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Abstract 

! "#$%&'()*+,-./012+34 ERL5Energy Recovery Linac:6

789:;<=>?@ABCDEFGHI:JKLMNOP:Q:RSTUD

VSW:XRP:WYZ[YbE\?]:P:Q:D^_.`ab2+34c 

! deDfgDhiZ[ERL EFGHI:JKLM_DE\?]:P:Q:X

RP:Wj,-k4l)mn4clDXRP:WYZ[ERL Dopqrstu

Dvwpqx)yz[1.3GHzD{|}*pqx.~�b24.[����Y�

_b2+34�:Jy� Yb E\?]:P:Q:XRP:WD{|}*pqx

Z 100MHz��Y���+34c 

! �;deZ[1.3GHzD�8S�j�4l)jh�)*+fgj�3[ 

�[100MHzYbE\?]:P:Q:XRP:W�1D'j 1.3GHz��D{|}

*pqxj�������T�Y�&*[{|}*pqxj�rb 4¡¢ 

£[SESAM(Semiconductor Saturable Absorber Mirrors:¤¥¦§¨©ª<«)j

_3+�:J¬ABj�®¯�BG°���T�±j��-²³j�4

¡¢ 

D£¡´m YbE\?]:P:Q:j,-*[µ2¶2D·¸j`¹*ºc 
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!"#$ %&  

1.1$ '()*  

$ +,-./01231456789:;<=>?@ABCDEFG=HI'

()HJKL=)AMNG=O'()PQR@I+ST7UAVWIX1YZ

[\.P]^_`abc X _`ade1fgYZ[\.eh=IHSijUk

AlmOnLc1oUbc'()PpqIrkstuNvstIwxstIy

tz{|}~���;���LDS=O 

$ XlXl'()P 1940����bcI+,-./0r�t���>?�1Q

�F;�SI,-./01�YA���nG��H�DX1��8�cLDS

jOX1�I���j{}��S���1��8� })*H�D1� U8

¡¢�LI1950 ��;£¤¥1'();¦G=~�8§d=O!"¨�;�©

�L=ª«1'()*1��PI+,-./0r�t���>?�A�S=n

He¬N;5®LjOX1�'()1¯�U8�°±²�LI1970 ���b

cP¨³´µe'()*¶�1>?�8·¸�L=<¹;}ijO!º¨�H

JKL=>?)*PI»;¼79½bc1'()A��G=l1eISOR-RING

¾380MeV:q¿ÀIPhoton Factory(2.5GeV:q¿)Iz8ÁÂcL=OX1�I1980

��;ÃÄI'()*1��8ÅÆ=HI)*;ÇG=ÈÉ8+@FIÊ{F

�jOnLc1ÈÉ;ËÆ=jÌ;7Í�j>?�ÎÏuÐÑÒÓÔ0Õz1

'()MNÎÏA�SD'()*H�D1U A£ÖF�j18!×¨��H

JKL='()*eh=On1¨�1)*PIX_`aeP SPring-8¾8GeV:q

¿ÀIAPS(7GeV, Advanced Photon Source:ØÙ)IESRF(6 GeV, European Synchrotron 

Radiation Facility:Ú0�ÛÜ )IÝÞ^_ßà X _`aeP ALS(1.5GeV, 

Advanced Light Source:ØÙ)IELETTRA(2.4GeV, áÕâÐ)IBESSY-ã

(1.7GeV,Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstra- 

hlung äáå)zAÁÂ=nH8e�=Oæ;ç�IÐÑÒÓÔ0ÕÎÏ14è

;<ÄI6-8GeV1Q�'()*é¸Hêëìz; X_`adeAíî0e�=

3ï5GeV1��é¸8´µeðcL=<¹;}iD�DS=OnLAñ!ò¨

�HJónH8h=O 

$ æ;Iô�1!ò¨��'()*Iñ!ò¨�'()*;g°õ¨�1'(

)*H�DI!ö¨��'()*1÷M84ÌcLDS=O!ö¨��'()
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*;P ERL¾Energy Recovery Linac:,-./0øù�úáûÛ[ÀIFEL¾Free 

Electron Laser:üý23Ô0þ0Àz8h=O
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1.2$ ,-./0øù�úáûÛ[¾ERLÀ  

$ !ÿ¨�bcñ!ò¨�1'()é¸ePI!">?�;23u#23A$

%�D'()AMN�&=O$%âÑ'ePIÃ(�bcÃ(�j238(ø

A)Ä*�}8c'(+,A-D./01;2G=OnL;<ÄI23304

1oUPÃ(2315U;P6�&7I$%âÑ'1,-./0u89:;z

1Üú<0Õ;<iDêë=>�L=Oj?�I$%âÑ'1Üú<0Õ;<

iD@ndel233041oU8A°}=BeP}SOCÆKI,DÛÕÑ

YPE�°}ÄGF=H304Ge23ìH8ÊI[0�ÑJKA�n�DL

(bøiDS=¹W;Å>�D�d¹�IîÑMNlOGF=Hh=P130

4QR>U}@;<iDOS«SGeTUD�d¹OmdÄI$%âÑ'e2

V� })*U ;PW³8hÄIô�1'()*1U Pn1W³;çX�

mmh=On1<¹}YZAVj}S�[�<Äl\b;+]@e+^_0Ô

Ñ\}'()AMN�&=nH1`[=õ¨�1'()*H�D¥a�LDS

=18IERLeh=O 

$ ERL PI,-./0øù�úáûÛ[1b�cÄI_">?�Ad0Y;�

j'()*eh=OeÈAf;gGOERL P»;hijk1>?lmA���

j»_">?�HI304AnoG=jÌ1(øpbc}=O23qeNV�

Lj23304Pd7Ã(perstS,-./0de>?�LIõSe»

_">?�;<Ä+,-./0de>?�Lj�I(øp�Hno�L=O( 

 

 

 

 

 

 

 

 

 

 

 

! 1.1:PF-ERL"#  Ref[4] 
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u 1.1:ERLHv�'()é¸(Spring-8)1rs Ref[4] 

'()é¸ ERL SPring-8 

,-./0 5GeV 8GeV 

2w 100mA 100mA 100mA 100mA 

ÐÑÒÓÔ0ÕN 30m 5m 25m 5m 

x. 37.8ym 18.2ym 892ym 892ym )*zá{ 

(ym,FWHM) |} 37.8ym 18.2ym 22.8ym 10.6ym 

x. 4.1yrad 9.8yrad 37.4yrad 38.4yrad MJ~ 

(yrad,FWHM) |} 4.1yrad 9.8yrad 4.3yrad 10.0yrad 

x. 244ym 510ym 2761ym 2813ym 304zá{ 

@50m(FWHM) |} 244ym 510ym 236ym 509ym 

.�]@ 

B

! 

ph /s /0.1%/mm
2
/mrad

2( )  

! 

6.0 "10
23 

! 

7.6 "10
22  

! 

2.2 "10
21 

! 

5.0 "10
20 

^_0ÔÑ\r

! 

pc 19 15 0.14 0.13 

 

 

øp;PÐÑÒÓÔ0Õ8Ê�¸��LD�ÄI>?3048XLc1�e�

5��G=�I+]@'()8NV�L=O(øpAÿ(�D»_">?�;

���j304PIp@P»>?�;<Ä+?�Lj�I304�Ñ�;��

�L=On1<¹;IERL ePI23304P�¿;��Aÿ@(øG=?

CehÄI233048./01;}=nHP}SOX1jÌ;IERLGeN

V�Lj+�k1304A'(./uX1�1ð�;<iD�F�&=�;�

�e�=nH;}=OdjIõ|Hñ�S304A�W��e��G=jÌI

»>?�G;P>?304H+?3048 180��}=��eì«;��G=O

nneI+?304bcøù�j,-./0A���D304A>?G=nH

;<ÄI��2�AQ�;�Æj,-./0�91AS��A5¹nH8`[

=OnL8,-./0øù�Hvb�LDS=�ýeh=O 

$ n1��PI1965�;M. Tigner;<iD ¡�Lj8I¢£H}=hijl

mÎÏ8¤Smb7Nc°¥L¦cLDSjO�b�}8cIç�1ÎÏ14

èHHl;Iõ¨�'()*H�D§)A¨U=<¹;}ijOERL ePIv

�1'()*;r©D\b;+S]@u^_0ÔÑYUIzª«^¬1hOî

ÑMz8¥a�LDS=O 
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$ ô�Iq¿;�SDIERL1�®eh=^ÑÜ[\ ERL1÷M84ÌcL

DS=O^ÑÜ[\ ERL PI¯ 40m°10m e(ø,-./060-85MeV 1Vm

E�1 ERLeI2011�1��÷§A¢T�DS=O 

 

 

 

 

 

u 1.2:^ÑÜ[\ ERLH 5GeV ERL1»}Üú<0Õ1rs Ref[1] 

 ^ÑÜ[\ ERL 5GeV ERL 

(ø,-./0 60-85MeV 5GeV 

.�2w 10-100mA 10-100mA 

23îÑMN 0.1-3ps 0.1-3ps 

23îÑM2±² 7.7-77pC 7.7-77pC 

³´F,DÛÕÑY 0.1-1mm-mrad 0.1-1mm-mrad 

 

 

 

 

 

 

 

 

! 1.2:"#$%&ERL'()*+  Ref[1] 
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1.3 µ¶\í·0ä23q  

$ '()*;�SD'()AMN�&=23PIÿ¸;23qbc¹º�L

=O23qHPI)2�»I+¼I+2³zA�S=nHe½k�123Al

�;'`�I>?G=¾�eh=O23qP231MN6¿;<iD¼ÀÝ�

Hµ¶\í·0ä¾)ÀÝÀ�1Q�°Ám;�CcL=OdjInLc1í

·0äbc'`�Lj}�123PêH�@,-./0AViDS}SjÌI

2Â;<iD>?�&=On1>?2Â1P©;<iD DC23qIRF23q

;�C=nH8`[=O 

$ ô�1'()*e£lÿ¸;�ScLDS=18¼ÀÝ DC23qeh=O

ÃÄA+Å;¼G=HIijk1üý238,-./0AÆDuÇ�ÈAÉÆ

DÊl�;'`�L=On1ôËA¼23'`HS¹O¼ÀÝ DC23qePI

n1¼23'`;<iDÆcLj23A DC 2:;<iD>?�ÌÄ`�DS

=O¼ÀÝA���j23qPÍÎ;Q2wAÆ=nH8`[Ïæ;R>Ul

ASjÌIÊ°1'()é¸eÐ��LDS=O�b�}8c¼ÀÝ23qP

¼A�¹23A���DS=jÌIí·0äbc`j}�123PXLÑL

{|}67;7biD4�eS°OX1jÌIMJ~8E�Sht,DÛÕÑ

Y123304A�ôG=nH8Ò�SO 

$ µ¶\í·0ä23qPIrk8)3AÓù�D23A'`G=)2�»A

���Dí·0äbc23AÌÄ`�D>?G=23qeh=Oµ¶\í·0

ä23qPI¼ý[123A�S=¼ÀÝ�HÔSIµ¶\í·0ä1îÑä

/ÕÛ�;Ö�Ô0þ01×NAØ®&�ÙnHeí·0äbc`D�j}�

1231��²AÚÛ;E�°�Æ=nH8� eIht,DÛÕÑYA�ô

G=nH8`[=Oæ;Iµ¶\í·0äbc12wPÖ�Ô0þ01`�;

rCG=1eIÖ�ÜÜ0AÅ>�&=nHeQ2wFl�ôe�=Ý�Þe

h=OdjI+(×lme23A>?G=ß;PI23AîÑM¾à31½d

ÄÀ;áâc}CLKVc}SOµ¶\í·0ä23qePIÖ�Ô0þ0;

Ü.YÔ0þ0A�S=nHe23AÜ.Y;MN�&=nH8`[=jÌI

231îÑMFAÍÎ;5¹nH8� eh=HS¹�Zlh=Oÿ6eIµ

¶\í·0ä23qP¼ÀÝ23q;r©DR>U8+°}SnH8�cLD

S=OnLPIÃ(Ô0þ01ãcF;�ä�DS=nH8ÊSOdjIÿ¸

;í·0ä1åv8¼ÀÝ;r©DOSHS¹YZlh=O 
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$ )*U 8Ã(304;Pæç�L}Sv�1'()*é¸HP�}ÄIÃ

(3048X1dd)*U ;è8= ERLePI23q1t,DÛÕÑYFP

Q�}éêH}=OERL '()*�123304;ÉÌcL=U PI,-.

/05GeVI.�2w 100mAeI³´F rms,DÛÕÑY 1mm-mradIh=SP

.�2w 0.1mA e³´F rms ,DÛÕÑY 0.1mm-mrad eh=O¨³}'(

)*é¸eh=$%âÑ'�1 Spring-8AC;ÁÂ=HI,-./08GeVI.

�2w 100mAI³´F,DÛÕÑY 10mm-mradehÄIERLePë[123q

<ÄlIÚÛ;t,DÛÕÑYeh=l18ÉÌcL=O 

$ djIERLH$%âÑ'�'()*ePÏ@Wcl 100mAì@1304A�

iD'()ANVG=8IÃ(�bc12w²;Q�}ÔS8h=O$%âÑ

'eP238Ê�øâÑ'GA(ø�gC=1eI$%2w²8h=ì@+i

D°=deÃ(1íÈ8}SOnL;Ç�D ERLePÃ(23Pî(304�

Ñ�;ïDcL=jÌI100mA 1304AÛ;Ã(�ðbc(øâÑ';¹º

�}°DP}c}SOn1¹º1ñ@P ERL1+(×>?lmH1ì¥1òê

bcI+(×>?lm1�ð(×� 1.3GHz(djPIX1ó��1ÿ)eh=í

È8h=Oæ;I'()*�>?�P�ô;õ«SöÍ1fg��85®L

=Om÷; 100mAe��85®LjHG=HI460[0�Ñ/«SI8640[0�

Ñ/q123Aí·0äbc��`GnH;�ª�Ií·0ä;PÚÛ;+Sø

ùU8ÉÌcL=O 

$ ERL 123*;Pµ¶\í·0ä DC 23q1Ð�8úû�LI÷M84Ì

cLDS=O23q1R>UA+Ì=jÌIÔ0þ0;PR>U8+SnHe

�cL=µüáî0Ô0þ08Ð��L=ý>eh=OnL8I¿~�1�®

elh=OERL 1µ¶\í·0ä23qePINEA uÇ¾Negative Electron 

Affinit=þ23ÿ!�"ij#1£t$�<ÄlÊl$�8tS01ATGO²

3�98+SOÀAVm GaAs(%â&4'5):jkí·0ä8(>�LDS=O

GaAs1 NEAuÇPIp�;ä0��j GaAs1uÇ; CsA)*G=nHe�

ôe�=On1í·0äePIîÑä/ÕÛ�;óØ�jÔ0þ01+(;<

Ä)2�»8�nÄI±23#;��G=238ijk;Ö��LÏNEA uÇ

;,2�jÖ�238Êl�ÈA\Ñ-.G=nHe304H�D`D°=O

X123AÐ-0äí·0äS;bCcLj DC 2Â;<iDíÈ},-./

0de>?�ÏERL 1+(×>?lm;Ã(G=Oµ¶\í·0ä1åv8O

SHS¹òê;¦�DPI2Ý(.1Êl@17ÍI2Ý5w1/0I>?1
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217Íz;<=3=8Ý�dLDS=O 

 

 

 

 

 

 

 

 

 

! 1.3:"#$%&'(DC)*+,-./ Ref[1] 

 

u 1.3:ERL23q1Üú<0Õ Ref[4] 

Current 10-100mA 

Pulse reputation(Max.) 1.3GHz 

Micro pulse length 10-20ps 

Charge per pulse 7.7-77pC 

Peak Current 0.77-7.7A 

Emittance(norm.) 0.1-1.0mm-mrad 
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1.4$ Ô0þ0  

$ Ô0þ0HPILASER: Light Amplification by Stimulated Emission of Radiation

1456AHij467eI�3u�3;<=)18j'`A���j)1Å

�A9:G=OÔ0þ0P 1960�;¤ÌD.30;<;<=Ô0þ01fgM

=8V>�Dö[I)ÎÏH�)t;?vAljc�IstÎÏ1@��;Q

�}×A�»ABÆD�ÄINvstbcytICDØ;E=deIÔ0þ0

A���jÊ°1~�85®LDS=OÔ0þ01oFH�DPI 

¾"ÀT7U 

¾ºÀ+,-./0G@ 

¾×ÀHIU 

¾öÀhO)Ü.Y 

8ÁÂcL=O 

$ Ô0þ0PJS304;}iDSDIK(uLM�&}SWÄIêH�@ÿ

}_;4ÙOj?�IÔ0þ0)elNO}.5)_PeP}°DI×�)t

h=SP29)te�cLDS=øM1ß;IQ6;5°;mLDR�7m�

8=OÔ0þ01)P1};A

! 

dH�IX1×NASHG=HIT7UAuGPI

304188Ä~

! 

"#PøMeTW�L=W³

! 

"# ~ $ d;}iDS=OÔ0þ0

PT7U8AS1eIUùVÔÑ{eWZA;óHI;X:;P

! 

F"¾j?� F

PÔÑ{1 F ûÑî0ÀehÄI×N1�Yì@de,-./0AZ��&=

nH8`[=O 

$ h=YZ[\.1×N�A

! 

"#HG=HI

! 

"# = c <ÄI(×��

! 

"# P

! 

"# # = $"% %H}ÄI[\]«S

! 

"P

! 

"#$ ~ 1H}=1eI

! 

" ~ 1 #$H}=O�

\]^_ LP

! 

c"Hu�L=1eI

! 

L ~ c "# ~ $ # "#( )AÆ=OR>}Ô0þ0e

PI

! 

"# # ~ 10$151`0�0;}=nH8�cLDS=OdjIÔ0þ0PHI

)AA°G=nHl`[=8IÙ�ab;YZ[\.�

! 

"#A�°�D)1Ü.

Y�cAO°G=nHl`[=O1ps uXLöf1 100fsï10fs 1hOÜ.Y)

8d0äì¥;<iD� eh=O 
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1.5$ µüáî0Ô0þ0  

$ µ¶\í·0ä23qP¼ÀÝ23q;r©Dÿ¸;R>U8A°}SO

nLPIí·0ä;+(�L=Ô0þ01R>U;�ä�DS=nH8ÊSO

X1ßIERL 123qÖ�Ô0þ0;P+SR>UAlmÔ0þ0H�DIµ

üáî0Ô0þ01Ð�8ef�LDS=O 

$ ÿ¸}½kÔ0þ0PDú0HÔÑ{AgÞØ®&=nH;<Ä)8o>

1-hAc=<¹;�DiV�LDS=OX1ßIÐúá<Ñ\;+Sj@8

íÈH}ÄI=�;lkSO 

$ ÿ6Iµüáî0Ô0þ0eP)h1l@;µüáî0A�S=nHeIÐ

úá<Ñ\AmnFI½>FG=nH8`[Iÿ¸;cÛ1½kÔ0þ0<Ä

lR>U8+SOdjIÔ0þ0okAµüáî0;G=nHeok1N�A

pqnH8`[=jÌIráÑ1Çel¯�eh=Oÿ¸;�cLDS=µ

üáî0Ô0þ0;P×N 1550nm 1 Er µüáî0Ô0þ0HI×N 1030nm

1 Ybµüáî0Ô0þ08h=O 
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1.6$ 23qÖ��Ô0þ0sYt4  

$ µ¶\í·0ä DC23qeMNG=23îÑM1,DÛÕÑYuîÑMNI

)Ä*�(×�IR>Uz1oUPIERL1'()*H�D1U ;};G=O

ÿ6eµ¶\í·0ä23q1U PÖ�Ô0þ01U ;Q�°6�G=j

ÌI23qÖ�Ô0þ01U P ERL1U ;};G=HSiDl[ueP}

SO 

 

1.6.1$ Ô0þ0sYt4;ÉÌcL=vw  

$ ERL23qÖ��Ô0þ0;íÈH�L=U ;PI 

 

 xERL1+(×>?lm1¸e(×�Hìy1.3GHz1)Ä*�(×�AV

mnHO 

 x£z;µ¶\í·0ä;Ã(G= 20ps1{"×;ó"G=nH8� 

}Iõ�;OSÜ.Y�eh=nHO 

 x23Aµ¶\í·0äbc|U`�&=jÌ;I×N8µ¶\í·0ä

1îÑä/ÕÛ�1×N<ÄlOSnHO 

 x23q1,DÛÕÑYAE�°�Æ=jÌ;I×N8� }WÄµ¶\

í·0ä1îÑä/ÕÛ�;çSnHO 

 xíÈ}�123Aµ¶\í·0äbcÌÄ`G1;õ�}Ü.Y,-.

/0AVmnHO 

 

}@8h=O 

$ µ¶\í·0äbcMNG=233042wPIí·0ä1)3ÿ}hjÄ

1MN23�~²3�9HIäúáªÔ0þ01ÜÜ0e=>�L=O233

042w IHI²3�9 QEIÔ0þ0ÜÜ0PIÔ0þ0×NSP 

 

   

! 

I mA( ) =
" nm( )
124

P W( )QE %( )                                        ¾1.1À 

 

eBÆcL=[1]OERL�23q1µ¶\í·0äH�DP NEA GaAs(%â&4

'5)8�>�LD�ÄIîÑä/ÕÛ�8 800nm ì@I²3�98 1%HG=
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HIÖ�Ô0þ0;P 15W1ÜÜ08íÈHÝ%lcLDS=OdjI×NP

£z;£ÖFG=Üú<0Õ1ÿmeh=1eI�Eeh=nH8�d�SO 

 

u 1.4:ERL123304MNíÈ}äúáªÔ0þ01U  Ref[1] 

.�ÜÜ0 15W 

)Ä*�(×� 1.3GHz 

�á[�Ü.Y,-./0 12nJ 

�á[�Ü.YN 10-30ps 

×N 800nm�E 

×N�EU ~50nm 

��µüá.�ðU òõ�ó" 
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1.6.2$ ERLe(>�LDS=Ô0þ0sYt41eÈ  

$ Ô0þ0`sÔ0Õ1Þe 1.3GHzI15WHS¹I+)Ä*�I+`�1Ü.

Y)AðÄ`GnHPÚÛ;�Òeh=OX1ßIERL eP MOPA(Master 

Oscillator and Power Amplifer)HJKL=6¿8 ¡�LDS=OMOPAHPI

ERL1+(×lmHìy1.3GHz1)Ä*�(×�AVmÜ.Y�AMN�&=

M=�HIXLAíÈ`�deÅ�G=ÐÑ�bc}=Ô0þ0sYt41n

Heh=O 

$ ×N�EUIOÜ.YMNIÎÏ}V�@A�Æ=HIMOPA 1ÐÑ�p

�1��H�DMÕÑzµüáÐÔ0þ08ÁÂcL=OMÕÑzµüáÐÔ

0þ0PI700nmï1100nm HS¹�S×N��eM=� eI×N;¦G=È

É;Põ�;ËÆ=nH8`[=O�b�}8cIERLeP 15WHS¹ÚÛ;

+SÜÜ08íÈeh=OMÕÑzµüáÐÔ0þ0ePI�Ñ�)H�D

500nm ì@1×N8íÈH}ÄIX1jÌ;PcÛIÔ0þ0�á`0äu

Nd:YAG z1fgM=8ÍÎ;� }½kÔ0þ01ÁY×A��G=OX1

jÌ;I�Ñ�)bc1ÜÜ01E��98t°Q²1�Ñ�)AíÈH�I

¾�8Q³�FG=HS¹YZ8h=OdjI;<A+`�1Ô0þ0)eM

=�&=H¼ÔÑ{�»z;<=QR>F8���L=O�c;IÔ0þ0o

k1"0bc�ÆN8TW�L=jÌI1.3GHzHS¹+)Ä*�e1Å�P�

Òeh=O 

$ XneIERL ePIÐÑ�p�;)c�ÎÏbc�N�jµüáî0Ô0þ

0A�S=nH8ef�LDS=Oÿ¸}µüáî0Ô0þ0;PIYbµü

áî0Ô0þ0H Er µüáî0Ô0þ08h=8I�el Ybµüáî0Ô0

þ0P+`�F8rsÍÎeIv;fgM=e 2.0kWIÜ.YÅ�;�SD

l 131WeÜ.YN 1psöf1Ü.Y�MN8�ô�DS=O 

$ Yb µüáî0ÐÑ�PÔ0þ0okeh= Yb á`ÑA)>�j^ÐHI

976nm Ö�)Ai�G=!ÿ[úÛäI^ð1!Á[úÛäbc}=�ª.[

úÛäµüáî0eiV�LDS=O^ÐH!ÿ[úÛä1LM9PI^Ðe

MN�j 1030nm *ç1×NAVm8j'`)8^Ð1ÞAi�G={;�ó

�LDS=OÖ�)P^ð1!ÿ[úÛäAi��IGð1^ÐAc[G=�

; Ybá`ÑAÖ�G=O�Ñ�)P��1R}S!ÿ[úÛäAi�G=jÌI

ÜÜ0G@8+R�IMÕÑzµüáÐÔ0þ0eòê;}=¼1òê8Q�

;�!�L=OX1jÌIN�hjÄ1Å�98E�°DlIµüáî0AN
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°G=nH;<iDÚÛ;+SÅ�9AÆ=nH8`[=OdjIYbµüáî

0PÔ0þ0�á`0äbc1 976nm)eÖ�e�=OLDbc1)A}�Ö�

;�Æ=Z;�SDl+`�F;7SDS=O 

$ Ybµüáî0ÐÑ�A��G=6¿PIX1ddeP£z;MNG=)1

×N8 1030nm*çH}ÄIX1ddeP NEA GaAs1í·0äbc23AÌÄ

`GnH8`[}SOXneIÌÄ`�j 1030nm )A SHG(Second Harmonic 

Generator:Áõ+�×MN);<iD 515nm)�E�G=Oæ;IX1)A�Ñ�

)HG=nHeI800nm 1s0ä)A NOPA(Non-collinear Optical Parametric 

Amplification);<ÄÅ��I800nm1Ü.Y�AMN�&=O 

$ NOPA1s0ä)Að=6¿H�DPI 

 

 xYb1ÁY×A���IÿmA NOPA1�Ñ�);���Il¹ÿm1)

P 800nm *ç1Y0Ü0^Ñt��Ó04AMN�&=nHeINOPA 1

s0ä)HG=¾� 1.5À 

 xMÕÑzµüáÐÔ0þ01)AM=�H�D���IMÕÑzµüá

Ð1�SM=� îÑä�A���D Yb µüáî0ÐÑ��1s0ä)

1 1030nm1)Hì«; 800nm1)AMN�&IXLA NOPA1s0ä)

;�¹¾� 1.6À 

 

HS¹ºm16¿8�ÆcL=O 

  

 

 

 

 

 

 

 

 

! 1.4: "#$%&'(Y b()*+,-.)/)0)12345 
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$ NOPAA�SjsYt4;gÞ�ÙnH1`[=`sÔ0ÕH�DIYbµü

áî0Ô0þ0`sÔ0ÕIYb:YAG Ô0þ0`sÔ0ÕIMÕÑzµüáÐ

Ô0þ0`sÔ0Õ8h=O�elIYbµüáî0Ô0þ0`sÔ0ÕPR>

U8+°I<ÑtûÑYlrsÍÎeh=nHbcIERL �µ¶\í·0ä

DC 23qÖ�Ô0þ0sYt41�YÕ0`sÔ0Õ�1Ð�8ý>�LD

S=O 
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! 1.5: Yb:YAG"#$#%&"#'()*+Y b,-./#"#$#%&"#

'012*ERL,3456#7DC89:;<"#$#&=>?@AB 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

! 1.6: "#$%&'()*+,+-.*+#/012 E R L&3456+7

DC89:;<*+,+.=>?@AB 
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1.7$ ~�¢  

$ ô�1Ybµüáî0Ô0þ01)Ä*�(×�P 100MHzì@;�diDS

=O�|1~�1¢PIERL 23qÖ��1µüáî0Ô0þ0`sÔ0Õ

A÷MG=nHeh=8IX1ß;P Ybµüáî0Ô0þ0e)Ä*�(×�

1.3GHzA2VG=nH8£z;ÈÉ�LDS=O 

$ Ô0þ0M=�1)Ä*�(×�P cIM=�N;6��DS=OX1j

ÌI)Ä*�(×�AÅ>�&=;PIM=�NAO°G=18£lH¡}6

¿eh=O�b�}8cIÿ¸}+)Ä*� Ybµüáî0Ô0þ0`sÔ0

ÕPIM=�G; Ybµüáî0I×N¢I�J�£�APyÌHG={|}^

Ñ�0-Ñ\8íÈeIM=�NAO°G=nH8�Òeh=OX1jÌI)

Ä*�(×�AÅ>�&=;PI`sÔ0ÕG;zS¤1¥�Ü.YAðÄ`

�I)Ä*��AÅ>�&=I`sÔ0Õ1^pe)Ä*�(×�AÅ>�&

=Id0äì¥16¿AEæG=nHe`sÔ0ÕG;íÈ}^Ñ�0-Ñ\

A+c�Î ÑÜ[\}¦Õ3t�Að=IHSijÐ��0M8íÈH}=O 

§k;PI 

 

"¨+`�1Ö�)eÔ0þ0okAÖ�G=nHeI`sÔ0ÕG;¥�1

Ü.YA©VG=O 

º῭ sÔ0ÕGe+(×A�Sj EO(Electro-optic:2ª)t)E��e1E�A

5¹nHe`sÔ0ÕG;¥�1Ü.YA©VG=O 

×¨ë[�1+)Ä*�µüáî0Ô0þ0`sÔ0Õbc1Ü.Y�AX1

ó�Y1)Ä*�(×�AVm^pµüªâ0Z�0«=�;Ã(�)Ä

*��AÅ>�&=O 

ö d̈0äì¥A SESAM(Semiconducting Saturable Absorber Mirror);<iD5¹

^ÑÜ[\}â�Ð¦Õ3t��`sÔ0ÕAiVG=O 

 

HSij6¿AÁÂ=nH8`[=O 

$ "1Ö�)1`�AÍ¬�&=nHe¦Õ3t�G;¥�Ü.YA©VG

=6¿PIYb µüáî0Ô0þ0;�SDv;®�LDS=8I`sÔ0

Õbc`��L=Ü.Y1S¤ANO;zS¤;G=nHPô«ZeP�Ò

eh=O«^¬1`0�01ÒÛÕ08h=jÌIERL123q;��G=;
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P3=�}CLK}c}Séê8ÊSO 

$ ¯=ºI×Iö16¿1¹WbcIpøPI×1^p¦Õ3t�A�Sj6

¿HIö1â�Ð¦Õ3t�e1 SESAM;<=d0äì¥A�Sj6¿A°

�jO 
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!º#$ ^p¦Õ3t�;<=6¿  

$ º±1²AÇ³�&=HIµüªâ0Z�0«=�HJKL=¦Õ3t�;

}=O�|PI100MHz1)Ä*�(×�AVmd0äì¥ Ybµüáî0Ô0

þ0`sÔ0ÕAðV�In1`sÔ0Õbc1Ü.Y)A 1.3GHz1)Ä*�

(×�AVmµüªâ0Z�0«=��1^p¦Õ3t�;Ã(G=nH;<

ÄI)Ä*�(×�AÅ>�&=6¿A°�jO 

 

2.1$ �&  

2.1.1$ d0äì¥  

$ d0äì¥HPIÔ0þ0`sÔ0ÕG;´ij¥�1d0ä1��AµÆ

=nHeIhOÜ.Y)1MN;Y°nH1`[}Sl1eh=O½kÔ0þ

0`sÔ0ÕAC;ÁÂDd0äì¥;mSD¶·G=O 

$ Ô0þ0¸¹1îÑä�8rsQ�SÔ0þ0ok�;�SDPIÚÛ;

j°��1½¯d0ä8Iì«;Ö��L=nH8� eh=OnLc1d0

äPIÚ_"�J�»zA�º�}CLKI¦Õ3t�;<=»³vw;<i

D 

 

   

! 

n" = 2L                                                        (2.1) 

   

! 

" =
c

#
=
c

2L
n                                                    (2.2) 
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1z�S(×�S¤e��G=O«=vw8�S(×�`a;®jiD¼j�

LIÊ�1d0ä8���DS=H�I

! 

"#$ %c LHG=HI¦Õ3t�1�1

h=��;�C=×�:1×"P 

 

   

! 

E t( ) = "
n
exp #i $0 + n%&( )t + '

n[ ]
n=#N

N

(                                 (2.3) 

 

eu�L=O��Pÿ¸;úÑ�4eInLePOÜ.Y);P}c}SO�

b�}8cIl��}=d0äS1��AµÆ=nH8`[LKI

! 

"
n

= "H}ÄI 

 

   

! 

E t( ) = "exp #i$0t + %( ) exp #in&'t[ ]
n=#N

N

(

= "exp #i$0t + %( )
sin 2N +1( )&'t 2[ ]

sin &'t 2( )

                            (2.4) 

 

H}=Oj?�Í d0ä1=�PImH1jÌìyH�jO� 2.4;ºd0äI

½d0ä1d0äì¥01e1Ü.Y1,Ñd�0�HI½d0ä1d0äì

¥01e12:1{3Ag�jO 

$ djIR@×"

! 

I t( )PI 

 

   

! 

I t( ) = "2
sin

2
2N +1( )#$t 2[ ]
sin

2
#$t 2( )

                                       (2.5) 

 

 

 

 

 

 

 

 

 

! 2.2: "#$%&'()*+,- 

 

 

 

 

 

 

 

 

 

 

 

 

!2.3: "#$%&'()*+,-./0 
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H}ÄIÜ.Y�P 

 

   

! 

" =
2#

2N +1( )$%

=
2L c

2N +1

~
1

$&

                                                 (2.6) 

 

H}=OdjIn1Ü.Y8I 

 

 

 

 

 

 

 

 

 

 

 

2 !"#$%!"#&'()*+,-

./0%1234"5 

 

 

 

 

 

 

 

 

 

 

 

5 !"#$!"#%&'()*+,-$

./01"2 

 

 

 

 

 

 

 

 

 

 

 

 

5 !"#$%!"#&'()*+,-%

./ 

� 2.4: d0äì¥«;�C=Ü.Y1,Ñd�0�H2: 
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! 

T =
2"

#$

=
2L

c

                                                        (2.7) 

 

1(¥e`D°=On1(¥Pâ�Ð¦Õ3t�1:Ø¦Õ3t�N

! 

LAÜ.Y

8¾¿G=«SehÄIâÑ'¦Õ3t�1:Ø¦Õ3t�N

! 

2LAÜ.Y8ÿ

(G=«Seh=O 

$ ��;Ô0þ08Êd0äM=�DS=H�IM=d0äS1(×�1VP

ÿ¸;z�°}SOµüªâ0Z�0«=�1Àd0ä1«=(×�PzS

¤eh=8I´d0ä1M=(×�PÔ0þ0ok1Ú_"�J�»z1jÌ

;IM=�1«=(×�HPS°cb�}=bceh=O�b�IÔ0þ0M

=�1�;Ú_")t53AÃLjÄIE�53AÃLDXL;30\(×�

;çS+(×A>ÆD��uLM9AE��jÄG=HIÊd0äM=1(×

�S¤8z�°}=O 

$ ^pbc+(×A>ÆDd0äì¥A�&=:ØARTd0äì¥I^pb

c�ÁA>Æ}Sed0äì¥AG=6¿AB�d0äì¥HS¹OdjIÔ

0þ0M=�1�;Ú_")t53AÃL}°HlIÔ0þ0ok;PÚ_"

)t�»8h=1eIÖ�vwu¦Õ3t�1oUA�óGLKId0äì¥

8�=nH8h=OnLAüÂd0äì¥HJóO 

$ üÂd0äì¥PI�¿�H;Ø�1M=8ÃS;���dL=nH;<i

D�=O� 2.5 1{}

! 

"
1

<"
2

<"
3
H}=×d0äM=1:ØA�Æ=O

! 

"
1
H

! 

2"
2
#"

3
I

! 

"
2
H

! 

"
1
+"

3
#"

2
I

! 

"
3
H

! 

2"
2
#"

1
PçSHna;h=OXne;Ø�8

h=ì@çX°H(×�8���dLDI

! 

"
1

= 2"
2
#"

3
I

! 

"
2

="
1

+"
3
#"

2
I

! 

"
3

= 2"
2
#"

1
;}=OnLcPS7Ll

! 

"
3
#"

2
="

2
#"

1
H}ÄI;Ø�AÄÙ�

�;PUW}��G=G©D1d0ä1(×�8zS¤;}=Oj?�Iö

möÍÊ�1�¿�8M=�DS=H�;PIí7�lOp8ì«;d0äì

¥�}SnHlh=O 

$ B�d0äì¥ePIì¥8�ÄuGS<¹;Ú_")t53A�SDRS

;Ø�AMN�DS=HS¹nH1�PIüÂd0äì¥Hì{eh=O 
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! "#$%&'()*+,-./&

&&&&&&&&

! 

"
10

! 

"
20

! 

"
312345&
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2.1.2$ µüªâ0Z�0«=�  

$ µüªâ0Z�0«=�HPIÁ±1+K(91²Aº±Ç7�&IGpe

)A«=�&=)tÅ1nHeh=OÃ()1=�A

! 

E
i
I¦Õ3t�1N�A

LIÃ(ð1²1=�K(9A

! 

r
1
I=�Æ[9A

! 

t
1
Ì (ð1²1=�K(9A

! 

r
2
I

=�Æ[9A

! 

t
2
HG=O}�I¦Õ3t�Gðe1K(9AÇÎ ðAþH�jO

mH1ß; 

 

   

! 

R " r
1
r
2

T
1
" t

1

2

T
2
" t

1
t
2

                                                         (2.8) 

 

H�°HIµüªâ0Z�0«=�1K(

! 

E
r
HÆ[

! 

E
t
P 

 

   

! 

E
r

= "r1 +
r2T1 exp "2ikL( )
1" Rexp "2ikL( )

# 

$ 
% 

& 

' 
( Ei

                                       (2.9) 

   

! 

E
t
=

T2

1" Rexp "2ikL( )
E
i
                                           (2.10) 

 

H}=Oj?�I

! 

kP×�eI

! 

k =" ceh=O

! 

exp "2ikL( ) =1H}=H�IÆ[

)8£QIK()8£EH}ÄI 

 

   

! 

E
r,Max

= "r
1

+
r
2
T
1

1" R

# 

$ 
% 

& 

' 
( Ei

                                            (2.11) 

   

! 

E
t

=
T
2

1" R
E
i
                                                    (2.12) 

 

 

 

 

 

 

 

!2.6: "#$%&'(&)*+ 



!º#$ ^p¦Õ3t�;<=6¿ 

 29 

H}=OdjIÃ(R@

! 

I
i
= E

i

2

HG=HIn1H�1K(R@

! 

I
r
HÆ[R@

! 

I
t
PI 

 

   

! 

I
r

= E
i

2

= "r
1

+
r
2
T
1

1" R

# 
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% 

& 

' 
( 

2

I
i

                                               (2.13) 

   

! 

I
t

= E
t

2

=
T
2

1" R

# 

$ 
% 

& 

' 
( 

2

I
i

                                                   (2.14) 

 

H}=On1H�A«=01HJóO«=(×�

! 

"
n
PI

! 

"
n

= nc 2L¾nP

! 

n > 0e

h=ó�Àeu�LI«=(×�1S¤

! 

"
F

= c 2LAµâ0YZ[\.ÔÑÒ

(FSR:Free Spectral Range)HJóOdjIµüªâ0Z�0«=�1«0[S¤

! 

"
F

H«0[1:ÈO�

! 

"#1rAµ�-YH FJUI 

 

   

! 

F "
#
F

$#

=
% R

1& R

                                                      (2.15) 
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2.1.3$ µüªâ0Z�0«=�1R>vw  

$ µüªâ0Z�0«=��129×Põ1×�6ìÊ 

 

   

! 

"
2
E + k

2
E = 0                                                  (2.16) 

 

A¼j�}CLK}c}SO 

 

   

! 

E = f x,y,z( )exp ikz( )                                              (2.17) 

 

H�D×�6ìÊ;�ÃG=HI 

 

   

! 

" 2 f

"x 2
+
" 2 f

"y 2
+ 2ik

"f

"z
= 0                                             (2.18) 

 

8ÆcL=OnneI

! 

" 2 f "z2 << k "f "z( )H�>�jO 

 

   

! 

f x,y,z( ) =G z( )exp "
x
2 + y

2

F z( )

# 

$ 
% 

& 

' 
(                                      (2.19) 

 

H�DI 

 

   

! 

"
4

F z( )
+ 2ik

# G z( )
G z( )

+ 2
x
2 + y

2

F x( )
2
2 + ik # F ( ) = 0                            (2.20) 

 

H}=OÍ1Ê8Ë91 x,y,zeV´G=jÌ;P 

 

   

! 

2 + ik " F = 0,

#
4

F z( )
+ 2ik

" G z( )
G z( )

= 0
                                             (2.21) 
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! 

F z( ) = "
2z

ik
+#0

2
,

$ G z( )
G z( )

=
2

ik

1

"2z ik +#0

2( )
= "

1

z " ik 2( )#0

2

G z( ) =
A

z " ik 2( )#0

2
=

A0 exp i% z( )( )
# z( )

& 

' 

( 
( 
( 
( 

) 

( 
( 
( 
( 

                             (2.22) 
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0
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( 

1
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,

tan) z( ) =
*2z
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0

2
,

A
0

=
2A

i
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0

                                             (2.23) 
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! 

E =
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# z( )
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2 + y

2

F z( )
+ ikz
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=
A0

# z( )
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r
2

# z( )
2

+ ik z $
r
2

2R z( )

% 
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' 

( 
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( 
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                          (2.24) 
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0
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1
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=
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+
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! 

k z "
r
2

2R z( )

# 

$ 
% 

& 

' 
( + ) = const.                                          (2.27) 

 

eBÆcL=OG}®WI 

 

   

! 

z ~ z
0

+
r
2

2R z
0( )

                                                  (2.28) 

 

nLP:; R1ÌÇeh=Onne z1Ç167;Ç�DÍ1:Ø; RAÇI

Î1:Ø; RAþH}=<¹;�jOdjIzÏÍ1 ze13041:;(=�

8 1/e H}=:;)P

! 

" z( );}=On1{}d0äA%&Y304HS¹O×Ç

;ÿÐG=Ám1ÍÇ²bc}=µüªâ0Z�0«=�A�Æ=O)8ÿ¾

¿�jH�I)1¥5=�PlH1È;ÑiDS=íÈ8h=1eI��VP 2

Ò1ó�Ye}CLK}c}SOºm1ÌÇ²1 zÓÔA

! 

z
1
,z
2
H�jH�1«=

1vwH�D 

 

   

! 

2 kz
2

+ " z
2( ){ }# kz

1
+ " z
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2 z
2
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1( ) + tan
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z
2

# tan#1
b

z
1
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8ÆcL=OÁm1ÌÇ²1S¤A

! 

L = z
2
" z

1
HG=HIæ.1!ÁÕ8UÖ�

L=:ØP 

 

   

! 

2L = n"                                                         (2.30) 

 

H}=OÁm1ÌÇ²1Ý9:;AXLÑL 
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HG=O

! 

z
1

< 0,z
2

> 01H�I

! 

R
1

> 0,R
2

> 0H}=<¹;=ÌDh=Oj?�Ib

PI^Ñµ¶0í.Üú<0ÕHJKLI 

 

   

! 
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0
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2
=
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0
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%
                                                  (2.33) 
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1
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=
"L# 1+$( )
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                                                 (2.34) 
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                                                 (2.35) 
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1¦ØÊ8jbL=Oj?�I 
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2.1.4$ øM´3Ç;<=�J�£  

øM´3PImmhjÄ�Ù¿öÍ1YâÛ\_8�bLD�ÄIn1ÊYâÛ

\bc1)×1\];<ÄS°mb1øM)¾

! 

±mõÀ8Ny=OXLc1øM

~PI)hN1��G}®W×N;6�G=1eI)YZ[\.A�)G=5

3H�D�ScL=OÚAøM´3Ç�1Ã(~I

! 

"
m
A mõøM)HøM´3

Ç1¿_H1}G~¾mõøM~ÀIdA´3S¤HG=HImõøM)P 

 

   

! 

d sin" # sin$
m( ) = m%                                              (2.40) 

 

1¦ØA¼jG

! 

"
m
167;ôL=On1øM)1�JP� 2.9 ;gG<¹;I

øM´3Aº}.Ç;Û©IX1ÜÝ1S¤ b AEÆ=nH;<iDI���

;®jiD�E}þ1Þ?@�JABÆ=OøM)1�9PIMÕ0�Dú0

¾82kÊßà²À1K();r©D<°}SjÌI»;Ô0þ0¦Õ3t�

^pe1MÕ0��£Ü.YÂá53H�D�ScL=8IYbµüáî0Ô0

þ0`sÔ0Õ;¦�DPIYbµüáî01ráÑ8ÚÛ;ASjÌIM=�

Gpe1�J�£;l�ScL=O 

$ � 2.9;�SDI-1õøM�LjÜ.Y)¾Z Ae-1õøM�LIæ;Z B

e-1õøM�LjÀPABQ1)h P1�J�£²
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# 2
d
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! 

"
B
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2.1.5$ Hansch-Couillaud¿  

$ µüªâ0Z�0«=�1Õe�©j<¹;I«=01eµüªâ0Z�0

«=�1K(9Ptf�I;»I¦Õ3t�G1GpÜÜ08ÅQG=O��

;n1�Û[01AèVG=ß;PIµüªâ0Z�0«=�1¦Õ3t�N

ATé�IÛ;GpÜÜ08£Q;}=<¹;�}CLK}c}SOX1ß;

PI¦Õ3t�N1Yá0�;ËyjK(9EF1ê�bXL;ëyj�ÁA

Æ=nH8`[LKì�eh=O 

$ pøIµüªâ0Z�0«=�A^pbcÃ(G=Ü.Y);�Û[G=j

Ì1,ú0�ÁA Hansch-Couillaud¿[12]A�SDÆjO 

$ � 2.12 1{}íÛ\ÐÛ�A�Æ=OÃ(30412:P¦Õ3t�G1¼

)H|}}¼)H.5}¼)A�ëH�j}îÓÔ;�3G=nH8`[=O

Ã(2:1¦Õ3t�G¼);ÇG=x.V�

! 
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! 
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! 

EIGp1¼)H1}G~A
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! 

E
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i
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! 
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HuGnH8`[=Oõ;ú`��7b¹304;mSD�Æ=O¦Õ3t�

GePI}_¼)¢;.5}V�P¦Õ3t�Ge1�Y8E�SjÌGpe

K(A)Ä*GOX1jÌIú`�;7b¹3041.5V�PIDú0eK

(�LjV�;Gpbc1ïL)8>ÆcL=Oÿ6Iú`��7b¹304

1|}V�PH¡;Dú0eK(�Ljl1H}=Oú`��7b¹2:1¦

Õ3t�G¼)Hx.}V�

! 
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! 

E
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1" Rexp "2ikL( )
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1
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��8x.V�;Ç�7LDò°OX1jÌIõ!;K(3041¼)Pó!

¼)�H¹5�Dò°nH;}=OX1�Ió!¼)1ôU¾ø�67ÀP«
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$ ó!9Aú`G=ß;Iú`��1304AS/4 ¢;c�I�c;¼)30
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b
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2.2$ íÛ\ÐÛ�  

2.2.1$ 100MHzYbµüáî0Ô0þ0`sÔ0Õ  

$ 1.3GHz1)Ä*�A2VG=jÌ;I100MHz1Ü.Y)AMN�&=Ybµ

üáî0Ô0þ0`sÔ0ÕA�YÕ0`sÔ0ÕH�DðV�jO100MHzYb

µüáî0Ô0þ0`sÔ0Õ1íÛ\ÐÛ�A�2.13;gGO 

 

, "-.-/0123  

$ Ybµüáî0Ô0þ01ok;PI4ym^Ðe25cm1N�AlmI

! 

1.3"10
4
ppm1Ybä0�µüáî0¾YDFÀA�SjOYDFP1030nm*ç;rá

Ñ1«0[AVmOYDFPIWDM(Wavelength Division Multiplexing Mixer:µüá

î0G1)A��IØw�&=nH1`[=53)A÷G=nHeIµüáî0

íÛ�.1Ô0þ0�á`0äeÖ�G=nH8`[=OXL;<ÄMN�j

üø'`)Pµüáî0Ge8j'`A)Ä*�Å��Lj�Iµüáî0ù

bcl�;'`�LIÔÑ{;<iD^â<0\�L=nHe.5);}=O 

 

, 4567  

$ µüáî0ùbclS;'`�LI^â<0\�Lj)P×±1×N¢H¼

)304Y�âÛÕ0(��)Ac[�j�;'Ô0t�Ñ'ZÐ�HÃ(G=O 

$ Ô0þ0)8Ü.YFG=;PI×N8��S#aAVWI��8XaiD

S=íÈ8h=Oÿ6eI1030nm*ç1)PI½ú;Ç�D

! 
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2
mm1�JA

ViDS=OX1jÌIMN�jÜ.YPµüáî0GAi��DS°¹W;

×NûH;��87LI�8iDò°OX1jÌILcb16¿e�JA�£

�}CLKÜ.Y8èVe�}SO 

$ 'Ô0t�Ñ'ZÐPIn1µüáî0GeMN�j�J1�£A5iDS

=O'Ô0t�Ñ'1ü¿�P600¿/mmeIøM�9A+Ì=jÌ;ªÔá{

�Ljl1A�SjO'Ô0t�Ñ'1S¤P¯3.5cmeh=O'Ô0t�Ñ'

e�JA�£�Lj)PÐá·Ô0ÕAc[�j�;ÔÑ{eZ)�LIýU

µüáî0;íÛ�.�L=OX1�)8YDF;Ñ=nHeâÑ'¦Õ3t�

1`sÔ0Õ8iV�L=O 
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, 89:;<(=>-?@A  

$ ÿ¸;µüáî0GeP¼)8øiDS°8I¼)1øÄ68)1R@;6

�G=IÚ_"¼×ø�8h=OÜ.Y1«0[ÜÜ0PCWM=1.�ÜÜ0

;r©DþÔS;Q�SjÌI¦Õ3t�GAÿ(�jÜ.YV�HCWV�1

)P¼)8�_�LDS=OXneIS/4¢º±HS/2¢I¼)304Y�âÛ

ÕA�S=nHeÜ.Y)HCWM=)A�_G=OS/4¢PI}_¼)Aó!

¼)IdjP!¼);¼)G=nH1`[=53eIS/2¢P¼)167Aø�

�&=nH1`[=53eh=OnLc1×N¢A�óG=nHeIË91¼

)AË91671}_¼);E�G=nH8`[=OdjI¼)304Y�â

ÛÕPIP¼)AX1ddÆ[IS¼)Aÿ!�1~@;K(G=nH8`[=

53eh=O×N¢H¼)304Y�âÛÕA"°�#G=nH;<iDÜ.

YM=;ÇG=QÈA+ÌICWM=A�Æ=nHed0äì¥8� H}=O 
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2.2.2 100MHzYbµüáî0Ô0þ01U   

$ ðV�j100MHzYbµüáî0Ô0þ01×NH)Ä*�(×�V�Aöf

;gGO�2.14PIYÜÑ1.5GHzIResolution Band Width

! 

"fRBW =15MHz1(×�

V�eh=O100MHz(¥e«0[8´WI3048Ü.YF�DS=18�b

=O�2.15P100MHzp�1$Q�(

! 

"fRBW =1MHz)eh=O320mW1Ö�)e

40mW1ÚÛ;R>}100MHzÜ.Y8ÆcLjO 
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        ;8<1=>129MHz 
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2.2.3 1.3GHz^p¦Õ3t�  

$ Í%1Ybµüáî0Ô0þ0`sÔ0Õbc1100MHzÜ.Y�AX1ó�

Yeh=1.3GHz�ª1ONAVm^p¦Õ3t�;Ã(�IGpA¾¿G=Ü

.YH^pbcÃ(G=Ü.YA��j@eØ®&I�Û[G=nHe)Ä*

�(×�AÅ>�&=��A5ijOíÛ\ÐÛ�A�2.17;gGÔ p¦Õ3

t�P¯115.4mm1N�AVmµüªâ0Z�0«=�eI98.4%í�ú0HK

(9

! 

100%eR=350mm1ÍÇ²bciV�LDS=On1{}µüªâ0Z�0

«=�1µ�-YPcÛ390eh=8Ipø1íÛ\ÐÛ�eP¦Õ3t�Gp

A¾¿G=Ü.YP13¾¿ûH;�b^pbc1100MHzÜ.YH\]�}SO

XneI&'()*+^p¦Õ3t�A&(¾¿8&(¥1&,,-*+¦Õ3t�HÝ}�D

µ�-YAe.�jOn1:ØIÆ[98

! 

98.4%H

! 

0.984( )
12

"100%1Dú0ei

V�Lj&,,-*+¦Õ3t�H�Æ=nH8`[Iµ�-YP(,H}=O$

$ �YÕ0`sÔ0Õbc1Ü.Y)8^p¦Õ3t�;Ã(G=HIÆ[�

jÜ.Y)P1.3GHz1)Ä*�(×�e¦Õ3t�GA¾¿�§Ì=On1^

p¦Õ3t�G1Ü.Y8¦Õ3t�A13¾¿G=Hì«;I�YÕ0`sÔ

0Õbc1õ1Ü.Y)8Ã(G=On1H�I�YÕ0`sÔ0Õbc1)

H^p¦Õ3t�G1)1��8NO;Xa¹HIµüªâ0Z�0«=�1

Õe�©j<¹;IK()8£t;}Ä^p¦Õ3t�8«=�IX1�;^

p¦Õ3t�1GpÜÜ0P£QH}=O�b�}8cI�YÕ0`sÔ0Õ

bc1Ü.Y�1)Ä*�(×�I^p¦Õ3t�1¦Õ3t�NPÅ@EF

uI=�Ilª1ãcFz1{|}�ý;<iDÛ;ãcSe�ÄIX1dd

eP^p¦Õ3t�1(×�A�YÕ0`sÔ0Õ1(×�113Y;Ç/;Ø

®&gC=nHP`[}SOX1ß;d7IÍÇ²;«,053AÌÄ*C=

nHeIONA��á[�<0\.EF�&=nH8`[=<¹;�Dh=O

æ;I^p¦Õ3t�1�1*ç;PÔ0þ0)H1}G~8ªâÓ0YÕ0

~H}=<¹;%úY¢A�Sj¾ªâÓ0YÕ0¢ÀOÿ¸;I%úY¢P

Ã();}~;�°Hö2ì@1K(9AVmOXnbc%úY¢1~@Aõ

!;äCDò°HIS¼)1K(9PH�;Å>G=8IP¼)1K(9Pªâ

Ó0YÕ0~e!de+R�IX1�Å>G=On1ªâÓ0YÕ0¢;<ÄI

Ã();r©D¦Õ3t�G1S¼)P+R�IP¼)1õØ8Ê°}=On¹

G=nH;<iDIHansch-Couillaud¿;<ÄK(9EF1ê�;3j�ÁAÆ

=nH8`[InLA«,0;µ�0äîÛ[G=ß1,ú0�ÁH�jO
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Hansch-Couillaud¿;<=,ú0�ÁPIX1ddePhcò=(×�1V�8

ÄdLDS=OX1ßI+(×V�;<=µ�0äîÛ[P�Á;«,053

1��8¤4`[7;M=�D�d¹� U8h=OXneI,ú0�ÁA«

,053;µ�0äîÛ[G=�;Iµ�0äîÛ[øh;cGnH;<ÄI

,ú0�Á1ó"A5iDS=O 

$ `�PÍÇ²;p�Æ[�Dú0A�S=nHeÌÄ`G18£l�9e

h=8Öª}Dú08Ã5e�}bijjÌIªâÓ0YÕ0¢AªâÓ0Y

Õ0~bc®7b;äb&=nH;<iDP¼)1K(8ê²}8c�n=<

¹;�In1ïL)A`�H�jOªâÓ0YÕ0¢bc1ïL)PÁmh=

8IÿmPPINµ¶\�á`0äeBC=nHeÜ.Y1(×�V�1ú`;�

SjOl¹ÿmPIÜ.Y�A6öG=?C1#aAVj}S7Sµ¶\�á

`0äA�S=nHeIGp1.�ÜÜ0Aö>G=nH;�SjO 

$ djI^p¦Õ3t��1Ü.Y)1�Û[P^K;ÚÛ;kSßI¾�O

kAÐ[â.18e9iDh=O 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

! 2.17: 1.3GHz"#$%&'()*Hansch-Couillaud+,-   
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! 2.18: "#$%&'(  



!º#$ ^p¦Õ3t�;<=6¿ 

 47 

2.3$ ��;»  

$ £¤;IHansch-Couillaudú`�bc1,ú0�ÁA/±G=ß;Iµ�0ä

îÛ[AbC7;«,053;ò~×12ÂAbCDIÿ>?@e¦Õ3t�

NAYá0��jOn1H�;µ¶\�á`0äp�eú`�jGpÜÜ0A

� 2.19 ;gGO:1úáÑ8«,053;bCj2ÂeI]1úáÑ8X1H

�1GpÜÜ0;}=OGpÜÜ0PzS¤e«0[H;8îÃ;ôL=<1

{}i=;}=On1«0[p�8«=01eIn1��;^p¦Õ3t�A

�Û[G=nHe«=01AèV�D)Ä*�(×�AÅ>�&=nH8� 

;}=OdjIn1«1«0[H;1�1r9bcI¦Õ3t�1µ�-Y F

AÝ%l=nH8`[=Oö>�jµ�-YP 10ì@eI2.2.3eÝ%lij�

(}µ�-YÈ 30;r©DE�SOnL;PªâÓ0YÕ0¢bc`�AH

=ß;%úY¢AªâÓ0YÕ0~bc®7b;äb&DS=nH;<iDN

yj��1ßH�ÆcL=OdjI>eg�júáÑ8 Hansh-Couillaudú`�

eú`�jGpÜÜ01,ú0�ÁeIGpÜÜ01ê�;ëyj�Á8ÇÛ

;ú``[DS=nH8�b=O 

$ õ;Iµ�0äîÛ[øhAc�D Hansch-Couillaudú`�bc1,ú0�Á

A«,053;µ�0äîÛ[�I«0[1?Z*ç;¦Õ3t�A�Û[�

jOn1H�1GpÜÜ0H,ú0�ÁA� 2.20 ;gGO]eg�júáÑ8

GpÜÜ0I>eg�júáÑ8,ú0�Áeh=O^p¦Õ3t�8«=0

1H}ÄIGpÜÜ08+S01eR>�DS=18�b=OdjIX1H�

1 1.3GHzV�A� 2.21;gGO�Û[01eP 1.3GHz1V�8ú`e�I)

Ä*��1Å>85®LDS=nH8�b=O 

$ £�;IN«SR>UA/±G=ß;I�Û[01e 20�ì@GpÜÜ01

01A6ö�j¾� 2.22ÀOn16öbcIR>}«=01P£Qe 200¬ì@

eh=nH8/±e�jO 



!º#$ ^p¦Õ3t�;<=6¿ 

 48 
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! 2.21: "#$%&'()*+,-./012)*+,-3/41.3GHz56  

7777 89:;<=>1MHz1

! 

"f
RBW

=10kHz  

 

 

 

 

 

 

 

 

 

 

 

 

 

!2.22: "#$%&'()#*+,-./0123  
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2.4$ dHÌHp�1éê  

$ 100MHzI40mW1 Ybµüáî0Ô0þ0`sÔ0ÕAðV�In1`sÔ

0Õbc1Ü.YA1.3GHz1)Ä*�(×�AVmµüªâ0Z�0�1^p

¦Õ3t�;�Û[�jO1.3GHz^p¦Õ3t�bc1�ÁAú`�I1.3GHz

1Ü.YA/±G=nH8e�jOdjI�ÁAN«S6ö�jHnaIfg

;�Û[AgCcL=«SPº!!¬ì@ehijO 

$ p�1éêH�DIöf1ºm8h=O 

ß ¦Õ3t�`�1@A 

$ pøI��� e�jDú01T¯bcI^p¦Õ3t�1`�AªâÓ0

YÕ0¢A�SDÌÄ`�jOX1jÌIµ�-YÈuÐ&\�Û\1�98

õ�eP}bijO^p¦Õ3t�1Ã(ðHPKÇð;�SjÍÇ²Ap�

Æ[�1l1;���Æ=nHeIµ�-YA+°�I`�lÍ¬�&=nH

8`[=O 

ß R>U17Í 

$ >?�ePI�«S1R>}fg��8ÈÉ�L=jÌIpø2Ve�j�

Û[«SePQõ�eh=Oæ;=�;ÇG=ÇAA5SIíÈ;<iDPÅ

@1R>FzA5¹íÈ8h=O
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!×#$ â�Ð¦Õ3t�;<=6¿  

$ â�Ð¦Õ3t��1µüáî0Ô0þ0Pµüáî0Ô0þ01�el£

li=8sÑ�.}l1eh=OX1jÌIÍÎ;¦Õ3t�NAO°G=n

H8`[IEr µüáî0Ô0þ0`sÔ0Õ;�SDPv; 2GHz e1Ü.Y

M=8®�LDS=[13]O�|PIn16¿A Ybµüáî0Ô0þ0`sÔ

0Õ;Ë�G=nHA°ÞjOEr 1:ØIEr 1M=×Neh= 1550nm 1)P

µüáî0Ge�Û�JH}=jÌI¦Õ3t�Ge1�J�£A5¹íÈ8

}SO�b�}8cIYb1M=×Neh= 1030nm *ç1)ePÇÛ�JH}

=On1Z8 YbH Er1£lQ�}ÔSeh=O 

 

3.1$ �&  

3.1.1$ �B!Óùk;<=d0äì¥  

$ CWM=;r©DId0äì¥«1Ü.Y1C4`�PÚÛ;+SOX1jÌI

Ã(G=)1R@;<iD�Y8EFG=�B!ÓùkHJKL=53AÔ0

þ0`sÔ0Õ1¦Õ3t�G;2�G=nH;<ÄIÜ.YM=;ÇG= CW

M=1�YAQ�°G=nHed0äì¥A5¹nH8`[=O 

$ ÿ¸}µüªâ0Z�0«=��1Ô0þ0¦Õ3t�AC;ÁÂDI�

B!Óùk;<=d0äì¥1�D}6ìÊAj`G=[14]OÔ0þ0ok�

1Ü.YPI(×�;6��jÔ0þ0ok1ráÑA

! 

G "
k( )IÔ0þ0ok�

Ac[G=1;bb=«SA

! 

T
I
H�DI(×�YE0.e 

 

   

! 

E
nI
"

k( ) = exp #i"
k
T
I( )exp G "

k( )[ ]En
"

k( )                               (3.1) 

 

Hu�L=OdjI«SYE0.ePI 

 

   

! 

E
nI
t( ) = exp G

d

dt

" 

# 
$ 

% 

& 
' 

( 

) 
* 

+ 

, 
- En

t .T
I( )                                       (3.2) 

H}=O�B!ÓùkAÆ[�12:P 
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! 

E
nII
t( ) = exp "L t( )[ ]exp G

d

dt

# 

$ 
% 

& 

' 
( 

) 

* 
+ 

, 

- 
. En

t "T
I
"T

II( )                           (3.3) 

 

H}=OnneI

! 

L t( )Pd0äì¥«1)1R@;6�G=�B!Óùk1B!

Ø�eh=O�1��;Ü.Y8ÑiD[=de;bb=«S

! 

T
R
PI

! 

T
R

= 2 T
I

+ T
II( )H}ÄInLP¦Õ3t�1)Ä*�(×�1b�eh=O�c

;IQ È;Ëyj+,

! 

exp " #0 2Q( )TR[ ]A�º;ÃL=nH;<iDI¦Õ3t

�ÿ¾¿�12:1ÊPI 

 

   

! 

En+1 t( ) = exp "
#0

2Q
TR

$ 

% 
& 

' 

( 
) exp G

d

dt

$ 

% 
& 

' 

( 
) 

* 

+ 
, 

- 

. 
/ exp "2L t( )[ ]exp G

d

dt

$ 

% 
& 

' 

( 
) 

* 

+ 
, 

- 

. 
/ En t " 2TI " 2TII( )  

                                                                  (3.4) 

 

H}=O 

$ 3041,Ñd�0�

! 

v t( )H eA�SD«SYE0.e12:A 

 

   

! 

En t( ) = vn t( )exp j"0t( ) 

 

(×�YE0.e12:A 

 

   

! 

E
n
"

k( ) = v
n
"

n
#"

0( )                                               (3.5) 

 

HuGHI¦Õ3t�Aÿ¾¿�j�1304,Ñd�0�P 

 

   

! 

vn+1 t( ) = 1"
#
0

2Q
TR " 2L t( ) + 2G #

0( ) 1+
1

#L

2

d
2

dt
2
"
1

#L

d

dt

$ 

% 
& 

' 

( 
) 

* 

+ 
, 

- 

. 
/ vn t "TR( )  

                                                                  (3.6) 

mH1jÌI 

 

   

! 

g "
2G #

0( )
#
0
2Q( )TR

                                                   (3.7) 

   

! 

Q

Q
A
t( )
"

2L t( )
#
0
2Q( )TR

                                               (3.8) 
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HG=HI 

 

   

! 

vn+1 t( ) = v t "TR( ) "
#
0

2Q
TR 1+

Q

QA t( )
" g 1+

1

#L

2

d
2

dt
2
"
1

#L

d

dt

$ 

% 
& 

' 

( 
) 

* 

+ 
, 

- 

. 
/ vn t "TR( )  

                                                                  (3.9) 

 

eh=O

! 

Q
A
P�B!Óùk;<iDðÄ`�L=R@~«S;6��j

! 

QÈH

3Fe�=OGHG1!ÿÕP¦Õ3t�;<=��I!ÁÕP�B!Óùk

;<=E�I!òÕPÔ0þ0ok1�JHráÑAu�DS=O�JP�J

I.3

! 

d
2
dt

2H«S7J

! 

" #
0
g 2Q#L( ) d dt( );<iD���n�L=O 

$ æ;I,Ñd�0�1êE}EFA�ºG=HI

! 

v t( )P«S1êEEF

! 

"T;

Ç�D 

 

   

! 

v t + "T( ) = v t( ) + "T
dv

dt
                                           (3.10) 

 

HuGnH8`[I>Û01ePI 

 

   

! 

v
n+1 t( ) = v

n
t "T

R
+ #T( )  

 

H}=OX1jÌIÍÊ;Í1vwA�ÃG=HI 

 

   

! 

1+
Q

QA t( )
" g 1+

1

#L

2

d
2

dt
2

$ 

% 
& 

' 

( 
) +

g + *

#L

d

dt

+ 

, 
- 

. 

/ 
0 v = 0                              (3.11) 

   

! 

" #
$

L
"T

$
L
2Q( )TR

                                                  (3.12) 

 

nL8./011Ü.Y;ÈÉ�L=vweh=O 
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!3.1: "#$%&'()*+,-./012034567089:;0<0 

=== >?;0@ 
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3.1.2$ QYáÛMIQYáÛMd0äì¥  

$ ¦Õ3t�1Ky�Ì8õ�e}S:ØIQ YáÛMIQ YáÛMd0äì

¥HJKL=Ô0þ0M=8�n=O 

QYáÛMPöf1��íY;<iDMNG=O 

 

"IÔ0þ0`sÔ0Õ1 Q È8tS:ØIÔ0þ0M=8�nc}SjÌI

Í$�;Ö��Ljdd1á`Ñ¾K��LÀ8jdiDò°O 

ºIõ!;Í$�bc1á`Ñ8�!G=nH;<ÄISESAM;Ã(G= ASE

¾üø'`)À1R@8Í¬G=O 

×ISESAM 8 ASE ;<iDB!�IK(98+d=nHeÔ0þ0M=8M

NG=O 

öI8j'`)1´WÍ8ÄHHl;IK��LP+R�IÔ0þ0ok1�

Æ8M?;}°}=nH;<iDM=8z®=O 

½ISESAM8�!�IýUK��L8jdÄ§Ì= 

 

"bc½8)Ä*�MNG=nH;<ÄIÔ0þ0okuÖ�ÜÜ0;Ëyj

)Ä*�(×�eIcÛ1Ü.YM=<Äl\b;Q�}Ü.Y¾ÒÕáÐÑ

\Ü.YÀ8MNG=O�c;Ky�Ì8Q�°}=HIQ YáÛM;<=Ò

ÕáÐÑ\Ü.Y1�;d0äì¥Ü.Y84��j Q YáÛMd0äì¥H

}=OOD1Ü.Y1R@8NO;ìy;}= CW d0äì¥A5¹ß;PI

"Ü.YûH;õ�; SESAM8B!G=<¹;Iõ�}Ky�ÌA5®}CL

KVc}SO�B!ÓùkA�SD CW d0äì¥A5¹vwÊPI

! 

Ep=`s

Ô0ÕG1Ü.Y,./0I

! 

F
sat,L

=Ô0þ0ok1B!µ.,ÑYI

! 

F
sat,A

SESAM

1B!µ.,ÑY

! 

Aeff ,L =Ô0þ0oke13041NÇ%I

! 

Aeff ,A=SESAM 1B

)pÇ%

! 

"R=SESAM1dÒÓÔ0sOÑP�YHG=HI 

 

   

! 

Ep > Fsat,LAeff ,LFsat,AAeff ,A"R                                       (3.13) 

 

eBÆcL=[14]OdjIÔ0þ0ok1B!µ.,ÑYPI 

 

   

! 

F
sat,L

=
h"

m#
                                                     (3.14) 
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eBÆcL=Oj?�I

! 

"PÔ0þ0ok18j'`NÇ%eh=OdjI

! 

mP

ÿ¾¿hjÄ1Ô0þ0okeIâ�Ð¦Õ3t�ePºIâÑ'¦Õ3t�

eP"eh=O 
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3.2$ íÛ\ÐÛ�  

$ íÛ\ÐÛ�A� 3.4 ;gGOd7IÔ0þ0�á`0äbc1 976nm Ö�

)A^â<0\�IYDF;Ã(G=OYDFP^Ð; 4ymIä0�²

! 

1.3"10
4
ppmI

N� 23cm ì@1l1A�SDS=OYDF 1Ã(ð;P×N6�U1h=�á

[�áÛ[í�ú0Aµüáî0ùÇ;Q�*C="eGR�Dh=On1í

�ú0PIÖ�)eh= 976nm1)Aµüáî0Gp�HÆ[�IYbµüáî

0bc'`�L= 1030nm1)AK(G=OdjId0äì¥A5¹ß153H

�DISESAM A�SjOSESAM HPI(Semiconductor Saturable Absorber 

Mirrors::jk�B!Óù²)1neIh=��SÈAhÆ=R@1)8Ã(�

jH�1ÞK(98Í¬G=HS¹UkAVmoS}Dú0eh=O�á[�

áÛ[Ð&\�Û\í�ú0Hì{;�D`�ð; SESAM AGR�&jO

SESAMP BATOPTUeI1040nm*ç;#aAVWIB!µ.,ÑY¾B!;

íÈ},-./0G@À

! 

F
sat

= 90µJ/cm2IdÒÓÔ0sOÑP�Y¾B!«HÚ

B!«1K(91VÀ

! 

"R = 0.6%I-ÑzMÓúª.�Y¾NO;B!�DS=

01eK(�j:Ø1�YÀ

! 

A
ns

= 0.4%1l1A�SjOdjIn1 SESAMPI

Ð&\�Û\í�ú0lV÷D�ÄI1.5%1)AÆ[G=<¹;}iDS=O 

$ Ô0þ0�á`0ä;<iDÖ��Lj YDFbc1'`)PIµüáî0Ü

ù;ÌÄ*CcLjí�ú0H SESAM ;<Ä¦Õ3t�G;Ky�ÌcLµ

üáî0GA¾¿�}8c8j'`A)Ä*�Å��L=Opø1¦Õ3t�

ePIKy�ÌR@P�á[�áÛ[í�ú01K(98 100%ISESAM 1-

ÑzMÓúª.�Y

! 

A
ns

= 0.4%IÆ[98 1.5%eh=nHbcI50 Yì@H}

=O cI¦Õ3t�GeP CWM=8�=8Iµüáî0ù;h= SESAMP

CWM=ePB!�}SOÿ6eÜ.YM=ePICWM=Hrs�DLþl+

S«0[R@AVmjÌIÜ.Y8 SESAM;Ã(�jH�1Þ SESAM8B!

G=nH;}=OX1jÌI¦Õ3t�GeP CW V�1�Y8Q�°IÜ.

YV�1�Y8E�°}=018ðÄ`�LIÜ.YM=8�=O 
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!3.4: "#$%&'()*Yb+,-./0/1/230/45678$79 

 

! 3.5: "#$%&'()*Y b+,-./0/1/230/4 
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3.3$ ��;»  

3.3.1$ 425.5MHze1M=  

$ 800mW 1Ö�)e YDF AÖ��jHnaI5mWI400MHz öÍ1)Ä*�

(×�1Ü.Y8ÆcLjO«SYE0.eÝjÜ.Y�H(×�V�A� 3.6

;gGO¾}�I«SYE0.eÝjÜ.Y�P 1GHz1#aAVm PINµ¶\

�á`0äH 600MHz 1#aAVm`s�Y^0�eö>�jl1eh=ßI

Ü.Y1"08X1ddÝÆDS=1eP}SOÀ� 3.7 PIYÜÑ 1.5GHzI

Resolution Band Width

! 

"fRBW = 15MHz eÝjÜ.Y1(×�V�eh=O

425.5MHzûH;zS¤e«0[8´WIÜ.Y8MN�DS=18�b=O�

3.8 PYÜÑ 100kHzI

! 

"fRBW =1kHz e�¿(×�A$Q�jl1eh=OdjI

YZ[\.1�8ÄP 5nmì@ehij¾� 3.9ÀO 

 

 

! 3.6: 425MHz"#$%&'()*Y b+,-./0/1/230/4567 

89/:;5<:8=>?@1GHz5+ABC-2/DE?@600MHz 

5$FGH23G8I/J;KLMNO5;PQR<:8STU5O5 

;VWXYZ 
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! 3.7: 425MHz"#$%&'()*Y b+,-./0/1/230/4567 

859:;<=>86?1.5GHz@

! 

"f
RBW

=15MHz>1.3GHzAB5 3C

D5E/F5GHIJK5L@MNOPQRS PIN+TUV-2/W5

XY1GHzOZ[\]^H_\K`abc`> 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

! 3.8: 425MHz"#$%&'()*Y b+,-./0/1/230/4567 

859:;<=>86?100kHz@

! 

"f
RBW

=1kHz 
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! 3.9: "#$%&'()*Y b+,-./0/1/230/456789: 

;<=>?@A=B6CD>388MHz  
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3.3.2 d0äì¥01  

$ W|;Ö�ÜÜ0AÍ¬�&DSijHnaICWM=bcIQYáÛMd0

äì¥A-DICWd0äì¥�H¹5G=0186öe�jOCWd0äì¥

1��SÈ1ÊAI×NS=1085nmI)Ä*�(×� 425.5MHz ee.G=HI

��SÈe1GpÜÜ01�&ÈP�<X 200mWH}=O��e1��SÈe

1`� 5mW PIGpÜÜ0;�.G=H 250mW H}=¾j?�I1085nm e

1 YDF 18j'`NÇ%A

! 

0.3"10
#24
m
2H�j[15]OÀO250mW HS¹ÈPIµ

üáî0HX1Üù1Dú01íÛ�âÑ'�98 100%eh=:Ø1�(

}ÈehÄI��1GpÜÜ0Pn1È<ÄluuE�SH�ÆcL=OnL

cA�ºG=HI��;»H�&ÈPêëÿÐ�DS=O��SÈ*çe1(

×�V�101A� 3.10;gGO 
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3.3.3$ Ü.Y�  

$ â�Ð`sÔ0Õ1Ü.Y�A 10GHzMSM µ¶\P�t[ÕHzÑ�âÑ

'`s�Y^0�A�SDÝ%lijHnaI120psì@ehij(� 3.11)O]

eg�júáÑ8 425.5MHz`sÔ0Õ1Ü.YAÃ(�j:ØI>1úáÑ8

µX4\¬Ü.Y;ÇG= 10GHzMSMµ¶\P�t[Õ1ËYeh=O 

$ MÕ0�²

! 

D
2
PÜ.Y1Vg«SA

! 

"tI×N1~(×�#aA

! 

"#HG=HI 

 

   

! 

D
2

=
"t

"#
                                                       (3.15) 

 

eh=1eI�Z×N 1085nmI×NV�1�8Ä 5nmI1Ü.Y1�8 120ps

H}=;PI

! 

23 fs
2
mm1�JAVm 23cm1¦Õ3t�GpAÜ.Y8¯ 1500

¾¿G=íÈ8h=O�b�}8cI¦Õ3t�1GpÜÜ0P`�1 50Ye

hÄIÜ.YP¦Õ3t�GpA 50¾¿�b�}SH�ÆcL=On1Q�}

MÕ0�8L;<iDNyj1bPô«ZePQ·eh=O 

 

 

 

 

 

 

 

 

 

 

 

 

! 3.11: 10GHzMSM"#$%&'()*+,-.,/012345-678 

9:;3<=>?@AB 

CD425MHzYb"EFG5H5I501H5):;3 

JD"KL$M:;3=H3N,3 
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3.3.4$ Ü.YÂá 
$ `sÔ0Õbc`D�jÔ0þ0)PIÿ¸;`sÔ0ÕGpeMN�j

�J1jÌ;�&Í2V� }Ü.Y�;r©D�8ij01e`D°=O�

JA�£G=jÌ;PI�â{4IMÕ0�Dú0I'Ô0t�Ñ'z8�S

cL=O�â{4uMÕ0�Dú0P�Y1USÜ.Y1Âá85Æ=l11I

�J1�£²8ÚÛ;E�SOpøP�&Í2V� }Ü.Y�8 100fsì@e

h=1;Ç�DI��;`sÔ0Õbc`��LD�jÜ.Y1�8 120psHI

ÚÛ;MÕ0�1mSjl1;}iDSjOX1jÌIpøPn1Ü.Y1�

JA�£G=jÌI'Ô0t�Ñ'ZÐA�Sj�J�£A5ijO 

Ü.YÂá;�Sj'Ô0t�Ñ'ZÐPªÔá{�Ljl1eIü¿� 1200

¿/mmI'Ô0t�Ñ'S¤ 1725mm1l1eh=O'Ô0t�Ñ'Ç;Ã(�

j)PIÿ±¢1'Ô0t�Ñ'e×NûH;Ô¹~@eøM�IÁ±¢1'

Ô0t�Ñ'Í;YZ[\.H�D�LG=OÁ±¢1'Ô0t�Ñ'eøM

�j)PI×NûH;�8ij.5)H}iD,ÑäDú0eK(�LIýU

'Ô0t�Ñ';Ñ=On1�;'Ô0t�Ñ'I,ÑäDú0Se)hV8

MN�I�J8�£�L=On1�øM;<Äÿ±¢1Dú0Íe3041"

0P�;ÑÄI`��L=O 

 

 

 

 

 

 

 

 

 

 

 

! 3.12: "#$%&'"()*+,-./012 
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BCDEFGH  

$ Âá�1Ü.Y�1ö>;PIüÂ�¦\]eA�SjOüÂ�¦¦�A�

Sjn1ö>¿PµX4\¬[úY1OÜ.Yö>H�D£lÿ¸;�Sc

LDS=6¿eIÇ/}Ü.Y×"AÆ=nHnX`[}Sl11IÜ.Y�

;¦�DPíÈ[�};»8ÆcL=OdjI\]eük1i=lrsH¡

eIö>;Ê°15SAíÈH�}SHS¹�Zlh=O 

$ üÂ�¦\]e1íÛ\ÐÛ�A� 3.13 ;gGOüÂ�¦\]e;Ã(�j

)PId7304Y�âÛÕ0;<iDÁm;�CcL=On1Ám1)P\|

1)hA4ÞIÁõ+�×MN(SHG: Second Harmonic Generation)A5¹Ú_"

;<1�eýUØwG=On1H�IÁm;�bLDSjÜ.Y8êëì«S

eØwGLKOÁm1)h1Áz�_Í;ÁY×8MNG=On1ÁY×1R

@PIÜ.Y1I}Ä§Ø;<Ä=>�LIÜ.Y1«SR@×"

! 

f t( );Ç�

Döf1Êeu�L=üÂ�¦¦�

! 

A "( )8ö>�L=[11]O 

 

   

! 

A "( ) = f t( ) f t # $( )dt
#%

%

&                                            (3.16) 

 

! 

A "( )PÜ.Y×"eP}S1eI��1×"AÝ%l=íÈ8h=Oÿ¸;PI

ç3;e.8ÍÎ}%&Y×"8ñ];�ScL=OÜ.Y1«S×"

! 

f t( )

A%&sÐÑH�>�j:ØI

! 

A "( )l%&Y�1¦�H}ÄIÜ.Y1:ÈO

�Pö>�j

! 

A "( )1

! 

1 2H}=O 

$ pø1��ePIBBO;<;P^� 1mm1l1A�SjOdjI)h1ÿ6

;ü�¹�Yt0ÒA2��I)h7JAfg;EF�&DR@EFAö>

�jOü�¹�Yt0ÒPI)hVAÿ¬hjÄ 10mm EF�&=nH8`[

=<¹;�ó�DS=O 
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! 3.13: "#$%&'()*+,-+. 

SHG 

/0123  

 

 

 

! 3.14: "#$%&'(  
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IJKLMNO  

$ Ü.YÂá1;»A�(3.17);gGOÜ.YP«0[*ç8_°}iDS=l

11It0.p�P�8êH�@E®c7IÂá85Æ}bijO 

Ü.Y1ÂáA5Æ}S£lÿ¸}�ýH�DPIÜ.Y1R@;6��D

Ú_";d0äS1��87LD�d¹ SPM(Self Phase Modulation:üÂ��E

�)8�ÆcL=O�b�}8cIpø��A5ij`sÔ0Õ1Gpe1Ü.

Y1«0[ÜÜ0AÝ%lijHnaI

! 

100MW cm
2ì@e�b}SjÌISPM

ö^1� Ulh=8Iô«Ze1�äPQ·eh=O 
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3.3.5$ 677MHze1M=  

$ ERL ePI1.3GHz 1+)Ä*�8ÈÉ�L=OXne�|PI1.3GHz 1:

�1 650MHz A(>�j¦Õ3t�N1`sÔ0ÕðV�jO´p�P

425.5MHz`sÔ0ÕHìyl1A�SIYDF1N�1ÞAEæ�jO 

$ ;»I×+È;E�8ÝcL=l11I677MHz;�SDlÜ.YM=;V>

�jO10GHz 1#aAVm MSM µ¶\P�t[ÕeBCjÜ.Y1(×�V

�Aöf;gGO� 3.16 PYÜÑ 3GHzI30MHz eI677MHz ûH;«0[8

´WIÜ.Y)8MN�DS=nH8�b=O� 3.17 PIYÜÑ 1MHzI

! 

"fRBW =10kHz e1�¿(×�ç`1{3eh=O677MHz 1«0[1záä;

«0[8´iDS=1PI×+8E�ABCDS=jÌeh=O 

 

 

 

 

 

 

 

 

 

 

 

 

!3.16: 677MHz"#$%&'()*Yb+,-./0/1/230/4567 

859:;<=>86?3GHz@

! 

"f
RBW

=30MHz>  
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!3.17: 677MHz"#$%&'()*Yb+,-./0/1/230/4567 

859:;<=>86?1MHz@

! 

"f
RBW

=10kHz>6785:ABCD

EFGHIJKLM@N-OP/QCRSTK> 
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3.4$ dHÌHp�1éê  

$ pø�|P SESAMA�Sjâ�Ð¦Õ3t��d0äì¥ Ybµüáî0Ô

0þ01Ü.YM=;V>�jO400MHzì@1)Ä*�(×�eR>}M=;

V>�IX1`�P 5mWIÜ.Y�P 120psehijOdjI)Ä*�(×�

AÍÂj:ØI677MHze1M=8/±e�jO 

$ p�1éêPf%1cÄeh=O 

ß Ü.Y�IÜ.YÂá 

$ pøö>�j`sÔ0Õ1Ü.Y�PIYDF 1�Jbc�Æ=H�&È;r

©IÚÛ;�Sl1H}iDSjOdjIÜ.YÂá��ePIÜ.Y�AÂ

áG=nHP`[}bijOÿ¸;IÜ.Y1ÂáA5Æ}S£lÿ¸}

�ýH�DPISPM �ÆcL=O�b�}8cIGpÜÜ0uÜ.Y�A>:

G=HIC4`�P

! 

100MW cm
2ì@H}=OnLPISPM8�n=ê@1«0

[ÜÜ0HP�ÆXcSOn1Q�}�J1�äAa=nHeIÜ.YÂá8

� ;}=� U8h=O 

ß +)Ä*�F 

$ pøðV�j`sÔ0ÕePI1.3GHz1:�1)Ä*�(×�eM=�&j

:Ø;IÜ.Y×+È;E�8ÝcLjO)Ä*�8Å>G=ê@In1E�

PQ�°}=ä7;h=O�äH�DPI)Ä*�(×�8Å>G=nH;<

=Ü.Y1«0[R@1tf¾.�`�8ìyel)Ä*�8Å>GLKIÜ

.YÿmhjÄ1ÜÜ0PtfG=À8�ÆcL=OX1jÌ 1.3GHzA�ôG

=;PIYDFu�á[�áÛ[í�ú0ISESAM1Üú<0ÕAEæ�DIr

áÑuGpÜÜ0A�óG=íÈ8h=O



!×#$ â�Ð¦Õ3t�;<=6¿ 

 71 

!ö#$ ;&  

$ �|PI1.3GHz A¢ÔH�DIv�1 Yb µüáî0Ô0þ0AhÆ=)Ä

*�(×�AVm`sÔ0ÕA÷M�D�jO1.3GHzA2Ve�=� U1h

=6¿P¥�h=8IX1�1I^p¦Õ3t�A�SD)Ä*�(×�AÅ

>�&=6¿HI^ÑÜ[\}¦Õ3t�NAVmâ�Ð¦Õ3t��`sÔ

0Õ;<=6¿A°�jO 

$ ^p¦Õ3t�eP 1.3GHz1Ü.YAº!!¬ì@1SIR>;MN�&=

nH8`[jOn16¿PI)Ä*�(×�IÜ.Y�z;¦�DPõ�;¼

j�D�ÄIp�R>U17Í8¥a�L=O 

$ djIâ�Ð¦Õ3t�eP 425.5MHzI5mW 1R>�jÜ.YM=;V>

�jOdjI×+;E�nXbb=l11I677MHz1)Ä*�e1Ü.YM=

A/±e�jOn1iV1`sÔ0ÕPI£z;Ö�bcM=IÐÑ�de

ODµüáî0Ge5Æ=� U8hÄInL8�ô�j:ØIERL �23q

;ÉÌcL=Q�}È51ÿmeh=R>U;¦�DQ�}¥a8`[=Oô

«ZeP�ä1�bc}SQ�}�J8MN�D�ÄIÜ.Y� 120pseIÂá

;V>�DS}S8Ip�1~�8¥a�L=O 



 

bc  

$ ¿~�A5¹;hjÄIÚÛ;Ê°16|;dCDSj?�d�jOn1:

AeÄDfb19Au�dGO 

$ Tjgh1�ijklN;PIm:nS~�t0�ABÆDSj?�I~�

O¸;hj=ûTjA?�d�jOtoupH&51¦�DlIÚÛ;qr}

duu)sA�DSj?�IZbcfb�DSdGO 

$ tuÎÏvØ~�w1Exy.lNIz{QlN;PI~�16|uI4Ì

6;mSD�|1duA?�d�jOdjIÎÏ}GÍ;¦G=ûTj;l

Ê°1«SAõSDSj?�IÚÛ;AS-�A%ÙnH8`[d�jO}~

�ÁlN;PÚÛ;[��j~��»ABÆDSj?�d�jO+,-./0

>?�~�®i ERL�4�N1��ylN;lÊQ}û��HÖd�ASj?

�d�jO¿ª;¯ÄÒ¹û�Sd�jO 

$ ������I+�����I��>��;PID0t�Ñ'u�ÿø1�

D;�SDI{|}duA?�d�jOÁ�S«;ìy~��et�e�j�

����;PI~�?Ce}°tNN�1{|}:Çe�¨�;}Äd�jO

djI��/uQt1;pÿ�I>���;PI��¾�1íÛ\ÐÛ�z1

5iSA�DSj?�d�jO 

$ X1�I~�;��I�|1duu��15iSA�DSj?SjI��Q

trU~�w��'(rU~�é¸1�{ItuÎÏvØ~�w)ÎÏ~�p

�hOÜ.YÔ0þ0'.0�1�{I��/uQtI+,-./0>?�~

�®iIERL~�÷M«ìM041�{;Z<Äfb��ÍÂdGO 
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*   

PQRS<TU  

$ pøö>;�SjüÂ�¦\]e1 BBO;<ePIÁõ+�×MNA���

Dö>85®LDS=OdjIERLÔ0þ0sYt4e1 500nm)1MN;P

ìy°IÁõ+�×MN8�ScL=O 

$ Ú_"�»A�º�j2:1×�6ìÊP 

 

   

! 

"2
E #$µ

0

% 2E

%t 2
= $

0
µ
0
& 2( ) %

2
E
2

%t 2
 

 

eBÆcL=On1Ú_"ok�A z 67;i�G=õ1×m1.Ç×1�Ã

ð�A�ºG=O 

 

   

! 

E1 z,t( ) =
1

2
E 1 z( )exp ik1 " i#1t( ) + c.c( )

E2 z,t( ) =
1

2
E 2 z( )exp ik2 " i#2t( ) + c.c( )

E3 z,t( ) =
1

2
E 3 z( )exp ik3 " i#3t( ) + c.c( )

 

 

j?�Ic.cP«¡¥5�O

! 

E 
1
,E 

2
,E 

3
PI×N1��eòi°ÄEFG=H�DI 

 

   

! 

k
n

dE 
m

dz
<<

dE 
m

dz
 

 

HG=O×m1.Ç×1! 

 

   

! 

E z,t( ) = E
1
z,t( ) + E

2
z,t( ) + E

3
z,t( ) 

 

A�ÆI×�6ìÊ;�ÃG=HIæ.P 
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! 

"2
E

m
=
1

2
#k

m

2
E 

m
z( ) + 2ik

m

dE 
m

dz
expi k

m
z #$

m
t + c.c( )

% 

& 
' 

( 

) 
* 

+
m
µ0
, 2E

m

,t
2

= #
1

2
+

m
µ0$M

2
E 

m
z( )exp i k

m
z #$

m
t( ) + c.c( )

 

 

1!;}=OnneI

! 

k
m

2 = "
m
µ
0
#

m

2 eh=Oç.PÚ_"eh=1eI

! 

E 
1
,E 

2
,E 

3
,E 

1

*
,E 

2

*
,E 

3

*1Õ1%1!;}ÄInLc1Õ1(×�P

! 

±" i ±" jeh=O

X1ÿCAgGO 

 

   

! 

1

4
"0µ0#

2( ) $
2

$t
E2

*
E3 exp k3 % k2( )z % &3 %&2( )t( )  

 

n1<¹;�DI

! 

"
1
,"

2
,"

3
1�1Ám1!IdjPV1(×�1)8MNG=n

H;}=O 

$ õ;

! 

"
1
,"

2
,"

3
1S; 

 

   

! 

"
3

="
1

+"
2
 

 

1¦Ø8h=HG=O

! 

"#
1

= " #
3
"#

2( ),"#2
= " #

3
"#

1( ),"#3
= " #

1
+#

2( )1(×�V

�AH=HI 

 

   

! 

ik1
dE 1

"
z

=
1

4
#1
2( )$0µ0% 2( )

E1

*
E3 exp i k3 & k2 & k1( )z

ik2
dE 2

"
z

=
1

4
#2

2( )$0µ0% 2( )
E1

*
E3 exp i k3 & k2 & k1( )z

ik3
dE 3

"
z

=
1

4
#3

2( )$0µ0% 2( )
E1E2 exp i k3 & k2 & k1( )z

 

 

;}=OëiDòm1(×�1×1S;Ú_"ÕAc�D�Ãð�8Ny=O

nL8Üú<\âÛ[�Ãð�HS¹Oæ; 

 

   

! 

k
3

= k
1
+ k

2
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1vw8¼j�L=H�I

! 

expi k3 " k2 " k1( )8"H}ÄI�Ãð�8¢£;}=O

n1vwA��óØHS¹O 

õ;

! 

"
1

="
2

=","
3

= 2"1:ØA�Æ=OnLP(×�¤1)AÚ_"ok;Ã

(�jH�;(×� 2¤1 2õ+�×8MNG=:Ø;ÇËG=O 

 

   

! 

"k = k
3
# 2k

1
 

 

HG=HI

! 

E 
2"P 

 

   

! 

dE 2"

dz
=

i"

2c

#0
#2"

$ 

% 
& 

' 

( 
) 

1 2

* 2( )
E"
2
exp i+kz( ) 

 

H}=1eI%�G=HI 

 

   

! 

E 
2" =

i"

2c

#
0

#
2"

$ 

% 
& 

' 

( 
) 

1 2

* 2( ) ˙ E "
2

2xp +i,kl( ) +1

i,k
 

 

;}=OÁõ+�×1R@

! 

I
2"PI

! 

E 
2"

2

;rC�I 

 

   

! 

I
2" =

1

2

#
2"

µ
0

$ 

% 
& 

' 

( 
) 

1 2

E 
2"

2

=
1

8

µ
0

#
2"

$ 

% 
& 

' 

( 
) 

1 2

"#
0
* 2( )( )

2

E "
4

sin
2 +kl

2

$ 

% 
& 

' 

( 
) 

+k( )
2

 

 

H}=O 
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VW#X-YZ[  

$ â�Ð¦Õ3t�1Ü.Y�ö>;�SDö>;õ�}`�AÆ=jÌ;I

µüáî0ÐÑ�;<=Ü.Y)1Å�A5ijO 

$ íÛ\ÐÛ�Aöf;gGOYDF;WDMA÷�Dµüáî0íÛ�.1Ô

0þ0�á`0ä8�g�LDS=OYbµüáî0Ô0þ0`sÔ0Õ1:Ø

Hì{;Ô0þ0�á`0ä;<= 976nm 1)e Yb µüáî0AÖ�G=O

�c;IÃ��0\bcs0ä)AÃ(G=nH;<Ä Ybµüáî0Ge8j

'`A5®&Is0ä)AÅ��&=nH8`[=O 

$ Ö�`�;ÇG=Å�9H`�×N;¦G=ö>;»Af�;gGOÃ��

js0ä)P)Ä*�(×� 435MHzIÜ.Y� 120ps1â�Ð¦Õ3t�bc

1Ü.Y�eIÃ�ÜÜ0P 1mWeh=OdjI«0[1(×�P 1055nm*

ç;h=OÖ�)1`�AÍÂDS°HI1030nm*ç;Å�)HP\1}?c

b}«0[8`[=OnLPIs0ä)1Ã�8Ö�);Ç�DE�GF=:

Ø;MNG= ASE(Amplified Spontaneous Emission:üø'`))eh=OASEHÅ

�)1«0[PNO;�bLDS=jÌI`��LD�j)bcíÈ}Å�)

1ÞA�_G=nHPÍÎeh=O�b�}8cIASE P WDM bcbw�D

Ô0þ0�á`0ä;Ã=nHeÔ0þ0�á`0äA¥¦G=� U8h=
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