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‘Nonlinear’ optical phenomena are not part of our everyday experience.
Their discovery and development were possible only after the invention of
the laser.

Céc hién tuong quang phi tuyén khong phai la mot phan trong kinh nghiém
hang ngay cua ching ta. Nhirng hién tugng nay chi dugc phat hién va nghién
ctru tr sau khi phat minh ra laser.
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In optics we are concerned with the interaction of light with
matter. At the relatively low light intensities that normally occur in
nature, the optical properties of materials are quite independent of the
intensity of illumination. If light waves are able to penetrate and pass
through a medium, this occurs without any interaction between the waves.
These are the optical properties of matter that are familiar to us through
our visual sense. However, if the illumination is made sufficiently
intense, the optical properties begin to depend on the intensity and other
characteristics of the light. The light waves may then interact with each
other as well as with the medium. This is the realm of nonlinear optics.
The intensities necessary to observe these effects can be obtained by
using the output from a coherent light source such as a laser. Such
behaviour provides insight into the structure and properties of matter. It
also utilised to great effect in nonlinear-optical devices and techniques
which have important applications in many branches of science and
engineering.

Quang hoc nghién ctru tuong tic ctia anh sang v4i méi trudng vat chat. Vi
cac ngudn anh sang trong tu nhién c6 cudng do twong d6i thap, tinh chat
quang hoc cua vat liéu khdng phu thudc vao cudng do anh sang. Néu song
anh sang xuyén sau va di qua méi truong, chung s€ khong tuong tac voi
nhau. Tuy nhién, néu cudng do6 anh sang manh dén mot mace do thich hop,
tinh chat quang hoc bat dau phu thudc vao cudng d6 va cac dic tinh khac
cta anh sang. Thé thi séng anh sang c6 thé tuong tac véi nhau va tuong tac
v6i moi truong. Pay 14 pham vi nghién ciru ctia quang phi tuyén. Anh séng
c6 cuong d6 can thiét d¢é quan séat nhitng hiéu ang 1a chinh 1a cac ngudn &nh
sang két hop chiang han nhu laser. Nhitng hiéu tng nay gidp ching ta hiéu
sau hon cau tric va céc tinh chat cua vat chat. Ciing c6 thé dung nhing hiéu
rng nay trong cac thiét bi va ki thuat quang phi tuyén cé nhitng tng dung
quan trong trong nhiéu nganh khoa hoc va k§ thuat.

Another effect of light on matter can sometimes be to induce
changes in the chemical composition; such ‘photochemical’ processes lie
outside the subject of this book.

Mot tac dong khac ciia anh sang dbi vai vat chat 1a thay doi thanh phan hoa
hoc; chang han nhu cic qué trinh “quang hoéa” nam ngoai pham vi cua sach
nay.



1.1  Origins of optical nonlinearity

We now consider in a simple way how nonlinear-optical behaviour might
arise. The materials which concern us in optics can be thought of as a
collection of charged particles: electrons and ion cores. When an electric
field is applied the charges move; the positive charges tend to move in the
direction of the field, whilst negative ones move the opposite way. In
conductors, some of the charged particles are free to move through the
material for as long as the electric field is applied, giving rise to a flow of
electric current. In dielectric materials, on the other hand, the charged

1.1 Ngudn géc cua su phi tuyén quang hoc

Bay gid chung ta xét so lugc vé ngudn goc nay sinh cac dac tinh phi tuyén.
Nhitng vat liéu ma ching ta xét trong quang hoc c6 thé dugc xem 1a mot tap
hop c&c hat mang dién: cac electron va 161 ion. Dudi tac dung cua dién
truomg cac dién tich s& di chuyén; cac dién tich duong c¢6 khuynh huéng di
chuyén theo chiéu dién trudng, trong khi d6 cac dién tich &m c6 khuynh
huéng di chuyén nguoc chiéu dién truong. Trong cac vat dan, khi c6 dién
truong dit vao, cac dién tich s& tu do di chuyén trong vat liéu 1am nay sinh
dong dién. Mat khéac, trong vat liéu dién moi,

particles are bound together, although the bonds do have a certain
‘elasticity’. Therefore, the motion of the charges is transitory when the
field is first applied; they are displaced slightly from their usual positions.
This small movement -positive charges in one direction and negative
ones in the other-results in a collection of induced electric-dipole
moments. In other words, the effect of the field on a dielectric medium is
to induce a polarisation.

Cac hat mang dién lién két voi nhau, mac du céc lién két co sy “co gidn”
nhat dinh. Do d6, su di chuyén cua cac dién tich c6 tinh tam thoi khi truong
&p vao lan dau tién; chdng bi dich chuyén khoi vi tri thong thuong. Sy dich
chuyén nho nay ( cac dién tich duong di chuyén theo chiéu dién truong va
cac dién tich &m di chuyén theo chiéu nguoc lai) dan dén sy hinh thanh mot
tap hop cac moment ludng cuc di€n cam ung. Noéi cach khac, tac dong cua
truong dén moi trudng dién moi 1a gay ra do phan cuc.



A light wave consists of electric and magnetic fields which vary
sinusoidally at ‘optical’ frequencies (~10' - 10'7 Hz). The motion of the
charged particles in a dielectric medium in response to an optical electric
field is therefore oscil'atory; they form oscillating dipoles. The effect of
the optical magnetic field on the particles is much weaker and we neglect
it here. The positively-charged particles-the ion cores-have much
greater mass than electrons and so, for high optical frequencies (in the
ultraviolet and visible regions of the spectrum), it is the motion of the
electrons that is most significant. The response of an electron to the
optical electric field is that of a particle in an anharmonic potential well.
We can think of this in terms of a simple mechanical analogy. Suppose
the electron, of mass m and charge -e, is attached to the mother ion by a
spring, as shown in Fig. 1.1. For simplicity we consider the case shown
where the electric dipoles are all oriented in the same way, in the
direction of the field. The position of the electron varies in response to
the electric field E(¢) in a manner governed by the equation of motion for
an oscillator:

Anh séng bao gém céc truong dién va tir bién doi theo dang hinh sin & tan s6
“quang hoc” (~10%3 — 10'7Hz). Su chuyén dong cua c4c hat mang dién
trong dién moi dudi tac dong cua truong dién quang hoc do do 1a dao dong;
ching hinh thanh céc luong cuc dao dong. Tac dong cua truong tir quang
hoc dén c4c hat nho hon nhiéu va vi vay ching ta c6 thé bo qua. Cac hat
mang dién duong-cac 18i ion- c6 khéi luong 16n hon nhiéu so voi cac
electron va vi vay, dbi v4i cac tan sd quang hoc cao (trong cac ving phd
hong ngoai va kha kién), chuyén dong cua cac electron dong vai trd quan
trong. Bap ng cua mot electron vai truong dién quang hoc la dap trng cua
mot hat trong giéng thé phi diéu hoa. Gia st electron ¢ khéi lugng m va
dién tich — e gin voi ion me qua 10 xo (H 1.1). Bé don gian, chlng ta xét
truong hop cac ludng cuc dién co dinh huéng giéng nhau, theo hudng cua
truong. Vi tri cua electron thay doi dudi tic dong cua truong dién E(t) tuan
theo phuong trinh chuyén dong cia dao dong tu:



—

Im X

|
o

Optical frequency w

Fig. 12 Variation of the real and imaginary parts of the susceptibility X with
frequency in the region of a resonant frequency 1.

m %+2I‘% +Px - (EPx2 +€0x3 + - )| = -eE(r), (1.1)

where x is the displacement from the mean position, 1 is the resonance
frequency, and I is a damping constant. The term on the right-hand side
of (1.1) represents the force exerted on the electron by the applied field
which drives the oscillations. We ignore the anharmonic terms £@x? +
¢¥x34+ .- for the moment, and consider the harmonic response to an
applied electric field of the form:

E(t) = Eqcos(wt) = LE[exp(-iwt)+exp(iwt)], (12)

where w is the optical frequency. Substituting (1.2) into (1.1) gives a
linear equation whose solution is

-eEo exp(-iwt)
= S +cc., (1.3)

X =

Trong d6 x 1a d6 dich chuyén vi tri trung binh, Q 1 tan s6 cong huong, va T
la hé sb tit dan. SO hang & vé phai cua (1.1) biéu dién luc tic dung cua
truomg 1én electron diéu khién dao dong. Ching ta bo qua cac sb hang phi
diéu hoa...... va luc nay, va xép dap (ng vdi truong ngoai co dang:



Trong d6 w 1a tan sé quang hoc. Thé (1.2) va (1.1) ta dugc phuong trinh
tuyén tinh c6 nghiém Ia

where c.c. denotes the complex conjugate. If there are N electric dipoles
per unit volume, the polarisation induced in the medium is P= —Nex.
We can express this linear dependence of the polarisation P on the field
E in terms of the susceptibility x as

P = 1 egxEgexp(-iwt) + c.c., (1.4)
where

Ne? 1
X eom P-2Tw-o ' (15)

Trong d6 c.c chi lién hop phtc. Néu N 1a sé ludng cuc dién trén mot don vi
thé tich. o phan cyc cam ¢ng cua moi truong 13 P = —Nex. Chiing ta c6
thé biéu dién su phu thudc cua dé phan cuc P vao truong E theo d6 cam y 1a

and ¢ is the free-space permittivity. The electric dipoles (and the

polarisation) therefore oscillate at the same frequency as the incident
optical field. They radiate into the medium and modify the way in which
the wave propagates. Since the electric displacement D =¢oE + P, we see
that the dielectric constant is 1+Xx and the refractive index is ReV1+x.
Losses in the medium are allowed for by the imaginary part of x, which
takes into account the component of P in quadrature with the field. The
real and imaginary parts of (1.5) are sketched in Fig. 1.2. These describe
the familiar ‘linear’ optical properties of a medium.

Va €, 12 hang sé dién mdi chan khong. Do dé, cac ludng cuc dién (va do
phan cuc) dao dong vai tan so twong ty nhu tan s cua truong quang hoc tai.
Chlng phat xa vao mdi trudng va thay d6i qua trinh lan truyén séng.Boi vi
vector cam tmg dién D = gyE + P, ching ta thay hang sé dién moi 1a 1 + y
va chiét suat 1a Re /1 + y. P9 t6n hao cua moéi truong duoc biéu dién qua
phan a0 cua y , xét dén thanh phan P léch pha 90° so véi truong. Phan thuc
va phan ao cua (1.5) duoc bidu dién trong H.1.2. Nhirng duong cong nay
mé ta tinh chat quang hoc “tuyén tinh” quen thudc cta méi trudng.



In physics the linear dependence of one physical quantity on
another is almost always an approximation, which is valid over only a
limited range of values. In our case, the motion of the charged particles
in a dielectric medium can be considered to be linear with the applied
field only if the displacement x is small. For larger displacements the
restoring force is significantly nonlinear in x ; in terms of the mechanical
analogy, the spring becomes distorted when the extension or compression
is large. This nonlinearity is accounted for in (1.1) by including the terms
which represent an additional anharmonic restoring force
m(E@Dx2+£0x3+ - - +), where €@, ¢® .. are constants. In Fig. 1.3 we
show how an anharmonic response gives rise to an induced polarisation
which can be considered to be either linear (to a good approximation) or
significantly nonlinear, depending on the magnitude of the applied field.
Spectral analysis of the polarisation wave in case (b) shows that, in
addition to the major component oscillating at the input frequency w, it

Trong vat ly, su phu thudc tuyén tinh ctia mot dai lwong vat ly vao mot dai
lwong khac gan nhu 1udn ludn 13 mot gan ding, va chi c6 thé &p dung duoc
trong mot khoang giéi han. Trong trudng hop dang xét, chuyén déng cua cac
hat mang dién trong méi trudng dién mdi chi c6 thé xem la phu thudc tuyén
tinh vé&i tredng ngodi néu dé dich chuyén x nho. Pbi véi nhitng d6 dich
chuyén 16n, lec phuc héi phi tuyén theo x; tuong ty nhu co hoc, 10 xo bi bién
dang khi luc kéo hodc nén qué 16n. Pé xét dén dac tinh phi tuyén nay, trong
(1.1) chang ta xét dén ca nhitng s6 hang biéu dién lyc phu hdi phi diéu hoa
m(E@x? + E®x3 +...), trong d6 §@, £@ 4 cac hing so6. Trong hinh 13,
chang toi biéu dién dap Gng phi diéu hoa nay sinh d6 phan cuc cam ung cé
thé xem I tuyén tinh (gan dang) hoac phi tuyén tiy thudc vao do lon cua
truong ngoai. Phan tich phé séng phan cuc trong truong hop (b) ching ta
thdy rang, cung vai thanh phan chinh dao dong & tan sé w,

contains significant components oscillating at the harmonic frequencies
2w, 3w, ..., and a d.c. component (at zero frequency). This is analogous
to the well-known harmonic distortion of signals in an electrical circuit
whose response is not perfectly linear. Now, an important fact in
electromagnetic theory is that an oscillating electric dipole emits a
radiation field at the frequency of oscillation. This is also true of a
collection of dipoles. (We made use of this fact in the previous discussion
of linear-optical properties.) Therefore the component of the polaris-
ation that oscillates at the second-harmonic frequency 2w can radiate a
field at 2w. This is the process of second-harmonic generation.



NG con ¢ cac thanh phan khac dao dong ¢ céc tan sé hdi 2w, 3w,...., va
thanh phan mot chiéu (o tan s khong). Hién tuong nay twong tu nhu su méo
hai tin hiéu thuong gap trong mét mach dién c6 dap ung khéng hoan toan
tuyén tinh. Bay gio, mot tinh chat quan trong trong ly thuyét song dién tir 1a
ludng cuc dién dao dong phat trudng buc xa ¢ tan sé dao dong. Piéu nay
cling dung ddi véi tap hop cac ludng cuc. (Chung ta da st dung tinh chat
nay trong phan truéc khi phan tich vé cac tinh chat quang hoc tuyén tinh).
Do d6, thanh phan cua d6 phan cuc dao dong & tan s6 hai bac hai 2w c6 thé
birc xa truong 2w. Pay la qua trinh phat song hai bac hai.

When the anharmonic terms are included, there is no longer an
exact solution for the equation of motion (1.1). However, provided the
anharmonic terms are small compared with the harmonic one, we can
solve (1.1) to successive orders of approximation by expressing x as a
power series in E. Equivalently, we can expand the polarisation P in the
form:

P = ¢(XVE + XDE? + XVE ¢ ---). (1.6)

Khi xét dén céac sb hang phi diéu hoa, khdng thé tim duoc nghiém chinh xac
ctia phuong trinh (1.1). Tuy nhién, néu cac s6 hang phi diéu hoa nho so véi
s hang diéu hoa, ching ta c6 thé giai (1.1) dén cac bac gan dung lién tiép
bang cach biéu din x theo chudi liy thira cua E. Hodc twong dwong, chung
ta cd thé biéu dién d6 phan cuc P dudi dang:

Here XX denotes the linear susceptibility discussed previously, and the
quantities X¥, x{¥ .. are called the nonlinear susceptibilities of the
medium.

Trong d6 y ™ chi do cam tuyén tinh da dé cap o trén, va cac dai luong ¥ @,
x®......duoc goi 1a cac do cam phi tuyén cia moi trudng.



Shortly we shall review some of the many nonlinear-optical
phenomena that can occur. First, however, we consider how large the
incident optical field must be to allow atoms and molecules to reveal their
nonlinear properties. From the above discussion it is apparent that, for
significant nonlinearity arising from the anharmonic motion of electrons,
we require an incident field which is not entirely negligible in comparison
with the internal field E, which binds together the electrons and ions;
typically E,~3x10" Vm~!. To obtain an optical field of such a
magnitude, an incident intensity of ~10'" W cm™2 is required. Intensities
of this magnitude can be achieved by focusing the powerful picosecond-
duration pulses that are obtainable from mode-locked lasers. However,
such high intensities are not in fact necessary for the observation of many
nonlinear-optical effects. One reason is that, provided the assembly of
induced dipoles oscillates coherently (i.e., with a definite phase relation-
ship between them), the field that they radiate individually can, in certain
circumstances, add together constructively to produce a much larger total
intensity. In nonlinear optics this condition of constructive interference is
known as ‘phase matching’. For example, the characteristic length for
significant second-harmonic generation under phase-matched conditions
is L~AE,/E , where E is the incident optical field and A is its wavelength.

Ngay sau ddy, chiing ta s& diém lai mét sb hién twong quang phi tuyén c6 thé
xay ra. Tuy nhién, trudc hét chung ta xét trudng quang hoc toi phai c6 do
|6n nhu thé ndo dé cac nguyén tir va phan tir thé hién cac tinh chat quang phi
tuyén. Ttr phan tich ¢ trén, rd rang ching ta thiy rang, dé mac do phi tuyén
nay sinh tir chuyén dong phi diéu hoa cua cac electron 16n, truong téi phai
vao khoang truong noi nguyén ti E, (truong lién két cac electron va ion voi
nhau); dién hinh khoang E,~3 x 10*°V'm~'. Trudng quang hoc c6 do 16n
nhu thé tuong (g V4i cuong do toi ~10MWem™2. Bé dat dugce cudng do
¢6 do 1on nhu thé ching ta c6 thé hoi tu cac xung laser pico gidy manh tir
cac laser khoa mode. Tuy nhién, dé kich thich nhiéu hiéu wng quang phi
tuyén ching ta khong can cac cuong do cao nhu thé. Bai vi, khi tap hop cac
ludng cuc cam tng dao dong két hop (tic 1a méi quan hé pha giira ching
xac dinh), truong do tirng phan ta buc xa ra, trong mot s6 truong hop nhat
dinh c6 thé tang cuong lan nhauddeer hinh thanh tong cuong do lon hon
nhiéu. Trong quang phi tuyén, diéu kién giao thoa ting cudng nay dugc goi
1a “hop pha”. Chang han, chiéu dai dic trung dé hiéu suat phat séng hai bac
hai 16n trong cac diéu kién hop pha 1a L~AE, /E, trong d6 E 1a trudng quang
hoc tgi va A la budc séng caa no.



