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ÍÎÐÌÀËÜÍÛÅ ÂÎËÍÛ Â ÒÐÀÍÑÂÅÐÑÀËÜÍÎ-ÈÇÎÒÐÎÏÍÎÌ

ÖÈËÈÍÄÐÈ×ÅÑÊÎÌ ÂÎËÍÎÂÎÄÅ

Ñ ÑÅ×ÅÍÈÅÌ Â ÔÎÐÌÅ ÊÎËÜÖÅÂÎÃÎ ÑÅÊÒÎÐÀ

Ïîñòðîåíà àíàëèòè÷åñêàÿ ôîðìà äèñïåðñèîííûõ óðàâíåíèé äëÿ ìíîæåñòâ íîðìàëüíûõ óïðóãèõ âîëí
â òðàíñâåðñàëüíî-èçîòðîïíîì öèëèíäðè÷åñêîì âîëíîâîäå ñ êîëüöåâûì ñå÷åíèåì, èìåþùèì ñåêòîðíûé
âûðåç ïðîèçâîëüíîé óãëîâîé ìåðû. Âíåøíèå öèëèíäðè÷åñêèå ãðàíè÷íûå ïîâåðõíîñòè âîëíîâîäà ïîëà-
ãàþòñÿ ôèêñèðîâàíûìè, à íà ãðàíè÷íûå ïîâåðõíîñòè âûðåçîâ íàíåñåíû òîíêèå áåçèíåðöèîííûå íåðàñ-
òÿæèìûå ïîêðûòèÿ. Äëÿ âîëíîâîäîâ äàííîãî òèïà ñ ðàçëè÷íûìè ôèçèêî-ìåõàíè÷åñêèìè è ãåîìåò-
ðè÷åñêèìè õàðàêòåðèñòèêàìè ðàññ÷èòàíû äåéñòâèòåëüíûå è ìíèìûå âåòâè äèñïåðñèîííûõ ñïåêòðîâ.
Îïèñàíû ýôôåêòû òðàíñôîðìàöèè ñïåêòðîâ, ñâÿçàííûå ñ èçìåíåíèåì óãëîâîé ìåðû âûðåçà.

Ââåäåíèå. Çàäà÷è äèíàìèêè äåôîðìèðóåìûõ ñðåä îá îïðåäåëåíèè ïîëíûõ äèñïåð-
ñèîííûõ ñïåêòðîâ íîðìàëüíûõ óïðóãèõ âîëí â öèëèíäðè÷åñêèõ òåëàõ ñ âàðüèðóåìîé
ãåîìåòðèåé è ôèçèêî-ìåõàíè÷åñêèìè ñâîéñòâàìè ïðèîáðåòàþò âñå áîëüøóþ àêòóàëü-
íîñòü â ñâÿçè ñ ïîÿâëåíèåì íîâûõ ïðèëîæåíèé â óëüòðààêóñòè÷åñêîé äåôåêòîñêîïèè è
àêóñòîýëåêòðîíèêå è îñòàþòñÿ îòêðûòûìè ïî ìíîãèì àñïåêòàì [1�5]. Îäíî èç íàïðàâ-
ëåíèé àíàëèçà óêàçàííîãî êëàññà çàäà÷ çàêëþ÷àåòñÿ â ïîèñêå âîçìîæíîñòåé öåëåíà-
ïðàâëåííîãî èçìåíåíèÿ ñòðóêòóðû ñïåêòðà � ïîëó÷åíèè äèñïåðñèîííûõ çàâèñèìîñòåé ñ
íåîáõîäèìûìè ñâîéñòâàìè, îáåñïå÷åíèè ñóùåñòâîâàíèÿ îïðåäåëåííîãî êîëè÷åñòâà ìîä
áåãóùèõ âîëí â çàäàííîì ÷àñòîòíîì äèàïàçîíå, èçìåíåíèè ÷àñòîò çàïèðàíèÿ, ïîëó-
÷åíèè âîëíîâûõ äâèæåíèé ñ òðåáóåìîé ôîðìîé ðàñïðåäåëåíèÿ ïîòîêîâ ìîùíîñòè ïî
ïîïåðå÷íîìó ñå÷åíèþ.

Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàåòñÿ îäíà èç çàäà÷ òàêîãî òèïà î ðàñïðîñòðàíå-
íèè óïðóãèõ âîëí â òðàíñâåðñàëüíî-èçîòðîïíîì öèëèíäðè÷åñêîì âîëíîâîäå ñ ñåêòîð-
íûì âûðåçîì ïðîèçâîëüíîé óãëîâîé ìåðû â êîíöåíòðè÷åñêîì êîëüöåâîì ñå÷åíèè. Â íåé
îáîáùàþòñÿ ïîäõîäû è ðåçóëüòàòû, ïðåäñòàâëåííûå â ðàáîòàõ [6�9].

1. Ôèçèêî-ìåõàíè÷åñêàÿ è ìàòåìàòè÷åñêàÿ ïîñòàíîâêà çàäà÷è. Ðàññìàò-
ðèâàåòñÿ òðàíñâåðñàëüíî-èçîòðîïíûé öèëèíäðè÷åñêèé âîëíîâîä çàíèìàþùèé â áåçðàç-
ìåðíîé ñèñòåìå öèëèíäðè÷åñêèõ êîîðäèíàò (r, θ, z) îáëàñòü V = {R1 ≤ r ≤ R2,−α ≤
≤ θ ≤ α, −∞ < z <∞} è èìåþùèé ïðèâåäåííóþ íà ðèñ. 1 êîíôèãóðàöèþ ïîïåðå÷íîãî
ñå÷åíèÿ.

Ãðàíèöà âîëíîâîäà G = G− ∪ G+ ∪ G0 îáðàçîâàíà ñóïåðïîçèöèåé ïîâåðõíîñòåé
G+ = {R1 ≤ r ≤ R2, θ = α,−∞ < z < ∞}, G− = {R1 ≤ r ≤ R2, θ = −α,−∞ < z < ∞},
G0 = {r = R1,−α ≤ θ ≤ α,−∞ < z < ∞} ∪ {r = R2,−α ≤ θ ≤ α,−∞ < z < ∞}.
Âîëíîâîä èìååò êîëëèíåàðíóþ íàïðàâëåíèþ Oz îñü óïðóãîé ñèììåòðèè ìåõàíè÷åñêèõ
ñâîéñòâ. Ó÷àñòîê G0 ãðàíèöû âîëíîâîäà ïîëàãàåòñÿ æåñòêî ôèêñèðîâàííûì, à ãðàíè÷-
íûå ïëîñêîñòè ñåêòîðíîãî âûðåçà G− è G+ èìåþò ïîêðûòèÿ â âèäå íåðàñòÿæèìûõ â
ïëîñêîñòè àáñîëþòíî ãèáêèõ ìåìáðàí. Ãðàíè÷íûå óñëîâèÿ â ðàññìàòðèâàåìîé çàäà÷å
èìåþò âèä

(ũr)G0 = (ũθ)G0 = (ũz)G0 = 0, (ũr)G± = (ũz)G± = (σ̃θθ)G± = 0, (1)
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ãäå {ũa} (a = r, θ, z) � áåçðàçìåðíûå êîìïîíåíòû âåêòîð-ôóíêöèè u = u0(r, θ) exp(−i(ωt−
−k̃z)) íàïðÿæåííîñòè ãàðìîíè÷åñêîé íîðìàëüíîé âîëíû, {σ̃ab} (ab = rr, rθ, rz, θθ, θz)
� áåçðàçìåðíûå êîìïëåêñíûå ôóíêöèè íàïðÿæåíèé íà îñíîâíûõ ïëîùàäêàõ öèëèíäðè-
÷åñêîé êîîðäèíàòíîé ñèñòåìû â èññëåäóåìûõ âîëíàõ.

Ðàñïðîñòðàíåíèå íîðìàëüíûõ âîëí â ðàññìàòðè-

Ðèñ. 1. Ïîïåðå÷íîå ñå÷åíèå âîëíîâî-
äà.

âàåìîì âîëíîâîäå îïèñûâàåòñÿ îäíîðîäíîé êðàåâîé
çàäà÷åé, âêëþ÷àþùåé êðàåâûå óñëîâèÿ (1) è ñèñòå-
ìó äèíàìè÷åñêèõ óðàâíåíèé â ïåðåìåùåíèÿõ äëÿ
òðàíñâåðñàëüíî-èçîòðîïíîé óïðóãîé ñðåäû, êîòîðàÿ
ìîæåò áûòü çàïèñàíà â ôîðìå:

Lpju = 0 (p, j = 1, 3), (2)

ãäå

L11 = c11∂
2
1 + (c11 − c12)∂

2
2/2 + c44∂

2
3 − ρ∂2/∂t2,

L12 = (c11 + c12)∂1∂2/2, L13 = (c13 + c44)∂1∂3,

L21 = L12, L22 = (c11 − c12)∂
2
1/2 + c11∂

2
2 + c44∂

2
3 − ρ∂2/∂t2, L23 = (c13 + c44)∂2∂3,

L31 = L13, L32 = L23, L33 = c44∂
2
1 + c44∂

2
2 + c33∂

2
3 − ρ∂2/∂t2, ∂j = ∂/∂xj,

cij � çíà÷åíèÿ îòíåñåííûõ ê íîðìèðóþùåìó ïàðàìåòðó c∗ áåçðàçìåðíûõ óïðóãèõ ïî-
ñòîÿííûõ, xj � íîðìèðîâàííûå ïðÿìîóãîëüíûå äåêàðòîâû êîîðäèíàòû, ñâÿçàííûå ñ
ââåäåííûìè â âîëíîâîäå öèëèíäðè÷åñêèìè êîîðäèíàòàìè ñîîòíîøåíèÿìè x1 = r cos θ,
x2 = r sin θ, x3 = Z.

2. Àíàëèòè÷åñêàÿ ìåòîäèêà ïîëó÷åíèÿ äèñïåðñèîííûõ óðàâíåíèé. Äëÿ
êîìïëåêñíûõ ôóíêöèé âîëíîâûõ óïðóãèõ ïåðåìåùåíèé ui â íîðìàëüíûõ âîëíàõ, ðàñ-
ïðîñòðàíÿþùèõñÿ âäîëü îñè z ðàññìàòðèâàåìîãî âîëíîâîäà, ââîäÿòñÿ ïðåäñòàâëåíèÿ

u1 = (∂1ϕ(x1, x2) + ∂2F3(x1, x2)) exp(−i(ωt− kx3)),

u2 = (∂2ϕ(x1, x2)− ∂1F3(x1, x2)) exp(−i(ωt− kx3)),

u3 = χ(x1, x2) exp(−i(ωt− kx3)),

íà îñíîâå êîòîðûõ óðàâíåíèÿ äâèæåíèÿ (2) òðàíñôîðìèðóþòñÿ â ñèñòåìó óðàâíåíèé
îòíîñèòåëüíî îáîáùåííûõ ïîòåíöèàëîâ ϕ(x1, x2), χ(x1, x2), F3(x1, x2):

L(1)
ϕ ϕ+ L(1)

χ χ = 0, L(2)
ϕ ϕ+ L(2)

χ χ = 0, L
(1)
ψ ψ = 0, (3)

ãäå
L(1)
ϕ = c11D

2 + β1, L(1)
χ = ik(c13 + c44), L(2)

ϕ = ik(c13 + c44)D
2,

L
(1)
ψ = 1/2(c11 − c12)D

2 + β1, L(2)
χ = c44D

2 + β2,

D2 = ∂2
1 + ∂2

2 , β1 = Ω2 − c44k
2, β2 = Ω2 − c33k

2,

(4)

k = k̃R∗ � áåçðàçìåðíîå âîëíîâîå ÷èñëî; Ω = ωR∗(ρ/c∗)
1/2 � ïðèâåäåííûé áåçðàçìåðíûé

÷àñòîòíûé ïàðàìåòð âîëíû ñ êðóãîâîé ÷àñòîòîé ω; ρ � ïëîòíîñòü ìàòåðèàëà âîëíîâîäà;
R∗ � íîðìèðóþùèé ïàðàìåòð äëÿ âåëè÷èí ñ ðàçìåðíîñòÿìè óïðóãèõ ïåðåìåùåíèé.
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Íîðìàëüíûå âîëíû â òðàíñâåðñàëüíî-èçîòðîïíîì öèëèíäðè÷åñêîì âîëíîâîäå

Ïîëó÷àåìûå îïåðàòîðíûì ìåòîäîì îáùèå ðåøåíèÿ óðàâíåíèé (3) ìîãóò áûòü ïðåä-
ñòàâëåíû â âèäå

ϕ = L(2)
χ F, χ = −L(2)

ϕ F. (5)

Ïðè ýòîì ôóíêöèÿ F îïðåäåëÿåòñÿ èç äèôôåðåíöèàëüíîãî óðàâíåíèÿ ÷åòâåðòîãî
ïîðÿäêà (∆1D

4 + ∆2D
2 + ∆3)F = 0, â êîòîðîì ∆1 = c11c44, ∆2 = β1c44 + β2c11 + k2(c13+

+c44)
2, ∆3 = β1β2.
Òàêèì îáðàçîì, äëÿ àìïëèòóäíûõ õàðàêòåðèñòèê óïðóãèõ ïåðåìåùåíèé ìîãóò áûòü

ïîëó÷åíû ïðåäñòàâëåíèÿ

u1 = χ
(1)
1 ∂1F1 + χ

(1)
2 ∂1F2 + ∂2F3, u2 = χ

(1)
1 ∂2F1 + χ

(1)
2 ∂2F2 − ∂1F3, u3 = χ

(3)
1 F1 + χ

(3)
2 F2,

(6)χ
(1)
j = β2 − c44γ

2
j , χ

(3)
j = −ik(c13 + c44)γ

2
j ,

â êîòîðûõ ôóíêöèè Fj óäîâëåòâîðÿþò ìåòàãàðìîíè÷åñêèì óðàâíåíèÿì

D2Fj + γ2
jFj = 0 (j = 1, 3). (7)

Ïðè ýòîì çíà÷åíèÿ ïàðàìåòðà γ2
j (j = 1, 2) îïðåäåëÿþòñÿ èç áèêâàäðàòíîãî àëãåáðàè-

÷åñêîãî óðàâíåíèÿ ∆1γ
4 + ∆2γ

2 + ∆3 = 0, à γ2
3 = 2β1(c11 − c12)

−1.
Àìïëèòóäíûå ôóíêöèè óïðóãèõ ïåðåìåùåíèé â öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò

(r, θ, z) ñîîòâåòñòâåííî èìåþò âèä:

u0r = χ
(1)
1 ∂rF1 + χ

(1)
2 ∂rF2 + r−1∂θF3, u0θ = χ

(1)
1 r−1∂θF1 + χ

(1)
2 r−1∂θF2 − ∂rF3, (8)

u0z = χ
(2)
1 F1 + χ

(2)
2 F2, ∂r = ∂/∂r, ∂θ = ∂/∂θ.

Ïðè äàëüíåéøåì àíàëèçå îòäåëüíî ðàññìàòðèâàþòñÿ ñïåêòðû ñèììåòðè÷íûõ íîðìàëü-
íûõ âîëí (âîëí S-òèïà), äëÿ êîòîðûõ àìïëèòóäíûå ôóíêöèè óäîâëåòâîðÿþò óñëîâèÿì
u0r(r,−θ) = u0r(r, θ), u0θ(r,−θ) = −u0θ(r, θ), u0z(r,−θ) = u0z(r, θ), è ñïåêòðû àíòèñèì-
ìåòðè÷íûõ íîðìàëüíûõ âîëí (âîëí A-òèïà) ñ àìïëèòóäíûìè ôóíêöèÿìè, óäîâëåòâîðÿ-
þùèìè óñëîâèÿì u0r(r,−θ) = −u0r(r, θ), u0θ(r,−θ) = u0θ(r, θ), u0z(r,−θ) = −u0z(r, θ).

Äëÿ âîëí S-òèïà ïðåäñòàâëåíèÿ àìïëèòóäíûõ ôóíêöèé íàïðÿæåííîñòè, ñëåäóþùèå
èç (4, 8) è àïðèîðè óäîâëåòâîðÿþùèå êðàåâûì óñëîâèÿì (1) íà ïîâåðõíîñòÿõ G− è G+,
ìîãóò áûòü âûáðàíû â âèäå

ur =
∞∑
n=0

3∑
j=1

(A+
njG

+
nrj(r) +B+

njD
+
nrj(r)) cos ν+

n θ,

uθ =
∞∑
n=0

3∑
j=1

(A+
njG

+
nθj(r) +B+

njD
+
nθj(r)) sin ν+

n θ, (9)

uz =
∞∑
n=0

3∑
j=1

(A+
njG

+
nzj(r) +B+

njD
+
nzj(r)) cos(ν+

n θ),

ãäå

G+
nrj(r) = χ

(1)
j (

ν+
n

r
Jν+

n
(γjr)− γjJν+

n +1(γjr)) (j = 1, 2), G+
nr3(r) =

ν+
n

r
Jν+

n
(γ3r),
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G+
nθj(r) = −χ(1)

j

ν+
n

r
Jν+

n
(γjr) (j = 1, 2), G+

nθ3(r) = −ν
+
n

r
Jν+

n
(γ3r) + γ3Jν+

n +1(γ3r),

G+
nzj(r) = χ

(3)
j Jν+

n
(γjr) (j = 1, 2), G+

nz3 = 0,

D+
nrj(r) = χ

(1)
j (

ν+
n

r
Yν+

n
(γjr)− γjYν+

n +1(γjr)) (j = 1, 2), D+
nr3(r) =

ν+
n

r
Yν+

n
(γ3r)

D+
nθj(r) = −χ(1)

j

ν+
n

r
Yν+

n
(γjr) (j = 1, 2), D+

nθ3(r) = −
ν+

n

r
Yν+

n
(γ3r) + γ3Yν+

n
+1(γ3r)

D+
nzj(r) = χ

(3)
1 Yν+

n
(γ1r) (j = 1, 2), D+

nz3(r) = 0, ν+
n = (2n+ 1)π/2α.

Àíàëîãè÷íûå ïðåäñòàâëåíèÿ äëÿ ôóíêöèé íàïðÿæåííîñòè â âîëíàõ A-òèïà ñîîòâåò-
ñòâåííî èìåþò âèä

ur =
∞∑
n=1

3∑
j=1

(A+
njG

+
nrj(r) +B+

njD
+
nrj(r)) sin ν+

n θ,

uθ =
∞∑
n=1

3∑
j=1

(A+
njG

+
nθj(r) +B+

njD
+
nθj(r)) cos ν+

n θ, (10)

uz =
∞∑
n=1

3∑
j=1

(A+
njG

+
nzj(r) +B+

njD
+
nzj(r)) sin ν+

n θ.

Çäåñü

G+
nrj(r) = χ

(1)
j (

ν+
n

r
Jν+

n
(γjr)− γjJν+

n +1(γjr)) (j = 1, 2), G+
nr3(r) = −ν

+
n

r
Jν+

n
(γ3r),

G+
nθj(r) = χ

(1)
j

ν+
n

r
Jν+

n
(γjr) (j = 1, 2), G+

nθ3(r) = −ν
+
n

r
Jν+

n
(γ3r) + γ3Jν+

n +1(γ3r),

G+
nzj(r) = χ

(3)
j Jν+

n
(γjr) (j = 1, 2), G+

nz3 = 0;

D+
nrj(r) = χ

(1)
j (

ν+
n

r
Yν+

n
(γjr)− γjYν+

n +1(γjr)) (j = 1, 2), D+
nr3(r) = −

ν+
n

r
Yν+

n
(γ3r),

D+
nθj(r) = χ

(1)
j

ν+
n

r
Yν+

n
(γjr) (j = 1, 2), D+

nθ3(r) = −
ν+

n

r
Yν+

n
(γ3r) + γ3Yν+

n +1(γ3r),

D+
nzj(r) = χ

(3)
1 Yν+

n
(γ1r) (j = 1, 2), D+

nz3(r) = 0, ν+
n = nπ/2α,

Ñâîéñòâî îðòîãîíàëüíîñòè ñèñòåì ôóíêöèé
{
cos ν±

n
θ
}
,

{
sin ν±

n
θ
}

íà èíòåðâàëå
θ ∈ [−α, α] ïîçâîëÿåò íà áàçå ïðåäñòàâëåíèé (9) è (10) ïîëó÷èòü èç (1) � ãðàíè÷íûõ
óñëîâèé íà G0 � ñåðèþ íåçàâèñèìûõ äèñïåðñèîííûõ óðàâíåíèé äëÿ ñåìåéñòâ íîðìàëü-
íûõ âîëí ñ "îêðóæíûìè âîëíîâûìè ÷èñëàìè" ν±n . Ýòè óðàâíåíèÿ äëÿ íîðìàëüíûõ
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âîëí S-òèïà è A-òèïà â ðàññìàòðèâàåìîì âîëíîâîäå ñîîòâåòñòâåííî èìåþò ôîðìó

∆±
n (Ω, k) =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

G±nr1(1) G±nr2(1) G±nr3(1) D±
nr1(1) D±

nr2(1) D±
nr3(1)

G±nθ1(1) G±nθ2(1) G±nθ3(1) D±
nθ1(1) D±

nθ2(1) D±
nθ3(1)

G±nz1(1) G±nz1(1) 0 D±
nz1(1) D±

nz2(1) 0

G±nr1(R
∗
1) G±nr2(R

∗
1) G±nr3(R

∗
1) D±

nr1(R
∗
1) D±

nr2(R
∗
1) D±

nr3(R
∗
1)

G±nθ1(R
∗
1) G±nθ2(R

∗
1) G±nθ3(R

∗
1) D±

nθ1(R
∗
1) D±

nθ2(R
∗
1) D±

nθ3(R
∗
1)

G±nz1(R
∗
1) G±nz2(R

∗
1) 0 D±

nz1(R
∗
1) D±

nz2(R
∗
1) 0

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
= 0. (11)

3. ×èñëåííûå èññëåäîâàíèÿ è èíòåðïðåòàöèÿ ïîëó÷åííûõ ðåçóëüòàòîâ.

×èñëåííûé àíàëèç äèñïåðñèîííûõ óðàâíåíèé (11) ïðîâåäåí â äèàïàçîíå èçìåíåíèÿ ïðè-
âåäåííûõ âîëíîâûõ ïàðàìåòðîâ Re k ∈ [0, 5], Im k ∈ [0, 4], Ω ∈ [0, 20] äëÿ âîëíîâî-
äîâ ñ ðàçëè÷íûìè óãëîâûìè ðàçìåðàìè è ðàçëè÷íûìè ñîîòíîøåíèÿìè âíóòðåííåãî R1

è âíåøíåãî R2 ðàäèóñîâ. Ðàññìàòðèâàëèñü âîëíîâîäû èç êåðàìèêè PZT�4 ñ ôèçèêî-
ìåõàíè÷åñêèìè õàðàêòåðèñòèêàìè c11 = 13.9, c12 = 7.78, c13 = 7.43, c33 = 11.5, c44 =
= 2.56, c∗ = 1010 í/ì2. Äëÿ ÷èñëåííîãî ðåøåíèÿ äèñïåðñèîííûõ óðàâíåíèé (11) èñïîëü-
çîâàëñÿ ìåòîä áèñåêöèè îòðåçêîâ ïåðåìåíû çíàêà.

Ðåçóëüòàòû ðàñ÷åòîâ äåéñòâèòåëüíûõ è ìíèìûõ âåòâåé äèñïåðñèîííûõ ñïåêòðîâ
äëÿ êîëüöåâûõ âîëíîâîäîâ ñ α = π/4, α = π/2 è α = 3π/4 ïðèâåäåíû ñîîòâåòñòâåííî
íà ðèñ. 2, à; 3, à, á äëÿ R1/R2 = 0.1 è íà ðèñ. 2, á ; 3, â, ã äëÿ R1/R2 = 0.5.

Ðèñ. 2. Äèñïåðñèîííûé ñïåêòð âîëí S-òèïà ñ n = 0 â êîëüöåâîì âîëíîâîäå ïðè a = π/4.

Àíàëèç ïîñòðîåííûõ ñïåêòðîâ ïîêàçûâàåò, ÷òî ïðè óâåëè÷åíèè îòíîñèòåëüíîãî âíóò-
ðåííåãî ðàäèóñà âîëíîâîäà â äèàïàçîíå ïðîâåäåííûõ ÷èñëåííûõ èññëåäîâàíèé, ñòðóê-
òóðà ñïåêòðà êà÷åñòâåííî íå ìåíÿåòñÿ, îäíàêî ÷àñòîòà çàïèðàíèÿ íèçøåé ìîäû áåãóùèõ
âîëí ïîíèæàåòñÿ (ñì. ðèñ. 2, 3).

Äëÿ âîëíîâîäîâ ñ îòíîñèòåëüíî ìàëûì âíóòðåííèì ðàäèóñîì òåìïû èçìåíåíèé â
ñòðóêòóðå ñïåêòðîâ óâåëè÷èâàþòñÿ ñ ðîñòîì óãëîâûõ ðàçìåðîâ ñå÷åíèÿ âîëíîâîäà α.
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Ðèñ. 3. Äèñïåðñèîííûé ñïåêòð âîëí S-òèïà ñ n = 0 â êîëüöåâîì âîëíîâîäå.

Ðèñ. 4. Äèñïåðñèîííûé ñïåêòð âîëí S-òèïà â ñïëîøíîì âîëíîâîäå ñ ñåêòîðíûì âûðåçîì
ïðè n = 0, a = π/4.
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Ïðè ýòîì ñïåêòðû äëÿ öèëèíäðà êîëüöåâîãî ñå÷åíèÿ ñîõðàíÿþò áîëüøóþ ñòåïåíü
ïîäîáèÿ ñ ñîîòâåòñòâóþùèìè ñïåêòðàìè äëÿ öèëèíäðà ñïëîøíîãî êðóãîâîãî ñå÷åíèÿ
ïðè îäèíàêîâûõ çíà÷åíèÿõ α. Òàê, äëÿ êîëüöåâîãî âîëíîâîäà ñ R1/R2 = 0.1, α = π/4
è âîëíîâîäà êðóãîâîãî ñå÷åíèÿ ñ òåì æå ñåêòîðíûì âûðåçîì äèñïåðñèîííûå ñïåêòðû
âîëí S-òèïà ïðè n = 0 èìåþò ïðåäåëüíî ñõîäíóþ ñòðóêòóðó (ðèñ. 2, à è ðèñ. 4).
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