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Abstract

The Dimensional Metrology Group (DMG) at the National Institute of Standards and
Technology (NIST) has a unique 60 m long length facility that provides traceable reference
lengths for the evaluation of measuring tapes, optical fibers, electronic distance meters, laser
trackers and terrestrial laser scanners. In this report, we compare three methods to evaluate the
ranging error of laser trackers in this facility. These include the back-to-back, the common path
single pass, and the common path double pass method. We describe the different methods and
compare them in terms of their advantages and disadvantages.

Keywords

back-to-back; common path; double pass; laser tracker; maximum permissible error; relative
range error; single pass, test uncertainty.
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1. Introduction

The tape tunnel laboratory in the Dimensional Metrology Group (DMG) at the National Institute
of Standards and Technology (NIST) is a unique facility in the United States. The facility
provides traceable long reference lengths that allows for the calibration of measuring tapes,
optical fibers, electronic distance meters, laser trackers and terrestrial laser scanners. It houses a
60 m long rail with a carriage. A stand-alone laser interferometer is mounted at one end of the
rail and provides reference lengths traceable to the SI unit, the meter. The laboratory is
temperature controlled to within + 0.1 °C locally (i.e., at the location of a temperature sensor),
with a maximum temperature difference of + 0.25 °C over its full length at the height of the rail

[1].

In this report, we describe the evaluation of the ranging unit of laser trackers in this tape tunnel
facility. We consider errors and uncertainties in the laser interferometer’s refractive index
correction only. Errors in the dihedral angle of the interferometer retroreflector and lack of
coincidence between the laser and tracker targets are not considered. We compare three methods
to evaluate the ranging error — the back-to-back, common path single pass, and the common path
double pass methods. One method may be chosen over the other based on space constraints
and/or availability of equipment. We compare the three methods in terms of their advantages and
disadvantages, in particular, their ability to evaluate the full range of the laser tracker and the
ability to meet the ASME B89.4.19-2021 [2] requirement for measurement performance index
(Cm), which is the ratio of maximum permissible error (MPE) to expanded test uncertainty.

2. Back-to-back method

21. Test setup

In the back-to-back method, the instrument under test, i.e., the laser tracker, is placed at the one
end of the tunnel while a stand-alone laser interferometer is placed at the other end [1] to provide
reference values for displacements. The distance between them is about 62 m. The laser beams
of the stand-alone interferometer and the laser tracker under test are aligned to be parallel along
the length of the rail. A carriage with two reflectors is mounted as shown in Fig. 1. The reflector
facing the laser tracker is a 1.5"” spherically mounted retroreflector (SMR) while the one facing
the stand-alone interferometer is a 4” cube corner reflector. Fig. 2 shows photos of the test setup.

Stand-alone interferometer Carriage with two reflectors Laser tracker

60 m rail

Fig. 1. Back-to-back test setup.
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Fig. 2. (a) Stand-alone interferometer and the carriage at one end of the tape tunnel, (b) the tracker under
test at the other end of the tape tunnel, (c) the carriage with two reflectors, one for the tracker under test
and one for the stand-alone interferometer.

2.2. Measurement sequence

We explain the measurement sequence with the aid of Fig. 3. In the figure, all distances » are
with respect to the beam splitter of the stand-alone interferometer (to facilitate later discussion on
deadpath). The carriage is initially brought to a distance of 7o ~ 0.2 m from the beam splitter of
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the stand-alone interferometer, so that the laser tracker reads a range of about 61.8 m. The
interferometer is zeroed at this location of the carriage (subscript 0 indicates that interferometer
is zeroed here). For the measurements, we consider seven positions of the carriage (distances of
ro through r¢ from the beam splitter), each about 10 m from the previous location, as shown in
Fig. 3. The measurement sequence begins by moving the carriage to the position closest to the
laser tracker, i.e., a distance of ¢ = 60.2 m from the beam splitter, so that the laser tracker reads a
range of 1.8 m. All displacement calculations are performed with respect to this position. Both
the stand-alone interferometer and the laser tracker perform a measurement at this position (7).
The carriage is then moved to the next position (7s) and both instruments perform a
measurement. This process is repeated for all seven positions (76 to 7o) over this run. The carriage
is then brought back to the starting position (7¢) and the entire process repeated for a total of five
runs of measurements. The laser beam of the laser tracker is never broken during this sequence,
thus the entire measurement is performed in the InterFeroMeter (IFM) mode of the laser tracker.
Another set of five runs are then performed to test the absolute distance meter (ADM) of the
laser tracker. During this set of five runs, the laser beam of the laser tracker is always broken
prior to acquiring data, thus the entire measurement is performed in the ADM mode.

Note that the quantities of interest, the relative range errors, are the difference in displacements
seen by both instruments, calculated with respect to the position that is closest to the laser
tracker, which is the starting position (76). For example, as the carriage is moved from 7¢ to 71,
both instruments record the displacement (d16), and the relative range error is calculated for
position 7. This is done for all positions 7;, i = 0 to 6 (displacements are always calculated with
respect to r6). These relative range errors are presented in the next Section.

Reference reflector Moving reflector
AN I0Om1I0m10mI10m10m 10 m 1.8 m

il T
'l>" :

. [N . I\s I'\\ I?\\ Ir\s
Incoming s E‘G :,/(] L}G EI}C] EG E‘C] O
laser beam Ty T T
"o P die
2] b
Laser tracker
76 (~ 60.2 m)

Fig. 3. Seven positions of the carriage (shown only by the cube corner and SMR) along with the location
of the stand-alone interferometer and the laser tracker are shown. An example of the quantity of interest,
d1s, is also shown.

The displacement djs (for i = 0 through 6, and second subscript, 6, indicates displacements are
with respect to position 6) seen by the stand-alone interferometer when the carriage is moved
from the starting position (76) to any other position (say, rs) is given by

dig = Teo + c6 — (ryo + C1), (1)
where

Tio=T1;—T1p L =0t06, (2)
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and c is the deadpath correction (see Stone and Phillips [3] for a detailed discussion on the effect
of deadpath). Specifically, c¢ is the deadpath correction for the displacement 760 (= 76 - 70) and
more generally, for any value of i from 0 to 6, ¢; is the deadpath correction for the displacement
rio (= ri- ro). Deadpath is the difference in optical path length between the measurement and
reference arms at the beginning of the measurement when the interferometer is set to zero. The
correction ¢; given by

e = (o= TR) 1 3)

In Eq. (3), 4, is the wavelength when the interferometer is zeroed (at the 1, location), A4, is the
difference in wavelength of the beam along the deadpath, between the measurements at the two
positions (r; and 1), and 7y is the distance to the reference cube corner as shown in Fig. 3. When
the interferometer is zeroed near the beam splitter, c is negligibly small (because ry - 1z ~ 0),
and its effect can be ignored. However, if the interferometer is zeroed when the carriage is near
the laser tracker (76), the dead path will be extremely large, about 60 m. We will discuss this
situation in Section 2.5.

2.3. Reslults

Fig. 4(a) shows the relative range errors from five runs of the IFM of the tracker under test. The
data shows linear errors of approximately 0.4 pm/m (25 pm over 60 m). The temperature sensor
of the tracker under test was reading 0.1 °C larger than the average temperature along the beam
path while the pressure sensor was reading about 66.66 Pa (0.5 mm Hg) lower than the reference
value. Both deviations are within manufacturer specifications for the weather station. Note that
the laser tracker only samples temperature at one location along the beam path. We choose this
location to be as close as possible to one of the seven temperature sensors that was reporting
temperature within £+ 0.02 °C of the average temperature along the beam path. The error in the
measured length due to temperature is about 0.1 pm/m, while the error due to pressure is about
0.2 um/m, for a total of about 0.3 pm/m. Thus, a significant portion of the observed length error
is due to the errors in the weather station of the tracker under test. Fig. 4(b) shows the relative
range errors from five runs of the ADM. As before, a significant portion of the linear errors are
due to the weather station of the tracker under test.

24. MPE

The MPE for the IFM is listed as 0.5 pm/m in the specification sheet [4] provided by the
manufacturer of the laser tracker. Clarifications provided by manufacturer indicate that this
specification only accounts for errors in the temperature sensor, not the pressure sensor. Adding
another 0.3 um/m due to the pressure sensor [5], the MPE is given by 0.8 um/m, thus for a
displacement of 60 m, the MPE is 48 um.

Again, based on clarifications provided by the manufacturer of the laser tracker, the MPE for the

ADM is calculated as /(10 + 0.8(d + 1.8))2 + (10 + 0.8 * 1.8)2 for displacements of d
starting from the 1.8 m position of the laser tracker. The factor of 10 um is the term associated
with the dynamic lock-on accuracy of the ADM, a quantity provided by the manufacturer in their
specifications. The MPEs are shown in Figs. 4(a) and (b). Note that we only show the positive




NIST IR NIST IR 8468
August 2023

MPE line in all plots in this report because the measured errors are positive. MPEs limits extend
in the negative direction as well.

IFM ADM
0.06 : : : : : : 0.06 : : : : : :
(@) . Run 1 (b) e ] Run 1
)= RuN 2 )= Run 2
0.05 | Run 3 d 0.05 | Run 3 4
. Run 4 e Run 4
e RUN 5 e RUN §
MPE MPE
004 | I ] 004 | I ]
,g s T €5t Uncertainty ,g s 1 €5t Uncertainty
£ 1S
= =
-% 0.03 | ] -% 0.03 | ]
© ©
[0 (0]
o o
c C
2 2
& o002 | | & oo02 | |
= =
S S
i i
0.01 | ] 0.01 | ]
0 L L L L L L 0 L L L L L L
10 20 30 40 50 60 10 20 30 40 50 60
Nominal displacement (m) Nominal displacement (m)

Fig. 4. Relative range errors, MPE, and expanded test uncertainty (k = 2) for the back-to-back case when
the stand-alone interferometer is zeroed near the beam splitter for the (a) IFM of the laser tracker under
test, (b) ADM of the laser tracker under test. Nominal displacement is referenced to the tracker zero.

2.5. Test uncertainty

2.5.1. Interferometer zeroed near the beam splitter

As mentioned in Section 2.2, the displacement d;4 is given by
dic = Te0 + 6 — (Tio + ¢1) (4)

The dominant contributor to the uncertainty in the displacement 7;, is due to uncertainty in the
average temperature along the beam path. Air temperature along the laser beam path is measured
using an array of seven calibrated thermistors. The standard uncertainty following NIST
calibration is 0.01 °C for each thermistor. However, there are spatial gradients along the rail,
estimated to be & 0.25 °C. Assigning a uniform distribution to the average temperature then yields a
standard uncertainty of 0.12 °C. This results in a standard uncertainty in the reference displacement
(rio = 1; — 1p) measurement in the tape tunnel facility of 0.12 um/m [1, 6]. As mentioned in
Section 2.2, because the stand-alone interferometer is zeroed near the beam splitter, there is
negligible deadpath in the measurements and its uncertainty is also negligible.
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The uncertainties in 70 (primarily due to uncertainty in the average temperature along the beam
path) are given by

Uy, = 0.12(1 —19) = 0.12 X 60 = 7.2 pm, (5)
and
Uy, = 0.12(r; —19) = 0.12 X (60 — dj). (6)

The test uncertainty, which is the uncertainty in the displacement, is then given by

u(dig) = |uf, +u?, =+/(0.12 x 60)2 + (0.12 X (60 — d;))>. (7)

The k = 2 expanded test uncertainty is therefore

U(dig) = 2u(dyg) = 2 /uﬁso +uf, = 2,/(0.12 X 60)% + (0.12 X (60 — d;6))%. (8)

From Eq. (8) above, the expanded test uncertainty for a 10 m displacement is 18.8 pm while the
expanded test uncertainty for a 60 m displacement is 14.4 um. This uncertainty is larger for
smaller displacements and smaller for larger displacements. The test uncertainties are also shown
in Fig. 4. Note that the uncertainties are the same in Figs. 4 (a) and (b), only the MPEs are
different.

2.5.2. Interferometer zeroed near the laser tracker

We now consider the case where the stand-alone interferometer is zeroed near the laser tracker
(position ro), 1.e., ro - ¥ = 60 m as shown in Fig. 5. Then a correction ¢; (in units of meters) given
by

=604 /1—0 9)
has to be applied to the displacement recorded by the stand-alone interferometer. Although the
nominal value of ¢;is considered to be zero, there is an uncertainty associated with this
correction, primarily due to uncertainty in temperature and pressure.

The uncertainty in average temperature in the beam path is 0.12 °C and the uncertainty in
pressure is 10 Pa (0.075 mm Hg), resulting in uncertainty in wavelength of 7.25 X 10~> nm and
1.70 x 1075 nm, respectively, from Edlen’s equation. Summing them in quadrature provides a
wavelength uncertainty of 7.45 X 10~ nm. The uncertainty in the deadpath correction is
therefore given by

7.45x10™

. = 60(Z221070) 2 =10 um (10)
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Reference reflector Moving reflector
AN 10m10m10m10m 10 m 10 m 1.8 m
ek
.

. I\ Ir\\ | lr\s S l'\s l}\\ r\
Incoming = l/= QA O X A A O
laser beam I ’ ’ ’ ’ ’ ’
f : g

Lt}

r

Beam splitte Laser tracker

ro(~ 60.2 m)

Fig. 5. Seven positions of the carriage along with the location of the stand-alone interferometer and the
laser tracker.

The displacement d;, (subscript 0 indicates displacements are with respect to the 0™ position)
seen by the stand-alone interferometer is given by

dig = Tip + Ci, (11)
where
Tio = —(r; —19), i=0to6. (12)

The test uncertainty, which is the uncertainty in the displacement, is given by the root sum
squared of the deadpath uncertainty and the uncertainty due to temperature for a displacement
Tio, thus

u(d) = [uZ +uf, = V102 + (0.12d;0)?, (13)

or

U(d;) = 24/102 + (0.12d;0)2. (14)

From Eq. (14) above, the expanded test uncertainty for a 10 m displacement is 20.1 um while the
expanded test uncertainty for a 60 m displacement is 24.6 um. These uncertainties are larger than
the uncertainties for the same displacements when we zero the stand-alone interferometer near
the beam splitter.

Fig. 6 shows the test uncertainties for the two cases considered here — when the stand-alone
interferometer is zeroed near the beam splitter (i.e, when laser tracker reads about 61.8 m) and
when the stand-alone interferometer is zeroed near the laser tracker (i.e, when laser tracker reads
about 1.8 m). Notice that the test uncertainty decreases with increasing displacement for the first
case while it increases with increasing displacement for the second case.
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2.6. Discussion

Fig. 4(a) shows that the test uncertainty is larger than the IFM MPE for up to about 20 m for the
back-to-back method. The ASME B89.4.19-2021 requires that the MPEs be at least as large as
the k =2 expanded test uncertainty, i.e., a measurement capability index Cm of 1 or larger. Thus,
the back-to-back method is not a viable option for relative range error evaluation of IFMs for
small displacements (if the laser tracker and stand-alone interferometer are separated by large
distances). Fig. 4(b) shows that the test uncertainties are equal to or smaller than the MPEs, thus
ADM testing is possible with this technique. In addition to the limitation that [FMs cannot be
tested for small displacements, we are only able to test up to 60 m in our laboratory while the
tracker under test has a maximum range of 80 m. While it is not a requirement in the ASME
B89.4.19 that a laser tracker IFM be tested to its full range, a user may specify a full range test as
part of the optional length test for ADMs as indicated in Table 6.4.1-1 in the ASME B89.4.19
standard, thus having the ability to test the full range is useful. Testing to full range might also
reveal interesting characteristics near the end of the range, as we show in Sec 4.3.

IFM ADM
006 T T T T T T 006 T T T T T T
(a) (b) /
0.05 | 4 0.05 |
e MPE e MPE
mssmemmm Uncertainty, zero near beam splitter / mseemm Uncertainty, zero near beam splitter
Uncertainty, zero near laser tracker Uncertainty, zero near laser tracker
0.04 | 4 0.04 |
€ €
E E
2 003 | 2 003 |
£ £
© ©
h = h =
@ @
o o
S S
E 0.02 | E 0.02 |
0.01 | 4 0.01
0 ! ! ! ! ! ! 0 ! ! ! ! ! !
10 20 30 40 50 60 10 20 30 40 50 60
Nominal displacement (m) Nominal displacement (m)

Fig. 6. MPE and k = 2 expanded test uncertainties when the stand-alone interferometer is zeroed near

the beam splitter versus near the laser tracker for the (a) IFM of the laser tracker under test, (b) ADM of

the laser tracker under test. Note that the test uncertainties are the same for both plots, only MPEs are
different. Nominal displacement is relative to the tracker zero.

3. Common path single pass method

3.1. Test setup

Because of the problems mentioned in the previous section regarding the large test uncertainty
for small displacements, we switched to the common path single pass method in 2006 [7]. In this
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method, the laser tracker and the stand-alone interferometer are near each other, i.e., at the same
end of the tape tunnel. The outgoing and incoming laser beams of the stand-alone interferometer
are separated using a periscope. A small fold mirror is placed between these beams so that the
laser beam of the laser tracker under test bounces off this mirror, strikes the apex of the reflector,
and returns to the laser tracker. Fig. 7 shows the schematic of this setup. Fig. 8 (a) and (b) shows
photos of the setup. While we use a 4” SMR as the reflector on the carriage, a cube corner
reflector is sufficient for the purpose.

4" SMR
Periscope

»

Foﬁrmirror
Reference
laser beamA—__‘

<

Carriage

60 m rail

Laser tracker

Fig. 7. Common path single pass test setup.

Fig. 8. (a) Showing the fold mirror placed between the outgoing and incoming reference laser beam, (b)
showing the tracker under test placed near the fold mirror and the carriage with one reflector.

3.2. Measurement sequence

The measurement sequence begins by moving the carriage to the position closest to the laser
tracker, i.e., a distance of 7o = 0.2 m from the beam splitter, so that the laser tracker reads a range
of 1.5 m. The interferometer is zeroed at this location of the carriage. All displacement
calculations are performed with respect to this position. We consider seven positions of the
carriage as shown in Fig. 9. Both the stand-alone interferometer and the laser tracker perform a
measurement at this position (ro). The carriage is then moved to the next position (1) and both
instruments perform a measurement. This process is repeated for all seven positions (7o to 7¢)
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over this run. The carriage is then brought back to the starting position (7o) and the entire process
repeated for a total of five runs of measurements. The laser beam of the laser tracker is never
broken during this sequence, thus the entire measurement is performed in the IFM mode of the
laser tracker.

Another set of five runs are then performed to test the ADM of the laser tracker. During this set
of five runs, the laser beam of the laser tracker is always broken prior to acquiring data, thus the
entire measurement is performed in the ADM mode.

For the stand-alone interferometer, the displacement d;, is given by

dio = Tio + C.
where

Tio=Ti—1y L =0to6.

The deadpath correction, ¢, is negligibly small and its effect can be ignored.

Reference reflector Moving reflector
I0mIOmI10Om10m I10m 10 m
. VRI M | M M [N N [N
ncoming [ 7]" - Da>aiabaiababa
o N\ W A T T

laser beam ’

’

»|

g
»l

Beam splitter f 1 - ‘

@ e (~ 60 m) g

Laser tracker

Fig. 9. Seven positions of the carriage (shown only by the cube corner and SMR) along with the location
of the stand-alone interferometer and the laser tracker.

3.3. Reslults

Fig. 10(a) shows the relative range errors from five runs of the IFM of the tracker under test. Fig.
10(b) shows the relative range errors from five runs of the ADM of the tracker under test. As in
the case of the back-to-back measurement, the weather station errors account for a significant
portion of the linear errors seen in Fig. 10. The temperature sensor of the tracker under test was
reading about 0.1 °C larger while the pressure sensor was reading about 40 Pa (0.3 mm Hg)
lower, each contributing about 0.1 pm/m, for a total of 0.2 pm/m, i.e., 12 um at 60 m.

10
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Fig. 10. Relative range errors, MPE, and test uncertainty for the common path single pass method for the
(a) IFM of the tracker under test, (b) ADM of the tracker under test.

3.4. MPE

MPEs are calculated as described in Section 2.3 (and shown in Fig. 10) for the back-to-back
method.

3.5. Test uncertainty

The test uncertainty is the uncertainty in the displacement r; — 7. This is given by 0.12d;0. The k
= 2 expanded test uncertainty is therefore 0.24d;. These uncertainties are shown in Fig. 10.
Because the laser beams of the laser tracker and the stand-alone interferometer travel a common
path, the test uncertainty is proportional to displacement.

3.6. Discussion

While the common path single pass method overcomes one limitation of the back-to-back
method, i.e., the problem of large test uncertainty for small displacements, the limitation of the
maximum 60 m range remains for our facility.

4. Common path double pass method

41. Test setup

In order to measure the full range of the laser tracker, i.e., 80 m, we made a small modification to
the common path single pass method based on work reported by Linville et al. [8]. We moved
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the fold mirror slightly to one side and installed a spherically mounted retroreflector (SMR) next
to it so that the laser beam of the laser tracker bounces off the fold mirror, strikes the 4” SMR on
one face of the cube corner (instead of at its apex), strikes another face, and returns to lock onto
the SMR as shown in Fig. 11. The outgoing and incoming laser beam from the stand-alone
interferometer are displaced in the vertical plane while the outgoing and incoming laser beams of
the laser tracker under test are displaced in the horizontal plane. When the carriage is moved by a
certain amount, the laser tracker records twice the displacement seen by the reference. Thus, we
can achieve 80 m displacement for the laser tracker using only a 40 m displacement of the
carriage. Fig. 12 shows photos of the setup.

Periscope i
Fold mirror SMR y
A . L~ X
4
R — «— 4" SMR

Stand-alone Carriage
interferometer & .
laser beam 60 m rail

Laser tracker

Fig. 11. Common mode double pass test setup.
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Fig. 12. (a) Fold mirror and SMR placed between the outgoing and incoming reference laser beam of the
stand-alone interferometer and (b) the tracker under test placed near the fold mirror and the carriage with
one reflector.
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4.2. Measurement sequence

We consider nine positions of the carriage spaced 5 m apart from each other, i.e., the stand-alone
interferometer records 5 m between positions. The laser tracker sees twice the amount, i.e., 10 m
between positions. The overall measurement sequence is otherwise the same as described in
Section 3.2.

4.3. Results

Fig. 13(a) shows the relative range errors from five runs of the IFM of the tracker under test. As
before, the observed linear error is largely due to the errors in the weather station of the tracker
under test. The pressure changed substantially between runs 2 and 3 but the weather station of
the laser tracker did not capture the same change in pressure as the reference barometer, resulting
in two clusters of data — runs 1 and 2 versus runs 3, 4, and 5.

IFM ADM
008 T T T T 008 T T T T
@) [—@e—Run1 (®) —@—Run'1
—i— Run 2 )= RuN 2
0.07 L ] 0.07 | 1
Run 3 Run 3
—— Run 4 —— Run 4
0.06 | i) RUN 5 4 0.06 | i) RUN 5 4
e MPE s VIPE
,é\ 0.05 L s 1€t UNcertainty | g 005 | Test uncertainty |
E E
2 2
[ [
S 0.04 | 1 & 0.04 | 4
= =
o} o}
2 2
2 003 | /2 o003 | A
| L
o o
= =
2 002 | {1 g o002 | ]
| |
0.01 L ] 0.01 | 1
0 \ \ \ \ 0 \ \ \ \
20 40 60 80 20 40 60 80
Nominal displacement (m) Nominal displacement (m)

Fig. 13. Relative range errors, MPE, and test uncertainty for the common path double pass method for
the (a) IFM of the tracker under test, (b) ADM of the tracker under test.

Fig. 13(b) shows the relative range errors from five runs of the ADM of the tracker under test.
Notice the apparent lack of repeatability in the ADM data near the end of its range, 80 m. To
investigate whether this lack of repeatability is random or systematic, we performed relative
range error measurements over small increments of the carriage motion. We moved the carriage
on the rail, so the laser tracker range was about 79600 mm. Without breaking the beam so the
data is acquired in the IFM mode, we moved the carriage in steps of about 15 mm for a total
travel of about 400 mm while recording both the laser tracker and stand-alone interferometer
data (the interferometer was zeroed near the beam splitter). We then brought the carriage back to
the starting point and acquired another set of data, but this time breaking the beam each time, so
data is acquired in the ADM mode. The results are shown in Fig. 14(a). There is a periodic error
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of large amplitude, about 15 um, and a wavelength of about 100 mm for the ADM. Thus,
depending on where the carriage is positioned, we can expect to see a relative range error for the
ADM that is £15 pum of the average error at 80 m. This accounts for the apparent lack of
repeatability in Fig. 13(b). The IFM does not exhibit this periodic error at 80 m as shown in Fig.
14(a). We repeated this experiment at the 40 m and 60 m distances for the ADM, see Fig. 14(b).
No obvious periodic error is visible, although the data at 60 m is noisier than the data at 40 m.

We do note, however, that this periodic error was not reproducible in a subsequent repeat of this
experiment. It is possible that this error was due to a disturbance in the polarization due to the
multiple folding of the beam.

IFM and ADM behavior at 80 m ADM behavior at 40 m and 60 m
0.05 i i i i 0.05 .
—— IFM —— ADM at 40 m
—— ADM =——g@— ADM at 60 m

0.04 |

r 1 004 |

0.03 |

0.03 |

0.02 | 0.02

Error (mm)
Error (mm)

0.01

0 100 200 300 400 500 0 100 200 300 400 500

Nominal displacement (mm) Nominal displacement (mm)

Fig. 14. (a) Relative range errors of the IFM and ADM at 80 m, zero on the x-axis corresponds to a
distance of 79600 mm from the laser tracker (b) relative range errors of the ADM at 40 m and 60 m, zero
on the x-axis corresponds to a distance of 39600 mm from the laser tracker for the red line (ADM at 40 m)

and a distance of 59600 mm for the blue line (ADM at 60 m).

44. MPE

MPE:s are calculated as described in Section 3.3 (and shown in Fig. 13) for the back-to-back
method.

4.5. Test uncertainty

The k£ =2 expanded test uncertainty for a carriage displacement of d m is 0.24d pum, as in the
case of the common path single pass method. However, the laser tracker records a displacement
that is twice the displacement seen by the stand-alone interferometer. Because the reference
length d is doubled to obtain the reference for the laser tracker displacement, the uncertainty of
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the error is 2x0.24d = 0.24L, where L is the displacement seen by the laser tracker. Thus, the k£ =
2 expanded test uncertainty is still 0.24 um/m of laser tracker displacement, as in the case of the
common path single pass method.

4.6. Discussion

The common path double pass method allows the measurement of the full 80 m range of the
tracker under test while also overcoming the problem of large test uncertainties for small
displacements of the back-to-back method. Using a shorter portion of the tape tunnel also
reduces the effect of thermal gradients along the beam path, thus producing more reliable
estimates for the reference lengths. Measuring the full 80 m range of the ADM allowed us to
observe periodic errors in the ADM at the 80 m range; this behavior was not evident at the 40 m
or 60 m range.

5. Conclusions

We described three methods to evaluate the relative range errors of a laser tracker in this report.
The methods include the back-to-back, common path single pass, and the common path double
pass. Table 1 summarizes the advantages and disadvantages of the methods.

Table 1. Comparison of different methods to evaluate laser tracker relative range error.

Advantages Disadvantages

Back-to-back Easy to set up Test uncertainties are not
proportional to length, so cannot
achieve C,, ratio of greater than or
equal to 1 for small displacements
Cannot measure the full 80 m range

of the tracker
Common path Test uncertainties are proportional ~ Relatively more difficult to setup,
single pass to length, so small displacements  i.e., placing the fold mirror and
have small uncertainties and large  aligning the laser beam of the laser
displacements have large tracker is more challenging than the
uncertainties. back-to-back method.
Cannot measure the full 80 m range
of the tracker
Common path Can measure full 80 m range using Relatively more difficult to setup
double pass only a 40 m rail than the other two methods
Test uncertainties are proportional
to length
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