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1.1 HISTORICAL BACKGROUND

Nonlinear optics encompasses a rich diversity of phenomena whose applications grow at a
seemingly exponential rate. This growth originates with the invention of the laser in 1958 and
its first demonstration in 1960. Within a few years, effects such as second-harmonic genera-
tion (SHG), sum-frequency generation (SFG), difference-frequency generation (DFG), optical
rectification, two-photon absorption, and third-harmonic generation were observed for the
first time at optical frequencies (see Figure 1.1 and references therein). Studies quickly fol-
lowed building a theoretical framework to describe and predict the observed nonlinear behavior
(Armstrong et al., 1962; Bloembergen and Pershan, 1962; Kleinman, 1962a,b; Pershan, 1963;
Ducuing and Bloembergen, 1964; Harris, 1966; Minck et al., 1966; Tang, 1966; Boyd and
Kleinman, 1968; Giallorenzi and Tang, 1968). It is remarkable how quickly both experimental
demonstrations and complete theoretical descriptions of nonlinear phenomena were published
after the invention of the laser. Since these initial papers, a wealth of work has followed observ-
ing new phenomena, exploring new aspects of the theoretical underpinnings, and improving
upon earlier results.

1.1 POI NET VE LICH SU

Quang phi tuyén bao gom nhiéu hién twong ma cac (ng dung cua ching
dudng nhu ting theo téc do liy tién. Sy phat trién nay bat ngudn tir phat
minh ra laser vdo nim 1958 va minh chtrng thuc nghiém dau tién vao nim
1960. Trong vai ndm qua, cac hiéu tng chang han nhu phat soéng hai bac hai
(SHG), tao tan s tong (SFG), su tao tan sé hiéu (DFG), chinh luu quang
hoc, hap thu hai photon, va su phat séng hai bac ba duoc quan sét lan dau
tién & tan sé quang hoc (xem Hinh 1.1 va cac tai liéu tham khao trong do).
Nhitng nghién ctu sau d6 di nhanh chong xay dung nén tang ly thuyét dé
mo ta va du doan nhitng dic tinh phi tuyén phat hién dugc (............. ). Sau
khi phat minh ra laser, sy phét trién nhanh chéng vé ca thuc nghiém va mé
ta ly thuyét hoan chinh vé cac hién tuong quang phi tuyén da dién ra nhanh
chéng véi tdc do an tuong. Ké tir nhitng bai bao ban dau, rat nhiéu cong
trinh tiép theo da quan sat nhiing hién twong mai, kham phé nhiing khia
canh méi ciia nén tang ly thuyét va cai thién nhitng két qua trude do.

Behind all these developments is the high field associated with lasers. Because of their
temporal and spatial coherence, lasers have a brightness, defined as W/m?/Sr, which far exceeds
other light sources. Early Q-switched lasers easily attained intensities of > 1 MW/cm? by
focusing, and the interaction of these high fields with materials led to observations of nonlinear
behavior. The rate of discovery and development since the early 1960s continues at a rapid
pace. Of the more recent developments, we highlight those covered in this book: spontaneous
parametric fluorescence in 1967 (Akhmanov, 1967; Byer and Harris, 1968); optical phase

conjugation in 1972 (Zel’dovich et al., 1972; Yariv, 1976); optical bistability in 1976 (Gibbs
et al., 1976); and optical solitons in 1980 (Mollenauer et al., 1980).

Pdng hanh cing su phat trién nay 13 truong cuong d6 cao cia nguon laser.

Do tinh chat két hop ca khdng gian va thoi gian, laser c6 do sang, duoc dinh
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nghia theo — /St 16n hon nhi€u so vai cac nguon sang khac. Nhing laser



cong tac Q dugc san xuat ¢ giai doan dau dé dang dat dugc cuong do
> 1MW /cm? théng qua hoi tu, va tuong tac cua nhitng truong cuong do
cao véi vat liéu dan dén nhirng tinh chat phi tuyén. Toc do phat hién va phat
trien ke tu dau nhiing nam 1960 lién tuc véi nhip ¢ nhanh. Trong s6 nhiing
phéat trién gan day hon, trong sach nay chung t6i s& nhan manh: huynh quang
tham s6 tic thoi vao ndm 1967............. Lién hop pha quang hoc vao nam
1972...... Ludng 6n dinh quang vao ndm 1976....; va cac soliton quang hoc
vao nam 1980......

Applications for nonlinear optical devices were readily apparent after their first demon-
strations. The ability to frequency convert adds significant flexibility to fixed frequency laser
sources. Moreover, the nonlinear frequency conversion can be high, in some cases nearly deplet-
ing the input laser energy. It is common to find commercial lasers sold with frequency extension
units to double, triple, and even quadruple the fundamental frequency. Frequency conversion is
more than a convenience—nonlinear optical techniques allow for experiments that require spe-
cific frequencies unattainable by available lasers, which have limited tuning ranges. Another
class of nonlinear applications is nonlinear spectroscopy. Nonlinear absorption and scattering
methods provide a means to identify trace quantities of unknown materials with high res-
olution. Spontaneous Raman scattering (Raman and Krishnan, 1928), gives a “fingerprint”
scattering signature that allows for the identification of different materials (see Chapter 9).
Nonlinear saturation spectroscopy allows for high-resolution spectroscopy by eliminating

Doppler shifts in absorption features, called Lamb-dip spectroscopy (Lamb, 1964). The reader
may wish to consult a survey of these and other spectroscopic techniques (Demtroder, 1996).

Ung dung cua quang phi tuyén rd rang da bat dau trién khai tir sau minh
chting thuc nghiém dau tién.Kha ning chuyén d6i tan sé di tao sy linh hoat
dang ké cho nhitng nguén laser tan sé ¢d dinh. Hon nita, hiéu suat chuyén
dbi tan sb phi tuyén cao, trong mot sé trudng hop gan nhu khong lam suy
giam cudng do laser dau vao. Thong thudng nhitng ngudn laser ban trén thi
truong ¢6 nhing bo phan maé réng tan sé dé nhan doi, nhan ba, va tham chi
nhan bdn tan sé co ban. Su chuyén d6i tan sé con thuan tién hon-cac ky
thuat quang phi tuyén tao diéu kién dé tién hanh nhing thi nghiém doi hoi
cac tan so dic biét ma nhitng nguon laser hién tai khong cé sin (nhing
ngudn nay c6 khoang diéu chinh gigi han). Mot loai tng dung phi tuyén
khéc 1a quang pho phi tuyén. Cac phuong phap hap thu va tan xa phi tuyén
la nhitng céng cu cho phép chung ta xac dinh dugc sy hién dién cua nhirng
vat liéu c6 ham lwong rat nho véi d6 phan giai cao. Tan xa Raman ty phét
(Raman va Krishman) cho ching ta “d4u véan tay” chit ky tan xa cho phép
xac dinh cac vat liéu khac nhau (xem Chuong 9). Quang phd bdo hoa phi
tuyén 1a k¥ thuat quang pho d6 phan giai cao do triét tiéu dich chuyén
Doppler trong phd hip thy, duoc goi 1a quang phd déc Lamb (Lamb, 1964).



Doc gia ¢ thé tham khao nhirng ky thuat quang phé nay cung véi nhiing ky
thuat quang phé khac trong (Demtroder, 1996).

1.2 UNIFYING THEMES

Nonlinear effects in this chapter involve energy exchange between independent optical inputs,
nonlinear phase shifts to optical fields, and energy exchange between optical fields and a
material. For each effect we derive a nonlinear polarization expression and insert it into a wave
equation that describes the propagation of electromagnetic (EM) waves through the medium.
We connect the material polarization to electric fields through the material’s susceptibility, x.
For the simplest case we treat the polarization and electric field as scalars and treat the rela-
tionship between the material polarization and an incident field as purely linear,

P=¢e,yE, (1.1)

1.2 THONG NHAT VE PHUONG PHAP

Cac hiéu tng phi tuyén trong chuong ndy lién quan dén su trao d6i ning
lwong giita cac dau vao quang hoc do lap nhau, cac dich pha phi tuyén cua
truong quang hoc, va su trao ddi nang luong giita cac trudng quang hoc va
vat liéu. Dbi vai mdi hiéu (ng, ching ta rit ra biéu thic caa do phan cuc phi
tuyén va thé vao phuong trinh song méi ta su lan truyén cua séng dién tir
(EM) qua moi truong. Ching ta két ndi d6 phan cuc vat liéu véi truong dién
thong qua d6 cam cua vat lieu y. Ddi véi trudng hop don gian nhat, ching ta
xem d6 phan cuc va dién truong 13 cac dai luong vo huéng va xem méi quan
hé gitra ¢6 phan cuc vat liéu va trudng téi hoan toan tuyén tinh,

where P is the polarization, E is the electric field, and g, is the permittivity of free space. In
Chapter 2, we cover linear effects in greater detail, and emphasize the important role they play
in nonlinear optics. In Chapter 2, we also derive Poynting’s theorem, which shows a direct
connection to energy exchange between a field and the nonlinear polarization.

Trong d6 P 1a do phan cyc, E la cuong do dién truong, va &, 1a hang sb dién
moi chan khdng. Trong chuong 2, ching ta s& Xét cac hiéu tng phi tuyé cho
tiét hon, va nhan manh vai trd quan trong cua ching trong quang phi tuyén.
Trong chuong 2, chung toi ciing rat ra dinh Iy Poynting, cho phép két ndi
truc tiép voi sy trao d6i nang luong gidta truong va do phan cuc phi tuyén.

When the electric field is large, as can be the case with lasers, the material properties are
affected by the incident field. The first nonlinear effects we study are associated with distortions
to the electron cloud surrounding atoms and molecules. Classically, the electric field displaces
electrons in the medium, and when the displacement is large, nonlinear effects become apparent.
This classical model is developed in Chapter 3. These electronic-based nonlinear effects are
weak, and so we write the dependence as a power-series expansion in the field,

P=rexVE+exPE* +e,xPVE} +- .. (1.2)



Khi dién truong 16n (tng voi trudng hop laser), tinh chét cua vat liu bi chi
phdi boi truong téi. Nhitng hiéu tng phi tuyén bac nhat ma chidng ta nghién
ctu gin voi sy méo dam may dién tir quang nguyén tir va phan ta. Vé
phuong dién ¢ dién, dién truong lam dich chuyén céc electron trong mdi
truomg, va khi o dich chuyén nay 16n, hiéu ang phi tuyén thé hién rd rang.
M6 hinh ¢ dién nay dugc trinh bay trong Chuong 3. Nhitng hiéu ung phi
tuyén dién tir ndy yéu, va vi vay ching ta biéu didn su phu thudc caa chudi
Ity thira theo truong la

The susceptibility is broken down into orders with %" corresponding to linear effects, y?
corresponding to quadratic terms in the field, and so on. The types of processes associated with
the different expansion orders are referred to as simply x® effects, x* effects, and so on.
In Chapter 3, we derive classical expressions for the nonlinear susceptibilities. Chapters 4
through 7 cover the details of ¥ effects such as SHG, and SFG and DFG. We build on the
results of these chapters and use the same formalisms to describe y * effects such as four-wave
mixing, optical bistability, and optical phase conjugation, in Chapter 8.

Do cam chia thanh céc bac trong d6 y™ twong (ng véi cac hiéu ang tuyén
tinh, ¥ ® tuong tng véi sé hang bac hai cua trudng, va v.v...Nhitng loai qué
trinh nay gan véi cac bac khai trién khac nhau dugc goi don gian 1a cac hiéu
tng x@, x® vavv...... Trong chuong 3, chung ta sé& r(t ra cac biéu thic
co dién ctia d6 cam phi tuyén. Chuong 4 dén chuong 7 dé cap chi tiét dé cac
hiéu ang y® chang han nhu SHG, va SFG va DFG. Chiing ta phén tich dya
trén nhitng két qua cta chuong nay va ap dung phuong phap nay dé mé ta
cac hieu tng y® chang han nhu tron bdn séng, ludng on dinh quang, va
lién hop pha quang hoc trong Chuong 8.
Another class of nonlinear prnhlcﬂls involves interactions of an electric field with molecular
vibrations, rotations, reorientation, and collective modes (phonons and acoustic waves). Raman

and Brillouin scattering are two examples we cover in Chapter 9, and we show that they can
be described as y'¥ effects.

Mot 16p van dé phi tuyén khac lién quan dén tuong tac cua trudng dién voi
cac dao dong phén tt, su quay, su tai dinh hudng, va cac mode tap hop (cac
phonon va cadc séng am hoc). Tan xa Raman va tan xa Brillouin la hai vi du
ma chdng t6i s& dé cap dén trong Chuong 9, va ching t6i ching to rang
chiing c6 thé dugc md ta dudi dang hiéu tung y .



The derivation of the wave equation governing all the effects discussed in this book follows
the same procedure. We find that the wave equations for different x‘® and x® processes have
many similarities, which allow us to build up concepts that carry over to all x> and ¥
processes. The derivations made early in this book include many simplifying assumptions, but
bring to light important general properties of nonlinear phenomena. The simplifying assump-
tions are progressively lifted in later chapters, revealing more detailed behavior of nonlinear
optical systems.

Trong sach nay, viéc rat ra phuong trinh song chi phdi tat ca nhitng hiéu tng
dugc tién hanh theo cing maot quy trinh. Ching ta thay rang cic phuong
trinh song d6i vai cac qua trinh @ va y® c6 nhiéu diém tuong dong, dicu
d6 cho phép xay dung cac khai niém c6 thé mé rong tir y@ sang ). Ban
dau viéc rat ra cac phuong trinh trong sach nay dya trén nhiéu gia dinh don
gian hoa, lam sang té nhitng tinh chat tdng quat quan trong cua cac hién
tugng phi tuyén. Nhitng gia dinh don gian ndy dan dan duoc bo di trong cac
chuong sau, giup ching ta hiéu sau hon vé céc tinh chat cua cac hé phi
tuyén.

In some cases, the perturbation expansion given in Equation 1.2 is not valid. For example,
consider a commercially available high-energy and ultrashort pulse laser, characterized by
10 mJ of energy in a 50 fs pulse. This laser produces pulses with peak powers of approximately
5 x 10" W. When the output of the laser is focused, the intensities become extremely high. The
fields associated with the intensity are such that x ®E2 becomes comparable to x VE, and the
expansion in Equation 1.2 breaks down. There are also nonlinear phenomena, such as saturable
absorption, where the perturbation expansion breaks down even for relatively low intensities.
The approach of this book is to treat phenomena where the expansion given in Equation 1.2 is

valid. Such phenomena cover a great deal of nonlinear optics and the techniques developed in
discussing them are a good starting point for studying other nonlinear processes.

Trong mét sé trudng hop, ching ta khéng thé 4o dung khai trién nhiu loan
trong Phuong trinh 1.2. Chiang han nhu dbi véi nhitng nguén laser xung
nang luong cao va xung siéu ngan cé ning lugng 10 mJ trong mot xung 50
fs. Laser nay tao ra xung c6 cong suat cuc dai khoang 5 x 10** W. Khi hoi
tu, cuong do s& rat cao. Cac trudng tuong (ng voi cuong do ndy co thé lam
cho s6 hang y P E? gan bang yWE, va khai trién 1.2 khong thé &p dung
dugc nita. Cling c6 mot s6 hién twong phi tuyén chang han nhu hap thu béo
hoa, trong d6 ching ta khong thé ap dung khai trién nhiéu loan vai nhitng
cuong do twong dbi thap. Céach tiép can trong sach nay la xét nhitng hién
tugng c6 thé ap dung duoc khai trién 1.2. Nhiing hién tugng nhu thé xuat
hién nhiéu trong quang phi tuyén va c6 lién quan dén cac ky thuat duoc xay
dung dua trén viéc nghién ciru chiing 1a diém khoi dau tét dé nghién cau vé
cac qua trinh phi tuyén khac.



