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| ntroduction

Each year, Brookhaven National Laboratory (BNL) is required to provide a program description
and overview of its Laboratory Directed Research and Development Program (LDRD) to the
Department of Energy in accordance with DOE Order 413.2B dated April 19, 2006. This report
provides a detailed look at the scientific and technical activities for each of the LDRD projects
funded by BNL in FY2009, as required. In FY2009, the BNL LDRD Program funded 57
projects, 6 of which were new starts, at a total cost of $11,671,567. Approximately 25% of the
total funds was invested in a focused FY2009 LDRD call for proposals, and the remaining ~75%
was awarded to openly competed LDRD projects.

The investments that BNL makes in its LDRD program largely support the Laboratory’s
strategic goals as outlined in the BNL Laboratory Plan. BNL has five Laboratory Initiatives,
Photon Sciences, QCD Matter, Energy, Physics of the Universe, and Bio/Climate and
Environmental Sciences. These major initiatives support the growth and evolution of the major
business lines (i.e. mission areas) of the Laboratory. In addition, there are three smaller
initiatives that support growth and program development in targeted areas, i.e. Biological
Imaging, Computation, and Detectors for National Security. Approximately 88% of BNL LDRD
funds supported one of the major or targeted initiatives. Of this, about 58% supported the five
major initiatives and about 30% supported the smaller initiatives. About 12% was invested in
other innovative research and development activities. In total, these LDRD investments
supported 105 postdoctoral researchers and graduates students in whole or in part. In FY2009,
new LDRD investments (5 of the 6 new projects started) largely supported the BNL initiative in
Energy; $3.465M supported projects started in FY2009, of which $2.974M funded the focused
call for proposals in Energy R&D (see Figure 1, below).

This Project Activities Report represents the future of BNL science; it is an impressive body of
exploratory work that investigates many scientific and technical directions in support of the DOE
and BNL Missions. We hope that you enjoy it.

FY2009 LDRD Project Investments in BNL Scientific Initiative
Areas

H Bio/Climate & Environmental
Science

H Biological Imaging

i Computation

H Detectors for National Security

H Energy

i Other

i Photon Sciences

i Physics of the Universe

L QCD Matter

Figure 1. FY2009 BNL LDRD Spending by Initiative
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QCD Thermodynamics at Non-Zero Temperature and Density
LDRD Project 07-001
Frithjof Karsch

PURPOSE:

The objective of the project is to improve our understanding of the QCD phase diagram through
a systematic study of phase transitions in an extended parameter space defined by the quark
mass, the temperature and the baryon chemical potential. The aim is to enhance control over the
baryon density or chemical potential dependence of the QCD transition and improve current
studies of the chiral critical point in the QCD phase diagram. The project provides important
input to the preparation of experimental programs (low energy runs at RHIC and the CBM
experiment at FAIR) that aim at a study of QCD at high baryon number density.

APPROACH:

It is expected that the QCD phase diagram changes qualitatively when going from vanishing
baryon chemical potential to values of the order of a few hundred MeV. Model calculations
suggest that a line of first order phase transitions emerges at non-zero baryon chemical potential
starting at a critical point (2" order phase transition point). Similarly the transition changes from
a continuous crossover to a first order phase transition when the quark mass is reduced to
sufficiently small values. We use Taylor expansion techniques to analyze the phase diagram of
QCD and study the connection between transitions that exist at small quark masses and those
conjectured to exist at non-zero quark chemical potential. For this purpose we developed a
program that automatizes the calculation of higher order Taylor expansion coefficients. This
allows us to perform calculations at higher orders in the expansion and will improve our
knowledge of finite density QCD considerably.

The numerical calculations are performed in the context of studies of QCD Thermodynamics
performed by the RIKEN/BNL-Bielefeld-Columbia Collaboration on the QCDOC and BG/L
computers at BNL as well as on the apeNEXT computer at Bielefeld University, Germany. The
collaboration involves about 15 members from Bielefeld University (Prof. E. Laermann et al.),
Columbia University (Prof. N.H. Christ, Prof. R.D. Mawhinney, M. Cheng), the GSI-Darmstadt,
Germany, where former members of our group (C. Schmidt, W. Soeldner) are now based, and
our BNL based Lattice Group. S. Ejiri also participates in the WHOT collaboration, which
performs studies of finite temperature and density QCD with so-called Wilson fermions.

TECHNICAL PROGRESSAND RESULTS:

During most of FY2009 we completed our analysis of the influence of light Goldstone modes on
the thermodynamics in the chiral limit. This led to a new analysis of scaling properties of the
chiral phase transition as it is expressed in terms of the so-called magnetic equation of state. In
this calculation we managed to reduce systematic errors significantly compared to earlier
calculations. We continued to combine this study with our Taylor expansion calculations in
order to extract the dependence of the chiral phase transition line on the baryon chemical
potential. This will lead to a determination of the leading, quadratic curvature term that
characterizes the shape of the transition line in the chiral limit.



The structure of the Taylor expansion coefficients has been used to suggest experimentally
accessible observables (higher moments of conserved charges) that allow to detect the transition
from hadronic matter to the quark gluon plasma phase.

Most of our numerical studies have been performed with improved staggered fermions.
However, some studies also have been performed with improved Wilson fermions. First studies
have also been performed within domain wall fermions. This will in the future allow us to get
better control over the influence of chiral symmetry restoration on the deconfining properties of
the QCD phase transition.

SPECIFIC ACCOMPLISHMENTS:

This project resulted in three publications that appeared in Physical Review D and Physical
Review letters, and one publication submitted to Physical Review D. They present new results
on the structure of the QCD phase diagram, universal aspects of the QCD phase transition and
the fluctuation of conserved charges at the phase boundaries. These results have been reported at
several conferences, including this year’s lattice conference and the Quark Matter conference.
They are published or are going to be published in 6 conference reports.



L attice QCD Simulations on BlueGene/L
LDRD Project 07-002
Frithjof Karsch

PURPOSE:

The objective of the project is to build up a computational environment with highly optimized
programs and libraries that allows us to perform efficient QCD thermodynamics simulations on
BG/L computers. This requires us to port the Columbia Physics System (CPS) software package,
which forms the basis for the comfortable computing environment used on the RIKEN/BNL and
DOE owned QCDOC computers, also to BlueGene/L. CPS will be used to run QCD
thermodynamics projects efficiently on BlueGene/L.

APPROACH:

The BlueGene/L architecture has many features in common with the QCDOC computers
installed at BNL. The basic parallel computing paradigm thus can easily be mapped onto the
BlueGene/L machines. However, on QCDOC central parts of the computing programs have
been coded in Assembler to reach satisfactory efficiency. These parts of lattice QCD programs
require an individual treatment on different computer architectures and need to be ported to
BlueGene/L. Moreover, recent advances in lattice simulation and integration schemes (RHMC
algorithm, Omelyan integration, quotient force terms) as well as the development of refined
fermion discretization schemes with improved flavor symmetry (stout action, domain wall
fermions) require the development of new programs. These have to be optimized for new
computers such as BlueGene/L and have to be integrated into a common library environment; the
CPS software package will be used by our BNL based Lattice Group in joint research projects
with the lattice group at Columbia University as well as research groups at LLNL and LANL.

TECHNICAL PROGRESSAND RESULTS:
During 2008 and 2009 we have used our software which has been developed for projects on
BlueGene/L and P computers in large scale projects on QCD thermodynamics.

The QCD thermodynamics project on BlueGene/L computers is to a large extent part of the
so-called hot QCD Collaboration, a consortium of lattice gauge theory groups in the US. The
goal of this collaboration is to extend existing studies of QCD thermodynamics by performing
simulations with parameters that are even closer to the continuum limit. This will improve
control over systematic errors in the continuum extrapolation and will improve results obtained
for the QCD equation of state and transition temperature. Apart from this we performed
calculations of the equation of state with physical values of the light quark masses and a physical
value of the strange quark mass. These projects are part of the RBC-Bielefeld research project,
which also uses computing resources on the BNL QCDOC computers and the apeNEXT
computer in Bielefeld. We started to optimize our programs for the use on even larger lattices of
size that allow calculations with smaller discretization errors. For this project our group received
dedicated computational resources during the test phase of a new, 1 Petaflops, BlueGene/P
installation at the John von Neumann Centre in Juelich, Germany. A large fraction of this
resource could be used for three months in 2009 (July-September). Following this initial phase
all data have been transferred to Brookhaven and the project been continued on the BlueGene/L
of the New York Center for Computational Sciences at BNL.



SPECIFIC ACCOMPLISHMENTS:

This project resulted in 4 publications that will or have already been published in Physical
Review D and Nuclear Physics A. Results of this project have been reported at several
conferences, including Quark Matter 2009 in Knoxville, Tennessee, and the Lattice conference in
Beijing, China. These results are published or are going to be published in 7 conference reports.



Proof-of-Principle Laser System for ILC Positron Source
LDRD Project 07-004
Igor Pogor el sky

PURPOSE:

Inverse Compton scattering between counter-propagating laser- and electron-beams is one of the
prime candidates for generating intense j~rays for diverse applications, including polarized
positron- and muon sources for lepton-lepton colliders. Production of a high-current positron
beam requires a multi-kHz picosecond laser of multi-kW average power that is far beyond
present-day industry capabilities. We propose to circumvent this constraint by capitalizing on the
fact that the bulk of the Compton j+ray energy is consumed from the electron beam, while the
attenuation of the laser is negligible. This provides the possibility to “recycle” laser energy for
multiple Compton interactions thus relaxing the laser requirements. The goal of this project isto
demonstrate the feasibility of this approach and thus its potential toward applications for future
colliders and laser synchrotron light sources for multi-disciplinary needs.

APPROACH:

A precursor to this project was the ATF Compton scattering experiment. Using a mid-IR
picosecond CO, gas laser that produces 10 times more photons per Joule of laser energy than
shorter-wavelength solid-state lasers, we demonstrated a record-high x-ray yield that meets the
ILC requirements for a single laser/e-beam interaction. Notably, contemporary lasers are not
powerful enough to maintain the required high x-ray flux at a high multi-kHz repetition rate. The
essence of the proposed approach is to increase the repetition rate of the j~ray source (up to 100
times!) above the laser repetition rate limit by placing the laser/e-beam interaction point (IP)
inside a regenerative laser ring cavity asisillustrated in Fig.1. This alows multiple laser/e-beam
interactions on every laser shot. A laser amplifier placed inside the cavity will compensate for
round-trip optical losses in a circulating laser pulse. At the same time, due to the restricted CO,
gas laser amplifier bandwidth, the circulating pulse becomes distorted and aggravates the laser/e-
beam interaction efficiency. To overcome this problem we proposed and implemented a novel
isotopically enriched CO, gas mixture that allows for the amplification of a picosecond laser
pulse without distortion.

Development, simulation and experimental testing of such a regenerative CO, laser cavity
constitute the main part of this project. Along with Igor Pogorelsky (PI, Scientist), other leading
contributors to this project are Vitaly Yakimenko (Scientist, Head of the ATF) and Mikhail
Polyanskiy (Post-Doctoral Research Associate).

TECHNICAL PROGRESS AND RESULTS:
In the course of the project, several important milestones have been accomplished:
e Experimental demonstration of the possibility of incorporating the Compton optical setup
(apair of confocal, off-axis parabolic mirrors with a hole for transmitting the e-beam and
J-rays) into a regenerative laser cavity and circulating a train of picosecond laser pulses
through such a Compton IP,
e Development and testing of the method of injecting a picosecond laser pulse into the
amplifier cavity using an optically controlled semiconductor switch;
e Development of a comprehensive computer model of aregenerative picosecond CO; laser
amplifier;



e Demonstrated by simulations how CO; isotopes improve the time structure of laser pulses

circulating in a Compton cavity;

e Installed an isotope-recovery cryogenic gas handling system;
e Experimental demonstration of a picosecond laser pulse amplification in the multi-

isotope CO, amplifier.

Fig. 2 and 3 illustrate the last two milestones accomplished during the 3 year of the project. We
developed and installed a cryogenic gas manifold that allows freezing out and reusing expensive
isotopic gas components when the laser amplifier needs to be refilled or opened for maintenance.
We subsequently demonstrated that the laser operating with the isotopic mixture
col® :coto!®: cold does not distort the pulse asis shown in Fig.3 (f).

This LDRD project culminated with a White Paper “High-flux Inverse Compton Scattering for
Applications in High-Energy Physics, Medicine, Industry and National Security” which has been
submitted to the DOE Panel on Accelerators for America's Future.
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Sensitive Sear ches for CP-violation in Hadronic Systems
LDRD Project 07-005
Yannis Semertzidis

PURPOSE:

For the purpose of a high precision storage ring electric dipole moment (EDM) experiment we
had to develop a hadronic polarimeter with the following characteristics: 1) Have high efficiency
(¢) and high analyzing power (A), with the product exA? being the relevant statistical quantity
a.k.a. figure of merit (FOM). 2) Have a low systematic error. As the level of the EDM signal is
at the parts per million (ppm) and therefore the systematic error needs to be below that. Precision
measurements such as the EMD experiment are sensitive to systematic errors which can easily
mask the signal we wish to observe.

APPROACH:

The proposed experiment would utilize counter-rotating longitudinally polarized proton beams
simultaneously stored in a dedicated ring with purely electrostatic bending. The electric field
strength and ring bending radius would be chosen to select a “magic” energy which would cancel
horizontal beam spin precession with respect to the momentum vector associated with the
proton’s anomalous magnetic moment. In these experiments, we seek to demonstrate that by this
approach, it is possible to control systematic errors at the level necessary.

The project team works in collaboration with an internationally renowned team of researchers.
Most of the experimental work was done using polarized beams stored at COSY
(Julich/Germany). Our collaborations include Edward Stephenson from IUCF, a world-renowned
expert in this field, and Professor Gerco Onderwater from KVI/The Netherlands. We hired Dr.
Astrid Imig using LDRD funds, and other BNL researchers include William Morse, Donald
Lazarus, Vasily Dzhordzhadze and Yannis Semertzidis. We utilized numerous runs at the COSY
facility to investigate several different ways of probing the polarization state of the stored beam.
The COSY ring and the EDDA detector modified to serve as a polarimeter is shown in Figure 1.
Results with the uncorrected and corrected data are shown in Figure 2. The corrected data for
rate and geometry effects are shown to be consistent with zero placing a very strict limit on the
systematic errors.

TECHNICAL PROGRESSAND RESULTS:

We have concluded that by far the best way is to use nuclear elastic scattering off solid carbon
target. The target is the limiting aperture in the ring and we extract the beam by driving slowly on
it using various methods, one of which (proven to be the best so far) by adding white noise in the
vertical phase space of the beam. The status of this project and the technical progress was
reviewed at BNL for Dec 7 & 8, 2009 (see https://www.bnl.gov/edm/review/). The intense
testing plan put together by the polarimeter team worked extremely well. The results of the runs
showed that the polarimeter systematic errors are <0.1 ppm, much below the sensitivity of the
experiment. The results of this test are currently written up for publication. The committee
report (see https://www.bnl.gov/edm/review/files/pdf/pEDM_Review Report _sv_123009.pdf)
was positive about this polarimeter work, and recognized the results to date as being important
start toward the development of a high precision storage-ring electric dipole experiment, though
much work remains to be done.
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Feasibility and Design Studiesfor a Detector for et+p, etA, p+p, p+A, and

A+A Collisonsat BNL
LDRD Project 07-006
Thomas Ullrich

PURPOSE:

A future Electron-lon Collider (EIC) embodies the vision of the field of High Energy Nuclear
Physics for reaching the next QCD frontier: the study of gluons which bind all atomic nuclei.
Such a facility, which provides high-luminosity collisions at center-of-mass energies from 30-
100 GeV with polarized electron and nuclear beams may be sited at either BNL or JLAB.

The aim of this LDRD project was two-fold. One goal was to strengthen the physics case for a
future EIC, by conducting studies to demonstrate the feasibility of a broad range of measure-
ments with high physics impact. From these studies, requirements on the machine (beam ener-
gies and luminosities) and on detector design will be evolved.

The second goal was to translate these requirements into a design for a realistic EIC detector
concept (acceptance and particle identification capabilities). To achieve this, physics simulations
were performed to optimize the design. The case of e+A physics is especially challenging in a
collider environment, as the experimental layout must allow for the detection and reconstruction
of the scattered low-energy electron.

The outcome of this LDRD was to provide a first rough detector design that would serve as the
baseline for further studies within the official EIC Task Force at BNL that was formed in spring
2009.

APPROACH:

The physics aspects at an EIC (especially eA) are sufficiently different from those of existing
facilities that detector concepts and approaches have to be developed almost from scratch. There-
fore, the generation of simulated e+p and e+A collisions is essential. By using existing e+p gene-
rators at EIC energies we were able to make progress in understanding the basic detector re-
quirements. Now that this has been accomplished, we will, in the near future, modify these gene-
rators to also work for e+A collisions.

TECHNICAL PROGRESSAND RESULTS:

In the past year, a large step forward has been taken in this project with the setting up of the EIC
Task force at BNL. Working with colleagues from the EIC Task Force, we have developed a
framework in which to run multiple e+p generators (PEPSI, RAPGAP and PYTHIA) in both DIS
and diffractive mode and with/without radiative corrections as appropriate. The output from
these simulations is stored in a common format, thus simplifying the interface to the detector si-
mulation package. This code and the referring detailed documentation are available on the web
for any member of the EIC collaboration to use.

We used the above mentioned physics generators to study various key measurements of the EIC
program and examined in great detail the phase space (spatial and momentum) dependence of the
produced particles thus defining the requirements for an EIC detector. During the summer of
2009, we mentored 3 undergraduate students from Stony Brook on the SULI scheme who joined
the effort. Working in collaboration with the C-AD department, who are designing the interac-
tion region to our requirements (as shown in Fig. 1); we were able to come up with a detector
design that encompasses the majority of the most important physics. This concept was imple-
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mented in a GEANT3 framework called ESIM. It allows to optimize the various detector com-
ponents and study their response to various physics measurements.

The backbone of each detector concept is the design of the magnetic field. We have settled on a
solenoidal field in the central detector which is complemented by strong dipole fields in the for-
ward/backward region, thus allowing us to detect scattered electrons to angles as low as 1° off of
the beam axis. The detector has almost 4m elec-
tromagnetic calorimeter coverage augmented by
hadronic calorimetry, especially in the central re-
gion. High precision tracking and particle identifi-
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Ez}%_l_; cation out to 4-5 GeV/c are considered necessary
§ RN S to conduct the key measurements. Figure 2 shows
8§ I AR a rendering of this detector with tracks from a
2 PYTHIA event: The track going to the upper right
A ,, aE - is the outgoing proton interacting with the hadron-
"E J: g 5e7 ic calorimeter creating a shower of particles. The

om0 track going to the bottom left is the outgoing elec-
s [meter] tron, interacting in the electromagnetic calorime-
ter, creating a shower of particles.
Fig 1. The IR region being proposed for eRHIC,
showing the detector, beampipes and radiation. Within the created framework one is now able to
easily modify the various components and the
magnetic field to further optimize performance
and cost.

One of the important measurements to make is that of diffractive collisions, which gives us the
best handle on the measurement of the gluon distribution. However, due to their nature, they are
difficult to detect as either they produce a vector meson with the ion going down the beamline, or
they produce a number of particles with a gap in rapidity-space between the ion and the particles.
We evaluated the trade-off between identification efficiency of diffractive events and their puri-
ty, i.e., the level of contamination with non-diffractive
background events. Studies using the RAPGAP and
PYTHIA event generators show that a hermetic detector
to fully characterize the event, with specific emphasis
on the forward region is absolutely mandatory, although
the requirements on momentum resolution and PID in
the forward region are moderate (for these kind of
events).

Recent work has focused on a low-energy electron op-
tion for EIC at BNL (MeRHIC). Studies are underway
to see how the changed event kinematics due to the
lower electron beam energy impact the current detector
design. At the same time how the reduced center-of-
Fig 2. A GEANT3 model of a possible mass energy affects the sensitivity to various key mea-

detector for eRHIC with particle tracks surements is also being investigated in detail
generated from PYTHIA. g g -
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A Novel and Compact Muon Telescope Detector for QCD Lab
LDRD Project 07-007
Zhangbu Xu

PURPOSE:

We propose R&D on a large-area and cost-effective muon telescope detector (MTD) for RHIC
and for next generation detectors at a future QCD Lab from the state-of-the-art multi-gap
resistive plate chamber (MRPC) with large module and long strips. Conventional muon detectors
rely heavily on tracking stations while this new R&D project proposes to use good timing and
coarse spatial resolutions to identify muons with momentum of a few GeV/c. This R&D project
focuses on studying the capability of muon identification based on timing resolution from the
MRPC detector with large module, long strips and fast electronics for online trigger. We have
carried out a timing resolution study at the FermilLab test beam facility (T963) and in the
prototype in the real environment at STAR in Au+Au , p+p and d+Au collisions in year 2007-
2008. We installed a new prototype equipped with the Time of Flight (TOF) electronics for p+p
and Au+Au collisions at RHIC in run 2008-2010. This allows us to assess the detector time
resolution and its trigger and particle identification capability. A large-area muon detector around
center of mass at RHIC will be crucial for advancing our knowledge of the Quark-Gluon Plasma
(QGP). It directly addresses many of the open questions and long-term goals proposed in 4
RHIC white papers published in Nuclear Physics A 757 (2005). Since muons do not participate
in strong interactions, they provide penetrating probes to the strongly interacting Quark-Gluon
Plasma.

APPROACH:

A compact detector identifying muons of momentum at a few GeV/c should achieve hadron
rejection of a few hundreds and allow us to investigate dimuon pair from virtual (heavy) photon
decays, QGP thermal radiation, possible correlations of quarks and gluons as resonances in QGP,
initial lepton production, and heavy flavor (charm quark and bottom quark). In addition to an
effective trigger and cleaner signal-to-background ratio, electron-muon correlation can be used to
distinguish lepton pair production and heavy quark decays.

The basic technology, but with small pads, has been proposed in STAR and PHENIX at RHIC
and ALICE at the Large Hadron Collider (LHC) as Time-of-Flight Detectors. This R&D project
focuses on studying timing and spatial resolution from the MRPC detector with large module,
long strips and fast electronics for online trigger to achieve necessary muon identification and
hadron background rejection.

Components for the prototype and contributions from other collaborators:
1. Long MRPC modules. Prof. Cheng Li, and Dr. Yongjie Sun (USTC/China), Prof. Yi
Wang and Dr. Xiaobin Wang (Tsinghua Univeristy/China)
2. Front-end electronics and gas box: Drs. Bill Llope and Geary Eppley (Rice)
3. Trigger eectronics and logics: Dr. Jack Engelage (UC Berkeley, Space Lab)
4. Smulations: Guoji Lin (Yale University)
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5. T963 test beam: Dick Majka, Nikolai Smernov, Guoji Lin (Yale University), Yi Wang and
Xiaobin Wang (Tsinghua Univeristy/China), Zhangbu Xu (BNL)

6. Prototypein STAR for 2007—2010 and data analysis: Lijuan Ruan, Patricia Fachini
(BNL), L. Li (UT Austin) and Y. Zhou (USTC)

7. Test setup at BNL physics building: L.J. Ruan, X.B. Wang, Z.B. Xu and Y. Zhou

TECHNICAL PROGRESSAND RESULTS:

In earlier years, we have successfully produced 4 Long MRPC modules in China. The results
from cosmic ray and beam tests using prototype front-end electronics show good timing
resolution (less than 70 ps), high efficiency (>95%) and good spatial resolution (<1cm). This
satisfies the needs for a large-area muon detector. Modules installed behind the STAR magnet
have successfully taken triggered data in Au+Au, d+Au and p+p collisions, and offline tracking
of particles from Time-Projection Chamber (TPC) is able to match with hits from Long MRPC.
The muon identification and background rejection capabilities have been obtained. In the current
fiscal year:

1. Modules installed behind the STAR magnet with new TOF electronics have successfully
taken triggered data in p+p collisions, and offline tracking of particles from the TPC is
able to match with hits from Long MRPC.

2. Simulations on heavy flavor programs including J/psi, Upsilon and electron-muon
correlations have been carried. The results indicate that with full-coverage of the muon
telescope detector at STAR, all the above measurements are promising and have a clear
advantage over electron channels.
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W' invariant mass (GeV/c?) Fig.2 Simulations on electron muon correlation
Fig.1 With full MTD acceptance, simulations on J/psi and from charm decay. The signal over background
Upsilon. The signal over background ratio for J/psi is ratio is about 2 with transverse momentum of the
expected to 6 in d+Au and 2 in central Au+Au. Upsilon pair less than 2 GeV/c and invariant mass of the
measurement is expected to be background free. pair larger than 3 GeV/c2.

Future Work and Milestones:
1. Assess time resolution, hadron rejection, and muon identification using p+p collisions
taken in year 2009 and obtain data in Au+Au collisions at STAR in 2009-2010.
2. Assess the level 0 trigger capabilities with full coverage of the MTD at STAR at RHIC II.
3. Proposal for full-coverage MTD for STAR has been submitted and is to be approved.
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Design Optimization of a Reactor Neutrino Experiment
LDRD Project 07-010
David E. Jaffe, Steve Kettell and Laurence Littenberg

PURPOSE:

We propose use of Geant4-based simulation to evaluate and optimize proposed elements of the
Daya Bay Reactor Neutrino Experiment including options for a muon veto system and tracker. A
portion of the funding is to be used for simulation and software workshops (one per year).
Success of the studies will contribute in part to the approval of the Daya Bay Reactor Neutrino
Experiment by the Office of Science of the DOE.

APPROACH:

The Daya Bay experiment offered the opportunity for Brookhaven to become a leader in the
reactor neutrino effort that strives to measure the currently unknown neutrino mixing parameter
sin?26;3 The muon veto system is essential in order for the Daya Bay experiment to reach its
design sensitivity. Careful evaluation and optimization is needed to ensure that the cosmogenic
background can be sufficiently well-suppressed and that the remaining background can be
reliably estimated. Extensive use of Geant4-based simulation, validated by comparison with
relevant data, is employed to evaluate muon veto system designs and background estimations.
Many of the studies have been done in collaboration with Hongshang (Kevin) Zhang, a postdoc
hired with resources of this LDRD.

TECHNICAL PROGRESSAND RESULTS:
The simulation and design work provided by this LDRD led to approval of the Daya Bay Reactor
Neutrino Experiment by the DOE. The experiment is currently in the construction phase.

Kevin Zhang used his expertise to assess how changes in the design of the muon veto system,
necessitated by changes in the expected PMT performance and/or coverage as well as interaction
with other systems, would affect the overall performance of the muon veto system. The results
have been used to decide to refurbish PMTs from the Macro experiment for re-use in Daya Bay.

Extensive modifications and improvements were also made to the simulation and analysis

software by Kevin Zhang to study muon-induced backgrounds. The results largely confirmed
previous estimates using other techniques.
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Development of Laser Beam Shaper for Low Emittance Electron Beams
LDRD Project 07-019
Triveni Rao and Thomas Tsang

PURPOSE:

Typically photocathode drive laser output is characterized to be Gaussian in transverse and
longitudinal dimensions. However, applications such as high brightness electron injectors
require non Gaussian shapes to minimize the emittance of the electron beam. For example, a
high-current ERL, such as the one being built at BNL, requires a flat-top transverse and
longitudinal profile with pulse duration of ~60 ps for low charge (<1.4 nC) and ~120 ps for high
charge (>5 nC) operations. This project is directed towards evaluating different techniques for
modifying the beam profile, selecting the ones suitable for the ERL operation, and designing,
constructing and testing the selected beam shaper.

APPROACH:

The laser pulse needs to be shaped in both the time (longitudinal) and the space (transverse)
domains. The initial beam shaping is aimed at generating a rectangular beam profile. Although a
number of techniques can be used to shape the laser beam, after evaluating various techniques
theoretically and experimentally, a Gaussian-to-flat-top refractive spatial beam shaping device,
Newport ZB-128X is selected for spatial shaping. This passive device is identified to be the
most suitable in terms of technical feasibility, simplicity, and reliability for use in a high average
power laser system. For longitudinal shaping, pulse stacking using birefringent crystals is chosen
since it is relatively simple and provides stable pulse shaping. Although it has limited parametric
flexibility, for well known input laser parameters, it is possible to achieve the required
longitudinal profile with this technique.

A passively mode-locked Nd-vanadate laser oscillator (Time-Bandwidth Cheetah-X) is presently
used for testing the refractive beam shaper module. The parameters of this laser resemble closely
the one planned to be used for the ERL experiments. It delivers s-polarized laser pulses at 532
nm wavelength with average power of 2.5 Watts at a repetition rate of 81.25 MHz. The pulse
duration was measured to be 10 ps FWHM by using an autocorrelator. The beam waist diameter
was measured to be 1.3 mm with an ellipticity of ~0.97 and a beam divergence of ~0.15 mrad
using a CCD camera (DataRay USB TaperCamD20-15). This camera has a tapered pixel array
size of 15.8x15.8 mm, sufficient for the examination of uniquely large spatial beam shapes. A
home-built repetitively scanning auto/cross-correlator is employed to measure the laser pulse
width before and after the beam shapers.

TECHNICAL PROGRESSAND RESULTS:

In the first year of the project, the spatial profile of the laser beam was converted from a Gaussian
to a flat top using passive refractive optics. Subsequent work focused on shaping the temporal
profile, evaluating the optimal sequencing of components, establishing the tolerances and
transporting the beam over long distance by relay imaging to maintain the modified shape.

The experimental setup is shown in Fig. 1. The laser beam was first split into two using a 50%
beam splitter, passed through two delay lines (arms) and then re-combined and focused on a type
Il second harmonic crystal (KDP) for auto and cross-correlation measurements. In one arm of the
cross-correlator, a stack of three YVO4 birefringent crystals C1, C2, and C3 in decreasing crystal
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thickness of 24 mm, 12 mm and 6 mm respectively is positioned. By appropriately aligning the
orientations of the crystals, a near flat-top pulse profile with FWHM duration of ~53 ps was
obtained. It has a rise and fall time of ~10 ps as dictated by the initial pulse width. The intensity
modulation over the flat-top region is calculated to be ~9% (rms). Figure 2 depicts the
experimental cross-correlations, the corresponding de-convoluted laser pulse shape, and the
theoretically calculated pulse shape for a static phase of 1/2 between all interfering pulses. The
experimental cross-correlation agrees reasonably well with theoretical calculations. The temporal
shaper and the spatial shaper were then stacked together, the output beam was transported over 9
m by Keplerian relay imaging. Figure 3 shows the beam profiles of input beam, output beam at
10 cm from the beam shaper and the output beam at 9 m from the beam shaper after relay
imaging, along with expected profiles based on simulations using the computer code ZEMAX.
At a distance of 10 cm away from the m-shaper and at 9 m distance with image relay system, the
intensity modulations in the measured spatial beam profile are calculated to be ~7% (rms) and
~10% (rms) respectively over the plateau region. The optical transmission of the 1 -shaper is
measured to be ~92%. The tolerance on the angular misalignment (or tilt) and laser beam de-
center (or beam lateral offset) relative to the axis of m -shaper are ~ 0.5 mrad and ~ 20 ~m
respectively. Similarly, the tolerance on the input beam size is ~60 ym at the optimum beam
waist diameter of 4.7 mm.

Figure 3 Input and output
profiles after beam shaping

Figure 1 Schematic of Figure 2: Temporal profiles of
experimental arrangement the shaped pulse and input
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The results of this work have been published in Physical Review Special Topics: Accelerators
and Beams.

The future work will be directed towards shaping the ultraviolet (UV) beam of the ERL laser.
The choice of the crystals and their dimensions is expected to change for the UV beam.
Furthermore, although the laser parameters of the ERL and the TBWP lasers are similar, they are
not identical, requiring additional modifications to the beam shapers.

The techniques developed in this project will be useful in a number of applications. The laser

beam shaping is an enabling technology that is needed for any high current low emittance
electron beam source, especially RHIC II, eRHIC, ILC and future light sources.
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Surface Engineered and Core-Shell Nanowires. Nanoscale Building Blocks
for Third Generation Photovoltaics

LDRD Project 07-023
Peter Qutter, Eli Sutter and Nicholas Camillone, 111

PURPOSE:

Nanostructures, in which reduced spatial dimensionality and quantum confinement modify the
intrinsic electronic and optoelectronic properties of a given material, have a significant but as yet
unrealized potential for performance improvements in photovoltaic (PV) devices. Semiconductor
nanowires (NWSs) are self-assembled nanomaterials that are particularly well suited for future PV
applications, as they combine inexpensive fabrication with possible performance enhancements
due to confinement effects and efficient light absorption and carrier collection. In this project, we
explore the synthesis, electronic, and optoelectronic properties of semiconductor NWs with
controlled surface termination and of core-shell NW structures. The results will help establish a
fundamental scientific basis for evaluating possible NW-based third-generation PV devices.

APPROACH:

We use in-situ transmission electron microscopy (TEM) to study the formation of NW
heterostructures and to establish the fundamental factors governing their synthesis. We further
combine the synthesis of novel NW-based architectures, such as surface-passivated and core-
shell NWs, with electrical transport and photo-transport measurements on individual NWs. These
measurements take advantage of the unique instrumentation available at the Center for
Functional Nanomaterials (CFN), including nanofabrication facilities, electron microscopes, a
UHV Nanoprobe, a variable-temperature photocurrent microscope and facilities for high-
resolution electron-beam induced current measurements.

TECHNICAL PROGRESSAND RESULTS:

As in the previous two years, this project has involved activities in NW synthesis and processing,
combined with measurements of single NW electrical and opto-electronic properties. Examples
of key results obtained in the third year of funding are given below.

A - One-step synthesis of Ge-S O, Core-Shell nanowires

Nanowire heterostructures in which a semiconducting core is surrounded by a dielectric shell are
of key interest for NW field-effect transistors (FETs) and could be used to tailor the surface
passivation and reduce charge traps in NW-based PV devices. The broad application of such
core-shell structures is hindered by the complex processing typically required to sequentially
synthesize both a high-quality core and shell. We have demonstrated the realization of a one-step
process with moderate thermal budget that yields single-crystalline Ge NWs encapsulated in SiO,
shells, which can serve as high-quality gate oxides or passivation layers. We established the
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FIG. 1 Structure and chemical composition, and electrical properties of Ge-SiO, core-shell NWs.
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mechanisms that give rise to the formation of the semiconductor-dielectric core-shell structures —
a root-growth different from the conventional NW growth process. To demonstrate the high
materials quality achieved, we reported initial electrical measurements on single Ge-SiO, FET
devices.

B — Mechanisms of controlled doping during nanowire synthesis

Semiconductor NWs can be prepared in high-yield vapor-liquid-solid (VLS) processes with
remarkably reproducible structure and electronic properties, but the successful realization of high
performance devices requires the implementation of controlled doping over a large concentration
range, which has proven to be a significant

challenge. We have demonstrated ZContast Sb, Au, Ge In-situ annealing in TEM

successful Sb-doping of Ge NWs during
their synthesis by thermal evaporation Lg
using a combination of Ge powder for Ge:Sb 1509C"
growth and Sb powder for doping. In-situ
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FIG. 2 Investigation of doping mechanisms in Ge NW growth.

C — Single nanowire optoel ectronic properties. Electron beam induced current measurements

A major factor affecting NW device performance is the sensitivity to surface effects, e.g. band
bending and recombination at surface trap states. To understand such effects we have developed
microscopic techniques for spatially resolved measurements on single NWs: photocurrent
microscopy and electron beam induced current mapping (EBIC, fig. 3), in which an electron
beam scanned across the device excites electron-hole pairs.
The resulting current is recorded as a spatial map containing
information on electric fields and minority carrier diffusion
lengths. Two types of NWs, Ge and Si, have been studied.
Ge NWs typically show individual hot spots, likely
associated with localized structural changes. EBIC in Si
NW is concentrated near the NW center. We find dramatic
differences in the charge trap density between Ge and Si:
the signal in Si NWs is well-localized, whereas a diffuse
halo — due to current from trap states with long discharging
times — stretches across the entire Ge EBIC map. Future )
measurements will concentrate on measuring diffusion PR AR ——

lengths and potential profiles in doped NWs, and will £ 3 EgiC maps of single Ge and Si NWs.
explore surface passivation in core-shell NWs.
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Precision Assembly of Nano-Objects — Approaching Artificial Photosynthesis
LDRD Project 07-025
William Sherman

PURPOSE:

Recent studies have revealed that the efficient functioning of natural photosynthesis systems
depends critically on the precise arrangement of molecular antennae and reaction centers on a
biomolecular scaffold. The overarching goal of this project is to develop techniques that will
allow nano-engineers to construct and manipulate opto-electronically active materials with a
level of precision approaching that found in these natural systems. We have focused on the
assembly of metallic NanoParticles (NPs) because of their well known tunable opto-electronic
properties. We are using biomolecular scaffolds (primarily DNA) to direct formation, which have
three key virtues: they assemble in parallel, they can form nanomechanical devices, and they
form a wide variety of highly precise structures with feature sizes ranging from the 0.34 nm
space between stacked base pairs up beyond the ~50 nm persistence length of a double helix. The
natural continuation of this work is to create more precise and more complex structures, and to
scaffold a broader variety of NPs and other guests such as fullerenes and organic dyes. A more
important follow-up will be the study and optimization of electron and energy transfer between
scaffolded guests. Precision arrangements of NPs have been used to make low power computer
processors, sub-wavelength yet efficient carriers of photonic signals, and SERS substrates,
among a broad variety of other areas that could prove fruitful for future investigation.

APPROACH:

Strands of DNA naturally wind up into a uni-axial or ‘linear’ double helix. They can also fold up
into ‘branched’ structures, wherein a single strand can wind through and connect several double
helices, and sets of such strands can form very complex assemblies. These structures are far more
versatile tools for nano-scale assembly than linear DNA. However stabilization of the branched
structures in solution typically requires ~10 mM concentration of divalent cations, usually Mg*".
These divalent counterions, cause rapid aggregation of NPs, which has presented a barrier to the
use of branched DNA scaffolds for NPs. A good, broadly-applicable solution to this problem is a
key step toward unlocking the potential of branched DNA scaffolds.

In collaboration with Oleg Gang at the CFN, we have worked on developing a composite coating
of DNA and zwitterions that allows nanoparticles to remain suspended in a solution with 10 mM
Mg**, while also allowing them to attach to DNA scaffolds. We have developed a DNA scaffold
that has regularly spaced small clusters of three binding sites. Each nanoparticle has multiple
strands of DNA covalently attached to it (this is a very important element of our design, since it
eliminates the expensive necessity of fractioning off NPs with exactly one strand of DNA on
them). The strands of DNA on the NPs can bind to the clusters of binding sites on the scaffold
and are held precisely in place with constrained position and orientation.

TECHNICAL PROGRESSAND RESULTS:

Several smaller side projects were supported by this LDRD, but the most exciting results of 2009
were clearly in the main program. Much of the groundwork for this project was accomplished in
2008. We had assembled the branched DNA scaffold and observed it forming well via Atomic
Force Microscopy (AFM). We had also done preliminary tests of the zwitterion/DNA coating for
the gold NPs and verified that they don’t aggregate rapidly in the relevant buffers.
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The central achievement of 2009 was solving the last hurdles to get the nanoparticles optimally

o mounted onto the DNA scaffolds. The first part of the
experiment was characterizing the effectiveness of the
zwitterions/DNA coatings at preventing nanoparticle
aggregation. Fig. 1 shows Dynamic Light Scattering
(DLS) studies showing the size of the nanoparticles or
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Figure 1 Dynamic Light Scattering | coatings did not aggregate for over 7 weeks. Subsequent
reveals increasing size in minutes | Studies showed that the coating only prevented
caused by aggregation  of | adgregation of 5 nm gold NzFis for a couple of hours
conventionally prepared 5nm gold | When the concentration of Mg™" was 15 mM.

NPs (green). Similar NPs with o ) )
zwitterion/DNA  coating  (red) It prove_d difficult to image the arrays with the NPs on
don’t aggregate for over 7 weeks. them via AFM. It also proved difficult to get those
arrays to stick to TEM grids. However, we found that
the NPs scaffolded on DNA arrays prepared on mica substrates as usual for AFM, could be
imaged effectively via Scanning Electron Microscopy (SEM), as shown in Fig. 2 C and D. The

A B C D

Figure 2. A) A model of the DNA scaffold with the 5nm diameter nanoparticles on it. B-D)
SEM images of 5nm gold NPs with zwitterion/DNA coatings. B) Without any DNA scaffold
— organized by capillary forces. C) With scaffold and 20 unmatched nucleotides in DNA/NP
linkages. D) With scaffold and 24 unmatched nucleotides in DNA/NP linkages.

DNA provides no contrast for the SEM, but the unscaffolded particles are spaced about 9-12 nm
apart, while the scaffolded NPs are in neat lines with neighbors approximately the expected 28
nm apart. In early attempts at attaching the NPs, we found that the system requires some extra
flexibility in the DNA linkages between the scaffold and the NPs. If the connections are too
flexible or not flexible enough, nanoparticles bind to multiple binding sites, or else multiple NPs
bind to the same binding site. Numerous variations were tried to determine the optimal assembly
parameters shown in Fig. 2. The patent application for the zwitterion/DNA coating is currently
in the final stages of editing by BNL’s Office of Intellectual Property. This project has already
garnered interest in the field, after an invited presentation on the subject at the Foundations of
Nanoscience 2009 conference, and is already being incorporated into other scientists’ projects.
This work will be helpful for countless branched DNA scaffolds of NPs.
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The next step in this project will focus on scaffolding oriented pairs of NPs on each binding site.
This will take better advantage of the unique orientation control provided by our multiple binding
system. Oleg Gang has already made NP dimers that would be ideal for this project.
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Photocatalytic Carbon Dioxide Reduction to Methanol using M etal

Complexeswith an NADH Model Ligand
LDRD Project 07-027
Etsuko Fujita and James T. Muckerman

PURPOSE:

The aim of this project is to explore CO; reduction to methanol employing a new methodology to
photochemically produce hydride donors using fuctionalized metal complexes with a reduced
nicotinamide adenine dinucleotide (NADH) model ligand. This new bioinspired approach seeks
artificial photosynthetic systems for catalytic hydrogenation/reduction of CO, beyond CO and
HCOO (which have been produced as the only products of photoreduction of CO, in
homogeneous systems). This is high-risk research, but it is a very important area to investigate to
secure future energy needs.

APPROACH:

Stoichiometric chemical conversion of a coordinated CO to methanol or methane using NaBH,
has been reported for [Ru-COJ** — [Ru-CHO]" - [Ru-CH-,OH]" (Ru = Ru(bpy),(CO)) and
for [Re-CO]" ~ Re-CHO - Re-CH,OH - Re-CHs; (Re=Re(Cp)(NO)(CO)). This raises the
question: Can we replace NaBH, by a renewable (i.e., visible-light-generated) hydride donor to
produce solar fuels?

A combination of experimental and theoretical approaches is being pursued to investigate the
mechanism and kinetics of several promising transition-metal complexes with NADPH-model
ligands for the photocatalytic reduction of CO, to methanol. In particular, rhenium and ruthenium
complexes containing the pbn (i.e, 2-(2-pyridyl)-benzo[b]-1,5-naphthyridine) ligand may offer
promise as photocatalysts for the hydride-transfer reactions required to reduce CO, beyond CO,
all the way to methanol. This approach will create new directions for the solar energy conversion
of CO; into energy-rich fuels through low energy pathways using functionalized transition-metal
complexes as hydride ion donors. The basic knowledge obtained through this study — e.g., the
energetics of coupled proton and electron transfer for redox leveling and proton addition and
removal, and catalysis via hydride transfer, and bond forming/cleavage — will be essential for
designing more effective proton-coupled multi-electron-transfer reactions for fuel production.

Our collaborators are Dmitry E. Polyansky (BNL), Diane Cabelli (BNL), Jinzhu Chen (BNL),
Patrick Achord (BNL), Takeshi Fukushima (IMS, Japan) and Koji Tanaka (IMS, Japan).

Structures of NADPH and a ruthenium complex with an NADPH-model ligand (pbnHH)
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TECHNICAL PROGRESSAND RESULTS:

We have demonstrated that a hydride donor [Ru(bpy)2(pbnHH)]?* is cleanly formed by the
reductive quenching of the metal-to-ligand charge-transfer (MLCT) excited state of
[Ru(bpy).(pbn)]** by triethylamine upon irradiation with visible light (< 600 nm) with a quantum
yield of 0.21 at A = 355 £ 6 nm. These results open new opportunities for the photochemical
generation of strong hydride donors for the catalytic hydrogenation of organic molecules (and
hopefully CO, and related species) by visible-light irradiation as Nature does. This finding has
also prompted us to carry out more detailed studies on the mechanism of the photochemical
formation of the [Ru(bpy).(pbnHH)]** species.

A comprehensive mechanistic study of [Ru(bpy)-(pbn)]** conversion into [Ru(bpy).(pbnHH)]**
using steady-state and transient radiolytic and photochemical techniques was featured as a cover
article of Inorganic Chemistry (May 19 issue, 2008).

Furthermore we found that [Ru(bpy)2(pbn)]** undergoes stereo-specific hydrogenation to give
two stereo isomers (i.e., 4-(S)- and /A-(R)-[Ru(bpy)2(pbnDD)]** (pbnDD is 5,10-dideutro-2-(2-
pyridyl)-benzo[b]-1,5-naphthyridine)) upon visible-light irradiation. This result clearly indicates
the pathway via the m-stacked dimer of the
deuterated one-electron-reduced species as
shown in Figure 1. The chemical reduction of
[Ru(bpy)2(pbn)]** with Na,S,0, in D,O did
not afford any stereospecific products.
Furthermore, the more sterically crowded Ru
complex, [Ru(dmb),(pbn)]** (dmb = 6,6'-
dimethyl-2,2’-bipyridine, did not produce the
corresponding  pbnDD  species  upon
irradiation. These results are published as a
communication (Inorg. Chem., 2009, 48, .01 The HOMO of 7stacking AA-{[Ru(bpy)e(sbnHIZ}e
11510-11512). showing the localization of the electrons in a bonding orbital
DFT calculations on the hydricities of  Peween themsystems of the monomers.
[Ru(bpy)2(pbnHH)]?* and other potential

hydride donors and acceptors relevant to CO, reduction have been carried out. Significant among
the findings from this work was the prediction of a stronger hydride donor, [Ru(bpy).(pbnHH)]",
possibly produced upon further visible excitation of [Ru(bpy).(pbnHH)]?* followed by reductive
guenching, and the prediction that this further-reduced species is capable of donating a hydride
ion to a carbonyl ligand of a second (acceptor) transition-metal complex. Preliminary
experiments have confirmed that [Ru(bpy).(pbnHH)]** can donate a hydride ion to the trityl
cation. Follow-on funding for the work was obtained from the DOE Solar Energy Utilization
initiative, and experiments using [Ru(bpy)2(pbnHH)]" are underway to explore the M—-CHO
formation from [M-CO]" by hydride ion transfer under the DOE Solar Energy Utilization
initiative funding.
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Structure of Mass-Size Selected Nanoparticles by Scanning Transmission

Electron Microscopy
LDRD Project 07-030
Michael G. White and Joseph Wall

PURPOSE:

The purpose of this project is to explore the atomic structure of small, supported nanoclusters
utilizing high-resolution electron microscopy and scanning probe techniques (AFM, STM). This
project addresses the critical need to understand how the atomic structure evolves from small
clusters containing tens of atoms to larger particles whose structure mimics the bulk material.
Our approach involves the coupling of novel methods for preparing nanoparticles over a very
large size range (10 A to 10 nm) with single particle imaging techniques (STEM, AFM, STM).
The specific technical challenges involve (1) the development of a high-speed, 2D detector and
software that enables high throughput, single particle diffraction at the Biology STEM; (2) the
development of a vacuum load-lock system that allows transfer of air-sensitive samples between
the deposition instrument in Chemistry and the scanning probe instrumentation at the CFN. If
successful, this program would demonstrate the capability of probing the atomic structure of non-
crystalline nanomaterials that could have significant impact on current nanoscience programs at
BNL and future instrumentation developments at the CFN.

APPROACH:

We have recently developed new techniques for depositing metal and metal compound (oxide,
sulfide) nanoclusters onto solid supports that act as model nanocatalysts that are key to our
research in energy-related catalysis. Methods include the use of a novel, size-selected cluster
deposition instrument that can pre-select mass (size) and chemical composition of nanoclusters
prior to deposition and the use of block co-polymer templating which is a benchtop technique
that provides independent control of nanoparticle size and interparticle spacing (density). The
former is useful for small clusters up to a few hundred atoms (1-2 nm), while the latter technique
can provide larger nanoparticle sizes in the range of 1-20 nm. Both techniques yield bare
(unprotected) nanoparticles supported on metal oxide substrates (e.g., alumina, titania, silica),
typical of heterogeneous catalysts. Our ability to understand and model the reactivity of such
nanoparticles, however, is severely hampered by the lack of direct structural information, either
in the gas-phase or deposited on surfaces. The two main obstacles are (1) the difficulty of
imaging the atomic structure of small non-crystalline or 3D nanoparticles, and (2) practical
limitations that require the sample to be exposed to air in order to load it into high resolution
imaging instrumentation (STM, AFM, TEM). Air exposure can result in oxidation of the catalyst
nanocluster and/or contamination of the nanoparticle and substrate with background
contaminants (airborne organics) that often can’t be removed without also altering the
nanocatalyst surface.

Our original intent in this LDRD project was to develop single particle electron diffraction using
the Biology STEM instrument (under the direction of Joe Wall) which has a unique load-lock
system for loading air sensitive samples. Unfortunately, the Biology STEM facility was shut
down in FY 09 and we were unable to sustain any developmental effort involving the STEM
facility. As a result, the project has shifted its emphasis on nanoparticle synthesis techniques,
both bench top and by size-selected cluster deposition, with the intention of performing atomic
imaging and structural studies using the state-of-the-art scanning probe instruments (STM, AFM)
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at the CFN (in collaboration with David Starr and Peter Sutter). Part of this effort involves the
development of a vacuum suitcase sample transfer system so that samples prepared by size-
selected cluster deposition in Chemistry can be moved to the CFN facility without exposure to
air. The latter is based on a high speed getter pump (400 I/sec for N) and will use sample holders
that are compatible with the RHK-STM at the CFN. The samples will be loaded directly into the
STM for atomic imaging and investigations of thermally-induced diffusion and sintering.

TECHNICAL PROGRESSAND RESULTS:

FY 2010

Over the last year we continued to fine tune the block-copolymer method for the preparation of
metallic nanoparticles for imaging experiments (TEM, AFM, STM). This approach uses a
hydrophobic polymer block (polystyrene) that is covalently linked to a hydrophilic polymer block
(polyvinylpyridine) that forms micelles in a non-polar solvent. These “reverse” micelles act as
nanopores for metal cluster growth. A number of different methods were tried to reduce the
metal cations while simultaneously removing the polymer from the surface. Using a combination
of SEM, AFM and XPS measurements, we found that an ozone treatment in the presence of UV
radiation followed by a hydrogen plasma discharge is the best approach for reducing the metal

To date, we have successfully used the block
copolymer technique to prepare nanoparticles of Au,
Cu, Pd, Rh, Pt on SiO; surfaces with a sizes ranging
from 2-50 nm. In 2009, we performed HR-TEM
measurements on a few samples and have confirmed
their size uniformity and crystallinity (see
accompanying figure). Current efforts our focused
on performing complementary synchrotron XRD and
XAS experiments on the supported nanoparticle

-

. . A N CFN 5 DKV.S 2mm >:'15E;k SE(M,LAO) 10/10/2008 B 300nm
arrays at the NSLS using a newly designed in situ  sgm image of an array of Au nanoparticles on a
scattering cell. Si0,/Si surface prepared by block co-polymer
templating; inset: HR-TEM image of individual Au
nanoparticle.

In November 2009, we took delivery of the UHV

capable “vacuum suitcase” (Tectra, Germany) for sample transfer from our size-selected cluster
apparatus in chemistry and the STM instrumentation at the CFN. After installation and testing on
our cluster apparatus in Chemistry, we will try our first sample transfers to the CFN where they
will be loaded and imaged on the RHK STM instrument. Our initial goal is to study supported
nanoclusters of molybdenum sulfide that act as models catalysts for hydrodesulfurization. The
STM imaging experiments will be used to explore cluster dispersion, cluster structure and
thermally-induced morphology changes. Such information will provide crucial information on
the cluster substrate interactions as well the fate of the clusters under reaction conditions (high
temperature).
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Synthesis of Conjugated Polymersfor Fundamental Questionsin Solar

Energy
LDRD Project 07-032
John Miller and Xiao-Qing Yang

PURPOSE:
This LDRD had three goals all connected to possible development of organic photovoltaics:
1. Create new conjugated polymers for investigations of intrachain charge transport over
long distances.
2. Investigate whether an existing staff member with substantial expertise in polymer
synthesis could be part of efforts to develop new funding in solar photovoltaics.
3. Make measurements of charge and exciton mobility on the new materials.

APPROACH:

Two principal barriers to high efficiencies in organic photovoltaic cells are 1) Insufficient charge
mobilities and 2) Short, 10 nm or less, exciton diffusion lengths. This project seeks to synthesize
new polymers that would enable experiments on fast charge transport. Electrons would then be
injected into these molecules at the LEAF accelerator with spectroscopic measurements of charge
motion utilizing the novel optical fiber single-shot detection (OFSS) system. One synthetic goal
was to develop polymers having appended “trap” groups that would capture electrons, holes or
excitons. Capture would be rapid, even with just one or a few trap groups on a chain, if transport
along the chain were fast.

A second goal was to create such molecules with enhanced solubility in non-polar media to
facilitate experiments. The time resolution of experiments that attach charges to polymer chains
is limited by how fast the charges reach those chains. High mobilities of electrons in nonpolar
fluids might therefore enable high time resolution in experiments that seek to observe long-
distance motion along chains. A test