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Abstract
We demonstrate a simple interferometric method for calibrating the length of an uncoated
Fabry-Pérot etalon, using a rotary analog of phase-stepping interferometry. The interferometric
method is designed to realize nearly the same measurand as a subsequent measurement in a
tactile instrument. The estimated expanded uncertainty of 4 nm for the optical calibration,
together with the well-matched measurands, make the etalon a promising transfer standard for
the calibration of bidirectional corrections in tactile probing systems.

Keywords: Fabry-Pérot etalon, phase-stepping interferometry, bidirectional correction,
probe diameter, point-to-point length

1. Motivation

Bidirectional length measurements, made between material
surfaces that face toward or away from each other, require a
correction for the effective size of the probing system. This
bidirectional correction fixes the zero position of the length
scale, where differently-oriented surfaces would be deemed to
coincide. For example, bidirectional corrections are required
when measuring diameters of spherical or cylindrical objects,
gap widths, or thicknesses of manufactured parts.

The bidirectional correction can be determined using a cal-
ibrated end standard such as a gauge block, by comparing
the calibrated length to the indicated length between gauging
points on opposite faces. Ideally, the difference between these
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two lengths is the effective probe diameter of the measur-
ing instrument. When using a conventionally-calibrated gauge
block, however, the accuracy of this comparison is limited
by a measurand mismatch [1]. The calibrated length of the
gauge block, as specified in ISO 3650 [2], is a unidirectional
length between a point on one gauging surface and an aux-
iliary plane wrung to the opposite surface (figure 1(a)). The
measurand typically realized in a tactile instrument, however,
is a point-to-point length with a different sensitivity to the
form of one of the gauging faces—because no auxiliary plane
is used—and without any wringing interface (figure 1(b)). If
an internal-length transfer standard is wanted, e.g. for a direct
mechanical comparisonwith a ring gauge, it is often created by
wringing cap blocks to the ends of a gauge block (figure 1(c)).
In this case there is an additional measurand mismatch due
to the Abbe offset between the calibrated central length of the
gauge block and the tactile instrument’s measurement line out-
side the gauge block. These measurand mismatches contrib-
ute significantly to the uncertainty of the bidirectional correc-
tion [3, 4]. For external length measurements, several special-
ized transfer standards have been developed to mitigate these
problems, including gauge blocks calibrated by double-ended
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Figure 1. Measurand mismatches when using gauge blocks to
establish bidirectional corrections: (a) defined central length of the
gauge block as calibrated. (b) and (c) External and internal
point-to-point lengths measured by a tactile probe. Shaded regions
indicate wrung interfaces. Hatched regions indicate auxiliary planes
(platens or cap blocks).

interferometry to realize a point-to-point measurand [1] and
two-point diameters of precision spheres [1, 5].

Here we present an internal end standard, i.e. one where the
gauging surfaces face toward each other rather than outward,
designed to minimize measurand differences between inter-
ferometric calibration and subsequent use in a tactile probing
instrument such as a coordinate measuring machine (CMM).
The calibrated internal length is suited to direct comparison
measurements of ring or bore diameter. We also present a cal-
ibration scheme which can be viewed as a rotary analog of
phase-stepping interferometry (PSI) [6–9]. We note that an
artifact similar to the one presented here, described as a ‘trans-
parent, fused-silica box with 10 mm spacing’, has been used
for ring diameter calibrations at NPL, but with a different cal-
ibration scheme based on white-light interferometry [10, 11].

2. Artifact

The end standard used in this work is an air-gapped Fabry-
Pérot etalon (figure 2). Such etalons have been used in dimen-
sional metrology at least since the 1906 redetermination of
the wavelength of the red cadmium line with respect to the
metre [12], but are usually treated as purely optical artifacts.
Here we require that the etalon also serve as a mechanical
gauge for a tactile probe.

The etalon is formed by two uncoated fused-silica plates,
each with a 30′ wedge angle, whose inner surfaces are main-
tained parallel to each other and 20 mm apart by three pillars
of ultra-low-expansion glass spaced around their circumfer-
ence. The pillars are optically contacted to the end plates to
produce a rigid assembly, which in turn is flexibly mounted
in a protective aluminium housing. Three ports in the hous-
ing allow a CMM probe to reach most of the inner surfaces
of the etalon. The gauging surfaces are separated by an air
gap, i.e. a medium with a well-characterized index of refrac-
tion, allowing a direct interferometric calibration along the

Figure 2. Internal-length transfer standard. Left: schematic side and
end views of the etalon, with the fused-silica plates in white and the
ultra-low-expansion pillars in gray. The wedge angle of the end
plates has been exaggerated for clarity. The red arrow marks the
measurand L, the gap length between inner etalon surfaces on the
centerline of the artifact. Right: photograph of the artifact, with
three thermistors attached to the housing and another two suspended
in the air nearby.

same line that a tactile instrument will measure. The paral-
lelism of the gauging surfaces, which is checked interfero-
metrically, reduces the impact of any residual errors in locat-
ing the interferometric measurement line and tactile gauging
points. The same rigid assembly is used for the interferometric
calibration and for mechanical measurements, without adding
or removing any wringing interfaces, avoiding uncertainties
due to assembly or disassembly of a composite artifact. Phase
shifts that displace the effective plane of optical reflection from
the mechanical surface detected by a tactile probe are avoided
by the use of uncoated, highly-polished dielectric gauging sur-
faces. Compared to a gauge block used as a transfer stand-
ard, uncertainties associated with Abbe offsets, wringing, and
phase corrections are thus much reduced in the etalon.

3. Optical setup

A Fabry-Pérot etalon is already an interferometer, reflecting
or transmitting light depending on the optical path length
between the two end plates. Consider a plane wave with
wavelength λ incident on an etalon whose two plates are separ-
ated by a gap L. The extra distance traveled by a wave reflected
from the second surface compared to one reflected from the
first surface, expressed in wavelengths, is

2L
λ

cosθ, (1)

where θ is the angle between the propagation direction of the
light and the axis normal to the etalon surfaces. Any of the
three parameters L, λ and θ can be varied in order to see the

2



Metrologia 62 (2025) 025007 I D Leroux et al

Figure 3. Setup for angle-stepping interferometry. Monochromatic
light, delivered via single-mode fiber, is focused through a pinhole,
collimated, and directed at the artifact through a beamsplitter. Light
reflected by the artifact is deflected by the beamsplitter to a separate
imaging telescope which collects it, filters out stray light with an
iris, and images the artifact onto a CCD camera. O is the center of
rotation of the table on which both artifact and beam-splitter are
mounted. The beam offset a from the center of rotation and the
spacing b between artifact center and beam-splitter centre should be
approximately equal to minimize image translation as the table
rotates.

interference fringe. L can be varied by deforming the artifact
or by introducing a slight angle between the end faces so that
their spacing varies with transverse position. Both approaches
introduce additional uncertainty in the measurand definition.
λ can be varied by changing the frequency of the light source
or by varying the ambient air pressure and thus the index of
refraction, at some cost in apparatus complexity. θ is tradition-
ally varied using an uncollimated light source and an imaging
system focused at infinity to view Haidinger fringes, i.e. the
rings of constructive and destructive interference for light rays
of equal inclination to the axis of the etalon [12, 13]. This is
simple and effective, but it measures an average gap between
the plates across the whole illuminating beam, since light rays
of a given inclination appear together in the far-field fringe
pattern no matter their transverse position at the etalon. We
would prefer to measure the gap as a function of transverse
position, producing a map of etalon plate separation, both to
check the flatness and parallelism of the etalon surfaces and
to realize a point-to-point length that matches the one probed
in a tactile setup. To that end, we use a collimated incident
beam and an imaging system focused on the artifact to record
position-resolved images of the reflected intensity. The angle θ
is varied by mounting the entire artifact on a rotating platform
and recording images of the reflected beam at different rota-
tion angles. This global artifact rotation plays the same role
in our interferometer that a shift in the length of the reference
arm plays in PSI, allowing independent interferograms to be
recorded in parallel at each pixel in the camera image.

To maintain a stable relationship between image and arti-
fact coordinates as the artifact rotates, we use the optical setup
of figure 3. A beam splitter mounted on the same rotating
platform as the artifact deflects the reflected light toward the
camera. The light reaching the camera was reflected an even
number of times from co-rotating surfaces, and its direction

of travel is thus independent of platform rotation. The rotation
of the platform still causes a lateral translation of the outgo-
ing beam, but this can be suppressed at first order by position-
ing the components such that the offset a between the beam
splitter and the rotation axis, measured in the direction of the
outgoing beam, matches the distance b between the artifact
and the beam splitter. Of course, the condition a= b cannot be
satisfied simultaneously at both ends of the etalon since they
are at different distances from the beamsplitter. Put another
way, the rotation of the artifact leads to a transverse displace-
ment of the wavefront reflected from the back surface relative
to the one reflected from the front surface, so the two wave-
fronts cannot simultaneously have a stable position in the cam-
era image. This leads to a residual relative displacement of the
front and back etalon surfaces in the camera image of order θL.
As the necessary rotation angles scale as θ ∼

p
λ/L the resid-

ual transverse displacements are of order
√
λL. For our system

the residual translation amounts to∼0.1mm, less than the use-
ful transverse resolution of our images, and is not a problem
in practice.

Thus, even as the artifact is rotating relative to the incident
beam, the wavefronts which reach the imaging system have
a fixed orientation, a nearly fixed transverse position (varying
only by ∼0.1 mm), and a small and fixed relative angle due
only to the imperfect parallelism of the two reflecting surfaces
of the etalon. The angular stability and near-parallelism of the
interfering wavefronts suppresses parasitic phase shifts due to
optical aberrations in the imaging system to a negligible level.

Rather than imaging the reflected beam as described above,
one could image the transmitted beam, whose direction is
unaffected by the rotation of the artifact. However, the leading-
order interference in transmission is between light that went
straight through the etalon, without any reflections, and light
which was reflected twice, once by each surface. Because the
etalon faces are uncoated to avoid undesirable phase shifts,
they have a low reflectance (<4%), and the resulting amp-
litude mismatch between interfering fields leads to very poor
contrast. The reflected beam, meanwhile, is dominated by two
components of similar amplitude, one reflected from the first
surface and one reflected from the second surface, so has
nearly full interference contrast. The resulting improvement in
signal-to-noise ratio justifies the modest additional complexity
of the setup in figure 3.

The rest of the optical setup is standard. Light from a
frequency-stabilized HeNe laser at either 543 nm, 612 nm,
or 633 nm is delivered to the experiment by single-mode
fiber, focused through a 150 µm pinhole, expanded to a beam
diameter of 50 mm and collimated by an achromat with a
300 mm focal length before being directed through the beam-
splitter to the artifact. The collimation of the beam is checked
using a shear plate and its alignment with the artifact is
checked by retroflecting light from the artifact through the
pinhole. Light deflected by the beamsplitter to the imaging
system is collected by another 300 mm-focal-length achromat
and then focused by a 50 mm-focal-length plano-convex lens
onto a CCD sensor. An iris cuts out stray reflections and back-
ground light. Thermistors probe the temperature of the artifact
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at three positions on the housing, as well as the air temperature
immediately above and behind the artifact. Together with baro-
meter and hygrometer readings taken nearby, this allows a
correction for the index of refraction of air using Ciddor’s
equation [14].

4. Angle-stepping gap interferometry

The interferogram is recorded by rotating the platform through
a sequence of angles {θk}, where θ= 0 corresponds to nor-
mal incidence, and recording images at each angle. Neglecting
multiple reflections for the moment, the reflected intensity var-
ies as a function of angle as

I∝1− γ cos

�
4π

L
λ
cosθ

�
(2)

∝γ cos

�
4π

L
λ
+π − 8π

L
λ
sin2

�
θ

2

��
+ 1 (3)

where γ is the interference contrast. In the second line the
interferogram is recast into the generic form commonly used in
PSI: I= Acos(ϕ0 +ϕ)+B, with A an interference amplitude,
B a background level, ϕ0 the static phase to be measured and
ϕ the adjustable phase introduced by a PSI system [7, 9, 15].
The phase corresponding to the gap length we wish to measure
is

ϕ0 = 4π
L
λ

(4)

while the adjustable phase used for the measurement is

ϕ =π − 8π
L
λ
sin2

�
θ

2

�
(5)

≈π − 2π
L
λ
θ2 (6)

with a small-angle approximation in the second line. The lead-
ing π term is the phase difference between reflection at glass-
to-air and air-to-glass interfaces. It corresponds to the physical
fact that the interference must be destructive when L→ 0, as
there can be no reflection from the gap when the gap vanishes.

Such an interferogram is shown in figure 4. As with
Haidinger fringes, the intensity is not a periodic function of
angle. The phase depends quadratically on θ and varies more
slowly, leading to wider fringes, as the artifact approaches nor-
mal incidence (θ= 0). At normal incidence the phase goes
through a maximum and the intensity thus goes through a
stationary point before reversing the direction of its oscil-
lation. Although the whole interferogram contains informa-
tion about the length of the artifact, the height of this cent-
ral extremum is the most obvious qualitative indicator of ϕ0.
If ϕ0 were an even multiple of π, i.e. if L were a multiple of
λ/2, this central stationary point would be a minimum at the
same level as the other minima in the interferogram. If ϕ0 were
an odd multiple of π, it would instead be a maximum at the
same level as the other maxima in the interferogram. In this

Figure 4. Typical interferogram at a single pixel. Solid dots show
reflected intensity recorded by the camera, dashed line shows the
ideal interferogram of equation (2). Intensities are expressed relative
to the maximum recorded intensity.

case ϕ0 mod 2π ≈ 0.645π, so the central peak is at around
1
2 (1− cos0.645π)≈ 72% of the height of the other fringes.

Multiple reflections in the etalon produce higher harmonics
which distort the interferogram of equation (2), producing an
Airy function rather than a simple sinusoid [12, 13]. Thanks to
the low reflectance of the uncoated etalon surfaces, however,
the amplitude of these harmonics falls off by a factor of∼ 0.04
at each order. The data analysis discussed below takes into
account two orders of the distortion, corresponding to light
that has made up to two additional round trips in the etalon.
The remaining harmonics, with a relative amplitude <10−4

compared to the signal, are neglected.
We record camera images at 25 angles distributed over

F= 2 interference fringes on either side of normal incidence,
with N= 6 images per fringe. Labeling the images by an
integer k we have:

θk =sgn(k)

vuut����� kN
�����λL , k ∈ {−F ·N, . . . ,F ·N} (7)

ϕk ≈π − 2π

����� kN
�����. (8)

As in PSI, the recorded intensities are combined using a lin-
ear filter to estimate the complex amplitude of the interference
signal [7–9]

Z=
X
k

wkIk. (9)

Here the {wk} are the predetermined complex weights of the
linear combination and Z is the resulting amplitude estimate.
The estimate bϕ0 of the phase ϕ0 is just the argument of this
complex amplitude:

bϕ0 = argZ= arctan

�P
k Im(wk)IkP
kRe(wk)Ik

�
. (10)
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The complex weights {wk} are chosen following a procedure
similar to that of Hibino [8, 16], by imposing constraints of the
form X

k

wkθ
p
ke

imϕk = 2δp0δm1 (11)

where m labels a harmonic of the signal, p labels an order in
the Taylor expansion of the corresponding amplitude, and δij is
the Kronecker delta. The equation with p= 0 and m= 1 fixes
the filter’s sensitivity to an oscillation proportional to e−iϕ,
i.e. the positive-frequency part of the interferogram predicted
by equation (2). The other equations with p= 0 impose that the
filter should be insensitive to the background light level (m=
0), to the counter-rotating term proportional to eiϕ (m=−1),
and to higher harmonics due to multiple reflections in the arti-
fact (m=±2,±3) [7]. Equations with p= 1,2 impose insens-
itivity to linear and quadratic drift in the background intensity
or in the amplitudes of harmonic components, as well as to
small errors in the step size [7, 8, 15, 16]. We solve this linear
system of equations numerically to obtain the weights that sat-
isfy all such equations up to p= 2,m=±3, using phase shifts
ϕk calculated according to equation (5). Representative values
of the weights {wk} are given in the appendix.

In principle, one could estimate bϕ0 from the height of the
central peak relative to the surrounding fringes, without requir-
ing any quantitative knowledge of the angle θ. In practice, the
estimator of equation (10) does depend on approximate know-
ledge of the angles {θk}, since the weights {wk} implicitly
depend on the choice of angles, but the impact of angular errors
can be minimized using techniques similar to those used to
cope with phase-shift errors in conventional PSI [7, 8, 15, 16].
Choosing weights {wk} that satisfy equation (11) with p= 2
eliminates the first-order sensitivity to overall scaling errors of
the angle. Choosing a set of angles {θk} and weights {wk} that
are symmetric about θ= 0 eliminates the first-order sensitivity
to overall angular offset errors, since such constant angular off-
sets produce odd-symmetric distortions of the interferogram
whereas bϕ0 depends on the even-symmetric part. Random
errors in individual angles θk produce phase-dependent errors
in bϕ0 which we characterize below based on the measurement
repeatability with varying ϕ0. For an artifact with L= 20 mm,
we find that control of the angle θ at the∼1 mrad level, readily
achieved using commercially-available rotary tables, suffices
for optical length measurements with uncertainties of a few
nanometers.

5. Optical measurement results

The measurement procedure is thus to collect camera images
for the artifact rotation angles {θk} chosen according to
equation (7), smooth the images with a 2D Welch filter of
1 mm diameter to suppress diffraction artifacts and camera
noise at high spatial frequency, and reconstruct the interfer-
ence phase at each pixel using the filter of equation (9). The
result is a map of variations in the gap between etalon plates
as a function of transverse position, as in figure 5. This map
shows that the etalon plates are flat and parallel to within

Figure 5. Map of phases estimated from a single angle scan,
converted to length variation.

Figure 6. Interference phase at the center of the artifact as a
function of ambient atmospheric pressure. Red circles: with a
633 nm HeNe laser. Orange squares: with a 612 nm HeNe laser.
Green triangles: with a 543 nm HeNe laser.

10 nm over most of their area, with some rolloff at the edges,
three gaps in the data corresponding to the three pillars, and
a few ring-shaped diffraction patterns due to dust particles in
the imaging optics.

Figure 6 shows the phase of the central pixel for each
of an ensemble of 285 maps collected over a period of
42 months. Plotted as a function of atmospheric pressure,
the phases fall on three lines, one for each wavelength used,
showing that the dominant influence on the recorded phase
is the changing atmospheric index of refraction. Non-linear
errors in phase determination would distort these lines, and
the absence of such distortions indicates that the chosen
weights {wk} adequately suppress all relevant harmonics in
the interferogram.

Taking the phase readings of figure 6, correcting the cal-
ibrated laser vacuum wavelengths using the empirical formu-
lae of Ciddor for the refractive index of air [14], and recon-
structing the integer part of the fringe order by the method of
excess fractions using the three laser wavelengths [13, 17], we
obtain 285 estimates of the central length L, which are plot-
ted in figure 7 as deviations from the nominal artifact length
of 20 mm. The method of excess fractions requires some prior

5
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Figure 7. Central length deviations from the 20 mm nominal artifact
size, calculated for each of 285 phase maps.

Figure 8. Average central length deviation from 20 mm calculated
for each measurement day in a period of 42 months.

knowledge of L, but given our phase measurement uncertainty
and choice of lasers a prior estimate with a standard uncer-
tainty u≈10 µm suffices [18]. A preliminary measurement
made with a CMM easily meets this requirement.

The first 30 measurements are especially noisy due to a
misaligned optical fiber that produced excess intensity fluc-
tuations. Even including this data, the entire history, which
covers multiple reassemblies and realignments of the optical
setup, the use of two different rotary tables, and measurements
by multiple operators, fits in a 7 nm-wide band.

The laboratory’s climate-control system is shut down for
maintenance every sixmonths, leading toweek-long temperat-
ure excursions of ca. 6 ◦C. The 42month measurement history
summarized in figure 7 thus includes any effects of hysteresis
in the artifact due to temperature cycling on this scale.

Plotting the average of all measurements conducted on
a given day as a function of date makes it easier to see
long-term trends (figure 8). This suggests that the artifact
may be contracting by around ≈1nm yr−1. We cannot con-
fidently distinguish such a drift rate from zero given our
current uncertainties, so we provisionally treat the artifact
length as constant and include putative drift in our uncertainty
estimates.

6. Tactile measurement

To test its suitability for tactile measurement, the etalon was
measured using aMitutoyo Legex 707 CMMequippedwith an
MPP310 tactile probe. The measurement was a direct compar-
ison to an internal-length artifact consisting of two end-caps
wrung to a calibrated 20 mm gauge block. The two artifacts
were mounted side by side with their measurement axes paral-
lel to each other and aligned with the machine X axis (bridge
traversal). The artifacts were aligned so that their gauging
faces were at the same position along the X scale to min-
imize the impact of scale non-linearities. Due to the flexible
mounting of the etalon in its housing, the default 80 mN con-
tact force of the tactile probe displaced the etalon assembly
by several hundred nanometres. Measurements were therefore
made at several different contact force settings, from 30mN
to 160mN, to allow an extrapolation to the undeflected length
that would be measured at zero applied force. The gauging
faces of the two cap blocks in the gauge-block artifact, mean-
while, were out of parallel by ≈5µrad, introducing an Abbe
error as in figure 1(c). Measurements were thus taken at mul-
tiple Abbe offsets from 20 mm to 30 mm to allow an extrapol-
ation back to the calibrated central length of the gauge block.

Treating the CMMmeasurement as an independent determ-
ination of the length of the etalon, with traceability through
the calibrated gauge block, yields a result L− 20 mm=
2.49µm± 0.13 µm, where the uncertainty is quoted at cov-
erage factor k= 2.03 corresponding to 95% confidence. The
difference between this tactile result and the interferometric
results plotted in figure 8 is −100 nm ± 130 nm, consistent
with zero given the tactile measurement uncertainties.

7. Uncertainty budgets

Tables 1–3 present the major contributors to the uncertainty
budget, and the associated effective degrees of freedom, for
three different measurement scenarios. Table 1 considers only
the angle-stepping measurement, with a measurand defined
as the separation of the optical surfaces of the etalon. This
gives the uncertainty relevant for comparisons between angle-
stepping measurements at different times, e.g. to assess sec-
ular drift in figure 8. In table 2 we consider the use of the
etalon as a transfer standard in our CMM, where the uncertain-
ties of the tactile probing system and the differences between
optical and mechanical surfaces become important. Finally
table 3 considers the uncertainty of the comparison conduc-
ted in section 6, which involved a gauge block with wrung
endcaps as in figure 1(c).

The repeatability of the purely optical measurement was
estimated from the standard deviation of all 285 length meas-
urements in the dataset. This is a conservative estimate since it
includes excess noise due to optical fiber misalignment in the
first 30 measurements as well as possible contributions from
secular change in the artifact. The raw phase measured by the
interferometer varied due to air pressure fluctuations as well
as the use of multiple laser wavelengths, so this repeatability
is assumed to cover phase-dependent non-linear errors in the
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Table 1. Optical measurement uncertainty budget.

Contributor u νeff

Repeatability 1.1 nm 284
Face parallelism 0.7 nm 94
Thermal distortion 0.6 nm 50
Refractive index L× 71nmm−1 58
Source size L× 16nmm−1 50
Vacuum wavelength L× 9nmm−1 5
Artifact alignment L× 6nmm−1 50

Total:
√

(1.4 nm)2 +(L× 73nm/m)2 = 2.0 nm 217

interferometer, including those due to fourth-harmonic distor-
tion and to errors in the rotation angles {θk}.

To check more specifically for wavelength-dependent
effects, we have computed the average result separately for
eachwavelength on eachmeasurement day. The standard devi-
ation over wavelengths, pooled across the six days when all
three wavelengths were used, is 0.6 nm. This pooled standard
deviation is about what we would expect based on the estim-
ated single-measurement repeatability of 1.1 nm and the fact
that there were typically three readings contributing to each
single-wavelength single-day average. Thus, we see no evid-
ence for specifically wavelength-dependent bias at the ∼ 1nm
level.

The uncertainty due to face parallelism is based on the
standard deviation of the lengths measured at all pixels within
2mm of the designated gauging point. A similar result can
be obtained by fitting planes to the phase maps to estimate
the parallelism of the etalon faces (≈0.7 µrad) and comput-
ing the resulting length distribution for positions uniformly
distributed in a disk with a 2 mm radius around the gauging
point.

Although the thermal expansion of the ULE spacers is
negligible in such a short artifact, the mismatch in thermal-
expansion coefficients at the contact patch between the fused-
silica etalon end plates and the ULE spacers might lead
to temperature-dependent deformations of the artifact. There
might also be distortions due to forces exerted by the expand-
ing aluminium housing through the elastic mounting to the
etalon. Based on the correlation of temperature with measured
length in a sample of 219measurements taken over the temper-
ature range from 19.92 ◦C to 20.18 ◦C in the winter of 2022,
we estimate that any such distortionsmust have an effect on the
central length <7 nmK−1, corresponding to a length uncer-
tainty u= 0.6 nm given the typical temperature fluctuations in
our setup.

The other significant contribution to the optical measure-
ment uncertainty is due to the impact of temperature gradients
around the artifact on the index-of-refraction correction. We
estimate the scale of these gradients from the total spread of
readings from the 5 thermistors, which is below 250 mK for
all measurements. Other length-dependent contributions have
only a minor effect for our 20 mm artifact, and the resulting

Table 2. Uncertainty budget for the use of the etalon as a transfer
standard in our CMM.

Contributor u νeff

Extrapolation to zero force 37 nm 11
CMM scale resolution 2.9 nm 1000
Phase correction 2.8 nm 12
Optical measurement 2.0 nm 217
Thermal expansion 1.4 nm 25

Total 37 nm 11

Table 3. Uncertainty budget for the comparison of the etalon to a
calibrated gauge block.

Contributor u νeff

Extrapolation to gauge centreline 42 nm 11
Etalon as tactile transfer standard 37 nm 11
CMM error map variation 23 nm 20
Calibration of gauge block 15 nm 50
Thermal expansion of gauge block 6 nm 13

Total 63 nm 33

combined standard uncertainty is 2.0 nm for the purely optical
measurement.

The intended use of the etalon is as a transfer standard
for tactile measurement systems, and in that context the tact-
ile system’s ability to realize the same measurand as the
angle-steppingmeasurement becomes important. Table 2 sum-
marizes the relevant uncertainty contributions for the use of the
etalon as a transfer standard in our CMM. The largest of these
is simply the repeatability of the CMM system, including the
repeatability of the probing force, which has a large effect in
this case due to the flexible mounting of the etalon in its hous-
ing. Based on fit residuals, the combined effect of position and
force repeatability on the extrapolated length at zero contact
force is estimated to be u= 37 nm for our probing system.
The remaining contributions would become significant only if
this repeatability were substantially improved, e.g. with bet-
ter fixturing to lower the sensitivity of the measured length to
probing forces. Besides the optical measurement uncertainties
discussed above, these other contributions include the resolu-
tion of the scales in the CMM, the phase correction relating the
plane of optical reflection to the plane of mechanical contact,
and thermal distortions. The phase correction in particular is a
crude estimate, based on literature values for the thicknesses
of adsorbed films [19, 20] and for the impact of surface rough-
ness [21, 22]. If the etalon were to be used in a tactile system
capable of sub-10 nm resolution, then a more detailed study of
the probing system’s interaction with the etalon surface would
be called for [23].

Finally, the comparison of the etalon length to a calib-
rated gauge block described in section 6 involves all the usual
uncertainties of comparison measurements using gauge-block
stacks as a reference, the most important of which are lis-
ted in table 3. Since we are comparing internal lengths, there

7
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is a significant contribution due to the extrapolation from
a measurement line outside the reference gauge block (see
figure 1(c)) to a calibrated central length running through the
gauge block. This uncertainty was estimated from fit resid-
uals to an ensemble of measurements conducted at different
Abbe offsets and probing forces. The uncertainty of the meas-
urement on the etalon measurement is taken from table 2.
Another significant contribution comes from imperfections in
the CMM controller’s error map: the length of an artifact,
measured along the machine X axis, depends on corrections
applied by the controller error map which in turn depend on
the position in the Y and Z axes. Since the two artifacts being
compared do not physically occupy the same position, the res-
ult is an uncertainty on the length comparison even when their
faces are carefully aligned to the same X-axis position, which
we estimate based on studies of comparisons betweenmatched
gauge-block pairs. Calibration and thermal expansion uncer-
tainties of the gauge block play comparatively minor roles,
though both are substantially larger than the corresponding
uncertainties for the etalon.

8. Outlook

We have presented an end standard and a simple interfero-
metric measurement technique designed to minimize the mis-
match between interferometric and tactile two-point length
measurements, and thus to reduce the uncertainty of bidirec-
tional corrections. The observed reproducibility of the inter-
ferometric measurements over a 42-month period of ongoing
development is well within the estimated optical measurement
uncertainty of U= 4 nm.

Compared to a measurement based on a white-light inter-
ferometer, this setup avoids the need for a translation stage,
whose straightness errors would masquerade as spurious non-
parallelism of the etalon faces. Further, because the inter-
ference is formed between the etalon faces, we avoid wave-
front errors due to imperfections in the beam-splitter or ref-
erence reflector of an external interferometer. The price paid
for this simplicity is the need for additional stabilized laser
wavelengths to implement the method of excess fractions.

The uncertainty of the optical measurement is substan-
tially better than the repeatability of the probing system on
our CMM, so the most important improvements are those that
would reduce the uncertainty in the mechanical measurement.
In particular, a more rigid mounting of the artifact in its hous-
ing would reduce the sensitivity to probing forces and allow a
more accurate extrapolation to zero force.

We thank S.L.S. Optics for manufacturing the custom
etalon used in this work.

Appendix. Coefficients

The linear filter weights {wk} used to reconstruct the inter-
ference amplitude Z according to equation (9) are calculated
numerically for each measurement. This allows us to correct
for known deviations from the ideal frame angles, whether due
to positioning errors in the rotary table, the approximations of

Table 4. Typical filter coefficients {wk}. For each frame index, the
table lists the intended phase shift in fringes and the real and
imaginary parts of the associated filter weight. k= 0 when the etalon
faces are normal to the light beam. Weights for negative k are given
by the symmetry w−k = wk.

k ϕk/2π Re(wk) Im(wk)

0 3/6 −0.184 −0.096
1 2/6 −0.097 −0.169
2 1/6 0.111 −0.192
3 0/6 0.250 0.000
4 −1/6 0.139 0.241
5 −2/6 −0.153 0.265
6 −3/6 −0.149 0.096
7 −4/6 0.014 0.024
8 −5/6 −0.028 0.048
9 −6/6 −0.083 −0.000
10 −7/6 −0.055 −0.096
11 −8/6 0.070 −0.120
12 −9/6 0.074 −0.048

equations (6) and (8), or the use of approximate wavelengths
to calculate frame angles at data-taking time. In practice, how-
ever, these corrections are small and uniform, and the fixed set
of coefficients given in table 4 could have been used for all the
measurements with a negligible impact on the results.
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