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2 LLR*ÿ�¹

2.1 �¡��ì

ã 1 �¡-1����ì �«¿ã[1]

1969c7�21F{IApollo��¤õ§-1

����ìApollo 11Ò��Ê
���ý½

��¡ �þ"ØÈ��§{ILickU©�

ÚMcDonaldU©�Ò¤õ*ÿ�5gApollo

11Ò��ì�-1£Å&Ò§gdm©
�

¥-1ÿåó�"��§{Iq3�¡þ��


Apollo 14ÒÚApollo 15Ò-1��ì¶c�

ék�u�
Luna17ÚLuna21�¥�º�§�

UrLunakhod 1ÒÚLunakhod 2Ò-1���

�ì����¡þ"�8§�¡þ��k5��

ø?1-1ÿ��-1����ì§§�3�

¡þ�S� �Xã1¤«§��ìëêXL1¤

«"

L 1 �¡-1����ìÌ�ëê

Z T/(y-m-d) M/kg A/cm2
D/km L/(◦) W/(◦)

Apollo 11 1969-07-21 20 1 134 1 735.4725 23.472 93 0.673 37

Lunakhod1 1970-11-10 3.5 734 1 735.4716 −36.99490 38.325 07

Apollo 14 1971-02-05 20 1 134 1 736.3358 −17.47880 3.644 21

Apollo 15 1971-02-05 20 3 402 1 735.4811 3.607 03 26.155 04

Lunakhod2 1973-01-15 3.5 734 1 734.6381 30.909 37 25.850 99
∗

Ù¥§Z�L��ì¶¡§T�L��ì��FÏ§M�L��ì��þ§A�L��ìk���¡

È§D�L�%å§L�L�¡²Ý§W�L�¡�Ý"

�¡þ5�-1��ì¤¼��*ÿêâêþ�Éé�§Ù¥Apollo 15Ò��ì¤Ó�

*ÿêâ®��
77%±þ"Lunakhod 1Ò��ì3��ÐÏQ¼�£Å&Ò§d��Â�

?Û£Å&Ò§��2010c4�Apache PointU©�æ^3.5 m-1ÿ�XÚ­#¼�
T�

�ì�£Å&Ò"���2012c3�.§o�¼�
C1.98×104�IO:êâ§��¡��ì

¼��*ÿêâþ¤Ó'~XL2¤«"

du@ÏEâ���9�«Ï�§{IÚc�é3�¡þSC�5�����ì8c�

k3��k�¦^¶¦+Ù¦2��C¤õ/Â�
£Å§��,éf"�X�õ��Õ\\

¿uÐ#Eâ§ØüØ¬­#|^¤k���ì§$�3�¡þSC#���ì"

2.2 /¡�Õ

8c§ISþU
?1~5-1ÿ�ó��k{IMcDonaldU©�Ú{I�Grasseÿ

�Õ"McDonaldU©�3Apollo 11Ò��ì��ØÈ�Ò¤õ�¤
-1ÿ��¢�5ó
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L 2 ���2012c3�.��¡��ì*ÿêâþ'~©Ù

��ì¶¡ ��ì{¡ ILRS?Ò êâ¤Ó'~/%

Apollo 11 A11 0 10.03

Lunakhod1 L1 1 0.15

Apollo 14 A14 2 9.94

Apollo 15 A15 3 77.20

Lunakhod2 L2 4 2.67

�§¿��uÐ�õ�8"1983c§McDonaldU©�^0.76 m�»"�º-1ÿ�XÚ��


Î�2.7 m"�ºXÚ§o�SLRÚLLR*ÿ"1988c§McDonaldU©�ò#XÚ£�Mt

Fowlkes±Uõ�íÀwÝ§¿¦^�8"{Ig%¡�HaleakalaU©�31984c�1990c

Ïm�mÐ
LLRó�"Grasseÿ�Õu1990cï¤¿Ý\�-1ÿ�ó�¥"21­VÐ§¿

�|3Matera#ï
��ÿ�Õ§¤õ/¢y
-1ÿ�¿��
�
êâ"2005c.§{

I�Apache PointU©�JÑ
APOLLO(Apache Point Observatory Lunar Laser-ranging

Operation)Oy§æ^3.5 m�»"�º-1ÿ�XÚ§�8®¼�þZ�IO:êâ(2.5!

k�[0�)"Ød�	§mÐ-1ÿ�ó���Õ�ke�|æ�Orrorral*ÿÕÚ�I

�Wettzell*ÿÕ[1]"��Õ�©ÙXã2¤«§��Õ�-1ÿ�XÚëêXL3¤«"Ù

¥§Lat�L�Ý§Lon�L²Ý§E�L°o§D�L"�º��»§M�LóÀUþ§W�

LóÀ°Ý§R�L­EÇ"dã��§�¥�ÿ��Õ�©Ù¿Øþ!§�Ü©�Õ u�

�¥"��-1ÿ�Õ¤¼��*ÿêâþ©ÙXL4¤«"

ã 2 �-1ÿ�Õ©Ùã[2]

2.3 LLRêâ�ª

�X-1ÿåEâ�uÐ§LLRêâ�ª�²{
��ØäuÐ�L§"3-1ÿ�@

Ï§�©�êâ�ªP¹�&Eþ��§P¹�*ÿ ��ò°Ý3100 psþ?"�X*ÿ

°Ý�Jp§�
·AÎ�?-1ÿ���¦§LLRêâ�ª��Au)
UC§8c¤^
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L 3 �-1ÿ�Õ�Eâëê[2]

Observatory ID Lat/(◦) Lon/(◦) E/m Nation D/m M/J W/ps R/Hz

McDonald 7080 30.6802N 255.9848E 2 006.2210 USA 0.76 1.5 200 10

Grasse 7845 43.7546N 6.921 6E 1 323.1 France 1.5 0.13 250 10

APOLLO 7045 32.780361N 105.820417W 2788 USA 3.5 0.115 90 20

Haleakala 7119 20.706486N 203.743084E 3 056.277 USA 2 0.3∼1.5 200 3

Wettzell 8834 49.1444N 12.878 0E 665 Germany 0.75 0.36 80 10

Orroral — 35.6286S 148.9558E — Australia 1.5 3 250 10

Matera 7941 40.6486N 16.704 6 E 536.9 Italy 1.5 0.2 50 10

L 4 ���2012c3�.�-1ÿ�Õ¼��*ÿêâþ©Ù

LLRÕ Grasse McDonald APOLLO Matera Haleakala

êâ¤Ó'~/% 50.26 40.74 4.86 0.16 3.97

�LLRêâ�ªP¹�*ÿ ��ò��ä°Ý�0.1 ps"

LLRêâ~��n¤IO:êâ(Normal Point Data)§�Ò´310∼20 min�mªÝS

õ�*ÿ:�²þ(J"

LLRêâP¹�7I&Eku��m(UTC)!*ÿ ��ò!�¡��ìÚ/¡�Õ�

I£Î!�/�íØr!§Ý!�ÝÚ-1Å�§�7I&EkIO:¥�£Å1fê!Ø(

½5(°(Ý)!&D'!IO:�±Y�mÚêâ�þ�?�"

8c~^�LLRIO:êâ�ªÌ�kn«µMINI!CSTGÚCRD[3]"

MINIêâ�ª320­V80c�Ú90c�Ò�McDonaldU©�!HaleakalaU©�ÚGrasse*

ÿÕ¤¦^§8c§Apache PointU©��IO:êâP¹E,æ^ù«êâ�ª[4]"MINIê

â�ªXã3¤«"duù«�ªP¹�&Eþ��§3�½§ÝþØU÷vy�LLR*

ÿêâP¹��¦§y3§IS-1ÿåÑÖ|�(ILRS)®²Ê�¦^ù«êâ�ª"ý

OApache PointU©�3ØÈ���ò¦^ILRS5½��#êâ�ª§¿òêâ�3ILRS�

Õþ?1��"

ã 3 MINIêâ�ª

CSTGêâ�ª31990c�í�¦^§1999c�ILRS�ªæB§��SLRÚLLR�*

ÿêâP¹�ª§31997cÚ2004ck�?1
��?¾"CSTGz�IO:êâP¹

±-99999.�I£ÎmÞ§�X´Þ&EÚêâP¹&E"Þ&EÌ��¹�ÕÚ��ì

I£Î!u��mÚ-1Å��&E§êâP¹�¹ ��ò!£Å1fê!�¸ëê�&

E"CSTGêâ�ªXã4¤«"
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ã 4 CSTGêâ�ª

CRD�ª(Consolidated Laser Ranging Date Format)´�«äk(¹5Ú�*Ð5�

êâ�ª§§�)Þ&E!��&EÚêâP¹n�Ü©"Þ&E�¹k'�Õ!��ìÚ

u��m�&E§��&E�¹êâ�XÚ���¡�&E§êâP¹�¹u���Â�m

�&E"8c3ILRS�Õþ���CRD�ª�LLRêâêþ��"CRD�ªXã5¤«"

ã 5 CRD êâ�ª

±þP¹�ª��[&E�ë�ILRS(��Õ[2]"

2.4 *ÿ°Ý

�X-1&ÿEâ�uÐ§LLR*ÿêâ�°Ý�3ÅÚJp"3-1ÿ�fm©�ã§

IO:(Normal Points)ål°Ý��30 cm(=ÿ�°Ý�1 ns)"duMcDonald�2.7 m-

1ÿ�XÚO�C��U?§320­V70c�¥Ï§°ÝJp�15 cm¶320­V80c�¥

Ï§McDonaldæ^#�0.76 m�»"�º§¿òÿå°ÝJp�5 cm½��"1990cGrasseÿ

�ÕmÐLLRó�§ÙIO:°Ý���±32∼3 cm�m"X8§McDonaldÚGrasseÕ�I

O:°Ý®��1∼2 cm"2005c.§Apache PointU©�Ý\�LLRó�¥§duæ^
�

��»�"�ºÚ�r�&ÿEâ§*ÿ°ÝJp�AÎ��þ?"LLRuÐ±5§*ÿ°

Ý�CzXã6¤«"8cLLR�ügÿå°Ý�1∼2 cm§IO:°Ý®�±��2∼3 mm"

3y��¥-1ÿåXÚ¥§*ÿ(J�ÅØ(½5�Ì�5
®Ø2´XÚ|�Ø�

�K�§
´�¥-1����ì
����Cz"n��¹e§�¡��ì
���/¥

�²þ��Ø�31◦±S¶�du�¥U²Ä§¢Sþù���Ø��U¬��7◦�m§ù
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ã 6 LLR*ÿ°ÝCzª³ã

ÒE¤
/¥Ú��ì
��mål�þ��Ø���15∼36 mm§��¤�Õ���ìm

�-1 ��m§�100∼240 ps"

b�ü�1f�ÿåØ(½��σ§��IO:êâ�¹
N�£Å1f§KIO:�

ÿåØ(½��σ′ = σ/
√
N"éuMcDonald�Õ§��IO:�V±Y15 min§
1 minU

Â���1�£Å1f§dd��§==Ï���ì��Ø�ÚåIO:�ÿåØ(½�Ò

��4∼9 mm"e���Î�?�ÿå°Ý§=σ′ = 1 mm§b�σ = 50 mm§K�±��z

�IO:êâ��¹2500�£Å1f§ù���Ñ
McDonald!Grasse�LLR�Õ�-1

&ÿUå"dd��±wÑ§���¥-1ÿå°ÝJp�­�Ï�´/¡�Õ�Â��l

�¡��ì�£�-1£Å1fê��"-<!¤�´§APOLLO-1ÿ�XÚ3-11

f&ÿUå�¡k
é��Jp§zu��g-1óÀ§²þ£Å1fê�0.25§�pU�

�0.5�±þ�Y²[5]"APOLLO�-1­EÇ�10 Hz§UdO�§8 minÒU�Â�2500�

£Å1fê"�Ï�Xd§APOLLO�ÿå°Ý�McDonald�Õk
é��Jp"

2.5 APOLLO�ÕEâÚ*ÿ�¹

Apache PointU©�u2005c.m©
-1ÿ��ó�§¿ïá
gC�ÿ�X

ÚAPOLLO§Ùÿå°ÝÐuÙ¦-1ÿ�Õ§®��Î�?[6]"e¡éAPOLLOÿ�

XÚ�{��0�§¿�McDonaldÚGrasseÿ�XÚ?1'�©Û"

Apache PointU©� u{I#$Üx²HÜ°o�2800 m�/�§Ù/n*ÿ^�4

Ð§ÀwÝ��
1.05′′"APOLLO¦^
3.5 m �»�"�º§�´8c�¥A�-1ÿ�

XÚ¥"�º�»�����"�'uAPOLLO-1ÿ�XÚ§McDonaldXÚ�"�º�

»�0.76 cm§ÀwÝ��4′′
¶GrasseXÚ�"�º�»�1.5 m§ÀwÝ�2.5′′

¶APOLLO�
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1f�Â¡È©O�McDonald�20�ÚGrasse�5�"

·��±��Ñzg-1óÀ¤¼��£Å1fê[7]"b�ÿåXÚzg-1óÀ�U

þ�E0§éuÅ��532 nm�-1§z���1fêN = 2.7 × 1018
§u�Ú�ÂXÚ1´

�ßLÇþ�γ§Kzgl/¡ÿåXÚu�Ñ��-1óÀ�1fêNt = E0Nγ"�u�

Ñ��-11åuÑ��φ§e-1±uÑ�φþ!/Ý��å�R��¡��ìþ§K�â

-1DÑ�AÛ´»O�§3�¡þò/¤1�§¡È�π

(

φ

2
R

)2

§
�¡��ì�k�

¡È�nπ

(

d

2

)2

§Ù¥n����ì��ê(éuApollo 11ÚApollo 14��ì§n = 100¶é

uApollo 15��ì§n = 300)§d�ü����ì��»(éuApollo��ì§d= 3.8 cm)§�

�¡��ì¼��1fê�E0Nγn

(

d

φR

)2

"-11å���¡��ì�§±uÑ�Φ��

£/¡ÿÕ"Ó�d-1DÑ´»O�§K��/¥L¡ò/¤1�§
/¡�Âº�k�

�Â¡È�π

(

D

2

)2

§���/¡ÿÕ�-1£Å1fê�E0Nγn

(

d

φR

)2 (

D

ΦR

)2

"2�

Ä�Â1´�ßLÇγ§Ä�ÈÅì�ßLÇf§�Âì��þf�ÇQ�K�§K�Âì�

1¯¡þ�)�²þ1>fêNr�µ

Nr = E0Nγ
2nfQ

(

d

φR

)2 (

D

ΦR

)2

. (1)

éuAPOLLOXÚ§E0 = 115 mJ§γ = 0.4§f = 0.25§Q = 0.3§φ = 1′′
§Φ = 10′′

§R�

²þ/�ål3.84× 105 km§n�Apollo 11����ì�ê100§K��Nr ≈ 5"=3nØ�

¹e§éApollo 11��ì§zu��g-1óÀU�Â�5�£Å1f"3¢S¥§���Ä

-1å�Uþ©ÙÚ�íë6é-1DÑ�K�§Ù£Å1fê¬��"

¢Só�¥§APOLLOzgóÀ¤¼��²þ£Å1fê��1/4§
éMcDonaldù�

��1/500§Grasse�1/100[5]"dd��§APOLLOXÚ�£Å1fÇ²wÐuÙ¦ÿ�Õ"

3þã?Ø¥§�vk�Ä��µD(�K�"3÷�$�xU^�e§Ï�ké

p��µD(�K�
J±¼��Ð�&Ò§é-1ÿå(cÙ´LLR)ó�´é��]

Ô"APOLLOXÚké��1f�ÂÀ�§���1.2′′[8]
§\þXÚÙ¦�¡�U?§¦

�APOLLO3÷�ÚxU^�e��±mÐÿ�ó�§
Ù¦�ÕXMcDonaldÚGrasseÿ

�ÕÑ�vk¢y"

2010c4�§APOLLO¼�
¿�®È�Lunakhod 1Ò��ì�£Å&Ò"�,���

êâþé�§�®´é��â»§��N
T�ÕLLR�r�*ÿUå"

3 LLR�ÆïÄ

LLREâ°(ÿ½-1óÀl/¡�Õu���¡��ì§2²��£�/¡�Õ� 

��mm�§±¼�/�m�ål&E"ù
ål&E�N
/¥!�¥±9/�;��­
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�&E§LLRéuïÄ/�XÚ�ÔnÅ�9Ù;�Jø
­��EâÃã"

LLR®²uÐ
40õc§�8®²È\
C2× 104�IO:êâ"|^ù
êâ§IS

	®²mÐ
Nõ�ÆïÄó�[9−11]"ÏLLLRmÐïÄ��Æ¯K���8B�±e4�

�¡µ(1)ÚånØÚ2Â�éØ�A�u�§���n��yÚÚå~ê�Cz´@ÏIS

þmÐLLRó��­�8I��¶(2)/¥ÔnÚ�/ÿþ§/¡�Õ��I9Ù$Ä(¹�

¬$Ä)!­.�UT0/UT1!�Ý�Cz!��ÚÌ�ÙÄ�¶(3)�¥ÄåÆÚ�/ÿþ§Ô

nU²Ä!�¡ë�e!�¥�N�§́ ïÄ�¥SÜ�(��Ôn�­�ÃãÚÌ�&E

5
��¶(4)F�XÚ��N§��"

3.1 �kÚå~êCzÚNordtvedtëê

�éuVLBI*ÿ�à	�>
§�¥´l/¥�C�g,UN§¤?�Úå|�¸'�

²(¶
��uGPS(�½SLR¥(§�¥�/¥�m��mºÝé�§�¥�Úå�Aw

Í¶Ó�§du®�3���mºÝ�*ÿ§
�*ÿ°Ý�®l©��f�¿U?�Î�

?§LLR®¤�°(ÿ½�éØëêrkå�Ãã[9]"¯¢þ§�ÐLLREâJÑ�Ì�8

���B´uÿ�éØnØ"

�kÚå~êG´��mCz�§�±^eª��5Cz�§Cq£ãµ

G = G0

(

1 +
Ġ

G0

∆t

)

. (2)

Ù¥§∆t��c�m�ë�{�J2000��mm�§Ġ/G0´�kÚå~ê��5Cz

þ"Müller�<[10]|^2008c±c�ÿ�êâ§��Ġ/G0 = (−0.9 ± 4.0) × 10−13 a−1"

Hofmann[11]|^l1970�2009c12��LLRêâ]�§æ^�©Û�.¥�Ä
�Ø�K

�§O�ÑĠ/G0 = (−0.7 ± 3.8) × 10−13 a−1"

/¥Ú�¥Ñké��Úåg��þ§Ïd§§��±^5u�'u��Úå|�r�

��n[12,13]"XJ?����n(Nordtvedtëêη 6= 0)§/¥Ú�¥ò±ØÓ�\�Ý�é

��$Ä§ùò���¥;�3÷����þk��ã £"ù�±ÏL3$Ä�§¥æ�

ØÓ�/�Úå�þ�.5�þ�'�(mg/mi)5?n§½öÏL©Û/�m�ål÷��

��þ��ÌCz∆rEM5?n§ù��Ì�ηk'"3L��ïÄ¥§��Äål∆rEM��

��µ

∆rEM = Aη cosD . (3)

Ù¥§D´/�m�ål¥þ�é/Fë���þ�Y�§�ÌAdNordtvedt�nØO��

Ñ§Ù��12.8 m"XJ��Äyk�ÿ�êâ§�Ñη = (2.1 ± 5.3) × 10−4
¶XJ�Ä�

Ø�K�§Kη = (−0.6 ± 5.2) × 10−4[14]"��Ø(½�δη = 5.2 × 10−4�§�âª(3)§�

�∆rEM���Ø��7 mm§
ù3y�LLR]�©Û¥Ñ�±uÿÑ5"

3.2 ÿ½�Õ9��ì�I!EOPÚ({L

LLR�±ÿ½/¡�Õ�/%�IÚ�Õm�Ä��Ý[14]
§±9�¡��ì��%�

I"8c§é/¡ÿ�Õ��I)�°Ý®��f�þ?"�
�fÐ�Ø�é(J�K�§

Ï~æ^ÅÚS���{[15]
§é/¡ÿÕ
ó§kéÐ�Âñ5§²L�ügS�ÒUÂñ



386 U © Æ ? Ð 30ò386 U © Æ ? Ð 30ò386 U © Æ ? Ð 30ò

�2 cm�S[16]"/¥�¬�$Ä�Ýzc3êÎ��êf��m§ÿþü�ÿ�Õm�Ä

��ÝÒ�±uÿÑ�¬$Ä¶�du�¥�LLRÕé�§¿�©Ù�Øþ!§Ï
3é�

¬$Ä�ïÄ¥§LLR�zØ²w§
Ï~ÏLÙ¦EâÃã(XVLBI!GPSÚSLR�)5¢

y"

du@ÏEâ���9�«Ï�§LLRUJø��¡����ì� �°Ý(�%ë�

ee)��Øn�"~X��ì�m�é �°Ý3©�?(Y²��)Úf�?(»�)§�Ù

ýé°Ý�uAkm(Y²)Ú100 m(»�)þ?§
Ù¦/«cÙ´�¥�¡K����§ù

��¥�¥­å|�.Úë�µe�ØO(���'[16]"d�¡þ4�����ì(Ø¹L1)

|¤��¡ë�e�°Ý8c3©�?[17]"�XEâ�uÐ§ù�°ÝAT�±2Jp�


"ù
��ì��%�I�^u�¡ÿ±�ä�r�å��:§��±é�¥;��1ì

ÿp]�Jør�å[18]"

4£ÚF�Cz(LOD)§���!ÙÄ�å�¤/¥½�ëê(EOP)§§´¢yU¥

ë�e�/¥ë�e�p=��ëê§´/¥ÄåÆïÄ�­��K"LLRUJøÕá

�UT0!UT1)�(J§ù´SLRÚGPS�Øäk�Uå§ù3@Ï(20­V80c�¥Ï±

c)u�
­��^"éÿ�]�æ^¯�í�©Û�êÆ�ª?1?n§�±)��

�EOP[19−21]"dLLR)���UT1�°Ý�0.1∼0.2 ms§4£�°Ý�2∼3 cm[1]"

-1ÿ�Eâ���­�A^Ò´ïáÚ�õ/�XÚ�$ÄÆ�.§¿ïáp

°Ý��¥{L"8c�#�1({Lk{IJPL �DE403!DE405!DE421�X�{

L§�Ûd�EPM-ERA2010X�{LÚ{I�INPOP10aX�{L"EPM-ERA2010{L

æ^
1970c3��2010c4�m�LLR*ÿ]�§o��)17 131��-1ÿ��Õ�

IO:êâ§Ù¥�¹
APACHEÿ�Õ�643�IO:êâ[19]"INPOP10a{Læ^


1969c�2010cmdGrasse!McDonald!Haleakala±9APACHEÿÕJø�LLR*ÿ]

�[20]"JPL�DE/LEX�{L�Ñæ^
aq�LLRêâ"

3.3 ��ÚÙÄ

3��!�¥Ú1(Úå�^e§/¥�g=¶�éu�m.5ë�XØäu)Cz"

/¶��m$Ä�±£ã��Ï$Ä(��)Ú±Ï$Ä(ÙÄ)�Ü¤"

²ÝÙÄÚ��ÙÄ�±L«¤d�X���ÌØÓ���mCz�±Ï5ý�$Ä

U\
¤§Xeªµ

∆ψ =

n
∑

i=1

(Ai + A′

it) sin(ARGi) + (A′′

i + A′′′

i t) cos(ARGi) , (4)

∆ε =

n
∑

i=1

(Bi +B′

it) cos(ARGi) + (B′′

i +B′′′

i t) sin(ARGi) . (5)

Ù¥§Ì�ARGi =

5
∑

j=1

NijFj§Fj=DÚ�DelaunayCþ"

Ï~§n��êz�Z{§�ûué�ä°Ý��¦[21]"éÙÄ��z���A�±

Ï©O�18.6 a!182.62 d!13.66 d!9.3 aÚ365.26 d"é��Ú18.6 aÌÙÄ��U©Æÿ
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½§I���m�ÿþ]�È\"20­V80c�±cÑ�UÏL²;1ÆU©]�O�§

°(Ý��"3y��m�/ÿþEâ¥§LLR{¤´���§
�18.6 aÌÙÄ�Ò´d

u�¥�x�,�:CzÚå�§Ï
LLR]�é§´��¯a�¶Ïd§321­VÐ�

c§¦+VLBI]�3�'+�u��5�Ì���^§�3��Ú18.6 aÌÙÄ��ÿ½

þ§LLRE´�Ì��ÿ½Eâ"

Biskupek�<[22]|^1970c�2007cÏm�LLRêâ?1
[Ü§��
��±Ï�

�ÙÄXê��(XL5¤«)"duIO:��m©ÙØþ!§13.66 d�á±Ï�éJÏ

LLLRêâ(½"ò���4�±Ï��(J�IAUí��2�ÙÄë��.MHB2000ÙÄ�

.[23](MHB2000�.¥�9�'�ëê´ÏLVLBI]�[Ü¼��[24])ÚHJL�.[21]�(J

?1'�§�uL6"lL¥��§18.6 a��Xê����§�u4 mas(²Ý�)Ú2 mas(�

��)"�'uVLBI§LLRé�¥;�&E�\¯a§
18.6 a�±Ï��´��¥�,�:

$Äk'¶,���Ï�U´�¥;�ÚU²Ä���.Ø�õ½ö´þãÙÄ�.��I

ë�X�LLR©Û��IXØ��E¤�"Ó�§182.62 d�²�(A′′

i )Ú9.3 a±Ï��ÙÄ

Xê(BiÚA
′′

i ) ��O���§Ñ31 mas±þ§äN�Ï�©Û´��k,��ïÄ�K"

L 5 LLRêâ���ØÓ±ÏÙÄXê��ÚIO �[22]

±Ï Ai/mas Bi/mas A
′′

i /mas B
′′

i /mas

18.6 a −17 201.75±0.42 9 203.59±0.20 3.83±0.31 3.92±0.18

182.62 d −1 316.87±0.15 572.91±0.06 −3.13±0.14 −1.02±0.06

9.3 a 207.08±0.32 −90.75±0.15 1.38±0.32 −0.19±0.16

365.26 d 146.70±0.22 7.82±0.09 0.21±0.16 −0.57±0.07

L 6 LLR(J�MHB2000ÙÄ�.�[23]ÚHJLÙÄ�.�[21]�'�

±Ï Ai/mas Bi/mas A
′′

i /mas B
′′

i /mas

18.6 a 4.67/4.52 −1.64/−1.55 0.49/0.56 2.38/2.61

182.62 d 0.22/0.10 −0.12/0.01 −1.76/−1.69 −0.56/−0.59

9.3 a −0.38/−0.36 −1.00/−1.00 1.45/−1.43 −0.16/−0.17

365.26 d −0.89/−0.87 0.43/0.40 −0.97/−0.04 −0.38/−0.40

`²µ��c�©OL«LLR(J~�MHB2000ÙÄ�.½~�HJLÙÄ�.����

3.4 �¥Ônëê

3.4.1 �¥o.þÝ(A < B < C)

8c·�é�¥�o.þÝ&E5guéLLR]�¦��(C − A)/B!(B − A)/CÚ�

¥;�&ÿì���J2ÚC22"�8c��§'u�¥o.þÝ�ªuL�(J´Konopliv�

<[25]1998c����§@�ÿ§�Ø�.þÝCf�ÿ½°Ý�é�"XJ|^�#�LLR]

�Ú�¥;�ì&ÿ]�§AT�±��U?�Ø�.þÝCf±9o.þÝA,B, C�ÿ½

�§¿?
r��å�¥SÜ��Ý©Ù�."
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3.4.2 �Ø�.þÝ(Cf)

Cf�ûu�Ø���(�»ÚAÇ)Ú�Ý©Ù"LLRéCf'�¯a§®¼�§��¥o

N�.þÝ�'Cf/C ≈ (12 ± 4) × 10−4[26]"eb��Ø´��þ!6��cØ§�ÃSØ§

K�±�ÑÙ�»�(390±30) km"XJü$Ù�Ý½öXJ�3��SØ§K	Ø�»Ò

¬�AO�"dc�Cf�ÿ½�°ÝØ
§e|^��mÈ\�p°ÝLLR]�k"Jp§

�°Ý§¿?
Jp·�é�Ø�
)§Ý"

3.4.3 �Ø�AÇ(f)

�/¥þlÙÄ�í/¥Ø¢>.�AÇaq§LLRÏLU²Ä�±ïÄ�Ø�AÇf§

§é(f × Cf )é¯a§�C�ÿ½�´f × Cf/C = (Cf − Af )/C = (3 ± 1) × 10−7[26]
§dd

�±íÿk��6NØ"�X*ÿ]��È\Ú°Ý�?�ÚJp§|^LLRÿ½�U²Ä

&E�±UY�ÏU?þã�§¿?
?�·�é�Ø�Ôn/��@£"

3.4.4 �¥Ônëê

38c�«ÿþ/�;��m��N\��Eâ¥§LLR´���!°Ý�p�"í

�({¤þ)±c��¥;�é
)��XÚ/�XÚ�üz�~­�§���~(J"

/¥Ú�¥��N�A�Ú¦;��²�²\�Ý��−25.85′′/ct2[27]
§��u�¥�

ò3.81 cm/a"3;��UþÚ�Äþ��±9�¥;��ò��«Ï�¥§/¥É���

Nåå�
­��^"3LLR]�?n¥§�¥þÉ���N�^�±�/¥þ��N�^

©lm5¶Ó�§LLR�U±�p�°Ýÿ½�¥;� %Ç��m�CzÇ"lLLR��

�±þù
&E3ïÄ/�;���ÏÑÑÚüzL§¥å�
�~'���^"

3.5 �¥�N

�/¥þ��N�Naq§�¥3�Nå�^e��5/C�±^VÅê£ã"�N 

£d��VÅêh2Úl2L�§�¥�=Ä�L��NÚå ���VÅêk2���'§
�

¥�N�N��¥SÜ(�ÚÔ���55����'¶Ïd§ÏLLLR]�¦�¡þ��

N/C±9��VÅê(h2, l2, k2)�±�Ï·�\�é�¥�N�N�
)
[28,29]"

�¥z���N £����Ì���9 cm"¢Ã�´�¡þyk��ì�©Ù

Ø|uÿ½�/Ck'�VÅê(R����h2ÚY²���l2)§�ÔnU²ÄéÚ

å³VÅêk2¯a
N´±�p°Ý¦Ñ§
k2�Ø�AÇpÝ�'¶�3¢S)�

¥§LLR�)ék2�\¯a"VÅê�nØO��Ï~lýk�½��¥SÜ�.m©¶

Ó�§ÏLApollo��ÿþ��PÅÚSÅ��Ý§�±ïÄ�¥�SÜ(�&E§�3�

¡1 100 km±e§¼����&Eþé�[30]"Williams�<[31]|^1970—2003c�-1ÿ�

êâ)�§kòl2�½��.�0.011§��k2 = 0.022 7 ± 0.002 5§h2 = 0.039 ± 0.010¶XJ

�Ä��»��350 km��¥�Ø�K�§��
·Ak2 = 0.022 7§7Lé�¥��Ý©Ù

?1���N�§KÏL�.O����h2 = 0.039 7§l2 = 0.010 6[32]"

�¥�NÑÑ�SÜÔ��¬�ÏfQs���'"Ï~§�SÜÔ�9ÙÔnA5�©

Ù(½�§ÑÑ�Q�Ì��ûu�NªÇ¶�ÏLÿþ�¥�NÑÑQ§LLR¦Ñ�QsÑ

é$
��ªÇ��'5éf§��u30(±�)½ö35(±c)§Ø|±$QÔ���3[32]",
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3��ªãS§��ÿþ]�|±��¢S�3$Q�Ô�«(¦qÜ©Lz)[30]"�X�

5�õ*ÿ�Õ�\\±9ÿå°Ý�Jp§XJU3�N/C]�¥uÿÑÎ�?�ÑÑ

�A§K7òkÏu)ûþãq�gñ�¯K"

3.6 U²ÄÚ�¥SÜ(�

�¥´l/¥�C���g,UN§�/¥kX�~õ��q�?§�,��3NõØ

Ó"�¥��
��XXÚ�EÂ{¤§́ ïÄ��X9/¥�)¤�üz{¤�n��U

,¢�¿"�¥�SÜ(�Ú|¤�u)L©ÉL§�1(N�üzJø
Ä�&EÚïÄ

��"

Ò/¥
ó§(½SÜ©�(��EâÌ�´/�Æÿþ§
(½ÙSÜ���Ônë

êKÌ�5gugd��*ÿ!g=*ÿ(�)F~Cz!4£!��ÚÙÄ�)!­å|ÿ

þ!¢�¿p§pØ�[9ÄåÆ(�)9åÆ!>^Æ!�N�N�)�."éu�¥
ó§

¦+8c®�C/kN0§�E,�3�
ÛÜ���Ä±9"(/6(��EÂ§$���

Åì<?1�<ó����ø��ÿþ"

¢Ã�´§8c£ãÑ�þã�¥SÜ(��.Ä�þ´Äu{ICÅÛOyÏm3�

¥þA11ÚA12ü�/:SC���P¹¤Jø��
Ø�����]�"ù
]�&Ew

,´|l»�§$�p�gñ�§Ïd�Ñ�/(Ø0�´�~k�Ú�
§~X�Ø��

�!¤©ÚG�(�N/�N)§́ Ä�k�����SØ§��"

?Ûa/1(Ú�¥Ñ�3g=���§§�É�SÜÚ	Ü�«å�N�§¿�

3ÑÑ"LLR]�®(@ü����gdU²Ä§¿�X8c�-uE,¹�[33,34]
§©O

´2.9 a�²ÝU²Ä(�11 m�ÌÝ)[35]Ú74.6 a�74�ý�{Ä§�öaq/¥þ�a�

V{Ä(CW)§ÙÌÝ��28 m×69 m"��@�T{Ä´�¥Ø¢>.(CMB)?¤É�N


-u�"eJýXd§LLRl�4{Ä;,]�¥�Ø5KCz�±�Ï·��«Ø¢>

.NC�ÔnÚÄåÆL§"�¢�1n��=�81 a�gd��±9�Ø(X�3) gdØ

ÙÄ(FCN)�ÌÝÑ�f§31 m±e"�XLLR]�È\Úÿå°Ý���Jp§cöAT

�±uÿÑ5§
§��¥SÜÔn����'§Ï
��±^5�ÏïÄ�¥SÜÔn"

4 ·I-1ÿ�Eâ�uÐ

þ°U©�´·ISLR���NKIü §SLREâ9ÙA^�ïu3ISÓ1¥�

�?uc�"1992cm©xU-1ÿå�ïÄ§1997c¤õ¢yxUéLageos�¥(�ÿ

å§y®ä�xU~5�SLR*ÿEâ§Ué3p¥$;�1�¤k¥(?1*ÿ[36]"

2001c8�§þ°�æ^�¦O�ì�ÿåÁ�§ÿå°Ý��7∼8 mm[37]"2008c¤õ¢y


�m8Iû��ÿå¢�"muÑõ¥(�O�lXÚ§®¢y¥(�m¯����l§

���320 sS�¤¶¤õmÐ
VÅ�[38,39]Úp­EªÇ¥(-1ÿå¢�[40]
¶3|^-

1ÿå?1¥(�/¡�mXÚ�ÓÚ±9�¥���°��m'éïÄ�¡§���
¢

�5?Ð[41]
¶gÌïu�����ì®3õ�¥(þSC¿²­$1"
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þ°U©�l20­V80c�Bm©
SLR�êâ?nÚ©Ûó�§́ SLR«�êâ¥%

Úêâ©Û¥%§KIISSLR]��8�§*ÿ]��µ�§z±uL�¥*ÿ]��µ

��w¶Ó�§|^IS9IS�SLR]�§?1U©/¥ÄåÆÚ�/ÿþ�A^ïÄ"

Cc5§þ°U©���3}ÁmÐLLR*ÿ�ó�"�Ä�yk�SLRXÚÚ60 cm"

�º�yGJ±mÐLLR*ÿ§
þ°ëìSLRÕSÓ�	«k��156 cm�1Æ"�º¶

Ïd§ïÆ3ykEâÚ���Ä:þ?1UE§|^ü�"�ºmÐLLRÉÚ*ÿ(=�u

�Â§$��uVÂ±mÐ��*ÿl
�ÌJp*ÿ°Ý)"�é·I&�ó§nÏ��Æ

8I9Ùé�¡�ºì°�½ ��¦§ë�I	�LLR²�§�È4/mÐLLREâ9Ù

A^�ïÄµïáLLR/¡u�Ú�Â*ÿXÚ!�¡����ì9ÙSCXÚ¶Ù¥§�

rõÇ!pªÚ4Ä1å�-1u�XÚ!�fü1fE@�Â�XÚ�´I�\rô'�

'�Eâ"

þ°U©�LLR�|l1985cm©LLR]�?n�©Ûó�"l1988cå¤�IS/¥

g=ÑÖ|�(IERS)¥�¥LLR]�?n�3�©Û¥%��§��
�X�ïÄ¤J§3

^LLR]�ïÄ�¥ÔnÚ/¥ÄåÆ�+�¥uL
�X�©Ù§X)�­.�(UT1)!

/¡Ú�¡ë�e!U²Ä!�éØ�A�§¿Ïd¼�¥I�Æ�Eâ?Ú��ø�õ

�øy"du�«�Ï320­V"Ê�
LLR�]�©Ûó�"8c§®�¡¡E±c��

¥LLR]�©Ûó�§¿mÐ�'�A^ïÄ"

�HU©��-1ÿåXÚæ^1.2 m/²ª1Æ"�º§²Lõc�EâUE§"�

º�5UÚ*ÿ°Ýk
é��Jp[42]""�ºu1990cÝ\¦^§¿u1998c3dÄ:þ

ï¤
1n�¥(-1ÿåXÚ(ILRS?Ò7820)"du"�º�»��§äk0.2 J�-1

ì§ép;¥(�l²­§Ï
Ué2×104 kmp�GPS35Ú36Ò¥(?1ÿå"3º���

Ïó§�]Ïe§gÌmu
oN�$ªÿåXÚ��1´Zâ[¥(-1ÿåXÚ§ÿ§

��3�õúp[43]
¶2010c11�Â�xUÿå£Å"2010cé�m�¡?1ÿå¢�§��


4.5 J �pUþ-1ì§6�Â�
£Å[44,45]"3�¥-1ÿå�¡�äk�½�Eâ;

�§mÐ
�
ÿ�êâA^!Eâ�{�ïÄ"

3-1ÿ�XÚU?�¡§�HU©��\ïÄ
�íë6�Aéÿ�-1åDÑÚ&

ÿ£Å1fê�K�[46]
§JÑ
3-1ÿ�¥Ú\�íÅc��þ�¢�Ö�Eâ[47]

§±~

�-1å3DÑ¥É��íK�
�)�*ÐÚ££§¦1fê8¥§¦åJpd�¡��

��ì��
£�-11fê¶²LnØO�L²§-1£Å1fêòO\6∼40�[7]"3ÿ

�XÚ¥§�HU©��ïÄ
-1u�±9�����11�Ö�¯K§¿ïá
���

§�pÑXÚ§ÏL��§S§U¦ÿ�XÚ¥�&ÿü�¢�éO-1�£Å��§l


-�11��K�"

3ÿ�¤ì�¡§�HU©�ï�
;�^u-1ÿ��¯�O�ìOTL100P§U°(

ÿþ-1óÀu�Ú�Â���§l
°(O�-1óÀ��1�m¶�'uDÚ��mm

�Oêì§Ù°Ý�p!­½5�Ð!IO ���§U
÷vò5õóÀ-1ÿ�éÿ�

XÚ��¦[48]"�HU©��3È4ï�#�-1ì§ýOòyk�ì�UE�NQ\n?

���-1ì§Ùëê�µóÀUþ500 mJ§ó°5∼7 ns§Å�532 nm§­EÇ8 Hz§LBO¬
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NCª"

b7ìU©��QmÐL�¥-1ÿå�mÁ�ýïÄ§Ù{�ì|3��X1(Ú�

¥{L�¡mÐ
ék¤��ó�"

o�§-1ÿå�nØÚEâ®²é¤Ù§/�ISþÿ��Õ�¤õ²�§²Léÿ

åXÚ�?�ÚUE§¦Ù÷vÿ��Eâ�¦§þ°U©�Ú�HU©�ò5�¤õ¼�

-1ÿ��*ÿêâ"

5 ( �

é�¥-1ÿåêâ�©ÛJø
'u/¥!�¥±9�¥;��¡�&E"LLRî8

®²{
40õc�uÐ§ÿå°Ý3ØäJp§dLLR¼���ÆïÄ¤J��5�õ"

du�¥-1ÿåé/¡�Õ*ÿ����!Eâ�¦Ñ�p§�¥U
¢yLLR�ÿ

Õé�§¿�©ÙéØþ!"�
?�Ú*ÐLLR3�éØÚ/¥–�¥�Æ��¡�ïÄ

¤J§¿©u�LLR�dU§7Lk�õÚ�2/n©Ù�ÿ��Õë�?5"�X·Ié

�¥&ÿX�¹ÄÚ\p�§mÐLLR*ÿ�]�A^ïÄ�ó��Fª½�[49,50]"8c§

·I�3È4éykSLR�Õ?1,?UE(X�HU©�Úþ°U©�)§Ê�#�ÿ�Õ

�ï�ó�(X#õU©�)§þ°U©�®²�¡¡E�c��¥LLR]�©Û�A^ïÄ

ó�"�&ØÈ��§·I-1ÿ��*ÿ��'ïÄó�¬^|mÐå5§�·I�&�

ó§ÚïÄ�¥�Ñ�z"

��

a�ü "v<�c["�ÚïÆ"
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On the Observation and Research of Lunar Laser Ranging

HUA Yang1,2, HUANG Cheng-li1,3

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

Graduate University of Chinese Academy of Sciences, Beijing 100049, China; 3. Planetary Sciences

Laboratory, Chinese Academy of Sciences, Shanghai 200030, China)

Abstract: The development of global lunar laser ranging (LLR) is reviewed briefly, includ-

ing the statues of the stations and lunar retro-reflectors, the available data and their three

formats, and comparison of the LLR systems. The technique used in the LLR system at

Apache Point is introduced, and the factors dominating the observation precision are ana-

lyzed. In the second part, the scientific studies from the LLR data is summarized, including

testing of the gravitation theories, determining the terrestrial coordinates of stations and

lunar coordinates of retro-reflectors, monitoring the earth orientation parameters, improv-

ing the planetary/lunar ephemerides, solving the parameters of lunar physics, studying the

lunar libration and the physics interior the Moon, as well as the lunar tides, etc. The statues

of the techniques development and experiments in laser ranging in China are introduced in

the third part, and the effort to extend the SLR techniques to LLR observation in Chinese

stations is also encouraged and prospected.
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