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pioneering contributions of Charles H. Townes on the development = —y
of the field of nonlinear optics. Research in the areas of stimulated —_— . A L
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. INTRODUCTION \V4
HORTLY after the invention of the laser, a new field of FLaTE

- (;|ent|f|c research known as nonlinear Op.tICS. was creat . 1. Experimental setup of the first demonstration of stimulated Brillouin
This field developed as the result of the contributions of manyattering.
individuals; the early history of the field is well documented
in the monograph of Bloembergen [1]. One of the individuals o>
who contributed to the establishment of the field of nonlinear E ——s “I““"
optics was Charles H. Townes. In the present contribution we E, «—
recall some of the early contributions of Prof. Townes to the
field of nonlinear optics, and we trace how these contributions
have made a lasting impact on this discipline.
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Fig. 2. Schematic description of stimulated Brillouin scattering.

[I. STIMULATED BRILLOUIN SCATTERING
-—
The first reported demonstration of stimulated Brillouin scat- 1
tering (SBS) was that of Chiaet al. [2]. Their experimental 3e"seTeeel
setup in shown in Fig. 1. The incident light beam used in this ex-

. . Stokes
periment was derived from a ruby laser (referred to as a maser noise field

in the figure in accordance with the customs of the time). In-

tense back-scattered radiation was observed to occur for du§-3- Optical phase conjugation by stimulated Brillouin scattering.

ficiently large input intensities. The Fabry—Perot interferome- _ ) _ _

ters were used to determine that back-scattered radiation W48 feedback: the beating of the laser field with the Stokes field
shifted downward in frequency by the characteristic acous#@nds to reinforce the intensity of the sound wave through the
(Brillouin) frequency of the medium, thus establishing that thf0Cess of electrostriction, thereby increasing the intensity of
light scattering did in fact occur as a consequence of SBS. the scattered Stokes wave. Quantitative arguments show that the

The nature of stimulated Brillouin scattering can be undeRBS signal grows from thermal or quantum noise [3].
stood heuristically in terms of the diagram shown in Fig. 2. SBS has been the subject of extensive investigation since the
This figure shows a forward-going laser beam of amplitige ime of its discovery. The SBS process is known, for example,
scattering from a forward-going acoustic wave of amplitpde O lead to instabilities [4]-[6] and chaos [7] in the intensities of
to produce a backward-going (Stokes) field of amplitige the scattered radiation. Perhaps the most striking implication of

SBS can be understood as occurring as a consequence of gb§iProcess of SBS is its ability to produce a phase-conjugate
wavefront, as first observed and explained by Zel'dostlal.
[8]. This process is illustrated in Fig. 3. Here a highly aberrated
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Fig. 4. Optical phase conjugation by Brillouin-enhanced four-wave mixing. ®)
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Fig. 5. lllustration of the Autler—Townes effect. The levels splitting is given 2
by the Rabi frequenc§2 = 2pE /. £
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) . . . L pump - probe detuning, &
laser beam, which leads to a spatially nonuniform gain distribu-

tion that tends to favor the generation of a Stokes field withFg. 6. (a) Modification of the optical properties of a )ty\{O-level atomic system
phase-conjugate wavefront. in the presence of an intense laser field of frequency()’ is the detuned Rabi

) . . frequency, TP is the three-photon resonance, RL is the Rayleigh resonance, and
Phase conjugation can also be achieved through the relateds the ac-Stark shifted resonance. The modified energy level structure can

process of Brillouin-enhanced four-wave mixing (BEFWM)be monitored by performing a pump-probe experiment of the sort shown in part
This process is illustrated in Fig. 4. BEFWM offers the possi?): 1ding to a probe absorption spectrum of the form shown in (c).
bility of generating the phase-conjugate of a sighal wawg (

which is itself too weak to excite the normal SBS process. . cxperiment . . theoryl _
the process of BEFWM, the signal beam) and the backward oTorr J U S m..uj l

pump beam 2) differ by the Brillouin frequency$? of the , , N

medium and thus interact to set up an intense sound wave of . of T
the material. The forward-going pump wave J scatters from _ "“'J U Touka26 "’""‘j l \

this sound wave to generate the conjugate wave at freque% )T ~k 7 % ;_ N
(wg = w3 — Q). This process can produce a phase conjugate £ g

flectivity much greater than unity and produce good efﬁciencg 4 Yorr é ‘r”-'-"j\

for transferring the energy of the pump waves to the conjuge l k

wave. For the special case in which the forward and backwe 1

pump waves differ by twice this Brillouin frequency of the °[ ygvorr 1\_—/‘ [ 57,008 N
medium (w2 = w; — 2 §2), the phase conjugate wave is at thi —\ ' ’\:k

same frequency as the signal waves)([9], [10]. BEFWM °_;'s s °_;fs —~L ‘_ =
has important applications in the design of laser systems [11 probe-pump detuning (GHz) probe-pump detuning (GHz)

11l. N ONLINEAR OPTICAL ANALOGS OF THEAUTLER—TOWNES Fig. 7. Typical experimental and theoretical results showing the probe
absorption spectrum as modified by an intense laser field. After Grunetsen
EFFECT al., [15].

In 1955, S. H. Autler and C. H. Townes published [12]
an article in the Physical Review entitled “Stark Effect imhis modified spectrum is often known as the Mollow spec-
Rapidly Varying Fields.” This phenomenon is now known agsum [13]. Note that two of the spectral features can lead to the
the Autler—Townes effect. This effect is shown schematically emplification of the probe field. Much research has been de-
Fig. 5. A strong electromagnetic field drives the a—b transitioroted to studies of how nonlinear optical properties are mod-
of a material system. The rapid cycling of population betweéfied by strong, saturating laser fields [14]. One specific ex-
the lower and upper levels effectively splits these levels inmple is shown in Fig. 7 [15]. Here the measured probe absorp-
doublets. This splitting can be monitored by measuring thi®en spectrum is shown for varying pressures of an argon buffer
absorption spectrum experienced by a probe wave connectiasg that was added the atomic sodium cell. One sees that the
the ground level to some additional level, designated levelthree-photon feature tends to be suppressed and the Rayleigh
in the figure. In the original paper of Autler and Townes théature tends to be enhanced by increasing the buffer gas pres-
transitions were probed using rf and microwave fields, althoughire. Also, as much as a 38-fold increase in probe intensity can
more recent work has studied similar sorts of coupling whetcur as a consequence of the gain induced in the response.
levels a, b, and c are separated by optical frequencies. Another recent development is the development of the

Fig. 6 shows how the optical properties of a two-level atomjgrocess of electromagnetically induced transparency (EIT),
system are modified by the presence of a strong laser fieldaatphysical process that shares a similar origin with the
frequencyw,.. Part (c) of this figure shows how the absorpAutler—Townes effect. EIT is a powerful technique that can be
tion spectrum becomes modified under typical circumstancesed to render a material system transparent to resonant laser
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Fig. 8. lllustration of electromagnetically induced transparency (EIT). Part
(a) shows normal sum-frequency generation without EIT with all optical
fields detuned from resonance. Part (b) illustrates the EIT concept. The upper
transition is resonantly excited by an intense laser field, leading to a splittifgg. 9. Several self-action effects of light are illustrated: (a) self-focusing,
of the upper level which prevents the generated field from experiencifig) self trapping of light, and (c) the breakup of a beam of light into multiple
absorption. As a consequence of a subtle interference effect, the nonlindaments.

response is not similarly eliminated.

asn = ng + nof. Another self-action effect is laser beam fil-
radiation, while retaining the large and desirable nonlineamentation, described initially by Bespalov and Talanov [42].
optical properties associated with the resonant response oftis process can occur only if the laser powis very much
material system [16]-[18]. The EIT process is illustrated igreater thanP,,.. This process occurs as a consequence of the
Fig. 8. EIT has been observed in several different experimengabwth of aberrations on the laser wavefront through means of
configurations [19]-[21], and its occurrence in still othethe process of forward four-wave mixing.
configurations has been predicted theoretically [22]-[24]. Recent research in all-optical logic for photonics applications
Laboratory studies have confirmed that EIT can be used to dras stressed the use of optical solitons. An optical soliton is a
hance the efficiency of physical processes including nonlindaght field that propagates through a nonlinear medium without
frequency conversion [21], [25], [26] and optical phase conjiechanging its pulse shape or beam profile [43]. Thus, a self-
gation [27], [28]. In addition, it has been predicted that EIT catnapped beam of light is an example of an optical soliton. Many
enhance the properties of a much broader range of processeskers [44]-[46] have stressed the importance of optical soli-
including squeezed-light generation [29] and low-light-levabns in technological applications. The concept of the optical
photonic switching [30]-[32]. EIT has been observed both oliton allows several different types of nonlinear propagation
atomic vapors [19]-[21], [25]-[28] and in solids [33], [34], anckffects to be described in a related manner. Many of these ef-
EIT plays a key role in the generation of slow light [35], [36Fects can be described by an equation of the form
and its concomitant production of extremely large nonlinear
optical effects [37]. Intimately related to EIT is coherent 94 1 94 1. 8&A 1 _, ingnawo 14124

population trapping [38], which leads to processes such as highdz + v, Ot + 2 (e o2 + 2k T on
refractive indexes [39], [40].
where
v, = (0k/Ow)™  group velocity;
IV. SELF-TRAPPING OFLIGHT fo = 0%k /Ow? measure of the dispersion in the group
velocity;
In 1964, Chiacet al. published a contribution titled “Self- \% transvgrse laplacian:
Trapping of Optical Beams” ifPhysical Review Lettergl1]. wo central frequency of the pulse.

This paper showed how the nonlinear response of a mateffile term involving3, describes the tendency of the pulse to

medium could mOdIfy the refractive index in such a mann%rpread in time due to dispersive eﬁ:ects' the term invo'\mig

that a beam of light could propagate long distances withogéscribes diffraction, and the term involving describes self-

spreading as a consequence of diffraction. phase modulation and self-focusing effects. The propagation
Today one often treats self-trapping as one of several relaigitemporal solitons can be described by this equation by dis-

self-action effects of light. Some of these self-action effects a¢@rding the transverse laplacian, whereas the properties of self-

illustrated in Flg 9. Self-focusing is a process in which a beaﬂ‘hpped ||ght beams (Spatia| SO”tOﬂS) can be described by this
of light comes to a focus as a consequence of the nonlinear gguation by discarding the time derivatives.

sponse of a material system. Self-trapping is the effect initially

Qescribed by Chiaet al. in which the tgndency of a beam of ACKNOWLEDGMENT

light to contract because of self-focusing exactly compensates ) ) ) o

the tendency of the beam to spread from diffraction. As shown Th€ author acknowledges with gratitude his appreciation of
by Chiaoet al, this balance can occur only if the power ofrof. Townes for providing the inspiration for the present work.
the laser beam is exactly equal to the critical power given by

P.. = X\?/8ngna, Where\ is the vacuum wavelength of the REFERENCES
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