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FOREWORD

ASME B89 Standards Committee on Dimensional Metrology, under procedures approved by the American National
Standards Institute (ANSI), prepares standards that encompass the inspection and the means of measuring character-

istifs of such various geometric parameters as diameter, length, flatness, parallelism, concentricity, and squ

nolpgy, with particular focus on coordinate measuring machines (CMMs). This Standard addressing the perfd
evalluation of laser trackers and similar large-scale measurement systems is the work of the B89.4.19 Projed

Caresian CMMs. Because of a laser tracker’s very large working volume, no full-scale, three-dimensional ca|
artlfacts exist, and the design of the laser beam steering subsystem is such that individual parametri
cannot, in general, be isolated and measured individually. For any coordinate measurément system, a teg
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ivision 4 of the B89 Committee produces standards and technical reports in the area of coordinate measuri

erformance evaluation of a laser tracker presents challenges different from those associated with conv

tem’s ability to realize the SI unit of length, the meter, is a fundamental requirément. In a laser trac
bth scale is often a laser interferometer (IFM), and the person checking the-System’s ability to realize
ally does not have a significantly more accurate reference interferometer with’ which to perform such a
or these reasons, the performance evaluation tests in this Standard consist primarily of point-to-poin
hsurements using calibrated artifacts that can be realized in a number of ways. Measured lengths are cg
h the manufacturer’s maximum permissible error (MPE) specifications'in order to decide conformance. Re

series of short-calibrated reference lengths, or measurement ofa.series of long-calibrated reference lengths
es are also included for testing the absolute distance measurement capability of laser trackers that include thi
Il reference lengths used in the performance evaluation testsare required to be traceable per ASME B89.7.5.
rovided on how to demonstrate this traceability, as well as the traceability of subsequent point-to-poin|
hsurements made with a laser tracker that has passed the performance evaluation tests of this Standard
SME B89.4.19-2021 was approved by ANSI on Séptember 13, 2021.
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CORRESPONDENCE WITH THE B89 COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the consensus of concerned
interests. As such, users of this Standard may interact with the Committee by requesting interpretations, proposing

revjsions or a case, and attending Committee meetings. Correspondence should be addressed to:

citi
inc

an

imipediately upon ASME approval and shall be posted on the;ASME Committee web page.
equests for Cases shall provide a Statement of Need and‘Background Information. The request should identify the

Sta
exi

Case applies.

Sta

Corpmittee.
Requests for interpretation should\preferably be submitted through the online Interpretation Submittal Fo

for

autpmatic e-mail confirming receipt.

I

Corhmittee at the above address. The request for an interpretation should be clear and unambiguous. It is furt]
omfmended that the Inquirer submit his/her request in the following format:

Suljject: Cite the applicable paragraph number(s) and the topic of the inquiry in one or tw
Edifion: Cite the applicable edition of the Standard for which the interpretation is being re
Qug¢stion: Phrase the question as a request for an interpretation of a specific requirement suif

Proposed Reply(ies):

Background Information:

Hroposing Revisions. Revisions are made periodically to the Standard to incorporatechanges that appear ng
or desirable, as demonstrated by the experience gained from the application of the Standard. Approved revision
pullished periodically.

The Committee welcomes proposals for revisions to this Standard. Such propaesals should be as specific as

Hroposing a Case. Cases may be issued to provide alternative rules when justified, to permit early implemen

R

Secretary, B89 Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

g the paragraph number(s), the proposed wording, and a detailed description of the reasons for the p
uding any pertinent documentation.

pproved revision when the need is urgent, or to provide rules not covered by existing provisions. Cases are ¢

ndard and the paragraph, figure, or table number(s), ahd be written as a Question and Reply in the same fd
ting Cases. Requests for Cases should also indicate the applicable edition(s) of the Standard to which the p

nterpretations. Upon request, the B89 Standards Committee will render an interpretation of any requireme
hdard. Interpretations can only be renderedin response to a written request sent to the Secretary of the B89 St

n is accessible at http://go.asme,org/InterpretationRequest. Upon submittal of the form, the Inquirer will re

the Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the B89 St

general understanding and use, not as a request for an approval of a proprietary di
situation. Please provide a condensed and precise question, composed in suchaw

cessary
5 will be

ossible,
roposal,

ation of
ffective

rmat as
roposed

ht of the
hndards

rm. The
Ceive an

hndards
her rec-

words.
juested.

able for
esign or
hy thata

I 2 (s 11} 1 - PR P |
y!:b Ul 11U lClle IS5 dLLTPLAUIC.
entering replies to more than one question, please number the questions and

understanding the inquiry. The Inquirer may also include any plans or drawings

Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If

replies.

Provide the Committee with any background information that will assist the Committee in

that are

necessary to explain the question; however, they should not contain proprietary names or

information.

vii


https://asmenormdoc.com/api2/?name=ASME B89.4.19 2021.pdf

Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior
to being answered, which may inadvertently change the intent of the original request.

Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve.” “certify.” “rate.” or “endorse” any item, construction, proprietary
device, pr activity.

» o«

Attending Committee Meetings. The B89 Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Persons wishing to attend any meeting and/or telephone conference should contactjthe
Secretafy of the B89 Standards Committee. Future Committee meeting dates and locations can be found on'the Commiftee
Page at|http://go.asme.org/B89committee.
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ASME B89.4.19-2021
SUMMARY OF CHANGES

Following approval by the ASME B89 Committee and ASME, and after public review, ASME B89.4.19-2021 was aj

by the American National Standards Institute on September 13, 2021.

Thg figures, forms, and tables in ASME B89.4.19-2021 have been redesignated based on their parent paragraph

B89.4.19-2021 also includes the following changes identified by a margin note, (21).
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Location

1

2

3

4

Form 4-1

Form 4-2

5

6

Table 6.3.1-1

7

Figure 7.1-1

Figure 7.4.2-1

8

Mandatory Appendix I
Nonmandatory Appendix A
Table A-2-1

B-1

B-2.1

B-2.2

Figure'B=2.2-1

B-3

C-4

C-4.1

C-5

Nonmandatory Appendix D

Change

Revised

Revised

Revised in its entirety

Revised

Title and subheadings, revised

Title revised

Revised

Revised in it$\entirety

Title revised

Revised in its entirety

Title revised

Title revised

References updated

Revised in its entirety

Revised

Revised

First sentence and subpara. (a) revised
Third paragraph revised

Second and fifth sentences revised
General Note added

First, second, ninth, and tenth paragraphs revised
Second and fourth paragraphs revised
First sentence revised

First paragraph revised

Revised in its entirety

pproved

s. ASME
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E-1

Nonmandatory Appendix F
Figure F-5.1.2-1

Figure F-5.1.2-2

Figure F-5.2.2-1

First sentence revised
Revised in its entirety
Added
Added
Added
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ASME B89.4.19-2021

PERFORMANCE EVALUATION OF LASER-BASED SPHERICAL

COORDINATE MEASUREMENT SYSTEMS

1 SCOPE

his Standard prescribes methods for the performance evaluation of laser-based spherical coordinate/measiirement

systems and provides a basis for performance comparisons among such systems. Definitions, environmental
mefts, and test methods are included with emphasis on point-to-point length measurements. The|specified test
arelappropriate for the performance evaluation of a majority of laser-based spherical coordinate measurement
and are not intended to replace more complete tests that may be required for special applications.

his Standard establishes requirements and methods for specifying and testing the petformance of a class of s
coordinate measurement systems called laser trackers.! A laser tracker is a system.hat‘directs the light from
megsuring device to a retroreflecting target (called a retroreflector) by means of atwo-axis rotary steering me
while monitoring the angular position of these rotary axes, thereby forming a spherical coordinate metrology
Sudh a system may measure a static target, track and measure a moving target; or measure (and perhaps trac
combination of static and moving targets. This Standard can also be used.te’specify and verify the relevant perfq
tests of other spherical coordinate measurement systems that use cooperative targets, such as laser radar s

his Standard focuses specifically on the use of laser trackers as industrial measurement tools rather than on
in sprveying or geodesy. Specified tests are designed to evaluate thestatic point-to-pointlength measurement cap
of these systems. The specified tests are not intended to evaluate the dynamic performance of the laser tracke}
tiofal tests are included that evaluate the range measurement'capability of laser trackers equipped with absolute

Fequire-
hethods
Eystems

bherical
h range-
hanism
system.
k) some
rmance
ystems.
heir use
hbilities
s. Addi-
listance

meters (ADMs). The tests do not evaluate workpiece thermal compensation capability and are not sensitive to spjjerically

mojinted retroreflector (SMR) imperfections.

2 INTRODUCTION

Inaddition to providing for the performance-€evaluation of laser trackers, this Standard facilitates performance

ompar-

isohs among different systems by unifying the terminology and the treatment of environmental factors. It defines test

methods appropriate for evaluating the performance of a majority of laser trackers, but it is not intended to replal
complete tests that may be requijred for special applications.

Jystems that have passed th€ performance evaluation tests of this Standard are considered capable of pr
trageable point-to-point length measurements for the conditions required herein. Application of point-{
length measurements to @ specific workpiece or measurement task may require additional testing and anj
order to establish metrological traceability. This Standard provides technical guidance that may be useful in
brafion of laser-baséd:\Spherical coordinate systems for point-to-point length measurements.

he Appendices déscribe various factors that should be considered when using this Standard.

1) Mandatory-Appendix I discusses metrological traceability, with particular focus on demonstrating traceg
ref¢rence lengths used in laser tracker performance evaluation. Requirements for demonstrating metrologic
ability are.presented per ASME B89.7.5.

b). Nonmandatory Appendix A discusses the traceability of laser tracker point-to-point length measuj

Ce more

pducing
o-point
lysis in
the cali-

bility of
] trace-

ements

performed subsequent to 3 em passing the performance evaluation te described in th andard

(c) Nonmandatory Appendix B describes tests and procedures for determining geometric errors in the construction of

SMRs so that the suitability of a particular SMR for laser tracker performance testing can be evaluated.
(d) Nonmandatory Appendix C describes environmental factors that influence the refractive index of light in ai

r. These

factors affect the wavelength oflight and should be carefully understood before proceeding with the tests described in this

Standard.

! For purposes of this Standard, the terms spherical coordinate measurement system and laser tracker will be used interchangeably, notwithstanding

the ability or inability to track a target.

(21)
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(e) Nonmandatory Appendix D describes four methods that can be used to establish a calibrated reference length for
point-to-point length measurement system tests. Uncertainties in realization of such lengths are discussed.
Nonmandatory Appendix D also describes the measurement capability index and the simple 4:1 acceptance decision
rule used to accept or reject laser tracker performance evaluation test results.

(f) Nonmandatory Appendix E describes the effects of spatial temperature gradients on laser beam propagation.
Equations are derived for radial errors due to speed-of-light variations and angular (or transverse) errors due to
beam refraction. A numerical example illustrates the use of the formulas.

(g) Nonmandatory Appendix F describes a number of interim tests that can be used to quickly assess laser tracker
measurement performance in the interval between more complete performance evaluations

This $tandard prescribes performance evaluation tests that may be used by laser tracker manufacturers to genefate
perfornjance specifications. These specifications are stated as the maximum permissible error (MPE) allowed.for gach
test under specified environmental conditions.

Laser] trackers may be tested against the manufacturer’s specifications by using the performance evaluation tgsts
described in section 6. A typical test involves measuring a known reference length and comparing the observed efror
(laser-tracker-measured length minus reference length) with the specified MPE using a 4:1 simple-acceptance decigion
rule pef ASME B89.7.3.1-2001 (R2019). The reference length orientations and laser tracker positions in the evaluation
have beden chosen for their sensitivity to characteristic systematic errors known to occur,in<these systems.

Additfional tests are included that characterize the consistency of the coordinates of a point when measured in Hoth
frontsightand backsight modes. Both sets of tests have been designed to be easy to implement, fast, and simple to perform.
The reference lengths used in the testing shall satisfy the traceability requirements:-of Mandatory Appendix 1. The
summayy test results shall be evaluated using the performance evaluation test procedures of section 7 and repofted
on Form 4-1.

Whilg this Standard specifies the technical procedures for laser tracker specification and evaluation, it is the resgon-
sibility ¢f the manufacturer and the customer to negotiate whether a partieular system will be evaluated, what the ¢ost
will be, ind where the evaluation will occur. Laser trackers that have successfully passed the performance evaluation (i.e.,
the sysfem’s measurement errors are not greater than the correspoeinding MPEs) are deemed capable of produding
traceable point-to-point length measurements; see Nonmandatory’Appendix A.

Whilg the tests described in this Standard characterize laser tracker point-to-point length measurement capability,
such tegts do not determine system-specific compensation parameters, which depend on the system-specific poinfing
mechanfism. The performance evaluation tests emphasize'the use of good metrology practice and simple fixtures. They
stress the importance of measurement procedure details and that the measurement data are the result of the complete
measurjng system including the targets and probes.

3 DEFINITIONS

This dection defines technical terms used'in this Standard. Definitions quoted from JCGM 200:2012 include a parenthe-
tical citption of the source. Definitions that do not include a parenthetical citation are specific to this Standard.

absolutg distance meter (ADM): adaset tracker subsystem that emits light as a means to measure the absolute distance
from a laser tracker to a remote-target, usually a retroreflector.

NOTE: An ADM may also be geferred to as an electronic distance meter (EDM).

calibratjon: operation that, under specified conditions, in a first step, establishes a relation between the quantity values
with mgasurement-uncertainties provided by measurement standards and corresponding indications with associdted
measurgment uncertainties and, in a second step, uses this information to establish a relation for obtaining a meastre-
ment rgsult fromvan indication (JCGM 200:2012, definition 2.39).

cat’s-ey¢: a_type of retroreflector constructed from a glass sphere, or two or more concentric hemispheres, typicplly

mounted-in-a cphnrirn] hnncing See rarrnrajﬂprt‘nr

compensation: the process of determining systematic errors of an instrument or system and then applying these values in
an error model that seeks to eliminate or minimize measurement errors.

cube corner: also known as corner cube, a type of retroreflector constructed from three mutually orthogonal reflective
surfaces that form an internal “corner”; it may be constructed of three plane mirrors or a trihedral prism. See retro-
reflector.


https://asmenormdoc.com/api2/?name=ASME B89.4.19 2021.pdf

ASME B89.4.19-2021

frontsight/backsight: these are modes of measurement. Frontsight is the normal measurement mode of the system.
Backsight is obtained by rotating the laser tracker head about the vertical axis by 180 deg and then rotating the
beam steering mechanism about the horizontal axis to again point at the target.

NOTE: Frontsight/backsight are sometimes referred to as direct/reverse or face 1/face 2.

home point: alocation that is fixed relative to a laser tracker and accurately determined with respect to the origin of the
laser tracker’s coordinate system.

NOTES:

(1)
()

IFM: a laser tracker subsystem that uses displacement interferometer technology.

infl

affdcts the relation between the indication and the measurement result (JCGM 200:2012, definition 2.52).

lim

to yithstand without damage, and without degradation of specified metrological properties) when it is subsg
opdrated under its rated operating conditions (JCGM 200:2012, definition 4.10).

NO7

ma
val

(JCGM 200:2012, definition 4.26).
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The home point serves as a-distance reference for the laser tracker's ranging devices
4 50

The home point is also sometimes referred to as the birdbath.

Llence quantity: quantity that, in a direct measurement, does not affect the quantity that is actually measu|

ting operating conditions: extreme operating condition that a measuring instrument or measuring system is 1

'E: Manufacturer’s performance specifications are not assured over the limiting operating\conditions.

imum permissible error (MPE): extreme value of measurement error, with fespect to a known reference
e, permitted by specifications or regulations for a given measurement, measuring instrument, or measuring

PE spn: the MPE for a specified length measurement performed using'the’ADM as the laser tracker ranging sulf
PEry: the MPE for a specified length measurement performed using the IFM as the laser tracker ranging suk

isurand: quantity intended to be measured (JCGM 200:2012,definition 2.3).
isurement capability index (C,,): the ratio of the MPE of a length measurement to the expanded test value uncg

rological traceability: property of a measurement result Whereby the result can be related to a reference th
umented unbroken chain of calibrations, each contribiiting to the measurement uncertainty (JCGM 200:2012
2.41).

bd operating conditions: operating condition that must be fulfilled during measurement in order that a m4
rument or measuring system perform [sic}as designed (JCGM 200:2012, definition 4.9).

ES:

Rated operating conditions generally specify intervals of values for a quantity being measured and for any influence
In this document, rated operating €onditions are also referred to as rated conditions.

s definition, including Note (1), is identical to JCGM 200:2012, definition 4.9. Note (2) is specific to this Standard.]

rence length: the calibrated value of the distance between two points in space at the time and conditions wherj
formed.

active index, index«f.refraction (n): the ratio of the speed of light in a vacuum to the speed of light in a pa
Hium.

'E: In air, the réfractive index is a function of the temperature, barometric pressure, relative humidity, and chemical comp
air. Its effee€t-must be compensated for when light is used to realize the meter (see Nonmandatory Appendix C).

activity*(N): the ability of a substance to refract light expressed quantitatively as the value related to the re
by, 11,-by the following equation: N = (n - 1) x 10°.

red, but

equired
quently

juantity
system

system.
system.

rtainty.
rough a
, defini-

asuring

[Juantity.

atestis

rticular

sition of

fractive

retr

orejlector: a passive device that reflects light parallel To the mcident direction over a range of mcident a

NOTE: Typical retroreflectors are the cat’s-eye and the cube corner.

sph

erically mounted retroreflector (SMR): a retroreflector that is mounted in a spherical housing.

NOTE: In the case of an open-air cube corner, the vertex is typically adjusted to be coincident with the sphere center.

ngles.

test value: the measurement error associated with a single indicated value of a system under test. The test value for a
point-to-pointlength measurement testis the error in the measured length, and the test value for a two-face system test is

the

two-face error.
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test value uncertainty: the uncertainty associated with a test value obtained during system verification.

NOTE: Because this Standard does not involve corrections to the indicated value (since testing is performed within the rated operating
conditions and since there are no other corrections imposed by this test protocol), it is assumed that the uncertainty arising from the
reference length is the only component of the test value uncertainty (see ASME B89.7.6).

transverse error: an error in the indicated position of a laser tracker target that is orthogonal to the line of sight.

two-face system test: a test that is performed to characterize certain geometric errors of the laser tracker.

NOTE: Frontsight/backsight measurements are used in the two-face system test.

4 SPECIFICATIONS AND RATED CONDITIONS

Man
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facturer’s MPE specifications that conform to this Standard shall include completed Form 4-1. Additionally,
Cturer shall complete the relevant MPE specification columns in Form 4-2. The manufacturerishall provid
or formulas for calculating the MPE that is applicable over the entire range of rated conditions-as describe
1. This may be separate formulas for calculating the MPEs for the length measurement system tests, the two-
tests, and the ranging tests.

[ ENVIRONMENT

nanufacturer shall specify the rated conditions of section 4. If the user specifiesthat the performance evalua
erformed in their facility, it shall be the responsibility of the user to provide‘an environment for testing the I
that meets the manufacturer’s rated conditions.

FORMANCE EVALUATION TESTS

btandard specifies two types of performance evaluation prdcedures for laser trackers.
ystem Tests. System tests are designed to evaluate the performance of alaser tracker in the measurement of a sq
-point lengths. For each point-to-point length, the test ¢onsists of comparing the length measured by the 14
with a known value called the reference length.
M tests are designed to exercise the laser tracker's‘ranging and angle measuring subsystems. The test len
bments are conducted at various locations and orjentations with respect to the laser tracker and are chosen t

ilso conducted at a variety of locations and jorientations, since many of the laser tracker’s geometric errors
ted by this type of measurement. Detailed system test procedures are described in paras. 6.2 and 6.3.

ng devices. Because alaser trackerisa coordinate measuring system, itis important to test its ability to realize
ength (SI definition of the meter). Ranging tests are described in para. 6.4.

heral Requirements

upplier shall be resgonsible for providing a laser tracker that meets the performance specifications of sectid
e system is installed*and used according to the supplier’s recommendations. The laser tracker shall includé
Iy subsystems.required to meet the specifications, i.e,, all subsystems are considered part of the laser tracker

 barometers, thermometers, or SMRs) in the testing of the laser tracker that do not convey with the laser trac
pecial.caseé where the supplier requires the user to provide one or more subsystems as part of the purch
bnt, ‘the supplier will state the subsystem specifications necessary to meet the laser tracker performance sp

hs part of the.system under purchase. In particular, it is not permitted to employ special equipment (e.g., i

the
ea
1 in
ace

ion
ser

t of
ser

gth
be

e to known error sources of typical laser trackers. These measurements are augmented by two-face measyre-

are

anging Tests. Ranging tests are designed to evaluate a laser tracker’s displacement (IFM) and/or distance (ADM)

the

ECi-

fication

b of section 4. The user shall accept a laser tracker that meets the performance specifications and any other

conditions mutually agreed upon with the supplier. The criteria for meeting the performance specifications shall be the
satisfactory completion of all required tests of section 6, presentation of documentation of this result, and the appropriate

docume

ntation traceability of the reference length or lengths used during the testing.

Tests may be omitted only by mutual agreement between the supplier and customer. The particular tests required
depend on the type of ranging subsystem incorporated in the laser tracker under evaluation. Specifically, laser trackers
with an IFM only, an ADM only, or both an IFM and ADM require different tests that are sensitive to the unique error

sources

of these ranging subsystems.
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Form 4-1
Specifications of Rated and Limiting Operating Conditions

RATED OPERATING CONDITIONS

Measurement Envelope

Distance Min. m Max. —_m

Range of horizontal angles deg

Range of vertical angles deg

a. Temperature Range
Operating Min. °C Max. — °C
Thermal gradient limits Max. °C/m Max. — °C/h

b. Humidity Range
Operating Min. _____%RH Max. ______%RH

c. Barometric Pressure Range
Operating Min. mm Hg Max. mm Hg

d. Ambient Light. The manufacturer shall identify conditions, if any, under which ambiént light degrades
specifications.

e. Electrical. The electrical power supplied to a machine can affect its ability’to perform accurate and repeatable
measurements. This is particularly true when a machine uses some férm of computer for any control or
readout function.

Voltage — Current A
Frequency - Hz Surge/Sag —
Max. transient voltages and duration __—_V s

f. Probe Type. The probe diameter and reflector type {€.9., cube corner, glass prism) used during performance
testing shall be specified.

Diameter _  mm Reflector type

g. Sampling Strategy. The manufacturer shall state the measurement acquisition time (averaging time) and
sampling frequency (points per second)to meet specification.

Acquisition time s Frequency _____ point/s
LIMITING OPERATING CONDITIONS
h. Temperature Range
Min. _______°C Max. — °C
i. Humidity Range
Min. _____ %RH Max. % RH
j. Barometric Pressure Range
Min. ____ _mmHg Max. — mmHg

(21)
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Form 4-2
Manufacturer’s Performance Specifications and Test Results
IFM Specifications ADM Specifications
and Test Results and Test Results
Omax OF Omax OF
Test (Positions) MPE gy Amax [Note (1)] | Pass MPEpym Amax [Note (1)] | Pass
Horizontal (1)
H)Hi Bt I(‘),'}’/I'E)
Herizontal (6, 7, 8, 9)
Vartical (1, 2, 3, 4)
Vgrtical (5, 6, 7, 8)
Right Diagonal (1, 2, 3, 4)
Right Diagonal (5, 6, 7, 8)
Lgft Diagonal (1, 2, 3, 4)
Lgft Diagonal (5, 6, 7, 8)
User Selected (1)
Uger Selected (2)
Two Face (1, 2, 3, 4) [Note (2)] [Note (2)]
Two Face (5, 6, 7, 8) [Note (2)] [Note (2)]
Two Face (9, 10, 11, 12) [Note (2)] [Note (2)]
IFM Ranging Ref L (1) = [Note (3)]
IFM Ranging Ref L (2) = [Note (3)]
IFM Ranging Ref L (3) = [Note (3)]
IFM Ranging Ref L (4) = [Note (3)]
ADM Ranging Ref L (1) =
ADM Ranging Ref L (2) =
ADM Ranging Ref L (3) =
ADM Ranging Ref L (4) =
ADM Ranging Ref L User (1) =
ADM Ranging Ref L User (2) =
Fgrmula for calculating the MPE
br attach MPE specification sheet
Note (4)]

Tedt Performed by: Date: Instrument Serial Number:

C,{for IFM System Tests: +7  Cp, for IFM Ranging Tests: if 1= C,, <2 Check J“Low_C,,"

C,{for ADM System Tests: ;  CypforADMRangingTests:___ if 1=C,, <2 Check (J“Low_C,,”

Firfal Test Results (Pass/Fail):

GENERAL NOTES:

(a)] All units are in micfometers (um).

(b)] The IFM columns/must contain specifications and results for laser trackers with IFM only, the ADM columns
must contain specifications and results for instruments with ADM only, and both pairs of columns must contain
specifications-and results for instruments with both an IFM and an ADM.

(c)| If an ADNifesult is used in place of an IFM result, the value should be placed in parentheses.

NQTES;

(1)] 8.for length system results, A for two-face results; see paras. 7.1 and 7.2.

(2)| Two-face tests may be performed with either an IFM or an ADM.

(3) These results can be results from long reference lengths, or computed from short reference lengths (see
para. 7.3.1), or computed from the laser interferometer calibration certificate (see para. 7.3.1).
(4) The manufacturer may specify separate MPE formulas for the system tests, ranging tests, and two-face tests.
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Table 6.1-1
Laser Tracker Performance Evaluation Requirements

System Tests

Laser Tracker Configuration (Paras. 6.2 and 6.3) Ranging Tests (Para. 6.4)
IFM only All IFM ranging test (para. 6.4.2)
ADM only All ADM ranging test (para. 6.4.3)
IFM and ADM Default method: Default method:
All (using IFM ranging system) IFM ranging test (para. 6.4.2)
All (using ADM ranging system) ADMranging Test (para. 6.4.3)
Alternative method: Alternative method:
Horizontal length measurement system IFM ranging test (para. 6.4.2)

test, position 1 (para. 6.2.4) (using IFM
and ADM ranging system)

All (using ADM ranging system) ADM ranging test (para. 6.4.3)

—
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manufacturer’s performance specifications if the magnitude of the difference between each measured length
Fesponding reference length does not exceed the specified MPE. This acceptance criterion corresponds to
bptance and rejection decision rule? with a stated measurement capability index, C,,, (see Nonmandatory Appd

the measurement of point-to-point length under the stated rated coniditions. The tests do not evaluate perfd
tive to other measurands or measurement conditions outside ofi¢the specified rated conditions.

Length Measurement System Tests

ce and the result is compared with a known value called the reference length. The reference length should bg
m,> and the expanded test value uncertainty, U, should not exceed one-fourth the MPE for the performance ev
s specified in para. 6.2 or one-half the MPE for the performance evaluation tests specified in para. 6.4. Th
nds to a measurement capability (C,, = MPE/U)equal to 4 and 2, respectively. (See Nonmandatory Appendix D
for a discussion of C,, and its role in conformance decisions.)

.2.1 Realization of the Reference Length. A traceable reference length (see Mandatory Appendix I) may be
number of ways, including the following:

1) a calibrated artifact capableleftholding retroreflectors near its ends (e.g., a scale bar)

b) two SMR kinematic nests-mounted on independent freestanding rigid structures, with the distance betw

ts calibrated by a distance or’displacement measuring device

r) arail and carriage system used in combination with an integrally mounted distance or displacement mg

ice

uidance for realizinga reference length by these methods, including a discussion of evaluating the test valu
ty, is given in‘Nenimandatory Appendix D. In this Standard, it is assumed that the uncertainty arising fi
rence length.is the only component of the test value uncertainty.

aragraphs 6.2.4 through 6.2.7 detail the location and orientation of the reference length in each of the systq

pgraph '6.2.8 describes additional length measurement system tests that the user shall choose anywhere wi

r trfacker working volume. It should be noted that the setups shown in the illustrations to Tables 6.2.1-1

6.2

he specific tests that shall be performed for each laser tracker configuration are showfyin Table 6.1-1. A systein meets

and the
simple
ndix D).

he tests in this Standard evaluate the performance of a laser tracker relative'to the manufacturer’s MPE speciffications

rmance

hatypical point-to-pointlength measurement system test;,alaser tracker measures the distance between two points in

atleast
hluation
s corre-
section

realized

een the
asuring

b uncer-
fom the

m tests.
thin the
through

1-4show areference length realized using two SMR kinematic nests as described in (b). If using a scale bar or 1

iser rail,

the

setups will be different, although the location and orientation shall be the same.

6.2.2 Measurement Practices and Procedures. The following paragraphs describe practices and procedures that shall
be followed when performing the tests described in this section. Several nonmandatory appendices provide more
detailed information and supplemental guidance.

2 Refer to ASME B89.7.3.1-2001 (R2019), para. 4.1.
3 The length of the artifact is a compromise between a long length to achieve test sensitivity and short length for manageability. The 2.3-m length has
been shown to be a reasonable compromise that allows for practical utilization of the artifact.
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Table 6.2.1-1
Horizontal Length Measurement System Test

Target stands

otahding axis ~ < \

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target Nest a, dgg
1 0.14 Any
2 1.24 0
3 1.24 90
4 1.24 180
5 1.24 270
6 2.7A 0
7 2.74 90
8 2.7A 180
9 2.7A 270

Wher] measuring a reference length, test personnel should position the SMR or target in approximately the sgme
orientation relative to the measurement béam. This minimizes the influence of geometric errors in the construction offthe
SMR or farget on the length measuremént system tests. (For information on SMR testing, see Nonmandatory Appendix B.)
A singld SMR or target should be used to perform the length measurement system and ranging tests described in fhis
Standard. SMR errors do not afféctjtwo-face system tests; therefore, multiple SMRs may be used for those tests. In|the
interest| of reducing test time{when using an ADM, manufacturers may, at their discretion, use more than one SMR.
Howevdr, performing lengtlrmeasurements in this manner may significantly increase the length measurement errorq for
the tests performed.

Whet} performingapeint-to-point length test, test personnel shall measure both ends of the reference length in|the
same fage of the lasertracker, in either frontsight or backsight mode. Although it is not required that all reference lengths
be measured in‘the same face, it is desirable.

The t¢st procedures are performed in prevailing laboratory temperature, which is likely not 20°C. The reference lerjgth
and its uncertainty shall be made available at the prevailing laboratory temperature during testing.

Ifa vaical aptifa ot oo oo o colibheatad coala haw 1o nead 0 actablich tha vaforanca lapnagth tha taranapratiien of the
phyStear—aratactSuenasa-canprateaScare-BarisHSea+to-eStanSh—tre-rererencereRgethe—temperatire-or

artifactshall be monitored and recorded. In the likely event that the artifactis used in a testata temperature different from
the temperature at which it was calibrated, these data shall be used to adjust the value of the reference length for thermal
expansion or contraction and its corresponding expanded uncertainty, as described in Nonmandatory Appendix D. In
other words, it is the reference length that is corrected for thermal influences during testing so that the measured error in
the length may be compared against the MPE to determine conformance.

If the reference length is realized in situ (such as when employing freestanding structures or arail and carriage system)
using interferometry, the reference length calibration is performed in the prevailing laboratory thermal conditions.
Therefore, no temperature correction for the reference length is required. However, the environmental conditions
shall be monitored in order to correct for changes in the refractive index of air. Details for performing this calculation
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Table 6.2.1-2
Vertical Length Measurement System Test

Standing axis /

>

Target nests
\A 9

i el

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target Nests a and b, deg
1 1.24 0
2 1.24 90
3 1.24 180
4 1.24 270
5 2.74 0
6 2.74A 90
7 2.74A 180
8 2.7A 270

are

len
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ma
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given in Nonmandatory Appendix C. Typically, the software provided with commercially available displ3
hsuring interferometers has utility for'performing this calculation and automatically compensating the lasg
bth.

.2.3 Failure to Satisfy MPE Requirements. There are a total of 35 length measurement system test positions
ition, the measurement shall'be repeated three times. A maximum of five of the 35 length measurement test p
 have one, and only one,ef'the three values of the length measurement error outside of the conformance zoj
r tracker fails to meetthe specification at more than five positions or has any test position with more than of
be values outside the.conformance zone, the laser tracker shall be compensated, repaired, or replaced, and thg
ce evaluation testing shall be repeated. If the laser tracker fails to meet the specification at one to five test p
following actions shall be taken:

tep 1. Examine the reference length or lengths to assess stability and, if necessary, recalibrate the reference
bths. Thisuis particularly relevant to para. 6.2.1(b), where drift in the location of the target nests can deg;
rence, length.
tep’2. Remeasure the failed test position five times and select the largest absolute value of the five length errors

cement
r wave-

Ateach
ositions
e. If the
e of the
perfor-
sitions,

ength or
ade the

(Iength

error is the measured length minus the reference length) to replace the failed position value.

Step 3. If the new value satisfies the MPE requirement, then the laser tracker satisfies the requirement for the measure-
ment at the failed test position, and testing can continue. If the new value fails to satisfy the MPE requirement, then Steps 1
and 2 may be repeated a second time (but not more than twice), and if the laser tracker still exceeds the MPE, it fails the
performance evaluation test. The system shall be compensated, repaired, or replaced, and the performance evaluation
testing shall be repeated.

6.2.4 Horizontal Length Measurement System Tests. A horizontal reference length having target nests a and b is
shown in the illustration in Table 6.2.1-1. The distance A should be atleast 2.3 m in length. The height h of the laser tracker
should be approximately the same as the height of nests a and b. D represents the distance between the reference length
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Table 6.2.1-3
Right Diagonal Length Measurement System Test

Standing axis

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target Nest a, dgg
1 1.24 0
2 1.24 90
3 1.24 180
4 1.24 270
5 2.7A 0
6 2.7A 90
7 2.74 180
8 2.7A 270

GENERAI
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Thes
full rang
shall be

Thre¢
describ

6.2.5
theillus

NOTE: The lengths and angles are approximate.

aser tracker. The laser tracker shall be positioned so thatitis approximately equidistant from target nests a an
bments shall be made with the-laser tracker positioned and oriented as described in Table 6.2.1-1.
pecified horizontal angles represent physical rotations of the laser tracker about the standing (vertical) axis.
e of specified horizontal anglés may not be possible for the laser tracker under test. In this case, measuremg
equally distributed aridyspan the entire available angular range.

repeat measuremeénts shall be performed in each position. The measurement results shall be reported
bd in section 7.

Vertical Length Measurement System Tests. A vertical reference length having target nests a and b is show|
fration inTable 6.2.1-2. The distance 4 should be atleast 2.3 min length. The height h of the laser tracker shoul

shall be
Three repeat measurements shall be performed in each position. The measurement results shall be reported as
described in section 7.

atelymidway between the heights of nests a and b. D represents the distance between the reference length

db.

he
nts

as

hin
I be
hnd

equally distributed and span the entire available angular range.

6.2.6 Right Diagonal Length Measurement System Tests. A right diagonal reference length having target nests a and
b is shown in the illustration to Table 6.2.1-3. The distance 4 should be at least 2.3 m in length. The height h of the laser
tracker should be approximately midway between the heights of nests a and b. D represents the distance between the
reference length and the laser tracker. The laser tracker shall be positioned so that it is approximately equidistant from
thetargetsataand b. Measurements are made with the laser tracker positioned and oriented as described in Table 6.2.1-3.

10
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Table 6.2.1-4
Left Diagonal Length Measurement System Test

45 deg /‘,\\
1

~
~
~J

Standing axis

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target Nest|a, deg
1 1.24 0
2 1.24 90
3 1.24 180
4 1.24 270
5 2.7A 0
6 2.74 90
7 2.7A 180
8 2.7A 270
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ERAL NOTE: The lengths and angles are approximate:

he specified horizontal angles represent physical rotations of the laser tracker about the standing (vertical) 3
range of specified horizontal dngles may not be possible for the laser tracker under test. In this case, measu
Il be equally distributed and span the entire available angular range.

hree repeat measurementsshall be performed in each position. The measurement results shall be rep
cribed in section 7.

.2.7 Left Diagonal'keéngth Measurement System Tests. A left diagonal reference length having target nests a
wn in the illustfation to Table 6.2.1-4. The distance A should be atleast 2.3 m in length. The height h of the laseq
uld be approximately midway between the heights of nests a and b. D represents the distance between the rg
bth and thelaser tracker. The laser tracker shall be positioned so thatitis approximately equidistant from the t
hd b. Measurements are made with the laser tracker positioned and oriented as described in Table 6.2.1
he $pecified horizontal angles represent physical rotations of the laser tracker about the standing (vertical) 3

xis. The
Ffements

rted as

andbis
tracker
ference
irgets at
4.

xis. The
"fements

range of specified horizontal angles may not be possible for the laser tracker under test. In this case, measu

sha

1l be equally distributed and span the entire available angular range.

Three repeat measurements shall be performed in each position. The measurement results shall be reported as

des

cribed in section 7.

6.2.8 User-Selected Length Measurement System Tests. The user may specify two additional length measurements
anywhere in the laser tracker measurement envelope. The following two positions are the recommended default test
positions that shall be used in the event that the user does not explicitly specify additional positions. Each of the two
positions shall be measured three times and the measurement results shall be reported as described in section 7.

11
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(a) The first default position is strongly recommended for users that measure extensively in the vertical direction, as
this position is sensitive to errors in the vertical angle encoder of the laser tracker. The test position is similar to that in the
illustration in Table 6.2.1-2, except that the reference length is shifted up vertically such that the lower target nest
(denoted as b in illustration in Table 6.2.1-2) is approximately at the laser tracker height. The laser tracker should
be as close as possible to the reference length (i.e., the distance D in the illustration in Table 6.2.1-2 should be minimized)
while still allowing the upper target nest to be measured (i.e., target nest a must be within the measurement range of the
vertical angle encoder of the laser tracker).

(b) The second default position is similar to thatin para. 6.2.6, except the reference length is positioned at a compound
angle that involves approximately the same displacement for all three laser tracker axes (radial and both angular axes).
The center of the reference length shall be approximately at the laser tracker’s height and 5 m away.

The yser may specify positions other than the default ones. However, if the specified positions require aeference
length g¢ther than the length or lengths used for testing in paras. 6.2.4 through 6.2.7 and para. 6.4, then(the usqr is
respondible for providing the traceable reference lengths for these measurements. Metrological traceability)of the refer-
ence lemgth shall be established as described in Mandatory Appendix L.

6.3 Two-Face System Tests

6.3.1| Two-Face System Test Procedure. The two-face measurement setup is shown in theillustration in Table 6.3.]L-1.
Three tdrget nests are placed as shown: one below the laser tracker, one at approximately thelaser tracker’s height, pnd
one at tyvice the laser tracker’s height above the lower target nest. D represents the distanee between the laser tracker pnd
the target nest on the floor. Measurements are made with the laser tracker position€d as described in Table 6.3.[-1.

The specified horizontal angles represent physical rotations of the laser tracker @about the standing axis. The full rahge
of specified horizontal angles may not be possible for the system under test. In‘this case, measurements shall be equplly
distributed and span the entire available angular range.

A twd-face system test is performed by measuring a target first in the frohtsight mode and then in the backsight mgde.
For each test position numberin Table 6.3.1-1, a two-face system test is performed on each of the three targetsin nestsp, b,
and c. This testis repeated a total of three times for each target. The largest two-face error from the nine measurements is
reportefl for each test position number in Table 6.3.1-1. Because\MPE specifications are generally the same for a group of
test posjtions thatare only different because of the physical rotation of the tracker (e.g., test positions 1, 2, 3,and 4 in Tqble
6.3.1-1)f the largest two-face error for each group of test positions is reported in Form 4-2. In Form 4-2, itis assumed that
the MPH specification for the three targets in nests a, b, and-¢ are the same for any given test position. If thatis not the cpse,
Form 412 shall be suitably modified to account for the’ varying MPEs for the three targets.

It is permissible to perform frontsight mode measurements of the three targets and then perform the backsight mpde
measurgments of the three targets for any given'test position number in Table 6.3.1-1. Thus, the measurement sequejnce
may be|apbrcr—apbpcp-arbrcr—apbpcp-arbrcrapbpcp, arap—brbp-Crcp-apap—bpbp—Crcp-arap-bpbp—crcp, Or arap-agap-
arag-babp-brbp-brbp-crcg-crcg-crcp, where the subscripts F and B denote frontsight and backsight, respectivily.
Measurg¢ment results are reported as described in section 7.

6.3.2| Failure to Satisfy MPE Requirements. There are a total of 12 two-face system test positions. Each position jhas
three tafgets, thus there are a tetal-of 36 individual target measurements. Each individual target is measured three times,
thus thgre are 108 two-face measurements in all. A maximum of five of the 36 individual target measurements may hiave
two-facg errors outside of the’'conformance zone. No more than one of the three repeat measurements for any indiviqual
target nhay have two-face-errors outside of the conformance zone. If the laser tracker fails to meet the specification| for
more thpan five measurements or has more than one of the three repeat measurements for an individual target outside|the
confornpance zone, the laser tracker shall be compensated, repaired, or replaced, and the performance evaluation tesfing
shall befrepeated. If the laser tracker fails to meet the specification at one to five measurements, the following actions shall
be takep:

Step I. EXamine the target nest to assess its stability and, if necessary, clean and secure the nest and its standl.

Step 2. Repeat the two-face measurements of the failed target position five times.

Step 3. Ifthe repeat measurements satisfy the MPE requirement, then the laser tracker satisfies the requirements for the
measurement at the failed test position, and testing can continue. If the repeat measurements fail to satisfy the MPE
requirement, then Steps 1 and 2 may be repeated a second time (but no more than twice) and if the laser tracker still fails
the MPE for the measurement, it fails the performance evaluation test. The system shall be compensated, repaired, or
replaced, and the performance evaluation testing shall be repeated.
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Table 6.3.1-1
Two-Face System Test

Standing axis : 4

Talgct/
\A nests\' b

Position Number Distance, D (Approximate) Measured Horizontal Angle to Target b| deg
1 [Note (2)] 0
2 [Note (2)] 90
3 [Note (2)] 180
4 [Note (2)] 270
5 3m 0
6 3m 90
7 3m 180
8 3m 270
9 6 m 0
10 6 m 90
11 6 m 180
12 6 m 270
NOTES:
(1) [The height h should be at least 1 m.

2

Minimize D in order to maximizé thé vertical angular range of motion between nests a and c.

6.4 Ranging Tests

I

be
Ins

by

N a typical ranging test, the laser tracker measures the distance between two points in space that are nominally
radjal (ranging)-direction of the tracker, and the result is compared to the reference length. For IFMs, the ranging
berformed with long reference lengths or short reference lengths. For ADMs, only long reference lengths al
eadofperforming a ranging test by measuring the distance between two points, IFMs may be tested for confa
berforming a wavelength calibration. Only one measurement of each position is required for the ADM and I

ralonga
estmay
re used.
rmance
FM long

ref

rence length tests. 1nree repeated measurements oI each position are required Ior 1rM short reference len

h tests.

6.4.1 Reference Length Requirements. The expanded testvalue uncertainty (k= 2) ofatraceable reference length (see
Mandatory Appendix I) used in a ranging test should not exceed one-half of the MPE for the measurement, i.e., C,,, 2 2, and
the value of the measurement capability index, C,,, shall be stated on Form 4-2. There are several methods of imple-
menting the ranging test, and in each method

Cyy = MPE(Lyof)/ U= (Lyef) > 2
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Table 6.4.1-1
Ranging Test

Target nests

Nest a [Note (1)]
L N / \ Nest b
Id

Measured Zenith Angle to Target Ng

Positior} Number Reference Lengths [Note (2)] a and b, deg

1 Ly = 18%R 90

2 L, = 36%R 90

3 L3 = 54%R 90

4 Ly = 72%R 90

5 User selected 90

6 User selected 90
NOTES:

(1) The farget nest a should be 3 m from the laser tracker.

(2) R=

where
Lref

and Uj-p(Lyef) is evaluated:as in Nonmandatory Appendix D, para. D-4.1. (Also see para. 7.3 and Mandatory Appendi

Becayse of the highaécuracy (low MPE) of some laser tracker ranging subsystems, the measurement capability in|
requireent may.not-be obtainable. In this case, the actual value of C,, for the ranging tests shall be clearly stated
Form 412, and thé,“Low C,,” box checked. In no case shall C,, be less than 1.

6.
testpo

the case of ADM testing, there are a total of six long reference length test positions (each measured once). For IF

thaximum ranging distance.

3 one of the following:

(a) alongreferencelength[See paras. 6.4.2(a), 6.4.3, 6.4.4(a), and 6.4.4(b)] taken from Table 6.4.1-1 (see
Nonmandatory Appendik, D, section D-2)

(b) a short reference length taken from para. 6.4.2(b)

(c) a referencefength for laser interferometer calibration [see para. 6.4.2(c)] taken from Table 6.4.1]

sjtions (each measured once) or a total of four short reference length test positions (each measured three times

=

SO

1

K [.)
dex
on

gth
.In

411.1 Failure to Satisfy MPE Requirements. In the case of [FM testing, there are a total of four long reference len

MV, a

maximum of one out of four test positions may have length error outside of the conformance zone. For ADM, a maximum of
one out of six test positions may have length error outside of the conformance zone. If the laser tracker fails to meet the
specification for more than one test position, the laser tracker shall be compensated, repaired, or replaced, and the
performance evaluation testing shall be repeated. If the laser tracker fails to meet the specification at one test position, the
following actions shall be taken:

(a)

In the case of a long reference length (ADM or IFM)

14
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Step 1. Examine the reference length to assess its stability and, if necessary, recalibrate the reference length. This is
particularly relevant to paras. 6.4.2(a) and 6.4.4(b), where drift in the location of the target nests can degrade the
reference length.

Step 2. Remeasure the failed test position five times and select the largest absolute value of the five length errors
(length error is the measured length minus the reference length) to replace the failed position value.

Step 3. If the new value satisfies the MPE requirement, then the laser tracker satisfies the requirements for that
measurement and testing can continue. If the new value fails to satisfy the MPE requirement, then Steps 1 and 2 may be
repeated a second time (but no more than twice), and if the laser tracker still fails the MPE for the measurement, it fails the
per mance evaluation te 1€ €1 _SiNd DE COompensated epaired, 0 cpldaced and tne periormarn aluation
testing shall be repeated.

b) In the case of a short reference length (IFM only)

Step 1. Examine all four short reference lengths to assess their stability and, if necessary, recalibrdte the r¢ference
length(s). Thisis particularly relevantin situations where drift in the location of the target nests can degrade the r¢ference
length, such as when using target nests mounted on stands.

Step 2. Remeasure all four short reference lengths three times, perform the least-squarés fit as descfibed in
parfa. 7.3.1, and determine the errors corresponding to the four long reference test pgsitions in Table |6.4.1-1.
Repjeat this process five times, and select the largest error from the five repeats for each test position in Table|6.4.1-1.

Step 3. If the new values for the four test positions all satisfy the MPE requirement,then the laser tracker satiffies the
requirements for that measurement and testing can continue. If at least one of the new values fails to satisfy the MPE
requirement, then Steps 1 and 2 may be repeated a second time (but no more thantwice) and if the laser tracker till fails
the|MPE for the measurement, it fails the performance evaluation test. The system shall be repaired or replaced|and the
performance evaluation testing shall be repeated.

) In the case that a laser calibration [see para. 6.4.2(c)] is used to evaluate the IFM ranging performance, failure to
satisfy the MPE requirements indicates that the IFM is not operating‘correctly or the laser wavelength calibratjon is in
doybt. The manufacturer shall address the situation as appropriate.

§.4.2 IFM Ranging Tests. Laser displacement interferometry is a mature technology that is well understdod. [FM
testing is focused on length-dependent errors, which typically scale linearly with increasing length, and onl proper
couynting of the interferometric fringes. There are three methods that are sufficient to ensure proper opgration.
Thq IFM may be tested by any of the following methads, each of which is sufficient to ensure proper operation:

1) Long Reference Lengths. The most direct method'of testing the IFM ranging capability involves the measurgment of
fouf long reference lengths aligned in a pure radial-orientation that spans a significant portion of the maximum|ranging
distance. The reference lengths are specified in Table 6.4.1-1, where R is the maximum range of the IFM. No user-§elected
poditions are required for the [FM ranging-test. Details regarding realizing the long reference lengths are given|in para.
6.4}4. Measurement results are reported as described in section 7.

h) Short Reference Lengths. In this\method, the laser tracker is set up to perform a pure radial point-to-point length
megsurement at approximately the laser tracker height. A set of four reference lengths are measured. By defaulf a set of
refe¢rence lengths approximately eéqual to 0.5 m, 1.0 m, 1.5 m, and 2.3 m can be used. In no case shall the longest 1¢ngth be
lesg than 1.5 m. For each of the four reference lengths, the close end of the reference length shall be located at the same
distance from the laser tracker. Each of the four lengths is measured, and then the measurement sequence is repedted two
mofe times for a total oftwelve length measurements (i.e., each length is measured three times). A least-squareq best-fit
ling is fit to the errors.as described in para. 7.3.1, and long reference length errors are computed. Measurement results
shall be reported™as described in section 7.

) Laser Intexferometer Calibration. The IFM in the laser tracker shall be calibrated according to ASME B89.11.8-2011
(RZ021). Erem that calibration report, the length-dependent error (LDE) and the drift value, D, shall be repgrted as
described\in section 7.

§.4:3" Absolute Distance Meter (ADM) Ranging Tests. The procedures described in this paragraph are designgd to test
the measurement capability of the ADM ranging subsystem of a suitably equipped laser tracker. This is accomplished by
comparing a set of six point-to-point lengths as measured by the ADM with a corresponding set of long reference lengths
aligned in a pure radial orientation that spans a significant portion of the maximum ranging distance. The reference
lengths, including two user-selected lengths, are specified in Table 6.4.1-1, where R is the maximum range of the ADM.
Details regarding realizing the reference lengths are given in para. 6.4.4. Measurement results are reported as described
in section 7.

NOTE: The methods used to test the IFM and ADM are not required to be the same. For example, the IFM might be tested using the laser
calibration procedure [see para. 6.4.2(c)] while the ADM might be tested using a laser rail calibrated with the IFM (assuming the IFM
met the requirements of para. 6.4.2 and the measurement capability index).
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6.4.4 Long Reference Lengths for Ranging Tests. Long reference lengths for IFM and ADM ranging tests may be
realized by either of the following methods:

(a) Lengths Created Using Rail and Target Carriage. In the case of ADM ranging tests, if the laser tracker has an IFM that
meets the ranging test requirements of para. 6.4.2 and the measurement capability index requirements of para. 6.4.1, the
laser tracker may be used to calibrate the ADM reference lengths along the rail. If the laser tracker does not have an IFM, or
for testing the laser tracker’s IFM, a displacement interferometer may be used.

(b) SMR Target Nests Mounted on Independent Freestanding Rigid Structures With Distance Between Nests Calibrated by
Suitable Technique (e.g., Laser Displacement Interferometer). Again, for the ADM ranging tests, if the laser tracker has an
IFM that meets the requirements of para. 6.4.2, then that IFM may be used to calibrate the reference lengths

The reference lengths are denoted L, through L, in the illustration in Table 6.4.1-1. As depicted in the illustratiopn, a
referenge length is the length between the target nest closest to the laser tracker (i.e,, nest a) and each of the subseqyent
target npsts. Target nest a should be placed 3 m from the laser tracker. The nests collinear with those labeled @ and b shall
be along the radial direction of and at approximately the height, h, of the laser tracker.

A single measurement consists of measuring the distance to each of the target nests in sequence. These distances|are
then uspd to calculate the lengths depicted in the illustration in Table 6.4.1-1.

Care §hould be taken to provide a thermal environment for the laser beam path in compliance with’the manufacturer’s
specificptions (see Nonmandatory Appendix E). Measurements are made with the laser tracker{ositioned and orierjted
as desctibed in Table 6.4.1-1.

For the case of ADM range testing, the user shall specify two additional length measuréments by selecting two agldi-
tional target locations along the radial line connecting nests a and b. The user-selected lengths are then the lengths
between target nest a and the two user-selected target positions.

6.4.4.1 CosineError. Thelaser tracker beam path should be sufficiently aligned along the reference length so thatfthe
cosine grror is negligible during the range testing. The magnitude of the.cosine error can be calculated using eq. |(1).
Lengths 4 and B in Figure 6.4.4.1-1 represent the laser tracker range measurements (i.e., distances from the 1gser
tracker jorigin) to points labeled a and b. The reference length is depicted by line segment L joining the measurenjent
points ¢ and b. The length measurement is given by B — A. The maghitude of the cosine error is then

AL = (B— A) XL &

The miisalignment of the laser tracker can be determined by either measuringits physical offset from the reference line,
labeled C'in Figure 6.4.4.1-1, or by recording the change-in angle 8 between the two measurement points that compripe a
measurgd length (see Figure 6.4.4.1-1). The angle 8 mdy not lie solely in the horizontal or vertical plane. For the tests
describgd in this Standard, laser tracker pointingdsmnominally in a horizontal plane. In this case, 8 can be estimated by

0= AH? + AV? 2

where 4H and AV are the changes in theshorizontal and vertical angles, in radians, between the two points that defife a
referenge length.

Once pominal values for the lengths 4 and B are known, the cosine error AL can be calculated given either the offset { or
the angle 6, using one of the following equations:

AL=(B-4) - (VB* - C* - A - C?) 3)

AL = (B—A) — y(Asin6)* + (B — A cos ) Q)

Figurp 6:4:4.1-2 shows the cosine error versus offset C for A = 3 m and B = 6 m. These values are typically the shorfest

that ml }lt lIJC CIICU uutc1 Cd ill I ausius tCDtD. FUl }al 5Cl va}uca UfA dlld B, t‘llC LUDillC CITurli1 ayld}y dCLl CTastTos ill ulasuitud . It
can be seen, for example, that an offset C = 6 mm results in a cosine error of about 3 um. This is a small, but not negligible,
error when testing high-accuracy ranging subsystems. The cosine error calculation is important during the alignment of
the laser tracker with the points a and b shown in Figure 6.4.4.1-1. After the tracker is aligned, the distance between the
points a and b is determined using three-dimensional coordinates, not just the range measurement.
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Figure 6.4.4.1-1
Laser Tracker and Reference Interferometer Alignment
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\

Tracker measurement lines

\\\\‘>’y

A f«— | ——>]

RIS

R

Reference interferometer

Reference line

Figure 6.4.4.1-2
Cosine Error Versus Offset C From Reference Line
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GENERAL NOTE: Endpoints of reference length are points a and b.

Offset C, mm

= 6 m (see Figure 6.4.4.1-1).

3 m and B

GENERAL NOTE: In this example, A
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(21) 7 ANALYSIS OF PERFORMANCE EVALUATION TESTS

7.1 Evaluation of Length Measurement System Tests of Para. 6.2

The length measurement system tests are evaluated by calculating the difference between the measured length and the
reference length using eq. (5).

§=Ly — Ly )

where
L,, 3 length measured by the laser tracker
L. § reference length

Therg are three values (61, 63, and 83) for each test position corresponding to the three repeated measurements. ['he
test of cpnformance for each measured point-to-point length error requires comparing the largest value; é,,.x = max|(61,
62, 03), Wvith the corresponding MPE specification for that length, i.e., |0,,ax] < MPE for all lengths (see:the examplef in
para.7.4).Some test positions differ only in the orientation of the laser tracker, e.g., horizontal systeimntest positions 2, B, 4,
and 5 (spe Table 6.2.1-1). For a group of test positions, a single MPE is specified and the largest value of §,,,. is reported on
Form 4{2 (see example in Figure 7.1-1).

7.2 Evaluation of Two-Face System Tests of Para. 6.3

The two-face system tests are evaluated by calculating the apparent separation of the measured frontsight and back-
sight taffget positions. For each sampled target nestlocation, the measured target position in frontsight mode is a poinjt Pr
with cogrdinates (xg, yr, and zg). In backsight mode, the measured position isa‘point P with coordinates (xg, yg, and |zg).
The distance between these points is the apparent separation, 4, as calculated by the laser tracker software. There|are
three s¢parations (414, 424 and 43,) for target nest location a corresponding to the three repeated measuremepts.
Likewis, there are three separations for target nest locations b and ¢ (41, 425, 43p, 41, 42, and 43.). The test of confor-
mance fpr each test position in Table 6.3.1-1 requires comparingthélargest value, 4,,,.x = max (414, 424, 430, A1, 421, P31,
Ay, Ay A3.), with the corresponding MPE specification, i.e., 45« < MPE (see the examples in para. 7.4).

Form|4-2 shows two-face system tests combined togetherfrgroups differing only in the orientation of the laser tradker
[e.g., twp-face system test positions 1, 2, 3,and 4 (see Table6:3.1-1)]. When grouped together in that manner, a single NIPE
is specified for a group, and the largest value of 4,.,.i§ reported on Form 4-2 (see example shown in Figure 7.1-1)} As
mentiofed in para. 6.3.1, this method of grouping two-face system tests is valid when the MPE specification for the three
targets,|a, b, and ¢, are the same for a given test.position. If that is not the case, Form 4-2 shall be suitably modified.

7.3 Evaluation of Ranging Tests of Para. 6.4

7.3.1|Evaluation of IFM Ranging Tests: For the case of long reference lengths, the ranging test results are evaluated by
calculatjng the difference between(the measured length and the reference length using eq. (6).

6 =1L, — L (6)

where
L, 3 length measured by the laser tracker
L. 3§ reference léngth

The tpst of conformance for each measured point-to-point length error requires comparing the value of § with|the
corresppnding-MPE specification for that length, i.e., |6] < MPE for all lengths § (see the example in Figure 7.1-1).

For thecase of shortreference lengths, the difference between the measured length and the short reference length shall
be calculated UusIng €q. (7) for eacn of the 12 measured SNOIT reference lenguns.

€= |Lm - Lref—short' <

Aleast-squares line fit of the form A + BL shall be performed through all 12 values of € and the corresponding slope and
interceptshall be determined where A and B (not to be confused with A and Bin para. 6.4.4.1) are computed from the least-
squares fit (see Figure 7.3.1-1). Four values of § are computed by using the following equation:

§=A+BX Ly
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Figure 7.1-1
Form 4-2 With Example Default Method Data

Form 4-2 Manufacturer’s Performance Specifications and Test Results

IFM Specifications ADM Specifications
and Test Results and Test Results
Omax OF Omax OF
Test (Positions) MPEgy Amax [Note (1)1 | Pass MPE spm Amax [Note (1)1 | Pass
Horizontal (1] 30 35 Y 35 0.3 Y
Horizontal (2, 3, 4, 5) 40 38.1 Y 43 60.2 N
Horizontal (6, 7, 8, 9) 90 90.0 Y 91 55.1 Y|
Vertical (1, 2, 3, 4) 40 25.4 Y 43 10.2 Y|
Vertical (5, 6, 7, 8) 90 90.6 N 91 66.1 Y|
Right Diagonal (1, 2, 3, 4) 40 35.7 Y 43 36.2 Y|
Right Diagonal (5, 6, 7, 8) 90 80.6 Y 91 856.3 Y|
Left Diagonal (1, 2, 3, 4) 40 25.2 Y 43 26.2 Y|
Left Diagonal (5, 6, 7, 8) 90 80.6 Y 91 78.2 Y|
User Selected (1) 50 43.2 Y 53 20.2 Y|
User Selected (2) 15 10.0 Y 18 8.3 Y|
Two Face (1, 2, 3, 4) 40 2.1 [Note (2)] Y [Note (2)]
Two Face (5, 6, 7, 8) 50 33.8 [Note (2)] Y- [Note (2)]
Two Face (9, 10, 11, 12) 90 5.3 [Note (2)] Y, [Note (2)]
IFM Ranging Ref L (1) =9 m 20 16.0 [Note (31 Y
IFM Ranging Ref L (2) =18 m 40 31.0 [Note,(3)] Y
IFM Ranging Ref L (3) =27 m 60 48.0 [Note (3)] Y
IFM Ranging Ref L (4) =36 m 80 61.0{Note (3)] Y
ADM Ranging Ref L (1) =9 m 25 13.5 Y
ADM Ranging Ref L (2) =18 m 50 42.2 Y]
ADM Ranging Ref L (3) =27 m 75 54.0 Y
ADM Ranging Ref L (4) =36 m 100 95.3 Y]
ADM Ranging Ref L User (1) =22 m 23 20.1 Y
ADM Ranging Ref L User (2) =30 m 25 23.1 Y]
FoJrn;l:::cfr?:\/i:s:Ec::nae::;?f?c:jc?o?:ﬁeet See attached specifications. See attached specifications.
[Note (4)]
Test Performed by: Jones Date:_3/18/2021 Instrument Serial Number: 1234
C,, for IFM System Tests; 5.2 ; Cpfor IFM Ranging Tests: 25 if 1= C,,<2Check “Low_C,,"
C,, for ADM System TeSts: 6 ;  C,for ADMRanging Tests:___ 2.1 if 1= C,, <2 Check (OJ"“Low_C,,"
Final Test Results (Rass/Fail): Fail
GENERAL NOFES:
(a) All units-are_in micrometers (um).
(b) The IFMicolumns must contain specifications and results for laser trackers with IFM only, the ADM columns
must €ontain specifications and results for instruments with ADM only, and both pairs of columns must contain
specifications and results for instruments with both an IFM and an ADM.
(c) 1f.an ADM result is used in place of an IFM result, the value should be placed in parentheses.
NOTES.:

(1) & for length system results, A for two-face results; see paras. 7.1 and 7.2.

(2) Two-face tests may be performed with either an IFM or an ADM.

(3) These results can be results from long reference lengths, or computed from short reference lengths (see
para. 7.3.1), or computed from the laser interferometer calibration certificate (see para. 7.3.1).

(4) The manufacturer may specify separate MPE formulas for the system tests, ranging tests, and two-face tests.
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Figure 7.3.1-1
Least-Squares Line Fit to 12 Short Reference Lengths
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he LS are the four long reference lengths specified in Table 6.4.1-1. The test of coniformance for each compy
rror requires comparing the value § with the corresponding MPE specification fer:that length, i.e., |§] < MPE fo
g lengths given in Table 6.4.1-1 (see the examples in para. 7.4).
e case of the laser IFM calibration method described in para 6.4.2(c), feur values of § are computed by
g equation:

8 =D + LDE X Ly

he L. are the four lengths specified in Table 6.4.1-1, and D and LiDE are the drift value and the length-depend

reported on the calibration certificate. The test of confermance for each computed length error requ
ng the value § with the corresponding MPE specification for that length, i.e., |6] < MPE for all four leng
Table 6.4.1-1 (see the examples in para. 7.4).

Evaluation of ADM Ranging Tests. For the measured long reference lengths, the ranging test results are e
r calculating the magnitude of the difference between the measured length and the reference length using eq.

G-= Ly — Lyef

length measured by the laser tracker
reference length

pst of conformance for each.measured point-to-point length error requires comparing the value of § with
pnding MPE specificationfor that length, i.e., |§] < MPE for all lengths 6 (see the examples in para. 7.4).

amples of Failure-to Satisfy MPE Requirements

absolute value'of any length difference, §, or any apparent separation, 4, is greater than the specified MPE for
ar test, thedaser tracker fails to meet the manufacturer’s performance specification for that measurement. In
e procedufe of para. 6.2.3, para. 6.3.2, or para. 6.4.1.1, as appropriate, shall be followed, and if the system still {
the-manufacturer’s performance specifications, then it shall be repaired or replaced before the performa
on-testing is resumed.

ted
Fall
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al-
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7.4.1 Example of Default Test Method. Figure 7.1-1 shows the test data for a laser tracker tested using the default

method

from Table 6.1-1. The laser tracker had both an ADM and an integrally mounted IFM.

In Figure 7.1-1, the maximum error in position 5, 6, 7, or 8 for the vertical length measurement system test and the
maximum error in position 2, 3, 4, or 5 for the horizontal length measurement system test exceed the MPEs for the IFM and
ADM, respectively (these values are from the second retest, per para. 6.2.3). As a consequence, the laser tracker fails to

meet th

e manufacturer’s performance specifications.

7.4.2 Example of Alternative Test Method. Figure 7.4.2-1 shows the test data for a laser tracker tested using the
alternative method from Table 6.1-1. The laser tracker had both an ADM and an integrally mounted IFM. The manu-
facturer’s MPE(s) are shown together with the measurement results from the ADM and the required IFM measurements.
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ADM measurements are used in place of the IFM measurements for all of the length measurements except for the first
horizontal position. That is, the ADM measurements are used as surrogates for the IFM measurements, except for the
horizontal position. This has the advantage of reducing the total number of measurements. The disadvantage is that the
ADM errors are typically larger than the corresponding [FM errors, and hence the alternative test method may fail an IFM
that would otherwise pass using the default method. If this occurs, it is recommended to perform IFM measurements at
the failed positions to determine if the I[FM can pass the test.

In Figure 7.4.2-1, the maximum error in position 5, 6, 7, or 8 for the vertical length measurement system test and the
maximum error in position 2, 3, 4, or 5 for the horizontal length measurement system test exceed the MPEs for the IFM and

qQUENCE € € _1d Q 1Nee [ danuid 1rc RETIOMANCE SPE ations.
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Figure 7.4.2-1

Form 4-2 With Example Alternative Method Data

Form 4-2 Manufacturer’s Performance Specifications and Test Results

IFM Specifications
and Test Results

ADM Specifications
and Test Results

Smax OF Omax Or
Test (Positions) MPEy Amax [Note (1)] | Pass MPE zpm Amax [Note (1)1 | Pass

Hofizontal (1] 30 35 Y 35 R3] Y
Hotizontal (2, 3, 4, 5) 40 (46.5) N 43 46.5 N
Hotizontal (6, 7, 8, 9) 920 (55.1) Y 100 55.1 Y
Vertical (1, 2, 3, 4) 40 (10.2) Y 43 10.2 Y
Vertical (5, 6, 7, 8) 90 (95.2) N 100 95.2 Y
Right Diagonal (1, 2, 3, 4) 40 (36.2) Y 43 36.2 Y
Right Diagonal (5, 6, 7, 8) 90 (72.2) Y 100 72.2 Y
Leff Diagonal (1, 2, 3, 4) 40 (35.3) Y 43 35.3 Y
Left Diagonal (5, 6, 7, 8) 90 (78.2) Y 100 78.2 Y
Usé¢r Selected (1) 50 (43.2) Y 53 43.2 Y
Usgr Selected (2) 15 (4.3) Y 18 4.3 Y
Twe Face (1, 2, 3, 4) 40 2.1 [Note (2)] Y [Note (2)]

Tw¢ Face (5, 6, 7, 8) 50 33.8 [Note (2)] Y [Note (2)]

Twe Face (9, 10, 11, 12) 90 5.3 [Note (2)] Y [Note (2)]

IFM Ranging Ref L (1) =9 m 20 16.0 [Note (3)] Y

IFM Ranging Ref L (2) =18 m 40 31.0 [Note (3)] Y

IFM Ranging Ref L (3) =27 m 60 48.0 [Note (3)} Y

IFM Ranging Ref L (4) =36 m 80 61.0 [Note (3)] Y

ADM Ranging Ref L (1) =9 m 25 13.5 Y
ADM Ranging Ref L (2) =18 m 50 41.2 Y
ADM Ranging Ref L (3) =27 m 75 69.5 Y
ADM Ranging Ref L (4) =36 m 100 80.5 Y
ADM Ranging Ref L User (1) =22 m 23 15.2 Y
ADM Ranging Ref L User (2) =30 m 25 22.1 Y

o
[

attach MPE specification sheet
ote (4)]

Fol-nula for calculating the MPE

See attached specifications.

See attached specifications.

Test|Performed by:
r IFM System Tests:___ (5.2~  ;
r ADM System Tests:<{_Y6
Final Test Results (Pasg/Rail): ___ Fail

Crm
C,

m

GE
(a)
(b)

Jones

Date: 3/18/2021

ERAL NOTES:

Il units are innmicrometers (um).

C,, for IFM Ranging Tests: 2.5
C,, for ADM Ranging Tests: 2.1

Instrument Serial Number: 1234

if 1=C,< 2 Check []“Low_C,,"
if 1=C,,< 2 Check J“Low_C,,"

he IFM cglumns must contain specifications and results for laser trackers with IFM only, the ADM columns must
ontain speeifications and results for instruments with ADM only, and both pairs of columns must contain speci-
cations\and results for instruments with both an IFM and an ADM.
(c) If an,ADM result is used in place of an IFM result, the value should be placed in parentheses.

NOTES:

(1) o for length system results, A for two-face results; see paras. 7.1 and 7.2.

(2) Two-face tests may be performed with either an IFM or an ADM.

(3) These results can be results from long reference lengths, or computed from short reference lengths (see
para. 7.3.1), or computed from the laser interferometer calibration certificate (see para. 7.3.1).

(4) The manufacturer may specify separate MPE formulas for the system tests, ranging tests, and two-face tests.
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MANDATORY APPENDIX I
REFERENCE LENGTH TRACEABILITY

I-1{ GENERAL TRACEABILITY ISSUES

This Standard employs the interpretation of traceability described in ASME B89.7.5-2006. Two issuesf tra
aride in the testing and subsequent use of laser trackers. The first issue is that if a performance evaludtion is cond
a particular laser tracker, then, in order to demonstrate that the system meets the manufacturer’s specificati
ref¢rence lengths must satisfy the traceability requirements of section I-2. This provides the .connection to the §
tion of the meter and allows a comparison of the measured length errors with the specified maximum permissih
(MPE) values.

connection to the SI definition of the meter is achieved. For example, if a scale bar-is employed to realize the r¢

eability
icted on
ons, the
[ defini-
le error

(ne of the traceability requirements is for documentation traceability. This is a.requirement to describe how the

ference

length, then the documentation traceability is the calibration certificate of the scale bar to an appropriate metrological

inus. Ifthe reference length is realized using the laser interferometer intexfial to the laser tracker (IFM), then
mukt have metrological traceability to an appropriate metrological termihus (see section I-3).
he second issue of traceability is that if the laser tracker is to be used\for subsequent point-to-point length n

this [IFM

easure-

mefts (e.g., by a user in a factory), then the requirements of ASME B89:7.5 must be fulfilled for the measurements to be

conlsidered traceable (see Nonmandatory Appendix A).

I-2| REFERENCE LENGTH TRACEABILITY

ach reference length required in this Standard mustbe traceable per ASME B89.7.5. Typically, it is not nece
dodument separately the traceability of each reference length on a test position by test position basis, unless a ¢
artifactis used to generate the reference length. Ferexample, a calibrated scale bar might be used for the referencd
of the system tests and a laser interferometer/used for the reference lengths of the ranging tests. In such a
trageability requirements must be met and:decumented for both the scale bar and the interferometer. Suppl
follpwing information for each artifact used will satisfy the traceability requirements for the reference leng
(k) State the measurand (e.g., thetpoint-to-point length between two kinematic nests on a scale bar).

ssary to
ifferent
lengths
ase, the
ying the
hs:

NOTE: The reference length always refers to the standard temperature of 20°C. However, it may be convenient, for meajurement

uncprtainty considerations, to perfonym the calibration at a temperature other than 20°C.

b) ldentify the measurement system or standard used (e.g.,, a scale bar, 2.3 m long, made of steel, serial
12345).

r) State the expanded’(k = 2) uncertainty associated with the reference length as used at the time of measy
Infgrmation on evaluating the uncertainty of the reference length is given in Nonmandatory Appendix D.

) Provide ah uncertainty budget describing the uncertainty components used to compute the statement o
tairty.

p) Provide’documentation traceability (e.g., a calibration certificate) back to an appropriate terminus of the s
used for.the reference length; see section I-3 for an appropriate metrological terminus.

(P) \Show evidence of an internal quality assurance program so that the measurement uncertainty statemen

number

rement.

f uncer-

tandard

[ for the

reference length 1s assured. This may De a simple procedure to ensure that the reference length arttact 1s periodically
recalibrated, that other sensors (e.g., the weather station of a reference interferometer) are periodically recalibrated, or
that the artifact fixturing or other effects are in accordance with the artifact’s calibration requirements or otherwise

considered in the uncertainty budget.
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I-3 METROLOGICAL TERMINUS

An appropriate metrological terminus for the documentation traceability is any one of the following sources (see ASME
B89.7.5 for further details):

(a) calibration report" from a national measurement institute for the reference length (artifact or instrument) used in
the testing.

(b) calibration report from a competent? laboratory fulfilling ISO 17025, section 6.5 for the reference length used in the
testing.

(c) documentation describing an independent realization of the SI definition of the meter® used to generate the
referenfe Tength. This documentation will include the measurement uncertainty ol the calibration and evidejnce
that th¢ stated uncertainty is achievable (e.g., evidence of participation in a round robin or comparisonragajnst
another| independently calibrated length standard).

! For some instruments, accuracy is often specified by grade or class. A document identifying compliance to a metrological grade or class is equivalent
to a calibration report.

2 A de facto means of demonstrating competence is through laboratory accreditation.

3In this Standard, an independent realization of the SI definition of the meter is considered a reproducible physical phenomenon that has its
metrological characteristic (and reproducibility) measured and documented by a national measurement institute. Hence, reproduction of this phenom-
enonrepresents an unbroken chain of information, back to the STunit of length; such arealization is sometimes referred to as a quantum-based standard.
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1 INTRODUCTION

This Appendix provides information on the traceability of subsequent measurements of the laser tracker’after
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NONMANDATORY APPENDIX A
TRACEABILITY OF SUBSEQUENT MEASUREMENTS

romple-

tion of a performance evaluation per this Standard. The example in section A-2 is intended to illustrate a'typical scenario.

Forl more information on traceability, see ASME B89.7.5-2006 (R2016).

A-2 METROLOGICAL TRACEABILITY EXAMPLE

A user has alaser tracker that has successfully passed an evaluation per this Standard, i.€., all measured errors

gre
ser

ten

NO7]
cor

+ 2

es of point-to-point measurements on long aluminum structures. The lasertracker is equipped with a w

hsured on a shop floor at a temperature between 20°Csand 30°C).

ect for thermal expansion.

h) identification of the measurement system pr standard used (e.g., laser tracker #789).
r) a statement of the expanded (k = 2) uncertainty associated with the result of the measurement [e.g., U =

/) anuncertainty budget describing the yncertainty components used to compute the statement of uncertaint]

were no

hter than the manufacturer’s corresponding maximum permissible error (MPE)valtes. The user wishes to pg¢rform a

rkpiece

perature sensor that is mounted to the workpiece. The measurements are-performed in a factory environment that
varjes from 20°C to 30°C.
ince there are many workpieces of various lengths to measure, th€ user will develop a single document that will
address all the anticipated measurements; the document will be kept\on file in case measurement traceability
derhonstrated. This document should include the following:

(k) identification of the measurand (e.g., the point-to-point length between two points on an aluminum wqrkpiece

must be

[E: Workpiece dimensions always refer to 20°C, hence the workpiece temperature sensor measures the temperature injorder to

11.6 pm

D.0L pm, where L is in meters (the statement can be in any form, e.g., a table, a formula, produced by soffware)].

. In this

example, the uncertainty components would include the laser tracker error as quantified by its MPE, the uncertainjty in the

ten
und
EXA
is1
the

If

unc
Tab]

wa)
EXA
(1)

perature measurement, and the.uncertainty in the coefficient of thermal expansion; other effects might
ertainty components due to.spherically mounted retroreflector (SMR) errors (see Nonmandatory Appen|

MPLE: The manufacturer of.alaser tracker states that the largest point-to-point length error, i.e., the MPE (regardless of d
um + 10L pm, where L is thenominal length in meters. Suppose that the temperature is measured with a maximum error
coefficient of thermal.expansion (CTE) is (22 # 2) x 107°°C™%, and other uncertainty components are negligible.
uniform probability\distributions are assigned to all input quantities (uncertainty components), then the required
ertainties are jusbthe maximum errors multiplied by 1/4/3 (~0.58) . The uncertainty budget for this example is illus
e A-2-1.

) documentary evidence of the traceability of the length standard(s) used in the measurement. There are
s of deingrthis, depending on the circumstances of the manufacturer; two examples are listed below.

MPLES:
Ifthelaser tracker manufactureris ISO 17025 accredited to perform the ASME B89.4.19 testing procedure, then the certi

include
dix B).

irection)
f+0.5°C,

ktandard
[rated in

several

icate ofa

SUCCEsSIul performance evaluation, bearing the 1080 of the accreditation agency, 15 SUfICIent evidence of documentatt
ability.

n trace-

(2) If the laser tracker manufacturer is ISO 17025 accredited to perform the ASME B89.1.8 laser interferometer calibration, and the

IFM of the laser tracker is so calibrated and used to generate the reference lengths for the performance evaluation,
completion of a successful performance evaluation and the calibration report of the laser tracker’s IFM, bearing the lo
accreditation agency, is sufficient evidence of documentation traceability.

then the
go of the

(f) a description of an internal quality assurance program that is used to ensure the laser tracker is periodically
recalibrated, that the users are trained to operate the laser tracker in a manner that can realize its specified performance,
and that the measurements are performed within the stated conditions, e.g,, from 20°C to 30°C.
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Table A-2-1
Example Uncertainty Budget

Input Quantity

Standard Uncertainty

Laser tracker

Temperature
CTE

Combined standard uncertainty

(10 pm + 10L pym) x 0.58 = 5.8 pm + 5.8L pm

0.5°C x (2222 ) x L x 0.58 = 0 pm + 6.4L pum

m°C

2 ”:“C) x L x 10°C x 0.58 = 0 um + 11.6L pm
m

5.8 um + 14.5L um

Expanded (k = 2) uncertainty

11.6 um + 29.0L um

GENERAIL NOTE: L is the numerical value of length in meters.
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NONMANDATORY APPENDIX B

SPHERICALLY MOUNTED RETROREFLECTOR (SMR) TESTS

B-2

B-2

A
illu
obj
Th4
T
rot
Bed
twi

virgual object) of 4b.

T
pla
dir

B-2

A
Ag
me
SM

INTRODUCTION

cube-corner retroreflectors constructed of three mirrors. SMRs containing glass cube corners\(rather th{
rors) are subject to these same errors as well as additional errors, due to refraction, that are notdiscussed h
be types of errors are

1) vertex-centering error (radial or lateral)

h) dihedral-angle error

r) polarization error

he degradation in laser tracker measurements resulting from the vertex-centéring error is solely dependen
perties of the SMR and can be evaluated with the methods described in section B-2. The other two errors (d

ker. Dihedral-angle errors are discussed in section B-3; polarizatioiérrors are discussed in section B-4,

DETERMINING CENTERING ERROR OF VERTEX OF SMR

.1 Lateral Centering

s shown in Figure B-2.1-1, the operator places the SMR'in a nest on a microscope stand and uses a light s
minate the frame of the microscope. The operator tugns the focus adjustment to view a speck of dust (or oth
pct) sitting on the microscope frame, then rotates the'SMR within the nest and notes the diameter of the runout
lateral error in the centering of the SMR vertex is found by dividing the observed runout diameter by
o understand this result, consider Figure B#2.1-1. The lateral offset error, b, is equal to the distance from th
htion to the axis of the vertex. As the SMR.srotated within the nest, the vertex undergoes a mechanical runo
ause the tip of the virtual object is found by projecting the tip of the object through the vertex, the virtual spec
Ce as far as the vertex. In other werds, the microscope sees an optical runout (determined by the moveme;

his procedure requires a separate calibration of the microscope graticule. The calibration procedure may c
fing a calibrated reference-scale on the base of the microscope. The divisions on the reference scale are then co
ctly to the divisions ofthe graticule.

.2 Radial Centering

hge with an-uncertainty (k = 1) of less than 2.5 pm [e.g., a linear variable differential transformer (LVDT)] ig
hsure thecombined height, h, of the SMR and the reference ball. This gage is also used to measure the diameter,
R. Théterror in the depth of the SMR vertex with respect to the center of the sphere is

hree types of laser tracker measurement errors are attributable to spherically mounted retroreflectors (SMRRs) that

n three
ere. The

t on the
ihedral-

le error and polarization error) depend not only on the properties of the SMR but also on the properties of the laser

urce to
er small
pattern.
our.

b axis of
Lt of 2b.
kK moves
it of the

nsist of
mpared

s shown in Figure B-2.2-1, areference ball of diameter d is gently placed on the cube-corner retroreflector of the SMR.

used to
D, of the

. D al(1+\/§)_L

[ARA] 1 36604

(B-1)

2 2

The following is an explanation of eq. (B-1): inan ideal SMR, the distance from the bottom of the SMR to the vertexis D/2.
The sides of the reference sphere touch the cube-corner mirrors a distance of d/2 from the vertex, so the distance from the
vertex to the center of the reference sphere is (d+/3 /2). The distance from the center of the reference ball to the top of the
reference ball is d/2. The height of a reference ball within an ideal SMR is then the sum of these three quantities or
D/2+d(1+3)/2.
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Figure B-2.1-1
Microscope Schematic for Measuring Lateral Centering Error
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/\5 : _ Eyepiece
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dust (object)

source

\

e A
Axis of rotation —= i__\ Axis of vertex

b _>| 'I:N"\Virtuai object

Figure B-2.2-1
Setup. for Measuring Radial Centering Error

Probe tip
A
Reference ball —>
SMR —>
a2 h

4

GENERAL NOTE: This figure represents a two-dimensional cross section of a three-dimensional scenario.
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B-3 DIHEDRAL-ANGLE ERRORS

In an ideal cube corner, the angle between each of the three pairs of mirror faces is exactly 90 deg. In a real cube corner,
these angles may differ from the ideal by a few arcseconds. This difference, called the dihedral-angle error, can degrade
laser tracker performance if the SMR is used with a system that does not maintain perfect laser-beam retrace.

To understand laser-beam retrace, first consider the perfect retrace condition shown in Figure B-3-1. A laser beam
passes through a beam splitter inside the laser tracker, then passes out of the laser tracker and travels to the cube-corner
retroreflector of the SMR. The laser beam reflects backward, exactly retracing the path of the incident laser beam. Once
inside the laser tracker, some of the laser light reflects off the beam splitter and travels to a position-sensitive detector
(PSPJ-Apoint on the surface of the PSD is designated as the control point. The [aser tracker's servo subsystem difives the
bedm steering mirror subsystem so as to keep the beam centered on the control point. As long as the correct control point
has|been chosen, the laser beam is kept centered on the cube corner of the SMR, thereby causing the laser-beam tg exactly
retface itself.

If the position of the control point on the surface of the PSD is set incorrectly, as shown in Figure'B-3-2, the rjeflected
las¢r beam will not retrace the path of the incident laser beam.

ow consider a ray of light reflected off the three mutually perpendicular surfaces of a cube-¢orner retroreflgctor, as
shown in Figure B-3-3. The three mirrors lie in the XY plane, the YZ plane, and the ZX plafie, respectively. The fay first
strikes the YZ plane at point 1, then the XY plane at point 2, and finally the ZX plane at point.3, The ray of light emerges from
poiht 3 parallel to the ray incident on point 1.
Higure B-3-4 shows these same three points as viewed in a plane perpendicular®o the axis of symmetry of the cube
corper. Note that if the ray reverses its direction and begins at point 3, it will travel to point 2 and then point 1. Allso note
that the origin (vertex) of the cube corner bisects the line segment connecting points 1 and 3.
The surface of the cube corner can be divided into six segments, A through, by extending the lines of intersectipn of the
three mirrors, as shown in Figure B-3-5. For the direction of the incominglaser beam considered here, any ray|striking
segment B will strike segment C and then segment E. The reverselis also true; any ray striking segment E will strike
segment C and then segment B.
Ifthe dihedral-angle errors are not zero, the reflected rays witknot be exactly parallel to the incident rays. Suppose that
thelincident rays of laser light are parallel to the axis of syminetry of the cube corner in Figure B-3-5. Then, as a[specific
example, such rays incident on segment B may bend outward (leftward) by 1 arcsecond when they emerge from §egment
E. In this case, rays incident on segment E bend outward{{rightward) by the same angle (1 arcsecond) when they|emerge

Ih general, collimated laser light incident on all'six segments separates into six distinct segments after reflectipn. Each
segment travels in a slightly different direction. Opposing segments (i.e., segments A-D, B-E, and C-F) bend in equal and
opposite directions. Because of this symmetry; if the incoming laser beam is centered on the vertex of the cube cogner, the
optical-power centroid of the reflected-laser beam will coincide with the optical-power centroid of the incidgnt laser
beam. In this sense, the beam retracesits path back into the laser tracker and the perfect retrace condition of Figufe B-3-1

ow suppose that the wrong\control point has been chosen for the PSD. As shown in Figure B-3-2, the inconjing and
outgoing laser beams do not'coincide. For the case shown in Figure B-3-6, the center of the incident laser beam if right of
the|vertex, and the centerof the reflected laser beam is an equal distance left of the vertex. It follows that mofe of the
optcal power impingéson segment B and reflects off segment E than impinges on E and reflects off B. If the ray$ from E
ber]d left by 1 arcsécond and the rays from B bend right by 1 arcsecond, then the left-bending rays will dominpte. The
reflected beam then'strikes the PSD off the control point, causing the servo subsystem of the laser tracker to redjrect the
bedm. The result is a change in the angles measured by the device’s angular encoders.
his potential error in the measured angle is ordinarily removed by the laser tracker’s compensation progedures.
Hoyvever,in two particular situations the compensation is not sufficient to remove these errors. In the first situagion, the
las¢r tracker operator uses more than one SMR ina partlcular measurement In the second situation, the operator fails to
X nmetry.
Usually, SMRs are shipped with a partlcular mark along thelr rims, which the operator holds at a flxed roll angle. For
example, the mark may be consistently held in the uppermost position. Failure to hold the roll angle of the SMR at a
consistent position may introduce a measurement error.

This error can be seen by rotating the SMR about its axis of symmetry. This produces a runout pattern in the measured
azimuth and zenith angles or, equivalently, in the transverse coordinates (i.e., side-to-side distance coordinates). When
the SMR has a dihedral-angle error and the laser tracker has a control-point error, the runout pattern takes the form of a
loop that repeats itself twice in each 360-deg rotation of the SMR. In contrast, the runout pattern caused by a lateral SMR
centering error repeats itself once in each 360-deg rotation. For the general case in which both types of errors are present,
the runout pattern forms a double loop in each 360-deg rotation. An example of such a pattern is shown in Figure B-3-7.
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To see the runout pattern, lock a laser tracker onto an SMR that has been placed in a kinematic nest. Rotate the SMR in
the nest while watching the readings of the angular encoders. The maximum allowable dihedral angles of the cube corners
are set by each laser tracker manufacturer according to the accuracy of the PSD control point and the stringency of the
laser tracker specifications.

B-4 POLARIZATION EFFECTS

The manufacturer of a laser tracker should state whether the ranging subsystem using the interferometer (IFM) or
absolute distance meter (ADM) within the laser tracker is sensitive to the polarization state of the laser light reflected into
the lasef tracker. Tf the Taser tracker is sensitive to polarization, then the reflective properties of the SMR mirror coatings
become|important. Mirror coatings may comprise a reflective metal such as silver, a multilayer stack of thin dieleqtric
films, of a reflective metal topped with a protective dielectric stack. Regardless of the type of coating, the laser ljght
undergges a change in polarization state as it successively reflects off the three SMR mirrors. Generally, the polarization
effects gre increased as the axis of symmetry of the cube corner is tilted away from the laser beam.'It is importhnt,
therefore, to select SMR cube corners having polarization properties appropriate for the laser trackersiwith which they
are usedl. The laser tracker manufacturer can recommend SMR manufacturers as well as tests to-quantify SMR pollar-
ization performance.

Figure B-3-1
Beam Orientations That Minimize Effects of Dihedral Angle Errors
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Figure B-3-2
Laser Path With Unintended Offset Between Incoming and Outgoing Beams
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Path of Laser Beam in Cube-Corner Retroreflector
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Figure B-3-4
Top View of Laser Beam Path in Cube-Corner Retroreflector
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Figure B-3-5
Top View of Cube Corner With Extended Lines of Intersection
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Figure B-3-7
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c = velocity of light in a medium (i.e., phase velocity)
b = velocity of light in vacuum
n = phase refractive index
he phase refractive index is used for displacement measurements that are based on interferometric fringe coy
iked wavelength of laser light.
he length scale of a laser tracker with an IFM operating in air, A4, is

4o

Aair = —

n
bre
h = phase refractive index of the ajir
) = vacuum wavelength
'E: In this Appendix, the term \“refractive index,” used without a modifier, is taken to mean the “phase refractive ind
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NONMANDATORY APPENDIX C
REFRACTIVE INDEX OF AIR

INTRODUCTION

his Appendix describes environmental phenomena that may affect the results of measurements perférmed
blacement interferometer ranging system (IFM). The manufacturer should have accounted for théeffects desd
Appendix in establishing the rated conditions of section 4.

PHASE REFRACTIVE INDEX

he phase refractive index' is defined by eq. (C-1).

0
n=—
c

GROUP REFRACTIVE INDEX
he group refractive index, ng, is defined by
dn
=n—-1—
T
bre
=/the wavelength of the light source

using a
ribed in

(C-1)

nting of

(C-2)

(C-3)

The group refractive index is used for absolute distance measurements where the amplitude or polarization of a light
source is modulated. At optical and near-infrared wavelengths, the group refractive index is larger than the phase
refractive index by a few parts in 10°.

1F

rom Riieger (1996).
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(21) C-4 EQUATIONS FOR REFRACTIVE INDEX OF AIR

Inaddition to its dependence on wavelength, the refractive index of air depends primarily on air pressure, temperature,
humidity, and carbon dioxide concentration. Several equations have been proposed to calculate the refractive index, given
values of wavelength and environmental parameters. The equations from Ciddor® and Ciddor and Hill® are recommended
for use with this Standard. These equations are valid over a wide range of wavelengths (300 nm to 1690 nm), tempera-
tures (-20°C to 100°C), pressures (800 hPa to 1200 hPa), and humidities (0% to 100%).

The National Institute of Standards and Technology (NIST) maintains a web-based tool for calculating the refractive
index of air and wavelength of light in air using the Ciddor equation, given values of various input parameters.* For exact

(21)

values d
require

The (
corresp
calculat

The 1
IFM sul
refracti

C-4.1 ¢

Most
their IF
tion, a 4

where
P
RH
T

The e
homoge
greater
Nonmaj

I the input parameters, the uncertainties in calculated values of the refractive index are a few parts in 1Un, q
1 for the highest level of length metrology.
iddor equation yields the phase refractive index, n, directly. By varying the input wavelength and-noting

ed using eq. (C-3).

emainder of this Appendix discusses the uncertainty of displacement measurements made with a laser trad
system. Corresponding results for absolute distance meter (ADM) measurements can be-derived using gr
e index values appropriate for the wavelength of the ADM light source.

bimplified Equation for HeNe Laser Displacement Interferometers

rommerecial laser trackers use HeNe displacement interferometers, operating atwavelength A~ 633 nm, to reg

M ranging subsystems. For such IFMs, and for levels of uncertainty requirediin laser tracker performance eva
implified equation® can be used to calculate the refractive index of air.
no=1+786x10* - 1.5 x 10" 'RE(F? + 160) (

T+273

air pressure, kPa (101.325 kPa = 760 mmHg)
relative humidity, % (0% < RH < 100%)
air temperature, °C

xpanded uncertainty of the refractive index ‘evaluated using eq. (C-4) is Ux - » (n) = 1.5 x 1077 for a perfe
neous beam path and exact values of the environmental parameters. In practice, the uncertainty will alway
than this because of sensor errors and refractive index variations (due to temperature gradients, for example;
datory Appendix E) along the IFM,beam path.

C-5 REFRACTIVE INDEX UNCERTAINTY AND DISPLACEMENT MEASUREMENTS

At thd
of uncer
dioxide
compor

Deno

where U

levels of uncertainty required for the performance evaluation tests prescribed in this Standard, the compong
tainty in refractive indexdue to the laser vacuum wavelength, relative humidity along the beam path, and car

ents associated_with possible temperature and pressure contributions.
[ing the nominal refractive index in a displacement measurement by n(P,T), the standard uncertainty is t

u(n) = \/clz,uz(P) + cAu*(T) (

(P)and u(T) are the standard uncertainties in average air pressure and temperature, respectively, along the

nly

the

bnding change in n, the dispersion, dn/dA, can be evaluated numerically and the group refractive index can thep be

ker
bup

lize
ua-

C-4)

ctly

see

nts
bon

concentration are generally negligible. In such a case, the uncertainty of the refractive index will be dominated by

nen

C-5)

ath

ofthe m

are

easured displacement. For standard dry air and wavelength A = 633 nm, the sensitivity coefficients in eq. (C-5)
o = o _ 1.0 x 1078°c™! (C-6)
oT

2From Ciddor (1996).
3 From Ciddor and Hill (1999).
*From Stone and Zimmerman, “Refractive Index of Air Calculator.”
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Consider an IFM system that measures a displacement, L,,, in an environment at temperature, T, and pressure, P, as
measured by the system weather station sensors. The measured displacement is then

L

vac
L, = —

m =
n

(C-8)

where L, is the displacement that would be measured in a vacuum and n = n(P,T) is the average refractive index along the

bed
len

and

using the uncertainty given by eq. (C-5).

I
the
eq.

\

hur

g
o

m path. Assuming a negligible uncertainty in L,,. (1.e., a perfect fringe counting system and a known vacuuj
bth), the standard uncertainty of the measured displacement is

L) = “ul)

since n = 1,

u(L,,) = Lm\/clz,uz(P) + c%uz(T)

one’s knowledge of possible sensor errors is such that P= Py + APand T = Ty + AT, where Py and T, are bestes
h assigning uniform probability distributions to these parameters yields &P) = AP/+/3 and u(T) = AT/
(C-10) becomes

2 2
(L) = Lm\/cﬁ(Af) + c%(A;F)

igure C-5-1 shows the change in phase refractivity (n - 1) and group refractivity (n, - 1), for standard dry aij
belength. Standard dry air is defined by Ciddor? to be aifat 15°C, 1013.25 hPa, and 0.045% CO, content Y
hidity.

n wave-

(C-9)

(C-10)

kimates,
3. Then

(c-11)

, Versus
vith 0%
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Figure C-5-1
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NONMANDATORY APPENDIX D
REFERENCE LENGTHS FOR LASER TRACKER SYSTEM TESTS
AND TEST VALUE UNCERTAINTY

D-1 INTRODUCTION

he laser tracker system performance evaluation tests in this Standard include measuring sevetral reference lengths at
rescribed set of locations and orientations within the system’s working volume (see pata, 6.2).
his Appendix describes four forms of realization for a reference length as follows:

1) section D-3: a calibrated scale bar

h) section D-4: two spherically mounted retroreflectors (SMRs) in kinematic nests calibrated using an interfefometer
(IFM)

r) section D-5: two SMRs in kinematic nests calibrated using an absolute distance meter (ADM)
1) section D-6: a laser rail system

he test value for a point-to-point length measurement test is the error itvthe measured length, given as the difference
betjveen the length determined by the laser tracker and the calibrated value/of thatlength. The test value is then compared
agalinst the maximum permissible error (MPE) specification provided By the manufacturer. The laser tracker ha$ passed
the|test if

- the test value is smaller than the MPE.

- the test conditions meet the rated operating conditiohS'specified as part of the MPE.
the k = 2 expanded uncertainty in the test value is at least four times smaller than the MPE, which is a requirgment of
the}4:1 simple acceptance decision rule (see ASME B89,7:3.1). Note that this 4:1 rule applies to point-to-point length tests
(se¢ para. 6.2).
Note that the test value is the observed error inthe measured value of the reference length at the instant in tim¢ the test
is performed. If the calibration of the reference\length is performed prior to or after the test, drift in the referende length
wil] contribute to the test value uncertajnty.
This Appendix discusses four methods torealize the reference length with particular emphasis placed on evalugting the
undertainty in the test value. If that uncertainty is too large, conformance or nonconformance cannot be decided ysing the
defpult decision rules of this Standard. In the examples herein, it is assumed that the uncertainty arising ffom the
reference length is the only Component of the test value uncertainty. This is because this Standard dpes not
invplve corrections to the(ndicated value (i.e., testing is performed within the rated operating conditi¢ns and
thefre are no other corréctions imposed by this test protocol). See ASME B89.7.6 for more information|on test
valjie uncertainty.

QO
— 0 3

—

D-2 DECISION-RULE FOR DECIDING CONFORMANCE WITH MPE SPECIFICATION

Hor any particular point-to-point length measurement, the measurand, ¢, is the difference between the measured
length, L, \as’indicated by the laser tracker display, and the reference length, L

6 =Ly — L (D-1)

The value of § is compared with the manufacturer’s MPE specification in order to make a pass/fail decision.

In this Standard, a 4:1 simple acceptance and rejection decision rule is used. With that, a test result is accepted if
|6] < MPE, and rejected otherwise, provided that U;._,(5) < MPE/4, or equivalently, provided that C,, = 4, where C,, is the
measurement capability index, defined by

MPE _ MPE -2

™ ow(s) U

Here u(6) is the standard uncertainty associated with the result of the measurement, referred to as the test value
uncertainty, and U = 2u(9d) is the k = 2 expanded uncertainty.
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With no correction being made to the measured length, L,, and with the laser tracker providing the measured length
digitally, the value of L,, is considered exact, and there is no uncertainty associated with it. Since
u(L,,) = 0, and since, according to eq. (D-1), the only other term affecting the test value is L. then

u(§) = u(Lref) (b-3)

From eq. (D-2) it then follows that the 4:1 decision rule requirement is met when the uncertainty in the value of the
reference length is small enough so that
MPE

L= PR 4 (0-4)
2u(Lef)

Diffeflent ways of realizing the reference length, along with influence factors that contribute to the uncertainty t(L..f),
are disdussed in sections D-3 through D-6.

D-3 REFERENCE LENGTH REALIZED USING A CALIBRATED SCALE BAR

In this method of realizing a reference length, a scale bar with kinematic SMR nests, which,hasbeen independeptly
calibrated (i.e., not calibrated by the tracker under test), is used.

D-3.1 Uncertainty in the Calibration

Consider a scale bar that has been calibrated at a temperature, Ty. The reference lenigth realized at temperature T is
Lroef' with a standard uncertainty of ”cal(Lroef)- This calibration uncertainty is evaluated based on the details of the dali-
bration |process and includes a component due to uncertainty in the nomifiah temperature, T.

D-3.2 Temperature Dependence of Reference Length

If thefscale bar is used to realize a reference length at a different temperature, T # Ty, then a correction must be applied
for therjmal expansion or contraction. The reference length L@t temperature T is given by the correction

Lyef = L1 + a(T — Tp)] (p-5)
where ¢ is the coefficient of thermal expansion (CTE)-of the scale bar.!

Becayse the temperature, T, and the CTE, a, are not\known exactly, the correction cannot be performed exactly. [he
standarfl uncertainty arising from uncertainty in(the CTE, a, is

uCTRLref) = Llpef‘T - To’bt(a) (p-0)

and the|standard uncertainty arising(from uncertainty in the temperature, 7, is

ur(Lyef) = a(LrOef)u(T) -7

Equations (D-5) through {D-7) provide the necessary formulas for calculating the corrected reference length and|the
associafled standard uncertainties when using the scale bar at a temperature other than T,.

D-3.3 Effect of Drift

Whilg para. D<3/2*addresses the uncertainty in the length of the scale bar due to temperature effects, other factors (g.g.,
humidity) may-also contribute to drift in the length of the scale bar, especially if it is made of carbon fiber. The standard
uncertajnty, Uqrirc(Lref), may be determined experimentally.

D-3.4 Orientation of the Scale Bar

Thelength of the scale bar is likely to change due to gravitational effects for different orientations of the bar. If the length
of the scale bar is calibrated for each orientation, and that value is used in the determination of the error in the measured
length, the contribution of this term is negligible. However, if the scale bar is only calibrated in one orientation, and that
value is used as the reference length for all orientations, the contribution from this error source must be included in the

! Strictly speaking, the CTE is a function of temperature. Following common engineering practice, the quantity in eq. (D-5) is the average value of the
expansion coefficient over the temperature range T - Ty, and it is assumed that a(T - Ty) < 1 for any temperatures encountered during laser tracker
performance evaluation testing.
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testvalue uncertainty. The standard uncertainty, u,.(L.cf), may be determined experimentally or from modeling the effect
of gravity on the length of the scale bar. The subscript “or” indicates that this term arises from the orientation of the scale
bar.

D-3.5 Effect of Mounting

The length of the scale bar is dependent on the location of its support and mounting mechanism. If the scale bar is
calibrated on the same support and mounting mechanism that will later be used, the scale bar’s length does not change
because of the mountlng mechanlsm between callbratlon and use, and therefore there isno uncertalnty in the scale bar’s
leng o -
the change in the length of the scale bar has to be accounted for in the calculatlon of the uncertalnty The sfandard
undertainty, ug,(Lef), may be determined experimentally or from modeling the effect of fixturing on length '6f the scale
bar] Details on effect of mounting can be found in “A Model for Geometry-Dependent Errors in Lengthr Artifacts.”*

D-3.6 Spherically Mounted Retroreflector (SMR)

As described in para 6.1, itis generally not permitted to employ special equipment, such ashigh-accuracy SMR$ that do
notjconvey with the laser tracker, during testing. As a result, the performance specificationsprovided by the manufacturer
include any errors resulting from the eccentricity between the optical and mechanical.centering of the SMRs, And this
errpr source is therefore not accounted for in the test value uncertainty. However, if SMRs are provided by the user based
on mutual agreement between the user and the manufacturer, SMR errors are.dccounted for as follows:
1) Ifitis the responsibility of the user to provide the SMR for the testing procedure, and the manufacturer’s specifica-
tions are valid over certain defined tolerances for optical and mechanical centeking errors of the SMR, then, if the c¢ntering
errprs are smaller than the stated tolerances, there is no additional centribution to the test value uncertainity.

h) If itis the responsibility of the user to provide the SMR for the testing procedure, but the manufacturer’s specifica-
tions are valid only for high-accuracy or perfect SMRs, then the errorsresulting from the eccentricity between the optical
and mechanical centering of a lower-accuracy SMR should be aceounted for in the test value uncertainty. The standard
undertainty, usmr(Lref), may be determined experimentally or ffom specifications provided by the manufacturg¢r of the
SMR.

D-3.7 Combined Standard Uncertainty

The combined standard uncertainty in the reférence length is calculated as the root sum of squares of thle terms
described in paras. D-3.1 through D-3.6. Thus

u(Lyef) = \/”cal(L f) + uT(Lref) t uCTE(Lref) + udrlft(Lref) + uor(Lref) + ”ﬁxt(Lref) + ”SMR(Lref) (D-8)

This set of uncertainty sources-istsufficient for most reference lengths. Should there be other factors that|cause a
difference in the reference length'between when calibrated and when presented to the laser tracker for testirg, these
additional factors would alse neéd to be considered.

D-3.8 Example

An aircraft manufacturer wishes to use a laser tracker to measure large aluminum parts. The performance of ghe laser
tragker is evaluated using a set of point-to-point length measurements as described in para. 6.2.
The referencelength for the performance evaluation tests is realized using an Invar scale bar of nominal length{3 m and
a C[TE of (240°+ 0.5) x 107%°C™". The scale bar has been calibrated in a temperature-controlled metrology labpratory.
The calibration certificate supplied by the laboratory states the calibrated reference length at temperature T, 420°Cas

L°.Js=3.:010125 m with a k = 2 expanded uncertainty of U = 10 um. The uncertainty in the calibrated length, L9 . |already

ref’)

includes a component due to uncertainty in the nominal ZU°C calibration temperature.

When the performance evaluation test is performed on the shop floor, the average temperature of the scale bar is
estimated to be 25°C + 0.5°C based on a single temperature measurement using a thermocouple attached to the center of
the bar. The maximum distance from the laser tracker to the scale bar during this test is approximately 5 m. The shop floor
environment conforms to the rated operating conditions of the laser tracker. Other sources of uncertainty discussed in
paras. D.3.3 through D.3.6 are considered to be negligible in this example.

2D. Sawyer et al., “A Model for Geometry-Dependent Errors in Length Artifacts,” Journal of Research of the National Institute of Standards and
Technology, 117 (2012).

39


https://asmenormdoc.com/api2/?name=ASME B89.4.19 2021.pdf

ASME B89.4.19-2021

The manufacturer’s performance specification for the laser tracker states an MPE of 60 um when measuring a point-to-
point nominal length of 3 m at a range of 5 m. The result of the test is a measured length of L,;, = 3.010190 m.
Question: Does the laser tracker meet its MPE performance specification for this point-to-point length measurement?
Solution: Before an acceptance decision can be made, the measurement capability index, C,,, must be evaluated in order
to ensure that it satisfies the 4:1 simple acceptance requirement that C,, = MPE/[2u(L,ef)] 2 4, with MPE = 60 um.
The required uncertainty components are evaluated as follows:

(a) The expanded uncertainty in the calibration certificate is given as Up.—, = 2u(L19ef) = 10 pm. Thus, the standard

uncertai

nty, uc (L), is given by ucy (L) = S pm.

about tHe best estimate of 25°C. It is known mathematically that the standard deviation of an interval of uniform distr

(b) l{ne uncertainty of the scale bar temperature, u(T), during the test assumes a uniform distribution of width +0

tion is lalf the width of the interval divided by J3. Thus

The

u(T) = (0.5°C)//3
ncertainty component due to temperature uncertainty [from eq. (D-7)] is then
a(L)u(T)

(z.o)(a.o)[%) pm
~ 1.7 pm

ur (Lref )

(c) The uncertainty u(a) in the coefficient of thermal expansion, assuming a uniform distribution of wi

The

Then

Thus

which s
The 1
o= 2 X

107%°C7! about the estimate of 2 x 107%°C7}, is
u(a) = (0.5 x 107%C71)/ 3
ncertainty component due to CTE uncertainty [from (eq.P-6)] is then
uCTE(Lyef) = L?ef‘T_ To‘u(a)

(3.0)(5.0)% pm
4.3 pm

Q

from using eq. (D-8) with negligible terms eliminated, we have

2 2 2
\/”cal(LrOef) + “T(Lref) + ”CTE(Lref)

\/ (5.0 + (1.7)% + (43)*
6.8 pm

“(Lref)

Q

the measurement capability index is
60
2 X 6.8

~ 44

m:

atisfies thesrequirement of eq. (D-4) for a simple 4:1 acceptance decision rule.

eference length, L. in the shop floor environment is calculated using eq. (D-5), with Lr%f = 3.01012§

10.%CY, and T - T, = 5°C.

5°C
bu-

dth

3.010125[1 + (2 X 10~ °) x 5]
= 3.010155m

L

ref
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From eq. (D-1), the observed error is

6 = Ly — Lyt
(3.010190 — 3.010155)
35 um

Since |9] is less than the stated MPE of 60 um, and since C,, > 4, the decision rule outcome is “acceptance” that the laser
tracker meets the manufacturer’s MPE specification for this test.

Note that in this example the thermally related uncertainty sources were significant. An in situ calibration of the scale
baratthe temperature of the test environment coutd Significantly Teduce these UNCertainty Sources, Wittt qould be
helpful for meeting the 4:1 requirement when testing laser trackers that have smaller MPEs.

=)
A

} REFERENCE LENGTH REALIZED USING TARGET NESTS CALIBRATED USING AN IFM

h this method of realizing a reference length, kinematic nests for SMRs are mounted on each of two stable structures,
such as commercially available tripod stands used for mounting optical tooling. The kinematic nests may also be hear the
ends of a scale bar. The distance between the kinematic nests is measured using a displa¢emient interferomejer. The
int¢rferometer laser beam is aligned parallel to the line joining the two kinematic nests, and'the interferometer measures
the|displacement of an SMR as it is moved from one nest to the other. This measured displacement is the referende length
realized by the two SMR positions.
Hor laser trackers that include an IFM that has passed one of the test procedurés-of para. 6.4.2, the IFM may b used to
establish the reference length. The laser tracker should be aligned relative to thie two nests so that the distance hetween
them can be measured using the IFM only (i.e, a purely radial measurefment).
Ih this case, the uncertainty in the reference length is calculated using the same general equation as given in €q. (D-8)
th the individual components handled per paras. D-4.1 through D4.3.

—

—

W

D-4.1 Reference Length Calibration Uncertainty

There are several ways to evaluate the calibration uncertainty of point-to-point reference lengths, ucal(LrOef) (notation

described in para. D-3.1), using an integral IFM subsystem that has passed one of the tests of para. 6.4.2.
1) Based on the IFM Uncertainty Calibrated per ASME'B89.1.8. If the IFM is calibrated per ASME B89.1.8, the mpximum
errpr, emay of a radial measurement of a referencedength of nominal value, Lyef, iS €max = D + LDE(L,f), where D |s a drift
component and LDE(L,.¢) is a length-dependent term. The standard uncertainty u(L,f) is then evaluated by assfigning a

uniform distribution of width to the possible/measurement error, so that “cal(LrOef) = emax/ /3

b) Based on the IFM Uncertainty Tested’by a Set of Reference Lengths. If the IFM is tested using a set of separately
calibrated reference lengths, the uncertainty of a measured reference length, L..r, can be assigned based on the opserved
distribution of errors in the IFMtest. A suggested way of doing this is as follows:
Assume that measurement of@a'set of calibrated lengths, L4, ..., Ly (provided N is not small), yields a correspondiphg set of
observed errors, Ey, ..., Ey. Therelative errors (i.e., fractional errors), regardless of sign, for these results arery, ..., rjywhere
ri 4|Exl/Liw k = 1, ..., N. Th€ largest relative error, ry,.x = max(ry), is a reasonable estimate of the maximum relatiye error
thaf might occur whenheasuring an unknown reference length, L,.r. This maximum error is then estimated by e,e{= (r'max)
(Lik¢), and assigning a uniform distribution of width, 2(ref) (Lrer), yields a standard uncertafinty of

Ucal Lroef) = ("max)(Lref)/\/g-

NOTE: If the IFM\s tested using a set of short calibrated lengths and the non-length-dependent component of the IFM error is significant,
the maximuin ebserved relative error could be unreasonably large when extrapolated to a nominal 2.3 m reference length. In this case,
it Would be.better to test the IFM subsystem using calibrated lengths within 20% of the nominal length of 2.3 m.

(k) \Using the Laser Tracker MPE. If the IFM of a laser tracker has passed the ranging tests described in para. 6.4.2, the

standard uncertainty, ucal(L?ef), is then evaluated by assigning a uniform distribution of width equal to the maximum

permissible error for the length LrOef so that ucaI(LrOef) = MPE//3.In this case, it is desirable that one of the user-selected

positions in Table 6.4.1-1 be nominally equal to the value of the reference length, L., that is being calibrated.
(d) Evaluation of Laser Uncertainty Based on First Principles. The uncertainty of aradial displacement measurement of a
reference length can be evaluated from first principles using known properties of laser beams propagating in air.
From the basic physics of displacement interferometry, the connection to the SI definition of the meter using an IFM
subsystem is via the vacuum wavelength, A,,, of the laser source. Most commercial laser trackers use a frequency
stabilized helium-neon laser whose A,,. is known and controlled to a relative uncertainty of 1 part in 107 or
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better. Operating in air, the component of measurement uncertainty due to uncertainty in A,,. is thus generally negligible,
being dominated by components due to air temperature and pressure uncertainties along the beam path. In such a case,
the uncertainty in a realized reference length is evaluated as follows.

Thelaser tracker IFM reports a measured length, L,,, that has been compensated for the effects of ambient air tempera-
ture, pressure, and humidity on the laser wavelength (see Nonmandatory Appendix C). The compensation is based on

sensor

Ineq

station
the coe

In the case where the signs of the differences AP and AT are unknown, the best estimates of these quantities are take

be zero

The standard uncertainty “cal(L?ef) associated with the best estimate'is computed using the law of propagatio

uncertal

Becayse the vacuum wavelength is known and controlled to a relative uncertainty of 1 part in 107 or better,
uncerta
pressur|

Maxir
particul

[(D-97, c;APand ¢ /AT are corrections for possible differences AP=P-P and AT=T- T between the averaga
pressurg, P, and temperature, T, along the IFM beam path and the sensor values P and T used in the calculation of]
waveleq

data from the laser tracker’s weather station. The reference length, LPef' is then given by

L9 =L, (1 — cpAP — crAT) (D-9)

ensor measures temperature only at a single point. From Nonmandatory Appendix C, for a wavelength 633
ficients cp and cr are given by

p=27x10Pa" !

o =—1.0x 107%c™!

so that, from eq. (D-9), the best estimate of the reference value is

<Lroef)est - Lm (D

Inty (see eq. D-11).

ueat(L0) = ud(Ly,) + LAGA(AP) + FuX(AT)] (®

nty in the length L,, is considered negligible.-That is, the effect of deviations in actual air temperature
e are the dominant terms. Hence,

22 22
“cal(L?ef) =) Lm\/cPu (AP) + c7u”(AT) (D

hum absolute values for the pressiire and temperature deviations, |AP|yax and |AT|nmax are estimated, given
ar environment in which thetesting is being performed. These deviations are then assigned uniform probab

air
the

gth compensation.® For example, there might be a temperature gradient along the beam path, while the Weather

hm,

h to

10)

n of

11)

the
hnd

12)

the
lity

13)

14)

15)

distributions, with
u(AP) = APl /N3 (D
and
u(AT) = |ATlgpa /3 o
The dtandard\calibration uncertainty of the reference length is then
2 2 2 2
uml(Lgf) = LWV P 1A max + CTlAjlmaX (D

3 The effect of a possible humidity error is assumed to be negligible.
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D-4.2 Uncertainty of the Reference Length Due to a Temperature Difference From the Calibration
Temperature

This section applies to the specific case of an IFM used to calibrate the distance between kinematic nests located near
the ends of a scale bar. If the temperature at the time of I[FM calibration was recorded as T, then the reference length at a
differenttemperature, T, could be computed using eq. (D-5). In this case, the uncertainties uctg and urwould be computed
as in egs. (D-6) and (D-7).

However, one advantage of using the laser tracker IFM is that it allows in situ calibrations that are used with a short time
elapsing between calibration and test measurement. In this case, one may simply assume that the temperature at the time
oftest, T, is equal to Ty, to within some maximum deviation, |6 T|,ax- In this case, there is no correction made to pbfain L.,
and ucrg is evaluated by the following second-order formula:

ucTE(Lyef) = LOu(T)u(a)
LY 16T | mayu(a) /N3

(D-16)

and ur is evaluated using eq. (D-17),
u(Lyef) = a(LSEf)“(T)
= a(LO)I6T | max/~/3

ref

(D-17)

If the duration of testing is sufficiently small that |6T|nax is small, the termstucrg(Lyer) and up(Lef) could pven be
negligible. The reference length can be recalibrated using the IFM as necessary throughout the test to helg ensure
thaf these terms are small in order to meet the C,, 2 4 requirement.

D-4.3 Other Contributors to Uncertainty in the Reference Length

Thhe uncertainty sources described in paras. D-3.3 through D-3:6"'may also contribute to uncertainty in the r¢ference
length. When the calibration is performed near the time of.testing, the effects of humidity variations on the r¢ference
length will likely be negligible.
The orientation and mounting variations between réference length calibration and testing should be confidered.
Hoyvever, it may be possible to eliminate the fixturing component of uncertainty, and possibly even the ori¢ntation
component, if these are not different between th€)IFM calibration and the test measurement.
Usually, the SMRs themselves will have to-be oriented differently during IFM calibration than during testihg. This
difference should be accounted for in the usygr{Lef) unless the level of quality of the SMR makes this uncertainty|compo-

.4 Example

he IFM of a laser tracker is aligned to perform a radial measurement (constant IFM beam direction) of the glistance
betjveen a pair of kinematic(target nests. The result of the measurement is L,, = 3.215 m, which is taken to be the best
estimate of areference length, L., to be used in subsequent performance evaluation tests. The manufacturer’s stated MPE
ification for a nominal length of 3.2 m is 50 um.
iven the locations.of the laser tracker environmental sensors and the particular test environment, maxifhum air
prejssure and temperature deviations along the beam path are estimated to be |AP|,.x = 3 mmHg = 400 |Pa, and
[AT||max = 2°G~USing a first-principles approach [see para. D-4.1(d)], the standard uncertainty is then calculated
using eq. (D<15) as follows:

/ (2.7 X 10‘9)2(400)2 + (1 X 10‘6>2 2)?

3

w (19 — (3215m
Cdl rer

X 42pm

By mutual agreement between the manufacturer and the user, the user provides the SMR for the calibration of the
reference length and subsequent performance testing. The MPE specifications for the laser tracker under test are only
valid for high-accuracy SMRs (centering errors smaller than 2 pm) whereas the SMR provided by the user has centering
errors as large as +5 pm. Because the calibration of the reference length was performed with the SMR in the same
orientation with respect to the laser beam, the centering error is common mode at the two nests and cancels out.
However, because the SMR is oriented differently during the performance testing, the uncertainty due to the SMR
centering error is accounted for in the test value uncertainty. Assuming 5 pm as the bound for a rectangular distribution,
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dard uncertainty in the reference length due to centering errorisugyg (Lyef) = i\/5 = 4.1 pm, where the factor

V3

of +/2 arises from the fact that the SMR centering error affects the length measurement at each of the two ends.
The uncertainty in the reference length is the root-sum-squared value of the two previously determined standard
uncertainty values, thus,

Then

Thus,
sources|

D-5 R

In thi
such as
the end
ADM m4
nests so

2
0 2
u(Lyef) = \/[“cal(Lr )] + [usMR (Lref)]
= 59um

per section D-2, the measurement capability index is

MPE

C,, =
" 2u(Lyef)

_ S0pm

8.4um
r 42

of uncertainty discussed in paras. D-3.3 through D-3.5 are negligible in this example.

tFERENCE LENGTH REALIZED USING TARGET NESTS CALIBRATED USING AN ADM

the commerecially available tripod stands used for mounting optical tooling. The kinematic nests may also be n

ofascale bar. For laser trackers that include an ADM that has passed one of the test procedures of para. 6.4.3,
y be used to establish the reference length. The ADM beam is aligned parallel to the line joining the two kinem|
that the tracker measures in a purely radial direction, and the ADM measures the displacement of an SMR as

moved from one nest to the other. This measured displacement isthe reference length realized by the two SMR positi

D-5.1
Ifthe
evaluat
ucal(LO4
to the y
D-5.2

Unce

D-6 RE

A lasg
establis
matic of
Oneis u
for the

Reference Length Uncertainty

aser tracker ADM has passed the ranging tests described in para. 6.4.3, the standard uncertainty, ucal(Lr%f), ist

bd by assigning a uniform distribution of width.equal to the maximum permissible error for the length, Lroef’ so{

= MPE/+/3 .Inthis case, it is desirabletthat one of the user-selected positions in Table 6.4.1-1 be nominally ed
alue of the reference length, L., that is being calibrated.

Dther Contributors to Uncertainty in the Reference Length

tainty contributors described in paras. D-4.2 and D-4.3 may also apply in this case.

FALIZATION OF REFERENCE LENGTHS USING A LASER RAIL SYSTEM

r rail system containing a separate displacement interferometer, external to the laser tracker, can be use
h reference lengths, which are typically established simultaneously to a laser tracker test measurement. A sq
such alaserrail systemis shown in Figure D-6-1. Typically, two SMR targets are mounted on the laser rail carri
sed by an‘external laser interferometer to measure the displacement of the carriage, and the second is the taj
asef-tracker under test.

Care §

hould be taken to ensure proper alignment of the laser rail system; incorrect alignment can resultin the refere

Cn >4, and the realized reference length may be used for point-to-point length measurement systems tests. Other

5 method of realizing a reference length, a kinematic nest for an SMR is mounted on each of two stable structufes,

ear
the
atic
it is
ns.
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hat
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i to
he-

hge.
get

nce

interferometer and the Taser tracker measuring different quantities. These differences are caused primarily by A
errors due to offsets of the laser tracker SMR relative to the reference interferometer measurement beam. This error
source, which is specific to the reference lengths produced using alaser rail system, is described in detail in para. D-6.2 and
is combined with other sources of uncertainty used to evaluate the standard uncertainty associated with reference
lengths produced using a laser rail. Details of such laser rail systems can be found in “A Laser Tracker Calibration

System.

n4

*D. Sawyer et al,, “A Laser Tracker Calibration System,” published in the proceedings of the 2002 Measurement Science Conference.
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Figure D-6-1
Schematic of Laser Rail System
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Carriage / \ Laser
\ [ — |
[ © ! [ O ]
Rail |

I I

D-6.1 Cosine Error

y careful alignment of the external laser interferometer beam along the rail direction,“the cosine error can lpe made
negligible. This requires that the direction defined by the external interferometer laser bedm be the same directiop as that
of the carriage travel. This can be checked by observing the location of the external laSer interferometer’s beam spot on a
target covering the SMR and ensuring that this beam spotlocation does not signifieantly shift as the carriage movgs along
thelrail. For example, a 1-mm shift in the laser beam spotlocation for a carriage motion of 1 m produces a relativelerror of
lesq than 1 x 107, and this error decreases rapidly (for a given beam spot:shift) as the carriage travel length inkreases.

D-6.2 Abbé Error

Due to space limitations, the centers of the SMR for the externalinterferometer and the SMR for the laser trackdr do not
coipcide.® Abbé errors occur when the laser tracker’s SMR is offset orthogonal to the reference line defined by the pxternal
intgrferometer laser beam, and the carriage changes its angularorientation between the initial and final positions of the
carfiage that define the reference length. A change in angular orientation may be due to either a pitch or yay of the
carfiage. When multiplied by the orthogonal offset distanice (known as the Abbé offset), this change in angular ori¢ntation
resplts in an Abbé error.
The Abbé error can be estimated by resolving:the Abbé offset into its vertical and horizontal components. The two
components of the Abbé error can then be caleulated as follows. The first component is obtained by multiplying the
verfical component of the Abbé offset by.the“difference in pitch of the carriage in the two positions that define the
ref¢rence length. This error is depicted in-Figure D-6.2-1, illustration (a). The second component is obtained by multi-
plylng the horizontal component of the Abbé offset by the difference in yaw of the carriage in the two positipns that
comprise the reference measureddength. This length error is depicted in Figure D-6.2-1, illustration (b). To estithate the
magnitude of the Abbé error, €xpps these two components are added in quadrature, so that

2, 2 D-18
EAbbé = VE t & (D-18)

where
& = vertical component of the Abbé error
& = horizontal component of the Abbé error

The magnitude of these errors can be estimated using the chart in Figure D-6.2-2, where the Abbé error is calcylated as
the|product of the Abbé offset and the changes in the pitch or yaw angle.
The standard uncertainty associated with the Abbé error can be evaluated by

EAbbé
upbbé(Lyef) = 7 (D-19)

EXAMPLE: The change in pitch and yaw, without regard to sign, of the target carriage at the two points that define the reference length
are 60 arcseconds and 70 arcseconds, respectively. The Abbé offset in the vertical and horizontal directions are 5 mm and 4 mm,
respectively. From this information, the components of the Abbé error can be estimated from Figure D-6.2-2. The chartgivese; e, 1.4

5The use of a glass sphere with a refractive index of two, a so-called n = 2 sphere, would be an exception. However, at the time of this writing such
spheres are not readily available.
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Figure D-6.2-1
Illustrating the Origin of Abbé Errors
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NOTE: The solidanddashed lines show the orientation ofthe carriage in the initial and final positions, respectively. The target posit
h superimposed.to illustrate the source of the Abbé error. All offsets and angular orientations have been exaggerated for claiity.
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Figure D-6.2-2
Abbé Error Versus Carriage Angular Motion for Various Values of Abbé Offset
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Then, using egs. (D-18) and (D-19), the magnitude of the expected error is approximately 2.0 um, and the associated ptandard
brtainty is approximately 1.2 um.

h addition to possible Abbé errors, a reference length realized using a laser rail system is subject to errors as$ociated

ith the correction for atmospheric conditions. Follow the procedure described in para. D-4.1(d) to evaluate the standard

ertainty associatedwith errors in air temperature and pressure values used in compensating the measufred dis-
fement for the refractive index of air.

are must’be taken to ensure that the rail is physically stable when the carriage is displaced along the 1fail axis.
erwise;*the external interferometer, which is attached to the rail, will not detect the physical motioph of the

int
the

re-rail system during this carriage travel, whereas the laser tracker will detect the rail motion. This will result
etasertrackerandreferencelensth-measureme agreetgAnindies hef] 3 pdicating
location of the rail can detect motion of the entire rail system. Typically, rail stability can be made a negligible source of

uncertainty.

D-6.5 Combined Standard Uncertainty of Reference Length

The combined standard uncertainty for a reference length produced using a laser rail system is evaluated by combining

the
cali

cali

components due to imperfect wavelength compensation and Abbé error. Since the laser tracker measurement and the
bration of the reference length happen simultaneously, there is no temperature difference to consider between

bration and usage, thus L. = Lroef' The other uncertainty sources identified in paras. D-3.2 through D-3.6 are
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alsozero or negligible. Thus, assuming negligible cosine and rail stability uncertainty components, the combined standard
uncertainty, u(L..f), is given by

U(Lyef) = “cal(Lr%f)
2 A2 2 A2 (D-20)
2| cp|AP| T AT 2
= \/Lm( 3 4 3 =+ “Abbé(Lref)

where cpand cyare described in para. D-4.1 and in Nonmandatory Appendix C, and uapps(Lret) is described by eq. (D-19).
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