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Äu��0�nØ, JÑ
äk���G(��ý�Î/(Û���O�{. nØ©Û�k��ê��[L²,

¤�OÛ���,äk�{Û��;.A�, �¦f5�ÎNÑ�|²w~�, ¿�3Û��«�LyÑÅ
¡�
­�A5, Ó�3Û��	ÜÅ
¡�±ØC. O\Û��lÑ�ê�±ÿ°Ùk�ó�ª�, UõÛ��J. du
´�«�C�Û��, Û��JÉ�
\�Å���K�, �k�\�Å���ý��¶²1��J�Z. ,	�
ý�Î�å�~���ÿ, �Cq@�´�Î/Û��. �ý¢�(Jy²
�{��(5. TïÄ�¢yE,/
G(Û��Jø
�«k�å».

'�c: (Û��, ��0�, Ñ�(|, �C�Û��

PACS: 43.35.Bf, 43.20.El, 63.22.Np

1 Ú ó

du(ÆÅÄ�§3�IC�eäk�C
5 (invariance), Ïd�|^d5�?1#.(Æõ
Uì�Ú(Æá���O, ù�L§¡�=�(
Æ (transformation acoustics)[1]. (Û�� (acoustic

cloaking)[2,3] ´=�(Æ¥�;.¯K, 3Û��
��^e, (Åò “7L” �Û�ÔN
gdc1,

Ø¬�)Ñ�, l
Ø¬�&ÿ�, =��
Û�
��J. Äu=�(Æ�(Û��Vg
u>^
Æ+���'¯K [4], ��ö�mq�3wÍ�
�É. �âëê/ªØÓ, �ò(Û��©�ü«
a., �«¡��.5Û�� [5] (inertial cloak, IC),

§�¦á�äk��É5��Ý. Norris[5] JÑ

,�«a.�(Û��, á�äk��É5��5
Üþ, �dÊ�ªá� [6](pentamode materials, PM)

¢y.

ÃØ=�«a., Û��á�Ñ7Läkr
��É5Úr�þ!5, ù´y¢á�¤ØU�
��. ØLCc5, �X(f¬NÚ(Æ�á�

ïÄ��\, ®uy
õ«äk�~ëêA5�
#.á� [7−9], �@�´¢y(Û����Uå
» [10]. ,	, |^yká�, Äu��0�nØ
ÚlÑ�{{zá�ëê�´(Û��¢y��
«k�Ãã [11−14], éÛ���¢yå�
íÄ
�^.

3Û��/G�¡, ¥/!�Î/�ré¡/
G [1−5,10−14] �,´<�'5�9:, 
éuÙ¦
fé¡/GÛ���ïÄ%�é��. ý�Î/´
�«~^�äkfé¡5�Ä�ã/, ´¢yÙ¦
E,(��Ä�ü���, 3)�)¹9I��E
�¯õ+�ÑkA^. 3ù�¡, Ma � [15,16] �k
Äuý�Î�IX�O
ý�ÎÛ��, ¿uÐ�
�
^=ý¥/Û�� [17], �ý�Î/Û���
ïÄJø
�½�nØÄ:. �'uý�Î/(Û
���¢y�{ïÄ%�8�����. duý�
Î/é¡5�é�f, �O�{Ú¢yÃãÑ�E
,, ØU���Óu�Î/ïÄ(J, @oéÙ?
1ÐÚ�nØïÄòkÏuíÄý�Î/(Û�
��¢yÚuÐ.

�©3ý�Î�IXe, ÿÐ
�kré¡(
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Û��¢y�{ [11,12], ÄuëêlÑÚ��0�
nØ�O
���Gý�Î/(Û��, §�±d
ü«��Ó5á��O�U¢y, 
z��ý�Ñ
äk�Ó��:. ©¥©Û
ØÓlÑ�êÚ\�
ÅªÇéÛ��J�K�, �ý(Jy²
ù��
{��15. ØLdu¤�O�ý�ÎÛ��´�
«��{Û��, \�Å�\��Ýî­K�
Û
���Û��J. ,	, ��åAO���ÿ�±
òÙÀ��Î/Û��. dó���E,/G(Û
���¢yJø�Ï.

2 ý�Î/(Û����O9¢y

Äu=�(ÆnØ, ��.5Û��á�ë
ê [5] �L«�

κ′ = κ0 det A,ρ′−1

= ρ−1
0

AAT

det A
. (1)

ùp κ′(κ0) Ú ρ′(ρ0) L«C��m (Ð©�m) ¥
�NÈ�þÚ�Ý, ¿� ρ′ ´�� d × d(d = 2, 3)

�Ý
. Aij = ∂x′
i/∂xj , L«Ð©�m�C��m

�m�C�Ý
. �âÝ
�ê�, A �±?�Ú
©), A = V R (V �.�Ý
, R �^=Ý
), ä
NëêdC�'Xû½.

3ý�Î/(Û����OL§¥, �¦¯K
{z, ·�À^ý�Î�IX [15]. d�5�ê�
��ý�Î�IX�I (ξ, η) �(k��IX�
I (x, y) �m�3Xe'X [18]

ξ =
rB + rA

2c
,

η =
rB − rA

2c
. (2)

Ù¥ r2
A = (x− c)2 + y2, r2

B = (x + c)2 + y2, c L«
ý��å. ½U�¤_/ª

x = cξη,

y = c
√

(ξ2 − 1)(1 − η2), (3)

C � ' X û ½ 
 ë ê � / ª, ù p À ^ ©
z [15] �Ñ��5C�'XéÛ��?1�O, =

ξ′ = ξ1 + (ξ − 1)
ξ2 − ξ1

ξ2 − 1
,

η′ = η. (4)

ξ1 Ú ξ2 � ý � @ S 	 � � I ë ê. C / u )
3 [1, ξ2] � [ξ1, ξ2] �m, = ξ1 6 ξ 6 ξ2.

dd���C�Ý
�

A =


√

α2 − 1
ξ2 − 1

√
ξ2 − η2

α2 − η2

ξ2 − ξ1

ξ2 − 1
0

0

√
ξ2 − η2

α2 − η2

 ,

α = (ξ − ξ1)
ξ2 − 1
ξ2 − ξ1

+ 1, (5)

�\ (1) ª�����ý�Î/(Û��á�ëê
�

1
ρξ

=
1
ρ0

√
α2 − 1
ξ2 − 1

ξ2 − ξ1

ξ2 − 1
, (6a)

1
ρη

=
1
ρ0

√
ξ2 − 1
α2 − 1

ξ2 − 1
ξ2 − ξ1

, (6b)

κ = κ0

√
ξ2 − 1
α2 − 1

α2 − η2

ξ2 − η2

ξ2 − 1
ξ2 − ξ1

, (6c)

Ù¥, ρ = diag[ρξ ρη]. d?�L��B, ®��ë
ê�þI, þL«C��m¥ëê.

d (6) ª��, ¢yý�Î/(Û��¤Iá
�äk�þ!��É5�A:, ¿�ëê��l 0

� ∞, Cz���~�, |^y¢á�J±¢y.

�
)ûù�¯K, �±éá�ëê?1�½�
{zÚCq?n. éuá���þ!5, ·��
±òÙ3�þ!��þ�lÑz?n, ¦Ù¤�
õ�þ!0�. 
éuá���Ý��É5, �±
$^ Schoenberg Ú Sen[19] JÑ��G6N��0
�nØ5��Ù�A���Ó5|¤0�. ù�
�{�¡� “üÚ{”(two-step procedure), �kA
^u�Î/(Û���ëê{zL§¥ [12]. �
ý�Î/(Û��q��Î/(Û���¹ØÓ,

3�Î�IXe, �Î/(Û��ëê��þ!
5�����I r k', 
ý�Î�IXeëê
�þ!5%� ξ Ú η Ñ�'´ (6c) ª, ù�¯K
�)û�5
æ�. ,	, N�ò�G6N��0
�nØ [19] ¥�ü�R���þ��Ý©þéA
uý�Î/(Û���ëê©þ�´ù�¯K�
­:.

d (6) ª��, �þ�ÝØ�äk�þ!5, 

�´��É5�, é§�{zò¦á�I¦��ü
$. 31�Ú¥Iéëê?1þ!5{z, d (6a)
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Ú (6b) ª���Ý�� ξ Cz, � η Ã', ¤±·
��éëê3 ξ ��?1lÑz?n, l
ü$ó
�JÝ, ¿�ØK�¯K���. 31�Ú¥I�
�Ø�þ�Ý���É5. ý�Î�IXe, ØÓ
� ξ �éA
���ý�X, ùaqu�Î�IX
e� r ¶©þ, Ïd�@�ý�Î�IX¥ ξ ¶�
�Î�IXe r ¶äk/ªþ�éA'X; Ó� η

��ØÓéA
��ý�±þ�ØÓ:, aqu�
Î�IXe� θ ¶©þ, K�@� η ¶� θ ¶�
éA. @o3��ý�Î�IXeü���þ��
þ�Ý©þ (ρξ, ρη) ò©OéAu�Î�IXe
� “»�” Ú “±�” ©þ. ±þ?n�ªÚéA'
Xò¦�Äu��0���GÛ��(� [12] �^
5�O¢yý�Î/(Û��.�� � � � � � �� � �� 	 
 � � � � � ��
 � 
 � �� �� � � � � �� � � � � �

� � �� �� � � �� �� �
ã 1 ý�Î/(Û��ëê{zL§«¿ã (a) �Gý
�ÎÛ��«¿ã; (b) �G��0�«¿ã; (c) 1 n ��
�0�

éuäN��OL§�Lã�: Äk, 3ý�
Î�IXe, òÛ��÷ ξ ��3 [ξ1 ξ2] ��Sl
Ñ� N �, ¤ký�äk�Ó��:, z��0�
3 ξ ��þÑ´þ!�, l
�±�Øá�3 ξ �
�þ��þ!5, (JXã 1(a) ¤«. �d�z�
�á��,´��É5�. �â��0�nØ [19],

�^ü«��Ó56N0����äkî*��
Ó5�Ý��«0�. Xã 1(b) ¤«, 3ý�Î�
IXe, �G6N0�¥±Ïü�, äk���R
�u�����Ý©þ ρξ Ú²1u�����
Ý©þ ρη. Ïd·��3�k©�(��Ä:þ,

|^��0�'Xéz��0�?1��, Ù¥
1 n ���0�Xã 1(c) ¤«. ù�Òòý�Î/
Û�����
d 2N ���Ó5á�|¤��
G(�.

Ï ξ ��� “»�” ©þ, 
 η ��� “��”

©þ, Ïd�Gý�Î/(Û��¥��0�'X
�L«�

ρξ =
ρA + ζρB

1 + ζ
,

1
ρη

=
1

1 + ζ

(
1
ρA

+
ζ

ρB

)
,

1
κ

=
1

1 + ζ

(
1

κA
+

ζ

κB

)
, (7)

ùp κA(κB), ρA(ρB) �á� A(B) �NÈ�þÚ�
Ý, ζ �á� B éá� A �W¿'.

�©¥-ü«á��'W¿, = ζ = 1; Ó�
÷v ρA > ρB; ,	, �
;�S>.?�ëêÛ
É [5] , ùp¦^{|�� [20] (impedance-matched)

ëY5^�, =

ρξn

ρ0
=

κn

κ0
× ξ2

n − η2

α2
n − η2

, (8a)

ρηn

ρ0
=

κn

κ0

ξ2
n − η2

α2
n − η2

ξ2 − ξ1

ξ2 − 1

√
α2

n − 1
ξ2
n − 1

(8b)

���1 n ���0�ëê�

ρAn = ρξn +
√

ρξn(ρξn − ρηn), (9a)

ρBn = ρξn −
√

ρξn(ρξn − ρηn), (9b)

κAn = κn × ρξn/ρBn, (9c)

κBn = κn × ρξn/ρAn. (9d)

�d, ·�ò(Ü
lÑz?nÚ��0�n
Ø��þ!��É50�{z�{?1
ÿÐ, ¦
Ù^|A^uäkfé¡5�ý�Î�¹. ØL
du·��é ξ ?1
lÑz?n, Ïdá�ëê
3 η ��þE,´�þ!�, ù�±ÏL�glÑ
z5)û, �©Ø�\?Ø.

3 �ý(J9?Ø

�©|^k�� (FEM) O�^� COMSOL é
¤�O�G(Û��?1
©Û, O�«���
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�¹Xã 2 ¤«. Û��SÜ�f5�Î, O�
«��ý� Dirichlet >.^�, \�{�Å(Ø
� p = exp(−ikx), Ù{>.��� Neumann >
.^�, = n · ∇p = 0. Ù¥, f5�Îº��:

�¶ a = 1 m, á¶ b = 0.5 m; Û��3 ξ ��
þ��ållÑ� N �, z��dü«��Ó5
0�|¤, äNëê� (9) ª. Û��S	>.º
�� ξ2 = 2ξ1 = 2.31, c = 0.87 m. �µ0��
Y (ρ0 = 998 kg/m3, κ = 2.19 GPa). COMSOL ^
��2�A^u>^Û��Ú(Û��¯K�¦
)�¥ [15−17,21], �k���y¤�OÛ���
�(5.

ã 2 O�«����

�Gý�Î/Û��(|©ÙXã 3 ¤«, \

�Åê k0 = 5π. ��é', ã 3(a) �f5ý�
ÎÚå�(|©Ù�¹, 
ã 3(b) �f5ý�Î
	\�GÛ���(|©Ù�¹. 3ã 3 ¥, Û
���lÑ� N = 20 �, dþã A, B ü«á�
|¤.

dã 3(a) ��, f5ý�ÎÚå
'�r�Ñ
�, cÙ´ý�Î�c�, k���K«, 
3Ù
¦��þÅ
¡�3ä�Ú�£�y�, Ñ�(|
'�E,. ØL�f5ý�Î	\Û����, �
¹%²wØÓ, Xã 3(b) ¤«. 3ã 3(b) ¥, Û�
�c��K«®Ä���, \��²¡Å3ÏL
Û��Úf5ý�Î��UY�±ÙÅ
¡A5
�cDÂ, 3Û��«� (ξ1 < ξ < ξ2) �±uy
Å
¡u)
�½��­, y²Û����3U
C
�k(|©Ù�¹. ù`²¤�O�GÛ�
��,äk�{Û���;.A� [12,15]. ØLd
u?1
lÑz?n, ¦�Û����
�Ü©
Û��J, ¤±E,¬Úå�½�Ñ�, Û��S
	(|þ�)
���6Ä. oN5`, Û���
�3Uõ
�kf5ý�Î�Ñ�(|, \�Å
Ð� “7L” 
æNÔ��, E,±�k/ª�c
DÂ, ¦�Û��SÜÔNØ´�&ÿ�, l
å
�
 “Û�” ��^. ã 3 (Jy²
þã�O�
{��(5, ´¢yý�Î/(Û����«k�
å».

,	, �GÛ���ó��J�¬É�lÑ�
ê�K�, ��lÑ�ê�õ, ��C�{Û��,

Û��J�Ð [11,12].

ã 3 Û��(|é', k0 = 5 π, N = 20 (a) ÃÛ���f5ý�Î(|; (b) f5ý�Î\Û���(|
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ã 4 ¤«�\�ÅªÇ� k0 = 8 π �ØÓ
lÑ�êÛ��(|©Ù, lÑ�ê©O� 20

� (ã 4(a)) Ú 40 � (ã 4(b)). é'ü«�¹��,

Û���ê�Oõ, ¦�Ñ�(|~f, cÙ´�
5�3(|\rÚÅ
¡ä��«�, d�(|®
�C²¡Å�¹, Å
¡�±ûÐ, Jp
Û��
�Û��J, ¦�Û��SÜÔNØ´�uy. ã 4

L², O\Û��lÑ�ê, ÿ°
�Gý�Î/
(Û���k�ó�ª�, Uõ
Û���Û��
J. ¿��\ïÄ�L², Û���lÑ�ê�õ,

��C�{Û��, l
Û��J��Ð. ØLl
Ñ�ê�õ�ò�¢y�5���(J, Ïd3¢
y¤�ÚÛ��J�mI�Ñ·����.

ã 4 ØÓlÑ�êéý�Î/(Û��Û��J�K�, k0 = 8π (a)N = 20; (b)N = 40

5¿�, 3C�'Xª (4) ¥, � ξ = 1 �, é
Au (y = 0, −c 6 x 6 c) ��^�ã. `²©¥¤
æ^�C��{��C� [22] (line-transformed), ´
òÛ��S>.éAuÐ©�m¥��^f5�
ã. ÏdÛ��(|ò�ÓuÐ©�m¥f5�ã
�Ñ�(|, �\�Å��ØÓ�, Û��J¬Ø
¦�Ó.

ã 5 ¤«�ØÓ\��Ýé�Gý�Î/(
Û��(|�K�, \�ÅªÇþ� k0 = 5 π.

ã 5(a), 5(c) Ú 5(e) ¥�Ñ
�Ý� 2c ��^f
5�ã3ØÓ��\�Å�^e�(|©Ù, 

ã 5(b), 5(d) Ú 5(f) �f5ý�Î\Û���(|
©Ù�¹. ¤kã¥�µ0��Y, Û��º�Ó
ã 3, N = 20. \�Å� x ¶���Y�©O�
ã 5(a), (b) π/2; (c), (d) π/4 Ú (e), (f) π.

d ã 5 � �, \ � Å � Ý é � C � ý � Î
/ ( Û � � � Û � � J k � � K �. 3 ã 5(b)

Ú 5(d) ¥, \�Å��©O� π/2 Ú π/4, d�
( | ¥ þ � 3 � r � Ñ � Å, 3 Û � � c � k
²w�K«, 
3 −π/2 Ú −π/4 ���3(|

�\r, ù�ã 5(a) Úã 5(c) ¥f5�ã¤Ú
å�Ñ�(|©Ù�¹Ä���. ØLduÛ�
� � � é ( Å ä k � ½�� � � ^, ¤ ± � ö
�m�(|rf©Ù�´¬kÑ��É. 3ùü
«�¹e, Û��JC�, �Û�ÔN4´�u
y. 3ã 5(e) Úã 5(f) ¥, \�Å��� π, d
�(|©Ù�þ!, (|Ä��É\�Å��K
�. (Üã 3 (J��, �\�Å�Ý� 0 ½ π

�, =\�Å��²1uý��¶�, Û��J
�Z.

�Î/´ý�Î/��«AÏ�¹, ��å�
~���ÿý�Î/(Û��Cq��Î/(Û
��. ã 6 ¤«��å c = 0.0001 ��Gý�Î/
(Û���(|©Ù�¹, Ù¥ k0 = 2 π, N = 20.

d�Û���á¶Ä���, �@�´�Î/(Û
��. Û����3¦�f5�ÎÑ�(|~�,

äkÛ��	Å
¡�±�55�!Û��«�
Å
¡�­�A5. ØLdulÑ?n�K�, Û
��c�(|�,�3�½�Ñ�Å, �ù¿ØK
�Ù�NÛ��J.
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ã 5 ØÓ\��Ý�¹eÛ��(|©Ù, k0 = 5 π, N = 20; \�Å� x ¶���Y�©O� (a), (b) π/2; (c), (d) π/4; (e),

(f) π

4 ( Ø

�©ò�Î�IXe(Û��¢y�{?1
í2, Äu��0�nØ, 3ý�Î�IXe, �O

äk���G(��ý�Î/(Û��, T(�
�d��Ó5á�¢y. |^ê��ý�{, ©Û


ý�Î/(Û���(|©Ù, y²
ù«�{
�k�5. ¤�O��Gý�Î/(Û���±

�{Û���Ä�A5, �¦f5�ÎÑ�(|²
w~f, Û��	ÜÅ
¡�±�5A5ØC, 

Û��«�Å
¡u)
�­, l
¦�Û��S
ÜÔN “Ø��”. O\Û���lÑ�ê�±ÿ°
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1.5

0

-1.5-4

-2

0

2

4
y
/
m

-4 -2 0 2 4

x/m

ã 6 c = 0.0001 ��Gý�Î/(Û��(|©Ù,

k0 = 2π

Ùó�ª�, l
UõÛ��J. duù´�«�
C�Û��, Û��JÉ�\�Å���K�, �

k�\�Å²1uý��¶��ÿâäk�Z�
Û��J. ,	, �ý��åAO���ÿ, Û��
�@�´�Î/Û��.

3éý�Î/(Û��á�ëê?1{z�
Ì��9ü�Ú½, =�þ!ëê�lÑzÚ��
É5á����. du��þ!5L§�I�3
ëê�þ!��þ?1lÑ=�, Ïdù�Ú½·
^u?Û/G�(Û��. 3é��É5ëê?
1���L§¥, '�´�é������IX,

¦�(Û���ÝÝ
�±3d�IXez�î
*��Ó5 (transverse isotropic) /ª [19]. 
3ù
�Ú½�¥, �k¤I����IX´�(Û�
�/GA5�'�. ¤±��é��«Ü·��
IX, d�{é?Û/G��(Û���¢yÑ
·^.
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Abstract

A layered co-focal elliptical-cylindrical acoustic cloak is designed based on the effective medium theory. The distribution of

acoustic field is simulated using the finite element method. The cloak possesses the properties of low-reflection outside and wavefront-

bending in the cloak shell. The relationship between the cloaking effect and the number of discrete layers, the direction of incident

wave are also investigated. The effective working frequency band can be broadened by using more layers. As the cloak is of a line-

transformed type, its properties are associated with the direction of incident wave. Only when the incident wave is parallel to the major

axis of the ellipse, can the cloak have the best performance. In addition, the cloak is of a cylindrical structure as the focus of the

ellipse-cylinder is small enough. This work is expected to be helpful for realizing acoustic cloaks with complex shapes.
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