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�¦-1��Orn3��51Æ!°�1ÌÆ�ïÄ+�k­�A^, cÙ´Cc5®¤��)p­ªb
	1Î�r�óä. æ^Ì�­½>|�{©Û
�¦-1óÀ3��Orn¥�OrÚÚÑA5, �Ñ
Or�
ê�°[Ý�'X9���°�°[ÝÚnSÚÑþ�'X. ¢�þ¢y
 175 MHz, 15 fs �°Ì�¦-1óÀ�
��Or, Or�ê�� 10 ��m.

'�c: �¦-1��Orn, °[Ý, ÚÑ, Or�ê

PACS: 42.60.Da, 42.65.Re, 42.62.Fi, 42.55.Ah

1 Ú ó

��Orn´|^-1��ZZ�Or�^
ò-1Uþ3nSOr�Eâ, 3ëY-1�ª9
­ª¥k2��A^. |^ëY-1��Orn�
ª�±��Jp�ª=��Ç [1−3], 
ò-1ªÇ
­½�p°[Ý���OrnþK���æâ[
þ?�-1�° [4−6], ù
ïÄó�®é-1­ª
9p(¯Ý1ÌÆ�ïÄå�
4��í?�^.

�'ëY-1
ó, �¦-1���OrnEâ�
,åÚ��, �Cc5�X�¦1ÆªÇÎ [7,8]!
e�fÔn9°�1ÌÆïÄ�uÐ, �¦-1�
�OrnEâ [9,10] ®�5�ÐyÑÙr��õU
Ú¢SA^þ�­�5.

|^�¦-1��Orn�)p­ª�b	
1Î´�¦-1��OrnEâ�¤õA^, �
@´d{II[OþÛ�Û.õ1ªéÜ¢�¿
� Jones � [11] Ú�IêÊ� Gohle � [12] u 2005

c¢y�, ¦�æ^�EâÑ´|^�¦��O
rnò$Uþ��¦óÀ3nSOr�2�ý5
íN�p�^, l
��
­EªÇÑ3 100 MHz

�m��b	Åã�pg�Å. ¦�¼�ù«p

­ªb	1Î�'��EâÒ´A^
p°[Ý
��¦��Orn. 3��OrnnS, \��
¦-1óÀ�õÇ�±Or�êz�±þ, Ïd
U
���)pg�Å�K�õÇ�Ý�¦ (�
u 1013 W/cm2), 
�ÃI�Ä9�A¯K, l
�
y
p­ª�A5, ù�3�½§Ýþ�Ö
|^
}òóÀ��Eâ�)�pg�Å�­EªÇ�
k Hz—kHz þ?
Ã{�¤1Î�"� [13].

Ø d � 	, � ¦ - 1 � � O r n 3 � � 5
1Æ9©f�f�1ÌÆïÄ¥�k­��A
^ [14−16]. |^p°[Ý��Orn���Æ·ò
�13nSÌ�gê, l
Or1�Ô���p�
^, Ó�du�¦-1�°ÌA5, ?1©f1Ì
ÆïÄ��Ó�¼��õ�Ì�&E, ?
�� 
á&ÿ¤I�m. ù
`ûA5Ñ¦p°[Ý�
¦��Orn�ïÄÚA^3ùAc¤�49�
�ïÄ��. �©lnØÚ¢�ü��¡ép°[
Ý�¦��Orn�A5?1
ïÄ. nØþ©Û

°[Ý!ÚÑ�é�¦��Orn�K�, í�
Ñ
�¦��Orn�Or�ê9���°�°
[ÝÚÚÑþ�m�'X; ¢�þï¤
­EªÇ
� 175 MHz ��¦��Orn, ¢y
é 15 fs �
v��-1óÀ���Or, Or�ê� 10 ��
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m. ÏLJpn�°[Ý!`znSÚÑ��±?
�Ú¼��uz�±þ�Or�ê.

2 �¦-1��Orn�Ä�A5

�¦-1��Orn�ëY-1��Orn
aq, áu�«Ã
�-1��Eâ. ù«Ã
�
�OrnSvkOÃ0�Jø�ÑÖ�, Uþ�È
\���-1���õg�ZZ�U\, I��Ä
Z�Or�� �Ó�^�, ÏdlEâ¢yþ5
`'k
n (nSkOÃ0�) ���(J�
. �
´ù«Ã
��Orn���`³3uvknS
OÃ0�E¤�9�A¯K, Ïdé·^u­Eª
Çép��¦-1óÀ�nSOr��.

�{ü���OrnÒ´dü�nº|¤�
{Ùp - ]Ûn(� (F-P n). Xã 1 ¤«, �¦ó
ÀÑ\�p°[Ý���Orn¥, ²L5£õg
�Ì���Z�Or. ùp�¦óÀ����Or,

�'üª-1���Or�(J�õ, Ï���y
�¦óÀ¥�þz��p�ªÇÑU
å�7L
÷vn�^�: 1) �¦óÀ3nSÌ��góÀ/
GØC; 2) 1���¦óÀ3nSÌ��g�7L
�\��e���¦óÀ­Ü; 3) ­Ü�ùü�ó
À�>|� ��Ó. ùn�^�l,���Ý�
�±ù�)º: 1��^��¦nSvkÚÑ, 1
��^��¦��Orn�n���¦óÀ�­
EªÇ��, 1n�^��¦���¦óÀ�1Å
�ä�£ªÇ. ùn�^�¢yå5Ñk���J
Ý, ù�´ëY-1���Orn���éõ, 

k'�¦-1��Orn���%��uISþ
A�ér�¢�¿��Ï. �©±�{ü� F-P n
(�k0��¦��Orn�°[Ý9ÚÑùü
��­��ëê�¹Â, ,�31n!nØï�¥
2±�¢�(�Cq��/��Orn�~, ?1
Or�êÚ���°�©Û.

ã 1 �¦��Orn� F-P n(�

2.1 °°°[[[ÝÝÝ

ØØ´éëY-1�´�¦-1, °[ÝÑ´
L���Orn���ê�­��ëê. 3vkÙ
¦nS�Ñ��¹e, F-P n°[Ý�½Â�dü
�ºf���Çû½, Ï~�ü�ºf��Ç�Ó,

Ñ� R, ���ÇÑ�u 99.8%, K°[Ý�L�ª
�{��: F ≈ π

1 − R
. ã 2 w«��Ç3 99.9%—

99.99%�m¤éA�n�°[Ý, ����Ç�
u 99.9%±þ, n�°[ÝÒ®²�u 1000, ��
Ç�� 99.99%�, °[Ý�u 10000. n�°[Ý
�p, �,\��nS�Uþ�$, �´-13n
SÌ��gêOõ, ��Z�U\�/¤�nS­
�-1Uþ��4�Or, Ó��äk��Ä��
°. ù�´��o��OrnØ��±^uOr�

�
��±^uØÄ�°��Ï. �©·�;5u
Or�ê�°[Ý�'X, Ïd3e¡ï�?Ø�
òØ�9ØÄ�°¯K.

� � � � � � � � � � � � � � � � � � � � � � � � � � ��	
� � 
 ������
ã 2 F-P n°[Ý�º¡��Ç�'Xã, ��Ç
� 99.9%—99.99%
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�� � � � � �� � � � � �� �� � � � � �� � � � � �� � �
ã 3 �¦1Îp�ªÇ���Ornn�ß�¸�éA�¹

2.2 ÚÚÚ ÑÑÑ

�¦��Orn�,��­�ëê´ÚÑ. Ø
�üª-1, �¦óÀ3ªÇ�þ´�X��m�
�p�ªÇÎ¸©Ù, Î¸m�Ò´­EªÇ, 

Ï~ 20 fs �-1óÀCX�Å���òC 100 nm,

�Ò´�¹
��±þ�p�ªÇ. �4ù
p�
ªÇÑ3��Orn¥��å5, I��yz�
�Î¸Ñ���Orn�gd1Ì§�ß�¸�
éA, Xã 3 ¤«, þüùÚ¢��L�¦-1ª
Ç��p�©Ù, p�måî���, m, m − 1 �
i1�L
p�ê, f0 �Ð©ªÇ; eüçÚ�­
��L��Ornn��ß�¸©Ù, =vkÚÑ
�n�G�e, n�ß�¸��¦óÀ�z�p�
Ñ��éA, ùp���yn��Ð©ªÇ ν0 �
�¦óÀ�Ð©ªÇ f0 �Ó. �´¢S�nØ�
Uvk�:ÚÑ, Äk�í�ÚÑI��Ä, XJ
òn�\ý�XÚ¥�±�ØùÜ©ÚÑ, �´n
ºÛ�Ú\�ÚÑ´Ã{�Ø� [17,18]. éuæ^
o©��Å��X�0��5`, nºÛ���
ØÓ�Å�äkØÓ�gd1Ì§�Ý. ±¥%Å
� 790 nm �Å��~, �±�ÑÛ�ÚÑÚå�
gd1Ì§ (FSR) �Å��'XXã 4 ¤«. XJ
¥%Å� 790 nm éA�gd1Ì§� 100 MHz,

K�áÅÚ�Å��*Ð�gd1Ì§¬~�, w
«3ã 3 ¥Ò´eü7Ú­�¤�L�n�ß�
¸©Ù�¹. �±wÑ±�ÉÚÒKp��¥%Å
�, �ü>*Ð�, n�må¬úú~�, �,~�
´3 Hz þ?, �' 100 MHz må5`Czþé�.

�´ù�´nºÛ�Úå�p��� , XJ�k
Ù¦�ÚÑ0�, K� ¬�\î­, ù¬��K
���OrnSU
����¦óÀ�p��ê,

�ªK�����êÚóÀ°Ý. ¤±�'ëY1
��Orn, �¦-1��Orn7L�ÄÚÑ�
K� [19,20], ù3 3.2 !�ò�[`².� � �� � �� � �� � � ���� 	
���
 ��
 � � � �� � � � � �

ã 4 nºÛ�Úå�gd1Ì§�Å�Cz'X [18]

3 nØ�.9O�

·�3¢S�ï¥æ^�´�/��Orn,

e¡±;.�oº�/n��.©Û�¦-1ó
À3nS�OrA59ÚÑA5.

3.1 nnn���������OOOrrr���êêê

ã 5 ���Ä��oº��Orn«¿ã. Ù
¥, IC �Ñ\ÍÜº, °Ä«f1d IC 5\��n
S, IC é1|�ß�Ç� ti, ��Ç� ri, g��Ñ
� li, KTnö'XX (1) ª¤«. ùp, ·�^ë
ê r 5L«nSk���Ç, ½=nSk��Ñ,
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ã 5 �¦-1óÀ�/oº��Orn�.

ÙL�ªX (2) ª¤«, ��Tëê�¹
nS�
�º¡����Ñ±9nS¬N!�í!��5
¬N�0�¤Ú\��Ñ. Ei L«\�°Ä11>
|, Er L«dÑ\ÍÜº�����1|, E L«
�;unS�1|.

t2i + r2
i + l2i = 1, (1)

r = (rmirror)N
√

(1 − l2crystal)(1 − l2air)(1 − l2SHG) · · ·.

(2)

Äuã 5 ¤�Ñ�Ä��., °Ä1óÀ3?\�
�n÷,���Ì��±�, ¤Ú\��£ φ(ω)

�±deªL«:

φ(ω) =
Lω

c
+ δφ(ω), (3)

Ù¥, 1��ªÇ��5��nS1§¤Ú\�D
Ñ�£, 1���nSN\�£, =L«�ªÇ¥
��5�6'X��£, Ì�5
unSÚÑ�K
�Ï�.

Ïd, Xã 5 ¤«, �
¦�Ä��nó�u
­�, nS1>|L÷v­�^�, =nS1|Ì
��±��\�°Ä«f1�ÚTÐ�u1|Ì
��±c¤éA�1>|. K­�'XL�ª�

Erri e iφ(ω) + Eiti = E, (4)

½Â��OrnS�õÇOr�ê P �

P =
|E|2

|Ei|2
=

∣∣∣∣ ti
1 − rri e iφ(ω)

∣∣∣∣2

=
t2i

1 + r2r2
i − 2rri cos φ(ω)

. (5)

��£� 2π��ê�, =÷v��Or��
���, K��nOr�ê P �±{z�eª:

P =
t2i

1 + r2r2
i − 2rri

=
1 − l2i − r2

i

1 + r2r2
i − 2rri

, (6)

·�©ÛÙ¥Ñ\�Ñé���¹e, li → 0,

P =
1 − r2

i

(1 − rri)2
. b � r Ú ri � � � 3 96%—

99%�m, K��nõÇOr�ê�Ñ\ÍÜ�
�Ç!nSk���ÇCz�¹Xã 6(a) ¤«, Ù
¥î�I�Ñ\nSk���Ç, p�I�Ñ\Í
Üº��Ç, Or�ê��dã¥eæÚL«, ä
NXmýIº¤«. ��, Or�êo´�XnS
º¡k���Ç�O�
O�, =nS�Ñ��,

nSõÇOr�êo´��. � r Ú ri ���þ
3 96%—99%�m�, ¤U¼����õÇOr�
ê3 50 ��m.

�X r Ú ri ���ÅÚJp, ��Ùé��õ
ÇOr�ê�K�Xã 6(b), (c) ¤«. ��, � r

Ú ri ���Jp��þ?, =d 96%—99%Jp
� 99.6%—99.9%�, ��n�õÇOr�ê�ò
Jp��þ?. Ó�/, UYJpÑ\ÍÜº��
Ç9��nk���Ç� 99.96%—99.99%�, �
��êUYJp��þ?, =���nS�Ño´
U
¼��p���Or���ê.
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� � �
� � �

� � �
� � � � �� � � � �� � � � 	 � � � � 	 � � � � 
 � � �� � �
 � �
 � �� � �� � �� � �� � �� � � � 
 � � � � �� � � � �

�� �
� � � � � �� � � � � �� � � � � 	 � � � � � 	 � � � � � 
 � � � �� � � �
 � � �
 � � �� � � �� � � �� � � �� � � �� � � � � 
 � � � � � �� � � � � �

�� �
� � � �� � � �� � � 	 � � � 	 � � � 
 � �� �
 �
 �� �� �� �� �� � � 
 � � � �� � � �

�� �

ã 6 ��Or�ê�nSº¡��Ç�'X (a) r Ú ri

���þ3 96%—99%; (b) r Ú ri ���þ3 99.6%—

99.9%; (c) r Ú ri ���þ3 99.96%—99.99%

3.2 nnn���������OOOrrr���°°°

�Äò�£¼ê φ(ω) =
Lω

c
+ δφ(ω) 3¥%

ªÇNC��VÐ°����, Xeª¤«:

φ(ω) =φ(ωC) + φ′(ωC)(ω − ωC)

+
1
2!

φ′′(ωC)(ω − ωC)2, (7)

Ù¥ φ′(ωC) �¥%Å�?�+�Ýò�, φ′′(ωC)

�¥%Å�?�+�ÝÚÑ.

� � � n S � � + � Ý Ú Ñ � " �, =
� φ′′(ωC) 6= 0 �, d�, XJ�Än�p���
��±ØC, Kd�óÀÌ��±��£¼ê�^

eªL«:

φ(ω) = 2nπ+
1
2!

φ′′(ωC)(ω − ωC)2. (8)

©ÛTª��, 3¥%ªÇ?, = ω = ωC �, ��
^�E,�±��÷v, ��1ªÇ�5� l¥
%ªÇ�, du��+�ÝÚÑ¤����£¼ê
 l��. @oéu°Ì°Ä-1óÀ
ó, ��
CÙ1ÌüÊ?, óÀÌ��±���£ l��
^� 2nπ�õ. Ïd, �¥%ªÇ?�', °ÄóÀ
1Ì>�?�1Ì¤©���Or:ìCf. ��,

��nSÚÑ´��Ù¤U|±���Or1Ì
°Ý�'�5Ï�, =¦5\óÀ�1Ì2°, e
��nSÚÑ��ØÐ, K�ÍÜ?\��nS�
-1óÀ�°�J±�±é°.

� � � � � � � � � � � � � � � � � ��� �� �� �� �� �� �� �
	
 �� 
�


 �� 
� � � � � �
� � �
� � �

� ��� � �� � �� � �� � �
� � � � � � �

� � � � � � � �� � � � � � � � �� � � � � � � � �
	 � � � � �	 � � � � � 	 � � � � � �

ã 7 ���°�nSÚÑÚ°[Ý�m�'X (a) �
��°�°[Ý�'X; (b) ���°�ÚÑþ�'X

·�½Â��Or�êü$�������
�¤éA�1Ì°Ý���Orn����°, =

ω = ωC ± 1
2
∆ω, (9)

ùp ∆ω ���n����°. u´����nS
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��ÚÑ���n°[Ý�'XXeª¤«:

φ′′(ωC) =
2π
F

·
( 2

∆ω

)2

=
8π

F (∆ω)2
. (10)

�â (10) ª�Ñ
���°�nSÚÑÚ°[Ý
�m�'Xã, Xã 7 ¤«. �±wÑ°[Ý�p,

ÚÑþ��, K���°�ò�Ä. ��y��O
r�êq�p°[Ý, ùÒ�ÚÑ��JÑ
ép
��¦. ù�´�¦-1��Orn�'ëY1�
�Orn�J¢y�'�Eâ¤3.

4 �¦��Orn�¢�ïÄ

�
mÐ¢�ïÄ, ·�Äkgï
�� 175

MHz �g£��¦v��-1��ì, ±ÙÑÑ
� 15 fs, 450 mW �-1óÀ��é�, ?1�¦ó

À��Or�¢�ïÄ. ¢�C�Xã 8 ¤«. d
��ìÑÑ�«f-1Äk²L�é�ª��ß
º±�y«f1���Orn�1�º�9å�
��; 8º��/��Ornn�� 85.7 cm, ±�
yOrn�gd1Ì§��¦«fóÀ�­Eª
Ç�Ó; M1 ��Ñ\ÍÜº��Ç� 99.8%, M2,

M3 9 M4 ´��Ç�u 99.9%�p�²¡º, ¿�
Ñ´"ÚÑ, M5 Ú M6 ´­Ç�» 100 mm �]¡
p�º, ��Ç�´�u 99.9%, �´Ù¥��´}
òº, ^±Ö�nS�í�ÚÑ. ,	, M4 ºÊ3
��Ø>>b (PZT) þ, ÏL&Òu)ìJø�ç
¸Å&Òén�?1�×£. 3 M3 º���
�
�1>&ÿì, ^±iÿ�¦óÀ3nS����
¹, ùp PD &Ò��ë\«Åì, &Òu)ìuÑ
�ç¸Å&Ò��«Åì�>u&Ò.� � � � � �� �� � � �� �� � � 	 
 �
 � 


ã 8 �¦-1óÀ��Or�¢�C�ã

ã 9 �¦-1óÀ���Orß�¸&Ò

|^ù��8º�/��Orn(�, ·�3
°[/N!
n�O�9n�����, ��
�
¦óÀ«f3nS���Or&Ò, Xã 9 ¤«.

3��gd1Ì§�ç¸Å×£±ÏS, �±×�
���r���&Ò, y²3ù�n� ��¦ó
À�±¢y­���ZU\Or, lªÇ�5`Ò
´é�
n�©Ù��¦óÀ«fªÇÎp�©
Ù­Ü� �. �´�Xc¡nØ¥©Û��¹,

ù��¦��Orn¿vk¢y��1Ì���
��Or. ã 10(a) �Ñ\«f1Ì­�, (b) ��
��1Ì­�, ����1Ì�°²wÄuÑ\1
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Ì�°. �â·�±þ�nØ©Û, AT´nSÚ
ÑvkÖ�Ð��Ï. |^p(¯Ý�õÇO, ·
��ÿþ
 M3 º¡�¦1�õÇ, 3×£�ÿþ
��¦1� 117 µW, ÏL M3 º¡�ß�Ç (ÿ�
� 0.0003) �í£��±��nSõÇ� 390 mW,

�\�1õÇ 450 mW �'�� 0.87, �du´3
��:NC�×£, ¢Sòn��£½3���

p¸�, º¡�¦1õÇ��´×£�� 10 �±
þ [21]. Ïd�±�ä·�¤ï��Orn�Or
�ê3 10 ��m.

Or�ê�¤±ùo$, �´Ï�nº���
ÇØ
p��°[ÝØp, �´Ï�nSÚÑvk
Ö�Ð���kÜ©1Ì¤©å�. ùü��ÏÑ
´����Orn�ê�'�Ï�.

� � � � � � � � � � � � � � � � � � � ��� � �� � �� � �� � �� � ��� � �� � �� � �� � �� � � � � 	

 � �
 � �

� 
 	
ã 10 �¦óÀ«f1Ì���1Ì (a) «f1Ì; (b) ��1Ì

5 ( Ø

�©é�¦-1óÀ��Orn�A5?1

nØÚ¢�ïÄ. ØÓuëY1��Orn, �
¦��OrØ��n�°[Ýk', 
��nSÚ
Ñ��k', Ïd����`z���Or�ê,

7Ll°[ÝÚÚÑü�¡?1�Ä. nØþ·�
æ^;.oº�/n�., |^Ì�­�>|�{

©Û
�¦óÀ��Orn�Or�ê�°[Ý
�'X, Ó��ÏLÚÑ©Û�Ñ
�¦��Or
n����°�°[ÝÚÚÑþ�m�'X. ¢�
þ·�æ^8º�/��Orn(�é 175 MHz,

15 fs �°Ì�¦-1óÀ?1
��Or�ïÄ,

��
� 10 ��m���Or�ê. ÏLJpn
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Abstract

The femtosecond enhancement resonator has important applications in the fields of nonlinear optics, precision spectroscopy, etc.

In particular, it has been become a powerful tool of generating ultraviolet optical frequency comb at a high repetition rate in recent years.

In this paper, we analyze the characteristics of enhancement and dispersion in the femtosecond enhancement resonator by use of the

circulating stable electric field method. The relations between enhancement multiple and fineness and between, resonance bandwidth

and fineness as well as intracavity dispersion are obtained. Finally, we experimentally realize the resonance enhancement of 15 fs laser

from a Ti:sapphire oscillator at a repetition rate of 175 MHz. The enhanced magnification is about 10.

Keywords: femtosecond enhancement resonator, fineness, dispersion, enhancement multiple

PACS: 42.60.Da, 42.65.Re, 42.62.Fi, 42.55.Ah

* Project supported by the National Natural Science Foundation of China (Grant Nos. 60808007, 11078022) and the Main Direction Program of

Knowledge Innovation of Chinese Academy of Sciences (Grant No. KJCX-YW-W21).

† E-mail: wzhy@iphy.ac.cn

164206-8


