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Ultrafast Processes

The development of flash photolysis
by Norrish and Porter and by Porter
(1) resulted in an extension of the
time scale of experimental spectroscopy
from the millisecond to the microsec-
ond range. Many important new molec-
ular species such as short-lived radicals
and other intermediates became acces-
sible to the experimental spectroscopist.
The Q-switched laser has provided
nanosecond pulses, yet its application to
spectroscopic problems has been quite
restricted because of the limited num-
ber of fundamental frequencies readily
available, namely, 14,400 reciprocal
centimeters for ruby and 9431 cm—1
for Nd3+-glass. The infrared lasers,
such as carbon dioxide and water
vapor, produce far-infrared light with
a frequency very much lower than that
needed for electronic excitation of most
molecules. However, lasers have made
feasible the laboratory use of several
important nonlinear phenomena.

The frequency limitations of the
lasers can be partially overcome by the
use of frequency doubling devices such
as phase-matched potassium dihydro-
gen phosphate (KDP), ammonium di-
hydrogen phosphate, and lithium nio-
bate crystals, whereas stimulated

Raman lines partially fill the gap be-.

tween the fundamental and harmonic
frequencies. There are, of course, sev-
eral thousand known laser lines emitted
by gas lasers, the most prominent ones
probably being argon at 20,486 cm—!
and nitrogen at 24,656 cm—1. In addi-
tion, most of the visible region can be
covered by dye lasers. In general, the
output of the gas lasers is rather weak
for use in nonlinear spectroscopic ex-
periments. Crystals used for efficient
doubling must have the electro-optical
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properties necessary for phase-matching
the velocity of the fundamental and
the second harmonic frequencies. The
continuous shift of the laser frequency
by parametric oscillators is in the de-
velopment stage, and when perfected,
this technique will probably be one of
the most useful tools of experimental
spectroscopy.

Although existing lasers have the dis-
advantage of not being tunable, other
properties unique to lasers can be
profitably used in spectroscopy. For
example, picosecond-pulsed lasers per-
mit one to study the radiationless re-
laxation of molecules, emission and
absorption spectroscopy, energy trans-
fer, and primary steps in photochemi-
cal reactions in a time domain previ-
ously unattainable (2).

It is generally known that a molecule
excited to a high vibrational level of
an upper electronic level usually relaxes
nonradiatively to the lowest vibrational
level of the excited electronic state
(v=0) and thereafter to the ground
electronic state by emission, if emission
is allowed (Fig. 1). Alternatively, a
molecule may, in addition to undergo-
ing vibrational relaxation within the ex-
cited electronic level, cross over to a
manifold of different spin by intersys-
tem crossing. Isomerization, and twist-
ing or bending of the molecule, may
accompany nonradiative processes and
may occur in intervals of time that are
several orders of magnitude smaller
than nanoseconds (10—?% second). I
shall describe new experiments that
make feasible the study of some of
these ultrafast radiative and nonradia-
tive processes which occur subsequent
to excitation by picosecond pulses from
Nd®+-glass and ruby lasers.

SCIENCE

Laser Operation

The experiments described here were
performed with Nd3+-glass and ruby
solid-state lasers. In the Q-switched
mode radiation is emitted over a ~ 20-
nanosecond time interval, with a power
of ~200 megawatts. This Q-switching
can be achieved by the use of bleachable
dyes, such as cryptocyanine and phthal-
ocyanines, a rotating prism, Pockels
cells, or any technique that permits one
to control laser action by modulating
the QO of the laser cavity. The high
power available from Q-switched lasers
has been used to advantage in studies
of nonlinear phenomena, two-photon
processes, and harmonic generation.
Scattering measurements, such as
Raman and Brillouin scattering have
greatly benefited from the high power
available from Q-switched lasers.

The observation that Q-switching
may also produce picosecond pulses is
probably the result of an extension of
the mode-locking techniques demon-
strated first by Hargrove et al. with
helium-neon lasers (3). In their first
experiments, these investigators were
able to lock the many modes of their
laser oscillator to a fixed phase by
means of an ultrasonic diffraction mod-
ulator. Since these first experiments,
other lasers such as argon, ruby, Nd3+,
and many others have been mode-
locked (4). Mode-locking results in a
train of equally spaced pulses of ultra-
short duration and extremely high peak
powers that appears as a substructure
within the Q-switched pulse envelope.

Measurement of Subnanosecond
Pulses

The pulse duration from a mode-
locked laser depends strongly upon the
bandwidth of the laser. One is able to
achieve pulses of ~ 10—10 second dura-
tion with a mode-locked helium-neon
laser, whereas Nd3+-glass is capable of
producing pulses shorter than 10—12
second. Most currently available elec-
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Fig. 1. Schematic diagram of the relaxation processes in large molecules, that is, inter-
system crossing, internal conversion, fluorescence, and phosphorescence.

tronic equipment does not have the
time response required for use in this
time scale. In the following paragraphs
I shall describe a new, nonelectronic
method, based on two-photon fluores-
cence, developed in order to overcome
this difficulty (5, 6).

Two-photon absorption, followed by
subsequent fluorescence, was predicted
theoretically in 1931 (7), and con-
firmed experimentally in 1961 (8).
The molecular or atomic energy levels
involved in the two-photon fluorescence
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method must satisfy the following cri-
teria: the energy level separation be-
tween the ground state and the first
excited state, E, must be equal to or
less than twice the frequency of the ex-
citing light, 2w, but greater than o,
that is, o < E <20. In essence, one
may say that the two photons must be
absorbed simultaneously in order to in-
duce excitation. In view of the fact
that the energy levels are separated by
more than the frequency of the laser
photon, one photon alone is not ener-
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Fig. 2. (A) Experimental arrangement for the measurement of picosecond pulses by
the two-photon fluorescence method. (B) Pulse train as seen on oscilloscope (50

microseconds).
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getic enough to cause transitions. The
simultaneous absorption of two pho-
tons, by means of a virtual transition,
is required. The desired fluorescence
with intensity proportional to the
square of the incident light intensity
can be achieved only when these con-
ditions are satisfied.

In the first two cases reported (5,
6), using this phenomenon for the
measurement of the picosecond pulse,
we used either two photons of the sec-
ond harmonic of the Nd3+-glass laser,
18,862 cm—1, as the exciting frequency
with a benzanthracene solution as the
two-photon medium or the first and
second harmonic with diphenyl cyclo-
pentadiene (DPCP) as the two-photon
solution. Obviously, a multitude of other
solutions can easily be substituted that
will satisfy the criteria for the two-
photon fluorescence energy-level loca-
tion and the properties outlined above.
The experimental technique for utiliz-
ing this phenomenon in the direct mea-
surement of the picosecond pulses is
illustrated in Fig. 2A. A Nd3+-glass
laser is mode-locked and Q-switched
by Eastman Kodak dye No. 9860. A
train of pulses is emitted by the laser.
The pulses are separated by an interval
of ~4 nanoseconds which is twice the
transit time, 2L/c, of the laser cavity.
Here L is the length of the laser cavity
and c is the speed of light. The pulse
length is known from the display of a
photodiode output on a 519 Tektronix
oscilloscope to be smaller than 10—10
second (Fig. 2B). The pulses traverse
the benzanthracene solution (Fig. 2),
are reflected by the dielectric mir-
ror situated at the end of the sample
cell, and return along the path of the
incident pulse. The first pulse is re-
flected onto itself at the mirror surface,
meets the oncoming second pulse L/c
seconds later, then meets the third
pulse, and so on. Two-photon absorp-
tion occurs whenever two pulses col-
lide. If the intensity of the pulse is
high, each pulse will also induce two-
photon absorption with subsequent
fluorescence along its path in the solu-
tion. However, because of the non-
linearity of two-photon absorption, the
region of collision of the two pulses
will exhibit an intensity three times
brighter than that of the background
(Fig. 3). When necessary, one can
eliminate the background fluorescence
by using both the fundamental and the
second harmonic frequencies of the
laser. In the first experiment of this
type (6) we utilized the fundamental
frequency of Nd3+-glass at 9431 cm—1!
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(o), and its second harmonic fre-
quency at 18,862 cm—! (20,). The
DPCP solution was selected as the
fluorescent medium; its excited elec-
tronic spectrum has no states either at
the fundamental frequency, o; = 9431
cm—1, or at the second harmonic fre-
quency, oy = 20, = 18,862 cm—1. The
first excited electronic level is an al-
lowed singlet state located below
28,290 cm—1, the sum of the photon
energies (w; + wp), but higher than
either single photon frequency. The
molecular absorption cross section and
the fluorescence quantum efficiency are
large, thus making it easy for one to
photograph the two-photon fluorescence
spot. Since the fundamental photon
frequency, o;, is not energetic enough
to induce two-photon excitations, no
background fluorescence will be pro-
duced by this pulse as it traverses the
sample cell. The frequency of the pho-
tons in the SHG pulse (second har-
monic generated pulse) (v = 20,) is
sufficient to permit two-photon absorp-
tion but its intensity is purposely de-
creased to such an extent that it too
fails to induce observable two-photon
fluorescence by itself. However, when
the two pulses collide both the inten-
sity and the sum frequency (v; + wg
=28,243 cm—1) are sufficient to in-
duce two-photon absorption followed
by emission at the point of collision.
The length of the fluorescence spot
observed is determined by the convolu-
tion of the two pulses, and, therefore,
the convolution gives directly the dura-
tion of the ultrashort pulses.

An experimental arrangement that
accomplishes this second experiment
is shown in Fig. 4A. A train of equally
spaced pulses with frequency o
(9431 cm—1) is emitted by the Nd3+-
glass laser. Interaction with the KDP
crystal generates pulses of frequency
w0y Which emerge from the KDP crys-
tal together with the pulses of fre-
quency «;. Both pulses then enter a
cell containing a dispersive medium
such as bromobenzene. Because of the
difference in group velocities (w; trav-
els faster than w,) the two pulses will
emerge at different times. Hence, the
pulse with frequency o; passes through
the cell containing the two-photon
medium first and is reflected by the
dielectric mirror situated at the end of
the cell. No fluorescence is created by
this pulse alone. After reflection by
the mirror, the o, pulse will meet the
oncoming , pulse inside the sample
cell. At the point of collision two-
photon absorption will take place. The
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subsequent fluorescence will be emitted
only at the area defined by the overlap
of the two pulses. The pulse duration
7p will then be determined by

nd
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where n is the index of refraction, d is
the length of the spot, and « is a func-
tion of the shape of the pulse. In a
typical pulse d = 0.7 millimeter and n
= 1.5; therefore, v, =2 X 10—12 sec-
ond. As shown in Fig. 4, B and C, the
background traces are eliminated and

.one may observe the pulse at any part

of the cell by simply changing the delay
between ; and w,. Now I shall illus-
trate how variations of this technique
may be used to observe electronic re-
laxation processes.

Nonradiative Transitions

The electronic energy of electroni-
cally excited molecules is dissipated
either by emission or by nonradiative
molecular processes. The nonradiative
processes which occur from excited
singlet states are intersystem crossing,
usually by way of a radiationless transi-
tion from the excited singlet state S;
to a lower lying triplet T, state, and
internal conversion corresponding to
strong coupling between the S; state
and the ground state (9). In many
organic molecules these radiationless
transitions are the main paths of ener-
gy relaxation. When light emission is
absent and relaxation rates are fast
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(> 10° second—1), one can sometimes
obtain an indirect estimate of the ki-
netics of these. processes. Picosecond
pulse techniques have made it possible
to measure these processes directly (10).
Thus far, these methods are illustrated
by measurements on azulene, benzo-
phenone, and a few other large organic
systems (/1).

Initial experiments were designed to
measure the fluorescence spectrum of
azulene subsequent to excitation to the
S, state by the optical mixing of pico-
second pulses from a Nd3+-glass
laser. The experimental arrangement is
shown in Fig. 5. Filters and beam re-
flectors are placed at the appropriate
positions in order to remove the SHG
or fundamental frequencies as required
for this and other experiments to be
discussed below. The dispersing cell
(bromobenzene) acted as a means for
delaying the o, pulses relative to o,
pulses. The delay was adjusted so that
the o, pulse entered the azulene solution
(10—5 to 10—3M) ahead of wy by ~ 40
picoseconds. Since under the condi-
tions used here azulene does not fluo-
resce from its lowest excited singlet
level, but rather from the second sing-
let, o; travels through the solution
without inducing (Fig. 6B) fluores-
cence by either one- or two-photon
absorption (0; = 9431 cm—1; E 59 — 51
= 14,400 Cm—l; E(So_) Sg) = 28,200

cm—1). The dielectric mirror at the
end of the azulene cell reflects pulse
oy, and this reflected pulse collides
inside the cell with the oncoming o,
pulse. In the region of collision the

Approximate distance (mm)

Fig. 3. A typical photograph of picosecond pulses; shown at the bottom is the photo-

densitometer trace (r = 2 X 107'% second).
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sum frequency of the two pulses is
sufficient to excite the azulene molecule
to the §, electronic state (w; + wp =
28,293 cm~—1), thus inducing the
fluorescence normally observed. Al-
though pulse w, could excite the second
electronic level by a two-photon proc-
ess, its intensity-is purposely made low
in order to avoid any observable fluores-
cence resulting from pulse w, alone. A
camera facing normal to the laser beam
photographs the fluorescence of azu-
lene. The frequency distribution of the
fluorescence obtained by this method is
essentially identical to that shown in
published spectra, obtained by normal
excitation methods.

One may use nearly the same ap-
paratus to measure the lifetime of vi-
brational levels in the S; manifold. Let
us consider the case where the azulene
is excited first by the w, pulses. This
_places the azulene in an excited vi-
brational level of the S; state (v ~ 5).
The subsequent arrival of the o, pulse
can excite the azulene molecules from
the §; state to the S, state by a sequen-
tial two-step excitation, provided that
the molecules are still in the vibration-

ally excited state when the second pulse
arrives. Therefore, the o, pulse “in-
terrogates” the population of the azu-
lene in the vibrationally excited  state
as it propagates along the return path
of the w, pulse. The fluorescence pro-
duced as a function of the delay be-
tween the arrival of the two pulses
provides a direct measure of the life-
time of the vibrational level. The pho-
todensitometer traces (Fig. 6A) show
the length of the laser pulse and the
relaxation time of the vibrational
level.

This procedure allows direct. obser-
vation of rates of very fast processes.
However, it does not permit one to
elucidate the path of the radiationless
transition, that is, whether the pre-
dominant process is vibrational re-
laxation in the same manifold or wheth-
er the predominant process involves
other paths such as intersystem cross-
ing. In order to identify this path, a
variation of the above method was
used that enables us to measure the
intersystem crossing rate of azulene,
benzophenone, or almost any other
molecule.

Fig. 4. (A) Representation of the method for the elimination of
the background in the two-photon fluorescence method and the

direct measurement of the rates of radiationless transitions.
of picosecond pulses.
photons are of the same frequency; (b) the two photons are
of two different frequencies; (¢) the two photons are of two
different frequencies but the dispersing liquid is the solvent of
(C) Photodensitometer traces cor-

(B) Photograph

the two-photon solution.
responding to B, a—c.
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Intersystem Crossing in Azulene

It is interesting that in azulene the
two most common radiative processes,
emission from the lowest singlet and
triplet states, occur with very low effi-
ciencies. The fluorescence which we
have observed under strong optical
pumping by laser light has a quantum
efficiency ¢, defined as that fraction of
excited molecules which relax to the
ground state by emission of a pho-
ton, of ~ 10—6, and only the most
intense bands are observed. This emis-
sion is increased by a factor of ~ 3 in
deuterated azulene. The phosphores-
cence, which commences at ~ 10,800
cm—1, is also extremely weak and can
be observed only at low temperatures
(~ 77°K).

It seems obvious, therefore, that ra-
diationless processes are predominately
responsible for the depopulation of the
lowest excited singlet state. One of the
most probable possibilities for this type
of process is energy transfer to a low-
er lying triplet state. The absorption
of azulene in solution commences at
~ 14,400 cm —1, which is conveniently

CAMERA I
/ I::>"| iiéa MINROR
1 DPCP

0.53u I06p {p AZULENE
1.06
o> m el Ui

BROMOBENZENE
CELL

CAMERA T

Cc

T

SCIENCE, VOL. 169



resonant with the wavelength of the
ruby laser.

A ruby laser, simultancously Q-
switched and mode-locked by means of
a saturable dye, delivers a train of pico-
second pulses (~ 4 picoseconds), each
pulse separated from the next by ~ 5 X
10—9 second, to a cell containing the
azulenc solution in order to excite the
azulene to the lowest vibration level
of the first singlet level. Reflection by
a mirror situated at the end of the cell
again causes reflected and oncoming
pulses to pass through one another. In
regions where azulene remains in the
S, state, molecules may be excited by
a second pulse into the second singlet
electronic level. The resulting fluores-
cence (S, — S,) spot is measured by
the method described above. Since the
level populated by the laser frequency
in the transition from the S, state to
the S; state is the lowest vibrational
level of the S; state, the depopulation
time of this level is a measure of either
intersystem crossing or direct relaxa-
tion to the ground state. In order to
establish further the path of the relaxa-
tion process, heavy atom solvents, such
as dibromoethane, were substituted for
the usual solvent, methanol (10-12).
It is generally accepted that the heavy
atom solvent affects the intersystem
crossing rate by enhancing the spin-
orbit coupling of the two states. Our
experiments indicate that there is only
a small effect due to the heavy atom
solvent so that the ~ 8 X 10—12 second
relaxation time from the S;v_5, state
most probably arises from the direct
coupling with the ground state and the
depopulation is predominantly to the
ground state. The intersystem crossing
is probably of less importance, as indi-
cated by the small effect of the heavy
atom solvent, and, as we shall see be-
low, has an approximate lifetime of
6 X 10—11 second (12).

Since conventional experiments have
not made it possible for one to estab-
lish whether azulene has indeed a trip-
let state between the ground state sin-
glet and the first excited singlet, it is
necessary to determine whether this
triplet exists. Using the high power of
a Q-switched laser, we have been able
to do this by observing phosphores-
cence at 77°K. Although the quantum
efficiency is as low as ~ 10—6, the high
power available gives sufficient triplet
population to induce a phosphorescence
corresponding to the transition from
the T, state to the S, state, and to as-
sign Esy — 1, to ~ 10,800 cm—1, which
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is in agreement with the theoretical
calculations (13).

Having observed the lowest triplet
statc of azulene at ~ 10,800 cm—1 and
weak phosphorescence, let us focus our
attention on the process by which the
triplet state is populated after excita-
tion into the singlet manifold. This proc-
ess, which is referred to as intersystem
crossing, arises from the spin-orbit in-
teraction and is usually a nonradiative
ultrafast process. For many molecular
systems the intersystem crossing rate is
higher than the fluorescence rate. In the
case of azulene the low quantum yields
of spontaneous fluorescence and phos-
phorescence prevent calculation of the
intersystem crossing rate by the classical
method in which the quantum yields of
the emission from the S; state to the S,
state and from the T, state to the S,
state are used.

The experimental approach that we
followed is similar to that described for

the vibrational relaxation except that
we populated a low vibrational level
of the first excited singlet state of azu-
lene. The ecxciting pulse was a 4-pico-
second (4 X 10—12 second) ruby laser
beam with a frequency of 14,400 cm—1.
A sccond pulse interacts in the azulene
solution with the first pulse and raises
the excited azulene molecules to the
second excited singlet state S,. The flu-
orescence observed from this state is
photographed, and the pulse convolution
differences between the laser pulse
length and the fluorescence spot length
give a measure of the lifetime of the
zero vibrational level of this state. If we
take into account the effect that heavy
atom solvents (I 1) have on the spin-orbit
interaction, the intersystem crossing
lifetime is calculated to be 60 X 10—12
second. In an alternate method we
excited azulene by a 14,400 cm—!
picosecond pulse but in this case we
interrogated the population buildup of
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only the triplet state by a second pico-
second pulse. In this case we obtained
directly the rate of intersystem cross-
ing since the population of the triplet
state is achieved solely by that proc-
ess.

Intersystem Crossing in Benzophenone

The depopulation of an excited
singlet state is greatly influenced by
the spin-orbit coupling between the
singlet and a lower lying triplet state.
The spin-orbit coupling between these
two states can be of such magnitude
that the transition to the triplet state is
the predominant process that occurs,
resulting in the absence of fluorescence.
This is the case for benzophenone,
where the absence of fluorescence and
the unit quantum yield of triplet forma-
tion are indicative of a fast intersystem
crossing rate.

We have measured the energy dissi-
pation in benzophenone from the zero
and higher vibrational levels of the
first excited state by using short laser
pulses (/4). In addition, we have been
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able to observe a fluorescence between

" 25,600 cm—! and 25,900 cm—1 which

we interpret as emission from the §;
(n7*) state to the S, state of benzophe-
none (I5). The observation of the
weak fluorescence of benzophenone was
achieved by optically pumping a solu-
tion of benzophenone with the second
harmonic frequency of ruby at 28,800
cm—1, The quantum efficiency for
fluorescence is ~ 10—¢, and the obser-
vation of the weak fluorescence was
possible as a result of the large power
of the laser pulses. The intersystem
crossing rate was measured by methods
similar to those used for the measure-
ment of the radiationless transitions of
azulene. Measurements were made as
follows.

A ruby laser was simultaneously Q-
switched and mode-locked by 1,1-
diethyl-2,2-dicarbocyanine iodide pas-
sive dye (I6). The pulse duration
was ~ 4 X 10—12 second and the total
peak power was ~ 5 X 10—8 watts.
The second harmonic frequency was
generated in a phase-matched KDP
crystal with an efficiency of ~ 10 per-
cent. Several other pumping or in-
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Fig. 6. (A) Photodensitometer traces of (a) pulse length and (b) relaxation of azulene.
(B) Energy level diagram of azulene. 7., intersystem crossing lifetime.
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terrogating frequencies can be derived
from the stimulated Stokes-shifted
Raman lines of hydrogen (4155
cm—1), acetone (2921 ¢cm~—1t), bromo-
benzene (1000 cm—1), and many others
that cover the range between a-
sulfur (216 cm—!) and hydrogen
(4155 cm—1), The conversion efficiency
to the Raman lines can be as high as
80 percent in certain molecules such as
hydrogen and acetone. The experi-
mental arrangement is similar to that
shown in Fig. 5. The pumping pulse
(01) (26,800 cm—1) excites the ben-
zophenone to the S; (v=0) state.
The interrogating pulse (wy) (10,245
cm—1), which is the stimulated Stokes
hydrogen shift (4155 cm—1) of the
ruby fundamental frequency, enters at
the end of the benzophenone cell trav-
eling in the direction opposite to that
of pulse w; and collides with pulse o;
inside the cell. The frequency of the
interrogating beam is sufficient for the
transition from the §; (v = 0) state to
the S, state but lower than frequencies
for transitions from the S, state to the
S, state or from the S, state to the T
state. It is obvious, therefore, that the
interrogating pulse is absorbed only
when there is population at the S
(v = 0) state. Furthermore, the extent
of absorption of pulse w, is a direct
measure of the population of the S§;
(v=0) state (Fig. 7A). A precision
micrometer varies the distance that
pulse o, has to traverse before crossing
pulse ;. Variation of the time (dis-
tance) delay of pulse o, permits inter-
rogation of the decay of the state ex-
cited by pulse w; as a function of time
and gives a direct measure of the life-
time of the state.

Because the quantum efficiency of
triplet formation phosphorescence is
nearly unity, the rate of energy dissipa-
tion from the S§; (v =0) (nz*) state
represents the intersystem crossing time
and is ~ 5 X 10—12 second (limited by
the duration of the pulse). By the same
method, but with an exciting frequency
(»y) of 28,800 cm—* (SHG, ruby) and an
interrogating o, pulse of 10,245 cm—1,
the intersystem crossing rate was found
to be slower by almost a factor of 3
(+ = 1.5 X 10— second). This is pos-
sibly due to the stronger coupling at
the lower vibrational level. This meth-
od with frequency variations has been
applied to other molecular systems in
the liquid and solid state and can be
utilized with considerable success in
a large number of molecular systems
in the gaseous, crystalline, and liquid
phases.
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Repopulation of the Ground State

Another process of great importance
is the nonradiative repopulation of the
ground electronic state. Since many
molecules have low quantum yields for
emission, the nonradiative processes by
which ground electronic states are re-
populated are important in the deac-
tivation of molecules. Repopulation of
the ground state of Q-switch dyes has
been studied and provides an example
of how the use of picosecond pulses can
give insight into the molecular spectro-
scopy of a particular system (2, 17).
We have also examined the repopula-
tion of the ground state of azulene,
which must occur at a very fast rate
since neither fluorescence nor phos-
phorescence is normally observed with
conventional excitation of the molecule
to the first electronic state.

The picosecond output pulses of the
mode-locked, passive-dye Q-switched
laser were collimated to a beam 2 mil-
limeters in diameter, which traversed a
cell containing the solution or crystal
under investigation. The path length of
the cell was 0.5 millimeter, and the
optical density in the cell was 1.0. The
~ intense picosecond pulse excited the
molecules to the first excited electronic
level. A dielectric mirror, situated at a
known distance behind the cell, reflects
the light pulse back onto the cell after
it passes through a set of attenuators
(Fig. 7A). The time elapsed between
the exciting pulse and the reflected
(interrogating) pulse is varied by trans-
lating the mirror with a micrometer
drive. A set of photodiodes and oscillo-
scopes are used to measure the light
intensity of the pulses before and after
each pass through the cell, and the
laser pulse length is measured by the
two-photon fluorescence method.

If the reflected picosecond pulse re-
turns to the cell after an interval of
time that is very short relative to the
repopulation time of the ground state,
only a very small amount of the inter-
rogating light pulse is absorbed. If the
pulse returns at a time when relaxation
to the ground state is almost complete,
absorption will occur. By varying the
distance between the cell and the re-
flecting mirror we vary the time of the
arrival of the interrogating pulse in
the azulene cell. A plot of the relative
transmitted intensity of the interro-
gating pulse as a function of time
shows the lifetime of the relaxation
process. In the case of azulene, the
lifetime of the repopulation of the
ground electronic state after excitation
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to the first singlet state is, on the aver-
age, ~ 8 picoseconds. This method ob-
viously does not show which path the
relaxation to the ground state takes,
that is, whether the relaxation leads di-
rectly to the ground or whether it goes
by way of intersystem crossing to the
triplet state with subsequent decay to
the ground state. We have seen above
that the relaxation time from the
(v~ 5) vibrational level of the first
excited state is 7.5 X 10—12 second.
The relaxation time from the lowest
vibrational level of azulene to the trip-
let state was measured to be ~ 60 X
10—12 second (I) (Fig. 8).

In view of the fluorescence and phos-
phorescence results, their low quantum
efficiency, the strong coupling of the
two singlet states, the effect of deutera-
tion, and the fast (~ 8 X 10—12 sec-
ond) repopulation of the ground state

electronic level, we tend to believe that
the direct relaxation to the ground state
as a result of level coupling between
the excited singlet and ground states is
the dominant process for the relaxation
from the first excited singlet of azulene.
Intersystem crossing can take place to
a lesser degree, and the low quantum
yield of phosphorescence indicates that
it does.

Recently we have developed a sim-
ple technique for the observation of the
saturation recovery time, that is, the
excited state lifetime of an absorbing
species. In this technique two picosec-
ond pulses are used that may or may
not be of the same frequency. During
the passage of an intense bleaching
pulse through a dye-containing sample
cell, the cell is uniformly illuminated
by a second interrogating pulse travel-
ing at right angles to the first pulse.

—— _TWO-PHOTON LIQUID
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@m% REFLECTING MIRROR

X FILTERS
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Fig. 7. (A) The method employed for the direct measurement of the lifetimes of the

ground or excited states. P, photodiodes.

(B) Alternate method for determining

the rate of repopulation to the ground state. This method has the advantage of re-

quiring only one pulse.

(C) Pictures of the Kodak Q-switch dye No. 9860 (optical

density = 5 per centimeter at 1.06 microns). The bleaching light pulse travels from right
to left in these pictures. Various thicknesses of quartz [(a) 0, (b) 6.3 millimeters, (¢)
12.5 millimeters, and (d) 18.8 millimeters] inserted into the interrogating beam delay
the arrival time of the interrogating pulse relative to the bleaching pulse, thus moving
the bright portions to the left of the cell. The observed transparency is a convolution
of the two light pulses and the saturation recovery time of the dye. Assuming a simple
model for the dye saturation, we can measure the saturation recovery time from the
trailing edge of the bleaching light pulse. We find a value of 9 picoseconds for the
Kodak Q-switch dye No. 9860.
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Fig. 8. Schematic diagram of the energy levels of azulene, excitation frequencies
utilized in the experiments described, and experimental values obtained. 7wm, non-
radiative lifetime; 7:., intersystem crossing lifetime.

The short duration of each of these
pulses enables us to “freeze” the
bleaching light pulse within the cell
and to photograph the recovery proc-
ess. From the transparency of the dye,
measured along the path of the bleach-
ing pulse, we obtain the time history
(on a picosecond scale) of the dye
relaxation with but one laser shot. The
experimental arrangement and typical
results are shown in Fig. 7, B and C,
respectively.

Fluorescence between Excited

States

The Ilack of observable emission
from excited molecules can be attrib-
uted to any of several nonradiative
transitions, such as strong coupling
with another state, deformation of
structure in the excited states, and en-
ergy transfer to surroundings such as
solvent or buffer gas.

In the cases described above we
were able to observe fluorescence pri-
marily because of the high photon den-
sity and short duration of the laser
pulse. The high laser power can, in
many cases, compensate for low quan-
tum yields of fluorescence (10—¢ to
10—7) and the possible short lifetime
of emission (~ 10—9 second or less).
This has been shown to be the case for
azulene fluorescence from the first sin-
glet, and for biphenylene and pyrida-
zine, for both of which the quantum
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yields and the emission lifetimes are
very small (I5). For the same reasons
that the laser is successful in these
cases one can induce fluorescence be-
tween excited states, a process that is
important in molecular spectroscopy
but quite difficult to study with most
of the available excitation sources (I8).
For example, reaction from high vibra-
tional levels of excited electronic states
is not generally considered the pre-
dominant mechanism of a chemical re-
action because the rate of relaxation
from an upper level to the lowest vibra-
tional level is usually faster by orders of
magnitude, in most large molecules,
than the rate of relaxation of the v =0
level to the ground state. The symmetry
of the molecule in the upper vibrational
levels can be different from that at the
v = 0 level. Chemical reactions, there-
fore, from an upper vibrational level
may very well have essentially different
reactivity and may produce different
products from the ones normally ob-
served. The population of such upper
levels by high-power lasers, such as the
second harmonic frequency of ruby
(28,800 cm—1), the second harmonic
of Nd3+-glass (18,862 cm—1), or the
fourth harmonic (37,724 cm—1) of the
Nd3+-glass laser could result in new
chemical products.

Work now in progress indicates that
the reaction products of certain aro-
matic molecules, excited by intense
laser pulses to high vibrational levels,
are not the same as those from chem-

ical reactions occurring in the lowest
vibrational level of the first excited
state. The fraction of the products that
are novel could be attributed to reac-
tions taking place at the higher vibra-
tional levels.

Molecular Distortion

A number of molecules that are
planar in the ground states are bent
or twisted in the excited states. The
intensity distribution of the transitions
is, therefore, altered in comparison to
planar-planar intensities, as a result of
the changes in the equilibrium position
of the nuclei. If this change in equi-
librium position is large, the shape of
the potential energy curve in the ex-
cited state changes relative to that in
the ground state, and the Franck-Con-
don principle will favor transition to
the ground state at vibrational levels
with high quantum-numbers. Under
these conditions, the emission intensity
will be shifted toward lower frequen-
cies and for severe distortion it could
result in a predominantly radiationless
path for relaxation (79).

Biphenylene exhibits neither fluores-
cence nor phosphorescence (20) ex-
cept under strong excitation such as
that supplied by Q-switched laser
sources. It is believed that the energy
is dissipated from the excited electronic
levels by way of a radiationless transi-
tion to the ground state because of the
change in the geometric configuration
of the molecule in the excited state.
This distortion could result in the shift
of the potential energy level of the
excited state; thus the transitions fa-
vored by the Franck-Condon principle
would be to high vibrational states of
the ground electronic level, which prob-
ably take place nonradiatively and at
fast rates.

The experimental arrangement shown
in Fig. 7A is similar to that employed
in the study of the repopulation of the
ground state except that a polarizer or
quarter-wave plates, or both, have been
added. The biphenylene molecule is
excited by the first pulse of a picosec-
ond pulse train. The frequency of the
pulses is selected so as to correspond
to a transition in which the molecule
is excited only if the long molecular
axis is parallel to the electric field of
the photon. Every successive oncom-
ing pulse has the same frequency (28,-
800 cm—1'), length, and polarization
characteristics. Thus molecules that
are aligned with their long axis parallel
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to the plane of polarization are excited.
At this stage, a second pulse is intro-
duced for the purpose of determining
the number of molecules remaining in
this excited state and maintaining the
same molecular configuration and ori-
entation. It is assumed that after a
change of molecular configuration the
change of symmetry causes the amount
of absorption to be relatively small. A
ruby laser pulse is Raman-shifted by
hydrogen to supply the second pulse.
This interrogating pulse frequency is
not absorbed by the ground state mole-
cules because its frequency is too low
to cause transitions between the ground
level and the first excited electronic
state (~ 26,000 cm—1); however, this
frequency possesses sufficient energy to
pump the molecule from the first ex-
cited electronic level to the second if
the molecules remain planar.

When the exciting and interrogating
pulses arrive at the same time, the in-
terrogating pulse is absorbed strongly
because of the relatively large number
of molecules in the first excited state.
As the degree of delay in the arrival
of one of the pulses increases, the in-
tensity of the transmitted interrogating
beam increases. The increase in trans-
mission can be interpreted as arising
from the absence of molecules in the
excited state decaying to the ground
state or from the fact that the molecule
in the excited state has altered its con-
figuration by bending or twisting, so
that the long axis has ceased to be a
valid molecular axis. If the latter is the
case, this experiment would indicate
that the molecule changes its nuclear
configuration in the excited state; that
is, the change in transmitted intensity
is a measure of the changes in dynamic
configuration. Preliminary experiments
‘show that the repopulation of the
ground state takes ~ 10—1! second,
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whereas the population of planar mole-
cules in the excited state decreases twice
as fast. One can, hopefully, experimen-
tally probe the molecule during this
proposed configurational distortion from
the excited state to the “disturbed tran-
sition state.” In the same way one can
investigate the ground state intermolec-
ular interactions by using a very similar
technique.

In closing this account of some of
our experiments in this very new field,
I should like to mention potential ex-
tensions of this initial work on relax-
ation processes that I feel are pro-
vocative examples of cases in which
one could successfully utilize the advan-
tages of picosecond pulses. Although
most of the experiments described are
concerned with molecules in solution,
it is obvious that the crystalline or
gaseous states can be studied as well.

The Future

The production of two radicals from
the same molecule, such as the azo
(—N=N-—) compounds, is very fast
and the recombination rate may lie in
the nanosecond range. The short pulse
length and high peak power of the
picosecond laser pulses are essential in
order that an observable number of
radicals be produced in an interval
shorter than their recombination time.
If one observes, by means of absorp-
tion techniques, the formation and de-
cay of the radical population, one can
obtain the recombination lifetime and
some knowledge of the kinetics of the
cage effect. Furthermore, by monitor-
ing the products through time-resolved
absorption or fluorescence one may
possibly identify intermediate species
and the kinetics of formation and dis-
sociation.

Related processes such as isomeriza-
tion rates, for example, cis-trans isom-
erization of stilbene, the rates of dimer
formation in molecules such as anthra-
cene, and the rate of energy transfer
between donor and acceptor pairs,
either as separate molecules or as mol-
ecules connected by a long chain as
in biological molecules, are but a few
of the basic processes that can be ex-
amined in many different chemical sys-
tems by the use of ultrashort laser
pulses in some manner similar to the
ones described in this article.
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