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Proposed Research:  Advancing Structural Composites: development of analytical tools for accelerated acceptance of advanced composites
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Research
Metamaterials and metafilms offer the possibility of controlling the propagation of electromagnetic energy.  Carefully designed and constructed metamaterial structures are potentially applicable in a wide range of applications including superlenses for high-gain antennas and high-frequency battlefield communication devices. Metafilms find application in the enhancement of light-trapping in solar cells. 

During the period of the Palmer Challenge Grant, we will develop proposals in several key thrust areas that include, but are not limited to, the following.
Thrust Area 1 – Low Loss Double Negative Metamaterials
Present realizations of metamaterials for the manipulation of electromagnetic radiation typically employ periodic arrays of metallic elements that result in highly anisotropic and lossy systems, characteristics  that limit their performance in practical applications.  In order to realize particular refractive index values of dielectric metamaterials at particular frequencies, the experimental development of the nanostructures will be guided by theoretical analyses of traveling waves in the proposed media.  The analytical approach developed by Robert Shore and Arthur Yaghjian (SY) [1,2] will be hybridized with numerical approaches to investigate traveling wave behavior on various promising candidate structures, including the diamond lattice, and for particle shapes that are easily fabricated, such as cubes, cylinders or spheres. According to theoretical design, high-dielectric nanoparticles will be fabricated by Drs. Paul Clem (Sandia) and Xiaoli Tan (MSE, ISU).  Candidate methods for assembly include electrostatic self-assembly by contact electrification [3], micromechanical manipulation and interparticle laser welding assembly [4], and the use of block-copolymers in collaboration with Dr. Zhiqun Lin (Georgia Tech.), depending on the target frequency and particle size.
Thrust Area 2 – Metafilms for Enhanced Light Trapping in Solar Cells

Light-trapping in thin-film solar cells can be enhanced by coating the surface of the cell with metafilms that may, for example, consist of periodic, quasi-periodic or random arrangements of nanoparticles [5]. Further, transmission resonances exist in metallic metafilms containing apertures arranged non-periodically, but exhibiting some long-range order [6]. The purpose of this proposed research is to bring together these two interesting phenomena and seek non-periodic arrangements of particles, or apertures, in a metafilm that will significantly enhance photon absorption in thin-film solar cells, beyond that demonstrated for films consisting of randomly-arranged particles.
Thrust Area 3 – Quantum Metaphotonics

Theoretical exploration of novel resonating structures in the near-infrared will be conducted, coupled with experimental realizations of promising structures.  Infrared imaging enables night vision systems, of much interest for the DoD. We will design and simulate periodically textured structures that alter the reflective and emissive signature of surfaces at infrared wavelengths. Thus objects coated with such structures can have their emissive signatures suppressed or even camouflaged. Secondly, infrared dielectric-metal structures have strong surface plasmon resonances. When combined with suitable gain material, such structures can exhibit lasing at infrared wavelengths, a much sought-after goal.
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The Case for the Research
Dielectric metamaterials offer a pathway to a revolutionary transformation in telecommunications and sub-wavelength focusing by avoiding detrimental losses associated with materials employing conductive elements. Improvements in versatility and robustness while reducing size and weight of future military communications devices is an anticipated consequence of these improvements.  The development of non-periodic metafilms is of immediate interest in improving energy harvesting in solar cells. The development of designed periodic photonic-plasmonic structures has much interest in infrared imaging and infrared lasing applications.
Plan for Proposals and Long-Term Sustainability of the Research
Potential funding sources

The following four calls are a subset of the potential funding sources for this research and are chosen to demonstrate the high level of interest from funding agencies, presently, in such research.  
· AFRL BAA Applied Metamaterials program (see box page 1).
· MURI Topic 7 (ARO) Novel nanostructures for the controlled propagation of electromagnetic energy.
· MURI Topic 13 (AFOSR) Quantum Metaphotonics/Metamaterials
· MURI Topic 14 (AFOSR) High power, low-loss artificial materials for transformational electromagnetics.
During the one-year period of the Palmer Challenge Grant, we plan to submit several large (0.75 to 1M$) collaborative grant proposals in order to build a strong position for future MURI funding of greater than 3 M$.  We will solicit advice from Raj Aggarwal regularly during this process.
Collaborators
In addition to the investigators named on this proposal, a number of collaborators have been identified who bring expertise necessary for some of the planned research thrusts.  These will be engaged as co-investigators on project proposals as appropriate.
· Dr. Zhiqun Lin (Georgia Institute of Technology) is an expert in nanoparticle synthesis and self-assembly.
· Dr. Paul Clem (Sandia National Laboratory) has expertise in high-purity dielectric macroparticles fabrication and in metamaterials characterization.

· Dr. Xiaoli Tan (MSE, ISU) has expertise in multiferroic ceramics synthesis and characterization.

· Dr. Robert A. Shore (AFRL Hanscome) has been responsible for developing theoretical descriptions of exotic electromagnetic phenomena associated with metamaterials.

· Prof. Costas Soukoulis is one of the most well-known researchers in the field of metamaterials.  The team plans to meet with him to solicit advice, technical input and explore the possibility of collaboration, as his schedule permits.

Qualifications of the Investigators for the Proposed Research
Nicola Bowler (PI) is a Senior Member of the Institute of Electrical and Electronic Engineers (IEEE) with 20 years of experience in applications of electromagnetism for materials characterization and design.  She is author and co-author of 46 peer-reviewed journal articles and a book chapter entitled “Negative Refractive Index Composite Metamaterials for Microwave Technology”, and is PI of research projects funded by AFRL (FA8650-04-C-5228, Eric Lindgren) and NASA (NNX07AU54A, Elliott Cramer), among others.  Rana Biswas is a fellow of the APS and is an expert in calculations of the properties of bulk materials and surfaces, thin-film semiconductors and electronic materials, photonic crystals, subwavelength arrays, electromagnetic simulations, sensors and atomistic modeling of microelectronic processes. John Bowler is a Senior Member of IEEE with 25 years of experience in applied electromagnetism.  He is author and co-author of 44 peer-reviewed journal articles and is PI of research projects funded by AFRL (FA8650-04-C-5228, Eric Lindgren) and an NSF IUCRC. He was a leading member of three projects under The Technical Cooperation Panel (TTCP) which facilitates defense-related international research collaborations between five nations including the US, for which he received three achievement awards.  Jiming Song (Co-PI) is a senior member of the IEEE with 20 years’ experience developing and implementing fast and efficient algorithms in modeling and simulations of electromagnetic wave propagation, scattering, and radiation.  He was selected as an AFOSR Summer Faculty Fellow in 2004 and 2005 (Electromagnetics Division, AFRL, Hanscom AFB, Hans Steyskal).
Relevance of the Proposed Research
This proposed research falls within the scope of the ECpE strategic research thrusts ‘Small Scale Technologies’ and ‘Energy Infrastructure’ due to its relevance to the next generation of telecommunications devices – more compact, lighter weight, and more powerful devices and to potential improvements in solar cell technology, respectively.
Budget Justification
Personnel: Half-month salary for each investigator.  Partial support for a graduate assistant for one semester: $30,371.  Materials and supplies: For the purpose of obtaining preliminary data: $5,000.  Grant-writing assistance: $5,000. Travel: visits to potential funding managers at agencies such as AFRL, ARO and DOE; visits to potential collaborators for MURI or other collaborative proposals; attendance of strategic meetings in the field.  8 trips total: $10,000.  TOTAL requested:
$50,371
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	annual salary
	monthly
	with benefits
	months
	total
	notes
	
	
	
	
	
	

	Nicola Bowler
	93,043
	10,338 
	13,336 
	0.5
	6,668 
	benefit rate 29%
	
	
	
	
	

	Rana Biswas
	100,717
	8,393 
	11,440 
	0.5
	5,720 
	benefit rate 36.3%
	
	
	
	
	

	John Bowler
	116,927
	12,992 
	16,760 
	0.5
	8,380 
	benefit rate 29%
	
	
	
	
	

	Jiming Song
	104,652
	11,628 
	15,000 
	0.5
	7,500 
	benefit rate 29%
	
	
	
	
	

	Graduate assistant
	1,650 
	 1,869 
	1.125
	2,103 
	1/4 assistantship
	
	
	
	
	

	Subtotal
	
	
	
	
	         30,371 
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	Materials and supplies
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	5,000
	
	
	
	
	
	
	

	Trips
	8
	1,250
	
	
	10,000
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Summary: Composite materials offer marvelous possibilities for performance enhancement in terms of increased strength, reduced weight, multifunctional behavior, corrosion resistance etc., and are being developed for aviation, ground transportation, and oil/gas pipeline structures, among others.  The flip side of the broad performance capability of these materials is, however, their complexity.  The inherent complexity of polymer-matrix structural composite materials has led to lengthy periods of time (~20 years!) from invention and proof-of-concept to certification for service.  The research to be proposed under this initiative will develop tools for certification of structural composites by analysis – validated nondestructive evaluation methods for determining material parameters at the point of manufacture and in-service.  Iowa State University’s unique strengths in engineering mechanics and nondestructive evaluation will be combined to pursue this goal.








