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Abstract: This paper compares the dispersion in metamaterial and in some conventional

media. It is found that each order of the dispersion in metamaterial is larger in three

orders of magnitude than that in conventional media, so that high-order dispersions

have to be taken into consideration in the signal propagation. We analyze the impact

of each order of the dispersion on the propagation of Gaussian light pulse based on the

nonlinear Schrödinger equation and the beam propagation method (BPM). We find that

third-order dispersion leads to a serious pulse splitting. A case is found in which Gaussian

pulse can propagate in metamaterial to 120km without splits and second dispersion can

be compensated by adjusting structure of metamaterial. This is significant to optical

communications.
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0 Ú ó

� 2000 c1�¬�~á�(Metamaterials, MMs)� Smith[1]�<3¢�¿��Ñ5±

5, du§ä�K�ò�Ç[2]
!K� Goos-Hänche £[3]

!_õÊV�A��~ÔnA5[4],

�5�õ�81Ý�
é�~0��Ôn5�Úd3A^�ïÄ[5]. �X�5�õ��5

Ú��5�~0��u², \�
é>^Å3�~0�¥DÑ�ïÄ[5]. ù
ïÄL²


�~0�äk�ò�Ç«(Positive-Index Region, PIR), áÂ«ÚKò�Ç«(Negative-Index

Region, NIR)[6-7]. Wen[8]�<|^Drude�.í�
1óÀ3�~0�¥DÑ���5Å½

��§(Non-Linear Schrodinger Equation, NLSE). 
 Joseph ÚPorsezian[9]K|^cöí��

��5Å½��§ïÄ
1óÀDÑ�ÄåÆ1�. éu�~0���55��ïÄK�

õ, Xg� N�(Self-Phase Modulation, SPM)!gÍ�(Self-Steepening, SS)[10-14]��. ¦

+kNNõõÆöé�~0�¥ØÓA5�ïÄ, �´éu�~0�, cÙ´Kò�Çá�

¥p�ÚÑéupdóÀDÑA5K��ïÄE,é�. �©¥,·�ò�\/?Øp�Ú

ÑéóÀDÑ�K�. ¿(Ü©Û(J?�Ú?1
ÚÑÖ��ïÄ.

3~50�¥,   ��Ä��ÚÑé+�ÚÑ(Group Velocity Dispersion, GVD)�A

�K�. �~0����«<óÜ¤á�,·�uyÙ¥���ÚÑXê3êþ?þpu~

50�¥�A�ÚÑXê(�©12!), ù¦�31óÀDÑ¥Ø2U�Ñp�ÚÑ�K�.

�©ò?Ø�~0�¥n�ÚÑÚo�ÚÑépdóÀDÑ�K�, ©ÛóÀÆC�ÚÑ

�m�'X, ù�ó�éu
)ÚÑ�K�±9éÚÑ?1Ö�k�½�¢S¿Â.

1 1óÀ3�~0�¥DÑ�.

1���«>^Å, 3�~0�¥DÑ�Ìð�d��§|, ¤±Äuð�d��§|

�±í���óÀ3��5ÚÑ�~0�¥�ÅÄ�§

∂2E

∂z2
= µ0ε0

∂2E

∂t2
+ µ0

∂2PNL

∂t2
. (1)

-E = 1
2A(z, t) exp(i(β0z − ωt))+c.c, Ù¥ c.c L«E�Ý. éª (1) �Fp�C�, ¿éDÂ

~ê k Ú�é^�Çµr(ω)?1�VÐm, ��Ñ z ����ê, ��Ú\+�ÝVg�ë�

X(=¤¢�ò�X), �±í�Ñü1å3��0�¥�DÑ�§

∂A

∂z
= − i

2
β2

∂2A

∂T 2
+

1

6
β3

∂3A

∂T 3
− i

24
β4

∂4A

∂T 4
− 1

2
αA + iΓ1|A|2A, (2)

Ù¥ α��ÑXê. 1 i �ÚÑXê βi Ún���5Xê Γ1 �±©OL«�

βi =
dik

dωi

∣

∣

∣

ω=ω0

(i = 1, 2, 3, · · · ), (3)

Γ1 =
ε0µ0χ

(3)ω2µr(ω)

2β0
, (4)

Ù¥ χ(3) �Ln�>4zÇ.

�~0�¥, �é0>~ê εr Ú�é^�Ç µr�ªÇÚÑ'X��Ñæ^äk�Ñ�

Drude �.5L«. �ÑÑy3 Drude �.�JÜ, Ì�K�óÀ�rÝ, éÚÑ��¿v

k���K�. Ïd, �
{zO�, �©�Ñ
�Ñ, �ÒkDÂ�§(ª (2))¥� α = 0.

Drude �.�±L��

εr = 1 −
ω2

pe

ω2
, µr = 1 −

ω2
pm

ω2
, (5)
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Ù¥, ωpe Ú ωpm©O�L>|Ú^|��lfªÇ, ω �L0�¥1Å�¥%ªÇ. �âò

�Ç½Â n =
√

εrµr. dª (3) ����ÚÑ β1!��ÚÑ β2(+�ÝÚÑ GVD)!n�ÚÑ

β3(TOD)!o�ÚÑ β4�

β1 =
dk

dω
=

1

c

[

n +
1

n

(

1 + ω2
p

ω2 −
2ω2

p

ω4

)]

, (6a)

β2 =
dβ1

dω
=

1

cωpe





1

nω

(

− 1

ω2 −
ω2

p

ω2 + 6
ω2

p

ω4

)

− 1

n3ω

(

1 + ω2
p

ω2 −
2ω2

p

ω4

)2


 , (6b)

β3 =
dβ2

dω
=

1

cω2
pe

{

3





1

n

(

−3
1

ω4 − 3
ω2

p

ω4 + 10
ω2

p

ω6

)

− 1

n3

(

1 + ω2
p

ω3 −
2ω2

p

ω5

)2




+ ω

[

1

n

12ω2
pω

2 − 60ω2
p + 12ω2

ω7 +
3

n5

(

ω2
pω

2 − 2ω2
p + ω2

ω5

)3

+
3

n3

(

ω2
pω

2 − 2ω2
p + ω2

ω5

)(

3ω2
pω

2 − 10ω2
p + 3ω2

ω6

)]}

, (6c)

β4 =
dβ3

dω
=

1

cω3
pe

{

4
(

12ω2
pω

2 − 60ω2
p + 12ω2

)

nω7 −
3
(

3ω2
pω

2 − 10ω2
p + 3ω2

)

n3ω11

−
60ω2

pω
2 − 420ω2

p + 60ω2)

nω7 −
15
(

ω2
pω

2 − 2ω2
p + ω2

)4

n7ω19

−
4
(

ω2
pω

2 − 2ω2
p + ω2

) (

12ω2
pω

2 − 60ω2
p + 12ω2

)

n3ω11

−
9
(

ω2
pω

2 − 2ω2
p + ω2

)2 (
6ω2

pω
2 − 20ω2

p + 6ω2
)

n5ω15 +
12
(

ω2
pω

2 − 2ω2
p + ω2

)3

n5ω15

+
12
(

ω2
pω

2 − 2ω2
p + ω2

) (

3ω2
pω

2 − 10ω2
p + 3ω2

)

n3ω11

}

, (6d)

Ù¥, 8�z1Å¥%ªÇ ω = ω
ωpe

, 8�z�lf^ªÇ ωp=
ωpm

ωpe
. ÏL?�Úz{, n�

��5Xê�±��

Γ1 =
x(3)ωωpe(1 − ω2

p

ω2 )

2nc
. (7)

2 �~0�¥�ÚÑXêÚ��5Xê

�âÚÑúª (6) Ún���5Xêúª (7) �±xÑÚÑXêÚ��5Xê'u

8�zªÇ ω �Czã(ã 1). ã 1 ¥�n�>4zÇ χ(3) � 1.9 × 10−9 W−1, ωpe �



1 4 Ï M�I, �: p�ÚÑépdóÀ3�~0�¥DÑ�K�9ÚÑ�Ö� 129

1.367 3 × 1016 Hz, ωp� 0.8.

5: �ã¥fã�8�zªÇ� 0.7 NC�ÛÜ��ã

ã 1 ò�Ç n!n���5XêÚ��!��!n�!o�ÚÑXê©O�8�zªÇω �C

z­�

Fig. 1 Variations of refractive index, third-order nonlinear coefficient, first-order,

second-order, third-order, and forth-order depression on ω

ã 1(a)��~0�¥ò�Ç n �8�zªÇωCz�­�ã, 8�zªÇ�©�
n

�«mã, Ù¥ 0 < ω < 0.8 Ú ω > 1.0 ©OéAKò�Ç«�Ú�ò�Ç«�; 3¥m«

� 0.8 6 ω 6 1.0 ¥, du>^ÅØU3Ù¥?1DÑ, ¤±T«���~0���~áÂ«

�. ã 1b �Ñ
n���5XêΓ1 �8�zªÇ ω �Cz­�. d	, lã 1(c)!ã1(d)!

ã1(e)Úã 1(f) �±wÑ: β13�!Kò�Ç«�þ���; 
 β2 KØÓ, Ù3Kò�Ç«

�lK�4O���, �Xã 1(d) ¥fã¤«, β238�zªÇ ωD = 0.706 844 NCªu",

�3�ò�Ç«�Ù�©ª�K�; β3 Ú β1 ��, 3�!Kò�Ç«��©ª��, �´

Ù�3�l�~áÂ«���«�SCzÑé²�, 
3�C�~áÂ«�>.�C��

~Í�; β4 �NCzª³� β2 ��q, �´β4 3Kò�Ç«�����. ,	, du ωpe Ú
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ωpm ��´�X�~0�(��Cz
Cz�, ¤±ã 1 ¥�¤k­�Ñ�±ÏL<�N!

�~0��(��UC, =�±ÏLN!�~0��(�5��Ï&XÚ�,«I¦.
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ã 2 (a)!(c) ©O�A«~50����ÚÑÚn�ÚÑ�Å�Cz�­�ã; (b)!(d) ��A

���ÚÑÚn�ÚÑ�8�zªÇCz�­�ã

Fig. 2 (a), (c) Second-order and third-order dispersion in several conventional media; (b), (d)

The corresponding relationship of (a), (c) with normalized frequency

ã 2(a)!ã 2(c) �g�ä[15-16], Ðy
o«~50��β2Úβ3 'uÅ��Cz­

�, òã 2(a)!ã 2(c)¥�î�IU�ªÇ¿± ωpe8�z, ¿òp�I�ü ©Oz¤

ps2/km!ps3/km ±B�ã 1(d)!ã 1(e)��, �±©O��ã 2(a)!ã 2(c) ¥o«~50

��ÚÑXê β2Úβ3'u8�zªÇ ω�Cz­�(ã2(b)!ã2(d)). lã2(b)¥�±wÑ:

o«~5���ÚÑXêβ2Ñ�K, §�Ñ�8�zªÇω�O�
~�; ¿�§���Ñ

�~�, �k10−1þ?. 
3ã 1(d) ¥"ÚÑ8�zªÇωD = 0.706 844NC��ÚÑ β2 �

�� 104 þ?. �,ã 2(b) �ã 1(d) ¥î�I�ªÇ��k�½��å, �eUìã 2(b)

¥­��ª³?1ò�, �ωD�, |β2|��´AT'ã 1(d) ��/�. ¤±, �~0�¥�

��ÚÑ|β2|'o«~50��|β2|�105þ?, �,ã 1(d) ¥β2�ÎÒk�kK. Ó�, lã

2(d) ¥�±wÑ: o«~50��n�ÚÑ β3 �Ñ�K, §��Ñ�X8�zªÇ ω �O

�
~�; ¿�§���Ñ�~�, �k 10−4 þ?. 
3ã 1(e) ¥, ωD NCn�ÚÑ β3 �

��� ê. �,ã 2(d) �ã 1(e) ¥î�I�ªÇ��k�½��å, �eUìã 2(d) ¥

­��ª³?1ò�, � ωD�, |β3| ��´AT'ã 1(e) ��/�. ¤±, �~0�¥�n

�ÚÑ |β3| 'o«~50�� |β3| � 107 þ?, �ÎÒ��.·�vk��o�ÚÑ�êâ,

�âdaí�~0�¥�o�ÚÑAT�'�
~50��. �ud, 3�~0�¥·�k
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7�¿©ïÄ�~0�¥p�ÚÑ�K�.

3 óÀ3�~0�¥�DÑ

�©æ^ BPM(Beam Propagation Method)(1åDÂ{)?1óÀDÑ�ý. \�óÀ

æ^äk8�zrÝ�pdóÀ U(0, T ) = exp(− T 2

2T 2
0

), T0�óÀ31rÝ¸�� 1/e ?�

°Ý. �ý¥, ��4��°Ý TFWHM = 5 ps, d�DÑ'AÇ� L = 200 Gb/s. �â½Â,

��ÚÑ�Ý� LD =
T 2
0

|β2|
, n�ÚÑ�Ý� L′

D =
T 3
0

|β3|
.

3.1 Ó��Ä β2!β3 éóÀDÑ�K�

lã 1(d) ¥, ·�é�
"ÚÑ8�zªÇ ωD = 0.706 844. 3ù�ªÇ, ��ÚÑ

β2 = 0, �Ò´`, óÀ3DÑL§Ø¬Ñydu��ÚÑ¤��Ð°. ù´Kò�Çá

�¤Ak�y�, q�´���~n���¹, �·�I�u�ù�n�ÚÑ�K�. �â

ã 1(b), 3 ωDNC, ��5Xê Γ1 �~�, Ïd3e¡��ý¥Ø2AO?Ø��5Xê

Γ1 �K�.

3.1.1 β2 = 0 �, β3 éóÀDÑ�K�

�âã1(e), 3"ÚÑ8�zªÇ ωD = 0.706 844, �±¼�β3 = 2.069 8 ps3·km−1. A

T`, n�ÚÑé�, ±�un�ÚÑ�Ý�kL′
D = 60.39 km, é�. �·���, n�ÚÑ

�A¿Ø�½��óÀDÑ
 60.39 km �âÑy. �

)¢S�¹,·��ýO�
ù�

óÀ�DÑ�¹(ã 3).
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ã 3 (a)�β2 = 0, β3 = 2.069 8 ps3·km−1 �, pdóÀ÷�~0�z���DÑã; (b) pdóÀ

3 0 km!21 km!22 km!23 km ?�Å/é'ã

Fig. 3 (a) Gaussian pulse propagation when β2 = 0, β3 = 2.069 8 ps3·km−1; (b) Comparison

of pulse waveforms at 0 km!21 km!22 km!23 km

lã 3(a) �±wÑ, óÀ3Ñy©�c(z 6 22 km) ©ª�±\���/G, �kÐ

°. 
�óÀDÑ
� 22 km, du β3 ��^, óÀ�ÜÑk�å, ¿m©Ñy��©�¸.

�âã 3(b) ¥óÀ3 z = 0 km!21 km!22 km!23 km ?óÀÅ/�é'ã, �±�ß/

wÑ, ¦+óÀ3DÑ
22 km�, óÀ©�ffm©, �´�óÀUYõDÑ 1 km � z =

23 km, óÀ�÷%Ñy
�~²w�©�¸. ã3`², �,n�ÚÑ�Ý� L′
D =

60.39 km, �ù¿Ø¿�XóÀ�DÑ� 60.39 km NCâ¬k β3�K�. ¢S�¹´, 3 z =

23 km �, β3® ²m©å�^. �óÀDÑ� 60.39 km, β3 éóÀ�K�®²�©ì�, $

�®²��»�
óÀ�k�/G. ·�3©Ûã2��ÑL�~0�¥� β3 ��'o«

~50�� β3 � 4 �êþ?, �´�~0�¥���n�ÚÑ¦�pdóÀ==DÑ
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23 km Òm©Ñy
óÀ©�. ù�`², �,3"ÚÑ8�zªÇ ωD kXn�� β2 = 0,

�r�� β3%¦�¢Sk�DÑåléá,Ã{¢^. Ïd, ·�I�=�À�, �Ä β3 é

�, � β2 �±�Ö���/. ·�k�ÄKò�Çá�3"ÚÑ8�zªÇωDNC��/.

3.1.2 "ÚÑ8�zªÇ�ý, � β2 < 0 � β3 > 0, β2!β3 éóÀDÑ�K�

ã 1(d) ¥, "ÚÑ8�zªÇ ωD ��ý, β2 < 0, ¿� |β2| �X ω ~�
O�. ã 1(e)

¥, 3ωD�ý, β3©ª���, ��X ω O�
O�. �ü| β2 < 0 � |β2|ÅìO��β3Cz

é��ÚÑêâ�uL1. ã 4��Auùü|êâ�pdóÀ3�~0�¥�DÑã. l

ã 4(a) ¥�±wÑ, � |β2| ���, ��ÚÑ�Ý LD = 19.86 km, ¤±�DÑ
 22 km 3p

dóÀÑy©�c, óÀ©ªvkÑyî­�Ð°, 8�z�¸��±3 0.8 ±þ. �� |β2|
C��:�, ��ÚÑ�Ýeü� LD = 9.36 km. 3pdóÀÑy©�c,óÀ®m©Ð°

¿��XóÀÌÝ�eü(ã 4(c)); �óÀDÑ� z = 22 km, 8�zóÀ¸�®²eü��

� 0.6, β2®²��î­/K�
ó°.

LLL 1 β2 < 0���|β2| ÅÅÅìììOOO������ β3 CCCzzzééé������ÚÚÚÑÑÑêêêâââ

Tab. 1 Two sets of dispersion data with β2 < 0
ω β2/(ps2·km−1) β3/(ps3·km−1) LD/km L′

D
/km

0.706 80 –1.258 9 2.067 6 19.86 60.46

0.706 75 –2.671 5 2.067 51 9.36 60.53
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Fig. 4 (a), (c) Pulse propagation for two cases in Table1; (b), (d) Corresponding waveform

comparison at different propagation distances
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lã 4(b)!ã 4(d) �±wÑ, óÀ3 22 km ?m©Ñy©�. ��óÀÑy©��, óÀ

UYDÑéáål, óÀÒ¬×�C�, g¸¸�Ú°ÝÑ¬×�O�. Ó��, 3þãü«�

¹e, n�ÚÑ�Ý L′
D �Ñ�L
 60 km, �´óÀ©�Ñ3�� 22 km ?m©Ñy, �Xó

À�UYDÑ, Ù©�¬�5�î­, �ªóÀ/G¬���»�. '�ã 4(b) �ã 4(d) �±

uy, XJ β3 ���C, � |β2| ���, óÀ©�Ñ�g¸� ��é |β2| ���ÿ lÌ¸

��, �g¸¸��é�
, ¤± |β2| 3�½§ÝþéóÀ©�k³��^. d	, ��±wÑ:

� β2 < 0 �, óÀ©�Ñ�g¸Ñy3óÀc÷.

'�ã 3 Úã 4(d) �±wÑ, ã 4(d) ¥óÀ©���/vkã 3 î­, ©�¸�¸�Ñ�

�lóÀÌ¸��, �Ù¢ã 4(d) ¤éA�β3�puã 3 éA�β3. u)ù�y���Ï3u

ã 4(d) ¤éA� |β2| ��. ù2�gy²
 |β2| 3�½§ÝþéóÀ©�k³��^.

3.1.3 "ÚÑ8�zªÇmý, � β2 > 0 � β3 > 0, β2!β3 éóÀDÑ�K�

ã 1(d) ¥, "ÚÑ8�zªÇ ωD �mý, β2 > 0, � β2 �X ωO�
O�. ã 1(e) ¥,

3ωD mý, β3 �©ª���, ��X ωO�
O�. �ü| β2 > 0�β2ÅìO�� β3 Czé�

�ÚÑêâ�uL 2. ã5��âL2¥ÚÑêâ��ý(J. ã 5(a) �ã 4(a) aq, ��pdó

ÀÑy©��, óÀ�,vkÑyî­�Ð°, ¸���±3�é�pY². �ã 5(c) ¥� β2

C��:�, ��ÚÑ�Ýeü� LD = 8.36 km, 3óÀÑy©�c, óÀ®m©Ð°¿��X

óÀÌÝ�eü.
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Fig. 5 (a), (c) Pulse propagation for two cases in Table 2; (b), (d) Corresponding waveform

comparison at different propagation distances
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LLL 2 β2 > 0 ��� β2 ÅÅÅìììOOO������ β3 CCCzzzééé������ÚÚÚÑÑÑêêêâââ

Tab. 2 Two sets of dispersion data with β2 > 0
ω β2/(ps2·km−1) β3/(ps3·km−1) LD/km L′

D
/km

0.706 90 1.571 5 2.072 6 15.91 60.31

0.706 95 2.989 4 2.075 2 8.36 60.24

lã 5(b) ��±wÑ, óÀ3 22 km ?m©Ñy©�, óÀUYDÑéáål, óÀÒ×

�C�, g¸¸�Ú°ÝÑ¬×�O�. ã 5(d) ¥, óÀ©��´Ñy3�� 22 km, �´�ó

ÀDÑ� 22 km �, óÀÐ°®²é²w; �ã4�¹�q, �,n�ÚÑ�Ý L′
D�Ñ�L
 60

km, �´óÀ©�Ñ3�� 22 km ?m©Ñy. �ã4¥�¹aq, � β3 ���C, β2 ��, ó

À©�¸� ��é β2 ���ÿ lÌ¸��, �g¸¸��é�, Ó�`² β2 �½§Ýþé

óÀ©�k³��^. �´�ã4¥ØÓ�´, �β2 > 0 �, óÀ©�Ø2Ñy3óÀc÷, 
´

Ñy3
óÀ�÷.

'�ã 3 Úã 5(d) �±wÑ, ã 5(d) ¥óÀ©���/vkã 3 î­, ©�¸�¸�Ñ�

� lóÀÌ¸��, �Ù¢ã 5(d) ¤éA� β3 �puã 3 éA� β3. u)ù�y���Ï

Ó�3uã 5(d) ¤éA� |β2|��. ù2�gy²
 |β2| 3�½§ÝþéóÀ©�k³��^.

3.2 Ó��Ä β2!β3!β4 éóÀDÑ�K�

3~50�¥, du β4 �~�, §�éóÀDÑ�K��±�ÑØO, ¤±Ï~�¹eØ

��Ä. ÏL±þ�?Ø, ®�3�~0�¥ β4 �'~50�¥��
. ØL ωD NC� β4 �

�?3 10−3 þ?, ' β3 �n�êþ?(ã 1(f)). ��p�ÚÑ!ÃX β4 éóÀDÑ��^�

´é��. �
{ü`²�~0�¥ β4 épdóÀDÑ�K�, �âã 1 �ü|ÚÑêâXL

3 ¤«. 3ùü|êâ¥, β2 �ÎÒØÓ, � |β2|!β3!β4 ����é�. ·���
ã 6 ��

ý(J.

LLL 3 β2 ���ÎÎÎÒÒÒØØØÓÓÓ, 


|β2|!!!β3!!!β4 ���������CCC���ÓÓÓ���ÚÚÚÑÑÑêêêâââ

Tab. 3 Two sets of dispersion data including β4

ω β2/(ps2·km−1) β3/(ps3·km−1) β4/(ps4·km−1) LD/km L′

D
/km

0.706 587 –7.264 8 2.056 9 0.003 7 3.44 60.77

0.707 10 7.253 2 2.082 8 0.003 7 3.45 60.02

ã 6 ¥ùÚ� β2!β3 Ó��^e�óÀDÑã, 7Ú� β2!β3!β4 Ó��^e�óÀD

Ñã. lã 6(a)!ã 6(c) ¥�±wÑ, �Ä β4 �Ø�Ä β4�, óÀDÑL§¥�NCzª³

�N�Ó, =ù�Ú7��Nþ��­U. ��é'üöDÑ� 21 km ?����[!ã(ã

6(b)!ã 6(d)) ��±uy, éu β2 < 0 Ú β4 > 0 ��¹, 3óÀ�p�°?, 7�3ù�S

ý, `² β2 éóÀ�Ð°å��½�³��^; 
éu β2 > 0, β4 > 0 ��/, �¹Kk¤Ø

Ó, =7�Ñy3
ù��	ý, `²d� β4 \ì
óÀ�Ð°. lã 6(a)!ã 6(c) ��±w

Ñ, β4Ø¬éóÀ©� ��)K�, β2 < 0 �, óÀ©��,Ñy3c÷; 
β2 > 0 �, óÀ©

�Ñy3�÷.

4 ÚÑÖ�

âc©Û, �~0�¥��!n�ÚÑÑ´��î­�¯K. =B´U
ÏLÀ�8�z

ªÇ¦� β2 = 0!=��vk��ÚÑ¤��óÀÐ°, �n�ÚÑ¤��óÀ�Ü���,

3óÀDÑ
 23 km �ÒÑy
. ¤±ATÏé´Äk��!n�ÚÑÑ�±��Ö���

/½β3 é�¦� L′
D é�!� β2 �±�Ö���/. Q,�~0��A5�6uXê ωpe Ú

ωpm, ùüXê�6u�~0��(�, ¤±�~0��¤kA5Ñ�±ÏL<�N!�~0�



1 4 Ï M�I, �: p�ÚÑépdóÀ3�~0�¥DÑ�K�9ÚÑ�Ö� 135

�(��UC. XJ�¦��!n�ÚÑÑ�±Ö�, �âÚÑÖ�nØ, Ak

β21L1 + β22L2 = 0, β31L1 + β32L2 = 0, (8)

Ù¥, L = L1 + L2 ´ÚÑüÙ±Ï, β2j Ú β3j©O´�� Lj ��~á����Ún�ÚÑX

ê(j=1,2). �Ò´`I�é�éuÓ��8�zªÇ β2 Ú β3 Q���!q��K��/. â

d�¦, ·�ïÄ
�~0�A�ëêé(�ëê ωpe Ú ωpm��6'X. ã 7 �Ñ
ã 1 ¥�

ëêéu«m 0.1 6 ω 6 0.9Ú0 6 ωp 6 2 �­¡ã. �â½Â, ω Ú ωp�Cz=�L
 ωpe Ú

ωpm �Cz.

0.217 800

0.217 790

0.217 780

0.217 772
32.384 32.386 32.388

0.218 32

0.218 28

0.218 24

0.218 20

32.378 32.372 32.366

β2, β3

β2, β3, β4

β2, β3

β2, β3, β4

P
/W

1.0

0.8

0.6

0.4

0.2

0.0

(a)

180360
0 180 360 0.0 4.4 8.8 13.2 17.6 22.0

β2 = 7.264 8 ps2.km 1,  β3 = 2.056 9 ps3.km 1

β2 = 7.264 8 ps2.km 1,  β3 = 2.056 9 ps3.km 1, β4 = 0.003 7 ps4.km 1

T/ps
z /km

180360
0 180 360 0.0 4.4 8.8 13.2 17.6 22.0

T/ps
z/km

P
/W

P
/W

P
/W

1.0

0.8

0.6

0.4

0.2

0.0

(c)

(b)

T/ps

(d)

T/ps

β2 = 7.253 2 ps2.km 1,  β3 = 2.082 8 ps3.km 1

β2 = 7.253 2 ps2.km 1,  β3 = 2.082 8 ps3.km 1, β4 = 0.003 7 ps4.km 1

ã 6 (a)!(c) �AuL3¥ü«�¹�pdóÀDÑã, Ù¥ù�vk�Äo�ÚÑ; (b)!(d)ó

ÀDÑ� 21 km ��A��p�°?�ÛÜ��ã

Fig. 6 (a), (c) Pulse propagation for two cases in Table 3 and red line is for the case without

β4; (b), (d) Partial waveform magnification at FWHM for z = 21 km

3ã 7(d) Úã 7(f) ¥ β2 Ú β4 k�kK, �±�â¢SI¦?1��. ,
��5¿�´,

ã 7(e) ¥ β3 3ù�(�ëêÚ8�zªÇCz«�S©ª���. �Ò´`, ·�Ã{é� β3

�K��, �ÒÃ{?1n�ÚÑ�Ö�. ¤3�´, ·�A²|¢, é�
XL 4 ¤«��|

ëê�. ù|ëê¥, éuÓ�8�zªÇ, β2 ���K, ����K��~�C, ¦���ÚÑ

A��±��Ö�. Ó� β3 �~��, ±�un�ÚÑ�Ý�±�C 380 km. �Ò´`, 3�

�ÚÑ�A�±Ö���, n�ÚÑ�AÄ�þ��Ñy.

òL 4 ¥ü«�~á�M1 Ú M2 ��±Ï5üÙ, �±����²þ GVD é�$��

±�Ñ�#.EÜ�~á�. � M1 Ú M2 ��ÝL1 = L2 = 20 km(EÜ�~á��±Ï=

�L = 40 km), 3�Ñ�Ñ�, épdóÀDÑ��ý(JXã 8 ¤«.
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Fig. 7 Variations of refractive index, third-order nonlinear coefficient, first-order,

second-order, third-order, and forth-order depression on ω and ωp

LLL 4 üüü||| β2 ÎÎÎÒÒÒ������, ��� |β2|���CCC!!!β3 ���������ÚÚÚÑÑÑêêêâââ

Tab. 4 Two sets of data with different β2

�~á� ω ωp β2/(ps2·km−1) β3/(ps3·km−1) LD/km L′

D
/km

M1 0.88 0.941 095 1.184 9 0.330 2 21.10 378.56
M2 0.88 0.941 240 –1.183 5 0.327 2 21.12 382.03
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ã 8 (a)pdóÀ3EÜ�~á�M1+M2¥ÚÑÖ��DÑ 120 km �óÀÅ/Czã;

(b)�(a)�:Àã, =pdóÀUþ*Ñã

Fig. 8 (a) Waveform variation of Gaussian pulse’ 120 km propagation in compound

metamaterials M1+M2; (b) Top view of (a)
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lã 8(a) �±wÑ, óÀ3M1¥DÑ�, óÀ�°Ý�XDÑålO\
Ð°, óÀ�Ì

�KÏ�óÀ�Ð°
eü. �DÑål� L1 = 20 km, óÀÌ�ü� 0.8. d�óÀ?\M2U

YDÑ, �XóÀDÑål�UYO\, óÀpÝÅìOp. 
�lã 8(b) ��±wÑ, d�ó

À�°Ý�ÅìÂ , =óÀ� GVD �A��
Ö�. �óÀDÑ� Z = L1 + L2 = 40 km �,

óÀ�Ì�®²¡E�
\�Ì�, =óÀl°ÝÚÌÝü��¡��
��Ö�. d���¹

­E1��±Ï��¹, óÀ±Ï5/�Ð°�Ö�, ��DÑ����ål Z = 120 km. �

,óÀDÑ
�� M1+M2 �±Ï�, β2 � GVD �A��
Ä�Ö�, � β3 ��^KE,3

�, ¿��XDÑål�O\
\È. ¤3�´, ·�uy M1 Ú M2 �n�ÚÑ�ÝÑé�, �

C 380 km(L 4). �·���ýål�C 140 km �, n�ÚÑ�Affm©wy, d��±3

DÑó´¥\C¥UìéóÀ?1�/, Ö� β3 ��^.

5 ( Ø

�©ïÄ
�~á�¥p�ÚÑ�8�zªÇ�'X, uy�~á����ÚÑÚp�Ú

Ñ��
~50��'�~��, éóÀ�DÑk��î­�K�. �,·�é�
 β2=0óÀ

Ø¬Ð°��/, �%Ï� β3 ���¦óÀ==DÑ
 23 km ÒÑy
©�. ÏLïÄ�~0

�ÚÑXê�(�ëê�'X, é�
 β2 �±�Ö�� β3 é���/, ¦pdóÀ�±^|D

Ñ 120 km, `²�~0�U
^uÏ&.

l�ý¥��wÑ, |β2| Ø=�®kïÄ�Ñ�@�¬ÚåóÀ�Ð°, 
�Ð°'�
~

50���î­, Ó� β2 �ÎÒ�¬K�óÀ©�Ñy� �; 
 β3 K¬',
~50�¥�

�î­/K�óÀ/G, ¦�óÀÑy©�¸, $���»�óÀ���5; β4 ��^K¬É�

β2 �ÎÒK�, XJ β2 < 0, β4 �³�óÀÐ°, ��, � β2 > 0, β4 K\ìóÀÐ°.
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