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This program combines in-depth theoretical and experimental studies of the physics of granular materials. We maintain cutting edge program in both experiment and theory, with each deriving strong benefit through close mutual cooperation. On the theoretical side we consider the theory and large-scale molecular dynamics simulations of partially fluidized granular flows in application to sand avalanches, flows in shear cells, gas-fluidized beds and fundamentals of self-assembly of micro and nano particles with competing interactions, and to active bioparticles, such as bacteria and large biomolecules. Our experimental activity is focused on two major subjects: electromagnetic self-assembly and manipulation of micro and nano particles and structure formation and analysis of emergent behavior in suspensions of swimming bacteria.  Our future outlook aims at understanding the collective behavior of driven micro particles systems and exploring the new pathways of out-of-equilibrium self-assembly at the interface of physics and biology. 

b. Publications:  6 journal paper published, 1 book chapter published, 1 conference proceeding published, 4 journal papers in press

c. Purpose: .  Our goal is to provide significant contributions in the areas of new concepts, mechanisms, and theoretical and/or experimental techniques in the field of granular materials, soft condensed matter and biophysics.

e. Approach: I. Aronson (PI) 100%, W. Kwok (Group Leader) 30%, A. Snezhko (post-doc) 100%, Andrey Sokolov (grad student) 100%, D. Rosenmann (scientific associate) 20%.

f. Technical Progress:
· Particles self-diffusion in ac gas-fluidized beds. The properties of gas-driven particulate systems are the subject of intensive research in the engineering community. We studied the self-diffusion of particles in gas-driven granular layers using a novel non-invasive technique based on high-speed fluorescent video-microscopy. We demonstrated that periodic flow modulation results in an enhancement of the particle's diffusion rate. The diffusion enhancement, which is an indication of the efficient fluidization of the granular layer, is associated with the onset of disordered sub-harmonic patterns. Our measurements provided a sensitive characterization method of the fluidization properties of particulate/gas systems.
· Velocity statistics in granular gases with long-range interaction. Despite extensive recent studies, a fundamental understanding of the dynamics of granular materials still poses a challenge for physicists and engineers. Remarkably, even dilute granular gases substantially differ from molecular gases.  We studied the velocity statistics of electrostatically driven granular gases in two different experiments: (i) non-magnetic particles in a viscous fluid and (ii) magnetic particles in air, where the velocity distribution is non-Maxwellian, and its high-energy tail is exponential, P(v) ~ exp(-|v|).  This behavior is consistent with the kinetic theory of driven dissipative particles. For particles immersed in a fluid, viscous damping is responsible for the exponential tail, while for magnetic particles, long-range interactions cause the exponential tail. We concluded that velocity statistics of dissipative gases are sensitive to the fluid environment and to the form of the particle interaction.
· Self-Assembly of magnetically-driven particles. Large assemblies of microparticles being subjected to external driving exhibit fascinating collective behaviors.  We report structure formation in submonolayers of magnetic particles subjected to periodic electrostatic and magnetic excitations. Depending on the excitation parameters, we observe the formation of a rich variety of structures: clusters, rings, chains, and networks. The dynamics and shapes of the structures are strongly dependent on the amplitude and frequency of the external magnetic field. We find that for pure ac magnetic driving the low-frequency magnetic excitation favors compact clusters whereas high frequency driving favors chains and net-like structures. An abrupt phase transition from chains to a network phase was observed for higher density.
· Self-Assembly of Microtubules with Molecular Motors. The mixtures of microtubules and molecular motors constitute a unique well-controlled biological system where the fundamentals of self-assembly processes can be examined in detail. Motivated by recent in-vitro experiments, we derived a model describing spatio-temporal organization of an array of microtubules interacting via molecular motors. Starting from a stochastic model of inelastic polar rods with a generic anisotropic interaction kernel, we obtained a set of equations for the local rods concentration and orientation. The structure of the interaction kernel was derived from first principles. The anisotropy of the kernel is directly linked to the motor density inhomogeneity. At large enough mean density of rods and concentration of motors, the model describes orientational instability. We demonstrate that the orientational instability leads to the formation of vortices and (for large density and/or kernel anisotropy) asters seen in recent experiments. Studies were also conducted for a variable motor density. 
g. Future Accomplishments:.

· Transverse instability of granular avalanches. Granular deposit instabilities are ubiquitous in nature; they display solid or fluid-like behavior as well as catastrophic events such as avalanches, mud flows or land slides. We plan to apply the partial fluidization approach to model avalanche experiments on an erodible substrate. We expect to identify the primary mechanism responsible for the instability of avalanche flows and to develop a quantitative theory based on the order parameter theory. 
· Active bioparticle systems. We plan to initiate experimental and theoretical studies of the onset of large-scale coherence and emergent behavior in active bioparticle systems. The first studies will be conducted with swimming bacteria colonies Bacillus Subtilis. The hydrodynamic and chemical interactions between individual cells lead to a remarkably rich collective behavior such as self-concentration of bacteria due to gradients of dissolved oxygen or pH level and novel phase transitions and self-organization in confined geometries. The self-organization often takes the form of coherent structures with typical sizes that are many times larger than those of the individual bacteria. We plan to perform systematic experiments with suspensions of bacteria in a thin liquid film with controlled thickness and with a controlled density of cells. In parallel with the experiments, we will develop a theory of emergent collective behavior. 

· Multiscale approach to self-assembly of microtubules and molecular motors. We will further develop our multiscale approach to self-assembly of molecular motors and microtubules.  To study this process, we propose a mathematical framework based on a master equation on the mesoscopic scale. The equation describes the evolution of the density of microtubules as a function of position and angular orientation. The interaction kernel is determined by the molecular interactions at the microscopic scale. Macroscopic spatiotemporal structures are identified through dimension reduction from the mesoscopic scale. All three scales interact strongly, resulting in macroscopically observable patterns of self-organization. 

· Self-assembly and structure formation in ensembles of magnetic microparticles.  We plan to extend our studies of self-assembly and structure formation of electromagnetically driven magnetic microparticles.  A new element of our study will be the exploration of the collective behavior of driven microparticle systems on the surface of a fluid. We anticipate that due to the interaction between particle motion and the deformation at the fluid surface, new coherent patterns will emerge, such as networks of oriented wires and various patterns with mixed magnetic order. 
 h. Relationships to Other Projects:
Theoretical support is leveraged through the Materials Theory Institute (59002) which provides funds for visiting scientists with expertise in complementary areas.  Experimental relationship of our theoretical work with vortex physics is leveraged through the Superconductivity and Magnetism Group (58906).  New programs are initiated with national grants such as MICS DOE grant on “Multiscale approach to self-organization of microtubules’’ and BES DOE grant on “Collective Dynamics, Self-Assembly, and Mixing in Active Microparticles Ensembles’’, with Prof. Ray Goldstein, Univ. Arizona, both granted in 2006.  The list of active collaborators include Wai Kwok, Valerii Vinokur,  Maksim Sapozhnikov, Alexey Snezhko, Ulrich Welp, Vitalii Vlasko-Vlasov, ANL, Yuri Tolmachev, Kent Univeristy , Lev Tsimring, D. Volfson, UCSD, Baruch Meerson, The Hebrew University of Jerusalem, Pavel Sasorov, ITEP, Moscow, Hugues Chate, CEA Saclay, France, Carolina Brito, Leonardo Brunnet, Univ. Porte Alegre, Brazil, Jeffrey Olafsen, K. Kohlstedt,  Univ of Kansas, Alexander Golovin, Gogi Singh, NWU, Eli Ben-Naim, Avner Peleg, LANL, Alex Gurevich, Univ. of Wisconsin, Madison, Raymond Goldstein and John Kessler, University of Arizona, Marco Welling, Rinke Wijngaarden, Univ. of Amsterdam, the Netherlands, Eric Clement, Florent Malloggi, Bruno Andreotti, ESPCI, France, Sergio Rica, Carlos Orellana, University of Santiago, Chile. 
i. NEPA Requirements Required: NEPA review and assessment has been completed in accordance with DOE NEPA Compliance Order 451.1B

j. Explanation of Milestone: N/A

k. Deliverables: N/A.

l. Performance Measures and Expectations: N/A

m. ES&H Considerations: Normal ES&H considerations associated with laboratory work as outlined in Argonne’s ES&H manuals will apply
 n. Human or Animal Subjects Activities: N/A

o. Security Requirements: N/A

