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The essential results achieved during the ten years since the coming of lasers, in

the fields of second, third and higher harmonic generation in reflected and
transmitted, continuous and pulsed laser light, frequency mixing processes in various
materials, and nonlinear optical properties of liquids, gases, crystals and other
materials are reported concisely from the available literature. Stress is laid on the
newer and more stimulating experimental results, and on their relation with other
nonlinear phenomena.

1. Introduction

In 1961, Franken and co-workers [1] performed an artfully devised experiment in which they
proved that ruby laser light of wavelength 694.3 nm, focused within a quartz crystal, contained
on emerging a small admixture of the second harmonic of wavelength 347.15 nm. The dis-
covery of this phenomenon, which has its source in the nonlinear optical properties of matter,
became the starting point of vast developments, further enhanced by the rapid evolution of
laser techniques. This has led to the detection of a number of novel optical effects, which have
since been discussed in various monographs [2-5] and review articles [6-15]. Here, we intend
to give a discussion of the more important theoretical and experimental results achieved in the
domains of optical harmonic generation and laser wave frequency mixing over the past ten
years of nonlinear optics. The theoretical essentials of coherent nonlinear processes are to be
found in the fundamental work of Armstrong et al [16], Bloembergen and Pershan [17],
Akhmanov and Khokhlov [2], and certain other authors [18-24].

1.1. Linear and Nonlinear Optical Processes

Ordinary light propagating in a transparent body does not affect its optical properties because
the electric polarisation P(r, ¢) induced in it is a linear function of the strength E(r, ¢) of the
electric field of the light wave oscillating at frequency w at the point of space r and moment of
time 7. A linear relationship between P(r, t) and E(r, 7) results immediately in Lorentz’s classical
electron theory [25], in which an atom is dealt with as represented by an isotropic harmonic
oscillator, as well as in quantum mechanics in a first approximation of perturbation calculus
[26]. To a linear approximation, the solutions of Maxwell’s equations satisfy the principle of
superposition, which states that electromagnetic waves simultaneously traversing a linear
medium propagate independently without interacting upon one another. In linear, optically
transparent bodies, electromagnetic waves accordingly propagate without distortion, the re-
fractive index depending solely on the properties and thermodynamic state of the medium but
not depending on the incident light intensity.

*Invited review article given on 6 April 1970, at the IVth Polish Conference on “Radiospectroscopy and
Quantum Electronics” in Poznan. This review covers only such papers as were directly accessible to the author.
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All optical phenomena and laws are linear as long as the optically investigated medium is
studied by means of a non-intense light probe and is not acted on by external fields or forces.
An optically isotropic body, when immersed in an external electric or magnetic field, changes
its refractive index and becomes optically anisotropic. The discovery of electric birefringence
by Kerr took place in 1875 and of magnetic birefringence by Cotton and Mouton in 1907.
The classical theories of these two effects are due to Voigt [27] and Langevin [28], and have
since been developed by various authors [26, 29-31]. Still earlier, in 1846, Faraday found that
polarised light traversing a medium in the direction of an applied magnetic field underwent a
rotation of its plane of polarisation [26]. No counterpart to Faraday’s effect is revealed by
isotropic bodies subjected to the action of an electric field, but anisotropic ones exhibit the
linear electro-optical phenomenon known as Pockels® effect [32]. Still other external agents,
such as mechanical stress, liquid flow, acoustic fields, and so forth, cause changes in the
refractive index of light [30, 33-35] and give rise to various linear optical processes. The optics
of all these phenomena are sometimes referred to as parametric optics, in order to underline
the role of external non-optical parameters in them.

Now, when a transparent body is traversed by light of very high intensity, its refractive index
and electric permittivity become dependent on the intensity of the light beam ; this has indeed
been directly observed by various authors, in accordance with theoretical predictions [31, 36,
37], to be the case when using giant pulsed ruby lasers [38-40]. Lasers operating continuously
or pulsed emit a parallel beam of monochromatic light, coherent in space and time, and con-
veying a flux of immense energy density. The very high light intensities of laser beams, never
achieved with ordinary light, cause the refractive index to depend on the electric field strength
E(r, 1) of the beam. An electromagnetic wave of such strength, inducing optical nonlinearity
in the medium, itself undergoes distortion when propagating in the latter. By Fourier spectral
analysis, the original wave of fundamental frequency w is now additionally accompanied by
harmonic components of double frequency 2w, triple frequency 3w, and higher harmonics
[2-6].

1.2. Nonlinear Polarisations

A medium acted on by very intense electromagnetic radiation exhibits an electric polarisation
P(r, t) and a magnetic polarisation M(r, ¢) which are in general nonlinear functions of both the
electric and magnetic field strengths E(r, 7) and H(r, ¢). An electric, and similarly a magnetic
field, harmonically varying with the time ¢ and spatial co-ordinates r, can be represented in
the form of Fourier components:

E@r, 1) = L E (o, k,) exp {i(ks' I—w; t)} ’ 1

s
where w, is the circular oscillation frequency and k, the wave vector of the sth mode. Sum-
mation in (1) extends over all frequency and wave vectors, both positive and negative, with
w-, = —w, k_; = —k, and, for the Fourier transform (field amplitude), E¥(w,, k,) =
E(_ws’ - s)
Provided the electric field strength E(r, ¢) is not excessive, the electric polarisation induced
in the medium can be expanded in a power series:

PG, 1) = f PO, 1 @

with P™(r, 1) defining electric polarisation of the nth order which can be represented in terms
of its Fourier frequency components:

P )(wn+l’ k.. exp {i(k,, . r—o,., 1} . 3

Restricting ourselves, at this stage, to their dependence on the electric vector only, we
obtain for the ith component of the dipole polarisation (3):

Pi (wn+ 1 Kpey) = Ltk in Ejl(wl’ k... Ej,.(wm k,) , “)
where summation over recurring indices Jroe i is implicit and
Wn + 1 — .
N7 5 = Mg 3T O O @)
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is a tensor of nonlinear electric susceptibility of nth order. The dependence of the nonlinear
susceptibility tensor on the oscillation frequency is referred to as time or frequency dispersion,
whereas its dependence on the wave vectors is termed spatial dispersion. When the waves
interact in the medium, time and space synchronisation takes place:

Dp 1 =32=:1w: ’ (5)
ey = 2k, - ©

In a quantum-mechanical interpretation, equation 5 expresses the principle of energy
conservation and equation 6 that of momentum conservation for the photons. Sometimes,
slight deviations 4k from the condition (6) are taken into consideration, with |4k| <k, . ,].

Electric polarisations of higher orders (4) and, likewise, magnetic as well as cross (electro-
magnetic and magneto-electric) polarisations, have been discussed in both a phenomenological
and quantum-mechanical approach for various isotropic and anisotropic bodies [16-24], and
provide the theoretical foundations of nonlinear optics [2-15]. .

Equations 1 to 6 account for processes of frequency mixing of different electromagnetic
waves which interact with one another in the medium; in particular, they describe the pheno-
mena in which optical harmonics are produced. When one of the electric fields in equation 1
is very strong, or moreover if the medium is acted on by a pumping electric field

E,(r, t) = E(w,, k) exp {i(k, . r—w, )} +c.c , ©)
of strength much in excess of that of the electric fields (1), and having a pumping frequency
w, comparable to o, or larger, w, > w,, one has parametric interaction of electromagnetic

waves. In addition to this amplification of parametrically interacting waves, one can modulate
light waves in a nonlinear medium if w, € ;.

2. Optical Processes of the Second Order

Two electromagnetic waves, of frequencies w, and w, and wave vectors k; and k,, induce in
the medium an electric dipole polarisation of the second order:

sz)(wa, k;) = Xi"}i Ej(wu k) Ew,, k;) , t))

where with regard to (5) and (6) the time and spatial synchronisation conditions for the
co-operation of three waves are:
CO3 = w1+w2 > (Sa)

k; = k; +k,+ 4k . (62)

For the third-rank tensor y3 = x;;(—w;; 4, ®,) defining-the nonlinear susceptibility of
the second order, the following space-time permutation symmetry relations are fulfilled [8, 16]:

thk("ws; Wy, 1) = ink(w1; -3, ®,) = in,(wzi -3, @) . )]

These relations allow us to perform arbitrary permutations of the frequencies w,, w,, w,
simultaneously with the respective indices i, j, k labelling the spatial co-ordinates X, Y, Z of
the laboratory reference system.

In optically inactive media without dispersion and absorption, the tensor y; ;x can be regarded
as totally symmetric in all indices 7, j, k and as having non-zero elements in bodies without a

centre of symmetry only. This symmetry conjecture of Kleinman [18]reduces the number of
independent tensor elements y;; from 27 to 10. The further reduction in number of independent
elements depends on the specific crystallographical symmetry of the body and proceeds
similarly as in the case of the piezoelectric tensor [41, 42]. In transparent optically active
bodies, the tensor y;;, can be separated into a part S;;, = (x;;x + xu;)/2 and a part Ay =
(tijx — Xixp)/2, respectively symmetric and antisymmetric in the indices j and k. In naturally
anisotropic bodies, the second-order effects due to the asymmetric part A, are insignificant
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as compared with those due to the symmetric part S;;;. On the other hand, in isotropic bodies
without a centre of symmetry, such as optically active liquids, the symmetric part vanishes,
Si;x = 0, and the sole factor causing the mixing of two waves differing as to their frequencies
resides in the antisymmetric part A;;, which in this case is non-zero [23]. Akhmanov and
Khokhlov [2], Butcher [4], and Giordmaine [23] have carried out a full tabulation of the
non-vanishing elements of the tensor y,;, for all crystallographical classes as well as for textures
and isotropic bodies.

2.1. Conditions for Second-Harmonic Generation (SHG)

When a wave of (fundamental) frequency w propagating in the direction k is incident on a
nonlinear medium without centre of symmetry, the polarisation induced at frequency 2w at a
point r in the medium is given as follows [10]:

P{PQaw, 1) = ik Efo,v) B, 1) (10)- .
the time-space synchronisation conditions now being:
(I)h—2CUf =0 s (Sb)
Ak = ky =2k = (27“’) (my=np) | (6b)

where wy, k¢, n, are the frequency, wave vector and refractive index of the fundamental wave
and wy, ky, 7, respectively those of the harmonic.

The polarisation wave (10) of doubled frequency produces along its path in the medium, at
each moment of time, a second-harmonic light wave of electric field strength [10]

1— exp idkr
E(20, 1) ~ 122 Efo, 0) B, 0) {“Ti""} . 1)

In accordance with this equation, at Ak = 0 (matching wave vectors, that is, if n, = n,),
E(2w, r) grows linearly with the distance r until the fundamental wave E(w, r) becomes at-
tenuated. When 4k # 0, the bracketed term on the right-hand side in (11) shows EQQw, r) to
vary periodically as a function of the distance r, the period of variation being determined by
the phase coherence length [10]:

L= L A 12)
coh — Ak - 4(nh_nf) . (
By (11), the intensity of the second harmonic of light at the point r is [14]:
in  4kr)?
102 \ ~ 20\2 SIn% 2
2w, 1) ~ (12%) {—% T (13

with I denoting the intensity of the incident light wave.

From equation 13, we have at our disposal at least three procedures for increasing the

intensity of the second harmonic, namely:

(i) by using giant pulsed lasers providing large intensities ,

(ii) by using strongly nonlinear crystals of large susceptibility ¥,

(iii) by resorting to the equality condition of phase velocities of the fundamental and second-
harmonic waves (4k = 0).

Giordmaine [43] and Maker ef al [44], with the aim of increasing considerably the quantum
yield of conversion of photons of the fundamental beam into photons of the second-harmenic
beam, independently proposed different, well-contrived methods of index matching. Their
methods follow from the synchronisation conditions (5b) and (6b) and expressions (11) to (13);
the idea is, by properly orientating a sufficiently birefringent naturally anisotropic crystal, to
achieve index matching between the laser beam polarised in one direction and its harmonic
beam polarised in another direction.

By (12), with decreasing difference 4k, the coherence length increases and so does the length
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of the path on which energy is transferred from the fundamental wave to the second harmonic.
A successful way of increasing leon consists in compensating the effect of dispersion by a proper
birefringence of the crystal. At 4k = 0, the conversion yield should increase monotonically
with the square of distance up to 1009, converting the whole energy from fundamental to
harmonic [10]. Hence, at conditions of phase matching, the conversion of light of a given
frequency w into light of double frequency 2w is a highly effective process; in practice, con-
version efficiency upward of 209 can be achieved, and when additionally resorting to cascade
amplification the conversion yield of SHG can be raised to 30 to 35%, [45]. Some experiments
have revealed conversion saturation [46] due chiefly to a limitation of the interaction length
for SHG by birefringence, causing the energy of the fundamental wave and that of the second
harmonic to propagate in slightly different directions [47].

2.2, SHG in Transmitted Light

Since the original experiments of Franken et a/ [1], the second harmonic of light has been
observed in various piezoelectric and ferroelectric crystals as well as in other nonlinear
material, resorting to pulsed crystal lasers as well as semiconductor and gas, pulsed and
continuously operating lasers. We shall now proceed to a discussion of the more important
results of experiments on SHG in transmitted light.

The crystal laser operating on neodymium-activated calcium tungstate (CaWO, : Nd3*)
emits light of wavelength 1.0582 um, which is well adapted to the observation of the second
harmonic, which has a wavelength of 529.1 nm lying in a region where the human eye is highly
sensitive. Miller [48] applied a laser of this kind for SHG in quartz, ferroelectric crystalline
BaTiO,;, KDP, ADP, CdS [49] and strongly nonlinear LiINbO; and LiTaO; crystals [50].
Geusic et al [51] observed SHG at 532nm in Ba,NaNbO,; and K¢Li,NbO, using a lightly
focused, continuously pumped, repetitively Q-switched Nd : YAG laser emitting light of wave-
length 1.064 um. Using ruby lasers (694.3 nm) and neodymium lasers (1.06 pum), SHG was
studied in some novel, strongly nonlinear materials, namely HIO, [52] and LilO, [53]. Re-
cently, Jerphagnon [54] corrected earlier values of the nonlinear susceptibilities of LilO,
by Maker’s fringe technique [44] using a Nd** : YAG laser with an acoustic Q-switching
system. Also, Gurski [55] reported on simultaneous mode-locking and quasi-CW SHG in
high-temperature LiNbO, or Ba,NaNbsO,s with a Nd>* : YAG laser achieved by electro-
optic modulation of the nonlinear medium. Recently, blue light at 473.0 nm generated in KDP
and HIO, as internal Q-switched SHG of the 946.0 nm line of a Nd** : YAG laser [56] has been
observed.

Graja [57], Kurtz [58] and Rez [59] went over to SHG in crystal powders, thus by-passing
the tedious procedures of single crystal preparation. The powder method is simple and con-
venient; it makes possible rapid assessments of the nonlinear optical properties of various new
materials, particularly crystals of organic dyes, which exhibit strong nonlinearity and intense
SHG [60-64].

Gas lasers (continuous and pulsed), notwithstanding their low power, yield coherence
lengths in SHG which are larger by several orders than those from ruby lasers. The use of gas
lasers permits the achievement of a higher degree of accuracy in SHG studies, obtaining
quantitative data on the quantum yield and nonlinear susceptibilities, and a more precise
measurement of the accuracy of frequency doubling as well as of the harmonic linewidth.
Ashkin ez al [65] observed continuous SHG using the infra-red transition 1.1526 um of the
He-Ne gas laser with a focused and non-focused beam, and remeasured the second-order
susceptibility component dys of KDP finding a value five times larger than that measured with
a ruby laser [43, 44]. Patel [66], resorting to a CO, laser with focused fundamental continuous
wave 10.5915 pm, measured SHG at 5.2958 ym in tellurium crystal, zinc blende crystals
(InAs, ZnS, etc.), hexagonal crystals (CdS) and a trigonal crystal (Se). Bjorkholm and Siegman
[67] used optimally focused beams from a CW He-Ne gas laser operating at 632.8 nm and
performed an accurate absolute measurement of SHG in ADP crystal. An identical laser was
also used for the observation of SHG in piezoelectric BeSO, . 4H,O crystal [68].

Rabin and Bey [69] have discussed the theory of SHG in crystals with natural optical
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activity and derived new phase-matching conditions. Simon and Bloembergen [70] studied
experimentally SHG in the optically active crystals NaClO; and NaBrO, of the cubic class 23
and obtained in place of equation (12) for the coherence length
A
-
o = 2= (14)

two different values corresponding to the right and left senses of circularly polarised waves.

Investigation has also dealt with various other aspects of SHG with focused and non-focused
laser beams [71, 72]: simultaneous generation of two waves of double frequency [73], conical
refraction in SHG in biaxial crystals [74], and the influence of temperature and domain
structure on SHG in ferroelectric crystals [48, 60, 61, 75, 76]. Particularly noteworthy is the
extensive paper by Kleinman et a/ [71] which contains a detailed study of many experimental
and theoretical aspects of SHG by focused laser beams.

2.3. SHG in Reflected Light

In accordance with a general theory for the generation of harmonic light at the boundary of a
nonlinear medium developed by Bloembergen and Pershan [17], generation of harmonic waves
is not restricted to experiments in transmitted light but extends to reflected light as well. A
widely readable account of the essentials of this phenomenon, and a review of the papers up
to 1965, are to be found in Bloembergen’s paper [77].

The incident laser beam at frequency w induces, after refraction, a polarisation at the
harmonic frequency 2w which in the case of bodies without a centre of inversion is given by
equation (10). SHG in reflection was first observed by Ducuing and Bloembergen [78], when
a GaAs mirror (or a piezoelectric mirror such as Te or InSb of symmetry 43 m) was submerged
in a linear dispersive fluid and illuminated with a ruby laser.

The reflected second harmonic has a direction different from that of the reflected funda-
mental beam; the variation of its intensity (SHR) with the angle of incidence of the primary
ruby or neodymium glass laser beam has been measured by Chang and Bloembergen [79].
Bloembergen and Lee [80] observed the internal reflected SHI generated at 486 nm by an
incident beam totally reflected by a nonlinear medium (NaClO; or KH,PO,) immersed in an
optically denser linear fluid (1-bromonaphthalene). The incident beam was the stimulated
Stokes beam induced by a Q-switched ruby laser in H, gas. In accordance with theory [17, 81],
this experiment shows anomalously high, reflected harmonic intensities because phase matching
is important for the reflected intensity at the critical angle for total reflection. Recently, a
detailed discussion of total reflection phenomena in SHG has been given by Bloembergen et
al [82].

The general theory of nonlinear polarisation [20, 22, 24] leads to the conclusion that, in
addition to the dipolar polarisation of second order in the electric dipole approximation of
equation (10), yet other multipolar contributions playing a particularly important role in
bodies with a centre of symmetry (where the electric dipole-dipolar term vanishes) have to be
taken into account. The electric quadrupole approximation to the dipolar polarisation of the
second order at frequency 2w is given [20, 24] by:

P20, 2k) = i Ej(w, k) V, E(o, k) . (15)
Above, k7, is a tensor of rank 4 defining nonlinear dipolar susceptibility in the quadrupolar
approximation. Its elements are non-zero even in media which possess a centre of symmetry.
A contribution of the same order of magnitude as that of equation (15) comes from quadru-
polar polarisation of the second order in the electric dipolar approximation [20, 24]:
QfP(2w, 2k) = Kl Ew, k) E(w, k) . (16)
The SHI generated by electric quadrupolar processes in bodies with a centre of symmetry
(15) and (16) is considerably weaker than that of radiation due to the electric dipole mechanism
(10), which takes place in bodies without a centre of symmetry. The ratio of the quadrupolar
polarisation (16) and dipolar polarisation (10) is of the order of magnitude of ka = 2ra/A,
with a denoting the linear dimensions of the microsystems specifically characterising the
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system (atomic or molecular size, crystal lattice constants). In the optical wave range, this
ratio is of the order of 102, in agreement with experiment [67].

For full generality, when dealing with SHG processes one has moreover to consider electric
and magnetic polarisations due to the action of the magnetic field of electromagnetic waves
on the medium, as well as magnetic polarisations induced by electric fields [20, 24]. In a second
approximation, the electric dipolar polarisation due to the simultaneous action of an electric
and magnetic field is [83, 84]:

PPQw, 2k) = 123 Efw, k) Hyw, k) , (7

where the pseudotensor of magneto-electric susceptibility nZs has non-zero elements even in
the case of isotropic bodies [84] in which the polarisation of equation (17) takes the form [83]:

P20, 2k) = 12° E(w, k) x H(w, k) . (172)

Jha [83], from equations (15) to (17), carried out a theoretical discussion of SHG reflected
from metal surfaces. The effect was first observed by Brown et al [85] at reflection of a giant
pulsed laser beam from the surface of a silver mirror. In later experiments, it was studied at
reflection from other metals (Ag, Au, Ge, Cu, Bi [86-89]), semiconductors and alkali halides
(CaF,, NaF, KCl, NaCl [90]). SHG at reflection on metals and semiconductors is due
primarily to the quadrupolar-type nonlinearity from both bound and free electrons, involving
intra- and interband transitions. Recently, Wang [91] reported first SHG measurements at
reflection of ruby laser light from several liquid-air interfaces (e.g. H,0, CS,, C;H,).

2.4. Light Frequency Mixing

The process of frequency mixing of the oscillations of two waves (leading to sum w, + w, or
difference w; — w, frequencies) in nonlinear media is accounted for by polarisation of the
second order, equation (8). Mixing of monochromatic light beams from two ruby lasers, one
operating at liquid nitrogen temperature and the other at room temperature and thus yielding
a difference in wavelength of about 1 nm, was first achieved by Bass ef al [92]. The two beams
were focused on the surface of a TGS crystal and the light beams emerging from it were ob-
served with a quartz spectrograph of high resolution. On the photographic plate, three closely
situated lines were obtained, the line to the right corresponding to SHG by the cooled laser
and the one to the left to SHG by the laser operating at room temperature, whereas the central
line revealed the sum frequency w, + w,. These processes disappeared when the crystal was
above its Curie temperature (50°C), in which region TGS is known to be centrosymmetric.

An interesting experiment is due to Miller and Savage [93]. In it, a ruby laser beam was
mixed with the beam of a CaWO, : Nd** laser (1.0582 pm) in a variety of crystals (KDP,
ADP, BaTiO,). In addition to the second harmonic of either beam, a beam of the sum fre-
quency 418.9 nm was observed. When the two laser beams do not overlap in time no mixed
signal is observed; when they begin to overlap, a small mixed signal appears; finally, when the
two beams exactly overlap, a large mixed signal output is observed. The SHG and mixing
efficiencies are considerably enhanced when velocity matching occurs. Also, six sum fre-
quencies of the waves of an He-Ne gas laser, which contained four lines, namely 1.153 ym,
1.161 pm, 1.198 um and 1.177 um, were observed in LiNbO; [94].

Bradley et al [95] reported the observation in ADP of the sum of two tunable frequencies
contained in the single pulse output of a gain switched ruby laser. This renders possible the
direct simultaneous comparison of the conversion efficiencies and relative intensities of the
three lines I(2w,), IQw,) and I(w, + ,). It is shown that when the two fundamental fre-
quencies @, and w, completely overlap in space and time, the value of the ratio R =
Ko, + 0,)/[IQ2w;) I(2w,)]'* approaches 4, as expected from nonlinear optical theory.

Zernike and Berman [96] reported first observations of far-infra-red radiation generated in
a mixing process in quartz crystal as the difference frequency between two near-infra-red
frequencies, 1.059 ym and 1.073 um, of neodymium glass lasers. Faust and Henry [97] ob-
served sum and difference frequency generation when visible laser light was mixed in a GaP
crystal with each of five infra-red laser frequencies lying near the lattice resonance (reststrahl).
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A method of converting infra-red radiation to visible by mixing it with highly collimated ruby
laser radiation in LiNbO; has been described by Midwinter [98]. Faries ef al [99] observed
tunable far-infra-red radiation from the difference frequency between two temperature-tuned
ruby laser beams by mixing in LiNbO; or quartz. Also, far-infra-red generation by non-phase-
matched difference-frequency mixing in bulk nonlinear media has been observed [100, 101].
Van Tran and Patel [102] have demonstrated that magnetoplasma effects in semiconductors
can be used for phase-matched nonlinear interactions in the far-infra-red, specifically difference-
frequency generation in the 100 um range by mixing the 9.6 um and 10.6 um CO, laser transi-
tions in n-InSb. Somewhat earlier, Chang er al [103] produced millimetre wave difference
frequencies by mixing CO, gas laser lines in a GaAs-filled waveguide designed for phase-
matched interactions.

Recently, Patel and Van Tran [104] reported the first observations of generation of circularly
polarised far-infra-red radiation at 100 um by phase-matched difference frequency mixing
between two circularly polarised infra-red radiations at 9.6 um and 10.6 um. Brown [105]
proposed observation of far-infra-red difference-frequency generation by reflection from the
surface of metals and semiconductors. Sodha et a/ [106] considered the generation of combina-
tion frequencies of waves in a homogeneous plasma.

Giordmaine [23] drew attention to the feasibility of wave mixing in optically active liquids
in which frequency doubling does not occur. Experimentally this has been performed by
Rentzepis et al [107], who observed coherent optical sum-frequency generation in aqueous
arabinose (CsH,,05) solutions and other optically active liquids. In their experiment, a ruby
laser beam and its second harmonic produced at 347.15 nm in KDP intersected in the liquid
to generate collimated sum-frequency emission at 231.4 nm. Cohan and Hameka [108] pro-
posed a theory of sum-frequency generation in gases and liquids for the case of resonance, and
suggested an experiment in which only one of the incident beams comes from a laser source
while the other is ordinary polarised monochromatic light of variable frequency. This, indeed,
is a case of mixing, in a liquid, of coherent light and non-coherent light; it had already been
put to effect [109] in KDP crystal by mixing the light of a ruby laser with that of a mercury
lamp. Bey and Rabin [110] performed a general theoretical analysis of the co-operation of
circularly polarised waves in optically active bodies.

3. Optical Processes of the Third Order

Three waves with frequencies w,, w,, w; and wave vectors k,, k,, k, incident on a medium

will give rise to polarisation of the third order which, by equation 4, is of the following form

in the dipolar approximation:

, PNy, ky) = Xijkt Ef(04, k1) Efw,, k;) Efw;, k) , (18)
where, in accordance with the synchronisation conditions (5) and (6), we now have for the

interaction of four waves [111]:

Wy = w1+CO2+w3 ) (5C)

k4 = k1+k2+k3+dk . (60)

For the tensor of third-order non-linear susceptibility we have the following time-space
permutation symmetry relations [3, 16]:

qu("‘ah; W5, Wy O3) = Y@y — Oy, 3, ©3)

= Yup(@z; — 04 01, 03) = X @35 — @4y 05, @3) . (19)

The tensor y;;;; has non-zero elements even in the case of isotropic bodies possessing a

centre of symmetry, i.e. also in that of gases and liquids. The non-vanishing tensor elements

have been tabulated for all the crystallographical classes [4, 111]. In bodies in which optical

dispersion is absent or negligibly small, the tensor ;;;; can be dealt with as totally symmetric.

In isotropic bodies x;;,; has twenty-one non-zero elements only three of which are mutually
independent, and we can write in the general case [112]:

, Xijit = Xaxyy O1j Ot Xayxy Ok 01+ Xyxxy Out O (20)
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where use has been made of the relation [4]:

Xxxxx = Xyyyy = Xzzzz = Xxxyy+Xxyxy+nyxy ’
d;; denoting Kronecker’s unit symmetric tensor.

3.1. Third-Harmonic Generation (THG)
In isotropic optically inactive bodies, in the absence of frequency and spatial dispersion and
of magnetic optical activity, third-order polarisation at 3w is given, with regard to (19)Jand
(20), by [39]:
PR30, 1) = 34y —300; 0, 0, 0) E (0, k) E}(w, k) E{(o, k) (21)

(we now have fyyy, = Xuyxy = Xyxxy):

The THG of intensity

sin 4 4 kr)?

—l B

T4k } (22)
(when the medium is perfectly transmitting) caused by this polarisation is obviously the most
highly effective when the matching condition:

4k =(§-c-a-)-) (ny,—n,) =0

16w, 1) ~ () {

is fulfilled.

The first attempts at obtaining an ultraviolet third harmonic at 231.4)nm using a ruby laser
are due to Terhune ef al in calcite [113] and subsequently in cubic crystals (LiF, KCI, CaF, etc.)
and liquids [39, 114]. Bey et al [115] provided the earliest experimental evidence that phase
matching can be achieved in harmonic processes by the introduction of anomalous dispersion
into a normally unmatched medium. They obtained phase-matched THG at 353.0 nm of the
neodymium laser line by introducing dye molecules into a liquid medium (thus, fuchsin red
dye dissolved in hexafluoroacetone sesquihydrate). These experiments were extended by Chang
and Galbraith [116] to other solvents of different index mismatch and to another dye, methyl-
ene blue. Bey ef al [117] reported highly interesting THG studies, which prove that a linearly
polarised laser beam generates a third-harmonic signal, while a circularly polarised beam does
not, in accordance with theory. This experiment can lead to a variety of applications when
determining the state of polarisation of laser light, when modulating it, and when measuring
ultrashort light pulses such as those produced by mode-locked lasers.

Ward and New [118] observed THG at 231.4 nm in gases (He, Ne, Ar, etc.) using a focused
ruby laser beam.,

Goldberg and Schnur [119] investigated harmonic generation in liquid crystals with the
aim of checking earlier SHG studies in these bodies [120], in particular cholesteryl nonanoate
(CN) as well as other cholesteric and nematic liquid crystals. The solid phase of CN revealed
a high SH intensity (of the same order as in quartz crystal powder) which, on heating, decreased
steeply by four orders of magnitude in the vicinity of 79°C on transition from solid to chol-
esteric phase. In the inverse process of slow cooling from the isotropic liquid phase through the
cholesteric and smectic mesophases, a clear SH signal was observed only at the point of re-
crystallisation to the solid. THG was apparent in all phases, both at heating and cooling, its
intensity in the solid phase being 100 times stronger than in the liquid phase. Similar results
have been obtained in other liquid crystals [121]; in no case did they exhibit SHG when in
mesomorphic phases, which have to be regarded as centro-symmetric. The above-cited studies
have made apparent some role, in the process of harmonic generation, of the molecular cor-
relations which play an important part in multi-harmonic light scattering and optical
birefringence in isotropic media [122].

Recently, Bey et al [123] extended earlier work by Bloembergen and Lee [80] to THG in
light reflected from liquids. Here, a Q-switched pulse from a neodymium laser was internally
reflected from a liquid the refractive index of which was tuned by the anomalous dispersion
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of a dye additive. An increase of more than two orders of magnitude in the intensity of reflected
THG was observed near the critical angle for total internal reflection when the dye was adjusted
for phase matching. Also, Wang and Baardsen [124] recently reported studies of THG
reflected from the boundary of solids including metals, semiconductors, alkali halides and

glass.

3.2. DC Field-Induced Optical Harmonics
When equation 18 is rewritten with w; = k; = 0, w, = w, = wand k; = k, = k, the third-
order polarisation ’

PP o, 1) = Xiju( =20, 0, 0, 0) E{(w, k) E(w, k) E0) (23)

describes SHG in a body subjected to the action of a DC electric field E (0).

Terhune, Maker, and Savage [113] studied the optical harmonics of ruby laser light in
calcite, which has a centre of symmetry; they found a weak SH due to quadrupolar polarisa-
tion, equation 16, and on applying a DC electric field observed a considerable increase in SHG
us a quadratic function of the field strength. The experiment was repeated by Bjorkholm and
Siegman [67] with accurate CW (He-Ne laser) measurements of the electric quadrupole-type
SHG and electric field-induced SHG in calcite relative to the SHG obtained in ADP crystals,
finding a displacement of the parabolic curve of SH power as a function of the applied field
E(0).

McFee [125] observed SHG at 530 nm when a DC electric field and CO, laser beams are
applied simultaneously to narrow band-gap semiconductors (InAs, InSb). Lee et al [126]
showed the SH intensity produced in reflection by a ruby laser beam incident on silver or
silicon surfaces to vary significantly when a DC electric field is applied normal to the surface.
Suvorov and Sonin [127] investigated SHG in TGS crystal acted on by an electric field at
various synchronisations in the temperature range 20 to 90°C.

Recently, Mayer [128] studied SHG in non-dense molecular substances immersed in a DC
electric field. In non-dipolar gases SHG is caused by nonlinear polarisation of the electron
shell whereas, when some degree of condensation is exceeded, reorientation of induced dipoles
intervenes also [84]. In dipolar gases, DC electric field-induced SHG is due chiefly to reorien-
tation of the permanent molecular dipoles [112]. In strongly dipolar substances (C,Hl,
C,H;Br, CH;I) Mayer [128] observed an anomalous increase in SHG at DC field strengths
closeto breakdown, presumably arising by electric saturation of reorientation of the molecular
dipoles [129]. Sodha and Kaw [130] showed that SHG is possible in a plasma in a DC elec-

tric field.

- Van Tran'et al [131] observed an enhancement of THG in:InSb due to interband transitions
and resonance in the presence of a magnetic field, as predicted-theoretically by Lax et al [132]
and Kolodziejczak [133]. Sodha and Kaw [134] proposed a theory of THG in magnetoplasma.

3.3. Four-Wave Mixing Processes

Equation 18 describes the mixing of three waves in a medium which gives rise to a fourth
wave of sum frequency (5¢) or other, difference frequencies. Midwinter and Warner [111]
extended the theory of the phase matching technique of Giordmaine [43] and Maker et al
[44] to the case of interaction between four waves. They suggested three different experi-
mental situations involving (i) three waves (the lower frequencies) polarised orthogonally to
the fourth, (ii) two orthogonal to the fourth, (iii) one orthogonal to the fourth.

Maker and Terhune [39] discussed resonant and non-resonant mixing of waves at three
different frequencies and carried out measurements of parametric generation of Raman light
in suitably transparent material (liquids, other isotropic bodies, and cubic crystals). The situa-
tion has moreover been studied when the beats between the laser and the Stokes frequency
and the SH frequency are involved [11, 135]. Rado [136] was the first to perform four-wave
mixing experiments in several gases (He, N,, O,, CO, CO,, etc.), which permitted the deter-
mination of values of third-order nonlinear susceptibility coefficients.

Wynne [137] investigated third-order difference mixing of CO, laser waves in semicon-
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ductors (GaAs, Ge, Si, InAs) and discussed contributions from the bound, valence and
conduction electrons to the nonlinear susceptibility tensor

Xijkl(_wS; Wy, Wz, —W3) ,

where the frequencies w, and o, are emitted by the laser and w; = 2w, — w, is the radiation
due to mixing. Also, mixing processes of four circularly polarised waves in optically active
bodies have been studied [70, 110].

4. Harmonics Generated by Picosecond Laser Pulses

Ruby or neodymium lasers produce giant light pulses of a power not less than 1 MW and
duration shorter than 107¢ sec. The peak power of the oscillations of the light pulse can be
enhanced by raising the energy of the pulse or reducing its duration. The four years preceding
the writing of this article have witnessed a rapid development of the quantum electronics
technique of ultrashort pulses from Nd : YAG lasers with a duration of 107! to 10712 sec
[138, 139], which can be shortened to 107** to 107# sec by resorting to the optical Kerr
effect [140]. Information on light pulses of so short a duration (or rather on the intensity auto-
correlation function) can be obtained by the method of harmonic production [141] (i.e. by mix-
ing the pulses with delayed replicas of themselves in a harmonic-generator crystal) or by a
simpler technique using two- or three-photon fluorescence [142, 143]. Basov et al [144] show-
ed that amplification of picosecond neodymium laser light pulses results in a peak the power
of which exceeds 10'2 W.

From a theoretical analysis [145, 146] of SHG by ultrashort pulses, Shapiro [147] proceeded
to an investigation of the duration of the second harmonic of short Nd-glass laser pulses as a
function of the length of a LiNbO; crystal. Orlov et al [148] studied extensively the spectral
and angular distributions of SHG in KDP and LiNbO; by picosecond Nd-glass laser pulses.

Eckardt and Lee [149] worked out a new technique for the measurement of picosecond
light pulses applying the suggestions of Bey et al [117] concerning the unique polarisation
properties of optical THG in phase-matchable dye solutions. It is generally known that, in
materials strongly absorbing the fundamental frequency, the observation of THG is rendered
difficult because the required high fundamental intensity I often gives rise to significant damage
due to energy deposition. The requirement of high I and a tolerable rate-of energy deposition
was met by the use of a picosecond pulse train from a mode-locked Nd** glass laser. In this
way, Bloembergen et al [150] were able to observe THG by picosecond laser pulses in reflec-
tion from semiconductors and metals and to study its dependence on the angle of incidence,
light polarisation, and crystallographic orientation. Recently Wang and Baardsen [151]
reported measurements of optical THG in ADP crystals both in reflection and along the
phase-matched directions using mode-locked and nonmode-locked Nd-doped glass lasers.

In relation with the evolution of the technique of ultrashort laser pulse generation, much
attention is given to the study of optical transient phenomena. Various nonlinear phenomena,
when studied in the electric field of a picosecond laser pulse, proceed according to a shape which
is entirely different from that of the same process in the field of a micro- or nanosecond pulse,
The time of duration of ultrashort pulses (107! to 10713 sec) is comparable to the relaxation
time of molecules, the time required for nonlinearities to become steady [152], and the times
of group-wise delay of light waves co-operating in a medium. This group delay time, which
defines the wave unstationarities, is in principle essential to the processes of harmonic gener-
ation and parametric processes caused by ultrashort pulses [145, 148, 153].

5. Higher Harmonic Optical Processes

By equation 4, which defines polarisation of the nt4 order, one can in general produce
higher harmonics than the third, thus the fourth, fifth harmonic, and so forth. Akhmanov,
Khokhlov and their co-workers succeeded in performing experiments in which they first
observed the fourth [45, 154] and, quite recently, the fifth harmonic of laser light [155]. They
used a giant neodymium laser to excite a frequency conversion cascade system consisting of
three KDP crystals in series. The first, at room temperature, generated the SH of wavelength
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2, = 530.0 nm, while the second produced the third harmonic at 4; = 353.3 nm or the fourth
harmonic at A, = 265.0 nm [45]. The aim of the third KDP crystal was to mix the harmonics
produced by the first two in order to produce the sum frequencies ws = w, + @; or w5 =
o, + o,, thus yielding the fifth harmonic Sw. Since in KDP and ADP the synchronisation
conditions for summation of the fundamental frequency @, and fourth harmonic w, are not
fulfilled at room temperature, the third crystal was cooled to —70°C in these experiments.
At transition through the synchronisation temperature, a steep 10% to 10*-fold increase in
fifth harmonic power attaining 1 kW in the non-focused beam was observed. The fifth harmonic
of light produced at 45 = 212.0 nm by the above method is the shortest ultraviolet electro-
magnetic wave to have been obtained hitherto by the method of cascade light harmonic
generation in nonlinear crystals.

On replacing the third crystal in Khokhlov’s experiment by a cell containing a solution of
organic scintillators, the ultraviolet frequency can be retuned throughout the 400-200 nm
range [154]. Previously, ultraviolet radiation at 257.3 nm had been produced in KDP and
ADP crystals in continuous SHG with the light of an argon ion laser of wavelength 514.5 nm
[156]. More recently, various authors [157] have observed tunable laser emission in the range
from 385 to 600 nm using the 337.1 nm N, laser line as the pumping source and a number of
dyes and scintillators in several solvents. Also, laser higher-harmonic frequency mixing experi-
ments have been successfully performed at far infra-red frequencies [158] and infra-red
frequencies (in the 9 um region [159]).

We refrain from a discussion of the optical parametric oscillators, which permit coherent
light to be obtained in a wide range of frequencies as well as its continuous frequency modula-
tion, because the subject is dealt with exhaustively in the review articles by Akhmanov and
Khokhlov, and Giordmaine [160], as well as more recently in reviews by Boyd and Kleinman,
and Harris [161].

6. Harmonic Light Scattering

Beside elastic scattering at the fundamental frequency w, laser light of sufficiently high intensity
I causes scattering processes of higher orders at double frequency 2w, triple frequency 3w,
and so forth, so that the total scattered intensity can be expressed by the series [162]:

Ig=8°T+8*12 4+ 8% +..., (24)

where the constant S accounts for the linear scattering studied unremittingly since the days
of Lord Rayleigh and Smoluchowski [26, 30, 35].

The constant S,” defines nonlinear scattering of light at doubled frequency, as observed by
Terhune, Maker, and Savage [163], who used the beam of a giant ruby laser collimated in a
liquid whose molecules possessed no centre of symmetry (H,0, CCl,, CH,CN). Moreover,
SH scattering has been observed in methane under a pressure of 100 atm. [164]. In gaseous
media, SH scattering is very sensitive to the molecular symmetry, and occurs only if molecules
not presenting a centre of symmetry in the ground state undergo a nonlinear polarisation of
the second order at the frequency 2w [162-166]. Liquids, on the other hand, reveal the role of
molecular correlations of the radial and angular kinds [122, 162, 167-169] owing to which,
for example, some small amount of SH scattering can appear in the case of centrosymmetric
molecules possessing a permanent electric quadrupole [122]. In the course of this year, Maker
published an extensive paper [170] containing a discussion of the spectral linewidths of SH
scattering in a variety of liquids. High intensities of nonlinearly scattered light are to be
expected from solutions of macromolecules [171] and colloid particles [172].

Freund [173] observed SH scattering due to angular fluctuations in NH,Cl close to the
critical point. The phenomenon provides information concerning phase transitions in solids
(e.g. the order-disorder transition) [174]. Measurements of SH scattering in NH,Cl as a func-
tion of the temperature and scattering angle have yielded a measure of the ordering corre-
lation length of NH/ ions, and have moreover made apparent the existence of domains with
variously oriented ions [173, 174].

In the quantum mechanical approach, scattering at double frequency is a three-photon
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process in which the molecule absorbs two photons of light incident at frequency @ and emits
a photon at frequency 2. One has also to consider (beside this elastic SH scattering) processes
of nonlinear Raman scattering of the second order [165] in which two photons at frequencies
o, and w, are incident on a molecule, which then scatters inelastically a third photon at
frequency o, + @; + ®;, the frequency w,,; being that of transition by the molecule from the
quantum state k to /. In general one has to envisage nonlinear Raman scattering processes of
higher orders, at frequencies w; + 2w, t @y, @; + W, + w3 + w,, and others [24, 165],
providing valuable information on the nonlinear optical properties of atoms and molecules
[175].

A very recent paper by Strizhevsky and Obukhovsky [176] proposes a microscopic theory
of nonlinear light scattering in crystals of the type of GaP, ZnSe and ZnO. The authors show
that in the general case of dipole active transverse vibrations the nonlinearly scattered intensity
is determined (i) by the nature of the mechanical phonon, (ii) by the interaction between the
phonons and transverse electromagnetic field as a result of which the phonons change into
polaritons, (iii) by non-resonance processes of crystal polarisation by the exciting field.

7. Nonlinear Optical Susceptibilities of Media

Obviously, the processes in which optical harmonics of laser light are produced in a medium
(a crystal, liquid, or gas etc.) depend strongly on the symmetry and structure proper to it. The
study of these new nonlinear phenomena has been an incentive to search for and to obtain
various new materials exhibiting the properties required for strong harmonic generation. The
nonlinear properties of a substance can be established experimentally by testing it in harmonic
processes, or can be predicted theoretically by calculation. Crystals, in order to be useful in
nonlinear optics, have to exhibit considerable asymmetry of their properties, a high refractive
index, high optical birefringence, transparency in a wide spectral range, and the advantage of
being available as single crystals. However, if there are difficulties in the way of growing single
crystals, one can proceed by the powder method [57-59], which has permitted the study of a
number of new nonlinear substances [58, 62]. There exist Tables assembling the nonlinear
data of over 100 organic and inorganic, natural and synthetic crystals [177].

The investigation of optical harmonics in transmitted light provides information regarding
the microscopic structure of the medium as a whole as well as its phase transitions, whereas
studies in reflected light provide optical data on the surface properties of the medium, on
double electric layers, and on surface phenomena at the boundary of two media (thus, gas-
solid, liquid-solid, gas-liquid, electrolyte-semiconductor boundaries).

7.1. Atoms and Molecules
The investigation of harmonic and other nonlinear processes (static [178, 179] and optical
[36, 37, 180, 181] Kerr effect, nonlinear optical activity [182, 183])in gases and liquids enables
us to gain direct information on the nonlinear optical properties of the individual atoms and
molecules [122, 176, 181]. The nonlinear optical properties of molecules are described by the
tensor of second-order polarisability b;;, and that of third-order polarisability —Cs the
components of which can be determined by experiment or by direct calculation.

The dipole moment of second order induced in a molecule at frequency w; = w, + w, is:

m$2>(w3) =Bbiu(—w; ; 0y, w,) Efw,) Efw,) , (25)
where the ordering factor § is equal to 1/4 for ; = w, and to 1/2 if the two frequencies are

different. In the static case (0, = @, = 0), f amounts to 1/2 for the case of a single field and

to 1 for that of two different fields. Beyond dispersion and absorption, we have the following
relations between the tensors defining nonlinear second-order processes:

2bijk("'w3; W, 0,) = bijk(—2w§ 0, )
= 4bijk(—w; w,0) = 2bijk(0§ 0,0) .

Static values b, (0; 0, 0) have been calculated theoretically for various dipolar linear mole-
cules [181, 184-186]; values of b;;; (—w; , 0) can be determined from Kerr effect [181] or
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Rayleigh light scattering [37, 179] measurements. Components of the tensor b;;, (—20; @, w)
can be determined from measurements of nonlinear light scattering at double frequency [163,
164, 176] defined by the constant S** in the expansion (24) or of SHG in a DC electric field
[84, 128, 129].

To a third approximation, the dipole moment induced at frequency w, = 0, + ®, + ®;

in a molecule is:
m,§4)(a)4’) = y¢u(— Wa; 01, ©3, ©3) Ef(w;) E(w,) E(ws) . (26)
Here, the ordering factor y is 1/4 if all the frequencies are different, 1/8 if two differ, 1/24 for
o, = W, = 0, and 1/6 in the single-field static case. Neglecting dispersion and absorption, we
have the relations:
6¢;j1( — w4 0y, @3, w3) = 65— @y ; 01, Wz, —@7)
= 3cijkl(w1 —2m,; —@4, 0y, ;) = Cijkt(“3w§ 0, 0, )
= 6¢;u(—20; 0, 0, 0) = 3c;(-0; 0, 0, —©)
= 12cijkl(_w; ®,0,0) = 4Cijkz(0; 0,0,0) .

Direct calculations of third-order polarisabilities have been carried out for inert gases in
the static [181, 187] and optical [189-192] cases. Static values c;;;; have also been calculated
for linear molecules [181, 185, 192] as well as planar molecules [193]. Values ¢, (—o; o,
0, 0) have been determined for numerous molecules from the static Kerr [179, 181, 187, 194,
195] and optical [40, 180, 196] Kerr effects. Values of ¢;;; (—3w; o, w, ») are determined
from THG studies in gases and liquids [39, 113, 118] or from depolarisation of third-harmonic
scattered light [176, 197] as defined by the constant S** in the expansion (24), ¢;;;; (—20, ,
o, 0) from SHG in a DC electric field [84, 128, 129], and ¢;;,; (0, —2w,; — o, 03, @) from
difference frequency generation [136].

7.2 Solids

Nonlincar optical susceptibilities of solids have been determined by optical harmonic
investigation and have been calculated both classically and quantum mechanically. A useful
and important relationship between the second-order nonlinear susceptibility tensor x2 and
the linear optical susceptibility tensor y;; has been given by Miller [198] in the form:

X = X" A5 X 0% 27
which holds, e.g. for nonlinear piezoelectric crystals. With unrestricted generality, we have the
following relation:

Xije = Xi0* Xjm Xin Ot - (272)

Although quantum-mechanical theories of nonlinear optical susceptibilities of the second,
third [16, 19, 199-203] and higher orders [21, 24, 203-205] have been available for a number
of years, it was only two years ago that numerical computations of non-zero tensor elements
began, and that only for certain cases, thus for semiconductors of the groups III-V [206-209]
the group IV [207], and for covalent crystals [210, 211]. Semiconductor compounds of groups
I1I-V provide the first example of successful, ab initio theoretical calculations of a nonlinear
susceptibility in condensed matter for relatively simple structures. In these calculations, the
authors applied various models and approximations, which enabled them to derive numerical
susceptibility values and to confront these values with the values resulting by Miller’s rule (27)
and by experiment.

Jha and Bloembergen [207]. when investigating the nonlinear susceptibilities of semi-
conductors, calculated separately the bound or valence electron contribution and the con-
duction-electron contribution from simple tetrahedral bonding orbitals. For numerical evalua-
tions, they used hydrogenic-type wave functions and on neglecting overlap obtained, in
contradiction to experiment, a negative sign of the susceptibility. Flytzanis and Ducuing [206]
obtained better agreement using Slater-type wave functions and a variational perturbation
procedure to determine the effective charge of the bond and taking into account semi-
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TABLE | Numerical values of linear and nonlinear polarisabilities of atoms and molecules calculated
theoretically or determined from experimental data. Only mean values a = a3, b — bii3/3 = by,
(for the axial symmetry), b = b,,, (for the tetrahedral symmetry) and ¢ = cui/5 = Csaa3 @re given.*

Units 10-2¢ cm? 10-2° cm’/e.s.u. 10-2¢ cm/e.s.u.?
Gas or a® be b bnw c? ct® cz(z) csa) anﬂu)/
liquid
He 0.205 0.021 {190] 0.027 [194] 0.023 [190]  0.024 [190] 0.068 [136]
0.021 [188] 0.022 {190} 0.021 [189
Ne 0.394 0.051 [187] 0.041 [189
0.055 [181] 0.214 [11
Ar 1.66 0.59 [187] 3.024 [118] 1.39 [136]
0.73 [181] 0.672 [189
Kr 2.52 1.4 [187] 9.264 118
1.6 [181] 1.704 [189
Xe 4.11 3.9 [187] 23.496 [118
4.0 [181] 5.328 [189
H, 0.79 0.2 [185] 0.36 [128] 1.920 [118
N, 1.76 2.568 [118] 1.21 [136]
0, 1.60 0.64 [128] 1.17 [136]
HF 2.46 ~0.16 [184]
CO 1.95 +0.43 [184] 1.0 [185] 1.81 [128] 1.62 [136]
0.19 [185]
0.18 [192]
NO 1.72 3.78 [136]
LiH 3.35 —3.44 [184]
BF 3.13 0.98 [184]
CO, 2.65 2.744 [118] 1.80 [136]
NH, 2.26 —0.045 [186] —3.9 [181]
CH, 2.6 834 %186} 0.01 [164] 2.6 [181]  1.48 [128] 2.65 [136]
~0.21 [181
CCl, 10.5 0.03 [164] A2.0 [181] 3.6 [128]
7.2 [195]
6.51 [179]
2.15 [180]
CH,F 3.55 —0.089 [186] —1.11 [186]
CHCl, 8.23 14.4 [181] 4.8 [180] 4.4 [128]
H.0 1.46 4-0.11 [186]
CS, 8.74 56.5 [179]
50.1 [180]
54.4 {181]
63.9 [195]
C.H, 4.47 4.8 [128] 5.58 [136]
CH, 10.32 —346 [195]
C4H:, 10.87 1.2 [180]
CH,CH, 12.29 27.2 [180]
C.H,NO. 12.17 85.0 [180]
CH;l 7.28 8.0 [128]
SF, 4.47 1.2 [194] 2.25 [136]

Ca71y 47~ 62.)
*The author thanks Professor G. Mayer for a preprint (G. Hauchecorne, F. Kerhervé, and G. Mayer, J. Phys. Paris, i W‘/

with detailed and systematical results on the nonlinear polarisabilities of orders 2 and 3 for a large number of molecular substances
in the gaseous and condensed states. Also, Dr M. A. Duguay was kind enough to communicate his results concerning the hyper-
polarisability of fused silica (M. A. Duguay and J. W. Hansen, Amer. Opt. Soc. Meeting in Philadelphia, April, 1970). The data of
the above papers are not included in Table 1.

empirically corrections for the local field. Philips and Van Vechten [210] applied the dielectric
theory of electronegativity differences to calculate the nonlinear susceptibilities of covalent
crystals. Levine [211], by resorting to a simple model relating the anharmonic motion of the
bond charge to the third and fourth order susceptibilities, achieved satisfactory agreement
with experiment (see Tables IV and V).

Patel et al [212] first used a Q-switched CO, laser beam for studying the nonlinear
susceptibility of semiconductors (which are not transparent in the visible) by measuring the
difference frequencies 2w, — w, at 11.8 um and 2w, — w, at 8.7 um, with near phase-
matched mixing in significantly long crystals. They observed a new type of nonlinearity, which
arises from the non-parabolicity of the conduction-band electrons in semiconductors (InAs,
GaAs, etc.). The problem was studied in detail, calculating contributions to the nonlinear
susceptibility from this non-parabolicity [137, 213], and assuming non-spherical and non-
parabolic energy bands and the existence of a momentum relaxation time [214, 215]. Earlier,
Chang, Ducuing, and Bloembergen [216] proposed a method for measuring dispersion of the
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TABLE |l Relative values of nonlinear susceptibility tensor elements x**;;; determined from SHG measure-
ments (the dyz-value in KDP crystal is taken as unity).

Crystal Symmetry A (pm) Relative values di?® leon Reference
KH,PO, (KDP) 2m 0.6943 dye = 1.00 18.5 (491
dis = 0.95 + 0.06 7.3
1.0582 dyg = 1.00 22.0
dys = 1.01 4+ 0.05 14.6
1.064 dss = 1.00 22.86 [221]
KD,PO, (DKDP) 2m 0.6943 dgg = 0.75 4 0.02 20.6 [49]
diyy = 0.76 4 0.04 7.7
1.0582 dye = 0.92 4 0.04 21.2
diy = 091 4+ 0.03 15.8
NH,H,PO; (ADP) 2 m 0.6943 dsg = 0.93 + 0.06* 17.7 [491
dys = 0.89 4- 0.04 6.7
1.0582 dag = 0.99 + 0.06* 21.0
d;, = 098 4 0.05 13.2
1.064 dye = 1.21 4 0.05 21.18 [221]
BaTiO, 4 mm 1.0582 dy; =35+ 3 3.1 [48]
dyy =37+ 3 58 [49]
d33 _ 14 :t 1 4.1
Quartz (Si0,) 32 1.0582 dy, = 0.82 4+ 0.04 20 [48]
d14 - 0.00 i 0.05
1.064 dy, = 0.77 4+ 0.04 20.65 [221]
AlIPO, 32 1.06 dy; = 0.84 + 0.07 [31
Cds 6 mm 1.0582 dys; =35+ 2 1.8 [48]
dy; =32+ 2 1.7 [49]
dss = 63 j: 4 1.8
ZnO 6 mm 1.06 dis =47 + 04 [3]
dyy, =43 4 04
d33 = 13.4 :]: 0.4

*Recently, Miller obtained corrected values: d;,APF = (1.03 4 0.06) d,XPP for 0.6943 um and d,;AP? =
(1.18 + 0.06) d,,5PF for 1.0582 pm which are in agreement with the latest accurate measurements of
Jerphagnon and Kurtz [221]. :

complex nonlinear susceptibility tensor x;;, of semiconductors (it is real only if the medium
is transparent for the fundamental and harmonic frequency but is complex if the medium
absorbs either). More recent work deals with nonlinear susceptibility dispersion of other
materials [217] and accurate measurements of its sign and relative values [218-227]. Di
Domenico and Wemple [220] developed a microscopic theory of the electro-optical and
nonlinear optical properties of oxygen-octahedra ferroelectrics in the energy-bond approach.

The latest results [222] show that Ag;SbS; (pyrargyrite, which can be grown in large single
crystals similarly to Ag;AsS; (proustite) [223]) is a suitable low absorption material for use
as a standard in the accurate determination of nonlinear optical susceptibilities at 10.6 um.
Similarly to the hitherto used standard materials such as quartz, KDP and ADP, which have
recently been studied exhaustively [221], crystalline Ag;SbS; is suitable for pulsed parametric
oscillation in the infra-red, and up-conversion. Its large birefringence and lack of temperature
dependence indicate that phase-matching normal to the optical axis will not be achievable.
Previously, the sole materials known to permit phase-matched SHG at 10.6 um were tellurium
and selenium [66], whose inadequate optical quality, large double refraction and optical
activity made reproducible measurements difficult.

Data regarding the tensor of second-order susceptibility can also be gained from the well-
known linear electro-optical effect defined by the polarisation:

PP, k) = yi(— w3 0, 0) E (0, k) E(0) (28)
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TABLE Il Optical susceptibilities of some new nonlinear materials determined by SHG investigation.*

Material Symmetry A (pm) diy(— 20, w, w) Reference
LiNbO, 3m 1.06 dys = (6.3 £ 0.6) d; KPP [50]

dyy = (11.9 & 1.7) dyyKDP

daa =83 &+ 21) dseKDP

LiTa0, im 1.06 dys = (43 & 0.5) dygKDP [50]

ds; = (2.6 + 0.5) d, KPP
: dys = (40 &= 5) dy KPP

AgAsS, 3m 1.152 dyy = 50 dygEDPP [64]
ds, = 30 d,KDP

Ag;SbS; Im 10.6 dyy = (32 + 10) x 10~° cm/volt [222]
dg; = (30 4- 10) x 10~* cm/volt

KLi,NbO, 4 mm 1.064 dyy = (19.3 £ 4 d,,9 [51]
dys = (35 £ 5)dy,Q

K;Li;Nb;O,; 4 mm 1.06 dyy = (19 + 4) d,,° [63]

Ba,NaNbO,; - 2 mm 1.064 dy = (35 + 7) dy,° [51]
dyy = (41.3 + 4) d,,@
dys = (42 4 3) d,,9

HIO,; 222 1.06 diy = (21 4 4) d},Q [52]

LilO, 6 1.06 dsy = (31 + 3) d, KPP [53]
ds, = (38 & 6) d;,°

1.064 ds; = (11,9 + 1.0) d,¥PP : [54]

dyy = (124 4- 1.0) 4;,KDP

NaClO, 23 0.6943 dyy = 3.3 X 10~% es.u. [70]

NaBrO, 23 0.6943 dy; = 1.35 X 10~%es.u. [70]

*d;XPP: susceptibility of KDP crystal, d;,9: susceptibility of quartz.

TABLE IV Nonlinear optical properties of semiconductors of the Ill, IV and V groups (symmetry 43m).

Material nw) nQw) l:on (measured) d,4%“ in units of 108 e.s.u.
(um) experimental* theoretical
InAs 3.49 3.54 534+ 2 [219]) 1.0 4- 0.3 [66] 1.0t
60 + 10 [66] 12 + 03 [86] 0.96 [211]
1.0 [219] 2.05 [206]
GaAs 327 3.30 104 + 7 [219] 0.88 4 0.3 [66] 0.64t
111 + 10 [66] 09 + 02 [86] 0.57 [211]
0.45 [219] 0.95 [206]
GaP 3.05 i 46 =3 [219] 0.26 [219] 041t
0.105 [97] 0.34 [211]
‘ 0.70 [206]
GaSb 3.80 3.82 134 + 7 [219] 1.51 [219] 1.70%
12 [211]
0.80 [206]

*Experimental values of d;,2¢ from SHG measurements with a CO, gas laser yielding light of wavelength
10.6 pm.
Values calculated from Miller’s empirical rule [198, 219].

resulting from equation 8, and from the optical-rectification effect [6]:

P{X0) = x,(0; w,— ) E(w, k) Ej (@, k) (29)
which consists in the production of a steady polarisation in a medium subjected to an optical
laser field of intensity E; E*.

Measurements of the susceptibilities appearing in equations 28 and 29 have been carried

out for KDP and ADP [228] crystals as well as for ferroelectric crystals [220, 224, 225, 227,
229, 230].
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TABLE V Experimental and theoretical values of nonlinear optical susceptibilities for semiconductor crystals,

Crystal Symmetry di2? in units of 10~7 e.s.u.
experimental [66, 86, 211, 224] calculated [211]
InSb 43m dyy =165 4+ 3.5 dys = 190
CdTe 40 + 1.5 3.5
ZnTe 3.1 £ 07 3.0
ZnSe 14 £ 04 14
ZnS 0.7 4- 0.2 0.85
CuCl 02401 0.32
Cdse 6 mm d15 = 1.15 :t 0.35 d15 = d31 = 1.3
dg; = 1.05 £ 0.35
d93 = 2.00 ﬂ: 0.7 daa - 2.6
CdS d,s = 0.60 £ 0.09 dis = d3; = 0.6
d31 = 0.55 '_‘t 0.09
d33 = 1.00 j: 0.15 dss - ].25
ZnS dys = 0.50 4- 0.15 dis = d3; = 0.48
dgl = 0.45 :l: 0.15
dss = 0.89 1+ 0.3 dys = 0.95
7Zn0O dis = —0.07 + 0.03 dis = d3; = —0.12
dyy = —0.07 4 0.03
dss = —0.22 4 0.05 dy; = —0.28
SiC dss = -1.98
BeO dz3 = —0.0075 dg; = —0.013
Si0O, dss = 0.012 dys = 0.012

Likewise, the third-order susceptibility can be determined from light intensity birefringence,
which results from the polarisation measured at frequency w; induced by intense light of
frequency w,: X

PPN w,) = Xipl{ — 01 O, 03, —0,) E0,) Ew,) E(w,) . (30)
The nonlinear susceptibility occurring in equation 30 has been measured mostly in isotropic
bodies [38-40, 231, 232]. At w, = 0, equation 30 describes the static Kerr effect discussed for
alkali metal vapours [233] and studied recently by the new laser technique in liquids consisting
of tetrahedral and anisotropic molecules [234].

As shown theoretically and experimentally by Freund [235], second-order susceptibilities
are accessible to investigation by nonlinear diffraction of optical harmonic radiations at angles
of incidence for which Bragg’s law is satisfied. This novel nonlinear effect arises owing to a
periodic spatial modulation of the nonlinear susceptibility, and is absent in dielectrics with a
spatially uniform linear susceptibility.

8. Final Remarks

In the search for new materials for the production of optical harmonics, account should be
taken not only of their high nonlinearity but also of the existence of matching directions in
them, which permit an increase in harmonic intensities by several orders of magnitude. This
raises the equally important point of finding new methods of phase velocity synchronisation
not only in anisotropic bodies but, in the first place, in isotropic ones. In naturally anisotropic
bodies, optical dispersion can be compensated owing to the presence of natural linear optical
birefringence [43, 44], whereas in isotropic ones matching can be achieved by resorting to the
dispersion of circular birefringence occurring in optically active substances [69, 115]. Boyd
et al [236] have just reported observations of acoustically induced phase-matched optical
harmonic generation in GaAs. It is to be hoped that yet other, ingenious methods of matching,
resorting to other effects and factors (electric fields, magnetic fields, flow, mechanical stress,
etc.) may be found.

Nonlinear optical properties of matter are also apparent in a variety of processes and

142



OPTICAL HARMONIC GENERATION

phenomena unmentioned in this paper. Here belong, in the first place, parametric processes
[160, 161, 237-241], emission and parametric scattering [242-246], various stimulated scatter-
ing effects [11, 15, 135, 247], multi-photon processes [9, 12, 248, 2491, self-focusing and self-
trapping [13, 40, 250-253], optical saturation [254, 255], optical Kerr effect [36, 37, 180, 256,
257], nonlinear optical activity and dichroism [182, 183, 258]. These effects, when the medium
is a solid, are essentially determined by electronic and ionic processes; in isotropic bodies,
they depend, often decisively (beside electronic processes), on processes of optical molecular
reorientation [36, 37] and molecular spatial redistribution [37, 122, 250].

In dealing with the above-discussed nonlinear effects, much importance is attached to the
analysis of radiation field coherence [259] and of the fluctuational-statistical processes
accompanying the generation of optical harmonics [260-262]. Papers are moreover available
on harmonic generation by bounded laser beams [263], the role of resonators [264, 265] and
of different degrees of mode-locking [266] and matching [267-2697, as well as other aspects
of harmonic generation [270-274] and nonlinear optical mixing [275-277] including such
media as a plasma [278] and an electron gas [279]. Also, general perturbation theories of
nonlinear interaction between intense electromagnetic waves and matter have been developed
in a classical [280], semi-classical [205, 281] and quantum-electrodynamical approach [257,
282], to within arbitrarily high orders of the perturbations and electric and magnetic multipoles

24, 248].

[ Successful studies of the optical properties of highly nonlinear materials and the under-
standing of the mechanism by which intense electromagnetic waves interact in matter have
rendered possible, in the course of the past ten years, the achievement of rapid progress in the
production of light harmonics in continuous, pulsed and ultrashort generation. In some cases,
it has proved feasible to raise the second harmonic conversion yield to almost 1009 [156,
274], permitting the use of optical second harmonics as a source of intense coherent green and
ultraviolet radiation. The production of sum and difference frequencies provides a tunable
source of far infra-red and millimetre wavelength radiation. Optical harmonics and their
polarisation properties have found application in methods for the measurement of picosecond
light pulses.

Coherent light in the visible and near infra-red can be obtained with parametric optical
oscillators [238], which permit continuous tuning (i) by mechanical rotation of the crystal in
the resonator [160, 1611, (ii) by temperature-variation of matching angles, and (iii) by the
linear electro-optical effect, a method of low inertia of order 10~12 sec [239, 283]. An alterna-
tive is to hand in the organic lasers [ 157, 2841, which tune the frequency in a rather wide range.
However, parametric oscillators have the advantage [238] over dye lasers in that they permit
operation in the far infra-red range, a broader tuning frequency interval, CW operation, and
applications for selective excitation in molecular nonlinear spectroscopy as well as in chemical
studies [12, 285].

The analysis of nonlinear processes consisting in the generation of optical harmonics and
the mixing of laser light frequencies provides an important new method for studying the
properties of crystals and other materials, i.e. their optical dispersion, the positions and
intensities of absorption bands, macroscopic and microscopic structural symmetry, and for
determining numerical values of nonlinear optical susceptibilities. Harmonic investigations in
transmitted and reflected light have allowed experimental verification of the laws of reflection
and refraction which, in general, are nonlinear [17]. In order to understand and predict the
behaviour and proper functioning of various new opto-electronic devices operating in condi-
tions of very intense laser radiation, it is important to know how long the usual laws of optics
remain valid and when nonlinear laws of light reflection and refraction begin to intervene.
Although the harmonic intensities in reflected light are considerably weaker than in trans-
mitted light (particularly under phase-matched conditions), they nevertheless permit the in-

_ vestigation of nonlinearity in absorbing materials. Thus not only their internal structure but
also their surface properties, especially at contact with other substances, are accessible for
study. We obtain knowledge of the electronic, atomic and molecular properties of matter
at frequencies ranging from the ultraviolet through the visible, infra-red, and far infra-red
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into the millimetre band. The new optical effects are by no means an image of the (natural and
induced) nonlinear optical properties of matter in the electric dipole approximation only; in
bodies with a centre of symmetry, the essence of certain of these effects resides in higher,
multipolar electric and magnetic polarisations [20, 24, 248]. Multi-harmonic light scattering
[122, 170], nonlinear diffraction [235] and nonlinear refractive index studies [250, 253] pro-
vide invaluable information concerning multi-molecular correlation functions and permit the
quantitative checking of the superposition principles of the distribution functions dealt with
in statistical mechanics [286-290].

The uncanny properties and enormous intensity of laser light have induced material media
to respond fascinatingly and unexpectedly with an array of optical effects of extreme beauty in
the course of the ten years which have elapsed since the coming of lasers.
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