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Preface

From 1984 to 1990, under the leadership and organization of the
Ministry of Foreign Trade and Economic Cooperation of the People’s
Republic of China the National Institute of Metrology (NIM) of China
received disinterested assistance from two projects of economic-
technical cooperation of the Ministry of Economic Coorperation and
Development of the Federal Republic of Germany. The two projects are
"Expansion of the Length Unit Laboratory” and ”Expansion of the Electric
Energy Unit Laboratory”. The German cooperation partner is the
Physikalisch-Technische Bundesanstalt (PTB).

Through the cooperation of both Chinese (NIM) and German (PTB)
scientists, the national standards of the units of electric energy and
electric power have reached the advanced international level; stable
-frequency laser and stable-frequency laser technology of a new type
have been developed; NIM received from PTB two iodine
stable-frequency 633 nm lasers, two iodine stable-frequency 612 nm
lasers, one iodine stable-frequency 515 nm argon ion laser and a
complete set of measuring apparatus for stable-frequency laser
comparison. In particular, the icdine stable-frequency 515 nm laser
based on the most sophisticated technology in the world can raise the
stability to 107", and the reproducitivity to 1072, There were only five
kinds of stable-frequency laser reference spectral lines when the
definition of the metre was adopted the International Conference on
Measurement and Metrology , but there were four kinds of such lines of
NIM, and therefore China took the lead in the measurement of length in
the world,



For the established standards of length to serve the industrial
development in China better and more rapidly, with NIM the approval of
the State Bureau of Technical Supervision (SBTS ), applied for
disinterested assistance from Germany to fund the improvement of the
metrical and measuring techniques for the manufacture of machines in
China. This project is the continuation of the expansion of the Length Unit
Laboratory. The aim of this project is: (1) to have the standards of
length unit “metre” established on the basis of the new definition of the
metre serve the industrial development quicker and well; (2) to establish
the measuring standards at the nm level and the measuring standards of
great lengths to bridge the gap in the field of length measurement .

Under the leadership and with the support of the Ministry of Foreign
Trade and Economic Cooperation, the mixed committees of economic
cooperation in China and Germany approved the project in 1992 and
implemented it in September 1994. The executing agency in charge of
this project on the Chinese side is the National Institute of Metrology
(NIM) under the leadership of the State Bureau of Technical Supervision
(SBTS), and the German executing agency is the Physikalisch-
Technische Bundesanstalt. The project has been funded and supported
by the National Natural Sciences Foundation and the State Education
Commission of China in the course of execution.

The major techniques in the project of the ” improvement of the
metric and measuring techniques in the manufacture of machines in
China” are: (1) coordinate measuring techniques, with emphasis placed
on the establishment of standards for examination and determination of
the measurement by coordinate measuring machines and the methods of
evaluation of the errors in the coordinate measurements; (2) measuring
techniques for large-sized bodies to study the measurement and
calibration of large-sized bodies by modern electronic theodolites; (3)

measuring techniques for surfaces and super-fine structures with
e I -



emphasis being placed on the measuring technigue at the nm level and
calibration.

The modern measuring and testing technique series written by us
consists of Modern Interferometric Measuring Technique, Coordinate
Measuring Machines, and Nanometrology. They are the results of
"improving the textbooks of the industrial measuring technique for college
students”

a sub-project of the ” improvement of the metric and
measuring techniques in the manufacture of machines in China”. Nearly
30 professors and experts from Chinese universities tock part in the
writing of this series; also working on this series are German professors
and experts from the universities of Aachen, limenau, Dresden and
Kassel and PTB. Large numbers of German experts and professors
rendered their generous help in many ways, such as Professor Tilo
Pfeifer from Aachen University, Professor Gerd Jaeger from limenau
University, Professor Wolfgang Holzapfel from Kassel University, and
others, They offered their extremely valuable lectures notes and papers.
In addition, experts and professors from PTB, such as Horst Kunzmann,
Franz Waeldele, Klaus Hasche, gave valuable suggestions for the
contents of the textbooks, and provided useful materials. PTB arranged
for experts and professors from universities to join in the writing of this
series.

In order to make the series perfect, the compiling board held five
meetings. The guidelines set at the meetings are: (1) the series should
be designed for use as textbooks in colleges or for professionals having
undergone college education or more; (2) the subject matter of the
series should be the results obtained in their respective fields of science
and technology in the 1980s~1990s, trying to avoid repeating what is
contained in the books of the same disciplines at home and abroad; (3)
the series should propose the reference suggestions about the orientation
of development of the respective disciplines. For this purpose 14 editors
« M -



and writers of the books had been invited by the Federal Ministry of
Economic Coopration and Development and PTB to visit Aachen
University , limenau University, Kasse! University and PTB Headquarters
(in Braunschweig) and its branch (in Berlin) with the objective of
acquainting themselves with the state of art and the trend of development
of the technologies concerned, and collecting material. The visits and
investigations helped the series greatly and promoted the intercourse
between universities in Germany and China.

We are greatly obliged for the support and assistance from abroad
and at home in the preparation of the series, but we are only too well

aware of our fallibility. So all comments and suggestions are welcome.
Zhao Kegong

Beijing
May 1999

e IV o



ARMABARABRBEZERS
ETHEER Ry ®WH

REH,F,1936 %12 B 9 8 4%,
M E B EA., 1956 F £ 1962
FERIERFRIMTBREARKRFH
FENBAALFAFTELTT KK
#HrLEWFE 9BE.AEAETH
HEHEMARKRELHERN T
FRAE . FFTELH.FERE
& 45, 1979 % £ 1984 &£ % Ak
BALBBERYBERAFLER
(PTBYKAEEEEZREFEMAFE. 1Bl FETHATREALEE
#£,1985 F5 A9 F 12 ATEFIHNFHLRR K. 1994 F
EAATEAERAEMRERAF;AFRAELSOERCER:XEX
FOAERF EPHEIXRF BRXEILRF AFVMFER TR E
FRERER, TEANZIHNAFA. PRAHEIFLPTRAAFFLNE
$AFPEE; PALFERAPERR LB THRE S,

60 FRMFHEMNFHARAER THIMNFOHMATAABEKL
I FAARLRARGMA. ATHRFAERFMTEGHHER
ABAGERALTREAE.SOELSE 5 FHARKE AT
R A TEAPER T EAFOEARAEET A I T+ FRAFOH
s, T 1097 $RBEPRIMTBEAXRFORAELIFE, ARA
PESELEAT H02FRL,. RIFHAMARIZATRALF &,
(DR ARS T FRAFAI9mBAS, CRETHEFFTATL
RUEKA AR RBAGRREHARNARADBETROG AL o
1983 $ A BRMAEANE I 1984 FREH THMBERABHH K
HEREKEEELAE. (2 FAH RS THEAO27 F 129)# 5 612 nm ¥
o |




A AR TERLBTHRA2OM612nm A KB A 24 £ 44
MEMEXRTTOEATE AR T SAR->THREFTE, AAH R
ey & HR(127 F 1294240 612 nm B K BARH 1983 £ B Rt T X
LBEIEARAGFRTHAENSBGEEAAARBBRL T EHRASR
KRR AR A A, () AH RS THA27640 nm B ML B, £ A4S
PLHE AL 15 £H(2D A 640 nm ZKEH AR m LMK, it
TR R RET $AMEF R, MRS (127640 nm R
MEER,F 1986 FHEHZTHMAMIRDERELLE, T 1992 £
Bt FARLBEHAEARRLBFEHOFAEL, (1) FHA
HTRARBHAHTRAEG CW-RARALBEAAAH. ARBHRLE
—ERHBHAHTLELCV-RABAS, S, #HTXEFHEE
ARt L, HHA650nm FEX, XABEALHE Raman 54, £ H
FLELRFE—AZAR, SERABHFT TR BELRTR 1074
1072, B) AwHEH RS THEFSHERHARELE. ENHSMNEHT
2 IR E AR 822 nm ¥ FARM K B Ao b bl Ao B A 9T 780 nm F F4K
MAB., RTHAH 107"F 107", (6)FHAH A0 280 B~ M
AAMAS HART EHRAEAB R KRB, HH B CHHA
HTEERRAKRFGEHAE G FTNEANS., (1) 5£F 4454
BATERLE-6HFRRTFARBME, (8) Lt EHFPEHRY
TRETK, 21972 FREA AL ELAXEEIRE R AR E, 4
A1993 FAL TR 1987 FREMHUZBRBEFFFHFEHFT
1992 $ A AGHALEFF I BHAMEIFPLEADFALA 0 REG L
%¥.

FANEBEIRA . (DEZBURBRAHAARERE 1978 $4H
HFEXEETRTKREZ; Q) FTHRAM 3. 39 um B £ B Fsk (127 f
129048 612 nm M A B K 1987 F A XM FH ARG F L —F £,
-127 5F 42 640 nm 3% K & B P 69 3748 4 4w 4 My % 2 Ao R AE SR 640 nm
BABK 1986 FREAPVAELL XA 198 FAEARA TR 2
SHFEEWATFELA MG S HEARFAAMLZ 2L BHUHEH
FARBAEELBEBHAEE CANT . S M B HEAR %%,



AT =

MTFRFRANES . THIANERACEBIBY ) ZHRA. —
TEHENMEF IR BAEFARARTIELRB BT REAEWREE
FAWEBR BU VA URE - FEHENLRTIMESI A& L
EHRUER ERATUENTSAE LR FREXKETES
HEERL AWAERRT LAY 2,

BB HNANFL) RWABRNTHA AR . AETHLAY
FRAKE . ERETHINEELRE - NAEENTHR, A - WE DL
RUERER TRAEAFEFRLRAABAAARL . FEEMEANY
W i,

LEGHBHN T TRARAHREEABTHRNERAR. £ FTH%
AAEN B HERNR B ENBEC LA BERFAERTARENEF
SEFH ARG TREAETEANRNB R IR IRERARS#,

EmABEEREN L EMARBKPEZARNER AL F
IH . FEEYRBE XA TAX LRV A AFEPENERERN
BB T L RE . ARBEIXAFAPREERTERSEHW
ZAEMZ -, FMARYE S WHAEEAT K EXH,

AFE _FHERKMBIHEREE . SR WAL LREREES .S
MEHFHEREES . FEE -ZN VP EDEBET . EAFH
BBEARRA G . S LEHREMEABREST  FAZHRBARR
GE. 4T EUIRLBRBAT .S+ FHAERANEFERY
P. Becker 1 4+ 1 J. Stuempel  + %5 KM B BB F . FE D H
RN F T - Eh N AREE . F-F.FNEFLENLE
A FAENE _VHRAEAEBRET . 2 P HRAARBER. &
FREFHBFAT A AR EBHENL.

EAHHFAER . ASXANBCERGAEHF B I I RiEFE
pEe—#K., AR TR EENER.

RFAFE . AP ZHR S EBR,BRAEHHE.

% %
19994 5 H



ANRFHMETER

& R4k ®H

Ak, H,1937F 3 A4 T T4 K%, 1961
ERYTHEEAFEEUABEZAFRNBELT L
(REH), 1984 ~ 198 £ A X EREWE L
B % (NP W 2 # ,19924 ~ 19934 # Av
ERERSAERMLE AR URE T E ¥4,
HEFEAERENESIRFZER B L
£ %W .SPIEERF ¥ T R¥%222 0 .(MEI
AEAYRE NBLLER2BEZHEER., —AAEAEEENEN
BB ZE YEAREBEADEULRG . ZAKEERRLH. 1980
FHHHERHABAANELXE"RERRAZE X192 £ 27 %
RMNEF AL E"REXRA=Z4L X193 £ AR EE"RE
FRAHEP =X, REXESORE, T ROEEH FUHE LI,

Fw REE HBE
REZ, B HITHA1551 FEVTFERSK
BA¥E, KFAERFTHEA RN BHHFH
BT, RELENRIBEEXREHFZ, 104
RUESFTEITEHEHIRSEAREHRALX
W AZTHFN. THEILARMEAE. &
AW X WOLRKREXRALEHM R, Y&
HHEANRF LS EERTENELTLER
L F,




1

1.

1

BEID cerorenesemmonnientieie i et ses e see e eerare s aesnan saaaes
JG B R B EI L evereneeenneoennnronsanseescsnniennnanieneonines (1)

(D

1

2.

BRBL T IBIL weevveorrererrennrorasaanienensissiaseannaneasaseanenns (7)
2.

1.1

2.1.2 KT HWERHE AR oeereorrerenemmernrorisnseecennnens (13)

2.1

L2 FHEUPH B tersesrracrernsatterscenrasonsers (54)
2.

S (54)

2.2.2 FHUPBRGHE DI ooreererircnmmmnanininiian. (55)

. . . . . .
;_A S e
. . . . .

1
3
3
3
3
3
3.
3
2
3
3
3
3

HFE - TR oo rrrrerenrnisncaniniecninnsens (63)
3.

.1

N O Y e W N

.2.1
. 2.2
. 2.3

BB IF W IAT B Forrrrererrorsansmrennsnannncnnns (64)
— B T B e s (§7)
REMTERERE F Sheererereererrersserenonann (68)
BHIE AR T R LB B 7 5 erevrrorenreoseracennnnn (74)
%BQ*E—T"& ................................................ 75
ol ¥ YRR ST PP (76)
E%ﬁ?ﬁ ................................................ (78)

— BB TFA T Feerrereresersraninciiniimanine. (83)
THETFA T et erenreesinitniiain e seenes (86)

EH A THEE Ererreremrmmresaimmo. (90)



R T3.E J E1 0 F R SRR ¢ 10)
3.2 KRG BEH T e creereecernomieancneees (90)
3.3 B THIRIE F eeerreerrnnerromcinamiieinisessensns (9])
B R T R flreeereremvrnerremromeiiciiicictcnsssnanenee (97)
4,7 ER (Bl JE K verererenrerseasratreiiiiseiierisestancnsenanseces (98)
4.4 Fd - crsssnssecetiantesiatisssienssnarcansasssicee (102)
FHME T E MG IOL BRI T wevvrreenns (107)
5.1 RA#MER - cecseesiiiesiesinniienisiinensensss (108)
.5.2 ——i’fhﬁiﬁi}c% sveesieecsticnctisinceseniesiannseeess (109)
FeREBEGABME E I ---vveeeeeoemersereranecmesnsnnees (118)
4. KEBEIHBEEBEWEE e (118)
1.1 KB ALK B S Y wreererermrecarnirsonnaieecannncees (119)
KK B85 R reeeersrnens s (125)
21 ATHEMBUBERENAABERR oo (126)
V2.2 ATFHAE K E KB IE cerereerreerannsiinn (130)
2 2.3 T HEALEE B R B B DL ceeeneeeeierees (132)
2.4 RFmfemokEe i R AR seeee (133)
HAEFEKAE - ceceissesaaiieses (135)
31 REAFRREBTIRAERK - sereeee (135)
3.2 AFEFPHREHETHOUMEHAEHIK - (137
.3.3 R KA ooveeererreronaannn ceveeees (138)
BRHBENE - seeresesverasietsetsacacssessesainnses (]138)
USR-S ¥ -5 5" & JRIITITITITTIRITRIPR IEPTRIVRISTIPRPPRITIN § K:1:D!
4.4.2 XHNBEHIEBZME BB ccrerceinnriniennieininens (145)

5.1.1 RI/BTFHRE FEH ccovermnmininimniiniiiiaiie (149)
« I

#ﬁ»&ﬁ#wdh#%%t\)%:hb—‘



5.1.2 mkTHFN K@ H & -
5.1.3 BOEBIRTHBARELEM oo
5. 1.4 BAEBRFHRNEEGREEFE oo
2 MAESETHN - . RYRER
5.2.1 $#Z2FFnkEH - esencanrentanracns
5.2.2 BEAZTH OB T reoverrrmmrenimniniiennn.
5.2.3 BN ZTHUBIAD T cererrrecoerernercnns
5.2.4 BEAZTHNBE EFLEM ccvvrrnnniiinnnnn
5.2.5 HETHFHUWERE -
3 LBKBETFHN - Creeretiasesersarareernan
5.3.1 F S AR ALBETHREREMH oo
5.3.2 BHBEFESEBETEN oo,
5.3.3 S HEHE PERBAERIE cccoceererironaiieninnan
5.3.4 HREHZBERF cooereerrarrocnriteniecnninn
4 B LM T B ooreeorromemencmeosenmentioreiianneienan
5.4.1 BB T L soereerrereorrormommennnnen
5.4.2 B EMEAE T I PL sorrreeresremecrnoimaoraninnns
5.4.3 LBREAF 2ERBEAMTFI M ooernemnens
5 MAEHKEFHNE suees
5.5.1 SHKkMNEHEE - veresnersrrarerions
5.5.2 3.39pum S RKBETHUBNET covrerereonnne
5.5.3 FHK CO, HETFHUMELAIHE coooeereens
5.5.4 HHERHAAXE BN E esunnins
6 TR T ST B L evrreorerrerennrrrnecerisesnusnonsseneennns
5.6.1 B — KRBT HEP croererereemmmmssenmnninicnnn
5.6.2 BB AT B -revrneerrrnsracssscennes
6 BEFHEFCUITIE «--o-ocovvvroroorsomirrmnrestnnmnsaienann.
6.1 MABE T HHE -oroeeorerrmmermmeininisiniceneneen
6.1.1 REEHZOMEHNNE
6.1.2 BEWHHE ~ooeen
6.1.3 BMARETHM --eeer

-+ (150)
«+ (155)
- (156)
- (162)
- (162)

(164)

e+ (169)

171

- (174)
- Q77

(178)
(182)
(184)
(185
(188)
(188
(190>

= (192)
=== (193)
- (194

(200>
(206)

= (213)

(226)

- (226)
eeee (227D
-+ (237

237

=+ (237)
- (240
eeee (243)



