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Continuation request for NSF Grant PHY-8303729 by Ronald F. Fox

Summary of Scientific Progress

Several related research problems have received the most attention in
the Tast year. Each has something to do with stochastic processes in
physical systems.

In November, 1984, a paper appeared in Physical Review A on work done
in collaboration with R. Roy on dye 1éser noise measurements and theory.

We were able to establish a first principles approach to this problem which
explains otherwise anomalous measurements of intensity correlations. This
theory has several levels of description, starting at the density matrix

Tevel and ending at the semi-classical, phenomenological level used in the
published paper. The density matrix level of description Teads to equations
which are tractable by numerical computation only. They have relevance for
near threshold and sub-threshold behavior which has recently been explored
experimentally by Mandel. A graduate student is currently engaged in attempting
to apply these eguations to Mandel's recent measurements and to measurements

by R. Roy.

Also in the November issue of Physical Review A, a paper on long time
tail measurements by light scattering appeared. I am continuing to study
this phenomenon, although the problem now calls for new measurements rather
than more theory.

Another graduate student is working on the application of my earlier
wOrk, on stochastic density matrices, to the analysis of light absorption
spectra. We are looking at the consequences of accounting for non-Markovian
effects of "colored" noise in this problem.

The study of the transition from order to chaos in non-Tlinear systems

has also become the object of intense study during the last year. We are



especia{1y interested in the effects of external noise on such transitions.
Some such studies have already been made by others since 1980, but no one
else has distinguished between the effects of "additive" versus "multiplicative"
noise in these systems. A1l previous work has used additive noise, whereas
we have begun investigating multiplicative noise effect which have a strong
physical basis. Preliminary results here are very encouraging.

Most excfting of all, however, is our study of the transition to chaos
in a two level quantum system in a one mode resonant cavity. The cavity
enhances the feedback action of the two Tevel system's electromagnetic field,
at least for one particular mode. The expectation values of all quantities
describing the two Tevel system and the electromagnetic field satisfy a closed
system of non-1linear équations, in the 1imit of a sufficiently populated
electromagnetic field state. Using our Sun computer, we have been able to
simulate the behavior of this system of five coupled equations and have found
bifurcations, incommensurate frequency mixing, and full blown chaos. This last
state is being investigated for its liapunov exponents, as an independent
check of our spectral characterization. There is no doubt in our mind that
we have discovered conditions for bona fide "quantum chaos", and we have
identified the features necessary for its existence.

I have also been studying a biologically interesting pooulation dynamics
model in which "mode locking" occurs, and have been able to explain some of
this behavior. This work is related to a.Guggenheim fellowship I have been

awarded to study the physical basis for biological evolution.



Statement of Budget and Residual Funds

Approximately $600 in travel and materials and supplies remains in my
present grant. This will be spent before June, 1985.

My Guggenheim fellowship runs from January, 1985 to June, 1985 and
overlaps only a little with my NSF work.

A separate proposal to work on dye laser noise with R. Roy was submitted
to the DOE. It was essentially approved, at all levels, last November, but
no money was awarded. Next month (February) a final disposition regarding
actual funding will be made. Nevertheless, I proposed to the DOE that they
pay me for the 12th month of my salary (9 month academic + 2 months NSF).

My NSF research wou]d'then cover all my other projects only, with special
emphasis on external noise in non-linear systems and its effect on the trans-

ition to chaos, and on the intrinsic transition to chaos in quantum systems.



Continuation request for NS Grant PHY-8303729 by Ronald F. Tox

Summary of Scientific Progress

A major advance has been made during the past year in the facet of my
research program dealing with dye laser fluctuations. In collaboration with
Rajarshi Roy, an experimentalist in quantum optics who joined our staff a
little over a year ago, I reviewed the theory of noise in lasers as 1t was
formulated up to about 1982. For conventional lascrs, this theory works well,
For dye lasers, or any other secondary sources of coherent radiation, the
statistical properties were found to be inconsistent with the predictions of rhe
conventional theory. Roy, as a student with L. Mandel, had made the first and
most extensive measurements of dye laser statistics. Several thecoretical
attempts by others did not really explain the new observations. T decided to
return to the basic quantum mechanical description of a four level molecule in
a pumping field and coupled to a lasing field. Using my density matrix theory
for stochastic quantum mechanical systems, 1 was able to derive new contracted
descriptions for the laser intensity of a dye laser, with a very precise-
accounting of how the fluctuations arise and affect the measured results.

The theory differs, in several important respects, from the phenomenological
guesses of other researchers. With Roy, computer simulations of the new
equations were run and compared with all currently available measured data.
The agreement is very heartening. A physical review letter preprint is en-
closed as well as a preprint from a recent meeting in India (3rd International
Symposium on Lasers and Applications, India Institute of Technolopy, Kanpur,
India). A full length paper, to be submitted to Phvsical Review A, is in the
last stages of preparation.

The problem of long tiwme tails for the velocity autocorrolation funct ici

has also occupied my attention. A long paper dppeared in Phvsical Review A




last June, In March, T will present an invited talk on this subject at the
Conference on Statistical Mechanics at Davis, California.

I have employed computer approaches to this problem during the last year.
These include a quantum mechanical analysis of a one-dimensional Kronig-Penncy
model with delta function potentials, and a "lattice gas'" model in 2 dimensions.
Both of these problems rapidly lead to programs which saturated the capacity
of the available computers, because they involve rather large array processing
schemes. 1 am currently engaged in trying to modify my programs for greater
efficiency, or in order to run them on really big machines.

I have become very interested in the utilization of analogue computing
techniques in the analysis of stochastic c¢quations. The simulation of noise
on a digital computer using a random number generating routine leads to several
difficulties including slow speed and correlation artifacts of the generator.
Analogue noise generation coupled to a digital computer by an analogue-digital
converter looké very promising. Roy and I are already getting ready to try
this technique on our laser noise simulations.

I have been also working on an old problem - the problem of multiphoton
processes in molecules. 1 have found an elegant way of generalizing the
well-~known dipole coupling results to higher multipoles, which may prove to

be of great importance for modern multiphoton work., A paper is in preparation,

Statement of Residual Funds

$1,643 remain in the budget for fiscal year 1983. However, between
$6-700 will be required for the meeting in March, 1984, and the remainder
will be needed for page charges. Both of these requitenents will be vncuslored

soon,



Statement of Budget Increase

The request for $19,704 exceeds the nominal figure of $18,000 previously
estimated for the fiscal year 1984. The 9.5% increase is a result of several
factors: 1) increased salary level; 2) increased overhead rate; and 3)
increased fringe benefits. Even so, I have still had to eliminate funds
requests for computing, foreign travel, and for student or postdoctoral

support. Hopefully, this modest increase can be accomodated.
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Attachment

Part IIla. Thesis: "Stochastic Theory of Relaxation and Collisional
Broadening of Spectral Line Shapes", by K. Faid.

Two papers from this thesis are already accepted for publication in
Physical Review A., but were supported by the currently active renewal grant
PHY 86-03729, and do not come under this report for PHY 83-03729. However,
they illustrate that this thesis contains publishable work. Thesis summary
and table of contents are attached.
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SUMMARY

A complete stochastic theory of relaxation is developed in terms of
a homogeneous equation for the averaged density matrix of a system
immersed in a thermal bath.

This theory is then used as the basis of a new stochastic approach
to the phenomenon of collisional broadening of spectral line shapes.
Single photon and multiphoton processes are studied.

The features of a line shape are linked by siﬁp]e expressions to
the statistical properties of a stochastic hermitian Hamiltonian. The
ordinary line shape predicted by Kubo's approach is generalized. The
present approach predicts broadening as well as asymmetry and shift. A
representation of line shapes in multiphoton processes by diagrams is

also developed.
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Co-author R. Roy on papers 1 and 2 is an experimental colleague in the School
of Physies. G. E. James on the same papers is a student. Neither was
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graduate student of mine, and is not supported by the grant. The other
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Attachment
Part IIIe. Technical Description of Results.
1) Laser light fluctuations.

Papers 1 and 2 provide a first principles derivation of pump fluctuations
in dye lasers starting from a quantum mechanical density matrix formalism.
This formalism was developed by me over the last 15 years while supported by
NSF grants. The application to lasers provides a rigorous test of the
approach. This work was done in collaboration with experimental colleague
R. Roy. Paper 3 provides an analysis of first-passage-time results for laser
start-up. This technique was developed by Roy in order to measure dye laser
noise parameters more easily. My analysis shows that the observed phenomena
are explained by our earlier theory and that the agreement between theory and
measurement is very good. All of this work has been extended under NSF grant
PHYB603729, and a collaborative paper with Roy just appeared in Physical
Review A.

2) Long-time-tails.

Paper 4 concludes an earlier study I engaged in with earlier NSF support.
In this paper I analyze experimental results involving light scattering off of
polystyrene spheres. These measurements lead to an anomaly which my paper
attempts to explain. The explanation invokes molecular scale non-locality.

3) Stochastic differential equations.

Paper 5 introduces a functional calculus approach to the analysis of
stochastic differntial equations with a special emphasis on colored noise.
This paper provides a nearly transparent derivation of a variety of results,
thereby unifying this rapidly growing and diverse field of study. Several
other researchers have now taken up my results and put them to the test with
favorable outcomes. Under my currently active NSF grant PHY 8603729, I have
already had accepted 3 more related papers: a) one which refines the
mathematical formalism; b) one which applies the colored noise results to
laser measurements; and c) one which applies the colored noise results to
numerical simulation algorithms for noise problems. Each of these
applications shows that the paper cited above (#5) has been a seminal paper
with many spin-offs.

4) Quantum Chaos.

Paper 6 and 7 present the results of the efforts of my graduate student
J. Eidson. We have fully analyzed a quantum system for chaotic behavior. 1In
spite of published papers suggesting that quantum chaos cannot exist, we
clearly see chaos and we are able to identify its mechanism. Moreover, we see
why we are not subject to the inhibitions of the doubters. This work has led
to a recent, third paper which rigorous supports our published findings by
giving an analytical basis for our numerical studies. We believe that this is
the only quantum system so far studied in which chaos has been clearly
established and explained with a detailed mechanism. Eidson will receive his
Ph.D. next quarter for a thesis based on this work. He did not, however,
receive any support from the grant.



5) Spectral line shapes.

K. Faid received his Ph.D. in December, 1986 for his thesis on spectral
line shapes. Using my density matrix formalism, which works so well for laser
noise, he developed a detailed account of collisional broadening and spectral
line shape. He was able to include temperature dependence and colored noise
dependence. Two Physical Review papers have appeared, but they are covered by
NSF grant PHY 8603729. Two more are in progress and several other
applications of the method are being pursued. Faid did not receive support
from the grant.

6) Graduate Student Support.

To date, I have not received NSF support for graduate students. Eidson,
Faid, and a recent student, Steiger, have been very productive. I would hope
that this success would aid future requests for Ph.D. student support which is
increasingly needed if I am to continue to attract quality students. Note
also that paper 8 was published with 4 graduate students (only one of whom is
mine). This paper resulted from a project in an advanced level graduate
course. It shows the general interest of graduate students in this aspect of
my research interests.



