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Non-Equilibrium Phase Transitions 

Abstract 

This is the final report of a one-year. Laboratory Directed Research and 
Development (LDRD) project at the Los Alamos National Laboratory 
(LAW). Non-equilibrium phase transitions play a central role in a very 
broad range of scientific areas, ranging from nuclear, particle, and 
astrophysics to condensed matter physics and the material and biological 
sciences. The aim of this project was to explore the path to a deeper and 
more fundamental understanding of the common physical principles 
underlying the complex real time dynamics of phase transitions. The main 
emphasis was on the development of general theoretical tools to deal with 
non-equilibrium processes. and of numerical methods robust enough to 
capture the time-evolving structures that occur in actual experimental 
situations. Specific applications to Laboratory multidivisional efforts in 
relativistic heavy-ion physics (transition to a new phase of nuclear matter 
consisting of a quark-gluon plasma) and layered high-temperature 
superconductors (critical currents and flux flow at the National High 
Magnetic Field Laboratory) were undertaken. 

Background and Research Objectives 

It has gradually become apparent in the last few years that there are common problems and 
general principles operating in apparently very diverse non-equilibrium environments 
covering many scales. These range from electrons tunneling in high magnetic fields, flux 
flow in high temperature superconductors, to dislocations and fracturing in materials due to 
aging or external stressing, or to nuclear matter under extreme conditions of temperature 
and density in relativistic heavy-ion collisions. 

The emergence of new structures and associated time scales during the time 
evolution of many systems is crucial to understanding complex multiscale phenomena such 
as the aging and fatigue characteristics of materials, as just one example. Yet, very little of 
the fundamental science governing such processes is understood. In this project, special 

“Principal Investigator, e-mail: emil @lanl.gov 

1 

mailto:lanl.gov


97622 

attention was paid to modeling the multiscale collective (e.g. topological) structures, 
complex textures and their associated multiscale dynamics that typically occur during non- 
equilibrium phase transitions. These collective modes are of several different varieties: 
plasma oscillations, nonlinear solitonic modes, coherent structures such as Bose-Einstein 
condensates, or topological excitations such as domain walls, dislocations, and vortices. 

The principal focus of our efforts was on the development of powerful numerical 
codes that are at the same time capable of resolving individual defect structures and 
correctly accounting for their interactions. The general techniques find immediate 
application in the nuclear, particle and astrophysical context, such as heavy-ion collisions 
and cosmological phase transitions, but the same or very closely related methods are 
applicable also to high temperature superconductors, material science systems such as 
martensitic alloys. 

Under extreme conditions of temperature and density, it is believed from lattice 
calculations that a new phase of matter is produced, the quark-gluon plasma (QGP). 
Estimates of the critical baryon number density needed are n, = .2 fm” and for the critical 
temperature, T, = 200 MeV, which should be within the reach of Relativistic Heavy-Ion 
Collider (RHIC) experiments. The conditions following a heavy ion collision are clearly 
very far out of equilibrium. One would like to know how the plasma is produced, how 
efficiently it thermalizes and on what time scale, how it evolves and transports energy, 
momentum, baryon number, and finally what are the special signatures (such as coherent 
production of particles and their correlations in momentum and rapidity) of this new state of 
matter that the PHENIX detector can measure. 

In preliminary simulations by F. Cooper, E. Mottola, S .  Habib. and Y. Kluger, it 
has been found that the system goes through a non-equilibrium phase transition, during 
which time large numbers of low momentum pions are produced that distort the final 
spectrum of secondaries away from an equilibrium distribution. These low momentum 
pions are produced by a Bose-Einstein (chiral) condensate that is a coherent collective 
structure that later decays into individual pions (i.e. a kind ofpion “laser”) as the plasma 
expands and cools. In the proposed experiments at RHIC, the PHENIX group will look 
for the predicted distortion of the pion spectrum that would be the first experimental 
evidence for the chiral/QGP phase transition and this new state of nuclear matter. 

2 



97622 

Importance to LANL's Science and Technology Base and National R&D 
Needs 

The underlying microscopic theory of non-equilibrium evolution in the context of 
quantum field theory and many-body theory has been developed and exploited in great part 
here at Los Alamos in the Theoretical (T) Division. Hydrodynamical models of nuclear 
collisions were first investigated in pioneering work by F. Cooper and his collaborators in 
the 1970s. The recent work of the team here at Los Alamos (F. Cooper, E. Mottola, S .  
Habib and Y. Kluger) has transformed formal theoretical methods into practical algorithms, 
a feat only ,made possible by the advent of parallel supercomputers at the Advanced 
Computing Laboratory (ACL) at LANL. These methods have been applied to the quark- 
gluon and chiral phase transitions of nuclear matter. It is this phase transition that will be 
probed by RHIC at Brookhaven National Laboratory. LANL is a major participant in the 
effort at RHIC through the PHENM experiment. 

A. Bishop and his collaborators have made an extensive use of nonlinear analysis, 
non-equilibrium to equilibrium mappings, large-scale Langevin molecular dynamics (MD) 
and Monte Carlo (MC) simulation studies to follow nucleation and non-equilibrium phase 
transitions as functions of temperature, magnetic field and external current in many 
condensed matter and materials contexts. They have generalized the lessons of competing 
interactions from spin glasses and other hierarchial phase transitions. The availability of 
the National High-Magnetic Field Laboratory (NHMFL) at Los Alamos (and Florida) now 
makes possible a systematic study of these non-equilibrium phase transitions, particularly 
in the case of layered superconductors. Here. topological structures are the fundamental 
excitations, and theoretical guidance is essential for optimal use of the experimental 
measurements to be performed at the NHMFL. Indeed, it will be possible to use 
sufficiently high magnetic fields to melt the superconducting state completely and study 
anomalous transport near the normal-superconductor transition in a totally new way. 
Similarly, the role of disorder on the flux lattice melting can be probed now by controlled 
irradiation of samples here at Los Alamos. 

Because of these parallel and fortuitous developments in fundamental theory, 
computer modeling and experimental techniques, the Laboratory has an almost unique 
scientific opportunity to bring the various cases together across sub-disciplinary boundaries 
to identify and address the common phenomena and challenges. Los Alamos is arguably 
the only place in the nation where the necessary broad base of multidisciplinary 
competencies and high performance computing facilities already exist, and can be brought 
to bear effectively to create a new level of quantitative understanding of non-equilibrium 
phase transitions with far-reaching implications for technology. 
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This project fostered close interactions between scientists with varying backgrounds, both 
theorists and experimentalists in different Laboratory Divisions (MST, CMS. AOT, STC. 
P. T and X) with the purpose of generating common language and computational 
techniques, as well as new insights into how to understand and model diverse non- 
equilibrium phenomena. We also brought outside expertise into the program on a regular 
basis through a visitor and bi-weekly seminar program in order to focus and facilitate 
communication across subdisciplinary boundaries at LANL. In July 1996, T Division in 
conjunction with the Center for Nonlinear Studies (ChiLS) held a three-week workshop to 
bring together Laboratory scientists and leading researchers from around the world to 
discuss advances in theoretical, computational and experimental methods in non- 
equilibrium phase transitions. 

This work is stretching the existing science base of the Laboratory. It is also 
strengthening LANLs competency in non-equilibrium phase transitions and is expected to 
have an inevitable impact on the Laboratory's principal tactical goals of high performance 
computing as applied to the technology base (in high temperature superconductors, for 
example). It will also impact programmatic issues of stockpile stewardship (through 
fundamental understanding and quantitative modeling of material texture and aging 
characteristics) and nuclear weapons technology (through improved equations of state and 
transport mechanisms in matter under extreme conditions of pressure and density). 

Scientific Approach and Accomplishments 

Using our general methods for non-equilibrium processes, we can check which (if 
any) of the assumptions of the various hydrodynamical models are valid in heavy ion 
collisions and also obtain numerically the dynamical equation of state of the QGP in the 
future light cone of the collision event. The effort at Los Alamos is unique in implementing 
this microscopic approach to a detailed description of the QGP from fundamental theory. 
This will make possible the first detailed calculation of transport coefficients. damping rates 
and energy loss characteristics of this new phase of matter from first principles of quantum 
chromodynamics (QCD). In addition, our fundamental. microscopic approach to the non- 
equilibrium QGP phase transition will provide a crucial, testable template for the more 
phenomenological descriptions of complex non-equilibrium processes and structures in the 
other applications. 

in the form of flux tubes/lines (i.e. vurtexpattems) induced by external magnetic fields. 
The ordering and flow of these magnetic flux patterns determine the critical currents and 
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dissipation mechanisms in the presence of electric driving currents and disorder. Yet the 
emergence of such nonlinear collective excitations from the microscopic degrees of freedom 
and how to model them quantitatively is not as yet well understood. The non-equilibrium 
ordering of flux patterns into collective structures (such as flux bundles), and the 
mechanisms for those patterns .*melting”, is especially fascinating. This is especially so in 
layered (anisotropic) superconductors such as the high-temperature cuprates, where a rich 
series of patterns is anticipated due to the anisotopy and strong-coupling mixing of discrete 
lattice and continuum scales, and the presence of competing length scales introduced by a 
magnetic field and disorder. The theoretical effort focussed on the modeling and large- 
scale simulation of the flux collective structures, their mutuaI interactions, and their 
response to external electromagnetic fields or currents, disorder and thermal noise, and 
comparisons with experimental data. 

In addition to these specific efforts in non-equilibrium heavy-ion physics and 
superconductors, a main goal of this one-year project was to assemble a multidisciplinary 
team outside of T Division. This we have done by establishing a weekly seminar series 
under the aegis of the CNLS that is regularly attended by staff members from several other 
divisions. In the spring of 1997 this group was formalized as the Non-equilibrium 
Working Group. More information on the speakers and activities of this Group may be 
found at its WWW site (http://nqcd.lanl.gov/people/salman/newg/). The Group has added 
participation from the Scientific Computing Group (D. L. Brown and J. Saltzmann 
together with their post-doctoral research associates) and the Nuclear Hydrodynamics 
Group (Dean Preston and C. W. Greeff). The Working Group identified the area of 
Shock-Induced Phase Transitions in Metals as a major Laboratory interest area for Science- 
Based Stockpile Stewardship (SBSS), to which the methods of this project could be 
applied. With this refinement and refocusing of goals, the Workmg Group made a five-year 
LDRD Competency Development Proposal in “Nonequilibrium Science: Assessment, 
Control and Prediction” that was positively reviewed the spring of 1997. Thus our one- 
year project in Non-Equilibrium Phase Transitions has successfully met its principal 
objective by providing the needed catalysis of the Nonequilibrium Working Group, which 
is now truly multidisciplinary and capable of tackling fundamental problems in 
nonequilibrium science of direct relevance to the Laboratory’s SBSS mission. 
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