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�â�O8IÚ���¦, ±V}ò��}òº�XÐ©(��O�{, �[©Û
V}òN�Xê±9V
}ò�êé}òº��A5ÚÚÑA5�K�, (á
üö�m��Z��|Ü. |^©Û(J�O
ü�}ò
º, ¿¢y
}òº��é�O, ¼�
 600—1050 nm ��S��Ç�u 99.5%, ²þ+ò´ÚÑ −40 fs2, ���
u ±20 fs2 �}òºé,÷v
v���¦-1XÚ�ÚÑÖ��¦.

'�c: �¯-1, ÚÑÖ���, V}òº, }òºé

PACS: 42.65.Re, 42.79.Bh, 42.79.Wc

1 Ú ó

3�¯-1XÚ¥A^��2��ü«Ú
ÑÖ�º©O´ Gires-Tournois (GT) º [1] Ú}ò
º [2]. GT ºU
Jø�ÚÑþÖ�, �´ÉÙ�)
KÚÑ�Å����, GT º¤U
Ö���°'
�Ä. ¦+®²k<JÑ¦^õ�nGé��{5
O\Ö��° [3], ¤U
����°�=� 200 nm
�m. 3�¦?1°��ÚÑÖ��, }òº´8
c�Ì6�ÀJ. g 1994 c}òº�u²±5®
²��
�v�uÐ, ÃØ´�O�{�´��Ã
ãÑk
é��Jp. �
¦�}òº�5U�`
z, ïÄö��Ñ
Ø��ãå, JÑ
�«��
U?��{, 'XV}ò (double chirped mirror, {
P� DCM)[4,5]!�àÛ� (back-side-coated, {P
� BASIC)[6]!��L¡ (tilted-front-interface, {P
� TFI)[7]!�é P 1� Brewster �\���O�
{ [8] ±9}òºé��{ [9] �. IS3}òº�
�OÚ���¡, ®²���X�¤J [10−15], �
3�°�Ö��¡Emk��. �©òV}òÚ}
òºé��O�{(Ü3�å, �[©Û
V}ò
N�Xê±9V}ò��êÓ�Cz�é}òº
A5�K�, ¿��
V}òºA5�é�Z�ü
ö���|Ü. ±d�Ä:�OÑ
^uv���

¦-1ì��°� (600—1050 nm) }òºé.

2 }òºÐ©(���O

L � Ú Ñ Ö � º (dispersion mirror, { P
� DM) �1ÆA5Ø
��Ç	, �Ì��´ÚÑ
5U+ò´ DG(group delay, {P� GD)!+ò´
ÚÑ DGD(group delay dispersion, {P� GDD) Ú
n�ÚÑ DTO(third-order dispersion, {P� TOD),
§�þ�dõ�������£��

DG = − dϕ

dω
,

DGD = − d2ϕ

dω2
,

DTO = − d3ϕ

dω3
, (1)

Ù¥, ϕ ��X���£, ω = 2πc/λ ��ªÇ, c �
1�, λ �Å�. DM º����£ ϕ �±dõ��
�A�Ý
 [16] ¦�, B

C

 =


m∏

j=1

 cos δj

inj sin δj

i sin δj/nj

cos δj


 1

ns

 ,

(2)

δj = (2π/λ)njdj cos θj � � � � �   þ Ý,
nj , dj , θj ©O�1 j ��ò�Ç!þÝÚ\�
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�, ns ´Ä�ò�Ç, K

r =
naB − C

naB + C
,

R = |r|2,

ϕ = arg r, (3)

na �\�0�ò�Ç. �â (1)—(3) ª, d���
£ ϕ é ω õg¦�Ò���õ��X�ÚÑA5.
l¥�±wÑ�X���ÚÑA5�ûu��þ
Ý d, ò�Ç n Ú\�� θ, ¤±�ÏL1Æ���
O, UCëê (n, d, θ) 5¼�A½�+ò´!+ò
´ÚÑ±9n�ÚÑ,÷vÚÑÖ���¦.

3 � O } ò º Ð © ( � � X J æ ^ ü }
ò (single chirp mirror, {P� SCM) ��{, ¬du
�3î­�M)��
��}òº�ÚÑ­�Ñ
yé����5�� [17], ¤±ùpæ^V}ò�
�{. �OL§¥�
¼��5 GD � DG Ö��
Ð©}ò�X, ��éA� Bragg p�Å¥�5ì
C, 1 s ���ééA�p�Å¥�

K0(s) = Kmax − (s − 1)
(Kmax − Kmin)

M
, (4)

Ù¥ Kmax, Kmin ©O´1�������éA
� Bragg p�Å¥, M ´o��éê. éuü}ò
�X, d dh,snh = dl,snl �í�p!$ò�Ç��
ÔnþÝ©O�

dh,s =
π

2K0(s)nh
,

dl,s =
π

2K0(s)nl
. (5)


��ÄV}ò�ÙV}òÜ©���ÔnþÝ
�

dh,s =
(s/m)ηπ

2K0(s)nh
,

dl,s =
[π/K0(s) − nhdh,s]

nl
, (6)

ª¥ m �V}òÜ©���éê, η �V}òN�
Xê.

m Ú η ���¬K��X���ÇÚ+ò´
ÚÑ, Ï
ÏéÜ·� m Ú η ���Ð©(�, é
�ª}òº�A5äk�'­���^. Ï~3©
Û m Ú η �K��´©á?1� [12,18], ,
ù�
�Ñ�(Ø¿ØU�¡/�Nü�ëê�Czé
V}òA5�K�, Ï�üö�m´�p'é�.
¤±�
¼��¢S�¹�Î�(J, 7L©Û m

Ú η Ó�Cz��X�A5�¹. ©Û¥, ���
Xéê M �� 20 é, m Ú η ������ 2—20

Ú 0.2—2.4. ©O±�OÅãS�X�¢S GD �
��5`z8I��m���5µd�X�ÚÑ
­���§Ý; ±�OÅãS�X�²þ��Ç5
µd�X���A5. ã 1 Úã 2 =�O����
3ØÓ m Ú η e��XÚÑ­���A5Ú��
A5.

ã 1 m Ú η �ØÓ���X�ÚÑ­���A5 p¶
L«3�OÅãSz�Å�?�X�¢S GD ���58
I��m���ýé��Ú

ã 2 m Ú η �ØÓ���X���A5 p¶L«3�
OÅãS�X�²þ��Ç

lã 1 Úã 2 �±wÑ, � η ��� 0.2—0.8
�, �XV}ò��ê m �O\, ���X�ÚÑ
­�Åìªu²w, Ó�3�OÅ���S�²þ
��Ç¬k�Ìeü; � η ���� 1.0—2.4, m �
��� 2—11 �, m ����, �X�ÚÑ­��
²w, �´� m ��� 12—20 �, m ����, �
X�ÚÑ­�����
¬\ì, ù´Ï�3áÅ
�?�X�ÚÑ­�Ñy
ér����5��,
Ó�3�OÅãS�²þ��Ç¬k²weü, �
ã 3.
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lã 1 Úã 2 ��wÑ, � m ���� 2—6
½ 12—20 �, �XV}òN�Xê η �O\, �
��XÚÑ­����§Ý¬k~��O�, m

� 2—6 �, �X3�OÅãS�²þ��Ç� η

�O\¬k�Ìeü, m � 12—20 �, � η �O\

ù�eü§Ý¬�~ì�, ù�E¤
�X�ÚÑ
­�3áÅ�?Ñy
r����5��; � m

���� 7—11 �, �X η �O\, �X�ÚÑ­
�Åìªu²w, Ó�3�OÅãS�²þ��Ç
�eü¿Ø²w, �ã 4.

ã 3 η �ØÓ���X�ÚÑ­���A5Ú��A5� m �Cz­� (a) η = 0.2; (b) η = 0.8; (c) η = 1.4; (d) η = 2

ã 4 m �ØÓ���X�ÚÑ­���A5Ú��A5� η �Cz­� (a) m = 2; (b) m = 8; (c) m = 14; (d) m = 20
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lþã©ÛÚ?Ø�±o(Ñ: �X�V}ò
�ê m ÚV}òN�Xê η �3��¦��XA
5�é�`���«�: m 3 8—11, η 3 0.8—
1.4. �â�O²�ÚO�êâ, ùp (m, η) �
� (10,1.4).

3¢S�¹¥, du}ò�XÚ\�0���
BØ��, ¬ÚåÚÑ­����, Ï
I�3�
�ºÜ\�°�~� (anti-reflective, {P� AR) �
X, ¿�éù�°�~��X��¦ép, 3�O
�°S��Ç R < 10−4[5]. du}òºé¥ü�}
òº�ÚÑ­�²w5�¦Ø´ép, �I�é�
��ºÚÑ­�U
pÖ=�. Ï
3��ºÜ\

�� R < 2× 10−3 �ÊÏ~��X, ù3�Oþ
�N´��, (JXã 5 ¤«.

ã 6 �\~��Xc��ü}òÚV}ò�
X (m = 10, η = 1.4) �+ò´­�. �±w�, 3
�X�ºà\~��X�, üö+ò´­����
Ñ��
Ø , ¿�V}ò�XÚÑ­���Ø 
��J�\²w.

ã 5 °�~��X���Ç­�

ã 6 �k~��X�ü}òÚV}ò�X� GD ­�

3 }òºé�`z�O

3¼�ü�V}òº�X�Ð©(��, =
�?1}òºé�`z�O. }òºé´��é

ÚÑÖ�­�pÖ�}òº [8]. �éäN�v
���¦-1ìXÚ�ÚÑÖ��¦, �½}ò
º�`z8I�: ��Ç3 600—1050 nm �°S
�u 99.5%; }òºé� DGD oÚ3�O�°S
� −80 fs2, ��5����3 ±20 fs2 S, Ï
ü
�}òº� DGD � −40 fs2. À^�p!$ò�Ç
á�� Nb2O5, SiO2, §�3¥%Å�?�ò�Ç
©O� 2.22 Ú 1.48.

�X�`zæ^ Optilayer �O^�, d^�k
r��gÄÜ¤ needle �{ [19], 29± gradual �
{ [20], U
¯�/Âñ¼�n��(J. �
�
��8I���C��X(�, 3`zL§¥©ª
± GD � DG 
Ø´ DGD ��`zëþ [8]. �X
� DGD ��ÏLé DG ê�¦���

DGD =
dDG

dω
∼=

DG
1 − DG

2

ω1 − ω2

�

DG
2 = DG

1 − DGD(ω1 − ω2)

= DG
1 − DGD

(2πc

λ1
− 2πc

λ2

)
,

ùp c �1�, Ïd����å©Å�?� GD �
B������OÅãS�8I GD �, �ã 7(b)
¥�¢�. ²L`z�}òº (CM1) �A5Xã 7.

ã 7 CM1 ²�g`z�A5­� (a) ��Ç; (b) GD �

ã 7 ¥, CM1 �ÚÑ­�38I�NCþe
��, �����ÌÚ±ÏÄ�þ´ð½�. Ïd
·�UC CM1 ��Oë�Å�, ¦ÙÚÑ­��
�½�m£Ä��±Ï, ¿±d���X(��
� CM2 �Ð©(�, ù�²L�êAg�E`z
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=�±��ÚÑ­�pÖ��~Ð�}òºé. 3
`zL§¥, Ø
1�g`z�}òº, zg`z
�±�§�é�}òº��c`z(J�pÖ�
�8I DG

CM1,target = 2DG
linear − DG

CM2,real,

DG
CM2,target = 2DG

linear − DG
CM1,real,

(7)

�E`z±���`(J. 3��O¥Ï�}ò
º 2 �Ð©(�À��Ð, ¤±`zü�Ì�BU
��ÚÑ­�pÖ��~Ð�}òºé. ã 8 ´�
ª`z��� CM1 Ú CM2 ���(�.

ã 8 }òºé��X(� (a) CM1; (b) CM2

lã 8 �±w�, }òºé���(�Ä�þ
E�Ì Bragg Å�d.Ü�ºÜÅì~��5Æ.
l����Ý5w, }òº CM1 d 64 �p$ò�
Ç�á�|¤, oþÝ� 6967 nm, ��� 51 nm; }
òº CM2 d 62 �p$ò�Ç�á�|¤, oþÝ
� 6821 nm, ���� 29 nm, }òºévk4��,
¤±���éN´. �O�����Ç­�!DG

­�±9 DGD ­�©OXã 9(a),(b),(c) ¤«.
lã 9 ��O­�þ�±wÑ, ¤�O�}ò

ºé3 600—1050 nm ÅãS���Çép, ��

�O�¦, ù�Ò~�
-1óÀ3ºfL¡�
���Uþ�Ñ. ¿�3dÅãS�²þ��ÚÑ

þ� −40 fs2, ��~²w, ù�Ò¦�3���O
Åã��S�ÚÑÖ�þ�ÉØ´��, k|u�
��`�£�ÑÑ�J.

ã 9 }òºé�A5­� (a) ��Ç; (b) GD; (c) DGD

4 ( Ø

?Ø
ÚÑÖ�º�O�nØÄ:, 3dÄ
:þ�[©Û
V}òN�Xê±9V}ò�ê
éV}ò�X���A5±9ÚÑA5�K�,
(á
üö�m��Z��|Ü. |^©Û(J
�O
ü�}òº, ¿¢y
}òº��é�O,
÷v
v���¦-1XÚ�ÚÑÖ��¦. �
O�¤�}òºéò3¢�¿gC|C�Vlf
åí�XÚ¥¢S\ó��, ¿3v���¦-
1XÚ¥A^.
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[3] Szipöcs R, Köhazi-Kis A, Lako S, Apai P 2000 Appl. Phys. B 70

51

[4] Matuschek N, Kartner F X, Keller U 1997 Opt. Lett. 22 11

[5] Matuschek N, Kartner F X, Keller U 1998 IEEE J. Select. Top.
Quantum Electron. 4 2

014211-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 014211

[6] Matuschek N, Gallmann L, Sutter D H, Steinmeyer G, Keller U
2000 Appl. Phys. B 71 509

[7] Tempea G, Yakovlev V, Bacovic B, Krausz F, Ferencz K 2001 J.
Opt. Soc. Am. B 18 1747

[8] Steinmeyer G 2003 Opt. Express. 19 2385
[9] Pervak V, Tikhonravov V, Trubetskov M K 2007 Appl. Phys. B 87

5
[10] Wang X, Chen L L, Yang W J, Zhang Z G 2008 Acta Opt. Sin.

(Suppl) 0089-03 (in Chinese) [� �, �  , � < è, Ü �
f 2008 1ÆÆ� (Or) 0089-03]

[11] Xie X D, Wang Q Y, Wang Z, Zheng W L, Chai L 2005 Acta Phys.
Sin. 54 3159 (in Chinese) [�RÀ, ���, �;, Ü�å, �
´ 2005 ÔnÆ� 54 3159]

[12] Chen X W, Yang T X, Yang S Y, Yu J, Li S C 2002 Acta Opt. Sin.
22 5 (in Chinese) [�¡�, 
U#, 
�=, uï, o­� 2002
1ÆÆ� 22 5]

[13] Tian J R, Han H N, Zhao Y Y, Wang P, Zhang W, Wei Z Y 2006
Acta Phys. Sin. 55 4725 (in Chinese) [X7J, ¸°c, ëï=,
�+, Üè, ��Â 2006 ÔnÆ� 55 4725]

[14] Wang Y Z, Shao J D, Dong H C, Jin Y X, He H B, Yi K, Fan Z
X, Song Y J, Hu M L, Chai L, Wang Q Y 2011 Acta Phys. Sin. 60
018101 (in Chinese) [�D�, 
ï�, Âö¤, A�_, åöÅ,
´¾, ��?, ykï, �²�, �´, ��� 2011 ÔnÆ� 60
018101]

[15] Wang Z, Wang Q Y, Han Y K, Cao S Y, Zhang Z G, Chai L 2004
Acta Phys. Sin. 53 3375 (in Chinese) [�;, ���, ¸=À, ù
¬=, Ü�f, �´ 2004 ÔnÆ� 53 3375]

[16] Tang J F, Gu P F, Liu X, Li H F 2006 Modern Optical Thin Film
Technology (Hangzhou: Zhejiang University Press) pp 5—29 (in
Chinese) [/Au, ��Å,4R, o°¸ 2006 y�1Æ��E
â (É²: úô�ÆÑ��) 1 5-29 �]

[17] Steinmeyer G 2006 Appl. Opt. 45 7
[18] Lim Y S, Jeon H S, Noh Y C, Yee K J 2002 J. Korean Phys. Soc.

40 5
[19] Tikhonravov A V, Trubetskov M K, DeBell G W 1996 Appl. Opt.

35 5493
[20] Tikhonravov A V, Trubetskov M K, Amotchkina T V, Kokarev M

A 2004 Proc. SPIE 5250 312

Design of ultrabroadband double-chirped mirror
pairs for ultrafast lasers∗
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Abstract
According to the requirements for design and manufacture, we choose double-chirped method for designing the initial structure

of the chirped coatings, and analyze the dependencs of reflectivity and group delay dispersion on the parameters of coatings such as
the double-chirped modulation factor and the the proportion of double-chirped layers on the total thin film stack. Further more, we
establish their optimal values. Based on the analysis, a chirped mirror pair, whose reflectivity is more than 99.5% and average group
delay dispersion is −40 fs2 with a residual ripple of less than ±20 fs2 in a wavelength range of 600 nm–1050 nm, is demonstrated,
which is to be used in the Ti: Sapphire femtosecond laser system for dispersion compensation.

Keywords: ultrafast laser, dispersion compensation mirror, double-chirped mirror, chirped mirror pair

PACS: 42.65.Re, 42.79.Bh, 42.79.Wc
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