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Abstract

Fundamentally this article is a survey of applications of lasers. The applications
are divided into six major areas: precision measurements, communications, bio-
logical and medical, other scientific areas, metalworking, and miscellaneous, A
table of the basic characteristics of the major types of lasers is provided so that the
user can be made aware of the limitations and capabilities of lasers. Good examples
of applications in each of these areas are described in some detail to illustrate which
major properties of laser radiation are useful in that particular area, Most of the
discussion pertains to present-day applications but in some instances what appear to
be good future applications are also described. Seventy-two references to the tech-
nical literature that relate to applications are provided.
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Applications of Lasers

1. INTRODUCTION

With the laser, man can now for the first time generate and control coherent
light by making use of electrenic transitions in atoms, Many knowledgeable people
have predicted a glorious future for lasers, but others have been considerably more
skeptical. Four years have elapsed since the first working laser was announced,
and fewer than ten different applications today are not connected with research and
development., The widest application so far has becn in scientific instrumentation
such as light sources for interferometers and high-energy sources for investigating
interactions between photons and matter, Whether this will reriain as the most
prolific application is difficult to say for it could hv that the best application may not
yet have been thought of,

The primary propertics of the laser=directionality, monochromaticity, intenaity,

and coherency=are reviewed in See, 2 of this paper. Sections 3 to 8 deal with actual

and proposed applications, References pertinent to the arca covered appear at the
end of each section,

The applications that depend on a particular property of laser radiation are listed
in Table 1. This is arbitrary in many cases,
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TABLE 1. Applications and primary laser properties

Narrow Optical |[Narrow Beam High

Coherence Frequency Divergence |intensity

Mechanical Measurement x
Standard of Length X
Seismograph X
Rotation-Rate Sensor X
Tracking Systems X
Communications X
Power Transmission x
Raman Spectroscopy X
Relativity Experiments X
Plasma Diagnostics X
Microscopic Spectroscopy X
Phase Photography X
Defense X
Metalworking \ X

2. PRIMARY PROPERTIES OF LASER RADIATION

2.1 Frequeacy Stability, Intensity, and Direclionality

The four major properties of laser radiation are high intensity, narrow fre-
quency width, directionality, and coherence. These are summarized in Table 2,
The minimum frequency widths given for the gasl and cptically pumped solid lasers®
are short-term measurements based on single-frequency operation, For the
He-Ne gas laser the stabilily time is on the order of tens of milliseconds and for
the ruby laser it is 2usec., The line width of the ruby laser is detrrmined by both
the Fourier spectral components of the spike and the thermal drift during the spike,
A detailed measurement of this type has not been made for the injection laser, but
calculations and probably spectrometer-limited measurements® indicate it s 3
the 10 to 50 Mceps rangi:  As the pump level incrieases, more resonant modes of the
laser c.vity arc excited, each of which has the widths indicated under Mintmum
Frequency Width, but the total spectral rangi of these different modex ix that indie
cated under Frequency Width at High Power.

The peak power indicated for gas lasers was vbtained by pulsing an argon gias
column with a capacitor ducha\rgr;‘ the duration of these pulses was about 20 nsec .
At lower power levels, repetiion rates can be on the order of 1000 ppa. For ruby,
500 Mw was obumvds’ by using a Q-switched aystem (rapid increase in positive
feedback in a cavity) followed by a stage of amplification. the duration of thix pulse
was about 7 nsec. Energies of 1500 j have been listed in the advertising hiterature,
These are difficult to confirm owing to measurement problems and reopeatability of
experiments,

The repetition rate given for the pulsed gas lascr does not represent an upps r
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limit but only the prf of the available power source (capacitor bank or magnetron),
The optically and electron-injection rumped lasers are probably himiting thns rare
because of heating considerations,

The beam divergence histed tor a gas laser 18 for one with plane paralle! mirrors,
Purhaps @ more typical figure 1s 10‘3 rad, which corresponds to the approximate
beam thvergence from a confocal resonator Im long.,  The case of mirrore alignnient
makes this a much mere popular type of gas jaser, The figure of hl-" rad for rubs
18 for a gowd ruby rod operated in a Q-wwitched sy stem.” 1 must be empli.oi ted
that this ix the Balf-power point, and for a Q-switihed ruby laser there s stll an
appreciable amount of power i the beam atangles greater than 20"" rad. Wiinout
beam altenualion, e angular spot size appears to he i()“g rad. The beam diverge s

»

for semiconductor jasers sty ally 1" hy 1A% which iman rough agreement w.th
chiffrac on theory (0, B for an aperture d < Wy, This 38 the approximate width of
3 pon jund hon i a xemconductor laser. s worthwhile noting that beam divergences
are to a large extent controllable by using the techmygue shown s Figure 3010 Aa-
suming that the divergence of the beam entering from the 10t ix Limated by diffraction
{rom an aperture equal to the diameter dl of the firat fens, the boam emorging from
the syatem i Figure 201 will have s divergens e angle of \_id;, if thic tog al points of
the twn lenses caisade, Simalarly, the Beamn - an be spread further st onters the

large lrns ind emerges from the amall lens,




(Gas lasers can be built to cover a wavelength range7‘ 8 extending from 133u
{G. 133 mm) to 0.27p, which is a frequency range of over 500/1. Pulsed noble-gas
lasers filled with 2 mixture of noble gases now provide for selection of the approxi-
mate wavelsngth desired by rotation of a prism inside the laser cavity.

Eificiencies are still low when computed in terms of electrical input to optical
outpnt, Gas lasers should become more efficient as a result of the triode structureg
recently developed; the eficiencies of injection lasers should also improve (up to,

say, 50 percent) from present measured valuesm of 15 percent.

Figure 2.1, Optical System for Changing Beam Divergences

2.2 Spatinl and Temporal Coherence

Coherence in the three types of lasers is compared only qualitatively in Table 2

1 defini ..on) have

because no quantitative measurements (in the sense of Born and Wolf's
to the writer's knowledge been made., A system for quantitative measurements was,
however, recently proposed.12 The meaning of coherence from Born and Wolf's
definition is diff.cul: o grasp, so we will discuss the more classical interpretation of
it in terms of spatial and temporal coherence, '

Spatial coherence of a wave can be illustrated by Young's double-slit interference
experiment st own schematically in Figure 2,2, The wavefront spreads by diffraction
from the two slits and interfercs on the screen. In particular, at point P the difference
in phase bety - en the two waves originating from the slits is given by

6= x sind

{This asrumes the time delay between the two rays arriving at P is much less than




the temporal coherence time.) When 6 is an even multiple of #, consiructive inter-
ference occurs; wher it is odd, destructive interference occurs. When the phase
difference between the equal-amplitude waves at the two slits is the same over the
duration of the measurement, there is a constant interference at P and the wavefront
is said to possess spatial coherence, If the phase difference shifts appreciably dur-
ing measurement, the position of the maximum in the neighborhood of P wanders and
shows as a smear; this is what one observes with incoherent light. Thue, when the
wavefront has a given constant amplitude, spatial coherence depends on a definite
phase correlation hetween two points., When the wavefront is equiphased, spatial co-
herence depends on the condition that the amplitude at the two points is the same
function of time,

impinging wavestronts

NN NN

screen

Figure 2,2, Lixperimental Setup for Measuring Spatial Coherence

The temporal coherence of a wave train that is known to be spatially coherent
can be examined as in the following experiment‘la As shown in Figure 2.3, half of
the wavefront enters the upper slit and traverses the path to P; the other half of the
wavefront is intercepted by mirror 1, directed to a movable prism that reflects it
to mirror 2, and then reflected toward the lower slit where it interferes at P as in
Figure 2,2. If L =0, perfect stable fringes are seen on the screen since the wave-
fronts are spatially coherent. As L increases from zero, the wavefront is delayed
by 2L/c {c is the velocity of light) and the interference at P can be studied as a func-
tion of the delay. If no ffinges are seen on the screen when L >0, then the wave has
no temporal coherence. If the fringes become invisible for t°> 2L°/C, then to is
the temporal coherence time, 'It can be related to the spectral width Af of the

radiation by
' AR -7 L




In summary, coherence implies a constant phase difference between two points
on & series of equal-amplitude wavefronts, and a correlation in time between the
same points on different wavefronts. For a high-quality stable gas laser, estimates
have been madel that L could be as large as 10, 000 miles. In measurements of L
for ruby lasers'd it was found that L =15m, givinga t  of 10”7 sec. This is in
reasonable agreement -vith the spike duration in ruby lasers Somewhat different
measurements on injection lasers indicate that their coherence is not as good as that
of ruby but that it is of course still far superior to that of normal light,

o
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Figure 2,3. Experimental Setup for Observing Temporal Coherence

In conclusion, the radiation from optical masers is not at all like the radi-tion
from previously known optical sources, as can be seen from the factors that have
been discussed in this section, Its properties are more analogous to those of a
parabolic antenna powered by an electronic transmitter. Thus, a better overall
viewpoint is that the laser represents an extension of electronic technology by four
orders of magnitude in frequency.
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Society of America, Chicago, 1l.
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3. APPLICATIONS IN PRECISION MEASUREMENTS

The use of lasers for precision measurements depends on the coherence of
the laser beam rather than on its intensity. Because of their superior coherence,

nzrrow frequency, and ability to operate continuously without having to be cooled,
gas lasers will undoubtedly be preferred toc solid lasers.

3.1 Mechanical Measurements

The standard type of interferometer used for measuring the quality of optical
components (surface flatness, parallelism of miriors, and index of refraction
variations in glass) and for measuring distances in terms of the wavelength of light
is the Michelson interferometer.1 Referring to the illustration in Figure 3.1, if
the difference d in length of the two arms L, and L, is an integral number of half
wavelengths, or if the difference in total path length 2d is an integral number of
full wavelengths, then the two beams will constructively interfere. The condition
for seeing a bright fringe is therefore

2d=kx ,

where \ is the wavelength of the light being used and k is an integer.

The cadmium red line is a conventional light source that can be used with this
instrument but because its coherent length Lo is short, no fringes can be seen if d
is made greater than 25cm. If a gas laser is used, however, its excellent temporal
coherence allows the two mirrors to be separated by 660 ft or more, resulting in a
versatile instrument for measuring small differences over long path lengths. As
an example, take the construction of the surface of a microwave antenna that is to
be 100 ft or so in diameter. Good performance of the antenna depends on surface
smoothness, which has heretofore been difficult to measure, Now, a beam could
be reflected from the surface and brought back to interfere with itself (as in the
Michelson interferometer), the number of fringes counted, and, as the beam swept
around, the precision of the antenna cataloged, The laser interferometer could also
be nsed for continuous, accurate measurement in machining, say, a large turbine
shaft of a motor generator, Such a measurement is difficult with standard tools but




with a laser it could easily be done to within /20 or 3 X 10"6 cm by monitoring
either a reflection from the shaft surface or a mirror mounted on the drive mech-
anism of the cutting tool. The depth of cut or variations in smoothnegs could
easily be determined by means of an electronic counter and a photomultiplier,

I M, (movable mirror)

somple being
beom eplitter investigated My
light source | PR A
\eoO I . i__ . -;r
L
soroen o lens :

A\

Figure 3.1. Michelson Interferometer

3.2 Steaderd of Length

Experiments by Jaseja, Javan, and 'I‘ownes2 indicate that a highly stabilized
helium-neon gas laser can detect changes in length as small as eight parts in 10“.
equivalent to less than one wavelength of light in 10, 000 miles, To detect such
changes, the surface whose position is to be monitored must be used as one of the
mirrors of the lagser, The output of this laser is then mixed with that of a standard
lager and the beat frequency Af detected. The relation is

Af _-AL
T T -
In practical application this method of length measurement is too sensitive, Such
small changes in length are not normally required to be known, and their meaning
in a path length of, say, 50 cm, would be difficult to define since AL would be on
the order of a nuclear diameter (10”3 cm).

It is quite certain that the laser will become a standard of length, Jaseja e_t_g.z
demonstrated that they could reset one of their gas lasers to within 500 kcps, which
is equivalent to resetability to within one part in 109. This is already superior to
the present standard of length, and their technique for resetting the laser will probably
improve further,

Rl




3.3 Seismographic lnstrumentation

If one of the mirrors of the gas laser is attached to a large suspended mass
as shown in Figure 3.2, the instrument can be used as a detector of earthquakes
or underground nuclear blasts since its sensitivity is estimated to be 10 times better
than that of present seismometers, It is capable of covering a wide dynamic range
(10") and a period range of seismic events from 0. 1 sec to 40, 000 sec or longer,

3

4!"0“"\..

fo the
ground

Idvl woto-1_frfe
multiplier

strip chort recorder

Figure 3.2, Seismographic Instrumentation

The instrument works as follows. When a disturbance in the earth occurs,
the mass M moves and differentially shifts the frequency of the two gasa lasers.
The output beams are then mixed in a photomultiplier (a square-law device) and
recorded. The beat frequency is directly related to the severity of the disturbance.
The use of two lasers in this manner eliminates the requirement for having a sep-
arate absolute frequency standard,

3.4 Measuroment of Rotation Rates

Another device that features gas lasers has recently been developed. It cen
provide extremely accurate measurements over a wide range of angular rotation
rates, detect rotation rates as low as 5° per hour, and has no upper limit, Since
its potential seems greater for use as a navigational aid, its discussion is post-
poned to Sec, 4.9,

3.5 Releronces

1, F.A. Jenkins, and H,E. White, ﬂ# mentals of Physical Optics,
McGraw-Hill, N. Y., 1837, p. 68,

2. T.S. Jaseja, A, Javan, and C.H. Townes, Phys Rev, Lettery 10:165, 1963,

3. Electronics, 11 August 1963,
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4. APPLICATIONS IN COMMUNICATIONS

This section is devoted to a discussion of the applicability of lasers to any type
of system that comes under the broad heading of communications, Several existing
applications in this area are considered in detail,

4.1 Applicability of Lasers to Communications

It is well known in the field of communication theory that the information
capacity C of a signal of average power S in the presence of additive white noise
power N in a channel of bandwidth B is given by

C=Blog(1+S/N) .

This expression illustrates one reason there is a great interest in lasers for com-
munication purposes: channel capacity is directly proportional to bandwidth—and the
bandwidth for a laser communication system could be as large as, say, 40,000 Mcps,
This is equal to 0,01 percent of the carrier frequency of 4x lO“cps. A bandwidth

of this size would permit 10 miliion simultaneous telephone conversations or 8000
simultaneous TV programs. It is doubtful that there is a large need for many systems
of this type, but the figures do indicate the attractiveness of the idea.

A system for modulating light with a bandwidth of 10Gcps has been reported.l
It seems likely that an upper limit might be 20 to 30 Geps, based on the fact that all
modulators will use microwave components “nd frequency ranges for given com-
ponents are not much larger than this, It is interesting to note that we now Lave a
situation in which the problem facing communications researchers is not how to con-
serve bandwidth, but how to make use of all the bandwidth available, This problem
of haw to build an extremely wide-band medulator to utilize the large bandwidths of
optical channels is a real one, and will certainly be the limiting factor in the realiza-
tion of an efficient optical communication system.

There are optical communication systems that use incoherent light but the use of
coherent light greatly improves the detection sensitivity if the signal is weak or the
recejver is being operated in daylight. In a conventional optical receiver, the signal
alone is fed into the detector, and noncoherent detection performed. In a coherent
optical receiver, the signal is mixed at the detector with a coherent optical local oscil-
lator reference, and coherent detection perfdrmed. The gain in suuwsilivity obtained
with coherent detection as opposed to noncoherent detection can be auhc:m-r.l to be

G- PM,PIi
for P“I P, <Lwhere P, and P, are the optical input signal and noise powers,

respectively. 1f the signal-to-noise ratio is somewhat greater than unity, then non-
coherent detection is sufficient.
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A ranging system needs a pulse with a sharp well-defined leading edge so that
an accnrate measurement can be made of the elapsed time, Fast Q-switched laser
systems followed by a stage of amplification can produce optical pulses with a rise
time on the order of a nanosecond. Assuming an electronic detection system in the
receiver that could keep pace with this fast a pulse, there could be a range resolu-
tion of 6 in. This optical radar could easily be used on the ground since the beam
diameter is very small and the divergence angle low. These factors cut down on
spurious reflections from other objects and consequently reduce the background
noise level,

Another distinct advantage in using light as the carrier in a communication sys-
tem is the small size of the equipments involved. To obtain the same angular resolu-
tion as a radar operating with a wavelength of 1 cm, the antenna for the laser system

canbe 1074

times as small for a laser wavelength of 1y, With transmitting and re-
ceiving apertures of this size, relatively small mounts that are highly accurate and

stable can be designed,

4.2 Ruby-Laser Tracking System

A number of ranging systems have been built by various laser research and
development groups in the country. Since this is one of the primary systems uses
of lasers, we will discuss one pulsed ruby-laser ranging system and also a more re-
fined missile~tracking system using a gas iaser,

The portable ranging system shown schematically in Figure 4.1 was developed
by perscmnel2 at the United States Army Electronics Research and Development
Laboratory, Fort Monmouth, N,J. A Q-switched ruby laser serves as the trans-
mitter for the system, A 90° ruby crystal 3 in. long and /4 in. in diameter gener-
ates a single pulse of 1.0 to 2. 5 Mw. The Q-awitch system vonsists of a prism
rotating at 20, 000 rpm. The pulse duration is 75 nsec with a rise time of approximately
20nsec, As the pulse leaves the ruby crystal, a small portion of its energy escapes
through the apex of the prism and impinges on a solar cell, The current pulse gen-
erated by the solar cell is used to start a 100-Mcps counter, Reflected energy from
the target plug noise is detected by the photomultiplier after passing through the
narrow optical filter centered at 8943A. When the photomultiplier signal becomes
equal to a preselected dec.ision level, the counter is stopped and the distance to the
target determined from the counter indicator after division by 2. Obviously, the
ranging accuracy is a function of the rise time of the lascr pulse and the counting rate
of the counter, A 20-nsec risc time would give an accuracy of 12t whereas the
indecision of the counter gives a limiting accuracy of 26 ft,

This system is completely portable, The power for the unit is derived from
cadmium-sulfide battcries. The pumping system uses an FX-38A xenon flashtube
in an elliptical cavity. Cooling is provided by a small axial fan placed at one end of

Rl i A e 3
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Figure 4,1, A Laser Ranging System
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the cavity, The heat generated by the flashtube and absorbed in the ruby rod limits
the firing rate to six times per minute. The unit i8 quite sensitive to shock and/or
vibration since this can disturb the optical alignment of the prism and the ruby rod,
Under favorable atmospheric conditions, this ranging system is capable of measuring
range up to 12 miles,

4.3 Gas-Laser Missile-Tracking Sysiem

A more elaborate laser system has been designed by the Perkin-Elmer Corpora-
tion to provide precise trajectory data for various missiles during the early launch
phases.3 It is scheduled to be installed at Cape Kennedy, Fla, The system (called
OPDAR fnr Optical Direction and Ranging) is intended to provide range, azimuth, and
elevation data over any part of the trajectory from launch to 50, 000 ft. From this data
the position, velocity, and acceleration of the missile will be derived in a cartesian
coordinate system, The allowed tolerance for error in the derived data is extremely
small, For example, acceleration must be measured to 0.01fps/sec and the position
must be known to within 0.05ft in the altitude range of zero tc 500 ft, Normal pulsed
microwave radars are not capable of this resolution and neither are pulsed laser
systems. If a ranging unit such as described in Sec. 4.2 were to be tried in an attempt
to obtain this accuracy, the time of the return pulse would have to be known to within
0.05nsec, and there are as yet no means for defining pulse shape and measuring some
identifiable portion of it with this precision. Also, pulsed lasers are not yet capable
of operating at the high repetition rate necessary for the range and angle measurements,

The prime element in OPDAR is a CW laser (He-Ne; 6328A). 1t was double-modu-
lated to provide the ranging data, that is, a 1-Mcps modulation signal provided range
ambiguity resolutioe within 500 ft (the system was placed 10, 000 ft from the launching
pad) and a 100-Mcps signal provided ranging data to within 0,005 ft, Phase-sensitive
detection was used in the receiver system,

It was necessary to use light as the carrier to permit the use of small-aparture
radiators and reflectors. The radiating apertur~ was 2 in. in diameter; for a
wavelength of 6328A this corresponds to a beam diverg~nce of slightly greater than
2sec of arc. A radar operating at a millimeter wavelength would require an aperture
of about 320 ft to match thig performance. Because of the difficulty in funding an object
with such a narrow beam, a coarse tracking system was also used, The target on the
missile is a trihedral or "corner cube® reflector 2.5 in, in diameter,

4.4 As Opticel Heteredyne Detection Syuivm

A large step in the development of an optical communivation system uxing coherent
detection has been taken by the Sylvania (’orp.“ under an Air Force contract, One
microwave-mioduiated gas laser was used an a spurce, and a second one as. a local




14

oscillator (LO). An all-electronic feedback circuit was used to shift the LO f.e-
quency, enabling it to track the drift of the source laser, The LO frequency was
simultaneously shifted 3.0 Geps by single-sideband suppressed carrier modulau‘on.5
The two beams were then mixed and demodulated with a microwave traveling-wave
phototube, The relative drift rate of one laser with respect to the other was only
3 Mcps/min under laboratory operating conditions. Although this will become much
higher under fi ‘1d operating conditions, the electronic feedback system that enables

the LO to track the source should have sufficient speed of 1 esponse to follow it,

4.5 Problems in Using Coberent Light for Communications

The examples cited in Secs. 4.2 and 4.3 are applications of the laser where its
properties of good directionality of the beam and high intensity are being used, The
ultimate application of the laser in the communications field will use the coherence
properties of the radiation. Recent investigations by a number of groups have shown,
however, that the coherence is severely affected by the atmosphere, It is difficult to
see how this can be overcoine, and these deleterious effects may mean that propaga-
tion channels for coherent light communications systems may be limited tc outer space
or evacuated pipes.

Other problems dealing with the laser have yet to be solved. One of the main

. ones is to gencrate high-power single-frequency radiation so that coherent detection
can be used. A sensible approach to solution has been suggested by the Sperry-Rand
Corp. ‘They propose to use a 1,06-u lin® in the He-Ne gas laser system as a source
and then use the 1,08-y Nd:CaWO‘ laser for power ampiification, Since the gas laser
operates continuously, the long coherence time necessary for a4 coherent-detection
long=range tracking systcm can be obtained.

Optical components used in coherent detection systems must be of excrllent
quality {say, \/20 or “riter) so that the spatial coherence of the wave ix not degraded,
Broadband tunable lasers fur use as local osciliators must be developed to permit
cancelation of doppler shifts due to moving targets. Some progress, in addition to
that vited in Sec. 4.4, hus already been achieved in this nrva.a' " Even it optical
components in the transreceiver are perfect, turbulence of the atmosphere will himit
beam sharpnegs to several seconds of .rr.a In addition, a great deal of power can
be lost over a long communication link througk molesular scattering and sranrrmg
due to suspended particles. Quite obviously, communication betxeen neints on the
earth's surface or between carth and space will be limited to clear days,

4.6 Power Tensumission

One way of avoiding atmospheric disturbances on the carth is to use light pipes
to transmit the beam. Recent meaum'-t'mc.’nu9 have shiown that most of the power
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losses in a s ystem of this type were due to the ] percent loss at the nurrors used
to reflect the beam, The pipe was not evacuated, the wavelength used was 63284,
The estimated loss due to the transmission medium (air) was considerably less
than 0.5 percent per transit through the 330-ft pipe.

Say the loss due to the air in the pipe was 0,1 percent per 330 ft. Then for
power transmission, this system would not be competitive with normal povier dis-
tribution systems whose losses are considerably smailer than this.  If this loss
could be eliminated by ¢vacuating the pipe, then the system would compare favorably
with standara systems.w Assuming a light pipe diameter of 12 1n. and a wavelength
of 0.7u, the diffraction losses in the system would be only 0.05 percent per

20-mile hop.

4.7 Space Commumicatioas

It is evident that 4 number of the difficulties in propagating coherent optical
radiation can pe overcome if the transmission medium 18 a vicuum as it exists in
outer space whure no absorption, scattering, or distortion, of the wavefront occurs,
£ vory probable application of lasers will therefore be in communication or power
transmission hetween satellites, Here s one area in which the normal advantage of
only a shight divergence wn a beam becomes a disadvantage, since it 1s difficult to
precisely point 4 very narrow beam, Feor one satellite to search for another would
be ulmost impossible unless it had very good information or where to scan.  If the
target was a lens 4 in, in diameter and located one mile away. the solid angle of the
target (of a total of 4» steradians) would be only 2,5 x 10 10. This wowd be ex-
tremely difficull to find, 1t would be even worse if the search deviee was also narrow-
beam. To overcoms this problem on the ground, the initial searching s done with
microwave radars whose beam divergence is very large by comparison with thiat of
the lager., This would not be an acceptable solution in space, though, fihce 1t would
defeat the primary purpose of using o laser for communn ating.  \ poss:bic solntion
to the probiem would be to it the transmatting satelhite with an optical svstem that
could on compund produoe an adjustable beam divergenos wah a feedback loop that
would permit homiag b on the target,

From maoas’ other vicwpoints, the Jaser would be an exocllent devic e for point-to-
point communi ationan space, The beam can be so dire tional botween two posnts
that no cutsider can pick up the information being transmitted or jam the receiver,

In addition, the antenna and axsociated cquipment are vory small in si<e and therefs o
low 1n weght, Thir gives lasers 4 strong advantags oves microwave systems sine
exceas weight 1s extroemely undesirable in satellite instrumentation. Injection lasers
apprar vory uscful in thie areca since they could be powered by solar «ells and can
casily be mic rawarr-vmﬂulah‘d.“ NASY hag shown tnterest an this arca by awarding

ont contrad! for a 1300-mile slant-range ~orce communic ation A sten and another
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study contract for o deep-space laser tracking system with a minimum range of
50 million miles. There is soine doubt, however, as to the usefulness of the laser

in this latter area.lo

48 Land and Underwater Communications

In other communication areas, lasers are apparently not too useful, They will
certain'y never replace the normal megacycle-range carriers of radic and TV
infcrmation, for the following reasons: (a) large-angle radiation patterns, rather
than directional ones, arc needed, (b) water vapor absorption is too great to over-
come, and (_c_) the ccsts would be excessive, particularly when we consider the in-
vestment that citizens :lrecady have in standard radio and TV gear.

Since the first announcement of the laser, the Navy has been interested in ob-
taining one whose wavelength is in the blue-green region for underwater communica-
tion purposes. This might be acceptable for a short-range communication system,
but it is estimated'j that absorption and scattering would limit this distance to no
more than 2 miles under the best transmission conditions. Consequently, this applica-

tion does not look particularly hopeful.

4.9 A Rotation-Rate Sensor

In closing this necessarily brief discussion on the application of lasers to com-
munications, it seems appropria.e to describe onc of the best laser applications to
date since it is an excellent example of utilization of the coherence property of laser
radiation, Using a ring type of traveling-wave gas laser, workers13 at Sperry
Gyroscope Company have demonstrated rotation-rate sensing with respect to an
inertial frame of referencc, Since a point on the surface of the earth is continually
changing its direction owing to the spinning of the earth, the earth's movement
around the sun, and the possible rotations of our galaxy through space, it is not an
inertial frame of reference; and consequently, the ring laser can detect this rotation,
A diagram of this system is shown in Figure 4, 2,

First consider that the ring is not rotating. The resonant wavelengths N of the
ring laser are given by

kioag = Lo,

where K is an integer (on the order of a million) and L is the total length around the
loop. Since waves can propagate in both directions around the ring, angular rotation
in one direction will niake one path effectively shorter than the path in the opposite
direction, This will cause the resonant wavelengths to be different for the two di-
rections, and their difference will depend on the rotation rate of the ring. The beat
frequency, as detected by the method shown in Figure 4,2, can be written as
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where A is the area of the ring and \ is the wavelength of the light being used.

The rotation of the earth has been detected before in experiments with in-
coherent light, but a laser makes it much easier to do. The real application of
this system will not be as a monitor of the earth's rotation rate, but as a gyroscope.

photomultiplier frequency
1 detector ~—% meter
M
beom-combining
NL optics
gas 4 —~ independent waves
loser *J, s .
g w | o traveling in both directions
L
|}
N\, - D4
M\ /7 M ( mirror)

Figure 4.2, Laser Rotation-Rate Sensor

The present sensitivity of the ring rotation-rate sensor is 5%°/hr, whict: is about

one third of the earth's rate, Sperry predicts that it will be a straightforward
matter to increase the sensitivity to 0.001°%/hr which will put it in direct competition
with the largest and most sensitive mechanical gyroscopes made t..«day. These
gyroscopes cost about $50, 000; a laser rotation-rate sensor of similar sensitivity
costs perhaps one-tenth the amount. Consequently, this device should generate a

new class of navigation devices,
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5. APPLICATIONS IN BIOLOGY

The study of biological effects resulting from exposure to coherent radiation
is one of the newest fields in medical research, Although only a few iritial ex-
periments have been performed, their results indicate that the application of lasers
in this area will be rewarding. Very little is at this time known about the response
of a living cell to coherent radiation, but several well-known medical laboratories
are now studying this. A new Medical lL.aser Laboratory is now being established at
the University of Cincinnati specifically for research in this area.

5.1 Areas of Study

Fine, Klein, and St:ot‘t1 have written an excellent review article on the subject
"Laser Irradiation of Biological Systems," which summarizes laser-related hiological
investigations that have been and are being made., The interested reader should consult
this article, especially for ite extensive list of references.

The studies! in this broad area can be grouped as follows: (1) the interaction of
laser radiation with biclogical systems, (2) application of lasers as aids in under-
standing biological systems, (3) adaptation of laser devices for medical diagnosis
and therapy, (4) assessment of the hazards involved at the power density levels attain-
able by lasers, on both a short- and long-term basis, and development of safeguards,
{5) correlation of effects on biological systems with those on physical systems in
order to assist in an understanding of underlying factors.

More specifically, it has been shown™ that free radicals can be generated in
animal tissue as a result of laser irradiation, Further studies are required to de-
termine the nature of these free radicals and whether they differ significantly from
those produced by heating, Studies on the blood group substances indicate that laser
irradiation may enhance rather than decrease the biological reactivity of a molecule,
Enzymes, proteins, single cells from many sources, microorganisms, plant cells,

-——

and intact animals have also been studied, Some specific studies and/or applications {
are summarized in the remainder of this section,

5.2 Malignaat Tumors

Work that was reported on at the Second Boston Laser Conference (Northeastern
University, August 1963) and the winter meeting of the American College of Surgeons




e e 24

- ——

19

by McGuff, Bushnell, and Deterling indicates that laser energy has a selective effect
on certain experimental malignant tumors of human origin that have been transplanted
and have thrived in hamsters. Their experiments showed that the laser radiation
produced regression or disappearance of the tumor; effects on normal tissue was
minimal and healing was rapid. It must be emphasized that not all investigators have
observed such effects and thus there is some uncertainty in the conclusions that can
be drawn from these experiments. McGuif et al. have also investigated the effects of
a high-energy laser on gne human male that had recurring (after surgery) skin cancer,
The one tumor of three that was fully irradiated disappeared almost entirely; a second
one that received half as many shots from the laser receded by about 45 to 50 percent,
The third tumor, which was not irradiated at ail, lost about 20 percent of i*s malig-
nant cells. Obviously, the results of this experiment are very encouraging, but much
more work must be done before the ultimate usefulness of laser radiation in this area
of medicine is known. Nevertheless, this example illustrates the potential application
the laser has for medical research.

5.3 Cell lrradiation and Cauterization

Irradiation of single cells3 by 3-u-diameter laser beams has resulted in the de-
struction of several chromosomes; this indicates the possibility of studying genetics
by selective destruction. The laser has also been used as a cauterizing tool on human
beings, and for other local treatment of skin growths and blemishes. It was repor’ced3
that experiments to date indicate the laser to be superior to conventional cauteries in
that it produces faster, clearer cures without secondary infections, Among other pos-

sibilities that have not yet been investigated are sterilization and microsurgery.

5.4 Retinal Surgery

The initial research efforts in this field have been confined to the effects of laser
radiation on the eye. Soon after the first ruby laser was made it was shown? that
lesions cuuld be produced on the retina of the eye of a rabbit with energies on the
order of 0,1 joule in 10-6 sec, This certainly illustrates the inherent danger in work-
ing with high-energy lasers,

The most immediate application that lasers will have in the biological area
will deal with reattachment of the retina, the light-sensitive membrane on the rear
interior surface of the eyeball. Images focused through the lens of the eye strike
the retinal area and are transmitted to the brain via the optic nerve, If the retina
becomes loosened, the individual graduallv loses vision in that eye, High-power
xenon arc lamps, which generate a moderately strong white light, have for a number
of years been used in attempts to concentrate sufficient heat in the area of the un-
attached retina to cause it to coagulate and become reattached to its supporting tissue,
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The difficulty with this technique is that the optical power that can be developed is
limited. Consequently, to develop sufficient heat to reattach the retina, exposure
times of several seconds are required. Also, since the light is heterochromatic it
can not be focused sharply or positioned accurately. The ruby laser is practically
a perfect solution since it can develop a short, intense, monochromatic pulse that
can be positioned more accurately than the white light pulse. This is desirable to
prevent eye damage by misdirected exposure. At least three firms have recognized
the utility of the laser in this area, and are now manufacturing and testing laser
retina coagulators,

In summary, the laser should have an excellent future in the area of biological
applications and medical research. This prediction is strengthened by the develop-
ment of puised gas lasers that cnerate in the blue and ultraviolet, where molecules
and chemical reactions are considerably more sensitive than in the red. The laser's
future will be particularly bright if further work substantiates initial findings that
malignant tumors such as melanomas actually regress after irradiation with a high-

energy laser,
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6. OTHER SCIENTIFIC APPLICATIONS

6.1 Gemeral Reamarks

Many scientists feel that the laser will find its greatest use in the general sciences,
This is certainly so at the present time and whether it stays this way remains to be
seen, The number of uses for lasers in different areas of scientific experimentation
is growing rapidly; high power and ultraviolet lasers arc¢ new developments, and
because of the long delay in publication of results, there may perhaps be more applica-
tions that have not been published than have been, Certainly most sales by laser manu-
facturers have so far been to organizations that want to keep up with the laser field,
or are doing research in lasers or associated areas, The number of people doing
"research in associated areas™ probably exceeds the number engaged in direct laser
studies, Electrical engineers are rapidly moving into the field of optics and creating
optical analogs of normal electronic circuits. Examples are devices such as optical
modulators, demodulators, optical and infrared detectors, ratio detectors, power
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limiters, optical filters, optical transistors, phased arrays, aud parametric ampli-
tiers, Very few of these devices require a coherent source ¢n which to operate, and
could consequently have been developed before the laser.

The laser has sparked a renaissance in the field of optics. It is the first signif-
icant device in this field during the past fifty years or mo-« (sorie of the best books
on optics were written as long ago as the turn of the century). The laser has in fact
created a whole new field: nonlinear optics. The nonlin.arity of optical materials
has been realized for many years, but optical radiation that was sufficiently mono-
chromatic and intense enough to observe such effects was =imply not available, By
using the appropriate type of crystalline material, scientists have succeeded in
frequency-doubling with an efficiency as high as 20 percent, For example, by direct-
ing red light into one end of a crystal, they have bcen able to get red light and blue
light with a wavelength of half that of the red light to emanate from the other end.

It seems hardly necessary to point out the impact that lasers have had on the
study of materials for only through studies of this type are new laser frequencies
created. A number of new types of crystalline mater.als have been developed for use
as host materials for the rare earth or lanthanide elements, and it is quite reason-
able to expect that these new raateriale will find uses other than for lasers, Our
knowledge of the transition probabilities, lifatimes of metastable levels, and general
gpectroscopic structure of the rare gases and rare earths has certainly improved
since these have become primary sour ‘es for the active laser element. For instance,
many laser frequencies cbserved when rare gases were used were not predictable
from previous knowledge. The study of various gas mixtures in a laser cavity de~
signed to operate in the wavélength region from 20u to 30y has shown that in an elec-
trical discharge a population inversion is more common than not. This conclusion is
drawn from the fact that it is relatively easy to make a long-wavelength laser using
almos! any gas once the cavity (tube and mirrors) is properly designed.

Degcribing the subjects discussed above as "applications of lasers" is somewhat
tenuous perhaps, but the examples do illustrate the tremendous impact the laser has
had on many branches of science, The remainder of this section will be devoted to
the discussion of well-defined application of lasers in the scientific area,

6.2 Raman Speciroscopy

The atoms of a molecule are never at rest but constantly vibrating about their
equilibrium positions. To a good approximation a diatomic molecule behaves like
a pair of weights connected to a spring, which follows Hooke's law, This vibrating
system is defined by the usual expression relating the vibrational frequency f, the
force constant K, and the masses for a harmonic oscillator, namely,
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where the frequency is expressed in wave numbers, c is the velocity of light, and u
is the reduced mass of the molecular system. If f could be measured, the strength
of the force constant between the two atoms in the molecule would be known,
Spectroscopy of the visible range is not difficult since sensitive detectors are
available and there is relative freedom from noise. Most vibrational frequencies
occur in the middle infrared, however, for which sensitive detectors are not avail-
able and where thermal noise presents many problems. The Raman effect thus be-
comes useful because it allows transitions to be observed in the visible region, Any
material that will transmit visible light will scatter it quantum mechanically; this
scattering virtually corresponds to th= absorption and re-emission of the incident
radiation, If the quantum state of the scattering atom or molecule is the same after
the scattering process as before, the frequency of the scattered light will be the same
as that of the incident light, 1If the scattering center is lefi in a different state, the
scattered light will have been shifted in frequency according to the expression

fl =ftAE/h,

where ‘1 is the scattered frequency, f is the incident frequency, and AE is the
energy difference between the initial and final states, Whether the plus or mirus
sign is used depends on whether the scattering center is left in a lower or higher
energy state, respectively.

In Raman scattering the intensity of the shifted radiation is always small com-
pared with that of the incident radiation; also, when AE is small, f{, lies close to f.
Raman sources must therefore have high intensities and narrow spectral widths,
These conditions are well satisfied by the ruby laser. A ruby laser having an out-
put of 0.1 joule was used to observe the Raman effect and found to be about as good
as a conventional red light source. Higher-power ruby lasers should therefore be
very useful Raman sources since they may make it possible to observe lines that
are too weak to be seen with conventional sources. The continuous-wave red He-Ne
lager used as a Raman source® offers these advantages over ruby: (1) the Raman
effect is proportional to the fourth power of the optical frequency used, (2) it is more
conveniunt since it is continuous, (3) its spectral width is smaller , and (4) better
Raman light-gathering geometry can be used, It should be useful for detailed Raman
spectroscopy since its direction, polarization, and frequency are well defined.

It should pe noted that stimulated Raman scattering has been oburved."’ Dis-
covered accidentally in an experiment in which nitrobenzene was being used as the
active material in a Kerr cell, this radiation was found to be coherent, to have ex-
cellent directionality, and in some cases to have an intensity that is 30 percent of
the intensity of the incident beam. Thus, the Raman effect can be used as the basis
of a technique for creating naw laser frequencies.

o
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6.3 Acoustic Waves in Solids and Liquids

The large optical electric field of the ruby laser can be used to induce coherent
lattice vibrations in crystals, The process, known as stimulated Brillouin emxitering,6
is analogous to Raman laser action but with molecular vibration replaced by an
acoustic wave of frequency near 3 X lomcps. The lattice vibration is amplified as it
travels through the crystal with the incident light beam; a scattered light beam that
is frequency-shifted is also emitted in accordance with the relations

Koptical =K

acoustic + Kshifted
and

“optical ® “acoustic © “shifted

This process may also be viewed as either phonon maser action or parametric
amplification. The intensity of the acoustic waves generaxted6 has been approximately
1000 watts. Somewhat different effects have been observed in liquids.7 Since intense
optical fields are necessary to observe such effects, those of the laser will make it
possible to study this process in a wide class of materials,

6.4 Ether and Rolativity Experiments

One of Einstein's two basic postulates of special relativity was that the velocity
of light was constant in an inertial frame of reference. This can be verified by means
of the Michelson-Morley experiment. The surface of the earth may not be exactly an
inertial frame but this experiment is not sufficiently sensitive to detect the difference.

Soon after the first laser was operated it was proposed8 that lasers be used to
look for an "ether drift” or anisotropy in the velocity of light since their short-term
frequency stability can be on the order of one part in 10’3. A first experiment in this
direction was pertormed9 by using two gas lasers mounted at 90° to each other and
rotating them to observe whether there was any perceptible change in the beat fre-
quency. It was found that any frequency shift due to an "ether drift® is less than one
part in 10“. which may be regarded as confirmation to about one part in 103 of the
Lorentz-Fitzgerald contraction atiributed to the earth's orbital velocity. This experi-
ment {s several times more accurate than any previous attempt to measure anisotropy
in the speed of light, and will probably be repeated at various time intervals as the
earth moves through space.

If ever developed to the point where it can be considered to be ar independent
time standard, the laser could be used to verify many ramifications of relativity
theory. Launched into orbit for a period of years, such a precise time standard would
allow exceedm%l‘y accurate measurements to be made of time, distance, and gravita-
tional effects. !
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6.5 Gas and Plasma Diagnestics

A plasma can be considered to be a high-temperature mixture of ionized elements
having no net charge. Plasmas are of great interest today since they present possi-
bilities for developing power (magnetohydrodynamic converters), play a role in space
propuision, and the ionosphere itself can be considered to be a weakly ionized plasma,

The study of plasmas involves, among other things, gathering data on their tem-
peratures, electron densities, and electron velocity distributions, Placing physical
probes into the plasma to measure some of these characteristics disturbs the plasma
and masks proper interpretation of the data. Fiocco and Thompson” have recently
observed Thomson scattering of ruby laser radiation (20-joule 800usec pulse) irom
an electron beam, which illustrates the possibility of using lasers for plasma diag-
nostics. More recently, Schwarz12 has observed scattering of a 0, 1-joule 10-7- sec
pulse from a nonequilibrium plasma, Since the spectral distribution of light scattered
by the free electrons in the plasma is related to the electron velocity distribution by
the Doppler formula, the Thomson scattering method shows promiae as a tool for
plasma diagnostics, The use of fast high-intensity pulses is necessary since the plasmas
change rapidly with time and have a high selfluminosity. The Air Force has let a
contract to develop a precise plasma diagnostic probe.la
as an inflight instrument for measuring the electron density distribution in the flow

The device shows promise

field of a reentering hypersonic vehicle and simultaneously measuring the electron
temperature of the plasma at the same point. The ruby laser is also being ised to
study Rayleigh scattering from gasea;“ some deviations from Rayleigh scattering
theory have been found as a result of this work.

6.6 Nicrescepic Spectreacepy

A new instrument on the market can be used for spectroscopy of microscopic-size
samples without extensive sample preparation, Called the Laser Microprobe, it rep-
resents one of the first industrial or scientific applications of the laser. It incorporates
a Q-switched ruby laser (1.0-joule 10"%- gec pulse) whose beam is focused exactly
onto the desired area of the sample being studied, Firing the laser createa a plume
that contains partially ionized elements and chunks of the sample, ‘Since it is a con-
ducting plasma, its conductivity is utilized to cause a spark gap discharge through it,
which ionizes it more completely. A standard optical system is then used to collect
some of the radiation from the excited ions and focus it onto the slit of a standard
spectrograph. Thus, in one flash of the laser the spectrum of the sample is recorded.
There are a number of advantages in using a laser this way. First, the sample does
not have to be electrically conducting and so a nonmetal inclusion in a metal matrix
can easily be analyzed in situ; when a laser is not used it is necessary to excise the
nonmetal sample and analyze it in a cap electrode or use some other method to make
it conducting in order to have a route for the charge to leak off,as from the stanurd
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spark-gap exciter. Second, a precise preselected area of the sample cau be analyzed,
whereas the spark-gap exciter produces a broad burn that cannot be constricted. The
laser also eliminates the necessity for having direct contact with the sample, The
spot size produced by the laser in this instrument is typically 50y to 80y in diameter;
with a better optical system this spot size could be controllabie down to, eay, 5u or
up to as large a size as desired. Although this device is discussed under the heading
Scientific Application it will certainly find many uses in industrial areas where quick
and complete spectrographic investigation is necessary.

6.7 Deleunse Applications

If the number of articles published in popular magazines about the death-ray as-
pect of lasers indicates anything, it indicates that man is ever ready to believe that
all things are possible, The United States Government is certainly taking a long look
at this possible application, if we can judge from what we see in Aviation Week,ls
but it takes a true believer to accept that it will eventually be possible to direct and
focus sufficient energy from the ground onts a target in the upper atmosphere in such
a manner as to destroy it or even alter its course. It is interesting to note that energy
amounting to 1000 joules is not sufficient to boil 1 gm of water. Admittedly, it will
punch a small hole in a piece of steel that is in the focal plane of the lens, but this is
a far cry from the true death ray or heat beam. Even if it were possible to harness
a good fraction of Niagara Falls to fill a capacitor bank in order to store up 1010 joules
to fire 10, 000 separate lasers it doesn't seem likely that the device could fire very
often, and any sort of optical system used in an attempt to focus such a beam would
certainly have to be replaced after every shot. Much more likely applications will
be for short-ranging units, detection of metal abjects in fog or at night, and vision

impairment of enemy ground personnel.

6.3 Measurement of Optical Properties of Materials

Gas lasers, because of their excellent coherence, narrow frequency, and direc-
‘tionality, allow many optical measurements to be made easier and more conveniently
than normal light sources. They are typically used for measuring thesoptical quality
of laser ro’dlw and other large samples of optically transparent material, aberrations
of lenses, " and indexes of rel‘r-acuol':l to within £ ,003, They also fird use in
schlieren photography—an optical technique fur detecting density gradients in materials,
The gradients (whether they occur in solids, liquids, or gases) produce refractive
index variations that in turn show up as optical image distortions. An example of the
use of this technique is in flow analysis over surfaces in wind tunnels,




$.9 Miscellanesus Soiestific Areas
6.9.1 INSTRUCTIONAL AIDS

A portable gas laser that operates in the visible spectrum and has replaceable
and adjustable mirrors can be an excellent tool for use in teaching students the
properties of resonators, coherence theory, diffraction, interference, and the general
properties of electromagnetic radiation. Judging from the number of high school and
college physics laboratories in this country and abroad, there ought to be a good mar-
ket for a low-cost laser of this type.

8.9.2 STELLAR INTERFEROMETRY

Our knowladge of the universe has come almost entirely from observations of
visible light and radiowaves from the stars. Infrared astronomy could supplement
optical ad radiofrequency astronomy and perhaps ¢ven prove useful in its own right,
A system has been p:'opoled19 for doing this by using the high-gain (50 db/m) 3.36-u
line of the He-Ne system since it is close to & window in the infrared absorption
spectrum of the atmosphere.

8.9.3 GENERATION CF POWER IN THE FAR INFRARED

At the present time, there are no power sources beyond 1334 (. 133 mm) or
above—say—1000u (1 mm), Tube development has practically ceased at 0,6 mm and
it seems likely that lasers will close the gap, Laser sources have got to . 133 mm
(Sec. 2, Ref. 8} but cutput powers are very low (less than 10”8 watt). It has been
proponedzo that mixing two lasers would generate a difference frequency in the far
infrared; this will certainly not be a very efficient systern 2ut it may produce more
than masers would if they could operate at these wavelengths.

6.9.4 METEOROLOGY AND GEOPHYSICS

High-power lascre show promise of being useful research toois in meteoralogic
studies. Reflections of the laser radiation have been detected from stratified layers
at altitudes of 80 and 120 km;u it is presuined that this occurrence results from
‘aweteor dust caused by the breakup of meteors at even highier altitudes. Other appli-
cations include: (1) measurement of clear air turbulence that is ‘nvisible to the eye
or microwave radar {such instruments could be inatalled directly on the aircraft),

(2) swudy of fog particles, (3) study of ice particlcs in clouds as a means of determin-

- ing air temperature, and (4) measurement of land mass locations (geodesy),
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1. APPLICATIONS IN METALRORKING

7.1 Propenios of Focused Radiation

Since it {s in the metalworking arca that the intensgity of luser beams is used,
it would be well at this point to review the limiting factors on focusing the radiation
and the intensities that can be obtained,

It is well known from the theory of optics that the focused intensity 1 as a func-
tion of the radiua r of a plane, spatially <cherent, monochromatic wave is given by

23 (edr /A N]?
Ur) » lo[—l—T—i—Mr Y ] .

where A is the wavclength, { and d are the focal length and ditameter of the lens used,
J,(r) is the first-order Bessel function, and 1 is the intensity ut the center (r = 0) of
the focused spot, Fiom radiowave trainsmission theory, lo can be sghown to be

2
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where P is the power of the laser beam., The radius r of the focused spot is
obtained by setting the argument of Jl equal to its first zero, which is 3.83, that is,

rdr’ _
3T ° 3.83,

or,
r’ =)\(1.22§) .

It can be szen from this lest equation that if f/d (the f/number of a lens) is made
equal to 1/2, then the diameter of the focused spot will be approximately one wavelength,
It must be emphasized that this theory is valid for a uniform plane wave whose
extent is greater than that of the lens (for example, in the case of light from a star).
Generally this theory is not valid for a ruby or glass laser rod with the simplest focus-
ing optics since the wave is not at all plane. In these actual cases the beam divergence
is typically 1 to 3C milliradians., This is caused by the excitation of higher-order
transverse modes {sometimes referred to as 'off-axis' modes) of the laser resonator;
the order of the mode excited is a function of the ratio of the laser rod diameter to
the cavity length. If a microscope objective is used to focus the radiation {(assume
a 1-cm focal length) the spot size would be on the order of 10y to 30Cu. It is still
possible to obtain spot sizes from ruby las=rs that approach a wavelength in diameter
by using a suitably small aperture in thc focusing system. In these cases the above
theory is valid but considerable energy is wasted.

With P = 500 x 106 watts, the focal length =1cm, and the beam divergence = 1 milli-

15 2
wiem®,

radian, the power density will be 0,6 X 10 This is a power density that is
many orders of magnitude beyond anything obtainable using any other source of radia-
tion. Since this can be concentrated in such a smzll spot, it is obvious why the laser
has appli- ation in the metalworking area, for this is more than sufficient power to
punch a hole in 1/8-in, steel. The hole-burning abilily of a high-power laser is usually
demonstrated by the number of razor blades it will burn through sirnultaneously. The

unit for this measurement is tae "gillette"; 10 "gillettes" represent a high-power system,

7.2 Theoretical Aspects of Laser-Machining; Hole-Drilling

Many speakers and writers have mentioned the applicaiion of lasers to machining
and hole-punching, saying only that it would be useful and not providing an analysis of
the problem. This is certainly reasonable because of the newness of the field and also
hecause of the difficulty in analyzing the reaction that occurs when an ultrahigh energy
beem impinges on a metal, Ro'chst.ein,1 however, has made a semiquantitative analysis
of the problem which qualifies him, better than most people, to make predictions about
the usefulness of lasers in this field, The following is a very brief review of part of

his theory on the reaction that occurs.
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The source of radiation considered by Rothstein is the standard (not Q-switched)
high-power ruby laser that generates many 10'6-sec spikes, each of which contains
about lo-zjoule of energy (10+4watts peak power), Assume the volume involved is a
cube 10 microns on a side, containing about 1013 atoms. If the heat energy required
to vaporize an atom is 10 electron volts, and the le’zjoule is equally distributed in
the volume (1 joule = 10199\!) each atom will absorb 104 ev; this will be more than
enough to cause the small volume to vaporize, If each particle has only 1ev more
energy than is required to vaporize it, the effective temperature of the mixture will
be 12, 000°K (at 300°K, kT =.025ev). The kinetic theory of gases gives as the
pressure: p=nkT, where n is the particle deasity. From this we can deduce that p
will be about 4000 atmospheres which explaing why we see the vaporized materiai
ejected in the form of a plume. Once again, if we use the kinetic theory of gases and
assume T = 1()4 %K we can compute the average velocity of this plume to be 1 mm/usec.
Thus, if the next spike from the laser arrives within lusec, the thermally ionized
atoms should have moved out of the vicinity of the hole, thus permitting the next spike
to continue the "boring" process. Another viewpoint is to consider the plume as a
plasma. Rothstein shows that the density of this plasma lusec later ought to be low
enough for the laser wavefront to propagate through it unabsorbed,

An important conclusion can be drawn from this analysis: the radiation in the next
spike can propagate through the plasma and bore a deeper hole, There are thus no
strong limitations on drilling depth with a laser as there are for an electron or ion
beam [ which are: {(a) the charged particles are badly scattered by the dense vaporized
material, and (b) the evaporated material constitutes a plasma jct quite capable of
turning into an arc dischazrge under the high-voltage conditions necessary to do machin-
ing with a charged-particle beam, This arcing can be severe enough to destroy both
the sample and the apparatus], Given the proper time-dependence of the spikes, it
would be expected that the limitations on drilling depth would be set by the optical prob-
lem of maintaining a narrow beam over the desired depth, or by interference caused
by redeposition of evaporated material on the walls of the hole,

The width of the hole should be controllable by defocusing the optical system used
{0 focus the beam., The penetration depth should certainly drop at the same time if
a constant-energy source is used, Rothstein has pointed out that it may be possible
to machine holes that are smaller in diameter than the wavelength of light since pe-
ripheral cooling of the focused spot should restrict high evaporation rates to the
central region,

It is unlikely that the laser will be used for the removal of large areas of metal.
Instead, machining applications will more likely be confined to precision-drilling or
perforating jobs, Material hardness does not present a problem since diamond and
sapphire have been drilled. Another advantage in laser metalworking is that the 'cut-
ting tool' can be removed from the workpiece. If need be, the workpiece can be in a

glass-enclosed vacuum,
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An example of what a laser might be capable of doing is given by the specifica-
tions on a USAF contract for precision-boring. The laser will measure and control
six bore characteristics: diameter, roundness, taper, camber, bell-mouth, and
surface finish. The accuracy (in diameter) is to be 8x 10'6 in. for bore diameters
from 0.05 in. 10 0.09 in, and 5X 10'6 in. for diameters from 0.09 in. to 0. 25 in.

7.3 Seolderiag and Wolding

The boring process consists in removing material, which a laser is quite
capable of doing. On the other hand, soldering and welding are degraded by the loss
of material; instead of removing material in the soldering, brazing, or welding proc-
esses, material is added to bond the original material together by heat, To prevent
the plume from forming, the power of the laser beam has to be kept low since the
internal pressure in the molten material is related to the temperature of the melt
{(p=nkT). What is required then is a laser source having high average power rather
than high peak power, To build a continucus welder, it is estimated” that a 36-watt
ruby laser could be used if operated at a rate of 100 pulses/sec, with each pulse
lasting .001 sec. That the state of the art is not far from this is indicated by a papex-3
entitled "A High Repetition Rate Laser System." An average power of 30 watts at a
prf of 60 pps was obtained with a 1/4-in,X 3-in, necdymium laser, The argon light
source used was operated at 300°K and air-cooled, The peak power was 1Mw, how-
ever, which would probably blast away the material to be welded but it should be a
simple matter to increase the pulse length and thereby reduce the peak power,

Although continuous welders may be some time away, spot welders are being sold
now by several companies. Specifications for one of them are: material, ruby;
cost, $6, 000 to $8, 000; beam energy, 0. 1j to 2,0j (adjustable); repetition rate, 12 ppm
at 1j or 9ppm at 2j; pulse duration, 0.5 msec to 1.5 msec; spot size, adjustable from
5mil to 20 mil. An optical schematic drawing of a laser welder is shown in Figure 7.1,

An immediate use for these instruments will be in the microelectronics area
where it is necessary (a) to join wires as small as 12y [0.0005 in. ] in diameter,
(b) to weld thin films together, and (c) to connect small wires to films, These capa-
bilities have already been demonstrated,

Energy requirements for spot-welding sheet stock up to 1/8-in, thick are not
so great that welders for this use cannot be built now. Since 1500-j pulses are now
possible, a limiting factor in making good welds may be the pulse shape and duration,
Little quantitative work has been done in this area and little at the present time is
known about the strength of laser-made welds. Investigations are in progress,

7.4 Other Metalworking Applications

Other application areas are the followingt
1. Precision metal removal. The laser has been used to trim metal film
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Figure 7.1, Optical System for a Laser Welder
(Courtesy of Electronics, July 5, 1983)

resie;tor's4 to within a tolerance of 0.1 percent and to remove microgram quantities
of material from balance wheels, and gyro rotors while in motion,

2. Tunnel-diode a.lloys.5

3. Electric propulsion. What is the feasibility of propelling space vehicles with
ions that are generated when a laser beam impinges on a piece of tungsten?

4, Generation of large pulse currents.ﬁ By focusing the laser beam onto a
tungsten cathode current, densities of 20, 000 amp/cm2 can be produced,

5. Hermetic seals., The use of overlapping laser weld areas in geometric con-
figurations can form hermetic seals that were exceedingly difficult to obtain prior to
the advent of the laser,
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8. APPLICATIONS IN MISCELLANEQGUS AREAS

Several applications have been suggested by a number of people but have not been
developed appreciably at the present time, Since there is little information on these
other than conjecture, they are grouped in the miscellaneous area. Also included are
other applications that do not fit into the six previous categories.

8.1 Optoclectronics and Computers

The potential efficiency and inherent circuit compatibility of optoelectronic devices
now being developed, such as diode lasers, light-emitting diodes, optical fibers,
semiconductor photodetectors, and 'beam-of-light transistors' seem to indicate that
optoelectronics is the next important area in the electronics field.

Diode lasers can be operated from transistor powcr supplies and easily controlled
by a small current pulse since regative resistance effects have been observed in them.1
Optical fibers show large net gains when used to transmit signals; used as lasers, these
structures can generate optical logical operatioms.2 Another attractive computer com-
ponent would be a four-terminal device consisting of an emitter made from a laser and
a photodiode collector, Since the only coupling between the emitter and collector is via
the laser beam, it would be a four-terminal active device with excellent isolation be-
tween input and output. Circuit designers feel that such a device would have many ad-
vantages over the three-terminal transistor. It should be capable of operating at speeds
approaching 1000 Mcps and have a current gain of close to unity.

There are a host of reasons favoring the use of optics in computers: (1) there is
no charge buildup due to electrostatic potentials, (2) light transmitted in ordinary optical
media is practically free from inductive and capacitive effects, (3) the high-carrier
frequency means high-bit rates, (4) every lens system represents a system for parallel-
processing of information, (5) circuit topological freedom allows easier coupling in
three dimensions than with wires, (6) visual compatibility allows a more direct link
with the operation, (7) high-density storage is possible because of the inherently high
resolution obtainable with optical systems, and (8) read-in and read-out functions with
presently used punched cards would be straightforward,

8.2 Display Devices

The diode laser makes possible a new family of display devices, suggesting
a way of replacing, say, a conventional panel meter and indicating or warning light
by a small, rugged, integrated device. In the field of automatic control, graphic
displays of system operating conditions and malfunctions are as essential as they are
in aircraft and space vehicles, The high brightness, high efficiency and small size
of the diode laser (assuming it can be made to operate without the necessity for cooling)
can be used to advantage in these areas. Large-area diode displays could replace the
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relatively bulky, fragile, low-brightness, low-efficiency, cathode-ray tube. The
replacement could be a matrix of diode lasers, any single element of which could
be sel cted by applying a voltage between the proper row ond coluiil., Scamnia a:s-
plays could be made by developing a proper sequence code to drive the diodes.
Alphanumeric displays could be constructed by using suitable gating and control
circuitry, and would be similar to the currently available electroluminescent dis-
plays but superior to them in terms of brightness, life, and speed.

Arother approach to display systems is through electronic beam deflectora.5
These make use of electrically induced birefringence in crystals; estimates are that
as many as 106 deflections/sec are possible, Ten of these crystals in series could

produce 210 possible positions.

8.3 Fhase Photography

Normal photography uses only the intensity of the light from an object to form
an image, Thus, half of the available information—the phase—is not used, A photo-
graphic px'oceass6 that uses this information has been perfected by scientists at the
University of Michigan, It yields excellent image contrast and allows high magnifica-
tion, In conventional microscopes, magnification is dependent on glass lenses and
even the best of these produce some distortion. The new technique would avoid these
distortions since no lenses are used, and would produce clearer, sharper images.

The technique consists of two steps. First, coherent light is transmitted through
or reflected from an object,and recombines on a photographic plate with laser radia-
tion that by-passed the object; the mathematical ana.lysiss shows that what is recorded
on the plate is the Fresnel diffraction pattern of the object. Second, after the photo-
graphic plate has been developed, it is illuminated with coherent light; the desired
image then appears at a certain distance from the plate, (The writer does not expect
the reader to understand the process from this intensely abbreviated description; the
process is quite complicated and the interested reader should consult Ref, 6 and Ref. 7.)
The greatest use for this system will probably be found in the laboratory where high-
quality reproduction or magnification is desired. The ideas embodied in this technique
could also be of use in producing clearer and sharper x-ray films since x-radiation is
also coherent,

8.4 Chemical Applications

As a direct result of making lasers, much information has been obtained on the
spectra of the inert gases and rare earths and on the transition rates between the dif-
ferent allowable electronic levels of these atoms, but no new publications have appeared
on the "chemistry” of these elements or on the influence a laser might have on a chemi-
cal reaction. Since chemical reactions are intimately involved with the energy level
structures of their atomic and molecular constituents, diasemination of the increased
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knowledge of energy levels brought about by lasers could perhaps aid in understanding
the processes involved in some reactions.

A much broader area of discovery would be the use of a laser as a selective
catalyst in a chemical reaction, Nearly all chemical reactions are now triggered by
thermal agitation of the atoms and molecules, which appears to be a rather crude
technique, Heat will excite every atom in the mixture, but irradiation by a laser
beam would excite only those atoms that had absorption bands at the laser frequency.
Although such experiments sound academically interesting, it is not known at this
time what their ultimate usefulness will be, It is somewhat surprising that no work
has been reported in this area, but this may simply reflect the fact that it takes time
for progress in one field to influence another, Certainly, a desirable tool in chemical
research would be a tunable laser that would permit many interesting investigations
such as of bond strengths and absorption characteristics. This development is unlikely
since many lasers would probably have to be used at different, discrete frequencies.
The largest range of tunability that the writer is aware of is 100A,

8.5 Light Seurces
8.5.1 LIGHT BULBS

The possibility of using injection lasers for light bulbs is not nearly so far off
since laser emission in the blue (4560A) has been detected from SiC.8 Orn the validity
of this claim there is a difference of opinion9 among scientists, Be that as it may,
the diode laser still has an excellent future as a light bulb. The efficiency of standard
light bulbs is approximately 10 percent and, as we know, they burn out. A diode laser
such as SiC should be able to operate without having to be cooled. It could be con-
nected directly across an ac line and operated as a light source that does not wear out,
with an efficiency of, say, 30 percent. The coherent monochromatic radiation that
would be produced could be converted to heterochromatic light by surrounding the laser
with the proper type of phosphor that would absorb the laser light at 4560A and then
reradiate it over a band of frequencies determined by the type of phosphor used.m
As mentiocned above, SiC may not be the type of laser that will be used in this applica-
tion, but its operating properties are typical of the type of semiconductor that will be
used, and the example serves to indicate the possible simplicity of the application,

8.5.2 HIGH-SPEED PHOTOGRAPHY

The application of the ruby laser in high-speed photography has already been
demonstrated, Using the normal spikes from the ruby laser as the source of short,
high-intensity flashes, Yajima gt_g.“ directed the laser beam onto the surface of a
circular mirror and then fired a bullet in front of the mirror., The illumination was
very even, and clear photographs of the bullet moving at 170 m/sec were obtained.
Since Q-switched lasers can produce spikes as short as 7 X 10”9 sec, they could be
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used to capture an object moving at 80 miles/sec (a factor of 10 faster than a
satellite) with little blur.

8.5.3 MICROGRAPHY

The high intensity and directionality of the laser beam allow intense illumina-
tion of small areas or objects, Courtney-Prattl?' took a microphotograph of a
metallic surface under high magnification by means of a single flash from a ruby
lager, and found the laser much faster than the most intense flashlamp available,
He also demonstrated that the light from the ruby laser is useful for studying details
of topography; when the surface to be studied is placed in approximate parallelism with
a known or reference surface and illuminated with the laser beam, high-contrast stable
fringes are produced. Until now the standard technique has been to use a mercury dis-
charge lamp, which is sufficiently monochromatic but because of its low brightness re-
quires long exposures producing fringes that tend to be fuzzy owing to vibration and
heating effects. Where the laser was used, the exposure time was reduced by a factor
of 20, 000 and sharper fringes resulted.
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9. CONCLUSIONY

It is apparent that lasers have not yet lived up to the expectations people had for
them when they were first developed but are still "a soiution looking for a probiem.*
Comparisons between the laser and the transistor in the area of applications are not
justified since the transistor found immediate usea simply by replacing vacuum tubes,
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Such a broad-based application does not exist “~r the laser, and it will consequently
take considerably longer than was initially expected for a market to develop. Whether
the dollar volume of lasers will ever approach that of transistors is not known, At
the moment it appears that the greatest use for it will be as an instrument for sci-
entific and medical research, and for performing many tasks in a much more effective

manner than could be done with a conventional light source,
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