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On the Cover

The Los Alamos Neutron Science Center (LANSCE) is a national
user facility welcoming hundreds of visitors every year. The heart of
LANSCE is the linear accelerator, or linac, which is shown stretching
across a mesa top from the back cover to the front. The linac acceler-
ates protons (a proton is the charged particle at the center of a hydro-
gen atom) to an energy of 800 million—electron volts. Remarkably,
after 34 years of operation, it still produces one of the most intense
sources of medium-energy protons in the world. The proton micro-
pulses exiting the linac are shown entering the Proton Storage Ring
(PSR), which stores and compresses the pulses, creating a much
shorter and higher-intensity macropulse for research applications.
When the PSR macropulses are allowed to collide with a heavy metal
target, they produce neutrons through a process called nuclear spall-
ation. Spallation neutrons are used for fundamental research on mate-
rials and biological structures at the Lujan Neutron Scattering Center
(Lujan Center). Both protons and neutrons are used for experiments
at LANSCE’s five major facilities.

Shown within the ring are three images that illustrate exciting
new technological innovations at LANSCE’s three main user facili-
ties. At left, two scientists use the GEANIE detector at the Weapons
Neutron Research Facility. That detector is one of a brilliant set of
new instruments at LANSCE that measure neutron reactions on a
variety of nuclei, some of which have very short half-lives. These
measurements are essential for accurate prediction of the performance
of a nuclear weapon and for a greater understanding of excited nuclei.
At upper right, a proton radiograph shows large spikes developing in
a fluid that is driven unstable by a shock wave. Proton radiography
is a new technology invented at LANSCE for imaging the dynamic
behavior of materials driven by high explosives. It is considered a
critical tool for understanding the science of nuclear weapons, as
well as investigating hydrodynamic phenomena of all kinds. The
netlike structure in the image at lower right, obtained with neutron
crystallography, shows the distribution of hydrogen atoms in a pro-
tein that is important to the manufacture of DNA. The new Protein
Crystallography Station at the Lujan Center is one of the world’s best
instruments for following the transfer of hydrogen atoms in biological
macromolecules because it delivers the most intense neutron flux in
the world. Those transfers enable enzymes to do their work and thus
hold the secrets to efficient drug design. The capability to investigate
biological and other soft materials of strategic importance is likely to
be further enhanced, keeping LANSCE’s competitive edge well into
the future.



O AlAm
Mail Stop M711
Los Alamos National Laboratory
Los Alamos, NM 87545

lascience@lanl.gov
Tel: 505-667-1447
Fax: 505-665-4408

hitp://www.lanl.gov/science/

LANSCE

into the Future







Statement from
the Associate Director for Weapons Physics

he history of Los Alamos National Laboratory is one of heroic accomplishment

in a time of great danger. As midwife to the birth of the fission bomb and fusion
bomb and as the leader of the miniaturization of both, the Laboratory’s place in
history is ensured. To continue to serve national security after World War II—opti-
mally and convincingly —the Laboratory had to diversify. The element in diversifi-
cation that has endured to the present emerged from a daring initiative, namely, the
creation of the Los Alamos Neutron Science Center (LANSCE), formerly LAMPF.
Notwithstanding pessimism on the part of most experts, the facility came online
34 years ago—on schedule and on budget—as the major interdisciplinary laboratory
in the United States supporting both nuclear weapons technology and fundamental
science (from medicine to astrophysics). It also contributed significantly to the
reduction in international tensions by welcoming scientists from within and outside
the United States in its unclassified programs.

LANSCE has remained a wellspring of new knowledge and applied technologies.
Its contributions to the weapons program are steadily increasing through the new
technology of proton radiography, the ultimate diagnostic tool for fission devices,
and through the symbiotic relationship between LANSCE’s Isotope Production
Facility and Weapons Neutron Research Facility, which are producing the first
results on the nuclear physics of short-lived isotopes. Those results provide essential
data for predicting the nuclear performance of weapons, while results on materials
aging from LANSCE’s Lujan Center are solving essential questions on the lifetime
of components in the stockpile.

The United States is still facing serious threats. Thus, our need to have strong,
multidisciplinary national-security laboratories is no less, and may be greater, than
it was when LAMPF was conceived. Critical investments are needed now so that
LANSCE continues to drive the frontiers of science and technology for the benefit
of national security.

Susan J. Seestrom
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LANSCE

A Key Facility for National Science and Defense

Linear Accelerator

Kurt F. Schoenberg and Paul W. Lisowski

For over thirty years, the Los Alamos Neutron Science Center (LANSCE) has been a pre-
mier accelerator-based user facility for national security and fundamental science. LANSCE
has remained at the forefront of research because of its strength in technological innovation
and its capacity to tailor its very intense proton beam and beam delivery modes to changing
scientific and programmatic needs. Today, five state-of-the-art facilities operate simultaneously,
contributing to the nuclear weapons program (including actinide and high explosives science),
nuclear medicine, materials science and nanotechnology, biomedical research, electronics test-
ing, fundamental physics, and many other areas. During eight months of the year, while the
accelerator is operational, scientists from around the world work at LANSCE to execute an
extraordinarily broad program of defense and civilian research. Over the 2004 operating period,
more than 1100 users visited LANSCE, and over 350 experiments were performed. Because of
its large user program, LANSCE is one of the Laboratory’s most important “windows” into the
academic community and a source for many of our brightest early-career scientists. LANSCE
can claim no less than 1200 recruits to the Los Alamos National Laboratory’s technical staff
during the last 30 years, and it remains a magnet for the best and the brightest.

Plans to refurbish the facility and extend its role are in the works. The LANSCE refurbishment
project is designed to sustain reliable facility operations well into the next decade for defense
research and applications. A Materials Test Station delivering a very intense fast neutron flux has
been designed for exploring advanced nuclear-energy options. A newly commissioned ultracold-
neutron-source user facility will make high-precision tests of the standard model of elementary
particle physics. Upgrades at the proton radiography facility will enable high-resolution high-
speed imaging of hydrodynamic instabilities and detonation physics of importance to stockpile
stewardship. Enhancements to the existing Lujan Neutron Scattering Center will ensure its pre-
eminence in cold, long-wavelength neutron scattering for the foreseeable future. The development
of a long-pulse neutron source prototype will explore techniques for achieving a hundredfold
increase in neutron flux for designing the materials and pharmaceuticals of the future. These and
other plans promise that LANSCE will support the nation’s nuclear deterrent, energy security,
health and welfare, and leadership in science for many decades to come.
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he heart of the Los Alamos
TNeutron Science Center

(LANSCE) is the high-
intensity linear proton accelerator
(linac), stretching eastward from the
Laboratory along a narrow mesa top
(Figure 1). Conceived in the 1960s
by Louis Rosen, a veteran of both
the Manhattan Project and the ther-
monuclear era, it was to be a world-
class facility designed to extend the
reach of the Los Alamos community
into the international scientific arena.
To complement the studies into
the nature of elementary particles
conducted at other institutions, the
Los Alamos Meson Physics Facility
(LAMPF) would produce the highest-
intensity proton beam in the world
to explore the fundamental forces of
nature at medium energies. These are
the energies at which pi mesons are

Figure 1. Aerial View of the LANSCE Facility

produced, and their role in holding
together the protons and neutrons of
ordinary nuclei could be studied.
LAMPF was an exciting project
based on an innovative accelerator
design, but a first-class meson physics
facility was only one part of the total
vision. Just as protons from the linac,
traveling at 84 percent of the speed of
light, would produce copious numbers
of pi mesons when they crashed into
a light-element target, the same pro-
tons, striking the neutron-rich nuclei
of a heavy-metal target, would release
copious numbers of neutrons through
a process called spallation. Those
neutrons would be perfect for study-
ing the nuclear and materials physics
that determines the performance of a
nuclear weapon, as well as neutron
radiation effects on reactor and weap-
ons materials, and a neutron physics

facility would be especially needed
if there ever were a moratorium or
ban on nuclear weapons testing. The
argument was presented, and the
U.S. Congress saw its validity. Even
before the 800-million-electron-volt
(MeV) linac was complete, Congress
had agreed to support a Weapons
Neutron Research (WNR) Facility to
complement the activities of LAMPF,
thereby making LAMPF a world-class
research facility for both science and
national security.

Today, neutrons and protons
have eclipsed mesons as the primary
research tools provided at the facil-
ity; the name of the facility has been
changed to the Los Alamos Neutron
Science Center, or LANSCE; and the
research emphasis has shifted from
medium-energy nuclear physics to
material and nuclear science in sup-

Los Alamos Science Number 30 2006
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Figure 2. Layout of the LANSCE User Facility

The heart of the LANSCE facility is a highly flexible lin-
ear accelerator (linac) system, one of the most powerful
in the world, that can accelerate up to 1 mA of protons
to an energy of 800 MeV and then deliver the protons to
multiple experimental areas. The linac can also acceler-
ate negative hydrogen ions to 800 MeV. (Left to right)
Protons at 100 MeV are used at the Isotope Production
Facility for making medical and other short-lived
radioisotopes. Pulses of 800-MeV negative hydrogen

Side-Coupled Linear Accelerator

LANSCE—A Key Facility for National Science and Defense
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ions are used at the Proton Radiography Facility for
imaging dynamic events related to nuclear weapons
performance and are also sent to heavy-metal targets
at the Weapons Neutron Research (WNR) Facility.
Proton—-nucleus collisions in the targets generate large
numbers of neutrons (~20 n/p) through a process called

nuclear spallation. The neutron pulses, in turn, are used
for materials irradiation and fundamental and applied nuclear physics research. The negative hydrogen ions are also
injected into a 30-m-diameter Proton Storage Ring (PSR). The PSR converts a 625-pys pulse of negative hydrogen ions
into a 125-ns intense burst of protons. Those intense proton bursts produce, through nuclear spallation, short bursts
of neutrons for neutron scattering studies of material properties at the Lujan Center and for nuclear physics research
at the WNR. In addition, a newly commissioned ultracold-neutron research facility is beginning the exploration of
fundamental nuclear physics with experiments designed to test the standard model of elementary particles.

port of Laboratory missions. The Lujan
Neutron Scattering Center (Lujan
Center) has become a major interna-
tional user facility for studying the
structure and dynamics of advanced
materials and biological macromol-
ecules. Semiconductor industries come
to use the intense high-energy neutron
flux at the WNR’s Irradiation of Chips
and Electronics (ICE) House to test
the vulnerability of their modern cir-
cuit designs to disturbances caused by
atmospheric neutrons; and biomedical
companies collaborate with staff at

the new Isotope Production Facility to
get the latest radioisotopes for nuclear
medicine and research applications.
(Figures 1 and 2 show the layout of
the facility.)

Number 30 2006 Los Alamos Science

The national security efforts at
LANSCE have increased markedly
over the past decade. Los Alamos sci-
entists have developed an unmatched
suite of precision instruments that
exploit the intense, high-energy neu-
tron source at the WNR, the high-
est-intensity source in the world,
to supply essential nuclear data for
predicting the performance of our
nuclear deterrent from first principles
and benchmarking the results against
past tests. Proton radiography is a new
technique invented at Los Alamos,
in collaboration with Lawrence
Livermore National Laboratory and
other national laboratories, for imag-
ing dynamic events with protons
rather than x-rays. It is being used to

Target 4

investigate the high-explosive deto-
nation physics and hydrodynamic
instabilities important to the weapons
program. Instruments at the Lujan
Center have been tailored to study
material properties of high explosives,
plutonium, uranium alloys, and other
weapons materials under varying
conditions of temperature and pres-
sure. And the new Isotope Production
Facility is producing the short-lived
and rare isotopes needed for nuclear
data experiments of interest to the
nuclear weapons program. As Louis
Rosen likes to say, “Technology is
the child of science,” and that maxim
could not be truer than at LANSCE.
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Figure 3. The Lujan Center

Short, intense pulses from the PSR are directed at the Lujan Center’s tung-
sten target, which is coupled to two different neutron moderators for the
production of cold, thermal, and epithermal neutrons with energies that span
the range from milli-electron volts to kilo—electron volts. The cold moderator,
containing liquid hydrogen, is a first-of-its-kind design, featuring neutron cou-
pling to the spallation target and neutron reflector materials; it is optimized
for cold-neutron production and produces the most intense peak flux in the
world. Neutrons from each moderator source are collimated to form beams
for up to seventeen flight paths. These neutron flight paths are instrumented
for different purposes, including powder diffraction, reflectometry, small-angle
scattering, protein crystallography, inelastic scattering, single-crystal diffrac-
tion, and chemical spectroscopy. The entrance to the Lujan Center is shown
in (a), and the experimental hall with target, moderators, and instrumented
flight paths, in (b).

The LANSCE Facilities

The Lujan Center. This facility
(Figure 3) delivers the highest-peak
neutron flux in the world for research
on materials science and engineering,
polymer science, chemistry, earth sci-
ence and geology, structural biology,
and condensed matter physics. High
flux at low energies is at a premium
in neutron scattering studies because
low-energy neutrons, although essen-
tial both for penetrating bulk materials
and for visualizing the hydrogen con-
tent of biological macromolecules, are
hard to produce in great quantities and
have a much lower scattering prob-
ability than x-rays.

Neutron scattering is used to
determine where atoms are located in
materials and how they move (diffuse
or oscillate) collectively as a func-
tion of temperature. Elastic neutron
scattering provides position informa-
tion (structure), and inelastic neutron
scattering provides information about
motion (dynamics). Exactly how the
position and motion of atoms affect
properties such as strength, compress-
ibility, density, heat capacity, and so
forth is one of the grand challenges
of materials science, known as the
“structure—property relationship.”
Understanding the connection between
material structure at the atomic level or
the nanoscale and macroscopic mate-
rial properties promises both better use
of existing materials and the ability
to design new materials for specific
applications (“designer materials™), a
capability that will revolutionize manu-
facturing and technology in the future.
Lujan Center users and researchers
are engaged in this pursuit. They have
discovered the nanoscale structure of
high-temperature superconductors and
are exploring its possible relationship
to superconductivity, explored the role
of strain in stabilizing nanometer-scale
magnetic layers used in computer disk
read heads and in future magnetic
random-access-memory devices, and

Los Alamos Science Number 30 2006



Figure 4. The Layout at WNR
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The WNR houses Targets 2 and 4. The latter provides pulses of energetic neutrons to a flexible array of instrumented

flight paths.

located specific hydrogen atoms in
enzymes and determined the role of
those atoms in binding drugs or acti-
vating metabolic pathways. (See the
articles “Unraveling the True Structure
of Exotic Oxides,” “Origins of Spin
Coupling across Interfaces,” and
“Finding out How Enzymes Work™ on
pages 178 and 186, respectively. )

The Lujan Center has seventeen
flight paths, twelve of which are
instrumented for various neutron-scat-
tering techniques to study materi-
als. In addition, two flight paths are
instrumented for neutron nuclear
science, one is instrumented for trans-
mission neutron spectroscopy, and
two are currently available for future
research activities.

The Weapons Neutron Research
(WNR) Facility. The WNR houses a
flexible array of instrumented flight
paths to enable precise nuclear mea-
surements for the weapons program
and for fundamental nuclear physics
research (Figure 4). This facility is
the only sufficiently intense broad-
spectrum neutron source for providing
the nuclear data necessary for predict-
ing nuclear weapons performance.

Number 30 2006 Los Alamos Science

Developing this science-based predic-
tive capability is crucial to certifying
the present and future U.S. nuclear
deterrent without testing.

New nuclear data are needed
for two major aspects of stockpile
stewardship: calculating precisely
the nuclear energy production of a
weapon as a function of time and
benchmarking calculated nuclear
performance against previous above-
ground or underground test data. The
unique research effort at the WNR,
coupled to the Laboratory’s capa-
bilities for fabricating and handling
actinide and radioactive materials,
provides an unmatched resource for
meeting the requirements of stockpile
stewardship. Among these require-
ments are measuring cross sections
on isotopes and nuclear isomers with
short half-lives in order to understand
radiochemistry results of past nuclear
tests (see Figure 5), determining cross
sections for neutron-induced reac-
tions on actinide isotopes and weapon
materials, and improving our under-
standing of fission energy production
in weapons systems. For example,
techniques have recently been demon-
strated that enable measuring the fis-

Figure 5. Neutron Reactions for
Weapons Diagnostics

(Top) An incoming neutron (blue)
knocks out two neutrons from a
nucleus. Using the GEANIE detector
array at the WNR, this important (n,2n)
reaction on plutonium was measured
accurately for the first time. (Bottom)
An incoming neutron is captured by

a nucleus, which then emits gamma
rays. Neutron capture reactions are
important for interpreting radiochemi-
cal data from past nuclear tests and
are now being measured for the first
time with the DANCE detector array at
the Lujan Center.
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Figure 6. Measuring Fission Cross Sections on Ultrasmall Samples at the WNR

The Lead Slowing Down Spectrometer (LSDS) at the WNR can measure nuclear cross sections on extremely small, short-
lived samples. (a) The LSDS consists of a tungsten spallation target surrounded by 1.2 m3 of high-purity lead with a fission
chamber placed inside the lead cube. Protons striking the tungsten target produce a spectrum of high-energy neutrons that
are concentrated in the spectrometer’s interior. Neutron trajectories (red) are from one proton and were calculated using
Monte Carlo neutron transport codes. The intense neutron flux allows measuring nuclear cross sections with samples as
small as 10 ng (the smallest sample ever used in a nuclear physics cross-section measurement). (b) Also shown are recent
measurements of the plutonium-239 fission cross section with a 10-ng sample. The LSDS will be used in the near future to
measure the fission cross section of uranium-235m, the isomer of uranium-235 with a half-life of 26 minutes.

sion cross section of samples as small
as 10 nanograms and investigating
fission cross sections of short-lived
isotopes and isomers for defense sci-
ence applications and nuclear astro-
physics. (See Figure 6 and the article
on nuclear data on page 58).

The Irradiation of Chips and
Electronics (ICE) House. As electronic
components continue to decrease in
size, their vulnerability to single-event
upsets (SEUs) by atmospheric neutrons
has grown. A few years ago, the WNR
began to provide the semiconductor
electronics industry with an invaluable
capability to irradiate semiconduc-
tor components and assemblies and
quantify their vulnerability to neutron-
induced SEUs. The neutron production

Figure 7. Testing Semiconductor Electronics at the ICE House
At the ICE House, Honeywell and NASA placed a flight control system in the

spectrum at the WNR reproduces the neutron beam (inset) to determine how well the system would recover from
naturally occurring neutron energy upsets induced by atmospheric neutrons.

spectrum seen by aircraft electronics

in flight, but at one million times the gating the effects of neutron-induced industrial companies, universities, and
intensity. Recent studies by Honeywell upsets. The WNR now provides the national laboratories used the facility
and NASA of a flight control system international standard for testing neu- for this purpose (see the articles “The
(Figure 7) showed the benefits of a tron-induced upsets in electronics, and ICE House” on page 96 and “Testing
rollback recovery architecture in miti- in the 2004 run cycle, twenty-three a Flight-Control System for Neutron-

8 Los Alamos Science Number 30 2006
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Figure 8. The pRad Facility

For pRad, 50-ns-wide H- beam pulses with approximately 10° protons per pulse
are spaced in time at intervals predetermined by experimental requirements.
Transmitted and scattered protons are imaged by an electromagnetic lens sys-
tem and recorded by cameras. This technique provides multiframe radiographs
across a 10-cm field of view that spatially resolves features to an accuracy of
approximately 150 ym from samples with an areal density of up to 60 gm/cm?2. In
addition, a permanent-magnet magnifier lens is available that provides a factor of
7 magnification for small systems with spatial resolution to roughly 15 pm.

Induced Disturbances” on page 104).

The Proton Radiography (pRad)
Facility. The pRad facility provides
a unique capability for the study of
dynamic processes using 800-MeV
protons and a magnetic-lens imag-
ing system (Figure 8). Because pro-
tons interact with materials through
both the strong nuclear force and the
electromagnetic force, transmission
measurements allow simultaneous
imaging and determination of material
properties.

Los Alamos National Laboratory,
in collaboration with Lawrence
Livermore National Laboratory and
other national laboratories, developed
and successfully applied pRad to meet
the mission requirements of stockpile
stewardship. Proton radiography is
a powerful tool for elucidating basic
principles of how nuclear weapons
work. It is arguably the most valuable
single tool available to interrogate the

Number 30 2006 Los Alamos Science

hydrodynamic phase of a weapon. It
is necessary to develop and validate
quantitative models of material prop-
erties and hydrodynamics for this
phase that can be implemented in new
computer simulation codes from the
Advanced Simulation and Computing
(ASC) Program. These models must
capture critical hydrodynamic behav-
iors with high accuracy, and achieving
that goal sets the hydrodynamic-data
requirements. Although many diag-
nostic tools have been developed to
assess the hydrodynamic behavior

of materials, most rely on surface
measurements and are unable to inter-
rogate the critical state variables and
stress-strain response in the interior
of the materials. Modeling depends
on accurately capturing the time
evolution of the hydrodynamics on

a microsecond time scale (Figure 9).
Proton radiography, with its ability

to penetrate and accurately image the
interior of highly compressed materi-

Figure 9. Proton Radiographs of
Shock-Driven Ejecta

In this experiment, an explosively
driven aluminum flyer plate impacts
a solid tin target. The target’s surface
was machined with a sinusoidal
contour. The resulting nonlinear
growth resulting from Richtmyer-
Meshkov instabilities is clearly
visible in the pRad images from (1)
to (4). Such experiments are used

to benchmark analytic theories and
hydrodynamic simulation tools used
for nuclear weapon certification.
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als, as well as its highly flexible and
precisely recordable pulse format, is
uniquely suited to providing these
necessary data for weapon certifica-
tion codes and models.

The Isotope Production Facility
(IPF). The new IPF continues a 30-
year Los Alamos tradition of supply-
ing advanced accelerator-produced
radioisotopes for both research and
nuclear medicine. Los Alamos and
Brookhaven National Laboratories
have the only such facilities in the
United States. A new proton transport
line delivers 100-MeV protons from
the existing LANSCE accelerator to
the IPF target station. That station is
designed specifically for the efficient
production of radioisotopes. Targets
of different materials are irradiated in
a stacked configuration to allow vary-
ing the incident neutron energy and
thereby optimize production of the
desired radioisotopes. Some of those
are distributed through pharmaceuti-
cal companies for use in cardiac scans
and other medical diagnoses as well
as medical treatment and research
(Figure 10). Others are used for
nuclear data experiments of impor-
tance to the weapons program, threat
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Figure 10. Producing Radioisotopes for Cardiac Scans

The radioisotope strontium-82 produced at the new Isotope Production Facility
(IPF) at LANSCE is the source of rubidium-82, an ideal tracer for scanning the
heart. (a) A technician manipulates irradiated targets in the hot cell facility at
the IPF. (b) and (c) Shown here are heart scans obtained by positron emission
tomography. Alternating rows show images of the heart after stress and after a
period of rest. Each pair of stress and rest images shows a different cross

section of the heart.

reduction studies related to the disper-
sal of radioactive materials, and basic
nuclear physics research. The IPF

was designed to operate with minimal
impact on scheduled beam delivery to
other experimental areas at LANSCE.

The Ultracold Neutron (UCN)
Source. The UCN source is being
commissioned at LANSCE. Ultracold
neutrons have millikelvin tempera-
tures and move at speeds of less than
8 meters per second. Because their
wave functions are totally reflected
from certain materials, they can be
stored in a specially designed con-
tainer, far from background radia-
tion. Thus UCNSs provide an ideal
system for high-precision tests of the
weak interaction as described in the
Standard Model of particle physics. At
a planned current of 4 microamperes,
preliminary measurements indicate
that the UCN source at LANSCE will
be the most intense one of its kind
worldwide. Once the LANSCE source
becomes operational at full power, a
series of fundamental physics mea-
surements will be conducted, the first
of which is a measurement of the
[B-decay asymmetry resulting from the
decay of polarized UCNSs. This exper-

iment could detect physics beyond
the Standard Model, thereby chang-
ing our ideas of how the fundamental
forces in the universe work. A future
goal for the UCN facility is to oper-
ate as a fourth national user facility at
LANSCE for research that delves into
the basic structure of matter.

The source uses solid deuterium at
5 kelvins to cool, or moderate, neu-
trons from a tungsten spallation target
coupled to a set of graphite-beryllium
and cold polyethylene moderators.
The ultracold neutrons pass through
guide tubes to nearby experiments.

National Security and Defense
Science: The Stockpile
Stewardship Program

The nuclear test moratorium era has
led to fundamental changes in the way
the weapons program certifies whether
the U.S. stockpile will achieve its
designed performance characteristics.
‘When nuclear tests were conducted,
the pedigree of a particular nuclear
explosive package was evaluated
experimentally with underground tests.
The overall confidence in the con-
tinued performance of devices in the
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Figure 11. Supporting Science-Based Predictive Capability
As shown in this diagram, LANSCE capabilities uniquely address science-based prediction, necessary for present and

future weapons certification.

stockpile relied heavily on the expert
judgment of designers with significant
underground-test experience. In the
absence of testing, a new certifica-

tion methodology is required, namely,
science-based prediction of weapon
performance. Quantification of margins
and uncertainties (QMU) provides this
construct (Figure 11).

QMU is based on the capability to
quantitatively predict the performance
of a nuclear explosive package, includ-
ing the performance margin and asso-
ciated uncertainties, that is, how close
the system is to the point at which it
would begin to fail to perform as speci-
fied. This capability is firmly rooted in
our ability to accurately model weapon
performance across a broad range of
physical conditions. LANSCE facilities
are presently used to meet this scien-
tific grand challenge with research
that explores many aspects of weapons
science and behavior.

All three National Nuclear Security
Agency (NNSA) laboratories, as well
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as the Atomic Weapons Establishment
in the United Kingdom, utilize
LANSCE’s unique facilities to address
issues related to weapons assessment
and certification. In the past 5 years,
LANSCE research has produced high-
explosive data underpinning the cer-
tification of the B61 nuclear warhead
to meet specific performance require-
ments, nuclear data critical to revising
the baseline performance of the W88
primary, and materials data validating
the reuse of components in the W76
Lifetime Extension Program. Specific
research areas in support of weapons
certification include the following:

¢ Investigating the behavior of
high-explosive (HE) materi-
als, including the equation of
state and constitutive properties
affected by aging

¢ Assessing the effect of aging on
stockpile materials and associated
performance

* Resolving uncertainties in insen-

Secondary performance

sitive-high-explosive burn and
dynamic material properties
under different environmental
conditions

¢ Employing scaled experiments
to quantify the hydrodynamics
phase of a weapon and to test
performance models

*  Determining the constitutive
properties of weapons metals,
such as plutonium, at high tem-
perature and pressure

*  Quantifying the effects of
manufacturing changes, such as
changes in fabrication processes,
on performance

*  Providing high-accuracy nuclear
cross sections for actinides and
radiochemical isotope chains
(including short-lived isotopes)
to interpret archival underground
nuclear tests and validate weap-
ons performance predictions

In the future, our science-based
predictive capabilities must continue
to improve in order to ensure the
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Figure 12. Testing Nuclear Fuels at the MTS
(a) At the MTS, nuclear fuel rods designed for a closed fuel cycle will be placed between a split tungsten target and
irradiated by a fast neutron flux. (b) The plot shows the neutron flux intensity that the proton beam from the LANSCE
linac will produce when it strikes the tungsten target. The fast-neutron flux in the flux trap region between the tungsten
halves will be nearly 1015 neutrons/cm?/s, equal to that of a typical fast reactor.

accuracy of our stockpile assessments
as weapons age and components

are refurbished or replaced. These
capabilities will remain crucial to
certification if and when a reliable
replacement warhead is developed
and fielded. LANSCE is poised to
meet these future challenges through
capability enhancements and contin-
ued engagement with the best of the
scientific community.

National Energy Security

Over the past fifty years, the devel-
opment of commercial nuclear power
has successfully relied on thermal
reactors—mostly water-cooled reac-
tors, which run at relatively low tem-
peratures with thermal, or low-energy,
neutrons driving the controlled-fis-
sion-chain reaction. However, inef-
ficient use of nuclear fuel, risks of
nuclear proliferation, and the problem
of safely storing large quantities of
nuclear waste in geologic repositories
for thousands of years have revital-
ized interest in adding fast-neutron
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fission systems to the nuclear fuel
cycle. Fast, or high-energy, neutrons
are much more efficient than thermal
neutrons at transmuting long-lived
actinides with half-lives of several
hundred thousand years (plutonium,
neptunium, americium, and curium),
thereby eliminating them from nuclear
waste and drastically reducing the
long-term decay heat, radiotoxic-

ity, and proliferation risks that make
nuclear waste such a difficult prob-
lem.

To support the National Energy
Policy, the Department of Energy
(DOE) has initiated several programs
focused on fast-spectrum reactor and
fuel cycle concepts that can reduce
the spent-fuel demands on geologic
repositories by improving the utiliza-
tion of nuclear fuels and the transmu-
tation of long-lived transuranic waste
products. These advanced concepts
employ nontraditional fuels, structural
materials, and coolants for which
there is currently insufficient operat-
ing knowledge. Assessment of these
concepts requires testing where fuels
and materials are irradiated under

15 20 25

actual or prototypical fast-reactor flux
conditions and operating environ-
ments. Currently, there are no fast-
reactor or fast-flux test facilities in the
United States that meet the required
irradiation environment.

Because LANSCE can reestablish
full-power (1 milliampere) proton
acceleration, it is poised to provide a
new U.S. capability for the produc-
tion of fast neutrons. The Materials
Test Station (MTS) will achieve neu-
tron intensity levels equivalent to a
100-megawatt fast-flux reactor. The
neutron intensity will be sufficient to
research and improve the next genera-
tion of materials and fuels necessary
to deploy advanced fission systems
for U.S. energy security (see Figure
12). The MTS irradiation capability,
in concert with its post-irradiation
examination capabilities, will provide
necessary data for the validation of
materials simulation models enhanc-
ing science-based prediction of mate-
rials behavior. This capability will
be an integral component of the fast-
reactor development program, serving
as the nation’s premier source of high-
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intensity fast neutrons. In addition,
the MTS at LANSCE will provide a
world-class capability to help develop
the advanced materials needed for
fusion energy systems.

Role of LANSCE in Materials
Science and Bioscience

Neutron scattering research began
in the late 1940s as reactors that pro-
duce considerable neutron flux were
built for nuclear energy research. Over
the past few decades, with the advent
of more-intense neutron sources and
energy-discriminating time-of-flight
techniques, neutron scattering has
emerged as a major exploratory tool
for understanding condensed matter.
Neutron scattering data were seminal
in understanding the structure and
dynamics of the first high-temperature
superconductors and have played a role
since then in the discovery of many

LANSCE—A Key Facility for National Science and Defense

unexpected and counterintuitive phe-
nomena in electronic, magnetic, opti-
cal, and structural materials, as well as
in biomaterials and nanomaterials.
The impact of neutron scattering
is evident across the entire field of
materials science. Recent examples
of that impact at Los Alamos include
understanding the anomalous thermal
expansion of plutonium, elucidating
the physics of new superconductors
and magnetic materials, the discovery
of water inclusions in DNA structure,
and the identification of material fail-
ure modes in high-consequence acci-
dents. Other examples are shown in
Figures 13—15: predicting the lifetime
of weapons parts, discovering new
materials under pressure, and using
the protein crystallography station
to track the motive power of single
hydrogen atoms during enzymatic
reactions. The growing power of neu-
tron sources and increasing sophisti-
cation of associated instrumentation

ensure an expanding role for neutrons
in materials research, including the
performance and aging of weapons
materials and the development of new
materials needed for threat reduction.
The Lujan Center is presently the
premier U.S. spallation neutron source
and produces the highest-peak flux
for cold neutrons in the world. Cold
(or long wave-length) neutrons are
ideal for studying soft materials, bio-
materials, and nanomaterials, which
are predicted to be at the forefront of
materials science for the next several
decades. Biomaterials are among
the coarsest and softest of materials
classes while having the most com-
plex properties. Both structure on
larger scales and dynamics at lower
energy become important in these
materials. Neutron scattering stud-
ies of biomaterials with cold-neutron
techniques are therefore essential
to uncovering the scientific prin-
ciples by which biomaterials exhibit
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Figure 13. Predicting the Lifetimes of Uranium-Niobium Nuclear-Weapon Parts
(a) Rolled uranium-niobium parts exhibit a metastable striated structure (top) with large variations in niobium content and

hardness (bottom). (b) Diffraction measurements at LANSCE identify the crystal phases present in homogeneous uranium-
niobium alloy as the niobium content increases. Other diffraction measurements reveal that under stress, the crystal struc-
ture of uranium-niobium alloy with 6 weight-percent niobium deforms mainly by reorienting its crystalline “twins.” All these
data can be used in computer models to accurately predict lifetimes and weapon performance.
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Figure 14. New Materials Discovered at High Pressures

(a) This indentation micrograph shows a new carbon phase whose density, hardness, and bulk modulus are at least as
high as those of diamond. The new phase forms when carbon nanotubes are compressed to 75 GPa. (b) A new hydrogen
clathrate formed from ordinary water traps hydrogen molecules (yellow) in large (top) and small (bottom) molecular cages
at concentrations rivaling those of the best hydrogen-storage materials. The oxygen and hydrogen atoms in the cages’
water molecules are shown in red and green, respectively.

Figure 15. Improving Drug Design

(a) The antitumor drug methotrexate inhibits DNA from being produced by tight binding to a pocket in the cleft of the
protein DHFR. The hydrogen density distribution of DHFR determined by neutron scattering is shown by the netlike
structure. (b) Using the new protein crystallography station, scientists have identified the hydrogen bonds in DHFR
responsible for binding methotrexate. That information will help them improve drug design.
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Figure 16. The Long-Pulse Spallation Source
Spallation sources that produce long pulses at low repetition rates are likely to achieve very-high-power, high-brightness
cold neutrons for studying the properties of soft matter. Plotted on the graph are the effective fluxes of neutron sources
worldwide and the dates the sources were commissioned. Reactor sources have increased in effective flux by only a
factor of 4 since the first reactor for neutron scattering was built at Chalk River in the late 1950s. Further progress in
creating higher fluxes relies on long-pulse sources. The proposed NxGENS long-pulse spallation source planned at
LANSCE would fully demonstrate long-pulse technology.

self-assembly, self-limited growth,
healing, and adaptive emergent prop-
erties. Nanomaterials share many
characteristics with soft materials; the
essential structural features occur on
supramolecular scales. The preferred
synthesis path for soft nanomaterials
is bottom-up self-assembly, whereby
specific short-range interactions are
engineered into complex precursor
macromolecules that induce long-
range order by cooperative physical
interactions. Again, neutron scattering
with cold-neutron techniques is
essential to exploring nanostructure.
The evolution of materials sci-
ence holds a very bright future for
LANSCE as plans develop to capi-
talize on the high-peak flux of cold
neutrons and low pulse-repetition
rate. Operating at a pulse repetition
rate of 20 hertz, the Lujan Center is
unique compared with other existing
or planned facilities. For example,
the Spallation Neutron Source (SNS)
to be built in Oak Ridge, Tennessee,
will operate at 60 hertz, and ISIS,
the pulsed neutron and muon source
in the United Kingdom, presently
operates at 50 hertz. Low repetition
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rate allows for the use of all the cold
neutrons in a pulse and thus leads to
efficiency. By fully using the neutron
scattering instrumentation, the Lujan
Center can take full advantage of its
high-peak flux for cold-neutron-scat-
tering research. This strategy will
ensure that the Lujan Center maintains
its preeminent role in cold-neutron
scattering in partnership with the SNS
and other future megawatt-class neu-
tron scattering centers.

It is clear, however, that the future
frontiers of structural biology and
dynamic self-organization of materi-
als will require neutron sources with
at least ten times the cold-neutron
flux presently planned or available.
These so-called Generation III neutron
sources are likely to utilize a long-
pulse spallation source (LPSS)—see
Figure 16. Future LANSCE capabili-
ties, associated with the Materials Test
Station for nuclear energy research,
will allow the United States to pro-
totype a Generation III source with a
single flight path at relatively modest
cost. This prototype, called NxGENS,
will be a cost-effective approach to
complement the SNS capability. If

fully developed, NxGENS will sub-
stantially exceed SNS performance.
The NxGENS prototype will assure
U.S. leadership in Generation III
neutron sources by offering unprec-
edented research opportunities in
cold-neutron scattering.

As envisaged, the NXGENS pro-
totype will operate with an 800-MeV
beam at a power of 660 kilowatts and
a repetition rate of 20 hertz. It will
perform in short-wavelength applica-
tions (for example, diffraction and
strain analysis) at about the same
level as the current Lujan Center, and
in cold-neutron-scattering applica-
tions, at about the same power level
as the SNS. The cold-neutron appli-
cations include small-angle neutron
scattering, reflectometry, protein
crystallography, neutron spin-echo
spectroscopy, and low- or variable-
resolution time-of-flight spectroscopy.
The NxGENS prototype could be
further enhanced to accommodate
multiple flight paths operating at
2.5 megawatts, thus promising an
improvement in cold-neutron pro-
duction greater than one order of
magnitude over planned high-power
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short-pulse sources. The NxGENS
source would overcome intrinsic limi-
tations of present and planned short-
pulse sources and will be well suited
to 21st century materials research for
national security.

Role of LANSCE in
Los Alamos Scientific
Infrastructure

The success of an institution
depends on the facilities, people, and
purpose to which it is dedicated. For
30 years, LANSCE has created a
unique scientific environment, attract-
ing scientists from around the world
to work together on high-stake issues
related to global security, as well as
on exciting challenges at the frontiers
of knowledge. Today’s national and
global-security imperatives lend extra
emphasis and meaning to research that
already has high intellectual merit.

The last several years have seen
a steady stream of new technolo-
gies come on line at the LANSCE
user facilities: four new world-class
instruments for high-precision nuclear

(b)
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security
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General
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Undergraduate
2% physics measurements at the WNR
Geoscience Not specified and Lujan Center, high-resolution
(d) 7% 4% imaging devices for pRad, the first
700 facility for ultracold-neutron research,
600 and seven new instruments for mate-
rials science and bioscience on the
500 floor at the Lujan Center. The Lujan
g 400 Center, in combination with the new
E Center for Integrated Nanotechnology
z 30 and the National High Magnetic Field
200 Laboratory, makes Los Alamos a
100 J_Il premier destination for materials sci-
entists interested in materials structure
0 Days Proposals Proposals User Unique user and synthesis, nanoscience, structural
operation received run visits visits biology, and high magnetic fields and
pressure. The new LANSCE instru-
Figure 17. The User Program at the Lujan Center ments and Los Alamos facilities were

(a) Some of the students attending the 2004 LANSCE Neutron Scattering Winter  supported through investments by the
School are pictured here with Jim Rhyne and Thomas Proffen of LANSCE. The NNSA Office of Defense Programs,
pie chart in (b) shows the different areas of research in which Lujan Center the Office of Basic Energy Sciences
users are involved, and the one in (c) shows the users’ demographics. The in the Office of Science at DOE, the
bar chart in (d) shows the steady growth of the Lujan Center User Program

between 2001 and 2005. National Science Foundation, and the
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Laboratory-Directed Research and
Development Program at Los Alamos.
Not surprisingly, this burst of cre-
ativity and investment was accompa-
nied by a steady and dramatic increase
in the number of experiments, users,
and individual user visits, as well as
in the level of user satisfaction every
year since 2001. As illustrated in
Figure 17, during the 2004 run cycle,
for example, over 500 user visits were
logged in at the WNR and another
500 at the Lujan Center, and that rate
of growth continues unabated during
the 2005 run cycle. The demograph-
ics are also impressive. At the Lujan
Center, almost half the users are
students and postdoctoral research-
ers conducting publishable research
of a more fundamental nature, and
nearly two-thirds are early-career sci-
entists. A contributing factor to these
healthy demographics is the LANSCE
Neutron Scattering Winter School, a
topical school started in 2004, which
hosts 30 students for nine days of
hands-on experimentation, as well as
instruction by a dozen world-class
lecturers. Thus, LANSCE continues to
be a magnet facility for scientific tal-
ent. The Laboratory can point to well
over 1200 people who have joined the
Laboratory permanently after having
been at LANSCE, and many of those
have contributed significantly to the
Laboratory’s core mission.

LANSCE Futures

Future national missions will
require enhanced LANSCE capabili-
ties to support five principal research
areas: (1) pRad to meet the mission-
critical requirements of the Stockpile
Stewardship Program for the next
decade; (2) weapons nuclear sci-
ence to meet Stockpile Stewardship
Program and Homeland Security mis-
sion requirements and to provide an
international standard for qualifying
semiconductor components and sys-
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Major Benefits of LANSCE Enhancements

Improving proton radiographic imaging at 800 MeV and exploring
higher-energy, more-intense beams to fully resolve dense, full-scale

systems for hydrotesting

Enabling nuclear-cross-section measurements on short-lived
isotopes for higher-fidelity weapons nuclear data and data relevant

to nuclear astrophysics

Enhancing burst production of neutrons for testing electronic

components of weapons

Improving the irradiation capability for materials testing with the MTS

Upgrading the Lujan Center to achieve full scientific utilization
with full-flight-path instrumentation serving 750 users per year

Demonstrating the NxGENS neutron scattering source and flight
path using the long-pulse format that will attain unprecedented

cold-neutron scattering performance

Developing the best-in-the-world ultracold-neutron source for fun-

damental nuclear-physics research

tems for performance during single-
event upsets; (3) civilian nuclear
science to enable operation of the
Materials Test Station, meeting the
needs of nuclear reactor research for
future energy security; (4) materials
science and bioscience to enhance
neutron scattering performance at the
Lujan Center for understanding the
performance and aging of weapons
materials, to support development of
the broad spectrum of new materi-
als needed for stockpile stewardship
and threat reduction, and to develop
NxGENS, a prototype Generation 111
long-pulse spallation neutron source,
where future materials science and
bioscience discoveries would be
made; and (5) fundamental nuclear
physics to enable the reliable produc-
tion of cold and ultracold neutrons
at unprecedented intensities and
densities, which make it possible to
conduct revolutionary research and
thereby keep the United States at

the forefront of fundamental nuclear
physics.

Proposed LANSCE performance
enhancements are focused to address
specific mission requirements for
multiple sponsors over the next
20 years. Our strategy is to start with
enhancements to LANSCE facilities
that fully exploit existing capabilities
using 800-MeV protons and then to
proceed with upgrades to accelerator
energy and power that enable new and
significant upgrades to facility perfor-
mance. The enhancements will result
in major benefits, some of which are
summarized in the box above.

The LANSCE facility serves as a
cornerstone in our national security
and defense missions through its sci-
entific excellence in research critical
to those missions. Future LANSCE
enhancements will ensure that this
important role in national defense
is maintained over the next two
decades. m
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 Where Science Meets
National Security
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“When I testified before the Joint Congressional Commitee on Atomic Energy
to justify the 50 some million dollars we wanted for LAMPF/LANSCE, I still
remember saying, ‘Los Alamos is emerging as a national security laboratory not
only a national defense laboratory, but still our main focus has to do with nuclear
energy. Whether nuclear energy is used for bombs, for generating electricity,
or for any number of other purposes, the basic ingredient in the production of
nuclear energy is neutrons. So one really needs to have a capability to main-
tain expertise and growing knowledge in neutron nuclear science and neutron
technology. One thing this facility can do, as well as the basic research . . ., is
provide the most-intense neutron source in the world for maintaining Laboratory
expertise in nuclear physics and for training students and staff in this new field.’
I then asked the question, ‘How can you have a nuclear energy enterprise with-
out strong support from nuclear science and from neutron science and neutron
technology?’ Somewhat to my surprise, they understood this. They believed
what I was telling them. They knew I wouldn’t dare try to mislead them even
if I wanted to, and of course I didn’t want to.”

Los Alamos Science Number 30 2006
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During the Manhattan Project, Louis Rosen learned from and worked side by side with the great
scientists of the 20th century: Hans Bethe, Edward Teller, Stan Ulam, Nick Metropolis, John von
Neumann and others. Louis’ measurements turned out to be instrumental at Trinity, the first nuclear
explosion on the planet. And later, at the George shot, Louis made the measurements that proved
Teller’s concept for a thermonuclear bomb would work. Steeped in the culture of those heroic
times, Louis conceived of LANSCE as an interdisciplinary facility that would keep Los Alamos as
the world leader in nuclear technology. It would be a place for fundamental science, ranging from
nuclear medicine to astrophysics, and for innovation in technologies critical to national security.
In the following interview with Los Alamos Science, Louis recounts how he made that vision a
reality and how relevant it is to the challenges of today.

Los Alamos Science: Louis, you
have had such a strong influence at
the Laboratory and at LANSCE. It
would be interesting to know where
you grew up and how you became
interested in physics.

Louis Rosen: I was born in New
York City but I grew up in the Catskill
Mountains. That move turned out to
be very important because during the
summers I was able to earn enough
money to go to college by selling
newspapers at the local hotels. I prob-
ably couldn’t have worked in the City
to earn the money. It was in the 30s,
during the Great Depression, and it
was very hard to find a job. I worked
12 or 14 hours a day selling news-
papers and ice cream to vacationers,
as did my brother, who went on to
become executive director of the Civil
Service Commission and a professor
and author. Over the summer, each
of us earned about $400, which was
just enough to attend the University
of Alabama at that time, including
tuition, room, and board —everything.

I had actually become interested
in science in high school, thanks to a
very good high school science teacher,
who was also the school coach. He
was very adept at making students
understand the role of science in soci-
ety, even way back then.

When I went to college, I started
out in premed, but to be in premed
you had to take a course in premed
physics. In that course, I realized that
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physics was really what I wanted to
do, mainly, because it wouldn’t take
as much memory work as chemistry,
biology, and all these medical courses.
More important, you could figure
things out from first principles. That
was much more to my liking than to
work cookbook style, no matter how
important medical work is.

Louis Rosen at LANSCE, 2006

I changed to being a physics major
and got my bachelor’s of science
degree, and by the time the war had
started, I was teaching at the University
of Alabama while working on my mas-
ter’s degree. After that I went to Penn
State in the Ph.D. program.

Los Alamos Science: Were you
already interested in nuclear physics?

Louis Rosen: At that time, my
work was in classical physics. My
thesis was in using x-rays to study the
effects of high hydrostatic pressures
on materials. In those days, which
tells you something about how old I
am, there were no courses in nuclear
physics even in some major universi-
ties like Penn State, which was (and
still is) one of the largest universi-
ties. So, when I came to Los Alamos
during the Manhattan Project, I had
never had a nuclear physics course.
Many of us were in the same boat and
that was a godsend. In the late 1930s,
Hans Bethe wrote three articles, two
of them with coauthors Robert Bacher
and Milton Livingston. Those became
the nuclear physics bible and many
of us learned nuclear physics just by
studying that bible. However, when
I first came to Los Alamos, I did not
work in nuclear physics.

Los Alamos Science: How did
you get invited to join the Manhattan
Project?

Louis Rosen: In early 1944, I was
a graduate student at Penn State. One
day, there appeared on the campus an
emissary from President Roosevelt’s
Office of Scientific Personnel. He was
recruiting for the Manhattan Project,
but we didn’t know that at the time.
His name was Dr. Tritten. I have a
very bad memory, but some things
just can’t be forgotten. He was a well-
known scientist. After he reviewed
the credentials and records of all the

19



LANSCE—Where Science Meets National Security

advanced graduate students, I was
called to the dean’s office. Here was
this prominent scientist introducing
himself and telling me, “I want you
to join a project that can bring an end
to the war.” That was a very power-
ful statement. People were dying by
the hundreds of thousands. Along
with many others, I was trying to get
into the Navy, but I was two pounds
underweight. So when he said that he
wanted me to join such a project, |
immediately said okay. He wouldn’t
tell me where it was, what it was
about, what I would be doing, or who
I would be working for—just to come
to 109 East Palace Avenue in Santa
Fe, NM, for further instructions.

I was married by that time to my
now sainted wife Mary, and we had
a two-month old baby. They didn’t
have a house for us at the Project yet,
so we got into my1936 Ford and went
to Tennessee, where Mary’s father
met us. He collected Mary and the
baby and took them both to her fam-
ily home in Tuscaloosa. Mary arrived
in Los Alamos two months later. I,
instead, went directly on to 109 East
Palace Avenue in Santa Fe, NM.
When I got to the Hill, they told me
that they wanted me to join a group. I
wasn’t given a choice. They said this
is the group you will join, and it was
to work on implosion.

Los Alamos Science: Was that
about the time it was discovered that
the gun device wouldn’t work?

Louis Rosen: Yes. It was early
1944, and by that time it was clear
that there was a big, big problem
here at the Project. When the Project
started up, Oppenheimer thought all
he would need to make a bomb were a
couple of hundred scientists. The idea
was that you would eventually collect
enough fissionable material —ura-
nium-235 at first and later plutonium-
239 —to make two nearly critical
masses. Then, you’d just use explo-
sives to fire one into the other, you’d
get supercriticality, and you would
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have your bomb. The questions were,
“What would be the yield of this
device?” and “What materials must
one use?” That’s why Oppenheimer
thought this could be accomplished
by, at the most, two hundred highly
qualified scientists. But when Emilio
Segre, who had been a student of

"

The Trinity Tower

The bomb was in place
on the tower. Everything
was in readiness, awaiting
the results of a pretest at Los
Alamos involving a full-scale
implosion but with a surro-
gate for the plutonium. The
results were a cliffhanger.

Fermi in Italy, came to Los Alamos,
his first job was to study plutonium.
We had only microgram quantities
at that time, and the first thing Segre
found out was that plutonium had
some isotopes that fissioned spontane-
ously, producing neutrons to such an
extent that a gun device could not be
used to assemble two almost critical
masses. If made with plutonium, it
would predetonate, and that was the
big problem they now had to solve.
Early in 1944, Oppenheimer began
bringing many, many more scientific
and technical engineering people to
Los Alamos. A way had to be found

to assemble a subcritical mass of
plutonium fast enough and uniformly
enough to create a supercritical mass
for a long enough time to provide a
reasonable energy release. It was soon
realized that the only possible method
was explosive-driven compression—
in other words, implosion. So, many
groups were set up. My group leader
was Ed McMillan, and my division
leader was Bob Bacher. Those were
pretty high-class people. McMillan
achieved Nobel Laureate status, and
Bacher became provost at CalTech. I
had a lot of fun just being able to talk
to people like that. I had never had
that opportunity before.

My group was among those work-
ing on how to use high explosives to
assemble a mass of metal under the
conditions that we hoped, when the
metal was replaced by plutonium,
would ensure a proper energy release.
The first metal we worked on was
aluminum. Whenever we set off an
implosion experiment, shards of red
hot metal would fly into the canyons,
setting fire to dry wood and leaves.
We would have to stop everything,
and everybody would fight fires. This
was almost a daily occurrence. At one
point, the shops ran out of aluminum,
and without telling us, they substi-
tuted magnesium. It has about the
same density, and you can’t really see
the difference, but magnesium is what
you use for firebombs. Needless to
say, we had quite a problem that day.

The magnetic method of studying
implosions, which yield the collapse
time and final density of the material
being imploded, relied on electromag-
netic signals produced by a conduct-
ing material moving in a magnetic
field. These signals had to propagate
through the explosive residue, which
is ionizing. There was a question of
whether the rise time of the signal
would be distorted by the detonating
explosive. Sometimes, when there
were no new explosive designs to
test, I took it upon myself to measure
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that effect. It was not a requirement;

I was just interested in the results. I
documented them in my reports, but I
never knew that anyone noticed them,
not until Hans Bethe kindly informed
me of the following episode at the
Trinity test.

Uncertainties about implosion
continued to the very end, and the
final hours before the test were no
exception. The bomb was in place on
the tower. Everything was in readi-
ness, awaiting the results of a pretest
at Los Alamos involving a full-scale
implosion but with a surrogate for the
plutonium. The results were a cliff-
hanger. The electromagnetic signal
looked different than expected, and
everyone waited for Bethe to interpret
them. Bethe looked at the curve and
calculated the results from first princi-
ples, but he anchored his results in the
experiments that, unbeknownst to me,
he had seen written up in my reports.
He concluded that all was well and
the test went ahead.

The journey to Trinity was bumpy
and very stressful, to the very last
moment. But the experiment achieved
the first violent release of nuclear
energy on this planet.

Los Alamos Science: How do you
view the impact of the Trinity test and
your involvement in it?

Louis Rosen: The success of
Trinity heralded the termination
of World War II, with the saving
of many lives on both sides and in
occupied China. We now know that
the emergence of nuclear energy
and its utilization as a weapon, as
well as for all manner of peaceful
pursuits, was inevitable dictated by
the laws of nature. That the develop-
ment of nuclear weaponry was first
mastered by a democracy, rather than
by a Hitler or a Stalin or a Saddam
Hussein, must certainly stand as one
of the most fortuitous occurrences
in all of history. In addition, Trinity
opened the door to environmentally
friendly and affordable energy at a
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The Harvard Cyclotron

We now know that the
emergence of nuclear
energy and its utilization
as a weapon, as well as for
all manner of peaceful pur-
suits, was inevitable—dic-
tated by the laws of nature.
That the development of
nuclear weaponry was first
mastered by a democracy,
rather than by a Hitler
or a Stalin or a Saddam
Hussein, must certainly
stand as one of the most
fortuitous occurrences in
all of history.

time when we must plan for greatly
diminished use of fossil fuels. This
will hopefully help to contain inter-
national instability. That, to me, is
the promise of Trinity and the valida-
tion of my modest contribution to the
effort.

Los Alamos Science: Did you
choose to stay at Los Alamos after the
Manbhattan Project?

Louis Rosen: Yes. Right after the
war, people had a choice of what to
do. I decided, after reading Bethe’s
bible, that nuclear energy was some-
thing the world would definitely need.
Even back in high school in the 30s,
we were being told that the world
oil supplies were going to disappear
eventually; they estimated about 50
years or so. Now, in 2005, it is start-
ing to happen and so is global warm-
ing. What does one do? It seemed to
me that nuclear energy was an obvi-
ous choice. I decided to become a
nuclear physicist and joined the cyclo-
tron group. During the Manhattan
Project, Bob Wilson had come from
Harvard to run the cyclotron. But after
the war, most of the great people left,
and we had to start rebuilding these
groups. The cyclotron had been liber-
ated from Harvard for the war effort,
but they didn’t want it back, and we
didn’t want to give it back, so we
bought it from them.

It was a very temperamental
machine, but Stan Hall —he’s still
here—was a sergeant during the war
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and an expert on the cyclotron, and

he could get a beam out when nobody
else could. One day, Stan was work-
ing at the control desk, and he was
having a beer, which was okay at that
time. In comes a general on inspec-
tion, his eye catches this beer-drinking
sergeant, and he says to him, “Soldier,
is that necessary?” and Stan replies,
“Sir, it won’t run without it.” The gen-
eral graciously retreated.

After the war, I worked with the
cyclotron, but it was still very temper-
amental. The first problem I tackled
was to get certain fundamental scatter-
ing data between like nuclei. Almost
nothing was known about the interac-
tions of light nuclei with themselves
and with each other. But you needed
to take data at many angles, and it
was so hard to get the machine to
run long enough even for one angle.
So I decided to develop a technol-
ogy that would get data at all angles
simultaneously. It became known as
the nuclear multiplate camera. That
was the beginning of the Laboratory’s
efforts to develop nuclear-detector
technology, which turned out, as I will
explain in a moment, to be a bless-
ing in disguise. With this camera,
we could get angular distributions
for scattering reactions for deuterons
with any target nucleus within a 30-
minute run. It was marvelous, and
set up the first nuclear microscopy
group. We hired young ladies, most of
whom had a college degree and knew
mathematics, and they became superb
microscopists. It was hard work, and
we would permit them to work only
4 hours a day. But that was all they
wanted to work, so it was perfect.

Los Alamos Science: What were
those nuclear plates?

Louis Rosen: The nuclear plates
were glass plates covered with a high-
density silver bromide emulsion—like
you have in ordinary film, but with
a much higher density of silver. The
emulsions were very thick, hundreds
of microns thick, and they would
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record the tracks of the charged par-
ticles. From those tracks we could
figure out the direction, energy, and
charge of each particle going through.
We developed that technique as did
others in England and elsewhere.

I used that technique to measure
nuclear cross sections (both neu-
tron and charged-particle) for some
years and published many papers.
Everything one did in nuclear physics
was brand new, so there was no prob-
lem publishing in refereed journals.
The interesting thing is that, although
originally I thought my work on basic
research was without any practical

importance, I was wrong. It soon
appeared that the thermonuclear pro-
gram needed neutron energy spectra
and cross sections for a host of mate-
rials. The electronics of that period
could not give definitive energies of
neutral particles that entered propor-
tional or fission counters. So I decided
to develop the nuclear-emulsion
technique for neutron spectroscopy.
We measured neutron spectra for
essentially all the important materials
related to fusion weapons. We had a
Cockroft-Walton accelerator, which
provided 14-MeV neutrons from deu-
terium-tritium fusion reactions, and
that was our chief neutron source.
Los Alamos Science: So, your
measurements became very important

to the development of the hydrogen
bomb.

Louis Rosen: Yes. At one point
the theorists needed to know how
10-MeV neutrons would interact with
materials because, if you have 14-
MeV neutrons from fusion, they will
degrade and you’ll have neutrons at
10, 9, and 8 MeV. This presented a
problem. We did not have any source
of neutrons except at energies of a
few million—electron volts and then
14 MeV. But, Professor Gregory Breit
was here, and he said, “Look, if you
will get me proton data at 10 MeV,

I will calculate what the neutrons
would do at that energy. But we didn’t
have 10-MeV protons. The cyclotron
would give 10-MeV deuterons, but
it wouldn’t accelerate anything else
at that time. So Norris Bradbury, our
Lab Director, called E. O. Lawrence,
and Bradbury said, “Look, we need
to use your cyclotron for some
experiments," and Lawrence said,
“Absolutely.” So they interrupted their
programs, and we, with our multiplate
camera, microscopes, and plate read-
ers (those were people!), descended
upon Berkeley. In order to extract the
beam from the cyclotron, they had to
cut a hole in one of the magnet pole
pieces, which are made of very thick
iron. At first, they were really upset to
cut a hole in their beautiful cyclotron
and wondered what that would do to
the magnetic field. After we estab-
lished that it wouldn’t do anything
to the magnetic field, they got the
welders and cut a hole. We put in our
beam pipe, got the beam out, and did
experiments with 10-MeV protons on
all the materials requested by the the-
orists. Then Gregory Breit calculated
what 10-MeV neutrons would have
done, and everything was okay. The
Berkeley graduate student who ran
the cyclotron was permitted to use our
camera to do an experiment for his
thesis. He later made his career at Los
Alamos. His name was Tom Putnam.
But that’s not the end of the story.
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Finally, it was decided that the Teller
Super wouldn’t work. Teller wouldn’t
believe the calculations at first, but
then Fermi did his own calculations
and said, “Edward, it just won’t
work.” It looked like there was no
way to ignite the thermonuclear fuel.
At that point, Stan Ulam suggested,
“Why don’t we use a fission bomb to
heat up and ignite the thermonuclear
fuel?” When Teller heard this, he
immediately realized, “That’s the
answer, but how do you arrange a fis-
sion bomb so that it’ll do what you
want it to do?” How do you arrange
things so that the energy from that
bomb will be focused in the right way
to make high-density thermonuclear
fuel with a temperature of millions of
degrees? Teller came up with the idea
to use the radiation from the fission
bomb. Everybody thought, “Wow, this
may be the answer.” But how do you
know it’s going to work?

It was decided to have a test. At
that time, a large set of tests was
being planned at Eniwetok —the
Greenhouse series. The electron-
ics were still not good enough to
measure neutron spectra. However,
to know whether the thermonuclear
fuel ignited, you had to measure
the number of high-energy neutrons
coming out and their energy distribu-
tion. That measurement was espe-
cially important because the energy
released would be too small to be
distinguished from that released from
the fission bomb. So, how does one
determine whether Teller’s idea really
worked? Well, you had to measure the
14-MeV fusion neutrons. It was the
only way. A large number of groups
were set up to do electronic measure-
ments detection. They didn’t want to
measure the energy; they just wanted
to be sure that 14-MeV neutrons were
produced. There was a big group
from the National Naval Research
Laboratory, a group from the
University of California, and a num-
ber of groups from this laboratory, all

Number 30 2006 Los Alamos Science

LANSCE—Where Science Meets National Security

using electronic equipment. I made

a proposal that we use nuclear emul-
sions. Everybody thought that had

to be the craziest idea ever. Nuclear
emulsions could only withstand a few
hundred millirem of radiation before
they would turn black. And how were
the glass plates going to survive a
several-hundred-kiloton bomb? Well,
Bradbury called a big meeting with all
the division leaders, and I was invited
to the meeting to present the proposal
for this experiment. People’s eyes just
glazed over. Only one person said,

“I think we ought to try this other
approach.” That person was Bradbury,

'r T _

The George Shot

and that was enough. One vote can-
celed all the others.

So, we started getting ready for
this experiment, and we went down
to Eniwetok to supervise the installa-
tion and alignment of these enormous
multiton concrete collimators. It was a
huge experiment. My first thesis stu-
dent at Los Alamos, John Allred, had
joined my group, and we were work-
ing together with a number of other
people to mount this experiment. The
explosion was set off one evening, as
soon as it got dark, so you could take
pictures. When the test went off, it
was immediately known that all the
electronic experiments had failed.

Not one of them provided a clue as
to whether 14-MeV neutrons were
produced. But because of the radiation
fields, we couldn’t collect our detec-
tors for 24 hours.

The next evening, we went in to
collect our film. We had a six-by-
six truck and we had a lead cask to
protect the film, but there was no
protection for the people. The health
division regulations allowed us to
accumulate a few hundred millirem,
but still we had to get in and out very
fast to stay within that dose. John, I,
and a radiation monitor went in, and
as we were driving through this field
of radiation with the detectors tick-
ing continuously, the monitor said
to John, who was driving, “What
happens if this breaks down?” John
replied, “I don’t know, you just try
and catch me.” We finally arrived
at the 400-meter collimator, quickly
unbuttoned the shield, retrieved the
plates, and put them in the lead cask.
They were now safe. Off we went
back to the lab.

We processed them that night. The
next morning, just at daybreak, there
was a pounding on the lab door. It was
Edward Teller. Many of the experi-
mentalists and theoreticians knew that
the results of this experiment were
crucial and that, if they were to have
any data at all, the data would come
from these emulsion plates. So, they
stayed up all night playing poker and
that’s why Edward was up this early.
He came in and said, “Louis, “did
we get 14-MeV neutrons?” I said,
“Edward, the plates are processed,
but they are being washed, and then
they have to dry.” “Oh no, no. You
can sacrifice one. Just take one out
and see if it has the 14-MeV neutron
signature." He was right; we could
sacrifice one. So, I took it out, put it
under the microscope, and this was
one of the most exciting moments of
my career. Here were these beauti-
ful proton recoils, which had just the
right energy to be from14-MeV neu-
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trons. We used absorbers to take out
the proton recoils from fission neu-
trons. I had previously calibrated the
microscope so I could determine from
the number of proton tracks in a given
field how many 14-MeV neutrons
would have been generated. I looked
at the plate not more than 20 seconds,
and I said, “Edward, it’s okay. You’ve
got 14-MeV neutrons, and many of
them." “How many?” Fortunately, I
could tell him.

Then, much to my surprise,
Edward, who usually walked with
difficulty because of his artificial leg,
went dashing out the door. I could
not imagine where in the world he
was going. Our lab was right next to
the airstrip, and I watched Edward
head for the airstrip and go out to
the middle. A plane was taking off,
and he waved for the plane to stop.

It stopped, the door opened, and

he handed something to whoever
was in the plane. The door closed,
Edward got out of the way, and the
plane continued to take off. It was
15 years before I knew the end of the
story. Edward and I had traveled to
Albuquerque from Washington, and I
offered him a ride to Los Alamos. It
was hard for him to get into the little
planes that flew to Los Alamos, so he
was grateful for the ride. On the way
home, it occurred to me to ask him,
“What happened on that day that you
came in and wanted to know whether
you had 14-MeV neutrons?” Edward
replied in his inimitable style, “All
right, I'll tell you.” He began by tell-
ing me that some months earlier he
had been invited to give a colloquium
for the students at the University of
Texas, and when he finished his talk,
a pretty young lady got up and said,
“Professor Teller, did you ever com-
mit a security breach?” Surprised by
the question, he thought for a few
seconds, and then he said, “Yes, once.
But it was not my fault. It was the
fault of Louis Rosen.” He continued
with his story, telling me that he had
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had a bet with E. O. Lawrence, a 5-
dollar bet. And although the idea was
his, he bet that it wouldn’t work —that
there would be no significant burn-
ing of the thermonuclear fuel. But it
did work, so he had paid Lawrence
the 5 dollars and had done this in an
uncleared area, which meant he was
giving Lawrence classified informa-
tion in an uncleared area. That was a
security breach, but it was my fault
because I gave him the data!

Bradbury recognized
that the Laboratory had
to diversify if it were to

remain a world-class

laboratory, which, . . . was
absolutely essential for the
security of this country.
So Bradbury lassoed the
Laboratory and morphed
it from a national defense
laboratory into a national
security laboratory. Of
course, national security
includes national defense,
but it has many other
aspects. Environmental
security, food security,
energy security, economic
security, and now
antiterrorism,

Los Alamos Science: After being
so involved with the nuclear weapons
program, how did you get the idea to
build LANSCE, or LAMPF as it was
originally called?

Louis Rosen: Well, Los Alamos
started as a national defense labora-
tory. It first invented the fission bomb,
then it invented the fusion bomb, and

then it miniaturized both. What does
one do for an encore? It was essential
for the development of those weapons
that we have very broad expertise in
science and technology, not only in
nuclear physics, not only in metal-
lurgy, but in many fields. We had
assembled the scientific staff to do
that. And it had been a superb staff.
After accomplishing your main mis-
sion as a weapons laboratory, how

do you maintain the skills necessary
to make sure that the weapons you
stockpile remain safe, secure, and reli-
able? And how do you maintain the
vitality of the Laboratory? And how
do you maintain the skills to resume
testing if necessary, in the almost
certain event that there is a test ban?
And how does the Laboratory position
itself to contribute to national security
in the broader sense?

By the middle of the 1950s,
Bradbury recognized that the
Laboratory had to diversify if it were
to remain a world-class laboratory,
which, he felt as did others at that
time, was absolutely essential for the
security of this country. So, Bradbury
lassoed the Laboratory and morphed
it from a national defense laboratory
into a national security laboratory.
Of course, national security includes
national defense, but it has many
other aspects. Environmental secu-
rity, food security, energy security,
economic security, and now antiter-
rorism, they all fall under national
security. Norris set out to diversify
the Laboratory, and several things
were attempted —nuclear rocket pro-
pulsion, thermal neutron reactors,
fast neutron reactors, high-tempera-
ture gas-cooled reactors, and fusion
energy. Those programs achieved
many technical successes, but for
one reason or another, they did not
become part of our main mission.

During the same period, nuclear
physics was still classical nuclear
physics. It ended at 10 MeV. The
Laboratory had led the world in
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nuclear physics for a while, but the
details of nuclear physics being
explored at that time didn’t have
too much to do with daily life, and
interest in the field was diminishing.
This presented both a problem and
an opportunity. Another fortuitous
thing then happened. My sainted
wife Mary decided that we had to get
away from Los Alamos for a while. I
didn’t want to leave as I was pioneer-
ing and publishing the results of new
experiments, but I realized she was
right. So, I applied for a Guggenheim
Fellowship. The time for applica-
tions had passed, but I told Bethe and
Teller, and they somehow arranged
to get the deadline extended. I was
awarded $5000, which was a lot of
money at that time, and I became
one of the first people to go on a
sabbatical from Los Alamos. The
Laboratory paid half my salary.
With that plus the $5000, we could
practically live like kings. We could
have gone either to Paris, or Tokyo,
or Oslo, and Mary chose Paris. We
got an invitation to the Center for
Nuclear Research at Saclay. They
knew about my pioneering work on
polarization and they wanted to start
a polarization program there. So, off
to Paris we went. During that year, I
had time to think about how to reju-
venate nuclear physics and make Los
Alamos once again a world leader in
that area. It seemed to me that build-
ing an accelerator with not 10, but
1000 to 10,000 times the intensity
that was available anywhere in the
world (for energies above the pion
production energy, at least 400 MeV)
would open up new physics regimes.
Students, faculty, and other scientists
would be attracted to Los Alamos,
maybe spending part of their time
working with this facility and part on
weapons physics.

When I got back to Los Alamos,
I wrote a memo to Jerry Kellogg.
He was Physics Division leader and
a former student of I. I. Rabi. And I
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It seemed to me that
building an accelerator
with not 10, but 1000 to

10,000 times the intensity
that was available any-
where in the world would
open up new physics
regimes. Students, fac-
ulty, and other scientists
would be attracted to Los
Alamos, maybe spending
part of their time working
with this facility and part
on weapons physics.

told him why I thought this new facil-
ity would be extremely important for
the vitality of the Laboratory, for the
nuclear weapons program, and for
the health of nuclear physics. There
was talk of building a nuclear energy
economy at that time, which I hope
will still happen. It’s more likely now

(Left to right): Senator Clinton P. Anderson, Glenn Seaborg, and Louis Rosen at
the Groundbreaking for LAMPF

than it has been for some time. But
how do you build a nuclear energy
economy if you don’t have a basis
in nuclear science to increase your
understanding of nuclear phenomena
and to train students in nuclear
technology?

Kellogg thought I had a pretty
good idea and sent the memo to
Bradbury. Bradbury said, yes, he
would support the proposal provided
Louis Rosen would stop everything
he was doing and devote all his time
and effort to making this happen.
Well, that was a big sacrifice for me,
and it took me a little while before
I decided that I was young enough
to take the risk. If we failed, I could
still go on to another career. It wasn’t
a sure thing that we were going to
succeed, not at all.

Bradbury took money from the
weapons program to support prepa-
ration of the proposal because he
realized that this new facility was
needed to maintain the health of the
Laboratory as a weapons labora-
tory. It could do science for the sake
of science, but also for the sake
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of developing technologies for the
broader aspects of national security.
So that’s how I became an advocate
for LAMPEF, the Los Alamos Meson
Physics Facility, which has now
become LANSCE.

Los Alamos Science:
How did you manage to
get the support for this
new facility?

Louis Rosen: Well,
before trying to sell the
idea to Congress, we
made sure that every-
body in the Laboratory,
especially the weapons
people, saw this facility
as an important con-
tributor to their activity,
and one of the things we
built purposely for that
work was the Weapons
Neutron Research
(WNR) Facility. We also
had to get the scientific
community to under-
stand why the new facil-
ity would be important for them as
faculty and for their students. So, we
set out on a campaign to talk at uni-
versities, and we set up a users group
even before we had money for the
accelerator. The nuclear physics com-
munity was worried that this facility
would take money away from classi-
cal nuclear physics, so it took some
doing to get the support of a very sub-
stantial fraction of that community.

Of course, the key to success
was Congress. Here 1 was very
lucky because the Atomic Energy
Commission was made up of people
who understood science. Glenn
Seaborg was the chairman, and I knew
Seaborg. He not only understood the
science we were trying to address
and that this would be the first multi-
disciplinary facility of its kind in the
country, but he also understood how
important it was for the maintenance
of Los Alamos as a world-class labo-
ratory to support world class steward-
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ship of the nuclear stockpile. Seaborg
also knew about some very important
experiments that I had done having to
do with weapons. The measurement

of the 14-MeV neutrons was one, but

Director Norris Bradbury and Louis at the LAMPF Accelerator

then there were others —the neutron
spectroscopy work, the neutron cross
section work, and the problem that the
second thermonuclear weapon ever
tested yielded a much higher amount
of energy than anticipated. It was
almost a disaster. The questions were,
“Where did this energy come from?”
“Why were the theoretical estimates
so wrong?” It turned out that I had
done an experiment that indicated
where this energy came from. Now,
Seaborg knew this, and he told
Congress how we had surmounted
those problems.

So, when I testified before the Joint
Congressional Committee on Atomic
Energy to justify the 50 some mil-
lion dollars we wanted for LAMPEF,
the Joint Committee knew me by the
reputation that Seaborg had estab-
lished. I was also very good friends
with Senator Clinton P. Anderson, the
chairman of the Joint Committee for
Atomic Energy. I still remember say-

ing to them, “Los Alamos is emerging
as a national security laboratory not
only a national defense laboratory,
but still our main focus has to do

with nuclear energy. Whether nuclear
energy is used for bombs,
for generating electricity,
or for any number of other
purposes, the basic ingre-
dient in the production of
nuclear energy is neutrons.
So one really needs to have
a capability to maintain
expertise and growing
knowledge in neutron
nuclear science and neu-
tron technology. One thing
this facility can do, as well
as the basic research with
pions, neutrons, and neutri-
nos, and directly with pro-
tons, is provide the most
intense neutron source in
the world for maintain-
ing Laboratory expertise
in nuclear physics and

for training students and
staff in this new field.” I then asked
the question, “How can you have a
nuclear energy enterprise without
strong support from nuclear science
and from neutron science and neu-
tron technology?” Somewhat to my
surprise, they understood this. They
believed what I was telling them.
They knew I wouldn’t dare try to
mislead them even if I wanted to, and
of course I didn’t want to. Although
there was then, as now, a very difficult
budgetary situation, they decided to
go ahead with this facility, the most
expensive nuclear physics facility ever
proposed. They authorized and then
allocated the funds to build LAMPEF,
which is now LANSCE.

Los Alamos Science: Didn’t you
make a rather audacious promise
when you said that the new accelera-
tor would produce a beam with an
intensity much higher than had ever
been achieved before?

Louis Rosen: Yes, the unique fea-
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ture of the facility would be a beam
of 800-MeV protons with an intensity
at least a thousand times greater than
anything on the planet. We were able
to deliver on that promise because we
were able to attract some
of the very best people
at the Laboratory. Three
were in Project Sherwood
(the fusion project),
Darrah Nagle, Ed Knapp,
and Don Hagerman; they
were the creative and
highly innovative people
who invented the new
accelerator—the side-
coupled cavity —without
which we couldn’t have
built the facility. They
and their extraordinarily
capable colleagues also
led the design and con-
struction effort. Standard
linear accelerators—the
type Louis Alvarez had
invented —would only
accelerate particles to a maximum
energy of 200 MeV without becom-
ing impossible from the standpoint
of energy requirements. (We eventu-
ally used a 100-MeV Alvarez-type
accelerator as the injector for the
main accelerator in the LAMPF
accelerator.) On the other hand, the
beam loss in cyclotrons would be

so great that it would be impossible
to reach the intensity we wanted.
Others who wanted to develop meson
factories—the Canadians and the
Swiss—realized as we did that tech-
nology was not at the stage where a
circular machine could achieve such
high currents. Eventually, they opted
for a hundred microamperes in beam
intensity. But we wanted a milliam-
pere, so we had to pin our hopes on
a linear machine. We reached that
goal with the side-coupled cavity of
Knapp, Nagle, Hagerman, and their
colleagues, and it has had profound
consequences, not only permitting
us to build LAMPF on schedule and
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on budget, but every multihundred-
million-electron-volt proton linac
built today uses that design. It has
made possible efficient and stable
mega-voltage x-ray machines. All

June 10, 1972—Achieving the Design Beam Energy of
800 MeV on Louis’ birthday

We reached our goal
with the side-coupled
cavity . . . and it has had
profound consequences
... All companies that
build mega-voltage x-ray
machines now use that
design. It’s gotten more
compact, it’s more
reliable, and it has helped
hundreds of thousands of
cancer patients, millions
probably, get better therapy
than they otherwise could
have got. So that’s the way
basic research works. It
reaches out in ways that are
unpredictable.

companies that build mega-voltage
x-ray machines now use that design.
It’s gotten more compact, it’s more
reliable, and it has helped hundreds
of thousands of cancer patients, mil-
lions probably, get better
therapy than they oth-
erwise could have got.

So that’s the way basic
research works. It reaches
out in ways that are unpre-
dictable. It also stimulates
technology. LAMPF

was the first accelerator
designed for complete
control by computers. This
is now standard practice.

Los Alamos Science:
In addition to deliver-
ing very high intensity,
LANSCE seems to have
many innovative features
that make it a very flexible
machine.

Louis Rosen: We were
interested making the
machine as useful as possible. For
example, LANSCE was the first dual-
beam machine ever built. It uses both
halves of the radio-frequency cycle to
accelerate negative and positive ions
simultaneously. That idea actually
came from the Canadians. This makes
possible twice as many experimental
ports as you otherwise would have.
But we did it for another reason. An
important aspect of nuclear physics is
identifying and exploring the differ-
ent forces involved. One, which was
very hard to understand, was what we
call the spin-orbit force. This force
comes from the fact that all nucle-
ons (neutrons and protons) and most
nuclei have net spin, clockwise (up)
or counterclockwise (down). If the
particles in a beam have all the same
spin, the beam is said to be com-
pletely polarized. To study this spin
orbit force required polarized nucle-
ons, and with two beams, negative
and positive, we could dedicate one
to a polarized beam, which eventu-

I
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ally had significance for the weapons
program in the following sense. With
the polarized beam it was possible to
better parameterize the optical model
for describing nucleon—nucleus inter-
actions. By getting a better optical
model one no longer had to measure
nucleon—nucleus interactions for
every angle and every energy and
every nucleus. One could use this
model to extrapolate between ener-
gies and angles, and it relieved a lot
of the problems, providing data for
the theorists to do their modeling of
how nuclear weapons work. So, here
was a purely basic research ques-
tion that reflected on the practical
applications of nuclear energy. Victor
Weisskopf was the one who had a
lot to do with the development of
the optical model, and it is still used.
It has better parameters now than it
did when I was young. But it is still
used, and it still gets its parameters
from the same data.

Los Alamos Science: In addition
to nuclear physics, isn’t there a strong
program in fundamental physics at
LANSCE?

Louis Rosen: Yes, but there is also
a lot going on now at LANSCE that
was not considered nuclear physics
30 or 40 years ago—mainly because
one didn’t know how to access these
questions. For example, at LANSCE
they are planning for ultrahigh-preci-
sion neutron lifetime experiments
and parity-violating experiments
with ultracold neutrons. These do not
have obvious practical applications;
however, LANSCE is important as a
magnet for recruiting people to the
Laboratory. LANSCE brings to the
Laboratory people with talent and
ideas from all over the world. You
cannot have world-class science if you
don’t interact with the world commu-
nity of scientists, and LANSCE is a
vehicle for promoting that interaction.

But LANSCE does one more thing
that might not occur to everyone. It
contributes to reducing international
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tensions by inviting to LANSCE sci-
entists from nations that are not par-
ticularly our friends. Even during the
Cold War we gave access to Soviet
scientists, and one of the most impor-
tant things I ever did was to make
it possible for scientists from the
People’s Republic of China to come to
this Laboratory, work at LAMPF, and
stay much longer than the canonical
8 days that were allowed at the time.
And that has an interesting history.
Sometime in the 1980s, I received

People don't realize the
close interplay between
basic research and the
emergence of national
security technologies.
LANSCE development

was responsive to
the fact that technology

is truly the child

of science.

an invitation from the Chinese
Academy of Science to come to
China with my wife under the follow-
ing arrangement: If I provided three
lectures, one of which had to be on
energy, they would take us anywhere
we wanted to go in China. When I
mentioned this to Mary, it took her
no time before she had an agenda of
where we should go in China. I got
permission from the Laboratory and
Washington to go to China, and off
we went. When we got to there they
treated us like royalty. They told me
where I would lecture, and I provided
the lectures, but they also permitted
me to visit any laboratory. I chose the
major science laboratories. When our
visit was almost at an end, a messen-
ger from Fong Yi, the deputy premier
in China at that time, told us that
Fong Yi would like to talk to us in

the royal palace in the Forbidden City
and asked whether we would be will-
ing to meet with him. Of course we
agreed, and the next morning we were
taken to the Forbidden City in a black
limousine. There, at the emperor’s
palace, we were confronted by a huge
number of stairs leading up to the
palace proper. Fong Yi and his entou-
rage had come down halfway to meet
us, and it was up to us to mount the
stairs. But Mary already was having
trouble walking as she had had polio
and I wondered how in the world we
were going to get her up those stairs.
But I needn’t have worried. They had
arranged for two very stout Chinese
officers to butterfly her up the stairs
while I tagged along behind. We then
introduced ourselves, went up the rest
of the stairs to his office, Mary with
her accomplices, and had an hour-
and-a-half conversation.

He took half the time to tell me
about the advances China had made
during the great march. The other half
I talked about what I had found out
about his laboratories —the good and
the bad. Then he said, “Now Professor
Rosen, I do not have even a high
school education, but I am in charge
of all the science, technology, and
education in all of China. If you were
in my place, what would you do to
catch up with the West in science and
technology?” I had not anticipated
the question (although I should have
suspected something like this), but
after thinking for a minute or two, I
said, “Well, the first thing I would do
is identify, every year, some hundreds
of your brightest young scientists and
engineers and send them to centers of
excellence, not for a week or a month,
but for a year or even two years. That
way they can become engaged not
only with the frontiers of science and
technology but also with the environ-
ment that permits science and tech-
nology to flourish. He replied, “Yes,
Professor Rosen, that’s a very, very
good idea. Now would you accept
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some of them at your facility?” Now

I understood the reason for our invita-
tion and the reason for all the things
that had happened before. My answer
was, “Mr. Vice Premier, the rules of
the government right now are that we
can accept Chinese citizens at Los
Alamos for only 8 days, but if you
will nominate scientists whom we
know by their reputation, I will do
what I can to get that rule changed.”
About 3 months later, a letter came
from his deputy for science nominat-
ing three or four renowned people.
One was director of their main nuclear
physics laboratory, another was a
group leader of the chemistry group,
and a third was an expert on radioac-
tive nuclei. Congress had already been
persuaded that LAMPF must be an
open facility if world-class science
and technology was to continue at the
Laboratory. I’'m not sure that everyone
in the present Congress understands
that, but the Joint Committee on
Atomic Energy did.

Now the monkey was on my back.
Fortunately, if you’re lucky, you don’t
have to be smart, and I have been
lucky many times. This time, it turned
out that a former neighbor of mine,
Herman Roser, who had been the
Atomic Energy Commission presence
at Los Alamos, was made head of the
Division of Military Applications in
the Atomic Energy Program. It was
up to him to decide what the security
rules were. I went to see my friend
Herman Roser and told him, “Look,
if we could make friends with these
people, one quarter of the people
on Earth, it would be worth more
than any number of aircraft carriers
or bombers that we could possibly
build.” He understood this. In a few
months word came that “yes,” we
could invite these scientists. They
were marvelous visitors and worked
all hours of the day and night. I sus-
pect that our initiative was a factor in
improving our relations with China
at a critical time. Without LAMPF,
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we couldn’t have done that, and now
LANSCE serves a similar purpose.
So, in addition to direct and unique
contributions to national security,
LANSCE also fosters an environment
that encourages a symbiotic relation-
ship among national laboratories, aca-
demia, and relevant industries.

Los Alamos Science: Isn’t
LANSCE also important as a source
of radioisotopes for medicine?

Louis Rosen: Yes, these are radio-
isotopes that cannot be produced
by reactors. They are proton rich,
whereas reactor radioisotopes are
always neutron rich. Thus, we more
or less double the radioisotopes avail-
able for medical diagnosis and treat-
ment and for industrial purposes. In
the original plans for the facility, I
decided to include specifications for
a radioisotope facility that would not
interfere with anything else going
on. It would be put at the end of the
beam line, where the beam goes to a
beam dump. That beam dump eventu-
ally became a neutrino source—even
back then we used everything from
the hog including the squeal. We
built the radioisotope facility, and it
functioned very well. Unfortunately,
the accelerator is sometimes down
for long periods, either for mainte-
nance or because the budget will not
support the electricity it demands. It
uses 20 megawatts of power when
it’s running full steam. But we had
the foresight to do something that
has only now come to pass. We pro-
vided a space between the 100-MeV
section and the 700-MeV section
of the accelerator, a space where a
magnet could be installed to deflect
the beam to the north into what we
hoped would become a radioisotope
facility to produce radioisotopes year
round, whether the main machine is
down or not. In addition, it could also
use the negative ion beam to produce
radioisotopes. It’s only in the last
few years that funds became avail-
able to build an isotope production

facility at this juncture between the
phase one linear accelerator and the
main accelerator. And it’s marvelous
for a lot of reasons—not just medi-
cal. You see, at WNR we measure
neutron cross sections. That was one
of the main reasons for establishing
WNR in the first place, and those

are still being measured because the
weapons program is a black hole for
neutron cross sections. It needs all

it can get. Some of the needed cross
sections are for short-lived radioiso-
topes that are made when a nuclear
weapon detonates. They are so short
lived that you can’t make them at Oak
Ridge or Brookhaven and bring them
here. There’s not enough time. With
the new radioisotope facility, we can
make the radioisotopes and quickly
transport them to the WNR to make
measurements. Again, that is a weap-
ons measurement that the radioisotope
facility uniquely makes possible.

Los Alamos Science: What do
you see as the role of LANSCE in the
future?

Louis Rosen: Today, national
security, including economic security,
involves characterizing, improving,
and inventing materials as never
before. Neutrons, including ultracold
neutrons, are indispensable probes.
With proper upgrades LANSCE can
meet the civilian and military require-
ments far into the future.

People don’t realize the close
interplay between basic research and
the emergence of national security
technologies. LANSCE development
was responsive to the fact that tech-
nology is truly the child of science.
It’s very important that those respon-
sible for planning the future of the
Laboratory understand the unique util-
ity of LANSCE for both science and
national security and how important
it is for the nation that this facility be
imbedded in a national security labo-
ratory while being open to the world
scientific community in its unclassi-
fied research activities. m
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LANSCE and the
Nuclear Weapons Program

Philip D. Goldstone

In 1996, sponsorship of the Los Alamos Neutron Science Center (LANSCE), previ-
ously known as the Los Alamos Meson Physics Facility (LAMPF), was transferred
to Defense Programs, and it was clear that neutrons provided a unique tool for under-
standing materials. It was also clear that improving physical models of materials and
understanding materials issues related to aging or remanufacturing were going to be
important for stockpile stewardship. However, although that vision could be broadly
painted and some thrusts were well identified (for example, structural studies of pluto-
nium), elements of that vision were not fully realized at the time.

The decade since 1996 has been remarkable for the nuclear weapons program and
for LANSCE. Stockpile stewardship itself has moved to incorporate a more-coherent,
sound methodological basis (the quantification of margins and uncertainties, QMU),
and the technical details and priorities of the program have matured as a result of the
successes and, especially, the challenges the program has identified and overcome.

- Some new tools have emerged. Proton radiography (pRad), in particular, which was
not even in the minds of the “forefathers” of stockpile stewardship, has become a cru-
cial element of the research program within a remarkably short time after key break-
throughs were first demonstrated at LANSCE. Further, understanding what is needed to
reduce uncertainties in assessment resulted in a renewed appreciation at both Lawrence
Livermore and Los Alamos National Laboratories of the importance of measuring cer-
tain neutron nuclear-reaction cross sections that only LANSCE can provide.

And although there is now a need to refurbish additional elements of the accelera-
tor that powers the research capabilities at LANSCE’s several experimental areas,
considerable investment was made over this decade to operate, maintain, and improve
elements of the LANSCE infrastructure and scientific equipment, supported, as appro-
priate, by the National Nuclear Security Administration (NNSA) and the Office of
Science sponsors and institutional funds. LANSCE is now a far more powerful and
important facility in terms of the breadth of its scientific reach and its impact on stock-
pile stewardship than it was in 1996, when its sponsorship was transferred. LANSCE is
also the Laboratory’s key world-class experimental user facility and science “magnet.”
In 2001, LANSCE was designated a national user facility.

Strategic Role of LANSCE

Direct Mission Support through Science-Based Prediction and Assessment.
LANSCE contributes both directly and indirectly to the nuclear weapons program. The
principal direct impacts are through pRad, nuclear data measurements, and structural
information from neutron scattering on key materials. These measurements, most of
which require the particular capabilities at LANSCE, are helping to reduce uncertainties
in science-based predictive capability for weapon safety, reliability, and performance.

They are directly impacting weapon assessment and certification decisions and
are essential for many identified program milestones. All NNSA laboratories rely on
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LANSCE’s capabilities.! The articles
in this section will speak to a few
examples of a broad set of contribu-
tions in three main areas:

pRad. Proton radiography at
LANSCE is providing important
data on detonation and burn proper-
ties of insensitive high explosives
at controlled temperatures, shock-
driven material damage and spall,
ejecta transport, small implosion
experiments, and dynamic loading
of neutron generator components.
Lawrence Livermore and Sandia
National Laboratories and the Atomic
Weapons Establishment in the United
Kingdom have collaborated with us
on, or led, many of these experiments.
The results have been important for
developing and validating physical
models. Looking forward, we have
identified work to be done with pRad
using the 800-million-electron-volt
beam at LANSCE that we estimate
will take over a decade to complete at
the rate of 20 to 30 experiments per
year. Further, we continue to design
and perform experiments that are
immediately responsive to (and help
resolve) unanticipated technical ques-
tions within the stewardship program.
Experiments we have done have also
demonstrated pRad’s long-term value
as a capability for stockpile steward-
ship. In the future, a 20-giga-electron-
volt pRad capability for hydrotesting
could potentially be based on the pres-
ent LANSCE facility.

Nuclear data. Using the GEANIE
detector at the Weapons Neutron
Research Facility (WNR) and the
DANCE detector at the Lujan Neutron
Scattering Center (Lujan Center),
LANSCE is providing key nuclear-
cross-section data on actinides and
radiochemical tracers, enabling
important refinements in models and

LANSCE and the Nuclear Weapons Program

better use of the historical nuclear-test
database. The WNR recently enabled
irradiation testing relevant to Sandia
National Laboratories certification of
the W76 arming, fuzing, and firing
system. The neutron spectra avail-
able from LANSCE (including very
high energies at the WNR) and the
Laboratory’s ability to handle short-
lived isotopes, along with unique
capabilities of a range of instruments,
make LANSCE the only source for a
variety of nuclear-cross-section data
of interest.

Materials. Unique instruments and
sample environments at the Lujan
Center, which is operated with Office
of Science sponsorship as a user facil-
ity, are contributing to high-pressure
data on plutonium, to understanding
the constitutive properties of other
weapon materials, to evaluation of
the effects of fabrication processes
on the characteristics of plutonium
and uranium components and on
neutron tubes, and to corrosion stud-
ies. Research at the Lujan Center is
also determining underlying structural
changes that occur in aging of ura-
nium-niobium alloys, high explosives,
and other materials.

Indirect Value to the Nuclear
Weapons Mission through an
Institutional Role. LANSCE also
contributes to our national security
missions indirectly by sustaining
the Laboratory’s scientific capabili-
ties, which are essential to our ability
as a national laboratory to address
tomorrow’s challenges. LANSCE’s
broad scientific reach in key areas
that are important to national-security
missions—materials science and engi-
neering, nuclear science and nuclear
energy, and structural biology —have
made it integral to the scientific vital-

1 In 2005, weapons program users from Los Alamos, Lawrence Livermore, and Sandia
National Laboratories, as well as the Atomic Weapons Establishment, conducted
27 dynamic experiments at the pRad facility; 66 experiments using 20 percent of the

beam time allocated to the user program at the Lujan Center (a 100 percent increase from

2004); and 51 experiments at the WNR and DANCE.
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ity of the Laboratory. Synergy with the
Center for Integrated Nanotechnologies
and the National High Magnetic Field
Laboratory not only provides distin-
guishing opportunities for scientists
at LANSCE but makes the facility a
central element of the Laboratory’s
materials strategy. LANSCE, as was
LAMPF before it, is well established as
a significant recruiting portal for mis-
sion activities across the Laboratory.
Literally hundreds of Laboratory staff
now engaged in other parts of the
Laboratory in support of our missions
initially came to Los Alamos through
work at this facility. Research using
LANSCE adds to contact with the best
outside scientists in condensed matter
and nuclear science; contact with the
cutting edge of science is important to
our continued technical excellence in
these fields of importance to our weap-
ons mission. Medical isotope produc-
tion is a national service, and industry
has made LANSCE a standard for
single-event-upset testing of semicon-
ductor devices.

To ensure that LANSCE remains
a “magnet” for excellent scientists,
we intend to maintain the facility’s
scientific vitality and productivity
with an emphasis on condensed matter
and biology, in addition to weapons
program priorities. Feedback from the
scientific community has indicated
that, properly managed, LANSCE
will maintain an important role as a
complement to the Spallation Neutron
Source for neutron scattering. At the
same time, LANSCE offers unique
nuclear-science capabilities at WNR,
and with an operational Materials Test
Station, it could become a unique U.S.
capability for materials testing for
advanced nuclear power. LANSCE
continues to make important contribu-
tions to stockpile stewardship and to
the scientific underpinnings that will
enable the Laboratory to respond to
national-security challenges in the
future. m
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Proton Radiography

Christopher Morris, John W. Hopson, and Philip Goldstone

The United States stopped nuclear testing in 1992, and since then it has become
increasingly important to develop predictive models for the behavior of materials driven
by high explosives. The primary experimental tools to observe that dynamic behavior
have been based on x-radiography, the imaging technique used during the earliest days
of the Manhattan Project. Over the last decade, however, a new imaging technique has
been developed that uses high-energy protons, rather than x-rays, to radiograph materials
during dynamic experiments. Proton radiography allows researchers to make short mov-
ies and obtain much more detailed information on the motions and densities of materi-
als when driven by shock compression than was ever possible before. The penetrating
power, or long mean free path, of protons and the ability to focus them are opening
up new opportunities for quantitative experiments, accurate model development, and
designer training that will revolutionize how the U.S. nuclear stockpile is stewarded in
the future.
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Figure 1. Demonstrating pRad with Magnetic Focusing

A beam of protons (188 MeV in energy) from the P3W channel at LAMPF was sent through an object—a 6-mm-thick

steel plate with the words LANL P-RAD machined halfway through—and the positions and trajectories of the transmitted
protons were recorded by a layered proton detector (see diagram). (a) With nothing between the object and the detector, we
obtained a blurred radiograph (green) showing the positions of the protons as they entered the detector, but by projecting
the proton trajectories recorded at the detector back to the object, the letters on the sign became visible (red radiograph).
(b) The purple radiograph (inverted image) was obtained by placing a triplet of quadrupole magnets between the object

and the detector and directly recording the positions of the protons entering the detector. Because the magnets act like a
proton lens, focusing the protons at the detector, they allow a clear image to be recorded. Magnetic focusing makes flash
radiography possible because each proton does not need to be individually measured.

he technique of focusing then, major progress has been made LANSCE shown in the opening pho-
I protons for radiography was in developing techniques for dynamic  tograph. For the first time, movies of

first demonstrated in 1995 imaging that have made proton up to 32 frames can be made of explo-
(Figure 1). The protons came from radiography (pRad) an important sively driven experiments, allowing
the P3W pion channel in the pion contributor to the weapons pro- new phenomena to be observed and
experimental area (Area-A) of the gram. Approximately 30 small-scale quantified. (Just as visualization is
Los Alamos Neutron Science Center dynamic experiments are performed a critical tool for designers using
(LANSCE) linear accelerator. Since per year using the line C facility at advanced simulation and computing,
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Proton Radiography

seeing multiple frames adds a new
dimension to understanding complex
dynamic phenomena.) New capabili-
ties are also being added to the line C
facility continuously. Most recently, a
powder gun drive has been commis-
sioned, and a new magnifying lens is
currently under construction.

In addition to the ongoing pro-
gram at LANSCE, experiments with
higher proton energies have been
conducted at the Alternating Gradient
Synchrotron (AGS) at Brookhaven
National Laboratory (BNL). These
experiments have shown that
pRad could, in the future, enable a
revolutionary improvement in data
from hydrotests compared with the
impressive capabilities of the dual-
axis radiographic hydrotest facil-
ity (DARHT), the best flash x-ray
machine in the world.

In this article, we discuss the con-
tributions of pRad to stockpile stew-
ardship and discuss how it emerged
as a result of the interaction of basic
science activities at LANSCE with
nuclear weapons research.

Nuclear Weapons

Modern nuclear weapons in the
U.S. stockpile use two stages to
develop high yield-to-weight ratios.
The first stage, the primary, works by
using high explosives to compress a
fissionable core, or “pit,” to a super-
critical state in which it can sustain a
chain reaction. The pit is filled with
deuterium-tritium (d-t) gas, and the
pit’s implosion, along with the onset
of the fission reactions, heats the
d-t gas to the point at which the d-t
atoms undergo fusion reactions. In
turn, neutrons released from the d-t
fusion reactions produce additional
fission reactions and amplify the
energy released from the primary.
This process of using fusion reactions
to enhance the energy release is called
“boost.”
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Figure 2. Schematic of an Implosion Assembly

This schematic of implosion shows high explosives surrounding a fissile core.
Detonation of the high explosive produces a converging shock wave that
compresses the core to a supercritical state.

Although the basic physical pro-
cesses involved are relatively straight-
forward, there are many subtleties that
can lead to uncertainties in predicting
the performance of a nuclear primary.
The pressures generated in a conver-
gent explosion far exceed those that
are available for study in static labora-
tory experiments. The high pressures,
forces, and accelerations involved
drive instabilities at material inter-
faces that are difficult to predict with
numerical simulations. The materials
used in nuclear weapons are quite
complicated in their behavior. For all
these reasons, it is important to obtain
data on the response of these materi-
als in conditions and configurations
that are close to the working condi-
tions of a primary in order to develop
and validate models and calculations.
Obtaining such data will improve the
predictive capability of our advanced
simulation and computing models,
reduce remaining uncertainties within
those models, and help us ensure the
safety and reliability of the stockpile
without new nuclear tests.

A number of experiments must
focus on isolating and closely study-
ing individual processes or the
combined effects of some of those

processes to improve the underlying
physics models of materials response.
Much of the work with pRad at
LANSCE is along these lines. The
results from such fundamental or
semi-integrated experiments (some-
times called “small-scale”) help lead
to validated science-based models that
can be incorporated into the computer
codes used to predict the entire weap-
ons system. It is vital that the under-
standing embodied in these codes be
accurate.

Other experiments must be more
integral in nature and must more
closely mock up the full set of pro-
cesses and interactions that occur in
a primary implosion (but, of course,
without producing a nuclear explo-
sion). One can obtain valuable data
by replacing the fissile material with
a surrogate, in a geometry that closely
matches that of a primary (Figure 2).
These large, integral implosion
experiments are called hydrotests
(hydrodynamic tests) because, at
high pressures, the material flows
like water. Electrical pins and flash
x-ray radiography have been used to
study hydrotest experiments since the
development of the first plutonium
weapons during World War II. The
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most powerful x-ray machine ever
built, DARHT, is the primary diag-
nostic for hydrotests in the United
States. Results from hydrotests,
along with past nuclear-test data,

are vital for benchmarking and test-
ing simulation models to ensure that
the underlying science within these
models is sufficiently accurate and
complete. And although hydrotests
use surrogate materials to prevent a
nuclear explosion, precise data from
these tests do allow direct inference of
the initial conditions for the nuclear
performance of a primary, including
boost. That knowledge itself can sig-
nificantly constrain predictions and
can substantially increase designer
confidence.

Current pRad experiments at
LANSCE are playing an increasingly
important role in developing the sci-
ence for primary predictive capability.
In addition, in the future, higher-
energy pRad could provide a new,
quantitative, and much more capable
diagnostic for hydrotest experiments,
meeting stringent requirements for
establishing the initial conditions for
boost.

pRad Principles

Radiographic information is
obtained by measuring the inten-
sity of the shadow of an object in a
beam of penetrating radiation. If the
radiation is attenuated over too short
a distance, only the outer edges of the
object can be measured, and if it is
attenuated over too long a distance,
there is no shadow. Indeed, during the
Manhattan Project, flash x-radiogra-
phy was used to measure the outside
edge of an imploded core made of
a heavy-metal surrogate in order to
test the high-explosive drive for the
implosion. X-rays have since been
used in sophisticated hydrotests and
“small-scale” research into shock- and
high-explosive-driven phenomena.
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However, high-energy proton beams
offer an almost ideal radiographic
probe for studying the physics related
to primary implosion phenomena
because their mean free path (or aver-
age distance traveled between colli-
sions) can be tailored to allow seeing
inside almost any experiment. Proton
radiography offers new power and
finesse for imaging such experiments.

Protons interact with matter in
several ways. Each of these ways can
be used to advantage for radiography.
At high energies, protons interact with
atomic nuclei primarily through the
nuclear force (the short-range “strong”
force that binds nuclei into a tight,
compact shape) and less so through
the Coulomb force (the long-range
electrostatic force between charges).
They also interact with electrons
through the Coulomb force.

Because the cross section of the
atomic nucleus is small (7z72), high-
energy protons travel a much longer
distance in matter than even the most
penetrating x-rays. This property
makes them well suited for radio-
graphing thick objects. High-energy
protons that interact directly with a
nucleus through the nuclear force are
usually scattered through large angles.
They are thus scattered out of the
beam, and their energy is significantly
reduced. In other words, protons
undergo hard scattering much like
x-rays in x-radiography, but they have
a longer mean-free path than x-rays.
This property makes them ideal for
transmission radiography.

Every proton that passes by a
given nucleus, even if not close to
it, is given a push by the Coulomb
force. The sum of all the small
pushes from nuclei leads to changes
in direction and therefore diffusion
of the incident angle. A theory for
how to treat this angle diffusion was
developed by Enrico Fermi in the
1930s. Coulomb multiple scattering
from nuclei can make the net mean-
free path for protons shorter than

Proton Radiography

the nuclear mean-free path alone by
using an angle collimator at a Fourier
point (angle focus) in the lens, a fea-
ture that allows the mean free path
to be adjusted to match nearly any
experiment. It is this feature of proton
interactions that has enabled the pRad
program at LANSCE to address many
different physics problems with pro-
tons of the same energy.

A Coulomb interaction also occurs
between protons and electrons in
the material. Because the electrons
have very small mass compared with
the protons, the interaction causes
large changes in electron directions
and velocities but only incremen-
tal changes in proton direction and
energy. In the 1930s, Hans Bethe and
Felix Block developed a theory that
shows how the Coulomb interaction
with electrons leads to a net force that
results in a drag, slowing down and
eventually stopping the protons.

Brief History of pRad

Although the motivation for devel-
oping pRad came from the weapons
program, it is a remarkable fact that
all the techniques, ideas, and equip-
ment that were synthesized into
this new technology are a legacy of
the nuclear physics program at the
Clinton P. Anderson Los Alamos
Meson Physics Facility (LAMPF),
the predecessor of LANSCE. Proton
radiography would never have been
developed had it not been for the
colocation of basic research with clas-
sified, national-defense research and
development. Strong basic-research
efforts at the weapons laboratories
can continue to provide personnel and
feed innovative technologies that will
be used for solving the difficult prob-
lems of stockpile stewardship in the
future, and the emergence of pRad is
just one of many important examples
of how this outcome is achieved.

The basic idea behind pRad
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goes back to Andreas Koehler from
Harvard, who pointed out in the 1960s
that the statistical fluctuations in
proton range could be used to make
very-high-contrast radiographs of
objects if the proton beam energy was
adjusted so that the proton range was
just equal to the thickness of an object
being radiographed. The range strag-
gling in some conditions is only a few
percent of the total range. Because

of this narrow variation in range, the
transmission of a proton beam can
vary by 100 percent with just a few
percent change in the thickness of

an object. This high contrast meant
that radiographs could be made using
low radiation doses (beam intensities
multiplied by irradiation times) when
compared with conventional x-ray
radiography, but the position resolu-
tion would be poor. Coulomb multiple
scattering of protons leads to blur in
the radiographs that is about an order
of magnitude larger than that in radio-
graphs made using x-rays because the
latter travel on straight paths between
interactions.

Ken Hanson implemented the idea
of range radiography using proton
beams at LAMPF. Hanson was able
to extend the dynamic range over
which this type of radiography could
be applied by stopping the protons in
a thick detector after the object rather
than in the object itself and using the
distances traveled in the detector to
measure the energy remaining in the
transmitted protons. In this way, varia-
tions in the thickness (areal density)
of the object up to the detector thick-
ness could be optimally radiographed.
This energy-loss radiography provided
better position resolution even using a
low dose because the average proton
energy in the object was higher, more
protons were transmitted, and each
transmitted proton provided radio-
graphic information.

As one of us (Chris Morris) recalls,
in the early 90s, the weapons program
funded a study of neutron radiography
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led by Victor Gavron. One important
idea to come from that study was

that the long mean-free path of high-
energy protons, neutrons, and other
hadrons (particles that interact through
the nuclear force) made them ideal
for performing radiography on objects
typically encountered in the nuclear
weapons program. Steve Sterbenz
picked up on this idea and explored
the possibility of using neutrons to
radiograph hydrotests. However, the
available neutron flux, even if the
intense pulses from the Proton Storage
Ring (PSR) were used to produce the
neutrons, would be insufficient for
obtaining images during the short tim-
escales of a hydrotest. Gerry Garvey,
then head of LAMPF, on hearing this
argument, immediately asked, “Why
not use protons?”

Because they are charged par-
ticles, protons bend as they move
through magnetic fields, and they
can therefore be focused by magnetic
lenses. The technology of focusing
and bending proton trajectories using
magnets, or the optics of charged
particles, is central to the operation
of modern particle accelerators, and
many physics experiments performed
at LANSCE also required expertise
in the optics of charged particles.

For example, the high-resolution
spectrometer (HRS) at LAMPF, one
of the premier charged-particle spec-
trometers in the world, was tuned by
optically imaging the low-intensity
proton line in the focal plane using a
phosphor and an intensified charge-
coupled-device camera. Jerry Nolen,
who developed this tuning technique,
thus demonstrated that it was possible
to image low intensities of protons
with position resolution approaching
100 micrometers.

When one of us (Chris Morris)
put all these ideas together, it became
obvious that high-energy proton
beams—within the existing state of
the accelerator art—could provide a
breakthrough in dynamic materials

experiments and hydrotest diagnos-
tics. The final steps that led to the
development of pRad occurred when
Tom Mottershead and John Zumbro
developed a magnetic lens design that
provided good position resolution
over the entire field of view required
for radiography, and Nick King
adapted a detector system based on
fast imaging that had been developed
for other weapons applications.

The development of pRad bears
out the vision that Louis Rosen had
more than forty years ago—by col-
locating basic research with program-
matic work, LAMPF/LANSCE would
be of great benefit to the Laboratory’s
mission. Although over time, the
LANSCE mission has increased its
focus on national security, the impor-
tance of a clear engagement between
defense research and the broad front
of fundamental science has remained
unchanged, and LANSCE contin-
ues to play an important role in that
regard.

pRad and the Physics of
Implosion

Proton radiography is arguably
the most valuable and versatile single
technique available to interrogate the
hydrodynamic aspects of primary
physics. Many physical regimes and
processes become operative as a
weapons implosion proceeds. They
include the initiation and detonation
of the chemical high explosive, the
complex response of the metal com-
ponents to intense shock waves, the
extremely high rate of deformation
and compression of the fissionable
components during the supercritical
assembly, and the fundamental hydro-
dynamics and hydrodynamic instabili-
ties that are driven by these extreme
conditions. For each condition, it is
necessary to develop and validate
explicit hydrodynamic physics mod-
els that can be implemented in new
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simulation computer codes from the
Advanced Simulation and Computing
(ASC) Program. The physics models
must capture critical hydrodynamic
behaviors with high accuracy and are
the main drivers for setting the design
of most weapons physics experiments.

Though many techniques are (and
must be) used, it remains experimen-
tally challenging to interrogate the
critical state variables and stress-strain
response in the interior of materials
under dynamic stress. Modeling of
many processes depends on accu-
rately capturing the time evolution of
those state variables and stress-strain
responses on a microsecond scale.
With its ability to penetrate and accu-
rately image the interior of highly
compressed components, as well as its
highly flexible and precisely record-
able pulsed format, pRad is uniquely
suited to providing the necessary data
for weapon certification codes and
models. At present, pRad is being
applied to a number of key scien-
tific questions that address stockpile
stewardship goals. These include the
detailed detonation behavior of insen-
sitive high explosives; the dynamic
material response to shock loading,
including material failure; and experi-
ments relating to understanding mate-
rials dynamics and conditions late in
the process of implosion.

High-Explosive Detonations

Detonation fronts move through
high explosives with velocities near
8 millimeters per microsecond (mm/
us). The combination of chemistry
and shock physics needed to describe
the detonation process is not com-
pletely understood and is difficult to
model. Most calculations use param-
eterized geometric models to describe
the detonation of high explosives.
Proton radiography has been used to
diagnose a number of experiments
used to study the detonation process
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in both conventional and insensitive
high explosives.

The complex mix of shock physics
and chemistry that occurs in a detona-
tion front in high explosives has not
yet been modeled from fundamental
(atomic-scale) physics principles.
However, physical models exist, and
improvements continue to be devel-
oped that incorporate more complete
(and complex) physics. For example,
the pressure profile through the deto-
nation front and the propagation of
the front can be adequately described
with some simplifying assumptions in
a parameterized model. Movies made
with pRad provide a way to establish
parameters, as well as develop and
check these models.

A number of pRad experiments
on detonation physics performed by
Eric Ferm are revealing in this regard.
They include studies of a detonation
front turning around a corner as it
propagates from a narrow cylinder
of high explosive into a wider one,
rate sticks for measuring the veloc-
ity of the detonation front, colliding
detonation fronts showing reflected
shock waves propagating through
detonation products, and failure cone
experiments for determining the
radius at which the detonation fails
to propagate. Some time sequences
from these experiments are shown in
Figure 3. The failure cone and corner-
turning experiments allow predictions
of detonation front propagation to be
checked, and the rate stick and col-
liding-wave experiments provide data
on the equation of state of detonation
products over a wide range of pres-
sures. In particular, the velocity of the
reflected shock waves in the detona-
tion products determines a shock
Hugoniot in the high-explosive prod-
ucts. The experimental results shown
in Figure 3 —for example, the dead
zone in the corner-turning experi-
ment—challenge even the best current
models of high-explosive detonation.

Proton Radiography

Material Failure

When the pressure wave pro-
duced by a high-explosive detonation
impacts a metal surface, the metal
can be accelerated to velocities that
exceed the sound speed in the metal.
This phenomenon results in the for-
mation and propagation of shock
waves in the metal. The shock waves
reflect from interfaces and surfaces
putting the material alternately under
compression and tension, and in many
cases, under considerable shear. The
pressures induced in these processes
can exceed the strength of the metal
and can lead to phase changes, as well
as tensional and shear failure. These
phenomena have been studied for well
over a century. However, the richness
of the physical processes involved and
the complexity of the materials make
it a challenge to develop microscopic
models based on the fundamental
forces of nature. We need data to
guide and validate improvements to
the various approaches to modeling
these phenomena.

A set of experiments has been
performed with pRad to study how
shocked metals fail when a shock
wave is reflected from a free metal
surface and the resulting rarefac-
tion wave puts material in tension.
Experiments were driven with Taylor
waves (the shape of a shock wave
produced by high explosives) and
with plane waves (waves produced by
a high-explosive-driven flyer plate or
a projectile from a gun). A composite
of experiments showing the richness
of metal failure from shock-induced
tension is displayed in Figure 4.

Fragmentation, another form of
material failure, occurs when met-
als are stretched (or strained) at very
high rates. Figure 5 shows a series
of experiments performed with pRad
to study this phenomenon. Several
sequences of metal failing in stretch-
ing modes are shown. In Figure 5(a),
a half-cylinder of titanium is being
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Figure 3. Studies of High-Explosive Detonation

These radiographic time sequences show a set of experiments aimed at studying the propagation of a detonation wave in
a high-explosive and the densities and pressures of the detonation products. (Left to right) The images record detonation
fronts turning a corner, traveling along a rate stick, colliding, and propagating in a failure cone, respectively. The images
were enhanced by Abel inversion and therefore show volume densities (gm/cm3). (This figure is courtesy of Eric Ferm.)
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Figure 4. Spall from Metal Plates Driven by a Planar Shock Wave

These data, courtesy of D. Holtkamp, show the “spall” type of metal failure that occurs when metals are put in tension
by shock waves that reflect from a free surface and produce rarefaction waves. (Left to right) The metal samples
undergoing spall are 6-mm-thick copper, 12-mm-thick copper, 12-mm-thick tin, and 4.4-mm-thick tantalum. In the leading
part of the experiment, layers break off from the free surface as a result of spall. Later these layers become disorganized
and appear to be broken up. Each experiment was driven by a plane-wave high-explosive driver.
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Figure 5. Fragmentation Failure of Metal Driven by Shock Waves from High-Explosive Charges

(a) Detonation of an explosive charge placed in a titanium half-cylinder causes rapid cylindrical expansion. The failure
of the half-cylinder of titanium leads to bacon striping, or fragmentation along the axial direction of the cylinder (data
are courtesy of P. Rightly). (b) A hemispherical shell of uranium-6% niobium is being spherically expanded by detonation of
a high-explosive charge (data are courtesy of K. Prestrige). The rapid expansion causes formation of a cornflake pattern

of fragmentation.

rapidly expanded by detonation of a
cylindrical charge of high explosives
placed inside the titanium cylinder.
As the explosive expands radially, the
cylinder fragments in a bacon strip
pattern that seems to be character-
istic of uniaxial (cylindrical) strain.
In Figure 5b, a hemisphere of a ura-
nium alloy is being expanded with a
hemispherical high-explosive charge.
Here, the failure results in irregular
cornflake-shaped fragments.

These experiments demonstrate
the richness and complexity of the
response of real materials at high
strain rate. These data are part of a
program of model development aimed
at a better understanding and predic-
tive capability for the materials and
conditions encountered in weapon
systems.

Instabilities and Ejecta
Another very interesting field of

research with important applications
in weapons is the study of instabili-

40

ties. When a dense fluid is accelerated
by a light fluid (Rayleigh-Taylor) or
when an interface between two fluids
is impulsively driven (Richtmyer-
Meshkov), the interface is unstable.
As the instability grows, the two flu-
ids mix. Modeling instability growth
in fluids is numerically difficult. For
solid interfaces, even predicting the
onset of instability growth becomes
difficult because material strength sta-
bilizes the surfaces.

Instability growth has been radio-
graphed with pRad in several experi-
ments. Two examples are shown in
Figure 6. The first two time sequences
in Figure 6a show different views of a
jet growing vertically from a slot cut
in an aluminum disc-shaped target as
a shock wave from a high-explosive
charge located underneath the disc
propagates in orthogonal directions.
The sequence in Figure 6b shows the
development of a Richtmyer-Meshkov
instability in a thin tin target containing
a wavy, or sine-wave-shaped, free sur-
face. That sine-wave-shaped perturba-
tion was machined into the flat surface

as a seed for the growth of the instabil-
ity. The tin plate was then struck by a
flyer plate driven by a high explosive,
and the rate of instability growth was
then determined from the sequence of
radiographs shown in the figure.

Small Implosion Experiments

In addition to these fundamental
and semi-integral small-scale experi-
ments, we have also performed some
small implosion experiments with pRad
at LANSCE, using experimental con-
figurations and high-explosive charges
suitable to the constraints of that facility.
Although these integral experiments
cannot be described in detail here, they
have provided valuable and relevant
information on the evolution of materi-
als dynamics in implosions.

High-Energy pRad

Planning done within the nuclear
weapons program has shown that the
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800-million-electron-volt (MeV) pRad
facility at LANSCE is needed to sup-
port many of the long-term research
goals of the weapons laboratories,
and many years of experiments have
already been identified to support
specific stewardship deliverables.
However, in addition to the need for
the capability at 800 MeV, our col-
leagues are considering the potential —
and potential need—for an extension to
20 giga—electron volts (GeV).
Full-scale hydrotest radiography
with pRad requires higher energy than
is available at LANSCE. A series of
experiments has been performed using
the high-energy protons available at
the AGS at BNL with several goals
in mind: developing the techniques
needed for high-energy pRad, dem-
onstrating the capabilities of pRad
for interrogating full-scale hydrotests,
and making some direct comparisons
with DARHT. Much of this work is
classified, but the conclusions are
rather remarkable and can be given
here. The quality of flash radiography
with protons is so much better for
thick hydrotest objects than even that
obtained from DARHT that it would
take about 100 times more x-ray dose
than DARHT can currently deliver to

Figure 6. Ejecta and Instability
Experiments

(a) These two sequences show the
development of a metal jet from a
slot in an aluminum target looking
along the slot (left) and across the
slot (right). The jet is driven by shock
waves from a high-explosive charge
located underneath the plate. (b) The
growth of a “classic” Richtmyer-
Meshkov instability from a tin target
is shown. It contains a sinusoidally
shaped free surface. The instability
is driven by the impact of a high-
explosive-driven flyer plate moving
down in this figure. [The data in (a) are
courtesy of K. Prestridge and in (b), courtesy

of W. Buttler.]
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obtain the same radiographic detail.
Even more important than the quality
is the quantitative nature of pRad.

A series of density reconstruc-
tions of an unclassified radiographic
test object is shown in Figure 7. The
radiographs have been calibrated to
measure material densities using data
taken on step wedges. In the set of
tests shown, the uniformity and com-
position of the high-density material
limited the precision of the density
reconstructions to about 2 percent.

In classified experiments done sub-
sequently, an accuracy of better than
1 percent has been attained for density
reconstructions from pRad. This level
of precision for density measure-
ments is nearly an order of magnitude
better than that obtained from thick
object radiography using x-rays and
meets requirements established nearly
a decade ago for a next generation

of hydrotest radiography machines
beyond DARHT.

The high effective dose, quantita-
tive density reconstructions, submil-
limeter position resolution, and ease
with which time sequences can be
radiographed at frame rates in excess
of 5 million frames per second make
pRad the obvious choice for any next-
generation flash-radiography machine
beyond DARHT. This finding has led
to the studies described below.

A 20-GeV Capability

Motivated by the success of the
pRad experiments done at BNL, a
recent study was made to examine
the design parameters and estimate
the costs of a proton synchrotron at
an energy of 20 GeV that could be
applied to quantitative radiography
for the weapons stockpile. Siting
options at both Los Alamos National
Laboratory and the Nevada Test Site
(NTS) were studied, and design fea-
sibility and cost estimates were deter-
mined.

4

Table I. High-Energy Radiography Requirements

Number of pulses
Minimum pulse spacing
Protons per pulse

Time format

>5

~200 ns

2 x 10"

Individual pulse extraction

If the mission requirement for
such a capability were established,

a choice of a Los Alamos site could
take advantage of the existing accel-
erator infrastructure at LANSCE. The
800-MeV LANSCE linear accelerator
could be used as an injector to the
synchrotron ring, which would save
the time and money needed to build
and commission a new accelerator.

In addition, the existing infrastruc-
ture of trained people and equipment
would simplify commissioning a new
accelerator. Studies indicate that a
20-GeV synchrotron ring would be
smaller in its longest dimension than
the existing kilometer-long linear
accelerator that forms the core of
LANSCE today.

Notional high-level requirements
for a 20-GeV capability were syn-
thesized from a combination of the
results from the AGS experiments
and from requirement studies carried
out over the last decade. They are
listed in Table I.

The number of pulses is driven
by the need to measure density to
infer criticality (as calculated for a
hypothetical equivalent experiment
that used nuclear material). Although
large numbers of pulses are avail-
able with pRad, extensive studies
by Kevin Buescher, John Hopson,
and Wayne Slattery have shown that
four pulses spaced at a minimum
of 200 nanoseconds are sufficient
(DARHT-2 is intended to produce
four pulses, a new state of the art for
x-ray machines). A fifth pulse was
added to the design requirements so
that early-time phenomena can be
studied simultaneously with late-time

configurations. A 20-GeV ring can
provide up to 10 pulses, limited by
the circumference of the synchrotron.
The proton dose in Table I is twice
that used in the validation experi-
ments described above. This increase
is enough to allow a two-Gaussian
imaging mode in which part of the
beam would be used to image small
radii in the object and the remainder
would be used for full-field imaging.

Summary

Proton radiography is a highly
versatile invention that was born
from the interaction between defense
mission research and basic science.
Experiments similar to the examples
described here and some others have
added quantitative data that have
impacted near-term nuclear weapons
stockpile assessment and certifica-
tion. They have also added qualitative
insights that would have been hard to
obtain without the resolution and mul-
tiple images pRad provides. This tech-
nology is an important complement to
other dynamic materials research and
to DARHT. Ensuring that pRad will
continue to provide data for the next
two decades is one of the key reasons
that the Laboratory has proposed to
refurbish LANSCE. We project a need
for 20 to 30 pRad experiments annu-
ally based on outyear program plan-
ning, past experience in performing
the required work, and the schedule
that these experiments need to meet to
deliver data for model validation and
certification milestones.

Currently included within the
LANSCE refurbishment proposal,
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Figure 7. Analysis of 24-GeV/c Radiography of a Radiographic Test Object
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This figure illustrates the analysis of 24 GeV/c radiography on the French test object. A photograph of the object is

shown in the upper left. The raw data are first corrected for a number of experimental effects, such as beam shape and
detector and camera response. Then, the transmission radiograph is inverted to give areal densities with data obtained
from step wedges (1, is the nuclear mean free path for tungsten, and ), is an empirical radiation length). A step wedge

is a target with a set of constant thickness steps, which can be used to quantitatively calibrate the radiography. Volume
densities are obtained from the areal densities by performing very simple tomography, which assumes symmetry around
a central axis, called an Abel transform. The idea here is that, because of the symmetry, all views should look the same,
so one needs data at only one angle rather than hundreds of angles, which are normally used in tomography. The results
of many measurements have been combined to obtain an estimate of the uncertainties in each measurement. In the end,

we have shown that it is possible to measure densities with a precision of better than 1% by using this straightforward

procedure.

the H™ source intensity at LANSCE
that feeds pRad can be increased
by a factor of 2 in a cost-effective,
straightforward manner. A doubling
of H™ intensity would provide a factor
of 2 improvement in image statistics
and a commensurate improvement in
quantitative density resolution for the
scaled hydrolike experiments that are
needed for current and future certifi-
cation-related experiments.

LANSCE also provides the infra-
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structure and a powerful injector that
could be the basis for extending pRad
to the higher energies needed for
quantitative full-scale hydrotest radi-
ography in the future. While not yet
planned for development, such a capa-
bility could provide nuclear weapons
modelers with quantitative data about
the initial conditions for boost and
could drastically increase the scope of
challenges future stockpile stewards
could address with high confidence.

Proton radiography is here to stay
as a powerful tool for predictive capa-
bility and for addressing our national
security missions. ®
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A New pRad Camera

A New “Camera on a Chip”
for pRad Movies

Kris Kwiatkowski, Nicholas King, and Vincent M. Douence*

* Rockwell Scientific Company

We have developed a camera that consists of two
integrated circuits bonded together into a single
“hybrid” chip. This camera can capture dynamic
events in proton radiography movies with a min-
imum temporal resolution of 100 nanoseconds.
The new camera's high light sensitivity also
provides higher image quality than our cur-
rent cameras. This improvement in image
quality is equivalent to increasing the

proton-beam intensity by a factor of 4.
In addition to being able to capture
multiple frames per camera, the

new camera also has greater reli-
ability, and lower cost per frame.
It also takes up far less space and
needs only a few external electrical
connections. The new imager can
also be used to study other ultrafast
transient phenomena such as projec-

proton radiography (pRad)

movie records a series of

images produced as pro-
tons transmitted through a dynamic
experiment are focused on a scintil-
lator screen; the scintillator material
converts proton intensity to light
intensity. Our current camera sys-
tem allows us to capture and store a
sequence of these images at rates of
millions of frames per second for a
fraction of a second. The system is

46

shown in Figure 1.

At present, we make 20-to-30-
frame movies at up to 2.8 million
frames per second; the minimum
time between frames is thus about
360 nanoseconds. To capture each
frame at this rate, the camera’s elec-
tronic shutter must remain open for
less than 360 nanoseconds. In the
future, we plan to double or triple
the number of frames per movie and
increase the frame rate by a factor of

tiles penetrating armor.

5 or more, which will require shutter
speeds of 60 nanoseconds or less.
However, the current system’s
electronic shutter—a vacuum planar
photodiode —cannot operate much
below 300 nanoseconds.! In addition,

! The shutter speed is limited by the
power supply producing the short,

12 kilovolt pulse required to briefly open
the photodiode to incident light. To a
lesser extent, it is also limited by the pho-
todiode’s capacitance-limited rise time.

Los Alamos Science Number 30 2006



A New pRad Camera

LSO scintillator mosaic
800 MeV Turning
proton mirror
beam
(a)
CCD
camera
135-mm system
lens
(b)
12-kV ggted
planar diode ]
CCD image Thermoelectric
Phosphor screen sensor cooler
Photocathode

- o= __"'
/ o
i Turning |

2 mirror

Lens mount
Fiber-optic bundle

Figure 1. Proton Radiography Imaging System with Gated CCD Cameras

(a) Proton images are produced as protons transmitted through a dynamic experiment are focused on the 12-cm by 12-
cm tiled LSO scintillator. The scintillator converts proton intensity to light intensity, and the “turning” mirror reflects
these light images to seven smaller mirrors, which reflect the images to seven CCD cameras. (b) The gated CCD imager
system consists of a CCD camera, which has no electronic shuttering capabilities, augmented by a 12-kV gated planar
photodiode that acts as a fast optical shutter. A lens focuses the reflected light image onto the photodiode’s front plate,
a photocathode that converts the light image to an electron image through the photoelectric effect. When the photodiode
is activated by a 12-kV potential, the electrons are accelerated to the back plate, a scintillating screen that converts

the electron image back to a light image. That image is transmitted through the fiberoptic bundle (to maximize light
transmission) to a cooled 1600 x 1600 pixel CCD camera, which digitizes the image. The shutter speed of the photodiode
is limited by the 100-ns rise and fall times for applying the 12-kV activating pulse. Although cumbersome, this shuttering
method was the only high-speed electro-optic option available at the time. (c) The large gray circular object is the back
of the turning mirror, beneath which are seven CCD cameras and some of the many cables and auxiliary electronics
required to operate the cameras and process their outputs. Not shown is the equipment that generates the high-voltage
pulses for the planar photodiodes. (d) All seven cameras are pictured from the scintillator screen’s point of view.

Note the close packing of the cameras; there is little room for additional cameras. These cameras store one frame per
camera—as opposed to the new camera’s three frames. Thus, the same number of new cameras will be able to capture
three times the total number of frames as the old cameras. Moreover, the new hybrid cameras will reduce the total cost,
real estate, and calibration time of the complete camera system.
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Figure 2. New High-Speed Camera on a Chip
The new chip consists of a 720 x 720 pixel array of fast silicon photosensors (with 26-um pixel pitch) bonded to a CMOS
integrated circuit that turns the signals from the photosensors on and off and processes their outputs. (a) In this photo,
the photosensor array is the dark rectangle. Oblique (b) and side (c) views show how the two circuits are physically

and electrically connected by indium bumps, much smaller than 10 pm in diameter. The hybrid chip contains analog
processing cir