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Tunable Laser Fluorescence
Method for Product State Analysis

Laser-induced fluorescence is used as a detector of

collisionally unrelaxed products of chemical reactions.

Richard N. Zare and Paul J. Dagdigian

One ultimate geal of the physical
chemist who studies gas-phase reactions
is the determination of ‘“microscopic”
rate constants for elementary reaction
steps, such as the exchange reaction
A + BC— AB + C. By microscopic rate
constants we mean the state-to-state
constants that specify how the trans-
lational and internal quantum states of
the reagents A and BC evolve into the
translational and internal quantum
states of the products AB and C. Phil-
osophically, such information repre-
sents the total of all accessible infor-
mation about the scattering system
according to quantum mechanics, and
all less-detailed measurements may be
regarded as suitable averages over vari-
ous microscopic rate constants. Nat-
urally, one might begin by inquiring
whether this goal has ever been
achieved for any reaction system. The
answer is simply no! Then, one might
ask if all these state-to-state rate con-
stants must be determined in order to
arrive at a chemist’s understanding of
the reaction dynamics. The answer is,
hopefully, certainly not, but, until we
have the means of determining detailed
rate constants, we will not be able to
make generalizations with confidence.

By comparison with the information
available 20 years ago, we are now
fortunate indeed. This increase in un-
derstanding has been brought about
largely by advances in experimental
techniques, which have permitted us
to abandon traditional Kinetic studies
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in “bulbs” in favor of “beams.” In bulb
experiments many collisions occur be-
tween the time of reagent mixing and
the time of product sampling, and the
reacting volume is the entire volume of
the bulb including the walls. In
crossed-beam experiments chemical re-
actions are studied one collision at a
time with an effective time resolution
of about 10— second, which is the
duration of a typical reactive encoun-
ter. This is accomplished by confining
the reaction zone to the intersection of
two beams of reactants in a chamber
sufficiently evacuated so that collisions
do not disrupt the straight-line motion
of the reactants as the two beams ap-
proach and that of the products as they
recoil from the reaction zone at some
scattering angle.

From “Bulbs” to “Beams”

The relatively small number of prod-
uct molecules involved in beam ex-
periments as compared with bulb ex-
periments places a premium on the
development of sensitive detection
methods. For reactive scattering ex-
periments, it is essential to use detec-
tion systems that are extremely sensi-
tive to the small flux of product
molecules present and that are ex-
tremely specific to the identities of the
reaction products so that the products
can be distinguished from the over-
whelmingly preponderate background
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of elastically scattered reactants and
residual gas molecules. Table 1 sum-
marizes the various types of molecular
beam detectors employed in the past
(1). Most involve surface effects and
require a knowledge of the probability
that the molecule does not bounce off
the surface (sticking coefficient) if
quantitative measurements are to be
made. With the exception of the first
two techniques in Table 1, which are
of historical interest, these detection
schemes can be very sensitive. Bolom-
eters, densitometers, and scintillation
counters are limited in application to
special classes of atoms and molecules.
Most of the detection schemes in Table
1 are not differential; that is, they do
not permit differentiation between re-
actants and products. It is for this
reason that molecular beam experi-
ments, for example, the Stern-Gerlach
experiment, the measurement of the
anomalous magnetic moment of the
electron, the Lamb shift, and other
experiments, were until recently almost
exclusively within the province of
physicists rather than chemists.
Within the last two decades, surface
ionization and electron bombardment
ionization detectors (see Figs. 1 and
2) have opened the way to the use of
molecular beams in the study of chem-
ical reactions because with these de-
tectors it is possible to distinguish
reaction products (2, 3). Recently
spectroscopic techniques have also
been employed to detect reaction
products in beam experiments. We first
discuss the application of hot-wire de-
tectors and mass spectrometers to the
study of chemical reactions and in
particular to the determination of in-
ternal energy distributions. We then
discuss how molecular spectroscopy
may be applied to the direct determina-
tion of the internal states of the reac-
tion products, and we conclude by
describing a new technique based on
the excitation of the fluorescence of
reaction products by tunable lasers.

Dr. Zare is professor of chemistry at Columbia
University, New York 10027. Dr. Dagdigian is a
postdoctoral research associate at Columbia Uni-
versity and in September 1974 he will join the
faculty at Johns Hopkins University, Baltimore,
Maryland 21218, as assistant professor of chem-
istry,
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Angular Distribution Studies

Molecular beam angular distribution
studies excel in the elucidation of the
structure and lifetime of the fleeting
complex of interlocking reactants. In
addition, scattering experiments allow
determination of the translational en-
ergy distribution of reaction products.
Figure 3 illustrates the type of infor-
mation about the geometry and lifetime
of the “collision complex” obtainable
from angular distribution studies. Be-
fore collision, reagents of masses M,
and M, approach with a relative veloc-
ity v,q at an impact parameter b (Fig.
3A). They form a collision complex
(Fig. 3B) in which the magnitude of
the total angular momentum L; equals
wab, where p= MM,/ (M;+ M,)
is the reduced mass. If the collision
complex is long-lived, the product an-
gular distribution measurements pro-
mode of breakup of the collision com-
plex and not on that of its formation.
The angular distribution will be sym-
metric about a plane perpendicular to
v,a [in the center-of-mass (CM) sys-
tem] if the lifetime of the collision
complex exceeds the rotational period
of the collision complex. Hence, an-
gular distribution measurements pro-
vide information on the duration of
the collision complex. In addition, the
geometry of a long-lived collision com-

plex is reflected in the form of spatial -

anisotropy of the products (4). If the
collision complex is oblate (pie-shaped,
see Fig. 3C), the angular distribution
peaks at 90° with respect to v, (see
Fig. 3E); if it is prolate (cigar-shaped,
see Fig. 3D), the angular distribution
peaks forward and backward along v,y
(see Fig. 3F). On the other hand, for
collision complexes that are short-
lived, the angular distribution shows
forward-backward asymmetry charac-
teristic of the forces acting during the
reactive encounter.

Since the experiments are performed
in a laboratory frame of reference,
where the CM is not at rest, the proper
interpretation of the angular distribu-
tion data requires a transformation
from the laboratory to the CM frame.
Usually thermal (Maxwell-Boltzmann)
beams are employed so that a complex
convolution over beam velocities is
required. In addition, the transforma-
tion depends on the velocity distribu-
tion of the products. With the introduc-
tion of velocity selectors (5), it is pos-
sible to simplify greatly this analysis
by velocity selection of reagents or
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Fig. 1. Schematic diagram and view of a
hot-wire detector. [Adapted from Zorn and
English (7)]

products, or both, but with a con-
comitant loss in intensity.

Velocity selection allows the product
recoil energy distribution to be deter-
mined. This knowledge combined with
the reaction exothermicity permits one
to infer how the energy of reaction is
partitioned between translational and
internal degrees of freedom of the
products. Thus, angular distribution
studies furnish indirect information on
product state distributions, but only
qualitative statements, such as the av-
erage internal excitation of the prod-
ucts, can be made. Exceptions to this
generalization are those special reac-
tions involving hydride products where
the variation in the internal state quan-
tum number of the product causes
large changes in the product transla-
tional energy. A notable example is the
reaction F + D,— DF + D, which
has been investigated in the elegant
experiments of Schafer, Siska, Parson,
Tully, Wong, and Lee (6). Because of
the large vibrational spacing of the
DF product, they were able to identify
different features in their CM intensity
contour map as corresponding to dif-
ferent DF vibrational states.

Deflection and Resonance Studies

Although neither the hot-wire detec-
tor nor the electron bombardment
ionizer is sensitive to the internal state
of the products (7), one may use ex-
ternal fields to gain information di-
rectly on the product internal state
distribution by measuring the variation
of the deflection pattern with internal
state. This technique is particularly
well suited for the determination of
rotational distributions of polar mole-
cules. The Stark effect depends strongly
on the magnitude (J value) and orien-
tation (M, value) of the rotational
angular momentum vector because of
the different averaged torques exerted
by the external field on the permanent
dipole moments of molecules in the

(J,M;) state. The first application of
this technique was the electric deflec-
tion studies of alkali halide products in
1965 by Herm and Herschbach (8),
who were able to determine the aver-
age rotational energy of the products.
Grice, Mosch, Safron, and Toennies
(9) have also applied electric deflection
techniques, using an electric quadrupole
lens to measure the rotational energy
distribution of RbBr in the reaction
Rb + Br,. They found that the distri-
bution can be fitted to a Boltzmann dis-
tribution with a rotational temperature
T, of 2500° = 300°K. Electric de-
flection studies appear to be limited to
the rotational analysis of highly polar
products. Moreover, the determination
of the relative populations of internal
states requires a knowledge of the
transmission as a function of product
internal state (vibrational dependence
of the dipole moment) and velocity.
These corrections can be very difficult
to ascertain so that this technique is
best suited to the measurement of the
average rotational excitation.

Electric deflection techniques can
also yield information on the orienta-
tion of reaction products. Recently
Maltz, Weinstein, and Herschbach
(10), using an electric two-pole field,
have found that the rotational angular
momentum vector J of CsBr from the
reaction Cs + HBr lies preferentially
in a plane at right angles to the initial
relative velocity vector v,.. The experi-
mental method involves comparing de-
flection profiles measured with the field
oriented parallel and perpendicular to
the plane of the reactant beams. Maltz
et al. have shown that the difference
between these profiles depends primar-
ily on {(cos? x), where x is the angle
between J and v,q.

Perhaps the ultimate molecular
beam ‘“trip” is the study of Cs +
SF; — CsF 4 SF; in 1971 by Freund,
Fisk, Herschbach, and Klemperer (1),
who “mated” a crossed-beam source
with a Rabi-type molecular beam elec-
tric resonance apparatus. Using the
radio-frequency (rf) spectrum of CsF,
they were able to determine the rela-
tive vibrational populations in the five
lowest vibrational levels for several
low rotational states (J=1 to 4).
These experiments were repeated in an
improved fashion using a supersonic
Cs source by Bennewitz, Haerten, and
Miiller (I2), who were able to ob-
serve v =0 to 8. The vibrational en-
ergy distribution of the CsF is a Boltz-
mann distribution characterized by a
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temperature. These results, combined
with the velocity and angular distribu-
tion studies of Riley and Herschbach
(13) and the electric deflection studies
of Maltz (14), show that the Cs + SFq
reaction proceeds through a long-lived
collision complex in which the avail-
able energy is partitioned equally
among all degrees of freedom. This
reaction is probably the best-studied
example of a long-lived complex. The
same technique has also been applied
to the reactions Cs + SF, (12) and
Li 4+ SFg (I5). However, the use of a
crossed-beam source with an electric
resonance spectrometer is limited to
reactions with large cross sections in
which at least one of the products is
a highly polar molecule whose rf spec-
trum is not complicated by large hyper-
fine interactions. Because only the low-
est J levels can be refocused in the
resonance spectrometer, the vibrational
populations obtained may not be char-
acteristic, in general, of the vibra-
tional distribution.

Infrared and Visible

Chemiluminescence

Traditionally, the most direct meth-
od for determining the internal state
distributions of molecules has been op-
tical studies carried out in absorption
and in emission. Molecular spectros-
copy is well suited for the determina-
tion of the identity of the reaction
products because the molecular ab-
sorption or emission lines “fingerprint”
the upper and lower energy level pat-
terns; moreover, the intensities may
be directly related to concentrations so
that information is obtained about in-
ternal state distributions (16). Spectro-
scopic techniques find wide application
in kinetic studies, such as in: shock
tubes, flames, discharges, flash photol-
yses, and flowing afterglows (I7). A
straightforward application of absorp-
tion spectroscopy to the detection of
beams is not feasible because of the
extremely low densities of the beam
species. It appears possible to gain
a factor of 100 or more in sensitivity
by carrying out intracavity absorption,
in which the absorbers are placed in-
side the cavity of a laser. Although
this technique (I8) has recently been
used to detect trace chemicals and free
radicals, its application to beams has
not been demonstrated. It is not sur-
prising then that optical spectroscopy
has played almost no role in the de-
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Table 1. Traditional molecular beam detectors of neutral species.

Physical or chemical process

Detector

Condensation of beam on target

Pressure of beam on target

Chemical attack of target by beam

Recombination of condensed beam on target
Radioactivity of condensed beam on target

Ejection of electrons from target by beam of metastables
Surface ionization of beam on target

Electron bombardment ionization of beam

Analytical balance
Pirani gauge
Densitometer
Bolometer
Scintillation counter
Auger detector
Hot-wire detector
Mass spectrometer

To liquid nitrogen
supply reservoir

To ion pump

High-voltage
terminal

Quadrupole
mass filter

Electron bombardment
jonizer
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Fig. 2. Cutaway view of a molecular beam scattering apparatus with a mass spectrom-
eter detector. [From McDonald et al. (55); courtesy of the American Institute of

Physics, New York]

Fig. 3. Schematic representation of the
information obtainable from molecular
beam angular distribution studies. In (A),
the reactants approach one another with
relative velocity v... The impact param-
eter b is defined as the distance of
closest approach, if there were no inter-
action between the reactants (straight-
line trajectories). When the reactants come
together, they form a collision complex
(B), which in some reactions has a life-
time for breakup longer than the rota-
tional period. The geometry of the “colli-
sion complex” is then reflected in the
shape of the angular distribution: The
CM angular distributions will be of the
form in (E) or in (F) if the collision
complex is oblate (C) or prolate (D),
respectively. [Adapted from a slide of A.
Henglein]

B J= 1

Collision complex

Intensity contour maps
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velopment of beam technology (1),
although the absorption of resonance
radiation has been used to deflect
atomic beams (19).

In contrast to absorption spectros-
copy, emission studies hold promise
of being much more sensitive since
the signal of interest is not obscured
by a large background at the same
wavelength. In particular, vibrationally
excited reaction products may emit an
infrared photon in wundergoing the
vibration-rotation transition (V/,J’) —
(v"”,J"). Beginning with the pioneering
work of Cashion and Polanyi (20),
infrared chemiluminescence has been
applied to the study of the kinetics of
chemical reactions, and this technique
has provided thus far, perhaps, the
richest source of information on the
internal state distributions of reaction
products. Because infrared lifetimes
are typically 10—3 second or longer,
early studies suffered from collisional
degradation of the initial energy dis-
tribution. However, Polanyi and his
co-workers (21) have been able to ap-

proach collision-free conditions by
their “arrested flow” technique, in
which the products are removed

rapidly by cryopumping. In this man-
ner, they have been able to obtain
rotational as well.as vibrational popu-
lation distributions of the freshly
formed products. This technique
showed for the first time that the rota-
tional distributions vary from one vi-
brational level to another. Using a low-
pressure flow apparatus, Jonathan and
his co-workers (22) and others have
measured vibrational populations, but
no information on the rotational dis-
tributions could be obtained because
of the rapid collisional thermalization
of this degree of freedom.

Infrared chemiluminescence has been
almost exclusively limited to studies
involving the hydrogen halides. These
molecules have been chosen because
their radiative lifetimes are especially
short, their collisional relaxation rates
are particularly slow, and their infra-
red spectra fall in the region from 2
to 4 microns where infrared detectors
are most sensitive. As a result of recent
technical advances, such as improved
detectors, Fourier transform tech-
niques, and the ability to remove
blackbody background radiation by
cooling both the vacuum chamber and
the spectrometer to 85°K or less,
McDonald and his co-workers (23)
have observed the chemiluminescence
of reaction products in the 10-micron
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region, where many organic molecules
fluoresce.

The signal-to-noise problems inher-
ent in the detection of infrared chemi-
luminescence may be overcome if the
reaction products are used as the active
medium for an infrared chemical laser
(24). However, because chemical
lasers are operated most conveniently
at pressures on the order of 10 torr
or more, information about the initial
rotational distribution cannot be ob-
tained. Moreover, laser amplification
can provide information only on vibra-
tional levels showing sufficient popula-
tion inversion to have measurable gain.

Visible chemiluminescence offers an
alternative to infrared emission when
the reaction is sufficiently exothermic
that excited electronic states are pro-
duced. Because electronic lifetimes are
typically on the order of 10—¢ second
or less, collisional degradation of the
initial internal state distribution in visi-
ble chemiluminescence is much less
important at similar pressures than in
infrared chemiluminescence. For ex-
ample, at pressures as high as 10—¢
torr, on the average, the excited state
radiates before suffering any collisions
(single-collision conditions). Moreover,
all excited products will radiate in the
field of view of the detector because
of their short radiative lifetimes; fur-
thermore, detectors in the visible por-
tion of the spectrum are superior to
their infrared counterparts. Conse-
quently, visible chemiluminescence
studies, when applicable, offer a much
more sensitive means of detection so
that chemiluminescence can actually be
observed under single-collision condi-
tions. It must be stressed, however, that
both techniques are “blind” to certain
types of reaction products. Products in
the v = 0 vibrational level cannot be
detected by infrared chemilumines-
cence. Visible  chemiluminescence
studies detect only electronically ex-
cited products; consequently, informa-
tion about “invisible” reactions, such
as the formation of vibrationally ex-
cited ground-state products, can only
be inferred. This limitation on visible
chemiluminescence is particularly se-
vere since in almost all known highly
exothermic reactions the production of
electronically excited products is a
minor process.

The first spectroscopic studies of
visible chemiluminescence of molecular
species formed under single-collision

conditions were carried out in 1970 by

Ottinger and Zare (25), who studied

reactions of group II A metals with
various oxidizer gases. For the chemi-
luminescent reaction Ba + NO,, it was
possible to obtain rotational and vibra-
tional population distributions of the
excited BaO product as well as infor-
mation on the spatial alignment of the
molecules from observation of the
polarization of the emission (26). This
visible chemiluminescence technique
has been applied to the study of many
other highly exothermic chemical re-
actions, such as Al + Oy (27). In addi-
tion, chemiluminescence studies under
single-collision conditions have pro-
vided evidence on the intriguing four-
center reactions M, + X, —> MX 4+
MX*, where M and X are alkali and
halogen atoms, respectively (28). Al-
though visible chemiluminescence is a
specialized means of detecting reaction
products, nonetheless this technique
shows the power of visible light as a
probe of the internal state distribution.

Laser-Induced Fluorescence

With the development of tunable
organic dye lasers (29, 30) it has be-
come possible to study with visible
light “invisible reactions” in which only
ground-state products are formed.
Resonance fluorescence is employed to
detect the reaction products. A tunable
narrow-band light source is swept in
wavelength. Whenever it coincides with
a molecular absorption line, the reac-
tion products make a transition to an
excited electronic state from which
they subsequently emit (fluoresce).
This emission is detected by a photo-
multiplier which “views” the excitation
zone. The fluorescence intensity is re-
corded as a function of laser wave-
length to produce what we call an
excitation spectrum; the intensities are
then converted to relative populations
of the various product internal states,
with the help of vibrational and rota-
tional intensity factors. The fluores-
cence is not spectrally resolved (which
would require some loss of signal in-
tensity). Instead, the narrow band-
width of the laser provides the spectral
resolution.

It might be asked whether a laser is
necessary for fluorescence detection of
reaction products. The following sim-
ple calculations indicate that this tech-
nique could not have been applied
prior to the development of tunable
lasers: Presently available pulsed dye
lasers are capable of producing an
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average spectral irradiance of 0.2 watt
per square centimeter per angstrom,
whereas intense white-light sources,
such as a 1000-watt xenon lamp, can
produce only 2 microwatts per square
centimeter per angstrom at a distance
of 50 centimeters from the excitation
zone. Hence tunable visible lasers are
at least 105 times brighter than con-
ventional white-light sources. More-
over, this comparison does not include
the large losses incurred in passing the
white light through a monochromator
in order to narrow the bandwidth.

In order for a molecule to be detect-
able by laser-induced fluorescence,
there are three major requirements.
The most obvious one is that the mole-
cule fluoresces. Although this require-
ment is well satisfied in general for
small molecules, particularly diatomic
molecules, there are many polyatomic
molecules known whose excited states
undergo radiationless processes instead
of fluorescing. Moreover, it is prefer-
able that the quantum yield be 100
percent so that the conversion of
fluorescence intensities to populations
is not complicated by the variation of
quantum yield with internal state.

The second requirement is that the
band system be spectroscopically ana-
lyzed so that quantum members can
be assigned and intensity factors, such
as Franck-Condon factors and rota-
tional line strengths, can be obtained.
This requirement again favors the study
of diatomic and small polyatomic mole-
cules, of the sort discussed in Herz-
berg’s classic texts (/6).

The final requirement is that the
molecular band system be accessible
with available dye lasers. The wave-
length range presently covered by
pulsed dye lasers is from 3500 to 7300
angstroms, with the use of a series of
about a dozen dye solutions, each of
which lases over about 200 angstroms.
This restricts present experiments to
reaction products having low-lying ex-
cited electronic states, such as free
radicals (for example, CN, CH, and
NH,) and metal compounds (for ex-
ample, oxides, hydrides, and halides)
(31). However, this restriction can be
relaxed if nonlinear optics are used to
generate ultraviolet laser light. By fre-
quency-doubling or frequency-mixing
the laser output with crystals, the
wavelength limit has been extended to
about 2000 angstroms (32). A large
number of molecules have band sys-
tems within this spectral range. Never-
theless, such simple molecules as H,
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Fig. 4. Schematic of a laser-induced fluorescence apparatus. In this arrangement, the
reaction zone is being directly irradiated. [Adapted from Cruse et al. (36)]

whose band systems lie in the vacuum
ultraviolet cannot be detected at pres-
ent with the use of tunable lasers.
However, recent frequency-tripling
techniques involving the use of gases
are providing a means for breaching
even this hitherto inaccessible region
(33). Tunable laser operation has been
achieved in the range from 1750 to
2000 angstroms.

Laser-induced fluorescence is ex-
tremely sensitive and specific. Indeed,
for the reaction Ba + O, BaO +O,
it has been possible to detect in a
particular (v,J) level a density as low
as 5 X 10* BaO molecules per cubic
centimeter, corresponding to an ab-
sorbance of only 10—8 (34). It is of
interest to compare laser-induced fluo-
rescence detection with mass spectro-
metric detection. The following simple
argument shows that the detection effi-
ciency is comparable for those mole-
cules irradiated: When the laser is on,
about 10 percent of those molecules
that are in the excitation zone and in
the correct internal state to absorb the
laser light are excited. In fact, it is
easy to obtain a larger percentage, but
care must be taken to avoid optically
pumping the sample (35) so that the
conversion of the excitation spectrum
to relative populations is straightfor-
ward. The excited molecules radiate
into 47 steradians, and about 10 per-
cent of the fluorescence may be con-
veniently collected by a photomulti-
plier. Finally, photomultipliers have
typically a 10 percent quantum effi-
ciency in the visible. Thus the overall
efficiency is about 10—3. The above
estimate applies only to those molecules
irradiated. In the Ba + O, experiment,
in which a dye laser pumped with a
pulsed nitrogen laser was used, the
pulse repetition rate was 10 pulses per

second and the pulse duration was
~ 5 X 10—9 second; hence the duty
factor was extremely low. Ideally, the
pulse rate of the laser should be equal
to the rate of replenishment of mole-
cules in the laser excitation zone
(~ 5 X 10% pulses per second) so that
all the molecules produced are exposed
to the laser light. Since dye lasers with
repetition rates of greater than 103
pulses per second and cw (continuous-
wave) dye lasers are now available, it
should be possible to increase the pres-
ent detection sensitivity by several or-
ders of magnitude and to approach that
of a mass spectrometer.

Unlike the mass spectrometer, laser-
induced fluorescence is not a universal
detector, but it is highly specific and
selective. The problems associated with
mass spectrometry caused by interfer-
ence from residual background gas and
from contributions to the mass of inter-
est through fragmentation are avoided.
For instance, the OH radical would be
easily detectable at ~ 3000 angstroms,
whereas mass analysis of OH is ex-
tremely difficult because of contribu-
tions to the OH+ mass peak from the
ubiquitous H,O background. On the
other hand, laser-induced fluorescence
suffers from interference when several
fluorescent species with overlapping
absorption spectra are present. This
may become a severe problem in the
vacuum ultraviolet, where the residual
background gas fluoresces. Like the
mass spectrometer, laser-induced fluo-
rescence measures a number density,
whereas cross sections (rate constants)
are defined in terms of the flux of
molecules passing through a plane
(density times velocity). Hence, for
both detectors, some velocity informa-
tion is necessary for the conversion of
measured populations to cross sections.
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Examples of Excitation Spectra

The first successful use of laser-
induced fluorescence to measure in-
ternal state distributions of reaction
products was reported in 1972 by
Schultz, Cruse, and Zare (34), who
presented preliminary data on the
reaction Ba+ O,— BaO+O. Subse-
quently, the reactions of barium with
the hydrogen halides were investigated
by Cruse, Dagdigian, and Zare (36).
Figure 4 shows a schematic drawing
of the apparatus. A beam of barium
atoms passes through a scattering
chamber filled with gas at pressures of
= 10—3 torr (“beam-gas” arrangement).
A tunable dye laser, patterned after the
design of Hansch (30), is used to ex-
cite the fluorescence. The dye laser is
pumped with a pulsed nitrogen laser,
and its optical cavity, formed by a par-

tially reflecting output mirror and a
diffraction grating, is arranged so that
only a small wavelength range within
the fluorescence spectrum of the dye
has appreciable optical gain. The laser
wavelength is scanned simply by ro-
tating the grating with a motor drive.
Because of the low duty factor of the
laser, the signal from the photomulti-
plier is sampled with a boxcar inte-
grator for a short time during and after
the laser pulse. A boxcar integrator is
an electronic instrument which aver-
ages a repetitive signal. The integrator
is triggered by the same start pulse
which triggers the laser. After a preset
time delay the integrator begins to col-
lect the signal, and this process con-
tinues for a preset time period (chosen
here to be several radiative lifetimes).
The fluorescence signal from many
laser pulses is averaged, and the re-

sultant d-c voltage drives a chart re-
corder. Figure 5 shows a typical
excitation spectrum for Ba + HCl—
BaCl+ H. The BaCl spectrum is not
rotationally resolved since the rota-
tional lines are very closely spaced
with respect to the laser bandwidth
(0.5 angstrom). However, relative vi-
brational populations N,.. may be ob-
tained from the vibrational band in-
tensities 1,.,» (37), which are equal to
the height of the band heads (38)
above the “background” due to the
other rotational branches. Figure 6
shows the relative vibrational popula-
tions of the barium halide products
deduced from these studies. The vibra-
tional distributions are definitely not
Boltzmann in character and, except
for BaF, are smooth bell-shaped func-
tions of vibrational energy showing
population inversion. The average frac-
tion of the total available reaction en-
ergy which appears as product vibra-

A 8 o0 & Lof? tion ranges from 12 percent for BaF
, 2 Ba + HF to 36 percent for BaBr. Rough rota-
&) 05 tional distributions have been obtained
(1) l s for BaF and BaCl by convoluting cal-
(10,10) 10 j s — i culated rotational line positions with
s the laser bandwidth. If various as-
A 2 Ba + HCI d rotational distributi 4
5220 5210 5200 5190 S50 5140 1% s & 0sH) sumed rotationa .ls Tibutions are used,
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information may be obtained since it
is easy to rotationally resolve the BaO
electronic spectrum. Figures 7 and 8
present BaO excitation spectra for the
reactions Ba + O,— BaO + O and Ba+
CO, — BaO + CO, respectively. These
spectra have been taken with an im-
proved apparatus, for which collisional
relaxation of BaO, which plagued early
work (34), is insignificant (39). The
difference in appearance and complex-
ity of the BaO spectra between the two
reactions is startling. For the Ba+ O,
reaction, all band heads are almost
entirely missing. Since the band heads
are formed for values of J~35, this
implies that the relative populations of
low rotational states are very small. In
addition, there are many more lines
present, an indication that a larger
number of vibrational levels are popu-
lated. Most of these high-J, and high-v
lines cannot be identified since they
have not been analyzed previously by
high-resolution spectroscopy (40). On
the other hand, all the lines in the
Ba + CO, reaction can be assigned, and
the band heads are clearly evident. The
BaO rotational distributions for the
Ba 4 CO, reaction can be characterized
by a Boltzmann distribution with
Tt = 2000° = 300°K; the vibrational
distribution also appears to be thermal
in character, with a vibrational tempera-
ture T, slightly lower than T,,. In
contrast to the Ba+ HX reactions, the
Ba + CO, reaction appears to be char-
acterized by the formation of a colli-
sion complex in which the reaction
energy is partitioned equally among
the available degrees of freedom. Be-
cause of the complexity of the Ba+ O,
reaction, only an approximate rota-
tional distribution may be inferred.
This is shown in Fig. 9, along with
the Ba+ CO, distribution for com-
parison. The striking feature of the
Ba+ O, reaction is that about one-
third of the available reaction energy,
on the average, appears as product
BaO rotation.

The Ba+ O, reaction has also been
studied in a crossed-beam arrangement
with mass spectrometric detection (41,
42). Although there has been disagree-
ment on angular distribution measure-
ments, the most recent experiments
(42) show that the BaO products ex-
hibit forward-backward symmetry in
the CM system, an indication that the
reaction proceeds through a long-lived
collision complex. We have found that
the experimental BaO rotational dis-
tribution shown in Fig. 9 is consistent
with distributions calculated by statis-
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tical theories (43) appropriate for re-
actions proceeding via a persistent
complex. Hence, the laser-induced
fluorescence experiment and the molec-
ular beam-scattering experiment can
provide complementary views of the
same reaction and give a virtually com-
plete picture of the reaction dynamics.

Future Applications

Laser-induced fluorescence is a gen-
eral detector and can be applied to a
wide variety of gas-phase processes,
even in high-pressure environments. In
addition to reactive collisions, either
neutral-neutral or ion-molecule, it may
be used to advantage in the study of
inelastic and elastic scattering pro-
cesses. Laser-induced fluorescence can
also provide information on the reac-
tion energetics by identifying the high-
est internal product state populated in a
given reaction. For example, a lower
bound on the dissociation energy of
AlO has been obtained (44) from a
determination of the highest vibrational
level of AlO populated in the reaction
Al+4 0,— AlO 4+ 0. Because chemical
reactions can populate quantum states
of molecules inaccessible under thermal
conditions, laser-induced fluorescence
also offers a powerful means of extend-
ing structural knowledge about the
ground and excited states. For instance,
the visible spectrum of the Bal mole-
cule has been investigated with micro-

Ba + COZ
Trot = 2200°K
Limit
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Ba + 04
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Fig. 9. Derived BaO rotational distribu-
tions in the v” = 0 vibrational level for
the Ba 4~ CO; and Ba 4 O, reactions. The
exoergicity limit is marked. The Ba 4+ CO.
distribution is drawn beyond the exoergic-
ity limit because of the form of the as-
sumed Boltzmann distribution.

wave discharges and flames (45). With
these excitation sources, it has been
possible to observe only the lowest vi-
brational levels (0=v=28) in the
ground and excited states. Using laser-
induced fluorescence, Cruse et al. have
observed Bal vibrational levels up to
v =25 populated in the reaction Ba-+
CH_;I and up to v=1>50 in the reaction
Ba+ CH,l, (46). This ability to ob-
serve highly excited levels of reaction
products is also apparent from Fig. 7.
Although often such information ad-
vances our knowledge of molecular
structure, this wealth of data can be a
hindrance to the derivation of dynami-
cal information since the energy levels
must be identified before a Kinetic
analysis can be carried out. As we have
mentioned earlier, cw dye lasers offer
the possibility of considerable gains in
sensitivity; however, the use of pulsed
lasers allows the direct measurement
of radiative lifetimes in a simple man-
ner free from most systematic errors,
such as radiation trapping, quenching,
and cascading, which have bedeviled
measurements of radiative lifetimes in
the past. Recently, the radiative life-
times of about 40 electronic states of
the alkaline earth monohalides have
been determined to an accuracy of
about 10 percent by this technique
(47).

As a molecular beam detector, laser-
induced fluorescence has the virtue
that the excitation zone can be posi-
tioned easily. For example, we can
probe the reaction zone directly, which
is not possible with other detectors. In
almost all experiments carried out to
date, the reaction zone and excitation
zone have coincided. However, in the
last few months we have succeeded in
performing the first primitive angular
distribution study (48). This work has
shown that there is sufficient sensitivity
so that it is possible to determine what
internal states are scattered into what
solid angle elements. This can be ac-
complished by positioning the excita-
tion zone away from the reaction zone
and by either rotating the reactant
beams with respect to the excitation
zone or vice versa. Such studies pro-
vide at least as much information as a
product velocity analysis, if similar
angular and velocity spreads are used
in the reactant beams.

Laser-induced fluorescence can also
be used to determine the orientation
and alignment of the reaction products
from studies of the degree of polariza-
tion of the fluorescence. In a reactive
collision, the total angular momentum
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is the sum of the initial internal angu-
lar momentum of the reactants (rota-
tion), which is isotropic without special
state preparation, and the initial orbital
angular momentum L; (see Fig. 3),
which lies in a plane perpendicular to
the initial relative velocity vector v,q.
The measurement of the spatial distri-
bution of the product rotational angu-
lar momentum J; gives insight into the
reaction dynamics since the transfer of
the polarization of L; to J; depends
sensitively on the details of the reactive
collision (49). As mentioned earlier,
Maltz et al. (10) have already ob-
served the alignment of polar reaction
products by electric deflection tech-
niques. Although alignment studies
have not been carried out yet on re-
active systems by means of measure-
menes of the degree of polarization of
the fluorescence, the feasibility of this
technique has been demonstrated by
Sinha, Caldwell, and Zare (50), who
determined the degree of alignment of
alkali dimer molecules in a supersonic
beam. Thus, there is every reason to
believe that laser-induced fluorescence
is particularly well suited to this task.

The velocity distribution of the prod-
ucts may be obtained by laser-induced
fluorescence in several different ways.
Since the translational energy is equal
to the difference between the total re-
action energy and the internal energy,
the angular distribution as a function
of internal state indirectly provides
velocity information. On the other
hand, velocity distributions may be
measured directly by a time-of-flight
method. Here one simply chops (inter-
rupts) the beam and then fires the laser
with a variable time delay. This method
is applicable to the reactants and the
products. Alternatively, velocity distri-
butions can be determined by “Dop-
pler spectroscopy,” in which a very-
narrow-bandwidth (50 megahertz)
laser beam is tuned over the width of
the Doppler-broadened spectral line.
Although advances in laser technology
have made this technique feasible, the
interpretation of the resultant line
shapes requires angular information.
Moreover, if the product molecule has
hyperfine structure, a knowledge of
these splittings is necessary. Thus, it is
possible to learn about the partitioning
of the reaction energy into the various
hyperfine levels of the products. Al-
though this may be the ultimate in the
detailed study of reactions, and even
though we can imagine cases where
such information does give insight
(51), we suppose that this will not
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generally aid chemists in understand-
ing reaction dynamics.

We foresee that laser-induced fluo-
rescence, where applicable, will make
it possible to specify product states as
well as desired. Since the product
translational and internal states ob-
served result from an average over the
reactant velocity and internal state dis-
tributions, we conclude that we are
limited in the information obtainable
unless we can better define the reactant
states. Fortunately there has been much
progress in this direction. We now have
the ability to produce reactants in
known translational states, for exam-
ple, by supersonic beams (52), in
known internal states, for example, by
infrared laser excitation (53), and in
known spatial orientations, for exam-
ple, by electric deflection (54). With
the use of laser-induced fluorescence,
we should be able to observe how the
energy of the reactants manifests itself
in the various product states. Such ex-
periments represent a giant step toward
realizing the chemist’s dream of deter-
mining microscopic reaction rates.
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Thermoregulation in
Endothermic Insects

Body temperature is closely attuned to

activity and energy supplies.

In insects, as in other animals, body
temperature is one parameter affecting
the rate of energy expenditure, the rate
at which food can be located and har-
vested, and the facility with which
predators can be avoided. A “poikilo-
thermic” caterpillar (I, 2) may be re-
stricted for weeks to one plant where
it ingests large quantities of leaf tissue.
The small percentage of nutrients ex-
tracted from the large bulk of this
foodstuff (3) is channeled primarily
into body tissues. A ‘“heterothermic”
(4) moth, on the other hand, is often
highly mobile while feeding from scat-
tered flowers. It utilizes high-energy
fuels (5) which permit intense meta-
bolic rates that cause endothermy (heat
production at rates sufficient to in-
crease body temperature).

Endothermy, as such, has long been
known to exist in insects (6). In 1837,
6 years after thermocouples were first
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used to measure the body temperature
of insects (7), Newport (8) reported
that sphinx moths and bumblebees may
elevate their thoracic temperature above
ambient temperature by muscular ac-
tivity. Preflight warm-up was described
by Dotterweich in 1928 (9), and in
1965 Heath and Adams (10) reported
that the sphinx moth Celerio lineata
stabilizes its thoracic temperature dur-
ing flight over a range of ambient tem-
peratures. It has only recently been
demonstrated that some insects regu-
late their body temperature by physio-
logical means. The regulation of body
temperature by behavioral means such
as basking, on the other hand, is a well-
established phenomenon. It has been
described in the desert locust Schisto-
cerca gregaria (11), in butterflies (12),
beetles (13, 14), cicadas (15, 16), and
arctic flies (17).

Various aspects of thermoregulation
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in insects have been reviewed (I8, 19),
but at the time these articles were writ-
ten, little was known about the mecha-
nisms involved. I will here examine re-
cent developments and comparative
aspects of insect physiology relating to
thermoregulation in the contexts of en-
ergetics and ecology.

Muscle Activity and Endothermy

In insects, essentially all endothermic
increases of body temperature above
ambient temperature are the result of
heat produced by the active flight mus-
cles. These muscles are, metabolically,
the most active tissues known (20, 21).
The mechanical efficiency of the flight
mechanism of both insects and birds is
approximately 10 to 20 percent (22);
more than 80 percent of the energy
expended during flight is necessarily
degraded to heat. Flight activity and
endothermy are thus invariably linked,
at least in the larger insects (20, 23),
and endothermy in flight is in large
part an obligatory phenomenon.

Body temperature during flight and
stridulation. A high muscle temperature
is not only a consequence of muscle
activity. It is also a prerequisite for
flight. In order to lift a load in free
flight, or to fly at a certain speed, the
insect must exert a specific force per
wingbeat and maintain a minimum
wingbeat frequency. This requires that
the contractions of the upstroke and
downstroke muscle be sufficiently rapid
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