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Preface

Precision engineering is a discipline to develop and apply principles of design, manu-
facture, control and measurement for precision machines and precision manufac-
turing. Precision metrology, often called dimensional metrology, is one of the
cornerstones to support precision engineering. It is the science and technology of
measurement for quantifying physical quantities derived from the SI base quantities
of length and time, including geometrical properties of an object such as length,
angle and surface topography, as well as kinematic properties such as displace-
ment, velocity and acceleration. A high degree of precision and a low degree of un-
certainty are required for such a measurement. Precision metrology is particularly
important for modern manufacturing industries based on mass production of inter-
changeable parts by using various machine tools. The concept of interchangeability
has been the greatest achievement of the twentieth century, which has substantially
changednot only theways ofmanufacturing but also the lifestyles of humanbeings.
In interchangeable manufacturing, the parts are required to be made to the de-
signed geometrical specifications so that the parts made in different places by dif-
ferent operators can be exchangeable with each other for efficient assembly of
new products and easy repair of existing products. This can only be made possible
when the necessary level of quality control is established in the manufacturing
processes based on precision measurements of the geometrical specifications of
the manufactured parts. Precision measurement of the kinematic properties of ma-
chine tools is also essential for supporting the interchangeable manufacturing.

On the other hand, light has long been utilized in measurement activities of
human history. Optical measurement technologies have evolved to an indepen-
dent branch of metrology called optical metrology. Optical metrology can be applied
for measurement of almost all kinds of physical quantities, including the SI base
quantities of time, length, mass, temperature, luminous intensity and their derived
quantities. Noncontact, fast and sensitive are some of the important features of opti-
cal metrology. Optical measurement technologies are playing an increasingly impor-
tant role in precision metrology where accurate measurements are required to be
made in a short time and with minimal influence on the measurement target.

This book presents the state-of-the-art optical technologies of dimensional me-
trology for precision engineering. This book is composed of 12 chapters. The manu-
scripts of Chapters 1–5, 7–9 and 11 were mainly written by Wei Gao and the rest
were written by Yuki Shimizu. Yuki Shimizu also prepared most of the figures and
made the final edition of the entire book. The first half of the book, from Chapters 1
to 6, presents optical sensors and systems with conventional continuous-wave laser
source. Optical sensors for the measurement of angular and translational displace-
ments, which are fundamental quantities in precision metrology, are presented in
Chapters 1–4. Chapter 1 describes optical angle sensors based on laser autocollima-
tion, which can make nanoradian angle measurement while maintaining a compact
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sensor size. The angle sensor is then expanded for three-axis measurement by using
a refraction grating as the target reflector in Chapter 2. In Chapters 3 and 4, surface
encoders are presented for XY, XYZ or Z–θZ multi-axis motion measurement by
using grating scales. A concept of mosaic surface encoder is also presented for ex-
pansion of the measurement range. Chapter 5 presents a number of unique optical
scanning profilers for surface topographic measurement under in-line and/or on-
machine conditions. In Chapter 6, fabrication of grating scales by interference li-
thography is presented together with fast and accurate calibration technologies.
The second half of the book, from Chapters 7 to 12, presents the next-generation opti-
cal measurement technologies based on ultrashort pulse laser and optical frequency
comb.Ultrashort pulse laser angle sensingmethods are presented inChapter 7 by tak-
ing use of the unique characteristics of ultrashort pulses, including second-harmonic
generation. Chapter 8 provides a mathematical analysis on the optical frequency
comb, where the theorem of Fourier transform, including Fourier integral and Fourier
series, is applied to analyze the relationship between a train of ultrashort pulses and
the optical frequency comb as well as to reveal the key features of optical frequency
comb. Chapters 9 to 12 present optical sensors based on optical frequency comb; an
angle comb for absolute angle measurement, a chromatic confocal comb for absolute
displacement measurement, a position comb for absolute position measurement, and
applied comb metrology including a comb surface profiler.

I wish that this book can provide the newest information on the advancement
in optical dimensional metrology to engineers in areas of precision engineering, op-
tical engineering, mechanical engineering and nanotechnology, as well as the post-
graduate and undergraduate students learning in these fields. I sincerely wish that
this book could inspire research fellows and postgraduate students to create new
ideas in dimensional metrology, especially in the next-generation measurement
technologies based on optical frequency comb and ultrashort optical pulses.

This book is the record of an important part of the research work that the au-
thors have been involved in for over the past decade. I would like to thank my col-
leagues and many students in the Precision Nanometrology Laboratory for their
significant contributions to the development of the technologies presented in this
book. Hiraku Matsukuma, So Ito, Yuanliu Chen, Xiuguo Chen, Akihide kimura, Yusuke
Saito, Takemi Asai, WooJae Kim, SungHo Jang, Xinghui Li, Zengyuan Niu, Xin Xiong,
Chong Chen, Lue Quan, Wijayanti Dwi Astuti, Dong Wook Shin, Kentaro Uehara, Shinji
Sato, Haemin Choi, Kouji Hosono, Hiroshi Muto, Shinichi Osawa, Takeshi Ito, Dai Mur-
ata, Tatsuya Ishikawa, Yukitoshi Kudo, Ryo Aihara, Taiji Maruyama, Masaya Furuta,
Jun Tamada, Taku Nakamura, Shaoqing Yang, Zongwei Ren, Shuhe Madokoro, Kazuki
Mano, Ryo Ishizuka, Yuri Kanda, Ryo Sato and Shota Takazono are some of them. Mr.
Ryo Sato carefully checked and revised Chapters 8 and 11. Prof. Hiraku Matsukuma
also made comments to these two chapters. I would like to thank Ms. Karolina So-
bańska, Ms. Cruz-Kaciak Aneta, Mr. Leonardo Milla, Ms. Chao Yang, Mr. Joachim
Katzmarek and other staffs of De Gruyter for their dedicated efforts that have
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made this book possible. The financial support from the Japan Society for Promo-
tion of Science is also appreciated. Special thanks to Dr. Hajime Inaba, Head of Op-
tical Frequency Measurement Group, National Metrology Institute of Japan, AIST,
for his invaluable advice on the development of the fiber-based frequency comb sys-
tem in Chapter 11. The invaluable advice from Prof. Lijiang Zeng, Tsinghua University
on grating fabrication is also appreciated.

I wish to express my thanks to my wife, Hong Shen, for her warm support. The
same appreciation also goes to Mrs. Yayoi Shimizu, Prof. Yuki Shimizu’s wife, for
her support to her husband. This book was written in a difficult situation of COVID-19.
It would never have been completed without the patience, sacrifice, encouragement
and support from the two families. Finally, I would like to thank my co-author, Prof.
Yuki Shimizu, for his hardworking on this book as well as his great contribution to the
development of the measurement technologies presented in this book.

Wei Gao
Sendai, Japan
March, 2021
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Chapter 1
Laser autocollimator

1.1 Introduction

A precision linear motion slide is an important element in precision engineering. It
is used to generate precision linear motions in machine tools and scanning-type
measuring instruments [1, 2]. A linear motion slide, which is often called a linear
slide or a linear stage, is composed of a moving table and a straight guideway. A
moving table is sometimes called a carriage or a saddle, and a straight guideway is
often referred to as a rail. In a linear slide, the carriage is moved to a command posi-
tion along a straight line. The line is referred to as the axis of motion of the carriage
(X-axis). The closeness of the command position to the actual position of the car-
riage is called the positioning accuracy. On the other hand, the closeness of the ac-
tual path of the carriage movement to the X-axis is referred to as the straightness
motion accuracy. Many precision linear slides are required to have sub-micrometric
positioning accuracy and straightness motion accuracy [3].

For slide precision positioning, it is necessary to make closed-loop feedback con-
trol of the slide carriage by using the result of position measurement with an accurate
position sensor, which is often a linear encoder [4]. With the advances in sensor tech-
nologies, sub-micrometric or even nanometric precision positioning of the slide car-
ried has been realized [5]. On the other hand, the straightness motion accuracy is
mainly determined by the form accuracy of slide guideways. A pair of parallel guide-
ways is typically employed in a linear slide to provide physical constraints to the
slide carriage in the directions vertical to the axis of motion of the carriage [6]. Any
flatness errors in the surface form of each guideway will cause corresponding out-of-
straightness motion errors of the slide carriage [7]. The flatness error of the guideway
surface can also generate tilt motion errors of the slide carriage. For obtaining sub-
micrometric straightness motion accuracy, it is necessary to machine the guideways
with sub-micrometric flatness accuracy. In addition, it is also necessary to identify
the tilt motion accuracy after the carriage is assembled with the guideways.

As shown in Fig. 1.1, not only the tilt motion accuracy of the slide carriage but
also the flatness of the slide guideway can be measured by an autocollimator. In the
machining process, the slide guideway is first ground by a grinding machine to a
flatness on the order of several micrometers [8, 9]. To further reduce the flatness
error to sub-micrometer level, a hand scraping operation is carried out. Although
such an operation is time-consuming and highly dependent on the skill of the oper-
ator, it is effective to improve the guideway flatness beyond the machining accuracy
of a machine tool [9]. It is thus an essential operation for production of precision
linear slides used for high-end machine tools and measuring instruments. Before
the scraping operation, a measurement operation is carried out to measure the
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actual flatness of the guideway surface by using an autocollimator [6]. Based on the
measured flatness, the excess areas on the guideway surface are roughly scraped
away by using a scraper. Then, the autocollimator is used again to identify the re-
sidual flatness error of the scraped guideway surface. Such a pair of measurement
and scraping operations is repeated until a sub-micrometric flatness is achieved.

It is also necessary to link the measured tilt motion error of the moving carriage as well
as the measured flatness of the slide guideways with the X-directional positions of the
measurement points with a millimeter order accuracy. In the case of the hand scraping
operation, the information of the X-direction positions is employed for identifying the
positions of the excess areas to be scraped on the guideway surfaces. It has been a
problem for a conventional autocollimator since it does have the function for position
measurement. It is also a problem for the conventional autocollimator when it is used
to measure the tilt motion error of the slide carriage during the assembly process where
the linear encoder for closed-loop feedback positioning of the slide table is not avail-
able. This makes the error correction process and the assembly process more time-
consuming and inefficient. A laser interferometer has a nanometric resolution and a
long-range measurement of the displacement of a reflector [10]. A multi-axis laser inter-
ferometer with multiple laser beams [11] or a surface encoder based on grating interfer-
ometry [12, 13] can also measure the tilt angle of the reflector. However, most of the
commercial interferometers are incremental types and can only measure relative dis-
placement instead of absolute position [14]. The output of a laser interferometer will
also be lost if the optical path of the laser beam is blocked. The high cost of a laser
interferometer is another shortcoming and the high-resolution capability is also not
necessary for the millimetric position measurement in the scraping process and the as-
sembly process.

Fig. 1.1:Measurement of slide guideway flatness and carriage title error motion by using an
autocollimator.
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Laser autocollimators, which are composed of a laser light source and an auto-
collimation unit with a collimator objective (CO) and a light position detector (LPD),
have the advantages of fast measurement speed and compact size [15–18]. This
chapter presents a laser rangefinder autocollimator, which is a laser autocollimator
combining with a low-cost laser rangefinder based on the time-of-flight method
[19], for use in the scraping and the assembly processes of a linear slide. A nanora-
dian laser autocollimator, which can be used for evaluation of an ultrahigh preci-
sion linear slide, is also presented [20] together with a PD-edge method associated
with laser autocollimation [21, 22].

1.2 Nanoradian laser autocollimator

With the advances in nanotechnology, the resolution of an angle sensor for measure-
ment of an ultraprecision linear slide (linear stage) with a nanometric positioning ac-
curacy is required to be higher than 0.001 arc-second (5 nanoradians). The resolution
of a laser interferometer system is typically lower than 0.04 arc-second [23]. An auto-
collimator employing a CO with a long focal length can achieve a resolution of 0.005
arc-second with a charge-coupled device [24] or 0.002 arc-second with an analog sili-
con-based sensor [25]. However, such autocollimators tend to be bulky; for example,
the total length of the sensor head for the autocollimator with a resolution of 0.002
arc-second ismore than 270mm. It is sometimes difficult to employ such a large auto-
collimator in the production line of ultraprecision linear stages where the space is
restricted. It is thus more desirable to improve the resolution of laser autocollima-
tion [26] that has the advantage of compactness.

As shown in the previous section, a bi-cell photodiode (BPD) or a quadrant pho-
todiode (QPD) is typically employed as a LPD to achieve a high response speed. For
such a laser autocollimator, the measurement sensitivity does not depend on the
focal length of the CO and a resolution of 0.01 arc-second has been achieved with
a short focal length where the focused light spot on the QPD has a small diameter
comparable to the QPD cell gap [27]. However, it is difficult to further improve the
resolution since most of the energy in the focused light spot with a further smaller
diameter will be lost at the insensitive areas (gaps) of QPD, resulting in a degrada-
tion of a signal to noise ratio (S/N) of the autocollimator output [28]. As a solution to
this problem, a new optical configuration with single-cell photodiodes (SPDs) is
presented in this section for angle measurement with a nanoradian-order resolution.

The optical configuration of a two-directional (2D)-type nanoradian laser auto-
collimator is shown in Fig. 1.2 [18, 20, 22]. A laser diode (LD) and SPDs (SPD1, SPD2
and SPD3) are employed as the light source and LPDs, respectively. The light beam
from LD is formed to be a collimated measurement beam by a collimating lens (CL).
For simplicity, the divergence of the collimated measurement beam is not consid-
ered in the following discussions. After being reflected from the reflector surface,

1.2 Nanoradian laser autocollimator 3



the beam is divided into two parts by using a beam splitter (BS1). One part is made
incident to SPD3 for monitoring the intensity fluctuation of LD. The other part is fur-
ther divided into two sub-beams again by using another beam splitter (BS2). The
two sub-beams are made to focus on the SPD1 and SPD2 planes through the COs
CO1 and CO2, respectively. The combinations of SPD1/CO1 and SPD2/CO2 are used
as the autocollimation units of θY and θZ, respectively.

In the θY unit, the focused light spot is positioned on the edge of the PD cell of SPD1
to detect the light spot displacement Δu(v) due to the tilt motion ΔθY. Similar to that
shown in eq. (1.1), the relationship between ΔθY and Δu(v) can be described by the
following equation:

ΔuðvÞ= f · tan 2θYðZÞ ≈ 2fΔθYðZÞ (1:1)

where f is the focal length of CO1.
Assume the center of the focused light spot is positioned on the edge of the PD

cell on SPD1 when ΔθY = 0, and the intensity distribution of the light spot on the
plane of SPD1 is denoted by I1(u,v). The output of the θY-unit uSPD_out [%] can be
calculated by the following equation:

uSPD out =
ÐÐ
S1 I1ðu, vÞdudvÐÐ

S1 total I1ðu, vÞdudv
× 100 (1:2)

where S1 means the area of the light spot received by the PD cell of SPD1. S1_total is the
total area of the light spot on the plane of SPD1. The numerator in eq. (1.2) can be
estimated from the magnitude of the photocurrent output of SPD1 and the denomina-
tor can be estimated from half of the magnitude of the photocurrent output of SPD3.

Similarly, the output of the θZ-unit vSPD_out [%] can be calculated by

Fig. 1.2: Optical configuration for a 2D-type nanoradian laser autocollimator with single-cell
photodiodes (SPDs).
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vSPD out =
ÐÐ
S2 I2ðu, vÞdudvÐÐ

S2 total I2ðu, vÞdudv
× 100 (1:3)

where I2(u,v) is the intensity distribution of the light spot on the plane of SPD2. S2 is
the area of the light spot received by the PD cell of SPD2. S2_total is the total area of
the light spot on the plane of SPD2. The numerator and denominator in eq. (1.3) can
be estimated from the magnitudes of the photocurrent outputs of SPD1 and SPD3,
respectively.

If I1(u,v) and I2(u,v) are uniform distribution, eqs. (1.2) and (1.3) can be simplified
as follows:

uSPD out =
1
2πðd1 2= Þ2 +d1 ·Δu

πðd1 2= Þ2 × 100= 50+ 8fΔθY
πd1

× 100 (1:4)

vSPD out =
1
2 πðd2 2= Þ2 +d2 ·Δv

πðd2 2= Þ2 × 100= 50+ 8fΔθZ
πd2

× 100 (1:5)

where Ds1 and Ds2 are the diameters of the focused light spot on the planes of SPD1
and SPD2, respectively. Differing from the case of using QPD, there is no restriction
on the acceptable focused light spot diameters Ds1 and Ds2 when an SPD is employed
for light position measurement. The measurement sensitivity can therefore be maxi-
mized by minimizing the focused light spot diameters Ds1 and Ds2 to the light diffrac-
tion limit. As a result, the optical configuration shown in Fig. 1.2 is expected to
achieve a higher measurement resolution compared with that achieved using QPDs.

When the CO is free from aberrations, the focused light spot diameter ddiff on
the focal plane of the CO will be determined by the diffraction limit as shown in
Fig. 1.3. Assume that the light beam of diameterD0 received by the CO has a uniform
intensity distribution. ddiff can be expressed by the following equation [29]:

ddiff =
2.44fλ
D0

(1:6)

where λ and D0 are the wavelength and the diameter of the collimated beam from
CL, respectively. The focal plane of an aberration-free system is often referred to as
a paraxial focal plane [29]. Meanwhile, in practice, the CO is not free from the aber-
rations. As a result, the focused light spot diameter at the paraxial focal plane will
be affected by the aberration. For the laser autocollimator, the spherical aberration
is one of the factors dominating the diameter. As can be seen in Fig. 1.4, when D0

becomes large, a marginal ray strikes the position with a distance of dTA from the
optical axis on the paraxial focal plane due to the influence of the spherical aberra-
tion. dTA can be determined by the Gaussian optics as follows [30]:
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dTA =
D0

3

32f 2 n− 1ð Þ2 n2 − 2n+ 1ð Þ R2

R2 −R1
+ n+ 2

n
R2

R2 −R1

� �2
" #

(1:7)

where n, R1 and R2 are the refractive index and surface radii of the CO, respectively.
From eq. (1.7), it can be seen that the influence of the spherical aberration increases
with the increase of D0. According to eqs. (1.6) and (1.7), an increase in D0 will cause
a decrease of ddiff but an increase of dTA, which has opponent effects on the mea-
surement resolution of light spot position by SPD. Therefore, both the influences of
light diffraction and spherical aberration need to be taken into consideration in the
determination of D0 for the nanoradian laser autocollimator. It should be noted that
the spherical aberration not only causes an increase in the diameter of the focused
light spot, but also causes a disturbance in its intensity distribution, which influen-
ces the sensitivity of the laser autocollimator. In the following, computer simulation
is carried out based on wave optics to investigate the influences of the spherical
aberration.

Figure 1.5 shows an optical model for simulating the autocollimation unit. In the opti-
cal model, a plano-convex lens is employed as the CO, while a pupil plane and the
SPD plane are placed at its front focal position and back focal position, respectively.
The pupil plane having an aperture diameter of D is included in the optical model so
that the corresponding measurement beam diameter D0 can be adjusted. The inten-
sity distribution of the focused light spot I1(u,v) on the SPD plane can be described by
the following equation [31]:

Fig. 1.3: Focused light spot without the
influence of spherical aberration.
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I1 u, vð Þ= 1

λ2f 2

ðð
Ul x, yð ÞPðx+ u, y+ vÞ exp − j

2π
λf

xu+ yvð Þ
� �

dxdy

����
����
2

(1:8)

where P(x,y) and Ul(x,y) are a pupil function and a complex field across the pupil
plane, respectively. The pupil function P(x,y) is defined as follows:

P x, yð Þ= 1 ðwhen ρðx, yÞ< 1Þ
0 ðwhen 1< ρðx, yÞÞ

(
(1:9)

where ρ(x,y) is the normalized radial coordinate, and can be described as follows:

ρ x, yð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 + y2

p
D 2=

(1:10)

Once I(u,v) is calculated from eq. (1.8), the autocollimator outputs can be calculated
from eqs. (1.4) and (1.5). In the optical model, the pupil plane is assumed to be illu-
minated by a plane wave with an amplitude of A uniformly across the surface. The
influence of the spherical aberration of the CO can be expressed as a wavefront
error, and can be implemented in the calculation by using the complex field Ul(x,y).
In the following calculations, Ul(x,y) represented by the following equations is ap-
plied to eq. (1.8) [30, 31]:

Fig. 1.4: Focused light spot with the
influence of spherical aberration.
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Ul x, yð Þ=
A ðwithout aberrationÞ

A · exp j 2πλ Sρ
4 x, yð Þ� 	 ðwith aberration, at paraxial focusÞ

A · exp j 2πλ S ρ4 x, yð Þ− ρ2 x, yð Þð Þ� 	 ðwith aberration, at best focusÞ

8><
>: (1:11)

where S is referred to as the peak aberration coefficient. In the case of a plano-
convex lens, S can be described by [30, 32]

S=
− n3 + n+ 2ð Þ+ 3n+ 2ð Þ n− 1ð Þ2 − 4 n2 − 1ð Þ
h i

·D4

32n n− 1ð Þ2f 3 (1:12)

Parameters employed in the following calculations are summarized in Tab. 1.1.
The values of the parameters are determined to be consistent with the following
experiments. Figures 1.6, 1.7 and 1.8 show examples of the Ul(x,y) calculated by

Fig. 1.5: An optical configuration for computer simulation based on wave optics.
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using the parameters in Tab. 1.1. The wavefront errors are represented in a wave
number. As shown in Fig. 1.7, the influence of the spherical aberration becomes
significant near the edge of the projected aperture diameter.

At first, the relationship between the intensity distribution I1(u,v) and the beam di-
ameter D0 is calculated. Figures 1.9 and 1.10 show the calculated I1(u,v) for D0 of 2
and 14 mm, respectively. The cross sections of the results are shown in Figs. 1.11
and 1.12, respectively. In the figures, I1(u,v) is normalized by the maximum intensity
calculated with the aberration-free system In the case of small D0 (=2 mm) shown in
Fig. 1.9, the influence of the spherical aberration on I1(u,v) at the paraxial focal
plane is negligibly small. However, the influence becomes large with the increase of
D0, as shown in Fig. 1.10. Meanwhile, even under the influence of the spherical ab-
erration, I1(u,v) at the best focal plane is found to be almost identical to that calcu-
lated with the aberration-free system.

The 1/e2 diameter of the focused light spot on the SPD plane is then calculated
with respect to D0 based on the results of Figs. 1.11 and 1.12. As shown in Fig. 1.13,
the 1/e2 diameter of the focused light spot at the best focus continuously decreases

Tab. 1.1: Parameters used in the computer simulation.

Parameter Value Unit

Wavelength (λ)  [nm]

Focal length of the collimator objective (f)  [mm]

Refractive index of the collimator objective (n) . –

Aperture diameter on the pupil plane (corresponding to
the measurement laser beam diameter) (D)

– [mm]

Fig. 1.6:Wavefront errors due to the
spherical aberration of the collimator
objective applied to the simulation model
(D0 = 14 mm) without the spherical
aberration.
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with the increase of D0. On the other hand, the diameter at the paraxial focus de-
creases and increases with the increase of D0 when D0 is smaller and larger than
11 mm, respectively.

By using the results of Fig. 1.9, the output uSPD_out of laser autocollimator is cal-
culated. Figure 1.14 shows the calculation procedure. At first, the total power of the
focused light spot on the whole SPD plane is calculated. After that, the relationship
between the displacement of the focused light spot Δui and the tilt angle ΔθYi of the
reflector is evaluated. The sum of the total power of the focused light spot on the
SPD active area is then calculated. Finally, uSPD_out at each ΔθYi is evaluated.

Figures 1.15 and 1.16 show the results of simulation for D0 of 2 mm and 14 mm,
respectively. The curves of the autocollimator output uSPD_out versus the tilt motion

Fig. 1.8:Wavefront errors due to the spherical aberration of the collimator objective applied to the
simulation model (D0 = 14 mm) without the spherical aberration with the spherical aberration, at
the best focal plane.

Fig. 1.7:Wavefront errors due to the spherical aberration of the collimator objective applied to the
simulation model (D0 = 14 mm) without the spherical aberration with the spherical aberration, at
paraxial focal plane.
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of the reflector Δθ(uSPD_out–Δθ curves) are plotted in the figures. The sensitivities of
the autocollimator outputs are also calculated from the data in the uSPD_out–Δθ
curves for Δθ of −5 arc-seconds to 5 arc-seconds. The results are plotted in Fig. 1.17.
As shown in Fig. 1.15, the uSPD_out–Δθ curves are almost the same regardless of the
existence of the spherical aberration when D0 is 2 mm. When D0 is 14 mm, however,
the sensitivity of the autocollimator decreases significantly at the paraxial focal
plane as shown in Fig. 1.16. It should be noted that the sensitivity clearly decreases

Fig. 1.9: Calculated intensity distribution of the focused light spot on the SPD plane. D = 2 mm.

Fig. 1.10: Calculated intensity distribution of the focused light spot on the SPD plane. D = 14 mm.
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at the best focal plane under the influence of the spherical aberration, even though
the laser beam diameter is almost the same as that of the aberration-free system, as
shown in Fig. 1.17. From these results, it is revealed that a slight disturbance in the
intensity distribution can cause a decrease in the sensitivity of the autocollimator
output.

Fig. 1.11: Cross sections of the intensity distributions in Fig. 1.9.

Fig. 1.12: Cross sections of the intensity distributions in Fig. 1.10.

Fig. 1.13: Variation of the focused light spot diameter on the SPD plane.
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Fig. 1.14: Calculation procedure for calculation of the laser autocollimator output.

Fig. 1.15: Calculated uSPD_out–Δθ curves. D = 2 mm.
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The results of the computer simulation were compared with those of experi-
ments. At first, the influence of the spherical aberration on the focused light spot
diameter was investigated experimentally. Figure 1.18 shows a schematic of the ex-
perimental setup. A laser beam from a 685 nm wavelength LD was collimated by
using an aspherical lens. The collimated laser beam was then expanded by using a
beam expander, and the expanded laser beam was made to pass through a diame-
ter-variable iris. The beam expander was employed not only for expanding the laser
beam diameter but also for making the intensity distribution of the laser beam to
passing through the iris as uniform as possible. The laser beam that had passed
through the iris with an aperture diameter of D0 was then made to go through a
plano-convex CO with a focal length f of 100 mm. The focused light spot was moni-
tored by a commercial beam profiler (BeamScan XYS/LL/5 μm, Photon Inc.). At the
beginning of the experiment, the position of the beam profiler along the optical axis
was adjustedwith a narrow laser beamwith a diameterD0 of 2mm. The beamprofiler
was kept stationary during the experiment at a position almost identical to the para-
xial focus. The variation of the 1/e2 diameter of the focused light spot was measured

Fig. 1.16: Calculated uSPD_out–Δθ curves. D = 14 mm.

Fig. 1.17: Variation of sensitivity as a function of D0.
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when D0 was increased from 2 to 14 mm, Fig. 1.19 shows the results. In the figure, the
focused light spot diameter calculated in the simulation is also plotted. A good agree-
ment can be found between the results of the simulation and the experiment.

A laser autocollimation unit was constructed for investigating the influence of the
spherical aberration on the sensitivity of the autocollimation unit output. Figure 1.20
shows the optical configuration of the autocollimator unit. The reflector in Fig. 1.18 was

Fig. 1.18: Experimental setup for
measurement of the focused light
spot.

Fig. 1.19:Measured focused light spot diameter.
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mounted on a piezoelectric (PZT) tilt stage, which had been calibrated by using a com-
mercial autocollimator (Möller–Wedel Optical GmbH, Elcomat 3,000). The beam pro-
filer in Fig. 1.18 was replaced with the autocollimation unit, which consists of a BS and
two SPDs: SPD1 and SPD2. Both SPD1 and SPD2 were placed on the focal plane of the
CO. SPD1 was aligned on the focal plane in such a way that the center of the focused
light spot was made to coincide with the edge of the PD cell. Meanwhile, the PD cell of
SPD2 was aligned to capture the whole energy of the focused light spot. It should be
noted that the alignments of the SPDs were carried out by setting the iris aperture
diameterD0 to be 2mm. The PD cell of SPD1was located at a position almost identical
to the paraxial focus. Bi-cell Si PIN photodiodes (Hamamatsu S4204) were employed
for the SPDs. As shown in Fig. 1.21, one of the PD cells of the photodiode was em-
ployed as the SPD1.

In the experiments, a continuous sinusoidal tilt motion was applied to the reflector
via the PZT tilt stage. Photocurrent outputs from SPD1 and SPD2 were converted
into voltage outputs by transimpedance amplifiers. The voltage outputs were re-
corded simultaneously by a digital oscilloscope. Figures 1.22, 1.23 and 1.24 show the

Fig. 1.20: A schematic of the laser autocollimation unit for evaluation experiment of sensitivity.
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measurement results for different D0. In the figure, the calculated uSPD_out–Δθ curves
by simulation are also plotted. The sensitivities of the autocollimation unit outputs,
which were calculated from the data in the measured uSPD_out–Δθ curves ranging
from Δθ of −5 to 5 arc-seconds, are shown in Fig. 1.25. As can be seen in the figure, it

Fig. 1.22:Measured uSPD_out–Δθ curves. D0 = 2 mm.

Fig. 1.21: Pictures of the SPD1.

Fig. 1.23:Measured uSPD_out–Δθ curves. D0 = 10 mm.
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is effective to improve the sensitivity by increasing D0 when D0 was smaller than
10 mm. On the other hand, the sensitivity decreased with the increase of D0 when D0

was larger than 10 mm, which was due to the influence of spherical aberration of the
CO. The results of the experiments were consistent with those of simulation.

A nanoradian laser autocollimator with a compact size was then designed and con-
structed based on the results of simulation and experiments shown above. Figure 1.26
shows the optical layout of the nanoradian laser autocollimator. It is a one-directional
(1D) type that is simplified from the 2D type shown in Fig. 1.20. The autocollimator was
designed in a size of 100 mm (X) × 150 mm (Y). The same LD with a wavelength of
685 nm in Figs. 1.18 and 1.20 was employed as the light source. The transimpedance
amplifier and the digital oscilloscope in Figs. 1.18 and 1.20 were also employed. How-
ever, the beam expander in Figs. 1.18 and 1.20 was not employed due to the limitation in
sensor size. A CL, which was provided by an optics manufacturing company, was se-
lected for generating a measurement laser beam that had a smooth intensity distribution
profile with reduced interference and speckle noises. The diameter of the measurement
laser beam was 5 mm, which was determined by the CL. For this reason, investigation of
the effect of a beam diameter D0 on the angular resolution was limited within 5 mm in
the following experiment. An optical isolator, which was a combination of a polarizing

Fig. 1.25: Comparison of sensitivities by experiments and simulation.

Fig. 1.24:Measured uSPD_out–Δθ curves. D0 = 14 mm.
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beam splitter (PBS) and a quarter-wave plate was employed to avoid the influence of
stray light rays on the laser source. An achromatic doublet lens with reduced spherical
aberration was employed as the CO. The focal length of the CO was set to be 100 mm.
The same photodiodes shown in Fig. 1.21 were utilized as the SPDs. A picture of the
nanoradian laser autocollimator is shown in Fig. 1.27, which was built on a vibration
isolation table. A flat mirror reflector was mounted on the PZT tilt stage.

The short-term stability of the nanoradian laser autocollimator was tested, from
which the angular resolution could be estimated. The center of the focused light
spot was aligned to be on the edge of the PD cell of SPD1 by using the PZT tilt stage
for the test. During the test, the tilt stage was kept stationary and the outputs from
SPD1 and SPD2 were captured. The variation of the voltage outputs of SPD1 over a
term of 5 s is shown in Fig. 1.28. The standard deviation (σ) of the voltage outputs
from both the SPD1 and SPD2 was confirmed to be approximately 0.3 mV, corre-
sponding to a fluctuation of the sensor output of approximately 0.00323%.

The uSPD_out–Δθ curves were measured by applying a periodic sinusoidal tilt mo-
tion about the Y-axis was applied to the reflector, from which the sensitivity of the

Fig. 1.26: Optical layout of the nanoradian laser autocollimator.
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nanoradian laser autocollimator output could be evaluated. Figure 1.29 shows the
measured uSPD_out–Δθ curves. In the measurement, D0 was adjusted by inserting an
aperture between the CL and the PBS as shown in Fig. 1.26. The results by simulation
are also shown in Fig. 1.29 for comparison. The sensitivities of the nanoradian laser au-
tocollimator outputs were calculated by using the data in the measured uSPD_out–Δθ
curves ranging from Δθ of −5 to 5 arc-seconds. As expected, the sensitivity was im-
proved in proportion to D0. A fairly good correlation can be found between the results
of the computer simulationandexperiments.WhenD0was set to be 5mm, the sensitiv-
ity was 4.57%/arc-second. Regarding the fluctuation of the output shown in Fig. 1.30
(0.00323%), a resolution of approximately 0.0007 arc-second (3.4 nrad) is expected to
be achieved by the nanoradian laser autocollimator.

Dynamic tilt motion measurements were carried out by using the nanoradian
laser autocollimator. The outputs of the laser autocollimator were acquired when a
periodic sinusoidal tilt motion with an amplitude and a frequency of 0.001 arc-
second (4.8 nrad) and 1 Hz, respectively was applied to the reflector by the PZT tilt
stage. The results are shown in Fig. 1.31. In the experiment, D0 was set to be 5 mm. It

Fig. 1.28: A typical waveform of the SPD output through the transimpedance amplifier.

Fig. 1.27: Picture of the nanoradian
laser autocollimator.
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Fig. 1.29: The uSPD_out–Δθ curves of the nanoradian laser autocollimator by experiment and
simulation.

Fig. 1.30: Sensitivities of the nanoradian laser autocollimator.

Fig. 1.31:Measurement result of a nanoradian angular motion.
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can be seen in the figure that the sinusoidal tilt motion was clearly detected, verifying
the capability of the laser autocollimator for nanoradian angle measurement.

1.3 Rangefinder autocollimator

As shown in Fig. 1.1, an autocollimator is an optical instrument used with a reflector
for measurement of the tilt angle of the reflector. The autocollimator has the advan-
tages of easy use, highmeasurement resolution and longworking range [27]. During
the hand scraping process as well as the assembly process, the optical path of the
autocollimator may be intermittently blocked by the operator. The measurement
can be re-started from the blocked position without losing the tilt angle information
measured by the autocollimator. This is an important feature for practical use in the
hand scraping and assembly processes. When the autocollimator is employed for
surface flatness measurement in the hand scraping process, the reflecting mirror is
fixed on a two-footed base. The base is moved on the surface of the guideway along
the X-axis step by step over the length of the surface to be measured in such a way
that the forward foot of the base is positioned at the point where the rear foot previ-
ously rested. At each of the measurement points, multiplying the reading of the au-
tocollimator and the distance between the two feet of the base gives the height
difference between the two feet. The flatness of the guideway surface can thus be
obtained from the height difference data [33]. Assuming that the distance between
the two feet of the base is 100 mm, a 0.2 arc-second reading of the autocollimator
corresponds to a height difference of approximately 0.1 μm, which is good enough
for the sub-micrometer flatness measurement of the guideway surface.

In the assembly process, the autocollimator is employed to measure the tilt motion
errors (pitch and yaw) of the slide carriage when it is mounted on the guideways. A tilt
motion error of the slide carriage is one of the sources for the positioning error of the
slide. A linear slide is used to move a cutting tool in a machine tool or a measuring
probe in a measuring instrument. In most cases, the cutting position or the measuring
position has a certain distance from the slide axis of motion, which is called the Abbe
offset. Even a small tilt motion error can generate a sub-micrometric error in the cutting
or measuring position (positioning error), which is referred to as the Abbe error [17, 34].
For example, a 0.2 arc-second tilt motion error will cause a positioning error of approxi-
mately 0.1 μm for a 100 mm Abbe offset. If the measured tilt motion error is too large, it
is necessary to return to the hand scraping process for further correction of the flatness
errors of the slide guideways.

Figure 1.32 shows a schematic of a laser rangefinder-autocollimator that can mea-
sure both the tilt angle and the position of a reflector by combining an autocollima-
tion unit and a rangefinder unit [19, 35]. The measurement resolutions/ranges for tilt
angle and position are set to be 0.2/±40 arc-seconds, 1 mm/5 m, respectively. In the
sensor, a LD is employed as the light source. The laser light with a wavelength λ from
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the LD is collimated by using a CL before it is projected onto the target reflector. De-
noting the diameter of the output beam at the CL by D0 and the beam divergence
angle by βbeam, the beam diameter Dbeam at a position x can be written by

Dbeam xð Þ=D0 + βbeam · x (1:13)

It should be noted that the beam divergence is not shown in the figure for the sake
of clarity. As shown in the figure, the specular reflection light from the reflector is
bent by the BS1 before it enters the autocollimation unit. The autocollimation unit
consists of a CO and a LPD placed at the focal position of the objective. Denote the
tilt angle of the reflector at position x by Δθ(x), the focal length of the objective by f
and the displacement of the focused light spot on the detector by ΔdLPD(x), respec-
tively. For a small Δθ(x), it can be expressed by the following equation [36]:

ΔθðxÞ= arctan
ΔdLPDðxÞ

2f
≈
ΔdLPDðxÞ

2f
(1:14)

Meanwhile, in the rangefinder unit for position measurement of the reflector, a col-
lecting lens (CL) is employed to collect a part of the diffuse reflection light rays. If
the distance of the reflector from the LD is long enough, the optical path from the
LD to the reflector and that from the reflector to the light intensity detector 1 (LID 1)
of the rangefinder unit can be regarded as the same. Under this condition, the posi-
tion x of the reflector can be obtained based on the principle of time of flight from
the following equation [37]:

x= c
2
Δt (1:15)

Fig. 1.32: A schematic of the laser rangefinder-autocollimator.
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where c is the speed of light and Δt is the time for a pulsed light to travel from the
LD to the detector via the reflector.

As can be seen in eq. (1.15), the resolution of the simple time-of-flight principle is
determined by time measurement. For a millimeter position measurement resolu-
tion, a pico-second order time measurement resolution is required, which is diffi-
cult to achieve. A phase modulation technique [38] shown in Fig. 1.33 is typically
employed to improve the resolution of the rangefinder for position measurement.
BS2 is added to the optical path of the rangefinder to generate a reference beam.
The reference beam is received by LID 2. Assume that the light intensity of the
pulsed laser light from the LD is modulated with a frequency fref. By measuring
the phase difference Δϕ between the pulse train in the reference laser beam and
that in the measurement laser beam, the position x of the reflector can be obtained
from the following equation [38]:

x= c
4πfref

Δ’ (1:16)

Table 1.2 shows the specifications of a commercial laser rangefinder unit that is se-
lected for the laser rangefinder-autocollimator [39]. As can be seen in the table, a
modulation frequency of 66.67 MHz is adopted for a position measurement resolution
of 1 mm over a range of 30 m [39]. A low price is also an advantage of the laser range-
finder. An autocollimation unit is then designed for integration with the rangefinder
unit. At first, the diameter DC of the CO and the width wBS of BS1 are determined
based on Fig. 1.34. It can be seen in the figure that the specular reflection light from
the reflector is received by the collimator lens at position P when the tilt angle of the
reflector at the position of LR reaches its maximum (ΔθR). The distance from P to the
center O of the CO is denoted by tR and the laser beam diameter at the CO is denoted
by Dbeam (2LR). The following equations can be obtained:

DC = 2tR +Dbeam 2LRð Þ (1:17)

Fig. 1.33: A schematic of the laser rangefinder unit with phase modulation.
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tR = LR tan 2ΔθRð Þ≈ 2LRΔθR (1:18)

Substituting eqs. (1.13) and (1.18) in eq. (1.17) gives

DC =D0 + 2LR 2ΔθR + βbeam

 �

(1:19)

Based on D0 (=3 mm), LR (=5 m), ΔθR (=40 arc-seconds) and βbeam (=0.16 mrad), DC

is calculated to be 8.48 mm. A CO with a diameter of 10 mm was selected based on
the result. Similarly, the width of WBS of BS1 is determined to be 10 mm based on
the calculated DC.

Tab. 1.2: Specifications of the commercial laser rangefinder [39].

Item Value Unit

Wavelength of laser diode . [μm]

Resolution  [mm]

Range  [m]

Modulation frequency (fref) . [MHz]

Measurement time . [s]

Beam diameter (D)  [mm]

Beam divergence angle (bbeam) . [rad]

Working temperature −‒ [ºC]

Size  ×  ×  [mm]

Fig. 1.34: Determination of the diameter of CO and the size of BS1 for the autocollimation unit.
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A BPD or a QPD can be chosen as the LPD for 1D or 2D angle measurement
[16, 26, 40]. Figure 1.35 shows the light spot that is focused on the LPD with a gap of
gLPD (=10 μm) by the CO. The diameter Ds of the light spot is expressed by

DS =
4fλ
πD0

+ fβbeam (1:20)

The first term in the right side of eq. (1.20) is determined by light diffraction and
the second term is caused by the beam divergence [29].

Assume that the light spot is located at the center of the LPD when the tilt angle of
the reflector is zero and the width of the LPD cell is much larger than the diameter
of the light spot. The light spot moves a distance of ΔdR to its leftmost or rightmost
positions when the tilt angle of the reflector reaches its maximum value of ΔθR. The
relationship between gLPD, Ds and ΔdR can be expressed by

DS ≥ gLPD + 2ΔdR = gLPD + 4fΔθR (1:21)

The focal length of the CO can then be obtained as follows by combining eqs. (1.20)
and (1.21):

f ≥
gLPD

4λ
πD0

+ βbeam
4 − 4ΔθR

(1:22)

f is calculated to be larger than 63 mm from eq. (1.22) and a CL with a focal length
of 80 mm is selected for assurance of a large enough measurement range of tilt
angle.

Figure 1.36 shows the layout of the laser rangefinder-autocollimator [19]. A
QPD is employed as the light position photodetector in the autocollimation unit
for measurement of 2D tilt angles (pitch ΔθY and yaw ΔθZ). As can be seen in the
figures, the autocollimation unit is placed on the same side as the CL of the range-
finder unit for a compact structure. The size of the laser rangefinder-autocollimator is

Fig. 1.35: Determination of the focal length of
CO for the autocollimation unit.
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250 mm× 205 mm × 63 mm. It is compact enough for use as a standalone measuring
instrument in the hand scraping and assembly processes of a precision linear slide.
Figure 1.37 shows a picture of the laser rangefinder-autocollimator.

The laser beam from the rangefinder unit works is a high-frequency modulated
pulsed laser beam. However, constant laser power is required for the laser autocolli-
mation unit. It is necessary to avoid the influence of the pulsed laser power on the
measurement of the autocollimation unit. A sequence shown in Fig. 1.38 is then em-
ployed to control the laser power. In each measurement cycle, the laser power is
first controlled to be constant in the term T1 for the measurement of tilt angle by the

Fig. 1.36: Layout of the laser rangefinder-autocollimator.

Fig. 1.37: Picture of the laser rangefinder-autocollimator.
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autocollimation unit. Then, the laser is switched to output a beam with pulsed laser
power in the term T2 for the measurement of position by the rangefinder unit. The
start of each measurement cycle shown in the figure as well as the switching from
T1 to T2 are made by pushing the measurement button of the rangefinder manually.
This is acceptable for the hand scraping and assembly processes since only static
measurements are required.

The basic performances including the range, linearity and stability of the laser range-
finder-autocollimator were tested. Since the performance of the commercial range-
finder unit for position measurement has been reported by the manufacturer, the test
was focused on the autocollimation unit for tilt angle measurement. Figure 1.39
shows the setup for the test. A PZT-driven 2D tiltmotion stagewas employed to gener-
ate the yaw (ΔθZ) and pitch (ΔθY) tilt angles. A mirror was mounted on the tilt motion
stage as the reflector for the autocollimation unit. The tilt angles of the stage were
closed-loop controlled with strain gauges integrated into the stage. The initial tilt an-
gles of the target mirror were adjusted to locate the center of the specular reflection
beam from the reflector to that of the QPD.

Figures 1.40 and 1.41 show the 2D outputs of the autocollimation unit when tilt an-
gles were applied to the mirror in the ΔθZ and ΔθY directions, respectively. The distance
x of the reflector was set to be 242 mm. It can be seen that a range of ±50 arc-seconds
was achieved in the two directions. The linearity error of the output was within ±4.2
arc-seconds. The main reason for the nonlinearity was the non-uniform intensity

Fig. 1.38: Sequence of laser power control.

Fig. 1.39: Setup for testing the basic performances of the autocollimation unit.
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distribution of the laser beam. The results of the short-term stability test are shown
in Figs. 1.42 and 1.43, from which the resolution of the autocollimation unit can be
indirectly evaluated. During the test, the reflector was kept stationary. The test term
was set to 5 s. The stabilities were within 0.15 arc-second for ΔθZ and 0.18 arc-second
for ΔθY, which implies the resolution of the autocollimation unit satisfied the require-
ments use in the hand scraping and assembly processes of precision linear slides.

Figures 1.44 and 1.45 show the results of testing the cross-talk errors between the
measurements ofΔθY andΔθZ. A sinusoidal tilt anglemotionwas applied to the reflec-
tor by the PZT tilt motion stage along the direction of ΔθZ. The frequency and ampli-
tude of the periodic tilt motion were 1 Hz and 50 arc-seconds, respectively. The
outputs of the autocollimation unit in the two directions under this condition are
shown in Fig. 1.44 where the cross-talk error in the direction of ΔθY was evaluated to

Fig. 1.40: Two-dimensional outputs of the autocollimation unit when tilt angles were applied
to the reflector (L = 242 mm).

Fig. 1.41: Two-dimensional outputs of the autocollimation unit when tilt angles were applied
to the reflector (L = 242 mm).
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Fig. 1.43: Short-term stability of the autocollimation unit θZ.

Fig. 1.42: Short-term stability of the autocollimation unit θY.

Fig. 1.44: Cross-talk errors of the autocollimation unit in ΔθY.
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be 1.8 arc-seconds. Then the sinusoidal tilt motion was applied in the direction of
ΔθY. The corresponding outputs are shown in Fig. 1.45 where the cross-talk error in
the direction of ΔθZ was evaluated to be 1.4 arc-seconds. The cross-talk errors were
caused by the misalignment of the axes of the QPD.

The laser rangefinder was employed to measure a linear guide. The setup is shown
in Fig. 1.46. A reflector was mounted on the stage plate of the linear guide. The axis of
motion of the linear guide was set to be the X-axis. The measured pitch (ΔθY) and yaw
(ΔθZ) error motions are shown in Figs. 1.47 and 1.48, respectively. The position of the
reflector at each measurement point was detected by the rangefinder unit. It can be
seen from the figure that the yawandpitch errormotionsweremeasured to be approxi-
mately 25 arc-seconds and 50 arc-seconds, respectively, over a movement distance of
110 mm along the X-direction.

Fig. 1.45: Cross-talk errors of the autocollimation unit in ΔθZ.

Fig. 1.46: Setup for measurement of a linear guide.
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1.4 PD-edge method associated with laser autocollimation

As presented in the previous sections, the sensitivity of laser autocollimation for
angle measurement is significantly influenced by the diameter of the laser beam fo-
cused on the PD cell. In addition, with the increasing use of lasers in research labo-
ratories and machine shops for measurement and materials processing, evaluation
of the diameter of a small focused laser beam is getting more important for the as-
surance of product quality and/or fabrication resolution. A simple and cost-effective
method for diameter measurement of a focused laser beam is thus required.

The knife-edge method [41–43] is the most well used method for beam diameter
measurement. Figure 1.49 shows a schematic of the knife-edge method. In this
method, a knife-edge is made to scan across the laser beam. The beam diameter is
evaluated by reconstructing the intensity distribution of the beam by measuring the
optical powers passed through the knife-edge during the scanning. On the other
hand, the influence of light diffraction occurring at the knife-edge becomes more

Fig. 1.47:Measured tilt error motions of a linear guide (yaw error ΔθY).

Fig. 1.48:Measured tilt error motions of a linear guide (pitch error ΔθZ).
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significant as the decrease of the laser beam diameter, which cannot be neglected
where the photodetector is placed at a certain distance from the knife-edge. As
shown in Fig. 1.50, this problem can be overcome by placing a thin-film structure,
known as a knife pad [44–47], right above the PD cell in a photodetector. However,
a precise knife pad is required for this method, which is not easy for ordinary re-
search laboratories and machine shops. In addition, the measurement of a focused
laser beam can be influenced by the thickness of the knife pad. The measurement is
also influenced by the positioning errors and motion errors of the linear scanning
mechanism for moving the knife in the knife-edge method or the knife pad and the
photodetector in the knife-pad method.

Fig. 1.49: The knife-edge method for diameter measurement of a focused laser beam.

Fig. 1.50: The knife-pad method.
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In this section, a new method referred to as the PD-edge method is presented.
The method associated with laser autocollimation can make diameter measurement
of a focused laser beam diameter in a simple and cost-effective manner [21]. Assume
the center axis of the focused laser beam with a diameter of d is aligned to coincide
with the Z-axis. The light intensity distribution I(x,y) in the focal plane (XY-plane) of
the focusing lens can be expressed by a Gaussian function as follows [29]:

I x, yð Þ= I0 exp −
2 x2 + y2ð Þ
ðd 2= Þ2

! 
(1:23)

where (x,y) is the coordinates in the focal plane and I0 is the light intensity at the
center axis of the laser beam. d is the diameter where I(x,y) decreases to 1/e2 of I0.
Denoting the X-position of the knife-edge in Fig. 1.50 by x′, the total power of the
laser beam P(x′) passing through the knife edge can be calculated as follows:

P x′

 �

=
ðx′
−∞

ð∞
−∞

Iðx, yÞdydx (1:24)

Meanwhile, the total power of the whole laser beam P0 can be calculated by:

P0 =
ð∞
−∞

ð∞
−∞

Iðx, yÞdydx= πI0d2

8
(1:25)

Pðx′Þ, which corresponds to P(x') normalized by P0 can therefore be obtained as:

P x′

 �

= P x′

 �
P0

= 8
πI0d2

ðx′
−∞

ð∞
−∞

Iðx, yÞdydx (1:26)

By making the knife edge to scan over the laser beam to obtain Pðx′Þ and taking the
derivative of Pðx′Þ with respect to x′, I(x,y) can be reconstructed [18, 41, 42], from
which d can be evaluated.

Figure 1.51 shows a schematic of the PD-edge method for diameter measurement
of a focused laser beam. The edge of a PD is employed as the knife edge and the PD
itself is employed as the photodetector. The beam diameter can be measured by mov-
ing the PD along the X-direction so that the PD-edge can scan across the focused light
spot. Since the knife-edge and the detector surface are one component and on the
same plane, the problems inherent in the conventional knife-edge method and the
knife-pad method can be solved. In addition, taking into consideration the PD is lo-
cated at the focal plane of the focusing lens, the combination of the PD and the lens
can be regarded as a laser autocollimation unit where the focusing lens functions as a
CO. Based on the principle of laser autocollimation, a θY-directional tilt motion of the
beam incident to the lens will be converted into a linear motion of the focused light
spot along the X-direction. Therefore, the linear scan motion necessary for the
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diameter measurement of the focused light spot can be easily generated by a rotary
or a tilt stage in a cost-effective way as shown in Fig. 1.51.

Assume that the PD–edge is located at the center of the focused light spot when the
angular displacement ΔθY of the mirror reflector is zero. The change in the total power
of the irradiated laser beam ΔP with respect to ΔθY (=Δϕ/2) can be expressed by

ΔP =
ðf tan 2Δθ

−∞

ð∞
−∞

Iðx, yÞdydx−
ð0
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ð∞
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− 8y2

d2

� �
dy≈ 2fΔθ
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− 8y2

d2

� �
dy

=
ffiffiffi
π
2

r
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where f is the focal length of the focusing lens. From eqs. (1.25) and (1.27), ΔP,
which corresponds to ΔP normalized by the total power of the whole laser beam P0,
can be obtained as follows:

ΔP =
ffiffiffi
π
2

r
I0dfΔθ

πI0d2

8
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2
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By denoting the gradient of ΔP with respect to ΔθY as S (=ΔP Δθ
�

), eq. (1.28) can be
modified as follows:

d≈
4
ffiffiffi
2

p
fffiffiffi

π
p

S
(1:29)

Fig. 1.51: A setup for the PD-edge method.
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where the relationship between d and S is obtained. As can be seen in the equation,
since f is a known parameter in the setup, d can be estimated by S.

Figure 1.52 shows typical photodetector outputs with respect to the linear scan
positions in the conventional knife-edge/knife-pad methods. For the conventional
methods, the photodetector output, which is a function of the displacement of a
knife-edge/knife-pad, is required to be monitored over a scan range across most of
the focused light spot for the evaluation of d. Figure 1.53 shows the outputs of the PD-
edge method with respect to the angular position of the reflector. Since d is evaluated
from the gradient S of the output curve in a small angular range Δθ, the tilt scan range
of the reflector can be very small, which is an advantage of the PD-edge method.

An experimental setup shown in Figure 1.54 was built to test the characteristics of a
commercial PD, specifically the sensitivity to input optical power around its edge
area. A picture of the setup is shown in Fig. 1.55. A LD with a wavelength λ of 685 nm
and a maximum laser power of 70 mW was employed as the light source. The light
rays emitted from the LD were collimated by an aspheric lens to form a collimated
laser beam. The beam was then expanded to a large beam with a diameter of approxi-
mately 26 mm by using a beam expander. The expanded collimated laser beam was
made to focus on the edge of one of two cells of the bi-cell PD (S4202, Hamamatsu

Fig. 1.52: Outputs of the conventional methods for beam diameter measurement.

Fig. 1.53: Output of the PD-edge method for beam diameter measurement.
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photonics). An optical microscopic image of the bi-cell PD is shown in Fig. 1.56. The
PD was mounted on an X-directional linear slide whose displacement was measured
by a length gauge. As shown in Fig. 1.56, three edges (A, B, C) of the right-side PD
were tested. Edge-A is the edge adjacent to the neighboring the left-side PD and Edge-
C is the conjugating edge between the active cell and the electrode. Edge-B is an inde-
pendent edge. The length of each of the edges was 1 mm.

In testing of Edge-A and Edge-C, the PD was moved along the X-direction in a step of
10 μm to scan across the focused laser beam. The focused beam was kept stationary
and its diameter d was approximately 130 μm. During the scan, a photocurrent from
the PD at each X-position was recorded. The photocurrent was converted into a voltage
output, referred to as the PD output, by using a transimpedance circuit. For testing
Edge-B, it was necessary to rotate the PD holder 90°. Figure 1.57 shows the PD output
curves in the testing of the edge. As can be seen in the figure, Edge-C was most sensi-
tive to the PD displacement, indicating that Edge-C was most proper for use in the PD-
edge method as well as the knife-pad method of beam diameter measurement.

Edge-C of the PD was first applied to the conventional knife-pad method in the
setup shown in Figs. 1.54 and 1.55. During the measurement, the PD was moved
along the X-direction with a constant velocity of 5 μm/s. The PD output and the
length gauge output were acquired simultaneously during the scan. The measure-
ment results are shown in Fig. 1.58. By taking the derivative of the PD output with

Fig. 1.54: An experimental setup for testing the characteristics of PD-edges.
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respect to the X-position of the PD, the intensity distribution of the focused laser
beam was reconstructed in the figure, from which the diameter of the focused laser
beam, which was denoted by dknife, could be evaluated based. As shown in
Figs. 1.54 and 1.55, a diameter-variable iris was placed between the beam expander

Fig. 1.56: A microscope image of the PD
and the edges for test.

Fig. 1.55: Picture of the setup
in Fig. 1.43.
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and the objective lens for adjusting the diameter D0 of the collimated laser beam
before it was made incident to the objective lens.

Edge-C of the PD was then applied to the PD-edge method in the setup shown in
Fig. 1.59. A picture of the setup is shown in Fig. 1.60. The optical components including
the laser source, the beam expander and the diameter-variable iris were the same as

Fig. 1.57: PD output curves in the testing of the edges.

Fig. 1.58:Measurement results by the knife-pad method with Edge-C.
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those in Fig. 1.55. A reflector mounted on a PZT tilt stage was employed to tilt the colli-
mated laser beam with a diameter D0 about the Y-axis. The laser beam from the reflector
was focused on the PD for the diameter measurement. The PD was mounted on a man-
ual three-axis positioning stage. The collimated laser beam was divided into two beams
by using a BS. One beam was received by a reference PD for monitoring the light inten-
sity deviation of the laser source. The other beam was employed for the diameter mea-
surement where the center of the focused laser beam was positioned on Edge-C of the
PD when the PZT tilt stage was at the initial angular position.

A small angular displacement Δθ of ±1 arc-second was applied to the reflector by
using the PZT tilt stage while the PD output was acquired, from which the gradient
S of the PD output can be evaluated. The ±1 arc-second angular displacement of the
reflector corresponded to a ±0.17 μm linear displacement of the focused laser beam
on the PD. D0 was changed by using the diameter-variable iris from 1 to 10 mm. The
evaluated S at eachD0 is shown in Fig. 1.61.As can be seen in the figure, S increased
with the increase of D0. As shown in eq. (1.29), an increase in S corresponded to a
decrease in the measured diameter of the focused laser beam by the PD-edge
method, which was referred to as dedge. The evaluated dedge based on eq. (1.29) at
each D0 was also plotted in Fig. 1.61. dedge by the PD-edge method and dknife by the
knife-pad method are compared in Fig. 1.62. A good agreement can be found be-
tween the results by the two different methods. This verified advantage in the PD-
method, that is, the gradient S acquired within a narrow range is effective enough
for the accurate evaluation of the focused laser beam diameter.

Fig. 1.59: Experimental setup for the PD-edge method of beam diameter measurement.
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Fig. 1.60: A picture of the setup shown in Fig. 1.48.

Fig. 1.61:Measured S and dedge by the PD-edge method.

1.4 PD-edge method associated with laser autocollimation 41



1.5 Summary

A laser rangefinder-autocollimator has been presented for the hand scraping process
and the assembly process of slide stages. The 2D tilt angle components (pitch and
yaw) of a reflector were mounted on the guideways or those of the moving carriage of
the stage while providing the position information of the reflection for the necessary
operations in the processes. The angle measurement and the position measurement
are based on the laser autocollimation method and the time-of-flight method, respec-
tively. A commercial rangefinder with a resolution of 1 mm and a range of 30 m has
been chosen as the rangefinder unit. A laser autocollimation unit has been designed
to integrate with the rangefinder unit. Geometrical models have been established for
designing the diameter and focal length of the CO as well as the size of the BS used in
the autocollimation unit. The laser rangefinder-autocollimator had a size of 250 mm
(X) × 205 mm (Y) × 63 mm (Z). The performances of the autocollimation unit, includ-
ing sensitivity, stability, linearity, measurement range as well as cross-talk error have
been investigated. It has been verified that the constructed laser rangefinder-
autocollimator could satisfy the design goals of measurement resolutions and ranges.

A nanoradian laser autocollimator with a compact size of 100 mm (X) × 150 mm (Y)
has then been presented for ultrasensitive tilt angle measurement of precision linear
stages. Influences of the spherical aberration of CO on the sensitivity of laser autocolli-
mation have been investigated by computer simulation based on wave optics. The sim-
ulation results have revealed that the increase of the measurement laser beam diameter
D0 is effective in improving the autocollimator sensitivity when D0 is smaller than
10 mm where the influence of the spherical aberration is insignificant. In the measure-
ment experiment, the measured focused light spot diameter and the measured autocol-
limator sensitivity had a good agreement with the simulation results. The designed and

Fig. 1.62: Comparison between the measured beam diameters by the PD-edge method
and the Knife-pad method.
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constructed nanoradian laser autocollimator has reached a resolution of 0.001 arc-
second (4.8 nrad) with a measurement laser beam diameter D0 of 5 mm.

A new PD-edge method associated with laser autocollimation has been pre-
sented for diameter measurement of a focused laser beam diameter. In this method,
the lens for focusing the laser beam is treated as the CO in an autocollimation unit.
The focused laser beam is aligned on the PD cell edge of a photodiode, which is
located at the focal position of the focusing lens. A small angular displacement Δϕ
is given to a collimated laser beam before being made incident to the lens. The an-
gular displacement of the collimated laser beam will generate a linear scan motion
of the focused laser beam across the PD-edge. The output of the photodiode during
the scan is acquired to obtain the gradient S of the PD output, from which the diam-
eter of the focused laser beam diameter d can be evaluated. It has been verified that
a commercial photodiode can be utilized for the PD-edge method. Experimental re-
sults have demonstrated the feasibility of the PD-edge method for diameter mea-
surement of micrometric focused laser beams.
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Chapter 2
Three-axis angle sensor

2.1 Introduction

Precision positioning of a machining tool or a measuring probe is a common opera-
tion in precision engineering, inwhich a linear stage is employed for one-axis appli-
cations or a combination of multiple linear stages is employed for two- or three-axis
applications [1–3]. As shown in Fig. 2.1, such a precision linear stage is typically
equipped with a position sensor, often a linear encoder or a laser interferometer, for
closed-loop control of the stage along its axis of motion. It is necessary to align the
measuring axis of the position sensor coaxially with the axis of motion of the stage
to avoid the Abbe error caused by angular errormotions of the stage [4–6]. The posi-
tioning systems for ultraprecision metrological applications, such as the line scale
comparator and the metrological scanning probe microscope, are basically de-
signed to obey the Abbe principle [7, 8]. Many other positioning systems, such as
those for machine tools and coordinate measuring machines (CMMs), however, do
not satisfy the Abbe principle [9]. In such a system, the position of the machining
tool or the measuring probe has a certain distance from the axis of the position sen-
sor, which is called the Abbe offset.

Even a small angular motion of the linear stage could cause a large amount of Abbe
error if the Abbe offset is large. Figure 2.2 shows a commercial ultraprecision linear
stage driven by a linear motor. A linear encoder with a resolution of 0.14 nm is em-
ployed as the position sensor for closed-loop control. In this example, the Abbe offset
is approximately 100 mm. As shown in Fig. 2.3, in this case, an angular motion with
an amplitude of 1 arc-second will generate an Abbe error with an amplitude of
0.48 μm. Taking into consideration the amplitude of the angular error motion of a
precision stage is typically larger than 1 arc-second [10] and most of the precision

Fig. 2.1: Closed-loop control of a linear stage.
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stages are required to have a positioning precision better than 0.1 μm, the Abbe error
is a large error factor for the precision stage. Detection of the angular error motion of
the stage is thus important for evaluation and compensation of the Abbe error.

Fig. 2.2: Abbe offset in a commercial ultraprecision air-bearing linear stage.

Fig. 2.3: Influence of the Abbe error on positioning accuracy.
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Assuming that the stage travels along the Z-axis, the pitch, yaw and roll errors
are the components of the angular error motion about the X-, Y- and Z-axes, respec-
tively. As shown in Fig. 2.4, a conventional autocollimator [11] can be used to detect
the pitch error (Δθx) and yaw error (Δθy) of the linear stage [10, 12]. Figure 2.5 shows a
schematic of the autocollimator. In the detection, a light beam from the autocollima-
tor is projected onto a flat mirror reflector along the surface normal of the mirror,
which is mounted on the stage moving table. The reflected beam from the flat mirror
reflector is received by the autocollimation unit, which consists of a collimator objective
and a two-directional light position-sensing detector placed at the focal plane of the col-
limator objective [13, 14]. As presented in the previous chapter, based on the principle of
autocollimation, the pitch and yaw errors will be converted into Y- and X-directional
linear displacements of the light spot on the detector (Δy, Δx), respectively, from which
the pitch and yaw errors can be simultaneously detected. Commercial autocollimators
can achieve a high resolution of 0.01 arc-second. However, the roll error (Δθz) cannot be
detected by conventional autocollimators because the reflected beam from the flat mir-
ror reflector does not respond to the rotational motion about the surface normal of the
flat mirror reflector.

This chapter presents a three-axis angle sensor that can simultaneously detect
the three-axis components of the angular error motion of a precision linear stage
(Fig. 2.6). In such a three-axis angle sensor, the flat mirror used in the conventional
two-axis autocollimator is replaced with a refractive grating reflector. The diffracted

Fig. 2.4: Pitch and yaw two-axis measurement by a conventional autocollimator.
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beams reflected from the grating reflector are detected by a sensor head for the
three-axis angle measurement [15–22]. Since the working distance between the sen-
sor head and the reflector/moving table along the Z-direction varies with the move-
ment of the moving table, the sensor is referred to as the variable working distance
type. A constant working distance type sensor head is then presented for extending
the detectable moving stroke of the linear stage. A three-axis inclination sensor [23, 24]
is also presented.

2.2 Three-axis angle sensor

Figure 2.7 shows the concept for three-axis angle measurement. Compared with a
conventional two-axis autocollimator shown in Fig. 2.5, a diffractive grating reflector
is employed to replace the flat mirror reflector. In addition to the zeroth-order dif-
fracted beam, the positive and negative first-order diffracted beams from the grating
reflector are also received by the collimator objective. Three detectors are employed

Fig. 2.5: Schematic of a conventional two-axis autocollimator.
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to detect the displacements of the focused diffracted beams on the focal plane of the
collimator objective associated with the pitch, yaw and roll angular motions. Figure 2.8
shows the displacements of diffraction light spots focused on the detectors located at
the focal plane of the collimator objective. As shown in the figure, if a pitch angle Δθx
is applied to the grating reflector, it will generate the same amount of linear displace-
ment on the three detectors along the Y-direction, which is the same as the conven-
tional two-axis autocollimator. Similarly, if a yaw angle Δθy is applied to the grating
reflector, it will generate the same amount of linear displacement on the detectors
along the X-direction, which is also the same as the two-axis autocollimator. On the
other hand, if a roll angle Δθz is applied to the grating reflector, the two first-order
diffracted light spots will rotate about the zeroth-order diffracted light spot, which
can be utilized for the detection of Δθz.

Based on the results in Fig. 2.8, the three-axis angles Δθx, Δθy and Δθz can be
measured simultaneously by using the setup shown in Fig. 2.9 or that in Fig. 2.10.
In Fig. 2.9, detectors A and B are used for detecting the displacements of the ze-
roth-order and one of the first-order diffracted beams. The two first-order dif-
fracted beams are detected in Fig. 2.10 for the three-axis angle measurement.

Figure 2.11 shows a three-axis angle sensor based on the principle shown in
Fig. 2.9 for detection of the angular error motion of a precision linear stage moving
along the Z-axis. The magnitudes of the angular error motions are assumed to be
small. A grating reflector is mounted on the stage moving table. The s-polarized
light from a laser diode (LD) is collimated by a collimating lens (CL) and bent by a

Fig. 2.6: Simultaneous measurement of pitch, yaw and roll errors by a three-axis angle sensor.
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polarizing beam splitter (PBS). The collimated light beam is then circularly polar-
ized by a quarter-wave plate (QWP) before it is projected onto the grating reflector
along the normal direction of the grating surface. The reflected zeroth-order and
positive first-order diffracted beams from the grating reflector are converted into
p-polarized beams by the QWP so that they can pass through the PBS to reach the

Fig. 2.8: Displacements of diffraction light spots on detectors for three-axis angle measurement.

Fig. 2.7: Concept of the three-axis angle detection.
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autocollimation unit, which consists of a collimator objective and two-position
sensing detectors. The two-position sensing detectors are located at the focal
plane of the collimator objective to detect the X- and Y-directional displacements
of the diffracted beam spots focused on detectors A and B. Since the distance be-
tween the sensor head and the grating reflector, which is called the working dis-
tance, varies with the position of the stage moving table, the three-axis angle
sensor shown in Fig. 2.11 is referred to as the variable working distance type.

The displacements of the diffracted beam spots caused by the angular motion of
the stage are shown in Fig. 2.12. A0 and A1 are the initial positions of the zeroth-order
and the first-order diffracted beam spots, respectively. If the distance between A0 and
A1 is denoted by L, L can be expressed by [13]

L= f tan α1 (2:1)

where f is the focal length of the collimator objective. a1 is the diffraction angle of
the first-order diffracted beam, which is given by [14]

α1 = arcsin
λ
g

(2:2)

where λ is the wavelength of the LD and g is the grating period of the grating
reflector.

Assume that the first stage has a yaw error Δθy, then a pitch error Δθx, finally a
roll error Δθz in sequence. In response to Δθy, the zeroth-order and first-order

Fig. 2.9: Three-axis angle measurement by detecting zeroth-order and positive first-order diffracted
beams.
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diffracted beams will have the same angular deviations of Δθy, which are converted into
X-directional linear displacements of beam spots on the detectors by the collimator ob-
jective. As shown in Fig. 2.12, the zeroth-order and first-order diffracted beam spots
move to B0 and B1 along the X-axis, respectively. Let the displacements of the beam
spots be ΔxA and ΔxB, which are the X-directional outputs of Detector A and Detector B,
respectively. ΔxA is equal to ΔxB. Because Δθy is small, it can be obtained by [13]:

Δθy =
ΔxB
Sθy

(2:3)

Sθy = 2f (2:4)

where Sθy is the conversion ratio of the angular motion Δθy to the linear displace-
ment ΔxB with a unit of mm/rad.

Similarly, Δθx makes the zeroth-order diffracted beam spot move from B0 to C0
and the first-order diffracted beam spot from B1 to C1. In Fig. 2.12, ΔyA and ΔyB1 are the
displacements generated by Δθx along the Y-axis, which are the Y-directional outputs
of detectors A and B, respectively. Δθx can be obtained by

Δθy =
ΔyA
Sθx

(2:5)

Sθx = 2f (2:6)

where Sθx is the conversion ratio of the angular motion Δθx to the linear displace-
ment ΔyA with a unit of mm/rad.

Fig. 2.10: Three-axis angle measurement by detecting positive and negative first-order diffracted
beams.
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