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The National Synchrotron Light Source (NSLS) serves 
2500 users per year, of which about 60% are affiliated 
with institutions in the Northeastern US. This makes the 
NSLS a vital resource for this strong research community, 
as well as providing essential scientific tools for strategic 
programs at Brookhaven National Laboratory (BNL), such 
as the BNL Center for Functional Nanomaterials, and 
neighboring universities and industries. The scientific 
productivity of the NSLS user community is very high and 
has high impact, with ~ 700 publications per year of which 
~ 150 appear in so-called premier scientific journals. 

The NSLS facility was designed in the late 1970s and 
consists of two 2nd generation storage rings emphasizing 
the production of high flux synchrotron radiation from 
bending magnets. These rings were the first Double Bend 
Achromat (DBA) lattices in the world. The smaller 800 
MeV VUV-IR ring covers the photon energy range from 
far infrared to soft x-ray.   The X-ray ring operates at 2.8 
GeV, with brightness several orders of magnitude higher 
than its design value. However, it is now at its theoretical 
limit and the horizontal emittance cannot be decreased 
significantly below its current value of 60 nm. 
Additionally, the 8-fold periodicity of the lattice severely 
limits the number of insertion devices (IDs), which are 
necessary for producing high brightness radiation. 

In order for the research of its formidable user 
community to continue to flourish, the NSLS needs to 

look beyond its existing machines. Today’s most 
challenging and important problems at the scientific 
frontier demand photons with a broad spectrum of 
wavelengths and a broad range of dramatically enhanced 
capabilities, especially higher average brightness with 
nearly DC time structure, exquisite position stability, and 
easy energy tunability independent of other beamlines. 
The great majority of these problems require photons in 
the 5-20 keV energy range. 

These requirements are best met by an advanced 3rd 
generation storage ring. Free electron lasers (FELs) are 
best suited for a special class of problems that require their 
ultra-high peak brightness and ultra-short pulses. While a 
machine based on the energy recovery linac (ERL) 
concept might have characteristics similar to storage rings, 
a long period of R&D will be necessary before it is 
established whether this approach is technically feasible 
[1]. 

Developments in storage ring technology make it 
possible to deliver: 

• Average brightness of 1020 - 1021 
photons/sec/0.1%bw/mm2/mrad2 (104 gain over the 
present NSLS brightest beamline X25) 

• Average flux of 1015 – 1016 photons/sec/0.1%bw (20x 
gain over present NSLS) 

Fig. 1:  The proposed NSLS-II, a highly optimized 3rd generation storage ring, will be located directly 
across from the current NSLS building and the new Center for Functional Nanomaterials (CFN). 
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• Pulse length of 13 psec (rms) (13x reduction over 
present NSLS) 

• Flux and brightness stable to < 1 % using top-off 
injection as well as excellent beam position stability 

We have proposed to the United States Department of 
Energy (DOE) that the NSLS be replaced with a new 
highly optimized 3rd generation storage ring in order to 
offer these capabilities. This will enable new studies of 
small crystals in structural biology, a wide range of 
nanometer-resolution probes for nanoscience, coherent 
beam scattering studies of dynamics, reconstruction of the 
structure of disordered materials, and greatly increased 
applicability of inelastic x-ray scattering. 

Our proposal was reviewed in February, 2003 by a 
DOE Basic Energy Sciences Subcommittee convened as 
part of an effort to formulate a 20-year facilities roadmap.  
Recognizing the continued need for 3rd generation x-ray 
sources, the subcommittee recommended that we work 
with DOE to formulate a plan for a new 3rd generation ring 
to replace the current NSLS.  In this article we describe 
the proposed ring, which we refer to as NSLS-II, and 
briefly review some of the scientific opportunities it will 
enable. 

 
Description of Proposed Facility 

The NSLS-II storage ring will be situated directly 
across from the current NSLS building and the new 
Brookhaven Center for Functional Nanomaterials, as 
shown in Fig. 1. Its current design parameters are given in 
Table 1. It will consist of a 3 GeV, 500 mA highly 
optimized 3rd generation storage ring with a full energy 
injector for top-off mode operation. The storage ring will 
have a 523 m circumference Triple Bend Achromat (TBA) 
lattice with 24 fold symmetry and 4 m straight sections. 
Based on extensive lattice design studies, we believe this 
configuration will achieve a horizontal emittance of 1.5 
nm, lower than any other storage ring. By operating with a 
betatron coupling of 0.5%, the vertical emittance will 

result in radiation which is diffraction limited in the 
vertical direction at 1 Å. The lattice is designed to be 
compatible with operation as part of an ERL, so as to 
preserve that as a possible future upgrade path. Beam 
current is usually limited by synchrotron radiation heating 
of vacuum chamber components and front ends. With our 
choice of bending radius and 500 mA beam current, the 
heating is in a range that can be handled. Limitations 
coming from collective effects are described below. 

This design will deliver performance at the limit of 
storage ring technology for a medium energy ring. 3 GeV 
is a cost effective means of providing high brightness 

Table 1. Design Parameters of the NSLS-II Storage 
Ring 
 
Nominal Energy 3.0 GeV 
Circumference 523 m 
Current 500 mA 
Energy Spread 0.095% 
RF Frequency 500 MHz 
Number of periods 24 TBA 
Max ID Length 4 m 
Bend Radius 7.64 m 
Emittance (εx, εy) 1.5, 0.008 nm 
Beam Size (σx, σy) 54.5, 3.9 µm 
Beam Divergence (σx’, σy’) 27.3, 3.9 µrad 
Natural Bunch Length (rms) 13 psec 

Fig 2. Average brightness and flux of insertion devices 
and bending magnets on the NSLS-II Storage Ring (red) 
compared to the existing NSLS (black). SCU = 
Superconducting Undulator, SXU = Soft X-ray Undulator, 
W = Wiggler, MGU = Mini-Gap Undulator, BM = 
Bending Magnet. 
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radiation in the important 5 – 20 keV range and for this 
reason has become a popular choice for new rings [2]. 

The storage ring will quadruple the number of ID 
beamlines compared to the current NSLS to 21 (one 
straight is reserved for injection, two for superconducting 
RF cavities). The IDs will utilize superconducting 
undulators (SCUs) to provide fully tunable radiation from 
this medium energy ring. The average brightness and flux 
of the SCUs and bending magnets on the new ring are 
shown in Fig. 2, where the ID length is assumed to be 2 m 
for in-vacuum IDs and 2.5 m otherwise. The SCU will be 
used in up to 18 ID straights at NSLS-II. Other IDs will 
include soft x-ray undulators (SXU) and superconducting 
wigglers. The brightness of the SCUs will be 10,000x 
greater than the current brightest beamline at the NSLS, 
X25. There will be 24 bending magnet ports, with 50x 
greater average brightness. In the soft x-ray region, the 
brightness will increase 60x. 
 
Design Challenges 

The specifications we propose are ambitious and pose 
a number of challenges, including lattice design, SCUs, 
collective effects, lifetime, and feedback systems [3]. 

Producing the desired 1.5 nm emittance in a medium 
energy ring with a circumference in the 0.5-0.6 km range 
is challenging. The baseline 24 cell TBA lattice provides 
the desired emittance and number of straight sections, and 
provides for tuning of the momentum compaction for 
bunch compression while maintaining its achromatic 
properties. The baseline lattice is actively undergoing 
dynamic aperture optimization and other lattices are also 
being explored. 

Medium-energy rings must use short-period (~ 1 cm) 
undulators to generate tunable, multi-keV photons. 
Permanent magnet based, short-period, in-vacuum 
undulators (MGUs), which the NSLS has pioneered in the 
past decade, suffer from low fields, low K values (~1), 
limited tuning range and incomplete spectral coverage.  
For example, the tuning curve of a prototype MGU on the 
current NSLS is shown in Fig. 2. 

The higher field attainable with SCU technology 
promises full coverage from 1.7 to 20 keV and with higher 
brightness. The SCU tuning curves in Fig. 2 assume an 
SCU having a 15 mm period, a 5 mm gap and an average 
current density in the windings, Javg of ~ 1200 A/mm2. 
This level of Javg is within the realm of NbTi super-
conductors. An SCU device must be designed to handle 
the beam impedance heating and to achieve the necessary 
field quality to generate high harmonics. Active 
development to meet these challenges is underway at the 
NSLS, other light sources and in industry. 

As stated earlier, the maximum stored current is 
limited by instabilities arising from various collective 
effects. Although self-stabilizing, the longitudinal 
microwave instability is important since the energy-spread 

reduces the brightness, especially for higher undulator 
harmonics. Controlling this instability for our design 
current of 500 mA should be possible but will require 
careful control of the impedance. 

Due to multiple small-gap SCU IDs, transverse 
coherent single bunch instabilities, such as TMCI and 
microwave, are very important. While raising the 
chromaticity could circumvent them [4], this will 
ultimately limit the dynamic aperture and/or require strong 
sextupoles. Part of our R&D program includes design of 
SCUs with acceptable transverse impedance. Our 
preliminary estimates do not show significant coupled-
bunch instability due to resistive wall effects. The effect of 
small ID gaps is partially compensated by small beta 
functions and, in the case of SCU, reduced wall 
impedance. Instabilities due to HOMs are not expected 
due to SC RF. 

We do not expect intra-beam scattering to affect the 
multi-bunch operation. Simulations show only a few % 
emittance blow-up at 1.5 mA/bunch.  

The lifetime of our current design is expected to be 
Touschek dominated. Calculations give a half-life of less 
than 2 hours. While this will not be a problem running in 
top-off mode, it requires careful consideration of radiation 
shielding. 

Ensuring good beam position stability will require 
controlling the beam position to several hundred nm. 
While the NSLS pioneered the development of digital 
feedback systems, further advances will be necessary to 
meet this goal.  

 
NSLS-II Science Opportunities 

The proposed NSLS-II facility is a state-of-the-art 
medium-energy storage ring. The superlative character 
and the combination of capabilities provided by this new 
facility will have broad impact on a wide range of 
disciplines. Here we outline some of the most important 
scientific areas. 

 
Structural Biology 

Atomic resolution protein structures obtained by 
macromolecular crystallography are indispensable in 
advancing many important areas of biological science.  
The world-leading brightness of NSLS-II will enable 
researchers to solve increasingly difficult problems in the 
following areas: 

Structural Genomics – these efforts are still in their 
infancy, with major technology developments in protein 
expression, purification, and automation of crystallization 
just beginning to increase the output substantially. We 
expect to soon see a large increase in synchrotron use for 
the structure determination phase of structural genomics. 

Membrane Proteins – membrane proteins are critical 
in a variety of biological functions, including 
photosynthesis, vision, neural transmission, pathogenesis, 
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and drug resistance. Even though they represent 
approximately 30% of proteins coded by genomes, they 
are dramatically under-represented in the Protein Data 
Bank. They are notoriously difficult for over-expression 
and for obtaining well-ordered crystals, and as such, the 
high brightness of NSLS-II is essential for making 
advances in this field. 

Large macromolecular assemblies – this is where the 
cutting edge of structural biology lies, and the 
technologies developed by the structural genomics 
initiatives with the capabilities of parallel processing 
doubtless will change the field so that increasingly more 
difficult problems will be addressed. However, these 
likely will result in very small, difficult crystals and a 
critical need for a great deal of direct access to the high 
brightness x-rays of NSLS-II. 

Drug design – the promise of structure assisted drug 
design is just being realized as the speed of structural 
biology is coming to be commensurate with the speed of 
chemical synthesis. Automated, high-brightness 
synchrotron sources are essential to meet the throughput 
needs for structure to inform the pharmaceutical 
development cycle effectively. 

In addition, with the increased source brightness, 
structural studies can be extended to non-crystalline 
samples, such as solutions and 2-dimensional systems of 
biomolecules and biomolecular complexes. Time-resolved 
studies of macromolecular dynamics and interactions 
down to microsecond time scale will also be possible. 
These experimental advances, combined with large-scale 
computer simulations, will provide new insights into the 
function of molecular machines that carry out various 
cellular functions. 

 
Biomedical Imaging 

The high brightness of NSLS-II in both soft and hard 
x-ray spectral ranges will greatly improve the spatial 
resolution of soft x-ray imaging and hard x-ray 
microprobe. In particular, whole cell imaging with ~10 nm 
resolution might be possible which would enable the 
imaging of substructures such as cell membranes, protein 
complexes (i.e. ribosomes), and cytoskeleton components 
(microtubules, actin filaments).  In addition, freeze-
capture methods can be used for probing cellular 
processes such as (1) protein synthesis by the ribosome, 
i.e. translation; (2) protein motor functions, e.g. alignment 
of chromosomes in cell division by dynein; (3) molecule 
translocation through cell membranes; (4) virus infection 
in whole cells. 

 
Strongly Correlated Electron Systems 

Understanding the electronic behavior of strongly 
correlated electron systems is arguably the most 
challenging problem in condensed matter physics today - 
one that is currently driving a revolution in the prevailing 

paradigm of Fermi-liquid behavior of solids.  Since the 
controlling degrees of freedom in these systems are 
electronic in nature, probes that couple directly to the 
electrons are uniquely suited to the study of such systems. 
Further, these systems, which are characterized by 
competing interactions and therefore frequently display 
inhomogeneous ground states, require probes on a number 
of different length, energy and time scales to fully 
elucidate their behavior.  As a result, the full gamut of 
synchrotron techniques, including diffraction, resonant 
scattering, and high-resolution angle-resolved 
photoelectron spectroscopy, have provided critical 
experimental data to the understanding of these systems. 

NSLS-II will significantly enhance the capability of a 
wide range of experimental techniques, in particular (1) ~1 
meV high-resolution photoemission using high-energy 
photons will be possible so that this powerful technique 
can be applied to a wide range of samples, (2) inelastic x-
ray scattering with ~10 meV resolution in the study of 
electronic excitations will be possible, an energy scale 
relevant to high temperature superconductivity, and (3) the 
use of coherent x-rays to study the dynamics as well as 
image the complex domain structure in these systems. 
 
Magnetism and Magnetic Materials 

The need to characterize and understand magnetic 
materials has motivated the development of a wide range 
of experimental tools using synchrotron radiation. For 
example, spin-polarized electronic structure can be probed 
by spin-resolved photoemission, element specific 
magnetism can be probed by x-ray magnetic circular 
dichroism, and magnetic structures and phase transitions 
can be probed by resonant magnetic x-ray scattering. 

The high brightness of NSLS-II in combination with 
elliptically polarized IDs or polarization conversion optics 
will significantly improve the sensitivity as well as spatial 
and timing resolution of these techniques. They will 
enable study of (1) magnetic interfaces, which play a 
crucial role in giant magneto-resistance, exchange-bias, 
and many other important phenomena, (2) nano-scale self-
assembled and fabricated magnetic structures, (3) novel 
magnetic materials, such as molecular magnets, half-
metallic materials and magnetic semiconductors, and (4) 
magnetic switching dynamics. 
 
Soft Matter and Biomaterials 

Soft materials, such as polymers, colloids, liquid 
crystals, nanocomposites, and a large fraction of 
biomaterials, present fundamental scientific challenges 
and also have many important applications. Over the past 
two decades, synchrotron radiation has played a key role 
in our understanding of the nature of ordering in these 
weakly scattering systems. 
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More recently, attention has focused on hybrid systems, 
which are composites of organic/inorganic materials with 
unique properties and are often inspired from nature. The 
high brightness of NSLS-II will allow researchers to 
address the major scientific challenges of determining the 
underlying order in the hybrid systems, order which 
occurs simultaneously at both small (nm) and large (10 
µm) length scales, and the ordering kinetics of soft and 
hybrid materials during processing, often in restricted 
geometries. Dynamic speckle experiments could be used 
to study reptation in entangled polymers, order fluctuation 
in membranes or fibers, and collective mode dynamics in 
complex liquids for a much broader range of materials and 
faster time scales. 
 
Growth and Processing of Advanced Materials 

Advanced materials continue to be at the forefront of 
science and technology. In many cases, their formation 
requires increasingly sophisticated thin film growth 
techniques, surface modification regimens, or carefully 
controlled phase transformations. These include pulsed 
laser deposition, molecular beam epitaxy, chemical vapor 
deposition, electrolytic deposition, rapid thermal 
annealing, and plasma processing. Realizing their full 
potential will require a more detailed understanding of the 
atomic-level changes occurring during processing. 
Synchrotron-based real-time x-ray studies offer a number 
of important advantages, including (1) penetration of 
ambient environments, either gaseous or liquid, (2) ability 
to vary depth of structural sensitivity, (3) high 
momentum-space resolution, (4) sub-second temporal 
resolution, and (5) ease of interpretation. 

The high brightness of NSLS-II will enable these real-
time x-ray studies to be extended down to the 
microsecond time scale. This is the time scale for atoms to 
diffuse on surfaces, the earliest stage of many important 
processes. It will also enable speckle experiments with 
coherent x-rays, using real-space image reconstruction 
techniques, to follow the surface morphology (e.g. motion 
of step edges) in real space and in real time, giving 
unprecedented information on surface dynamics during 
processing. 

 
Catalysis 

Fundamental to the understanding of catalysts and 
catalysis is the knowledge of the electronic and geometric 
structure of the atoms involved in the active center. In the 
last two decades a wide range of experimental techniques 
using synchrotron radiation have been utilized in catalysis 
research. However, most of these studies are static and 
without spatial resolution. The major scientific challenges 
in the coming decades include (1) synthesis of novel 
catalytic materials, (2) in-situ study of catalytic reaction 
kinetics with msec or better time resolution, (3) 
characterization of reaction intermediates and adsorbate-

substrate interactions, (4) bridging the pressure gap 
between model systems and real processes, and (5) 
kinetics and dynamics of elementary steps in catalytic 
reactions. 

The high brightness of NSLS-II will (1) extend the 
existing techniques to time-resolved studies of the kinetics 
of catalytic processes down to msecs or below, (2) enable 
the application of new experimental techniques, such as 
high-resolution x-ray emission spectroscopy and x-ray 
Raman scattering, to provide new spectroscopic 
information, (3) allow spectromicrosopy characterization 
of model systems with better than 10 nm spatial resolution 
to characterize novel nanometer sized catalytic materials, 
as well as the active sites and adsorbate-substrate 
interactions in model systems, and (4) enable high-
pressure studies of model systems to help bridge the 
pressure gap. 

 
Nanoscience 

Nanoscience is an inter-disciplinary enterprise; fields 
as diverse as biology and magnetic systems have materials 
with nanometer dimensions that often have markedly 
different properties from their bulk counterparts. X-ray 
techniques are ideal for studying nanostructures and are an 
important complement to scanning probes. The high 
brightness of NSLS-II, combined with recent advances in 
x-ray focusing optics and new coherent x-ray imaging 
techniques, will enable researchers to determine the 
atomic structure and chemical composition of a wide 
range of nanomaterials with sub-10 nanometer spatial 
resolution. 

An important aspect of NSLS-II is its siting adjacent to 
the BNL Center for Functional Nanomaterials, which is 
planned to open in 2007.  This will allow NSLS-II and 
CFN users to take maximum advantage of the scientific 
expertise and instrumentation in both facilities. 

 
Geosciences 

With the symbiotic development of synchrotron 
radiation and high-pressure techniques, experimental 
studies of earth materials are experiencing an 
unprecedented surge of breakthroughs that were deemed 
inconceivable a decade ago. The high brightness of NSLS-
II will fundamentally alter the nature of high-pressure 
experimentation, from reconnaissance studies with limited 
capabilities to high-precision studies with comprehensive 
material characterization over an ever-wider range of 
pressures and temperatures. In particular, it will be 
possible to investigate rheological properties, phonon 
related properties, and dynamics of chemical reactions at 
very high pressures and temperatures. 

 
Environmental Science 
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The heterogeneous nature of typical environmental 
samples and the low concentrations that are typical for 
many contaminants make their detection difficult without 
high sensitivity analytical techniques. The high brightness 
of NSLS-II will allow a new level of characterization by 
offering element-specificity, high spatial and energy 
resolution, low concentration detection capabilities, and 
the ability to work in environmental cells. These types of 
studies will lead to unique information on many of the 
chemical processes that affect the fate of contaminants and 
provide basic data on the speciation and spatial 
distribution of radioactive and toxic species in 
environmental samples. Such information will play a 
critical role in designing remediation strategies and in 
setting environmental standards. 
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