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JÑ�«|^1ªÎÚ�N���N-1ìJp��pÝÿþO(Ý��{. ÏLò�N�-1ì£½�1
ªÎ, �é-1ì�ÑÑÅ�?1°(£½�ÿþ. Äu�NÜ¤Å�ó�n, |^£½����N-1ì�ï

�@��pÝÿþ�Y, T�Y��ØÜ¤Å�Ø�é��pÝÿþØ(½Ý�K�. æ^���N���N-1
ìÚ1ªÎ?1
 5000 s �ëY£½¢�, (JL², £½���N���N-1ì�ªÇ­½Ý� 1.8×10−12. T
�{�nØÿþØ(½Ý�� 7.9 nm, �ÿþ(J��
��mªÇÄO.
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1 Ú ó

��pÝÿþ´B�Eâ+�­��ïÄ�
���, ïÄ�±�
���pÝÿþ�{¿ë�
IS'é�´ïá·IB�þ��
NX�½�
I�. Ï~�ÿ���pÝ�Az��, $���
Î�þ?, Ó��¦ÿþ©EÇ��B�þ?. Ä
u1Æ�n¢y�ÿþ�{Ïäk��>!Ã»
��A:
²~�A^u��ÿþ. ~��ÿþ
�{�)OþªZ�ÿþ!Z�w�º!1Æ&
�!ýéålZ�ÿþ� [1−4]. Ù¥OþªZ�ÿ
þ�UépÝ3 1/2 Å���S���?1ÿþ,

J±÷v�����ÿþ�¦; 1Æ&�¦+ÿþ
°Ýép, �ÿþ�Ý�ú, �ÇØp; Z�w�º
nÜ
Z�¤Úw�º�`:, �^u��*	�
ÿL¡, �duÿþ��Ï~=�uÅ�þ?, �
���k��þ?, Ïd=·^uL¡/m�©Û;


Ü¤Å��n¢y�ýéålZ�ÿþ�{ä
kÿþ���!ÿþ°Ýp!ÃI�;!ÿþ(
J��
�`:, ���pÝ�ÿþI¦�~êÜ,

Ï
�2�ïÄ [5−9]. @Ï�Ü¤Å�{Ì�¦^
õ|-1ì�ü�Å�½ü|-1ì�õ�Å�

�ïÜ¤Å�ó, �du-1ì�UÑÑ,
A½
�Å�, ÏdJ±�ïÜ·�Ü¤Å�, l
��

A^��. �¢�¿QJÑ�«Äu�NÜ¤Å
�ó�n?1��pÝÿþ��Y [10], T�YÏ
L�N���N-1ì (TDL) ÑÑõ�Å�, ¿�
ïÑ�X��NÜ¤Å�ó, �3Î�þ?�ÿþ
��S¢yB�þ?�ÿþØ(½Ý. ,
, TDL

��N�A5éÿþ�Ø|K��´w
´��.

��¡, Ü¤Å�{�¦¤¦^�Å�äk�p�
Å�­½Ý, � TDL g��Å�­½Ý  ��,

Ï~I�òÙ£½�	Üë�
 (X­ª-1ì,

Fabry-Perot IOä�) ?1­ª. du	Üë�

��°k�, TDL Ã{3��N���S¢y£
½, ù¢Sþ����
 TDL �k�N���. ,
��¡, T�{I�ýkÿ�Å����ÿþ�Ñ
\ëê, Ï~¦^Å�Oÿþ TDL �ÑÑÅ�, �
8cÅ�O��éÿþØ(½Ý=�� 10−7, ¦�
Å�ÿþØ�¤�Ü¤Å�{���Ø�
��,

��
��pÝÿþO(Ý [11].

�¦1ÆªÇÎ ({¡ “1ªÎ”) ´�«#�
1
, äkÙ¦DÚëYÅ­ª-11
Ø�'[
�`:: 1) ÑÑ1Ì��CX��1�Cù	«
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�, �L��1Æ�ª§; 2) �ÑÑê���­½
�!�m��1ÆªÇ�; 3) §aq1Æ¸Ó, �
rJ±��ÿþ�1ÆªÇ©ª��´ÿþ��
ÅªÇþ, ÿþ(J��
��mªÇÄO [12−15].

Äu1ªÎ�þãA:, �©JÑ
|^£½�1
ªÎ� TDL ?1��pÝÿþ��{, T�{�
)ûÄu TDL �Ü¤Å���pÝÿþ�{�3
�¯K, �Øÿþ¥���Ø�
��, l
k�
Jp��pÝÿþ�O(Ý.

2 ÿþ�n

2.1 ���NNNÜÜÜ¤¤¤ÅÅÅ���óóóÿÿÿþþþ������pppÝÝÝ

ã 1 «Ñ
|^�NÜ¤Å�óÿþ��
pÝ��n1´ã. £½�1ªÎ� TDL uÑ
�1å²�/�©¤üÜ©, �Ü©?\Å�O,

^uÿþÅ��, Ù{Ü©� PBS1 ©¤üå 
������ �1, üå �1�rÝ'ÏL
^= HWP N!. ² AOM1 Ú AOM2 	�N��
3 BS2 ?Ü1, �´� D1 �Â��ë�&Ò, ,
�´� PBS2 ©1�©O��ÿ���ü�L¡
��, |^ Fresnel cN�3�°�Åã��S¢
y λ/4 �� ò´, ��13 PBS2 ?�)Z�,

� D2 �Â��ÿþ&Ò, |^ PM =�ÿþ D1,

D2 &Ò�� �.

ã 1 ��pÝÿþ�n«¿ã FC, 1ªÎ; TDL, �N��
�N-1ì; APP, �/cºé; ISO, 1å�lì; BS1, BS2, ©
1cº; WM, Å�O; HWP, �Å¡; PBS1, PBS2, PBS3,  �©
1cº; AOM1, AOM2, (1£ªì; M1, M2, M3, ��º; P1,

P2, P3, P4,  �¡; D1, D2, &ÿì; PM, � O; WP1, WP2, λ/4

Å¡; F1, F2, Fresnel cN; Step, �ÿ��

�â�NÜ¤Å�ó�n [9], b��ÿ��p

Ý� d, Kk

2d = λi(mi + εi), (1)

Ù¥, λi ´ TDL �1 i �N�Å�, mi Ú εi ´é
A�Z�?g��êÚ�êÜ©.

e ë Y N � TDL Ñ Ñ N+1 � ó � Å
� λ1, λ2, · · · , λN+1, �â�NÜ¤Å�ó��n,

�±�ï N �Ü¤Å�ó λs1, λs2, · · · , λsN , Ù¥
1

λsi
=

1
λi

− 1
λi+1

(i = 1, · · · , N), (2)

� λs1 > λs2 > · · · > λsN > 0.

�â (1) Ú (2) ª, 3¢SÿþL§¥, duc
?Ü¤Å��ÿþ���u�?, Ïd�òc?�
ÿþ(J���?�oÿ�, ÏLÅ?°z, =�
���ª�ÿþ(J. �
÷vÿþ��I¦, A
¦ λs1 �u�ÿål; Ó�,�;�Å?°zL§¥
ÑyõÂ�, A�yc?�ÿþØ(½Ý�u�?
ÿþ����©��.

2.2 TDL £££½½½���111ªªªÎÎÎ

1ªÎ3��þLy�­EªÇ­½��¦
óÀ-1, 3ª�þKLy�ªÇm�ð½�-1
Î¸, Ù¥Î¸m�¡�­EªÇ fr, ":�Oª
Ç¡� �ªÇ f0, �öê�Ñ3�Åªã. ò fr

Ú f0 ©O£½��mªÇÄO�, 1ªÎ3ª�
S�À��räk4pO(Ý�-1ªÇIº, Ù
1 n �Î¸�ªÇ�L«� fn = nfr + f0. 1ªÎ
�éÙÑÑ1Ì��S�-1ªÇ?1ýéÿþ,

��ÏL ª£½�ª£½Ù¦ó�-1ì�ª
Ç, l
¢y-1ìªÇ��
.

|^1ªÎ£½ TDL ��nXã 2 ¤«.

ã 2 1ªÎ£½ TDL �nã

��)­½�-1Î¸, 1ªÎ� fr Ú f0 Ä
kI�£½�	Üë�
. fr �£½, ¦^1>&
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ÿì��&ÿ1ªÎ�ÑÑ-1=��� fr, |^
>f£���">´, �òÙ£½�	Üë�
.

f0 �£½, �ÑÑ-1��Ü©²1f¬N1n
?11Æ�ª§�, ?\gë�ûª&ÿü�, ó
À-1�©��õÇ�ü´, Ù¥�´²ÈÅ�J
�1 2n �Î¸�-1, ,�´²ÈÅ�J�1 n

�Î¸�-1¿²��ª?n, ü´-1Ü1�\
��1>&ÿì�)ûª&Ò, T&Ò²>fXÚ
?n�/¤�"&Ò��£�-1ì�n�, ¦�
 �ªÇ f0 £½�ªÇÄO. d�1ªÎB��
)­½�äk��
5�ªÇÑÑ, l
�^§£
½ TDL. ¦^1>&ÿì&ÿ TDL ÑÑ-1 fTDL

�1ªÎ���1 m �Ú1 m+1 �Î¸�ûª&
Ò fbeat1 Ú fbeat2, ²ÈÅ�ò$ªûª&ÒÏL
 ª£½�ª£½�	Üë�
, =�¢y fTDL

�£½. 3£½ fTDL �, �âûª&Ò��O�
�� TDL �ýéªÇ� fTDL = Nfr ± f0 ± fbeat.

Ù¥ fbeat � TDL ó�ªÇ�1 N �Î¸�ûª,

N ���ÏLN�­EªÇ fr ½¦^Å�Oo
ÿ��. � (Cs) �f¨´8cIS�mªÇÄO,

ªÇ­½Ý`u 10−15, À^Ù��1ªÎ�	Ü
ë�
�¦� fTDL äkÓ�þ?�ªÇ­½Ý,

¿�¢yªÇ��
. �du Cs �f¨XÚ�~
E,, ¢SA^¥Ï~À^û^�¨��1ªÎ
�	Üë�
. û^�¨3 1 s S�ªÇ­½Ý`
u 1.5×10−11.

8c|^­ª-1ì½�­ Fabry-Perot n�
ò TDL £½� 10−11 $� 10−15 þ? [16,17], �d
u­ª-1ì��°k�, Ã{3 TDL �N��
�Sþ¢y£½, 
Äu Fabry-Perot n�£½XÚ
�~E,, �Ã{¢yªÇ�
. ,	, yk�{Ï
~¦^Å�Oÿþ TDL �ÑÑÅ� [9,10], �8c
û^Å�O��éÿþØ(½Ý=� 10−7, ���
�
��ÿþ�O(Ý. ò TDL £½�1ªÎ, �
Ó�¢y TDL �Å�°(£½�ÿþ, Å�ÿþ
�°Ý'yk�{pA�êþ?, ��ò TDL Ñ
ÑÅ����
��mªÇÄO. Ïd, T�{�
k�Jp��pÝ�ÿþO(Ý.

3 ¢�9(J

¦^1ªÎ (FC1500-250 Menlo System) Ú	
n�N���N-1ì (TLB6904 NewFocus) ?

1 
 £ ½ ¢ �. À ^ � ¨ ��	Ü ë � 
, §
�ªÇÑÑ°Ý`u ±5×10−11, ªÇEy5`
u ±2×10−11, 1 s � � ª Ç­½ Ý� 2×10−12.

FC1500-250 �­EªÇ� 250 MHz, �	Üë�

�ªÇO(ÝÚ­½Ýþ`u 10−14 �, 1ªÎ
�ªÇO(Ý�p�� 10−14, 1 s S�­½Ý�
p�� 5×10−13. ÑÑ1Ì�� (530—900) nm, ²
þÑÑõÇ�u 60 mW. TLB6904 ´Äu1»­
ª�	n�N���N-1ì,�n-1ÑÑõÇ
�u 2 mW, ¥%Å� 633 nm, Ãa�N����
� 120 GHz, 50 ms -1�°`u 300 kHz. 3gd
$=G�e, -1ªÇÉ�¸§Ý!�Ä��K�
¬Ñy��ÅÄ.

1ªÎ£½ TDL �¢��nXã 3 ¤«.

ã 3 £½¢��nã FC, 1ªÎ; HWP1, HWP2, HWP3, �Å
¡; PBS1, PBS2,  �©1cº; TDL, �N���N-1ì; M,

��º; G, 1»; D, &ÿì; Sevro, >f�"���´; Rb, �¨
&Ò


ã 4 1ªÎªÇ­½5¢�(J (a) ­EªÇ�ýéCz
þ ∆fr; (b)  �ªÇ�ýéCzþ ∆f0

£½��¨�1ªÎ FC Ú TDL 3 PBS1 ?
Ü1�, ²L1» G Ú��º M ��&ÿì D

&ÿ��ûª&Ò, ²��Jøë�&Ò'��
����&Ò, ÏL>f�"XÚ�� TDL �
n�, l
¢y TDL �£½. ��1ªÎ­Eª
Ç f0 = 250 MHz,  �ªÇ fr = 20 MHz, �?1
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 5000 s �ëY£½¢�, ¢�(JXã 4 Úã 5

¤«.

ã 5 TDL £½�1ªÎ�¢�(J ∆fbeat �ûªªÇ�
ýéCzþ

|^CÔ��O��� TDL £½��ªÇ­
½Ý, (JXã 6 ¤«. ��æ��m 1 s � TDL

�ªÇ­½Ý� 1.8×10−12.

Ó�, �â fTDL = Nfr ± f0 ± fbeat, ��
O � � � TDL Ñ Ñ - 1 � ² þ ª Ç fTDL =

(473751060000.0 ± 0.7) kHz, é A Å � λTDL =(
633.2439657232 ± 9 × 10−10

)
nm.

d (1) ª��, |^�NÜ¤Å�ó?1��
pÝÿþ�Ø(½Ýúª�£ã�

ud

d
=

[(
uλs

λs

)2

+
(

uεs

ms + εs

)2
]1/2

, (3)

TDL Å�ÿþØ(½ÝÚÅ�Ø­½Ý��Ü
¤Å� λs �)Ø�, l
Úå��pÝÿþØ
�. �â�¢�¿cÏó�éÿþØ(½Ý�©
Û [10], Å�O�ÿþØ(½Ý� 1×10−7, ÿ�°
Ý� 0.1◦, 3 1 mm �ÿþ��Sål�ÿþØ(
½Ý�� 11.9 nm. �ò TDL £½�1ªÎ�, é

��ÿþØ(½Ýµ��¤��Cq?nE,¤
á, e�±Ù¦^�ØC, �¦ål�ÿþØ(½
ÝUõ� 7.9 nm, d�, Å�Ø�é��pÝÿþ
Ø(½Ý��zA��". Ó�, T�{�Jø

�«òålÿþ(J¢yOþÆ�
�å». XJ
¦^�c��m/�ÅªÇÄO ——Cs �f¨��
	Üë�
, K�ò��pÝ�ÿþ(J�
��
mªÇÄO.

ã 6 TDL £½��ªÇ­½Ý

4 ( Ø

3DÚÄu TDL ��NÜ¤Å�óýéål
ÿþEâÄ:þ, (Ü1ªÎ�1ÆA5, JÑ

ò TDL £½�1ªÎ�?1��pÝÿþ��{.

T�{�Ó�¢y TDL Å��p°Ý£½�ÿþ,

�Ø
DÚÿþ�{¥�Ì�Ø�
�� (Å�ÿ
þØ�), �Jp��pÝÿþ�O(Ý, ¿�¦�
�pÝÿþ(J�
��mªÇÄO, äkOþÆ
¿Â.
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Method for improving the accuracy of step height
measurement based on optical frequency comb∗
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Abstract

An improved method of step height measurement by optical frequency comb and tunable diode laser is presented. The tunable

diode laser is phase locked to the optical frequency comb, so that the output wavelength of the laser can be locked and measured in a

high accuracy. Based on the principle of variable synthetic wavelength chain, the step height can be measured by tuning the wavelength

of the locked tunable diode laser. This method can be used to eliminate the effect of the synthetic wavelength error on the measurement

uncertainty of the step height. The stability of the phase locked laser is tested by locking a tunable diode laser to an optical frequency

comb for about 5000 s. It is shown that the frequency stability of the phase locked laser is 1.8×10−12. The uncertainty of the step

height measurement by this method is estimated to be 7.9 nm accordingly. Moreover, the measurement result of the step height can be

traced to the time and frequency standard.

Keywords: step height, optical frequency comb, tunable diode laser, synthetic wavelength
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