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�3UþU²Ä� £ÿþ¥¢y���B�°Ý{ - ]Z�ýéålÿþ, JÑ
(1£ªìVÏ���,

¢y
N���� 200 MHz ��N�ª�. ÏL©Û(1£ªìN��°�û��Ç�²ï�\�1åà�ßº
�'X, (½ßº��Z�å��; |^"?1�©ÙA:O(½ \�1å, �y�?û�1å�þ. (1£ªì
3N��°S�¢�üÏ�ÚVÏ�¸�û��Ç©O� 79.54%, 61.41%; (1£ªìVÏ���ÑÑ��?û�
1å�\���1å�ûª��� 440—640 MHz, ´üÏ�N��°ÑÑ 220—320 MHz �ü�, &D'Ð. nØ
©ÛL², (1£ªìVÏ����{¢y��N�ª��ÿþn�Cz���� 53 mm �òU{ - ]n.

'�c: { - ]Z�, (1£ªì, VÏ���, �N�ª�

PACS: 07.60.Ly, 42.79.Jq, 43.35.Sx, 42.40.Lx

1 Ú ó

(1£ªìVÏ���2�A^u-1�f
e% [1−4]!-1ªÇ½ [5,6] Ú-1	�Z�ÿ
þ [7] �+�¢yª£. ±Ù.�G�ó��(1
£ªì, �×£°ÄªÇ�, Ùû���°ÄªÇ
�5Cz, �(1£ªìVÏ���ÑÑ��?û
�1å��3N��°SØ�°ÄìªÇ×£
UC, ��Øû��é°ÄªÇ��6, ¢y�ª
£þ�°ÄªÇ�ü�. d	, �X8¤>fEâ
�p�uÐ, æ^��êiªÇÜ¤ (direct digital

synthesizer, DDS) Eâ¢y�p©EÇ!$D((
1£ªì°Ä [8,9], ¦(1£ªìVÏ���1´
�¢yp©EÇ�N�ª�.

^{ - ]Z�¢y� £ÿþäk©EÇp!
nØþÃ��5Ø��A:, DÚ�ûª{Oþ
ª{ - ]Z�¢y
æB�?°Ý��1§S�
 £ÿþ, ����ÝÄO, �duÉ-1ìª

Ç�N������, ù«�{�ÿþ��éJ
��Î�þ§ [10−13]. Äuÿþ{ - ]n����
?g�n�{ - ]Z�ýéål�{1�gd{
II[IOEâïÄ� (NIST) � Bay JÑ [14], ©
z [15] æ^ü�ª-1ì�{ - ]n��?g
��, é 83 mm �{ - ]nn�ÿþ¢y
 0.23 nm

ÿþ°Ý. ©z [16] æ^
(1£ªìVÏ��
�Ú�� He-Ne -1ì�{ - ]n��?g��,

é 179—258 mm �{ – ]nn�¢y
 10 pm �
ÿþ°Ý. Ïd, (1£ªìVÏ���A^u{ -

]Z�ýéålÿþ¥�)�N�ª�U¢yê
�Î�1§SæB�?°Ý� £ÿþ.

3·IOþ�ïáþf�þÄO�UþU²
C� [17,18] ¥ÿþ$Ä�� £�, I¢y��
� 20 mm 1§B�?°Ý� £ÿþ. �3Uþ
U²C�¥¢y���B�°Ý{ - ]Z�ýéå
lÿþ, �©JÑ
(1£ªìVÏ�����{,

�ï
¢�XÚ, ¿�Ñ
XÚ¢�(J. ÏL©
Û(1Ù.�û��û��Ç!N��°�1´
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�O'X, `z(1£ªì3N��°S�û��
Ç, æ^1å�þ©Û¤é"?Ú�?û�1å?
1N��éO, �yVÏ��?û�1å�þ, �
�ÏLp©EÇpªÇ½Ý�(1£ªì�ª
°Ä¢y&D'Ð��N�ª�, ¿©Û
T
�N�ª�^uòU{ - ]n�¢y�nØ £
ÿþ��Ú©EÇ.

2 ¢�XÚ

2.1 ¢¢¢���CCC���

(1£ªìVÏ���XÚ1´Xã 1 ¤
«. -1ìÑÑ�1å²{.11�lì FI \
� � * å O � º B, E � � u Ñ � é � � O �
pd1å, �©��Å¡ HWP1 Ú �©1c
º PBS1 ò\�1å©¤Y² �1åÚR� 

�1å, ^= HWP1, �N!üå�� �1�U
þ'.

 �©1cº PBS2!ßº L1!d¿ S!(1
£ªì AOFS!ßº L2!o©��Å¡ QWP Ú²
¡º M1 |¤(1£ªì�VÏ���1´. à�
ßº L1 ���:Ú L2 �c�:Ü, AOFS  u
TÜ �. 3(1£ªìVÏ���1´¥, Y
² ��O�pd1åßL PBS2 \�� L1, L1

ò\�pd1å�1�à�� AOFS �(10�
¥%, l AOFS Ñ����?û�1å�Y² �
uÑ1å, L2 � AOFS �ål� L2 ��å, uÑ�
��?Y² �û�1å² L2 O�, q² QWP �
�C¤� �1, N� M1, ¦� �1² M1 ��
�÷�1´2g²L QWP �C¤R� �1, 2
² AOFS �g£ª���?û�1÷\�1å1
´�£, ��l PBS2  �¡R� �Ñ�, £ªþ
� AOFS °ÄªÇ�ü�.

ã 1 (1£ªìVÏ���XÚ1´

�×£ AOFS �ª°ÄìªÇ�, Y² �1
å² AOFS VÏ���1´�, ² AOFS üg£ª
l PBS2  �¡��ÑÑ�R� ��?û�1
å, ÑÑ��Ø�°ÄªÇUC. l PBS1 Ñ��
R� ���1ÏL HWP2  ��^= 90◦ ��
Y² �1, ² M2 ���l PBS2 Ñ��R� 
�13 PBS3 ?®Ü, ² �¡ P �ßº L3 òüå
1åÓ�à��1>&ÿì PD ?1ûª&ÿ, û
ª&Ò�ªÌ¤?1ªÌ©Û, � CCD &ÿì�
1å�þ©Û¤^uæ8 AOFS �"?Ú�?û

�1å1�©Ù.

2.2 ûûû������ÇÇÇ!!!���°°°©©©ÛÛÛ���111´́́���OOO

±Ù.�G�ó��(1£ªì [19,20], �\
�1Úû�1����éu(ÅÅ
¡Cqé¡
�, Ù.�û����Zû��Ç, \��Úû�
��Ù.�� θB, =

θB = sin−1

(
λf

2nV

)
, (1)
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Ù¥, λ �\�1ÅÅ�, V �(Å���Ý, n �
¬N�ò�Ç, f �°ÄªÇ. (1£ªì�k��
»é�, P� d0, �¢�¥(1£ªìk��»�
� 0.25 mm, ��æ^ßºòpd1åà��(1
0�¥%, Ïd\�1åÚ(åþ�k�°Ý, P
(å�uÑ�� δθa, \�1å�uÑ�� δθo. �
â (1) ª, d(1£ªÙ.�û���^�Kk

∆f =
2nV cos θ

λ
∆θ, (2)

Ù¥, θ �(1£ªÙ.�û��\��Úû��,

∆f �(1£ªì�N��°, ∆θ �\�1åÚ(
å�uÑ��Ú, §´ ∆f S�÷vÙ.�^�¤
I�Ù.���UC. � α �(åÚ\�1å�u
Ñ�'Ç, = α =

δθa

δθo
, �k δθo =

4λ

πnd
, d �\�

pd1å�1��». KN��° ∆f L«� d �

¼ê�: ∆f =
8V cos θ(1 + α)

πd
. �à�pd1å�

1��»�u(1£ªìk��»�, (1£ªì
�N��°�\�1å1��»¤�', �\�1
å�1��»~��, \�1å�uÑ�C�, (
1£ªìû��Çeü. Ïdßº�å´�y(1
£ªìû��ÇÚN��°²ï�'�ëê. Ù.
��!\�1åÚ(åuÑ�«¿ãXã 2 ¤«,

Ù¥, (å�uÑ� δθa =
V

fL
, L �(10���

^�Ý. ��y(1£ªì3N��°S�û��
Ç, �"?Ú�?û�1åØu)Z6ÚU, �
¦ α ����� (1.5—2)[21], K\�pd1å�1
��»�¦÷v^�

d =
fL

V
· 4λ

πn
· α. (3)

�à�ßº L1 ��å� F , D �\�1å
3 L1 ?�1��», \�pd1å�1��» d

�CqL«�

d ≈ 4
π

λ · F

D
. (4)

¢�XÚ-1ì�ÑÑ1å²*åO�º
�ÑÑ1��» D � 2.76 mm Ú1åuÑ� θ

� 0.28 mrad �O�pd1å. (1£ªì (Brim-

rose, TEF-270-100-.633) N��° ∆f � 100 MHz,

° Ä ì ¥ % ªÇ f0 � 270 MHz, \ � 1 å Å
� λ � 632.8 nm, ( 1 0 � � TeO2, ( � V

� 4.26 × 103 m/s, ò�Ç n � 2.35, (10��
�^�Ý L � 3 mm.

ã 2 Ù.��!\�1åÚ(åuÑ�«¿ã

d (3) ª, K d ������ 0.10—0.13 mm.

Ïd�â (4) ª, ßº�å F ����� 339—

453 mm. 3N��°S?1(1£ªìVÏ��
�XÚ¢��, L1 ��å F � 400 mm, L2 ��å
� 250 mm.

�â(1£ªì�VÏ���, 1�g\��
(1£ªì�\�pd1åuÑ�� δθo, 1�g
\��(1£ªì�\�1åuÑ��u²L(
1£ªì��?û�1å�uÑ�, �âcã©Û,

duk�°Ý(å�^, (1£ªì��?û�1
å�uÑ�� δθo + δθa, Ïd, 1�gÏL(1£
ªì�\�pd1åuÑ�C�, �A3(1¬N
¥�1��»C�, K¸�û��Çeü,  l(
1£ªì¥%£ª�û��Çeü�ú, N��°
C�.

3 ¢�9©Û

3.1 ûûû���111���

^1å�þ©Û¤æ8
ØÓN!�¹e(
1£ªì�"?Ú�?û�1å. ¢�N!¥, 1
å�þ©Û¤Ð© ���uã 1 ¥ L2 ��æ
8 AOFS �"?û�1å1�©Ù, ,��g3
ã 1 ¥� M2 ?!PBS2  �¡�������1
å�þ©Û¤æ8üÏ�ÚVÏ��?û�1å.

\�1å�éà�1å�þ©Û¤æ8�(1£
ªìû�1å1�Xã 3 ¤«. ã 3(a) �Ù.�
��éà��"?1�,"?1�Uþ©Ù�mØ
é¡�þeé¡; ã 3(b) �Ù.��éà�pÝ
�éà��"?1�, ã 3(c) �Ù.��éà�
pÝ�éà��üÏ��?û�1�, d�"?1
�Uþ©Ù lþeé¡, �A��?û�1�
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e�Ü©�Ñ©Ù. 3"?1�ã 3(a), (b) ¥��
�1åUþû���?1�. Ù.��ÚpÝþÄ
�éà�éA�"?1�!üÏ��?û�1�
ÚVÏ��?û�1�©OXã 4(a), (b) Ú (c) ¤
«, d�,"?1�Uþ¥¶é¡©Ù, üÏ�ÚV
Ï��?û�1�þ¥�é¡©Ù, û��Ç��
¸�.

ã 3 \�1å�éà�1å�þ©Û¤æ8�û�1å
1� (a) Ù.���éà��"?1�; (b) pÝ�éà�
�"?1�; (c) pÝ�éà��üÏ��?û�1�

ã 4 \�1åéà�1å�þ©Û¤æ8�û�1å1
� (a)"?1�; (b) üÏ��?û�1�; (c) VÏ��?
û�1�

3.2 ûûû������ÇÇÇÚÚÚNNN������°°°

¢�^(1£ªì�I¡û��Ç� 75%,

Ï d ( 1 £ ª ì nØ� ü Ï � Ú V Ï � ¸ �
û � �Ç� 75%Ú 56.25%. ( 1 £ ª ì � 1
Æ ß LÇ� 98%, P � TA, ( 1 £ ª ì V Ï �
� �¥ � PBS2, L1, L2, QWP Ú M2 þ Û R <

0.5%@632.8 nm �Oß�~�1Æ�Ñ, Kz�
1 Æ � � � ß LÇ� 99.5%, P � To. 3 N �
� ° 100 MHz � � S ÿ þ ( 1 £ ª ì � ü Ï
�ÚVÏ�û��Ç, 3 L1 �ÿ��\�1õ
Ç, P � P0, 3 ( 1 £ ª ì � ÿ � � 1 � g Ï
L(1£ªì��?û�1å1õÇ, P� P1,

3 PBS2 ����ÿ��1�gÏL(1£ª
ì��?û�1å1õÇ, P� P2. Ïd, �Ä
( 1 £ ª ì Ú 1 Æ � � � 1 Æ � Ñ, 1 � g ü

Ï�û��ÇL«� η10 =
P1

P0TA
, 1�güÏ

�û��Ç� η21 =
P2

P1TAT 7
o

, VÏ�û��Ç

� η20 =
P2

P0T 2
AT 7

o

.

(1£ªìüÏ�û��ÇXã 5(a) ¤«,

1�gÚ1�güÏ�û��Ç���Ú��
�©O� 79.54%, 54.53%Ú 77.32%, 69.63%, ¢�
1�g!1�güÏ�û��Çþ`unØüÏ
�û��Ç. �âcã(1£ªì�û��Ç!
N��°�1Æ�O�©Û'X, 1�güÏ�
¸�û��Ç$u1�güÏ�¸�û��Ç,

� l¥%°ÄªÇ�ü>, û��Çeü�ú,

¢�L², 1�güÏ�û��Ç� 3 dB N�
�°�u1�g. (1£ªìVÏ�û��ÇX
ã 5(b) ¤«, VÏ���ÑÑû��Ç���Ú
���� 61.42%Ú 38.00%, VÏ���ÑÑ�ª
£þ� 200 MHz, ´(1£ªìüÏ�N��°�
ü�. Ïd, (1£ªìVÏ���3N��°S
¼��¢�VÏ�û��Ç`unØVÏ�û�
�Ç.

3.3 °°°ÄÄÄììì555UUUÿÿÿÁÁÁÚÚÚûûûªªªÿÿÿþþþ

(1£ªì�°Äìæ^��êiªÇÜ¤
Eâ¢y¯�ªÇ×£Úp©EÇ��ª°Ä, 3
×£ªÇ�� 220—320 MHz S, ÙI¡ªÇ©E
Ç 6 1 Hz, ªÇ½Ý� ±0.5 ppb. ¢�¥, òª
ÇO Agilent53132A ��Ä�ªÇ½Ý� 10−11

�	Üë��Ä�¨, °Äì�ªÑÑ�ªÇO�
ªÿþÑ\à. °ÄìÑÑªÇÿþ�9Ù��
��� �Xã 6 ¤«, °Äì3 220—320 MHz

����ª×£ÿþ������ ����
3 1.5—3 Hz ��. ã 7 �CÔ��L«�°Äì
�ªªÇ½Ý (ªÇ���� 270 MHz). é°Ä
ìªÇ3 270 MHz ÑÑ��æ�m�� 0.1 s, æ
�:ê� 100000, K^CÔ��L«�°Äì�ª
ªÇ

½Ý: τ = 0.1 s �, σ = 0.27 × 10−9, ��CÔ
��� τ = 10 s �, σ = 0.68 × 10−10.

\���1�(1£ªìVÏ����?û
�1�ûªXã 8 ¤«. °Äì�ªªÇÑÑ�©
O� 220, 270 Ú 320 MHz ��ûª�� 440, 540

Ú 640 MHz, ûªªÇ�°Äì�ªÑÑ��ü�,
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ûª&ÒÚD(�õÇ��� 30 dBm, äk�Ð�
&D'. �°ÄìªÇ×£��� 220—320 MHz

�, ²(1£ªìVÏ����g£ª��?û�

1�\�1å�ûª��� 440—640 MHz, Ïd
(1£ªìVÏ���¼��N��°´üÏ�
N��°�ü�.

ã 5 (1£ªìû��Ç (a) üÏ�; (b) VÏ�

� � � � � � �
� � �

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

ã 6 °ÄìÑÑªÇÿþ�9Ù����� �� �� �� � � �� 	 
 �� 	 
 � � 	 
 � � � 	 
 � � 	  � 	 � � 	 �
ã 7 CÔ� � L « � ° Ä ì � ª ªÇ ½ Ý (ªÇ
� 270 MHz)

3{ - ]Z�ýéålÿþ¥, ò\���
1Ú²(1£ªìVÏ����g£ªÑÑ��
?û�1©O��ÿ{ - ]n�����?g�

�. e�ÿ{ - ]n�0��p�ºÚ�Icº
|¤�òU{ - ]n, �òU{ - ]n�n�� L,

ý�¥òU{ - ]n�n��ûªªÇ�'X
� L = c/(4∆ν), e\���1ªÇ� ν0, (1£
ªìVÏ�ÑÑ��?û�1ªÇ� ν0 +2f , �ö
�ûªªÇ ∆ν � 2f , K{ - ]Z�ýéålÿþ
�nØ £©EÇ dL L«�

dL =
(

c

8f

)
· df

f
, (5)

-40

-60

-80

/
d
B
m

440 520 600

/MHz

ã 8 \���1�(1£ªìVÏ����?û�1�
ûª

Ù¥, df/f �(1£ªì�ª°ÄìÑÑª
Ç��éªÇ½Ý. ¢�XÚ¥, ∆ν � 440—

640 MHz, � A ò U { - ] n � nØn � � �
� 117.106428—170.336623 mm, n��nØCz
��� 53.230195 mm, � f = 270 MHz �, L«
°Äì�éªÇ½Ý�CÔ��e� σ(τ =

0.1 s) = 0.27 × 10−9, KòU{ - ]Z�ýéål
ÿþ�nØ £©EÇ dL = 0.51 × 10−9.
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4 ( Ø

�3{ - ]Z�ýéålÿþ¥Jøp½Ý
��5N�ª�, JÑ
(1£ªìVÏ���
�{. ÏL(1£ªìN��°�û��Ç�²ï
�\�1åà�ßº�'X, ¿�â¢�æ^�(
1£ªìäNëê(½
à�ßº��å, ¼�

3N��°SéÐ�(1£ªì¢�üÏ�ÚV
Ï�û��Ç; $^"?1�©ÙA:O(½ \
�à�1å�y
üÏ�ÚVÏ��?û�1|
�1��þ; (1£ªì��ª°Äìæ^��ê

iªÇÜ¤Eâ, ÑÑ�ªªÇ½Ýp, ªÇN
�©EÇ�� Hz þ?. \���1Ú(1£ªì
VÏ���ÑÑ�?û�1�ûª&ÒªÇ��
� 440—640 MHz, ª��N���´(1£ªì
üÏ�N��°�ü�, ¼�
ûÐ&D'. �â
nØ©Û, ò(1£ªìVÏ����{¼���
?û�1!\���1�òU{ - ]n(Ü, æ^
Äu&ÿ{ - ]n����?g��{?1{ - ]
nn�ýéål�ÿþ, �¢y3A�Î���n
Ø©EÇ�B�þ?� £ÿþ.
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Abstract

In order to realize nanometer-scale absolute distance measurements based on Fabry-Pérot interferometry for long-range displace-

ment measurement of the moving coil in Joule balance, the acousto-optic frequency shifter (AOFS) in double-pass configuration is

presented, and a tunable frequency difference in a range of 200 MHz is achieved. The focus length of the lens is determined by ana-

lyzing the relationship of the tradeoff between the AOFS modulation bandwidth and its diffraction efficiencies; the beam spot of the

first-order diffraction beam is guaranteed by accurately positioning the focused beam according to the distribution of the zero-order

diffraction beam spot. The experimental single-pass and double-pass peak diffraction efficiency of the AOFS are 79.54% and 61.41%,

respectively; the tunable frequency difference of 440—640 MHz , which is twice the single-pass modulation bandwidth output of

220—320 MHz , is obtained by the beat note between the incident beam and the first-order diffraction beam of the double-pass AOFS,

and has a good signal-to-noise ratio. Theoretical analysis shows that a folded Fabry-Pérot cavity length displacement of about 53 mm

can be measured through the tunable frequency difference achieved by means of double-pass AOFS.

Keywords: Fabry-Pérot interferometry, acousto-optic frequency shifter, double-pass configuration, tunable fre-
quency difference
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