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Laser Spectroscopy: Illuminating the Dynamics of Collisions Laser Spectroscopy: Illuminating the Dynamics of Collisions 
Laser light is characterized by its high 

intensity, monochromaticity, temporal 
and spatial coherence, and direction- 
ality. In the first half of this decade re- 
searchers exploited these properties to 
develop a panoply of ultrahigh resolution 
techniques for resolving the details of 
atomic and molecular spectra. If this col- 
lection of techniques constitutes the first 
wave of laser spectroscopy, then the sec- 
ond wave may comprise ways to apply 
lasers to the study of atomic and molecu- 
lar collisions. 

The use of lasers to study collisional 
phenomena conveniently breaks into 
two categories: steady-state and tran- 
sient methods. The steady-state tech- 
niques are, for the most part, variations 
of the highly successful "Doppler-free" 
laser spectroscopies, which depend on 
the high intensity and monochromaticity 
of lasers (Science, 24 October 1975, p. 
344); In addition to these features, the 
transient techniques also take advantage 
of the coherence properties of laser light 
and are optical analogs of Fourier trans- 
form nuclear magnetic resonance (NMR) 
(Science, 20 October 1972, p. 247). 

Collisions are of fundamental interest 
to researchers in many fields. For chem- 
ists, the study of chemical reactions re- 
duces ultimately to the study of colli- 
sions that break the chemical bonds of 
the reactants and allow product bonds to 
form. Astrophysicists measuring the 
spectra of radiation emitted from stars or 
large interstellar gas clouds need to un- 
derstand collisional effects in order to 
extract the physical parameters of the 
gas from their data. And spectroscopists 
trying to unravel the details of atomic 
and molecular structure find that colli- 
sions determine the shape of spectral 
lines. 

The latter effect on line shapes has, 
in fact, provided the principal means 
of studying collisions since the work of 
A. A. Michelson, 80 years ago. The 
width of a spectral line is determined (by 
way of the uncertainty principle) by the 
lifetimes of the quantum states involved, 
which can be limited by several varieties 
of collisions. In particular, by measuring 
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the detailed dependence of the widths pf 
spectral lines on gas pressure (pressure 
broadening), spectroscopists have ob- 
tained information about the forces be- 
tween colliding particles. 

One problem with this approach is that 
any measurement is an average over 
atoms or molecules with a thermal distri- 
bution of velocities and quantum states, 
which are constantly colliding. With the 
new laser methods, scientists can select 
specific quantum states and velocities by 
changing the laser frequency, but a given 
particle will, in general, suffer many 
collisions and the resulting spectrum will 
be averaged over these. The transient 
optical methods have the additional ad- 
vantage of being able to distinguish be- 
tween different collision mechanisms 
that are simultaneously operative. 

A major limitation of spectroscopic 
methods has been the Doppler effect, 
whereby gas particles have a distribution 
of resonant frequencies for absorption or 
emission of radiation that corresponds to 
the thermal distribution of particle veloc- 
ities. The Doppler effect is a consider- 
able nuisance to spectroscopists because 
a broad band due to the superposition of 
narrow lines from each velocity group 
obscures the intrinsic spectrum. 

Exploiting the Doppler Effect 

At the MassacHusetts Institute of 
Technology (MIT), Ali Javan, Thomas 
Mattick (now at the University of Wash- 
ington), and their colleagues took advan- 
tage of the Doppler effect to, measure the 
temperature dependence of pressure- 
broadening of absorption by ammonia 
molecules. Particles absorbing laser light 
at frequencies near the center of the 
Doppler band move slowly in the direc- 
tion of the laser beam, whereas those in 
the wings of the band move rapidly. 
Since the temperature increases with the 
square of the velocity, the effective abso- 
lute temperature of particles in the wings 
of the Doppler profile may be more than 
ten times that of the apparatus. 

The MIT investigators used a variation 
of a Doppler-free method known as satu- 
ration spectroscopy. The researchers di- 
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rected two beams from a nitrous oxide 
infrared laser in opposite directions 
through a gas-filled cell. They tuned the 
frequencies of the two beams symmetri- 
cally about the center of the Doppler 
profile, one to a higher frequency and 
one to a lower frequency. Under these 
circumstances, the velocity group that 
absorbs light from both beams must have 
a nonzero velocity along the direction 
of the laser, and the greater the fre- 
quency shift, or detuning, the greater the 
velocity selected. 

The experiment consists of measuring 
the difference in the absorption of a weak 
probe beam with and without a strong 
counterpropagating beam. The latter, 
termed a saturating beam, excites a large 
fraction of the particles in the selected 
velocity group, so that the excited parti- 
cles do not absorb light from the probe 
beam. As the laser frequencies are tuned 
through the resonance condition (sym- 
metric detunings), the difference in the 
probe absorption displays the pressure- 
broadened line shape. 

By comparing their results with cer- 
tain theorectical models for pressure- 
broadening, the MIT group determined 
that collisions between ammonia mole- 
cules are predominantly inelastic colli- 
sions-that is, collisions that change the 
quantum states of one or more or the 
colliding particles. Collisions between 
ammonia and xenon, however, were 
found to be governed by elastic inter- 
actions that changed the velocities of the 
particles, but not their quantum states. 
The MIT group was also able to estimate 
the forms of the force laws governing 
these collisions. 

Charles Rhodes and William Bischel 
of the Lawrence Livermore Laboratory, 
Livermore, California, using a technique 
called optical double resonance, were 
able to measure velocity changes due to 
collisions. (Both researchers are now at 
the Stanford Research Institute, Menlo 
Park, California.) Optical double reso- 
nance is another Doppler-free laser spec- 
troscopy. Two lasers of different fre- 
quencies excite two different transitions 
in an atom or molecule; usually both 
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transitions have one quantum state in 
common. The first laser selects a par- 
ticular velocity group and saturates the 
transition for which it is tuned. As the 
second laser is tuned to excite a different 
transition in the same velocity group, 
absorption of its light drops sharply be- 
cause of the change in the population of 
the quantum state in common between 
the two transitions caused by the satu- 
rating laser. 

The Livermore investigators excited a 
transition from a given vibrational-rota- 
tional state in a lower vibrational band of 
carbon dioxide to a state in a higher 
vibrational band with a carbon dioxide 
laser. A second carbon dioxide laser ex- 
cited the same vibrational transition, but 
involving different vibrational-rotational 
states. Collisions can cause transitions 
between vibrational-rotational states 
within a vibration band, a phenomenon 
called collision redistribution. 

Thus, even though the two transitions 
do not have a common quantum state, 
the effect of collisions is to give rise to an 
optical double resonance effect. Colli- 
sions of this type are known as rotation- 
ally inelastic because they change the 
rotational quantum numbers of states 
within a vibrational band. The resulting 
spectrum is not completely Doppler- 
free, but its width is a measure of the 
effectiveness of the collisions in chang- 
ing the velocity, and its height is a mea- 
sure of the effectiveness in changing the 
rotational quantum number. 

Collisional Transfer of Energy 

The investigators measured the differ- 
ence in the fluorescence emitted from the 
upper vibrational band with and without 
the saturating beam. With a synchronous 
detection technique, they could single 
out that part of the fluorescence due to 
excitation by the probe beam. By fitting 
the observed line shape to their theory, 
Rhodes and Bischel were able to deter- 
mine the average velocity change im- 
parted by rotationally inelastic collisions 
of carbon dioxide with itself, molecular 
hydrogen, neon, ammonia, or methyl 
fluoride. The magnitudes of the velocity 
changes were all less than 10 percent of 
the average thermal velocity. 

In the progression of collision partners 
from molecular hydrogen to methyl fluo- 
ride, the interaction forces become in- 
creasingly longer range ones, and the 
Livermore investigators found that the 
collisions became increasingly effective 
in changing rotational quantum numbers, 
but less effective in changing the velocity 
as the range of the forces increased. 

Recently, William Phillips and David 
Pritchard of MIT proposed a method of 
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measuring cross sections for collisional 
processes that takes advantage of the 
Doppler effect and of fluorescence detec- 
tion (which is more sensitive than ab- 
sorption) and uses only one laser beam. 

Jay Apt and Pritchard have demon- 
strated this method at MIT in studies of 
collisional redistribution of energy in ex- 
cited sodium atoms, when the sodium 
collided with xenon, argon, or rubidium. 
A tunable dye laser boosted the sodium 
from its ground state to an excited state 
with a nonzero angular momentum (3P). 
Actually, there are two very closely 
spaced such states (fine structure), and 
the frequencies of the fluorescence emit- 
ted when these decay to the ground state 
differ by a small amount (1 part in 103). 

When the scientists tuned the laser to 
excite one of the 3P states, they saw 
fluorescence emitted at the laser's fre- 
quency, as expected. But, in addition, 
the researchers also observed fluores- 
cence of the frequency corresponding to 
decay of the neighboring 3P state. The 
ratio of the latter fluorescence to the 
former is measure of the efficiency of 
collisions in transferring sodium from 
one state to the other. By tuning the laser 
across the Doppler profile for sodium 
absorption, the MIT investigators were 
also able to deduce the values of the 
cross section for collisional energy trans- 
fer as a function of velocity. 

An altogether different collisional pro- 
cess occurs when a particle absorbs light 
at the same time that it is undergoing a 
collision. An example of this type, 
known as an optical collision, was found 

by John Carlsten and Abraham Sz6ke of 
the Joint Institute for Laboratory Astro- 
physics (JILA), Boulder, Colorado, in 
their investigation of light scattering in 
mixtures of strontium vapor and argon. 

When laser light from a tunable dye 
laser having a frequency slightly differ- 
ent from a resonant frequency of stron- 
tium passes through the gas mixture, the 

spectrum of scattered light contains sev- 
eral components. One component has 
the same frequency as the laser and is 
the well-known Rayleigh scattering. A 
second component, which has the reso- 
nant frequency, is produced when the 
sum of the energy of a laser photon and 
the energy imparted in an inelastic colli- 
sion matches this resonant frequency. 

When the investigators measured the 
ratio of the intensity of collision-induced 
fluorescence to the Rayleigh scattering 
as a function of the difference between 
the laser and resonant frequencies, they 
found a complicated variation with maxi- 
ma and minima. This result indicates that 
collisional transfer of energy occurs pref- 
erentially at certain energies and consti- 

tutes a measurement of the redistribution 
function for the energy transfer. In prin- 
ciple, scientists could extract informa- 
tion on the operative force laws from this 
kind of experiment, as has been done for 
the inverse process (absorption at the 
resonant frequency and emission in the 
wings of the Doppler profile) by Alan 
Gallagher and his colleagues at JILA. 

At Stanford University, Derek Lidow, 
Stephen Harris, and their associates are 
looking for what they call laser-induced 
inelastic collisions of strontium with 
calcium, also known as radiative colli- 
sions. The process is somewhat similar 
to that occurring in optical collisions. 
Energy stored in an excited state of one 
atom is transferred to a second atom 
during a collision when laser radiation 
is simultaneously present. 

Fourier Transform Optical Spectroscopy 

The Stanford researchers use a tun- 
able dye laser to prepare strontium in an 
excited state. For efficient energy trans- 
fer during a collision, the energy of the 
strontium state should match a resonant 
frequency of the calcium, which is not 
usually the case. But, when the energy 
stored in the strontium together with the 
energy of a photon from a second tu- 
nable dye laser correspond to a calcium 
resonant frequency, energy is trans- 
ferred and the calcium ends up in an 
excited state, while the strontium returns 
to its ground state. 

Since the transfer occurs only when 
the two atoms are close together in a 
collision, Harris believes that by varying 
the frequency and intensity of the second 
laser, it should be possible to probe the 
force law governing the collisions. Mean- 
while, several theorists are busy devising 
models for these kinds of laser-induced 
inelastic collisions. Interest in them is 

great, in part because the inverse pro- 
cess whereby light is emitted during colli- 
sions in which energy is transferred from 
one atom to another might be relevant to 
making a short-wavelength laser. 

All the methods discussed so far are 

steady-state techniques. A category of 
transient phenomena known as coherent 
optical transients provides a way to 
measure the separate contributions of 
various collisional processes in a single 
set of experiments when two or more 
collision mechanisms are simultaneously 
operative with comparable strengths. 

The observance of coherent spin tran- 
sients in NMR has led to the development 
of pulsed or Fourier transform NMR, a 

technique that has greatly increased the 
resolution and sensitivity of NMR, while 

decreasing the time needed to gather 
(Continued on page 1367) 
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data. The same sort of impact on optical 
spectroscopy is forecast by adherents of 
coherent optical transients. Recently, in 
fact, Richard Brewer and Stephen Gross- 
man of the IBM Resealch Laboratory, 
San Jose, California, have obtained 
Doppler-free spectra with the aid of an 
on-line computer with a fast Fourier 
transform algorithm to convert transient 
signals from the time domain to normal 
spectra in the frequency domain. The 
experimenters were able to simulta- 
neously resolve several closely spaced 
spectral lines and map out coherent tran- 
sients for each line. 

4 There is a wide variety of coherent 
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laser pulse is applied to the sample; a tween pulses thus contains information energies of their quantum states (Stark 
certain short time passes; a second pulse about the collisions involved, shift). 
is applied; another short time equal to Although pulsed laser light can be Thus, instead of pulsing a laser, re- 
the time between pulses passes, at which used to observe some coherent transient searchers can elicit any of the coherent 

point the sample spontaneously emits a effects, many researchers feel that the transient effects by using a continuous 
pulse of light in the direction of the pre- experiments have been generally difficult wave (cw) laser. The proper sequence of 
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