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1. Introduction

As described in the Mutual Recognition Arrangem@tRA)*, the metrological equivalence
of national measurement standards will be deterihime a set of comparisons chosen and
organised by the Consultative Committees of the i@international des Poids et Mesures
(CIPM) working closely with the Regional Metrolo@rganisations (RMO).

At the 13th meeting of the Working Group for Dimiemsl Metrology (WGDM), 24-28
September 2008, INRIM, Torino, Italy, and at therdpiean Association of National
Metrology Institutes (EURAMET) Technical Committeé Length (TC-L) Meeting, 67
October 2008, MIKES, Espoo, Finland, the Physikhl$echnische Bundesanstalt (PTB)
first proposed a comparison on the calibration wbeollimators. The initial proposal has
been refined over the course of subsequent WGDMEWRAMET TC-L meetings and a
total of 28 National Metrology Institutes (NMI) hanagreed to join this key comparison as
participants with the PTB acting as the pilot laiory.

Autocollimators are optical devices for the pre@asel contactless measurement of angles of
reflecting surfaces. They are well suited for adoreange of applications in metrology and
industrial manufacturing, e.g., angle adjustmergasurement of straightness, parallelism and
rectangularity of machine tools, etc. In recentrgealectronic autocollimators have also
proved to be capable of providing highly accuratgl@ metrology for the form measurement
of challenging (due to their size / topography eanggradients) optical surfaces. The
importance of measurand traceability (via calitnmatifor this broad range of autocollimator
applications supports the motivation for this congmn of the calibration capabilities of
NMls.

Figure 1. Elcomat 3000 autocollimator by Méller-Wedel OptiGambH (MWO), Wedel,
Germany (Figure courtesy MWO).

2.  The standard
2.1 General requirements
The standard for this comparison, see Sectionha® peen chosen for the following reasons:

1. The comprehensive experience at the PTB in itbilon and the characterization of
the parameters influencing the standard’s anglsorese, see Refs. [1-4].

2. lts stability as demonstrated by repeated calitangtof individual instruments over
several years at the PTB.

! The MRA was signed at the 2General Conference of Weights and Measures od4fieDctober 1999 in
Paris; see information on the BIPM website (htgpaiv.bipm.fr).
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3. lIts widespread use for precision angle metrologgsearch and industry.

4. Its commercial availability so that each participgtiaboratory may obtain, if desired,
a standard of the same type.

2.2 Description of the standard

For this comparison, an electronic autocollimatgpet Elcomat 3000 by Moller-Wedel
Optical GmbH (MWO), Wedel, Germany, see Figure ds been kindly made available by
the manufacturér

As all participants will be provided with a detaileechnical manual of the autocollimator,
only its basic properties are summarised here Ighort

» Two axis electronic autocollimator (the comparisah be performed on the
horizontal x-axis only)

» Measuring range: 2000 x 2000 arcsec (up to 2.5stauice to the reflector)

» Highest resolution: 0.001 arcsec

* Focal length: 300 mm

» Diameter of the illuminated (effective) apertur@:r@m (tube diameter: 65 mm)
* Dimensions: 420 x 95 x 135 mm

*  Weight: 3.8 kg

» Serial number S.N. 900

2.3 Mounting

An adjustable holder for the autocollimator with a double-sided clamtdre (type D65,
MWO no. 223 023 will be provided by the PTB (kindly made availatily MWO). It allows
the rotation of the autocollimator in its mountdiand the autocollimator’s optical axis) by
90° for the flexible measurement of the x-axis in vartical orientation. As the
autocollimator’s angle deviations are stable wikpect to rotations of its body, NMIs can
calibrate the x-axis of the device in a horizordalvertical orientation, depending on the
requirements set by their equipment, and can abheidise of additional optics for the rotation
of the beam deflection plane.

2.4 Handling

» Familiarize yourself with the functioning and handlof the autocollimator by means of
the manual supplied with it and the informationegiun the Technical Protocol. The
manual was also sent to all participants as arrelac file.

» Before the autocollimator can be switched on, afinecting cables (autocollimator —
Control Unit; Control Unit — PC) need to be plugged

» Check the operability of the autocollimator.

* Remove the external data logger from the autocatiimtube, see its accompanying

2 http://www.moeller-wedel-optical.com/El-Autocolitimas/E_Elcomat3000.htm
? http://www.moeller-wedel-optical.com/Products/Ec amech.htm
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manual.

» Allow approx. 24 hours for the thermal adaptatibthe autocollimator to your laboratory
environment.

» Start-up the autocollimator at least 6 hours befloecbeginning of the measurements to
enable an adequate warming-up.

* Provide adequate, clean storage when the autoetdims not in use, e.g., during
adaptation to the environmental conditions.

» Cleaning of the autocollimator should be avoidelil.oftical surfaces (the autocollimator
objective and the measurement faces of the precpgane mirror) should be handled with
utmost care and they should never be touched. Ampeant blowing away dust particles
using dry, clean air or other clean gases, no olgauf the optical surfaces must be
carried out.

3.  Organisation

Following the guidelines set up by the Bureau Imagipnal des Poids et Mesures (BIPM)

the PTB has drafted this technical protocol aftelicking responses to a preliminary
description of the comparison by several membean fthe provisional list of NMlIs. Their

technical comments have been included in this dratis RMO key comparison

EURAMET.L-K3.2009 (EURAMET project #1074) is opezdtto support the MRA of the

CIPM and its progress and results will be reporegllarly to EURAMET TC-L as well as

the WG-MRA of the CCL. By their declared intentitm participate in this comparison, the
laboratories accept the general instructions aedT#chnical Protocol written down in this
document and commit themselves to follow the praoesistrictly.

Due to the large number of participating labor@&erithe time schedule is very tight.
Therefore particular attention must be attributedhie availability of the laboratory carrying
out the calibrations, to transportation and to @onst problems.

3.1 Requirements for participation

According to the WGDM recommendation No.2 (docum@@DM/WGDM/97-50b), the
participating laboratories should offer this measuent as a calibration service (now or in
future), be willing to participate in a regionalnsparison in order to provide a link between
the interregional and the regional comparisons lemé a measurement uncertainty below a
certain level. This level shall be fixed to approaiely 1 arcsec standard uncertainty.
(However, most of the participants do offer calilmas with substantially smaller
measurement uncertainties already.)

Different metrological regions are representechia tomparison with a focus on NMIs from
the EURAMET and from the Asia Pacific Metrology Bramme (APMP). Calls for
participation were issued at several WGDM and EUREAMIC-L meeting from September
2008 on and include everybody who was willing tortipgpate in the autocollimator
comparison.

4 http://www.bipm.fr
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The following Table 1 provides the provisional ljas of 2014/10/10) of the participants.

Table 1. List of participants from 2014/10/10.

NMI Country Name Surname Email Address Phone /
Fax
A-STAR | Singapore Tan Siew Leng tan_siew_leng@nmc.a- 1 Science Park Drive Tel: +65
star.edu.sg Singapore 118221 6279 1938
chao_zhixia@nmc.a- Fax: +65
star.edu.sg 6279 1994
BIM Bulgaria Vasilev Valentin v.vasilev@bim.governm Bulgarian Institute of Tel.: + 359
ent.bg Metrology 2970 2719
GD National Center of Fax: + 359
Metrology 2970 2735
52B, G.M. Dimitrov Blvd
1040 Sofia
CEM Spain Prieto Emilio eprieto@cem.mityc.es CENTRO ESPANOL DE | Phone: +34
METROLOGIA (CEM) 918074716
Alfar, 2 Fax: +34
Tres Cantos - 28760 918074807
Madrid
CMI Czech Rep. | Dvoréacek FrantiSek fdvoracek@cmi.cz CMI Ol Liberec Phone:
Slunecné 23 +420 485
460 01 Liberec 107 532
Fax: +420
485 104
466
DMDM Serbia Zelenika Slobodan zelenika@dmdm.rs Directorate of Measures | Tel:
and Precious Metals | +381
(DMDM) 112024 421
Mike Alasa 14 Fax:
11000 Belgrade +381
112181 668
EIM Greece Bandis Christos bandis@eim.org.gr Dimensional Laboratory | Tel: +30
kouroupas@eim.org.gr Hellenic Institute of 2310
Metrology (EIM) 569999
Industrial Area of Fax: +30
Thessaloniki, Block 45 2310
57022 Sindos, 569996
Thessaloniki
Greece
GUM Poland Ramotowski Zbigniew length@gum.gov.pl Central Office of Tel: +48 22
Measures (GUM) 58195 43
Director of Length & Fax: +48 22
Angle Department 62083 78
ul. Elektoralna 2
00-139 Warszawa
Poland
INM Romania Duta Alexandru alexandru.duta@inm.ro INM Bucharest Tel: 004021
luciangrozea@gmail.co Sos. Vitan-Barzesti 11 334 50 60
m Sector 4, 042122 Fax:
Bucharest, Romania 004021 334
53 45
INPL Israel Apfeldorfer Claude Claude.Apfeldorfer@moi | Head , Physical Tel: (972) 2
tal.gov.il Standards Division 5664976
llya.Kuselman@moital.g | National Physical Fax: (972)
ov.il Laboratory of Israel 2 6520797
Danciger A Bldg
Hebrew University -
Guivat Ram
91904 Jerusalem - Israel
INRIM Italy Pisani Marco m.pisani@inrim.it Strada delle Cacce, 73 Tel: +39
Astrua Milena m.astrua@inrim.it 10135 Torino, 011 3919
Italy 961
Fax: +39
011 3919
959
IPQ Portugal Saraiva Fernanda FSaraiva@mail.ipg.pt Instituto Portugués da Tel: (+351)
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Gentil Silvia sgentil@mail.ipg.pt Qualidade 21 2948160
Area de Comprimento, or (+351)
Tempo e Fotometria 21 2948156
Rua Anténio Giao, 2, Fax: (+351)
2829-513 CAPARICA 21 2948188
KIM- Indonesia Nurul Alfiyati nurul.alfi@gmail.com Puslit KIM-LIPI Tel: +62 21
LIPI nurul.alfi@kim.lipi.go.id Komplek Puspiptek 7560562
probo@kim.lipi.go.id Serpong ext 3078
Tangerang 15314, Fax: +62 21
Indonesia 7560568
LNE France Vailleau Georges- Georges.Vailleau@Ine.fr | Head of Dimensional Tel: (33) 1
Pierre Metrology Department 40433777
Mechanical Metrology
Division DMSI
Laboratoire national de
métrologie et d'essais
1, Rue Gaston Boissier
75724 Paris Cedex 15
METAS Switzerland | Thalmann Ruedi Rudolf. Thalmann@meta | Federal Office of Phone: +41
s.ch Metrology METAS 313233
oliver.stalder@metas.ch | Lindenweg 50 385
CH-3003 Bern-Wabern Fax: +41 31
3233210
MIKES Finland Lassila Antti Antti.Lassila@mikes.fi Group manager, Length | Tel: +358
Hemming Bjorn Bjorn.Hemming@mikes. | Centre for Metrology and | 10 6054
fi Accreditation (MIKES) 413
P.O. box 9 (Tekniikantie | GSM: +358
1) 40 7678584
FIN-02151 Espoo, Fax: +358
Finland 10 6054
499
MKEH Hungary Banreti Edit banretie@mkeh.hu Metrology Division, Phone:
Department of +361 4585
Mechanical 997
Measurements Fax: +361
Nemetvolgyi ut 37-39 4585 927
Budapest
1124 HUNGARY
NIM China Gao Sitian gaost@nim.ac.cn National Institute of Phone: +86
Metrology 10 6452
Length Division 4903
No 18 Bei San Huan Fax: +86 10
Dong Lu 6421 8703
Beijing, 100013
China
NMIA Australia Cox Peter peter.cox@measuremen | National Measurement Phone: +61
t.gov.au Institute 39644
1/153 Bertie Street 4906
Port Melbourne Fax: +61 3
VIC 3207 9644 4900
NMIJ Japan Watanabe Tsukasa t.watanabe@aist.go.jp National Metrology Inst. Tel. +81 29
Fujimoto Hiroyuki h.fujimoto@aist.go.jp of Japan (NMIJ), 861 40 41
Dimensional Standards or42 91
Section Fax: +81 29
AIST Tsukuba Central 3 | 861 4042
1-1-1 Umezono,
Tsukuba, Ibaraki 305-
8563
Japan
NIMT Thailand Anusorn Tonmuean anusorn@nimt.or.th Department of Phone:
wai Dimensional Metrology +662
National Institute of 5775100
Metrology Thailand Fax: +662
3/5 Moo 3, Klong 5, 5775088
Klong Luang,
Pathumthani 12120
Thailand
NPL United Lewis Andrew Andrew.Lewis@npl.co.u | Room F5-A4 Phone: +44
Kingdom Flack David k Engineering (0) 208 943
David.Flack@npl.co.uk Measurement Division, 6074
NPL Fax: +44
(0) 208 614
0533
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NPLI India Chaudhary K.P. kpc@mail.nplindia.ernet. | LENGTH & DIMENSION | Tel: 0091-
in STANDARDS 11-
National Physical 25732865
Laboratory, Fax: 0091-
Dr. K.S. Krishnan Road, 11-
New Delhi - 110012, 25726938
India
PTB Germany Geckeler Ralf D. ralf.geckeler@ptb.de Physikalisch-Technische | Phone: +49
Just Andreas andreas.just@ptb.de Bundesanstalt 531 592
5.23 Angle Metrology 5220
Bundesallee 100 Fax: +49
D - 38116 Braunschweig | 531592 69
Germany 5220
SMD Belgium Pirée Hugo Hugo.Piree@economie.f | FOD Economie, K.M.O., | Phone: +
gov.be Middenstand & Energie 32227776
gerard.kotte@economie. | Wetenschappelijke 10
fgov.be Metrologie Fax: + 32
Koning Albert Il laan 16 2 277 54 05
1000 Brussel
Belgium
SMU Slovak Mokros Jifi mokros@smu.gov.sk Slovensky Metrologicky Tel.: +421
Republic Ustav 260294 253
Karlovesk4 63
842 55 Bratislava
UME Turkey Yandayan Tanfer tanfer.yandayan@ume.t | TUBITAK-UME, Anibal Phone: +90
ubitak.gov.tr Cad. Gebze Yerleskesi, (0) 262 679
okan.ganioglu@ume.tub | PK54 - 41470 Gebze- 5000 (ext.
itak.gov.tr Kocaeli 5300)
asli.akgoz@ume.tubitak. | Turkey Fax: +90
gov.tr (0) 262 679
nuray.karaboce@ume.tu 5001
bitak.gov.tr
VNIIM Russia Chekirda Konstantin K.V.Chekirda@vniim.ru St. Petersburg, 190005 Tel: +7
Moskovsky pr., 19 812 323-
96-80
Fax: +7
812 323-
96-63
VSL Netherland Bergmans Rob rbergmans@vsl.nl no information provided Tel: +31 15
2691500
Fax: +31 15
2691641
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3.3 Time schedule

The comparison will be carried out in a mixed forarculation and star-type. After the
standards were circulated in a region, they ara ®ack to the pilot laboratory for
recalibration (stability / quality inspection) bedocirculation within the next region.

Each laboratory ha®ur weeks for calibration, including transportation (during the break
of the year, additional time is scheduled). Withdbnfirmation to participate, each laboratory
has also confirmed that it is capable to perforenrtteasurements in the limited time allocated
to it. Efforts should be made to ensure that tladdrds arrive in the country of the next
participant according to the time schedule. In adsany problems which will affect the time
schedule (e.g., technical problems, customs clearaakes too much time, etc.), the
laboratory has to contact the pilot laboratory irdragely to coordinate the next steps.

The comparison is split into four separate loops, Bable 2 for details:

PTB (pilot laboratory)

Loop 1: NMls with an expanded measurement unceéyt&ir< 0.1 arcseck(= 2)
PTB

Loop 2: NMls with an expanded measurement unceyt&lr> 0.1 arcseck(= 2)
PTB

Loop 3: APMP Asian-Pacific NMls (part 1)

PTB

Loop 4: APMP Asian-Pacific NMls (part 2) and newr&pean participants
PTB

© © N o ok~ WDdRE

The separate loop for APMP participants was chagegarovide an optimal arrangement for
the shipping of the autocollimator in the Asiandifiacegion.
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Table 2. Preliminary time schedule of comparison from 200410

Loop 1: Measurement uncertainty U (k=2) < 0.1 arcsec (with exceptions)

Germany PTB (pilot) 12 /2009
United Kingdom NPL 01/2010
Netherlands VSL 02/2010
Finland MIKES 03/2010
Switzerland METAS 04 /2010
Germany PTB (pilot) 05/2010
Italy INRIM 06 /2010
Turkey UME 07 /2010
Romania INM 08/2010
France LNE 09/ 2010
Germany PTB (pilot) 11/2010

Loop 2: Measurement uncertainty U (k=2) 2 0.1 arcsec

Germany PTB (pilot) 04 /2011
Hungary MKEH 05/2011
Israel INPL 07 /2011
Czech Republic CMI 09/2011
Poland GUM 11/2011
Slovak Republic SMU 12 /2011
Germany PTB (pilot) 02 /2012
Spain CEM 03/2012
Greece EIM 04 /2012
Belgium SMD 05/2012
Netherlands VSL 07 /2012
Portugal IPQ 09/2012
Italy INRIM 11/2012
Germany PTB (pilot) 12 /2012

Loop 3: APMP Asian-pacific participants (part 1)

Germany PTB (pilot) 12 /2012
Japan NMIJ 02 /2013
Australia NMIA 04 /2013
China NIM 08/2013
India NPLI 10/2013
Germany PTB (pilot) 02/2014

Loop 4: APMP Asian-pacific participants (part 2) an d new European
participants

Germany PTB (pilot) 02/2014
Singapore A-STAR 05/2014
Thailand NIMT 07 /2014
Serbia DMDM 09/2014
Germany PTB (pilot) 10/2014
Indonesia KIM-LIPI 11/2014
Russia VNIIM 12 /2014
Germany PTB (pilot) 02 /2015
Bulgaria BIM 03 /2015
Slovak Republic SMU 04 /2015
Germany PTB (pilot) 05/2015
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3.4 Transportation
Transportation to the next participant is each fatoyy’s own responsibility and must be
provided on its own cost.

All items are packed together in aluminium container (dimensions 800 x 600 x 630 c#h
and are protected by damping foam material insileockwatch’ and ‘Tiltwatch’ indicators
are attached to the outside of the aluminium caetailt contains the autocollimator and its
accessories, packed in its own special protectsg,cthe precision plane mirror (provided by
the PTB), also in a protecting case, and the aalplestholder for the autocollimator with a
double sided clam (see Appendix A3 for a detailedcdption including photographs). The
transportation packaging was designed to protextctintent from possible damages during
transport. For transport, it is mandatoryuse the original transportation packagingand an
experienced carrier service, e.g. TNT.

For countries which are not member of the Europdsion, the package will be accompanied
by an ATA (Admission Temporaire / Temporary Admisgi carnet to accelerate customs
proceduresFor those countries which have not joined the ATA greement (e.g., China,
Taiwan, etc.), other standard customs procedures va to be followed.

The value of the package with the standard is eséichto be abol®5 000 Euro.

Please inform the pilot laboratory by fax or / amahail immediately after receiving the
standard using the form in the Appendix Al. Aftawimg completed the measurements, all
items have to be transported to the next participamediately. It is advisable to prepare and
organise the transportation beforehand. In caseerofining questions, the pilot laboratory
should be contacted. Please inform the pilot laiooyaand the next laboratory by fax or / and
email about the details of transportation.

3.5 Unpacking, handling, packing
The package contains the following items:
* A special transportation case with the followingnits (see Appendix A3):
0 The autocollimator with the external data logger fo
= acceleration in 3 axes,
= temperature, and
= humidity.
o0 The Control Unit 3000.
o Cables for connecting
= the autocollimator to the Control Unit,
= the Control Unit to the PC, and
= the Control Unit to the voltage supply.
o The Laser finder with power supply.
o0 The autocollimator manual and a software CD.

® Please inform the pilot lab about special custoegsilations to be followed in your country. Detaisthe
transport between ATA and non-ATA countries wiktthbe discussed by pilot lab and the involved NMI.
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* A box with the precision plane mirror and the cadiion certificate of its flatness
deviations.

» The adjustable holder with a double sided clam.

* The manual and software CD of the data logger.

* One copy of the Technical Protocol.

» ‘Shockwatch’ and ‘Tiltwatch’ indicators for transpanonitoring.

» Photographic documentation of the components oéfitiee package.

Instructions forunpacking / packing

» After receiving, check the transport vessel for dgen In case of damages, please
document them and inform the pilot laboratory. e status of the ‘Shockwatch’ and
‘Tiltwatch’ indicators and report it to the pilaboratory using the fax form, see
Appendix Al.

* Open the transport container carefully and onlgnrappropriate environment.

» Handle the empty aluminium container carefullytsat the ‘Shockwatch’ and ‘Tiltwatch’
indicators are not triggered accidentally.

* Inspect the autocollimator carefully for damageasahes or dirt. In case of damages,
please document them and inform the pilot laboyator

» All optical surfaces (the autocollimator objectaed the measurement faces of the
precision plane mirror) should be handled with wtreare and they should never be
touched.

» After unpacking / before re-packaging of the ite@beck the packing list and the
photographic documentation for completeness oitédmes and the packaging material.

» Familiarise yourself with the functioning and hangdlof the data logger by means of the
documentation which is provided together with it.

As noted, any damage has to be communicated talttdaboratory immediately.

3.6 Financial aspects, insurance

Each participating laboratory covers the costs tiee measurements, transportation and
eventual customs formalities as well as for any ages not covered by transportation
insurance that may have occurred within its counthe overall costs for the organisation of
the comparison are covered by the organising pidioratory. All procurement and
manufacturing costs of the standards were coveyeddler-Wedel Optical GmbH.

4.  Measuring instructions

There are a number of factors influencing the anggponse / calibration of an autocollimator
which can be categorised as external vs. intelni@rnal factors are specific to the individual
autocollimator with its internal design (and arerdfore generally beyond user control).
External factors are given by the measuring comatiunder which the device is used (and
can thus be specified by the user).
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Based on our comprehensive experience in autoalimcalibration at the PTB, the later
group of factors includes the following parameisee [2-4] for details):

* Reflectivity of the mirror

* Curvature of the mirror

» Distance (optical path length) between the autooalior and the mirror

» If an aperture stop is used:
o Diameter and shape of the aperture stop
o Position of the aperture stop along the autocotlims optical axis
o Lateral position of the aperture stop perpendictddhe optical axis

According to our experience in autocollimator cediiobn, significant differences in the
calibration may occur in case of changes in ongegeral parameters.

With the measuring instructions presented in tleistien, we attempt to achieve a balance
between allowing NMiIs to calibrate the referencetoeollimator under measurement
conditions which are typical for routine calibratgat their facilities, and ensuring optimal
comparability of the calibration results achieveadddferent NMlIs. On the one hand, the
calibration results should provide realistic infaton on the calibration capabilities and
limits at each NMI, on the other hand, systematiore due to changes in the measuring
conditions must be avoided, as they may not bewsted for by the stated measurement
uncertainties.

In case of deviations of the measuring conditionsfthe stated specifications, e.g., due to
constraints of the calibration set-up at the NMIidetailed documentation of the changed
condition(s) is necessary.

4.1 Plane mirror

Each participating NMI is allowed to use its owrane mirror which is normally used for
calibrations for customers. To avoid systematiorsrrdue to the mirror's curvature and
reflectivity, we specify the following parameters:

« Reflectivity: Use of a mirror with a metallic coagj (usually aluminium) to obtain a
reflectivity approaching 100%.

» Size of the reflecting area: 50 mm in diameterroheo to provide an unobstructed
reflection over the effective, illuminated autoaolator aperture (32 mm in diameter).

* Flatness deviation of the measurement fat&(peak-to-valley) for a region at least
32 mm in diameter.

As deviations from the stated measuring conditioresy alter the autocollimator's angle
response significantly [2-4], we consider the zlon of these parameters as essential. If
available, please provide optional documentation ymur mirror (flathess deviations,
reflectivity).

In addition, each participating NMI may decide terform additional calibrations with a
precision plane mirror (Ref. No. 280 345; S.N. 1pf)vided by the PTB to ensure optimal
comparability of the results (optional), see Fig@reln that case, pleasse face 1 of the
double-sided mirror.
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Figure 2. Precision plane mirror provided by the PTB (ite issoptional). Please use face 1
of the double-sided mirror.

We have investigated the influence of flatness atexis of the reflecting mirror on the angle
response of autocollimators. In the case of twaarsrwith different flatness deviations of
4 nm and 20 nm (root-mean-square), systematic @samng the angle response of a few
0.01 arcsec were found [2].

4.2 Distance autocollimator - reflector

In the case of different distances between thecallimator and the reflecting mirror, the

beam returning to the autocollimator follows diffet paths through its optics. In conjunction
with aberrations of the optical components andreriro their alignment (and that of the CCD
detector), angle deviations are introduced whieh\aarying as a function of the distance to
the mirror [3].

Each participating NMI is allowed to choose theatise between the autocollimator and the
reflecting face of the plane mirror according t@ithusual specifications for calibrations.
Please provide information on the distance fromftbat end of the autocollimator’s tube
(which contains the objective) to the reflectingface in your measurement documentation.

However, if possible with your calibration set-upe strongly recommend a distance of
300 mm (equal to the focal length of the autocddlion) as, in this case, error influences are
minimised, see [5-6]. Additionally, we have demoat&d significant changes in the angle
response of autocollimators in the case of a viridistance to the reflecting mirror [3].

4.3 Autocollimator aperture

To avoid vignetting effects [4], the entire illunated (effective) autocollimator aperture
(32 mm in diameter) will be used in this comparishi additional aperture stop is required.
See also 4.1.

4.4 Measurement ranges / steps

The measurement deviations of autocollimators cawvewide range of angular scales,
extending from a few arcseconds (connected to ikelgpof the autocollimator's CCD
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detector) to the full measurement range (due taratens in the autocollimator’s optical
elements and detector misalignment).

Therefore, to appropriately sample the angle demnaton both short and long angular scales,
we recommend two different measurement rangesiéocomparison:

* Measurement range %:1000 arcsec in steps of 10 arcsec
* Measurement range 2:10 arcsec in steps of 0.1 arcsec
For the comparisortalibrations are to be performed on the x-axi®f the autocollimator.

If possible, measurements should be performed eatsgiecified values as indicated by the
autocollimator, i.e., the angular positioning ofe tlcalibration system is guided by the
autocollimator (optional). The starting positioroshd be set to zero to better than 0.1 arcsec.

Qualification #1: If calibrations are not possible over the entingla range, participants are
allowed to calibrate over a limited range.

Qualification #2: If calibrations can not be performed at all sgedifmeasurement points

(e.g., due to manual operation of the equipmeraitigpants are allowed to calibrate at a
selected subset of points. In this case, we sughestsing a step width which is a multiple of
the recommended step width.

Qualification #3. There is a small subset of participants which it adde to perform the
calibrations according to the given recommendat@ren when taking the qualifications into
consideration, e.g., due to a fixed step width Whig predetermined by their calibration
equipment. In this case, calibrations can be peréor as specified by the equipment. The
pilot laboratory, PTB, will provide a comprehensigalibration of the autocollimator with
high angular resolution and will make an efforatttcommodate the measurements by means
of a flexible data analysis.

4.5 Adjustment procedures

Each participating NMI may follow its own adjustnteprocedures for autocollimator

calibration as specified in their manuals. In FegguB, the measurement set-up for the
calibration of electronic autocollimators agairtst primary angle reference of the PTB, the
angle comparator WMT 220 ([7], manufactured by Dohannes Heidenhain GmbH,

Traunreut, Germany) is presented. The optical amsl the measuring axes of the
autocollimator, as well as the plane mirror, needbe adjusted with respect to the
comparator’s rotational axis and the associateatioot plane. As an example and a guideline,
in Table 3, we provide a description of our ownuatinent procedures at the PTB.
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reference of PTB, the angle comparator WMT 220. dutecollimator and the plane mirror
need to be adjusted relative to the comparatoessribbed in the text.

Table 3. Adjustment procedures for autocollimator calitvatat the PTB.

# | Adjustment step(s) Tolerance

1 | The height and lateral position of the autocollimator is adjusted with respect Mirror covers
to the plane mirror so that the illuminated aperture of the autocollimator is illuminated
entirely covered (to avoid vignetting). For the adjustment steps 1-2, the laser | autocollimator
attachment®, which is supplied with the autocollimator, can be used. aperture

2 | The optical axis of the autocollimators is adjusted to intersect the rotational <=1mm

axis of the angle comparator.

3 | The front surface of the plane mirror is adjusted with respect to the rotational | <=1 mm
axis of the angle comparator (so that the surface incorporates the axis).

4 The autocollimator's x measurement axis is adjusted parallel to the rotational Ay/Ax <0.001
plane of the angle comparator by rotating the autocollimator in its holder

around its optical axis. When the comparator is rotated, the change AX of
the angle in the x-axis of +1000 arcsec must result in minimal change Ay in
the y-axis reading.

5 | The front surface of the plane mirror is adjusted to be orthogonal to the <1 arcsec
rotation plane of the angle comparator (done by reversal measurements at
0° and 180° rotational angle by use of a double-side mirror).

6 | The optical axis of the autocollimators is adjusted to be orthogonal to the <1 arcsec
front surface of the plane mirror (and therefore parallel to the rotational plane
of the angle comparator). The autocollimator is adjusted until the y-axis
reading is close to zero.

7 | The plane mirror is rotated by the angle comparator to the starting position | < 0.1 arcsec
so that the reading of the x-axis of the autocollimator is close to zero.

4.6 Autocollimator settings
For the measurements, the following autocollimagitings need to be considered:

* Switch to ‘abs’ setting (E3000 Manual, p. 18).

® For instructions on the use of the laser attachifdWO no. 219 717), see the Elcomat 3000 manual.
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» Set unit to ‘arcsec’ (E3000 Manual, p. 14).

* Resolution (E3000 Manual, p. 16): This setting etBehe resolution of the display
only; it does not affect the values which are pded by the computer interfaces.

» Protocol for the RS-232 computer interface (E30QnNal, p. 17 and p. 19): We
strongly recommend to use thext protocol’, especially for participants with low
measurement uncertainties, because the data tramsfiere reliable and its resolution
is higher (0.001 arcsec in comparison to 0.01 arfmethe ‘compatible’ format).
Please do not use the USB computer interface dsawe not tested its reliability for
this comparison.

4.7 Measurement results

In general, the result of the calibration is thevidiion & of the angle measured by the
autocollimator from the angle provided by the refere system according to (to fix the sign
convention)

0=y ~Urer (1)
with
0 : the angle deviation of the autocollimator,

a,.: the angle measured by the autocollimator, and

arer- the angle measured by the reference system.

For all stated values involving angles, the unitsgcond’ should be used. Please report any
smoothing / filtering of the data values (which gliobe avoided at all costs).

For the final calibration valué , multiple measurements may be obtained and predessy.,
(1) multiple measurements both with the autocoltomand the reference system may be
performed or (2) the entire calibration run mayrepeated several times. As an illustration,
we describe the data acquisition during autocoliomealibration at the PTB.

For a specific calibration and at a specific angtting, n,. = 100and n,.. =25 angle
readingsa,. and a.., respectively, are obtained with the autocollimatod the reference
system in a time-shared sequence. Average valukstandard deviations are calculated for
further analysis, including the average autocoltomaangle measurement,. and the
average autocollimator deviatio®d = a,. —adr-. The procedure is repeated until the

autocollimator deviations have been obtained fdr dasired angle settings within the
measurement range. This data set defines an ingdiv@libration.

Typically, n, =3x2=6 independent individual calibrations are perforna¢dhree different
relative angular positions between the autocollonaind the primary standard, including a
reversal of the standard’s direction of rotationeath relative position to eliminate linear
drifts from the average. These individual repeat calibrations are then averageditain
the final calibration result. Analysis of the retadality of the individual calibrations yields an
estimate of the Type A uncertainty component fa& ¢alibration’s uncertainty budget, see
Section 5.

Table 4. Overview of measurands / parameters from Sectloasd 5 (optional parameters
are marked).
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Symbol Description Opt.

o(a ) angle deviation of the autocollimator at the sampling point & -

o(9) repeatability (standard deviation) of O, calculated from repeat measurements X

Qe x-angle measured by the autocollimator (sampling point)

o(ayc) repeatability (standard deviation) of & . X

Bac (@ xc) | y-angle measured by the autocollimator at the sampling point ' ¢ X

Nac number of repeat measurements with the autocollimator which are averaged to X
obtain J within an individual calibration

Neer number of repeat measurements with the reference system which are averaged X
to obtain O within an individual calibration

n number of individual repeat calibrations (in case that several independent X

' calibrations are averaged to obtain the final calibration result)

(if applicable, state whether calibrations have been performed in different relative
angular orientations between the autocollimator and the reference system)

u(d) standard measurement uncertainty associated with O

Vst (9) effective degrees of freedom associated with J X

Kk coverage factor for 95% coverage probability associated with O

Within the scope our comparison, we also would tixe@btain information on the reliability
of the sampling pointr,,. , i.e., the x-angle measured by the autocollimatavhich the angle

deviation d(a,. ) was obtained. The rationale behind this is a®¥adt Autocollimators show

residual angle deviations on an angular scale ef drder of a few arcseconds which
corresponds to the pixel pitch of the CCD detethat is used to pick up the reticle image in
the focal plane of the autocollimator’'s objecti&mall variations in the placement of the
sampling pointsa,. between participants may lead to spurious diffeesnbetween the

calibrations which are not accounted for by theicertainty budgets. Most probably, as the
amplitude of these periodic angle deviations islkrtias effect has a negligible influence on
the analysis of the differences between the ppdidis calibration results. Nevertheless, we
will estimate the magnitude of this effect by measfsa calibration of the standard
autocollimator used in this comparison with a suéintly high angular resolution which will
be obtained at the PTB.

Table 4 presents an overview of the measurandsahysers which have been explicated in
this section and in Section 5 (optional paramedezsnarked accordingly).

5.  Standard measurement uncertainty

The standard measurement uncertainty should besaeal according to th&uide to the
Expression of Uncertainty in Measurement [8]. Alternatively, participants may choose to use
the approach according to tBapplement 1 to the GUM [9] by propagating distributions (to
obtain the Probability Density Function — PDF —tbhé output quantity from which an
estimate of the output quantity itself, the staddancertainty associated with it, and the
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coverage interval for a given coverage probabitian be derived) In this section, the
standard approach is outlined.

For each measured deviatiof, its associated standard uncertaintyo (ngeds to be
provided. For the derivation of the expanded uamety, provide the coverage factkrfor a
95% coverage probability and, if appropriatés effective degrees of freedomy, O ( Note
that the standard uncertainty — not the expandeertainty — is the basic statement on the
uncertainty of a measurement.

For deriving the uncertainty budget, the deviatiorF a,. —arze Of the autocollimator

measurement from the measurement of the refergrstens, see Section 4.7, Equation (1),
needs to be expressed as a function ofNh&put quantitiesx;, i U [1..R], according to

0= f (X, Xy s Xg) - (2)
Their uncertainty contributions o( are
u (9) = |Ci| w(x) (3)
with the sensitivity coefficients, according to
00
cC =— 4
Tox (4)

The square of the combined standard uncertaurftyy) , i§ derived from the quadratic sum of
the uncertainty contributionsi*(d) , according to

UZ(J):ZuiZ(Xi):ZCiZUZ(Xi) . (5)

In some cases, higher order terms might have t@len into account in Equation (5). If a
correlation between the input quantitiesis present, it also needs to be considered:

u*(d) =3 .66 m(x,x) = Zczuz(x)+222cc. W6 %) (6)

i=1 1=1 i=11=i+1

with the covariancesi(x,,x, associated with the input quantitigsand x, i,| O [1...R].

The effective degrees of freedary, O (ade given by the Welch-Satterthwaite equdtion

u'(8) _$-u'(0) _ et (x) -

Ver (0) 1TV, i VY

with the degrees of freedom associated with the input quantity.

For the uncertainty estimation, the participante a@ancouraged to use all known and
significant influencing parameters associated witgir applied methods.

For documentation, the participants are requiredejmort their measurement uncertainty
budget in tabular format according to Table 5 {orthe case of the PDF approach, provide
equivalent documentation). State whether the igpantity x, has been derived from a Type

A or B evaluation and give its distribution (N =rnml, R = rectangular, T = triangular, etc.).

" Note that in case of the alternative PDF approdmheffective degrees of freedom, Equation (®,rar longer
a valid concept and need not to be provided.
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State the degree of freedam, the sensitivity coefficient, , and the uncertainty contribution
u (o) associated with eack . Some indicated standard uncertainties, might dsedb on a
separate calculation, e.g., Monte Carlo simulati@arisch can be added to the report.

Table 5. Example scheme for the uncertainty budget.

Description of Symbol | Type | Distri- Std. meas. Degrees | Sensitivit | Std.-meas.
input quantity for X A or bution uncertainty of y coeff. uncertainty
X B u(x) of freedom 00 | contribution
cC =—

input quantity | Vi "X, u; (9)

(arcsec) (arcsec)
Angle A\ B R 0.0006 arcsec | o 1 0.0006 arcsec
deviations of
the primary
standard

Combined standard measurement uncertainty U(0)
Coverage factor K for a coverage probability of 95%

Effective degrees of freedom V4 (J)
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6. Documentation and reporting

Descriptions of the (1) calibration device, (2) tmeasurement results, and (3) a detailed
evaluation of the measurement uncertainty have eordported (see Sections 5, 6, and
Appendix A2). Electronic templates of the repornfig in the Appendix of this document are

sent by e-mail to all participating laboratories SMVord documents and PDF files). For

further analysis, it is necessary to complete #port forms by computer and to send them
back electronically to the pilot laboratory (an@ ttoordinator). In any case, the printed and
signed report must also be sent in paper form by. hmacase of any differences, the paper

forms are considered to be the valid versions. rEperts shall be sent to the pilot laboratory
no later than six weeks after completing the measements

The measurement data (see Section 4.7) need tepbeted as American Standard Code of
Information Interchange (ASCII) files (FILENAME.DAT The FILENAME should include
the acronym of the NMI and should identify the meament range, e.g., PTB_1000.DAT.
The file should contain seven columns; one singiader row, andR data rows R: humber

of measurement steps in the defined measuremege)ainhe file should include a header
row (one single row) with the column names as givemable 6. For documentation, please
also send a printed and signed version of thefdata

Table 6. Information on the data rows of the ASCII file.

Column name for file ACXx sdACx ACDev sdACDev UACDev k ACy
header

Data value (explanation: e | O(@s) o(a,) a(0) u(o) k B
see Sections 4.7 and 5)

Optional X X X

Note 1: In the case of entries which are not changing, please nevertheless provide a column

containing R identical numbers. This facilitates the analysis of the results and avoids errors in the
attribution of parameters.

Note 2: In the case of optional values, if you decide not to include them, please provide a column
containing R identical zeros — do not omit the row(s).

Note 3: For all stated values, the unit ‘arcsecond’ should be used.

7.  Comparison / analysis of results

After completion of the circulation, the pilot latadory will prepare a first draft report and
send it to the participants for comment. Subsedyetite procedure outlined in the BIPM
Guidelines for CIPM Key Comparisons [10] will be followed. According to the MRA, a
comparison should provide information on the degrfeequivalence of the measurements of
all participants. To discuss the degree of equivade normally, Key Comparison Reference
Values (KCRYV) are generated from the participargsults. Note that there is a small subset
of participants which is not able to perform théhrations according to the recommendations
on the measurement ranges and steps given in Betdo This poses a problem for the
determination of the KCRV. In these cases, the gehgnsive calibration of the
autocollimator with high angular resolution prowidey the PTB will be used to take this into
account by means of a more flexible data analygsch has not yet been finalised).

The main objective of the comparison is to providkable information on the degree of
equivalence of the different angle realizationswieein the participating institutes. To
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accomplish this, the measurement results of theécfEants, which are given as deviatiods

of the angles measured by the autocollimator frowa @angles provided by the reference
system have to be analyzed further. The pilot latmoy proposes the following procedure for
analysing the comparison results, closely followimg recommendations in [f1]

(1) Input data
Input data are the values delivered by the paditip according to Sections 4.7 and 5,
specifically:
* The deviationsd;, = @, ;, — Oree, Of the anglesy,. ;, measured by the
autocollimator from the angles,,.;, provided by the reference system, with the
index j O[4...,N ] of the angle position and the participant’s indeX [1,...,M].

+ The combined standard uncertainti€®,, aspociated with the deviatiods, .

(2) KCRV

It is assumed that (I) the standard (i.e., the @llionator) is stable, (Il) that each participant’s
measurement of the standard is realized indepeydesit the other participants’
measurements, and (lll) that a Gaussian distribufiaith a mean equal to the participant’s
measurement and a standard deviation equal tosdwriated standard uncertainty) can be
assigned to the measurand of which the participangasurement is an estimate. The later
will also be checked, for details, see item (3hiis section.

If these assumptions are valid, each referenceeedﬂ;;liation5j , the KCRYV, is simply given

by the weighted mean of all of the participantsules, with the weights defined by the
inverse square of the standard uncertainﬂéﬁdjp) , according to

iu—z (5jp) D§J’p
5 = . (8)
Zu‘z(djp)

Along the lines of Equations (3) - (6), we can detthe sensitivity coefficients

00, _ u‘z(djp) ©
ip T 0. Y
P U,
p=1
and the standard uncertainty (assuming uncorretagasurements)
~ M }é M _}é
u(;) =(ZC?.) W(%)j =(ZU'2(5,-,))J : (10)
p=1 p=1

(3) Consistency testing

8 The procedure is only outlined heMote that the final analysis of the comparison rimejude more advanced
statistical methods.
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The Birge ratioR, is a parameter linked to thg® test and it allows estimating whether the
results of a comparison are consistent [12-13].

With the external and internal uncertainties of we2ghted meany,,, andu,,, respectively,
defined as
o NV
1 Zu 2(5ip)[651p _51')

I v e and (11)

PITCH

p=1
Uy =U(S)) (12)
the Birge ration is given as

Y2
Ueye 1 &, =\
=& =1_ = _Nu“d 0. —0. ) 13

o AL 13)

A Birge ratio R, significantly larger than one is indicating an arestimation of the
measurement uncertainty by at least one participdrite a R; significantly smaller than one
is indicating an overestimation of the measurenueicertainty. The expectation value Bf
for a normal distribution is 1.

Following [11], we regard thig¢?-based consistency check as failing if
P{R, () > R,[observed]} < 005 , (14)

with the degrees of freedom=M -1 and ‘Pr’ denoting ‘probability of’. (As stated alm
for this hypothesis testing, it is assumed thataausSian distribution can be assigned to the
measurand of which the participant’'s measuremest isstimate.)

If the results will found to be not consistent, fherrticipants have to be informed about the
inconsistency adequately and the recommendationghefGuidelines for CIPM Key
Comparisons [10] will be followed, see [11] for additional nfematical aspects.

(4) Differences from reference values

From the participants’ measurements, the differené®,, from the reference angle
deviations, the KCRYV, and their associated unaetitss u(AJ;, ) are calculated according to

NS, =0, -9, (15)
and
u(as,) =1%(3,) +u*(3) -2u(5,.5))* . (16)

with the covariance or mutual uncertainltb(éjp,g'j [9] which accounts for the (trivial)

correlation between the participants’ measuremeéytsand the reference vaIue% which
have been derived from them according to EquaByn (

Using Equation (8), the preceding Equation (16) loamexpressed as
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u(as,) = (u?(s,)-u2(3))? . (17)

Differences A9, between pairs of the participants’ measuremedts and 9,
p,qU[L,...,M], and their associated uncertaintigdd,,, ar¢ calculated accordingly as

Aé—qu = 5ip - é-jq (18)
and
u(ad,,) = (u3(8,) +u@3,))” . (19)

(As stated above, it is assumed that each pamitgomeasurement of the standard is realized
independently of the other participants’ measurdmgn

(5) Degree of equivalence

The E, criterion is proposed to give information on tregoke of equivalence of the different
angle realizations of the participants, e.g. [14-V¥ith respect to the differencesd,, from
the reference angle deviations, the KCRYV accortbrigquation (15), the definition of thg,
criterion is

— 1 Aéjp

= T ku(ag,) (20)

with the coverage factok according to [8] and the standard uncertain@}d;, actording
to Equation (17).
For k=2, often the compatibility criterion|EN|s1 Is proposed to indicate that the

measurement of a participant is in satisfactoryagrent, at 95% coverage probability, with
the KCRYV as defined within a comparison.

The same criterion can be used for the evaluationhefdegree of equivalence of the
measurements between papgq[I[L,...,M of]participants

~ JoYe)
E =1 "Om (21)
Ku(as,,)

with the definitions according to Equations (18) #ihé).
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Telefax Telefax Telefax Telefax Telefax

To: PTB

5.21 Length and Angle Graduations

Bundesallee 100

D-38116 Braunschweig

Germany

Fax: ++49 531 592 69 5221

Email: andreas.just@ptb.de (send copy to ralf.geckeler@ptb.de)

From: (participating NMI)

We confirm having received the standard of the EURAMET.L-K3.2009 Angle

After visual inspection:
No damage has been noticed.

Damage(s) must be reported. Please specify details of the damage (use
additional page for description), if possible add image of the damage.

Shockwatch sensor (attached to aluminium transportation container,
Appendix A3) was activated.

Tiltwatch sensor (also attached to container) was activated.

Date Signature
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Documentation of measuring conditions

1.

11

1.2

1.3
1.4

15
151

1.5.2

1.6

Date

General information on the measuring conditions

Mounting

Horizontal orientation of the AC x-axis
Vertical orientation of the AC x-axis
Use of additional optics for beam rotation o]
(If yes, please provide a short description)

o O

Plane mirror

Use of the plane mirror provided by the PTB
Use of the plane mirror owned by the NMI o]

0 Reflectivity %

o Size mm X mm
o0 Flatness deviation (rms or pv, if know) nm

(@)

Distance between autocollimator and reflector

Distance mm

Temperature of the measurement room

Temperature °C

Autocollimator settings
Automated measurements

Use of the RS232 interface ‘text’ protocol
Use of the RS232 interface 'compatible 'protocol
Use of the USB interface o]

[o}Ne]

Manual measurements

Resolution setting arcsec

Details to the measurement procedure

Static measurement

Dynamic measurement

Number of repeat measurements

Repeat measurements in different relative angular

orientations between the autocollimator and

the reference system 0 yes
0 no

Number or repeat measurements of the autocollimator

in each measuring position Nac =

5 O O

Number or repeat measurements of the reference
in each measuring position Neer =

NMI Signature
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Transport packaging

Photograph A3-1 shows the outer aluminium contaif@émensions 800x600x630 &
together with the special protecting case for th®eollimator and its accessories (1), the
protecting case for the precision plane mirror {8¢, adjustable holder for the autocollimator
with a double-sided clam packed in protective bahalap (3), and customized and numbered
damping foam material. On the inside of the top etowf the aluminium container,
photographs are attached (4) which show the stefbe packaging in detail.

Photograph A3-1

Photograph A3-2 shows the special protecting ctfieecautocollimator and its accessories.

INCOLINK

| > 1/‘:

EURAMET LK 3

LK3

FURAMET .
L= 7E | R}

Photograph A3-2

Photograph A3-3 shows content of the protecting aasletail:
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(1) The autocollimator with a fixed external datgder
(2) The Control Unit 3000.
(3) Cables for connecting
(3a) the autocollimator to the Control Unit,
(3b) the Control Unit to the PC, and
(3c) the Control Unit to the voltage supply.
(4) The laser finder with its power supply.
(5) The autocollimator manual and a software CD.

(6) Cable for connecting the external data loggehé PC, a software CD, and a
manual.
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Photograph A3-3



