e− ✐s ♣❡r❢♦r♠❡❞ ❜② ❛♥ ✐♥❥❡❝t♦r ❝♦♥s✐st✐♥❣ ✐♥ ❛ 202m ❡❧❡❝tr♦♥ ❧✐♥❛❝

✇✐t❤ ✶✻ ❘❛❞✐♦✲❋r❡q✉❡♥❝② ✭❘❋✮ ♣♦✇❡r s♦✉r❝❡s ❛♥❞ ✺✻ ❙✲❜❛♥❞ ❘❋ str✉❝t✉r❡s✳ ❚❤❡♥

t✇♦ s✉♣❡r✲❝♦♥❞✉❝t✐♥❣ ❝❛✈✐t✐❡s ❛r❡ ✉s❡❞ ✇✐t❤ ♦♥❡ ❝❛✈✐t② ✐♥ ❡❛❝❤ r✐♥❣ t♦ ♣r♦✈✐❞❡ t❤❡

❘❋ ✈♦❧t❛❣❡✳ ❇❊P❈■■ r❡q✉✐r❡s ✸✻✸ ♠❛❣♥❡ts ♦❢ ❞✐✛❡r❡♥t t②♣❡s✿ ❜❡♥❞✐♥❣ ♠❛❣♥❡ts✱

q✉❛❞r✉♣♦❧❡ ❛♥❞ s❡①t✉♣♦❧❡✳ ❚❤❡ ❞❡t❛✐❧s ♦❢ ❇❊P❈■■ ❛r❡ s❤♦✇♥ ✐♥ t❤❡ ❚❛❜✳ ✶✳✶✳ ❚❤❡

❧✉♠✐♥♦s✐t② ♦❢ ❛♥ ❡❧❡❝tr♦♥✲♣♦s✐tr♦♥ ❝♦❧❧✐❞❡r ✐s ❡①♣r❡ss❡❞ ❛s✿

L(cm−2s−1) = 2.17× 1034(1 + r)ǫy
E(GeV )kbIb(A)

β∗
y(cm)

✭✶✳✶✮

❋✐❣✉r❡ ✶✳✶✿ ❙❦❡t❝❤ ♦❢ t❤❡ ❛❝❝❡❧❡r❛t♦r ❢❛❝✐❧✐t②✿ ❧✐♥❛❝ ❛♥❞ t❤❡ t✇♦ ❛❝❝✉♠✉❧❛t✐♦♥ r✐♥❣s ❬✸❪✳

✇❤❡r❡ r ✐s t❤❡ ❜❡❛♠ ❛s♣❡❝t r❛t✐♦ ❛t t❤❡ ■P✱ ǫy t❤❡ ✈❡rt✐❝❛❧ ❜❡❛♠✲❜❡❛♠ ♣❛r❛♠❡t❡r✱

β∗
y t❤❡ ✈❡rt✐❝❛❧ ❡♥✈❡❧♦♣❡ ❢✉♥❝t✐♦♥ ❛t ■P✱ kb t❤❡ ❜✉♥❝❤ ♥✉♠❜❡r ✐♥ ❡❛❝❤ ❜❡❛♠ ❛♥❞ Ib

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

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



✶✳✶ ❇❊P❈■■ ✸

✶✳✶ ✮ ❝r♦ss ❡❛❝❤ ♦t❤❡r ✐♥ t❤❡ ♥♦rt❤❡r♥ ❛♥❞ t❤❡ s♦✉t❤❡r♥ ■P✳ ■♥ ♦r❞❡r t♦ ❤❛✈❡ s✉✣❝✐❡♥t

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

❤♦r✐③♦♥t❛❧ ❝r♦ss✐♥❣ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❜❡❛♠s ✐s ✶✶ ♠r❛❞ × ✷ ✐♥ t❤❡ s♦✉t❤❡r♥

■P✱ ✇❤❡r❡ t❤❡ ❇❊❙■■■ ❡①♣❡r✐♠❡♥t ✐s ♣❧❛❝❡❞✳ ■♥ t❤❡ ♥♦rt❤❡r♥ ■P ❛ ✈❡rt✐❝❛❧ ❜✉♠♣ ✐s

✉s❡❞ t♦ s❡♣❛r❛t❡ t❤❡ ❜❡❛♠s✳ ❚❤❡ ❧❛②♦✉t ♦❢ ❇❊P❈■■ ♠✐♥✐♠✐③❡s t❤❡ ♠❛❝❤✐♥❡ ❡rr♦rs

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

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

❧✐❢❡t✐♠❡ ✐s ❛r♦✉♥❞ t❤r❡❡ ❤♦✉rs ❛♥❞ ✐ts ❧✐♠✐ts ❛r❡ ❞✉❡ t♦ ❜❡❛♠✲❜❡❛♠ ❜r❡♠sstr❛❤❧✉♥❣✱

❚♦✉s❝❤❡❦ ❡✛❡❝t ❛♥❞ ❜❡❛♠✲❣❛s ✐♥t❡r❛❝t✐♦♥✳

P❛r❛♠❡t❡r ❯♥✐t ❱❛❧✉❡
❊♥❡r❣② GeV ✶✳✽✾

❈✐r❝✉♠❢❡r❡♥❝❡ m ✷✸✼✳✺✸
❘❋ ❢r❡q✉❡♥❝② MHz ✹✾✾✳✽
❍❛r♠♦♥✐❝ ✲ ✸✾✻
❘❋ ✈♦❧t❛❣❡ MV ✶✳✺

❚r❛♥s✈❡rs❡ t✉♥❡s ✲ ✻✳✺✸✴✼✳✺✽
❉❛♠♣✐♥❣ t✐♠❡ ms ✷✺✴✷✺✴✶✷✳✺
❇❡❛♠ ❝✉rr❡♥t A ✵✳✾✶
❇✉♥❝❤ ♥✉♠❜❡r ✲ ✾✸
❙❘ ❧♦ss ♣❡r t✉r♥ keV ✶✷✶

❙❘ ♣♦✇❡r kW ✶✶✵
❊♥❡r❣② s♣r❡❛❞ ✲ ✺✳✶✻ × ✶✵−4

❈♦♠♣❛❝t ❢❛❝t♦r ✲ ✵✳✵✷✸✺
❇✉♥❝❤ ❧❡♥❣t❤ cm ✶✳✺
❊♠✐tt❛♥❝❡ nm · rad ✶✹✹✴✷✳✷

β ❢✉♥❝t✐♦♥ ❛t ■P m ✶✴✵✳✵✶✺
❈r♦ss✐♥❣ ❛♥❣❧❡ mrad ✶✶ × ✷
❇✉♥❝❤ s♣❛❝✐♥❣ m ✷✳✹

❇❡❛♠✲❜❡❛♠ P❛r❛♠❡t❡r ✲ ✵✳✵✹✴✵✳✵✹
▲✉♠✐♥♦s✐t② cm−2s−1 ✶✳✵·✶✵33

❚❛❜❧❡ ✶✳✶✿ ▼❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❇❊P❈■■ st♦r❛❣❡ r✐♥❣ ❬✷❪✳
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✶✳✷ ❚❤❡ ❇❊❙■■■ ❞❡t❡❝t♦r

❇❊❙■■■ ♠❡❛s✉r❡s tr❛❥❡❝t♦r✐❡s ❛♥❞ ♠♦♠❡♥t❛ ♦❢ ❝❤❛r❣❡❞ ❛♥❞ ♥❡✉tr❛❧ ♣❛rt✐❝❧❡s ❡①❝❡♣t

ν✱ ♣r♦❞✉❝❡❞ ✐♥ e+e− ❝♦❧❧✐s✐♦♥s ✐♥ t❤❡ ❡♥❡r❣② r❡❣✐♦♥ ❜❡t✇❡❡♥ ✷ ❛♥❞ ✹✳✻ ●❡❱ ❜② ♠❡❛♥s

♦❢ ❛ s❡t ♦❢ ❞❡t❡❝t♦rs ❛♥❞ ❛ s♦❧❡♥♦✐❞ ♣r♦❞✉❝✐♥❣ ❛ ✶ ❚ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❬✹❪✳ ❆ s❝❤❡♠❛t✐❝

❞r❛✇✐♥❣ ♦❢ ❇❊❙■■■ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✷✳ ❆r♦✉♥❞ t❤❡ ❜❡r②❧❧✐✉♠ ❜❡❛♠ ♣✐♣❡ t❤❡

▼✉❧t✐✲❧❛②❡r ❉r✐❢t ❈❤❛♠❜❡r ✭▼❉❈✮ ✐s ♣❧❛❝❡❞ ❛♥❞ ❛r♦✉♥❞ ✐ts ❝♦♥✐❝❛❧ s❤❛♣❡ ✐♥ t❤❡ ❡♥❞✲

❝❛♣ r❡❣✐♦♥s t❤❡r❡ ❛r❡ t✇♦ s✉♣❡r❝♦♥❞✉❝t✐♥❣ q✉❛❞r✉♣♦❧❡s ✭❙❈◗s✮✳ ❚❤❡ t✐♠❡✲♦❢✲✢✐❣❤t

✭❚❖❋✮ s②st❡♠ ✐s ❧♦❝❛t❡❞ ♦✉ts✐❞❡ t❤❡ ▼❉❈✿ ✐t ✐s ❝♦♠♣♦s❡❞ ❜② t✇♦ ❧❛②❡rs ♦❢ ♣❧❛st✐❝

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

❡♥❞✲❝❛♣s✳ ❚❤❡ ❈s■✭❚❧✮ ❊❧❡❝tr♦▼❛❣♥❡t✐❝ ❈❛❧♦r✐♠❡t❡r ✭❊▼❈✮ ✐s ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡

❚❖❋ s②st❡♠ ❛♥❞ t❤❡ ❙✉♣❡r❝♦♥❞✉❝t✐♥❣ ❙♦❧❡♥♦✐❞ ▼❛❣♥❡t ✭❙❙▼✮✳ ❚❤❡ ▼❯♦♥ ❈♦✉♥t❡r

✭▼❯❈✮ ✐s ❜✉✐❧t ✉♣ ❜② s❡✈❡r❛❧ ❧❛②❡rs ♦❢ r❡s✐st✐✈❡ ♣❧❛t❡ ❝❤❛♠❜❡rs ✭❘P❈s✮ ♣❧❛❝❡❞ ✐♥ t❤❡

❣❛♣s ❜❡t✇❡❡♥ st❡❡❧ ♣❧❛t❡s ♦❢ t❤❡ ✢✉① r❡t✉r♥ ②♦❦❡✳ ❚❤❡ ❝♦✐❧ ♦❢ t❤❡ s✉♣❡r❝♦♥❞✉❝t✐♥❣

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

1.482m ❛♥❞ ❧❡♥❣t❤ ♦❢ ✸✳✺✷ ♠✳ ❚❤❡ ❝♦✈❡r❡❞ s♦❧✐❞ ❛♥❣❧❡ ✐s ∆Σ/4π ❂ ✵✳✾✸✱ ✇❤❡r❡ t❤❡

❛③✐♠✉t❛❧ ❛♥❣❧❡ ✐s t♦t❛❧❧② ❝♦✈❡r❡❞ ✇❤✐❧❡ t❤❡ ♣♦❧❛r ❛♥❣❧❡ ✐s ❧✐♠✐t❡❞ ❜❡t✇❡❡♥ ✷✶◦ ❛♥❞

✶✺✾◦✳ ❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ ❇❊❙■■■ s✉❜✲❞❡t❡❝t♦rs ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜✳ ✶✳✷✳

❙✉❜✲❞❡t❡❝t♦r P❛r❛♠❡t❡r ❱❛❧✉❡
▼❉❈ ❙✐♥❣❧❡ ✇✐r❡ σrφ 130µm
▼❉❈ σz 2mm
▼❉❈ σp✴♣ ✭1GeV/c✮ ✵✳✺✪
▼❉❈ σ ✭dE/dx✮ ✻✪
❚❖❋ σt ❜❛rr❡❧ 100 ps
❚❖❋ σt ❡♥❞✲❝❛♣ 110 ps
❊▼❈ σE/E ✭1GeV✮ ✷✳✺✪
❊▼❈ P♦s✐t✐♦♥ r❡s♦❧✉t✐♦♥ ✭1GeV✮ 0.6 cm
▼✉♦♥ ◆◦ ❧❛②❡rs ❜❛rr❡❧ ✾
▼✉♦♥ ◆◦ ❧❛②❡rs ❡♥❞✲❝❛♣ ✽
▼✉♦♥ ❈✉t✲♦✛ ♠♦♠❡♥t✉♠ 0.5MeV/c

❙♦❧❡♥♦✐❞ ♠❛❣♥❡t ▼❛❣♥❡t✐❝ ✜❡❧❞ 1T

❚❛❜❧❡ ✶✳✷✿ ▼❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❇❊❙■■■ s♣❡❝tr♦♠❡t❡r s✉❜✲s②st❡♠s✳
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✶✳✷✳✶ ❚❤❡ ♠✉❧t✐✲❧❛②❡r ❞r✐❢t ❝❤❛♠❜❡r

❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ▼❉❈ ❤❛s ❜❡❡♥ ♦♣t✐♠✐③❡❞ t♦ ❞❡t❡❝t ❧♦✇ ♠♦♠❡♥t✉♠ ♣❛rt✐❝❧❡s

✇✐t❤ ♣❡r❢♦r♠❛♥❝❡ s❤♦✇♥ ✐♥ ❚❛❜✳ ✶✳✷✳ ▼♦r❡♦✈❡r t❤❡ ▼❉❈ ♣r♦✈✐❞❡s t❤❡ ❧❡✈❡❧ ✶ ✭▲✶✮

tr✐❣❣❡r ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✶✳✷✳✺ t♦ s❡❧❡❝t ❣♦♦❞ ❡✈❡♥ts ❛♥❞ t♦ r❡❥❡❝t t❤❡ ❜❛❝❦❣r♦✉♥❞✳

❚❤❡ r❛❞✐✉s ♦❢ t❤❡ ▼❉❈ ✈❛r✐❡s ❢r♦♠ ✺✾ ♠♠ t♦ ✽✶✵ ♠♠ ❛♥❞ t❤❡ ❡♥t✐r❡ ❞❡t❡❝t♦r ✐s

❝♦♠♣♦s❡❞ ❜② ✹✸ s❡♥s❡ ✇✐r❡ ❧❛②❡rs✳ ❚❤❡ ✜rst ✽ ❞❡✜♥❡ t❤❡ ✐♥♥❡r ▼❉❈ ✭■❉❈✮ ❛♥❞ t❤❡

♦t❤❡rs t❤❡ ♦✉t❡r▼❉❈ ✭❖❉❈✮✳ ❚❤❡ ❣❛s ♠✐①t✉r❡ ✐s ❍❡✲❈3❍8 ✭✻✵✿✹✵✮ t♦ ♠✐♥✐♠✐③❡ t❤❡

♠✉❧t✐♣❧❡ s❝❛tt❡r✐♥❣ ❡✛❡❝t✳ ❚❤❡ ♠❡❛s✉r❡❞ ♣♦s✐t✐♦♥ ✐♥ t❤❡ r✲φ✶ ♣❧❛♥❡ ✐s ❣✐✈❡♥ ❜② ❡❛❝❤

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

✇✐t❤ ❞✐✛❡r❡♥t st❡r❡♦ ❛♥❣❧❡s ✭✲✸✳✹◦ ❛♥❞ ✰ ✸✳✾◦✮✳ ❚❤❡ ❛✈❡r❛❣❡ ❣❛s ❣❛✐♥ ♦❢ t❤❡ ▼❉❈ ✐s

❛❜♦✉t 3× 104 ❛t t❤❡ r❡❢❡r❡♥❝❡ ♦♣❡r❛t✐♥❣ ❤✐❣❤ ✈♦❧t❛❣❡ ♦❢ ❛❜♦✉t 2200V ✳

❊❛❝❤ ❧❛②❡r ✐s ❞✐✈✐❞❡❞ ✐♥ s❡✈❡r❛❧ ❝❡❧❧s ✇✐t❤ ❛♥ ❛❧♠♦st sq✉❛r❡ s❡❝t✐♦♥✳ ❚❤❡ ❝❡❧❧ s✐③❡

✈❛r✐❡s ❢r♦♠ 12 t♦ 16.2mm✳ ❚❤❡ ❝❡❧❧s ❤❛✈❡ ❛ tr❛♣❡③♦✐❞❛❧ s❤❛♣❡ ✇✐t❤ ❡✐❣❤t ✜❡❧❞ ✇✐r❡

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

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

❞✐✛✉s✐♦♥ ❛♥❞ ❛ ♣r♦♣❡r ❜❛❧❛♥❝❡ ✐s ♥❡❡❞❡❞ ❜❡t✇❡❡♥ t❤❡ ❝❡❧❧ s✐③❡✱ t❤❡ r❡❛❞♦✉t ❝❤❛♥♥❡❧s

❛♥❞ t❤❡ ♠✉❧t✐♣❧❡ s❝❛tt❡r✐♥❣ ❣✐✈❡♥ ❜② t❤❡ ✇✐r❡s ❬✺❪✳ ❚❤❡ 25µm ✇✐r❡s ❛r❡ ♠❛❞❡ ♦❢

❣♦❧❞✲♣❧❛t❡❞ t✉♥❣st❡♥ ✇✐t❤ ✸✪ r❤❡♥✐✉♠✳ ❚❤❡ ✹✸ ❧❛②❡rs ♦❢ t❤❡ ▼❉❈ ❛r❡ ❞✐✈✐❞❡❞ ✐♥ ✶✶

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

❝❡❧❧s✳ ❚r❛❝❦ s❡❣♠❡♥ts r❡❝♦♥str✉❝t❡❞ ✐♥ s✉♣❡r❧❛②❡rs ❛r❡ ❧✐♥❦❡❞ ❛♥❞ ✉s❡❞ ✐♥ t❤❡ ▲✶

tr✐❣❣❡r✳

❚❤❡ ♠♦♠❡♥t✉♠ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ▼❉❈ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ ❛ s✐♥❣❧❡

✇✐r❡ ❛♥❞ t❤❡ ♠✉❧t✐♣❧❡ s❝❛tt❡r✐♥❣✳

σpt
pt

=

√

(

σwirept

pt

)2

+

(

σmspt
pt

)2

✭✶✳✷✮

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

tr✐❜✉t✐♦♥ ❢r♦♠ ♣r✐♠❛r② ✐♦♥✐③❛t✐♦♥ st❛t✐st✐❝✱ ❧♦♥❣✐t✉❞✐♥❛❧ ❡❧❡❝tr♦♥ ❞✐✛✉s✐♦♥ ❛♥❞ t❤❡

❥✐tt❡r ✐♥ t❤❡ t✐♠❡ ♠❡❛s✉r❡♠❡♥t✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ❤❛s ❜❡❡♥ ✜tt❡❞ t♦ t✇♦ ●❛✉ss✐❛♥

❢✉♥❝t✐♦♥s ❛♥❞ t❤❡ σ ❤❛s ❜❡❡♥ ❝❛❧❝✉❧❛t❡❞ ❜②✿

σ =

√

N1σ
2
1 +N2σ

2
2

N1 +N2

✭✶✳✸✮

✶r ❛♥❞ φ ❛r❡ ❞❡✜♥❡❞ ✐♥ ❋✐❣✳ ✶✳✷✳
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❛♥❞ ❛ tr❛♣❡③♦✐❞❛❧ ❝r♦ss s❡❝t✐♦♥✳ ❚❤❡ s✐❣♥❛❧ ✐s ❝♦❧❧❡❝t❡❞ ❜② t✇♦ ♣❤♦t♦♠✉❧t✐♣❧✐❡r

t✉❜❡s ✭P▼❚✮ ❛tt❛❝❤❡❞ t♦ t❤❡ ❜❛rs✳ ❚❤❡ ❡♥❞✲❝❛♣s ❤❛✈❡ ❜❡❡♥ r❡❝❡♥t❧② ✉♣❣r❛❞❡❞

✇✐t❤ ▼✉❧t✐✲❣❛♣ ❘❡s✐st✐✈❡ P❧❛t❡ ❈❤❛♠❜❡rs ✭▼❘P❈✮ ❛♥❞ ❡❛❝❤ ❡♥❞✲❝❛♣ st❛t✐♦♥ ❤❛s ✸✻

tr❛♣❡③♦✐❞❛❧ s❤❛♣❡❞ ♠♦❞✉❧❡s ❛rr❛♥❣❡❞ ✐♥ ❛ ❝✐r❝✉❧❛r ❞♦✉❜❧❡ ❧❛②❡rs ❬✻❪✳

❚❤❡ P▼❚s ❝❤♦s❡♥ t♦ r❡❛❞♦✉t t❤❡ ❚❖❋ ❝♦✉♥t❡rs ✐♥ t❤❡ ❜❛rr❡❧ ❛r❡ ❍❛♠❛♠❛ts✉

❘✺✾✷✹✲✼✵ ❛♥❞ t❤❡② ♠❛t❝❤ t❤❡ s✐③❡ ♦❢ t❤❡ s❝✐♥t✐❧❧❛t♦r ❜❛rs✳ ❚❤❡ ❛✈❡r❛❣❡ q✉❛♥t✉♠

❡✣❝✐❡♥❝② ✐s ❛❜♦✉t ✷✸✪✱ t❤❡ r✐s❡ t✐♠❡ ✐s 2.5 ns ❛♥❞ t❤❡ s✐❣♥❛❧ tr❛♥s✐t✐♦♥ t✐♠❡ ✐s 9.5 ns

✇✐t❤ 0.44 ns r♠s s♣r❡❛❞✳ ❆ ❢❛st ♣r❡❛♠♣❧✐✜❡r ✇✐t❤ ❛ ❣❛✐♥ ❢❛❝t♦r ♦❢ ✶✵ ✐s ✉s❡❞ t♦ ❜♦♦st

t❤❡ s✐❣♥❛❧s ❛♥❞ t♦ ❡①t❡♥❞ t❤❡ ❧✐❢❡t✐♠❡ ♦❢ t❤❡ P▼❚✳ ❚❤❡ s✐❣♥❛❧ ✐s r❡❝❡✐✈❡❞ ❜② t❤❡

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

♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ r❡q✉✐r❡❞ ❞②♥❛♠✐❝ r❛♥❣❡ ✐s 60 ns ❛♥❞ t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡

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

✷✵✵ ♠❱ t♦ ✹ ❱✳

❆ ❞✐✛❡r❡♥t t❡❝❤♥♦❧♦❣② ✐s ✉s❡❞ ✐♥ t❤❡ ❡♥❞✲❝❛♣ ✇❤❡r❡ t❤❡ t✐♠❡ ♠❡❛s✉r❡♠❡♥t ✐s

♣❡r❢♦r♠❡❞ ❜② ▼❘P❈✳ ❊❛❝❤ ♠♦❞✉❧❡ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ✶✷ r❡❛❞♦✉t str✐♣s ❛♥❞ t❤❡✐r

❧❡♥❣t❤ ❝❤❛♥❣❡s ❢r♦♠ 9.1 cm t♦ 14.1 cm ❛♥❞ t❤❡ ✇✐❞t❤ ✐s 2.4 cm✳ ❚❤❡ str✐♣s ❛r❡

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

❣❧❛ss s❤❡❡t✱ ❛rr❛♥❣❡❞ ✐♥t♦ t✇♦ st❛❝❦s✳ ❚❤❡ st❛❝❦s ❛r❡ s❛♥❞✇✐❝❤❡❞ ✐♥ ❜❡t✇❡❡♥ t✇♦

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

0.22mm t❤✐❝❦✳ ❚❤❡ ▼❘P❈ ♠♦❞✉❧❡ ✐s ♣❧❛❝❡❞ ✐♥ ❛ ❣❛s✲t✐❣❤t ❛❧✉♠✐♥✉♠ ❜♦① ✇✐t❤ ❛

❣❛s ♠✐①t✉r❡ ♦❢ ❋r❡♦♥✲❙❋6✲✐❈4❍10 ✾✵✿✺✿✺✳

❚❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ✐s ❛❜♦✉t ✶✵✵ ♣s ✐♥ t❤❡ ❜❛rr❡❧ ❛♥❞ ✻✺ ♣s ✐♥ t❤❡ ❡♥❞✲❝❛♣s

❛♥❞ ✐t ❛❧❧♦✇s t♦ s❡♣❛r❛t❡ π/K ✇✐t❤✐♥ ✸ σ ✉♣ t♦ 900MeV/c ❛t ✾✵◦✳ ❚❤❡ ♣r❡❝✐s❡

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

❚❤❡ s♦❧✐❞ ❛♥❣❧❡ ❝♦✈❡r❛❣❡ ♦❢ t❤❡ ❜❛rr❡❧ ✐s | cos(θ)| < 0.83 ✇❤✐❧❡ ✐♥ t❤❡ ❡♥❞✲❝❛♣s ✐s

0.85 < | cos(θ)| < 0.95✳ ❚❤❡ ❞❡❛❞ ❣❛♣s ❛r❡ ♥❡❡❞❡❞ ❢♦r t❤❡ ♠❡❝❤❛♥✐❝❛❧ s✉♣♣♦rt ♦❢

t❤❡ ▼❉❈ ❛♥❞ s❡r✈✐❝❡ ❧✐♥❡✳ ❚❤❡ ✐♥♥❡r r❛❞✐✉s ♦❢ t❤❡ ✜rst ❜❛rr❡❧ ❚❖❋ ❧❛②❡r ✐s 81 cm

❛♥❞ t❤❡ s❡❝♦♥❞ 86 cm✱ ✇❤✐❧❡ ✐♥ t❤❡ ❡♥❞✲❝❛♣s t❤❡ ✢✐❣❤t ♣❛t❤ ✐s ❛❜♦✉t 140 cm✳

❚❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❚❖❋ ✐s ❣✐✈❡♥ ❜② s❡✈❡r❛❧ ❝♦♥tr✐❜✉t✐♦♥ ❛s s❤♦✇♥ ✐♥ ❚❛❜✳ ✶✳✸✱

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

❧✐❣❤t✱ t❤❡ ✢✉❝t✉❛t✐♦♥ ♦❢ t❤❡ ♣❤♦t♦♥ ❛rr✐✈❛❧ t✐♠❡ ❛t t❤❡ P▼❚ ❛♥❞ t❤❡ tr❛♥s✐t✐♦♥ t✐♠❡

s♣r❡❛❞ ♦❢ t❤❡ P▼❚✳

❚❤❡ π/K s❡♣❛r❛t✐♦♥ ❝❛♣❛❜✐❧✐t② ❞❡♣❡♥❞s ♦♥ t❤❡ ♣♦❧❛r ❛♥❣❧❡s ♦❢ t❤❡ tr❛❝❦s ❛♥❞ ✐ts

❧✐♠✐t ✐s r❡❛❝❤❡❞ ❛t ♠♦♠❡♥t❛ ♦❢ ❛❜♦✉t ✵✳✼ ●❡❱✴❝ ❛t ✾✵ ◦ ✇❤❡r❡ t❤❡ ♣❛rt✐❝❧❡ ✢✐❣❤t ✐s t❤❡

s❤♦rt❡st ✐♥ t❤❡ ❜❛rr❡❧✱ t❤❡ ❧✐♠✐t ♠♦✈❡s t♦ ❛❜♦✉t ✶✳✵ ●❡❱✴❝ ✐♥ t❤❡ ❡♥❞✲❝❛♣ s②st❡♠s✳

❚❤❡ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❜② ❛ ❧✐❦❡❧✐❤♦♦❞ ❛♥❛❧②s✐s✳ ❚❤❡ ♣r♦❜❛❜✐❧✐t② t♦
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✶✳✷✳✸ ❚❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r

❚❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝❛❧♦r✐♠❡t❡r ♠❡❛s✉r❡s t❤❡ ❡♥❡r❣② ♦❢ ♣❤♦t♦♥s ❛❜♦✈❡ 20MeV ❛♥❞

♣r♦✈✐❞❡s ❛ tr✐❣❣❡r s✐❣♥❛❧✳ ■t ✐s ♠❛♥❞❛t♦r② t♦ ♠❡❛s✉r❡ ♣r❡❝✐s❡❧② ✐♥✈❛r✐❛♥t ♠❛ss ♦❢

♣❛rt✐❝❧❡s ✇✐t❤ r❛❞✐❛t✐✈❡ ❞❡❝❛②✱ e.g π0✱ η✱ ρ✱ ❡t❝✳ ■♥ r❛❞✐❛t✐✈❡ ❞❡❝❛② t❤❡ ♣❤♦t♦♥ ❤❛s

t♦ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ❢r♦♠ π0 ❛♥❞ η ❞❡❝❛②s✳ ❚❤❡ ♠✐♥✐♠✉♠ ❞❡t❡❝t❛❜❧❡ ♦♣❡♥✐♥❣ ❛♥❣❧❡

❜❡t✇❡❡♥ t✇♦ ♣❤♦t♦♥s ✐s ❛❜♦✉t ✶✵◦ ❛♥❞ ❢♦r ♠♦♠❡♥t❛ ❤✐❣❤❡r t❤❛♥ 200MeV/c ✐t ❝❛♥

❞✐s❝r✐♠✐♥❛t❡ e/π✳

❚❤❡ ❊▼❈ ❝♦♥s✐sts ♦❢ ✻✷✹✵ ❈s■✭❚❧✮ ❝r②st❛❧ ✇✐t❤ ❛ ❧❡♥❣t❤ ♦❢ 28 cm✱ ❛❜♦✉t ✶✺

r❛❞✐❛t✐♦♥ ❧❡♥❣t❤ ✭❳0✮✱ ❛♥❞ ❛ s✉r❢❛❝❡ ♦❢ 5.2 cm × 5.2 cm✳ ❚❤❡ ❝r②st❛❧s ❛r❡ ❛rr❛♥❣❡❞

❛s ✺✻ r✐♥❣s ❛♥❞ ❡❛❝❤ ♦♥❡ ❝♦✈❡rs ❛♥ ❛♥❣❧❡ ♦❢ ❛❜♦✉t ✸◦ ✐♥ ❜♦t❤ ♣♦❧❛r ❛♥❞ ❛③✐♠✉t❤❛❧

❞✐r❡❝t✐♦♥s✳ ❚❤❡ ❝❛❧♦r✐♠❡t❡r ✐s ❞✐✈✐❞❡❞ ✐♥ t❤r❡❡ ♣❛rts✿ t❤❡ ❜❛rr❡❧ ❛♥❞ t✇♦ ❡♥❞✲❝❛♣s✳

❚❤❡ t♦t❛❧ ✇❡✐❣❤t ♦❢ t❤❡ ❊▼❈ ✐s ❛❜♦✉t ✷✹ t♦♥s✳ ❚❤❡ ❞❡s✐❣♥ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ✐s

σE/E ❂ ✷✳✺✪
√
E ❛♥❞ t❤❡ ♣♦s✐t✐♦♥ r❡s♦❧✉t✐♦♥ ✐s σ ❂ 0.6 cm/

√
E ❛t 1GeV✳ ❚❤❡

❛♥❣✉❧❛r ❝♦✈❡r❛❣❡ ✐s | cos(θ)| < 0.83 ✇❤✐❧❡ ✐♥ t❤❡ ❡♥❞✲❝❛♣s ✐s 0.85 < cos(θ) < 0.95✳

❉❡t❛✐❧s ♦❢ t❤❡ ❊▼❈ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✳✹✳

P❛r❛♠❡t❡r ❱❛❧✉❡
❈r②st❛❧ ❧❡♥❣t❤ 28 cm
❋r♦♥t s✐③❡ 5.2 × 5.2cm2

❘❡❛❞ s✐③❡ 6.4 × 6.4cm2

◆✉♠❜❡r ♦❢ φ s❡❝t♦rs ✶✷✵
❇❛rr❡❧ ♥✉♠❜❡r ♦❢ θ r✐♥❣s ✹✹
❇❛rr❡❧ ♥✉♠❜❡r ♦❢ ❝r②st❛❧s ✺✷✽✵

❇❛rr❡❧ ✐♥♥❡r r❛❞✐✉s 94 cm
❇❛rr❡❧ θ ❝♦✈❡r❛❣❡ cos(θ) < 0.83
❇❛rr❡❧ t♦t❛❧ ✇❡✐❣❤t 21.56 tons

❡♥❞✲❝❛♣s ♥✉♠❜❡r ♦❢ θ r✐♥❣s ✻
❡♥❞✲❝❛♣s ♥✉♠❜❡r ♦❢ ❝r②st❛❧s ✾✻✵
❡♥❞✲❝❛♣s ❞✐st❛♥❝❡ t♦ ■P 138 cm
❡♥❞✲❝❛♣s θ ❝♦✈❡r❛❣❡ 0.84 < cos(θ) < 0.93
❡♥❞✲❝❛♣s t♦t❛❧ ✇❡✐❣❤t 21.56 tons

❚❛❜❧❡ ✶✳✹✿ ●❡♦♠❡tr✐❝❛❧ ♣❛r❛♠❡t❡rs ♦❢ ❊▼❈✳

❚❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢ ❊▼❈ ❞❡♣❡♥❞s ❜② t❤❡ ❝r②st❛❧ q✉❛❧✐t②✱ ❞❡❛❞ ♠❛t❡r✐❛❧

❜❡t✇❡❡♥ t❤❡ ■P ❛♥❞ t❤❡ ❝r②st❛❧✱ ♣❤♦t♦❞✐♦❞❡ ❛♥❞ ❛♠♣❧✐✜❡r ♥♦✐s❡✱ ✢✉❝t✉❛t✐♦♥ ♦❢ s❤♦✇❡r



✶✳✷ ❚❤❡ ❇❊❙■■■ ❞❡t❡❝t♦r ✶✶

❡♥❡r❣②✱ ❡t❝✳

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

❣✉✐❞❡ ♦❢ 2mm t❤✐❝❦ ❣❧✉❡❞ ❞✐r❡❝t❧② ❛t t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❝r②st❛❧ s✉r❢❛❝❡✳ ❖♥❧② ✶✵✪ ♦❢

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

r❡✢❡❝t✐♦♥ ♣❡r❢♦r♠❡❞ ❜② r❡✢❡❝t✐✈❡ ♠❛t❡r✐❛❧ ❝♦✈❡r✐♥❣ t❤❡ ❝r②st❛❧ s✉r❢❛❝❡✳ ❚❤❡ s✐❣♥❛❧

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

❡♥❡r❣② tr✐❣❣❡r✳

✶✳✷✳✹ ❚❤❡ ♠✉♦♥ ❝♦✉♥t❡r

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

st❡❡❧ t♦ ✐❞❡♥t✐❢② t❤❡ ♠✉♦♥s s✉r✈✐✈✐♥❣ t❤❡ ❊▼❈ ✇✐t❤ r❡s♣❡❝t ♦t❤❡r ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s

s✉❝❤ ❛s ♣✐♦♥s✳ ■t ✐s ❞✐✈✐❞❡❞ ✐♥ t❤r❡❡ ♣✐❡❝❡s✿ ❛ ❜❛rr❡❧ ❛♥❞ t✇♦ ❡♥❞✲❝❛♣s✳ ❚❤❡ s②st❡♠

✐s ❝♦♠♣♦s❡❞ ❜② ♥✐♥❡ ❧❛②❡rs ♦❢ st❡❡❧ ♣❧❛t❡s ✇✐t❤ ❛ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ 41 cm ❛♥❞ ♥✐♥❡

❧❛②❡rs ♦❢ ❘P❈s ✐♥ t❤❡ ❜❛rr❡❧✳ ❚❤❡ ❡♥❞✲❝❛♣s ❤❛✈❡ ❡✐❣❤t ❧❛②❡rs ♦❢ ❝♦✉♥t❡rs✳ ❚❤❡

♠✐♥✐♠✉♠ ♠✉♦♥ ♠♦♠❡♥t✉♠ ❛t ✇❤✐❝❤ t❤❡ ❘P❈ st❛rts t♦ ❜❡❝♦♠❡ ❡✛❡❝t✐✈❡ ✐s ❛❜♦✉t

✵✳✹ ●❡❱✴❝ ❞✉❡ t♦ t❤❡ ❡♥❡r❣② ❧♦ss ✐♥ t❤❡ ❊▼❈ ❛♥❞ t❤❡ ❜❡♥❞✐♥❣ ✐♥ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞✳

❚❤❡ ❤✐ts r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❡ ❘P❈ ❛r❡ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ tr❛❝❦s r❡❝♦♥str✉❝t❡❞ ✐♥ t❤❡

▼❉❈ ❛♥❞ t❤❡ ❡♥❡r❣② ♠❡❛s✉r❡❞ ✐♥ t❤❡ ❊▼❈✳ ❚❤❡ r❡❛❞♦✉t ♦❢ t❤❡ ❘P❈ ✐s ♣❡r❢♦r♠❡❞

❜② str✐♣ ♦❢ ❛❜♦✉t 4 cm ✐♥ ❜♦t❤ ❞✐r❡❝t✐♦♥ θ ❛♥❞ φ✳ ❚❤❡ s♣❛❝❡ r❡s♦❧✉t✐♦♥ ✐s ♠♦❞❡st

❜❡❝❛✉s❡ ♦❢ t❤❡ ♠✉❧t✐♣❧❡ s❝❛tt❡r✐♥❣ ♦❢ ❧♦✇ ♠♦♠❡♥t✉♠ ♠✉♦♥s ✐♥ t❤❡ ❊▼❈✳

❚❤❡ ❘P❈ ❛r❡ ❝♦♥str✉❝t❡❞ ❜② t✇♦ ♣❧❛t❡s ♦❢ ❤✐❣❤ r❡s✐st✐✈✐t② ♠❛t❡r✐❛❧✱ t❤❡ ❇❛❦❡❧✐t❡✱

♦❢ 2mm t❤✐❝❦♥❡ss ❛r♦✉♥❞ ❛ ❣❛s ❣❛♣ ♦❢ 2mm✳ ❋✐❣✉r❡ ✶✳✺ s❤♦✇s t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧

✈✐❡✇ ♦❢ t❤❡ ❞❡t❡❝t♦r✳ ❚❤❡ ❘P❈s ✇♦r❦ ✐♥ str❡❛♠❡r ♠♦❞❡ ❛♥❞ t❤❡ s✐❣♥❛❧ ✐s ❝♦❧❧❡❝t❡❞

♦♥ t❤❡ str✐♣s ♦✉ts✐❞❡ t❤❡ ❣❛s ❣❛♣✳ ❚❤❡ ❣❛s ♠✐①t✉r❡ ✐s ❆r✲❈2❋4❍2✲❈4❍10 ✺✵✿✹✷✿✽

❛♥❞ t❤❡ ✇♦r❦✐♥❣ ✈♦❧t❛❣❡ ✐s ♦❢ ✽ ❦❱✳ ❚❤✐s ♣r♦✈✐❞❡ ❛ s✐♥❣❧❡ ❣❛♣ ❡✣❝✐❡♥❝② ♦❢ ❛❜♦✉t

✾✻✪✳ ■♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡ ❞❡t❡❝t✐♦♥ ❡✣❝✐❡♥❝② ❛ ❞♦✉❜❧❡✲❣❛♣ ❧❛②♦✉t ❤❛s ❜❡❡♥ ✉s❡❞

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

❝♦♦r❞✐♥❛t❡ ❛♥❞ t❤❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ t❤❡ str✐♣s ❝❤❛♥❣❡s ❧❛②❡r ❜② ❧❛②❡r✳ ❉✉❡ t♦ t❤❡ s✐③❡

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

✶✳✷✳✺ ❚❤❡ tr✐❣❣❡r s②st❡♠

❚❤❡ tr✐❣❣❡r✱ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ ❛♥❞ ♦♥❧✐♥❡ ❝♦♠♣✉t✐♥❣ s②st❡♠ ❛r❡ ❞❡s✐❣♥❡❞ t♦ s✉st❛✐♥

❛♥ ❛❝q✉✐s✐t✐♦♥ ✇✐t❤ ♠✉❧t✐✲❜❡❛♠ ❜✉♥❝❤❡s s❡♣❛r❛t❡❞ ❜② ✽ ♥s✳ ❚❤❡ tr✐❣❣❡r s②st❡♠ ❤❛s

t✇♦ ❧❡✈❡❧s✿ ❛ ❤❛r❞✇❛r❡ ❧❡✈❡❧ ✭▲✶✮ ❛♥❞ ❛ s♦❢t✇❛r❡ ❧❡✈❡❧ ✭▲✸✮✳ ❚❤❡ ▲✶ tr✐❣❣❡r s✐❣♥❛❧

✐s ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❚❖❋✱ ▼❉❈ ❛♥❞ ❊▼❈✳ ❈♦♥❞✐t✐♦♥s ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ♠✐♥✐♠✉♠





✶✳✸ ❚❤❡ ❇❊❙■■■ ♣❤②s✐❝s ✶✸

❛s ◗❈❉ ❜❡❝♦♠❡s ♥♦♥✲♣❡rt✉r❜❛t✐✈❡ ❬✼❪✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❡♥❡r❣② ✐♥ ❛ r❛♥❣❡ t❤❛t ✐s

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

s❝❛tt❡r✐♥❣✳ ■♥ t❤✐s ❡♥❡r❣② r❡❣✐♦♥ ✐t ✐s ❛❧❧♦✇❡❞ t♦ st✉❞② ◗❈❉ ♣r♦❝❡ss❡s t❤r♦✉❣❤ ♣❡r✲

t✉r❜❛t✐✈❡ ❡①♣❛♥s✐♦♥ ❬✼❪✳ ❇❡t✇❡❡♥ t❤❡s❡ t✇♦ ❡♥❡r❣② r❡❣✐♦♥s t❤❡r❡ ✐s ♥♦ t❤❡♦r② t❤❛t

❝❛♥ ❞❡s❝r✐❜❡ t❤❡ ♣❤❡♥♦♠❡♥❛ s♦ ♠❡s♦♥ ❛♥❞ ❜❛r②♦♥ r❡s♦♥❛♥❝❡s ❛r❡ st✉❞✐❡❞ t♦ ❦♥♦✇

t❤❡ ❝♦♥st✐t✉❡♥t ❜❡❤❛✈✐♦r✳ ❚❤❡ ◗❈❉ ❝❛❧❝✉❧❛t✐♦♥s ✐♥ t❤✐s r❡❣✐♦♥ ❛r❡ ❞❡s❝r✐❜❡❞ ✇✐t❤

❛ ♥❛✐✈❡ q✉❛r❦ ♠♦❞❡❧ ❬✽✱ ✾❪✿

• s♣♦♥t❛♥❡♦✉s ❜r❡❛❦✐♥❣ ♦❢ ❝❤✐r❛❧ s②♠♠❡tr② ❧❡❛❞s t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♠❛ss✐✈❡

❝♦♥st✐t✉❡♥t q✉❛r❦s ✇✐t❤✐♥ ❛ ❤❛❞r♦♥ ❛s ❡✛❡❝t✐✈❡ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠❀

• ❤❛❞r♦♥s ❝❛♥ ❜❡ ✈✐❡✇❡❞ ❛s ❛ q✉❛r❦ s②st❡♠ ✐♥ ✇❤✐❝❤ t❤❡ ❣❧✉♦♥ ✜❡❧❞s ❣❡♥❡r❛t❡

❡✛❡❝t✐✈❡ ♣♦t❡♥t✐❛❧s t❤❛t ❞❡♣❡♥❞ ♦♥ t❤❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥s ❛♥❞ s♣✐♥s ♦❢ t❤❡

♠❛ss✐✈❡ q✉❛r❦s✳

❚❤❡s❡ ♣✐❡❝❡s ❝♦♠♣♦s❡ t❤❡ ◗❈❉ ♣✉③③❧❡ ❛♥❞ t❤❡ ❤❛❞r♦♥ s♣❡❝tr♦s❝♦♣② ♣❧❛②s ❛♥

✐♠♣♦rt❛♥t r♦❧❡ ✐♥ ✐ts ✐♥t❡r♣r❡t❛t✐♦♥✳ ■♥ t❤❡ ❧✐❣❤t q✉❛r❦ s❡❝t♦r ✭u, d, s✮ t❤❡ ♠❛ss ❞✐❢✲

❢❡r❡♥❝❡s ❛r❡ r❡❧❛t✐✈❡❧② s♠❛❧❧ ✭mu ∼ 3MeV✱ md ∼ 5MeV ❛♥❞ms ∼ 95MeV ❬✶✵❪✮ t❤❡♥

t❤❡ str♦♥❣ ✐♥t❡r❛❝t✐♦♥ ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ✇✐t❤ ❛ ❣❧♦❜❛❧ ❙❯✭✸✮ ✢❛✈♦✉r s②♠♠❡tr②✳

❚❤✐s ❛♣♣r♦❛❝❤ ❛❧❧♦✇s t♦ ♣r❡❞✐❝t t❤❡ ♠❛ss❡s ♦❢ ♠❡s♦♥s ❛♥❞ ❜❛r②♦♥s ❝♦♠♣♦s❡❞ ❜② t❤❡

q✉❛r❦s ♦❢ t❤❡ s②♠♠❡tr②✳ ❉✐✛❡r❡♥t t❤❡♦r✐❡s ❛♥❞ t❤❡✐r ✈❛❧✐❞✐t② r❛♥❣❡s ❛r❡ s✉♠♠❛r✐③❡❞

✐♥ ❚❛❜✳ 1.5✳

❚❤❡♦r② ◆❛♠❡ ❊♥❡r❣② ❙❝❛❧❡
❚❤❡ ❝❤✐r❛❧✲s②♠♠❡tr② t❤❡♦r② ❊ ≪ ΛQCD
P❡rt✉r❜❛t✐✈❡ ◗❈❉ ❊ ≫ ΛQCD
●❧♦❜❛❧ ❙❯✭✸✮ ✢❛✈♦✉r s②♠♠❡tr② ❊ ≪ ΛQCD
◆♦♥✲r❡❧❛t✐✈✐st✐❝ ◗❈❉ ❊ > ✶ ●❡❱

❚❛❜❧❡ ✶✳✺✿ ❉✐✛❡r❡♥t t❤❡♦r✐❡s ✉s❡❞ ❛♥❞ t❤❡✐r ❡♥❡r❣② s❝❛❧❡ ✈❛❧✐❞✐t②✳

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

❤❛✈❡ ❝♦♥st✐t✉❡♥t ♠❛ss❡s ❝♦♠♣❛r❛❜❧❡ ♦r ❣r❡❛t❡r t❤❛♥ t❤❡ ΛQCD✳ ❋♦r q✉❛r❦s ✇✐t❤

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

❛♣♣r♦❛❝❤ ✐s ♠❡❛♥✐♥❣❧❡ss ❜✉t ✐t ✇♦r❦s ✐♥ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❡♠♣✐r✐❝❛❧ t❡sts ❬✼❪✳ ❙❡✈❡r❛❧

t❤❡♦r✐❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❧✐t❡r❛t✉r❡✿ t❤❡ s❡♠✐✲r❡❧❛t✐✈✐st✐❝ ✢✉①✲t✉❜❡ ♠♦❞❡❧ ❬✶✶✱ ✶✷❪✱



✶✹

❚❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ P♦s✐tr♦♥ ❈♦❧❧✐❞❡r ■■ ❛♥❞ t❤❡ ❇❡✐❥✐♥❣ ❙♣❡❝tr♦♠❡t❡r

■■■

t❤❡ ✐♥st❛♥t♦♥ ♠♦❞❡❧ ❬✶✸❪✱ t❤❡ ●♦❧❞st♦♥❡ ❜♦s♦♥ ❡①❝❤❛♥❣❡ ♠♦❞❡❧ ❬✶✹❪✱ t❤❡ ❞✐q✉❛r❦

♠♦❞❡❧ ❬✶✺❪✱ ❡t❝✳

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

❞②♥❛♠✐❝s ♦❢ t❤❡ ❝♦♥st✐t✉❡♥t ✐♥t❡r❛❝t✐♦♥s✳ ❈♦♥✈❡♥t✐♦♥❛❧ qq ♠❡s♦♥ ❝❛♥ ❜❡ ❝♦♥str✉❝t❡❞

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

❡✣❝✐❡♥t ✇❛②✳ ◗❈❉ ❛❧s♦ ❞♦❡s ♥♦t ❢♦r❜✐❞ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ♦t❤❡r ❜♦✉♥❞ st❛t❡s t❤❛t ❛r❡

♠❛❞❡ ❝♦♠♣❧❡t❡❧② ♦❢ ❣❧✉♦♥s ✭e.g. s♦✲❝❛❧❧❡❞ ✏❣❧✉❡❜❛❧❧✑✮✱ ♠✉❧t✐q✉❛r❦ ♠❡s♦♥s✱ s✉❝❤ ❛s

qqqq ❛♥❞ s♦✲❝❛❧❧❡❞ ✏❤②❜r✐❞✑ ♠❡s♦♥s ✇❤✐❝❤ ❝♦♥t❛✐♥ ❜♦t❤ qq ❛♥❞ ❣❧✉♦♥✳ ●❧✉❡❜❛❧❧s ❛r❡

❜♦✉♥❞ st❛t❡s ♦❢ ❛t ❧❡❛st ✷ ♦r ✸ ❣❧✉♦♥s ✐♥ ❛ ❝♦❧♦r s✐♥❣❧❡t✳ ●❧✉♦♥s ✐♥s✐❞❡ ❣❧✉❡❜❛❧❧s ❝♦✉❧❞

❜❡ ♠❛ss✐✈❡✳ ❚❤❡ ❛❜✉♥❞❛♥❝❡ ♦❢ ✐s♦s❝❛❧❛r s❝❛❧❛rs ✐♥ t❤❡ ✶✲✷ ●❡❱✱ ♠❛ss r❡❣✐♦♥✱ e.g.

f0✭✶✸✼✵✮✱ f0✭✶✺✵✵✮✱ f0✭✶✼✶✵✮✱ f0✭✶✼✾✵✮ ❛♥❞ f0✭✶✽✶✵✮ s❤♦✉❧❞ ❜❡ ❝♦♥✜r♠❡❞ ✐♥ ❢✉rt❤❡r

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

❛t ❇❊❙■■■ ❛s ❞❡❝❛② ♣r♦❞✉❝ts✳ ❍②❜r✐❞ ♠❡s♦♥s ❛r❡ ❤②♣♦t❤❡s✐③❡❞ t♦ ❜❡ ❢♦r♠❡❞ ❜② ❛

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

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

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

❏PC ❡①♦t✐❝ st❛t❡✳ ▼✉❧t✐q✉❛r❦ ❛r❡ st❛t❡s ✇✐t❤ ❛ ♥✉♠❜❡r ♦❢ q✉❛r❦✲❛♥t✐q✉❛r❦ ❣r❡❛t❡r

t❤❛♥ t❤r❡❡✳ ❚❤❡② ❛r❡ ❛❧✇❛②s ❝♦❧♦✉r❧❡ss✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ r❡❝❡♥t ❞✐s❝♦✈❡r② ♦❢ ccqq

st❛t❡s ✐s t❤❡ Y ✭✹✷✻✵✮ ❬✶✻❪✳ ❍②❜r✐❞ st❛t❡s ❛r❡ ❛ ✇✐❞❡ t♦♣✐❝ ❛♥❞ t❤❡② ❛r❡ ❝♦♥♥❡❝t❡❞ t♦

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

✶✳✸✳✷ ❈❤❛r♠♦♥✐✉♠ ♣❤②s✐❝s

❈❤❛r♠♦♥✐❛ ❛r❡ ❝❤❛r♠✲❛♥t✐❝❤❛r♠ ✭cc✮ ❜♦✉♥❞ st❛t❡s✱ ❧✐❦❡ t❤❡ J/ψ r❡s♦♥❛♥❝❡ ♦r ✐ts

❡①❝✐t❛t✐♦♥✳ ❉✉❡ t♦ t❤❡✐r ❤❡❛✈② ♠❛ss ✭c q✉❛r❦ ♠❛ss ✐s ∼ ✶✳✷✾ ●❡❱✮ t❤❡② ♣r♦❜❡ t❤❡

◗❈❉ ❛t ❞✐✛❡r❡♥t ❡♥❡r❣② s❝❛❧❡s✿ ❢r♦♠ t❤❡ ❤❛r❞ r❡❣✐♦♥✱ ✇❤❡r❡ t❤❡ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥t

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

❞♦♠✐♥❛t❡✳

❚♦ ♣r❡❞✐❝t t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❝❤❛r♠♦♥✐❛ st❛t❡s ✐♥ t❤❡s❡ r❡❣✐♦♥s✱ ❛ ◆♦♥✲

❘❡❧❛t✐✈✐st✐❝ ◗❈❉ ✭◆❘◗❈❉✮ ❡①♣❛♥s✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ ❜❡❝❛✉s❡ mc ✐s ❧❛r❣❡ ❛♥❞ t❤❡

♠♦t✐♦♥ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❝ q✉❛r❦ ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ s♣❡❡❞ ♦❢ ❧✐❣❤t ✭v2 ∼ ✵✳✸ ❜② ♣♦✲

t❡♥t✐❛❧ ♠♦❞❡❧ ❛♥❞ ▲❛tt✐❝❡ s✐♠✉❧❛t✐♦♥ ❬✼❪✮✳ ❚❤✐s ♠❡t❤♦❞ ❛❧❧♦✇s t♦ ❡①♣❛♥❞ t❤❡ t❤❡♦r②

✐♥ ♣♦✇❡r ♦❢ v ❛♥❞ ❞❡s❝r✐❜❡ t❤❡ ♠❡s♦♥s ❛♥♥✐❤✐❧❛t✐♦♥ ❞❡❝❛②s✳ ■t ✐s ♥❛♠❡❞ ❛s ♣❡r✲

t✉r❜❛t✐✈❡ ◆❘◗❈❉ ✭♣◆❘◗❈❉✮ ✐❢ mv ≫ ΛQCD✳ ❚❤❡ s②st❡♠ ✐s ✇❡❛❦❧② ❝♦✉♣❧❡❞

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

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



✶✳✸ ❚❤❡ ❇❊❙■■■ ♣❤②s✐❝s ✶✺

❤❛s ❜❡❡♥ ♠❡❛s✉r❡❞ ❛♥❞ t❤❡ ♥❛rr♦✇ r❡s♦♥❛♥❝❡s ❜❡❧♦✇ t❤❡ ♦♣❡♥✲❝❤❛r♠ t❤r❡s❤♦❧❞ ❛r❡

❡①♣❡r✐♠❡♥t❛❧❧② ❝❧❡❛r✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ ❛❜♦✈❡ t❤❡ cc t❤r❡s❤♦❧❞ ♠❛♥② ❝❤❛r♠♦♥✐❛

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

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

❛ ❈♦✉❧♦♠❜✲❧✐❦❡ t❡r♠ ❛♥❞ ❛ ❧✐♥❡❛r ♦♥❡ ❢♦r t❤❡ ❝♦♥✜♥❡♠❡♥t✿ t❤❡ ❈♦r♥❡❧❧ ♣♦t❡♥t✐❛❧✳

V cc
0 (r) = −4

3

αs
r

+ br. ✭✶✳✹✮

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

♣♦t❡♥t✐❛❧✿

Vspin−dep =
32παs
9m2

c

Sc · Scδ(x) +
1

m2
c

[(

2αs
r3

− b

2r

)

L · S+
4αs
r3

T

]

✭✶✳✺✮

Pr❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ♥❡❡❞❡❞ t♦ ❛♥s✇❡r s♦♠❡ q✉❡st✐♦♥s r❡❧❛t❡❞ t♦ t❤❡ ❧♦✇✲

♠❛ss ❝❤❛r♠♦♥✐✉♠ s♣❡❝tr✉♠ ❛♥❞ ❇❊❙■■■ ✐s ♣❧❛②✐♥❣ ✐ts r♦❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♠❛ss❡s

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

❙♦♠❡ ❝❤❛r♠♦♥✐✉♠✲❧✐❦❡ ♠❡s♦♥s ♥♦t ✜tt✐♥❣ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❞✐s❝✉ss❡❞ cc ♠♦❞❡❧

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

❤②❜r✐❞s✱ ❤❛✈❡ ♥♦t ❜❡❡♥ ♦❜s❡r✈❡❞✳ P❛rt✐❝❧❡s ♦❢ ✐♥t❡r❡st ❛r❡ ❝❛❧❧❡❞ ❁XY Z ♠❡s♦♥s✿

♠✉❧t✐q✉❛r❦s ❝❛♥❞✐❞❛t❡s✳ ❖♥ ❆♣r✐❧ ✷✻th✱ ✷✵✶✸ ❇❊❙■■■ ❛♥♥♦✉♥❝❡s ❛ ♥❡✇ ♠②st❡r② ♣❛r✲

t✐❝❧❡✿ Z+
c ✭✸✾✵✵✮ t❤❡ ✜rst ♦❜s❡r✈❛t✐♦♥ ♦❢ ❛ t❡tr❛✲q✉❛r❦ ♦r ❛ ❝❤❛r♠ ♠♦❧❡❝✉❧❡ ❝♦♥✜r♠❡❞

❧❛t❡r ❜② ♦t❤❡r ❡①♣❡r✐♠❡♥ts✳ ▲❛t❡r ♦♥ s❡✈❡r❛❧ ❞❡❝❛②s ♦❢ t❤❡ Z st❛t❡ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞

✐♥ ❞❡❝❛② ❝❤❛♥♥❡❧s ✇✐t❤ ❝❤❛r♠♦♥✐✉♠ ♦r ♦♣❡♥ ❝❤❛r♠ st❛t❡ ❬✶✼✱ ✶✽✱ ✶✾✱ ✷✵❪✳ Y st❛t❡s

❛r❡ ✇❡❧❧ ✐♥✈❡st✐❣❛t❡❞ ❜② ❇❊❙■■■ t❤❛♥❦s t♦ t❤❡ ❤✐❣❤ ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥t✳ Y ❛r❡

❝♦♥♥❡❝t❡❞ t♦ t❤❡ Z st❛t❡s ❛♥❞ t❤❡✐r ♥❛t✉r❡ ✐s st✐❧❧ ♣✉③③❧✐♥❣✳ ❆♥ ❛❜✉♥❞❛♥❝❡ ♦❢ t❤♦s❡

st❛t❡s ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ s✉❝❤ ❛s Y ✭✹✷✷✵✮ ❛♥❞ Y ✭✹✸✻✵✮ ✐♥ s❡✈❡r❛❧ ❝❤❛r♠♦♥✐✉♠

❞❡❝❛②s ❛♥❞ ♦♣❡♥ ❝❤❛r♠ ♠❡s♦♥s ❬✷✶✱ ✷✷❪✳

❈❤❛r♠♦♥✐✉♠ s♣❡❝tr♦s❝♦♣② ✐s st✉❞✐❡❞ ✇✐t❤ t❤❡ ❤❛❞r♦♥✐❝ ❛♥❞ r❛❞✐❛t✐✈❡ tr❛♥s✐t✐♦♥s✳

❍❛❞r♦♥✐❝ tr❛♥s✐t✐♦♥s ❛r❡ ❞❡❝❛② ♠♦❞❡s ♦❢ ❤❡❛✈② q✉❛r❦♦♥✐❛ t♦ ❧✐❣❤t❡r cc st❛t❡ ❛♥❞ ❛

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

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

❧✐❣❤t ❤❛❞r♦♥ ✐s ♣r♦❞✉❝❡❞ ❢r♦♠ ❣❧✉♦♥s ❛♥❞ ✐t ✐s ❡♠✐tt❡❞ ✐♥ ❙✱❉ ❛♥❞ P✲❲❛✈❡ ♠♦❞❡✳

■♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ✇❛✈❡✲❢✉♥❝t✐♦♥ ♦❢ t❤❡ 1−− ❝❤❛r♠♦♥✐✉♠ st❛t❡s ✐s ❛❝❝❡ss✐❜❧❡

❢r♦♠ t❤❡ ❧❡♣t♦♥✐❝ ♣❛rt✐❛❧ ✇✐❞t❤s✳ ■♥ t❤❡ ♥♦♥✲r❡❧❛t✐✈✐st✐❝ ❧✐♠✐t ♦❢ ❛♥ ❙✲✇❛✈❡ ❛♥❞ ❉✲

✇❛✈❡ q✉❛r❦♦♥✐✉♠ s②st❡♠ t❤❡ ❝♦✉♣❧✐♥❣ e+e− t❤r♦✉❣❤ ❛ ✈✐rt✉❛❧ ♣❤♦t♦♥ ✐♥✈♦❧✈❡s t❤❡



✶✻

❚❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ P♦s✐tr♦♥ ❈♦❧❧✐❞❡r ■■ ❛♥❞ t❤❡ ❇❡✐❥✐♥❣ ❙♣❡❝tr♦♠❡t❡r

■■■

✇❛✈❡ ❢✉♥❝t✐♦♥ ❛♥❞ t❤❡ ♣❛rt✐❛❧ ✇✐❞t❤ ✐s ❣✐✈❡♥ ❜② ❬✷✸❪✿

Γe
+e−

cc

(

3S1

)

=
16

9
α2 |ψ(0)|2

M2
cc

. ✭✶✳✻✮

Γe
+e−

cc

(

3D1

)

=
50

9
α2 |ψ(0)|n
M2

ccm
4
c

. ✭✶✳✼✮

❘❛❞✐❛t✐✈❡ ❞❡❝❛② ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡①tr❛❝t t❤❡ ❝♦✉♣❧✐♥❣ ❝♦♥st❛♥t αs
(

MJ/ψ

)

❢r♦♠✿

αs
(

MJ/ψ

)

=
Γ(J/ψ → γdirectX)

Γstrong(J/ψ → X)
✭✶✳✽✮

✇❤❡r❡ X st❛♥❞s ❢♦r ❧✐❣❤t ❤❛❞r♦♥s ❛♥❞ γdirect ✐s ❛ ♣❤♦t♦♥ ♣r♦❞✉❝❡❞ ❜② t❤❡ J/ψ✳ ❆t

❇❊❙■■■ ❤✉❣❡ ❞❛t❛ s❛♠♣❧❡s ♦❢ ✈❡❝t♦r ❝❤❛r♠♦♥✐✉♠ st❛t❡s ❛s J/ψ✱ ψ′ ❛♥❞ ψ′′ ❛r❡ ♣r♦✲

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

❞❡❝❛② ❞②♥❛♠✐❝s✳ ❍❛❞r♦♥✐❝s ❞❡❝❛②s ❛r❡ t❤❡ ✽✺✲✾✽✪ ✐♥ ❝❤❛r♠♦♥✐❛ ♠❡s♦♥s✱ t❤❡ ❜❛s✐❝

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

♦r ❧❡♣t♦♥s✳ ❚❤❡ ❡♥❡r❣② r❡❧❡❛s❡❞ ✐♥ t❤❡ ♣r♦❝❡ss ✐s ✷♠c ❛♥❞ t❤❡ s♣❛❝❡✲t✐♠❡ ❞✐st❛♥❝❡

✐s ∼ 1

2mc

✳ J/ψ✱ ψ✬✱ ηc ❛♥❞ χc ❞❡❝❛②s t♦ ❧✐❣❤t ❤❛❞r♦♥s ❛r❡ ✉s❡❞ t♦ t❡st t❤❡♦r✐❡s ❛s

◆P◗❈❉ ❛♥❞ ❡①tr❛❝t t❤❡ ✈❛r✐❛❜❧❡s ♦❢ t❤❡s❡ ♦r t♦ ❛❝❝❡ss t❤❡ ❣❧✉♦♥✐❝ ❜❡❤❛✈✐♦r✳

✶✳✸✳✸ ❈❤❛r♠ ♣❤②s✐❝s

D ♠❡s♦♥s ❛r❡ t❤❡ ❧✐❣❤t❡st ♣❛rt✐❝❧❡ ❝♦♥t❛✐♥✐♥❣ ❝❤❛r♠ q✉❛r❦ ❛♥❞ ❞✉❡ t♦ ❙t❛♥❞❛r❞

▼♦❞❡❧ ✭❙▼✮ ♣r❡❞✐❝t✐♦♥ t❤❡ D s②st❡♠ ✐s ❛ ❣♦♦❞ ❡♥✈✐r♦♥♠❡♥t t♦ t❡st t❤❡ t❤❡♦r②✱ s✉❝❤

❛s ❈❑▼ ♠❛tr✐① ❛♥❞ D0D0 ♠✐①✐♥❣ t♦ t❤❡ ❈P ❛s②♠♠❡tr✐❡s✱ t❤r♦✉❣❤ t❤❡✐r ❧❡♣t♦♥✐❝

❛♥❞ s❡♠✐✲❧❡♣t♦♥✐❝ ❞❡❝❛②✳ ❚❤❡ ◗❈❉ ♣♦t❡♥t✐❛❧ ✉s❡❞ ❢♦r D ♠❡s♦♥ s②st❡♠ ♥❡❡❞s ♣r❡❝✐s❡

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

▼❡❛♥✇❤✐❧❡ ❙▼ ♣r❡❞✐❝ts s♠❛❧❧ ❈P✲✈✐♦❧❛t✐♥❣ ❛s②♠♠❡tr✐❡s ✐♥ ❝❤❛r♠❡❞ ♣❛rt✐❝❧❡ ❞❡❝❛②

❜❡❝❛✉s❡ t❤❡ ♠♦❞❡ ✐s ❈❛❜✐❜❜♦ s✉♣♣r❡ss❡❞ ❛♥❞ ❛ ❧❛r❣❡ ❞❛t❛ s❛♠♣❧❡ ✐s r❡q✉✐r❡❞ ✇✐t❤

❛ ❝♦♠♣❧❡① ✜♥❛❧ st❛t❡s t♦ ❜❡ ❛♥❛❧②③❡❞✳ ❆ cc r❡s♦♥❛♥❝❡ ❛❜♦✈❡ t❤❡ DD t❤r❡s❤♦❧❞ ❤❛s

t♦ ❜❡ ❝r❡❛t❡❞ t♦ ♣r♦❞✉❝❡ D ♠❡s♦♥s ♣❛✐rs ✈✐❛ e+e−✳ ❚❤❡r❡ ❛r❡ ❢♦✉r ❜r♦❛❞ r❡s♦♥❛♥❝❡

st❛t❡s t❤❛t ❞❡❝❛② ✐♥t♦ ♣❛✐r ♦❢ ❝❤❛r♠❡❞ ♠❡s♦♥ ✜♥❛❧ st❛t❡s✿ t❤❡ ✐♥✐t✐❛❧ cc ♠❡s♦♥

❞❡❝❛②s ✈✐❛ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❧✐❣❤t qq ♣❛✐r ❛♥❞ ❢♦r♠s cq✲cq s②st❡♠ t❤❛t s❡♣❛r❛t❡ ✐♥

t✇♦ ❝❤❛r♠❡❞ ♠❡s♦♥s✳ ❚❤❡s❡ st❛t❡s ❛r❡ t❤❡ ψ✭✸✼✼✵✮✱ ψ✭✹✵✹✵✮✱ ψ✭✹✶✻✵✮ ❛♥❞ ψ✭✹✹✶✺✮✳

❚❤❡② ❛r❡ ❡❛s✐❧② ♣r♦❞✉❝❡❞ ❛t e+e− ❝♦❧❧✐❞❡r ❜❡❝❛✉s❡ t❤❡✐r q✉❛♥t✉♠ ♥✉♠❜❡r ❏PC ✶−−✳

❚♦ st✉❞② t❤✐s ♠❡❝❤❛♥✐s♠ t❤❡ ❝❤❛r♠❡❞ ❝r♦ss s❡❝t✐♦♥ ✐s ♠❡❛s✉r❡❞

σcharm =
Ncharm

L . ✭✶✳✾✮



✶✳✸ ❚❤❡ ❇❊❙■■■ ♣❤②s✐❝s ✶✼

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

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

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

❝❤❛♥♥❡❧s✿ DD✱D∗D✱D∗D∗✱DsDs✱ ❡t❝✳ ❊❛❝❤ ❝❤❛r♠ ❞❡❝❛② ♦❢ t❤❡s❡ ❝❤❛r♠♦♥✐✉♠ st❛t❡

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

❞❡s❝r✐❜❡ t❤❡s❡ ❞❡❝❛②s ❬✼❪✳ P✉r❡ ❧❡♣t♦♥✐❝ ❞❡❝❛②s D+ → l+ν ❛r❡ t❤❡ ❝❧❡❛♥❡st ❞❡❝❛②

♠♦❞❡s ♦❢ D+ ♠❡s♦♥✿ t❤❡ c ❛♥❞ d q✉❛r❦s ❛♥♥✐❤✐❧❛t❡ ✐♥t♦ ❛ ✈✐rt✉❛❧ W+ ❜♦s♦♥ ✇✐t❤ ❛

❞❡❝❛② ✇✐❞t❤ ❣✐✈❡♥ ❜② t❤❡ ❙▼✿

Γ
(

D+ → l+ν
)

=
G2
F

8π
f 2
D+m2

lMD+

(

1− m2
l

M2
D+

)

|Vcd|2. ✭✶✳✶✵✮

✇❤❡r❡M+
D ✐s t❤❡ D+ ♠❛ss✱ ml ✐s t❤❡ ❧❡♣t♦♥ ♠❛ss✱ Vcd ✐s t❤❡ ❈❑▼ ♠❛tr✐① ❡❧❡♠❡♥t

❛♥❞ fD+ ✐s t❤❡ ❞❡❝❛② ❝♦♥st❛♥t t❤❛t ❝♦♥t❛✐♥s t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❞②♥❛♠✐❝s

♦❢ t❤❡ q✉❛r❦s ✐♥s✐❞❡ t❤❡ ♠❡s♦♥✳ ❙t✉❞②✐♥❣ t❤✐s ❦✐♥❞ ♦❢ ❞❡❝❛② ✐t ❞❡t❡r♠✐♥❡s fD+|Vcd|✳
■♥ t❤❡ ❧✐t❡r❛t✉r❡✱ fD+ ❤❛s ❜❡❡♥ ❡①t❡♥s✐✈❡❧② st✉❞✐❡❞ ✐♥ ❛ ✈❛r✐❡t② ♦❢ t❤❡♦r❡t✐❝❛❧ ❛♣✲

♣r♦❛❝❤❡s ❬✷✹✱ ✷✺❪✳ ■♥ s✐♠✐❧❛r ✇❛② D+
s → l+ν ♠♦❞❡ ✐s ✉s❡❞ t♦ ❛❝❝❡ss t♦ |Vcs| ❛♥❞

fDs
✳ ❇❊❙■■■ ♣❤②s✐❝s ♣r♦❣r❛♠ ✐♥❝❧✉❞❡ ❤✐❣❤ ♣r❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥t ♦❢ fD ❛♥❞ fDs

♠❡s♦♥s✳ ❙❡♠✐❧❡♣t♦♥✐❝ ❞❡❝❛②s ♦❝❝✉r ✇❤❡♥ ❛ ❝❤❛r♠ ♠❡s♦♥ ❞❡❝❛② ✈✐❛ ✇❡❛❦ ✐♥t❡r❛❝✲

t✐♦♥ ❜② ❡♠✐tt✐♥❣ ❛ l+ν ❧❡♣t♦♥ ♣❛✐r✿ c → ql+ν✱ ✇❤❡r❡ q❂d✱s✳ ❚❤❡ q q✉❛r❦ ✐s ❜♦✉♥❞

t♦ t❤❡ ✐♥✐t✐❛❧ ❧✐❣❤t q✉❛r❦ ♦❢ t❤❡ ❝❤❛r♠ ♠❡s♦♥ ❜② str♦♥❣ ✐♥t❡r❛❝t✐♦♥ ✭X ♠❡s♦♥ ✐♥ ❊q✳

✶✳✶✶✮✳ ■♥ s❡♠✐❧❡♣t♦♥✐❝ ❞❡❝❛② t❤❡ ❧❡♣t♦♥s ❞♦ ♥♦t ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡ str♦♥❣ ✐♥t❡r❛❝t✐♦♥

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

A =
GF√
2
V ∗
cqνγµ(1− γ5)l 〈X|qγµ(1− γ5)c|D〉 . ✭✶✳✶✶✮

❚❤❡ ♣r♦❝❡ss ❞❡♣❡♥❞s ♦♥ t❤❡ q✉❛r❦✲♠✐①✐♥❣ ♣❛r❛♠❡t❡r Vcq s♦ t❤❡ s❡♠✐❧❡♣t♦♥✐❝ ❞❡❝❛② ✐s

❛ ❣♦♦❞ s②st❡♠ t♦ ❛❝❝❡ss t♦ t❤❡ ❈❑▼♠❛tr✐① ❛♥❞ t❡st t❤❡ t❡❝❤♥✐q✉❡ t❤❛t ❝❛❧❝✉❧❛t❡ t❤❡

❤❛❞r♦♥✐❝ ♠❛tr✐① ❡❧❡♠❡♥t ❞❡✈❡❧♦♣❡❞ ❜② s❡✈❡r❛❧ ♠❡t❤♦❞ ❬✷✻✱ ✷✼✱ ✷✽✱ ✷✾✱ ✸✵✱ ✸✶❪✳ ❚❤❡s❡

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

❢r❛❝t✐♦♥s✱ e.g. ❢♦r Vcs ✐♥ D → πl+ν✱ D → Kl+ν✱ D → η(η′)l+ν✱ D → ρl+ν✱

D → K∗l+ν✱ Ds → ϕl+ν✱ ❡t❝✳ ❚❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ ✉s❡❞ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ♦t❤❡r

❈❑▼ ❡❧❡♠❡♥t t♦ ♠❡❛s✉r❡ t❤❡ ♠✐①✐♥❣ ❛♥❞ t❤❡ ❈P ✈✐♦❧❛t✐♥❣ ♣❛r❛♠❡t❡rs✱ t♦ t❡st t❤❡

s❡❧❢✲❝♦♥s✐st❡♥❝② ♦❢ t❤❡ ❈❑▼ ♣✐❝t✉r❡ ❛♥❞ t♦ s❡❛r❝❤ ♣♦ss✐❜❧❡ ♥❡✇ ♣❤②s✐❝s ❜❡②♦♥❞ t❤❡

❈❑▼ ♠❡❝❤❛♥✐s♠✳

▼❡s♦♥✲❛♥t✐♠❡s♦♥ ♦s❝✐❧❧❛t✐♦♥ ✐s ❛♥♦t❤❡r t♦♣✐❝ ❛❝❝❡ss✐❜❧❡ ❛t ❇❊❙■■■ ❡①♣❡r✐♠❡♥t✳

■♥ t❤❡s❡ ♦s❝✐❧❧❛t✐♦♥ ✇❡❛❦ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝t ❜✉✐❧❞ ✉♣ ♦✈❡r ♠❛❝r♦s❝♦♣✐❝ ❞✐st❛♥❝❡ ❛♥❞



✶✽

❚❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ P♦s✐tr♦♥ ❈♦❧❧✐❞❡r ■■ ❛♥❞ t❤❡ ❇❡✐❥✐♥❣ ❙♣❡❝tr♦♠❡t❡r

■■■

♠❛❦❡s t✐♥② ♠❛ss ❞✐✛❡r❡♥❝❡s ♠❡❛s✉r❛❜❧❡✳ ■t ✐s ♠❛♥❞❛t♦r② t♦ ♣r♦❜❡D0−D0 ♦s❝✐❧❧❛t✐♦♥

❛s s❡♥s✐t✐✈❡❧② ❛s ♣♦ss✐❜❧❡ t♦ ♣r♦✈✐❞❡ ♣r♦♦❢ ♦❢ ◆❡✇ P❤②s✐❝s ❛♥❞ ❈P ✈✐♦❧❛t✐♦♥✳

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

❜❛r②♦♥ Λ+
c ✭udc✮ ❞❡❝❛②s ♦♥❧② t❤r♦✉❣❤ t❤❡ ❝ ✇❡❛❦ ❞❡❝❛②✱ c → W+s✱W+d✱ ❛t t❤❡

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

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

♦❢ Λ+
c → Λl+ν ❛♥❞ ✶✷ ❈❛❜✐❜❜♦✲❢❛✈♦r❡❞ ❞❡❝❛②s✱ st✉❞✐❡s ♦❢ s✐♥❣❧②✲❈❛❜✐❜❜♦✲s✉♣♣r❡ss❡❞

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

✶✳✹ ❚❤❡ ♥❡❡❞s ♦❢ ❛ ♥❡✇ ✐♥♥❡r tr❛❝❦❡r ❢♦r ❇❊❙■■■

❇❊❙■■■ st❛rt❡❞ t♦ ♦♣❡r❛t❡ ✐♥ ✷✵✵✾✳ ■♥ ❛❜♦✉t t❤❡ ♣❛st ✶✵ ②❡❛rs t❤❡ ❞❡t❡❝t♦rs s✉✛❡r❡❞

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

✐s ❛❜♦✉t 170mC/cm✳ ❚❤❡ ❞r✐❢t ❝❤❛♠❜❡r ✐s t❤❡ s②st❡♠ ❝❧♦s❡st t♦ t❤❡ ❜❡❛♠ ♣✐♣❡✳

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

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

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

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

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

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

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

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

❡✛❡❝t ♣r❡✈❡♥ts t❤❡ ♥❡✉tr❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ♣♦s✐t✐✈❡ ❝❤❛r❣❡ t❤❛t ♠♦❞✐✜❡s t❤❡ ❞❡t❡❝t♦r

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

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

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

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

❡✛❡❝t ✐s ❝❛❧❧❡❞ t❤❡ ▼❛❧t❡r ❡✛❡❝t ❬✸✷❪ ❛♥❞ s♦♠❡ ✇❛t❡r ✈❛♣♦r ❤❛s ❜❡❡♥ ❛❞❞❡❞ t♦ t❤❡

▼❉❈ ❣❛s ♠✐①t✉r❡ t♦ s❧♦✇ ❞♦✇♥ t❤✐s ✐ss✉❡✳ ■♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ❞❛r❦ ❝✉rr❡♥ts ♦❢

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

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

❞❡❝r❡❛s❡ ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❞❡t❡❝t♦r✳ ❚❤❡ ❣❛✐♥ ✇✐t❤ r❡s♣❡❝t t♦ ✷✵✵✾ st❛t✉s

❤❛s ❜❡❡♥ r❡❞✉❝❡❞ ✉♣ t♦ ✻✵✪ ❛♥❞ t❤✐s ❛✛❡❝ts t❤❡ ❡✈❡♥t r❡❝♦♥str✉❝t✐♦♥ ✇♦rs❡♥✐♥❣ t❤❡

❞❡t❡❝t✐♦♥ ❡✣❝✐❡♥❝② ✉♣ t♦ ✺✵✪ ❬✸✹❪✳ ❚❤❡ ❣❛✐♥ ♦❢ t❤❡ ❝❡❧❧s ❝❧♦s❡r t♦ t❤❡ ■P s❤♦✇s ❛

s✐③❛❜❧❡ ❞❡❝r❡❛s❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✻✳ ❚❤✐s ✇♦rs❡♥✐♥❣ ❞♦❡s ♥♦t ❛❧❧♦✇ t❤❡ ▼❉❈

t♦ ♠❛✐♥t❛✐♥ t❤❡ r❡q✉✐r❡❞ ♣❡r❢♦r♠❛♥❝❡ ✐♥ t❤❡ ♥❡①t ②❡❛rs✳ ❚❤❡ ❇❊❙■■■ ❝♦❧❧❛❜♦r❛t✐♦♥



✶✳✹ ❚❤❡ ♥❡❡❞s ♦❢ ❛ ♥❡✇ ✐♥♥❡r tr❛❝❦❡r ❢♦r ❇❊❙■■■ ✶✾

❞❡❝✐❞❡❞ t♦ r❡♣❧❛❝❡ t❤❡ ✐♥♥❡r ♣❛rt ♦❢ t❤❡ ▼❉❈ ✇✐t❤ ❛ ♥❡✇ ❛♥❞ ♠♦r❡ ♣❡r❢♦r♠✐♥❣ ✐♥♥❡r

tr❛❝❦❡r❬✸✸❪ ✇✐t❤ r❡q✉✐r❡❞ ♣❡r❢♦r♠❛♥❝❡ ❞❡s❝r✐❜❡❞ ✐♥ ❚❛❜✳ ✶✳✻✳

❆ t❤r❡❡ ❧❛②❡rs ❝②❧✐♥❞r✐❝❛❧ tr✐♣❧❡✲●❊▼ ✐♥♥❡r tr❛❝❦❡r ❤❛s ❜❡❡♥ ♣r♦♣♦s❡❞ t♦ r❡✲

♣❧❛❝❡ t❤❡ ✜rst ❡✐❣❤t ❧❛②❡rs ♦❢ t❤❡ ▼❉❈✳ ❆ ●❊▼ ✭●❛s ❊❧❡❝tr♦♥ ▼✉❧t✐♣❧✐❡r✮ ✐s ❛

▼✐❝r♦✲P❛tt❡r♥ ●❛s ❉❡t❡❝t♦r✱ ❛ ♣❛rt✐❝✉❧❛r ❝❧❛ss ♦❢ ❣❛s ❞❡t❡❝t♦rs t❤❛t ♣r♦✜ts ❢r♦♠

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

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

✹✳

❋✐❣✉r❡ ✶✳✻✿ ❍✐t ❡✣❝✐❡♥❝② ✈❡rs✉s t❤❡ ❧❛②❡r ♥✉♠❜❡r ❢♦r t❤❡ ♣❛st ✶✵ ②❡❛rs✳ ❆ ❞r♦♣ ♦❢
❡✣❝✐❡♥❝② ✐s ❝❧❡❛r ❢♦r t❤❡ ✜rst ❧❛②❡rs ❞✉❡ ❛❣✐♥❣ ❡✛❡❝ts✳



✷✵

❚❤❡ ❇❡✐❥✐♥❣ ❊❧❡❝tr♦♥ P♦s✐tr♦♥ ❈♦❧❧✐❞❡r ■■ ❛♥❞ t❤❡ ❇❡✐❥✐♥❣ ❙♣❡❝tr♦♠❡t❡r

■■■

P❛r❛♠❡t❡r ❱❛❧✉❡
❘❛t❡ ❝❛♣❛❜✐❧✐t② 104 Hz/cm2

σr−φ 150µm
σz 1mm

σpt/pt ✵✳✺✪ @ ✶●❡❱
❊✣❝✐❡♥❝② ✾✽✪

▼❛t❡r✐❛❧ ❜✉❞❣❡t ≤ ✶✳✺ ❳0

∆Ω ✾✸✪ ✹π
■♥♥❡r r❛❞✐✉s 78mm
❖✉t❡r r❛❞✐✉s 178mm

❚❛❜❧❡ ✶✳✻✿ ■♥♥❡r tr❛❝❦❡r r❡q✉✐r❡♠❡♥ts



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❏✳ ◗✳ ❲❛♥❣ ❡t ❛❧✳ ❬❇❊P❈■■ ❚❡❛♠❪✱ ❚❤❡ ❇❊P❈■■✿ ❙t❛t✉s ❛♥❞ ❡❛r❧② ❝♦♠♠✐ss✐♦♥✐♥❣✱

P❆❈✵✼ ❈♦♥❢✳Pr♦❝✳ ❈✵✼✵✻✷✺ ✭✷✵✵✼✮

❬✷❪ ❈✳ ❩❤❛♥❣ ❡t ❛❧✳ ❬❇❊P❈■■ ❚❡❛♠❪✱ ❚❤❡ ❇❡✐❥✐♥❣ ❡❧❡❝tr♦♥✲♣♦s✐tr♦♥ ❝♦❧❧✐❞❡r ❛♥❞ ✐ts

s❡❝♦♥❞ ♣❤❛s❡ ❝♦♥str✉❝t✐♦♥✱ Pr♦❝❡❡❞✐♥❣ ♦❢ ❊P❆❈ ✷✵✵✹ ❚❍❖❇❈❍✵✶✱ ✷✸✵✲✷✸✷

✭✷✵✵✹✮

❬✸❪ ❏✳ P✳ ▼❛ ❡t ❛❧✳✱ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ P❤②s✐❝s ❣♦❛❧ ♦❢ ❇❊❙✲■■■✱ ■♥t✳❏✳▼♦❞✳P❤②s✳

❆ ✷✹✱ ✸✲✼ ✭✷✵✵✾✮

❬✹❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳✱ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ ❉❡s✐❣♥ ❛♥❞ ❈♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❇❊✲

❙■■■ ❉❡t❡❝t♦r ✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✻✶✹✱ ✸✹✺✲✸✾✾ ✭✷✵✶✵✮

❬✺❪ ▲✳ ❲✉ ❡t ❛❧✳✱ ❉❡s✐❣♥ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥ ♦❢ ❈❡❧❧ ❙tr✉❝t✉r❡ ❛♥❞ ▲❛②❡r ❆rr❛♥❣❡♠❡♥t

♦❢ t❤❡ ❇❊❙■■■ ❉r✐❢t ❈❤❛♠❜❡r✱ ❍✐❣❤ ❊♥❡r❣② P❤②s✐❝s ❛♥❞ ◆✉❝❧❡❛r P❤②s✐❝s ✷✾✲✺✱

✹✼✻✲✹✽✵ ✭✷✵✵✺✮

❬✻❪ ❳✳ ❲❛♥❣ ❡t ❛❧✳✱ ❚❤❡ ❝♦s♠✐❝ r❛② t❡st ♦❢ ▼❘P❈s ❢♦r ❇❊❙■■■ ❊❚❖❋ ✉♣❣r❛❞❡✱ ❊✉r✳

P❤②s✳ ❏✳ ❈ ✼✻✲✹✱ ✷✶✶ ✭✷✵✶✻✮

❬✼❪ ◆✳ ❇r❛♠❜✐❧❧❛ ❡t ❛❧✳✱ ❍❡❛✈② q✉❛r❦♦♥✐✉♠✿ ♣r♦❣r❡ss✱ ♣✉③③❧❡s ❛♥❞ ♦♣♣♦rt✉♥✐t✐❡s✱

❊✉r✳ P❤②s✳ ❏✳ ❈ ✼✶✱ ✶✺✸✹ ✭✷✵✶✶✮

❬✽❪ ◆✳ ■s❣✉r ❛♥❞ ●✳ ❑❛r❧✱ ❍②♣❡r✜♥❡ ■♥t❡r❛❝t✐♦♥s ✐♥ ◆❡❣❛t✐✈❡ P❛r✐t② ❇❛r②♦♥s✱ P❤②s✳

▲❡tt✳ ✼✷ ❇✱ ✶✵✾ ✭✶✾✼✼✮

❬✾❪ ❑✳ ❚✳ ❈❤❛♦✱ ◆✳ ■s❣✉r ❛♥❞ ●✳ ❑❛r❧✱ ❙tr❛♥❣❡♥❡ss ✲✷ ❛♥❞ ✲✸ ❇❛r②♦♥s ✐♥ ❛ ◗✉❛r❦

▼♦❞❡❧ ❲✐t❤ ❈❤r♦♠♦❞②♥❛♠✐❝s✱ P❤②s✳ ❘❡✈✳ ❉ ✷✸✱ ✶✺✺ ✭✶✾✽✶✮

❬✶✵❪ ❑✳ ❆✳ ❖❧✐✈❡ ❡t ❛❧✳ ❬P❛rt✐❝❧❡ ❉❛t❛ ●r♦✉♣❪✱ ❈❤✐♥✳ P❤②s✳ ❈ ✸✽✲✾✱ ✼✷✺ ✭✷✵✶✹✮
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❬✶✶❪ ❏✳ ❈❛r❧s♦♥ ❡t ❛❧✳✱ ❍❛❞r♦♥ ❙♣❡❝tr♦s❝♦♣② ✐♥ ❛ ❋❧✉① ❚✉❜❡ ◗✉❛r❦ ▼♦❞❡❧✱ P❤②s✳

❘❡✈✳ ❉ ✷✽✱ ✷✽✵✼ ✭✶✾✽✸✮

❬✶✷❪ ❘✳ ❙❛rt♦r ❛♥❞ ❋✳ ❙t❛♥❝✉✱ ❍②♣❡r✜♥❡ s♣❧✐tt✐♥❣ ✐♥ ❛ r❡❛❧✐st✐❝ ❜❛s✐s ❢♦r ❜❛r②♦♥s✱

P❤②s✳ ❘❡✈✳ ❉ ✸✶✱ ✶✷✽ ✭✶✾✽✺✮

❬✶✸❪ ❲✳ ❍✳ ❇❧❛s❦ ❡t ❛❧✳✱ ❍❛❞r♦♥ s♣❡❝tr♦s❝♦♣② ✇✐t❤ ✐♥st❛♥t♦♥ ✐♥❞✉❝❡❞ q✉❛r❦ ❢♦r❝❡s✱

❩✳ P❤②s✳ ❆ ✸✸✼✱ ✸✷✼ ✭✶✾✾✵✮

❬✶✹❪ ▲✳ ❨✳ ●❧♦③♠❛♥ ❛♥❞ ❉✳ ❖✳ ❘✐s❦❛✱ ❚❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ♥✉❝❧❡♦♥s ❛♥❞ t❤❡ str❛♥❣❡

❤②♣❡r♦♥s ❛♥❞ ❝❤✐r❛❧ ❞②♥❛♠✐❝s✱ P❤②s✳ ❘❡♣t✳ ✷✻✽✱ ✷✻✸ ✭✶✾✾✻✮

❬✶✺❪ ▼✳ ❆♥s❡❧♠✐♥♦ ❡t ❛❧✳✱ ❉✐q✉❛r❦s✱ ❘❡✈✳▼♦❞✳ P❤②s✳ ✻✺✱ ✶✶✾✾ ✭✶✾✾✸✮

❬✶✻❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ ❖❜s❡r✈❛t✐♦♥ ♦❢ ❛ ❇r♦❛❞ ❙tr✉❝t✉r❡ ✐♥

t❤❡ π+ πJ/Ψ ▼❛ss ❙♣❡❝tr✉♠ ❛r♦✉♥❞ ✹✳✷✻ ●❡❱✴❝2✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✾✺✱ ✶✹✷✵✵✶

✭✷✵✵✺✮

❬✶✼❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ ❖❜s❡r✈❛t✐♦♥ ♦❢ Zc(3900)
0 ✐♥ e+e− →

π0π0J/ψ✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✶✶✺✱ ✶✶✷✵✵✸ ✭✷✵✶✺✮

❬✶✽❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ ❖❜s❡r✈❛t✐♦♥ ♦❢ ❛ ❈❤❛r❣❡❞ ❈❤❛r♠♦✲

♥✐✉♠❧✐❦❡ ❙tr✉❝t✉r❡ Zc✭✹✵✷✵✮ ❛♥❞ ❙❡❛r❝❤ ❢♦r t❤❡ Zc✭✸✾✵✵✮ ✐♥ e+e− → π+π−hc✱

P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✶✶✶✱ ✷✹✷✵✵✶ ✭✷✵✶✸✮

❬✶✾❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ ❖❜s❡r✈❛t✐♦♥ ♦❢ ❛ ◆❡✉tr❛❧ ❙tr✉❝t✉r❡

♥❡❛r t❤❡ DD̄∗ ▼❛ss ❚❤r❡s❤♦❧❞ ✐♥ e+e− → (DD̄∗)0π0 ❛t sqrts ❂ ✹✳✷✷✻ ❛♥❞ ✹✳✷✺✼

●❡❱✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✶✶✺✱ ✷✷✷✵✵✷ ✭✷✵✶✺✮

❬✷✵❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ ❖❜s❡r✈❛t✐♦♥ ♦❢ ❛ ❝❤❛r❣❡❞ ❝❤❛r♠♦♥✐✲

✉♠❧✐❦❡ str✉❝t✉r❡ ✐♥ e+e− → (D∗D̄∗)±π∓ ❛t sqrts ❂ ✹✳✷✻ ●❡❱✱ P❤②s✳ ❘❡✈✳ ▲❡tt

✶✶✷✱ ✶✸✷✵✵✶ ✭✷✵✶✸✮

❬✷✶❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ Pr❡❝✐s❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ e+e− →
π+π−J/ψ ❝r♦ss s❡❝t✐♦♥ ❛t ❝❡♥t❡r✲♦❢✲♠❛ss ❡♥❡r❣✐❡s ❢r♦♠ ✸✳✼✼ t♦ ✹✳✻✵ ●❡❱✱ P❤②s✳

❘❡✈✳ ▲❡tt✳ ✶✶✽✱ ✵✾✷✵✵✶ ✭✷✵✶✼✮

❬✷✷❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ ❊✈✐❞❡♥❝❡ ♦❢ ❚✇♦ ❘❡s♦♥❛♥t ❙tr✉❝t✉r❡s

✐♥ e+e− → π+π−hc✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✶✶✽✱ ✵✾✷✵✵✷ ✭✷✵✶✼✮
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❬✷✸❪ ❘✳ ❱❛♥ ❘♦②❡♥ ❛♥❞ ❱✳ ❋✳ ❲❡✐ss❦♦♣❢✱ ❍❛❞r♦♥ ❉❡❝❛② Pr♦❝❡ss❡s ❛♥❞ t❤❡ ◗✉❛r❦

▼♦❞❡❧✱ ◆✉♦✈♦ ❈✐♠✳ ❆ ✺✵✱ ✻✶✼ ✭✶✾✻✼✮

❬✷✹❪ ❙✳ ◆❛r✐s♦♥✱ ◗❈❉ t❡sts ❢r♦♠ e+e− → ■ ❂ ✶ ❤❛❞r♦♥s ❞❛t❛ ❛♥❞ ✐♠♣❧✐❝❛t✐♦♥ ♦♥

t❤❡ ✈❛❧✉❡ ♦❢ αS ❢r♦♠ τ ✲❞❡❝❛②s✱ P❤②s✳▲❡tt✳ ❇ ✻✷✹✱ ✸✶ ✭✷✵✵✺✮

❬✷✺❪ ❆✳ ❆✳ P❡♥✐♥ ❛♥❞ ▼✳ ❙t❡✐♥❤❛✉s❡r✱❍❡❛✈②✲❧✐❣❤t ♠❡s♦♥ ❞❡❝❛② ❝♦♥st❛♥t ❢r♦♠ ◗❈❉

s✉♠ r✉❧❡s ✐♥ t❤❡ t❤r❡❡✲❧♦♦♣ ❛♣♣r♦①✐♠❛t✐♦♥✱ P❤②s✳ ❘❡✈✳ ❉ ✻✺✱ ✵✺✹✵✵✻ ✭✷✵✵✷✮

❬✷✻❪ ❆✳❆❜❛❞❛ ❡t ❛❧✳✱ ❍❡❛✈② → ▲✐❣❤t s❡♠✐❧❡♣t♦♥✐❝ ❞❡❝❛②s ♦❢ ♣s❡✉❞♦s❝❛❧❛r ♠❡s♦♥s

❢r♦♠ ❧❛tt✐❝❡ ◗❈❉✱ ◆✉❝❧ P❤②s✳ ❇ ✻✶✾✱ ✺✻✺ ✭✷✵✵✶✮

❬✷✼❪ ▼✳ ❆✳ ❙❤✐❢♠❛♥ ❡t ❛❧✳✱ ◗❈❉ ❛♥❞ r❡s♦♥❛♥❝❡ ♣❤②s✐❝s✳ t❤❡♦r❡t✐❝❛❧ ❢♦✉♥❞❛t✐♦♥s✱

◆✉❝❧✳ P❤②s✳ ❇ ✶✹✼✱ ✸✽✺ ✭✶✾✼✾✮

❬✷✽❪ ❆✳ ❑❤♦❞❥❛♠✐r✐❛♥ ❡t ❛❧✳✱ Pr❡❞✐❝t✐♦♥ ♦♥ B → πlνl✱ D → πlνl ❛♥❞ D → Klνl
❢r♦♠ ◗❈❉ ❧✐❣❤t✲❝♦♥❡ s✉♠ r✉❧❡s✱ P❤②s✳ ❘❡✈✳ ❉ ✻✷✱ ✶✶✹✵✵✷ ✭✷✵✵✵✮

❬✷✾❪ ▼✳ ❲✐r❜❡❧ ❡t ❛❧✳✱ ❊①❝❧✉s✐✈❡ s❡♠✐❧❡♣t♦♥✐❝ ❞❡❝❛②s ♦❢ ❤❡❛✈② ♠❡s♦♥s✱ ❩✳ P❤②s✳ ❈

✷✾✱ ✻✸✼ ✭✶✾✽✺✮

❬✸✵❪ ❍✳ ❨✳ ❈❤❡♥❣ ❡t ❛❧✳✱ ❈♦✈❛r✐❛♥t ❧✐❣❤t✲❢r♦♥t ❛♣♣r♦❛❝❤ ❢♦r s✲✇❛✈❡ ❛♥❞ ♣✲✇❛✈❡

♠❡s♦♥s✿ ■ts ❛♣♣❧✐❝❛t✐♦♥ t♦ ❞❡❝❛② ❝♦♥st❛♥ts ❛♥❞ ❢♦r♠ ❢❛❝t♦rs✱ P❤②s✳ ❘❡✈✳ ❉

✻✾✱ ✵✼✹✵✷✺ ✭✷✵✵✹✮

❬✸✶❪ ❙✳ ❋❛❥❢❡r ❛♥❞ ❏✳ ❑❛♠❡♥✐❦✱ ❈❤❛r♠ ♠❡s♦♥ r❡s♦♥❛♥❝❡s ✐♥ D → Plν ❞❡❝❛②s✱ P❤②s✳

❘❡✈✳ ❉ ✼✶ ✵✶✹✵✷✵ ✭✷✵✵✺✮

❬✸✷❪ ▲✳ ▼❛❧t❡r✱ ❚❤✐♥ ❋✐❧♠ ❋✐❡❧❞ ❊♠✐ss✐♦♥✱ P❤②s✳ ❘❡✈✳ ✺✵✲✶✱ ✹✽ ✭✶✾✸✻✮

❬✸✸❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ ❇❊❙■■■ ❈②❧✐♥❞r✐❝❛❧ ●❊▼ ■♥♥❡r

❚r❛❝❦❡r ❈❉❘✱ ■♥t❡r♥❛❧ ♥♦t❡✱ ✭✷✵✶✹✮

❬✸✹❪ ▼✳ ❨✳ ❉♦♥❣ ❡t ❛❧✳✱ ❆❣✐♥❣ ❡✛❡❝t ✐♥ t❤❡ ❇❊❙■■■ ❞r✐❢t ❝❤❛♠❜❡r✱ ❈❤✐♥✳P❤②s✳ ❈ ✹✵✱

✵✶✻✵✵✶ ✭✷✵✶✻✮
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❈❤❛♣t❡r ✷

❈●❊▼✲■❚

❉❡s♣✐t❡ ✈❛r✐♦✉s ✐♠♣r♦✈❡♠❡♥ts✱ t❤❡ ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡ ❜❛s❡❞ ♦♥ ✇✐r❡ str✉❝t✉r❡s

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

t❤❡ ❛♥♦❞❡ ❛♥❞ ❝❛t❤♦❞❡ ❡❧❡❝tr♦❞❡s✳ ▼♦❞❡r♥ ❝♦♥str✉❝t✐♦♥ t❡❝❤♥✐q✉❡ ❛❧❧♦✇s t♦ s♦❧✈❡

♠❛♥② ♦❢ t❤♦s❡ ♣r♦❜❧❡♠s✱ e.g. ❜② ✉s✐♥❣ ♣✐t❝❤ s✐③❡ ♦❢ ❛ ❢❡✇ ❤✉♥❞r❡❞ ♦❢ µm t♦ ✐♥❝r❡❛s❡

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

❛ ❧❛②❡rs ♦❢ ❢❡✇ µm t♦ ❞❡✜♥❡ ♥❡✇ ❛♠♣❧✐✜❝❛t✐♦♥ ❣❡♦♠❡tr✐❡s ❛♥❞ ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡s

❛s r❡♣♦rt❡❞ ✐♥ ❆♣♣✳ ❆✳✼✳ ❚❤❡ ●❊▼ t❡❝❤♥♦❧♦❣② ✐s t❤❡ ♦♥❡ ❝❤♦s❡♥ t♦ r❡♣❧❛❝❡ t❤❡

✐♥♥❡r ▼❉❈✿ t❤❛♥❦s t♦ ❛ t❤✐♥ ♣✐❡r❝❡❞ ❢♦✐❧ ♦❢ ❝♦♣♣❡r✲✐♥s✉❧❛t♦r✲❝♦♣♣❡r ❝❛♥ ♠❛❣♥✐❢②

t❤❡ ♣r✐♠❛r② ✐♦♥✐③❛t✐♦♥ ❛♥❞ ♠❡❛s✉r❡ t❤❡ ♣❛rt✐❝❧❡ ♣♦s✐t✐♦♥ ✇✐t❤✐♥ ❛♣♣r♦①✐♠❛t❡❧② 1 cm

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

❡❧❡❝tr♦♥✐❝s✳ ■♥ ❧✐t❡r❛t✉r❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❜❡❧♦✇ ❤✉♥❞r❡❞ µm ❛r❡ r❡♣♦rt❡❞ ❬✶❪ ❢♦r

♦rt❤♦❣♦♥❛❧ tr❛❝❦s ✇✐t❤♦✉t ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤❡ ●❊▼ ❢♦✐❧s ❝❛♥ ❜❡ s❤❛♣❡❞ t♦ t❤❡

♥❡❡❞❡❞ s✉r❢❛❝❡ ❛♥❞ t❤❛♥❦s t♦ t❤❡✐r t❤✐❝❦♥❡ss ❛♥❞ ❢♦r♠❛❜✐❧✐t② ❛r❡ s✉✐t❛❜❧❡ t♦ ❜❡ ✉s❡❞

❛s ✐♥♥❡r tr❛❝❦❡rs ✇✐t❤ ❝②❧✐♥❞r✐❝❛❧ s✉r❢❛❝❡✳ ■♥ t❤✐s ❈❤❛♣✳ ❛ ❣❡♥❡r❛❧ ♦✈❡r✈✐❡✇ ❛❜♦✉t

t❤❡ ❝♦♠♣♦♥❡♥ts✱ t❤❡ ❝♦♥str✉❝t✐♦♥ t❡❝❤♥✐q✉❡ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥✐❝s ♦❢ ❈●❊▼✲■❚ ✇✐❧❧

❜❡ ♣r♦✈✐❞❡❞✳ ❚❤❡ ❞❡t❛✐❧s ♦❢ ●❊▼ t❡❝❤♥♦❧♦❣② ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ ❈❤❛♣✳ ✸✳

✷✳✶ ❚❤❡ ❑▲❖❊✲✷ ■❚

❚❤❡ ❑▲❖❊✲✷ ✐♥♥❡r tr❛❝❦❡r ✐s ❛♥ ✐♥♥♦✈❛t✐✈❡ ❞❡t❡❝t♦r ❜✉✐❧t ✉♣ ❜② ❢♦✉r ❝♦❛①✐❛❧ ❧❛②❡rs

♦❢ ❝②❧✐♥❞r✐❝❛❧ tr✐♣❧❡✲●❊▼✿ ❡❛❝❤ ❧❛②❡r ❡①♣❧♦✐ts t❤r❡❡ ●❊▼ ❢♦✐❧s t♦ ❛♠♣❧✐❢② t❤❡ s✐❣♥❛❧

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

❚❤❡ ✐♥♥❡r r❛❞✐✉s ♦❢ t❤❡ ❧❛②❡rs r❛♥❣❡s ❢r♦♠ ✶✸✵ t♦ 205mm ❛♥❞ t❤❡ ❧❡♥❣t❤ ✐s ❛❜♦✉t

700mm✳ ❊❛❝❤ ❧❛②❡r ✐s ♠❛❞❡ ❜② ✜✈❡ ❢♦✐❧s✿ t❤r❡❡ ●❊▼s✱ ❛ ❝❛t❤♦❞❡ ❛♥❞ ❛ s❡❣♠❡♥t❡❞



✷✻ ❈●❊▼✲■❚

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

st❡r❡♦ str✐♣s ♦❢ 650µm ♣✐t❝❤✳

●❊▼ ❢♦✐❧s ♦❢ t❤❡ ♥❡❡❞❡❞ ❞✐♠❡♥s✐♦♥ ❝❛♥ ♥♦t ❜❡ ♣r♦❞✉❝❡❞ t❤❡♥ t❤❡② ❤❛✈❡ ❜❡❡♥

♦❜t❛✐♥❡❞ t❤r♦✉❣❤ ❛ ❣❧✉✐♥❣ ♣r♦❝❡ss ✇✐t❤ ✈❛❝✉✉♠ ❜❛❣ t❡❝❤♥✐q✉❡ ♦❢ t✇♦ ♦r t❤r❡❡ ●❊▼

❢♦✐❧s t♦❣❡t❤❡r ❜② ♠❡❛♥s ♦❢ ❡♣♦①② ❣❧✉❡ ♦♥ ❛ 3mm♠ ♣❡r✐♣❤❡r❛❧ r❡❣✐♦♥ ♦❢ ❦❛♣t♦♥✱

t❤❡ ✐♥s✉❧❛t♦r ♠❛t❡r✐❛❧ ❜❡t✇❡❡♥ t❤❡ ❝♦♣♣❡r ❢♦✐❧s ♦❢ t❤❡ ●❊▼✳ ❚❤❡♥ t❤❡ ❧❛r❣❡ ●❊▼

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

3mm ♦✈❡r❧❛♣ r❡❣✐♦♥✳ ❉✉r✐♥❣ t❤❡ ❝✉r✐♥❣ ♦❢ t❤❡ ❡♣♦①②✱ ❛ ✈❛❝✉✉♠ ❜❛❣ s②st❡♠ ✐s

✉s❡❞ t♦ ❝♦♥str❛✐♥ t❤❡ ❢♦✐❧ t♦ t❤❡ ❝②❧✐♥❞r✐❝❛❧ s❤❛♣❡ ❣✐✈❡♥ ❜② t❤❡ ♠♦✉❧❞ ❬✷❪✳ ❆♥♦❞❡

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

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

❡❧❡❝tr♦❞❡s ♣r♦✈✐❞❡ t❤❡ str✉❝t✉r❛❧ s✉♣♣♦rt t♦ t❤❡ ❞❡t❡❝t♦r✳ ❚❤❡ ✜✈❡ ❡❧❡❝tr♦❞❡s ❛r❡

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

❙②st❡♠✳

❚❤❡ ❢r♦♥t✲❡♥❞ ❡❧❡❝tr♦♥✐❝s ✉s❡❞ ❜② ❑▲❖❊✲✷ ■❚ ✐s ●❆❙❚❖◆❊✲❆❙■❈ ❬✹❪✿ ❛♥ ❛♥❛✲

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

❝r✐♠✐♥❛t❡❞ ✇✐t❤ ❛ t❤r❡s❤♦❧❞ r❛♥❣❡ ❢r♦♠ ✵ t♦ 200 fC✳ ❆ ❞✐❣✐t❛❧ ♦✉t♣✉t ❢r♦♠ ❡❛❝❤

str✐♣ ✐s s❡♥t ♦✉t ❢♦r t❤❡ ♣♦s✐t✐♦♥ ♠❡❛s✉r❡♠❡♥t✳

✷✳✷ ■♥♥♦✈❛t✐♦♥ ♦❢ t❤❡ ❇❊❙■■■ ❈●❊▼✲■❚

❚❤❡ ❇❊❙■■■ ■❚ st❛rts ❢r♦♠ t❤❡ ❑▲❖❊✲✷ ❡①♣❡r✐❡♥❝❡ t♦ ❞❡✈❡❧♦♣ ❛ ♥❡✇ tr❛❝❦❡r ✇✐t❤

●❊▼ t❡❝❤♥♦❧♦❣② ❛♥❞ ❝②❧✐♥❞r✐❝❛❧ s❤❛♣❡✳ ❚❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ✉s❡❞ ❜② ❑▲❖❊✲✷ ❝♦✉❧❞

♥♦t ♠❛t❝❤ t❤❡ ❇❊❙■■■ r❡q✉✐r❡♠❡♥ts ❞✉❡ t♦ ✐ts ❞✐♠❡♥s✐♦♥✱ ✐ts t♦t❛❧ ♠❛t❡r✐❛❧ ❜✉❞❣❡t

❛♥❞ ✐ts s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥✭s❡❡ ❙❡❝t✳ ✶✳✹✮ t❤❡♥ ❛ s❡r✐❡s ♦❢ ✐♠♣r♦✈❡♠❡♥t ❤❛✈❡ ❜❡❡♥

✐♥tr♦❞✉❝❡❞✳ ❉✉❡ t♦ t❤❡ ❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ✐♥♥❡r ▼❉❈ ✐♥ ❇❊❙■■■✱ t❤❡ ✈♦❧✉♠❡ ❧❡❢t ❢r❡❡

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

r❡❛s♦♥❛❜❧❡ t❤❡ ❝♦st ♦❢ t❤❡ ■❚ ❛♥❞ ❢♦r ♠❡❝❤❛♥✐❝❛❧ ❝♦♥str❛✐♥s✱ ❛ ♣✐t❝❤ ♦❢ 650µm ❤❛s

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

✇❛s ❦❡♣t✳ ■t ✇❛s ♠❛♥❞❛t♦r② t♦ ❞❡✈❡❧♦♣ ❛ ♥❡✇ ❆❙■❈ t♦ ♠❡❛s✉r❡ ❝❤❛r❣❡ ❛♥❞ t✐♠❡

✐♥❢♦r♠❛t✐♦♥ ♥❡❡❞❡❞ ✐♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ❛❧❣♦r✐t❤♠s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✹✳✷✳ ▼♦r❡

❞❡t❛✐❧s ❛❜♦✉t t❤❡ ♥❡✇ ❆❙■❈ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✳ ✷✳✸✳ ❚❤✐s ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st

✐♠♣♦rt❛♥t ✐♥♥♦✈❛t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ ❑▲❖❊✲✷✳

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

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

♦✈❡r❧❛♣ ♦❢ t❤❡ t✇♦ s✉r❢❛❝❡s ✐♥tr♦❞✉❝❡ ❛ ❝❛♣❛❝✐t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ str✐♣s t❤❛t
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■♥ ❚❛❜✳ ✷✳✶ ❛r❡ r❡♣♦rt❡❞ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ✐♥♥❡r r❛❞✐✉s ♦❢ ❡❛❝❤ ❈●❊▼✲■❚ ❧❛②❡r✱

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

❛♥❞ st❡r❡♦ str✐♣s✳

■♥♥❡r r❛❞✐✉s ▲❡♥❣t❤ ❙t❡r❡♦ ❛♥❣❧❡ ◆◦ str✐♣s φ ◆◦ str✐♣s V

▲❛②❡r ✶ 76.9mm 532mm ✹✸✳✸◦ ✽✹✻ ✶✶✼✼
▲❛②❡r ✷ 121.4mm 690mm ✲✸✶✳✶◦ ✶✷✽✷ ✷✶✾✹
▲❛②❡r ✸ 161.9mm 847mm ✸✸✳✵◦ ✶✻✾✷ ✷✽✸✽

❚❛❜❧❡ ✷✳✶✿ ❈●❊▼✲■❚ ❣❡♦♠❡tr✐❝❛❧ ❞❡t❛✐❧s✳

✷✳✸ ❚❤❡ ♥❡✇ ❆❙■❈ ❢♦r t❤❡ ❇❊❙■■■ ❈●❊▼✲■❚

❚■●❊❘ ✭❚♦r✐♥♦ ■♥t❡❣r❛t❡❞ ●❡♠ ❊❧❡❝tr♦♥✐❝s ❢♦r ❘❡❛❞♦✉t✮ ❡❧❡❝tr♦♥✐❝s✱ ✐s ❛ ♠✐①❡❞✲

s✐❣♥❛❧ ✻✹✲❝❤❛♥♥❡❧ ❆❙■❈ ❞❡✈❡❧♦♣❡❞ t♦ r❡❛❞♦✉t t❤❡ ❈●❊▼ ❞❡t❡❝t♦r ♦❢ t❤❡ ❇❊❙■■■

❊①♣❡r✐♠❡♥t ❬✻❪✳ ❚❤❡ ❆❙■❈ ✐s ✐♥st❛❧❧❡❞ ♦♥ ❛ ❋r♦♥t✲❊♥❞ ❇♦❛r❞ ✭❋❊❇✮ ✇✐t❤ t✇♦ ❝❤✐♣s

t♦ ♠❡❛s✉r❡ t❤❡ s✐❣♥❛❧s ❢r♦♠ ✶✷✽ str✐♣s✳ ❚❤❡ ❆❙■❈ ♠❡❛s✉r❡s t✐♠❡ ❛♥❞ ❝❤❛r❣❡ ♦❢ t❤❡

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

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

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

♦❢ t❤❡ st❡r❡♦ str✐♣s✱ ❞✐✛❡r❡♥t t❤r❡s❤♦❧❞ ❛r❡ ✉s❡❞ ❢♦r ❡❛❝❤ ❝❤❛♥♥❡❧✳ ❆ ❝❤✐❧❧❡r st❛❜✐❧✐③❡s

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

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

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

❛♥❞ ❤♦❧❞ ✭❙✴❍✮ ♠♦❞❡ ❛♥❞ t✐♠❡✲♦✈❡r✲t❤r❡s❤♦❧❞ ✭❚♦❚✮ ♠♦❞❡✳ ❙✴❍ ♠❡❛s✉r❡s t❤❡

s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐♥ ❛ ❞②♥❛♠✐❝ r❛♥❣❡ ❢r♦♠ ✵ t♦ 50 − 60 fC✳ ❚❤❡ ❚♦❚ ♠❡❛s✉r❡s t❤❡

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

✐♥❢♦r♠❛t✐♦♥✳ ❇♦t❤ ♠❡t❤♦❞s ♥❡❡❞ ❛ ❝❛❧✐❜r❛t✐♦♥ t❤❛t ❤❛s t♦ ❜❡ ♣❡r❢♦r♠❡❞ ❢♦r ❡❛❝❤

❝❤❛♥♥❡❧ ♦❢ t❤❡ ❚■●❊❘✳ ❋✐❣✉r❡ ✷✳✷ s❤♦✇s t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ♦❢ ❛ ❚■●❊❘ ❢♦r ❙✴❍

❛♥❞ ❚♦❚ ♠❡t❤♦❞s ❬✼❪✳ ❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❝❤✐♣ ✐s ❢✉❧❧② ❞✐❣✐t❛❧✳ ❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢

❙✴❍ ✐s t❤❡ ❧✐♥❡❛r✐t② ❜❡t✇❡❡♥ t❤❡ ❝❤❛r❣❡ ❛♥❞ t❤❡ ♦✉t♣✉t ❜✉t t❤❡ ♦♣❡r❛t✐♥❣ r❛♥❣❡ ✐s

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

❝❛❧✐❜r❛t✐♦♥s✳





✸✵ ❈●❊▼✲■❚



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❋✳ ❙❛✉❧✐✱ ❚❤❡ ❣❛s ❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐❡r ✭●❊▼✮✿ ❖♣❡r❛t✐♥❣ ♣r✐♥❝✐♣❧❡s ❛♥❞ ❛♣♣❧✐❝❛✲

t✐♦♥s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✽✵✺✱ ✷✲✷✹ ✭✷✵✶✻✮

❬✷❪ ❆✳ ❇❛❧❧❛ ❡t ❛❧✳✱ ❈♦♥str✉❝t✐♦♥ ❛♥❞ t❡st ♦❢ t❤❡ ❝②❧✐♥❞r✐❝❛❧✲●❊▼ ❞❡t❡❝t♦rs ❢♦r t❤❡

❑▲❖❊✲✷ ■♥♥❡r ❚r❛❝❦❡r✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✼✸✷✱ ✷✷✶✲✷✷✹ ✭✷✵✶✸✮

❬✸❪ ❇✳ ❇❡♥❝✐✈❡♥♥✐ ❡t ❛❧✳✱ ❚❤❡ ❈②❧✐♥❞r✐❝❛❧✲●❊▼ ❞❡t❡❝t♦rs ❢♦r t❤❡ ❑▲❖❊✲✷ ■♥♥❡r

❚r❛❝❦❡r✱ P♦❙ ❇♦r♠✐♦✷✵✶✹ ✵✹✼ ✭✷✵✶✹✮

❬✹❪ ❆✳ ❇❛❧❧❛ ❡t ❛❧✳✱ ●❆❙❚❖◆❊✻✹✿ ❆ ♥❡✇ ❢r♦♥t✲❡♥❞ ❆❙■❈ ❢♦r t❤❡ ❝②❧✐♥❞r✐❝❛❧ ●❊▼

■♥♥❡r ❚r❛❝❦❡r ♦❢ ❑▲❖❊✲✷ ❡①♣❡r✐♠❡♥t ❛t ❉❆Φ◆❊✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳❆ ✼✸✷✱

✺✷✸✲✺✷✺ ✭✷✵✶✸✮

❬✺❪ ❆✳ ❆♠♦r♦s♦ ❡t ❛❧✳✱ ■♥♥♦✈❛t✐✈❡ ❞❡s✐❣♥ ❛♥❞ ❝♦♥str✉❝t✐♦♥ t❡❝❤♥✐q✉❡ ❢♦r t❤❡ ❈②❧✐♥✲

❞r✐❝❛❧ ●❊▼ ❞❡t❡❝t♦r ❢♦r t❤❡ ❇❊❙■■■ ❡①♣❡r✐♠❡♥t✱ Pr♦❝❡❡❞✐♥❣s ♦❢ ■♥t❡r♥❛t✐♦♥❛❧

❈♦♥❢❡r❡♥❝❡ ♦♥ ❚❡❝❤♥♦❧♦❣② ❛♥❞ ■♥str✉♠❡♥t❛t✐♦♥ ✐♥ P❛rt✐❝❧❡ P❤②s✐❝s ✷✵✶✼ ✷✶✸✱

✶✶✻✲✶✶✾ ✭✷✵✶✼✮

❬✻❪ ❋✳ ❈♦ss✐♦ ❡t ❛❧✳✱ ❆ ♠✐①❡❞✲s✐❣♥❛❧ ❆❙■❈ ❢♦r t❤❡ r❡❛❞♦✉t ♦❢ ●❛s ❊❧❡❝tr♦♥ ▼✉❧t✐♣❧✐❡r

❞❡t❡❝t♦rs ❞❡s✐❣♥ r❡✈✐❡✇ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ r❡s✉❧ts✱ P❘■▼❊✷✵✶✼✱ ✸✸✲✸✻ ✭✷✵✶✼✮

❬✼❪ ❆✳ ❇♦rt♦♥❡✱ ❖♥ ❞❡t❡❝t♦r ❡❧❡❝tr♦♥✐❝s ♦❢ t❤❡ ❈●❊▼ ✐♥♥❡r tr❛❝❦❡r✿ t❡st ❛♥❞ ✐♥t❡✲

❣r❛t✐♦♥✱ ▼❛st❡r ❚❤❡s✐s ✲ ❯♥✐✈❡rs✐t❛′ ❞❡❣❧✐ ❙t✉❞✐ ❞✐ ❚♦r✐♥♦ ✭✷✵✶✽✮



✸✷ ❇■❇▲■❖●❘❆P❍❨



❈❤❛♣t❡r ✸

❚❤❡ ●❊▼ t❡❝❤♥♦❧♦❣②

▼♦❞❡r♥ ♣❤②s✐❝s ❡①♣❡r✐♠❡♥ts ✉s❡ ❣❛s❡♦✉s ❞❡t❡❝t♦r t♦ r❡✈❡❛❧ ❛♥❞ ♠❡❛s✉r❡ ♣❛rt✐❝❧❡s

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

❛♥❞ ♣r❡❝✐s❡ ❞❡t❡❝t♦rs ❛r❡ ♥❡❡❞❡❞✳

●❛s ❞❡t❡❝t♦r ❡①♣❧♦✐ts t❤❡ ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s ❜❡t✇❡❡♥ t❤❡ ♣❛rt✐❝❧❡s✱ ❣❛s ♠✐①t✉r❡

❛♥❞ t❤❡ ❤✐❣❤ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❈❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❣❛s ❛♥❞ ✐♦♥✐③❡ ✐t✳

❆s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥✱ s♦♠❡ ❣❛s❡s ❝❛♥ ❝r❡❛t❡ ♠♦r❡ ♣r✐♠❛r② ❡❧❡❝tr♦♥s

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

♦♥ t❤❡ r❡❛❞♦✉t✳ ❚❤❡ ♣r♦❜❛❜✐❧✐t② t♦ ❤❛✈❡ ❛ ❝❡rt❛✐♥ ♥✉♠❜❡r ♦❢ ♣r✐♠❛r② ❡❧❡❝tr♦♥s

✐s r✉❧❡❞ ❜② t❤❡ P♦✐ss♦♥ ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤❡ ❡♥❡r❣② ❧♦ss ✐s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❇❡t❤❡✲

❇❧♦❝❦ ❢♦r♠✉❧❛✳ ❚❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❝❛♥ ❞r✐❢t t❤❡ ❡❧❡❝tr♦♥s✿ tr❛♥s✈❡rs❡ ❛♥❞ ❧♦♥❣✐t✉❞✐♥❛❧

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

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

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

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

❛♥ ❛✈❛❧❛♥❝❤❡ ♣r♦♣♦rt✐♦♥❛❧❧② t♦ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞❀ ✐♥❝r❡❛s✐♥❣ ♠♦r❡ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞

t❤❡ ❡❧❡❝tr♦♥ ❝❛♥ ❣❡♥❡r❛t❡ s♣❛r❦s✳ ❖♥❝❡ t❤❡ ❛✈❛❧❛♥❝❤❡ ✐s ❣❡♥❡r❛t❡❞✱ ✐t ❝❛♥ ✐♥❞✉❝❡ ❛

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

t❤❡♦r❡♠✳ ▼♦r❡ ❞❡t❛✐❧s ❛r❡ r❡♣♦rt❡❞ ✐♥ t❤❡ ❆♣♣✳ ❆✳✼ ❛♥❞ ✐♥ t❤❡ ❜✐❜❧✐♦❣r❛♣❤② t❤❡r❡

✐♥✳

❆ ❣❛s ❞❡t❡❝t♦r ✇✐t❤ ❛ ❧❛r❣❡ ❞✐✛✉s✐♦♥ ✐s t❤❡ ▼✉❧t✐✲❲✐r❡ Pr♦♣♦rt✐♦♥❛❧ ❈❤❛♠❜❡r

✭▼❲P❈✮ ❛♥❞ ✐ts ❡✈♦❧✉t✐♦♥✿ t❤✐s ✐s s✉✐t❛❜❧❡ ❞❡t❡❝t♦rs ❢r♦♠ ❞✐✛❡r❡♥t ❛♣♣❧✐❝❛t✐♦♥

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

t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❞✐st♦rt✐♦♥ ❞✉❡ t♦ t❤❡✐r ❜❛❝❦✲✢♦✇✱ ❧❛r❣❡ ❞r✐❢t ✈♦❧✉♠❡ t❤❛t ✐♥tr♦❞✉❝❡s

❧✐♠✐t❛t✐♦♥s ✐♥ r❛t❡ ❝❛♣❛❜✐❧✐t② ❤✐❣❤❡r t❤❛♥ 10KHz/mm2 ❬✶❪✱ ❧♦✇ ♠✉❧t✐✲tr❛❝❦ r❡s♦❧✉t✐♦♥



✸✹ ❚❤❡ ●❊▼ t❡❝❤♥♦❧♦❣②

❞✉❡ t♦ t❤❡ ✇✐r❡ ❣r❛♥✉❧❛r✐t② ❧✐♠✐t❡❞ ❛t 1−2mm ❛♥❞ ✐ts ♦♣❡r❛❜✐❧✐t② ❧✐♠✐t❛t✐♦♥ ❢♦r ❛❣✐♥❣

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

❜② t❤❡ ▼✐❝r♦ ❙tr✐♣ ●❛s ❈❤❛♠❜❡r ✭▼❙●❈✮ ❬✷❪ ♦✈❡r❝♦♠❡ s❡✈❡r❛❧ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡

♣r❡✈✐♦✉s t❡❝❤♥♦❧♦❣② ❜✉t ✐t r❡s✉❧t❡❞ t♦♦ ❢r❛❣✐❧❡ ✐♥ ❝❛s❡ ♦❢ s♣❛r❦s✳ ❚❤❡ ♥❡✇ ▼P●❉

❢♦❝✉s❡❞ t❤❡✐r ❞❡s✐❣♥ t♦ ✐♥❝r❡❛s❡ t❤❡ ❣❛✐♥ ✉♣ t♦ t❤❡ ❘❛❡t❤❡r ❧✐♠✐t ❬✸❪ ♦❢ ✶✵7✲✶✵8

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

❛♥❞ ❞✐s❝❤❛r❣❡s✳

■♥ t❤✐s ❈❤❛♣✳ ❛ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r ✇♦r❦✐♥❣ s❡tt✐♥❣✱ t❤❡ ♠❡✲

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

❛♣♣❧✐❝❛t✐♦♥ ♣r♦✜ts ♦❢ t❤❡ ❣♦❛❧s ❛❝❤✐❡✈❡❞ st❡♣ ❜② st❡♣ ❜② t❤✐s t❡❝❤♥♦❧♦❣②✳ ❆ ❞❡s❝r✐♣✲

t✐♦♥ ♦❢ t❤❡ ❛❞✈❛♥t❛❣❡s ❛♥❞ ✇❡❛❦♥❡ss ✇✐❧❧ ❜❡ s❤♦✇♥✳

✸✳✶ ●❛s❡♦✉s ❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐❡r

❚❤❡ ●❛s❡♦✉s ❊❧❡❝tr♦♥ ▼✉❧t✐♣❧✐❡rs ✭●❊▼✮ ✐s ❛♥ ❡❧❡❝tr♦♥ ❛♠♣❧✐✜❝❛t✐♦♥ t❡❝❤♥✐q✉❡

✐♥✈❡♥t❡❞ ❜② ❋✳❙❛✉❧✐ ✐♥ ✶✾✾✻ ❬✹❪✳ ■t ❝♦♥s✐st ♦❢ ❛ ❦❛♣t♦♥ ❢♦✐❧ ✇✐t❤ ❝♦♣♣❡r ❝♦❛t❡❞ ♦♥ t❤❡

t✇♦ ❢❛❝❡s ❛♥❞ ❛ ❤✐❣❤ ❞❡♥s✐t② ❤♦❧❡s✳ ❚❤❡ ❢♦✐❧ ✐s ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t✇♦ ❡❧❡❝tr♦❞❡s ❞❡✜♥✐♥❣

t✇♦ r❡❣✐♦♥s✿ t❤❡ ❞r✐❢t ❣❛♣ ✇❤❡r❡ t❤❡ ♣r✐♠❛r② ❡❧❡❝tr♦♥s ❛r❡ ❣❡♥❡r❛t❡❞ ❝♦❧❧❡❝t❡❞ t♦

t❤❡ ●❊▼ ❢♦✐❧❀ t❤❡ ✐♥❞✉❝t✐♦♥ ❣❛♣ ✇❤❡r❡ t❤❡ ❡❧❡❝tr♦♥ ❛✈❛❧❛♥❝❤❡ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡

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

✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❝♦♣♣❡r❡❞ ❡❧❡❝tr♦❞❡s ♦♥ t❤❡ t✇♦ s✐❞❡s ♦❢ t❤❡ ●❊▼✿

t❤✐s ❝r❡❛t❡s ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✉♣ t♦ 100 kV/cm ✐♥s✐❞❡ ❡❛❝❤ ❤♦❧❡s t❤❛t ❛❝❝❡❧❡r❛t❡s t❤❡

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

❞✐♠❡♥s✐♦♥✳ ❚❤❡ ●❊▼ t❤✐❝❦♥❡ss ✐s ❧❡ss t❤❛♥ 100µm ❛♥❞ t❤✐s ❧❡ts ❤✐❣❤ ❣❛✐♥ r❡❣✐♠❡

✇✐t❤♦✉t ❡①❝❡❡❞s t❤❡ ❝r✐t✐❝❛❧ ❘❛❡t❤❡r ❧✐♠✐t ❜❡t✇❡❡♥ t❤❡ t✇♦ ●❊▼ ❢♦✐❧ ❢❛❝❡s✳

✸✳✷ ❉❡s✐❣♥ ❛♥❞ ❝♦♥str✉❝t✐♦♥

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

❇❛❝❤❛♠❛♥♥ ❛♥❞ ❝♦❧❧❛❜♦r❛t♦rs ❬✺❪ ✐♥ ✶✾✾✾ t♦ ♦♣t✐♠✐③❡ t❤❡ ●❊▼ ❞❡s✐❣♥✳ ❚❤❡ t②♣✐❝❛❧

●❊▼ ❢♦✐❧ ✐s ❝♦♠♣♦s❡❞ ❜② 50µm ❦❛♣t♦♥ ❛♥❞ 5µm ❝♦♣♣❡r ♦♥ ❜♦t❤ s✐❞❡s✳ ❚❤❡ ❤♦❧❡s

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

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

s✐❞❡s✿ t❤✐s t❡❝❤♥✐q✉❡ ✐s ♥❛♠❡❞ double − mask ♣r♦❝❡ss✳ ■♥ ✷✵✵✾ ❛ ♥❡✇ ♣r♦❝❡ss✱

single − mask ❬✻❪✱ ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ t♦ ♦✈❡r❝♦♠❡ t❤❡ ❛❧✐❣♥♠❡♥t ♥❡❡❞❡❞ ❜② t❤❡





✸✻ ❚❤❡ ●❊▼ t❡❝❤♥♦❧♦❣②

❋✐❣✉r❡ ✸✳✷✿ ❊❧❡❝tr✐❝ ✜❡❧❞ ❧✐♥❡s ❛r♦✉♥❞ t❤❡ ●❊▼ ❤♦❧❡ ❬✺❪✳

t❤❡ ❡①♣♦♥❡♥t✐❛❧ ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡ ❣❛✐♥ ❢r♦♠ t❤❡ ∆VGEM✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝✐❡s ♦♥ t❤❡

ED ❛♥❞ EI ❤❛✈❡ ❜❡❡♥ st✉❞✐❡❞ ♠❡❛s✉r✐♥❣ t❤❡ ❝✉rr❡♥ts ♦♥ t❤❡ ❡❧❡❝tr♦❞❡s ✈❛r②✐♥❣ t❤♦s❡

✜❡❧❞s✳ ❆s t❤❡ ✐♥❞✉❝t✐♦♥ ✜❡❧❞ EI ✐♥❝r❡❛s❡s t❤❡♥ t❤❡ t♦t❛❧ ❣❛✐♥ ✐♥❝r❡❛s❡s✿ ❛ ❧❛r❣❡r

♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❤♦❧❡s ❛♥❞ t❤❡ ❝✉rr❡♥t ♦♥ t❤❡ ❜♦tt♦♠

❢❛❝❡ ♦❢ t❤❡ ●❊▼ ❞❡❝r❡❛s❡s✳ ❙❡❡ ❋✐❣✳ ✸✳✸✳ ❚❤❡ ❝✉rr❡♥t ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞r✐❢t

✜❡❧❞ ED ❤❛s ❛ ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦r ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✹✳ ❚❤❡ t♦t❛❧ ❣❛✐♥ ✐s ♠❛①✐♠✉♠

✐❢ ED ≈ 1.5 kV/cm✳ ■❢ ∆VGEM ✐s ✐♥❝r❡❛s❡❞ t❤❡♥ ❛ ❤✐❣❤❡r ED ✐s ♥❡❡❞❡❞ t♦ ♠❛①✐♠✐③❡

t❤❡ t♦t❛❧ ❣❛✐♥✳

✸✳✹ ▼✉❧t✐st❛❣❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥

❙❡✈❡r❛❧ ●❊▼ ❛♠♣❧✐✜❝❛t✐♦♥ ❢♦✐❧s ❝❛♥ ❜❡ ✉s❡❞ t♦ r❡❛❝❤ ❤✐❣❤❡r ✈❛❧✉❡s ♦❢ ❣❛✐♥ s✉❝❤ ❛s

❜✐✲●❊▼ ♦r ❡✈❡♥ q✉❛❞r✉♣❧❡✲●❊▼ str✉❝t✉r❡s r❡❞✉❝✐♥❣ t❤❡ ❞✐s❝❤❛r❣❡ ♣r♦❜❛❜✐❧✐t②✳ ❆♥

❡①❛♠♣❧❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✺✳ ❈♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ t✇♦ ❢♦✐❧s ♦❢ ●❊▼ ❤❛s ❡①t❡♥s✐✈❡❧②

st✉❞✐❡❞ ✐♥ t❡st ❜❡❛♠ ❜② ❬✺✱ ✼❪✱ tr✐♣❧❡✲●❊▼ ❜② ❬✽✱ ✾❪ ❛♥❞ q✉❛❞r✉♣❧❡✲●❊▼ ❜② ❬✶✵✱ ✶✶❪✳

❚❤♦s❡ ❝♦♥✜❣✉r❛t✐♦♥ ♥❡❡❞s ❛♥♦t❤❡r ✜❡❧❞✱ ♥❛♠❡❞ tr❛♥s❢❡r ✜❡❧❞ ET ✱ t❤❛t ❤❛s t♦ ❡①tr❛❝t

t❤❡ ❡❧❡❝tr♦♥ ❢r♦♠ t❤❡ ●❊▼ ❛❜♦✈❡ ❛♥❞ tr❛♥s♣♦rt t❤❡♠ t♦ t❤❡ ♥❡①t ●❊▼✳ ❖♣t✐♠✐③❛✲

t✐♦♥ ♦❢ ET ✐s ♥❡❡❞❡❞ t♦ ✐♠♣r♦✈❡ t❤❡ ❣❛✐♥ ♦❢ t❤❡ ♠✉❧t✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs✳ ❚❤❡ ♠♦st

s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥t ♦❢ ♠✉❧t✐♣❧❡ ❛♠♣❧✐✜❝❛t✐♦♥ st❛❣❡s ✐s t♦ r❡❞✉❝❡ ∆VGEM t❤❡♥

t❤❡ ❞✐s❝❤❛r❣❡ ♣r♦❜❛❜✐❧✐t② ✇❤✐❧❡ t❤❡ ❣❛✐♥ ✐s ❡✈❡♥ ❤✐❣❤❡r✳ ❚❤✐s ❣r❛♥ts ❤✐❣❤❡r ❡❧❡❝tr✐❝❛❧



✸✳✹ ▼✉❧t✐st❛❣❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ✸✼

❋✐❣✉r❡ ✸✳✸✿ ❈✉rr❡♥t s❤❛r✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦❞❡s ✐♥ s✐♥❣❧❡ ●❊▼ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
✐♥❞✉❝t✐♦♥ ✜❡❧❞✳ IS ✐s t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t❡❞ ♦♥ t❤❡ ❛♥♦❞❡✱ IB ♦♥ t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ●❊▼✱
ITOT ✐s ❣✐✈❡♥ ❜② t❤❡ s✉♠ ♦❢ t❤❡ ♣r❡✈✐♦✉s t✇♦ ❛♥❞ ✐s r❡❧❛t❡❞ t♦ t❤❡ ●❊▼ ❣❛✐♥ ❬✺❪✳

❋✐❣✉r❡ ✸✳✹✿ ❈✉rr❡♥t s❤❛r✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦❞❡s ✐♥ s✐♥❣❧❡ ●❊▼ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
✐♥❞✉❝t✐♦♥ ✜❡❧❞✳ ID ✐s t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t❡❞ ♦♥ t❤❡ ❝❛t❤♦❞❡✱ IT ♦♥ t❤❡ t♦♣ ♦❢ t❤❡ ●❊▼✱
ITOT ✐s ❣✐✈❡♥ ❜② t❤❡ s✉♠ ♦❢ t❤❡ ♣r❡✈✐♦✉s t✇♦ ❛♥❞ ✐s r❡❧❛t❡❞ t♦ t❤❡ ●❊▼ ❣❛✐♥ ❬✺❪✳



✸✽ ❚❤❡ ●❊▼ t❡❝❤♥♦❧♦❣②

❋✐❣✉r❡ ✸✳✺✿ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r ❬✽❪✳

st❛❜✐❧✐t② ❛♥❞ ❧♦♥❣ ❧✐✈✐♥❣ ❞❡t❡❝t♦r✳ ❋✐❣✉r❡ ✸✳✻ s❤♦✇s t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s✐♥❣❧❡✲✱

❞♦✉❜❧❡✲ ❛♥❞ tr✐♣❧❡✲●❊▼✳

✸✳✺ ■♥♥♦✈❛t✐♦♥s ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ tr✐♣❧❡✲●❊▼ ❞❡✲

t❡❝t♦rs

■♥ t❤❡ ♣❛st ✷✵ ②❡❛rs tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs ❤❛✈❡ ❜❡❡♥ ❡①t❡♥s✐✈❡❧② st✉❞✐❡❞ ❛♥❞ s❡✈❡r❛❧

❛♣♣❧✐❝❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞✳ ❚❤❡ ✉s✉❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ✐♥ r❡♣♦rt❡❞ ✐♥ ❋✐❣✳ ✸✳✺✳

❇❡st ♣❡r❢♦r♠❛♥❝❡ r❡♣♦rt ❛ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❡♥s ♦❢ µm ❛♥❞ t✐♠❡ r❡s♦❧✉t✐♦♥ ❜❡❧♦✇

10 ns❀ ✐t ❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ ❧♦✇ ❛♥❞ ❤✐❣❤ ♣r❡ss✉r❡ ❡♥✈✐r♦♥♠❡♥ts ❬✶✷❪❀ ❣❛✐♥ ✉♣ t♦ ✶✵5 ❛♥❞

❞✐s❝❤❛r❣❡ ♣r♦❜❛❜✐❧✐t② ❜❡❧♦✇ ✶✵−6 ❛t ❛ ❣❛✐♥ ❧♦✇❡r t❤❛♥ ✷✵✵✵✵ ❬✺❪✳ ■t ❝❛♥ ❜❡ s❤❛♣❡❞ t♦

t♦ ♥♦♥✲♣❧❛♥❛r ❣❡♦♠❡tr② s✉❝❤ ❛s ❝②❧✐♥❞r✐❝❛❧ ❬✶✸❪ ♦r s♣❤❡r✐❝❛❧ ❬✶✹❪ s❤❛♣❡s✳ ▼♦r❡♦✈❡r

t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ tr✐♣❧❡✲●❊▼ ✈❛r✐❡s ❢r♦♠ ❤✐❣❤ ♣r❡❝✐s✐♦♥ tr❛❝❦✐♥❣ ❞❡t❡❝t♦r✱ ❧❛r❣❡

❚P❈✱ s✐♥❣❧❡ ♣❤♦t♦♥ ♦r s✐♥❣❧❡ ❡❧❡❝tr♦♥ ❞❡t❡❝t✐♦♥ ❛♥❞ ❡✈❡♥ ♥❡✉tr♦♥ ❞❡t❡❝t✐♦♥ ❬✸❪✳





✹✵ ❚❤❡ ●❊▼ t❡❝❤♥♦❧♦❣②



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❆✳ ❍✳ ❲❛❧❡♥t❛✱ P❡r❢♦r♠❛♥❝❡ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❞❊✴❞① ❝♦✉♥t❡rs✱ P❤②s✳ ❙❝r✐♣t❛

✷✸✱ ✸✺✹ ✭✶✾✽✶✮

❬✷❪ ❆✳ ❖❡❞✱ P♦s✐t✐♦♥ s❡♥s✐t✐✈❡ ❞❡t❡❝t♣r ✇✐t❤ ♠✐❝r♦✲str✐♣ ❛♥♦❞❡ ❢♦r ❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐✲

❝❛t✐♦♥ ✇✐t❤ ❣❛s❡s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳✱ ❆✷✻✸✱ ✸✺✶ ✭✶✾✽✽✮

❬✸❪ ❋✳ ❙❛✉❧✐✱ ●❛s❡✉♦✉s ❘❛❞✐❛t✐♦♥ ❉❡t❡❝t♦rs✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss ✭✷✵✶✹✮

❬✹❪ ❋✳ ❙❛✉❧✐✱ ●❊▼✿ ❛ ♥❡✇ ❝♦♥❝❡♣t ❢♦r ❡❧❡❝tr♦♥ ❛♠♣❧✐✜❝❛t✐♦♥ ✐♥ ❣❛s ❞❡t❡❝t♦r✱ ◆✉❝❧✳

■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✸✽✻✱ ✺✸✶ ✭✶✾✾✼✮

❬✺❪ ❙✳ ❇❛❝❤❛♠❛♥♥ ❡t ❛❧✳✱ ❈❤❛r❣❡ ❛♠♣❧✐✜❝❛t✐♦♥ ❛♥❞ tr❛♥s❢❡r ♣r♦❝❡ss❡s ✐♥ t❤❡ ❣❛s

❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐❡r✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✹✸✽✱ ✸✼✻✲✹✵✽ ✭✶✾✾✾✮

❬✻❪ ❙✳ ❉✳ P✐♥t♦ ❡t ❛❧✳✱ Pr♦❣r❡ss ♦♥ ❧❛r❣❡ ❛r❡❛ ●❊▼s✱ ❏■◆❙❚ ✹ P✶✷✵✵✾ ✭✷✵✵✾✮

❬✼❪ ❆✳ ❇r❡ss❛♥ ❡t ❛❧✳✱ ❇❡❛♠ t❡sts ♦❢ t❤❡ ❣❛s ❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐❡r✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞

▼❡t❤✳ ❆ ✹✷✺✱ ✷✻✷✲✷✼✺ ✭✶✾✾✾✮

❬✽❪ ▼✳ ❩✐❡❣❧❡r ❡t ❛❧✳✱ ❆ tr✐♣❧❡ ●❊▼ ❞❡t❡❝t♦r ❢♦r ▲❍❈❜✱ ▲❍❈❜ ❚❘❆❈ ✾✾✲✵✷✹ ✭✶✾✾✾✮

❬✾❪ ▼✳ ❩✐❡❣❧❡r ❡t ❛❧✳✱ ❆ tr✐♣❧❡ ●❊▼ ❞❡t❡❝t♦r ✇✐t❤ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ r❡❛❞♦✉t✱ ◆✉❝❧✳

■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✹✼✶✱ ✷✻✵✲✷✻✸ ✭✷✵✵✵✮

❬✶✵❪ ❏✳ ❱❛′✈r❛ ❛♥❞ ❆✳ ❙❤❛r♠❛✱ ❙✐♥❣❧❡ ❡❧❡❝tr♦♥ ❞❡t❡❝t✐♦♥ ✐♥ q✉❛❞r✉♣❧❡✲●❊▼ ❞❡t❡❝t♦r

✇✐t❤ ♣❛❞ r❡❛❞♦✉t✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✹✼✽✱ ✷✸✺✲✷✹✹ ✭✷✵✵✷✮

❬✶✶❪ ❙✳ ❙✇❛✐♥ ❡t ❛❧✳✱ ❆ q✉❛❞✲●❊▼ ❞❡t❡❝t♦r ♣r♦t♦t②♣❡ ♦♣❡r❛t❡❞ ❛t ✈❡r② ❧♦✇ ❣❛s ❣❛✐♥✱

❏■◆❙❚ ✶✷✱ ❚✵✼✵✵✷ ✭✷✵✶✼✮

❬✶✷❪ ❋✳ ❙❛✉❧✐✱ ❚❤❡ ❣❛s ❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐❡r ✭●❊▼✮✿ ❖♣❡r❛t✐♥❣ ♣r✐♥❝✐♣❧❡s ❛♥❞ ❛♣♣❧✐✲

❝❛t✐♦♥s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✽✵✺ ✷✲✷✹ ✭✷✵✶✻✮



✹✷ ❇■❇▲■❖●❘❆P❍❨

❬✶✸❪ ●✳ ❇❡♥❝✐✈❡♥♥✐ ❛♥❞ ❉✳ ❉♦♠❡♥✐❝✐✱ ❆♥ ✉❧tr❛✲❧✐❣❤t ❝②❧✐♥❞r✐❝❛❧ ●❊▼ ❞❡t❡❝t♦r ❛s

✐♥♥❡r tr❛❝❦❡r ❛t ❑▲❖❊✲✷✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✺✽✶✱ ✷✷✶✲✷✷✹ ✭✷✵✵✼✮

❬✶✹❪ ❙✳ ❉✳ P✐♥t♦ ❡t ❛❧✳✱ ❙♣❤❡r✐❝❛❧ ❣❡♠s ❢♦r ♣❛r❛❧❧❛①✲❢r❡❡ ❞❡t❡❝t♦rs✱ ■❊❊❊ ◆❙❙ ❝♦♥✲

❢❡r❡♥❝❡ r❡❝♦r❞ ✭✷✵✵✾✮



❈❤❛♣t❡r ✹

❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥

♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❆ ❢✉❧❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧ ✐s ♥❡❡❞❡❞ t♦ ♦♣t✐♠✐③❡ t❤❡ ❣❡♦✲

♠❡tr✐❝❛❧ ❛♥❞ ❡❧❡❝tr✐❝❛❧ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ t❤❡ ❞❡t❡❝t♦r ✐♥ ♦r❞❡r t♦ ❢✉❧✜❧❧ t❤❡ ❇❊❙■■■

r❡q✉✐r❡♠❡♥ts ❞❡✜♥❡❞ ✐♥ ❙❡❝t✳ ✶✳✻✳ ❚❤❡ ❝❤❛❧❧❡♥❣❡ ✐s t♦ ❛❝❤✐❡✈❡ t❤✐s r❡q✉✐r❡♠❡♥t ✇✐t❤

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

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

■♥♥❡r ❉r✐❢t ❈❤❛♠❜❡r✳ ❚❤❡s❡ ❞❡t❛✐❧s ❤❛✈❡ ❜❡❡♥ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✳ ✷✳✷✳ ❚❤❡ ❞❡t❡❝t♦r

✉♥❞❡r st✉❞② ❤❛s ❛ ❜✐✲❞✐♠❡♥s✐♦♥❛❧ r❡❛❞♦✉t ✇✐t❤ X ❛①✐❛❧ ❛♥❞ V st❡r❡♦ str✐♣s✳ ❚❤❡

str✐♣ ♣✐t❝❤ ❝❤♦s❡♥ ✐s 650µm ✐♥ ♦r❞❡r t♦ ❧✐♠✐t t❤❡ ♥✉♠❜❡r ♦❢ ❝❤❛♥♥❡❧s ✐♥ t❤❡ ✜♥❛❧

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

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

t❤❡ s✐❣♥❛❧ ❢r♦♠ t❤❡ ❞❡t❡❝t♦r✳

❇❡t✇❡❡♥ ✷✵✶✹ ❛♥❞ ✷✵✶✽ ❞✐✛❡r❡♥t tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs ❤❛✈❡ ❜❡❡♥ st✉❞✐❡❞ ✇✐t❤

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

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

❆r✰✸✵✪❈❖2 ❛♥❞ ❆r✰✶✵✪✐❈4❍10 ❣❛s ♠✐①t✉r❡s ❤❛s ❜❡❡♥ ✉s❡❞✱ ❞r✐❢t ❣❛♣s ♦❢ 3 ❛♥❞

5mm t❤✐❝❦♥❡ss✱ ♣❧❛♥❛r ❛♥❞ ❝②❧✐♥❞r✐❝❛❧ s❤❛♣❡✳ ❚r❛♥s❢❡r ❛♥❞ ✐♥❞✉❝t✐♦♥ ❣❛♣s ❤❛✈❡

2mm t❤✐❝❦♥❡ss✳ ❚❤❡ t❡st❡❞ ♣❧❛♥❛r tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs ❤❛✈❡ ✶✵ × 10 cm2 ❛❝t✐✈❡

❛r❡❛ ❛♥❞ ❜✐✲❞✐♠❡♥s✐♦♥❛❧ r❡❛❞♦✉t ✇❤✐❧❡ t❤❡ ❝②❧✐♥❞r✐❝❛❧ tr✐♣❧❡✲●❊▼ ❝❤❛♠❜❡rs ❤❛✈❡

t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ✜rst t✇♦ ❧❛②❡rs ♦❢ t❤❡ ❈●❊▼✲■❚✳

❚❤❡ ❜✐✲❞✐♠❡♥s✐♦♥❛❧ r❡❛❞♦✉t ❞✐✛❡rs ❢r♦♠ ❝❤❛♠❜❡r t♦ ❝❤❛♠❜❡r✳ ❙♦♠❡ ❝❤❛♠❜❡rs

❤❛✈❡ XY r❡❛❞♦✉t ✇✐t❤ ♦rt❤♦❣♦♥❛❧ str✐♣s ❢♦r t❤❡ t✇♦ ✈✐❡✇s✱ ♦t❤❡rs ❤❛✈❡ XV r❡❛❞♦✉t

✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ✻✵◦ ❜❡t✇❡❡♥ t❤❡ str✐♣s ♦❢ ❞✐✛❡r❡♥t ✈✐❡✇s✱ ✇❤✐❧❡ t❤❡ ❈●❊▼ ❤❛✈❡

φV r❡❛❞♦✉t ✇✐t❤ ❝②❧✐♥❞r✐❝❛❧ s❤❛♣❡ ❛♥❞ ❛ st❡r❡♦ ❛♥❣❧❡ ♦❢ ✹✸✳✸◦ ❛♥❞ ✸✶✳✶◦✳



✹✹ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❆s st❛rt✐♥❣ ♣♦✐♥t t❤❡ ✉s❡❞ ❤✐❣❤ ✈♦❧t❛❣❡ s❡tt✐♥❣s ❛r❡ t❤❡ ♦♥❡s ✉s❡❞ ❜② ❑▲❖❊✲

✷ ❬✾❪ ✭ED = 1.5 kV/cm✱ ET1 = ET2 3 kV/cm ❛♥❞ EI = 5kV/cm✮ ❛♥❞ t❤❡♥ ❛♥

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

❡❧❡❝tr♦♥s ✐♥ t❤❡ tr✐♣❧❡✲●❊▼ ❣❡♦♠❡tr②✳ ❚❤❡ ❣❛✐♥ ❞❡♣❡♥❞❡♥❝② ♦♥ t❤❡∆VGEM ✐s s❤♦✇♥

✐♥ ❋✐❣✳ ✹✳✷✳

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

r❡s✉❧ts ✇✐❧❧ ❜❡ ♣r♦✈✐❞❡❞ ✐♥ t❤✐s ❈❤❛♣✳ ❖✤✐♥❡ s♦❢t✇❛r❡ ✐♥❝❧✉❞❡s r❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡

❞❛t❛✱ ✐ts ❛❧✐❣♥♠❡♥t ❛♥❞ t❤❡ ❛♥❛❧②s✐s✳ ❘❡s✉❧ts ♦❢ ✐♥t❡r❡st ✇✐❧❧ s❤♦✇ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥

t❤❛t ❢✉❧✜❧❧s t❤❡ ❇❊❙■■■ r❡q✉✐r❡♠❡♥ts✳

✹✳✶ ❊①♣❡r✐♠❡♥t❛❧ s❡t✉♣

✹✳✶✳✶ ❚❤❡ ❢❛❝✐❧✐t✐❡s

❚❤❡ ✈❛r✐♦✉s ❞❡t❡❝t♦rs ❤❛✈❡ ❜❡❡♥ ❝❤❛r❛❝t❡r✐③❡❞ ❛t t✇♦ t❡st ❜❡❛♠ ❢❛❝✐❧✐t✐❡s✿

✶✳ ❈❊❘◆ ✲ ❍✹ ❜❡❛♠ ❧✐♥❡ ✐♥ ◆♦rt❤✲❆r❡❛ ✐♥ Pr❡✈❡ss✐♥ ✇✐t❤ ♠✉♦♥ ❛♥❞ ♣✐♦♥ ❜❡❛♠s

✉♣ t♦ ✶✺✵ ●❡❱✴❝ ♠♦♠❡♥t✉♠❀

✷✳ ▼❆▼■ ✲ ▼❆✐♥③ ▼■❝r♦tr♦♥ ❢❛❝✐❧✐t② ✐♥ ▼❛✐♥③ ✇✐t❤ ❡❧❡❝tr♦♥ ❜❡❛♠ ✉♣ t♦ 855MeV/c

♠♦♠❡♥t✉♠✳

❚❤❡ ❈❊❘◆ ❢❛❝✐❧✐t② ❛❧❧♦✇s t♦ t❡st t❤❡ ❝❤❛♠❜❡rs ✐♥ ♠❛❣♥❡t✐❝ ✜❡❧❞ t❤❛♥❦s t♦ ●♦✲

❧✐❛t❤ ❬✶❪✱ t❤❡ ❧❛r❣❡st ❢❡rr♦♠❛❣♥❡t✐❝ ❞✐♣♦❧❡ ♠❛❣♥❡t ✐♥ t❤❡ ✇♦r❧❞ ♣r♦✈✐❞✐♥❣ ❛ ♠❛❣♥❡t✐❝

✜❡❧❞ ✉♣ t♦ ✶✳✺ ❚ ✐♥ ❜♦t❤ ♣♦❧❛r✐t✐❡s t❤❛t ❝❛♥ r❡❝r❡❛t❡ ❛♥ ❡♥✈✐r♦♥♠❡♥t s✐♠✐❧❛r t♦

❇❊❙■■■✳ ▲❡t✬s ❞❡✜♥❡ t❤❡ z ❛①✐s t❤❡ ♦♥❡ ❛❧♦♥❣ t❤❡ ❜❡❛♠ ❞✐r❡❝t✐♦♥✱ x ❛①✐s t❤❡ ♦♥❡

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

t❤❡ ●❊▼ ❞❡t❡❝t♦r ♣❧❛♥❡ ❛♥❞ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ B ✐s ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❡❧❡❝tr✐❝

✜❡❧❞ E ❞✐r❡❝t✐♦♥ ❛♥❞ ♣❛r❛❧❧❡❧ t♦ t❤❡ ●❊▼ ♣❧❛♥❡✳ ❋✐❣✉r❡ ✹✳✶ r❡♣r❡s❡♥ts t❤❡ s❡t✉♣✳

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

t❤❡ ✈❡rt✐❝❛❧ ❛①✐s ✐♥ ♦r❞❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ❝❤❛♠❜❡r ✇✐t❤ ✐♥❝❧✐♥❡❞ tr❛❝❦s✳ ❆ tr✐❣❣❡r

s②st❡♠ ❝♦♠♣♦s❡❞ ♦❢ t✇♦ s❝✐♥t✐❧❧❛t♦r ❜❛rs r❡❛❞♦✉t ❜② ♣❤♦t♦♠✉❧t✐♣❧✐❡r t✉❜❡s ❤❛s ❜❡❡♥

♣❧❛❝❡❞ ♦✉ts✐❞❡ t❤❡ ♠❛❣♥❡t✳

❆ s✐♠✐❧❛r s❡t✉♣ ❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ t❤❡ ▼❆▼■ ❢❛❝✐❧✐t②✱ ✇❤❡r❡ t❤❡ ♠❛❣♥❡t ✇❛s ♥♦t

♣r❡s❡♥t ❛♥❞ t❤❡ s❡t✉♣ ✇❛s ♠♦r❡ ❝♦♠♣❛❝t✳





✹✻ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

✹✳✶✳✷ ❘❡❛❞♦✉t ❡❧❡❝tr♦♥✐❝s

❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❚■●❊❘ ❝❤✐♣ ❤❛s ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t ❢r♦♠ ✷✵✶✹ t♦ ✷✵✶✽✱ t❤❡r❡❢♦r❡

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

❡❧❡❝tr♦♥✐❝s✱ t❤❡ ❆P❱✷✺ ❞❡✈❡❧♦♣❡❞ ❜② ❈▼❙ ❝♦❧❧❛❜♦r❛t✐♦♥✳ ❖♥❧② ✐♥ ✷✵✶✼✲✷✵✶✽ t❤❡

t❡st ❛♥❞ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❚■●❊❘ ❛♥❞ tr✐♣❧❡✲●❊▼ st❛rt❡❞✳

✹✳✶✳✷✳✶ ❆P❱✷✺

❙♦♠❡ ❞❡t❛✐❧s ❛❜♦✉t t❤❡ ❆P❱✷✺ ❬✷✱ ✹❪ ❛♥❞ ❚■●❊❘ ❬✺✱ ✻❪ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ r❡❢❡r❡♥❝❡s

❜✉t s♦♠❡ ❞❡t❛✐❧s ❤❛s t♦ ❜❡ ♣r♦✈✐❞❡❞ t♦ ✉♥❞❡rst❛♥❞ t❤❡ r❡❝♦♥str✉❝t✐♦♥ t❡❝❤♥✐q✉❡✳ ❚❤❡

❆P❱✷✺ ❝❤✐♣ ❤❛s ✶✷✽ ❝❤❛♥♥❡❧s ❝♦♥♥❡❝t❡❞ t♦ str✐♣s ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❝❛♣❛❝✐t❛♥❝❡ ♦❢

100 pF ❛♥❞ ✐t s❛♠♣❧❡s t❤❡ ❝❤❛r❣❡ ✉♣ t♦ 50− 60 fC ❡❛❝❤ 25 ns ❢♦r ✷✼ t✐♠❡s ❛❢t❡r t❤❡

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

❞✐❣✐t✐③❡❞ ✐♥ ✶✽✵✵ ❜✐♥s✳ ❆ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦r ♦❢ 30ADC ❝♦✉♥ts ♣❡r ❢❈ ✐s ✉s❡❞ ❬✼❪✳ ❚❤❡

❛❝q✉✐s✐t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❙❘❙ ❬✽❪ t❡❝❤♥♦❧♦❣② ❛♥❞ ♠♠❉❆◗ s♦❢t✇❛r❡ ❤❛s ❜❡❡♥

✉s❡❞ t♦ ❛❝q✉✐r❡ t❤❡ ❞❛t❛ ❢r♦♠ t❤❡ ❋r♦♥t✲❊♥❞ ❈❛r❞ ✭❋❊❈✮✳ ❚❤✐s ❛❧❧♦✇❡❞ t♦ r❡❝♦r❞

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

✹✳✶✳✷✳✷ ❚■●❊❘

❚❤❡ ❚■●❊❘ ❝❤✐♣ ❤❛s ✻✹ ❝❤❛♥♥❡❧s ❛♥❞ ✐t ✐s ♠♦✉♥t❡❞ ♦♥ ❛ ❋r♦♥t✲❊♥❞ ❇♦❛r❞ ✭❋❊❇✮✳

❊❛❝❤ ❋❊❇ ❤♦sts t✇♦ ❝❤✐♣s ✐♥ ♦r❞❡r t♦ ♠❡❛s✉r❡ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ✶✷✽ ❝❤❛♥♥❡❧s✳ ■t

❤❛s t✇♦ t❤r❡s❤♦❧❞ ❧❡✈❡❧s✿ t❤❡ ✜rst ♦♥❡ ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ t✐♠❡ ♦♥❝❡ t❤❡ s✐❣♥❛❧

♦✈❡rst❡♣ ✐t❀ t❤❡ s❡❝♦♥❞ t♦ ❞✐s❝r✐♠✐♥❛t❡ t❤❡ s✐❣♥❛❧ ❢r♦♠ t❤❡ ♥♦✐s❡✳ ❚❤❡ ❝❤✐♣ ❤❛s ❛♥

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

❛♥❞ ❤♦❧❞ ✭❙✴❍✮ ♠♦❞❡ ❛♥❞ t✐♠❡✲♦✈❡r✲t❤r❡s❤♦❧❞ ✭❚♦❚✮ ♠♦❞❡✳ ❚❤❡ ♦✉t♣✉t ✐s s❡♥t ♦✉t

❞✐❣✐t❛❧❧② ❛♥❞ ❞❡❝♦❞❡❞ ✐♥ ✶✵ ❜✐ts✳ ❖t❤❡r ❞❡t❛✐❧s ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ✐♥ ❙❡❝t✳ ✷✳✸✳

✹✳✷ ❚❤❡ ♦✤✐♥❡ s♦❢t✇❛r❡✿ ●❘❆❆▲

❚❤❡ t❡st ❜❡❛♠ ❞❛t❛ ❤❛✈❡ ❜❡❡♥ r❡❝♦♥str✉❝t❡❞ ❛♥❞ ❛♥❛❧②③❡❞ t❤r♦✉❣❤ ❛ s♦❢t✇❛r❡ ❞❡✲

✈❡❧♦♣❡❞ ❢♦r t❤✐s ♣✉r♣♦s❡✳ ❆ s❝❤❡♠❡ ♦❢ t❤❡ ♦✤✐♥❡ s♦❢t✇❛r❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✸✳ ❊❛❝❤

tr✐❣❣❡r s✐❣♥❛❧ ❞❡✜♥❡s ❛♥ ❡✈❡♥t✱ ❢♦r ❡❛❝❤ ❡✈❡♥t t❤❡ s✐❣♥❛❧ ♦♥ ❛ str✐♣ ✐s r❡❝♦r❞❡❞✳ ❚❤✐s

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

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

✵●❡♠ ❘❡❝♦♥str✉❝t✐♦♥ ❆♥❞ ❆♥❛❧②s✐s ▲✐❜r❛r✐❡s



✹✳✷ ❚❤❡ ♦✤✐♥❡ s♦❢t✇❛r❡✿ ●❘❆❆▲ ✹✼

❋✐❣✉r❡ ✹✳✷✿ ❆r✰✸✵✪❈❖2 ❛♥❞ ❆r✰✶✵✪✐❈4❍10 ❣❛s ♠✐①t✉r❡s ❣❛✐♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
∆VGEM ❛♣♣❧✐❡❞ ♦♥ ❡❛❝❤ ●❊▼ ✐♥ ❛ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r ❬✶✵❪✳

❍✐ts ✇✐t❤ ❝❤❛r❣❡ ❣r❡❛t❡r t❤❛♥ 1.5 fC ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ✐♥ t❤❡ ❛♥❛❧②s✐s✳ ❈♦♥t✐❣✉♦✉s

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

■❢ ❞❡❛❞ str✐♣s ❛r❡ ♣r❡s❡♥t t❤❡ ❝❧✉st❡r✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ t❛❦❡s t❤❡♠ ✐♥t♦ ❛❝❝♦✉♥t ❛♥❞

✐t ❝❧✉st❡r✐③❡s t❤❡ ❤✐ts ❡✈❡♥ ✐❢ t❤❡r❡ ✐s ❛♥ ❡♠♣t② str✐♣ ❜❡t✇❡❡♥ str✐♣s ✇✐t❤ s✐❣♥❛❧✳ ❚❤❡

❝❤❛r❣❡ ♦❢ t❤❡ ❝❧✉st❡r Qcluster ✐s ❞❡✜♥❡❞ ❜② t❤❡ s✉♠ ♦❢ t❤❡ ❝❤❛r❣❡s ♦❢ t❤❡ ❤✐ts ❛♥❞ t❤❡

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

✐♥ ❙❡❝t✳ ✹✳✷✳✸✳

✹✳✷✳✶ ❍✐t ❞✐❣✐t✐③❛t✐♦♥ ✇✐t❤ ❆P❱✷✺

❚❤❡ ❆P❱✷✺ ❝❤✐♣ ❛❝q✉✐r❡s t❤❡ s✐❣♥❛❧ s❤❛♣❡ s❛♠♣❧✐♥❣ ❡✈❡r② 25 ns✳ ❚❤❡ t♦t❛❧ ❝❤❛r❣❡

✐♥❞✉❝❡❞ ♦♥ t❤❡ str✐♣ ✐s t❤❡ ♠❛①✐♠✉♠ ❝❤❛r❣❡ ♠❡❛s✉r❡❞ ✐♥ t❤❡ ✷✼ t✐♠❡✲❜✐♥s✱ Qhit =

Qmax✱ ✇❤✐❧❡ t❤❡ t✐♠❡ ♥❡❡❞s t♦ ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ t✐♠❡ ♣r♦✜❧❡ ♦❢ t❤❡ ❝❤❛r❣❡

t❤r♦✉❣❤ ❛ ✜t ✇✐t❤ ❛ ❋❡r♠✐✲❉✐r❛❝ ✭❋❉✮ ❢✉♥❝t✐♦♥ ♦♥ t❤❡ r✐s✐♥❣ ❡❞❣❡ ♦❢ t❤❡ s✐❣♥❛❧✱ ❛s

❞❡s❝r✐❜❡❞ ✐♥ ❊q✳ ✹✳✶✳

Q(t) = Q0 +
Qmax

1 + exp

(

−t− tFD
σFD

) ✭✹✳✶✮

❋✐rst ❛ ♣r❡✲❛♥❛❧②s✐s ✐♥ ♥❡❡❞❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ♥♦✐s❡ ❧❡✈❡❧ Q0 ❛♥❞ t❤❡ t✐♠❡✲❜✐♥

✇❤❡r❡ t❤❡ s✐❣♥❛❧ ✐s r❡❝♦r❞❡❞✿ t❤✐s ✐s ♥❡❝❡ss❛r② t♦ ✐♥✐t✐❛❧✐③❡ t❤❡ ❋❉ ✜t t❤❛t ♦t❤❡r✇✐s❡





✹✳✷ ❚❤❡ ♦✤✐♥❡ s♦❢t✇❛r❡✿ ●❘❆❆▲ ✹✾

❋✐❣✉r❡ ✹✳✹✿ ❋❡r♠✐✲❉✐r❛❝ ✭❧❡❢t✮ ❛♥❞ ❧✐♥❡❛r ✭r✐❣❤t✮ ✜ts ♦❢ ❛ ❤✐t s✐❣♥❛❧✳

t✐✈❡❧②✳ ❊✈❡r② t✐♠❡ t❤❛t ❛ s✐❣♥❛❧ ♦✈❡rst❡♣s t❤❡ t❤r❡s❤♦❧❞ t❤❡ ❚■●❊❘ ♠❡❛s✉r❡s t❤❡

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

s✐❣♥❛❧ ❢♦r t❤❡ ❢r♦♥t✲❡♥❞ ❜♦❛r❞ t♦ ❝♦❧❧❡❝t ✐♥ ❛ ♣❛❝❦❡t t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ ❡❛❝❤ ❝❤❛♥✲

♥❡❧✱ ✐♥ tr✐❣❣❡r✲❧❡ss ♠♦❞❡ ❛ ❝♦♥t✐♥✉♦✉s str❡❛♠ ♦❢ ❞❛t❛ ✐s s❡♥t ♦✉t ❢r♦♠ t❤❡ ❚■●❊❘ t♦

t❤❡ ❢r♦♥t✲❡♥❞ ❜♦❛r❞ ❛♥❞ t❤❡♥ t♦ t❤❡ ❛❝q✉✐s✐t✐♦♥ ❝♦♠♣✉t❡r✳ ❆t t❤❡ t✐♠❡ ♦❢ t❤❡ t❡st

❜❡❛♠ t❤❡ tr✐❣❣❡r✲♠❛t❝❤ ♠♦❞❡ ✇❛s ♥♦t r❡❛❞② ②❡t t❤❡♥ t❤❡ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ ✇❛s ♣❡r✲

❢♦r♠❡❞ ✐♥ tr✐❣❣❡r✲❧❡ss ♠♦❞❡✳ ❚♦ r❡❝♦♥str✉❝t t❤❡ ❡✈❡♥t ✇❛s ♠❛♥❞❛t♦r② t♦ ✐♥❥❡❝t t❤❡

tr✐❣❣❡r ✐♥s✐❞❡ ❛ ❝❤❛♥♥❡❧ ♦❢ t❤❡ ❚■●❊❘✳ ❖✤✐♥❡ r❡❝♦♥str✉❝t✐♦♥ ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞

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

tr✐❣❣❡r t✐♠❡ s♣❛♥s 350 ns✳ ❋✐❣✉r❡ 4.5 s❤♦✇s t❤❡ ❤✐t t✐♠❡ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ r❡s♣❡❝t

t♦ t❤❡ tr✐❣❣❡r t✐♠❡✳

❚❤❡ ❆P❱✷✺ ❝❛♥ ♥♦t ❜❡ ✉s❡❞ ✐♥ ❇❊❙■■■ ❜❡❝❛✉s❡ ✐t ✐s ❛♥ ■❇▼ t❡❝❤♥♦❧♦❣② ❛♥❞

✐t ❝❛♥ ♥♦t ❜❡ ❡①♣♦rt❡❞ t♦ ❈❤✐♥❛ ❜✉t t❤❡ ❝✉st♦♠ ❞❡s✐❣♥ ♦❢ ❚■●❊❘ ❣r❛♥ts ❛❞❞✐✲

t✐♦♥❛❧ ❢❡❛t✉r❡s✿ ✐t r❡❞✉❝❡s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❞❡t❡❝t♦r ❛♥❞ t❤❡ ❆❙■❈ ❛♥❞

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

✹✳✷✳✸ ❍✐t ❝❧✉st❡r✐③❛t✐♦♥

❚❤❡ str✐♣ ♣♦s✐t✐♦♥ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❝♦♦r❞✐♥❛t❡ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ str✐♣✱ ♦rt❤♦❣♦♥❛❧

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

❛❧❣♦r✐t❤♠s ❤❛✈❡ ❜❡❡♥ ❞❡♣❧♦②❡❞✱ t❤❡ ❝❤❛r❣❡ ❝❡♥tr♦✐❞ ✭❈❈✮✱ ❛❧s♦ ❦♥♦✇♥ ❛s ❝❡♥t❡r ♦❢

❣r❛✈✐t②✱ t❤❛t ✉s❡s t❤❡ str✐♣ ❝❤❛r❣❡ ❛♥❞ ♣♦s✐t✐♦♥ ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ t❤❡ ♠✐❝r♦✲❚✐♠❡

Pr♦❥❡❝t✐♦♥ ❈❤❛♠❜❡r ✭µ❚P❈✮✱ t❤❛t ✉s❡s ❛❧s♦ t❤❡ t✐♠❡ ✐♥❢♦r♠❛t✐♦♥✳



✺✵ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❋✐❣✉r❡ ✹✳✺✿ ❍✐t t✐♠❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ ✇✐t❤ 5mm ❞r✐❢t ❣❛♣ ❛♥❞ ❛ ❜❡❛♠
✐♥❝✐❞❡♥t ❛♥❣❧❡ ♦❢ ✵◦ ✇✐t❤ ❚■●❊❘ ❡❧❡❝tr♦♥✐❝s✳

✹✳✷✳✸✳✶ ❚❤❡ ❝❤❛r❣❡ ❝❡♥tr♦✐❞

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

❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❊q✳ ✹✳✷✳

xCC =

∑Nhit

i Qhit,i xhit,i
∑Nhit

i Qhit,i

✭✹✳✷✮

✇❤❡r❡ Nhit ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❤✐ts ✐♥ t❤❡ ❝❧✉st❡r✱ r❡❢❡rr❡❞ ❛s ❝❧✉st❡r s✐③❡✱ xhit,i ❛♥❞

Qhit,i t❤❡ ❤✐t ♣♦s✐t✐♦♥ ❛♥❞ ❝❤❛r❣❡✳

✹✳✷✳✸✳✷ ❚❤❡ ♠✐❝r♦✲❚✐♠❡ Pr♦❥❡❝t✐♦♥ ❈❤❛♠❜❡r

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

❞r✐❢t ❝❤❛♠❜❡rs ❜✉t ✐♥ t❤❡ ❧❛st ❞❡❝❛❞❡ t❤❡ ❆❚▲❆❙ ❝♦❧❧❛❜♦r❛t✐♦♥ ✐♥tr♦❞✉❝❡❞ t❤❡ ✐❞❡❛

♦❢ ✉s✐♥❣ t❤❡ s❛♠❡ t❡❝❤♥✐q✉❡ ✐♥ ▼P●❉ t❡❝❤♥♦❧♦❣②✱ e.g. t❤❡ ▼✐❝r♦▼❡❣❛s ❞❡t❡❝t♦r✳

❚❤❡ ❢❡✇ ♠✐❧❧✐♠❡t❡rs ♦❢ ❞r✐❢t ❣❛♣ ❛r❡ ✉s❡❞ t♦ r❡❝♦♥str✉❝t t❤❡ ♣❛rt✐❝❧❡ ♣❛t❤✳ ❱❡r②

✐♠♣♦rt❛♥t ❝♦♥tr✐❜✉t✐♦♥s ✐♥ t❤✐s ✜❡❧❞ ❝♦♠❡ ❢r♦♠ ❬✶✶✱ ✶✷❪ t❤❛t ❞❡✜♥❡ t❤❡ st❛t❡ ♦❢ t❤❡

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

t❡❝❤♥✐q✉❡ ❢♦r tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs t❤❛t s❤❛r❡s s♦♠❡ ❢❡❛t✉r❡s ✇✐t❤ ▼✐❝r♦▼❡❣❛s✳

❚❤❡ µ❚P❈ ❛❧❣♦r✐t❤♠ r❡❝♦♥str✉❝ts t❤❡ ♣❛rt✐❝❧❡ ♣❛t❤ ✐♥s✐❞❡ t❤❡ ❞r✐❢t ❣❛♣ ♦❢ t❤❡

tr✐♣❧❡✲●❊▼✿ str✐♣s ❛r❡ ❛ss♦❝✐❛t❡❞ t♦ ♣♦✐♥ts ✐♥ ①✿③ ♣❧❛♥❡✱ ♥❛♠❡❞ µTPC point✱ ✇❤❡r❡

xhit ✐s t❤❡ str✐♣ ♣♦s✐t✐♦♥ ❛♥❞ zhit ✐s t❤❡ ♣r♦❞✉❝t ♦❢ t❤❡ ❤✐t t✐♠❡ thit t✐♠❡s t❤❡ ❡❧❡❝tr♦♥



✹✳✷ ❚❤❡ ♦✤✐♥❡ s♦❢t✇❛r❡✿ ●❘❆❆▲ ✺✶

❞r✐❢t ✈❡❧♦❝✐t②✳ ❚❤❡ ❞r✐❢t ✈❡❧♦❝✐t② vdrift ✐s ❝♦♠♣✉t❡❞ ❜② ❢r♦♠ ●❛r✜❡❧❞✰✰ ❬✶✸❪ s✐♠✉❧❛✲

t✐♦♥✷✳ ■t ✐s ❛ q✉❛♥t✐t② t❤❛t ❞❡♣❡♥❞s ♦♥ t❤❡ ❡❧❡❝tr♦✲♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥ t❤❡ ❞r✐❢t ❣❛♣ ❛♥❞

♦♥ t❤❡ ❣❛s ♠✐①t✉r❡✳ ■❢ t❤❡ ❝❧✉st❡r s✐③❡ ✐s ❛t ❧❡❛st t✇♦✱ ❛ ❧✐♥❡❛r ✜t ✐s ♣❡r❢♦r♠❡❞ ✇✐t❤

t❤❡ µ❚P❈ ♣♦✐♥ts ❛♥❞ t❤❡ ✈❛❧✉❡ ❛t t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❣❛♣ ✐s ❝❤♦s❡♥ ❛s t❤❡ ♣♦s✐t✐♦♥

♠❡❛s✉r❡❞ ❜② t❤❡ µ❚P❈ ❛❧❣♦r✐t❤♠✳

zhit = thit vdrift ❀ xµTPC =
gap/2− b

a
✭✹✳✸✮

✇❤❡r❡ gap ✐s t❤❡ ❞r✐❢t ❣❛♣ t❤✐❝❦♥❡ss✱ a ❛♥❞ ❜ t❤❡ ❧✐♥❡❛r ✜t ♣❛r❛♠❡t❡rs ❛s s❤♦✇♥

✐♥ ❋✐❣✳ ✹✳✻✳

❚♦ ✐♠♣r♦✈❡ t❤❡ µ❚P❈ r❡❝♦♥str✉❝t✐♦♥ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❛ss✐❣♥ t♦ t❤❡ µ❚P❈

♣♦✐♥ts ♣r♦♣❡r ✉♥❝❡rt❛✐♥t②✳ ❆❧♦♥❣ t❤❡ z ❞✐r❡❝t✐♦♥ t❤❡ ✜t ✉♥❝❡rt❛✐♥t② ♦♥ t❤❡ tFD ♠❡❛✲

s✉r❡♠❡♥t ❤❛s ❜❡❡♥ ❝♦♥s✐❞❡r❡❞✳ ■♥ t❤❡ x ❞✐r❡❝t✐♦♥ t❤❡ ♣✐t❝❤ ♦✈❡r
√
12 ✐s ❝♦♥s✐❞❡r❡❞

❛s ✉♥❝❡rt❛✐♥t② ❜❡❝❛✉s❡ t❤❡ ♣r✐♠❛r② ✐♦♥✐③❛t✐♦♥ t❤❛t ❣❡♥❡r❛t❡s t❤❡ ♠❛✐♥ s✐❣♥❛❧ ❝♦✉❧❞

st❛rt ✐♥ ❛♥② ♣♦s✐t✐♦♥ ✇✐t❤✐♥ t❤❡ str✐♣ ♣✐t❝❤✳ ❙t✉❞✐❡s ❢r♦♠ ❆❚▲❆❙ ❬✶✶❪ s❤♦✇ t❤❛t t❤❡

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

✐♥ ❆♣♣✳ ❇✳ ▼♦r❡♦✈❡r✱ str✐♣s ✇✐t❤ ❧♦✇❡r Qhit ❤❛✈❡ ❛ ❤✐❣❤❡r ♣r♦❜❛❜✐❧✐t② t♦ ❤❛✈❡ ❛

❝r♦ss✲t❛❧❦ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ♥❡✐❣❤❜♦r✐♥❣ str✐♣s ✇✐t❤ ❤✐❣❤❡r ❝❤❛r❣❡✳ ❆s ✐t ✇✐❧❧

❜❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✹✳✸✳✸ ❛♥❞ ❞✐s❝✉ss❡❞ ✐♥ ❆♣♣✳ ❇✱ t❤❡ s✐❣♥❛❧ ❣❡♥❡r❛t❡❞ ❢r♦♠ ❛

♣r✐♠❛r② ❡❧❡❝tr♦♥ ✐s ♠❛✐♥❧② ❝♦❧❧❡❝t❡❞ ♦♥ t❤❡ str✐♣ ❜❡❧♦✇ ✐ts ♣♦s✐t✐♦♥ ✭✐❢ ♥♦ ♠❛❣♥❡t✐❝

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

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

❛ss♦❝✐❛t❡❞ ♦♥ t❤❡ x ❝♦♦r❞✐♥❛t❡✳ ❉✉❡ t♦ t❤✐s ❜❡❤❛✈✐♦r ❛♥ ❝❤❛r❣❡✲❞❡♣❡♥❞❡♥t ❡rr♦r ✐s

✉s❡❞ ♦♥ xhit✳ ❊q✳ ✹✳✹ ❞❡s❝r✐❜❡s t❤❡ ❡rr♦rs ❛ss♦❝✐❛t❡❞ t♦ ❡❛❝❤ µ❚P❈ ♣♦✐♥t✳

dzhit = dtFD vdrift dxµTPC =

√

(

pitch√
12

)2

+

(

pitch√
12

Qcluster

NhitQhit

)2

✭✹✳✹✮

✹✳✷✳✹ ❚✐♠❡ r❡❢❡r❡♥❝❡ ❢♦r µ❚P❈ r❡❝♦♥str✉❝t✐♦♥

❆s ✐t ✇✐❧❧ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✹✳✷✳✸✱ t❤❡ µ❚P❈ ❛❧❣♦r✐t❤♠ r❡❝♦♥str✉❝ts t❤❡ ♣❛rt✐❝❧❡s

♣❛t❤ ✐♥ t❤❡ ❞r✐❢t ✈♦❧✉♠❡✳ ❚❤❡ ❧❛r❣❡r s✐❣♥❛❧ ✐♥ ❛ tr✐♣❧❡✲●❊▼ ❝♦♠❡s ❢r♦♠ t❤❡ ❡❧❡❝tr♦♥s

❛♠♣❧✐✜❡❞ t❤r❡❡ t✐♠❡s✱ ❜✐✲●❊▼ ❡✛❡❝ts ❛r❡ ❧❡ss t❤❛♥ ✷✪ ❬✶✹❪✳ ❚❤❡ ❤✐t t✐♠❡ ✐s t❤❡

✷▼❛❣❜♦❧t③ ♣r♦❣r❛♠ ✐s t❤❡ ♦♥❡ r❡❧❛t❡❞ t♦ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥ ✐♥ ❣❛s s❡♥s✐t✐✈❡
✐♥ ●❛r✜❡❧❞✰✰✳





✹✳✷ ❚❤❡ ♦✤✐♥❡ s♦❢t✇❛r❡✿ ●❘❆❆▲ ✺✸

❋✐❣✉r❡ ✹✳✼✿ ❍✐t t✐♠❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ ✇✐t❤ 5mm ❞r✐❢t ❣❛♣ ❛♥❞ ❛ ❜❡❛♠
✐♥❝✐❞❡♥t ❛♥❣❧❡ ♦❢ ✹✺◦ ✇✐t❤ ❆P❱✷✺ ❡❧❡❝tr♦♥✐❝s✳

∆xtracker ❛s s❤♦✇♥ ✐♥ ❊q✳ ✹✳✺✳

∆xtracker = xdetector − xexpected ✭✹✳✺✮

❚❤❡ r❡s✐❞✉❛❧ ❞✐str✐❜✉t✐♦♥ ❤❛s ❛ ●❛✉ss✐❛♥ s❤❛♣❡ ❛♥❞ ❛ ●❛✉ss✐❛♥ ✜t ✐s ✉s❡❞ t♦

❞❡s❝r✐❜❡ ✐t✳ ❚❤❡ σtracking ♦❢ t❤❡ ●❛✉ss✐❛♥ ✐s r❡❧❛t❡❞ t♦ t❤❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡

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

t❤❡ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤❡ tr❛❝❦✐♥❣ s②st❡♠✳ ∆xtracker ✐s ✉s❡❞ ✐♥ t❤❡ ❛❧✐❣♥♠❡♥t ♣r♦✲

❝❡❞✉r❡s✳ ❆♥♦t❤❡r t❡❝❤♥✐q✉❡ ❤❛s ❛❧s♦ ❜❡❡♥ ✉s❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ ❛♥❞ ❡①tr❛❝t t❤❡

❞❡t❡❝t♦r ♣❡r❢♦r♠❛♥❝❡✳

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

t♦ ♠❡❛s✉r❡ t❤❡✐r s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❛♥❞ ❡✣❝✐❡♥❝② ❛s s❤♦✇♥ ✐♥ ❊q✳ ✹✳✽✿

∆x1,2 = xdetector,1 − xdetector,2 ✭✹✳✻✮

❚❤✐s t❡❝❤♥✐q✉❡ ❛❧❧♦✇s t♦ r❡♠♦✈❡ ✐♥ ❛ ❡❛s✐❡r ✇❛② t❤❡ s②st❡♠❛t✐❝ ❡rr♦r ❞✉❡ t♦

tr❛❝❦✐♥❣ s②st❡♠ ♦♥ t❤❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ t❤♦✉❣❤t t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ t✇♦

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

♦❢ t❤❡ t✇♦ ❞❡t❡❝t♦rs ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞ ✇✐t❤ ❛ ●❛✉ss✐❛♥ ✜t ♦❢ t❤❡ ∆x1,2 ❞✐str✐❜✉t✐♦♥



✺✹ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❛♥❞ t❤❡ σGaussian ✐s ❞✐✈✐❞❡❞ ❜②
√
2 ❛s s❤♦✇♥ ✐♥ ❊q✳ ✹✳✼✿

σ2
residual = σ2

detector,1 + σ2
detector,2 ✐❢ σdetector,1 = σdetector,2 = σdetector

→ σdetector =
σresidual√

2

✭✹✳✼✮

✹✳✷✳✻ ❚❤❡ ❛❧✐❣♥♠❡♥t ♣r♦❝❡❞✉r❡s

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

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

❞❡t❡❝t♦rs ❛r❡ ✐♥st❛❧❧❡❞ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❜❡❛♠ ❧✐♥❡ ✭♦r r♦t❛t❡❞ ✇✐t❤ r❡s♣❡❝t t❤✐s

♣♦s✐t✐♦♥ ✐♥ ❝❡rt❛✐♥ r✉♥s✮ ✇✐t❤ ❛ ♣r❡❝✐s✐♦♥ ✇✐t❤✐♥ t❤❡ ♠✐❧❧✐♠❡t❡r✳ ❚❤✐s ❝❛♥ ❛✛❡❝t t❤❡

r❡s♦❧✉t✐♦♥ ♠❡❛s✉r❡♠❡♥ts✳ ❆ s✉❜✲s❛♠♣❧❡ ♦❢ t❤❡ ❡✈❡♥t ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✶✵✪ ♦❢

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

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

q✉❛♥t✐t✐❡s ✉♥❞❡r st✉❞② ❛r❡ t❤❡ s❤✐❢ts ❛❧♦♥❣ t❤❡ x ❛♥❞ y ❝♦♦r❞✐♥❛t❡✱ t✐❧ts ✐♥ t❤❡ xy

♣❧❛♥❡ ❛♥❞ r♦t❛t✐♦♥ ✐♥ t❤❡ xz ♣❧❛♥❡✳

❚❤❡ s❤✐❢t ❛❧✐❣♥♠❡♥ts ❛r❡ t❤❡ ❡❛s✐❡st t♦ ❜❡ ♣❡r❢♦r♠❡❞✿ ♦♥❝❡ t❤❡ r❡s✐❞✉❛❧ ❞✐str✐❜✉✲

t✐♦♥ ∆xtracker ✐s ❡✈❛❧✉❛t❡❞ ❛♥❞ t❤❡ ●❛✉ss✐❛♥ ✜t ✐s ♣❡r❢♦r♠❡❞ t❤❡♥ t❤❡ ❝❡♥tr❛❧ ✈❛❧✉❡ ♦❢

t❤❡ ●❛✉ss✐❛♥ ✐s ✉s❡❞ t♦ s❤✐❢t t❤❡ ❞❡t❡❝t♦r r❡❢❡r❡♥❝❡ ❢r❛♠❡ ❛♥❞ r❡♠♦✈❡ t❤❡ ❞✐✛❡r❡♥❝❡

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

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

s❡t✉♣ ❤❛s t♦ ❜❡ ♣❡r❢❡❝t❧② ♦rt❤♦❣♦♥❛❧ ❛♥❞ ❜❡✐♥❣ t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ tr❛❝❦✐♥❣ s②st❡♠

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

♣r❡❝✐s❡❧② t❤❡ tr❛❝❦ ✐♥❝✐❞❡♥t ❛♥❣❧❡✳ ❚❤❡ tr❛❝❦✐♥❣ s②st❡♠ ♥❡❡❞s ❛❧s♦ ❛♥ ❛❧✐❣♥♠❡♥t✿

❡❛❝❤ ❞❡t❡❝t♦r ✐s r❡❢❡rr❡❞ t♦ t❤❡ ✜rst tr❛❝❦❡r t❤❛t ❤❛s ❜❡❡♥ ✜①❡❞ ✐♥ ✭✵✱✵✱✵✮ r❡❢❡r❡♥❝❡

❢r❛♠❡✳

❚❤♦s❡ t❤r❡❡ ❛r❡ t❤❡ ♠❛❝r♦s❝♦♣✐❝ ❛❧✐❣♥♠❡♥t✳ ◆♦✇ ❛ ✜♥❡ ❛❧✐❣♥♠❡♥t✱ t❤❡ ♦♥❡s

r❡❧❛t❡❞ t♦ t❤❡ ❞❡t❡❝t♦r r♦t❛t✐♦♥s✱ ✐s ♥❡❡❞❡❞✳ ❚❤❡ ✜rst ♦♥❡ ✐s t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡

t✐❧t ✐♥ t❤❡ xy ♣❧❛♥❡✳ ❆ ❜✐✲❞✐♠❡♥s✐♦♥❛❧ ♣❧♦t ∆xtracker : ydetector ✐s ♣❡r❢♦r♠❡❞ t♦ ❞♦

t❤✐s ❛❧✐❣♥♠❡♥t ✇❤❡r❡ ydetector ✐s t❤❡ ♣♦s✐t✐♦♥ ♠❡❛s✉r❡♠❡♥t✸✳ ❆ ❧✐♥❡❛r ✜t ♦❢ t❤❡ ❜✐✲

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

t♦ r♦t❛t❡ t❤❡ ❞❡t❡❝t♦r ✐♥ t❤❡ xy ♣❧❛♥❡✳ ❙✐♠✐❧❛r❧②✱ ✐t ✐s ❡✈❛❧✉❛t❡❞ t❤❡ t✐❧t ♦❢ t❤❡

① ❝♦♦r❞✐♥❛t❡ ♦❢ t❤❡ t❡st❡❞ ❞❡t❡❝t♦r ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ① ❝♦♦r❞✐♥❛t❡ ♦❢ t❤❡ ✜rst

✸y ♠❡❛s✉r❡♠❡♥t ✐s ♣❡r❢♦r♠❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s t❤❡ x ♠❡❛s✉r❡♠❡♥t✳





✺✻ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

✹✳✸ ❆♥❛❧②s✐s r❡s✉❧ts

❆ ✇✐❞❡ r❛♥❣❡ ♦❢ ❝♦♥✜❣✉r❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ st✉❞✐❡❞ ❢♦r t❤✐s P❤❉✳ ❙❡✈❡r❛❧ ❤✉♥❞r❡❞s

♦❢ r✉♥s ❤❛✈❡ ❜❡❡♥ ❝♦❧❧❡❝t❡❞ ✐♥ ♦r❞❡r t♦ ♠❡❛s✉r❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ tr✐♣❧❡✲●❊▼s ✐♥

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

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

❇❊❙■■■ r❡q✉✐r❡♠❡♥ts ✇✐t❤ ❛ tr✐♣❧❡✲●❊▼ ♦♣❡r❛t❡❞ ✐♥ 1T ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❆ s❡❧❡❝t✐♦♥

♦❢ t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts ✇✐❧❧ ❜❡ s❤♦✇♥ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥s✿ t❤❡ ❞❡t❡❝t♦r ❡✣❝✐❡♥❝②

❛t ❞✐✛❡r❡♥t ❣❛✐♥❀ s✐❣♥❛❧ ✐♥❢♦r♠❛t✐♦♥ ✭e.g ❝❧✉st❡r ❝❤❛r❣❡ ❛♥❞ s✐③❡✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢

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

❝♦♥❞✐t✐♦♥s ✭e.g. ❣❛✐♥✱ ❜❡❛♠ ✐♥❝✐❞❡♥t ❛♥❣❧❡ ❛♥❞ ♠❛❣♥❡t✐❝ ✜❡❧❞✮✳

✹✳✸✳✶ ❉❡t❡❝t♦r ❡✣❝✐❡♥❝② ❛♥❞ s✐❣♥❛❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥

■t ✐s ✐♠♣♦rt❛♥t t❤❛t ❛ ❞❡t❡❝t♦r ✉s❡❞ ✐♥ ❤✐❣❤ ❡♥❡r❣② ♣❤②s✐❝s ❤❛s ❛♥ ❡✣❝✐❡♥❝② ❤✐❣❤❡r

❛s ♣♦ss✐❜❧❡ t♦ ❞❡t❡❝t ❛❧♠♦st ❡✈❡r② ♣❛rt✐❝❧❡✳ ■♥ ❆r❣♦♥ ❣❛s t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s

♣❡r ♠✐❧❧✐♠❡t❡r ✐s ❛❜♦✉t ✽✱ ✐❢ ❈❖2 ♦r ✐❈4❍10 ❛r❡ ♠✐①❡❞ ✐♥ t❤❡ ❆r❣♦♥ t❤✐s q✉❛♥t✐t✐❡s

✐♥❝r❡❛s❡s✳ ❚❤❡ ♣r♦❜❛❜✐❧✐t② t♦ ❤❛✈❡ ❛t ❧❡❛st ♦♥❡ ✐♦♥✐③✐♥❣ ✐♥t❡r❛❝t✐♦♥ ✐s ❛❧♠♦st ✶✵✵✪

❢r♦♠ ❊q✳ ❆✳✸✳ ❖♥❝❡ t❤❡ ✐♦♥✐③❛t✐♦♥ ♦❝❝✉rs t❤❡ s✐❣♥❛❧ ❤❛s t♦ ❜❡ ❛♠♣❧✐✜❡❞ ❞❡♣❡♥❞✐♥❣

❜② ♠❛♥② ❢❛❝t♦rs✳ ❚❤♦s❡ ❞❡t❛✐❧ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✳ ✺✳

❚♦ ❡✈❛❧✉❛t❡ t❤❡ ❡✣❝✐❡♥❝② t❤❡ ∆x1,2 ❞✐str✐❜✉t✐♦♥ ✐s ✜tt❡❞ ✇✐t❤ ❛ ●❛✉ss✐❛♥✿ t❤❡

♥✉♠❜❡r ♦❢ ❡✈❡♥ts ✇✐t❤✐♥ ✺σGaussian ❢r♦♠ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ✐s t❤❡ ♥✉♠❜❡r ♦❢ t✐♠❡s ✇✐t❤

❛ s✉❝❝❡ss❢✉❧ r❡❝♦♥str✉❝t✐♦♥ ✐♥ t❤❡ t✇♦ t❡st ❞❡t❡❝t♦rs✳ ❚❤✐s ♥✉♠❜❡r ✐s r❡❧❛t❡❞ t♦ t❤❡

♥✉♠❜❡r ♦❢ ❡✈❡♥t ✇❤❡r❡ t❤❡ tr❛❝❦✐♥❣ s②st❡♠ ❤❛s ❛ ❣♦♦❞ ❡✈❡♥t ❛♥❞ ❡❛❝❤ tr❛❝❦❡r ❤❛s

❛♥ ✐♥❝❧✉s✐✈❡ r❡s✐❞✉❛❧ ❞✐str✐❜✉t✐♦♥ ✇✐t❤✐♥ ✺σtracking✳ ■❢ t❤❡ t✇♦ ❞❡t❡❝t♦rs ❤❛✈❡ t❤❡

s❛♠❡ ❜❡❤❛✈✐♦r t❤❡♥ t❤❡ ❞❡t❡❝t♦r ❡✣❝✐❡♥❝② ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞ ❢r♦♠ ❊q✳ ✹✳✽✿

ε1&2 = ε1 ε2 =
Nε

Dε

✐❢ ε1 = ε2 = ε

ε =
Nε/Dε√

2

✭✹✳✽✮

✇❤❡r❡ ◆ε ❛♥❞ ❉ε ❛r❡✿

• Dε ❂ ◆◦ ♦❢ ❡✈❡♥ts ✇✐t❤ ❛ ❣♦♦❞ tr❛❝❦✐♥❣ s②st❡♠ ❛♥❞ t❤❡ tr❛❝❦❡r ❡✈❡♥ts ❛r❡

✇✐t❤✐♥ ✺σtracking ✐♥ t❤❡✐r ✐♥❝❧✉s✐✈❡ r❡s✐❞✉❛❧ ❞✐str✐❜✉t✐♦♥ ∆xtracker❀



✹✳✸ ❆♥❛❧②s✐s r❡s✉❧ts ✺✼

• Nε ❂ ◆◦ ♦❢ ❡✈❡♥t ✇✐t❤ ❛ ❣♦♦❞ tr❛❝❦✐♥❣ s②st❡♠ ❛♥❞ ∆x1,2 ✇✐t❤✐♥ ✺σGaussian

✇❤❡r❡ ∆x1,2 ✐s ♠❡❛s✉r❡❞ ✇✐t❤ ❜♦t❤ t❡st ❞❡t❡❝t♦rs ✇♦r❦✐♥❣ ♣r♦♣❡r❧②✳

❋✐❣✉r❡ ✹✳✾ s❤♦✇s t❤❡ ❡✣❝✐❡♥❝② ❛♥❞ t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❈❈ ❛❧❣♦r✐t❤♠ ❛s ❛

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

❤✐❣❤❡st ❡✣❝✐❡♥❝② ✐s r❡❛❝❤❡❞ ❛❧♠♦st ✐♠♠❡❞✐❛t❡❧② ❛t ❛ ❣❛✐♥ ♦❢ ✷✵✵✵ ✇❤✐❧❡ t❤❡ ❈❈

s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❛❝❤✐❡✈❡s 50µm ❛t ❛ ❣❛✐♥ ♦❢ ✶✵✵✵✵✳ ◆♦ µ❚P❈ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥

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

tr❛❝❦s ❛♥❞ ♥♦ ♠❛❣♥❡t✐❝ ✜❡❧❞✳

❋✐❣✉r❡ ✹✳✶✵ s❤♦✇s t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝❧✉st❡r s✐③❡ ❛♥❞ ❝❤❛r❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡

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

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

❛❜♦✉t ✺✺✳✶ ✐♥ ❆r✰✶✵✪✐❈4❍10 ❛♥❞ ✸✽✳✹ ✐♥ ❆r✰✸✵✪❈❖2✱ ❡✈❛❧✉❛t❡❞ ❢r♦♠ ❊q✳ ❆✳✺✳

❚❤❡ ❝❧✉st❡r s✐③❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ✜r❡❞ str✐♣✱ ✐s r❡❧❛t❡❞ t♦ t❤❡ ❞✐✛✉s✐♦♥ ♣r♦♣❡rt✐❡s ♦❢ t❤❡

❡❧❡❝tr♦♥s ✐♥ t❤❡ ❣❛s✳ ❚❤❡ ❤✐❣❤❡r t❤❡ tr❛♥s✈❡rs❡ ❞✐✛✉s✐♦♥ t❤❡ ❧❛r❣❡r t❤❡ ❝❧✉st❡r s✐③❡✳

❇♦t❤ ❣❛s ♠✐①t✉r❡s ✐♥❝r❡❛s❡ t❤❡ ❝❧✉st❡r s✐③❡ ✇✐t❤ t❤❡ ❣❛✐♥ ❜✉t t❤❡ ❆r✰✶✵✪✐❈4❍10 ✐s

❧❛r❣❡r ❜❡❝❛✉s❡ ✐ts tr❛♥s✈❡rs❡ ❞✐✛✉s✐♦♥ ✐♥ ❛r♦✉♥❞ 350µm ✐♥ ❛ ❝♠ ✇❤✐❧❡ ❆r✰✸✵✪❈❖2

250µm ❬✶✺❪✳

❋✐❣✉r❡ ✹✳✾✿ ❊✣❝✐❡♥❝② ❛♥❞ ❈❈ r❡s♦❧✉t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ ❞❡t❡❝t♦r ❣❛✐♥ ✐♥
❆r✰✸✵✪❈❖2 ❛♥❞ ❆r✰✶✵✪✐❈4❍10 ❣❛s ♠✐①t✉r❡s ✇✐t❤ 5mm ❞r✐❢t ❣❛♣✳ ❚❤❡ ✐♥❝✐❞❡♥t ♣❛rt✐❝❧❡
❛r❡ ♦rt❤♦❣♦♥❛❧ t♦ t❤❡ ❞❡t❡❝t♦r✳ ◆♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ♣r❡s❡♥t✳

❚❤❡ r❡s✉❧ts ✐♥ ❋✐❣✳ ✹✳✶✵ ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ✇✐t❤ ♦rt❤♦❣♦♥❛❧ tr❛❝❦s ❛♥❞ ♥♦

♠❛❣♥❡t✐❝ ✜❡❧❞✿ ✐❢ t❤❡ ♣r✐♠❛r② ❡❧❡❝tr♦♥s ❛r❡ ❣❡♥❡r❛t❡❞ ♦♥ t❤❡ s❛♠❡ ❧✐♥❡ ✇❤❡♥ t❤❡②



✺✽ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❋✐❣✉r❡ ✹✳✶✵✿ ❈❧✉st❡r s✐③❡ ❛♥❞ ❝❤❛r❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ ❞❡t❡❝t♦r ❣❛✐♥ ✐♥
❆r✰✸✵✪❈❖2 ❛♥❞ ❆r✰✶✵✪✐❈4❍10 ❣❛s ♠✐①t✉r❡s ✇✐t❤ 5mm ❞r✐❢t ❣❛♣✳ ❚❤❡ ✐♥❝✐❞❡♥t ♣❛rt✐❝❧❡
✐s ♦rt❤♦❣♦♥❛❧ t♦ t❤❡ ❞❡t❡❝t♦r✳ ◆♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ♣r❡s❡♥t✳

❞r✐❢t t♦ t❤❡ ✜rst ●❊▼ t❤❡② r❡❛❝❤ ✐t ✐♥ t❤❡ s❛♠❡ ♣♦✐♥t✱ ✇✐t❤✐♥ ❞✐✛✉s✐♦♥ ❡✛❡❝ts✳ ■❢ t❤❡

❞❡t❡❝t♦r ✐s s❡t ❛t ❤✐❣❤ ✈♦❧t❛❣❡ ✈❛❧✉❡ ❛r♦✉♥❞ ✶✵✵✵✵ t❤❡♥ t❤❡ ❡❧❡❝tr♦♥s st❛rt✐♥❣ t❤❡

❛✈❛❧❛♥❝❤❡ ✐♥ t❤❡ s❛♠❡ ♣♦✐♥t ♦❢ t❤❡ ✜rst ●❊▼ ❣❡♥❡r❛t❡ t❤❡✐r s✐❣♥❛❧ ♦♥ t❤r❡❡ str✐♣s✳

❚❤✐s ❜❡❤❛✈✐♦r ❤❛s t♦ ❜❡ ✉♥❞❡r❧✐♥❡❞ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❢✉rt❤❡r r❡s✉❧ts✳

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

❞❡t❡❝t♦rs s✐♥❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣r✐♠❛r② ❡❧❡❝tr♦♥s ❛♥❞ t❤❡ ♣❛t❤ t♦ ❞✐✛✉s❡ ❛r❡ s♠❛❧❧❡r✳

✹✳✸✳✷ P❡r❢♦r♠❛♥❝❡ ♦❢ ❛ tr✐♣❧❡✲●❊▼ ✐♥ ♠❛❣♥❡t✐❝ ✜❡❧❞

❚❤❡ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r ❤❛s ❜❡❡♥ ♣r♦♣♦s❡❞ ❛s ✐♥♥❡r tr❛❝❦❡r ❢♦r t❤❡ ❇❊❙■■■ ❡①✲

♣❡r✐♠❡♥t ❛♥❞ ✐t ❤❛s t♦ ♦♣❡r❛t❡ ✐♥ ✶ ❚ ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❆ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ❛s ❛

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

t❤❡♥ t❤❡ ▲♦r❡♥t③ ❢♦r❝❡ ❛❝ts ♦♥ t❤❡ ❡❧❡❝tr♦♥s ❛♥❞ ✐t ❜❡♥❞s t❤❡✐r ♣❛t❤✳ ❚❤❡ r❡❝♦♥✲

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

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

❚❤❡ Lorentz angle ✭θLorentz✮ ✐s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥s

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

❜❡❧♦✇✳

■♥ t❤❡ ♦rt❤♦❣♦♥❛❧ tr❛❝❦ ❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ✐s

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



✹✳✸ ❆♥❛❧②s✐s r❡s✉❧ts ✺✾

✐♥❣ t❤❡ ✜rst ●❊▼ ✐s s♣r❡❛❞✳ ❙✐♠✐❧❛r❧② t❤❡ ❝❛s❡ ✇✐t❤♦✉t ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛♥❞ ♥♦♥

♦rt❤♦❣♦♥❛❧ tr❛❝❦s✱ t❤❡ ♣♦s✐t✐♦♥ ✇✐❞t❤ ✇❤❡r❡ t❤❡ ❡❧❡❝tr♦♥s ❛rr✐✈❡ ♦♥ t❤❡ ✜rst ●❊▼

✐s gap tan(θLorentz)✳ ❚❤✐s ❡✛❡❝t ❡①♣❧❛✐♥s t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❈❈ ❛♥❞ µ❚P❈ s❤♦✇♥

✐♥ ❋✐❣✳ ✹✳✶✶✳

❚❤❡ µ❚P❈ r❡❝♦♥str✉❝t✐♦♥ ✐♥ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✻✱ ♥❡❡❞s ❛

❝♦rr❡❝t✐♦♥ t❤❛t t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t t❤❡ s❤✐❢t ❞✉❡ t♦ t❤❡ ▲♦r❡♥t③ ❢♦r❝❡ ❛s s❤♦✇♥ ✐♥

❊q✳ ✹✳✾✿

xBfield

µTPC =
gap/2− b

a
±

√

(

gap

2 cos(θLorentz)

)2

−
(gap

2

)2

✭✹✳✾✮

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

❋✐❣✉r❡ ✹✳✶✶✿ ❚r✐♣❧❡✲●❊▼ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r t❤❡
t✇♦ ❛❧❣♦r✐t❤♠s✿ ❈❈ ✭❧❡❢t✮ ❛♥❞ µ❚P❈ ✭r✐❣❤t✮✳

✹✳✸✳✸ P❡r❢♦r♠❛♥❝❡ ♦❢ ❛ tr✐♣❧❡✲●❊▼ ✇✐t❤ s❧♦♣❡❞ tr❛❝❦s

❆t ❇❊❙■■■ ❧♦✇ ♠♦♠❡♥t❛ ♣❛rt✐❝❧❡s ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❞❡t❡❝t♦r ✇✐t❤ ❛♥ ❛♥❣❧❡ ❞✐✛❡r❡♥t

❢r♦♠ ③❡r♦✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ❣✉❛r❛♥t❡❡ ❛♥ ❡✣❝✐❡♥t r❡❝♦♥str✉❝t✐♦♥ ✐♥ t❤✐s ❝❛s❡✳ ❆

❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❛♥❣❧❡ ❤❛s

❜❡❡♥ ♣❡r❢♦r♠❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ s✐❣♥❛❧ s❤❛♣❡ ✭Qcluster ❛♥❞ Nhit ❛s s❤♦✇♥ ✐♥ ❋✐❣✳

✹✳✶✷✳

▲❡t✬s ❝♦♥s✐❞❡r t❤❡ ❛♥❣❧❡ θ ❜❡t✇❡❡♥ t❤❡ tr❛❝❦ ❛♥❞ t❤❡ ♥♦r♠❛❧ t♦ t❤❡ ❞❡t❡❝t♦r

s✉r❢❛❝❡✳ ❆s t❤✐s ❛♥❣❧❡ ✐♥❝r❡❛s❡s t❤❡♥ t❤❡ ♣❛t❤ ❧❡♥❣t❤ l ♦❢ t❤❡ ♣❛rt✐❝❧❡ ✐♥ t❤❡ ❞r✐❢t

❣❛♣ d ✐s ❞❡✜♥❡❞ ❜② l = d/ cos(θ)✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ♣r✐♠❛r② ❡❧❡❝tr♦♥ ❛♥❞ t❤❡ ❝❧✉st❡r

❝❤❛r❣❡ ❛r❡ ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♣❛t❤ l✳ ■❢ θ 6= 0 t❤❡♥ t❤❡ ♣r♦❥❡❝t✐♦♥ ♦♥ t❤❡ ✜rst



✻✵ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❋✐❣✉r❡ ✹✳✶✷✿ ❈❧✉st❡r s✐③❡ ❛♥❞ ❝❤❛r❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❛♥❣❧❡ ✐♥ ❆r✰✸✵✪❈❖2

❛♥❞ ❆r✰✶✵✪✐❈4❍10 ❣❛s ♠✐①t✉r❡s ✇✐t❤ 5mm ❞r✐❢t ❣❛♣✳ ◆♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ♣r❡s❡♥t✳

●❊▼ ♣❧❛♥❡ ♦❢ t❤❡ ♣❛t❤ ✐s ♥♦t ♣♦✐♥t✲❧✐❦❡ s✉❝❤ ❛s ✐♥ t❤❡ ❝❛s❡ θ ❂ ✵◦ ❜✉t ✐t ✐s ❡q✉❛❧

t♦ d tan(θ)✳ ❊❛❝❤ ❡❧❡❝tr♦♥ r❡❛❝❤✐♥❣ t❤❡ ✜rst ●❊▼ ❣❡♥❡r❛t❡s ❛♥ ❛✈❛❧❛♥❝❤❡ t❤❛t

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

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

❜♦① ♦❢ ❛ ✇✐❞t❤ d tan(θ) ❛♥❞ ❛ ●❛✉ss✐❛♥ ❢✉♥❝t✐♦♥ s✐♠✐❧❛r t♦ t❤❡ ❝❤❛r❣❡ ❞✐str✐❜✉t✐♦♥

✐♥ t❤❡ θ ❂ ✵◦ ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ s✐♥❣❧❡ ❡✈❡♥t ✐s ✈❡r② ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ❛✈❡r❛❣❡✿ t❤❡

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

❡❧❡❝tr♦♥s ❢r♦♠ ❡❛❝❤ ♣r✐♠❛r②✳ ❚❤✐s q✉❛♥t✐t② ❝❛♥ ✈❛r② ✉♣ t♦ t❤❡ ✺✵✪ ❜❡t✇❡❡♥ ❡❛❝❤

❛♠♣❧✐✜❝❛t✐♦♥✳ ❈❤❛r❣❡ ❞✐str✐❜✉t✐♦♥s ✇✐t❤ θ = 0◦ ❛♥❞ θ 6= 0◦ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✸✳

❚❤✐s ✐s t❤❡ r❡❛s♦♥ ✇❤② t❤❡ ❝❧✉st❡r s✐③❡ ✐♥❝r❡❛s❡s ✇✐t❤ θ ❛♥❞ t❤❡ ❝❤❛r❣❡ ❞✐str✐❜✉t✐♦♥

✐s ♥♦ ♠♦r❡ ●❛✉ss✐❛♥✳

❚❤❡ ❈❈ ❛❧❣♦r✐t❤♠ ✐s ♥♦ ♠♦r❡ ❡✣❝✐❡♥t ❛s s♦♦♥ ❛s t❤❡ ❝❤❛r❣❡ ❞✐str✐❜✉t✐♦♥ ✐s ♥♦t

●❛✉ss✐❛♥ ❜✉t µ❚P❈ ❞♦❡s ❜❡❝❛✉s❡ ❝❧✉st❡r s✐③❡ ❛♥❞ t❤❡ t✐♠❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♥✐❣❤

str✐♣s ❛r❡ ❧❛r❣❡r ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✹✳ ❙♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❛❧❣♦r✐t❤♠s ✐s s❤♦✇♥

✐♥ ❋✐❣✳ ✹✳✶✺✳

❚❤❡ µ❚P❈ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ s❤♦✇s ❛ ●❛✉ss✐❛♥✲❧✐❦❡ ❜❡❤❛✈✐♦r ✇✐t❤ ❜r♦❛❞ t❛✐❧s

❛♥❞ ✐ts s❤❛♣❡ ✐s ✜tt❡r ✇✐t❤ ❛ ❞♦✉❜❧❡✲●❛✉ss✐❛♥ ✜t ❛♥❞ t❤❡ r❡s♦❧✉t✐♦♥ ✐s ♠❡❛s✉r❡❞

✇✐t❤ ❛ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♦❢ t❤❡ t✇♦ ●❛✉ss✐❛♥ ❧✐❦❡ ✐♥ ❊q✳ ✶✳✸✳ ❚❤❡ ❡✈❡♥ts ✐♥ t❤❡

✇✐❞❡r ●❛✉ss✐❛♥ ❛r❡ r❡❧❛t❡❞ t♦ ♣❛t❤♦❧♦❣✐❝❛❧ µ❚P❈ ❡✈❡♥t ❛♥❞ t❤❡ ❝❧✉st❡r ♣r♦♣❡rt✐❡s

❛r❡ ♥♦t ♦♣t✐♠❛❧✱ e.g t❤❡ ❝❧✉st❡r s✐③❡ ✐s t♦♦ s♠❛❧❧ ♦r t♦♦ ❧❛r❣❡✳ ❚❤❡ ♣♦s✐t✐♦♥ ♠❡❛✲







✹✳✸ ❆♥❛❧②s✐s r❡s✉❧ts ✻✸

❋✐❣✉r❡ ✹✳✶✺✿ ❚❤❡ tr✐♣❧❡✲●❊▼ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❛♥❣❧❡ ❛♥❞ ♥♦
♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r t❤❡ t❤r❡❡ ❛❧❣♦r✐t❤♠s✿ ❈❈✱ µ❚P❈ ❛♥❞ t❤❡ ♠❡r❣✐♥❣ ♣r♦❝❡❞✉r❡ ❞❡s❝r✐❜❡❞
✐♥ ❙❡❝t✳ ✹✳✸✳✻✳

❛♥❣❧❡✱ t❤❡♥ t❤✐s ♠❡❛s✉r❡ ❝❛♥ ♥♦t ❜❡ ♣❡r❢♦r♠❡❞ ✐❢ θ ❂ ✵◦ ✇❤❡r❡ t❤❡ t✐♠❡ ❞✐str✐❜✉t✐♦♥

✐s sq✉❡❡③❡❞ t♦ t0✱ s❡❡ ❋✐❣✳ ✹✳✶✹✳ ❚❤❡ ❞r✐❢t ✈❡❧♦❝✐t② ❞❡♣❡♥❞s ♦♥ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞

❛♥❞ ✐t ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ✇✐t❤ ♣r♦❣r❛♠s s✉❝❤ ❛s ●❛r✜❡❧❞✰✰ ❬✶✸❪✳ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢

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

r❡s✉❧ts✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✻ ❛❣r❡❡ ✇✐t❤✐♥ ✶✵✪✳

❙✐♠✐❧❛r❧② t♦ t❤❡ ❞r✐❢t ✈❡❧♦❝✐t②✱ t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r ✐s ❛ ♠❡❛s✉r❡✲

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

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

❞❡t❡❝t♦r t✐♠❡ r❡s♦❧✉t✐♦♥✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ✐s ✜tt❡❞ ✇✐t❤ ●❛✉ss✐❛♥ ❢✉♥❝t✐♦♥ ❛♥❞ ❛ σt
♦❢ 15 ns ❤❛s ❜❡❡♥ ♠❡❛s✉r❡❞✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥✐❝s ✐s ❛❜♦✉t 7 ns t❤❡♥

t❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❞❡t❡❝t♦r ✇✐t❤ ❜♦t❤ ❣❛s ♠✐①t✉r❡s ✐s ❛❜♦✉t 12 ns✳

✹✳✸✳✺ ❈♦♥s✐❞❡r❛t✐♦♥ ♦♥ t❤❡ tr✐♣❧❡✲●❊▼ r❡❝♦♥str✉❝t✐♦♥

✹✳✸✳✻ ▼❡r❣✐♥❣ ❛❧❣♦r✐t❤♠

❚❤❡ ❈❈ ❛♥❞ µ❚P❈ ❛r❡ t✇♦ ❛❧❣♦r✐t❤♠s ❛♥t✐✲❝♦rr❡❧❛t❡❞✿ ✐❢ t❤❡ ✜rst ♣❡r❢♦r♠s ♣r♦♣❡r❧②

t❤❡♥ t❤❡ s❡❝♦♥❞ ✐s ♥♦t ❡✣❝✐❡♥t ❛♥❞ ✈✐❝❡✲✈❡rs❛✳ ❖♥❝❡ t❤❡ ❞❡t❡❝t♦r ✇✐❧❧ ❜❡ ✐♥st❛❧❧❡❞ ✐♥

❇❊❙■■■ ✐t ❤❛s t♦ ♣r♦✈✐❞❡ ❛ s✐♥❣❧❡ ♠❡❛s✉r❡♠❡♥t✳ ❆♥♦t❤❡r ❛❧❣♦r✐t❤♠ t♦ ✇❡✐❣❤t ♣r♦♣✲

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



✻✹ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❋✐❣✉r❡ ✹✳✶✻✿ ❙✐♠✉❧❛t❡❞ ❞r✐❢t ✈❡❧♦❝✐t② ❡✈❛❧✉❛t❡❞ ✇✐t❤ ●❛r✜❡❧❞✰✰ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❡❛✲
s✉r❡❞ ❞r✐❢t ✈❡❧♦❝✐t② ✇✐t❤ ❛ tr✐♣❧❡✲●❊▼ ✇✐t❤ 5mm ❞r✐❢t ❣❛♣ ❛♥❞ ❛♥ ✐♥❝✐❞❡♥t ❛♥❣❧❡ ♦❢ ✸✵◦

✐♥ ❆r✰✸✵✪❈❖2 ❛♥❞ ❆r✰✶✵✪✐❈4❍10 ❣❛s ♠✐①t✉r❡s✳ ◆♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ♣r❡s❡♥t✳

t❤❡ ✜rst ♦♥❡ ✉s❡s t❤❡ ❝❧✉st❡r s✐③❡ ✐♥❢♦r♠❛t✐♦♥ xmerge(nHit)✱ ❛♥❞ t❤❡ ♦t❤❡r ♦♥❡ ✉s❡s

t❤❡ tr❛❝❦ ✐♥❝✐❞❡♥t ❛♥❣❧❡ ✐♥❢♦r♠❛t✐♦♥ xmerge(θ)✳ ❇♦t❤ ♠❡t❤♦❞s ✉s❡ t❤❡ ❊q✳ ✹✳✶✶✿

xmerge = wcc (xcc −∆cc) + (1− wcc) xtpc ✭✹✳✶✶✮

✇❤❡r❡ wcc ✐s t❤❡ ❈❈ ✇❡✐❣❤t ❛♥❞ ∆cc ✐s t❤❡ s❤✐❢t ❞✉❡ t♦ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ ✐❢ ✐t ✐s

♣r❡s❡♥t✳ ❆ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❈❈ ❛♥❞ µ❚P❈ ✐s t❤❡ s❤✐❢t ∆cc✿ t❤❡ ❈❈ r❡❝♦♥str✉❝ts

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

s❤✐❢t ❤❛s t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳

❚❤❡ ❈❈ ✇❡✐❣❤t wcc ✉s❡❞ ✐♥ ❜♦t❤ ♠❡t❤♦❞s ❤❛s ❜❡❡♥ ❝❛❧✐❜r❛t❡❞ ❢r♦♠ ❛ ❞❛t❛✲s❡t

❛❝q✉✐r❡❞ ✐♥ ❛ t❡st ❜❡❛♠✱ t❤❡s❡ ❛r❡ ❞❛t❛✲❞r✐✈❡♥ ♣r♦❝❡❞✉r❡s✱ ❛♥❞ t❤❡ r❡s✉❧ts ❤❛✈❡ ❜❡❡♥

❛♣♣❧✐❡❞ t♦ ❞✐✛❡r❡♥t ❞❛t❛✲s❡t✳ ❚❤❡ ✇❡✐❣❤ts ❤❛✈❡ ❜❡❡♥ ❡✈❛❧✉❛t❡❞ ❢r♦♠ t❤❡ ♦♣t✐♠✐③❛t✐♦♥

♦❢ t❤❡ xmerge ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✇❡✐❣❤ts✳ R.g.✱ ❛t ✵◦ t❤❡ ❛❧❣♦r✐t❤♠ t♦ ✉s❡ ✐s t❤❡ ❈❈

✇❤✐❧❡ ❛t ✷✵◦ ♦♥❧② t❤❡ µ❚P❈✳ ❚❤❡ ❈❈ r❡s♦❧✉t✐♦♥ ❝r♦ss❡s t❤❡ µ❚P❈ ❜❡t✇❡❡♥ ✶✵◦ ❛♥❞

✷✵◦ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✺✳ ❇❡t✇❡❡♥ ✵◦ ❛♥❞ ✷✵◦ t❤❡ ♠❡❛♥ ❝❧✉st❡r s✐③❡ ✈❛r② ❢r♦♠ ✹

t♦ ✻✳ ❚❤❡ ❝❛❧✐❜r❛t❡❞ ✇❡✐❣❤ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✼✳ ❆ ❋❉ ❢✉♥❝t✐♦♥ ❤❛s ❜❡❡♥ ✉s❡❞

t♦ ❡✈❛❧✉❛t❡ wcc ✐♥ xmerge(nHit) ❛♥❞ ❛ ●❛✉ss✐❛♥ ❢✉♥❝t✐♦♥ t♦ ✜t wcc ✐♥ xmerge(θ)✳ ❚❤❡

❢✉♥❝t✐♦♥s ❛r❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ✇❡✐❣❤ts t♦ ✉s❡ ✐♥ ❡❛❝❤ s✐t✉❛t✐♦♥✳ ■♥ t❤❡ ❇❊❙■■■

❡①♣❡r✐♠❡♥t t❤❡ ✜rst ♠❡t❤♦❞ ✇✐❧❧ ❜❡ ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ♣♦s✐t✐♦♥ ✇✐t❤ ❛ s♣❛t✐❛❧

r❡s♦❧✉t✐♦♥ ❜❡t✇❡❡♥ 100 ❛♥❞ 200µm✳ ❖♥❝❡ t❤❡ ♣❛rt✐❝❧❡ tr❛❝❦ ✇✐❧❧ ❜❡ r❡❝♦♥str✉❝t❡❞



✹✳✹ P❡r❢♦r♠❛♥❝❡ ❛t ❤✐❣❤ r❛t❡ ✻✺

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

♣r❡❝✐s✐♦♥ ✇✐t❤ t❤❡ s❡❝♦♥❞ ♠❡t❤♦❞ ✇❤✐t ❛ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❛❧♠♦st ✢❛t ❜❡t✇❡❡♥ 100

❛♥❞ 130µm✳

❋✐❣✉r❡ ✹✳✶✼✿ ❈❈ ✇❡✐❣❤t✐♥❣ ❢✉♥❝t✐♦♥s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❝❧✉st❡r s✐③❡ ✭❧❡❢t✮ ❛♥❞ t❤❡
✐♥❝✐❞❡♥t ❛♥❣❧❡ ✭r✐❣❤t✮✳

❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ tr✐♣❧❡✲●❊▼ ✐♥ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r ❞✐✛❡r❡♥t ✐♥❝✐❞❡♥t ❛♥❣❧❡s

❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❋✐❣✳ ✹✳✶✽✳ ❚❤❡ ♣♦✐♥ts ❛r❡ s✐♠✐❧❛r t♦ ❋✐❣✳ ✹✳✶✺ ❜✉t t❤❡② ❛r❡

❝❡♥t❡r❡❞ ❛r♦✉♥❞ t❤❡ ▲♦r❡♥t③ ❛♥❣❧❡ ❛t ❛❜♦✉t ✷✼◦✳ ■❢ t❤❡ ✐♥❝✐❞❡♥t ❛♥❣❧❡ ❝♦✐♥❝✐❞❡s

✇✐t❤ t❤❡ ▲♦r❡♥t③ ❛♥❣❧❡ t❤❡♥ t❤❡ ❝❤❛r❣❡ ❞✐str✐❜✉t✐♦♥ ❛t t❤❡ ❛♥♦❞❡ ✐s ❝❧♦s❡ t♦ t❤❡ ♦♥❡

✇✐t❤♦✉t ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛♥❞ ♦rt❤♦❣♦♥❛❧ tr❛❝❦s✳ ❚❤✐s ✐s ♥❛♠❡❞ ❢♦❝✉s✐♥❣ ❡✛❡❝t ❛♥❞

t❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ❤❛s ❛♥ ❡✣❝✐❡♥t ❈❈✳ ❖♥❝❡ t❤❡ ❛♥❣❧❡ ❞✐✛❡rs ❢r♦♠ t❤❡ ▲♦r❡♥t③ ❛♥❣❧❡

t❤❡♥ t❤❡ µ❚P❈ ❜❡❝♦♠❡s t❤❡ ♠♦st ♣r❡❝✐s❡ ❛❧❣♦r✐t❤♠✳ ❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ t✇♦

t❤r♦✉❣❤ t❤❡ xmerge(θ) ❛❧❧♦✇s t♦ r❡❛❝❤ ❛ ✉♥✐❢♦r♠ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ✐♥t❡r❡st❡❞

❛♥❣✉❧❛r r❛♥❣❡✳

■❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ♣r❡s❡♥t t❤❡♥ xmerge(θ) ❞❡♣❡♥❞s ♦♥ t❤❡ ▲♦r❡♥t③ ❛♥❣❧❡

t♦♦✳ ❚❤❡ ❢♦❝✉s✐♥❣ ❝♦♥✜❣✉r❛t✐♦♥ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ θ ❂ ✵◦ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤♦✉t

♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤❡♥ xmerge(θ) ✐s ❡✈❛❧✉❛t❡❞ ✇✐t❤ θ → θ − θLorentz✳

✹✳✹ P❡r❢♦r♠❛♥❝❡ ❛t ❤✐❣❤ r❛t❡

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

e.g. ❧❛r❣❡ ❛♥❣❧❡ tr❛❝❦ ❛♥❞ ❤✐❣❤ ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ■t ✐s ♠❛♥❞❛t♦r② t♦ ✉♥❞❡rst❛♥❞ t❤❡

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

❞❡t❡❝t♦rs✳ ❚r✐♣❧❡✲●❊▼ ✐♥ ❤✐❣❤ r❛t❡ ❡♥✈✐r♦♥♠❡♥ts s❤♦✇s ❛♥ ❡❧❡✈❛t❡ r♦❜✉st♥❡ss ❛♥❞

❡❧❡❝tr✐❝❛❧ st❛❜✐❧✐t② ❛♥❞ ✐t ❦❡❡♣s ❛ st❛❜❧❡ ❣❛✐♥ ✉♣ t♦ ❢❡✇ MHz/cm2 ❬✶✻❪✳

❆ ❤✐❣❤ r❛t❡ t❡st ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ µ❚P❈✱



✻✻ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❋✐❣✉r❡ ✹✳✶✽✿ ❙♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ✐♥❝✐❞❡♥t ❛♥❣❧❡ ✇✐t❤ ♠❛❣♥❡t✐❝ ✜❡❧❞✿ ❜❧❛❝❦ ❞♦t
✐s t❤❡ ❈❈ r❡s♦❧✉t✐♦♥✱ ❜❧✉❡ sq✉❛r❡s t❤❡ µ❚P❈ ❛♥❞ t❤❡ r❡❞ tr✐❛♥❣❧❡ t❤❡ ♠❡r❣✐♥❣ ❛❧❣♦r✐t❤♠✳

■♥ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs t❤❡ ❡❧❡❝tr♦♥s ♠✉❧t✐♣❧✐❝❛t✐♦♥ ♦❝❝✉rs ✐♥s✐❞❡ t❤❡ ❤♦❧❡s✳ ❉✉❡

t♦ t❤❡ ♠❛ss ❞✐✛❡r❡♥❝❡ t❤❡ ❡❧❡❝tr♦♥ ❞r✐❢t ✐♠♠❡❞✐❛t❡❧② ♦✉ts✐❞❡ t❤❡ ❤♦❧❡ ✇❤✐❧❡ t❤❡

✐♦♥s✱ ✶✵✵✵ t✐♠❡s s❧♦✇❡r✱ t❛❦❡ ♠♦r❡ t✐♠❡✳ ❙♦♠❡ ✐♦♥s ❛r❡ ♥❡✉tr❛❧✐③❡❞ ♦♥ t❤❡ ❝♦♣♣❡r

♦❢ t❤❡ ●❊▼s ✇❤✐❧❡ ♦t❤❡rs ❞r✐❢t t♦ t❤❡ ❝❛t❤♦❞❡✳ ■❢ t❤❡ ✢✉① r❛t❡ ✐s ❤✐❣❤❡r t❤❛♥ t❤❡

r❡❝♦✈❡r② r❛t❡ ♥❡❡❞❡❞ t♦ ♥❡✉tr❛❧✐③❡ t❤❡ ✐♦♥s t❤❡♥ s♣❛❝❡✲❝❤❛r❣❡ ❡✛❡❝ts ♦❝❝✉r ❛♥❞ t❤❡

❡❧❡❝tr✐❝ ✜❡❧❞ ❛r♦✉♥❞ t❤❡ ●❊▼ ❤♦❧❡ ✐s ✇❛r♣❡❞✳ ❊①♣❡r✐♠❡♥t❛❧ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡

❝❧✉st❡r ❝❤❛r❣❡ s❤♦✇s ❛ ❞❡♣❡♥❞❡♥❝② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ r❛t❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣ ✹✳✶✾✳

❚❤❡s❡ ♣❤❡♥♦♠❡♥❛ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ❛t ✜rst ❜② ❬✶✻❪✿ s♣❛❝❡✲❝❤❛r❣❡ ❡✛❡❝t ♠♦❞✐✜❡s

t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛♥❞ ✐♥❝r❡❛s❡s t❤❡ tr❛♥s♣❛r❡♥❝②✹ t❤❡♥ ✐t ✐♥❝r❡❛s❡s t❤❡ ❣❛✐♥✳ ❆t ❛

r❛t❡ ♦❢ 108 Hz/cm2 t❤❡ ❣❛✐♥ ❞r♦♣s t♦ s♠❛❧❧❡r ✈❛❧✉❡s✳

❚❤❡ ♣♦s✐t✐♦♥ ♠❡❛s✉r❡❞ ❜② t❤❡ µ❚P❈ ❞❡♣❡♥❞s ♦♥ t❤❡ ❞r✐❢t ✈❡❧♦❝✐t②✳ ❆ ♠❡❛s✉r❡✲

♠❡♥t ♦❢ t❤✐s q✉❛♥t✐t② ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✹✳✸✳✹✳ ❋✐❣✉r❡ ✹✳✷✵

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

❤❛s ❛❝❤✐❡✈❡❞ ✉♣ t♦ 107 Hz/cm2 ❛♥❞ ❛❜♦✈❡ t❤✐s ✈❛❧✉❡ ❛ s✐❣♥✐✜❝❛♥t ❞r♦♣ ❤❛s ❜❡❡♥

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

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

❧❡❞ t♦ ❤❛✈❡ ❞✐✛❡r❡♥t ❞r✐❢t ✈❡❧♦❝✐t✐❡s ✐♥ ❞✐✛❡r❡♥t r❡❣✐♦♥s ♦❢ t❤❡ ❞❡t❡❝t♦r ❛♥❞ t❤✐s s❡t

❛ ❧✐♠✐t ❢♦r t❤❡ µ❚P❈ ❛♣♣❧✐❝❛t✐♦♥✳

✹❚❤❡ tr❛♥s♣❛r❡♥❝② ✐s ❛ q✉❛♥t✐t② r❡❧❛t❡❞ t♦ t❤❡ ♣❡r❝❡♥t❛❣❡ ♦❢ ❡❧❡❝tr♦♥s t❤❛t ❛r❡ ❡①tr❛❝t❡❞ ❢r♦♠
❛ ●❊▼ ❤♦❧❡✳ ■t ✇✐❧❧ ❜❡ ❞❡❡♣❡♥ ❡①♣❧❛✐♥❡❞ ✐♥ ❙❡❝t✳ ✺





✻✽ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

✹✳✺ ❚❡st ♦❢ ❈②❧✐♥❞r✐❝❛❧ ●❊▼

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

❞❡✜♥❡ t❤❡ ✜♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ❝②❧✐♥❞r✐❝❛❧ tr✐♣❧❡✲●❊▼ ✭❈●❊▼✮ t❤❛t ✇✐❧❧ ❜❡ ✉s❡❞ ✐♥

t❤❡ ❇❊❙■■■ ❡①♣❡r✐♠❡♥t✳ ▲❛r❣❡ ❛r❡❛ ❈●❊▼s ❤❛s ❜❡❡♥ ❜✉✐❧t ✐♥ ❋❡rr❛r❛ ❛♥❞ ❋r❛s❝❛t✐

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

❆ ❈●❊▼ ✇✐t❤ r❛❞✐✉s 76.9mm ❛♥❞ ❧❡♥❣t❤ 532 cm ❤❛s ❜❡❡♥ t❡st❡❞ ❛t ✜rst ❛t ❈❊❘◆

t❤❡♥ ❛♥♦t❤❡r ♦♥❡ ✇✐t❤ r❛❞✐✉s 121.4mm ❛♥❞ 690mm ❧❡♥❣t❤✱ ❛s ❧❛❜❡❧❧❡❞ Layer 1 ❛♥❞

Layer 2✳ ❆ st✉❞② ♦❢ t❤❡ ❝♦❧❧❡❝t❡❞ ❝❤❛r❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❝❧✉st❡r s✐③❡ ❢♦r ❞✐✛❡r❡♥t

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

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

t❤❡ ♣❧❛♥❛r tr✐♣❧❡✲●❊▼ ❛♥❞ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ t✇♦ ✐s ❝♦♠♣❛t✐❜❧❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳

✹✳✷✶✳ ❚❤✐s ❣r❛♥ts t❤❡ ❛♣♣❧✐❝❛❜✐❧✐t② ♦❢ t❤❡ ❈❈ ❛♥❞ µ❚P❈ ❛❧❣♦r✐t❤♠s✳ ❆ s♣❛t✐❛❧

r❡s♦❧✉t✐♦♥ ♦❢ 110 ± 10µm ✇✐t❤ ▲❛②❡r ✷ ❛♥❞ ❈❈ ❛❧❣♦r✐t❤♠ ❤❛s ❜❡❡♥ r❡♣♦rt❡❞ ✐♥

❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ♣❧❛♥❛r r❡s✉❧ts s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✾✳

❋✐❣✉r❡ ✹✳✷✶✿ ▼❡❛♥ ❝❧✉st❡r s✐③❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❝❧✉st❡r ❝❤❛r❣❡ ✐s s❤♦✇♥ ❢♦r
tr✐♣❧❡✲●❊▼ ❛♥❞ ❈●❊▼ ✇✐t❤ t❤❡ s❛♠❡ ❞r✐❢t ❣❛♣ ❛♥❞ ❣❛s ♠✐①t✉r❡✳ ▲❛②❡r✶ ✇✐t❤ 5mm ❞r✐❢t
❣❛♣ ✭❧❡❢t✮ ❛♥❞ ♣r♦t♦✲▲❛②❡r✷ ✇✐t❤ 3mm ❞r✐❢t ❣❛♣ ✭r✐❣❤t✮ ❛r❡ s❤♦✇♥✳

❆ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❈❈ ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤ ▲❛②❡r✶ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝

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

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

t❤❡ ♣❛rt✐❝❧❡ ❜❡❛♠✳ ❚❤✐s q✉❛♥t✐t② ❝♦♠❜✐♥❡s t❤❡ ❡✛❡❝t ♦❢ t❤❡ ▲♦r❡♥t③ ❛♥❣❧❡ ❛♥❞ t❤❡

✐♥❝✐❞❡♥t ❛♥❣❧❡✳ ❚❤✐s q✉❛♥t✐t② ❤❛s ❜❡❡♥ ✉s❡❞ ❜❡❝❛✉s❡ t❤❡ ❜❡❛♠ ✇❛s ♥♦t ♦rt❤♦❣♦♥❛❧

t♦ t❤❡ ❈●❊▼✳



✹✳✻ ❚■●❊❘ ✇✐t❤ tr✐♣❧❡✲●❊▼ ♣❡r❢♦r♠❛♥❝❡ ✻✾

❋✐❣✉r❡ ✹✳✷✷✿ ❈❈ r❡s♦❧✉t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ❜❡❛♠ ❛♥❞ t❤❡ ❛✈❛❧❛♥❝❤❡
❞r✐❢t ❞✐r❡❝t✐♦♥✳

✹✳✻ ❚■●❊❘ ✇✐t❤ tr✐♣❧❡✲●❊▼ ♣❡r❢♦r♠❛♥❝❡

❚❤❡ ❈●❊▼✲■❚ ✇✐❧❧ ♦♣❡r❛t❡ ✐♥s✐❞❡ ❇❊❙■■■ ❜✉t ✐t ✇✐❧❧ ♥♦t ✉s❡ ❆P❱✷✺ ❡❧❡❝tr♦♥✐❝s ❜✉t

❚■●❊❘ ❛s ♠❡♥t✐♦♥❡❞ ✐♥ ✷✳✸✳ ❚❤❡ r❡s❡❛r❝❤ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❞❡s✐❣♥ ❛♥❞ t❤❡

❝♦♥✜❣✉r❛t✐♦♥ ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞ ♠❛✐♥❧② ✇✐t❤ ❆P❱✷✺ ❜✉t t♦ ✈❛❧✐❞❛t❡ t❤❡ ❚■●❊❘

❝❤✐♣ ❛♥❞ ✈❡r✐❢② t❤❡ ♠❛t❝❤✐♥❣ ♦❢ t❤❡ tr✐♣❧❡✲●❊▼ ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤ t❤✐s ♥❡✇ ❆❙■❈✱

❛ t❡st ❜❡❛♠ ✇✐t❤ tr✐♣❧❡✲●❊▼ ❛♥❞ ❚■●❊❘ ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞✳ ❉✉❡ t♦ t❤❡ s❡t✉♣

❧✐♠✐t❛t✐♦♥ ♦♥❧② t✇♦ tr✐♣❧❡✲●❊▼ ❤❛s ❜❡❡♥ ✉s❡❞ t❤❡♥ ♥♦ ❛❧✐❣♥♠❡♥t ♣r♦❝❡❞✉r❡s ❤❛s

❜❡❡♥ ✉s❡❞✱ ♥❡✐t❤❡r ♦♣t✐♠✐③❛t✐♦♥✳ ❚❤❡ ❞❛t❛ ❤❛✈❡ ❜❡❡♥ ❛❝q✉✐r❡❞ ❛♥❞ r❡❝♦♥str✉❝t❡❞

❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✹✳✷✳✷ ❛♥❞ t❤❡ ❝❧✉st❡rs ✇✐t❤✐♥ ✺ σ ✐♥ ∆x1,2 ❞✐str✐❜✉t✐♦♥ ❤❛s

❜❡❡♥ ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ s✐❣♥❛❧ s❤❛♣❡ ✭Qcluster ❛♥❞ Nhit ❛♥❞ t❤❡ ❈❈ ♣❡r❢♦r♠❛♥❝❡

❛s s❤♦✇♥ ✐♥ ❋✐❣ ✹✳✷✸✳



✼✵ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ s✐❣♥❛❧

❋✐❣✉r❡ ✹✳✷✸✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝❧✉st❡r s✐③❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❝❤❛r❣❡ ❢♦r ❛ tr✐♣❧❡✲
●❊▼ ❛❝q✉✐r❡❞ ✇✐t❤ t✇♦ ❞✐✛❡r❡♥t ❡❧❡❝tr♦♥✐❝s ❜✉t s✐♠✐❧❛r ❝♦♥✜❣✉r❛t✐♦♥ ✐s s❤♦✇♥✿ ❆P❱✷✺
❛♥❞ ❚■●❊❘ ✭❧❡❢t✮✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❈❈ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ ✇✐t❤ ❛
❚■●❊❘ ❝❤✐♣ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❝❧✉st❡r ❝❤❛r❣❡ ✐s s❤♦✇♥ ✭r✐❣❤t✮✳ ❉❛t❛ ❤❛✈❡ ❜❡❡♥
❛❝q✉✐r❡❞ ✇✐t❤ ♦rt❤♦❣♦♥❛❧ tr❛❝❦s ❛♥❞ ✇✐t❤♦✉t ♠❛❣♥❡t✐❝ ✜❡❧❞✳



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ P✳ ❇♦r❣❡❛✉❞ ❛♥❞ ❆✳ ▼✉❧❧❡r✱ ▲❛r❣❡ ❙♣❡❝tr♦♠❡t❡rs✱ P✉❜❧✐s❤❡❞ ✐♥

❇✉❧❧✳■♥❢♦r♠✳❙❝✐✳❚❡❝❤✳ ✶✾✽✱ ✻✸✲✼✼ ✭✶✾✼✹✮

❬✷❪ ▲✳ ▲✳ ❏♦♥❡s ❡t ❛❧✳✱ ❚❤❡ ❆P❱✷✺ ❉❡❡♣ ❙✉❜♠✐❝r♦♥ ❘❡❛❞♦✉t ❈❤✐♣ ❢♦r ❈▼❙ ❉❡t❡❝✲

t♦rs✱ ❈♦♥❢✳Pr♦❝✳ ❈✾✾✵✾✷✵✶✱ ✶✻✷✲✶✻✻ ✭✶✾✾✾✮

❬✸❪ ❈✳ ❨✳ ▲❡♥❣ ❡t ❛❧✳✱ ❚■●❊❘✱ ❛ ✻✹ ❈❤❛♥♥❡❧ ▼✐①❡❞✲♠♦❞❡ ❆❙■❈ ❢♦r t❤❡ ❘❡❛❞♦✉t ♦❢

t❤❡ ❈●❊▼ ❉❡t❡❝t♦r ✐♥ t❤❡ ❇❊❙■■■ ❊①♣❡r✐♠❡♥t✱ ■❊❊❊ ◆❙❙ ❝♦♥❢❡r❡♥❝❡ r❡❝♦r❞

✭✷✵✶✻✮

❬✹❪ ▼✳ ❏✳ ❋r❡♥❝❤ ❡t ❛❧✳✱ ❉❡s✐❣♥ ❛♥❞ r❡s✉❧ts ❢r♦♠ t❤❡ ❆P❱✷✺✱ ❛ ❞❡❡♣ s✉❜✲♠✐❝r♦♥

❈▼❖❙ ❢r♦♥t✲❡♥❞ ❝❤✐♣ ❢♦r t❤❡ ❈▼❙ tr❛❝❦❡r✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✹✻✻✱ ✸✺✾✲

✸✻✺ ✭✷✵✵✶✮

❬✺❪ ❋✳ ❈♦ss✐♦ ❡t ❛❧✳✱ ❉❡s✐❣♥ ❛♥❞ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❘❡❛❞♦✉t ❆❙■❈ ❢♦r t❤❡ ❇❊❙■■■

❈●❊▼ ❉❡t❡❝t♦r✱ P♦❙ ❚❲❊❊P✲✶✼ ✵✹✹ ✭✷✵✶✽✮

❬✻❪ ❙✳ ▼❛r❝❡❧❧♦ ❡t ❛❧✳✱ ❚❤❡ ♥❡✇ ❈●❊▼ ■♥♥❡r ❚r❛❝❦❡r ❛♥❞ t❤❡ ♥❡✇ ❚■●❊❘ ❆❙■❈ ❢♦r

t❤❡ ❇❊❙ ■■■ ❊①♣❡r✐♠❡♥t✱ P♦❙ ❊P❙✲❍❊P✷✵✶✼ ✺✵✺ ✭✷✵✶✼✮

❬✼❪ ❘✳ ❇❛✐♥❜r✐❞❣❡ ❡t ❛❧✳✱ Pr♦❞✉❝t✐♦♥ t❡st✐♥❣ ❛♥❞ q✉❛❧✐t② ❛ss✉r❛♥❝❡ ♦❢ ❈▼❙ s✐❧✐❝♦♥

♠✐❝r♦str✐♣ tr❛❝❦❡r r❡❛❞♦✉t ❝❤✐♣s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✺✹✸✱ ✻✶✾✲✻✹✹ ✭✷✵✵✺✮

❬✽❪ ❙✳ ▼❛rt♦✐✉ ❡t ❛❧✳✱ ❋r♦♥t✲❡♥❞ ❡❧❡❝tr♦♥✐❝s ❢♦r t❤❡ ❙❝❛❧❛❜❧❡ ❘❡❛❞♦✉t ❙②st❡♠ ♦❢

❘❉✺✶✱ ■❊❊❊ ◆❙❙ ❝♦♥❢❡r❡♥❝❡ r❡❝♦r❞ ❈✶✶✲✶✵✲✷✸✳✶✱ ✷✵✸✻✲✷✵✸✽ ✭✷✵✶✶✮

❬✾❪ ❆✳ ❇❛❧❧❛ ❡t ❛❧✳✱ ❙t❛t✉s ♦❢ t❤❡ ❈②❧✐♥❞✐❝❛❧✲●❊▼ ♣r♦❥❡❝t ❢♦r t❤❡ ❑▲❖❊✲✷ ■♥♥❡r

❚r❛❝❦❡r✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✻✷✽✱ ✶✾✹✲✶✾✽ ✭✷✵✶✶✮

❬✶✵❪ ❆✳ ❇❛❧❧❛ ❡t ❛❧✳✱ ❚❤❡ ❝②❧✐♥❞r✐❝❛❧ ●❊▼ ❞❡t❡❝t♦r ❢♦r t❤❡ ❑▲❖❊✲✷ ■♥♥❡♥ ❚r❛❝❦❡r✱

❏■◆❙❚ ✾✱ ❈✵✶✵✶✹ ✭✷✵✶✹✮



✼✷ ❇■❇▲■❖●❘❆P❍❨

❬✶✶❪ ❑✳ ❆✳ ◆t❡❦❛s✱ P❡r❢♦r♠❛♥❝❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ▼✐❝r♦♠❡❣❛s ❞❡t❡❝t♦r ❢♦r t❤❡

◆❡✇ ❙♠❛❧❧ ❲❤❡❡❧ ✉♣❣r❛❞❡ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t ❛♥❞ ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤❡ ▼✉♦♥

❙♣❡❝tr♦♠❡t❡r ❉❡t❡❝t♦r ❈♦♥tr♦❧ ❙②st❡♠ ✐♥ t❤❡ ❆❚▲❆❙ ❡①♣❡r✐♠❡♥t✱ ❈❊❘◆✲

❚❍❊❙■❙ ✷✵✶✻✲✵✶✾ ✭✷✵✶✻✮

❬✶✷❪ ❑✳ ◆t❡❦❛s✱ ▼✐❝r♦♠❡❣❛s ❝❤❛♠❜❡rs ❢♦r t❤❡ ❆❚▲❆❙ ♠✉♦♥ s♣❡❝tr♦♠❡t❡r ✉♣❣r❛❞❡✱

❆❚▲✲▼❯❖◆✲P❘❖❈ ✷✵✶✹✲✵✶✶ ✭✷✵✶✹✮

❬✶✸❪ ❘✳ ❱❡❡♥❤♦❢✱ ●❛r✜❡❧❞✱ r❡❝❡♥t ❞❡✈❡❧♦♣♠❡♥ts✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✹✶✾✱

✼✷✻✲✼✸✵ ✭✶✾✾✽✮

❬✶✹❪ ▼✳ P♦❧✐ ▲❡♥❡r✱ ❚r✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs ❢♦r t❤❡ ✐♥♥❡r♠♦st r❡❣✐♦♥ ♦❢ t❤❡ ♠✉♦♥

❛♣♣❛r❛t✉s ❛t t❤❡ ▲❍❈❜ ❡①♣❡r✐♠❡♥t✱ ❈❊❘◆✲❚❍❊❙■❙ ✷✵✵✻✲✵✶✸ ✭✷✵✶✸✮

❬✶✺❪ ❆✳ ❆ssr❛♥ ❛♥❞ ❆✳ ❙❤❛r♠❛✱ ❚r❛♥s♣♦rt Pr♦♣❡rt✐❡s ♦❢ ♦♣❡r❛t✐♦♥❛❧ ❣❛s ♠✐①t✉r❡s

✉s❡❞ ❛t ▲❍❈✱ ❛r❳✐✈ ✿✶✶✶✵✳✻✼✻✶ ❬♣❤②s✐❝s✳✐♥s✲❞❡t❪ ✭✷✵✶✶✮

❬✶✻❪ ❋✳ ❙❛✉❧✐✱ ❚❤❡ ❣❛s ❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐❡r ✭●❊▼✮✿ ❖♣❡r❛t✐♥❣ ♣r✐♥❝✐♣❧❡s ❛♥❞ ❛♣♣❧✐✲

❝❛t✐♦♥s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✽✵✺✱ ✷✲✷✹ ✭✷✵✶✻✮



❈❤❛♣t❡r ✺

❚r✐♣❧❡✲●❊▼ s✐♠✉❧❛t✐♦♥

❆ ❣♦♦❞ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❛ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r ❛♥❞ ✐ts ❜❡❤❛✈✐♦r ❤❛s ❜❡❡♥ ❛❝❤✐❡✈❡❞

❜② ❡①♣❡r✐♠❡♥t❛❧ st✉❞✐❡s ♣❡r❢♦r♠❡❞ ✐♥ t❤❡ ❧❛st ❢❡✇ ②❡❛rs ❛♥❞ ❜② t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡

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

t❤❡ tr✐♣❧❡✲●❊▼ ✐s ♥❡❡❞❡❞ t♦ ❡①t❡♥❞ t❤❡ ❦♥♦✇❧❡❞❣❡ ❜❡②♦♥❞ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s st✉❞✐❡❞

✐♥ t❤❡ t❡st ❜❡❛♠ ❛♥❞ t♦ ❤❛✈❡ ❛ r❡❧✐❛❜❧❡ ❢✉❧❧ ▼♦♥t❡✲❈❛r❧♦ s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ ♥❡✇

❞❡t❡❝t♦r t♦ ❜❡ ✉s❡❞ ❜② t❤❡ ❇❊❙■■■ ❝♦❧❧❛❜♦r❛t✐♦♥ t♦ s✐♠✉❧❛t❡ ♣❤②s✐❝s ❡✈❡♥ts ❛♥❞ t♦

❝♦♠♣❛r❡ t♦ t❤❡ ❞❛t❛ ❛❝q✉✐r❡❞ ❜② t❤❡ s♣❡❝tr♦♠❡t❡r✳

❙❡✈❡r❛❧ st❡♣s ❛r❡ ♠❛♥❞❛t♦r② t♦ r❡♣r♦❞✉❝❡ t❤❡ s✐❣♥❛❧ ❣❡♥❡r❛t✐♦♥✱ st❛rt✐♥❣ ❢r♦♠

t❤❡ ❣❛s ✐♦♥✐③❛t✐♦♥✱ t♦ t❤❡ ❞✐✛✉s✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥s ✐♥ t❤❡ ❣❛s ✈♦❧✉♠❡ ❛♥❞ t❤❡✐r

❛♠♣❧✐✜❝❛t✐♦♥ ✐♥ t❤❡ ●❊▼ ❤♦❧❡s✱ ✉♣ t♦ t❤❡ ✐♥❞✉❝t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ♦♥ t❤❡ ❛♥♦❞❡✳ ❆t

♣r❡s❡♥t✱ t❤❡ ♠♦st ❝♦♠♣❧❡t❡ s♦❢t✇❛r❡ t❤❛t ❝❛♥ r❡♣r♦❞✉❝❡ t❤❡ tr✐♣❧❡✲●❊▼ ❜❡❤❛✈✐♦r ✐s

●❛r✜❡❧❞✰✰ ❬✶❪✳ ●❛r✜❡❧❞✰✰ ✐s ❛ t♦♦❧❦✐t ❢♦r t❤❡ ❞❡t❛✐❧❡❞ ❝♦♠♣✉t❛t✐♦♥❛❧ s✐♠✉❧❛t✐♦♥

♦❢ ❞❡t❡❝t♦rs ✇❤✐❝❤ ✉s❡ ❣❛s❡s ♦r s❡♠✐✲❝♦♥❞✉❝t♦rs ❛s s❡♥s✐t✐✈❡ ♠❡❞✐✉♠✳ ●❛r✜❡❧❞✰✰

t♦❣❡t❤❡r ✇✐t❤ ❆♥s②s ❬✷❪ ❞❡✜♥❡ ❡❧❡❝tr✐❝ ✜❡❧❞s✱ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞❡✜♥❡ t❤❡ ❞❡t❡❝t♦r

❣❡♦♠❡tr② ❛♥❞ t♦ ❢♦❧❧♦✇ st❡♣ ❜② st❡♣ t❤❡ ♣❛t❤ ❛♥❞ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❡❛❝❤ ❡❧❡❝tr♦♥ t♦

❝r❡❛t❡ ❛ ❝♦♠♣❧❡t❡ s✐♠✉❧❛t✐♦♥✳ ❆♥s②s ✐s ❛ ✜♥✐t❡ ❡❧❡♠❡♥t s✐♠✉❧❛t♦r s♦❢t✇❛r❡ ❢♦r st❛t✐❝✱

❞②♥❛♠✐❝ ❛♥❞ t❤❡r♠❛❧ ♣r♦❜❧❡♠s✳ ❯♥❢♦rt✉♥❛t❡❧② t❤✐s ♣r♦❝❡ss ✐s ✈❡r② t✐♠❡ ❝♦♥s✉♠✐♥❣✿

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

♥❡❝❡ss❛r② t♦ ❞❡✈❡❧♦♣ ❛ t♦♦❧ t❤❛t ❝❛♥ r❡♣r♦❞✉❝❡ t❤❡ ●❛r✜❡❧❞✰✰ ❛♥❞ t❤❡ r❡❛❧ ❞❛t❛

r❡s✉❧ts✳

■♥ t❤✐s ❈❤❛♣✳ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ●❛r✜❡❧❞✲❜❛s❡❞ ❚r✐♣❧❡❣❡♠ ❙✐♠✉❧❛t♦r ✭●❚❙✮

✇✐❧❧ ❜❡ s❤♦✇♥✳ ❚❤❡ ❜❛s✐❝ ❛♣♣r♦❛❝❤ s❤❛r❡s t❤❡ ✐❞❡❛ s❤♦✇♥ ✐♥ ❬✸❪ ❜✉t t❤❡ ♠❡t❤♦❞ ❤❛s

❜❡❡♥ ❡①t❡♥❞❡❞ ✐♥ ❛ ✇✐❞❡r r❛♥❣❡ ♦❢ ❝♦♥✜❣✉r❛t✐♦♥s t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❡✛❡❝ts ♦❢

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



✼✹ ❚r✐♣❧❡✲●❊▼ s✐♠✉❧❛t✐♦♥

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

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

❚❤❡ ✐❞❡❛ ✐s t♦ s✐♠✉❧❛t❡ t❤❡ tr✐♣❧❡✲●❊▼ ❡✈❡♥t t❤r♦✉❣❤ ✐♥❞❡♣❡♥❞❡♥t ♣r♦❝❡ss❡s

t❤❛t ❝❛♥ ❜❡ st✉❞✐❡❞ s❡♣❛r❛t❡❧②✿

• ✐♦♥✐③❛t✐♦♥✱ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ❛♥❞ t❤❡ ❣❛s ♠❡❞✐✉♠

❛♥❞ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ♣r✐♠❛r② ❛♥❞ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥s ✐♥ s♣❛❝❡ ❛♥❞ t✐♠❡❀

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

✜❡❧❞ ❛♥❞ t❤❡ ❣❛s ♠✐①t✉r❡ ❞❡t❡r♠✐♥❡s s♣❛t✐❛❧ ❛♥❞ t✐♠❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧

❝♦❧❧❡❝t❡❞ ❛t t❤❡ ❛♥♦❞❡❀

• ●❊▼ ♣r♦♣❡rt✐❡s✱ t❤❡ ❡❧❡❝tr✐❝❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ tr✐♣❧❡✲●❊▼ ❞❡✜♥❡s t❤❡

❣❛✐♥ ✐♥ t❤❡ ●❊▼ ❤♦❧❡s ❛♥❞ t❤❡✐r tr❛♥s♣❛r❡♥❝②❀

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

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

✺✳✶ Pr✐♠❛r② ✐♦♥✐③❛t✐♦♥ s✐♠✉❧❛t✐♦♥

❍❡❡❞ ✐s ❛♥ ❛❞❞✐t✐♦♥❛❧ t♦♦❧ ♦❢ ●❛r✜❡❧❞✰✰ t❤❛t ❣❡♥❡r❛t❡s ✐♦♥✐③❛t✐♦♥ ♣❛tt❡r♥s ♦❢ ❢❛st

❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s t❤r♦✉❣❤ ❛ ♠♦❞❡❧ ❜❛s❡❞ ♦♥ ♣❤♦t♦✲❛❜s♦r♣t✐♦♥ ❛♥❞ ✐♦♥✐③❛t✐♦♥ ❬✹❪✳ ■t

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

❍❡❡❞ ❤❛s ❜❡❡♥ ✉s❡❞ t♦ ♣❛r❛♠❡tr✐③❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣r✐♠❛r② ❡❧❡❝tr♦♥s ❛♥❞ t❤❡✐r

♣♦s✐t✐♦♥ ✐♥ t❤❡ ✐♦♥✐③❛t✐♦♥ ♣r♦❝❡ss✳ ■❢ t❤❡✐r ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s s✉✣❝✐❡♥t❧② ❤✐❣❤ t❤❡♥

❡❛❝❤ ♣r✐♠❛r② ❡❧❡❝tr♦♥ ❝❛♥ ❝r❡❛t❡ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥s✳ ❚❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ s❡❝♦♥❞❛r②

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

❝❛❧❧❡❞ electron − cluster✳ ❚❡♥ t❤♦✉s❛♥❞s s✐♠✉❧❛t✐♦♥s ✇✐t❤ ●❛r✜❡❧❞✰✰ ❤❛✈❡ ❜❡❡♥

♣❡r❢♦r♠❡❞ ✇✐t❤ ♠✉♦♥s ❤❛✈✐♥❣ ✶✺✵ ●❡❱✴❝ ♠♦♠❡♥t✉♠ s❤♦♦t❡❞ ✐♥t♦ 5mm ♦❢ ❣❛s

✈♦❧✉♠❡ ✜❧❧❡❞ ✇✐t❤ ❆r✰✶✵✪✐❈4❍10✳ ❚❤✐s s✐♠✉❧❛t✐♦♥ ❤❛s ❜❡❡♥ ✉s❡❞ t♦ ❡①tr❛❝t t❤❡

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

❝❧✉st❡r✳

❚❤❡ ♥✉♠❜❡r ♦❢ ❝❧✉st❡rs ❢♦❧❧♦✇s t❤❡ P♦✐ss♦♥ ❞✐str✐❜✉t✐♦♥✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❆♣♣✳ ❆✳✶

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

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

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

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





✼✻ ❚r✐♣❧❡✲●❊▼ s✐♠✉❧❛t✐♦♥

✺✳✷ ❊❧❡❝tr♦♥ ❞✐✛✉s✐♦♥

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

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

t❤❡ ❡❧❡❝tr♦♥ ❛✈❛❧❛♥❝❤❡ ✐♥ t❤❡ ❞❡t❡❝t♦r✳ ❚❤✐s ♦♣❡r❛t✐♦♥ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ❜② ❆♥s②s✳

❚❤❡ ✜❡❧❞ ♠❛♣s ♣r♦❞✉❝❡❞ ❜② ❆♥s②s ❝❛♥ ❜❡ ✉s❡❞ ❛s ✐♥♣✉t ✜❧❡s ❜② ●❛r✜❡❧❞✰✰✳

❆ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r ✇✐t❤ ❜✐✲❝♦♥✐❝❛❧ ❤♦❧❡s ❛♥❞ ❣❡♦♠❡tr✐❡s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✹✳✶

❛♥❞ t❤❡ ❤✐❣❤ ✈♦❧t❛❣❡ ✉s❡❞ ✐♥ t❤❡ t❡sts ❜❡❛♠ ❤❛s ❜❡❡♥ ❞❡s❝r✐❜❡❞ ❜② ❆♥s②s✳ ❚❤✐s

♦✉t♣✉t ❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ ●❛r✜❡❧❞✰✰ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞✐✛✉s✐♦♥ ♣r♦♣❡rt✐❡s ♦❢ t❤❡

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

❡❛❝❤ tr✐♣❧❡✲●❊▼ ❣❛s ❣❛♣✳

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

t❤❡ ❝❛t❤♦❞❡ ❛♥❞ ❛ ♣❧❛♥❡ ♣❧❛❝❡❞ 150µm ❜❡❢♦r❡ t❤❡ ✜rst ●❊▼✳ ❚❤❡✐r s♣❛t✐❛❧ ❛♥❞

t❡♠♣♦r❛❧ ❞✐str✐❜✉t✐♦♥s ❤❛✈❡ ❜❡❡♥ st✉❞✐❡❞ ♦♥ t❤❡ ♣❧❛♥❡ t♦ ❡①tr❛❝t t❤❡ ♣❛r❛♠❡t❡rs t❤❛t

✇✐❧❧ ❜❡ ✉s❡❞ ✐♥ ●❚❙✳ ■♥ t❤❡ tr❛♥s❢❡r ❣❛♣ t❤❡ ❡❧❡❝tr♦♥s ❤❛✈❡ ❜❡❡♥ ❣❡♥❡r❛t❡❞ 150µm

❛❢t❡r t❤❡ ●❊▼ ❛❜♦✈❡ ❛♥❞ t❤❡ ❞✐str✐❜✉t✐♦♥s ❤❛✈❡ ❜❡❡♥ ❡✈❛❧✉❛t❡❞ ♦♥ ❛ ♣❧❛♥❡ 150µm

❜❡❢♦r❡ t❤❡ ●❊▼ ❜❡❧♦✇✳ ■♥ t❤❡ ✐♥❞✉❝t✐♦♥ ❣❛♣ t❤❡ ❡❧❡❝tr♦♥s ❤❛✈❡ ❜❡❡♥ ❣❡♥❡r❛t❡❞

150µm ❜❡❧♦✇ t❤❡ ●❊▼ ❛♥❞ t❤❡✐r ❞✐str✐❜✉t✐♦♥s ❤❛✈❡ ❜❡❡♥ ❡✈❛❧✉❛t❡❞ ❛t t❤❡ ❛♥♦❞❡

♣❧❛♥❡✳ ❙♣❛t✐❛❧ ❛♥❞ t✐♠❡ ❞✐str✐❜✉t✐♦♥s ✐♥ ❡❛❝❤ ❣❛♣ ❤❛✈❡ ❜❡❡♥ ✜tt❡❞ ✇✐t❤ ❛ ●❛✉ss✐❛♥

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

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

■♥ ❋✐❣✳ ✺✳✷ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ❛r❡ s❤♦✇♥✳ ❙✐♠✐❧❛r

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

❜❡❡♥ ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t t❤❡ ✶ ❚ ♠❛❣♥❡t✐❝ ✜❡❧❞ t♦ ♣❛r❛♠❡tr✐③❡ t❤❡ ❞r✐❢t

♣r♦♣❡rt✐❡s ✐♥ ❜♦t❤ ❝♦♥✜❣✉r❛t✐♦♥s✳ ❚❤❡ r❡s✉❧ts ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜✳ ✺✳✶✳

✺✳✸ ❚r❛♥s♣❛r❡♥❝② ❛♥❞ ❣❛✐♥ ♦❢ ❛ ●❊▼

❚❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥s✐❞❡ t❤❡ ●❊▼ ❤♦❧❡s ❞❡✜♥❡s t❤❡ ✐♥tr✐♥s✐❝ ❣❛✐♥ ♣r♦♣❡rt✐❡s ✇❤✐❧❡ t❤❡

❡❧❡❝tr✐❝ ✜❡❧❞ ♦✉ts✐❞❡ t❤❡ ❤♦❧❡s ❛♥❞ t❤❡ ❡❧❡❝tr♦♥ ❞✐✛✉s✐♦♥ ❡✛❡❝t ❞❡t❡r♠✐♥❡ t❤❡ ●❊▼

tr❛♥s♣❛r❡♥❝② T ✳ ❲❤❡♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ❧✐♥❡ st♦♣s ♦♥ t❤❡ ●❊▼ t❤❡♥ t❤❡ tr❛♥s♣❛r❡♥❝② ✐s

r❡❞✉❝❡❞✳ ❙♦♠❡ ♦❢ t❤❡s❡ ❧✐♥❡s ❛❜♦✈❡ t❤❡ ●❊▼ ❞♦ ♥♦t ❡♥t❡r t❤❡ ●❊▼ ❤♦❧❡s ❛♥❞ s♦♠❡

♦t❤❡rs ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ❤♦❧❡s st♦♣ ❜❡❧♦✇ t❤❡ ●❊▼✳ ❚❤✐s ✐♥✢✉❡♥❝❡ t❤❡ ❡✛❡❝t✐✈❡ ❣❛✐♥

♦❢ t❤❡ ●❊▼ ❜❡❝❛✉s❡ ❛ ❝❡rt❛✐♥ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥s st♦♣s ♦♥ t❤❡ ●❊▼ ❢♦✐❧✳ ■♥

❬✸❪ t❤❡ ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡ tr❛♥s♣❛r❡♥❝② ♦♥ t❤❡ t✇♦ ❡❧❡❝tr✐❝ ✜❡❧❞s ♦✉ts✐❞❡ t❤❡ ●❊▼

❢♦✐❧ ✐s s❤♦✇♥✳





✼✽ ❚r✐♣❧❡✲●❊▼ s✐♠✉❧❛t✐♦♥

❙♣❛t✐❛❧ s❤✐❢tB=0T ❬❝♠❪ 0
❙♣❛t✐❛❧ s❤✐❢tB=1T ❬❝♠❪ −0.317 z + 0.271

❙♣❛t✐❛❧ s♣r❡❛❞ ❬❝♠❪
√

(−0.057z2 + 0.028)2 + 0.001

❚❡♠♣♦r❛❧ s❤✐❢t ❬♥s❪ −272 z + 307

❚❡♠♣♦r❛❧ s♣r❡❛❞ ❬♥s❪
√

(−3.34 z2 − 1.77 z + 5.00 + 13.29

❚❛❜❧❡ ✺✳✶✿ ❉r✐❢t ♣❛r❛♠❡t❡rs ❢r♦♠ ●❛r✜❡❧❞✰✰ ❛r❡ s❤♦✇♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ z✱ t❤❡
❞✐st❛♥❝❡ ♦❢ t❤❡ ❣❡♥❡r❛t❡❞ ❡❧❡❝tr♦♥ ❢r♦♠ t❤❡ ❝❛t❤♦❞❡ ✭✐♥ ❝♠✮✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥✢✉❡♥❝❡s
t❤❡ s♣❛t✐❛❧ s❤✐❢t ♦♥❧②✳ ❚❤❡ s❤✐❢t ❛♥❞ s♣r❡❛❞ ❛r❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❡❧❡❝tr♦♥ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡
❞r✐❢t ❣❛♣ ❛♥❞ ❆r✰✶✵✪✐❈4❍10 t♦ ❡①tr❛♣♦❧❛t❡ ✐ts t✐♠❡ ❛♥❞ s♣❛t✐❛❧ ♣♦s✐t✐♦♥ ❛t t❤❡ ❛♥♦❞❡✳

❆ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❣❛✐♥ ❛♥❞ t❤❡ tr❛♥s♣❛r❡♥❝② ♦❢ t❤❡ ●❊▼ ✇✐t❤ t❤❡ ❡❧❡❝tr✐❝❛❧

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

❤❛✈❡ ❜❡❡♥ s✐♠✉❧❛t❡❞ ✇✐t❤ ●❛r✜❡❧❞✰✰ 150µm ❛❜♦✈❡ t❤❡ ●❊▼ ❢♦✐❧ ❛♥❞ t❤❡② ❤❛✈❡

❜❡❡♥ ❝♦❧❧❡❝t❡❞ ♦♥ ❛ ♣❧❛♥❡ 150µm ❜❡❧♦✇ ✐t✳ ❋♦r ❡❛❝❤ ❡❧❡❝tr♦♥ t❤❡ ❝♦❧❧❡❝t✐♦♥ ❡✣❝✐❡♥❝②

εcoll✱ t❤❡ ❡①tr❛❝t✐♦♥ ❡✣❝✐❡♥❝② εextr ❛♥❞ t❤❡ ✐♥tr✐♥s✐❝ ❣❛✐♥ Gintr ❤❛s ❜❡❡♥ ❡✈❛❧✉❛t❡❞✳

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

r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ❡♥t❡r✐♥❣ t❤❡ ●❊▼ ❤♦❧❡ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢

❣❡♥❡r❛t❡❞ ♦♥❡s❀ t❤❡ ❡①tr❛❝t✐♦♥ ❡✣❝✐❡♥❝② ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❡①tr❛❝t❡❞ ♦♥❡s ❛♥❞ t❤❡

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

❡❛❝❤ ❡❧❡❝tr♦♥ ❡♥t❡r✐♥❣ t❤❡ ❤♦❧❡ ✐s ❣✐✈❡♥ ❜②✿

Geff = T Gintr ❛♥❞ ❚❂εcoll εextr ✭✺✳✶✮

❆ tr❛♥s♣❛r❡♥❝② ♦❢ ✸✼✪ ❛♥❞ ❛ ♠❡❛♥ ✐♥tr✐♥s✐❝ ❣❛✐♥ ♦❢ ❛❜♦✉t ✶✷✵ ❤❛✈❡ ❜❡❡♥ ♠❡❛✲

s✉r❡❞ ✉s✐♥❣ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ t❤❡ st❛♥❞❛r❞ ❍❱ s❡tt✐♥❣ ❢r♦♠ ❈❤❛♣t ✹✳ ❚❤❡ ❣❛✐♥

❞✐str✐❜✉t✐♦♥ ❤❛s ❜❡❡♥ ✜tt❡❞ ✇✐t❤ ❛ P♦❧②❛ ✭s❡❡ ❋✐❣✳ ✺✳✸✮ ❞❡✜♥❡❞ ✐♥ ❊q✳ ✺✳✷✿

P (G) = C0

(1 + θ)1+θ

Γ(1 + θ)
(

G
G

)

exp
[

−(1 + θ)G
G

] ✭✺✳✷✮

✺✳✹ ❙✐❣♥❛❧ ✐♥❞✉❝t✐♦♥ ♦♥ t❤❡ r❡❛❞♦✉t

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

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





✽✵ ❚r✐♣❧❡✲●❊▼ s✐♠✉❧❛t✐♦♥

❋✐❣✉r❡ ✺✳✹✿ ■♥ ✜rst r♦✇ t❤❡ ❝✉rr❡♥t ✐♥❞✉❝❡❞ ❜② ❛♥ ❡❧❡❝tr♦♥ ♦♥ ❛ str✐♣ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
t❤❡ t✐♠❡ ✐s ❝♦♠♣❛r❡❞ ❜❡t✇❡❡♥ t❤❡ ●❛r✜❡❧❞✰✰ ❝❛❧❝✉❧❛t✐♦♥ ✭❧❡❢t✮ ❛♥❞ t❤❡ r❡s✉❧t ✐♥ ●❚❙
✉s✐♥❣ t❤❡ ❘❛♠♦✬s t❤❡♦r❡♠ ✭r✐❣❤t✮✳ ■♥ t❤❡ s❡❝♦♥❞ r♦✇ t❤❡ ✐♥t❡❣r❛t❡❞ ❝✉rr❡♥t ♦❢ t❤❡ ❡✈❡♥t
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t✐♠❡ ✐s ❝♦♠♣❛r❡❞ ❜❡t✇❡❡♥ t❤❡ ▼♦♥t❡✲❈❛r❧♦ tr✉t❤ ✭❧❡❢t✮ ❛♥❞ t❤❡ ♦♥❡
r❡❛❞♦✉t ❜② t❤❡ s✐♠✉❧❛t❡❞ ❆P❱✷✺ ✭r✐❣❤t✮✳





✽✷ ❚r✐♣❧❡✲●❊▼ s✐♠✉❧❛t✐♦♥

✺✳✻ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❛♥❞ t❤❡ t❡st ❜❡❛♠

❞❛t❛

❚❤❡ ●❚❙ ❡♥✈✐r♦♥♠❡♥t ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ❝❛♥ r❡♣r♦❞✉❝❡ t❤❡ r❡❛❧

tr✐♣❧❡✲●❊▼ ❜❡❤❛✈✐♦r✳ ❆ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞ t❤r♦✉❣❤

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

♦♥ t❤❡ ●❊▼s✱ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛♥❞ ✉s✐♥❣ ✐♥❝✐❞❡♥t ❛♥❣❧❡s ♦❢ t❤❡

✐♦♥✐③✐♥❣ ♣❛rt✐❝❧❡ r❛♥❣✐♥❣ ❢r♦♠ ✲✹✺◦ t♦ ✹✺◦✳ ❚❤❡ ✐♥❝✐❞❡♥t ♣❛rt✐❝❧❡s ❛r❡ ♠✉♦♥ ❤❛✈✐♥❣

✶✺✵ ●❡❱✴❝ ♠♦♠❡♥t✉♠ ❧✐❦❡ t❤❡ t❡st ❜❡❛♠ ❝♦♥❞✐t✐♦♥s✳ ❊❛❝❤ ♣♦✐♥t ♦❢ t❤❡ s❝❛♥ ❤❛s

❜❡❡♥ s✐♠✉❧❛t❡❞ ✇✐t❤ ✶✵✵✵✵ ▼♦♥t❡✲❈❛r❧♦ tr❛❝❦s✳ ❆♥ ❛❣r❡❡♠❡♥t ❜❡tt❡r t❤❛♥ ✸✵✪ ❤❛s

❜❡❡♥ ❢♦✉♥❞ ❜❡t✇❡❡♥ ●❚❙ ❛♥❞ ❞❛t❛✳

❚❤❡ ❤✐❣❤ ✈♦❧t❛❣❡ s❝❛♥ ❤❛s ❜❡❡♥ ✉s❡❞ t♦ t❡st t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ●❊▼ ❣❛✐♥ ❛♥❞

tr❛♥s♣❛r❡♥❝②✿ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥s✐❞❡ t❤❡ ●❊▼✬s ❤♦❧❡ ❛✛❡❝ts t❤❡ ❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐✲

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

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

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

t❤❡ ❞❡t❡❝t♦r ✇❤❡♥ ♣r✐♠❛r② ❡❧❡❝tr♦♥s ❛r❡ s♣r❡❛❞ ♦♥ ❛ ✇✐❞❡r r❡❣✐♦♥✳ ❚❤❡ ❝❤❛r❣❡

❞✐str✐❜✉t✐♦♥ ✐♥ ❡❛❝❤ ❡✈❡♥t ❢♦❧❧♦✇s t❤❡ ♦♥❡ s❤♦✇❡❞ ✐♥ ❋✐❣✳ ✹✳✶✸ ❛♥❞ t❤❡ ♠✉❧t✐✲♣❡❛❦

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

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

str✐♣s ❛❧❧♦✇s t♦ ❛♣♣❧② ❝♦rr❡❝t❧② t❤❡ µ❚P❈ ❛❧❣♦r✐t❤♠ ❛♥❞ ✐t r❡t✉r♥s ❣♦♦❞ r❡s✉❧ts✳

❚❤❡ ❡❧❡❝tr♦♥✐❝s ♥♦✐s❡ ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡✿ ✐ts ❛♠♣❧✐t✉❞❡ ✐♥✢✉❡♥❝❡s ♠❛✐♥❧②

t❤❡ ❈❈ ❛♥❞ ❝❧✉st❡r s✐③❡✱ ✇❤✐❧❡ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ♥♦✐s❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t✐♠❡

❛✛❡❝ts t❤❡ µ❚P❈✳

❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ✐♥tr♦❞✉❝❡❞ ❛♥❞ ●❚❙ s❤♦✇s ❝♦♠♣❛t✐❜❧❡ r❡s✉❧ts ✇✐t❤ ❞❛t❛✿

t❤❡ ❜❡❤❛✈✐♦r ✇✐t❤ ♦rt❤♦❣♦♥❛❧ tr❛❝❦s ✐s tr❛♥s❢❡rr❡❞ ✐♥ θ❂θLorentz✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢

●❚❙ ❛♥❞ r❡❛❧ ❞❛t❛ ✇✐t❤ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❛♥❣❧❡ ✐s s❤♦✇♥

✐♥ ❋✐❣✳ ✺✳✻ ✇❤❡r❡ ❝❧✉st❡r s✐③❡ ❛♥❞ ❝❤❛r❣❡ ❡♥s✉r❡ t❤❡ ❣♦♦❞ s❤❛♣❡ ♦❢ t❤❡ ❛✈❛❧❛♥❝❤❡

✇❤✐❧❡ ❈❈ ❛♥❞ µ❚P❈ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥s ❣✉❛r❛♥t❡❡ t❤❡ ❝♦rr❡❝t ♣❡r❢♦r♠❛♥❝❡s ♦❢ t❤❡

tr✐♣❧❡✲●❊▼ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥✳

❚❤❡ ❛❣r❡❡♠❡♥t ♦❢ ❝❧✉st❡r ❝❤❛r❣❡ ❛♥❞ s✐③❡ ❛♥❞ ❈❈ r❡s♦❧✉t✐♦♥ st❛② ✇✐t❤✐♥ ✸✵ ✪✳

❯♣ t♦ ✹✵✪ ❢♦r t❤❡ µ❚P❈ ✇❤❡r❡ t❤❡ s✐♠✉❧❛t✐♦♥ ❞♦❡s ♥♦t ❞❡❣r❛❞❡ ♣r♦♣❡r❧② ✐♥ ♣r❡s❡♥❝❡

♦❢ ♥♦✐s❡ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❡✛❡❝ts✳





✽✹ ❚r✐♣❧❡✲●❊▼ s✐♠✉❧❛t✐♦♥

❋✐❣✉r❡ ✺✳✼✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ●❚❙ ❛♥❞ r❡❛❧ ❞❛t❛ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ❞r✐❢t ✈❡❧♦❝✐t② ✭❧❡❢t✮
❛♥❞ t❤❡ tr✐♣❧❡✲●❊▼ t✐♠❡ r❡s♦❧✉t✐♦♥ ✭r✐❣❤t✮ ✐s s❤♦✇♥✳ ❘❡❞ ❧✐♥❡s ❛r❡ ●❚❙ r❡s✉❧ts ❛♥❞ ❜❧❛❝❦
❞❛s❤❡❞ ❧✐♥❡s t❤❡ r❡❛❧ ❞❛t❛✳

❛ ❞✐❣✐t✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ t❤❛t r❡♣r♦❞✉❝❡s ❛❧❧ t❤❡ ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s t♦ s✐♠✉❧❛t❡ ❝♦r✲

r❡❝t❧② t❤❡ ❈●❊▼✲■❚ ✐♥s✐❞❡ t❤❡ ❇❊❙■■■ ♦✤✐♥❡ s♦❢t✇❛r❡ ❡♥✈✐r♦♥♠❡♥t✳ e+e− ❝♦❧❧✐s✐♦♥s

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

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

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

✐♠♣❛❝t ♦❢ t❤❡ ♥❡✇ ❞❡t❡❝t♦r ♦♥ t❤❡ ❇❊❙■■■ ❞❛t❛ ❛♥❛❧②s✐s ✐s s❤♦✇♥ ✐♥ t❤❡ ♥❡①t ❈❤❛♣✳



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❘✳ ❱❡❡♥❤♦❢✱ ●❛r✜❡❧❞✱ r❡❝❡♥t ❞❡✈❡❧♦♣♠❡♥ts✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✹✶✾✱ ✼✷✻✲

✼✸✵ ✭✶✾✾✽✮

❬✷❪ ❤tt♣s✿✴✴✇✇✇✳❛♥s②s✳❝♦♠✴

❬✸❪ ❲✳ ❇♦♥✐✈❡♥t♦ ❡t ❛❧✳✱ ❆ ❝♦♠♣❧❡t❡ s✐♠✉❧❛t✐♦♥ ♦❢ ❛ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r✱ ■❊❊❊

❚r❛♥s✳◆✉❝❧✳❙❝✐✳ ✹✾✱✶✻✸✽✲✶✻✹✸ ✭✷✵✵✷✮

❬✹❪ ■✳ ❇✳ ❙♠✐r♥♦✈✱ ▼♦❞❡❧✐♥❣ ♦❢ ✐♦♥✐③❛✐t✐♦♥ ♣r♦❞✉❝❡❞ ❜② ❢❛st ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥

❣❛s❡s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✺✺✹✱✹✼✹✲✹✾✸ ✭✷✵✵✺✮

❬✺❪ ❙✳ ❘❛♠♦✱ ❈✉rr❡♥ts ✐♥❞✉❝❡❞ ✐♥ ❡❧❡❝tr♦♥ ♠♦t✐♦♥✱ ✐♥ Pr♦❝✳ ■❘❊ ✷✼✱ ✺✽✹ ✭✶✾✸✾✮

❬✻❪ ❘✳ ❇❛✐♥❜r✐❞❣❡ ❡t ❛❧✳✱ Pr♦❞✉❝t✐♦♥ t❡st✐♥❣ ❛♥❞ q✉❛❧✐t② ❛ss✉r❛♥❝❡ ♦❢ ❈▼❙ s✐❧✐❝♦♥

♠✐❝r♦str✐♣ tr❛❝❦❡r r❡❛❞♦✉t ❝❤✐♣s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✺✹✸✱ ✻✶✾✲✻✹✹ ✭✷✵✵✺✮



✽✻ ❇■❇▲■❖●❘❆P❍❨



❈❤❛♣t❡r ✻

■♠♣❛❝t ♦❢ t❤❡ ❈●❊▼✲■❚ ♦♥ ♣❤②s✐❝s

❛♥❛❧②s✐s

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

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

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

t❤❡ ♦t❤❡r ✈❛r✐❛❜❧❡s s❤♦✉❧❞ ❜❡ ❛s ❣♦♦❞ ❛s ✐♥ t❤❡ ♣r❡s❡♥t ■❚✳ ❚❤✐s r❡❣❛r❞ s❡✈❡r❛❧ ❜❡♥❝❤✲

♠❛r❦ ❝❤❛♥♥❡❧s ❤❛✈❡ ❜❡❡♥ st✉❞✐❡❞ ❜② t❤❡ ❈●❊▼✲■❚ ❝♦❧❧❛❜♦r❛t✐♦♥✱ ✇✐t❤ t❤❡ st❛♥❞❛r❞

▼❉❈ ❛♥❞ ✇✐t❤ t❤❡ ❈●❊▼✲■❚✳ ❆♥❛❧②s✐s ✇✐t❤ ❧❛r❣❡ ❛♥❞ s♠❛❧❧ tr❛❝❦ ♠✉❧t✐♣❧✐❝✐t✐❡s✱

tr❛❝❦s ✇✐t❤ ❞✐✛❡r❡♥t ♠♦♠❡♥t✉♠ r❛♥❣❡s✱ ❞✐✛❡r❡♥t ♣❛rt✐❝❧❡ t②♣❡s ❛♥❞ s❤♦rt✲ ❛♥❞ ❧♦♥❣✲

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

❝❧✉❞❡s✿ ψ(3686) → π+π−J/ψ✱ e+e− → pp✱ e+e− → π+π−γISR✱ e
+e− → π+D0D∗−✱

e+e− → ΛΛ ❛♥❞ D0 → K0
SK

+K−✳ ■♥ t❤✐s ❈❤❛♣✳ t❤❡ st✉❞② ♦❢ J/ψ → π+π−π0 ✐s

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

❝♦♠♣❛r✐s♦♥✳

✻✳✶ ❚❤❡ ❇❖❙❙ ❛♥❞ ❈●❊▼❇❖❙❙ ❡♥✈✐r♦♥♠❡♥ts

❚❤❡ ❇❊❙■■■ ❖✤✐♥❡ ❙♦❢t✇❛r❡ ❙②st❡♠ ✭❇❖❙❙✮ ✐s ✉s❡❞ ❜② t❤❡ ❇❊❙■■■ ❝♦❧❧❛❜♦r❛t✐♦♥

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

❛❧❣♦r✐t❤♠s ❢♦r ❛❧❧ s✉❜✲❞❡t❡❝t♦rs✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✶✳✷✱ ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❇❖❙❙✳

❚❤❡ s♦❢t✇❛r❡ ✐s ❜✉✐❧t ♦♥ t❤❡ ●❛✉❞✐ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❜❛s❡❞ ♦♥ ❈✰✰ ❧❛♥❣✉❛❣❡ ❛♥❞

♦❜❥❡❝t✲♦r✐❡♥t❡❞ t❡❝❤♥✐q✉❡s✳ ▼♦r❡♦✈❡r✱ ❇❖❙❙ ✉s❡s ❡①t❡r♥❛❧ ❍✐❣❤ ❊♥❡r❣② P❤②s✐❝s

❧✐❜r❛r✐❡s✱ s✉❝❤ ❛s ❈❊❘◆▲■❇✱ ❈▲❍❊P✱ ❘❖❖❚ ❬✶❪ ❛♥❞ r❡✲✉s❡s ♣❛rts ♦❢ ❝♦❞❡ ❢r♦♠

❇❡❧❧❡✱ ❇❛❇❛r✱ ❆❚▲❆❙ ❛♥❞ ●▲❆❙❚ ❡①♣❡r✐♠❡♥ts✳



✽✽ ■♠♣❛❝t ♦❢ t❤❡ ❈●❊▼✲■❚ ♦♥ ♣❤②s✐❝s ❛♥❛❧②s✐s

❆ s❡♣❛r❛t❡ ♣❛❝❦❛❣❡✱ ♥❛♠❡❞ ❈●❊▼❇❖❙❙✱ ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ■t❛❧✐❛♥✱

❈❤✐♥❡s❡ ❛♥❞ ▼❛✐♥③ ❣r♦✉♣s t♦ s✐♠✉❧❛t❡ t❤❡ ❈●❊▼✲■❚ ✇✐t❤✐♥ t❤❡ ❇❊❙■■■ ❡♥✈✐r♦♥✲

♠❡♥t✳ ❚❤❡ e+e− ❝♦❧❧✐s✐♦♥ ✐s s✐♠✉❧❛t❡❞ ✇✐t❤KKMC ❡✈❡♥t ❣❡♥❡r❛t♦r ❬✷❪✳ ❆ ●❊❆◆❚✹

❬✸❪ ♠♦❞❡❧ ❞❡✜♥❡s t❤❡ ❣❡♦♠❡tr✐❡s ♦❢ t❤❡ t❤r❡❡ ❝②❧✐♥❞r✐❝❛❧ ❞❡t❡❝t♦r ❛♥❞ t❤❡ ♠❛t❡r✐❛❧s

♦❢ ❡❛❝❤ ❧❛②❡r✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✷✳ ❆ ❈❣❡♠❈❧✉st❡r ✐s ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ ✐♥t❡r❛❝✲

t✐♦♥ ❜❡t✇❡❡♥ t❤❡ r❡s✉❧t✐♥❣ ♣❛rt✐❝❧❡s ❛♥❞ t❤❡ ❈●❊▼✲■❚✳ ❚❤❡ ❈❣❡♠❈❧✉st❡rs s✐♠✉❧❛t❡

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

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

t❤❡ ❡①♣❡❝t❡❞ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❈●❊▼✲■❚✳ ■♥ t❤❡ ❧❛st ♠♦♥t❤s t❤❡ ❈●❊▼✲■❚

❣r♦✉♣ ✇♦r❦❡❞ ♦♥ ❈●❊▼❇❖❙❙ t♦ ✐♠♣❧❡♠❡♥t ❛ ❞✐❣✐t✐③❛t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ❛❧❣♦r✐t❤♠

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

✐♥❣ ❜❡t✇❡❡♥ s✐♠✉❧❛t✐♦♥s ❛♥❞ r❡❛❧ ❞❛t❛✳

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

❞❡✜♥❡s ❛ tr❛❝❦❧❡t ✐♥ t❤❡ ❈●❊▼✲■❚ ❛♥❞ ❛♥♦t❤❡r tr❛❝❦❧❡t ✐♥ t❤❡ ❖✉t❡r ❉r✐❢t ❈❤❛♠❜❡r

✭❖❉❈✮✳ ❋♦r ❡❛❝❤ tr❛❝❦❧❡t ✐♥ t❤❡ ❖❉❈ ❛♥ ❡①tr❛♣♦❧❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ t♦ t❤❡ ✐♥♥❡r

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

tr❛❝❦❧❡ts ✇✐t❤ t❤❡ s♠❛❧❧❡r ❝❤✐✲sq✉❛r❡ ✐s ❝❤♦s❡♥ ✐❢ ♠✉❧t✐♣❧❡ tr❛❝❦❧❡t ❛r❡ ♣r❡s❡♥t ✐♥ t❤❡

❖❉❈ ♦r ✐♥ t❤❡ ❈●❊▼✲■❚✳ ❖♥❝❡ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ ❡✈❡r② ❇❊❙■■■ s✉❜✲❞❡t❡❝t♦r ✐s

♣r❡s❡♥t ❛ ✜t ✇✐t❤ ❑❛❧♠❛♥ ❋✐❧t❡r ♠❡t❤♦❞ ❬✹❪ ✐s ✉s❡❞ t♦ ✜♥❞ t❤❡ ♣❛rt✐❝❧❡ ❤❡❧✐① tr❛❝❦

♣❛r❛♠❡t❡rs✳

■♥ t❤❡ ❧❛st ♠♦♥t❤s t❤❡ ❈●❊▼✲■❚ ❝♦❧❧❛❜♦r❛t✐♦♥ ✇♦r❦❡❞ ♦♥ t❤❡ ✐♠♣r♦✈❡♠❡♥t ♦❢

t❤❡ tr❛❝❦❧❡t ♠❛t❝❤✐♥❣ ❜❡t✇❡❡♥ ❖❉❈ ❛♥❞ ❈●❊▼✲■❚✳ ❚❤❡ ❞❡s❝r✐❜❡❞ ❛♣♣r♦❛❝❤ ✐s

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

❖❉❈✳ ■❢ ♥♦ tr❛❝❦❧❡t ❛r❡ ♣r❡s❡♥t ✐♥ t❤❡ ❖❉❈ t❤❡♥ t❤✐s ♣r♦❝❡❞✉r❡ ❞♦❡s ♥♦t ✉s❡s t❤❡

❈●❊▼✲■❚ ✐♥❢♦r♠❛t✐♦♥ t♦ ♠❡❛s✉r❡ t❤❡ ♣❛rt✐❝❧❡ ♣❛t❤✳ ■♥ ♦r❞❡r t♦ ♦✈❡r❝♦♠❡ t❤✐s

♣r♦❜❧❡♠ ❛ ♥❡✇ ❛♣♣r♦❛❝❤ ✇✐t❤ t❤❡ ❍♦✉❣❤ tr❛♥s❢♦r♠ tr❛❝❦ ✜♥❞❡r ♠❡t❤♦❞ ❬✻❪ ✐s ❜❡✐♥❣

✐♠♣❧❡♠❡♥t❡❞✳ ❍♦✉❣❤ tr❛♥s❢♦r♠ ❛ss♦❝✐❛t❡s ♣♦✐♥ts ❢r♦♠ t❤❡ ❈●❊▼✲■❚ ❛♥❞ t❤❡ ❖❉❈

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

♣♦✐♥t ✐♥ t❤❡ ❍♦✉❣❤ s♣❛❝❡ t❤❛t ❝♦rr❡s♣♦♥❞ t♦ ❛ ❧✐♥❡ ✐♥ t❤❡ r❡❛❧ s♣❛❝❡✿ t❤❡ ♣❛rt✐❝❧❡

tr❛❝❦✳ ❚❤❡ ❈●❊▼✲■❚ ❛♥❞ ❖❉❈ ♣♦✐♥ts ❛ss♦❝✐❛t❡ t♦ t❤❡ s❛♠❡ tr❛❝❦ ❛r❡ ✉s❡❞ ✐♥st❡❛❞

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

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



✻✳✷ ❙t✉❞② ♦❢ t❤❡ r❡❛❝t✐♦♥ e+e− → J/ψπ+π−π0 t♦ ♠❛r❦ t❤❡ ❈●❊▼✲■❚

✐♠♣r♦✈❡♠❡♥ts ✽✾

✻✳✷ ❙t✉❞② ♦❢ t❤❡ r❡❛❝t✐♦♥ e+e− → J/ψπ+π−π0 t♦

♠❛r❦ t❤❡ ❈●❊▼✲■❚ ✐♠♣r♦✈❡♠❡♥ts

❆ ❞❛t❛✲s❡t ♦❢ ✺✵✵✵✵✵ e+e− ❝♦❧❧✐s✐♦♥s ❤❛✈❡ ❜❡❡♥ ♣r♦❞✉❝❡❞ ❛t t❤❡ J/ψ ❡♥❡r❣② ❛♥❞

❞❡❝❛②❡❞ ✐♥ π+π−π0 ❛♥❞ π0 → γγ✳ ❚❤✐s ❞❡❝❛② ❝❤❛♥♥❡❧ ❤❛s ❜❡❡♥ ❝❤♦s❡♥ t♦ t❡st t❤❡

❈●❊▼✲■❚ ✇✐t❤ ♠✉❧t✐♣❧❡✲tr❛❝❦ ❡✈❡♥t✱ ♠♦r❡♦✈❡r ✐t ❛❧❧♦✇s t♦ ❡✈❛❧✉❛t❡ t❤❡ ✐♠♣❛❝t ♦❢

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

❜② t❤❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❬✺❪ ✇✐t❤ ♠❡❛s✉r❡♠❡♥t ♦❢ ✐ts ❜r❛♥❝❤✐♥❣ ❢r❛❝t✐♦♥✱ t❤❡ ❞✐✲♣✐♦♥ ♠❛ss

s♣❡❝tr✉♠ ❛♥❞ t❤❡ ❉❛❧✐t③ ♣❧♦t✳ ❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ✐♠♣♦rt❛♥t t♦ s❤❡❞ ❧✐❣❤t ♦♥

t❤❡ ρπ ♣✉③③❧❡ ❛♥❞ ✐ts ❧❛r❣❡ ❜r❛♥❝❤✐♥❣ ❢r❛❝t✐♦♥ ♠❛❦❡s ✐t ❛♥ ✐♠♣♦rt❛♥t ❜❛❝❦❣r♦✉♥❞

♣r♦❝❡ss ❢♦r ♠❛♥② ♦t❤❡r st✉❞✐❡s✳

❚❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤♦s❡ ❡✈❡♥ts ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞ ✇✐t❤ ❜♦t❤ t❤❡ ❈●❊▼✲■❚ ❛♥❞

t❤❡ ♣r❡s❡♥t ❇❊❙■■■ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ t❤❡ ▼❉❈✳ ❆t ❧❡❛st t✇♦ ❝❤❛r❣❡❞ tr❛❝❦s ❛♥❞

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

♠❡❛s✉r❡❞ ✇✐t❤ tr❛❝❦❡rs✱ ❚❖❋ ❛♥❞ ❊▼❈✳ ❚❤❡ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❚❖❋ ❬✼❪

✐s ✉s❡❞ t♦ s❡❧❡❝t tr❛❝❦s ❛ss♦❝✐❛t❡❞ t♦ ♣✐♦♥s✳ ■t ✐s r❡q✉✐r❡❞ t❤❛t ❜♦t❤ ❝❤❛r❣❡❞ ♣✐♦♥s

♦r✐❣✐♥❛t❡ ❢r♦♠ t❤❡ s❛♠❡ ♣♦s✐t✐♦♥ ✇✐t❤✐♥ 10 cm ✐♥ t❤❡ ❜❡❛♠ ❞✐r❡❝t✐♦♥ ❛♥❞ 10 cm ✐♥

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

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

r❡q✉✐r❡s ❛ ❦✐♥❡♠❛t✐❝ ✜t ✇✐t❤ ✜✈❡ ❝♦♥str❛✐♥s✿ ③❡r♦ t♦t❛❧ tr✐✲♠♦♠❡♥t✉♠✱ s✉♠ ♦❢ t❤❡

♣❤♦t♦♥s ❡♥❡r❣② t♦ t❤❡ π0 ♠❛ss ❛♥❞ ✐♥✈❛r✐❛♥t ♠❛ss ♦❢ t❤❡ t❤r❡❡ ♣✐♦♥s t♦ t❤❡ J/ψ

♠❛ss✳ ❆ ❝✉t ♦♥ t❤❡ χ2 ♦❢ ✷✵✵ ✐♥ t❤❡ ❦❛❧♠❛♥ ❦✐♥❡♠❛t✐❝ ✜t ✐s ✉s❡❞ t♦ ✐♠♣r♦✈❡ t❤❡

s❡❧❡❝t✐♦♥ ♦❢ t❤❡ ✐♥✈♦❧✈❡❞ ♣❛rt✐❝❧❡s✿ π+π−γγ✳ ❊✈❡♥ts ✇✐t❤ ❤✐❣❤❡r χ2 ❛r❡ r❡❥❡❝t❡❞✳

❚❤❡ ❛♥❛❧②s✐s ❝✉ts ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜✳ ✻✳✶✳

❚❤❡ ❈●❊▼✲■❚ ❣r❛♥ts t❤❡ s❛♠❡ ♣❡r❢♦r♠❛♥❝❡s ♦❢ t❤❡ ▼❉❈ ✇✐t❤ t❤r❡❡ ❧❛②❡rs ♦❢

▼P●❉ t❡❝❤♥♦❧♦❣② ✐♥st❡❛❞ ♦❢ ❡✐❣❤t ❧❛②❡rs ♦❢ ✇✐r❡s✳ ❚❤❡ ❈●❊▼✲■❚ ❝♦♣✐❡s t❤❡ ■♥♥❡r

❉r✐❢t ❈❤❛♠❜❡r ✭■❉❈✮ ♠♦♠❡♥t✉♠ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❝❤❛r❣❡❞ ♣✐♦♥s✱ r❡❝♦♥str✉❝t✐♦♥

❡✣❝✐❡♥❝② ❛♥❞ ♥✉♠❜❡r ♦❢ ♣❤♦t♦♥s ♣r♦❞✉❝❡❞✱ ❛s ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻✳✶✳ ❚❤❡ ❛✈❡r✲

❛❣❡ ♥✉♠❜❡r ♦❢ ♣❤♦t♦♥s ✐s ✷✳✸✵ ✐♥ ❇❖❙❙ ❛♥❞ ✷✳✷✸ ✐♥ ❈●❊▼❇❖❙❙✳ ❖♥❧② ≈✷✵✪ ♦❢

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

♥♦♥✲✐♥❝r❡❛s❡ ♦❢ t❤❡ ♣❤♦t♦♥s ♥✉♠❜❡r ✐s ✐♠♣♦rt❛♥t ❢♦r t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ❊❧❡❝✲

tr♦▼❛❣♥❡t✐❝ ❈❛❧♦r✐♠❡t❡r ❜❡❝❛✉s❡ ✐t ❝♦✉❧❞ ✇♦rs❡♥ ✐ts ♣❡r❢♦r♠❛♥❝❡s ✐❢ t❤✐s ♥✉♠❜❡r

❝❤❛♥❣❡s✳ ❚❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ π+ ✭s✐♠✐❧❛r t♦ t❤❡ ♦♥❡

♦❢ t❤❡ π−✮ ❤❛s ❛♥ ❡✣❝✐❡♥❝② ❞r♦♣ ❢♦r ♠♦♠❡♥t✉♠ s♠❛❧❧❡r t❤❛♥ ✵✳✺ ●❡❱✴❝ ❞✉❡ t♦

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



✾✵ ■♠♣❛❝t ♦❢ t❤❡ ❈●❊▼✲■❚ ♦♥ ♣❤②s✐❝s ❛♥❛❧②s✐s

❱❛r✐❛❜❧❡s ❱❛❧✉❡
◆◦ ❈❤❛r❣❡❞ tr❛❝❦s ≥ ✷
◆◦ P❤♦t♦♥s ≥ ✷
tr❛❝❦ ✈❡rt❡① ❞✐st❛♥❝❡ ❢r♦♠
t❤❡ ✐♥t❡r❛❝t✐♦♥ ♣♦✐♥t 10 cm ❛❧♦♥❣ ③

1 cm ❛❧♦♥❣ r
P❤♦t♦♥ ❡♥❡r❣② ≥ 25MeV ✐♥ ❜❛rr❡❧

≥ 50MeV ✐♥ ❡♥❞ ❝❛♣s
■♥✈❛r✐❛♥t ♠❛ss ♦❢ π+π−π0

❜❡❢♦r❡ ✺❈ J/ψ ♠❛ss ± 150MeV
❉✐✲♣❤♦t♦♥s ✐♥✈❛r✐❛♥t ♠❛ss
❜❡❢♦r❡ ✺❈ π0 ♠❛ss ± 75MeV
■♥✈❛r✐❛♥t ♠❛ss ♦❢ π+π−π0

❛❢t❡r ✺❈ J/ψ ♠❛ss
❉✐✲♣❤♦t♦♥s ✐♥✈❛r✐❛♥t ♠❛ss
❛❢t❡r ✺❈ π0 ♠❛ss
❚♦t❛❧ tr✐✲♠♦♠❡♥t✉♠
❛❢t❡r ✺❈ ✵
❑❛❧♠❛♥ ❝❤✐✲sq✉❛r❡ ❝✉t ≤ ✷✵✵

❚❛❜❧❡ ✻✳✶✿ ❙✉♠♠❛r② ❝✉ts ♦♥ t❤❡ J/ψ → π+π−π0 ❜❡♥❝❤♠❛r❦ ❝❤❛♥♥❡❧✳

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

tr❛♥s❢♦r♠✳ ❚❤❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ ✈❡rt❡① ♦❢ t❤❡ r❡❝♦♥str✉❝t❡❞ J/ψ ❛♥❞ t❤❡

▼❈✲tr✉t❤ r❡t✉r♥ ❛ s✐♠✐❧❛r ✈❛❧✉❡ ✐♥ t❤❡ xy ♣❧❛♥❡ ♦❢ ❛❜♦✉t 300µm ✇❤✐❧❡ ✐♥ t❤❡ z

❞✐r❡❝t✐♦♥ t❤❡ ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤❡ ❈●❊▼✲■❚ ✐s ❡✈✐❞❡♥t✿ ❢r♦♠ 1.2mm t♦ 350µm✳

❚❤✐s r❡s✉❧t ✐s ❞✉❡ t♦ ❛ ❧❛r❣❡r st❡r❡♦ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ❞❡t❡❝t♦r ❧❛②❡rs✿ ✐♥ t❤❡ ▼❉❈

t❤❡ ❛♥❣❧❡ ♦❢ t❤❡ st❡r❡♦ ✇✐r❡s r❛♥❣❡s ❢r♦♠ ✲✸✳✹◦ ❛♥❞ ✸✳✾◦ ✇❤✐❧❡ ✐♥ t❤❡ ❈●❊▼✲■❚ t❤❡

st❡r❡♦ str✐♣s ❤❛✈❡ ❛♥ ❛♥❣❧❡ ♦❢ ✹✸✳✸◦ ♦♥ ❧❛②❡r ✶✱ ✲✸✶✳✶◦ ♦♥ ❧❛②❡r ✷ ❛♥❞ ✸✷✳✵◦ ♦♥ t❤❡

t❤✐r❞✳ ❆ ♠♦r❡ ♣r❡❝✐s❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ✈❡rt❡① ❛❧❧♦✇s t♦ ✐♠♣r♦✈❡ t❤❡ ❛♥❛❧②s✐s

✇✐t❤ s❡❝♦♥❞❛r② ✈❡rt❡①❡s ♦r s♦♠❡ ♦t❤❡r ✇✐t❤ ❧♦♥❣ ❧✐✈✐♥❣ ♣❛rt✐❝❧❡s✱ s✉❝❤ ❛s Λ ❛♥❞ K0
S✳

❈●❊▼❇❖❙❙ s✐♠✉❧❛t❡s t❤❡ r❡❛❧ ❈●❊▼✲■❚ ❣❡♦♠❡tr✐❡s ❛♥❞ ✐ts ♠❛t❡r✐❛❧✳ ❚❤❡

r❡❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ✐s ❜❛s❡❞ ♦♥ s✐♠✉❧❛t✐♦♥s t❤❛t r❡♣r♦❞✉❝❡ t❤❡ tr✐♣❧❡✲●❊▼

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

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

♠❡❛s✉r❡♠❡♥t r❡♣♦rt❡❞ ✐♥ s❡✈❡r❛❧ ✇♦r❦s ♦❢ t❤❡ ❈●❊▼✲■❚ ❣r♦✉♣ ♦❢ ❇❊❙■■■ ❬✽✱ ✾✱ ✶✵✱



✻✳✷ ❙t✉❞② ♦❢ t❤❡ r❡❛❝t✐♦♥ e+e− → J/ψπ+π−π0 t♦ ♠❛r❦ t❤❡ ❈●❊▼✲■❚

✐♠♣r♦✈❡♠❡♥ts ✾✶

✶✶❪✳ ❚❤✐s ❡♥s✉r❡s t❤❛t t❤❡ ❈●❊▼✲■❚ ❢✉❧✜❧❧ t❤❡ ❇❊❙■■■ r❡q✉✐r❡♠❡♥ts ❛♥❞ ✐t ❝❛♥ ❜❡

s✉❝❝❡ss❢✉❧❧② ✉s❡❞ t♦ s✉❜st✐t✉t❡ t❤❡ ■❉❈✳
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❋✐❣✉r❡ ✻✳✶✿ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ s♦♠❡ ✈❛r✐❛❜❧❡ ♦❢ ✐♥t❡r❡st ♠❡❛s✉r❡❞ ✇✐t❤ ❇❖❙❙ ✭❜❧❛❝❦ ❜❛rs
❛♥❞ ❞♦ts✮ ❛♥❞ ❈●❊▼❇❖❙❙ ✭r❡❞ ❜❛rs ❛♥❞ ❞♦ts✿ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤♦t♦♥s ♣r♦❞✉❝❡❞ ✐♥ ❡❛❝❤
❡✈❡♥t ✭t♦♣ ❧❡❢t✮✱ t❤❡ ❡✣❝✐❡♥❝② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ♣♦s✐t✐✈❡
♣✐♦♥ ✭t♦♣ r✐❣❤t✮✱ t❤❡ r❡s✐❞✉❛❧ ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ xy ♣❧❛♥❡ ✭❜♦tt♦♠ ❧❡❢t✮ ❛♥❞ z ♣❧❛♥❡ ✭❜♦tt♦♠
r✐❣❤t✮ ❜❡t✇❡❡♥ t❤❡ ▼❈✲tr✉t❤ J/ψ ✈❡rt❡①✳



✾✷ ■♠♣❛❝t ♦❢ t❤❡ ❈●❊▼✲■❚ ♦♥ ♣❤②s✐❝s ❛♥❛❧②s✐s



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❘✳ ❇r✉♥ ❛♥❞ ❋✳ ❘❛❞❡♠❛❦❡rs✱ ❘❖❖❚ ❖❜❥❡❝t ❖r✐❡♥t❡❞ ❉❛t❛ ❆♥❛❧②s✐s ❋r❛♠❡✇♦r❦

◆❡✇ ❝♦♠♣✉t✐♥❣ t❡❝❤♥✐q✉❡s ✐♥ ♣❤②s✐❝s r❡s❡❛r❝❤✱ Pr♦❝❡❡❞✐♥❣s✱ ✺t❤ ■♥t❡r♥❛t✐♦♥❛❧

❲♦r❦s❤♦♣✱ ❆■❍❊◆P ✾✻✱ ✷✲✻ ✭✶✾✾✻✮

❬✷❪ ❏✳ ❈✳ ❈❤❡♥ ❡t ❛❧✳✱ ❊✈❡♥t ❣❡♥❡r❛t♦r ❢♦r J/ψ ❛♥❞ ψ(2S) ❞❡❝❛②✱ P❤②s✳ ❘❡✈✳ ❉ ✻✷✱

✵✸✹✵✵✸ ✭✷✵✵✵✮

❬✸❪ ❙✳❆❣♦st✐♥❡❧❧✐ ❡t ❛❧✳✱ ●❡❛♥t✹ ❛ s✐♠✉❧❛t✐♦♥ t♦♦❧❦✐t✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✺✵✻✱

✷✺✵✲✸✵✸ ✭✷✵✵✸✮

❬✹❪ ❘✳ ❊✳ ❑❛❧♠❛♥✱ ❆ ◆❡✇ ❆♣♣r♦❛❝❤ t♦ ▲✐♥❡❛r ❋✐❧t❡r✐♥❣ ❛♥❞ Pr❡❞✐❝t✐♦♥ Pr♦❜❧❡♠s✱

❚r❛♥s❛❝t✐♦♥s ♦❢ t❤❡ ❆❙▼❊ ❉ ✽✷✱ ✸✺✲✹✺ ✭✶✾✻✵✮

❬✺❪ ▼✳ ❆❜❧✐❦✐♠ ❡t ❛❧✳ ❬❇❊❙■■■ ❈♦❧❧❛❜♦r❛t✐♦♥❪✱ Pr❡❝✐s✐♦♥ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❜r❛♥❝❤✲

✐♥❣ ❢r❛❝t✐♦♥s ♦❢ J/ψ → π+π−π0 ❛♥❞ ψ′ → π+π−π0✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ❇ ✼✶✵✱

✺✾✹✲✺✾✾ ✭✷✵✶✷✮

❬✻❪ P✳ ❱ ✳ ❈✳ ❍♦✉❣❤✱ ▼❡t❤♦❞ ❛♥❞ ♠❡❛♥s ❢♦r r❡❝♦❣♥✐③✐♥❣ ❝♦♠♣❧❡① ♣❛tt❡r♥s✱ ❯ ✳❙ ✳

P❛t❡♥t ✸✵✻✾✻✺✹ ✭✶✾✻✷✮

❬✼❪ ❨✳ ❑✳ ❍❡♥❤✱ ■❊❊❊ ◆✉❝❧✳ ❙❝✐✳ ❙②♠♣✳ ❈♦♥❢✳ ❘❡❝✳ ✺✸ ✭✷✵✵✼✮

❬✽❪ ❘✳ ❋❛r✐♥❡❧❧✐ ❡t ❛❧✳✱ ❆ ❈②❧✐♥❞r✐❝❛❧ ●❊▼ ■♥♥❡r ❚r❛❝❦❡r ❢♦r t❤❡ ❇❊❙■■■ ❊①♣❡r✐♠❡♥t

❆t ■❍❊P✱ ❙♣r✐♥❣❡r Pr♦❝✳P❤②s✳ ✷✶✸ ✶✶✻✲✶✶✾ ✭✷✵✶✽✮

❬✾❪ ❙✳ ▼❛r❝❡❧❧♦ ❡t ❛❧✳✱ ❆ ♥❡✇ ✐♥♥❡r tr❛❝❦❡r ❜❛s❡❞ ♦♥ ●❊▼ ❞❡t❡❝t♦rs ❢♦r t❤❡ ❇❊❙ ■■■

❡①♣❡r✐♠❡♥t✱ ■♥t✳❏✳▼♦❞✳P❤②s✳❈♦♥❢✳❙❡r✳ ✹✽✱ ✶✽✻✵✶✶✾ ✭✷✵✶✽✮

❬✶✵❪ ▲✳ ▲❛✈❡③③✐ ❡t ❛❧✳✱ ❚❤❡ ♥❡✇ ❝②❧✐♥❞r✐❝❛❧ ●❊▼ ✐♥♥❡r tr❛❝❦❡r ♦❢ ❇❊❙■■■✱

■♥t✳❏✳▼♦❞✳P❤②s✳❈♦♥❢✳❙❡r✳ ✹✻✱ ✶✽✻✵✵✼✼ ✭✷✵✶✽✮



✾✹ ❇■❇▲■❖●❘❆P❍❨

❬✶✶❪ ▲✳ ▲❛✈❡③③✐ ❡t ❛❧✳✱ ❚❤❡ ❈②❧✐♥❞r✐❝❛❧ ●❊▼ ■♥♥❡r ❚r❛❝❦❡r ♦❢ t❤❡ ❇❊❙■■■ ❡①♣❡r✐♠❡♥t✿

♣r♦t♦t②♣❡ t❡st ❜❡❛♠ r❡s✉❧ts✱ ❏■◆❙❚ ✶✷✱ ❈✵✼✵✸✽ ✭✷✵✶✼✮



❈❤❛♣t❡r ✼

❈♦♥❝❧✉s✐♦♥ ❛♥❞ ♦✉t❧♦♦❦

❚❤❡ ❘&❉ ♦❢ t❤❡ ❈●❊▼✲■❚ ✐s s✉❝❝❡ss❢✉❧❧② ❝♦♥❝❧✉❞❡❞ ❛♥❞ t❤r❡❡ ❧❛②❡rs ♦❢ ❝②❧✐♥❞r✐✲

❝❛❧ ●❊▼ ❤❛✈❡ ❜❡❡♥ ❜✉✐❧t✳ ❙♦♦♥ t❤❡② ✇✐❧❧ ❜❡ ✐♥st❛❧❧❡❞ ✐♥s✐❞❡ ❇❊❙■■■✳ ❉❡s♣✐t❡ t❤✐s

♥❡✇ ■❚ s❤❛r❡s ♠❛♥② ❢❡❛t✉r❡s ✇✐t❤ ❑▲❖❊✲✷ ❈●❊▼✱ ❛ ♥❡✇ ❣❡♦♠❡tr✐❝❛❧ ❛♥❞ ❡❧❡❝tr✐✲

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

✇♦r❦✐♥❣ ♣♦✐♥t✳ ❆ 5mm ❞r✐❢t ❣❛♣ ❤❛s ❜❡❡♥ ✉s❡❞ t♦ ✐♥❝r❡❛s❡ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡

❛♥❞ t♦ ✐♠♣r♦✈❡ t❤❡ µ❚P❈ r❡❝♦♥str✉❝t✐♦♥✳ ❆r✰✶✵✪✐❈4❍10 ❛s ❣❛s ♠✐①t✉r❡ ❤❛s ❜❡❡♥

❛❞♦♣t❡❞ t♦ r❡❞✉❝❡ t❤❡ ❍❱ ♦♥ t❤❡ ●❊▼s ✇✐t❤♦✉t ❛♥ ❡✛❡❝t✐✈❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❣❛✐♥✳

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

♣r♦❜❛❜✐❧✐t② ❛❧❧♦✇✐♥❣ ❛t t❤❡ s❛♠❡ t✐♠❡ ❛ ❜♦♦st ♦❢ t❤❡ tr❛❝❦✐♥❣ ♣❡r❢♦r♠❛♥❝❡✳

❚❤❛♥❦s t♦ t❤❡ ❝❤❛r❣❡ ❛♥❞ t✐♠❡ ♠❡❛s✉r❡♠❡♥ts t❤❡ ❝❤❛r❣❡ ❝❡♥tr♦✐❞✱ µ❚P❈ ❛♥❞

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

❡①❝❡❧❧❡♥t s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❜❡❧♦✇ 150µm ✐♥ ❛ ❧❛r❣❡ ❛♥❣✉❧❛r r❛♥❣❡ ✇✐t❤ 1T ♠❛❣♥❡t✐❝

✜❡❧❞✳ ❚❤❡s❡ st✉❞✐❡s ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞ ❜♦t❤ t♦ ♣❧❛♥❛r tr✐♣❧❡✲●❊▼ ♣r♦t♦t②♣❡s ❛♥❞

t♦ t❤❡ ✜♥❛❧ ❈●❊▼ ❧❛②❡rs✳ ❚❤❡ r❡s✉❧ts ❛r❡ ❜❡②♦♥❞ t❤❡ st❛t❡ ♦❢ t❤❡ ❛rt ❢♦r ●❊▼

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

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

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

❛♥❞ ✐♥❞✉❝t✐♦♥ ♣r♦❝❡ss❡s ✐♥ ❛ tr✐♣❧❡✲●❊▼ ❛♥❞ ✐ts r❡s✉❧ts ❤❛✈❡ ❜❡❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡

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

❞❛t❛ ❛♥❞ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✈❛r✐❛❜❧❡s ♦❢ ✐♥t❡r❡st s✉❝❤ ❛s ❝❧✉st❡r s✐③❡ ❛♥❞ ❝❤❛r❣❡✱ ❈❈

❛♥❞ µ❚P❈ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✐s ❜❡tt❡r t❤❛♥ ✸✵✪❀ t❤❡ s✐♠✉❧❛t❡❞ µ❚P❈ ❞✐✛❡rs ❢r♦♠

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

❚❤❡ r❡❛❝t✐♦♥ e+e− → J/ψ → π+π−π0 ❤❛s ❜❡❡♥ s✐♠✉❧❛t❡❞ ✇✐t❤ t❤❡ ❇❊❙■■■

♦✤✐♥❡ s♦❢t✇❛r❡ t♦ ♠❡❛s✉r❡ q✉❛♥t✐t❛t✐✈❡❧② t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❈●❊▼✲■❚ ✇✐t❤



✾✻ ❈♦♥❝❧✉s✐♦♥ ❛♥❞ ♦✉t❧♦♦❦

r❡s♣❡❝t t♦ t❤❡ ■❉❈✳ ❚❤❡ ❈●❊▼✲■❚ s✐♠✉❧❛t✐♦♥s ❛❣r❡❡ ✇✐t❤ t❤❡ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ✐♥

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

♣❡r❢♦r♠❛♥❝❡ ♦❢ ❇❊❙■■■ ✇✐t❤ t❤❡ ♥❡✇ ■❚✳ ❆ ♥❡✇ ❛❧❣♦r✐t❤♠ t♦ ❝♦♠❜✐♥❡ t❤❡ ❈●❊▼✲■❚

❛♥❞ t❤❡ ❖❉❈ ❜❛s❡❞ ♦♥ t❤❡ ❍♦✉❣❤ tr❛♥s❢♦r♠ t❡❝❤♥✐q✉❡ ✇✐❧❧ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ s♦♦♥

t♦ ✐♠♣r♦✈❡ t❤❡ ❡✣❝✐❡♥❝② ❧♦ss ♦❢ ❧♦✇ tr❛♥s✈❡rs❡ ♠♦♠❡♥t✉♠ ♣❛rt✐❝❧❡s✳



❆♣♣❡♥❞✐① ❆

❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

■♥ t❤✐s ❆♣♣❡♥❞✐① ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❡❝❤❛♥✐❝s ✐♥s✐❞❡ ❛ ❣❛s ❞❡t❡❝t♦r ✇✐❧❧ ❜❡ r❡✲

♣♦rt❡❞✿ ✐♦♥✐③❛t✐♦♥✱ ♣❛rt✐❝❧❡ ♠♦t✐♦♥✱ ❛♠♣❧✐✜❝❛t✐♦♥ ❛♥❞ t❤❡ s✐❣♥❛❧ ♣r♦❞✉❝t✐♦♥✳ ❚❤♦s❡

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

r❡✈✐❡✇ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❣❛s ❞❡t❡❝t♦rs ✐s ♣r♦♣♦s❡❞ ❜❡❝❛✉s❡ t❤❡ ●❊▼ t❡❝❤♥♦❧✲

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

❛❧❧♦✇s t♦ ❞❡✜♥❡ ✐ts ❜❛❝❦❣r♦✉♥❞✳

❆✳✶ ■♦♥✐③❛t✐♦♥ ✐♥ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

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

✢✐❣❤t ♣❛t❤✳ ❚❤✐s ✐s t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❤②s✐❝❛❧ ♣r♦❝❡ss ✉s❡❞ ✐♥ ❡✈❡r② ❣❛s❡♦✉s ❞❡t❡❝t♦r✳

■♦♥✐③❛t✐♦♥ ♦❝❝✉rs ✇❤❡♥ ❛t♦♠s ❛♥❞ ♠♦❧❡❝✉❧❡s ✐♥ t❤❡ ❣❛s ❡♠✐t ❛♥ ❡❧❡❝tr♦♥ ✐❢ ❛♥ ❡①t❡r♥❛❧

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

✐♦♥✐③❛t✐♦♥ ❡♥❡r❣② ♣❡r ✐♦♥ ♣❛✐r r❛♥❣❡s ❢r♦♠ ✷✵ t♦ ✹✵ ❡❱ ❢♦r ♠♦st ❣❛s❡s ❛♥❞ ✐s t❤❡

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

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

■❢ t❤❡ ❡♥❡r❣② tr❛♥s❢❡rr❡❞ ✐s s♠❛❧❧❡r t❤❛♥ ❡✛❡❝t✐✈❡ ✐♦♥✐③❛t✐♦♥ ❡♥❡r❣② ✭❲i✮ t❤❡♥ t❤❡

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

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

tr❛♥s❢❡rr❡❞ ✐s ❤✐❣❤❡r t❤❛t ❲i t❤❡♥ ❛ ♣❤♦t♦✲❡❧❡❝tr♦♥ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞✳ ■❢ t❤❡ ❡♥❡r❣②

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

✐t ✐s ♥♦t ❛ ♣r♦❝❡ss ♦❢ ✐♥t❡r❡st ❢♦r ❣❛s ❞❡t❡❝t♦rs✳ ❲✐t❤✐♥ ❛ ❝❡rt❛✐♥ ♣r♦❜❛❜✐❧✐t② ❛♥

❡❧❡❝tr♦♥ ✐♥ t❤❡ ✐♥♥❡r s❤❡❧❧ ♦❢ t❤❡ ❛t♦♠s ✐s ❡①❝✐t❡❞ ❛♥❞ ✐ts ❞✐s❡①✐t❛t✐♦♥ ❣❡♥❡r❛t❡s t❤❡

❡♠✐ss✐♦♥ ♦❢ ❛♥ ❯❱ ♣❤♦t♦♥ ❛♥❞ ❛♥ ❆✉❣❡r ❡❧❡❝tr♦♥✳



✾✽ ❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

●❛s ❲i ◆P ❬❝♠−1❪ ◆T ❬❝♠−1❪
❍❡ ✹✶ ✺✳✾ ✼✳✽
❆r ✷✺ ✷✺ ✶✵✻
❳❡ ✷✷ ✹✶ ✸✶✷
❈❍4 ✸✵ ✸✼ ✺✹
❈2❍6 ✷✻ ✹✽ ✶✶✷
✐❈4❍10 ✷✻ ✾✵ ✷✷✵
❈❖2 ✸✹ ✸✺ ✶✵✵
❈❋4 ✺✹ ✻✸ ✶✷✵

❚❛❜❧❡ ❆✳✶✿ P❤②s✐❝❛❧ ❝♦♥st❛♥ts ❛♥❞ ❛♣♣r♦①✐♠❛t❡❞ ✈❛❧✉❡s ♦❢ ❡♥❡r❣② ❧♦ss ❛♥❞ ✐♦♥ ♣❛✐r
♣r♦❞✉❝t✐♦♥ ❬✶❪✳

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

❡❛❝❤ ✐♥t❡r❛❝t✐♦♥ λ ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ✐♦♥✐③❛t✐♦♥ ❝r♦ss✲s❡❝t✐♦♥ σi ❛♥❞ t❤❡ ❡❧❡❝tr♦♥

❞❡♥s✐t② ♦❢ t❤❡ ❣❛s Ne ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❊q✳ ❆✳✶✿

λ =
1

Neσi
✭❆✳✶✮

❚❤❡ ♥✉♠❜❡r ♦❢ ♣r✐♠❛r② ✐♦♥✐③❛t✐♦♥s Ni ❡①♣❡❝t❡❞ ✐♥ ❛ ♠❡❞✐✉♠ ❛❧♦♥❣ ❛ ♣❛t❤ ❧❡♥❣t❤

♦❢ d ✐s d/λ ❛♥❞ ✐t ❢♦❧❧♦✇s ❛ P♦✐ss♦♥ ❞✐st♦rt✐♦♥✿

PNi

k =
(Ni)

k

k!
e−Ni ✭❆✳✷✮

✇❤❡r❡ k ✐s t❤❡ ❛❝t✉❛❧ ♥✉♠❜❡r ♦❢ ♣❛✐rs✳ ❊❛❝❤ ✐♥t❡r❛❝t✐♦♥ ❝r❡❛t❡s ❛♥ ❡❧❡❝tr♦♥

❜✉t s❡✈❡r❛❧ ♦t❤❡r s❡❝♦♥❞❛r② ✐♦♥✐③❛t✐♦♥s ❝❛♥ ♦❝❝✉r ❛♥❞ ✉s✉❛❧❧② t❤❡ ♥✉♠❜❡r ♦❢ t♦t❛❧

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

❣❡♥❡r❛t❡ ❡♥❡r❣❡t✐❝ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥s✱ ♥❛♠❡❞ delta ❡❧❡❝tr♦♥s✱ t❤❛t ❝❛rr② ❛ ❧❛r❣❡

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

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

✐♥ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❛ ❞❡t❡❝t♦r ❛♥❞ ✐t ✐s ❣✐✈❡♥ ❜②✿

ǫ = 1− PNi

0 = 1− eNi ✭❆✳✸✮

❚❤✐s s❤♦✇s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❣❛s t❤✐❝❦♥❡ss ✐♥ t❤❡ ❞❡t❡❝t✐♦♥ ❡✣❝✐❡♥❝②✱ e.g.

t♦ r❡❛❝❤ ❛♥ ❡✣❝✐❡♥❝② ♦❢ ✾✾✪ t❤❡ s❡♥s✐t✐✈❡ ❣❛s t❤✐❝❦♥❡ss ❤❛s t♦ ❜❡ d > 5λ✳ ❚❤❡ t♦t❛❧



❆✳✷ ❉r✐❢t ♦❢ ❡❧❡❝tr♦♥s ❛♥❞ ✐♦♥s ✐♥ ❣❛s❡s ✾✾

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

t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ∆E ✐s✿

NT =
∆E

Wi

✭❆✳✹✮

■♥ ❣❛s ♠✐①t✉r❡s ❣✐✈❡♥ ❜② ❞✐✛❡r❡♥t ❡❧❡♠❡♥ts ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❡st✐♠❛t❡ ✇✐t❤ ❛

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

✇✐t❤ t❤❡ ❣❛s ❝♦♥❝❡♥tr❛t✐♦♥✳ E.g. ✐♥ ❆r✲✐❈4❍10 ❣❛s ♠✐①t✉r❡ ✐♥ ✈♦❧✉♠❡tr✐❝ ♣r♦♣♦r✲

t✐♦♥s ✾✵✿✶✵✱ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ t♦t❛❧ ❡❧❡❝tr♦♥ ❝❛♥ ❜❡ ❡✈❛❧✉❛t❡❞ ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣

❡①♣r❡ss✐♦♥ ❬✷❪✿

NAr:iC4H10

T = 0.9 ·NAr
T + 0.1 ·N iC4H10

T = 117 cm−1 ✭❆✳✺✮

❚❤❡ ❡♥❡r❣② ❧♦ss ❜② t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐s ✇❡❧❧ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❇❡t❤❡✲❇❧♦❝❦

❢♦r♠✉❧❛ ✐♥ ❊q✳ ❆✳✻

∆E

∆x
= −ρ2KZ

Aβ2

[

ln
2mc2β2

I(1− β2)
− β2 − C

Z
− δ

2

]

✭❆✳✻✮

✇❤❡r❡ ρ✱ Z ❛♥❞ A ❛r❡ t❤❡ ❛t♦♠✐❝ ❞❡♥s✐t②✱ ❝❤❛r❣❡ ❛♥❞ ♠❛ss✱ β t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡

♣❛rt✐❝❧❡✱ C/Z t❤❡ ✐♥♥❡r s❤❡❧❧ ❝♦rr❡❝t✐♦♥ ♥❡❡❞❡❞ ❛t ❧♦✇ ❡♥❡r❣② ❛♥❞ δ✴✷ t❤❡ ❞❡♥s✐t②

❡✛❡❝t ❝♦rr❡❝t✐♦♥ ✉s❡❞ ❛t r❡❧❛t✐✈✐st✐❝ ✈❡❧♦❝✐t②✳ ❚❤❡ ❊q✳ s❤♦✇s ❛ ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡

❡♥❡r❣② ❧♦ss ♠❛✐♥❧② ♦♥ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ♣❛rt✐❝❧❡ ❛♥❞ t❤❡ ♠❡❞✐✉♠ ♥❛t✉r❡✳ ❚❤❡

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

✐t ❝❛♥ ❝❛rr② ❛❜♦✉t t❤❡ ✶✵✪ ♦❢ t❤❡ ❡♥❡r❣② ❧♦ss✳ ❚❤❡ ❡♥❡r❣② ❧♦ss ✐♥ ❧♦✇ ❞❡♥s✐t②

♠❛t❡r✐❛❧ ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ t♦ ❛ ▲❛♥❞❛✉ ❞✐str✐❜✉t✐♦♥ ✇❤❡r❡ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ✐s

❛❜♦✉t ✸✵✪ ❤✐❣❤❡r t❤❛♥ t❤❡ ♠♦st ♣r♦❜❛❜❧❡ ✈❛❧✉❡ ❞✉❡ t♦ ❞❡❧t❛ ❡❧❡❝tr♦♥ ❛♥❞ t❤❡ ▲❛♥❞❛✉

❞✐str✐❜✉t✐♦♥ s❤♦✇s t❤❡ ❛s②♠♠❡tr✐❝ t❛✐❧✳

❆✳✷ ❉r✐❢t ♦❢ ❡❧❡❝tr♦♥s ❛♥❞ ✐♦♥s ✐♥ ❣❛s❡s

❊❧❡❝tr♦♥s ❛♥❞ ✐♦♥s ❣❡♥❡r❛t❡❞ ❜② ✐♦♥✐③❛t✐♦♥ ✐♥ ❣❛s ❝♦❧❧✐❞❡ ✇✐t❤ t❤❡ s✉rr♦✉♥❞✐♥❣

♠♦❧❡❝✉❧❡s ❛♥❞ ❧♦s❡ t❤❡✐r ❦✐♥❡t✐❝ ❡♥❡r❣② ❛♥❞ t❤❡② ❛r❡ r❡✲❛❜s♦r❜❡❞ ✐❢ ♥♦ ❡①t❡r♥❛❧

❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ❛♣♣❧✐❡❞✳ ❖t❤❡r✇✐s❡ t❤❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ♠♦✈❡ t❤r♦✉❣❤ t❤❡ ❣❛s ✉♣

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

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



✶✵✵ ❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

t❤❡ ❣❛s✳ ❚❤❡ ♠♦t✐♦♥ ♦❢ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s ✐♥ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t✐❝ ✜❡❧❞✱ E ❛♥❞ B✱

✐s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ♠♦t✐♦♥ ❊q✳✿

m
d✈

dt
= qE+ q(✈×B)−K✈ ✭❆✳✼✮

✇❤❡r❡m✱ q ❛♥❞ v ❛r❡ ♠❛ss✱ ❝❤❛r❣❡ ❛♥❞ ✈❡❧♦❝✐t② ♦❢ t❤❡ ♣❛rt✐❝❧❡✱ K ✐s t❤❡ ❢r✐❝t✐♦♥❛❧

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

❛ss♦❝✐❛t❡❞ t♦ t❤❡ ♠❡❛♥ t✐♠❡ ❜❡t✇❡❡♥ ❝♦❧❧✐s✐♦♥s ✐s τ ❂ m/K✳ ❚❤❡ s♦❧✉t✐♦♥ ♦❢ t❤❡

❊q✳ ❆✳✼ ✐s ❣✐✈❡♥ ❜②✿

✈ =
q

m
τ

1

1 + ω2τ 2
(

E+ ωτ [E×B] + ω2τ 2(E ·B)B
)

✭❆✳✽✮

✇❤❡r❡ ω ✐s t❤❡ ▲❛r♠♦r ❢r❡q✉❡♥❝② ❡q✉❛❧ t♦ eB/m✳ ■❢ ♥♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ♣r❡s❡♥t

t❤❡ ❡①♣r❡ss✐♦♥ ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ ✐♥✿

✈ =
q

m
τE = µE ✭❆✳✾✮

✇❤❡r❡ µ ✐s t❤❡ ♠♦❜✐❧✐t② ❞❡✜♥❡❞ ❛s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❞r✐❢t ✈❡❧♦❝✐t② ❛♥❞ t❤❡ ❡❧❡❝tr✐❝

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

▲♦r❡♥t③ ❢♦r❝❡ t❤❛t ♠♦❞✐✜❡s t❤❡ ❞r✐❢t ♣r♦♣❡rt✐❡s✳ ■❢ t❤❡ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t✐❝ ✜❡❧❞s

❛r❡ ♦rt❤♦❣♦♥❛❧✱ t❤❡ ▲♦r❡♥t③ ❛♥❣❧❡ θL ✐s ✐♥tr♦❞✉❝❡❞ s✉❝❤ ❛s t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡

❞r✐❢t ❞✐r❡❝t✐♦♥ ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥ t❤❡ ♣❧❛♥❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ B✿

v =
E

B

ωτ√
1 + ω2τ 2

❛♥❞ tan θL = ωτ ✭❆✳✶✵✮

❚❤❡ ❞r✐❢t ✈❡❧♦❝✐t② ♦❢ t❤❡ ❡❧❡❝tr♦♥s ❛♥❞ ✐♦♥s ✐s ❛ q✉❛♥t✐t② t❤❛t ❞❡♣❡♥❞s ♦♥ t❤❡ ❛♣♣❧✐❡❞

❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞ ❛♥❞ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❣❛s✳ ❆♥ ❡①❛♠♣❧❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ❆✳✶✳

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

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

❞♦♠❧②✳ ■♥ t❤❡ s✐♠♣❧❡st ❝♦♥✜❣✉r❛t✐♦♥ ◆❡rst✲❚♦✇♥s❡♥❞ ❢♦r♠✉❧❛ r❡❧❛t❡s t❤❡ ❞✐✛✉s✐♦♥

❝♦❡✣❝✐❡♥t D t♦ t❤❡ ✐♦♥ ♠♦❜✐❧✐t② µ ❛♥❞ t❤❡ ❣❛s t❡♠♣❡r❛t✉r❡ T ✿

D

µ
=
εk
q

✭❆✳✶✶✮

✇❤❡r❡ εk ✐s t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❡♥❡r❣②✱ ❛ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ q✉❛♥t✐t② ❡q✉❛❧ t♦ kT ✶

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

✶k ✐s t❤❡ ❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t



❆✳✸ ❆♠♣❧✐✜❝❛t✐♦♥ ♦❢ ✐♦♥✐③❛t✐♦♥ ✶✵✶

❋✐❣✉r❡ ❆✳✶✿ ▲♦♥❣✐t✉❞✐♥❛❧ ❛♥❞ tr❛♥s✈❡rs❡ ❞✐✛✉s✐♦♥ ❛♥❞ ❞r✐❢t ✈❡❧♦❝✐t② ❬✺❪✳

❢♦❧❧♦✇✐♥❣ ❛ ●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✿

σd =

√

εkd

qE
=

√

Dd

µE
✭❆✳✶✷✮

❚❤✐s ❝❧❛ss✐❝❛❧ t❤❡♦r② ❛ss✉♠❡s ❛ s②♠♠❡tr✐❝ ❞✐✛✉s✐♦♥ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❞✐✛✉s✐♦♥ ❝♦❡❢✲

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

♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ❆✳✶✳

❚❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ❞r✐❢t ✈❡❧♦❝✐t② ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❛♥❞ t❤❡✐r ❞✐✛✉s✐♦♥ ✐s ❢✉♥❞❛✲

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

✈❡❧♦❝✐t② ♣r♦✈✐❞❡s r❡❝♦♥str✉❝t✐♦♥ st❛❜✐❧✐t② ✇❤✐❧❡ t❤❡ tr❛♥s✈❡rs❡ ❞✐✛✉s✐♦♥ ❛✛❡❝t t❤❡

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

t❤❡ ♣r✐♠❛r② ✐♦♥✐③❛t✐♦♥✳

❆✳✸ ❆♠♣❧✐✜❝❛t✐♦♥ ♦❢ ✐♦♥✐③❛t✐♦♥

❆♥ ❡❧❡❝tr♦♥ ❞r✐❢t✐♥❣ ✐♥ ❛ ❣❛s ♠❡❞✐✉♠ ✇✐t❤ ❛ ❦✐♥❡t✐❝ ❡♥❡r❣② ❤✐❣❤❡r t❤❛t t❤❡ ✐♦♥✐③❛t✐♦♥

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

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

❦❱✴❝♠✮ ❝❛♥ ♣r♦✈✐❞❡ t♦ t❤❡ ❡❧❡❝tr♦♥ t❤❡ ♥❡❡❞❡❞ ❡♥❡r❣② ❛♥❞ ✐❢ t❤❡ ♣r✐♠❛r② ❛♥❞ t❤❡

s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥s ❝♦♥t✐♥✉❡ t❤❡✐r ♣❛t❤✱ ❢✉rt❤❡r ✐♦♥✐③❛t✐♦♥ ❝❛♥ ♦❝❝✉r✳ ❚❤❡ ♣r♦❝❡ss

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

t♦ ❞❡✜♥❡ t❤❡ ✜rst ❚♦✇♥s❡♥❞ ❝♦❡✣❝✐❡♥t ❢r♦♠ t❤❡ ♠❡❛♥ ❢r❡❡ ♣❛t❤ λ ❛s ✐ts ✐♥✈❡rs❡✿



✶✵✷ ❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

α ❂ λ−1✳ ■t r❡♣r❡s❡♥ts t❤❡ ♥✉♠❜❡r ♦❢ ✐♦♥ ♣❛✐rs ♣r♦❞✉❝❡❞ ♣❡r ✉♥✐t ❧❡♥❣t❤ ♦❢ ❞r✐❢t✳ ■t

✐s r❡❧❛t❡❞ t♦ t❤❡ ✐♦♥✐③❛t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❊q✳✿

α = Nmσi ✭❆✳✶✸✮

✇❤❡r❡ Nm ✐s t❤❡ ♥✉♠❜❡r ♦❢ ♠♦❧❡❝✉❧❡s ♣❡r ✉♥✐t ✈♦❧✉♠❡✳ ❆❢t❡r ❡❛❝❤ ♠❡❛♥ ❢r❡❡ ♣❛t❤

❛♥ ❡❧❡❝tr♦♥ ❝r❡❛t❡s ❛♥♦t❤❡r ❡❧❡❝tr♦♥ ❛♥❞ ❛♥ ✐♦♥ ❛♥❞ t✇♦ ❡❧❡❝tr♦♥s ✇✐❧❧ ❝♦♥t✐♥✉❡ t❤❡

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

❡①♣♦♥❡♥t✐❛❧❧②✳ ❖✈❡r ❛ ♣❛t❤ d t❤❡ ❣❛✐♥ ✐s ❣✐✈❡♥ ❜②✿

G = eαd ✭❆✳✶✹✮

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

r❛❞✐❛t✐✈❡ ♦r ✐♦♥✐③✐♥❣ tr❛♥s✐t✐♦♥s ❛r❡ ♣♦ss✐❜❧❡✳ P❡♥♥✐♥❣ ❡✛❡❝t ❬✼❪ ❝❛♥ ♦❝❝✉r ✐♥ t❤✐s

❝♦♥✜❣✉r❛t✐♦♥✿ ✐❢ t❤❡ ✐♦♥✐③❛t✐♦♥ ♣♦t❡♥t✐❛❧ ♦❢ ♦♥❡ s♣❡❝✐❡s ✐s ❧♦✇❡r t❤❛♥ t❤❡ ❡①❝✐t❛t✐♦♥

♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ♦t❤❡r✱ ❛ ♣r♦❝❡ss ♦❢ ❝♦❧❧✐s✐♦♥ tr❛♥s❢❡r t❤❛t ✐♥❝r❡❛s❡s t❤❡ ✐♦♥✐③❡❞ st❛t❡s

❝❛♥ t❛❦❡ ♣❧❛❝❡✿

A∗ +B → A+B+ + e ✭❆✳✶✺✮

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

❡①❝❡❡❞ t❤❡♥ t❤❡r❡ ✐s tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡ ❛✈❛❧❛♥❝❤❡ t♦ ❛ str❡❛♠❡r✿ t❤❡ s❡❝♦♥❞❛r②

✐♦♥✐③❛t✐♦♥ s♣r❡❛❞ t❤❡ ❝❤❛r❣❡ ♦✈❡r t❤❡ ✈♦❧✉♠❡ ❛♥❞ str♦♥❣❧② ✐♥❝r❡❛s❡ t❤❡ s♣❛❝❡ ❝❤❛r❣❡

❞✐st♦rt✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥ ❢r♦♥t ❛♥❞ ❜❡❤✐♥❞ t❤❡ ❛✈❛❧❛♥❝❤❡✳ ❙❡❝♦♥❞❛r② ✐♦♥✐③❛✲

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

❛✈❛❧❛♥❝❤❡ ❛♥❞ ♣r♦♣❛❣❛t❡ t❤❡ ❝❤❛r❣❡✱ st❛rt✐♥❣ t❤❡ str❡❛♠❡r✳ ❋✐❣✉r❡ ❆✳✷ s❤♦✇s t❤❡

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

❆✳✹ ●❛s ❝❤♦✐❝❡

❚❤❡ ❣❛s ♠✐①t✉r❡ ✐s t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❝❤♦✐❝❡ ✐♥ ❛ ❣❛s ❞❡t❡❝t♦r✳ ●❛s ❝r♦ss s❡❝t✐♦♥ ❞❡✲

t❡r♠✐♥❡s t❤❡ ❞❡t❡❝t♦r ♣r♦♣❡rt✐❡s✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❙❡❝t✐♦♥s✳ ❙♦♠❡ ❣❛s❡s

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

❝❤❛r❣❡ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ ❞❡t❡❝t♦r✳ ▼♦r❡♦✈❡r✱ t❤❡ ❞r✐❢t ✈❡❧♦❝✐t② ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❛r❡

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

❆❧s♦✱ t❤❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❣❛s ♠✐①t✉r❡✿ ✐♥ ♥♦❜❧❡ ❣❛s❡s t❤❡ ✐♥❡❧❛st✐❝

❝r♦ss s❡❝t✐♦♥ ✐s ③❡r♦ ❜❡❧♦✇ t❤❡ ❡①❝✐t❛t✐♦♥ ❛♥❞ ✐♦♥✐③❛t✐♦♥ t❤r❡s❤♦❧❞ ❬✽❪ ❛♥❞ t❤❡ ♠✉❧t✐✲

♣❧✐❝❛t✐♦♥ ♦❝❝✉rs ❛t ♠✉❝❤ ❧♦✇❡r ✜❡❧❞s t❤❛♥ ✐♥ ❝♦♠♣❧❡① ♠♦❧❡❝✉❧❡s✳ ■♥ ♣r✐♥❝✐♣❧❡ ❡✈❡r②

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



❆✳✹ ●❛s ❝❤♦✐❝❡ ✶✵✸

❋✐❣✉r❡ ❆✳✷✿ ●❛✐♥✲❱♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ❢♦r ❛ ♣r♦♣♦rt✐♦♥❛❧ ❝♦✉♥t❡r✱ s❤♦✇✐♥❣ t❤❡ ❞✐✛❡r❡♥t
r❡❣✐♦♥ ♦❢ ♦♣❡r❛t✐♦♥ ❬✾❪✳

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

❞❡✲❡①❝✐t❡ t❤❡ ♥♦❜❧❡ ❣❛s❡s ❛♥❞ t❤❡ ♠✐♥✐♠✉♠ ❡♥❡r❣② ♦❢ t❤❡ ❡♠✐tt❡❞ ♣❤♦t♦♥ ✭✶✶✳✻ ❡❱✮

✐s ❣r❡❛t❡r t❤❛♥ t❤❡ ✐♦♥✐③❛t✐♦♥ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ❝❛t❤♦❞❡ ♠❡t❛❧ ✭✼✳✼ ❡❱✮✳ ◆❡✇ ❡❧❡❝tr♦♥s

❝❛♥ ❜❡ ❡♠✐tt❡❞ ❛❢t❡r t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ ♣❤♦t♦♥ ❛♥❞ t❤♦s❡ ❝❛♥ ❣❡♥❡r❛t❡ ❛ ♥❡✇

❛✈❛❧❛♥❝❤❡✳ P♦❧②✲❛t♦♠✐❝ ❣❛s❡s✱ s✉❝❤ ❛s ❈❖2 ♦r ✐❈4❍10✱ ❝❛♥ ❜❡ ♠✐①❡❞ t♦❣❡t❤❡r t❤❡

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

❧❛r❣❡ ✐♥❡❧❛st✐❝ ❝r♦ss s❡❝t✐♦♥s ❛t ♠♦❞❡r❛t❡ ❡♥❡r❣✐❡s✱ ✇❤✐❝❤ r❡s✉❧t ✐♥ cooling ❡❧❡❝tr♦♥s

✐♥t♦ t❤❡ ❡♥❡r❣② r❛♥❣❡ ♦❢ t❤❡ ❘❛♠s❛✉❡r✲❚♦✇♥s❡♥❞ ♠✐♥✐♠✉♠✳ ❆♥♦t❤❡r r♦❧❡ ♦❢ t❤❡

♣♦❧②✲❛t♦♠✐❝ ❣❛s ✐s t♦ ❛❜s♦r❜ t❤❡ ✉❧tr❛✈✐♦❧❡t ♣❤♦t♦♥s ❡♠✐tt❡❞ ❜② t❤❡ ❡①❝✐t❡❞ ♥♦❜❧❡

❣❛s ❛t♦♠s ✐♥ ♦r❞❡r t♦ ❧✐♠✐t t❤❡ ❛✈❛❧❛♥❝❤❡ s✐③❡ ❛♥❞ ❝♦♥str❛✐♥ ✐t ✐♥ ♣r♦♣♦rt✐♦♥❛❧ ♠♦❞❡

✐❢ t❤❡ str❡❛♠❡r ♠♦❞❡ ❤❛s t♦ ❜❡ ❛✈♦✐❞❡❞✳



✶✵✹ ❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

❆✳✺ ❈r❡❛t✐♦♥ ♦❢ s✐❣♥❛❧

❚❤❡ ❡❧❡❝tr♦♥s ❝r❡❛t❡❞ ✐♥ t❤❡ ❛✈❛❧❛♥❝❤❡ ♠♦✈✐♥❣ t♦ ❛ ❣r♦✉♥❞❡❞ ♠❡t❛❧ ❡❧❡❝tr♦❞❡✱ e.g.

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

r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❣❡♥❡r❛t❡ ❛ ♠✐rr♦r ✐♠❛❣❡ ♦♥ t❤❡ ♠❡t❛❧ s✉r❢❛❝❡ ❡q✉❛❧

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

t❤❡ ●❛✉ss ❧❛✇✳ ■❢ t❤❡ r❡❛❞♦✉t ♣❧❛♥❡ ✐s s❡❣♠❡♥t❡❞ ✐♥t♦ str✐♣ ♦❢ ✇✐❞t❤ w ❛♥❞ ❡❛❝❤

str✐♣ ✐s ❣r♦✉♥❞❡❞ t❤❡♥ t❤❡ ✐♥❞✉❝❡❞ ❝❤❛r❣❡ ♦♥ t❤❡ str✐♣ ❞❡♣❡♥❞s ♦♥ t❤❡ ❞✐st❛♥❝❡ d✿

Qstrip(d) = −2q

π
arctan

( w

2d

)

✭❆✳✶✻✮

✇❤❡r❡ q ✐s t❤❡ ❝❤❛r❣❡ ♦❢ t❤❡ ♣❛rt✐❝❧❡✳ ■❢ t❤❡ ❝❤❛r❣❡ ✐s ♠♦✈✐♥❣ t❤❡♥ d = d(t) =

d0 − vt ❛♥❞ t❤✉s t❤❡ ✐♥❞✉❝❡❞ ❝✉rr❡♥t ✐s ❣✐✈❡♥ ❜② t❤❡ ❊q✳✿

I indstrip(t) = − d

dt
{Qstrip[d(t)]} =

4qw

π[4d(t)2 + w2
v ✭❆✳✶✼✮

❘❛♠♦ t❤❡♦r❡♠ ❬✶✵❪ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ✐♥❞✉❝❡❞ ❝✉rr❡♥t✳ ▲❡t✬s ❞❡✜♥❡

❊strip(x) t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❝r❡❛t❡❞ ❜② r❛✐s✐♥❣ t❤❡ str✐♣ t♦ t❤❡ ♣♦t❡♥t✐❛❧ Vstrip ❂ ✶ ❱

t❤❡♥ t❤❡ ✐♥❞✉❝❡❞ ❝✉rr❡♥t ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠✿

I indstrip =
−q✈(x)× ❊strip(x)

Vstrip
= −q✈(x)× ❊

weight
strip (x) ✭❆✳✶✽✮

✇❤❡r❡ ❊weight
strip (x) ✐s t❤❡ ✇❡✐❣❤t✐♥❣ ✜❡❧❞✳ ■t ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ♦♥❝❡ t❤❡ ❣❡♦♠❡tr②

❛♥❞ t❤❡ ❡❧❡❝tr♦st❛t✐❝ ❝♦♥✜❣✉r❛t✐♦♥ ✐s ❞❡✜♥❡❞✳ ■♥ ❊q✳ ❆✳✶✽ t❤❡ ❝✉rr❡♥t ❞❡♣❡♥❞s ♦♥

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

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

❡❧❡❝tr✐❝ ✜❡❧❞✳

❆✳✻ ❇r✐❡❢ ❤✐st♦r② ♦❢ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

●❛s❡♦✉s ❞❡t❡❝t♦r ✉s❡s ❛ ❣❛s ✈♦❧✉♠❡ t♦ ❣❡♥❡r❛t❡ ❛ s✐❣♥❛❧✱ t❤❡ ♣r✐♠❛r② ✐♦♥✐③❛t✐♦♥✱ ✐♥

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

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

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

✇✐❧❧ ♠❡❛s✉r❡ t❤❡ s✐❣♥❛❧✳ ■♥ t❤❡ ♣❛st ❝❡♥t✉r② ❞✐✛❡r❡♥t t❡❝❤♥♦❧♦❣✐❡s ❢♦❧❧♦✇❡❞ ❡❛❝❤

♦t❤❡r ✇✐t❤ ❞✐✛❡r❡♥t ❣❡♦♠❡tr✐❡s✱ ♣r♦❝❡ss ♦❢ ❞r✐❢t ❛♥❞ ❛♠♣❧✐✜❝❛t✐♦♥ t❡❝❤♥✐q✉❡s✿ ❢r♦♠

t❤❡ s✐♥❣❧❡ ✇✐r❡ ❝♦✉♥t❡rs t❤❛t ❛❧❧♦✇s ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ✭✶❉✮ ♣♦s✐t✐♦♥ ♠❡❛s✉r❡♠❡♥t



❆✳✻ ❇r✐❡❢ ❤✐st♦r② ♦❢ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs ✶✵✺

t♦ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs ✇❤✐❝❤ ✉s❡s ❛♠♣❧✐✜❝❛t✐♦♥ st❛❣❡s ❛♥❞ ❞r✐❢t r❡❣✐♦♥ s❡♣❛r❛t❡❞

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

r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ✭✸❉✮ s♣❛❝❡✳

❆✳✻✳✶ ❙✐♥❣❧❡ ✇✐r❡ ❝❤❛♠❜❡r

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

t❤❡ ✐♦♥✐③❛t✐♦♥✱ ❘✉t❤❡r❢♦r❞ ❛♥❞ ●❡✐❣❡r ❬✶✶❪ ❞❡✈❡❧♦♣❡❞ ❛ s✐♥❣❧❡✲✇✐r❡ ❝♦✉♥t❡rs✿ ❛♥

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

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

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

✇✐r❡ ✇❛s ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❛♥ ❡❧❡❝tr♦✲♠❡t❡r✳ ■♥ t❤✐s ✇❛② t❤❡ ✐♦♥✐③❛t✐♦♥ ♣r♦❞✉❝❡❞ ❜②

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

✭∼ ✶✵8✮ t❤❡♥ ❛❧❧ ♣✉❧s❡s ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♣r✐♠❛r② ✐♦♥✐③❛t✐♦♥✳ ❚❤✉s ✐s ❝❛❧❧❡❞

●❡✐❣❡r ♠♦❞❡✳ ❍❡r❡ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛❧❧♦✇s ♣r✐♠❛r② ❚♦✇♥s❡♥❞ ❛✈❛❧❛♥❝❤❡s ❣❡♥❡r❛t❡❞

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

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

❛❞✈❛♥t❛❣❡ ♦❢ ●❡✐❣❡r ❝♦✉♥t❡r ✐❢ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ s✐❣♥❛❧ ✉♣ t♦ ✶✵✵ ❱ t❤❛t ❞♦❡s

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

❛r♦✉♥❞ t❤❡ ✇✐r❡ t❤❛t ❧✐♠✐ts t❤❡ r❛t❡ ❝❛♣❛❜✐❧✐t② ❛t ✶ ❦❍③ ❛♥❞ t❤❡ ❞❡t❡❝t♦r ✐s ♥♦t

❝❤❛r❣❡ s❡♥s✐t✐✈❡ ❜❡❝❛✉s❡ ❡✈❡r② ♦✉t♣✉t ❤❛s t❤❡ s❛♠❡ ❛♠♣❧✐t✉❞❡✳ ❚❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❢

t❤❡ ❝❤❛♠❜❡r ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ❆✳✸✳

❆✳✻✳✷ Pr♦♣♦rt✐♦♥❛❧ ❝♦✉♥t❡r

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

✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❝❤❛r❣❡ r❡❧❡❛s❡❞ ✐♥ t❤❡ ✐♦♥✐③❛t✐♦♥ ❢♦r ✈♦❧t❛❣❡s s♠❛❧❧❡r t❤❛♥ t❤❡

♦♥❡ ✉s❡❞ ✐♥ ●❡✐❣❡r ♠♦❞❡ t❤❛t ❝♦rr❡s♣♦♥❞ t♦ ❛ ❣❛✐♥ ❧♦✇❡r t❤❛♥ ✶✵6✳ ❚❤❡ ❞❡t❡❝t❡❞

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

❞✉❡ t♦ t❤❡ ❝♦❧❧❡❝t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥s✳ ❚❤❡ ♣✉❧s❡ s♣❡❝tr✉♠ ❤❛s ❛ ●❛✉ss✐❛♥✲❧✐❦❡ s❤❛♣❡

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

❲✐❞t❤ ❛t ❍❛❧❢✲▼❛①✐♠✉♠ ✭❋❲❍▼✮ ❛♥❞ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✳

❘❡s♦❧✉t✐♦♥ ❜❡t✇❡❡♥ ✶✵✪ ❛♥❞ ✶✺✪ ❤❛s ❜❡❡♥ ❛❝❤✐❡✈❡❞ ✇✐t❤ t❤✐s t❡❝❤♥♦❧♦❣②✳ ❚❤❡

t②♣✐❝❛❧ s✐❣♥❛❧ ❞✉r❛t✐♦♥ ✐s ❛❜♦✉t 10−50µs ❛❧❧♦✇✐♥❣ ♦♣❡r❛t✐♦♥s ❛t r❛t❡s ✉♣ t♦ 105 Hz✳

■♥ ♣r♦♣♦rt✐♦♥❛❧ ♠♦❞❡ t❤❡ ❛✈❛❧❛♥❝❤❡ ✐♥ ❧♦❝❛❧✐③❡❞ ✐♥ ❛ r❡❣✐♦♥ ❛r♦✉♥❞ t❤❡ ✇✐r❡ ❛♥❞

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

♠❡❛s✉r❡ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❛✈❛❧❛♥❝❤❡✳ ▲❡t✬s ❞❡✜♥❡ L t❤❡ ✇✐r❡ ❧❡♥❣t❤ ❛♥❞ Si t❤❡



✶✵✻ ❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

❋✐❣✉r❡ ❆✳✸✿ ❘❡♣r❡s❡♥t❛t✐♦♥s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥s✐❞❡ ❛ s✐♥❣❧❡✲✇✐r❡ ❝❤❛♠❜❡r✳

s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ r❡❛❞♦✉t ❢r♦♠ ♦♥❡ ❡❞❣❡ t❤❡♥ t❤❡ ♣♦s✐t✐♦♥ ❢r♦♠ t❤❡ ❡❞❣❡ 1 ✐s✿

x =
S1

S1 + S2

L ✭❆✳✶✾✮

❚❤❡ ❛✈❛❧❛♥❝❤❡ ♣r♦❝❡ss ❝r❡❛t❡s ❡❧❡❝tr♦♥s ❛♥❞ ✐♦♥s✱ i.e ✐♥ t❤❡ ✇✐r❡ ❝❤❛♠❜❡r✱ ❛r♦✉♥❞

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

r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❣❛✐♥✳ ❆❢t❡r s❡✈❡r❛❧ ❤✉♥❞r❡❞ µs t❤❡ ✐♦♥s ❧❡❛✈❡ t❤❡ r❡❣✐♦♥ ❛♥❞ t❤❡

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

♦❜s❡r✈❡❞ ❜② ❬✶✷❪ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ❆✳✹✳

❆✳✻✳✸ ▼✉❧t✐✲✇✐r❡ ♣r♦♣♦rt✐♦♥❛❧ ❝♦✉♥t❡r

❚♦ ✐♠♣r♦✈❡ t❤❡ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡ s✐♥❣❧❡✲✇✐r❡ ❝❤❛♠❜❡r ❞✉❡ t♦ ✐ts ❣❡♦♠❡tr②✱ s❡✈❡r❛❧

✇✐r❡ ❝♦✉♥t❡rs ✇✐t❤✐♥ t❤❡ s❛♠❡ ❣❛s ✈♦❧✉♠❡ ❝❛♥ ❜❡ ❛ss❡♠❜❧❡❞✿ ❛ s❡t ♦❢ ✇✐r❡s ✇✐t❤

❛ ❢❡✇ t❡♥s t❤✐❝❦♥❡ss✱ ♣❛r❛❧❧❡❧ ❛♥❞ ❡q✉❛❧❧② s♣❛❝❡❞ ❛r❡ ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t✇♦ ❝❛t❤♦❞❡

♣❧❛♥❡s ❬✶✹❪✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✇✐r❡s ❛♥❞ t❤❡ ❝❛t❤♦❞❡ ✐s ❛❜♦✉t 10mm ✇❤✐❧❡

t❤❡ s♣❛❝✐♥❣ ❜❡t✇❡❡♥ t❤❡ ✇✐r❡s ❜❡t✇❡❡♥ 1 ❛♥❞ 2mm✳ ❙♠❛❧❧❡r s♣❛❝✐♥❣ ✐s ❞✐✣❝✉❧t

t♦ r❡❛❧✐③❡ ❛♥❞ ✐t ✐s ♥♦t ❡❧❡❝tr✐❝❛❧❧② st❛❜❧❡✳ ❆ r❡♣r❡s❡♥t❛t✐♦♥s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞

✐♥ ❛ ▼❲P❈ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ❆✳✺✳ ❚❤❡ s✐❣♥❛❧ ❝♦❧❧❡❝t❡❞ ✐s ♦❢ ❢❡✇ ♠❱ ❬✶✺❪ ❛♥❞ ✐t

✐s s❤❛r❡❞ ❜❡t✇❡❡♥ t❤❡ ✇✐r❡s ✐♥ t❤❡ ❛♥♦❞❡ ❛♥❞ ❜❡t✇❡❡♥ str✐♣s ✐♥ t❤❡ ❝❛t❤♦❞❡✳ ❚❤❡



❆✳✻ ❇r✐❡❢ ❤✐st♦r② ♦❢ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs ✶✵✼

❋✐❣✉r❡ ❆✳✹✿ ❙♣❛❝❡ ❝❤❛r❣❡ ❡✛❡❝t ♦♥ ❣❛s ❛♠♣❧✐✜❝❛t✐♦♥✳ G/G0✱ ❣❛s ❣❛✐♥ r❡❧❛t✐✈❡ t♦ ③❡r♦
❝♦✉♥t✐♥❣ r❛t❡✳ Q✿ t♦t❛❧ ❝❤❛r❣❡ ✐♥ s✐♥❣❧❡ ❛✈❛❧❛♥❝❤❡❀ N ✿ ♣❛rt✐❝❧❡ r❛t❡✴✇✐r❡ ❧❡♥❣t❤ ❬✶✷❪✳

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

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

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

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

❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣❡♦♠❡tr② ♦❢ t❤❡ ❞❡t❡❝t♦r ❛♥❞ t❤❡ ❣❛s ♣r♦♣❡rt✐❡s✳ ❚❤✐s q✉❛♥t✐t② ✐s

t❤❡ ❝❧✉st❡r s✐③❡✳ ❖♥❝❡ t❤❡ tr❛❝❦s ❛♥❣❧❡ ✐♥❝r❡❛s❡s ✭✵◦ ❝♦rr❡s♣♦♥❞ t♦ ♦rt❤♦❣♦♥❛❧ tr❛❝❦s✮

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

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

✇✐r❡ ❧❡♥❣t❤✳ ❚❤❡ ♣♦s✐t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❝❡♥t❡r✲♦❢✲❣r❛✈✐t② ✭❈❖●✮ ♠❡t❤♦❞✿

x =

∑

xiqi
∑

qi
✭❆✳✷✵✮

✇❤❡r❡ xi ✐s t❤❡ ❝❡♥tr❛❧ ❝♦♦r❞✐♥❛t❡ ♦❢ t❤❡ str✐♣ ✐ ❛♥❞ qi t❤❡ ❝❤❛r❣❡ ❝♦❧❧❡❝t❡❞ ♦♥ t❤❡

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

♣r♦♣❡r ♦✛s❡t q0 ✐s r❡♠♦✈❡❞ t♦ t❤❡ ♠❡❛s✉r❡❞ ❝❤❛r❣❡ t♦ r❡♠♦✈❡ t❤❡ ♥♦✐s❡ ❛♥❞ t❤❡

❝r♦ss t❛❧❦✿ qi → qi − q0✳







✶✶✵ ❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

❋✐❣✉r❡ ❆✳✼✿ ❙❦❡t❝❤ ♦❢ t❤❡ ❘P❈ ❬✶✾❪✳

❡♠✐ss✐♦♥✳ ❘P❈ ❝❛♥ ✇♦r❦ ✐♥ str❡❛♠❡r ♠♦❞❡ ❜✉t t❤✐s ❧❡❛❞s t♦ ❛♥ ❡✣❝✐❡♥❝② ❧♦ss ❞✉❡

t♦ t❤❡ ♥❡❡❞❡❞ r❡❝♦✈❡r② t✐♠❡ ❛❢t❡r ❡❛❝❤ ❛✈❛❧❛♥❝❤❡ t❤❛t ❧♦❝❛❧❧② r❡❞✉❝❡ t❤❡ ❡❧❡❝tr✐❝

✜❡❧❞✳ ❚❤✐s t❡❝❤♥♦❧♦❣② ❝❛♥ ❛❝❤✐❡✈❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ❧❡ss t❤❛♥t ✶✵✵ ♣s ❬✷✶❪ t❤❛♥❦s t♦

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

♣r♦❝❡ss ✐♥ t❤❡ t❤✐♥ ❣❛♣✳ ❙❡✈❡r❛❧ ❧❛②❡r ♦❢ ❘P❈ ❛r❡ s✉✐t❛❜❧❡ ❢♦r ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥

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

❆✳✼ ▼✐❝r♦ ♣❛tt❡r♥ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

▼♦❞❡r♥ ♣❤♦t♦❧✐t❤♦❣r❛♣❤✐❝ t❡❝❤♥♦❧♦❣② ❛♥❞ t❤✐♥✲❧❛②❡r ♣♦❧②♠✐❞❡ ❞❡♣♦s✐t✐♦♥s ❧❡❞ t♦

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

▼✐❝r♦ P❛tt❡r♥ ●❛s❡♦✉s ❉❡t❡❝t♦r ✭▼P●❉✮✳ ❚❤❡ ❣r❛♥✉❧❛r✐t② ♦❢ t❤❡ ❞❡t❡❝t♦r ❝♦✉❧❞

❜❡ ✐♠♣r♦✈❡❞ ♦✈❡r ✇✐r❡ ❝❤❛♠❜❡r t❤❛♥❦s t♦ ♣✐t❝❤ s✐③❡ ♦❢ ❢❡✇ ❤✉♥❞r❡❞s µ♠✿ t❤✐s

✐♠♣r♦✈❡❞ t❤❡ ✐♥tr✐♥s✐❝ r❛t❡ ❝❛♣❛❜✐❧✐t② ❛❜♦✈❡ 106 Hz/mm2✱ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ❜❡❧♦✇

50µm✱ ♠✉❧t✐ ♣❛rt✐❝❧❡ r❡s♦❧✉t✐♦♥ ❛♥❞ s✐♥❣❧❡ ♣❤♦t♦✲❡❧❡❝tr♦♥ t✐♠❡ r❡s♦❧✉t✐♦♥ ✇✐t❤✐♥

t❡♥s ♥s ❬✸❪✳

❆✳✼✳✶ ▼✐❝r♦ ❙tr✐♣ ●❛s ❈❤❛♠❜❡r

❚❤❡ ▼✐❝r♦ ❙tr✐♣ ●❛s ❈❤❛♠❜❡r ✭▼❙●❈✮ ❬✷✷❪ ✐s t❤❡ ♣✐♦♥❡❡r ✐♥ t❤✐s ♥❡✇ ❞❡t❡❝t✐♦♥

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

✇✐❞t❤ ❝♦♥♥❡❝t❡❞ r❡s♣❡❝t✐✈❡❧② t♦ t❤❡ ❝❛t❤♦❞❡ ❛♥❞ t❤❡ ❛♥♦❞❡❀ ❛♥ ✉♣♣❡r ❡❧❡❝tr♦❞❡



❆✳✼ ▼✐❝r♦ ♣❛tt❡r♥ ❣❛s❡♦✉s ❞❡t❡❝t♦rs ✶✶✶

❋✐❣✉r❡ ❆✳✽✿ ❋✐❡❧❞ ❛♥❞ ❡q✉✐♣♦t❡♥t✐❛❧ ❧✐♥❡s ❝♦♠♣✉t❡❞ ❢♦r ❛ ❜❛❝❦✲♣❧❛♥❡ ✈♦❧t❛❣❡ ❝❧♦s❡ t♦ t❤❡
❝❛t❤♦❞❡✳ ❬✷✵❪✳

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

✇❤❡r❡ ❤❛♣♣❡♥s t❤❡ ❞❡t❡❝t✐♦♥ ❛♥❞ t❤❡ ✐♦♥✐③❛t✐♦♥ ❞r✐❢t✳ ❋✐❣✉r❡ ❆✳✽ s❤♦✇s t❤❡ ❡❧❡❝tr✐❝

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

t❤❡ ❛♥♦❞❡ str✐♣ ✐s 10µm ✇✐t❤ 200µm ♣✐t❝❤✿ ❛r♦✉♥❞ t❤❡ str✐♣ r❡❣✐♦♥ t❤❡ ❡❧❡❝tr✐❝

✜❡❧❞ ❜❡❝♦♠❡s ✈❡r② ✐♥t❡♥s❡ ❛♥❞ t❤❡ ❛✈❛❧❛♥❝❤❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ♣r♦❝❡ss t❛❦❡s ♣❧❛❝❡✳

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

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

t❤❡ ✐♦♥s ❞♦ ♥♦t ❤❛✈❡ t♦ ❞r✐❢t ✉♣ t♦ t❤❡ ♦t❤❡r ♣❧❛♥❡ t♦ ❜❡ ♥❡✉tr❛❧✐③❡❞✳ ❉✉❡ t♦ t❤❡

❝❛♣❛❝✐t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ str✐♣✱ ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ✐♥❞✉❝❡❞ ❝❤❛r❣❡ ♦♥ ❝❡rt❛✐♥ str✐♣ ✐s

✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ ♦t❤❡r ❛♥❞ t❤✐s ✐♥❝r❡❛s❡s t❤❡ ♥♦✐s❡ ✐♥ t❤❡ ❝❤❛♠❜❡r✳ ▼❛♥② ♣r♦❜❧❡♠s

❤❛s ❜❡❡♥ ❡♥❝♦✉♥t❡r❡❞ ✇✐t❤ t❤❡ ▼❙●❈ s✉❝❤ ❛s ❣❛✐♥ ✐♥st❛❜✐❧✐t✐❡s ❛♥❞ ❞✐s❝❤❛r❣❡s ❬✷❪✳

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

▼P●❉ t❤❛t ✇✐❧❧ ❜❡ s❤♦✇♥ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥s✳



✶✶✷ ❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs

❋✐❣✉r❡ ❆✳✾✿ ❆ s❝❤❡♠❛t✐❝ ✈✐❡✇ ♦❢ ▼■❈❘❖▼❊●❆❙✿ t❤❡ 3m ❝♦♥✈❡rs✐♦♥ ❣❛♣ ❛♥❞ t❤❡
❛♠♣❧✐✜❝❛t✐♦♥ ❣❛♣ s❡♣❛r❛t❡❞ ❜② t❤❡ ♠✐❝r♦✲♠❡s❤ ❛♥❞ t❤❡ ❛♥♦❞❡ str✐♣ ❡❧❡❝tr♦❞❡ ❬✷✵❪✳

❆✳✼✳✷ ▼✐❝r♦✲♠❡s❤ ❣❛s❡♦✉s str✉❝t✉r❡

❍✐❣❤ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛❜♦✉t 100 kV/cm ✐♥ ❣❛♣s ❜❡❧♦✇ t❤❡ ♠♠ s❛t✉r❛t❡s t❤❡ ❚♦✇♥s❡♥❞

❝♦❡✣❝✐❡♥t ❞✉r✐♥❣ t❤❡ ❛✈❛❧❛♥❝❤❡ ❛♥❞ ❧❛r❣❡ ❣❛✐♥s ❝❛♥ ❜❡ ❛tt❛✐♥❡❞✳ ❚❤✐s ❧❡❞ t♦ t❤❡

❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ♠✐❝r♦✲♠❡s❤ ❣❛s❡♦✉s ❞❡t❡❝t♦r ✭▼✐❝r♦▼❡❣❛s✮ ❬✷✸❪✿ ❛ t❡❝❤♥♦❧♦❣②

❝♦♠♣♦s❡❞ ❜② ❛ t❤✐♥ ♠❡t❛❧ ❣r✐❞ ♦❢ ❛❜♦✉t 100µm ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❛♥♦❞❡ ❛♥❞ ❛❜♦✈❡

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

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

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

s✐❣♥✐✜❝❛♥t❧② t❤❡ ✐♦♥s ❜❛❝❦✲✢♦✇✳ ❚❤❡ s✐❣♥❛❧ ✐s ✐♥❞✉❝❡❞ ❜② t❤❡ ✐♦♥s ♠♦t✐♦♥ ✐♥ t❤❡

s♠❛❧❧ ❣❛♣✳ ❚❤❡ s❡♥s✐t✐✈❡ r❡❣✐♦♥ ✐s ♦❢ ❢❡✇ ♠♠✱ ❤❡r❡ t❤❡ ✐♦♥✐③❛t✐♦♥ t❛❦❡ ♣❧❛❝❡ ❛♥❞

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

❆ s❦❡t❝❤ ♦❢ t❤❡ ❞❡t❡❝t♦r ✐s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ❆✳✾✳



❆✳✼ ▼✐❝r♦ ♣❛tt❡r♥ ❣❛s❡♦✉s ❞❡t❡❝t♦rs ✶✶✸

❋✐❣✉r❡ ❆✳✶✵✿ ❙❝❤❡♠❛t✐❝ ❞r❛✇✐♥❣ ♦❢ t❤❡ µ✲❘❲❊▲▲ P❈❇ ❬✷✺❪✳

❆✳✼✳✸ ●❛s ❊❧❡❝tr♦♥ ▼✉❧t✐♣❧✐❡r

❚❤❡ ❞❡t❛✐❧s ♦❢ t❤✐s ❞❡t❡❝t♦r ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✳ ✸✳ ❚❤❡ ●❛s ❊❧❡❝tr♦♥ ▼✉❧t✐♣❧✐❡r

✭●❊▼✮ ❬✷✹❪ ❝♦♥s✐sts ♦❢ ❛ t❤✐♥ ❦❛♣t♦♥ ❢♦✐❧ ✇✐t❤ µ♠ ❝♦♣♣❡r ♦♥ t❤❡ ❢❛❝❡s ❛♥❞ ✐t ✐s

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

✐♥s✐❞❡ t❤❡ ❤♦❧❡s ♦❢ 50µm ❞❡♣t❤ ✐s ❛❜♦✉t 100 kV/cm✳ ❍❡r❡ t❤❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ t❛❦❡

♣❧❛❝❡✳ ❚❤❡ ●❊▼ ❢♦✐❧ ✐s ♣❧❛❝❡❞ ✐♥s✐❞❡ t✇♦ ❡❧❡❝tr♦❞❡s✱ ❝❛t❤♦❞❡ ❛♥❞ ❛♥♦❞❡✱ ❛♥❞ ❞✐✈✐❞❡s

t❤❡ ❣❛s r❡❣✐♦♥ ✐♥ t✇♦✿ t❤❡ ❞r✐❢t ❣❛♣ ✇❤❡r❡ t❤❡ ✐♦♥✐③❛t✐♦♥ ♦❝❝✉rs ❛♥❞ t❤❡ ❡❧❡❝tr♦♥s

❛r❡ ❞r✐❢t❡❞ t♦ t❤❡ ●❊▼❀ t❤❡ ✐♥❞✉❝t✐♦♥ ❣❛♣ ✇❤❡r❡ t❤❡ ❛✈❛❧❛♥❝❤❡ ❡❧❡❝tr♦♥s ❞r✐❢t t♦

t❤❡ ❛♥♦❞❡ ❛♥❞ t❤❡ s✐❣♥❛❧ ✐s ✐♥❞✉❝❡❞ ♦♥ t❤❡ str✐♣s✳

❆✳✼✳✹ ▼✐❝r♦ ❘❡s✐st✐✈❡ ❲❡❧❧

❚❤❡ ♠✐❝r♦ ❘❡s✐st✐✈❡ ❲❡❧❧ ✭µ✲❘❲❡❧❧✮ ❬✷✺❪ ❡①♣❧♦✐t t❤❡ ●❊▼ ❛♠♣❧✐✜❝❛t✐♦♥ t❡❝❤♥✐q✉❡

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

s♣❛r❦ r❡s✐st✐♥❣ ❛♥❞ ❡❛s✐❧② t♦ ❝♦♥str✉❝t✳ ❚❤❡ µ✲❘❲❡❧❧ ✐s r❡❛❧✐③❡❞ ❜② ♠❡r❣✐♥❣ ❛♥

❡t❝❤❡❞ ●❊▼ ❢♦✐❧ ✇✐t❤ t❤❡ r❡❛❞♦✉t P❈❇ ♣❧❛♥❡ ❝♦❛t❡❞ ✇✐t❤ ❛ r❡s✐st✐✈❡ ❞❡♣♦s✐t✐♦♥ ♦❢

✺✵ µ♠ t❤✐❝❦ ♣♦❧②♠✐❞❡ ❢♦✐❧✳ ❆ ❝❛t❤♦❞❡ ❢♦✐❧ ❝❧♦s❡ t❤❡ ❣❛s ✈♦❧✉♠❡ ✇✐t❤ ❛ ❣❛♣ ♦❢ ❢❡✇

♠♠✳ ❙❡❡ t❤❡ s❦❡t❝❤ ✐♥ ❋✐❣✳ ❆✳✶✵✳



✶✶✹ ❘❡✈✐❡✇ ♦♥ t❤❡ ❣❛s❡♦✉s ❞❡t❡❝t♦rs



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❋✳ ❙❛✉❧✐✱ Pr✐♥❝✐♣❧❡s ♦❢ ❖♣❡r❛t✐♦♥ ♦❢ ▼✉❧t✐✇✐r❡ Pr♦♣♦rt✐♦♥❛❧ ❛♥❞ ❉r✐❢t ❈❤❛♠❜❡rs✱

❊①♣❡r✐♠❡♥t❛❧ ❚❡❝❤♥✐q✉❡s ✐♥ ❍✐❣❤ ❊♥❡r❣② P❤②s✐❝s ❈❊❘◆ ✼✼✲✵✾ ✭✶✾✼✼✮

❬✷❪ ❋✳ ❙❛✉❧✐✱ ●❛s❡✉♦✉s ❘❛❞✐❛t✐♦♥ ❉❡t❡❝t♦rs✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss ✭✷✵✶✹✮

❬✸❪ ❏✳ ❇❡r✐♥❣❡r ❡t ❛❧✳ ❬P❛rt✐❝❧❡ ❉❛t❛ ●r♦✉♣❪✱ P❤②s✳ ❘❡✈✳ ❉ ✽✻✱ ✵✶✵✵✵✵✶ ✭✷✵✶✷✮

❬✹❪ ❆✳ ❙❤❛r♠❛✱ Pr♦♣❡rt✐❡s ♦❢ s♦♠❡ ❣❛s ♠✐①t✉r❡s ✉s❡❞ ✐♥ tr❛❝❦✐♥❣ ❞❡t❡❝t♦rs✱ ●❙■✲

❉❛r♠st❛❞t ✭✶✾✾✽✮

❬✺❪ ❙✳ ❇❛❝❤❛♠❛♥♥ ❡t ❛❧✳✱ ❈❤❛r❣❡ ❛♠♣❧✐✜❝❛t✐♦♥ ❛♥❞ tr❛♥s❢❡r ♣r♦❝❡ss❡s ✐♥ t❤❡ ❣❛s

❡❧❡❝tr♦♥ ♠✉❧t✐♣❧✐❡r✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✹✸✽✱ ✸✼✻✲✹✵✽ ✭✶✾✾✾✮

❬✻❪ ❏✳ ❙✳ ❊✳ ❚♦✇♥s❡♥❞ ❡t ❛❧✳✱ P❤✐❧♦s✳ ▼❛❣✳ ✶✱ ✻✸✵ ✭✶✾✵✶✮

❬✼❪ Pr♦❝✳ ❙②♠♣✳ ♦♥ t❤❡ ❏❡ss❡ ❊✛❡❝t ❛♥❞ ❘❡❧❛t❡❞ P❤❡♥♦♠❡♥❛✱ ❘❛❞✐❛t✳ ❘❡s✳ ✺✾✱ ✸✸✼

✭✶✾✼✹✮

❬✽❪ ❑✳❆✳ ❖❧✐✈❡ ❡t ❛❧✳ ❬P❛rt✐❝❧❡ ❉❛t❛ ●r♦✉♣❪✱ ❈❤✐♥✳ P❤②s✳ ❈ ✸✽✲✾✱ ✹✷✷✲✹✷✻ ✭✷✵✶✹✮

❬✾❪ ❲✳ Pr✐♥❝❡✱ ◆✉❝❧❡❛r r❛❞✐❛t✐♦♥ ❞❡t❡❝t✐♦♥✱ ▼❝●r❛✇✲❍✐❧❧ ◆❡✇ ❨♦r❦ ✭✶✾✺✽✮

❬✶✵❪ ❙✳ ❘❛♠♦✱ ❈✉rr❡♥ts ✐♥❞✉❝❡❞ ✐♥ ❡❧❡❝tr♦♥ ♠♦t✐♦♥✱ ✐♥ Pr♦❝✳ ■❘❊ ✷✼✱ ✺✽✹ ✭✶✾✸✾✮

❬✶✶❪ ❊✳ ❘✉t❤❡r❢♦r❞ ❛♥❞ ❍✳ ●❡✐❣❡r✱ Pr♦❝✳ ❘✳ ❙♦❝✳ ▲♦♥❞✳✱ ❙❡r✳ ❆ ✽✶✱ ✺✹✻✱ ✶✹✶✲✶✻✶

✭✶✾✵✽✮

❬✶✷❪ ❆✳ ❍✳ ❲❛❧❡♥t❛✱ P❡r❢♦r♠❛♥❝❡ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❞❊✴❞① ❝♦✉♥t❡rs✱ P❤②s✳ ❙❝r✐♣t❛

✷✸✱ ✸✺✹ ✭✶✾✽✶✮

❬✶✸❪ ❆✳ ❇r❡s❦✐♥ ❛♥❞ ◆✳ ❩✇❛♥❣✱ ❚✐♠✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ P❛r❛❧❧❡❧ P❧❛t❡ ❆✈❛❧❛♥❝❤❡ ❈♦✉♥✲

t❡rs ✇✐t❤ ❧✐❣❤t ♣❛rt✐❝❧❡s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ✶✹✹✱ ✻✵✾ ✭✶✾✼✼✮



✶✶✻ ❇■❇▲■❖●❘❆P❍❨

❬✶✹❪ ❈❤❛r♣❛❦ ❡t ❛❧✳✱ ❚❤❡ ✉s❡ ♦❢ ▼✉❧t✐✇✐r❡ Pr♦♣♦rt✐♦♥❛❧ ❈♦✉♥t❡rs t♦ s❡❧❡❝t ❛♥❞ ❧♦✲

❝❛❧✐③❡ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ✻✷✱ ✷✻✷ ✭✶✾✻✽✮

❬✶✺❪ ❘✳ ❇♦✉❝❧✐❡r ❡t ❛❧✳✱ ■♥✈❡st✐❣❛t✐♦♥ ♦♥ s♦♠❡ ♣r♦♣❡rt✐❡s ♦❢ ▼✉❧t✐✇✐r❡ Pr♦♣♦rt✐♦♥❛❧

❈❤❛♠❜❡rs✳ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ✽✽✱ ✶✹✾ ✭✶✾✼✵✮

❬✶✻❪ ❏✳ ❙❛✉❞✐♥♦s ❡t ❛❧✳✱ ▲♦❝❛❧✐s❛t✐♦♥ ❞❡ ♣❛rt✐❝✉❧❡s ♣❛r ❝♦♠♣t❡♦✉r à ♠✐❣r❛t✐♦♥✱ ◆✉❝❧✳

■♥str✳ ❛♥❞ ♠❡t❤ ✶✶✶✱ ✼✼ ✭✶✾✼✸✮

❬✶✼❪ ❆✳ ❍✳ ❲❛❧❡♥t❛✱ ❚❤❡ ▼✉❧t✐✇✐r❡ ❉r✐❢t ❈❤❛♠❜❡r❀ ❛ ♥❡✇ t②♣❡ ♦❢ ♣r♦♣♦rt✐♦♥❛❧ ✇✐r❡

❝❤❛♠❜❡r✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ✾✷✱ ✸✼✸ ✭✶✾✼✶✮

❬✶✽❪ ❲✳ ❲✳ ❆❧❧✐s♦♥✱ ❘❡❧❛t✐✈✐st✐❝ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ✇✐t❤ ■❙■❙✷✱ ◆✉❝❧✳

■♥str✳ ❛♥❞ ▼❡t❤✳✱ ✷✷✹✱ ✸✾✻ ✭✶✾✽✹✮

❬✶✾❪ ❘✳ ❙❛♥t♦♥✐❝❝♦ ❛♥❞ ❘✳ ❈❛r❞❛r❡❧❧✐✱ ❉❡✈❡❧♦♣♠❡♥t ♦❢ r❡s✐st✈❡ ♣❧❛t❡ ❝♦✉♥t❡rs✱ ◆✉❝❧✳

■♥str✳ ❛♥❞ ▼❡t❤✳ ✶✽✼✱ ✸✼✼ ✭✶✾✽✶✮

❬✷✵❪ ❋✳ ❙❛✉❧✐ ❛♥❞ ❆✳ ❙❤❛r♠❛✱ ▼✐❝r♦♣❛tt❡r♥ ●❛s❡♦✉s ❉❡t❡❝t♦r✱ ❆♥♥✉✳ ❘❡✈✳ ◆✉❝❧✳

P❛rt✳ ❙❝✐✳ ✹✾✿✸✹✶✲✽✽ ✭✶✾✾✾✮

❬✷✶❪ ❆✳ ❆❦✐♥❞✐♥♦✇ ❡t ❛❧✳✱ ❚❤❡ ♠✉❧t✐❣❛♣ r❡s✐st✐✈❡ ♣❧❛t❡ ❝❤❛♠❜❡r ❛s ❛ t✐♠❡✲♦❢✲✢✐❣❤t

❞❡t❡❝t♦r✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✹✺✻✱ ✶✻ ✭✷✵✵✵✮

❬✷✷❪ ❆✳ ❖❡❞✱ P♦s✐t✐♦♥ s❡♥s✐t✐✈❡ ❞❡t❡❝t♣r ✇✐t❤ ♠✐❝r♦✲str✐♣ ❛♥♦❞❡ ❢♦r ❡❧❡❝tr♦♥ ♠✉❧t✐✲

♣❧✐❝❛t✐♦♥ ✇✐t❤ ❣❛s❡s✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✷✻✸✱ ✸✺✶ ✭✶✾✽✽✮

❬✷✸❪ ■✳ ●✐♦♠❛t❛r✐s✱ ▼✐❝r♦♠❡❣❛s✿ ❛ ❤✐❣❤ ❣r❛♥✉❧❛r✐t②✱ ♣♦s✐t✐♦♥✲s❡♥s✐t✐✈❡ ❣❛s❡♦✉s ❞❡✲

t❡❝t♦r ❢♦r ❤✐❣❤ ♣❛rt✐❝❧❡ ✢✉① ❡♥✈✐r♦♠❡♥ts✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✸✼✻✱ ✹✵✺

✭✶✾✾✻✮

❬✷✹❪ ❋✳ ❙❛✉❧✐✱ ●❊▼✿ ❛ ♥❡✇ ❝♦♥❝❡♣t ❢♦r ❡❧❡❝tr♦♥ ❛♠♣❧✐✜❝❛t✐♦♥ ✐♥ ❣❛s ❞❡t❡❝t♦r✱ ◆✉❝❧✳

✐♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✸✽✻✱ ✺✸✶ ✭✶✾✾✼✮

❬✷✺❪ ▼✳ P♦❧✐ ▲❡♥❡r ❡t ❛❧✳✱ ❚❤❡ µ✲❘❲❊▲▲✿ ❆ ❝♦♠♣❛❝t✱ s♣❛r❦ ♣r♦t❡❝t❡❞♠ s✐♥❣❧❡

❛♠♣❧✐✜❝❛t✐♦♥✲st❛❣❡ ▼P●❉✱ ◆✉❝❧✳ ■♥str✳ ❛♥❞ ▼❡t❤✳ ❆ ✽✷✹ ✺✻✺✲✺✻✽ ✭✷✵✶✻✮



❆♣♣❡♥❞✐① ❇

❉✐✛✉s✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝♦rr❡❝t✐♦♥s

✐♥ µ❚P❈

❇❡s✐❞❡ t❤❡ µ❚P❈ ❞❡✈❡❧♦♣♠❡♥t✱ t❤❡ ❆❚▲❆❙ ❝♦❧❧❛❜♦r❛t✐♦♥ ♣❡r❢♦r♠❡❞✱ ✇✐t❤ ▼✐✲

❝r♦▼❡❣❛s ✭▼▼✮ ❞❡t❡❝t♦rs✱ s✐♠✉❧❛t✐♦♥s ❛♥❞ t❡st✲❜❡❛♠ ❞❛t❛ st✉❞✐❡s t♦ ❞❡t❡❝t t❤❡

s♦✉r❝❡ ♦❢ ✇♦rs❡♥✐♥❣ ♦❢ t❤❡ µ❚P❈ ❣✐✈❡♥ ❜② t❤❡ ❝❛♣❛❝✐t✐✈❡ ❡✛❡❝ts✱ t❤❡ ghost hits

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

❬✶✱ ✷❪✳ ❚❤❡ t❤✐r❞ ❡✛❡❝t ✐s t②♣✐❝❛❧ ♦❢ t❤❡ ▼✐❝r♦▼❡❣❛s t❡❝❤♥♦❧♦❣② ✇❤✐❧❡ t❤❡ ♦t❤❡r t✇♦

❤❛✈❡ t♦ ❜❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦rs✳

❉✉❡ t♦ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❜❡t✇❡❡♥ str✐♣s✱ ❆❚▲❆❙ ♦❜s❡r✈❡❞ ❛♥ ❛✈❡r❛❣❡ ♦❢ ✶✺✪ ♦❢ t❤❡

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

t❤❡ ♥❡❡❞ t♦ ❝♦rr❡❝t t❤❡ µ❚P❈ ♣♦✐♥t ♣♦s✐t✐♦♥✱ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥

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

❝❧✉st❡r ❡❞❣❡✳ ■❢ t❤❡ ❝❤❛r❣❡ ♠❡❛s✉r❡❞ ♦♥ t❤♦s❡ str✐♣s ✐s s♠❛❧❧❡r t❤❛♥ ✸✵✵ ❆❉❈ ✭✶✵

❢❈✮✱ t❤❡ ❝❤❛r❣❡ r❛t✐♦ ✇✐t❤ ✐ts ♥❡✐❣❤❜♦✉r✐♥❣ str✐♣ ✐s ✶✺✪ ❛♥❞ t❤❡ t✐♠❡ ♠❡❛s✉r❡❞ ✐s

t❤❡ s❛♠❡✱ t❤❡♥ t❤✐s ✐s ❛ss♦❝✐❛t❡❞ t♦ ❛ ghost hit ❛♥❞ ✐t ✐s ♥♦t ❣❡♥❡r❛t❡❞ ❢r♦♠ ❡❧❡❝tr♦♥

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

♦❢ t❤❡ µ❚P❈ r❡❝♦♥str✉❝t✐♦♥ ♣❛t❤ ❛♥❞ ❤❛✈❡ t♦ ❜❡ r❡♠♦✈❡❞ t♦ ✐♠♣r♦✈❡ t❤❡ µ❚P❈

♣❡r❢♦r♠❛♥❝❡ ✐♥ ▼▼ ❞❡t❡❝t♦rs✳

❇✳✶ ❚❤❡ ❝♦rr❡❝t✐♦♥ ❛❧❣♦r✐t❤♠s

❚❤❡ st✉❞✐❡s r❡♣♦rt❡❞ ❜② ❆❚▲❆❙ s✉❣❣❡st t❤❡ ♥❡❡❞ t♦ ❡✈❛❧✉❛t❡ s✐♠✐❧❛r ❝♦rr❡❝t✐♦♥s ❢♦r

tr✐♣❧❡✲●❊▼✳ ❲❤❡♥ t❤❡ µ❚P❈ ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥ ❝♦❞❡✱ t❤❡

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



✶✶✽ ❉✐✛✉s✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝♦rr❡❝t✐♦♥s ✐♥ µ❚P❈

♣❡r❢♦r♠❡❞ t♦ ❡✈❛❧✉❛t❡ t❤♦s❡ ❝♦rr❡❝t✐♦♥s✳ ❚r✐♣❧❡✲●❊▼ ❞✐✛❡rs ❢r♦♠▼✐❝r♦▼❡❣❛s ✐♥ t❤❡

s✐❣♥❛❧ ❛♠♣❧✐✜❝❛t✐♦♥✿ ●❊▼s ❤❛✈❡ ❛ ❧❛r❣❡r ❣❛♣ ✇❤❡r❡ t❤❡ ❡❧❡❝tr♦♥s ✉♥❞❡r❣♦ ❞✐✛✉s✐♦♥

✭11mm✮ ❛♥❞ t❤❡ ❛♠♣❧✐✜❝❛t✐♦♥ ♦❢ ❡❛❝❤ ♣r✐♠❛r② ❡❧❡❝tr♦♥ ✐s s♣r❡❛❞❡❞ ♦♥ s❡✈❡r❛❧ str✐♣s✳

❚❤❡♥ t❤❡ ❝♦rr❡❝t✐♦♥s t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ♠❡❛s✉r❡❞ ❝❛♣❛❝✐t✐✈❡ ❛♥❞ ❞✐✛✉s✐♦♥ ❡✛❡❝ts

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

❡✛❡❝ts s✐♠✉❧t❛♥❡♦✉s❧②✳

❚❤❡ r❡s✐❞✉❛❧ ♦❢ ❡❛❝❤ µ❚P❈ ♣♦✐♥t ❢r♦♠ t❤❡ µ❚P❈ ✜tt✐♥❣ ❧✐♥❡ ∆xµTPC ❤❛s ❜❡❡♥

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

❢✉♥❝t✐♦♥ ♦❢ t❤❡ str✐♣ ✐♥❞❡① ✐♥s✐❞❡ t❤❡ ❝❧✉st❡r✳ ❆ r❡♣r❡s❡♥t❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ❇✳✶

✇✐t❤ t❤❡ µ❚P❈ ♣♦✐♥t ✭❜❧❛❝❦ ❞♦ts✮ ❛♥❞ t❤❡ µ❚P❈ ✜t ✭r❡❞ ❧✐♥❡✮✳

❋✐❣✉r❡ ❇✳✶✿ ❚❤❡ µ❚P❈ ♣♦✐♥ts ✭❜❧❛❝❦ ❞♦ts✮ ❛♥❞ t❤❡ µ❚P❈ ✜t ✭r❡❞ ❧✐♥❡✮ ❛r❡ s❤♦✇♥✳
❚❤❡ str✐♣ ♣♦s✐t✐♦♥s ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② ❜❧✉❡ ❜❛rs✳ ❋♦r ❡❛❝❤ µ❚P❈ ♣♦✐♥t t❤❡ r❡s✐❞✉❛❧ ✇✐t❤
r❡s♣❡❝t t♦ t❤❡ µ❚P❈ ✜tt✐♥❣ ❧✐♥❡ ✐s ❡✈❛❧✉❛t❡❞✳

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

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

✐♥✢✉❡♥❝❡ t❤❛t ✈❛r✐❛❜❧❡✳

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

❜❡t✇❡❡♥ t❤❡ ❞❡t❡❝t♦r ❛♥❞ t❤❡ ❜❡❛♠ ♦❢ ✹✺◦ ❛♥❞ ❆r✰✶✵✪✐❈4❍10 ❣❛s ♠✐①t✉r❡✳ ❆t ✜rst

❛ ❝❧✉st❡r s✐③❡ ♦❢ ♥✐♥❡ ❤❛s ❜❡❡♥ ❝♦♥s✐❞❡r❡❞ t❤❡♥ t❤❡ st✉❞② ❤❛s ❜❡❡♥ ❡①t❡♥❞❡❞ ❢♦r ❡❛❝❤

❝❧✉st❡r s✐③❡✳ ■t ♠✉st ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ❝♦rr❡❝t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❣❛s ♠✐①t✉r❡✳



❇✳✶ ❚❤❡ ❝♦rr❡❝t✐♦♥ ❛❧❣♦r✐t❤♠s ✶✶✾

❇✳✶✳✶ ❉❛t❛ ❞r✐✈❡♥ ❝♦rr❡❝t✐♦♥s ❜❛s❡❞ ♦♥ t❤❡ str✐♣ ✐♥❞❡①

❚❤❡ ∆xµTPC
i r❡s✐❞✉❛❧ ❞✐str✐❜✉t✐♦♥ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ t❤❡ str✐♣ ✐♥❞❡① i ❤❛s ❜❡❡♥ st✉❞✐❡❞

❛♥❞ t❤❡ ❝♦rr❡❝t✐♦♥s ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ✐♥ t✇♦ st❡♣s✳ ■♥ ❋✐❣✳ ❇✳✷ ❧❡❢t ∆xµTPC
i ✐s

s❤♦✇♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ str✐♣ ✐♥❞❡① i ❢♦r ❛ ❝❧✉st❡r s✐③❡ ♦❢ ♥✐♥❡✳ ❚❤❡ str✐♣s ♦♥ t❤❡

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

t❤❡ str✐♣s ♦♥ t❤❡ ❧❡❢t t❡♥❞ t♦ ❜❡ ❢✉rt❤❡r s❤✐❢t❡❞ t♦ t❤❡ ❧❡❢t ❛♥❞ t❤❡ ♦♥❡s t♦ t❤❡ r✐❣❤t

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

µ❚P❈ ♣♦✐♥ts ❜❡❝❛✉s❡ t❤❡② ♦r✐❣✐♥❛t❡ ❢r♦♠ ❞✐✛✉s✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❡✛❡❝ts✱ ❛♥❞ t❤❡②

❜✐❛s t❤❡ µ❚P❈ ✜t✳

■♥ ❛ tr✐♣❧❡✲●❊▼ ❞❡t❡❝t♦r t❤♦s❡ ❡✛❡❝ts ❛✛❡❝t ♠❛✐♥❧② t❤❡ ✜rst ❛♥❞ t❤❡ ❧❛st str✐♣s

❜✉t ❛❧s♦ t❤❡ s❡❝♦♥❞ ❛♥❞ t❤❡ s❡❝♦♥❞✲❧❛st✳ ❚❤✐s ❜❡❤❛✈✐♦r ❝❛♥ ❜❡ ✉♥❞❡rst♦♦❞ ❜②

♦❜s❡r✈✐♥❣ t❤❡ ♠❡❛♥ ❝❧✉st❡r s✐③❡ ✇✐t❤ ♦rt❤♦❣♦♥❛❧ tr❛❝❦s ❛♥❞ ✇✐t❤♦✉t ♠❛❣♥❡t✐❝ ✜❡❧❞✿

✐t ✐s ❛❜♦✉t ❢♦✉r✳ ■♥ t❤❡s❡ ❝♦♥❞✐t✐♦♥s t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♣r✐♠❛r② ❡❧❡❝tr♦♥s ✐s

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

❛r❡ ❝♦♠♣♦s❡❞ ❜② t❤❡ ♠✐❞❞❧❡ ♦♥❡✱ ✇❤❡r❡ t❤❡ ✐♦♥✐③❛t✐♦♥ t❛❦❡ ♣❧❛❝❡ ♣❧✉s ♦♥❡ str✐♣ ❛♥❞

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

❡✛❡❝ts✳

❚❤❡ ✜rst ❝♦rr❡❝t✐♦♥ ❛♣♣❧✐❡❞ s❤✐❢ts t❤❡ ❧❛st str✐♣ t♦ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ ♦t❤❡rs

✭❛❜♦✉t ✶✽✵ µ♠✮ t❤❡♥ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ r❡s✐❞✉❛❧s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ str✐♣

♥✉♠❜❡r ✐s ❡✈❛❧✉❛t❡❞ ❛❣❛✐♥✳ ❉✉❡ t♦ t❤✐s s❤✐❢t ♥♦✇ t❤❡ ❞✐str✐❜✉t✐♦♥ s❤♦✇s ❛ ❧✐♥❡❛r

❜❡❤❛✈✐♦r ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ str✐♣ ✐♥❞❡① ✭s❡❡ ❋✐❣✳ ❇✳✷ r✐❣❤t✮ ❛♥❞ ❝❛♥ ❜❡ ✜tt❡❞ ✇✐t❤

❛ ❧✐♥❡ ✇✐t❤ p0shift ❛♥❞ p1shift ♣❛r❛♠❡t❡rs✳ ❚❤❡ ❝♦rr❡❝t✐♦♥s ✐♥tr♦❞✉❝❡ ❛ s❤✐❢t ♦❢ t❤❡

µ❚P❈ ♣♦✐♥t ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ str✐♣ ♣♦s✐t✐♦♥ ✐♥ t❤❡ ❝❧✉st❡r✳

❚❤❡ ♥❡①t st❡♣ ♦❢ t❤✐s ❝♦rr❡❝t✐♦♥ ✐s t♦ ❡✈❛❧✉❛t❡ t❤❡ p0shift ❛♥❞ p1shift ❝♦❡✣❝✐❡♥ts

❢♦r ❡✈❡r② ❝❧✉st❡r s✐③❡ ✇❤✐❧❡ t❤❡ ✜rst ❝♦rr❡❝t✐♦♥ ♦❢ 180µm ♦♥ t❤❡ ❧❛st str✐♣ ✐s ❦❡♣t

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

✐♥ ❋✐❣✳ ❇✳✸✳

❇✳✶✳✷ ❉❛t❛ ❞r✐✈❡♥ ❝♦rr❡❝t✐♦♥s ❜❛s❡❞ ♦♥ t❤❡ ❝❤❛r❣❡ r❛t✐♦

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

❛r♦✉♥❞ ③❡r♦✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt ♦❢ t❤❡ ❝♦rr❡❝t✐♦♥✱ ❞❡s❝r✐❜❡❞ ✐♥ t❤✐s ♣❛r❛❣r❛♣❤✱ ❡✈❛❧✲

✉❛t❡s t❤❡ ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡ ∆xµTPC ♦♥ t❤❡ r❛t✐♦ ♦❢ t❤❡ ❝❤❛r❣❡ str✐♣ ❛♥❞ ✐ts ♥❡✐❣❤✲

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

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

♥❡✐❣❤❜♦✉r✐♥❣ str✐♣ ✐s ❝♦♥s✐❞❡r❡❞✳









❇✳✷ ❉✐✛✉s✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝♦rr❡❝t✐♦♥ ♦♥ r❡❛❧ ❛♥❞ s✐♠✉❧❛t❡❞ ❞❛t❛ ✶✷✸

t❤❡ ❞❡♣❡♥❞❡♥❝② ♦♥ ❞✐✛✉s✐♦♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❡✛❡❝ts ❢r♦♠ t❤❡ r❡s✐❞✉❛❧ ∆x ❛s ✇❡❧❧ ❛s

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

❝♦rr❡❝t✐♦♥s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ❇✳✻✳ ❚❤❡s❡ ❛❧❣♦r✐t❤♠s ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞ ❜♦t❤ t♦ r❡❛❧

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

µ❚P❈ s✐♠✉❧❛t✐♦♥ st✐❧❧ ❞♦❡s ♥♦t ❛❣r❡❡ ♣❡r❢❡❝t❧② ✇✐t❤ r❡❛❧ ❞❛t❛✱ t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ t❤❡

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

❛♥❞ ❈❤❛♣✳ ✺ ❢♦r s✐♠✉❧❛t✐♦♥s ❛❧r❡❛❞② ❝♦♥t❛✐♥ t❤❡s❡ ❝♦rr❡❝t✐♦♥s ✐♥ t❤❡ r❡❝♦♥str✉❝t✐♦♥
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