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❈r②♦❣❡♥✐❝ ♣❤♦♥♦♥ ❞❡t❡❝t♦rs ❛r❡ ❛❞♦♣t❡❞ ✐♥ ❡①♣❡r✐♠❡♥ts s❡❛r❝❤✐♥❣ ❢♦r ❞❛r❦ ♠❛tt❡r ✐♥t❡r❛❝t✐♦♥s ♦r ❝♦❤❡r❡♥t
❡❧❛st✐❝ ♥❡✉tr✐♥♦✲♥✉❝❧❡✉s s❝❛tt❡r✐♥❣✱ t❤❛♥❦s t♦ t❤❡ ❧♦✇ ❡♥❡r❣② t❤r❡s❤♦❧❞ t❤❡② ❝❛♥ ❛❝❤✐❡✈❡✳ ❚❤❡ ♣❤♦♥♦♥✲♠❡❞✐❛t❡❞
s❡♥s✐♥❣ ♦❢ ♣❛rt✐❝❧❡ ✐♥t❡r❛❝t✐♦♥s ✐♥ ♣❛ss✐✈❡ s✐❧✐❝♦♥ ❛❜s♦r❜❡rs ❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ ✇✐t❤ ❑✐♥❡t✐❝ ■♥❞✉❝t❛♥❝❡
❉❡t❡❝t♦rs ✭❑■❉s✮✳ ❚❛r❣❡ts ✇✐t❤ ♥❡✉tr♦♥ ♥✉♠❜❡r ❧❛r❣❡r t❤❛♥ s✐❧✐❝♦♥✱ ❤♦✇❡✈❡r✱ ❢❡❛t✉r❡ ❤✐❣❤❡r ❝r♦ss s❡❝t✐♦♥ t♦
♥❡✉tr✐♥♦s ✇❤✐❧❡ ♠✉❧t✐✲t❛r❣❡t ❛❜s♦r❜❡rs ✐♥ ❞❛r❦ ♠❛tt❡r ❡①♣❡r✐♠❡♥ts ✇♦✉❧❞ ♣r♦✈✐❞❡ ❛ str♦♥❣❡r ❡✈✐❞❡♥❝❡ ♦❢ ❛
♣♦ss✐❜❧❡ s✐❣♥❛❧✳ ■♥ t❤✐s ✇♦r❦ ✇❡ ♣r❡s❡♥t t❤❡ ❞❡s✐❣♥✱ ❢❛❜r✐❝❛t✐♦♥ ❛♥❞ ♦♣❡r❛t✐♦♥ ♦❢ ❑■❉s ❝♦✉♣❧❡❞ t♦ ❛ ❣❡r♠❛♥✐✉♠
❛❜s♦r❜❡r✱ ❛❝❤✐❡✈✐♥❣ ♣❤♦♥♦♥✲s❡♥s✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ❝♦♠♣❛r❛❜❧❡ t♦ s✐❧✐❝♦♥ ❛❜s♦r❜❡rs✳ ❚❤❡ ❞❡✈✐❝❡ ✐♥tr♦❞✉❝❡❞ ✐♥
t❤✐s ✇♦r❦ ✐s ❛ ♣r♦♦❢ ♦❢ ❝♦♥❝❡♣t ❢♦r ❛ s❝❛❧❛❜❧❡ ♥❡✉tr✐♥♦ ❞❡t❡❝t♦r ❛♥❞ ❢♦r ❛ ♠✉❧t✐✲t❛r❣❡t ❞❛r❦ ♠❛tt❡r ❡①♣❡r✐♠❡♥t✳

❈r②♦❣❡♥✐❝ ♣❤♦♥♦♥ ❞❡t❡❝t♦rs ❛❝❤✐❡✈❡ t❤❡ ❧♦✇ ❡♥❡r❣②
t❤r❡s❤♦❧❞ ♥❡❡❞❡❞ t♦ s❡❛r❝❤ ❢♦r ❞❛r❦ ♠❛tt❡r ✐♥t❡r❛❝✲
t✐♦♥s✶✕✸ ❛♥❞ ♥❡✉tr✐♥♦ ❝♦❤❡r❡♥t ❛♥❞ ❡❧❛st✐❝ s❝❛tt❡r✐♥❣ ♦✛
❛t♦♠✐❝ ♥✉❝❧❡✐ ✭❈❊ν◆❙✮✹✕✻✳ ❙✉❝❤ ❞❡t❡❝t♦rs ❝♦♥s✐sts ♦❢ ❛
t❛r❣❡t ❝r②st❛❧✱ ❛❝t✐♥❣ ❛s ♣❛rt✐❝❧❡ ❛❜s♦r❜❡r✱ ❝♦✉♣❧❡❞ t♦ ❛
♣❤♦♥♦♥ s❡♥s♦r✳
❲❤✐❧❡ ❞❡t❡❝t♦r ✉♥✐ts ✇✐t❤ ❡♥❡r❣② t❤r❡s❤♦❧❞s ❛s ❧♦✇

❛s ✷✵ ❡❱✺✱✼ ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ❡♠♣❧♦②❡❞✱ t❤✐s ✐s ♦♥❧②
♣❛rt ♦❢ t❤❡ ❝❤❛❧❧❡♥❣❡✳ ■♥ ♦r❞❡r t♦ ♦❜s❡r✈❡ r❛r❡ s✐❣♥❛❧s✱
s✉❝❤ ❛s t❤♦s❡ ✐♥❞✉❝❡❞ ❜② ❞❛r❦ ♠❛tt❡r ❛♥❞ ♥❡✉tr✐♥♦ ✐♥✲
t❡r❛❝t✐♦♥s✱ ✐t ✐s ❛❧s♦ ❝r✉❝✐❛❧ t♦ ❞❡✈❡❧♦♣ ✐♥str✉♠❡♥ts ✇✐t❤
❤✐❣❤ t❛r❣❡t ♠❛ss✳ ❆❧t❤♦✉❣❤ t❛r❣❡ts ♦❢ ✉♣ t♦ s❡✈❡r❛❧ t❡♥s
♦❢ ❣r❛♠s ❤❛✈❡ ❜❡❡♥ r❡❛❧✐③❡❞✷✱✼✱✽✱ r❡❛❝❤✐♥❣ t❤❡ ❦❣ s❝❛❧❡
✇♦✉❧❞ ❛❧❧♦✇ ❡①♣❡r✐♠❡♥ts s❡❛r❝❤✐♥❣ ❢♦r ✇❡❛❦❧② ✐♥t❡r❛❝t✲
✐♥❣ ♠❛ss✐✈❡ ♣❛rt✐❝❧❡s ✭❲■▼Ps✾✮ t♦ ♣r♦❜❡ s♠❛❧❧❡r ❝r♦ss✲
s❡❝t✐♦♥s✶✵✱ ❛♥❞ ✇♦✉❧❞ ❡♥❛❜❧❡ ❤✐❣❤❡r ♣r❡❝✐s✐♦♥ ✐♥ ❈❊ν◆❙
❡①♣❡r✐♠❡♥ts ✐♥ ♦r❞❡r t♦ s❡❛r❝❤ ❢♦r ♥❡✇ ♣❤②s✐❝s✶✶✕✶✺✳
❚❤❡ ❇❯▲▲❑■❉ ♣r♦❥❡❝t ❞❡✈❡❧♦♣❡❞ ❛ ❝r②♦❣❡♥✐❝ ❞❡t❡❝t♦r

❞❡s✐❣♥❡❞ t♦ ❛❞❞r❡ss t❤❡ ♠❛ss s❝❛❧✐♥❣ ❝❤❛❧❧❡♥❣❡✶✻✳ ❚❤❡
❞❡t❡❝t♦r ❝♦♥s✐sts ♦❢ ❛ ♠♦♥♦❧✐t❤✐❝ ❛rr❛② ♦❢ ✻✵ ❝✉❜✐❝ s✐❧✐❝♦♥
❛❜s♦r❜❡rs ♦❢ ✵✳✸✹ ❣ ❡❛❝❤ ❝❛r✈❡❞ ♦✉t ♦❢ ❛ s✐♥❣❧❡ ✸✧ ❞✐❛♠❡t❡r
✺ ♠♠ t❤✐❝❦ ✇❛❢❡r✳ ❚❤❡ ♣❤♦♥♦♥ s❡♥s♦rs ❛r❡ ❑✐♥❡t✐❝ ■♥✲
❞✉❝t❛♥❝❡ ❉❡t❡❝t♦rs ✭❑■❉s✮✱ s✉♣❡r❝♦♥❞✉❝t✐♥❣ r❡s♦♥❛t♦rs
❢❡❛t✉r✐♥❣ ✐♥tr✐♥s✐❝ ❢r❡q✉❡♥❝② ♠✉❧t✐♣❧❡①✐♥❣✱ ❡❛s❡ ❛♥❞ ❝♦♥✲
s✐st❡♥❝② ✐♥ ❢❛❜r✐❝❛t✐♦♥✶✼✳
❑■❉s ❛r❡ ✉s❡❞ t♦ ❞❡t❡❝t ♠✐❧❧✐♠❡t❡r ✇❛✈❡✶✽ ❛♥❞ ♦♣t✐✲

❝❛❧ r❛❞✐❛t✐♦♥✶✾✿ ✐♥❝♦♠✐♥❣ ♣❤♦t♦♥s ❛❜s♦r❜❡❞ ✐♥ t❤❡ ♠❡t❛❧
❜r❡❛❦ ❈♦♦♣❡r ♣❛✐rs ❛♥❞ ❝❤❛♥❣❡ ✐ts ❦✐♥❡t✐❝ ✐♥❞✉❝t❛♥❝❡ Lk

✇❤✐❝❤ ❝♦♥✈❡rts ✐♥t♦ ❛ ♠❡❛s✉r❛❜❧❡ s❤✐❢t ♦❢ t❤❡ r❡s♦♥❛♥t
❢r❡q✉❡♥❝② f0✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❇❯▲▲❑■❉✱ ❑■❉s ❛r❡ ✐♥st❡❛❞
❦❡♣t ✐♥ t❤❡ ❞❛r❦ t♦ ♠✐♥✐♠✐③❡ ❧✐❣❤t✲✐♥❞✉❝❡❞ ♣❛✐r ❜r❡❛❦✐♥❣
❛♥❞ ♠❛①✐♠✐③❡ t❤❡ s❡♥s✐t✐✈✐t② t♦ ❛t❤❡r♠❛❧ ♣❤♦♥♦♥s✳ ❚❤✐s
♣❤♦♥♦♥ ♠❡❞✐❛t❡❞ ❞❡t❡❝t✐♦♥ ❛♣♣r♦❛❝❤ ❛❧❧♦✇❡❞ t♦ s❛♠♣❧❡
t❤❡ ❡♥❡r❣② ❞❡♣♦s✐t❡❞ ✐♥t♦ ❡❛❝❤ s✐❧✐❝♦♥ ❛❜s♦r❜❡r ✇✐t❤ ❛♥

❛✮❊❧❡❝tr♦♥✐❝ ♠❛✐❧✿ ❞❛♥✐❡❧❡✳❞❡❧✐❝❛t♦❅r♦♠❛✶✳✐♥❢♥✳✐t

❛✈❡r❛❣❡ ❜❛s❡❧✐♥❡ r❡s♦❧✉t✐♦♥ ♦❢ ✷✻ ❡❱✶✻✳ ❲❤✐❧❡ t❤✐s s✐❧✐✲
❝♦♥ ❞❡✈✐❝❡ ❞❡♠♦♥str❛t❡❞ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ❞❡s✐❣♥ ✐♥
t❤❡ ✜❡❧❞ ♦❢ ❞❛r❦ ♠❛tt❡r s❡❛r❝❤❡s✷✵✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ t♦
❈❊ν◆❙ ❞❡t❡❝t✐♦♥ ✇♦✉❧❞ ❜❡♥❡✜t ❢r♦♠ ❛ ❞✐✛❡r❡♥t t❛r❣❡t
❝r②st❛❧✳
❋♦r ❛ ♥✉❝❧❡✉s ❛t r❡st ✇✐t❤ N ♥❡✉tr♦♥s ❛♥❞ Z ♣r♦t♦♥s

t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ♦❢ t❤❡ ❝♦❤❡r❡♥t s❝❛tt❡r✐♥❣ ♦❢ ❛ ♥❡✉tr✐♥♦
✇✐t❤ ❡♥❡r❣② Eν ✐s✷✶

σSM ∝ G2

F

[

N − Z · (1− 4 · sin2 θw)
]2

E2

ν

✇✐t❤ GF ❜❡✐♥❣ t❤❡ ❋❡r♠✐ ❝♦♥st❛♥t ❛♥❞ θw t❤❡ ❲❡✐♥❜❡r❣
❛♥❣❧❡✱ sin2 θw ≈ 0.238✷✷✳ ❚❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✐s ❞♦♠✐♥❛t❡❞
❜② t❤❡ ♥❡✉tr♦♥ ♥✉♠❜❡r N t❤✉s ❝❤❛♥❣✐♥❣ t❤❡ t❛r❣❡t ♠❛✲
t❡r✐❛❧ ❢r♦♠ s✐❧✐❝♦♥ ✭NSi = 14✮ t♦ ❣❡r♠❛♥✐✉♠ ✭NGe ∼ 41✮

✐♥❝r❡❛s❡s t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❜② ❛ ❢❛❝t♦r (NGe/NSi)
2 ∼ 9✳

❆ ♠✉❧t✐✲t❛r❣❡t ♣❛rt✐❝❧❡ ❞❡t❡❝t♦r ✇♦✉❧❞ ❛❧s♦ ♣r♦✈✐❞❡ ❛♥
❛❞✈❛♥t❛❣❡ ✐♥ t❤❡ ✜❡❧❞ ♦❢ ❞❛r❦ ♠❛tt❡r ✐❞❡♥t✐✜❝❛t✐♦♥✿ t❤❡
❛❜✐❧✐t② t♦ t❡st t❤❡ q✉❛❞r❛t✐❝ s❝❛❧✐♥❣ ♦❢ t❤❡ ❲■▼P✲♥✉❝❧❡♦♥
❝r♦ss s❡❝t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❛t♦♠✐❝ ♥✉♠❜❡r ❆ ✐s ❛
❢✉♥❞❛♠❡♥t❛❧ t♦♦❧ t♦ ❝♦♥✜r♠ ❛ ♣♦s✐t✐✈❡ ❡✈✐❞❡♥❝❡ ♦❢ ❲■▼P
✐♥t❡r❛❝t✐♦♥s✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ❢r♦♠ ❣❡r♠❛✲
♥✐✉♠ ❛♥❞ s✐❧✐❝♦♥ ❛❜s♦r❜❡rs ✐♥ t❤❡ s❛♠❡ ❝♦♠♣♦s✐t❡ ❛rr❛②
✇✐❧❧ ❛❧s♦ ❛❧❧♦✇ t♦ r❡❞✉❝❡ s②st❡♠❛t✐❝ ❡rr♦rs✶✵✳
■♥ t❤✐s ✇♦r❦ ✇❡ ❞❡s❝r✐❜❡ t❤❡ ❞❡s✐❣♥✱ ❢❛❜r✐❝❛t✐♦♥

❛♥❞ ♦♣❡r❛t✐♦♥ ♦❢ ❑■❉s ♦♥ ❛ ❣❡r♠❛♥✐✉♠ s✉❜str❛t❡✳
❚❤❡ ♣❡r❢♦r♠❛♥❝❡s ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤ t❤♦s❡ ♦❜t❛✐♥❡❞ ♦♥
s✐❧✐❝♦♥✱ ♠❛❦✐♥❣ ✐t ❛ ♣r♦♠✐s✐♥❣ t❛r❣❡t ♠❛t❡r✐❛❧ ❢♦r ❢✉t✉r❡
❡①♣❡r✐♠❡♥ts ✇✐t❤ ❑■❉s✳

❚❤❡ ❞❡✈✐❝❡ ❤❛s ❜❡❡♥ ❢❛❜r✐❝❛t❡❞ ✉s✐♥❣ ❛ ✺✺✵ µ♠ t❤✐❝❦✱
✷✧ ❞✐❛♠❡t❡r s✐♥❣❧❡ s✐❞❡ ♣♦❧✐s❤❡❞ ❣❡r♠❛♥✐✉♠ ✇❛❢❡r ❛t t❤❡
P❚❆ ❝❧❡❛♥ r♦♦♠ ❢❛❝✐❧✐t② ✐♥ ●r❡♥♦❜❧❡✷✸✳ ❚♦ ❢❛❜r✐❝❛t❡ t❤❡
r❡s♦♥❛t♦rs t❤❡ ✇❛❢❡r ✐s ✐♥✐t✐❛❧❧② ♣✉t ✉♥❞❡r ❤✐❣❤ ✈❛❝✉✉♠
❛♥❞ t❤❡ ♥❛t✐✈❡ ●❡❖2 ♦♥ t❤❡ s✉r❢❛❝❡ ✐s r❡♠♦✈❡❞ ❜② ❡①♣♦✲
s✉r❡ t♦ ❛r❣♦♥ ♣❧❛s♠❛✳ ❆❢t❡r✇❛r❞s t❤❡ ♣♦❧✐s❤❡❞ s✉r❢❛❝❡
✐s ❝♦❛t❡❞ ❜② ❛ ✻✵ ♥♠ ❛❧✉♠✐♥✐✉♠ ✜❧♠ ❜② ♠❡❛♥s ♦❢ ❛♥
❡❧❡❝tr♦♥ ❣✉♥ ❡✈❛♣♦r❛t♦r✳ ❉✉r✐♥❣ t❤❡ ❝❧❡❛♥✐♥❣ ❛♥❞ ❝♦❛t✲
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❋■●✳ ✶✳ ✭❛✮ ❉❡s✐❣♥ ♦❢ t❤❡ s✐♥❣❧❡ ❑■❉ s❡♥s♦r✳ ❚❤❡ ❧❛②♦✉t ♦❢ t❤❡
r❡s♦♥❛t♦r ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡s ♦❢ t❤❡ ❇❯▲▲❑■❉✶✻ s✐❧✐❝♦♥
❛rr❛②s✿ t❤❡ ✹ ♠♠2 ✐♥❞✉❝t♦r ✐s ✉♥❝❤❛♥❣❡❞ ✇❤✐❧❡ t❤❡ ❝♦✉♣❧✐♥❣
✇✐t❤ t❤❡ ❝♦♣❧❛♥❛r ✇❛✈❡❣✉✐❞❡ ❤❛s ❜❡❡♥ ❛❞❛♣t❡❞ t♦ t❛❦❡ ✐♥t♦
❛❝❝♦✉♥t t❤❡ ❞✐✛❡r❡♥t ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ♦❢ t❤❡ ❣❡r♠❛♥✐✉♠
s✉❜str❛t❡✳ ✭❜✮ ❚❤❡ ✸ ♣✐①❡❧ ❛rr❛② ❞❡♣♦s✐t❡❞ ♦♥ t❤❡ ✷①✷ ❝♠2

❣❡r♠❛♥✐✉♠ t✐❧❡✳ ❚❤❡ ❞❡✈✐❝❡ ✐s ✐♥st❛❧❧❡❞ ✐♥ ❛ ❝♦♣♣❡r ❤♦❧❞❡r
❛♥❞ ❤❡❧❞ ❜② ❚❡✢♦♥ s✉♣♣♦rts✳ ❚❤❡ ❑■❉s ❛r❡ ❝♦✉♣❧❡❞ t♦ ❛
s✐♥❣❧❡ ❝♦♣❧❛♥❛r ✇❛✈❡❣✉✐❞❡ ❢❡❡❞❧✐♥❡ ❢♦r s✐♠✉❧t❛♥❡♦✉s r❡❛❞♦✉t
✈✐❛ ❙▼❆ ❝♦♥♥❡❝t♦rs ✐♥st❛❧❧❡❞ ♦♥ t❤❡ ❝♦♣♣❡r ❢r❛♠❡ ✭♣♦rts ✶
❛♥❞ ✷✮✳

✐♥❣ ♦❢ t❤❡ ✇❛❢❡r t❤❡ ✈❛❝✉✉♠ ✐s ♥❡✈❡r ❜r♦❦❡♥✱ s♦ t❤❛t
t❤❡ ♦①✐❞❡ ✐s ♥♦t ❛❧❧♦✇❡❞ t♦ r❡❢♦r♠ ❛♥❞ ❝♦♥t❛♠✐♥❛t❡ t❤❡
♠❡t❛❧✲s✉❜str❛t❡ ✐♥t❡r❢❛❝❡✳

❚❤❡ r❡♠♦✈❛❧ ♦❢ t❤❡ ❣❡r♠❛♥✐✉♠ ♦①✐❞❡ ✐s ❝r✉❝✐❛❧ t♦
❛❝❤✐❡✈❡ ❛ s✉✣❝✐❡♥t❧② ❤✐❣❤ q✉❛❧✐t② ♦❢ t❤❡ ✜♥❛❧ ❞❡✈✐❝❡✿ ❛
✶✵ ♠✐♥✉t❡s ❛r❣♦♥ ♣❧❛s♠❛ ❡t❝❤ ❛❝❤✐❡✈❡❞ ❛ ❝♦♠♣❧❡t❡ r❡✲
♠♦✈❛❧ ♦❢ t❤❡ ❣❡r♠❛♥✐✉♠ ♦①✐❞❡✱ r❡s✉❧t✐♥❣ ✐♥ ❑■❉s ✇✐t❤
q✉❛❧✐t② ❢❛❝t♦rs ❛♥❞ ♥♦✐s❡ ❝♦♠♣❛r❛❜❧❡ t♦ t❤♦s❡ ♦♥ s✐❧✐❝♦♥
s✉❜str❛t❡s✳ ■♥❝♦♠♣❧❡t❡ r❡♠♦✈❛❧ ♦❢ t❤❡ ❣❡r♠❛♥✐✉♠ ♦①✐❞❡
r❡s✉❧ts ✐♥ ❣r❡❛t❧② r❡❞✉❝❡❞ ✐♥t❡r♥❛❧ q✉❛❧✐t② ❢❛❝t♦rs ✭❡✳❣✳
Qi < 10 ❦✮✱ ❛s s❤♦✇♥ ❜② ♣r♦t♦t②♣❡s ✇❤✐❝❤ ✉s❡❞ ❛ s❤♦rt❡r
❛r❣♦♥ ♣❧❛s♠❛ ❡t❝❤✐♥❣ t✐♠❡ ♦❢ ✸ ♠✐♥✉t❡s✳

❆❢t❡r t❤❡ ❛r❣♦♥ ❡t❝❤✐♥❣ ♣r♦❝❡ss ❛♥❞ t❤❡ ❞❡♣♦s✐t✐♦♥ ♦❢
t❤❡ ♠❡t❛❧ ❧❛②❡r✱ ❛ st❛♥❞❛r❞ ♣r♦❝❡ss ♦❢ ❯❱ ❧✐t❤♦❣r❛♣❤②
❛♥❞ ✇❡t ❡t❝❤✐♥❣ ✐s ✉s❡❞ t♦ s❡❧❡❝t✐✈❡❧② r❡♠♦✈❡ t❤❡ ❛❧✉✲
♠✐♥✐✉♠ ✐♥ ♦r❞❡r t♦ ❢♦r♠ t❤❡ str✉❝t✉r❡s ♦❢ t❤❡ r❡s♦♥❛t♦rs
❛♥❞ ♦❢ t❤❡ ❝♦♣❧❛♥❛r ✇❛✈❡❣✉✐❞❡ t♦ ✇❤✐❝❤ t❤❡ ❑■❉s ❛r❡

✐♥❞✉❝t✐✈❡❧② ❝♦✉♣❧❡❞✳ ❋♦r r❡❞✉♥❞❛♥❝② t❤❡ ❛rr❛② ✐s r❡♣❧✐✲
❝❛t❡❞ ❢♦✉r t✐♠❡s ♦♥ ❛ s✐♥❣❧❡ ✇❛❢❡r t❤❛t ✐s t❤❡♥ ❞✐❝❡❞ ✐♥t♦
✷①✷ ❝♠2 sq✉❛r❡ t✐❧❡s✳

❚❤❡ ♣✐①❡❧ ❞❡s✐❣♥ ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ s❡♥s♦rs ♦❢ t❤❡ ❇❯▲✲
▲❑■❉ ❛rr❛②✶✻✳ ❚❤❡ ❛❝t✐✈❡ ❛r❡❛ ♦❢ ❡❛❝❤ ♣✐①❡❧ ✐s ✹ ♠♠2✱
♠❛❞❡ ♦❢ ✶✵✺ str✐♣s ♦❢ ✶✽✽✵×✷✵ µ♠2 s♣❛❝❡❞ ❜② ✽ µ♠ ❛♥❞
❛rr❛♥❣❡❞ t♦ ❢♦r♠ ❛♥ ✐♥❞✉❝t✐✈❡ ♠❡❛♥❞❡r✳ ❚❤❡ t✇♦ ❡♥❞s
♦❢ t❤❡ ♠❡❛♥❞❡r ❛r❡ t❡r♠✐♥❛t❡❞ t♦ ❢♦✉r ❝❛♣❛❝✐t✐✈❡ ✜♥❣❡rs
✇❤♦s❡ ❧❡♥❣t❤ ✐s ❛❞❥✉st❡❞ ✐♥ ♦r❞❡r t♦ s❡❧❡❝t t❤❡ r❡s♦♥❛♥t
❢r❡q✉❡♥❝② ♦❢ ❡❛❝❤ ♣✐①❡❧ ✭❋✐❣✳ ✶ ❛✮❀ ✐♥ t❤❡ ❝✉rr❡♥t ✈❡rs✐♦♥
♦❢ t❤❡ ❛rr❛② t❤r❡❡ ♣✐①❡❧s ❛r❡ ❢❛❜r✐❝❛t❡❞ ❛❧♦♥❣ ❛ s✐♥❣❧❡
✷ ❝♠ ❧♦♥❣ ❝♦♣❧❛♥❛r ✇❛✈❡❣✉✐❞❡✳ ❚❤❡ s❡♥s♦rs ✇❡r❡ s✐♠✲
✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❙❖◆◆❊❚✷✹ s♦❢t✇❛r❡✿ t❤❡ ❝❛♣❛❝✐t❛♥❝❡
❤❛s ❜❡❡♥ ❝❤♦s❡♥ ✐♥ ♦r❞❡r t♦ ❤❛✈❡ t❤❡ ❞❡✈✐❝❡s r❡s♦♥❛t❡
❛t ❢r❡q✉❡♥❝✐❡s 1/2π

√
LC ❜❡t✇❡❡♥ ✵✳✼ ❛♥❞ ✵✳✽ ●❍③✳ ❚❤❡

s♣❛❝✐♥❣ ✐♥ ❢r❡q✉❡♥❝② ❜❡t✇❡❡♥ t❤❡ r❡s♦♥❛t♦rs ✐s ✷✺ ▼❍③
t♦ ♠✐♥✐♠✐③❡ ❡❧❡❝tr✐❝❛❧ ❝r♦ss✲t❛❧❦✳ ■♥ ♦r❞❡r ♦❢ ✐♥❝r❡❛s✐♥❣
r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ ❑■❉✲✶ ❛♥❞ ❑■❉✲✷ ❛r❡ ♦♥ t❤❡ s❛♠❡
s✐❞❡ ♦❢ t❤❡ ❢❡❡❞❧✐♥❡✱ ✇❤✐❧❡ ❑■❉✲✸ ✐s ♦♥ t❤❡ ♦♣♣♦s✐t❡ s✐❞❡
✭❋✐❣✳ ✶ ❜✮✳ ❚❤❡ ❝♦♣❧❛♥❛r ✇❛✈❡❣✉✐❞❡ ❣❡♦♠❡tr② ❤❛s ❜❡❡♥
s✐♠✉❧❛t❡❞ ❛♥❞ ♦♣t✐♠✐③❡❞ ❢♦r t❤❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ♦❢ ❣❡r✲
♠❛♥✐✉♠ ϵGe

r ∼ 16 ✭✇❤✐❧❡ ϵSi
r ∼ 12✮✷✺ ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡

❛♥ ✐♠♣❡❞❛♥❝❡ ♦❢ 50 Ω✳

❚❤❡ s❛♠♣❧❡ ✐s ✐♥st❛❧❧❡❞ ✐♥ ❛ ❝♦♣♣❡r ❤♦❧❞❡r ❤❡❧❞ ❜②
❚❡✢♦♥ s✉♣♣♦rts ❛♥❞ ✇✐r❡ ❜♦♥❞❡❞ t♦ 50 Ω ❧❛✉♥❝❤❡rs ❛♥❞
t❤❡♥ s♦❧❞❡r❡❞ t♦ ❙▼❆ ❝♦♥♥❡❝t♦rs ❢♦r r❡❛❞♦✉t✱ ❛s s❤♦✇♥
✐♥ ❋✐❣✳ ✶ ✭❜✮✳ ❚❤❡ ❝♦♥t❛❝t ❛r❡❛ ❜❡t✇❡❡♥ t❤❡ ❝❤✐♣ ❛♥❞ t❤❡
s✉♣♣♦rts ✐s r❡❞✉❝❡❞ t♦ ∼ 15♠♠2 ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ t❤❡
♣❤♦♥♦♥ ❡s❝❛♣❡✷✻✳ ❚❤❡ ❛rr❛② ✐s ♦♣❡r❛t❡❞ ✐♥ ❛ ❞r② 3❍❡✴4❍❡
❞✐❧✉t✐♦♥ r❡❢r✐❣❡r❛t♦r ❛t ❛ t❡♠♣❡r❛t✉r❡ T = 220♠❑✱ ✇❤✐❝❤
✐s ✇❡❧❧ ❜❡❧♦✇ t❤❡ tr❛♥s✐t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ ❛❧✉♠✐♥✐✉♠
✭∼✶✳✷ ❑✮✳ ❚❤❡ s❛♠♣❧❡ ✐s ♣r♦t❡❝t❡❞ ❜② r❛❞✐❛t✐♦♥ ❢r♦♠
t❤❡ ✇❛r♠❡r s❡❝t✐♦♥s ♦❢ t❤❡ ❝r②♦st❛t ❜② ♠❡❛♥s ♦❢ t❤❡r✲
♠❛❧ s❤✐❡❧❞s✳ ▼♦r❡♦✈❡r t❤❡ ❝♦♣♣❡r ❤♦❧❞❡r ✐s ✇r❛♣♣❡❞ ✐♥
❛❧✉♠✐♥✐✉♠ ❢♦✐❧ t♦ ❢✉rt❤❡r ♣r♦t❡❝t t❤❡ ❛rr❛② ❢r♦♠ str❛②
❧✐❣❤t❀ ✜♥❛❧❧② ❛ ♠✉✲♠❡t❛❧ ❜❛rr❡❧ ✐s ♣❧❛❝❡❞ ♦✉ts✐❞❡ ♦❢ t❤❡
❝r②♦st❛t t♦ ♠✐t✐❣❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ♠❛❣♥❡t✐❝ ✜❡❧❞s✳ ❚♦ ❝❛❧✲
✐❜r❛t❡ t❤❡ ❞❡✈✐❝❡ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ t✐❧❡ ♦♣♣♦s✐t❡ t♦ t❤❡
❑■❉s ✐s ❢❛❝❡❞ t♦ ❛♥ ♦♣t✐❝❛❧ ✜❜❡r ♣❧❛❝❡❞ ❜❡t✇❡❡♥ ❑■❉✲✶
❛♥❞ ❑■❉✲✷✱ ♣✉❧s❡❞ ❜② ❛ ✹✵✵ ♥♠ ▲❊❉ ❧❛♠♣ ♦♣❡r❛t❡❞ ❛t
r♦♦♠ t❡♠♣❡r❛t✉r❡✷✼✳ ❚❤❡ r❡❛❞♦✉t ✇❛✈❡s ❢♦r t❤❡ ❑■❉s
❛r❡ ❣❡♥❡r❛t❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❜② ❛♥ ❊tt✉s ❳✸✶✵
❜♦❛r❞✷✽ ❛♥❞ ❛r❡ r♦✉t❡❞ t♦ t❤❡ ❛rr❛② t❤r♦✉❣❤ ❛ ❝r②♦❣❡♥✐❝
tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ✇✐t❤ ❛♥ ❛tt❡♥✉❛t✐♦♥ ♦❢ ✺✺ ❞❇ t♦ r❡❞✉❝❡
t❤❡r♠❛❧ ♥♦✐s❡✳ ❚❤❡ ♦✉t♣✉t s✐❣♥❛❧ ❢r♦♠ t❤❡ ❛rr❛② ✐s t❤❡♥
❢❡❞ ✐♥t♦ ❛ ❧♦✇✲♥♦✐s❡ ❛♠♣❧✐✜❡r ✐♥st❛❧❧❡❞ ♦♥ t❤❡ ✹ ❑ st❛❣❡
♦❢ t❤❡ ❝r②♦st❛t ❛♥❞ ❞❡♠♦❞✉❧❛t❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❜②
t❤❡ s❛♠❡ ❜♦❛r❞ ✉s❡❞ ❢♦r t♦♥❡ ❣❡♥❡r❛t✐♦♥✷✾✳

❚❤❡ ♠❡❛s✉r❡❞ tr❛♥s♠✐ss✐♦♥ S21 ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
❢r❡q✉❡♥❝② f ✐s r❡♣♦rt❡❞ ✐♥ ❋✐❣✳ ✷ ✭❛✮✳ ❊❛❝❤ r❡s♦♥❛t♦r ✐s
✐❞❡♥t✐✜❡❞ ❜② ❛ ❞✐♣ ✐♥ t❤❡ tr❛♥s♠✐ss✐♦♥ ❛♥❞ ❛❧❧ ♦❢ t❤❡♠
❛r❡ ❞❡t❡❝t❡❞✳ ❚❤❡ ❑■❉s ❛r❡ s♣❛❝❡❞ ❜② 23± 2 ▼❍③ ✐♥ ❛❝✲
❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❙❖◆◆❊❚ s✐♠✉❧❛t✐♦♥s ♣r❡✈✐♦✉s❧② ❞✐s✲
❝✉ss❡❞✳ ■♥ ♦r❞❡r t♦ ❡①tr❛♣♦❧❛t❡ t❤❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s
♦❢ t❤❡ r❡s♦♥❛t♦rs t❤❡ ❞❛t❛ ♦❢ t❤❡ ❝♦♠♣❧❡① tr❛♥s♠✐ss✐♦♥
S21(f) ♣❛st ❡❛❝❤ ❑■❉ r❡s♦♥❛t♦r ❛r❡ ❝♦rr❡❝t❡❞ ❢♦r ❧✐♥❡
❧♦ss❡s ❛♥❞ ✐♠♣❡❞❛♥❝❡ ♠✐s♠❛t❝❤❡s✸✵ ❛♥❞ ✜tt❡❞ t♦ t❤❡ ❛♥✲
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❋■●✳ ✷✳ ✭❛✮ ❆♠♣❧✐t✉❞❡ ♦❢ t❤❡ tr❛♥s♠✐ss✐♦♥ S21 ♦❢ t❤❡ ❛rr❛②
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ r❡❛❞♦✉t ❢r❡q✉❡♥❝②✳ ❚❤❡ t❤r❡❡ ♠✐♥✐♠❛
❝♦rr❡s♣♦♥❞ t♦ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ❡❛❝❤ ❑■❉✳ ❚❤❡ ❢❡❛t✉r❡
❛t ✼✺✵ ▼❍③ ✐s ✐♥t❡r❢❡r❡♥❝❡ ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ❧♦❝❛❧ ♦s❝✐❧❧❛t♦r ♦❢
t❤❡ r❡❛❞♦✉t ❜♦❛r❞ ✭▲❖✮✳ ✭❜✮ ❋✐t ♦❢ t❤❡ ❝♦♠♣❧❡① S21 ♣❛r❛♠❡t❡r
♦❢ ❑■❉✲✶ t♦ ❡st✐♠❛t❡ t❤❡ q✉❛❧✐t② ❢❛❝t♦rs ❛♥❞ t❤❡ r❡s♦♥❛♥t
❢r❡q✉❡♥❝②✳ ✭❝✮ P❤❛s❡ ♣✉❧s❡ r❡❝♦r❞❡❞ ❜② ❑■❉✲✶ ❛❢t❡r ❛♥ ❡♥❡r❣②
❞❡♣♦s✐t✐♦♥ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✷✵ ❦❡❱ ✐♥❞✉❝❡❞ ❜② ✜r✐♥❣ ❛ ▲❊❉
♣✉❧s❡ ♦♥ t❤❡ s✐❞❡ ♦♣♣♦s✐t❡ t♦ t❤❡ ❑■❉s✳ ❚❤❡ r✐s❡ ❛♥❞ ❞❡❝❛②
t✐♠❡s ❛r❡ ✻✵ µs ❛♥❞ ✶✷✵ µs✱ r❡s♣❡❝t✐✈❡❧②✳

f0 ❬▼❍③❪ Q ❬❦❪ Qc ❬❦❪ Qi ❬▼❪
❑■❉✲✶ ✼✹✽✳✶ ✶✻✼ ✶✽✹ ✶✳✽✷
❑■❉✲✷ ✼✻✾✳✸ ✶✶✹ ✶✷✵ ✷✳✷✹
❑■❉✲✸ ✼✾✸✳✾ ✶✷✼ ✶✸✷ ✸✳✵✸
❈❆▲❉❊❘✲✶✼ ✷✻✹✹ ✶✹✼ ✶✺✻ > 2

❚❆❇▲❊ ■✳ ❘❡s✉❧ts ♦❢ t❤❡ ✜t ❢♦r ❊q✳ ✶ ♦❢ t❤❡ ❞❛t❛ ❛❝q✉✐r❡❞
❢r♦♠ t❤❡ ❢r❡q✉❡♥❝② s❝❛♥ ♦❢ t❤❡ ❛rr❛②✳ ❉❛t❛ ❢r♦♠ ❛ s✐♥❣❧❡ ❑■❉
♦♥ ❛ s✐❧✐❝♦♥ s✉❜str❛t❡ ❛r❡ r❡♣♦rt❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥✸✷✳

❛❧②t✐❝❛❧ ❡①♣r❡ss✐♦♥✸✶

S21(f) = 1−
Q

Qc

1

1 + j2Q f−f0
f0

✭✶✮

✇❤❡r❡ f0 ✐s t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ Q = (1/Qc+1/Qi)
−1

✐s t❤❡ t♦t❛❧ q✉❛❧✐t② ❢❛❝t♦r✱ Qc ✐s t❤❡ ❝♦✉♣❧✐♥❣ q✉❛❧✐t② ❢❛❝✲
t♦r r❡♣r❡s❡♥t✐♥❣ t❤❡ ❝♦✉♣❧✐♥❣ ✇✐t❤ t❤❡ ❢❡❡❞❧✐♥❡ ❛♥❞ Qi ✐s
t❤❡ ✐♥t❡r♥❛❧ q✉❛❧✐t② ❢❛❝t♦r r❡♣r❡s❡♥t✐♥❣ ✐♥t❡r♥❛❧ ❧♦ss❡s✳
❚❤❡ ✜t t♦ ❊q✳ ✶ t♦ t❤❡ S21 ❞❛t❛ ♦❢ ❑■❉✲✶ ✐s s❤♦✇♥ ✐♥

❋✐❣✳ ✷ ✭❜✮✱ ✇❤✐❧❡ ❛ s✉♠♠❛r② ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡
✇❤♦❧❡ ❛rr❛② ✐s r❡♣♦rt❡❞ ✐♥ ❚❛❜✳ ■✳ ❙✐♥❝❡ Qi ≫ Qc t❤❡
✈❛❧✉❡ ♦❢ t❤❡ t♦t❛❧ q✉❛❧✐t② ❢❛❝t♦r Q ✐♥ t❤❡ ❝✉rr❡♥t ❝♦♥✜❣✲
✉r❛t✐♦♥ ✐s ❞♦♠✐♥❛t❡❞ ❜② Qc✿ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡ ❢r♦♠
❚❛❜❧❡ ■ ✐s ✐♥ t❤❡ r❛♥❣❡ Q = (114 ❦− 167 ❦)✱ ✐♥ ❧✐♥❡ ✇✐t❤
t❤❡ ❞❡s✐❣♥ ✈❛❧✉❡ ♦❢ 160 ❦✳ ❚❤❡ t❛❜❧❡ ❛❧s♦ ❛❧s♦ r❡♣♦rts t❤❡

r❡s♦♥❛♥❝❡ ♣❛r❛♠❡t❡rs ♦❢ ❛ s✐♠✐❧❛r ❑■❉ ❞❡♣♦s✐t❡❞ ♦♥ ❛
s✐❧✐❝♦♥ s✉❜str❛t❡ ✭❈❆▲❉❊❘✲✶✼✮✸✷✳ ❉❡s♣✐t❡ t❤❡ ❞✐✛❡r❡♥t
r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ ✇❤✐❝❤ ❞❡♣❡♥❞s ♦♥ t❤❡ ❧❛②♦✉t ♦❢ t❤❡
r❡s♦♥❛t♦r✱ t❤❡ q✉❛❧✐t② ❢❛❝t♦rs ❛r❡ ❝♦♠♣❛r❛❜❧❡✳

■♥ ♦r❞❡r t♦ t❡st t❤❡ r❡s♣♦♥s❡ ♦❢ t❤❡ ❛rr❛② ✇✐t❤ r❡s♣❡❝t
t♦ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥s✱ ❡❛❝❤ ❑■❉ ✐s ❜✐❛s❡❞ ✇✐t❤ ❛♥ ✐♥✲
❞❡♣❡♥❞❡♥t ❘❋ ✇❛✈❡ ❝❡♥t❡r❡❞ ❛t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳
❆❢t❡r ❛♥ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ E ✐♥ t❤❡ s✉❜str❛t❡ ♣❤♦♥♦♥s
♣r♦♣❛❣❛t❡ ✉♥t✐❧ t❤❡② r❡❛❝❤ t❤❡ ❑■❉s ❛♥❞ ❜r❡❛❦ ❈♦♦♣❡r
♣❛✐rs✳ ❚❤❡ ❝❤❛♥❣❡ ✐♥ ❈♦♦♣❡r ♣❛✐r ❞❡♥s✐t② ✐s ❞❡t❡❝t❡❞
❜② ♠♦♥✐t♦r✐♥❣ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ♠❛❣♥✐t✉❞❡ ❛♥❞ ♣❤❛s❡ ♦❢
S21(f0) ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✳ ❚❤❡ ♣❤❛s❡ r❡❛❞♦✉t ✉s✉✲
❛❧❧② ♣r♦✈✐❞❡s ❛ ❜❡tt❡r s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦✸✶ ❛♥❞ ❢♦r t❤✐s
r❡❛s♦♥ ✇❡ r❡str✐❝t t❤❡ ❛♥❛❧②s✐s t♦ ✐t✳
❚❤❡ ♠♦❞❡❧ ♦❢ t❤❡ ♣❤❛s❡ r❡s♣♦♥s❡ r❡❛❞s✸✸✿

dϕ

dE
= η ·

αS2(f0, T0)Q

N0∆2

0
V

✭✷✮

✇❤❡r❡ N0 = 1.72 · 1010eV −1µ ♠−3 ✐s t❤❡ s✐♥❣❧❡ s♣✐♥ ❞❡♥✲
s✐t② ♦❢ st❛t❡s ✐♥ ❛❧✉♠✐♥✐✉♠✱ V = 4 ♠♠2 × 60 ♥♠ ✐s t❤❡
✐♥❞✉❝t♦r ✈♦❧✉♠❡✱ S2(f0, T ) = 3.4 ✐s ❛ ❞✐♠❡♥s✐♦♥❧❡ss ❢❛❝✲
t♦r ❣✐✈❡♥ ❜② t❤❡ ▼❛tt✐s✕❇❛r❞❡❡♥ t❤❡♦r② r❡❧❛t❡❞ t❤❡ ✐♠❛❣✲
✐♥❛r② ♣❛rt ♦❢ t❤❡ ❝♦♥❞✉❝t✐✈✐t②✸✶ ❛♥❞ η ✐s t❤❡ ❡♥❡r❣② t♦
q✉❛s✐✲♣❛rt✐❝❧❡ s✐❣♥❛❧ ❝♦♥✈❡rs✐♦♥ ❡✣❝✐❡♥❝②✳ ❚❤❡ r❛t✐♦ ♦❢ ❦✐✲
♥❡t✐❝ ✐♥❞✉❝t❛♥❝❡ ♦✈❡r t♦t❛❧ ✐♥❞✉❝t❛♥❝❡ α = (4.7± 0.1)%
❛♥❞ t❤❡ s✉♣❡r❝♦♥❞✉❝t♦r ❣❛♣ ∆0 = 189 ± 1 µ❡❱ ❛r❡ ❡s✲
t✐♠❛t❡❞ ❢r♦♠ t❤❡ ❢r❡q✉❡♥❝② s❤✐❢t ♦❢ t❤❡ r❡s♦♥❛t♦rs ✇✐t❤
r❡s♣❡❝t t♦ t❡♠♣❡r❛t✉r❡✸✹✳
❚❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ♦❢ ❡❛❝❤ ❑■❉ ❤❛s ❜❡❡♥ ❝❤❛r❛❝t❡r✲

✐③❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ r❡❛❞♦✉t ♣♦✇❡r ❜② ✜r✐♥❣ ♣✉❧s❡s
❢r♦♠ t❤❡ ▲❊❉ ❧❛♠♣ ❛t ❝♦♥st❛♥t ❡♥❡r❣②✸✷✳ ❚❤❡ ♣✉❧s❡s
❛r❡ ♣r♦❝❡ss❡❞ ♦✤✐♥❡ ✇✐t❤ ❛ ♠❛t❝❤❡❞ ✜❧t❡r ✐♥ ♦r❞❡r t♦
♠❛①✐♠✐③❡ t❤❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥✸✺✳ ❚❤❡ r❡❛❞♦✉t ♣♦✇❡r
♦♣t✐♠✐③✐♥❣ t❤❡ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦ ✐s ✲✻✹ ❞❇♠ ❛t ❡❛❝❤
❑■❉✳
❋✐❣✉r❡ ✷ ✭❝✮ s❤♦✇s ❛ s❛♠♣❧❡ ♣✉❧s❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦

❛♥ ❡♥❡r❣② ❞❡♣♦s✐t✐♦♥ ✐♥ t❤❡ s✉❜str❛t❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧②
✷✵ ❦❡❱✱ ❛s r❡❝♦r❞❡❞ ❜② ❑■❉✲✶✳ ❚❤❡ r✐s❡ t✐♠❡ ❛♠♦✉♥ts
t♦ ∼ 60 µs✱ ❞♦❡s ♥♦t ❝❤❛♥❣❡ ✇✐t❤ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡
❛rr❛② ❛♥❞ ✐s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ r✐♥❣ t✐♠❡ ♦❢ ❑■❉✲✶ τr =
Q/ (πf0) ≈ 70 µs✳ ❚❤❡ ❞❡❝❛② t✐♠❡ ❛♠♦✉♥ts t♦ 120±3 µs
❛♥❞ ✈❛r✐❡s ✇✐t❤ t❤❡ t❡♠♣❡r❛t✉r❡✱ ❛❧❧♦✇✐♥❣ t♦ ✐❞❡♥t✐❢② ✐t
❛s ❞♦♠✐♥❛t❡❞ ❜② t❤❡ q✉❛s✐✲♣❛rt✐❝❧❡ r❡❝♦♠❜✐♥❛t✐♦♥ t✐♠❡
τqp

✸✻✳
❚❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ r❡s♣♦♥s✐✈✐t② dϕ/dE ❢♦❧❧♦✇s t❤❡

♣r♦❝❡❞✉r❡ ✈❛❧✐❞❛t❡❞ ❛❣❛✐♥st ❛ ✻ ❦❡❱ ❳✲r❛② s♦✉r❝❡ ✐♥
❘❡❢✳✷✼ ❛♥❞ ❡♠♣❧♦②❡❞ ✐♥ ❘❡❢s✳✶✻✱✸✼✱✸✽✳ ❚❤❡ ♠❡❛♥ r❡s♣♦♥s❡
♦❢ t❤❡ ❞❡t❡❝t♦r t♦ t❤❡ ❛❜s♦r♣t✐♦♥ ✐♥t♦ t❤❡ s✉❜str❛t❡ ♦❢
N ♣❤♦t♦♥s ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s µ = dϕ/dE · ϵN ✇❤❡r❡
ϵ = 3.1 ❡❱ ✐s t❤❡ ❡♥❡r❣② ♦❢ ❛ s✐♥❣❧❡ ✹✵✵ ♥♠ ♣❤♦t♦♥✳ ❚❤❡
✈❛r✐❛♥❝❡ ♦❢ t❤❡ r❡s♣♦♥s❡ ✐s t❤❡ s✉♠ ♦❢ t❤❡ ✈❛r✐❛♥❝❡ ♦❢ t❤❡
♥♦✐s❡ σ2

0
❛♥❞ t❤❡ P♦✐ss♦♥✬s ✈❛r✐❛♥❝❡✿

σ2(µ) = σ2

0
+

dϕ

dE
· ϵµ ✭✸✮

❚❤❡ ❡♥❡r❣② ❝❛❧✐❜r❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ❜② s❡♥❞✐♥❣ ❜✉rsts
♦❢ ♣❤♦t♦♥s ❛♥❞ ❡✈❛❧✉❛t✐♥❣ σ2 ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ µ✳

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
5
3
2
0
6



✹

2

3

4

5

6

0 50 100 150 200 250 300 350
−0.5

0

0.5

Mean [mrad]

V
ar

ia
n
ce

[m
ra

d
2
]

R
es

id
u
al

s

 [
m

ra
d
2
]

dϕ/dE = (3.6 ± 0.2) mrad/keV

σ₀ = (380 ± 20) eV

Reduced χ²=0.93

❋■●✳ ✸✳ ❋✐t ♦❢ σ2 ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ µ ✭❊q✳ ✸✮ ❝♦rr❡s♣♦♥❞✐♥❣ t♦
t❤❡ r❡s♣♦♥s❡ ♦❢ ❑■❉✲✶ t♦ ❜✉rsts ♦❢ ✹✵✵ ♥♠ ♣❤♦t♦♥s ✜r❡❞ ❜② t❤❡
❝❛❧✐❜r❛t✐♦♥ ▲❊❉✳ ❚❤❡ ❧✐♥❡❛r ✜t ❝♦♥✈❡r❣❡s t♦ ❛ r❡s♣♦♥s✐✈✐t② ♦❢
✸✳✻ ♠r❛❞✴❦❡❱ ❛♥❞ ❛♥ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢ ✸✽✵ ❡❱✳ ❚❤✐s ❧✐♥❡❛r
❜❡st ✜t ✐s r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ♦t❤❡r ✉♥✐ts ❑■❉✲✷ ❛♥❞ ❑■❉✲✸
✇❤♦s❡ ❝❛❧✐❜r❛t✐♦♥ ♣❛r❛♠❡t❡rs ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ■■✳

❚✐❧❡
♠❛ss [❣]

dφ/dE
[♠r❛❞✴❦❡❱]

σ0 ❬❡❱❪ η ❬✪❪
A❑■❉
A❚❖❚

❑■❉✲✶ ✶✳✶✻ 3.6± 0.2 380± 20 2.0± 0.2 ✵✳✶✷
❑■❉✲✷ ✧ 2.5± 0.1 450± 22 2.0± 0.2 ✧
❑■❉✲✸ ✧ 2.2± 0.2 540± 31 1.6± 0.2 ✧
❈❆▲❉❊❘✲✶✼ ✵✳✷✽ 5.8 115± 6 7.4− 9.4 ✵✳✹✷

❚❆❇▲❊ ■■✳ ❘❡s✉❧ts ♦❢ t❤❡ ✜t ♦❢ ❊q✳ ✸ t♦ t❤❡ ❞❛t❛ ❛❝q✉✐r❡❞
❜② ✜r✐♥❣ ▲❊❉ ♣✉❧s❡s ♦♥ t❤❡ ❜❛❝❦s✐❞❡ ♦❢ t❤❡ ❛rr❛②✳ ❚❤❡ ✈❛❧✉❡
♦❢ t❤❡ ♣❤♦♥♦♥ ❡♥❡r❣② ❝♦♥✈❡rs✐♦♥ ❡✣❝✐❡♥❝② η ❛r❡ ❞❡r✐✈❡❞ ❜②
✐♥✈❡rt✐♥❣ ❊q✳ ✸✳ ❚❤❡ ❡✣❝✐❡♥❝② ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ r❛t✐♦
♦❢ s❡♥s✐t✐✈❡ ♠❡t❛❧ ❛r❡❛ t♦ t❤❡ t♦t❛❧ ♠❡t❛❧ ❛r❡❛ A❑■❉/A❚❖❚✳
❱❛❧✉❡s ❢♦r ❈❆▲❉❊❘✲✶✼ ❛r❡ ❛❧s♦ r❡♣♦rt❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥✱ ❛s
✇❡❧❧ ❛s t❤❡ t♦t❛❧ ♠❛ss ♦❢ t❤❡ ●❡ ❛♥❞ ❙✐ s✉❜str❛t❡s✳

❋✐tt✐♥❣ ❊q✳ ✸ ❢♦r t❤❡ ♣❛r❛♠❡t❡rs dϕ/dE ❛♥❞ σ2

0
②✐❡❧❞s

t❤❡ r❡s♣♦♥s✐✈✐t② ✐♥ ♠r❛❞✴❦❡❱ ❛♥❞ t❤❡ ❜❛s❡❧✐♥❡ ❡♥❡r❣②
r❡s♦❧✉t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ s✉❝❤ ❡st✐♠❛t✐♦♥
♦♥ ❑■❉✲✶✱ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✸✳ ❚❤❡ r❡s♣♦♥s✐✈✐t② ✐s 3.6±
0.2 ♠r❛❞✴❦❡❱ ❛♥❞ σ0 ✐s 380 ± 20 ❡❱✱ ✇❤✐❧❡ t❤❡ r❡s✉❧ts
♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❢♦r ❛❧❧ ♦❢ t❤❡ ❑■❉s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥
❚❛❜✳ ■■ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ ❈❆▲❉❊❘✲✶✼✳

❇② ✐♥✈❡rt✐♥❣ ❊q✳ ✷ ✇❡ ❡①tr❛❝t t❤❡ ❡♥❡r❣② t♦ q✉❛s✐✲
♣❛rt✐❝❧❡ ❝♦♥✈❡rs✐♦♥ ❡✣❝✐❡♥❝② η✳ ❚❤❡ r❡s✉❧t✐♥❣ ✈❛❧✉❡s ❛r❡
s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜✳ ■■✱ ✐♥ t❤❡ r❛♥❣❡ (1.6 − 2.0)%✳ ❙✐♥❝❡
t❤❡ ♦♣t✐❝❛❧ ✜❜❡r ✐s ✜r✐♥❣ ♦♥ ❛ s♣♦t ❜❡t✇❡❡♥ ❑■❉✲✶ ❛♥❞
❑■❉✲✷ ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t t❤❡② s❤❛r❡ ❛ s✐♠✐❧❛r ✈❛❧✉❡ ✇❤✐❧❡
t❤❡ ♠♦r❡ ❞✐st❛♥t ❑■❉✲✸ ❤❛s ❛ r❡❞✉❝❡❞ ❡✣❝✐❡♥❝②✳ ❚❤❡ ❡♥✲
❡r❣② ❝♦♥✈❡rs✐♦♥ ❡✣❝✐❡♥❝② ✐s ❛ ❢❛❝t♦r ✹ ❧♦✇❡r t❤❛♥ ✐♥ t❤❡
❈❆▲❉❊❘✲✶✼ ♣r♦t♦t②♣❡ t❤❛t ❛❝❤✐❡✈❡❞ (7.4− 9.4)%✷✼ ❞❡✲
♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ✜❜❡r s♣♦t✳

❚❤❡ ♦r✐❣✐♥ ♦❢ t❤❡ r❡❞✉❝❡❞ ✈❛❧✉❡ ♦❢ η ❝❛♥ ❜❡ ✉♥❞❡r✲
st♦♦❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ❧❛②♦✉t ♦❢ t❤❡ t✇♦ ❞❡✈✐❝❡s✳ ❚❤❡
❈❆▲❉❊❘✲✶✼ ❞❡t❡❝t♦r ✐♠♣❧❡♠❡♥ts ❛ s✐♥❣❧❡ ❑■❉✱ s♦ t❤❛t
♣❤♦♥♦♥s ♣r♦❞✉❝❡❞ ❝❛♥ ❡✐t❤❡r ❡s❝❛♣❡ ✈✐❛ t❤❡ s✉❜str❛t❡
s✉♣♣♦rts✱ ❜❡ ❛❜s♦r❜❡❞ ❜② t❤❡ ❑■❉ ♦r ❜② t❤❡ ✐♥s❡♥s✐t✐✈❡
♠❡t❛❧ ✭✐❡✳ t❤❡ ❢❡❡❞❧✐♥❡ ❛♥❞ t❤❡ ❝❛♣❛❝✐t♦r✮✳ ■♥ t❤❡ ❞❡✲

✈✐❝❡ ♦❢ t❤✐s ✇♦r❦✱ ❛s✐❞❡ t❤❡ s✉♣♣♦rts ❛♥❞ t❤❡ ✐♥s❡♥s✐t✐✈❡
♠❡t❛❧✱ t❤❡ t❤r❡❡ ❑■❉s s❤❛r❡ t❤❡ ♣❤♦♥♦♥s✷✻✳ ❚❤❡ r❛t✐♦
♦❢ t❤❡ ❛❝t✐✈❡ ♠❡t❛❧ s✉r❢❛❝❡ ♦❢ ❡❛❝❤ ❑■❉ ♦✈❡r t❤❡ t♦t❛❧
♠❡t❛❧❧✐③❡❞ s✉r❢❛❝❡ ✭A❑■❉/A❚❖❚✮ ✐s ❛♣♣r♦①✐♠❛t❡❧② 0.42
✐♥ ❈❆▲❉❊❘✲✶✼✱ ✇❤✐❧❡ ✐t ✐s ♦♥❧② 0.12 ❢♦r ♦♥❡ ♦❢ t❤❡ ❑■❉s
♦❢ t❤✐s ✇♦r❦✳ ▼♦r❡♦✈❡r✱ ❛ s✐♥❣❧❡✲s✐❞❡ ♣♦❧✐s❤❡❞ ✇❛❢❡r ✇❛s
✉s❡❞ ❢♦r t❤❡ r❡❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ❝✉rr❡♥t ❛rr❛②✱ ✐♥ ♣❧❛❝❡ ♦❢
t❤❡ ❞♦✉❜❧❡✲s✐❞❡❞ ♣♦❧✐s❤❡❞ ✇❛❢❡r ❢♦r ❈❆▲❉❊❘✲✶✼✳ ■t ✐s
r❡❛s♦♥❛❜❧❡ t♦ ❜❡❧✐❡✈❡ t❤❛t ❛♥ ❛❞❞✐t✐♦♥❛❧ s♦✉r❝❡ ♦❢ ❧♦ss ✐s
❣✐✈❡♥ ❜② t❤❡ ✉♥♣♦❧✐s❤❡❞ s✉r❢❛❝❡ t❤❛t ❝♦✉❧❞ ❛❝t ❛s ❛ tr❛♣✲
♣✐♥❣ s✐t❡ ❢♦r ♣❤♦♥♦♥s✳
❲❡ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡r❡ ✐s ♥♦ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ ♠❛t❡✲

r✐❛❧ ✉s❡❞ ❛s s✉❜str❛t❡ ✐♥✢✉❡♥❝❡s t❤❡ r❡s♣♦♥s✐✈✐t② ❛♥❞ t❤❡
❡♥❡r❣② r❡s♦❧✉t✐♦♥✳ ❚❤✐s s❡❡♠s t♦ ❜❡ ❜❛❝❦❡❞ ✉♣ ❛❧s♦ ❜② t❤❡
s✐♠✐❧❛r ✈❛❧✉❡s ♦❢ t❤❡ ❡①♣❡❝t❡❞ ❛t❤❡r♠❛❧ ♣❤♦♥♦♥ tr❛♥s♠✐s✲
s✐♦♥ t♦ ❆❧✉♠✐♥✉♠ ❢r♦♠ ●❡r♠❛♥✐✉♠ ❛♥❞ ❙✐❧✐❝♦♥✳ ❋♦❧❧♦✇✲
✐♥❣ t❤❡ ♠❡t❤♦❞ ✐♥ ❘❡❢✳✸✾✱ ✇❡ ✐♥❞❡❡❞ ♦❜t❛✐♥ ∼ 90% ❛♥❞
∼ 80% ♣❤♦♥♦♥ tr❛♥s♠✐ss✐♦♥ t♦ ❆❧✉♠✐♥✉♠ ❢r♦♠ ❙✐❧✐❝♦♥
❛♥❞ ●❡r♠❛♥✐✉♠✱ r❡s♣❡❝t✐✈❡❧②✳
❲❡ ❝❛♥ t❤❡r❡❢♦r❡ ❛s❝r✐❜❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❜❛s❡❧✐♥❡ r❡s♦✲

❧✉t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ ❈❆▲❉❊❘✲✶✼ ♦♥❧② t♦ t❤❡ ❣❡♦♠❡tr②
♦❢ t❤❡ ♠❡t❛❧ ❧❛②❡r ♦♥ t❤❡ t✐❧❡✱ ✇❤✐❝❤ ❛✛❡❝ts t❤❡ ♣❤♦♥♦♥
❝♦❧❧❡❝t✐♦♥ ❡✣❝✐❡♥❝②✳ ■❢ ✇❡ ❛ss✉♠❡ t❤❡ ✈❛❧✉❡ ♦❢ η = 24%
♦❢ ❛ ❇❯▲▲❑■❉✲❧✐❦❡ ❣❡♦♠❡tr②✱ ✇❡ ❡①♣❡❝t ❛♥ ✐♠♣r♦✈❡✲
♠❡♥t ♦❢ t❤❡ ❜❛s❡❧✐♥❡ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢ ❑■❉✲✶ ❞♦✇♥
t♦ 380 × 2%/24% = 32 ❡❱✱ ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ ✷✻ ❡❱ ♦❢ t❤❡
s✐❧✐❝♦♥ ♣r♦t♦t②♣❡✳
■♥ t❤✐s ✇♦r❦ ✇❡ ♣r❡s❡♥t❡❞ t❤❡ ❞❡s✐❣♥✱ ❢❛❜r✐❝❛t✐♦♥ ❛♥❞

♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ✜rst ❑■❉s ❞❡✈❡❧♦♣❡❞ ♦♥ ❛ ❣❡r♠❛♥✐✉♠
s✉❜str❛t❡✳ ❚❤❡ ❢❛❜r✐❝❛t✐♦♥ ♣r♦❝❡ss ✇❛s ♦♣t✐♠✐③❡❞ t♦ r❡✲
♠♦✈❡ t❤❡ ❣❡r♠❛♥✐✉♠ ❞✐♦①✐❞❡ ❢r♦♠ t❤❡ s✉❜str❛t❡✱ ❛s ✐t ✇❛s
❢♦✉♥❞ t♦ ❜❡ ❛ ❧✐♠✐t✐♥❣ ❢❛❝t♦r ❢♦r t❤❡ q✉❛❧✐t② ♦❢ t❤❡ r❡s✲
♦♥❛t♦rs✳ ❲❡ ❡st✐♠❛t❡❞ ❞❡t❡❝t✐♦♥ ♣❡r❢♦r♠❛♥❝❡s ✇❤✐❝❤ ❛r❡
✐♥ ❧✐♥❡ t♦ t❤❛t ♦❜t❛✐♥❡❞ ✇✐t❤ s✐❧✐❝♦♥ s✉❜str❛t❡s✱ ♣❛✈✐♥❣
t❤❡ ✇❛② t♦ ❢✉t✉r❡ ❞❡✈❡❧♦♣♠❡♥ts ❢♦r ❛♣♣❧✐❝❛t✐♦♥s ✐♥ t❤❡
♥❡✉tr✐♥♦ ❛♥❞ ❞❛r❦ ♠❛tt❡r ✜❡❧❞s✳

❆❈❑◆❖❲▲❊❉●▼❊◆❚❙

❲❡ t❤❛♥❦ t❤❡ t❡❛♠ ♦❢ t❤❡ ▲❛❜♦r❛t♦r✐♦ ❘✐✈❡❧❛t♦r✐ ❈r✐♦✲
❣❡♥✐❝✐ ♦❢ ❙❛♣✐❡♥③❛ ❯✳ ❢♦r ✐ts s✉♣♣♦rt✳ ❚❤✐s ✇♦r❦ ✇❛s ♣❛r✲
t✐❛❧❧② s✉♣♣♦rt❡❞ t❤r♦✉❣❤ t❤❡ ❊✉r♦♣❡❛♥ ❘❡s❡❛r❝❤ ❈♦✉♥✲
❝✐❧ t❤r♦✉❣❤ t❤❡ ❈♦♥s♦❧✐❞❛t♦r ●r❛♥t ✏❉❆◆❆❊✑ ♥✉♠❜❡r
✶✵✶✵✽✼✻✻✸✳ ❲❡ ❛❝❦♥♦✇❧❡❞❣❡ t❤❡ s✉♣♣♦rt ♦❢ t❤❡ P❚❆
♣❧❛t❢♦r♠ ❢♦r t❤❡ ❢❛❜r✐❝❛t✐♦♥ ♦❢ t❤❡ ❞❡✈✐❝❡✳ ❲❡ t❤❛♥❦ ❆✳
●✐r❛r❞✐ ❛♥❞ ▼✳ ■❛♥♥♦♥❡ ♦❢ t❤❡ ■◆❋◆ ❙❡③✐♦♥❡ ❞✐ ❘♦♠❛ ❢♦r
t❡❝❤♥✐❝❛❧ s✉♣♣♦rt✳ ❲❡ t❤❛♥❦ ❆✳ ▲✳ ❉❡ ❙❛♥t✐s ❢♦r ✉s❡❢✉❧
❞✐s❝✉ss✐♦♥s ♦♥ ♣❤♦♥♦♥ ♣r♦♣❛❣❛t✐♦♥✳

❉❆❚❆ ❆❱❆■▲❆❇■▲■❚❨ ❙❚❆❚❊▼❊◆❚

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

✶❘✳ ❆❣♥❡s❡✱ ❚✳ ❆r❛♠❛❦✐✱ ■✳ ❆r♥q✉✐st✱ ❡t ❛❧✳ ✭❙✉♣❡r❈❉▼❙✮✱ P❤②s✳
❘❡✈✳ ▲❡tt✳ ✶✷✵✱ ✵✻✶✽✵✷ ✭✷✵✶✽✮✳

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
5
3
2
0
6



✺

✷❆✳ ❍✳ ❆❜❞❡❧❤❛♠❡❡❞✱ ●✳ ❆♥❣❧♦❤❡r✱ P✳ ❇❛✉❡r✱ ❡t ❛❧✳✱ P❤②s✳ ❘❡✈✳ ❉
✶✵✵✱ ✶✵✷✵✵✷ ✭✷✵✶✾✮✳

✸❊✳ ❆r♠❡♥❣❛✉❞✱ ◗✳ ❆r♥❛✉❞✱ ▼✳ ❆✉❣✐❡r✱ ❡t ❛❧✳ ✭❊❉❊▲❲❊■❙❙✮✱
❏❈❆P ✵✺✱ ✵✶✾ ✭✷✵✶✻✮✳

✹❉✳ ❆❦✐♠♦✈✱ ❏✳ ❇✳ ❆❧❜❡rt✱ P✳ ❆♥✱ ❈✳ ❆✇❡✱ ❡t ❛❧✳ ✭❈❖❍❊❘❊◆❚✮✱
❙❝✐❡♥❝❡ ✸✺✼✱ ✶✶✷✸ ✭✷✵✶✼✮✱ ❛r❳✐✈✿✶✼✵✽✳✵✶✷✾✹ ❬♥✉❝❧✲❡①❪✳

✺❘✳ ❙tr❛✉ss✱ ❏✳ ❘♦t❤❡✱ ●✳ ❆♥❣❧♦❤❡r✱ ❡t ❛❧✳✱ P❤②s✳ ❘❡✈✳ ❉ ✾✻✱ ✵✷✷✵✵✾
✭✷✵✶✼✮✳

✻❏✳ ❇✐❧❧❛r❞✱ ❘✳ ❈❛rr✱ ❏✳ ❉❛✇s♦♥✱ ❊✳ ❋✐❣✉❡r♦❛✲❋❡❧✐❝✐❛♥♦✱ ❏✳ ❆✳
❋♦r♠❛❣❣✐♦✱ ❏✳ ●❛s❝♦♥✱ ❙✳ ❚✳ ❍❡✐♥❡✱ ▼✳ ❉✳ ❏❡s✉s✱ ❏✳ ❏♦❤♥st♦♥✱
❚✳ ▲❛ss❡rr❡✱ ❆✳ ▲❡❞❡r✱ ❑✳ ❏✳ P❛❧❧❛❞✐♥♦✱ ❱✳ ❙✐❜✐❧❧❡✱ ▼✳ ❱✐✈✐❡r✱ ❛♥❞
▲✳ ❲✐♥s❧♦✇✱ ❏♦✉r♥❛❧ ♦❢ P❤②s✐❝s ●✿ ◆✉❝❧❡❛r ❛♥❞ P❛rt✐❝❧❡ P❤②s✐❝s
✹✹✱ ✶✵✺✶✵✶ ✭✷✵✶✼✮✳

✼■✳ ❆❧❦❤❛t✐❜✱ ❉✳ ❆♠❛r❛❧✱ ❚✳ ❆r❛❧✐s✱ ❡t ❛❧✳ ✭❙✉♣❡r❈❉▼❙ ❈♦❧❧❛❜♦✲
r❛t✐♦♥✮✱ P❤②s✳ ❘❡✈✳ ▲❡tt✳ ✶✷✼✱ ✵✻✶✽✵✶ ✭✷✵✷✶✮✳
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