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Abstract

This final report summarizes the main results of our work
supported by DOE since 1982. A list of 45 publications supported by
this DOE Grant is attached at the end of this report.

The use and exploitation of the SU(N) dynamic symmetry to the
study of the dynamics of laser-atom interaction was the starting
point of our research work under this DOE Grant, and is our most
original contribution to the field of quantum electrodynamics. Many
results of general and special interests have been derived and
developed from this starting point and the following is a summary of
them:

(1) We have introduced a set of simple relations based on the
principle of unitary invariance which has proved to be useful for the
study of the dynamics of a quantum system involving arbitrary
coupling.

(2) We have found various specific conditions under which (a) we
may have trapped population, or (b) we may send laser pulses
through a multilevel atomic medium without attenuation.

(3) We have found a remarkably efficient method for optimal state
selective multiphoton population transter, that employs two or more
spatially overlapping lasers arranged in an unconventional sequence
which we called "counterintuitive". A recent suggestion by Profs. P.
Marte, P. Zoller and J.L. Hall to use this counterintuitive method for
atomic beam deflections promises to make this remarkably
effective procedure to become an important method in atomic
interferometry.



The starting point of this DOE supported research project
entitted "Multilevel Relaxation Phenomena and Population Trapping"
was a discovery by the author and Prof. J. H. Eberly of a set of simple
and useful conservation laws in the dynamics of interaction between
lasers and multilevel atoms which hold true for any arbitrary
coupling or laser intensity. The conservation laws are a consequence
of unitarity in the SU(N) aroup, and we called the result as one
arising from the SU(N) dynamic symmetry. These simple
conservation laws can be simply used to deduce various restrictions
in the population distribution among the energy levels when an atom
interacts coherently with a laser. They also serve generally as a
useful check for numerical calculations. More importantly, the idea
of using dynamic symmetry to the problem of multiphoton excitation
of multilevel atomic systems has produced many other fruitful ideas
which have led to many unexpected and practically useful results.

1. Adiabatic Following in Multilevel Systems

We were the first to use the SU(N) coherence vector picture for a
generalized interpretation of the adiabatic following process for the
problem of achieving population inversion in a multilevel system
using one or more lasers whose detunings or/and amplitudes are
continuously varied. We showed that, unlike an N=2 level system, for
a multilevel (N>2) system, the (N2-1)-dimensional SU(N) coherence
vector S(t) does not and cannot be made to closely follow the field
vector I'(t) in a quasisteady process that characterizes adiabatic
following. However, the coherence vector S(t) can be confined to
move in a subspace spanned by an appropriately constructed (N-1)
time-dependent field vectors, I'y(t), I'x(t),....y.4(t). Thus only for
the case of N=2 the picture of S(t) "following" the field vector I(t)=
I4(t) emerges.

This understanding of generalized adiabatic following process led
us to
(a) a simple analytic result which clearly illustrates how the
populations and coherences evolve at all time, and
(b) suggest a way of achieving complete transfer of population from
state 1 to state N by continuously changing the detunings of the
incident laser in an "unconventional" interaction sequence which we



called "counterintuitive".

- For example, result (b) above suggests that efficient population
transfer in the case of N levels of decreasing spacings involving
stepwise transitions such as in the case of levels in hydrogen
atoms, should be accomplished by tuning the frequency of the
incident laser pulse, which can be done by appropriately Stark
shifting the levels by a varying electric field, in such a way that the
interaction is first between the uppermost pair of levels and |ast
with the lowermost one, even though the population is initially
entirely in the lowermost level. Result (a) enabled us to see another
distinctive and advantageous feature of the multilevel adiabatic
following process: the intermediate levels are never significantly
populated during the process, making the process insensitive to the
possible short decay times of the intermediate levels. Another
hidden suggestion, to be discussed in item 3 of this report, is an
important extension of this "counterintuitive" interaction sequence
to the case of sending two or more overlapping laser pulses for the
problem of state-selective excitation process.

2. Conditions for Population Trapping, Complete Population Transfer
and for Multiple Optical Soliton Propagation

An important idea which we have made good use of in our group
theoretical consideration of the SU(N) symmetry is the concept that
different realizations of the same group can be employed for the
same dynamical systems under different experimental conditions.
This led us to the precise formulation of the conditions under which
a system of N-level atoms interacting with one or multiple lasers
exhibits what we called
(a) a Gell-Mann dynamic symmetry, or
(b) an SU(2) or Cook-Shore dynamic symmetry,
or else. The conditions under which the systems exhibiting a Gell-
Mann or an SU(2) symmetry would permit a lossless propagation of
multiple simultaneous optical solitons through the atomic media
without attenuation have been obtained.

A lossless soliton propagation generally requires several
conditions: For the N dipole-connected energy levels of each atom of
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the atomic medium, the dipole moments have to satisfy certain
relations, the atomic medium must be partially excited out of its
ground state initially, and the pulse amplitudes have to satisty
appropriate relations. In addition to the known hyperbolic-secant
pulse shapes which are found to be appropriate for some specific
conditions, we have discovered a whole new set of "higher order”
soliton pulse shapes which are appropriate for other conditions.
These theoretical results of ours presently still await experimental
verifications, and so do their practical applications.

We have also found many less restrictive and more easily
realizable conditions, than the ones for the Gell-Mann or SU(2) type
symmetry, for an atomic system interacting with tasers to exhibit
population trapping. We have extended the concept of population
trapping to one that is generally characterized by a set of "constants
of evolution™.

We have also derived and accumulated a good collection of
analytic results for 2-, 3- and N-level time-dependent excitation
problem for various types of pulse shapes and detunings. These are
non-adiabatic results which complement the adiabatic following
results in items 1 and 3 of this report, and they are very instructive
in showing how the adiabatic following limits are approached. One of
the most important uses of these results is the understanding of the |
conditions under which a complete transfer of population from one
state to another can be achieved, and the understanding of how and
why certain population distribution is forbidden.

3. Optimal Population Transfer by Counterintuitive Pulse Ordering

In a series of papers, we presented a number of analytic
solutions that give the coherent transition probabilities of three-
level systems driven by two lasers of various pulse shapes and
spatial separations. A remarkable result emerges from these
analytic results. To achieve an efficient transfer of population from
state 1 to state 3 that would not be sensitively dependent on the
input parameters such as the laser pulse shapes, laser intensities
and frequency modulation, the atoms or molecules should interact
first with the laser pulse for the 2-3 transition and then with the
laser pulse for the 1-2 transition, the pulse being overlapped in



time. That is, a counterintuitive procedure is suggested. An
important feature of this process is that as the pulse amplitudes are
increased, the maximum occupation probability of the intermediate
state 2 decreases rapidly. This is true even though the two laser
frequencies are kept at one-photon resonance with the level
transition frequencies 1-2, and 2-3 respectively. The
counterintuitive interaction sequence makes it possible to get a
complete transfer of population from state 1 to 3 without
significantly populating state 2. The high efficiency of this
counterintuitive procedure has been strikingly demonstrated
experimentally by Prof. K. Bergmann and his group at the University
of Kaiserslautern who used two overlapping lasers to selectively
populate high vibrational states of sodium molecules via an
intermediate electronic state. Stimulated by the experimental work
of Prof. Bergmann, Prof. J. Reuss and his collaborators applied the
counterintuitive two-laser excitation to C,H, molecules with a
similar success, and extended their work to infrared multiphoton
excitation of SFyg.

A potentiaily important application of the counterintuitive
method of excitation is in the fieild of atomic interferometry, as
suggested recentl by Marte, Zoller and Hall. Experimental
observations of atomic interference fringes by scattering atoms
from mechanical gratings or by applying a sequence of short n/2, =
and n/2 laser pulses to atoms have been previously reported. On the
other hand, consider atomic-beam deflection by adiabatic passage
vetween Zeeman ground levels via Raman transitions induced by
counterpropagating o* -polarized lasers arranged in the
counterintuitive interaction sequence. Complete population transfer
between the ground states can be achieved which corresponds to the
scattering of the atomic wave packet into a single final momentum
state by absorption and induced emission of laser photons. A
distinctive advantage of this counterintuitive process is that
although the lasers can be resonant, the excited (intermediate)
states are never populated during the adiabatic transfer. The process
should thus be insensitive to the laser intensities or to the effects
of spontaneous emission, and thus preserves the coherence of the
atomic wave function.
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