
Chapter 5 

Quantum Electronics

The Laser 

Quantum electronics can be said to have originated with the invention of 

the maser by C. H. Townes and his students at Columbia University in the 
1950s, although the basic physics of stimulated emission of radiation and 
population inversion had been understood decades earlier. 

Townes and A. L. Schawlow collaborated in research that applied maser 
principles to the optical region of the electromagnetic spectrum and resulted 
in the development of the laser. This first laser opened the way for others: 
the helium-neon laser, the semiconductor heterostructure that is of special 
interest in optical communications, the high-power C02 laser, dye lasers for 
very short pulses, and the spin-flip Raman laser, among others. 

With the availability of the laser as a tool for high-resolution spectroscopic 
research, Bell Labs scientists have made contributions in a number of fields of 
research-for example, Raman scattering, coherent optical effects, radiation 
pressure studies, nonlinear optics including second harmonic generation, and 
optical parametric amplification. Laser applications are also discussed in 
Chapter 6 and Chapter 19. 

I. MICROWAVE SPECTROSCOPY AND MASERS 

The development of microwave techniques during World War II 

gave impetus to the exploration of the properties of matter in the 

microwave region of the electromagnetic spectrum. Before the war C. 

E. Cleeton and N. H. Williams at the University of Michigan used a 

magnetron for microwaves down to 6 millimeters.1 Bell Laboratories 

entry into this field was marked by the work of C. H. Townes in 

1945-1946 on the microwave absorption spectroscopy of gases. The 

characteristic rotational frequencies of molecules lie in the microwave 
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range. In addition, certain special molecular motions, such as the 
tunneling of the nitrogen atom through the plane of hydrogen atoms 
in NH3, also occur at microwave frequencies.2 By measuring the 
absorption frequencies of molecules such as OCS, CICN, and BrCN, 
Townes and coworkers derived information concerning bond dis
tances, dipole moments, and chemical bonding, and nuclear proper
ties such as masses and quadrupole moments.3 

Townes continued his microwave spectroscopy program after he 
accepted an academic appointment to the physics department of 
Columbia University. The research by Townes and his graduate stu
dents at Columbia led to the development of the concept of 
microwave amplification by stimulated emission of radiation (the 
maser). In particular, their studies of the NH3 maser had an impor
tant impact on molecular spectroscopy research.4 The maser produced 
a more profound impact a few years later when the concept of stimu
lated emission of radiation was applied to the optical region of the 
electromagnetic spectrum. 

At Bell Labs, attention turned to the possibility of designing a solid 
state maser amplifier with very low noise possibilities capable of 
operating at liquid helium temperature. In 1956, acting on a sugges
tion of N. Bloembergen of Harvard University, H. E. D. Scovil, G. 
Feher, and H. Seidel designed and constructed the first continuous
wave solid state maser using Gd3+ ions in lanthanum ethylsulfate.5 A 
broadband traveling-wave maser was later developed by R. N. 
DeGrasse, E. 0. Schultz-DuBois, and Scovil.6 A form of this maser was 
used in the low-noise preamplifier of the earth station at Andover, 
Maine, used in the Telstar communkation satellite studies. 

In the 1970s, a renaissance in the subject of microwave gas spectros
copy occurred, particularly in astrophysics (see section 1.3 of Chapter 
7). More than forty molecules have been discovered in the interstel
lar medium in our galaxy, among which is ocs,7 the spectrum of 
which was studied by Townes at Bell Laboratories 30 years earlier. 

II. PHYSICAL PRINCIPLES AND CONDITIONS FOR LASER ACTION
THE He-Ne LASER 

Recognizing the potentially important role that microwave 
spectroscopy and the maser were likely to play in physics research 
and in communications devices, scientists at Bell Labs Physical 
Research Laboratory set up a consulting arrangement with Townes in 
1957. Among the many scientists with whom Townes interacted, his 
collaboration with A. L. Schawlow turned out to be the most fruitful. 
[Fig. 5-l] Prior to joining Bell Labs Physical Research Department in 
1953, Schawlow had spent two post-doctoral years with Townes at 
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Fig. 5-1 . (Left) A. L. Schawlow adjusts a ruby opt ica l mase r during an 

experiment at Bell Labora tories in 1960. (Right) C. H. Tow nes with a 

ruby maser ampli fie r used fo r radio as tronomy. [MIT photo, circa 1957 ]. 
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Columbia University, where they wrote a book on microwave spec

troscopy. Schawlow's initial research activities at Bell Laboratories 

were in the field of superconductivity. 
Schawlow and Townes examined the conditions needed to achieve 

amplification by stimulated emission of radiation in the optical region 

of the electromagnetic spectrum, which is over four orders of magni

tude higher in frequency than oscillation in the ammonia maser. In a 

December 1958 publication, they promulgated the physical principles 

and requirements for such amplification in the visible or infrared 

regions of the spectrum.8 [Fig. 5-2] These included the pumping 

intensity needed to produce an inverted population density sufficient 

for amplification, the optical cavity configuration needed to get ade

quate mode selection, expected output characteristics, and possible 

materials for use . 
In 1959, A. Javan described the basic principles for a gaseous 

helium-neon (He-Ne) continuous-wave laser system.9 [Fig. 5-3] He 

proposed using a low-power gas discharge to excite helium atoms by 

means of inelastic collisions with electrons to a long-lived metastable 

state, 235 . The energy of this helium metastable state is essentially 

resonant with the neon-2s levels. Javan reasoned that under the right 

experimental conditions, the helium metastables should serve as 
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IDfrared and Optical Masers 
A. L. Scrl.twt()W AND C. H. 'rOWNJs• 

Bf/l Tlkplwu Lsbur~, Mwr11y Bill, Nflfll lw111 
(keivt'd Augu•t 26, 1958) 
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or beyond. Such techniques give the attractive promi:se 
of coherent ampli6cation at these high frequencies and 
of .ceneration of very monocltromatic radiation. In the 
infrared region in particular • the generation of reason~ 
ably intense and mollO(:hromatic radiation would allow 
the posaiblllty of -trosc:opy at very much higher 
resolution than is now possible. As one attempts to 
exte:od maser operation towards very short wavt.lengths, 
a D1llllher of new aapec:ta and problems arise, which 
require a quantitative reorientation of theoretical 
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CHAR.ACTBIUS11CS OF MASIRS FOR 
MICROWAVB J'll.BQU:IlfCIBS 

For comparison, we shall consider first the character
istics of maset$ operating in the non:nal microwave 
range. Here an unstable ensemble of atomic or molecular 
systems is introduced into a cavity "hicb "ould 
norma.lly have one resonant mode near the frequency 
which corresponds to radiative transitions of these 
systems, In some cases, suclt an ensemble may be 
locattd in a wave guide rather than In a cavity but 
again there would be cltaracteristically one or a very 
few modes of propagation allowed by the wave guide in 
the frequency range of interest. The condition of 
oscillation for " atomic systeiWI exdted with random 
phase and located in a cavity of appropriate freqnency 
may be written (see references l and 2) 

•2:iY4•/(4<,.'QJ, (I) 
where • is more predsely the difference "1......., in number 
of systems in the upper and lower states, V is the 
volume of the cavity, A• is the half~width of the 
atomic resonance at half~muimum intensity, &!lsuminr; 
a LortnUian line .shape,~~o is the matrix element involved 
in the transition, and Q. is the qu&lity factor of the 
cavity. 

The energy emitted by such a maser oscillator is 
usually In an e~tremely monochromatic wave, lliDCe 
the one'll)' prod..,... by stimulated emitalon ill very 
much larger than that due to spont&nCOU$ emission or 
to the normal baeq:round of thermal rad.iatioo. the 
frequency ra.nge over which appredable enerv il 
dhltributed is given approximately by1 

a.-+r!tT(Ii•)'/P, (2) 

Fig. 5-2. Page 1 of the historic paper by A. L. Schawlow and C. H. Townes. [Phys. 
Rev. 112 (1958): 1940]. 

efficient carriers of energy. Through a collision process, the helium 
metastables would excite the nearly resonant neon levels to produce 
the population inversion required for laser action on the 2s -+ 2p 
neon transition. The optimum conditions for laser action were deter~ 
mined experimentally by W. R. Bennett and Javan. 

Laser oscillations were first demonstrated in 1960 by T. H. Maiman 
at the Hughes Research Laboratories.10 Maiman used a pulsed flash 
lamp, placing transiently ions from the ground state of cr+++ in a 
ruby crystal to an excited state to produce oscillations. In 1961, Javan, 
Bennett, and D. R. Herriott demonstrated the first gas laser and the 
first continuously operating laser, thus experimentally verifying 
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~----------------------~ In a recent paper• Schawlow and Townes have 
discussed a posslblllty for obtaining maser action 
in the optical region. In their proposed scheme, 
negative temperature ls obtained by optleal pump
Ing. One may expect also that under favorable 
conditions the excitation of atomic levels by elec
trons in a discharge can lead, in principle, to a 
state of negative temperature. However, severe 
restrictions exist ll densities of the excited atoms 
as large as those needed for maser action are 
required. The present Letter considers briefly 
these Umitatlons and certain types of systems 
which appear to be most favorable for practical 
application of this proposal. Pure gases behave 
quite differently than certain klnda of gas mix
tures. First let us consider the former case. 

For the purposes of rough estimates of •arlous 
discharge conditions as described below, let us 
make a almplifying assumption that the main 
source of population of an excited state is due to 
collisions of the first kind between the electrons 
and atoms tn the ground state leading directly 
to the excited level under consideration. It can 
be shown that, at least ln cases discussed below, 
other details such as cascade processes and 
collision ot electrons with other excited atoms 
do not appreciably effect our "Order -of ~magnitude 
estimates. -- -

The 3.51 metastable of He also lies in energy 
fairly close to the excitation energy of the upper 
maser level of Ne discussed above. The presence 
of a partial pressure of He is expected to enhance 
considerably the negative temperature in the levels 
of Ne. 

The transfer of excitation of the type described 
above may play an appreciable role wlthln the 
levels of the same atom. An important example 
of this ls expected to occur 1n the levels of Ne. 
Let us consider the group of four levels 2s1 , 2s4 , 

2s,, and 2sa• The level 2s4 is the one emphasized 
1n the above for the upper of the two maser levels. 
These four levels all fall fairly close In energy. 
The level 2s1 is also allowed for an optical transi
tion to the ground state. The transfer of exclta
tlon within these levels ls expected to result ln 
particular built up of large population In the 
level 2s11 this level having the lowest energy 
within this group. Thus, an even more favorable 
transition In Ne appears lobe the 2s,- 2p,.. This 
transition lies at 10343 wave number. 

Details of the above prupoaals will be published 
upon their experimental verifications. 

I would like to acknowledge helpful discussions 
with Dr. W. R. Bennett, Jr., Dr. S. J. Buchsbaum, 
Professor C. H. Townes, Dr. J. P. Gordon, and 
Dr. A. L. Schawlow. 

1A, L. SchawlowandC. H. Towne&, Phys. Rev 

ill· 1940 (1958). 

Fig. 5-3. Javan's proposed scheme for obtaining population inversion in atomic 

energy levels of neon, resulting in the helium-neon laser. [Adapted from Phys. Rev. 

Lett. 3 (July 15, 1959) I. 

Javan's predictionsY [Fig. 5-4] Initially the He-Ne laser operated on 
any of five different wavelengths in the near infrared, and used a 
low-power gas discharge. [Fig. 5-5] Fifteen milliwatts of continuous 
power were generated in the strongest line, which was the 2s2 -+ 2p4 

transition at 1.15 J.Lm. The spectral linewidth was thousands of times 
sharper than the best spectroscopic lines then available in the visible 
region. 

In the He-Ne laser, planar mirrors were used inside the vacuum 
envelope. The mirrors required repeated and delicate adjustments, 
making this arrangement somewhat complex to build and use. A 
considerable simplification was accomplished by the introduction of 
Brewster-ante windows and concave mirrors by W. W. Rigrod and 
coworkers.1 The Brewster-angle windows allowed the laser mirrors 
to be placed outside the discharge tube with negligible transmission 



156 Engineering and Science in the Bell System 

Fig. 5-4. (Left to right ) A. Java n, W. R. Bennett, Jr ., and D. R. Herr io tt adjusting 
the hel ium-neon lase r, 196 1. 

losses, and the concave mirrors made alignment of the laser resona
tors much easier. 

Subsequently, A. D. White and J. D. Rigden studied the visible 
spectral characteristics of the He-Ne discharge and obtained laser 
action in the red region of the spectrum at 0.633 ,urn on the 3s2 -+ 2p4 
neon transition.l 3 As of the time of this publication, the He-Ne red 
laser is probably still the most widely known laser on the market. It 
is estimated that there are more than 200,000 He-Ne lasers in use as 
teaching tools, and in laboratory instruments, measuring systems, 
scanners, optical data storage systems, and video-disc readers. 

2.1 Early Solid State Lasers 

When T. H . Maiman announced the operation of the first laser in 
mid-1960, he reported a lifetime shortening from 3.8 to 0.6 mil
liseconds and an R1 to R2 line-intensity change from 2:1 to 50:1 as evi
dence of laser action in ruby crystals14 At the time some investigators 
regarded the sufficiency of this evidence as controversial. This led a 
group of Bell Labs researchers to verify Maiman's report. The result, 
published by R. J. Collins and coworkers, gave confirmation of laser 
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Fig. 5-5. Energy-level diagram of helium and neon atoms. Note 
the coincidence of the metastable 238 level of helium and the 28 
levels of neon. !Javan, Bennett, Jr., and Herriott, Phys. Rev. 
Lett. 6 (February I, 1961): 106]. 
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action-sharp directionality, line narrowing of a factor of 30, and spa
tial coherence over a lateral dimension of 100 wavelengths in the 
source.15 In addition, the first observations of relaxation oscillations 
in a laser were made. 

Extending the research by G. H. Dieke and his collaborators at 
Johns Hopkins University on rare earth ions in LaC13 and other host 
crystals, which aimed at identifying the energy levels and visible 
transitions of the rare earth ions, L. F. Johnson initiated spectroscopic 
studies into the near infrared. Spectroscopic observations of the 
fluorescent emission in neodymium-doped crystals, supplied by K. 
Nassau, showed that upon excitation with a mercury lamp, the dom-
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inant emission arises from the de-excitation from the Nd-4F3;2 level, 
the strongest transition being to the 4I11; 2 terminal state. This obser
vation, coupled with the long lifetime of the upper level, led Johnson 
and Nassau to use neodymium as the active ion for a near infrared 
solid state laser. Furthermore, sinct~ the terminal state for this transi
tion lies at approximately 2000 em -I above the ground state, it will 
not be populated at 300K. Thus, room temperature continuous-wave 
operation with a solid state laser se,emed a possibility. Because of the 
high crystal quality of CaW04, this was initially the preferred host. 
Pulsed laser action at 1.064 ~m with Nd:CaW04 was first observed by 
Johnson and Nassau in 1961.16 Soon thereafter, Johnson and cowork
ers observed continuous-wave ope·ration with this same system at 
room temperature. 17 

During 1961, D. F. Nelson and W. S. Boyle worked on making a 
continuous-wave ruby laser. Since pulsed ruby lasers typically used 
megawatts of optical pump power, 1extensive changes in the ruby rod 
size, shape, and doping were required. In order to implement the 
new idea of end-pumping, the rod was made trumpet··shaped, having 
an input cone of sapphire to intensify the pump in the attached ruby 
rod, which had 10 times less chromium than pulsed rods. When 
cooled with liquid nitrogen and pumped with 900W, the laser emit
ted 4 milliwatts (mW) continuously.18 In 1962, G. D. Boyd and 
coworkers obtained continuous-wave operation of U:CaF2.19 The 
demonstration of continuous-wave, solid state laser action emphasized 
the potential of such systems for a variety of applications in commun
ications and physical research. 

Extending the spectroscopic studiE!S to transition metal ions in insu
lating crystals, Johnson, R. E. Dietz, and H. J. Guggenheim found 
strong infrared fluorescence from several ions other than chromium. 
In 1963, theJ' obtained laser emission from nickel, cobalt, and vana
dium ions.2 However, the mode of operation was quite unlike any 
other system -the terminal state of the laser transition was a vibra
tional state of the lattice. Since laser oscillation occurred in a broad 
vibrational sideband rather than in a narrow electronic line, these 
phonon-terminated lasers offered th1e attractive possibility of continu
ous tuning over a broad wavelength range. Such continuous tunabil
ity was demonstrated in MgF2:Ni by Johnson, Guggenheim, and R. A. 
Thomas in 1966.21 The application of similar principles to liquids led 
to the development of tunable dye lasers.22 

2.2 Modes of Oscillation in the Laser Resonating System 

In their seminal work, Schawlow and Townes realized that any 
realistic laser resonator would have dimensions that were large com
pared to the wavelength of light, and that it would be difficult to 
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limit significant amplification to only one, or just a few modes. 

Nevertheless, they envisioned the selection that has been adopted on 

almost all lasers-using a gain medium that is long and narrow with 

good reflectors at the ends and the sides left open. This leaves only 

those few modes that propagate precisely back and forth between the 

mirrors with low loss, and thus produce oscillations. All other modes 

have much higher loss because of their eventual escape through the 

sides of the open resonator structure. A. G. Fox and T. Li proposed 

using a computer to simulate what would happen to a wave bouncing 

back and forth between mirrors.23 Although a strictly analytical solu

tion was not possible, they were able to obtain computer results that 

showed that if energy was initially launched in the resonator in the 

form of a uniform plane wave, higher-order mode components were 

rapidly lost, and the field always stabilized on the lowest-order mode 

representing a wave directed along the resonator axis. This wave had 

a nearly planar phase front but had a field distribution that had a 

maximum in the center and decreased to relatively low values at the 

edges of the mirror. Thus, the energy losses at the edges were much 

lower than for a uniform plane wave, and the resulting loss-per

round-trip transit was an order of magnitude lower than the estimates 

previously made. 
At the same time, Boyd and J. P. Gordon were investigating a con

focal interferometer for use as an optical resonator.24 They extended 

the self-consistent field approach of Fox and Li by working on a 

suggestion of W. D. Lewis that the modes of a confocal resonator 

might be susceptible to analytic solution. They found that the modes 

of a confocal resonator with rectangular mirrors could be described 

approximately by Hermite-Gaussian functions. The simplicity of their 

results made it easy to predict the cross section of the beam not only 

within the resonator, but also as it was transmitted through the mir

rors to points outside. These modes were shown to retain the same 

Hermite-Gaussian intensity profile at every point along the path of 

propagation. Thus, the modes of a confocal resonator can also be 

considered to be the characteristic modes of propagation in free space. 

The unique properties of the confocal resonator, which has the lowest 

loss of all resonator geometries, are due to the periodic refocusing of 

the diffracting wave at each mirror. These analytic studies were con

tinued by Boyd and H. W. Kogelnik, who produced a more general 

theory covering mirrors of unequal size and curvature.25 They also 

discovered that there were stable and unstable resonator classes 

depending on the ratios of mirror curvatures and spacings. In stable 

resonators bundles of light rays are periodically refocused, while in 

unstable resonators light rays diverge. 
These theoretical studies contributed to an improved understanding 

of how the optical field intensities for the various modes are distrib-
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uted throughout a laser resonator. That these modes really exist was 
confirmed when the first He-Ne laser that oscillated continuously was 
made to operate with curved mirrors external to the glass envelope 
containing the gain medium. The first pure-mode patterns were 
observed by Kogelnik and Rigrod using a He-Ne laser with 
Brewster-angle windows.26 [Fig. 5-6] By changing the mirror spacings 
and curvatures, and adjusting their alignments, it was possible to 
observe the mode patterns in detail, to measure combination tones 
produced by the beating of different mode frequencies, and to deter
mine the ranges of mirror spacings that permit or prevent oscillation . 
The predictions of the theories in all details were well borne out. 

TEM 00 

TEM:Jo 

TEM11 

Fig. 5-6 . Mode pa tterns of coherent beams produced in a laser 
oscilla tor. The photographs show the cross-sec tional di stributions 
of light , fir st observed in a helium-neon gas lase r. 
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In the years that followed, the Hermite-Gaussian description of 

resonator modes emerged as a simple but powerful tool for the 

analysis of the propagation of laser beams through practical optical 

systems. The techniques that were developed have since found 

widespread use. Among them are the mode-matching procedures 

described by Kogelnik, which are used to transform an incoming 

laser beam into a beam with the properties required for a given opti

cal system.27 Other examples are the simplification of the laws 

governing the propagation of laser beams by the introduction of a 

complex beam parameter that describes both the diameter and the 

wavefront curvature of the beam, and the discovery of Kogelnik's 

ABCD law28 that provides a simple and unexpected relationship 

between the laser beam parameters in any optical system and the 

paraxial ray matrix of that system. 
Most of our understanding of the behavior of laser beams and laser 

resonators developed in the first half-dozen years after its advent. A 

summary of this knowledge is given in the review article by Kogel

nik and Li, which has become a standard text.29 

2.3 Mode Locking and Pulse Generation 

A typical laser consists of an optical resonator formed by two paral

lel plate mirrors and contains a laser gain medium. The frequency 

band over which laser oscillation can occur is determined by the fre

quency region where the gain of the laser medium exceeds the reso

nator losses. Often such an optical resonator can support many 

modes within this oscillation band, and, therefore, the laser output 

consists of radiation at a number of closely spaced frequencies. The 

total output of such a laser as a function of time will depend on the 

amplitudes, frequencies, and relative phases of all of these oscillating 

modes. If nothing fixes these parameters, random fluctuations and 

nonlinear effects in the laser medium will cause them to change with 

time, and the output will vary correspondingly. If the oscillating 

modes are forced to maintain equal frequency spacings with a fixed 

phase relationship to each other, the output as a function of time will 

vary in a well-defined manner. The laser is then said to be "mode

locked" or "phase-locked." 
Although there were indications of mode locking in earlier studies, 

the first paper to demonstrate clearly the fundamental properties of 

mode locking was published in 1964 by L. E. Hargrove, R. L. Fork, 

and M. A. Pollock.30 They obtained a continuous train of equally 

spaced, short pulses from a He-Ne laser by mode locking with an 

internal acoustic loss modulator, with the laser modes locked into a 

condition of fixed-amplitude, equal-frequency spacing, and well

defined phase relations. M. DiDomenico, following a suggestion by 
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E. I. Gordon, completed an independent theoretical description of 
mode locking by internal loss modulation at the resonator mode
spacing frequency. 31 Earlier, W. E. Lamb had described how the non
linear properties of the laser medium could cause the modes of a laser 
to lock with equal frequency spacing. This idea was later discussed 
by M. H. Crowell for the case of many oscillating modes.32 Crowell's 
experiments with a 6328A He-Ne laser demonstrated the self-locking 
of laser modes caused solely by the nonlinear behavior of the laser 
medium. In 1967, a new mode-locking technique was proposed and 
demonstrated by P. W. Smith, who showed that mode lockin§ could 
be obtained by moving one laser mirror at a constant velocity.3 

Shortly thereafter, a new theory of self-locking based on the tran
sient response of the laser medium. to the incident radiation was pro
posed by Fox and Smith, and further developed by Smith.34 Fox and 
coworkers demonstrated the first use of a section of laser medium. 
excited to the low-laser state as a saturable absorber to produce mode 
locking.35 In 1968, Smith published the first demonstration of the 
simultaneous locking of longitudinal and transverse laser modes.36 

Under these conditions, light energy is confined to a small region of 
space and travels a zigzag path as it bounces back and forth in the 
laser resonator. 

By using a number of isotopes of cadmium in a He-Cd laser, W. T. 
Silfvast and Smith demonstrated the inverse dependence of mode
locked pulsewidth on laser bandwidth, and obtained a continuous 
train of 120 psec pulses--at the time, the shortest pulses available in a 
mode-locked continuous-wave laser.37 

During 1970, interest developed in mode-locking, high-pressure, 
transversely excited (TE) C02 lasers. The first mode-locking experi
ments were reported by 0. R. Wood and coworkers.38 They obtained 
nanosecond (nsec) pulses with 1 megawatt (MW) peak power. Later, 
Smith and coworkers reported the first mode locking of a waveguide 
C02 laser.39 In 1971, P. K. Runge reported the use of a flowing dye as 
a saturable absorber to mode lock a 6328A He-Ne laser.40 

The broad molecular levels that permit the broad tunability of 
organic-dye lasers provided a means of overcoming the bandwidth 
limitation that restricted the generation of short optical pulses in con
tinuous lasers. The first attempt at mode locking a continuous-wave 
dye laser to generate ultrashort optical pulses was described by A. 
Dienes, E. P. Ippen, and C. V. Shank using an active mode-locking 
scheme in 1971.41 Synchronously pumped mode locking was reported 
by Shank and Ippen in 1973.42 (See also section 1.6.3 of Chapter 6.) 
These schemes produced pulses of the order of 50 psec. A dramatic 
reduction in optical pulse width was achieved using the passive cw 
mode-locking technique devised by Ippen, Shank, and Dienes.43 In 
fact, the first optical pulses shorter than a picosecond were reported 



Quantum Electronics 163 

by Shank and Ippen in 1974.44 (For more on this topic, see Chapter 6, 

section 1.6.3 - "Subpicosecond Molecular Spectroscopy.") A new 

time-resolved spectroscopy has been developed with better than an 

order-of-magnitude time resolution over the best achieved in other 

systems. These techniques have been extensively applied to study 

picosecond phenomena in semiconductors as well as chemical and 

biological systems. 
Ultrashort pulses are also produced in color center lasers by a tech

nique called "synchronous mode locking." Most of the mode-locking 

experiments at Bell Labs have used a laser with F:i centers in the host 

potassium fluoride (KF) crystal, tunable from about 1.23 ~-tm to 1.48 

~-tm, and pumped with a Nd:YAG laser operating at 1.064 ~-tm. The 

KF-F:i laser produced 300 million pulses per second, each 3 to 5 psec 

wide. 
The transit time of a pulse through a length of optical fiber 

depends on the wavelength-this is the phenomenon of group velo

city dispersion. In general, the effect of dispersion is to broaden 

severely very short pulses upon transit through long fibers. How

ever, in the silica glass fibers, there is one special wavelength, usually 

near 1.3 ~otm, where the dispersion disappears. (Conveniently, this 

zero-dispersion point can be tailored to lie in a region of low 

transmission loss.) By tuning the mode-locked KF laser to the zero

dispersion wavelength, D. M. Bloom and coworkers were able to 

directly demonstrate distortionless propagation of 5 psec pulses in 

fibers several kilometers long.45 This important result indicated 

directly the ultimate capacity of the fibers to transmit information at 

very high rates. 

2.4 Temporal Coherence of Laser Radiation 

The laser has stimulated various theoretical models for the dynamic 

behavior of quantum mechanical oscillators. These models are of 

interest because they describe an instructive interface between quan

tum and purely classical phenomena, and because they provide a 

basis for calculating the intensity and phase fluctuations that make up 

laser noise, as well as the higher-order correlation properties that are 

part of a complete description of laser light. Representative of work 

in this area is the intensity fluctuation calculation of D. E. 

McCumber,46 the general quantum noise source model of the laser by 

M. Lax,47 and the treatment of a similar model by J. P. Gordon.48 

An important result is the calculation by Lax and M. Zwanziger 

that predicted the full intensity fluctuation distribution for a laser 

near threshold for arbitrary sampling time.49 

Observations of laser noise behavior include the study by T. L. 

Paoli and J. E. Ripper of spiking behavior arising directly from quan

tum intensity fluctuations in semiconductor lasers.50 
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III. LASERS FOR OPTICAL COMMUNICATION 

The discovery of laser action in solid state and gaseous media 
occurred at a time when the research activities on semiconductor p-n 
junction devices were widespread. Therefore, it is not surprising that 
these two fields were quickly combined to demonstrate laser action 
resulting from the injection of a non-equilibrium electron population 
across a p-n junction. Among the early proposals for a semiconductor 
laser was one from France by P. Aigrain,51 one from the Soviet Union 
by N. G. Basov, B. M. Yul, and Yu. M. Popov,52 and one from Bell 
Labs by W. S. Boyle and D. G. Thomas.53 The stage was set for this 
development when the concepts for stimulated emission in semicon
ductors were clarified by M. G. A. Bernard and G. Duraffourg in 
1961,54 and by the reports of highly efficient radiative recombination 
of carriers in GaAs by J. I. PankovE! and M. J. Massoulie of RCA55 and 
R. J. Keyes and T. M. Quist of IBM.56 By the end of 1962, R. N. Hall 
and coworkers, at General Electric;57 N. Holonyak and S. F. Bevacqua, 
also at General Electric,58 M. I. Nathan and coworkers at IBM,59 and 
Quist and coworkers at M.I.T.'s Lincoln Laboratory60 had all observed 
laser action at 77K by injecting electrons across a p-n junction in a 
GaAs crystal. The resonant cavity was between two faces of the crys
tal that were perpendicular to the junction plane. 

Considerable excitement was generated by the demonstration of 
laser action by electron injection because of the potential for very 
simple pumping, and the extreme simplicity and small size of the 
injection laser. The dimensions of this laser were about 25 p,m by 400 
p,m by 100 p,m, and if the laser could be operated continuously, the 
pumping current could be achieved with the application of 1.5 volts. 
Unfortunately, a common and discouraging feature of all of the early 
injection lasers was an extremely high threshold current density of 
about 50,000 amps/cm2 at room temperature (which is about 20 amps 
for the cross-sectional area given above). Most studies were done at 
liquid nitrogen temperature (77K), and the usual mode of operation 
was with very short current pulses and low duty cycles (less than one 
percent). Those early injection lasers have become known as homo
structure lasers because they are composed of a single semiconducting 
compound. The highest temperature at which a homostructure laser 
has been operated continuously is 205K. This was achieved at Bell 
Labs in 1967 by J. C. Dyment and L. A. D'Asaro.61 They carefully 
heat-sinked a GaAs injection laser that had been fabricated in the 
form of a narrow stripe only 12 p,m wide. However, it was clear that 
the fundamental problem of the VE!ry high room temperature thresh
old current density had to be solved before the injection laser could 
become a useful device. 
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3.1 The Heterojunction Semiconductor Laser 

In late 1967, M. B. Panish and S. Sumski befan studies of the phase 

chemistry and liquid epitaxy of AlxGa 1-xAs.6 At the same time Pan

ish and I. Hayashi [Fig. 5-7] began studies of possible injection laser 

structures incorporating one or more heterojunctions between GaAs 

and AlxGa1_xAs. These semiconductors are a good choice for a high 

quality heterojunction because they have the same crystal structure 

and almost identical lattice parameters. Furthermore, the energy gap 

of AlxGa 1_xAs increases as x increases, while the refractive index 

decreases as x increases. As a result, a structure consisting of a layer 

of GaAs sandwiched between layers of n-type and p-type AlxGa 1-xAs 

is simultaneously an optical waveguide and a confinement region for 

carriers injected into the GaAs layer. Panish and Hayashi called the 

laser incorporating the sandwich structure a double heterostructure 

(DH) injection laser. Since the major reasons for the high room

temperature, threshold-current current density of homostructure 

lasers had been the inability of the weak waveguide to confine and 

efficiently use injected carriers, the DH laser, which did not suffer 

from these defects, had a much lower threshold current density. 

[Fig. 5-8] 
By mid-1968, Hayashi, Panish, and coworkers had achieved room 

temperature threshold current densities as low as 8600 amps/cm2 with 

an intermediate structure designated as a single heterostructure laser. 

By June 1970, they achieved continuous room temperature lasing 

Fig. 5-7. I. Hayashi (left) and M. B. Panish discuss a semiconductor 

laser designed in 1970 that operates continuously at room temperature . 
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with a DH laser that had a room temperature threshold current den
sity of 1600 amps/cm2•63 Similar results were achieved in the Soviet 
Union at almost exactly the same time.64 Since that time a variety of 
heterostructure lasers have been studied in order to achieve even 
lower threshold current densities (to about 500 amps/cm2 at room 
temperature) and improved optical mode and electrical behavior. All 
of the structures proposed for communications applications incor
porate the original idea of R. A. Furnanage and D. K. Wilson to use a 
narrow strip region to permit efficient heat sinking and low overall 
current.65 The simplest version of the strip, as proposed by Dyment 
and D' Asaro is formed by proton bombardment of adjoining regions 
to render them nonconducting. 66 

As a result of the studies of heterostructure lasers and the almost 
simultaneous development of extremely low-loss optical fibers, the 
injection laser has become the prime choice as the optical source for 
lightwave communications systems. For this reason extensive studies 
have been made of the way that heterostructure lasers degrade. Of 
primary importance was the observation by B. C. De Loach and 
coworkers of the dark-line defect: a region of enhanced nonradiative 
recombination that grew rapidly during laser operation and rapidly 
increased the laser threshold current.67 

W. D. Johnston and B. I. Miller showed that the dark-line defect 
could be generated by optical excitation of undoped double hetero
structure material.68 Studies by P. Petroff and R. L. Hartman, and by 
D. V. Lang and L. C. Kimerling showed that the dark-line defects 
were dislocation networks that grew from threading dislocations by 
climb, driven by the energy released by the nonradiative recombina
tion of minority carriers.69 

R. L. Hartman and A. R. Hartman showed that strain reduction was 
the key to a vast reduction in this short-life degradation mechan
ism?0 The remaining gradual degradation mechanisms have not been 
fully elucidated, but by 1976, growth and fabrication processing had 
been refined to the point where W. B. Joyce and coworkers were able 
to report extrapolated room-temperature laser-lifetimes of one million 
hours based upon elevated temperature tests?1 

3.2 Heterostructure Lasers and Optical Fibers 

While numerous improvements were being made to GaAs double
heterostructure lasers, interest began to grow in moving the 
wavelength away from 0.87 11m, at which the laser was oscillating, to 
wavelengths where the newly developed optical fibers had their 
lowest loss and minimum pulse dispersion. Among the materials 
examined were the III-V ternary and quaternary mixed crystals with 
combinations of aluminum, gallium, or indium on the sublattice of 
atoms of valence III, and phosphorus, arsenic, or antimony on the 
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sublattice of atoms of valence V. The first successful laser based on 
one of these new materials was made by R. E. Nahory and Pollack in 
1975.72 This laser consisted of a recombination layer of GaAs1-xSbXI 
and had a room temperature threshold of 2100 amps/cm2

, much lower 
than an earlier version developed in Japan.73 Later in 1975, Nahory 
and coworkers, using the proton bombardment-stripe geometry, suc
ceeded in operating these lasers continuously at room temperature?4 

The thresholds were as low as those of comparable GaAs devices. 
The operating laser wavelength ranged from 1.0 to 1.06 ,urn, depend
ing on the value of x. This first demonstration that complex, mixed 
crystal systems could be used successfully in continuous room 
temperature lasers was a strong stimulus for the investigation of other 
materials. Only a few months la1ter, workers at Lincoln Laboratory 
reported a continuous In1_xGaxAsyP1-y/lnP laser,75 and at RCA an 
lnt-xGaxAs/In1-yGayP laser76 was constructed. 

In 1971, Kogelnik and Shank demonstrated a very compact mirror
free laser structure that they named the distributed feedback (DFB) 
laser.77 The DFB structure is compatible with integrated optics, and 
helps to stabilize and purify the spectrum of the laser emission. DFB 
structures are made by introducing high-resolution periodic varia
tions of the effective refractive index into the laser medium. A typi
cal example is a corrugation with a IOOOA period of the active layer 
of a semiconductor las1er. Such a periodic structure provides the 
required feedback for laser action through backward Bragg scattering. 
The first demonstrations of stimulated emission in DFB structures 
were made with dye laser media. These were soon followed by the 
exploration of a considE~rable variety of DFB structures suitable for 
semiconductor junction lasers at Bell Laboratories78 and elsewhere. 

IV. LASERS FOR INDUSTRIAL APPLICATIONS- THE C0
2 

LASER 

Prior to 1963, gas lasers were primarily low-power systems and the 
laser community considered only lthe solid state lasers in the visible 
and the near infrared for high-power application. But in 1963, C. K. 
N. Patel [Fig. 5-9] discovered laser action in C02 on its vibrational
rotational transitions near 10 ,urn under continuous-wave and pulsed 
conditions.79 This discovery is significant because, unlike prior 
schemes that utilized atomic energy levels for laser action, the C02 
laser used the molecular vibratiortal-rotational bands. From initial 
calculations, Patel noted that molecular lasers operating on 
vibrational-rotational transitions would be the key to gas lasers for 
high-power applications. [Fig. 5-10] In 1964 he introduced a 
continuous-flow laser system and demonstrated that vibrational 
energy transfer from N2 to C02 was extraordinarily efficient.80 In 
part, this is attributable to the very long lifetimes of the vibrationally 
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Fig. 5-9. C. K. N . Patel sta nding near hi s C02 laser a ppara tus. 

excited N 2 molecules that can be produced efficiently in an ordinary 

nitrogen discharge and to the near coincidence of the relevant N 2 and 

C02 vibrational energy levels. Patel found that at typical gas pres

sures almost all of the vibrationally excited N 2 molecules can transfer 

their energy to the C02 molecules. In the He-Ne case, the electronic 

energy is exchanged. [Fig. 5-11] Laser action on vibrational-rotational 

transitions of molecules is efficient because of the very rapid equili

bration of the excitation energy of a vibrational state among its 

closely spaced, but discrete, rotational levels. [Fig. 5-12] This leads to 

a laser system where the optical gain and laser action can occur on a 

large number of closely spaced transitions. Even though the optical 

gain on any of the transitions is relatively small, the power output is 

very high. Since all the vibrational level lifetimes are very long 

(compared with atomic laser systems), once a molecular gas laser 

medium becomes excited, it can store enormous amounts of energies 

that can be extracted in short-time pulses to give very high power 

pulses. The C02 lasers, in continuous-wave as well as pulsed mode, 

operate in the 9 ,urn to 11 ,urn region of the infrared. This is a spectral 

region of great interest, even though the radiation is invisible to the 

human eye, since the 8 ,urn to 14 ,urn spectral region constitutes a low 

atmospheric loss window for laser transmission . 

In 1965, Patel and his colleagues demonstrated that the C02 laser 

was a very high continuous-wave power system by obtaining an out

put of more than 200 watts (W), and an operating efficiency as high as 

10 percent.81 Further work has focused on increasing the C02 laser 

power output by using a variety of excitation mechanisms. By 1979 
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Fig. 5-! 0. Energy-level diagrams of an atom and a molecule are 
compared. In an atom Oeft), the electronic energy levels between 
which infrared transitions can occur are situated near the atomic 
ionization limit-far above the ground state of the atom. As a 
result, the atom has to be excited to a very high energy to 
produce laser action, which in turn results in the emission of a 
photon with a comparatively small amount of energy. 

the maximum continuous-wave power output for a C02 laser had 
exceeded 100 kilowatts (kW) and the pulsed-power output exceeded 
1012W, with single-pulse energy of more than 10,000 joules. The 
applications of such high powers to communications, metal working 
(cutting, welding, drilling, and so on), paper and cloth cutting, opti
cal fiber drawing, laser induced fusion, high-resolution spectroscopy 
in the infrared region, as high-power pump sources for obtaining 
laser action in far infrared region by optical pumping (see section 
5.3), isotope separation, laser surgery, and noncivilian (weapons) pur-
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Fig. 5-11. Addition of nitrogen gas to a carbon dioxide laser results in the selective 

excitation of the carbon dioxide molecules to the upper laser level. Since nitrogen is 

a diatomic molecule, it has only one degree of vibrational freedom; hence, one 

vibrational quantum number (v) completely describes its vibrational energy levels. 

Nitrogen molecules can be efficiently excited from the v=O level to the v= I level by 

electron impact in a low-pressure nitrogen discharge. Since the energy of excitation 

of the N2(v=l) molecule nearly equals the energy of excitation of the C02(001) 

molecule, an efficient transfer of vibrational energy takes place from the nitrogen to 

the carbon dioxide in collisions between N2(v=l) molecules and C02(000) 

molecules. In such a collision the nitrogen molecule returns from the v= I level to 

its ground state by losing one quantum of its vibrational energy, thereby exciting the 

carbon dioxide molecule from its ground state to the 001 level. The carbon dioxide 

molecule can then radiatively decay to either the 100 level or the 020 level, in the 

process emitting infrared light at 10.6 or 9.6 microns, respectively. 
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poses have all been explored vigorously. In the area of high

resolution spectroscopy, the C02 and other molecular lasers (see sec

tion 5.2) have proved to be the only sources in the 5 Mm-12 Mm 

region. Their use in infrared spectroscopy has exceeded the use of 

any other laser system for spectroscopic uses. In the area of laser sur

gery, the C02 laser has become the laser of choice with some 20,000 

operations performed by more than 1000 surgeons by 1981. Further, 

each year newer applications of laser surgery have been forthcoming 

with dozens of C02 laser surgery conferences held each year. 

In the 19 years following the discovery of the C02 laser and the 

demonstration of its high efficiency, about 3,000 technical papers and 
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Fig. 5-12. Continuous-flow system was used by C. K. N. Patel to verify the hypothesis that a 
carbon dioxide-nitrogen laser would be more efficient than a pure carbon dioxide laser. Strong 
laser oscillation was obtained in 1this system on the vibrational-rotational transitions of carbon 
dioxide even though no electrk discharge was present in the interaction region, thereby 
proving the effectiveness of using vibrationally excited nitrogen molecules for selective 
excitation of carbon dioxide moleeules to the upper laser level. 

more than a dozen books were published on various aspects of C02 
lasers. Moreover, the C02 laser became one of the most commercially 
useful laser systems in the world. 

4.1 Yttrium Aluminum Ga:rnet (YAG) Laser 

In 1964, J. E. Geusic, H. M. Marcos, and L. G. Van Uitert showed 
that neodymium-doped yttrium aluminum garnet (YAG) crystals 
should have a lower threshold for laser action than solid state laser 
systems previously investigated.82 One of the main advantages of this 
system is the presence of pump bands revealed by absorption spec·· 
troscopy that are favorable for tungsten sources. Continuous opera
tion of a Nd:YAG laser pumped at room temperature with a tungsten 
lamp was achieved with a threshold (360W input power) about one
fifth that for the CaW04 system. This laser has been further 
developed, and has found wide use in the "smart weapons" of the 
military, such as target d'esignators, range finders, and target seekers. 
Its use in industrial appllications also is growing, and popular roles 
for it include hole drilling and welding, particularly where close con
trol is important. 

V. OTHER LASER TYPES 

5.1 Lasers Based on Atomic Transition:S 

The successful operation of the He-Ne laser was soon followed by 
the discovery of many other lasers in the visible, infrared, and even 
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the far infrared. Along with the new lasers came new principles of 

operation. Early in 1962, Bennett and Patel independently demon

strated that, due to direct inelastic impact excitations, gain was still 

present for the 1.15 J,Lm neon-transition in He-Ne laser, even in the 

absence of helium in the discharge.83 Later in 1962, Patel and 

coworkers obtained laser action on a number of lines near 2 J,Lm using 

direct electron excitation of the ~ure, neutral noble gases helium, 

neon, argon, krypton, and xenon. 4 By 1964, Patel and collaborators 

had made neon lasers that operated in the middle and far infrared, 

including one at 133 J,Lm.85 In the same year E. I. Gordon and E. F. 

Labuda, in a joint publication with W. B. Bridges of the Hughes 

Research Laboratories, announced continuous-wave laser action in the 

visible from ionized argon, krypton, and xenon noble gases.86 

Subsequent accomplishments in ion lasers were made in the area of 

metal-vapor lasers. In the late 1960s, Silfvast87 achieved 

high-efficiency, continuous-wave oscillation in cadmium vapor at 

0.4416 J,Lm while he was at the University of Utah. Subsequently, 

laser action at approximately fifty wavelengths in the visible in ion

ized selenium was reported by Silfvast and M. B. Klein.88,89 This 

laser, and others in lead, tin, and zinc, are based upon a new excita

tion mechanism for gas lasers (Penning ionization), which Silfvast 

proposed and verified in the He-Cd discharge. 
In 1971, Silfvast and L. H. Szeto demonstrated a simplified design 

for metal-vapor lasers that led to inexpensive construction and long

lived operation of the He-Cd laser.90 This type of laser became the 

second most reliable laser (in terms of operating lifetime) available at 

the time. Ion lasers are used widely for a variety of research investi

gations and industrial applications where blue or green light is desir

able. They also have proved to be the most popular form for use in 

entertainment applications such as light shows. 
An early attem~t at an X-ray laser was made by M. A. Duguay and 

P. M. Rentzepis. 1 Their scheme called for the use of high-power 

ultrashort X-ray pulses to create vacancies preferentially in the inner

most electronic shells of an atom. The experimental difficulties 

encountered when this approach was tried led E. J. McGuire and 

Duguay to propose a photoionization scheme in alkali earth atoms 

irradiated by laser fields tuned to specific transitions in the ion.92 

Although these experiments did not achieve their objectives, they 

have paved the way for other, possibly more successful, work in this 

important field. 

5.2 Lasers Involving Vibrational-Rotational Molecular Transitions 

Laser action on the vibrational-rotational transitions of molecules 

other than C02, such as CO, N20, and CS2, operating at different 

wavelength regions, were also demonstrated by Patel and his 
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colleagues.93
-
96 The general nature of the efficiency of vibrational 

energy transfer in NrCO, N2-N20, and NrCS2 lasers was established. 

5.3 Optically Pumped Molecular Gas Lasers 

Although of great scientific interest, the far infrared (FIR) region 
(where A == 10 ~Lm to 1000 ~Lm), lying between the traditional optics 
region and the area of microwave technology, has always presented 
great technical difficulty. The lack of radiation sources in this region 
has been one of the chief reasons for this impediment. Black-body 
radiation is very weak in this wavelength range and electron devices 
used for microwave generation will not operate at the high frequen
cies involved. 

In 1970, T. Y. Chang and T. J. Bridges invented the FIR optically 
pumped laser.97,98 In this device an efficient gas discharge laser in the 
near infrared, usually the C02 laser operating near 10 ~Lm, excites a 
vibrational-rotational transition in a molecular gas contained in a 
separate cavity. This excitation produces a populatilon inversion in 
the rotational levels of the vibrational states involved, and allows 
laser action to take place, typically in the FIR region. The first 
observed laser excitations were in methyl fluoride at 452, 496, and 541 
llm. Both pulsed and continuous-wave operation were found to be 
possible. With this lasing mechanism, there is a choice of a large 
number of molecular lasing gases with no fear of decomposition, 
since no electrical discharge is present. By 1979, about 1,000 FIR las
ing lines had been reported in over 30 different molecular gases 
spread over the spectral range from 30 ~Lm to 2,000 ~Lm. 99 

5.4 Dye Lasers 

Shortly after the achievement of laser action on atomic transitions, 
it became apparent that a tunable laser would open up a whole new 
vista of applications for coherent light, including the generation of 
short optical pulses in l:ontinuous.ly operated lasers. A number of 
approaches were taken to develop a conveniently tunable laser. The 
most successful approach in the visible region of the spectrum has 
been the organic dye laser. Organic dyes are ideal systems for 
achieving tunable laser action because stimulated emission takes place 
between broad molecular levels rather than narrow atomic transitions 
as in gas laser systems. 

At Bell Labs, work on tunable dye lasers began with the use of a 
pulsed nitrogen laser as a pump for a dye-laser system. In 1970, C. V. 
Shank and coworkers used an excited-state complex (exciplex) molec
ular system to achieve the broadest range of tunability ever observed 
from a single molecule, with the emission ranging from the near 
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ultraviolet to the yellow region of the visible spectrum.100 In 1972, a 

continuously operated dye laser with highly improved efficiency was 

reported by A. Dienes, E. P. Ippen, and Shank,101 using a new, 

folded, three-mirror configuration proposed by H. W. Kogelnik and 

coworkers.102 In this configuration, which became used in most com

mercial dye laser and color-center laser systems, astigmatic aberra

tions caused by oblique folding angles were compensated by proper 

dye cell design. Another significant improvement in continuous

wave dye laser performance followed the invention of the free

flowing jet stream by P. K. Runge and R. Rosenberg.103 This system is 

a dye-laser cell without windows and eliminates the degrading effects 

of performance due to thermal heating of the dye material. The first 

demonstration of such a laser was by Shank and coworkers in 

1973.104 At the time of this writing the folded-mirror configuration 

and free-flowing dye material are used in all commercial laser 

systems. 

5.5 Color-Center Lasers 

While the organic dyes have provided a medium for tunable lasers 

and the generation of short pulses in the visible spectrum, they are 

not easily applied to longer wavelengths. L. F. Mollenauer and 

collaborators have developed tunable color-center lasers as viable, and 

in many ways unique, substitutes for dye lasers at the longer 

wavelengths.105 Color-center lasers have been used in high resolution 

molecular spectroscopy, in the characterization of fiber and integrated 

optic devices, in fundamental experiments on the propagation of very 

short pulses in optical fibers, and in investigations into the basic 

physics of semiconductors. 
There are two distinct types of laser-active color centers. Both are 

based on electrons trapped at halide ion vacancies in an optically pol

ished slab of alkali halide crystal, such as NaCl. Centers involving a 

single vacancy associated with an impurity alkali ion are known as FA 

centers. (The F is from the German "Farbe," meaning color.) Pulsed, 

non-tunable laser action with F A(Li) centers in KCl was first demon

strated in 1965 by B. Fritz and E. Menke of the Physikalische Institut 

der Technische Hochschule, Stuttgart.106 The FA-center lasers 

developed at Bell Labs in 1973 are tunable from about 2.2 J.tm to 3.3 

J.tm. The more powerful F{ -center lasers, developed in the late 1970s, 

have a pair of adjacent vacancies sharing a single electron. This 

center can be created, usually by radiation damage, in just about any 

alkali halide host. Using various hosts, a tuning range of 0.82 J.tm to 

2.5 /,tm has been observed. 
Like their dye laser counterparts, the color-center lasers are excited, 

or "pumped," with light from another (but fixed-frequency) laser. 

When the excited crystal is placed in a tuned optical resonator, its 
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broad, spontaneous emiSSion is suppressed, and most of the light 
emerges as a laser beam at the wavelength of the resonator. Tuning 
is usually accomplished with either a diffraction grating or a prism. 

VI. LASERS IN PHYSICAlL RESEARCH 

6.1 High~ Resolution Spectroscopy 

Optical experiments conducted after the introduction of the laser 
taught a great deal aboult the nature of light. The early experiments 
of D. F. Nelson and coworkers were the first to establish clearly the 
spatial coherence of laser radiation.l07 Several fundamental contribu
tions to optics were made at a timE~ when questions of optical coher·· 
ence had not yet been wildely discussed and were still not completely 
understood. Among these experiments were the beating of helium·· 
neon laser light from two adjacent resonator modes by A. Javan, E. A. 
Ballik, and W. L. Bond,l08 the demonstration of laser-light granularity 
by J. D. Rigden and E. I. Gordon,109 the observation of spectral-line 
splittinf from microwave modulation of laser light by I. P. Kami·· 
now,11 and the achievement of phase locking of two independent 
optical sources by L. H. Enloe and J. H. Rodda.111 

The Lamb dip in laser power oultput, observed as a single axial 
mode· of oscillation is tuned through the center of a Doppler·· 
broadened line, was first observed by R. A. McFarlane, W. R. Bennett,. 
and W. E. Lamb.U2 The Lamb dip has become of considerable value 
in laser frequency stabilization. Also accompanying the development 
of new lasers during this early period was the accumulation of much 
detailed information on radiative lifetimes, collision cross sections,. 
transition probabilities, and other basi[c parameters of neutral and ion
ized rare gases. 

Studies of argon io; t lasers, first operated continuously by Gordon, 
Labuda, and Bridges, improved the understanding of the mechanism 
of inversion in ion lasers. Gordon atnd coworkers determined gain, 
electron density, and level populations under continuous-wave condi
tions and showed the importance of multiple-step, electron-impact 
excitation of argon ions.113 

During the early 1960s, extensive effort was devoted to studies of 
the optical properties of ions in solids. Motivated in part by the 
discovery of solid state laser action, this work led to a wellllth of new 
spectroscopic data and line assignments and produced numerous 
studies of fluorescence efficiencieB, line broadening mechanisms, 
energy exchange in crystals with high doping concentrations, Stark 
and Zeeman effects, charge compensation of doped ions, and other 
related subjects. One example was t:he study of the mechanism of 
line broadening of the ruby R lines by D. E. McCumber and M. D. 
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Sturge.114 This work established the dominant contributions to the 

linewidth from phonon Raman scattering and from crystal inhomo

geneities at temperatures above and below 77K, respectively. Nelson 

and Sturge studied absorption and emission of the R lines of ruby, 

and verified the principle of detailed balance, the only precise 

verification ever made in a solid.U5 

6.1.1 Two-Photon Spectroscopy 

In 1970, L. S. Vasilenko and coworkers in the Soviet Union dis

cussed theoretically a simple technique for obtaining Doppler-free 

two-photon spectra from gases.116 Their basic idea was to use two 

laser beams of equal frequency propagating in opposite directions. 

For such a case, the Doppler shift of one beam is equal, but of oppo

site sign, to the Doppler shift of the opposing beam. The sum fre

quency is independent of the velocity of atoms and Doppler effects 

are eliminated. It was not until 197 4 that appropriate dye lasers 

became available so that Doppler-free, two-photon spectroscopy could 

be experimentally demonstrated. At about this time, work on high

resolution two-photon spectroscopy at Bell Labs was undertaken by J. 
E. Bjorkholm and P. F. Liao. In most of their work they used two 

precisely tunable, single-mode, continuous-wave dye lasers and cells 

filled with sodium vapor. 
Two-photon absorption obtained with equal frequency laser beams 

is usually very weak because the required laser frequency may be far 

from the frequency of a resonance transition of the atom. Bjorkholm 

and Liao demonstrated that at the price of slightly increased 

linewidth, two-photon absorption could be enormously enhanced by 

using two lasers of different frequencies. 117 Strong resonant enhance

ment of the absorption occurs when one of the lasers is tuned near 

the frequency of a resonance transition. Since v1 ;C v2, the Doppler 

broadening is not totally eliminated; however, in most cases the 

residual effect is small since (v1 - v2) << (v1 + v2). In sodium, residual 

Doppler-broadening near resonance amounts to less than 30 MHz, 

whereas the width of the Doppler-broadened transition is 3.4 GHz. 

For tunings outside the Doppler width of the resonance transition, 

the absorption could be enhanced by up to a factor of 106
. 

Shortly thereafter, Liao and Bjorkholm experimentally demon

strated that optically induced shifts of atomic energy levels can be 

very significant in two-photon spectroscopy.118 In their experiments, 

ac Stark effect shifts exceeding 1 GHz were observed. With the use of 

an atomic beam of sodium, they also demonstrated experimentally the 

appearance of ac Stark splitting in two-photon spectra.119 

Theoretical and experimental studies of two-photon resonant 

enhancement were extended to the case where one laser frequency 
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was inside a Doppler-broadened resonance transition. 120 By tuning 
one laser onto resonance, Liao and Bjorkholm demonstrated two
photon absorption 6 x 109 larger than that obtained with equal fr€·
quency lasers. Moreover, when one laser was tuned within the 
Doppler-width of the resonance transition, totally Doppler-free sig
nals were once again obtained. 

Using the strong, Doppler-free absorption obtained with this tech
nique (called two-photon spectroscopy with a resonant intermediate 
state), Liao and Bjorkholm observt:~d the "forbidden" (and conse
quently, extremely weak) 35 - 4F transition in sodium.121 This 
yielded the first measurement of the 4F state fine-structure splitting; 
it also showed that, in contrast to the D states of sodium, the 4F level 
is not inverted. The results helped to demonstrate that the F states of 
sodium were essentially hydrogenic. 

Since the first observation of photon echoes in 1964,122 lasers have 
been widely used to observe coherent optical transient effects. Most 
of these observations were made using single-photon resonances. In 
collaboration with J. P. Gordon, Liao and Bjorkholm made one of the 
first observations of optical transiE!nts associated with a two-photon 
transition and explained theoretically the observed two-photon opti
cal free-induction decay. 123 Liao, N. Economu, and R. R. Freeman 
used the Doppler-free character of two-photon coherent states to 
make high-resolution measurements of atomic linewidth, and demon
strated that such measurements could be made with simple broad
band lasers. 124 

6.2 Raman and Brillouin Scattering 

From the first demonstration of laser action in 1960, it was clear to 
some that the laser's high intensity, collimation, and monochromati
city would make it relatively simplle to perform high-precision spec·· 
troscopy in a way that was impossible utilizing prelaser techniques. 

The advent of the continuous-wave He-Ne laser, the argon ion 
laser, and subsequently tunable coherent light sources further stimu
lated research in the area of Raman and Brillouin light scattering that 
resulted in many contributions to the understanding of the physics of 
solids, liquids, and gases. These investigations included studies of 
inelastic scattering by molecular vibrations, optical and acoustical 
phonons, magnons, plasmons, polaritons, and other collective excita
tions. 

Laser Raman spectroscopy was pioneered and exploited by S. P. S. 
Porto. In 1961, Porto, together with D. L. Wood, carried out the first 
Raman exferiment using a laser-their ruby laser fired three times a 
minute.12 This was soon followed by the first demonstration of the 
utility of a continuously operating laser as a Raman source, reported 
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by Kogelnik and Porto using a red He-Ne laser.126 In Brillouin 

scattering, which is based on the elasto-optic effect, theoretical work 

by Nelson and M. Lax led to the prediction that a rotation of volume 

element in a birefringent crystal produces effects comparable to 

strain. 127 This prediction was verified experimentally in magnitude 

and symmetry by Nelson and P. D. Lazay using rutile crystals.128 The 

research served to point out the shortcoming in using strain as the 

independent variable in characterizing elastic deformation in elasto

optic effect experiments of previous workers. 

6.2.1 Alkali Halides and Semiconductors 

In 1965, J. M. Worlock and Porto made the first use of resonance 

enhancement in the Raman effect to observe scattering from color

center impurities in alkali halides.129 Subsequently, Porto, B. Tell, and 

T. C. Damen found even more dramatic resonance effects in cadmium 

sulfide, manifested by as many as eighth-order phonon replicas in the 

Raman spectrum.130 Since then, resonant Raman and Brillouin scatter

ing have been widely employed to probe electron-phonon interac

tions in semiconductors, insulators, and macromolecules. 

In 1967, G. B. Wright and A. Mooradian of Lincoln Laboratory 

reported spontaneous light scattering from plasmon-phonon excita

tions.131 Patel and R. E. Slusher,132 Tell and R. J. Martin,l33 and J. F. 

Scott and coworkers134 examined related phenomena in both III-V 

and II-VI semiconductors. Warlock and collaborators used light 

scattering to determine the size as well as the growth, decay, and spa

tial distribution of transient electron-hole droplets produced in cold 

semiconductors by pulsed-laser radiation.135 J. Doehler, J. C. V. Mat

tos, and Warlock were also able to measure droplet velocities by 

laser-Doppler velocimetry. 136 

6.2.2 Spin Waves 

In 1965, inelastic light scattering from spin waves (or magnons) in 

magnetically ordered solids was discovered. The original experi

ments in MnF2 and FeF2 by P. A. Fleury and coworkers revealed not 

only the theoretically predicted one-magnon process, but an addi

tional process caused by magnon pairs. 137 Theoretical analysis by 

Fleury and R. Loudon showed that a combination of these effects car

ried all the information necessary to specify the spin Hamiltonian 

because both Brillouin zone-center and zone-boundary magnon ener

gies could be measured by one-magnon and two-magnon scattering, 

respectively.l38 Refinements of this theory led to predictions and 

observations of magnon-magnon interaction effects and of the 

differing influences of long- and short-range magnetic order on the 
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light scattering spectrum.139 During the 1970s, light scattering 
became established as a quantitative technique to probe spin dynam
ics in both transparent and opaque magnetic materials. 

6.2.3 Phase Transitions 

Light scattering has had the largest impact in the study of phase 
transitions. Several early experiments in this area were carried out at 
Bell Labs. The first light scatt,ering observations of soft-mode 
behavior were made in KTa03 and SrTi03 by Fleury and Worlock.140 

They devised an electric field modulation technique to obviate the 
selection rules that forbid Raman activity in the paraelectric phase of 
such high-symmetry materials. Th,ese experiments also revealed that 
soft-mode frequencies could be tuned appreciably with application of 
modest fields, and that phonon-phonon interaction effects could be 
enhanced and controlled in the same way. 141 Subsequently, Kaminow 
carefully detailed the soft-mode b1ehavior in the ferroelectrics KDP 
and LiTa03.142 DiDomenico, Porto, and S. H. Wemple reported mode 
softening in Ba Ti03.143 During the following decade, researchers 
around the world applied light scattering to the study of structural 
transitions, making it probably the most widely used technique to 
probe phase transition dynamics. Many of these generalized Raman 
processes were made observable by the development of the double
grating spectrometers. Porto and his colleagues in industry were the 
catalysts for this development. 

Starting in the early 1970s, researchers at Bell Labs perfected new 
instrumentation that permitted even higher resolution and contrast so 
that very weak scattering features such as interacting soft modes and 
dynamic central peaks could be followed right through the critical 
temperature. The use of a single-mode argon laser tuned precisely to 
the frequency corresponding to a strong and narrow absorption line 
in molecular iodine vapor permitted stray light rejection by more 
than seven orders of magn.itude.l44 Development of computer-assisted 
normalization techniques permitted quantitative recovery of the most 
subtle lineshape behavior in quite demanding quasielastic light
scattering spectra.145 These advances allowed a host of previously 
inaccessible phenomena in structural phase transitions, glasses, and 
surface wave excitations on metalls to be studied by laser light 
scattering.146 

6.2.4 Polaritons 

In 1965, C. H. Henry and J. J. Hopfield used Raman techniques to 
observe the spontaneous Raman scattering in GaP by polaritons, an 
excitation of a mixed photon-phonon nature characteristic of all 
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infrared active modes.147 By measuring the energy shift of the scat

tered light versus scattering angle, Henry and Hopfield were able to 

plot the polariton dispersion curve (energy versus momentum). This 

data demonstrated clearly that as momentum increases, the polariton 

changes from a photon to an optical phonon. 
An important outgrowth of this experiment was a study by W. L. 

Faust and Henry in 1966 of frequency mixing of visible and infrared 

laser light in GaP.148 Frequency mixing can be viewed as driving the 

polariton mode at the difference of the two applied laser frequencies 

through a nonlinear interaction. This result enabled Nelson and E. 

H. Turner to determine the absolute sign of the nonlinear coefficient 

for GaP149 and served as the basis for all subsequent absolute sign 

determinations of nonlinear coefficients. 

6.3 Coherent Optical Effects 

Coherent resonant interaction of laser light with atoms and 

molecules leads to nonlinear propagation phenomena. Analogous to 

echo and other transient behavior in nuclear magnetic resonance, 

these effects provide information on relaxation times and the interac

tion of the resonant absorbers with their environment. This informa

tion is valuable in studies of molecular and atomic collision processes. 

Coherent optical effects are observed in laser-light pulse propagation 

when the pulse field is sufficiently high to drive the atomic dipoles 

through a substantial angle during the pulse duration, and when the 

inverse pulse duration is large compared to both the radiative decay 

rate and the homogeneous linewidth. Self-induced transparency 

occurs when the laser pulse drives the atomic dipoles through an 

angle of 360 degrees, thus absorbing and reradiating the incident 21r 

pulse. The phenomena of self-induced transparency (SIT) was 

predicted and observed in 1969 by S. L. McCall and E. L. Hahn at the 

University of California at Berkeley.150 Patel and Slusher at Bell Labs 

observed in 1967 and 1970 the delay, pulse sharpening, and absence 

of attenuation characteristic of SIT in the propagation of C02 laser 

pulses through SF6.151 In this same system, in 1970, P. K. Cheo and C. 

H. Wang observed optical free induction decay and edge echo effects 

with rectangular optical pulses.152 

6.3.1 Self-Induced Transparency 

Although McCall and Hahn at Berkeley, and Patel and Slusher at 

Bell Labs, had demonstrated nonlinear transmission and delays, 

Slusher and H. M. Gibbs were the first to see breakup and peaking 

and significant pulse compression characteristics of SIT and to make a 

careful comparison of SIT theory with experimental data from a 
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well-defined system.153 Also, pulses were slowed down to as little as 
1 I 1000 times the speed of light and were drastically reshaped. G. J. 
Salamo, together with Gibbs, McCaU, and C. C. Churchill, studied the 
effects of degeneracies on SIT and found them much less destructive 
than expected.154 Other interesting observations include SIT on
resonance self-focusing and collisions of SIT pulses. 

The SIT reshaping features are of potential technical importance in 
the processing of information pulses. The nonlinear transmission 
feature would provide an optical discriminator to separate large sig
nal pulses from small noise pulses in optical repeaters. SIT permits 
nanosecond delays in millimeter lengths, as compared with meter 
lengths in vacuum. Integrated optilcs delay lines, pulse compression, 
and peak amplification may prove to be useful in multiplexing. 

The importance of the 1r pulse in quantum oscillators is illustrated 
by the tendency for certain mode-locked lasers to favor oscillation in 
the form of a 1r pulse shu.ttling back and forth in the resonator, as has 
been noted by A. G. Fox and P. W. Smith.155 

6.3.2 Photon Echoes 

The first coherent optical effect, the photon echo, was reported in 
ruby by N. A. Kurnit, I. D. Abella, and S. R. Hartmann of Columbia 
University in 1964.156 The resonant atoms are coherently excited by 
one pulse; after a delay time, a second pulse effectively reverses the 
time so that atoms that had been oscillating the fastest and were 
ahead in phase are now behind in phase. After the second pulse, all 
of the dipoles are again in phase, and a burst of light, the echo, is 
emitted in the direction of the first of two pulses. By measuring the 
echo intensity as the delay time is changed, it is possible to determine 
the rate of relaxation of the macroscopic dipole moment or the polari
zation excited by the first pulse. 

Patel and Slusher extended the photon echo technique to gases by 
using C02 laser pulses to study the dephasing of SF6 vibrational 
transitions by collisions with SF6 and foreign gases.157 Hahn, N. S. 
Shiren, and McCall pointed out the strong changes in photon echoes 
that occur when the absorption is high and SIT effects are impor
tant.158 In 1976, B. Golding and J. E. Graebner observed phonon 
echoes in glass, which surprisingly has two-level tunneling states at 
0.02K.159 They also succeeded in observing microwave photon echoes 
in amorphous polymers, showing that the tunneling states exist in 
polymers as well as glasses and otht~r amorphous systems, thus open
ing a new route to the study of polymer dynamics.l 60 P. Hu and S. 
Geschwind have used two-photon, or Raman excitation, to produce 
Raman echoes between two states of CdS not coupled by a one
photon transition; consequently, the echo does not radiate itself, and 
a Raman process must be used to observe it. 161 



Quantum Electronics 183 

6.3.3 Nonlinear Transmission and Optical Bistability 

Optical bistability with continuous-wave coherent light, a 
phenomenon of great device potential, was predicted by McCall in 
197 4.162 Such a two-state device might consist of a Fabry-Perot inter-· 
ferometer containing a nonlinear medium. The two-mirror optical 
cavity transmits very little light unless the mirrors are separated by 
an integral number of wavelengths of the incident light, in which 
case the transmission is very high. The nonlinear medium can intro
duce an effective change in plate separation, making the transmission 
very low at low intensities. At high-enough intensities, the effect of 
the medium can be removed by its nonlinear interaction with the 
incident light, and the cavity transmits almost completely. A prop
erty of a Fabry-Perot cavity is that energy is stored inside the cavity. 
The intensity inside a transmitting cavity can be 100 times higher 
than the incident and transmitted intensities. Consequently, once the 
cavity is switched on, it can continue to transmit far lower input 
intensities than were required to turn it on. This hysteresis charac
teristic of the transmitted versus incident light is known as optical 
bistability. It was first demonstrated in 1976 by Gibbs, McCall, and T. 
N. C. Venkatesan in sodium vapor.163 It was also observed in room 
temperature ruby by Venkatesan and McCall.164 In 1979, Gibbs, 
McCall, and coworkers have demonstrated optical bistability in GaAs 
using a molecular beam epitaxial sandwich only 5 #m thick.165 

Bistable optical devices have also been developed using a hybrid 
configuration in which the nonlinearity is produced by an electro
optic modulator within the Fabry-Perot resonator. The modulator is 
driven by the electrical signal from a detector that samples the output 
light. The advantage of such a hybrid device is that the artificial 
nonlinearity created with the detector-electro-optic modulator combi
nation can be far larger than the intrinsic nonlinearities of optical 
materials. Thus, devices requiring only nanowatts of optical power 
can be made. 

The first hybrid bistable optical device was demonstrated by Smith 
and Turner at Bell Labs in 1976.166 In the years following, rapid prog
ress was made both in terms of demonstrating a variety of useful 
operating characteristics, 167 and in developing integrated optical ver
sions that are capable of switching with light energies of less than 
one picojoule.168,169 

An optical bistable device could be used as an optical memory ele
ment. In addition to bistability, other characteristics may be observed 
by adjusting the detunings between the laser, the resonant transition, 
the cavity, and the number of nonlinear atoms. Small modulations of 
the incident beam can be amplified; that is, some of the de input 
intensity is converted to ac output intensity. Thus, with only optical 
inputs into a passive device, it is possible to obtain the optical analog 
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of the electron tube or transistor amplifiers. Under other conditions, 
the device functions as an optical dipper, discriminator, or limiter. 
Under special cases, the device undergoes regenerative pulsations and 
converts continuous-wave laser power into a train of light pulses.170 

6.3.4 Other Coherent Interactions 

Coherent light from a laser was used by H. M. Gibbs at Bell Labs to 
demonstrate optical precession in which the electric dipole moments 
of the atoms are alternately excited and de-excited by the coherent 
pulse.171 The coherence of the light is crucial to the production of 
coherent effects. In superfluorescence, a two-level system is initially 
completely in its upper state, so no macroscopic polarization or coher
ence exists. With special geometries, such as a long, thin cylinder, 
the decaying atoms become correlated through their common radia
tion field, resulting in coherent emission. Q. H. F. Vrehen, H. M. J. 
Hikspoors, and Gibbs observed beats demonstrating coherence 
between two such near-frequency superfluorescence pulses.172 Their 
studies also showed that under certain conditions, the emission occurs 
in one coherent pulse rather than in a series of pulses of decreasing 
intensity.173 

The research of Bell Laboratories scientists on the nonlinear 
interactions of coherent light with atoms and molecules has not only 
made important contributions to techniques for studying physical 
properties of matter, but has also greatly advanced our understanding 
of optical propagation of short,. intense pulses and of optical 
switching-two fields of interest to the emerging technology of 
lightwave communications. 

6.4 Radiation Pressure and Optical LE!Vitation 

Stable optical trapping and manipulation of small particles by the 
forces of radiation pressure from lasers was discovered by A. Ashkin 
in the early 1970s. It was shown that optical beam configurations 
exist that can be used to trap and manipulate dielectric particles in 
various media such as Hquid}74 a:ir}75 and vacuum.176 This type of 
trapping is called optical levitation when the light traps particles in 
opposition to the force of gravity.177 Optically levitated particles can 
serve as sensitive probes of electric, diamagnetic, and optical forces. 
It is useful with dielectric particles in the 1-Mm to 100-Mm range in 
those fields of physics where small particles play an important role. 
such as light scattering,l78 cloud physics,179 and laser fusion. 180 Stud
ies of optical levitation led to the discovery by Ashkin and J. M. 
Dziedzic of extremely sharp diel•~ctric surface wave resonances of 
dielectric spheres. 181 These surface wave resonances were subse-
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quently shown to be in agreement with scattering theory182 and can 
be used to measure the average radius of micron-sized spheres with 
an accuracy of 1 part in 105 to 106, which is better than previous opti
cal size measurements by at least a factor of 102 to 103. Levitation 
techniques were also used in the discovery of a new nonlinear pho
toelectric effect.183 Support of the hollow-shell type laser fusion tar
gets has been demonstrated.184 

Radiation pressure from lasers can also be used to manipulate and 
possibly trap neutral atoms. There are two basic forces acting on 
atoms-the resonance radiation pressure forces that are large near an 
atomic resonance. The first is the spontaneous scattering force, and 

the second is the dipole force. The use of the scattering force for 
atomic beam deflection and for exerting significant pressure on 
atomic vapors was first proposed by Ashkin in 1970.185 This force has 
since been observed by Bjorkholm, Ashkin, and D. B. Pearson.186 In 
1978, the dipole force was directly observed for the first time by 
Bjorkholm and coworkers in an atomic beam trapping experiment in 
which a beam of neutral atoms was trapped within the high intensity 
region of a light beam.187 The same force can be used to focus or 
defocus a neutral atomic beam when the laser light is tuned below or 
above the atomic resonance, respectively. Increases of the on-axis 
atomic beam intensity as large as a factor of 30 and decreases to less 
than 10-2 have been experimentally demonstrated. It has also been 
shown experimentally that the minimum spot size to which an atomic 
beam can be focused is limited by the quantum fluctuations that are 
inherent in resonance-radiation pressure.188 These fluctuations exist 
because of the quantized nature of light and have been discussed in 
detail theoretically.189 Because the resonance-radiation pressure forces 
are highly frequency-selective, new ways to optically separate iso
topes become apparent. The use of light pressure from lasers to 
stably trap and cool atoms in a small localized region of a light beam 
at temfreratures as low as 10-3K to 10-4K has recently been pro
posed1 ° and analyzed theoretically.191 

The work on the dynamics of particles moving under the influence 
of light pressure forces not only provides a new way of studying the 
basic interaction of light with neutral matter, but also gives a new 
means of optical manipulation and trapping of small particles that 
should continue to find new and unusual experimental uses. 

VII. NONLINEAR OPTICS 

One of the most active fields to develop from laser studies has been 
nonlinear optics (NLO). The subject of increasing emphasis at Bell 
Labs since its inception in 1961, nonlinear optics has had an impact 
on a number of areas of solid state physics, photochemistry, and elec-
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tromagnetic propagation, as well as on tunable light sources and opti~ 
cal technology. The earliest observation of an NLO effect at Bell 
Labs, in 1961, was the generation of blue fluorescence in Eu2+-doped 
CaF2 by simultaneous two-photon absorption from ruby laser light. 
In this observation of two-photon fluorescence, W. Kaiser and C. G. B. 
Garrett192 found the measured Eu2+ cross section for this process con
sistent with estimates obtained by D. A. Kleinman. 193 Two-photon 
and the related three-photon fluorescence processes that produce 
displays with brightness proportional to the square and cube of the 
incident light intensity were introduced in 1967 by J. A. Giordmaine 
and coworkers.194 This technique has been widely used in measure
ments of the duration of picosecond light pulses by intensity correla
tion. The correlation method was used by M. A. Duguay in 1971 to 
photograph ultrashort light pulses in flight.l 95 [Fig. 5 .. 13] 

7.1 Second Harmonic Gen,eration 

E!pcient optical second harmonic generation (SHG), unlike two
photon absorption, requires the satisfaction of precise phase matching 
conditions on the refractive index of the fundamental frequency and 
its second harmonic. Experiments by Giordmaine in 1962 demon
strated the concept of optical birefringent phase matching.196 This 
method provides greatly increased efficiency for second harmonic 
generation by matching the velodties of the incident and harmonic 
light. These experiments were followed by a general theory by 
Kleinman, delineatinfl the nonlinear interaction of plane waves in 
birefringent crystals. 97 Subsequent experiments by Ashkin, Boyd, 
and Dziedzic,198 by Boyd and coworkers}99 and theory by Boyd and 
Kleinman200 resulted in a detailed understanding of the interaction of 
Gaussian light waves as well as the conditions for optimization of 
SHG and parametric interactions in focused beams. The strong 
dependence of efficient SHG on OJPtical dispersion and birefringence 
imposes severe requirements on crystal perfection and uniformity. 
The nature of this dependence has been described by F. R. Nash and 
coworkers.201 The succ•essful search for better NLO crystals and 
improved understanding: of nonlinear wave interactions made it pos
sible for J. E. Geusic and coworkers to demonstrate a useful 1-watt, 
continuous-wave, green-light source based on conversion of 1.06 1-Lm 
laser light to the harmonic at 0.53 ~tm with 100 percent efficiency.202 

The sensitivity of SHG to the optical dispersion and birefringence, 
which are usually poorly known in new materials, can lead to 
difficulties in even approximate measurements of the nonlinear sus
ceptibilities. S. K. Kurtz and J. Jer]phagnon have shown how to over-
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Fig. 5-13. Stop-motion photograph of an ultrashort pulse of 
light (bullet shape) in flight. The light bullet was moving 
from right to left through a cell containing milky water. 
Despite the tremendous shutter speed (I 0 picoseconds) the 
light bullet is somewhat blurred, obscuring a substructure 
known to be present in the pulse. Scale in millimeters. 
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come many of these problems in measurements with crystal plate
lets.203 In addition, Kurtz has introduced a useful method for estimat
ing susceptibilities of power samples .204 

SHG by individual molecules, or double-quantum light scatterin~, 
has been discussed by R. Bersohn, Y.-H. Pao, and H. L. Frisch .2 5 

Their work delineates the relative contribution of both coherent and 
incoherent scattering processes to this rather weak nonlinear effect. 
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7.1.1 Nonlinear Optical Materials 

Advances in physical understanding and demonstrations of new 
phenomena in nonlinear optics have largely been dependent on the 
discovery and synthesis of materials with large nonlinear optical 
coefficients and other essential optical properties. The first successful 
phase-matchable material, KDP, discovered by Giordmaine, was cru
cial to early experiments.206 This was followed by the discovery of 
LiNb03 by Boyd and coworkers, which was an order of magnitude 
larger in nonlinear coefficient and led to the first optical parametric 
oscillator.207 (See also Section 7.2 in Chapter 16). Measurements of 
the nonlinear properties of III-V and II-VI binary semiconductors 
have been crucial for a basic understanding of the mechanism of non
linear optical susceptibilities. These and other measurements have 
been summarized by Kurtz.208 High nonlinearity and optical aniso
tropy were also found in ternary compounds such as the chalcopyrite 
semiconductors by G. D. Boyd and coworkers.209 

C. K. N. Patel's discovery of efficient SHG at 10.6 I.Lm in tellurium 
using the high-power C02 laser made possible the investigation of 
nonlinear properties of a large number of solids that are opaque in 
the visible region.210 Tellurium is the material with the largest 
known nonlinear optical coefficient in a phase-matchable system. 
These studies were subsequently extended to longer wavelengths by 
D. A. McArthur and R. A. McFarlane.211 The nonlinear optics studies 
in the infrared also led to novel schemes of phase matching in 
materials that do not possess natural birefringence. These novel 
phase-matching techniques include reflection phase matching and the 
use of plasma dispersion.212 

Early observations of the nonlinear optical properties of organic 
compounds were reported by P. M. Rentzepis and Pao213 and by Jer
phagnon.214 B. F. Levine and C. G. Bethea measured an extensive 
series of organic molecules and elucidated the importance of bond 
conjugation and intramolecular charge transfer in producing large 
nonlinearities.215 They found organic materials with nonlinearity an 
order of magnitude larger than LiNb03. Organic compounds will 
undoubtedly become more important for future nonlinear optical 
devices because the molecules can be engineered to optimize perfor
mance in ways not possible with inorganic compounds. 

7.1.2 Theories of Nonlinear Optical Susceptibility 

A number of theories of the nonlinear susceptibility of inorganic 
crystals have made available increasingly precise predictions of non
linear dielectric properties. Kleinman provided important early 
insights on the form of the nonlinear susceptibility tensor that relates 
nonlinear polarization to the square of the electric field. 216 R. C. 
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Miller established the scaling of the nonlinear susceptibility with 
respect to the linear dielectric constant.217 Miller's rule has proved to 
be a particularly valuable guide in the search for new nonlinear opti· 
cal materials. Garrett and F. N. H. Robinson were able to provide a 
physical basis for Miller's rule and useful estimates of optical non
linearity in terms of an anharmonic oscillator model.218 This resulted 
in a unified phenomenological description of numerous aspects of 
infrared nonlinear behavior, Raman scattering, the electro-optic effect, 
and pyroelectricity. 

J. C. Phillips' dielectric theory of electronegativity and ionicity has 
provided a basic new approach to understanding optical nonlinear 
response.219 This theory connects quantitatively the optical properties 
of binary crystals to parameters describing fractional ionicity and 
covalency. Levine220 has shown how to apply the theories of Phillips 
and of J. A. Van Vechten221 to relate the nonlinear susceptibility to 
the linear refractive index. A novel aspect of Levine's theory is the 
central role played by the bond charge. The linear and nonlinear 
dielectric responses are expressed wholly in terms of the dynamic 
response of bond charges. Levine has also been able to extend the · 
Phillips-Van Vechten approach to ternary and more complicated com
pounds. Values of nonlinear susceptibilities measured in various 
laboratories are in good agreement with the values predicted from 
linear dielectric properties on the basis of Levine's model. Miller and 
W. A. Nordland used laser interference techniques to find unexpected 
sign changes among the nonlinear susceptibility coefficients of vari
ous crystals.222 Their discovery turned out to be an essential clue in 
completing the model. It is now recognized that the optical non
linearity in binary crystals arises from two sources-difference in 
electronegativity and the difference in ionic radius of the atomic con
stituents. Contributions from the two sources have opposite signs, 
accounting, for example, for the relatively small nonlinearity of 
beryllium oxide. 

An alternative approach to calculating nonlinear susceptibilities 
was developed by M. DiDomenico and S. H. Wemple.223 They were 
able to calculate NLO and electro-optical properties in terms of a 
polarization potential tensor that relates band shifts to crystal polari
zation in ferroelectrics (for example, lithium niobate). 

J. G. Bergman and coworkers pointed out the high incidence of 
acentricity and nonlinear optical behavior in oxides with nonbonded 
electron pairs.224 This property provides another guideline in the 
search for new materials. 

7.1.3 Nonlinear Optical Phenomena and Applications 

A totally unexpected discovery was the susceptibility of crystals 
such as lithium niobate to laser-induced refractive index changes, first 
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observed by Ashkin andl coworkers.225 This optical damage, only par
tially reversible, was attributed by F. S. Chen226 and by Johnston227 

to displacement of photoexcited carriers by spontaneous or photoin
duced fields, followed by their trapping outside the illuminated 
region. G. E. Peterson, A. M. Glass, and N. J. Negran were able to 
identify iron impurities as the origin of these laser-induced index 
changes in lithium niobate as well as in similar materials.228 

Chen, J. T. La Macchia, and D. B. Fraser were the first to demon
strate the use of optically induced index of refraction changes in 
lithium niobate for making volume holograms.229 Index changes in 
lithium niobate and oth1er ferroele(tric crystals continues to be widely 
studied as a means of optical information storage, and also continues 
to be a limiting factor in the design of nonlinear optical devices in 
ferroelectric crystals. 

Optical nonlinearities arising from conduction electrons and giving 
rise to various four-photon mixing phenomena have been observed 
by Patel, Slusher, and Fleury in semiconductors.230 P. A. Wolff and G. 
A. Pearson explained these relatively strong nonlinearities as caused 
by nonparabolicity of the conduction band associated with an 
increase in effective mass of the electron as it is accelerated by the 
optical electric field.231 This requires a nonlinear term in its equation 
of motion. 

Nonlinear optical response in electron-gas plasmas leading to 
light-off-light scattering, a related third-order effect, has been 
analyzed by P. M. Platzman and N. Tzoar.232 The scattering of pairs 
of laser photons into pairs of different frequency by this mechanism 
appears to be feasible. 

The important third-order nonlinearity associated with the polariz
ability of bound electrons in laser host solids can contribute to self
phase modulation and rapid spectral broadening during the buildup 
of picosecond light puls1~s. This E~ffect has been studied extensively 
in glass by Duguay and S. L. Shapiro.233 

Nonlinear optical effects of laser light have been utilized in various 
studies of solids and liquids. For example, I. Freund and L. Kopf 
made extensive measure·ments of lthe order-disorder phase transition 
in ammonium chloride by SHG.234 Below the transition temperature 
of 243K, the ordered phase is acentric and exhibits SHG; no SHG is 
expected in the completely disord•ered phase at higher temperatures. 
From observations of the temperature and angular dependence of 
SHG near 243K, Freund and Kopf observed directly changes in the 
order parameter and discovered ~~vidence of domain structure and 
residual long-range order at temperatures above 243K. In another 
application of NLO, Rentzepis and Giordmaine observed SHG in opti
cally active liquids and established a relationship between molecular 
nonlinear susceptibility and optical rotatory power.235 
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W. L. Faust and C. H. Henry contributed a necessary step in under
standing the electro-optic effect in piezoelectric crystals, that is, a 
change in the optical index on application of a de or low-frequency 
electric field. They observed sum and difference frequency mixing of 
visible laser light with a number of infrared laser frequencies near 
the reststrahl in gallium phosphide.236 This work clarified the 
separate contributions to electro-optic mixing arising from the depen
dence of electric susceptibility on electric field (pure electronic effect) 
and lattice displacement (Raman effect). Kaminow and Johnston 
reported this type of resolution of the sources of the electro-optic 
effect in lithium niobate and lithium tantalate.237 Boyd and coworkers 
made microwave measurements of nonlinear susceptibility in various 
crystals and sorted out the lattice, electronic, and hybrid contribu
tions. 238 Their studies were based on Garrett's extended anharmonic 
oscillator model.239 Levine, Miller, and Nordland studied second
harmonic generation at frequencies near the exciton resonance.240 

They were able to determine the exciton contribution to the non-· 
linear optical susceptibility and to compare it with the theoretical cal
culation based on a modified hydrogenic wave function. Examples of 
materials exhibiting the electro-optic effect include LiTa03, shown by 
R. T. Denton, T. S. Kinsel, and Chen to be useful as an efficient light 
modulator at visible wavelengths,241 and GaAs in the Ga1-xAlxAs 
heterostructure lasers for the near infrared wavelengths, studied by F. 
K. Reinhart.242 The latter was an outgrowth of an earlier discovery by 
Nelson and Reinhart of electro-optic modulation of light passing 
through the optical waveguide formed in the plane of a reverse
biased GaP p-n junction.243 

A. Hasegawa and F. Tappert found theoretically that the nonlinear 
refractive index can compensate the pulse-broadening effect of group 
dispersion in low-loss optical fibers. 244 This leads to a stationary non
linear optical pulse (called the envelope soliton) in a single-mode 
fiber with negative group-velocity dispersion. The first experimental 
observations of pulse compression of picosecond pulses and soliton 
behavior in fibers was reported by L. F. Mollenauer, R. H. Stolen, and 
J. P. Gordon.245 

Laser studies of the pyroelectric effect have proceeded along with 
nonlinear optical work. Of particular interest is the recognition by R. 
L. Abrams and Glass that pyroelectric detection in strontium barium 
niobate is sufficiently fast to respond to modulation frequencies of at 
least 30 MHz.246 

D. H. Auston and Glass used a mode-locked glass laser at 1.06 ~m 
to show that the pyroelectric and electro-optic effects in LiNb03 can 
occur on a picosecond time scale.247 Using the optical rectification 
produced by these two mechanisms, they produced an 8 psec 300-volt 
electrical pulse and used it to switch an ultrafast Pocket's cell. 
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Future high-speed optical communication links may use integrated 
optical components for direct opticall switching, modulating, and data 
processing. Work on nonlinear optical effects in waveguides is, 
therefore, of great interest. J. P. Van der Ziel and coworkers studied 
phase-matched second··harmonic generation from A = 2 ~tm to 
A= 1 ,urn in GaxAl1-xAs waveguides and in multilayers grown by 
molecular beam epitaxy.248 Levine, Bethea, and R. A. Logan studied 
phase-matched second-harmonic generation from A == 1.06 ,urn to 0.53 
,urn using electric field-induced optical harmonic generation in 
waveguides filled with an organi<: liquid.249 Reinhart, Logan, and J. 
C. Shelton used the electro-optic effect in GaxA11-xAs waveguides to 
construct efficient optical modulators and rib waveguide switches.250 

These components have the potential of operating in the gigahertz 
range. 

7.2 Optical Parametric Amplification 

With the availability of opticall nonlinearities, it was natural to 
explore at optical frequencies the parametric amplification 
phenomena familiar at radio and microwave frequencies. Taking 
advantage of high-quality lithium niobate crystals grown by Nas
sau,251 Giordmaine and Miller built the first optical parametric oscil
lator and demonstrated the coherence and broad tunability charac
teristic of this light source.252 [Fig .. 5-14] They also observed a prefer
ence for certain frequencies of oscillation, or clustering-a feature of 
oscillators doubly resonant at sign.al and idler frequencies. Boyd and 
Ashkin demonstrated continuous-wave amplification in LiNb03 and 
showed theoretically that continuous optical parame~ric amplification 
should be achievable.2s3 The achievement of tunable continuous
wave oscillation in barium sodium niobate by R. G. Smith and 
coworkers was an important milestone.254 Further improvements in 
stability and frequency control were also reported by Smith.255 J. E. 
Bjorkholm was the first to demonstrate a singly resonant parametric 
oscillator and pointed out the tuning and other advantages of this 
type of source, obtained at the pJrice of increased threshold.256 The 
question of stability of single-mode operation of the singly resonant 
oscillators was analyzed by L. B. Kreuzer, who found single-mode 
oscillation stable at pump powers higher than required for optimum 
efficiency.257 Now commercially available, parametric oscillators pro
vide a useful tunable source for optical spectroscopy. 

Noise in parametric amplification, analogous to fluorescence in a 
laser medium, was described in principle by the early theories of W. 
H. Louisell, A. Yariv, and A. E. Siegman,258 and Gordon, Louisell, and 
L. R. Walker,259 which were developed in the context of microwave 
frequencies. Kleinman carried out a detailed analysis applicable to 
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Fig. 5-14. R. C. Miller (left) and J. A. Giordmaine checking the a lignment of a 

LiNb03 single crys ta l used by them in the fir st demonstration of a tunable optical 

parametric oscillator. 
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the optical region, calculating the frequency and directional distribu

tion of spontaneous parametric noise emitted from crystals.260 This 

understanding makes possible the use of spontaneous noise observa

tions to measure the nonlinear optical properties. 
The possibility of exploring optical nonlinearities at much higher 

frequencies was suggested by Freund and Levine, who used an exten

sion of Kleinman's the·ory to predict that parametric fluorescence 

could be observed even at X-ray frequencies. 261 Although the 

equivalent nonlinear susceptibility in the X-ray region is minute by 

comparison with optical values, it is compensated by a greatly 

enhanced zero-point fluctuation of the electromagnetic field at X-ray 

frequencies, which can be considered to beat with the source to pro

duce the fluorescence . In the early 1970s, P . M. Eisenberger and 

McCall observed X-ray down-conversion and verified momentum

phase matching requirements similar to those in the optical region .262 

The significance of this X-ray phenomenon for solid state physics 

lies in the possibility, pointed out by Freund and Levine,263 and by 

Eisenberger and McCall, of the related X-ray down-conversion pro

cess yielding an optical and an X-ray photon, rather than two X-ray 

photons. It can be shown that this type of scattering process is 

equivalent to Bragg scattering solely from the valence or outer shell 
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electrons seen by the optical frequency. Crystal analysis by this 
modified diffraction method offers, in principle, a selective mapping 
of outer-shell electron density distributions. 

7.3 Stimulated Raman Scattering and Lasers 

In an early laser scattering experiment, Giordmaine and W. Kaiser 
demonstrated the scattering of light from driven optical phonons dur
ing the stimulated Raman scattering (SRS) vibration.264 This type of 
scattering has provided the basis for coherent anti-Stokes Raman 
scattering, a sensitive new method of high-speed optical spectroscopy. 
The decay of driven optical phonons to generate intense lattice excita
tions of a few angstroms wavelength, as well as the usefulness of 
SRS-generated light in resonance experiments, were illustrated by 
experiments of M. J. Colles and Giordmaine.265 

An SRS phenomenon with potentially important applications in 
laser fusion development is the generation by Raman compression of 
optical pulses with very high peak power-higher than available 
from practical laser sources. M. Maier, Kaiser, and Giordmaine 
demonstrated this effect for the first time in backward-scattering 
experiments in a Raman active liquid.266 In this work, compression of 
a short optical pulse was achieved by depletion of a longer, counter
propagating pump pulse, producing a higher intensity than present 
originally in the laser pump. 

The nonlinear scattering of light from acoustic waves was studied 
by Boyd, Nash, and Nelson.267 They mixed two infrared waves at a 
wavelength 10.6 ~m with an acoustic wave at 15.7 MHz to generate a 
phase-matched infrared wave near the optical harmonic wavelength 
of 5.3 ~m. This experiment led to the idea of multiple-phase match
ing of higher-order acousto-optic interaction as a way of enhancing 
the strength, and to the observation of a triply phase-matched, five
wave, acousto-optic interaction.268 E. P. Ippen's achievement of SRS 
in liquid-filled optical fibers with low-power, quasi-continuous-wave 
lasers,269 and the observation of similar nonlinear effects in silica core 
fibers by Stolen, Ippen, and A. R. Tynes greatly extends the potential 
usefulness of SRS light sources.270 SRS observations of aqueous solu
tions by Colles, G. W. Walrafen, and K. W. Wecht appear to reveal 
resolved spectral details not accessible by s?ontaneous Raman scatter
ing in materials having broadband spectra. 2 1 

The advantage of using guided-wave structures such as optical 
fibers to enhance the stimulated Raman effect was first pointed out by 
Ashkin in 1970.272 This was demonstrated by Ippen's achievement of 
SRS in liquid-filled optical fibers with low-power quasi-continuous
wave lasers273 and the observation of similar nonlinear effects in sil-
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ica core fibers by Stolen, Ippen, and Tynes.274 Fiber Raman lasers 

have proved most useful in their simplest form, in which single-pass 

stimulated scattering generates a series of pulses in the 1.1 to 1.5 tLm 

spectral region for fiber dispersion studies.275 [Fig. 5-15] There has 

been extensive study of various fiber Raman lasers employing feed

back and tuning, as well as investigations of other nonlinear effects 

such as stimulated Brillouin scattering, four-photon mixing, and self

phase modulation . 
One of the most important stimulated emission processes is that 

associated with Raman scattering from electrons in a semiconductor 

in a magnetic field . The large Raman cross sections for scattering of 

infrared light from single particle excitations, distinct from collective 

excitations or plasmons, were pointed out by Wolff276 and Y. Yafet.277 

Wolff suggested that inelastic laser light scattering, in which the light 

is shifted in frequency by twice the electron cyclotron frequency, 

should have a large cross section . In this process, the electron 

Landau-level quantum number changes by two. Yafet analyzed the 

related process in which the electron Landau level does not change 

but in which the electron spin flips. Both processes produce tunable 

light scattering as the magnetic field is changed, the spin-flip process 
having less tunability but increased cross section and narrower 

Fig. 5- I 5. The fiber Ra man laser used in the experiments by Stolen and 

coworkers. 
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linewidth. These predictions were confirmed and additional hybrid 
scattering observed in spontaneous Raman scattering experiments of 
Slusher, Patel, and Fleury in indium antimonide.278 

Patel and E. D. Shaw reported the first stimulated spin-flip Raman 
scattering oscillator (SFR laser) and demonstrated its value as a tun
able infrared spectroscopic source.279 Pumped by the 10.6 J.t.m carbon 
dioxide laser and 5.3 J.t.m carbon monoxide laser sources, the SFR laser 
provides tunability over the 9.0 J.t.ffi to 14.6 J.t.m and 5.30 J.t.m to 6.2 J.t.m 
regions. The potential for ultrahigh resolution spectroscopy is shown 
by the linewidth of less than 1 KHz measured by Patel near 5.3 J.t.m, 
the narrowest reported for any infrared tunable source.280 

Using a variety of high-power molecular lasers, Patel and his col
leagues succeeded in making the spin-flip Raman laser the first source 
of high continuous-wave and pulsed tunable laser power in the 5 J.t.m 
to 17 J.t.m region.281 The tunability of the spin-flip Raman laser in the 
16 J.t.m to 17 J.t.m range is of special importance in future energy 
research because the technique of uranium isotopic enrichment using 
UF6 requires a tunable high-power laser source in this wavelength 
region.282 

In addition to demonstrating the spectroscopic applications of the 
spin-flip Raman laser through a series .of experiments, the same 
research group has applied the spin-flip Raman lasers and other 
molecular lasers to the problems of gaseous pollution detection. 
These studies are summarized in section 1.7 of Chapter 6. 
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