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This thesis presents highly sensitive, fast response speed and compact multi-axis angle sensors based on laser

autocollimation method.

In industrial activities such as manufacturing and inspection, physical quantities like angle and length are benchmark
parameters for keeping and improving the quality of products. Nowadays, precision machines such as the machine tool for
producing precision optical elements and the coordinate measuring machine (CMM) for evaluating products in machine shops
are widely used. Many of such machines have precision linear stages as key components, which normally have motion errors
around the axis of movement direction of stages. The measurement of stage movement errors is essential in evaluating the
performance of these machines.

Stage motion errors are usually expressed as a position error with respect to the moving direction of the carriage of the
stage, and a translational motion (straightness) error that is vertical to the moving direction. The former error can be measured
by using a laser interferometer or a linear encoder, while the latter error is usually measured based on a straightedge.
Additionally, three-axis angular motion errors (voll angle Afk, pitch angle A8y and yaw angle A6%) also exist to cause unexpected
Abbe-error. Therefore, it is important to measure the posture information of the carriage of the stage for compensation of
Abbe-error. The differential method by using two interferometers that are preset on the stage is used for measurement of posture
angle control. However, this method requires multiple sensors and it increases the complexity of the measurement system.
Moreover, these sensors must be highly sensitive with fast response speed, and must be capable of non-contact measurements so
that it would not influence to the dynamic properties of the stage. On the other hand, an angle sensor can measure minute tilt
angle motion of the target directly. Therefore highly performance angle sensors are required.

Angle sensors based on the principle of autocollimation, which are conventionally called autocollimators, can accurately

measure small tilt angles of a light-reflecting flat surface. Autocollimators have a long history of being used in metrology
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laboratories for calibration of angle standards, such as polygons, rotary index tables and angle gage blocks. They are also
traditionally used in machine shops for surface profile measurement of straightedges, machine tool guideways and precise
surface plates as well as for measurement of static translational angular motion errors of the stages. But autocollimators cannot
be used for dynamic measurements, since they use a charge-coupled device (CCD) as the photoelectric element, with frequency
bandwidth on the order of tens of hertz. Furthermore, the sensitivity of a CCD for the position of a light spot is low so that a
relatively large lens with a focal length of hundreds of millimeters is required to yield highly sensitive angle detections, which
makes the autocollimator bulky, expensive, and difficult to integrate into other precision systems.

For these reasons, today highly performance angle sensors that have highly sensitive with fast response speed, multi-axis
measurement, and must be capable of non-contact measurements, are required. A simple optical method for a simultaneous
measurement of two-axis angular motion errors such as pitch angle 40y and yaw angle 46 z is feasible by using laser
autocollimation method with a fast response two-dimensional position-sensing detector. In this research, angle sensors based on
laser autocollimation are described. To fulfill the requirement to the angle sensor, these sensors consist of a quadrant photo diode
(QPD) as their position-sensing detector. This optical system allows these angle sensors to be able to reduce the dimension while
maintaining highly sensitivity and fast response speed. In addition, to achieve a simultaneous three-axis angle measurement, a
diffraction gird is used as a target reflector instead of a plane mirror. And reflected diffraction beams are appﬁed for the
three-axis angle measurement. The research issues that are derived from technology trends are follows!

@  Highly sensitive (resolution: +0.1 arc-seconds).

®  Quick response speed (1 kHz frequency bandwidth).

®  Compact size (less than 100 mm-cube).

®  Multi-axis angle detection (two-axis or three-axis).

At the first stage of this thesis, general background and brief introduction for small angle detection methods are described.
And typical applications of the angle sensor are overviewed. Research issues and outline of this research are also presented.

In Chapter 2, a compact but highly sensitive two-axis angle sensor based on the principle of laser autocollimation is
described. The angle sensor consists of a laser diode (LD) as the light source, and a QPD as the position-sensing device. To
maintain highly sensitivity without enlarging the sensor size, the relationship between the beam spot size on the focal plane of
the objective lens and width of gaps (dead space) is analyzed based on geometrical optics. As a result, it is confirmed that an
objective lens with a short focal length can be employed without reducing the sensitivity of the system, which facilitates
miniaturization of the angle sensor. This is because the sensor only requires a small extra target mirror to be mounted on the
stage. The cross-talk between two-axis angles and influence of alignment errors of the QPD (a rotational error and a mounting

position error (defocus error)) are estimated by computer simulation. Then the sensitive single lens two-axis micro-angle sensor
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(SMAS) is developed based on the analysis results. To reduce the dimension of the sensor, the sensor consists of a plano-convex
lens for laser beam collimation and focusing. The assembly can be also simplified comparing with the conventional optical layout
of the two-axis angle sensor, since displaying optical components of the LD, a PBS, a QWP, and the lens are on a single straight
line. The finalized dimension of the SMAS is 15.1 mm % 22.0 mm % 14.0 mm (W x D x H). Therefore, the SMAS is small enough
to be able to integrate into precision machines like a precision stage without influencing original dynamic properties of it. From
the experimental result of small angle detection, the resolution of the SMAS is approximately +0.1 arc-second in each direction.
The cutoff frequency of the sensor amplifier is set to be 15 kHz.

In Chapter 3, a relationship between the sensor sensitivity and the working distance of a two-axis angle sensor based on
laser autocollimation is surveyed. The working distance is defined as a distance between the angle sensor and the target reflector.
At the first part of this chapter, the prototype two-axis angle sensor for evaluation of the working distance is fabricated. From
evaluation results of the working distance of the prototype two-axis angle sensor, a general problem of the optical system that
can be reduced the accuracy of the angle measurement is found out. This is because the sensor sensitivity changes up to 12.4 %
from the representative value of average sensor sensitivity of Vam over the measurement range from 100 mm to 450 mm. Two
error components that can influence the deviation of the sensor sensitivity are proposed based on geometrical analysis and
Gaussian beam optics. To reduce the deviation of the sensor sensitivity less than 1 %, computer simulation is carried out to
obtain optimal optical parameters for the angle sensor. Then new two-axis angle sensor is developed based on the analysis result.
The new angle sensor is highly sensitive to the tilt motion of the target, but has insensitive deviation of the sensor sensitivity
over the effective working distance of 500 mm. This is because the deviation of the sensor sensitivity in both angle directions
confirmed to be less than 0.5 % from the experimental result. And the dimension of the angle sensor is 60.0 mm * 89.0 mm %
49,0 mm (W x D x H). Therefore it is able to facilitate a measurement of the angular motion errors (pitch angle A6y and yaw
angle A07). From the signal width of the evaluation result of the noise level in short period of 5 seconds, the Type 3 angle sensor
has capability of detecting the small tilt angle displacement up to +0.007 arc'second in Aéy-direction and +0.008 arc-second in 48
z-direction. The frequency bandwidth of the sensor amplifier is set to be 1.9 kHz. In addition, the compensation that is focused on
the change of the optical spot diameter on the detector is carried out against the experimental result. And the effectiveness of the
compensation is also confirmed.

In Chapter 4, an optical method and a basic optical system for measurement of three-axis angles based on the laser
autocollimation has been proposed at the first part of the chapter. As in the case of a twoaxis angle sensor, a three-axis angle
sensor consists of a LD as the light source, and a QPD as the position-sensing device. Differing from a conventional two-axis
angle sensor; the angle sensor uses a diffraction grid as the target reflector instead of a plane mirror for improving the two-axis

measurement method based on laser autocollimation to the three-axis angle measurement. Then the O%-order and +1%-order
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diffraction laser optical spots reflected from the diffraction grid are used for realizing the simultaneous three-axis angular
detection, while it has restriction of the working distance because of the usage of *1%-order diffraction beams. Theoretical
analysis and computer simulation are carried out for confirming the validity of the roll angle detection and to derive the roll
angle sensor sensitivity. From analysis results, highly sensor sensitivity include in roll angle direction can be feasible by using
short focal length of the objective lens just the same as the two-directional angle sensor. This result is feasible for miniaturization
of the three-axis angle sensor. Then the prototype three-axis angle sensor is developed based on the analysis result. The
prototype three-axis angle sensor has two parts of beam isolation unit and receiving autocollimation unit. A two-axis rectangle
grid that has the grid interval of p = 5.5 ym in both directions is used as the target reflector for the prototype three-axis angle
sensor. Then sensor output curves in each direction are measured. From the experimental result of the small angle detection and
the ray-trace simulation result, it is confirmed that the roll angle sensor sensitivity is low compared with the theoretical value
because of lens aberrations. The prototype thee-axis angle sensor has its resolution of better than +0.1 arc-second in A8y and A8
z-directions and up to %1 arcsecond in Afx-directions from the experimental result of the small angle detection. The cutoff
frequency of the sensor amplifier over the experimental measurement is set to be 3 kHz. The dimension of the angle sensor is
100 mm x 155 mm x 80.0 mm (W x D x H).

In Chapter 5, additional two types of measurement methods for the simultaneous measurement of three-axis angles are
presented by using different combinations of the diffraction optical spots. These methods have an advantage of reducing a
receiving autocollimation unit that consists of the objective lens and the QPD detector. From computer simulation results, each
method can measure three-axis angles independently and the difference among them is small enough to be ignored. The
effectiveness of these methods is also confirmed by experimental results of the Type 2 three-axis angle sensor. The Type 2
three-axis angle sensor consists of the three objective lenses for the purpose of reducing the influence of the lens aberrations. And
the target reflector of the Type 2 three-axis angle sensor is a two-axis rectangle grid (p = 5.5 um). It has been verified that each
method can measure the three-directional angular displacements. Then a highly sensitive three-axis angle sensor is developed
based on analysis results. The target of the angle sensor is a one-axis diffraction grid with its grid interval of 1.7 um. The two
reflected diffraction beams of the 0%-order and the 15t-order beams are used for the three-axis angle measurement. And the
three-axis angle sensor employs the afocal system to realize the highly sensor sensitivity and compaction of the length of its
optical system. The finalized dimension of the angle sensor is 86 mm % 86 mm X 47 mm (W x D x H). From the result of the
small tilt angle detection, the angle sensor has capability of detecting +0.01 arc'second in each direction. In this experiment,
cutoff frequency of sensor amplifiers is set to be 1.9 kHz. The optical layout and other basic characteristics of the angle sensor are
also described.

In Chapter 6, summary of the research findings and conclusions of this dissertation are discussed.
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