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Advances in Picosecond

Identification of the role of the various
molecular species generated in the
course of chemical reaction has been the
focus of chemical experiment, theory,
and speculation since the discovery of
atoms and molecules. A vast amount of
knowledge has been accumulated, yet in
most cases the exact mechanism of even
the most simple processes such as disso-
ciation, isomerization, and radical for-

Spectroscopy

P. M. Rentzepis

picosecond spectroscopy is provided by
recent experimental work on the disso-
ciation of haloaromatic compounds (/,
2). It is known that haloaromatics disso-
ciate to the parent aromatic radical and
the halogen after excitation with light of
the appropriate wavelength. The course
of events that leads to dissociation after
population of the allowed excited states
was unknown until recently. Indirect ex-

Summary. Progtess in the technology of picosecond spectroscopy in the past few
years has made possible the generation of well-characterized pulses emitted by
synchronously pumped tunable dye lasers. in addition, the development of sensitive
emission and absorption detection methods and the advent of picosecond Raman
and coherent anti-Stokes Raman spectroscopy make possible the direct observation
of picosecond transient spectra and lifetimes. The information obtained allows the
complete determination of mechanisms through the identification of transient states,
radicals, and ions that evolve during the course of a chemical or biological reaction.

mation has escaped direct experimental
observation. Only recently has it been
possible to make detailed experimental
studies, by means of picosecond absorp-
tion, emission, and Raman spectrosco-
py, on a time scale appropriate for ‘the
observation of fundamental chemical
steps. Although the final product of most
reactions is, of course, known and over-
all rates of the simplest reactioris can be
estimated from measurements of quan-
tum yield and radiative lifetime, detailed
knowledge of the process, including the
electronic state involved, intersystem
crossing rates, radical formation, radical
lifetime, and torsional rearrangement,
cannot be obtained unambiguously with-
out direct experimental evidence.

~An illustration of how fundamental
chemical processes can be delineated by
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perimental data suggest that dissociation
takes place directly from the singlet
state, yet other indirect experimental
data indicate that crossing to the triplet
state precedes dissociation. For small
molecules such as CO,, HCN, and ICN,
theoretical predictions (3) are in fair
agreement with the fluorescence data on
vibrational state distributions. However,
large polyatomic molecules such as the
haloaryls are characterized by dense vi-
brational manifolds, which provide for
dissipation of the absorbed photon ener-
gy through internal conversion and inter-
system crossing. These processes may
compete favorably with direct photodis-
sociation of the molecules and cause
predissociation to become the dominant
process. Molecular beam studies by Ber-
sohn and co-workers (4) showed that
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photofragment formation in haloaryls
may be caused by either (i) direct disso-
ciation from an upper electronic state or
(ii) internal conversion to a lower excited
state, followed by intersystem crossing
to a low-lying triplet state and thence
into a dissociating *(w,o*) level associat-
ed with the carbon-halogen (C-X) bond.
However, intersystem crossing might
also lead by internal conversion to lower
energy triplets and, conceivably, relax-
ation to the ground state by radiative or
radiationless transitions.

In view of the dense vibrational mani-
folds of large molecules, the dissociative
channel that is operative with high effi-
ciency may not be predictable with cer-
tainty for various levels of photon excita-
tion. Neither can a single type of mea-
surement—whether it be quenching of
triplet states or radicals with reactive
species, or fluorescence or quantum
yield measurements—provide the data
needed to directly identify the electronic
states involved and the rates that govern
their population and depletion. Because
of the inherent limitation of each tech-
nique and the fact that many relaxation
rates are in the range 10° to 10" sec™!,
we have simultaneously employed fluo-
rescence and absorption picosecond
spectroscopy to identify the mechanism
and transient states. The fluorescence
spectrum alone provides a means of
identifying the emitting upper electronic
level and determining its lifetime, which
establishes the rate of its decay, but it
gives no information about radiationless
energy dissipation or the state from
which the energy is dissipated. Howev-
er, by combining fluorescence informa-
tion with time-resolved absorption spec-
tra of the ground state, showing its de-
pletion and repopulation, and spectra of
all the transient states and species, a
direct measurement of the rates of for-
mation and decay is obtained that pro-
vides a unique and complete histogram
of the evolution of a photochemical reac-
tion. The mapping of a chemical reaction
may be illustrated by following the ave-
nues that lead to the dissociation of the
iodo-, bromo-, and chloroaromatics.

P. M. Rentzepis is head of the Physical and
Inorganic Chemistry Department at Bell Labora-
tories, Murray Hill, New Jersey 07974.
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The known electronic spectra of the
particular haloaromatics under study
here show that halonaphthalenes and ha-
loanthracenes can be excited by either
the fourth harmonic, 266 nanometers,
or third harmonic, 355 nanometers, of
a neodymium/yttrium-aluminum-garnet
(Nd**/YAG) laser. For these photon en-
ergies, the molecule is excited with a few
thousand wave numbers of excess vibra-
tional energy. The relaxation rate to the
thermalized singlet was determined to be
less than 5 picoseconds by two indepen-
dent measurements, showing (i) the ab-
sence of unrelaxed fluorescence and (ii)
the fact that the relaxed fluorescence
(vibrational quantum number v = 0) rise
time was also found to be completed
within 5 psec. The processes that are
candidates for dissipation of the S, (first
excited singlet state) population may be
described as (i) radiative decay to the
ground state, Sy < .5;; (ii) direct disso-
ciation from S ; (iii) intersystem crossing
to an upper vibronic state of a triplet
level; and (iv) nonradiative decay to Sq.

In the case of intersystem crossing it is
expected that relaxation to the lowest
vibronic level of T, (the first excited
triplet state) will be fast since vibrational
deactivation, T7— 79, in liquid solu-
tions has been shown to occur with a rate
of ~ 10" sec™! (5). As in the case of the
singlet state, three channels may be open
for the deactivation of the triplet: (i)

Dye amplifier

phosphorescence to the ground state,
S% < T9: (i) nonradiative decay to the
ground state, S§ < 79; and (iii) predisso-
ciation through a (sr,0) state resulting in
fragmentation to an aromatic radical and
a halogen. There is, of course, a possibil-
ity of predissociation directly from the
upper singlet 7, w* aromatic states to the
C-X singlet r,0* states (6, 7).

If energy dissipation proceeds through
a triplet state, the rate should increase
from chloro- to bromo- to iodoaromatics
owing to the known increase in spin-
orbit coupling as the atomic number of
the substituted halogen increases. This is
similar to the strong intramolecular per-
turbations known to occur in chelated
organic molecules such as Cu®’' and
Ni** porphyrins. The spin-orbit coupling
is manifested in the ground state halogen
atom 1S, fine-structure splitting, *Ps;
— 2Py, On the basis of this knowledge
it would be expected that the singlet-
state decay lifetimes of bromo- and iodo-
aromatics would vary as the square of
this coupling. However, as the picosec-
ond data will show, these lifetimes differ
by approximately an order of magnitude.
Such data suggest that spin-orbit cou-
pling may not be the dominant factor in
the energy redistribution process, and
thus it is difficult to assign with certainty
the mechanism that governs the reac-
tion. Only by obtaining direct kinetic and
spectroscopic evidence can the effects of
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Fig. 1. Experimental arrangement for picosecond absorption emission and Raman spectrosco-
py. The oscillator consists of a mode-locked argon laser that pumps a ring dye laser. The output
is increased by a set of dye amplifiers pumped by Nd**/YAG lasers. Detection and processing
of data are accomplished by use of a streak camera, ISIT (intensified silicon intensified target)
vidicon(s), and an optical multichannel analyzer coupled to a dedicated minicomputer.
Abbreviations: CC, continuum cell; BS, beam splitter; UD, unidirectional device; FE, fine
etalon; BF, birefringent filter; AC, autocorrelator; PD, pulse detector; HvP, high-voltage pulse
source; PC, Pockels cell; CP, corner prism; P, polarizer.

the various parameters such as solvent,
heavy atom substitution, temperature;
and polarity be unambiguously assigned.
The combined data on time-resolved
transient absorption spectra, emission
kinetics, and the spectra and formation
and decay Kkinetics of the radicals formed
provide, we believe, an unambiguous
and perhaps novel means for under-
standing the mechanisms involved in
chemical reactions. The fate of excited
molecules is followed directly by identi-
fying and monitoring the evolution and
decay of each transient spectroscopic
state and species during the process of
dissociation and recombination.

Experimental Studies

Several systems for the generation of
picosecond pulses have been used, vary-
ing from a single-shot Nd**/glass laser
emitting pulses of ~ 8 psec full width at
half-maximum (FWHM) to a high-repeti-
tion-rate dye laser emitting pulses of ~ 2
psec FWHM. In all cases, the oscillator
output is increased by a set of amplifiers,
which can increase the output per pulse
by a factor of 100 or more. Dye lasers
generate shorter pulse widths, but usual-
ly with lower energy content, and their
repetition rate can be higher. However,
amplification by using Nd**/YAG lasers
to pump the dye amplifier normally lim-
its the repetition rate to <10 hertz. Nev-
ertheless, the shorter pulse width, ~ 2
psec, and the tunability of dye lasers
provide very desirable features. Since
the Nd** lasers have been described
quite extensively (8), I will only briefly
describe the synchronously pumped pi-
cosecond dye laser that we are currently
using. The principal components of the
pumping source and ring dye laser were
manufactured by Spectra Physics. These
consist of a mode-locked argon laser
(Fig. 1) that inserts a pump pulse of
~ 100-psec duration into a ring laser.
The “‘argon pulse’’ transverses the opti-
cal path shown in Fig. 1 and excites the
dye as it flows through a jet, generating a
train of picosecond pulses. The output of
the dye laser consists of picosecond
pulses with the following characteristics:
pulse width, 2 psec; energy, ~ 100 mi-
crojoules; and wavelength range, 560 to
800 nm with appropriate dye. The pulses
are subsequently amplified in three dye
laser amplifiers pumped by the 530-nm
second harmonic of Nd**/YAG lasers.
The amplified pulses are frequency dou-
bled, resulting in ~ 0.3-millijoule pulses
which are suitable for excitation of mo-
lecular species in the ultraviolet region.
The output pulse of the dye laser is
shown in Fig. 2.



The optical arrangements for absorp-
tion and emission spectroscopy are es-
sentially the same; the principal differ-
ences are the frequent use of an echelon
for the time resolution of the excited
state decay, instead of a delay stage, and
the generation of a broadband picosec-
ond continuum in a liquid, such as D,O-
H,O0, for transient absorption spectros-
copy. Figure 1 is a schematic representa-
tion of a complete system capable of
monitoring (i) transient absorption spec-
tra from ~ 1 psec to several nanosec-
onds, (ii) emission spectra and decays,
and (iii) picosecond and nanosecond Ra-
man spectra.

Picosecond transient absorption. A pi-
cosecond pulse, at 265 nm, excites the
sample (9); it is followed by a broad
continuum pulse that interrogates a re-
gion of the spectrum, 300 to 800 nm,
at preselected periods of time such as
~20, 0, 5, 20, 100, and 500 psec and 5
nsec. Representative transient absorp-
tion spectra (8) are shown and discussed
later in this article. Decay lifetimes in the
form of plots of change in absorbance
(AA) versus time (r) may be recorded
by means of an echelon for preselected
wavelength ranges. The continuum light
is collimated into the sample, so that a
region of the sample smaller than that
exposed to the excitation pulse is illumi-
nated, and then imaged onto the slit of a
1-meter spectrometer. A two-dimension-
al vidicon, attached to the exit slit of the
spectrometer, collects and transfers
transient spectra of decay lifetime curves
to an optical multichannel analyzer
(OMA). Analysis, averaging, error bar
determination, and graphics are per-
formed with an Eclipse Data General
computer. Typically, 10 to 20 laser shots
with and without excitation are averaged
for each spectrum or decay curve, the
actual number being determined by the
signal-to-noise ratio. In all cases-—for
absorption, emission, and Raman spec-
tra—care is exercised to ensure that the
signals observed are not the result of
multiphoton processes or nonlinear or
saturation effects. This is achieved by
reducing the photon content of the exci-
tation pulse to as low as 20 pwJ/mm? for

. investigations of biological materials. In
addition, corrections for the temporal
dispersion of the continuum light are
taken into account when the lifetime
computations and spectra fits are per-
formed. The kinetics (AA versus f) are
evaluated by calculating the areas under
each segment of the probe and reference
beams for both excitation (ex) and non-
excitation (no ex) shots.
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Fig. 2. Typical picosecond pulse emitted by
the pulse generation system shown schemati-
cally in Fig. 1.

With a two-dimensional vidicon one can
record spectra and Kkinetics simulta-
neously. Figure 3 illustrates the data and
format available from the computer. In
addition, a streak camera, which is nor-
mally utilized for emission, can be easily
used as a detection instrument for ab-
sorption.

Transient emission spectra and kinet-
ics. The most useful instrument for re-
cording emission decay is a streak cam-
era that is capable of resolving ~ 2-psec
lifetimes and has spectral sensitivity
from the deep ultraviolet to near infra-
red. The emitted light, induced by a
picosecond excitation pulse, is collimat-
ed by a collection lens. It is then passed
through a monochromator, or set of fil-
ters, and focused on the slit of the streak
camera. The image is amplified by an
image intensifier and transferred to an
OMA. The decay curve thus obtained
must be corrected at each streak rate
because of the changes in sensitivity of
the streak camera-OMA system with

Fig. 3. Illustrative three-di- <
mensional display of a pico-
second absorption process.

position in the camera plane. A second
source of error may arise from the inher-
ent nonlinearity of the time base of the
streak camera, which at the fastest time
scale (~ 0.8 psec) may vary by about 30
percent across the streak record. These
possible errors are eliminated by calibra-
tion with a molecule whose spectra and
emission decay are well known. This
procedure also allows for vignetting in
the relay optics and sensitivity variation
of the individual OMA channels (/0).
Finally, the true rise time and decay
lifetimes of a process are determined by
deconvolution of the excitation pulse
from the observed fluorescence lifetime.
The resulting fluorescence is fit to a rise
time, Tr, and decay time, ;. To ascertain
reliability in the decay lifetimes, approxi-
mately 20 scans are averaged and fitted
after correction for instrumental errors.
This procedure for the determination of
fluorescence lifetimes was used by Bar-
bara et al. (10) to obtaining the curves of
Fig. 4. Transient emission spectra can
easily be recorded by means of a mono-
chromator and vidicon. By gating the
vidicon to short recording times, we
were able to eliminate long-lived fluores-
cence originating from the parent species
or other impurities.

Picosecond Raman spectra. In princi-
ple, one can detect and record Raman
spectra of transient species within a few
picoseconds after excitation. The most
common approach utilizes a resonance
Raman probe pulse, which takes advan-
tage of the intensity enhancement de-
rived from using a probe frequency near
a molecular transition. The system for
generating excitation pulses is the same
as that used in studying absorption and




emission spectra; however, a second
probe pulse is used to monitor the Ra-
man scattering. This pump-probe tech-
nique (/1) is, in principle, very similar to
that used for extended time absorption.
The intensity of the Raman spectra gen-
erated by a single excitation-probe pulse
pair depends in many cases on relatively
high-energy excitation pulses, which

7s=0 psec
Tr=5 psec

b Acridine and hexane
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Aem =390 nm
Best fit
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may result in nonlinear excitation or the
denaturation of biological samples. To
eliminate the possibility of such effects
we use a high repetition rate—that is,
a large number of pulses of very low
energy generated by a synchronously
pumped dye laser. The low energy main-
tains the excitation in the linear regime,
and the high repetition rate makes it
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Fig. 4 (left). Emission decay curves of acri-
dine in solution. The dots are the experimen-
tal points and the solid lines computer-fitted
curves. Fig. S (right). Transient picosec-

ond absorption spectra of 1-chloronaphthalene in hexane at 20°C on excitation with a 265-nm
picosecond pulse; the spectra were recorded at (a) 25 psec, (b) 100 psec, and (c) 500 psec after

excitation.
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picosecond time emission decay of bromo-
naphthalenes in hexane at 20°C resulting from
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excitation by a 265-nm, 10-psec pulse. Fluorescence was recorded between 310 and 550 nm.
Plots of emission intensity versus time are shown for (a) 1-bromonaphthalene, 1 = 75 = 10
psec; (b) 1-bromo-2-methylnaphthalene, 7; = 72 + 10 psec; (c) 1-bromo-4-methylnaphthalene

7¢ = 80 = 10 psec; and (d) 2-bromonaphthalene, 7 = 150 = 10 psec.

Fig. 7 (right). Tran-

sient picosecond absorption spectra of I-bromonaphthalene in hexane at 20°C on excitation
with a 265-nm picosecond pulse; spectra were recorded at (a) 25 psec, (b) 100 psec, and (c¢) 500

psec after excitation.
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possible to average more than 10° pulse-
probe signals in a short period of time so
that a high signal-to-noise ratio is at-
tained. A second quite significant handi-
cap, that of a high background Raman
signal from the solvent, can be overcome
by using xenon as the solvent. This sol-
vent, as pointed out by D. C. Douglass
(12), has several advantages: it does not
produce Raman scattering, and it can be
used in the gas phase or as a liquid
(~ 16.6°C) or solid (—118°C). The com-
bination of these improvements makes it
possible to generate spontancous pico-
second Raman spectra and eliminates
the restriction to resonance probing and
the inherent possibility of stimulated flu-
orescence. Recently, picosecond coher-
ent anti-Stokes Raman spectra have
been demonstrated.

Results and Discussion

The haloaromatics we have used are of
the highest purity commercially obtain-
able, 99+ percent, and are further puri-
fied by zone refining. It is interesting to
note, however, that even a large amount
of impurities (5 percent) would not influ-
ence the picosecond kinetic data to any
appreciable degree because the decay
lifetimes are orders of magnitude shorter
than the collisional frequency necessary
for energy transfer to small quantities of
homogeneously dispersed impurities. It
was observed, for example, that reagent-
grade 2-chloronaphthalene exhibited the
same Kkinetics as the zone-refined sam-
ple. Impurities with time constants ¢ > |
nsec were detected in five samples—4-
bromobiphenyl, 1-bromonaphthalene, 1-
bromo-2-methylnaphthalene, and 2-bro-
monaphthalene, and 9-iodoanthracene—
but the fluorescence intensity was less
than 6 percent at time zero; an exception
was a fluorescing impurity in 9-bromo-
anthracene, which showed a continuous-
wave fluorescence of about 12 percent.

Spectrophotometric-grade hexane was
further purified by passing it through a
column of activated alumina. After this
treatment no significant fluorescence
was recorded from the hexane solvent or
the quartz cells. All experiments, except
when otherwise stated, were carried out
at 20° = 1°C. Fluorescence spectra were
measured from 310 to ~ 610 nm. The
excitation wavelength, 266 or 355 nm,
was eliminated by use of Schott WGS or
Hoya L-37 colored glass filters. Picosec-
ond transient absorption spectra were
obtained by excitation of the haloaro-
matics with a 266-nm pulse generated by
a quadrupled 1060-nm Nd* "/YAG pulse.

SCIENCE, VOL. 218



The absorption spectra shown were re-
corded at time intervals from ¢t = 0 to
t = 25, 100, and 500 psec after excitation
in the wavelength range 380 to 550 nm.
These ranges are sufficient to cover the
time constant of singlet decay and triplet
or radical formation and the absorption
region for §,, < S;and T, < T;.

It is expected that the decay lifetimes
of chloroaromatics will be longer than
the corresponding values for bromo- and
iodoaromatics because of the increase in
intersystem crossing rate with heavier
halogen substitution. That this is the
case is suggested from the quantum
yields for fluorescence, @, and phos-
phorescence (/3), ®,, which are report-
ed to be ®@; ~ 0.03, < 1072, and < 1072,
and &, = 0.16, 0.14, and 0.2 for 1-
chloro-, 1-bromo-, and 1-iodonaphtha-
lene, respectively (/4). The fluorescence
decays of 1-chloro- and 2-chloronaphtha-
lene in hexane, excited by a 226-nm
pulse to the first excited singlet state
with an excess vibronic energy of ~ 6300
cm™!, are found to be 2.4 and 3.3 nsec
9). It is evident, in view of the short
fluorescence lifetime and low @f; that
most energy dissipation from the singlet
state proceeds through nonradiative
channels. In order to ascertain the kinet-
ic pathway—that is, the state that cou-
ples strongly to the singlet—and estab-
lish where the energy is channeled, tran-
sient absorption spectra between 400 and
480 nm were recorded and are shown for
1-chloronaphthalene in Fig. 5 for 25, 100,
and 500 psec after excitation. These
spectra exhibit the expected diffuse band
structure characteristic of excited sin-
glet-singlet (S, < §,), transitions of
large fused aromatics in solution.

In contrast, the transient absorption
and emission spectra of 1-bromonaph-
thalene display a change in both lifetime
and structure in the range 0 to 500 psec,
compared to 1- and 2-chloronaphthalene.
The emission spectra of spectra of 1-
bromonaphthalene, shown in Fig. 6a,
were obtained from molecules excited
~ 6400 cm ™! above the lowest vibration-
al level of S;. Emission from the upper
vibrational levels of §, was not ob-
served, suggesting that the radiationless
decay to v = 0 takes less than S psec.
The relaxed fluorescence decay time
shown in Fig. 6a is 75 = 10 psec, which
is about 30 times shorter than that of the
corresponding chloro derivative. Substi-
tution of a methyl group in the 2 or 4
position of 1-chloronaphthalene does not
have any appreciable effect on the relax-
ation process (Fig. 6, b and ¢). However,
substitution by bromine in the 2 position
(2-bromonaphthalene) causes the life-
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Fig. 8 Fluroescence

decay of 2-iodo- and
9-iodoanthracene in
hexane at 20°C after
excitation with a 265-
or 355-nm, 10-psec
pulse. Relative fluo-
rescence intensity
versus time for: (a)
2-iodoanthracene, 310
nm < \¢ < 550 nm, 1¢
= 14 psec, and (b)
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9-iodoanthracene, 310
nm < A\¢ < 550 nm;
Tshort = 3.3 nsec.

0

time to increase by a factor of 2, to 150
psec (Fig. 6d). In contrast, when the
halogen is attached to the methyl group
(1-chloromethyl), the lifetime of the
emission becomes shorter by a factor of
about 5, being 450 psec for 1-chloro-
methyl- compared to 2.4 nsec for 1-
chloronaphthalene. Similarly, in the case
of 1-bromomethylnaphthalene, we failed
to observe measurable fluorescence in-
tensity, probably because its lifetime be-
came much shorter than 5 psec. The
importance of combining transient ab-
sorption with fluorescence for unambig-
uous identification of the states involved
and the mechanism is illustrated in Fig.
7, where transient absorption spectra of
I-bromonaphthalene between 400 and
480 nm are displayed at 25, 100, and 500
psec after excitation. The diffuse band
spectrum of Fig. 7a is very similar to the
S, « 8 spectrum of chloronaphthalene.

Table 1. Fluorescence lifetimes of halo-
naphthalenes and haloanthracenes in hexane
at room temperature (~ 20°C).

A Tf
Sample (nm) (psec)
4,4-Dibromobiphenyl 265 30
4-Bromobiphenyl 265 35
1-Bromonaphthalene 265 75
1-Bromo-4-methylnaph- 265 80
thalene
1-Bromo-2-methylnaph- 265 72
thalene
2-Bromonaphthalene 265 150
1-Chloromethylnaph- 265 490
thalene
2-Bromomethylnaph- 265 N.D.*
thalene
1-Chloronaphthalene 265 2400
2-Chloronaphthalene 265 3300
(zone refined, > 99
percent pure)
2-Chloronaphthalene 265 3500
9-Bromoanthracene 355 100
9,10-Dibromoan- 355 1300
thracene
2-lodoanthracene 265 14
9-lodoanthracene 265 35
2-lodoanthracene 355 17
9-lodoanthracene 355 55

*Not detected.

100 200 0 100 200 300

Time (psec)

At 100 psec after excitation the spectrum
(Fig. 7b) is transformed, displays a dis-
tinct peak at 425 to 430 nm and relatively
low intensities at longer wavelengths,
but still maintains some characteristics
of the singlet-singlet absorption of the
25-psec spectrum (Fig. 7a). Close exami-
nation shows that the 100-psec spectrum
(Fig. 7b) is a superposition of the 25- and
500-psec spectra (Fig. 7¢). The 500-psec
spectrum displays a strong 425-nm band
and practically no intensity at the longer
wavelengths. We believe that Fig. 7c
shows the spectrum of T, < T,, and
therefore most of the excited singlet-
state population has crossed over to the
triplet state.

The absorbance change at any particu-
lar wavelength and time, AA(A,?), is giv-
en by
AAND) = A(N)e™ "

+ B()\) (efr/-rp _ e<r/-rf)

where 77 and 7, are the fluorescence and
phosphorescence lifetimes, respectively,
and A(A) and B(\) are the relative ampli-
tudes at a particular wavelength of the
Sy— 8, and T, — T, transitions times
their concentrations and path lengths.
The fact that the emission decay of the
first excited singlet state and the rise
time of the triplet state both occur with a
lifetime of 75 = 10 psec strongly sug-
gests that bromonaphthalene, under the
conditions of the experiment, dissociates
from the triplet state. The higher rate for
bromo- versus chloronaphthalene found
in both absorption and emission kinetics
provides an additional strong indication
that intersystem crossing (S, — 7) is the
dominant process (2, 14). Further illus-
tration of the techniques and support for
the dissociation model proposed is pro-
vided by the iodoaryls. Under the same
excitation conditions, the emission life-
time of 2-iodoanthracene is found to be
14 psec (Fig. 8). Similar short emission
lifetimes for other halogenated aromatics
are shown in Table 1. The transient
absorption spectrum of 2-iodoanthra-
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cene (Fig. 9a) does not show a strong
singlet-singlet absorption at 25 psec after
excitation. This indicates that intersys-
tem crossing and partial dissociation
from §; take place within the first 20
psec after excitation (/5). The transient
spectra recorded at the later times (Fig.
9, b and c¢) exhibit the same band struc-
ture as the 7T, « T, spectra of iodoan-
thracene recorded previously by Mor-
gante and Stuve (/6). More evidence for
the mechanism of dissociation and radi-

cal formation is also provided by study
of the C-X bonds through picosecond
Raman scattering and detection of the
emission spectra and kinetics of the radi-
cal formed.

Recently, Kelley and Rentzepis (/7)
studied the emission spectra and forma-
tion kinetics of aromatic radicals formed
by the photodissociation of haloaromat-
ics. Because the concentration of radi-
cals formed by picosecond photodissoci-
ation is small, and in some cases the
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absorption cross section is low, they
used a two-color picosecond excitation
technique to induce fluorescence of the
radical. The first color pulse is the one
described above, which excites the par-
ent haloaromatic to S;. The second is a
longer wavelength which is sufficient to
excite the radical usually formed in the
ground state but not sufficient to excite
the parent. By delaying the longer wave-
length pulse and monitoring the time of
appearance of radical emission, it was
possible to directly measure the dissocia-
tion lifetime or radical formation time
very accurately. This technique is illus-
trated for the dissociation of 2-bromo-
methylnaphthalene. When this molecule
was excited with a 266-nm pulse, no
measurable fluorescence was observed
for either parent or radical (see Table 1);
however, when it was simultaneously
excited with 355- and 266-nm pulses,
fluorescence was recorded with the
spectrum shown in Fig. 10 and the for-
mation and decay lifetime shown in Fig.
11. When the 355-nm (radical-exciting)
pulse preceded the 266-nm (parent-excit-
ing) pulse no emission was detected.
However, when the 355-nm pulse fol-
lowed the 266-nm one by as much as 400
psec (interval of time tested) the kinetics
and spectra remained identical.

The fact that the radical emission ap-
pears immediately after the excitation of
the parent shows that the dissociation
process is completed within 15 psec and
occurs from the singlet state when
X = Br or Cl. This dissociation lifetime
is in agreement with the absence of emis-
sion from the parent molecule (Table 1).
In addition, the spectrum of the 355-nm
induced emission shown in Fig. 11 corre-
sponds to the naphthyl radical emission.
Other radical species have been identi-
fied by similar means by photodissocia-
tion of several haloaromatics and other
species including diazene, where nitro-
gen is cleaved, resulting in a biradical
whose identity and kinetics have been
studied extensively by Kelley and Rent-
zepis (/7).

In another study, Kelley er al. (18)
investigated the photolytic dissociation
of diazene to generate a biradical by
cleavage of the nitrogen bond and com-
pletely identified the transient fluores-
cence spectrum; the predissociation sin-
glet lifetime was found to be ~ 38 psec in
addition to the long-lived 280-psec birad-
ical emission. The picosecond data for
the compounds discussed, and for sever-
al others presented in Table 1, show the
progress that has been made in picosec-
ond spectroscopy. It is possible not only
to monitor and directly record simple
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relaxation processes but also to follow,
with high time resolution, the course of
more complex photochemical reactions
from the initial excitation through the
intermediate states or transient species
to radical formation and identification
and, if need be, to recombination or
generation of new chemical species. In
addition, the methods used promise to
provide insight into the mechanisms of
radical and ionic polymerization and,
through the ability to identify transient
states and their decay channels and life-
times, to lead toward the generation of
chemical species with novel properties.
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Technology
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In February 1982, computer scientists
from the Los Alamos National Labora-
tory and Lawrence Livermore National
Laboratory (/) visited several Japanese
computer manufacturers (2). The pur-
pose of these visits was to assess the
state of the art of Japanese supercom-
puter technology and to.advise Japanese
computer vendors of the needs of the
U.S. Department of Energy (DOE) for
more powerful supercomputers.

The Japanese foresee a domestic need
for large-scale computing capabilities for
nuclear fusion, image analysis for the
Earth Resources Satellite, meteorologi-
cal forecast, electrical power system
analysis (power flow, stability, optimiza-
tion), structural and thermal analysis of
satellites, and very large scale integrated
circuit design and simulation. To meet
this need, Japan has launched an ambi-
tious program to advance supercomputer
technology.

Japanese National Projects

In discussions with H. Kashiwagi of
the Electro-Technical Laboratory (a
government-funded organization, some-
thing like a U.S. national laboratory) we
learned that the Japanese are using the
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concept of national projects to advance
the development of supercomputers.
Eight national projects in different areas
have already been completed (3), and
nine were still in progress at the end of
1981 (see Table 1). National projects
relevant to computers include the Na-
tional Superspeed Computer Project, the
Fifth-Generation Computer Project, and
the Functional Device Project. The crite-
ria used by the Japanese for seclecting
national projects for research and devel-
opment are as follows.

® The technology is urgently required
for upgrading national industrial stan-
dards, promoting efficient utilization of
natural resources, and preventing indus-
trial pollution.

® The technology is expected to make
a great impact on the progress of mining
and manufacturing industries.

® The technology cannot be undertak-
en by private firms because of high risk,
huge investment requirements, long-
term programming, or absence of profit
motives.

® The technology has clearly specified
targets and well-examined attainment
prospects.

® The project will be carried out in
cooperation with universities and indus-
try.
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In this article we focus most of our
discussion on the National Superspeed
Computer Project. We also comment on
the Fifth-Generation Computer Project,
and describe some of the implications of
these projects for the United States.

National Superspeed Computer Project

The six major Japanese computer ven-
dors (Fujitsu, Hitachi, Nippon Electric
Company, Mitsubishi, Oki, and To-
shiba), in cooperation with the Electro-
Technical Laboratory, have joined in the
National Superspeed Computer Project
to develop a computer more powerful
than any now available. The joint effort
is organized as the Scientific Computer
Research Association.

Funding and duration. The super-
speed computer project is funded by the
Ministry of International Technology
and Industry (MITI), with additional
support from each of the six vendors.
MITI funding for fiscal year 1982 will be
800 million yen (about $3.8 million). Fif-
teen percent of the funding for this proj-
ect will go to the Electro-Technical Lab-
oratory, and the other 85 percent will go
to the other participants. Since the sala-
ries of the researchers at the Electro-
Technical Laboratory are already paid
by the government, the funding for the
superspeed computer project is larger
than it may appear. Also, this funding
may provide up to twice as much man-
power in Japan as in the United States
because salaries are lower there. Total
funding for this project is expected to be
about $200 million.

The National Superspeed Computer
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