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ABNIRACT - A e ) che s
ABSTRACT - A double-channel Michelson npe tnterferomeier s prosented winch

altowm s absolute distance measurement up 10 3 m wuh an uncertamn of 0.1 wm
tises the princple of synthetic wavelengis and can be used wnder vacuun: or i am
gaseous medium. swuh the help of a new svpe of source. called an air-w avelength
standard - The CNES (Cenre Nanonal dkaudes Spanales) 18 interesicd mtan

absolute measurement both n space ivacuumy and on the grownd. a0
characterize opiteal instruments

1 - INTRODUCTION

| aser mterferometry allows one to reahze dimensional measurement with 2 fow uncentaintv i the 10
"oy el can we reached when the measurements are made under vacuum) {n arr, however an addiional
uncertainty artses from the unknowfedge of the refractive index of the medium n

To determine n. one needs 1o measure the temperature. the pressure. the carbon droxide
concentration and the relatne humidiny with the help ot cahibiated sensors and the bdlen formula
oy ertheless  the relative uncertainny is sull aboutr 1 part an 10 which himits the accuracy of
Jimenstonal measurement

In this paper we descnbe an interterometer which enabies one to measure distances berween 4 and
Ym 1n arr and 1o vacuum with a relanve uncertainty close w | partn 1o

2 PRINCIPLE [Junc 97} [Tkes 92} [Dind 881{Gill 83]

Fie 1 shows the pnnaple of the apparatus {1 15 based on a double channel Michelson-tvpe
interferometer iuminated by the beam of a tfrequency tuneable laser diode around 1.5% um of
trequency v The beam splitter~-compensator assembly 15 composed of 3 identical i resnel
narallelepipeds opucalhy adhered tocether and fornung an optical block One of the paraltelepipeds
has a sermireflecung coatng on the internal tace Only one of the arms of the interferometer has 4
1otaliv reflecung glass-air or vacuum mmterface  the wlass part ot the other arm pehaves as &
compensating plate The firstarm ot the interterometut by ended with o sorner.cube reflectorn
mounted on a prezoelectne transduces The second one 1 ended sath an idenucal reflector siuated a
distance D turther from the optical block
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Any incident beam whose polarizsation is onented at 43¢ to the plane of incidence {equivalent tq
the plane of Fig ). can be split into two orthogonal polanzations, p and s. respectivety parallel and
perpendicular to the plane of incidence We can consider that these two orthogonally polanzed
output beams interfere independently inside the interferometer After a simple total reflecton for

each direction of propagation , these beams acquire a phase difference Ad denved trom the Fresnel

formulae
f¢. ) n .Jn:sm =1
tan| £ | = A AL
L2 COSt
.J — (21
n;sin"1 -1
Ian[&': s
W n_cost

trom which =we deduce

{0, -0,) FAD) cosiJsin: ! —I/n;
tan———— =tank—,= m—— i -

. ) 4 ) sin” 1 (=2)
where 1 15 the beam angle of incidence on the total reflecting surface and ng 1s the refractive index of
the medium An angle of incidence i=55% is necessary to obtain a 90° phase shift at A=633nm with
an ppucal block made from Schott BK7 glass (n,=1.515)

At the output of the optical block. a polarizing beam splitting cube separates the p and s
components of the polanzation The two output intensities are

i
I, ==+ cos¢)

3

=5

I,=—=(l+sny)

. . V. :
where 1, 15 proportional to the intensity The quantity ¢ =27-=—2nD = (k+¢)2r is the output
¢
phase of the interferometer , ¢ 1s the speed of light in vacuum. n and v; are defined above. B 1s the
distance 10 be measured. k 1s the integer part of the interference order and ¢ 1s the fractional part

From the output beam of the interferometer and ustng two perpendicular polarizers set in tront of
detectors. we obtain thetwo signals 1n phase quadrature given in (2 3)
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Fig 1 Interferometnc set-up OB opucal biock CC c¢ornercube . P polarizer . D_and D.
cosine and sime detectors . M and DM multipiexer and demuluplexer . [D distance to
measure . v, and v, source A frequencies . v, source B frequency

After an appropriate electronic treatment {subtraction of DC levels and intensity normalisation).
these two signals are reduced to

I =cose

(24
I =sino

For control purpose. these two quadrature signals can be visualised by sending them to the inputs of

an oscilloscope set to the XY configuration The position of the spot gives direcily a value of
©(Fig 2) Pracucal values of ®ware obtamed by adequate computer treatment of these signals

'S

fre 2 Lassajou fizure

-Attercomputing, 1 and T are send to an A'D converter and te a sine and cosine inputs of a

reversible counter This counter detemmuines the integer number of half fringes dunng the scan of the
laser frequency
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To determine the fractional part. we have to
- measure Qover 253 steps uniformly distributed over 2 x 2n rad {the digital scan is ensured bv a
computer controlled piezoelectric transducer upon which the reference comner cube is mounted)

- normalise the sine and cosine experimental data by a procedure which determines the eXtreme
values (suppression of error gain adjustment Gy and Gy)

- determine the means-squares-circle [Raze 97] of the data recorded over 2m rad (centre of the circle
(0+.0y) and the radius Ry)
Such that we have final by
L
N e
Gy
I}
Y=—0u-0,
L
The value of 15 given by (,o=tan"(’&'/".\’) From which we extract €= /In (where 0<g<]) with an
uncertainty de of order 10

3- MEASUREMENT UNDER VACUUM

3 - 1- Description
The frequency v; of the tuneable laser diode is scanned from v, to v, reference frequencies

corresponding to two optical transitions near 1.5um of the acetvlene molecule The absolute
distance D can be determined for each frequency

C
D::(kf%—fi)w (31

where k; 1s the integer part of the interference order and €.1s the fractional part
D 15 also given by

D:(Ak+AF)-;§T (32}

where Ak=k -k, AE=E " and Av=vi-v.” The ratio cidv is often called the svnihetic wavelength
In our case v,-v, 15 of order 292 Ghz

In this step. Ak is known unambiguouslv and tractional parts at the bewinning and end of the scan
are determuned by the method explained above From equation {3 2) we calculate a first value of D
with an uncenainty around 1.5um denved from the uncerainty of the frequency difference Av (97
KHz 1n our case) and from the uncertainty of Ag (1.4 10 ) With this UNCerainty it 1s not possible

however 1o obtain a better accuracy in the measurement of D by using equation {3 1) directiv since
the determination of k remains ambiguous

This ambiguity can he solved by using a third trequency standard v, such that viy-v, (900 GHz in
our case) 1s three times larger than v -v," This allows one to reduce the uncertainty of D to 0.5um
For this fauer Case. since 1t 15 not possible 1o scan continuousiv the laser t'requency from v, to V..
the value .-k, cannot he measured directly It 15 however calculated without ambiguity from the
values determined using the first step of the measurement
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gquation {3 1) constitutes the last step of the measurement since now the uncertainty of D obtained
by step 2 permits a determsnation of k, The final uncertainty 1n D 15 obtained using equation {3 1}
and becomes 2.3nm (10°° relative uncertainty for D=3m)

3 - 2 - Experimental results
For the moment, we realised the first step of the measure. which consists in
- detertmunINg g,
- counang the number of fringes during the scan of the laser diode frequency from v, to v,
- determining ¢,
Because the measure of €, and €, 1s not simuitaneous. we have to take into account any ‘tbration or
thermal expanston of our !nterferometer dunng the measuring ume of around 39s So that we use a
second laser source which i1s a He-Ne laser at A,=633nm [t works as a classtcal interterometer
At last the absolute distance D 1s g!ven by
D =(Ak + A€ -d, }C—
: 23y
I ,
d, == g}

%

The quanuty d, 15 the correction determined from the calculation of g, and &,” at the bewnning and
the end of the scan

Distance measurements are made under vacuum {19 mbar and 0.1mbar) at about 9,41 and 3m The
reference hollow corner cube in then moved from about 77um by mean of the ptezoelectsic
transducer The panel below summarizes the resuits obtained by 100 measurements each time The

mean value. the experimental standard deviation {esd). the repeatability. the reproducibilitv and the
global uncertainty are calculated

10 ‘mbar 0.1 mhar
im 0.41m im 0dim
D my 2.956901 0.411941 2956900 0411936
esd (LHm) s e 1.1 043
repeatabuliny (um) e 1 ! 0.43
reproducibility . LI 25 043
tumi
uncertainty (Uumj) 1.4 1.1 1.1 0,43
Corner cube around
displacement (um )
Dimi 2.93682) 0411837
exd (im - 0.9 3.8
repeatab ity (um) ! (.4
reproducibility - % 1 0.72
(um
L uncertainty (um) - - 1 Q4.5
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The uncertatnty obtamned here is of the same order than theoretical uncertaintv calculated 1nto 3 - |
The uncertainty 1s greater at 10“mbar than 0.1mbar because we worked with the vacuum pump on
we suppose that it 1s the cause of interference vibrations
The displacement of the comner cube measured by the interferometer 1s 79um

We also exanuned the etfect of the extemal temperature T {the vanration is about 2°C) on the
absotute distance D and we observe a linear relation between D and T The ractor 1s 12.5um/°C at

3m (Fig 3)
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Fig 3

b} Absolute distance vs temperature

a)Temperarure and absolute distance vs tme

We submutted the iaser source at temperatures of 10. 20 and 30°C and we made absolute distance

measurements at 3m as descnbed above The panel below shows the results

10°C 20°C

50°C

Dm

2 956904 2.956906

2.936903

UnCertarniy (m 26 1

s

We also examined the corretation between the absolute distance measured as described above and the
displacement determined by the visible source working as a ciassical interferometer (Fig 4)
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We can see that the two curves have the same behaviour . the visible measurement is 1.43um and the
infrared one 1s 1.61um

—8—ar rbugeium)
L—Q—D im)

197 2oseeas

24 et 2956899

Fig 4 Absolute distance and visible measurement vs ime

We prove that we can measure an absolute distance with an uncertaintv of 2 pm We show that a
second source is necessarv to make a correct measurement of D We show too that our svstem can
detect anv variation of D around a tace value, 0.41 or 3 m
If the method 1s appiied to distance measurement in air the reiative uncertainty will be increased to
10" because of the unknowledge of the refractive index n

4- MEASUREMENT IN AIR OR ANY GASEOUS MEDIUM

In order to make distance measurement i1n air {(or another gaseous medium). a new type of source 1s
used with the interterometer described above The source 1n question ts an air wavelength standard
developed at the BNM-INM (Bureau National de Metroiogie-Insutut National de Metrologie) Its

-

, da : L .
relative uncertainty —=—Is about 1 part in 10" and 1t 1s insensitive to the retractive index of the

medium. generally air Fig. 5 shows the pnnciple of this waveiength standard

Laser
source

Flectronic svstem

Fabrn Perorcavin

Beam- | s q
sphitter T‘_._____ |

> Detector

To interferometer
Fig 5 Auir wavelength standard
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The source 1s based on a plane-plane Fabrv Perot cavitv with a zerodur spacer to which the silica
murrors are opticallv adhered The gold coated nurrors have a reflecuvity of 7% at 633nm and even
higner in the infrared (1 S50nm)

The design of this svstem allows one to determine unambiguously the interference order k of the
transmisston peak to which the trequency v; of a laser diode 1s locked after lockang. the frequency

ot the {aser source trachs in real nme the refracuve index fluctuations such that nv; =constant The
#)

wavelenuth of the source gmven by 1— remains unaltered This wavelength 1s determined by

measunng e under vacuum. with the help of an optical standard and the method of exact tractions
U sing this svstem. the three preceding reference frequencies v,. v,'. and v, are replaced bv the

rererence wavelenuth wven by a laser diode loched on different transmission peaks of known
imterterence orders The distance D 15 determuned as descnbed above

The measurement uncertainty s hmited by the wavelength standard (about 10°% and 15 free of
ft‘!-TZlCII\ e mde\ corrections

S-CONCLUSION AND PERSPECTIVES

In this paper we have outhned the pnnciples of distance measurements using a device based on a
fnnge counung sigmameter and the concept of svnthetic wavelengths A prototvpe interferometer
nas been developed at CSO \lesure i order to prove the feasibility of the first step of the
measurement We prove that we can measure an absolute distance up to 3m with an uncertaintv of
2um o using one svathetic wavelength and the continuous scan between two frequencies It will
allow us to hink two discrete trequencies (svnthetic wavelength about 310um) thus reach an
uncertarntv of 0. 1wm Finaliv we wall use the basic wavelength (1.5um) to measure the absolute
distance with an absoelute uncertainty about 3nm

I'henextstepconsists tnassociating our intert erometer and the air-wavelength standard and to show
that we can mahke distance measurement 1n air without anv problem
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