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MA1

EO POLYMER MATERIALS AND DEVICES: FROM RESEARCH TO REALITY

Rick Lyiel
Akzo Electronic Products Inc.
250 C Twin Dolphin Drive
Redwood City, CA 94065
(415) 508-2945

Polymer nonlinear optical materials offer new opportunities in integrated optics!. The large
electronic hyperpolarizabilities in certain conjugated organic molecules lead to materials with
large, ultrafast optical susceptibilitics. In particular, electro-optic (EC) poled polymer materials
exhibit low dispersion and low dielectric constants. EO polymer materials have been modulated
to 40 GHz?2 and exhibit few fundamental limits fer ultrafast irodulation and switching. Polymeric
integrated optic materials also offer great fabrication flexibility. The materials are spin-coatable
into high quality, multilayer films, and can be patterncd, metallized, and poled. Channe’
waveguides aad integrated optic circuits can be defined by the poling process itself3, by
photochemistry of the EO polymer43, or by a variety of well understood micro-machining
techniques. To date, EO polymer materials have been used to fabricate high-speed Mach-
Zehnder modulators®, directional couplers?, Fabry-Perot etalons8, and even multitap devices®.
Recent developments in EO polyimide materials!0:!! show it is possible to achieve sufficient
thermal stability of the aligned state to meet both manufacturing and end-use requirements!2 for
such devices. The demonstrated performance of EO polymer materials and devices is now
beginning to approach that of inorganic materials, as displayed in Figuic 1.

The ultimate advantages of EO polymers, however, may extend far beyond the duplication of
inorganic devices. Multilayer structures of EO polymers can be fabricated in large area formats
(6-8 inch wafers) with high device packing densities. Furthermore, EO polymer devices can be
fabricated directly on electronic substrates and assembled with ICs to create a hybrid
optoelectronic package. Finally, the substrate itself can serve as a bench for assembly and
integration in a manner similar to standard Si waferboard!13,

EIGURE-OF-MERIT GaAs  TiLithium Nicbate  EO Polymers
EO cosfficient r (prvV) 15 31 30
Dislectric constant ¢ 12 28 3.5
Refractive index n 3.5 22 1.6

o'r (pmV) 64 330 123
n’rk (pmiV) 5.4 12 as

Loss (dB/cm @ A=13pum) 2 02 0.5
Space-BW product (GHz-cm) >100 10 >100
Volt&o—lon!th product (V-cm) ] ] 10

Figure 1. Comparison of different technologies for integrated optic devices

Planar polymer waveguide technologies have the ultimate potential to gain widespread use in
essentially every electronic and fiber-optic system application, Passive components will find use
as splitters, couplers, multiplexors, and parallel array connectors in trunk, local loop, wide-area,
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and local-area networks. Electro-optic polymer devices have the broadest potential.
Applications include external modulation of lasers, fast network configuration switches, optical
network units in Fiber-io-the-Home (FTTH), modulator arrays for data networks, filters,
couplers, multiplexors, digital-analog and analog-digital converters, and pulse-shapers. The
market potential for planar polymer waveguides is very large duz to low wafer processing costs
and potential to achieve low-cost single-mode fiber-attach and packaging. This means polymers
may compete well with other technologies in conventional optoelectronic applications.

Polymer technologies offer new, 1nique opportunities in electronic systems applications that are
not available with other technologies. With polymers, high levels of integration have been
demonstrated by using multiple levels of waveguides' as well as in-plane and out-of -planc
mirrors!3. The potential for low-cost manufacturing, packaging, and assembly arises from the
capability to perform hybrid integraticn of single—mo&:c;z:?orcms using lithographicaliy-
defined registration techniques. This could lead to adv products such as processor
multichip modules with high-bandwidth interfaces between CPU and second-ievel cache, optical
mesh routers for massively parallel computers, and 8-12 bit, high-speed A-I's. ED polymers arc
unique in offering this level of product potential.

Cost, reliability, performance, and availability are the main drivers for obtaining and sustaining
long-term interest in polymers by systems users. Polymer reliability is seen by customers as a
major issue, particularly for EO poled polymers. Reliability needs to be proved with extensive
test data of the packaged components, following the well-known standards for telecom and
electronic components, in general. It is important to note that laser diodes have achieved success
in the market, despite their propensity for drift, low-yields, limited lifetime, and failure. The
market has accepted "correction" methods for laser diode performance, such as thermo-electric
coolers, drift compensation circuitry, and elaborate packaging because the total cost of a laser
transmitter has been reduced to acceptable levels in many cases. Similar techniques could be
applied to polymer devices but will increase their cost and may reduce their reliability.

Major outstanding issues in EO polymer devices include the reduction of DC drift, reduction of
loss, and enhancement of thermal stability. To date, all of these issues have bzen resolved in EO
polymer devices, although perhaps not all at the same time. However, the fundamental reasons
for drift or poling decay are sufficiently understood to provide enthusiasts and skeptics alike with
optimism for the achievement of commercial specifications for the technology.

What about competing technologies? For passive technologies, glass is the main competitor.
LiNbO3 and GaAs waveguides, and direct laser modulation provide competition for electro-optic
pelymers. Underlying all of this is the inertia of electronic systems designers to change their
solutions from wires to fiber-based systems: Whenever possible, electronic solutions will be
thoroughly examined and selected, if economically feasible and practical. However, high-end
communication in all markets is moving toward utilization of the bandwidth offered by optical
fiber, and thus the growth of markets for all optoelectronic devices is inevitable. EO polymers
will likely share the market with their inorganic counterparts.

With further development, electro-optic polymers have the potential to far-outdistance inorganic
materials in figures-of-merit, and, in fact, already do in some key propertics, such as length-
bandwidth products. Polymers are not likely to ever exhibit insertin loss as low as glass for
passive devices. However, intrinsic performance of polymers, measured against other materials,
is not sufficient for judging the potential of the technology. Overall production costs, balanced
against performance, will determine the utilization of polymer waveguide technologies.
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Bulk-Type Phase-Matched SHG Devices of Poled Polymers

X.T. Teo, T. Watansbe, H. Ukuda, D.C. Zou, S.Shimoda, H. Sato, and S. Miyata
Falculty of Technology. Tokyo University of Agricutture and Technology

Introduction:

Polymeric second-order norlinear optical (NLO) materials have beon studied
exteasively in recent years for applicatdons in communicadon and optical signal
ymcessingl‘z. Most of the earlier works were concerned with the synthesis and the
genenal propertics such as noniinear opiical coefficients and temporal stability. Only a
few studies have been reparted on phase matched second harmonic generation (SHG)3.
In fact, phase matching is the first important condition to achieve high conversion
efficiency of SHG. Tt has been proposed that the mode dispersion of fundamental #nd
second-harmonic waves was uscd to achicve phasc matching, in which very precise
control of film thickness was required. This is not easy for poled polymer films generally
obtained by spin-coating. To avoid this difficulty, the use of nkov radiation and
non-collinear light path have been g'opooad. But in all these methods the obtainable SHG
conversion efficiency was limited by the small over-lap integrals for different modes. In
order to maximize the overlap integral, the quasi-phase matching (QPM)4 mthods by
altering 7(2) singal or periodic poling have been proposed. But again the precise coatrol
of periodicity should be needed, which is also very difficult. Here we describe, for the
first time, bulk phase matched second harmonic generation in poled and drawn
polymers, polyurea (PU) by using birefringence. The calculated type-1 phasc-matching
chanacteristics of & drawn PU was confirmed by experiment.

Experizaent and results:
1.Sample preparation
The schematic synthesis of polyurea (PU) is shown in Fig. 1.
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Figure 1. Schematic synthsis of polyurea

2. Polymer geometry and refractive indices




The goome dispersion of refractive indices vs wavelenths of
Ul polymer withtzl m 14 wen :hown in Fig.2, and Fig. 3, respectively.

n2
Fig. 2. Geometry of polymer film samples
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Fig. 3. Refractive indices of poled polymer with draw ratio of 1.4

3.Phase matching experiment

Using the refractive indices of polymer'with draw rado of 1.4, the type I phase
matching characteristics has been calculated, the © and ¢ curve was shown in Fig.4.

Cutting & film with 6= 90° and ¢= 52.6°, the phase maiched SHG has been observed in

experiment by using a Nd:YAG laser with 1064 nm fundamental wavelength, the results
were shown in Fig.5.
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Fig. 4 Type I phase matching curve of polymer with draw ratio of 1.4.
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Fig. 5. The dependence of phasematched SHG of polymer on angle §.
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Phase-Matched Second-Harmonic Generation
in a Four-Layered Polymeric Waveguide
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Rochester, New York 14650 (tel: +11716/252-4956).

Foi a number of important reasons, the waveguide format is advantagcous for applications
using the nonlinear-optical (NLG) properties of materials.! For the realization of a thin film
with a higher refractive index, necessary for waveguiding, spin coating this film from a
viscous solution of a polymer in a volatile solvent is both simple and inexpensive. For efficient
second-harmonic generation in the waveguide format, based on the modal dispersion relations
for phase-matching, the overlap integral describing the overlap of the modal ficld distribution
functions E(z) for the fundamental mode m and the harmonic mode n., has to be optimized.
The NLO film susceptibility has to be tailored to avoid negative contributions to the overlap
integral resulting from a negative part of the modal ficld from the harmonic mode. In a four-
layered waveguide, this can be accomplished by using an additional polymer layer with zero
NLO film susceptibility. This additional layer also has lower optical loss, so that the total
waveguide loss is also reduced. Finally, the relative thickness of the two polymer films is
chosen to fulfil the phase matching condition.2

The polymer with the zero NLO —CHa—CH—}~
film susceptibility used in this

study is polystyrene. Two NLO —CHp—CH—}~
active polymers were used. N »
Their structure, with the NLO o= 0 Z
chromophore, is shown in Fig. (?Ha’ 2.6 N

@ o

1. The stilbene polymer (a) has
spacers with different lengths (2
or 6 methylenc units)between the
polymer chain and the stilbene
chromophore to prevent semi-
crystallinity.  The phenyl
polymer (b) has a smaller
chromophore for reduced
absorption in the visible.
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Fi(z 1. Molecular structure of the NLO polymers used in the ex-
periments: (a) atilbene NLO polymer; (b) phenyl NLO polymer.
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Thin films were prepared by spin coating from a viscous solution of the polymer in the
appropriatc solvent on a suitable substrate. For the study of the reduction of the linear optical
waveguide loss, synthetic fused silica substrates were used. To accurately determine the
optical constants of the three polymers used, three-layer waveguides were prepared. The
observed coupling angles for waveguiding are related to the real part of the refractive index.
The imaginary part was calculated from the waveguide attenuation, determined by measuring
the scattered-light intensity profile slong the propagation axis. The polystyrenc polymer was
lossless, the attenuation for the stilbene and phenyl polymer was caused by absorption and not
by scattering.

-l
o
(=]

Based on the ouiained e e v T
values for real and imaginary part 1
of the refractive index for the {
different polymers, we were able
to predict the reduction in
waveguide loss for the four-
layzred structure. The predicted
values have been experimentally
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waveguids loss (dB/cm)
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o

verified. Calculated and measured » « 2 ]
waveguide losses for a three- and a 5 f

four-layered waveguide of the 25| « i , )
phenyl polymer at 457.9 nm are : !

shown in Fig. 2. It is clear that a [ 4 0
considerable reduction in loss can 0 a . . n

be obtained (from 80 down to 1 146 150 154 158 1.62
dB.cm-! for the m=0 mode). For eff. refractive index

SHG with phasematching to the ,

m=1 mode, the loss reduction for fgm&%ﬁﬁgifgﬁz&xm
the latter mode (from 80 to 12 mode number for the three-layered (circles) and for the
dB.cm!) is more important. four-layered waveguide structure (squares) at 457.9 nm.

The best quantitative agreement between calculated and experimental loss values is
observed wlien absorption, and not scattering, is the largest cause of the waveguide loss. The
modal loss equation takes into account only the absnrption losses for the different layers, and
not the surface and interface scattering. This contribution to the total waveguide loss becomes
cspecially important when the difference in refractive index is large, and for very thin layers.

For the study of the NLO propertics of the polymer waveguides, Pyrex substrates,
coated with transparent ITO were used. Corona poling was used to induce the polar order of
the NLO chromophores, nccessary for second-order NLO effects. The higher glass transition
temperature and the lower solubility in apolar solvents for the NLO stilbene and phenyl
polymer allowed spincoating and processing of a polystyrene layer on top of an oriented NLO
polymer layer. Reduced absorption and SHG in transmission format confirmed the poling and
the stability of the NLO layer during processing of the fourth layer. A quadratic dependence of
the SHG intensity as a function of fundamental intensity is always observed. The increase in
SHG intensity for increasing angle of incidence of the fundamental is typical of the symmetry
induced by poling. An increased scatter is observed however, probably due to random
variation in layer thicknesses.
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A four-layer waveguide was prepared for phasematched SHG to the blue in waveguide
format. Based on the dispersion of the refractive index, as determined from prism coupling
experiments at different wavelengths, and on the actual physical thickness of the two polymer
layers, as measured with the stylus method, the phase-matching wavelength was calculated to
be 850 nm. The structurc of the waveguide is shown in Fig. 3. Note the match of the nodal
plane of the modal field distribution for the second-harmonic m=/ mode with the boundary
between the polystyrene and the stilbene polymer layer. This construction completely avoids
any ncgative contribution to the overlap integral. Measurements of the SHG intensity as a
function of wavelength confirmed the phasematching at the calculated wavelength. The
relatively broad phase-matching curve (Fig. 4), correlating very well with the low conversion
efficiency (n <0.001 %), is believed to be also caused by the random thickness variations.

/l\ | " |
| 3 o °
/ ! e °
T 428 am | 850 nm >4 o a
M' : TMO g o
I < ° °
i 7k : .
!
| o ;°.° s . N
| 800 825 850 87s 900

wavelength (nm)

Fig. 3. Structure of the four-layered polymeric waveguide Fig. 4. Wavclength dependence of the SHG
(0.15 mm stilbene NLO polymer film, hatched, covered intensity gencrated in the four-layered polymeric
with a 0.33 mm pol;styrenc layer) with the thicknesses waveguide structure. Open circles, calculated;
optimized for phasematching and optimal overlap integral. filled squares, experimental values

The observed snhancement as a function of wavelength confirms the phase matching
for the four-layered structure. For coherent conversion processes, the intensity is quadratically
dependent on the interaction length. This length is mostly determined by the absorption at the
second-harmonic wavelength, and, especially for four-lsvered waveguides, by random
thickness vanations. A thickness control of S0 nm is believed to be routinely achieved in
photoresist formulations. For a single-layer thickness of only 150 nm, the relative thickness
variation is important and reduces substantially the interaction length over which phase
matching can be maintained. The Langmuir-Blodgett film deposition technique offers a
monolayer thickness resolution. This technique has recently been applied to phase-match and
optimizes the overlap integral, not by avoiding the negative contribution to the overlap integral,
but by inverting the sign of the susceptibility in the region with negative field for the second-
harmonic mode.? This can only be achieved through the unique features of LB deposition, but
this technique requires amphiphilic polymers and time-consuming layer by layer deposition.
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It has been recently suggested‘ and subsequently shown? 3 that the optical nonlinearity of the
first electronically excited state of a conjugated organic molecule can be significantly larger than
that of the ground state. The first measurements were made using third harmonic generation (30
~ 514 nm) in silicon naphthalocyanine, but the large excited state absorption induced made it
difficult to ascertain whether the nonlinearity was the result of a purely non-resorant mechanism.
Rodenberger et al.3 later used degenerate four-wave mixing (DFWM) at 1.064 um to probe the
nonlinearity of dilute solution of diphenylhexatriene (DPH) after it was excited at 355 nm. An
enhancement of nearly two orders of magnitude in () value was observed and was purported to
be the result of a purely non-resonant electronic effect, in part because the DFWM grating
lifetime was observed to decay within the temporal resolution of their experiment (35 ps).

We will report time-resolved studies of the third-order nonlinear optical dynamics of two
molecules in their electronically excited states: DPH and quaterphenyl [(Ph)4], another example
of a quasi-one-dimensional organic molecule with extended conjugation. These results were
obtained using ~120 fs optical pulses for both the UV pump (at ~320 nm) and the visible
spectrum DFWM beams (at ~640 nm). While our results are in agreement with those obtained
by Rodenberger et al.3 for DPH, the nltrafast optical pulses allowed us to resolve the excited
state DFWM grating dynamics. The ground-state x(3) for (Ph)4 in the solid-state was previously
measured to be very small,* but the excited state enhancement of the x(3) responsc was as much
as an order of magnitude greater than that for DPH. For both of these molecules, components of
the DFWM response were observed on both very fast (<120 fs) and slower (>10 ps) time scales.

The DPH sample was made up in a nitrogen glove-bag in anhydrous dioxane (distilled from
sodium under N2) at a concentration of 6.5 x 10-3 M; the (Ph)4 sample was similarly prepared to
~1 x 104 M. DFWM studies were carried out in the conventional backward counterpropagating
pump geometry, with the samples contained in quartz cells of 50 pm path length, which
essentially determined the temporal resolution. The optical source was an amplified, mode-
locked dye laser producing approximately 120 fs, 600 pJ pulses at 20 Hz at a wavelength of
approximately 640 nm. The pump light was generated by frequency doubling (to ~ 320 nm
wavelength) a portion of the amplified light in a 1 mm thick KDP crystal. The remaining
amplified light formed the basis of the DFWM experiment.

Figures | and 2 show the femtosecond time-resolved DFWM response for both samples as a
function of the relative delay of the readout beamn. No attempt has been made here to subtract
out the DWFM signal of the solvent; however, we observed for the (Ph)4 solution that the
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ground-state DFWM signal at the concentration used is predominantly due to the cioxane
solvent. These results demonstrate that the excited state NLO response is not purely electronic,
as was previously suggested for DPH.® This is apparent because the transient persists for
significantly longer than the pulse. For DPH, th= transient fits well to a sum of two exponentials
with time constants of 13 ps and ~200 ps. For (Ph)g4, the initial grating decay is non-exponential,
but later decays with an exponential time constant of 11 ps. Another interesting aspect of this
data lics in the apparent turn-on time required after the grating is written for the nonlinearity to
develop. For (Ph)4, the maximum DFWM signal is not achieved until almost 1 ps after the
grating was written. The turn-on behavior for DPH also shows non-instantaneous response.
Such behavior is characteristic of other motecuiar nonlinearities (e.g., CS7), and likely indicates
that the predominant nonlinear mechanism is orientational or conformational in nature.
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Fig. 1. DFWM signal vs. readout beam Fig. 2: DFWM signal vs. readout beam
delay. delay, with UV pump.

Figure 3 depicts the DFWM dependence on the delay of the pump beam. In these data, the
620 nm beams are set to give the maximum DFWM signal for (Ph)4. The dependence is
approximately a single-sided exponential whose time-constant (500 ps) gives the lifetime of the
excited-state enhancement. This value equals the singlet-to-triplet transition time reported in
Ref. 5 where standard spectroscopic techniques were used to measure the excited state lifetimes.
These results suggest that the enhanced DFWM signal for (Ph)4 results from the population in
the first excited singlet state.

Fig. 4 shows the increase in the enhancement as a function of the UV pump energy. It is
apparent from these results that we are not yet in the saturation regime. This is consistent with
the measured transmission spectrum and suggests that a considerably larger DFWM signal could
be observed by increasing the pump power or by tuning the pump wavelength.

For device applications, it is critical to ascertain if the enhancement in %(3) is associated with
an increase in the absorption by the excited-state. We have endeavored to perform pump-probe
experiments to detect such excited state absorption at 640 nm. For quaterphenyl, previous
reports indicate that the threshold UV flux level for excited state absorption from the lowest
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singlet Sy state is ~ 0.1 J/cm2.5-6 In this study, the UV energy density incident on the samples
(~ 1 mJ/cm?2) was significantly lower than this value. Note that the triplet-triplet absorption
spectrum of (Ph)4 is also transparent at the DFWM wavelength of 640 nm.” The absence of an
appreciable excited state absorption implies that the %(3) enhancemeni is primarily due o non-
resonant effects. The long-lived mechanisms in evidence in Fig. 2 may therefore be due to
solution-based effects such as orientational, librational, or nuclear motions. The index grating
formed via such ordering represents a significant portion of the observed response in the case of
CS7 and is believed to result in the observation of a substantial turn-on time for its nonlinearity.
A longer tum-on time in comparison ta CS2 might be expected in the case of both DPH and
(Ph)4 as they are much larger molecules.
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Fig. 3: DFWM signal vs. UV pump delay Fig. 41 DFWM signal vs. UV pump energy
for (Ph)4. Solid line is a fit to an for (Ph)4.

exponential.

These results demonstrate that time resolved DFWM technique offers an exceptional method
for probing the dynamics of the molecular conformation and orientation afier photoexcitation.
We have also confirmed the observation large excited-state nonlincar enhancement in DPH of
Rodenberger ef al. and have extended obscrvation of this phenomenon to a new and potentially
important class of materials, p-oligophenylenes.
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OBSERVATION OF PARAMETRIC LIGHT SCATTERING
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200 D, B-3001 Heverlee, Belgium, Tel. +32-16-201015, Fax. +32-16-201568

Even-order coherent nonlinear optical processes are forbidden, in the electric-dipole approxi-
matior, in cenirosymmetric material systems such as an isotropic solution. However, orienta-
tional fluctuations of noncentrosymmetric molecules can break locally the macroscopic
centrosymmetry of such solutions and make incoherent nonlineur scattering processes possible.
Second-order light scattering was first observed in 1965 from several liquids and from fused
cuartz {1]. In these experiments, a single laser beam at frequency @ was incident on the sample
and scattered light at the second-harmonic frequency 2w was detected. Both elastic scattering
(hyper-Rayleigh scattering, HRS) at the exact second-harmonic frequency and inelastic scatter-
ing (hyper-Raman scattering) with frequency displacements characteristic to the material were
observed. More recently, hyper-Rayleigh scattering has gained popularity as a routine tech-
nique to determine the first hyperpolarizability B of organic molecules in solution [2].

In this Paper, we present the first experimental observation of a second-order scattering
process in which the two incident photons are at different frequencies and sum-frequency radia-
tion: iz detected [3]. We show that, analogous to HRS, this parametric light-scattering (PLS)
process can be used to determine the first hyperpolarizability of organic molecules in selution.
We also show that by independent control of the polarizations of the two incident beams and by
detecting unpolarized radiation, the process can be used to determine relative values of two
independent components of the hyperpolarizability tensor. The independent input polarizations
of the two beams provide distinct advantages compared to I4RS, which requires the use of depo-
larized scattered radiation to measure values of individual tensor componenits [4].

Qur experimental setup is shown in Fig. 1. One incident beam is provided by the fur.da-
mental (1064 nm) output of an injection seeded Na:YAG laser (8 us pulses, 10 Hz). The other
incident beam at 954 nm is generated by Raman shifting the frequency doubled output (532 nm)
of the Nd:YAG laser. The energy of both incident beams is always less than 1 imJ. The incident
laser beams are made counterpropagating and are weakly focussed into a small cell containing
an isotropic solution of organic molecules. We take the 954-nm and 1064-nm incident beams to
propagate in the negative and positive x directions, respectively. Unpolariz=d sum-frequency
light at 503 nm that is scattered in y direction is collected by a condenser sys.em and is fiitered
by a low-pass optical filter and an interference filter before detection with a photomultiplier.

For our first set of measurements, both incident beams are polarized in z direction. The

intensity of the 1064-nm incident beam is adjusted by means of a half-wave plate. Tae intensity
of the scattered light is of the form [3]

Hw +w) = gB(0)](w,) , (1)

whcre g is an instrumenrtal factor containing the scattering geomerry and local field factors.

©,) and / (®,) are the intensities of the 954-nm and 1064-nm incident beams, respectively

b is the effective second-order nonlinearity of the solution. In the present experiments,

the nonllneanty of the solvent is very small compared to that of the dissolved molecules, and
hence B is directly proportional to the number density of dissolved molecules.

In Fig. 2(a), we show the PLS signal as a function of the intensity of the 1064-nm
beam for different number densities of para-nitroaniline in methanol. The intensity of the
954-nm beam is constant. Ali curves exhibit the expected linear dependence on the inten-
sity. From the slopes of the linear fits in Fig. 2(a), we determine the quadratic coefficients

gB? = (o, +w) /I (w,)](w,) @
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Figure 1. Schematic representation of the experimental setup.

for each number density. The quadratic coefficient has the expected linear dependence on num-
ber density as shown in Fig. 2(b). We have repeated a similar set of measurements for para-
nitroanisol dissolved in methanol. The quadratic coefficient for para-nitroanisol is also shown
in Fig. 2(b). The slopes of the fitted lines in Fig. 2(b) and the reference valpe of 34.5x107" esu
[5] for the hyperpolarizability of para-nitroaniline yield a value of 12x10™" esu for the hyper-
polarizability of para-nitroanisol. This value is in perfect agreement with the value that has
been measured with the EFISHG technique in chloroform solutions.

We next assume that Kleinman symmetry is approximately valid for para-nitro-
aniline under our experimental conditions. Under this assumption, the two dominant com-
ponents of the molecular hyperpolarizability tensor are % and B327. To determine the
ratio of tacse components, we rotate the polarization of the nm incident beam by a half-
wave plate and record the intensity of the (unpolarized) scattered sum-frequency light as a func-
tion of the rotation angle of the waveplate. The result is shown in Fig. 3 with a fit to the
expected functional form of

T { | || i | I 1)
" (a) 8.23 ) 20 _(b) para-nitroaniline
5 g 7
< 1000 2
-g é 15 .
- S 10| -
% 500 8 para-nitroanisol
& _g 5|- -
0 5 O -
o L1111 1
0 5 10 15 20 25
1064-nm intensity (a.u.) number density (1019 cm‘3)

Figure 2, (a) PLS signﬁ as aafunction of the intensity of the 1064-nm beam for various
number densities (in 10°” cm™) of para-nitroaniline in methanol. (b) Quadratic coefficient
as a function of number density for para-nitroaniline and para-nitroanisol.
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Figure 3. PLS signal as a function of the rotation angle of the half-wave plate that is used
to control the polarization of the 1064-nm beam.

£(8) = asin?20 + bcos220 , €))
where 0 is the angle of the waveplate measured from y direction. The coefficients @ and b are
a = 1883, + 163,855, +38B3,, , b = 4Bl ~5ByyyByy +17BY, . @)

The fitted values of parameters a (1009.1 ) and b (253.4 ) yield a value B,,,/B;3; = —0.06, in
good agreement with the result obtained by measuring depolarized HRS racflationsls4 .

In conclusion, we have presented the first observations of a parametric light-scattering
process in which two incident photons at different frequencies give rise to a scattered photon at
the sum frequency through a nonlinear interaction in an isotropic medium. We have shown that
this process can be used to determine the first hyperpolarizability B of organic molecules in
solution. This new approach can be used to extend HRS measurements to determine values of
the hyperpolarizability for arbitrary input frequencies. Independent control of the polarizations
of the two incident beams makes it possible to use PLS to determine relative values of two dif-
ferent components of the molecular hyperpolarizability tensor by detecting unpolarized radia-
tion. In such measurements, very high-quality polarizers with their inherent sensitivity to
alignment can be used in the collimated input beams to increase the accuracy of the measure-
ment. The insertion losses of polarizers can be easily compensated by increasing the energy of
the incident beams. In depolarization measurements of HRS, this compensation is not possible
if the input intensities approach damage threshold of the sample and hence the polarizers neces-
sarily reduce the measured signal level. In a more general case, independent polarizations of the
incident beams in combination with depolarized scattered radiation can be used to increase the
number of tensor components that can be determined by parametric light scattering.

This research was supported by the Belgian Government (IUAP-16) and by the Belgian
National Science Foundation (FKFQO 9.0012.92). M.K. is a research fellow of the University of
Leuven.
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Introduction

The intramolecular charge transfer through n-electron conjugation gives large optical non-
linearities in the molecular level, i.e., the third-order susceptibility Xx®ixi(<; 01,02,03)

depends on the microscopic third-order polarizability Wji(-04; 03,02, ©3) of constituent
molecular unit. We have focused our researclies for long on the development of one-
dimensional conducting polymers such as polythiophenes, polydiacetylenes and substituted
polyphenylacetylenes, and of two-dimensional macrocyclic conjugated compounds such as
annulenes and metallophthalocyanine derivatives. In this paper we will discuss the key
factors for designing molecular structures and nonlinear optical properties; that is, the
dimensionality and symmetry of molecules and/or molecular aggregates.

Cne Dimensional Systems

In conjugated linear chain structures such as polycnes, n-clectrons are delocalized in their
motion only in one dimension along the chain axis. Major contribution to Yijki is the chain
axis component Y«xxx along the chain axis (x-axis), and hence the averaged susceptibility

<y> in isotropic mecia equals to one-fifth of Yxxxx. It has also been found that Yxxxx is
more sensitive to the physical length of the chain than to the conformation. Off-resonant

2®111(-30; ©,0,0) determined by the third harmonic generation (THG) is directly

related to <y> of the conjugated compound through local field factors f expressed in terms
of the refractive indices ng and n3g as

22.(-30;0,0,0) = Nfso f ofuf o (T 30 0,0,0), (1)

where N is the number of molecules per unit volume.

Unlike polyacetylene, substituted polyacetylencs such as polyphenylacetylene (PPA)
possess high molecular weight over 1x108, dissolve in various organic solvents, and are
considerably thermally stable. The substituted PPAs have altemating double bonds along
the main chain and their optical properties can be controlled by introducing bulky groups
as a substituent of a phenyl group. We have examined third-order nonlinear optical
responses of thin films of various substituted PPAs (Table 1), and applied to nonlinear
optical waveguide devices.

The modulation spectra of electroabsorption (EA) were related to the first and second
derivatives of unperturbed absorption spectra and scaled quadratically with the applied
ficld. The change of optical absorbance Ac. under an electric field ieads to the change of
refractive index An through Kramers-Kronig (K-K) transformation:




Table 1. Nonlinear optical properties of substituted polyphenylacetylene thin films.
Amax *1® (-30;0,0,0)

Polymer
y () (esu) ]
PPA ~4cH=CHr 352 54x10"° 3
PDPA {c=c); 440 88x10"
6 @Sim,, £
P(CFPA  ~CH=CH— 439 30x 102
CFs
P(MegS)PA  ~CH=C)r 536 1.7x10™"
Sigy
P(MesGe)PA  —CHzC)— 548 26x10™"
MeyGe

* Fused Silica x> = 1.4x10 ™ esu at 1907 nm
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Figure 1 Dispersion of imaginary and real part of %()(-; ®,0,0) for P(Me3Ge)PA. i

- A ,
An(w)=7cr-PI° _w—za—z'dw ’ ¢

-

where P denotes the principal value of the integral, and @ and ¢ are wavenumbers (cm-1).
Since the frequency of external electric field is low and the system can be treated as a i
steady state, the K-K transformation is applicable to the PPA film. It should be noted that

Aw. is induced by an optically linear process. The complex third-order susceptibility x @) (-
@;, 0,0) in cgs unit can be calcuiated by
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2¥(2;0,0,0)= "A;';F’;A"‘ +i "A;;F’;A" 3)

where F is the external electric field, n and k are respectively the real and imaginary

part of complex refractive index, and k=Aa/4x. The dispersion of x ?) (-w;0,0,0) for
P(Me3Ge)PA film is shown in Figure 1. As expected, the EA spectra show the similar
shape of the second derivative of the optical absorption spectra. Typical vaiue of x @ (-

@0,0,0) for o-substituted PPA was determined to be ca. 10-!lesu. Remarkable changes in .
the linear and nonlinear optical properties of PPAs can be achieved by varying the ?J
substituents. 3

g

Two-Dimensional Systems

In the case of two-dimensional n-conjgated systems, the contribution from off-diagonal

components of nonlinear polarizability %jki to <y>can be expected. We have developed
novel two-dimensional conjugzted systems for second- and third-order nonlinear optics:

four types of asymmetrically substituted macrocycles and non-aggregated phthalocyanines,

that is, meso-monosubstituted octaethyl metalloporphyrirs, B-monosubstituted tetraphenyl
metalloporphyrins, mono (terr-butyl) vanadyl phthalocyanine, tris (tert-butyl) mononitro
metallophthalocyanines, and hexadeca (trifluoroethoxy) metallophthalocyanines. We have
already suggested the importance of the control of molecular packing in asymmetric
vanadyl phthalocyanine in order to enhance x®)-3w; w,00) . No evidence of molecular
aggregation was observed in optical absorption and electroabsorption spectra for hexadeca
(trifluoroethoxy) metal-free and vanadyl phthalocyanines.

}
HaPe(t-bu)sND, :
N CH
l M=Hz, R= —c—cua X=NO2
.- M.-- l _R cHa j
,!, VOPc(t-bu)sNO, : ..
' |
— M=VO, R= —C—CH, , X=NO, ;
| CH, i
R

Figure 2 Chemical structures of MPc(f-bu);NO3.

We performed the crossed-condensation method to obtain the asymmetrically substituted
metallophthalocyanines which exhibit excellent solubility. The chemical structures are A
shown in Figure 2. We examined the second-order nonlinear optical responses of ]
asymmetrically substituted metallophthalocyanine in oriented Z-type Langmuir-Blodgett j
(LB) films and electric field-induced alignment of molecularly doped polymers by second- 1
harmonic generation (SHG). The one side-coated LB films show similar SHG responses to :
the poled polymers. No anisotropy in the film plane was detected at a normal incidence. f

In conclusion, these one- and two-dimensional n-conjugated systems have a flexibility of ;
molecular design for tuning their nonlinearities in molecular level. ;
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Third-Order Nonlinearities of Dye Molecules
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Ch-istoph Bubeck
Max-Planck-Institute for Polymer Research, Postfach 3148,
D-55021 Mainz, Germany, Tel. (0)6131 379 122

Experimental investigations of the nonlinear optical susceptibilities x‘” of several

conjugated polymers, oligomers and dye molecules wgl be presented. They offer the
possibility to find characteristic relations between % and their chemical structure.
Fig. 1 shows typical examples: poly (p - phenylenevinylene) (PPV) and its oligomers
(OPV-n), polyphenothiazinobisthiazole (PPT), polyphenylacetylenes (PPA), polythiophencs
(PT), oligorylenes (ORy-n) and an oligomeric bridged phthalocyaninato ruthenium complex
(OPc). Nonlinear optical spectroscopy can provide additional information on molecular
excitation states and their relaxation processes, which is not achievable by Linear
optical techniques alone.

A survey on recent experiments will be given, aimed to characterize thin films of such
organic materials by means of third harmonic generation (THG) and degenerate four wave
mixing (DFWM). These experiments are performed with laser wave)- ngths which are tuned
over a large specB'al range. Therefore Jpsonance enhancements of the nonlinear opticai

cusceptibilities x( (-3o;0,0,0) and X7(-0;0,0,-0) can be seen clearly. They are

il}guced by single- or multiphoton excitation states. For an accurate evaluation of
4

-data, a prceise knowledge of the refractive index of the thin films is necessary.
It is obtained from a joint application of ellipsometry, prism coupling, Kramers-Kronig
analysis and reflection spectroscopy.

General relations between jhe structure, especially the *ength L of the conjugated m-
electron system and the i~ -values can be seen, if x( is displayed in masier plots
versus L, Amax (wavelength of the absorption maximum) or a(w), which is the absorption
c%?fﬁcient at the laser friquency ®. For one-dimensional systems a scaling law
X (-30;0,0,0)/0mx ~ Amax i3 found. The experiments indicate, that the exponent x
could be much larger as predicted by the theory of Flyizanis et al. 3In resonagt
DFWM-experiments it is found that x(”(-(n;m,m,-m) follows a scaling law x” ~ [a(w)}.
Saturable absorption in electronically isolated two-level systems leads to y = 2. With
conjugated polymers y = 1 is found in the experiments. This is attributed 10 phase-space
filling effects with excitons, These master plots can be used to evaluate perspectives

and limitations of organic xm materials.
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Fig.1:

Chemical structures and abbreviations of some conjugated polymers and
oligomers. The substituents represent alkyl chains of various lengths.
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It has been recently shown that atoms can be cooled and trapped in a three-dimensional s
(3D) periodic lattice of micron-sized potential wells induced by light (1] [2].The optical
potentials arise from the light-shift of the Zeeman sublevels of the ground state in the optical
field created by the superposition of several light beams. To design an optical lattice in which
an atom can be efficiently cooled requires first a field geometry appropriate for Sisyplus
cooling |3] where atoms are optically pumped in the Zeeman sublevel having the lowest
energy. Secondly, to obtain long trapping times in the potential wells, it is necessary for the i
field polarization at the sites of maximum light-shift to be circular|4] because the probability
that an atom escapes from a well by absorbing a photon having the minority circular
polarization is then considerably reduced. These two conditions can be fulfilled by several field
configurations and 3D experiments were done with four [1] and six |[2] beams however
configurations with the minimum number of beams have the considerable advantage to be
nonsensitive to the phases of the fields [1] . "We present results concerning the transmission 3
and the scattering of a probe beam in these optical lattices. We have observed stimulated Raman
and Rayleigh gains as large as 70% for a Imm?3 lattice and the occurence of diffraction in the
Bragg directions | 1]. We discuss the relation between Bragg diffraction and four-wave mixing. i

Consider a 3D lattice built with N = 4 beams of frequency w and wavevectors kj (or a
2D luttice built with N = 3 beams). A probe beam of tunable frequency wp and of wavevector
kp excites the vibration modes of an atom in a poiential well when lw - pI = £ (where £, is

an atomic vibration frequency). The probe experiments a stimulated Raman gain when
» - w, = £, and absorption when @ - w, = -£,.. In the more general field contiguration,

three vibration eigenmodes having different eigenfrequencies are observed [5).

We now discuss in which conditions Bragg scattering is observed. It is welknown i
from solid state text books that Bragg scattering cain occur in directions forwhich
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where k; is the wavevector of the scattered photon and K is a vector of the reciprocal lattice. It
is possible to find the reciprocal lattice from the interference pattern created by the beams that
generate the optical lattice. However as shown in |1}, there is a more elegant way of
determining the reciprocal lattice. Condition (1). when multiplied by /1, can be interpreted as a
momentum conservation condition, the change of momentum of the scattered photon being
absorbed by the lattice. In the case of optical latices. the utoms are bound by light which means
that the change of momentum of the scattered photon should be compensated for by a

redistribution of photons in the beains creating the lattice. Because, redistribution processes

involve absorption in one lattice beam and stimulated emission in another lattice beam, the

atomic momentum should change by the quantity

N
P= Epnh(kl -k,) (2)

n=2

where the p, are integers. In a coherent process such as Bragg scattering. the change of

momentum should be 0 which implies that Bragg scattering occurs in directions such that

N
kf"kp‘ El’nr’(kl _kn) 3)

n=2

The comparison with (1) shows that (k| - k2)....,(k} - ky) are primitive vectors for
the reciprocal lattice. The simplest Bragg scattering corresponds to the condition
k, - k, = k; -k, which is very much like a phase-muiching condition for a four-wave mixing

process.

Figure 1-a shows an experimental observation of the light intensity scattered in the
Bragg dircction versus w, — @. The experiment was made in 2D lattice filled with cesium

atoms and the beam geometry is shown in Fig 1-b. A resonant enhancement of the Bragg

scattering is observed for w, - w =+, and w,~-© =0 (Rayleigh resonance). In this

experiment, the peak intensity of the diffracted beam was 2% of the incident intensity.
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Figure 1 : (a) Intensity of the Bragg scattering versus wp — - (b) Geomelry of the incident beam.

The typical power is 10mWicm? for the lattice beam and 0.1mWicm? for the probe beam.

. P




11:35am - 11:50am

mMB3
A New Twist on Light:

Applications of the Optical Vortex Soliton

G. A, Swartzlander, Jr.
Physics Department, Worcester Polytechnic Institute
Worcester, MA 01609-2280

and

C.T. Law
Electrical and Computer Engineering Dept., Johns Hopkins University
Baltimore, Maryland 2i218

Summary

An optical vortex appears as a black circular spot surrounded by bright illumination in the
transverse cross-section of a light beam. Diffraction rings do not form (as occurs when a plane
wave passes a circular object), rather the center of the vortex remains dark. This phenomenon is

| attributed to the phase of the beam, which twists like a spiral stair-case, along the optical axis.
* In fact, this field is a well known mode in both waveguide and scattering theory, and is given in
{ cylindrical coordinates by E (r, 0,z) = A (r)exp(+ i0) exp(iPfz). As will be shown, there are sim-
|

ple methods of producing such linear waves.

In self-defocusing nonlinear refractive media, the refractive index is greatest where the
| intensity is zero, e. g., in the center of an optical vortex. Nonlinear refraction tends to draw light
toward the center of the vortex, however, the phase singularity described above prevents the vor-
tex from filling with light, owing to destructive interference . These two effects, refraction and
diffraction, counter-balance one-another, resulting in an ‘‘optical vortex soliton’’ (OVS) [1]. In
a Kerr nonlinear mediuin, the propagation of the scalar field is governed by the (2+1)-D non-
linear Schrodinger equation. This ubiquitous equation also describes superfluid and supercon-
ductor phenomena, where stationary vortex phenomena where first discovered [4]. Since 1989
when Coullet, Gil, and Rocca proposed the spontaneous formation of vortices within laser reso-
nators [5], the laser dynamics community has seen an explosion of research on vortices. Before
long, single-pass propagation of vortices in nonlinear refractive media was also considered.
Several groups, apparentiy working independently and applying different schools of thought,
discovered the OVS phenomenon in the early 1990’s. The investigations of Chiao, Deutsch,
Garrison and Wright [6] where based on photonic analogies of superfluids. Snyder, Poladian
and Mitchell [2] argued that all modes of linear waveguides should have a corresponding *‘soli-
ton’’ in some nonlinear medium (quotes are used here because such modes are not necessarily
stable [7].) Our work [1] was motivated by a hydrodynamic analogy of the decay of dark soliton
stripes under long-period modulations, an effect known as the Kelvin-Helmholtz instability [8].
Using superfluid analogies, McDonald, Syed and Firth described the equations of motion of an
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OVS [3]). We will describe application opportunities afforded by the dynamics of single and
multiple OVS's.

A single OVS induces a graded optical "fiber" within a bulk nonlinear medium. Although
the phase profile prevents the beam from illuminating the dark core, a second weaker (probe)
beam with a planar profile may certainly be coupled into the induced waveguide. The guiding
properties are determined by the wavelength of the probe beam, the index change induced by the
pump, and the size and grade of the waveguide. For a Kerr nonlinear medium, the induced
waveguide is characterized by the index profile An(1-tanh(x/w)), where An =n ;I is the peak
index change, n, is the nonlinear refractive coefficient, / is the background intensity of the
"pump" beam, and 1/w ~ kAn V2,

The OVS corresponds to the second order waveguide mode at cut-off [2]; thus, a band of
wavelengths may propagate ss single modes. Several application opportunities may be immedi-
ately envisioned once we realize that the OVS is actually a variable fiber whose guiding proper-
ties may be modulated with light. For example, a cw guided probe beam may be modulated by a
pulsed pump beam. Another means of optical control would entail using a powerful (rather than
weak) probe beam that tends to erase the induced waveguide; optical bistability may be expected
in this case. Perhaps the most intriguing configuration comes from modulating the refractive
index locally, e. g., in a region of the waveguide channel -- this may be achieved using a third
beam focused on the channel or using electro- or acousto- optical means. Such a three-port dev-
ice (pump, probe and modulator beam) would function as the optical analog of a field-effect
transistor. A schematic of the configuration is shown in Fig. 1. Investigations are underway to
determine whether gain can be attained.

The dynamics of two vortices afford opportunities to achieve optical logic operations.
When two similar vortices are produced within a single beam, they tend to rotate around one
another. Because this motion depends on the presence of both vortices, ell-optical logic opera-
tions (AND, OR, XOR) are possible by placing detectors in the beam path. Although this process
is inherently linear, nonlinear optics may be used to enhance the resolution of the phenomenon.
Under linear propagation, the vortex core size expands (owing to diffraction), and will overlap
neighboring vortices. Because the rate of revolution of two vortices depends on the square of
the separation distance, to minimize the device length it is necessary to have closely spaced vor-
tices that do not diffract, i. e., vortex solitons.

Any distribution of vortices may be positioned with a single laser beam. For example, sta-
tionary arrays or ‘‘crystals’” are possible, as well as random distributions that appear turbulent
{3]. Bctween these two extremes is a domain where the vortices are dynamic and well-behaved.
This affords opportunities to produce configurable optical interconnections, using OVS’s as the
waveguides that snake through space to reach a predetermined destination. The underlying phy-
sics of all these devices will be described, along with recent experimental and numerical
findings.

This work was supported the Pittsburgh Supercomputing Center, and the U. S. Naval Research
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Figure 1. Optical analog of a field-effect transistor. A pump baam (large cylinder)
induces an optical vortex soliton which forms a graded-index waveguide channel.
A probe beam is coupled into the channel and may be detected at the output of the
device. A gate signal perturbs the index profile of the waveguide, causing the
probe to decouple from the guide, resulting in a decreased output probe strength.
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MB4  Chaos, Period-Doubling and Reverse Bifurcations in an Optically Injected
Semiconductor Laser

V. Kovanis (a), A. Gavrielides (a), T. B. Simpson (b), J. M. Liu (c), and P. M. Alsing (a).
(a) Nonlinear Optics Center, Phillips Laboratory, 3350 Aberdeen Avenue SE, Kirtland AFB, NM 87117-5776,
(b) JAYCOR P.O. Box 85154, San Diego CA 92186-5154,
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Nonlinear dynamics in optical systems is the subject of
considerable current research [1]. An isolated, dc-biased
semiconductor laser is sufficiently described by only two
rate equations: one for the photon density and another
for the carrier density [2]. Consequently, this system can-
not exhibit chaotic behavior. In order to induce chaos in
such a system, a third degree of freedom is needed. It
was predicted that external optical injection can lcad to
chaos through the period-doubling mechanism (3], and
we have recently confirmed that prediction [4].

In this work, we present evidence that the region of
chaotic dynamics is bounded as a function of the injection
level, and that the laser diode follows a period-doubling
route to chaos as the injection level is varied from both
above and below the chaotic region. The reverse bifur-
cation process from chaotic to periodic dynamics with
increasing optical injection has not, to the best of our
knowledge, been previously reported in laser diodes. Fur-
ther, we show that dynamic parameters which describe
the coupling between the free carriers, gain medium,
and oscillating field are strongly modified by the injected
field.

To describe the nonlinear optical interaction in a laser
diode subject to strong optical injection we employ the
single-mode rate-equation model which couples the com-
plex oscillating field with the carrier density [5-7}. In or-
der to perform numerical simulations using the coupled-
equation model, we use a set of three real equations in
a form which shows explicitly the dependence on specific
laser parameters which can be experimentally determined
in the weak injection limit [4):
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(-4

Here, a = (|A| — |Ao|)/|Ac| and a; = |A;]/|Ao], where
|A] is the amplitude of the slave laser oscillating deld,
|Ao| is the free-running, steady-state field amplitude and
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| A;] is the amplitude of the injection field. ¢ is the phase
difference between A and A;. = (N — Ng)/Ny, where
N is the carrier density and Np is the steady-state car-
rier density of the free-running laser. b is the linewidth
enhancement factor and 7., In, 7p, and ¥, are the phe-
ton decay rate, stimulated emission rate, gain saturation
rate, and spontaneous carrier decay rate, respectively
(6,8]. J = (J/ed —vsNo)/7vs No, where J/ed is the carrier
density injection rate. F’ and F" are Langevin source
terms for spontaneous emission noise injected into the
laser mode {2,7]. All input parameters required to nu-
merically solve the set of coupled differential cquations
for a, ¢ and # can be determined experimentally [6,8].
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Figure 1, Numerically obtained bifurcation diagram of the
extrema of the normalized optical ficld amplitude, a(t), versus the
normalized injection level, £. Injection is at the free-running fre-
quency of the slave laser.

The lasers used in our investigation were nearly single-
mode GrAs/AllGaAs quantum well lascrs operating at
827.6 nm. They have a Fabry-Perot cavity of 500 pym
in length, with both sides naturally cleaved. Both the
master and slave lasers were temperature and current




stabilized. The frequency of the master laser was tuned
to the free-running frequency of the slave laser to within
100 MHz. The output of the master laser was injected
directly into the slave laser with careful alignment to have
good coupling into the laser mode. Isolators were used
to make sure that no light was injected into the master
laser. The optical spectrum of the output of the slave
laser was monitored with a Newport SR-240C scanning
Fabry-Perot which has a free spectral range of 2 THz and
a finesse of greater than 50000.

Figure 1 depicts the numerically obtained bifurca-
tion diagram of the values of the extrema of the elec-
tric field amplitude versus the injection parameter £ =
(nAi)/(veAo). The normalized injected power is propor-
tional to £2. As the injection level is increased, the laser
follows a period-doubling bifurcation route to chaos and
then a similar, but reversed, bifurcation route out of the
chaotic region.

The coupled equations are numerically integrated, and
the resulting time series are Fourier transformed, for var-
ious injection levels using noise and dynamic parameters
of the laser independently determined by the four-wave
mixing experiment [7,8]. Two sets of calculated optical
spectra were obtained at injection levels similar to the
corresponding experimental spectra shown in Fig. 2(a)
and 2(b). The spectra in Figs. 2(c) and 2(d) include a
spontaneous emntission noise source. The positions of the
computed peaks appear at the same frequencies as the
corresponding experimental peaks. The relative strength
of the computed peaks is consis :nt with the experimen-
tally obtained spectra when nois: is present, though there
is some discrepancy in the deta s of the different peaks.
The generation of the period-doubling features happens
ai approximately the same injection level as experimen-
tally observed.

(@

Optical Power (arb. units)

()

®)

14
12
10+
08}

0.6

Optical Power (arb. units)

- (@

Frequency (GHz)

Figure 2. Optical spectra of a semiconductpr Inser under
optical injection at two levels in a period-doubling into chaos. (a),
end (b) are cxperimentally measured spectra and (c), and (d) are
calculated spectra with noisc sources present. The parameters used
in this calculation were experimentally determined using the four-

wave mixing techique.
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In Figure 3 we observe that the relaxation oscillation
frequency changes as the injected field is increased in -
the strong injection regime. Figure 3 compares the ex-
perimentally measured oscillation frequencies with the
frequencies derived by a linear stability analysis of the
coupled equation model. Qver the range where the relax-
ation frequency more than doubles, the average optical




power circulating within the diode cavity and the aver-
age carrier density have changed by only a few persent.
The good agreeraent between the observed experimen-
tal data and the coupled equation model shows that the
fixed parameters on which it is based, the gain of the laser
diode, tha cavityu and the spontaneous carrier relaxation
rates, and tha linewidth enhanhancement factor, are not
strongly influenced by the optical injection. However, the
dynamics response of the diode is clearly modified.

It was also found that minor changes in the linewidth
enhancement factor can induce large changes in the cal-
culated bifurcation diagram and optical spectra. The
numerical results discussed above were obtained with a
linewidth enhancement factor of b = 3.47, which is well
within the range of uncertainty of the value determined
by the four-wave mixing experiment [6,8]. We have found
that the laser would not develop into a chaotic state if
b £ 3.1. Even with noise, there is a major qualitative
defference between the specira of a diode which has only
undergone period doubling and one that has entered a
chaotic region.
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Figure 3. Calculated and experimentally measured resonance
osillation frequencies as a function of the normalized amplitude of
the injection field.

In the theoretical results discussed above, the effect of
side modes was not included. The single-mode model
used here cannot, of course, account for the partition of
power to the side modes and further work is needed to
quantify the effect of the side modes. 'The good agree-
ment between the spectra calculated from the single-
mode model with noise and the experimental data in-
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dicates that the high frequency dynamics of the system
is not dominated by the r.c:ence of the side modes for
these experimental conditio.is.

In conclusion, we have observed a reverse bifurcation
from chaotic to periodic dynamics in a semiconductor
laser subject to strong optical injection at its free-running
frequency. Spontaneous emission noise effects obscure
specific spectral features in the reverse period-doubling
region, but by measuring the dynamic parameters of the
laser we have shown that the coupled complex-field and
carrier density model accounts for the observed specira.
We have also observed that that key dynamic prame-
ters describing the photon-carrier coupling in the cou-
pled complex-field and carrier density model are strongly
modified by the injecting field as predicted by a linearized
analysis of the coupled differential equations.
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Quasi-phasematched optical frequency conversion in LiNbO3
waveguides

M. L. Bortz
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Quasi-phasematched optical frequency conversion in ferroelectric waveguides has evolved in the past several
years from the initial laboratory demonstration into a nearly commercial technology. Advances in periodic poling of
ferroek:ctric materials for quasi-phasematching(QPM), characterization of waveguide fabrication processes for modal
confinement, and high power single longitudinal and transverse mode laser diodes have resulted in the demonastration
of cw single pass QPM-SHG conversion efficiencies exceeding 10 %.! These same advances have resulted in the
demonstration of otber second order nonlinear optical interactions, including the generation of 2-3 um radiation
through QPM difference frequency mixing and QPM optical parametric oscillation near 1.5 um. This presentation
will review quasi-phasematched aptical frequency conversion in LiNbO3 waveguides and discuss several different
waveguide frequency conversion devices.

The motivation for developing waveguide frequency conversion devices stems from the 102-103 fold
efficiency enhancements over bulk interactions due to modal confinement. For example, the theoretical, single pass,
birefringently phasematched SHG efficiency in a LINbO3 waveguide can exceed 100 %/W-cm?; for a 1 cm long
interaction length, 100 mW of fundamental radiation would generate 10 mW of second harmonic radiation. This
enhancement was known for a long time, but devices suffered from problems arising from the use of birefringent
phasematching. A technique to circumvent birefringent phasematching was invented by Bloembergen in 1962,2 but

but not implemented until recently. Termed quasi-phasematching, this approach involves a periodic modulation of
" the nonlinear susceptibility of the material, resulting in a periodic modulation of the nonlinear polarization. A
; spatial harmonic of the nonlinear polarization may be chosen to match that of the freely propagating field, resulting
| in a signal that grows quadmatically with distance, similar to conventional phasematching. Periodic modulation 2f the
; sign of the nonlinesr coefficient yields the highest conversion efficiency and can be achieved in LINbDO3 through
femroelectric domain inversion. QPM has emerged as the most versatile method to achieve phasematching. The real
utility of QPM is that any interaction may be phasematched at room temperature, and the fields may be polarized in
the same direction to allow use of the large da3 nonlinear coefficient in LiNbO3. Theoretical waveguide QPM-SHG
efficiencies can exceed 2000 %/W-cm2. Reference 3 contains a detailed analysis of QPM.

There are several important issues in the design of waveguide frequency conversion devices. Devices are
usually formed by fabricating a ferroelectric domain inversion grating for QPM, followed by channel waveguide
fabrication. While the QPM grating period can readily be controlled, a priori knowledge of the dispersion in the

’ phase velocities of the waveguide modes at each wavelength may be unavailable, making prediction of the
‘ phbasematching wavelength difficult. The efficiency of a waveguide interaction is given by (he cross-sectional spatial
! overlap integral between the waveguide modes, the relevant Fourier component of the ferroelectric domain grating
, used for quasi-phasematching, and the nonlinear coefficient in the waveguide. There are several techniques based on
‘ periodic dopant diffusion near the Curie temperature that result in ferroelectric domain inversion in LiNbO3. These
| methods generally yield domain gratings that have depths about 1/3 of the period, with a duty cycle that varies with
depth, The overlap between the domain grating and the waveguide modes couples the two separate material
processing steps and complicates device design.

The widest range of devices, and the highest normalized conversion efficiency devices for blue light
generation, have been obtained in LiNbO3 using titanium diffusion for per'odic ferroelectric domain inversion* and
the annealed proton exchange (APE) technique for waveguide fabrication. Oevelopment of models for the linearS and
nonlinear® optical propertics of APE-LiNbO3 waveguides combined with studies of the domain grating for different
processing conditions have allowed us to fabricate and optimize a variety of frequency conversion devices. Figure 1
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shows the theoretical waveguide modes, the Fourier coefficient of the domain grating used for QPM, and the
nonlinear coefficient vs. depth for a SHG device with the second harmonic in either the TMgg and TMg; transverse
mode. Evaluation of the spatial overlap integrals are very helpful in designing devices with optimized efficiencies,
and knowledge of the effective mode indices is useful for accurate prediction of the phasematching wavelength. For S
example, we recently demonstrated a QPM-SHG device that doubled 976 nm radiation with an efficiency exceeding 1
200 %/W, the highest values to date for waveguide QPM-SHG.” ;
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Figure 1. Waveguide modes (dashed lines), Fourier coefficient of the domain grating (solid lines), the nonlinear coefficient
(dotted lines), and product of these terms (hatched area) vs. depth for a GPM-SHG device with the second harmonic in either
the a) TMoQ and b) TMg1 transverse mode.

Quasi-phasematching offers new opportunities for controlling the tuning characteristics of nonlinear optical
interactions. The wavelength or temperature tuning curve is determined by the square of the magnitude of the Fourier
transform of the axial distribution of the nonlinear coefficient; QPM with a uniform grating shifts the sinc? tuning
curve away from Ak =0 but doesa't alter its shape. Perturbations in the period, duty cycle, or phase of an ideal QPM
grating can be used 10 engineer a desired phasematching response. Since shortening the length of a uniform grating
results in a linear increase in bandwidth but a quadratic reduction in peak cfficiency, a useful tuning curve is one that
yields a better trade-off between bandwidth and peak :fficiency. We recently demonstrated a QPM-SHG device with a
linear trade-off by imposing aperiodic phase reversals on an otherwise ideal QPM grating.® Figure 2 shows the
experimeatal and theoretical resuits for a SHG device using uniform and phase-reversed QPM gratings. The aperiodic 3
phase reversal sequence used was based on a 13-bit Barker code. The bandwidth of this interaction was increased by an i
order of magnitude over the uniform interaction, with an accompanying linear efficiency reduction. i

Quasi-phasemaiched waveguide frequency copversion is not limited to SHG; several different types of
parametric interactions have recently been demonstrated in LiNbO3 waveguides. We demonstrated difference frequency
generation (DFG) of near IR diode laser wavelengths to generate 2.1 um? and 2.6-3.1 um 10 radiation, the longest
wavelengths generated to date in LiNbO3 waveguides. Idler powers of about 5 uW were measured, suitable for ;
spectroscopic investigations of molecular species. We also demonstrated nearly degenerate DFG at 1.5 um for i
potential application as an all-optical channel shifter, an important device in wavelength division multiplexed
communication systems.!! Wavelength conversion from a 1.564 um signal to a 1.559 pum idler with an insertion
loss due to the frequency conversion process of -17.8 dB was achieved, the best to date using %(2) for this
application. With bandwidths exceeding 100 nm, these devices may be useful for broadband wavelength conversion.
The waveguide and domain inversion models accurately predicted the performance of these parametric devices.
Optimization similar to that performed for SHG devices indicate that idler powers exceeding 1 mW at 3.0 um and i
wavelength conversion with a -3 dB loss at 1.5 pm should be possible with ~ 100 mW laser diode pump sources.

The 1.5 um parametric devices described above also served as the first step towards the demonstration of i
QPM-optical parametric amplification and QPM-optical parametric oscillation (OPO).12 We measured a parametric !
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gain of €096 = 2.6 with 5.5 W of peak pump power exiting the 1 cm long waveguide, corresponding to an
efficiency of 21 %/W. A symmetric OPO cavity was formed by affixing thin mirrors to the waveguide endfaces with
a fluorinert liquid. The mirrors had a 90 % reflectivity band extending from 1.4-1.7 pm. At 1.55 um, the
independently measured waveguide propagation losses 9 %/cm and the roundtrip OPO cavity losses were 35 %. The
measured cavity loss and observed parametric gain yield a predicted singly resonant oscillator (SRO) threshold about
2.4 W. We observed parametric oscillation with peak pump powers exceeding 4.5 W coupled into the wavguide.
Figure 3 shows the tuning data for this device for several nm of pump wavelength tuning. This interaction in
LiNbO3 waveguides could prove useful for generating rapidly tunable radiation over hundreds of nm between 1.2 -
1.8 um uvsing a near-IR laser diode. Overlap integral calculations indicate that a factor of 4 increase in the parametric
gain can be achieved by optimized Ti-diffusion and APE-waveguide fabrication receipes. Along with a factor of 2
reduction in the waveguide propagation losses and optimized output coupling, singly resonant QPM-OPO thresholds
below 100 mW should be possible in LiNbO4 waveguides, suggesting cw diode pumping.

We have demonstrated a variety of quasi-phasematched frequency conversion devices in LiNbO3 waveguides.
Development of models describing the material fabrication processes used for domain inversion and waveguide
fabrication allow rapid device demonstration and optimization. More sophisticated quasi-phasematched optical
frequency coaversion devices will probably be demonstrated in the near future.
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Figure 2. Theoretical and experimental SHG tuning Figure 3. Signal (3,) and idler (A;) wavelength vs. pump
curves from waveguides with uniform and phase reversed wavelength for a LINbO; waveguide OPO. The line is a
gratings. parabolic fit to the data.
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Second-Order Cascaded Nonlinearity in Lithium Niobate
Channel Waveguides
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Orlando, FL 32826, USA

The large nonlinear phase shifts produced by the cascaded second-order x® : x(* nonli-

nearity {1] make this process interesting for fast all-optical data processing. Due to the .
well-known advantages of waveguiding for nonlinear optics, cascading is most efficiently im- 3 - '
plemented in optical waveguide structures. In fact the first observations of cascading in
waveguides by spectral broadening (2] and interferometric intensity-dependent phase shift P
measurements (3] have been reported. Here we describe a systematic interferometric inve- 3 N
stigation of the influence of the wavevector-mismatch on cascading. Titanium indiffused

LiNbO; waveguides are used because their superiour optical quality and the detailed know-

ledge of their fabrication and characterization make them promising candidates for the first

application of cascading in all-optical data processing.

We investigated several 47mm long channel waveguides with propagation along the X-axis
of a Y-cut crystal. They were produced by indiffusion of 43nm thick Ti-stripes of different
widths varying between 4um and 25um at a temperature of 1060°C during a time of 9 hours.
The resulting waveguides have relatively large effective areas (20 ~ 125um?) and small core
index enhancements (0.001 ~ 0.004) yielding low loss waveguides (0.03 ~ 0.4dB/cm). The
waveguides are characterized by measuring the number of guided modes and their intensity
profiles at the Nd:YAG-wavelength A = 1.32um and the second harmonic A = 0.66um.
Theoretical modelling is based on graded index profiles which are dependent on wavelength
and polarization and which are determined by the indiffused T'i-concentration profile [4].
The agreement between the experimental and the theoretical waveguide characterization
guarantees tha* .e theory is comprehensive enough to be an essential tool for adjusting and
optimizing the conditions for cascading.

SHG is phase-matched in the channels by coupling fundamental T'M-modes with a wave-
length of A = 1.32um to second harmonic TE-modes. The following results were obtai- .
ned with a single mode waveguide at the fundamental resulting from indiffusion of a T'-
stripe with 10um width. The temperature-dependent Sellmeier equations yield a predicted
phase-matching temperature of Tpy = 359.42°C for optimizing the coupling between the ) N
fundamental T*” - ana second barmonic T Egp mode. In order to tune the wavevector-
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mismatch around phase-matching the crystal is placed in an oven with temperature controlled
to a stability of 30mK. The measured spectrum of the SHG shows maximuin conversion at
a temperature of 339.9°C. An overestimate of the birefringence, predicted by the Sellmeier
Equations used, explains the disctepancy of 19.5K. The serious asymmetry in the spectrum
is well explained by the nonuniform temperature profile in the oven. A flat profile in the
center of the oven provides phase-matching only over a distance of ~ 20mm in the wave-
guide center. The temperature falls toward the edges of the oven. Taking into account the
resulting change of the wavevector-mismatch along the waveguide, we calculate a spectrum
in good agreement to the observed spectrum. The calculated spectrum ir: Fig. 1 is corrected
for the Tpas discrepancy. The increased bandwith of the measured resoniances indicate that
the temperature profile which has been used in the calculations yields an overestimate of the

effective phase-matching length.
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Figure 1: Temperature dependence of second harmonic generation

With the interferometer described in detail elsewhere [5], we observed intensity-dependent
phase shifts of the fundamental with opposite sign on either side of the phase-matching
temperature (see Fig. 2). Again, we find an asymmetry in the results around the phase-
matching temperature. It is worth noting that this is not a drawback! In fact such a va-
riable wavevector-mismatch can be a great advantage: an appropriate wavevector-mismatch
distribution can be used to tailor and optimize the effective nonlinearity for bandwidth and

throughput. In our example the cascading is improved by having larger phase-shifts at lower -

temperatures where damping of the fundamental due to conversion to the second harmonic
is minimized.

The observed norlinear phase shifts and the good agreement between measurement and
simulation confirms the usefuiness of the LiNbO; material system and that the model can
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be used to design devices for a first demonstation of all-optical data processing based on L
cascading. .

We thank Dr. W. Sohler from the University-GH-Paderborn for providing the Ti : LiNbO;- B
waveguides and the crystal oven.
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Figure 2: Nonlinear phase shift (Fundamental peak power: Ppeor = 10W, SHG-efliciency:
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Application of injection-locked high power diode laser arrays as pump source for
efficient green or blue Nd:YAB lasers and cw KTP optical parametric oscillators

R. Knappe, J. Bartschke, C. Becher, B. Beier, M. Scheidt, K.-J. Boller
and R. Wallenstein

Universitit Kaiserslautern
Fachbereich Physik
67653 Kaiserslautern, Germany

Injection-locking of high power diode laser arrays” is a powerful means to improve the
spectral and spatial quality of high power diode lasers. In our exneriments the 45SmW output
of a single stripe diode laser (SDL 5422) was focussed, for :xample, into a 20 stripe 1W
diode laser array (Siemens 480401). The substantial improvement in beam quality is shown
in Fig. 1. The injection-locked array emitts about 80% of the 800mW output power of the
free running array in a nearly diffraction limited beam. While, free running, the diode laser
array is highly multi-mode with a spectral width of 2-3nm, the injection-locked radiation is
single-mode with a spectral width of less than 20MHz. Injection-locking thus improved the
spatial power density by a factor of 50 and the spectral power density by 5 to 6 orders of
magnitude.

free running injection-locked

Intensity [a.u.]

: rW{\*-F-— ’--J'-—-ﬁ—r :

s 0 s 10 - s o s
emission angle [°] emission angle [°]

Fig. 1: Far field of a 20-stripe diode laser A: without injection-locking and B: with
injection-locking.

Injection-locked diode laser arrays are of advantage for many applications, like nonlinear
frequency conversation ?, or pumping of solid state lasers with small mode volumes.




An example of such laser is the self frequency doubling Nd:YAB laser ¥. For optimum
efficiency, the TEM,, beam waist should be about 25um. For TEMy-mode operation, the
pumped crystal volume should not exceed the volume of the laser mode.

The importance of a small pump focus is seen from Fig. 2.A. The efficiency increases
considerably wiih smaller emitter size of the pump laser. Best results are expected for
TEM,, pump radiation. Fig.2.B shows the output of a Nd:YAB laser, endpumped by an
injection-locked diode laser array, vs pump power. With 500mW at 807nm the power of the
531nm output is close to 50mW. For comparisation, the same Nd:YAB laser was pumped
with a TEMy, mode Ti:Sapphire laser. As seen in Fig. 2.B, the output is identical to the one
measured with the injection-locked array.
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Fig. 2: A: Efficiency of self frequency doubling Nd: YAB lasers pumped by diode laser
arrays with different emitter sizes or the TEM,, output of a Ti:Sapphire laser
B: 53inm TEM,, output of a Nd:YAB laser pumped by an injection-locked diode
laser array (dark cirkles) or the TEM,y, output of a Ti:Sapphire laser (open circles)

The Nd:YAR laser’s visible efficiency increases with laser- and thus with pump power.
With 2.2W from the Ti:Sapphire laser, the Nd:YAB laser emitted more than 450mW of
single mode 53 1nm radiation. This corresponds to an optical (807nm to 531nm) conversion
efficiency of more than 20 percent! The same efficiency and output power will be obtained
with multi-Watt injection-locked diode laser arrays which are at present under investigation.

The injection-locked array radiation is also of advantage as pump source for single
frequency self frequency doubling Nd: YAB microchip lasers.
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With appropriate orientation the Nd: YAB crystal generates also the sumfrequency of the
fundamental 1062nm laser radiation and the coherent pump light. In this way up to 6mW of
blue radiation were generated in the wavelength range of 452 - 466nm. The continuous
tunability is achieved by changing the wavelength of the pump light.

Blue light is also obtained by self frequency doubling in a quasi three-level Nd: YAB laser.
Angle tuning of the 1.9mm long Nd:YAB crystal (cut at 34.5°) generated blue light at
454.5nm, 454.9nm and 455nm.

Besides Nd:YAB the new laser crystal Nd:LaSc;(BO;), could be another efficient self
frequency doubling laser material, if grown in the noncentric trigonal space group R32. So
far only crystals grown in the centrosymmetric space group C2/m are available. The
advantages properties of this laser material is demonstrated by a 0.22mm thick 25% Nd-
dooed LaScy(BO;), microchip laser which generated up to 180mW of single-frequency
radiation if pumped by 450mW of injection-locked diode laser radiation®.

Besides for laser pumping injection-locked diode laser arrays should be compact pump
sources for cw optical parametric oscillators. For this purpose we investigate the cw
operation of a tunable noncritically phasematched KTP-OPO with a 12mm long KTP-crystal
(CY-cut) placed in a linear cavity, resonant either for the signal- and idler wave or the
signal- and pump radiation. The OPO is pumped at present by a cw single-mode Ti:Sapphire
laser. Because of the tunability of this pump source (710 - 980nm) signal- and idler waves
are tunable in the range of 1.05 - 1.3um and 2.2 - 3.1um respectively. The collinear
pumping maintains the required perfect alignment.

In first experiments, the doubly resonant OPOs were operated at pump wavelengths of 715 -
820nm which corresponds to 1.05 - 1.17um and 2.25 - 2.75um of the signal- and idler
radiation. Although the losses in the OPO cavity are not yet minimized, the threshold was
as low as 150mW. With a pump power of 2W the total output power exceeded 80mW.

A detailed characterization of this OPO system and its spectral properties will be preserted,
including investigations which use the radiation of an injection-locked 1W, 764nm diode
laser array as pump source.
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Single-mode optical parametric oscillator system of BBO and KNbO, tunable
from the visible (0.42xm) to the infrared (4um)

A. Fix, R. Urschel, G. Goeritz, D. Wildt, A. Borsutzky, and R. Wallenstein

Fachbereich Physik
Universitit Kaiserslautern
67663 Kaiserslautern, Germany

As has been demonstrated in previous investigations'? Nd:YAG laser-pumped optical
parametric oscillators (OPO) of beta-barium borate (BBO) are powerful all-solid-state sources
of coherent radiation with a large tuning range (300-3000nm), high internal conversion
efficiency (60-7C%), and high output energies (100-200mJ). Narrowband operation was achieved
by iniection seeding with low power monochromatic radiation’.

In the present OPO-system the seed radiation is generated by a BBO-OPO with a wide
mode spacing (of about 1cm™). This OPO - with a 2.5-mm-long BBO crystal in a 3.6-mm-long
flat-flat mirror resonator - is pumped by an injection seeded frequency tripled Q-switched
Nd:YAG laser. Despite the short crystal the OPO efficiency exceeds 25% at a 355nm pump
pulse energy of 30mJ (3 times above threshold).
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Fig.1 Averaged mode spectrum of the short-cavity BBO-OPO oscillator.
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The OPO signal wave mode spectrum is shown in Fig. 1 recorded with a 1m spectrometer
and a 1728-element photodiode-array providing a spectral resolution of 0.25cm’', The width of
the spectral mode distribution is determined by the gain bandwidth. The pulse-to-pulse energy
of the individual OPO modes varies considerably. The pulse energy distribution in an individual
mode is close to an exponential function. The mode energy cross correlation coefficient for
different modes indicates that mode coupling is almost negligible.

Because of the wide mode spacing a single mode is easily separated by a spectral filter like
a Fabry-Perot (FSR 25cm!, Finesse > 30). The width of the mode transmitted by the Fabry-
Perot is less than 0.03cm™'. The wavelength is tuned by synchronous piezoelectric tuning of the
length of the OPO cavity and of the mode-selecting Fabry-Perot.

The radiation of the selected single mode (with pulse powers of 10-100uJ) is used to seed
a 355-nm-pumped high power BBO-OPO (consisting of a flat-flat mirror cavity and a 12-mm-

long BBO crystal). With a pump power of 70mJ the energy of the single-mode output (Fig. 2)
exceeds 10mJ.

Fig. 2 Fabry-Perot ring pattern of the
seeded single-mode BBO-OPO
(FSR 25cm’, Finesse < 30).

For BBO the infrared transparency limit restricts high power OPO operation to wavelengths
shorter than 2.3um. For the generation of infrared radiation at longer wavelengths the OPO
crystals of choice are KTP or KNbO, (KNB). While transparency range and damage threshold
of these crystals are similar, the cffective nonlinear coefficient of KNB is about three times as
high as the one of KTP.

In our investigations a KNB-OPO was pumped by pulsed 1.06yim Nd: YAG radiation. The
OPO consisted of a 7.8-mm-long crystal (type [, 8 = 41°, ® = {°) placed in a 12-mm-long flat-
flat mirror cavity resonant for the signal wave. The energy density at threshold was about
0.48Jcm? and 0.58Jcm? for 1% and 10% output coupling, respectively. These thresholds are
about 3 times higher than expected from theory®. This may indicate that the value of the
effective nonlinearity quoted in the literature is too large.
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The OPO wavelcagths measured and calculated” as function of the phase-matching angle
are shown in Fig. 3. As seen in this figure signal and idler wave are tunable in the range of
1.45-2.01um and 2.27-4.0um, respectively, using two sets of mirrors, With appropriate mirrors
the tuning range could be extended to 1.4 - 4.5um,
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Fig. 3 Measured and calculated wavelengths of the signal and idler radiation of the 1.064-um-
pumped KNB-OPO.

At pump energies of two times above threshold (82mJ in a pump beam with 3mm in
diameter) and a 10% output coupler the OPO efficiency is about 14%. This corresponds to pulse

with the signal wavelength from less than Snm at As < L.7um to 15-30nm at As > 1.8um.
Narrowband single-mode operation was achieved by injection seeding with nfrared idler
radiation of the single-mode BBO-OPO, In this way the KNB-OPO is a powerful source of
tunable narrowband infrared radiation,
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8:35 pm - 8:50pm
Second-Harmonic Controlled All-Optical Modulation by Cascading

DJ. Hagan, M. Sheik-Bahae, Z. Wang, G. Stegeman
W. E. Toruellas and EW. Van Stryland

Center for Research and Education in Optics and ”.asers
(CREQL) .

University of Centra! Florida i
Orlando, FL 32816 ,
G. Assanto

Sl i

Department of Electronic Engineering, IIl University of Rome
Via Eudossiana 18 00184 Rome, Italy

One of the key features of electronics is that the complex amplitude, including phase, can be
preserved, modulated, amplified and recovered electronically during signal processing. Since the first
work on optical bistability, the nonlinear optics community has been trying to develop such transistor
operations for optical beams by using an intensiiy-dependent refractive index.fl] This has placed
emphasis on using intensity as a control variable, omitting the opportunity for utilizing the optical
phase. A totally different approach is to use second-order nonlinear processes such as second-
harmonic generation (SHG) or parametric generation. These interactions are coherent, therefore, both
amplitude and phase of the fundamental and second harmonic (when the SHG process is seeded)
determine the output signal. As an initial step, nonlinear phase shifts (both + and -) in the
fundamental beam have been recently demonstrated by using the Z-scan in bulk SHG-active media[2]
and by self-phase modulation{3] in quasi-phasematched waveguide media, all in agreement with
theoretical predictions. Figure 1 shows the phase shift as a function of detuning from phase match
for a crystal of KNbO,. This cascaded second-order nonlinearity provides an alternative to
conventional nonlinear refractive (n,) materials for all-optical switching application, and it
circumvents the problems of obtaining large n, combined with low loss as there is no irreversible loss
in the x{3) process, i.e., the interaction can be terminated when all the light has been reconverted to
the fundamental by proper choice of crystal length. These phase shifts depend on the phase mismatch
Ak so that by controlling Ak, we may ‘tune’ the nonlinearity to a desired application. For exampie, a
positive Ak results in a negative phase shift and vice-versa.[2] Physically, these phase shifts do not
result from induced changes in refractive index, but arise from energy exchange, and subsequent
propagation at different phase velocities, between the fundamental (w) and second-harmenic {2w)
waves. If there is no input at the second harmonic and Ak=0, energy is always transferred from w to
2w. It is well known that for Ak#O, the direction of energy transfer is reversed upon propagating a
distance of one cokerence length (£.) and the energy is completely converted back o the fundamental
after a disance 2¢,. Due to the phase mismatch, the phase of the downconvarted light is shified with
respect to the original (uncomvarted) wave and hence the fundamental 2xneriences an irradiance
dependent phase shift. Because the process of nonlinear phase shifting in--olves upconversion
followed by downconversion, it is referreq to e a ‘cascaded x{5):x(?) process’. It has been chown
theoretically that such nonlinear phase shifts may be applied to ncnlinear Mach-Zehnder and ;
directional coupler switching devices[4] Furthertnore, nweerica! studies show that if a weak SHG 1
beam is also input, both the amplitude and phase of the tvndamental cutput cen be controlled with i
the phase and/or amplitude of the ssed,[5] leading to new applications to switching devices, including
small signal gain and transistor action{g, 7]
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Figure 1. Phase shift versus phase mismatch, AkL, in a 0.5 cm thick sample of KNbO, ' i
along with theory.

Here, we consider this arrangement where the coherence of the second-order interaction is utilized. !
We introduce an input second-harmonic wave which has a well defined phase with respect to the ]
fundamental, A¢, at the input . We refer to this second-harmonic input as the "seed’ or control pulse.
We show that under certain conditions, even a very weak seed can strongly modulate the transmitted
fundamental irradiance. For Ak=0, the phase of the emerging second harmonic is x/2 with respect to
the fundamental. Hence the application of 8 weak seed with Admr/2 will have minimal effect on the
output of the system. However if Aé is 0 or x, the irradiances of the transmitted waves may be
strongly modulated. Hence, either phase or amplitude modulation (PM or AM) of the seed results in :
a strong amplitude modulation of the fundamental. The AM-AM transfer with gain between the two ]
frequencies is analagous to transistor action (although the control beam is at a different frequency). !
For Ak#0, we find that the differential gain may be larger than for Ak=0. Plane wave calculations

show that 100% modulation may b+ obtained, but spatial and temporal variation of practical optical :
inputs results in less ideal switching characteristics. i

A 1 mm thick sample of KTP, oriented for type II phasematching for SHG at A=1.06um is used to
experimentully demonstrate modulation of the fundamental by a weak seed. Using a Q-switched and
modelocked, 20 ps FWHM Nd: YAG laser puise, a thin type I phase-matched KDP crystal was used to
produce the second harmonic seed. Control of A¢ is accomplished by passing the collinear seed and
unconverted 1.06 um pulses through a cell containing N, gas. By varying the pressure, we exploit the
dispersion of the gas to produce a precise variation of A¢. The output of this cell is then weakly
focused into the KTP crystal. We either monitor the energy transmittance of the pulse, or by imaging
and using a small aperture, we eliminate spatial integration effects and observe the transmitted on-
axis flaence of the fundamantal.
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In Fig. 2(a) we show the experimental variation of on-axis fluence transmittance, Tp, as a function of
peak on-axis irradiance with AkL=1.1 radians, for cases of A¢=0 and Ag=x. In this experiment, the
seed fraction is continually varying since the efficiency of the seed generation process increases with
laser output.

FLUENCE TRANSMITTANCE

0.0 1 1 L 1 0.0 A i A A
- 0 1 2 3 4 [ [ 1. 24 32 40
A¢(x) 1,{0) ( GW/cm? )

Figure 2: (a) On-axis transmitted fluence as a function of input 1.06 pm irradiance with
a weak second-harmonic seed. (b) the transmitted fluence versus A¢ at an input irradiance
of 20 GW/cm3*. The solid lines in (a) and (b) are theoretical calculations from the
harmonic generation equations.

As seen in Fig. 2(b) the input irradiance can be chosen to give a modulation with phase (or
amplitude) of up to 4:1 agreeing with the calculations obtuined from the standard harmonic
generation equations including temporai integration over the time varying pulse. At this irradiance
the seed energy is ~1% of the fundamental energy (~2.8% of the fundamental peak irradiance).
Similar experiments have begun on a crystalline sample of the organic material DAN which has a dy;
approximately 10 times that of KTP.[8]

The results presented here give a demonstration of the potsntial of all-optical switching using x{(?)
nonlincarities. The switching irradiance scales as [x{2)]-2, so that new organic crystals with x(2) more
than ten times that of KTP will significantly reduce switching irradiances. In addition, waveguide
geometries will lead to further reductions in the switching energy.

We wish to thank W.E. Moerner, R. Tweig and G. Bjorklund for supplying the DAN crystal,
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Intracavity and extracavity sum-frequency

generation between pump and signal waves of an
optical parametric oscillator
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SUMMARY.

oo i

Sum-frequency generation (SFG) between the pump and the signal waves of an optical
parametric oscillator (OPO) is a promising efficient means of generating widely wavelength-
tunable radiation of shorter wavelengths [1]. Shortly after the advent of OPQ’s, intracav-
ity SFG and second-harmonic generation in OPQ’s were investigated both theoretically
and experimentally [2,3]. However, the spectral quality and the stability of their out-
puts were poor because the nonlinear materials and the lasers then available required
the use of doubly resonant OPQO’s. Recently, intracavity second-harmonic generation in a
Ti:sapphire-laser-pumped femtosecond, singly resonant OPO was demonstrated, yielding
nearly transform-limited pulses at greater than 10% overall conversion efhciency [4]. In
this paper, we report SFG between the pump and the signal waves of a singly resonant
AgGaS; OPO, synchronously pumped by 100-psec pulses from a conventional CW actively
mode-locked Nd:YAG laser.

We have investigated both intracavity SFG and extracavity SFG between the resonant
signal beam and the residual pump beam that is not converted in the parametric genera-
tion process. For intracavity SFG, the pump beam can be incident first either on the SFG
crystal or the OPO crystal. We refer to these two orderings for intracavity SFG as the
SFG—OPO and the OPO—SFG cenfigurations, respectively. It is theoretically shown in
Ref. [1] that the SFG—OPO configuration is more favorable than the OPO—SFG config-
uration in terms of the stability of the output, the conversion efficiency over a large range i
of pump powers, and the power loading on the OPQ crystal.

Schematic diagrams of the three configurations for SFG are shown in Fig. 1. The three {
experiments are based on a AgGaS; singly resonant OPO that is reported in Ref [5]. The
average pump power incident on the OPO was reduced from 20 W to 625 mW by passing
the pump beam through a low-duty-cycle chopper. In the experiments described in this
paper, the OPO consists of a single 10-cin long AgGaS; crystal, placed at near normal
incidence with respect to the pump beam. We use for SFG a single 8.5-mm long KTP
crystal, cut for type-II phase matching with 8 = 79° and ¢ = 0°. The pump beam at
1.064 um and the sum-frequency beam near 589 nm are ordinary waves, and the signal
beam near 1.319 um is extraordinary.

For extracavity SFG, we use an output coupler of 4% transmission at 1.319 um and
93% transmission at 1.064u. The pump and the signal beams are focused by a 10-cm focal
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Figure 1: Schematic diagrams of experimental setups. (a) External SFG, (b) intracavity
SFG—OPO configuration, and (c) intracavity OPO—SFG configuration.
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Figure 2: Cavity length detuning characteristics of extracavity SFG when the OPO cavity
is aligned to maximize the power of (a) the signal from the OPO, and (b) the sum frequency.
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length lens to spot sizes of approximately 44 and 55 um, respectively, at the KTP crys-
tal. The results are shown in Fig. 2. Figure 2(a) shows the SFG power as the round-trip
length of the OPO cavity is varied while the OPO is aligned to optimize for the OPO sig- ,
nal output. However, the OPO aligned in this manner does not yield the maximum SFG i
conversion because the pump pulses are substantially depleted and the birefringence of the
1 AgGaS; crystal causes spatial walkoff between the pump and the signal beams. Better
! SFG conversion efficiency can be achieved by having a better balance between the pump
| and the signal powers and a better spatial beam overlap between the pump and signal. By
aligning the OPO cavity to maximiz: the SFG power rather than the OPO signal output,
higher conversion efficiency is obtained as shown in Fig. 2(b).

For intracavity SFG, the output coupler is replaced by a high reflector at 1.319 um. Be-
cause AgGaS; crystals absorb 589-nm radiation, we place a color filter (uncoated RG695
glass) in front of the AgGaS; crystal to filter out the sum-frequency radiation in the
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Figure 3: Cavity-length detuning characteristics of intracavity SFG with the crystals ar-
ranged in (a) the SFG—OPO configuration and (b) the OPO—SFG configuration.

SFG—OPO configuration. The color filter is placed at Brewster angle, and the measured
transmissions for the signal and the pump beams are 100% and 70%, respectively. The
color filter also reflects 20% of tL.< snm-frequency radiation. To better compare the two
intracavity confignurations, we also place the color filter in froat of the AgGaS; in the
OPO-+SFG voxfiguration.

The results of the intracavity experiments are shown in Fig. 3. In both configurations,
the cavity is aligned for maximum SFG power. The conversion efficiency is calculated with
the incident pump power at the AgGaS; crystal and at the KTP crystal for the SFG—-OPO
and the QPO—SFG configurations, respectively. Overall conversion efficiencies of slightly
less than 5% are achieved in both configurations. In the OPO—SFG configuration, the
color filter, which was used only {or the purpose of comparison, can be removed to increase
the incident pump power. With the incident pump power at 625 mW in the OPO—-SFG
configuration, we observe conversion efficiencies as high at 10%, which corresponds to a
SFG power of 62.5 mW at 589 nm.
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BESSELFUNCTION MODES, SYMMETRY BREAKING AND PHASE TRANSITIONS
IN DIFFRACTIVE OPTICAL PATTERN FORMATION PROCESSES
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Summary

Complex transverse effects in nonlinear optics like spontaneous pattern
formation and nonlinear dynamic phenomena have attracted increasing research
activities during the recent years [1]. Beside being of fundamental interest, the
understanding of these effects is important for many applications where optical
nonlinearities shall be used with any kind of optical feedback. Nonlinear dynamics
and pattern formation may inherently appear e.g. in devices like optically bistable
filters 2] or lasers (3] leading to complex spatial and temporal behaviour,
Pattern formation and self-crganization is also discussed to be inportant in
future applications like optical pattern recognition [4], associative memory [5],
optical information storages [6]1 and adaptive optics [7].

In order to understand features of pattern formation processes in more
complex systems, one needs to deal with simpler systems first. Recently (8,91,
a rather elementary arrangement, consisting of a thin Kerr-slice in front of a
single feedback mirror was shown to exhibit diffractive spatial instabilities and
spontaneous two-dimensional pattern formation using nematic liquid crystals as
nonlinear optical media (Fig.1). In the present contribution it is shown that the
predicted [10,11]1 hexagons may only appear with plane ingut waves but are
generally not observed in experiments with laser beams of finite diameter. It is
shown that the observed patterns for axially symmetric input intensity profiles
using cyiindrical transverse coordinates p and ¢ can be described analytically [12]
by superposition of Besselfunction spatial modes as

n = J n,l(qt) cos{-meo} J,,(qp) for 0 £ p < wo (1)
m

where T is the refractive index modul.tion, w, the input beam radius and Jm &
Besselfunction of first kind and integer order m. Examples of observed patterns
compared with modes eqn.1 are displayed in Fig. 2.




CCD or

mirror lens screen

R=0.98 f{=90mm

Fig.l: Scheme of the feedback-mirror experiment. The nonlinear liquid crystal
film (LC) is placed in front of a high reflectivity mirror and iiluminated with a
linear polarized cw laser beam. The pattern formation is observed by imaging
the transverse near field distribution with a lens on a CCD camera or a screen.

1=28 W/cmz, 1= 20cm 1=30 W/cmz, I=17cm

Jolqe} Jalqplcos(3p)

Jolup)+)s(qp)cos(Se) Jolael+j(qelcos(Ge)

Fig.2: Examples of patterns obtained with the feedback-arrangement and com-
parision with calculated Besselfunction modes, cf. eqn.1.
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For modes m >0 the observed patterns exhibit symmetry breaking froin the
O, space group of the Input intensity profile into reduced subgroups D,,. If,
however, m =0, the patterns consist of concentric rings showing no symmetry
breaking at all. Furthermore, the observed patterns are discussed in terms of
phase transitions. Performing a nonlinear analysis of the generalized Landau-
Ginzburg equation describing the system, It is shown that the investigated
pattern formation can be described by second order phase transitions if m>0
but is of first order for m=0. Consequently, bistability and hysteresis can be
expected in the latter case, which has been experimentally verified using photo-
thermal nonlinearities in these experiments for the first time.

Our experimental results and analytical description of the patterns will be
discussed and compared with numerical simulations [13]1 of an arbitrary Kerr-slice
in front of a feedback mirror considering gaussian input beams, and with more
specific simulations of a liquid crystal film in the investigated arrangement which
have been performed very recently [141],
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When accounting for the polarization of the electromagnetic field, light propagation in
isotropic Kerr materials is described by two incoherently coupled nonlinear Schrdinger
(NLS) equations [1]. It is known since the early study of Berkhoer and Zakharov that
incoherent coupling between two NLS equa‘ions leads to aa extension of the frequency
domain of modulational instability (MI) to the normal dispersion regime [1]. The physical
mechanism behind incoherent coupling is cross-phase modulation (XPM) which refers, in
this case, to each polarization component modulating the phase of the other. It was shown, in
the context of fiber optics, that MI with normal dispersion can also occur through XPM
between waves of different frequencies [2]. The author of this latter work foresaw the
fundamental importance of this phenomenon when he conjectured that a soliton must exist
that is associated with M1 in the normal dispersion regime in the same way as the bright NLS
soliton is associated with MI of the scalar NLS equation in anomalous dispersior:. The aim of
our analysis is to corfirm the existence and describe the features of this fundamental soliton.
In dimensionless units the evolution of the circular polarization components of light
propagating in a normally dispersive Kerr medium is ruled by the incoherently coupled NLS
equations [1]

i0,E - 0yEy + [E:RE, + O [EZ2E; = 0 ey

where E; are the counterrotating polarization components, z is the coordinate along the
propagation axis, t is the time in the Gallilean reference frame travelling at the group velocity
of the waves, and o is the XPM coefficient related to the nonlinear susceptibility teasor of the
material. From a standaid linear stability analysis it was shown in ref.[1] that the linearly
polarized continuous wave (cw) solution of this equation, i.e., E, = E_ =
Ecexp[(1+0)ilE,l2z), is modulationally unstable. A more thorough analysis of the problem [3]
indicates that modulational instability of this linearly polarized wave induces the growth of
periodic perturbations of opposite sign in the two circular polarization components. As a
consequence, one may expect that, up to the nonlinear stage of the modulation, the envelopes
of the two circularly polarized fields exhibit two identical but = out-of-phase periodic
structures. Since this instability involves a change of the state of polarization of the fielq, it is
called polarization modulational instability (PMI).

In order to study the dynamics of the periodic solutions associated with PMI of eq.(1), we
introduce the truncated three-wave model of ref.[4]. This model is based on the Fourier mode
truncation of the 7 out-of-phase periodic structures of both field components:

Ex(zt) = Eq(z) £ V2E,(z) cos() )




where Q is the frequency of the temporal patterns. Introducing the powers Py, P and the
phases ¢ and ¢; of the pump and sideband waves through the relations Eg = (Py)1"2exp(idy)
and E; = (P;)!"2exp(i¢,), the model reduces to a set of coupled ode's for the real variables
n = Py/P and ¢ = do- ¢;, where P is the tota! power P = IEg|? + |E;I12. Simple algebra
shows that the variables are in fact conjugated through the Hamiltonian

HM.9) = Q¥P-06+1) + (56 - 3m¥4 - (6 -1)(1-n)ncosp (3)

A simple glance at the contour lines of H(n,$) allows us therefore to characterize the
dynamics of the periodic solutions of eq.(1). These contour lines are shown in fig.1 in polar
coordinates (n,¢) for which the origin represent the linearly polarized cw solution. PMI of
this solution corresponds naturally to the presence at the origin of a hyperbolic unstable fixed
point. The associated homoclinic orbit surrounds two stable elliptic fixed points which reveal
the existence of stationary periodic solutions to eq.(1). These stationary periodic solutions are
the equivalent of the so-called cnoidal waves of the scalar NLS equation.

In the case of the scalar NLS equation the link between modulational instability and the
bright soliton can be simply seen by verifying that the cnoidal waves tend to the sech-
envrlope soliton as their period tends to infinity (see ref.[5] for a detailed analysis). Here, to
identify the soliton associated with PMI we have therefore 1o study the stationary periodic
solutions as their period tends to infinity, i.e., for Q — 0. Such a study cannot be performed
by means of the Hamiltonian model which is only valid for frequencies close to the optimal
frequency of PMI. However, the information brought by this simplified model (namely the
stationary periodic solutions have the form E, = u(t)exp(ifz), E. = v(t)exp(ifiz) where u(t)
and v(t) are two real identical but & out-of-phase periodic functions) allow us to calculate the
stationary periodic solutions numerically from the full dynamical modei eq.(1) in a very easy
way. Fig.2 shows the envelopes u(t) and v(t) of these solutions for different values of the
frequency 2. We sce that as Q decreases, the cnvelopes acquire higher harmeonics
corresponding to the appearance of domains of constant polarization separated by localized
structures in which the polarization of the field switches from one circular polarization to the
other. Fig.3 shows the envelopes obtained in the limit Q — 0. We see that they take the form
of two symmetric semi-infinite kink waves. The localized structure they form appears then as
a solitary wave exactly as the sech-envelope soliton constitutes the limiting state of the cnoidal
waves of the scalar NLS equation. As a consequence, this new solitary wave must be seen as
being the soliton associated with polarization modulational instability. We have checked the
stability of the vector soliton by numerical simulation of the full dynamical model cq.(1). As
illustrated in fig.4 which shows the collision between a gray NLS soliton and the vector
soliton, we verified a robust soliton-like nature of this new fundamental nonlinear wave.
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Fig.1: Phase portrait of the dynamics of the periodic
solutionsof eq.(1) as obtained from the truncated
Hamiltonian system. The homoclinic orbit reveals the
existence of stable elliptic points representing the

stationary periodic solutions of eq.(1).
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Fig.3: Envelopes of the stationary periodic solutions
obtained in the limit Q = 0, i.c., envelopes of the

vector soliton associated with PMI.
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Fig.2: Envelopes of the stationary periodic solutions
obtained from numerical integration of ¢q.(1). (3) Q =
1, () Q =08, (c) Q2 =06, (d) Q= 0.5. We observe
the formation of localized structures as §2 tends to zero.

Fig.4: Numerical simulation showing the collision of
the vector soliton and a gray NLS soliton inscribed onto
the constant background of uniform circular polarization.
We see that the gray NLS soliton simply bounces back
on the vector soliton which remains totaly unchanged.
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Optical Kerr nonlinearity can give rise to interesting soliton phenomena. Spatially,
the combined effects of Kerr nonlinearity with diffraction produces spatial solitons. Tem-
porally, the combined effects of Kerr nonlinearity with group velocity wspersion produces
temporal solitons. In homogeneous media with cubic instantaneous Kerr nonlinearity,
solitons in more than two dimensions are not stable. Recently it was found that there
exist stabie 3IJ soliton solutions ‘-~ graded-index (GRIN) materials as long as the optical
pewer is less than a critical power!!l, The graded-index seems to help stabilize the soli-
ton sciution. This strongly suggests that stable four dimensional (3D space + 1D time)
solitons may also exist in GRIN materials. In the present paper, by using a variational
approach, we have investigaicd the propagation of a 4D optical pulses through graded-
index. materials with Kerr nonlinearity. We find that stable 4D solitons can exist as long
as the dispersion is negative and as long as the pulse energy is less than a critical energy.

A GRIN matcrial is a material with a paraholic refractive index.

(e, 3,2) = nwlll — EL (2 4 42 (1)

The propagation of an optical pulse on the axis of a GRIN waveguide is described by |
the following usually used paraxial wave equation in the time domain.

.Ou Fu 62 D 8%u
J57 = aol ) - 7
9z ox 2+ oy?’ 2 o2

Here u(z,y, z,t) is the pulse envelope in the time dowmain. If the carrier frequency of the
pulse is w, &nd the propagation constant in the center of the GRIN material is k(w) =
n,(w)w/ec, then the coeﬁicients in eq.(2) are given by @, = 1/[2 k(w,)], D = k"(w,), ;
B = klw,)G(w,)/2 and K = "’L"’ Here ns is the nonlinear coefficient of the refractive
index. ;
By using the standard variational approach based on the Ritz optimization procedure!? 1
and by assuming that the pulse can be well described by the following solution ansatz : ‘

Az* + y*)u + Klu*u (2) |

uz,p.2,8) = Ao Pl IFl s Fl—Slexpli B et 42 )
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5= —2a,pw (4)

% = 20,[p? - c,i;] +2ﬂ+cz—f—4—Ew-': (5)
% = Dpsw, (6)

2 = Dl - 1)+ x (?)

Here the two coefficients ¢; and ¢, are two constants that depend on the pulseshape
function F. For a gaussian pulseshape [F(z) = exp(—2%/2)], ¢; = 1 and ¢ = 1/(4v2).
E, = A2w?w, is a measure of the pulse energy. Its relation to the real pulse energy also
depends on the pulseshape function F. For the same gaussian pulseshape, the real pulse
energy E, is given by E, = 7%2E,.

We find that eqs.(4-7) have stationary soliton solutions as long as the dispersion
parameter D is negative and E, is not too large.

4¢3 \Diad?

OSE"SJW-WKT (8)

The stationary beam width and pulse duration are plotted in Figure 1 and 2 in normal-
ized units. The normalization units we use are : (1) spatial width : w, = {c;a./8)"/* (2)
pulse duration : wy, = [c1|D|?/(42,3))"/4 (3) energy : E,, = \/(c‘;""""!Dlagn)/(Sc%\,/EK’).
After performing the stability analysis, we find that one branch of the solution is stable
while the other one is unstable. This has been labeled in Figure 1 and 2, too.

As a numerical example, for a typical GRIN lens (W-2.0 from NSG America Inc.), at
the 620 nm wavelength, G, =9.3x10'm=2 | A =75x 10! m~3, oy = 3.1 x 108 m. If
ng = 3.2x1072° m?/W, then K = 3.2x107'3 m/W. These are the typical magnitudes of
he parameters for commercially available GRIN materials. However, at this wavelength
the dispersion of this material is positive with D = 1.4 x 10~ sec?/m. Gince there
is no (bright) soliton solution when the dispersion is positive, it may seem that oue
needs to try other materials or other wavelengths. Fort.nately the situation is not so
bad. It has been shown recently by one of the authors (J. Wang) und his students
that Ly off-axially propagating the optical pulse in a helix trajectory, the ret dispersion
can be made negativel. Negative dispersion up to hundreds of square femioseconds
can be generated by a 1 cm long commercial GRIN materials. They also proposed to
generate optical solitons at a wide range of wavelengths by taking advantage of this
phenomenon/¥l. We have generalized our variational approach to treat off-axial vulse
rropagation problems®. We find that if the pulse propagates in a helix trajectory with
the offset distance remaining constant and if the beamwidth is much smaller than the

58

S P S S LU W T SO



offset distance, then eqs.(4-7) are still zorrect except that the dispersion paramecter D
Las a new value, If we assume D = —8& X 19~“sec?/m ard the pulseshape is gaussian,
for 4-D solitons to cuist, E, has to be less than 8.7 nJ. That is, the pulse energy
E, = 7%2E, has to be less than 43nJ. If we chocse E, = 1 nJ, then the soliton beam
width is w = 14 um and the soliton duration is w, = 180 fe. Froie the aumbers given
above, it can be seen that there shuuld be no big difficulty in generating such solitons
in today’s laser labs. We believe this may be the simplest method to generate zolitons
at a wide range of wavelengths.

" In our variational formulation, the biggest approximation is the solution ansatz
ey.(3). In eq.(3), the bramwidth is assumed to be the same across the whole pulse.
We think this is a good assumption for sclitons if they exist. Intuitively, for solitons the
self focusing, diffraction, selfphase modulation and dispersion effects should be in bail-
ance to produce a nice pulse and thus tke solution ansatz eq.(3) should be good enough,
To make further investigation, we are currently using a more general solution ansatz to
study the same probiem. The resuits will be presented in the conference, too.
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1. Introcduction

Potassium niobate (KNbO,) is an attractive choice as a photorefractive material for
dynamic holography because of its iarge electrooptic coefficient and high photosensitivity. The
physical mechanism behind hologram storage and retrieval has been recently extensively studied
[1,2].

[n this paper we describe a new nonlinear phenomenon observed during scattering of a
single Ar laser beam in a photorefractive KNbO,:Fe crsytal. A vertically polarized laser beam
(see Fig. 1) initially scatters in a cone angle V=2 degrees behind the crystal, and later rearranges

in a hexagonal spot array: the transmitted beam is surrcunded by six spots lying on the scaitering
cone. These six spots may rotate about the center, and the rotation speed and the intensity rativ
of the peripheral spots to the central spot are dependent on the intensity and diameter of the
incident beam.

This remarkable self-organization of the scattering cone into a hexagonal spot array may
be explained by a holographic intermode scattering [3] which develops in two stages. In the first
stage, scattered light is rearranged into a cone due to intermode scattering, forming the first
generation of gratings. At the second stage, waves scattered in the cone write new holcgrapbic
gratings (second generation gratings), and those amongst them iaat have holographic grating
vectors equal to the strongest gratings from the first generation gartings are enhan~ed. This
holographic self-oxganization model explains the appearance of hexagonal spor siructure around
the transmitted beam.

2. Experimental Results

The experimental setup is shown in Fig. 1. An Ar laser A=514 nm) with venizal
polarization and with initial beam diameter of 1mm is reduced to a beam diaeter of .5 mm
using a confocal L,-L, lens combination, and illuminaies a KNbO,:Fe crystal of dimensions
5x5x5 mm’. When the laser beam is exactly normal to the incident surface, the far-field pattern
comprises a strong central spot with a peripheral ring (which apgears instantanecusly), which
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thercafter, evolves into six symmetricaily spaced spots on the ring, as shown in Fig.2. The angle
of divergence of the peripheral cone is approximately 2 degrees. The time taken to form the
spots is in the order of a few seconds for an incident power of 7.5 mW. Both the central spot
as well as the peripheral spots are predominantly vertically polarized. The intersity ratio of each
peripheral spot to the central spot is about 7%. If the incident angle is slightly off-normal (= 0.5
degrees), the six spots are observed to have unequal intensities, and the entire pattern rotates.
The rotation speed depends on the incident beam intensity: for instance, it is 55 degrees per
minute when the incident power is 7.5 mW.

When the illuminating beam diameter is changed to 1 mm, the intensity ratio of each
perpheral spot to the central spot is reduced to about 1%. With an incident power of 7.5 mW,
the rotation speed decreases to 4.5 degrees per minute. With increased power (viz. 15 mW), the
rotation speed increase to i1 degrees per minute,

3. Discussion

This unusual phenomenon of self-organization of the scattered light in a hexagonal spot
pattern may be explained by competitive supporting interactions between two generations of
photorefractive gratings. The smali angle of cone scattering ( approximately 2 degrees) may be
due to the confinement of scattering near tne optical axis and the optical ray axis. For principal
values of refractive indices in KNbO, a\ 0.514 microns (4] n,=2.3337, n,=2.3951 and n,=2.2121,
we obtain in the z-y plane, the angle of the optical axis (w.r.t. z-axis) is 33.8 degrees, and for
the ray axis, the angle is 35.56 degrees [5], which implies an angle difference of 2.2 degrees.
This value is close to the observed scattering cone angle, and gives us good hints to detailed
calculations of observed phenomenon, which is now in progress.

The authors acknowledge the assistance of Prof. Don Gregory for providing the crystal
and helpful discussions. This work was partially supported by a grant from the U.S. Air Force.
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Fig. 1 Experimental setup.

Fig. 2 Far-field pattern showing central spot and hexagonal spot array.
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A ring-cavity system, filled with an isotropic nonlinear medium and driven by a linearly
polarized coherent input field, has been the subject of intense study over the last decade.
This system can show a number of non-equilibrium phase transitions, including optical
bistability (OB) [1], and transverse pattern formation [2-5]. In particular, a mean field OB
model [4] was found to give rise to hexagonal patterns, at least for a self-focusing medium.
This mean-ficld model was shown to represent a special case of a more general infinite
dimensional map describing transverse coherent structures in optical bistability [3]. A self-
defocusing medium has not been studied in great detail for the reason that the parameter
regime in which transverse pattern formation occurs coincides with the bistable regime: The
instability responsible for pattern formation then simply serves to drive the system from the
unstable lower branch to the stable upper branch. This conclusion, however, is based on the
assumption that the internal field in the noulinear ring-cavity preserves its polarization state
as that of the input field. Here we extend the mean field model to include polarization effects.
This extension leads to a polarization instability which can occur without accompanying OB
for a defocusing medium. We find that there are in fact two pattern forming modes, one of
which preserves the state of polarization of the field (symmetric mode) while the other does
not (asymmetric mode). The symmetric mode, which dominates in a self-focusing mediuin,
gives rise to hexagonal patterns while the asymmetric mode, which prohibits the formation
of transcritical hexagons, may be isolated in a self-defucusing medium. In this case we find
that rolls dominate close to the instability threshold, while further from equilibrium we
observe a variety of structures including disclinations, dislocations and roman-arches.

Our basic model consists of a nonlinear ring-cavity which is filled with an isotropic
nonlinear Kerr medium and driven by a linearly poiarized input field. We may generalize
the mean-field model [2] by allowing for the vector nature of the field, in which case the
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evolution equation for the electric field becomes

?WE = —(1 + in0)E + E; + 1aV2E + in(A(E.E*)E + g(EE)E‘)

where E = col(&.,,) is the (scaled) vector electric field envelope, Ej is the input field,
7 = +1(—1) indicates self-focusing (self-defocusing), 8 is the cavity detuning parameter, V>
is the transverse Laplacian and ‘a’ measures the relative strength of transverse diffraction.
The scaling employed is identical to those in references [2,4]. Note that A+ B/2 =1 and
for the Kerr effect in liquids A = 1/4,B = 3/2 while A = 1, B = 0 for an electrostrictive
nonlinearity. The mean field model {2] is recovered in the limit of a linearly polarized field,
e.g. E = x&, for arbitrary A and B. Their work, however, gives no indication of whether
these linearly polarized solutions are stable.

These equations admit both symmetric and asymmetric stationary plane-wave solutions.
The symmetric solutions give rise to vector fields with the same linear polarization state as
the input field. This corresponds to the scalar case previously discussed in references [2,4].
Asymmetric solutions were previously discussed [6] in the context of OB in a symmetrically
pumped ring resonator. In that case the symmetry was with respect to the propagation
direction around the ring cavity, whereas here the asymmetry is with respect tc the two
circular polarizations.

Linear stability analysis of the symmetric stationary plane-wave solutions reveals two
distinct forms of instability - symmetric and asymmetric instability. In the former case, the
perturbations to the plane-wave solutions are in phase, so the field remains linearly polarized
even though the underlying (symmetric) solution is unstable. The symmetry between the
two circular polarization states is therefore preserved, and the vector field maintains the same
linear polarization as the input field. This case is identical to that previously described in
references [2,4], that is, the scalar case.

In the latter case, i.e., that of asymmetric instability, the perturbations are = out of
phase. This is a polarization instability which produces a symmetry breaking between
the two circular polarizations, and causes the vector field to evolve away from the linear
polarization state of the input field.

We will report on the consequences of the existence of these two distinct pattern form-
ing modes. Why distinct? Hexagonal patterns are generically preferred in the absence of
further symmetries [7], such as an inversion symmetry. The symmetric instability gives rise
to a mode which does not have this symmetry and we therefore expect, in general, that
(transcritical) hexagon will dominate. This was confirmed in the scalar case [4,5], where the
instability is to the symmetric mode.

The asymmetric instability, on the other hand, yields 2 mode which possesses the inver-
sion symmetry. In general we do not expect hexagons in this case and we have begun to
consider which planforms are permissible. If we operate close to the bifurcation point then
we can completely isolate the asymmetric mode in a self-defocusing medium when 8 < 2. We
have run numerical simulations on our model equations on a periodic domain for a variety
of parameter values, and in Figure 1 we show the resuits for B=2 (A=0), § = 1. Figure
1(a) shows the stationary solution that prevails at 50 % above threshold, and it exhibits
several interesting features. The underlying structure consists of rolls, and we see several
dislocations, a disclination at the top and a roman arch. The next five images depict the
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temporal evolution of Figure 1(a) when we decrease the pump to 10 % above threshold.
The disclination and the roman arch are unstable and the final state, once the remaining
dislocations glide across rolls and annihilate, is a set of straight parallel rolis.
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Recent experiments [1] have established that exotic transverse patterns such as defects, squares
etc, can emerge across the aperture of a large Fresnel number laser. A key theoretical observa-
tion, for example, is that the Maxwell-Bloch equations describing wide aperture homogeneously
[2], inhomogeneously broadened lasers or, the many-body Maxwell-Semiconductor Bloch equations
describing a broad area semiconductor laser, are isomorphic to a certain class of universal order
parameter equations describing patterns in general. The latter equations are universal in the sense
that they describe patterns (convection rolls, squares, hexagons etc), and their defects in diverse
physical systems such as fluids, liquid crystals, magnetisation phenomena near a critical point (for
example a Lifshitz point). The basic mathematical form of the order parameter equations remains
fixed with the physics of the relevant process contained in their coefficients. Quantitative infor-
mation on the scaling laws determining characteristic space and time scales are reflected in how
the physical parameters are combined in these coefficients. Such scaling behavior is by no means
evident in the original physical model equations.

Of what relevance are such equations to laser physics? irst of all, they remove a spurious non-
physical instability associated with standard adiabatic elimination of the polarization variable in the
Maxwell-Bloch equations when diffraction is added [3]. These instabilities mimic grid oscillations




and are often mistakenly identified with unstable numerical schemes. Secondly, the analysis of such
equations tells us which transverse patterns (modes) are selected near threshold and whether these
are stable to further sideband instabilities. Thirdly the stability of a particular pattern (shape of a
mode in the transverse dimension) can be inferred analytically from the study of a phase evolution
equation associated to that particular pattern. The combination of original physical model, order
parameter equation and phase equation provides a unique self-consistency check of the theory.

The Maxwell-Bloch laser equations for a transversely extended single longitudinal mode laser
are given by:

e + iaVie= —ge+op

p + (1+i)p=(r—ne (1)
1 » -

n + bn==-2-(ep+pe)

where time is scaled to the polarizationdephasing rate 7,, o = =, b= ﬁ and Q = (w2 —w)/7.

Complex orde: parameter equations for class C lasers (v; = 4, = x) where 7, is the inversion
decay rate and x the cavity damping rate, belong to the Lorenz-like class of systems and have been
studied in some detail [4,5]. Near-field transverse traveling wave solutions, which are the anly known
exact finite amplitude solutions to the Maxwell-Blech equations given below, tend to be robust in
large ranges of physical parameter space. When the detuning of the laser from the gain peak is finite
and negative ( < 0) the near threshold pattern dynamics is described by the Complex Ginzburg-
Landau order parameter equation [4]. The transversely homogeneous state of the laser tends to
be stable but defects (complex zeroes of the field) can arise from noisy initial conditicns and these
tend to persist and show complex spatio-temporai behavior. For positive detuning (2 > 0), twc
coupled order parameter equations, called Complex Newell-Whitehead-Segel (CNWS). appear as
the natural description of near-threshold patterns representing counterpropagating traveling waves
in the transveise x-y plane [5]. The presence of one traveling wave tends to depress the other
traveling in the opposite direction and the far-field ovtput of the laser tends vo appeai as a single
off-axis iobe.

We will discuss a novel out-of-phase (by %) oscillating standing wave pattern which appears
as a stable output of the laser near threshold. This pattern when time-averaged (to allow for an
integrating detector) appears as a stationary square lattice bearing a remarkable similarity to the
recert experimental observations in a high Fresnel number C'O; laser. We also predict the existence
of complex spatio-temporal patiern evolutions which, when time integrated, appear stationary and
rather regular. The geometry of the external pump can profoundly influence the nature and relative
disposition of near-field patterns. Figure 1 shows a sequence of frames of the near-field intensities
of square and circular geometry wide aperture two-level laser. Each of these pictures are stationary
in intensity but show dynamic traveling wave and spiral-like patterns in the real and imaginary
parts of the complex field. The boundary conditions in the square pictures are periodic and in the
circular pictures the region outside the pattern is absorbing. With reflecting boundary conditions,
one can observe complex spatiotemporal dynamics in the near-field intensity but the time averaged
dynamics appear stationary.
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We will show that near the peak of the gain curve, the pattern dynamics is described by a
Complex Swift-Hohenberg equation (CSH). The real order pa;ameter version of this equation was
originally derived in the context of hydrodynamic fluctuations at a convective instability and is also
relevant to the study of a phase transition near a “Lifshitz point” for example, in alloys. Using
singular perturbation methods and multiple scales (time and space) analysis we obtain the following
CSH equation for a two-level laser:

8¢ - g 2\2 . 2 g 2 .
(0+1)j§—0(f—1)¢—m(9+av )} + iaV3y -EI'PI ¥ (2)

where 9 is the complex order parameter. We will also demonstrate that for a Class B laser,
the single order parameter equation description is invalid. We obtain iastead a generalized rate
equation description which captures the correct physics and consequently does not suffer from the
spurious instability mentioned above.

—_—
Figure 1 (a) Square like lattice observed in the near-field intensity of a wide aperture laser. (b)
Zippper states, (c) annular standing wave in a dylindrically pumped laser and (d) annular emission
in the same geometry as (c).
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Photorefractive crystals have promising applications in storage for parallel information
processing due to their large storage capacity, fast access time and read / write / erase capabilities.
The dynamics of a composite grating! which consists of an original grating and a newly
superimposed grating with arbitrary relative phase shift has been investigated for reconfigurable
optical interconnection?, updating interconnection weights in neural networks> and fast update in
photorefractive memories.* However, previous research’ neglects beam coupiing effects such as
nonuniform distribution of the space charge field along the crystal depth and fringe bending
phenomena. In this summary of presentation, the effects of heam coupling on the dynamics of a
composite grating is investigated by numerical simulations.

The dynamics of a composite grating is derived by solving a combination of coupled wave
equations and photorefractive material equations.® 7 The behavior of the beam coupling can be
described by the following coupled wave equations,

9 .iTE,s,

oz

%Szl-irE,;sl

1)

where S; and S, are complex amplitudes of the two writing beatns, I' is the coupling coefficient,
E,. is the complex amplitude of the space charge field, z denotes the coordinate in the directicn of
photorefractive crystal thickness. Assuming first order perturbation, the dynamics of a space
charge field E, is obtained irom material equations® and is given by
O By, Ex_p5S 2

W E AL B @
where I is the sum of the two writing beam intensities, E, is the limiting space charge field, ty =
t / 7 is the time normalized with respect to the dielectric relaxation time 7, and A and B are
constants deterinined by materials as well as recording conditions,

Eqgs. (1) and (2) are numerically solved using the following assumptions: photorefraciive
crystal is SBN, the grating period is 1 um, two writing beams have extraordinary polarization.
Material parametess are taken from the literatures.® 10 Two different cases are considered: crystal
thickness is 3 mm with no external electric ficld, and 1 mm with dc external electric field of 8 kV/
cr applied along the crystal optic axis. The first case (with no eleciric fizld) includes only the
effect of the nonuniform distribution of the space charge field due to beam coupling, and the
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selective erasure is realized by applying the phase shift of 180°. The second case (with electric
field) includes both nonuniform distribution of the space charge field and the fringe bending
effect. Figs. 1(a) and 1(b) show the time evolution of the diffraction efficiency of the composite
grating for recording with and without electric field. First, the original grating was recorded for a
certain period of time, then various relative phase shifts were introduced in one of the two writing
beams at ty = 2.0 for Fig. 1(a) and ty; = 0.5 for Fig. 1(b). Phase shift y was determined so that the

diffraction efficiency reaches the minimum value during the erasure process: y = 180° for the
case with no electric field and y = 285° for the case with the dc electric field of 8 kV/em. Both
cases show reasonably large decrease in diffraction efficiency. Figs. 2(a) and 2(b) show the
normalized amplitude of the space charge field [Ey| / Eg as a function of crystal depth z at various
times after the phase shift was introduced. Fig. 2(a) shows that the original grating in the deeper
region of the crystal is erased faster by the superimposed one than that in the shallower region
because the initial space charge field distribution is nonuniform due to beam coupling. Fig. 2(b)
shows that the original grating is completely erased only at the center of the crystal. Since the
fringe bending results in dramatic phase change between the interference pattern and the space
charge field, simply applying a constant phase shift does not lead to the effective erasure of the
original grating over the entire crystal thickness. Both Figs. 2(a) and 2(b) indicate that there
remains residual grating when the overall grating diffraction efficiency reaches zero. This
contradiction between the zero diffraction efficiency and the residual grating is clearly explained
in Figs. 3(a) and 3(b). Figs. 3(a) and 3(b) show the integrated diftraction efficiency as a function
of crystal depth z at variocus times. Since the phase of the composite grating varies depending on
the crystal depth z, the diffracted beams from the shallower region and the deeper region of the
crystal destructively interfere and result in smaller integrated diffractior. efficiency at the output
surface of the crysial.

The dynamics of the composite grating is investigated using numerical calculations
including the effects of beam coupling. Both nonuniform distribution of the space charge field
and the fringe bending result in the residual grating after the erasure process. Simple analytical
solutions which neglect beam coupling effects will be compared with the simulation results in
terms of memory applications at the presentation.

References

J. P. Huignard, J. P. Herriau and F. Micheron, Ferroelectrics 11, 393 - 396 (1976).

A. Marrakchi, Opt. Lett. 14, 326 - 328 (1989).

J. H. Hong, S. Campbell and P. Yeh, Appl. Opt. 29, 3019 - 3025 (19290).

H. Sasaki, J. Ma, Y. Fainman, S. H. iee and Y. Taketomi, Opt. Lett. 17, 1468 - 1470 (1992).
H. Saszki, J. Ma, Y. Fainman and S. H. Lee, Nonlinear Optics; Materials, Fundamentals, and
Applications Technical Digest 18, 88 - 90 (1992).

6. N. Kukhtarev, V. Markov and S. Odulov, Opt. Commun. 23, 328 - 343 (1977).

7. 1. M. Heaton and L. Solymar, Optica Acta 32, 397 - 408 (1985).

8. N. V. Kukhtarev, Sov. Tech. Phys. Lett. 2, 438 - 440 (1976).

9. J.Ma, J. E. Ford, Y. Taketomi and S. H. Lee, Opt. Lett. 16, 270 - 272 (1991).

10.J. E. Ford, J. Ma, Y. Fainman, S. H. Lee, Y. Taketomi, D. Bize and R. R. Neurgaonkar, J. Opt.
Soc. Am. A9, 1183 - 1192 (1992).

DA WN -

70

PR




oy oy
$ A
$ §0
g § o
] B
s ] o
006 1 2 3 4 5 . :
Normalized time ty Normalized time ty
(a) ()

Figure 1. Time evolution of the diffraction efficiency of the composite grating with (a) no electtic
field and (b) dc electric field of 8 kV/cm along the optic axis.
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Figure 2. Normalized space charge field |Eg| / Eq as a function of crystal depth z with (a) no
electric field and (b) dc electric field of 8 kV/cm along the optic axis.
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Figure 3. Integrated diffraction efficiency of the composite grating as a function of crystal depth
z with (a) no electric field and (b) dc electric field of 8 kV/cm along the optic axis.
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SUMMARY

With the pubiication of the seminal paper by Ott,
Grebogi and Yorke (OGY) [1] the concept of control-
ling chaos has become part of the lexicon of physicists
and engineers dealing with chaotic nonlinear dynamical
systems. The authors showed that by using small, ju-
diciously applied perturbations the unstable periodic or-
bits, which are dense in a chaotic attractor, could be
stabilized. The strength of their approach lies in the ab-
sence of the necessity for any a priors analytical model
of the chaotic system in order to affect the control. The
information required to construct the controlling pertur-
bations can be extracted from experimental time series
obtained from the unperturbed system. Since the pub-
lication of [1}, the OGY controlling algorithm, and nu-
merous variations upon its central concepts, have been
implemented numerically and experimentally in a host
of norlinear dynamical systems ranging from lasers and
electrenic circuits to chemical and biological systems. For
excellent review articles see [2] and the references therein.

In this paper we wish to discuss the application of
the OGY scheme and some of its variants to the Ikeda-
Hammel-Jones-Maloney map given by [3)

.. . a

Zny1 = Po+ Rzn €zp l’¢ . 1+ | Zn P] . (1)
The Tkeda map can be envisioned as arising from a string
of light pulses of intracavity amplitude E,, impingingon
a partially transmittig mirror M) of a ring cavity with
a nonlinear dispersive medium, as depicted in Fig. 1.
Here we assume the time intzrval between the pulses is
adjusted to the round-trip travel time in the ring cavity.
This form of the map assumes that saturable absorption
has been ignored and that the dimensionless detuning of
the laser two-level-atom A 3 1 [A = (w—wa)/7L], but
not so large that we are in the Kerr limit. In additicn,
the usual assumption has been made that the response of
the nonlinear medium in the cavity is much faster than
the cavity round trip time. The various parameters of
the Ikeda map are defined as fcllows:

poo= VTEa, 4 = &L
TWoom =B

where pq is the dimensionless input amplitude, T = 1- R
is the input and output mirror intenstiy transmission
function, ¢ is the laser empty-cavity detuning, agL is
the linear absorption per pass, and z, is the dimension-
less intracavity complex field amplitude. The map is area

a =

contracting, i.e. detJ = R? = AjAa < 1, where \; and
Az are the the eigenvalues of the Jacobian J of the map.

The Ikeda map demonstrates a richness of nonlinear
phenomena such as bistability, hysteresis, period dou-
bling bifurcations and chaos. Recently, van der Mark et
al. [4] have conducted experiments using a single-mode
glass fiber as the nonlinear dispersive medium and 10 ps
laser pulses in a ring cavity to investigate the influence
of group velocity dispersion and pulse shape in the map.

Fig. 1: (a) Ikedamap viewed as a sequence of pulses enteringa
ring cavity with a nonlinear dispersive medium through a partially
tranmitting mirror M) ; (b) the chaotic attractor for the Ikeda map
Eq. (1), (zn = Zn +iyn) with parameter values po = 1.25, R = 0.9,
¢ =0and a = 7.0,

For the parameter values pp = 1.25, R = 0.9, ¢ =0
and a = 7.0 the [keda map is chaotic. We wish to apply
the OGY algorithm to control the unstable periodic orbit
buried inside the attractor. Before we begin, we first
recall the derivation of the OGY formula for a general
chaotic nonlinear dynamical system.

Let &, be a vector of the phase space variables of some
dynamical system at the crossing of some surface of sec-
tion through which the trajectories pass. There exits a
Poincaré map F, depending on some control parameter
P, which relates the values of successive iterative cross-
ings via {n41 = F(€,,p). In their original paper, Ott,
Grebogi and Yorke (1] derived a formula for the pertur-
bations necessary to control the unstable periodic orbits

A Ffu-(€n —EF(po))
Au -1 fu g .
Here, A, is the eigenvalue of the unstable contravariant
cigenvector f, of the local mapping D¢F (€F, po), eval-
72

§pn = 2)




uated at the fixed point €p, of F, and g = D, F(&r. po)
the shitt of the fixed point due to a change in the control
parameter. The OGY formula iz derived by requiring
that upon applicauion of the perturbation, the next iter-
ate of Lthe mapping falls on the stable marifold of the fixed
point. If this is the case. then successive itcrates of the
mapping will be attracted to the fixed point, and a period
one orbit will have been extracted from the chaotic at-
tractor. Equation (1) is derived for a local mapping with
one unstable eigenvalue (|A,] > 1), which is applicable to
the lkeda map.

For the parameter values used, the Ikeda map has an
unstable fixed point at (zf,yr) = (0.6723,0.4132). To
measure g, the chaxge in the fixed point as we vary the
dimensionless input po, we could observe the lkeda map
at an input value of py + 6p, measure the new fixed point
and approximate g & {[zr(po¥+5p)—zF(p0)}/6p, [yr(po+
5p) — yr(pe)l/6p}. A strict application of the OGY for-
mula would imply a measurement of the real and imagi-
nary parts of the electric field amplitude z,, which con-
stitutes the 2 dimensional phase space. Figure 2 shows
a numerical implimentation of Eq. (2) where the control
is turned on at some arbitrary iterate » = 0 after the
system has been running for some time such that all sub-
sequent points are on the attractor.

l L

4000

Fig. 2: A straight forward implementation of Eq. (2) showing
the stabilization of the unstable period 1 orbit of the Ikeda map
located at (zp,yp) = (0.6723,0.4132).

The Ikeda map is an example of a nonlinear
differential-delay dynamical system for which a map can
be derived. Recently Gavrielides et al. [5] have demon-
strated that by using the OGY algorithm, unstable or-
bits of np to perisd ~ight can be controlled in the Lang-
Kobayashi system. This system is described by a set
of three nonlinear differential-delay equaticns describing
chaos in a semiconductor laser subject to a small amount
of optical feedback from an external mirror.

In an actual experiment, the detection of the real and
imaginary parts of the electric field 1s not practical. A

more accessible experimental variable is the intensity
In = H(zn) = |2a]* = 23 + y2. However, the inten-
sity poses a problem for the OGY formula since Eq. (1)
has assumed that &, is the siate of the system defined
by the full set of phase space variables, for which single
scalar time series [, is clearly not. Dressler and Nitsche
[6] addressed this problem by considering the modifica-
tion of the OGY formula when a delay coordinate vec-
tor X(t) = {z(t),z(t = 7),...,2(t = (M = 1)7)}, con-
structed from a single scalar time series z(t}, is used
to reconstruct the attractor. The mapping from the
full set of phase space variables to the delay coordi-
nates introdices a dependence of the Poincaré map F
on p,—; in addition to the normal dependence on py.
For the case of the lkeda map we can consider a vec-
tor &n = {ln, In-1v. ... In_(m-1)}, where I is the value
of the intensity at the nth peak (I(t) = 0,1(t) < 0).
I this case we do not have a delay coordinate embed-
ding, but the mapping H induces a similar additional
dependence of F on 6pn—1, i.e. €np1t = F(€n, Prn-1,Pn).
Therefore, a perturbation formula can be derived in ex-
act analogy with that of Dressler and Nitsche by requiring
that fy - 6€ns2 = 0 and pnyy = 0 yielding [6)

Au
Ao -ut+fu-v
fu-v )

+ —————bpp_1 ], 3

WFeourfen @
withu = D, F and v = D, _, F evaluated at the fixed
point £ #(po) and p, = ps—1 = po. Equation (3} is in fact
the controlling perturbation formula for the simplest case
of projecting down from a general N-dimensional pha:e
space state vector (here N = 2) to a single scalar vari-
able. This projection produces a dependence of ép, on
the history of the N — 1 previous values of the perturba-
tions [7]. Figure 3 shows the stabilization of the intensity
unstable periodic orbit at the fixed point Ir = £} + 7.

pn = A (

fu '6£u

T

i 1
6000 8000

2000 4000

Fig, 3: Stabilization of the Ikeda map from measurements of
the intensity peaks [, via Eq. (3). Here 68 = (In—Ip. In—y ~IF)
where Ip = 22 + 4% and (zp,yr) = (0.6723,0.4132).

Notice that the above OGY perturbation formulas use
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data 6¢,, measured at the nth peak to control the n + 1
peak. Depending upon the apparatus used in an experi-
ment, one may be concerned about the time involved i1
the process of detecting the peak of the intensity, calcu-
lating the controlling perturbation and then implement-
ing it. For example, in the experiment by ven der Mark
et al. [4], the cavity round-trip time was 48ns. To tackle
such situations, Alsing et al. [8] have developed an OGY-
based controlling scheme which utilizes data measured at
the n — & peak to control the n -+ 1 peak. They call this
method prior iterate control (PIC). The PIC formula cor-
responding to the Dressler and Nitsche formula Eq. (3)
is

A
optl) = — ), [Au (_"_
Pa '\ufu'“+fu'”

fuv 6p$.1.’2) + apS.‘_’l] )

.fu ‘6€n—1

4+ —Jv -
Afu-ut+fu-v

where the superscript (1) on ép’s denote the use of data
measured one iterate back to affect the control. An ap-
plication of Eq. (4) to the Ikeda map yields a plot of I,
versus n similar to Fig 3. For one iterate back, the tran-
sient time preceeding the time to control is essentially
the same as for Eq. (3).

Note that the first two terms of Eq. (4) are just the
negative of the Dressler Nistsche formula Eq. (3) with
the change of indices from n — n — 1. When Spp =0,
the terms inside the square brackets simply reproduce
the Dressler Nitsche formula one iterate back. There-
fore, instead of using the data {6&,, 6pn— 1} to control the
nth peak, the PIC formula Eq. (4) 1ses the information
{86n—1,6Pn-12,6pn—1}, one iterate back, to accomplish
the same task. The extra factor of Ay out front has the
implication that the control region for the PIC formula
is |Ay| times smaller than the corresponding region when
Eq. (3) is used. This point is discussed more fully in (8]-

The general form of PIC perturbation formula using
data measured k iterations back is

8pE) = A =888 + A [=651), + A ...
-6 + 5257 ()
where 6pff_c,';y) denotes an OGY controlling formula [e.g.
Eq. (2) or Eq. (3)] with the index on 4¢,, shifted to n - k.
We can view Eq. (5) as follows. At the nth iterate we
measure the signal difference 6€,, and apply the pertur-
bation 6p$.") which has been calculated using the signal
difference 6€,_i. By shifting the indices of Eq. (4) from
n—{n+1,n+2,.. -»n+k}, we have all the necessary in-

formation to calculate {6pf,k+)i,6p$32, Ce 6p£2,‘} at the

nth iterate. By keeping a history of the 6£, and 6p$,")
used, we can always maintain a difference of k iteraticns
between the time at which we compute the perturbation
and the time when we need to apply it.

As a final implementation of an OGY-based control-
ling algorithm we note that Alsing et al. [9] have demon-
strated numerically that a feed-forward backpropagating
neural network can be trained to control unstable peri-
odic orbits for a variety coutrolling perturbation formu-
las. It has bean shown by a number of authors [10] that
neural networks can be useful in extractiug chaotic at-
tractors from noisy data. The thrust of {9] was to show
that the neural network need only be treined about the
fixed point of the attractor ai:d the necessary informatior
could be extracted soley from experimental data obtained
from the unperturbed system.

When training is performed with the above OGY-
based formulas in which 6p, depends on ép,_, the neu-
ral network is implicitly learning the chaotic map iocally
about the fixed point. Even though the neural network
is trained on the unperturbed system, in whicli case the
fixed point is at £p(pg), :t is still able to control the
unstakle periodic orbit in the presence of a iterate de-
pendent fixed point £ p(pn) where p, = po +6p,. This is
a manifestation of the robustness exhibited by the OGY
algorithm in its tolerance of small amounts of noise in
the controlling perturbation.
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SPONTANEOUS PATTERN FORMATION IN AN ABSORPTIVE SYSTEM

W. J. Firth and A. J. Scroggie
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Glasgow, G4 ONG, UK
Telephone No. (UK) 41 552 4400

We present analytical and numerical results indicating pattern formation in a purely
absorptive medium, namely a resonantly-excited two-level system in a ring cavity. Pattern
formation occurs when the cavity is mistuned such that the optical wavelength exceeds that
of the nearby cavity mode. But then off-axis or “tilted” waves can exactly fit the cavity, and
this determines the dominant transverse wave vector of the pattern. This is a geometrical,
linear, and very general mechanism found also in lascrs [1] and recently in OPO's [2].

We use the mean-field ring cavity model described by the Maxwell-Bloch equations [3-5].
In terms of deviations from the steady state values:

z=z,(1+A); p=p(1+P); f=f(1+F)
the Maxwell-Bloch equations are exactly equivalent to:

. L 20(1—iA)
A= N[—A(l‘l'le)—m

P=7.(1+iA)[A+F = P+ AF]

P+ iaV?A]

. P*+ A+ P A\
= JRe (2T 4
Feo[F+ R (2 ]
where I = |z,[?, and the other symbols have their usual meanings {4]. There is a pattern-
forming instability with K = K, where

0+aK?=0; §<0 (5)

This is precisely the condition under which the tilt of the perturbation wave cancels the
cavity mistuning. For A # 0, the medium contribute to the cavity tuning and complicates
the interpretation of K.

We have performed perturbative nonlinear analysis of (2, 3, 4), and obtain amplitude
equations with a diffusive spatial coupling. The system is well-behaved around A = 0 for
finite, negative . A quadratic coupling characteristic of hexagon formation is found (6]
Unusually for an optical system, it may be of either sign, or indeed zero, implying that bot
positive and negative hexagons, and also rolls, should exist as stable patterns for appropriate
parameter values.

We have developed numerical codes to simulate the system on a square grid with periodic
boundary conditions. We concentrate on the case A =0 and § = —1. Se%ecting a value of
C greater than 4 and increasing I across the instability region, we observe a transition in
the stable pattern which forms from noise: ”hexagonal spot patterns” (H *) for I < 3; rolls
for I ~ 3: "honeycomb (H~) for I > 3 (see Figure 1). Near basin boundaries, domains of
different patr-rns typically form from noise, then one pattern invades the other, eventually
winning (see Figure 2).
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Results for the case A # 0 are broadly similar to those described for A = 0, and relevant |
analysis and simulations will be presented. Extension of these models to describe real al- '
kali vapours [7], by inclusion of polarisation and optical pumping dynamics, will be described.

This work is supported by the EC via ESPRIT grant 7118 (TONICS). A.J.S. acknowl-
edges support from an SERC Studentship.
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Figure 1: Example of the change in the stable patiern observed as [ is varied at a fixed value [

of C(=4.4). (a) H* for I =29 (b) rolls for = 3.3 (c) H for I =45. A =0,0= -1. !

(G) E ot (b)

Figure 2: Time sequence showing roll-H~ competition with rolls winning. The figures show
the real part of the field at (a) t=240, (b) t==400, (c) t=>560 cavity lifetimes. A =0, § = —1,
I = 5.5, C = 5. The defects in the roll pattern persist with no perceptible change until the
end of the simulation (t=3600 cavity lifetimes).
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TIME-RESOLVED DFWM SPECTROSCOPY OF FULLERENE IN TOLUENE AND GLASS

Huimin Liu and Weiyi Jia
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Recently, the interest in the nonlinear optical properties of Cq, and C,, have
resulted in a great number of experiments[1-3]. These experiments focus on tne third
order susceptibility of these material using a variety of techniques. In these
experiments , emphasis was placed on the determination of the third order nonlinear
susceptibility x. The large variations in the measurements have caused a number
of discussions[2,3]. In order to to understand the reason causing the discrepancies
in numerical determination of x® we use time-resolved DFWM spectroscopy iv show
that three signal components appeared with time evolution, which obscured the
intrinsic signal associated with the measurement of x®. Furthermore, attempt to add
fullerene into a laser glass host was made. To compare the DFWM spectroscopy of
fullerene in toluene with that of fullerene in glass shows that fullerene does exist in
glass matrix after melting at high temperature.

Single 20 ps pulse from a Nd:YAG laser operating at A =532 nm was used in the
conventional backward propagating degenerate four-wave mixing geometry(4]. The
purified Cgy and C,, powder samples were provided by Dr. D.R. Huffman. Fullerene-
doped inorganic fluorophosphate glass was prepared by using a special device to
isolate from the atmosphere and melted at high temperature. The obtained glass
sample is transparent and the electronmicroscopy analysis shows that fullerene is
dissolved homogeneously in glass matrix.

The observed ps-DFWM spectrum is categorized into three probe delay time regions
as shown in the figure: a sharp scattering peak at zero delay with a FWHM equal to
the autocorrelation of the three pulses, a small decaying transient signal which lasts
a couple of hundred picoseconds and is then obscured by the third intense, periodic
signal. The left side of the figure shows the time dependence of the absolute
diffraction efficiency for C.4g/¢ Cg,-toluene solution along with that of pure toluene.
it is seen that the intensity of each signal component is dependent on the sample. In
particular, the absolute scattered probe-signal intensity of the peak at zero delay
(coherence peak) decreases with addition of C, to toluene. Conversely, the maximum
of the periodic signal undergoes a anomalously large increase due to the presence of
Ceo and C,,. Therefore, while the coherence peak is the dominant scattering
mechanism in toluene with an intensity ratio of I{c oherence)/l{periodic) ~ 20, the
periodic peak is the dominant mechanism in Cg,-toluene samples with a ratio of
l{periodic)/l{coherence) ~20. The coherent peak is associated with the third order
susceptibility x® of the material, and the periodic oscillation signal originates from
laser-induced-phonon-spectroscopy(LIPS)[5]. The inset in the figure shows a
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FIGURE. Time-resolved DFWM spectra of fullerene in toluene(Top-left)
and fluorophosphate glass(Top-right). The lower traces represent the
DFWM spectrea of undoped toluene solvent and glass. ;I'he experiments
were conducted at pump beam crossing angle of 21.1 for the left and
8.1° for the right. The inset(on the left) shows the expansion of cohe-
rent peak at zero delay, representing the population grating.

population grating signal which is immediately following the coherence peak and only
observable in the fullerene dopec toluene or glass. The population grating is produced
by optical excitation from singlet S, state of fullerene to excited S, state followed by
a rapid relaxation to triplet T, state.

The right side of the figure represents the spectrum of fullerene-doped
fluorophosphate glass. The intensity ratio of l{periodic)/l(coherent) was measured to
be ~0.8, much smaller than that of fullerene-doped toluene. The reason for less
intense LIPS signal in glass is due to much smaller concentration of fullerene, which
has so far been achieved. The population grating signal was also observed in glass.
The decay rate of the signal is ~10%s, much larger than ~ 10*/s for Cq,-toluene[6],
reflecting a stronger lattice relaxation existing in glass matrix.
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Changes in the refractive index at zero delay can be divided as those arising from
toluene and those due to fullerene. These coefficients are related to x® and the
values estimated through comparison with scattering from CS,. x™ for pure toluene
was found to be 3.7x10'*(esu). Since the coherence peak is reduced in the fullerene
solutions, it can be conciuded that the contributions due to dopants are opposite in
sign to those due to the solvent. This is consistent with previous studies in these
materials[7]. Numerical estimations of dopant contributions are further complicated
by inclusion of scattering due to absorption changes. Such changes may arise in
these samples since addition of dopants increases absorption at 532 nm[7].

The signal, at longer delays, due to LIPS has two main characteristics. Firstly, the
LIPS signal in fullerene-toluene is at least an order of magnitude greater than the LIPS
signal due to pure toluene. Secondly, the ratio of scattered signai due to x* to LIPS
undergoes two orders ¢f magnitude decrease due to presence of fullerene dopants.
This reduction was found to be even larger from Cg, to C,, doped toluene samples.
it originates from (i) increase in the LIPS signal due to Cg4, or C,, (ii) the decrease in
the coherence peak due to presence of oppaositely contributing factors.

To summarize, addition of Cg, to solvent and glass matrix increases the LIPS signal
by at least an order of magnitude while decreasing the coherence peak by a factor of
3.4 in Cy-toluene, and a factor of 5.3 in C,p-toluene. Such an effect may result in
erroneous calculations of x which are based on comparison of the coherence peak
with a standard of CS,.
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Chiral molecules interact differently with left- and right-hand circularly-polarized light. This
optical activity provides the basis for several linear optical techniques that can be used to detect
molecular chirality. Optical-activity eifects arise from contributions of magnetic-dipole transi-
tions, in addition to the usual electric-dipole transitions, to the linear optical properties of chiral
media [1]. Due to their helical structure, chiral molecules possess magnetic transition moments
that are much larger than those of achiral (e.g., atomic) media.

Circular-difference effects have been predicted to occur also in nonlinear optical pro-
cesses. Such effects were recently observed in second-harmonic generation from chiral mole-
cules adsorbed at an air/water interface {2]. However, no conclusive evidence was provided as
to which of the several proposed mechanisms would be responsible for the observed effects. We
have studied nonlinear optical activity in second-harmonic generation from Langmuir-Blodgett
monolayers of a synthetic chiral polymers. All observed effects are explained by a model that
includes the contributions of both electric and magnetic dipole transitions to the second-order
nonlinearity of the chiral surface. In this Paper, we use samples of bacteriorhodopsiu as an
example to show that such nonlinear optical activity can be used as a scnsitive probe of chiral
environment of biological material.

To include the contributions of magnetic-dipole transitions to the second-order nonlin-
earity of the chiral surface, we take the nonlinsar poiarization of the surface to be

P;(20) = Z[x,‘f;E (@) E (@) +XF"E; (0) By (0)] . )
b

Similarly, the nonlinear magnetization of the surface is
M;(2w) = E_k:xg-':’E,- (@) Ey(0) . @)
J

In Eqgs. (1) and (2), E(w) and B(w) are the electric field and the magnetic induction field at the
fundamental frequency, respectively. The subscripts i, j, and k refer to Cartesian coordinates
and the superscripts e and m refer to electric and magnetic dipole interactions between the mol-
ecules and the light field, respectively. Thus, %€ is the usual second-order nonlinear suscepti-
bility, which depends only on electric-dipole transitions, and x°¢™ and )™€¢ are susceptibilities
that account for magnetic-dipole contributions to the nonlinearity [3]. For real molecular wave-
functions and for off-resonant excitation, the components of X°°* are real and the components
of 1™ and Y"™°¢ are imaginary. Furthermore, even under resonant conditions, this 90° phase
difference between the electric and magnetic contributions is approximately preserved.

The chiral surface consists of a collection of electric and magnetic dipoles that radiate at
the second-harmonic frequency. By averaging the dipoles over dimensions larger than mole-
cules but smaller than wavelength, the effective oscillating dipole moments are proportional to
the nonlinear polarization and magnetization given by Eqs. (1) and (2). In the far field, the elec-
tric component of the second-harmonic field that is radiated by the oscillating dipoles is

E(20) ~ [nXP2m)] xXn-nxM(20) , )]

where n is the direction of observation. The finite size of the fundamental beam provides a
phase-matching condition in the plane of the surface. However, the sub-wavelength thickness
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Figure 1. Schematic representation of the experimental setup.

of the surface allows second-harmenic light from elementary dipoles to be coherently added in
the transmitted and reflected directions.

The nonlinear polarization and magnetization of the surface and the amplitudes of the
reflzcted and transmitted second-harmonic fields can be directly calculated by using Eqgs. (1)-(3)
and the tensor components of x¢, x*™, and ¥™¢¢ that are compatible with the sym.metry of
the surface. The circular-difference response of the process then arises from interference
between the electric (real) and magnetic (imaginary) contributions to the nonlinearity.

Our experimental setup is schfmatically shown in Fig. 1. We illuminate the chiral sur-
face with the intense (~100 MW/cm*) beam of an injection seeded Nd:YAG laser (1064 nm,
~10 ns pulse length, 10 Hz repetition rate). The polerization of the incident beam is varied from
linear to left- and right-hand circular by means of a half-wave plate. The sample is oriented at
~45° angle of incidence with respect to the fundamental beam and the initial linear polarization
of the beam is p-polarized with respect to the sample. The waveplate is rotated through an angle
of 360° and the intensity of the s- and p-polarized components of the second-harmonic field is
recorded in transmission and in reflection.

To assess the sensitivity of nonlinear optical activity in detecting chirality of biological
material, we use bacteriorhodopsin as an example. We have observed nonlinear optical activity
trom all bacteriorhodopsin samples that were prepared, independent of the sample preparation.
For a typical sample, a drop of bacteriorhodopsin in water is placed between two glass sub-
strates. A typical experimental result is shown in Fig. 2(a). A theoretical fit to the experimental
results based on our model is shown in Fig. 2(b). The efficiency of second-harmonic generation
from the sample is seen to be strongly dependent on the helicity of the incident light.

It is interesting to compare these results to those obtained by linear circular dichroism
from samples of bacteriorhodopsin [4]. We express the relative magnitude of the circular-differ-
ence effect as

AT = 2 (Leg = {ygn) | e + Ligne) @

where [ is the intensity of the detected second-harmonic light and the subscripts refer to the
helicity of the fundamenial beam. For our bacteriorhodopsin samples, Al/I ranges from ~5%
up to ~100%, depending on the polarization of the detected second-harmonic light. L.inear cir-
cular-dichroism spectra of bacteriorhodopsin, on the other hand, typically show a relative circu-
lar-difference effect of Ae/e = 0.1%, where € is the (linear) molar extinction coefficient.
Hence, the nonlinear circular-difference signal is up to three orders of magnitude higher than the
linear. Furthermore, we typically uscd an amount of bacteriorhodopsin (107" moles) that is
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Figure 2. Experimental (a) and theoretical (b) results for the intensity of the s-polarized
component of the second-harmonic field that is generated in the transmitted direction from
bacteriorhodopsin. The plots are shown as functions of the rotation angle of the quarter-
wave plate that was used to control the state of polarization of the fundamental beam. The
linear polarization (0°, 90°, 180°, and 360°) corresponds to a p-polarized fundamental field
with respect > the samgle. The intensities of the second-harmonic field for the two circular
polarizations (45°, 135°, 225°, and 315°) of the fundamental ficld are indicated by the cir-
cles and the squares.

three orders of magnitude less than that used in lincar measurements. We believe that the
amount of material can be further reduced in future refinements of our experiments. This high
sensitivity makes this nonlinear approach a potential tool for analytical (bio)chemistry to detect
chirality from small amounts of molecules.

Other advantages of nonlinear optical activity are related to properties of second-har-
monic generation. Linear optical-activity effects in isotropic solution depend only on transi-
tions from the ground state to the excited states of the molecules through 1 - m, where p and m
are the electric and magnetic dipole moments, respectively [1]. Hence, structural chirality of a
molecule does not necessarily give rise to strong linear optical activity. Nonlinear optical activ-
ity depends also on transitions between different excited states. Furthermore, a large number of
tensor components of second-order susceptibilities are allowed by the symmetry of chiral sur-
faces. Hence, nonlinear optical activity can be used to probe molecular properties linked to
chirality on a more fundamental level than the linear techniques. Chiral molecules with low lin-
ear optical activity could therefore give rise to an easily measurable nonlinear optical activity.
Also, nonlinear optical activity considered here is a surface-specific process provided that the
media on the two sides of the surface are isotropic. This feature could be important in surface
chemistry and cell biology because the nonlinear approach makes the chiral environment of bio-
logical membranes and interfaces accessible to measurement.

This research has been supported by the Belgian Government (IUAP-16) and by the Bel-
gian National Science Foundation (FKFO 9.0012.92). M.K. is a research fellow of the Univer-
sity of Leuven,
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J-aggregates of cyanine dyes show a sharp absorption peak, called J-
band, below the transition band of monomers [1, £]. The band is due to the
transition of excitons delocalized over an aggregate by intermolecular dipole
interaction. A simple model of N identical molecules aligned in a one-
dimensional chain has been proposed to explain the optical spectrum of the J-
aggregates [3-6].

In the present paper, we report extremely large change in a static dipole
moment and polarizability observed in oriented J-aggregates of 1,1'-diethyl-
2,2'-quinocyanine bromide [pseudoisocyanine bromide (PIC-Br)] by electro-
modulation spectroscopy. Recently, we have developed a new method, named
“vertical spin-coating”, to prepare highly oriented J-aggregates dispersed in
polymer films [7, 8]. The solid-state oviented films prepared by the vertical
spin-coating enabled us to measure the polarization dependence of the electro-
absorption spectra for ihe first time. The electro-absorption spectra due to the
Kerr effects were measured in all the four parallel and perpendicular
configurations of both the polarization and static electric field with respect to
the oriented axis.

The absorbance change due to the Kerr effect is given by

2
=194 L FP_19 g 0F 2
AAKerr 2BE2( L )Z 2 aE Ao ' ( )

where Ap, Aa, F, A, E are the static dipole change, the change in the linear
polarizability, the applied electric field, the linear absorbance, and the photon
energy, respectively.

Charge separation between the cationic dye molecules and anions is
much larger than charge transfer among dye molecules to form the static
dipole moment. The former should more likely cause the static dipole
moment, and the static dipole change is due to the displacement of the anions.
Since the motion of the anions is not instantaneous as electronic response, it
results in some phase retardation,¢ , of the response to the applied field.
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The polarizatility change is considered to be mainly due to n electrons in
tne J-aggregate. The response of the contribution from the polarizability is
instanteneous.

Static dipole changes were determined corresponding to the four
different configurations as shown in Fig. 1. These are larger than the static
dipole change reported for polar organic molecules used in studies of the
optical nonlinearities [9]. We recently conclude the size of the aggregates to be
in the range from 20 to 100 [10]. Change in a static dipole moment in each
molecular unit is no more than 1 debye.

Although the linear dichroism is remarkable, the static dipole change
showed no large difference between the parallel and perpendicualr applied
fields. Almost isotropic response of the EQ effect in the oriented J-aggregates
suggests that the displacement of the anions is most probable.

On the contrary, the polarizability change is dominant with the external
field applied parallel to the chain axis, as shown in Fig. 2. The transient dipole
moment of the one-dimensional excitons in the oriented J-aggregates is also in
the same direction as the axis. This anisotropy in the polarizability change is
interpreted in relation with delocalized excitons along the one-dimensional
chain of J-aggregates.

The polarizability change obtained here is about 100 times larger than
that of DMANS [9). The enhancement is due to the delocalization of the
excitons, and this factor means the average number of the constituent
molecules in an aggregate. It is consitent with the aggregate size reported
previously [10].

References
[1]1 E.E. Jelly, Nature 188, (1936) 1009.
(2] G. Scheibe, Angew. Chem. 49, (1936) 563.
(3] P.OJ. Scherer and S.F. Fischer, Chem. Phys. 86, (1984) 269.
(4] E.W. Knapp, Chem. Phys. 85, (1984) 73.
(5] G. Juzeliunas, Z. Phys. D 8, (1988) 379.
[6] F.C. Spano and S. Mukamel, J. Chem. Phys. 91, (1989) 7988.
{71 K. Misawa, H. Ono, K. Minoshima, and T. Kobayashi, Appl. Phys. Lett. 63,
(1993) 577.
[8] K. Misawa, H. Ono, K. Minoshima, and T. Kobayashi, J. Lumin., in press.
[9] H. Kuhn and A. Schweig, Chem. Phys. Lett. 1, (1967) 255.
(10] K. Minoshima, M. Taiji, K. Misawa, and T. Kobayashi, Chem. Phys.
Lett., in press.
84




jAul = 18 debye

Absorbarice

|Aut = 27 debye

Fig. 1: Change in staiic dipole

moments determined from the

clectro-absorption spectra of the

broadening components. Linear

ey T L SVUIS PRUL SR absorption spectra for (a) parallel

2.2 2.4 26 ‘8 and (b) perpendicular polarizations
Photon energy {(eV) are also shown.

Absorbance

\ARAS BASASARLSS Ba T

Aa =18 x10° &

Absorbance

da =13 x16°%c

Absorbanca

. . ]
25 x1021cm3‘

. .
M } Fig. 2: Change in polarizability
Prwe nad aanadaana alasaalsaas'oaana

- Loss determined from the electro-
0 2.2 2.4 2.6 2.8 absorption spectra of the shift
Piston energy (eV) components.

85




Polymeric Guest-Host System for Nonlinear Optical Fibre

G.D. Peng, A.Latif, P.L. Chu, R.A. Chaplin
University of South Wales, Kensington, U.K.

The application of organic materials for nonlinear optical processes, such optical
modulation and all-optical switching, has been gaining considerable interest in recent vears [1].
Organic polymer materials do provide very good synthetic and processing options that are not
available with single crystal or multiple quantum well MQW classes of NLO materials and,
importantly, they have considerable higher nonlinearity than the usual optical fibre material, viz.
silica.

The study of organic polymers for NLO optical fibre Cevices are still at the very beginning
stage. Previously, organic polymer fibres with dye-doped cores have been reported {2]. There
poly(methyl methacrylate) (PMMA) has been used as the base materials while several dyes
which possess large third order nonlinear optical susceptibility are used as the core dopants.
Another report presents a picosecond fibre optical switch achieved trom a capillary glass fibre
with liquid organic core [3]. However, better core-doping organic compounds with low loss,
high nonlinearity and fast response are still to be pursued. We started to study organic polymer
materials for high nonlinear fibre recently. Our attention is focussed on polymer fibre doped
with conjugated organic polymers which have been shown to have very large non-resonance
third-order nonliinearitics.

We stant with acrylic monomers: methyl methacrylate (MMA) and ethyl methacrylaice
{EMA), as the basc matecrials. These materials have low refractive indices (in the range of
1.41~1.42). After polymerisation, their indices increase duc to the volume reduction during
liquid-to-solid phase transition. Polymerised materials: PMMA, PEMA, or poly(MMA-EMA)
gives indices in the range of 1.478 ~ 1.482, varying with polymerisation conditions. Obviously,
these indices match well with silica fibres. In fact, using another similar monomer (trifluoro-
cthylmethacrylate -TFEMA) [4), we can produce copolymers with lower refractive indices. In
one of our experiments, copolymerisation of EMA (67%wt) and TFEMA (33%wt) produced
good polymers with index 1.4636. Even lower index is possible with larger percentage of
TFEMA.

Concerning the core materials, there are several conditions to be satisfied before a
desirable organic fibres can be made. Firstly, we require that highly nonlincar organic
compounds be uniformly dissolved in the monomers. Normally, to enhance significantly the
nonlinearity, we need to dope as much nonlinear organic materials as possible. Secondly, the
doped materials should be fabricated with a slightly elevated refractive such that light could be
confined to regions of high third order nonlinear-optical susceptibility. Thirdly, the polymer core
and cladding should have their thermal properties enabling fibre drawing. Also mismatch of
thermal properties between core and cladding should be kept low since it could introduce
internal stresses to fibre during drawing. Finally, it is essential to assure a smooth core-cladding
boundary to avoid significant scattering.

We have tested different polymerisation conditions and different combinations of organic
materials. Different rod polymer or copolymer samples of PMMA, PEMA, poly(MMA-EMA),
poly(EMA-TFEMA) and poly(MMA-EMA-TFEMA) have been fabricated and their refractive
indices and losses have been measured. Both PMMA and PEMA have optical transmission
windows at 1300nm and 1550nm and that PEMA have lower losses that PEMA in the windows.
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For the loss of PMMA, we are able to compare with reported results in Refs. [2] and (5], and
find agrecable results (their material loss at 1300nm ranges from 0.2 to 0.6 dB/cm).

We have selected a conjugated biochemical - B-carotene, as our first trial dopant. -
carotene is known to be a typical conjugate organic material which has the Kerr coefficient, n2,
as high as 1.4 X 10" m?/W (apout 5000 times that of silica). We have experimented to
incorporate B-carotene into PMMA, PEMA or PMMA/PEMA). Good and unifcnn polymer and
copolymer rods doped with B-carotene have been successfully fabricated. The loss spectrum of a
PMMA doped with 4.4%wt B-carotene is shown Fig.1. We could find that the loss at 1300nm

and 1550nm are increased to

1dB/cm and 1.5dB/cm

abeorption (1/cm) respectively. The  percentage

¢ concentraion of the highly
nonlincar organic dopam s
directly related to the
cnhancement of the fibre
nonlincarity. However, we find
that B-<carctenc concentrition
wiil be saturated at about 5% by
weight in MMA, EMA or both
. N U T of them as solvents. We note that
1000 1200 1400 1300 the incorporation of P-carotene
wavelength (»m) 1o polymers does not change

much their thermal propertics

Fig.! Absorption spectrum of a samplc of and that the thermal piroperties of

PMMA doped with B—carotenc (4.4% wt). polymers mainly depend on the
base maicrials used. Evidently

PEMA has lower transition
temperature than that of PMMA. Thercfore for PMMA/PEMA copolymers, the higher
percentage of EMA the lower transition temperature. We use benzoyl peroxide or laurel
peroxide as initiator. Different levels of initiators, ranging from 0.005 ~ 2 %wt, have been
experimented. From the experiment, it is found that higher initiator level will result in slightly
lower transition temperawre. This may imply that lower molecular weight be obtained with
higher initiator level, as we would expect. The refracrive index of B-carotene is about 1.53.
Doping a few percents of B-carotene into PMMA/PEMA copolymer elevates the refractive index
by a fraction of one percent. For the sample shown in Fig.1 where f-carotenc dosage is 4.4%wit,
the resulted index is 1.486, a raise of 0.003 from the corresponding sample without f-carotene.
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We have tried two methods to make a polymer fibre preform. In the first method, a small
doped polymer rod (2.5mm) is fully polymerised. The rod is then put and fastened in the centre
of a glass tube (inside diameter 24mm). Now partially polymerised cladding materials is filled
into the tube and it is put into oven for the cladding polymerisation. Unfortunately, this method
failed to produce any good fibre preform up to now. The main difficulty is how to control
properly the pre-polymerisation of cladding maierials. The core rod will dissolve quickly, if
cladding materials is only lightly pre-polymerised. However, enormous air bubbles would come
out if the cladding materials is over pre-polymerised.

- 87

e o wewes



In the second method, we put a small teflon rod in the tube and €ill it with cladding
materials. Thus we begin with cladding polymerisation. After removing the teflon rod, we fill
with core monomers as well as dissolved dopant and do core polymerisation. Uniform preforms
free from air bubhbles have been fabricated with this method. The polymerisation usually takes
from 3 to 6 days. This time scale is significantly fast than the method used in Ref.[2] where
polymerisation of core takes over onc month to avoid air bubbles. In Fig.2, we show the
refractive index profile of a B-carotene doped preform we fabricated. Here the core to cladding
index difference is about 0.005 which is appropriate for weakly-guiding fully polymer optical
fibres.

AT BTG PN SR U

18 a8 L4 [ ] .

Fig.2 The refractive index profile of one polymer fitwe preform we (abnicated.
The preform: has 2 poly(MMAIR I%-EMA48 7%-TFEMA12%) cladding

md a poly (MMA44%-EMA36%) core doped with 4 4%wt J-carotence.

In summary, preliminary experimental study on nonlincar organic pelymer fibre is carried
out by characterising material losses, refractive indices, and thermal and mechanical properties
of sevcral organic polymers, ¢.g. poly(MMA-EMA) and poly(MMA-EMA-TFEMA), and a
highly nonlincar organic compound (B-carotenc). The polymerisation or copolymerisation
conditions have been investigaiedl ard low loss samples for either core or cladding have been
fabricated. Further, we have fabricated uniform PMMA/PEMA fibre preforms doped with B-
carotene. The work is being continued to investigate other high nonlinearity organic compounds
and to fabricate noniinear polymer fibres, upon the completion of a fibre drawing setup.
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Thermally induced stress relaxation of silicon dioxide on vicinal Si(111)

studied with surface nonlinear-optical techniques
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Summary

We report on optical second-harmonic (SH) and sum~frequency (SF) mea-
surements from vicinal Si(111)-interfaces covered with a thermally grown oxide
film and subjected to different annealing temperatures. We observed that the
azimuthal anisotropy in the nonlinear optical response from the Si/Si0j interface
changes after rapid thermal annealing (RTA) [1]. The RTA step allows relaxation
of strain in the oxide film and at the Si/$i0; interface. The SH and SF photon
energies of 3.1 eV and 3.5 eV are close to the recently observed strong resonance
at 3.3 eV which arises from the presence of strained bonds at the Si/Si0; interface
[2]. We suggest that the change of the step-induced onefold symmetry indicates
the relaxation of atomic bondings at the steps of the interface. The relaxation
mechanism can be well described by the viscous flow model [3].

In our experiments Si(111) wafers with off-axis orientation of 5° 4 0.5° in
the {112] direction were studied. On these surfaces an oxide (30 nm) was grown
in a dry oxygen ambient at a temperature of 850° C [1]. Somr of the samiples
were subjected to RTA (900°-1106° C for 100 s) in a dry argon atmosphere
but containing enough oxygen to prevent reduction of the oxide [1'. For SH
generation we used a mode-locked Ti:sapphire laser operating at a wavelength of
780 nm (1.55 eV), generating a train of 100 fs pulses at 78 MHz 'vith an average
power of 0.4 W. ror SF generation we mixed the fundamenta! (1053 nm) and
tie frequency-doubled 40 ps laser pulses of a N4:.'YLF regenerative amplifier. In
our experiments we used the ps (p in, s out) and sp polarization configurations,
where the reflected SH and SF signal were .neasured as a function of sample
azimuthal ovientation. Using a truncated Fourier expansion to fit the azimuthal
dependence of the reflected SH and SF field we have deduced the coraplex Fourier
coeflicients ¢, for various rapid thermally anncaled Si/SiO; interfacs [4]. The
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Figure 1: ¢, after thermal annealing as a fui:ction of annealing temperature. The
solid curves are best fits using Eq. (1).

onefold coefficient c, is indicative of intrinsic C;, symme*ry arising from steps,
whereas ¢3 is generated over tie entire terrace [4]. Within the experimental error
the c3 remain constant after RTA, therefore we have normalized ¢, to cs.

Figure 1 shows Re(c,) obtained from SH measurements for various annealing
temperatures. The experimental results shown in Fig. 1 are well described by
the stretched exponential relaxation model (see Ref. [3]) as

a(T) - alfir) =(a(n.a) —a(fr))exp {— (T:‘T ) } "

where c¢;(n.a.) aad ¢;(f.r.) are the values of the non-annealed oxide and the
oxide fully relaxed, and the annealing time ¢, is 100 sec in all RTA. The parameter
a is a measure of the coupling to cooperativity, and the best fitted values for a
are about 0.32 wiiich is in agreement with a = 0.3 obtained from ellipsometry
measurements on Suprasil W silica glass [3]. The relaxation time for the oxide
density is expressed as 7(T') = roexp(E./kyT) where 19 = 2 x 10" ®sec and
E, =5.1eV.

In Fig. 2 are plotted the variation of log 7 vs 10°/T for various polarization
combinations of bii and SF generation. Indeed r has an activated behavior with
temperature. The comparison with viscosity variation vs ten:perature found for
thermally grown dry oxides and fused silica yields a remarkable good agreement
for the activation energy which is about 5 eV [3]. However the SiO; structure
is quite flexible indicating, that the stress relaxation of atomic bondings at the
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Figure 2: Relaxation time 7 as a function of reverse temperature 103/T.

steps requires breaking bonds in agreement with the viscous flow model [3]. The
relaxation time at 900°C is 160 sec, while at 1050°C 7 is only 1 sec. Therefore,
the RTA process below 900°C relaxes the bondings at the steps only a little,
whereas the relaxation iz complete after RTA above 1050°C. In the actual oxi-
dation process around 850°C, the thermal relaxation significantly influences the
oxidation rate because the relaxation time (25 min at 850°C) is less than the
actual processing time (150 min).
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DYNAMICS OF POLARITON SOLITONS IN SEMICONDUCTORS:
FORMATION, PROPAGATION, AND INTERACTION

Irina B. Talanina, and Michael A. Collins

Research School of Chemistry, Australian ilutional University, Canberra, ACT 0200, Australic
Phone: (61) 6 249 3773; Fax: (61) 6 249 0750

Viadimir M. Agranovich

Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troiisk, Mascow Region,
Rusiia. Phone. (7) 095 3340224

‘The concept of polariton solitons, which has recently emerged in
semiconductor optics, describes a new aspect of light-maiter interaction
processes. The phaysical cause which leads to polariton soliton formation is an
exact balance between the dispersive spreading of a polariton pulse and third-
order nonlinear effects; as a result, the polariton wave packst propagates
through a crystal without changing its shape. The formation of stcady-state
polariton pulses is not only of fundamental interest as a phenomenon not
encountered in conventional linear optics of semiconductors, it may also prove
useful for applications in all-optical devices.

We consider formation of bright and dark polariton solitons in
semiconductor crystals and show that these solitons have some properties which
are different from the properties of the solitons in optical fibers.

To describe optical pulse propagation in a semiconducior crystal in the
spectral region ci an exciton resonance, we use a ncw approacn described in
Ref. 1. In this approach, the nonlinear material equation which relates the
induced excitonic polarization, P(z,t), and the electric fieid of the light, E(z,t),
(propagating along the z axis) in a nongyrotropic cutic Kerr-type crystal can
be written as

A IPVR X } .
== t)+ xofP(z,t =af{z,t

4{ 7o ¢ O - Tt 2 P + Xaf Pl t) =%
where c=gg(o 2-0204R, €, is the background dieleciric constant of the
medium, ®; and w arc the frequencics of longitudinal and transverse

exciions, respecllvely. p is the exciton effective mass, y is the damping
constani, and X, is a nonlincar cocfficient (x>0).

t4q. (1) together with the wave equation for the propagation of a plane
wave packet in an isowropic dispersive medium

2 '
PEEY) ey PBGY_an Py

9022 ¢* o ct )
gives the complete system of equations deseribing the dispersive and nonlinear
properties or a sohd in the freguency vange imvestigaied.
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We seek a solution of the system of equations (1)-(2) in the form
P(z,t)= f’(z,t)exp[i(Qz - Qt)}, 3)

where Q is a carrier frequency, Q(2) is determined by the dispersion low of
the polaritons, and the amplitude is a slowly varying envelope function.

In the moving coordinate system (x = z, | =t - 2/U), we finally obtain
the perturbed Nonlinear Schrodinger Equation for the envelope function

P 1. ,0°P S
l'az—ik §q—{+0(§;ﬂ)+Xo]P| P "‘0: (4)
where U and k°” characterize the group velocity and the group dispersion of a
polariton, respectively, and O(E,n) is a Hamiltonian perturbation.}
In anomaious dispersior. regime, Eq. (4) has a bright soliton solution

P(&,n)= 0o sech(n/t)exp[i(V§ +l371)]» (5)

where the relations between the soliton parameters are given in Ref. 1. Eq. (4)
has also a dark soliton solution in normal dispersion regime.

Analyzing the properties of the polariton solitons, we show that these
solitons: a) have 2 restriction on the soliton duration to be larger than a certain
critical value; b) are wave number and frequency downshifted from the
corresponding small amplitude polaritons.

Numerical calculations have been performed to determine the critical
value of the soliton duration as a function of photon energy and the values of
the wave number and frequency downshifts as a function of the soliton
duration for CuCl, CdS, «nd GaAs crystals.

The influence of damping on propagation dynamics of bright polariton
solitons has been examined, and the conditions for observations of these
soliions in semiconductor crystals have been discussed.

We also consider a nonlinear resonant interaction between two different
polariton waves in spectral region near an exciton resonance. At frequencies
abnve ®;, where spatial dispersion leads to the existence of an additional
polariton wave, twe different excitations propegate through a crystal at the
same frequency - the upper branch polariton, UP, and the lower branch
polariton, LP. In the presence of Kerr nonlinearity, the interaction between UP
and LP, which are generated simultaneously by an initial laser pulse, can lead
to coupled propagation of UP and LP wave packets through the crystal. We
show that UP wave packet can form a soliton and provide a “potential” within
which the LP is trapped.2 Numerical calculations for CuCl and CdS have been

performed to examine the conditions under which this trapping effect can take
place.

i L.B. Talanina, M.A. Collins, and V.M. Agranovich, Polariton solitons in
semiconductors, Solid Staze Commur:. 88, 541 (1993),

2. 1.B. Talanina, M.A. Colling, and V.M. Agranovich, Polariton trapping by a soliton near
an excitonic resonance, Phvs. Reve B 49, 1517 (1994).
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3-Methyl-4-methoxy-4"-nitrostilbene MMONS) exhibits one of the largest
powder second harmonic signals (125C x urea)” und thus has a great
potential in frequency doubling and parametric conversion. The crystal
possesses highly polar siructure which leads to the abnormal growth behavior
in the polar c-direction. ‘The single crystals of a size 40 x 35 x 30 mm® and of
an excellent quaiity couid be grown from methy! ethyl ketone solution by
controlled sclvent evaporation ( Fig.1).

Refractive indices were measured by using Brewster angle method® at the
wavelengths of 1.064 ym , 0.632 um and 0.532 pm. Fhase matching angles for
the second harmonic generaiion were deterinined from the refractive index
data (Fig.2) and it was found that the type I and type II phase matchings are
possible. The measured phase matching diractions agree to within 0.3° of those
calculated from the Sellmeier equations. The walk off angle for the type II
phase matching is rather large and varies from 7 to 12° , depending on the
polar and azimuthsal angles. However the wulk off angle for the type I can be
as small as 0.57° for 6 = 14.08° and ¢ = 5.0°.

The effective nonlinear optical coefficient was measured relative to LiNhO,
by using Maker fringe method and d ,; = 67 pm/V. The laser damage thresholds
are observed to be greater than 1 GW/cm? at 1.06 pm where the type I phase
matching occurs. The full width at half maximum of the phase matching peaks

is about 0.5°. o4
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Fig.1. MMONS crystal grown from solution by solvent evaporation.
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Fig.2. Loci for the second harmonic generatior: at 1.06 pin.
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Summary

o A mutually-pumped phase conjugator takes two input beams and transforms each into the
\ phase-conjugate replica of the other [1]. The two input beams need not be coherent with each
other. These conjugators may prove useful for optical communication, laser phase-locking,
optical inicrconnection, and optical computing [2]. It has been experimentally observed that
making the two input beams mutually coherent changes the performance of some mutually- >
pumped conjugators, but not of others [3]. Here we present experimental results and theoretical
calculations on the performancs of various mutually-pumped phase conjugators that use
photorefractive crystals. Our theory includes the usual transmission grating but also includes a
reflection grating {4] and backscattering gratings inside the photorefractive crystal. In addition,
we allow depletion and aisorption of all of the bcams. For simplicity, however, we do limit
curselves to the case of one interaction region. We assume that charge transport is dominated by ,
diffusion, so that all of the coupling constants are real. Figure 1 shows two input plane waves -

have amplitudes A2 and A4, respectively. These two waves have a mutual coherence of v

(0Sv<1). As long as the these two input waves are at least partially coherent (v # 0), then in :
a addition to the transmission grating A A; + A, A,, there is a reflection grating A A; + A;A,, and s
' backscattering gratings A A;, and A,A, present in the crystal. The nonlinear coupled wave
equations are then:

L]

dA AA; - A A AA;s +AA AAr ] Y
=y, A2 4+ Y AR A+ Ypackscatter —E2 Ay |- OA -
dz I A Iy |
dA; AA; +A A, AA, +AA, AA; . .
—i= 7t "‘LJJAJ +ViYr “‘L'l—'z'ﬁ'h + Ybackscatter _l_lAl + 04, ¥
dA AA; +AA ALy + AA, AjAy
—L =y '—l__"Z-lAz +v| yp =2 LA - Ybuckscaiter—prime 44, [+ aA,
dz Iy Iy . ,
. AA +AA, | ATA +A