
Experimental (dots) and calculated (solid) cross-correla
tion data on the propagation of antisymmetric dark 
pulses, superimposed on finite-width background pulses, 
in a single-mode optical fiber.4 Part (A) shows the input 
pulse, and parts (B)-(E) show the output pulses for peak 
input powers of 1.5 W, 52.5 W, 150 W, and 300 W, re
spectively. Note that for low intensities the dark pulse 
spreads to several times its original width, but for the 
highest power level the dark pulse has maintained its 
width and contrast during its propagation through the 
fiber. 

pulse to the orthogonal polarization, which is then elimi
nated by a polarizer. The dark pulse without a phase jump 
is not a soliton, and the IBM researchers found that it 
splits into a complementary pair of dark pulses. Using nu
merical solutions of the NLSE, they showed that this is the 
expected behavior for such even input pulses, and that the 
resulting two dark pulses are low-contrast (gray) solitons. 

For background pulses only a few times wider than the 
dark pulse, the background will spread significantly as it 
propagates down the fiber (thus reducing its peak intensi
ty), and will develop a substantial frequency chirp. Using 
numerical simulations, the Bellcore group has investigated 
this phenomenon and shown that the dark solitons are 
extremely stable and maintain their soliton characteristics 
even with a rapidly evolving background.6 This stability is 
reassuring for possible applications of dark soliton phe
nomena, although specific applications have yet to be pro
posed. 
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SOLITON TRANSMISSION OVER 
MANY THOUSANDS OF KILOMETERS 

IN LOSS COMPENSATED FIBER 

LINN F. MOLLENAUER AND KEVIN SMITH 
AT&T BELL LABORATORIES 

HOLMDEL, N.J. 

R esearchers at A T & T Bell Laboratories have demon
strated the transmission of soliton pulses over many 

thousands of kilometers of fiber path without the use of 
electronic regeneration.1 Instead, Raman gain from pump 
light periodically injected along the fiber cancelled the nor
mal fiber loss, so that the non-dispersive solitons (based on 
index nonlinearity) could maintain both their strength and 
width throughout the entire trip. This achievement is 
thought to foreshadow the development of all-optical long 
distance transmission systems featuring ultra high bit rates 
and high reliability. 2 , 3 

In the first experiments, a train of 55 ps soliton pulses 
was recirculated many times around a closed 41.7 km 
length of low loss (0.22 dB/km at 1600 nm), single mode 
fiber closed on itself with an all-fiber version of a Mach-
Zehnder interferometer. The interferometer allowed for 
efficient input of Raman pump light (several hundreds of 
mW cw at 1497 nm), while allowing all but a small sam
ple of the signal light (at 1600 nm) to continue to circulate 
around the loop. The pump power, and hence the Raman 
gain, was precisely controlled, such that the signal strength 
was accurately maintained, even after 100 or more trips 
around the loop. 

The sample of signal light exiting the loop after the Nth 
round trip was detected by an ultrafast diode, whose out
put was in turn fed to a microwave spectrum analyzer. 
The pulse shape in time was then inferred from the spec
trum of the pulse train. 
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Even in the first round of experiments, the pulses 
showed negligible broadening up to about 4000 km; for 
greater distances, however, jitter in pulse arrival times pro
duced an apparent increase in pulse width (see figure). It is 
thought3 that the error rate in a soliton transmission sys
tem will reach 10-9 (an industry standard) when the timing 
jitter increases the effective pulse width by a factor of 
about √2. Note that the useful transmission distance 
would then be nearly 5000 km. 

The ultimate source of timing jitter is Raman spontane
ous emission, which slightly modifies the pulse optical fre
quencies, and hence (by virtue of the fiber's group velocity 
dispersion), the pulse velocities and arrival times. When 
the spontaneous emission experiences the same unity gain 
as the signal pulses, the effective pulse width should follow 
the curve marked "Gordon-Haus limit." 4 In the first ex
periments, however, polarization effects allowed the spon
taneous emission to experience exponential gain, and the 
excess emission tended to exaggerate the jitter. With better 
control of the spontaneous emission, the useful transmis
sion distance has recently been increased to about 6500 
km. 

It will be necessary to develop a system of pump laser 
diodes and associated wavelength-selective coupling de-

Effective pulse width versus distance. Dots: experimental 
data; dashed curve: theoretical limit. 

vices before a soliton-based communications system can 
be practically realized. Nevertheless, the potential advan
tages of the all-optical system—its amenability to wave
length multiplexing, a potential information rate (with 
multiplexing) perhaps as high as 100 Gbits/s, and the in
herent reliability of "parallel" pump diodes—should be a 
powerful spur to further research and development. 
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P R O C E S S C O N T R O L 

IN SITU STUDIES OF CRYSTAL 
GROWTH 
D.E. ASPNES 

BELLCORE 
RED BANK, N.J. 

The last two decades have been marked by steady pro
gress in our ability to grow artificial semiconductor 

materials and structures, and in their use to explore and 
critically examine increasingly sophisticated aspects of 
semiconductor and low-dimensional physics. We have 
now reached the point where further advances depend on 
real-time, in situ measurement and control of the growth 
process itself. But the high pressure, highly reactive envi
ronments of many growth technologies prevent the use of 
the electron- and ion-beam spectroscopies that have been 
extensively developed for surface studies. 

Consequently, optical methods, which are noninvasive 
and can be used in any transparent ambient, are now re
ceiving increased attention. But the weakly interacting na
ture of photons that allows them to penetrate these am-

bients is a major disadvantage for surface analysis. As op
tical penetration depths are typically of the order of 10 to 
many hundreds of nm, the surface is no more than a mi
nor perturbation of the overall optical signal. 

The problem of low surface sensitivity is being attacked 
by a new class of optical methods akin to dark-field mi
croscopy in that they take advantage of symmetry to sup
press ordinarily dominant, but unwanted, contributions 
from the bulk and to enhance ordinarily weak, but de
sired, contributions from the surface. 

Approaches that have already made significant contri
butions include: second harmonic generation (SHG) , 1 , 2 

which provides information about the atomic symmetry 
of growth surface; reflectance-difference spectroscopy 
(RDS), 3 - 5 which provides information about their chemistry, 
structure, and dielectric response; and laser light scattering 
(LLS), 6 , 8 which provides information about their surface 
morphology (roughness). 

SHG takes advantage of the fact that S H G signals are 
strictly forbidden in systems with inversion symmetry— 
for example, the bulk of Group-IV semiconductors. Con
sequently, S H G signals observed during Group-IV semi-
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