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The technology for produc ing femtosecond opt ical 
pulses was first real ized in 1981 and improved to 
produce pulse durat ions as short as 6 fs by the end of 
the decade. In addi t ion to the rapid reduct ion in pulse 
durat ion and c lose approach to the fundamental l imits 
on opt ical pulse durat ion, the pulses were produced in 
highly stable pulse trains at repet i t ion rates as large as 
10 kHz. The direct observat ion of a broad range of 
prev iously inaccessib le t ime dependent phenomena 
made possib le by this progress has st imulated re
search in a number of f ields. This work culminates 
some 25 years of progress that has resul ted in reduc
ing the durat ion of opt ica l pulses by a factor of more 
than 100,000.1 

It is unusual to have such a large advance in a 
technical capabi l i ty in any field in such a short per iod. 
In this case, the sudden advance was tr iggered by 
invent ion of the laser—in part icular, by invent ion of 
the modelocked laser, wh ich combines nonl inear ele
ments wi th in the laser resonator to enable, in effect, 
light to shape light into short pulses. This large magni
tude of improvement—combined wi th the inherent 
potential that opt ica l phenomena offer for research, 
information process ing, and educat ion—create ex
t raordinary opportuni t ies. 

Based on the rapid advances of the '80s, the issue for 
the '90s is not so much, "How much shorter can we 
make opt ical pulses?" but rather, "How wel l can we use 
ultrashort opt ica l pulses to access their enormous 
potential?" Whi le the latter quest ion wi l l on ly be 
answered by time, this review discusses some of the 
strategies by wh ich advances in femtosecond technol
ogy came about in the '80s, as wel l as the current 
impact of those advances. It is hoped that this informa
t ion wi l l prov ide some guidance in formulat ing techno
logical and research strategies related to ul trashort 
pulse work in the coming decade. 

A historical perspective 
A histor ical perspect ive on the progress made in gen
erating short opt ical pulses can be gained by compar
ing the improvement in temporal resolut ion of opt ica l 
phenomena dur ing the last few decades wi th improve
ments in spat ia l reso lut ion of opt ica l phenomena 
achieved wi th the invent ion of the microscope and 
telescope in the early 17th century. In the 1600s, those 
inventions caused a s imi lar ly sudden increase in the 

resolut ion wi th wh ich opt ica l phenomena cou ld be 
observed. The impact on the technology and society of 
that t ime was simi lar in the comparat ive rapidi ty wi th 
wh ich new potentials were translated into instruments 
and commerc ia l products permit t ing a var iety of ob
servations and measurements not previously accessible. 

Improvement in the resolut ion of opt ica l phenom
ena made possib le by the microscope was a litt le less 
than three orders of magnitude. The impact on the 
science, technology, and society of that t ime was, 
however, dramat ic and l i teral ly reshaped man's per
cept ion of his universe. The present increase in tempo
ral resolut ion of opt ica l phenomena has been over five 
orders of magnitude over the past 25 years, wi th the 
two most difficult of those orders of magnitude achieved 
in the last decade. It seems reasonable to conclude 
that the current improvement in temporal resolut ion 
of opt ica l phenomena is extraordinary. Not only wi l l it 
s ignif icantly impact our present sc ience and technol
ogy, but it is also l ikely to inf luence the very nature of 
our society. 

Current impact 
The init ial impact of the advances in femtosecond 
technology has been pr inc ipal ly in the area of basic 
research, where the capaci ty to create femtosecond 
pulses immediately opened a previously inaccessible 
t ime domain. One of the most important areas of 
research has been the dynamics of semiconductor 
materials and semiconductor microstructures. Key 
experiments have dealt wi th the transport and relax
ation of carriers in bulk material and microstructures, the 
motion and l o c a l i z a 
tion of c a r r i e r s in 
a m o r p h o u s 
s e m i c o n d u c t o r s , 
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the melt ing of surfaces, and the dynamics of v i r tual 
excitat ions. Most of these studies were performed 
using pump probe techniques to perform t ime re
solved t ransmiss ion spect roscopy. However, other 
t echn iques have been d e v e l o p e d . In s tud ies of 
p h o t o l u m i n e s c e n c e by S h a h , 2 fo r e x a m p l e , 
upconvers ion in nonl inear crystals prov ides t ime de
pendent grating wi th femtosecond time resolut ion. 

The dynamics of conductors have been difficult to 
observe because of the extremely short t ime scale on 
wh ich much of the important phenomena take place. 
Schoenle in 's 3 use of femtosecond technology to study 
of the dynamics of the image potent ial at metal sur
faces, however, demonstrates access to some of these 
phenomena. Other areas of act ive work are in the 
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dynamics of thermomodulation of metals and scatter
ing by dielectric particles. 

The short time behavior of optically excited mol
ecules, in particular, has provided an important test
ing ground for the newly developed femtosecond tech
niques. Direct observation of changes in the transmis
sion spectrum of molecules excited and probed by 
femtosecond pulses has provided specific evidence of 
vibronic relaxation, spectral hole burning, and ex
tremely rapid dephasing processes. The dephasing 
processes occur with time constants as short as a few 
femtoseconds and were studied using four 
wave mixing and photon echo techniques. 
Time resolved studies of photosynthesis, 
proton transfer, and photodissociation have 
also been examined using related techniques. 

One of the 
most dra
matic experi
ments involv
ing time re
solved mo
lecular dynamics has been the observation of nuclear 
vibrational motion in the molecules Nile blue and 
malachite green impulsively excited by compressed 
femtosecond pulses. These observations were achieved 
using pulses of 6 fs duration for both pump and probe 
in flowing solutions of the dyes (see Fragnito, et al. in 
Ref. 1). The quality of the initial data achieved in that 
experiment and the explicit information about the 
extremely short time dynamics of the excited mol
ecules suggests that, as higher r e p e t i t i o n rates are 
achieved and more sophisticated data processing 
techniques developed, it will not be unusual to obtain 
displays of molecular dynamics with femtosecond 
resolution where the parameters of the experiment 
can be varied and the consequences observed on the 
scale of human response time. I anticipate that this will 
be a research and educational tool of great power. 

The optical generation and study of electrical pulses 
does not typically require the extremely high time 
resolution available from femtosecond pulses. None
theless, those problems are of important practical and 
fundamental interest and can be effectively addressed 
using femtosecond optical pulses. Electrical pulse gen
eration and propagation of those pulses on striplines 
fabricated of high temperature superconductors pro
vide an interesting example of two technologies cre
ated during the '80s that have been combined to mu
tual advantage. Grischkowsky and co-workers' 
terahertz bandwidth pulses generated using 

femtosecond pulses also explore another interesting 
aspect of this class of phenomena.4 

A novel technique that is of special interest from an 
educational and analytical point of view is that of 
three-dimensional holography performed with 
femtosecond time resolution. Abramson and others5 

have demonstrated the evolution in the spatial distri
bution of the energy in femtosecond optical pulses as 
the pulses propagate through a lens systems or are 
reflected from complex objects. This technique pro
vides an unusually explicit means of viewing optical pulse 

propaga
tion under 
c o n d i 
tions nor
mally in
accessible to conventional perception. These tech
niques should be of great advantage in teaching stu
dents a visual intuition for the properties of 
femtosecond optical pulses. Work using the time re
solved scattering of femtosecond pulses to probe the 
macroscopic structure of biological samples is also 
being undertaken, as by Alfano and coworkers.6 The 
use of these techniques, possibly in combination, to 
study structures of medical or technological interest 
could provide diagnostic tools with capabilities unlike 
any previously available. 

Evolution of short pulse technology 
The area of short pulse generation and shaping has 
itself become something of a distinct area of research. 

Some of the more intellectually interesting problems 
that have arisen in the course of creating the 
femtosecond technology occur because the combined 

action of self phase modulation and group velocity 
dispersion can produce a soliton-like contribution to 
the pulse shaping within a laser oscillator, even in the 

absence of optical fibers. W h e n combined with the 
more conventional processes of amplitude shaping by 
saturable gain and saturable absorption, this soliton-
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l ike phase shaping mechanism causes a r ich variety of 
phenomena within the laser osci l lator. Proper ly man
aged, these condi t ions can be used to produce some of 
the shortest pulses and most stable pulse trains from 
a laser osci l lator. At the moment, the shortest pulses 
from a osci l lator have durat ions of 27 femtoseconds; 
there is a good reason to bel ieve that shorter pulse 
durat ions are possible by opt imal use of the combined 
action of ampl i tude shaping, phase shaping, and spec
tral fi ltering. 

Looking back on the '80s, it is possib le to see that the 
strategy of creat ing femtosecond technology was 
largely the result of one simple concept implemented 
v ia five different techniques. The concept was that of 
balancing shaping mechanisms in pairs. The five tech
niques that i l lustrate this strategy were: 

• Enhancement of pulse shaping in a saturable ab
s o r b e r by m e a n s of t he c o l l i s i o n of t w o 
counterpropagat ing pulses. 

• Balancing the negative group veloci ty d ispers ion, 
due to geometric factors, and the posit ive group veloc
ity d ispers ion, due to material d ispers ion, for pr ism 
pairs. 

Adjust ing self phase modulat ion and group veloci ty 
d ispers ion within a laser osci l la tor to produce a st rong 
soli ton-l ike phase shaping contr ibut ion to the pulse 
shaping. 

• Balancing strong phase shaping and strong ampl i 
tude shaping within a laser osci l lator to produce pulses 
shorter than could be obtained by either technique 
alone. 

• Us ing the o p p o s i t e s igns of the c u b i c phase 
d i s t o r t i o n f rom p r i s m s and gra t ings to r e d u c e 
c u b i c phase d i s t o r t i o n of pu lses c o m p r e s s e d ex
te rna l to the laser o s c i l l a t o r . 

The combinat ion of the techniques descr ibed above 
was adequate to reduce the durat ion of opt ical pulses 
to 6 fs, or only three cycles of the opt ica l field c lose to 
the fundamental l imits of the durat ion of pulses formed 
of v is ible light. Among the many workers who con
tr ibuted to these advances, 1 would single out J.D. 
Kafka, the first to communicate the possib i l i ty of using 
the techniques for correct ing cubic phase distor t ion 
mentioned above. 7 In this vein, it a lso seems appropr i 
ate here to recognize C.C. Cutler, who pointed out in an 
unpubl ished communicat ion almost immediately after 
invention of the act ively modelocked laser, the strat
egy—which eventual ly proved essential to real izat ion 
of femtosecond technology—of inc luding a saturable 
opt ical absorber in the laser resonator. 8 

Perhaps the single technological advance most im

portant in making femtosecond technology possib le 
was the d iscovery that pr isms—in part icular, a four 
pr ism sequence cou ld be used not only to produce 
group veloci ty d ispers ion correct ion, but also to do so 
wi th low loss in a manner that al lowed the net disper
s ion to be adjusted smoothly from posit ive through 
negative values. This advance permit ted introduct ion 
of easily adjusted group veloci ty d ispers ion within 
laser osci l lators, provided means of higher order group 
veloci ty d ispers ion cor rec t ion outside of laser osci l 
lators, and also provided a simple means of implementing 
spectral f i l tering within or outside of laser osci l lators. 

If there was a single conceptual advance that made 
femtosecond technology poss ib le , aside from the 
general strategy of balancing pairs of shaping mecha
nisms, it was probably the understanding that angular 
d ispers ion and group veloci ty dispersion are intimately 
related and that the control led introduct ion of angular 
d ispers ion is essential to the process of creat ing short 
pulses of light. It was this understanding, for example, 
that made it part icular ly clear why four pr isms, as 
opposed to one or two, were necessary to obtain the 
most effective contro l of group veloci ty d ispers ion in 
the devices that made femtosecond technology pos
sible. O.E. Mart inez and J.P. Gordon played part icularly 
important roles in this advance. 

F u r t h e r improvements 
There are relatively obvious direct ions in which further 
improvements can be made. One is the extension of 
femtosecond technology to a wider range of wave
lengths, part icular ly in the near ultraviolet and the 
near infrared. Another is to increase the repeti t ion rate 
of the pulses, the energy of the pulses, or both, whi le 
maintaining good spat ial mode quality and pulse train 
stabi l i ty and expending as litt le pump energy as pos
sible. Some of the technologies l ikely to be important 
in this regard are those of feedback techniques for 
stabi l iz ing beam direct ion and resonator length and 
those of increasing the ease with which semiconduc
tor and sol id state lasers can be used as sources of 
femtosecond pulses. 

Addi t ive pulse mode locking, wh ich uses the addit ion 
of two pulses within the laser resonator that have 
experienced different phase modulat ion whi le tra
versing different paths, is a rapidly developing area of 
considerable importance. This method owes an intel
lectual debt to Mol lenauer and his pioneering work on 
sol i ton shaping wi th in a laser osci l lator produced by 
including an opt ica l fiber in one part of a resonator. 
This latter work, incidental ly, has provided an impor-
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tant source of femtosecond pulses in the infrared. 
Optical and optoelectronic information processing 

are other areas rich in potential where further ad
vances in femtosecond technology can play an impor
tant role. However, just as the advances in femtosecond 
technology stemmed from a deeper understanding of 
the underlying scientific principles, so to will significant 
advances in optical information processing depend on 
similar strides in our understanding. One area of par
ticular interest is the formation of images of 
femtosecond pulses. Such matrix arrays of femtosecond 
optical pulses should facilitate strategies for better 
using the potential for parallel computing inherent in 
optical phenomena. 

Whichever strategy succeeds, it will be important 
for those involved in working with the technology of 
ultrashort pulses to respect the lessons history teaches. 
We should work hard to translate the advances of the 
80's into useful tools and, at the same time, take 
responsibility for guiding the social impact those tools 
will inevitably produce along positive directions. 

The optical implementation of artificial neural net
works is a subject that combines optics and neural 
networks. The notion that links the two fields is 
connectionism. In optical computers, photons are used 
instead of electrons as the carriers of information. The 
advantage of doing this derives from the fact that 
photons do not directly interact with one another. 
This makes it easier to establish a communication 
network connecting a large number of processing ele
ments. Therefore, the design of optical computers is 
naturally guided toward architectures that require 
many connections. 

Neural computers, on the other hand, are computing 
structures whose design is motivated, at least par
tially, by the nervous system. One of the most striking 
features of the brain is its dense connectivity. Each 
neuron typically receives input from several thousand 
o t h e r 
units. Ac
cordingly, 
a r t i f i c i a l 
neural network architectures require very dense con
nectivity and optics is a device technology that is well 
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suited for providing it. 
A similar history of development is another common 

feature of optical and neural computers. Both topics 
became popu
lar in the late 
1950s and 
early 1960s 
and both fell 

out of 
f a v o r 
s o o n 
the re 
a f t e r , 
until recently. The difficulty that both approaches ran 
into was that they could not provide competitive, 

practical solutions to interesting 
problems, despite their promise 
for superior capabilities. This re
mains true today. 

Nevertheless, there is renewed optimism and the 
level of interest in these two fields is more intense now 
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