Nonlinear Optics and Spectroscopy

The development of masers and lasers
has been reviewed in the 1964 Nobel
lectures by Townes (I) and by Basov (2)
and Prokhorov (3). They have sketched
the evolution of lasers from their prede-
cessors, the microwave beam and solid-
state masers. Lasers are sources of coher-
ent light, characterized by a high degree of
monochromaticity, high directionality,
and high intensity or brightness. To illus-
trate this last property, consider a small
ruby laser with an active volume of 1
cubic centimeter. In the Q-switched mode
it can emit about 10'® photons at 694-
nanometer wavelength in about 10~% sec-
ond. Because the beam is diffraction-limit-
ed, it can readily be focused onto an area
of 1078 square centimeter, about ten opti-
cal wavelengths in diameter. The resulting
peak flux density is 10'* watts per square
centimeter. Whereas 0.1 joule is a small
amount of energy, equal to that consumed
by a 100-watt light bulb, or to the heat
produced by a human body, each one-
thousandth of a second, the power flux
density of 10 terawatts per square centi-
meter is awesome. It can be grasped by
noting that the total power produced by all
electric generating stations on the earth is
about 1 terawatt. (The affix tera is derived
from the Greek tepac = monstrosity, not
from the Latin terra.) Indeed, from Poynt-
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ing’s vector it follows that the light ampli-
tude at the focal spot would reach 10°
volts per centimeter, comparable to the
electric field internal to the atoms and
molecules responsible for the binding of
valence electrons. These are literally
pulled out of their orbits in multiphoton
tunneling processes, and any material will
be converted to a highly ionized dense
plasma at these flux densities.

It is clear that the familiar notion of a
linear optical response with a constant
index of refraction, that is, an induced
polarization proportional to the ampli-
tude of the light field, should be dropped
at much less extreme intensities. There
is a nonlinearity in the constitutive rela-
tionship which may be expanded in
terms of a power series in the electric
field components

P; = XPE; + XREE,
+ XREEE + . .. ey

Such nonlinearities have been familiar at
lower frequencies for over a century.
For example, power and audio engineers
knew about the nonlinear relationship
between magnetic field and induction,
B = w(H)H, in transformers and sole-
noids containing iron. Wave form distor-
tion results (¢). Such nonlinear phenom-
ena at optical frequencies are quite strik-
ing and can readily be calculated by
combining the nonlinear constitutive re-
lation, Eq. 1, with Maxwell’s equations,
In the first decade of this century Lo-
rentz (5) calculated xV with the electron
modeled as a harmonic oscillator. If he
had admitted some anharmonicity, he
could have developed the field of nonlin-
ear optics 70 years ago. It was, however,

0036-8075/82/0604-1057$01.00/0 Copyright © 1982 AAAS

not experimentally accessible at that
time, and Lorentz lacked the stimulation
from stimulated emission of radiation.
Nonlinear effects are essential for the
operation of lasers. With dye lasers it is
possible to cover the range of wave-
lengths from 350 to 950 nm continuously,
including the entire visible spectrum. A
variety of nonlinear processes, including
harmonic generation, parametric down
conversion, and the stimulated Raman
effect, extend the range for coherent
sources throughout the infrared and into
the vacuum ultraviolet. Thus the field of
nonlinear laser spectroscopy could be
developed rapidly during the past two
decades, aided considerably by previous
investigations of related phenomena at
radio frequencies. It is, therefore, appro-
priate to start this review by recalling
some nonlinear phenomena first discov -
ered in the field of magnetic resonance.

Nonlinear Precursors in

Magnetic Resonance

As a graduate student of E, M. Purcell
at Harvard University, I studied relax-
ation phenomena of nuclear magnetic
resonance (NMR) in solids, liquids, and
gases. A radio-frequency field at reso-
nance tends to equalize the population of
two spin levels, while a relaxation mech-
anism tries to maintain a population dif-
ference, corresponding to the Boltzmann
distribution at the temperature of the
other degrees of freedom in the sample.
The reduction in population difference is
called saturation. It is a nonlinear phe- .
nomenon, as the magnitude of the sus-
ceptibility tends to decrease with in-
creasing field amplitude. In 1946 we
found that ‘‘a hole could be eaten,” or a
saturation dip could be produced, in an
inhomogeneously broadened line profile
(6). Figure la shows the proton spin
resonance in water, broadened by field
inhomogeneities of the available magnet.
Figure 1, b and ¢, shows saturation of a
particular packet in the distribution,
which is subsequently probed by sweep-
ing through the resonance with a weaker
signal after various time intervals. The
disappearance rate of the hole is deter-
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mined by the spin lattice relaxation time.
This was also the first indication of the
extremely sharp features of NMR lines
in liquids, due to motional narrowing, on
which the widespread use of NMR spec-
troscopy is founded.

If two pairs of levels have one level in
common, saturation of one resonance
may influence the susceptibility at anoth-
er resonance. This was also observed
early in NMR in spin systems with quad-
rupole splitting and quadrupolar relax-
ation (7). The detection of Hertzian reso-
nances by optical methods described by
Kastler (8) is another manifestation of
this phenomenon. A change in the popu-
lation of sublevels with difference values
of the spatial quantum number »1; in-
duced by a radio-frequency field pro-
duces a change in the polarization of the
emitted light. The Overhauser effect (9)
describes the change in population of
nuclear spin levels in metals (/0) due to
an application of a microwave field at the
electron spin resonance. Both optical
and microwave pumping methods have
been used to obtain nuclear spin-polar-
ized targets (11).

It is possible to maintain a steady-state
inverted population, in which a level
with higher energy is more populated
than another level with lower energy
(12). This pair of levels may be said to
have a negative temperature. The princi-
ple of the method, displayed in Fig. 2, is
based on frequency-selective pumping
between a pair of nonadjacent energy
levels, with the simultaneous action of
a suitable relaxation mechanism. The
pump tends to establish a high tempera-
ture for a pair of levels separated by a
higher frequency, while at the same time
relaxation maintains a low temperature
between a pair with a smaller frequency
separation. Stimulated emission will
dominate over absorption at the third
pair of a three-level system. Basov and
Prokhorov (/3) had proposed a frequen-
cy-selective excitation mechanism for
molecular beam masers without explicit
discussion of relaxation.

The spin levels of paramagnetic ions in
crystals are useful for obtaining maser
action at microwave frequencies. The
stimulated emission may be considered
as the output of a thermodynamic heat
engine (I4), operating between a hot
pump temperature and a low relaxation
bath temperature. These two tempera-
tures occur in the same volume element
in space, while in a conventional heat
engine there is, of course, a spatial sepa-
ration between the hot and cold parts.
The question of thermal insulation be-
tween the paramagnetic spin transitions
is based on frequency differences and
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Fig. 1. (a) Inhomogeneous broadened profile
of NMR in water. (b) Saturation dip in inho-
mogeneous profile, observed in 1946. (¢) As in
(b), but with longer delay between pump
signal and probing scan (6).

differentials in relaxation rates. This
question was addressed in a study of
cross-relaxation phenomena (15), which
determine the heat transfer between dif-
ferent parts of the spin Hamiltonian. It
turns out that concentrated paramagnet-
ic salts cannot be used in masers, be-
cause no large thermal differentials can
be maintained in the magnetic energy
level system. As a historical curiosity, I
may add that the biggest hurdle for me in
working out the pumping scheme was
the question of how to obtain a nonvan-
ishing matrix element between nonadja-
cent spin levels. This, of course, is re-
solved by using states which are a super-
position of several magnetic quantum
numbers mg. This can be obtained by
applying the external magnetic field at an
arbitrary angle with respect to the axis of
the crystal field potential. The multilevel
paramagnetic solid-state maser is useful
as an extremely low noise microwave
amplifier. Such a maser, based on the
energy levels of the Cr®* ion in ruby,
was used, for example, by Penzias and
Wilson in their detection of the cosmic
background radiation (I6).

The same principle has subsequently
been used to obtain a medium with gain
in most lasers. It was incorporated in the
basic proposal for an optical maser by
Schawlow and Townes (I7). It is note-
worthy that the first operating laser by
Maiman (I8) also used the Cr’™ ions in
ruby as the active substance. Of course,
a different set of energy levels is in-
volved in the two cases, and the change
in frequency scale in the top and bottom
parts of Fig. 2 should be noted. The

amplitude of the laser output is limited
by a nonlinear characteristic, as for any
feedback oscillator system. It is the on-
set of saturation by the laser radiation
itself which tends to equalize the popula-
tions in the upper and lower lasing lev-
els.

Nonlinear Optics

With the development of various types
of lasers, the stage was set for a rapid
evolution of the study of nonlinear opti-
cal phenomena. The demonstration by
Franken and co-workers (79) of second
harmonic generation of light by a ruby
laser pulse in a quartz crystal marks the
origin of nonlinear optics as a new sepa-
rate subfield of scientific endeavor. The
straightforward experimental arrange-
ment of this demonstration is shown in
Fig. 3.

The lowest order nonlinear suscepti-
bility x® in Eq. 1 has only nonvanishing
tensor elements in media which lack
inversion symmetry. The polarization
quadratic in the field amplitude leads to
the optical phenomena of second har-
monic generation, sum and difference
frequency mixing, as well as to rectifica-
tion of light. These properties of a device
with a quadratic response were, of
course, well known in radio engineering.
The photoelectric emission current is a
quadratic function of the light field am-
plitudes, and it is modulated at a differ-
ence frequency when two light beams
with a small frequency difference are
incident on it (20).

In general, the terms in x'¥ provide a
coupling between sets of three electro-
magnetic waves. Each wave has its own
frequency w,;, wave vector k;, state of
polarization é;, as well as a complex
amplitude E; = A; exp(id;). In the same
manner the term in x» causes a coupling
between four electromagnetic waves. A
general formulation of three- and four-
wave light mixing was developed by our
group at Harvard (21). The quantum
mechanical calculation of the complex
nonlinear susceptibilities, based on the
evolution of the density matrix, was also
quickly applied to optical problems (22).
Generalizations of the Kramers-Heisen-
berg dispersion formula result. The non-
linear susceptibilities are functions of
several frequencies and have more than
one resonant denominator. They are ten-
sors of higher order, and each element
has a real and an imaginary part in the
presence of damping. They describe a
large variety of nonlinear optical effects.
At the same time Akhmanov and Khokh-
lov (23) also extended the formulation of
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Table 1. Historical dates of linear and nonlinear optical laws.

Linear

Nonlinear

Law of reflection
Law of refraction
Intensity of reflected and refracted light
Conical refraction
Theory
Experiment

First century (Hero of Alexandria)
1621 (Snell)
1823 (Fresnel)

1833 (Hamilton)
1833 (Lloyd)

1962 (Bloembergen and Pershan)
1962 (Bloembergen and Pershan)
1962 (Bloembergen and Pershan)

1969 (Bloembergen and Shih)
1977 (Schell and Bloembergen)

parametric nonlinearities from the radio-
frequency to the optical domain.

Returning to the generation of optical
second harmonics in transparent piezo-
electric crystals, the problem of momen-
tum matching in the conversion of two
fundamental quanta to one quantum at
the second harmonic frequency presents
itself. Due to color dispersion, one usual-
ly has k; — 2k; = Ak # 0. The mis-
match in phase velocities between the
second harmonic polarization and the
freely propagating wave at 2w leads to
the existence of two waves at 2w in the
nonlinear crystal, a forced one with
wave vector k; = 2k; and another with
wave vector kt = ks, for a freely propa-
gating wave at 2w. In addition, there is a
reflected second harmonic wave with
wave vector kg. Figure 4 depicts the
geometry for the case that the nonlinear
crystal is embedded in a liquid with a
higher linear index of refraction. Conser-
vation of the components of momentum
parallel to the surface determines the
geometry (24). The amplitudes of the
free waves, which are solutions of the
homogeneous wave equations, are deter-
mined by the condition that the tangen-
tial components of the second harmonic
electric and magnetic field at the bound-
ary are continuous. Thus a very simple
procedure, based on conservation of the
component of momentum parallel to the
boundary, yields the generalizations of
the familiar optical laws of reflection and
refraction to the nonlinear case (24).
Table 1 illustrates the enormous com-
pression in the time scale of the develop-
ment of linear and nonlinear geometric
optics. This compression was made pos-
sible, of course, by the establishment
of a general formulation of electromag-
netic phenomena by Maxwell in the sec-
ond half of the 19th century. Lorentz
showed in his Ph.D. thesis (25) how the
laws. of linear reflection, recorded by
Hero of Alexandria (first century A.D.),
Snell’s laws (1621), and Fresnel’s laws
(1823) for the intensities and polariza-
tions all followed from Maxwell’s equa-
tions.

It is also suggested by the geometry of
Fig. 4 that, on increasing the angle of
incidence 9;, nonlinear analogs for total
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reflection and evanescent surface waves
should occur. Indeed, all such predic-
tions have been verified (26), and in
particular the nonlinear coupling be-
tween surface excitations is of active
current interest (27). In 1833 Hamilton,
who was to formulate Hamiltonian me-
chanics 3 years later, predicted the phe-
nomenon of conical refraction based on
Fresnel’s equations of light propagation
in biaxial optical crystals. The experi-
mental confirmation in the same year by
Lloyd was considered a triumph of the
Fresnel equations for the elastic nature
of optical propagation. The time lag be-

tween the prediction of nonlinear conical
refraction and its experimental confirma-
tion was much longer (28), as shown in
Table 1. In the 20th century the descrip-
tion of electromagnetic propagation is
not in doubt, and most researchers have
been busy with more important applica-
tions of laser beams than the rather aca-
demic problem of nonlinear conical re-
fraction.

The parametric coupling of light waves
in a nonabsorbing medium may be con-
sidered as the scattering of photons be-
tween eigenmodes or waves of the elec-
tric field by the material nonlinearity.

Energy
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Fig. 3. Second harmonic generation of light.
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Fig. 4. Wave vectors of fundamental and second harmonic light waves at the boundary of a
cubic piezoelectric crystal immersed in an optically denser fluid (26).

Heisenberg and Euler (29) and others
had discussed an intrinsic nonlinearity of
the vacuum. The virtual intermediate
states in that process are the electron-
hole pair creation states, which lie about
a million times higher in energy than the
excited states of electrons bound in a
material medium. Since the energy mis-
match of the intermediate states enters
as the cube in the expression of x®, the
vacuum nonlinearity has not been de-
tected. It would be difficult to exclude
the nonlinear action of one atom or mole-
cule in the focal volume of extremely
intense laser beams used in attempts to
detect the nonlinearity of vacuum.

In parametric, nondissipative process-
es the energy and momentum between
incident and emerging photons must be
conserved, YAw; =0 and Z#k, =0,
where the frequencies and wave vectors
of the incident photons are taken to be
negative. As noted above, color disper-
sion generally gives rise to a momentum
mismatch, Ak = k, — 2k;. This limits
the active volume of emission to a layer
of thickness iAk(™!. It is possible, how-
ever, to compensate the color dispersion
by optical birefringence in anisotropic
crystals. This was demonstrated inde-
pendently by Giordmaine (30) and Ter-
hune and co-workers (31). For Ak = 0,
the polarization in all unit cells in the
crystal contributes in phase to the sec-
ond harmonic field, and if the crystal is
long enough and the light intensity high
enough, the fundamental power may be
quantitatively converted to second har-
monic power (21). Phase coherence is
essential. For random phases the final
state would be one of equipartition with
equal power in the fundamental and the
second harmonic mode. More than 80
percent of the fundamental power at
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wavelength 1.06 micrometers in a large
pulsed Nd-glass laser system has recent-
ly been converted to third harmonic
power (32) at 0.35 nm. In the first step
two-thirds of the fundamental power is
converted to second harmonic power.
Then equal numbers of fundamental and
second harmonic photons are combined
to third harmonic photons in another
crystal. This conversion may be impor-
tant for the inertial confinement of fusion
targets, as the laser-plasma coupling is
improved at higher frequencies. The
Manley-Rowe reélations, which describe
the balance in the photon fluxes of the
beams participating in a parametric pro-
cess, are here put to practical use. A few
simple conservation laws thus determine
many fundamental features of nonlinear
optics.

Derivative signal

Signal

1 o 1 ! [
-20 0 20 kHz

Fig. 5. High-resolution (<1 kHz) saturation
spectroscopy of a 'CH, spectral line near
wavelength 3.39 um. Each of the three hyper-
fine components is split into a doublet from
the optical recoil effect. The upper curve is
the experimental derivative trace (36).

Nonlinear Spectroscopy

Processes which are described by the
imaginary part of the nonlinear suscepti-
bility, x*”, include saturation and cross-
saturation, two-photon absorption, and
stimulated Raman effect. The corre-
sponding real part, x®’, describes the
intensity-dependent index of refraction.
It plays a role in self-focusing and defo-
cusing of light and in creating dynamic
optical Stark shifts.

Saturation dip spectroscopy is used
extensively to eliminate the effects of
Doppler broadening in high-resolution
spectroscopy and in frequency stabiliza-
tion of lasers. Consider the case of two
traveling waves incident on a gas sample
with the same frequency o, but with
opposite wave vectors, k = —Kk’. The
wave with k produces a saturation dip in
the Doppler profile for the velocity pack-
et of molecules satisfying the relation
® = wpy — kv, where wy, is the atomic
resonance frequency and v is velocity.
The beam in the opposite direction
probes the packet satisfying o =
wpa — K"V’ = wp, + kv'. The two pack-
ets coincide only for w = wp,. If © is
scanned across the Doppler profile, the
probe beam will register a saturation dip
exactly at the center. The correspon-
dence with the NMR situation described
earlier is clear. At optical frequencies the
effect was first demonstrated as a dip in
the output of a helium-neon laser (33,
34), and is known as the Lamb dip (35).
It is experimentally advantageous to ob-
serve the effect in an external absorption
cell with a strong pump beam in one
direction and a weak probe beam in the
opposite direction. While the Doppler
width of the vibrational-rotational transi-
tion of methane near 3.39 wm is about
300 megahertz, spectral features of about
1 kilohertz have been resolved by Hall er
al. (36). Figure 5 shows the features of
the saturation dip, as the frequency of
the probe beam was modulated. Satura-
tion spectroscopy reveals not only a hy-
perfine structure of the molecular transi-
tion due to spin-rotational interaction,
but also the infrared photon recoil effect
which doubles each individual compo-
nent. With a resolution approaching one
part in 10'!, many other effects, such as
curvature of the optical phase fronts and
dwell time of the molecules in the beam,
must be considered.

The frequencies of lasers throughout
the infrared, each stabilized on the satu-
ration dip of an appropriate molecular
resonance line, have been compared
with each other by utilizing the nonlinear
characteristics of tungsten whisker—nick-
el oxide—nickel point contact rectifiers
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37, 38). The difference frequency be-
tween one laser and a harmonic of anoth-
er laser is compared with a microwave
frequency, which in turn is calibrated
against the international frequency stan-
dard. Thus it has been possible to extend
absolute frequency calibrations to the
visible part of the spectrum (38), as
shown by the chain in Fig. 6. Since the
wavelength of the laser is independently
compared with the krypton source length
standard, it is possible to determine the
velocity of light (39) with a precision set
by the length standard definition, ¢ =
299, 792, 458.8 + 0.2 meters per second.
It is proposed to define the velocity of
light by international agreement, with
length measurements then being tied di-
rectly to the frequency standard.

The application of saturation spectros-
copy to a determination of the Rydberg
constant and many other spectroscopic
advances are discussed by Schawlow
(40). Further details may be found in
several comprehensive books on the
subject (41—43). Optical saturation spec-
troscopy has also been carried out in
solids, for example, for Nd>* ions in a
crystal of LaF;. Here the analogy with
NMR techniques is more striking (44).

Two-photon absorption spectroscopy
at optical frequencies, predicted by
Goeppert-Mayer (45), was first demon-
strated by Kaiser and Garrett (46) for
Eu®* ions in CaF,. When the two pho-
tons have different wave vectors, an
excitation with energy 27w and wave
vector k(w) + k'(w) may be probed.
Frohlich et al. (47) applied this wave
vector-dependent spectroscopy by vary-
ing the angle between k and k’ to the
longitudinal and transverse exciton
branches in CuCl.

It was suggested by Chebotayev and
co-workers (48) that Doppler-free two-
photon absorption features may be ob-
tained in a gas. Consider again two coun-
terpropagating beams. Tune the frequen-
Cy w 50 that 20 = wy, corresponds to the
separation of two levels with the same
parity. For processes in which one pho-
ton is taken out of the beam with wave
vector k and the other photon is taken
out of the beam with wave vector
k' = —k, all atoms, regardless of their
velocity, are resonant. The apparent fre-
quencies » + kevand o — k-v of the pho-
tons in the two beams in the rest frame of
an atom always add up to wp,. The two-
photon absorption signal thus exhibits a
very sharp Doppler-free feature, which
was demonstrated experimentally in
three independent laboratories (49-51).
Thus high energy levels, including Ryd-
berg states, of the same parity as the
ground state may be studied in high
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resolution (52). The reader is again re-
ferred to the literature for further details
41, 43).

There is, of course, a close correspon-
dence between two-photon absorption
and Raman processes. A medium with a
normal population difference between
two levels la> and 15>, which permit a
Raman active transition, will exhibit a
gairn at the Stokes frequency, ws =
@ — Wy, in the presence of a strong
pump beam at wy. Owyoung et al. (53),
for example, resolved the fine structure
in the Q branch of a vibrational-rotation-
al band of the methane molecule by the
technique of stimulated Raman scatter-
ing. It is also possible to compare direct-
ly the Raman gain and a two-photon
absorption loss with these nonlinear
techniques.

Four-Wave Mixing Spectroscopy

The nonlinearity x® describes a cou-
pling between four light waves, and
some typical wave vector geometries
which satisfy both energy and momen-
tum conservation of the electromagnetic
fields are shown in Fig. 7. The genera-
tion of a new beam at the frequency
201 = 3, due to one incident beam at w;
and another at w,, corresponding to the
geometry in Fig. 7b, was first demon-
strated by Maker and Terhune (54, 55).
They detected coherent anti-Stokes Ra-

Vv, =2V

Vg =2v5+ Ve

V5 =5V4+ Vg

Vv, STzt
Fig. 6. Laser frequency syn- 4 e e

thesis chain (38).

V3=T7Vyt Vg

Va=TV + Vo

Vi =TVt Vi

man scattering in organic liquids, where
the nonlinear coupling constant x® ex-
hibits a Raman-type resonance at the
intermediate frequency o; — w;, as
shown schematically in Fig. 8b. En-
hancement can also occur by a reso-
nance at the intermediate frequency 2w;.
It is thus possible, by using light beams
at visible wavelengths in a transparent
crystal, to obtain information about reso-
nance and dispersive properties of mate-
rial excitations in the infrared (56, 57)
and the ultraviolet (58). An example of
this type of nonlinear spectroscopy is
shown in Fig. 9. The two-dimensional
dispersion of x® (-2w; + w001,
—ay) in CuCl is measured as 2w; is
varied in the vicinity of the sharp Z;
exciton resonance, while at the same
time w; — o, is varied in the vicinity of
the infrared polariton resonance. The
interference of two complex resonances
with each other, as well as the interfer-
ence of their real parts with the nonreso-
nant background contribution to x®,
leads to a direct comparison of these
nonlinearities.

Wave vector-dependent four-wave
mixing spectroscopy by variation of the
angle between the incident beams was
first performed by Coffinet and DeMar-
tini (59). The case of enhancement of the
CARS process by one-photon absorptive
resonances was investigated by several
groups (60-62). Figure 8d shows an ex-
ample of this situation. The CARS tech-
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nique is used to monitor the composition
and temperature profile in flames. In this
and other situations with a large incan-
descent or fluorescent background, the
coherent technique provides additional
discrimination (63).

An important recent application of
four-wave mixing is phase conjugation
(64). Time-reversed phase fronts are ob-
tained by the frequency-degenerate scat-
tering geometry depicted in Fig. 7¢c. A
strong standing wave pump field pro-
vides two beams at w with equal and
opposite wave vectors, k; = —Ki. The
nonlinear medium may be liquid CS,, Na
vapor, InSb, an absorbing fluid, a molec-
ular gas, or any other medium (65). A
signal beam at the same frequency « has
a wave vector k,, which makes an arbi-
trary small angle with k;. In the four-
wave scattering process a new beam
with wave vector ks = —k; is created by
the nonlinear polarization

P4((1)) = X(B) (—(D,w’w,_w)ElEZ*E:ie—ﬂ(z-r

Note that not only the wave vector but
also the phase is reversed, because
E;" = |E;| exp(—idy). This implies that
the backward wave is the time reverse of
the signal wave. If the phase front of the
latter has undergone distortions in prop-
agation through a medium, these will all
be compensated as the backward wave
returns through the same medium. The
amplitude of the backward wave may
show gain, because the parametric pro-
cess involved takes one photon each out
of the two pump beams and adds one
each to the signal and its phase-conju-
gate beam. The process may also be
viewed as real-time instant holography

(66). The signal wave forms an intensity
interference pattern with each of the
pump beams. The physical cause of the
grating may be a variation in tempera-
ture, in carrier density, in bound space
charges, or in molecular orientation, de-
pending on the material medium. The
other pump reads out this hologram and
is scattered as the phase-conjugate
wave.

Another variation of nearly degenerate
frequency four-wave light mixing has
resulted in the recent demonstration of
collision-induced coherence (67). Two
beams at frequency w; are incident in a
vertical plane on a cell containing sodi-
um vapor and helium buffer gas. A third
beam at a variable frequency o, is inci-
dent in the horizontal plane. The genera-
tion of a beam in a new direction in the
horizontal plane is observed at frequen-
¢y 2w; — wy. The intensity of this new
beam displays resonances for w; = v,
and w; — @y = 17 cm™!, corresponding
to the fine structure splitting of the 3P
doublet of the sodium atom. These reso-
nances, however, occur only in the pres-
ence of collisions. Their intensity varies
linearly or quadratically with the partial
pressure of helium (68). The paradox
that a phase-destroying collisional pro-
cess can give rise to the generation of a
coherent light beam is resolved as fol-
lows. In four-wave mixing many differ-
ent scattering diagrams contribute to the
final result (60, 61). These different co-
herent pathways happen to interfere de-
structively in the wave mixing case un-
der consideration. Collisions of the sodi-
um atoms destroy this destructive inter-
ference.

@, W3 N i
wq W,
Wy Wy

Wi+ Wz =Wy + Wy

a

@y

Fig. 7 (left). Some typical wave vector geometries of four-wave light w2
Fig. 8 (right). Creation of a new beam at 2w; — w, by two
incident beams at ®; and w,, respectively, according to the geometry
of Fig. 7b. (a) Nonresonant mixing; (b) intermediate Raman resonance 19>

mixing.

204 - Wy

o4
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Higher Order Nonlinearities

Higher order terms in the perturbation
expansion of Eq. 1 are responsible for
the generation of higher harmonics and
multiphoton excitation processes. Akh-
manov (69) has studied the generation of
fourth harmonics in a crystal of lithium
formate and the fifth harmonic in calcite.
Reintjes et al. (70) have generated coher-
ent radiation in the vacuum ultraviolet at
53.2 and 38.02 nm, as the fifth and sev-
enth harmonics of a laser pulse at 266
nm which was focused into helium gas.
The intensity at 266.1 nm was itself de-
rived by two consecutive frequency dou-
blings from a Nd**-glass laser at 1.06
pm. Radiation at this infrared wave-
length can induce photoelectric emission
from tungsten. The energy of four pho-
tons is necessary to overcome the work
function. This photoelectric current is
proportional to the fourth power of the
laser intensity (71).

Studies of multiphoton ionization of
atoms and molecules have been pio-
neered by Prokhorov and co-workers
(72). There is clear evidence for ioniza-
tion of xenon by 11 photons at 1.06 wm.
The ion current increases as the 11th
power of the intensity (73). The required
laser intensities are so high that ex-
treme care must be taken to avoid ava-
lanche ionization started by electrons
created from more readily ionizable im-
purities.

Atoms and molecules may, of course,
also be ionized stepwise. A real excited
bound state may be reached, whence
further excitation beyond the ionization
limit proceeds. The spectroscopy of au-

Iny

in)

Wy
2wq - Wy

W,
204 - Wy 201 - wy

In"

9> 19> 19>

(coherent anti-Stokes Raman scattering, or CARS); (¢) intermediate

two-photon absorption resonance; (d) one-photon resonantly en-

hanced CARS.
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toionizing states has also been furthered
by multiphoton laser excitation (74).

The intermediate resonances in the
stepwise ionization process are species-
selective. The ionization of single atoms
may be detected with a Geiger-Miiller
counter. Resonance ionization spectros-
copy (75) uses this device in combination
with one or more tunable dye lasers. The
presence of a single atom amidst 102
atoms of other species may be detected.
Thus rare stable or unstable daughter
atoms may be identified in coincidence
with the decay of the parent atom. Ultra-
low-level counting may also aid in mea-
suring inverse 3-decay products induced
by the solar neutrino flux (75).

Many polyatomic molecules with ab-
sorption features near the infrared emis-
sion lines from pulsed CO, lasers can be
dissociated without collisions in a true
unimolecular reaction (76, 77). In many
cases more than 30 infrared quanta at
wavelength A = 9.6 or 10.6 um are need-
ed to reach the dissociation limit. Never-
theless, the rate-determining step ap-
pears to be a succession of one-photon
absorption (and emission) processes
(78). The dissociation yield depends on
the total energy fluence in the pulse and
is largely independent of pulse duration
(or peak intensity). This may be under-
stood in terms of the large density of
states in polyatomic molecules with a
high degree of vibrational excitation.
The energy absorbed by one mode is
rapidly shared (equipartitioned) with the
other degrees of freedom. Intramolecular
relaxation times in highly excited poly-
atomic molecules are often quite short,
on the order of 1 picosecond (10712 sec-
ond). Infrared photochemistry of mole-
cules in highly excited states has been
stimulated by the availability of high-
power lasers. Both muliphoton dissocia-
tion and ionization processes can be ap-
plied to laser isotope separation (77).

Optical Transients

The perturbation expansion in Eq. 1
converges only if the Rabi frequency,
# ™ Yexina E!, proportional to the magni-
tude of the electric dipole matrix element
and the field amplitude, is small com-
pared to the detuning from resonance
® — Wy, Or small compared to the ho-
mogeneous width or damping constant
Tpa of the resonance. When this condi-
tion is riot satisfied, very interesting non-
linear optical phenomena occur. They
again have their precursors in magnetic
resonance and include, among others,
free induction decay (79), optical nuta-

4 JUNE 1982

Fig. 9. Two-dimensional frequency dispersion
of the nonlinear susceptibility x® in cuprous
chloride (58).

tion (79), optical echoes (80, 81), and
split field resonances (82). The one-to-
one correspondence of the evolution of
any two-level system with the motion of
a spin 1/2 system in magnetic resonance
offers a convenient basis for description
and also has heuristic value (83, 84).

Self-induced transparency (85) de-
scribes the propagation of a solitary opti-
cal wave or ‘‘soliton”” which develops
when an intense light pulse enters a
material medium at a sharp absorbing
resonance. The front part of the pulse
excites the resonant transition; then the
excited resonant state feeds back the
energy to the trailing part of the pulse.
The net result is that each two-level
member of the ensemble executes a com-
plete revolution around the effective
field in the rotating frame of reference
(83). In this 2 pulse no electromagnetic
energy is dissipated in the medium, but
the propagation velocity of the energy is
slowed down. The fraction of energy
stored in the medium does not contribute
to the propagation.

The spontaneous emission process in
the presence of a large coherent driving
field (86, 87), the cooperative radiation
phenomena associated with the superra-
diant state (88), and the statistical prop-
erties (89, 90) of electromagnetic fields
with phase correlations have increased
our understanding of the concept of the
photon.

Short optical pulses have been used
extensively for time-resolved studies of
transient phenomena and the measure-
ment of short relaxation times. Very
powerful pulses of duration about 10
psec are readily obtained by the tech-
nique of mode locking. Generally, the
medium is excited by the first short pulse
and probed by a second pulse with a
variable time delay. The first pulse, for

example, may excite a molecular vibra-
tion by stimulated Raman scattering.
This coherent vibration will interact with
the second pulse to give an anti-Stokes
component. A picosecond pulse travers-
ing a cell of water generates a nearly
continuous white spectrum due to phase
modulation. This white picosecond pulse
may by used to probe variations in ab-
sorption due to the first pulse. These
techniques have been developed in depth
by Kaiser and co-workers (97) and oth-
ers (92). More recently, the creation of
light pulses as short as 4 X 10~ second
has been achieved.

It is also possible, with a picosecond
pulse, to melt a thin surface layer of a
metal, alloy, or semiconductor. After the
light pulse is gone, this layer (10 to 20 nm
thick) resolidifies rapidly by thermal
conduction to the cool interior. Cooling
rates of 10'3 °C/sec are attainable. Thus
it is possible to freeze in amorphous
phases or other normally unstable con-
figurations (93). New regimes of solid-
state kinetics are thus opened up for
investigation.

Conclusion

Nonlinear optics has developed into a
significant subfield of physics. It was
opened up by the advent of lasers with
high peak powers. The availability of
tunable dye lasers has made detailed
nonlinear spectroscopic studies possible
throughout the visible region of the spec-
trum, from 0.35 to 0.9 nm. Conversely,
nonlinear techniques have extended the
range of tunable coherent radiation. Har-
monic generation, parametric down con-
version, and stimulated Raman scatter-
ing in different orders have all extended
the range from the vacuum ultraviolet
(94) to the far infrared (95). The soft x-
ray region still presents a challenge.

Nonlinear optical processes are essen-
tial in many applications. Modulators
and demodulators are used in optical
communications systems. Saturable ab-
sorption and gain play an essential role in
obtaining ultrashort pulses. The domain
of time-resolved measurement may be
extended to femtoseconds. This opens
up new possibilities in materials science
and chemical kinetics. A detailed under-
standing of nonlinear processes is essen-
tial in pushing the frontiers of time and
length metrology, with applications to
geological and cosmological questions.

The field of nonlinear spectroscopy
has matiired rapidly but still has much
potential for further exploration and ex-
ploitation. Applications in chemistry, bi-
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ology, medicine, materials technology,
and especially in the field of communica-
tions and information processing are nu-
merous. Alfred Nobel would have en-
joyed this interaction of physics and
technology.
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my co-workers and graduate students,
past and present, as well as to many
colleagues, in institutions around the
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and spectroscopy, cited or uncited, is
also honored by this award. I acknowl-
edge the uninterrupted support of my
research work over a period of more
than three decades by the Joint Services
Electronics Program of the U.S. Depart-
ment of Defense.
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