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FINAL R¥PORT

1. Statement of Problem

The problem as stated in the original research proposel was to
develop a theory of high intensity multimode gas lasers and to incorporate
collision effects into the theory wherever possible. Tn practice, the
laser theory and collision problems were studied separately. In the area
of laser theory, we sought to connect previous theories of a high intensity
single mode gas laser and to provide new computational methods for solving
that problem which could be generalized to multimode theory. Ve also
sought a better understanding of the physical processes occurring in high
intensity lasers. Our studies of collision effects in atomic and molecular
systemswere strongly influenced by the rapid advances that were occurring
in Doppler-free laser spectroscopy. Our goal in this areca became to
formulate methods by which one could use laser spectroscopic techniques
to obtain both differential and total cross section data for the ground
and excited states of atoms or molecules., This information couvld then
be used in the master equations of laser theory; in this way, one could
incorporate collision effects into laser theory. While working in the
area of laser spectroscopy, we were led to study problems related to re-

sonance fluorescence and laser propagation effects.
prop

2. Content of the Report

The technical results obtained under this Grant for the period
15 August, 1973 - 30 June, 1976, have already been described in previous
Progress Reports (in particular, the Progress Report for the period 1
October, 1975 - 30 June, 1976, was quite extensive). Moreover, almost
s all of the research carried out under this Grant has been or is in the
process of being published in readily available technical journals.,
Consequently the remainder of this report will consist of (1) A sumnary
of the research carried out for the period 1 July, 1976 - 31 May, 1977,
(2) A brief summary of the major results obtained over the period of




the Grant, (3) a 1ist of personnel involved in the project, and (k)
a list of publications associated with the research carried out under

this Grant.

3. Surmary of Research Findings for the period 1 July, 197C - 31 May, 1977

Our study of the effects of collisions on the line shapes asso-
ciated with two and three level atomic and molecular systems has been more
fully developed. In an earlier publicationl*, we had used a phenomeno-
logical propagator to account for the way in which collisions change the
velocity associated with the populations of the various levels of the
atomic system under consideration. We have been able to re-solve tihe problem
using a somewhat more conventional and realistic propagator based on the
Keilson-Ctorer collision kernel (see ref. 1). In doing so, we now have a
theory that is valid over the entire range from "weak" to "strong" velocity-

changing collisions.

The vhysical system under investigation consists of either two
or three level atoms subject to two ex!:rnal laser fields and collisions
vith perturber atoms. One laser field (pump) is in near resonance with
one of the transitions in the atoms and can excite a specific velocity
ensemble of the atoms. The second laser field (probe) is in near re-
sonance with the same or a coupled transition and proves any changes in the
velocity that have occurred as a result of collisions. The line shapes in-
volved are also sensitive to the effects of "phase-interrupting" collisions
vhich, in turn, are related to the total clastic scattering cross sections
for the various levels. Thus the line shape can serve to monitor differ-
ential (velocity-changing) and total cross sections. Both steady-state

and transient type experiments were analyzed.

A simple, but not unreasonable collision model was edopted, in
which collisions where "phase-interrupting" in their effect on off-diagonal
density matrix elements and "velocity-changing” in their effect on diagonal
density matrix elements., Within this model, we showed how to systematically

*Superscripts refer to references in Section G of this report.
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extract cross section data from the probe absorption line shape by using
different pump detunings. The calculation was carried out in perturbation
theory in the laser fields, but no assumption on the ratio of the de-
tunings and widths to the Doppler width was employed. Predictions of

the theory include the existence of the well known narrow saturated
absorption resonance and a background "shoulder"” due to velocity-changing
collisions. It was also pointed out that the narrow resonance can ex-
hibit a width with a nonlinear pressure dependence at low pressures. In

a collaborative effort with the group at Orssy, France, experimental

verification of various aspects of the theory has started to appear.o

Current research involves explicit numerical evaluations of
the line shapes appearing in reference 1 and an explanation for the
various types of structure that appear in those line shapes. Ilioreover,
we are exploring the consequences of different collision models. For
example, if the collision interaction is the same for two or three of
the levels of the atoms, then collisions will be "velocity-changing" in
their effect on off-diagonal density matrix-elements. This type o" model

will lead to the possibility of line nerrowing with increased pressure.

L, Brief Summary of Research Results Obtained Under the Grant

. A. High Intensity Laser Theory - INew computational techniques

for studying the problem of a high intensity single mode gas laser were
developed.n Among these were a backward recursion method, an integral
equation approech and direct numerical solution of the differential
equation with periodic boundary conditions. Cuch methods should be
useful in the multimode problem where conventional continued fraction
techniques can not be easily applied. Ve vere also able to connect
several previous theories of the high intensity laser, providing an

overall unity to these theories.

Additional insight into the physical processes occurring when two
or more high intensity fields interact with atoms was obtained in a
Generalized Dressed Atom Approach (GDAA). In the GDAA, we used part of




each field to "dress" the atoms and considered the interaction of the
remaining interaction ("probe") with these dressed atoms. In this model
we were able to semi-quantitatively predict to the position of resonances
vhich occur in graphs of the spatially averaged population inversion in

a standing wave gas laser as a function of axial atomic velocity. Such
structure had been noted in previous theories, but not explained on
physical grounds. As a related calculationl, ve were able to predict

the position for multiphoton Bloch-Siegert resonances, having demonstrated
the mathematical equivalence of the traveling wave stationary atom Bloch-
Siegert and the standing wave moving atom laser problems. It is hoped
that the GDAA will be applied to more complex systems to provide physical

insight into those systems.

B. Collision Effects in Atomic and Molecular Systems - Many

new and significant results were obtained in this area. A basic theory
of collision effects in atomic and molecular systemsd’e vas applied to
a number of experimental situations. 1In certain cases the theory was
used to explain experimental results vihile in other cases the theory
was developed in a fashion that suggests new types of experiments which

could be carried out.

The theory was used to explain the intensity of photon echoes
as a function of pulse deley for vibrational transitions in CIZ3F.R’f
Since the transition levels in CH3F experience almost equal collision
interaction with perturber astoms, a model of velocity-changing collisions
was assumed. Such a model lends to an echo amplitude that varies ex-
ponentially as —t3 for small pulse separations t and as -t for longer t,
in agreement with experiment. The photon echo experiment is the most

: direct evidence to date for velocity~-changing collisions affecting off-~
diagonal density matrix elements. From the data, we obtained the cross
section for velocity-changing collisions and the mean change in velocity

per collision. This is the first experiment where both of these para-

T

meters could be determined,

' BEST AVARAZLE COPY

.__:=lIllIlIlIIIIIIIIIIllIl.l.ll!!!!!!!!!!!!!lllllllllll.l.lllll!lm-?m

L DS ——




i
S——

In working on photon echo theory, we also established the validity
conditions for using the Fokker-Planck equation as a weak collision limit

of the Boltzmann cquation.b’c

Ispecially in problems involving both
radiation and collisions or in problems involving initially narrow velocity
distributions, one can not arbitrarily teke the Fokker-Planck limit of the
Boltzmann equation, as has been commonly done.

Of considerable interest has been the study of collision effects

i,m
2 One

in two and three level atomic systems subject to radiation fields,
field (pump) excites a specific velocity ensemble of atoms on a given
transition and a second field (probe) protes the sane or a coupled tran-
sition. By monitoring the probe absorption as a function of probe de-
tuning for various pump detunings, one can obtain informaticn on the
collisionnl processes occurring in the various levels. The line shapes
can be used in two fashions. First, systematic line shape studies can
be used to extract data on both the differential and total cross section

for the various levels of the transitions. Thus, excited stzte cross

section deate should be readily available for the first time. Second, the

line shapes can be used to check the validity of various theories of
collision effects that have been recently proposed.e We believe that,

in the next few years, nonlinear optical techniques of the type described
above will find an ever increasing application in the determination of

collision cross sections.

C. Resonance Fluorescence - A first principle calculation

of resonance fluorescence for moving atoms excited by a monochromatic
laser was carried out. The frequency spectrum and fluorescence distri-
bution were determined, supportion the notion that the laser absorption
and subsequent spontaneous emission must be looked at as a single process.

An experiment to measure the atomic recoil in fluorescence was proposed.

D. Self-Trapping of Laser Peams - A moment-theoretical

approach to the theory of self trapping of lasers in plasmas was developed.k




The approach led to a simple formulation in which the effects of satu-

ration, the stability of propagation, and the effects of an active

medium could Le explored. It was found that a minimum threshold power

was needed for stable beam propagation.
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