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Abstract: Studies of a
interferometer, performed at INMETRO, and the rissof
the CIPM Key Comparison CCL-2 show that the undetya
in realization of the Sl length unit achieved wiitiis type of
instrument in the range of 500 mm is ~1 part ifi. Basic
advances in philosophy and techniques of high-pi@ti
temperature measurements, realized in Brazil inabiefew
ears, permit to reduce crucially the uncertaintylafgth
measurements by optical interferometry and to retheh
Nanometrolgy regime in artifacts with nominal lemgt

above 100 mm. New measurement and calibratio

techniques give an opportunity to realize the tenajpee

measurement of a particular point on the GB surfasile

the interferometer with a total uncertainty belowt OnkK,

realizing the measurement without the contributiohshe

temperature gradient in the GB and velocity erfbhe

demonstrated reproducibility in length measuremeotts
100-mm steel gauge block is at the level of 58 pm.
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1. LONG GAUGE BLOCK MEASUREMENTS WITH
KOSTERS INTERFEROMETER

Though laser interferometers (similar to HP5519Addlo)
are widely used in traceable dimensional measurtesntre
most accurate realization and the disseminatiothef Sl
length unit in all advanced countries is perforntiecbugh
measurements of gauge blocks (GB) in terms
wavelengths of standard radiations by
interferometry. Absolutely outstanding contributiam the
field belongs to W. Kosters, who in 1920 developbd
method for length measurements of Johansson endastis
(now usually called as GB) by optical interferongefi],

proposed the existing nowadays the length defimitbthe
material length standard, a later developed

interferometer [2,3], which for many decades hasnbesed
for the most accurate realization of the Sl lengtiit. An
idea about the present state-of- the-art in
measurements at highest level give the resultseoént
CIPM Key Comparison CCL-K2 [4], presented in Fighk

lengtrig.1, we find

long gauge block Kdostersother important feature of the INMETRO contributisrthe

correctness of the evaluation of the uncertaintyget of the
comparator, resulting in small,&Zalues (See Tables 10a in
[4]), showing the deviation of the reported resuttistive to
the reference values of the Comparison, that igléds by
the uncertainty value estimated by the laboratory.
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Fig.1. Results of the 12 leading National Metrologynstitutes in the
Key Comparison CCL-K2.

Before Key Comparison, our studies of the tempeeatu
measuring system of Késters interferometer [2,8lpibging

to INMETRO, revealed a systematic type of offsdtatmout
1.5-2 mK. So, the combined standard uncertainty50
mm blocks was estimated to be 20 nm in report of
ofNMETRO to the pilot laboratory. This estimation sva

opticalproved by the results of CCL-K2, revealing the aiénces

of +7 nm and +12 nm relative to the Reference \wbfehe
CCL-K2, which correspond to two 500-mm blocks used
the Comparison. Relatively recently, we completes first
metrology study and the certification [5] of thengerature
measuring system of our Késters interferometers Bhudy

theonfirmed the existence of the length dependertesyatic

bias of ~2 mK in the instrument. After applying the
corresponding correction (-12 nm) to the INMETR&eadof
that the accuracy of our Kosters
interferometer, with the properly certified tempera
measuring system, reaches the level of ~Txlid

it follows from Fig.1, the most consistent data eer measurements of 500-mm blocks. So, we can saythleat
presented by the INMETRO team both from the poiht oefforts of the length experts in 11 World leadingtidnal

view of the reproducibility of measurement resaltel their
proximity to the reference values of the Comparisbhe

Metrology Institutes, participating in the Key Coanjson



CCL-K2, prove the validity of H. Darnedde’s evalioat[3]
of the accuracy of Kdsters interferometer.

2. ADVANCES IN LENGTH MEASUREMENTS BY
OPTICAL INTERFEROMETRY

The recent progress in length measurements ligabp
interferometry, achieved at INMETRO, is relatedhe new

inside the DDS. In the final stage of calibratione
precisely measure the self-heating effect of thiébzded
thermometer directly on the gauge block surfacegishe
specially developed double-channel synchronousctiete
technique [4,5]. The self-heating (SH) effect ofeth
thermometer is measured with the help of an auyilia
temperature sensor, located on the block surfaice2(F As
the SH value is shown to depend on the distanca fiee

approach in temperature measurements of gauge sblockalibrated thermometer and the thermal flux coodgi

[5,6]. The special techniques in calibration of tiplam
resistance thermometers (PRT) and the realizatibn
temperature measurements by pairs of calibrated, BB{h
provide the temperature measurement of a matentiéhct
without devastating contribution of temperaturedggats in
the artifact and without the velocity error, asstedl with
the time delays in propagation of heat waves insid
interferometer.  The  importance  of
measurements for gauge block measurements stemms fr
the fact that the contribution of the uncertaintyedto
temperature measurements is equal to the sum aiftladr

existing in the gauge block [5], the SH measureméas to
te repeated for the inversed position of the PRative to
auxiliary sensor [8]. Then the resistance thermemet
calibrated in this way, measures the temperaturehef
gauge block surface at the point, occupied by theliary
sensor in the calibration procedure. But it ocanty in the
ease wherthere is no velocity error, so that the temperature

temperaturerate is close to zero at the time of measuremexitttere is

mo temperature gradient.
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The key feature of our new approach is the precise c n
calibration of resistance thermometers under thel re 2 0.1
experimental conditions, so that that the calimtate Y o2 = - =
thermometer measures the temperature of the blatace. s "
The calibration procedure is realized in two stagesthe 0.3 ‘ ‘ ‘ ‘ ‘ ‘
first stage, we calibrate the temperature respafséhe 18 20 22 24 26 28 30 32
sensor in a specially developed double Dewar sy§iDE) Hours
[6] by realizing several slow heating and coolimggqedures
under well controlled conditions, thus eliminatirithe 166.2
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Fig.3. Stability of the length measurements of a Tdmm steel gauge
block in the night-time series (Fig.3a) and the repducibility of the
mean length value in such series on a two weeks grmterval (Fig.3b).

Fig.2. Thermometers configuration for precise calibation, and precise
temperature measurement of a particular point on tle GB surface.

To realize in practice temperature measuremeittout
the velocity error [5,7] and with the suppressithe
thermal gradient effects [8], we install a pairaaibrated

which usually sets the accuracy limitations to lwaliion  thermometers with the auxiliary sensor between them
procedure, is eliminated by the reciprocal exchaofjéhe (rjg 2y \we keep the configuration of the calitati
positions of the calibrated and reference thermerset procedure in the following interferometric length

The effect of thermal gradients in the experimestthup,



measurements, in order not to change the temperatud.
distribution produced by resistance thermometersake of

our short gauge block interferometer, when the laxia
gradient in GB is very small (see Fig.8 in [8]) e wan put 5.
calibrated sensors symmetrically on the upper avdei
side surfaces of the gauge block. In this casectiple of
calibrated resistance thermometers give the terhperan

the block axis, thus realizing “mode matching” betw
resistance thermometry and optical interferometry.

The key feature of this measurement procedutkeat the 6.
measured temperature on the axis is not affectethé first
approximation) by thermal gradients in the blocld @he
velocity error. In Fig.3 we show the results of dén
measurements of our 100-mm Frank steel gauge latie
comparator equipped with the new temperature masgsur
system. The standard deviation in a 12 hours sefiagght- 7.
time measurements with a regular phase shift betwee
consecutive interferograms, is 0.176 nm (Fig.3aheW
plotting the mean values of the block length inhslang
series, we obtain the reproducibility of length sw@aments 8.
shown in Fig.b. For two weeks time interval, theximaum
deviation from the mean value is 0.058 nm, dematisty
the agreement between the measurements of théaress
and optical thermometers at the level of less th@apK in
the case, when the gauge block temperature vargainside
the instrument reached the value of 80 mK and tenge
of the vertical temperature gradient in the artifaas about
0.8 mK.

When comparing this reproducibility value witlnet
typical values of Fig.1, one can realize what agpges has
been realized at INMETRO towards the regime of
Nanometrology in length measurements.
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