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(1. �fo3q�}kVzI�}k 200030 � 2. �fo3q�;_�q�&V 100039)���2:Qt��^Ge?2I#lP<Æ5#�	[2:Qg&�0KaqMP&lP��<Æ	D[A1��:&�N�")G�g&�0K�)ÆX�qMjxq-��	K���G�g}:^P��2:QlP<Æ}�-j��/��2:Q�^Ge}X��9��2:Qt��^GeX[P&��i	R \ J�Tx[G�)e")�2:Qt��^Ge�2,�-&�0K�lP<Æ�lP5#�:Q6y�qPU�P228.5 ��� uzAmd�A
1 �U��=s��℄Fd (SLR) �{�* 60<p�H!~K}|W.t/F�!(�6WJF�W�n7�,����s�r�F�W�8C|F !(�H�fn0!(|!~ (oSw�℄��0�t/vo) �� SLRO℄�p,�F�W�|B_ [1] �R<}�̂ ℄	C"M9�$\r�F�!(L��//FF!(|w=;O�kO;ts��$�M�VKWn�� SLR OFAOCFdW�|"BS<�Xh�%CW�|�$�M�pLBr�Gis��$�M�V�FdW�|W���kO;6WlhXhFF��/|kOE/��Z Marini-Murray 4"O%(� Marini-Murray 4"�^)e| Marini t Murray  1973<;
|�J,��Jn 10 mm :b [2] ��Z19P�℄Fd�ZO%s��℄Fd�pL>vXh4"O%kO;�F�Fg,��p(kO<[�Y��CZ�0��9%/M (Picosecond Event Timer �2V PET) �!(F�19Pf%�/J�kO;W�`hiwp,���f�%4p,� SLR �Z|B_�h��19Ps��℄Fd!(9�|k�W�B_CC�SMla!>D��6Wk~�)/9℄|e,`�#e Grasse ����� Graz ��)e NASA | GSFC ��r�
Zimmerwald ��Pk� Matera �L��e{iSwG���� nQig�2005-01-27 � ~Wig�2005-02-21X℄|e�f-0io3�L-$�7 (10373022)
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2 �3;Ru �_Hf?-
2.1 ���Zh�`fjOas��℄Fd�Zr9PO%Fd|�kO;��Ze)5�a5|4" (o Marini-

Murray 4") �VZF��/O�E/O%|�� ;W�$w� S<|W��F�%pkOE/|W��kO4"|W��0o�6Wk�/F��Z| Marini- Murray 4"}7�v�t���F�|W��M
7p,�|�J�� 0.1 mBar |O5F��JwC��n 20◦ ��M
 2.4 mm |�J���4",��\J|�d�/|X|m/�>;$YkO|�)}�[y [3,4] � James t Gardner [5] w 1985 <9℄�}�N��Vo}|4"�J�wC��k 20◦ �n 1 cm :b��bkO`�C=TK4"p,��|��9��wC��n 10◦ ���iw��,�mF;SWf{wp,�W�|�℄Fd�ZV:L<w19PFd4��L��kO<[||4"�;�dOar9P�℄Fd�0�19P�℄Fd!(9�k��FdJ|�℄�Z�%��(L�℄	LFM�jB_|C [6] �6W�e){�19P�℄Fd|9℄"BwL��G)/�
(1) 19P�℄�Z|9�ws��℄Fd�f�F�CZ;S�{C2�N L�}$x|VP�℄M�0BO7|` Nd: YAG �℄Mt Titanium-Sapphire �℄M�L<w19P�℄Fd)J�|9P5xOZ+'℄0!(M
YAw ps ��|�℄���Z℄0J�wY4�N�|+'℄0�V}�{19P5x�$|℄'D�Vt$� Raman v��V [7,8] ��Z'DUPpL�{19P�℄%℄�J)#2rZ%℄|;�;%4s�FdB_�M
|�9$x0Æ9}���Z Nd: YAG �℄M|�℄Fd�Z�F�>CZC8'D|�℄�SJkO℄h ���Z℄	C"M9�F�VBJ�Sd�w'D[y��pL.dÆD / �'D�ÆD / u'D��'D / u'D�9P5x��bF �d19P�℄%℄|!(� Raman v��ZYrx℄<n/G℄p�wJ��t℄Y (N ) iwF=���v�℄=`$�'��!
$� Raman v��f�M
��iD |FGVDI�>Y| Raman J�`>Y|DI��SdpL{w� VP�℄M>;�C%℄|9P�w Raman DI[y��pL.d/G℄ / FD Stokes v�℄�/G℄ / FD anti-Stokes v�℄�FD Stokes v�℄ / FD anti-Stokesv�℄�9P5x�
(2) 9P5x|.d^kO��℄9Pxv|+'�V�>Y9P5x{w|xvJR>Y��YF�W��>Y9P5xC{|F�W�C>Y�Sd�19P�℄Fd�9P|.y�X8�

Degnan [9] O℄Z9P℄/}~�19PFdW�t;��{iSwG�19Ps��℄Fd8+9P5x|.dO%��#.��f19Ps��℄Fd|kO(W�℄!�m�9P5x|kOxv�kO℄h �LFM|�.� �+'℄0�V'� �℄.|!v��L�6W(|;%4s��℄Fd|�℄M�S<�I℄�6W19Ps��℄Fd��ZB�|'Dt Raman DI� +'℄0!(M
|9P5x|℄/�� Nd: YAG �



� 2 I �kÆ��2:Qt��^Ge 101�℄M'D[y�.d�'D /u'D (532 nm/355 nm)|9P5xRW19P�℄�Z`Bk|9P℄/�s 355 nm�>p7℄�I
�o}�|k{9�Y�JkO℄h B��?%�|ÆD℄ / �'D (846 nm/423 nm)9P5xw�G�℄9��`8k|9P℄/�s?%��℄M.E�d��CZ Nd:YAG 'D℄ (532 nm) <n/G℄�r℄.4.��\ (Single

Photon Avalanche Diode �2V SPAD) <nC"M9|s��℄Fd�Z}7�RamanDIM
|9Pt/G℄9P.kB��xvJR>k�s1xm�Fd;��S<� Raman !(l�F >h|.y�
(3) �9P,%�/J|WfF�19P�℄Fd���9Pf%�/J�#{dikO�� dC.�9P|�� �J�w℄9D 'l:��>YD |℄9�JkOxvJ7B��Sd�19P�℄Fd�Z��G9P|,%�/J (Differential Time Of Flight �2V DTOF) F�W�B_|C

[10,11] �F�}7�� Nd: YAG �℄M|ÆD℄t'D℄ 1064 nm/532 nm |9P5x�wS��1,Z ps �%�MO%F�B;iwp,�FdW�|B_��b^C"℄	M9|ox�$�M��℄$\|~xL�s��V|gw [12,13] �WfF DTOF `�tk|9��)e| GSFC �|.��F��19Ps�Fd|
99$�!��G9P|
99$>�X�SdC>;�Zg�)#}%> DTOF �n�� DTOF |F�iw ps �W��pL�Z�eFj|)#L>�s��V��
9�/J|W��dbp.F��19P�℄FdBn�Z|�s� (LEO) �F+M
|
9pLR9l<�^rG�$�MM
|�f�pOC DTOF |FW��19P�℄Fd|9℄�$|!�tC"℄�|�%�C"℄	M9|�%��w�%19P�℄Fd�Z���1,m��$�M��℄$\~x�L�9$�3o}|W���
2.2 �Tfr�`^	

1965 < Bender t Owens #	O℄Z19P$\�℄Fd!(O%kO;|;Q�s^t�s��℄Fd,�W�>C��F;Q'`TK! �1980 < James [14] veO℄�9P$\�℄Fd(kO<[)#��℄19PkO<[(W�sBiw7�,���$\
9�/J|F�W�1,iw 3∼8 ps ���^dk���9Ps��℄Fd|�Z9℄�19P�℄
�
9|���rF�pL�ykO<[��O�(kO<[�J�sF>�Z$\�s��℄Fd�Sns���/d�oZu�w�|#ZÆ-
�F�)#��+$\�℄Fd!(|W'L�p,�FdW�|O℄�Graz��wi`�(|Æ`{CZ>Y|9P5x)�tH C"℄	M9��19P$\�℄Fd~k�9℄�w19P�℄Fd!>��k��C.Z Nd: YAG ÆD℄ 1064 nm �J�'D℄u'D℄<nFd�℄��G℄	C"M9�
C"
9�s� Veillet t Schreiber [15] .y Nd:

YAG ÆD℄ 1064 nm �J�'D℄ 532 nm |9P5x�ZL<w4.)J�|℄	4.\C"�bÆD℄�kXy ℄	'{\ (Micro-Channel Plates �2V MCP) C"'D!℄�9℄�kOxva��̂ ��9Pj^�℄M�C%℄�BnN{w19P�℄�s:�>CZ�>Y|℄	M9.7C">Y9P|
9�I DTOF |F�o}>f|�/_�����ZFW��Je�� 9P5x|kOxvJR>k�rrP�{19P$\�JB��� DTOF F�B_|C�n��_>Y℄	M9o}|�/_�W�� Zagwodzki �j
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[16] .yxvJRKk|�'D℄ 532 nm tu'D℄ 355 nm |9P5x�Z�G MCP .7C"�G9P|
9�s��Fw NASA Diz,%��O%�� Ajisai s�|ZF63�19PF�|kO<[d4"%>�w 20◦∼80◦ C��'l:'`3
J7�?hd9P5x|kOxvJRBk�su'D℄wkO�b%;�A�Ck�
9�s��Bt�?%�|ÆD℄ /�'D (846 nm/423 nm)9P5xw�G℄99�`8k|9P℄/��19Ps��℄Fd!>Br|.y�Braakman�j [17] �Z� 19P�℄�Z�wze TIGO (Transportable Integrated Geodetic Observatory) k"���O%�s��℄Fd�>�d{�F?ZF,�� 1997 <�r� Zimmerwald �((�?%��℄M�8CZ"vP�℄/G Cr:LiSAF "�B4
uM��Z Nd: YAG 
 Q �℄M/G| Ti:Sapphire v
*k�t���X*k� [18] �F%℄�℄|9Pn 846 nm t 423 nm �$x 50∼100 ps �$\;� 30∼50 mJ �!9 i 10 Hz �J� 846 nm �℄
9Zo=T|r℄.4.��\
(C-SPAD)C"�423 nm ℄|
9Z MCPC"��FFg63��F�Z� LageosreFdW�w 1.8∼2.6 cm �^?%��℄M.E�d�6WN~/!>CZd19P�℄�Z�RW19P�℄�Z�bF OZ|)#��Z Raman�V%℄�9P�℄�Gaignebet�j [19] �Z Nd: YAG �℄|'D℄ 532 nm /GC5 H2 �M
$� Raman DI℄ 683 nm|�℄�E+.y 532 nm/683 nm |9P5x�LW{��<nC"�Z�w�/O%�kO<[�>���b 110 m a|$�MO%Fd�8Z�: 2 m a|$�M�*�8�{wkO<�n (5.6±5.2) ps |%>Fg�d�#Fg�6���� Graz �Z 532 nm |!℄/GC5 H2 M
 Raman DI℄ [20∼22] � 683 nm �℄d 436 nm �℄�5W�9P�℄Fd�Z�8Z SPAD <nC"M9 [23] �� Lageos �s�O%�ZF�F| DTOF F�W�n
7 ps :b���W�� 683 nm �℄n 8.4 mm �� 432 nm �℄n 7.9 mm �:�Z^%>�u�?R!�1x9P�℄��ZYFG℄	C"MrFXyC"
9�� )#℄�2r�~+CZ!��C".℄!(�sJe��>;YA!��x�℄�F{|kO;�O+���C>�8EYFSa|���F�BP�/|Fj��

2001 <�en0p{iSwGdEr!(k0x<�9��Z�9Ps��℄Fd|
Raman �℄�Z�:�ZZ Nd: YAG "+�B4�℄M%℄| 532 nm !℄ ($\;� 35

mJ�$x 35 ps)/GM�| 1 m P Raman {�|C5 H2 ��FDDI℄|'�� d℄.|t/M'O%9℄�Fg{wFD Stokes ℄ (683 nm) � 7 mJ (r$\) �℄.!v� 40′′ �t/���� 4′′ �FD$ Stokes ℄ (432 nm) � 2 mJ (r$\) �℄.!v� 56′′ �t/���� 4′′ �℄�℄��` 532 nm !℄� 10 mJ (r$\) �℄.!v� 40′′ �t/���� 7′′ [24] � 2003 < 7 s��Z 532 nm �JwC5 H2 �| Raman DI℄ 683 nm 5W19P�℄M�{iSwG;
�e:#GY�!�tY�C"|19P�℄Fd�Z�	�� Beacon-C�Ajisai �Topex � Starlette �s�O%�19PFd!>��{�F?Fg�:�ZCZ�G�
 SPAD .7C" 683 nm t 532 nm 
9�s�8^%>�C� SR620�
HP5370%�M(�|�G9P|Fd��^ 1 �{iSwG1 / �9P�℄Fd|.℄!��Z℄�^�6W�H{`�G�℄Fd�XhL�)#O%19Ps��℄Fd�> [25] �

(1) GSFC �TIGO �Graz �Zimmerwald �EOS Australia �Grasse �{iSwG��CZ



� 2 I �kÆ��2:Qt��^Ge 103��!9 �℄M�C�x0|℄	'{\ (Photo-Multiplier Tubes �2V PMT)  SPAD <nC"M9�
(2) Wettzell ��CZ�!9 �℄M�W{��<nC"M9�
(3) Graz ��CZ��G9P|�ZO%s��℄Fd�n��V19Ps��℄Fd!~�2003 <S�e)�℄Fd7� (ILRS) L<5f�19P�℄Fd|,�5W$��Zimmerwald <ne){�FG��k~�mO|19P�℄Fd�8� ILRS /b��!;19P,����� TIGO�tPk�| MLRO (Matera

Laser Ranging Observatory) �	�k~�19P�℄Fd�8�e)/b��OO�9P�
ZF|5*�/bte�|i��/b�h�{+�6W�'`OO19P<�J/b��XO^VZ,�|n!jlJbW�B_CZ>Y)#M
�w19P,�VZ)/�Pk�| Luceri t)e| Pavlisk~�F�L< [26] �Luceri �Z MLRO �19PF�/b{w|<�Jt��I4"%>{w|<�J/bO%.�63� 2003 <O℄| Mendes-Ciddor4"0 Marini-Murray 4"W�KC� Pavlis z�Z Zimmerwald t TIGO �|19P/b�kO4"O%�9℄�

_ 1 �|jTxH2 / �:Q/^"��^�[^�{i��ZJ 2003< 7 s|19P�℄Fd/b�XhFjtJ.)#a��s�|19PFd,��8d Marini-MurraykO;4"O%0B�!�w6WF�W�����|`�Æ,F��'`3
J7 [27] �
3 �3;R�_Hf~mQ=�k�19Ps��℄FdÆ,i�o^ 2 C��



� 104 �������T�x�1�P��������� 23 h�19Ps��℄Fd��Z�G9P|$\�℄Y�F�FG65s��Xh�G9PwqFd�{|f%�/����J�I℄F��d(��
Rg = R01 +

c

2
· γ · (∆τ) , (1)�� Rg ns��vd���R01 nr9P λ1 |s�d�F���cn℄=�γ =

nλ1
− 1

nλ2
− nλ1

�
nλ1

t nλ2
.7n19P|kOg�� �∆τ n19PFdf%�/J�w�t����I9P� γ |FDR96i�p�Wo�$� [29] �

γ =
f(λ1)

f(λ2) − f(λ1)
, (2)��� f(λ) nkOxvm/�J6i�n

f(λ) = 0.9650 +
0.0164

λ2
+

0.000228

λ4
. (3)Xhxvm/��Z (1) ��19P(kO<[>v+BF�6/kOE/�tkO;4"��+F�Fg,��p(kO<[�

_ 2 �2:Qt��^Ge}�-j� [28]

4 �3;R�_Hf~�\�'uY�0�
4.1 �xpk[e){F�CZ� )#}R;19P�℄Fd�Z�FdJ.Fj (Average Range Dif-

ference�2V ARD) )#tFjd�J. (Difference Average Range�2V DAR) )#�ARD)#R;|19P�℄Fd�Z|ZF�� DTOF �F�^FGCW�%/M�d DTOF ��bFG%/M(�Fd��h�� DTOF ,��CFj�_{kO<[�� DAR )#R



� 2 I �kÆ��2:Qt��^Ge 105�;|19P�℄Fd�ZCZ�G�
|%/M.7F��G9P|
9�{w�G9P|Fd��8XhwF��/:��G9PFd�,�;5*�}OCW��8�_{�VYF�s|�G9P|5*��J�}�{kO<[� [30,31] �wX9tq9�%)/��� )#R;|19P�℄Fd�Z`L��)/|a7�
(1) ARD )#R;|�ZB_%/M� DTOF |F�iw ps ��W��s��bFG%/Mz'`�&8E|B_�� DAR )#R;|�Z��G%��(|B_�BC�Y��G9PH/|
91,4S�Z,�W�C�
(2) ARD )#R;|�Z|F�W� σ∆τ = σ∆τ/

√
n�J� σ∆τ �reF�W����

DAR)#R;|�Z�̂ .7a��G9P|ZF/b�CLF|3PW� σ =
√

σ2
1 + σ2

2 �J� σ1 t σ2 .7��G9P|FdW��
(3) ARD )#R;|�Z+B�GFd9PwYF�s`C"|
9�Sd�og
9�9Pn λ1 |/b> n n1 �9Pn λ2 |/b> n n2 �zY��{�G9P|
9> n n1n2 �J> kk>��w�)Fd��^B�
9�s.W���F�<nFd���F�Z}F� DTOF �zY��{�G9P
9|> K��� DAR )#R;|�Z8>8EB_YF�s�`
9�

4.2 �_MOw19P�℄FdW�H�r9P|F�W��19P
9�JF�W�t19PkOxvJR�S<��CZ ARD )#R;|19PFd�Z [32] �^ (1) �pL{
σ2

Rg
= σ2

R01
+

(

c

2
·

f(λ1)

f(λ2) − f(λ1)

)2

σ2
∆τ , (4)

_ 3 �2:Q wG�X�e2:Q�KG�X�Y� [31]J� σRg
n�vd�5*BJ�σR01

nr9PFd5*BJ�σ∆τ n19P�/JF�|5*BJ�19P�vF�W�dJ�JF�W�X�o^ 3C��̂ � 3Wb.7�Vr9P



� 106 �������T�x�1�P��������� 23 h�F�5*BJ 3�4�5 mm�CZ19Pn 355 nm/532 nm�γ = f(λ1)/(f(λ2)−f(λ1)) ≈ 12�^^p��ogr9PFdW�n 3 mm �t19P�JW�iw 3 ps ���V|19PF�W�rn 6 mm �s��G9P�
Fd�>m�kO�.�W��^ DAR )#R;|19PFd�Z|F�P�n
Rg =

f(λ2)R01

f(λ2) − f(λ1)
−

f(λ1)R02

f(λ2) − f(λ1)
, (5)�� R01 t R02 n�G9P|F���^ (5) �{19P|F�W�n

σ2
R =

[

f(λ2)

f(λ2) − f(λ1)

]2

σ2
01 +

[

f(λ1)

f(λ2) − f(λ1)

]2

σ2
01 , (6)�� σ01 � σ02 .7p69P λ1 t λ2 |F�W��^)Y (4) t (6) p��r9P|F�W�+C.9P5x| γ S.*k�J� (4) �N� DTOF |F�W�*k�n�4~� W��pL.y*kS.�|9P5x�CZW�C|%�MF� DTOF �� (6) �� σ01 t σ02 �*k�Sd� R01 t R02 |F�W�B_|C�6 1 �℄�� .9P|*kS.�B 1 �CHV��lNK��<S7z fd(λ2)

fd(λ2) − fd(λ1)

f(λ2)

f(λ1) − f(λ1)

fd(λ2)

fd(λ2) − fd(λ1)

f(λ1)

f(λ1) − f(λ1)

1.064 µm/0.532 µm 22.27 22.25 21.27 21.25

1.064 µm/0.355 µm 8.43 8.54 7.43 7.54

0.683 µm/0.532 µm 41.64 41.69 40.64 40.69

0.683 µm/0.436 µm 18.62 18.75 17.62 17.75

0.532 µm/0.355 µm 12.95 13.25 11.95 12.25

0.846 µm/0.423 µm 14.01 14.11 13.01 13.11%� fd(λ) o�AÆ1�ywn0
^6 1 p��9PxvJRk|9P5x��V|x	*kS.��$��x	*kS.k�Sd�w�YF�W���.ZkOxvJRk|9P5x{w|kO;W�C�^19PF�P� (1) t (5) |avhY���"�5T��19P�℄Fd|W��f6 1 pLl℄���.�|xvS.tm��tO�| γ S."`J7�{w| Rgd	��vd���/CgwJR�6 2 �av (1) t (5) ��p;Tp|�J��T%�B 2 �vG�L�{ [30]�L~n σ/mm * %V�A 0◦ V�A 70◦nR3�Q� < 0.3 < 1 D\4<S�� 1.064 nm / 0.355 nm �
P = 1013.25∼900 mbar � T = 293∼273 KnR� ��K��1l� < 0.01 < 0.03  ��Kl�4�o 0.03%6U16 ≈ 6 ≈ 17 nR�a 20 mbar 6U (�D/\�4<S�)`Æd (a�L < 4 �Da\z�`<S ≈ 0.3 ≈ 1 �D\<S4�o 1 Å



� 2 I �kÆ��2:Qt��^Ge 107�6 2 ��G"B|�Jm�5T.5tkO�|℄b�5T.5d9P5x|.dX>k�Sdp�C	fZF/b�v_�h�vO%19P/b|b>�19PkO;�gw5�O|W��n�4�� W��pLCZAB!(�LWf{w19Ps��℄Fd�5T|���J�8OZ|##� GPS O�0)# [32,34] �℄bTK|Fd�J��SkO���!
|℄btF�ds�|�d��/|BJ�tC��k 20◦�����J|���b�^$\�℄M|$\$)>|az�19P;|��9P=CI�C�TpFd�J [35] �
5 �3;R�_Hf~�j619P�℄Fd|!B'�e)�℄Fd7���&*W
�kO;&DL<5�L9℄19P�℄FdwkO<[(�|VZ��

2004 < Graz � 	WN��� kHz �℄Fd�� �℄Fd�Z
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Two-Color Satellite Laser Ranging

LI Ren-dong 1,2, ZHANG Zhong-ping 1, YANG Fu-min1, FU Jing-fu1

(1. Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China; 2. Graduate

School of the Chinese Academy of Sciences, Beijing 100039, China)

Abstract: Freed from the atmospheric model, two-color satellite laser ranging could determine

the atmospheric correction by measuring the differential time of flight between the color pairs

directly. With Picosecond Event Timer and other techniques measuring the differential time of

flight, the accuracy of the atmospheric delay could achieve millimeter level. The present paper

introduces the research progress in this field, the principle and the corresponding formula of the

atmospheric correction, and analyzes the measuring precision. The future for two-color satellite

laser ranging is also prospected.

Key words: astronomical facilities and technique; two-color satellite laser ranging; review;

differential time of flight; atmospheric correction; atmosphere model; color pairs


