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Abstract

A novel method of gauge block measurement without wringing onto a glass platen is proposed.
By using tandem low-coherence interferometry to perform remote measurements, wringing is
rendered unnecessary. To measure its length, a gauge block for measurement without wringing
is set several millimeters above a glass platen that is positioned on a triangle interferometer
such that the distances between the surfaces of the block and the reflection surface of the platen

can be measured from opposite directions. By using tandem low-coherence interferometry
with a He—Ne laser as a reference length standard, gauge blocks with nominal lengths of
5, 10 and 75 mm have been measured remotely with an expanded uncertainty of about

86 nm.

Keywords: gauge block, non-wringing, absolute measurement, tandem low-coherence

interferometry

(Some figures may appear in colour only in the online journal)

1. Introduction

Gauge blocks are widely used as a practical standard of length
to calibrate length-measuring tools, such as micrometers and
Vernier calipers. Low grade gauge blocks are calibrated by
mechanical comparison, whereas high grade gauge blocks are
calibrated using interferometry. Interferometric gauge block
measurements based on several methods have been introduced
[1-17]. However, wringing of the gauge blocks onto a platen
is necessary in the interferometric method accepted by ISO
[18], which is a complex process and requires a high level
of operator skill [19, 20]. Furthermore, mechanical contact
between the gauge block and platen can create several sources
of error in measurements, and can cause physical damage to
the surface of the gauge block, the platen or both. The contact
between a body and the gauge block during a wringing process
also influences the length of the block, and therefore several
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hours are needed for the system to reach thermal stabilization.
This delay makes the measurement process inefficient.

Several methods of gauge block measurement without
wringing have been introduced based on various different
techniques [14—17]. However the majority of these methods
use special phase-difference algorithms to uniquely determine
the length of a gauge block without taking direct measurements
of the absolute length. New measurement techniques must
be considered that perform absolute length measurement
without prior information on the nominal length of the gauge
block and that simplify the measurement process in order
to reduce operator skill requirements. In this paper, a novel
method of absolute measurement of gauge blocks without
wringing with an expanded uncertainty of 86 nm is proposed.
By using this method, the length of gauge blocks can be
remotely measured without any confusion due to fringe-order
ambiguity.

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Basic configuration of the non-wringing method.

2. Proposed method

In this study, Michelson and triangle interferometers were
connected by a single-mode optical fiber to perform remote
tandem low-coherence interferometry. As a result, the length
of gauge blocks could be remotely measured without the
necessity of wringing the blocks onto a platen, because the
signal loss due to fiber length is small.
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Figure 2. (a) Experimental setup to measure gauge blocks by tandem
(c) Triangle interferometer.

2.1. Basic concept

To measure the mechanical length of a gauge block (L,)
without wringing it onto a platen, the gauge block is set several
millimeters above a chromium-coated beam splitter. Here, L,,
is defined as in figure 1, where L, is the mechanical distance
between the top surface of the beam splitter and the bottom
surface of the gauge block and L, is the mechanical distance
between the top surface of the beam splitter and the top surface
of the gauge block. Hence, L,, = L, — L;.

From the arrangement in figure 1, to measure the length of
L, is straightforward; however, a special technique is required
to precisely measure L. The use of a beam splitter in this
configuration gives an advantage in measuring L; specifically,
L; can be measured from the bottom of the block to the upper
surface of the beam splitter by low-coherence interferometry.
Thus, L, and L, can be measured from opposite directions
by placing the configuration in figure 1 inside a triangle
interferometer.

2.2. Triangle interferometer

A schematic of the experimental setup is given in figure 2(a),
which consists of triangle (figure 2(c)) and scanning
(figure 2(b)) interferometers. The scanning interferometer is
a conventional low-coherence interferometer with a super
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Figure 3. Detailed routes of optical paths in the triangle interferometer.

luminescent-light diode source (SLD) and it is equipped
with a He-Ne laser interferometer for measuring a center-
to-center distance between two low-coherence interference
fringes. After passing through the single-mode optical fiber,
a beam from the scanning interferometer is divided into two
at the beam splitter (B;), and these beams are then directed
along clockwise and counterclockwise paths. As shown in
figure 2(a), the beam that travels along the clockwise path
is reflected when it reaches the top surfaces of the gauge
and beam splitter, whereas the beam that travels along the
counterclockwise path is reflected when it reaches the top
surface of the beam splitter and the lower surface of the
gauge.

Figure 3 shows the detailed optical paths of the triangle
interferometer. The use of a glass platen with group refractive
index ng changes the length of the optical path, but it does not
affect L,,,.

The optical paths traveling in a clockwise direction are
denoted as being positive (4), whereas counterclockwise
optical paths are denoted as negative (—). Thus, L, is
calculated based on the length of optical paths, X(i), and
geometrical lengths, L(i), from the following equations:

X; = —2(L3 x ny), (1)
Xo = —2[(Ls x ng) + Li], 2)
X3 = 2[L, + Ly 4 (L3 x ny)], 3)
Xy =2(L3 x ny). 4)

Optical path differences between X; and X3 (X3;) and between
X, and X, (Xy,) are expressed by the following equations:

X31 =2[L, + Ly + (Ls x ng)] — [-2(L3 X ng)],
Xap = 2(L3 x ng) — [—2(L3 X ng) + L1],
=4(L3 x ng) +2L;. (©6)

Hence, from (5) and (6),
X31 — Xyp = [2L,, + 2L1 + 4(L3 X ng)]

—[4(L3 x ng) +2L1] = 2L,,. @)
Finally, L is expressed as
X5 — X
L= 2o . 2 ®)

where % and % are equal to L, and L, respectively.

2.3. Tandem low-coherence interferometry

Since uniquely determining the length of a gauge block by
a high-coherence laser, such as the He-Ne laser, requires
employment of the excess fraction method [19], such light
could not be easily applied in this study to measure the
lengths of L; and L,. Recent technological advancements,
however, mean that low-coherence sources with high spatial
coherence are now widely applied to length measurement.
Low-coherence interferometry can achieve surface profile
measurement and positioning at the nanometer scale. A
tandem low-coherence interferometric method [6-11] that
provides the ability to perform remote calibration was adopted
in this study. The main characteristic of low-coherence
tandem interferometry is that interference fringes can be
observed only when the optical path differences of the
triangle and scanning interferometers are equal. Therefore,
the Michelson-type scanning interferometer, which functions
as an optical path compensation interferometer, was set up in
the present research to generate low-coherence interference
fringes.

Low-coherence light emitted by a super-luminescent
diode (SLD; ASLD-CWDM-3-FA; Amonics) with a center
wavelength (A) of 1544 nm is first introduced to the scanning
interferometer. The beam from the scanning interferometer is
then passed to the triangle interferometer through a single-
mode optical fiber and is divided by the beam splitter (B,), as
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Figure 4. (a) An example procedure to measure L,. The scanning retroreflector (R;) is positioned such that [M—N| and [M—N"| are within
10 pum of L,, and R, is then driven by PZT to perform slow scanning. (b) A pair of low-coherence interference fringes that correspond to
2L, or 2L, are generated when the lengths of optical path differences between two interferometers are equal, that is, |M—N| = L, or
|[M—N| = L,. The first interference fringe occurs when M < N and another fringe occurs when M > N. Therefore, half the center-to-center

length between two interference fringes is equal to L, or L,.

shown in figure 2(a). The two parts of the divided beam are
thus directed to the gauge block and beam splitter by following
the clockwise and counterclockwise paths. Finally, a photo-
detector (2001; New Focus) collects the beams reflected from
the surfaces of the beam splitter B3 and gauge block.

3. Measurement procedure

The low-coherence interference fringes can be observed by
the photo-detector when the optical path difference of the
scanning interferometer is equal to the optical path difference
of the triangle interferometer, that is, [M—N| = L; or [M—N| =
L,, where M and N are distances shown in figure 2(a).
Interference fringes are generated by adjusting the optical path
difference of the scanning interferometer to be equal to either
L, or L, through adjustment of a reflector R; (figure 2(a)).
Initially, the optical path difference of the scanning
interferometer (|JM—N]|) is set to be longer than the optical
path difference of the triangle interferometer (|P—O)),

|[M—N|>|P—0)|.In order to measure L, as shown in figure 4(a),
initially R, is set so that N — M > P — O. The scanning
retroreflector (R;) sitting on a high precision linear stage
(FC40; Sigma-tech; 70 nm positioning accuracy) is positioned
such that [M—N)| is within 10 um of L,. R; is then driven by
a piezoelectric transducer (PZT; AE02030D04F; Thorlab) to
perform slow scanning in order to generate an interference
fringe (figure 4(b)).

Using the procedure shown in figure 4(a), the first
interference fringe occurs when the lengths of optical path
differences between two interferometers are equal, that is,
N—M = L,. The zero optical fringe occurs when M = N', and
the second interference fringe occurs when M—N" = L,. Half
the center-to-center length between two interference fringes
is equal to L, when it is measured from the top direction and
equal to L; when it is measured from the bottom direction.

The data of the low-coherence interference fringe signal
and the positions of the scanning retroreflector are acquired
and stored automatically by a computer. The position of the
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Figure 5. Derivations of phase change correction.

scanning retroreflector (R;) that corresponds to the positions
of the sampling data is precisely measured by a He-Ne
length measuring system (ML100; Renishaw), simultaneously.
Finally, from the position data of the scanning retroreflector,
the center-to-center distances between the two low-coherence
interference fringes that correspond to 2L; and 2L, are
calculated. The center-to-center distance between two low-
interference fringes is defined as the distance between two
peaks of low-coherence interference fringes as shown in
figure 4(b). The peak point of the amplitude signal is selected
by analyzing the data of the interference fringe and the position
of the scanning retroreflector in spreadsheet software. After the
peak point is selected, the position of its point can be easily
determined since every sampling datum of the inference fringe
has position information, which was measured by the He—Ne
length measuring system. Thereafter, the distance between two
points that correspond to 2L; and 2L, is calculated.

The final result of the gauge measurement is expressed as
a deviation length (d) from its nominal length (L) corrected
by L.:

Ly=1Lr—L,. (10)

L. is evaluated from a temperature correction (I), a shape
correction (/) and a refractive index correction (/). Hence,

Le=1+1g+1,. (11)

In the gauge block measurement using the interferometry
method, ‘phase correction” must be applied to the
measured length because an optical length measured by the
interferometry method is different from a mechanical length. It
is very important to obtain the value of phase correction (/¢) for
a new interferometer because the phase changes take place on
both ends of the gauge block. Furthermore, the phase change
effect must be carefully evaluated since the use of 1544 nm
wavelength in this work is different from that in conventional
works [14—17, 25]. The phase change is determined by the
surface roughness and properties of material. In the case of the
steel gauge block wrung onto the glass platen and measured by
the He—Ne laser, l¢ has been reported to be about 30 nm [25].
The mechanical length of the gauge block (L,,) in figure 5
cannot be calculated directly from optical lengths L;, and
L,, since it is necessary to calculate l¢. L, is the optical

distance between the top surface of the beam splitter and
the bottom surface of the gauge block and L,, is the optical
distance between the top surface of the beam splitter and the
top surface of the gauge block.

From figure 5, a correction of phase change is calculated
by the following equations:

Li=L,—b—a, (12)
Ly =Ly, +b—ay; (13)
hence mechanical length (L,,) is
L,=1L,—L,
=Ly, —Lip+2b—a +a. (14)
The phase correction length is expressed as
ly =2b—aj + as, s)

where b is a phase change on steel, a) is a phase change from
air to chromium coating and a, is a phase change from glass
to chromium coating. The phase correction value on surface
coating a; is different form that on a, because the light passes
through inside the glass when L, is measured from the bottom
direction. Theoretically, the phase change in the system is
about 78 nm, which was calculated by using the equations
developed by Thwaite [26] and Doi et al [27]. The properties
of material were taken from [28] and maker specification. Our
calculated value of b is 31 nm, a; is 29 nm and a, is 45 nm.
The basic equation of a reflection point of the light penetration
from the surface (p’) is

2110](

Jm 4k —ng

where ny is refractivity of the source medium, n; is refractivity
of the target medium (reflector), k is an extinction coefficient
and A is the wavelength of light [27]. Using (16), the
phase correction values b (air—steel), a; (air—chromium) and
a, (glass—chromium) are expressed as follows:

/

A
p = — arctan (16)

A 2nk,,
a; = —arctan | ———— (17)
4 Y ngr + kgr —n?
A 2ngkey
a, = —arctan | —— (18)
v/ ngr + kczr - I’lé
A 2nky
b= —arctan | ———] . (19)
4 V2 + k2 —n?

A comparison measurement was performed to get the
value of the phase change of our system. A gauge block with
10 mm nominal length has been wrung onto the steel platen and
put inside the triangle interferometer. Thereafter, the length of
the gauge block has been measured based on the wringing
method using a tandem low-coherence interferometer. Please
note that the phase change effect on the wringing method
has been considered to be zero. The gauge block has been
measured without the wringing method as well. The lengths
measured with and without the wringing method are Ly and
Lyw, respectively. The difference of the measurement result
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Table 1. E, number of the measurement intercomparison.

Deviation from nominal length (nm)

Nominal length (mm)  Non-wringing method (U = 86 nm) JQA Japan (U =40nm) UME (U=43nm) E; E}

5 +25 -1 +3 027 0.23
10 +54 +73 +49 0.20 0.06
75 —120 —110 - 0.11 -

* E, number between the non-wringing method and the JQA,
® E, number between the non-wringing method and the UME

between wringing and without wringing is considered as a
phase correction value, i.e. 85 nm, with a standard deviation
of 18 nm,

lg = Lyw — Ly. (20)

The difference between the calculated and experimental value
is about 7 nm and this is probably due to some factors such
as imperfect alignment and temperature instability. However,
a more precise phase correction experimental setup is under
development. Finally, d is expressed as

d=L2p—L1p+lt+l(;+ln+l¢—L. 21

4. Experimental results and discussion

The uncertainty budget (table 2) was calculated based on the
experimental data and literature study [21-24]. From (21), the
combined standard uncertainty u? (d) is expressed as

up(d) = ci, W (Lap) + cg, w?(Lip) + cpu ()

+ i () + cpuz () + (1) (22)

4.1. Sources of uncertainty

The combined uncertainty attributed to the optical length
of the gauge block is evaluated from the measurement
repetition of L, and L;, with the sensitivity coefficient
equal to 1. The standard uncertainties of u(L,,) and u(Lp)
are 23 and 26 nm, respectively. The combined uncertainty
attributed to the temperature effect u.(l;) is evaluated from
uncertainties attributed to the temperature deviation from
the reference temperature measurement u(f) and thermal
expansion coefficient u(a). The uncertainty of nominal length
u(L) is zero because it is a constant,

I, =0alL. (23)

The standard uncertainty of thermal expansion u(w) is
estimated as about 10% from maker specification (steel gauge
block, v = 10.8 x 107°°C~"), witha rectangular distribution.
We performed measurements when the temperature difference
from 20 °C (0) was £ 0.15 °C and fluctuations were less than
£ 0.3 °C over a 3 h period. Hence,

0.1 x 10.8 x 107%/°C

V3
= (0.093L/mm) nm.

u(a)fL = (0.15 °C)(L/mm) nm

(24)

The temperature sensor has a reading accuracy of £0.05 °C,
and we assume that it has a rectangular distribution. Therefore
u(0) is

0.05 °C
V3

= 0.3(L/mm) nm.

u(@)aL = 10.8 x 107%/°C x (L/mm) nm

(25)

An uncertainty related to the phase correction u(l¢p)
is evaluated experimentally. From (20), the combined
experimental uncertainty u.(l¢) is expressed as

ul(ly) = cywu* Lyw) + cu® (L), (26)
where
al, al
=—*% -1, =2 —1. 27
N L W oLy N

The experimental value of u(l¢) has been calculated to be 6 nm
from the measurement performed nine times. For comparison,
the theoretical value of /¢ is obtained by incorporating (17)—
(29) into (15). Hence, the combined uncertainty of phase
correction is theoretically determined as

2 (ly) = cp i (ny) + ¢ 1w (ner) + ¢ u* (ng)

+ cput (k) + g (key) + P (M) + cﬁguz (ny).  (28)

By inserting optical parameters, the coefficients of sensitivity
of (28) are

¢, =1.12x107*, ¢, =1.72x 1074,

¢, =98x107*A, ¢, =52x107"2,

¢, =13x107°, ¢, =005 ¢, =34x10"%

The accuracy of optical properties is reported to be 10%
[28]. Hence, the theoretical value of u(l¢) has been calculated
to be 0.02 nm. Since the theoretical value is smaller than
the experimental value, u(l¢) has been evaluated from the
experimental value (equation (26)).

Although no correction value is considered for a shape
variation (/;), both imperfect flatness and parallelism still
contribute to an uncertainty in the variation of the measured
length. The standard uncertainty of shape variation u(lg) is
estimated to be 5 nm. The combined uncertainty attributed
to the refractive index correction u.(l,) includes standard
uncertainty parameters associated with Edlén equation u(E),
air pressure u.(p), partial pressure u.(f), air temperature
u(t) and wavelength u(A). The expanded uncertainty of the
proposed method is expressed by U = +/71.2% 4 0.652L2 nm,
where L is in mm.
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Table 2. Uncertainty budget of the non-wringing method.

Standard Standard Relative Sensitivity Uncertainty
uncertainty uncertainty standard coefficient contribution
component u(x;) Source u(x;) uncertainty  (cy) u(d)/nm = |cylu(x;)/nm
u(ly,) Length of L, 23 nm 1 23

u(lyp) Length of L, 26 nm 1 26

u(l) (Temperature eftect)

u(®) Temperature measurement 0.03°C (10.8 x 10‘6/°C)/L 0.3L mm™!
u(er) Thermal expansion coefficient® 0.62 x 1076 °C~! (20°C—t,)L=0.15L°C 0.093L mm™!
u(lg) (Variation shape) 5 nm 1 5

uc(ly) (Phase change correction) 6 nm 1 6

u.(l,) (Refractive index of air)

u(E) Edlén equation 1x 1078 L 0.01Z mm™!
up) Air pressure 23 Pa 2.7 x 107°L Pa~! 0.062L mm™!
uf) Partial pressure water vapor 6 Pa 3.7 x 1071°L Pa~! 0.0022L mm™!
u(t) Air temperature 0.029 °C 9.2 x 107'L°C™! 0.027L mm™!
u()) Wavelength 0.01 x 107® 5.4 x 107°L Negligible

Combined standard uncertainty of the deviation length #*(d) = 1266 + 0.103 (L/mm)* nm?

Expanded uncertainty for coverage factor k = 2, U = +/71.2% + 0.65%L? nm, L in mm.
* Steel gauge block, @ = 10.8 x 107¢°C~! and gauge block temperature 7, = 20.15 °C.

4.2. Experimental result

The proposed method was applied to measure gauge blocks
with nominal lengths of 5, 10 and 75 mm. The measurement
results of the proposed method were compared with those
determined by the Japan Quality Assurance Organization
(JQA) and the National Metrology Institute of Turkey (UME)
by using contact-based interferometry (Mitutoyo gauge block
interferometer and Koster interferometer, respectively). The
reliability of measurements by the present method was
examined by calculating the E,, number given by
|7 — T

JUE+ U3

where T is the measurement result of the proposed method
with uncertainty Uj, and T is the result of another method
with uncertainty U,. The proposed method is considered to be
reliable if it obtains an E, factor of less than 1. For example,
for the 5 mm gauge block, the measurement result obtained by
the proposed method produced an average difference of 26 nm
compared with that of the JQA. Furthermore, for the 10 mm
gauge block, the measurement result of the proposed method
(+54 nm) produced an average difference of 5 nm compared
with that of the UME (449 nm).

The expanded uncertainty budget of the proposed
measurement method was estimated to be 86 nm for the 75 mm
gauge block, while the measurement uncertainties of the UME
and JQA methods were 40 and 43 nm, respectively. Thus, from
equation (29), the E, numbers of the example 5 mm and 10 mm
gauge block measurements given above are estimated to be
0.27 and 0.06, respectively. Measurements of the gauge blocks
with nominal lengths of 5, 10 and 75 mm by the proposed
method are compared with those produced by the JQA and
UME in table 1. We confirm from the table that the proposed
method is reliable since it obtained E, numbers of less
than 1.

The main sources of uncertainty came from measurement
repeatability and temperature fluctuations. The temperature of

E, (29)

the experimental room usually fluctuated by about 2.5 °C
over a 4 h period during the daytime. To minimize the
effect of this temperature fluctuation, experiments were mainly
performed at midnight or in the early morning, when the room
temperature was steady at close to 20 °C and fluctuations
were less than +0.3 °C over a 3 h period. Furthermore, the
experimental setup was also covered by a thermal-isolation
material to minimize temperature fluctuation effects. By taking
these actions, we could confirm that the experimental setup
based on the proposed method could perform precise gauge
block measurements without wringing onto the platen.

5. Conclusions

Gauge block measurements without wringing have been
successfully performed. Gauge blocks with nominal lengths
of 5, 10 and 75 mm were measured within an expanded
uncertainty of about 86 nm. A comparison of the measurement
results with those determined by the JQA and UME
suggests that the proposed method could perform reliable
measurements with the £, number of less than 1. Therefore,
this method will allow users to perform remote gauge block
measurements without prior information on the nominal length
and the need for a complex wringing process or high operator
skill.
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