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Photographing the birth of molecules with laser pulses.

Animals that survive winter by freezing solid.

The nuclear holocaust could still happen—by accident.

Venus close-up: radar images from the Magellan spacecraft offer
the clearest look yet at the forbidding terrain of the second planet.



The Birth of Molecules

In less than a trillionth of a second, atoms can collide, interact and give
birth to molecules. With lasers and molecular beams, it is now possible

to witness the motions of molecules as one substance changes to another

Stanford wagered $25,000 that a
galloping horse, at some point in
its stride, lifts all four hooves off the
ground. To prove it, Stanford employed
English photographer Eadweard Muy-
bridge. After many attempts, Muy-
bridge developed a camera shutter that
opened and closed for only two thou-
sandths of a second, enabling him to
capture on film a horse flying through
the air [see illustration at top right].
During the past century, all scientific
disciplines from astrophysics to zoolo-
gy have exploited high-speed photog-
raphy to revolutionize understanding
of animal and mechanical motions that
are quicker than the eye can follow.
The time resolution, or shutter
speed, needed to photograph the ultra-
fast motions of molecules is beyond
any conventional scale. When a mole-
cule breaks apart into fragments or
when it combines with another to form
a new molecule, the chemical bonds
between atoms break or form in less
than a trillionth of a second, or one pi-
cosecond. Scientists have hoped to ob-
serve molecular motions in real time
and to witness the birth of molecules:
the instant at which the fate of the
molecular reaction is decided and the

In 1872 railroad magnate Leland
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final products are determined. Like
Muybridge, they needed: to develop an
ultrafast shutter, but it had to work 10
billion times faster than the 19th-cen-
tury model.

For the past decade our research
group at the California Institute of
Technology has been developing tech-
niques to observe the dynamics of mol-
ecules in real time. From 1985 to 1987
we refined our system of advanced
lasers and molecular beams to a point
at which we can now record the mo-
tions of molecules as they form and
break bonds. The reaction can be seen
as it proceeds from reactants through
transition states and finally to prod-
ucts—chemistry as it happens.

B less than a trillionth of a second,

the time resolution should be
shorter—a few quadrillionths of a sec-
ond, or a few femtoseconds (one is
equal to 10-!5 second). A femtosecond
is a smaller unit of time than a tick of
even the finest atomic clock. A fem-
tosecond is to a second what a second
is to 32 million years. Furthermore,
whereas in one second light travels
nearly 300,000 kilometers—almost the
distance between the earth and the
moon—in one femtosecond light trav-
els .3 micron—about the diameter of
the smallest bacterium.

Alchemists in ancient Egypt, Greece,
Arabia and China did not know about

ecause transition states exist for

TIME RESOLUTION of high-speed pho-
tography has improved 10 billion times
as the technology has evolved from film-
ing movements of animals to capturing
the birth of molecules. In one second,
a horse gallops 10 meters, as shown in
photographs (top) taken by Eadweard
Muybridge in 1887. In five trillionths
of a second, hydrogen iodide collides
with carbon dioxide, creating carbon
monoxide, hydroxide and iodine. The
illustration (bottom) is based on quan-
titative observations made at Caltech.
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the fundamental importance of this
time scale to the change of one sub-
stance to another, although they cer-
tainly did recognize the art of the
transmutation. Only in this century
have chemists been able to use a va-
riety of tools to understand the sci-
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ence of molecular reaction dynamics.

At a molecular level a reaction starts
when two molecules—call them A and
B—are brought close enough together
so that they begin to interact. As the
molecules move even closer, other mo-
lecular species, which are neither A nor
B, are formed until a new, stable mole-
cule, C, is created.

One of these transitory species rep-
resents the stage at which the reac-
tion proceeds irreversibly to products.
This stage, technically called the transi-
tion state, is here denoted as Ae...B.
Hence,

A+ B — A«.B— C

The converse process is also possible:
when molecule C is energized, it can
pass through a transition state to form
molecules A and B.

In any chemical reaction the motions

of the electrons and nuclei of atoms
determine how the molecules interact,
and those interactions in turn create
the forces that govern the reaction’s
dynamics. The molecular motions can
be rigorously delineated by the laws of
quantum mechanics. In many cases,
Newtonian, or classical, mechanics can
simply give the transfer of energy and
momentum during the course of the
reaction, just as effectively as it de-
scribes the collision between two ob-
jects. If investigators can determine
how molecular motions change dur-
ing the critical transition phase, we can
understand how new chemical bonds
form and old ones disappear.

In practice, chemists” do not keep
track of every possible motion of every
electron and nucleus in a molecular
system. Instead they have discovered
clever ways to represent the state of a
system. Each state possesses a certain

amount of energy. The potential energy
of a molecule when the atoms are a
certain distance apart can be represent-
ed as a point on a graph. When all the
states and their corresponding poten-
tial energies are graphed, they form a
surface that has mountains and valleys.
Molecular systems will spontaneously
move from high-energy states (moun-
tains) to low-energy states (valleys), but
they require energy to move from val-
leys to mountains. The bottom of a val-
ley indicates a stable state; the slopes
around the valley represent the region
of transition states, the different con-
figurations for the atoms in proximity.
Chemists technically define a transition
state as a saddle point on a potential-
energy surface.

If a molecular system is composed
of two atoms and if the system’s po-
tential energy depends only on the
distance that separates the atoms, the
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potential-energy surface reduces to a
curve. If the system is governed by the
attraction of oppositely charged atoms
at “long” distances and by the repul-
sion of atomic nuclei at “short” dis-
tances, the curve will have a single well
at “intermediate” distances, indicating
that the system is stable there.

For molecular systems composed of
many atoms that can move in many
ways, the potential-energy surface can
be complicated and multidimension-
al. Nevertheless, the surface is very use-
ful for describing every possible path
that molecules may follow—from reac-
tants (valleys) through transition states
(mountains) to products (valleys).

One can estimate how long it takes
for molecular systems to go through
the mountains—that is, the duration of
the transition state—by applying ideas
from Newtonian mechanics. Heavy mol-
ecules or atoms typically emerge from
chemical reactions at speeds of 1,000
meters per second. If molecules A and
B are close enough to be in a transition
state, then the distance between them
is on the order of that of a molecu-
lar bond, approximately .1 nanometer
(10719 meter). The ratio of this distance
to the recoil velocity yields the amount
of time during which A and B form
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a transition state—100 femtoseconds.
For the “simplest” of all chemical re-
actions—a light hydrogen atom ap-
proaching a hydrogen molecule—the
transition state is very short-lived,
about 10 femtoseconds. Thus, the time
scales for transition states range from
about 10 to 100 femtoseconds.

or more than 100 years chem-

ists have studied reaction mecha-

nisms and molecular kinetics in
hope of understanding reactivity. In
the late 19th century, Swedish scientist
Svante Arrhenius took an important
step in describing the macroscopic dy-
namics of chemical reactions. He deter-
mined how the rate of a reaction de-
pends on temperature. His famous ex-
ponential equation reveals that the rate
of a reaction increases as the amount
of applied heat increases.

But such equations, which describe
the dynamic properties at the macro-
scopic level, yield information about
microscopic molecular dynamics only
if a number of assumptions are made.
Nevertheless, many aspects of molecu-
lar dynamics can be deduced from
macroscopic observations, and Arrhe-
nius’s equation remains important to
this day.

SCIENTIFIC AMERICAN December 1990

FEMTOSECOND PHOTOGRAPHY cap-
tures the dynamics of molecular re-
actions in real time. The laser system
(above) generates a pump pulse and a
probe pulse. As shown in the illustra-
tion (left), the pump pulse and the probe
pulse leave the laser system at the same
time. The probe pulse is diverted so
that a time delay of a few femtoseconds
is introduced between the two pulses.
When the pump pulse hits a molecule in
the molecular beam, it initiates a chemi-
cal reaction. The probe pulse strikes the
molecule a few femtoseconds later. The
molecule then emits a spectrum of light,
which can be analyzed to determine
the dynamics of the atoms in real time.

Some 40 years ago techniques were
introduced to study chemical interme-
diates and fast kinetics for the first
time. Ronald G. W. Norrish and George
Porter of the University of Cambridge
and Manfred Eigen of the Max Planck
Institute for Physical Chemistry were
able to resolve chemical events that
lasted about a thousandth of a second.
This time scale was ideal for intermedi-
ates but too long for transition states.

To probe the dynamics of mole-
cules as they collide, investigators de-
veloped the new methodology of molec-
ular-beam technologies in the 1960s.
By releasing molecules into a vacuum
and collimating them with a skimmer,
chemists created beams of molecules
that did not collide with one another.
When one beam containing molecules
of, say, A is crossed with another intro-
ducing molecules of B, molecules of A
collide with those of B to form a prod-
uct, C. The full collision (A+ B— C) is
called a bimolecular reaction. The in-
vestigators then detected molecule C
as it was created in different amounts
and in different directions depending
on the nature of the forces between A
and B. They used the precollision con-
ditions of the reactants and the post-
collision attributes of the products to
deduce the dynamics of the collision.

Conversely, a beam of molecules of
C could be bombarded with light from
a laser, energizing the molecules and
breaking their chemical bonds to pro-
duce fragments A and B. This disso-
ciation reaction (C — A+ B) could then
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be analyzed by measuring the attri-
butes of the fragments. Since the de-
velopment of molecular beams and
other techniques that resolve the quan-
tum states of products, chemists have
learned much about the elementary dy-
namics of reactions. As testimony to
the importance of molecular-beam sci-
ence and reaction dynamics, the 1986
Nobel Prize in chemistry and the 1988
Welch Award were given for contribu-
tions in these fields.

In molecular-beam experiments, the
sequence of events in a reaction, in-
cluding the transition states, could not
be observed in real time. Chemist Sture
Forsén of Lund University came up with
an insightful analogy that illustrates
the importance of understanding tran-
sitory stages in the dynamics. He com-
pared the scientific community to a
theater audience watching a drastically
shortened version of a classical drama.
The audience is shown only the open-
ing scenes of, say, Hamlet and its fi-
nale. Forsén writes, “The main charac-
ters are introduced, then the curtain
falls for change of scenery and, as it
rises again, we see on the scene floor a
considerable number of ‘dead’ bodies
and a few survivors. Not an easy task
for the inexperienced to unravel what
actually took place in between.”

In an attempt to probe transition
states more directly than can be done
with conventional molecular-beam ex-
periments, chemists turned to new
time-averaged techniques and devel-
oped methods that record the absorp-
tion, emission or scattering of light by
transition states. Like molecular beams,
these methods do not resolve the
events in real time, but they do provide
more direct possibilities for examining
transition states and dynamics.

In 1979 our research team at Caltech
first attempted to enter the field of ul-
trafast chemistry by using lasers and
molecular beams. In those days the
time resolution was tens of picosec-
onds, too gross a time scale for view-
ing the motion of reactions through
transition states. We concentrated on
developing techniques to study how en-
ergy moves in molecules prior to reac-
tions. By 1984 time resolution in molec-
ular-beam experiments had improved
to three picoseconds. That advance al-
lowed us to measure directly the rate
of reaction as a molecule changed from
one quantum state to another. Still, we
needed a technology that could record
the spectrum of transition states in
real time with femtosecond resolution.

To build such a femtosecond, molec-
ular “camera,” we combined the tech-
nology of molecular beams with that of
ultrashort laser pulses. The molecular

beams allowed us to isolate the reac-
tions in a vacuum; the ultrashort laser
pulses gave us the ability to resolve the
dynamics with the needed time resolu-
tion. During the past five years, ad-
vances in laser technology at AT&T
Bell Laboratories and other institutions
have made it feasible to reach the crit-
ical femtosecond time resolution. At
the moment, pulses as short as six
femtoseconds can be achieved. With
such ultrashort pulses, we can obtain
a “shutter speed” of approximately 10
femtoseconds.

he principles involved in ultra-

fast, molecular photography have

some similarity to those applied
by Muybridge. The key to his work was
a special camera shutter that exposed
film for only .002 second. To set up
the experiment, Muybridge spaced 12
of these cameras half a meter apart
alongside a horse track. For each cam-
era he stretched a string across the
track to a mechanism that would trig-
ger the shutter when a horse broke
through the string.

With this system, Muybridge attained
a resolution in each picture of about
two centimeters, assuming the horse
was galloping at a speed of about 10
meters per second. (The resolution,
or definition, is simply the velocity of
the motion multiplied by the exposure
time.) The speed of the motion divid-
ed by the distance between cameras
equals the number of frames per sec-
ond—20 in this case. The motion with-
in a picture becomes sharper as the
shutter speed increases. The resolution
of the motion improves as the distance
between the cameras decreases.

Two aspects of high-speed photogra-
phy are relevant to femtosecond, mo-
lecular photography. First, both types
of photography break up a continuous
motion into a series of snapshots, or
frames. Thus, one can slow down a fast
motion as much as one likes so that
the eye can see it. Second, both meth-
ods must produce enough frames in
rapid succession so that the frames
can be reassembled to give the illusion
of a continuous motion. The change in
position of an object from one frame
to the next should be gradual, and at
least 30 frames should be taken to pro-
vide one second of the animation.

In femtosecond, molecular photog-
raphy, the definition of the frame and
the number of frames per second must
be adjusted to resolve the elementary
nuclear motions of reactions and, most
important, ephemeral transition states.
The frame definition must be shorter
than .1 nanometer. Because the speed
of the molecular motion is typically

1,000 meters per second, the shutter
resolution must be in a time range of
better than 100 femtoseconds.

The conceptual idea behind these
femtosecond experiments is rather sim-
ple. A first laser flash, called the pump
pulse, hits a molecule in isolation, initi-
ating a reaction and setting the experi-
mental clock at zero. A second flash,
called the probe pulse, arrives several
femtoseconds later and records a snap-
shot of the reaction at that particu-
lar instant. Like the cameras in Muy-
bridge’s experiment, a femtosecond,
molecular camera records successive
images at different times to obtain in-
formation about different stages of the
reaction.

To produce time delays between the

STATE OF MOLECULAR SYSTEMS can
be identified by the light that the mol-
ecule absorbs. When atoms in a mole-
cule are relatively close together, they
tend to absorb long wavelengths of light
(red, for example). When the atoms
are farther apart, they tend to absorb
short wavelengths of light (blue, for in-
stance). The change in the spectrum is
the fingerprint of the atoms in motion.
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solve the motion. The detector was
made sensitive enough to probe the
cyanide molecule when it was free or in
the process of separating from the io-
dine atom. The sensitivity was achieved
by using probing laser pulses of differ-
ent colors in accordance with the spec-
trum of the molecules. We were thus
able to observe the spectral frames
changing with time as the reaction pro-
gressed from an intact ICN molecule to
an iodine atom and molecular frag-
ment, cyanide. We enjoyed discussing
the results late into the night.

In 1987 we reported on the probing
of the reaction of ICN to iodine and
cyanide with enough time resolution to
be able to observe the transition state
{I+«««CN} directly. We obtained the
real-time dynamics of the reaction and
then deduced detailed features of the
potential-energy surface [see illustra-
tion on opposite page].

That experiment made it possible to
clock the breaking of an elementary
chemical bond on a femtosecond time
scale. The findings generated enthusi-
asm in the scientific community and in-
spired many more theoretical and ex-
perimental studies. The science writer
Isaac Asimov provided an interesting
description of the experiment. He com-
pared the experiment with sticking a
pin in a balloon only four billionths of
an inch across—the size of an average
molecule.

While we were still building the new
femtosecond laser facility in 1986,
Bernstein visited us at Caltech, and we

SODIUM
IODIDE

SODIUM AND IODINE
IN A TRANSITION STATE

planned to probe the collision and
bonding of two molecules, that is, a bi-
molecular reaction. At first we could
not find a way to detect the start of
these reactions: the time zero. Although
bimolecular reactions last less than a
picosecond, the two reactant molecules
must first travel to meet each other—a
journey that lasts about a million times
longer than the reaction itself.

We found a solution to this problem
when we studied the investigations of
our colleagues at Orsay, France, and at
the University of Southern California.
By anchoring the two reagents together
with a weak van der Waals bond, we
could avoid the long time journey and
establish the time zero. Fortunately,
we had guidance from investigators at
U.S.C. who had performed time-inte-
grated studies on the reaction of hy-
drogen bromide and carbon dioxide.

For our first real-time experiments
on these types of bimolecular reac-
tions, we combined hydrogen iodide
with carbon dioxide to produce iodine,
carbon monoxide and hydroxide:

HI+CO, - I+HOCO —I+ OH+CO

We wanted to understand this reaction
at the elementary level. We broke the
bond between hydrogen and iodine
with a pump pulse. We then observed
with probe pulses that the hydrogen at-
tacks the carbon dioxide and sticks to
it for hundreds of femtoseconds. The
hydrogen atom then strips one of the
oxygen atoms from the carbon. The hy-

FREE ATOMS OF
SODIUM AND IODINE

cCO=»)——0 O

droxide molecule finally emerges five
picoseconds after the start of the reac-
tion, as we reported in 1987 and earlier
this year.

The technique also allowed us to
view the dynamics of the transitory col-
lision complex HOCO in real time. We
were able to relate this complex to the
potential-energy surface representing
hydrogen’s approach to carbon diox-
ide. We are still examining the many
subtle differences between our results
and theory.

ust as physicists like to deal with

the hydrogen atom for simplicity,

chemical physicists like to under-

stand elementary molecular sys-
tems. The simplest of all chemical re-
actions is that involving two atoms. I
thought it would be interesting to di-
rect some efforts at unraveling the dy-
namics of salt molecules such as sodi-
um iodide:

Nal = NaeeeI = Na+1

Alkali halide reactions were the pro-
totype for the “alkali age” of molecu-
lar-beam experiments, and it is insight-
ful to study them in the “femtosec-
ond age.” Furthermore, researchers at
the University of Toronto had investi-
gated the emission spectra of the sodi-
um iodide molecule during its transi-
tion to atoms of sodium and iodine.
What intrigued us about sodium io-
dide is a rather interesting potential-
energy surface for the interaction of
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FEMTOSECOND MOTIONS of the salt sodium iodide (Nal) re-
veal the molecular dynamics of the chemical bond linking
sodium and iodine. In the potential-energy diagram at the left,
the ionic (attractive) curve intersects the covalent (repulsive)
curve. As a result, sodium iodide can break up into sodium
and iodine, acting in a covalent manner, or sodium iodide can

TIME DELAY (PICOSECONDS)

exist in a high-energy bound state, alternating between cova-
lent and ionic behavior. If sodium iodide dissociates into
atoms, then the intensity of part of the spectrum will jump in
steps, as shown in the experimental results (top at right). If
sodium iodide is in its high-energy bound state, then the in-
tensity of part of the spectrum will oscillate (bottom at right).
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sodium and iodine atoms. If these at-
oms are brought together, they repel
one another, particularly at short dis-
tances. On the other hand, if the same
elements are brought together as oppo-
sitely charged ions of sodium and io-
dine, they attract each other. In fact,
at a short enough distance, a stable salt
composed of sodium and iodine ions
will be formed. When the sodium and
iodine form a covalent bond, they share
electrons to create a stable energy state.
When the atoms form an ionic bond,
the sodium atom donates an electron
to the iodine atom to create charged
ions that attract.

Nature, however, does not work ex-
actly in this way. Actually, the atoms
behave as if they are both ionic and co-
valent. The true potential-energy curves
are therefore composed of an ionic and
a covalent curve [see illustration on pre-
ceding pagel. The ionic curve crosses
the covalent curve at a certain distance.
In this region of interaction, the molec-
ular system has a mixture of cova-
lent and ionic characteristics; in other
words, the molecule has a certain prob-
ability of being covalent and a certain
probability of being ionic.

Theorists have divided the potential-
energy curves into two parts: a lower
and an upper. The lower curve, which
represents low-energy states, is com-
posed of the ionic curve at short dis-
tances and the covalent curve at long
distances. The upper curve depicts the
opposite situation: it is covalent at
short distances and ionic at long dis-
tances. The upper curve also repre-
sents a state high in energy.

The behavior represented by the low-
er surface usually dominates when the
sodium and iodine atoms are brought
together slowly so that they begin to
interact. In this case, an electron pass-
es from sodium to iodine to create a
stable molecule of sodium iodide. If,
however, the atoms come together too
rapidly, they can jump, with a certain
probability, from the lower to the up-
per surface. The upper surface no long-
er represents the covalent repulsive
(or slightly bound) curve and instead
has a poirit of least energy (a mini-
mum). Molecules in this potential min-
imum will thus be somewhat stable.
(More specifically, the molecules enter
a quasi-bound state.)

We hoped to view the femtosecond
dynamics of the bond in sodium iodide
as it breaks to form atoms of sodi-
um and iodine. In particular, we fo-
cused on the jump from the upper po-
tential surface to the lower one, or vice
versa. We observed the motion as the
molecules change from being covalent
to being ionic and as they go through

the crossing region. The sodium atom
gave an electron to the iodine atom
at a distance of .7 nanometer. The sodi-
um atom had, in effect, employed its
electron as a harpoon to reel in the io-
dine atom.

To perform the experiment, we first
sent a laser pulse to excite the Nal
molecules. When the sodium separates
about .25 nanometer from the iodine,
the bond begins to break. A second
pulse is then released to probe the re-
action at a point when the sodium io-
dide bond is completely broken and
a sodium atom and an iodine atom
are formed. The probe pulse excites
the sodium atom and causes it to emit
yellow light. By probing the motion
from the moment the bond breaks—
time zero—until the birth of free so-
dium atoms, we can count, in real
time, the number of sodium atoms that
have appeared on the lower curve. But,
more important, by detecting the qua-
si-bound transition species, Nass.l,
which has different spectral properties
from those of free sodium, we can ob-
serve the transition from Nae...I to
free sodium and iodine atoms.

Some of the sodium iodide mole-
cules on the upper curve, when reach-
ing the crossing area, will jump to the
lower curve, and their bond will break
to form sodium and iodine atoms. The
molecules that do not jump but in-
stead remain on the upper curve do
not break a bond. They continue to vi-
brate until they do jump. Hence, puls-
es of sodium atoms should be evident
only after each round-trip in the well of
the upper curve. This phenomenon is
exactly what we have observed. The re-
sults show the motion of the molecule
during the breaking of a chemical bond
and give the details of the potential en-
ergy governing the motion of sodium
and iodine atoms.

Laboratories in the U.S. (at IBM) and
in Germany (at Freiburg University) are
now applying femtosecond techniques
to observe the dynamics of many dif-
ferent types of reactions in the gas
phase. At Caltech, we are continuing
to probe elementary reactions and to
examine more complex reactions that
involve multiple births (for example,
ABA— AB+ A— A+ B+ A). We hope to
study the simplest of all reactions, the
combination of atomic hydrogen with
molecular hydrogen.

We are also exploring large molecu-
lar systems with the aim of answering
questions about selective reactivity. For
example, if a molecule with two iden-
tical bonds is energized, do the two
bonds break simultaneously or consec-
utively? To address this general and
important question, we studied the dis-
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sociation of C,I,F, into iodine and
C,F,. (In C,F,, a double bond forms
between the carbon atoms.) From real-
time studies we found that the reaction
proceeds consecutively, despite the mo-
lecular equivalence of the two carbon-
iodine bonds. Even more remarkable is
the discrepancy in the time scale for
bond breakage—the first bond breaks
in less than half a picosecond, whereas
the second bond takes 100 times long-
er to break!

The ability to view molecular dynam-
ics also suggests new ways of control-
ling reactions. There are several theo-
retical schemes for achieving control,
and already experimentalists are explor-
ing some new possibilities. The pros-
pect exists for fine-tuning the motion
and reactivity of molecules. If success-
ful in the coming decades, laser-cus-
tomized chemistry may be developed.

uybridge invented high-speed
Mphotography for the fun of it,

and today the technique has
gone far beyond what he or Stanford
could imagine. Although one cannot
predict the future, we are certain of the
importance and beauty of understand-
ing the science of molecules and their
reactions. The door is open for much
experimental and theoretical research
and for unexpected findings. It is my
hope that readers will share in the
fun and excitement that we have expe-
rienced in learning about the basics
of alchemy—the transmutation of one
substance to another—by observing the
ultrafast motions of molecules.

FURTHER READING

STATE-TO-STATE REACTION DYNAMICS.
Richard N. Zare and Richard B. Bern-
stein in Physics Today, Vol. 33, No. 11,
pages 43-50; November, 1980.

INVESTIGATION OF ULTRAFAST PHENOME-
NA. Charles V. Shank in Science, Vol.
233, No. 4770, pages 1276-1280; Sep-
tember 19, 1986.

THE NOBEL PRIZE FOR CHEMISTRY in Les
Prix Nobel 1986. Almquist & Wiksell In-
ternational, 1987.

REAL-TIME [LASER FEMTOCHEMISTRY:
VIEWING THE TRANSITION FROM RE-
AGENTS TO PRODUCTS. Ahmed H. Ze-
wail and Richard B. Bernstein in Chemi-
cal and Engineering News, Vol. 66, No.
45, pages 24-43; November 7, 1988.

LASER FEMTOCHEMISTRY. Ahmed H. Ze-
wail in Science, Vol. 242, No. 4886,
pages 1645-1653; December 23, 1988.

EXPOSING MOLECULAR MOTIONS. lan W.
M. Smith in Nature, Vol. 343, No. 6260,
pages 691-692; February 22, 1990.

ULTRAFAST MOLECULAR REACTION Dy-
NAMICS. L. Khundkar and Ahmed H.
Zewail in Annual Review of Physical
Chemistry, Vol. 41, pages 15-60; 1990.






