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Abstract: A mode-locked femtosecond laser, which is often referred to as the optical frequency
comb, has increasing applications in various industrial fields, including production engineering,
in the last two decades. Many efforts have been made so far to apply the mode-locked femtosecond
laser to the absolute distance measurement. In recent years, a mode-locked femtosecond laser has
increasing application in angle measurement, where the unique characteristics of the mode-locked
femtosecond laser such as the stable optical frequencies, equally-spaced modes in frequency domain,
and the ultra-short pulse trains with a high peak power are utilized to achieve precision and stable
angle measurement. In this review article, some of the optical angle sensor techniques based on
the mode-locked femtosecond laser are introduced. First, the angle scale comb, which can be
generated by combining the dispersive characteristic of a scale grating and the discretized modes
in a mode-locked femtosecond laser, is introduced. Some of the mode-locked femtosecond laser
autocollimators, which have been realized by combining the concept of the angle scale comb with
the laser autocollimation, are also explained. Angle measurement techniques based on the absolute
distance measurements, lateral chromatic aberration, and second harmonic generation (SHG) are
also introduced.

Keywords: optical angle sensor; mode-locked femtosecond laser; optical frequency comb;
laser autocollimation; diffraction grating; absolute angle measurement; nonlinear optics;
second harmonic generation

1. Introduction

The angle and length are among the most fundamental parameters that determine the form of an
object [1,2]. As can be seen in measurements of the angle between two surfaces of parts or assemblies
by a protractor or fixed angle gauges, angle measurement has been carried out since ancient times [3].
In the current production engineering, angle sensors play important roles in many types of machine
tools, arm robots, and measuring instruments [4]. For measurement of the angular displacement or
angular position of an object with a fixed axis of rotation, rotary encoders are often employed. In a
rotary encoder, a relative angular displacement between a rotating scale disk coupled coaxially with
that of the rotating object and a reading head kept stationary with respect to the axis of rotation can be
detected by reading circular graduations on the scale disk in an optical or electromagnetic manner [5–8].
Rotary encoders are capable of carrying out high-precision angle measurement over an angular range
of 360◦ and can be employed as a feedback sensor for the control of the axial position of an object. In the
state-of-the-art rotary encoder, a self-calibration method has been established [9,10]. Furthermore,
the improvements in the resolution and measurement speed of absolute rotary encoders contribute to
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achieving further higher positioning accuracy and fabrication throughput in machine tools and robot
systems [11].

On the other hand, precision positioning is one of the key technologies for the precise fabrication
of a component with a complex surface form such as an aspheric form or a freeform, as well as the
fabrication of a device with three-dimensional micrometric or nanometric structures [11]. One-axis
precision positioning can be achieved by employing a linear slide equipped with precision displacement
sensors such as laser interferometers or linear encoders [12]. In multi-axis machine tools and measuring
instruments, multi-dimensional precision positioning is carried out by employing positioning systems
composed of such precision linear slides. For further higher precision positioning, it is necessary to
evaluate the angular error motions of such linear slides with a high measurement throughput in a
non-contact manner [4,13]. The rotary encoders cannot be employed in such applications, since the
distance between a reading head and a scale disk cannot be changed during the measurement. For such
a purpose, optical autocollimators are often employed [14,15]. By employing a two-dimensional
image sensor such as an area sensor or a multi-cell photodiode as the photodetector, two-axis angular
displacement can be measured simultaneously [4,16]. Nowadays, optical autocollimators have
expanded applications to the surface form measurement of precision optical components [17–21].
In recent years, most of the commercial autocollimators employed a charge-coupled device (CCD) or a
complementary metal-oxide semiconductor (CMOS) as their photodetectors for the achievement of
a large angle measurement range as well as a high resolution [22–24]. One of the disadvantages of
employing a CCD image sensor is its low measurement throughput; this can be overcome by employing
a CMOS or a PSD (position-sensitive detector) [24]. The relatively large size of the optical setup is
another issue for the conventional optical autocollimator, since its large footprint could prevent the
optical autocollimator from being employed in machine tools where the space for such a sensor is limited.
For the achievement of high measurement throughput and high resolution in a compact manner, a laser
autocollimator based on laser autocollimation [25] has been developed. With the employment of a laser
diode and a photodiode as a compact light source and a photodetector, respectively, highly sensitive
high-speed angular displacement measurement has been achieved [26,27]. A laser autocollimator can
also be applied for surface form measurement of precision components [28]. Furthermore, a three-axis
laser autocollimator and six-degree-of-freedom (6-DOF) surface encoder capable of measuring the
three-axis angular displacement of a grating reflector with a single measurement laser beam [29–33],
as well as a three-axis inclinometer [34] based on the principle of the three-axis laser autocollimator,
have been developed.

In the field of dimensional metrology, many types of optical sensors employing a mode-locked
femtosecond laser, in which the optical frequency of each mode can be directly linked to a national
standard of frequency/time, have been developed in the past two decades since the establishment of the
laser source [35–39]. For example, methods for measurement of the absolute distance of an object [40–46]
and the absolute thickness of an optical glass [47–49] have been developed with the enhancement
of a well-controlled pulse repetition rate of the mode-locked femtosecond laser. The establishment
of a fiber-based mode-locked femtosecond laser [50–53] designed in a compact size and capable of
being operated stably even in a limited environmental condition has contributed to the growth of
these techniques in dimensional metrology. In recent years, the trend of employing a mode-locked
femtosecond laser source can also be seen in angle measurement technologies. A new concept of
generating an absolute angle scale with the enhancement of the dispersive characteristic of a diffraction
grating has been proposed [54], and a femtosecond laser autocollimator based on the concept as well
as laser autocollimation, has been established [55,56]. Furthermore, the method has been extended to
the measurement of the absolute position of an object [57]. The above-mentioned femtosecond laser
autocollimators are based on the well-controlled, equally spaced frequency comb in the spectrum of the
mode-locked femtosecond laser. Angle measurement with a mode-locked femtosecond laser source
has also been achieved by the phenomenon of chromatic aberration [58], as well as second harmonic
generation (SHG) which is a well-known phenomenon in nonlinear optics [59]. Table 1 summarizes the
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optical methods for angle measurement employing a mode-locked femtosecond laser source. The new
angle measurement techniques with a mode-locked femtosecond laser are expected to achieve the
performances that cannot be achieved by conventional optical angle sensors with a single-mode laser
source or a white light source.

Table 1. Optical angle sensors based on a mode-locked femtosecond laser.

Utilized Characteristics Physical Phenomenon/Measuring Technique to be Coupled

Stable discrete modes in frequency domain

â Diffraction [54]
â Diffraction and laser autocollimation [55–57]

â Chromatic aberration [58]
â Sagnac effect [60,61] (Fiber optic gyroscope)

â Dispersive interferometry [62] (Absolute distance measurement)

High pulse energy

â Time-of-flight (TOF) counted by dual-comb interferometry with
balanced cross-correlation of second harmonics [63] (Absolute distance

measurement)
â Second-harmonic generation (SHG) [59]

In this review article, optical angle sensors employing a mode-locked femtosecond laser source are
investigated. It should be noted that an optical fiber gyro based on the Sagnac effect [64,65] is another
method for angle measurement. Many types of optical fiber gyros such as an interferometric Fiber optic
gyroscope (I-FOG) [66], a resonator Fiber optic gyroscope (R-FOG) [67] and Brillouin scattering [68]
have been developed so far, and some trials have been performed using optical fiber gyros to employ a
mode-locked femtosecond laser [60,61]. The measurement principles of these optical fiber gyros are
the same as the conventional ones employing a pulsed laser [69]. In addition, optical fiber gyros are
not appropriate for applications in production engineering, such as the evaluation of the angular error
motion of a precision linear slide or the measurement of the freeform or the aspheric form of an optical
component, due to their drift characteristics associated with their principle based on the detection of
angular velocity. The optical fiber gyros with a mode-locked femtosecond laser are thus not included
in this review article.

2. Angle Measurement Methods Based on the Discrete Modes of a Mode-Locked Femtosecond
Laser in Frequency Domain

2.1. A Method Employing the Dispersive Characteristics of a Diffraction Grating

2.1.1. Principle of the Generation of an Angle Scale Comb from an Optical Frequency Comb

The equally-spaced optical modes in a mode-locked femtosecond laser, often referred to as an
optical frequency comb, can be employed to generate an “angle scale comb” that can be employed
as optical graduations for angle measurement. A schematic of the principle of generating an
angle scale comb from a mode-locked femtosecond laser is shown in Figure 1. The angle scale
comb is generated with the enhancement of the dispersive characteristics of a diffraction grating.
A mode-locked femtosecond laser from a light source is constructed incident to a reflective-type
diffraction grating. The ultra-short pulse train of a mode-locked femtosecond laser in the time
domain is a series of equally-spaced optical modes with a pulse repetition rate νrep in the frequency
domain. A reflective-type diffraction grating generates a series of first-order diffracted beams, in which
each optical mode has a different angle of diffraction from those of the others. In the case where a
two-dimensional reflective-type diffraction grating is employed as shown in the figure, groups of
first-order diffracted beams will be generated in the two directions. It should be noted that only the
groups of the positive first-order diffracted beams in the X- and Y-directions are indicated in the figure
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for the sake of simplicity. The angle of diffraction of the ith optical mode θi in the group of the positive
first-order diffracted beams can be expressed as follows [54]:

θi = arcsin
(

c
nairgνi

)
(i = 1, 2, 3, . . . , n), (1)

where c, nair, g, and νi are the speed of light in vacuum, the refractive index in air, the pitch of the
diffraction grating, and the optical frequency of the ith mode, respectively. As can be seen in the
Equation, the discrete optical frequency νi in the spectrum of the mode-locked femtosecond laser and
the angle of diffraction θi of the ith mode are in a one-to-one relationship, and thus the group of the
diffracted beams can be treated as optical graduations for angle measurement: angle scale comb.
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Figure 1. Angle scale comb generated from the equally-spaced optical modes of a mode-locked
femtosecond laser in the frequency domain with the enhancement of the dispersive characteristics of a
reflective-type diffraction grating [54].

The angle scale comb generated from a mode-locked femtosecond laser can be employed for angle
measurement. Figure 2a shows one of the examples of applying the angle scale comb for measurement
of a rotary table on which a grating reflector is mounted. Since the modes in the angle scale comb
pass through the detector one after another with the rotation of the grating reflector, the angular
displacement of the rotary table can be detected by monitoring the reading output of the detector.
Figure 2b shows another example of the application of the angle scale comb; measurement of the
free-form surface of an optical component. In this case, due to the local slope ∆θ at a certain position
on the free-form surface, the angle of incidence of the reflected beam from the optical component
experiences a change in its propagation direction of 2∆θ. The angle scale comb emanating from the
grating reflector also experiences a change in its angle of diffraction of 2∆θ. A local slope mapped
over the surface of the optical component can thus be obtained by detecting the change in the angle of
diffraction of the angle scale comb during the lateral scanning of the optical component. Through the
integral calculation of the obtained local slope map, the surface form of the optical component can
be reconstructed.

A mode-locked femtosecond laser has superior characteristics as a high-precision, highly stable
laser source that can be directly traceable to the national standard of frequency and time [70]. The angle
scale comb takes over these characteristics of a mode-locked femtosecond laser. In an ideal case,
an angular distance between neighboring comb modes and the angular range in the angle scale comb
correspond to the pulse repetition rate and the spectral bandwidth of the mode-locked femtosecond
laser, respectively, from which the angle scale comb is generated. In the general case, the pulse
repetition rate and the spectral bandwidth of an optical frequency comb are on the order of 100 MHz
and 10 THz, respectively; this means that the dynamic range of the angle scale comb (the ratio of the
angular range to the angular distance of neighboring modes) thus becomes large.
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Figure 2. Applications of the angle scale comb [54]: (a) Measurement of the angular displacement of a
rotary table; (b) Measurement of the surface form of an optical component.

2.1.2. Light Intensity Detecting-Type Mode-Locked Femtosecond Laser Autocollimator

In the optical setups shown in Section 2.1.1., the resolution of the angle measurement can be
improved by increasing the distance between the grating reflector and the detector. However, in most
of the applications, the space available for the optical setup of the angle scale comb is limited; this
fact means that there is a trade-off relationship between the resolution of angle measurement and the
size of the optical setup. This issue can be addressed by introducing the laser autocollimation into the
optical frequency comb.

Figure 3a shows an example of the optical setup of a conventional laser autocollimator, which is
based on the laser autocollimation [25]. A single-mode laser emitted from a laser source such as a laser
diode (LD) is collimated by a collimating lens (CL) and is then made incident to a plane mirror reflector
through a polarizing beam splitter (PBS) and a quarter-wave plate (QWP). The reflected beam from
the plane mirror reflector goes through the QWP again, is reflected by the PBS, and is then captured
by an autocollimation unit composed of a collimator objective (CO) and a photodiode (PD). In the
autocollimation unit, the active cell of the PD is placed at the back focal plane of the CO so that the
laser beam made incident to the CO can be focused on the PD active cell. The displacement ∆d of
the focused laser beam on the PD active cell due to the angular displacement ∆θ of the plane mirror
reflector can be expressed by the following Equation [4]:

∆θ = arctan
(

∆d
2 f

)
(2)

In the case where a single-cell photodiode is employed as the photodetector to detect the spot
displacement ∆d as shown in Figure 3a, the measuring range of the photodetector is defined by the
diameter D of the focused laser beam on the PD active cell, and the corresponding measuring range
of the angular displacement becomes ± arctan(D/4f ). The detection sensitivity of ∆d by the PD is
inversely proportional to the focused spot diameter D [4]. The decrease of D for the achievement of the
highly sensitive measurement of the angular displacement is thus required; namely, there is a trade-off

relationship between the sensitivity and the measuring range in the conventional laser autocollimator
with a photodiode and a single-mode laser source.

A femtosecond laser autocollimator, which can be realized by combining the angle scale comb
with the conventional laser autocollimation, can overcome the aforementioned problem. Figure 3b
shows a schematic of the femtosecond laser autocollimator in which a mode-locked femtosecond
laser source is employed as the light source. In the optical setup of an angle scale comb shown
in Figure 2a, the laser autocollimation unit composed of a collimator objective and a single-cell
photodiode is newly employed instead of the sole photodetector. As can be seen in Figure 3b, each
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of the first-order diffracted beams emanating from the grating reflector is focused onto the focal
plane of the collimator objective. As a result, a series of focused diffracted beams aligned in a line
can be obtained. The relative position of each of the focused beams is determined by Equations (1)
and (2). Since all the focused diffracted beams experience the translational displacement on the PD
active cell associated with the angular displacement of the grating reflector, a continuous reading
output with a cycle corresponding to the relative position of each of the focused diffracted beams
can be obtained. Denoting the number of first-order diffracted beams in the angle scale comb as N,
a theoretical measurement range of the femtosecond laser autocollimator becomes N times that of the
conventional laser autocollimator employing a single-mode laser source and with a single focused
spot on the PD active cell. It should be noted that the detection of the displacement of a focused beam
in the femtosecond laser autocollimator shown in Figure 3b is based on the photocurrent output from
the PD, the amount of which is associated with the intensity of the light rays captured by the active cell
on the PD. Therefore, the femtosecond autocollimator with a PD is referred to as the light intensity
detecting-type femtosecond laser autocollimator.
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Figure 3. A comparison between the conventional laser autocollimator and the femtosecond laser
autocollimator [55]: (a) A laser autocollimator with a single-mode laser source; (b) A femtosecond laser
autocollimator with a mode-locked femtosecond laser source.

Figure 4a,b show a schematic and a photograph of the optical setup for the light intensity
detecting-type femtosecond laser autocollimator, respectively. In the setup, a Fabry–Pérot etalon with a
free spectral range (FSR) of 770 GHz was employed as an optical bandpass filter to enlarge the distance
between the neighboring modes in the spectrum of the optical frequency comb.

Figure 5 shows the obtained photocurrent from the PD converted into the voltage output by a
trans-impedance amplifier. As can be seen in the figure, the cycle of the obtained voltage output agreed
well with the FSR of the etalon. These results demonstrated that the light intensity detecting-type
femtosecond laser autocollimator has a measurement range greater than 11,000 arc-seconds (3.06),
which is much larger than that of the conventional laser autocollimator with a single-mode laser
source [4,27].
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2.1.3. An Optical Frequency Domain Angle Measurement Method Associated with a Mode-Locked
Femtosecond Laser Autocollimator

Most of the commercial fiber-based mode-locked femtosecond lasers have a pulse repetition rate
on the order of 100 MHz. When such a laser source is employed in the light intensity detecting-type
femtosecond laser autocollimator, the distance between the neighboring spots in the focal plane of the
collimator objective reaches the order of several nanometers, and the spots cannot be distinguished
separately. The pulse repetition rate is thus required to be extended by a Fabry–Pérot etalon in
the femtosecond laser autocollimator described in Section 2.1.2. Due to the diffraction limit, it is
unavoidable for the neighboring spots in the focal plane of the collimator objective to overlap with
each other in most of the cases. This results in the degradation of the signal quality (visibility) of the
reading output of the light intensity detecting-type femtosecond laser autocollimator. As can be seen
in the result shown in Figure 5, maximum visibility that can be achieved by the femtosecond laser is
approximately 0.5; this prevents the light intensity detecting-type femtosecond laser autocollimator to
achieve further higher sensitivity.

To address the issue, an optical frequency-domain femtosecond laser autocollimator has been
established [56]. Figure 6 shows a schematic of the detection of the angle scale comb in optical frequency
domain. A detector unit composed of a collimator objective, a single-mode fiber, and a spectrometer
is newly employed. By observing the spectrum of the first-order diffracted beams captured by the
single-mode fiber, the angle scale comb can be detected with a visibility of 100%. Furthermore,
this technique realizes the direct conversion of the optical frequency comb to the angle scale comb,
which contributes to achieving further precision angle measurement.

Figure 7 shows the developed optical frequency-domain femtosecond laser autocollimator.
A collimated mode-locked femtosecond laser is made to pass through a Fabry–Pérot etalon with a
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free spectral range (FSR) of 100 GHz and is then made incident to a grating reflector, and a part of the
first-order diffracted beams emanating from the grating surface is captured by the single-mode fiber
detector through the collimator objective. The spectrum of the captured laser beam is analyzed by
an optical spectrum analyzer. It should be noted that the etalon is employed in this setup to identify
each mode in the angle scale comb in optical frequency domain by using a spectrometer with a limited
frequency resolution.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 22 
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angle measurement [56].

Figure 8 shows an example of the angle scale comb observed in optical frequency domain. As can
be seen in the figure, each of the comb modes is successfully identified in the optical frequency domain.
Although a limited result over an angle range of approximately 400 arc-seconds is indicated in the figure,
each of the comb modes is verified to be identified over an angular range of approximately 6◦, which is
limited by the spectral width of the mode-locked femtosecond laser, as well as the resolving power of
the diffraction grating employed in the setup. The expansion of the spectral range of a mode-locked
femtosecond laser with a supercontinuum [71] is expected to achieve a further wider measurement
range. In addition, the results have demonstrated that a high resolution of 0.03 arc-seconds can be
achieved by interpolating the intensity variation of each of the comb modes.



Appl. Sci. 2020, 10, 4047 9 of 22

Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 22 

 
Figure 8. Reading output of the mode-locked femtosecond laser autocollimator with a visibility of 

100% observed in the optical frequency domain [56]. 

Measurement of the absolute angular position of an object is a difficult task for the 
conventional autocollimator [17–24] and the laser autocollimator with a single-mode laser source 
[25–28], since it is difficult to verify the absolute angular position of a target reflector with respect to 
the optical axis of the autocollimation unit in a space; namely, the determination of the “zero-angle” 
position. Although a method employing a retroreflector is available for the zero-angle position 
adjustment [72], this method can only be applied to the applications where the propagation 
directions of the incident beam and the reflected beams become parallel to each other. Furthermore, 
the accuracy of the zero-angle position adjustment is dominated by the accuracy of the 
retroreflector. This issue can be addressed by the optical frequency-domain femtosecond laser 
autocollimator with the enhancement of an assisted angle sensor [57]. Figure 9 shows a schematic of 
the high-precision zero-angle position adjustment in the optical frequency-domain femtosecond 
laser autocollimator. As can be seen in the figure, Δθ, which is the difference of the angles of 
diffraction of the (i + 1) th and ith first-order diffracted beams with mode frequencies of νi+1 and νi, 
respectively, is verified by measuring the angular displacement of the grating reflector by the 
assisted angle sensor such as a conventional autocollimator or a rotary encoder embedded to the 
rotary table on which the grating reflector is mounted. By using the obtained Δθ, the absolute angle 
Φ between the femtosecond laser beam and the optical axis of the laser autocollimation unit can be 
obtained. It should be noted that the final measurand of the method is not Φ but θ, the angle of the 
normal of the grating reflector with respect to the incident femtosecond laser. 

The above mentioned zero-angle position adjustment can be applied to the optical setup where 
the propagation directions of the incident beam and the reflected beam are not parallel to each 
other. Once the angle Φ is confirmed during the fabrication process of the optical head of the 
mode-locked femtosecond laser autocollimator based on the principle of the optical 
frequency-domain angle measurement, absolute angle position of the grating reflector with respect 
to the incident femtosecond laser beam can be obtained with the following measurements. 

Figure 8. Reading output of the mode-locked femtosecond laser autocollimator with a visibility of
100% observed in the optical frequency domain [56].

Measurement of the absolute angular position of an object is a difficult task for the conventional
autocollimator [17–24] and the laser autocollimator with a single-mode laser source [25–28], since it is
difficult to verify the absolute angular position of a target reflector with respect to the optical axis of the
autocollimation unit in a space; namely, the determination of the “zero-angle” position. Although a
method employing a retroreflector is available for the zero-angle position adjustment [72], this method
can only be applied to the applications where the propagation directions of the incident beam and the
reflected beams become parallel to each other. Furthermore, the accuracy of the zero-angle position
adjustment is dominated by the accuracy of the retroreflector. This issue can be addressed by the
optical frequency-domain femtosecond laser autocollimator with the enhancement of an assisted angle
sensor [57]. Figure 9 shows a schematic of the high-precision zero-angle position adjustment in the
optical frequency-domain femtosecond laser autocollimator. As can be seen in the figure, ∆θ, which is
the difference of the angles of diffraction of the (i + 1)th and ith first-order diffracted beams with
mode frequencies of νi+1 and νi, respectively, is verified by measuring the angular displacement of
the grating reflector by the assisted angle sensor such as a conventional autocollimator or a rotary
encoder embedded to the rotary table on which the grating reflector is mounted. By using the
obtained ∆θ, the absolute angleΦ between the femtosecond laser beam and the optical axis of the laser
autocollimation unit can be obtained. It should be noted that the final measurand of the method is not
Φ but θ, the angle of the normal of the grating reflector with respect to the incident femtosecond laser.

The above mentioned zero-angle position adjustment can be applied to the optical setup where
the propagation directions of the incident beam and the reflected beam are not parallel to each other.
Once the angle Φ is confirmed during the fabrication process of the optical head of the mode-locked
femtosecond laser autocollimator based on the principle of the optical frequency-domain angle
measurement, absolute angle position of the grating reflector with respect to the incident femtosecond
laser beam can be obtained with the following measurements.

Figure 10 shows one of the examples of the absolute angle measurement based on the proposed
method. As can be seen in the figure, the absolute angular position of the grating reflector in a step of
180 arc-seconds was well distinguished over the absolute angle range from −37.805 degrees to −37.354
degrees in the frequency domain; this means that the optical frequency comb can be directly converted
into the angle scale comb for absolute angular position measurement.



Appl. Sci. 2020, 10, 4047 10 of 22
Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 22 

 
Figure 9. Absolute angular position measurement by the mode-locked femtosecond laser 

autocollimator based on the principle of the optical frequency-domain angle measurement with the 
enhancement of an assisted angle sensor [57]. In the setup, the angle of the normal of the grating 

reflector with respect to the incident femtosecond laser is a final measurand. 

Figure 10 shows one of the examples of the absolute angle measurement based on the 
proposed method. As can be seen in the figure, the absolute angular position of the grating reflector 
in a step of 180 arc-seconds was well distinguished over the absolute angle range from −37.805 
degrees to −37.354 degrees in the frequency domain; this means that the optical frequency comb can 
be directly converted into the angle scale comb for absolute angular position measurement. 

 
Figure 10. An example of the absolute angular position measurement by the optical 

frequency-domain femtosecond laser autocollimator [57]. 

2.2. Methods Based on the Chromatic Aberrations of a Simple Lens 

According to the thin-lens equation, the focal length of a simple lens depends on the light 
wavelength of an incident light via the lens refractive index [73]. When a collimated mode-locked 
femtosecond laser is made incident to a simple lens in such a way that the laser axis is aligned to be 
coaxial with respect to the optical axis of the lens, the optical modes in the femtosecond laser are 
focused at different points on the optical axis of the lens. The light ray from an off-axis point will 
arrive at a different height above the optical axis; namely, the frequency-dependent lens focal 
length causes a frequency dependence of the transverse magnification as well [73]. This 
characteristic, which is referred to as the lateral chromatic aberration, can be employed for 

Figure 9. Absolute angular position measurement by the mode-locked femtosecond laser autocollimator
based on the principle of the optical frequency-domain angle measurement with the enhancement of
an assisted angle sensor [57]. In the setup, the angle of the normal of the grating reflector with respect
to the incident femtosecond laser is a final measurand.
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femtosecond laser autocollimator [57].

2.2. Methods Based on the Chromatic Aberrations of a Simple Lens

According to the thin-lens equation, the focal length of a simple lens depends on the light
wavelength of an incident light via the lens refractive index [73]. When a collimated mode-locked
femtosecond laser is made incident to a simple lens in such a way that the laser axis is aligned to
be coaxial with respect to the optical axis of the lens, the optical modes in the femtosecond laser are
focused at different points on the optical axis of the lens. The light ray from an off-axis point will arrive
at a different height above the optical axis; namely, the frequency-dependent lens focal length causes
a frequency dependence of the transverse magnification as well [73]. This characteristic, which is
referred to as the lateral chromatic aberration, can be employed for measurement of the small angular
displacement of an object with the enhancement of the laser autocollimation [25,58].

Figure 11 shows the optical setup for measurement of the small angular displacement of an object
based on the chromatic aberrations of a simple lens, where the principle of the laser autocollimation
is integrated. A mode-locked femtosecond laser is employed as the light source, while the laser
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autocollimation unit composed of a collimator objective and a single-mode fiber connected to a
spectrometer is employed as the detector for angle measurement. The mode-locked femtosecond laser
from the light source is collimated by a collimating lens and is then made incident to a target reflector.
The reflected beam is then made incident to the laser autocollimation unit. The fiber detector in the
laser autocollimation unit is placed at an off-axis position dFiber (,0) with respect to the optical axis of
the collimator objective; namely, the optical axis of the laser autocollimation unit has an angle with
respect to the optical axis of the collimator objective. This arrangement enables the optical setup to
detect the small angular displacement of the target reflector with the effect of the lateral chromatic
aberration of the lens.
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Figure 11. Optical setup for measurement of the small angular displacement of an object based on the
chromatic aberrations of a simple lens [58].

Denoting the focal length of the simple lens for the ith mode in the mode-locked femtosecond
laser as fi, the lateral displacement of the focused mode di with respect to the optical axis of the simple
lens due to the angular displacement θ of the target reflector can be expressed as follows [58]:

di = fi tan 2θ (3)

On the assumption that the mode-locked femtosecond laser has a uniform spectrum over its
spectral range, and the optical frequency of the jth mode is the peak frequency in the spectrum of the
light rays captured by the fiber detector at the condition where θ = θ0 (,0), the following relationship
should be satisfied [58]:

dfiber = d j = f j tan 2θ0 (4)

In the same manner, the following Equation should be satisfied in the case with the angular
displacement θ0 + ∆θ and the corresponding lateral displacement dk of the kth mode at the peak in the
spectrum of the captured light rays [58]:

dfiber = dk = fk tan 2(θ0 + ∆θ) (5)

From Equations (4) and (5), the angular displacement of the target reflector ∆θ can be obtained
as follows [58]:

∆θ =
1
2

tan−1
( f j

fk
tan 2θ0

)
− θ0 (6)

Since θ0 is known as the design parameter in the optical setup, ∆θ can be obtained based on
Equation (6) by calculating fj and fk based on the lens equation by using the detected peak frequencies
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νj and νk of the jth and kth modes, respectively. It should be noted that the setup shown in Figure 11 is
similar to that shown in Figure 7 based on the dispersive characteristics of a grating reflector. One
of the advantages of the optical setup shown in Figure 11 is that a reflective-type grating reflector
is not required for measurement; this contributes to building up the optical setup to a compact size.
In addition, an arbitrary reflective surface on an object can be measured by the setup shown in Figure 11.
It should also be noted that the angle sensor with the diffraction grating shown in Figure 7 can be
employed for the evaluation of an object with a reflective surface without grating pattern structures by
modifying the optical setup as shown in Figure 2b. However, in this case, attention should be paid to
misalignments of the optical components, as well as the alignment of an object under inspection.

Figure 12a shows the change in the light intensity of each mode captured by the fiber detector
analyzed in optical frequency domain. In the figure, only several modes from 185 THz to 200 THz in a
frequency difference of 5 THz are plotted for the sake of clarity. As can be seen in the figure, the light
intensity of each mode has been changed by the angular displacement of the mirror reflector. Figure 12b
shows the peak frequencies observed at each angular position of the mirror reflector. By detecting the
peak frequency in the spectrum of the light rays captured by the fiber detector, the angular displacement
of the mirror reflector can thus be detected.
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3. Methods Based on the Absolute Distance Measurement

The angular displacement of an object can be measured by multilateration or triangulation [11,74,75]
in which the displacements of several points on its surface are measured by interferometric methods [13,76]
or non-interferometric methods such as the time-of-flight (TOF) method [77]. By employing a method
with a mode-locked femtosecond laser source capable of measuring the absolute distance of a measuring
point [40–46,62,63], absolute angular position measurement can be realized.

Figure 13 shows an example of the absolute angular position measurement based on the absolute
distance measurement by the TOF method combined with the second harmonic generation (SHG) [63].
In the proposed method, a pair of the mode-locked femtosecond laser sources synchronized with
the same reference clock but with slightly different pulse repetition rates is employed; one of the
mode-locked femtosecond lasers is employed as a signal laser, while the other is employed as a local
laser for down-conversion. In the setup, the femtosecond laser beam from the light source is at first
collimated by a collimating lens (CL) and is then divided into four sub-beams by using a diffractive
optical element (DOE). The sub-beams are made incident to the target surface where four mirrors are
placed in an angular distance of 90◦ along the circumference direction to reflect the sub-beams to the
DOE. It should be noted that the four mirrors are arranged in such a way that the optical path lengths of
the sub-beams become different from each other. The reflected sub-beams are then combined at the DOE
and are made to pass through the circulator and to superimpose with the local femtosecond laser in free
space. The reflected sub-beams are then converted into electric signals by the balanced cross-correlator
based on the principle of the nonlinear optical cross-correlation for measurement of the absolute
distance of the four mirrors on the object with respect to the DOE. The novel optical configuration with
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the DOE and the four mirror reflectors makes it possible to carry out simultaneous measurement of the
absolute distances of the four points on the object by a single balanced cross-correlation (BCC) electrical
signal in which the four corresponding pulse trains can be observed independently. By using the
measured absolute distances di (i = 1, 2, 3, 4) of the mirror reflectors with respect to the DOE, absolute
angular positions can be obtained through a simple calculation based on the geometric relationship
of the optical components; the X- and Y-directional absolute normal angles of the surface under
inspection θx and θy, respectively, with respect to the femtosecond laser beam incident to the DOE can
be calculated as θx = sin−1[(d1 − d3)/A] and θy = sin−1[(d2 − d4)/A], where A is the distance between the
two corresponding mirror reflectors.
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Figure 15a shows another example of applying the displacement measurement based on the
mode-locked femtosecond laser [62]. The setup is based on a Michaelson interferometer designed
to have a single reference arm and two measurement arms by splitting the collimated mode-locked
femtosecond laser beam into three beams with beam splitters (BS1 and BS2). Through the demodulation
of the interference spectrum of the three beams from the reference arm and the measurement arms
based on a Fourier transform method [78], optical path differences among the three beams can be
obtained simultaneously, as shown in Figure 15b.
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It should be noted that environmental fluctuations (the refractive index of air) could affect the
absolute distance measurement [79] in the same manner as the technique based on the single-mode
laser source. Angle measurement based on the absolute distance measurement with a mode-locked
femtosecond laser source could also be affected by the environmental fluctuations, and attention should
be paid to the control of environmental parameters such as temperature, pressure, and humidity.

4. Angle Detection Based on the High Pulse Energy of a Mode-Locked Femtosecond Laser

The small angular displacement of an object can also be measured by utilizing the angle-dependency
of the second harmonic generation (SHG) in nonlinear optics, where the second harmonic light with
the doubled optical frequency ν2 = 2ν1 of the fundamental light ν1 incident to a nonlinear optical
component is generated. It is well known that an efficient SHG can be accomplished by the procedure
referred to as index matching [73], where the intensity of the second harmonic light depends on the
angle of incidence of the fundamental light; this angle dependency can be employed for small angular
displacement measurement. Owing to the characteristic of a mode-locked femtosecond laser with high
pulse energy, effective SHG can be achieved by focusing a mode-locked femtosecond laser beam in
a nonlinear crystal. On the assumption that the Rayleigh length b of the focused fundamental light
lay with wavelength λ1 is much longer than the length of the negative uniaxial crystal with refractive
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indices of ne and no for extraordinary and ordinary rays, respectively, the intensity of the second
harmonic light I2 with wavelength λ2 to be generated by SHG can be expressed as follows [59]:

I2 =
8π2d2

eff
L2

n2
1n2ε0cλ2

1

I2
1sin c2(∆kL/2) (7)

where I1 is the light intensity of the fundamental light ray, deff is the effective nonlinear coefficient [32],
ε0 is the vacuum permittivity, c is the speed of light in a vacuum. In the above Equation, ∆k is a
θ-dependent phase mismatching that can be represented as ∆k = 4π[no(λ1) − ne(θ,λ2)]/λ1. The angle
θ = θm satisfying the sinc-term in the above Equation to be the maximum value of 1 (namely, ne = no

and ∆k thus becomes zero) is referred to as the matching angle (Figure 16) that can be obtained by the
following Equation [59]:

θm = arcsin


√√

[nO(λ1)]
−2
− [nO(λ2)]

−2

[ne(λ1)]
−2
− [nO(λ2)]

−2

 (8)

According to the above Equations, the intensity of the second-harmonic light I2 decreases rapidly
with the small angular displacement of the nonlinear crystal from the matching angle; this characteristic
of the SHG can be employed for angle measurement.
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Figure 17a shows an example of how to apply the characteristic of the matching angle in SHG for
measurement of the small angular displacement of an object [59]. In the setup, a nonlinear crystal is
mounted on a rotary table. For angle measurement, the optic axis of the nonlinear crystal is aligned to
have the angle θ, which is almost equal to the matching angle θm, with respect to the propagating
direction of the fundamental light wave as shown in Figure 18b so that the second harmonic light with
enough power can be obtained. A small angular displacement of the rotary table can be measured by
detecting the angular displacement of the nonlinear crystal by monitoring the change in the intensity
of the second harmonic light with a photodetector.

The feasibility of the method described above has been verified in experiments. Figure 18a,b show
a schematic and a photograph of the developed setup. An Erbium-doped fiber-based mode-locked
femtosecond laser with the spectrum ranging from 1480 nm to 1640 nm has been employed as the
light source. The laser beam introduced into the setup is at first collimated by a collimating lens and is
then made incident to a nonlinear crystal mounted on a rotary table. As can be seen in Equation (8),
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the intensity of the second harmonic light to be generated in a nonlinear crystal depends on the crystal
material, as well as the light wavelength. In the setup, barium borate (BBO) crystal with a similar
matching angle for each mode in the femtosecond laser has thus been employed as the nonlinear
crystal. The optic axis of the nonlinear crystal is adjusted to be approximately 20 degrees. It should
be noted that, regarding Equation (7), the fundamental light is made to focus in the BBO crystal so
that the second harmonic light can be generated effectively. The second harmonic light generated
by SHG is then condensed onto a photodiode by a condenser lens, and the photocurrent from the
photodiode is converted into voltage signal through a trans-impedance amplifier to monitor the signal
by an oscilloscope. It should be noted that not only the second harmonic light but also the remaining
fundamental light would come out from the BBO crystal. In the setup, a polarizer is placed in front
of the photodiode so that the fundamental light will not be detected. For the verification of the
angular displacement of the BBO crystal, a commercial laser autocollimator is also employed as a
reference sensor.
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Figure 19a shows the change in the intensity of the second harmonic light as the change in the
angular displacement of the BBO crystal observed in experiments, where three types of focusing lens
with focal lengths of 40 mm, 75 mm and 150 mm are employed. As can be seen in the figure, a peak can
be observed at the matching angle in each of the plots. Figure 19b shows the variation of the intensity
of second-harmonic light as the change in the angular position of the BBO crystal. As can be seen in
the figure, the angular displacement in a step of 0.4 arc-seconds has clearly been distinguished. These
results demonstrate the feasibility of measuring small angular displacement by the SHG. It has also
been verified that the shorter focal length of the focusing lens contributes to obtaining second-harmonic
light with larger intensity, since the power of the fundamental beam can be further concentrated at the
beam waist of the focused beam in the BBO crystal.
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0.4 arc-seconds.

5. Conclusions

A mode-locked femtosecond laser has been employed in a variety of applications in dimensional
metrology for production engineering. In recent years, mode-locked femtosecond lasers have expanded
application to precision angle measurement, which is also an important activity in production
engineering. In this article, some angle measurement techniques employing a mode-locked femtosecond
laser have been reviewed. With the employment of the dispersive characteristic of diffraction grating,
equally-spaced modes of the mode-locked femtosecond laser in frequency domain can be converted
into the “angle scale comb”, which is a series of scale graduations for angle measurement. With the
enhancement of the highly-stabilized optical modes of a mode-locked femtosecond laser over a wide
spectral range, highly stable optical angle measurement can be achieved over a wide measuring
range. In addition, by combining the angle scale comb with the laser autocollimation, a mode-locked
femtosecond laser autocollimator with a high resolution over a wide angular range can be realized.
The mode-locked femtosecond laser autocollimator has the possibility of realizing a direct link of
angle measurement to the national standard of time/frequency by observing the reading output in
the frequency domain. A mode-lock femtosecond laser can also be employed for angle measurement
by utilizing physical phenomena such as the second harmonic generation of a nonlinear crystal or
lateral chromatic aberration of a single lens. In addition, novel optical setups for the absolute distance
measurement with a mode-locked femtosecond laser source can also achieve the measurement of
angular displacement/absolute angular position of an object. Table 2 summarizes the features of
the angle measurement techniques reviewed in this paper, including the achieved resolutions and
measuring ranges.
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Table 2. Comparison of the techniques reviewed in this paper.

Type of the Optical Angle Sensor Resolution and
Measuring Range

Features
(Advantages and Disadvantages)

Light intensity detecting-type
mode-locked femtosecond laser

autocollimator
(in Section 2.1.2) [55]

Resolution:
Sub-arc-second

Range:
>3◦

â High measurement throughput with a
high-speed photodetector

â A grating reflector required
â Low signal visibility

â The resolution is mainly limited by the
wavelength resolution of the spectrometer in

the detector unit

Frequency-domain mode-locked
femtosecond laser autocollimator

(in Section 2.1.3) [56,57]

Resolution:
0.03 arc-seconds

Range:
>6◦

â High signal visibility with a spectrometer
that enables measurement of an object with low

surface reflectivity
â A grating reflector required

â Low measurement throughput
â The resolution mainly limited by the

wavelength resolution of the spectrometer in
the detector unit

A method based on the chromatic
aberration of a simple lens

(in Section 2.2) [58]

Resolution:
0.23 arc-seconds

Range:
>100 arc-seconds

â Simple optical configuration without a
grating reflector

â High signal visibility with a spectrometer
â The resolution mainly limited by the

chromatic lens and the wavelength resolution
of the spectrometer in the detector unit

Methods based on the absolute
distance measurement

(in Section 3) [63]

Resolution:
0.073 arc-seconds

Range:
>300 arc-seconds

â Long working distance
â High measurement throughput with a

high-speed photodetector
â Several mirror reflectors are required

â The resolution mainly affected by
environmental fluctuations (temperature,

humidity, air pressure)

A method based on the second
harmonic generation

(in Section 4) [59]

Resolution:
0.4 arc-seconds

Range:
>3.3◦

â High measurement throughput with a
high-speed photodetector

â An expensive nonlinear crystal required
â Limited applications (need to mount a
nonlinear crystal for angle measurement)

One of the disadvantages of the above-mentioned techniques is the high cost of the mode-locked
femtosecond laser source. With the decrease of the cost of the femtosecond laser source, the angle
measurement techniques explained in this review article are expected to be employed in many industrial
applications in the near future where the traceability of measurement becomes a more important issue
to be addressed.
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