














Accelerators

for Security
and Defense

From the earliest days of their development, accelerators
have made critical contributions to the security and defense
of the United States. During World War Il, accelerators
contributed directly to the separation of isotopes using indus-
trial-scale accelerator mass spectrometry and provided
facilities for defense-related nuclear physics research. The
plutonium war effort relied heavily on Ernest Lawrence’s
60-inch cyclotron at Berkeley. In turn, war-related research,
most notably radar, found peacetime applications in tech-
nologies for accelerators.

Post World War |l government support of accelerator
research led to the global preeminence of U.S. accelerator-
research facilities and technological expertise. Universities
and national laboratories, including defense laboratories,
developed increasingly powerful and sophisticated accelerators
for basic and applied sciences. As early as 1949, the potential
uses of accelerators for national security included the
predetonation of critical nuclear devices, the deployment
of antipersonnel weapons, the detection of contraband fissile
materials, the identification of aircraft and the enrichment
of nuclear materials. Lawrence and the Berkeley group
developed prototype accelerators including a high-intensity
linear accelerator, the Materials Testing Accelerator.

The current U.S. accelerator-facility infrastructure at the
national laboratories is the direct legacy of the Atomic Energy
Commission’s postwar program. The Department of Energy
defense laboratories, Livermore, Los Alamos and Sandia,
have also pursued security-related accelerator technology.
Induction linac technology, originally developed for accelerator-
induced fusion, finds application in radiography, of direct
importance to the nuclear weapons program. The Los Alamos
Neutron Science Center, or LANSCE, provides important
nuclear data. Both Livermore and Sandia pursued electron-
beam-based technology for directed-energy weapons. The
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Particle beams can scan shipping containers for contraband materials.
Photo: Merten
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Defense Advanced Research Projects Agency, or DARPA,
supported the exploration of the potential of accelerators for
direct military applications at the Advanced Test Accelerator
and the RADLAC [, the Radial Line Accelerator.

The Los Alamos-based Beam Experiments Aboard a Rocket,
or BEAR, deployed the then-new radio-frequency-quadrupole,
or RFQ, based LINAC. This experiment succeeded in producing
a neutral particle beam in flight and generated data on these
technologies for the Department of Defense Strategic Defense
Initiative Organization, SDIO. Argonne National Laboratory
pursued neutral-particle-beam research with the Continuous
Wave Deuterium Demonstrator. The SDIO activities were
noteworthy for joint laboratory and industry cooperation.

Early applications of accelerators to inspect nuclear fuels
used commercial low-energy (tens of MeV) electron linacs
to induce photo-fission reactions. These inspection technologies
expanded to waste-drum assays in the 1980s and eventually
to cargo inspections. The invention of the free electron laser in
the 1970s led to ever-higher-power electromagnetic radiation
using high-energy electrons, of direct interest to security and
defense applications, including the Navy’'s proposed application
of free-electron laser technology to shipboard defense.

Nearly all accelerator applications for security and defense
have sprung from research and development in fundamental
science. The promise of future accelerator technologies
continues to rest on advances in basic science and its need
for more and more powerful tools. These accelerator advances
stock the shelves with technologies and data. The scientific
and technical workforce engaged in these developments
contributes to their application to security programs. Continued
support for basic science and for accelerator R&D as a
scientific discipline has great significance for national security
and defense.



NEEDS, OPPORTUNITIES AND TECHNOLOGIES

Accelerator technologies find applications for a diverse and growing set of
security and defense needs, including stockpile stewardship, war-fighter and
asset protection, materials characterization, interrogation of cargo and
inspection capabilities of all types, and the support of present and future
nonproliferation regimes.

Accelerator laboratories and technologies have the potential to make
significant contributions to the needs of national security and defense in ten key
areas: physical data; high-energy-density conditions; directed-energy capability;
cargo inspection and interrogation; replacement of radioactive sources and
materials; isotope production; nuclear forensics; compact, fieldable accelerator
systems; simulation tools; and workforce training.

Physical data

National security and defense programs have a critical need for the highest-
quality data on materials characterization, material alteration, nuclear fission, and
the interaction of radiation with materials. These requirements rely on all
the types of accelerator facilities operated by the DOE Office of Science: neutron
sources, synchrotron radiation light sources, and low- and high-energy
particle beams.

The data are necessary to reliably simulate systems for detecting special
nuclear materials and byproducts of nuclear fission. Much of the current data is
incomplete and much of it dates from the 1950s and 1960s. Missing data include
time, angular, and neutron-gamma correlations; high-resolution spectroscopy;
and nuclear resonance fluorescence. Existing accelerator facilities could perform
this work, but often encounter impediments to conducting measurements with
special nuclear materials. The facilities may lack licenses to hold such materials
or may be unprepared for the associated health and safety requirements.

Obtaining these data will require particle- and nuclear-physics-style
detectors with near full solid-angle coverage, particle identification, and fast
timing. A significant challenge is the development of detectors that operate
in ambient conditions. For example, many current detectors must operate at
extremely low (tens of degrees Kelvin] temperatures. Developing materials
that can operate in ambient conditions while accurately recording events is
a great challenge for security and defense field operations.

A further challenge is to develop dedicated accelerator-based beamlines, for
example a beamline at a synchrotron light source, for security and defense
needs. Currently, the nation has no dedicated beamline for studies of exotic
materials including radiological, biological, chemical and explosive ones.
Accelerator-based science has much to contribute to better production of such
materials, characterization of their reactions, decontamination and safer handling.

High energy density

Facilities that provide conditions of high energy density, such as those found in
plasmas, provide an important, controlled environment for understanding
phenomena important to aspects of the security mission. Many such pulsed-
power based facilities have operated outside the DOE Office of Science mission.
However, accelerator research for inertial confinement fusion concepts could
advance such high-energy-density environments and serve high-energy-density
research for security and defense.

Directed energy

Accelerator-based directed-energy capabilities have been pursued from the
earliest times of accelerator development. Research into beam-power levels
high enough for directed energy has supported the development of several
technologies, most notably radio-frequency-quadrupole structures, or RFQs,

Accelerator technologies
find applications for a
diverse and growing set
of security and defense
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now ubiquitous in the accelerator world. The current need is for development
of a fieldable device for testing with defense and security partners.

Relativistic electron beams can generate high-power electromagnetic
radiation at various frequencies for directed-energy-specific missions.
Examples include free electron lasers, highly directional gamma-ray beams
through Compton scattering, and millimeter-wave to terahertz radiation.

Free electron lasers can in principle achieve megawatt average power levels
and optical beam quality and wavelengths required for security and defense
purposes. In the mid-1990s, the highest average-power FEL had achieved only
11 watts. The Navy, as a user of the FEL at DOE’s Thomas Jefferson National
Accelerator Facility achieved 2.2 kW, and a subsequent upgrade in 2006 demon-
strated 14kW at 1.6microns, a wavelength of particular interest to the Navy.

Free electron laser-based directed energy can expand to a wide range
of missions. With increased efficiency and decreased weight, for example, FELs
might serve as airborne platforms. With appropriate R&D, such goals appear
achievable. Most such improvements would feed back to the basic science
programs, potentially leading to lower-cost FEL systems and associated energy-
recovery-linac light sources.

A megawatt-class FEL will require several critical accelerator R&D
developments. Credible designs exist for two of these: a high-quality ampere-
class electron gun and continuous wave injector that can operate for weeks,
and ampere-class SRF cavities with higher-mode suppression using high-tem-
perature superconductors. However, demonstration of these designs requires
funding. At the conceptual level with simulations, researchers are currently
exploring a third critical element, megawatt-level RF couplers. Complete
system modeling is underway; but bringing these efforts to the point of comparison
to the actual performance of, for example, future 100-kW prototypes, will require
major efforts.

Cargo inspection and interrogation

Security priorities of the last decade have turned to deterring the threat from
subnational organizations. Some of these deterrents rely on identifying small
quantities of special nuclear material in shipping containers through a
signature reaction induced by radiation. Accelerators are a natural choice for
producing well-characterized beams of radiation and are central to a number
of current proposals to develop active interrogation techniques.

“Standing off” at a distance from the object under inspection by using
electromagnetic radiation, including that from accelerators, is of significant
interest in security and defense. The recent developments in terahertz radiation
at FELs show potential for active interrogation with desirable standoff distances
for cargo, improvised explosive devices and biological investigations.

Other interrogation techniques use neutron and proton beams ranging from
tens of keV to tens of GeV with radiographic sensitivity to a variety of materials.
Standoff with GeV protons to induce fission will require milliampere beam currents,
high gradient and high temperature superconducting technologies, as well as
compact devices that laser-driven accelerator technology may make possible.

Researchers have proposed more exotic radiography using the low interaction
rates of muons to achieve significant standoff. Such proposals would build on
developments for muon colliders and neutrino factories, the subject of R&D for
possible future basic-science facilities.

Replacement of radioactive sources and materials

In the 1970s, accelerator-based gamma-ray radiation therapy replaced radioiso-
tope-based devices in the United States and Western Europe. However, in much
of the rest of the world, ¢°Co-based teletherapy units are still very common,
with over 10,000 in service, according to the International Atomic Energy Agency.



With an average radioactivity of 2000 curies, these devices represent a potential
source of material for a radiological attack. Progress towards more compact,
rugged, and reliable accelerators can replace ®Co-based sources in medicine,
as well as in industrial applications.

Advances in high-gradient accelerator structures, microwave generation, and
power electronics could sharply reduce the cost of accelerator-based therapy.
The accelerator must be able to function with high reliability in adverse environ-
mental conditions, with fluctuating electrical supply. Because it is unlikely
that private industry would undertake such a design without a defined market,
deployment of this accelerator would need to be a coordinated effort among
various U.S. government agencies, industry and the international community.

Isotope production
Accelerator production of both stable and radioactive isotopes has potential
impact on security and defense. Demand for the stable helium isotope *He has
significantly increased in recent years, due to its use in neutron detectors for
portal monitors and other systems for detecting special nuclear materials. The
main source of *He is as a byproduct of the nuclear weapons stockpile. Changes in
stockpile management have led to decreased production, creating a need that
accelerators could meet. Beyond security, researchers in low-temperature
physics and materials science are suffering severely from the shortfall in *He.
Production of the medical isotope *“™Tc by reactor irradiation of a nuclear
material (*°U] yields the same by-products as detonation of a nuclear device. As
part of the Comprehensive Test Ban Treaty, monitoring stations worldwide
look for telltale by-products, specifically for the radioactive isotopes of the noble
gas xenon that are difficult to contain and that propagate over large distances in
the atmosphere. Medical isotope production affects the sensitivity of radio-xenon
measurements by producing elevated and variable concentrations over large
areas around production facilities. Accelerator-based production at required
volumes and competitive costs would reduce backgrounds, enhance interna-
tional monitoring capabilities, and simultaneously eliminate the need for highly
enriched uranium and nuclear reactor facilities for production.

. Neutron counts . Alarm threshold . Alarm condition

Accelerator production
of both stable and
radioactive isotopes has
potential impact on
security and defense.

Detection of neutrons from accelerator-
induced reactions with cargo materials
reveals the presence of fissile materials.
Image courtesy of Idaho Accelerator Center
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Nuclear forensics

Currently nuclear forensic analyses require intensive and time-consuming
chemical separations using laboratory-grade mass spectrometers and other
analytical instruments. Reducing the time required for these analyses and
moving the instrumentation to a field-deployable laboratory would have
significant advantages. A fundamental limitation of mass spectrometers that
drives the need for chemical separations is the limitation in dynamic range,
that is, the ability to detect trace constituents in the presence of large amounts
of other constituents. Underlying accelerator technologies could lead to
order-of-magnitude increases in dynamic range. The capacity to operate in
field conditions will, however, require significant improvements in reliability
and ruggedness.

Compact, fieldable accelerator systems

A clear need exists in a variety of security and defense applications for compact,
robust, high-gradient accelerator systems that can be deployed in the field.
Currently, vibrations and temperature swings affect most accelerator-based
technology, and components and infrastructure occupy a large space. All of these
components require integration into a single compact unit that can withstand the
challenging environments associated with field use, and that a layman can
operate. This is especially critical for the forensics area of security and defense,
where detection, characterization, and decontamination operations need to
occur quickly.

The requisite accelerator R&D ranges from activities that overlap with
frontier research in basic science, such as superconducting radio-frequency,
x-band, and plasma wakefield accelerators, to technologies such as inverse
free electron lasers and types of induction accelerators currently not pursued
in physics research. Compact systems will need high energy-recovery efficiency
to minimize power consumption. The development of improved materials for
superconducting technologies is also important.

Rugged, reliable, fieldable accelerator systems will also benefit from
innovation in high-power radio-frequency systems. The ideal endpoint of this
research might be an all-solid-state accelerator radio-frequency system.
Compact accelerators will need reliable high-current, high-brightness particle
sources, calling for development of photocathodes for electron beam sources.

Simulations tools

The security and defense sector relies on numerical modeling codes such as
GEANT, MCNP and GADRAS with origins in high-energy and nuclear physics.
These codes require continuous maintenance, validation and adaptation to evolving
computing architectures. As new data emerge from experimental physics, it is
critical to update and validate the underlying physics processes and nuclear
data that these codes use. Security and defense applications often include sets
of requirements different from most of the mainstream application of the
available codes, leading to limitations in the underlying physics models and data.

Nearly all modern accelerator projects, including those for security and
defense applications, use extensive numerical simulation analyses to optimize
designs and to reduce cost and risk. Many of the tools in use today are based on
work developed in the 1970s and 1980s on computer mainframes. However, the
last decade has seen a shift to massive parallel systems with tens to hundreds
of thousands of processors.

The SciDAC program has provided some support for advanced accelerator
code development, but many if not most of the tools developed in those
research programs have not trickled down to the broader accelerator science
community or to industry. In some cases the problem is lack of user friendliness
and communication. In other cases the codes remain state-of-the-art works in



Cargo Scanning

More than two billion tons of cargo
pass through United States ports and
waterways annually. The current
method of checking this cargo for
radioactive materials or weapons uses
X-rays scanners, like the machines
used at security checkpoints in
airports. According to a growing group
of scientists, particle beams from
an accelerator may offer a more
effective solution for identifying radio-
active material in cargo to keep ports
safe and prevent contraband from
entering the country.

X-rays reveal the basic shape of
the cargo inside a container, but they
cannot provide detailed information
about the material it is made of and
whether, for example, it is radioactive.

“X-rays work with density. If some-
thing is denser, it lets fewer x-rays
through,” said Ed Hartouni, a physicist
at Lawrence Livermore National

High-energy x-rays currently scan
cargo at U.S. ports. Researchers are
exploring alternative cargo-scan-
ning technologies using beams of
neutrons and other particles from
accelerators.

Laboratory. “With x-ray technology,
you can’t tell the difference between,
say, an engine block and the core

of a nuclear weapon core. If you're
a clever smuggler, you'll be able to
hide the shapes of contraband.”

Any material that contains a
radioactive isotope emits a particular
kind of radiation, a kind of signature.
A particle accelerator can allow cargo
scanners to recognize the signature
it gives off. “It gives you eyes to see the
very things you want and not be
confused,” Hartouni said.

Multiple national laboratories and
universities are currently research-
ing the ability of particle accelerators
to scan cargo. A pulse of neutron
particles, for example, would illumi-
nate the items inside the cargo and
react with the nuclei, which then
emit gamma rays. A particle detector
would identify the type of gamma ray

and reveal what is inside the box.
Another idea would use cosmic
rays, naturally occurring particles
that travel through space. By measur-
ing how the particles scatter, scientists
could use cosmic rays to paint
a picture of what is inside the cargo
container. More than just an outline
that a typical x-ray scanner would
provide, the cosmic rays could reveal
the isotopic structure, or an elemental
map, of any radioactive materials.
Scientists are currently working
to develop compact accelerators that
would be practical and effective to
use in a port. These particle scanners
are not yet available on the com-
mercial shelf, but some small
businesses are collaborating with
national laboratories to develop
these cargo-scanning technologies.
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progress, without sufficient benchmarking or dependability testing. Code develop-
ment and the constant adaptation to computer architecture and computing power
require a concerted effort.

Pulsed power needs and applications

To produce the extreme environments relevant to various aspects of nuclear
weapons science—both the underlying physics of nuclear weapons and the
radiation technology—accelerator scientists have developed pulsed-power
accelerators with impressive characteristics: peak beam power up to 100 terawatts,
pulse energy up to 25 megajoules and peak beam currents up to 30 mega-
amperes. The extreme conditions produced by these accelerators have
dictated a single-shot mode of operation; the time to clean and reconfigure the
load region means that the machines can only be fired a few times a day.

Researchers have used induction accelerators, with their inherent capability
to handle kiloampere beams, to assess the feasibility of propagating charged-
particle beams through the atmosphere for missile defense, to drive free electron
lasers from 8 mm down to 10.6 microns, and to produce flash x-ray sources
for radiography. The design and construction of several large machines have
produced many significant accelerator innovations, including, among others,
the development of modulaters to power a fast kicker that took the first-ever
radiographic “moving picture” of a weapon implosion.

The recent development of the dielectric wall accelerator, a coreless
induction accelerator, promises accelerating gradients on the order of 100 mega-
volts per meter for short pulses. High-gradient switches will lead to more
compact accelerators, result in more compact pulsed-power sources and have
security and defense applications such as variable-frequency high-power
microwave sources. This technology would also enable single-room proton
therapy systems for cancer, transportable GeV proton accelerators for active
standoff detection, and small electron accelerators for Compton sources
and free electron lasers. Key R&D areas involve development of insulators,
dielectrics, solid state switches, and diodes.

Existing or planned machines meet most of the needs for nuclear weapons
science, although the NNSA stockpile stewardship mission would benefit
from doubling of accelerator current to 60 mega-amperes. These accelerator
architectures would build upon new high-current versions of linear-trans-
former-driver, or LTD, technology. Pulsed-power machines may be the preferred
compact accelerator technology where radiographic detection of special nuclear
materials and other security and defense applications require kilo-ampere
currents and modest voltages (1-20 MeV). Pulsed-power machines for dynamic
material compression, jointly supported by the NNSA and the Office of Science,
could be an ideal technology for overlapping pulsed-power capabilities with light
source facilities for examining materials under extreme conditions.

The pulsed-power community has begun to engage emerging customers
in the areas of intelligence, nonproliferation, and nuclear counter-terrorism.
They are defining the requirements for broader security and defense applications
and the intersection of pulsed-power capabilities with these requirements.
The relative compactness, efficiency, and high-output radiation of pulsed-power
systems are attractive, but the single-shot operation is a severe limitation for
many applications. Meeting the emerging needs of this community will require
significant technology development in pulsed-power systems. The effort may
also increase the overlap with the underlying accelerator technologies of the
DOE Office of Science research programs.



Radio-frequency and advanced accelerator technologies

Recently, national and international collaborations have stimulated research
to study the limits of room-temperature linacs, leading to the doubling of
the usable gradient in normal-conducting high-gradient linacs. The emerging
technologies fostered by this research effort hold the promise of a broad,
transformational impact.

Beams of protons with energies greater than 1 GeV can pass through
distances of a few kilometers without appreciable losses. A particle accelerator
on a ship or military aircraft could produce such charged particles and direct
them at objects of interest at standoff distances of more than 1 km. Protons at
these energies generate large showers of charged and uncharged particles,
which propagate through an object under inspection. To detect special nuclear
materials, detectors monitor delayed neutrons and gamma rays.

Because of the need for exploration into these energies and the need for
high efficiencies, techniques such as superconducting radio-frequency,
plasma and other wakefield acceleration techniques, and other high-gradient
acceleration concepts have come under consideration.

POLICY CHALLENGES

Current impediments to accelerator innovation in the security and defense
program include weakness in the development of the scientific, engineering and
technological work force for accelerators; lack of communication and coordination
among stakeholders; the lack of funding for appropriate accelerator R&D; and
aversion to risk.

The scientific, engineering and technical work force

The lack of early-career scientists in the field of basic accelerator R&D is
worrisome, especially in the context of the aging current workforce. Determining
the workforce needs of the security and defense application areas is critical
for developing the appropriate accelerator R&D. Encouraging U.S. citizens to join
accelerator programs is imperative.

A large fraction of the scientific and engineering work force in accelerator-
based security and defense science and investigation received early training or
had their first professional positions in fields supported by physics research. The
replacement work force has significantly shrunk due to an unfortunate
confluence of factors. Few engineering and physics departments in U.S. univer-
sities offer courses, much less graduate degrees, in accelerator-oriented
science. Very few early-career faculty and post-doctoral scientists in U.S.
universities receive significant support directly tied to security-and defense-
oriented accelerator science, nor is there a strong summer program to expose
young scientists and engineers to needs and opportunities in the field.

To stop this erosion, based upon security and defense needs alone, there is
a need for stakeholder agencies to improve funding for graduate students,
post-doctoral scientists and early career faculty in accelerator-related fields.
Support for particle accelerator schools, such as the U.S. Particle Accelerator
School, also helps to address this shortage of trained accelerator scientists and
engineers. Agency-funded summer workshops on accelerator-related topics
offer another possibility for developing collaborations between universities and
security-oriented accelerator science. The Directed Energy Professional Society
offers competitive internships and scholarships for students based on grants
from funding agencies. Coordination among accelerator schools and programs
could further enhance accelerator education for national security and defense.

A very significant pay disparity exists between the field of accelerator
science—and many other areas of basic science—and industry. The only long-term
solution to avert a crisis associated with recruiting and retaining a talented,
young and energized workforce is to offer salaries that are competitive with

Encouraging U.S. citizens
to join accelerator
programs is imperative.

University of Chicago scientist Rafael
Jaramillo and Argonne scientist Yejun Feng
examine the element chromium at the
Advanced Photon Source. Studying simple
metallic chromium, the joint UC-Argonne
team has discovered a pressure-driven
quantum critical regime and has achieved
the first direct measurement of a “naked”
quantum singularity in an elemental
magnet. Photo: Argonne National Laboratory

Students at Fermilab
Photo: Reidar Hahn, Fermilab
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industry and other fields. This single step would not only encourage young
people, especially U.S. citizens, to enter the field, but would provide a competitive
environment to retain the very best engineers and scientists.

Communication and coordination

A significant challenge to the use of accelerators for security and defense is
the limited interaction between the security and defense and the accelerator
science communities. For example, the DOE Office of Science has successfully
supported basic research in accelerators, partly through SBIR/STTR programs.
These programs can play a significant and useful role in the transfer of accelerator
knowledge to other agencies including the Department of Defense, the National
Institutes of Health, the Department of Homeland Security and NATO. However,
the lack of coordination among the SBIR/STTR programs in the different agencies
impedes this transfer of progress.

The development of muon technology for active interrogation provides
a case in point. Interagency cooperation would facilitate the efficient transfer
of accelerator knowledge that high-energy physics researchers have developed
for future energy-frontier muon colliders. Now that DOD and DHS are actively
funding studies of muon generators for the standoff detection of special
nuclear materials, it makes eminent sense to apply the expertise already
developed to this new security and defense concept.

Another barrier to collaboration is the difference in the way the two
communities manage data. The accelerator science community traditionally
publishes in scientific journals, while the security and defense community
keeps this information secret.

Funding

Funding for continued accelerator R&D is critical for supporting future programs in
security and defense. For the most part, innovative accelerator technologies have
emerged from basic science research at the energy frontier. Often, decades later,
these technologies find important applications in national security and defense,

a process that cannot happen without the continuing development of innovative,
and therefore risky, ideas. The Department of Energy’s accelerator R&D program,
with major funding provided in the past by the Offices of High Energy Physics
and Nuclear Physics has been a major source of those innovative ideas.

The short-term nature of the federal funding cycle for large-scale projects
creates a barrier to developing a joint accelerator community. The budgetary
uncertainty makes project planning, staff retention and collaboration difficult.
Another issue is that scientific projects are often funded for parts of the proposed
program. Partially funded projects never achieve the full range of initial
goals, stifling progress in a given area. Progress depends on making full funding
a priority.

Bridging the gap from research to deployment

Bridging the “valley of death,” the crucial stage of a technology between the
initial idea and scientific prototype and the deployment of a commercially
fabricated product, will require a conscious, concerted effort to integrate the
accelerator R&D program across the many stakeholder departments and
agencies. Personnel should receive encouragement and recognition for working
with industry in the effort to transfer technology and knowledge. Long-range
planning, technology road-mapping, and technology implementation plans will
need to include the full community of potential users. To succeed, such a
program must acknowledge the risk inherent in developing innovative, compact,
efficient, self-shielded accelerators. Opportunities involve risk; the low
tolerance for risk in the current research culture constitutes a major challenge
for realizing the opportunities of accelerator technology.



FINDINGS

The applied-science applications of the security and defense program rest
on advances in basic science, specifically in the area of accelerator research
and development.

There is a great need either for increased access to existing advanced
scientific facilities or for commissioning new facilities, or both, to generate
physical data on materials critical to the security and defense programs. These
facilities include accelerators, synchrotron radiation light sources and neutron
sources to characterize chemical, biological, explosive and nuclear materials.

Accelerator R&D for security and defense depends on a scientific and
technical work force trained at DOE Office of Science accelerator laboratories,
universities and educational institutions, and at dedicated accelerator schools.

An integrated national program is critical for realizing the challenges
of future security-and-defense-related accelerator R&D.

The future direction of security and defense accelerator R&D is towards
compact accelerator systems—low cost, small size, energy efficient, rugged,
high reliability, high performance—of all types. Mapped onto the overall
accelerator R&D landscape, these characteristics take advantage of advances
such as high-gradient acceleration schemes, energy recovery technology, and
innovative radio-frequency systems.

Applications of accelerators for security and defense have a particular need
for updated and improved simulation tools.

An external panel of independent expert reviewers from outside the security
and defense accelerator R&D stakeholders would have great value to both
project scientists and funding agencies in bringing fresh and original perspectives
and identifying pathfinding approaches to technology and policy challenges
relevant to security and defense accelerator R&D.

The Accelerators for America’s Future Symposium in Washington, DC

An integrated national
program in accelerator
R&D that includes

all stakeholders is
critical for realizing the
challenges of future
security-and-defense-
related accelerator R&D.

Attendees at the symposium
Photo: Reidar Hahn, Fermilab
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Accelerators for
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Discovery science searches for answers to the fundamental
questions about the world and the universe around us. What
are the laws of nature that explain its beauty and mystery at
every level, from the simplest building blocks to the most
complex forms of life? Throughout human history, scientific
inquiries of ever increasing power and sophistication have
addressed these basic questions, leading to revolutionary
insights into the nature of the world and transforming human
civilization. Scientific progress depends on the development
of powerful investigative tools, from Galileo’s telescope

in 1609 to the most sophisticated instruments today. The
National Academy of Engineering lists “to engineer the tools
for scientific discovery” among its “Grand Challenges for the
21st Century.”

From the earliest days of their development in the 1930s,
researchers have brought their bold and innovative particle
accelerator technologies to a broad range of fields of discovery
science, with extraordinary success. When Ernest Lawrence
built the first cyclotron in 1930 at Berkeley, California, it had
an energy of 80 thousand electron volts and a diameter of
4 inches. Lawrence could hold it in his hand. With a circumfer-
ence of 16 miles, today’s most powerful particle accelerator,
the Large Hadron Collider at Europe’s CERN laboratory, will
ultimately have an energy of 14 trillion electron volts. In
between have come countless intermediate machines and
remarkable advances in every aspect of accelerator technology.
Each generation of particle accelerators builds on the
achievements of the previous ones, raising the level of tech-
nology ever higher. Today, particle accelerators are essential
tools of discovery for particle and nuclear physics and for
sciences that use x-rays and neutrons.
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A pair of top quarks reconstructed from a proton-antiproton collision
in the DZero experiment at Fermilab’s Tevatron. /mage courtesy
of Fermilab
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Today, American
leadership is challenged
as other nations

seize the opportunities
to develop and apply
accelerator technologies
to 21st-century challenges.
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Nuclear physics investigates how the fundamental building
blocks from the big-bang plasma combine to make nucleons
and complex nuclei, how the chemical elements are formed
in astrophysical processes, and how their interactions power
the sun and the stars. Particle physics asks questions about
the fundamental nature of the physical universe: What are
matter and energy, space and time? X-ray and neutron-based
science investigate the nature of the physical world at the
atomic and molecular level, taking in the vast territory of
chemistry, physics, materials science, biology and medicine,
earth science and the engineering sciences. Accelerator
science explores particle beams themselves: their character
and interactions and how to generate and manipulate them.

The United States has been prominent in particle accelerator
technology from early on, and American science has led
the field not only in accelerator development but also in the
sciences that use accelerators as tools. Today, that leadership
is challenged as other nations seize the opportunities to
develop and apply accelerator technologies to 21st-century
challenges. Worldwide, the uses of accelerators are evolving
rapidly, but in the U.S., many important aspects of the science
and technology of accelerator development have struggled to
keep pace with opportunity and demand.

Ernest Lawrence’s first cyclotron The Large Hadron Collider at CERN, in Geneva,
Photo courtesy of symmetry Switzerland Photo courtesy of CERN
magazine



Nuclear Physics

Visible matter in the universe—the matter that makes up stars, planets, life—has
existed for billions of years. Through research in the past few decades, we
have begun to understand the mysteries of its origin, evolution, and structure.
Nuclear physicists investigate how the fundamental building blocks of the
big-bang plasma form nucleons and nuclei, how astrophysical processes create
the chemical elements, and how interactions between them power the sun
and the stars.

Over more than half a century, researchers have developed unique
accelerator technologies and tools to address the mysteries of nuclear physics.
The very first accelerators of the 1930s were built to explore the properties
of the atomic nucleus. In 1927, Lord Rutherford, the discoverer of the nucleus,
asked for a “copious supply” of particles with more energy than the naturally
occurring alpha and beta particles he had to work with at the time. “What we
require,” Rutherford said, “is an apparatus to give us a potential of the order
of 10 million volts which can be safely accommodated in a reasonably sized
room...I see no reason why such a requirement cannot be made practical.”

The accelerators that followed not only probed the mysteries of matter but
have also led to many economic and practical benefits for society. The U.S.
has long played a leading role in this field, and with the appropriate investments
the nation can continue as a leader in the future. Recent advances in
accelerators from nuclear physics include: polarized and multi-charge state ion
sources; beam cooling; superconducting radio-frequency acclererators for ion
and continuous wave (polarized) electron beams; superconducting cyclotrons;
and heavy-ion beams, up to maximum collision energies between particles
of close to 40 TeV in gold-on-gold. In the 1990s, the Department of Energy
completed two flagship accelerator facilities for nuclear science, the
Continuous Electron Beam Accelerator Facility, CEBAF, at Thomas Jefferson
National Accelerator Facility, or TINAF, and the Relativistic Heavy lon Collider,
or RHIC, at Brookhaven National Laboratory. Experiments at TINAF have
significantly deepened our knowledge of the fundamental force called the strong
interaction and how it defines atomic nuclei. The hot dense matter created in
RHIC's gold-gold collisions has revealed traits of the deconfined quark-gluon
matter that made up our universe shortly after the Big Bang, and has recently
shown hints of bubbles of profound symmetry transformations in the hot soup
of quarks, antiquarks and gluons.

NEEDS, OPPORTUNITIES AND TECHNOLOGIES
Building on the foundation of the recent past, nuclear science in the U.S.
focuses today on three broad but highly related research frontiers. The first
explores the theory of the strong nuclear interaction, quantum chromody-
namics, called QCD, and its implications and predictions for the matter in the
early universe; quark confinement (the absence of free quarks]; the role
of gluons; and the structure of the proton and neutron. At TINAF, an energy
upgrade of the electron beam to 12 GeV is already underway. It will definitively
establish the contribution of valence quarks to hadron structure. The role
of the gluons, the carriers of the strong force, in determining the properties
and structure of strongly interacting matter is the major focus for future
research beyond TJNAF and RHIC in nuclear physics. The nuclear physics
community is discussing the need for a high-energy electron-ion collider, or EIC,
as a gluon microscope.

The second research frontier investigates the structure of atomic nuclei
and nuclear astrophysics. It addresses the origin of the elements, the limits
of nuclei, and the evolution of the cosmos. The major technical requirement is
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Each area of nuclear
physics research will
require advanced
accelerator capabilities.

Computer simulations of the deuteron,
investigated in precision experiments at
Thomas Jefferson National Accelerator
Facility

Computer image of a particle collision at
the PHENIX detector at Brookhaven
National Laboratory’s Relativistic Heavy lon
Collider
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the creation of significant quantities of short-lived nuclei far from stability. The
Facility for Rare Isotope Beams, or FRIB, now under construction at Michigan
State University will produce such new isotopes in abundance.

Developing a New Standard Model of nature’s fundamental interactions and
understanding its implications for the origin of matter and the properties of
neutrinos and nuclei is the third frontier. Nuclear physics research focuses on
unique scientific opportunities at the low-energy precision frontier. Future
accelerators will be important sources of neutrinos for investigating the funda-
mental interactions of these mysterious and ubiquitous particles.

TECHNICAL CHALLENGES

Each of these three areas of research will require advanced accelerator capa-
bilities. For the electron-ion collider, major challenges include development
of high-intensity energy recovery linacs, techniques to cool high-energy
hadrons for increased luminosity, intense sources of polarized electrons and
ions, as well as understanding of beam-beam effects. The major accelerator
challenges for rare isotope beam facilities include high-intensity ion sources
and high-power superconducting radio-frequency, or SRF, accelerators for
the intense primary production beams, and high-power charge-state strippers
and target set-ups. The neutrino beams require significant development of
intense proton beams at multi-GeV energies. Development of high-intensity,
high-power, low-beam-loss SRF accelerators is a common thread for accelera-
tors in science.

For the beam cooling of high-energy hadron colliders, coherent electron
cooling and optical stochastic cooling are promising techniques. Each requires
development of technologies such as high-intensity, high-brightness energy
recovery linacs and high-gain, high-power optical amplifiers. Energy recovery
linacs would also provide the beams for the linac-ring option of high-luminosity
electron-hadron colliders. The investigation of beam-beam effects, a major
obstacle limiting luminosity and beam lifetime in colliders, requires sophisticated
simulations that include three-dimensional effects and machine nonlinearities.

Access to the spin degrees of freedom is essential for unraveling the
underlying forces between colliding particles. These experiments require high-
brightness intense polarized electron, proton and light-ion sources.

Targets and stripper systems that can withstand megawatt-levels of beam
power are key for producing rare isotope beams, generating intense neutron
fluxes and beams of kaons, muons and neutrinos. Technical challenges include
thermal management, radiation and thermal shock of solid or liquid materials.

FINDINGS

The most promising R&D avenues involve development, by one or more orders
of magnitude, of energy-efficient high-power accelerators, polarized and
unpolarized high-intensity sources of electrons, protons and ions, and cooling
and other technologies for achieving high luminosity.

R&D on high-intensity low-loss ion accelerators for the efficient production
of radioisotopes is essential not only to open up new research frontiers in nuclear
physics but also for applications in medicine, industry and national security.

R&D on intense polarized electron and light-ion sources, on high-energy
cooling of hadron beams, and on high-current, efficient, multi-pass energy
recovery linacs are of critical importance for the advancement of hadron and
lepton-hadron colliders.



Particle Physics

Particle physics, also called high-energy physics, asks basic questions about
the universe. Over the past 50 years, with particle accelerators as their
primary scientific tools, particle physicists have achieved a profound under-
standing of the fundamental particles and physical laws that govern matter,
energy, space and time. The theoretical and experimental breakthroughs that
have produced this Standard Model of particles and forces are among the
triumphs of 20th century science. Recent discoveries have shown, however, that
this elegant view of the universe must be incorporated into a still deeper theory.
Current and future particle physics experiments around the world provide
the capability to address a set of well-defined questions that, together, define
the path for particle physics in the 21st century.

NEEDS, OPPORTUNITIES AND TECHNOLOGIES

The High Energy Physics Advisory Panel identified three frontiers of scientific
opportunity for the field: the Energy, Intensity and Cosmic Frontiers. Answers to
questions about the fundamental physics of the universe will come from combining
the most powerful and insightful observations at each of the three frontiers. At
two of them, the Energy and Intensity Frontiers, particle accelerators will be the
essential scientific tools for exploration, defining the potential for discovery.

At the Energy Frontier, using high-energy colliders, physicists discover new
particles and directly probe the architecture of the fundamental forces at
ever-smaller scales. At the Intensity Frontier, using intense beams, experiments
illuminate the nature of neutrinos and observe rare processes that can reveal
new physics at very high energies. Research at both frontiers informs us
in complementary ways about the origin and evolution of the early universe.

Accelerators using leptons, such as electrons and positrons, and hadrons,
including protons and antiprotons, have played complementary roles in particle
physics discoveries, and both will have essential roles in the future. Experi-
menters use hadron accelerators for a wide-ranging search for new phenomena
and lepton colliders as precision probes of these new phenomena. Designing
and building the accelerators of the future will require not only refinement of
existing technologies but breakthroughs that lead to fundamentally new concepts.

TECHNICAL CHALLENGES

Particle physics research at the energy and intensity frontiers will require R&D
in key areas of accelerator technology. Attaining higher energies will require
higher electric field gradients, reaching 100 million volts per meter and above.
Advances in superconducting radio-frequency acceleration at higher critical
temperatures seem possible with new materials and manufacturing techniques.
The challenge will be to make these materials pure enough and with sufficiently
perfect surfaces to support high-gradient beams. Radio-frequency (RF) generation
by deceleration of intense beams could yield lower-cost multi-TeV room-tempera-
ture linacs. Whether such beams can be generated and compressed and
achieve gradients above 100 megavolts per meter requires demonstration, which
will depend on advances in understanding RF breakdown, developing new
acceleration structures, and achieving cost-effective high-power RF.

Laser- and beam-driven plasmas, and to a lesser extent dielectric loaded
structures, have achieved gradients a thousandfold greater than those of conven-
tional accelerators. To develop practical accelerators with this approach will
require demonstrations with large bunch charges and successive accelerating
segments, as well as advances in efficient high-power laser sources.

Higher-energy colliders require magnets with higher critical fields than are
now achievable. Ongoing research on new cables needs continued support.

Particle physics
discoveries at the Energy
and Intensity Frontiers
depend on advancement
in accelerator science
and technology.
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The CMS detector at CERN’s Large Hadron
Collider

Concept for generating high-quality muon
beams for a future energy-frontier
accelerator
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High-critical-temperature, or HTc, superconducting materials offer magnetic
fields above 12 Tesla, operating temperatures over 50K, and decreased sensitivity
to operating temperature. The R&D challenges include material properties, total
current-carrying capabilities, and cost. Continued support of this work is of
very high priority.

Muons, unlike electrons, bend in a magnetic field without significant energy
loss to synchrotron radiation. Multiple-pass acceleration in magnetic rings could
pave the way for compact muon facilities and efficient use of accelerating
structures. Recycling linacs or fixed-field accelerating gradient rings are also
possible. Outstanding issues for muon colliders include accommodating the
large beam sizes and addressing radiation from muon decay.

Megawatt proton beams will drive next-generation high-intensity accelerators.
Intensity-frontier beams need R&D on targets, beam injection, beam manipu-
lation in storage rings, and radiation-hard materials. Understanding beam
loss is critical for achieving future high-power accelerators. Beam halo simulations
to support new designs need to be checked experimentally on currently
operating accelerators.

Compact and well focused beams are critical for colliders, requiring new
cooling mechanisms and precision beam handling. Muon accelerators will require
the development of a new rapid-ionization cooling technique with high-field,
high-temperature superconducting solenoids, high-gradient radio-frequency
cavities operating in magnetic fields, and high-field dipole magnets that can
work in a high density of electrons from muon decay. Stochastic cooling systems
based on very high-frequency techniques (~100GHz) have potentially very short
cooling times suitable for generating ultra-low-emittance hadron beams.

The high luminosities needed for future electron-positron colliders require
improvements in high-intensity positron production. Beam quality preservation will
require R&D on achieving low-impedance, ultra-high-vacuum pipes and precise
alignment of focusing magnets at the micron or even submicron level. The problem
is exacerbated in plasma channel accelerators with their strong transverse fields.

FINDINGS

High-magnetic-field magnets lead to more compact circular accelerators and
higher-energy collisions. They will also enable effective focusing systems for
high-intensity applications. High-temperature superconducting magnets have
significant potential to advance magnet technology.

Larger accelerating gradients would make possible more compact and
cost-effective accelerators. Promising avenues include higher-field supercon-
ducting cavities, RF generation by intense drive beams, and accelerating fields
from plasma-driven wakefields.

New techniques using ionization cooling and very high-frequency stochastic
cooling show promise as methods to control beams for high-intensity collisions.



Accelerators for X-ray and Photon Science

Over the last four decades, light sources—accelerators producing photons from the
infra-red to hard x-rays—and the sciences that use them have made dramatic
advances that cut across many fields of research. Brightness has increased a
thousandfold every decade. This remarkable progress has opened up new scientific
opportunities, to the point where there are now about 10,000 scientists in the U.S.
using x-ray beams for research in physics and chemistry, biology and medicine,
earth sciences, and many more aspects of materials science and development.

Light sources based on dedicated electron storage rings have achieved x-rays
with subatomic-scale wavelengths with excellent beam stability. They produce
precision beams smaller than a micron in diameter for exploring properties of
fine-grained complex materials and allow high-pressure and high-temperature
studies with significant impact for materials research and geosciences. Technical
advances have made high-resolution imaging an important tool in medicine,
biology, materials and environmental science. Other techniques using x-rays in
studies of liquids, as well as bulk and interface properties of advanced materials,
have also blossomed to allow in situ probing of physiochemical processes.

Linear accelerators with free electron lasers for x-rays, or XFELs, use the
principle of self-amplified spontaneous emission, or SASE, to produce extremely
intense, ultra-short pulses of coherent x-rays. In flashes that last less than
100 femtoseconds, XFELs provide as many photons as storage rings currently
produce per second, and gains in peak brightness from these sources reach ten
orders of magnitude. Research areas include the study of the structure and
dynamics of nonperiodic macromolecular complexes; investigation of nanoscale
dynamics and collective behavior in condensed matter; and explorations of
femtosecond chemistry to study the building and breaking of chemical bonds in
photosynthesis and in materials under extreme conditions.

NEEDS, OPPORTUNITIES AND TECHNOLOGIES

Most research in x-ray-based science has investigated material systems in
equilibrium, using static methods of observation. However, many of the most
scientifically significant processes take place during transition from one state

of matter to another, far from equilibrium. Extreme length and time scales
characterize the behavior and complexity of matter. Basic physics principles
overlap chemistry, biology, geosciences, medicine, and broad fields of engineering
science. What are the principles that govern far-from-equilibrium behavior?
How does the complexity of matter develop in time and space? What are the
principles of pattern formation, development and self-organization in nature?
Such questions will lay the foundation for understanding the far-from-equilibrium
processes that determine the functions of materials around us. Moving from
passive observation to active control requires a new generation of light sources
with the highest brightness and with specialized properties that include laser-like
coherence of the x-rays from XFELs.

The time evolution of systems, whether excited by a single photon of sunlight
in photosynthesis or by a dynamic, high-pressure shock wave in inertial confine-
ment fusion, represents new areas for the investigation of the behavior of matter
far from equilibrium. Researchers would probe not only the dynamics of
electrons, spins and phonons but also structures at the atomic and molecular
level, and the nanoscopic, mesoscopic orders, and continuum scales.

Central to these scientific challenges is the ability to image, understand and
control matter as a function of energy, momentum, space, and time. Materials
often drive progress in technology. Recently, materials in the form of nanostruc-
tures and complex materials, whose properties arise from electron correlations
rather than from independent electrons, have become increasingly important.

Aerial view of the Advanced Photon Source
at Argonne National Laboratory
Photo courtesy of Argonne National Laboratory

There are now about 10,000
scientists in the U.S. using
photon and x-ray beams
for research in physics and
chemistry, biology and
medicine, earth sciences,
and many more aspects

of materials science and
development.
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Researcher at the crystallography beamline
of Lawrence Berkeley National Laboratory’s
Advanced Light Source

The future of x-ray science
depends on improving
existing light sources and
developing the light
sources of tomorrow.
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The imaging properties of XFELs will revolutionize our ability to see, and thus
manipulate, matter on the atomic scale.

An example of technological progress using XFELs could include extensions
of precision frequency standards from the optical region to x-ray frequencies
allowing ultrahigh-resolution metrology. As a result, researchers could gain
insight into the measurement of time variation of the fundamental constants
of nature, symmetry postulates, graininess of space and gravitational red-shift.

TECHNICAL CHALLENGES

The future of x-ray science depends on improving existing light sources and
developing the light sources of tomorrow. Challenges to improving present light
sources will call for significant R&D.

Future light sources will be characterized by orders-of-magnitude improve-
ment in key capabilities including radiation coherence with control of the quality
of temporal structure and energy bandwidth of pulses; spectrum coverage with
wavelength range from sub-millimeter (terahertz radiation)] to sub-atomic
(hard x-rays); and photon power, including pulse energy and repetition rate. The
potential architectures for these light sources include free electron lasers, energy
recovery linacs, so-called ultimate storage rings, and laser-driven sources.

Seeded free electron lasers offer fully controlled temporal coherence and
intrinsic time stamping of the radiation, in addition to the transverse coherence
possible with self-amplified spontaneous emission x-ray FELs. Operating in the
SASE low-charge mode, FEL amplifiers have the potential to approach wave-
lengths near quantum-limited performance. FEL oscillators will also offer
controlled temporal and bandwidth properties.

Energy recovery linacs offer flexible timing structure and high average
brightness. These transformational sources will have performance superior to
that of existing storage rings and linac-quality beam at very high (GHz) repetition
rates. Long-term plans might also combine FELs with energy recovery linacs.

Storage rings are currently the workhorses of x-ray experiments. Storage
ring technology has the potential to achieve nearly full transverse coherence
in the soft and hard x-ray range up to 10 keV. Storage rings also offer stability,
high power, and accommodation of large numbers of users.

Areas of cross-cutting R&D with the most promise for transformative
innovations are photo cathodes and injectors optimized for brightness and
lifetime; high-power optical lasers for beam control and seeding, driving photo
cathodes and pump-probe experiments; techniques for laser manipulation
of beams and seeding the FEL process; continuous-wave superconducting
radiofrequency accelerating structures; and synchronization and timing
technology to the sub-femtosecond level over kilometer distances; as well as
advanced detector technology.

As with other applications of accelerators, R&D on sources for x-ray science
sources rests on increasingly large-scale end-to-end simulation capabilities.
Reducing the cost of future light sources to meet growing user demands will also
require significant R&D.

FINDINGS

Integrating advances in component technologies, especially in free electron
lasers and energy recovery linacs, will require prototype test-bed facilities. Such
test facilities serve multiple accelerator R&D purposes and support advanced
accelerator education and training.

Advances in optical and near infrared laser technology will create oppor-
tunities for x-ray science. High-power lasers will make possible unique x-ray
sources. They are useful as seed lasers and are essential for laser plasma
acceleration and photocathode injectors. The advanced optics R&D that multiple
vendors outside the U.S. are now pursuing addresses these needs.



Neutron Science

Neutron scattering offers a unique probe of the structure and dynamics of
materials. Researchers use large facilities for research on condensed matter
physics, applied engineering materials, materials chemistry, geoscience, soft
matter such as polymers and micelles, and biological materials. The diverse
applications of neutrons require optimized and highly specialized instruments
to serve the particular needs of different user communities.

The use of neutron scattering as a research tool began in the late 1940s
and early 1950s with nuclear reactors as sources of neutrons. In the 1960s,
researchers raised the possibility of using accelerator-produced neutrons.

A continuous accelerator-based neutron source began operating in Switzerland
about a decade ago. In the meantime, intense pulsed neutron sources had
begun operating in the late 1970s and early 1980s. They eventually achieved
significant peak flux, making possible new classes of innovative experiments.
This work had enormous impact on materials research, and paved the way for
the state-of-the-art and currently the world’'s most intense Spallation Neutron
Source, or SNS, at DOE's Oak Ridge National Laboratory, operating at power
levels of 1 megawatt.

Major successes of accelerator-based neutron sources include determining
the crystal structure of high-temperature superconductors; the observation
of magnetic quantum fluctuations in single-crystal materials including
antiferromagnetic chains, colossal magneto-resistance systems and high-tem-
perature superconductors; elucidating the structures of ionic liquids; and
detailed characterization of polymer films and interfaces. Emerging research
areas include extreme environments such as high pressure, in situ studies
of engineering and energy-related materials, and biological applications
of neutron scattering.

NEEDS, OPPORTUNITIES AND TECHNOLOGIES

Increasing the flux of useful neutrons is crucial for enhancing the capabilities
of accelerator-produced neutrons for materials research. The greatest need is
for a high flux of thermal or cold neutrons. Since the neutrons produced by
the beam hitting the spallation targets generally have very high energy, producing
the low-energy, end-use neutron spectrum requires moderation of the spallation-
produced neutrons.

Developing the next generation of sources requires a focus on reliable
accelerators with increased power, spallation targets, moderators and optimized
end-user instruments. To develop classes of experiments that are now impossible
will require consideration of new types of sources, including long-pulsed
spallation sources and perhaps even high-power continuous spallation sources.
Both could be based on high-power linacs from 5-20 megawatts, with energies
of 1-3 GeV. Reliable and uninterrupted operations are a key requirement of
end users.

Increasing the flux of
useful neutrons is crucial
for enhancing the
capabilities of accelerator-
produced neutrons

for materials research.

View into the linac portion of the Spallation
Neutron Source at Oak Ridge National
Laboratory Photo courtesy of Oak Ridge
National Laboratory
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Cost is currently a barrier
to transformative
advances, calling for
developments that
improve robustness and
reduce operating costs.
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TECHNICAL CHALLENGES

Cost is currently a barrier to transformative advances, calling for developments
that improve robustness and reduce operating costs. Progress requires
understanding the failure rates of components and addressing problems related
to beam halo and beam loss.

R&D priorities include long-pulsed sources, with maximum power in
pulses of ~2-4 ms and energies of ~1-3 GeV for spallation sources at repetition
rates of 10-30 Hz. These will probably be linac based, and similar high-power
linac-based continuous sources also warrant consideration. A second priority
is short pulses (100 ns-1 pys) with maximum energy per pulse of hundreds
of kilojoules, energies of ~1 or more GeV for spallation at repetition rates
of 30-60 Hz. The development and deployment at universities and small centers
of inexpensive and efficient sources based on low-energy accelerators
(13-20 MeV) for neutron production from scattering reactions with variable pulse
lengths and frequencies for R&D is a third priority.

FINDINGS

Controlling beam loss and instabilities in accelerators for neutron science will
require improved methods, including understanding beam-loss mechanisms
and improving beam control. This effort will include developing advanced beam
diagnostics and analysis methods, reliable computer models with proper
verification tools, and progress in theoretical understanding. Overcoming
detrimental beam-instability issues will call for developing novel methods
of beam-distribution control and advanced feedback.

Future neutron sources will require investment in the development of appro-
priate targets and moderator systems suitable for high-power spallation sources.
There is a need for technologies for radio-frequency power sources,
superconducting cavities and ion sources, as well as improved technologies
to enhance beam reliability, including injection. Reliable and predictable

operations will have a huge impact on scientific capabilities.

Five national laboratories collaborated to build the Spallation Neutron Source at Oak Ridge
National Laboratory.



DISCOVERY SCIENCE GENERAL FINDINGS
Every field of accelerator-based science has particular challenges and opportu-
nities for maintaining leadership in accelerator science, technology and
workforce development. However, some key observations apply across the board.
Accelerators have found ever-expanding uses in discovery science, medicine,
security, energy and the environment, and industry. However, continued
development to maintain and strengthen the nation’s competitive position in the
global enterprise of accelerator technology will require a new level of coordina-
tion among government agencies. National and international R&D consortia
that bring diverse physical and intellectual resources to bear on national
and international programs have proven their value and should be expanded.
Mechanisms must be found and developed to encourage these collaborations.
The use of operating accelerators and of special dedicated accelerator test
facilities for beam science and technology development are an essential
component of a frontier accelerator program and need to be strongly supported.
Further advances in accelerator technology depend on recognizing and
encouraging the science of accelerators as a field of science in its own right.
Attracting the caliber of scientific minds essential for progress in this field
requires a vibrant program of accelerator science research that will yield advances
in accelerators for America’s future.

Stanford University graduate student Jahee Kim and Phil Bucksbaum, director of the Photon
Ultrafast Laser Science and Engineering Center at SLAC National Accelerator Center

Continued development to
strengthen the nation’s
competitive position in the
global enterprise of
accelerator technology
will require a new level
of coordination among
government agencies.
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Energy reach of the highest-energy
particle accelerators ever built. The
energy of particle colliders is plotted
in terms of the energy that the
particles would need if colliding with
a proton at rest. Using these units, the
energy of at the Large Hadron Collider
corresponds to the energy of nearly
100,000 TeV.
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Livingston Plot

Physicists have been inventing new types of accelerators to
propel charged particles to higher and higher energies for more
than 80 years. Today more than 30,000 accelerators are in
operation around the world—in industry, in hospitals, and at
research institutions.

Accelerator expert M. Stanley Livingston summarized world-
wide advances in high-energy accelerators in a book published
in 1954. An illustration in his book—the latest update is displayed
on this page—has become a hallmark in the field of accelerator
physics. Livingston noted at the time that advances in accelerator
technology increase the energy records achieved by new
machines by a factor of 10 every six years.




First accelerator @

Most accelerators in operation today,
including thousands of machines used
for treating the surfaces of materials,
rely on the same principle of reso-
nance acceleration that Norwegian
engineer Rolf Wideroe explored
when he built the world’s first accel-
erator in Aachen, Germany in 1928. His
linear accelerator, powered by an
alternating voltage, propelled potas-
sium ions through an 88-cm-long
glass tube, achieving an energy gain
equivalent to twice the peak voltage

he used. This proof of principle opened
the door to a vast new field of research
and many types of accelerators.

Cyclotrons O @

More than 350 cyclotrons around the
world produce radioactive isotopes
for medical applications, such as PET
scans. Inspired by Wideroe's success,
Ernest Lawrence and his student

M. Stanley Livingston built the first
of these circular accelerators, about
four inches in diameter, and operated
it in 1931 in Berkeley. The cyclotron’s
magnetic field forces particles to travel
in spirals. On each turn, the particles
cross an electric field that accelerates
them to higher energy.

Cockcroft-Walton electrostatic
accelerators O

In 1932, John Cockcroft and Ernest
Walton became the first scientists to
split the atomic nucleus with artifi-
cially accelerated particles when they
aimed a proton beam at lithium
atoms. Physicists still use Cockcroft-
Walton accelerators to deliver
strong, steady streams of low-energy
protons. The machines can turn
alternating currents into electrostatic
fields corresponding to more than
one million volts.

Van de Graaff electrostatic
accelerators O

Scientists used this type of accelerator
for several decades in physics and
biomedical research. Commercial
companies now build modern versions
of this machine for the same purposes.

Invented at Princeton University in
the 1930s, the accelerator generates
a high voltage by charging a large
sphere with a moving belt. At the
Museum of Science in Boston, visitors
can see a Van de Graaff machine

in action.

Betatrons O

In 1940, Donald Kerst at the University
of Illinois modified the design of the
cyclotron to accelerate particles to
higher energy. The betatron’s large
magnet provides a variable field and
keeps particles on a circular orbit
inside a beam pipe, a major step
forward in accelerator technology.
In 1957, Dr. O. Arthur Stiennon
opened in Wisconsin the first private
medical center to treat cancer patients
with a betatron.

Synchrocyclotrons O

For many years physicists struggled
to build accelerators that work for
both low- and high-speed particles:
slow particles gain both energy and
speed when traveling through an
electric field while particles traveling
close to the speed of light gain energy
but almost no speed. This creates

a timing problem in accelerators. The
synchrocyclotron, invented in the
1940s, solved the problem by introduc-
ing an electric field with variable
frequency, paving the way for better
accelerators.

Linear accelerators O O
Physicists built the first modern
linear accelerators after World War Il,
using microwave technology devel-
oped for radar. Today, thousands

of hospitals use linacs for radiotherapy
in cancer treatment. Luis Alvarez
built the first standing-wave linac to
accelerate protons at UC Berkeley

in 1946. A team at Stanford University
constructed the first traveling-wave
linac to accelerate electrons in 1947.
Today, scientists often use linacs

to give heavy particles an initial boost
before injecting them into the circular
machines that accelerate them to
high energy.

Electron synchrotrons @

The operation of the first electron
synchrotron in the United States, at
General Electric in 1946, led to the
discovery of synchrotron radiation, the
light emitted by charged, high-energy
particles traveling in a circle. Today,
more than 50 electron synchrotrons,
known as light sources, produce
intense beams of light for research in
material science, chemistry, molecular
biology, and other fields. In a syn-
chrotron, the particles stay on a fixed
circular path and the beams can
circulate for long periods of time.

Proton synchrotrons @

The discovery in the 1950s of strong
beam focusing, which controls

the size of a particle beam through
a series of magnets, allowed the
construction of large, circular proton
accelerators for nuclear and
high-energy research, starting at
Brookhaven National Laboratory and
the European laboratory CERN.
Hospitals have begun to use proton
synchrotrons for cancer treatment.

Storage ring colliders O @ O
Storage ring colliders circulate two
beams of particles in opposite direc-
tions and smash the particles

into each other. They have led to the
discovery of many of the subatomic
forces and building blocks of matter.
Today, machines at KEK, CERN,
Fermilab, and Brookhaven make
electrons, positrons, protons,
antiprotons, and ions collide. Scientists
also are pursuing a new type of
machine that would smash muons
into each other.

Linear colliders @

The Stanford Linear Accelerator Center
started operating the world's first
linear particle collider in 1989 using
conventional radio-frequency cavities
operating at room temperature. Today,
scientists are developing supercon-
ducting RF cavities that could power
future linear colliders, accelerating
electrons and positrons to much higher
energy than achieved at SLAC.




Accelerator

Sclence and
Education

Accelerator science, the basic science of beams of particles,
investigates and characterizes their production and manipulation
and their interactions with electromagnetic fields, plasmas

or matter. Accelerator science has advanced dramatically in the
decades since accelerators first emerged as powerful tools
across the breadth of the experimental sciences. Accelerator
science will lead the way to future accelerators for virtually
every branch of science and for a broad spectrum of applications
to meet national needs.
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Simulation of the E-167 Plasma Wakefield Acceleration Experiment
at SLAC National Accelerator Center. In the experiment, 42 GeV
electrons from the SLAC linac doubled their energy in less than one
meter. The surfaces are regions of constant plasma density, while
the spheres represent the beam electrons. /Image: C.K. Huang

(Los Alamos National Lab) and Miaomiao Zhou (UCLA) with visualizations
created by F. S. Tsung (UCLA)
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Accelerator science will
lead the way to future
accelerators for virtually
every branch of science
and for a broad spectrum
of applications to meet
national needs.

Ernest Lord Rutherford Photo courtesy of
Cambridge University Library, courtesy

AIP Emilio Segre Visual Archives, Rutherford
Collection

Accelerators for America’s Future

The history of accelerators has shown over and over again
that innovation and careful R&D, often accompanied by unex-
pected developments, can overcome seemingly insurmountable
barriers to progress. In the 80 years since their invention,
accelerators have increased beam energies one hundred million
times, beam intensities by a factor of one million, and beam
brightness—a measure of geometric, temporal and spectral
sharpness—by more than ten orders of magnitude.

We can expect major, perhaps even revolutionary, further
advances. The accelerating field is a good example. Ernest
Lord Rutherford, the discoverer of the atomic nucleus,
suggested in the late 1920s that it should be possible to generate
an accelerating field of about ten million volts over an accel-
erating distance that fits into a large room. He could not have
anticipated that now radio-frequency accelerators provide
tens of millions of accelerating volts over distances of less than
one meter. Yet today, to stay with this example, we are
discussing future accelerating schemes, particles riding on
plasma wakefields, that might increase acceleration by
a factor of a thousand. Or that might, conversely, provide tens
of millions of accelerating volts over distances unimaginably
small: a few hundred microns. This latter vision, stimulated
by promising results of initial R&D, will require substantial
research effort before becoming everyday reality. It is one of the
many areas of R&D that hold great promise for the future
of accelerator science and technology.



NEEDS, OPPORTUNITIES AND TECHNOLOGIES

Ultrahigh-gradient acceleration concepts are an important area of accelerator
science research, because high-gradient techniques have great transforma-
tional potential for many accelerator applications. Particle physics has long
supported aggressive research to extend the reach of existing accelerating
technologies and to pioneer new concepts. The capability of high-temperature
radio-frequency structures has extended their reach well past 100 MeV/m.
New methods are under development using direct laser acceleration (1 GeV/m),
beam-driven dielectric wakefield acceleration (few GeV/m), and ultrahigh-
gradient laser- and electron-beam-driven plasma wakefield accelerators
(>10 GeV/m). They offer the promise of more compact light sources in the near
term and higher-energy colliders in the longer term.

The development of ultra-high-gradient compact accelerators with high
beam quality would lead to radiation sources covering the entire electromagnetic
radiation spectrum from coherent terahertz to high-energy gamma rays and
offer unique high peak-brightness capabilities. Universities and small research
laboratories might build free-electron lasers operating in the soft x-ray
regime. For low-repetition-rate light sources (1-10 Hz) operating at 1-10 GeV,
researchers may deploy compact laser-driven plasma wakefield accelerators
in the next five to ten years.

Users of future light sources seek temporal and spectral control at scales
well beyond those currently achievable. The research that supports the
development of attosecond-class acceleration techniques, such as direct laser
and high-density plasma acceleration, may enable control of beam properties
on a time and spectral scale that is orders of magnitude finer than presently
available, with great benefit to the next generation of ultra-fast light sources.

For medical and security applications, compact monochromatic x-ray and
gamma-ray sources based on Thomson scattering of laser light off a high-
quality electron beam could lead to high-resolution imaging. Laser-based proton
and ion accelerators for particle therapy are emerging as a possibility. Laser-
solid target interaction has produced proton and ion beams with energies in the
tens of MeV per nucleon, with emittance one to two orders of magnitude
below conventional sources. Techniques for obtaining higher-energy beams
(100s of MeV) with low energy spread are in development.

Besides high-gradient research, urgent accelerator science topics include
six-dimensional beam cooling for muon beams, manipulation of polarized
beams, ultimate electron storage rings that produce diffraction-limited emittance,
energy recovery linacs, optical stochastic cooling techniques, microbunch
seeding of high peak-current electron beams, and coherent electron cooling
of beams.

Accelerator science needs a strong theoretical foundation, with advances
in accelerator R&D intimately coupled to strong efforts in accelerator theory.

A theoretical understanding of the experimental observations is critical to point
the way toward innovative concepts and transformational technologies, making
support of accelerator theory an essential part of accelerator R&D.
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World-class facilities
for experiment, theory
and simulation, and

for educating accelerator
scientists, are the key to
developing the accelerator
science that will form
the foundation of future
accelerator innovation

to address 21st-century
challenges.

Accelerators for America’s Future

TECHNICAL CHALLENGES

The next challenge in ultrahigh-gradient techniques for high-energy physics
is to demonstrate the production of relevant energies and, ultimately, beam
power for collider applications. The demonstration of high-quality electron beams
from single plasma-based modules and experiments aimed at demonstrating
the capability of staging modules reliably to achieve beam energies useful for
particle physics have also begun.

Beyond these important experiments, high-power applications in both
particle physics and basic energy sciences require demonstration at high
average powers [i.e. gradient and repetition rate). In addition, future light
source applications need development of high-quality femtosecond and
attosecond beams.

Accelerator science will benefit from significant investment in developing
economical high-power radio-frequency sources and efficient high-average-
power laser sources suitable for driving accelerators. Crosscutting research will
be essential for the development of metals, dielectrics and plasmas for
structure-based accelerators powered by microwaves, beams and lasers.

FINDINGS

World-class facilities for experiment, theory and simulation, and for educating
accelerator scientists, are the key to developing the accelerator science
that will form the foundation of all future accelerator innovation to address
21st-century challenges. Building and operating such facilities will require
sustained investment over the next few decades.

Overcoming impediments to successful accelerator innovation in ultra-
high gradient accelerator techniques will require comprehensive R&D and the
concerted engagement of the national laboratories, universities and industry,
supported by dedicated funding.

Research in accelerator theory and simulation should receive strong support
as an essential element of accelerator science.

In this simulation of a plasma accelerator, a laser or electron beam (not shown) shoots through
the plasma from left to right, shaping electrons in the plasma into a large wave. Surfing the
crest of this wave, a bunch of electrons accelerate to high energies in a very short distance.



ACCELERATOR SCIENCE EDUCATION

More than any other factor, the education of the next generation of accelerator
scientists and engineers will determine the future of accelerator-based
science and technology in the United States. Tomorrow’s accelerators will be
extraordinarily challenging to design, build and operate. They will need the
sustained efforts of many outstanding and highly trained scientists and engineers.
Yet only a handful of U.S. universities offer formal training in accelerator
science and technology. Many engineering departments no longer offer courses
in technologies, such as power electronics and microwave and radiofrequency
systems, that are crucial to accelerators. Further, despite a record of high-
impact publications and award-winning dissertations, accelerator physics is often
regarded as limited in science content, discouraging the development of
accelerator physics faculty and the training of graduate students.

At U.S. national laboratories and accelerator-associated universities,
currently about half the accelerator scientists were born abroad, and many
received their highest degrees from foreign universities. As the opportunities
for accelerator scientists in other countries grow, our own nation will lose that
source of intellectual power and technological skill, exacerbating the already
acute need for more and better accelerator education here at home.

Strengthening the role of universities in accelerator R&D is essential.
The few universities with research or test accelerators that support faculty lines
provide the tightest link to accelerator-science education. These universities
emphasize innovation in accelerator science and offer opportunities in
accelerator science and technology to undergraduate physicists and engineers.
An expanded accelerator-physics and engineering faculty at more universities,
and strong university-based research programs to support these faculty
lines, would go far toward attracting bright young minds to accelerator science
and engineering.

Collaboration between national laboratories and research universities is
a natural approach to attract, train and educate a new generation of accelerator
scientists and engineers. Since 1982 the U.S. Particle Accelerator School
has exemplified such a successful partnership, offering rigorous graduate and
undergraduate courses in accelerator science and engineering. University-
laboratory centers for accelerator research and education offer another avenue
and need nurturing and expanding. They provide invaluable access to accelerator
facilities for training and thesis research.

FINDING

Continued U.S. innovation in basic accelerator R&D rests on the next generation
of accelerator scientists. The nation must make continued long-range invest-
ments to create opportunities for education and training, an effort that requires
advanced operating accelerator facilities at national laboratories and increased
support for university programs in accelerator science. It is critical to maintain
and strengthen national laboratory-university partnerships and to support
schools for accelerator science and technology education.

Only a handful of U.S.
universities offer formal
training in accelerator
science and technology.

More than any other factor, the education
of the next generation of accelerator
scientists and engineers will determine the
future of accelerator-based science and
technology in the United States. From top:
photos courtesy of CERN, Fermilab Visual
Media Services, W.A. Barletta
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Five working groups of accelerator experts, reporting from
DOE’s Office of High Energy Physics-sponsored workshop on
Accelerators for America’s Future, individually defined their
stakeholders; enumerated challenges to accelerator advance-
ment; identified promising, transformative accelerator
research and development; and offered guidance to strengthen
the connection between basic accelerator research and
technology deployment. The groups identified the most com-
pelling future opportunities and made suggestions for
improving accelerator research and development. Analysis
of the working groups’ reports and findings readily reveals a
number of common directions for technological progress and
policy initiatives. Taken together, these common technical
and policy themes offer the opportunity and the framework to
coherently and strategically promote accelerator research
and development across a comprehensive set of applications
to meet pressing national needs.

ACCELERATOR OPPORTUNITIES

Each working group identified several opportunities for accelerator-based
applications with transformative potential. Accelerator-driven systems for
power generation and the transmutation of nuclear waste, as well as for the
treatment of flue gases and waste and drinking water, could address
significant national energy and environmental challenges. In medicine, isotope
generation and charged-ion cancer therapy offer promising applications of
accelerator technology. Industrial opportunities involve replacing inefficient,
environmentally harmful thermal processes with energy-efficient and “green”
electron-beam or x-ray processes and replacing industrial radioactive sources
with accelerators. For national security and defense, new rugged, compact,
turn-key accelerators will lead to high-impact applications in defense, cargo
interrogation, and monitoring. Discovery science would profit from higher-energy
colliders, muon colliders, laser- and electron-beam-driven plasma wakefield
accelerators, and more intense light sources using advanced free electron lasers
and energy recovery linacs.




TECHNICAL DIRECTIONS

Realizing the opportunities identified by the working groups to apply accelerator
technologies to meet national challenges will require coordinated, sustained
progress in a number of technical areas. Not surprisingly, the individual
groups identified many overlapping areas for research and development. Reduced
accelerator size and cost, along with improved accelerator reliability and
efficiency, were among the general technical characteristics most often cited.
More specific technical improvements reported were higher-current particle
sources and beams, higher-power radiofrequency sources, improved beam
control and simulation, and increased field strengths in superconducting
accelerator cavities and magnets.

To achieve economic and operational viability, accelerator performance for
energy and environmental applications will require significant technical
progress. Reliability, for example, will need to far exceed levels typically found
in physics research facilities, reaching beyond 99 percent duty cycles. The
effort will require beam-loss control and mitigation to maintain beam losses
at less than one watt per meter, as well as multi-megawatt proton sources
featuring efficient low-energy acceleration and high beam quality.

New accelerator technology will enhance production of medical isotopes
and greatly improve ion-therapy treatment, requiring R&D in accelerators,
beam transport, and targetry. An overriding consideration for the next generation
of particle therapy facilities will be reduction in the size and costs of the
systems, along with simultaneous improvement of reliability standards. New
accelerator, transport, and delivery system technologies offer transformative
opportunities for proton and ion-beam therapy. Progress in beam shaping and
delivery of protons and light ions will reduce radiation delivered outside
treatment volumes. Fully optimizing radiation treatments will also require rapidly
responding beam delivery systems.

Industrial interests in future acceleration technologies encompass both
development and application of new techniques and provision of accelerators and
components. The primary factor that inhibits the growth of existing accelerator
technology is the dearth of large-scale demonstrations. A user facility where
industry could conduct demonstrations in conjunction with potential customers
would significantly increase the market for accelerators. Future accelerators will
require the industrialization of innovative technologies, such as superconducting
radio-frequency cavities and superconducting magnets. Readying U.S. industry
to meet the significant demand for superconducting radiofrequency technologies
over the next five years will require formal, coordinated technical and industrial-
ization programs between government and industry.

Accelerator R&D for security and defense emphasizes low-cost, compact
accelerator systems that are energy efficient, rugged and highly reliable. These
compact accelerators will ensure adequate field deployment for both military
purposes and national defense. Construction of these fieldable accelerators
will require research in all major accelerator components (sources, accelerating
cavities, radiofrequency supply, and beam transport). Furthermore, to support
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development of these compact, high-power systems there is a particular need
for updated and improved simulation tools.

Each sector of discovery science requires research and development to reach
the next level of sensitivity and discovery. In the general area of accelerator
characteristics, reliable and predictable operations will have an enormous impact
on scientific progress. Similarly, as energies and intensities increase, efficiency
will become increasingly important. Technological progress would yield
enormous benefit across the full panoply of research and development topics:
radiofrequency power sources, superconducting cavities and ion sources, polarized
and unpolarized high-intensity sources, high-field magnets, targetry, higher
accelerating gradients, new techniques for cooling and controlling beam, and
laser technology.

ACCELERATOR R&D: NEEDS AND OPPORTUNITIES
Achieving the advances in accelerator technology discussed in this report will
require substantial research and development. Some of this R&D is well
defined, some is conceptually developed but needs a broader approach to identify
solutions, some is less well developed, and some is purely speculative.

R&D for the development of new or enhanced technologies and for major
advances in accelerator performance includes:

e High-gradient superconducting radio-frequency structures. Such structures
provide high accelerating fields at extremely large quality factors, mini-
mizing required radio-frequency power to operate, allowing continuous-wave,
or cw, operation at 100 percent duty cycle, and limiting operating costs.
This makes very large linear accelerators, providing maximum beam power
at a given energy, feasible and affordable. Optimizing field levels and
quality factors, new materials and surface treatment, cw radio-frequency
power supplies and couplers, and cavity structures for different beam
velocity ranges all require R&D.

e High-gradient normal conducting radio-frequency structures. Such
structures, due to the lower quality factors, are generally operated in pulsed
mode but can in principle provide the highest accelerating fields. In situations
where the environment does not tolerate complex cryogenic configuration
and ruggedness of the accelerator is of highest priority, normal-conducting
radio-frequency accelerators are the tools of choice.

e Wakefield technology to miniaturize accelerators with ultra-high-gradient
acceleration. This novel concept involves either a laser or an electron-beam
pulse propagating through charged plasmas or a dielectric tube, exciting
a wake field of the order GeV/m at the speed of light and accelerating following
beam bunches or plasma particles.

e High power radio-frequency and pulsed-power generators. Increased
beam power, continuous wave to highly pulsed, is needed for applications
of intense average beams as well as the generation of short-term extreme
environments, requiring advanced high-current versions of linear-trans-
former-driver technology and radio-frequency power amplifiers.

e Beam phase space optimizations. Developments include high-intensity,
small-emittance, high-brilliance, long-lifetime beam sources for electrons
and ions, and charge breeding. They also include novel (coherent electron

beam and laser) beam cooling techniques, in particular for high-energy

primary and secondary beam particles (hadrons, ions, muons). And they
include radiation coherence with control of temporal and energy quality in
light sources and free electron lasers.




e Beam control and beam loss reduction. The high-current accelerators
envisioned for novel uses in several areas require new levels of control
of beam losses and instabilities, including advanced beam diagnostics and
analysis methods, reliable computer models and verification tools, and novel
beam distribution control and feedback systems.

e Superconducting magnets and advanced materials. Advanced super-
conducting magnet design promises novel, cost-effective, high-field magnet
configurations. The use of high-temperature superconductors could sharply
reduce cryogenic requirements if mechanical and engineering require-
ments in accelerators can be met. More broadly, new or modified materials
could provide major advances that reach from higher accelerating fields
in chemically treated superconducting cavities to photo cathodes for electron
beams optimized for brightness and lifetime.

Areas of R&D identified by each working group. All areas are of importance to each working
group. Color coding indicates areas with greatest impact.

R&D Need Energy & Medicine Industry
Environment

Reliability

Beam Power/RF

Beam Transport and Control
Efficiency

Gradient (SRF and other)

Reduced Production Costs
Simulation

Lasers

Size

Superconducting Magnets
Targetry

Particle Sources

Security &
Defense

Discovery Science

Color code: Increased priority
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Any given R&D activity often relates to several advanced accelerator
concepts and applications. Similarly, several specific R&D activities may critically
enter a specific accelerator scheme. In this respect, necessary R&D also
connects to the broad concepts of novel accelerator designs and capabilities.
These include:

e Plasma-wake-based, ultra-high-field accelerators

e High-power, high-energy, superconducting proton (ion) driver linacs for
medical, fission and fusion energy, security, and environmental applications
and for discovery science

e Highest-power (high-intensity, low-energy) electron accelerators for electron
and x-ray material irradiations, security and environmental applications

e High-luminosity advanced colliders for electron-electron, proton-proton,
electron-ion, and muon-muon collisions, including advanced cooled
(unpolarized and polarized) beams

e Future light sources with orders of magnitude improvements in one or more
key capabilities, such as radiation coherence, spectrum coverage, photon
power, and temporal structure, and based on architectures of free
electron lasers, energy recovery linacs, “ultimate” storage rings, and laser-
driven sources.

A further important goal in accelerator R&D that cuts across all disciplines
is the development of smaller, more compact but often high-power, more
rugged (“fieldable”), highly reliable (reflecting industrial standards), and less
costly (in construction and operation) accelerator structures. This involves the
full range of R&D, from novel concepts and technologies to new materials and
advanced engineering.

POLICY AND PROGRAM DIRECTIONS

Policy initiatives also play a significant role in accelerator research and
development. As with the technical aspects, common suggestions for policy
directions to support accelerator development emerged from the working
group reports and findings. These policy directions included creation of demon-
stration user facilities, improved interagency and interprogram communication
and collaboration, and strengthened accelerator education programs. Addressing
these policy issues will foster transformative impacts of future accelerator
developments and hasten the deployment of those transformations to meet
national needs.

Without exception, each group strongly advocated the creation of large-
scale demonstration and development facilities to help bridge the gap between
development and deployment. The Energy and Environment group recommended
demonstrations of electron-beam accelerator flue-gas and water treatment
to prove to regulators and potential users that the technology is ready for field
deployment. The Medicine Working Group said such facilities are necessary
to promote the development of new clinical therapies associated with heavy-ion
beams, presently too expensive for industry to initiate. The Industry Working
Group suggested that government-sponsored demonstrations of accelerator
applications would speed to market energy-efficient applications that replace
thermal treatment processes. Security and Defense cited the need for an array
of readily available facilities (accelerators, synchrotron light sources, and
neutron sources) to characterize chemical, biological, explosive and nuclear
materials. Discovery Science reported that facilities are necessary to foster
advancement in basic accelerator science and promote training of accelera-
tor scientists.




Similarly, there was a widespread call for improved interagency, inter-
program, and industry-agency coordination. Deployment of accelerator-based
contributions to energy and the environment will require both interoffice and
internal cooperation. For instance, development and study of accelerator-
driven power generation or transmutation of nuclear waste would benefit from
coordination between DOE’s Office of Nuclear Energy and Office of Science.
Similarly, development of beam therapy would benefit from coordination between
the National Institutes of Health and DOE’s Office of Science. An important
finding of the Security and Defense group is that an integrated national program
in accelerator R&D, presumably involving DOE and the Department of Defense,
is critical for meeting the challenges of future security and defense. State-
of-the-art scientific accelerators naturally benefit from coordination among
several program offices within DOE’s Office of Science, which should naturally
strengthen with the development and construction of the next generation
of discovery machines. Strengthened relationships between industry and the
program offices of DOE, through workshops, organizations and integrated
planning, would encourage the development and use of accelerators to meet
national needs in many areas. Areas appropriate for industry-agency coordi-
nation are industrialization programs, technology transfer and intellectual
property rights.

The working groups also strongly highlighted the value of expanded training
and education of accelerator scientists and engineers and the recognition
of accelerator science as a scientific discipline. Continued U.S. innovation in basic
accelerator research and in the areas of energy and environment, medicine,
industry, security and defense, and science rests on the next generation
of accelerator scientists. The motivations for strengthened educational efforts
include training of the next generation workforce, engaging the best and the
brightest students and early-career scientists and engineers, and workforce
training for new applications. Attracting the caliber of scientific minds essential
for progress in the field requires a vibrant program of accelerator science and
technology research, world-class training facilities, and attractive instruc-
tional opportunities. Universities should be encouraged to offer courses in the
practical uses of industrial accelerator technologies as well as in the discipline
of accelerator science. These activities should strongly link to initiatives
establishing accelerator demonstrations and user facilities. There was little
quantitative analysis of the national need for accelerator scientists and skilled
technicians, suggesting that future directed studies may be appropriate.

The workshop’s report enumerates the most pressing needs of research and
development for accelerators in the many areas examined. It emphasizes that
no federal agency can respond to the many needs by itself, requiring interagency
collaboration, collaboration with industry through partnerships, the need
for test facilities, and stronger theoretical research and simulation efforts in
accelerator physics.
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