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ABSTRACT OF THE DISCLOSURE

An image comprising a multitude of small discrete
holes is formed by a laser in a radiation absorbing film.
Appropriate means form a large number of brief-dura-
tion, amplitude-modulated pulses of optical radiation.
These pulses are then deflected and focused to form an
array of discrete holes in a film, such as a 500 Angstrom
thick layer of bismuth, on a polyester substrate. By vary-
ing the energy in each pulse, the size of the boles can be
varied to form images having a gray scale.

METHCD AND

BACKGROUND OF THE INVENTION

This invention reiates to a recording and display system
and in particular to one in which pictorial images are
recorded by forming with a laser small discrete holes in a
radiation absorbing film. The phrase “pictorial image”
refers to an image that by its lik=ness suggests another
thing. Such an image might be a picture of a three-dimen-
sional object, a photograph, or a representation of a chart,
a page of writing or a page of type. All these images are
alike in that they suggest what they represent. In each
case, this suggestion is effected by two-dimensional spatial
relationships among the clements of the image that create
a representation that looks like the object recorded in the
image. Because the spatial relationships extend over two
dimensions, these images may also be referred to as two-
dimensional pictorial images. By way of contrast, the
phrases “pictorial image” and “two-dimensional pictorial
image” do not refer to binary records in which digital data
are stored in the form of the presence or absence of holes
at an array of points in a recording medium. Such a record
of an array of bits does not look like the object it repre-
sents; and the only meaningful spatial relationship be-
tween the bits is a linear or one-dimensional order.

It has bzen recognized that the high power densitics
available from laser beams makes them suitable for vari-
ous welding and cutting operations on a wide varicty of
materials. One application proposcd by Akin in U.S. Pat.
No. 3,181,170 is the use of a laser to evaporate portions
of a mstallic film that has been deposited on a glass sub-
strate. By turning the laser on and off as the laser beam
is scanned across the film. graphic or alphanumeric infor-
mation can be recorded on ihis ilm. Various modifications
of this system were developzd by Becker in U.S. Pat. ™o,
3,314,073, who teaches the usc of diffraction limited optics
to increase the density of infarmation recorded on a suit-
able vaporizable coating, by Robert Bosch GmbH in Ger-
man Auslegeschrift 1,263,091, which describes amplitude
modulating a continuous wave laser to store video infor-
mation on videotape, and by Carlson et al. in U.S. Pats.
No. 3,448,458 and No. 3,465,352, who teach various modi-
fications of the system particularly suitable for scanning
the laser beam and viewing pictorial images recorded on
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the film. As described by Carlson et al. in U.S. Pat. No.
3,448,458, typical apparatus uses a continuous wave :(C W)
laser to cut a set of lines in the recording medium by
vaporizing the medium. This set of lines comprises a pice
torial image of, for example, alpha-numeric characters.

The Robert Bosch GmbH puatent describes an apparatus
that writes, by a similar mechanism, patterns that are later
read bit by bit in a scanning mode, it being evident that
the frames are too small to be viewed optically.

Despite these developmenis, the system that has evolved
for recording information is extremely inefficient, it does
hot provide a gray scale, and its performance is hampered
by its power requirements. In order to obtain from a con-
ventional gas laser the threshold energy per unit area re-
quired to affect the recording medium enouzh to produce
a record, it has been necessary to record only very small
images using very narrow laser beams with just criouzh
energy to affect the recording medium. Typical reduction
ratios as reported by Carlson et al. in U.S. Pat, No. 3,463.-
352 are greater than 100 to 1. Consequently, the size of
the images has frequently been too small for conventioral
enlargement to full size using standard projection arrange-
ments. And because the depth of focus of the laser beam
depends on the square of the beam diameter, very stringent
requirements are imposed on the stability of th2 posi-
tion of the recording medium. In addition. the imazes that
have been produced are typically poor in quality, bzing
essentially devoid of any gray scale. Furthermore, in some
cases the quality of the image is also marred by debris
left over from the image forming process and in oiher
cases by d=mage done to the substrate on which the record-
ing medium is located.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to use a
laser to record pictorial images on a thin radiation ab-
sorbing film.

It is a further object of this invention to record pictorial
images with full gray scale.

It is still another object of this invention to increase the
efficiency with which such images are recorded bv a laser.

These and other objects of the invention are obtained
by using apparatus capable of forming a large number of
short duration, amplitude-modulated pulses cf spatially
coherent radiation per second to create positive or neca-
tive pictorial images consisting of small discrele holes in a
thin radiation absorbing film. Typically, the short laser
pulses evaporate a small amount of the film at the center
of the spot upon which the beam is incident and melt a
large area around this region. Surface tension then draws
the melted material toward the rim of the mclied area,
thereby displacing the film from a nearly circular region
of the transparent substrate.

The incident laser power is mostly absorbed by the
fi'm, and most of the resulting heat energy is eventually
conducted to the transparent substrate, By using very
short laser pulses, the temperature of the spot upon which
the laser beam is incident can be raised to a much higher
value than would be the case if a CW luser of the sane
average power were used. Or, conversely. a CW laser of
much hicher average power would be needed to displarce
an equal area of the fi'm per unit time.

By varying the amplitude of the very shout laser pul-
ses, the diameter of the region that is meited can be
varied. and the area of the resulting ho'e increas:s moro-
tonically with increasing pulse amplizude Tn ihis wav it
is possible to achieve a wide range of shades of orav.

Using a pulse repstition rate of approximately one
million pulses per second, hich quality images have bae
writtan in raster fashion on a thin bismuth fi'm in a
period of about four seconds, of which time atout 30
percent is dead time. The raster consists of 20G0 lincs
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with about 1400 sites on each line where a hole may or
may not be written. The size of the image produced in
this manner is such that conventional optics can be
used to project it onto a relatively large screen.

A particular use for the invention is the provision of a
stored display for images that are transmiited over tele-
phone or PICTUREPHONE lines. Such an application
includes, for example, the sending of copies of documents
from one individual to another during the course of a
phone conversation and facsimile type operations such as
the transmission of an image to a remote location and
the retrieval of information from a remote storage loca-
tion by a user. The invention may also be used as a com-
puter graphics terminal. Other applications will be dis-
cussed below.

An important feature of this invention is the fact that
the recorded image can be substantially permanent and
of archival quality.

BRIEF DESCRIPTION OF THE DRAWING

These and other objects and features of the invention
will become more readily apparent from the following
detailed description of the invention taken in conjunction
with the following drawing in which:

FIG. | depicts in block form illustrative apparatus used
to practice the invention;

FIG. 2 depicts a first illustrative embodiment of a
pulse forming means, a focusing and scanning means,
and a recording medium of the apparatus of FIG. 1;

FIGS. 3 and 4 depict an illustrative embodiment of
the focusing and scanning means, the recording medi-
um and a display means of the apparatus of FIG. 3;

FIG. 5 depicts a second illustrative embodiment of
the focusing and scanaing means, the recording medium
and the display means ot the apparatus of FIG. 1, and

FIGS. 6 and 7 depict illustrative embodiments of a
reading means of the apparatus of FIG, 1.

DETAILED DESCRIPTION OF THE DRAWING

An illustrative embodiment of the invention is sche-
matically represented in FIG. 1. This embodiment com-
prises a source 11 of amplitude-modulated pulses of radio-
frequency waves, a source 21 of amplitude-modulated
optical pulses of spatially coherent radiation, focusing
and scanning means 45 for writing on a recording me-
dium 51 with these optical pulses, and display means 61
for viewing what is written on medium S§1. Also shown
in FIG. 1 is reading means 71 that will be discussed below
in conjunction with FIGS. 6é and 7.

Source 21 of optical pulses is illustratively an intra-
cavity modulator, such as that described in the con-
currently filed application of D. Maydan entitled “In-
tracavity Modulator,” Ser. No. 115,026, assigned to Bell
Telephone Laboratories, Incorporated. As described there-
in, and as shown in FIG. 2, the intracavity modulator
is comprised of a V-shaped, three-mirror laser cavity 220
in one arm of which is located an acousto-optic modu-
lator 221. Radiation in cavity 220 converges to a waist
near the center of curvature of end mirror 223; and
modulator 221 is located at this center of curvature. Part
of the optical power in this cavity is diffracted by acoustic
waves propagating in the modulator to form a beam of
radiation 218 that is extracted from the cavity. Because
the diffracted optical power is proportional to the radio-
frequency power in the signal applied to the modulator,
amplitude-modulated pulses of coherent radiation are dif-
fracted from the cavity when amplitude-modulated pulses
of radio-frequency waves are applied to acousto-optic
modulator 221.

Source 11 of amplitude-modulated pulses of radio-
frequency waves is likewise described in detail in the
concurrently filed patent application of D. Maydan. Source
11 comprises means for forming a pulse train of radio-
frequency waves and means for ampli{ying the pulses.
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Tilustratively, as shown in FIG. 2, these means comprise
a local radio-frequency oscillator 233, a signul source
234, a first balanced mixer 235, a pul.e generator 236, a
second balanced mixer 235’ and an amplifier 237. All this
apparatus may be standard. A radio-frequency signal
from oscillator 233 is amplitude modulaied in mixer 235
by a signal from source 234; and the output of mixer 235
is gated in mixer 235 by pulses from generator 236.
The resulting signal comprising a train of amplitude-mod-
ulated pulses that define the envelope of the radio-fre-
quency signal is then amplifed by amplifier 237 and
applied to a transducer attached 1o acousto-optic modu-
lator 221. Typically, oscillator 233 is operated at 450
MHz; and pulse generator 236 produces 0.5-volt pulses
with a duration of about 25 nanoseconds and a repetition
rate of 1 MHz. The pulse spacing as measured between
the leading edges of successive pulses is therefore 1 micro-
second. The range of pulse amplitudes is such that for at
least one amplitude encugh radiation is dumped from
cavity 220 to produce a discernible effect on recording
medium 51 and for another amplitude no effect is pro-
duced. As will be described below, halftone images may
also be recorded provided the range of pulse amplitudes
is such that there are at least two amplitudes for which
different effects are produced by beam 218 on recording
medium 51 and a third amplitude for which no readily
discernible effect is produced. In both cases the amplitude
for which no effect is produced may be zero.

Illustratively, source 234 provides a video signal formed
in reading means 71 by scanning an object whose image
is to be recorded on recording medium 51. Typical ob-
jects are a picture, an X-ray, a chart, 2 pbotograph, a
page of wriiing, a page of a book, a microfilm image, a
portion of a newpuper print and a thres-dimensicnal ob-
ject. By iliuminating very smail regions of the object in
a time sequential fashion and detecting the relative in-
tensity of the light returned from each region by scatter-
ing and reflection, it is possible to “read” the object and
form a facsimile signal representative of it. In a particular
embodiment of the invention, the illuminating means is
a raster scanned laser beam; and the returned laser radia-
tion is read or detected by photodetectors to generate a
signal representative of the object being scanned. De-
pending on the application, this signal can be electrically
processed so as to produce either a positive image or its
negative. Further details of such reading means 71 are
given below in conjunction with FIGS. 6 and 7. Alterna-
tively, source 234 could be a computer that generates a
graphic or alphanumeric display.

Because of the power diffracted from the laser cavity is
proportional to the power in the pulses of radio-frequency
waves applied to the acousto-optic modulator in the cavity,
the optical pulses from source 21 have a power and an
energy that is proportional to the amplitude of the signal
applied to modulator 221. Moreover, because the ampli-
tude of the signal applied to modulator 221 is proportional
to the signal formed by scanning the object to be recorded,
the amplitude-modulated pulses of coherent radiation
from source 21 have a power and an energy that is pro-
portional to the signal derived by scanning the object.”

To write a piciorial image of the scanned object on
recording medium 51, these amplitude-modulated pulses
in baam 218 are focused and scanned by means 45 onto
recording medium S51. As shown in FIGS. 2, 3 and 4,
focusing and scanning means 45 comprises a beam ex-
pander 241, a focusing lens 243, a scanning galvanometer
245, and film transport means 247 (shown in FIGS. 3 and
4) for moving recording medium 51 in a direction trans-
verse o the diteciivu i whivii this puises ui culcrent
radiation are scanned by galvanometer 245,

This combination of scanning galvanometer 245 and
film transport means 247 provides a two-dimensional scan
of recording medium §1 in which each pulse in beam
218 is incident on a different portion of film 251. Spe-
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cifically, the scanning speed of galvanoricter 245 is such
that in the inlervai between any iwo puises gaivanometer
245 rotates enough that each pulse is incident on suffi-
ciently diiferent portions of 1'm 251 as to form discrete
holes in the fiim. Thus, if the maximum diameter of a
hole formed in film 251 is 5 microns and if the pulses
have a duration of approximately 25 nanoscconds and
a spacing of 1 microsecond, then, in the Y75 nanosecond
interval between puises. galvanometer 245 rotaies enough
that the two puises are incident on portions of film 251
that are spaced apart a distance greater than 3 microns
as measured betwween the centers ‘of said portions. Simi-
larly, the specd of film transport means 247 is such that
after a line of holes has been formed a new line of holes
is formed that is discrete from the previous lice. Thus,
if the time elapsed from the starting of one line to the
starting of the next is 2 millissconds, fiim transport
means 247 must advance recording medium S1 by at
least § microns every 2 milliseconds.

Ordinarily, the intensity of radiation in beam 218 is
radially symmetric and has a Gaussian profile. Focusing
lens 243 concentrates beam 218 to a waist at the posi-
tion of film 251. For experiments conducted with this
inveniion using a gas laser that delivered an average
power of 12 milliwatts to film 251, the diameter of the
beam waist was on the order of § microns as measured
between the points at which the intensity of the beam
fell off to (1/¢)3 of the peak in:ensity. For this diameter,
the depth of focus of the laser beam is large enough
that overly stringent requirements are not imposed on
the stability of the position of film 281. It is preferred
that the laser deliver to the film an average power output
of less than approximately 18 milliwatts in the Gaussian
mode.

Recording medinm £t comprises 2 radiation absorbing
film 251 on a transparent substrate. Preferably film 251
is made of bismuth about 200 to 1000 Angstrom (A)
thick deposited on a substraie 252 that is a transparent
polyester material, such as Mylar, about 100 microne
thick. For clarity, the thicknasses of film 281 and substrate
252 have been greatly enlarged with respect to each other
and the oiher elements in FIG. 2. The width of film 251
and substrate 252 is typically 16 millimeters. As shown
in FIGS. 2, 3 and 4, recording medium 51 is slightly
curved so that opaque film 251 lies in the focal surface of
lens 243. While the precise location of this surface depends
on any aberrations in lens 243, the approximate location
of this surface is on the circumference of a circle having
as iis center the axis about which galvanometer 245 ro-
tates. A block 253 of material is used to hold medium
51 so that film 251 lies in the focal surface of lens 243.
As shown in FIG. 3, this block is divided into two parts
that may be separated in order to thread the film between
them. For clarity, clamps that hold together these two
parts of block 253 have been omitted from FIG. 3.

Alternatively, as shown in FIG. 5, the focusing lens,
represented in this figure as element 243’, may be located
between scanning galvanometer 245 and the recording me-
dium, here represented as element 51’. With lens 243’ in
this position, its fccal surface is substantially flat; and Slm
251 should therefore also be flat. To hold film 251 in the
focal plane, recording medium §1’ is fed through an ap-
propriately positioned block 233 that is similar to block
253 of FIGS. 2, 3 and 4 except for the fact that it holds
medium 51’ in a plane.

As shown in FIGS. 3, 4 and § an opening 255 in biocks
253 and 253’ permits beam 218 to be scanned onto record-
ing meadia 51 and 51’ without passing inrough the block.
This opening permits any materinl romoved from
film 251 to bc cxhausted from the image writing area.
Preferably, recording medium 51 is oriented as shown in
FIG. 2 so that beam 218 passes through transparent sub-
strate 252 before it is incident on film 251. As a result,
any material removed from film 251 is exhausted through
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opening 255 on the side away from galvanometer 245,
thereby avoiding any fogging of elemcnts 243 and 245 vy
the removed material. Of course, where fozzing is not a
problem, medium $§t can be oriented so that beam 2!
is incident on film 251 without first traversing substrate
252.

To write an image of the scanned object on medium
51, a signal representative of the image is applied to mod-
ulator 221. This signal is transformed by modulator 221
into beam 218 of umplitude modulated puises of coherent
opiical radiation, Beam 218 is then focused by lens 243
onto film 251 and scanned across it by the co-action of
scanning galvanometer 245 and film transport means 247.

Each focused pulse of coherent radiation of non-zero
energy heats up a very small discrete region of the film.
The amount of temperature rise in a metal film has been
analyzed by solving the differential equations of heat con-
duction and has been found to depend on the duration of
the lasar pulse and thé*energy in the pulse. To minimize
heat loss to the substrate, the pulse duration should be
as short as possible. Durations of 25 to 30 nanoseconds
have proven quite satisfactory in writing images in bis-
muth films. Throughout the thickness of the film in the
region on which the laser pulse is incident, the tempera-
ture rise per unit of incident power varies only slizhtly
The temparature rise in a unit area of the film is dependent
on the energy incident on that area of the film. The tem-
perature in the film increases monoionically with increas-
ing energy density in the pulse up to the melting point of
the film. A certain amount of heat energy is expended in
melting the film; but after melting has taken place, the
temperature in the melted film once again increases mono-
tonically. This increase, of course, ends when the boiling
point of the film is reached.

If the tamperature in any part of the region on which
the laser pulse is incident reaches the boiling point of the
film or if a sufficiently large area is melted. a hole or crater
is formed in the film. Surface tension in this melted rezion
then increases the size of the hole that is formed by draw-
ing back a substantial portion of ths melted region. As a
result, a crater-like hole is formed having a raised rim
that is made up of the material that was first melted and
;ihen drawn to the rim by surface tension where it solidi-

ed.

The size of the hole that is formed increases monotoni-
cally with increasing energy density in the laser pulse.
Consequently, when the energy in each laser pulse has
one of at least three magnitudes, two of which are suff-
ciently different to produce differsnt effects on the racord-
ing medium, the series of amplitude-modulaied pulses in
beam 218 forms an image comprised of an array of holes
of varying size in radiation absorbing film 251. This image
has a gray scale that is quite good when the laser pulses
have a sufficient range of energies to produce holes having
diameters that vary by a factor of approximately 2.5 or
more. In experiments conducted with bismuth films of
thicknesses up to several thousand Angstroms deposited
on polyester substrates, the area of holes formed in the
film was observed to vary linearly with the energy density
incident on the film.

In practicing the invention with an argon ion laser that
was operated to produce an avernge powar of up to 25
milliwatts, approximately 70 percent of the average power
was incident on film 251. The maximum diameter of a
focused spot on film 251 was approximately S microns
as measured between the (1/e)? points of the Gzussian
profile of the intensity of a spot. For a pulse duration of
approximately 25 nanoseconds and a pulse spazing of
approximately 1 microsecond. the reak powear incidant on
nim 251 ranged from approximatsly 0.2 watts to 0.7 watts,
where peak power is the average power times the time
interval from the start of one pulse to the start of the next
divided by the pulse duration. For such a range of powers,
the area of a hole formed in a 500 A. thick bismuth fiim
deposited on a Mylar substrate was observed to vary Lin-
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early for holes having diameters from less than | micron
to approximately 6§ microns, One image that was recorded
with excellent gray scale was that of an 8%2 x t1 inches
IEEE Facsimile Test Chart. This image was recorded on
an approximately 10 x 13 millimeter portion of film 251,
representing a reduction ratio of about 22 to 1. The total
number of spots that were formed in each line on the re-
cording medium was approximately 1400 and approxi-
mately 2000 such lines were made. As a result, the density
of holes was approximately 2.2 X 106 per centimeters. For
such density, the resolution of the image when viewed at
a normal 842 x 11 inch size was about 175 lines per inch.
With a pulse repetition rate of 1 MHz. it took approxi-
mately 4 seconds to write this image of 2.2 10 spots
because there was about 30 percent dead time in the appa-
ratus used.

In other experiments with the invention, a helium-
neon laser was used that had a discharge length less than
60 centimeters and a 3 millimeter bore diameter. This
laser had an average power output of 14 milliwatts of
which approximately 12 milliwatts were incident on film
251. The diameter of the holes that were formed in the
film ranged from less than 1 micron to approximately
5 microns; and the image of the Facsimile Test Chart
measured approximately 7 x 9 millimeters, representing
a reduction ratio of about 30 to 1. The duration of each
pulse was 30 nanoseconds, and the spacing between pulses
was approximately 1 microsecond. The thickness of the
film, the number of holes formed, and the time it took
to form the image were the same as those in the experi-
ments conducted with the argon laser.

For bismuth films that were approximately 500 A. thick,
the energy density required to form a hole having a diam-
eter of approximately 5 microns was on the order of 0.06
joule per centinieter.? This energy density is available from
a good focusing lens whenever the average power de-
livered to the film is approximately 12 milliwatts. For film
thicknesses ranging from 200 to 1000 A., the energy den-
sity required to initiate machining of the film is a slowly
increasing function of film thickness. Only about 20 per-
cent more energy is needed to initiate machining of a 800
A. thick film than is required for a 400 A. thick film.

The amount of material that is removed from the bis-
muth film by machining was studied by writing in the
film an all whiie image, namely, an image comprised of
a discrete hole of maximum size at every location in the
image where a hole could be made. From this experi-
ment it was determined that after machining only 10
percent of the area of the image remained covered by
bismuth. However, the amount of material that was re-
moved from the bismuth film as determined from X-ray
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fluorescence studies was less than 40 percent. Only a por- -

tion of this removed bismuth was in the vapor phase. The
remainder was in the form of droplets of liquid metal.
The remaining material that was withdrawn from the re-
gion where the holes were formed but not removed from
the bismuth film apparently formed the rims of the crater-
like holes or was deposited as nearly spherical particles
just beyond the rims.

The images that is recorded on medium 51 can be
viewed with display means 61 shown in FIGS. 3 and 4.
Display means 61 comprises a light source 261 and a
condenser lens 263 that form a beam of light 264 that is
incident on rzcording mcdium 51, means 257 for hold-
ing medium $1 flat, an imaging lens 265, a back projec-
tion screen 267, a mirror 271, and a front projection
screen 277. Lens 268 is positioned to magnify the image
to a size suitable for viewing. When the distance from
recording medium St to screen 277 is appreciably dif-
ferent from the distunce from medium 51 to screen 267,
lens 265 must be located at different positions in order
to achieve sharpest imaging: or it must be possible to
alter the focal length of the lens. Means for moving the
lens or altering its focal length are conventional and ac-
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cordingly have not been shown in FIG. 4. The correspond-
ing apparatus shown in FIG. § is similar,

To project an image onto screen 267, mirror 271 is
positioned as shown in FIG. 3; and light is directed from
source 261 through condenser lens 263 onto recording
medium 51. Imagzing lcns 265 then forms on screen 267
an image of what is illuminated on recording medium
51. A viewer situated on the other side of the back pro-
jection screen, as shown in FIG. 3, can then observe this
image simply by looking at the screen.

Alternatively, the image can be projected onto front
projection screen 277 as shown in FIG. 4. In this case,
reflector 271 is rotated so that it lies in the path of the
light imaged by lens 265 and directs light from this lens
onto screen 277. Recording medium 51 is then itluminated
by light beam 264, and lens 265 forms on screen 277 an
image of what is illuminated on medium 51. A viewer
situated on the same side of front projection screen 277
as shown in FIG. 4 can then observe this image by look-
ing at the screen.

Alternatively, a permanent, full-size copy of the image
projected toward screen 277 can be made by locating
a suitable recording medium on the front surface of
screen 277. Such a recording medium could be a con-
ventional photographic plate. It might also be a recording
material such as Electrofax paper or a dry silver paper.
Still another way to produce a permansent, full-size copy
would be to replace the front projection screen 277 with
the recording drum of any of the office copier machines,
such as the Xerox copier.

Alternative reading means for producing a video sig-
nal for signal source 234 are shown in FIGS. 6 and 7.
The apparatus in FIG. 6 comprises a laser 611, a scan-
ning mirror 615, a drum 623 on which is mounted an
object 621 that is to be scanned, and an array of photo-
detectors 638, Scanning mirror 615 is a muitifaczizd nin-
ror that is rotated at high speeds to scan an incident
light beam across the object.

To scan object 621, a beam of radiation 613 from laser
611 is directed toward scanning mirror 615. There it is
deflected by one of the facets of mirror 615 so that is
scans across object 621. Portions of this scanned beam
are scattered by object 621 to photodetectors 630. A sig-
nal from each of these photodetectors is then summed
to give a signal representing the amount of light scat-
tered from that point on the object at which the laser
beam is incident. As beam 613 is scanned over one line,
a signal is produced representative of the scattered light
generated by the incident beam. By the time the scan
of one line is completed, drum 623 has rotated a smali
amount; and rotating mirror 61§ has advanced enocugh
that laser beam 613 is incident on another facet of mirror
615. Consequently, a new scan is commenced and a new
signal is produced indicative of the scattering along a
second line on the object.

Alternatively, with the apparatus of FIG. 7, a sta-
tionary object may be scanned in two dimensions. This
apparatus comprises a laser 711, an X-Y scanning gal-
vanometer 715, an object 721 to be scanned and an array
of photodetectors 730. X-Y scanning galvanometer 71§
is comprised of a stationary mirror 716, whose use is op-
tional, a high-speed scanning mirror 717 and a low-speed
scanning mirror 718 oriented to scan in a direction or-
thogonal to the direction in which mirror 717 scans. Such
a galvanometer is manufactured by General Scannings,
Incorporated of Watertown, Mass., as Model No. XY 125.

To form a signal represontative of the scattering by
object 721, a beam of radiation 713 from laser 711 is
directed onto fixed mirror 716 of galvanometer 715. This
beam is then reflected by mirrors 717 and 718 onto ob-
ject 721. Radiation reflected from this object is detected
by detectors 730 and summed to form a signal representa-
tive of the scattering by object 721 at the point on the
object at which laser beam 713 is incident. As high-speed
scanning mirror 717 rotates, beam 713 is scanned across
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a horizonta! line on object 721: and the radiation scat-
tered from object 721 is summed by detector 733 o form
signals representative of the scattering of the object along
this line. After one line is completed, scanning mirrof
417 is returned to its initial position and mirror 718 is at
a sufficiently different position that a new line on object
721 can be scanned. In this wav. objact 721 is scanned in
raster fashion by beam 713 and a signal representative of
the scattered light is formed.

There are numerous applications to which this inven-
tion may be put. For example, it could be used to furnish
hard copy for information transmitted over telephone and
PICTUREPHONE networks. When used for such two-
way communication, the functions of scanning an object
and of reproducing an object can readily be combined
into one station set. In this case, one laser may be used
to form the pulses that write an image of an object trans-
mitted from another station; and a second laser may be
used to scan an object that is to be transmitted to the
other station. Alternatively, a single laser can be used
both to scan the object to be transmitted and to write an
image of an object by using an appropriate means to di-
rect the laser beam either to the apparatus for scanning
the object or the apparatus for recording an image of the
object on medium S1.

Some other applications of the invention are for graphic
or alphanumeric display at a computer terminal and for

- recording or displaying television pictures. For computer
output the formation of the puises of coherent radiation
is merely controlied by the computer and the remaining
apparatus is the same as described above. For television
recording and displaying, the video signal is used to form
images on a recording medium. While this application re-
quires the recording of many frames per second, sufficient
encrgy density can be provided for this by recording
smaller images or using more powerful lasers than those
used in the applications described above. For display of
what is recorded, images on the recording medium can
either be magnified to fill a viewing screen or they can be
scanned to produce a video signal that is used to form a
picture on a television screen.

As will be obvious to those skilled in the art, numerous
modifications can be made in the apparatus of this inven-
tion and the application to which it is put. As discussed
in the above-mentioned, concurrently-filed application of
D. Maydan, numerous laser media have been used in con-
junction with the acousto-optic modulator. Such lasers in-
clude the helium-neon, argon, and helium-cadmium gas
lasers, dye lasers as well as the Nd:YAIG rod. All of

these lasers could be used in this application as well. In 2

addition, a Q-switched Nd:YA1G laser could be used in
this invention where only low pulse repetition rates are
required. Because the average power required to form
holes in the recording medium is quite low, many other
lasers can also be used at repetition rates that previously
were not feasible. Of the newer lasers, electronically-
pulsed gallium arsenide lasers are particularly attractive
for use with the invention.

The particular means used for modulating the laser is
preferably the V-shaped, three mirror acousto-optic intra-
cavity modulator described in detail in the above men-
tioned application of D. Maydan. As explained therein,
this modulator can be operated both in a Q-switching
mode at low frequencies and in a cavity dumping mode
at pulse repetition rates in excess of 125 kHz. By using
this modulator it has been possible to form images with
laser energies that are considerably less than energies pre-
viously reported in the literature. Of course, as other effi-
cient laser modulators are deveioped. it may be possible
10 substitute those modulators for the acousto-optic modu-
lator. While amplitude modulation of the laser pulses is
the method that has been used to form holes of varying
size in the recording medium, this variation in size could
also be achieved by varying the duration of the pulse
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because the size of the hole depends on the total energy in
the pulse.

The focusing and scanning means that were described
in conjunction with the invention are only illustrative.
Numerous other means will be apparent to those skilled
in the art. One of the most promising such means is the
use of acousto-optic deflectors to achieve an X-Y scan
of the recording medium. Other means for achieving the
scan could be a mirrored galvanometer combined with a
deflector that is moved to achieve a scan in a second di-
mension. Still another approach to image scanning im-
volves the use of a linear silicon imaging device consisting
of a linear array of light sensitive elements that are sequen-
tially read out to scan one line of the object and a moving
mirror or other mechanical means to displace the line
that is scanned over the surface of the object. For low
resolution scanning, a vidicon or silicon camera tube could
also be used.

In some applications of the invention, particularly effi-
cient operation may be achieved by focusing the beam so
.hat the diameter 2r, of the focused beam at film 251, as
measured between the points at which the intensity of the
beam falls off to (1/e)2 of the peak intensity, is equal to
v/2 D where D is the diameter of the hole machined in
film 251. This relation may be derived by noting that the
total power P in a laser beam is given by the relation

P={(x/2)1Ir 2e3(r/r2

where I is the intensity of the beam at distance r from
its center and r, is as defined above. In general, a thresh-
old intensity is required in laser machining to produce a
desired effect at a given distance from the center of the
machining beam. Thus, the power P required to produce
a hole of radius D/2 is given by P—{=/2)1 r 22210:2/r 12
where I, is the intensity of the beam at the edge of the
hole that is formed. By differentiating P with respect to
r, and setting the derivative equal to zero, the relation
2r,=v2 D is obtained. From this relation, it can be
shown that the peak intensity of the beam is equal to el,.

Accordingly, with a Gaussian beam a film can be
machined most efficiently by ascertaining the minimum
laser power Pny, needed to produce the desired effect in
the smallest observable portion of the film being ma-
chined. Total laser power is directly proportional to in-
tensity. Hence, the most efficient laser machining will
take place when the laser power is equal to e:Pnyn At
this most efficient operating power, the diameter of the
hole that is formed in the machined film is v/2r,.

In experimental work, the attainment of optimum ma-
chining efficiency is complicated because the width of the
hole machined in a film can be dependent on other fac-
tors than the intensity of the incident beam. For example,
in bismuth the size of the hole that is formed is due in
part to effects of surface tension in melted portions of
the bismuth. However, by taking into effect these factors
as well, the optimum beam width can be determined for
machining a hole of a particular diameter.

As has been indicated above, bismuth is preferred for
use as the recording medium. This metal is desired be-
cause it is highly absorptive to laser radiation from at
least 3800 to 10,000 A. and in addition has a relatively
low melting point at 271° C. However, numerous other
metals, their alloys, or other radiation absorbing fiims
couid be used including indium, tin, cadmium. aluminum,
lead, zinc and antimony. The substrate, of course, should
be transparent and a poor heat conductor. For these re-
quirements, the various types of polyester have proven
useful. Glass may also be used but it is not as flexible
as poiyesier and conducts heat more readily.

The display means described above is likewise only one
of many that can be used. Real time display can be pro-
vided by directing light through the recording medium
at the same time as the laser beam is forming holes on
the recording medium. As an alternative to transmitting
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light through the recording medium, the image can be
formed by reflecting light off the recording medium.
Especially high reflectivity can be obtained if a layer of
aluminum is located on the outer surface of the bismuth.
If the image that is recorded on the recording medium
is a positive, the image viewed by reflection will be a
negative. Alternatively, it is possible to form a negalive
image on the recording medium simply by inverting the
video signal used in forming the signal applied to the
intracavity modulator, Means for performing such inver-
sion will bo obvious to those skilled in the art.

By scanning and transmitting stereo pairs it is possible
to form on the recording medium a stereo pair of images
from which can be reconstructed a three-dimensional
view of the object. Similarly, by scanning, transmitting,
and combining on a common screen three images, each
containing information about one of the primary colors
in an object, it is possible to form three images that when
viewed will reconstruct a color image of the object. Tech-
niques for performing such scanning and illumination will
be obvious to those skilled in the art.

As will be obvious to those skilled in the art still other
modifications may be made in the above-described appa-
ratus without departing from the spirit and scope of the
invention.

What is claimed is:

1. A communication system comprising:

first and second station sets and means for transmitting

signals between said station sets;

said first station set comprising:

means for raster scanning a first object with a beam
of radiation and forming a first signal representa-
tive of the radiation scattered from said object;
and

means for forming puises of coherent radiation, each
of said pulses having one of at least three energies
in accordance with an applied signal, at least one
of which energies is below the threshold energy
required in said apparatus to form holes in a
radiation absorbing film and at least two of which
are above said threshold and sufficiently different
to form holes of different sizes;

means for causing said pulses to be incident on dif-
ferent parts of the film; and

focusing means for concentrating the energy enough
to remove a portion of the radiation absorbing

film;
said second station set comprising:

means for raster scanning a second object with a .

beam of radiation and forming a second signal
representative of the radiation scattered from said
object;
means for forming pulses of coherent radiation, each
of said pulses having one of at least three enerzies
in accordance with an applied signal, at least one
of which is below the threshold energy required
in said apparatus to form holes in a radiation ab-
sorbing film and at least two of which are above
said threshold and sufficiently different to form
holes of different sizes;
means for causing said pulses to be incident on dif-
ferent parts of the film; and
focusing means for concentrating the energy enough
to remove a poriion of the radiation absorbing
film; and .
said transmitling means transmitting the first signal
formed by raster scanning the first object to the sec-
ond station set where it is applied to the means for
forming pulses of coherent radiation and the second
signai formed by raster scanmng the second object
to the first station set where it is applied to the means
for forming puises of coherent radiation.
2. Apparatus for forming in a radiation absorbing film
on a transparent substrate a pictorial image frame com-
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prising a multitude of small discrete holes, said appara-
tus comprising:
a source of modulated coherent radiation for forming
pulses of coherent radiation, each of said pulses hav-
ing one of at least three energies, at least one of
which is below the threshold energy required in said
apparatus to form holes in said ilm and at least two
of which are above said threshold and sufficiently
different to form holes of different sizes;
said source of coherent radiation is comprised of a
lassr medium from which can be formed a beam of
electromagnetic radiation and a cavity comprising at
least first and second reflectors enclosing said medi-
um, said cavity having a geometry such that the beam
of radiation has a waist in a region near the center
of curvature of the second reflector;
a modulator located at approximately the center of
curvature of the second reflector, said modulator
being adapted to form a first diffracted beam upon
the passage of said beam of electromagnetic radia-
tion through the modulater in one direction and a
second diffracted beam upon the passage of said
beam of electromagnetic radiation through the mod-
ulator in the opposite direction;
means for causing said pulses to be incident on dif-
ferent parts of the film; and

focusing means for concentrating the energy in the
pulses having more than the threshold energy so
tail,m to remove a portion of the radiation absorbing

3. The apparatus of claim 2 wherein:

the cavity further comprises a third element that is
either a lens or a reflector and is located in the op-
tical path between said first and second reflectors:

the second reflector and the third elements are spaced
apart a distance greater than the radius of curvature
of the second reflectors;

the laser medium is located between the first reflector
and the third element; and

the modulator is an acousto-optic modulator.

4. The apparatus of claim 2 further comprises means
for deflecting light within the acousto-optic modulator
comprising:

an acousto-optic medium, a transducer, a local oscil-
lator, a signal source, a first balanced mixer that
modulates the output of the local oscillator with
the output of the signal source, a pulse generator,
and a second balanced mixer that modulates the
output of the first balanced mixer with the output
of the pulsed generator.

§. The apparatus of claim 4 further comprising means

for inverting the output of the signal source.

6. Apparatus for forming in a radiation absorbing
film on a transparent substrate a pictorial image frame
comprising a multitude of small discrete holes, and dis-
playing the image frame, said apparatus comprising:

a source of modulated coherent radiation for forming

pulses of coherent radiation;

means for causing said pulses to scan the film in
Lrastor-like} raster-like fashion to form an aggregate
of holes in the film, the aggregate of holes forming
an image frame, each hole being separated by more
than the diameter of the largest hole formed in said
film, as measured from the centers of adjacent holes;

means for varying the energy of each pulse in that
range of time for which the area of the hole formed
by the pulse increases with increasing energy whereby
a gray scale is provided: and

means for projecting light through the entire frame
to view the image.

7. The apparatus of claim 6 further comprising:

a viewing screen; and

imaging means for forming on the screens an image of
the light that is directed through the holes.
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8. The apparatus of claim 6 further comprising:
means for reflecting light off the portions of the film
in which the holes are formed;
a viewing screen; and
imaging means for forming on the screen an image
of the light that is reflected by the film.
9. The apparatus of claim 6 further comprising means
for varying the energy in a pulse by varying the duration
of the pulse.

14

for which the area of the hole formed by the pulse
increases with increasing energy whcrcb-y a gray scale
is provided; and

projecting light through the entire frame to view the
image.

22. The method of claim 21 wherein:

each pulse of coherent radiation has one of at least
three energies, at least one of which is below the
threshold energy required in said method to form

10. The apparatus of claim 6 further comprising means | holes in said film and at least two of which are
for varying the energy in a pulse by varying the ampli- above said threshold and sufficiently different to form
tude of the pulse. ‘ holes of different sizes; and

11. The apparatus of claim 6 wherein the source of the pulses are incident on different parts of the film
modulated coherent radiation is an electronically pulsed separated by more than the maximum diameter of
GaAs laser and means for modulating its output. 15 a hole formed in said film as measured between the

12. The apparatus of claim 6 wherein the source of centers of said different parts.
modulated coherent radiation is any Q-switched laser and 23. The method of claim 21 wherein the duration of
means for modulating the total energy of individual pulses each pulse is on the order of 30 nanoseconds.
produced by said laser. 24. The method of claim 21 wherein the spacing

13. The apparatus of claim 6 wherein the source of 9o betwesn pulses is less than 8 microseconds.
modulated coherent radiation is an optically pumped 28. The method of claim 21 wherein the film is a
dye laser and means for modulating its output. bismuth film approximately 500 A. thick and the energy

14. The apparatus of claim 6 wherein the source of density in the pulses as measured at incidence on the
modulated coherent radiation is a laser that delivers to film is approximately 0.06 joule per centimeter.?
the film an average power output of less than approxi- 95  26. Apparatus for forming in a radiation absorbing
mately 18 milliwatts in the Gaussian mode and means film on a transparent substrate a pictorial image frame
for modulating the laser output. comprising a multitude of small discrete holes, and dis-

18. The apparatus of claim 6 wherein the means for playing the imuge frame, said apparatus comprising:
causing the pulses to scan dicerent parts of the film com- a source of modulated coherent radiation for forming
prises: 30 pulses of coherent radiation;

a beam deflector for deflecting the puises of coherent means for causing said pulses to scan the film in raster-
radiation in a first direction acros the surface of the like fashion to form an aggregate of holes in the
film; and : . L. film, the aggregate of holes forming an image frame,

film transport means for moving said film in a direction the holes being separated by approximately the diam-
perpendicular to said first direction. R ester of the largest hoie formed in said fiim as meas-

6. The apparatus of ciaim é further comprising ured from the centers of adjacent holes;
mounting means adapted to hold said film and substrate means for varying the energy of each pulse in that
so that during the formation of holes in the film the sub- range for which the area of the hole formed by the
strate is closer to the source of coherent radiation than pulse increases with increasing enmergy whereby a
the film. . ) L0 gray scale is provided; and

17. The apparatus of claim 6 wherein the film is means for projecting light through the entire frame
chosen from the group consisting of bismuth, indium, to view the image.
tin, cadmium, aluminum, lead, zinc, antimony and alloys 27. 4 method for forming in a radiation absorbing film
of two or more of these elements and the substrate is on a transparent substrate & multitude of small discrete
polyester. 43 holes that comprise a pictorial image and displayving said

18. The apparatus of claim 6 further comprising means
for viewing stereo pairs of images produced on the re-
cording medium.

19. The apparatus of claim 6 further comprising means
for combining into one color image three images re- .,
corded on the recording medium, each image being an
image of a different primary color of an object. .

20. The apparatus of claim 6 wherein the focusing
means focuses pulses having a Gaussian profile and one

method comprising.

forming puises of coherent radiation, each of said puises
having one of at least two energies, at least one of
which is below the threshold energy required in said
method to form holes in said film and at least one
of which is above said threshold;

causing said pulses to scan the film in raster-like fash-
fon to form an aggregate of holes in the film, the
aggregate of holes forming an imace frame, the

of the energics above threshold to a diameter approxi- g5 holes being separated by approximately the diam-
mately equal to /2 D where D is the diameter of the eter of the largest hole formed in said film as meas-
bole that is formed and the diameter of the pulse is ured beiween the centers of adjacent holes;
measured between the POinlS at which the intensity of varying the energy of each pulse in that range for
the pulse drops off to (i/e)? of the maximum intensity. which the area of the hole formed by the pulse
21. A method for forming in a radiation absorbing 80 increases with increasing energy whgreby a gray

scale is provided; and
projecting light through the entire frame to view the

image.

film on a transparent substrate a multitude of small dis-

crete holes that comprise a pictorial image and displaying

said image, said method comprising: )
forming pulses of coherent radiation, each of said

pulses baving one of at least two energies, at least g3 References Cited
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