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ps

pt

Fp = (pt − ps)(Ac − Ad),

Ac

Ad



τc

d(t) =
τc
2
sin(ωt)

ra rb



◆♦ ♠❡❝❛♥✐(♠♦ ❞❡ ❜✐❡❧❛✲♠❛♥✐✈❡❧❛✱ ♦( ❜/❛0♦( (1♦ ❛//❛♥❥❛❞♦( ❞❡ ❢♦/♠❛ 4✉❡ ❛

♣♦♥7❛ ❧✐✈/❡ ❞❛ ❜✐❡❧❛ ✭♣♦♥7♦ ❈✮ ❛((✉♠❛ ❝♦♠♣♦/7❛♠❡♥7♦ (❡♠❡❧❤❛♥7❡ ❛ ❞❡ ✉♠❛ ❝♦/✲

/❡❞✐0❛ ♦✉ ❞❡ ✉♠ ♣✐(71♦✱ ❧✐♠✐7❛❞♦ ❛ ♠♦✈❡/✲(❡ ❡♠ ❧✐♥❤❛ /❡7❛✱ ❝♦♠ ❝✉/✈❛ ❞❡ ❞❡(❧♦❝❛✲

♠❡♥7♦ (❡♥♦✐❞❛❧✳ ❖ ♠❡❝❛♥✐(♠♦ ❞❡ ❜✐❡❧❛✲♠❛♥✐✈❡❧❛ ❢✉♥❝✐♦♥❛ ❡♠ ✉♠ ❣/❛✉ ❞❡ ❧✐❜❡/❞❛❞❡

❬✶✺❪✱ ❡ C ♣♦((D✈❡❧ ❞❡❞✉③✐/ ❡①♣/❡((G❡( 4✉❡ 7/❛❞✉③❡♠ ♦ ♠♦✈✐♠❡♥7♦ ❞❛ ❜✐❡❧❛✲♠❛♥✐✈❡❧❛
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♣❛/❛ ❛ ♠❛♥✐✈❡❧❛✱ ❡ θ = ωt✳

❈♦♥(✐❞❡/❛♥❞♦ ❛ ❣❡♦♠❡7/✐❛ ❞❛ ❋✐❣✉/❛ ✷✳✹✱ ❡ 7♦♠❛♥❞♦ ❝♦♠♦ ❜❛(❡ ❛( ❞❡❞✉0G❡(

❛♣/❡(❡♥7❛❞❛( ❡♠ ❬✶✺❪✱ ♣♦❞❡✲(❡ ❡(❝/❡✈❡/ ❛ ❡4✉❛01♦ ♣❛/❛ ❛ ♣♦(✐01♦ ❞♦ ♣♦♥7♦ C ❝♦♠♦

(❡♥❞♦✿

xC = ra cos θ + rb cosϕ ✭✷✳✸✮

❋❛③❡♥❞♦ ✉♠❛ ❛♥N❧✐(❡ 7/✐❣♦♥♦♠C7/✐❝❛✱ ❛✜♠ ❞❡ ❡❧✐♠✐♥❛/ ❛ ✈❛/✐N✈❡❧ ϕ✱ 7❡♠♦( 4✉❡✿

BD = ra sin θ = rb cosϕ ✭✷✳✹✮

❊♥71♦✱

sinϕ =
ra
rb

sin θ ✭✷✳✺✮

❙✉❜(7✐7✉✐♥❞♦ ❛ ❊4✉❛01♦ ✷✳✺ ♥❛ ❡4✉❛01♦✿

cos2 ϕ+ sin2 ϕ = 1, ✭✷✳✻✮

♦❜7❡♠✲(❡✿

cosϕ =

√

1− r2a
r2b

sin2 θ ✭✷✳✼✮

✷✾



❙✉❜#$✐$✉✐♥❞♦ ❛ ❊+✉❛,-♦ ✷✳✼ ♥❛ ❊+✉❛,-♦ ✷✳✸✱ $❡♠✲#❡ ❛ ❡①♣8❡##-♦ ❞❛ ♣♦#✐,-♦ ❞♦

♣♦♥$♦ ❈ ❡♠ ❢✉♥,-♦ ❞❛ ♣♦#✐,-♦ ❛♥❣✉❧❛8 ❞❛ ♠❛♥✐✈❡❧❛✱ ❡ ❞❛# ❞✐♠❡♥#>❡# ❞❛ ♠❛♥✐✈❡❧❛

❡ ❞❛ ❜✐❡❧❛✿

xC = ra cos θ + rb

√

1− r2a
r2b

sin2 θ ✭✷✳✽✮

xC(t) = ra cos(ωt) +
√

r2b − r2a sin
2(ωt) ✭✷✳✾✮

D❛8❛ ♦❜$❡8 ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ♣♦♥$♦ ❈✱ ❜❛#$❛ ❞❡8✐✈❛8 ❛ ❡+✉❛,-♦ ❞❛ ♣♦#✐,-♦✳ ❉❡#$❛

❢♦8♠❛✿

vC(t) =
dxC(t)

dt
✭✷✳✶✵✮

vC(t) = −ωra sin(ωt)−
ωr2a sin(ωt) cos(ωt)
√

r2b − r2a sin
2(ωt)

✭✷✳✶✶✮

❊♠ 8❡❧❛,-♦ ❛♦ ❝♦♠♣8✐♠❡♥$♦ rb✱ ♣❛8❛ ✉♠❛ ♠❛✐♦8 ❡#$❛❜✐❧✐❞❛❞❡ ♠❡❝I♥✐❝❛✱ ❡ ♣❛8❛

+✉❡ ❛ ❡✈♦❧✉,-♦ ❞♦ ♠♦✈✐♠❡♥$♦ #❡ ❛♣8♦①✐♠❡ ❞♦ #❡♥♦✐❞❛❧✱ ❡#$❡ $❡8J ✈❛❧♦8 $-♦ ♠❛✐♦8

+✉❛♥$♦ #❡❥❛ ♣♦##L✈❡❧✳ ❙❡♥❞♦ ❛##✐♠✱ ♦ ❝♦♠♣8✐♠❡♥$♦ ❞❛ ❜✐❡❧❛ ✭rb✮ ❞❡✈❡ #❡8 ❝❡8❝❛ ❞❡

✸ ❛ ✹ ✈❡③❡# #✉♣❡8✐♦8 ❛♦ ❞❛ ♠❛♥✐✈❡❧❛ ✭ra✮✳ ❆##✉♠✐♥❞♦ ✐♥✐❝✐❛❧♠❡♥$❡ +✉❡✿

ra
rb

=
1

4
✭✷✳✶✷✮

r2a
r2b

=
1

16
✭✷✳✶✸✮

r2a sin
2(ωt)

r2b
≤ 1

16
✭✷✳✶✹✮

❆ ❞❡❝♦♠♣♦#✐,-♦ ❡♠ #P8✐❡ ❞❡ ♣♦$Q♥❝✐❛ ❞❡ ❡①♣8❡##>❡# ❞♦ $✐♣♦

√
1− ε P✿
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√
1− ε = 1− ε

2
− ε2

8
...

ε = 1/16 1/2048

xC(t) = ra cos(ωt) + rb −
r2a sin

2(ωt)

2rb

τc = 32

ra 16

0, 25

0, 032

rb



rb = 80

ra/rb = 16/80 = 1/5

T F

δθ δx

F T

W = Tδθ + Fδx
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✉♠ ❞❡)❧♦❝❛♠❡♥*♦ ✈✐"*✉❛❧✱ ♣❛"*✐♥❞♦ ❞❛ ♣♦)✐89♦ ❞❡ ❡3✉✐❧&❜"✐♦ ❬✶✻❪✳ ❆♣❧✐❝❛♥❞♦ *❛❧

♣"✐♥❝&♣✐♦✱ ❞❛ ❊3✉❛89♦ ✷✳✶✼✱ ♦❜*4♠✲)❡✿

Tδθ = −Fδx ✭✷✳✶✽✮

❙❡♥❞♦ δθ = ωδt ❡ δx = vCδt✱ *❡♠♦)✿

T = −F
vC
ω

✭✷✳✶✾✮

❈♦♥❝❧✉✐✲)❡ 3✉❡ T ❡ F ❡)*9♦ "❡❧❛❝✐♦♥❛❞♦) ❝♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ♣♦♥*♦ ❈✱ ❡ ❝♦♠

❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛" ❞❛ ♠❛♥✐✈❡❧❛✳ ❙✉❜)*✐*✉✐♥❞♦ ❛ ❞❡❞✉89♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡①♣"❡))❛

♣❡❧❛ ❊3✉❛89♦ ✷✳✶✶ ♥❛ "❡❧❛89♦ ♦❜*✐❞❛ ♣❡❧❛ ❊3✉❛89♦ ✷✳✶✾✱ ❝❤❡❣❛♠♦) ♥❛ ❡①♣"❡))9♦✿

T = −Fra[sin(ωt) +
ra sin(ωt) cos(ωt)
√

r2b − r2a sin
2(ωt)

] ✭✷✳✷✵✮

❖ )✐♥❛❧ ♥❡❣❛*✐✈♦ ❞❛ ❊3✉❛89♦ ✷✳✷✶ 4 ❞❛❞♦ ❝♦♥)✐❞❡"❛♥❞♦ ❛ ❢♦"8❛ ♥❡❝❡))O"✐❛ ♣❛"❛

❡3✉✐❧✐❜"❛" ♦ )✐)*❡♠❛✱ ❡ ♣♦"*❛♥*♦ ♦ )❡♥*✐❞♦ ❞❛ ❢♦"8❛ F 4 ♦♣♦)*♦ ❛♦ ❞♦ *♦"3✉❡ T ✳

❈♦♥*✉❞♦✱ ❛ ❢♦"8❛ F 4 ❡①❛*❛♠❡♥*❡ ❛ ❢♦"8❛ ❣❡"❛❞❛ ♣❡❧❛ ♠❛♥✐✈❡❧❛ ❛ ♣❛"*✐" ❞❡ ✉♠

*♦"3✉❡ ❞❡ ❡♥*"❛❞❛ T ✱ ❡ ♣♦❞❡ )❡" ♦❜*✐❞♦ ❛ ♣❛"*✐" ❞❛ ❡3✉❛89♦✿

F =
T

ra[sin(ωt) +
ra sin(ωt) cos(ωt)√

r2
b
−r2a sin2(ωt)

]
✭✷✳✷✶✮

❖ *♦"3✉❡ "❡❧❛❝✐♦♥❛❞♦ ❛ ♣♦*P♥❝✐❛ ❞♦ ♠♦*♦" ✉)❛❞♦ 4 ❞❛❞♦ ♣❡❧❛ ❢Q"♠✉❧❛✿

T =
7024P

ns

, ✭✷✳✷✷✮

♥❛ 3✉❛❧✱ P 4 ❛ ♣♦*P♥❝✐❛ ❞♦ ♠♦*♦" ❡ ns 4 ❛ ✈❡❧♦❝✐❞❛❞❡ )&♥❝"♦♥❛✳
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❝♦♠ ❡①♣❛♥#@❡# ❡ ❝♦♥$+❛8@❡# ❝.❝❧✐❝❛# ❞♦# ❣❛#❡# ♥❛# ❝>♠❛+❛# ❞❡ ❝♦♠❜✉#$9♦✱ ♦ ♠♦$♦+
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❡❧❡,"♦♠❡❝.♥✐❝❛ &❡"*♦ ❛♣"❡&❡♥,❛❞❛&✳

✸✳✶ ❚❡♥&'♦ ✐♥❞✉③✐❞❛ ❞❡✈✐❞♦ ❛ ✈❛/✐❛0'♦ ❞❡ ✢✉①♦ ♠❛❣✲

♥67✐❝♦

❆& ♣❛",B❝✉❧❛& ❡❧❡,"✐❝❛♠❡♥,❡ ❝❛""❡❣❛❞❛& &♦❢"❡♠ ✐♥✢✉E♥❝✐❛ ❞❡ ❢♦"7❛& <✉❛♥❞♦

❝♦❧♦❝❛❞♦& ❡♠ ❝❛♠♣♦& ❡❧2,"✐❝♦& ❡ ♠❛❣♥2,✐❝♦&✳ ❆ ♠❛❣♥✐,✉❞❡ ❡ ❛ ❞✐"❡7*♦ ❞❡ ✉♠❛

❢♦"7❛ ❋ ❛,✉❛♥❞♦ ❡♠ ✉♠❛ ❝❛"❣❛ q <✉❡ ♠♦✈❡✲&❡ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ✈ ❡♠ ✉♠ ❝❛♠♣♦

❡❧2,"✐❝♦ ❊ ❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥2,✐❝♦ ❇✱ 2 ❞❛❞❛ ♣❡❧❛ ❡!✉❛$-♦ ❞❡ ▲♦0❡♥2③ ✿

❋ = q(❊+ ✈×❇) = ❋E + ❋B, ✭✸✳✶✮



E B

φ(t) =

∫

S

· dS

φ S

ν(t)

φ

ν(t) = −N
dφ(t)

dt



❆ ❢♦#$❛ ❡❧❡(#♦♠♦(#✐③ ν(t) (❛♠❜-♠ ♣♦❞❡ 0❡# ♦❜(✐❞❛ ❡♠ (❡#♠♦0 ❞♦ ❝❛♠♣♦ ❡❧-(#✐❝♦✱

❡ ♣♦❞❡ 0❡# ❝♦♥0✐❞❡#❛❞❛ ❝♦♠♦ ❛ ❞✐❢❡#❡♥$❛ ❞❡ ♣♦(❡♥❝✐❛❧ ❡♠ ✉♠ ❝❛♠✐♥❤♦ ❢❡❝❤❛❞♦ ❧✱

❝♦♠♦ 0❡❣✉❡✿

ν(t) =

∮

❊ · dl ✭✸✳✹✮

❈❛0♦ ❝♦♥0✐❞❡#❡♠♦0 N = 1✱ ❡ (♦♠❛♥❞♦ ❝♦♠♦ #❡❢❡#>♥❝✐❛0 ❛0 ❊@✉❛$A❡0 ✸✳✷ ❡ ✸✳✹✱

(❡♠♦0 @✉❡✿

∮

❊ · dl = − ∂

∂t

∫

s

❇ · ds ✭✸✳✺✮

❆ ❞❡#✐✈❛❞❛ ❡♠ #❡❧❛$E♦ ❛♦ (❡♠♣♦ - ♣❛#❛ ❞✐0(✐♥❣✉✐# ❛ ❞❡#✐✈❛❞❛ ❡♠ #❡❧❛$E♦ ❛♦

❡0♣❛$♦✳ ❆ ❊@✉❛$E♦ ✸✳✺ ❝♦##❡0♣♦♥❞❡ ❛ ▲❡✐ ❞❡ ❋❛'❛❞❛② ♥❛ ❢♦#♠❛ ✐♥(❡❣#❛❧✳ ❉❡✜♥✐♥❞♦

♦ ♦♣❡#❛❞♦# ∇ ❝♦♠♦ ♥❛ ❊@✉❛$E♦ ✸✳✻✱ ❡♠ ❢✉♥$E♦ ❞❛0 ❝♦♦#❞❡♥❛❞❛0 ❡0♣❛❝✐❛✐0 x̂ =

(1, 0, 0)✱ ŷ = (0, 1, 0)✱ ẑ = (0, 1, 0)✱ ❝I❧❝✉❧♦0 ❡♠ (❡#♠♦0 ❞❡ ❝❛♠♣♦ ❡❧-(#✐❝♦ ♣♦❞❡♠

0❡# ❢❡✐(♦0 ✉0❛♥❞♦ ❛ ❊@✉❛$E♦ ✸✳✼✿

∇ = x̂
∂

∂x
+ ŷ

∂

∂y
+ ẑ

∂

∂z
✭✸✳✻✮

∮

❊ · dl =
∫

s

(∇× ❊) · ds ✭✸✳✼✮

❖0 (❡#♠♦0 ♥♦0 ❧❛❞♦0 ❞✐#❡✐(♦ ❞❛0 ❊@✉❛$A❡0 ✸✳✺ ❡ ✸✳✼ 0E♦ ✐❞>♥(✐❝♦0✳ ■❣✉❛❧❛♥❞♦

(❛✐0 (❡#♠♦0✱ (❡♠♦0 ❛ ❊@✉❛$E♦ ✸✳✽✱ @✉❡ #❡♣#❡0❡♥(❛ ❛ ▲❡✐ ❞❡ ❋❛'❛❞❛② ❡♠ (❡#♠♦0 ❞♦

❝❛♠♣♦ ❡❧-(#✐❝♦ ❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥-(✐❝♦✿

∇× ❊ = −∂❇

∂t
✭✸✳✽✮

❆ I❧❣❡❜#❛ ✈❡(♦#✐❛❧ ♥♦0 ♠♦0(#❛ @✉❡✿

✸✼



∇ · ∇ × ❊ = 0 ✭✸✳✾✮

❉❛' ❊)✉❛+,❡' ✭✸✳✽✮ ❡ ✭✸✳✾✮✱ 0❡♠♦' )✉❡✿

∇ ·❇ = 0 ✭✸✳✶✵✮

◆❛ ❊)✉❛+7♦ ✸✳✽✱ ❛''✉♠✐✉✲'❡ )✉❡ ♥7♦ ❤❛✈✐❛ ♥❡♥❤✉♠ ♠♦✈✐♠❡♥0♦ =❡❧❛0✐✈♦ ❡♥0=❡

♦ ❝✐=❝✉✐0♦ ❢❡❝❤❛❞♦ ❡ ♦ ❝❛♠♣♦ ♠❛❣♥D0✐❝♦✳ ❈♦♥'✐❞❡=❛♥❞♦ )✉❡ ❤F ♠♦✈✐♠❡♥0♦ =❡❧❛0✐✈♦

❡♥0=❡ ♦ ❝✐=❝✉✐0♦ ❡ ♦ ❝❛♠♣♦ ♠❛❣♥D0✐❝♦✱ ❛ ❊)✉❛+7♦ ✸✳✽ ❞❡✈❡ '❡= ♠♦❞✐✜❝❛❞❛✳ ❖❧❤❛♥❞♦

♣❛=❛ ❛ ❊)✉❛+7♦ ✸✳✶✱ ♣❡=❝❡❜❡✲'❡ )✉❡ ♦' ❝❛♠♣♦' ❊ ❡ ❇ '7♦ ♠❡❞✐❞♦' ✉'❛♥❞♦ ✉♠❛

=❡❢❡=J♥❝✐❛ ✜①❛✳ ❈❛'♦ ❛ ❝❛=❣❛ q '❡ ❞❡'❧♦)✉❡ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ✈✬ ❡♠ =❡❧❛+7♦ ❛ ✉♠

=❡❢❡=❡♥❝✐❛❧ ❡♠ ♠♦✈✐♠❡♥0♦ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ✈✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❝❛=❣❛ ❝♦♠ =❡❢❡=❡♥❝✐❛❧

✜①♦ '❡=F (✈+ ✈✬)✳ ❆ ❢♦=+❛ '♦❜=❡ ❛ ❝❛=❣❛ D✱ ❡♥07♦✱ ❞❛❞❛ ♣♦=✿

❋ = q[❊+ (✈+ ✈✬)×❇] = q[(❊+ ✈×❇) + ✈✬×❇)] ✭✸✳✶✶✮

❆''✐♠✱ ♦ ❝❛♠♣♦ ❡❧D0=✐❝♦ ❝♦♠ =❡❢❡=J♥❝✐❛ ❡♠ ♠♦✈✐♠❡♥0♦ '❡ 0♦=♥❛✿

❊✬ = ❊+ ✈×❇ ✭✸✳✶✷✮

❉❛' ❊)✉❛+,❡' ✸✳✽ ❡ ✸✳✶✷✱ ♦ ❝❛♠♣♦ ❡❧D0=✐❝♦ ✐♥❞✉③✐❞♦ ❡♠ ✉♠ ❝✐=❝✉✐0♦ ❡♠ ♠♦✈✐✲

♠❡♥0♦ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ v✱ ❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥D0✐❝♦ ✈❛=✐F✈❡❧ ❝♦♠ ♦ 0❡♠♣♦ ❇ D ❞❛❞❛

♣♦=✿

∇× ❊ = −∂❇

∂t
+∇× ✈×❇ ✭✸✳✶✸✮

✸✽



✸✳✷ ❈♦♥✈❡()*♦ ❡❧❡,(♦♠❡❝/♥✐❝❛ ❛ ♣❛(,✐( ❞♦ ♠♦✈✐✲

♠❡♥,♦ ❧✐♥❡❛(

❈♦♥#✐❞❡'❛♥❞♦ ✉♠❛ ❡①❝✐-❛./♦ ♠❛❣♥1-✐❝❛ ❢❡✐-❛ ❛ ♣❛'-✐' ❞❡ 4♠/# ♣❡'♠❛♥❡♥-❡# ❡

✉♠ ❞❡#❧♦❝❛♠❡♥-♦ ❧✐♥❡❛' ✭❋✐❣✉'❛ ✸✳✷✮✱ ❛❧❣✉♠❛# ❡=✉❛.>❡# ♣♦❞❡♠ #❡' ❞❡❞✉③✐❞❛#✳ ❆#

❡=✉❛.>❡# #/♦ ♦❜-✐❞❛# ❝♦♥#✐❞❡'❛♥❞♦ ✉♠❛ ❞✐#-'✐❜✉✐./♦ ♣✉'❛♠❡♥-❡ #❡♥♦✐❞❛❧ ❞♦ ✢✉①♦

♠❛❣♥1-✐❝♦✳ ❉❡ ❛❝♦'❞♦ ❝♦♠ ❛ ▲❡✐ ❞❡ ❋❛&❛❞❛② ✿

ν(t) = −dφ(t)

dt
✭✸✳✶✹✮

▲✐♥❤❛+ ❞❡ ✢✉①♦ ♠❛❣♥45✐❝♦ ✈❛8✐❛♥5❡+ ♥♦ 5❡♠♣♦ ♥♦ ✐♥5❡8✐♦8 ❞❡ ✉♠❛ ❜♦❜✐♥❛✱

✐♥❞✉③❡♠ ✉♠❛ ❢♦8>❛ ❡❧❡58♦♠♦58✐③ Vt(t) ♥♦+ +❡✉+ 5❡8♠✐♥❛✐+ ✭✈❡8 ❋✐❣✉8❛ ✸✳✷✮✳ B♦8

+✐♠♣❧✐❝✐❞❛❞❡✱ ❛ ✐♥❞✉>C♦ ♠❛❣♥45✐❝❛ ❛D✉✐ 4 ❛++✉♠✐❞❛ ❝♦♠♦ +❡♥❞♦ +❡♥♦✐❞❛❧✱ ❡✱ ❝♦♥+✐✲

❞❡8❛♥❞♦ ❛♣❡♥❛+ ❛ +✉❛ ❝♦♠♣♦♥❡♥5❡ y✿

B(t) = B̂ sin(p− ωBt) ✭✸✳✶✺✮

❈♦♥+✐❞❡8❛♥❞♦ ❛ ❋✐❣✉8❛ ✸✳✷✱ B̂ 4 ❛ ❛♠♣❧✐5✉❞❡ ♠I①✐♠❛ ❞❛ ❞❡♥+✐❞❛❞❡ ❞❡ ✢✉①♦✱

p 4 ♦ ♣♦♥5♦ ❞❡ ♦❜+❡8✈❛>C♦ ♥♦ ❡+5❛5♦8✱ ❡ ωB 4 ❛ ❢8❡D✉J♥❝✐❛ ❞❡ ♣✉❧+❛>C♦ ❞♦ ❝❛♠♣♦

♠❛❣♥45✐❝♦✳ ❖ ♠♦✈✐♠❡♥5♦ ❧✐♥❡❛8 4 ♦❜5✐❞♦ ❛ ♣❛85✐8 ❞❡ ✉♠ ♠♦✈✐♠❡♥5♦ ❣✐8❛♥5❡✳ ❉❡+5❛

❢♦8♠❛✱ ✉♠ ❞❡+❧♦❝❛♠❡♥5♦ ❛♥❣✉❧❛8 dθ ✐♠♣❧✐❝❛ ❡♠ ✉♠ ❞❡+❧♦❝❛♠❡♥5♦ ❧✐♥❡❛8 dx ✭✈❡8

❋✐❣✉8❛ ✸✳✷✮✳ ❈♦♥+✐❞❡8❛♥❞♦ ❛ ♣♦+✐>C♦ 8❡❧❛5✐✈❛ ❞♦+ M♠C+ ♣❡8♠❛♥❡♥5❡+ ❡♠ ❢✉♥>C♦ ❞♦

♣♦♥5♦ ❞❡ ♦❜+❡8✈❛>C♦ p✱ ❡ ❛++✉♠✐♥❞♦ D✉❡ +❡✉ ✈❛❧♦8✱ ❡♠ 5❡8♠♦+ ❞❡ ✉♠❛ ✈❛8✐❛>C♦

❛♥❣✉❧❛8✱ 4 ❞❡ −π/2 ❛ π/2✳

✸✾



p

φ(t) =
Cp

2π
NlB̂

∫ π
2

−
π
2

sin(p− ωBt)dp =
Cp

π
NlB̂ sin(ωBt),

Cp

N

l



ν(t) = −dφ

dt
= ωB

Cp

π
NlB̂ cos(ωBt)

ν(t) L R

Vt(t) i(t)

ν(t) = Ri(t) + L
di

dt
+ Vt(t)

c = ×

c α



❏ ❡ ❇✱ ❢❛③❡♥❞♦✿

|❋c| = |❏||❇| sin(α) ✭✸✳✷✵✮

◆❛ ❊1✉❛34♦ ✸✳✷✵✱ ❏ ❡ ❇ ❝♦♥67✐7✉❡♠ ❛ ❞❡♥6✐❞❛❞❡ ❞❡ ❝♦::❡♥7❡ ❡ ❞❡ ✢✉①♦✱ :❡6✲

♣❡❝7✐✈❛♠❡♥7❡✳ ❆ ❊1✉❛34♦ ✸✳✷✵ ❞❡7❡:♠✐♥❛ ❛ ❞❡♥6✐❞❛❞❡ ❞❡ ❢♦:3❛✱ ❛♦ ✐♥✈A6 ❞❛ ❢♦:3❛

7♦7❛❧✳

❆ ❡1✉❛34♦ 1✉❡ ❡①♣:❡664♦ ❛ ❡♥❡:❣✐❛ ❞❡ ❝♦♥✈❡:64♦ ❡❧❡7:♦♠❡❝D♥✐❝❛ A✿

|❋c|x(t) = ν(t)i(t), ✭✸✳✷✶✮

♥❛ 1✉❛❧✱

❋c✿ ❋♦:3❛ :❡6✉❧7❛♥7❡❀

x(t)✿ ❉❡6❧♦❝❛♠❡♥7♦ ❞❛ ♣❛:7❡ ♠I✈❡❧✱ ❢✉♥34♦ ❞♦ 7❡♠♣♦❀

J♦: 6✐♠♣❧✐❝✐❞❛❞❡ ♠❛7❡♠K7✐❝❛✱ ❡ ♣♦: ♣♦66✉✐: ✉♠ ❝♦♥7❡L❞♦ ❤❛:♠N♥✐❝♦ ♥4♦ 6✐❣✲

♥✐✜❝❛7✐✈♦✱ ❛6 ❡1✉❛3P❡6 ❢♦:❛♠ ♦❜7✐❞❛6 ♣❛:❛ ✉♠❛ ❞✐67:✐❜✉✐34♦ 6❡♥♦✐❞❛❧ ❞❡ ✢✉①♦ ❬✶✼❪✳

❊67❛6 ❡1✉❛3P❡6 ❛❥✉❞❛:4♦ ♥❛ ❞❡❞✉34♦ ❞❡ ✉♠❛ ❡①♣:❡664♦ 1✉❡ ❞❡6❝:❡✈❡ ❛ ♣♦7V♥❝✐❛
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)❡❧❛<9♦ ♣♦(G♥❝✐❛✴♣❡'♦ ❛❧❝❛♥<1✈❡❧ ♣❛)❛ ♠12✉✐♥❛' ❞❡ ✢✉①♦ ()❛♥'✈❡)'♦ ✈❛)✐❛ ❡♥()❡

0, 5 − 2, 0 ❦❲✴❦❣✱ ❡♥2✉❛♥(♦ 2✉❡ ♣❛)❛ ♠12✉✐♥❛' ❞❡ ✢✉①♦ ❧♦♥❣✐(✉❞✐♥❛❧ ❡'(❛ )❡❧❛✲

<9♦ , ❞❡ 0, 24− 0, 8 ❦❲✴❦❣ ❬✷✸❪✳ ❯♠❛ ♦✉()❛ ❝❛)❛❝(❡)?'(✐❝❛ ❞❛' ♠12✉✐♥❛' ❞❡ ✢✉①♦

()❛♥'✈❡)'♦ , ♦ ❜❛✐①♦ ❢❛(♦) ❞❡ ♣♦(G♥❝✐❛✱ ❝♦♠ ✈❛❧♦)❡' (?♣✐❝♦' ♥♦' ✐♥(❡)✈❛❧♦' ❞❡ ✵✱✸✺✲

✵✱✺✺ ❬✷✹❪✳ ❊'(✉❞♦' ❝♦♠ ?♠9' ♣❡)♠❛♥❡♥(❡' ❞❡ (❡))❛✲)❛)❛✱ ✈❡♠ (♦)♥❛♥❞♦✱ ♠❡'♠♦
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❛❧❣✉♠❛% ❝♦♥✜❣✉*❛+,❡% ❡❧❡.*♦♠❛❣♥/.✐❝❛% 1✉❡ ♠❡*❡❝❡*❛♠ ❞❡%.❛1✉❡ ❢♦*❛♠ %❡❧❡❝✐♦♥❛✲

❞❛% ❡ ❡%.✉❞❛❞❛%✳ ❆❧.❡*❛+,❡% ❢♦*❛♠ ❢❡✐.❛% ♥❛% ❝♦♥✜❣✉*❛+,❡% ❡%❝♦❧❤✐❞❛%✱ ❞❡ ♠♦❞♦ ❛

❛❞❛♣.❛* ♦ 1✉❡ ❥; ❡%.; ❞❡%❡♥✈♦❧✈✐❞♦ =% ♥♦%%❛% ♥❡❝❡%%✐❞❛❞❡%✳ ■♥✐❝✐❛❧♠❡♥.❡✱ ❞❡✜♥✐✉✲%❡

1✉❡ ♦ ❣❡*❛❞♦* ❞❡✈❡ %❡* ♣*♦❥❡.❛❞♦ ❞❡ ❢♦*♠❛ 1✉❡✿

• ❈♦♥✈❡*.❛ ❡♥❡*❣✐❛ ♠❡❝A♥✐❝❛ ♣*♦✈❡♥✐❡♥.❡ ❞❡ ✉♠ ♠♦✈✐♠❡♥.♦ ❧✐♥❡❛* ❡♠ ❡❧/.*✐❝❛❀

• ❆ ❡%.*✉.✉*❛ %❡❥❛ ❧❡✈❡❀

• ❆ ❡%.*✉.✉*❛ ❞❡✈❡ %❡❥❛ ❝♦♠♣❛❝.❛❀

• ◆D♦ ❞❡✈❡ ❤❛✈❡* ❡①❝✐.❛+D♦ ❡①.❡*♥❛ ✭♠;1✉✐♥❛ ❞❡ G♠D% ♣❡*♠❛♥❡♥.❡%✮❀

• I♦%%✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♥%.*✉+D♦ ❞❡ ✉♠ ♣*♦.K.✐♣♦ ❝♦♠ ♦% ♠❛.❡*✐❛✐% ❞✐%♣♦♥G✈❡✐%

♣❛*❛ ❝♦♠♣*❛ ♥♦ ♠❡*❝❛❞♦ ❜*❛%✐❧❡✐*♦✳

❆❧/♠ ❞✐%.♦✱ ♦✉.*♦% ❛%♣❡❝.♦% ❢♦*❛♠ ❝♦♥%✐❞❡*❛❞♦%✱ ❝♦♠♦✿

• ◆G✈❡✐% ❞❡ ❞❡♥%✐❞❛❞❡ ❞❡ ✢✉①♦ ♥❛% ♣❡+❛% ❞❡ ♠❛.❡*✐❛❧ ❢❡**♦♠❛❣♥/.✐❝♦ ❡ .❛♠❜/♠

♥♦% G♠D%✱ ♣❛*❛ 1✉❡ %❡ ❡✈✐.❡ ♣♦%%G✈❡✐% ❞❡%♠❛❣♥❡.✐③❛+,❡%❀

• ◆N♠❡*♦ ❞❡ ❡♥*♦❧❛♠❡♥.♦% ❞❛% ❜♦❜✐♥❛%✱ ❛ ❞❡♣❡♥❞❡* ❞♦% ♥G✈❡✐% ❞❡ ❝♦**❡♥.❡❀

• ❚✐♣♦ ❞❡ G♠D%✱ 1✉❡ %❡*D♦ ❡%❝♦❧❤✐❞♦% ❧❡✈❛♥❞♦✲%❡ ❡♠ ❝♦♥%✐❞❡*❛+D♦ ❛ ❢♦*♠❛✱

❞❡♥%✐❞❛❞❡ ❡♥❡*❣/.✐❝❛✱ ♣*❡+♦ ❡ ❞✐%♣♦♥✐❜✐❧✐❞❛❞❡ ♥♦ ♠❡*❝❛❞♦ ❜*❛%✐❧❡✐*♦❀

• ❋♦*♠❛.♦% ❡%.❛.K*✐❝♦% ❡ ❞❛ ♣❛*.❡ ♠K✈❡❧✱ ❧❡✈❛♥❞♦✲%❡ ❡♠ ❝♦♥%✐❞❡*❛+D♦ ♦% ❛%♣❡❝✲

.♦% ❝♦♥%.*✉.✐✈♦% ❡ ❛ ❞✐%♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ❛+♦% ❡❧/.*✐❝♦% ♥♦ ♠❡*❝❛❞♦ ❜*❛%✐❧❡✐*♦❀

❋❛.♦*❡% ❝♦♠♦ ❝✉%.♦ ❞❡ ♣*♦❥❡.♦✱ ❞✐%♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ❛❧❣✉♥% ♠❛.❡*✐❛✐% ♥♦ ♠❡*❝❛❞♦

❜*❛%✐❧❡✐*♦✱ ❛%♣❡❝.♦% ❝♦♥%.*✉.✐✈♦%✱ .❡♠♣♦ ❡ ♠❡✐♦% ❞❡ .❡%.❡ ❞❛ ♠;1✉✐♥❛ ✐♥✢✉❡♥❝✐❛✲

*❛♠ ❞✐*❡.❛♠❡♥.❡ ❡♠ ❛❧❣✉♠❛% ❡.❛♣❛% ❞♦ ♣*♦❥❡.♦✳ ❚♦❞♦ ♦ ♣*♦❥❡.♦ %❡ ❛❞❛♣.♦✉ ❛%

❧✐♠✐.❛+,❡% 1✉❡ %✉*❣✐*❛♠✱ ❜✉%❝❛♥❞♦ %❡♠♣*❡ ❛♣*♦①✐♠❛* ♦% ♣❛*A♠❡.*♦% ❞❡ ✐♥.❡*❡%%❡

❞♦ 1✉❡ ❢♦✐ ❡%♣❡❝✐✜❝❛❞♦✳
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 ❡"#✉✐"♦✉✲"❡ ✉♠❛ "*+✐❡ ❞❡ ❝♦♥✈❡+"♦+❡" ❧✐♥❡❛+❡" ❥2 ❞❡"❡♥✈♦❧✈✐❞♦"✱ ❝♦♠ ❞✐❢❡+❡♥5❡"

❝♦♥✜❣✉+❛89❡" ❡❧❡5+♦♠❛❣♥*5✐❝❛"✳ ❉❡♥5+❡ ❛" 5♦♣♦❧♦❣✐❛" ❡"5✉❞❛❞❛"✱ 5♦❞❛" ❛♣+❡"❡♥5❛♠

✢✉①♦ 5+❛♥"✈❡+"♦✱ ❡ "❡ ❞❡"5❛❝❛+❛♠ ♣♦+ ❛♣+❡"❡♥5❛+ ❝❛+❛❝5❡+?"5✐❝❛" #✉❡ ♠❡❧❤♦+ ❝♦♠❜✐✲

♥❛♠ ❝♦♠ ❛" ❡"♣❡❝✐✜❝❛89❡" ♣+❡5❡♥❞✐❞❛"✳ ❆❧❣✉♠❛" ✜❣✉+❛" ❞❡ ♠*+✐5♦ #✉❡ ♣♦""✐❜✐❧✐5❡♠

✉♠ ❡"5✉❞♦ ❝♦♠♣❛+❛5✐✈♦ ❢♦+❛♠ ❞❡✜♥✐❞❛"✿

• ❉✐"♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ?♠D" ❝♦♠ ♠❛❣♥❡5✐③❛8D♦ ❛♣+♦♣+✐❛❞❛ ♥♦ ♠❡+❝❛❞♦ ❜+❛"✐❧❡✐+♦❀

• ❋+❡#✉H♥❝✐❛ ❞❡ ♦♣❡+❛8D♦❀

• ▼♦❞❡❧❛❣❡♠ ❡❧❡5+♦♠❛❣♥*5✐❝❛❀

• ❆"♣❡❝5♦" ❝♦♥"5+✉5✐✈♦"❀

• ❘❡❧❛8D♦ ♣❡"♦✴♣♦5H♥❝✐❛❀

❆" "❡89❡" #✉❡ "❡❣✉❡♠ ❛❜♦+❞❛♠ ❝❛❞❛ ♠2#✉✐♥❛ ❧✐♥❡❛+ "❡♣❛+❛❞❛♠❡♥5❡✱ ❡✈✐❞❡♥✲

❝✐❛♥❞♦ "✉❛" ✈❛♥5❛❣❡♥" ❡ ❞❡"✈❛♥5❛❣❡♠✳ ❆♦ ✜♥❛❧✱ ✉♠❛ ❝♦♥✜❣✉+❛8D♦ ❢♦✐ ❡"❝♦❧❤✐❞❛✱ ❡

"❡+✈✐✉ ❞❡ ❜❛"❡ ❞✉+❛♥5❡ ❛" ❡5❛♣❛" ❞❡ ♣+♦❥❡5♦ ♣♦"5❡+✐♦+❡"✳

✹✳✺✳✶ ❈♦♥✜❣✉*❛,-♦ ❧✐♥❡❛* ❞❡ ♣✐34-♦ ❧✐✈*❡

❖ ♣+✐♠❡✐+♦ ❝♦♥✈❡+"♦+✱ ❡"5✉❞❛❞♦ ❡♠ ❬✷✻❪✱ 5+❛5❛✲"❡ ❞❡ ✉♠ ❣❡"❛❞♦" ❧✐♥❡❛" ❞❡ ♣✐*+,♦

❧✐✈"❡ ♣+♦❥❡5❛❞♦ ♣❛+❛ 5+❛♥"❢♦+♠❛+ ❡♥❡+❣✐❛ #✉?♠✐❝❛ ❡♠ ❡♥❡+❣✐❛ ❡❧*5+✐❝❛ ♣♦+ ♠❡✐♦ ❞❡

"✉❝❡""✐✈♦" ♣+♦❝❡""♦" ❞❡ ❝♦♠❜✉"5D♦✱ ❝♦♠ ❛♣❧✐❝❛8D♦ "✐♠✐❧❛+ ❛ ♣+❡5❡♥❞✐❞❛ ♥❡"5❡ 5+❛✲

❜❛❧❤♦✳  +♦❥❡5❛❞♦ ♣❛+❛ ❣❡+❛+ ❛ ❡♥❡+❣✐❛ ✉5✐❧✐③❛❞❛ ♥❛ ❛❧✐♠❡♥5❛8D♦ ❞❛ ♣❛+5❡ ❡❧*5+✐❝❛ ❞❡

✈❡?❝✉❧♦" ❤?❜+✐❞♦"✳ ❖ ♣+♦❥❡5♦ ❞❡"5❛ ♠2#✉✐♥❛ * ❢❡✐5♦ ♣❛+❛ ❛♣❧✐❝❛89❡" ❡♠ ❢+❡#✉H♥❝✐❛"

❝♦♥"5❛♥5❡"✳ ❖ ❣❡+❛❞♦+ ❜❛"❡✐❛✲"❡ ❡♠ ✉♠ "✐"5❡♠❛ ❞❡ ♣✐"5D♦ ❞✉♣❧♦ ❝♦♥"5+✉?❞♦ ❡♠ ✉♠

❝✐❧✐♥❞+♦✳ ❖ ❝♦♥✈❡+"♦+ ❛♣+❡"❡♥5❛+ ❛++❛♥❥♦ ❝♦♠ ?♠D ♠Q✈❡❧✳ ❖ ❡✐①♦ ♠Q✈❡❧ * ♠♦♥5❛❞♦
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♣♦"#♥❝✐❛ ❡♠ ✉♠❛ ❢,❡-✉#♥❝✐❛ ❞❡ 50 ❍③✱ ❛ ❞❡♣❡♥❞❡, ❞♦ ♥2♠❡,♦ ❞❡ ❜♦❜✐♥❛4 ❡ ✈♦❧"❛4

❞❡ ❡♥,♦❧❛♠❡♥"♦✳ ❖ ♣❡4♦ ❞❡44❡ ❣❡,❛❞♦, : ❞❡ ♥♦ ♠;①✐♠♦ 29 ❦❣✱ ♦ -✉❡ ♣❡,♠✐"❡ ♦❜"❡,

❛ ,❡❧❛>?♦ ♣❡4♦✴♣♦"#♥❝✐❛ ❣❡,❛❞❛ ❝♦♠♦ 4❡♥❞♦ ❛♣,♦①✐♠❛❞❛♠❡♥"❡ 0, 10417 ❦❣✴❦❲✳

❆ ❛ ❣❡♦♠❡",✐❛ ♣,♦♣♦4"❛ ❡♠ ❬✷✾❪ ❛♣,❡4❡♥"❛ ✉♠❛ ❞❡4✈❛♥"❛❣❡♠ ❡♠ ,❡❧❛>?♦ ❛♦ G♠?

✉"✐❧✐③❛❞♦✳ ❖ ❢♦,♠❛"♦ ❛,,❡❞♦♥❞❛❞♦ : ❞❡ ❞✐❢G❝✐❧ ❢❛❜,✐❝❛>?♦✱ ❡ ♥?♦ "❡♠ ❞✐4♣♦♥✐❜✐❧✐❞❛❞❡

♥♦ ♠❡,❝❛❞♦ ❜,❛4✐❧❡✐,♦✳ ❆❧:♠ ❞✐44♦✱ ♦ ♠♦❞♦ ❞❡ ♠❛❣♥❡"✐③❛>?♦ ,❛❞✐❛❧ ❞♦ G♠? ❞✐✜❝✉❧"❛

❛✐♥❞❛ ♠❛✐4 4✉❛ ❢❛❜,✐❝❛>?♦✳ ❖✉",❛ ❞❡4✈❛♥"❛❣❡♠ : ,❡❢❡,❡♥"❡ ❛♦ ❝✐,❝✉✐"♦ ♠❛❣♥:"✐❝♦

❡-✉✐✈❛❧❡♥"❡✳ ❖ ❢♦,♠❛"♦ ❛,,❡❞♦♥❞❛❞♦ ❞♦ G♠? ❡ ❞❛ ♣❛,"❡ ✐♥✐❝✐❛❧ ❞♦4 ❜,❛>♦4 ❡4"❛"I,✐❝♦4
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❝✐❧-♥❞"✐❝❛✱ ❝♦♠ G♠?4 ♣❡,♠❛♥❡♥"❡4 ❞❡ ♠❛❣♥❡"✐③❛>?♦ ❛①✐❛❧✳ ❖ ❡4"❛"♦, ♣,♦♣♦4"♦ ❡♠

❬✸✵❪ : ❞♦ "✐♣♦ 4❡♠ ❞❡♥"❡4✱ 4❡♥❞♦ ❛4 ♣,I♣,✐❛4 ❜♦❜✐♥❛4 ♦ ❝❛♠✐♥❤♦ ♠❛❣♥:"✐❝♦✳ ❆ ♠;✲

-✉✐♥❛ 4✉♣♦,"❛ ❛ ❝♦♥✜❣✉,❛>?♦ ",✐❢;4✐❝❛ ♦✉ ♠♦♥♦❢;4✐❝❛✳ ❈❛❞❛ ❜♦❜✐♥❛ ❝♦♥4"✐"✉✐ ✉♠❛

❢❛4❡ ✐♥❞❡♣❡♥❞❡♥"❡✱ -✉❡ ♣♦❞❡ 4❡, ❧✐❣❛❞❛ ❡♠ ♣❛,❛❧❡❧♦ ♦✉ ❡♠ 4:,✐❡✳ ❆ ❈♦♥✜❣✉,❛>?♦

❝✐❧G♥❞,✐❝❛ ♦,✐❣✐♥❛❧ ♣,♦♣♦4"❛ ❡♠ ❬✸✵❪ : ❛♣,❡4❡♥"❛❞❛ ♥❛ ❋✐❣✉,❛ ✹✳✽✳

❖ ♣,♦❥❡"♦ ❞❡ ❬✸✵❪ ♣♦44✉✐ ❧✐❜❡,❞❛❞❡ ♥♦ -✉❡ ❞✐③ ,❡4♣❡✐"♦ ❛♦ ❞✐♠❡♥4✐♦♥❛♠❡♥"♦

❞♦ ❡♥",❡❢❡,,♦✱ ❞❡✜♥✐❞♦ ✐♥✐❝✐❛❧♠❡♥"❡ ❡♠ 1 ♠♠✳ ❆ ♠;-✉✐♥❛ ♣♦44✉✐ ♣❡4♦ "♦"❛❧ ❞❡

12, 4 ❦❣✳ ❆ ❢♦,>❛ ❡❧❡",♦♠❛❣♥:"✐❝❛ ❞❡4❡♥✈♦❧✈✐❞❛ ♥♦ ❡✐①♦ : ❞❛ ♦,❞❡♠ ❞❡ 116, 5 ◆✳

❆ ♠;-✉✐♥❛ ♣,♦♣♦4"❛ ❡♠ ❬✸✵❪ ❣❡,❛ ✉♠❛ ♣♦"#♥❝✐❛ ❞❡ 81, 95 ❲✱ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❞❡

❢✉♥❝✐♦♥❛♠❡♥"♦ ❜❛✐①❛✱ ♥❛ ♦,❞❡♠ ❞❡ 0, 5 ♠✴4✳ ❆ ♣♦"#♥❝✐❛ ♠❛44✐✈❛ : 151 ❦❣✴❦❲✳

❆ ♣♦"#♥❝✐❛ : ❜❛✐①❛ ❞;✲4❡✱ ♣,✐♥❝✐♣❛❧♠❡♥"❡✱ ♣❡❧♦ ♠♦❞♦ ❝♦♠♦ ♦ ♣,♦❥❡"♦ ❞❡ ❡4"❛"♦,

❢♦✐ ❢❡✐"♦✳ ◆?♦ ❤; ✉♠ ❝❛♠✐♥❤♦ ❜❡♠ ❞❡✜♥✐❞♦ ♣❛,❛ ♦ ✢✉①♦✱ ❡ ❛ ❞✐4♣❡,4?♦ : ❣,❛♥❞❡✳

❊4",❛":❣✐❛4 ❞❡ ♣,♦❥❡"♦ ♣❛,❛ ❝♦♥"♦,♥❛, ❡4"❡ ♣,♦❜❧❡♠❛ ♣♦❞❡♠ 4❡, ❛❞♦"❛❞❛4✳
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❖ ♠♦✈✐♠❡♥'♦ ❛❝✐♦♥❛♥'❡ ❧✐♥❡❛+ '+❛③ ✉♠❛ ./+✐❡ ❞❡ ✈❛♥'❛❣❡♥. ❛♦ .✐.'❡♠❛ ❞❡ ❣❡+❛✲

34♦ ❞✐.❝✉'✐❞♦ ♥❡.'❡ '+❛❜❛❧❤♦✱ ❞❛. 8✉❛✐. ♣♦❞❡♠♦. ❞❡.'❛❝❛+ ❛ .✐♠♣❧✐❝✐❞❛❞❡ ♠❡❝:♥✐❝❛✳

❖ ✢✉①♦ '+❛♥.✈❡+.♦ ♣+♦♣♦+❝✐♦♥❛ ♠❛✐♦+ ❞❡♥.✐❞❛❞❡ ❞❡ ✢✉①♦ >'✐❧✱ ❡ ♠❛✐♦+ ♣♦'?♥❝✐❛

♠❛..✐✈❛ ♣❛+❛ ♠@8✉✐♥❛. ❧✐♥❡❛+❡.✳ ❖ ✉.♦ ❞♦ ❛++❛♥❥♦ ❝♦♠ ♦ B♠4 ♠C✈❡❧ / ♦ ♠❛✐. ✐♥❞✐✲

❝❛❞♦ ♣❛+❛ ♦ ♣+♦❥❡'♦✳ ❆ ❛♥@❧✐.❡ ❞❛. ❝♦♥✜❣✉+❛3F❡. ❡❧❡'+♦♠❛❣♥/'✐❝❛. ♣❛+❛ ♠@8✉✐♥❛.

❡❧/'+✐❝❛. ❧✐♥❡❛+❡. ❢♦✐ ❢❡✐'❛ ❡ '+?. ❣❛♥❤❛+❛♠ ❞❡.'❛8✉❡✿ ❛ ❝♦♥✜❣✉+❛34♦ '✉❜✉❧❛+ ❞❡

❝✉+.♦ ❝✉+'♦✱ ❛ ❝✐❧B♥❞+✐❝❛ ❡ ❛ ♠✐.'❛✳ ❆ ❈♦♥✜❣✉+❛34♦ '✉❜✉❧❛+ / ✉♠❛ ❜♦❛ ❛❧'❡+♥❛'✐✈❛

❞❡ ♣+♦❥❡'♦✱ ❝♦♠ ❞✐✜❝✉❧❞❛❞❡. +❡.✐❞✐♥❞♦ ♥♦. ❛.♣❡❝'♦. ❝♦♥.'+✉'✐✈♦.✳ ❖ '✐♣♦ ❞❡ B♠4

✉.❛❞♦ ❡♠ ❬✷✾❪ ♥4♦ ❡.'4♦ ❞✐.♣♦♥B✈❡✐. ♣❛+❛ ❝♦♠♣+❛ ♥♦ ❇+❛.✐❧✳ ❊.'❛ ❛❧'❡+❛34♦ ❛❝❛++❡'❛

❡♠ ♠✉❞❛♥3❛ ♥♦. +❡.✉❧'❛❞♦. ✜♥❛✐. ❞❡ ❣❡+❛34♦✱ ❡ .C / ♣♦..B✈❡❧ .❛❜❡+ .❡ ♠❡❧❤♦+❛ ♦✉

♥4♦ ♦ +❡♥❞✐♠❡♥'♦ ❞❛ ♠@8✉✐♥❛ ❛ ♣❛+'✐+ ❞❡ .✐♠✉❧❛3F❡. ❞✐♥:♠✐❝❛.✳ ❆ ❈♦♥✜❣✉+❛34♦

❝✐❧B♥❞+✐❝❛ ❝❤❛♠❛ ❛'❡♥34♦ ♣❡❧❛ .✉❛ ❝♦♥.'+✉34♦ .✐♠♣❧❡.✱ ❝♦♠ ❛ ✉'✐❧✐③❛34♦ ❞❡ B♠4.

❞❡ ♠❛❣♥❡'✐③❛34♦ ❛①✐❛❧ ❞❡ ❢@❝✐❧ ❛❝❡..♦ ♥♦ ♠❡+❝❛❞♦ ❜+❛.✐❧❡✐+♦✳ ❖. ♥B✈❡✐. ❞❡ ❣❡+❛34♦

♣❛+❛ ❛ ♠@8✉✐♥❛ .❡♠ ❜+❛3♦. ❡.'❛'C+✐❝♦. .4♦ ❜❛✐①♦.✱ ♠❛. ❛❧'❡+❛3F❡. ♥♦ ♣+♦❥❡'♦ ✐♥✐❝✐❛❧

♣♦❞❡♠ ❢❛③❡+ ❝♦♠ 8✉❡ ❛ ♠@8✉✐♥❛ '❡♥❤❛ ✉♠ ❞❡.❡♠♣❡♥❤♦ ♠❡❧❤♦+✳ ❆ ❈♦♥✜❣✉+❛34♦

♠✐.'❛ ❛♣❛+❡❝❡ ❝♦♠♦ ✉♠❛ ❜♦❛ ❛❧'❡+♥❛'✐✈❛ ❞❡ ♣+♦❥❡'♦✳ ❆❧❣✉♠❛. ❛❧'❡+❛3F❡. ❞❡✈❡♠

.❡+ ❢❡✐'❛.✱ ♣+✐♥❝✐♣❛❧♠❡♥'❡ ❛8✉❡❧❛. +❡❧❛❝✐♦♥❛❞❛. ❛♦ ❞✐♠❡♥.✐♦♥❛♠❡♥'♦ ❞♦. B♠4.✳ ❖.

+❡.✉❧'❛❞♦. ❞✐♥:♠✐❝♦. ♠♦.'+❛❞♦. ♥♦ ❈❛♣B'✉❧♦ ✼ ♥♦. ❞4♦ ♥♦34♦ ❞❡ ♣♦'?♥❝✐❛ ❣❡+❛❞❛✳

◆♦ ❛.♣❡❝'♦ ❝♦♥.'+✉'✐✈♦✱ ♦ ❝♦+'❡ ♥❛. ♣❡3❛. ❡.'❛'C+✐❝❛. ❛♣❛+❡❝❡ ❝♦♠♦ ❢❛'♦+ ❞✐✜❝✉❧✲

'❛♥'❡✳ ❆ ❝♦♥✜❣✉+❛34♦ ❞♦. B♠4. ❞❡ ♠❛❣♥❡'✐③❛34♦ ❛①✐❛❧✱ ❡ ❛ ❢♦+♠❛ ❝♦♠♦ ♦ ❡✐①♦ ❞❡

❡①❝✐'❛34♦ / ♠♦♥'❛❞♦✱ +❡♣+❡.❡♥'❛♠ ✈❛♥'❛❣❡♥.✳ ❯♠❛ ✈❡③ ❡✈✐❞❡♥❝✐❛❞♦ ❛. ❡.'+✉'✉+❛.

❞❡ ✐♥'❡+❡..❡✱ ✉♠❛ ❢♦✐ ❡.❝♦❧❤✐❞❛✱ ❡ ♦ ♣+C①✐♠♦ ♣❛..♦ ❢♦✐ ❡✈♦❧✉✐+ ♥❛. .✐♠✉❧❛3F❡. ❞✐♥:✲

♠✐❝❛.✱ 8✉❡ ❝♦♥.✐❞❡+❛ ❛. ❡8✉❛3F❡. ❞♦ ♠♦✈✐♠❡♥'♦✱ ♣❛+❛ ♦❜'❡+ +❡.✉❧'❛❞♦. ❞❡ ♣♦'?♥❝✐❛

❣❡+❛❞❛ ❡ ❢♦+3❛. ❞❡ +❡❛34♦ ♥❛ ❛+♠❛❞✉+❛✳ ❆ ♣❛+'✐+ ❞❛B✱ ❞❡✜♥✐+ ❛❧'❡+❛3F❡. ♠❛✐. +❡✲

✜♥❛❞❛.✱ .❡❣✉✐♥❞♦ ❛ ♠❡'♦❞♦❧♦❣✐❛ ❞❡ ♣+♦❥❡'♦ ❛♣+❡.❡♥'❛❞❛ ♥♦ ❝❛♣✐'✉❧♦ ❛ .❡❣✉✐+✳ ❉❡

♣♦..❡ ❞❛. ❞✐♠❡♥.F❡. ✜♥❛✐. ❡ ❞♦ ❝♦♥❤❡❝✐♠❡♥'♦ ❞❛. ❡8✉❛3F❡. ♠❡❝:♥✐❝❛. ❡ ❡❧❡'+♦♠❛❣✲

♥/'✐❝❛. 8✉❡ +❡❣❡♠ ♦ .✐.'❡♠❛ ❞❡ ❣❡+❛34♦ ❡♠ ❡.'✉❞♦✱ ♦ ❝❛♣B'✉❧♦ ❛ .❡❣✉✐+ ♣+♦♣F❡ ✉♠

♠/'♦❞♦ '+✐❞✐♠❡♥.✐♦♥❛❧ ❞❡ .✐♠✉❧❛34♦ ♣♦+ ❡❧❡♠❡♥'♦. ✜♥✐'♦. 8✉❡ ♥♦. ❞4♦ ❡.'✐♠❛'✐✈❛.

❞❛ ♣♦'?♥❝✐❛ ❣❡+❛❞❛ ♣❡❧❛ ♠@8✉✐♥❛✳
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❆ ♠❡#♦❞♦❧♦❣✐❛ ❞❡ ♣+♦❥❡#♦ ✉.❛❞❛ ❢♦✐ ❡.#❛❜❡❧❡❝✐❞❛ ❝♦♠ ❜❛.❡ ♥❛ ❞✐.♣♦♥✐❜✐❧✐❞❛❞❡

❞❡ ♠❡+❝❛❞♦ ❞♦. ♠❛#❡+✐❛✐. ♥❡❝❡..3+✐♦. 4 ❝♦♥.#+✉56♦✱ ❡ ❡♠ .✐♠✉❧❛58❡. ♣❛+❛ ✈❡+✐✜✲

❝❛56♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥#♦✳ =❡+❝❡❜❡✉✲.❡✱ ❛✐♥❞❛✱ ❛ ✐♠♣♦+#>♥❝✐❛ ❞❛ ❞❡✜♥✐56♦ ❞❡ ✉♠❛

+♦#✐♥❛ ❞❡ ♣+♦❥❡#♦✱ ?✉❡ ♣♦..✐❜✐❧✐#❡ ♦❜#❡+ ✉♠ ❞✐.♣♦.✐#✐✈♦ ❞❡ ❝♦♥✈❡+.6♦ ❡❧❡#+♦♠❡❝>♥✐❝❛

❝♦♠ ❞❡.❡♠♣❡♥❤♦ ♦ ♠❛✐. ♣+A①✐♠♦ ♣♦..C✈❡❧ ❞♦ ?✉❡ ❢♦+❛ #+❛5❛❞♦ ❝♦♠♦ ♠❡#❛ ✐♥✐❝✐❛❧✳

❊.#❛♥❞♦ ❞❡✜♥✐❞❛. ❛. ♣+✐♥❝✐♣❛✐. ❝❛+❛❝#❡+C.#✐❝❛. ❞❛ ♠3?✉✐♥❛✱ ❜❡♠ ❝♦♠♦ .❡✉ ♠♦❞♦ ❞❡

♦♣❡+❛56♦✱ E ♣♦..C✈❡❧ ❞❡❞✉③✐+ ✉♠❛ .E+✐❡ ❞❡ ❡?✉❛58❡. ❡❧❡#+♦♠❛❣♥E#✐❝❛. ❡ ♠❡❝>♥✐❝❛.

?✉❡ ♣♦..✐❜✐❧✐#❛♠ ✉♠ ❝3❧❝✉❧♦ ❞❡ ❝❛♠♣♦ #+✐❞✐♠❡♥.✐♦♥❛❧✳

✺✳✶ ❘♦%✐♥❛ ❞❡ ♣,♦❥❡%♦

❖ ♣+♦❥❡#♦ ❞♦ ❣❡+❛❞♦+ ❢♦✐ ❞✐✈✐❞✐❞♦ ❡♠ ❡#❛♣❛.✱ ?✉❡ .6♦ ♦+❣❛♥✐③❛❞❛. .❡❣✉✐♥❞♦

✉♠❛ ❧A❣✐❝❛ ♠❡#♦❞♦❧A❣✐❝❛✱ ❡ #✐✈❡+❛♠ ❝♦♠♦ ❜❛.❡ ❛. ❡.♣❡❝✐✜❝❛58❡. ❛♥#❡+✐♦+♠❡♥#❡

❛♣+❡.❡♥#❛❞❛.✳ ❙6♦ ❡❧❛.✿

❊#❛♣❛ ✶✿ ❊.❝♦❧❤❛ ❞❡ ♠❛#❡+✐❛✐.❀

❖. ♠❛#❡+✐❛✐. ❞❛ ♠3?✉✐♥❛ ❢♦+❛♠ ❡.❝♦❧❤✐❞❛. #❡♥❞♦ ❡♠ ✈✐.#❛ ♦ ❛❧❝❛♥❝❡ ❞❛

♠3①✐♠❛ ❡✜❝✐L♥❝✐❛ ♣♦..C✈❡❧✳ ❖ ❡.#❛#♦+ ❡ ❛. ♣❡5❛. ♣♦❧❛+❡. .6♦ ❢❡✐#♦. ❞❡ ❛5♦



 ✐❧#❝✐♦ ❞❡ ❣)*♦ ♥*♦✲♦)✐❡♥-❛❞♦✱ ♠❛-❡)✐❛❧ ❞❡ ❛❧-❛ ♣❡)♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥3-✐❝❛✱

✉ ❛❞♦ ♥❛ ♠❛✐♦)✐❛ ❞♦ ❣❡)❛❞♦)❡ ♣)♦❥❡-❛❞♦ ✳ ❆ ♣❡8❛ ❞❡  ✉ -❡♥-❛8*♦ ❢♦✲

)❛♠ ❡ ❝♦❧❤✐❞❛ ❞❡ ♠♦❞♦ ❛ ♥*♦ ❝)✐❛) ❝❛♠✐♥❤♦ ❞❡ ✢✉①♦ ♥*♦ ❞❡ ❡❥❛❞♦ ✱

=✉❡ ♣✉❞❡  ❡♠ ✐♥✢✉❡♥❝✐❛) ❞✐)❡-❛♠❡♥-❡ ♥❛ ❡✜❝✐?♥❝✐❛ ❞❛ ♠@=✉✐♥❛ ❡♠ =✉❡ ✲

-*♦✳ ❖ #♠* ❢♦)❛♠ ❡ ❝♦❧❤✐❞♦ ❝♦♠♦  ❡♥❞♦ ❞❡ ◆❡♦❞#♠✐♦✲❋❡))♦✲❇♦)♦✱ ♣♦)

♣♦  ✉✐) ❛❧-♦ ✢✉①♦ )❡♠❛♥❡♥-❡✱ ❛❧-♦ ❝❛♠♣♦ ❝♦❡)❝✐-✐✈♦✱ ❜♦❛ )❡ ✐ -✐✈✐❞❛❞❡

♠❡❝F♥✐❝❛✱ ❡ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❞❡ ♠❛❣♥❡-✐③❛8*♦ ❡❧❡✈❛❞❛✳ ❖ ✜♦ ❞❡ ❝♦❜)❡ ❢♦✲

)❛♠ ❞✐♠❡♥ ✐♦♥❛❞♦ ♣❛)❛  ✉♣♦)-❛) ❛ ❝♦))❡♥-❡ ♣)❡✈✐ -❛✱  ❡♥❞♦ ❡ ♠❛❧-❛❞♦ 

♣❛)❛ ❡✈✐-❛) ❝✉)-♦✲❝✐)❝✉✐-♦ ✳ ❉❡✜♥✐❞♦ ♦ ♠❛-❡)✐❛✐ ❞♦ ❣❡)❛❞♦)✱ ♦ ♣)I①✐♠♦

♣❛  ♦ ❞✐  ❡ )❡ ♣❡✐-♦ ❛♦ ❧❡✈❛♥-❛♠❡♥-♦ ❞❛ ❝❛)❛❝-❡)# -✐❝❛ ❣❡)❛✐ ❞❛ ♠@✲

=✉✐♥❛ ❡❧3-)✐❝❛✱ ♣❛)❛ =✉❡ ❛❧❣✉♠❛ ❞✐♠❡♥ J❡ ❢♦  ❡♠ ❡①-)❛#❞❛ ✱ ❡ ♦ ❝@❧❝✉❧♦

❞❡ ❝❛♠♣♦ ❢♦  ❡ ♣♦  #✈❡❧✳

❊-❛♣❛ ✷✿ ❉❡-❡)♠✐♥❛8*♦ ❞♦ ♠♦❞♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥-♦ ❞❛ ♠@=✉✐♥❛❀

❆ ❢)❡=✉?♥❝✐❛ ❞❡ ♦♣❡)❛8*♦ ❞❛ ♠@=✉✐♥❛ ❢♦✐ ✐♥✐❝✐❛❧♠❡♥-❡ ❞❡✜♥✐❞❛ ❝♦♠♦

60 ❍③ ♠❡❝F♥✐❝♦✳ ❊ -❡ ♣❛)F♠❡-)♦ ✐♥✢✉❡♥❝✐♦✉ ❞✐)❡-❛♠❡♥-❡ ♥♦ ♣)♦❥❡-♦ ❞♦

 ✐ -❡♠❛ ❞❡ ❜✐❡❧❛ ♠❛♥✐✈❡❧❛ ♣)♦❥❡-❛❞♦ ♣❛)❛ ❛✈❛❧✐❛) ♦ ♠♦✈✐♠❡♥-♦ ❧✐♥❡❛)✳ ❖

♠♦✈✐♠❡♥-♦ ❧✐♥❡❛) 3 ♦❜-✐❞♦ ❛ ♣❛)-✐) ❞❡ ✉♠  ✐ -❡♠❛ ❞❡ ❜✐❡❧❛ ♠❛♥✐✈❡❧❛✱ =✉❡

❝♦♥✈❡)-❡ ♦ ♠♦✈✐♠❡♥-♦ )♦-❛-✐✈♦✳ ▲✐♠✐-❛8J❡ ❢# ✐❝❛ ❡ ❛ ❜✉ ❝❛ ❞❡ ♠❛✐♦)

❡ -❛❜✐❧✐❞❛❞❡ ♠❡❝F♥✐❝❛ ❧❡✈❛)❛♠ Q ❛❧-❡)❛8*♦ ❞❡ -❛ ❡ ♣❡❝✐✜❝❛8*♦✳ ❋♦✐ ♥❡✲

❝❡  @)✐♦ )❡❞✉③✐) ❡ -❡ ♣❛)F♠❡-)♦ ♣❛)❛ ❛❧❣♦ ❡♠ -♦)♥♦ ❞❡ 15 ❍③ ♠❡❝F♥✐❝♦✳

❉❡✜♥✐✉✲ ❡✱ ❛✐♥❞❛✱ =✉❡ ♦ ♠♦✈✐♠❡♥-♦ ❞❡✈❡)✐❛ -❡) ❝♦♠♣♦)-❛♠❡♥-♦ ♦ ♠❛✐ 

 ❡♥♦✐❞❛❧ ♣♦  #✈❡❧✱ ❢❛-♦ =✉❡ ✐♥-❡)❢❡)❡ ❞✐)❡-❛♠❡♥-❡ ♥❛ ❢♦)♠❛ ❞❡ ♦♥❞❛ ❞❡

-❡ *♦ ❡ ❝♦))❡♥-❡ ❣❡)❛❞❛ ✳ ❉❡✜♥✐✉✲ ❡ =✉❡ ❛ ❡①❝✐-❛8*♦ ♠❛❣♥3-✐❝❛  ❡)✐❛ ❢❡✐-❛

❛ ♣❛)-✐) ❞❡ ✉♠ ❡✐①♦ ♠I✈❡❧✱ ❝♦♠ ♣❛)❡ ❞❡ #♠* ♣❡)♠❛♥❡♥-❡ ❡ ♣❡8❛ ♣♦✲

❧❛)❡ ❛❝♦♣❧❛❞❛ ✳ ❆ ❞✐ -F♥❝✐❛ ❡♥-)❡ ♦ #♠* ✱ ❡ ♦ ❝♦♥ ❡=✉❡♥-❡ -❛♠❛♥❤♦

❞❛ ♣❡8❛ ♣♦❧❛)❡ ✱ ❢♦)❛♠ ❞❡✜♥✐❞♦ ❞❡ ❢♦)♠❛ ❛ ♦❜-❡) ❢♦)♠❛ ❞❡ ♦♥❞❛ ❞❡

-❡♥ *♦ ❡ ❝♦))❡♥-❡ ♥❛ ♠❡ ♠❛ ❢❛ ❡ ❡ ❛♠♣❧✐-✉❞❡ ♣❛)❛ -♦❞❛ ❛ ❜♦❜✐♥❛ ❞♦

♣)♦-I-✐♣♦✳ ❉❡-❡)♠✐♥♦✉✲ ❡✱ ❛✐♥❞❛✱ =✉❡ ♦✐-♦ ❜)❛8♦ ❡ -❛-I)✐❝♦  ❡)✐❛♠ ❞✐ ✲

-)✐❜✉#❞♦ ❛♦ )❡❞♦) ❞♦ ❡✐①♦ ♠I✈❡❧✱ ❞❡ ❢♦)♠❛ ❛ ❢❡❝❤❛) ♦ ❝✐)❝✉✐-♦ ♠❛❣♥3-✐❝♦

❡=✉✐✈❛❧❡♥-❡✱ ❜✉ ❝❛♥❞♦ ❛ ♠❡♥♦) ❞✐ ♣❡) *♦ ❞❡ ✢✉①♦ ♣♦  #✈❡❧✳ ❉❡✜♥✐❞❛ ❛ 

❝❛)❛❝-❡)# -✐❝❛ ❣❡)❛✐ ❞❛ ♠@=✉✐♥❛ ❡❧3-)✐❝❛ ❧✐♥❡❛)✱ ♦ ♣)I①✐♠♦ ♣❛  ♦ ❢♦✐ ❛

✻✹



❞❡✜♥✐%&♦ ❞❛) ❞✐♠❡♥)+❡)✱ ❜❛)❡❛❞❛) ♥♦ .✉❡ ❡)0❛✈❛ ❞✐)♣♦♥3✈❡❧ ♣❛5❛ ❝♦♠♣5❛

♥♦ ♠❡5❝❛❞♦ ❧♦❝❛❧✱ ❡ ♥♦ ❝♦♠♣♦50❛♠❡♥0♦ ❞❛) ♣❛50❡) ❡)0❛075✐❝❛) ❡ ♠7✈❡✐)

❞❛ ♠8.✉✐♥❛✳

❊0❛♣❛ ✸✿ ❉❡✜♥✐%&♦ ❞❛) ❞✐♠❡♥)+❡)❀

?5✐♠❡✐5♦✱ 05❛❜❛❧❤♦✉✲)❡ ❝♦♥)✐❞❡5❛♥❞♦ ✉♠❛ )✐0✉❛%&♦ ✐❞❡❛❧✱ ♦♥❞❡ 0♦❞♦) ♦)

♠❛0❡5✐❛✐) ❡)0❛5✐❛♠ ❞✐)♣♦♥3✈❡✐)✱ ❡ ♦ ❣❡5❛❞♦5 0❡5✐❛ ❛) ❞✐♠❡♥)+❡) ❡)♣❡❝✐✜✲

❝❛❞❛) ❞❡ ❢♦5♠❛ ❛ ♦❜0❡5 ♦) ♠❛✐♦5❡) ♥3✈❡✐) ❞❡ ❣❡5❛%&♦ ♣♦))3✈❡✐)✳ ▲♦❣♦ )❡

♣❡5❝❡❜❡✉ .✉❡ ♦ ♣5♦❥❡0♦ ❞❡✈❡5✐❛ )❡ ❛❞❡.✉❛5 ❛ ❞✐)♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♠♣♦✲

♥❡♥0❡) ❡ ♠❛0❡5✐❛✐) ♥♦ ♠❡5❝❛❞♦ ❧♦❝❛❧✳ ❆❧G♠ ❞✐)0♦✱ ♦) ❛)♣❡❝0♦) ❝♦♥)05✉0✐✈♦)

❢♦5❛♠ ❝♦♥)✐❞❡5❛❞♦)✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥0❛ ❛) ♣♦))✐❜✐❧✐❞❛❞❡) ❞❡ ❢❛❜5✐❝❛%&♦ ❞❡

❛❧❣✉♠❛) ♣❛50❡) ❞♦ ❣❡5❛❞♦5✱ ❛✈❛❧✐❛♥❞♦ )✉❛) ❞✐✜❝✉❧❞❛❞❡)✱ ♦✉ )❡ ❡5❛♠ ❢❛❝✲

03✈❡✐) ♦✉ ♥&♦✳ ❚❡♥❞♦ ❡♠ ✈✐)0❛ ❡)0❡) ❞♦✐) ❛)♣❡❝0♦)✱ ❛❧❣✉♠❛) ❛❞❛♣0❛%+❡)

♥♦ ♣5♦❥❡0♦ ✐♥✐❝✐❛❧ ❢♦5❛♠ ❢❡✐0❛) ❞❡ ❢♦5♠❛ ❛ ❝♦♥0❡♠♣❧❛5✱ ♥♦ ❧✐♠✐0❡ ❞♦ .✉❡

❡5❛ ♣♦))3✈❡❧✱ ❛) ♠❡0❛) ❞❡ ❣❡5❛%&♦ ♣5❡✈✐)0❛)✳ ❖ ♣5✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥0❡✱ ❡

♦ .✉❡ ♣5✐♠❡✐5♦ ❢♦✐ ❡)♣❡❝✐✜❝❛❞♦✱ )&♦ ♦) 3♠&) ♣❡5♠❛♥❡♥0❡)✱ 5❡)♣♦♥)8✈❡✐)
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❜✐❧✐❞❛❞❡ ✐♠❡❞✐❛0❛ ❡♠ ❡)0♦.✉❡ ♥♦ ❝❛08❧♦❣♦ ❞❡ ✈❡♥❞❡❞♦5❡) ❜5❛)✐❧❡✐5♦)✱ ❡ ❛

♣❛50✐5 ❞❡❧❛) ❛) ♦✉05❛) ❞✐♠❡♥)+❡) ❞❛ ♠8.✉✐♥❛ ❢♦5❛♠ ❞❡✜♥✐❞❛)✳ ❖✉05♦)

♠❛0❡5✐❛✐)✱ ❝♦♠♦ ❛) ❝❤❛♣❛) ❞❡ ❛%♦ )✐❧3❝✐♦ ❞❡ ❣5&♦ ♥&♦ ♦5✐❡♥0❛❞♦✱ .✉❡ .✉❡

❢♦5❛♠ ❡)❝♦❧❤✐❞❛) ❝♦♠ ❡)♣❡))✉5❛ ❞❡ 0, 5 ♠♠✱ ✐♥✢✉❡♥❝✐❛5❛♠ ❞✐5❡0❛♠❡♥0❡
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)✐♠✉❧❛%&♦ ❝♦♠♣✉0❛❝✐♦♥❛❧✳

❊0❛♣❛ ✹✿ ❆✈❛❧✐❛%&♦ ❞♦ ♣5♦❥❡0♦ ❛05❛✈G) ❞❡ ❝8❧❝✉❧♦ ❞❡ ❝❛♠♣♦❀

❆ ❛✈❛❧✐❛%&♦ ❞♦) ♥3✈❡✐) ❞❡ ❣❡5❛%&♦ ❢♦✐ ❢❡✐0❛ ❛ ♣❛50✐5 ❞❡ ✉♠❛ ❛♥8❧✐)❡ ♣♦5✲

♠❡♥♦5✐③❛❞❛ ❞❛ ♠8.✉✐♥❛ ❡❧G05✐❝❛ ❧✐♥❡❛5 ♣5♦❥❡0❛❞❛✳ ❚❛❧ ❛♥8❧✐)❡ ❢♦✐ ❢❡✐0❛

✉)❛♥❞♦ ✉♠ ♣5♦❣5❛♠❛ ❞❡ ❝8❧❝✉❧♦ ♣♦5 ❡❧❡♠❡♥0♦) ✜♥✐0♦)✱ .✉❡ ♣♦))✐❜✐❧✐0♦✉
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❛ ❛✈❛❧✐❛$%♦ ❞❛ ❞✐()*✐❜✉✐$%♦ ❞❡ ✢✉①♦ ♥❛ ♠23✉✐♥❛✱ ♦( ♣♦((6✈❡✐( ♣♦♥)♦( ❞❡

❞❡(♠❛❣♥❡)✐③❛$%♦ ❞♦ 6♠%✱ ❡ ❛( ❝✉*✈❛( ❞❡ )❡♥(%♦ ❡ ❝♦**❡♥)❡ ❣❡*❛❞❛(✳ ❯♠

)❡()❡ ❞❡ ❝✐*❝✉✐)♦ ❛❜❡*)♦ ❢♦✐ ❢❡✐)♦✱ ❡ ❞❡♣♦✐( ✉♠ )❡()❡ ❝♦♠ ❝❛*❣❛✱ 3✉❡ ♥♦(

❞❡*❛♠ ✉♠❛ ♣*❡✈✐(%♦ ❞♦ 3✉❛♥)♦ ❞❡ ♣♦)=♥❝✐❛ (❡*2 ❣❡*❛❞❛✳ ❉❡ ♣♦((❡ ❞♦(

*❡(✉❧)❛❞♦( ❞❡ ❣❡*❛$%♦✱ ♦( ♠❡(♠♦( ❛❥✉❞❛*❛♠ ❛ )♦♠❛* ❛❧❣✉♠❛( ❞❡❝✐(@❡(

❞❡ ♣*♦❥❡)♦ ♥♦ 3✉❡ ❞✐③ *❡(♣❡✐)♦ ❛ ❛❧❣✉♥( ♣❛*A♠❡)*♦( ❡ ❞✐♠❡♥(@❡( ❞❛ ♠2✲

3✉✐♥❛✱ ❡ ❛❧)❡*❛* ❛❧❣✉♠❛( ❢♦*♠❛( ❞❡ ❝♦♥❝❡♣$%♦ ❞♦ ❡✐①♦ ♠C✈❡❧✱ ❞♦ ❡()❛)♦*✱

❡ ❞❛( ❜♦❜✐♥❛(✳ ❆ ❢♦*♠❛ ❝♦♠♦ ♦ ❡✐①♦ ❞❡ ❡①❝✐)❛$%♦ ❢♦✐ ❝♦♥❝❡❜✐❞♦✱ ❝♦♠

3✉❛♥)✐❞❛❞❡ ❞❡ 6♠%( ❡ ♣❡$❛( ♣♦❧❛*❡( ❡(♣❡❝✐✜❝❛❞♦(✳ ❖ ❡(♣❛$❛♠❡♥)♦ ❡♥)*❡

❛( ❜♦❜✐♥❛(✱ ❜❡♠ ❝♦♠♦ ♦ ♥G♠❡*♦ ❞❡ ❡♥*♦❧❛♠❡♥)♦( ✐❞❡❛❧ ❡ ❛( (✉❛( ♣♦(✐$@❡(

)❛♠❜H♠ (♦❢*❡*❛♠ ❛❧)❡*❛$@❡(✳ ❆ (✐♠✉❧❛$%♦ ❛✐♥❞❛ ♥♦( ❞❡✉ ✉♠❛ ♥♦$%♦ ❞❛

❛♠♣❧✐)✉❞❡✱ ❢*❡3✉=♥❝✐❛ ❡ ❢♦*♠❛ ❞♦ ♠♦✈✐♠❡♥)♦ ❧✐♥❡❛* ❞♦ ❡✐①♦✳ ❆( ❞❡❝✐(@❡(

)♦♠❛❞❛( ♥❡()❛ ❡)❛♣❛ ✐♥✢✉❡♥❝✐❛*❛♠ ❞✐*❡)❛♠❡♥)❡ ❛( ♦✉)*❛( ❡)❛♣❛(✳ ❆( ❞❡✲

❝✐(@❡( ❢❡✐)❛( ♥❡()❛ ❡)❛♣❛ ✐♥✢✉❡♥❝✐❛*❛♠ )♦❞❛( ❛( ❡)❛♣❛( ❛♥)❡*✐♦*❡(✱ ❡♠ ✉♠

❝✐❝❧♦ ❞❡ ♣*♦❥❡)♦ 3✉❡ ♣*♦❝✉*♦✉ ♠❛①✐♠✐③❛* ❛ ♣♦)=♥❝✐❛ ❣❡*❛❞❛ ❡ ❛ ❡✜❝✐=♥❝✐❛

❞❛ ♠23✉✐♥❛ ❡♠ ❡()✉❞♦✳

❆ ❡)❛♣❛ ✶ ✐♥✢✉❡♥❝✐❛ ❡♠ )♦❞❛( ❛( ❡)❛♣❛( (❡❣✉✐♥)❡(✱ ♣♦✐( ❧❡✈❛ ❡♠ ❝♦♥)❛ ❛ ❞✐(♣♦✲

♥✐❜✐❧✐❞❛❞❡ ❞❡ ♠❛)❡*✐❛✐( ♣❛*❛ ❝♦♠♣*❛ ♥♦ ♠❡*❝❛❞♦ ❜*❛(✐❧❡✐*♦✳ ❊()❛ ❞✐(♣♦♥✐❜✐❧✐❞❛❞❡

H ❝*✉❝✐❛❧ ♣❛*❛ ❛ ❡)❛♣❛ ✸✱ ♦♥❞❡ )♦❞❛( ❛( ❞✐♠❡♥(@❡( (%♦ ♦❜)✐❞❛( ❛ ♣❛*)✐* ❞♦ )❛♠❛✲

♥❤♦ ❞❡ 6♠% ❝♦♠♣*❛❞♦✳ ❖( *❡(✉❧)❛❞♦( ♦❜)✐❞♦( ♥❛ ❡)❛♣❛ ✹ ♣♦❞❡♠ ❢❛③❡* ❝♦♠ 3✉❡ ❛

❡)❛♣❛ ✶ (♦❢*❛ ❛❧)❡*❛$@❡(✱ )❡♥❞♦ ❡♠ ✈✐()❛ ♦( ♥6✈❡✐( ❞❡ (❛)✉*❛$%♦ ❞♦ ❛$♦ ❡(❝♦❧❤✐❞♦✱

❜❡♠ ❝♦♠♦ ♦ *✐(❝♦ ❞❡ ❞❡(♠❛❣♥❡)✐③❛$%♦ ❞♦ 6♠%✳ ❆ ❡)❛♣❛ ✹ ✐♥✢✉❡♥❝✐❛ ❛ ❡)❛♣❛ ✷ ♥♦

♠♦♠❡♥)♦ ❞❡ ❞❡✜♥✐* ❛ ♠❡❧❤♦* ❢*❡3✉=♥❝✐❛ ❞❡ ♦♣❡*❛$%♦✱ )❡♥❞♦ ❡♠ ✈✐()❛ ♦( ♥6✈❡✐( ❞❡

♣♦)=♥❝✐❛ ❣❡*❛❞❛ ♣❡❧❛ ♠23✉✐♥❛✱ ❡ ❛ ❡()❛❜✐❧✐❞❛❞❡ ♠❡❝A♥✐❝❛ ❞♦ (✐()❡♠❛✳ ❆ ❡)❛♣❛ ✹

✐♥✢✉❡♥❝✐❛ )❛♠❜H♠ ❛ ❡)❛♣❛ ✸ ❞❡ ❛❝♦*❞♦ ❝♦♠ ❛ ❛✈❛❧✐❛$%♦ ❞❛ ❛♠♣❧✐)✉❞❡ ❡ ❢❛(❡ ❞❛(

)❡♥(@❡( ♦❜)✐❞❛(✱ 3✉❡ ❡()%♦ ❞✐*❡)❛♠❡♥)❡ *❡❧❛❝✐♦♥❛❞❛( ❛♦ )❛♠❛♥❤♦ ❞♦ ♣❛((♦ ♣♦❧❛*

❞❡✜♥✐❞♦ ❛ ♣*✐♦*✐✱ ❜❡♠ ❝♦♠♦ ♦ ♥6✈❡❧ ❞❡ (❛)✉*❛$%♦ ❞♦ ❛$♦ ✉(❛❞♦✱ 3✉❡ )❛♠❜H♠ ❡()❛

*❡❧❛❝✐♦♥❛❞♦ ❛ ❡(♣❡((✉*❛ ❞♦( ❜*❛$♦( ❡()❛)C*✐❝♦(✱ ❡ ❛♦ ❝♦♠♣*✐♠❡♥)♦ ❞♦ ♣❛((♦ ♣♦❧❛*✳
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✺✳✷ ❊$❝♦❧❤❛ ❞❡ ♠❛-❡.✐❛✐$

■♥✐❝✐❛❧♠❡♥(❡✱ * ♥❡❝❡++,-✐♦ ❞❡✜♥✐- 1✉❛✐+ +3♦ ♦+ ♠❛(❡-✐❛✐+ ❝♦♥+(✐(✉✐♥(❡+ ❞❛+

❞✐❢❡-❡♥(❡+ -❡❣✐6❡+ ❞❛ ♠,1✉✐♥❛✳ ❯+❛♥❞♦ ✉♠❛ ♠❡(♦❞♦❧♦❣✐❛ ❞❡ ♣-♦❥❡(♦ ❞❡+❝-✐(❛ ❡♠

❬✷✺❪✱ ❡ ❝♦♥+✐❞❡-❛♥❞♦ ✉♠ ❛--❛♥❥♦ ❝♦♠ ?♠3+ ♠@✈❡✐+✱ ♦ ♣-✐♠❡✐-♦ ♣❛++♦ * ❞❡✜♥✐- ♦

❢♦-♠❛(♦ ❡ (✐♣♦ ❞❡ ♠❛❣♥❡(✐③❛C3♦ ❞♦+ ?♠3+✳ ▲❡✈❛♥❞♦✲+❡ ❡♠ ❝♦♥+✐❞❡-❛C3♦ ❛ ❞✐+♣♦♥✐✲

❜✐❧✐❞❛❞❡ ❞❡ ?♠3+ ♥♦ ♠❡-❝❛❞♦✱ ♦ 1✉❡ ♠❡❧❤♦- +❡ ❡♥❝❛✐①❛ ♣❛-❛ ❛ ❡+(-✉(✉-❛ ❞❡✜♥✐❞❛

* ✉♠ ?♠3 ❞❡ ❢♦-♠❛(♦ ❛--❡❞♦♥❞❛❞♦ ❡ ♠❛❣♥❡(✐③❛C3♦ ❛①✐❛❧ ✭❋✐❣✉-❛ ✺✳✶✮✳ ❖ ?♠3

1✉❡ ♠❡❧❤♦- +❡ ❡♥❝❛✐①❛ ♥♦ ♣-♦❥❡(♦✱ ❡ 1✉❡ ❡+(❛✈❛ ❞✐+♣♦♥?✈❡❧ ♣❛-❛ ❝♦♠♣-❛✱ ♣♦++✉✐ ❛+

❡+♣❡❝✐✜❝❛C6❡+ ♠♦+(-❛❞❛+ ♥❛ ❚❛❜❡❧❛ ✺✳✶✳

O❛-❛ ✉♠❛ ❛❧(❛ ♣❡-❢♦-♠❛♥❝❡ ❞❛ ♠,1✉✐♥❛✱ * ♣-❡❢❡-?✈❡❧ 1✉❡ ♦+ ?♠3+ ♣♦++✉❛♠ ✉♠

❡❧❡✈❛❞♦ ❝❛♠♣♦ ❝♦❡-❝✐(✐✈♦ ✭Hc✮✱ ❡ ✉♠❛ ❡❧❡✈❛❞❛ ❞❡♥+✐❞❛❞❡ ❞❡ ✢✉①♦ -❡♠❛♥❡♥(❡ ✭Br✮✳

❆+ ❞❡✜♥✐C6❡+ ❣-,✜❝❛+ ❞❡ Hc ❡ Br ❡+(3♦ ❡①♣♦+(❛+ ♥❛ ❋✐❣✉-❛ ❆✳✶✱ ♥♦ ❆♣R♥❞✐❝❡ ❆✳

❯♠ ❡❧❡✈❛❞♦ Hc ✐♠♣❡❞❡ 1✉❡ ♦ ?♠3 +❡❥❛ ❢❛❝✐❧♠❡♥(❡ ❞❡+♠❛❣♥❡(✐③❛❞♦✱ ❡ ✉♠ ❛❧(♦ Br

-❡+✉❧(❛ ❡♠ ✉♠ ✢✉①♦ ♠❛❣♥*(✐❝♦ ❡❧❡✈❛❞♦✳ ❖ ?♠3 ❞❡ ◆❡♦❞?♠✐♦✲❋❡--♦✲❇♦-♦ ❢♦✐ ❡+❝♦✲

❧❤✐❞♦ ♣♦✐+ ♣♦++✉✐ ❛❧(❛ ❞❡♥+✐❞❛❞❡ ❞❡ ✢✉①♦ -❡♠❛♥❡♥(❡ ❡ ❝❛♠♣♦ ❝♦❡-❝✐(✐✈♦ ❡❧❡✈❛❞♦✱

1✉❛♥❞♦ ❝♦♠♣❛-❛❞♦+ ❛♦+ ♦✉(-♦+ (✐♣♦+ ❞❡ ?♠3✳ ❉❡+(❛ ❢♦-♠❛✱ ❛ ✉(✐❧✐③❛C3♦ ❞❡+(❡ (✐♣♦

❞❡ ?♠3 ♣❡-♠✐(❡ ❛ ♦❜(❡♥C3♦ ❞❡ ♠,1✉✐♥❛+ ❝♦♠ ❞✐♠❡♥+6❡+ ♠❡♥♦-❡+✳ ❆ ❞❡+✈❛♥(❛❣❡♥+

❡+(, ♥♦ ❝✉+(♦ ❞♦+ ?♠3+ ❞❡ ◆❡♦❞?♠✐♦✲❋❡--♦✲❇♦-♦✱ 1✉❡✱ ♠❡+♠♦ ❝♦♠ ♦ ❜❛-❛(❡❛♠❡♥(♦

✈✐+(♦ ♥♦+ V❧(✐♠♦+ ❛♥♦+✱ ❛✐♥❞❛ * ❝❛-♦ 1✉❛♥❞♦ ❝♦♠♣❛-❛❞♦ ❛♦+ ♦✉(-♦+ (✐♣♦+ ❞❡ ?♠3✳

❖ ❞❡+❡♥✈♦❧✈✐♠❡♥(♦ ❞❛ (❡❝♥♦❧♦❣✐❛ ❞❡ ❢❛❜-✐❝❛C3♦ ❞❡ ?♠3+ ❡+(, ♣♦++✐❜✐❧✐(❛♥❞♦ ❛ ♦❜✲

(❡♥C3♦ ❞❡ ?♠3+ ❞❡ ◆❡♦❞?♠✐♦✲❋❡--♦✲❇♦-♦ ❝❛❞❛ ✈❡③ ♠❛✐+ -❡+✐+(❡♥(❡+ W (❡♠♣❡-❛(✉-❛

❡ W ❞❡+♠❛❣♥❡(✐③❛C3♦✳

❖ ♠❛(❡-✐❛❧ 1✉❡ ❝♦♠♣6❡ ♦ ❡+(❛(♦- ❞❛ ♠,1✉✐♥❛ ❡ ♦+ ♣❛++♦+ ♣♦❧❛-❡+ ❞❡✈❡ ♣♦++✉✐-✱

♣-❡❢❡-❡♥❝✐❛❧♠❡♥(❡✱ ✐+♦(-♦♣✐❛ ❞❡ ♣-♦♣-✐❡❞❛❞❡+ ♥♦ ♣❧❛♥♦ ❞❛ ❝❤❛♣❛✳ ❉❡+(❛ ❢♦-♠❛✱ ♦

❛C♦ +✐❧?❝✐♦ ❞❡ ❣-3♦ ♥3♦✲♦-✐❡♥(❛❞♦ ❢♦✐ ♦ ❡+❝♦❧❤✐❞♦✱ (❡♥❞♦ ❡♠ ✈✐+(❛ +✉❛ ✈❛+(❛ ❛♣❧✐✲

❝❛C3♦ ❡♠ ❡+(❛(♦-❡+ ❞❡ ♠♦(♦-❡+ ❡❧*(-✐❝♦+✳ ❖+ ❛C♦+ ❛❞1✉✐-✐❞♦+ +3♦ +3♦ (♦(❛❧♠❡♥(❡

♣-♦❝❡++❛❞♦+✱ ♣-♦♥(♦+ ♣❛-❛ ❡+(❛♠♣❛❣❡♠ ❡ ✉+♦✱ ❡ ❡♥(-❡❣✉❡+ ♣❡❧❛ ✈❡♥❞❡❞♦-❛ ❥, ❝♦♠

❜❛✐①♦ ❝❛-❜♦♥♦ ❡ ❝♦♠ -❡❝♦③✐♠❡♥(♦ ✜♥❛❧✳ ❋♦-❛♠ ❛❞1✉✐-✐❞❛+ ❝❤❛♣❛+ ❞❡ ✵✱✺ mm ❞❡

❡+♣❡++✉-❛✱ 1✉❡ ❢♦-❛♠ ❡♠♣✐❧❤❛❞❛+ ❞❡ ❢♦-♠❛ ❛ ♦❜(❡- ❛ ❞✐♠❡♥+3♦ ♥❡❝❡++,-✐❛ ♣❛-❛ ♦+

✻✼



Br(Bm) 1, 32
Hc(Hm) 926
iHc 956, 40

(BH)max 334, 74
µr(µm) 1, 05

T 80
Di 10
De 36
L 8

7, 75 3 8, 93 3 7, 45 3



60

15





✺✳✹ ❉❡✜♥✐()♦ ❞❛- ❞✐♠❡♥-/❡-

❆! ❞✐♠❡♥!'❡! ♣❛*❛ ♦! ,♠-! ❢♦*❛♠ ❡!❝♦❧❤✐❞❛! ❛ ♣❛*2✐* ❞♦ ❝❛23❧♦❣♦ ❞♦ ✈❡♥✲

❞❡❞♦*✱ ❛♣*❡!❡♥2❛❞♦ ❡♠ ❬✸✷❪✳ ❖ ,♠- ♣♦!!✉✐ ❝♦♠♣*✐♠❡♥2♦ ❝✉*2♦ ✭8 ♠♠✮✱ ♦ A✉❡

*❡♣*❡!❡♥2❛ ✉♠ 2❛♠❛♥❤♦ ❞❡ ♣♦❧♦ ❝♦♠ 8 ♠♠✱ ❡ ✉♠ ❝✉*!♦ 2♦2❛❧ ♣❛*❛ ♦ ❡✐①♦ ❞❛ ♠3✲

A✉✐♥❛ ❞❡ 32 ♠♠✳ ❙-♦ ✈❛❧♦*❡! ♠✉✐2♦ ❜❛✐①♦!✱ A✉❡ ❞✐✜❝✉❧2❛♠ ♦ ❞✐♠❡♥!✐♦♥❛♠❡♥2♦ ❞♦

!✐!2❡♠❛ ❞❡ 2❡!2❡! ❜❛!❡❛❞♦ ❡♠ ✉♠❛ ❜✐❡❧❛✲♠❛♥✐✈❡❧❛✱ ❞❡!❝*✐2♦ ♥♦ ❈❛♣,2✉❧♦ ✻✳ ❚❡♥❞♦

❡♠ ✈✐!2❛ ❛ ♥-♦ ❞✐!♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ,♠-! ❝♦♠ ❝♦♠♣*✐♠❡♥2♦! ♠❛✐♦*❡!✱ ❛ !❛,❞❛ ❢♦✐

♣❡♥!❛* ❡♠ ✉♠❛ ♣❡I❛ ❢❡✐2❛ ❛ ♣❛*2✐* ❞❛ ✉♥✐-♦ ❞❡ ❞♦✐! ,♠-! ❝♦♠ ♠❡!♠♦ !❡♥2✐❞♦ ❞❡

♠❛❣♥❡2✐③❛I-♦✳ ❈♦♠ ✐!!♦✱ ❢♦✐ ♣♦!!,✈❡❧ ♦❜2❡* ✉♠ 2❛♠❛♥❤♦ ❞❡ ♣♦❧♦ ♣❛*❛ ❛ ♠3A✉✐♥❛

❞❡ 16 ♠♠✱ ❡ ✉♠ ❝✉*!♦ 2♦2❛❧ ♣❛*❛ ❛ ♣❛*2❡ ♠K✈❡❧ ❞❡ 32 ♠♠✳ ❖ ❡✐①♦ ❞❛ ♠3A✉✐♥❛

❝♦♥2L♠ ✺ ,♠-! ❡ ✻ ♣❡I❛! ♣♦❧❛*❡! ❡♥2*❡ ♦! ,♠-!✳ ❆ A✉❛♥2✐❞❛❞❡ ❞❡ ,♠-! ❡ ♣❡I❛!

♣♦❧❛*❡! ❢♦✐ ❞❡✜♥✐❞❛ ❜❛!❡❛❞❛ ♥❛! ❧✐♠✐2❛I'❡! ❞❡ 2❛♠❛♥❤♦ ❡ ♣❡!♦ ❞❛ ♠3A✉✐♥❛✱ ❡!♣❡✲

❝✐✜❝❛❞♦! ♥❛ ❚❛❜❡❧❛ ✺✳✶✳ ❆! ♦✉2*❛! ❞✐♠❡♥!'❡! ❞❛ ♠3A✉✐♥❛ !-♦ ❞❡✜♥✐❞❛! ❡♠ ❢✉♥I-♦

❞❛! ❞✐♠❡♥!'❡! ♣❛*❛ ♦ ❡✐①♦ ♠K✈❡❧✱ ❝♦♠♣♦!2♦ ❞❡ ,♠-! ❡ ♣❡I❛! ♣♦❧❛*❡!✳

❖ ❡♥2*❡❢❡**♦ g L ❞❡✜♥✐❞♦ ❝♦♠ 1 ♠♠✱ ❡!♣❛I♦ !✉✜❝✐❡♥2❡ ♣❛*❛ ♦ ❞❡!❧♦❝❛♠❡♥2♦

❞♦ ❡✐①♦ ♠K✈❡❧✱ !❡♠ A✉❡ !❡ ♦❜2❡♥❤❛ ❣*❛♥❞❡ *❡❧✉2O♥❝✐❛ ❡✱ ❝♦♥!❡A✉❡♥2❡♠❡♥2❡✱ ❣*❛♥❞❡

❞✐!♣❡*!-♦ ♥❛ ♠3A✉✐♥❛✳ ❆! ❛❧2✉*❛! h1✱ h2 ❡ h3✱ !-♦ ❞❡✜♥✐❞❛! ❝♦♥!✐❞❡*❛♥❞♦ ♦ ❡♥❝❛✐①❡

❞❛! ♦✐2♦ ♣❡I❛! ❡!2❛2K*✐❝❛!✱ A✉❡ ❝✐*❝✉❧❛♠ ♦ ❡✐①♦ ♠K✈❡❧✳ ❙❡✉! ✈❛❧♦*❡! !-♦ ❞❡✜♥✐❞♦!

❞❡ ❢♦*♠❛ A✉❡ ❤❛❥❛ ❡!♣❛I♦ !✉✜❝✐❡♥2❡ ♣❛*❛ ♦ ❡♥❝❛✐①❡ ❞❛! ❜♦❜✐♥❛!✱ ❡ ♣❛*❛ ❛ ❢♦*♠❛I-♦

❞❡ ✉♠ ♥Q❝❧❡♦ ❡!2❛2K*✐❝♦✱ A✉❡ ❢❡❝❤❡ ♦ ❝✐*❝✉✐2♦ ♠❛❣♥L2✐❝♦ ❡A✉✐✈❛❧❡♥2❡ ❞❛ ❡!2*✉2✉*❛✳

❖ ✈❛❧♦* e1 L ❞❡✜♥✐❞♦ ❞❡ ❢♦*♠❛ A✉❡ ♦! ♦✐2♦ ❜*❛I♦! ❡!2❛2K*✐❝♦! ✜A✉❡♠ ♥❛! ♣♦!✐I'❡!

❞❡!❡❥❛❞❛!✱ ❝♦♠ ♣♦✉❝♦ ❡!♣❛I❛♠❡♥2♦ ❡♥2*❡ ❡❧❡!✱ ♣❛*❛ A✉❡ !❡ *❡❞✉③❛ ❛ ❞✐!♣❡*!-♦

♠❛❣♥L2✐❝❛✳ ❖❜❥❡2✐✈❛✲!❡✱ ❛✐♥❞❛✱ A✉❡ ♦ ❡!2❛2♦* !❡ ❛♣*♦①✐♠❡ ❝❛❞❛ ✈❡③ ♠❛✐! ❞❡ ✉♠❛

❡!2*✉2✉*❛ ❝✐❧,♥❞*✐❝❛ 2♦2❛❧♠❡♥2❡ ❢❡❝❤❛❞❛✱ ♣❛*❛ A✉❡ !❡❥❛ ♣♦!!,✈❡❧ ✉♠ ❝3❧❝✉❧♦ ♠❛✐!

❛♣*♦①✐♠❛❞♦ ❞❛! *❡❧✉2O♥❝✐❛!✳

❋❛③❡♥❞♦ ✉♠ ❝♦*2❡ 2*❛♥!✈❡*!❛❧ ♥❛ ♠3A✉✐♥❛✱ ❝♦♠♦ ♠♦!2*❛❞♦ ♥❛ ❋✐❣✉*❛ ✺✳✹✱ ❛❧✲

❣✉♥! ♣❛*O♠❡2*♦! ❞✐♠❡♥!✐♦♥❛✐! ♣♦❞❡♠ !❡* ✐♥❞✐❝❛❞♦!✱ ❡ ❛❥✉❞❛*-♦ ♥♦ ♠♦♠❡♥2♦ ❞❡

❝❛❧❝✉❧❛* ❛! *❡❧✉2O♥❝✐❛! ❞♦ ❝✐*❝✉✐2♦ ♠❛❣♥L2✐❝♦ ❡A✉✐✈❛❧❡♥2❡✳ ❖ ♣❛!!♦ ♣♦❧❛* τp ❢♦✐

❞❡✜♥✐❞♦ 2❡♥❞♦ ❡♠ ✈✐!2❛ ♦ ❝♦♠♣♦*2❛♠❡♥2♦ ❞❛! ❧✐♥❤❛! ❞❡ ✢✉①♦ ♥❛ ❡!2*✉2✉*❛✱ ♠❡❧❤♦*

✼✶



τc 32
τm 16
τp 48
r1 5
r2 18
r3 19
r4 20, 5
r5 26
g 1
h1 17
h2 5, 5
h3 11, 5
e1 12

7, 75 3

8, 93 3 7, 45 3



mg = dgvg,

dg vg

mg = 1, 237

1

Fm ℜs



ℜe ℜm ℜp

ℜg ℜn

1/8



ℜm =
τm

µ0µm
π(r2−r1)2

8

ℜg =
g

µ0µarτme1

ℜs =
h3

µ0µpτme1

ℜp =
τp/3

µ0µp
π(r2−r1)2

8



ℜn =
τm

µ0µpe1h2

✭✺✳✻✮

ℜe =
τp

µ0µp
π(r1)2

8

✭✺✳✼✮

❈♦♥)✐❞❡-❛♥❞♦ ♦) ✈❛❧♦-❡) ❞❡ ♣❡-♠❡❛❜✐❧✐❞❛❞❡ ♠♦)4-❛❞♦) ♥❛ ❚❛❜❡❧❛ ✺✳✸✱ ❡ ♦) ✈❛✲

❧♦-❡) ♠♦)4-❛❞♦) ♥❛) ❚❛❜❡❧❛) ✺✳✶ ❡ ✺✳✷✱ ; ♣♦))<✈❡❧ ❝❛❧❝✉❧❛- 4♦❞♦) ♦) ✈❛❧♦-❡) ❞❛)

-❡❧✉4?♥❝✐❛)✳ ❆) -❡❧✉4?♥❝✐❛) ❝❛❧❝✉❧❛❞❛) ❡)4A♦ ❛♣-❡)❡♥4❛❞❛) ♥❛ ❚❛❜❡❧❛ ✺✳✹✳

❚❛❜❡❧❛ ✺✳✸✿ ❱❛❧♦-❡) ❞❛) ♣❡-♠❡❛❜✐❧✐❞❛❞❡) -❡❧❛4✐✈❛)✳

 ❛"#♠❡&"♦ ❱❛❧♦" ❉❡+❝"✐./♦

µm 1, 05 E❡-♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥;4✐❝❛ -❡❧❛4✐✈❛ ❞♦ <♠A

µp 2500 E❡-♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥;4✐❝❛ -❡❧❛4✐✈❛ ❞❛ ♣❡G❛ ♣♦❧❛-

µar 1 E❡-♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥;4✐❝❛ -❡❧❛4✐✈❛ ❞♦ ❛-

❚❛❜❡❧❛ ✺✳✹✿ ❘❡❧✉4?♥❝✐❛) ❝❛❧❝✉❧❛❞❛)✳

❘❡❧✉&#♥❝✐❛+ ❱❛❧♦" ✭❆❡✴❲❜✮

ℜm 1, 8272× 108

ℜg 4, 1447× 106

ℜp 7, 6740× 104

ℜs 1, 9065× 104

ℜn 7, 7166× 104

ℜe 3, 8907× 109

❆ -❡❧✉4?♥❝✐❛ ❛♣-♦①✐♠❛❞❛ ♣♦- ♣♦❧♦ ♣♦❞❡ )❡- ❝❛❧❝✉❧❛❞❛ ♣❡❧❛ ❢K-♠✉❧❛✿

ℜ = ℜm + 2ℜp + 2ℜg + 2ℜs + ℜn = 1, 9128× 108 ❬❆❡✴❲❜❪ ✭✺✳✽✮

❉❡ ♣♦))❡ ❞❛) -❡❧✉4?♥❝✐❛)✱ ✉♠ ❝✐-❝✉✐4♦ R✉❡ ♥♦) ❞S ✉♠❛ ❛♣-♦①✐♠❛GA♦ ❞♦ ✢✉①♦

♠U①✐♠♦ R✉❡ ❡♥❧❛G❛ ❛) ❜♦❜✐♥❛) ❢♦✐ ❞❡❞✉③✐❞♦✱ ❡✱ ❛ ♣❛-4✐- ❞❡❧❡✱ ♦ ✈❛❧♦- ❞❡ ✢✉①♦

♠U①✐♠♦ ❡♥❧❛G❛♥❞♦ ❛) ❜♦❜✐♥❛) ❢♦✐ ❝❛❧❝✉❧❛❞♦✳ ❖ ✈❛❧♦- ❞❡ ✢✉①♦ ♠U①✐♠♦ ❝❛❧❝✉❧❛❞♦

✉)❛♥❞♦ ❛) ❧❡✐) ❞❡ ❑✐-❝❤❤♦✛ ♣❛-❛ ❝✐-❝✉✐4♦) ❡❧;4-✐❝♦)✿

✼✻



φmax = 5, 474× 10−5
❬❲❜❪ ✭✺✳✾✮

❆ ❢♦,-❛ ❡❧❡1,♦♠♦1,✐③ ν(t) ✐♥❞✉③✐❞❛ ❡♠ ❝❛❞❛ ❜♦❜✐♥❛ ❝♦♥1❡♥❞♦ N ❡9♣✐,❛9 ; ❞❛❞❛

♣❡❧❛ ❢<,♠✉❧❛✿

ν(t) = −N
dφ(t)

dt
✭✺✳✶✵✮

❊①♣❛♥❞✐♥❞♦ ❛ ❊B✉❛-C♦ ✺✳✶✶ ❡ ❞❡✐①❛♥❞♦✲❛ ❡♠ 1❛♠❜;♠ ❡♠ ❢✉♥-C♦ ❞♦ ❞❡9❧♦❝❛✲

♠❡♥1♦ z(t)✱ 1❡♠✲9❡✿

ν(t) = −N
dφ(z)

dz

dz(t)

dt
✭✺✳✶✶✮

♥❛ B✉❛❧✱

v(t) =
dz(t)

dt
✭✺✳✶✷✮

❆ ✈❡❧♦❝✐❞❛❞❡ v(t) ; ❢✉♥-C♦ ❞♦ ❝✉,9♦ 1♦1❛❧ ❞♦ ❡✐①♦ ✭τc✮ ❡ ❞❛ ❢,❡B✉H♥❝✐❛ ♠❡❝I♥✐❝❛

❞♦ ♠♦✈✐♠❡♥1♦ fm✳ ❈♦♥9✐❞❡,❛♥❞♦ fm = 15 ❍③ ❡ τc = 32 ♠♠✱ 1❡♠♦9✿

vmax = 32× 10−3 × 15 = 0, 48 ♠✴9 ✭✺✳✶✸✮

N♦, 9✐♠♣❧✐❝✐❞❛❞❡ ♠❛1❡♠O1✐❝❛✱ ❡ ♣♦, ♣♦99✉✐, ✉♠ ❝♦♥1❡P❞♦ ❤❛,♠R♥✐❝♦ ♥C♦ 9✐❣✲

♥✐✜❝❛1✐✈♦✱ ❝♦♥9✐❞❡,♦✉✲9❡ ✉♠❛ ❞✐91,✐❜✉✐-C♦ 9❡♥♦✐❞❛❧ ❞❡ ✢✉①♦ ♠❛❣♥;1✐❝♦ ❬✶✼❪✳ ❈♦♠

✐99♦✱ ; ♣♦99W✈❡❧ ❝❤❡❣❛, ♥❛ ❡B✉❛-C♦✿

ν(t) = −N
d[φmax sin(ωz)]

dz
v(t) ✭✺✳✶✹✮

❈♦♠ ✐99♦✱ 1❡♠✲9❡✿

✼✼



ν(t) = −Nωφmax cos(ωz)v(t) ✭✺✳✶✺✮

νmax = −Nωφmaxvmax ✭✺✳✶✻✮

❚❡♠✲*❡✱ ♣❛.❛ ❝❛❞❛ ❜♦❜✐♥❛✿

|νmax| = N
2π

32× 10−3
× 5, 474× 10−5 × 0, 48 ✭✺✳✶✼✮

|νmax| = 0, 0052N ❬❱❪ ✭✺✳✶✽✮

✺✳✹✳✷ ❊%♣❡❝✐✜❝❛,-❡% ✐♥✐❝✐❛✐%

❈♦♥*✐❞❡.❛♥❞♦ ♦* <♠=* ❞✐*♣♦♥<✈❡✐* ♣❛.❛ ❝♦♠♣.❛✱ ❜❡♠ ❝♦♠♦ ♦* ♠❛?❡.✐❛✐* ❞❛*

♣❛.?❡* ❡*?❛?@.✐❝♦*✱ ❝♦♠ ✉♠ ♥B♠❡.♦ ❞❡ ❜.❛C♦* ❡*?❛?@.✐❝♦* ✭Ne✮ ✐❣✉❛❧ ❛ ✽✱ ❡ ♦ ♥B♠❡.♦

❞❡ ❜♦❜✐♥❛*✭Nb✮ ✐❣✉❛❧ ❛ ✹✵✱ ?❡.❡♠♦* ❛ ?❡♥*=♦ ♠H①✐♠❛ ❣❡.❛❞❛ ♣❡❧❛ ♠HJ✉✐♥❛✱ ❥H J✉❡ ❛*

❜♦❜✐♥❛* *=♦ ❝♦♥❡❝?❛❞❛* ❡♠ *L.✐❡✱ ❞❛❞❛ ♣❡❧❛ ❢@.♠✉❧❛ Vmax = 0, 0052NNb✱ *❡♥❞♦ N ♦

♥B♠❡.♦ ?♦?❛❧ ❞❡ ❡*♣✐.❛* ❡♠ ❝❛❞❛ ❜♦❜✐♥❛✳ N❛.❛ J✉❡ *❡❥❛ ❞❡✜♥✐❞❛ ❛ ❝♦..❡♥?❡ ♠H①✐♠❛

♥❛ ♠HJ✉✐♥❛✱ ❞❡❞✉③✲*❡ ✉♠ ❝H❧❝✉❧♦ ❜❛*❡❛❞♦ ♥♦ ♥B♠❡.♦ ♠H①✐♠♦ ❞❡ ❝♦♥❞✉?♦.❡* ❡♠

❝❛❞❛ ❜♦❜✐♥❛ ❞❛ ♠HJ✉✐♥❛✳ ❈♦♥*✐❞❡.❛♥❞♦ ❛ ❋✐❣✉.❛ ✺✳✽✱ ♣♦❞❡♠♦* ❝❤❡❣❛. ❛ ✉♠❛

❡J✉❛C=♦ J✉❡ .❡❧❛❝✐♦♥❛ ♦ ♥B♠❡.♦ ?♦?❛❧ ❞❡ ❡*♣✐.❛* ♣♦**<✈❡❧ ♣❛.❛ ❝❛❞❛ ❜♦❜✐♥❛✳
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❋✐❣✉$❛ ✺✳✽✿ ❊♠♣✐❧❤❛♠❡♥1♦ ❞♦4 ❝♦♥❞✉1♦$❡4 ♣❛$❛ ❝❛❞❛ ❜♦❜✐♥❛ ❞❛ ♠78✉✐♥❛✳

❋♦♥1❡✿ ❊❧❛❜♦$❛❞❛ ♣❡❧♦ ❆✉1♦$✳

Np : ♦ ♥;♠❡$♦ ❞❡ ❝♦♥❞✉1♦$❡4 ❡♠ ♣❛$❛❧❡❧♦✱ ❡ Nc ♦ ♥;♠❡$♦ ❞❡ ❝♦♥❞✉1♦$❡4 ❡♠

❝❛♠❛❞❛4✳ ❈♦♥4✐❞❡$❛♥❞♦ dc ❝♦♠♦ 4❡♥❞♦ ♦ ❞✐>♠❡1$♦ ❞♦ ❝♦♥❞✉1♦$✱ ♣♦❞❡♠♦4 ❝❛❧❝✉❧❛$✿

NP =
τm
dc

, ✭✺✳✶✾✮

NC =
h3

dc
, ✭✺✳✷✵✮

Nmax = NPNC =
τmh3

d2c
, ✭✺✳✷✶✮

♥❛ 8✉❛❧✱ ♦ ♥;♠❡$♦ ♠7①✐♠♦ ❞❡ ❡4♣✐$❛4 ♣♦$ ❜♦❜✐♥❛ ✭Nmax✮✱ NP ❡ NC ❞❡✈❡♠ 4❡$

❛$$❡❞♦♥❞❛❞♦4 ♣❛$❛ ♥;♠❡$♦4 ✐♥1❡✐$♦4✳ ❖ ❝♦♠♣$✐♠❡♥1♦ 1♦1❛❧ ❞♦ ❝♦♥❞✉1♦$ ♣❛$❛ ❝❛❞❛

❜♦❜✐♥❛ : ❞❛❞♦ ♣❡❧❛ ❢I$♠✉❧❛✿

lc = 2Nc

Np−1
∑

i=0

(τm + e1 + 2dic), ✭✺✳✷✷✮

✼✾



♥❛ "✉❛❧✱ d0c = 0✱ ❡✱ ♣❛(❛ i > 0✱ dic = dc✳ ❉❡+,❛ ❢♦(♠❛✱ ❛ (❡+✐+,1♥❝✐❛ ❡❧3,(✐❝❛ ❞❡ ❝❛❞❛

❜♦❜✐♥❛ ♣♦❞❡ +❡( ♦❜,✐❞❛ ❢❛③❡♥❞♦✿

Rbob = 4ρcu
lc
πd2c

✭✺✳✷✸✮

❆ ❝♦((❡♥,❡ ♠>①✐♠❛ ♥❛ ♠>"✉✐♥❛✱ ❝♦♥+✐❞❡(❛♥❞♦ ✹✵ ❜♦❜✐♥❛+ ❧✐❣❛+ ❡♠ +3(✐❡ ❡ ,❡♥❞♦

❡♠ ✈✐+,❛ ♦ ❝✐(❝✉✐,♦ ❡❧3,(✐❝♦ ❡"✉✐✈❛❧❡♥,❡ ❞❛ ♠>"✉✐♥❛ ❛♣(❡+❡♥,❛❞♦ ♥♦ ❈❛♣E,✉❧♦ ✸✱ 3

❞❛❞❛ ♣❡❧❛ ❡①♣(❡++F♦✿

Imax =
νmax

Rbob

✭✺✳✷✹✮

Imax =
0, 0052N

Rbob

✭✺✳✷✺✮

❙❡♥❞♦ ❛++✐♠✱ ❡+♣❡❝✐✜❝❛✲+❡ ♣❛(❛ ♦ ♠♦❞❡❧♦ ✐❞❡❛❧✐③❛❞♦ ❞❛ ♠>"✉✐♥❛ ♦+ ✈❛❧♦(❡+

❛♣(❡+❡♥,❛❞♦+ ♥❛ ❚❛❜❡❧❛ ✺✳✺✳

❚❛❜❡❧❛ ✺✳✺✿ ❊+♣❡❝✐✜❝❛LM❡+ ♣❛(❛ ❛ ♠>"✉✐♥❛ ❧✐♥❡❛(✳

❉❡"❝$✐&'♦ ❱❛❧♦$✴❡"-✐♠❛-✐✈❛

❋(❡"✉1♥❝✐❛ 15 ❬❍③❪

❚❡♥+F♦ ♠>①✐♠❛ 0, 0052NNb ❬❱❪

❈♦((❡♥,❡ ♠>①✐♠❛ 0, 0052N/Rbob ❬❆❪

S♦,1♥❝✐❛ ♠>①✐♠❛ EmaxImax ❬❲❪

Emax ❡ Imax +F♦✱ (❡+♣❡❝,✐✈❛♠❡♥,❡✱ ❛ ,❡♥+F♦ ❡ ❛ ❝♦((❡♥,❡ ♠>①✐♠❛ ❣❡(❛❞❛ ♣❡❧❛

♠>"✉✐♥❛✳ ❯,✐❧✐③❛♥❞♦ ❛+ (❡❧❛LM❡+ ❛♣(❡+❡♥,❛❞❛+ ❛♥,❡(✐♦(♠❡♥,❡✱ ♦❜,3♠✲+❡ ✉♠ ✈❛❧♦(

♠>①✐♠♦ ♣❛(❛ ❛ ❝♦((❡♥,❡ ✭Imax = 2, 65 ❆✮✱ ♣❛(❛ ❛ ,❡♥+F♦ ✭Emax = 20 ❱✮✱ ❡ ♣❛(❛

❛ ♣♦,1♥❝✐❛ ✭Pmax = 52, 98 ❲✮✳ ❈♦♠ ♦ ✈❛❧♦( ❞❛ ♣♦,1♥❝✐❛ ♠>①✐♠❛✱ ❡ ❞❛ ♠❛++❛

❡"✉✐✈❛❧❡♥,❡ ❞❛ ♠>"✉✐♥❛✱ ❝❛❧❝✉❧❛❞❛ ♥❛ +❡LF♦ ✺✳✹✱ ♦❜,3♠✲+❡ ♦ ✈❛❧♦( ❞❡ ♣♦,1♥❝✐❛ ♠❛+✲

+✐✈❛ ♠>①✐♠❛ ✐❣✉❛❧ ❛ 23, 34 ❦❣✴❦❲✳ ❆ ♣❛(,✐( ❞♦+ ❝>❧❝✉❧♦+ ❡❢❡,✉❛❞♦+✱ ❢♦(❛♠ ♦❜,✐❞❛+

(❡❧❛LM❡+ "✉❡ ❝♦♠♣(♦✈❛♠ "✉❡ ❛ ♣♦,1♥❝✐❛ ❞❛ ♠>"✉✐♥❛ ♣(♦❥❡,❛❞❛ 3 ❞✐(❡,❛♠❡♥,❡ ♣(♦✲

♣♦(❝✐♦♥❛❧ ❛ +✉❛ "✉❛♥,✐❞❛❞❡ ❞❡ ❝♦❜(❡✳ ❚❡+,❡+ ♣❛(❛ ❞✐❢❡(❡♥,❡+ ✈❛❧♦(❡+ ❞❡ N ❡ ❞❡ Nb
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 ❡"#♦ ❢❡✐'♦ ♠❛✐ ❛ ❢"❡♥'❡✳ ❖✉'"❛ ✈❛"✐/✈❡❧ ✐♠♣♦"'❛♥'❡ 2 ❛ ❢"❡3✉4♥❝✐❛ ♠❡❝6♥✐❝❛ ❞❡

♦♣❡"❛8#♦ ❞❛ ♠/3✉✐♥❛✱ ❛3✉✐ ❞❡✜♥✐❞❛ ❝♦♠♦ 15 ❍③✳ ❊ '❡ ✈❛❧♦" 2 ❛❧'♦✱ ❡ ♣❛"❛ ♦ '❡ '❡ 

❢> ✐❝♦ ❞❛ ♠/3✉✐♥❛ ✉♠❛ ❢"❡3✉4♥❝✐❛ ♠❡♥♦" ❢♦✐ ✉ ❛❞❛✳ ❖✉'"❛ ❞✐♠❡♥ #♦ ✐♠♣♦"'❛♥'❡

♣❛"❛ ❛ ♠/3✉✐♥❛ 2 ♦ ❝♦♠♣"✐♠❡♥'♦ ❞♦ ❡♥'"❡❢❡""♦✱ ❛3✉✐ ❝❛❧❝✉❧❛❞♦ ❝♦♠ g = 1 ♠♠✱ 3✉❡

♥♦ ♠♦♠❡♥'♦ ❞❛ ❝♦♥ '"✉8#♦ ❡ ❞♦ '❡ '❡ ❢> ✐❝♦ '❡✈❡ 3✉❡  ❡" ❛❧'❡"❛❞♦✱ ♠♦❞✐✜❝❛♥❞♦

❛ ♣♦'4♥❝✐❛ ♠/①✐♠❛ ♦❜'✐❞❛✳ ❆❧'❡"❛8B❡ ❞❡ ♣"♦❥❡'♦✱ 3✉❡ ♣❛  ❛♠ ♣♦" ❛❞❡3✉❛8B❡ 

❞❡ ❛❧❣✉♠❛ ❝❛"❛❝'❡"> '✐❝❛ ❡ '"✉'✉"❛✐ ❡ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥'♦ ❞❛ ♠/3✉✐♥❛✱ ❡ 3✉❡  ❡✲

"#♦ ❞✐ ❝✉'✐❞❛ ♠❛✐ ❛ ❢"❡♥'❡✱ ♣♦  ✐❜✐❧✐'❛♠ ♦ ❛❧❝❛♥❝❡ ❞❡ ♠❛✐♦"❡ ✈❛❧♦"❡ ❞❡ '❡♥ #♦

✐♥❞✉③✐❞❛✳

✺✳✺ ❆✈❛❧✐❛'(♦ ❞♦ ♣,♦❥❡/♦ ❛/,❛✈01 ❞❡ ❝3❧❝✉❧♦ ❞❡ ❝❛♠♣♦

❆'"❛✈2 ❞❡ ✉♠ ❝/❧❝✉❧♦ ❞❡ ❝❛♠♣♦✱ 2 ♣♦  >✈❡❧ ❛♥❛❧✐ ❛" ❛❧❣✉♠❛ ✈❛"✐/✈❡✐ ❞❡

✐♥'❡"❡  ❡✱ 3✉❡ ✐♥✢✉❡♥❝✐❛♠ ❞✐"❡'❛♠❡♥'❡ ♥❛ ❞❡❝✐ B❡ ❞❡ ♣"♦❥❡'♦✳ ❆❧'❡"❛8B❡ ❢♦"❛♠

❢❡✐'❛ ❝♦♥❢♦"♠❡ ♦ "❡ ✉❧'❛❞♦ ♦❜'✐❞♦ ❛ ♣❛"'✐" ❞♦ ❡ '✉❞♦ ❞❡ ❝❛♠♣♦✳ ❊♠ ✉♠ ♣"✐♠❡✐"♦

♠♦♠❡♥'♦✱ ❛ ❝♦""❡♥'❡ ♥♦ ❡♥"♦❧❛♠❡♥'♦ ❢♦"❛♠ ✐❣♥♦"❛❞❛ ❡ ❞❡✜♥✐❞❛ ❝♦♠ ✈❛❧♦"

③❡"♦✳ ❆ ❡3✉❛8B❡ ❛♣❧✐❝❛❞❛ ❡"❛♠  ✉✜❝✐❡♥'❡ ♣❛"❛ ❝/❧❝✉❧♦ ♠❛❣♥❡'♦ '/'✐❝♦ ✱ ❝♦♠

❛ ♦❜'❡♥8#♦ ❞❡ ✈❛❧♦"❡ ❞♦ ♣♦'❡♥❝✐❛❧ ❡ ❝❛❧❛" ♠❛❣♥2'✐❝♦ Vm ❛♦ ❧♦♥❣♦ ❞❛ ❡ '"✉'✉"❛ ✳

❉❡✜♥✐♥❞♦ ♦ ♦♣❡"❛❞♦" ∇ ❝♦♠♦ ♥❛ ❊3✉❛8#♦ ✭✺✳✷✻✮ ❡♠ ❢✉♥8#♦ ❞❛ ❝♦♦"❞❡♥❛❞❛ 

❡ ♣❛❝✐❛✐ ❞❡✜♥✐❞❛ ♥♦ ♣❧❛♥♦ ❛♣"❡ ❡♥'❛❞♦ ♥❛ ❋✐❣✉"❛ ✺✳✾✱ ♥♦ 3✉❛❧ x̂ = (1, 0, 0)✱

ŷ = (0, 1, 0)✱ ẑ = (0, 1, 0)✱ ♦ ♣♦'❡♥❝✐❛❧ ❡ ❝❛❧❛" ♠❛❣♥2'✐❝♦ ♣♦❞❡  ❡" ❝❛❧❝✉❧❛❞♦ ❢❛③❡♥❞♦✿

∇ = x̂
∂

∂x
+ ŷ

∂

∂y
+ ẑ

∂

∂z
, ✭✺✳✷✻✮

−∇µ∇Vm −❇r = 0, ✭✺✳✷✼✮

♥❛ 3✉❛❧ µ 2 ❛ ♣❡"♠❡❛❜✐❧✐❞❛❞❡ "❡❧❛'✐✈❛ ❞♦ ♠❡✐♦✱ ❡ ❇r 2 ❛ ❞❡♥ ✐❞❛❞❡ ❞❡ ✢✉①♦ "❡♠❛✲
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Vm0 = 0



∇ · (µ0µr❍) = 0 ✭✺✳✷✾✮

■'(♦ ✐♠♣❧✐❝❛ 0✉❡ ♦ ♣♦(❡♥❝✐❛❧ ♠❛❣♥5(✐❝♦ ❡'❝❛❧❛6 Vm ♣♦❞❡ '❡6 ❞❡✜♥✐❞♦ ❛ ♣❛6(✐6

6❡❧❛9:♦✿

−❍ = −∇ · Vm ✭✺✳✸✵✮

◗✉❡ 5 ❛♥?❧♦❣❛ @ ❞❡✜♥✐9:♦ ❞♦ ♣♦(❡♥❝✐❛❧ ❡❧5(6✐❝♦ ♣❛6❛ ❝❛♠♣♦' ❡❧5(6✐❝♦' ❡'(?(✐❝♦'✱

♠♦'(6❛❞♦ ♥♦ ❆♣C♥❞✐❝❡ ❆✳ ❯'❛♥❞♦ ❛ 6❡❧❛9:♦ ❝♦♥'(✐(✉(✐✈❛✿

❇ = µ0(❍+▼), ✭✺✳✸✶✮

❛ ❡0✉❛9:♦✿

∇ ·❇ = 0, ✭✺✳✸✷✮

(♦6♥❛✲'❡✿

−∇ · (µ0∇Vm − µ0▼) = 0, ✭✺✳✸✸✮

0✉❡ 5 ❛ ❡0✉❛9:♦ ❞✐❢❡6❡♥❝✐❛❧ ✉'❛❞❛ ♣❛6❛ ♠♦❞❡❧❛❣❡♠ ♠❛❣♥❡(♦'(?(✐❝❛ ♥❛ ❛✉'C♥❝✐❛ ❞❡

❝♦66❡♥(❡ ❡❧5(6✐❝❛✳ ❆ 6❡❧❛9:♦ ❝♦♥'(✐(✉(✐✈❛ ♣❛6❛ ❞❡✜♥✐9I❡' ❞♦' J♠:' 5✿

❇ = µ0µr❍+❇r ✭✺✳✸✹✮

❖ ❝?❧❝✉❧♦ ♣❛6❛ ❡'(✉❞♦ ❞❛ ❞✐'(6✐❜✉✐9:♦ ❡'(?(✐❝❛ ❞❡ ✢✉①♦ ♥❛ ♠?0✉✐♥❛ (❡♠ ✉♠❛

♠♦❞❡❧❛❣❡♠ ❞❡✜♥✐❞❛✳ ❖ ♣❛''♦ '❡❣✉✐♥(❡ ❢♦✐ ❝♦♥'✐❞❡6❛6 ♠♦✈✐♠❡♥(♦ ♠❡❝P♥✐❝♦ ♣❛6❛ ♦

❡✐①♦ ♠Q✈❡❧ ❞❛ ♠?0✉✐♥❛✳ R❛6❛ (❛❧✱ ♦ 6❡❝✉6'♦ ❞❡ ♠✉❧(✐❢J'✐❝❛ ❢♦✐ ✉'❛❞♦✳ ■'(♦ ♣❡6♠✐(✐✉

❛ ✉(✐❧✐③❛9:♦ ❞❛' ❡0✉❛9I❡' ♠❡❝P♥✐❝❛' ❡ ❡❧5(6✐❝❛' ❛♦ ♠❡'♠♦ (❡♠♣♦✳ ❆ ♣6♦❜❧❡♠?(✐❝❛

'✉6❣✐✉ 0✉❛♥❞♦ ❢♦✐ ♣6❡❝✐'♦ ❛❧✐❛6 ❡''❛ ❞✐'(6✐❜✉✐9:♦ ❞❡ ✢✉①♦ ♠❛❣♥5(✐❝♦ ❝❛❧❝✉❧❛❞♦ ❛ ✉♠

♠♦✈✐♠❡♥(♦ ❧✐♥❡❛6✳ ➚ ♠❡❞✐❞❛ 0✉❡ ❛ ♣♦'✐9:♦ ❞♦ ❡✐①♦ ♠Q✈❡❧ '❡ ❛❧(❡6❛✱ ❛ ❞✐'(6✐❜✉✐9:♦
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❞❡ ✢✉①♦ &❛♠❜*♠ ♠✉❞❛✳ ◆❡-&❛ ❡&❛♣❛ ❞❡ ♣/♦❥❡&♦✱ ❢♦✐ ❞❡-❝♦♥-✐❞❡/❛❞❛ ❛ ❛67♦ ❞❛

❢♦/6❛ ❡♥&/❡❣❡ ♣❡❧♦ -✐-&❡♠❛ ♠❡❝:♥✐❝♦ ❛❝✐♦♥❛♥&❡✳ ❆ ✈❛/✐❛67♦ ❞❛ ♣♦-✐67♦ ❞♦ ❡✐①♦ ❞❡

❡①❝✐&❛67♦ ♠❛❣♥*&✐❝❛ ❞❛ ♠=>✉✐♥❛ ❢♦✐ ✐♠♣♦-&❛ ❛ ♣❛/&✐/ ❞❡ ✉♠❛ ❡>✉❛67♦ -❡♥♦✐❞❛❧✱

✈✐-❛♥❞♦ ❛ ❛♣/♦①✐♠❛67♦ ❞♦ ❝♦♠♣♦/&❛♠❡♥&♦ ❢?-✐❝♦ ❞♦ -✐-&❡♠❛ ❛❝✐♦♥❛♥&❡✳ ❆ ❊>✉❛67♦

✺✳✸✺ ❡-&= /❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❡>✉❛67♦ ❞❡ ♣♦-✐67♦ ❞❡✜♥✐❞❛ ♣❛/❛ ❛ ❜✐❡❧❛✲♠❛♥✐✈❡❧❛ ♥♦

❈❛♣?&✉❧♦ ✷✳ ❙❡♥❞♦ ❛--✐♠✱ ❞❡✜♥✐✉ ♣❛/❛ ❛ ♣♦-✐67♦ ❞♦ ❡✐①♦ ♠H✈❡❧✿

x(t) =
τc
2
sin(ωt) ✭✺✳✸✺✮

❋♦✐ ♥❡❝❡--=/✐❛✱ ❡♥&7♦✱ ❛ ❞❡✜♥✐67♦ ❞❡ ❛❧❣✉♠❛- ❝♦♥❞✐6M❡- ❞❡ ❢/♦♥&❡✐/❛ ❞❡ ❝♦♥&✐✲

♥✉✐❞❛❞❡✱ >✉❡ ♣❡/♠✐&❛♠ ♦ ❝=❧❝✉❧♦ ❞❡ ❞✐-&/✐❜✉✐67♦ ❞❡ ✢✉①♦ ♣❛/❛ ❛- ✈=/✐❛- ♣♦-✐6M❡-

❞♦ ❡✐①♦ ♠H✈❡❧ ❞❛ ♠=>✉✐♥❛✳ ❆ ♣❛/&✐/ ❞❛? ❢♦✐ ♣♦--?✈❡❧ ❝❛❧❝✉❧❛/ ❝♦//❡♥&❡- ❡ &❡♥-M❡-

✐♥❞✉③✐❞❛-✱ ❜❡♠ ❝♦♠♦ ❛ ❢♦/6❛ ❞❡ /❡❛67♦ ♥♦ ❡-&❛&♦/✳ ❚❛✐- ❝=❧❝✉❧♦- -❡/7♦ ❢❡✐&♦- ❛&/❛✲

✈*- ❞❛ /❡-♦❧✉67♦ ❞❛- ❊!✉❛$%❡' ❞❡ ▼❛①✇❡❧❧✱ ❢♦/♠✉❧❛❞❛- ✉-❛♥❞♦ ♦ ✈❡&♦/ ♣♦&❡♥❝✐❛❧

♠❛❣♥*&✐❝♦✳ P❛/❛ ❝=❧❝✉❧♦ ❞❡ ❝♦//❡♥&❡- ✐♥❞✉③✐❞❛- ♥❛- ❜♦❜✐♥❛-✱ * ✉-❛❞♦ ♦ ♣♦&❡♥✲

❝✐❛❧ ❡-❝❛❧❛/✱ ❝♦♠ ❛- ✈❛/✐=✈❡✐- ❞❡♣❡♥❞❡♥&❡-✳ ❊♠ ♣/♦❜❧❡♠❛- ❞❡-&❡ &✐♣♦✱ * ♣♦--?✈❡❧

❢♦/♠✉❧❛/ ❡ /❡-♦❧✈❡/ ♦ ♣/♦❜❧❡♠❛ ❝♦♥-✐❞❡/❛♥❞♦✿

∇×❍ = ❏ = σ(❊+ ✈×❇) + ❏e, ✭✺✳✸✻✮

∇× (µ−1
0 µ−1

r ❇)− σ✈×❇ = ❏e, ✭✺✳✸✼✮

❇ = ∇×❆, ✭✺✳✸✽✮

∇× ❊ =
∂❇

∂t
, ✭✺✳✸✾✮

♥❛- >✉❛✐- ❊ * ♦ ❝❛♠♣♦ ❡❧*&/✐❝♦✱ ❏e ❞❡♥-✐❞❛❞❡ ❞❡ ❝♦//❡♥&❡ ❡①&❡/♥❛ ✐♥❞✉③✐❞❛✱ ✈

✈❡❧♦❝✐❞❛❞❡ /❡❢❡/❡♥❝✐❛❧ ❞♦ ❝♦♥❞✉&♦/ ❡ ❆ * ♦ ✈❡&♦/ ❞❡ ♣♦&❡♥❝✐❛❧ ♠❛❣♥*&✐❝♦✳ ❆ ❝♦♥❞✐✲
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❊ = −∂❆

∂t
✭✺✳✹✶✮

❇ = ∇×❆ ✭✺✳✹✷✮
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∇× ❊ = −∂❇

∂t
✭✺✳✹✸✮

∇ ·❇ = 0 ✭✺✳✹✹✮
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◆❡"#❛ "❡%&♦ "❡(&♦ ♠♦"#(❛❞♦" ♦" (❡"✉❧#❛❞♦" ♦❜#✐❞♦" ❛ ♣❛(#✐( ❞❛ ♠♦❞❡❧❛❣❡♠

❡❧❡#(♦♠❛❣♥2#✐❝❛ ❢❡✐#❛✱ ❡ ❝♦♥"✐❞❡(❛♥❞♦ ♦" ✈❛❧♦(❡" ❛♣(❡"❡♥#❛❞♦" ♥❛ ❚❛❜❡❧❛ ✺✳✼✳ ❚♦❞♦"

♦" ❝;❧❝✉❧♦" "&♦ #(✐❞✐♠❡♥"✐♦♥❛✐" ❡ ✉♠ #♦#❛❧ ❞❡ 514720 ❡❧❡♠❡♥#♦" ✜♥✐#♦" ❢♦(❛♠ ✉"❛❞♦"

♥❛ "✐♠✉❧❛%&♦✱ ❝♦♠ ❡"#(✉#✉(❛ #❡#(❛2❞(✐❝❛✱ #❛♠❛♥❤♦ ♠;①✐♠♦ ❞❡ 0, 033 ♠✱ ❡ ♠?♥✐♠♦

❞❡ 0, 0024♠✳ ❖ ♣❛""♦ ❞❡ ❝;❧❝✉❧♦ ✉"❛❞♦ ♥❛ "✐♠✉❧❛%&♦ ❞✐♥A♠✐❝❛ ❢♦✐ ❞❡ 0, 00026 "✱ ❝♦♠

♦ ♠♦✈✐♠❡♥#♦ ❞♦ ❡✐①♦ ♣(✐♥❝✐♣❛❧ ❛""✉♠✐❞♦ ❝♦♠♦ ♣✉(❛♠❡♥#❡ "❡♥♦✐❞❛❧✳ ❆ ❛♠♣❧✐#✉❞❡

❞♦ ♠♦✈✐♠❡♥#♦ ❢♦✐ ❞❡✜♥✐❞❛ ❡♠ 16 ♠♠✱ C✉❡ 2 ♦ ❝✉("♦ #♦#❛❧ ♣❛(❛ ♦ ❡✐①♦ ❞❛ ♠;C✉✐♥❛

♣(♦❥❡#❛❞❛✳ ❆ ❢(❡C✉E♥❝✐❛ ♠❡❝A♥✐❝❛ ♥❛ C✉❛❧ ♦" ❝;❧❝✉❧♦" ❞✐♥A♠✐❝♦" ❢♦(❛♠ (❡❛❧✐③❛❞♦"

2 ❞❡ 15 ❍③✳

❖" ♣(✐♠❡✐(♦" (❡"✉❧#❛❞♦" ♠♦"#(❛♠ ❛ ❞✐(❡%&♦ ❞❛" ❧✐♥❤❛" ❞❡ ✢✉①♦ ♥❛ ♠;C✉✐♥❛✳

❚❛❧ (❡"✉❧#❛❞♦ 2 ❡"#;#✐❝♦✳ ❖" (❡"✉❧#❛❞♦" ❞✐♥A♠✐❝♦" "&♦ ♠♦"#(❛❞♦" ♠❛✐" ❛❞✐❛♥#❡✳

❖ (❡"✉❧#❛❞♦ ❝♦♥"✐❞❡(❛ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♥&♦ ❧✐♥❡❛(✱ ❡ ❝♦♠♣(♦✈❛ C✉❡ ❛ ❛❜♦(❞❛❣❡♠

#(✐❞✐♠❡♥"✐♦♥❛❧ ♣❛(❛ ♦ ♣(♦❜❧❡♠❛ 2 ❛ I♥✐❝❛ ♦♣%&♦ ♣❛(❛ C✉❡ "❡ ❢♦""❡♠ (❡♣(♦❞✉③✐❞♦"

❝♦((❡#❛♠❡♥#❡ ♦ ❝♦♠♣♦(#❛♠❡♥#♦ ❡ ♦" ❡❢❡✐#♦" ❞❛" ❧✐♥❤❛" ❞❡ ✢✉①♦ ♠❛❣♥2#✐❝♦ ♥❛"

♣❡%❛" ❞❛ ♠;C✉✐♥❛ ❧✐♥❡❛(✳ ❆ ❋✐❣✉(❛ ✺✳✷✵ ♠♦"#(❛ ♦ "❡♥#✐❞♦ ❞❛" ❧✐♥❤❛" ❞❡ ✢✉①♦ ✈✐"#♦

❝♦♥"✐❞❡(❛♥❞♦ ♦ ♣❧❛♥♦ ①③✱ ❡♥C✉❛♥#♦ C✉❡ ❛ ❋✐❣✉(❛ ✺✳✷✶ ❝♦♥"✐❞❡(❛ ♦ ♣❧❛♥♦ ②③✳
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φ =

1, 20656×10−4

Fmm = τmHc

ℜ = Fmm/φ = 1, 2279 × 108
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❡!❝♦❧❤❛ ❞❡ ❡❧❡♠❡♥*♦! ✜♥✐*♦! ♠❡♥♦-❡!✱ -❡!✉❧*❛♠ ❡♠ ❝✉-✈❛! ♠❛✐! !✉❛✈✐③❛❞❛!✱ ♣♦-3♠

-❡!✉❧*❛ ❡♠ ✉♠ ♠❛✐♦- ❡!❢♦-5♦ ❝♦♠♣✉*❛❝✐♦♥❛❧ ❡ ♥✉♠ *❡♠♣♦ ❞❡ !✐♠✉❧❛56♦ ♠❛✐! ❧♦♥❣♦✳

✺✳✼ ❈♦♥❝❧✉)*❡)

❖! ❝:❧❝✉❧♦! ✐♥✐❝✐❛✐! ❞✐③❡♠ -❡!♣❡✐*♦ ❛ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ❧✐♥❡❛-✱ ;✉❡ ♥6♦ ❝♦♥!✐❞❡✲

-❛♠ ♦! ❡❢❡✐*♦! ❞❛! ♣❡-❞❛!✳ ❖ ❝:❧❝✉❧♦ ❞❡ ❝❛♠♣♦ ❝♦♥!✐❞❡-❛ ♦ ❝♦♠♣♦-*❛♠❡♥*♦ ♥6♦

❧✐♥❡❛- ♣❛-❛ ♦ ❛ ✐♥❞✉56♦ ♠❛❣♥3*✐❝❛ ♥♦ ❛5♦ !✐❧=❝✐♦✳ ❖ ♠3*♦❞♦ ❞❡ !✐♠✉❧❛56♦ ♣-♦♣♦!*♦

❝♦♥!✐❞❡-♦✉ -❡!✉❧*❛❞♦! ❞❛ ❢♦-5❛ ❞❡ ❛*-❛56♦ ❡♥*-❡ ♦ ❡✐①♦ ❞❡ ❡①❝✐*❛56♦ ❡ ♦! ❜-❛5♦!

❡!*❛*@-✐❝♦! ❞❛ ♠:;✉✐♥❛✱ ;✉❡ ✐♥✢✉❡♥❝✐❛ ❞✐-❡*❛♠❡♥*❡ ♥♦ !❡✉ -❡❣✐♠❡ ❞❡ ♦♣❡-❛56♦✳

B♦- !❡- ✉♠❛ ❢♦-5❛ ✈❛-✐❛♥*❡ ♥♦ *❡♠♣♦✱ ❛❢❡*❛ ❞✐-❡*❛♠❡♥*❡ ❛ ❢-❡;✉C♥❝✐❛ ♠❡❝D♥✐❝❛ ❞❡

♦♣❡-❛56♦ ❞❛ ♠:;✉✐♥❛✳ ❖ ❝♦♥❤❡❝✐♠❡♥*♦ ❞❡!*❛! ❝❛-❛❝*❡-=!*✐❝❛! 3 ❢✉♥❞❛♠❡♥*❛❧ ♣❛-❛

❡❧❛❜♦-❛56♦ ❞❡ ❡!*-❛*3❣✐❛! ❞❡ ❝♦♥*-♦❧❡ ♣❛-❛ ♦ !✐!*❡♠❛ ❞❡ ❣❡-❛56♦✳ ❆ !❡❧❡56♦ ❞❡ ♠❛✲

*❡-✐❛✐! ♣❛-❛ ❛ ♠:;✉✐♥❛ ✜❝❛ -❡!*-✐*❛ ❛ ♣❛-D♠❡*-♦! ❝♦♠♦ ❛❞❡;✉❛56♦ ❡❧❡*-♦♠❛❣♥3*✐❝❛✱

♣❡!♦✱ ❝✉!*♦ ❡ ❞✐!♣♦♥✐❜✐❧✐❞❛❞❡ ♥♦ ♠❡-❝❛❞♦ ❜-❛!✐❧❡✐-♦✳ ❉❡✈❡✲!❡ ❝♦♥!✐❞❡-❛- ❛✐♥❞❛ ❧✐❣❛!

;✉❡ ❛♣-❡!❡♥*❡♠ ❜♦❛ -❡!♣♦!*❛ ♠❡❝D♥✐❝❛✱ ✈✐!❛♥❞♦ ♠❛✐♦- -✐❣✐❞❡③ ❡!*-✉*✉-❛❧ ❡ ♠❡♥♦-

♠❛!!❛ ❡;✉✐✈❛❧❡♥*❡✳ ❖ ♠❛*❡-✐❛❧ ❢❡--♦♠❛❣♥3*✐❝♦ ✉*✐❧✐③❛❞♦ ♣❛-❛ ♦ ♥G❝❧❡♦ ❞♦ ❡!*❛*♦-

❢♦✐ ❡!❝♦❧❤✐❞♦ ❞❡ ♠♦❞♦ ❛ *❡- ♦ ♠=♥✐♠♦ ❞❡ ♣❡-❞❛! ♣♦!!=✈❡❧✳ ❖ -❡✜♥❛♠❡♥*♦ ❞❛ ♠:✲

;✉✐♥❛ ♣❛-❛ !✐♠✉❧❛56♦ ❢♦✐ ❢❡✐*♦ ❛*3 ;✉❡ !❡ ♦❜*❡✈❡ -❡!✉❧*❛❞♦! -♦❜✉!*♦! ❡ ✜!✐❝❛♠❡♥*❡

❝♦♥!✐!*❡♥*❡!✳ ❚❡♥❞♦ !✐♠✉❧❛❞♦ ❛ ♠:;✉✐♥❛✱ ♦ ♣-@①✐♠♦ ♣❛!!♦ 3 ♦ ♣-♦❥❡*♦ ❡ ❝♦♥!*-✉56♦

❞❡ ✉♠❛ ❜❛♥❝❛❞❛ ❞❡ *❡!*❡! ♣❛-❛ ❝♦♠♣-♦✈❛56♦ ❞❛ *❡♦-✐❛✳ ❖ ❝❛♣=*✉❧♦ !❡❣✉✐♥*❡ ♠♦!*-❛

❛ ❢♦-♠❛ ❝♦♠♦ ❛ ❜❛♥❝❛❞❛ ❞❡ *❡!*❡! ❢♦✐ ❢❛❜-✐❝❛❞❛✱ *-❛③❡♥❞♦ ❞❡*❛❧❤❡! ❝♦♥!*-✉*✐✈♦! ❞❛

♠:;✉✐♥❛ ❧✐♥❡❛- ❡ ❞❡ *♦❞♦ ❛♣❛-❛*♦ ♠❡❝D♥✐❝♦ ✉!❛❞♦ ♥♦! *❡!*❡! ❞❡ ❝♦♥❝❡✐*♦✳
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❈❛♣#$✉❧♦ ✻

❇❛♥❝❛❞❛ ❞❡ $❡.$❡.

◆❡"#❡ ❝❛♣'#✉❧♦ + ❞❡"❝-✐#♦ ♦ ♣-♦❝❡""♦ ❞❡ ❢❛❜-✐❝❛12♦ ❞❛ ♠45✉✐♥❛ ❧✐♥❡❛- ♣-♦✲

❥❡#❛❞❛ ♥♦ ❈❛♣'#✉❧♦ ✺✱ ♦ ♣-♦❥❡#♦ ❡ ❛ ❢❛❜-✐❝❛12♦ ❞❡ ✉♠ "✐"#❡♠❛ ♠❡❝<♥✐❝♦ ❧✐♥❡❛-✱ ❡ ❛

♠♦♥#❛❣❡♠ ❞❡ ✉♠❛ ❜❛♥❝❛❞❛ ❞❡ #❡"#❡" 5✉❡ ❛❝♦♣❧❡ ❛ ♠45✉✐♥❛ ❧✐♥❡❛- ❛♦ "✐"#❡♠❛ ❞❡

❛❝✐♦♥❛♠❡♥#♦ ♣-✐♠4-✐♦✳ ❈♦♠♦ ❡♠ 5✉❛❧5✉❡- ♣-♦❝❡""♦ ❞❡ ❢❛❜-✐❝❛12♦✱ ❡--♦" ❛♣❛-❡❝❡✲

-❛♠✱ "❡♥❞♦ ❛ ♠❛✐♦-✐❛ ❝♦--✐❣✐❞♦" ♦✉ ❛❞❛♣#❛❞♦" ❞❡ ❢♦-♠❛ ❛ "❡ ❛♣-♦①✐♠❛- ❛♦ ♠4①✐♠♦

❞♦ 5✉❡ "❡ ✐❞❡❛❧✐③♦✉✳ ◗✉❛"❡ #♦❞❛" ❛" ♣❡1❛"✱ ♣♦- ♥2♦ ❡①✐"#✐-❡♠ ♣-♦♥#❛" ♣❛-❛ ❝♦♠♣-❛

♥♦ ♠❡-❝❛❞♦✱ #✐✈❡-❛♠ 5✉❡ "❡- ♠❛♥✉❢❛#✉-❛❞❛"✳ ❖ ♣-♦❥❡#♦ ❞❛ ❜❛♥❝❛❞❛ ❡ ❛ ❢❛❜-✐❝❛12♦

❢♦-❛♠ ❝♦♥❝❡❜✐❞❛" "❡❣✉✐♥❞♦ ❛" ♦-✐❡♥#❛1D❡"✿

• ❆" ♣❡1❛" ❞❡ "✉"#❡♥#❛12♦ ❞♦ ♣-♦#G#✐♣♦ ❝♦♠ µr ≈ µ0❀

• ❯"❛- ♦ ♠4①✐♠♦ ❞❡ ❝♦♠♣♦♥❡♥#❡" ❝❛#❛❧♦❣❛❞♦" ✭-♦❧❛♠❡♥#♦"✱ ♣❛-❛❢✉"♦"✮❀

• ❘❡"✐♥❛" ❝♦♠ ❡❧❡✈❛❞♦ ♣♦❞❡- ❞❡ ✜①❛12♦❀

❆ ❋✐❣✉-❛ ✻✳✶ ♠♦"#-❛ ♦ ♣-♦❥❡#♦ ❞❛ ❜❛♥❝❛❞❛ ❝♦♠♣❧❡#❛✳ ❊"#2♦ ✐♥❞✐❝❛❞❛" ❛ ❜✐❡❧❛✲

♠❛♥✐✈❡❧❛✱ ✉"❛❞❛ ♣❛-❛ ❛✈❛❧✐❛- ♦ ♠♦✈✐♠❡♥#♦ ❛❝✐♦♥❛♥#❡✱ ❡ ❛ ♠45✉✐♥❛ ❡❧+#-✐❝❛ ♣-♦❥❡✲

#❛❞❛ ❝♦♠ "❡✉" ❡❧❡♠❡♥#♦" ❞❡ ✜①❛12♦✳



P = 1 ns =

1730

T = 4, 06



28, 83
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0, 5

τm 16
τp 48
h1 17
h2 5, 5
h3 11, 5
e1 12
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g = 3
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(N = 10) 10
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❈♦♥❡❝%❛♥❞♦ ❛( ❜♦❜✐♥❛( ❞♦( +✉❛%-♦ ❜-❛.♦( ❡(%❛%/-✐❝♦( ❞❡ ❢♦-♠❛ ❛ ♦❜%❡- ✉♠❛

(♦♠❛ ❞❡ %❡♥(2❡(✱ ♠❡❞✐✉✲(❡ ❛ %❡♥(5♦ %♦%❛❧ ❣❡-❛❞❛ ♣❡❧❛ ♠9+✉✐♥❛✱ +✉❡ ♣♦❞❡ (❡- ✈✐(%❛

♥❛ ❋✐❣✉-❛ ✻✳✷✻✳

❋✐❣✉-❛ ✻✳✷✻✿ ❚❡♥(5♦ %♦%❛❧ ❣❡-❛❞❛ ♣❡❧❛ ♠9+✉✐♥❛✳

❋♦♥%❡✿ ❊❧❛❜♦-❛❞❛ ♣❡❧♦ ❆✉%♦-✳

❋✐❣✉-❛ ✻✳✷✼✿ ❚❡♥(5♦ ✐♥❞✉③✐❞❛ ♥❛ ❇♦❜✐♥❛ ✶ ❞♦ ❜-❛.♦ ❡(%❛%/-✐❝♦ ❉✳

❋♦♥%❡✿ ❊❧❛❜♦-❛❞❛ ♣❡❧♦ ❆✉%♦-✳

✶✷✾



❖✉"#♦ #❡&✉❧"❛❞♦ ❡♠ ❝✐#❝✉✐"♦ ❛❜❡#"♦✱ ♠♦&"#❛ ❛ "❡♥&0♦ ✐♥❞✉③✐❞❛ ♥❛ ❜♦❜✐♥❛ ✶

❞♦ ❜#❛3♦ ❡&"❛"4#✐❝♦ ❉✱ ❡ ♣♦❞❡ &❡# ✈✐&"♦ ♥❛ ❋✐❣✉#❛ ✻✳✷✼✳ ❖& ♣#4①✐♠♦& #❡&✉❧"❛❞♦&

❡✈✐❞❡♥❝✐❛♠ ❛ #❡❧❛30♦ ❞❡ ❢❛&❡& ❡♥"#❡ ❛& ❜♦❜✐♥❛& ✶ ❡ ✷✱ ❡ ❛& ❜♦❜✐♥❛& ✶ ❡ ✸✱ ♣❛#❛ ❝❛❞❛

❜#❛3♦ ❡&"❛"4#✐❝♦✳ ❈♦♠♣❛#❛♥❞♦ ❛& ❜♦❜✐♥❛& ✶ ❡ ✸✱ ♥♦"❛✲&❡ C✉❡ ♥0♦ ❤E ❞❡❢❛&❛❣❡♠ ♥♦&

&✐♥❛✐& ❞❡ "❡♥&0♦ ❣❡#❛❞♦&✱ ❝♦♠♦ ♠♦&"#❛❞♦ ♥❛ ❋✐❣✉#❛ ✻✳✷✽✳

❋✐❣✉#❛ ✻✳✷✽✿ ❚❡♥&I❡& ❡♠ ❢❛&❡ ♥❛& ❜♦❜✐♥❛& ✶ ❡ ✸✳ ❇♦❜✐♥❛ ✶ ❡♠ ✈❡#❞❡✱ ❜♦❜✐♥❛ ✸ ❡♠

❛③✉❧✳

❋♦♥"❡✿ ❊❧❛❜♦#❛❞❛ ♣❡❧♦ ❆✉"♦#✳

◆❛ &❡❣✉♥❞❛ ❝♦♠♣❛#❛30♦✱ ♠♦&"#❛❞❛ ♥❛ ❋✐❣✉#❛ ✻✳✷✾✱ ♥♦"❛✲&❡ ✉♠❛ ❞❡❢❛&❛❣❡♠ ❞❡

✶✽✵

♦

❡♥"#❡ ❛& ❜♦❜✐♥❛& ✶ ❡ ✷ C✉❡ ♦❜#✐❣❛ ✉♠ ❝✉✐❞❛❞♦ ❝♦♠ ❛& ❧✐❣❛3I❡& ❞♦& "❡#♠✐♥❛✐&

❞❡ ❝❛❞❛ ❜♦❜✐♥❛✱ ♣❛#❛ C✉❡ ❛& "❡♥&I❡& ❣❡#❛❞❛& &❡❥❛♠ &♦♠❛❞❛&✳ ◆♦"❛✲&❡✱ ❛✐♥❞❛✱ C✉❡

❛ "❡♥&0♦ ✐♥❞✉③✐❞❛ ♥❛& ❜♦❜✐♥❛& ❧♦❝❛❧✐③❛❞❛& ♥♦& ❞❡♥"❡& ♠❛✐& ♣#4①✐♠♦& ❞❛& ❡①"#❡♠✐✲

❞❛❞❡& &0♦ ♠❡♥♦#❡& C✉❛♥❞♦ ❝♦♠♣❛#❛❞❛ ❛& ❜♦❜✐♥❛& ♠❛✐& ❝❡♥"#❛✐&✱ ❝♦♠♣#♦✈❛♥❞♦ ♦

C✉❡ ❥E ❡#❛ ♣#❡✈✐&"♦✳

❈♦♥❤❡❝❡♥❞♦ ♦ ❞❡❢❛&❛♠❡♥"♦ ❡♥"#❡ ❛& ❜♦❜✐♥❛&✱ Q ♣♦&&R✈❡❧ ❢❛③❡# ❛& ❝♦♥❡①I❡& ❞❡

❢♦#♠❛ C✉❡ ❛& "❡♥&I❡& ✐♥❞✉③✐❞❛& &❡ &♦♠❡♠✳ ❈♦♥❡❝"❛♥❞♦ ❛& ✺ ❜♦❜✐♥❛& ❞❡ ❝❛❞❛ ❜#❛3♦

❡♠ &Q#✐❡✱ "❡♠♦& ❛ "❡♥&0♦ "♦"❛❧ ✐♥❞✉③✐❞❛ ♣♦# ❜#❛3♦✳ ❈♦♥&✐❞❡#❛♥❞♦ ♦ ❜#❛3♦ ❆✱ ♦

#❡&✉❧"❛❞♦ ❞❛ "❡♥&0♦ "♦"❛❧ ✐♥❞✉③✐❞❛ ♣♦❞❡ &❡# ✈✐&"❛ ♥❛ ❋✐❣✉#❛ ✻✳✸✵✳

✶✸✵



❋✐❣✉$❛ ✻✳✷✾✿ ❚❡♥./♦ ❞❡❢❛.❛❞❛ ❡♠ ✶✽✵

♦

❡♥7$❡ ❛. ❜♦❜✐♥❛. ✶ ❡ ✷✳ ❇♦❜✐♥❛ ✶ ❡♠ ✈❡$❞❡✱

❜♦❜✐♥❛ ✷ ❡♠ ❛③✉❧

❋♦♥7❡✿ ❊❧❛❜♦$❛❞❛ ♣❡❧♦ ❆✉7♦$✳

❋✐❣✉$❛ ✻✳✸✵✿ ❚❡♥./♦ 7♦7❛❧ ✐♥❞✉③✐❞❛ ♥♦ ❇$❛B♦ ❆✳

❋♦♥7❡✿ ❊❧❛❜♦$❛❞❛ ♣❡❧♦ ❆✉7♦$✳

❆ 7❡♥./♦ 7♦7❛❧ ✐♥❞✉③✐❞❛ ♥♦ ❜$❛B♦ ❇ ♣♦❞❡ .❡$ ✈✐.7❛ ♥❛ ❋✐❣✉$❛ ✻✳✸✶✳

✶✸✶



❋✐❣✉$❛ ✻✳✸✶✿ ❚❡♥./♦ 1♦1❛❧ ✐♥❞✉③✐❞❛ ♥♦ ❇$❛6♦ ❇✳

❋♦♥1❡✿ ❊❧❛❜♦$❛❞❛ ♣❡❧♦ ❆✉1♦$✳

❆ 1❡♥./♦ 1♦1❛❧ ✐♥❞✉③✐❞❛ ♥♦ ❜$❛6♦ ❈ ♣♦❞❡ .❡$ ✈✐.1❛ ♥❛ ❋✐❣✉$❛ ✻✳✸✷✳

❋✐❣✉$❛ ✻✳✸✷✿ ❚❡♥./♦ 1♦1❛❧ ✐♥❞✉③✐❞❛ ♥♦ ❇$❛6♦ ❈✳

❋♦♥1❡✿ ❊❧❛❜♦$❛❞❛ ♣❡❧♦ ❆✉1♦$✳

❆ 1❡♥./♦ 1♦1❛❧ ✐♥❞✉③✐❞❛ ♥♦ ❜$❛6♦ ❉ ♣♦❞❡ .❡$ ✈✐.1❛ ♥❛ ❋✐❣✉$❛ ✻✳✸✸✳

✶✸✷



❋✐❣✉$❛ ✻✳✸✸✿ ❚❡♥-.♦ 0♦0❛❧ ✐♥❞✉③✐❞❛ ♥♦ ❇$❛5♦ ❉✳

❋♦♥0❡✿ ❊❧❛❜♦$❛❞❛ ♣❡❧♦ ❆✉0♦$✳

❖- $❡-✉❧0❛❞♦- ♠♦-0$❛♠ =✉❡ ❛ 0❡♥-.♦ 0♦0❛❧ ✐♥❞✉③✐❞❛ ♥♦- ❜$❛5♦- ❆ ❡ ❇✱ -.♦

✉♠ ♣♦✉❝♦ ♠❛✐♦$ =✉❡ ❛- 0❡♥-@❡- ✐♥❞✉③✐❞❛- ♥♦- ❜$❛5♦- ❈ ❡ ❉✳ ■-0♦ ❛❝♦♥0❡❝❡ ♣♦✐- ♦

❡♥0$❡❢❡$$♦ ♣♦--✉✐ ♣❡=✉❡♥❛- ✈❛$✐❛5@❡- ❛♦ ❧♦♥❣♦ ❞♦- ❜$❛5♦- ❡-0❛0E$✐❝♦-✳ ❖ ❛❥✉-0❡ ❞♦

❡♥0$❡❢❡$$♦✱ ❞❡ ❢♦$♠❛ =✉❡ ❡❧❡ ✜=✉❡ ♦ ♠❛✐- ✉♥✐❢♦$♠❡ ♣♦--H✈❡❧✱ ❞❡✈❡ -❡$ ❢❡✐0♦✳

❈♦♥❡❝0❛♥❞♦ ❛ ❝❛$❣❛ ❛ ✉♠❛ ❝❛$❣❛ ❞❡ 18 Ω✱ I ♣♦--H✈❡❧ ♦❜0❡$ ❛ ❢♦$♠❛ ❞❡ ♦♥❞❛

❞❛ ❝♦$$❡♥0❡✱ ✈✐-0❛ ♥❛ ❋✐❣✉$❛ ✻✳✸✹✳ ❆ ❝♦$$❡♥0❡ ❢♦✐ ♠❡❞✐❞❛ ♥♦ ♦-❝✐❧♦-❝E♣✐♦ ❝♦♠ ❛

$❡❧❛5.♦ ❞❡ 10 ♠❱✴♠❆✱ ♦ =✉❡ ✐♠♣❧✐❝❛ ❡♠ ✉♠❛ ❝♦$$❡♥0❡ ♠M①✐♠❛ ♠❡❞✐❞❛ ❞❡ 22 ♠❆✱

❡ ♠H♥✐♠❛ ❞❡ −23, 35 ♠❆✳

✶✸✸



10Hz



✻✳✺ ❈♦♥❝❧✉)*❡)

❖ ♣"♦❥❡&♦ ♠❡❝)♥✐❝♦✱ ❞❡♣♦✐. ❞❛. ❛❧&❡"❛12❡. ❢❡✐&❛.✱ ♣♦..✐❜✐❧✐&♦✉ ❜♦❛ ✜①❛18♦ ♣❛"❛

♦ ❡.&❛&♦" ❞♦ ♣"♦&9&✐♣♦ ❝♦♥.&"✉:❞♦✱ ❛&"❛✈<. ❞❡ ♣❡1❛. ❞❡ ♥②❧♦♥✱ ❡ ❜♦❛ .✉.&❡♥&❛18♦

♣❛"❛ ♦ ❡✐①♦ ♠9✈❡❧ ❝♦♠ ❛ ✉&✐❧✐③❛18♦ ❞❛. ❞✉❛. ♣❛"❡❞❡. ❞❡ ✜①❛18♦ ❡.♣❛1❛❞❛.✳ ❆

❞✐✜❝✉❧❞❛❞❡ ❞❡ ❢❛❜"✐❝❛18♦ ❞❛. ♣❡1❛. ♣♦❧❛"❡.✱ ♣♦" .❡"❡♠ ❧❛♠✐♥❛❞❛. ❡ ❛♣"❡.❡♥&❛"❡♠

❢♦"♠❛&♦ ❝✐❧:♥❞"✐❝♦✱ ❛&"❛.❛"❛♠ ♦ ❛♥❞❛♠❡♥&♦ ❞♦ ♣"♦❥❡&♦✳ ❖. ❝✐❧✐♥❞"♦. ❝♦♥.&"✉:❞♦.

♣♦..✐❜✐❧✐&❛"❛♠ ♦ ❡♥❝❛✐①❡ ❞♦. ❝✐♥❝♦ ♣❛"❡. ❞❡ :♠8.✱ ❢♦"♠❛♥❞♦ ♦ ❡✐①♦ ♠9✈❡❧ ❞❡ ❡①✲

❝✐&❛18♦ ❞❛ ♠BC✉✐♥❛ ❧✐♥❡❛"✳ ❖ ❝♦"&❡ ❞❛. ❧)♠✐♥❛. ❞❡ ❛1♦ .✐❧:❝✐♦ ♣❛"❛ ♦ ❡.&❛&♦" ❞❛

♠BC✉✐♥❛ ❢♦✐ ❢❡✐&♦ ❛ ♣❛"&✐" ❞❡ ✉♠❛ ❢"❡.❛❞♦"❛✱ ❡ ❢♦✐ "❡❛❧✐③❛❞♦ ❝♦♠ .✉❝❡..♦✱ .❡♠ ❣"❛♥✲

❞❡. ❞❛♥♦. E. ❝❤❛♣❛.✳ ❯♠❛ ♠❛&"✐③ ♥♦ ❢♦"♠❛&♦ ❞♦. ❜"❛1♦. ❡.&❛&9"✐❝♦. &❡✈❡ C✉❡ .❡"

❝♦♥.&"✉:❞❛✳ ❆❧<♠ ❞✐..♦✱ ❛ ❜✐❡❧❛ ♠❛♥✐✈❡❧❛ ❝♦♥.&"✉:❞❛ ❛♣"❡.❡♥&♦✉ ❢✉♥❝✐♦♥❛♠❡♥&♦

.❛&✐.❢❛&9"✐♦✱ ❝♦♠ ❜♦❛ ❡.&❛❜✐❧✐❞❛❞❡ ♠❡❝)♥✐❝❛✳ ❆ ♣❛"&✐" ❞❡❧❛✱ ❡ ❝♦♥.✐❞❡"❛♥❞♦ ✉♠❛

♠❛"❣❡♠ ❞❡ .❡❣✉"❛♥1❛ ♣❛"❛ ♦ .✐.&❡♠❛✱ "❡❛❧✐③♦✉✲.❡ &❡.&❡. ♥❛ ❢"❡C✉H♥❝✐❛ ❞❡ 10 ❍③✳

❖ ❡""♦ ♥♦ ❞✐♠❡♥.✐♦♥❛♠❡♥&♦ ❞❛ ❢♦"1❛ ♣"♦❞✉③✐❞❛ ❢♦"1♦✉ ❛ ❢❛❜"✐❝❛18♦ ❞❡ ♠❛✐. ❞♦✐.

❝✐❧✐♥❞"♦. ❞❡ .✉.&❡♥&❛18♦✱ C✉❡ ❢♦"❛♠ ❧♦❝❛❧✐③❛❞♦. ♥❛ ♣❛"&❡ ❝❡♥&"❛❧ ❞♦. ❜"❛1♦. ❡.&❛✲

&9"✐❝♦.✳ J❛"❛ C✉❡ ♦. &❡.&❡. ❢♦..❡♠ "❡❛❧✐③❛❞♦.✱ ❢♦✐ ♥❡❝❡..B"✐♦ ❛✉♠❡♥&❛" ♦ &❛♠❛♥❤♦

❞♦ ❡♥&"❡❢❡""♦ ♣❛"❛ 3 ♠♠✱ ❡ "❡❞✉③✐" ♦ ♥K♠❡"♦ ❞❡ ❜"❛1♦. ❡.&❛&9"✐❝♦. ❞❡ ♦✐&♦ ♣❛"❛

C✉❛&"♦✳ ❖. "❡.✉❧&❛❞♦. ❛♣"❡.❡♥&❛"❛♠ ❜♦❛ ❝♦♥.✐.&H♥❝✐❛ ❢:.✐❝❛✱ ❡ &✐✈❡"❛♠ ✈❛❧♦"❡. ❡

❢♦"♠❛. ❞❡ ♦♥❞❛ ❝♦♠♦ ❡.♣❡"❛❞♦✳ ❆ ❜❛♥❝❛❞❛ ❝♦♥.&"✉:❞❛ ♣♦..✐❜✐❧✐&♦✉ ❛ ❛✈❛❧✐❛18♦ ❞♦

❢✉♥❝✐♦♥❛♠❡♥&♦ ❞♦ .✐.&❡♠❛ ❞❡ ❝♦♥✈❡".8♦ &❡"♠♦♠❡❝)♥✐❝❛✳ ❖. "❡.✉❧&❛❞♦. ❛♣"❡.❡♥&❛✲

"❛♠ ❜♦❛ ❛♣"♦①✐♠❛18♦ C✉❛♥❞♦ ❝♦♠♣❛"❛❞♦. ❛♦. ❝B❧❝✉❧♦. ❞❡ ❝❛♠♣♦ ❛♥&❡"✐♦"♠❡♥&❡

"❡❛❧✐③❛❞♦.✱ ❡ .❡"✈✐"❛♠ ♣❛"❛ ❛ ❝♦♠♣"♦✈❛18♦ ❞♦ ❝♦♥❝❡✐&♦✳

✶✸✺



❈❛♣#$✉❧♦ ✼

❈♦♥❝❧✉+,❡+ ❡ ♣❡.+♣❡❝$✐✈❛+

◆❡"#❡ ❝❛♣'#✉❧♦ ❛❧❣✉♠❛" ❝♦♥❝❧✉".❡" "♦❜0❡ ♦ #0❛❜❛❧❤♦ ❡ ❛" ♣❡0"♣❡❝#✐✈❛" ❞♦

5✉❡ "❡06 ❢❡✐#♦ ❡♠ #0❛❜❛❧❤♦" ❢✉#✉0♦" "8♦ ❛♣0❡"❡♥#❛❞❛"✳

✼✳✶ ❈♦♥❝❧✉)*❡)

❖ ❧❡✈❛♥#❛♠❡♥#♦ ❞♦ ❡"#❛❞♦ ❞❛ #;❝♥✐❝❛ "♦❜0❡ ❛" ❝♦♥✜❣✉0❛=.❡" ❡❧❡#0♦♠❛❣♥;#✐❝❛"

❞❡ ♠65✉✐♥❛" ❧✐♥❡❛0❡" ❛ '♠8" ♣❡0♠❛♥❡♥#❡" ♣♦""✐❜✐❧✐#♦✉ ❛ ✐❞❡♥#✐✜❝❛=8♦ ❞❛" ❝❛0❛❝#❡✲

0'"#✐❝❛" ♣0✐♥❝✐♣❛✐" ❞❡ ❝❛❞❛ ♣0♦❥❡#♦ ❞❡ ♠65✉✐♥❛✳ ❆" ❝❛0❛❝#❡0'"#✐❝❛" ♠❛✐" ✈❛♥#❛❥♦"❛"

♣❛0❛ ❛ ❡①♣❧♦0❛=8♦ ❞❡ ❡♥❡0❣✐❛ "♦❧❛0 #❡0♠♦❞✐♥B♠✐❝❛ ❢♦0❛♠ ❡♥❝♦♥#0❛❞❛" ❡♠ ♠65✉✐♥❛"

❧✐♥❡❛0❡" 5✉❡ ❛♣0❡"❡♥#❛♠ ✉♠❛ ♦0✐❡♥#❛=8♦ ❞♦ ❡♥#0❡❢❡00♦ ❞❡ ❛0 0❛❞✐❛❧✱ ❡ ✉♠❛ ♦0✐❡♥✲

#❛=8♦ #0❛♥"✈❡0"❛❧ ❞❡ ✢✉①♦ ♥♦ ♥E❝❧❡♦ ❞♦ ❡"#❛#♦0✳ ❮♠8" ♣❡0♠❛♥❡♥#❡" ❞❡ ◆❡♦❞'♠✐♦✲

❋❡00♦✲❇♦0♦✱ ❝♦♠ ❡❧❡✈❛❞♦ ❝❛♠♣♦ ❝♦❡0❝✐#✐✈♦✱ ❡❧❡✈❛❞♦ ✢✉①♦ 0❡♠❛♥❡♥#❡ ❡ ♦0✐❡♥#❛=8♦

❞❡ ✢✉①♦ ❛①✐❛❧ ❢♦0❛♠ ❡"❝♦❧❤✐❞♦"✳ ❆" ❞✐♠❡♥".❡" ❞♦" '♠8" ❢♦0❛♠ ❞❡✜♥✐❞❛" ❛ ♣❛0#✐0 ❞❛

❞✐"♣♦♥✐❜✐❧✐❞❛❞❡ ♣❛0❛ ❝♦♠♣0❛ ♥♦ ♠❡0❝❛❞♦ ❜0❛"✐❧❡✐0♦ ❡ "❡0✈✐0❛♠ ❞❡ 0❡❢❡0I♥❝✐❛ ♣❛0❛

#♦❞❛" ❛" ♦✉#0❛" ❞✐♠❡♥".❡" ❞❛ ♠65✉✐♥❛ ♣0♦❥❡#❛❞❛✳ ❆ ❢♦0♠❛ ❞❡ ♦♣❡0❛=8♦ ❞❛ ♠6✲

5✉✐♥❛ #❛♠❜;♠ ❢♦✐ ❝♦♥❝❡❜✐❞❛ ❝♦♥"✐❞❡0❛♥❞♦ ❛ ♠❛❣♥❡#✐③❛=8♦ ❛①✐❛❧ ❞♦ '♠8✱ 5✉❡ ❢♦0=♦✉

❛ ✐♥❝❧✉"8♦ ❞❡ ♣❡=❛" ♣♦❧❛0❡" ❡♥#0❡ ♦" '♠8" ♣❛0❛ ♦❜#❡0 ✉♠❛ ♦0✐❡♥#❛=8♦ #0❛♥"✈❡0"❛❧

❞❡ ✢✉①♦✱ ❡ ❞❡✜♥✐0 ♦ ♣♦"✐❝✐♦♥❛♠❡♥#♦ ❞❛" ❜♦❜✐♥❛" ♥♦" ❞❡♥#❡" ❡"#❛#K0✐❝♦"✳



❖! "❡!✉❧&❛❞♦! ❞❡ !✐♠✉❧❛,-♦ ♠♦!&"❛♠ .✉❡ ♦! ❝0❧❝✉❧♦! ♣❛"❛ ♦ ❝✐"❝✉✐&♦ ♠❛❣♥4&✐❝♦

❡.✉✐✈❛❧❡♥&❡ .✉❡ ❢♦✐ ❞❡❞✉③✐❞♦✱ ♣♦" ♥-♦ ❝♦♥!✐❞❡"❛"❡♠ ♦! ❡❢❡✐&♦! ❞❡ ❞✐!♣❡"!-♦ ❞❡ ✢✉①♦

♠❛❣♥4&✐❝♦ ♥❛ ♠0.✉✐♥❛✱ ♥♦! ❞-♦ "❡!✉❧&❛❞♦! ❞✐❢❡"❡♥&❡! ❡♠ "❡❧❛,-♦ ; ❛.✉❡❧❡! ✈✐!&♦!

♥♦ ❝0❧❝✉❧♦ ❞❡ ❝❛♠♣♦✳ ❆ "❡❧✉&>♥❝✐❛ ❡.✉✐✈❛❧❡♥&❡ ♣♦" ♣♦❧♦ ♦❜&✐❞❛ ❛ ♣❛"&✐" ❞♦ ❡!&✉❞♦

❝♦♠♣✉&❛❝✐♦♥❛❧ ✭ℜ = 1, 2279 × 108 ❆❡✴❲❜✮ &❡♠ ✈❛❧♦" ❛♣"♦①✐♠❛❞❛ ❞❛ ♦❜&✐❞❛ ❛

♣❛"&✐" ❞♦ ❝✐"❝✉✐&♦ ♠❛❣♥4&✐❝♦ ❡.✉✐✈❛❧❡♥&❡✱ ♦ .✉❡ "❡✈❡❧❛ .✉❡ ❛! ❛♣"♦①✐♠❛,D❡! ❢❡✐&❛!

❞✉"❛♥&❡ ❛ ❞❡❞✉,-♦ ❞♦ ❝✐"❝✉✐&♦ !-♦ !❛&✐!❢❛&E"✐❛!✳ ❆ !✐♠✉❧❛,-♦ ❡!&0&✐❝❛ ♠♦!&"♦✉ .✉❡✱

❞❡✈✐❞♦ ❛♦ ❝♦♠♣♦"&❛♠❡♥&♦ ♦❜!❡"✈❛❞♦ ❞❛! ❧✐♥❤❛! ❞❡ ✢✉①♦✱ "❡!✉❧&❛❞♦! ❝♦♥!✐!&❡♥&❡!

!E !-♦ ♦❜&✐❞♦! ❝❛!♦ !❡ "❡❛❧✐③❡ ✉♠❛ ♠♦❞❡❧❛❣❡♠ &"✐❞✐♠❡♥!✐♦♥❛❧ ♣❛"❛ ♦ ♣"♦❜❧❡♠❛✳

◆-♦ ❢♦✐ ♣♦!!H✈❡❧ "❡❛❧✐③❛" &❡!&❡! ♥❛ ❢"❡.✉I♥❝✐❛ ✐♥✐❝✐❛❧♠❡♥&❡ ❞❡✜♥✐❞❛ ❞❡ 15 ❍③✱

❞❡✈✐❞♦ ;! ❛❧&❛! ✈✐❜"❛,D❡! ♠❡❝>♥✐❝❛!✳ ❚❡!&❡! ❡♠ 10 ❍③ ❢♦"❛♠ "❡❛❧✐③❛❞♦!✳ ❆ ❜✐❡❧❛✲

♠❛♥✐✈❡❧❛ ❝♦♥!&"✉H❞❛ ❛♣"❡!❡♥&♦✉ ❢✉♥❝✐♦♥❛♠❡♥&♦ !❛&✐!❢❛&E"✐♦✱ ❝♦♠ ❜♦❛ ❡!&❛❜✐❧✐❞❛❞❡

♠❡❝>♥✐❝❛✳ ❊""♦! ♥♦ ❞✐♠❡♥!✐♦♥❛♠❡♥&♦ ❞❛ ❢♦",❛ ♣"♦❞✉③✐❞❛ ❧❡✈❛"❛♠ ; ♥❡❝❡!!✐❞❛❞❡

❞❛ ❝♦♥!&"✉,-♦ ❞❡ ♣❡,❛! ♣❛"❛ !✉!&❡♥&❛,-♦ ❞❛! ♣❛"&❡! ❝❡♥&"❛✐! ❞♦! ❜"❛,♦! ❡!&❛&E"✐✲

❝♦!✳ ❆❧4♠ ❞✐!&♦✱ ♦ ❡♥&"❡❢❡""♦ ❞❡ ❛" &❡✈❡ .✉❡ !❡" ❛✉♠❡♥&❛❞♦ ♣❛"❛ 3 ♠♠✱ ❡ .✉❛&"♦

❜"❛,♦! ❡!&❛&E"✐❝♦! ❢♦"❛♠ ✉&✐❧✐③❛❞♦! ❛♦ ✐♥✈4! ❞❡ ♦✐&♦✳ ❆ ❡!&"✉&✉"❛ ✜♥❛❧ ❝♦♥!&"✉H❞❛

♣♦!!✐❜✐❧✐&♦✉ ❜♦❛ ✜①❛,-♦ ♣❛"❛ ♦ ❡!&❛&♦"✱ ❡ ❜♦❛ !✉!&❡♥&❛,-♦ ♣❛"❛ ♦ ❡✐①♦ ♠E✈❡❧✳ ❆

❜❛♥❝❛❞❛ ❝♦♥!&"✉H❞❛ ♣♦!!✐❜✐❧✐&♦✉ ❛ ❛✈❛❧✐❛,-♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥&♦ ❞♦ !✐!&❡♠❛ ❞❡ ❝♦♥✲

✈❡"!-♦ &❡"♠♦♠❡❝>♥✐❝❛✳

❖! "❡!✉❧&❛❞♦! ❡①♣❡"✐♠❡♥&❛✐! ❛♣"❡!❡♥&❛"❛♠ ❜♦❛ ❛♣"♦①✐♠❛,-♦ ❡♠ "❡❧❛,-♦ ;.✉❡✲

❧❡! ♦❜&✐❞♦! ♥♦ ❡!&✉❞♦ ❝♦♠♣✉&❛❝✐♦♥❛❧ "❡❛❧✐③❛❞♦ ❝♦♥!✐❞❡"❛♥❞♦ ❛ ❡!&"✉&✉"❛ ✜♥❛❧ ❢❛❜"✐✲

❝❛❞❛✳ ❆! ❝✉"✈❛! ♦❜&✐❞❛! ❛♣"❡!❡♥&❛♠ ♠♦!&"❛♠ .✉❡ ❛ ❛♠♣❧✐&✉❞❡ ❞❛ &❡♥!-♦ ✐♥❞✉③✐❞❛

4 !✐♠✐❧❛" ❛♦! ❝0❧❝✉❧♦! &❡E"✐❝♦!✳ ❆! ❞✐!&♦",D❡! ♥❛! ❢♦"♠❛! ❞❡ ♦♥❞❛ ♦❝♦""❡♠ ♣♦✐! ❛!

❜♦❜✐♥❛! ❢♦"❛♠ ❢❡✐&❛! ♠❛♥✉❛❧♠❡♥&❡ ❡ ❛♣"❡!❡♥&❛♠ ✐♠♣❡"❢❡✐,D❡!✳ ❉❡ ♣♦!!❡ ❞♦! "❡!✉❧✲

&❛❞♦! ♦❜&✐❞♦!✱ 4 ♣♦!!H✈❡❧ ❝❛❧❝✉❧❛" ❛ ♣♦&I♥❝✐❛ ♠❛!!✐✈❛ ♣❛"❛ ❛ ♠0.✉✐♥❛ ❝♦♥!&"✉H❞❛✱

.✉❡ 4 23, 34 ❦❣✴❦❲✳ Q❛"❛ ❛ ♠0.✉✐♥❛ ♣"♦❥❡&❛❞❛✱ ❛ ♠❛!!❛ ❡.✉✐✈❛❧❡♥&❡ ♥❡❝❡!!0✲

"✐❛ ♣❛"❛ ❣❡"❛" ✉♠❛ ♣♦&I♥❝✐❛ ♥♦♠✐♥❛❧ ♥❛ ♦"❞❡♠ ❞❡ 53 ❲✱ 4 ❛♣"♦①✐♠❛❞❛♠❡♥&❡ ❞❡

1, 237 ❦❣ ❡♠ ✉♠❛ ❢"❡.✉I♥❝✐❛ ❞❡ ♦♣❡"❛,-♦ ❞❡ 15 ❍③✳ ❆ ♠0.✉✐♥❛ ❛♣"❡!❡♥&❛ ♣♦&I♥✲

❝✐❛ ♠❛!!✐✈❛ ♣"E①✐♠❛ ❞♦ ❡!♣❡"❛❞♦✱ ❝♦♥!✐❞❡"❛♥❞♦ .✉❡ ❛ ❢"❡.✉I♥❝✐❛ ❞❡ ♦♣❡"❛,-♦ 4

❜❛✐①❛ ❡ ❛! ❞✐♠❡♥!D❡! ❞❛ ♠0.✉✐♥❛ !-♦ "❡❞✉③✐❞❛!✳ ▼❡❧❤♦"❡! "❡!✉❧&❛❞♦! !-♦ ♦❜&✐❞❛!✱

✶✸✼



 ❡♦#✐❝❛♠❡♥ ❡✱ ❛✉♠❡♥ ❛♥❞♦ ❛ ❢#❡-✉.♥❝✐❛ ❞❡  ❡/ ❡✳

❖/ #❡/✉❧ ❛❞♦/ ❞♦ ❡/ ✉❞♦ ❝♦♠♣✉ ❛❝✐♦♥❛❧ ❢❡✐ ♦ #❡✈❡❧❛#❛♠ -✉❡ ♦ ♠♦❞♦ ❞❡ ❝♦♥✲

❝❡♣67♦ ❞❛ ♠8-✉✐♥❛ ❧✐♥❡❛# ❝♦♠ ♦✐ ♦ ❜#❛6♦/ ❡/ ❛ :#✐❝♦/ ; ✉♠❛ ❜♦❛ ❛❧ ❡#♥❛ ✐✈❛ ❞❡

♣#♦❥❡ ♦ -✉❛♥❞♦ /❡ -✉❡# ❞✐♠✐♥✉✐# ♦/ ♥=✈❡✐/ ❞❡ ❞✐/♣❡#/7♦ ❞❡ ✢✉①♦ ♠❛❣♥; ✐❝♦ ❡ ❛✉✲

♠❡♥ ❛# ❛ ❡✜❝✐.♥❝✐❛ ❞❛ ♠8-✉✐♥❛✳ ❊♥ #❡ ❛♥ ♦✱ ♣❛#❛ ♦❜ ❡# ✉♠❛ ♣♦ .♥❝✐❛ ♠❛✐♦#✱ ;

♣#❡❝✐/♦ ❞✐♠✐♥✉✐# ♦ ♥C♠❡#♦ ❞❡ ❜#❛6♦/ ❡/ ❛ :#✐❝♦/ ❡ ❛✉♠❡♥ ❛# ❛ -✉❛♥ ✐❞❛❞❡ ❞❡ ❝♦✲

❜#❡✱ ♦ -✉❡ #❡/✉❧ ❛ ❡♠ ♠❛✐♦#❡/ ♣❡#❞❛/ ♣♦# ❏♦✉❧❡ ❡ ♣♦# ❞✐/♣❡#/7♦✳ ❖✉ #❛ ❛❧ ❡#♥❛ ✐✈❛

; ❛✉♠❡♥ ❛# ♦ ♥C♠❡#♦ ❞❡ ♣♦❧♦/ ♣♦# ❜#❛6♦ ❡/ ❛ :#✐❝♦✱ ♦ -✉❡ ✐♠♣❧✐❝❛ ❡♠ ✉♠ ♠❛✐♦#

♥C♠❡#♦ ❞❡ =♠7/ ❡ ♣❡6❛/ ♥♦ ❡✐①♦ ♠:✈❡❧ ❞❡ ❡①❝✐ ❛67♦✱ ❡ ❧❡✈❛ ❛ ✉♠❛ ♠❛✐♦# ♠❛//❛

❡-✉✐✈❛❧❡♥ ❡ ❞❛ ♠8-✉✐♥❛ ❧✐♥❡❛#✳ ❉✐♠❡♥/F❡/ ❝♦♠♦ ♦ ♣❛//♦ ❞♦ =♠7✱ ♣❛//♦ ♣♦❧❛# ❡  ❛✲

♠❛♥❤♦ ❞♦/ ❞❡♥ ❡/ ❡/ ❛ :#✐❝♦/  ❛♠❜;♠ ♣♦❞❡♠ /❡# ❛❧ ❡#❛❞❛/✱ ❞❡ ❢♦#♠❛ ❛ ❛✉♠❡♥ ❛#

❛ -✉❛♥ ✐❞❛❞❡ ❞❡ ✢✉①♦ ❡♥❧❛6❛❞♦ ♣♦# ♣♦❧♦✳ H♦❞❡✲/❡✱ ❛✐♥❞❛✱ ❡/♣❡❝✐✜❝❛# ✉♠ ✈❛❧♦# ♣❛#❛

❝♦##❡♥ ❡ ♥♦♠✐♥❛❧ ❞❛ ♠8-✉✐♥❛ ♠❛✐/ ❜❛✐①♦✱ ♦ -✉❡ ♣❡#♠✐ ❡ ❛ ❡/❝♦❧❤❛ ❞❡ ✜♦/ ❞❡ ❝♦❜#❡

❝♦♠ 8#❡❛ ❞❡ /❡67♦  #❛♥/✈❡#/❛❧ ♠❡♥♦#✱ ♣♦//✐❜✐❧✐ ❛♥❞♦ ❛ ❝♦♥❢❡❝67♦ ❞❡ ❜♦❜✐♥❛/ ❝♦♠

♠❛✐♦# ♥C♠❡#♦ ❞❡ ❡/♣✐#❛/ ❡ ♠❛✐♦#❡/  ❡♥/F❡/ ✐♥❞✉③✐❞❛/ ♣♦# ♣♦❧♦✳

◆❡/ ❡  #❛❜❛❧❤♦ ❢♦✐ ❝♦♥❝❧✉=❞♦ ♦ ♣#♦❥❡ ♦ ❡ ❛ ❝♦♥/ #✉67♦ ❞❡ ✉♠ ♣#♦ : ✐♣♦ ❞❡

♠8-✉✐♥❛ ❡❧; #✐❝❛ ❧✐♥❡❛#✳ ❆ #❡❧❡✈L♥❝✐❛ ❞♦ ♣#♦❥❡ ♦ ; ✈✐/ ❛ ♥7♦ /: ♣❡❧♦ ❣#❛♥❞❡ ❛♣❡❧♦

❝♦♥/ #✉ ✐✈♦✱ ❛ ♣❛# ✐# ❞♦ -✉❛❧ ❢♦✐ ♣♦//=✈❡❧ #❡❛❧✐③❛# ❡♥/❛✐♦/ ❡  ❡/ ❡/✱ ♠❛/  ❛♠❜;♠ ♣❡❧❛

#❡❞❛67♦ ❞❡/ ❡ ❞♦❝✉♠❡♥ ♦ -✉❡ /❡#✈❡ ❞❡ ❣✉✐❛ M ❝♦♥/ #✉67♦ ❞❡ ❢✉ ✉#♦/ ♣#♦ : ✐♣♦/✱ ❡

M /✐♠✉❧❛67♦  #✐❞✐♠❡♥/✐♦♥❛❧ ❞❡ ♠8-✉✐♥❛/ ❧✐♥❡❛#❡/✳

✼✳✷ #❡%&♣❡❝)✐✈❛&

H#♦❥❡ ♦/ ❢✉ ✉#♦/ /❡#7♦ ❝♦♥❞✉③✐❞♦/ ❞❡ ❢♦#♠❛ ❛ ♠❡❧❤♦#❛# ♦ ❜♦❜✐♥❛❞♦ ❞❛ ♠8✲

-✉✐♥❛✱ ❛ ♣❛# ✐# ❞❡ ✉♠ ❞✐♠❡♥/✐♦♥❛♠❡♥ ♦ ♠❛✐/ ❛❞❡-✉❛❞♦ ❞♦/ ✜♦/ ❞❡ ❝♦❜#❡✱ ♣❛#❛

-✉❡ ❛ ♣♦ .♥❝✐❛ ❣❡#❛❞❛ /❡❥❛ ♠❛✐♦#✳ ❖ ❡✐①♦ ❞❡ ❡①❝✐ ❛67♦ /❡#8 ♠♦❞✐✜❝❛❞♦ ❞❡ ♠♦❞♦ ❛

❞✐♠✐♥✉✐# ❛ -✉❛♥ ✐❞❛❞❡ ❞❡ ✢✉①♦ ❞✐/♣❡#/♦ ❡ ❛✉♠❡♥ ❛# ❛ ❡✜❝✐.♥❝✐❛ ❞❛ ♠8-✉✐♥❛✳ ❙❡#8

❛♥❛❧✐/❛❞❛ ❛ ✉ ✐❧✐③❛67♦ ❞❡ =♠7/ ❝♦♠ ❢♦#♠❛ ♦/ ♠❛✐/ /✐♠♣❧❡/✱ ♣♦/✐❝✐♦♥❛❞♦/ ❞❡ ❢♦#♠❛

❞✐❢❡#❡♥ ❡✱ /❡♠ -✉❡ /❡ ❛❧ ❡#❡ ♠✉✐ ♦ ❛ ❡/ #✉ ✉#❛ ❝♦♥/ #✉=❞❛✱ ✈✐/❛♥❞♦ ♦ ❛✉♠❡♥ ♦ ❞❛

-✉❛♥ ✐❞❛❞❡ ❞❡ ✢✉①♦ ❡♥❧❛6❛❞♦ ♣♦# ♣♦❧♦✳ ❆❧;♠ ❞✐/ ♦✱ ✉♠❛ ✜①❛67♦ ♠❡❧❤♦# ♣❛#❛ ❛

✶✸✽



❜❛♥❝❛❞❛ ❞❡ &❡'&❡' ❞❡✈❡ '❡) ♣❡♥'❛❞❛ ❡ ❛♣❧✐❝❛❞❛✱ ♣❛)❛ .✉❡ '❡❥❛♠ ♣♦''3✈❡✐' &❡'&❡' ❡♠

♠❛✐♦) ❢)❡.✉5♥❝✐❛✱ ❝♦♠ ♠❛✐♦) ❡'&❛❜✐❧✐❞❛❞❡ ♠❡❝6♥✐❝❛✳ ❆ ✐♥'&)✉♠❡♥&❛9:♦ ❞❛ ❜❛♥✲

❝❛❞❛ '❡)< ♣)♦❥❡&❛❞❛ ❡ ♠♦♥&❛❞❛ ❝♦♠ ❛ ✐♥❝❧✉':♦ ❞❡ '❡♥'♦)❡' ❞❡ ❞❡'❧♦❝❛♠❡♥&♦ ❡ ❞❡

❢♦)9❛✱ .✉❡ ❛❥✉❞❛):♦ ♥❛ ❝❛❧✐❜)❛9:♦ ❡ ♥♦ ❝♦♥&)♦❧❡ ❞♦ '✐'&❡♠❛✳ ❯♠❛ ♥♦✈❛ ♠♦❞❡❧❛❣❡♠

❝♦♠♣✉&❛❝✐♦♥❛❧ .✉❡ ❝♦♥'✐❞❡)❡ ❛ ❞❡♥'✐❞❛❞❡ ❞❡ ❝♦))❡♥&❡ ✐♥❞✉③✐❞❛ ♥♦' ❡♥)♦❧❛♠❡♥&♦'✱

❜❡♠ ❝♦♠♦ ♦' ❡❢❡✐&♦' ❞❛ ✐♥❝❧✉':♦ ❞❡ ❝❛)❣❛' )❡'✐'&✐✈❛' ❡ ♥:♦ )❡'✐'&✐✈❛' '❡)< ❢❡✐&❛✳

❙❡):♦ ❛♥❛❧✐'❛❞♦' ♦' ♠❡✐♦' ❞❡ ✐♥&❡❣)❛9:♦ ❞❡ ❞✐❢❡)❡♥&❡' ❢❡))❛♠❡♥&❛' ❞❡ ❝<❧❝✉❧♦ ❝♦♠✲

♣✉&❛❝✐♦♥❛❧ ❞❡ ❢♦)♠❛ ❛ ❛❝♦♣❧❛) ♦ '✐'&❡♠❛ ❞❡ ❣❡)❛9:♦ ❛ ✉♠ '✐'&❡♠❛ ❞❡ ❡❧❡&)A♥✐❝❛

❞❡ ♣♦&5♥❝✐❛ ❡ B )❡❞❡ ❡❧C&)✐❝❛✳ D)❡&❡♥❞❡✲'❡✱ ❛✐♥❞❛✱ &)❛❜❛❧❤❛) ♥♦ ❞❡'❡♥✈♦❧✈✐♠❡♥&♦ ❡

❛♣❧✐❝❛9:♦ ❞❡ ❡'&)❛&C❣✐❛' ❞❡ ❝♦♥&)♦❧❡ ♣❛)❛ ♦ '✐'&❡♠❛ ❞❡ ❣❡)❛9:♦ ❞❡'❡♥✈♦❧✈✐❞♦✳

✶✸✾



❆♣"♥❞✐❝❡ ❆

❚❡♦*✐❛ ❞❡ ❝❛♠♣♦- ❡❧❡/*♦♠❛❣♥1/✐❝♦-

❈♦♥#✐❞❡'❛' ❛ '❡❧❛*+♦ ❡♥,'❡ ❝♦''❡♥,❡ ❡ ❝❛♠♣♦ ♠❛❣♥1,✐❝♦✱ ❛ ▲❡✐ ❈✐$❝✉✐'❛❧ ❞❡

❆♠♣❡$❡ '❡❧❛❝✐♦♥❛ ❝♦''❡♥,❡ I ❡ ✐♥,❡♥#✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ♠❛❣♥1,✐❝♦ ❍ ❞❛ #❡❣✉✐♥,❡

❢♦'♠❛✿

∮

❍ · dl = I ✭❆✳✶✮

❙❡ ❏ 1 ❛ ❞❡♥#✐❞❛❞❡ ❞❡ ❝♦''❡♥,❡ ❡♠ ✉♠❛ #✉♣❡'❢<❝✐❡ s✱ ❛ ❊>✉❛*+♦ ❆✳✶ ♣♦❞❡ #❡'

❡#❝'✐,❛ ❝♦♠♦✿

∮

❍ · dl =
∫

s

❏ · ds ✭❆✳✷✮

❯#❛♥❞♦ ♦ ❚❡♦'❡♠❛ ❞❡ ❙,♦❦❡#✱ ❛ ▲❡✐ ❈✐'❝✉✐,❛❧ ❞❡ ❆♠♣❡'❡ ,♦'♥❛✲#❡✿

∇×❍ = ❏ ✭❆✳✸✮

❆ ❞❡♥#✐❞❛❞❡ ❞❡ ❝♦''❡♥,❡ ❏ ❡#,F '❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❞❡♥#✐❞❛❞❡ ❞❡ ❝❛'❣❛ ρ ❛,'❛✈1#

❞❛ ❡>✉❛*+♦ ❞❡ ❝♦♥,✐♥✉✐❞❛❞❡✿



∇ · ❏ = −∂ρ

∂t
✭❆✳✹✮

❈❛'♦ )♦♠❡♠♦' ♦ ❞✐✈❡/❣❡♥)❡ ❞❛ ❊3✉❛56♦ ❆✳✸✱ ✉♠❛ ✐♥❝♦♥'✐'):♥❝✐❛ ; /❡✈❡❧❛❞❛✱

♣♦✐' ∇ · ∇ ×H = 0✳ ❈❛'♦ ✉♠ )❡/♠♦ ❡①)/❛ ∂D/∂t '❡❥❛ ❛❞✐❝✐♦♥❛❞♦ ❛♦ ❧❛❞♦ ❞✐/❡✐)♦

❞❛ ❊3✉❛56♦ ❆✳✸✱ )❡♠♦'✿

∇×❍ = ❏+
∂❉

∂t
✭❆✳✺✮

❆ ❡3✉❛56♦ ❞❡ ❝♦♥)✐♥✉✐❞❛❞❡ ; '❛)✐'❢❡✐)❛ ❢❛③❡♥❞♦✿

∇ ·D = ρ ✭❆✳✻✮

❆ ❊3✉❛56♦ ❆✳✻ ❡①♣/❡''❛ ❛ ▲❡✐ ❞❡ ●❛✉''✱ ♥❛ 3✉❛❧ ❉ ; ❛ ❞❡♥'✐❞❛❞❡ ❞❡ ✢✉①♦

❡❧;)/✐❝♦✳

❆ ✜♠ ❞❡ ♦❜)❡/ ✐♥❢♦/♠❛5H❡' ❝♦♠♣❧❡)❛' '♦❜/❡ ❛ )❡♦/✐❛ ❞❡ ❝❛♠♣♦' ❡❧❡)/♦♠❛❣♥;✲

)✐❝♦'✱ ❛❧;♠ ❞❡ ❡3✉❛5H❡' ❞❡ ▼❛①✇❡❧❧✱ ♦✉)/❛' /❡❧❛5H❡' '6♦ L)❡✐'✳ ❈♦♠♦ '❡❣✉❡✿

▲❡✐ ❞❡ ❖❤♠✳ M❛/❛ ✉♠ ❝♦♥❞✉)♦/ ❞❡ ❝♦♥❞✉)✐✈✐❞❛❞❡ σ✿

❏ = σ❊ ✭❆✳✼✮

+❡,♠✐''✐✈✐❞❛❞❡✳ ❖ ❝❛♠♣♦ ❡❧;)/✐❝♦ ❡ ❛ ❞❡♥'✐❞❛❞❡ ❞❡ ✢✉①♦ ❡❧;)/✐❝♦ ❡')6♦ /❡❧❛✲

❝✐♦♥❛❞♦' ♣❡❧❛ ❊3✉❛56♦ ❆✳✽✱ ♥❛ 3✉❛❧ ε ❝♦//❡'♣♦♥❞❡ ❛ ♣❡/♠✐''✐✈✐❞❛❞❡ ❡❧;)/✐❝❛ ❞♦

♠❛)❡/✐❛❧✳

❉ = ε❊ ✭❆✳✽✮

+❡,♠❡❛❜✐❧✐❞❛❞❡✳ ❆ ✐♥)❡♥'✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ♠❛❣♥;)✐❝♦ ❡ ❛ ✐♥)❡♥'✐❞❛❞❡ ❞❡ ✢✉①♦

♠❛❣♥;)✐❝♦ ❡')6♦ /❡❧❛❝✐♦♥❛❞♦' ♣❡❧❛ ❊3✉❛56♦ ❆✳✾✱ ♥❛ 3✉❛❧ µ ; ❛ ♣❡/♠❡❛❜✐❧✐❞❛❞❡ ❞♦

♠❡✐♦✳

✶✹✶



❇ = µ❍ ✭❆✳✾✮

❆ ♠❛✐♦)✐❛ ❞♦+ ❞✐+♣♦+✐-✐✈♦+ ❞❡ ❝♦♥✈❡)+2♦ +2♦ ❢♦)♠❛❞♦+ ❛ ♣❛)-✐) ❞❡ ❡+-)✉-✉)❛+

♠❛❣♥6-✐❝❛+✳ 7♦) ❡+-❡ ♠♦-✐✈♦✱ ❢❛)❡♠♦+ ❛❧❣✉♠❛+ ❝♦♥+✐❞❡)❛:;❡+ +♦❜)❡ ♦+ ♠❛-❡)✐❛✐+

♠❛❣♥6-✐❝♦+✳

❆✳✶ ▼❛%❡'✐❛✐) ♠❛❣♥-%✐❝♦)

❘❡-♦)♥❛♥❞♦ ❛ ❊?✉❛:2♦ ✭❆✳✾✮✱ ❇ ❡ ❍ ❡+-2♦ )❡❧❛❝✐♦♥❛❞♦+ ♥♦ ✈@❝✉♦ ♣❡❧❛

❡?✉❛:2♦✿

❇ = µ0❍ ✭❆✳✶✵✮

◆❛ ?✉❛❧ µ0 ❝♦))❡+♣♦♥❞❡ ❛ ♣❡)♠❡❛❜✐❧✐❞❛❞❡ ♥♦ ✈@❝✉♦✱ ❡ -❡♠ ✈❛❧♦) µ0 = 4π10−7

❍✴♠✳ ❆ ❊?✉❛:2♦ ❆✳✶✵ ♣♦❞❡ +❡) ♠♦❞✐✜❝❛❞❛ ❞❡ ❢♦)♠❛ ❛ ❝♦♥+✐❞❡)❛) ✉♠ ♠❡✐♦ ?✉❡

♥2♦ +❡❥❛ ♦ ✈@❝✉♦✱ ♥❛ ❢♦)♠❛✿

❇ = µ❍, µ = µRµ0 ✭❆✳✶✶✮

◆❛ ?✉❛❧ µ 6 ❛ ♣❡)♠❡❛❜✐❧✐❞❛❞❡ ❡ µR 6 ❛ ♣❡)♠❡❛❜✐❧✐❞❛❞❡ )❡❧❛-✐✈❛✱ ✉♠❛ ❝♦♥+-❛-❡

❛❞✐♠❡♥+✐♦♥❛❧✳ ❊♠ ♠❛-❡)✐❛✐+ ♥2♦ ❤♦♠♦❣J♥❡♦+ ❡ ♥2♦ ✐+♦-)K♣✐❝♦+✱ µ -♦)♥❛✲+❡ ✉♠ ✈❡✲

-♦)✳ 7❛)❛ ❛❧❣✉♥+ ♠❛-❡)✐❛✐+✱ ❛ ❊?✉❛:2♦ ❆✳✾ 6 ♥2♦✲❧✐♥❡❛)✱ ❡ µ ✈❛)✐❛ ❝♦♠ ❛ ♠❛❣♥✐-✉❞❡

❞❡ ❇✳ ❊+-❡ )❡+✉❧-❛❞♦ ❡+-@ )❡❧❛❝✐♦♥❛❞♦ ❞✐)❡-❛♠❡♥-❡ ❝♦♠ ❛ ❝✉)✈❛ B − H ❞♦ ♠❛-❡✲

)✐❛❧✳ ❯♠ ♠❛-❡)✐❛❧ 6 ❝❧❛++✐✜❝❛❞♦ ❞❡ ❛❝♦)❞♦ ❝♦♠ ❛ ♥❛-✉)❡③❛ ❞❡ +✉❛ ♣❡)♠❡❛❜✐❧✐❞❛❞❡

)❡❧❛-✐✈❛ µR✱ ?✉❡ ❞❡♣❡♥❞❡ ❞❛ ❡+-)✉-✉)❛ ❛-O♠✐❝❛ ✐♥-❡)♥❛ ❞♦ ♠❛-❡)✐❛❧✳ ❖+ ♠❛-❡)✐❛✐+

✧♥2♦✲♠❛❣♥6-✐❝♦+✧ +2♦ ❝❧❛++✐✜❝❛❞♦+ ❝♦♠♦  ❛"❛♠❛❣♥&'✐❝♦+✱ ♣❛)❛ ♦+ ?✉❛✐+ µR 6 ❧✐❣❡✐✲

)❛♠❡♥-❡ ♠❡♥♦) ?✉❡ ✶✱✵✱ ♦✉ ❞✐❛♠❛❣♥6-✐❝♦+✱ ♣❛)❛ ♦+ ?✉❛✐+ µR 6 ❧✐❣❡✐)❛♠❡♥-❡ ♠❡♥♦)

?✉❡ ✶✱✵✳ ◆♦ ❡♥-❛♥-♦✱ ♣❛)❛ ❡❢❡✐-♦+ ♣)@-✐❝♦+✱ µR ♣♦❞❡ +❡) ❝♦♥+✐❞❡)❛❞♦ ✶✱✵ ♣❛)❛ ❡+-❡+

♠❛-❡)✐❛✐+✳
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B−H

B−H

H

B

s

B −H

B −H

µd =
1

µ0

d

d



❆ ♣❡"♠❡❛❜✐❧✐❞❛❞❡ "❡❧❛)✐✈❛ ✐♥✐❝✐❛❧ ! ❞❡✜♥✐❞❛ ❝♦♠♦✿

µi = lim
❍→0

1

µ0

|❇
❍

| ✭❆✳✶✸✮

◆❛ 2❡❣✐4♦ ■■ ❛ ❝✉2✈❛ B−H ! 2❡❧❛9✐✈❛♠❡♥9❡ :✐♠♣❧❡:✱ ❡ :❡ ♦ ❞✐:♣♦:✐9✐✈♦ ♠❛❣♥!9✐❝♦

❛9✉❛2 ❛♣❡♥❛: ♥❡::❛ 2❡❣✐4♦✱ ❛ ❧✐♥❡❛2✐③❛>4♦ ♣♦❞❡ :❡2 ✉:❛❞❛✳ ?❛2❛ 9♦❞❛: ❛: 2❡❣✐@❡:✱

✉♠ 9❡2♠♦ ♠❛✐: ❣❡2❛❧ ♣♦❞❡ :❡2 ✉:❛❞♦✳ ➱ ❛ ❛♠♣❧✐)✉❞❡ ❞❛ ♣❡"♠❡❛❜✐❧✐❞❛❞❡ "❡❧❛)✐✈❛✱

B✉❡ ! ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ 2❡❧❛>4♦ ❡♥92❡ ❇ ❡ ❍ ❡♠ B✉❛❧B✉❡2 ♣♦♥9♦ ❞❛ ❝✉2✈❛✱ ♦✉ ❝♦♠♦✿

µa =
1

µ0

|❇
❍

| ✭❆✳✶✹✮

◆♦ ❣❡2❛❧✱ ❛ ♣❡2♠❡❛❜✐❧✐❞❛❞❡ ❞❡✈❡ :❡2 ❞❡✜♥✐❞❛ ❝♦♠ ❜❛:❡ ♥♦ 9✐♣♦ ❞❡ :✐♥❛❧ ❡①❝✐✲

9❛♥❞♦ ♦ ♠❛9❡2✐❛❧ ♠❛❣♥!9✐❝♦✳

❖ :❡❣✉♥❞♦ ❣2H✜❝♦ ❞❡ ❝❛2❛❝9❡2I:9✐❝❛: ! ♦ ❧❛.♦ ❞❡ ❤✐1)❡"❡1❡✳ ❚❛❧ ❣2H✜❝♦ ✐❧✉:92❛

✈H2✐♦: ♣❛2K♠❡92♦: ❝❛2❛❝9❡2I:9✐❝♦: ❞❛ ♠❛✐♦2 ♣❛29❡ ❞♦: ♠❛9❡2✐❛✐: ♠❛❣♥!9✐❝♦:✳ ❆

H2❡❛ ♥♦ ✐♥9❡2✐♦2 ❞♦ ❣2H✜❝♦ ❡:9H 2❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❡♥❡2❣✐❛ 2❡B✉❡2✐❞❛ ♣❛2❛ ✐♥✈❡29❡2

♦: ♠♦♠❡♥9♦: ❞❡ ❞✐♣♦❧♦ ♠❛❣♥!9✐❝♦ B✉❛♥❞♦ ♦ ❝❛♠♣♦ ❞❡ ♠❛❣♥❡9✐③❛>4♦ ! ✐♥✈❡29✐❞♦✳

❊:9❛ ❡♥❡2❣✐❛ ! ✐22❡✈❡2:I✈❡❧ ❡ ! ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ♣❡"❞❛ ♣♦" ❤✐1)❡"❡1❡✳ ❆ ✐♥9❡2:❡>4♦ ❞♦

❧❛>♦ ❞❡ ❤✐:9❡2❡:❡ ❝♦♠ ♦ ❡✐①♦ ❤♦2✐③♦♥9❛❧ ✭❍✮ ! ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❢♦2>❛ ❝♦❡2❝✐9✐✈❛ ❍c

❚❛❧ ❢♦2>❛✱ ♣❛2❛ ♦ ❝❛:♦ ❞❡ I♠4: ♣❡2♠❛♥❡♥9❡:✱ 2❡♣2❡:❡♥9❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ :✉♣♦29❛2

:✐♥❛✐: ♠❛❣♥!9✐❝♦: ❡①9❡2♥♦: ❛9! B✉❡ ♦❝♦22❛ ❛ ❞❡:♠❛❣♥❡9✐③❛>4♦✳ ❆ ✐♥9❡2:❡>4♦ ❞♦ ❧❛>♦

❝♦♠ ♦ ❡✐①♦ ✈❡29✐❝❛❧ ✭❇✮ ! ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❞❡♥1✐❞❛❞❡ ❞❡ ✢✉①♦ "❡♠❛♥❡♥)❡ ❇r✳
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ps

pt



x = Rp(1 + sin θ) ✭❇✳✶✮

Fp = (pt − ps)Ap, ✭❇✳✷✮

τp = FpRp cos θ, ✭❇✳✸✮

♥❛ (✉❛❧✱

θ✿ -♦/✐12♦ ❛♥❣✉❧❛4 ❞❛ ♠❛♥✐✈❡❧❛❀

x✿ -♦/✐12♦ ❞♦ ♣✐/;2♦❀

Rp✿ ❉❡/❧♦❝❛♠❡♥;♦ ♠>①✐♠♦ ❞♦ ♣✐/;2♦❀

Ap✿ ➪4❡❛ ❞❛ /❡12♦ ;4❛♥/✈❡4/❛❧ ❞♦ ♣✐/;2♦❀

Fp✿ ❋♦41❛ ❞❡/❡♥✈♦❧✈✐❞❛ ♣❡❧♦ ♣✐/;2♦❀

τp✿ ❚♦4(✉❡ ❞❡/❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ♣✐/;2♦❀

❚♦♠❛♥❞♦ ❝♦♠♦ ❜❛/❡ ✉♠ ♠♦;♦4 ❞❡ /;✐4❧✐♥❣ ❝♦♠ ♦/ ♣❛4D♠❡;4♦/✿ ps = 1Pa✱

Ap = 1, 9cm2
✱ Rp = 1, 25cm✱ ❡ ❝✉4✈❛ ❞❡ ♣4❡//2♦ ♥♦ ❡/♣❛1♦ ❞❡ ;4❛❜❛❧❤♦ ❝♦♥❤❡❝✐❞❛✱

♣♦❞❡♠♦/ ❝❤❡❣❛4 ❛ ✉♠❛ ❝✉4✈❛ ❞❡ ;♦4(✉❡✱ (✉❛♥❞♦ ♦ /✐/;❡♠❛ F /✉❜♠❡;✐❞♦ ❛ ✉♠❛

✈❛4✐❛12♦ ❞❛ ❝❛4❣❛ ♥♦ ✐♥/;❛♥;❡ 0, 04s✱ ♣❛4❛ ✉♠ ♠♦;♦4 ❞❡ ❙;✐4❧✐♥❣✱ ❝♦♠♦ ♠♦/;4❛❞♦

♥❛ ❋✐❣✉4❛ ❇✳✷✳
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❋✐❣✉$❛ ❇✳✷✿ ❈✉$✈❛ ❞❡ .♦$0✉❡ ❞❡ ✉♠ ♠♦.♦$ ❞❡ ❙.✐$❧✐♥❣✳

❋♦♥.❡✿ ❏❆❍❘❖▼■✱ ✷✵✶✶✱ ♣✳ ✻✽✵✳

❖ ♠♦.♦$ ❞❡ ❙.✐$❧✐♥❣ ❇❡.❛ ♣♦❞❡ B❡$ ❞✐✈✐❞✐❞♦ ❡♠ .$CB ✈♦❧✉♠❡B✿ ❱♦❧✉♠❡ ❞❡ ❊①♣❛♥✲

BH♦ ✭Ve✮✱ ❱♦❧✉♠❡ ❞❡ ❈♦♠♣$❡BBH♦ ✭Vc✮ ❡ ❱♦❧✉♠❡ ❞♦ ❘❡❣❡♥❡$❛❞♦$ ✭Vr✮✳ ❆B ❡0✉❛KL❡B

0✉❡ ❞❡B❝$❡✈❡♠ ❛ ✈❛$✐❛KH♦ ❞❡B.❡B ✈♦❧✉♠❡B BH♦✿

Ve =
Vemax

2
(1 + cos(φ)) + Vemin ✭❇✳✹✮

Vc =
Vcmax

2
(1 + cos(φ− α)) + Vcmin ✭❇✳✺✮

Vemax ❡ Vcmax BH♦ ♦B ✈♦❧✉♠❡B ♠P①✐♠♦B✱ ❡♥0✉❛♥.♦ 0✉❡ Vemin ❡ Vcmin BH♦ ♦B

✈♦❧✉♠❡B ♠Q♥✐♠♦B ❞❡ ❡①♣❛♥BH♦ ❡ ❝♦♠♣$❡BBH♦✱ $❡B♣❡❝.✐✈❛♠❡♥.❡✳ φ R ♦ S♥❣✉❧♦ ❞❛

♠❛♥✐✈❡❧❛✱ B❡♥❞♦ ✐❣✉❛❧ ❛ ωt✱ ♦♥❞❡ ω R ❛ ♣✉❧B❛KH♦✱ t R ♦ .❡♠♣♦✱ α R ♦ S♥❣✉❧♦ ❞❡

❢❛B❡ ❡♥.$❡ ♦B ✈♦❧✉♠❡B ❞❡ ❝♦♠♣$❡BBH♦ ❡ ❡①♣❛♥BH♦✳ ❆ ♣♦.C♥❝✐❛ ❧Q0✉✐❞❛ W ❞♦ ❝✐❝❧♦

R ❞❡✜♥✐❞❛ ♣❡❧❛ $❡❧❛KH♦ 0✉❡ ✐♥.❡❣$❛ ♦B ♣❛$S♠❡.$♦B .❡$♠♦❞✐♥S♠✐❝♦B ❡ ❣❡♦♠R.$✐❝♦B

❞❡✜♥✐❞♦B ♥❛ ❚❛❜❡❧❛ ❇✳✶ ❬✸✹❪✿
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W =
N |W |
60

= (1− τ)
N

60

πPmedVemaxKce sin(α)

(1 +
√
1− δ2)S

✭❇✳✻✮

❆ ♣'❡))*♦ ❧-.✉✐❞❛ pl ❡ ❛ ♣'❡))*♦ ♠4❞✐❛ pmed ❞❡♥6'♦ ❞♦ ♠♦6♦' )*♦✿

pl =
pmed

√
1− δ2

1 + δ cos(ωt− θ)
, ✭❇✳✼✮

♥❛ .✉❛❧✱

pmed =
C/S

√

(1− δ)(1 + δ)
✭❇✳✽✮

❖) 6❡'♠♦) B✱ C ❡ S )*♦ ❢✉♥=>❡) ❞♦) ♣❛'?♠❡6'♦) ❣❡♦♠46'✐❝♦) ❡ 6❡'♠♦❞✐♥?♠✐❝♦)✳

❆ ♣♦6B♥❝✐❛ ❞♦ ♠♦6♦' ❞❡ ❙6✐'❧✐♥❣ ♣♦❞❡ )❡' ❞❡)❝'✐6❛ ♣♦' ♠❡✐♦ ❞❡ ✉♠ ❢❛6♦' ❞❡ ♣♦6B♥❝✐❛

❛❞✐♠❡♥)✐♦♥❛❧ FP ✿

FP =
60W

NpmedVcmax

✭❇✳✾✮

❚❛❜❡❧❛ ❇✳✶✿ H❛'?♠❡6'♦) 6❡'♠♦❞✐♥?♠✐❝♦) ❡ ❣❡♦♠46'✐❝♦)✳

❘❡❧❛$%♦ ❞❡ ❝❛❧♦) ❡*♣❡❝,✜❝♦ ❞♦ ❣/* γ
❘❡❧❛$%♦ 0❡♠♣❡)❛0✉)❛* ❞❡ ❝♦♠♣)❡**%♦ ❡ ❡①♣❛♥*%♦ τ = Tc/Te

❘❡❧❛$%♦ ✈♦❧✉♠❡* ❞❡ ❝♦♠♣)❡**%♦ ❡ ❡①♣❛♥*%♦ Kce = VcM/VeM

❘❡❧❛$%♦ ✈♦❧✉♠❡ ♠,♥✐♠♦ ♥♦ ❡*♣❛$♦ ❞❡ ❡①♣❛♥*%♦ Xem = Vem/VeM

❘❡❧❛$%♦ ✈♦❧✉♠❡ ♠,♥✐♠♦ ♥♦ ❡*♣❛$♦ ❞❡ ❝♦♠♣)❡**%♦ Xcm = Vcm/VeM

❘❡❧❛$%♦ ✈♦❧✉♠❡ ♠,♥✐♠♦ ♥♦ )❡❣❡♥❡)❛❞♦) Xcm = Vcm/VeM

❊)6❡ ❝✐❝❧♦ 6❡♠ ❝❛'❛❝6❡'-)6✐❝❛) ♠✉✐6♦ ♣'J①✐♠❛) ❞♦ ❝❤❛♠❛❞♦ ❈✐❝❧♦ ❞❡ ❈❛(♥♦*✱

.✉❡ ❡)6❛❜❡❧❡❝❡ ♦ ❧✐♠✐6❡ 6❡J'✐❝♦ ♠M①✐♠♦ ❞❡ '❡♥❞✐♠❡♥6♦ ❞❛) ♠M.✉✐♥❛) 64'♠✐❝❛)✳

❈♦♥)✐❞❡'❛♥❞♦ ♦ '❡❣✐♠❡ ❡)6❛❝✐♦♥M'✐♦ ❞❡ ❝♦♥✈❡')*♦ 64'♠✐❝❛✱ ❛ ❡✜❝✐B♥❝✐❛ ♠M①✐♠❛ ❞♦

♠♦6♦' ❞❡ ❙*✐(❧✐♥❣ 4 ❧✐♠✐6❛❞❛ ❛ ✷✴✸ ❞♦ ❝✐❝❧♦ ❞❡ ❈❛'♥♦6✱ ❡ 4 ❞❛❞❛ ♣♦'✿

✶✹✽



ηs =
Tq − Tf

Tq

✭❇✳✶✵✮

◆♦ (✉❛❧✿

Tq✿ ❚❡♠♣❡1❛2✉1❛ ❞♦ ❛(✉❡❝❡❞♦1❀

Tf ✿ ❚❡♠♣❡1❛2✉1❛ ❞♦ 1❡❢1✐❣❡1❛❞♦1❀

❈♦♥;✐❞❡1❛♥❞♦ ❛ ♠<(✉✐♥❛ 2=1♠✐❝❛ ❛❝♦♣❧❛❞❛ ❛ ♠<(✉✐♥❛ ❡❧=21✐❝❛✱ = ♣1❡❝✐;♦ ✉♠

;✐;2❡♠❛ ❞❡ 1❡;❢1✐❛♠❡♥2♦ ♣♦1 ♠❡✐♦ ❞❡ 21♦❝❛❞♦1❡; ❞❡ ❝❛❧♦1 (✉❡ 1❡❝✉♣❡1❛♠ ♦ ❝❛❧♦1 ❞❛

♠<(✉✐♥❛ ♣1✐♠<1✐❛ ♣❛1❛ ♣1♦❞✉③✐1 <❣✉❛ (✉❡♥2❡ ♦✉ ✈❛♣♦1 ❬✺❪✳ ❚❡♥❞♦ ❡♠ ✈✐;2❛ ✐;2♦✱

= ♣♦;;D✈❡❧ ✐♥21♦❞✉③✐1 ❛ ✈❛1✐<✈❡❧ (✉❡ 1❡♣1❡;❡♥2❛ ✉♠ ❝♦❡✜❝✐❡♥2❡ ❞❡ ❞❡;❡♠♣❡♥❤♦ ❞❡

1❡❢1✐❣❡1❛GH♦✱ ❈❖J ✭❝♦♦❧✐♥❣ ❝♦❡✣❝✐❡♥2 ♦❢ ♣❡1❢♦1♠❛♥❝❡✮✱ (✉❡ ❛✉①✐❧✐❛ ♥♦ ❝<❧❝✉❧♦ ❞❡

❡✜❝✐M♥❝✐❛ ❞♦ ;✐;2❡♠❛✳ ❈❖J = ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ 1❛③H♦ ❡♥21❡ ❛ ♣♦2M♥❝✐❛ ❞❡ 1❡❢1✐❣❡1❛GH♦

♦❜2✐❞❛ ✭Pref ✮ ❡ ❛ ♣♦2M♥❝✐❛ ❞❡ ❡♥21❛❞❛ ✭Pi✮ ❞❛ ♠<(✉✐♥❛ ❡❧=21✐❝❛✱ ❝♦♥;✐❞❡1❛♥❞♦✿

ηel =
Pel

Pi

✭❇✳✶✶✮

◆♦ (✉❛❧✿

ηel✿ ❊✜❝✐M♥❝✐❛ ❡❧=21✐❝❛❀

Pel✿ J♦2M♥❝✐❛ ❡❧=21✐❝❛ ♦❜2✐❞❛❀

Pi✿ J♦2M♥❝✐❛ ❞❡ ❡♥21❛❞❛✱

COP =
Pref

Pi

✭❇✳✶✷✮

❈♦♠ ✐;;♦✱ = ♣♦;;D✈❡❧ ❞❡✜♥✐1 ✉♠ ❝♦❡✜❝✐❡♥2❡ ❞❡ ❞❡;❡♠♣❡♥❤♦ ❞❡ 1❡❢1✐❣❡1❛GH♦ ;♦❧❛1

COPsolar ❝♦♠♦ ❛ 1❛③H♦ ❡♥21❡ ❛ ♣♦2M♥❝✐❛ ❞❡ 1❡❢1✐❣❡1❛GH♦ ♦❜2✐❞❛ ✭Pref ✮ ❡ ❛ ♣♦2M♥❝✐❛

;♦❧❛1 ♣1✐♠<1✐❛ ✭Psol✮✱ (✉❡ ❛❧✐♠❡♥2❛ ♦ ;✐;2❡♠❛ ❞❡ ❣❡1❛GH♦ ❬✺❪✿

COPsol =
Pref

Psol

= ηcol · COP ✭❇✳✶✸✮

✶✹✾



❈♦♥#✐❞❡'❛♥❞♦ ♦ #✐#)❡♠❛ ❞❡ ❣❡'❛,-♦✱ ❛❧❣✉♠❛# )❡❝♥♦❧♦❣✐❛# ❡#)-♦ ❞✐#♣♦♥3✈❡✐# ♣❛'❛

#✉❜#)✐)✉✐,-♦ ❞❛ ♠67✉✐♥❛ ♣'✐♠6'✐❛✱ ❛7✉✐ #✉❣❡'✐❞❛ ❝♦♠♦ #❡♥❞♦ ✉♠ ♠♦)♦' ❞❡ ❝♦♠❜✉#✲

)-♦ ✐♥)❡'♥❛ ✭▼❈■✮ ❝♦♠ ❢✉♥❝✐♦♥❛♠❡♥)♦ #❡♠❡❧❤❛♥)❡ ❛♦ ♠♦)♦' ❞❡ ❙)✐'❧✐♥❣✳ ❆ ❚❛❜❡❧❛

❇✳✷ ♠♦#)'❛ ✉♠❛ ❝♦♠♣❛'❛,-♦ ❡♥)'❡ ♦# ♣'✐♥❝✐♣❛✐# ❞✐#♣♦#✐)✐✈♦# ❞❡ ❛❝✐♦♥❛♠❡♥)♦ ♣'✐✲

♠6'✐♦ ✉#❛❞♦# ♥❛ ❣❡'❛,-♦✳

❚❛❜❡❧❛ ❇✳✷✿ ❈♦♠♣❛'❛,-♦ ❡♥)'❡ ♦# ♣'✐♥❝✐♣❛✐# ♠❡✐♦# ❞❡ ❛❝✐♦♥❛♠❡♥)♦ ♣'✐♠6'✐♦ ✉#❛❞♦#

♥❛ ❣❡'❛,-♦ ❡♠ ❞♦✐# ♣'♦❝❡##♦# ❞❡ ❝♦♥✈❡'#-♦✳

❚❡❝♥♦❧♦❣✐❛ )♦*+♥❝✐❛ ❡❧,*-✐❝❛ ✭kWe✮ ηel ❈✉2*♦ ✭k$/kWe✮
▼❈■ 1− 50 0, 25− 0, 35 0, 8− 1, 5

▼✐❝'♦✲❚✉'❜✐♥❛ ≥ 30 ✵✱✷✺ ✲ ✵✱✸✵ ✵✱✺ ✲ ✶✱✸

▼♦)♦' ❞❡ ❙)✐'❧✐♥❣ ✵✱✽ ✲ ✷ ✵✱✶ ✲ ✵✱✷ ✷✱✺ ✲ ✷✱✽

❈K❧✉❧❛ ❛ ❈♦♠❜✉#)3✈❡❧ ✶ ✲ ✺✵ ✵✱✹ ✲ ✵✱✼ > 3

❆ ❘❡❧❛,-♦ ❞❡ ●❡'❛,-♦ ❡♠ ❞✉❛# ❢❛#❡# λ ❡①♣'✐♠❡ ❡♥)'❡ ♦ ❝❛❧♦' ♦❜)✐❞♦ ❡ ❛ ♣♦)Q♥❝✐❛

❡❧K)'✐❝❛ ❣❡'❛❞❛ ❬✺❪✳ ❚'❛)❛✲#❡ ❞❡ ✉♠ ♣❛'T♠❡)'♦ ✐♠♣♦')❛♥)❡ 7✉❡ ❞❡✈❡ #❡' ❧❡✈❛❞♦ ❡♠

❝♦♥)❛ ♥♦ ✐♥3❝✐♦ ❞♦ ♣'♦❥❡)♦✱ ♣❛'❛ ❞❡✜♥✐' ❛ ♠67✉✐♥❛ ♣'✐♠6'✐❛ ❝♦''❡)❛ ♣❛'❛ ❛ ❛♣❧✐❝❛,-♦

❞❡#❡❥❛❞❛ ❡ ♣❛'❛ ❛✈❛❧✐❛' ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❡❝♦♥W♠✐❝❛ ❞♦ #✐#)❡♠❛✳ ❆ ❚❛❜❡❧❛ ❇✳✸ )'❛③ ✉♠❛

❝♦♠♣❛'❛,-♦ ❞♦ ♣❛'T♠❡)'♦ λ ❡♥)'❡ ♦# ♣'✐♥❝✐♣❛✐# ♠❡✐♦# ❞❡ ❛❝✐♦♥❛♠❡♥)♦ ♣'✐♠6'✐♦✳

❚❛❜❡❧❛ ❇✳✸✿ ❈♦♠♣❛'❛,-♦ ❞♦ ♣❛'T♠❡)'♦ λ ❡♥)'❡ ♦# ♣'✐♥❝✐♣❛✐# ♠❡✐♦# ❞❡ ❛❝✐♦♥❛♠❡♥)♦
♣'✐♠6'✐♦ ✉#❛❞♦# ♥❛ ❣❡'❛,-♦ ❝♦♠ ❞✉♣❧❛ ❝♦♥✈❡'#-♦✳

❚❡❝♥♦❧♦❣✐❛ λ
▼❈■ 1, 5− 3

▼✐❝'♦✲❚✉'❜✐♥❛ ✷ ✲ ✸

▼♦)♦' ❞❡ ❙)✐'❧✐♥❣ ✶✱✷ ✲ ✽

❈K❧✉❧❛ ❞❡ ❈♦♠❜✉#)3✈❡❧ ✶ ✲ ✷✱✺

▼67✉✐♥❛# ❡❧K)'✐❝❛# ❧✐♥❡❛'❡# ❛ 3♠-# ♣❡'♠❛♥❡♥)❡# #-♦ ❛# ♠❛✐# ✐♥❞✐❝❛❞❛# ♣❛'❛ ❣❡✲

'❛,-♦ #♦❧❛' ✐♥❞✐'❡)❛ ❞❡#)❡ )✐♣♦✳ ❙-♦ ❞✐#♣♦#✐)✐✈♦# 7✉❡ )❡♠ ❢♦'♠❛)♦# ♠❡❝❛♥✐❝❛♠❡♥)❡

#✐♠♣❧❡#✱ ❝♦♠ ❡✐①♦ ❞❡ ❡①❝✐)❛,-♦ ♠❛❣♥K)✐❝❛ ♠Y✈❡❧✱ ❡ ❡❧❡✈❛❞❛ ❡✜❝✐Q♥❝✐❛ ✭❛❝✐♠❛ ❞❡

✾✵✪✮✳ ➱ ✐♠♣♦')❛♥)❡ ❝♦♥#✐❞❡'❛' ❛ ❢'❡7✉Q♥❝✐❛ ❞❡ ♦♣❡'❛,-♦ 7✉❛♥❞♦ ❝♦♠♣❛'❛♠♦# ❛#

♣♦)Q♥❝✐❛# ❡#♣❡❝3✜❝❛# ❞❡ ❝❛❞❛ ♣'♦❥❡)♦ ❞❡ ♠67✉✐♥❛ ❧✐♥❡❛'✳ ❆ ♠❛##❛ ❞♦ ❝♦♥✈❡'#♦' ❛

✉♠❛ ❞❛❞❛ ❡✜❝✐Q♥❝✐❛ ❡❧K)'✐❝❛ K ✐♥✈❡'#❛♠❡♥)❡ ♣'♦♣♦'❝✐♦♥❛❧ ❛ ❢'❡7✉Q♥❝✐❛ ❬✸✺❪✳ ]❛'❛

✶✺✵



✉♠❛ ❞❛❞❛ ❝♦♥✜❣✉)❛*+♦ ❞❛ ♠,-✉✐♥❛ ❡❧12)✐❝❛✱ ❛ ❡✜❝✐4♥❝✐❛ ❞❡ ❝♦♥✈❡)6+♦ ♣♦❞❡ 6❡)

❛✉♠❡♥2❛❞❛✱ ❛✉♠❡♥2❛♥❞♦ ❛ ♠❛66❛ ❞♦ ❝♦♥✈❡)6♦) ❬✸✺❪✳

✶✺✶



❘❡❢❡#$♥❝✐❛) ❇✐❜❧✐♦❣#/✜❝❛)

✶ ■◆❚❊❘◆❆❈■❖◆❆▲ ❊◆❊❘●❨ ❆●❊◆❈❨✳ ❲♦"❧❞ ❊♥❡"❣② ❖✉,❧♦♦❦ ✷✵✶✺✳

❋.❛♥1❛✱ ❏✉♥❤♦ ✷✵✶✺✳

✷ ❊▼;❘❊❙❆ ❉❊ ;❊❙◗❯■❙❆ ❊◆❊❘●@❚■❈❆ ✲ ❊;❊✳ ❇❛❧❛♥4♦ ❊♥❡"❣5,✐❝❛

◆❛❝✐♦♥❛❧ ✷✵✶✺✳ ❘✐♦ ❞❡ ❏❛♥❡✐.♦✱ ❏✉♥❤♦ ✷✵✶✺✳

✸ ;❊❘❊■❘❆✱ ❊✳ ❇✳❀ ▼❆❘❚■◆❙✱ ❋✳ ❘✳❀ ❆❇❘❊❯✱ ❙✳ ▲✳❀ ❘❯❚❍❊❘✱ ❘✳ ❆,❧❛:

❇"❛:✐❧❡✐"♦ ❞❡ ❊♥❡"❣✐❛ ❙♦❧❛"✳ ❙I♦ ❏♦J@ ❞♦J ❈❛♠♣♦J✱ ✷✵✵✻✳

✹ ❇❘❆❙■▲ ❧❛♥1❛ ;.♦❣.❛♠❛ ❞❡ ●❡.❛1I♦ ❉✐JQ.✐❜✉S❞❛ ❝♦♠ ❞❡JQ❛U✉❡ ♣❛.❛ ❡♥❡.❣✐❛

J♦❧❛.✳ ❤!!♣✿✴✴♠✐❣(❡✳♠❡✴!✽✼✶❣✳ ❆❝❝❡JJ♦✿ ✷✷✲✵✶✲✷✵✶✻✳

✺ ■▼▼❖❱■▲▲■✱ ❋✳❀ ❇❊▲▲■◆■✱ ❆✳❀ ❇■❆◆❈❍■◆■✱ ❈✳❀ ❋❘❆◆❈❊❙❈❍■◆■✱ ●✳ ❙♦❧❛.

Q.✐❣❡♥❡.❛Q✐♦♥ ❢♦. .❡J✐❞❡♥Q✐❛❧ ❛♣♣❧✐❝❛Q✐♦♥J✱ ❛ ❢❡❛J✐❜❧❡ ❛❧Q❡.♥❛Q✐✈❡ Q♦ Q.❛❞✐Q✐♦♥❛❧

♠✐❝.♦✲❝♦❣❡♥❡.❛Q✐♦♥ ❛♥❞ Q.✐❣❡♥❡.❛Q✐♦♥ ♣❧❛♥QJ✳ ■♥✿ ■♥❞✉:,"② ❆♣♣❧✐❝❛,✐♦♥: ❙♦❝✐❡,②

❆♥♥✉❛❧ ▼❡❡,✐♥❣✱ ✷✵✵✽✳ ■❆❙ ✬✵✽✳ ■❊❊❊✳ ❊❞♠♦♥Q♦♥✱ ❆❧Q❛✿ ■❊❊❊✱ ✷✵✵✽✳ ♣✳ ✶✕✽✳

■❙❙◆ ✵✶✾✼✲✷✻✶✽✳

✻ ❘❖❙❙■✱ ❆✳❀ ■▼▼❖❱■▲▲■✱ ❋✳❀ ❇■❆◆❈❍■◆■✱ ❈✳❀ ❇❊▲▲■◆■✱ ❆✳❀ ❙❊❘❘❆✱ ●✳

❉❡J✐❣♥ ♦❢ ❧✐♥❡❛. ❛❧Q❡.♥❛Q♦.J ❢♦. Q❤❡.♠♦❛❝♦✉JQ✐❝ ♠❛❝❤✐♥❡J✳ ■♥✿ ❊♥❡"❣② ❈♦♥✈❡":✐♦♥

❈♦♥❣"❡:: ❛♥❞ ❊①♣♦:✐,✐♦♥✱ ✷✵✵✾✳ ❊❈❈❊ ✷✵✵✾✳ ■❊❊❊✳ ❙❛♥ ❏♦J❡✱ ❈❆✿ ■❊❊❊✱ ✷✵✵✾✳

♣✳ ✷✹✸✻✕✷✹✹✵✳

✼ ❩❍❊◆●✱ ;✳❀ ❨❯✱ ❇✳❀ ❩❍❯✱ ❙✳❀ ●❖◆●✱ ◗✳❀ ▲■❯✱ ❏✳ ❘❡J❡❛.❝❤ ♦♥ ❝♦♥Q.♦❧

JQ.❛Q❡❣② ♦❢ ❢.❡❡✲♣✐JQ♦♥ JQ✐.❧✐♥❣✲❡♥❣✐♥❡ ❧✐♥❡❛.✲❣❡♥❡.❛Q♦. J②JQ❡♠✳ ■♥✿ ❊❧❡❝,"✐❝❛❧



▼❛❝❤✐♥❡' ❛♥❞ ❙②'+❡♠' ✭■❈❊▼❙✮✱ ✷✵✶✹ ✶✼+❤ ■♥+❡8♥❛+✐♦♥❛❧ ❈♦♥❢❡8❡♥❝❡ ♦♥ ✳

❍❛♥❣③❤♦✉✿ ■❊❊❊✱ ✷✵✶✹✳ ♣✳ ✷✸✵✵✕✷✸✵✹✳

✽ ❈❍❊◆✱ ❆✳❀ ❉❆■✱ ❳✳ ■♥;❡=♥❛❧ ❝♦♠❜✉B;✐♦♥ ❡♥❣✐♥❡ ✈✐❜=❛;✐♦♥ ❛♥❛❧②B✐B ✇✐;❤

B❤♦=;✲;❡=♠ ❢♦✉=✐❡=✲;=❛♥B❢♦=♠✳ ■♥✿ ■♠❛❣❡ ❛♥❞ ❙✐❣♥❛❧ =8♦❝❡''✐♥❣ ✭❈■❙=✮✱ ✷✵✶✵ ✸8❞

■♥+❡8♥❛+✐♦♥❛❧ ❈♦♥❣8❡'' ♦♥✳ ❨❛♥;❛✐✿ ■❊❊❊✱ ✷✵✶✵✳ ✈✳ ✾✱ ♣✳ ✹✵✽✽✕✹✵✾✶✳

✾ ❈❖❙■❈✱ ❆✳ ❆♥❛❧②'✐' ♦❢ ❛ ◆♦✈❡❧ ❚8❛♥'✈❡8'❡ ❋❧✉① ▼❛❝❤✐♥❡ ✇✐+❤ ❛ ❚✉❜✉❧❛8

❈8♦''✲'❡❝+✐♦♥ ❢♦8 ❋8❡❡ =✐'+♦♥ ❊♥❡8❣② ❈♦♥✈❡8+❡8 ❆♣♣❧✐❝❛+✐♦♥ ✳ ❚❡B❡ ✭❉♦✉;♦=❛❞♦✮

✖ ❑❚❍ ❙❝❤♦♦❧ ♦❢ ❊❧❡❝;=✐❝❛❧ ❊♥❣✐♥❡❡=✐♥❣✱ ❊B;♦❧❝♦♠♦✳

✶✵ ❆■❙❍❲❆❘❨❆✱ ❘✳❀ ❉❍■❱❨❆❇❍❆❘❆❚❍■✱ ❑✳ ❙♦❧❛= ♣♦✇❡=❡❞ B;✐=❧✐♥❣ ❡♥❣✐♥❡

❢♦= B❡❧❢✲❣❡♥❡=❛;✐♥❣ ❡❧❡❝;=✐❝✐;②✳ ■♥✿ ❘❡❝❡♥+ ❆❞✈❛♥❝❡♠❡♥+' ✐♥ ❊❧❡❝+8✐❝❛❧✱ ❊❧❡❝+8♦♥✐❝'

❛♥❞ ❈♦♥+8♦❧ ❊♥❣✐♥❡❡8✐♥❣ ✭■❈❖◆❘❆❊❡❈❊✮✱ ✷✵✶✶ ■♥+❡8♥❛+✐♦♥❛❧ ❈♦♥❢❡8❡♥❝❡ ♦♥ ✳

❙✐✈❛❦❛B✐✿ ■❊❊❊✱ ✷✵✶✶✳ ♣✳ ✹✹✷✕✹✹✼✳

✶✶ ❙❍❆❘■❆❚Y❆◆❆❍✱ ❍✳❀ ❏❆❍❘❖▼■✱ ▼✳ ❩✳❀ ❋❆❉❆❊■◆❊❉✲

❏❆❉✱ ❘✳ ❙✐♠✉❧❛;✐♦♥ ♦❢ ❛ ♥❡✇ ❣=✐❞✲❝♦♥♥❡❝;❡❞ ❤②❜=✐❞ ❣❡♥❡=❛;✐♦♥

B②B;❡♠ ✇✐;❤ B;✐=❧✐♥❣ ❡♥❣✐♥❡ ❛♥❞ ✇✐♥❞ ;✉=❜✐♥❡✳ ❏♦✉8♥❛❧ ♦❢ ❘❡✲

♥❡✇❛❜❧❡ ❛♥❞ ❙✉'+❛✐♥❛❜❧❡ ❊♥❡8❣②✱ ✈✳ ✺✱ ♥✳ ✻✱ ✷✵✶✸✳ ❉✐B♣♦♥`✈❡❧ ❡♠✿

<❤;;♣✿✴✴B❝✐;❛;✐♦♥✳❛✐♣✳♦=❣✴❝♦♥;❡♥;✴❛✐♣✴❥♦✉=♥❛❧✴❥=B❡✴✺✴✻✴✶✵✳✶✵✻✸✴✶✳✹✽✺✵✹✼✺>✳

✶✷ ❑■❘❑▲❊❨✱ ❉✳ ❲✳ ❉❡;❡=♠✐♥❛;✐♦♥ ♦❢ ;❤❡ ♦♣;✐♠✉♠ ❝♦♥✜❣✉=❛;✐♦♥ ❢♦= ❛ B;✐=❧✐♥❣

❡♥❣✐♥❡✳ ❏♦✉8♥❛❧ ♦❢ ▼❡❝❤❛♥✐❝❛❧ ❊♥❣✐♥❡❡8✐♥❣ ❙❝✐❡♥❝❡✱ ✈✳ ✹✱ ♥✳ ✸✱ ♣✳ ✷✵✹✕✷✶✷✱ ✶✾✻✷✳

❉✐B♣♦♥`✈❡❧ ❡♠✿ <❤;;♣✿✴✴❥♠B✳B❛❣❡♣✉❜✳❝♦♠✴❝♦♥;❡♥;✴✹✴✸✴✷✵✹✳❛❜B;=❛❝;>✳

✶✸ ❙❆❘■✱ ❆✳❀ ❊❙Y❆◆❊❚✱ ❈✳❀ ▲❆◆❩❊❚❚❆✱ ❋✳❀ ❈❍❆▼❆●◆❊✱ ❉✳❀ ▼❆❘◗❯❊❚✱

❉✳❀ ◆■❑❆✱ Y✳ ❉❡B✐❣♥ ❛♥❞ ♣❡=❢♦=♠❛♥❝❡ ♣=❡❞✐❝;✐♦♥ ♦❢ ♠✐♥✐❛;✉=✐③❡❞ B;✐=❧✐♥❣ ♣♦✇❡=

❣❡♥❡=❛;♦=B✳ ■♥✿ ❚❡❧❡❝♦♠♠✉♥✐❝❛+✐♦♥' ❊♥❡8❣② ❈♦♥❢❡8❡♥❝❡✱ ✷✵✵✽✳ ■◆❚❊▲❊❈ ✷✵✵✽✳

■❊❊❊ ✸✵+❤ ■♥+❡8♥❛+✐♦♥❛❧✳ ❙❛♥ ❉✐❡❣♦✱ ❈❆✿ ■❊❊❊✱ ✷✵✵✽✳ ♣✳ ✶✕✼✳

✶✹ ❲❆▲❑❊❘✱ ●✳❀ ❙❊◆❋❚✱ ❏✳ ❘✳ ❋8❡❡ =✐'+♦♥ ❙+✐8❧✐♥❣ ❊♥❣✐♥❡' ✭▲❡❝+✉8❡ ◆♦+❡'

✐♥ ❊♥❣✐♥❡❡8✐♥❣✮✳ ❇❡=❧✐♥✿ ❙♣=✐♥❣❡=✲❱❡=❧❛❣✱ ✶✾✽✺✳

✶✺✸



✶✺ ❋❊❘◆❆◆❉❊❙✱ ❏✳ ❛♦ .✳ ❋✳ ❆♥"❧✐%❡ ❝✐♥❡♠❛*✐❝❛ ❡ ❞✐♥❛♠✐❝❛ ❞❡ ♠❡❝❛♥✐%♠♦%

❝♦♠ -❡❝✉-%♦ ❛ ♠❡✐♦% ❝♦♠♣✉*❛❝✐♦♥❛✐%✳ ❉✐00❡23❛45♦ ✭▼❡032❛❞♦✮ ✖ ❯♥✐✈❡20✐❞❛❞❡

❞♦ ▼✐♥❤♦✿ ❡0❝♦❧❛ ❞❡ ❡♥❣❡♥❤❛2✐❛✱ ✷✵✵✵✳

✶✻ ●■❊❈❑✱ ❑✳ ▼❛♥✉❛❧ ❞❡ ❋2-♠✉❧❛% ❚4❝♥✐❝❛%✳ ❇2❛0✐❧✿ ❉✐♥❛❧✐✈2♦✱ ✶✾✾✻✳

✶✼ ❙❖❯❩❆✱ ▲✳ .2♦❥❡3♦ ❞❡ ✉♠ 0✐03❡♠❛ ❞❡ ❣❡2❛45♦ ❞❡ ❡❧❡32✐❝✐❞❛❞❡ ❜❛0❡❛❞♦ ❡♠

✉♠❛ ♠TU✉✐♥❛ ❡❧V32✐❝❛ ❧✐♥❡❛2 ❡ ✉♠❛ ♠TU✉✐♥❛ 3V2♠✐❝❛ ❞❡ ♣✐035♦ ❧✐✈2❡✳ ❉✐%%❡-*❛67♦

❡♠ ❝✉-%♦✳✱ ✷✵✶✺✳

✶✽ ❚❙❊◆●✱ ❲✳✲❚✳❀ ❲❆◆●✱ ❏✳✲❏✳ ❈♦❣❣✐♥❣ ❢♦2❝❡ ❛♥❛❧②0✐0 ❢♦2 ❞❡0✐❣♥ ♦❢ ❛

❝2♦00✲0❤❛♣❡❞ ❝♦2❡ ♣❡2♠❛♥❡♥3 ♠❛❣♥❡3 ❧✐♥❡❛2 ♠♦3♦2✳ ■♥✿ ❊❧❡❝*-✐❝❛❧ ▼❛❝❤✐♥❡% ❛♥❞

❙②%*❡♠% ✭■❈❊▼❙✮✱ ✷✵✶✷ ✶✺*❤ ■♥*❡-♥❛*✐♦♥❛❧ ❈♦♥❢❡-❡♥❝❡ ♦♥ ✳ ❙❛♣♣♦2♦✿ ■❊❊❊✱

✷✵✶✷✳ ♣✳ ✶✕✺✳

✶✾ ❍❯❆◆●✱ ❲✳❀ ❙❍■✱ ❈✳❀ ❳❯❊✱ ❨✳❀ ❙❖◆●✱ ●✳❀ ▲■◆●✱ ❨✳ ❖♣3✐♠❛❧ ❞❡0✐❣♥ ♦❢

♣❡2♠❛♥❡♥3 ♠❛❣♥❡3 ❧✐♥❡❛2 ♠♦3♦2 ❢♦2 2❡❞✉❝✐♥❣ ❝♦❣❣✐♥❣ ❢♦2❝❡✳ ■♥✿ ❚-❛♥%♣♦-*❛*✐♦♥

❊❧❡❝*-✐✜❝❛*✐♦♥ ❆%✐❛✲I❛❝✐✜❝ ✭■❚❊❈ ❆%✐❛✲I❛❝✐✜❝✮✱ ✷✵✶✹ ■❊❊❊ ❈♦♥❢❡-❡♥❝❡ ❛♥❞

❊①♣♦✳ ❇❡✐❥✐♥❣✿ ■❊❊❊✱ ✷✵✶✹✳ ♣✳ ✶✕✹✳

✷✵ ❋■❚❩●❊❘❆▲✱ ❆✳ ❊✳❀ ❏❘✱ ❈✳ ❑✳❀ ❯▼❆◆❙✱ ❙✳ ❉✳ ▼"L✉✐♥❛% ❊❧4*-✐❝❛%✳ 6a✳

❇2❛0✐❧✿ ❇♦♦❦♠❛♥✱ ✷✵✶✸✳

✷✶ ▲❊❊✱ ❏✳✲❨✳❀ ❍❖◆●✱ ❏✳✲.✳❀ ❑❆◆●✱ ❉✳✲❍✳ ❆♥❛❧②0✐0 ♦❢ ♣❡2♠❛♥❡♥3 ♠❛❣♥❡3

3②♣❡ 32❛♥0✈❡20❡ ✢✉① ❧✐♥❡❛2 ♠♦3♦2 ❜② ❝♦✉♣❧✐♥❣ ✷❞ ✜♥✐3❡ ❡❧❡♠❡♥3 ♠❡3❤♦❞ ♦♥

✸❞ ❡U✉✐✈❛❧❡♥3 ♠❛❣♥❡3✐❝ ❝✐2❝✉✐3 ♥❡3✇♦2❦ ♠❡3❤♦❞✳ ■♥✿ ■♥❞✉%*-② ❆♣♣❧✐❝❛*✐♦♥%

❈♦♥❢❡-❡♥❝❡✱ ✷✵✵✹✳ ✸✾*❤ ■❆❙ ❆♥♥✉❛❧ ▼❡❡*✐♥❣✳ ❈♦♥❢❡-❡♥❝❡ ❘❡❝♦-❞ ♦❢ *❤❡ ✷✵✵✹

■❊❊❊✳ ❈❤❛♥❣✇♦♥✱ ❑♦2❡❛✿ ■❊❊❊✱ ✷✵✵✹✳ ✈✳ ✸✱ ♣✳ ✷✵✾✷✕✷✵✾✽ ✈♦❧✳✸✳ ■❙❙◆ ✵✶✾✼✲✷✻✶✽✳

✷✷ ❈❖❙■❈✱ ❆✳❀ ❙❆❉❆❘❆◆●❆◆■✱ ❯✳❀ ❈❆❘▲❙❙❖◆✱ ❋✳ ❆ ♥♦✈❡❧ ❝♦♥❝❡♣* ♦❢ ❛

❚-❛♥%✈❡-%❡ ❋❧✉① ▲✐♥❡❛- ❋-❡❡✲I✐%*♦♥ ●❡♥❡-❛*♦-✳ ❊03♦❧❝♦♠♦✿ ❬0✳♥✳❪✱ ✷✵✵✹✳ ✶✲✻ ♣✳

✷✸ ●❆❘❈■❆✱ ❏✳ ❙✳ ❉✳❀ ▲❯❩✱ ▼✳ ❱✳ ❋✳ ❞❛❀ ❇❆❙❚❖❙✱ ❏✳ ❛♦ .✳ ❆✳❀ ❙❆❉❖❲❙❑■✱

◆✳ ❚2❛♥0✈❡20❡ ✢✉① ♠❛❝❤✐♥❡0✿ ❲❤❛3 ❢♦2❄ ■❊❊❊ ▼✉❧*✐❞✐%❝✐♣❧✐♥❛-② ❊♥❣✐♥❡❡-✐♥❣

❊❞✉❝❛*✐♦♥ ▼❛❣❛③✐♥❡✱ ✈✳ ✷✱ ▼❛24♦ ✷✵✵✼✳

✶✺✹



✷✹ ❍❆❘❘■❙✱ ▼✳❀ +❆❏❖❖▼❆◆✱ ●✳❀ ❙❍❆❘❑❍✱ ❙✳ ❆✳ ❚❤❡ ♣5♦❜❧❡♠ ♦❢ ♣♦✇❡5

❢❛❝>♦5 ✐♥ ✈5♣♠ ✭>5❛♥C✈❡5C❡✲✢✉①✮ ♠❛❝❤✐♥❡C✳ ■♥✿ ❊❧❡❝$%✐❝❛❧ ▼❛❝❤✐♥❡+ ❛♥❞ ❉%✐✈❡+✱

✶✾✾✼ ❊✐❣❤$❤ ■♥$❡%♥❛$✐♦♥❛❧ ❈♦♥❢❡%❡♥❝❡ ♦♥ ✭❈♦♥❢✳ :✉❜❧✳ ◆♦✳ ✹✹✹✮ ✳ ❈❛♠❜5✐❞❣❡✿

■❊❊❊✱ ✶✾✾✼✳ ♣✳ ✸✽✻✕✸✾✵✳ ■❙❙◆ ✵✺✸✼✲✾✾✽✾✳

✷✺ ❇❖▲❉❊❆✱ ■✳❀ ◆❆❙❆❘✱ ❙✳ ❆✳ ▲✐♥❡❛% ❊❧❡$%✐❝ ❆❝$✉❛$♦%+ ❛♥❞ ●❡♥❡%❛$♦%+✳ 1a✳

◆❡✇ ❨♦5❦✿ ❈❛♠❜5✐❞❣❡ ❯♥✐✈❡5C✐>② +5❡CC✱ ✶✾✾✼✳

✷✻ ❘■◆❉❊❘❑◆❊❈❍❚✱ ❋✳❀ ❍❊❘❩❖●✱ ❍✳ ❈❛❧❝✉❧❛>✐♦♥ ♦❢ ❛ ❧✐♥❡❛5 ❣❡♥❡5❛>♦5 ❢♦5 ❛

❤②❜5✐❞ ✈❡❤✐❝❧❡ ❝♦♥❝❡♣>✳ ■♥✿ ❊❧❡❝$%✐❝❛❧ ▼❛❝❤✐♥❡+ ✭■❈❊▼✮✱ ✷✵✶✵ ❳■❳ ■♥$❡%♥❛$✐♦♥❛❧

❈♦♥❢❡%❡♥❝❡ ♦♥✳ ❘♦♠❡✿ ■❊❊❊✱ ✷✵✶✵✳ ♣✳ ✶✕✺✳

✷✼ +■◆●✱ ❍✳ ❲✳❀ ❆❘❖❋✱ ❍✳❀ ❲■❏❖◆❖✳ ❉❡C✐❣♥ ♦❢ ❛ ♣❡5♠❛♥❡♥> ♠❛❣♥❡> ❧✐♥❡❛5

❣❡♥❡5❛>♦5✳ ■♥✿ ❙$%❛$❡❣✐❝ ❚❡❝❤♥♦❧♦❣②✱ ❚❤❡ ✶+$ ■♥$❡%♥❛$✐♦♥❛❧ ❋♦%✉♠ ♦♥✳ ❯❧C❛♥✿

■❊❊❊✱ ✷✵✵✻✳ ♣✳ ✷✸✶✕✷✸✹✳

✷✽ ❲❆◆●✱ ❏✳❀ ❲❆◆●✱ ❲✳❀ ❆❚❆▲▲❆❍✱ ❑✳❀ ❍❖❲❊✱ ❉✳ ❉❡C✐❣♥ ❝♦♥C✐❞❡5❛>✐♦♥C

❢♦5 >✉❜✉❧❛5 ✢✉①✲C✇✐>❝❤✐♥❣ ♣❡5♠❛♥❡♥> ♠❛❣♥❡> ♠❛❝❤✐♥❡C✳ ▼❛❣♥❡$✐❝+✱ ■❊❊❊

❚%❛♥+❛❝$✐♦♥+ ♦♥✱ ✈✳ ✹✹✱ ♥✳ ✶✶✱ ♣✳ ✹✵✷✻✕✹✵✸✷✱ ◆♦✈ ✷✵✵✽✳ ■❙❙◆ ✵✵✶✽✲✾✹✻✹✳

✷✾ ❙❈❍❯❚❚❊✱ ❏✳ ❖♣$✐♠✐+❛$✐♦♥ ♦❢ ❛ $%❛♥+✈❡%+❡ ✢✉① ❧✐♥❡❛% :▼ ❣❡♥❡%❛$♦% ✉+✐♥❣

✸❉ ❋✐♥✐$❡ ❊❧❡♠❡♥$ ❆♥❛❧②+✐+✳ ❉✐CC❡5>❛ab♦ ✭▼❡C>5❛❞♦✮ ✖ ❙>❡❧❧❡♥❜♦C❝❤ ❯♥✐✈❡5C✐>②✱

✷✵✶✶✳

✸✵ ❘■❇❊■❘❖✱ ❏✳ ▼✳ ❊✳ ❉❡+❡♥✈♦❧✈✐♠❡♥$♦ ❞❡ ●❡%❛❞♦% ▲✐♥❡❛% ❞❡ ❜❛✐①❛ ✈❡❧♦❝✐❞❛❞❡

♣❛%❛ ❛♣❧✐❝❛PQ♦ ❡♠ ❝♦♥✈❡%+♦% ❞❡ ❡♥❡%❣✐❛ %❡♥♦✈R✈❡❧✳ ❉✐CC❡5>❛ab♦ ✭▼❡C>5❛❞♦✮ ✖

❯♥✐✈❡5C✐❞❛❞❡ ❞♦ ❆❧❣❛5✈❡✱ ✷✵✶✵✳

✸✶ ▲❆◆❉●❘❆❋✱ ❋✳ ❏✳ ●✳ +5♦♣5✐❡❞❛❞❡C ♠❛❣♥d>✐❝❛C ❞❡ ❛a♦C ♣❛5❛ ✜♥C ❡❧d>5✐❝♦C✳

❆P♦+✿ ♣❡%+♣❡❝$✐✈❛+ ♣❛%❛ ♦+ ♣%T①✐♠♦+✱ ✈✳ ✶✵✱ ♣✳ ✶✵✾✕✶✷✽✱ ✷✵✵✷✳

✸✷ ❈❆❚f▲❖●❖ ●❡5❛❧ ❞❡ +5♦❞✉>♦C ✲ ▼❛❣❚❡❦✳ ✷✵✶✹✳ ✽ ♣✳ ❤!!♣✿✴✴✇✇✇✳♠❛❣!❡❦✳

❝♦♠✳❜/✴✇♣✲❝♦♥!❡♥!✴✉♣❧♦❛❞5✴✷✵✶✹✴✵✷✴❝❛!❛❧♦❣♦✲❣❡/❛❧✲♠❛❣!❡❦✳♣❞❢ ✳

❆❝❝❡CC♦✿ ✷✻✲✵✶✲✷✵✶✻✳

✶✺✺



✸✸ ❆❈❖❙ ❡❧'()✐❝♦- ❞❡ ●)0♦ ❖)✐❡♥(❛❞♦ ❡ ❞❡ ●)0♦ ◆0♦ ❖)✐❡♥(❛❞♦✳ ✷✵✶✺✳

✶✸ ♣✳ ❤!!♣✿✴✴❜&❛(✐❧✳❛♣❡&❛♠✳❝♦♠✴✇♣✲❝♦♥!❡♥!✴✉♣❧♦❛❞(✴✷✵✶✺✴✶✶✴

❆✲✲♦(✲❊❧✲✲!&✐❝♦(✲●❖✲❡✲●◆❖✳♣❞❢✳ ❆❝❡--♦✿ ✷✻✲✵✶✲✷✵✶✻✳

✸✹ ❋❘❆◆❈❖■❙✱ B✳❀ B❘❊❱❖◆❉✱ ▲✳❀ ❆❍▼❊❉✱ ❍✳ ❇✳❀ ▼❯▲❚❖◆✱ ❇✳ ●'♥')❛(❡✉)

(✉❜✉❧❛✐)❡ ❛-②♥❝❤)♦♥❡ ♣♦✉) ❝♦❣'♥')❛(❡✉) ❙(✐)❧✐♥❣✳ ■♥✿ ❊❧❡❝$%♦$❡❝❤♥✐*✉❡ ❞✉

❋✉$✉%✳ ●■❋ ❙❯❘ ❨❱❊❚❚❊✱ ❋)❛♥❝❡✿ ❍❛❧✱ ✷✵✵✸✳ ♣✳ ✼♣✳ ❉✐-♣♦♥T✈❡❧ ❡♠✿

<❤((♣-✿✴✴❤❛❧✳❛)❝❤✐✈❡-✲♦✉✈❡)(❡-✳❢)✴❤❛❧✲✵✵✻✼✹✻✼✼>✳

✸✺ ❲❖❖❉✱ ❏✳ ●✳ ❙$❛$✉0 ♦❢ ❢%❡❡✲♣✐0$♦♥ ❙$✐%❧✐♥❣ ❚❡❝❤♥♦❧♦❣② ❛$ 0✉♥♣♦✇❡%✱ ■◆❈✳

❆(❤❡♥-✱ ❖❍✱ ✷✵✵✸✳

✶✺✻


