BUD-11A (1-05)
U. S. DEPARTMENT OF ENERGY
Page 1
FIELD WORK PROPOSAL
	1.  WORK PACKAGE NO.:
 
	1a.  WORK PROPOSAL NO.:
 
	2.  REVISION NO.:
 
	3.  DATE PREPARED
04-15-05
	3a.  CONTRACTOR NO.:
58600 

	4.  WORK PACKAGE TITLE:
 Materials Science
	4a.  WORK PROPOSAL TITLE:
 Directed Energy Interactions with Surfaces

	5.  BUDGET & REPORTING CODE:
 KC-02-03-01
	6.  WORK PROPOSAL TERM:

Begin:
End:

 
 
	7.
IS THIS WORK PACKAGE IN-

CLUDED IN THE INST. PLAN?

 FORMCHECKBOX 
  YES
 FORMCHECKBOX 
  NO
	7a.  PRINCIPAL INVESTIGATORS:
 Pellin, M. J.



	8.  HEADQUARTERS/OPERATIONS OFC PROGRAM MANAGER:
Dehmer, P. M
301-903-3081
	11.  HEADQUARTERS ORGANIZATION:

BES/Materials Science
	14.  DOE ORG. CODE:

SC

	9.  OPERATIONS OFFICE WORK PROPOSAL REVIEWER:
 
	12.  OPERATIONS OFFICE:
Chicago
	15.  DOE ORG. CODE:

CH

	10.  CONTRACTOR WORK PROPOSAL MANAGER:
Crabtree, G. W.
630-252-5509
 
 
	13.  CONTRACTOR NAME:

University of Chicago/ANL
	16.  CODE:

12

	

	17.  IS THIS PROPOSAL TO DO WORK THAT INCLUDES A SECURITY INTEREST?
	 
	YES
	X
	NO

	

	18.  WORK PROPOSAL DESCRIPTION (Approach, anticipated benefit in 200 words or less):
To check or uncheck boxes, highlight an appropriate box, copy it, and paste over existing box.
The interaction of directed energy sources such as energetic ions, electrons, and photons with surfaces provides the basis for modifying, patterning and analyzing surfaces.  This program investigates the fundamentals of these complex interactions over a wide range of conditions using several unique, world-class methods developed in our laboratory over the past several years.  These uniquely sensitive tools for trace analysis are also providing, for the first time, mass based analysis of materials with nanometer scale lengths.  The combination of understanding of desorption, ionization and analysis will in this three year period for the first time extend quantitative, mass-based elemental and molecular analysis from the submicron (semiconductor fabrication) scale to the nanoscale.  As part of this process, three-dimensional mass based analysis for a variety of nanostructured substrates with 10 nm lateral and unit monolayer depth resolution will be demonstrated.



	19.  CONTRACTOR WORK PROPOSAL MANAGER:


	20.  OPERATIONS OFFICE REVIEW OFFICIAL:


	IF YOU NEED TWO LINES FOR SIGNATURE ADD BORDERS TO TOP OF THIS AND DATE CELL
	
	04-15-05
	
	
	04-15-05

	SIGNATURE
	
	DATE
	SIGNATURE
	
	DATE

	21.  DETAIL ATTACHMENTS: (See instructions.)  Task Proposals Attached.

 FORMCHECKBOX 

a.
Facility requirements
 FORMCHECKBOX 

d.
Background
 FORMCHECKBOX 

g.
Future accomplishments
 FORMCHECKBOX 

j.
Explanation of milestones
 FORMCHECKBOX 

b.
Publications
 FORMCHECKBOX 

e.
Approach
 FORMCHECKBOX 

h.
Relationships to other projects
 FORMCHECKBOX 

k.
Human or Animal Subjects Activities

 FORMCHECKBOX 

c.
Purpose
 FORMCHECKBOX 

f.
Technical progress
 FORMCHECKBOX 

i.
Environmental assessment
 FORMCHECKBOX 

l.
Other


BUD-11B (1-05)
WORK PROPOSAL REQUIREMENTS FOR OPERATING/EQUIPMENT
Page 2
OBLIGATIONS AND COSTS
	CONTRACTOR NAME
University of Chicago/ANL
	WORK PROPOSAL NO.

	REVISION NO.

	CONTRACTOR NO.
58600
	DATE PREPARED
04-15-05

	22.
STAFFING (in staff years)
	
PRIOR
	
	
FY 2006
	
FY 2007
	
	
	 TOTAL TO

	
	
YEARS
	
FY 2005
	ESTIMATE
	
REVISED
	
 REQUEST
	 AUTHORIZED
	 
FY 2008
	FY 2009
	 COMPLETE

	a.
SCIENTIFIC


b.
OTHER DIRECT


c.
TECHNICAL SERVICES*


d.
TOTAL DIRECT

	
	1.3
0.3
0.0
1.6
	1.3
0.3
0.0
1.6

	1.3
0.3
0.0
1.6

	1.3
0.3
0.0
1.6

	
	
	
	

	23.
OBLIGATIONS AND COSTS


(in thousands)

a.
TOTAL OBLIGATIONS


b.
TOTAL COSTS

	
	540
540

	546
546

	546
546

	573
573

	
	
	
	

	24.
EQUIPMENT (in thousands)

a.
EQUIPMENT OBLIGATIONS


b.
EQUIPMENT COSTS

	
	0
0

	100
100

	100
100
	100
100

	
	
	
	

	25.  MILESTONE SCHEDULE (Tasks)
	
FY 2007 DOLLARS
	
PROPOSED
	
AUTHORIZED

	
	
PROPOSED
	
AUTHORIZED
	
SCHEDULE
	
SCHEDULE

	
	
	
	
	

	26.  REPORTING REQUIREMENTS




*Technical services staffing includes ANL support divisions' scientific effort.
	BUD-10 (1-05)
	
	

	CONTRACTOR NAME

University of Chicago/ANL
	CONTRACTOR CODE


12
	CONTRACTOR NUMBER


58600


	WORK PACKAGE NUMBER


 
	WORK PROPOSAL NUMBER


 
	DATE PREPARED

04-15-05
	REVISION NUMBER

 

	21.  DETAIL ATTACHMENTS: (See instructions.)  Task Proposals Attached.
 FORMCHECKBOX 

a.
Facility requirements
 FORMCHECKBOX 

d.
Background
 FORMCHECKBOX 

g.
Future accomplishments
 FORMCHECKBOX 

j.
Explanation of milestones
 FORMCHECKBOX 

b.
Publications
 FORMCHECKBOX 

e.
Approach
 FORMCHECKBOX 

h.
Relationships to other projects
 FORMCHECKBOX 

k.
Human or Animal Subjects Activities

 FORMCHECKBOX 

c.
Purpose
 FORMCHECKBOX 

f.
Technical progress
 FORMCHECKBOX 

i.
Environmental assessment
 FORMCHECKBOX 

l.
Other


	b.  Publications
17 publications for the period of Oct. 1, 2003 – Sept. 30, 2004
c.  Purpose
This program seeks to develop a predictive understanding of the effects of directed energy sources (ions, electrons, and photons) on the composition, structure, and material properties of surfaces and other materials whose dimensions are of atomic scale.  Tools, based on laser postionization of atoms and molecules desorbed by directed energy sources, have been developed at Argonne National Laboratory (ANL) and provide the program with uniquely sensitive methods for trace analysis of surfaces and nano-materials, and for probing particle-surface and laser-surface interactions.  In the case of nano-materials the tools developed here allow analysis of samples whose volumes are smaller by two orders of magnitude than any other instrument.  In the case of trace analysis of bulk materials, a detection limit of 10 parts per trillion has been demonstrated and methods to improve the detection limit to below 1 part per trillion are being developed.
d.  Background
The Directed Energy Interactions with Surfaces Program at Argonne National Laboratory will develop a fundamental scientific understanding of the desorption process from nanostructured substrates during the course of this proposal.  These studies will for the first time extend quantitative, mass-based elemental and molecular analysis from the submicron (semiconductor fabrication) scale to the nanoscale.  As part of this process, three-dimensional mass based analysis for a variety of nanostructured substrates with 10 nm lateral and unit monolayer depth resolution will be demonstrated.

The development of new instrumentation and the underlying fundamental science which supports these tools has been recognized as a grand challenge of the 21st century for Materials Chemistry by the National Academy “The development of new instrumentation is essential in both materials characterization and in exploring potential applications. For example, scanning probe microscopy has enabled greater understanding of materials at the nanoscale and has enabled materials of this size to become active components in functional devices.”  It has also been recognized as a key goal for Basic Energy Science (as part of the National Nanoscience Initiative) “The fourth goal of this work is the development of experimental characterization tools and theory/modeling/simulation tools. The history of science has shown that new tools drive scientific revolutions. They allow the discovery of phenomena not previously seen and the study of known phenomena at shorter time scales, at shorter distances, and with greater sensitivity.”  

Advances in mass spectrometry have often driven scientific revolutions in the past. In 2002 for instance, Fenn, Tanaka, and Wuthrich received the Nobel Prize for their development of soft desorption ionization methods for mass spectrometric analyses of biological macromolecules. The award recognized this tool’s invaluable contribution to the life science revolution.  Curl, Kroto, and Smalley use of mass spectrometry enabled their discovery of the fullerenes. Aston discovered isotopes using what was at the time high resolution mass spectrometry. Here we propose to provide the fundamental underpinnings necessary to extend microprobe mass spectrometry to the nanoscale and to use this knowledge to demonstrate the tool believing that this tool may similarly enable nanoscience.

Extending mass analysis to the nanoscale is challenging since such analyses require both sensitivity and discrimination.  The need for sensitivity arises from the small number of atoms or molecules that make up the nanoscale materials and is further limited by the desire to measure trace impurities in the object (at the nanoscale one bad atom may change performance).  In the mass spectrometric terms this requirement is quantified in the term “useful yield”, which is defined as the fraction of atoms or molecules removed from the sample that are detected.  Discrimination is required to identify the reactant of interest in a sea of bulk material.  Discrimination is difficult in this context since it must be accomplished without compromising useful yield.  An example is useful to illustrate the point.  A 10 nm cube of Si contains 50,000 atoms.  Mo present at the 10 part per million (ppm) level possesses only 5 atoms and it is unlikely that there is more than one atom of any particular isotope.  If the useful yield of a technique falls below 20%, Mo will not be detected.  If one Si atom in 10,000 is miscounted as Mo, the impurity will be obscured.

Over the past 20 years, this program has pioneered the development of Laser Postionization Secondary Neutral Mass Spectrometry (LP-SNMS).  Laser postionization secondary neutral mass spectrometry (LP SNMS) is a general name for a family of time-of-flight secondary ion mass spectrometry (TOF SIMS) variants that utilize laser postionization to sample the flux of neutral atoms and molecules leaving a surface following impingement by a pulse of either energetic primary ions or laser photons.  Since neutrals often dominate the secondary flux, LP SNMS has several significant advantages over conventional SIMS instruments that use the secondary ions component of the ejected flux.  First, the useful yield (defined as the fraction of ejected material that is counted at the detector) of such instruments can be extremely high (reported values range from 1% to 25%).  One consequence of the high useful yield is a relative insensitivity of the signal to matrix effects, sample surface chemistry, and interfacial chemical changes.  This insensitivity allows concentration estimates to be made without large calibration factors both simplifying the qualifying standards necessary and improving the accuracy and precision of the concentration estimate.  Another consequence of the high useful yield is the ability of such instruments to perform trace analyses on atom-limited samples such as surfaces and small particles or for imaging (concentration mapping) where each pixel may have lateral dimensions as small as 10 nm and depth resolutions of a single monolayer.  An additional advantage of LP SNMS instruments that employ resonance ionization spectroscopy (RIS) is the ability to unambiguously identify elemental impurities, since they test the elemental identity twice – once during the secondary neutral ionization process and again in the time of flight to the detector.  This “ask twice” capability dramatically reduces isobaric interferences without sacrificing the high useful yield intrinsic in LP SNMS and allows analysis of many challenging technical samples including naturally occurring samples, which contain a wide suite of minor and trace elements.  Finally, the high useful yield and noise immunity of LP SNMS allows for ultra-trace measurements to be performed with detection limits measured in fractions of a part per trillion (ppt).  
e.  Approach
W. F. Calaway (80%), M. J. Pellin (35%), M. R. Savina (20%) and I. V. Veryovkin (20%)

Directed energy sources (energetic ions, photons, and electrons) have played crucial roles in the analysis, patterning and modification of semiconductor materials for integrated circuit manufacture.  More recently these sources have been used to provide information about polymer surfaces and to identify macro molecules (using MALDI).  The key to the technological use of these sources was an elucidation of the fundamental underlying physics of the desorption process including depth of origin and energy partitioning much of which was determined here at ANL.  While such sources in the form of FIB workstations and lithography are already being applied on the nanoscale, key fundamental questions remain about the interaction of directed energy sources with these structured substrates.

· How do the sputtering yield, the energy partition, and the depth of origin vary with substrate particle size?  An energetic primary atomic ion (~keV) striking a solid substrate leads on average to the ejection of ~1 surface atom.  These small numbers belie an ejection mechanism that includes a complex cascade of atomic collisions in the solid that extends ~ 5nm.  Initial theoretical studies (King) suggest that as the substrate size is decreased toward cascade sized dimensions, the sputtering yield can dramatically increase.  We propose to probe highly dispersed monosized distributions of Ag particles to measure the yield of atoms and atomic clusters as a function of particle size.  Core-shell particles can be used to investigate the depth of origin as a function of particle size as well.

· Polyatomic primary ions have over the past few years demonstrated many important new (non-linear) desorption properties.  When considering three dimensional high resolution sample imaging, their small penetration depths and high desorption yields are very intriguing.  We propose to investigate key fundamental parameters for Aux+(x=2-5) primary ions, both on conventional substrates and for nanoscale particles.

· Nano-materials often contain organic, macromolecular components.  Current state of the art analyses for organic substrates requires the use of very low dose primary ions which precludes depth profiling.  At present most analyses for such samples are qualitative rather than quantitative.  Two recent discoveries suggest that this situation might be vastly improved.

· Primary ion interactions with molecular substrates lead to damage that extends into the sample deeper than the removal of material.  Thus one quickly finds that one is measuring ion altered material rather than the original sample.  Polyatomic primary ions appear to produce very high yields, but only marginally deeper damage.  If so then molecular samples may benefit from the depth profiling capability that has been crucial in the development of semiconductor materials.  Key to understanding this process is investigating the neutral, dominant fraction of the yield.

· In SIMS analyses the ionization and the desorption process are linked, with the separation of these processes comes significant benefits.  We have demonstrated in two recent studies that the photoionization of molecules can be strongly enhanced and remain fragment free.  As described in the progress report we have developed VUV photoionization methods which lead to the highest useful yields ever reported for molecules.  We also detail the use of chemical modification methods to enhance the yield of the desorbate ion in a fragment free mode.

· Laser desorption is a facile, useful desorption method with the potential to alleviate the space charge and charging problems associated with ion sputtering.  We are exploring two avenues to bring this desorption source nanoscale resolution despite the far field wavelength limitations.

· Laser desorption is a thermal process, thus the removal of atoms from the surface is exponential in the temperature of the substrate.  By carefully controlling a Gaussian profile laser pulse intensity, the temperature sufficient for desorption can be limited to a small fraction of the laser beams cross-section.  This is true both in depth and laterally.  Using the superb sensitivity of our instrument, we will be able to probe thermal regimes where only a handful of atoms are desorbed.

· Nanostructuring of the sample can be used to intensify the laser in the near field.  These effects are crucial inoptical damage, but may also be extremely useful for nanoscale analysis.

These studies are made possible by a unique LP SNMS which combines the ability to measure at extremely high sensitivity with high discrimination.  While the advance will be described in detail at the end of the progress report it is useful to describe the technique and its advantages for desorption studies as a prelude to understanding our desorption studies.  The experimental cycle begins with a desorption pulse.  This may be a laser pulse (focused to 0.5  with unique in-situ Schwarzschild optics) or an energetic primary ion pulse from a small spot metal ion gun (e.g. 5 keV Au+).  These directed energy sources induce desorption from the sample surface.  Electrons ejected in this process can be quantitatively measured on a high efficiency detector.  Alternatively, ions ejected in the process can be extracted into a high efficiency Time of Flight Mass Spectrometer.  As a second alternative the neutral fraction(usually the dominant fraction) of the desorbed component can be intercepted by a photoionization laser.  The photoionization can be broadband with VUV photons or resonantly tuned to a particular state of a particular component of the sputtered flux.  The photoions can then be extracted and detected with the TOF mass spectrometer.  This system allows us to investigate for the first time all observables of the sputtering process.
f.  Technical Progress
Progress has been made in four areas - (1)Understanding energetic ion induced desorption, (2)laser materials interactions, (3)molecular analysis and (4)trace analysis.  

1. Energetic Ion Sputtering:  Our collaboration with the Universities of Antwerp and Ghent (both in Belgium) to study sputtering with polyatomic primary ions has continued. Kinetic energies of Tan+ and Nbn+ ions (1≤n≤10) sputtered from pure Ta and Nb targets by 6 keV/atom Au-, Au2- and Au3- ions were compared after their energy spectra were recalibrated using a newly developed data processing algorithm. Most probable and mean energies were determined for each sputtered species, and their energy spectra were converted into flux distributions over inverse velocities. Strong differences in the energy spectra were observed between results for atomic and diatomic sputtered secondary ions compared to larger sputtered cluster ions (having more than seven atoms). The secondary ion flux generated by atomic and polyatomic primary ion bombardment also showed dramatic difference in emission between atomic and diatomic sputtered species that was non-additive, but almost no differences for larger sputtered clusters.  A comparison of Ta and Nb as target material, revealed many similarities and no principal differences, the only differences being attributable to the difference in mass of the two elements.

2. Laser Materials Interactions: The development of ultra-powerful lasers such as the National Ignition Facility in the US and the Laser MegaJoule in France requires that laser damage mechanisms be well understood.  These facilities generate laser intensities sufficient to damage even high quality optical materials.  We have used the same techniques, i.e. the study of ejecta and the changes that occur as pulses accumulate, to study for the first time the fundamental changes that take place in these materials prior to damage events.  Surface damage to optical components is caused mainly by the presence of sub-micron defects in the glass, such as microscopic fractures stemming from polishing, bubbles, and metal or dielectric inclusions.  We have studied the effects of nanoparticles on the damage threshold of optical materials.  Because the gold particles are small (a few nm in diameter), and embedded relatively deeply in the substrate (a few hundreds of nm), the number of atoms that absorb laser energy and are subsequently ejected from the sample is extremely low.  We have shown for the first time that although the energy deposited in the nanoparticles is insufficient to account for the observed damage (micron-size craters), the particles are nonetheless the cause of the damage.

3. Molecular Analysis: Surface bound polypeptides are difficult to measure due to their small number and to the difficulty in removing them from the surface.  Presently tagging with fluorescent or identifiable XPS species is the method of choice.  This approach can fail if the tag is attached but the underlying peptide broken.  A novel approach was employed to ionize laser desorbed polypeptides – photoionization tagging.  A protecting group used in peptide synthesis called FMOC was simply not removed before the peptide was attached to the silicon substrate.  After desorption, the 157nm laser was able to efficiently ionize this group, which then protected the molecule from fragmenting owing to its ability to localize the charge.  These phenomena were confirmed by quantum chemical calculations.  In many cases, this tag then broke off from the molecule, giving a remarkable mass spectrum with exactly the parent ion of interest predominating.
4. Trace Analysis; We have modeled, designed, constructed and demonstrated a new set of laser photoionization mass spectrometers (LPI MS)with the highest useful yield in the world. By their design, the instruments incorporate the latest methods of analysis with ion sputtering and laser desorption such as dual beam regime and energy dispersive electron imaging. Combined with built-in high resolution optical microscopes and advanced laser systems for postionization, this creates uniquely capable facilities for studies of directed energy interactions and quantitative analysis at the nanometer scale.
g.  Future Accomplishments

The proposed research has the overriding objective of developing LPI MS methods for three-dimensional analysis of samples of limited dimensions, such as nanometer-scale materials, while at the same time maintaining sensitivity for determination of trace compositions. To accomplish this goal, fundamental studies will be conducted which generate new knowledge in relevant scientific areas, namely particle-solid interactions and laser photoionization. Concurrently, this new knowledge will be used to develop and improve LPI MS techniques for small sample analysis. New discoveries generated from the fundamental studies will be incorporated into instruments and test by conducting analyses on actual nanometer-scale samples.
In order to develop a three-dimensional nanometer-scale probe based on sputtering, challenges associated with lateral and depth resolution will be studies. Of the two, monolayer depth resolution is the more demanding task, and we propose to study sputtering in this context. Lateral resolution can be achieved by purchasing and implementing the appropriate commercially available ion beam technology and will be discussed below in the context of how we plan to realize three-dimensional analyses on the nanometer-scale. The key features of sputtering that impact depth resolution are depth of origin of sputtered material and the mixing of solid material during ion bombardment. Studies of both these phenomena have been carried out at Argonne National Laboratory in the past. The key result, namely the first experiment to demonstrate that nearly all material ejected from a solid during sputtering originates from the top monolayer, was produced in our laboratory. This result is paramount, since it proved that analyses with monolayer depth resolution are possible if sputtering techniques.

We propose to study the sputtering process in new areas relevant to analysis of nanometer-scale materials by characterizing ejected material as sample size is reduced. When an ion having keV kinetic energy strikes a solid material, a linear collision cascade occurs with the kinetic energy being distributed within a small volume (of order nanometer in width and depth). The ejection of material is caused by some of this energy being reflected back to the surface. Sputtering has previously been examined in the limit where the volume of the collision cascade is much smaller than the dimensions of the solid material. However, this limiting case will no longer be valid as smaller and smaller features are fabricated and analyzed. Thus, for nanometer-scale analyses, it is important to understand sputtering when the collision cascade is restricted by the size of the sample. Various features of sputtering such as the depth of origin, the angular and energy distributions of ejected material and the partitioning of flux between neutrals and ions, atoms and molecules as well as ground and excited states may all be altered.

To realize this study, we envision fabricating arrays of nanometer-scale particles on a surface which would then be subjected to ion beam bombardment. Sputtered neutral material from these particles could then be characterized using LPI SNMS as a means of determining partial sputter yields, angular distributions and energy distributions. It has been demonstrated that arrays of Au nano-particles can be fabricated on Si wafers by (1) coating the wafer with Au, (2) etching the surface to produce a grid of Au squares and (3) heating the surface to force islanding thus creating particles. By controlling the size, shape and thickness of the Au squares, the size and spacing of the Au particles can be controlled. By characterizing the sputtering from Au nano-particle decorating a surface as a function of particle size and shape, it is possible to explore sputtering from samples where the collision cascade is confined. In a similar manner, the depth of origin of sputtered atoms can be examined. Previous measurements in our laboratory of the neutral flux sputtered from Cu monolayers on Ru single crystals were used to prove that the sputter depth of origin was one atom thick. By using atomic layer deposition (ALD), it is possible to coat one monolayer at a time nano-particles on a surface while keeping the substrate uncoated. The ratio between the flux of atoms from the coating to the flux of atoms from the underlying particle can be measured by LPI SNMS. This result as a function of coating thickness results in a data set that can be used to determine the depth of origin. In conducting these measurements, the elements chosen for substrate, nano-particle and coating will need to be carefully selected.  For example, photoionization of Au is difficult due to its high ionization potential (IP = 9.23 eV). For optimum sensitivity when conducting these measurements, an element with an IP below the photon energy of the F2 laser (7.9 eV) would be preferred.  Silver with an IP of 7.6 eV is a good choice even though it has been used less often than Au to produce nano-particle arrays. 

We also propose to study cluster ion beam bombardment as a means of enhancing the LPI SNMS technique for small sample analysis. Cluster ion beam bombardment has the advantage that more of the kinetic energy from the ion beam is deposited nearer the surface reducing ion beam mixing and increasing sputter yield. This combination is ideal for high resolution depth profiling of samples. In addition, it has additional advantage for analysis of biomolecules and other large organic species since ion beam damage (fragmentation) is reduced. Recently a liquid metal ion source capable of producing a Au cluster ion beam has been purchased and installed in one of our SNMS instruments. The ion beam spot size is specified by the manufacturer to be 50 nm with mass filtering capability so that clusters up to Au5 can be selected There are studies (mostly of secondary ions) that indicate sputter yields and cluster yields as well as velocity and angular distributions change with cluster size in a non-additive fashion. Such changes impact the quantification of LPI SNMS and will be examined. As can be imagined, there is a trade off between cluster size, ion beam current and sputter yield that needs to be examined in order identify the optimum use of cluster beams for nanometer-scale analysis, particularly if compositional images is the desired result.

Analysis of biomaterials at the nanoscale will require further development of our techniques, particularly laser desorption and VUV ionization.  Reducing the desorption laser spot size to near the optical limit of the instrument (~0.5µm) will allow analysis of individual array elements on biochips.  Smaller features (50nm) can be studied with a cluster ion beam probe.  Imaging by rastering the desorption laser will also be necessary for wider applicability of trace mass spectrometry to the analysis of soft materials.
A crucial part of this development is an improved understanding of excitation in desorbed molecules, and how it can lead to fragmentation, especially upon subsequent photoionization with a VUV laser pulse.  
Studies of an archetypical set of molecules is proposed, including a small inorganic molecule (cisplatin), a larger organic dye molecule (coumarin 500), a dipeptide (ala-cys), and a polypeptide.  By varying the irradiance of the desorption laser above the threshold, it is expected that a higher population of hot molecules can be formed.  The degree to which this influences the ultimate photoionization and dissociation of each molecule should help inform strategies for efficient desorption for analysis.  For example, even though higher fluence may lead to a larger fraction of dissociated species, it is possible that the overall fraction of analyte desorbed is sufficiently higher to provide a lower detection limit.  Alternatively, it may be best to remain just at the threshold for desorption, to minimize chemical noise.

Two further degrees of freedom are available to study this set of molecules: photoionization laser fluence and wavelength.  Increased fluence of the second laser will have the effect of driving higher order (e.g. two and three-photon) processes, which can be non-negligible given the high density of states of many species in the 7-20eV energy range.  Normally these processes will lead to strongly increased fragmentation, given that the excess energies are much higher than the bond energies involved.   Power studies can be readily done by varying the fluence of the photoionization laser.  The relationship of a particular parent or fragment ion with laser power then indicates the order of the underlying process leading to its formation.  Single photon processes will have first order dependence on power, but will saturate as the fraction of ionizable molecules approaches unity.  The SPI signal will then decline at a point where alternate pathways begin to dominate. 

In response to one of the Grand Challenges for Research and Development identified by the National Nanotechnology Initiative, namely the Challenge #4 - Nanoscale Instrumentation, and Metrology [http://www.nano.gov/html/research/nnigc.html], we propose to develop methods for characterization of nanometer-scale materials by advanced laser postionization mass spectrometry of secondary neutrals (LPI SNMS). This work will permit us to take advantage of the strengths of its parent analytical technique, Secondary Ion Mass Spectrometry (SIMS), while overcoming its severe limitations in sensitivity and quantification in nanoscale applications.

Let us estimate detection limits feasible for a three-dimensional nanometer scale static analysis of atomic and molecular species with our new LPI-SNMS instruments using LMIG probes. Consider a cube 100×100×100 nm3 of a nanostructured material. For molecular analysis in static mode, the dose of 10-2 ions/nm2 will be allowed. This is equal to 100 primary ions incident on the cube top surface 100×100 nm2. For atomic projectiles, an estimated sputtering yield of molecular species of unity and the next layer non-damaged layer available for analysis lies about 10 nm below the surface. Complete consumption of the cube will yield in this case 1000 secondary molecular neutrals.  Our new LPI-SNMS instruments with their useful yields of 20% can detect 200 ions out this one thousand. If one of these ions is contaminant then it corresponds to the detection limit of 0.005, i.e. impurities with concentrations of 0.5% would be detectable. This parameter can be significantly improved if polyatomic primary ions are used in the LMIG probe instead of atomic ones. For example, 30 keV Au3+ ions would have about  three times shorter ion ranges in solids than 30 keV Ga+ ions. This brings the next non-damaged layer closer to the top and roughly triples the total number of “slices” that can be analyzed in the cub: 30 instead of 10. Moreover, due to non-linear enhancements of yields of sputtered molecular species under polyatomic ion bombardment, the number of secondaries from one such slice will increase, by a conservative estimate, with a factor of 10. Thus, the total number of secondary molecular neutrals sputtered by 100 cluster ions from the analyzed cube will be 3×105 with 6×104 ions detectable in our instruments. This corresponds to detection limits for molecular species of <17 parts per million (ppm). Even better detection limits are feasible for atomic species. Based on estimates for silicon (surface concentration of atoms ~5×1014 atoms/cm2) and the assumption that consuming about 30% of the top layer can produce results non-altered by ion mixing and exposing the layer beneath to the ion probe, one can estimate the total numbers of secondary atomic neutrals sputtered from the 100×100×100 nm3 cube as 5×105 for atomic projectiles and 15×105 for polyatomic ones. In these cases, our instruments would have detection limits of 10 ppm and ~3 ppm respectively. We intend to demonstrate these limits during the course of this project.
h. Relationships to Other Projects
This program has major collaborations with (1) other ANL programs in the Energy Systems and Technology Development Divisions as well as at the Advanced Photon Source; (2) other DOE programs at Lawrence Livermore National Laboratory, Los Alamos National Laboratory and Oak Ridge National Laboratory; (3) other federal laboratories at NASA’s Johnson Space Center and the Jet Propulsion Laboratory; (4) university programs in the U.S. at California Institute of Technology, University of Chicago, Northwestern University, University of Illinois – Chicago, Loyola University – Chicago, Clemson University, and Washington University (St. Louis); (5) university and academia programs around the world at Universität Essen (Germany), University of Newcastle (Australia), Australian National University (Australia), Technische Universität Wien (Austria), University of Antwerp (Belgium), University of Ghent (Belgium), Institute of Earth Sciences (Academia Sinica, Taiwan); Universität Kaiserslautern (Germany) , Universitá de Torino (Italy), Hebrew University of Jerusalem (Israel), Cambridge University (United Kingdom), Warwick University (United Kingdom) and (6) Commissariat a l'Energie Atomique (France).

	


