
Chaos Has Come Again 
Daniel J. Gauthier 

Most laser users would rush to contact their 
friendly service representative if the inten- 
sity or frequency of their high-priced device 
began fluctuating in an erratic manner. In 
some cases, what appears to be random be- 
havior is a manifestation of deterministic 
chaos arising from the fundamental interac- 
tion between light and matter. Noise-like 
fluctuations, a broad optical power spec- 
trum, and extreme sensitivity to initial con- 
ditions are hallmarks of chaotic lasers, char- 
acteristics that usually limit the perfor- 
mance of the device ( I  ). On page 1198 of 
this issue (2), VanWiggeren and Roy put a 
new twist on this story by demonstrating 
that optical chaos is not bad for all applica- 
tions: it may be ideally suited for communi- 
cating information at high data rates. 

VanWiggeren and Roy are members of a 
nascent group of nonlinear-dynamics re- 
searchers who believe that chaos can be har- 
nessed for a variety of applications, many of 
which are vet to be discovered. This new in- 
dustry of sirts is based on the discovery that 
it is ~ossible to control and svnchronize 
chaos in optical as well as biological, chemi- 
cal, electrical, and mechanical systems (3). 
Communicating information at high speeds 
by means of chaos is one step toward realiz- 
ing the potential of this approach. 

Pecora and Carroll (4) first suggested the 
possibility of modulating messages in a cha- 
otic carrier and decoding them with a prop- 
erly designed receiver in the early 1990s. In 
their scheme, a tiny-amplitude message is 
added to a strong chaotic signal generated 
by a transmitter before it is sent on its way 
down the communication channel. This 
technique offers some level of privacy from 
eavesdroppers because the tiny message is 
hidden in the broad, noise-like spectrum of 
the chaotic carrier. The receiver is an iden- 
tical subassembly of the transmitter (a col- 
lection of a few transmitter components). 

The tiny message is decoded.by exploit- 
ing the fact that the receiver tends to syn- 
chronize its behavior to the chaotic part of 
the transmitted wave form but not to the 
message. Subtracting the wave form created 
in the receiver from the transmitted signal 
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The message, a 10-MHz square wave, is 
encoded in the chaotic lieht beam with a - 
three-step process. First, the intensity of an 
auxiliary (well-behaved) laser with a similar 
center wavelength is modulated in propor- 
tion to the message amplitude. Next, this 
modulated beam is injected into the chaotic 
ring laser with an optical coupler. Injecting 
the message into the lasers is a much more 
complex process than just adding the mes- 

yields the tiny message. Soon after their sug- sage to the chaotic signal as in the Pecora 
gestion, Cuomo and Oppenheim (5) dem- and Carroll scheme. The message is "folded" 
onstrated chaos communication using a into the chaotic fluctuations as it circulates 
low-speed electronic-circuit implementa- many times around the ring laser. In addi- 
tion of the transmitter and receiver: the tion, the chaotic laser and message fields are 

HMden 7 Injecting a message into the transmitter la- 
ser "folds the data into the chaotic frequency fluctuations. The 
receiver reverses this process, thereby recovering a high-fidel- 
itv c o ~ v  of the messaae. EDFA. erbium-do~ed fiber arndifier. 

of kilohertz. Chaos communication with an 
electro-optical setup with a potential for 
high-speed operation has also been reported 
by researchers at the University of Franche- 
Comt6 (6). 

VanWiggeren and Roy (2) have demon- 
strated data transmission rates of 10 Mbits s1 
with the use of an optical setup that has the 
potential for significantly higher rates. Their 
transmitter is a ring laser consisting of a 
commercially available optical-fiber amplifier 
doped with erbium ions-a mainstay of the 
commercial optical communication indus- 
try-producing chaotic light with a broad 
spectrum and a center wavelength of 1.53 pm 
when operated far above the laser threshold. 

nonlinear fashion as k e y  propa- 
gate through the highly satu- 
rated erbium-doped optical fi- 
ber. Finally, a fraction of ring- 
laser power is coupled out of 
the resonator and sent on its 
way along the communication 
channel. 

They decode the message 
using an optical generaliza- 
tion of technique originally 
introduced by Volkovskii and 
Rulkov for electronic circuits 
(7). The incoming optical sig- 
nal is split equally and di- 
rected to two separate parts of 
the receiver. One half is sent 
to a moderate-speed optical 
square-law detector whose re- 
sponse is proportional to the 
intensity of the chaotic fluc- 
tuations with the encoded 
message; the second half is 
sensed bv a similar detector af- 
ter the beam passes through 
an erbium-do~ed o~tical-fiber . * 

amplifier whose properties are 
precisely matched to the opti- 
cal fiber in the chaotic trans- 
mitter. This identical fiber 
amplifier in the receiver "un- 
folds" precisely the message 
from the chaotic carrier so 
that a high-fidelity copy of the 

original message is obtained by subtracting 
and low-pass filtering the electrical signals 
generated by the two optical detectors. 

In principle, it is possible to communi- 
cate information at ultrahigh data rates with 
the use of this scheme bec'ause the spectral 
width of the ring-laser chaotic fluctuations 
is very large (of the order of tens of giga- 
hertz). VanWiggeren and Roy realized that 
the main data-rate limitation in their cur- 
rent setup is the speed of the optical detec- 
tors. They suggest that it is possible to sub- 
tract the signals in the receiver optically by 
a heterodyne technique, opening up the 
possibility of exploiting the full bandwidth 
of the chaotic fluctuations for modulating 
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Superconductivity Corn pati bility 
Anthony J. Leggett 

Twelve years after the original discovery of 1196, Anderson (2) discusses the relation of 
superconductivity above 30 K in a cuprate the ILT model to some key superconducting 
material, and despite its subsequent achieve- materials, and on page 1193, Moler et al. (3) 
ment at temperatures ranging up to 160 K in present data on one of the compounds. 
a vast number of different materials of this In the ILT model, the tunneling of single 
class, the mechanism of superconductivity electrons between neighboring Cu02  planes 
remains as contentious as ever. The cuprates (along the c axis) in the normal state is pos- 
are characterized by the existence of tulated to be blocked. (In Anderson's 
relatively well-separated planes con- original version of the model, the 
sisting of copper and oxygen atoms blockage was caused by the unusual 
(Cu02 planes), and the general belief nature of the electron states within 
is that the electrons which carry the each plane, but this feature is not es- 
superconducting current reside at sential to the present discussion.) As 
least primarily in these planes. in the traditional theory of supercon- 

Most current theories of the ductivity, the onset of this phenom- 
mechanism are intraplane models, 
that is, they assume that the essen-. Around and around. Image of an 

tials can be understood by focusing interlayer Josephson vortex in TI,Ba,- 

on the mutual interactions of the CUO,+~ [from Moler et a/. (41. The w~dth 
of the vortex is determined by experi- 

electrons within a single Cu02  plane mental resolution and so is not of funda- 
and that any interplane contact, ei- mental significance; the height, on the 
ther by tunneling or through the other hand, is a measure of the London 
Coulomb interaction, is secondary. penetration depth h,. 
An important exception is the 
interlayer tunneling (ILT) model of Ander- enon corresponds to the formation of Coo- 
son and his coklaborators ( I  ), whose essen- per pairs (bound pairs of electrons resem- 
tials I outline below: this theorv is further bline extended "di-electronic molecules"). " 
distinguished from many of its competitors However, in the ILT model, the energy sav- 
by the fact that it makes at least one quanti- ing that drives the formation of the pairs 
tative and parameter-free prediction. Two does not come, as in the traditional theory, 
research reports in this issue make impor- from an effective electron-electron attrac- 
tant if prima facie contradictory inputs into tion mediated by exchange of virtual lattice 
the debate on the compatibility of this pre- vibrations, but rather from the fact that the 
diction with the experimental data: On page pairs, as distinct from the single electrons, 

can tunnel much more readily between 

The author is in the Department of Physics, Universityof 
neighboring Cu02  planes; as a consequence 

Illinois at Urbana-Champaign, Urbana, IL 61801, USA. the uncertainty principle (if perhaps 
E-mail: tonyOcromwell.physics.uiuc.edu counter to one's initial intuition), the effect 

of this easy motion along the c axis is to de- 
crease the associated kinetic energy and 
therefore make the formation of Cooper 
pairs energetically favorable. 

Now, Cooper pairs tunneling along the c 
axis can carry a supercurrent in this direc- 
tion, and one might therefore expect that in 
the ILT model there should be some rela- 
tion between the "streneth of the suDercur- " 
rent and the energy that is saved by the tun- 
neline and thus available for  air formation " 
(in other words, for condensation into the 
superconducting state). This is true; in fact, 
for single-plane cuprate-that is, those in 
which all pairs of neighboring Cu02  planes 
are equivalent-the model in its current 
version predicts that the energy of conden- 
sation Econd should be directly proportional 
to the inverse square of the so-called Lon- 
don penetration depth for currents flowing 
along the c axis (usually denoted A,): Econd = 
A k 2 .  where the constant A de~ends  onlv 

L ,  

on known geometrical factors. A check of 
this prediction for the various single-layer 
cuprates should thus constitute a critical test 
of the ILT model. 

In the ideal experiment, a single sample of 
each known single-plane cuprate would be 
measured directly for both Econd and A,. In 
real life, for practical reasons, the experi- 
ments are usually done on different samples, 
and of the half-dozen-odd single-plane 
cuprates currently known, many display a de- 
gree of intersample variability, such as to 
make the result of such a ~rocedure meanine- " 
less; in addition, existing measurements of A, 
are often indirect and mutually inconsis- 
tent. However, at least three single-plane 
materials are usually believed to be suffi- 
ciently well-characterized and reproducible 
that intersample comparisons may be le- 
gitimate, and moreover may allow rela- 
tively direct measurements of A,, namely 
HgBa2Cu04+8 (Hg- 1201), T12Ba2Cu06+g 
(Tl-2201), and La2,SrXCuO4 (LSCO), 
where the oxygen doping 6 or strontium dop- 
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