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We developed a multi-Fabry-Pérot etalon (multi-FPE) for selecting high-frequency parts of repetition-frequency modes of a short-
pulse mode-locked fiber laser at the wavelength of 1.55 mm. The 5-GHz repetition-modified laser beam is transmitted to a fiber-type
Michelson interferometer. The interference fringes exhibit a temporal coherence pattern and can be used for measuring spatial
positioning. The performance of CMMs axis was determined directly from different positions of two interference fringes.
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NOMENCLATURE

¢ = speed of light in vacuum (299,792,458 m/s)

n = phase refractive index of air

a = number of different indices between two pulses
f=frequency

1, = cavity length

R = reflectivity of mirrors used in the etalon
Jeep=repetition frequency of frequency comb

lp = length of the CMM [m]

1. Introduction

Recently, coordinate measuring machines (CMMs) have become
important in a number of industrial fields due to their ability to measure
three-dimensional artifacts with complex shapes. In practice, the
performance of CMMs must be monitored otherwise it can affect the
quality of the final product. Various methods for evaluating the
performance of CMMs have been proposed.'? ISO standard protocols
describe measurement methods based on physical standards (gauge
blocks, step gauges, ball plates, etc.) or laser interferometers.* Current
laser interferometer systems are based on continuous He-Ne lasers and
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fringe counting. One restriction imposed by this method is that the
measurement path cannot be interrupted during the measurement
period.

Recent studies have shown that following the development of
carrier-envelope-phase stabilized lasers, femtosecond mode-locked
pulses can be used as a reliable rule for measurement in the fieids of
ultrashort pulse lasers.>” The pulse train shows a discrete frequency
spectrum in the form of regularly spaced lines known as a frequency
comb. Frequency combs are used as a frequency standard when the
frequency repetition and the carrier-envelope offset refer to an SI
reference standard, such as an atomic clock. These unique properties
allow frequency combs to be used for time and frequency metrology,®’
ﬁmdamental 10,11 12,13
Frequency combs can also be extended into the extreme ultraviolet
XUv) X-ray imaging and precision quantum
electrodynamics (QED) tests.'* In 2002, practical experiments were
conducted using the high temporal coherence between a pair of pulse

physics, and high-precision spectroscopy.

region for

trains for measurement of the group refractive index of air."* The pulse-
to-pulse phase relation of an optical frequency comb has created new
directions for high-accuracy long-range distance measurement.'®?"
The mode spacing of such combs is given by the pulse repetition
rate, which depends on the laser type and is typically of the order of
100 MHz. While it may be possible to increase the repetition rate, it is
an expensive procedure requiring extensive and highly specific
knowledge for practical use. One alternative would be to use an
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external Fabry-Pérot etalon to generate multiple pulses.?’

In this work, to avoid the difficulties associated with obstacles in the
measurement path in the case of He-Ne lasers, we apply a femtosecond
mode-locked pulse laser for CMM’s axis performance verification and
use the temporal coherence property of optical frequency combs for
length standard measurements. The temporal coherence pattern is used
as a precise rule. This idea can be used in practice, and we reported the
idea of using optical frequency combs as a standard for distance
12 and gauge block calibration in 20122 To
increase the repetition rate of the temporal coherence pattern, a Fabry-
Pérot etalon (FPE) system is developed to increase the repetition rate
of a mode-locked fiber laser. The 100-MHz repetition rate of the
femtosecond mode-locked laser is transferred to a 5-GHz filter (the
developed FPE), where the repetition rate is changed to 5 GHz by
selecting every 50th harmonic frequency passed by the etalon. The
uncertainty in the stability of the modified laser is of order of 107,
which is considerably lower than the targeted measurement uncertainty
in typical CMM verification.*

measurement in 201

2. Principle

In this section, we briefly review the general idea of time-resolved
experiments using a pulse laser and an unbalanced-arm Michelson
interferometer, as shown in Fig. 1. An optical pulse from the mode-
locked laser is split into two beams by an optical beam splitter. The two
beams are then recombined after passing through various optical
delays. The spatial distance /, between the pulses is derived as [; = ¢/
nfyep- The interference fringe position between two pulses with different
indices is observed when the path difference between two arms of the
interferometer is equal to half of the distance /;

ld ac

lz_llzaE:ZnTep 0]

The interference fringe position is inversely proportional to f,. A
high repetition rate entails more accurate spatial positioning of the
interference fringe. However, high-repetition-rate comb lasers are
expensive and require extensive and specific knowledge for practical
use.

As an alternative, we can increase the repetition rate by selecting
only high-frequency parts of the repetition rate modes of a frequency
comb laser. An FPE is developed for this purpose as an optical cavity
in which a laser beam undergoes multiple reflections between two
reflecting surfaces, and whose resulting optical transmission is periodic
in the optical frequency spectrum. The spectral transmission function
from an FPE can be calculated by

(1-R)’
(1-RY’ +4Rsin’(2xfl/c)

TR, 1) = @

With high-frequency selection, the free spectral range (FSR) is set
to an integer multiple 7 of the laser repetition rate f, by adjusting the
FPE length as f., = ¢/2nl. The filter cavity then transmits exactly every
m-th mode, while the unwanted intermittent modes are largely
suppressed. The new repetition rate /”, of the frequency comb laser
becomes

c/nf, N
B l'[h
Femtosecond | A A A T A A A ﬁ‘\

laser BS S

(0]

Fig. 1 Schematic setup of a time-resolved expetriment using a

femtosecond mode-locked pulse laser (frequency comb laser)

Frequency

Frequency

Fig. 2 Process of conversion the repetition rate

4

rep = mfrep (3 )

The transmission process of the repetition rate is shown in Fig. 2.
Therefore, half of the pulse distance (/#2) also changes as follows
due to the new repetition rate:

“3 S, @

which translates into more reference positions in space and can be
changed by adjusting the FPE. A new repetition rate can be selected to
create an appropriate reference fringe position for a CMM.

3. Fabry-Pérot Etalon

Two types of etalons are used in this study, a mirror FPE and a fiber
FPE. Both types of low-finesse FPE are applied in series instead of a
single high-finesse FPE to generate a repetition-modified laser pulse.

3.1 Fiber Fabry-Pérot etalon

The mirror-type FPE has the advantage of flexibility in terms of
adjustable free spectral length, but a highly skillful operator and
considerable amounts of time are required for mirror alignment. The
idea of fiber FPEs was proposed to compensate for the disadvantages
of mirror FPEs. Fig. 2 shows a single-mode fiber (SMF-28) cut to a
specific length for creating a 1-GHz FSR. Both ends of the fiber are FC
connectors whose surface is covered with a coating with 93%
reflectivity. The length of the fiber FPE is checked by a tandem low-
coherence interferometer with a high-precision translation stage
(Sigmatech FS-3150PX, 10 nm resolution) attached to scan interference
fringes. The measurement setup using a tandem low-coherence
interferometer is shown in Fig. 3.

The system in Fig. 3 emits a light beam generated by a low-
coherence light source. The low-coherence beam is confined to a
single-mode fiber, which is connected to the fiber FPE. After passing
through the FPE, the beam is conducted to a collimator (C,) used for
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Fig. 3 A 1-GHz fiber FPE with coating with a 93% reflectivity at both
ends
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Fig. 4 A tandem low-coherence interferometer on a high-precision
translation stage
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Fig. 5 (a) Schematic diagram of concave mirror FPE. (b) A real picture
of the FPE

the interferometer and split by a beam splitter (BS) into a reference-
path beam with a fixed mirror (M) and a measurement-path beam
where a miiror (M,) is attached to a translation stage (TS; Sigmatech
FS-3150PX, 10 nm resolution). Then the two beams are recombined in
an InGaAs photodetector (PD; Newfocus 2011-FC) and the temporal
interference fringes are observed.

3.2 Mirror Fabry-Pérot etalon

An FPE of the concave mirror type was selected for this experiment.
A pair of concave mirrors with a radius of 300 mm, one inch diameter,
a reflectivity of 97% and dielectric coating was used for the 5-GHz
etalon setup. Visible-light laser alignment and a screen set at a distance
of 2 m were used for parallel alignment of the FPE.

3.3 The FPEs system

The FPE system used in this study is a combination of a fiber FPE
and a mirror FPE connected in series, as shown in Fig. 5, to increase
the efficiency of the low-finesse etalons. A 100-MHz repetition fiber
laser (MenloSystems C-fiber femtosecond laser, wavelength 1560 nm,
output power 12 mW) with a repetition rate stabilized to a Rb

Mode jocked »
fiber laser t
Optical fiber 1GHz fiber FPE
Finesse~40

Optical
Aniplitier

Fabry-Pérot etalon

< f \
.
Optical \ j

fiber

5GHz Matching
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Fig. 6 Schematic diagram of the FPE system used

Fig. 7 Frequency spectrum of the beam after passing through the FPE

frequency standard (Stanford Research Systems FS725), was used as
an optical pulse source. The laser beam was transmitted to the fiber
etalon by a single-mode fiber optic cable. The repetition-modified laser
was initially amplified using Erbium Doped Fiber Amplifier (EDFA)
and subsequently applied to the mirror FPE through collimators
(Thorlabs F810APC-1550, beam diameter 7.0 mm), and the output
from the etalon was measured with a spectrum analyzer (Advantest
R3265). The frequency spectrum is shown in Fig. 6.

After selecting the frequency mode of the etalon, the stability of the
stability of the repetition rate of the frequency filtered comb was
measured by beating with a 4.95-GHz frequency signal from a
synthesized signal generator (Anritsu MG3632A). The Rb frequency
was used as a reference for the synthesized signal. The beat signal was
monitored for 2 hours with a universal counter (Iwatsu SC-7206, 0.1
Hz resolution) which was stabilized to the Rb frequency. The results of
beating showed that the stability of the modified laser after passing
through the FPE system was of the order of 10 over 2 hours,
indicating that the repetition rate is sufficiently stable for length
measurements.

4. Fiber-type Interferometer for CMM’s Axis Verification

Fig. 6 shows the schematic setup for CMM’s axis verification using
a 5-GHz repetition mode of the mode-locked fiber laser. In this
experiment, the interference fringe was created by 5-GHz repetition-
modified laser at every 10 percents of the measuring range and it can
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Fig. 8 Schematic setup for CMM evaluation using high-frequency
repetitions of a mode-locked fiber laser

be increased by using higher repetition mode. The 5-GHz repetition-
modified laser beam from the etalon was transmitted to a fiber-type
interferometer, where the laser beam was split into two paths by a fiber
coupler. One beam was used for the measurement path with a retro
refractor attached to the CMM probe, and the other was used for the
scanning path where a mirror was attached with an objective piezo
positioner (PZT; Piezosystem Jena PX400) to scan the interference
fringes. The beams from the two paths were combined by a fiber mixer.
The distance between the interference fringes was determined with an
InGaAs PD (Newfocus 2011-FC) in one-directional scanning of the
reference mirror by PZT to avoid the creation of a hysteresis.

The experiment was performed on y-axis of a Mitutoyo Apex 707
CMM, starting by launching the laser beam to a 50/50 fiber coupler.
The measurement path consisted of a fiber circulator and a collimator
(C1), where the beam was reflected from a retro reflector and returned
to the collimator. The reference path consisted of another set of a fiber
circulator and collimator (C2), where the beam was reflected from a
mirror attached to a PZT and returned to the collimator. The outputs
from both circulators were combined by a fiber mixer and detected by
the PD. Measurements can be performed in 5-GHz repetitions for every
30 mm of the CMM movement base.

5. Results

5.1 Measurement results

The experiment was performed in a room where temperature,
pressure, and humidity were controlled and monitored during the
experiment. The updated Edién equation, in association with the actual
environmental conditions, was used to compensate for the refractive
index of air® The measurement results corrected for the refractive
index of air at the reference temperature are shown in Table 1.2 The
standard deviation of the measurement is about 0.1 mm. The
measurement results imply that the repetition transformation technique
can be used successfully for highly accurate measurements.

5.2 Uncertainty evaluation

In accordance with the ISO-recommended guidelines,” the overall
uncertainty was evaluated for the CMM verification performed in this
study. The sources of uncertainty are evaluated from related sources

Table 1 Experimental results for a 300-mm CMM’s axis performance
verification

CMM length (mm) Comb length (mm) Difference (m)
0.0000 0.0000 0.0
29.9713 29.9729 1.6
59.9426 59.9414 -1.2
89.9139 89.9164 2.5
119.8851 119.8852 0.1
149.8564 149.8542 -2.3
179.8277 179.8278 - 0.1
209.7990 209.8002 1.2
239.7703 239.7689 -1.4
269.7416 269.7431 1.5
299.7129 299.7123 -0.6

Table 2 Uncertainty evaluation in CMM performance verification

Value (nm)
Sources of uncertainty Uncertainty for L=
300 mm
FPE modified 289 % 107 L, 0.43
pulse Laser
Refractive index of air 1.63x 108 L, 4.89
PZT 40 nm 23.9
Repeatability 100 nm 50
CMM Resolution 100 nm 28.9
System alignment 1.3x 107 L, 39
Wave-front error 20 nm 11.6
Thermal expansion 577 x 107 - Ly 173.2
compensation
Combined standard 2 -7 .2
+ .
uncertainty (k=1) A/(63mm) (5.92x107"-Ly) 189
Experimental resalis for a 300-wm CVIM's axis performance verification
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Fig. 9 The experimental results with CMM’s tolerance limit

(measurement system, method, environment etc.) and shown in Table
2. One uncertainty is associated with laser stability at 2.89x10°-L,.
Other sources related to the laser, such as repetition rate and carrier
offset frequency, are smaller and negligible because the accuracy ratio
with respect to the CMM is more than 100 times greater. The
uncertainty for the refractive index of air is calculated to be 1.63x10
8.1y from the measurement errors associated with air temperature
(0.001°C), pressure (10 mmHg), and humidity (1%RH), together with
the uncertainty associated with the updated Edlen equation. The
uncertainty related to the PZT, including PZT linearity and hysteresis,
is 23.9 nm. Furthermore, the repeatability of measurement is found to
be 50 nm, and the CMM resolution is evaluated to be 28.9 nm. The
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system alignment produces a further uncertainty of 1.3x107-L,. The
wave-front error is estimated at 11.6 nm. Finally, the uncertainty
associated with the thermal expansion of the CMM is estimated at
5.77x107-Ly. Overall, the combined standard uncertainty is calculated
to be 189 nm (4&=1).

6. Conclusions

A new design for CMM performance verification by using temporal
coherence of optical frequency combs was studied. A mode-locked
fiber laser was stabilized to the frequency of a Rb clock (frequency
standard). An FPE system combining a fiber FPE and a mirror FPE
were connected in series to increase the repetition rate of a mode-
locked fiber laser by selecting every 50th mode of the optical frequency
comb. The stability over 2 hours showed that the modified optical
comb is sufficiently stable to be used as a standard for CMM. The
absolute length was determined from the half pulse interval distance of
the FPE-modified pulse laser, and the performance of CMM was
determined from interference fringes. The proposed measurement
system based on a fiber-type interferometer is more convenient for
CMM performance verification than currently adopted systems.
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