
HAL Id: hal-01058175
https://hal.science/hal-01058175

Submitted on 26 Aug 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Low frequency coupling and mode interference in an
inhomogeneous lattice of finite length

Jean Kergomard, Marc Pachebat

To cite this version:
Jean Kergomard, Marc Pachebat. Low frequency coupling and mode interference in an inhomogeneous
lattice of finite length. Forum Acusticum, Sep 2014, Krakow, France. 6 p. �hal-01058175�

https://hal.science/hal-01058175
https://hal.archives-ouvertes.fr


Low frequency coupling and mode interference

in an inhomogeneous lattice of finite length
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❛❧♦♥❣ t❤❡✐r ❛①❡s ❜② ❧❛t❡r❛❧ ♣❡r❢♦r❛t✐♦♥s ❛s s❤♦✇♥ ✐♥
❋✐❣✳✶✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ✇r✐t❡ t❤❡ tr❛♥s❢❡r ♠❛tr✐①
♦❢ ❛♥ ❡❧❡♠❡♥t❛r② ❝❡❧❧ ✭♦❢ ❧❡♥❣t❤ 2l✮ ♦❢ t❤❡ ♣❡r✐♦❞✐❝
❧❛tt✐❝❡✳ ❚❤❡ t✇♦ ✇❛✈❡❣✉✐❞❡s ❛r❡ ✜❧❧❡❞ ✇✐t❤ ❞✐✛❡r❡♥t
♣r♦♣❛❣❛t✐♦♥ ♠❡❞✐❛✱ ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ ❧❛tt✐❝❡ ✐s ❝❛❧❧❡❞
❛♥ ✐♥❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡✳
❑❡r❣♦♠❛r❞ ❡t ❛❧✳ ❬✸❪ s❤♦✇❡❞ t❤❛t ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥

♣❧❛♥❡ ✇❛✈❡s ✐♥ ❣✉✐❞❡s ✶ ❛♥❞ ✷ ✐♥tr♦❞✉❝❡❞ ❜② ❛ ❧❛t❡r❛❧
♣❡r❢♦r❛t✐♦♥ s✐t✉❛t❡❞ ❛t ❛ ❣✐✈❡♥ ❛❜s❝✐ss❛ xn✱ ❝❛♥ ❜❡
❞❡s❝r✐❜❡❞ ✐♥ ❛♥ ❡①❛❝t ♠❛♥♥❡r ❜② ❛ ♣❡r❢♦r❛t✐♦♥ ♠❛tr✐①
♦❢ ❢♦✉rt❤ ♦r❞❡r✳ ❆t ❛ ❣✐✈❡♥ ❢r❡q✉❡♥❝②✱ t❤❡ ♣❧❛♥❡ ✇❛✈❡
❛♠♣❧✐t✉❞❡s ♦❢ t❤❡ ❛❝♦✉st✐❝ ♣r❡ss✉r❡s ❛♥❞ ✈❡❧♦❝✐t② ♦♥
t❤❡ ❧❡❢t ♦❢ ❛ ❧❛t❡r❛❧ ♣❡r❢♦r❛t✐♦♥

VL =

(

V1L

V2L

)

=









p1L
v1L
p2L
v2L









, ✭✶✮

❝❛♥ ❜❡ r❡❧❛t❡❞ t♦ t❤❡ s❛♠❡ q✉❛♥t✐t✐❡s ♦♥ t❤❡ r✐❣❤t
VR ♦❢ t❤❡ ♣❡r❢♦r❛t✐♦♥✱ ✉s✐♥❣ ❛ ❢♦✉rt❤ ♦r❞❡r ♣❡r❢♦r❛t✐♦♥
♠❛tr✐① PF ✐♥ ♦r❞❡r t♦ ✇r✐t❡✿

VL = PF VR . ✭✷✮

❚❤❡ ♠❛tr✐① PF t❛❦❡s t❤❡ ❢♦r♠ ❬✸❪ ✭❛♥t✐✲s②♠♠❡tr✐❝❛❧
♦r✐❡♥t❛t✐♦♥✮✿

PF =

(

(γ1 + γ2M) γ2(I−M)
γ1(I−M) (γ2 + γ1M)

)

, ✭✸✮

✇✐t❤

γ1,2 =
S1,2

S1 + S2

, M = I+
2ZaYs

1− ZaYs

(

1 Y −1
s

Z−1
a 1

)

,

✇❤❡r❡ S1 ❛♥❞ S2 ❛r❡ t❤❡ ❝r♦ss s❡❝t✐♦♥s ♦❢ t❤❡ ✇❛✈❡❣✲
✉✐❞❡s✱ ❛♥❞ Za ❛♥❞ Ys ✐♥tr♦❞✉❝❡ r❡s♣❡❝t✐✈❡❧② t❤❡ s❡r✐❡s
✭s♣❡❝✐✜❝✮ ✐♠♣❡❞❛♥❝❡ ❛♥❞ s❤✉♥t ✭s♣❡❝✐✜❝✮ ❛❞♠✐tt❛♥❝❡
♦❢ t❤❡ ❧❛t❡r❛❧ ♣❡r❢♦r❛t✐♦♥✳ I ✐s t❤❡ s❡❝♦♥❞ ♦r❞❡r ✐❞❡♥✲
t✐t② ♠❛tr✐①✳

✶

✶

✶

✷

✶

✷

♣❡r❢♦r❛t✐♦♥s
2l

✷ ❂

r✐❣✐❞ ✇❛❧❧ ✭σd = 0✮

✭σd = 1✮

❞✐❛♣❤r❛❣♠s
✭σd = [0.08; 0.8]✮

◆♦♥❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡

❇r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs

❍♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡

❛①✐s

❛①✐s

❛①✐s

❋✐❣✉r❡ ✷✳ ❈②❧✐♥❞r✐❝❛❧ ▲❛tt✐❝❡s ♦❢ ✜♥✐t❡ ❧❡♥❣t❤✿ ✐♥❤♦♠♦❣❡✲
♥❡♦✉s ❧❛tt✐❝❡ ✭t♦♣✮✱ ❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs ✇✐t❤
❝❧♦s❡❞ ❝❡❧❧s ✐♥ ❲❛✈❡❣✉✐❞❡ ✷ ✭❝❡♥t❡r✮ ❛♥❞ ❤♦♠♦❣❡♥❡♦✉s ❧❛t✲
t✐❝❡ ✭❜♦tt♦♠✮✳

❚❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ♣❧❛♥❡ ✇❛✈❡s ❛❧♦♥❣ t❤❡ ✉♥❝♦✉✲
♣❧❡❞ ♣♦rt✐♦♥ ♦❢ t❤❡ ✇❛✈❡❣✉✐❞❡s✱ ✐✳❡✳ ❜❡t✇❡❡♥ ❛❜s❝✐ss❛
xn+1 ❛♥❞ xn ✭❧❡♥❣t❤ 2l✱ s❡❡ ❋✐❣✳✶✮✱ ✐s ❞❡s❝r✐❜❡❞ ❜② ❛
❝❧❛ss✐❝❛❧ ❢♦✉rt❤ ♦r❞❡r tr❛♥s❢❡r ♠❛tr✐① T ✿

T =

(

T1 0

0 T2

)

=









A1 B1 0 0
C1 D1 0 0
0 0 A2 B2

0 0 C2 D2









. ✭✹✮

❚❤❡ ❝♦♠♣❧❡t❡ tr❛♥s❢❡r ♠❛tr✐① r❡❧❛t✐♥❣ t❤❡ ♣❧❛♥❡
✇❛✈❡ ❛♠♣❧✐t✉❞❡s ♦♥ t❤❡ ❧❡❢t ♦❢ t✇♦ s✉❝❝❡ss✐✈❡ ♣❡r❢♦✲
r❛t✐♦♥s ♦❢ t❤❡ ♣❡r✐♦❞✐❝ ❧❛tt✐❝❡ ✭s❡❡ ❋✐❣✳✶✮ ✐s ✇r✐tt❡♥ ❛s
t❤❡ ♣r♦❞✉❝t ♦❢ t❤❡ tr❛♥s❢❡r ❛♥❞ t❤❡ ♣❡r❢♦r❛t✐♦♥ ♠❛✲
tr✐①✿

VL,n = PFT VL,n+1 . ✭✺✮

(❛♥❞ ❛❧s♦ VR,n = T PF VR,n+1)

❙✐♥❝❡ t❤❡ ❡①♣r❡ss✐♦♥s ❢♦r t❤❡ tr❛♥s❢❡r ♠❛tr✐① T ❛♥❞
t❤❡ ♣❡r❢♦r❛t✐♦♥ ♠❛tr✐① PF ❣✐✈❡♥ ❛❜♦✈❡ ❛r❡ ❣❡♥❡r❛❧✱
t❤❡② ❝❛♥ ❞❡s❝r✐❜❡ ♣r♦♣❛❣❛t✐♦♥ ❛t ❧♦✇ ❢r❡q✉❡♥❝② ✐♥ ❛
❣r❡❛t ✈❛r✐❡t② ♦❢ ♣❤②s✐❝❛❧ s✐t✉❛t✐♦♥s✳ ❋♦r ✐♥st❛♥❝❡ s✐t✉❛✲
t✐♦♥s ✇❤❡r❡ ❲❛✈❡❣✉✐❞❡s ✶ ❛♥❞ ✷ ❛r❡ ♥♦♥ r❡❝✐♣r♦❝❛❧ ✭❢♦r
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✐♥st❛♥❝❡ ❜② t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✢♦✇✮✱ ❡①❤✐❜✐t ✈✐s❝♦t❤❡r♠❛❧
❧♦ss❡s ✭❡q✉✐✈❛❧❡♥t ✢✉✐❞ ♠♦❞❡❧✐♥❣ ❛ ♣♦r♦✉s ♠❛t❡r✐❛❧✮✱
♦r ✐♥❝❧✉❞❡ ❞✐s❝♦♥t✐♥✉✐t✐❡s ❧✐❦❡ ❞✐❛♣❤r❛❣♠s ✭❛s ❢♦r ❡①✲
❛♠♣❧❡ ✐♥ ❬✹❪✮✳

✸✳ ❉✐s♣❡rs✐♦♥ ✇✐t❤✐♥ t❤❡ r❡❝✐♣r♦❝❛❧

♣❡r✐♦❞✐❝ ❧❛tt✐❝❡

❑❡r❣♦♠❛r❞ ❛♥❞ P❛❝❤❡❜❛t ❬✶❪ s❤♦✇❡❞ t❤❛t t❤❛♥❦s t♦
t❤❡ ❜❧♦❝❦✲✇✐s❡ ❡①♣r❡ss✐♦♥s ♦❢ t❤❡ ♣❡r❢♦r❛t✐♦♥ ♠❛tr✐①
✭❊q✳✸✮ ❛♥❞ t❤❡ tr❛♥s❢❡r ♠❛tr✐① ✭❊q✳✹✮✱ t❤❡ ❡✐❣❡♥✈❡❝✲
t♦rs ❛♥❞ ❡✐❣❡♥✈❛❧✉❡s ♦❢ t❤❡ tr❛♥s❢❡r ♠❛tr✐① PFT ❝❛♥
❜❡ ♦❜t❛✐♥❡❞ ❛♥❛❧②t✐❝❛❧❧②✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ t❤❡ ❧❛t❡r❛❧ ♣❡r❢♦r❛t✐♦♥s r❛❞✐✉s ✐s
s✉♣♣♦s❡❞ t♦ ❜❡ s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✇❛✈❡❧❡♥❣t❤✳
❚❤❡ s❡r✐❡s ✐♠♣❡❞❛♥❝❡ ❛ss♦❝✐❛t❡❞ t♦ ❛♥t✐✲s②♠♠❡tr✐❝❛❧
♣r♦✜❧❡ ♦❢ t❤❡ ✢♦✇ ✈❡❧♦❝✐t② ❛❝r♦ss t❤❡ ♣❡r❢♦r❛t✐♦♥ ❝❛♥
❜❡ ✐❣♥♦r❡❞✱ ❜② ❝❤♦♦s✐♥❣ Za = 0 ❬✸❪ ✐♥ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢
t❤❡ ♣❡r❢♦r❛t✐♦♥ ♠❛tr✐① ✭❊q✳✸✮ ✳ ❯♥❞❡r t❤✐s ♣❛rt✐❝✉❧❛r
❛ss✉♠♣t✐♦♥✱ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♣♦❧②♥♦♠✐❛❧ ❞❡t(PFT −
λI)=0 ❣✐✈❡s t❤❡ ❞✐s♣❡rs✐♦♥ ❡q✉❛t✐♦♥ ❬✶❪

1

Ys

= 2λ

[

γ2
B1

∆1

+ γ1
B2

∆2

]

, ✭✻✮

✇❤❡r❡ ∆1,2 = det(T1,2 − λI) = λ
2 − λ(A1,2 +D1,2) +

detT1,2 ❛♥❞ I ✐s t❤❡ ✐❞❡♥t✐t② ♠❛tr✐① ♦❢ ♦r❞❡r ✷✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ ✇❡ ❛❧s♦ ❛ss✉♠❡ t❤❛t t❤❡ ✇❛✈❡❣✲
✉✐❞❡s ❛r❡ s②♠♠❡tr✐❝❛❧ ❛♥❞ r❡❝✐♣r♦❝❛❧✳ ❚❤❡s❡ ♣❤②s✐❝❛❧
♣r♦♣❡rt✐❡s ✐♠♣❧② ❢♦r t❤❡ tr❛♥s❢❡r ♠❛tr✐❝❡s ♦❢ ❲❛✈❡❣✲
✉✐❞❡s ✶ ❛♥❞ ✷✿ A1,2 = D1,2 ❛♥❞ det(T1,2) = 1✳
❚❤✉s ✇❡ ❝❛♥ r❡✇r✐t❡ t❤❡ ❞✐s♣❡rs✐♦♥ ❡q✉❛t✐♦♥ ♦❢ ♦r✲
❞❡r ❢♦✉r ✐♥ λ ✭❊q✳✻✮✱ ❛s ❛ s❡❝♦♥❞ ♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ✐♥
coshΓ = (λ+ 1/λ)/2✿

2

Yp

=
B1

coshΓ−A1

+
B2

coshΓ−A2

, ✭✼✮

✇❤❡r❡ Yp = 2YsS1S2/(S1 + S2) ✐s t❤❡ ❛❝♦✉st✐❝ ❛❞♠✐t✲
t❛♥❝❡ ♦❢ t❤❡ ❧❛t❡r❛❧ ♣❡r❢♦r❛t✐♦♥✱❛♥❞ B1,2 = B1,2/S1,2✳

❚❤❡ ❞✐s❝r✐♠✐♥❛♥t ∆ ♦❢ t❤❡ q✉❛❞r❛t✐❝ ❡q✉❛t✐♦♥ ✐♥
coshΓ ✭❊q✳✼✮ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❜② ❞❡✜♥✐♥❣ ❛ ❈♦✉♣❧✐♥❣

❝♦❡✣❝✐❡♥t C✱ ❛s ❢♦❧❧♦✇s✿

∆ = (A1 −A2)
2

[

1 + 2
B1 −B2

B1 +B2

C + C2

]

✇❤❡r❡ C =
1

2
Yp

B1 +B2

A1 −A2

✳ ✭✽✮

❚❤❡ t✇♦ s♦❧✉t✐♦♥s ♦❢ t❤❡ ❞✐s♣❡rs✐♦♥ ❡q✉❛t✐♦♥ ✭❊q✳✼✮
❛r❡✿























coshΓ = 1

2
(A1 +A2

+ 1

2
Yp

[

B1 +B2

]

−
√
∆
)

coshΓ′ = 1

2
(A1 +A2

+ 1

2
Yp

[

B1 +B2

]

+
√
∆
)

. ✭✾✮

◆❜ ♦❢ ❝❡❧❧s nc ✶✺
◆❜ ♦❢ ♣❡r❢✴❝❡❧❧ ns ✶✶
❈❡❧❧ ▲❡♥❣t❤ 2l 8.5 10−3 ♠
●✉✐❞❡ ✶ r❛❞✐✉s r1 2.54 10−2 ♠
●✉✐❞❡ ✷ r❛❞✐✉s r2 5.08 10−2 ♠
P❡r❢✳ r❛❞✐✉s rs 1.25 10−3 ♠
P❡r❢✳ ♦♣❡♥ r❛t✐♦ σ ✷✳✶
❉✐❛♣❤✳ ♦♣❡♥ r❛t✐♦ σd ❬✵✳✵✽❀✵✳✽❪
❉✐❛♣❤✳ r❛❞✐✉s rd 1.25 10−2 ♠
◆❜ ♦❢ ❞✐❛♣❤✳✴❝❡❧❧ nd [1; 10]

❚❛❜❧❡ ■✳ ●❡♦♠❡tr✐❝❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❧❛tt✐❝❡ s❤♦✇♥ ✐♥
❋✐❣✳✷

❚❤❡ ✜rst ❡✐❣❡♥♠♦❞❡ coshΓ ❝♦rr❡s♣♦♥❞s t♦ ❛♥ ❛✈❡r✲
❛❣❡ ♣❧❛♥❡ ♠♦❞❡ ♣r♦♣❛❣❛t✐♥❣ ✇✐t❤✐♥ t❤❡ ❧❛tt✐❝❡ ✇✐t❤
♥♦ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❧❛t❡r❛❧ ♣❡r❢♦r❛t✐♦♥s ✭❛t ❛♥② ❛❜✲
s❝✐ss❛ ✐♥ t❤❡ ❧❛tt✐❝❡✱ ♣r❡ss✉r❡s ✇✐t❤✐♥ ❲❛✈❡❣✉✐❞❡s ✶
❛♥❞ ✷ ❛r❡ ❡q✉❛❧ ✐♥ ❛♠♣❧✐t✉❞❡ ❛♥❞ ♣❤❛s❡✮✳ ❚❤❡ s❡❝♦♥❞
❡✐❣❡♥♠♦❞❡ coshΓ′ ✐s ❝❛❧❧❡❞ t❤❡ ✢✉t❡ ♠♦❞❡ ✭♣r❡ss✉r❡s
✇✐t❤✐♥ ❲❛✈❡❣✉✐❞❡s ✶ ❛♥❞ ✷ ❛r❡ ❡q✉❛❧ ✐♥ ❛♠♣❧✐t✉❞❡
❛♥❞ ♦♣♣♦s✐t❡ ✐♥ ♣❤❛s❡✮ ❬✸✱ ✶❪✳ ❊①♣r❡ss✐♦♥s ❢♦r t❤❡ ✢✉t❡

♠♦❞❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ❢♦r ❛ ❝♦♥t✐♥✉♦✉s ♠♦❞❡❧ ✐♥ ❬✺❪ ❛♥❞
❬✻❪✳ ❚❤❡ ✢✉t❡ ♠♦❞❡ ✐s ❛❧✇❛②s str♦♥❣❧② ❡✈❛♥❡s❝❡♥t ❛t
✈❡r② ❧♦✇ ❢r❡q✉❡♥❝② ✭❧❛r❣❡ Yp✮✳ ❚❤❡ str♦♥❣ ❝♦✉♣❧✐♥❣ ❜❡✲
t✇❡❡♥ ❲❛✈❡❣✉✐❞❡s ✶ ❛♥❞ ✷ ♦❝❝✉rs ✇❤❡♥ t❤❡ ❝♦✉♣❧✐♥❣
❝♦❡✣❝✐❡♥t C ✭❊q✳✽✮ ✐s ❧❛r❣❡✿ t❤❡ ♠❡❞✐❛ ✇✐t❤✐♥ ❲❛✈❡❣✲
✉✐❞❡s ✶ ❛♥❞ ✷ ❛r❡ ♥♦t ✈❡r② ❞✐✛❡r❡♥t ✭A1−A2 ✐s s♠❛❧❧✮✱
♦r ✇❤❡♥ t❤❡ ♣❡r❢♦r❛t✐♦♥ ❡✛❡❝t ✐s str♦♥❣ ✭❧❛r❣❡ Yp✮✳
❆❢t❡r s♦♠❡ ❛❧❣❡❜r❛ ✭s❡❡ ❬✶❪ ❢♦r ❞❡t❛✐❧s✮✱ ❛♥❞ st❛rt✲

✐♥❣ ❢r♦♠ t❤❡ ❛♥❛❧②t✐❝❛❧ ❡①♣r❡ss✐♦♥s ♦❢ t❤❡ ❡✐❣❡♥✈❡❝t♦rs
❛♥❞ ❡✐❣❡♥✈❛❧✉❡s ♦❢ t❤❡ tr❛♥s❢❡r ♠❛tr✐① PFT ♦❢ ♦♥❡ ❝❡❧❧✱
✐t ✐s ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛♥❛❧②t✐❝❛❧❧② t❤❡ tr❛♥s❢❡r ♠❛✲
tr✐① (PFT )nc ❢♦r ❛ ♣❡r✐♦❞✐❝ s❡t ♦❢ nc ❝❡❧❧s✱ t♦ t❛❦❡ ✐♥t♦
❛❝❝♦✉♥t t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ♦❢ ❛ ✜♥✐t❡ ❧❡♥❣t❤ ❧❛t✲
t✐❝❡ ✭✈✐❛ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ (PFT )nc ❛s ❛♥ ✐♠♣❡❞❛♥❝❡
♠❛tr✐①✮✱ ❛♥❞ t♦ ♦❜t❛✐♥ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ t❤❡ ✐♥s❡r✲
t✐♦♥ ❧♦ss ♦❢ t❤❡ ✜♥✐t❡ ❧❡♥❣t❤ ❧❛tt✐❝❡s r❡♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳✷✳ ❚❤❡ ❛♥❛❧②t✐❝❛❧ ❛♣♣r♦❛❝❤ ♣r♦♣♦s❡❞✱ ✐♥ ❛❞❞✐t✐♦♥
t♦ ♣r♦✈✐❞✐♥❣ ❛ ♣❤②s✐❝❛❧ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ r❡s✉❧ts✱
❛✈♦✐❞s ♥✉♠❡r✐❝❛❧ ♣r♦❜❧❡♠s t❤❛t ✉s✉❛❧❧② ❛♣♣❡❛r ✇❤❡♥
♦♥❡ ❡✐❣❡♥♠♦❞❡ ✐s str♦♥❣❧② ❡✈❛♥❡s❝❡♥t✳

✹✳ ❆♣♣❧✐❝❛t✐♦♥ t♦ ❛♥ ❛✉t♦♠♦t✐✈❡ ♠✉❢✲

✢❡r

■♥ ♦r❞❡r t♦ ✐❧❧✉str❛t❡ t❤❡ ❡✛❡❝t ♦❢ ✐♥❤♦♠♦❣❡♥❡✐t② ♦❢
t❤❡ ❧❛tt✐❝❡ ♦♥ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ❛♥❞ ❛tt❡♥✉❛t✐♦♥ ❛t
❧♦✇ ❢r❡q✉❡♥❝✐❡s✱ ✇❡ ❛♣♣❧② t❤❡ ❛❜♦✈❡ r❡s✉❧ts t♦ ❛ ♣❛r✲
t✐❝✉❧❛r ❣❡♦♠❡tr② s❤♦✇♥ ✐♥ ❋✐❣✳✷ ✭t♦♣✮✳ ❚❤✐s ❣❡♦♠✲
❡tr② ✐♥❝❧✉❞❡s ❞✐❛♣❤r❛❣♠s ✇✐t❤✐♥ ❲❛✈❡❣✉✐❞❡ ✷✳ ❚❤❡
❞✐❛♣❤r❛❣♠ ♦♣❡♥✐♥❣ ✐s ✉s❡❞ ❛s ❛ ♣❛r❛♠❡t❡r ✐♥ ♦r❞❡r
t♦ ❡①♣❧♦r❡ ❛ ✇✐❞❡ ✈❛r✐❡t② ♦❢ s✐t✉❛t✐♦♥s✳ ❲✐t❤ ♥♦ ❞✐✲
❛♣❤r❛❣♠s✱ t❤❡ ❧❛tt✐❝❡ ✐s ❤♦♠♦❣❡♥❡♦✉s ✭❋✐❣✳✷✱ ❜♦tt♦♠✮✱
❛♥❞ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❞✐♠❡♥s✐♦♥s ✭s❡❡ ❚❛❜✳■✮ ❛r❡ ❝❤♦✲
s❡♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧♦♥❣ r❡s♦♥❛t♦r st✉❞✐❡❞ ♥✉♠❡r✲
✐❝❛❧❧② ❜② ❙✉❧❧✐✈❛♥ ❛♥❞ ❈r♦❝❦❡r ❬✼❪✳ ❖♥ t❤❡ ♦♣♣♦s✐t❡✱
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❋✐❣✉r❡ ✸✳ Pr♦♣❡rt✐❡s ♦❢ t❤❡ t✇♦ ❡✐❣❡♥♠♦❞❡s ♦❢ ❛♥ ❡❧❡♠❡♥t❛r② ❝❡❧❧ ♦❢ t❤❡ str♦♥❣❧② ✐♥❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭σd = 0.08✮✿
s♦❧✉t✐♦♥s ♦❢ t❤❡ ❞✐s♣❡rs✐♦♥ ❡q✉❛t✐♦♥ ✭❧❡❢t✮✱ ❝❤❛r❛❝t❡r✐st✐❝ ✐♠♣❡❞❛♥❝❡ ✭❝❡♥t❡r✮ ❛♥❞ r❡❧❛t✐✈❡ ♣❤❛s❡ ✈❡❧♦❝✐t② ✭r✐❣❤t✮✳ P❧❛♥❡
♠♦❞❡ ✭♠❛r❦❡r ♦✮ ❛♥❞ ✢✉t❡ ♠♦❞❡ ✭♠❛r❦❡r ♦✮✳ ❋✐❧❧❡❞ ♠❛r❦❡r ✐♥❞✐❝❛t❡ t❤❡ st♦♣ ❜❛♥❞ [F−

b
;F+

a ] ✭♥♦ ♣r♦♣❛❣❛t✐♥❣ ❡✐❣❡♥♠♦❞❡s✮✳
❙♦❧✉t✐♦♥s ❢♦r t✇♦ ❡①tr❡♠❡ ❧❛tt✐❝❡ ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ s❤♦✇♥ ❢♦r r❡❢❡r❡♥❝❡✿ ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭σd = 1✱ ❞❛s❤❡❞ ❛♥❞ ❞❛s❤✲
❞♦t ❧✐♥❡s✮✱ ❛♥❞ ❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs ✭σd = 0✱ s♦❧✐❞ ❧✐♥❡✮✳
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❋✐❣✉r❡ ✹✳ Pr♦♣❡rt✐❡s ♦❢ t❤❡ t✇♦ ❡✐❣❡♥♠♦❞❡s ♦❢ ❛♥ ❡❧❡♠❡♥t❛r② ❝❡❧❧ ♦❢ t❤❡ ❛❧♠♦st ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭σd = 0.8✮✿ s♦❧✉t✐♦♥s ♦❢
t❤❡ ❞✐s♣❡rs✐♦♥ ❡q✉❛t✐♦♥ ✭❧❡❢t✮✱ ❝❤❛r❛❝t❡r✐st✐❝ ✐♠♣❡❞❛♥❝❡ ✭❝❡♥t❡r✮ ❛♥❞ r❡❧❛t✐✈❡ ♣❤❛s❡ ✈❡❧♦❝✐t② ✭r✐❣❤t✮✳ P❧❛♥❡ ♠♦❞❡ ✭♠❛r❦❡r
♦✮ ❛♥❞ ✢✉t❡ ♠♦❞❡ ✭♠❛r❦❡r ♦✮✳ ❋✐❧❧❡❞ ♠❛r❦❡r ✐♥❞✐❝❛t❡ t❤❡ ❜❛♥❞ [F+

a ;F−

b
] ✇✐t❤ t✇♦ ♣r♦♣❛❣❛t✐♥❣ ❡✐❣❡♥♠♦❞❡s✳ ❙♦❧✉t✐♦♥s

❢♦r t✇♦ ❡①tr❡♠❡ ❧❛tt✐❝❡ ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ s❤♦✇♥ ❢♦r r❡❢❡r❡♥❝❡✿ ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭σd = 1✱ ❞❛s❤❡❞ ❛♥❞ ❞❛s❤✲❞♦t ❧✐♥❡s✮✱
❛♥❞ ❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs ✭σd = 0✱ s♦❧✐❞ ❧✐♥❡✮✳

✇✐t❤ t♦t❛❧❧② ❝❧♦s❡❞ ❞✐❛♣❤r❛❣♠s✱ t❤❡ ❧❛tt✐❝❡ ✐s ❛ s❡r✐❡s
♦❢ ❜r❛♥❝❤❡❞ r❡s♦♥❛t♦rs ✭❋✐❣✳✷✱ ❝❡♥t❡r✮✳ ❇✉t t❤❛♥❦s t♦
t❤❡ ❛♣♣r♦❛❝❤ ♣r❡s❡♥t❡❞ ❛❜♦✈❡✱ ✇❡ ❝❛♥ ❛❧s♦ ❡①♣❧♦r❡
t✇♦ ✐♥t❡r♠❡❞✐❛t❡ s✐t✉❛t✐♦♥s ❜② ✈❛r②✐♥❣ t❤❡ ❞✐❛♣❤r❛❣♠
♦♣❡♥✐♥❣✿ ❛♥ ❛❧♠♦st ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭✇✐❞❡ ♦♣❡♥
❞✐❛♣❤r❛❣♠s✮ ❛♥❞ ❛ str♦♥❣❧② ✐♥❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭❞✐✲
❛♣❤r❛❣♠s ✇✐t❤ ✈❡r② s♠❛❧❧ ♦♣❡♥✐♥❣✮✳
❲❛✈❡❣✉✐❞❡s ✶ ❛♥❞ ✷ ❛r❡ ❝♦✲❛①✐❛❧ ❝②❧✐♥❞❡rs ✜❧❧❡❞ ✇✐t❤

❛♠❜✐❡♥t ❛✐r✳ ❚❤❡ ❝❧❛ss✐❝❛❧ tr❛♥s❢❡r ♠❛tr✐① ❢♦r ❛ ♣❧❛♥❡
♠♦❞❡ ✭♣r❡ss✉r❡✲✈❡❧♦❝✐t②✮ ❛❧♦♥❣ ♦♥❡ ✉♥❝♦✉♣❧❡❞ ♣♦rt✐♦♥
♦❢ ❧❡♥❣t❤ l ♦❢ ❧♦ss❧❡ss ❲❛✈❡❣✉✐❞❡ ✶ ♦r ✷ ✭♥♦ ❧❛t❡r❛❧
♣❡r❢♦r❛t✐♦♥✮ ✐s✿

t1,2 =

(

cos(kl) jZ0
c sin(kl)

j sin(kl)/Z0
c cos(kl)

)

✇❤❡r❡ Z0
c = ρ0c0 ❛♥❞ k = ω/c0 ❛r❡ t❤❡ ❝❤❛r❛❝t❡r✐s✲

t✐❝ ✐♠♣❡❞❛♥❝❡ ❛♥❞ ✇❛✈❡♥✉♠❜❡r ♦❢ t❤❡ ♠❡❞✐✉♠ ✭❛✐r✮

✜❧❧✐♥❣ ❲❛✈❡❣✉✐❞❡s ✶ ❛♥❞ ✷✱ ✇✐t❤ ρ0 ✐ts ❞❡♥s✐t② ❛♥❞ c0
✐ts s♦✉♥❞ ✈❡❧♦❝✐t②✳
❚❤❡ tr❛♥s❢❡r ♠❛tr✐① T1 ❛♥❞ T2 ♦❢ ❊q✳✹ ❛r❡ ❣✐✈❡♥

❜② T1 = (t1)
2✱ ❛♥❞ T2 = t2Dt2 ✇❤❡r❡ t❤❡ ❛❝♦✉st✐❝

♠❛ss ✐♠♣❡❞❛♥❝❡ Zd ✐♥ t❤❡ ♠❛tr✐①

D =

(

1 Zd

0 1

)

✭✶✵✮

✐♥tr♦❞✉❝❡s t❤❡ ✐♥❤♦♠♦❣❡♥❡✐t② ❞✉❡ t♦ t❤❡ ♣r❡s✲
❡♥❝❡ ♦❢ t❤❡ ❞✐❛♣❤r❛❣♠s ✇✐t❤✐♥ ❲❛✈❡❣✉✐❞❡ ✷✳ ❚❤❡
✐♠♣❡❞❛♥❝❡ ♦❢ ♦♥❡ ❞✐❛♣❤r❛❣♠ ✐s ❝❤♦s❡♥ ❛s Zd =

jωρS2/2rd

(

1−
√

πr2d/S2

)

✳ ❚❤❡ ♦♣❡♥ r❛t✐♦ ♦❢ t❤❡ ❞✐✲

❛♣❤r❛❣♠s ❢♦r ♦♥❡ ❝❡❧❧ ✐s ❞❡✜♥❡❞ ❛s σd = ndr
2
d/(r

2
2−r21)

✇❤❡r❡ nd ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❞✐❛♣❤r❛❣♠s ❛r♦✉♥❞ t❤❡ ❝✐r✲
❝✉♠❢❡r❡♥❝❡ ♦❢ ♦♥❡ ❡❧❡♠❡♥t❛r② ❝❡❧❧✳ ❙✐♠✐❧❛r❧②✱ ❢♦r t❤❡
❧❛t❡r❛❧ ♣❡r❢♦r❛t✐♦♥s✱ t❤❡ ✐♠♣❡❞❛♥❝❡ 1/Ys ♦❢ ♦♥❡ ♣❡r✲
❢♦r❛t✐♦♥ ✐s ❝❤♦s❡♥ ❛s 1/Ys = jωρ/2rs ✳ ❚❤❡ ♦♣❡♥ r❛t✐♦
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❋✐❣✉r❡ ✺✳ ■♥s❡rt✐♦♥ ▲♦ss ♦❢ t❤❡ str♦♥❣❧② ✐♥❤♦♠♦❣❡♥❡♦✉s ❧❛t✲
t✐❝❡ ✭σd = 0.08✮ ♦❢ ✜♥✐t❡ ❧❡♥❣t❤✳ ❇❧❛❝❦ ❧✐♥❡ ✐♥❞✐❝❛t❡ ❛ st♦♣
❜❛♥❞ ✭♥♦ ♣r♦♣❛❣❛t✐♥❣ ❡✐❣❡♥♠♦❞❡s✮✳ ❙♦❧✉t✐♦♥s ❢♦r t✇♦ ❡①✲
tr❡♠❡ ❧❛tt✐❝❡ ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ s❤♦✇♥ ❢♦r r❡❢❡r❡♥❝❡✿ ❤♦✲
♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭σd = 1✱ ❞❛s❤✲❞♦t ❧✐♥❡✮✱ ❛♥❞ ❜r❛♥❝❤❡❞
❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs ✭σd = 0✱ t❤✐♥ s♦❧✐❞ ❧✐♥❡✮✳
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❋✐❣✉r❡ ✻✳ ■♥s❡rt✐♦♥ ▲♦ss ♦❢ t❤❡ ❛❧♠♦st ❤♦♠♦❣❡♥❡♦✉s ❧❛t✲
t✐❝❡ ✭σd = 0.8✮ ♦❢ ✜♥✐t❡ ❧❡♥❣t❤✳ ❇❧❛❝❦ ❧✐♥❡ ✐♥❞✐❝❛t❡ ❛ ❜❛♥❞
✇✐t❤ t✇♦ ♣r♦♣❛❣❛t✐♥❣ ❡✐❣❡♥♠♦❞❡s✳ ❙♦❧✉t✐♦♥s ❢♦r t✇♦ ❡①✲
tr❡♠❡ ❧❛tt✐❝❡ ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ s❤♦✇♥ ❢♦r r❡❢❡r❡♥❝❡✿ ❤♦✲
♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭σd = 1✱ ❞❛s❤✲❞♦t ❧✐♥❡✮✱ ❛♥❞ ❜r❛♥❝❤❡❞
❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs ✭σd = 0✱ t❤✐♥ s♦❧✐❞ ❧✐♥❡✮✳

♦❢ t❤❡ ❧❛t❡r❛❧ ♣❡r❢♦r❛t✐♦♥s ❢♦r ♦♥❡ ❝❡❧❧ ✐s ❞❡✜♥❡❞ ❛s
σs = nsr

2
s/(4lr1) ✇❤❡r❡ ns ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❧❛t❡r❛❧

♣❡r❢♦r❛t✐♦♥s ✭❛❧❧ s✐t✉❛t❡❞ ❛t xn (n = 1..nc)✮ ♦❢ ❡❧❡✲
♠❡♥t❛r② ❝❡❧❧ ♥✉♠❜❡r n✳

✺✳ ❘❡s✉❧ts

❲❡ ✜rst ❡①❛♠✐♥❡ ❤♦✇ t✇♦ ❝❧❛ss✐❝❛❧ ❝♦♥✜❣✉r❛t✐♦♥s
❝❛♥ ❜❡ ✐♥t❡r♣r❡t❡❞ t❤❛♥❦s t♦ t❤❡ ♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤✳
❚❤❡ ✜rst ❝♦♥✜❣✉r❛t✐♦♥ ✐s ❛♥ ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ❛♥❞
t❤❡ s❡❝♦♥❞ ✐s ❛ ❧❛tt✐❝❡ ✇✐t❤ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs
❜r❛♥❝❤❡❞ ♦♥ ❲❛✈❡❣✉✐❞❡ ✶✳ ❚❤❡♥ ✇❡ ✇✐❧❧ st✉❞② t❤❡
❡✛❡❝t ♦❢ ✐♥❤♦♠♦❣❡♥❡✐t② ♦❢ t❤❡ ❧❛tt✐❝❡ ♦♥ t❤❡ ♣r♦♣❛❣❛✲
t✐♦♥ ❛♥❞ ✐♥s❡rt✐♦♥ ❧♦ss ❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✳

❆t t❤❡ ❧✐♠✐t ✇❤❡r❡ ♣r♦♣❛❣❛t✐♦♥ ♠❡❞✐❛ ❛r❡ ✐❞❡♥t✐❝❛❧
✇✐t❤✐♥ ❲❛✈❡❣✉✐❞❡s ✶ ❛♥❞ ✷ ✭A1 = A2✱ ❋✐❣✳✷✱ ❜♦tt♦♠✮✱
C t❡♥❞s t♦ ✐♥✜♥✐t② ❛♥❞ t❤❡ t✇♦ ❡✐❣❡♥♠♦❞❡s ✭❊q✳✾✮
r❡❞✉❝❡ ❢♦r ❛ ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①✲
♣r❡ss✐♦♥✿

{

coshΓ = A
coshΓ′ = A+ 1

2
Yp(B1 +B2)

. ✭✶✶✮

❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❤♦♠♦❣❡♥❡♦✉s ♣❧❛♥❡ ♠♦❞❡ Γ
❛♥❞ ❤♦♠♦❣❡♥❡♦✉s ✢✉t❡ ♠♦❞❡ Γ′ ❛r❡ r❡♣r❡s❡♥t❡❞ ✐♥
❋✐❣✳✸ ✭❧❡❢t✮ ✇✐t❤ ❞❛s❤❡❞ ❧✐♥❡s ❛♥❞ ❞❛s❤✲❞♦t ❧✐♥❡s
r❡s♣❡❝t✐✈❡❧②✳ ❆♥❛❧②t✐❝❛❧ ❡①♣r❡ss✐♦♥s ❢♦r t❤❡ ♥♦r♠❛❧✲
✐③❡❞ ❝❤❛r❛❝t❡r✐st✐❝ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ♣❧❛♥❡ ♠♦❞❡
Zc(ω)/(ρ0c0/S1) ❛♥❞ t❤❡ ✢✉t❡ ♠♦❞❡ Z ′

c(ω)/(ρ0c0/S1)✱
❛♥❞ t❤❡✐r r❡❧❛t✐✈❡ ♣❤❛s❡ ✈❡❧♦❝✐t② c0/vφ(ω) =
Im(Γ)c0/(2lω) ❛♥❞ c0/v

′

φ(ω) = Im(Γ′)c0/(2lω) ❝❛♥
❛❧s♦ ❜❡ ♦❜t❛✐♥❡❞ ✭♥♦t ♣r❡s❡♥t❡❞✮✳ ❚❤❡✐r ✈❛r✐❛t✐♦♥ ✐s
s❤♦✇♥ ✐♥ ❋✐❣✳✸ ✭❝❡♥t❡r✮ ❛♥❞ ❋✐❣✳✸ ✭r✐❣❤t✮✱ ✉s✐♥❣ t❤❡
s❛♠❡ ❞❛s❤❡❞ ❛♥❞ ❞❛s❤✲❞♦t ❧✐♥❡s✳ ❋✐❣✳✸ s❤♦✇s✱ ❛s ❛❧✲
r❡❛❞② r❡♣♦rt❡❞ ✐♥ ❬✶❪✱ t❤❛t ❛ ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✐s
❛ ♣❛rt✐❝✉❧❛r ❝❛s❡ ✇✐t❤ ❛ ♥♦♥ ❞✐s♣❡rs✐✈❡ ♣❧❛♥❡ ♠♦❞❡
✭c0/vφ(ω) ✐s ❝♦♥st❛♥t✮ ✇❤✐❝❤ ✐s ❛❧✇❛②s ♣r♦♣❛❣❛t✐♥❣ ✭✲
✶❁coshΓ < 1✮✳ ❚❤❡ ✢✉t❡ ♠♦❞❡ coshΓ′ t❡♥❞s ❛s②♠♣✲
t♦t✐❝❛❧❧②✱ ✇❤❡♥ ✐♥❝r❡❛s✐♥❣ ❢r❡q✉❡♥❝② ❛❜♦✈❡ ✐ts ❝✉t✲♦♥
❢r❡q✉❡♥❝② F+

a = 1803❍③ ✭F+
a ✐s ❣✐✈❡♥ ❜② coshΓ′ = 1✮✱

t♦✇❛r❞s ♣❤②s✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s s✐♠✐❧❛r t♦ t❤❡ ♣❧❛♥❡
♠♦❞❡✳ ❚❤✐s s✐♠✐❧❛r✐t② ❢♦r f > F+

a ❜❡t✇❡❡♥ ❤♦♠♦❣❡✲
♥❡♦✉s ♣❧❛♥❡ ♠♦❞❡ ❛♥❞ ✢✉t❡ ♠♦❞❡ r❡s✉❧ts ✐♥ ❧♦♥❣✐t✉✲
❞✐♥❛❧ ✐♥t❡r❢❡r❡♥❝❡s✱ ❞r✐✈❡♥ ❜② t❤❡ t♦t❛❧ ❧❡♥❣t❤ ♦❢ t❤❡
✜♥✐t❡ ❧❛tt✐❝❡✱ ❛s ❞❡t❛✐❧❡❞ ✐♥ ❬✶❪✱ ❛ss♦❝✐❛t❡❞ t♦ r❡s♦♥❛♥t
❛tt❡♥✉❛t✐♦♥ ♣❡❛❦s ♦❢ t❤❡ ✐♥s❡rt✐♦♥ ❧♦ss ♦❢ t❤❡ ❤♦♠♦❣❡✲
♥❡♦✉s ❧❛tt✐❝❡ ❢♦r f > F+

a ✭❋✐❣✳✺✱ ❞❛s❤✲❞♦t ❧✐♥❡✮✳
■♥ t❤❡ ❝❛s❡ ♦❢ ❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs✱ t❤❡

❞✐❛♣❤r❛❣♠s ❛r❡ t♦t❛❧❧② ❝❧♦s❡❞✳ ❚❤❡ ✐♠♣❡❞❛♥❝❡ Zd ✐♥
❊q✳✶✵ t❡♥❞s t♦ ✐♥✜♥✐t② ❛♥❞ A1 ≪ A2 ✱ B1 ≪ B2✳ ❚❤❡
✉♥✐q✉❡ ♠♦❞❡ ♣r♦♣❛❣❛t✐♥❣ t❤r♦✉❣❤ t❤❡ ❧❛tt✐❝❡ ✐s ❣✐✈❡♥
❜②✿

coshΓ = A1 +
1

2Zh

B1 , ✭✶✷✮

✇❤❡r❡ Zh = 1/Yp + B2/2(A2 − 1) ✐s t❤❡ ✐♥♣✉t
✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦r ♦❢ ♦♥❡ ❝❡❧❧ ♦❢
t❤❡ ❧❛tt✐❝❡ ✭❋✐❣✳✷✱ ❝❡♥t❡r✮✳ ❚❤❡ s❡r✐❡s ♦❢ ❜r❛♥❝❤❡❞ r❡s✲
♦♥❛t♦rs ❛❝ts ❛s ❛ ❧♦❝❛❧ r❡❛❝t✐♥❣ tr❡❛t♠❡♥t ♦♥ ❲❛✈❡❣✲
✉✐❞❡ ✶✱ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❡✛❡❝t ✭s❡❡ ❋✐❣✳✸ ❧❡❢t✱ t❤✐♥
s♦❧✐❞ ❧✐♥❡✮ ❛t t❤❡ ❍❡❧♠❤♦❧t③ r❡s♦♥❛♥❝❡ Fh = 912
❍③ ✭❣✐✈❡♥ ❜② Zh = 0✮✳ ❚❤❡ ❧❛tt✐❝❡ ❡①❤✐❜✐ts ❛ st♦♣
❜❛♥❞ ✇✐t❤ |coshΓ| > 1 ✭✇❤❡♥ ✐❣♥♦r✐♥❣ ✈✐s❝♦t❤❡r♠❛❧
❧♦ss❡s✮ ✇✐t❤✐♥ t❤❡ ✐♥t❡r✈❛❧ [Fh;F

+
a ]✱ t❤❛t ❝♦rr❡s♣♦♥❞s

❛❧s♦ t♦ ❛ ✈❡r② s♠❛❧❧ r❡❧❛t✐✈❡ ❝❤❛r❛❝t❡r✐st✐❝ ✐♠♣❡❞❛♥❝❡
Zc(ω)/(ρ0c0/S1) ✭s❡❡ ❋✐❣✳✸ ❝❡♥t❡r✱ t❤✐♥ s♦❧✐❞ ❧✐♥❡✮ ❛♥❞
r❡❧❛t✐✈❡ ♣❤❛s❡ ✈❡❧♦❝✐t② c0/vφ(ω) ✭s❡❡ ❋✐❣✳✸ r✐❣❤t✱ t❤✐♥
s♦❧✐❞ ❧✐♥❡✮✳ ❚❤❡ ❡①✐st❡♥❝❡ ♦❢ t❤✐s st♦♣ ❜❛♥❞ ✭♥♦ ♣r♦♣✲
❛❣❛t✐♥❣ ♠♦❞❡✮ ✐♥❞✉❝❡s ❛ ❝✉♠✉❧❛t✐✈❡ ❛tt❡♥✉❛t✐♦♥✿ t❤❡
✐♥s❡rt✐♦♥ ❧♦ss s❤♦✇♥ ✐♥ ❋✐❣✳✺ ✭t❤✐♥ s♦❧✐❞ ❧✐♥❡✮ ✐s ❞✐✲
r❡❝t❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡♠❡♥t❛r② ❝❡❧❧s
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♦❢ t❤❡ ✜♥✐t❡ ❧❛tt✐❝❡ ✭❤❡r❡ nc = 15✱ s❡❡ ❚❛❜✳■✮✱ ❛♥❞ ✐s
✈❡r② s♠❛❧❧ ♦✉ts✐❞❡ t❤❡ st♦♣ ❜❛♥❞✳

■♥ t❤❡ ❝❛s❡ ♦❢ ❛ str♦♥❣❧② ✐♥❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡✱ t❤❡
♦♣❡♥ ❛r❡❛ ♦❢ t❤❡ ❞✐❛♣❤r❛❣♠s ❜❡t✇❡❡♥ t✇♦ ♥❡✐❣❤❜♦r✐♥❣
❝❡❧❧s ♦❢ t❤❡ ❧❛tt✐❝❡ r❡♣r❡s❡♥ts ♦♥❧② ✽% ♦❢ S2 ✭t❤❛t ✐s
σd = 0.08)✳ ❆t ❧♦✇ ❢r❡q✉❡♥❝✐❡s ❛♥❞ ❢♦r t❤❡ ♣❧❛♥❡ ♠♦❞❡
✭♠❛r❦❡r ♦✮✱ ❋✐❣✳✸ s❤♦✇s t❤❛t t❤❡ ♣r♦♣❛❣❛t✐♦♥ ❝♦♥st❛♥t
coshΓ ❋✐❣✳✸ ✭❧❡❢t✮✱ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ✐♠♣❡❞❛♥❝❡ ❋✐❣✳✸
✭❝❡♥t❡r✮✱ ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ♣❤❛s❡ ✈❡❧♦❝✐t② ❋✐❣✳✸ ✭r✐❣❤t✮✱
❛r❡ ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦r
s♦❧✉t✐♦♥ ✭t❤✐♥ s♦❧✐❞ ❧✐♥❡✮✳ ❈♦♥✈❡rs❡❧②✱ ❛t ❢r❡q✉❡♥❝✐❡s
❛❜♦✈❡ F+

a ✭❣✐✈❡♥ ❜② coshΓ′ = 1✮✱ t❤❡ ✢✉t❡ ♠♦❞❡
✭♠❛r❦❡r ♦✮ ✐s ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③
r❡s♦♥❛t♦r s♦❧✉t✐♦♥ ✭t❤✐♥ s♦❧✐❞ ❧✐♥❡✮✳ ❚❤✐s s♠❛❧❧ ❛♠♦✉♥t
♦❢ ❛♣❡rt✉r❡ ✭✽%✮ ✐♥t♦ t❤❡ r❡s♦♥❛t♦rs ✇❛❧❧ ✐s s✉✣❝✐❡♥t
t♦ r❡❞✉❝❡ ❞r❛♠❛t✐❝❛❧❧② t❤❡ st♦♣ ❜❛♥❞ ❢r♦♠ [Fh;F

+
a ]

✭❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦rs✮ t♦ [F−

b ;F+
a ] ✭✇❤❡r❡

F−

b ✐s ❣✐✈❡♥ ❜② coshΓ = −1✮✳ ❚❤❡ st♦♣ ❜❛♥❞ ✐s ✐♥✲
❞✐❝❛t❡❞ ✇✐t❤ ❜❧❛❝❦ ✜❧❧❡❞ ♠❛r❦❡rs ♦♥ ❋✐❣✳✸✳ ❈♦♥❝❡r♥✲
✐♥❣ t❤❡ ✐♥s❡rt✐♦♥ ❧♦ss ✭❋✐❣✳✺✮✱ t❤❡ str♦♥❣❧② ✐♥❤♦♠♦❣❡✲

♥❡♦✉s ❧❛tt✐❝❡ ✭t❤✐❝❦ ❧✐♥❡✮ ❞✐✛❡rs s✐❣♥✐✜❝❛♥t❧② ❢r♦♠ t❤❡
❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦r ❝❛s❡ ✭t❤✐♥ s♦❧✐❞ ❧✐♥❡✮
♦♥❧② ❢♦r ❢r❡q✉❡♥❝✐❡s ❜❡❧♦✇ F−

b ✳ ■♥ ♣❛rt✐❝✉❧❛r ✇✐t❤✐♥
t❤❡ st♦♣ ❜❛♥❞ [F−

b ;F+
a ]✱ t❤❡ t✇♦ ✐♥s❡rt✐♦♥ ❧♦ss❡s ❛r❡

✈❡r② ❝❧♦s❡✱ ❛♥❞ t❤❡ str♦♥❣❧② ✐♥❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡
♠❛② ♣r♦❜❛❜❧② ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❛ ❧♦❝❛❧❧② r❡❛❝t✐♥❣ ❧✐♥❡r✱
❛t ❧❡❛st ❢♦r ❢r❡q✉❡♥❝✐❡s ✇✐t❤✐♥ ♦r ❝❧♦s❡ t♦ t❤❡ st♦♣
❜❛♥❞✳ ❚❤✐s ♣♦✐♥t ♠✐❣❤t ❜❡ ❢✉rt❤❡r ✐♥✈❡st✐❣❛t❡❞✳

■❢ ♦♥❡ ❝♦♥t✐♥✉❡s t♦ ♦♣❡♥ t❤❡ ❞✐❛♣❤r❛❣♠s ✭✐♥❝r❡❛s✐♥❣
σd✮✱ t❤❡ ❝✉t✲♦✛ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♣❧❛♥❡ ♠♦❞❡ F−

b ✐♥✲
❝r❡❛s❡s✱ ❛s ♦♣♣♦s❡❞ t♦ F+

a ✇❤✐❝❤ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥
σd✳ F

−

b t❡♥❞s t♦ ✐♥✜♥✐t② ❢♦r ✶✵✵% ♦♣❡♥❡❞ ❞✐❛♣❤r❛❣♠s
✭❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡✮✳ ❋♦r ❛♥ ❛❧♠♦st ❤♦♠♦❣❡♥❡♦✉s

❧❛tt✐❝❡ ✇✐t❤ ❛♥ ♦♣❡♥ ❛r❡❛ ♦❢ t❤❡ ❞✐❛♣❤r❛❣♠s t❤❛t
r❡♣r❡s❡♥ts ✽✵% ♦❢ S2 ✭t❤❛t ✐s σd = 0.8)✱ F−

b ✐s s✐t✲
✉❛t❡❞ ❛❜♦✈❡ t❤❡ ♠❛①✐♠✉♠ ❢r❡q✉❡♥❝② ✉♥❞❡r st✉❞②
Fmax = 3500 ❍③✳ ❇❡❧♦✇ Fmax t❤❡ s②st❡♠ ❤❛s ♥♦
st♦♣ ❜❛♥❞✳ ■t ❡①❤✐❜✐ts t✇♦ ♣r♦♣❛❣❛t✐♥❣ ❡✐❣♥❡♠♦❞❡s
✇✐t❤✐♥ [F+

a ;Fmax] ✭✐♥❞✐❝❛t❡❞ ✇✐t❤ ❜❧❛❝❦ ✜❧❧❡❞ ♠❛r❦✲
❡rs ♦♥ ❋✐❣✳✹✮✱ ❛s ❢♦r ❛ ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭❞❛s❤❡❞
❛♥❞ ❞❛s❤✲❞♦t ❧✐♥❡s✮✳ ❇✉t ❝♦♥tr❛r② t♦ ❛ ❤♦♠♦❣❡♥❡♦✉s
❧❛tt✐❝❡✱ ❡✈❡♥ ✇✐t❤ ❞✐❛♣❤r❛❣♠s ❛❧♠♦st t♦t❛❧❧② ♦♣❡♥❡❞
✭σd = 0.8✮✱ t❤❡ ♣❧❛♥❡ ♠♦❞❡ ✭♠❛r❦❡r ♦✮ ✐s ❞✐s♣❡rs✐✈❡✿
c0/vφ(ω) ♥♦t ✐s ❝♦♥st❛♥t✱ s❡❡ ❋✐❣✳✹ ✭r✐❣❤t✮✳ ❚❤❡ ♣r♦♣✲
❛❣❛t✐♦♥ ❝♦♥st❛♥t ❛♥❞ t❤❡ r❡❧❛t✐✈❡ ♣❤❛s❡ ✈❡❧♦❝✐t② ♦❢
t❤❡ ♣❧❛♥❡ ♠♦❞❡ ❛♥❞ t❤❡ ✢✉t❡ ♠♦❞❡ ✭♠❛r❦❡r ♦✮ ❛r❡
♥♦t ❝❧♦s❡ t♦ ❡❛❝❤ ♦t❤❡r✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ r❡s♦✲
♥❛♥t ❛tt❡♥✉❛t✐♦♥ ♣❡❛❦s ♦❢ t❤❡ ✐♥s❡rt✐♦♥ ❧♦ss ❛❜♦✈❡ F+

a

♦❜s❡r✈❡❞ ❢♦r t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭❋✐❣✳✻ ❞❛s❤✲❞♦t
❧✐♥❡✮✱ ❞✉❡ t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ✐♥t❡r❢❡r❡♥❝❡ ♦❢ t✇♦ s✐♠✐❧❛r
❡✐❣❡♥♠♦❞❡s✱ ❛r❡ str♦♥❣❧② r❡❞✉❝❡❞ ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡
❛❧♠♦st ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ✭t❤✐❝❦ ❧✐♥❡✮✳

✻✳ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ♣❛rt✐❝✉❧❛r t②♣❡ ♦❢ ✐♥❤♦♠♦❣❡♥❡✐t② ✭❞✐❛♣❤r❛❣♠s✮
✉s❡❞ ❤❡r❡ str♦♥❣❧② ❛✛❡❝ts t❤❡ ♣❤❛s❡ ✈❡❧♦❝✐t② ♦❢ t❤❡

♣❧❛♥❡ ❡✐❣❡♥♠♦❞❡✱ ❛♥❞ ❛❧s♦ ♠♦❞✐✜❡s t❤❡ st♦♣ ❜❛♥❞ ❛♥❞
t✇♦✲♠♦❞❡s ❜❛♥❞ ♦❢ t❤❡ ✐♥✜♥✐t❡ ❧❛tt✐❝❡✳
❋r♦♠ ❛ ♣r❛❝t✐❝❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇✱ t❤✐s ❛♣♣r♦❛❝❤ ✐❧✲

❧✉str❛t❡s ❤♦✇ t❤❡ ✐♥❤♦♠♦❣❡♥❡✐t② ♦❢ t❤❡ ✐♥✜♥✐t❡ ❧❛t✲
t✐❝❡ ♠♦❞✐✜❡s t❤❡ ✐♥s❡rt✐♦♥ ❧♦ss ♦❢ t❤❡ ❧❛tt✐❝❡ ♦❢ ✜♥✐t❡
❧❡♥❣t❤✳ ■t ❛♣♣❡❛rs t❤❛t ❣❧♦❜❛❧❧②✱ t❤❡ ✐♥s❡rt✐♦♥ ❧♦ss ♦❢
❜♦t❤ ❤♦♠♦❣❡♥❡♦✉s ❧❛tt✐❝❡ ❛♥❞ ❜r❛♥❝❤❡❞ ❍❡❧♠❤♦❧t③
r❡s♦♥❛t♦rs✱ ✐s ❧♦✇❡r❡❞ ✇❤❡♥ ❞✐❛♣❤r❛❣♠s ❛r❡ ✐♥tr♦✲
❞✉❝❡❞✳
❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ❡✈❡♥ t❤♦✉❣❤ ❞✐❛♣❤r❛❣♠s ✇❛s ❛

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