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[57] ABSTRACT

The detector includes a focusing lens for focusing
pulsed laser light reflected from an object onto a fiber
optic array. The fiber optic array is configured to re-
ceive a two-dimensional image from the focusing lens
and 1o convert the two-dimensional image into a line
image. A streak camera responsive to light from the
fiber optic array provides time resolution for the hght
from each of the fibers in the array. A two-dimensional
detector records the light output from the streak camera
and electronics store data and process information to
construct three-dimensional images.

33 Claims, 5 Drawing Sheets
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DETECTOR FOR THREE-DIMENSIONAL
OPTICAL IMAGING

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion: matter printed in italics indicates the additions made

by reissue.

BACKGROUND OF THE INVENTION

The Government has rights in this invention pursuant
to Contract Number F19628-85-C-0002 awarded by the
Department of the Air Force.

This invention is a detector for three-dimensional
optical imaging.

Three-dimensional optical imaging has application in
areas such as robotic vision and object recognition for
discrimination. Scientific applications where depth per-
ception is important include tomography in which the
surface of an object is mapped and situations in which
reflections from some penetrating radiation are con-
verted to light (near infrared through ultraviolet), and
remote sensing of some macroscopic object. Methods
are known for obtaining a three-dimensional record of a
distant object or scene from a single viewpoint. One
method uses a rotating lens and another method uses an
image converter tube (a framing camera or streak cam-
era operated in a two-dimensional framing mode).
These methods are described by J. S. Courtney-Pratt,
“High Speed Photography to Provide a Three-Dimen-
sional View”, SPIE, 348 (1982) 254. The method using
the streak camera is limited to approximately 30 inputs.
See, J. Chang et al., “Photonic Methods of High Speed
Analog Data Recording”, Rev. Sci. Instrum., 56 (1985)
1861. The time resolution of the framing camera of
Courtney-Pratt was limited to approximately one nano-
second, which correspondingly limited depth resolu-
tion.

SUMMARY OF THE INVENTION

The detector according to the invention for three-di-
mensional optical imaging includes a focusing lens and a
fiber optic array to receive a two-dimensional image
from the lens. The fiber optic array converts the two-di-
mensional image into a line image. A streak camera
responds to light from the optical fibers and provides
time resolution for the light from each of the fibers. A
two-dimensional detector records the light output from
the streak camera and electronic apparatus stores and
processes the information from the two-dimensional
detector.

In a preferred embodiment, the fiber optic array has a
square configuration at one end for receiving the two-
dimensional image from the focusing lens and a linear
configuration at the other end for coupling light into the
streak camera. In this embodiment, the square configu-
ration comprises a 25X 25 array. The camera may be
_designed to use a lower resolution array such as a
16 X 16 array. The streak camera includes a micro-chan-
nel plate for amplification and the two-dimensional
detector may be a silicon intensified target vidicon or a
charge coupled device. The streak camera has a relative
time resolution of 50 picoseconds, resulting in a depth
resolution of about 0.5 em. The detector having 25X 23
angular elements and 400 time elements will have a
framing rate of 4 hertz or up to 30 hertz for a limited
time.
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In another particularly preferred embodiment, a relay
optic system including lenses and mirrors is provided 1o
couple light from the fiber optic array output (a line
image) to the streak camera. In this embodiment, the
microchannel plate is located outside the streak camera
and a reducing fiber optic coupler couples light from
the streak camera to the two-dimensional detector such
as a vidicon.

The detector of the present invention permits three-
dimensional optical imaging of objects with a depth
resolution of approximately 0.5 cm. Both stationary and
moving objects can be imaged with a framing rate of 4
hertz at the maximum resolution or faster at decreased
resolution. The detector can thus be used for remote
sensing, robotics, and high speed, parallel processing of
analog signals.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a schematic illustration of the invention
disclosed herein;

FIG. 2 is a schematic illustration of the fiber optic
array used in the invention;

FI1G. 3 is a plan view of optics for coupling light from
the optic array into a streak camera;

FIG. 4 is a schematic diagram of a streak camera used
in present invention; and

FIG. § is a schematic illustration of a particularly
preferred embodiment of the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

A brief discussion of the theory underlying the pres-
ent invention will first be given. Consider a short pulse
of light reflected from an object. In principle, it 1s possi-
ble to produce a three-dimensional image of the object
by dividing this reflected light into time slices, so that
the light reflected from different depths on the object 1s
divided into different two-dimensional images. The
three-dimensional image is then a composite of the re-
sulting two-dimensional images, each one from a unique
depth or range on the object. To obtain a depth resolu-
tion of 10 cm, for example, the necessary time resolution
is (2 10 cm)+(3 1010 cm/s) or § nanosecond where
the factor of 2 comes from the round trip path of the
reflected light. Note that the pulse width of light must
be this duration or shorter. The time resolution is neces-
sary for each element of the two-dimensional image.
Thus, angular resolution yields cross-range spatial reso-
lution on the object, and time resolution yields the range
resolution. Resolution elements on the object will thus
have two angular coordinates and one time coordinate.

With reference now to FIG. 1, a laser 10 generates
30-100 picosecond laser pulses which illuminate an
object such as a person 12 whose three-dimensional
image is to be recorded. A suitable wavelength range
for the laser 10 is 0.8 um to 0.25 um. Light reflected
from the object 12 is focused by a focusing lens 14 onto
a fiber optic array 16. As may be seen in FIG. 2, the
fiber optic array 16 includes an input face 18 in the form
of a square array, for example, a 25X 25 array including
a total of 625 optical fibers. The optical fiber array 16 is
spread out at an output end 20 to form a lincar array of
the optical fibers. The array 16 thus dissects a two-di-
mensional image at the input surface 18 into a line image
at the output surface 20.

The line image output of the fiber optic array 16
forms an input to a streak camera 22. The streak camera
22 includes a photocathode 24 which generates elec-
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trons in response to light from the fibers in the fiber
optic array 16. The electrons are accelerated by the
electric field established by the photocathode 24 and an
anode 26. The electrons are focused by focusing elec-
trodes 28 and pass through a micro-channel plate 30
which amplifies the number of electrons. The electrons
then impinge upon a phosphor screen 32 to emit light.

The streak camera 22 introduces time resolution by
means of an electronic sweep. As shown schematically
in FIG. 4, a ramp voltage 34 is applied as electrons
travel through the streak camera 22. The amount of
deflection of the electrons and the location of the result-
ing light from the phosphor screen 32 is proportional to
the ume at which light reached the photocathode 24
which is related to the depth charactenstics of the im-
aged object. A lens 36 couples the light from the phos-
phor screen 32 into a two-dimensional detector 38, such
as a SIT vidicon, and controls image size. Other detec-
tors such as a CCD (charge coupled device) detector
may be used to record the intensity and position of the
light flashes on the phosphor screen. Information from
the detector 38 is processed by electronics 40 which
includes a digital computer 42.

Optics may be included to couple the output of the
fiber optic array 16 to the streak camera 22. Such an
optical system is shown in FIG. 3. This optical system
would be interposed between the fiber optic array 16
and the streak camera 22. In particular, the optical sys-
tem shown in FIG. 3 includes lenses 50 and 52 along
with mirrors 54, 56 and 58. The mirrors 56 and 58 are
curved to compensate for the slight curvature (not
shown) of the photocathode 24 of the streak camera 22.

A particularly preferred embodiment of the present
invention is shown in FIG. §. In this embodiment the
microchannel plate 30 is located outside of the streak
camera 22 rather than inside as shown in FIG. 1. The
output of the microchannel plate 30 of FIG. § is coupled
to the SIT vidicon 38 by a reducing fiber optic coupler
60 rather than by the coupling lens 36 in the embodi-
ment of FIG. 1. The relay or coupling optics shown in
F1G. 3 will also be used to couple the output of the fiber
optic array 16 to the streak camera 22.

The embodiments illustrated in FIGS. 1 and § include
up to 25X 25 angular elements and up to 400 time ele-
ments. The framing rate of the system is determined by
the maximum transfer rate to the data storage. At a
maximum resolution (25 X 25 < 400) the framing rate is 4
hertz, but can be increased with decreased resolution in
any dimension. The detector of the invention can image
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objects with an angular resolution 4% of the field of 50

view of the input lens. Both stationary and moving
objects can be imaged with a framing rate of 4 hertz at
the maximum resolution or faster at decreased resolu-
tion.

The focusing lens 14 may be a set of lenses with focal
lengths in the range of 0.4-4 cm. The fiber optic array
16 transmits ultraviolet light so no wavelength con-
verter 15 necessary. A suitable coupling lens is F/2 to
match the numencal aperture of the fiber optic array 16.
A suitable streak camera is available from EG&G En-
ergy Measurements and has a quartz input window,
S-20 photocathode of 50 mm diameter, and has a nomi-
nal 10 line pairs per millimeter resolution. A suitable
micro-channel plate 30 is available from ITT and has a
40 mm aperture. A suitable SIT Vidicon 38 is a RCA
4804 Jow light level tube. The electronics 40 includes a
Digital Equipment Corporation Microvax II computer
and QDS 100 electronics. The electronics are described
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by Kalata in “Highly Versatile Computer-Controlled
Television Detector System™ SPIE, 331 (1982) 69. The
teachings of this reference are incorporated herein by
reference. With this hardware, the system will have
absolute time resolution of less than one nanosecond
and relative time resolution of 50 picoseconds. Thus,
the depth resolution is about 0.5 cm. The angular resolu-
tion gives cross-range resolution proportional to the
distance to the object over an angle defined by the input
optics. For example, a 1| meter object would have 4
cm X4 cm cross-range pixels, and, if viewed at a dis-
tance of 10 meters would produce an image 2 cm X2 cm
on a focal plane of a lens with a focal length of 20 cm.
The detector of the invention has sufficient time resolu-
tion to obtain range resolution on an object, that is, to
resolve the object into range slices by sensing the time
delay due to extra distance traveled by the 30-100 pico
second laser pulses. The system will detect light re-
ceived over a period of 25 to 400 nanoseconds and in the
wavelength range of 0.8 um to 0.25 um. With this per-
formance, the detector can be used for remote sensing,
robotics, and high speed, parallel processing of analog
signals.

What is claimed is:

1. Detector for three-dimensional optical imaging
comprising:

a focusing lens:

a fiber optic array configured to receive a two-dimen-
sional image from the lens and to convert the two-
dimensional image into a line image;

a streak camera responsive to light from the fiber
optic array adapted to provide time resolution for
light from each fiber of the fiber optic array:;

a two-dimensional detector to record the light output
from the streak camera: and

electronic apparatus to store and process information
from the two-dimensional detector. |

2. The detector of claim 1 wherein the streak camera
includes a micro-channel plate for amplification.

3. The detector of claim 1 further including optics
adapted to couple the output of the fiber optic array to
the streak camera.

4. The detector of claim 3 wherein the optics include
a coupling lens whose aperture matches the aperture of
the fiber optic array.

3. The detector of claim 1 wherein the focusing lens
1s a set of lenses.

6. The detector of claim 1 wherein the focusing lens
has a focal length in the range of 0.4—4 cm.

7. The detector of claim 1 wherein the fiber optic
array has a square configuration at an end for receiving
the two-dimensional image and a linear configuration at
the other end for coupling light into the streak camera.

8. The detector of claim 7 wherein the square config-
uration comprises a 25 25 array. -

9. The detector of claim 1 wherein the streak camera
includes circuitry for generating a ramp voltage to pro-
vide the time resolution.

10. The detector of claim 1 wherein the streak camera
has a resolution of approximately 10 line pairs per milli-
meter.

11. The detector of claim 2 wherein the micro-chan-
nel plate has a 40 mm diameter.

12. The detector of claim 1 wherein the two-dimen-
sional detector is a silicon intensified target (SIT) vid-
icon. -

13. The detector of claim 1 wherein the two-dimen-
sional detector is a charge coupled device (CCD).



Re. 33,865

S

14. The detector of claim 1 wherein the electronic
apparatus includes a general purpose digital computer.

15. The detector of claim 1 having a resolution of

25 % 25 angular elements and 400 time elements.

16. The detector of claim 1 having a framing rate of >

4 hertz.

17. The detector of claim 1 wherein the streak camera
has a relative time resolution of 50 picoseconds.

18. The detector of claim 1 having an angular resolu-
tion of approximately 4% of the field of view of the
focusing lens.

19. The detector of claim 1 further including a laser

for illuminating an object with pulses in the range of

30-100 picoseconds.
20. The detector of claim 1 adapted to detect light
received over a period of 25 to 400 nanoseconds.
21. The detector of claim 19 wherein the laser gener-
ates light in the range of 0.8 um to 0.25 um.
22. The detector of claim 1 having a depth resolution
of approximately 0.5 cm.
23. Method for three-dimensional optical imaging
comprising |
focusing light reflected from an object onto a fiber
optic array which converts a two-dimensional
image into a line 1mage;
determining time resolution for light from each fiber
of the fiber optic array, and
processing the time resolution information to produce
three-dimensional images of objects.
24. Three-dimensional optical imaging system com-
prising
a laser adapted to generate light pulses to illuminate
an object;
a focusing lens to focus light reflected from the ob-
ject;
a fiber optic array configured to receive a two-dimen-
sional image from the lens and to convert the two-
dimensional image into a line image;

6

a streak camera responsive to light from the fiber
optic array adapted to provide time resolution for
light from each fiber of the fiber optic array;

a two-dimensional detector to record the hght output
from the streak camera; and

electronic apparatus to store and process information
from the two-dimensional detector.

28. The detector of claim 1 further including a micro-

channel plate to amplify light from the streak camera.

26. The detector of claim 28 further including a re-

ducing fiber optic coupler to couple light from the
microchannel plate to the two-dimensional detector.

27. The detector of claim 7 wherein the square con-

figuration comprises a 16X 16 array.

28. An apparatus for detecting three-dimensional data

from an optical subject, comprising

an ordered optical array configured to receive a two-di-
mensional spatial image and to convert said image
into a line image;

a recording device for recording the time evolution of
said line image, and

a focusing device for focusing light from said subject
onto said array.

29. The apparatus of claim 28 wherein the optical array

25 is a fiber optic array, the recording device is a streak cam-
era, and the focusing device is a focusing lens.

30. The apparatus of claim 28 wherein the light source Is
a laser.

31. The apparatus of claim 28 wherein the light source is

30 an object reflecting light.

32. The apparatus of claim 28 further comprising elec-
tronic apparatus to store and process the three-dimensional
data.

33. A method for detecting three-dimensiona! data from

35 an optical subject, comprising
focusing light from said subject onto an optical array
which converts a two-dimensional spatial image into a
line image, and

recording the time evolution of said line image.
40 ¥ * * » %
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