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p=V.xQ|!N��YI��dIN�& —— >�YIdbD�$
��Y�&Y�:HRNl�9
Z�
!%&V�Æ�?3U6m&2dF��_ uxb�d&V��Re_0s)\WgdWl
0jW[6C-�M=�Y�&d�\�T
}sj`C�p��<Q|>&w�=dIN�&��Q|`C0s�YI}M�7mn�0s�{dY���Z|�`CI�Vd,Q|>&|*���#Js�_<�m$vI\
3mm$V�%Au��%A\g��Y�dp,U)\���!~�1D���7Æ�� �y���2006-03-16 � -����2006-07-12��*��H7+_�PW��T=x (KGCX2-SW-T12)



� 162 �����������℄���)������� 25 "�
1) 6pRl℄JZ�� 100 ps g:dJs�/�
2) ,$�J�_<,�d�/�Gs�
3) ��0s��QL{da=\6 VLBI had��\���%A\db��
4) ��I+v3DC0sL{4�
5) �Bwi,G0z3�u�O7~b�I3Wg�`CId� ux�1D
n}�VNle�� ���Q	:7�&(d��x0sIjN�~)\3Ndvy
n��R��xd0sI�tD�L(d\I%A3W
n,|d����~�BN�7~�hQ|>&dK�I
�1��-F}-C�

2 ���z2u�[KlP [1]

2. 1 �� \S 1974 �
Q	:npu0sIbD�$)��0sOI
F�0��YI�O0sOd)\b�IÆY��0s�YIs���K_<,�d�_&V�pW0sha)\Kgd�(
tD3NNl%J�&Vd ux�V.x"XU` 10−16 �bD��xd�YI��0swd��}`}S4C:9�|(U 1976 � 6 �i6 NASA � SAO �$�OdNIHrKg9KR} 
a� uxd!Il`m$5b:#ed,OQ�SQ�7!I�>�YI�{d0sIbD#e4&Y�
6�s|}�7�&(p,U��0s)\Wgd��x0sIjN���9
i6 NIST/JPL d PARCS(Precise Atomic Referrence Clock in Space) jNu�Q7��Od ACES(Atomic Clock Ensemble in Space) jN
�
C�?�7pu>g�Y�NII�pu!%I�M�IL�q	�p�
)�p�V.x� ux%� 10−16 da

� 1 ���y1t�ZJkOPw�
�Q|d`C�Y\V�sjUC�6m0s, (ISS):
F��+�JL�`1L (T2L2)mn�M�OJs��_Np!~�

1 ��Ov
�0s`C�YIda� ux�V.xuM��Q|d�JL
|uF� uxM0sImnI�OJ��!~�F?^V�N*C�d�9�1�,�h� 30 psdJs!~�x
Ms-���,$(;da��xd5bJ�\V
n�F�0s)\Wg�OtD\I%A3W}%R
Cd���

2. 2 �x�vu��6i6d PARCS jN��Q7�&(d ACES jN
�1�g�Yy�� (>�YI
V.x� 1× 10−16) e�0sI��� _3^� (ea3^�) $1��_/�s�Æ%_�
10−17 d!�YI�M0�q	�p�`C�IN`C�YIue_1DjNdl%�1M`C�YIjN� 2008 ���6m0s, (ISS) :
e�,$(;d��x6m5bJ�\V��NI>�YId�A5
 2 rO���t0d1\E
�912�`1d_6=kg
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uD�>>�Yj���B�z3J>�Y�>�Y��Zb�#�V{
)>-A� 1 µK 
/I�B`�#z3V�\sj�6H3�J
7nMR�+;7

� 2 �?h�ZJ�BPwLe�
`� Ramsey H3���1z3s�������Y
,` Ramsey H3J>
F�se,�R33^�d�_q`g�Yd���_:�7~�g�Y 5 cm/s d�Bnx
 Ramsey (365� 0.1 Hz 
7\�mng�+d65d 1/10 �1MsdV.x=�
1 × 10−15 
 uxU 10−16(10 d) 
��\ÆbV.�=� uxb=d�YI�!%d#e�A5
 3 rO�!�Yd��B�Y`℄a|x[#�F
�[Hd�|f!�Y�6��H3�FdLT�FsH�_�� 1 420 405 751 Hz d�+;7Le��	�LT��Ade�
M�Y1�;7Le�Js=A 1 s 
S�H35x� 1 Hz �1Msd uxU` 1 × 10−15(103 ∼ 104 s) 
��F��_ uxb=d&V�/�	�LT�6�4Q9
!%dV.x�� 1× 10−12 �!%dr=���sd ux=�	:,z
MM�YI�\d�qwFq3
,uL7'=,|���x0sI1�5
 4 d
N}M0�q	�p�
)�p��MQ|wF=d`C�YI� � 3 �"�Zd&�B
2.3 �x�v��6u,���x0sIjNFd`C�YIr��dQ|5
 5 rO�!�Y%-^�NId�9
�g>�Yy(�$F��NIS�#e�	
 5 ,z
� 10∼1 000 s 'jJs{
!%d�_ ux=�>�YI
�'jJs>9 1 000 sJ>�YId�_ ux=�!%�~� 1 s 'j
g>�YId ux,U 1× 10−13 �~� 1 d 'j
$� 3× 10−16 � 10 d 'j$� 1× 10−16 
�V.x=� 1 × 10−15 ��	�!% 
�VdF� ux
s,u�9�r�9>�YIV.xd�M�_	9
)u 7× 10−17 d�_Æ%_^q�>�YI
S�Z�V.x�|�F�=� uxg��d�<Q|>&����x0sIF
>�YI
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� 4 �?hJ4E"JeaD�ZJ-�#uR�V.x�=� ux>&
�!%$#u�|�F� ux>&)}%
�_H�
2.4 �x�v��6��u�m��x0sIjNd\lw&Uu�<�d ux (10−16) d`C�YI|H,$(;db��xd5bJsFx
1� T2L2 � MWL MM�Jha
�O0sImnI�mnImnI;su 30 ps d�x�OJs!~�u 10−16 d7~V.x�O�_!~�1}!w���d GPS !~ha�9 100 ���jNdn��w&U
u��xg�OtD\I%A3W�NIHr3N}U` 3×
10−6 dV.x
! 1976 � NASA d GP-A 3W�9 25 ���.3W1nd�?�Qu`/\ %A<e —— �.�)<e α d,|d
r$Qn}��,|�~��I;�2y7~bdg9��m5b3ugY�)\w&
��x0sIn},u�VNlde��

� 5 ���yaD1tJR}
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3 �KfS~�2u5Pfx{�0s���%A3WF
� uxdIn���9��;�<Uha3!�3n [2,3] �Id ux~3nd�9,	p���;'UN f

′

= f0

(

1 ±
ṙ

c

) H
1D f0 U�B�_
� ṙ Unxf�B_��Z_K6
?dÆN�� σy(τ) 'OId ux ∆f

f0

$3ndV.x� σṙ(τ) = cσy(τ) �7 σ(τ)y = 6× 10−16(1 h) 
~� 3 600 s 'jJsr�Odnx3N
9\Id��(9� σṙ,3600 ≈ 1.8× 10−5 cm/s �Id ux~3!d�9
,uS σ∆τ (τ)  HdJsl83N`�	 ∆f

f0
=

∆τ

τ

$7VdJss� τ FJsl8d 1σ ��= σ∆τ (τ) 
,u	,,N σ∆τ (τ) = τσy(τ) `�~Q
!�l8U σ∆r(τ) = cτσy(τ) �~�hR�O 1

h 7Vd!�3N
��u: Hd uxe�
3!(9V�� 1 mm �3!�3n�Js
9 Allan 
9 σy(τ) d,,5
 6rO��9u:d{bn�`RF���x0sI�0s3NFr��U`dXpx�

� 6 �1taD�ZJeR}A�1t4Oe�:
4 �vF^K'C5Y [1]

4.1 �8��0up��~jygCQ�Ad<��8UÆ�p��IT Us Md�B�~�Zp�IT U0 Md-309i
sd�_	rR ∆f

f
= −

∆U

c2
dN�1D ∆U = Us −U0 U�� S 	�-30� 0 	�C;sdNIT;9� Pound � Rebka [4] � 1960 ��� Mossbauer C�~1�N
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2y7~bd�d�C` ±1% d�x�~NIHrb�md3NU Vessot � Levine [5] � 1976 �r�Od GP-A Kg���x0sIjN (ACES) Hr3N}��-�dha� GP-AKg�$�K�x9$QHrdd�-�
 ACES }���V.xd>�Y`CI (V.x� 10−16) �mnI
(V.x� 10−16 ["=) *�O0sI�mng�+I;sd�9d�$~	3N�	��.:b0s, (ISS) d5b2e (�C�nx) 
mnI�0sI;sd�9,u�3N�jo)Ab=�O!��~� ISS 5bpJs�Tf$Q
$�IHrn}�sD$Q
[�$Q�V��sdVBd 10% �58�_!~Fr��dmnI�0sI% 
 10−6dV.x
) 58�aLg
~hIdQ|
$�~jyC�,u�3u` 3 × 10 −6 d7~�x�1��8! GP-A Kgl= 25 ��
4.2 �.4�'
{r!Æ�u��l��.�)<e α = e2/4πε0·h̄c =1/137.035 989 5 (61) '5�Y[ÆYFdrP7Le�d�x�

1937 �i8.�|}g9%A\ <eU�XpWJs�$Q�=�u90j�Rb�1�!~s�u��x�ORVNd�I�>�NIdx3AbFzj
�2y7~bF�NI<edJs$QU��d�1U�~jygCQ�Adp�<��8�[UpD4YAb�dT�Id���~jygCQ�Ad7Le��G5 Damour � Polyakov [6] �d\ <eT�pJsd$Q
|(U�.�)<e���v8gCQ�ArDjdVNKgF
F�0sS� (STEP) �� uxdI�Ob�d
�s
F=EL� ACES I�mn>�YId� ux��V.x
|*M"jF��Y�&9vg α d
r�=K�16�Km�d)Zg��%A3W7!
KgV3W,u�-�d�CN��O
 ,F��7v3U`7\�d�x�7��Od1D3Wd�AU}\�-��md�YId�_e�Jsd;e�O!�
M�I;sd�_9d1B$Qw,|4~�\ <ed$Q
\/
nT�Id=�Q|-�ig~m�~Q�R�O,[0J�d3W
"XM�VNdI) ~3Ne��O�77,� ACES dH4}|*�Q	:Y�KgVdI}%1Mb��{�1}�7Y�\�-��m (G5g
i
!
'�Y
j�Yg)d�Y�_&V�1D�_&V
d#e��+	� (5 Cs �Rb �+�H �Hg+ �Yb+ �Cd+· · · · · · I) 

d#e�,z1	��~ 
�Ye Z ���+	�
>�.��dw`�Y
 Tjoelker � Maleki [7] S>�.|Ne� Z d;ejoR α d,|d
rC��jo�8'q
�� Z =#60>�.|Nd7~bU77~3S�58|`-�d Z edMM ([�M) �Yd>�.|N;sd!=
�|` α-$Q3WdXpx�G5
(dα/dt)/α = 1×10−14/a
$ CsI (Z ≈55)�'�YI (Z = 80) ;s}:H 1.4× 10−14/a d�_
r�~� Cs � Rb(Z = 35) 
1�=U 0.45× 10−14/a �AÆb=dKgV3WU\�g�+�i�+;sd!~
)  Hd:5U dα

dt
/α < 6.9 × 10−15/a �	� ACES dg�+I�mni�+I
p���d 10−16 dV.x
$1B�_
rw,uu √

2 × 10−16/a dÆ%_�3uH
 Hh�
 20 �d�9�~�p� 3 �dO
$`d'|}�� 100 �>�.|Nd7~bU7~ Z =dq:Qv�W α d
r (58�4dR) }Uq.T�d�1p�4~�R�%A\ <eU�XpWJs�$Q}UpM	�
 
WG�dvy�
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4.3 �}uz+",~�3NZ?J>N_dtD=NdKg
�<M�pM\�2e δc/c dxZ3WAb��1M#60
k�dIU�TfIrv
��0Q2(, S F��/d� c U1��pRd1n ([#d�/rN$,) 
 δc U1J>f|u
?Z?N_)� S ,F	�/dIr3Nd1nd	9�1DKgU`% δc/c e�1J>� S ,FNp
?d;ed$Q#6��/y7~bF δc/c = 0 �s��O9pD`% δc/c�W=dKg�
dU<�3Nk�I;s1J>Z?N_Jsd$Q

dU`/pf Doppler 	rd$Qds�3N��0U�i6 JPL G0!℄�FdI�JsLu GPS ,��Od�I0U\�sj��C�u GP-A Kgd�_L^ [8] ��1DKgF
/y7~bdg9U|u0s
?7J,
�Kg�U`/\J>N_
?�$J1�C�U�n�$�q:�m$Tv��$
?d1DKgKm:U�~ δc/c�Gbn:dÆNp��0sIKg
�|!u� δc/c dKg�v3Xpx:}�p�Nf�1MKgU� ISS9J�O0sI�mnIdKZ!~�JsNpLU	�+J>`�
I;sdNp,�?TU�r
�BJs��ZJsÆ(�0sJsFxF�mnJsFxF�O3N��Z��BJs;9|}%J>Z?NpJs�tD+u	9 ∆S dJ*
1� ∆S U	I;s1�-��/
�X9d�:0NpJs;9~fv3
?: δc/c d� 0 =p�
S�
Æ

T= − T1 = ∆s + ∆m + 2
δc

c
T cos θ1D T U1��NpJsdp�
 θ UJsNpL^r+�d
?;sdo�
 ∆m Us:d	�^�-~?�V�EgrBdBdU7
 ∆s U�: (-�/) [�D-$dN
~9Jr3e�� cos θ s�M|3N` δc/c �KgdXpx'#� ISS pR9JMId- ux� T-F L^d7�- ux��KZ9�s T d=� 1.5 ms ` 8 ms ;s$Q�\ ISS pR9dJs}FMId- ux� 1 ps J
~ δc/c r��|U`dv3Xpx� 10−10 �
1!u�d3N}�Rp�Nfu:�~ GPS KgrT�dzD-.ud(9� (V�E
5bV.x
I uxg) �M� ACES v3d#60kJw,uK`
~�v3F��Rf?,� (:�0L;s,u7LlA) �� uxd ACES I�o$(Æ
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Space Clocks and Fundamental Physics Tests

ZHAI Zhao-cheng

(Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China)

Abstract: In the last decades since the advent of Einstein’s General Theory ,astronomical

observation has benefited greatly from the ongoing developments of high technology that has led

to the discovery of many exciting new physical phenomena, such as the highly energetic apparently

extremely distant quasi-steller objects, pulsars and the phenomena relating to superdense matter

in the form of neutron stars and the discovery of black holes. All these have added to the interest

in experimental tests of the General Theory of Relativity and its comestone, the Principle of

Equivalence, and have led us to refocuse our attention on the validity of the Einstein Theory of

Gravitation and Relativity and have led to a number of competing theories, which, in turn, have

led us to continue thinking of experiments to confirm or deny the validity of these theories. Today,

one of the most precise tools for testing these theories is the time or frequency standards(clock).

The last fifty years have been a period of outstanding developments in the field of atomic frequency

standards. At the present day, frequency stabilities reach 10−16 range in hydrogen masers and

accuracies are better than 1×10−15 in cold atomic clock. They will play a fundamental role in

the space scientific measurements.

This paper introduces some space clock schemes and experiments with ACES (Atomic Clock

Ensemble in Space) which are being proceeded abroad and are to be performed in the microgravity

enviroment of the International Space Station as well as the significance of high precision space

clocks to scientific testing. Several fundamental physics tests of current interest with space clocks,

such as the test of universality of the gravitation red shift, the test of the constancy of the speed

of light as well as the test of the time dependence of fine structure constant are also outlined in

this paper.

Key words: astronomical facilities and technique; space clocks; review; fundamental physics;

tests


