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Inventor(s): Daniel Gene Smith

Related Application/Claim of Priority

This application is related to and claims priority from provisional application serial
number 61/580,118, filed December 23, 2011, and entitled Enhancements to

| ntegrated Optical assembly, which provisional application isincorporated by

reference herein.

Introduction and Summary of the Present Invention

[0001] The present invention provides an optical assembly for focusing a beam from a

[0002]

light source along aline of sight, and to amethod of producing useful datain such
an optical assembly. The optical assembly and method of the present invention is
particularly useful in an integrated optical assembly (IOA) of the type described
in alaser radar system of the type shown in US application serial number
13/281,393, which isincorporated by reference herein. A copy of US application
serial number 13/281,393 isexhibit A hereto.

In an 10A of the type shown in Exhibit A, ameasurement beam from alight
source (e.g. that isproduced through an optical fiber tip, such that the optical fiber
tip can be considered the light source) is directed along aline of sight, by alens, a
scanning reflector (e.g. an adjustable corner cube) and afixed reflector that are
oriented relative to each other such that a beam from the light source is reflected
by the scanning reflector to the fixed reflector, and reflected light from the fixed
reflector is reflected again by the scanning reflector and directed along the line of
sight through the lens. The measurement beam is directed at a target, and light
returned from the target (e.g. measurement beam light that isreflected or scattered
from the target) is directed to the optical fiber tip that functions as the light
source, and is detected and processed to produce data about the target. The

scanning reflector is moveable relative to the source, the lens and the fixed
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[0003]

[0004]

reflector, to adjust the focus of the beam along the line of sight. Thus, the
scanning reflector may also be referred to as an "adjustable reflector”, and since
the scanning reflector that is preferred in the present invention isa corner cube
that also functions as aretroreflector (because of the manner in which it reflects
and transmits light, asit redirects the light), the scanning reflector may also be

referred to asa "scanning retroreflector”

According to the present invention, the integrated optical assembly produces a
reference beam that isrelated to the optical characteristics of the scanning
reflector, or to changes in position or orientation of the scanning reflector relative
to the source. That reference beam isuseful in several ways in an IOA of the type
shown in Exhibit A. For example, if the scanning reflector orientation were to
shift from its intended orientation (due e.g. to thermal expansion) or if
characteristics of the scanning reflector (e.g. the index of refraction of the
scanning reflector) were to change on account of temperature changes, the
reference beam can be used to provide data that can be used to account for such
changes. In addition, if the scanning reflector were to be positioned in an
orientation other than the orientation desired, the reference beam can be used in
identifying and correcting that positioning. Essentially, the reference beam can be

used to subtract out errors that could be caused by such factors.

The present invention provides several implementations by which an IOA can
produce the reference beam. For example, the optical assembly can include alens
between the source and the scanning reflector that is configured to produce a
continuous collimated reference beam that traverses the scanning reflector at least
twice and isthen refocused on the source. The lensisoriented off center, in
relation to the source, to collimate the beam at a dlight angle to the source, and the
optical assembly is further configured so that after two passes through the
scanning reflector, the reference signal isrefocused on areflector next to the
source, traverses the scanning reflector twice more and isthen refocused on the

source.
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[0005]

[0006]

According to another implementation of the present invention, the measurement
and reference beams are directed through a pair of fibers, so that the measurement
and reference beams that are produced through the pair of fibers effectively
comprise the "source" (and both those measurement and reference beams can
originate from the same light source that is split into the measurement and
reference beams). The measurement beam produced through one fiber is reflected
by afold mirror, traverses the scanning retroreflector (corner cube), isreflected by
the fixed reflector, traverses the scanning retroreflector again, and is directed
along the line of sight through the lens. The reference beam produced through the
other fiber isreflected by afold mirror, traverses the scanning retroreflector, is
reflected by a prism or some other suitable optical element that shifts the
reference beam, traverses the scanning retroreflector again, isreflected by a small
fixed retroreflector that reflects that reference beam on axis back to the scanning
retroreflector which it traverses again and isthen reflected by the prism or other
suitable optical element that was used in a previous step to shift the beam so that
the beam traverses the scanning retroreflector once more before arriving back at
the reference beam fiber. Thus, the reference beam is a collimated reference
signal that traverses the scanning retroreflector at least twice (four times in this

case) and isthen refocused on the source (in the i.e. the reference beam fiber).

Further features of the present invention will be further apparent from the

following detailed description and the accompanying drawings

Brief Description of the Drawings

[0007]

[0008]

[0009]

[0010]

Figure lisaschematic illustration of an IOA of the type shown in Exhibit A;

Figure 2aisa schematic illustration of one version of an enhancement to the IOA

of Exhibit A, according to the present invention,
Figure 2b is an enlargement of aportion of Figure 23;

Figure 3 isaschematic illustration of beam paths (and some modifications
thereof) that can be used in the version of Figures 2a, 2b;
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[0011]

[0012]

[0013]

[0014]

[0015]

[0016]

Figure 4 is a schematic illustration of the steps of amethod according to the

present invention;

Figure 5is aschematic illustration of alaser radar system, in which an I0A with

an optical assembly according to the present invention, is provided
Figure 6 isafront view of apreferred type of laser radar system

Figures 7-9 schematically show an alternative configuration for an optical

assembly implementing the present invention.
Figure 10 isablock diagram of a structure manufacturing system 700; and

Figure 11 isaflowchart showing a processing flow of the structure manufacturing

system 700.

Detailed Description

[0017] Asdescribed above, the present invention provides enhancements to an integrated

[0018]

optical assembly (IOA) and method that are particularly useful with an IOA for a
laser radar system of the type described in Exhibit A. The present invention is
described herein in connection with an IOA of the type shown in exhibit A, and
from that description the manner in which the present invention can be employed
in connection with various devices comparable to the IOA of Exhibit A will be

apparent to those in the art.

The enhancements to the IOA, according to the present invention, are particularly
useful in alaser radar system and method as described in Exhibit A. Asexplained
in Exhibit A, laser radar is a versatile metrology system that offers non-contact
and true single-operator inspection of an object (often referred to as atarget).
Laser radar metrology provides object inspection that is particularly useful in
acquiring high quality object inspection data in numerous industries, such as
aerospace, alternative energy, antennae, satellites, oversized castings and other
large-scale applications. The laser radar can be used, e.g. for manufacturing a

structure, comprising: producing a structure based on design infomiation;
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[0019]

[0020]

[0021]

obtaining shape information of structure by using of the apparatus; obtaining
shape information of a structure by arranging aproduced structure; comparing a

obtained shape information with a design information,

In the laser radar system and method of Exhibit A and Figures 5 and 6, the
integrated optical assembly (IOA) isprovided as part of alaser radar system 200.
The I0A isdesigned to be compact, and to utilize arelatively simple assembly of
elements for directing and focusing a pointing beam and a measurement beam at
an outlet of the optical radar system. The "source" of the pointing and
measurement beams comprises an optical fiber, in the sense that light produced by
alight source is directed through the optical fiber. The pointing beam is produced
inavisible (e.g. red such as around 610 nm to 750 nm) wavelength range, and the
measurement beam is produced in adifferent, predetermined wavelength range

(e.g. infrared such asaround 0.7 umt to 10 pnt, or IR),

In the laser radar system of Figure 5, the pointing beam isused to identify apoint
on atarget 220 at which the measurement beam is directed. The measurement
beam isreflected from the target and a portion of that reflected or scattered
measurement beam isreceived back a the laser radar system, where it is directed
back through the fiber, transmitted to a detector, and processed by a control unit
to provide the type of useful information that is characteristic of alaser radar

system.

As shown in Figure 6, the laser radar system 200 includes ahousing (e.g. a
rotatable cylinder 113) in which the optical assembly islocated and secured, so
that the optical assembly moves as a unit with the cylinder 113 relative to the base
110 of the laser radar system. The laser radar system includes an outlet 120 in the
housing 113, and through which radiation (e.g. in the two wavelengths of the
pointing and measurement beams) is directed from the laser radar system. The
base 1 10 contains the processing features of the laser radar system, that are
disclosed in US patents 4,733,609, 4,824,251, 4,830,486, 4,969,736, 5,1 14,226,
7,139,446, 7,925,134, and Japanese Patent #2,664,399. The size of the system
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[0022]

[0023]

[0024]

should be small enough to allow camera 140 to be located on the moving part of

the laser radar system.

Y et another concept laser radar system has arotating scanning (pointing) minor,
that rotates relative to other parts of the laser radar system, and isused to achieve
adesired beam direction. Other concepts for Laser radar systems are disclosed in
US Patents 4,733,609, 4,824,251, 4,830,486, 4,969,736, 5,114,226, 7,139,446,
7,925,134, and Japanese Patent #2,664,399 which are incorporated by reference
herein. The laser beam from the laser radar system (referred to herein asthe
"measurement beam™) iscontrolled by the laser radar system optics, and is

directed from the laser radar system and at the target.

Figure 1isaschematic illustration of the IOA of Figure 12 of Exhibit A. In that
IOA, abeam from alight source (i.e. afiber tiplOO supported by aferule 102 in a
glass window 101) isdirected aong aline of sight, by alens 104, a scanning
reflector 106 (e.g. a corner cube) and afixed reflector (amirror 108 supported on
the glass window 101) that are oriented relative to each other such that a beam
from the light source 100 is reflected by the scanning reflector 106 to the fixed
reflector 108, and reflected light from the fixed reflector isreflected again by the
scanning reflector and directed along the line of sight 138 through the lens 104,
The scanning reflector 106 is moveable relative to the source 100, the lens 104
and the fixed reflector 108, to adjust the focus of the beam along the line of sight
138.

According to enliancements provided by the present invention, the integrated
optical assembly is configured to produce areference beam that is related to the
optical characteristics of the scanning reflector 106, or to changes in position or
orientation of the scanning reflector relative to the source (i.e. the fiber tip 100).
That reference beam isuseful in severa waysin an IOA of the type shown in
Exhibit A and in Figure 1. For example, if the scanning reflector 106 orientation
were to shift from its intended orientation (due e.g. to thermal expansion), or if

characteristics of the scanning reflector (e.g. the index of refraction of the
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[0025]

[0026]

[0027]

scanning reflector), were to change on account of temperature changes, the
reference beam (which is detected by the detector and processed by the control
unit shown in Figure 5) can be used to provide data that can be used to account
for such changes. In addition, if the scanning reflector 106 were to be positioned
in an orientation other than the orientation desired, the reference beam can be
used in identifying and coiTecting that positioning. Essentially, the reference beam

can be used to subtract out errors that could be caused by the foregoing factors.

Figures 2a, 2b show one version of an IOA configured to produce such a
reference signal, according to the present invention. The optical assembly
includes alens 110 between the source 100 and the scanning reflector 106 that is
configured to produce a continuous collimated reference signal that traverses the
scanning reflector 106 at least twice and isthen refocused on the source 100. The
lens 110 is oriented off center, in relation to the source 100, to collimate the beam
at adlight angle to the source, and the optical assembly isfurther configured so
that after two passes through the scanning reflector, the reference signal is
refocused on areflector 112 (e.g. awindow, ferrule, etc) next to the source 100,
traverses the scanning reflector 106 twice more and is then refocused on the

source 100.

The underlying principle of this version isto use the off-center lens 110 to
collimate the beam at a slight angle to the fiber axis (and return mirror normal), so
that after one pass, it isrefocused on the reflector 112 next to the fiber tip 100.
After that reflection, the beam traverses the corner cube system asecond time and
isthen focused on the fiber tip 100 asthe reference beam. This focusing happens
automatically and is simply aproperty of the imaging system; no particularly
difficult alignment is needed.

With the version of the present invention shown in Figures 2a and 2b, a stable and
sensitive reference beam is provided throughout the focus range by the double
pass collimated reference path, which traverses the scanning retroreflector four

times. In Figures 2a and 2b, the offset of lens 110 is exaggerated somewhat for a
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[0028]

[0029]

[0030]

visualization purposes. It ispossible to aso include annular reflective regions

1 10a, 110b on the lens 110 (Figure 3) to increase the efficiency of the ghost,
while not limiting the power used by the measurement beam. Further more, the
lens 110 could be mounted directly in arecess cut into the window 101 (or mirror
108), which could include the needed offset Another modification, shown in
Figure 2a, isto use areflective ferule 112, or to place areflector very close tothe

fiber tip 100 since this will allow the lens to be smaller.

As schematically illustrated in Figures 2a, 2b and 3, the double pass configuration
achieves the right amount of sensitivity needed to compensate the range
measurement. The collimated reference beam allows the system to maintain high
power at al ranges. The lens 110 or any other optical element that generates the
collimated beam, must also allow anon-collimated measurement beam to pass
through at the same time. This could be accomplished with aFresnel zoneplate
or some other holographic lens, but another approach isto use azero-power lens,
that also has a collimated ghost reflection (see e.g. Figure 3). Such lens designs
have zero power for the twice refracted path, but the twice reflected path, referred
to asthe ghost path, is collimated by virtue of afinite focal length.

It is possible to also include the annular reflective regions 1 10a, 110b on the lens
110 (Figure 3) to increase the efficiency of the ghost, while not limiting the power
used by the measurement beam. This results in an annular reference beam.
Furthermore, the lens could mounted directly in arecess cut into the window (or
mirror), which could include the needed offset This would make a reflective
ferule 112, and other methods for placing areflector very close to the fiber tip

100, attractive since this will allow the lens 1 10 to be smaller.

A consequence of having awindow near the fiber tip 100 that is substantially
parallel (doesn't have to be perfect) to the return mirror, isthat this path can be

used to generate areference signal at one focus position.

[0031] Asschematically shown in Figure 4, in amethod according to the present

invention the optical assembly includes the lens, the scanning reflector and the
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[0032]

[0033]

fixed reflector oriented relative to each other such that a beam from the light
source isreflected by the scanning reflector to the fixed reflector, and reflected
light from the fixed reflector is reflected again by the scanning reflector and
directed along the line of sight through the lens, and wherein the scanning
reflector is moveable relative to the source, the lens and the fixed reflector, to
adjust the focus of the beam along the line of sight. The optical assembly directs
ameasurement beam at atarget, and returned light istransmitted to the detector
and processed by the control unit, while the reference beam is produced that is
related to the orientation of the scanning reflector relative to the source. That
reference beam isuseful in several ways in an 10 A of the type shown in Exhibit A
and in Figure 1. For example, if the scanning reflector orientation were to shift
from its intended orientation (due e.g. to thermal expansion) or if characteristics
of the scanning reflector (e.g. the index of refraction of the scanning reflector)
were to change on account of temperature changes, the reference beam can be
used to provide data that can be used to account for such changes. In addition, if
the scanning reflector were to be positioned in an orientation other than the
orientation desired, the reference beam can be used in identifying and correcting
that positioning. Essentially, the reference beam can beused to subtract out errors

that could be caused by such factors.

Thus, the reference beam can be used to produce data to account for changes in
the reflection or refraction characteristics of the scanning reflector due to (i)

changes in the intended orientation of the scanning reflector, (ii) changes in the
angular orientation of the scanning reflector, changes in the temperature of the

scanning reflector.

The method can be practiced, e.g. by producing between the scanning reflector
and the source a continuous collimated reference signal that traverses the
scanning reflector at least once (and preferably 4 times, as shown in Figures 23,
2b) and isthen refocused on the source. As shown in figures 2a, 2b, the beam is
collimated at a slight angle to the source, and the optical assembly isconfigured

sothat after two traversals of the scanning retroreflector, the reference beam is
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refocused on areflector next to the source, and after reflection, the beam traverses
the scanning reflector athird and fourth time and isthen refocused on the source

(seee.g. figures 2a, 2b).

[0034] The method of the invention can also be implemented in the manner
schematically shown in Figures 7-9. Figure 7 schematically showsthe primary
components of that implementation; Figure 8 shows the path of the measurement
beam of that implementation, and Figure 9 shows the path of the reference beam
inthat implementation. In implementation of Figures 7-9, the measurement and
reference beams are directed through apair of fibers having tips 200a, 200b,
respectively. Thus, the measurement and reference beams that are directed
through the pair of fibers effectively comprise the "source" (and both those
measurement and reference beams can originate from the same light source that is
split into the measurement and reference beams). As seen from Figures 7 and 8,
the measurement beam from fiber tip 200a, is reflected by afold mirror 204,
traverses the scanning retroreflector 202 (which is preferably a moveable corner
cube), isreflected by afixed reflector 206, traverses the scanning retroreflector
202 again, and is directed aong the line of sight through one or more lens and
reflecting elements 208. Thus, the path of the measurement beam is the same as
shown and described in connection with Figure 1. As seen from Figures 7 and 9,
the reference beam from fiber 200b, is directed through alens 209, reflected by a
fold mirror 210, traverses the scanning retroreflector 202, isreflected by aprism
212 or some other suitable optical element that shifts the reference beam,
traverses the scanning retroreflector 202 again, is reflected by asmall fixed
retroreflector 214 that reflects that reference beam on axis back to the scanning
retroreflector 202 which it traverses again and is then reflected back to the
reference beam fiber tip 200b. Thus, the reference beam is a collimated reference
signal that traverses the scanning retroreflector 202 at least twice and is then
refocused on the source (in the embodiment, on the reference beam fiber tip

200h).

10
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[0035]

[0036]

[0037]

[0038]

Thus, the present invention provides enhancements to an IOA of the type that is
particularly useful in alaser radar system. The enhancement of the present
invention provides an I0A (and also to a method) that produces areference beam
that isrelated to the optical characteristics of the scanning reflector, or to changes
inposition or orientation of the scanning reflector relative to the source. With the
foregoing disclosure in mind, the manner in which such enhancements may be
implemented in various types of IOA assemblies will be apparent to those in the
art.

The reference path of I0A assemblies described here must traverse the scanning
reflector at least once, and in all cases it is possible for the reference beam and
measurement beam to be measurement beams of separate interferometers having
internal references of their own. The areference interferometer will have a path
length that increases with the position of the scanning reflector, where the
increase isin proportion to twice the number of traversals that it makes (2nx)
where x is the change in position of the scanning reflector and n isthe number of
traversals, with the minimum number of traversals being one. The measurement
interferometer path also increases with scanning reflector position but by a factor
of 8x. So the measurement path can be compensated for scanning reflector shifts
by subtracting the change in measurement path times a factor of 4/n.

The preferred embodiment isto alow the reference beam to interfere with the
measurement beam so that the reference beam and measurement beam form an
interferometer with the position of the scanning reflector contributing minimally
to the path difference between the reference beam and measurement beams. This
occurs only when the reference beam makes four traversals of the scanning

reflector as described, for example, in figures 2aand 2b.

In the disclosed embodiments, the measurement path and reference path uses the
same corner cube (106, 202), However the corner cube of the measurement path
may be different than the corner cube of the reference path. Therefore the
movement of the corner cube of measurement path may have synchronized

movement with the corner cube of the reference path.

11
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[0039]

(@049

[0041]

[0042]

[0043]

Next, explanations will be made with respect to a structure manufacturing system
provided with the measuring apparatus (laser radar system 200) described

hereinabove.

Fig. 9isablock diagram of a structure manufacturing system 700. The structure
manufacturing system isfor producing at least a structure from at least one
material such as a ship, airplane and so on, and inspecting the structure by the
profile measuring apparatus 200. The structure manufacturing system 700 of the
embodiment includes the profile measuring apparatus 200 as described
hereinabove in the embodiment, adesigning apparatus 610, a shaping apparatus
620, acontroller 630 (inspection apparatus), and a repairing apparatus 640. The
controller 630 includes a coordinate storage section 631 and an inspection section

632.

The designing apparatus 610 creates design infoimation with respect to the shape
of a structure and sends the created design information to the shaping apparatus
620. Further, the designing apparatus 610 causes the coordinate storage section
631 of the controller 630 to store the created design information. The design
information includes information indicating the coordinates of each position of

the structure.

The shaping apparatus 620 produces the structure based on the design information
inputted from the designing apparatus 610. The shaping process by the shaping
apparatus 620 includes such as casting, forging, cutting, and the like. The profile
measuring apparatus 200 measures the coordinates of the produced structure
(measuring object) and sends the information indicating the measured coordinates

(shape infoimation) to the controller 630.

The coordinate storage section 631 of the controller 630 stores the design
information. The inspection section 632 of the controller 630 reads out the design
information from the coordinate storage section 631. The inspection section 632
compares the information indicating the coordinates (shape infoimation) received

from the profile measuring apparatus 200 with the design information read out

12
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[0044]

[0045]

[0046]

from the coordinate storage section 631. Based on the comparison result, the
inspection section 632 determines whether or not the structure is shaped in
accordance with the design information. In other words, the inspection section
632 determines whether or not the produced structure isnondefective. When the
structure is not shaped in accordance with the design information, then the
inspection section 632 determines whether or not the structure isrepairable. If
repairable, then the inspection section 632 calculates the defective portions and
repairing amount based on the comparison result, and sends the information
indicating the defective portions and the information indicating the repairing

amount to the repairing apparatus 640.

Therepairing apparatus 640 performs processing of the defective portions of the
structure based on the information indicating the defective portions and the

information indicating the repairing amount received from the controller 630.

Fig. 11lis aflowchart showing aprocessing flow of the structure manufacturing
system 700. With respect to the structure manufacturing system 700, first, the
designing apparatus 610 creates design information with respect to the shape of a
structure (step SI01). Next, the shaping apparatus 620 produces the structure
based on the design information (step S102). Then, the profile measuring
apparatus 100 measures the produced structure to obtain the shape information
thereof (step S103). Then, the inspection section 632 of the controller 630
inspects whether or not the stmcture isproduced truly in accordance with the
design information by comparing the shape information obtained from the profile

measuring apparatus 200 with the design information (step SI04).

Then, the inspection portion 632 of the controller 630 determines whether or not
the produced structure is nondefective (step S105). When the inspection section
632 has determined the produced structure to be nondefective ("YES' at step
S105), then the structure manufacturing system 700 ends the process. On the
other hand, when the inspection section 632 has determined the produced

13
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[0047]

[0048]

[0049]

[0050]

structure to be defective ("NO" at step S105), then it determines whether or not
the produced structure is repairable (step S106).

When the inspection portion 632 has determined the produced structure to be
repairable ("YES" a step Sl 06), then the repair apparatus 640 carries out a
reprocessing process on the structure (step Sl 07), and the structure manufacturing
system 700 returns the process to step S103. When the inspection portion 632 has
determined the produced structure to be unrepairable ("NO" at step S106), then
the structure manufacturing system 700 ends the process. With that, the structure

manufacturing system 700 finishes the whole process shown by the flowchart of

Fig. 11.

With respect to the structure manufacturing system 700 of the embodiment,
because the profile measuring apparatus 200 in the embodiment can correctly
measure the coordinates of the structure, it is possible to determine whether or not
the produced structure is nondefective. Further, when the structure is defective,
the structure manufacturing system 700 can carry out areprocessing process on

the structure to repair the same.

Further, the repairing process carried out by the repairing apparatus 640 in the
embodiment may be replaced such asto let the shaping apparatus 620 carry out
the shaping process over again. In such a case, when the inspection section 632
of the controller 630 has determined the structure to be repairable, then the
shaping apparatus 620 carries out the shaping process (forging, cutting, and the
like) over again, In particular for example, the shaping apparatus 620 carries out
a cutting process on the portions of the structure which should have undergone
cutting but have not. By virtue of this, it becomes possible for the structure

manufacturing system 700 to produce the structure correctly.

In the above embodiment, the structure manufacturing system 700 includes the
profile measuring apparatus 200, the designing apparatus 610, the shaping
apparatus 620, the controller 630 (inspection apparatus), and the repairing

apparatus 640. However, present teaching is not limited to this configuration.
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For example, a structure manufacturing system in accordance with the present
teaching may include at least the shaping apparatus and the profile measuring

apparatus.

[0051] Thus, the present invention provides new and useful concepts for an apparatus,
optical assembly, method for inspection or measurement of an object and method
for manufacturing a structure. With the foregoing description in mind, the manner
in which those concepts (e.g. the optical assembly of the present embodiments)
can be implemented in vaiious types of laser radar systems, aswell as other types

of optical systems and methods, will be apparent to those in the art.
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TITLE: Apparatus, optical assembly, method for inspection or measurement of an
object and method for manufacturing a structure

INVENTOR(S): Eric Peter Goodwin, David Michael Williamson, Daniel Gene
Smith, Michel Pharand, Alexander Cooper, Alec Robertson, Brian L. Stamper

Related Application/Claim of Priority

This application isrelated to and claims priority from provisional application
serial number 61/455,768, filed October 25, 2010, which provisional application

isincorporated by reference herein.
Background

[0001J Laser radar is a versatile metrology system that offers non-contact and true single-
operator inspection of an object (often referred to as atarget). Laser radar
metrology provides object inspection that is particularly useful in acquiring high
quality object inspection data in numerous industries, such as aerospace,
aternative energy, antennae, satellites, oversized castings and other large-scale

applications.

[0002] Known concepts for Laser radar systems are disclosed in US Patents 4,733,609,
4,824,251, 4,830,486, 4,969,736, 5,114,226, 7,139,446, 7,925,134, and Japanese
Patent #2,664,399 which are incorporated by reference herein. The laser beam
from the laser radar system (referred to herein asthe "measurement beam”) is
controlled by the laser radar system optics, and isdirected from the laser radar
system and at the target. The laser beam directed from the laser radar system may
pass through a splitter which directs the laser beam along a measurement path and
a the target, and splits off aportion of the laser beam to aprocessing system that
isdisclosed in US Patents 4,733,609, 4,824,251, 4,830,486, 4,969,736,

5,114,226, 7,139,446, 7,925,134, and Japanese Patent #2,664,399, and forms no
part of the present invention . The laser beam directed along the measurement

path is reflected from or scattered by the target, and a portion of that reflected or
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scattered laser beam is received back at the laser radar system, where it is detected
and processed to provide information about the target. The detection and
processing of the reflected or scattered light is provided according to U S patents
4,733,609, 4,824,251, 4,830,486, 4,969,736, 5,114,226, 7,139,446, 7,925,134,
and Japanese Patent #2,664,399, which are incorporated by reference and form no
part of the present invention, The present invention isdirected at the optical
assembly by which apointing beam and measurement laser beam are transmitted

from the laser radar system,

An existing laser radar system has arelatively largerotating scanning (pointing)
mirror, that rotates relative to other parts of the laser radar system, and isused to
achieve beam pointing, This mirror causes system instability and polarization
issues. The existing system is also not achromatic, so the two wavelengths (e.g.
the pointing beam wavelength and the measurement beam wavelength) cannot be
focused on apart in space simultaneoudly. In addition, the existing system limits
the field of view of the camerathat is pointed in the same direction as the laser

radar.

Summary of the present invention

0004} The present invention has been made taking the circumstances as described above

[0005]

into consideration, an object of which isto provide an apparatus comprising an
optical assembly moveable as a unit as part of an apparatus, and configured to
direct ameasurement beam through an outlet of an optical assembly, an optical
assembly configured tofold a optical path of the measurement beam that is being

directed through the outlet of the optical assembly.

Another object of the present invention isto provide an optical assembly for
focusing abeam along aline of sight, comprising alens, a scanning reflector and a
fixed reflector that co-operate to focus a beam from alight source along aline of
sight that extends through the lens, where the lens, the scanning reflector and the

fixed reflector are oriented relative to each other such that abeam from the light
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[0007]

[0008]
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source isreflected by the scanning reflector to the fixed reflector, and reflected
light from the fixed reflector isreflected again by the scanning reflector and
directed along the line of sight through the lens, and wherein the scanning
reflector is moveable relative to the source, the lens and the fixed reflector, to

adjust the focus of the beam along the line of sight.

Another object of the present invention isto provide a rﬁethod for inspection or
measurement of an object, pointing a measurement beam at an object by using of
an optical assembly configured to direct a measurement beam through an outlet of
the optical assembly, the optical assembly configured to ibid the optical path of
the measurement beam that is being directed through an outlet of the optical

assembly

Still another object of the present invention isto provide a method for
manufacturing a structure, comprising: producing a structure based on design
information; obtaining shape information of structure by using of the apparatus;
obtaining shape information of a structure by arranging a produced structure;

comparing a obtained shape information with adesign information,

Additional features of the present invention will become apparent from the

following detailed description and the accompanying drawings.

Brief Description of the Drawings

[0009]

[0010]

[0011]

Figure 1lis aschematic illustration of alaser radar system, of a type that can

employ an optical assembly according to embodiment;

Figure 2 is afront view of apreferred type of laser radar system that can employ

an optical assembly according to embodiment;

Figures 3(A), 3(B) and 3(C) are examples of different versions of an optical

assembly according to first embodiment;
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[0015]

[0016]

[0017]

[0018]

[0019]

[0020]

[0021]
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Figure 4 shows the catadioptric portion of another example of an optical assembly

according to first embodiment;

Figure 5 illustrates certain performance capabilities of an optical assembly

according to first embodiment; and

Figure 6 illustrates additional performance capabilities of an optical assembly

according to first embodiment.

Figure 7ais aschematic illustration of one version of an optical assembly

according to second embodiment;

Figure 7b isafragmentary, schematic illustration of the optical assembly of Figure
7a, showing the reflection schema provided by the corner cube and the plane

mirror;

Figures 8a and 8b are schematic side and top illustrations of second version of an

optical assembly according to second embodiment;

Figure 8c isafragmentary, schematic illustration of the optical assembly of
Figures 8a and 8b, showing the reflection schema provided by the reflective roofs

of those elements; and

Figures 9-13 are schematic illustration of additional concepts of an optical

assembly according to second embodiment.
Figure 14 isablock diagram of a structure manufacturing system 700; and

Figure 15 isaflowchart showing aprocessing flow of the structure manufacturing

system 700,

Detailed Description
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[0023]

[0024]

[0025]

[0026]

Exhibit - A

Embodiments of the laser radar system 100 according to the present invention will
be explained below with reference to the drawings. However, the present

invention isnot limited thereto.

The present embodiments provides a compact optical assembly (sometimes
referred to as an Integrated Optical Assembly, or IOA), that isuseful in alaser

radar system, and is also useful in various other optical systems.

Inalaser radar system, the optical assembly is configured to move as a unit with
the laser radar system, asthe laser radar system is pointed at atarget, and
eliminates the need for alarge scanning (pointing) mirror that is moveable relative

to other parts of the laser radar system.

The optical assembly isdesigned to be compact, and to utilize arelatively ssimple
assembly of elements for directing and focusing a pointing beam and a

measurement beam at an outlet of the optical radar system.

Anoptical system according to afirst embodiment comprises catadioptric optical
optics that is moveable asaunit with the laser radar, and directs both a pointing
beam and ameasurement beam at atarget at which the laser radar system s
pointed, while eliminating the need for a scanning (pointing) mirror that is
moveable relative to other components of the laser radar to direct the pointing
beam. The pointing beam isproduced inavisible (e.g. red such as around 610 nm
to 750 nm) wavelength range, and the measurement beam is produced in a
different, predetermined wavelength range (e.g. infrared such asaround 0.7 pum to
10 um, or IR). The pointing and measurement beams are handled by the compact
optical assembly of the present embodiment which moves as aunit with the laser
radar system, to direct the pointing and measurement beams from the laser radar
system (and at the target), in amanner that avoids use of a scanning (pointing)

mirror that is moveable relative to other components of the laser radar.

20



WO 2013/093633 PCT/1IB2012/003023

Exhibit- A

[0027] The optical assembly includes catadioptric optics that include a concave mirror

[0028]

[0029]

that provides most of the optical power, and allows easier achromatization
between the two required wavelengths. The concave mirror folds the optical path
onto itself, reducing the overall size of the optical assembly substantialy. The
size of the optical assembly is designed to be small enough to allow acamerato
be located on the moving part of the laser radar system, and eliminates parallax
effects by use of areflective window or cold mirror that allows the camera optical
axis to be collinear with the axis of the measurement beam. The concave mirror
helps achromatize the system, while aso folding the optical path to create a
compact optical system which allows the entire optical assembly to berotated as a
unit with the laser radar system for scanning, eliminating the expensive and

troublesome rotating (pointing) mirror of the existing system.

Basicaly, the first embodiment comprises an optical assembly moveable as a unit
aspart of alaser radar system, and configured to direct apointing beam and a
measurement beam through an outlet of the laser radar system. The optical
assembly includes catadioptric optics configured to fold the optical path of the
pointing beam and measurement beam that is being directed through the outiet of

the laser radar system, to compress the size of the optical assembly.

The first embodiment can be implemented in various ways, For example, the
optical assembly includes awindow with atransmissive portion through which
the pointing beam and measurement beam are directed to the outlet of the laser
radar system. A relay system directs the pointing beam and measurement beam
from an optical fiber to areflective area of the window, and the catadioptric optics
receive and reflect the pointing beam and measurement beam from the reflective
area of the window back through atransmissive portion the window, to fold the
optical path of the pointing beam and measurement beam that is being directed
through the outlet of the laser radar system, to compress the size of the optical
assembly. The concave mirror folds the optical path onto itself. In other words,

part of the optical path overlaps. Asfor the optical path for the measurement beam,
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the optical path between concave mirror and reflective area of the window
overlaps. In other words, optical assembly has more than two derections of alight

from light source.

In one specific version of this implemehtation, the optical assembly includes at
least one moveable optic to vary focus of the pointing beam and the measurement
beam that is reflected by the catadioptric optics and directed back through the
transmissive portion of the window. In another specific version, the focus of the
pointing beam and measurement beam that isreflected by the catadioptric optics
and directed back through the transmissive portion of the window is changed by
moving aplurality of optics, the plurality of optics characterized by low optical

power but alarge amount of spherical aberration.

In another implementation of the first embodiment the window comprises a cold
mirror that transmits light in apredetermined wavelength range that includes the
wavelength range of each of the pointing and measurement beams, and an optical
fiber that transmits the pointing beam and the measurement beams islocated at a
central location of the cold mirror. The catadioptric optics receive the pointing
beam and the measurement beam from the optical fiber and reflect the pointing
beam and the measurement beam back through the cold mirror, where it is
directed to the outlet of the laser radar system. The camera 140 isplaced such
that it accepts light reflected by the coating on cold mirror 122, allowing the line
of site of the camera to be collinear with the axis of the measurement and pointing
beams. The cold mirror 122 alows the camera optical axis to be collinear with the

axis of the measurement beam.

In one specific version of this implementation, the optical assembly includes at
least one moveable optic to vary focus of the pointing beam and the measurement
beam that is reflected by the catadioptric optics and directed back through the cold
mirror. In another specific version, the focus of the pointing beam and
measurement beam that isreflected by the catadioptric optics and directed back
through the cold mirror is changed by moving aplurality of optics, the pluraity of
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optics characterized by low optical power but a large amount of spherical

aberration.

According to abasic aspect of a second embodiment of the present invention, the
optical assembly is configured to direct apointing beam and ameasurement beam
along aline of sight and through an outlet of the laser radar system. The optical
assembly comprises alight source, alens, a scanning reflector and afixed
reflector that co-operate to focus the pointing and measurement beams from the
light source along aline of sight that extends through the lens. The light source,
the lens, the scanning reflector and the fixed reflector are oriented relative to each
other such that the pointing and measurement beams from the light source are
reflected by the scanning reflector to the fixed reflector, and reflected pointing and
measurement beams from the fixed reflector are reflected again by the scanning
reflector and directed along the line of sight through the lens, and the scanning
reflector is moveable relative to the source, the lens and the fixed reflector, to

adjust the focus of the pointing and measurement beams along the line of sight.

[0034] According to apreferred version of the second embodiment, the scanning reflector

[0035]

comprises aretroreflector, “and the fixed reflector comprises aplane mirror. The
source, the lens and the plane mirror are al in fixed locations relative to a support
structure for the optical assembly, and the retroreflector is moveable relative to
those fixed locations, to vary the focus of the pointing and measurement beams

along the line of sight.

The following detailed description also provides several versions of the optical
assembly of the second embodiment. In one version, the retroreflector comprises
acorner cube that has at least three reflective surfaces that are oriented so that (i)
the pointing and measurement beams from the source are reilected through the
corner cubeto aplane mirror, (ii) the pointing and measurement beams reflected
from the pl ahe mirror are again reflected through the comer cube, and (iii)
movement of the corner cube in at least one predetermined direction adjusts the

focus of the pointing and measurement beams along the line of sight, in a manner

23



WO 2013/093633 PCT/1B2012/003023

[0036]

[0037]

[0038]

[0039]

[0040]

Exhibit - A

that is substantially unaffected by movement of the corner cube in directions

transverse to the predetermined direction or by rotations of the corner cube

relative to the predetermined direction.

In another version of an optical assembly according to the second embodiment,
the scanning reflector comprises a reflective roof that provides two reflections of
the pointing and measurement beams, and the fixed reflector comprises a
reflective roof that also provides two reflections of the pointing and measurement
beams, where the nodal lines of both reflective roofs are in a predetermined

orientation relative to each other.

The following detailed description also provides concepts for configuring and
orienting the components of the optical assembly (e.g. for the second
embodiment). Those concepts are designed, e.g. to reduce the weight of the
optical assembly, and improve the performance of the optical assembly, while

keeping the optical assembly as compact as possible.

In one concept, the pointing and measurement beams reflected by the scanning
reflector and directed along the line of sight through the lens, are reflected by a
fold mirror that folds the line of sight of the pointing and measurement beams
directed through the lens. The source comprises an optical fiber supported by the

fold mirror,

In another concept, the lens, the beam source and the plane mirror are supported
in amanner such that they can move asaunit relative to the retroreflector, and

wherein the line of sight moves with the unit.

In still another concept, the pointing and measurement beams reflected by the
scanning reflector and directed along the line of sight through the lens are
reflected by apolarization beam splitter that folds the line of sight of the pointing
and measurement beams directed through the lens, and wherein the source

comprises an optical fiber in apredetermined location relative to the polarization
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beam splitter that folds the line of sight of the pointing and measurement beams

directed through the lens.

[6041] In yet another concept, the source comprises an optical fiber supported by a

monolithic member that has a portion that functions as the plane mirror and
another portion that folds the line of sight of the pointing and measurement beams
reflected by the scanning reflector and directed along the line of sight through the

lens.

[0042] In still another concept, the source comprises an optical fiber supported by a

transmissive member that also supportsthe plane mirror.

First Embodiment

[0043] Asdescribed above, the present invention provides an optical assembly that is

[0044]

moveable as a unit with alaser radar system, and is configured to transmit a
pointing beam and a measurement beam from the laser radar system, where they
can be directed at a target at which the laser radar system ispointed. The present
invention is described herein in connection with alaser radar system of the type
described in US patents 4,733,609, 4,824,251, 4,830,486, 4,969,736, 5,1 14,226,
7,139,446, 7,925,134, and Japanese Patent #2,664,399, which are incorporated
herein by reference, and from that description, the manner inwhich the present
invention can be implemented with various types of laser radar systems will be

apparent to those in the art.

Figures 1and 2 show alaser radar system that includes all of the embodiments
disclosed in this application. AsshowninFigures 1and 2, alaser radar system
100 produces a point beam in avisible (e.g. red) wavelength range, and a
measurement beam in a different (e.g. infrared, IR) wavelength range, and directs
(transmits) the pointing and measurement beams to an outlet 120 of the laser radar
system. The pointing beam isused to identify apoint on atarget 106 at which the

measurement beam isdirected. The laser source of the pointing beam and the
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measurement beam isdifferent. A control unit can control alaser radar system
100. In this embodiment, the laser radar system 100 has acontrol unit. However a

separate system coupled with the laser radar system 100 may have the control unit.

j0045] The measurement beam may pass through a splitter 102 which directs the
measurement beam (and the pointing beam) along a measurement path 104 and at
the target 106, and sends a portion of the measurement beam through a circuit 108
where that portion of the laser beam is processed in a manner described in US
patents 4,733,609, 4,824,251, 4,830,486, 4,969,736, 5,1 14,226, 7,139,446,
7,925,134, and Japanese Patent #2,664,399. In Figure 1, that splitter isthe bottom
splitter identified by 102. The measurment beam directed along the measurement
path 104 is reflected from the target 106 and a portion of that reflected or scattered
measurement beam isreceived back at the laser radar system 100, where it is
directed to a detector by the top splitter shown in Figure 1, detected and processed
to provide information about the target 106. The detection and processing of the
reflected or scattered radiation from the measurement beam is provided in abase
110 of the laser radar system 100, and is configured to detect and process the
reflected radiation according to US patents 4,733,609, 4,824,251, 4,830,486,
4,969,736, 5,114,226, 7,139,446, 7,925,134, and Japanese Patent #2,664,399,
which are incorporated by reference and form no part of the present embodiments.
Briefly, optical heterodyne detection provides asource light beam which is
directed to atarget 106 and reflected therefrom. The return light beam isthen
mixed with alocal oscillator light beam on a photo detector to provide optical
interference patterns which may be processed to provide detailed information
about the target 106. Optical heterodyne techniques take advantage of the source
and reflected light beam reciprocity. For example, these light beams are
substantially the same wavelength and are directed over the same optical axis,
Measurement path 104 and target path 104 is same. This provides an improved
signal-to-noise ratio (SNR) and heightened sensitivity. The SNR is sufficiently
high so that a small receiving aperture may be used, in contrast to known direct

detection systems. A small receiver aperture may be envisioned as avery small
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lens capable of being inserted into limited access areas. Since asmall receiver
aperture can still provide detailed information about the target, the optical
components of a coherent system may be made very small and provide related
increases in scanning speed and accuracy. For example a coherent optical system
using aone-half inch aperture can obtain more information about atarget than a
four inch aperture used in adirect optical detection system. The present invention
isdirected at the optical assembly by which the pointing beam and measurement

beam are transmitted to the outlet 120 of the laser radar system,

Inaknown laser radar system, a moveable mirror isprovided for directing the
point beam at atarget, The moveable mirror is separate from the optics that
transmit the measurement beam, and requires arelatively large laser radar housing
to accommodate both the moveable mirror and the laser radar optics. The present
invention isrelatively compact, because both the measurement beam and pointing
beam are produced by arelatively compact optical assembly that can move asa
unit with the laser radar system 100. Moreover, the optical assembly of the
present invention is designed to berelatively stable in performing its beam
transmission/reception functions. An electronic motor is provided for moving the
optical assembly. Inthis embodiment, The optical assembly ismovable for two
axis relative to different direction. The two axis is located with YX plane and XY
plane as showin Figure 2. The two axis are the Z axis and X axis. The encoder is
provided for monitoring the position of the optical assembly. The control unit can

control power of the electronic motor by the position of the optical assembly.

Asshown in Figure 2, the laser radar system 100 includes ahousing (e.g. a
rotatable cylinder 112) in which the optical assembly islocated and secured, so
that the optical assembly moves as a unit with the cylinder 1 12 relative to the base
110 of the laser radar system. The laser radar system includes an outlet 120 in the
housing I 12, and through which radiation (e.g. in the two wavelengths of the
pointing and measurement beams) is directed from the laser radar system. The

base 110 contains the processing features of the laser radar system, that are
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disclosed in US patents 4,733,609, 4,824,251, 4,830,486, 4,969,736, 5,114,226,
7,139,446, 7,925,134, and Japanese Patent #2,664,399.

The basic features of an optical assembly 114 of afirst embodiment of the present
embodiments can be appreciated from Figures 3(A) through 3(C), In Figure 3(A),
the optical assembly 114 includes an optical fiber (represented by fiber tip 116)
through which apointing beam and measurement beam are transmitted, arelay
system 124 that directs the pointing and measurement beams from the optical
fiber 116 to a small reflective area 126 of awindow 122 (also referred to asafold
mirror in the embodiments of Figures 3(A) through 3(C)), and catadioptric optics
128 that receive and reflect the pointing and measurement beams from the
reflective area 126 of the window 122 back through the window 122, whereit is
directed through the outlet 120 of the housing 112. The window 122 has a small
silvered area on one side that forms the reflective area 126, and a coating on its
other side that allows radiation in the red and infra red range to be transmitted
through the window and to the output aperture 120. The camera 140 is placed
such that it accepts light reflected by the coating on window 122, allowing the line
of site of the camera to be collinear with the axis of the measurement and pointing
beams. It should be noted that while the location and orientation of camera 140
isshown in Figure 3(A), the camera 140 could be similarly located and oriented
relative to the window 122 in the versions of the first embodiments shown in

Figures 3(B), 3(C) and 4,

In addition, the optical assembly 114 is configured to receive at least some
radiation that isreflected or scattered from the target 106, and directs that
radiation back through the fiber 116, The fiber 116 can have afiber beam
combiner that combines apointing beam inthe visable (e.g. red) wavelength
range with the measurement beam in the different, e.g. infra red (IR) wavelength
range. The pointing beam and measurment beams are generated from separate
sources, and are combined by afiber beam combiner located inside the base 110

in amanner well known to those in the art.

28



WO 2013/093633 PCT/IB2012/003023

[0050]

[0051]

Exhibit - A

The laser radar system 100 of this embodiment has the pointing beam and
measurement beam. However the laser radar system 100 may have the
measurement beam without the pointing beam. For example, the measurement
beam isin the visible. Therefore, in this case, the measurement beam can aso be
the pointing beam. The laser radar system 100 of this embodiment has the
different wavelength region between the pointing beam and measurement beam.
However the laser radar system 100 may have the same wavelength region such as

the visible region.

In Figue 3(A), the optical assembly 114 includes the relay system 124 that directs
the pointing and measurement beams from the optical fiber 116 to the small
reflective area 126 of the window 122, and catadioptric optics 128 that receive
and reflect the pointing and measurement beams from the reflective area 126 of
the window 122 back through the transmissive portion of the window 122, where
it is directed through the outlet 120 of the housing. The catadioptic optics 128
include a spherical mirror 130 from which radiation (i.e. from the pointing and
measurement beams) isreflected and one or more optics through which the
radiation isdirected. In the embodiment of figure 3(A), the optical assembly
includes at least one moveable optic 132 to vary focus of the radiation that is
reflected from Athe spherical mirror 130 and back through the window 122. The
optic 132 may bebi concave, or may be piano concave, with at least one concave
portion 134 facing the fold mirror 122, The moveable optic 132 is configured to
focus the radiation reflected from the spherical mirror 130 at the target, and is also
configured for reducing stray radiation reflected by transmissive lens surfaces
(ghost images) from being directed back through the fiber 116. Specificaly, the
concave portion 134 of the optic 132 has acenter of curvature that isfar from the
fiber conjugate, to reduce the likelihood of stray radiation reflected by lens
surfaces being directed back through the fiber. Also, alens 135that isfixedin
relation to the optical assembly corrects for spherical aberration, allowing for a
diffraction limited focused spot at the target. The spherical mirror folds the optical
path onto itself. In other words, part of the optical path overlaps. Asfor the optica
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path for the measurement beam, the optical path between concave mirror and
reflective area 126 overlaps. In oherwords the travel direction of light from light
source changes in the optical assembly. The direction from reflective area 126 to
concave mirror is different from the direction from concave mirror to reflective
area 126. In another specific version of the first embodiment, shown in Figures
3B and 3C, the optical assembly includes a set 136 of optics that that can move as
agroup relative to the spherical mirror 130 and the window 122. Inthe
embodiment of Figures 3B and 3C, the focus of the pointing beam and
measurement beam that is reflected by the catadioptric optics and directed back
through the window 122 is changed by moving the set 136 of optics, which are
characterized by low optical power but alarge amount of spherical aberration.
Thus, in the example of Figure 3B, the set of optics 136 are relatively close to the
window 122 to provide focus at a short distance (e.g. about I meter), and in
Figure 3C the set of optics 136 are relatively close to the spherical mirror 130to
provide focus at arelatiVer longer distance (e.g. about 60 meters). The position
of the moving group 136 is continuously variable between these two extremes,
allowing the measurement beam and pointing beam to befocused at any distance

between, for example, 1and 60 meters from the laser radar optical assembly.

In yet another specific version of the first embodiment, the catadioptric portion of
which is shown in Figure 4, window 122 comprises what is known as a"cold
mirror" because it transmits radiation the visible red and IR wavelength ranges of
the pointing and measurement beams, and reflects radiation at shorter
wavelengths. The optical fiber 116 islocated at ahole 137 in a central location of
the cold mirror 122, and the catadioptric optics receive the radiation of the
pointing and measurement beams from the optical fiber 116 and reflect the
radiation back through the cold mirror 122 and to the outlet 120 of the laser radar
housing 112, in the manner described in connection with Figures 3A, 3B and 3C.
That version of the first embodiment can also include the one bi concave or piano
concave optic (e.g. asshown at 132 in Figure 3A) to vary focus of the radiation

that is reflected back through the cold mirror (and which has a concave surface
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134 with a center of curvature that isfar from the fiber conjugate, to reduce stray
radiation reflected from the lens surfaces (ghost images) from being directed back
through the fiber). Alternatively, that version of the first embodiment can include
aplurality of moving optics (e.g. as shown at 136 in Figures 3B and 3C) that are
configured such that the focus of the pointing beam and measurement beam that is
reflected by the catadioptric optics and directed back through the cold mirror 122
is changed by moving the set 136 of optics, which are characterized by [ow optical

power but alarge amount of spherical aberration.

Figure 5 shows an example of the performance of an optical assembly according
to the first embodiment of the present embodiments. In the example of Figure 5,
performance is shown at 1, 2, 5, 24, and 60 meters (for the IR light), where the red
light iswell focused for al positions. Figure 5 (and exhibit A) show spot
diagrams that indicate the level of performance of the optical system, which
should be familiar to those inthe art. The solid circles in figure 5 (and exhibit A)
indicate the diffraction limit as defined by the wavelength and aperture of the laser
radar optical system. The diffraction limit represents the best possible
performance for this optical system, asiswell understood by those in the art. The
three plots for each target distance of 1, 2, 5, 24 and 60 meters show the
performance as the fiber moves off-axis relative to the catadioptric optical system
128 and/or relay system 124. Thethree plots for each target distance are for an
off-axis distance of 0 mm for the top left, 0,3 mm for the top right and 0.5 mm for
the bottom middle. The '+ marks indicate the focused locations of the different
rays, if al of these marks arewithin or close to the circle defining the diffraction
limit, then the performance of the lensis diffraction limited, asis well understood

by those in the art.

An important aspect of the laser radar's ability to measure the position of the
target in three dimensions isthe ability to resolve the spot location in a plane
perpendicular to the pointing (optical) axis of the laser radar. This isdone by

accurately measuring the two pointing angles for the steering assembly that points
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the entire optical assembly. However, in certain situations, the spatial resolution
of the target location in the plane perpendicular to the pointing axis can be limited
by the size of the spot imaged by the optical assembly at the target. In other
words, the smaller the imaged spot of light at the target, the better the position of
the target can be determined in three dimensions. So the performance illustrated
in Figure 5 shows that the typical performance achieved using the type of system
described in this document can be diffraction limited, aswill be clear to those in

the art.

In addition, the size of the imaged spot determines how much light can be
collected by the optical assembly. If more light isfocused onto the target, more
light isreflected or scattered by the target and an appropriate fraction of that
reflected or scattered light is collected by the optical assembly and focused back to
the fiber 116, allowing an accurate measurement of the distance between the laser
radar and the target. In other words, a smaller spot alows more measurement

light to return to the optical assembly and a more accurate distance measurement
to be made, using the techniques described by US patents 4,733,609, 4,824,251,
4,830,486, 4,969,736, 5,114,226, 7,139,446, 7,925,134, and Japanese Patent
#2,664,399, which are incorporated by reference herein.

Figure 6 shows an example of the focus location of the measui‘ement and pointing
beams as a function of the axial position of the moving group 136, with an optical
assembly according to the present embodiments. The plot shown in Figure 6
shows the moving group position specifically for the configuration shown in
Figures 3B and 3C, and demonstrates that to go from 1 meter to 60 metersin
distance (from the laser radar housing 112 to the target) requires approximately 47

mm of movement of the moveable group of optics 136.

Aswill be appreciated by those in the art, the optical assembly 114 of the first
embodiment is compact and rigid, and uses the concave mirror 130 for much of
the optical power. Also, the concave mirror 130 produces no chromatic

aberration. In the embodiments of Figures 3A-3C, the window 122 has the small
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silvered region 126 added to one side of the window (creating a small
obscuration). The other side of the window 122, would have awavelength
selective coating that transmits light in the predetermined (e.g. visible red, IR)
wavelength ranges, and reflects light inthe visible part of the spectrum, except for
the wavelength used for the visible pointing beam. This allows the camera 140 to
use that remaining visible light to view the scene being measured by the laser

radar system.

[0058] Also, it should be noted that the primary mirror 130 is concave, and in the

[0059]

[0060]

[0061]

preferred embodiment, itisspherical. The primary mirror 130 can help
achromatize the optical assembly. Focusing can be accomplished by the bi
concave or piano concave moving lens 132 in the embodiment of Figure 3(A).
Focusing can also be accomplished by moving the lens group 136 (Figures 3B,
3C) between the primary mirror 130 and the cold mirror 122.

Thus, the catadioptric optical assembly of the first embodiment, provides a
compact optical assembly, designed to (i) remove the need for a moving mirror
(removing problematic doppler effects), (ii) get the two wavelengths (red and IR)
in focus simultaneously. The moveable lens 132, or lens group 136, located
between the concave mirror 130 and the window (or cold mirror) 122 achieve

focusing, with the components described and shown herein.

Moreover, the optical assembly isdesigned to provide a continuous focus range
from 1 meter to 60 meters, from the window (or cold mirror) 122. The
obscuration on the back surface of the window (or cold mirror) isquite small, and
the chromatic aberration introduced by the relay 124 iscorrected by the
catadioptric optics.

Thus, the first embodiment provides a compact optical assembly that is useful in a
laser radar system because it eliminatse the need for a large scanning (pointing)
mirror that is moveable relative to other parts of the laser radar system. In

addition, the compact optical assembly of the first embodiment has acatadioptric
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configuration with a concave mirror that provides most of the optical power, and
allows easier achromatization between the two required wavelengths of the
pointing and measurement beams. The concave mirror folds the optical path onto
itself, reducing the overall size substantially. The size of the system should be
small enough to allow the camera 140 (Figures 2, 3A) to be located on the moving
part of the laser radar system, eliminating parallax effects by use of areflective
window or cold mirror that allows the camera optical axis to be coUinear with the
axis of the measurement beam. Since the window (or cold mirror) 122 isthe last
optical element before the light is projected to the target, this new optical
assembly allows awide field-of-view camera 140 to be used that can point in the
same direction and along the same axis as the laser radar by configuring the
camerads view to be reflected off of the window (or cold mirror) 122. The
obscuration is small and won't cause significant increases in the size of the spot

produced at the target during laser radar operation.

Accordingly, asseen from the foregoing description, the present embodiments
provides a compact optical assembly for a laser radar system, comprising
catadioptric optics that moves as a unit with the laser radar system and transmits
pointing and measurement beams to the outlet of the laser radar system, while
eliminating the need for a scanning (pointing) mirror that is moveable relative to
other components of the laser radar system. With the foregoing description in
mind, the manner in which the optical assembly of the present embodiments can

be implemented in various types of laser radar systems will be apparent to those in

the art.

Secound Embodiment

[0063) The second embodiment of the present invention would have alaser radar system

100 that is configured and operates in accordance with the general principles
described above in connection with Figures 1and 2. Certain basic features of an
optical assembly 114 according to a second embodiment of the present
embodiments can be appreciated from Figures 7aand 7b. The optical assembly
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of Figure 7acomprises alight source represented by afiber 130 through which a
pointing beam and a measurement beam are directed, alens 132, a scanning
reflector 134 and afixed reflector that in Figure 7a comprises aplane mirror 136.
Those components co-operate to direct and focus the pointing and measurement
beams from the fiber 130 along aline of sight 138 that preferably coincides with
the optical axis of the optical assembly and extends through the lens 132. The
fiber 130, the lens 132, the scanning reflector 134 and the plane mirror are
oriented relative to each other such that the pointing and measurement beams
from the fiber 130 are reflected by the scanning reflector 134 to the plane mirror
136, and reflected pointing and measurement beams from the plane mirror 136 are
reflected again by the scanning reflector 134 and directed along the line of sight
138 through the lens 132. The pointing and measurement beams are then directed

from the laser radar system and & the target 106.

In the embodiment of Figure 7a, the scanning reflector 134 comprises a
retroreilector that is preferably acorner cube that trandates (e.g. in the z direction)
relative to the fiber 130, the lens 132 and the plane mirror 136 which are all fixed
to the support structure of the optical assembly. Movement (or translation) of the
corner cube 134 adjusts the focus of the pointing and measurement beams along
the line of sight 138 by the changing the distance the measurement beam travels
between the fiber and the lens. The corner cube 134 has at least three reflective
surfaces that are oriented so that (i) the pointing and measurement beams from the
source are reflected through the corner cube 134 to the plane mirror 136, (ii) the
pointing and measurement beams reflected from the plane mirror 136 are again
reflected through the corner cube 134, and (iii) movement of the corner cubein a
least one predetermined direction (e.g. the z direction in Figure 7a) adjusts the
focus of the pointing and measurement beams along the line of sight 138, ina
manner that is substantially unaffected by movement of the corner cube in
directions transverse to the predetermined direction or by rotations of the corner
cube relative to the predetermined direction. Figure 7b is afragmentary,

schematic illustration of the optical assembly of Figure 7a, showing the reflection
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schema provided by the corner cube 134 and the plane mirror 136, that makes the
reflection of the pointing and measurement beams unaffected by movement of the
corner cube 134 in directions transverse to the z direction or by rotation of the

corner cube relative to the z direction.

The fiber 132 isassociated with afiber beam combiner that combines a pointing
beam inthe visable (e.g. red) wavelength range with the measurement beam in the
different, e.g. infra red (IR) wavelength range. The pointing beam and
measurment beams are generated from separate sources, and are combined by the
fiber beam combiner (that islocated inside the base 1 10) in a manner well known
to those inthe art. The combined pointing and measurement beams are directed
from the fiber 130 and focused along the line of sight 138 in the manner described

herein.

Thus, with the version of the second embodiment shown in Figure 7aand 7b, the
pointing and measurement beams are directed along the line of sight 138, and the
focus of the pointing and measurement beams along the line of sight is adjusted
by trandation of a single element (i.e. the corner cube 134) and in away that is
insensitive to (i.e. unaffected by) movement of the corner cube in directions
transverse to the z direction or by rotation of the corner cube relative tothe z
direction. Also, the optical assembly of Figures 7aand 7b is extremely compact,
and made up of relatively few elements. For agiven configuration, the corner
cube 134 can adjust the focus of the pointing and measurement beams by
translation over adistance of not more than about 22 mm relative to the fixed
components (fiber, plane mirror and lens), which contributes to the compactness

of the optical assembly.

With the version of the second embodiment of figure 7a and 7b, the pointing and
measurement beams are directed along the line of sight and to the outlet 120 of
the laser radar system. The pointing and measurement beams direct the
measurement beam from the lasar radar system and to a spot on the target 106,

where the radiation isreflected and/or scattered by the target. In accordance with
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the principles of alaser radar system, the optical assembly {14 will receive at
least some radiation that is reflected or scattered from the target 106, and that
radiation will be directed back through the fiber 130, in amanner that will be

apparent to those in the art.

The size of the imaged spot of the measurement beam on the target 106
determines how much light can be collected by the optical assembly. If more light
isfocused onto the target, more light is reflected or scattered by the target and an
appropriate fraction of that reflected or scattered light is collected by the optical
assembly and focused back to the fiber 130, alowing an accurate measurement of
the distance between the laser radar and the target. In other words, a smaller spot
allows more measurement light to return to the optical assembly and amore
accurate distance measurement to be made, using the techniques described by US
patents 4,733,609, 4,824,251, 4,830,486, 4,969,736, 5,114,226, 7,139,446,
7,925,134, and Japanese Patent #2,664,399, which are incorporated by reference

herein.

In the optical assembly of the version of the second embodiment shown in Figures
7aand 7b, the provision of the plane mirror 136 which isfixed in relation to the
corner cube 134 sends the first pass beam that |eaves the corner cube back through
the corner cube, while the system remains insensitive to tip/tilt of the translating
corner cube relative to the z direction. The lateral trangdlation of the corner cube
134 in the z direction still causes a shift on the first pass, but the plane mirror 136
reverses the beam back through the corner cube, where it picks up an equal and
opposite shift, cancelling it out. On each pass through the comer cube, the
retroreflective properties of the corner cube insure that the output beam is parallel
to the input beam, regardless of the orientation of the corner cube, i.e. tip, tilt or
roll. Thus, the system in Figure 7aistherefore nominally insensitive to tip/tilt and
x/y motions of the corner cube. Figure 7b shows how the fixed plane mirror 136

makes the system insensitive to x/y motions of the corner cube.
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In addition, since the laser radar system uses two wavelengths, and the system is
sensitive to backreflections, the corner cube 134 could also be a set of three
mirrors (an air-comer cube), rather than a solid glasstraditional corner cube
Then, each beam isincident on afirst surface mirror. Therefore, there are no
surfaces that can create a ghost image that can contribute the noise floor for the
distance measuring component of the laser radar, other than the 2" lens for

providing the optical power.

Since the corner cube 134 istraversed by the beam twice and isreflected, the
optical path between the fiber 130, and the lens 132 is four times the motion of the
corner cube; a 1 mm motion of the corner cube changes the distance between the
fiber.and lens by 4 mm. Based on the known NA of the fiber of about 0.1, it can
be seen that the ideal focal length for the fixed lens 132 isabout 250 mm, based
on an output aperture of 50 mm. Based on the Newtonian equations for
object/image relationships, the total focus range required is about 88 mm between
the near (1 meter) and far (60 meter) focus positions. This translates to a corner
cube trandation of 88/4 = ~22 mm Therefore, the only lens required isthe 2"
diameter objective lens 132.

The other big advantage of this optical assembly is that because the optical path
138 isfolded through the corner cube 134 twice, the 250 mm to (88+250)= 338
mm is fit into avery compact volume. The long focal length means the aberration
requirements on the lens 132 are also relaxed relative to a shorter, unfolded

system.

[0073} A mgjor difference between this system and the systems where a transmissive

optic(s) is (are) trandated is that since the fiber is the z position reference, motion
of the focusing element (the corner cube 134) changes the z position between the
fiber 130 and the last lens element. Therefore, the system must know the position
of the corner cube accurately enough to make a simple correction for this motion.
A current system parameter has an axial position measurement accuracy of 5um +

t.25ppm/meter, or aminimum of 6.25 um a 1meter focus. This means the stage
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position must be measured to 6.25/4 = 1.56 um, worst case. At far focus (60 m),
the stage must only be known to 80/4 = 20 umn. Given all the advantages of this

system, this seems to be asmall tradeoff.

With the system of Figure 7a, the input fiber 130isright inthe middle of the
diverging output beam. If the system was built like figure 7a, the structure for
holding the fiber 130 would block light, and some of the light would be incident
directly back on the fiber, potentially introducing a noise floor. The alternative

system shown in Figures 8a, 8b and 8c provides away of addressing this issue.

The optical assembly 114athat is shown in Figures 8a, 8b and 8c provides a
second version of the second embodiment, and includes a fiber 130athat provides
a source of the pointing and measurement beams, alens 132a, a scanning reflector
134aand afixed reflector 136a. The scanning reflector 134acomprises a
reflective roof that provides two reflections of the pointing and measurement
beams, and the fixed reflector 136a comprises a reflective roof that also provides
two reflections of the pointing and measurement beams. Also, the nodal lines
140, 142 of the reflective roofs 134a and 136a, respectively, arein a

predetermined orientation relative to each other.

Theversion of the present invention shown in Figures 8a, 8b and 8c, functions in
amanner that isgenerally similar to that of the version of Figures 7aand 7b. The
reflective roof 134ahas apair of reflective surfacesthat are oriented so that (i) the
pointing and measurement beams from the source are reflected through the
reflective roof 134ato the fixed reflective roof 136a, and the pointing and
measurement beams reflected from the fixed reflective roof 136aare again
reflected through the reflective roof }34a, and (ii) movement of the reflective roof
134ain at least one predetermined direction (e.g. the z direction in Figure 8a)
adjusts the focus of the pointing and measurement beams along the line of sight
138a Figure 8c isafragmentary, schematic illustration of the optical assembly of
Figures 8a and 8b, showing the reflection schema provided by the reflective roof

134aand the fixed reflective roof 136a. Thus, the pointing and measurement
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beams are directed aong the line of sight 138a, and the focus of the pointing and
measurement beams along the line of sight is adjusted by trandlation of a single
element (the reflective roof 134a) in the z direction relative to the fixed reflective
roof 136a, the lens 132a, and the fiber 130a, The optical assembly of Figures 8a,
8b and 8c isextremely compact, and made up of relatively few elements, Aswith
the previous version, the reflective roof 134a can adjust the focus of the pointing
and measurement beams by translation over a distance of not more than 22 mm
relative to the fixed components (fiber 130a, fixed reflective roof 136aand lens

132a), which contributes to the compactness of the optical assembly 1 14a

[0077] The optical assembly of Figures 8a, 8b and 8c addresses the issue of the input
fiber being right in the middle of the diverging output beam, so that the structure
for holding the fiber would block light, and some of the light would be incident
directly back on the fiber, causing alarge noise floor. Specifically, instead of
tranglating a corner cube and using afixed mirror, the optical assembly is broken
into the two reflective roofs 134a, 136a. Thereflective roof 134atranslates in
place of the corner cube, and reflective roof 136aisfixed and rotated 90° about
the optical axis relative to the trandating reflective roof 134a. This optical
assembly achieves the same advantages asthe system in figure 7a with one major
additional advantage and one disadvantage. The pointing and measurement
beams from the input fiber 130 go to the moving reflective roof 134a, and are
translated down by reflective roof 134a. The pointing and measurement beams
then goto the fixed reflective roof 136a, which shifts those beams into the page.
Then the beams go back through reflective roof 134a and come out expanded but
paralel to the input fiber 130a. However, thanks to the fixed roof 136a, the
beams are translated relative to the fiber 130 in the -y direction of Figures 8a and
8b. Therefore, there isno obscuration or backreflection issue. The disadvantage,
however, isthat if the translating roof rotates about the z-axis, these ideal

characteristics no longer hold exactly true.
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If reflective roof 134arotates about y while trandlating, it acts like aroof and
doesn't change the angle. If it rotates about x, then reflective roof 134aactslike a
plane mirror but fixed reflective roof 136aremoves this angle change because
fixed reflective roof 136aisrotated about the z-axis by 90 degrees. If reflective
roof 134a shifts in x, it does shift the beam, but then fixed reflective roof 136a
acts like amirror (asin the system of figure 7a) and the second pass through
reflective roof 134a corrects the shift. Finally, if reflective roof 134a shiftsiny, it

islike aplane mirror, so thereisno change for the beam.

A series of first surface mirrors (in the form of two roof prisms forming the
reflective roofs 134a, 1364) isused to change the axia distance between the fiber
130a and the fixed lens 132a. This system isnominally insensitive to tip/tilt and
xfy shift of the moving element (the reflective roof 134a). The output beam from
the two roof system is shifted relative to the input fiber 130a, so there is no
obscuration or back reflection issue. In addition, since all the surfaces are first
surface mirrors, there are no interfaces that can create ghost reflections. The
folded nature of the beam path makes it very compact, allowing for stable
mechanics. The long focal length of the system means the fixed reflective roof

136acan likely be an off-the-shelf color corrected doublet.

Figures 9-13 schematically illustrate various concepts for configuring and

orienting the components of the optical assembly of the second embodiment.

For example, as shown in Figure 9, the pointing and measurement beams
reflected by the scanning reflector 134 and directed along the line of sight 138
through the lens, are reflected by afold mirror 144 that folds the line of sight 138

_of the pointing and measurement beams directed through the lens 132. Asfurther
shown in Figure 9, the fiber 130 can belocated in the fold mirror 144.

[0082] The optical assembly of the present invention is designed to be focused at arange

of ameter to 60 meters from the lens 132. When the system shown in Figure 9 is

focused at 1 meter from the lens, less light is directed to the target, but the light
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lossisonly afew percent. When the optical assembly isfocused at 60 meters, by
movement of the comer cube 134 about 22 mm, the beam pretty much fills the

aperfure of the lens 132, so substantially all the light is used to make the spot that

impinges on the target.

in addition, as schematically shown in Figure 1Q, the lens 132, the beam source
(i.e. fiber 130) and the plane mirror 136 are supported in amanner such that they
can move as a unit relative to the retroreflector 134, and wherein the line of sight
moves with the unit. Thus, asillustrated by Figure 10, the lens 132, the plane
mirror and the fiber 130 are supported by abox 146, so that ail of those
components can move asaunit relative to the retroreflector 134. Therefore,
reference to the retroreflector and the other components (fiber, lens, fixed
reflector) being moveable "relative” to each other can mean that the other
components are fixed by a support structure, and the retroreflector moves relative
to the support structure, or the support structure for the other components (e.g. the

box 146 in Figure 6) enables those other components to move (e.g. rotate) asa

unit relative to the retroreflector 134.

Moreover, asalso shown in Figure 10, the pointing and measurement beams
reflected by the scanning reflector 134 and directed along the line of sight through
the lens 132 are reflected by a polarization beam splitter plate 150 that folds the
line of sight 138 of the pointing and measurement beams directed through the lens
(inamanner similar to that shown in Figure 9). In Figure 10, the polarization
beam splitter plate 150 has a polarization beam splitting coating that enables the
polarization beam splitter plate 150 to function as apolarization beam splitter, and
a quarter wave plate 148 is provided on the plane mirror 136, to adjust the
polarization of the beams reflected from the plane mirror 136. InFigure 6, the
optical fiber 130 that isthe beam source is represented by a dot in a predetermined
location relative to the polarization beam splitter platet 50.

Thus, in the concept shown in Figure 10, the polarization beamsplitter plate (PBS)
150 is used to prevent the light being directed along the line of sight from
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coupling back into the fiber 130. Since the measurement beam is linearly
polarized, its polarization state can be rotated 90 degrees by going through the
quarter wave plate (QWP) 148 oriented at 45 degrees twice. In this case, the
QWP 148 dso has the second surface mirror 136 that acts as the mirror 136 of the
system in the manner shown and described in connection with Figure 7a. The
fiber 130 isplaced near the back surface of the PBS plate 150. SinceitisaPBS
plate and the input surface istilted at 45 degrees relative to the fiber, any
reflection off the back surface will not go back to the fiber. The corner cube 134
issolid glass, since this is an off-the-shelf part and since this increases the axial
distance (physical distance) between thefiber and thelens. Thereisno

obscuration in this optical assembly.

Also, inthe concept shown in Figure 10, the comer cube 134 can be held fixed
and the plane mirror, fold mirror, lens and fiber (all of which are supported in the
box 146) al rotate about the centerline of the corner cube. The rotation must be
about the centerline of the corner cube or else the beams will move outside the
edges of the corner cube during rotation. This concept of the second
embodiment, can reduce the rotating mass that needs to be moved about an
elevation axis, which would allow asmaller, lighter elevation axis motor to be
used and would also result in less heat generation (the heat source being the
actuator used to move the components). Also, it may result in an even more
compact assembly. It can also lead to areduction in focus stage complexity, and
result in fewer cables that need to pass through arotating joint so cable routing is
simpler and cable disturbances caused by moving cables can be reduced to
improve motion accuracy and thus instrument performance. Thus, this aspect of
the concept of Figure 10 can produce a smaller, smpler and more cost effective
optical assembly, and reduction of cable disturbances should also improve

accuracy.

Still further, as shown schematically in Figure 1 1, the source comprises an optical

fiber 130 supported by a monolithic member 152 that has a portion 136b that
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functions as the ptane mirror and another portion 154 that folds the line of sight
138 of the pointing and measurement beams reflected by the scanning reflector

134 and directed aong the line of sight through the lens 132.

Also, as shown schematically in Figure 12, the source can comprise an optical
fiber 130 supported by a transmissive member (e.g. aglass window 160) that has
areflective portion 136c thereon that forms the plane mirror. In addition, the
optical fiber can be supported by a mechanical structure 162 that applicants refer
to asa"spider”, shown inFigure 13, that includes a series of struts 164 with a
central opening 166 that forms the support for the optical fiber. The spider 162
can be made of alightweight metal such asauminum. Thus, the optical assembly
can comprise the glass plate 160 with ahole for the fiber and a silvered area asthe
mirror 136c (as shown in Figure 12) or ametal plate with the spider (Figure 13) to
hold the fiber and let light through and a separate mirror surface machined and
polished that is attached to the spider, and forms the reflective portion 136c.
Therefore, Figures 12 and 13 are similar, except that in Figure 2 the transmissive
member 160 that supports the fiber is apiece of glass, and in Figure 13 the
transmissive member isthe air space(s) between the mechanical components of

the spider 162.

The concepts shown in Figures 11, 12 and 13 provide additional advantageous
features to an optical assembly according to the second embodiment of the present
invention. For example, the concept of Figure 11 uses a single substrate for both
mirrors and for holding the fiber. This may provide simpler fabrication, and may
alow the single substrate to be formed of relatively light weight aluminum. With
respect to the concepts of Figures 12 and 13, replacing afold mirror with the
window or window/spider arrangement, can reduce the overall weight of the
optical assembly, because it eliminates the weight of afold mirror. Also, the
concepts of Figures 12 and 13 can reduce the requirement for additional
tolerances on surface figure and mirror angle position, The result isthat the

corner cube now moves parallel to the optical axis of the lens rather than
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perpendicular to it. Thus, the optical assembly is simplified because it has one
less mirror, so the angle between the mirrors is one less specification to meet.
Moreover, the angle between the fiber hole and the mirror surface ismore directly
controllable when cutting normal to the surface (not really aproblem if we usethe
monolithic metal mirror concept of Figure 11). Also, the position of the fiber axis
relative to the lens can be maintained more easily during fabrication (e.g. by
holding both elements in atube), thereby reducing the out-of-focus (repeatable)
boresight error that occurs because the beam is not centered in the aperture. Still
further because the fiber hole is parallel to the optical axis of the lens, it should -
also be easier to align the two, and strongly reduce thermal boresight error.

Additionally, the corner cube can be closer to the fiber, so it can be smaller,

Accordingly, as seen from the foregoing description, the second embodiment of
the present invention provides acompact optical assembly for alaser radar
system, comprising a light source, alens, a scanning reflector and afixed reflector
that co-operate to focus abeam from the light source along a line of sight that
extends through the lens, where the light source, the lens, the scanning reflector
and the fixed reflector are oriented relative to each other such that (i) a beam from
the light source isreflected by the scanning reflector to the fixed reflector, (ii)
reflected light from the fixed reflector is reflected again by the scanning reflector
and directed along the line of sight through the lens, and (iii) the scanning
reflector is moveable relative to the source, the lens and the fixed reflector, to

adjust the focus of the beam along the line of sight.

In this embodiment, The laser radar system 100 has the pointing beam and
measurement beam. However the laser radar system 100 may have the
measurement beam without the pointing beam. For example, the measurement
beam isin the visiable. Therefore, in this case, the measurement beam can also
play pointing beam. The laser radar systemlOO of this embodiment has the

different wavelength region between the pointing beam and measurement beam.
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However the laser radar system 100 may have the same wavelength region such as

the visible region,

In an optional embodiment, the optical assembly has alens 132, a scanning
reflector 134 and afixed reflector. However the optical assembly may have alens
132, a scanning reflector 134 without afixed reflector, For example, the

measurement beam can be directly directed from reflector 134 to lens 132.

Asfor the laser radar system 100, the second embodiment is also applicable to
the distance measurement system that determine six degrees of freedom (a, 3, d,
¢, X, W) of areflector or of an object on which the reflector is arranged, comprises
an angle-and distance measurement apparatus, e.g. alaser tracker asdisclosed in
U S published application US2006-0222314 (which isincorporated by reference
herein). Asfor the laser radar system 100, the present invention isalso applicable
to the distance measurement system that determine an distance between the
measurement system and the target point and/or a change of this distance by
comparison of the emitted and reflected laser light, e.g. alaser tracker as disclosed
in USpublished application US 201 1-0181872 (which is also incorporated by

reference herein).

Next, explanations will be made with respect to a structure manufacturing system
provided with the measuring apparatus ( laser radar system 100) described

hereinabove.

Fig. 14 isablock diagram of astructure manufacturing system 700. The structure
manufacturing system isfor producing at least a structure from at least one
material such as aship, airplane and so on, and inspecting the structure by the
profile measuring apparatus 100. The structure manufacturing system 700 of the
embodiment includes the profile measuring apparatus 100 as described
hereinabove in the embodiment, adesigning apparatus 610, a shaping apparatus
620, a controller 630 (inspection apparatus), and arepairing apparatus 640. The
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controller 630 includes a coordinate storage section 631 and an inspection section

632.

[0096] The designing apparatus 610 creates design information with respect to the shape
of astructure and sends the created design information to the shaping apparatus
620. Further, the designing apparatus 610 causes the coordinate storage section
631 of the controller 630 to store the created design information. The design
information includes information indicating the coordinates of each position of

the structure.

[0097] The shaping apparatus 620 produces the structure based on the design information
inputted from the designing apparatus 610, The shaping process by the shaping
apparatus 620 includes such as casting, forging, cutting, and the like. The profile
measuring apparatus 100 measures the coordinates of the produced structure
(measuring object) and sends the information indicating the measured coordinates

(shape information) to the controller 630.

[0098] The coordinate storage section 63 1 of the controller 630 stores the design
information. The inspection section 632 of the controller 630 reads out the design
information from the coordinate storage section 631. The inspection section 632
compares the information indicating the coordinates (shape information) received
from the profile measuring apparatus 100 with the design information read out
from the coordinate storage section 631. Based on the comparison result, the
inspection section 632 determines whether or not the structure is shaped in
accordance with the design information. In other words, the inspection section
632 determines whether or not the produced structure is nondefective. When the
structure isnot shaped in accordance with the design information, then the
inspection section 632 determines whether or not the structure isrepairable. 1f
repairable, then the inspection section 632 calculates the defective portions and
repairing amount based on the comparison result, and sends the information
indicating the defective portions and the information indicating the repairing

amount to the repairing apparatus 640.
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[0099] The repairing apparatus 640 performs processing of the defective portions of the
structure based on the information indicating the defective portions and the

information indicating the repairing amount received from the controller 630.

[00100] Fig. 15 isaflowchart showing aprocessing flow of the structure
manufacturing system 700. With respect to the structure manufacturing system
700, first, the designing apparatus 610 creates design information with respect to
the shape of a structure (step S101). Next, the shaping apparatus 620 produces the
structure based on the design information (step St02). Then, the profile
measuring apparatus 100 measures the produced structure to obtain the shape
information thereof (step S103). Then, the inspection section 632 of the controller
630 inspects whether or not the structure is produced truly in accordance with the
design information by comparing the shape information obtained from the profile

measuring apparatus 100 with the design information (step S104),

[00101] Then, the inspection portion 632 of the controller 630 determines whether
or not the produced structure is nondefective (step S105). When the inspection
section 632 has determined the produced structure to be nondefective ("YES' at
step S105), then the structure manufacturing system 700 ends the process. On the
other hand, when the inspection section 632 has determined the produced
structure to be defective ("NO" at step SI05), then it determines whether or not
the produced structure isrepairable (step Sl 06),

[00102] When the inspection portion 632 has determined the produced structure to
berepairable ("YES" at step S106), then the repair apparatus 640 carries out a
reprocessing process on the structure (step S107), and the structure manufacturing
system 700 returns the process to step S103. When the inspection portion 632 has
determined the produced structure to be unrepairable ("NO" at step S106), then
the structure manufacturing system 700 ends the process. With that, the structure
manufacturing system 700 finishes the whole process shown by the flowchart of

Fig. 15.
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[00103] With respect to the structure manufacturing system 700 of the
embodiment, because the profile measuring apparatus 100 in the embodiment can
correctly measure the coordinates of the structure, it ispossible to determine
whether or not the produced structure isnondefective. Further, when the structure
is defective, the structure manufacturing system 700 can carry out areprocessing

process on the structure to repair the same.

[00104] Further, the repairing process carried out by the repairing apparatus 640 in
the embodiment may be replaced such asto let the shaping apparatus 620 carry
out the shaping process over again. In such acase, when the inspection section
632 of the controller 630 has determined the structure to be repairable, then the
shaping apparatus 620 carries out the shaping process (forging, cutting, and the
like) over again. In particular for example, the shaping apparatus 620 carries out a
cutting process on the portions of the structure which should have undergone
cutting but have not. By virtue of this, it becomes possible for the structure

manufacturing system 700 to produce the structure correctly,

[00105] In the above embodiment, the structure manufacturing system 700
includes the profile measuring apparatus 100, the designing apparatus 610, the
shaping apparatus 620, the controller 630 (inspection apparatus), and the repairing
apparatus 640. However, present teaching isnot limited to this configuration. For
example, a structure manufacturing system in accordance with the present
teaching may include at least the shaping apparatus and the profile measuring
apparatus.

[00106] Thus, the present invention provides new and useful concepts for an
apparatus, optical assembly, method for inspection or measurement of an object
and method for manufacturing a structure. With the foregoing description in mind,
the manner in which those concepts (e.g. the optical assembly of the present
embodiments) can be implemented in various types of laser radar systems, aswell

as other types of optical systems and methods, will be apparent to those in the art.
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Claims:

1 Apparatus for inspecting or measuring an object comprising an optical assembly
moveable as a unit aspart of the apparatus, and configured to direct a .
measurement beam through an outlet of the optical assembly, the optical assembly
configured to fold the optical path of the measurement beam that isbeing directed
through the outlet of the optical assembly

2. The apparatus of claim 1, wherein the optical assembly includes catadioptric
optics.

3. The apparatus of claim 2, wherein the travel direction of light optics changesin
the optical assembly.

4. Theappratus of claim 1, further comprising afirst spilitter configured to separate
between the measurement beam and areference beam.

5. Theappartus of claim 4, further comprising a second splitter configured to mix
between areflected measurement beam from the object and the reference beam, to
measure the distance of the object.

6. The apparatus of claiml, further comprising amoveable portion configured to
move the optical assembly along two axesthat have different directions.

7. The apparatus of claim 2, wherein the optical assembly includes awindow with a
transmissive portion through which the measurement beam is directed to the
outlet of the the optical assembly.

8. The apparatus of claim 7, wherein the optical assembly includes arelay system
that directs the measurement beam from an optical fiber to areflective area of the
window, and the catadioptric optics receive and reflect the measurement beam
from the reflective area of the window back through atransmissive portion of the
window, to fold the optical path of the pointing beam and measurement beam that
isbeing directed through the outlet of the optical assembly.

9. The apparatus of claim 8, wherein the optical assembly includes & |east one
moveabl e optic to vary focus of the measurement beam that is reflected by the
catadioptric optics and directed back through the transmissive portion of the

window.
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The apparatus of claim 9, wherein the focus of the measurement beam that is
reflected by the catadioptric optics and directed back tlirough the transmissive
portion of the window is changed by moving aplurality of optics, the plurality of
optics characterized by low optical power but alarge amount of spherical
aberration.

The apparatus of claim 2, wherein the window comprises a cold mirror that
transmits light in a predetermined wavelength range that includes the wavelength
range of the pointing beam and the measurement beam, and wherein an optical
fiber that transmits the pointing beam and the measurement beams is located at a
central location of the cold mirror, and the catadioptric optics receive the
measurement beam from the optical fiber and reflect the measurement beam back
through the cold mirror, where it is directed to the outlet of the optical assembly.
The apparatus of claim 11, wherein the optical assembly includes at least one
moveable optic to vary focus of the measurement beam that is reflected by the
catadioptric optics and directed back through the cold mirror.

The apparatus of claim 12, wherein the focus of the measurement beam that is
reflected by the catadioptric optics and directed back through the transmissive
portion of the window is changed by moving aplurality of optics, the plurality of
optics characterized by low optical power but a large amount of spherical
aberration.

The apparatus of claim 1, wherein the measurement beam is combined with a
pointing beam.

The apparatus of claim 1, wherein the optical assembly is configured to direct the
measurement beam along aline of sight and through the outlet of the optical
assembly, the optical assembly including a scanning reflector, the scanning
reflector is moveable to adjust the focus of the measurement beam along the line
of sight.

The apparatus of claiml5, wherein the optical assembly comprising a fixed
reflector, where the fixed reflector and scanning reflector are oriented relative to

each other such that the measurement beam from alight source isreflected by the
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scanning reflector to the fixed reflector, and reflected measurement beam from the
fixed reflector isreflected again by the scanning reflector and wherein the
scanning reflector is moveable relative to the fixed reflector, to adjust the focus of
the measurement beam along the line of sight,

The apparatus of claim 16, wherein the scanning reflector comprises a
retroreflector, and the fixed reflector comprises a plane mirror.

The apparatus of claim 17, wherein the source, the plane mirror are al in fixed
locations relative to the support structure for the optical assembly, and the
retroreflector is moveable relative to those fixed locations, to vary the focus of the
measurement beam along the line of sight.

The apparatus of claim 18, wherein the retroreflector comprises a comer cube that
has at least three reflective surfacesthat are oriented so that (i) the measurement
beam from the source is reflected through the corner cube to the plane mirror, and
the measurement beam reflected from the plane mirror is again reflected through
the corner cube, and (ii) movement of the corner cube in at least one
predetermined direction adjusts the focus of the measurement beams along the
line of sight, in amanner that is substantially unaffected by movement of the
corner cube in directions transverse to the predetermined direction or by rotations
of the corner cube relative to the predetermined direction.

The apparatus of claim 15, wherein the scanning reflector comprises a reflective
roof that provides two reflections of the measurement beam, and the fixed
reflector comprises areflective roof that also provides two reflections of the
measurement beam, where the nodal lines of both reflective roofs arein a
predetermined orientation relative to each other.

The apparatus of claim 20, wherein the measurement beam reflected by the
scanning reflector and directed along the line of sight, are reflected by afold
mirror that folds the line of sight of the measurement beam.

The apparatus of claim 21, wherein the beam source and the plane mirror are
supported in amanner such that they can move as aunit relative to the

retroreflector, and wherein the line of sight moves with the unit.
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The apparatus of claim 22, wherein the source comprises an optical fiber
supported by the fold mirror,

The apparatus of claim 17, wherein the measurement beams reflected by the
scanning reflector and directed along the line of sight are reflected by a
polarization beam splitter that folds the line of sight of the measurement beam,
and wherein the source comprises an optical fiber in a predetermined location
relative to the polarization beam splitter that foldsthe line of sight of the
measurement beams.

The apparatus of claim 17, wherein the source comprises an optical fiber
supported by a monolithic member that has aportion that functions as the plane
minor and another portion that folds the line of sight of the measurement beams
reflected by the scanning reflector.

The apparatus of claim 17, wherein the source comprises an optical fiber
supported by atransmissive member that also supports the plane mirror.

An optical assembly for focusing abeam along aline of sight, comprising alens, a
scanning reflector and afixed reflector that co-operate to focus a beam from a
light source along aline of sight that extends through the lens, where the lens, the
scanning reflector and the fixed reflector are oriented relative to each other such
that a beam from the light source is reflected by the scanning reflector to the fixed
reflector, and reflected light from the fixed reflector isreflected again by the
scanning reflector and directed along the line of sight through the lens, and
wherein the scanning reflector is moveable relative to the source, the lens and the
fixed reflector, to adjust the focus of the beam along the line of sight.

The optical assembly of claim 27, wherein the scanning reflector comprises a
retrorefiector, and the fixed reflector comprises a plane mirror,

The optical assembly of claim 28, wherein the source, the lens and the plane
mirror are al in fixed locations relative to the support structure for the optical
assembly, and the retrorefiector is moveable relative to those fixed locations, to

vary the focus of the beam aong the line of sight.
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30. The optical assembly of claim 29, wherein the retroreflector comprises a corner

3]

32.

33.

34,

35.

36.

cube that has at least three reflective surfacesthat are oriented so that (i) light
from the source is reflected through the corner cube to the plane mirror, and light
reflected from the plane mirror is again reflected through the corner cube, and (ii)
movement of the corner cubein at least one predetermined direction adjusts the
focus of the beam aong theline of sight, m amanner that is substantially
unaffected by movement of the corner cube in directions transverse to the
predetermined direction or by rotations of the corner cube relative to the

predetermined direction.

. The optical assembly of claim 27, wherein the scanning reflector comprises a

reflective roof that provides two reflections of the beam, and the fixed reflector
comprises areflective roof that also provides two reflections of the beam, where
the nodal lines of both reflective roofs are in a predetermined orientation relative
to each other.

The optical assembly of claim 31, wherein the beam reflected by the scanning
reflector and directed along the line of sight through the lens, isreflected by afold
mirror that folds the line of sight of the beam directed through the lens,

The optical assembly of claim 32, wherein the lens, the beam source and the
plane mirror are supported in a manner such that they can move as a unit relative
to the retroreflector, and wherein the line of sight moves with the unit,

The optical assembly of claim 32, wherein the source comprises an optical fiber
supported by the fold mirror.
The optical assembly of claim 28, wherein the beam reflected by the scanning

reflector and directed along the line of sight through the lens, isreflected by a
polarization beam splitter that folds the line of sight of the beam directed through
the lens, and wherein the source comprises an optical fiber in a predetermined
location relative to the polarization beam splitter that folds the line of sight of the
beam directed through the lens.

The optical assembly of claim 28, wherein the source comprises an optical fiber

supported by a monolithic member that has a portion that functions as the plane
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mirror and another portion that folds the line of sight of the beam reflected by the
scanning reflector and directed along the line of sight through the lens.

The optical assembly of claim 28, wherein the source comprises an optical fiber
supported by atransmissive member that also supports the plane mirror.

Method for inspection or measurement of an object, comprising

illuminating the object with ameasurement beam, using an optical assembly
configured to direct a measurement beam through an outlet of the optical
assembly , the optical assembly configured to fold the optical path of the
measurement beam that is being directed through the outlet of the optical
assembly.

The method for inspection or measurement of an object to claim 38, wherein the
optical assembly includes catadioptric optics.

The method for inspection or measurement of an object to claim 39, wherein the
optical assembly is configured to direct a measurement beam along aline of sight
and through the outlet of the the optical assembly, the optical assembly including
a scanning reflector, the scanning reflector is moveable to adjust the focus of the
measurement beam aong the line of sight.

A method for manufacturing astructure, comprising:

producing the structure based on design information;

obtaining shape information of structure by using of the method of claim 38;
comparing the obtained shape information with the design information.

The method for manufacturing the structure according to claim 4} further
comprising reprocessing the structure based on the comparison result.

The method for manufacturing the structure according to claim 41, wherein

reprocessing the structure includes producing the structure over again.
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Abstract

An optical assembly for asystem for inspecting or measuring of an object is provided
that is configured to move asaunit with asystem, asthe system is pointed at atarget, and
eliminates the need for alarge scanning (pointing) mirror that is moveable relative to
other parts of the system. The optical assembly comprises catadioptric optics configured
to fold the optical path of the pointing beam and measurement beam that are being
directed through the outlet of the system, to compress the size of the optical assembly.
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Claims

1. An optical assembly for focusing abeam from alight source along aline of sight,
where alens, a scanning reflector and a fixed reflector are oriented relative to
each other such that a beam from the light source isreflected by the scanning
reflector to the fixed reflector, and reflected light from the fixed reflector is
reflected again by the scanning reflector and directed along the line of sight
through the lens, wherein the scanning reflector is moveable relative to the source,
the lens and the fixed reflector, to adjust the focus of the beam along the line of
sight, and wherein the optical assembly is configured to produce a reference
signal that isrelated to the location of the scanning reflector relative to the source.

2. The optical assembly of claim 1, wherein the optical assembly includes alens
between the source and the scanning reflector that is configured to produce a
continuous collimated reference signal that traverses the scanning reflector at |east
twice and isthen refocused on the source.

3. The optical assembly of claim 2, wherein the lens is oriented off center, in relation
to the source, to collimate the beam a a slight angle to the source, and the optical
assembly isfurther configured so that after two passes through the scanning
reflector, the reference signa is refocused on areflector next to the source,
traverses the scanning reflector a least twice more and is then refocused on the
source.

4. The optical assembly of claim 1, wherein the measurement and reference beams
are directed through apair of fibers, wherein the measurement beam produced
through one fiber

a. isreflected by afold mirror,
b. traverses the scanning reflector,
c. isreflected by the fixed reflector,
d. traverses the scanning reflector again, and is directed along the line of
sight through the lens, and
wherein the reference beam produced through the other fiber
a. traverses the scanning reflector,
b. isreflected by an optical element that shifts the reference beam,
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c. traverses the scanning reflector again, and

d. istransmitted back to the reference beam fiber.
A method for producing useful datain an optica assembly for focusing a beam
from alight source along aline of sight, where the optical assembly includes a
lens, a scanning reflector and a fixed reflector are oriented relative to each other
such that a beam from the light source is reflected by the scanning reflector tothe
fixed reflector, and reflected light from the fixed reflector isreflected again by the
scanning reflector and directed along the line of sight through the lens, and
wherein the scanning reflector is moveable relative to the source, the lens and the
fixed reflector, to adjust the focus of the beam along the line of sight, the method
comprising producing produce areference signal that isrelated to the orientation
of the scanning reflector relative to the source.
The method of claim 5, wherein the reference signal is produced between the
scanning reflector and the source by a continuous collimated reference beam that
traverses the scanning reflector at least twice and is then refocused on the source.
The method of claim 6, wherein the collimated reference beam is collimated at a
dlight angle to the source, and configuring the optical assembly is further
configured so that after two passes through the scanning reflector, the reference
signal is refocused on areflector next to the source, traverses the scanning
reflector twice more and is then refocused on the source..
The method of claim 5, wherein as the optical assembly is focusing the beam
along the line of sight the reference signal provides data to account for changes in
the refraction or reflection characteristics of the optical assembly.
The method of claim 5, wherein the reference signal is used in producing datato
account for changes in the reflection or refraction characteristics of the scanning
reflector due to changes in the intended orientation of the scanning reflector.
The method of clam 5 wherein the reference signal is used in producing datato
account data to account for changes in the reflection or refraction characteristics
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11.

12.

13.

14.

of the scanning reflector due to changes in the angular orientation of the scanning
reflector.

The method of claim 5, wherem the reference signal is used in producing datato
account for changes in the reflection or refraction characteristics of the scanning
reflector due to changes in the temperature of the scanning reflector.

A method for manufacturing a structure, comprising:

producing the structure based on design information;

obtaining shape information of structure by using of the method of claim 5;

comparing the obtained shape information with the design information.
The method for manufacturing the structure according to claim 12 further
comprising reprocessing the structure based on the comparison result.
The method for manufacturing the structure according to claim 13, wherein
reprocessing the structure includes producing the structure over again.
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