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and Spallation Neutron Sources

Abstract

The Los Alamos Neutron Science Center Activity Report
describes scientific and technological progress and
achievements in LANSCE Division during the period of
1995 to 1998. This report includes a message from the
Division Director, an overview of LANSCE, sponsor
overviews, research highlights, advanced projects and
facility upgrades achievements, experimental and user 
program accomplishments, news and events, and a list of
publications. The research highlights cover the areas of
condensed-matter science and engineering, accelerator 
science, nuclear science, and radiography. This report also
contains a compact disk that includes an overview, the
Activity Report itself, LANSCE operations progress
reports for 1996 and 1997, experiment reports from 
LANSCE users, as well as a search capability.

LANSCE Activity Report 1995–1998
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Nearly 5 years ago, when John Browne became the
Laboratory’s Program Director for LANSCE and Energy
Research (LER) programs, the task of redirecting the activ-
ity of the Technical Area 53 mesa from meson physics to
neutron science seemed a daunting one. In those early
days, John and I wrote a program plan that articulated the
case for neutron science playing a central role in the U.S.
Stockpile Stewardship program, while Stan Schriber—then
Division Director of the Accelerator Operations and
Technology (AOT) Division—worked hard to reduce the
cost of running our accelerator.

The last 5 years have brought striking progress. The
Accelerator Production of Tritium (APT) project has been
funded and its low-energy demonstration accelerator
(LEDA), constructed with strong support from LANSCE
staff, will soon be operational at a beam current never
before seen. In 1995 (actually on my 50th birthday!) a con-
ference was held in Los Alamos to affirm the importance of
neutrons to stockpile stewardship. Among the plenary
speakers were leaders from each of the weapons laborato-
ries as well as Vic Reis, Assistant Secretary of Energy for
Defense Programs, and “Marcy” Greenwood, Associate
Director of the White House Office of Science and
Technology Policy. In the past few years, Chris Morris
from the Physics Division and his collaborators have devel-
oped proton radiography to a point where it is seen as a
viable technology for a future hydrotest facility; in our
1994 program plan it was barely mentioned. 

The Department of Defense funded the LANSCE
Reliability Improvement Project, which began in 1994 and
finished in 1998 and has already resulted in greatly
increased facility reliability—84% in 1997 compared with
70% (and sometimes less!) in prior years. The Department
of Energy (DOE) Offices of Defense Programs and Basic
Energy Sciences have recognized their synergistic, long-
term needs for neutrons and are collaborating on a pro-
ject—the Short-Pulse Spallation Source Enhancement
Project—that will increase beam current to the Lujan
Center to 200 µA and provide several new spectrometers
for the U.S. scientific community. These spectrometers are
being built by teams from universities, industries, and fed-
eral laboratories, following a new model that will likely
form the basis for spectrometer construction at the Oak
Ridge Spallation Neutron Source (SNS). As a full partner
in the SNS project, LANSCE will be responsible for the
construction of its linac and for implementing its control
systems. Congress approved construction funding for the
SNS project recently. In separate actions, Congress has
appropriated funds to build a “spur” to the LANSCE linac
that will enable production of radioisotopes vital to medical
research and diagnostics, and also seems set to support new

nuclear energy projects, including our Accelerator-Driven
Transmutation of Waste (ATW) activity.

Based on these successes, the Laboratory decided last year to
reorganize the LER Program Office and AOT Division into
one organization—LANSCE Division—whose mission is to
solve national problems using high-power accelerators and
spallation neutron sources. Our principal sponsors are the
DOE’s Offices of Defense Programs and Basic Energy
Sciences, which have synergistic, long-term needs for the neu-
tron and accelerator science that is at the heart of LANSCE.
Our customers are scientists from the broad U.S. community,
many of whom access our facilities through a peer-review
process to carry out experiments in defense and civilian sci-
ence. As a National User Facility, LANSCE is part of a net-
work of such facilities that are built and operated by the DOE
for the nation’s scientists. We play a role for Los Alamos that
includes attracting talented scientists to the Laboratory and
providing a tool for scientists in many fields with diverse sci-
entific and technical interests. We are, as Vic Reis has said on
several occasions, the “anchor store in the mall” that can bring
new people to work on the challenging problems of maintain-
ing a safe, secure, and reliable nuclear stockpile.

This activity report includes much more detail on the
advances I have described, as well as descriptions of many
other, but equally significant, contributions that comprise a
fabric of scientific and technical contributions made over
the past 5 years. I would like to take this opportunity to
thank all of those who participated in these scientific and
technical activities. You have much to be proud of. 

Roger Pynn

▲ (From left to right) Roger Pynn, LANSCE Division Director; John C. Browne, Los Alamos National
Laboratory Director; and Stan Schriber, LANSCE Deputy Division Director.  

Division Director’s Introduction
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A National User Facility

As a national facility for defense and civilian research in
radiography, nuclear science, and condensed-matter science,
LANSCE hosts scientists from universities, industry, the
Laboratory, and other research facilities from around the
world. Scientists may apply for beam time by completing a
proposal, which is subjected to appropriate peer review
before beam time is granted. Once beam time is granted,

LANSCE • Activity Report 7

Overview

In October 1995, with the closeout of the nuclear physics
program and the increased national need for neutron
research, Los Alamos National Laboratory refocused the
mission of its linear accelerator complex. The new mission
calls for the development and use of spallation neutron
sources for research and applications. As a result, the accel-
erator complex formerly known as the Los Alamos Meson
Physics Facility (LAMPF) is now called the Los Alamos
Neutron Science Center (LANSCE). LANSCE, an acronym
that formerly referred to the Manuel Lujan Jr. Neutron
Scattering Center (now the Lujan Center), comprises a
high-power, 800-MeV proton linear accelerator (linac); a
Proton Storage Ring (PSR); neutron production targets at
the Lujan Center and the Weapons Neutron Research
(WNR) facility; a proton radiography facility; a high-power
materials irradiation area called the Los Alamos Spallation
Radiation Effects Facility (LASREF); an isotope produc-
tion facility (IPF); and a variety of spectrometers. 

With the ability to produce protons and neutrons using the
world’s most powerful proton linac, LANSCE is ideal for
research in radiography, condensed-matter science and
engineering, accelerator science, and nuclear science.
LANSCE uses these research capabilities to contribute to
the Department of Energy (DOE) Stockpile Stewardship
Program and to support a National User Program open to
scientists from universities, industry, and federal 
laboratories. 

Neutron or proton beams at LANSCE can be used to…
• measure structures of materials, with particular advantage in magnetic 

materials and hydrogenous materials such as polymers, organic materials,
and biological molecules

• measure density fluctuations of materials; for example, phonons, magnetic
spin waves, and crystal field excitations

• characterize atomic and magnetic densities close to interfaces and surfaces 
• study cosmic radiation effects on integrated circuits
• measure strain and texture
• image hydrogenous material such as water or oil in parts or components
• image defects in light materials that lie inaccessibly beneath heavy materials,

well beyond the penetration range of x-rays
• determine the atomic structure of materials under extreme conditions of 

pressure
• provide accurate, noninevasive dynamic measurements of velocity and 

temperature of materials in a shocked state
• produce neutron-poor radioisotopes
• radiograph systems that evolve rapidly in time
• measure nuclear cross sections over a large range of energies
• perform fundamental physics experiments using ultracold neutrons

LANSCE is ideal for research in 
radiography, condensed-matter 

science and engineering, accelerator
science, and nuclear science.

La Mesita RoadAlvarez Road

Alvarez Road

 Visitor Center and User Program Office

 LEDA Building Proton Storage Ring

 WNR

 Lujan Center

  Control Room

 Proton Linac

 Areas B and C

 Area A

▲ The Los Alamos Neutron Science Center.

LANSCE at a Glance



the experiment is reviewed for technical and safety issues.
Information about LANSCE and a blank proposal form are
available on the World Wide Web at lansce.lanl.gov. 

Scientists who use the facility are also encouraged to join 
the LANSCE User Group, which enables users to influence
operating policies, future instrumentation, and other factors
that impact users. Additional information about the LANSCE
User Group is available in the “Experimental and User
Program” section of this report.

Financial support for the operation of LANSCE is provided
by the DOE Office of Defense Programs (DP) and by the
Office of Basic Energy Sciences (OBES). These two
offices have long-term, synergistic needs for the neutrons
that LANSCE provides.

Particle Beam Production

High-Intensity Proton Linear Accelerator

LANSCE is the world’s most versatile spallation neutron
source. Its high-intensity, 1-megawatt (MW) proton linear
accelerator is the heart of many LANSCE activities.  

To understand how the LANSCE linac works, remember
that a hydrogen atom contains only one electron orbiting a
nucleus with a single proton. When that electron is stripped
off, a positive hydrogen ion (H+), or proton, remains. Adding
a second electron to a hydrogen atom produces a negative 
ion (H-). The LANSCE high-intensity proton linac can 
simultaneously accelerate H+ and H- ions to energies of 
800-million-electron volts (MeV). The three-stage, half-mile-
long linac provides H+ beam with an average current of up to

1 milliampere (mA) at a repetition rate of 100 hertz (Hz) 
and a peak of 17 mA. The H- beam produced by the linac 
has an average current of up to 100 microamperes (µA) at a
repetition rate of 20 Hz and a peak of 20 mA.

The first stage of the accelerator contains injector systems
for each kind of particle (H+ and H-). Each injector system
has a 750-kilo-electron volt (keV) Cockroft-Walton genera-
tor and an ion source. The two ion sources produce H+ and
H- particles inside high-voltage domes. When the particles
leave the injectors, the achieved velocity is 4% of the speed
of light. The two ion beams are merged, bunched, and
matched into a 201.25-MHz drift-tube linac for further
acceleration to 100 MeV (43% of the speed of light). The
third and longest stage of the accelerator (800 meters) is the
side-coupled-cavity linac, where particles are accelerated to
their final energy of 800 MeV (84% of the speed of light).

The particle beams from the linac are separated and direct-
ed down three main beam lines leading to several experi-
mental areas including Area A, Areas B and C, the Lujan
Center, and the WNR facility. Operators can control the H+

and H- beams separately, allowing most experiments to run
simultaneously. 

Proton Storage Ring

The PSR converts H- linac macropulses that are approxi-
mately 750 milliseconds (ms) long into short (0.27µs),
intense proton (H+) bursts that provide the capability for 
precise neutron time-of-flight measurements for a variety 
of experimental programs. H- beam is converted to H+ by
removing its two electrons using a stripper foil in the injec-
tor section of the PSR. The injected proton beam has a sub-
structure of several thousand micropulses that arises from
the acceleration process. The PSR collects these micro-
pulses into one high-intensity pulse and ejects pulses toward
the Lujan Center neutron target 20 times a second.

LANSCE • Activity Report8

Overview

LANSCE hosts scientists from 
universities, industry, the Laboratory, and

other research facilities 
from around the world.

▲ Cockroft-Walton injector.

▲ The LANSCE linear accelerator.

▲ Proton Storage Ring upgrade work. 



Experimental Facilities

Manual Lujan Jr. Neutron Scattering Center

At the Lujan Center, moderated spallation neutrons are used
for condensed-matter science and engineering and nuclear
science research. Because of the unique design of the split
target and its flux-trap moderators, the Lujan Center yields
a higher peak neutron flux than any other spallation neutron
source used for condensed-matter science and engineering. 

Instruments and Flight Paths
Most of the flight paths at the Lujan Center are equipped
with spectrometers for determining the atomic, molecular,
and magnetic structures as well as the vibrational and mag-
netic excitations of materials. Of the sixteen flight paths,
which currently provide seventeen independent neutron
beams, seven have instruments for condensed-matter 
science and engineering, three are used for nuclear science
research, and the remainder are being instrumented.

Weapons Neutron Research Facility

At the WNR facility, high-energy, unmoderated neutrons
and protons are used for basic and applied research in
nuclear science and weapons-related measurements. The
WNR facility consists of two target areas: Target 2 and
Target 4, and their associated flight paths. The neutron
beams produced at WNR complement those produced at
the Lujan Center because they are of much higher energy
and have shorter pulse duration. With both capabilities,
LANSCE is able to deliver neutrons with energies ranging
from small fractions of an electron volt to 800 MeV.

Instruments and Flight Paths
At Target 2, also known as the Blue Room, proton-induced
reactions can be studied using the linac or the PSR proton
beam. In addition, the Blue Room is used for a variety of
proton irradiation experiments. This target consists of a
low-background room with seven flight paths (one is
unused). Experiments in the Blue Room can exploit the
variable-energy feature of the linac using proton beams
from 250 to 800 MeV. 

Neutron Production

The spallation process occurs when protons strike heavy-
metal targets such as tungsten and drive neutrons from the
nuclei of the target atoms. For the 800-MeV proton beams
used at LANSCE, about 20 neutrons per proton are ejected.
The short, highly intense bursts of spallation neutrons are
used in neutron scattering and nuclear science experiments.
The neutrons produced have energies up to hundreds of
million electron volts, which are the right energies for
nuclear physics experiments at WNR and some experi-
ments at the Lujan Center.

Moderators

For the majority of the work in neutron scattering at the
Lujan Center, the initial spallation neutron energies are too
high, and correspondingly their wavelengths are too short
for investigating condensed matter. For this reason the neu-
trons must be “cooled down” before being used for scatter-
ing experiments. This process is accomplished by allowing
the neutrons to interact with a moderator—a material with
a large scattering cross section, such as water or liquid
hydrogen. Neutrons enter the moderator, which is placed
close to the neutron source, and in a series of collisions,
lose energy to moderator atoms. After a few tens of colli-
sions, the neutron energies are similar to the thermal 
energy of the moderator. Thus a beam of thermal neutrons
is emitted from the moderator with an average energy
determined by the moderator temperature. The average
energy of the neutrons from a water moderator is approxi-
mately 25 milli-electron volts (meV), while the average
energy from the liquid hydrogen moderator at 20 K is
approximately 5 meV. The energies and wavelengths
(around 1.8 angstroms for 25 meV) of these neutrons
match the excitation energies and the interatomic spacings
of condensed matter and are thus very useful for neutron
scattering experiments.

LANSCE • Activity Report 9
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▲ Experiment Hall and the Lujan Center.

▲ Experimental Area C.

▲ The WNR facility.
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10. Low-Q Diffractometer (LQD) used for small-angle scattering studies of biological entities, 
polymers, colloids, gels, porous materials, aggregates, and metallic alloys.Rex Hjelm 
•  505-665-2372• hjelm@lanl.gov

11a This flight path will be used for cold neutron radiography experiments, n+pÆdg, and 
experiments to measure the neutron electric dipole moment. Thomas McDonald 
• 505-665-7294 • mcdonald@lanl.gov

Flight path will be the site of a new high-resolution backscattering spectrometer, 
HERMES. The details of this project are currently in the planning stage. John Larese, BNL, 
• 516-344-4349 • jzl@bnl.gov

11b. Bragg Rotor Ultra-Cold Neutron Source used to study the fundamental properties of the 
neutron. Experiments include neutron beta decay asymmetry and ultra-cold neutron 
depolarization studies Thomas Bowles •  505-667-3937 •  tjb@lanl.gov. Sue Seestrom, 
• 505-667-0156 • seestrom@lanl.gov

Flight path will be the site of a new magnetism diffractometer for use with the new 30 Tesla 
pulsed magnet and for a polarized reflectometer. Mike Fitzsimmons • 505-665-4045 
• fitz@lanl.gov

12. Flight path will be used for a fundamental nuclear physics effort to precisely measure the 
asymmetry of the emission of gamma rays from the capture of polarized neutrons on by 
protons. David Bowman • 505-667-4363 • bowman@lanl.gov

13. Flight path will be used for the development of new neutron scattering techniques for 
inelastic neutron scattering. Ferenc Mezei •  505-667-7633 •  mezei@lanl.gov

14. New in 1999: Flight path will be used for the study of neutron capture on radioactive 
nuclei, as well as providing useful information for nuclear astrophysics. John Ullmann 
• 505-667-2517 • ullmann@lanl.gov

15. New, to be commissioned in 2000. The Protein Crystallography Station will be a new 
diffraction instrument for protein crystallography, fibre and membrane diffraction. This 
instrument located utilizes a large cylindrical position sensitive detector with an active area of 
3000 cm2 and a resolution of 1.3 mm with a counting rate of over 1 million counts per sec.
Benno Schoenborn • 505-665-2033 • schoenborn@lanl.gov. Paul Langan, 505-665-4105

16. PHAROS used for inelastic scattering experiments, including phonon densities of states, 
magnetic excitations, momentum distribution, crystal field levels, and chemical spectroscopy. 
Rob Robinson •  505-667-3626 • rrobinson@lanl.gov

1.   Neutron Powder Diffractometer (NPD) used for powder diffraction studies of strain 
distributions and refinement of structures of polycrystalline materials. 
Mark Bourke 505-665-1386 • bourke@lanl.gov

2.   Flight path used for nuclear physics experiments. During October through March 1999, 
this flight path will be used to study neutron capture on small quantities of radioactive targets. 
John Ullmann • 505-667-2517 • ullmann@lanl.gov

NEW, to be commissioned in 1999: Spectrometer for Materials Research at Temperature and 
Stress (SMARTS) is a new neutron powder diffractometer instrument for strain measurements. 
Compared to NPD (which will still be in operation), SMARTS will have a 30 times increase 
in count rate, an extensive array of in situ capabilities for sample environments, the ability to 
make measurements on both small and very large samples, and easy access to and control of 
the sample position. Mark Bourke • 505-665-1386 • bourke@lanl.gov

3.   High Intensity Powder Diffractometer (HIPD) used for powder diffraction studies of texture, 
small samples, or polycrystalline materials subjected to pressures up to 30 GPa.
Robert Von Dreele • 505-667-3630 • vondreele@lanl.gov

4.   NEW , to be commissioned in 1999: High Pressure and Preferred Orientation (HIPPO) 
diffractometer is a new high-intensity powder diffractometer for texture measurements. 
4Compared to HIPD (which will still be in operation), HIPPO offers an increased number of 
detectors (10 to 20 times over current capability), including back scattering detectors , a 
better sample environment, and an order of magnitude increase in sample throughput. 
Kristin Bennett • 505-665-4047 • bennett@lanl.gov

5.   A general purpose flight path used to study the Doppler broadening of low-energy neutron 
resonances because of environmental changes (i.e., temperature, pressure).
Vincent Yuan • 505-667-3939 • vyuan@lanl.gov

6.   Single Crystal Diffractometer (SCD) used for measuring the atomic structure of single 
crystals and texture Dimitri Argyriou • 505-665-7575 • argyriou@lanl.gov Yusheng Zhao, 
505-667-3886• yzhao@lanl.gov

 7.   Filter Difference Spectrometer (FDS) used for vibrational spectroscopy.
Juergen Eckert • 505-665-2374 • juergen@lanl.gov

8.   Flight path will be the site of a new high-intensity chopper spectrometer, HELIOS. The 
details of this project are currently in the planning stage.Thom Mason, ORNL, 
423-2451-1499 • masont@ornl.gov Collin Borhom, Johns Hopkins Univ.• 410-516-7890 
• broholm@jhu.edu

9.   Surface Profile Analysis Reflectometer (SPEAR) used for determining the nuclear and 
magnetic density profiles near solid or liquid interfaces Unpolarized Neutron Beam: 
Gregory Smith • 505-665-2842 • gsmith@lanl.gov
Polarized Neutron Beam: Mike Fitzsimmons • 505-665-4045•  fitz@lanl.gov



LANSCE • Activity Report 11

Target 4 is the most intense high-energy neutron source in
the world. At this target, the proton beam from the linac is
used to produce neutrons for the study of neutron-induced
reactions. Target 4 consists of a “bare” unmoderated neu-
tron production target and six flight paths that have flight
path distances ranging from 10 to 90 meters at angles of
15° to 90° with respect to the proton beam. The shape of
the neutron spectrum ranges from a hard (high-energy)
spectrum at 15° to a softer (low-energy) spectrum at 90°.
The time structure of the proton beam can be modified for
particular experiments. 

Each flight path has a name that tells the source of the
flight path and its direction with respect to the proton

beam. For example, 4FP15R is a flight path (FP) that starts
at Target 4 (thus “4FP”) and is 15 degrees to the right
(15R) of the incoming proton beam. 

Los Alamos Spallation Radiation Effects Facility 

In response to the need for a complete understanding of
radiation damage and corrosion phenomena at operating
and proposed spallation sources, the LASREF offers a 
prototypical environment for testing materials for spallation
environments at the 1-MW beam stop of the LANSCE 
linac. This capability is currently being used for materials
certification experiments in support of the Accelerator
Production of Tritium (APT) project. The huge database
that will result from this activity will also be important for

Overview

Target 2 (The Blue Room) Flight Paths

2FP120L:  Neutron Resonance Spectroscopy. In this application, the beam from the PSR is used 
to produce an intense single pulse of neutrons for measuring the temperature and particle velocities 
of dynamic systems at different times during their evolution. The temperature is obtained by 
measuring the Doppler broadening of low-energy neutron resonances. 

2FP00:  Development of shock diagnostics for the Oak Ridge Spallation Neutron Source neutron 
production target. Single pulses from the PSR beam are used to study the shock induced by the 
incident beam on a liquid mercury target. 	

2FP00:  Development of thermal temperature diagnostics for neutron-induced corrosion for the 
Accelerator Production of Tritium Program.

2FP00:  On-going program studying the enhancement of superconductivity in high-temperature 
superconductors caused by the introduction of defects from proton-induced fission reactions of 
the heavy element constituents of the superconductor.
 

 
Target 4 Flight Paths

4FP90L:  Used to measure neutron-induced charged particle reactions for level density studies, 
this flight path is approximately 10 m long.

4FP30L: This flight path has two experimental stations. The first station is at  approximately 20 m 
from the production target and is a location where accelerated neutron testing of semiconductors by 
industrial researchers can be done. The second station is at a distance of 40 m and was most 
recently used for total cross-section measurements for basic science and in support of the Accelerator 
Production of Tritium Program.	

4FP15L: This flight path provides the highest neutron energy resolution. At present, the 
approximately 90 -m-long flight path is being used for dosimetry, neutron transport, and (n,2p) 
experiments.

4FP15R: The neutron-proton bremstrahlung experiment, which uses a liquid hydrogen target, 
is located on this approximately 18-m-long flight path.

4FP30R: Most recently experiments on this approximately 20-m-long flight path studied high-energy 
neutron radiography and charged-particle production cross sections for oxygen for medical 
applications. It is presently being used for the KEGS gamma-ray detector array from the University 
of Kentucky.

4FP60R: The GEANIE spectrometer consists of approximately 20 Compton- suppressed, 
high-resolution germanium gamma-ray detectors and is located on this approximately 20 -m-long 
flight. The GEANIE instrument is used to address issues of nuclear structure, spectroscopy, and 
cross section measurements for both Stockpile Stewardship and basic science.

Target 2
(Blue Room) Target 4

Control Room
MPF-7

Proton beam
Line D

Flight paths from Target 2

Flight paths from Target 4

1
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29

8
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the Spallation Neutron Source (SNS) that will be built at
Oak Ridge National Laboratory.

Isotope Production Facility

The medical radioisotopes research and production programs
make use of 800-MeV protons from the LANSCE linac to
produce neutron-poor radioisotopes of demonstrated or
potential value in nuclear medicine and/or biomedical
research. With the intense beam available at LANSCE,
radioisotopes can be produced in quantities not available
anywhere else in the world. The automated insertion and
retrieval system at the LANSCE beam stop allows the inser-
tion of target materials, including metals, alloys, and salts,

into the 1-MW proton beam. The target and irradiation
schedules are determined by the requirements of commercial
customers and the nuclear-medicine research community. 
After irradiation, the targets are transported to a hot-cell
facility and processed for the radioisotope products. 
LANSCE is one of several facilities worldwide that con-
tribute to an uninterrupted supply of neutron-poor isotopes. 

Proton Radiography

In Area C, scientists use H- beam from the linac as a
viable, new radiographic probe for creating multiple high-
resolution images of imploding or exploding objects on a
submicrosecond time scale. Protons interact through strong
electromagnetic forces allowing the simultaneous measure-
ment of different material properties, such as material 
density and composition distributions. 

Overview

With the intense beam available at 
LANSCE, radioisotopes can be 

produced in quantities not available 
anywhere else in the world.

▲ Data images using proton radiography. 

▲ Scientists perform experiments for the Stockpile Stewardship Program.

▲ An SPSS enhancement—the refurbished rf buncher.

Examples of Commercial Radioisotopes

68Ge This isotope is the parent of 68Ga, which is a positron emitter. The
major use of this isotope is for calibration and absorption correction
sources for clinical positron-emitter-tomography (PET) scanners.  

82Sr This isotope is the parent of 82Rb, which is a positron emitter. The major
use of this isotope is for clinical cardiac imaging by PET.  

109Cd This isotope is used in portable x-ray fluorescence instruments used on
the floors of metallurgical shops for the analysis of steels.

67Cu Research activities using this isotope include studies of copper 
metabolism, investigations of autoimmune diseases such as 
myasthenia gravis, and early detection and treatment of lung cancer,
as well as diagnosis and treatment of lymphoma and colon cancer.

72Se This isotope is the parent of 72As, which is a positron emitter. This 
isotope holds promise for a wide variety of clinical diagnostic PET 
procedures without the necessity of an on-site cyclotron.

88Y: This isotope is generated from its parent 88Zr. 88Y is used for chemical
development of monoclonal antibody labeling with 90Y.

26Al: This radioisotope is used for understanding the role of aluminum in
Alzheimer’s Disease.

32Si This long-lived radioisotope of silicon is used for environmental research.

148Gd This is a low-energy alpha source used for physics experiments.

Other isotopes, either available or under development, include: 73Ar,
74Ar, 7Be, 207Bi, 67Ga, 172Hf/172Lu, 194Hg/194Au, 145Pr, 146Pm,
101Rh, 102Rh, 83Rb, 75Se, 108mAg, 22Na, 85Sr, 179Ta, 95mTc, 44Ti/44Sc,
48V, 49V, 65Zn, 88Zr.
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Protons have several properties that are advantageous for
these types of experiments:
• high penetrating power
• high detection efficiency
• very little scattered background 
• inherent multipulse capability
• permit large distances from the test object and the 

containment vessel for the incoming and transmitted
beams

Los Alamos scientists are developing proton radiography as
a tool for studying stockpile stewardship problems. They
have developed magnetic optics; fast, integrating, large-
area detectors; and containment vessels to lay the ground-
work for advanced radiographic capability.

Programs and Projects

Stockpile Stewardship

The DOE/DP Stockpile Stewardship Program contributes to
the need for the United States to maintain a safe and reliable
nuclear weapons stockpile with the cessation of full-scale
nuclear testing. Providing dependable stewardship of the
enduring stockpile without testing will require a thorough
understanding of the physical processes involved in a
nuclear explosion and of the effects of aging on safety and
reliability. LANSCE's capabilities in radiography and neu-
tron science can play a very important role in that mission.

LANSCE Reliability Improvement Project

The goal of the LANSCE Reliability Improvement Project
(LRIP), funded by the Department of Defense, is to pro-
vide a reliable, 20-Hz, 100-µA proton beam from the PSR
to the Lujan Center target-moderator-reflector system
(TMRS). The reliability goal is 85%, operating at 8 months
per year, measured against scheduled time for experiments.

Overview

 A Multi-Use Facility

With multiple research and development activities related to neutron and accelerator 
science carried out simultaneously, LANSCE allows synergism between different 
disciplines and encourages the flow of ideas between the academic, industrial, and 
defense communities.

The two primary sponsors of LANSCE—the U.S. Department of Energy (DOE) 
Offices of Defense Programs and Basic Energy Sciences—realized how LANSCE can 
meet their synergistic, long-term requirements. The DOE Office of Defense Programs 
operates LANSCE as part of its research and development activities that support 
stockpile stewardship. Through the Stockpile Stewardship Program, scientists from 
Sandia National Laboratories, Lawrence Livermore National Laboratory, and Los 
Alamos use LANSCE facilities to help ensure that the U.S. nuclear weapons stockpile 
remains safe, secure, and reliable without nuclear testing. LANSCE also operates a 
national neutron scattering user program supported by the DOE Office of Basic 
Energy Sciences. 

The pie chart shows that funding for research and project development at LANSCE is 
also provided by the U.S. Department of Defense, Laboratory institutional support, 
and other federal agencies. 

Accelerator Production 
of Tritium (APT)

33% 

Spallation Neutron
Source (SNS)

1%

Department of Defense (DoD) 
and Other Federal Agencies

5%

Institutional Support
 for R&D

6%

Basic Energy 
Sciences (BES)

10%

LANSCE Reliability 
Improvement Project (LRIP)

12%

Short-Pulse 
Spallation Source (SPSS) 

Enhancement Project
1%

Other
2%

Stockpile 
Stewardship

30%

▲ LRIP enhancements—installation of the TMRS.  ▲ An LRIP enhancement—upgraded accelerator-control system.
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The new TMRS installed during the summer of 1998 is
designed to handle 200 µA or 160 kW of beam power. To
allow new spectrometers to be built on four beam holes
added in a 1998 upgrade of the Lujan Center, two new
moderators are part of the new system, one water and one
liquid hydrogen. The new H- injection scheme into the
PSR will contribute to the reduction in beam losses in the
ring that limited operation in the past. In the summer and
fall of 1998, LANSCE staff commissioned the modified
PSR, delivered beam to the new TMRS, and increased the
beam current to the 100-µA level. 

Short-Pulse Spallation Source Enhancement Project

The goal of this collaborative project involving DOE/DP and
DOE/OBES is to significantly upgrade LANSCE capabilities
by increasing the neutron source intensity and by construct-
ing additional neutron scattering spectrometers. DOE/DP
will fund the accelerator upgrade to provide 200 µA of H-

beam current to the Lujan Center target. The major compo-
nents of the accelerator upgrades are a new H- ion source
and injector system and an upgraded radio-frequency (rf)
bunching system in the PSR. These improvements will result
in greater neutron flux for experiments at the Lujan Center.
DOE/OBES will fund several advanced neutron scattering
instruments at the Lujan Center. 

The new instruments at the Lujan Center will be built by
teams of scientists from academia, industry, and federal lab-
oratories and will be used for research by both the teams’
members and general users. Two instruments, SMARTS and
HIPPO, are underway; and another two, HELIOS and 
HERMES, have been recommended for construction. 

The DOE Office of Biological and Environmental
Research is funding a fifth instrument for protein crystal-
lography. The SPSS Enhancement Project is scheduled to
be completed in 2002. Two more spectrometers are being
built with internal Laboratory funds.

Accelerator Production of Tritium

DOE is now investigating the use of a high-power acceler-
ator to produce tritium for the nuclear weapons stockpile.
Use of an accelerator offers advantages in safety, waste
production, efficiency, and cost over current reactor pro-
duction techniques. The Accelerator Production of Tritium
(APT) project will use a high-power (100-MW) continuous
proton accelerator to produce a high flux of neutrons by the
spallation reaction on a tungsten target. These neutrons are
multiplied and moderated in a surrounding lead blanket
containing tubes of helium-3 gas. Tritium is produced by
neutron capture on helium-3. APT preliminary design and
an aggressive engineering development and demonstration
(ED&D) program is underway at Los Alamos. Final design
and construction will be carried out by Burns and Roe,
Inc., and General Atomics industrial partners. If approved,
the plant will be built at the DOE Savannah River site in
South Carolina for operation as early as 2007. LANSCE
provides much of the technical staff, expertise, and ED&D
facilities to the APT project. 

To prepare for the construction, scientists are completing
several important ED&D and prototyping activities at 
LANSCE. They are building and will soon operate a full-
power, low-energy demonstration accelerator (LEDA) to
provide design confirmation and operational experience with
the front end of the APT accelerator. LEDA will prototype
all stages through design, construction, and commissioning
and will demonstrate the integrated continuous-wave 

Overview

▲ The 50-keV version of the LEDA injector.

Accumulator Ring
BNL

Ion Source
LBNL

Linac
LANL

Target
ORNL

Experiment
Systems

ORNL & ANL

▲ Artist’s conception of the SNS facility.

The new instruments at the 
Lujan Center will be built 

by teams of scientists 
from academia, industry,
and federal laboratories.
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Overview

operation of the injector (ion source), radio-frequency
quadrupole, and coupled-cavity drift-tube linac up to an
energy of approximately 20 MeV. Since part of the APT
accelerator will involve superconducting technology, ED&D
activities are also underway to design and test superconduct-
ing rf cavities at LANSCE. An aggressive program of mate-
rials and other studies at LASREF will characterize the per-
formance of the target/blanket assembly.  

Spallation Neutron Source

The SNS project is a major DOE initiative designed to 
provide a 1-MW, 60-Hz, state-of-the-art, intense pulsed
neutron source for neutron scattering experiments and
material science studies. The SNS, which is to be 
constructed at Oak Ridge National Laboratory, will 
consist of a high-intensity, negative-hydrogen ion source, 
a 1-giga-electron volt (GeV) linear accelerator, a pulse-
stacking storage ring, a neutron production target, a set 
of neutron scattering instruments, and the conventional
facilities required to house the systems. The project is a
collaboration of Argonne National Laboratory, Brookhaven
National Laboratory, Lawrence Berkeley National
Laboratory, Los Alamos National Laboratory, and Oak
Ridge National Laboratory. Los Alamos and LANSCE are
responsible for the linac, which accelerates the H- beam to
1 GeV and for the overall facility control system.

Long-Pulse Spallation Source

LANSCE is examining the possible installation of a 1-MW
spallation neutron production target in the existing building
at the end of the 800-MeV linac. Because the linac pro-
vides proton pulses of 1 msec in duration, the new source
would be a long-pulse spallation source (LPSS).  

The main emphasis of this new facility would be in the
area of neutron scattering with cold neutrons; i.e., it would
use liquid hydrogen or other low-temperature moderators.

▲ Artist’s rendering of the proposed APT facility.

▲ LANSCE has high-power microwave and free-
electron laser capabilities.

Current APT Activities 

High-Power Materials Studies
Mechanical test samples of materials used in high-power spallation targets are
undergoing long-term irradiation at LASREF. Over 5000 samples have been 
tested to date, providing first-of-a-kind fundamental mechanical data for the
accelerator and the fusion industries. Sample analysis is conducted by a wide-
spread collaboration of laboratories in the United States and Europe. Additional
samples of prototypic elements for specific spallation targets are also being 
irradiated and tested. 

Corrosion Studies
Corrosion of materials in irradiated cooling water is being investigated by electro-
chemical impedance spectroscopy and related techniques. Mitigation of corrosion
effects is being tested by changing water pH and hydrogen content. 

Spallation Product Characterization 

A key design problem in accelerator applications is the production and control of
radionuclides in cooling water and gas streams. Isotopes such as 7Be and 22Na are
of special concern and are not adequately addressed by currently available reactor
data. Experiments are underway to measure radionuclide content, surface plate-
out, and cleanup techniques in gas and water streams for various experiments
mounted in LASREF.

Decay Heat Characterization
The design of cooling systems in high-power spallation targets is predicated on
exact knowledge of energy deposited in the apparatus, as well as heat 
generated from decaying isotopes after the beam is turned off. Unique on-line
measurements of decay heat are underway in LASREF by detecting temperature
changes in inlet and outlet cooling water.
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This proposed LPSS would provide complementary capa-
bilities to the current short-pulse Lujan Center. The com-
bined facilities would offer the possibilities for a variety of
applications, including materials science research, struc-
tural biology, and fundamental physics.

Accelerator-Driven Transmutation of Waste 

The Accelerator-Driven Transmutation of Waste (ATW)
project at LANSCE is studying concepts for plutonium dis-
position, nuclear waste transmutation, and subcritical
nuclear energy production. The Laboratory plans to con-
duct demonstration experiments for these concepts with the
high-power proton beam provided by the 800-MeV linear
accelerator at LANSCE. Such experiments cannot be
mounted elsewhere in the world.

Neutrino Oscillations

A collaboration of the University of California at Riverside,
University of California at San Diego, University of
California at Santa Barbara, Embry-Riddle Aeronautical
University, Los Alamos National Laboratory, Louisiana State
University, Louisiana Tech University, Southern University,
and Temple University is probing the small neutrino mass by
searching for neutrino oscillations. If neutrinos have non-
zero mass, a neutrino of one type may spontaneously trans-
form into a neutrino of another type. The liquid scintillator
neutrino detector (LSND) experiment at Los Alamos was
designed to search with high sensitivity for neutrino oscilla-
tions. The LANSCE accelerator is an intense source of low-
energy neutrinos because of its 1-mA proton intensity and
800-MeV energy.

The LSND detector consists of an approximately cylindri-
cal tank 8.3 m long by 5.7 m in diameter. The center of the
detector is 30 m from the neutrino source, the LANSCE
linac beam stop. On the inside surface of the tank, 1220
Hamamatsu phototubes provide 25% photocathode cover-
age. The tank is filled with 167 metric tons of liquid con-
sisting of mineral oil with a low concentration of scintilla-
tor. The LSND experiment observes excesses of events for
neutrino oscillations. This implies that at least one neutrino
has a mass greater than 0.4 eV.

Advanced Concepts and Applications

LANSCE addresses important national problems by per-
forming research and development on high-power
microwave sources and advanced pulsed-power systems for
both defense and advanced accelerator applications. Other
research areas include the interaction of microwave radia-
tion and matter, microwave-driven chemistry, and develop-
ment of advanced electro-dynamic systems, including the
advanced free-electron laser and the high-brightness, subpi-
cosecond bunch-electron accelerator. Theoretical research

is conducted on intense electron beam physics issues
including coherent synchrotron radiation and emittance
growth mechanisms in high-current linear induction accel-
erators. By tackling many difficult problems for the
Departments of Energy and Defense, other federal agen-
cies, and industry, our research stays at the scientific fore-
front that in turn advances the state of the art of the accel-
erator technology needed for next-generation accelerators.

Overview

LANSCE performs research and 
development on high-power 

microwave sources and advanced 
pulsed-power systems for 

both defense and advanced 
accelerator applications.

People Make the Difference

The 562 skilled and talented people working at LANSCE played key roles in 
carrying out the mission of LANSCE. The 188 scientists and engineers including 
4 Laboratory Associates—with the direct support of 229 technicians, 
22 nontechnical professionals, 36 administrators, and 87 students and 
postdoctoral research appointees—worked on solving national problems using 
high-intensity accelerators and spallation neutron sources. 

Of these 562 people, 151 contributed to the research and project development 
activities at LANSCE as employees of other organizations. Fifty-eight people were 
on assignment from other Los Alamos National Laboratory divisions such as 
Business Operations; Computing, Information, and Communications; Engineering 
Sciences and Applications; Environment, Safety, and Health; Human Resources; 
Materials Science and Technology; and Physics. Ninety-eight people on site were 
affiliated with external organizations such as Johnson Controls Northern New 
Mexico, General Atomics, Westinghouse Savannah River Company, Butler Services, 
Comforce Technical Services, and Weirich and Associates.

LANSCE management believes that its most valuable asset is its capable staff, 
which is committed to strengthening the core competencies that underpin 
LANSCE’s mission. 
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LDRD-Funded Projects

The Laboratory Directed Research and Development
(LDRD) Program supports internally-proposed, innovative
research and development that extends the Laboratory’s
science and technology capabilities. The selection process
is highly competitive, with a comprehensive review by
peers or Laboratory managers and selection based on 
innovation and scientific merit in a mission context. The
LDRD program has two major components: Competency
Development (CD) and Individual Projects (IP).

The CD component funds research related to the technical
competencies that underpin the Laboratory’s ability to 
execute its missions and respond to new DOE and national
initiatives. Therefore, the CD component invests in large
multidisciplinary projects that tackle significant mission-
related problems from several viewpoints, often combining
theory and experiment and drawing on scientists from 
several technical divisions.

The IP component invests in the most far-reaching and
basic research proposed by the technical staff. This 
component has a primary goal of funding research to 
extend the Laboratory’s science and technology knowledge
base. Therefore, IP projects tend to be fundamental and
exploratory in nature, often mapping out uncharted territory.
They involve both high risk and high potential returns.

LANSCE has many projects that owe much of their 
success to LDRD “seed money” support. One example 
of a current LANSCE project is the Regenerative 
Amplifier Free-Electron Laser (RAFEL), which is now 
in the program development phase with several major 
aerospace companies for application as a high-power, 
tunable light source.

Overview

In FYs 1997 and 1998, LANSCE Division had the following
LDRD Projects…

Competency Development (CD)
• Fundamental Studies of Radiation Damage in Two-Phase Oxide Composites
• Structure, Dynamics, and Function of Biomolecules
• Advanced Biomolecular Materials Based on Membrane-Protein/Polymer

Complexation
• Neutron Scattering from Correlated Electron Systems (see page 40)
• Microstructures of Transition Metal Oxides Characterized with Neutron and 

X-Ray Scattering
• A Neutron Diffraction and Computational Micromechanics Study of

Deformation in Advanced Materials
• Neutron Scattering Studies on Shear-Induced Structure in Polymers
• Dynamics of Polymers at Interfaces
• Liquid-Lead and Lead-Bismuth Technology for Use in Subcritical Systems

Applied to Nuclear Waste Destruction (see page 123)
• Molten Salt and Separations Technologies Evaluation
• Energy Transfer In Molecular Solids (see page 56)
• Manipulation of Residual Stresses to Improve Material Properties (see 

page 28)
• Vesicle and Lamellar Phase Stability: An Experimental Approach to a Problem

Central to the Theory of Complex Fluids
• Actinide Crystal Structures with an Emphasis on Plutonium Alloys (see 

page 38)
• Advanced Modeling of High Intensity Accelerators
• Advanced Research Capabilities for Neutron Science and Technology—

New Polarizers
• Advanced Research Capabilities for Neutron Scattering
• Comparative Investigation of Spin, Charge, and Lattice Degrees of Freedom in

Three Classes of Colossal Magnetoresistive Materials 
• Proliferation-Resistant, Low-Environmental Impact Treatment Processes for

Nuclear Waste Destruction (see page 123)

Individual Projects (IP)
• High-Power, High-Frequency, Annular-Beam Free-Electron Laser
• Sub-picosecond Electron Bunch Diagnostic (see page 70)
• Plasma-Wakefield Accelerator
• A Compact Compton Backscatter X-Ray Source for Mammography and

Coronary Angiography
• Production and Trapping of Ultra-Cold Neutrons in Superfluid Helium
• High-Pressure Crystal Chemistry of Hydrous Minerals
• Pulse Shaping in Explosive Pulsed Power Systems (see page 72)
• Self-Amplified Spontaneous-Emission Related Science Studies (see pages 68

and 76)

▲ High-gain, self-amplified spontaneous emission and regenerative amplifier free-electron
laser show promise for short wavelength and high-power generation of light.
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Sponsors

The Stockpile Stewardship Program at LANSCE supports
the operation of the 800-MeV proton accelerator and its
neutron-generating targets as a National User Facility for
users from the defense, basic, and applied research commu-
nities. Defense research takes advantage of a wide range of
LANSCE’s capabilities to provide the DOE Defense
Programs (DP) community with information critical to the
national stockpile stewardship mission: maintaining nuclear
deterrence without nuclear testing. Among the capabilities
being exploited at LANSCE are neutron scattering, proton
and neutron radiography, neutron resonance spectroscopy,
and neutron-induced nuclear reaction measurements. 

A stockpile stewardship research program at LANSCE has
been designed to bring the traditional weapons design and
engineering community into closer contact with LANSCE
capabilities. LANSCE researchers provide fundamental data
that will inform and guide the development of full-fidelity
physics modeling of nuclear explosions. This modeling is
being implemented on a new generation of supercomput-
ers—the fastest in the world—at the DP laboratories as part
of the Accelerated Strategic Computing Initiative (ASCI).
In addition, LANSCE research is contributing to the 
development of advanced manufacturing processes that will
be important for stockpile refurbishment activities in the
future. The current stockpile stewardship research projects,
which have enhanced the visibility of LANSCE in the
nuclear weapons community, are as follows:

• P roton radiography has demonstrated the ability to make
multiple-exposure radiographs of dynamic systems driven by
high explosives on time scales of tens of nanoseconds.
Image resolution and contrast are sufficient, for example, to
observe shock fronts in a detonating explosive. At LANSCE,
8 0 0 - M e V protons have been used to image these shock
fronts as a function of initial temperature. This work has
shed important light on the mechanisms involved in high-
explosives burn. At Brookhaven National Laboratory, a
LANSCE and Lawrence Livermore National Laboratory
team is demonstrating the potential for using much higher
e n e rgy protons (25 GeV) to generate radiographs of relative-
ly large objects. This research is important in the develop-
ment of proton radiography, which provides multiple-time,
high-resolution tomography of implosion systems used in
stockpile stewardship hydrodynamics testing. (See page 94.)

• Weapons materials science investigations of microstruc-
tural changes in aged materials and in materials manufac-
tured by new processes are leading to a better understand-
ing of weapons performance as weapons age beyond their
design lifetimes. Basic studies of the atomic vibrations in
plutonium are leading to new equations-of-state models for
weapons design codes. Residual stress and texture mea-
surements are showing how manufacturing changes affect

subsequent corrosion and cracking resistance as well as
anisotropic response to deformation and vibration. Aging in
high explosives is being investigated with small-angle neu-
tron scattering together with x-ray and light scattering to
elucidate binder segregation and explosive/binder interface
changes. The ability to tailor contrast of various hydrogen
bonds in the explosive by selective deuteration is a power-
ful capability of neutron scattering. Neutron reflectometry
is helping Sandia National Laboratories develop better
coatings and adhesives for weapons components. Neutron
scattering is being used in materials subjected to accelerat-
ed aging techniques to determine microscopic changes that
presage changes in mechanical properties. Finally, thermal
and cold neutrons are being used to detect defects in
weapons parts and to construct three-dimensional tomo-
graphs of the defect structure. (See pages 24, 30, 38, 46,
56, 90, and 92.)

• Weapons nuclear science is a project that focuses on pro-
viding high-precision nuclear data needed for performance
assessment of the aging stockpile. Weapons nuclear data
measurements are providing information that will be used
to interpret the radiochemical data that has been archived
from the weapons testing program using modern ASCI
tools. Measurements are being carried out at the Lujan
Center’s moderated neutron source and at WNR’s unmod-
erated, high-energy neutron source. The recently installed
GEANIE (Germanium Array for Neutron-Induced
Excitations) instrument at WNR will provide more accurate
cross sections for high-energy neutron interactions with
actinide elements. At the Lujan Center, first-ever measure-
ments of the neutron-capture cross sections for very short-
lived isotopes that were used or produced in weapons tests
will provide information that could only be estimated pre-
viously with theory and calculations. (See pages 80, 82,
and 86.)

• Neutron Resonance Spectroscopy (NRS) is taking 
advantage of the brightness of LANSCE’s Proton Storage
Ring and using the very narrow absorption resonances
known in specific isotopes (such as 171W) to determine the
temperature and particle velocity in explosives and in
materials accelerated or shocked by explosives. Changes in
the width and energy of absorption peaks reflect changes in
the temperature and velocity of the absorbing material.
Samples of interest are doped or “tagged” with an isotope
with appropriate resonance characteristics. Great strides
have been made in reducing the noise levels and develop-
ing the theoretical analysis tools needed to make this 
technique more precise. NRS measurements on dynamic
systems are yielding information on shockwave properties
of weapons materials and will soon be used to study the
equation-of-state of high explosives after detonation. (See
page 84.)

LANSCE Addresses Important Issues for Stockpile Stewardship
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The Department of Energy Office of Basic Energy Sciences/
E n e rgy Research supports an in-house program of basic
research and the operation and development of the Lujan
Center as a National User Facility for neutron scattering. T h e
research programs encompass materials science, condensed-
matter physics, chemical physics, and crystallography.

Current research topics in materials science (see pages 26,
30, 32, 44, and 48) include 

•  study of internal strain in engineering materials using  
neutron diffraction

•  intermolecular forces in complex fluids

•  shear-induced changes in polymers

•  study of conducting polymer films

•  reinforcement of rubber by carbon black

•  self-assembly of colloids

•  structure of macromolecular systems

•  participation in a collaborative access team at the 
Advanced Photon Source for the study of complex fluids

•  an in-house rotating-anode x-ray scattering capability to 
support thin film and strain measurements

In condensed-matter physics (see pages 40 and 42), the
emphasis is on f-electron and magnetic systems and
Brillouin scattering including

•  interfacial magnetism in spatially limited materials

•  magnetism in uranium intermetallics

•  heavy-fermion compounds

•  colossal magnetoresistive materials

•  crystal-field levels in actinide oxides

•  excitations in amorphous materials 

Chemical physics studies (see page 50) center around

•  molecular vibrations in novel organo-metallic com-
pounds and macromolecular systems

•  dihydrogen-metal bonds

•  long-range, non-dissipative energy transports in biologi-
cal molecules

•  adsorption of halocarbons in zeolites

Crystallography activities (see pages 34 and 38) include 

•  the development of the Generalized Structure Analysis 
System (GSAS)

•  interpretation of hkl-dependent strains

•  analysis of texture and high-pressure studies

As a National User Facility, funds are included for the 
operation and development of the Proton Storage Ring;
operation and development of the Lujan Center neutron-
production target; operation and development spectrometers
and data acquisition systems; and interactions with users.

Projects (see pages 64, 66, 100, 119, 133, 138, 141, and
157) in this part of the program include

•  designing and constructing new spectrometers 
including HIPPO, SMARTS, HELIOS, and HERMES

•  modeling and improving the radiation shielding at 
the Lujan Center

•  modeling the target/moderator performance and 
comparison with measured time and energy distributions

•  addressing the radionuclide inventory in targets, in  
air emissions, and induced radioactivity in neutron          
scattering samples

•  upgrading neutron scattering spectrometers, such as  
the wide-angle bank of PHAROS, increasing detector 
coverage on several spectrometers, developing YBCO
cryogenic neutron flippers, and developing new data  
acquisition and chopper control systems

•  increasing the variety of sample environments by 
purchasing a 12-tesla superconducting magnet,  
developing a 30-tesla pulsed magnet, and building a 
high-pressure/temperature apparatus   

•  developing a Monte Carlo tool for instrument simulation

•  implementing radial collimators for improved 
measurement of spatially resolved strain

•  improving reliability through upgrades of Personnel 
Access Control Systems, aging power supplies, and 
timing systems

•  studying parameters for the proposed Long-Pulse
Spallation Source operations

•  studying the PSR instability threshold and developing 
improved stripping foils

•  administering a full LANSCE User Program

LANSCE Is a National User Facility for Neutron Scattering

Sponsors
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Research Highlights

Condensed-Matter Science and Engineering 23

Accelerator Science 59

Nuclear Science 79

Radiography 89



Condensed-Matter Science and Engineering 

Characterization of Beryllium for Applied and Basic Applications   24

Stress-Induced Phase Transformations in NiTi and NiTi-TiC Investigated
with Neutron Diffraction 26

Neutron Diffraction Studies of Solid-State Reactions  28

Internal Residual Stress Field Mapping in 21Cr-6Ni-9Mn Steel
Resistance-Forged Weld Structures  30

Relaxation of Thermal Residual Stresses in NiAl-AIN-AI203
Composites During Heating 32

Texture Evolution in the Olivine Polymorphs at High Pressure: Dynamics of
the Earth’s Upper Mantle 34

Texture Evolution in High-Temperature Superconducting Oxide/Silver Tapes
under Heat Treatment  36

Neutron Diffraction and the Anomalous Melting Point of Plutonium 38

Correlated-Electron Physics 40

Is Magnetic Order Possible in a Nonmagnetic Material? 42

Studies Relating to Adhesion at Polymer/Solid Interfaces 44

Accelerated Aging of Tantalum Nitride Thin Film Resistive Coatings 46

Polymer-Supported Bilayer Films for Biosensors   48

Understanding the Activity of the Titanium Silicalite Catalyst TS-1 50

Accelerated Neutron Testing of Semiconductor Devices 52

Microwave Beams for Material Processing 54

Parameterization of Structures in Energetic Materials 56
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Research Highlights

Catastrophic failure, stress corrosion, and fatigue
are all issues that impact the use of beryllium com-
ponents. In turn, these physical processes are
impacted by the presence of residual strain and tex-
ture in polycrystalline beryllium. Neutron diffraction
is a powerful tool for characterizing beryllium
because it can produce both spatially resolved strain
and texture maps. The results can validate advanced
finite element continuum mechanics models or
improve our understanding of polycrystalline defor-
mation processes. 

Part of the Enhanced Surveillance/Dismantlement program
at Los Alamos involves the characterization of beryllium,
which by virtue of its large scattering cross section for ther-
mal neutrons, is an important element both in the nuclear
power industry and for the weapons program. In either
application, it is often welded to provide particular shapes.
However, welds generally exhibit residual stresses that
impact service lives because of their influence (beneficial
or detrimental) on fatigue performance. One subsidiary
issue is that beryllium in its solid form is relatively innocu-
ous but as a powder it is toxic. This makes conventional
hole-drilling methods for measuring residual stress difficult
and the use of a nondestructive technique like neutron dif-
fraction attractive. 

At the Lujan Center, we used the spatially resolved strain-
measurement capability on NPD to define a (3-mm)3 sam-
pling volume and to profile residual strain distributions in a
welded beryllium ring. The ring is shown mounted between
two radial collimators in Figure 1. Several strain profiles
suggested modest circumferential strain variations.

Moreover, as seen in Figure 2, there is evidence that the
stress distribution was not symmetric about the weld plane,
contrary to the natural symmetric assumption. 

In Figure 2, the hoop strain is the average of the a0 and c0
lattice parameters. This was chosen as an empirical measure
of the bulk response for comparison with continuum
mechanics (finite element programs), which take no account
of possible polycrystalline anisotropies. As a first approxi-
mation, this is defensible, but reality at the level of the
microstructure is more complicated, with strongly heteroge-
neous strain fields varying across adjacent grains.

To explore the intricacies of the “real” strain fields in the
welded sample, we examined a more controlled situation,
namely, a loaded compact tension (CT) specimen. By
applying a known load, what we hoped would be a well-
characterized strain field was introduced from which the lat-
tice plane and spatial dependence of the strains could be
examined. From these results we expected to more accu-
rately interpret the measurements in the waist weld. To
apply the load, a fixture was fabricated to allow clevis pins
in the specimen to be forced apart by a bolt. The force was
monitored using a load cell.

A specimen was fatigued to induce a stable and symmetric
crack. Unfortunately, beryllium is sometimes vulnerable to
unstable fracture during fatigue in which case the crack
propagates at 45° to the expected direction. This occurred
without our knowledge, so the strain field shown in
Figure 3, which we had expected to be symmetric about
(0,0), initially was inexplicable. However, when we subse-
quently loaded the specimen to failure, the reason for the
nonsymmetric strain field became apparent (Figure 4). The 
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Characterization of Beryllium for Applied and Basic Applications

▲ FIGURE 2. Neutron diffraction measurements of the residual hoop strain as the sampling vol-
ume is scanned across an Al-Si waist weld.
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▲ FIGURE 1. Beryllium ring containing a circumferential Al weld mounted in the manipula-
tion and radial collimation system for a spatially resolved strain measurement. 
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explanation for the proclivity of CT specimens to some-
times fracture at 45° appears to be related to the texture of
the starting beryllium—this was also measured at LANSCE
using HIPD.

Close examination of the lattice strain-specific strains in
both the CT and the weld specimens showed large
anisotropy and fluctuations from tension to compression in
the same regions. This led us to perform a uniaxial test on
an HIP’d (hot isostatically pressed) sample. The specific
lattice reflection strains recorded during this load test are
shown in Figure 5. Note the wide spread and in particular
the atypical behavior of the 0002 (basal planes).

Our next step is to use elastic plastic models of a polycrys-
talline aggregate that employ the Hill1,2 self-consistent
approach (first implemented by Hutchinson3) to elucidate
the dependence of different lattice plane orientations on
different inelastic deformation processes. In the model, a
population of grains is chosen with orientations appropriate
for the measured texture. Each single grain, assumed ellip-
soidal, is modeled with anisotropic elastic properties and
single crystal slip mechanisms. Interaction between the
individual grain and the surrounding medium, which has
properties of the average of all the grains, is carried out
using an elastoplastic, Eshelby-type, self-consistent
approach. Because the properties of the medium are given
by the average of all the grains, it is initially undetermined
and must therefore be solved by iteration. Small total
deformations are assumed (typically less than 4%), and no
lattice rotation or texture development is assumed. Using
these models, we are striving towards a more comprehen-
sive interpretation of the diffraction data obtained in both the
CT and the weld specimens. 

▲ FIGURE 3. Spatially resolved “residual” strain map in a
loaded, cracked but unbroken CT specimen (units are micros-
train, positive is tensile).

▲ FIGURE 4. Beryllium CT specimen after loading to
failure on completion of the neutron profile shown in
Figure 4.
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▲ FIGURE 5. Elastic strain parallel to the loading direction for different lattice reflections from a
beryllium cylinder (24 mm long, 10 mm in diameter) during a compression test.
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Superelastic NiTi alloys in the austenitic phase can
undergo a phase transformation to the martensitic phase
if subjected to stresses. We used neutron diffraction to
study this reversible stress-induced phase transformation
in NiTi and NiTi reinforced with TiC particles. We
obtained neutron spectra of austenitic NiTi at room tem-
perature to investigate the discrete phase strains, marten-
site phase fractions, and texture evolution at various
stress levels during mechanical loading and unloading. To
model the data, we used Rietveld refinements that incor-
porated a spherical harmonic texture formulation. The
series of experiments helped to understand (a) the stress-
induced transformation in NiTi, (b) composites where the
matrix deforms by a stress-induced transformation, and
(c) changes in the transformation due to stress cycling. 

The shape-memory and superelastic effect exhibited by
near-stoichiometric NiTi-based alloys originates from the
thermoelastic phase transformation between an ordered,
high-temperature cubic phase B2 (austenite) and an
ordered, low-temperature monoclinic phase B19' (marten-
site). Neutron diffraction measurements can be successfully
used to monitor discrete phase strains, bulk texture, and
phase fractions during such transformations.1,2At room
temperature, nickel-rich austenitic NiTi alloys show the
superelastic (or pseudoelastic) behavior; i.e., during
mechanical loading, tensile strains as high as 8% result
from the formation of stress-induced martensite. During
subsequent unloading, the martensite reverts to austenite,
with recovery of all the accumulated macroscopic strain.3

Since the NiTi phase transformation is thermoelastic, it is
expected to be dependent on internal and external stresses.
Stresses produced by an elastic reinforcing second phase in
NiTi-based metal matrix composites can thus affect the
matrix’s transformation and deformation behavior. 

We applied uniaxial compressive stresses to an unrein-
forced superelastic sample (NiTi) and a composite super-
elastic sample containing 10 vol.% TiC particles (NiTi-
10TiC) and collected neutron diffraction spectra during the
deformation. Figure 1 shows the stress-strain response of
superelastic NiTi and NiTi-10TiC. The marked points indi-
cate the stress levels at which the mechanical cycle was
halted and neutron diffraction data obtained for two such
experiments. The load axis was placed in a horizontal plane
at 45° to the incident neutron beam, and three detectors
recorded diffraction patterns at ±90° and +32° from the
incident neutron beam. 

The experiments yielded in situ measurements of the ther-
moelastic stress-induced transformation. Figure 2 shows
that, as stress increases, the austenite (100) peak disappears
while the martensite (100) peak appears. When stress is
removed, the martensite reverts back to austenite, and the
austenite (100) peak reappears as the martensite (100) peak
disappears. Figure 3 shows that the superelastic strain due
to the transformation (elastic strain subtracted from macro-
scopic strain in Figure 1) is linearly related to the volume
of austenite transformed to martensite, which is obtained
from a Rietveld refinement using the Generalized Structure
Analysis System (GSAS) code.4,5 In both NiTi and NiTi-
10TiC, this linear relationship is maintained for loading
and unloading, indicating that the hysteresis in Figure 1 is
due to stress, not strain. However, NiTi-TiC exhibits more
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Stress-Induced Phase Transformations in NiTi and NiTi-TiC Investigated 
with Neutron Diffraction

▲ FIGURE 1.  Stress-strain response in NiTi and NiTi-10TiC.

▲ FIGURE 2. Neutron spectra showing the appearance and disappearance of martensite from 
austenite as a function of applied stress.
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martensite for a given macroscopic superelastic strain than
NiTi, probably because of lower texture and the need to
accommodate the mismatching TiC particulates.

We determined by GSAS the elastic strains in the austenite,
the martensite, and the reinforcing TiC particles at various
stresses. These strains are used to investigate load transfer
in composites where the matrix undergoes a stress-induced 
phase transformation,6 and to indicate that elastic load
transfer is observed analogous to composites where the
matrix deforms by slip. 

A quantitative description of the texture is obtained from
GSAS by using a spherical harmonic texture description,
which gives significant qualitative differences compared to
the less-precise March-Dollase texture formulation. The
texture of the originally isotropic austenitic phase increases
as it transforms into martensite: the increase can be
explained by the crystallographic relationship between the
parent austenite phase and the stress-induced martensite,
which is highly textured as it forms to produce the maxi-
mal strain in the direction of the applied load. Figure 4

shows martensite texture for applied stresses of 625 MPa
and 975 MPa, where the y-axis is a measure of the number
of crystals that are oriented at an angle φ between the nor-
mal to the (100) planes and the loading axis, compared to a
randomly oriented polycrystal. Thus, Figure 4 indicates
that the martensite has most of its (100) planes aligned per-
pendicular to the loading axis and that martensite texture is
more pronounced at 625 MPa (the beginning of the trans-
formation), than at 975 MPa, when most of the martensite
has formed. This finding can be explained by the accom-
modation needed between martensite variants. 

Finally, we investigated the effect of stress cycling on NiTi
by performing multiple times the mechanical cycle shown
in Figure 1 and collecting data during the 1st, 2nd, and
100th cycles. The critical stress for martensite formation
drops and the stress-strain gradient during the transforma-
tion increases; this macroscopic evolution of the stress-
strain curve is reflected in texture changes as measured by
neutron diffraction.7
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▲ FIGURE 3. Volume fraction of martensite formed as a function of the superelastic strain in NiTi and
NiTi-10TiC.
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We study solid-state reactions and phase transitions in
ceramics that involve a volume change and generate
residual stresses. Our aim is not only to prevent the dele-
terious effects of these stresses but also to use them to
enhance properties. To achieve this, we need to under-
stand the mechanisms that control stress generation. We
have thus far investigated the reduction of NiAl2O4
(which undergoes a volume shrinkage) as a model sys-
tem. We built a unique controlled-atmosphere furnace to
follow, for the first time, the evolution of phases and
stresses in situ with neutron diffraction. We found that
residual compressive stresses can be generated by this
reaction that can place ceramics under compression
leading to improved fracture resistance (tempering). We
also obtained additional data about the reaction that
allowed us to better understand its evolution.

Ceramic materials possess attractive properties such as high
strength, stiffness, and hardness; excellent abrasion, creep, cor-
rosion, and oxidation resistance; low density; and unique elec-
trical properties. However, they are brittle and not structurally
reliable. To overcome this disadvantage, one method employed
is to place the surfaces of ceramics, where most cracks nucle-
ate, under compression so that crack propagation is inhibited.
This is called tempering and is used extensively for glass. One
objective of this study is to examine the feasibility of temper-
ing using solid-state reactions that can generate residual stress-
es. The understanding of how these stresses evolve will help
avoid their sometimes deleterious effects. This is also a funda-
mental study of residual stress generation during reactions and
phase transformations in ceramics.

The first reaction we investigated was the partial reduction of
NiAl 2O4 spinel to a metal ceramic composite of nickel (Ni)
and aluminum oxide (Al2O3).1-5 The volume change that
accompanies the reduction is predicted to be about –18%, the-
oretically.3 The residual stresses are generated here from the
constraint imposed by the unreduced part of spinel. If not
relaxed or controlled, these stresses can crack specimens.1,2

The cracking does prove, however, that strain energy is gener-
ated from the volume change during reduction.

Our aim in this study was to follow the reduction in situ using
neutron diffraction to see how phases and strains evolve. This
would help us to understand the operative mechanisms so that
we could better manipulate the residual stresses. This is the
first study of its kind and proves the extreme advantage of
neutron diffraction in obtaining fundamental information
about solid-state reactions.

We used the NPD at the Lujan Center for this study. We built a
special furnace for this project (Figure 1) with a retort tube made
of amorphous silica. The experiment started by heating a spinel
sample (Figure 2) in nitrogen up to the reduction temperature.

We performed data acquisition during heating and at the reduc-
tion temperature. This way, we determined the “strain-free” lat-
tice constant of spinel before the reaction started. We then initiat-
ed the reduction reaction by introducing a CO/CO2 mixture into
the furnace. This mixture established a reducing atmosphere
with oxygen partial pressures on the order of 10–12 to 10–14

(Ref. 3). We acquired data at 0.5 to 1 hr intervals to monitor
phase and strain evolution.

The Rietveld refinement technique6 we used in the data analy-
sis provides a wealth of information about the reaction. For
instance, we can determine the volume fractions of phases as
they evolve with a precision of 2 to 3 vol%. From this, we can
calculate the thickness of the reduced layer. Because of the fre-
quent data collection intervals (approximately every 15 min-
utes), such data are very valuable in determining the rate con-
trolling step of the reaction. As seen in Figure 3, the NPD
results yield many more data points along kinetics curves than
the more traditional methods (cf. the three upper curves with
the lowest one). A diffusion-controlled reaction will show a
parabolic variation of reaction layer thickness versus time,
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Neutron Diffraction Studies of Solid-State Reactions

▲ FIGURE 1. The special furnace provides a controlled atmos-
phere and allows in situ reaction studies at high temperatures.
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▲ FIGURE 3. The three upper curves have many more data points, which were taken on NPD, 
compared to the lowest curve obtained by interrupted tests and microstructural examination. Such 
frequent data are valuable in determining the rate controlling step of the reaction.
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whereas interface-reaction-controlled kinetics is expected to be
a linear function of time. Our preliminary results suggest that
both types of kinetics are operative, although the diffusion
mechanism appears to be more effective. Figure 3 also shows
that the reduction temperature and the initial density of spinel
are very potent parameters that influence the kinetics.

Figures 4 and 5 illustrate the evolution of strain in unreduced
spinel and the reduced composite for two different samples.
Using Figure 2, one can visualize a pseudo-hydrostatic com-
pressive strain in spinel. This strain will increase as the reac-
tion proceeds (assuming no relaxation). The strain (and stress)
state in the reduced composite, however, is not so straightfor-
ward to interpret. Looking down the axis of the sample, radial
compression and hoop tension is predicted in this region 
(Figure 2). However, since the whole specimen is sampled by
the neutron beam, an appropriate averaging scheme is needed
to see which one of these is more dominant. For this reason,
we developed finite element models of the reaction. Figure 6
shows one result where we studied the effect of porosity in the
initial spinel. Since the Young’s modulus of spinel is a strong
function of porosity, a porous spinel will have a low modulus.

This, in turn, will reduce the constraint exerted by unreduced
spinel on the reduction layer and affect strain evolution. The
model, overall, predicts a high average tensile strain in the
composite at the beginning of the reaction. The unreduced
spinel, on the other hand, starts with zero strain and experi-
ences increasing compression with time.

When we compare these predictions with the NPD results
(Figures 4 and 5), we realize that no appreciable strain was
built in the first sample. We must point to the fact that we did
not have a true stress-free reference for the reduced compos-
ite, and we used literature data instead. Therefore, the absolute
values of strains measured in it are unknown. The trend in the
composite, though, supports the observation in spinel. After
retrieving the sample, we realized that it had cracked during
the reduction, instantaneously relieving all the residual stress-
es. The NPD results were, therefore, fully supported. The sec-
ond sample (Figure 5) did show compressive strain buildup in
spinel and the composite behavior was collaborative. The
maximum stress we calculated from the measured strain val-
ues was about –300 MPa.

Based on these preliminary results, we conclude that signifi-
cant compressive stresses can be generated during the reduc-
tion of spinel. Therefore, using this reaction, it may be possi-
ble to place ceramic surfaces under compression. 

Our current work is aimed at completing the data analyses of
several additional reductions performed in NPD. We are also
modifying our finite element models to include high-tempera-
ture inelastic deformation mechanisms such as creep to obtain
a more realistic simulation of the reaction.

This study was supported by an LDRD project at Los Alamos
and the Powell Foundation at Caltech.
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▲ FIGURE 4. The evolution of strain in unreduced spinel and the
reduced composite. No appreciable strain was built into sample.
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▲ FIGURE 5. The evolution of strain in unreduced spinel and the reduced
composite. Sample shows compressive strain buildup in spinel.
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The welds and the weld braze zones in components
in the enduring stockpile may have high levels of
microstrains and may be prone to microcracks in the
presence of hydrogen and corrosive agents. We 
conducted neutron diffraction strain experiments on
welded steel specimens at the National Institute of
Standards and Technology (NIST) and also at 
LANSCE and compared them with finite element
calculations of residual strains. There appears to be
quantitative similarity between the experimental
results and the results of our finite element (FE)
calculations, but further refinement of the cooling
models in the FE codes are needed before quantita-
tive predictions can be realized.

Residual stress in welded structures may result from vol-
ume changes during solidification of the melt zone and
shrinkage during cooling in the melt region and in sur-
rounding heat-affected zones. This effect is particularly

important in resistance-forged welded steel components.
The resistance-forged welding process uses a temperature
of 900°C at 6,000 psi of pressure and causes large thermal
gradients with shallow thermal penetration into the neigh-
boring regions because of the low thermal conductivity of
steel. High residual strains are possible in and around the
welds. In some cases, these regions may be exposed to
hydrogen with subsequent hydrogen embrittlement. The
welds and the weld braze zones in components in the
enduring stockpile may have high levels of microstrains
and may be prone to microcracks in the presence of hydro-
gen and corrosive agents. Under such situations, the resid-
ual stress in combination with the design stress for the
component may lead to fracture at lower stress thresholds
at certain locations in and around the welds and may lead
to catastrophic failure in the components.

We conducted neutron diffraction strain experiments on
welded steel specimens at NIST [Figures 1(a), 1(b), and
1(c)] and also at LANSCE. In the work that was completed

R. Varma (Materials Science and Technology Division), M. Bourke (Materials Science and Technology
Division and LANSCE Division), S. Ellis, J. Newmeyer (Engineering Sciences and Applications Division),
P. Brand (National Institute of Standards and Technology)

Research Highlights

Internal Residual Stress Field Mapping in 21Cr-6Ni-9Mn Steel 
Resistance-Forged Weld Structures

▲ FIGURE 2. Finite element calculations of the strain in the part shown in Figures 1(a) hoop, 1(b) radial, and 1(c) axial strains.
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▲ FIGURE 1. Neutron diffraction measurements of the (a) hoop, (b) radial, and (c) axial strains in a resistance-forged welded 21-6-9- steel part. Measurements were made at NIST.
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at NIST, using a monochromatic neutron beam from the
reactor, we used a gauge volume of ~8 mm3 (2 mm in each
direction) to measure the strain maps for the hoop, radial,
and axial strains in the side-welded structure, shown in
Figure 1, as well as in a bottom-welded version not shown.
Conversion of atomic d-spacing to elastic strains in a neu-
tron diffraction measurement requires the determination of
the unstrained lattice plane spacing. Strain fields fall off
rapidly away from the welds, hence the d-spacing mea-
sured in regions remote from the weld can be considered to
be unstrained values (do) for our calculations. Conversion
of measured lattice plane spacing to stress values requires
two further measured values, i.e., the modulus (218.8 GPa)
and the Poisson’s ratio (0.2845). These values were taken
from prior published measurements of 21-6-9 steel.

Finite element modeling of the elastic strain for the experi-
mental grids (~2 mm x 2 mm x 2 mm) used in the neutron
diffraction measurements were made for the hoop, radial,
and azimuthal directions. The finite element analyses
shown in Figures 2(a), 2(b), and 2(c) may be compared
with the experimental measurements shown in Figures 1(a),
1(b), and 1(c), respectively. There appears to be qualitative
similarity between the experimental results and the results
of our FE calculations, but further refinement of the cool-
ing models in the FE codes are needed before quantitative
predictions can be realized.

Condensed-Matter Science and Engineering
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The nickel-aluminide-based composite containing
both AlN dispersion particles and Al2O3 fibers
shows good high-temperature strength and is a
potential replacement for current nickel-base super-
alloys. To better understand the strengthening mech-
anisms of this composite, we characterized the ther-
mal residual stresses as a function of temperature
using the neutron powder diffractometer (NPD).
Results show that the residual stresses developed
during cooling from the processing temperature
relax at around 1200 K upon reheating. Hence, we
conclude that the mechanical properties of this com-
posite are not directly affected by the thermal resid-
ual stress above this temperature.

The ordered intermetallic alloy nickel aluminide (NiAl) has
potential advantages over current superalloys for use in
high-temperature structural applications. These advantages
include a high melting temperature (1922 K—about 300 K
higher than the nickel-base superalloys); low density 
(5.9 g/cm3— approximately 2/3 that of the superalloys);
high thermal conductivity; and excellent oxidation resis-
tance.1 However, cast polycrystalline NiAl suffers from
poor room temperature fracture toughness and poor creep
resistance at intended service temperatures (1300–1400 K).
Such inadequate mechanical properties pose a major chal-
lenge for the alloy designer who wishes to take advantage
of those properties that are superior to current superalloys.
To address these problems, we developed a hybrid NiAl
composite containing both AlN dispersion particles and
Al2O3 fibers.2 We intended to achieve a synergistic
improvement in mechanical properties, especially creep
resistance, by combining the two different strengthening
mechanisms: (1) fine AlN dispersion particles (typically
less than 1 µm), distributed homogeneously both along
grain boundaries and within grains, will inhibit dislocation
movement, and (2) long fibers improve strength by load
transfer and by constraining macroscopic flow over a wide
strain rate range. Mechanical testing at 1300 K revealed
that this composite is one of the strongest NiAl-based
alloys developed to date, approaching the level of NASAIR
100, a first-generation Ni-base single-crystal superalloy.2

Most metal-matrix composites reinforced by a ceramic
phase have a considerable difference in the coefficient of
thermal expansion between the matrix (NiAl) and the rein-
forcements (both AlN and Al2O3). Thus, on cooling from
the fabrication temperature (1473 K), thermal residual
stresses develop as a result of differential thermal contrac-

tions of the three phases. These stresses are known to influ-
ence mechanical properties such as yield strength3 and
fatigue resistance.4 Furthermore, since these composites are
designed for high-temperature application (e.g., turbine
blades), understanding the characteristics of thermal resid-
ual stresses at elevated temperatures and the effect on creep
behavior is critical. 

We characterized the thermal residual stresses in the
NiAl-AlN-5%Al 2O3 composite using NPD as a function of
temperature. Figure 1 shows the diffraction pattern compris-
ing raw data and Rietveld refinement. In the diffraction pat-
tern, the crosses represent the data and the solid line over-
lapping the data points is the fit from the refinement. Tick
marks identify the refined peak positions of the Al2O3
(rhombohedral), AlN (hexagonal), and NiAl (cubic) phases
at the bottom of each graph, and the difference curve
between measured data and refinement is shown below
these. We measured each phase’s lattice parameters as well
as standards from room temperature to 1500 K and calculat-
ed the lattice strain and corresponding stress from the lattice
parameter. We also estimated the residual stresses using a
finite element model (FEM). Figure 2 shows the NiAl-AlN-
5%Al2O3 composite mesh. We calculated the residual stress
using ABAQUS,5 assuming two-dimensional axisymmetry
and a perfectly bonded matrix/reinforcement interface. We
included plasticity and creep for the matrix but treated the
AlN particles and Al2O3 fibers as purely elastic. 

In Figure 3, the data points represent the thermal residual
stresses in each phase in NiAl-AlN-5%Al2O3 measured
with NPD as a function of temperature. The lines in Figure
3 represent the FEM results and are in good agreement
with the experimental data. The tensile residual stress

H. Choo, P. Nash (Illinois Institute of Technology), M. Daymond (ISIS, Rutherford Appleton Laboratory),
M. A. M. Bourke (Materials Science and Technology Division and LANSCE Division)
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Relaxation of Thermal Residual Stresses in NiAl-AlN-Al 2O3 Composites
During Heating

▲ FIGURE 1. Time-of-flight neutron diffraction pattern of NiAl-AlN-5%Al2O3 composite.

.5 1.0 1.5 2.0 2.5
D-spacing, A

3.0

2.
0

1.
0

.0
N

or
m

 c
ou

nt
/m

u 
se

c



▲ FIGURE 2. Schematic of the finite element model showing the NiAl-AlN-5%Al2O3 composite mesh.
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developed in the NiAl phase during cooling from the pro-
cessing temperature decreased as the temperature increased
and completely relaxed at around 1200 K, which is signifi-
cantly lower than the processing temperature (1473 K). The
magnitude of the compressive residual stress in the AlN
phase decreased as the temperature increased and devel-
oped a small tensile stress above 1100 K. The relaxation
temperature of Al2O3 phase is not quite clear due to uncer-
tainty in the experimental data. However, the FEM result
indicates that the residual stress relaxes at around 1300 K.
Relaxation of the residual stress at temperatures below the
processing temperature and the change of the sign in stress
in AlN and Al2O3 are primarily due to the creep (either dis-
location glide or diffusion) of the matrix during the heating
cycle. At high temperatures where thermally activated
process is important, the thermal residual stresses are
known to relax by time-dependent deformation such as

creep, which results in a dynamic evolution of the residual
stress at high temperatures.

Considering the relaxation of thermal residual stress in the
matrix above 1200 K, we conclude that the residual stress
above this temperature will not directly affect this compos-
ite’s creep properties. However, the thermal residual stress-
es will have some influence on the low and intermediate
temperature mechanical properties such as strength and
fracture toughness. 
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▲ FIGURE 3. Hydrostatic thermal residual stresses in NiAl, AlN, and Al2O3 phases in 
NiAl-AlN-5%Al2O3 composite.
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It is well established that the seismic anisotropy of
the shallow upper mantle beneath the oceans is a
result of preferred orientations (texture) of plastically
deformed α-olivine crystals produced from convec-
tion. With progressive increases in pressure, such as
during subduction, α-olivine undergoes a polymor-
phic phase transformation to wadsleyite (β -phase).
To understand the seismic structure and dynamics of
the deeper upper mantle, we report the first quantita-
tive texture data measured in bulk polycrystalline
specimens of experimentally deformed α - and 
β -phases that were measured by neutron diffraction.
Samples were Mn2GeO4 that crystallizes in both the
olivine and wadsleyite structures and thus serves as a
useful analogue of upper mantle material on either
side of the 410-km seismic discontinuity. By neutron
diffraction on HIPD, we find (100)α // (001)β // max.
compression; (010)α // (100)β  and (001)α // (010)β
perpendicular to compression.

Texture (preferred crystallographic orientation) in olivine has
long been known to be responsible for the observed seismic
anisotropy in the shallow part of the Earth’s upper mantle.1

Large-scale shear processes caused by large-scale convection
cells deform olivine crystals plastically, which causes them
to develop strong preferred orientations. These natural tex-
tures can be seen on the surface of the Earth when samples
are thrust up to the surface at continental/oceanic convergent
zones or, for example, blasted out in volcanic pipes. 

With increases in pressure, orthorhombic olivine undergoes
a polymorphic phase transformation to wadsleyite 
(β-phase) with a modified spinel structure and then to its
true cubic spinel form, ringwoodite (γ-phase).2 The α→β
transition is widely considered to be responsible for the
prominent seismic discontinuity occurring at the top of the
mantle transition zone at ~410 km depth, and the β-γ tran-
sition may be responsible for the discontinuity sometimes
seen at ~520 km depth.3 Little is known about the texture
that might be produced by phase transformation or plastic
flow of the high pressure polymorphs of olivine in these
transition zones mostly because these natural samples are
never transported untransformed to the surface. One study
of preferred orientation of wadsleyite has been published,4

but the experiment involved transformation of a single
crystal of olivine into a polycrystal of wadsleyite, hence it
is not clear whether the texture that developed was con-
trolled by deformation or crystallography. 

In this work we present the first measured textures of 
β-phase coexisting in experimentally deformed bulk 
α-olivine samples.5 In all experiments we used a germanium
analogue to silicate olivine that can be produced at lower
pressures in the laboratory (5 GPa instead of 13 GPa) to
undergo phase change and simulate mantle conditions. 

We investigated quantitatively the texture in both unde-
formed and deformed Mn2GeO4 α−olivine and two speci-
mens partially transformed to the β-phase. Using neutron
diffraction on HIPD at the Lujan Center, we measured the
textures resulting from phase change by time-of-flight neu-
tron diffraction using a generalized spherical harmonic
method combined with Rietveld analysis to calculate com-
plete pole figures.6 This method of neutron diffraction
combined with Rietveld analysis was especially important
in this texture study because the coarse-grained multiphase
samples contained low symmetry phases and multiple peak
overlaps (Figure 1) so that the traditional method of x-ray
diffraction would be impossible. With the Rietveld method
we were able to extract orientation distribution coefficients
and complete pole figures from any number of reflections
from all phases in the bulk (3-mm diameter x 3-mm long,
1/2 cylinder) sample.

Note that the wt% present and the pole figures for both
phases were successfully extracted from the data even
when one phase constituted only 20% of the total weight of
these small specimens. As expected, undeformed samples
were nearly random (without preferred orientation). Pole
figures from the transformed and deformed samples
(Figure 2) showed strong preferred orientation with 
(100)α // (001)β parallel to compression; (010)α // (100)β
and (001)α // (010)β perpendicular to compression.

K. A. Bennett, R. B. Von Dreele (LANSCE Division), H. W. Green II, L. Dobrynyetsinaya, E. Riggs
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Texture Evolution in the Olivine Polymorphs at High Pressure: Dynamics of
the Earth’s Upper Mantle

▲ FIGURE 1. Neutron diffraction spectrum of α–β Mn2GeO4 demonstrating multiple peak overlaps.
Data measured on HIPD on a 3-mm-diameter 1/2 cylinder for approximately 1 hour. 
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Figure 3 shows moderate preferred orientation with (100)α
parallel to compression. (100)β forms a double belt perpen-
dicular to the compressor axis. The texture we produced in
α-Mn2GeO4 is the same as that developed by deformation in
silicate olivine, both in the laboratory and in nature (note that
because of a curiosity of crystallographic nomenclature,
Mn2GeO4 is not indexed the same as silicate olivine; e.g.,
the α-axis in Mn2GeO4 is the largest d-spacing, making it
analogous to the β-axis of silicate olivine). These preliminary
results demonstrate the power of time-of-flight neutron dif-
fraction and Rietveld analysis to obtain complete texture
determinations from very small amounts of material.

However, because of the complicated histories of the trans-
formation experiments, it was not possible to determine
exact mechanisms of texture development in the β-phase.
Texture could have been the result of deformation, or it
could have arisen from either selective growth based upon
previously induced texture in the α-phase or selective nucle-
ation based upon preferential deformation of certain orienta-
tions during the early deformation of the α-phase. We are
investigating these questions in more detailed deformation
and transformation experiments.
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▲ FIGURE 3. Texture results of α−β Mn2GeO4 (70 wt. % β). α and  β pole figures coexisting in
a polycrystalline specimen 70% transformed from α to β. The direction of compression is in the cen-
ter of the pole figure. The β-phase (100) pole forms a girdle about (010).
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▲ FIGURE 2. Texture results of α−β Mn2GeO4 (20 wt. % β). α and β pole figures coexisting
in a polycrystalline specimen 20% transformed from α to β. The direction of compression is in the
center of the pole figure.
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Certain mixed metal oxides become superconductors
when their temperatures reach the boiling point of
liquid nitrogen. With the possibility of commercial
use, a superconducting wire or tape is being devel-
oped that encases the rather brittle oxide in a silver
metal sheath. To carry large electrical currents the
superconductor must be highly oriented within the
tape. This orientation is affected by a combination
of mechanical and heat treatments. We have devel-
oped a means of determining this orientation in situ
by use of neutron scattering techniques that give a
means of following the development of the orienta-
tion during processing.

Since the discovery1 that certain mixed metal oxides exhib-
it superconducting behavior at temperatures close to the
boiling point of liquid nitrogen, there has been considerable
effort to develop commercially useful components using
these materials. The development of useful superconduct-
ing wire or tape is perhaps the most important of these.
One particularly fruitful approach to this problem has been
to encase the oxide in a silver metal sheath to provide a
means of protecting the rather brittle oxide. The silver
sheath also gives the resulting tape sufficient flexibility so
that it can be wound in a solenoid for use, for example, in a
superconducting magnet. However, the superconducting
property of the oxide material is strongly dependent on the
direction that the electrical current flows through the crys-
tal structure. For the Bi2Sr2Ca2Cu3Ox “Bi-2223” supercon-
ductor (Figure 1), the best conduction is understood to
occur in the square CuO planes at the ends and in the cen-
ter of the unit cell and in a direction that is perpendicular to
the long axis of the unit cell. Thus, to achieve high current-
carrying capacity in these wires, the Bi-2223 oxide crystals
must have a strongly developed preferred orientation or
texture so that the long unit cell axis is normal to the tape
axis.2

Over the past few years, manufacturing techniques involv-
ing rolling and subsequent heat treatments3 have been
developed that enhance the supeconducting current-carry-
ing capacity of these wires. However, direct measurement
of either the texture or composition of the oxide has been
difficult to achieve because of the complexity of the mate-
rials and interference from the silver sheath. Consequently,
the connection between composition and texture with
superconductivity properties could not be established as a
function of processing conditions.

Recently, we have developed a
technique4 to determine the tex-
ture of polycrystalline compo-
nents that employs the neutron
time-of-flight (TOF) diffraction
data obtained on HIPD at the
Lujan Center. In this approach, a
polycrystalline sample is posi-
tioned at several different angu-
lar orientations with the TOF
diffraction patterns being record-
ed at each one. The texture caus-
es the peak intensities in these
diffraction patterns to be differ-
ent from what would be expect-
ed if the crystallites that make
up the sample were oriented in a
random way. The texture infor-
mation is extracted by a model-
ing and refinement computer
program5 by processing the
entire suite of several tens of
these diffraction patterns. The
texture effect is modeled by
making use of spherical harmon-
ics whose coefficients form part
of the set of refined parameters.
Other aspects of the sample
(crystal structure, phase compo-
sition, etc.) are also modeled and
refined as part of this procedure.
This method is particularly use-
ful for the superconducting tape
problem because of the relative-
ly high penetration of neutrons
(compared with x-rays) through
the silver sheath and supercon-
ducting oxide. Moreover, the
method can deal successfully
with the complexity of these dif-
fraction patterns that result from
the several crystalline phases
that exist in these materials.

In a preliminary study we suc-
cessfully examined three silver-sheathed Bi-2223 supercon-
ducting tapes using neutron diffraction on HIPD. One was
in the “as-rolled” condition, but the other two had been
subjected to part of the heat treatment needed to produce
highly oriented superconductors. One of the diffraction 
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Texture Evolution in High-Temperature Superconducting Oxide/Silver Tapes 
under Heat Treatment

▲ FIGURE 1. The structure of a
Bi2Sr2Ca2Cu3Ox “Bi-2223” high-temper-
ature oxide superconductor. CuOx pyra-
mids and squares are shown along with
Bi (green), Ca (small gold), Sr (large
gold), and O (red) atoms. Good super-
conductivity occurs perpendicular to the
long axis in the plane of the CuO4
squares.  
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patterns is shown in Figure 2. The analysis showed the
development of very strong texture in the desired orienta-
tion (Figure 3) after the second step in the heat treatment
along with essentially complete conversion of a precursor
oxide Bi2Sr2CaCu2Ox “Bi-2212” to the desired supercon-
ducting Bi-2223 oxide. The as-rolled material showed a
nearly random orientation for the Bi-2223 superconductor
but a relatively strong texture for the precursor Bi-2212
material. The silver sheath showed a very typical texture
obtained from the rolling of a metal sheet. Because the Bi-
2223 texture only develops under heat treatment, it may be
that the already existing texture in the precursor Bi-2212
formed in the rolling process acts as a template for the for-
mation of an oriented superconductor. We expect to further
clarify this mechanism for the production of highly tex-
tured, silver-sheathed Bi-2223 superconductor tape as well
as characterize the role of temperature treatments.
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▲ FIGURE 3. Pole figure showing angular distribution of basal plane normals (001) about a normal
to the silver-sheathed Bi-2223 superconductor tape. Rings are residual artifacts from the analysis.
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▲ FIGURE 2. Example neutron diffraction pattern from silver-sheathed Bi -2223 tape. The symbol (+)
represents the observed intensity; the line is calculated from a model refinement; the tic marks show
reflection positions for Bi -2223 and silver. The background contribution has been subtracted for clarity.
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A rule for the melting point of materials, devised by
F. A. Lindemann in 1910, was based on Einstein’s
theory on the heat capacity of materials. Using
E i n s t e i n ’s theory, Lindemann was able to devise a
simple formula to estimate the temperature at which
atoms begin to collide with their neighbors, thus
relating the characteristic Einstein temperature to
the melting temperature of materials. In this report,
we explain how Lindemann’s rule can be used with
neutron diffraction data on the light actinides to
understand the melting points of these materials.

No comprehensive theory for the melting points of materi-
als has ever been proposed. The best thing we have is a
rule that was devised by F. A. Lindemann in 1910.1

Lindemann was inspired by the recent publication of
Einstein’s theory on the heat capacity of materials. He
wanted to devise a way of estimating the characteristic
Einstein temperature, the materials property on which the
predictions of Einstein’s theory is based. Lindemann real-
ized that the amplitudes of the thermal atomic vibrations,
which also depend on the Einstein temperature, could not
become too large before the material would shake itself
apart. The mean-square amplitude of thermal vibration is
directly proportional to the absolute temperature and
inversely proportional to the square of the Einstein temper-
ature, so Lindemann could use Einstein’s theory to estimate
the temperature at which the atoms would begin to experi-
ence violent collisions with their neighbors. Thus he was
able to devise a simple formula that related the Einstein
temperature to the melting temperature. His paper was pub-
lished just before the invention of the Debye theory in
1914, which is still the basis of the modern theory of heat
capacities and atomic vibrations. 

It is easiest to understand Lindemann’s rule in terms of
κatom, the atomic spring constant of the material. κatom δx
is the force required to increase the separation of two
atoms in the crystal by a distance δx. At high enough tem-
peratures, the mean-square amplitude of atomic vibration,
<u2>, is proportional to the temperature according to 

(In this formula, kB is the Boltzmann constant.) The
Lindemann rule, as modified by Gilvarry,2 reads 

where Ω is the atomic volume. The significance of the fac-
tor 0.083 is that the material is suppose to melt when the
vibrational amplitude reaches 8.3% of the interatomic spac-
ing. The atomic spring constants can be obtained from
measurements of the Debye temperature, the modern suc-
cessor to the Einstein temperature, with the formula

Debye temperatures, ΘD e b y e, are usually determined from
low-temperature heat-capacity measurements. Numerical val-
ues can be obtained in any textbook on solid-state physics. 

At Los Alamos, the Science-Based Stockpile Stewardship
effort has focused our attention on the light actinides, plu-
tonium in particular. For Pu, ΘDebye =132 K, so κ = 40.3
N/m. The atomic springs are comparable in strength to
those on a garage door mechanism. We can also calculate
the melting point using the Lindemann rule: for plutonium,
Ω = 24.9 Å, so Tmelt = 1716 K. This is too high by a factor
of two! The actual melting point is 914 K, and this has
long been considered anomalously low.3 The discrepancies
for the other light actinides (except thorium) are even larg e r.

Does this discrepancy mean that something is wrong with
the Lindemann criterion? No, the problem comes from the
temperature dependence of κatom, which is strong enough
that a large correction must be made to get the correct
melting point. ΘDW decreases quite strongly with tempera-
ture—so strongly that its value is only 89 K at the melting
point. The corresponding κatom is only 18.3 N/m. When
this value is used, a value of 779 K is obtained for the
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Neutron Diffraction and the Anomalous Melting Point of Plutonium

▲ FIGURE 1. A. Lawson demonstrates the special furnace used at
LANSCE for measurements of ΘDebye of plutonium.
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melting point, in much better agreement with the experi-
ment. The discrepancy has been reduced from 88% to 15%. 

We have used neutron diffraction at LANSCE and at the
Intense Pulsed Neutron Source to measure the temperature
dependence of ΘDebyefor all the light actinides (Figure 1).
The sort of data that we get appear in Figure 2, which
shows the mean-square atomic vibration amplitude plotted
versus temperature. It is immediately apparent that both the
slope and the curvature of the plutonium data are much
larger that those of thorium. The larger slope means that
the ΘDebye(or κatom) is smaller. The larger curvature
means that the temperature dependence is larger. We have
data like these for all the light actinides.4,5,6

Figure 3 shows the melting points for the light actinides
together with two estimates of the melting point based on
the Lindemann rule. The black bars show the measured
melting points. The red bars show the Lindemann estimate
of the melting point based on the value of κatomuncorrect-
ed for its temperature dependence. The blue bars show the
Lindemann estimate with κatomcorrected for its tempera-
ture dependence with data like that shown in Figure 2. The
corrected data provide a good estimate of the melting point.

Even though the physical basis of the Lindemann rule is
not very well established, it is quite satisfactory to bring
the light actinides into the group of materials that are
described by this rule. The physical origins of the low
melting points for the light actinides are now to be sought
in the temperature dependencies of the elastic properties—
and these are now amenable to calculation. 

As far as applications of plutonium are concerned, 
variations of the melting point of even 10% would mean
profound differences in both performance and processing 
techniques. The melting point is well worth understanding. 
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▲ FIGURE 2. Mean-square thermal vibration amplitudes for thorium metal and for a d-phase Pu-Ga 
alloy. The two materials have the same crystal structure, but their behavior is quite different. The 
atomic force constants for Pu are smaller and more temperature-dependent than those for Th.

▲ FIGURE 3. Melting points for the light actinides. Three values are shown for each material: the 
measured value, the value calculated from the low temperature atomic force constants, and the
value calculated from the force constant evaluated at the melting point. Values for lead are 
shown for comparison. 
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Correlated-electron materials are those whose prop-
erties cannot be covered fully by one-electron band-
structure calculations, or stated another way, are
materials in which many-body electron physics is
crucial to their properties. They include heavy-
fermion (f-electron) systems, high-Tc and other
unconventional superconductors, and colossal-mag-
netoresistance (CMR) manganites. LANSCE and its
users have considerable activity in this area, and we
give three examples of work performed using HIPD,
SCD, and PHAROS: the magnetic and crystallo-
graphic structures of UPd2Pb, the quadrupolar
Kondo system PrAg2In, and the naturally layered
CMR compounds La2-2xSr1+2xMn2O7.

The condensed-matter physics community at large has an
intense interest in correlated-electron materials, and Los
Alamos has played a leading role in this field from the
beginning. This class of materials covers heavy-fermion
materials, which have strongly enhanced low-temperature
thermodynamic properties, high-temperature superconduc-
tors, manganites exhibiting magnetically driven metal-insu-
lator transitions (so-called colossal-magnetoresistance or
CMR materials), many other transition-metal oxide sys-
tems, and other exotic superconductors. At LANSCE, we
have contributed to the basic research on a number of the
materials of current interest, and we briefly describe our
work on three of them.

We have studied the heavy-fermion Heusler alloy UPd2Pb
in collaboration with colleagues at the University of
California at San Diego and the National Institute of
Standards and Technology (NIST).1 Our main result is that
there is a previously undiscovered martensitic structural
transition at ~210 K, where the cubic crystal distorts to form
a sheared monoclinic structure, as shown in Figure 1(b). At
the lower temperature of 40 K, the material becomes anti-
ferromagnetic, with magnetic moments alternating in 

direction as shown in Figure 1(c). We were even able to
determine the moment direction within the sheared mono-
clinic cell of the martensitic phase. These structures were
determined on HIPD, while the transition temperatures were
determined using selected reflections at NIST.

The second example is another heavy-fermion Heusler
alloy PrAg2In, which has one of the largest reported elec-
tronic specific heats (g = 6.5 Jmol-1K-2), and which we
have studied on PHAROS in collaboration with University
of California at Riverside, Ames Laboratory, and Argonne
National Laboratory.2 There is good reason to believe that
the correlated state develops from a nonmagnetic crystal-
field doublet ground state, and the data shown in Figure 2
confirm this definitively. In the level diagram, all allowed
transitions are shown, and the G3 - G4 matrix element 
(transition intensity) has roughly twice the strength of the
G3 - G5 matrix element, in accordance with the energy
spectrum shown in Figure 2. The importance of this result
is that one normally thinks of heavy-fermion behavior in
terms of the Kondo effect (an interaction between a local
magnetic impurity and the conduction electrons). This
effect cannot apply to a nonmagnetic ground state, and
therefore the prospect exists of the more exotic quadrupolar
Kondo effect in this system.

Our third example is a study of the naturally layered CMR
materials La2-2xSr1+2xMn2O7 (x=0.4,0.36), which exhibit

D. N. Argyriou (LANSCE Division), H. Nakotte (New Mexico State University and LANSCE Division),  
R. A. Robinson (LANSCE Division)
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s FIGURE 1. Crystallographic and magnetic structures of the Heusler alloy UPd2Pb, as determined
on HIPD. From room temperature down to 210 K, UPd2Pb has the normal face-centered cubic Heusler-
alloy structure shown in (a). At 210 K, there is a previously undiscovered martensitic transition to the
monoclinically distorted form shown in (b), and at 40 K, UPd2Pb becomes antiferromagnetic with the
spin structure shown in (c).
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U

(a) (b) (c)
a = b = c
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s FIGURE 2. Crystal-field level diagram for the heavy-fermion compound PrAg2In, as measured on
PHAROS. PrAg2In has the same face-centered cubic crystallographic structure as shown in Figure 1(a)
for UPd2Pb. At low temperature, transitions are allowed from the doublet crystal-field ground state G3
to both triplet excited states (G4 and G5), as shown in red in the energy spectrum. The transition to
the G1 singlet is forbidden by symmetry. When the temperature is raised to 77 K (~7 meV), both
triplets are partially occupied and can be de-excited back to the ground state (see peaks at –6 and
–8 meV), and the G4 - G5 and G4 - G1 excitations can also be seen at 2 meV and 9 meV, respec-
tively. This information confirms a picture in which the ground state is a nonmagnetic doublet (G3),
which cannot be Zeeman split by a magnetic field, and the heavy-fermion properties cannot therefore
be understood in terms of the normal dipolar Kondo effect.
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huge changes in resistivity (over four orders of magnitude)
in the vicinity of the ferromagnetic Curie temperature Tc
with applied magnetic field. The underlying physics of the
CMR materials  is widely thought to involve polaronic
degrees of freedom, at least above Tc. Theoretical models
predict the existence of unusual spin dynamics associated
with the hopping of Jahn-Teller polarons—i.e., mobile lat-
tice distortions carrying spin. Recent experiments at LAN-
SCE have demonstrated that two-dimensional ferromagnet-
ic correlations exist in these layered CMR materials, as
high as 2.8 Tc. These correlations grow in spatial extent as
T → Tc, reaching a size of ~10 Å at the transition. Figure 3
shows some quasi-elastic neutron scattering data, taken on
PHAROS, which probes their dynamics.3 The additional
ferromagnetic scattering is seen as broad tails to the elastic
peak above Tc, while the tails disappear below Tc. From
these data, we can also determine the Q-dependent life-
times, which are consistent with a spin-diffusion model,
which in turn lends support to the polaronic model. On
SCD, we looked more closely at the Q-dependence and
anisotropy of the same ferromagnetic correlations in a 

single crystal. Figure 4 shows rod-like diffuse scattering,3,4

which is indicative of two-dimensional ferromagnetic cor-
relations. This work was performed in collaboration with
colleagues at Argonne National Laboratory and NIST. 
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▲ FIGURE 3. Inelastic neutron scattering data from La2-2xSr1+2xMn2O7, as measured on PHAROS at
(a) 128 K and (b) 30 K, above and below the ferromagnetic transition temperature Tc of ~115 K.
Panels (c) and (d) show the same data plotted as a function of energy transfer. Note the presence of
the wings in panel (c).
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indicative of two-dimensional ferromagnetic magnetic correlations within the Mn-O bilayers. (b) The 
structure of these layered CMR materials consists of perovskite bi-layers (purple octahedra), separated by
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A magnetic moment can be induced in a material
that is not normally magnetic, but is easily polariz-
able, or it can be enhanced in a material that is in
close proximity to a strongly magnetic material.1

The polarization of the nonmagnetic material by a
magnetic material is called the proximity effect.
Recently, we investigated the proximity effect in a
thin single crystal film of platinum (Pt) containing
10 atomic percent cobalt (Co) above the Curie tem-
perature of this material in the bulk.

For most research in magnetic thin films, and in fact for
many modern bulk magnetic materials, the crucial ques-
tions are not connected with bulk magnetic properties but
with structures on length scales comparable to the funda-
mental length scales of magnetism. Technological advances
in sample preparation and characterization (e.g., multilay-
ers with well-defined interfaces or ultra-thin single crystal
films of Fe) and processing (e.g., electron beam lithograph-
ically defined dots showing mesoscopic phenomena) have
opened up new areas of physics in which structural length
scales can play an important role in determining the mag-
netic properties of materials. The importance and rationale
for studies of magnetic materials with reduced dimension-
ality is that the understanding of many (if not all) of the
interesting magnetic phenomena in microstructures relies
on a detailed knowledge of the magnetic structure.

Our motivation was to explore the proximity effect in
alloys of Co and Pt—here, Pt is the easily polarizable
material. We chose a low Curie temperature thin film,
Co0.1Pt0.9, which was epitaxially deposited2 onto a single
crystal film of CoPt3 with a high Curie temperature to form
a bilayer sample (Figure 1). Two issues are posed by this
study. First, what is the magnetic moment of Pt in the two
Co-Pt alloys? Second, could ferromagnetic ordering in the
Co0.1Pt0.9 overlayer be induced above its Curie tempera-
ture in the bulk by the strongly ferromagnetic CoPt3

underlayer? To address these issues, we used polarized
neutron reflectometry—a technique well suited to studies
of ferromagnetism across interfaces and in thin films.3

Polarized neutron reflectometry involves measuring the
intensity of a polarized neutron beam reflected by the sam-
ple for polarization states aligned parallel (spin-down) and
anti-parallel (spin-up) to the magnetic field applied to the
sample. The reflected beam’s intensity is measured as a
function of momentum transfer, Q = 4πsin(θ)/λ. Q is var-
ied by changing neutron wavelength,λ, and the sample
angle, θ. From the difference between the spin-up and spin-
down reflectivities (Figure 2), we can deduce the magneti-
zation depth profile, i.e., the variation of the sample mag-
netization with depth into the sample, averaged over the
lateral dimensions of the sample.

The quality of data in Figure 2 is too poor to determine
reliably both the chemical and magnetic variation of the
sample depth profile; therefore, we took additional data
using a cryostat and the rotating anode x-ray generator at
LANSCE (Figure 3). We used the sample’s x-ray reflectivi-
ty profiles at the different temperatures to determine its
chemical variation (Figure 3 inset), e.g., the thicknesses of
the Co0.1Pt0.9 and CoPt3 films, with a high degree of cer-
tainty. We used this information to constrain the sample’s
chemical profile in the refinement of a model, which

A. L. Shapiro, F. Hellman (University of California at San Diego), M. R. Fitzsimmons (LANSCE Division)

Is Magnetic Order Possible in a Nonmagnetic Material?
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▲ FIGURE 1. Diagram of a scattering experiment using a beam of (x-rays) neutrons with spins
aligned anti-parallel (spin-up) or parallel (spin-down) to the field, H, applied to the sample.
Inset: diagram of the Co0.1Pt0.9-CoPt3 bilayer sample.
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From the splitting of the curves in Figure 4, we can deter-
mine the magnetic moments of Co0.1Pt0.9 and CoPt3. At 
81 K, µ(Co0.1Pt0.9) = 0.25(2) µΒ, and µ(CoPt3) = 0.46(1) µΒ
(Figure 4a). At 248 K (~8 K above the Curie temperature for
Co0.1Pt0.9), the mean moment for the Co0.1Pt0.9 overlayer
decreased to µ(Co0.1Pt0.9) = 0.04(2) µΒ (Figure 4b), and at
296 K, the overlayer had no ferromagnetic component in the
direction of the applied field at room temperature (Figure 4c).

In contrast to magnetometry measurements, we observed
evidence for some ferromagnetic order of Co0.1Pt0.9 in a
12-nm-thick film 8 K aboveTc for Co0.1Pt0.9 in the bulk.
While the magnetometry and neutron studies used different
thermometers, both were calibrated thermometers and suit-
able for use in high magnetic fields; therefore, the discrep-
ancy was not likely due to errors in thermometry. A more
plausible explanation is one attributing the increase of Tc to
a higher degree of sensitivity of polarized neutron reflec-
tometry than of magnetometry in detecting ferromagnetism
in thin films.

Finally, we calculated the magnetic moment induced in Pt
when it is in close proximity to Co at 81 K for the two 
film compositions. If the magnetic moment of Co in the
films were that of Co in the bulk, µCo = 1.715 µΒ,4 and 
the moment of Co were parallel to the applied field, then we
establish lower limits for µPt. In the Co0.1Pt0.9 overlayer,
µPt is at least 0.09(1) µΒ, and in the CoPt3 underlayer, µPt is
at least 0.04(1) µΒ; thus, we found evidence for an induced
magnetic moment in Pt when it is in proximity to Co.
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included the possibility for magnetism in the Pt alloy films,
of the polarized neutron data.

The magnetization density profile that best fitted the neu-
tron data treated each Pt-alloy film as a film with uniform
magnetization. The degree to which the films were ferro-
magnetic can be discerned from the splitting of the curves
(Figure 4), which represent the neutron scattering potential
for spin-up and spin-down neutrons.

References
1. L. M. Falicov et al., “Surface, Interface, and Thin-Film Magnetism,” J. Mater. Res.5 (6), 1299 (1990).
2. P. W. Rooney, A. L. Shapiro, M. Q. Tran, and F. Hellman, “Evidence of a Surface-Mediated Magnetically Induced Miscibility Gap in Co-Pt

Alloy Thin Films,” Phys. Rev. Lett. 75 (9), 1843 (1995).
3. G. P. Felcher et al., “Polarized Neutron Reflectometer: A New Instrument to Measure Magnetic Depth Profiles,” Rev. Sci. Instrum. 58, 609

(1987).
4. C. -W. Chen, Magnetism and Metallurgy of Soft Magnetic Materials(Dover Publications, New York, 1986), p. 38.

observed
fitted

X
-R

ay
 R

ef
le

ct
iv

ity

100

10-1

10-2

10-3

10-4

10-5

10-6

0.15 0.20 0.25

Q [Å]

0.05 0.10 0.300.00

X
-r

ay
 S

ca
tte

rin
g 

Le
ng

th
 D

en
si

ty
 [Å

]

14. 10-4

1.2 10-4

1.0 10-4

8.0 10-5

6.0 10-5

4.0 10-5

2.0 10-5

0.0 100

Depth into Sample,z [Å]

-100 0 100 200 300 400 500

MgOCoPt3Co
0.1

Pt
0.9

▲ FIGURE 3. Reflectivity of the bilayer sample measured with x-rays (o) at 296 K. The solid curve
is the profile calculated for a model structure whose x-ray scattering length density varies with depth
into the sample (inset). 

7  106

6  106

5  106

4  106

3  106

2  106

1  106

0  100

N
eu

tr
on

 S
ca

tte
rin

g 
Le

ng
th

 D
en

si
ty

 [Å
  ] Sample at 81 K

0 100 200 300 400 500-100

spin-up
spin-down

Depth into Sample, z [Å]
(a)

2

0

7  106

6  106

5  106

4  106

3  106

2  106

1  106

0  100

N
eu

tr
on

 S
ca

tte
rin

g 
Le

ng
th

 D
en

si
ty

 [Å
  ]2 Sample at 248 K

0 100 200 300 400 500-100

spin-up
spin-down

Å
2

Depth into Sample, z [Å]
(b)

7  106

6  106

5  106

4  106

3  106

2  106

1  106

0  100

N
eu

tr
on

 S
ca

tte
rin

g 
Le

ng
th

 D
en

si
ty

 [Å
  ]2 Sample at 296 K

0 100 200 300 400 500-100

spin-up
spin-down

Depth into Sample, z [Å]
(c)

▲ FIGURE 4. Splitting between the spin-up and spin-down neutron scattering length density profiles is indicative of the film magnetization corresponding to a particular depth into the sample.



LANSCE • Activity Report44

Research Highlights

Neutron reflection is used to address several prob -
lems of fundamental importance to adhesion and
aging of organic/inorganic interfaces. This tech -
nique can provide valuable information regarding
gradients in density, composition, and cross-link
density normal to a surface. We focus on water
adsorption, the segregation of low molecular weight
species to interfaces, and the density and cross-link
density of an epoxy near a substrate surface.

The phenomenon of adhesion and the loss of strength over
time for organic adhesive joints is influenced by many fac-
tors.1,2,3 Most research in this field has focused on the
extent and nature of the chemical bonds formed, continuum
stress analysis, and fracture mechanics. Chemical bonds
clearly play an important role and can be investigated by
various spectroscopic methods. However, interphase struc-
ture also plays an important role for many phenomena, yet
this aspect has not received as much attention due perhaps
to the experimental difficulties involved.4

In this work we used neutron reflection to study interphase
structure. Neutron reflection is ideal for such a study
because (a) the resolution of 5 to 10 Å normal to the sur-
face is sufficient to map out detailed gradients within the
interphase, which ranges from tens of angstroms to hun-
dreds of nanometers; (b) the interphase can be probed in
situ since the neutron beam can pass through a silicon sub-
strate or a thin organic film with low loss of intensity; and
(c) hydrogen/deuterium substitution can be used to opti-
mize contrast within the organic adhesive allowing the
determination of composition gradients. The present work
is concerned with thermosetting adhesives such as silicones
and epoxies.

Several important aspects of interphase structure, which
impact adhesion and the aging of joints, can be addressed
with neutron reflection. Interfacial chemical bonds are
often reversible over the required range of service tempera-
tures. The state of chemical equilibrium can be affected by
changes in local concentrations arising from preferential
segregation of low molecular weight components to the
interface or the adsorption of contaminants such as water.
Also, the stress distribution through the interphase, or at a
flaw or crack tip, plays a critical role in fracture. Gradients
in composition, density, and cross-link density can affect
stress distribution and energy dissipation mechanisms.
Such gradients are all amenable to study by this method.

Our work has focused on the preferential segregation of
non-bonded, low molecular weight components to an inter-
face (silicones), variations in density and cross-link density
normal to an interface (epoxies), and the accumulation of
moisture at interfaces (silicones and epoxies). The latter is
discussed as an example. 

The detrimental affects of water at organic/inorganic solid
interfaces are well known.1,5 However, the conditions
under which water will accumulate at an interface, and
how rapidly water is removed upon desiccation or evacua-
tion, are not well established. These questions have rele-
vance to items that are fabricated in ambient conditions and
then hermetically sealed in the presence of desiccant. We
have addressed these questions for silicone (polydimethyl-
siloxane or PDMS) films coated onto copper, nickel, alu-
minum, and silicon oxide surfaces. 

Thin ~300-Å films of PDMS were spun onto bare silicon
wafers and also onto wafers containing sputtered films of
c o p p e r, nickel, and aluminum. The reflectivity was initially
measured for the samples in the desiccated state. The sam-
ples were then exposed to air saturated with D2O at room
temperature, and the reflectivity was obtained as a function
of time until steady state was achieved. The presence of
moisture at the interface was easily detectable for PDMS on
nickel, copper, and aluminum. The result for copper is
shown in Figure 1(a). The volume fraction of D2O, obtained
from the fitted scattering length density profiles before and
after exposure, is shown in Figure 1(b). The data indicate a
thin water-rich layer adjacent to the copper oxide surface.
This result contrasts with results obtained for aluminum
films (not shown), where water penetrates into the oxide
layer rather than forming a layer at the interface.

The variation in reflectivity before and after D2O exposure
for PDMS on silicon oxide, shown in Figure 2, was near
the uncertainty in the measurement. Thus, a much greater
quantity of moisture accumulates at the interfaces of
PDMS with the metal films than for the interface of PDMS
with silicon oxide. This is likely due to the stronger inter-
action of PDMS with the silicon substrate. PDMS interacts
strongly with silicon oxide through hydrogen bonds,
whereas PDMS interacts more weakly with the metal
oxides. This direct measurement of the displacement of sil-
icone from a metal interface by water has implications for
corrosion resistance. We also addressed the question of
whether interfacial moisture is removed upon desiccation.
This indeed is the case for water adsorbed to the native
oxide of a sputtered aluminum film.

M. S. Kent, W. F. McNamara, D. F. Fein (Sandia National Laboratories), J. Majewski, G. S. Smith
(LANSCE Division), S. Satija (National Institute of Standards and Technology)

Studies Relating to Adhesion at Polymer/Solid Interfaces
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▲ FIGURE 1. (a) Reflectivity for a PDMS-coated copper film on a silicone wafer in the desiccated
state (red line) and in a saturated D2O atmosphere at 22°C (blue line). (b) D2O volume fraction pro-
file determined from best-fit scattering length density profiles. These data indicate a 16-Å D2O-rich
layer  at the interface under these conditions.
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We use neutron reflectivity to investigate the eff e c t s
of accelerated aging on tantalum nitride (Ta2N) thin
films. The long-term stability of Ta2N thin films used
as resistors in integrated circuits in weapons systems
becomes important when the design lifetimes are
exceeded. Nanoscratch and nanoindent testing of
Ta2N thin films processed under extreme conditions
in hydrogen and oxygen environments demonstrate
degradation of such film at the film/substrate and
film/air interfaces, respectively. The ability of the
neutron reflectivity experiments to probe buried
interfaces complements the mechanical tests.

Tantalum nitride (Ta2N ) thin film resistors, first produced
by Bell Laboratories, demonstrate excellent chemical, ther-
mal, and mechanical properties.1 The negative thermal
coefficient of resistivity of Ta2N makes it ideal for high-
power density applications. Used routinely in hybrid and
multichip modules, it is of particular interest for use in
weapons systems that require long-term (30 years or more)
electronics stability.

Typically, thin films of Ta2N are sputter-deposited on
ceramic substrates for their excellent thermal conductivity.
Sputter deposition creates large numbers of structural
defects and high compressive residual stresses.2,3 Ta2N
films are air-annealed to improve stability.4,5,6 There are
also proposals to add hydrogen during the deposition
process to control the microstructure motivated by observa-
tions that it suppresses crystalline growth in tantalum films. 

Nanoscratch and nanoindentation tests on Ta2N thin films
reveal differences in susceptibility to fracture, depending
on annealing conditions.7,8,9 When annealed in an oxygen
atmosphere, a thick tantalum oxide layer forms on Ta2N
film. This layer is prone to spallation both within the oxide
and along the oxide substrate interface (Figure 1a). Thin
films of Ta2N annealed in hydrogen also are prone to frac-
ture along the Ta2N/substrate interface (Figure 1b). The
enhanced susceptibility to interfacial fracture is attributed
to the segregation of hydrogen to grain boundaries and
other interfaces.9,10

Neutron reflectivity is an ideal technique to study multilay-
ered thin films and buried interfaces. It is used to determine
film thickness (t), coherent neutron scattering length densi-
ty (b), interfacial roughness (s), and interdiffusion of multi-
layered thin films. Neutron reflectometry is one of the few
techniques that can detect hydrogen at interfaces. The tech-
nique is particularly useful for understanding the effects of

aging or corrosion at buried interfaces, where we use it to
investigate the formation of a tantalum oxide layer and the
possible formation of a hydrogen-rich layer at the
Ta2N/substrate interface. The sensitivity of neutron reflec-
tivity to hydrogen enrichment at an interface is material-
dependent.11 Model calculations for the Ta2N/SiO2 inter-
face demonstrate a minimum sensitivity to an ~20-Å-thick
layer with one hydrogen atom per Ta2N.12,13

We prepared samples for neutron reflectivity on 0.2-in.-
thick silicon (111) wafers. Initial experiments proved that
highly polished aluminum oxide and aluminum nitride
ceramic substrates are too rough. We then cleaned the sili-
con wafers by sputter etching, then passivated them with a
thermally grown silicon oxide layer. After sputter coating
the substrates with a nominally 700-Å-thick Ta2N layer, we
treated three Ta2N samples separately under different
atmospheres. The first, a control sample, was annealed in
vacuum at 300°C for 100 h. The second was annealed in an
ultra-pure hydrogen atmosphere at 300°C, 1000 psi, for
100 h. The third was annealed in a furnace open to air at
600°C, 1 atm, for 100 h.

The neutron measurements were made on the time-of-flight
SPEAR reflectometer at the Lujan Center. Typical data col-
lection times were 3 to 4 h.

Data analysis consisted of building a reasonable structural
model for which a theoretical reflectivity curve is calcu-
lated using the iterative, dynamical method.14 Each layer in
this model was defined by a density, a thickness, and a root
mean square roughness. The substrate was treated as a
layer of semi-infinite thickness with the top surface defined
as z = 0. We modeled sharp interfaces or interfaces with
diffusion profiles between regions of different density and
refined calculated curves that compared favorably with the
experimental data using a Marquardt-Levenberg nonlinear,
least-squares fitting routine to obtain the best fitting para-
meters. The fits included an additional parameter to nor-
malize the calculated reflectivity to the data.

T. Rieker, P. Hubbard (University of New Mexico), J. Majewski, G. Smith (LANSCE Division), N. Moody
(Sandia National Laboratories, California)
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▲ FIGURE 1. Optical micrographs of microscratch tests on (a) air-annealed Ta2N, which shows 
fracture occurred within the oxide and along the oxide substrate interface, and (b) hydrogen-charged
Ta2N, which shows fractures occurred along the film substrate interface.
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Figure 2 shows the reflectivity curve for the oxygen-
annealed sample with a curve fitted to the data that yields
the layer model shown in the inset. Note the formation of a
2100-Å-thick tantalum oxide (Ta2O5) layer at the air/Ta2N
interface. This layer is five times thicker than the Ta2N
layer consumed in its formation. This swelling generates
cracks in the thin film that are visible in reflected light. 

Figure 3 shows neutron reflectivity data for the hydrogen-
annealed sample, and a fit to the scattering data that yields
the layer model shown in the inset. Analysis shows the
presence of a 90-Å-thick, negative scattering length density
layer on top of the Ta2N film. All atomic species in this
study, except hydrogen, have a positive scattering length.
Therefore, the overlayer is rich in hydrogen and most likely
a mixture of tantalum hydride and nitride. Models that
introduced layers at the Ta2N/SiO2 interface, or that model
diffusion profiles, were inconsistent with the data. 

Condensed-Matter Science and Engineering

▲ FIGURE 2. Neutron reflectivity data (O) for the Ta2N sample annealed in air and fit (-) to the data
that yields the neutron scattering length profile displayed in the inset; the table lists best model fit
parameters.
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Therefore, we see no evidence of a hydrogen-rich layer at
the Ta2N/SiO2 interface. The expected hydrogen-rich layer
may be below our detection limits or may be obscured by
the hydride layer at the gas/Ta2N interface. 

In conclusion, both samples demonstrate the formation of
surface-reaction layers. The oxygen-annealed sample
demonstrates the formation of a thick tantalum oxide layer
at the air/Ta2N interface. The tantalum oxide layer is five
times thicker than the consumed fraction of the Ta2N layer,
producing visible (micron sized) cracks in the sample that
weaken the film. Scattering results from the hydrogen-
annealed sample show the formation of a tantalum-hydride
surface layer. Fits to the scattering data are inconsistent
with hydrogen enrichment at the Ta2N/substrate interface.
We assume from microscratch tests that hydrogen enrich-
ment does indeed occur, but is below our detection limit or
is obscured by the formation of a surface hydride layer.

▲ FIGURE 3. Neutron reflectivity data (O) for the Ta2N sample annealed in hydrogen and fit (-) to
the data that yields the neutron scattering length profile displayed in the inset; the table lists best
model fit parameters.
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Supported lipid bilayers containing proteins on solid
substrates are novel materials for potential biosensor
applications. When transmembrane proteins are
inserted into supported lipid bilayers, they are gener-
ally nonfunctional. This effect is because of the
unfavorable interactions of the protein with the
underlying substrate. This highlight presents results
of neutron-reflectivity experiments for a system that
uses a soft polymer to serve as a cushion for the lipid
bilayer—separating it from the underlying substrate.
Moreover, the floating bilayer retains fluidity—more
closely mimicking an actual biomembrane.

Solid-supported biomembranes have been used as simple
systems to enhance our understanding of the structure-
function relationships of cell membranes. The solid support
enables one to probe the structure of biomembranes using a
number of techniques: atomic force, fluorescence and
reflection interference contrast microscopy, surface forces
apparatus, Fourier transform infrared and surface plasmon
spectroscopy, ellipsometry, and neutron reflectivity. The
membrane usually is separated from the substrate by a 10-
to 20-Å-thick layer of water. While lipid molecules are able
to freely diffuse laterally within the membrane, protrusions
normal to the surface are dampened by the substrate.
Furthermore, transmembrane proteins containing extracel-
lular domains with dimensions larger than the 20 Å can be
immobilized due to direct interaction with the solid 
support.1,2,3

One strategy for decoupling the membrane from the under-
lying surface is to rest it on a soft, hydrated polymer film,
like the cytoskeletal support found in a mammalian cell.
Sackmann reviewed various approaches to create such
polymer-lipid composite films.4 In this study, we used neu-
tron reflectivity to probe the structure of lipid bilayers
physisorbed onto a polymer thin film (Figure 1). The poly-
mer was polyethyleneimine (PEI), which is highly swollen
and positively charged in aqueous environments.

The common methods used to form biomembranes onto
surfaces are vesicle fusion5,6,7and the Langmuir-Blodgett
(LB) technique. We evaluated these techniques by neutron
reflectivity. The first method we chose involves polymer
adsorption and vesicle fusion. We prepared small unilamel-
lar vesicles of dimyristoylphosphatidylcholine (DMPC),
which have been shown to form bilayers on quartz sub-
strates.8

When vesicles were added to a polymer film that was
preadsorbed on quartz, a very inhomogeneous and complex
surface structure was formed, as indicated in Figure 2(a).

J. Wong,* C. Park, M. Seitz, J. Israelachvili (University of California at Santa Barbara), J. Majewski, 
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▲ FIGURE 1. Schematic of the polymer-supported bilayer.
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▲ FIGURE 2. (a) Neutron reflectivity curve at the D2O-quartz interface, after vesicles were adsorbed
onto a PEI-coated quartz substrate. The multiple peaks at low Qz values indicate that 500 – 600 Å
structures are present. The solid curve is the fit using the box model. (b) The resulting scattering
length density is not due to a single bilayer above the PEI cushion.
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In contrast, we found that DMPC vesicles adsorbed to bare
quartz to form an almost perfect bilayer. We saw significant
changes in the neutron scattering profile compared to
DMPC on bare quartz after we added PEI to the system
(Figure 3). To account for the change, we tried to accom-
modate the location of the polymer at the physically allow-
able positions: above the outer lipid layer, below the inner
lipid layer, and both above and below the lipid layer. This
procedure showed that the only reasonable fit occurs when

the PEI/D2O is located between the quartz substrate and
the inner phospholipid monolayer. The notion that PEI
could crawl underneath the lipid bilayer and lift it up may
sound implausible. However, PEI is positively charged and
would rather sit next to the quartz. Further, the PEI-DMPC
interaction is weak and allows the energetically favored
PEI to displace the bilayer.

The second method of preparation involves both the LB
technique and vesicle fusion. We can deposit a monolayer
of lipid molecules onto a solid substrate by raising the sam-
ple through the air-monolayer-water interface. For our
polymer-supported bilayers, we added a polymer solution
to the subphase, allowing the polymer to adsorb strongly to
the negatively-charged quartz substrate before depositing
the lipid monolayer. Although the PEI-monolayer adsorbs
well, when this surface is passed through the lipid mono-
layer a second time, the first monolayer peels off due to
weak interaction between the DMPC and the PEI. To avoid
this peeling and create the second layer, we used vesicle
fusion. In this case we found similar reflectivity curves as
the single DMPC bilayer on the polymer cushion (data not
shown here) indicating this is another method to form poly-
mer-supported bilayers.

In conclusion, neutron reflectivity has allowed us to inves-
tigate biologically relevant bilayer structures at the solid-
liquid interface. We found that DMPC vesicles added to
PEI-coated quartz substrates lead to a nonhomogeneous
structure consisting of a mixture of vesicles and lipid mul-
tilayers. In contrast, PEI appears to diffuse underneath a
preformed DMPC bilayer, cushioning the bilayer from the
underlying quartz substrate. Thus, this method may be a
simple way to prepare softly supported biomembranes that
can be used for biosensor applications.

*J. Wong is currently at Boston University, Department of
Biomedical Engineering.
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▲ FIGURE 3. (a) Neutron reflectivity profile of a DMPC bilayer at the D2O-quartz interface after addi -
tion of PEI. Solid curve is a fit using box models. (b) Corresponding scattering length density profile.
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The discovery of the framework substituted microp-
orous materials titanium silicalite-1 (TS-1) and iron
silicalite-1 (FeS-1) was one of the most important
developments in heterogeneous catalysis within the
last decade. These materials exhibit extremely high
selectivity in oxidation reactions using hydrogen
peroxide, with water as the major byproduct. A full
understanding of the remarkable catalytic properties
of these materials requires a detailed picture of the
local structure at the active site. We have used neu-
tron diffraction and inelastic neutron scattering
studies to determine the location of the substituted
titanium atoms in the zeolite framework and to iden-
tify intermediate species in the oxidation of propy-
lene by hydrogen peroxide at the titanium site.

Catalysis provides economic advantages by allowing chem-
ical reactions to occur more rapidly, which results in
reduced capital outlay, reduced energy costs, and reduced
waste generation. Catalysis cuts across all U.S. industries;
products from catalysis account for 20% to 30% of the
gross national product. For this reason, the development of
novel catalysts is an ongoing effort of major importance.
Innovations are needed with respect to the efficiency of the
catalyst, selectivity of the reaction products, separation
efficiency of these products, and improved environmental
properties of the byproducts of the reactions.

A number of oxidative transformations of alkanes and
arenes represent a great scientific challenge and technologi-
cal opportunity. Many of these transformations (Figure 1)
are known and practiced commercially but at low efficien-
cies. The occurrence of other undesirable byproducts is a
common problem that many current catalysts exhibit. A
significant advance in the field of oxidation catalysis was

realized when an Italian group synthesized1 the first mem-
ber of a family of titanosilicate zeolites called TS-1. The
interest in these titanium-containing microporous materials
lies in their catalytic properties.2 In the presence of hydro-
gen peroxide, these materials selectively oxidize alkanes to
alcohols or aldehydes, alkenes to epoxides, alcohols to
aldehydes or ketones, and phenol to catechol and hydro-
quinone under moderate conditions (0–100°C, 1 atm). The
byproduct of TS-1 catalyzed oxidation is water.

The titanosilicate zeolites (TSZs) are the most exciting cat-
alytic systems discovered in years because of their catalytic
properties and their ability to form an environmentally
benign byproduct (water). Oxidation reactions in TSZs occur
in the sterically restricted channels of a zeolite, resulting in
unusual selectivity. Zeolite catalysts for other chemical
processes are extremely important because of the selectivity
and high yields that provide economic advantages inherent
in processes that avoid waste generation. It is also important
to note that non-zeolitic titanosilicates and anatase (TiO2)
are completely inactive for these reactions, and it is only
when titanium is site-isolated in the zeolite framework that
active, selective oxidation catalysis is observed.

Many catalysts are solid materials that have a low concentra-
tion of active sites—low enough to consider them as having
active sites that are isolated from one another. This site-iso-
lation is thought to give rise to catalytic activity and selectiv-
ity. However, the low concentration of active sites presents
challenges to scientists attempting to study the structure and
mechanism of these catalytic reactions. A dearth of tech-
niques is available to address these issues. This lack of
knowledge of details at the atomic level is a significant bar-
rier to the ability to design and synthesize more active and
selective catalysts for a desired chemical reaction.

We have concentrated on using neutron diffraction and
scattering techniques to determine short- and long-range
order in these systems, using nuclear magnetic resonance
techniques to develop probes for short-range ordering of
active sites and for fundamental physical chemistry of
porous systems, and using theory to help interpret experi-
ments and to develop new theoretical methodologies to
deal with these large, complex systems. Much of our work
has focused on the TS-1 catalyst.

Site-isolated metal species are often critical for catalytic
activity and selectivity. The siting of the active metal ion
species will determine the local coordination environment
around the active species and is thought to be important for
determining the catalytic properties. To date, very little defin-
itive information is available to address these issues. The
very nature of site-isolated metal species requires that they be

K. C. Ott, C. Hijar (Chemical Science and Technology Division), J. Eckert (LANSCE Division)
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dilute within the host, which implies that these species may
be disordered or partially ordered within the host.

Because of the low concentrations and the small differences
in x-ray scattering between silicon and the transition elements
of interest (titanium, vanadium, iron, etc.), x-ray diffraction
cannot be used to determine the location or site occupancies
of the minority metal species in the zeolite host. For some
elements, titanium being one of them, differences in neutron
scattering properties can give rise to adequate contrast in the
neutron diffraction experiment to determine the locations and
site populations of dilute species. This is the case for TS-1,
where x-ray diffraction has failed to yield any useful informa-
tion about the location and site populations of the titanium
ions in the framework. We have, therefore, collected neutron
diffraction data at the Lujan Center on a number of samples
of TS-1 in an attempt to define the locations of the 2–3 at.%
titanium that may be distributed among the 12 crystallograph-
ically distinct silicon sites present within this particular zeo-
lite structure type (Figure 2). Rietveld analysis of our data
clearly indicates that titanium is sited preferentially at only 4
or 5 of the 12 possible sites. Moreover, all of these sites are
located at the intersection of the channels in the structure and
thus may more readily accommodate the titanium atoms with
the attendant larger Ti-O distance. This siting may also
explain the exceptional acitivity of TS-1, as these sites are
more accessible to the reactant molecules. Further support for
this conclusion comes from the fact that titanium-substituted
ALPO-type zeolites do not show any activity compared with
TS-1, as there are no intersecting channels for siting the tita-
nium atoms.

Given the new structural information about the active sites
in TS-1, we can now address the question of how reactants
interact at this site and how the oxidation reaction pro-
ceeds. We have employed inelastic neutron scattering (INS)
vibrational spectroscopy to obtain details of the interactions
between H2O2 and the zeolite TS-1 host before, during,
and after the oxidation of propylene to propylene oxide.
The initial steps of this process are shown schematically in
Figure 3.3 INS spectroscopy has a distinct advantage over
the analogous optical techniques (IR absorption, Raman

scattering) in that the vibrational modes of any H-contain-
ing adsorbate molecule will dominate the spectrum relative
to that of the zeolite framework, whereas the reverse is true
for the optical techniques.

The experiments were carried out in situ on the FDS instru-
ment at the Lujan Center. INS spectra of TS-1, with one
molecule H2O per titanium, show evidence for the pre-
sumed hydrolysis of a Ti-O-Si bond by way of the observa-
tion of Ti-OH bending modes. TS-1 was then loaded with a
coverage of one molecule H2O2 per titanium atom, which
resulted in a spectrum characteristic of a (H2O)TiOOH
complex. Subsequent addition (at T = 250,000) of
perdeuterated propylene (which is nearly “invisible” in the
INS) shows the effects of the formation of a propylene
complex at the titanium site by the “disappearance” and/or
shifting of the bands related to the water/hydrogen perox-
ide complex. These results are being interpreted by com-
parison with theoretical calculations of INS spectra. This
type of analysis is very powerful and is expected to provide
more detailed information on the precise nature of the
above intermediates and (upon repeat of the experiment
with normal propylene and deuterated hydrogen peroxide)
the nature of the intermediate propylene complex as well.
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▲ FIGURE 2. Structure of TS-1 determined by neutron diffraction. Silicon sites are shown in yellow,
and sites with high likelihood of titanium occupancy instead of silicon are shown in color according to
the key.
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▲ FIGURE 3. Interaction of water with the titanium site in TS-1 (left) and water/hydrogen peroxide
(right). INS spectroscopy has provided direct evidence for the first steps in both of these reactions.
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The high-energy neutron source at LANSCE pro-
vides a capability for accelerated neutron testing of
semiconductor devices. This testing is important
because neutrons are thought to be a significant
threat to semiconductor devices at aircraft altitudes
and below. The shape of the neutron spectrum pro-
duced at LANSCE is very similar to the spectrum of
neutrons produced in the atmosphere by cosmic rays
but is greater than 5 orders of magnitude more
intense. Over the past 5 years, many companies have
used the LANSCE beam to study various failure
modes caused by neutron radiation. These failure
modes include single-event upsets, multiple-event
upsets, latchup, gate rupture, and so forth.

Since 1992 many companies, including Texas Instruments,
the Boeing Company, Hewlett Packard, Lockheed Martin,
Digital Equipment, Intel, and so forth, have used the high-
energy neutron source at LANSCE to study the effect of
neutron radiation on semiconductor devices. Neutron radia-
tion has become a concern since it was recognized that
neutrons can induce failures in semiconductor devices.
Neutrons are produced by galactic and solar cosmic rays
reacting with the nuclei in the atmosphere. Although most
of the primary cosmic rays and the charged particle compo-
nent of the cosmic-ray shower are absorbed by the atmos-
phere, neutrons, because they have long mean-free paths,
reach aircraft altitudes and below. These neutrons can inter-
act with the material in the semiconductor device and cause
charged recoils and secondary particles that deposit charge
and energy in the devices. This charge deposition can initi-
ate so-called single-event effects in semiconductor devices.

Single-event effects include single-event upset (SEU), mul-
tiple-event upset (MEU), single-event latchup, single-event
burnout, gate rupture, etc. Single-event upsets occur when
a memory location changes its state because of charge
deposited by an energetic particle. SEUs typically occur at
a rate of approximately 10-9 upsets per bit per hour at air-
craft altitudes. Although this type of failure may be correct-
ed by error checking, increased costs and a loss of perfor-
mance are associated with this solution. MEUs, where sev-
eral memory locations are altered, have been measured to
be a few percent of the single-event rate. MEU failures
may be more difficult to correct than SEUs. Failures such
as latchup, which are significantly less frequent, may be
more serious because they cannot be corrected and usually
require turning off the device to eliminate the latchup.
Other failure modes occur in high-power devices in which
the neutron initiates a charge particle cascade that causes

the device to draw large currents. In these devices, the fail-
ure rate strongly depends on the applied voltage. It is
observed that the failure rate increases dramatically above
a critical threshold voltage that may be significantly less
than the rated voltage of the device.

An experimental area that is dedicated to accelerated neu-
tron testing is located on the 30°L (left of the incident pro-
ton beam) flight path at the high-energy neutron source at
LANSCE. The shape of the neutron spectrum on the 30°L
flight path along with the cosmic-ray flux (multiplied by 
3 x 105) is shown in Figure 1. As shown in the plot, the
shape of the LANSCE spectrum is very similar to the cos-
mic-ray induced neutron spectrum but more than 5 orders
of magnitude more intense. The integrated neutron flux
above 1 MeV is approximately 106 neutrons per cm2 per
sec. This large intensity allows testing of semiconductor
devices at a greatly accelerated rate in which 1 hour of
exposure at LANSCE is equivalent to more than 30 years
of flight experience.

The shape of the neutron spectrum may be altered by plac-
ing absorbing material in the beam to reduce the low-ener-
gy intensity relative to the high-energy part. Figure 2
shows the effect on the shape of the neutron spectrum
obtained by adding various amounts of polyethylene
absorbers in the neutron beam.

The devices under test may be placed in air in the neutron
beam, which has a spot-size diameter of approximately 
10 cm. Because the neutrons are not strongly absorbed by
the device and the supporting boards, several devices may
be placed in the neutron beam, one behind the other. The
irradiation space is in a building that cannot be occupied
while the beam is on. A second building, which is located

S. Wender (LANSCE Division)

Accelerated Neutron Testing of Semiconductor Devices
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approximately 20 ft away, is where the control instrumenta-
tion is placed and can be occupied while the beam is on. 

On April 20, 1998, the LANSCE User Group sponsored a
workshop to discuss high-energy neutron irradiation of
semiconductor devices. The workshop was held in conjunc-
tion with the Single-Event Effects Symposium held in
Manhattan Beach, California. Continued use of LANSCE
as an irradiation test facility was strongly endorsed by the
participants of this workshop.
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We have combined our expertise in assembling and
operating microwave power sources with the materi -
als science expertise of Materials Science and
Technology Division to provide a unique millimeter-
wave materials processing facility. The facility pro -
vides both quasi-optical and multi-mode microwave
beams over the frequency range of 30 GHz to 84
GHz to demonstrate unique materials processing
features not possible at the normal processing fre -
quencies.1

Microwave processing of materials has traditionally used
frequencies in the 0.915- and 2.45-GHz frequency regions.
Microwave power sources are readily available at these fre-
quencies, but the relatively long wavelengths can present
challenges in uniformly heating materials. An additional
difficulty is the poor coupling of ceramic-based materials
to the microwave energy. Working with the National Center
for Manufacturing Sciences, we have assembled a high-fre-
quency demonstration processing facility using gyrotron-
based radio-frequency (rf) sources. The facility is primarily
intended to demonstrate the unique features available at
frequencies as high as 84 GHz. We are preparing a new
facility to demonstrate the sintering of ceramics at 30 GHz.

Figure 1 shows the gyrotron equipment and processing
chamber associated with the 37/84-GHz quasi-optical
material processing system. The system was provided by
the Paton Welding Institute, Kiev, Ukraine. The gyrotron
tubes were manufactured by the Sayute company in Russia.
Replacement tubes now come from GYCOM of Nizhny

Novgorod, Russia. The gyrotrons for this system require a
superconducting magnet, which is the cylindrical structure
above the cabinet to the right in Figure 1. The entire sys-
tem includes high-voltage power supplies and a control
console not shown. This system can be operated with an
84-GHz tube or a 37-GHz tube at power levels from a few
hundred watts to 10-kW continuous wave (cw). The system
may also be operated in a pulsed mode.

The system features a quasi-optical beam which may be
tailored to the processing application by combinations of
dielectric lenses and metal mirrors. In addition to adjusting
the beam distribution, the mirrors may be scanned to sweep
the beam across a large area sample. The beam may be
focused to a spot or line distribution or metal masking may
be used to provide more precise patterns. 

Processing is done primarily in an air environment,
although we sometimes insert the sample within a quartz
tube and back fill the tube with an inert gas. A blower sys-
tem fitted with a HEPA filter draws gas byproducts clear of
the processing environment. The process may be viewed
through water-filled, microwave-screened windows. We
have a thermal-imaging camera and other thermal-detecting
equipment available to document the process.

A major advantage of this kind of quasi-optical beam is for
dedicated zone heating applications in which adjacent
materials are not heated.

Figure 2 shows the 30-GHz ceramic sintering system. The
gyrotron is located in the left bay. The housing that fills the
bottom of both bays is an optical transmission line.
Gyrotron output is converted from a TE02 mode to a quasi-
optical pseudo-Gaussian mode to transport it to the pro-
cessing chamber. The bottom surface of the transmission
line is covered by microwave lossy tiles to absorb energy
reflected from the processing chamber. The processing
chamber fills most of the right-hand bay.

The 30-GHz multi-mode cavity processing system pro-
duced by the Initiative of Applied Science, Nizhny
Novgorod, Russia, was originally intended for the sintering
of ceramics.2 The processing chamber has a uniform field
region of about 1 cubic foot allowing bulk heating of sam-
ples in a controlled environment. A computer-based control
capability offers the unique ability to program a variety of
processing cycles with repeatable characteristics. In 
Figure 3, a sample temperature profile shows the actual
temperature of a processed part as it follows a programmed
function.

T. W. Hardek, D. E. Rees (LANSCE Division), J. D. Katz (Materials Science and Technology Division)

Microwave Beams for Material Processing

▲ FIGURE 1. The quasi-optical gyrotron processing system uses lenses and mirrors to tailor materials
processing applications.
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Figure 4 shows a typical material-processing fixture.3 This
particular fixture was designed for a silicon carbide joining
experiment. The fixture holds two cylindrical pieces of sili-
con carbide under tension. The motor to the right rotates
the disks allowing the gyrotron beam access to all sides of

the material. The video image in Figure 5 shows the mater-
ial being heated by the gyrotron beam. The beam was
focused to a spot of about 1 cm in diameter and directed at
the joint region between the two cylindrical samples. 

Figure 6 shows another processing fixture.3 Here a hairpin
spring is used to hold the sample in place. The sample is
metallic and is indirectly heated by directing the beam onto
a microwave lossy material surrounding the sample.

References
1. J. D. Katz and D. E. Rees, “Quasi-Optical Gyrotron Materials Processing at Los Alamos,” Ceramic Transactions 59, 141–147 (1995).
2. Y. Bykov, A. Eremeev, and V. Holoptsev, “Comparative Study of Si3N4-Based Ceramics Sintering at Frequencies 30 and 83 GHz,” in 
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3. V. Skliarevich, consultant for NCMS, and M. Shevelev and P. Syrovets, Paton Welding Institute, Kiev, Ukraine, 

▲ FIGURE 3. This sample temperature curve demonstrates the unique ability of the gyrotron sinter-
ing system to repeat characteristics of processing cycles.

▲ FIGURE 4. A silicon carbide joining fixture used in the quasi-optical gyrotron processing system.

▲ FIGURE 5. Video frame showing the heating pattern produced by a 37-GHz
beam spot focused onto the silicon carbide samples shown in Figure 4.

▲ FIGURE 6. A material joining fixture used in the quasi-optical gyrotron processing system.

▲ FIGURE 2. The gyrotron sintering system allows for bulk heating of sam-
ples in a controlled environment.
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We have developed small-angle neutron scattering
(SANS) as a nondestructive method to measure the
external surface area per gram and internal void
size distributions in crystalline high explosives. In
this work, we highlighted the surface of the crystal -
lites or the internal voids by immersing the sample
in a uniform fluid of known neutron scattering
length density; thus changing the contrast of the
crystals against the background. This approach is
known as the method of contrast variation. The
SANS measurements were done on the high explo -
sive, HMX, in both fine and coarse crystalline pow -
ders and in pressed pellets. Detailed analysis showed
that the external surface area per gram is larger in
fine versus coarse crystalline powders, and that the
fabrication of pellets by pressing has little or no
effect on the measured surface area. The analysis
also showed that fine material had considerably
smaller internal voids than coarse and that pressing
reduced the mean size of both to about the same
absolute value.

High explosive (HE) materials are composites, consisting
of a crystalline HE and a polymeric binder. These materials
possess both naturally occurring and process-related
defects that can produce locally heated regions—hot
spots—under conditions of impact or shock, for example.
Hot spots are thought to occur by conversion of mechanical
work into thermal energy through viscous void collapse.1

The critical hot spot temperature is known to be dependent
upon both the size and shape of the defect, so shifts in the
pore size distribution in an explosive can markedly change
the explosive response.1 Though larger pores (>1 mm
diameter) are generally thought to be of more consequence
in generating hot spots, recent molecular dynamics simula-
tions2 have shown that nanometer-sized defects can have
profound effects on the shock to detonation transition.
Prediction of an explosive’s response requires accurate
measurements of a number of parameters for the HE com-
posite structure, particularly surface area, porosity, and
pore size distributions. We used SANS as a nondestructive
measurement of these parameters on the nanometer to tens
of nanometers scales to complement measurements by
other structural probes such as optical microscopy and
scanning electron microscopy.3

In these studies, we used SANS to measure the structure of
coarse (C-HMX) and fine (F-HMX) grade powders of the
HE, HMX, as well as to measure pellets of each pressed to

93% (C-93) and 90% (F-90) theoretical maximum density
(TMD), respectively.

Scattering arises from the average squared scattering length
density fluctuations in the sample, <∆ ρ2>.  Scattering
length density, ρ(r), is defined as the sum of the neutron
scattering lengths for all the nuclei within a small sample
volume at position r in the sample, divided by that volume.
For HMX in air, the scattering is dominated by diff e r e n c e s
in ρ between the voids and inter-crystal spaces, where 
ρ ≈ 0, and the HMX crystal, where ρ = 4.5 x 1 01 0 c m- 2.
Our problem in measuring external surface and porosity is
to differentiate between these two contributions to the scat-
tering. Suppose we immerse the HMX crystals in a fluid
with the same scattering length density as HMX. Then the
contributions to <∆ ρ2> from the intercrystal spaces can be
suppressed, leaving the dominant contribution to the scatter-
ing from the voids. In contrast to this case, suppose the
fluid has a very different ρ from HMX; then the scattering
from the <∆ ρ2> between the intercrystal spaces and the
HMX crystals will predominate. We can make such a fluid
with adjustable ρ by mixing cyclohexane, C6H1 2, with its
deuterated counterpart, C6D1 2. In this case, we use the larg e
d i fference in ρ between hydrogen and deuterium to adjust
the scattering length density of the fluid, ρf, from –0.28 x
1 01 0 c m- 2 to 6.68 x 1 01 0 c m- 2.  In this, the method of con-
trast variation, we measure the scattering at several ρf, then
use the fact the intensity will be parabolic with ρf, 3 - 5

Thus, we find the scattering at the zero contrast point,
Iζ(Q), by interpolating to ∆ ρ = (ρ - ρf) = 0, the zero con-
trast point. The crystallite shape scattering, IΩ(Q), is deter-
mined by extrapolating to ∆ ρ = ∞, the infinite contrast
point. With the scattering functions thus separated, we can
determine the crystal external surface area from the Porod
Law for the shape scattering,6

where S is the surface area. The zero contrast scattering
function is modeled by assuming Guassian distributions of
spheres to give a measure of the void size distributions in
the crystals.

The crystallite shape scattering functions, IΩ(Q), for the
coarse and fine powders and pressed samples are shown in
Figure 1. All samples displayed scattering that can be mod-
eled using Equation (2). The results (Table 1) show that the
fine crystals have significantly higher surface area than the

R. P. Hjelm (LANSCE Division), J. T. Mang, C. B. Skidmore, P. M. Howe (Dynamic 
Experimentation Division)

Parameterization of Structures in Energetic Materials

     I(Q, ∆ρ) = ∆ρ2IΩ(Q) + ∆ρIΩ ,ζ(Q) + Iζ(Q) . (1)

   lim
QR >>1

IΩ Q = 2π
Q4S , (2)



TABLE 1.  Parameters Extracted from SANS Measurements of HMX

Sample Surface Internal Void Mean Pore Diameter
area (m2 g-1) fraction, φv Diameter (Å)       RMS (Å)

HMX-C 0.45 — 560 320

HMX-F 3.61 0.08 112 104

C93 0.65 0.04 98 46

F90 2.64 0.05 34 10
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coarse, as expected. Pressing induces a slight increase in S of
the coarse material, probably due to breaking of the crystals.
There is a decrease in S for the fine material. The scattering
at zero contrast, or internal shape functions, Iζ(Q), are shown
in Figures 2(a) and 2(b). The void size means and the root
mean deviations (RMS) from the sphere probe analysis
(Table 1) show that, as expected, the voids are significantly
larger in the coarse than in the fine material. Pressing reduces
the dimensions of the pores significantly in both cases, the
likely cause of which is void collapse and internal cracking.

Our results demonstrate that SANS is a powerful tool for
use in the characterization and surveillance of HE materials.

With SANS, we can obtain in situ measurements of surface
area and quantitative measurements of internal void popula-
tions as well as changes in these quantities dependent upon
external insult. These results indicate that there is signifi-
cant structure in HMX in the range of 10 to 1000 Å, which
may influence the shock-to-detonation transition.2

▲ FIGURE 2. Internal structure scattering functions, Iζ(Q) for HMX. (a)  Coarse HMX. (b) Fine
HMX. Lines are fits to the distributions for the pore diameters with mean and RMS values given in
Table 1. 
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The Experimental Physics and Industrial Control
System (EPICS) is a widely used control-system-
development tool kit that originated in the
Accelerator Controls, Automation, and Computer
Networking Group (LANSCE-8). In the past 2 years,
both the technological and the sociological (collabo -
rative) aspects of EPICS have grown significantly.
The collaboration now has just under 100 partici -
pants, and new technological developments are
being applied to LEDA experiments at LANSCE.

EPICS: The Collaboration
EPICS is a control-system tool kit based on the ground-
test-accelerator control system developed initially by 
LANSCE-8 at Los Alamos National Laboratory, and later
jointly with the Advanced Photon Source (APS) Controls
Group at Argonne National Laboratory. Starting in 1993,
other laboratories joined this collaboration, and by early
1998 ninety-five laboratories worldwide were participating,
with more applications pending (Figure 1.) The tool kit is
distributed free of charge to not-for-profit organizations,
universities, and national laboratories. In addition, two
commercial licensees have installed the tool kit for various
large industrial applications, ranging from wastewater treat-
ment to wind tunnels.

The EPICS tool kit has become the method of choice for
accelerator and telescope control systems. Besides the APS
and the Continuous Electron Beam Accelerator Facility at
the Thomas Jefferson National Accelerator Facility
(TJNAF), new accelerators under construction or proposed
for construction have also selected EPICS. These include
the Swiss Light Source, the Japanese B-Factory, the
Spallation Neutron Source at Oak Ridge National
Laboratory, and the Next Linear Collider, a 30-km-long
behemoth proposed by the Stanford Linear Accelerator
Center. The largest new telescopes, KECK II and Gemini,
also use EPICS, as do many of the detectors planned for
new accelerator facilities, such as the relativistic heavy-ion
collider at Brookhaven National Laboratory.

Although the core parts of EPICS are still maintained at
Los Alamos and APS, a large fraction of EPICS collabora-
tors contribute significantly to both system improvements
and new applications. Mutual assistance is provided with
an internet “exploder,” and the collaborators meet two to
three times a year to share experiences and plan direction.
A recent (April 1998) collaboration meeting at Los Alamos
drew over 60 participants from 25 institutions in Europe,
Asia, and the U.S.

Previously, LANSCE personnel frequently visited other
sites to provide training and help with the installation of
EPICS systems. In the past 18 months, however, we have
held a series of week-long workshops (one every few
months) at which hands-on training is provided to a maxi-
mum of 8 new EPICS users. These workshops have been
extremely successful, and each one has drawn nearly twice
as many applicants as space allows. Participation has been
worldwide.

Development of the EPICS Tool Kit and Its
Applications to LEDA
EPICS is a distributed system that uses the popular client-
server architecture. Input/output controllers (IOCs) with
local processors are distributed close to sensors and actua-
tors, and workstation-based consoles are located at local
control stations and in a central control room. The most
common implementations use UNIX workstations as
clients, and VME and VXI chassis with Motorola series
single-board computers as local processors. (VME is an
electrical and mechanical standard for housing elec-tronics
modules, and VXI is a similar standard that is used when a
much-improved electromagnetic interference environment
is required.) 

The IOCs and clients are linked on a standard transmis-
sion-control-protocol/internet protocol network (TCP/IP),
generally but not necessarily implemented with Ethernet.
The higher level protocol used by EPICS on this network is
known as channel access (CA), developed at Los Alamos
and optimized for performance. The database, which
describes the complete configuration of I/O signals and
devices and their interrelationships, is distributed among
the IOCs. Unlike conventional accelerator control system
databases, the EPICS database contains links between data-
base elements, or records, which can then be executed in

D. P. Gurd (LANSCE Division)
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EPICS Developments and the EPICS Collaboration

▲ FIGURE 1. Worldwide EPICS distribution—95 sites.



These new features are all available in the LEDA control
system currently under development at LANSCE, and
many are being used. The control-system layout is pictured
in Figure 2. The diagram shows three varieties of IOC:
Pentium-based PC IOCs in addition to the traditional
VME- and VXI-based IOCs. These PC IOCs were intro-
duced and commissioned on the LEDA rf window test and
are being incorporated in the high-power rf control system.
It appears possible to configure a PC IOC for under $1000,
as compared to approximately $5000 for the VME-based
IOC it replaces. We are minimizing the risk in using this
new technology by limiting the number and types of I/O
devices driven by PC IOCs. In particular, the high-power rf
systems are being interfaced exclusively through vendor-
supplied, commercial, programmable-logic-controller inter-
faces, for which a new EPICS software driver was written.

Software I/O drivers for “industry pack” (IP) modules have
also been developed in association with the PC IOC devel-
opment project. These inexpensive commodity modules
can be mounted in both PC and VME formats, and so bring
another level of commonality to the various form factors
and buses that can be used with EPICS. A new archi-ver
client suitable for the long-term production running
required at LEDA was also developed for this project and
is being commissioned on the rf window test.

Conclusion
The EPICS collaboration is healthy and continues to grow.
Technically, the capability of EPICS is expanding, and
many of the new features are being applied to LEDA at
LANSCE. 

“linked lists” without explicit commands from clients.
These two components, CA and the active, fully distributed
database, characterize and distinguish EPICS.

Built on these core components is a host of other tools and
applications. These include the following: 
• configuration management tools, 
• display editors and user interfaces, 
• a state notation language, 
• an alarm handler, 
• a choice of archivers, and 
• a long list of specialized applications and 
device and field bus interfaces. 

Change is quickest and collaborators make the largest 
contribution in this area of the so-called “extensions” to
EPICS. LANSCE and the APS control groups 
together manage these changes and their in-
tegration and redistribution in the form of new
EPICS releases.

The LEDA injector test stand, in use at TA-53
for several years, runs on the EPICS release
numbered “EPICS version 3.11.” A major
change undertaken for the LEDA injector itself
was to upgrade this control system to the cur-
rent release of EPICS, version 3.13. This ver-
sion includes a number of improvements incor-
porated over the past few years:

• access control to limit access by un-
authorized users;

• synchronous “puts”—the ability to 
synchronize state changes;

• source release under the commercial
Concurrent Version System (CVS) 
configuration control tool;

• portable CA server for use outside the IOC controller,
allowing easier integration of legacy control and data
acquisition systems;

• database changed to ASCII (text) encoding, making
cross-platform development easier;

• ability to modify I/O addresses while control process is
running;

• a gateway function for secondary user access with mini-
mal performance impact;

• the capability to build IOC software under windows NT
(in earlier versions it could be built only on UNIX 
systems);

• EPICS core on Power PC, Pentium, and Alpha plat-
forms in addition to UNIX platforms;

• new clients, including the object-oriented device sup-
port layer (CDEV) developed at TJNAF; and 

• new features added to display managers: state notation
language and device support.
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▲ FIGURE 2. The LEDA control system.
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Particle accelerators are playing an increasingly
important role in basic science, applied science, and
solving problems of national importance. However,
the technological challenges associated with future
accelerators will require a numerical modeling
capability far beyond that which currently exists in
the accelerator community. Such modeling is, in
fact, essential to the success of many near-term and
future accelerator projects. In 1997, the U.S.
Department of Energy initiated a “Grand
Challenge” in Computational Accelerator Physics.
The primary goal of this project is to develop a new
generation of accelerator modeling tools for high
performance computing platforms and to apply them
to problems of national importance. This report
describes the Grand Challenge and the progress-to-
date in performing very large-scale beam dynamics
simulations on parallel computers.

Particle accelerators are playing an increasingly important
role in basic and applied science. For example, many coun-
tries are now involved in efforts aimed at developing accel-
erator-driven technologies for transmutation of radioactive
waste, disposal of plutonium, tritium production, and ener-
gy production. Additionally, next-generation spallation neu-
tron sources based on similar technology will play a major
role in materials science and biological science research.
Finally, other types of accelerators such as the Large
Hadron Collider, Next Linear Collider, and fourth-genera-
tion light sources will have a significant impact on basic
and applied scientific research.

For all of these projects, high-resolution modeling far
beyond that which has ever been performed by the acceler-
ator community is required to reduce cost and technologi-
cal risk and to improve accelerator efficiency, performance,
and reliability. Indeed, such modeling is essential to the
success of many of these efforts. For example, high-
average-power linear accelerators must operate with
extremely low beam loss (of order 0.1 nA/m) to prevent
unacceptably high levels of radioactivity. To ensure that
this requirement will be met, it is necessary to perform
very high-resolution simulations using on the order of 
100 million particles in which the beam propagates through
kilometers of complicated accelerating structures. These
simulations can only be performed on the most advanced
high performance computing platforms using software and
algorithms targeted to parallel and distributed computing

environments. The calculations require performance of
hundreds of GFLOPS to TFLOPS and core memory
requirements of hundreds of Gbytes. An equally challeng-
ing issue is modeling the fields in electromagnetic struc-
tures, especially those having a complex three-dimensional
nature. An example is provided by the NLC, for which the
geometry of the accelerating structures varies on the order
of microns from cell to cell, with the dimensions chosen to
minimize wakefields effects. Modeling an entire 206-cell
structure can only be accomplished on state-of-the-art,
highly parallel computer systems.

In 1997 the U.S. Department of Energy initiated a Grand
Challenge in Computational Accelerator Physics. The pri-
mary goal of this project is to develop a new generation of
accelerator modeling tools for high performance computing
platforms and to apply them to projects of national impor-
tance, including those mentioned above. The new tools will
enable the simulation of problems 3 to 4 orders of magni-
tude larger than has ever been done before; additionally,
the use of algorithms and software optimized for the high
performance computing environment will make it possible
to obtain results quickly and with very high accuracy.
Significant progress has already been made in regard to
parallel beam dynamics calculations for proton linac design
and parallel wakefield calculations for linear collider
design.1,2 The tools are being developed by a collaboration
involving U.S. national laboratories (Los Alamos and
Stanford Linear Accelerator Center), universities
(University of California at Los Angeles and Stanford
University), and high performance computing and commu-
nications research centers (Advanced Computing
Laboratory and National Energy Research Scientific
Computing Center). The remainder of this report focuses
on our progress in performing very large-scale beam
dynamics simulations of high-current proton linacs.

As mentioned previously, future high-average-power linacs
will have to operate with extremely low beam loss in order
to prevent unacceptably high levels of radioactivity. Very
small losses are known to be associated with the beam
halo, a very low-density region far from the beam core.
Understanding, predicting, and minimizing beam halo has
become a major issue for projects such as the APT project.
As of this time, we have performed the largest linac simu-
lations to date for the APT project, using up to 10 million
particles. This was accomplished by developing parallel
versions of the codes PARMILAand LINAC. In addition, a
new code called HALO has been developed specifically for
modeling beam halo. This code was originally developed

R.  Ryne (LANSCE Division), S. Habib (Theoretical Division), J. Qiang (LANSCE Divison), K. Ko, Z. Li,
B. McCandless, W. Mi, C. Ng, M. Saparov, V. Srinivas, Y. Sun, X. Zhan (Stanford LinearAccelerator
Center)
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in collaboration with the University of Maryland,3 and has
since been extended to treat nonlinear rf focusing fields as
part of a collaboration involving Lawrence Livermore
National Laboratory.4

The huge amount of data in a high-resolution beam dynam-
ics simulation, coupled with the fact that we are often inter-
ested in the very small fraction of the particles in the halo,
necessitates the use of internal data analysis in our codes
prior to storing simulation results. We have developed par-
allel algorithms that drastically reduce the amount of data
needed to visualize the halo. An example is shown in
Figures 1 and 2, which are the result of performing a
HALO simulation with an initially mismatched Gaussian
beam using 25 million particles. Figure 1 shows the result
of the simulation by plotting 32,000 particles at random. In
this figure, the details of the beam halo are nearly invisible.
In contrast, Figure 2 also shows 32,000 particles, but the
data was pruned during the execution of our parallel code
using a technique that we call a “low-density cut.” In this
figure, the details of the halo are clearly visible. Lastly,
Figure 3 shows the beam density in (x-y) space from a 
10 million particle simulation of an initially mismatched
beam using a parallel version of PARMILA. Unlike the
usual (nonparallel) version of the code that uses a 2D (r-z)
mesh, we developed a parallel, 3D space charge routine for
this version of the code. This plot demonstrates that we are
currently able to perform simulations with a dynamic range
of approximately four decades in beam density.

In conclusion, high performance computers are enabling us
to perform accelerator simulations of unprecedented size
and resolution. We have ported existing codes to parallel
platforms and we have developed new codes, in order to
improve our capability to design next-generation accelera-
tors and to explore the physics of intense charged particle
beams. Considering the advances that we have already
made and the expected increase in computational power in
the next few years, it is likely that we will soon be able to
model high-current linacs with 1 billion particles, a number
roughly equal to the actual number of particles in a beam
bunch.
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The Proton Storage Ring (PSR) beam instability
must be controlled to reach the Short-Pulse
Spallation Source Enhancement Project (SPSS-EP)
design goal of 200 µA at 30 Hz. In 1997, experi-
ments were conducted to explore beam parameters
that affect the instability threshold, to test theoretical
models of the instability, and to test the idea of using
a space-charge compensating inductor to augment
the rf system in the PSR.

A primary goal of the SPSS-EP is to double the beam cur-
rent of the PSR from 100 µA at 20 Hz to 200 µA at 30 Hz.
To achieve this goal we must raise the threshold of the PSR
beam instability and we must counteract the increased 
longitudinal space-charge forces. Both results are typically
achieved by increasing the rf buncher voltage. This is
effective up to a point, but if we extrapolate to the buncher
voltage needed to reach our design intensity, the resultant
momentum spread will increase the beam size and, there-
fore, the beam loss. Also, buncher systems are large and
expensive, and there may be a more efficient method of
controlling the instability.

To investigate these issues, we conducted experiments in
1997 that can be divided into two categories: (1) measure-
ments related to the beam dynamics of the instability and
(2) experiments with a space-charge compensating inductor.

Past experiments indicate that the PSR beam instability is
most likely an electron-proton (e-p) instability. In this type
of instability, the circulating protons interact with back-
ground, low-energy electrons to develop coupled oscilla-
tions. When the beam intensity reaches a certain level, the
transverse oscillations can increase in amplitude until the
beam hits the beam pipe walls and is lost. Simple theoreti-
cal models1 predict that an increase in the rf buncher volt-
age will increase the instability threshold, and this is, in
fact, what we have observed in the past, as shown in 
Figure 1. In 1997, to learn more about the instability, we
tested more detailed predictions.2 For example, the models
predict that the threshold is proportional to the amount of
beam that leaks into the gap between the head and the tail
of the beam bunch (due to longitudinal space-charge
forces). By modifying the chopper control circuitry in the
low-energy transport region of the linear accelerator, we
purposely injected beam into the gap. The results, shown in
Figure 2, confirmed that the threshold is, in fact, directly 

proportional to the beam injected into the gap. In another
experiment, we varied beam parameters to purposely mis-
match the beam injected into the longitudinal phase space
of the PSR. The data show a variation of the instability
threshold by a factor of more than 2, as indicated by the
horizontal bar in Figure 1. This result is also consistent
with model predictions.
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▲ FIGURE 1. Maximum stable peak beam current as a function of buncher voltage (squares and
dashed line), threshold variation as a function of beam and PSR lattice parameters (horizontal thick
solid line), and the improvement in the threshold due to the inductor (triangles and thin solid line).
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Another model prediction is that the frequency of the trans-
verse oscillations will be proportional to the square root of
the beam intensity. We examined the frequency spectra of
the oscillations for two different beam intensities, and we
found that both the magnitude of the oscillation frequency
and the scaling of the frequency with beam intensity are
consistent with model calculations.

The second category of experiments involved inserting an
inductor into section 3 of the PSR. The idea is to increase
the natural inductance of the PSR enough to offset the
effect of the space-charge forces that tend to spread the
beam longitudinally. (The beam bunch has a triangular
shape in the longitudinal dimension, and the inductor will
create an induced voltage proportional to the slope of the
line-charge distribution. This voltage will tend to push par-
ticles back toward the center of the bunch, thus counteract-
ing the effects of space charge.) 

The inductor, built at Fermilab, is 2.4 m long and has an
inductance of about 8 µH. Solenoidal coils wrapped around
the inductor allowed us to reduce the inductance by saturat-
ing the ferrite rings inside the vacuum chamber. If the
inductor acts as expected, the bunch shape should be more
diffuse when the solenoidal coils are energized. This is, in
fact, what we observed, as shown in Figure 3. Also, if the
inductor improves the beam stability, we expect that lower

buncher voltages will be needed to control the instability.
We measured the maximum stable beam intensity that
could be stored as a function of buncher voltage. These
measurements are compared with the historical data in
Figure 1. From this figure, we conclude that the inductor
appears to raise the instability threshold. However, more
work is needed to draw more definitive conclusions.

In summary, all of our instability tests to date are consistent
with e-p instability models. The new data we obtained in
1997 increases our confidence that we will be able to effec-
tively control the instability at the design intensity.
Preliminary tests using an inductor to augment the rf sys-
tem are encouraging, and we are now planning further
inductor-based experiments.
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Anew neutron source that would complement the exist -
ing Lujan Center source has been proposed for the
LANSCE facility. We led a series of tests to examine the
capabilities of the LANSCE accelerator in the context
of this long-pulse spallation source (LPSS) upgrade.

The LPSS is an upgrade path recently proposed for the
LANSCE accelerator facility. The LPSS design consists of
a 1-MW neutron spallation target fed directly by a pulsed
H+ beam from the LANSCE linear accelerator (linac). The
spallation target and experimental hall would reside in the
former meson physics hall, Area A. Experimental consider-
ations dictate a proton-beam repetition rate and pulse
length of 60 Hz and 1 ms, respectively, which equal a duty
factor of 6%. To achieve this beam power level at this duty
factor, an average (peak) current of 1.25 mA(21 mA)
would be required for the 800-MeV proton beam. The
LANSCE accelerator would also be required to simultane-
ously deliver H- beams to the short-pulse spallation source
(SPSS) at the Lujan Center and to WNR at the requisite
duty factors and currents. This scenario, however, places
more stringent operating conditions on the linac and its
associated radio-frequency (rf) systems. For this reason, we
performed tests to examine the response of the rf systems
to conditions that mimic aspects of this scenario. 

The main portion of the accelerator comprises a 100-MeV
drift-tube linac (DTL) followed by an 800-MeV side-cou-
pled linac (SCL). The DTL is made up of four accelerating
cavities, each powered by separate 201.25-MHz (201)
amplifiers. The SCL comprises forty-four 805-MHz (805)
accelerating modules, each powered by separate klystron
amplifiers. Duty factors and beam currents that are typical
of recent three-beam operations are summarized in Table 1.

As shown in Table 1, the rf pulses are somewhat longer
than the beam pulses because of the time required to estab-
lish stable accelerating fields in the structures. A single test
of the complete LPSS scenario was not possible because of
beam current limitations in Area A and average power dis-
sipation restrictions in the final power amplifiers (FPAs)
used in the DTL rf system.

We performed the tests during two separate beam develop-
ment periods. We used the first test to evaluate the acceler-
ator rf systems under an operating scenario with LPSS-like
pulse patterns and duty factors. The objective of this exper-
iment was to simultaneously deliver an evenly spaced
60-Hz × 1-ms, 1-mA, 800-MeV H+ beam to Area A
(800 kW or 80% of LPSS design), an evenly spaced 
20-Hz × 600-µs, 70-µA H- beam to the Lujan Center, and
60-Hz × 600-µs, 1-µA H- beam to WNR. We performed
the test with an H+ peak current (16.5 mA) that is a large
fraction of the LPSS design current and is typical of our
most recent reliable high-peak operation. Achieving the 
1-ms-long H+ beam pulse required increasing the rf pulse
lengths by an additional 400 µs over nominal values. To
maintain the same rf duty factor, without increasing the
plate dissipation on any of the 201 FPAs used for the DTL,
we reduced the repetition rate for the rf pulses to 80 Hz
from 120 Hz. The duty factors used during the test are
shown in Table 2.
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TABLE 1. Nominal Duty Factors and Beam Cur rents from Recent LANSCE Operations

System or Beam Duty Factor Avg. Current
201 rf (DTL)        10.0%, 120 Hz × 835 µs

805 rf (SCL) 9.4%, 120 Hz × 785 µs

Area A (H+) 6.2%, 100 Hz × 625 µs 1 mA

Lujan Center (H-) 1.2%,   20 Hz × 600 µs 70 µA

WNR (H-) 6.2%, 100 Hz × 625 µs 2 µA

TABLE 2. Actual Duty Factors Used in the First LPSS Test

System or Beam Duty Factor
201 rf (DTL) 9.9%, 80 Hz × 1235 µs

805 rf (SCL) 9.5%, 80 Hz × 1185 µs

Area A (H+) 6.1%, 60 Hz × 1015 µs

Lujan Center (H-) 1.2%, 20 Hz × 600 µs

WNR (H-) 3.8%, 60 Hz × 625 µs

The results of this demonstration1 were very encouraging.
They showed that the present linac is capable of delivering
80% of the LPSS design current at the requisite duty factor
while simultaneously providing the standard production
beams to the Lujan Center and WNR facilities. Although
the duration of the test was short (2 days), the final avail-
ability for all beams during the last 32 hours was greater
than 87%, and beam losses along the linac were slightly
lower than normal. The DTL’s 201 rf systems performed
well under the LPSS test conditions. Only minor adjust-
ments were required to maintain proper operation.
Although the 805 rf systems required more attention and
resulted in the largest source of downtime, they generally
performed well. Over half of the total amount of downtime
attributed to these systems was associated with faults that
were unrelated to the long-pulse operation. The combina-
tion of irregular pulse spacing and longer pulse length
resulted in appreciable voltage droop on the SCL rf system
high-voltage power supplies (HVPSs). This resulted in
larger pulse-to-pulse variations in klystron gain, which
required the feedback control loops to operate over a larger
dynamic range than usual. Improvements to the HVPS
capacitor banks would help mitigate this problem.
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We performed a follow-up test more recently to evaluate
the accelerator rf systems under 21-mA peak beam current
operating conditions. The objective of this test was to
deliver sufficient average current at 21-mA peak to exam-
ine the rf system performance under these conditions. For
this test, the linac rf duty factors were not modified but
remained at the values shown in Table 1. Also, the Lujan
Center and WNR H- beams were not delivered during this
test. The average beam current delivered to Area A was
limited by restrictions from experimental hardware in that
beam line. 

The results of this test were also encouraging. For a period
of about 12 hours, 315 µAs of 21-mA peak H+ beam was
successfully delivered to Area A with greater than 88%
beam availability. Once again, the 201- and 805-rf systems
performed well, although the SCL systems were more
problematic. Large beam turn-on transients observed in the
error signals of several klystron low-level controls ex-
ceeded the limits allowed for normal beam operation.
Temporary modifications to these systems were required to
allow beam operations to proceed. This deficiency could be
corrected with improvements to the existing feed-forward
portion of the low-level control system. Although beam
losses were significantly higher than usual in the linac, this
was not unexpected and was due in part to the limited
amount of beam matching performed during the short dura-
tion test.

The response of the rf systems to the simulated LPSS beam
conditions in these two experiments has helped us identify
shortcomings of the present linac in meeting LPSS perfor-
mance goals. We are investigating a new 201-rf amplifier
system capable of higher power operation to replace the
present one. Power supplies and other supporting infra-
structure (cooling, transmission lines, rf windows, diagnos-
tics, etc.) are being incrementally upgraded for higher relia-
bility and efficiency.2 We are also evaluating the HVPS
capacitor banks and low-level control systems of the 805-rf
systems to develop a plan to continually improve perfor-
mance and meet future LANSCE needs.
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We report the observation of very high free-electron
laser (FEL) gains, greater than 105 in a single pass,
in recent self-amplified spontaneous emission
(SASE) experiments performed with the advanced
FEL high-brightness, 17-MeV electron beam. Our
experiments confirm theoretical predictions of FEL
operating in the high-gain, single-pass regime. By
introducing a small amount of optical feedback, we
also achieved saturated operation of a new FEL
design called the regenerative-amplifier FEL.

High-Gain, Self-Amplified Spontaneous Emission
A FEL approach called SASE has recently received consid-
erable interest. This approach relies on a very long wiggler
in which an electron beam amplifies its own spontaneous
emission and the radiation grows exponentially with dis-
tance in the wiggler. The interest in SASE results from a
strong possibility of producing a picosecond, high-intensity
beam of coherent x-rays needed for the fourth-generation
light source. Although high-gain SASE has been demon-
strated in the millimeter-wave region, experiments at 
shorter wavelengths have up to now produced single-pass
gains less than 10.

We report the observation of SASE gains larger than 105 in
the infrared with use of high-current, low-emittance elec-
tron beams from the Advanced FEL photoinjector. We
show that the infrared radiation power measured at a dis-
tance from the wiggler evolved from spontaneous emission
to SASE as we varied the beam current. By fitting the mea-
sured infrared energy versus current to an analytic model,
we obtain the single-pass gain versus current. At a beam
current of 260 A, the first wiggler with a 1-m uniform sec-
tion has a single-pass gain of 300. The second wiggler,
which is 2 m long, has a gain greater than 105, the largest
single-pass gain ever observed in the infrared region.

The SASE experimental setup consists of a high-brightness
photoinjector integrated into an L-band linac, a 2-m-long
wiggler, electron beam position and temporal diagnostics,
and infrared radiation detectors. The 1300-MHz linac con-
sists of 10.5 cells, with a Cs2Te photocathode in the first
half-cell. In operation, the photocathode is illuminated with
the quadrupled-frequency, 8-ps Gaussian pulses of a mode-
locked Nd:YLF laser. Two solenoids, one at the photoinjec-
tor and the other in front of the wiggler, are used to focus
the electron beam into the wiggler. The plane-polarized
wigglers have a 2-cm period in a modified Halbach design.

The first wiggler, which we called the RAFEL (for regenera-
tive-amplifier FEL) wiggler, consists of a 1-m uniform sec-
tion with an on-axis magnetic field of 0.7 T and a 1-m
tapered section. This wiggler has notched magnets to provide
equal two-plane focusing such that a matched electron beam
propagates through the wiggler as a round beam with a con-
stant rms radius. The second wiggler, which we called the
UCLA (for University of California at Los Angeles) wiggler,
is a 2-m uniform wiggler with external quadrupole magnets
to provide nearly equal two-plane focusing. This wiggler was
built by researchers from UCLA and the Russian Kurchatov
Institute from magnets provided by Los Alamos.

To determine the dependence of the SASE signal on elec-
tron beam current, we varied the charge in each electron
bunch and measured the infrared energy in each micropulse
with an infrared detector. At the highest charge, we mea-
sured an infrared energy in each 10-ps micropulse of 0.2 nJ
from the RAFEL wiggler and 30 nJ from the UCLA wig-
gler. The micropulse energies are plotted versus beam cur-
rents in Figures 1a (RAFEL wiggler) and 1b (UCLA wig-
gler). The infrared pulse energy, measured at the wiggler
exit as a function of current, can be derived from an ana-
lytic model that we developed. Based on that model, we
deduced a single-pass of 300 for the RAFEL wiggler and
greater than 105 for the UCLA wiggler. These two mea-
surements are also in agreement with the exponential
dependence of SASE power on the wiggler length, as the
2-m wiggler should have a gain that is the square of that of
the 1-m wiggler.

The Regenerative Amplifier FEL Approach
These SASE experiments will reach saturation if the wig-
gler length is increased to about 3 to 4 m. To reduce the
wiggler length needed to reach saturation, we modified the
standard SASE approach by reflecting a small amount of
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light exiting the wiggler back to the wiggler entrance via
an optical feedback loop. The purpose of the optical feed-
back loop is to provide a small amount of optical power to
the wiggler entrance so that the amplification process starts
from a coherent signal. Essentially, by providing a small
amount of optical feedback, we reuse the wiggler several
times. The simplest way to provide a small optical feed-
back is to employ four mirrors—two flat annular mirrors
and two parabolic mirrors—forming a rectangular ring
(Figure 2). Light exciting the wiggler is captured by the
downstream annular mirror and collimated by the right-
hand parabolic mirror. The collimated light is then focused
by the left-hand parabolic mirror to the wiggler entrance.
Because of its similarity to conventional laser regenerative
amplifiers, we called this approach RAFEL.

After installing the feedback loop, we observed an optical
power that exceeded the SASE power by more than six
orders of magnitude. The measured micropulse energy was
1.5 mJ, corresponding to a peak power of ~100 MW. Since
these results were obtained with 4 nC of charge at 
17 MeV, corresponding to 70 mJ of energy in each electron
micropulse, we deduced 2% of the beam power was con-
verted to FEL light exiting the cavity. The optical buildup
to saturation was recorded with a high-speed copper-doped
germanium detector that integrated the optical energy over
each micropulse and yielded the pulse energies of individ-
ual micropulses. As there are two optical pulses in the feed-
back cavity, two sets of optical micropulses build up from
intrinsically different gain conditions and achieve satura-
tion at different times (Figure 3a). Unlike the output of a

SASE FEL, which has significant pulse-to-pulse fluctua-
tions, the RAFEL output is relatively constant in pulse
energy (Figure 3b) until the electron beam is turned off.
When that happens, the infrared pulse energy decays expo-
nentially with a loss per pass of 66%. The high out-cou-
pling loss is also characteristic of this new FEL concept.

Future Prospects
The success of this project already has significant impact
on the international effort toward short-wavelength FELs.
First, the observation of large single-pass gains demon-
strates unequivocally the SASE principle and forms an
important milestone in the collaboration to extend SASE
toward the x-ray region. Secondly, the successful demon-
stration of RAFEL enables us to improve on the design of
the fourth-generation light sources. Los Alamos is present-
ly collaborating with the Stanford Linear Accelerator
Center, UCLA, Brookhaven National Laboratory, and
Lawrence Livermore National Laboratory on a project
known as the Linac Coherent Light Source. Our next step
is to demonstrate SASE in the visible, ultraviolet, and
eventually the x-ray region. The generation of a beam of
picosecond coherent x-rays will benefit many areas of
basic research such as high-field atomic and molecular
physics, the study of high-energy-density phenomena, and
protein dymanics. Likewise, the RAFEL concept can also
enable the demonstration of a high average power from a
compact FEL. Such a device will be useful for many mili-
tary and commercial applications.
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▲ FIGURE 2. Illustration of the RAFEL idea. The optical feedback loop consists of two annular 
mirrors and two paraboloids. The electron beam enters the high-gain wiggler from the left through a
small hole in the upstream mirror. The FEL beam exits the feedback cavity through a large hole in the
downstream mirror.
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Many devices that use electron accelerators require
high-quality, short-pulse electron beams. At 
LANSCE, we have constructed the Sub-Picosecond
Accelerator (SPA) to study these advanced beams.
The SPA accelerates a beam of high-charge electron
bunches to nearly the speed of light and then com-
presses them to less than 0.3 mm in length. If direct-
ed onto a target, the tail of the electron bunch will
strike 1 x 10-12 s (one trillionth of a second) after
the front. This intense and very short burst of elec-
tric charge is desirable for many applications.

The SPA facility is the first capable of this extreme bunch
compression, and with it we intend to study the properties
of these advanced beams and determine how they can be
improved. In addition, we will develop new diagnostic
techniques able to operate at these very short time scales
and accommodate other unique properties of electron
beams in this regime.

Next-generation colliders and free-electron lasers are
examples of electron beam applications that demand ultra-
short (<1 ps), high-charge (>1 nC), high-quality (normal-
ized rms emittance ≤1 n mm, mrad) electron beams. At
present, there is no electron beam facility that can meet all
of these requirements simultaneously. However, progress
toward this goal is rapid, and much of the work is being
done on the SPA at LANSCE.

The SPA facility is an 8-MeV radio-frequency (rf) photoin-
jector operating at a frequency of 1,300 MHz.1 The SPA
compresses electron pulses containing more than 1 nC of
charge to sub-picosecond lengths with a magnetic chicane.2

Its primary mission is to explore the dynamics and uses of
ultra-short electron beams and to develop new diagnostic
techniques capable of operating in the regime of these
advanced beams.

In photoinjectors, which were developed at Los Alamos,3,4 a
photocathode located inside the accelerator is struck by a
short-pulse, high-energy drive laser to form the electron
beam. By injecting the drive laser pulse at an appropriate
phase in the accelerator’s rf cycle, an energy versus phase
correlation (Figure 1a) is introduced. When the electron
beam passes through the chicane (Figure 1b), the lower-ener-
gy electrons at the front of the beam bunch travel a longer
path than those at the back. If the energy slope, initial bunch
length, and magnetic field strength in the chicane are chosen
correctly, the electrons at the back of the bunch catch those
at the front, compressing the beam.

Because they degrade beam quality, space-charge forces
within an electron beam are a major consideration in accel-
erator design. In a beam that is not being accelerated, these
forces scale inversely with the square of the relativistic fac-
tor γ. However, recent work5 has identified two space-
charge induced forces for beams in circular motion that are
mostly independent of energy. The first is a space-charge
curvature effect and is known as the noninertial space-
charge force. The second is the coherent synchrotron radia-
tion force. Both effects lead to a redistribution of the ener-
gy of electrons that are within an achromatic bend, such as
the chicane on the SPA. This redistribution can lead to a
large increase in the beam’s emittance that is roughly inde-
pendent of beam energy. So, as the chicane compresses the
beam, it is likely to destroy the beam quality. One of the
main concerns of the SPA is to understand these effects and
find ways to mitigate them.

The transverse beam quality is summarized by the emit-
tance. Standard electron beams thermalize, usually evolv-
ing into a Gaussian shape. This apriori knowledge of the
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beam distribution is a great advantage and is used in many
emittance measurements. Unfortunately, photoinjector
beams do not possess this property, and Gaussian assump-
tions are not valid. For this and other reasons, care must be
taken in choosing an emittance measurement. At LANSCE,
we have worked to perfect a new technique first proposed
at the Stanford Linear Accelerator Center6 that uses beam
position monitors (BPMs) as emittance probes. Normally
used to measure the position of the beam center (first
moment of the beam image charge), BPMs can also mea-
sure the emittance of the beam, independent of the beam
distribution, by looking at the second moment of the image
charge. We have recently demonstrated this new
technique.7

Measuring the length of sub-picosecond electron beams is
a great challenge, and we are working on two novel diag-
nostics for this task. The first uses a cylindrical cavity and
a BPM8 (Figure 2). The beam is passed through the fast
deflector cavity, which is operating in its TM110 mode, at
an appropriate time in the rf cycle so that the trajectory of
the beam center is unchanged. However, the cavity fields
do deflect the front and back of the beam bunch in opposite
directions. As the beam drifts, it spreads in one plane in an
amount dependent upon the length of the beam bunch. This
spread can be measured by a BPM.

The second length measurement exploits Smith-Purcell
radiation as a bunch-length diagnostic. Smith-Purcell radi-
ation is generated when a charged particle beam passes
over a metal grating. It is possible to determine the length
of the beam by measuring the angular distribution of this
radiation.

In conclusion, LANSCE is in a good position to make sig-
nificant contributions to electron beam development. The
SPA facility is unique and will enable us to do very good
science over the next several years.
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LANSCE is advancing the technology of explosive
pulsed-power by making systems more compact and
by optimizing them for more specific applications.
Flux-compression generators (FCGs) are the prima-
ry explosive pulsed-power sources we use. Over the
past 2 years we have concentrated on three areas of
explosively-driven FCGs: replacing the external
capacitor bank that provides the initial seed current
(and magnetic) flux with permanent magnets, devel-
oping and testing high-voltage air-core transformers
used to couple electrical loads of various impedance
to the FCG, and developing better computer models
that help us design and optimize the performance of
these devices. 

Los Alamos has a more than a 40-year history of develop-
ing and using explosively-driven pulsed-power sources and
related power-conditioning technology. LANSCE is
advancing the technology of explosive pulsed-power by
making systems more compact and by optimizing them for
more specific applications. The primary explosive pulsed-
power sources we use are FCGs, which operate on the prin-
ciple of magnetic-flux conservation. They work in the fol-
lowing manner.

In an electrical circuit, current generates a magnetic field
and thus magnetic flux (proportional to the magnetic-field
strength times the cross-sectional area through which the
magnetic-field lines cross). A simple example of such a
system is a magnetic solenoid. In electrical engineering
terms the magnetic flux is given by the product of the cir-
cuit inductance and the electrical current. The inductance
of a circuit depends solely on its geometry. If magnetic flux
is conserved, the current must increase when the system
inductance decreases. However, magnetic energy scales
proportionately to the inductance times the squareof the
current, producing a net increase in energy. 

In an explosively driven FCG, high explosives are used to
decrease circuit inductance. Therefore, FCGs are single-
shot devices. Their appeal, however, lies in the very high
magnetic fields and energy densities they can achieve. The
increase in electromagnetic energy actually comes from the
high explosive, which is doing work (via chemical energy)
on the circuit as it compresses the magnetic flux. Figure 1
is a schematic of one important type of FCG, called a heli-
cal flux compressor. Here the magnetic flux that is being
compressed lies in the volume between the aluminum tube
(or armature) and copper helix (or stator). The armature is
filled with explosive and is detonated from one end. As the

armature expands radially it forms a cone whose apex trav-
els along the axis, compressing but conserving the flux
while the inductance of the circuit element formed by the
armature and stator decreases. The current increases expo-
nentially as the generator inductance approaches zero.
Figure 2 is a cutaway view of a flux compressor. The alu-
minum tube is detonated at the end extending out and
beyond the copper-wire helix. On the other end a trans-
former enables the generator to work more efficiently into
the electrical load.

For the past 2 years, we have concentrated on three main
areas of explosively driven FCGs: replacing the external
capacitor bank that provides the initial seed current (and
magnetic flux) with permanent magnets; developing and
testing high-voltage, air-core transformers used to couple
electrical loads of various impedance to the FCG; and
developing better computer models that help us design and
optimize the performance of these devices.

Permanent-Magnet Seeded Flux Compressors
All flux compressors need a seed source of magnetic flux.
Conventionally, this flux has been supplied by capacitor
banks discharged into the circuit just before the high explo-
sive is ignited. However, capacitor banks are bulky, not
easily transported, and require special high-voltage switch-
es that need maintenance and are sometimes unreliable. We
are working on designs that eliminate the capacitors and
switches by using permanent magnets to supply the seed
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▲ FIGURE 1. Schematic of one important type of FCG, called o helical flux compressor.
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magnetic flux. The permanent magnets are arranged around
the outside of a small flux compressor so as to generate a
magnetic field inside, between the aluminum tube and cop-
per helix. Although the initial magnetic energy is only a
few joules, a small generator such as the one shown in
Figure 3 has an energy gain of about 100, yielding an out-
put energy of several hundred joules. That energy and cur-
rent then can be fed cascade fashion into a subsequent gen-
erator and amplified further. We have tested two such
devices and have demonstrated output currents of about 25
kA. We presently are working toward our goal of an energy
gain of 100.

High-Voltage Pulse Transformers
Magnetic flux compressors are low-impedance sources.
That is, they work best at high current (106 amps) and rela-
tively low voltage (10s of kilovolts). Typically, the load is
an inductor in the range of 20 to 500 nH. However, there
are applications with higher load impedance that, if directly
connected to the flux compressor, would significantly
degrade performance. By using a transformer, one can
make a high-impedance load appear to the generator as a
low-impedance load. When designing high-voltage pulse
transformers there is a trade-off between good coupling
(which requires a tight spacing between primary and sec-
ondary windings) and high-voltage standoff (which
requires insulation and thus more spacing between primary
and secondary windings). Iron-core transformers are not an
option due to saturation effects. We have developed and
used air-core transformers that have coupling constants of

about 0.94 and output voltages of about 300 kV. These
transformers are of a coaxial geometry and have 12 turns
of several parallel wires in the secondary around a single-
turn primary made of aluminum tubing. These transformers
perform better than those used in the past. We still are test-
ing these newly designed transformers to find their ultimate
voltage limit.

Flux Compressor Modeling
Accurate modeling of flux compressors is difficult. Some
three-dimensional (3-D) effects make simple modeling
using symmetry inaccurate. The problems of magnetic dif-
fusion and unwanted resistive losses result in magnetic flux
being only approximately conserved. In addition, there are
usually stray inductance and resistance that should be
accounted for and included in a model. The problem usual-
ly is solved by coupling two systems of equations. One
system calculates how the circuit inductance and resistance
are changing in time; it entails keeping track of the chang-
ing geometry and its inductance, the diffusion of magnetic
flux, and heating and resistance of the current-carrying
conductors. At each time step, these results are fed into a
circuit equation solver, which then calculates the new cur-
rents and voltages. This is a work in progress but we
already have improved our modeling of the 3-D aspects of
the helix by including the pitch effect. Also, the azimuthal
currents induced on the armature as it expands are now
self-consistently calculated. We are working on including
the effects of magnetic diffusion and resistive heating of
the copper wires. Figure 4 compares our most recent com-
puter modeling and an actual flux compressor.
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▲ FIGURE 3. This small generator has an energy gain of about 100, yielding on output energy of
several hundred joules.  That energy and current then can be fed cascade fashion into a subsequent
generator and amplified further.
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We studied the possibility of improving the perfor -
mance of high-energy ion implanters made by Eaton
Corporation for semiconductor fabrication. We ana -
lyzed the present design, studied the feasibility of
new approaches, and developed a systematic
approach to designing improved radio-frequency (rf)
ion linear accelerators. We found that substantially
improved performance is possible using existing
technology proven at Eaton Corporation.

Eaton Corporation builds high-energy ion implanters for
semiconductor device fabrication. These machines are rf lin-
ear accelerators that accelerate ions to energies up to about 1
M e V. Recently, Eaton has been working with Los A l a m o s
National Laboratory (LANL) to study ways to improve their
machines to meet the future needs of Eaton's customers. T h e
main requirements for a near-future ion implanter linac are

• Various ion species. From 11B+ to 75As+.
• Variable energies. Up to several MeV.
• High current. Several mA.
• Short length. Not more than about 2 m long.

Additional requirements are low power consumption and
low energy spread. The Eaton project consisted of analyz-
ing the present Eaton linac, studying new approaches for
improved performance, and determining the best design for
a machine based on the present technology used at Eaton.

Study of Present Eaton Machine 
The Eaton linac uses 13.56-MHz rf cells to accelerate and
provide longitudinal focusing. Each cell consists of a drift
tube, fed by an external helical resonator, in a grounded
cavity. This provides two rf gaps per cell and is a practical
way to get a compact and efficient structure at low frequen-
cies. Electrostatic quadrupole lenses, in an alternating-gra-
dient arrangement, provide transverse focusing. In general,
accelerator performance can be limited by weak focusing,
poor matching, or poor bunching.

We found that the present machine has adequate focusing
for accelerating 11B+ at 3 mA but transmits only about a
third of the particles injected. The losses are caused mainly
by emittance growth in the rf gaps. This is a nonlinear
effect caused by different particles seeing different rf phas-
es as they cross the rf gaps. Improved bunching and match-
ing could double the output current. To further increase the
current or to get good performance for heavier ions, we
need to improve the transverse focusing. 

Study of New Approaches
New structures and focusing
A single-gap rf structure (resonant cavity) has the advan-
tage that we can phase each gap independently. We investi-
gated the feasibility of resonant cavities at low frequencies
(40 MHz). While it is possible to get a cavity of reasonable
size at this low frequency, the efficiency is very low.

We studied variable-frequency radio-frequency quadrupole
(RFQ) structures. The variable frequency is necessary to
accelerate particles of different masses. The high cost of
variable-frequency rf power is a problem. The high trans-
mission of most RFQ linacs is the result of adiabatic
bunching. However, this bunching is not practical for an
ion implanter because of the length constraint. A segment-
ed RFQ or an RFQ with a separate buncher may turn out to
be feasible.

We have also studied modifications to the drift-tube noses
in a gap structure to introduce quadrupole fields that would
contribute to transverse focusing.

We can use the substantial transverse components of the
fields in the rf gaps to provide transverse focusing. We can
do this by alternating the synchronous phases in adjacent rf
gaps. With alternating phase focusing, there would be no
need for the focusing quadrupoles. This idea has been
investigated at LANL and elsewhere for other applications.
As before, we found that the phase-space acceptance of
such machines is low.

Improved bunching
Awell-designed linac with a conventional (single frequency)
buncher can accelerate about 75% of the particles injected.
While multiple-frequency bunchers are probably not worth-
while, two separated cavities are desirable even for a single-
frequency approach because of the range of particle veloci-
ties associated with different particle masses.

Scaling studies
We have determined optimum quadrupole strengths and
period lengths required for an alternating gradient focusing
system, taking into account the defocusing effect of the rf
gaps. We have also verified that we can reduce the length
of the linac by raising the frequency while maintaining the
electrostatic and rf voltages. This approach works when the
quadrupoles and the rf gaps are voltage (not field) limited.

Improved Double-Gap Design
We have developed a new theory (Reference 2 describes an
earlier version of the theory) and design procedure for
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linacs having double-gap resonators and electrostatic
quadrupoles. Our goal was to determine the maximum per-
formance using technology that has been proven at Eaton.
The basic idea is that we design the linac for a certain
design-reference particle. Then we scale the design-refer-
ence tune (voltages and phases) to new particles.

Theory for double-gap structures 
We can set the synchronous phase at the first gap of a dou-
ble-gap resonator to any value. We obtain the desired syn-
chronous phase at the second gap for the design-reference
particle by specifying the distance between the gaps. Once
we design and build the machine, we can no longer change
any gap positions, but we are free to reset voltages and
phases.

We define ratios for various quantities, all relative to the
design-reference particle. Our theory determines the new
tune that corresponds to specified values of the various
ratios. For the case of the Eaton resonators, which are volt-
age limited, it is useful to fix the voltage ratio. Figure 1
shows the energies that can be achieved for different parti-
cle masses. We see, for example, that if the synchronous
phases on the two gaps are 5° and -35°, we get equivalent
performance for masses over a range of about a factor of
three. We can accelerate particles of even lower or higher
mass, but only to lower energies.

New design procedure
We start with the TRACE three-dimensional (3-D) code,
with user-defined elements for electrostatic quadrupoles and
double-gap rf cells. These elements operate in two modes.
In the design mode, the code sets the quadrupole lengths
and rf gap separations automatically. In the retune mode, an
existing design is retuned to a new particle according to our
theory. Once we have a TRACE 3-D design, we use the
PARMELA (Phase and Radial Motion in Electron Linear
Accelerators) particle-tracking code to determine the frac-
tion of the beam transmitted by the machine. We use an
optimizing version of PARMELA to fine tune the quadru-
pole settings. We found that performance can be substantial-
ly improved compared with performance of existing
machines while using proven technology.

Conclusion
The new approaches need further study. However, we
found that the present approach of using double-gap res-
onators and electrostatic quadrupoles can provide ion
implanters of substantially improved performance over a
wide range of mass/charge values. The design procedure
we developed ensures we get the good bunching and
matching and the maximum transverse focusing. Further
work on improving the rf resonators would greatly benefit
this project. The rf gap voltage limitation makes it impossi-
ble to obtain significantly higher energies within the length
constraint.
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▲ FIGURE 1. This graph shows how the energy changes when we scale a tune to change the parti-
cle mass (both quantities are relative to the values of the design-reference particle). The curves corre-
spond to a fixed focusing strength and rf gap voltage and are labeled by the values of the synchro-
nous phases on the two gaps.
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The growing use of synchrotron light sources and
the unique results obtained from experiments with
these sources over the last 20 years have led to great
interest in a fourth-generation light source. A
fourth-generation machine would enhance by one
or more orders of magnitude some or all of the per -
formance parameters of the third-generation
sources used now. Los Alamos National Laboratory
is collaborating in the proposal to build the Linac
Coherent Light Source (LCLS) at the Stanford
Linear Accelerator Center (SLAC). The LCLS is a
single-pass, x-ray free-electron laser (FEL) operat -
ing in the very short x-ray (1 to 2 Å) wavelength
region, using 15-GeV electron beams from the
Stanford linac.

X-rays are invisible, highly penetrating electromagnetic
radiations of much shorter wavelength (higher frequency)
than visible light. Discovered by Wilhelm Roentgen, x-rays
could be produced by the impact of high-energy electrons
(several thousand volts on a metal anode in a highly evacu-
ated glass bulb called a Roentgen tube). From 1895, when 
x-rays were discovered, to the late 1960s, the main source
of x-rays for research was the Roentgen tube. After the first
observation of synchrotron radiation1 and the evolution of
the cyclic electron synchrotron, followed by the develop-
ment of storage rings for high-energy physics applications,
physicists realized that these accelerators could be used as
more intense x-ray sources than the previous sources. Since
then, synchrotron light sources have evolved through three
generations. First-generation systems were constructed in
the U.S., Germany, Japan, and the Soviet Union. These stor-
age-ring-based light sources initially used the radiation gen-
erated by an electron beam being turned by the large mag-
nets that kept the electron beam in circular motion. T h e s e
first-generation light sources operated parasitically on
machines devoted mainly to high-energy physics studies.

The second-generation machines were specifically built to
be light sources, but still used, initially, the radiation from
single bending magnets. Eventually, these facilities added
straight magnetic components with periodic transverse mag-
netic fields (called “wigglers” or “undulators”) that forced
electrons to undergo many transverse oscillations instead of
following a single smooth orbit around the storage ring,
thus generating more x-rays. However, since these storage
rings did not include a large number of straight sections, the
number of wigglers that could be used was limited. A r o u n d
1980, new second-generation facilities were completed in 

the People’s Republic of China, England, France, Germany,
Japan, the U.S., and the Russian republics.

The third-generation facilities (such as the Advanced Photon
Source at A rgonne National Laboratory, the Advanced Light
Source at Lawrence Berkeley National Laboratory, and simi-
lar facilities around the world) were also built specifically for
light-source applications. These machines incorporated more
straight sections for the placement of wigglers and undu-
lators, allowing more people to use the light source. Also, 
the storage rings were designed to have a very-small-
diameter electron beam, resulting in a smaller-diameter x-ray
beam with increased brightness. The typical electron-beam
quality (quality in this sense is the ability to maintain a small
electron beam spot over some fixed distance, in units of
a m p s / m2/ r a d2) in third-generation sources was 50 times 
l a rger than it was in earlier sources. These facilities increased
x-ray-beam brightness by several orders of magnitude in com-
parison to previous generation sources. However, for x-rays
shorter than a few hundred angstroms, these devices produced
an x-ray beam with very little optical coherence across the
beam. This property is called transverse coherence.

The growing use of synchrotron light sources and the
unique results obtained from experiments with these
sources over the last 20 years have led to great interest in a
fourth-generation light source. A fourth-generation machine
would enhance by one or more orders of magnitude some
or all of the performance parameters of the third-generation
sources used now. Although the exact characteristics of a
facility depend on its scientific applications, scientists
agree that high brightness and transverse coherence are
very important. Another necessary characteristic is the gen-
eration of shorter x-ray pulses than those produced now by
third-generation sources.

Stimulated by the Workshop on Fourth-Generation Light
Sources (Stanford, 1992), we began discussing the possi-
bility of using the SLAC linac to drive a fourth-generation
light source. The approach selected to generate the x-rays
is different from the previous generations of light sources.
Instead of using a ring that circulates the same electron
beam through the bending magnets many times, this design
uses a single pass of an electron pulse through a long undu-
lator. During the transit of the electron bunch through the
long undulator, the x-ray pulse starts up from noise and
builds up to very high powers using the self-amplified
spontaneous-emission (SASE) mode of operating the FEL.
As with many lasers, the resulting light has a narrow band-
width and is coherent, compared to light-source generated
light.

R. L. Sheffield (LANSCE Division)
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The proposed machine is named the Linac Coherent Light
Source (LCLS), and a schematic of the LCLS is shown in
Figure 1. The LCLS is a multi-institutional proposal for a
single-pass, x-ray FEL operating in the 1 to 2 Å wave-
length region, using electron beams from the SLAC linac at
~15 GeV of energy. 

An LCLS type of fourth-generation light source can now
be designed because of (1) the development of the photoin-
jector (invented at the Laboratory), (2) our ability to con-
struct precision undulators, and (3) our improved under-
standing of linac beam dynamics and pulse compression.
To propose building the LCLS, we still had to demonstrate
the very high gains predicted by SASE theory.

Our collaboration with UCLA on the advanced free-elec-
tron laser (AFEL) system at Los Alamos demonstrated our
understanding of the scientific basis of SASE. This collab-
oration has validated the SASE theory. The Los Alamos-
UCLA team measured FEL laser gains of greater than
500,000 in the infrared optical region. This measurement
can be compared with the gains of less than 2 typically
measured in infrared FELs. The gain was due to the excel-
lent electron-beam characteristics provided by the AFEL
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accelerator and the unique wiggler provided by UCLA. The
experimental results are also close to the predicted perfor-
mance based on SASE theory. Our experiment is the first,
clear confirmation supporting the SASE theoretical founda-
tion; it justifies using this theory as a basis for designing
higher-energy, shorter-wavelength light sources.

Reference
1. J. P. Blewett, “Radiation Losses in the Induction Electron Accelerator,” Phys. Rev. 69, 87 (1946).
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The large, high-resolution gamma-ray detector
array, GEANIE, is now being used to perform inno-
vative research using the high-energy white spec-
trum WNR neutron source at LANSCE. Current
experiments are driven by the need for improved
data for the stockpile stewardship program, APT,
and opportunities to explore new regions of excita-
tion in basic nuclear physics. In operation for a rel-
atively short time, exciting new results are being
obtained.

The Germanium Array for Neutron-Induced Excitations,
GEANIE, is a large, high-resolution gamma-ray detector
array at LANSCE. GEANIE, sited at WNR — an intense,
pulsed, broad-spectrum neutron source,1 provides new and
powerful capabilities for Science-Based Stockpile
Stewardship and nuclear science. The acquisition, installa-
tion, operation, and use of the array is a major collabora-
tive effort between researchers from Lawrence Livermore
National Laboratory and Los Alamos National Laboratory.
A primary goal of the collaboration is to accurately deter-
mine the 239Pu(n,2n) cross section and to address important
nuclear data needs. Innovative research in nuclear physics
using the unique combination of a high-resolution gamma-
ray (γ-ray) spectrometer with a high-energy neutron source
is also a priority.

The development and use of GEANIE creates a powerful
new tool for nuclear physics research. At full power, the
WNR spallation source is the most intense high-energy
neutron source in the world. This is the first time that a
large γ-ray detector array has been used at a spallation neu-
tron source, which makes it possible to measure excitation
functions over a wide energy range simultaneously. This
unique combination opens up new possibilities for research
in areas of nuclear excitation that previously have been dif-
ficult to access.

The important characteristics of GEANIE for nuclear spec-
troscopy are high-energy resolution (~0.2%), good efficien-
cy, escape suppression for background reduction, and high
granularity. Measuring characteristic γ rays that follow neu-
tron-induced reactions usually allows the determination of
both the reaction channel—for example, (n,2n) or (n,3n)—
and the particular level excited in the product nucleus. In
addition, the reaction thresholds and cross-section peaks
observed in excitation functions provide information for
the identification and study of the various reaction prod-
ucts. Because of the high neutron energies available, many

different reactions are possible. Typical reactions include:
inelastic scattering, multiple-neutron emission, proton
emission, alpha emission, combinations such as two-proton
plus three-neutron emission, and fission.  

GEANIE presently consists of 20 bismuth germanate
escape-suppression shields surrounding 20 germanium
(Ge) detectors. GEANIE was built using elements of the
High-Energy Resolution Array (HERA) that was developed
by the Nuclear Structure group at Lawrence Berkeley
National Laboratory.2 The original coaxial Ge detectors
have been augmented by the addition of planar Ge detec-
tors. The combination of both coaxial and planar germani-
um detectors provides a powerful spectrometer for a wide
range of experiments. The coaxial detectors have a useful
gamma-ray detection range to several MeV.  The planars
are especially useful at lower gamma-ray energies and have
extremely good energy resolution. Six more Ge detectors
are being added to the array for the 1998 beam time.
Incident neutron energies are determined using time-of-
flight techniques. GEANIE (Figure 1) is located 20 m from
the neutron production target.

GEANIE is being used to obtain an accurate measurement
of the 239Pu(n,2n)238Pu reaction cross section needed to
better understand the radiochemical data from past Nevada
Test Site experiments. From measured γ-ray production
cross sections, we obtain an estimate of total reaction cross
sections as a function of incident neutron energy. By com-
bining our results with calculations from the coupled pre-
equilibrium and Hauser-Feshbach computer program
GNASH,3 we can use theory to account for the fraction of
the cross section that is not measured with our technique.

R. O. Nelson, G. D. Johns (LANSCE Division), W. S. Wilburn (Physics Division), D. M. Drake (Amparo
Corp. and  LANSCE Division), D. E. Archer, J. A. Becker, L. A. Bernstein, W. Younes (Lawrence
Livermore National Laboratory), S. W. Yates, P. Garrett (University of Kentucky)
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▲ FIGURE 1. GEANIE with experimenters (l to r) G. D. Johns,
W. Younes, L. A. Bernstein, and W. S. Wilburn.
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Figure 2 shows excitation functions of one of the γ rays in
238Pu resulting from the 239Pu(n,2n) reaction. The ability
to simultaneously measure excitation functions for many γ-
ray transitions provides numerous checks for validation of
the data and models used in the GNASH code.

The use of γ rays is an important tool for (n,xn) measure-
ments on actinide nuclei because the production of neu-
trons from fission interferes with a direct measurement of
the (n,xn) neutrons. The good peak-to-total ratio of the
GEANIE detectors allows the resolution of individual γ-ray
lines above the background from fission and other γ rays.
The planar detectors play an especially important role in
these measurements because they have excellent energy
resolution and are relatively insensitive to neutrons. This is
the first time that an array of planar germanium detectors
has been used to study actinide nuclei. Figure 3 shows a
three-dimensional plot of data from the planar detectors
taken with a 238U sample. The plot shows the separation of
gamma-rays from inelastic scattering and (n,3n) reactions
that differ in energy by less than 1.3 keV.

Neutron-induced gamma-ray measurements provide a
means to study nuclei via (n,xn) reactions (wherex = 1, 2,
3  ...), probing nuclei that are otherwise difficult to access.

Our previous experiments4 with a single unsuppressed 
germanium detector in which we observed reactions on
208Pb up to (n,9n) laid some of the groundwork for current
studies. But with GEANIE the ability to measure γ-γ coin-
cidences opens up a much wider range of possible
research.  A sampling of the proposed physics being pur-
sued with GEANIE includes a search for rigid triaxial
motion, an investigation of vibrational excitations in rare-
earth nuclei, level-density studies, and exploration of the
structure of exotic neutron-deficient nuclei. Other propos-
als are to measure the Lu(n,xn) reaction cross sections for
use as a diagnostic in experiments related to APT and to
determine neutron-induced reaction cross sections on W,
also of importance to APT. Off-line experiments using
radioactive samples are planned for times when the accel-
erator is not in operation. 

Recent results of GEANIE research include the observation
of structure-dependent reaction effects in 196Pt(n,xn) reac-
tions,5 studies of neutron-deficient nuclei using, for exam-
ple, 112Sn(n,αxn) reactions, and identification of a candi-
date for a two-phonon octupole state in 170Er.

At present over 20 researchers are involved with GEANIE.
These researchers include professors and postdoctoral fel-
lows from universities as well as researchers from laborato-
ries around the world. GEANIE is an important asset for
nuclear physics and is attracting outstanding researchers
because of the new opportunities available. 
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▲ FIGURE 2. Excitation function for the 210 keV 8+ to 6+ transition in the 239Pu(n,2n)238Pu
reaction measured with GEANIE in 1997. The GNASH calculations have been normalized to the data
pending further work on the efficiencies, attenuation factors, and other corrections. Relatively good
agreement between the calculated and measured excitation function shapes is obtained.

▲ FIGURE 3. Three-dimensional spectrum from the planar germanium detectors showing the 
measured 8+-to-6+ transitions in 238U and 236U near Eγ = 212 keV.  The two gamma-rays differ in
energy by less than 1.3 keV.  The plot covers the neutron energy range from 1 MeV to 200 MeV.
The different thresholds for the two reactions (inelastic and (n,3n)) are evident in the plot.
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A long-standing goal of nuclear physics has been to
understand the fundamental neutron-proton interac-
tion. While many experiments have been performed
on elastic scattering, inelastic processes, such as
those in which a photon or meson is produced, are
far less well known. This highlight describes an
ongoing investigation of these processes, including
work done in 1997.

In inelastic scattering of neutrons and protons (generically
nucleons), some of the nucleons’ energy is given up to pro-
duce other particles, such as γ-ray photons and π-mesons.
The photon emission process is known as neutron-proton
bremsstrahlung. This reaction is similar to the familiar
electron bremsstrahlung process where a photon is radiated
when an accelerated electron interacts with an atom’s elec-
tromagnetic field.

In the nucleon-nucleon case, a bremsstrahlung photon can
be radiated when the nucleons interact via the strong
nuclear force. The four diagrams in Figure 1 (L) illustrate
this process (an oval represents the nucleon-nucleon inter-
action). This interaction can be described as arising from
the exchange of virtual mesons. In the neutron-proton inter-
action the mesons can be either electrically neutral (such as
the πo) or charged (π+ or π-). A charged meson also can
emit a bremsstrahlung photon (Figure 1, R).

A nucleon cannot emit a single photon and conserve
momentum and energy. However, energy conservation can
be violated for the short time interval allowed by
Heisenberg’s uncertainty principle, during which the 

nucleon is said to be “off-shell.” Then a second interaction
must occur to restore conservation of energy.

Figure 1 shows that a study of the neutron-proton
bremsstrahlung process affords the possibility of learning
about both the off-shell and meson-exchange aspects of the
nucleon-nucleon interaction. Figure 2 shows a theoretical
calculation1 of the angular distribution of the photons emit-
ted in neutron-proton bremsstrahlung, for incident neutron
energy E = 200 MeV and outgoing neutron and proton
angles θn = θp = 30ο. The top panel shows the effect of
changing the form of the nuclear force. The bottom panel
illustrates the contributions of the external (off-shell) and
exchange processes. The former process is seen to produce
an angular distribution that resembles a classical electric
dipole radiation pattern. The meson exchange contribution
is asymmetric, favoring the negative-angle (neutron) side
over the positive-angle (proton) side of the incident neutron
direction. The two contributions are of comparable magni-
tude. Neutron-proton bremsstrahlung can thus provide a
simple, direct test of models of meson exchange currents,
which are important in describing many other phenomena
in nuclear and particle physics.

J. L. Matthews, Y. Safkan, W. M. Schmitt, V. V. Zelevinsky, J. da Graça,  M. A. Greene, L. W. Kwok
(Massachusetts Institute of Technology), S. A. Wender, P. A. M. Gram, T. N. Taddeucci (LANSCE
Division), S. F. Pate (New Mexico State University)
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▲ FIGURE 1. Diagrams of mechanisms for nucleon-nucleon bremsstrahlung. Vertical lines represent
nucleons propagating through space-time; ovals symbolize the nucleon-nucleon interaction. Photons
(wavy lines) can be emitted either by a nucleon (four diagrams, L) or by a charged meson in the
exchange process (diagram, R). θ  (deg)γ
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The intense high-energy neutron beam at WNR, with its
continuous spectrum of energies up to nearly 700 MeV,
presents a unique opportunity to observe neutron-proton
bremsstrahlung and also, for energies above around 300
MeV, π-meson production. The beam impinges on a liquid
hydrogen target; scattered neutrons and recoil protons are

detected in coincidence by the array of counters (Figure 3).
The neutron counter at 54ο continuously monitors neutron-
proton elastic scattering. Since the angle between the neu-
tron and the proton in elastic scattering is 90o, independent
of energy, the detectors at 20o, 28o, and 36o will see only
inelastic processes. Below the π-production threshold, the
only possible inelastic process is neutron-proton
bremsstrahlung. Knowing the detector angles and measur-
ing the energies of the detected particles, one can deduce
the emission angle of the undetected photon. The neutron
energies are determined by time-of-flight and the proton
energies by the pulse height information from the CsI pro-
ton counters. The time-of-flight “clock” is started when the
LANSCE proton beam strikes the spallation source; i.e.,
when the neutrons are produced, “stop” signals are pro-
duced by scattered neutrons and recoil protons reaching
their respective detectors. 

For incident energies above 280 MeV, bremsstrahlung
events can be distinguished from π-production events by
using the measured quantities to calculate the “missing
mass” in the final state. Figure 4 shows examples of miss-
ing-mass plots for neutron and proton detectors at
(20o,20o), (28o,20o), (20o,28o), and (28o,28o) for incident
neutron energy 225 MeV. Since this energy is below the π-
production threshold, one sees a peak only at 0 MeV, corre-
sponding to the zero-mass photon emitted in neutron-
proton bremsstrahlung.

Reference
1.  V. R. Brown and J. Franklin, “Meson-Exchange Effects in Neutron-Protron Bremsstrahlung,” Physical Review C 8, 1706 (1973).
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▲ FIGURE 4. Plots of the square of the missing mass (in [MeV]2) in the final state in inelastic
neutron-proton scattering, for incident neutron energy 225 MeV. Empty-target background data were
subtracted from data obtained with the hydrogen target. The neutron and proton detector angles (in
degrees) are given at the top of each plot. The peaks at zero missing mass are due to neutron-proton
bremsstrahlung.
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The broadening of neutron resonances can provide
information on the temperatures of materials being
traversed by neutrons. We are developing the capa-
bility to use LANSCE beams to measure the temper-
atures in dynamically loaded systems of interest to
science-based stockpile stewardship (SBSS), where a
snapshot of temperature must be made on fast time
scales of a microsecond or less. Experiments have
begun to study the temperature of explosively driven
metal jets and the temperature in a shocked metal.

How does one measure the internal temperature of a sys-
tem undergoing dynamic loading—such as a metal being
shocked? This challenge is one whose successful solution
is of great interest to the shock physics, weapons physics,
and industrial communities. Existing methods of tempera-
ture measurement in dynamic systems have various inher-
ent limitations. Optical methods interact with sample sur-
faces, and during dynamic events the surface may be
obscured from view by reaction products. Even if the sur-
face can be clearly viewed, temperatures at the surface may
not equal those present in the interior. Probes placed in the
interior of the sample are short-lived and often destroyed
during the dynamic event. Finally, the presence of invasive
diagnostics may alter the dynamics of the very interaction
one desires to study.

Neutrons are temperature probes that can penetrate a sam-
ple to view its interior. At the same time products that may
optically shield a sample are usually not opaque to neu-
trons so that temperature measurements are possible in
their presence. When epithermal neutrons are attenuated by
a sample material, the time-of-flight (TOF) spectrum of the
transmitted neutrons exhibits a series of characteristic dips
or resonances. These dips result from neutrons that are
removed from the beam during the formation of excited
states in the compound, A+1 nucleus. The locations and
line shapes of resonances that appear in the TOF spectrum
are unique to each isotopic element and therefore can pin-
point temperature determinations to the location of the res-
onant material.

In neutron resonance spectroscopy (NRS), the temperature
of an irradiated sample is determined from temperature-
dependent changes to the Lorentzian line shape of a reso-
nance. The energy available when neutron and nucleus
interact is dependent on the relative velocity of the two
bodies. As a result, the observed line shape becomes a 

convolution between a Lorentzian and a Gaussian of width
proportional to the square root of sample temperature. 
One must be aware, however, that other undesired factors
may also influence the resonance line shape. Two such fac-
tors are: 1) the spread in times to slow fast neutrons to the
energy of the resonance being studied, and 2) phosphores-
cence in the light emitted by scintillation media (such as
6Li-loaded glass) used for neutron detection.

The neutrons for NRS measurements are produced either at
the neutron production target of the Lujan Center or in a
special target/moderator assembly located in the Blue
Room at the WNR facility. The former site offers a 20-Hz
beam that is advantageous for multiple-pulse measure-
ments. Most dynamic measurements require only single-
beam pulses, and the Blue Room setup allows for more
intense neutron pulses as well as permitting the sample to
be closer to the neutron source, which results in a six-fold
better time resolution of a dynamic event.

What is the time scale for a dynamic temperature measure-
ment using NRS? The answer to this question depends on
the transit time for neutrons of the studied resonance to
pass through the sample. For the temperature measurement
to be meaningful, the dynamic system being studied must
remain quasi-stable during this time of passage. Figure 1
shows the resonance profile for the 21.1-eV resonance in
182W as observed 1 m from the neutron source. The width
of the resonance is 0.17 µs—narrow enough for studies on
the submicrosecond time scale. Figure 2 clearly shows the
difference in resonance line shapes for a tungsten sample
heated to various temperatures.

V. W. Yuan, J. D. Bowman, G. L. Morgan (Physics Division), C. Forest, R. S. Hixson B. W. Asay, 
D. J. Funk, D. Idar, R. L. Rabie, R. M. Boat, L. M. Hull, R. K. London (Dynamic Experimentation
Division), B. I. Bennett, C. E. Ragan (Applied Theoretical and Computational Physics Division)
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▲ FIGURE 1. Time scale for the 21.1-eV resonance in tungsten-182 when viewed at 1-m distance
from the neutron source. The 170 ns width permits submicrosecond resolution of dynamic events.
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In 1996, we commenced a program of experiments to mea-
sure temperatures in an explosively formed metal jet. In the
comparison between a silver sample at room temperature
and the heated silver in a jet (Figure 3), it is easy to see the
resonance broadening resulting from the large temperature
difference. Radiographs taken at PHERMEX provide addi-
tional information on variations in jet thickness and jet
velocity as a function of time, and we include their effects
in our analysis of the data.

In 1997, a second set of experiments was initiated—this
time in the Blue Room—to measure temperatures in a
metal after passage of a shock wave. Measurements of this
type did not previously exist, and temperature data was
sought to improve understanding of the shocked material.
In similar fashion to the metal-jet experiment, our data
clearly show that the resonance profile after passage of the
shock is both broadened and Doppler-shifted to an earlier
time when compared with the resonance profile before pas-
sage of the shock. The broadening is the result of a higher
temperature, and the centroid shift is due to the relative
motion of the shocked sample towards the neutron source. 

Nuclear Science

▲ FIGURE 2.Changes in resonance profile accompanying different sample temperatures. The tung-
sten-182 sample was heated in an oven.

▲ FIGURE 3. Comparison of 30.4-eV resonance in silver as observed before and during the forma-
tion of a metal jet. The broadening resulting from the higher temperature of the jet is clearly evident.
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An accurate knowledge of the probability for the
capture of a neutron by a nucleus, subsequently fol -
lowed by gamma ray emission, is important to
understanding the results of historical nuclear
weapons tests, as well as to understanding the syn -
thesis of the chemical elements in stars. Although
many such experiments have been done on stable
nuclei, very few have been done using radioactive
nuclei. We have measured this process on the
radioactive isotope 171Tm, on Flight Path 4 at the
Lujan Center. The results indicate that the parame -
ters used in the theoretical calculation of the reac -
tion may be inadequate for radioactive nuclei.

The capture of a neutron by a nucleus and subsequent
gamma ray emission is one of the simplest nuclear reac-
tions. Experiments measuring it are rather easy in concept
and have been done for a wide range of stable isotopes.
However, there are very few measurements on rare iso-
topes or on radioactive targets. Current applications require
accurate estimates of the probability of this reaction for
these targets.  The very intense neutron beam from the
Proton Storage Ring at the Lujan Center enables us to mea-
sure target material as small as 1 mg, opening the way for
experiments on radioactive targets.

The weapons interest centers around the use of small
amounts of various stable isotopes as tracers in nuclear
weapons tests. In the extreme environment of a nuclear
explosion, there can be multiple nuclear reactions on these
tracers, leading to various unstable nuclei that can in turn
undergo further reactions. The energy range of interest is
about 1 to 100 keV. In order to model the archived results
of nuclear tests, the probabilities for the various reactions
must be accurately known.

A different area of interest is in studying the production of
chemical elements in the stars. One of the main processes
in nucleosynthesis is the slow (“s-”) process neutron cap-
ture, in which stable or nearly stable nuclei are formed by
neutron capture on the next lighter nucleus. For unstable
isotopes, there is a competition between radioactive decay
and neutron capture. The rate of capture depends on the
capture probability and the density and energy of the neu-
trons at the s-process site. Thus, the branchings can provide
insights to the stellar neutron environment.1 Accurate esti-
mates of the capture probability are required for calcula-
tions to predict the observed cosmic abundances of the iso-
topes. The energy range of interest depends on the stellar

model but varies from 1 to 200 keV. In yet another applica-
tion, neutron capture on unstable targets is of growing
interest for studies of radioactive waste transmutation.

The experiment was done on Flight Path 4 at the Lujan
Center, at 8 m from the “high-intensity” water moderator.
The setup was the same as used by Koehler2 in earlier
measurements. The neutron flux was determined by simul-
taneously measuring the 6Li(n,α) reaction using a target
consisting of a thin deposit of 6LiF on an aluminum back-
ing. The shape of the measured neutron flux is in good
agreement with the flux calculated by Russell,3 as well as
an earlier flux measurement by Koehler,4 which used a dif-
ferent set of collimators. The magnitude of the measured
fluxes appears to be slightly less than the calculated value
in both measurements.

The experiment in 1997 served as a “warm up” experiment
to test the feasibility of using radioactive targets. The tar-
gets studied were 171Tm, which has a 1.92-year half-life,
and the stable isotope 169Tm. We chose 171Tm because
thulium is one of the principle elements used as a weapons
tracer. In addition, 171Tm is relatively easy to produce and
presents a relatively benign radiological handling hazard.
We measured 169Tm because it occurred as a contaminant
in the 171Tm, but also because it has been well studied and
provided a mechanism of validating our experimental abili-
ty to perform these types of measurements. The 171Tm tar-
get was made by irradiating 170Er in a reactor at the Idaho
National Engineering and Environmental Laboratory, fol-
lowed by chemical separation and processing in a hot cell
at TA-48 in Los Alamos. The 171Tm was separated from
the erbium target using high-performance liquid chro-
matography about 2 weeks before the experiment. The tar-
gets were made by electroplating the 171Tm on a 0.5-mil
beryllium foil flashed with a 700-Å layer of titanium and
then covered with a second layer of beryllium foil. The
induced activity was as expected, with few impurities.

Figure 1 shows the data from 169Tm. The x-axis shows the
neutron energy, and the y-axis is the reaction probability, or
cross section, expressed in units of barns. The peaks at low
energy, especially obvious at 4.92 eV, are “resonances” that
correspond to neutron capture into distinct nuclear states.
At the higher energies, these states wash out and overlap
until finally the spectrum becomes a featureless straight
line. Also shown in the figure is a theoretical calculation
using the GNASH program.5 For 169Tm, the calculation is
in good agreement with the measured data. However, as
shown in Figure 2 for 171Tm, the calculated cross sections
are as much as a factor of five above the measurement.
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This calculation represents the first neutron capture mea-
surement of this isotope. The discrepancy is not entirely
surprising because GNASH relies on parameters, such as
the number of nuclear states per unit excitation energy in
the final nucleus, that must be fit to data. This parameter
could be different for stable and unstable target nuclei. The
results of this experiment not only will provide a measure-
ment of the cross sections for 171Tm but also will increase
our knowledge of these crucial parameters.

A serious problem in the experiment was the background
rate caused by scattered neutrons that produced gamma
rays in or near the detectors. These neutrons came from the
beryllium backing foil in the experiment as well as from
adjacent flight paths. In 1998, we are planning on using
Flight Path 2 at the Lujan Center for this experiment. This
will give us a longer flight path as well as better isolation
from adjacent experiments. We will also try a different set
of collimators, which will give a higher neutron flux.
However, in order to study other more radioactive targets, a
highly segmented detector array will be required to mini-
mize the number of decays counted in each detector. A pro-
posal has been written to use Flight Path 14 for continua-
tion of these experiments.

References
1. F. Käppeler, “New Experimental Data for the S-Process: Problems and Consequences,” in Nuclei in the Cosmos III(AIP 1995) AIP Conf. 327,

p. 101. G. Wallerstein et al., “Synthesis of the Elements in the Stars: Forty Years of Progress,” Reviews of Modern Physics69, 995 (1997).
2. P. E. Koehler and F. Käppeler, “Measurements of γ Cross Sections for Very Small Stable and Radioactive Samples of Interest to the S- and 

P-Process,” in Proceedings of the International Conference on Nuclear Data for Science and Technology, J. K. Dickens, Ed. (Gatlinburg,
Tennessee, 1994) p. 179.

3 G. J. Russell, private communication (1989, 1997). Calculations of the neutron brightness for the 1998 upgrade are available at
www.lansce.lanl.gov/mlnsc.

4. P. E. Koehler, “Measurements of the LANSCE Neutron Flux from 0,025 ev to 100 keV,” Nucl. Inst. Meth.292, 541–545 (1990).
5. P. G. Young, private communication (1997).

Nuclear Science

87

▲ FIGURE 1. Cross section of 169Tm measured in this experiment compared to a theoretical calcula-
tion using the GNASH program.5
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▲ FIGURE 2. Cross section of 171Tm measured in this experiment compared to a theoretical calcula-
tion using the GNASH program.5 Data from two different sets of runs are shown. This represents the
first measurement of neutron capture on this radioactive target.
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Storage-phosphor image plates have been used to
explore techniques for performing high-energy
(> 50-MeV) neutron radiography with the WNR
spallation source. Results from test measurements
performed in July 1997 show great promise for
applications ranging from beam diagnostics to
detailed tomography of complex objects.

Neutron radiography is a technique for imaging the internal
structure of an object by measuring intensity variations in a
beam of neutrons transmitted through the object. The
amount of detail that can be resolved and the type of
objects that can be imaged depend on the energy of the
neutron beam, the size of the neutron source, and the spa-
tial resolution of the detector used to measure the intensity
of the transmitted neutrons.

Neutrons are electrically neutral particles that interact with
matter by scattering from atomic nuclei. The parameter that
describes the probability of such an interaction is called the
neutron total cross-section. Neutrons have the greatest pen-
etrability, i.e., the ability to probe deep inside massive
objects, when the neutron total cross-section is lowest. The
neutron total cross-section for all atomic nuclei from
hydrogen to uranium reaches a broad minimum for neutron
energies centered about 300 MeV. The WNR Target-4
source is an unmoderated spallation neutron source that
produces a broad spectrum of neutron energies reaching up
to almost 800 MeV.1 This source is therefore well suited
for neutron radiography applications where maximum pen-
etrability is desired. In July 1997 we performed a set of
neutron radiography measurements designed to demon-
strate the ability to image the interior of a massive object
with good spatial resolution. The measurements were per-
formed on WNR Target-4 flight path 4FP30R.

The test object consisted of a depleted uranium cylinder 6
in. in diameter with a central cavity 2-13/16 in. in diameter.
This cavity was filled with a polyethylene plug in which
three holes were drilled parallel to the cylinder axis. The
hole diameters were 1/2 in., 1/4 in., and 1/8 in.

We employed a modified version of an imaging system that
has been successfully applied to proton radiography: stor-
age-phosphor image plates. These plates consist of a
BaFBr:Eu2+ phosphor bonded onto a polyester backing.
While designed primarily for medical x-ray imaging pur-
poses, the storage phosphors will also form latent images
when exposed to charged particles such as protons.
Neutrons are detectable by using a thin copper converter
layer in front of the image plate. A neutron that interacts

inelastically in the copper layer can eject one or more pro-
tons that stimulate the phosphor and form the latent image.
To increase the efficiency of the detection process, we used
ten alternating layers of copper and storage phosphor,
forming a sandwich about one inch thick. 

Before radiographing the test object, the image-plate detec-
tor system was tested by producing pinhole images of the
Target-4 source. A shielded brass pinhole was placed in the
neutron beamline 10 m from Target-4. A 10-layer stack of
image plates was positioned 10 m downstream from the
pinhole. This arrangement thus produced images with a
magnification of 1. The pinhole consisted of a 4 in. x 4 in.
x 10.5 in. brass brick with a central bore that tapered to
1/16 in. at the center.

There are two spallation targets available at WNR. The
standard target is a water-cooled tungsten cylinder 3.0 cm
diameter by 7.5 cm long. This target yields a large neutron
flux but is unsuitable for detailed radiography measure-
ments because of image blurring produced by its large
angular size. A second target constructed specifically for
the radiography measurements is 1 cm diameter by 2.5 cm
long. This smaller target produces a much sharper image at
the expense of reduced neutron flux (about a factor of 10).
Neutron pinhole images of the two WNR spallation targets
are shown in false color in Figure 1. The top picture shows
the standard target. The viewing angle of 30° foreshortens
the apparent length by a factor of two. In this picture the
proton beam enters from the left at an upward angle of
8.5°, which is doubled in this image by the 30° perspective.
The bottom image shows the smaller radiography target.
The rectangular outline surrounding each target image is
produced by unfocused neutrons filling a 3.2-cm x 4.3-cm
collimator aperture upstream and downstream of the pinhole.

Neutron radiographs of the cylindrical test object were
obtained with the object at a distance of 18 m from Target-
4, with the image plates 1 m farther downstream. The
cylinder was oriented with its axis perpendicular to the
incident beam. Nine exposures were made, with the object
rotated 20° about its axis between each exposure. This set
of images allowed us to make a tomographic reconstruction
of the interior of the cylinder. The raw image-plate data
was scanned at a resolution of 150 dpi and was subsequent-
ly rebinned into 1-mm pixels to improve statistics.

As a basis for comparison, some theoretical radiographs of
the cylindrical test object were also calculated and then
processed in a manner identical to the data. The calcula-
tions did not include the effects of small-angle elastic scat-
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tering or detection statistics. These calculations thus repre-
sent the best possible image that can be obtained for this
particular geometry.

Tomographic reconstructions were done using filtered back
projection. Two types of images were produced: diff e r e n t i a l
and full. In the differential image the cylindrical symmetry
of the object was used to subtract the average neutron inten-
sity before reconstruction. This method enhances the visibil-
ity of “non-average” features such as the holes in the poly-
ethylene. In the full images no information was subtracted
and the derived image intensity is linearly related to the
actual “density” (inverse attenuation length) at each point.

Results are shown in Figure 2. The left-hand images in this
figure are a product of the model calculations, and the
right-hand figures are based on the real data. The top fig-
ures are differential reconstructions; the bottom figures are
full reconstructions. In the data reconstructions only the
region of the central polyethylene cylinder (colored region)
is valid. Data outside this region were not usable because
of some uncorrectable response variations in the image
plates. Inside this region agreement with the model calcula-
tions is very good.
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Radiography

▲ FIGURE 1. Neutron pinhole images of the WNR Target-4 source.
The top image is the standard source. The bottom image is a smaller
source designed for radiography applications.

▲ FIGURE 2. Tomographic reconstructions of a uranium-polyethylene test object. Images on the left
are theoretical calculations. Images on the right are actual data.
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We have established a neutron radiography capabili -
ty on Flight Path 11a at the Lujan Center. The neu -
tron beam at the Lujan Center is attractive for neu -
tron radiography because it is pulsed and because it
has low gamma content. The pulsed characteristic of
the beam allows us to use a time-gated imaging
technique that we have recently developed to obtain
radiography at specific neutron energies. This capa -
bility can be combined with the Bragg cutoff phe -
nomenon of selected materials to achieve materials
discrimination. We have carried out radiography on
test components using three imaging techniques:
time-gated imaging, an amorphous silicon detector,
and conventional x-ray film.

Neutron radiography is an attractive technique in non-
destructive testing and evaluation because of the strong ener-
gy variation of neutron cross-section characteristics of nearly
all the nuclides. As a result of this strong variation, measure-
ment of the neutron transmission as a function of energy and
position over a broad range of neutron energies can be used
to give elemental and spatial information about an object.
Neutron radiography is generally carried out at reactors
where a steady-state source of neutrons covering a broad
e n e rgy range is available. Spatial resolutions of a few tens of
microns are readily achievable in such radiographs, and reso-
lutions as high as 1 micron have been reported by the
Phoenix Memorial Laboratory, University of Michigan.1

Over the past 2 years, we have used three imaging tech-
niques at the Lujan Center: time-gated cold neutron radiog-
raphy, radiography using an amorphous silicon detector,
and radiography with x-ray film. These techniques are
applied to the Science-Based Stockpile Stewardship pro-
gram and industrial research. 

Time-Gated Cold Neutron Radiography
Neutron radiography with cold neutrons using time-gating
is a technique that was first demonstrated at LANSCE.
This technique is of interest because of an important
behavior of crystalline materials at cold neutron energies.
Below an energy of a few meV (the exact energy depends

on the material), there is an abrupt drop in the scattering
cross section when the wavelength reaches twice the
largest d-spacing of the material. The energy level at which
this abrupt drop occurs is referred to as the Bragg cutoff.
This behavior is not exploited in a reactor environment
because the steady-state nature of the neutron source is not
favorable to separating neutrons of different energies.
However, a pulsed neutron source, such as at the Lujan
Center, can employ time-of-flight to obtain radiographs at
specific neutron energies (or in a narrow range of neutron
energies). By recording image data at different times dur-
ing a neutron pulse, radiographs can be made at neutron
energies of interest, for example, just above and just below
the Bragg cutoff of a given material. 

Consider a sample or device consisting of components of
various materials. A radiograph taken at an energy above
the Bragg cutoff of all the components in the device would
show the entire device. However, choosing an energy
below the Bragg cutoff of some materials and above the
Bragg cutoff of others produces a radiograph having the
“below the Bragg cutoff” components much less absorbing
than the remaining components. Therefore, it is possible to
separate components and materials in a sample or device
by judiciously choosing the neutron energy at which a radi-
ograph is made. With this technique, it is possible to obtain
multiple radiographs emphasizing some components or
constituents and de-emphasizing others, without modifica-
tions to the object. These component images can likely be
separated through signal processing. In addition, imaging
in three dimensions can be obtained by using tomographic
image reconstruction techniques. 

This phenomenon was demonstrated on Flight Path 11a
during the 1997 run cycle. A lithium zinc sulfide scintilla-
tor (Bicron 704)2 was used as a neutron-to-light converter,
and the image on the scintillator was relayed by a mirror to
a gated, intensified, cooled charged-coupled device (CCD)
camera. The demonstration was carried out using two
materials that have a well-defined Bragg cutoff: beryllium,
which has a cutoff at approximately 6 meV, and carbon,
which has a cutoff at approximately 1.9 meV. A 25-mm-
thick beryllium block was obtained into which a 1/2-in.
diameter threaded hole (20 threads per inch) was cut. 
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A 1/2 by 20 carbon screw was inserted into the hole.
Radiographs were made above, between, and below the
two Bragg cutoffs. The results of the radiography are
shown in Figure 1. The radiographs demonstrate that mate-
rial discrimination among various materials is possible.
Although this phenomena is material dependent and is not
exhibited for all materials, we believe there are enough
materials, such as carbon and iron, for which an abrupt
change is exhibited so that the approach can be exploited in
programs of interest.

Radiography Using an Amorphous Silicon Detector
Use of an amorphous silicon detector was also demonstrated
on the 11a beam line. The advantage of the amorphous sili-
con detector is that, unlike a CCD silicon detector, it can be
placed directly in the neutron beam path with effectively no
damage if the beam is not left on the detector for long periods
of time. Thus, there is no need to relay the image using
optics, and a good quality image can be obtained relatively
quickly (within a few seconds). Unfortunately, the amorphous
silicon detector cannot be gated and, thus, cannot be used for
gated imaging. Figure 2 shows an example of an image we
obtained with a Reticon amorphous silicon detector.

Radiographs with X-Ray Film
The highest quality and resolution radiographs we have
obtained have been with x-ray film. A thin gadolinium foil
is placed next to the film and produces x-rays proportional

to the local neutron flux. The x-rays expose the film.
Figure 3 shows a radiograph of a cracked fire-set sample
provided by Sandia. We estimate the resolution of this radi-
ograph to be in the neighborhood of 25 microns. As with
the amorphous silicon detector, gated imaging cannot be
obtained with the film technique.

During this run cycle, we will be examining samples and
components from Los Alamos, Sandia, and Oak Ridge (Y-
12). We are also examining possible applications for the
newly developed technique of time-gated radiography.
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FIGURE 1a.
Neutron Energy: 7.5 meV
Above Cutoff of Be (6 meV) 
Above Cutoff of C (2 meV)
Both Be and C Dark

▲ FIGURE 1. Demonstration of cold neutron radiography using time-of-flight and gated imaging to
obtain radiographs at specific neutron energies. These images demonstrate materials discrimination
using the Bragg cutoff phenomenon. The images are a series of radiographs of a carbon bolt threaded
into a beryllium block. Image (a) is a radiograph taken at approximately 7.5 meV, which is above
the Bragg cutoffs of both beryllium (6 meV) and carbon (2 meV) and shows both the beryllium and
carbon as relatively dark. Image (b) is a radiograph taken at approximately 2.9 meV, which is
between the Bragg cutoffs of beryllium and carbon; the beryllium has become lighter because of the
reduction in the scattering cross section across the Bragg cutoff, and the carbon bolt inside the berylli -
um has become visible. Image (c) is a radiograph taken at a neutron energy of approximately 
1.5 meV, which is below the Bragg cutoff of both beryllium and carbon, and both the beryllium and
carbon have become lightened. Note that if any denser material had been obscured by the beryllium
and carbon materials, it would have been seen in Image (c).

FIGURE 1b.
Neutron Energy: 2.9 meV
Below Cutoff of Be
Above Cutoff of C
Be Light; C Dark

FIGURE 1c.
Neutron Energy: 1.5 meV  
Below Cutoff of both Be  and C 
Both Be and C Light

▲ FIGURE 2. Neutron radiograph taken with a Reticon amorphous silicon detector. The sample is a
25-mm-thick beryllium block with threaded holes (20 threads per inch) into which are screwed a
nylon screw (left) and a brass fitting (right). An aluminum nut has been fully screwed onto the nylon
screw and can be seen abutting the screw head. Also seen in the image is a nylon O-ring inside the
brass fitting. Such an O-ring would not be visible in an x-ray radiograph. The resolution of this neutron
radiograph is approximately 150 microns. The dark vertical lines in the image are columns of defec -
tive pixels in the detector.

▲ FIGURE 3. This image is an example of the highest resolution radiography that has been
achieved on the LANSCE cold neutron radiography facility. The image is a radiograph of a cracked fire-
set case sample provided by Sandia National Laboratories. The radiograph is an experiment to deter -
mine if such a crack could be imaged by neutron radiography. The crack is well defined in the radi -
ograph with a resolution estimated to be in the neighborhood of 25 microns. The radiograph was
obtained with x-ray film; a thin foil of gadolinium was placed next to the film to serve as a neutron-
to-x-ray converter.
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Many modern nuclear weapons incorporate insensi -
tive high explosives (IHEs) to greatly reduce acci -
dental detonation during transportation or handling.
Because of the reduced sensitivity of the IHE, its
initiation and detonation are much more difficult to
accurately model in our computer codes. Therefore
reliable detonation is more difficult to guarantee
under a wide range of conditions. The proton radi -
ography experiments at LANSCE provided an exten -
sive set of data for IHE detonation for various initi -
ation conditions and temperatures. Such data show
that our present calculational models have short -
comings; this data also can be used to help us devel -
op and validate better models. Better understanding
will help us maintain our confidence in these
weapons into the future.

Flash x-ray radiography has been used for over 40 years to
image dynamic processes. Proton radiography is a sharp
departure that draws on the skills and techniques developed
in nuclear and particle physics. In the past, protons were
used to image thin systems. However, the technique was
limited by image blurring, which resulted from multiple
scattering of the protons in the object being radiographed,
due to the proton’s charge. Recent experiments have
demonstrated a new magnetic-lens system, which removes
much of this blur even for thick objects. This technique can
be extended to gain information on the material composi-
tion of an object in addition to its density by cascading two
lenses with different angular apertures. This is a unique
feature of protons over conventional x-ray radiography.

In proton radiography, a beam of protons impinges directly
on the object to be radiographed. There is no need for a
bremsstrahlung converter (which is needed to produce
x-rays) or its equivalent, since the proton beam directly
illuminates the radiographed object. Ultimately, an acceler-
ator facility capable of providing 50-GeV proton beams
will be needed for hydrotesting purposes. This capability is
crucial to Science-Based Stockpile Stewardship, Los
Alamos’s effort to scientifically verify the reliability of its
nuclear stockpile without nuclear testing.

The principle radiographic advantages of protons over x-
rays are (1) the long mean-free-paths of protons, well
matched for imaging thick-dense objects; (2) existing pro-
ton accelerator technology to provide the required beam;
(3) significantly better signal to noise over x-rays in the
final image; (4) sensitivity to both material density and
composition; (5) direct utilization of the proton beam as the

radiographic probe, thereby eliminating the need for an
intermediate bremsstrahlung converter; and (6) high detec-
tion efficiency, allowing a “motion picture” of the explo-
sion with many frames and simultaneous viewing direc-
tions. LANSCE has been one of the most important facili-
ties in demonstrating this new technique.

Los Alamos is leading a multilaboratory effort to demon-
strate protons as a viable new radiographic probe to image
imploding or exploding objects with high spatial and tem-
poral resolution. The proton radiography team also
includes scientists, engineers, and technicians from
Lawrence Livermore National Laboratory, Lawrence
Berkeley National Laboratory, Brookhaven National
Laboratory, Indiana University, and Bechtel Nevada.

LANSCE is capable of providing 800-MeV protons. This
energy is well suited for examining shock-wave propaga-
tion in small-scale, high-explosive systems. The limitations
to thin, low-Z systems at 800 MeV come primarily from
multiple scattering and energy loss within the object and
aberrations in the lens system. These effects become less
important as the beam energy increases. LANSCE experi-
ments addressed some specific problems involving detona-
tion wave propagation inside a high-explosive assembly as
a function of temperature and other high-explosive proper-
ties. In addition, high-energy static demonstrations are
being performed using high-energy protons (up to 25 GeV)
from the AGS at Brookhaven National Laboratory.

New beam line diagnostics, a containment vessel, and lens
system were installed in the Line B area at LANSCE in
preparation for the FY97 running period. These improve-
ments provided the first demonstration of a proton radi-
ograph on a dynamic system, using high-explosive charges
of 100 to 700 g.

Twenty-five dynamic shots were taken from April to
August 1997 at LANSCE. These shots investigated the
characteristics of shock propagation in different lots of
high explosives over a range of temperatures. Typically,
four to six frames were taken of each explosion.

Many modern nuclear weapons incorporate IHEs to greatly
reduce the chance of an accidental detonation during trans-
portation or handling. Because of the reduced sensitivity of
the IHE, its initiation and detonation is much more difficult
to accurately model in computer codes, making reliable
weapons detonation more difficult to guarantee under a
wide range of conditions. The proton radiography at
LANSCE provided an extensive set of data for IHE detona-
tion for various initiation conditions and temperatures.
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Such data show that our present calculational models have
shortcomings and will help us develop and validate better
models. Better understanding will help us maintain our
confidence in these weapons into the future.

Figure 1 shows a detonation wave at four different times in
a high-explosive assembly. These exposures correspond to
0.99, 1.90, 2.50, and 3.25 microseconds (top to bottom)
after detonation. The detonation wave is clearly evident in
the radiographs as it propagates from the detonator to the
outer surface of the explosive materials. The images were
recorded on a phosphor image plate that allows one image
per shot. An active camera system has now been installed
and used to capture up to six frames in the time of a single
high-explosive detonation. Future detector development is
expected to provide the ability to take thousands of frames
during the explosion to produce a “motion picture” of the
event.

Figure 2 shows a schematic of the Line B area used for the
FY97 shots as well as an upgraded facility currently being
developed in Line C. This new Line C facility will have a
three-lens system, permitting beam, density, and material
identification measurements. It also will be capable of han-
dling larger explosive charges, due to a larger containment
vessel. This new facility should be ready for first beam in
June 1998.

Radiography

▲ FIGURE 2. Proton radiographic facilities on Line B and C at LANSCE.
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▲ FIGURE 1. Results from the analysis of proton radiographs of the
detonation wave in a high-explosive assembly at four different times.
Areal densities (L) and reconstructed volume densities (R), extracted
under the assumption of axial symmetry, are shown.
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LANSCE has a number of ongoing projects that are impor-
tant to future defense and civilian activities. One of these,
the Short-Pulse Spallation Source (SPSS) Enhancement
Project, jointly funded by DOE Offices of Defense
Programs and Basic Energy Sciences, will increase the peak
neutron flux available at the Lujan Center to a level that
exceeds the level currently available worldwide. In addition,
this project will fund the construction of five new neutron
scattering spectrometers over the next 3 years. These
upgrades will provide the U.S. defense and civilian research
communities with neutron scattering capabilities that can
compete with any facility in the world.

The spectrometer development project at the Lujan Center
uses a model that has not been tried before by the U.S. neu-
tron scattering community. Proposals for new spectrometers
were solicited from the scientific community, and an exter-
nal panel of experts was convened to determine which spec-
trometers would best serve the needs of defense, civilian,
and industrial scientists. The teams that are building the
spectrometers will be able to use 35% or more of the avail-
able beam time during the first 3 years after construction, as
recompense for their efforts in designing and building the
spectrometers. The remainder of the time will be distributed
to general users on the basis of proposals that are peer
reviewed by the LANSCE Program Advisory Committee.

Although the SPSS Enhancement Project will place the
Lujan Center in a leadership position for several years, part
of the reason for this upgrade is to allow the community to
prepare for neutron scattering research at the Oak Ridge
Spallation Neutron Source (SNS) when it comes on-line in
2005. In addition to this involvement with the SNS, Los
Alamos is one of the five DOE laboratories that will col-
laborate to build that facility. LANSCE, with a great deal
of help from the Engineering Sciences and Applications
(ESA) Division and an industrial-support contractor yet to
be chosen, will design and build the linac and the overall
control system for the SNS.

The linac design activity for the SNS builds on the experi-
ence that LANSCE has had over the past 4 years helping to
design a much more powerful continuous-wave, supercon-
ducting linac for the Accelerator Production of Tritium
(APT) project. Both the SNS and APT projects exercise
and build the Division’s core competency in the design and
construction of high-intensity accelerators. In addition,
these projects will allow the Laboratory to attract key indi-
viduals with expertise in this area.

Although the SNS will be similar to the Lujan Center in
that it will be a short-pulsed source, the technology that is
being developed for the APT allows one to consider an

even more powerful source of neutrons for scattering
experiments—a long-pulsed spallation source (LPSS) with
an average power of 5–10 MW and a duty factor of 5% to
10%. As Ferenc Mezei, currently the Los Alamos John
Wheatley Scholar, showed several years ago, such a source
would have a capability more than 25 times that of the
Institut Laue-Langevin for cold-neutron research.

To fully exploit an LPSS will require the use of a liquid-
metal spallation target because it would be impossible to
cool a compact, solid target subjected to a proton beam
power of more than 5 MW. Similar liquid spallation targets
will also be required by the Accelerator-Driven Transmuta-
tion of Waste (ATW) project. As a step toward developing
this technology, LANSCE has been working with Russian
scientists from Obninsk who are designing and building a
liquid lead-bismuth eutectic target that will be placed in the
LANSCE beam early in the next century.  The technology
for this target is based on that used by the former Soviet
Union for cooling nuclear reactors in its submarines.

Advanced Projects
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The goal of the Short-Pulse Spallation Source (SPSS)
Enhancement Project is to significantly upgrade LANSCE
capabilities by increasing the neutron source intensity and
by constructing additional neutron scattering spectrometers.
Because the enhanced LANSCE SPSS facility will support
both the defense and basic research communities, this pro-
ject is jointly funded by the DOE Offices of Defense
Programs and Basic Energy Sciences. The Office of
Defense Programs is supporting the accelerator improve-
ments, which will allow an increase in the proton beam
power delivered to the Lujan Center target to 160 kW. The
Office of Basic Energy Sciences (OBES) is supporting the
design, development, and fabrication of a new suite of neu-
tron scattering spectrometers. Figure 1 shows the locations
of the components of this project.

SPSS Accelerator Enhancements
The accelerator enhancement portion of the project is an
upgrade to existing LANSCE systems and components. The
overall performance goals of the accelerator upgrade are

• to increase the average proton current delivered to the
neutron spallation target to 200 µA at a 30-Hz repetition
rate, in order to provide 160 kW of power to the target

• to maintain beam losses in the Proton Storage Ring
(PSR) at levels less than or equal to 0.3 µA in order to
permit “hands-on” maintenance

• to maintain beam reliability and availability at greater
than 85%

To achieve these performance goals, three major modifica-
tions to the accelerator facilities are being carried out:

• A refurbishment of the existing radio-frequency (rf)
buncher in the PSR to increase the rf voltage from 12 to
18 kV and a utilities upgrade to increase the capacities
of the electrical and cooling water systems. These
upgrades began in 1997 and were completed in 1998. 

• The construction of a second rf buncher in the PSR to
add a 12-kV second harmonic to the rf waveform. Work
on this upgrade will begin in late 1998 and be completed
in late 2000.

• The development of a new H- ion source and redesigned
injector for the accelerator to increase the peak intensity
of the injected beam from 16 to 40 mA. This upgrade
began in 1997 and will be completed in early 2000.

The objective of the buncher refurbishment was to increase
the peak rf voltage and to eliminate rf instabilities in the
existing system. Major elements of the buncher refurbish-
ment were upgrades to the rf amplifiers, including the
development of a new intermediate power amplifier (IPA);
relocation of the IPA from the ring equipment building to
the PSR; modification of the buncher gap, ferrite assembly,
and bias circuit; and upgrades to the electrical and cooling-
water utilities. The refurbished buncher was installed in
July 1998 and commissioning was completed in September.
The system has met or exceeded all of its design goals and
is now 100% operational. In particular, testing has shown
that the buncher can reliably provide the required 18 kV at
2.8 MHz; the effective output impedance is very low,
resulting in minimal beam loading; and the rf instabilities
have been eliminated.
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Short-Pulse Spallation Source Enhancement Project Increases 
LANSCE Capabilities
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▲ FIGURE 1.  Locations of the major elements of the SPSS Enhancement Project.

SPSS Project — Key Participants
Project Office
Paul Lewis SPSS Project Leader LANSCE-DO
Michael Klein Project Controls FE-6/Fluor-Daniel

Accelerator Enhancement
Robert Macek Technical Design Authority LANSCE-DO
John Lyles Buncher Engineering Task Leader LANSCE-5
Benjamin Prichard Ion Source Task Leader & LANSCE-DO/SAIC

Utilities Upgrade Task Leader
Michael Plum Risk Reduction Task Leader & LANSCE-2

Physics Integration Task Leader

Spectrometer Development
Geoff Greene Spectrometer Dev. Project Leader LANSCE-DO
Jon Kapustinsky Spectrometer Dev. Project Leader LANSCE-DO
Benno Schoenborn Protein Principal Investigator LS-DO
Rudy Wenk HIPPO Principal Investigator UC Berkeley
Mark Bourke SMARTS Principal Investigator MST-8/LANSCE-12



LANSCE • Activity Report 101

Operation of the PSR at 200 µA will require a two-harmonic
rf bunching waveform, with up to 18 kV of first harmonic
(2.8 MHz) and up to 12 kV of second harmonic (5.6 MHz).
The second harmonic provided by the second buncher will
improve the bunching factor (ratio of average to peak cur-
rent) of the circulating beam from 0.35 to 0.50 and permit
higher average current without a corresponding increase in
peak current.

The ion source and injector upgrade is a collaborative
effort with Lawrence Berkeley National Laboratory
(LBNL). LBNL is designing and fabricating the new
source, and LANL is testing the source and redesigning the
injector and support equipment. An ion source test stand
has been built at LANL to allow thorough testing and char-
acterization of the new source and injector modifications
before they are installed on the accelerator. As of October
1998, two prototype sources have been built (Figure 2) and
successfully tested at 40 mA, and construction of the final
production source will be completed before the end of the
year. The 80-kV column in the injector has been redesigned
and is being fabricated. Redesign of the remainder of the
injector will be completed in early 1999.

Spectrometer Development
The spectrometer development portion of the project will
add neutron scattering instruments to the Manuel Lujan Jr.
Neutron Scattering Center (Lujan Center) at LANSCE.
The individual instruments will be designed and construct-
ed by collaborative Spectrometer Development Teams
(SDTs). One of the instruments is a structural biology spec-
trometer funded by the DOE Office of Biological and
Environmental Research (OBER); OBES is funding the
remaining four instruments. 

A key initial goal of the project was to select a suite of
OBES spectrometers that will maximize the overall scientific
benefit to the U.S. neutron scattering community. As a result,
competitive selection of the instruments is an integral part of
the project. During 1997, members of the neutron scattering
community were invited to organize SDTs and submit letters
of intent proposing the construction of specific instruments.
Nineteen letters were submitted to LANSCE from a broad
spectrum of the community, including academia, industry,
national laboratories, and foreign institutions.

To assist LANSCE in the evaluation of the proposed instru-
ments, an external Proposal Evaluation Committee (PEC)
was established to represent the broad neutron scattering
community, including both defense and civilian research
interests. After reviewing the letters, the PEC recommend-
ed that nine SDTs submit full proposals. Following exten-
sive review of the submitted proposals, in October 1997
and March 1998, the PEC recommended that four instru-
ments be included in the OBES spectrometer suite:

• Spectrometer for Materials Research at Temperature and
Stress (SMARTS)

• High-Pressure and Preferred Orientation (HIPPO) 
spectrometer

• High-Intensity Chopper Spectrometer (HELIOS)

• High-Resolution Crystal Backscattering Instrument
(HERMES)

In addition to the OBES instruments, the project also includes
the OBER-funded protein crystallography spectrometer.

As of October 1998, HIPPO, SMARTS, and protein crys-
tallography have been formally incorporated into the pro-
ject through memoranda of understanding between 
LANSCE and the individual SDTs. Work has begun on all
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▲ FIGURE 2. The first prototype ion source; the 80-kV column is mounted on the ion
source test stand.
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for strain measurements at LANSCE. SMARTS will also
have a extensive array of in situ capabilities for sample
environments, the ability to make measurements on both
small and very large samples, and easy access to and con-
trol of the sample position. Included in the SMARTS base-
line design is a flexible high-temperature and high-stress
furnace/load frame, which will conveniently allow a wide
variety of studies of materials in extreme environments.

Like SMARTS, HIPPO is a new powder diffraction instru-
ment (Figure 4). However, HIPPO is optimized for the very
highest intensity and will be devoted primarily for studies

SMARTS, continued
Jim Richardson Argonne National Laboratory, IPNS
Bjorn Clausen Los Alamos Neutron Science Center
Mark Daymond Rutherford-Appleton Laboratory, ISIS
Luke Daemen Los Alamos Neutron Science Center
Ray Green Los Alamos National Laboratory—ESA
Mike Prime Los Alamos National Laboratory—ESA
Partha Rangaswamy Los Alamos National Laboratory—MST
Ravi Varma Los Alamos National Laboratory—MST
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Gabe Aeppli NEC Research
Brent Fultz California Institute of Technology
Bernhard Keimer Princeton University
Sanford Kern Colorado State University
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Ray Osborn Argonne National Laboratory
Robert Robinson Los Alamos Neutron Science Center
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Henry Glyde University of Delaware
Larry Passell Brookhaven National Laboratory
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Paul Sokol Pennsylvania State University
H. Taub University of Missouri
O. Vilches University of Washington

three instruments. LANSCE is still negotiating with the
HELIOS and HERMES SDTs. Work on HELIOS and
HERMES is expected to begin in 1999.

SMARTS is a new neutron powder diffractometer instru-
ment (Figure 3) that is optimized for strain measurements
and engineering studies. SMARTS will use flight path 2 at
the Lujan Center and will be located on the end of a neutron
guide in Experimental Room (ER) 2. The use of the neutron
guide and an optimized detector geometry will allow
SMARTS to have a 30 times increase in count rate for com-
parable measurements on NPD, which is the current venue
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and Spokesperson Los Alamos National Laboratory—MST
Ersan Üstündag, Principal Investigator California Institute of Technology
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Bimal Kad University of California at San Diego
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▲ FIGURE 4 . Conceptual design of the HIPPO instrument.
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▲ FIGURE 3. SMARTS will enable scientists to observe a stronger neutron signal.

involving preferred orientation, or texture. HIPPO will be
located in ER-1 on flight path 4. An increased number of
detectors, covering a very large solid angle (including
backscattering detectors) will provide an estimated 20 times
increase in detection efficiency compared with HIPD, the
Lujan Center's current high intensity powder diffractometer.
When this improved efficiency is combined with the
increased intensity of the upgraded Lujan Center target, an
overall increase in experimental capability of 60 times over
HIPD is expected. HIPPO will also include an improved
sample environment and an order of magnitude increase in
sample throughput through the use of a high-capacity auto-
mated sample changer. HIPPO has benefited from a very
strong commitment by the University of California (UC),
which includes not only the involvement of multiple UC
campuses but also significant investment of UC funds to
help defray some of the costs of building this spectrometer. 

The new protein crystallography spectrometer is a single-
crystal diffractometer designed for structure determinations
of large biological molecules. This instrument will be the
first dedicated instrument to exploit a spallation neutron
source for the determination of the structures of important
biological molecules. This spectrometer will be installed in
ER-2 and will use flight path 15. 

The HELIOS spectrometer is a high-intensity, direct-geom-
etry, time-of-flight spectrometer, which will be located in
ER 1. HELIOS will be optimized to provide the highest
possible neutron flux at the sample, high detection 
efficiency, and sufficient energy resolution to study dynam-
ical processes in a wide variety of materials. The spectrom-
eter will use the full-energy spectrum of neutrons provided
by the water moderator that serves flight path 8. It is 
anticipated that HELIOS will be effective for studies of
excitations from a few meV to several hundred meV. The
HELIOS SDT has strong participation and support from
the Spallation Neutron Source project at Oak Ridge
National Laboratory.

The HERMES inelastic spectrometer is a high-resolution
crystal backscattering instrument, which will be located in
ER 2. HERMES will “view” a liquid hydrogen moderator
(flight path 11) and will use a neutron guide to maximize
intensity. HERMES is expected to provide an important
tool for a broadly based scientific program that will include
investigations of topics in biology, chemistry, geology,
materials science, and physics. The HERMES SDT is lead
by Brookhaven National Laboratory.

—Paul Lewis (LANSCE Division)
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The development of compact, high-power neutron produc-
tion targets is crucial for the implementation of the next gen-
eration of spallation neutron sources. In these neutron
sources, neutrons are produced via spallation reactions in the
target material following high-energy proton bombardment.
Typically, tens of neutrons are produced per incident proton
depending on the energy of the incident proton beam.

Accelerators of several megawatts are presently contemplat-
ed for neutron production sources such as the Oak Ridge
Spallation Neutron Source (SNS) and the European
Spallation Source (ESS). These sources are planned to have
an ultimate power level of 5 MW. Currently, only solid neu-
tron production targets are in operation. It is generally
believed that solid targets will function up to approximately
1 MW of beam power. Above that power level, the ratio of
solid material to cooling fluid decreases to the point where
solid targets lose neutron production efficiency. Flowing
molten-metal targets of high-Z material provide a solution
to this problem by eliminating the thermal conduction path
that exists with solid targets. The high-Z and density of
these fluids result in high neutron production efficiency. In
molten-metal targets, heat is removed by circulating the
fluid from the irradiation region through heat exchangers.

Mercury has been chosen as the neutron production fluid
for the SNS because of its high density, high atomic num-
ber, and low melting point. Unfortunately, mercury has a
large thermal absorption cross section (~370 b) and low
boiling point (357°C). Lead-bismuth eutectic (LBE) is
another fluid that has the advantage of very low absorption
cross section (0.09 b) and a high melting point (1670°C). It
seems that mercury may work in short-pulse sources where
its large absorption cross section may not be a serious
detriment. For continuous neutron sources or long-pulse
sources, LBE seems like a much better choice.

In another application, the current design for the Los
Alamos version of an accelerator-driven system to burn
radioactive waste uses LBE as a coolant as well as a neu-
tron production fluid. It will be necessary to develop LBE
technology so that it can be applied in this situation. As a
step toward developing LBE technology, we have designed
an LBE test loop. We are developing this loop in collabora-
tion with scientists at the Institute of Physics and Power
Engineering (IPPE) in Obninsk, Russia. Scientists from
IPPE have considerable experience in LBE because they
used LBE for naval submarine reactors. 

The test loop shown in Figure 1 will allow us to address
important issues in LBE technology. In particular, materials
compatibility and corrosion can be studied in both isother-
mal and non-isothermal regimes.

— S. A. Wender, F. Venneri (LANSCE Division), 
N. Li (Materials Science and Technology Division), 
K. Woloshun (Engineering Sciences and Applications
Division), J. D. King (Chemical Science and
Technology Division)
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Molten-Metal Target Developed for High-Power Spallation Sources
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▲ FIGURE 1. The molten-metal test loop.
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Approximately a decade ago, Los Alamos initiated a study
to determine the effectiveness of producing the tritium
required for the nation’s stockpile based on a high-intensity
proton accelerator driving an appropriate spallation target.
Initial results of the study showed that this accelerator-
driven target method had merit and should be studied in
more depth. With more information on aspects of the need-
ed proton injector, linear accelerator (linac), radio-frequen-
cy (rf) system, controls, diagnostics, spallation target, tri-
tium extraction, and materials, it became apparent that the
accelerator-based method was competitive with standard
reactor methods for producing tritium. In fact, the accelera-
tor-based method had a few advantages in terms of not 
producing fission products and being able to shut down
quickly. These studies were completed in collaboration
with other national laboratories, following agreements to
work together. At the time, these organizations included
Brookhaven and Hanford national laboratories.  

As time passed, more investments were made in the spalla-
tion target, neutronics, and accelerator development. For
the development of the accelerator, we acquired a continu-
ous-wave (CW) injector and rf quadrupole (RFQ) from
Chalk River Laboratories (CRL) when their high-intensity
proton accelerator development program was canceled.
This device, known as the Chalk River Injector Test Stand
(CRITS), provided us with a front-end demonstrator that
led to invaluable experience with CW proton beams of the
type required for an Accelerator Production of Tritium
(APT) system. At the same time, the capabilities and tools
developed during the strategic defense initiative studies of
neutral particle beam  systems allowed major advances in
linear accelerator design and fabrication.

With Department of Energy (DOE) support, we initiated an
APT program for  investigating the production of tritium
from an intense proton accelerator (100 MW of CW proton
beam) in 1992.  This concept uses a high-power proton lin-
ear accelerator to drive a tungsten spallation target, from
which copious neutrons are produced that interact with 3He
to produce the required tritium. We are investigating all
aspects of the system, including siting and operations of a
production facility at the Savannah River Site (SRS). Los
Alamos is responsible for the national program with DOE,
and LANSCE participates in the accelerator and target
developments. The APT project integrates national labora-
tories (Los Alamos, Livermore, Savannah River,
Brookhaven, Thomas Jefferson, and Sandia) and industrial
firms (Burns and Roe, Inc., and General Atomics) with
other contractors in a single project office to carry the APT
concept from its preliminary conceptual stage through to
completion as an operational facility as early as 2008.

LANSCE provides much of the technical staff, expertise,
and facilities to the APT project.

To be prepared for construction of the production facility at
the Savannah River site, a number of engineering design and
development activities have been underway at Los A l a m o s ,
some of them representing plant prototypes. A f u l l - p o w e r,
l o w - e n e rgy demonstration accelerator (LEDA) is being built
and commissioned in stages to provide operational experi-
ence, design verification, and assembly checks for the front
end of an A P T system. LEDAhas provided invaluable infor-
mation as a prototype in design, construction, assembly,
alignment, and low-power measurements. It will continue to
provide needed information as more components are installed
and as the system begins high-power commissioning and
operations. LEDA has already demonstrated an injector with
beam performance exceeding the 100-mA C W r e q u i r e m e n t
for the A P T a c c e l e r a t o r. LEDA will demonstrate operations
with an injector, RFQ to 6.7 MeV, and a new structure, the
coupled-cavity drift-tube linac (CCDTL), to 12 MeV i n i t i a l l y.
Later upgrades will take the output energy to 20 MeV a n d
then to 40 MeV, if funding is available for these upgrades.

The following sections provide information on advances and
developments by LANSCE staff in the areas of the accelera-
tor design, injector, RFQ, CCDTL, rf systems, low-level rf
control, neutronic design, and materials testing.

Proton Linac for APT

The proton linac designed for the APT project1 is unique in
two respects. First, APT will extend the frontier of average
beam intensity by a factor of 100 and will deliver the
world’s most powerful beam (170 MW) to a target for tri-
tium production. Second, APT will become the world’s
first superconducting proton linac. This section describes
the basic features of the design.

The A P T accelerator will consist of a superconducting (SC)
high-velocity proton linac with a 1.7-GeV final energ y,
which accepts an input beam from a normal-conducting
(NC) low-velocity linac at 211 MeV. Both linacs will accel-
erate a 100-mAbeam using a continuous rf wave to pro-
duce a final beam power of 170 MW that is delivered to the
tritium production target. The SC linac design provides sig-
nificant power savings and lower operating and capital
costs. It allows a much larger aperture at high energies and
permits greater operational flexibility. The design has been
approved by high-level technical panels and is published in
a conceptual design report.2 The SC linac employs ellipti-
cal-type niobium cavities, while the NC linac is constructed
from copper cavities. The overall result is an accelerator

Accelerator Production of Tritium Project Makes Significant 
Engineering Advances
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design that makes optimum use of the two technologies in
their appropriate regions of application. 

The system architecture is displayed in Figure 1. A 75-keV
injector housing a microwave-driven ion source generates a
continuous 110-mA proton beam. From this input, a 
350-MHz, 8-m-long RFQ linac produces a 100-mA beam
at 7 MeV. The output beam is matched into a 700-MHz
CCDTL that accelerates it to 100 MeV. The CCDTL is a
coupled sequence of 2-gap and 3-gap short drift-tube linacs
(DTLs), embedded in a singlet focusing lattice in which
quadrupole magnets with alternating polarity are external
to the accelerating structure with a spacing that increases
slowly in proportion to the beam velocity. Acceleration
continues to 211 MeV in a 700-MHz side-coupled linac,
similar to the LANSCE linac.

The SC high-energy linac consists of a string of cryomod-
ules maintained at an operating temperature of 2 K by a
liquid helium refrigerator, and each contains two, three, or
four 5-cell 700-MHz niobium accelerating cavities. There
are two kinds of SC cavities, each type designed for effi-
cient acceleration in a different velocity range. Cavity-cell
shapes in the medium-beta section are optimized at veloci-
ty β = 0.64 times the speed of light, and in the high-beta
section at β = 0.82 times the speed of light. The cell shapes
are similar to the well-established designs for electron
linacs and storage rings but are compressed longitudinally
in proportion to beta. Because the cavities are relatively
short and are driven independently, each section of the SC
linac has a broad velocity bandwidth, which allows the
cavities to accelerate the beam over a wide range of veloci-
ties. Each cavity is supplied rf power by two antenna-type
coaxial couplers mounted on opposite sides of the beam
tube. Figure 2 shows a single period of the β = 0.82 sec-
tion. Each cryomodule contains four 5-cell cavities, with a
single klystron driving each cavity pair. 
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Transverse focusing is provided by conventional quadru-
pole doublets located in the warm regions between 
cryomodules. Figure 3 shows a drawing of the β = 0.64 
prototype cavity assembly.

The main beam-dynamics goal for the accelerator is to
achieve very low beam losses in order to assure unrestrict-
ed hands-on maintenance. The linac design provides aper-
tures that are much larger than the rms beam size, with the
largest apertures at high energies where the activation per
lost proton is greatest. The SC linac is expected to be
insensitive to a broad range of construction or operating
errors. Operational flexibility is enhanced by the retunabili-
ty of the high-beta section of the SC linac and the adjusta-
bility of the cavity fields. The APT linac design will also
serve as a starting point for important future applications
such as accelerator-driven nuclear waste transmutation and
accelerator-driven fission reactors.
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Developing the Low-Energy Demonstration
Accelerator Injector with a Continuous-Wave
Radio-Frequency Quadrupole

We have developed a versatile and reliable dc proton injec-
tor for testing 100-mA CW linacs. To inject a 1.25-MeV
CW RFQ, we configured the 75-keV LEDA proton injector
to operate at 50-keV beam energy. We obtained RFQ cur-
rents up to 100 mA and measured beam transmissions of
80% to 85% at the 75-mA RFQ design current. Our results
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▲ FIGURE 2. One period of the high-velocity section of the SC linac.
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are in accord with RFQ design codes and provide basic
knowledge and experience for testing the 6.7-MeV, 100-mA
LEDA RFQ.

We will use LEDA to demonstrate the technology required
for the low-energy end of an APT machine.1 The hardware
for developing the LEDA injector originated in our collab-
oration with the CRL in Ontario, Canada,2 when a micro-
wave proton source and a 1.25-MeV CW RFQ were trans-
ferred to Los Alamos. Subsequent development of the
microwave proton source led to the demonstration of a 
75-keV prototype injector with parameters suitable for
injecting the 6.7-MeV LEDA RFQ3 (Table 1).

By the fall of 1997, we realized that a version of the LEDA
injector incorporating split solenoids, a pair of steering
magnets, a dc beam stop, and a suitable array of noninter-
ceptive video diagnostics could be quickly assembled and
installed on the 1.25-MeV RFQ (commonly referred to at
Los Alamos as CRITS) brought from CRL (Figure 4). This
version of the LEDA injector low-energy beam transport
(LEBT) system transports the beam 2.5 m from the ion-
source extraction system to the CRITS RFQ match point.
This test helped us achieve the following objectives:
• This early beam test of the injector design concepts

allowed us to get results on a state-of-the-art CW RFQ.
The tests included measuring beam-transmission character-
istics through the LEBT and beam-matching into the RFQ.

• By the fall of 1997 it was also clear that collaborators
from SRS and General Atomics  (GA) would be primary
participants in the APT accelerator development. By
operating the CRITS RFQ on the site, SRS and GA per-
sonnel gained experience in operating an integrated

accelerator. Figure 5 shows the RFQ beam stop fabricat-
ed by GA and is an example of the collaborative work.
This RFQ beam stop successfully removed 125-kW
beam power.

• The CRITS RFQ had a vane replaced in 1991 at CRL4

using design codes equivalent to those used for the
LEDA RFQ. Beam transmission studies on the CRITS
RFQ are thus useful for comparison with codes such as
PARMTE QM and RFQTRAK.

The injection energy for the CRITS RFQ is 50 keV, and the
LEDA injector was adapted to a 50-keV triode extraction
system. Details of the injector modifications required for
the 50-keV operation will be given in the 1998 Linear

TABLE 1. Demonstrated Beam Parameters for a Prototype Version of the LEDA Injector

Injector Parameter Status

Proton beam current (mA) 117

Proton fraction (%) 90

Beam energy (keV) 75

Discharge power (W), frequency (GHz) 600  to 800, 2.45

Axial magnetic field (G) 875  to 960

Injector reliability 96% to 98%

Duty factor (%) 100 (dc)

Gas flow (sccm) 2 to 5

Emission aperture radius (mm) 4.3

Extraction gap (mm) 13.2

Beam noise (%) ±1

Ion source emittance (πmm-mrad) 0.13 (rms, normalized)

RFQ match point emittance (πmm-mrad) 0.20 (rms, normalized)

αRFQ (LEDA RFQ) 1.944

βRFQ (mm/mrad) (LEDA RFQ) 0.1193

▲ FIGURE 4. The 50-keV version of the LEDA injector installed on the CRITS RFQ.
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▲ FIGURE 5. The 1.25-MeV RFQ beam stop installed on the exit of the CRITS RFQ. This device dissi-
pated up to 125 kW of beam power, and it also confirmed the RFQ beam current measurements
through calorimetry.
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Accelerator Conference Proceedings.5 One interesting
result demonstrating the injector-RFQ integrated perfor-
mance is shown in Figure 6. The contours show the beam-
current transmission from the injector through the CRITS
RFQ as a function of the LEBT solenoid magnet settings.
These measurements were performed on several occasions;
the beam transmission is 80% to 85% at the 75-mA RFQ
design current.

One important injector-RFQ subject is the beam current
limit. On one occasion, the injector was tuned for maxi-
mum current, and as much rf power as possible was
obtained from the 268-MHz klystrode tube. For a few
moments, as much as a 100-mA current was accelerated
through the RFQ, indicating that the RFQ current limit is at
least this magnitude. The measured RFQ beam current was
checked against a beam calorimetric measurement made
with the beam stop shown in Figure 5. The two measure-
ments agreed to an order of 10%. Thus, we have success-
fully tested the LEDA injector concepts and obtained use-
ful RFQ results that will help us benchmark design codes.
We presented the results in detail at the August 1998 Linear
Accelerator Conference. 
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A 6.7-MeV Continuous-Wave Radio-Frequency
Quadrupole Linac

A proton linac that will accelerate a 100-mA beam from 
75 KeV to 6.7 MeV has been designed and fabricated for
the APT project at Los Alamos. This 8-m-long RFQ struc-
ture consists of four resonantly coupled segments and is
being fabricated using hydrogen furnace brazing as a join-
ing technology.

The linear accelerator for the APT project1 will include a
6.7-MeV RFQ linac. The first phase of the project, LEDA,2

is to demonstrate performance of the RFQ plus a CCDTL3

to 20 MeV. The technical specifications for the APT/LEDA
RFQ are given in Table 2. The design and construction of an
RFQ to deliver an average proton current of 100 mA at 6.7
MeV is a significant challenge for the beam dynamics and
thermal management. The cavity cross section is the “con-
ventional” triangular shape with a significant longitudinal
variation in the width of the vane skirt. The skirt profile is
shown in Figure 7. This profile minimizes the power
deposited on the cavity walls.

The 8-m-long structure is designed as four resonantly cou-
pled 2-m-long segments4 to ensure longitudinal stabiliza-
tion. Stabilizer rods5 on the intersegment coupling plates
and end walls provide azimuthal stabilization without the
scalloping of the on-axis fields associated with vane-cou-
pling rings6 or pi-mode stabilizers.7

The cavity is fabricated as eight 1-m-long sections each con-
sisting of two major and two minor vanes. The 24 longitudi-

▲ FIGURE 6. February 27, 1998, data on the 90-mA injector. The contour lines represent the
CRITS RFQ beam transmission in percentage versus LEBT solenoid 1 and LEBT solenoid 2 currents.
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For resonance control, the tip coolant passages (A and B)
are operated with 50°F coolant while the temperature of the
coolant in the outer passages (C, D, E, and F) is modulated
to maintain the cavity on resonance. The rf power in each
of the four resonant segments is significantly different 
(A = 188 KW, B = 318 KW, C = 361 KW, and D = 398 K),
and the inlet temperature of the coolant is varied according-
ly. The error signal for the resonance control system is
derived from the reflected power. A compromise between
longitudinal temperature variation in the sections and flow-
erosion considerations led to a decision for a maximum
bulk velocity of 15 ft/s. The total flow through the cavity is
1190 GPM. The peak surface heat flux on the cavity walls
is 13 W/cm2 at the high-energy end. The peak temperature
on the cavity wall surfaces is predicted to be 100°F.

The peak surface heat flux in the undercut region at the
high-energy end is predicted to be 65 W/cm2 with the peak
temperature in this region predicted to be 130°F. 

The 50°F inlet coolant temperature requires a refrigeration
system instead of the cooling tower more commonly used
for linacs. The cooling tower would provide an inlet coolant
temperature of about 105°F with correspondingly higher
peak surface temperatures on the cavity walls and end
undercut regions. The higher temperatures on these surfaces
would have higher thermal loads due to increased surface
electrical resistance. Additional rf power would also have
been required with the higher coolant inlet temperature.

The beam loss will be approximately 5 mA of H+ and will
occur in the first section of the RFQ. The vacuum system8

TABLE  2. APT/LEDA RFQ Specifications
Parameter Value

Frequency 350.00 MHz

Particle H+

Input Energy 75 keV

Input Current 105 mA

Input Emittance, trans./norm. 0.020 π-cm-mrad rms

Output Energy 6.7-MeV

Output Current 100 mA

Output Emittance, trans./norm.  0.022 π-cm-mrad rms

longitudinal 0.174 deg-MeV

Transmission 95%

Duty Factor 100%

Peak Surface Field 1.8 Kilpatrick

Average Structure Power 1.2 MW

Average Beam Power 0.7 MW

Average Total Power 1.9 MW

RF Feeds 12 Waveguide Irises

Average Heat Flux 11 W/cm2

Maximum Local Heat Flux 65 W/cm2

Resonant Segments 4 @ 2.0 m each

Brazed Sections 8 @ 1.0 m each

Slug Tuners 128 total

Length 8.0 m

Weight 5000 lb

Inlet Coolant Temperature 50°F

Operating Temperature 85°F
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▲ FIGURE 7. Vane skirt width variation. 
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nal coolant passages in each of the sections remove the 
1.2 MW of average structure power. These passages are
machined into the oxygen-free-electron-copper substrate and
then plugs are brazed on. To provide coolant passages as
near as possible to the vane tips, the vane tips are fabricated
separately and brazed onto the vane bases. These are the
only water-to-vacuum braze joints, and they are a double
joint of nearly 1-in. width (Figure 8). 
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Implementation of the Coupled-Cavity 
Drift-Tube Linac Concepts

The CCDTL is a new rf structure that plays a major role in
some proposed accelerator designs. Its segmented architec-
ture allows room for frequent beam-focusing magnets on
rigid mounts, a necessity for these high-current applica-
tions. The LEDA will be the first working accelerator of
this type. In 2001, the LEDA beam of 100 mA of continu-
ous current at an energy of 10.05 MeV should be the
world’s most powerful proton beam. This section compares
the CCDTL with the conventional DTL.

In July 1993, J. Billen first presented the CCDTL concept.1

In 1995, we proposed using the CCDTL in the low-energy
portion of the APT.2 In December 1996, the U.S. Patent
and Trademark Office issued patent number 5,578,909 on
the CCDTL, which now is part of the official design for
both the APT plant and the Oak Ridge Spallation Neutron
Source (SNS) linacs.

CCDTL Versus DTL
The CCDTL has certain advantages over the conventional
DTL. Placing quadrupole magnets inside the DTL drift
tubes makes efficient use of the longitudinal space.
However, the DTL must operate at a relatively low fre-
quency to provide enough transverse space for the mag-
nets. These drift-tube magnets are difficult and costly to
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will have five 8-in. cryopumps, which includes installed
redundancy to allow regeneration while the linac operates. 

Power is supplied to the cavity through 12 waveguide 
irises. Three 1-MW klystrons will normally operate at 
2/3-rated capacity. This design will extend both rf window
and klystron lifetimes. In the event of a klystron failure, the
RFQ can operate with the remaining two klystrons.9

Detail design of the APT/LEDA RFQ began in October 1995.
The RFQ cavity was fabricated and brazed in Los Alamos
National Laboratory shops. Section A2 is shown in Figure 9.
The eight sections have been completed and final rf tuning is
underway. The complete eight section RFQ assembled for
pre-installation rf tuning is shown in Figure 10.

Other institutions participating in the RFQ project include
Lawrence Livermore National Laboratory (vacuum sys-
tem), Allied Signal (resonance control cooling system), and
Northrop-Grumman (engineering support).

References
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▲ FIGURE 9. APT/LEDA RFQ section A2 after furnace brazing.

▲ FIGURE 10. APT/LEDA RFQ assembled for pre-installation rf tuning.
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innermost piece, closing the gaps. This action produces a
slug with leak-tight joints, which then is machined into the
finished drift tube shape.

Little data has been published on heat transfer in short,
curved, rectangular coolant passages like those in these
drift tubes. We are improving our data by conducting heat
transfer experiments on drift-tube prototypes, using electric
heaters. The measurements suggest that the heat transfer in
these passages will be 1.5 to 2.5 times better than predicted
for fully developed turbulent flow. Presumably, the abrupt
geometry of these passages prevents building a stable
boundary layer.

The ultimate heat transfer test will be on a 700-MHz
CCDTL high-power model currently being fabricated. 
This 1-m-long, 30-kW, brazed copper structure will 
operate in late 1998. Figure 12 shows that the model has
five 700-MHz accelerating cavities similar to those used in
APT between 7 MeV and 20 MeV. We will control the res-
onant frequency with a scale model of the cooling system
planned for the LEDA CCDTL. The cooling control system
modulates the temperature of the recirculating coolant
water in response to a resonant frequency error signal. At
full rf power, the coolant water temperature set by the 
control system will provide information about the effective
heat transfer rate.

High water velocity can erode copper. For a conservative
assumption of the heat transfer coefficient, the water veloc-
ity in the APT 96-MeV drift tubes must be about 5 m/s. If
experiments on the high-power model confirms that the
heat transfer rates are better than we assumed, we will
lower the LEDA flow velocities rather than raise the
coolant temperature.

▲ FIGURE 11. Drift tubes fabricated using a new concentric braze technique.

service and replace, and their required precise alignment
can be hard to achieve. In contrast, the segmented architec-
ture of the CCDTL has frequent focusing magnets on rigid
external mounts. Without the internal magnets, the designer
can optimize the drift-tube shape for high efficiency and
higher frequency, which also improves structure efficiency.

The DTL and CCDTL also differ in methods used to
achieve stability of the rf field distribution. The post cou-
plers that stabilize the DTL fields are immersed in the cavi-
ty rf fields, making them hard to cool in a high-power
application. The CCDTL has the inherent excellent stability
of the coupled-cavity linac (CCL) operating in the π/2
structure mode. This nomenclature refers to the resonant
mode in which every other cavity in the chain is empty of
rf fields. Researchers designing the Clinton P. Anderson
Meson Physics Facility (now LANSCE) CCL described the
advantages of the π/2 mode in a now-famous paper3 pub-
lished in 1967.   

Construction
Building a CCDTL is similar in many ways to building a
CCL. However, the CCDTL has some unique features that
require new design, fabrication, and tuning tools and proce-
dures. LANSCE physicists have added new capabilities to
the computer codes SUPERFISH (for rf cavity design) and 
PARMILA(for beam-dynamics design and simulation). We
built low-power aluminum models to measure the cavity rf
fields and the coupling between cavities. From the resulting
data, we are developing procedures for designing, building,
and tuning the copper linac structures.

Design
One design challenge is the very high power associated
with CW operation of the APT linac. For example, the drift
tube in the 96-MeVAPT CCDTL cavity is slightly smaller
than an aluminum beverage can, and will dissipate 5 kW of
rf power. Removing this much power with minimal thermal
distortion requires a dense array of internal cooling pas-
sages. To achieve highest cavity efficiency, the drift-tube
noses should be sharply pointed. However, that shape
makes cooling the noses difficult. Making the noses a little
more blunt is a compromise between efficiency and our
ability to cool the drift tube. 

Preparing to fabricate these drift tubes with their maze of
internal coolant passages led to other new developments.
For example, in our new concentric braze technique, we
form most passages with simple lathe processes, and only a
few milled cross connections (Figure 11). We place the
nested copper cylinders in a molybdenum ring with 0.002-
in.-thick gold-copper braze alloy foil in the gaps between
the cylinders. The thermal expansion of the copper exceeds
that of the molybdenum. Thus, at the brazing temperature,
the outer copper pieces will compress plastically onto the
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designs for LEDA include three 1.2-MW, 350-MHz, CW rf
systems driving a RFQ; one 1.0-MW, 700-MHz, CW rf
system driving a CCDTL; one 1.0-MW, 700-MHz CW rf
system for superconducting cavity and coupler tests; and a
full-power test stand at each frequency for the test of rf
components, including the waveguide, rf vacuum win-
dows, circulators, and loads. When complete, the rf system
will be able to provide a maximum of 7.8 MW of CW rf
power and will require 12 MW of ac power from the grid.

The rf system requirements for the 1,700-MeV, 100-mA
APT accelerator are summarized in Table 3, which illus-
trates two of the important challenges for the APT rf sys-
tem. The large number of rf systems requires that the indi-
vidual systems be very reliable in order to achieve an rf
system availability of 95%. Also, the magnitude of the 
required rf power means that the dc-to-rf conversion effi-
ciency is very important to minimize the operating cost.

The demonstration of the APT rf systems under the LEDA
project is progressing nicely. The 350-MHz rf systems have
already been completed and tested, and the installation of
the 700-MHz systems is in progress. Figure 13 shows the
LEDA rf systems that are installed in building MPF-365.
Not shown in the figure are the high-voltage direct current
(HVDC) power supply installations, which are external to
the building. The klystrons are housed in lead garages for
radiation protection. The four rf systems to the left of the
figure are the 350-MHz systems, and they are connected
through a WR2300 waveguide and a circulator to the RFQ.
The two rf systems to the right of the figure are the 
700-MHzsystems. They are connected through a WR1500
waveguide and circulator to the first section of the CCDTL
and to a waveguide run under the mezzanine. The wave-
guide runs from right to left beneath the floor and will be
used to test superconducting components and cavities.

The 350-MHz rf systems use a 1.2-MW klystron
(Figure 14) and a 95-kV, 21-A silicon-controlled rectifier
(SCR)-regulated dc power supply. These rf systems have
been tested and have demonstrated 1.2 MW of rf power
delivered to a load with a system efficiency of 65% for the
klystron and 95% for the HVDC power supply. The control
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▲ FIGURE 12. Rendering of a CCDTL high-power model with five 700-MHz accelerating cavities.

Advanced Projects

Another major activity at Los Alamos National Laboratory
in 1997 was the generation of UNIGRAPHICS parametric
solid models of CCDTL assemblies. This allows us to get a
big head start on producing the LEDA and APT linac fabri-
cation drawings, although we do not have final cavity
dimensions. As these dimensions are made available, the
UNIGRAPHICS automatically updates all pertinent draw-
ing files to match the new values.
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Radio-Frequency System for the APT
Low-Energy Demonstration Accelerator

The LEDA being constructed at Los Alamos National
Laboratory will serve as the prototype for the low-energy
section of the APT accelerator. The APT accelerator
requires over 244 rf systems, each with a CW output power
of 1 MW. The efficiency, reliability, and availability of
these rf systems is critical to the successful operation of the
APT plant, and prototypes of these systems are being
developed and demonstrated on LEDA. The rf system

TABLE 3. APT rf System Description

Structure             Frequency    Number of       Total rf        HVDC Power
(MHz)        rf Systems       Required          Installed

(MW)                (MW)

RFQ 350 3 2.3 5.5

CCDTL 700 22 17 34

CCL 700 29 24.6 45

SC – β = 0.64 700 36 33 55 

SC – β = 0.82 700 154 154 237

Totals 244 231 377



availability of the entire low-energy APT linac that is being
demonstrated on LEDA. Because of the very high average
power capacity of the klystrons, the output of a single kly-
stron is divided into four equal parts by hybrid power
dividers. The waveguide then transitions to half-height
WR2300, and the power enters the RFQ through four rf
vacuum windows per klystron. The power division is
intended to lower the power per rf vacuum window to a
level felt to be compatible with a very low failure rate for
the rf vacuum windows, but it significantly complicates the
waveguide installation and requires very careful phase
matching of the waveguide runs. The complexity of the
waveguide installation can be seen in Figure 13.

The 700-MHz rf system is currently in the process of being
installed. Two vendors, English Electric Valve and
Communication and Power Industries, are providing the
700-MHz klystrons. The 700-MHz systems will use a
stacked inverter, insulated-gate bipolar-transistor power
supply to provide 95 kV and 17 A with an efficiency of
97%. The 700-MHz klystrons have been tested and have
demonstrated that they can meet the required performance
of providing 1.0 MW CW at a dc-to-rf conversion 
efficiency of 65%.

—D. E. Rees, J. T. Bradley, K. A. Cumming, T. W. Hardek,
M. T. Lynch, W. T. Roybal (LANSCE Division)

APT Low-Level Radio-Frequency Control
System Development

The low-level radio-frequency (LLRF) control system for
APT has been designed to perform various functions.
Foremost is the feedback control of the accelerating fields
within the cavity in order to maintain field stability within 
± 1% amplitude and ± 1° phase. The feedback control sys-
tem requires a phase-stable rf reference subsystem signal to
correctly phase each cavity. Also, instead of a single klystron
rf source for individual accelerating cavities as has been
done in the past, multiple klystrons will drive a string of res-
onantly coupled cavities, based on input from a single LLRF
feedback control system. To achieve maximum source effi-
ciency, we will be employing feedback controls around indi-
vidual klystrons such that their phase characteristics will be
“identical.” In addition, the resonance condition of the cavi-
ties is monitored and maintained. To quickly respond to rf
shutdowns, and hence, rapid accelerating cavity cool-down
due to rf fault conditions, drive frequency agility in the main
feedback control subsystem will be incorporated. Top-level
block diagrams are presented and described as they are
developed and will be demonstrated on LEDA.

The design of the LLRF control system is complete for
LEDA to be built at Los Alamos National Laboratory. This
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racks for the SCR power supply and the klystron electron-
ics are shown in Figure 15.

The 350-MHz RFQ rf systems have some unique features.
The power from three klystrons is being combined in the
RFQ, with the RFQ acting as the power combiner. Only
two of the three klystrons attached to the RFQ are required
for operation. If one of the rf systems fails, it can be isolat-
ed from the RFQ by a waveguide switch, and the remain-
ing two klystrons can provide the required power to the
RFQ. This architecture is used to increase the rf system

▲ FIGURE 13. The rf system for LEDA.
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▲ FIGURE 14. The 350-MHz klystron amplifier is manufactured and provided by EEV.

▲ FIGURE 15. The SCR power supply and klystron electronics control racks.



physically consists of a five-module VXIbus set: a clock
distribution module, a field control module, an amplifier
control module, a resonance control module, and a high-
power radio-frequency (HPRF) protect module. All rf and
intermediate-frequency signals will be transmitted between
modules using front-panel coaxial connectors. All of the
baseband and digital signals will be transmitted over the
VXIbus backplane. The clock module receives a 10-MHz
reference from our reference system and produces the vari-
ous synchronizing frequencies needed for downconversion
and I/Q sampling. The field control module contains the
analog and digital electronics described above, which per-
form field control. The amplifier control module performs
the phase equalization needed to balance the three kly-
strons driving the radio-frequency quadrupole. The reso-
nance control module is primarily a digital module that
determines the resonance condition of the cavity. 

Depending on how far from the fundamental frequency the
cavity is, the resonance control module either provides a
control signal to the cavity cooling water system or changes
the drive frequency of the klystrons to match the cavity fre-
quency and bring the cavity back to the fundamental fre-
quency through rf heating. The HPRF protect module pro-
vides an rf shutdown signal, should any operator-defined
fault condition occur within the HPRF transport path
(waveguides, high-power splitters, etc.). An example of one
of these VXIbus modules (the resonance control module) is
shown in Figure 18.

More detailed descriptions of this system and the details of
its design can be found in References 1–4.
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Alamos National Laboratory report LA-UR-97-1772.

system is designed to be easily extended to meet the APT
plant requirements. A single control system is used for the
supermodule set of klystrons in the normal conducting por-
tion of the linac, whereas for the superconducting portion we
will be implementing one LLRF control system per klystron.
Either way, implementation is basically the same. A new
scheme for field control will be implemented. Rather than a
single analog proportional-integral-differential algorithm, we
will be using a combination of analog and digital circuitry
that divides this control algorithm into two separate compen-
sators working in parallel. Each controller provides both
field feedback and beam feedforward control and takes
advantage of its particular components, allowing the control
bandwidth of the system to be covered by the best tech-
niques available. This methodology is shown in Figure 16.
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▲ FIGURE 18. Resonance control VXIbus module.

The precision digital compensator provides extremely 
accurate dc and low-frequency measurements by employing
quadrature sampling and digital signal processing (DSP)
techniques. Its bandwidth is limited to about 10 kHz by the
digital throughput of the analog-to-digital converters and
digital signal processor. The fast analog compensator is
implemented in high-bandwidth rf and analog circuitry to
maximize the closed-loop bandwidth. (It is limited to a little
over 100 kHz by the group delay through the other compo-
nents of the rf system. Transmission delay of up to 700 ns
precludes feedback compensation for more than a couple
hundred kilohertz.) This type of fast analog electronics is
susceptible to dc offsets and drifts and will have its low-fre-
quency gain reduced for those frequencies where the preci-
sion digital compensator is more effective. Figure 17
describes these control techniques, as well as other LLRF
system functions, in block-diagram format.

In addition to field control, we provide the rf reference
system for the entire accelerator, as well as resonance con-
trol of the accelerating cavities. The LLRF control system
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▲ FIGURE 16. LLRF field control system methodology.
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Neutronic Design of the APT Target/Blanket

The APT project has as its goal the design of an accelera-
tor-driven neutron source for the production of tritium. We
have optimized this source for maximum tritium produc-
tion within the constraints imposed by engineering factors
such as heat flux limits, structural integrity, fabricability,
and safe and reliable operation. For a 1.7-GeV, 100-mA
proton beam delivered with 75% availability, the APT tar-
get/blanket produces 3 kg of tritium per year.

The APT plant has three main components: the accelerator,
the target/blanket (T/B), and the tritium separation facility.
The accelerator delivers a 1700-MeV, 100-mA proton beam
to the T/B, which uses this beam to produce neutrons
through a nuclear process termed “spallation.” The neu-
trons released by the spallation process are slowed and then
captured by helium-3 nuclei to produce tritium. Gaseous
helium-3 flows from the blanket to the tritium separation
facility, where the tritium product is extracted from the gas
before it is returned to the blanket.

The T/B, shown in Figure 19, is composed of a centrally
located tungsten neutron source (TNS), surrounded by a lead
blanket. Tungsten and lead are desirable spallation source
materials because large numbers of neutrons are released in
the spallation process because of their high atomic masses.
Most of these neutrons are born in the “evaporation” stage of
the spallation process, and so are born with a broad spectrum
of energies centered on a few MeV.

The tungsten, cooled by heavy water, is housed in the rungs
of the thirteen ladders that comprise the TNS. The peak
tungsten power density of 1.8 MW/liter occurs in the sec-
ond ladder, which has a tungsten volume fraction of about
59%. In the thirteenth ladder, where power densities are an
order of magnitude lower, the tungsten volume fraction is
77%. The tungsten volume fraction is maximized, within
the constraints imposed by safety and thermal-hydraulic
considerations, so as to produce the most neutrons possible.
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The lead blanket is contained in aluminum extrusions that
are designed to minimize aluminum content and provide
conduction paths to cavity floodwater during off-normal
events. These extrusions have flow channels for light-water
coolant and holes where helium-3-filled aluminum tubes
are inserted. These tubes are arranged on a 3- to 5-cm pitch
that minimizes parasitic capture of neutrons by lead. The
lead volume fraction, also maximized to enhance neutron
production, ranges from 55% in the high-power regions to
73% in the low-power regions.

The proton flux distribution within the T/B is shown in
Figure 20(a). The black area shows the unperturbed proton
beam striking the first tungsten ladder. As the proton beam
traverses the TNS region, it disperses, and a portion of it
strikes the lead blanket region located to the sides of the
TNS. The lead blanket quickly attenuates this scattered pro-
ton beam. A plot of the neutron flux through the horizontal
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▲ FIGURE 19. An isometric drawing of the APT target/blanket.
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▲ FIGURE 20. (a) Proton and (b) neutron flux maps within the target/blanket.
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In order to obtain data for APT, the Los Alamos Spallation
Radiation Effects Facility (LASREF) at LANSCE Target
Station A-6 was used for a major irradiation in 1996 and
1997. Further irradiations will be done in 1998 and 1999.
Over 5,000 mechanical test samples were included directly
in the beam, with maximum proton fluence of ~5 × 1021
p/cm2. Analysis of the samples is being done at the Los
Alamos, Oak Ridge, Brookhaven, and Pacific Northwest
national laboratories and at SRS; the results will be includ-
ed in an APT Materials Handbook.

An additional test was included in Area A to measure on-
line corrosion rates of Inconel using electrochemical
impedance spectroscopy (EIS) techniques. Follow-up 
corrosion rate measurements on additional materials will be
done in the 1998 and 1999 irradiation. Transient analysis
techniques to measure the buildup of corrosion products
directly in water was also done at the LANSCE Blue
Room, employing EIS as well as Raman spectroscopy.

Model components of the tungsten neutron source and the
blanket were included in the irradiation. The large volume
available at LASREF was used to good advantage in this
application (Figure 21).

Overall, the APT work is the largest high-power, high-
energy irradiation specifically focused on accelerator mate-
rials ever done, and it takes full advantage of the unique
LASREF capabilities.

— W. F. Sommer, L. S. Waters (APT Technical Project
Office)

▲ FIGURE  21. Schematic diagram of the five in-beam inserts irradiated at LASREF
in FYs 1996–97. A second irradiation with a new set of experiments is planned for
FYs 1998–99.
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mid-section of the T/B is shown in Figure 20(b). The peak
neutron flux of 1.5 × 1015 n•cm-2•s-1, comparable to the
peak flux found in the world’s most powerful research
reactors, occurs in the tungsten of the central ladders. 

On average, each 1700-MeV proton that strikes the T/B
produces 48 neutrons. Of these, 40.5 neutrons are captured
by helium-3 to produce tritium. If the plant operates for
274 days each year (corresponding to 75% availability),
then the plant will produce 3 kg of tritium per year.

— E. J. Pitcher, G. J. Russell, P. D. Ferguson (LANSCE
Division)

Materials Testing for the APT Target

The APT facility will contain a high-power T/B system at
the end of a 100-mA, 1.7-GeV proton accelerator. The
beam will be expanded to a size of 19 × 190 cm2 before
entering the target; the specific power is 47 kW/cm2. The
current expander design is a rastering system; however, a
preliminary system composed of vertical and horizontal
nonlinear expander magnets was tested in LANSCE Area C
in 1997.

The target consists of heavy-water-cooled Inconel-clad
tungsten in the form of concentric cylinders arranged in
several ladders along the path of the beam. Surrounding the
target is a “decoupler” region consisting of light-water-
cooled aluminum-alloy-6061 tubes containing helium-3 for
tritium production. These in turn are surrounded by light-
water-cooled aluminum-clad lead plates, which also hold
aluminum-alloy-6061 helium-3 tubes. The APT T/B and
Materials Engineering Development and Demonstration
Project has the responsibility for characterizing the behav-
ior of plant structural materials in the high-energy particle
radiation environment.

In the past, materials irradiation information has been
largely generated at reactors where information is needed
for neutron radiation damage effects in the energy range
from thermal up to ~1 MeV. Very low dose investigations
have also been done for potential fusion reactor applica-
tions using neutrons with an energy of ~14 MeV.
Information at higher energies and for other particles such
as protons is lacking, although phenomenological data from
the many years of LANSCE operations gives us confidence
in the integrity of many systems. One particular question
involves the commonly used quantity “dpa” (displacements
per atom), which is a scaling parameter meant to account
for different particle energy spectra. It is not yet clear if
such scaling will hold at high particle energy (up to 1.7
GeV) and as copious impurities are introduced into the
materials through spallation reactions.

Advanced Projects
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The Spallation Neutron Source (SNS) is a construction
line-item project sponsored by the Department of Energy
(DOE) Office of Basic Energy Sciences. The SNS will be a
world-class center for neutron scattering research and will
produce the most intense pulsed neutron beam in the world.
The facility will include an accelerator-based pulsed neu-
tron source, research facilities, and user support facilities
needed to create a fully operational research center. When
operational, it will be used for a wide range of materials
research and neutron scattering experiments.  

Oak Ridge National Laboratory (ORNL) has been charged
by DOE with the responsibility for coordinating the SNS in
collaboration with other DOE laboratories. Collaborating
laboratories are Argonne National Laboratory (ANL),
Brookhaven National Laboratory (BNL), Lawrence
Berkeley National Laboratory (LBNL), and Los Alamos
National Laboratory (LANL). Each Laboratory is responsi-
ble for a major SNS system. Although the final National
Environmental Policy Act determination is pending,
Tennessee is the preferred site for the SNS.

The SNS will have an ion source that produces negative
hydrogen ions, accelerates them to 2.5 million electron
volts, and delivers them to the linear accelerator, or linac.
The linac will then accelerate the hydrogen ions to one bil-
lion electron volts for injection into an accumulator ring. In
this ring, the hydrogen ions will be bunched to form an
intense, less than one microsecond pulse. The pulse is then
delivered onto a mercury target that produces the neutron

burst, which is aimed at the target samples. Figure 1 shows
a sketch of the SNS configuration.

Los Alamos is responsible for the linac capable of deliver-
ing a pulsed 1-MW negative hydrogen ion beam. This
responsibility includes the design, procurement, fabrica-
tion, equipment delivery to the site, oversight of equipment
installation, technical oversight and assistance for linac
activities performed at the site, system testing, commis-
sioning support, and turnover to ORNL. The Laboratory
also will build control and diagnostic systems for beam
handling and optimization.

Initially, the linac (Figure 2) will produce a beam of 1-MW
total power, although it will be upgradable to either 2 or
4 MW. The linac is sequentially composed of a drift-tube
linac (DTL), a coupled-cavity drift-tube linac (CCDTL),
and a coupled-cavity linac (CCL); i.e., a linear series of
radio-frequency (rf) accelerating structures specifically tai-
lored to the beam energy attained. The 1-MW design will
accelerate a peak current of 27.7 mA with a duty factor of
5.84%. The conceptual design review (CDR) for the sys-
tem was held in June 1997. Line-item funding and autho-
rization to proceed into the construction phase was
approved to start in October 1998. 

The Laboratory is scheduled to receive $30.4M in fund-
ing for the project during FY 1999 and about $350M over 
the 7-year life of the design and construction phases.
Laboratory activities to date include physics support, 
accelerator engineering, rf engineering, controls support,
and technical support.

Physics support encompasses overall system architecture as
well as quantitative beam dynamics modeling. Physics
design has been especially directed toward minimizing beam
loss, a critical factor in facility availability. Los Alamos has
refined the initial architecture presented at the CDR to sim-
plify the design and manufacturing processes.  Beam
dynamics simulations and error analyses have determined
the design feasibility. Work is underway to establish the▲ FIGURE  1. Artist’s conception of the SNS facility.

▲ FIGURE  2. Block diagram of the SNS linac.

Spallation Neutron Source Poised to be World-class Research Center
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many system parameters needed for detailed power systems
and mechanical engineering final design. The work will also
define commissioning procedures and complete specification
of the beam diagnostics system. Efforts to establish this
important beam system, though small to date, have extended
the results of other projects to SNS. The diagnostics include
devices that measure the beam profile, longitudinal extent,
transverse position, current, and energy, as well as other
parameters needed for linac tuning and control. Several
innovative concepts will be used in the diagnostic-devices
design and in the associated electronics processing.

Accelerator engineering activities include optimizing
mechanical systems in conjunction with the physics effort.
The 467 meters of rf-driven accelerating structure that con-
stitutes the linac must dissipate nearly 5 MW of thermal
energy to produce the electromagnetic fields that accelerate
the beam. Additionally, the structure must be accurately
tuned to its correct resonant frequency. Regarding this 
last effort, cold models (a low-power structure that allows
empirical specification of critical dimensions) for each type
of structure are under construction. A conceptual design
review was held for both the CCL and CCDTL cold models
in FY 1998, and fabrication is underway. We built a
detailed model of a CCDTL segment that includes the drift
tube with stems as well as an independent drift-tube cool-
ing loop. We completed computer modeling of the steady-
state frequency responses and runs showing the effect of
varying the coolant temperature in the drift tube.
Preliminary thermal analysis of the CCL structure was
completed in July 1998.

The linac is powered by an 805-MHz rf system that will
provide a peak power to the structure of over 97 MW in 
1-MW bursts. This rapid modulation has been done in the
past with large energy-storage capacitor banks and complex
switching of the final power output klystron tubes through
direct high-voltage modulation of a tube electrode.
However, Los Alamos will implement a switching system,
based on the integrated-gate bipolar transistor (IGBT), to
replace the conventional system presented at the CDR. The
IGBT modulator offers improved safety, reliability, service-
ability, and reduced costs. Development of this new con-
cept is underway, and work has been initiated on many
fronts: utility power system modeling, IGBT converter-
modulator modeling, test fixture fabrication, circuit design,
scale model prototyping, and testing and verification of
electronic control circuits. After substantial circuit develop-
ment, we are fabricating a reduced-scale IGBT converter-
modulator. The required power supplies, filter networks,
IGBT assemblies, and associated drivers have been com-
pleted and mounted into a rack assembly. We will conduct
definitive tests of concept feasibility upon completion of
this construction.

We are procuring prototype 805-MHz klystrons for the rf
system from two vendors. The vendors have completed
their design, and fabrication will commence in FY 1999.
The Laboratory is setting up an area for the 805-MHz 
klystron test stands that will be used for high-power struc-
tures testing as well as for lifetime test of the tubes. Work
on the 805-MHz transmitter rack is now complete and is
cabled to the modulator. We have begun fabrication of the
klystron water-cooling manifold. We refurbished the capac-
itor room, and new safety input/output hardware is being
installed. Much of this effort relies on surplus Ground Test
Accelerator hardware. Likewise, the Laboratory has refur-
bished a 402.5-MHz test stand and delivered it to LBNL
for test of its front-end systems.

An important milestone in the project will occur in 
January 1999 when DOE will validate the overall SNS 
project baseline and authorize the start of preliminary and
final design, also referred to as Title I and Title II engineer-
ing. This design effort, lasting approximately 2 years, will
be followed by fabrication and installation at ORNL. The
linac will be installed and tested with beam in several
stages with operational readiness in 2005.

—Andrew Jason (LANSCE Division)
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Over the past 4 years, LANSCE has been investigating the
prospects for the construction of a 1-MW long-pulse spalla-
tion source (LPSS) based on the existing LANSCE linac.
Such a spallation source would provide a cost-effective and
internationally competitive new facility for a broad range of
neutron research. The LPSS would be particularly well suited
to cold neutron research and would complement the existing
facility at the Lujan Center as well as the Spallation Neutron
Source at Oak Ridge National Laboratory. Because the LPSS
would use the existing Area A experimental facility, it could
be built without perturbing ongoing activities at LANSCE.

To date, the exploitation of spallation neutron sources has
primarily focused on the use of short-pulse spallation
sources (SPSSs). Ashort-pulse source (of which the Lujan
Center is an example) is one in which the proton pulse dura-
tion is much less than the neutron moderation time and in
which the neutron moderator is “poisoned” with absorbers.
The poisoning of the moderator reduces the long “tail” of
the neutron timing distribution. The short neutron pulse
duration from such sources has been shown to be very valu-
able for a wide range of applications that require moderate
to high resolution. However, a large number of neutron scat-
tering applications do not require such short pulses. For such
applications, an LPSS can provide a much higher flux, sub-
stantially reduced cost, and greater simplicity of operation.

In the LPSS proposed for LANSCE, protons from the 
800-MeV linac would be sent directly to a spallation target
located in Area A. The linac has a demonstrated capability
of providing a proton beam with an energy of 1 MW.
Because the proton beam need not be accumulated in a
proton storage ring, this full power is available at the spal-
lation target. One megawatt would provide more than one
order of magnitude increase in power over the current
power at the Lujan Center. In addition to having a higher
spallation power, the LPSS is intrinsically a more efficient
source of the neutrons, because moderator poisons,
required by the SPSS to reduce the long tail of the neutron
distribution, are not necessary in an LPSS. Removal of
such poisons can improve the useful neutron production
rate by a factor of 5. The 1-MW LPSS would have a peak
neutron flux that is approximately four times that of the
highest flux reactor (at the Institut Laue-Langevin). The
time-averaged flux is reduced by the duty factor of approx-
imately 1/16. 

The degree to which a particular instrument can benefit from
the very high flux of the LPSS requires a detailed analysis of
that instrument as well as the particular experiment for
which it will be used. Such an analysis was carried out in a
workshop convened at Berkeley in 1995.1 The results of this
analysis are summarized in Table 1. As shown, there are

l a rges classes of investigations for which an LPSS would
provide a substantial improvement over the current world-
standard intruments at Institut Laue-Langevin.

Because many of the essential components of the LPSS
exist (the linac, the Area A experimental hall, and much of
the associated infrastructure), the LPSS could be built in a
very cost-effective way in a relatively short time. A d e t a i l e d
study of the LPSS2 indicated that the LPSS could be con-
structed in approximately 3 years. Afully instrumented
LPSS would enormously enhance of the U.S. capability in
neutron scattering at a very modest cost. 

References
1. J. Alonso, R. Pynn, T. Russell, and L. Schroeder in Proceedings

of the Workshop on Neutron Instrumentation for a Long-Pulse
Spallation Source, Lawrence Berkeley Laboratory document
LBL-37880 (1995).
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Alamos National Laboratory document LA-UR-95-3904 (1995).

—Geoffrey Greene (LANSCE Division)

Long-Pulse Spallation Source Proposed for LANSCE



Spectrometer Type Typical Science Equi ILL Equiv ISIS Neutron 1-MWLPSS Comments
Instr. Instr. Energy Performance

Small Angle Scattering structure of macromolecular 
assemblies

-20 m flight path;
10 Å wavelength D22 LOQ cold 0.6 x ILL
-20 m flight path; 
6 Å wavelength D22 LOQ cold 1 x ILL

Reflectometer density profiles of layered 
structures D17 CRISP cold 3–5 x ILL

Powder Diffraction atomic structures of polycrystalline  
materials

Low Resolution For powder diffraction, gains
Powder Diffraction D7 cold 0.5–1 x ILL over ILLperformance

Medium Resolution               are already available
Powder Diffraction D16 cold 6 x ILL at existing short-pulse

High Resolution spallation sources for 
Powder Diffraction D2B HRPD thermal 3–4 x ILL thermal and hot neutrons

Amorphous Material 
Diffraction atomic coordination in glasses D4 LAD hot 0.6 x ILL

Single Crystal 
Diffraction

Laue Diffraction protein crystallography thermal 1 x ILL Comparison is with the 
Laue Instr. at ILL.

4-circle (small unit cells) crystal structures for small unit cells D8 SXD thermal 1 x ILL Gains relative to traditional 
Instr. are higher

Diffuse Scattering lattice distortions, defects D7 cold 3–4 x ILL
Crystal Analyser 

Spectrometer high energy molecular spectroscopy IN1B TFXA hot not feasible Use conventional SPSS
High Energy Spectroscopy high energy collective excitations IN1 HET, MARI hot not feasible Use conventional SPSS
High Resolution diffusion, tunnelling, magnetic 

Inelastic Scattering excitations, 3-He
- multi-chopper Gain depends on useful

spectrometer IN5 cold 2–4 x ILL dynamic range
- time focussed TOF

spectrometer IN6 cold 1.6 x ILL
- backscattering Gain depends on useful  

(1 meVresolution) IN10 cold 0.25–4 x ILL dynamic range
- backscattering 

(10 meVresolution) IRIS cold 2.6 x ISIS
-backscattering with cold 2.5–4 x ILL

MUSICALmono.
diffusion; polymer & IN15 cold 1 x ILL Better dynamic range & Q 

Neutron Spin Echo spin glass dynamics resoln. for LPSS
S(Q,E) Spectroscopy magnetic excitations; IN4C HET thermal 0.4–5 x ILL Gain depends on 

glassy dynamics resolution required
Conventional Three Axis limited scans of collective 

Machines excitations
Cold Neutron TAS IN14 cold 0.4 x ILL Detector gating reduces 
Thermal Neutron TAS IN8 thermal 0.2 x ILL background and increases
Hot Neutron TAS IN1 hot 0.2 x ILL performance at an LPSS by 

a further factor of 1 to 7 for 
all TAS

Augmented Three extended scans of collective 
Axis Machines excitations
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A new target irradiation station for isotope production is
being constructed at LANSCE. The project will modify the
transition region of the existing accelerator by installing a
kicker magnet to deflect beam to a new beam line. This
beam line will be housed in a new facility constructed on
the north side of the existing accelerator building. The
beam will be delivered to a target station housed in the
lower level of the new facility. A hot cell facility for han-
dling the targets both before and after irradiation will be
housed in the upper level of the new facility. When this
facility becomes operational in FY 2001, isotope produc-
tion will be possible whenever the accelerator is operating
for other programmatic purposes.

The Isotope Production and Distribution Program at 
Los Alamos has been a very successful and visible pro-
gram at the Laboratory for more than 20 years. It has used
the unique capabilities of the Laboratory’s accelerator and
hot cell facilities to make more than 30 isotopes for use in
medical diagnostic procedures (some of which were devel-
oped at the Laboratory) and for use in industrial applica-
tions as well. Today LANL collaborates with members of
industry, research institutions, the medical community,
academia, and government laboratories.

The irradiation capability that has been the foundation of
the program makes use of the 800-MeV proton beam
delivered to the beam stop of the LANSCE linear accelera-
tor. In the past, the isotope program has been very cost-
effective because it operated the Isotope Production
Facility (IPF) in such a way that it used beam that was
accelerated, but not extracted, and directed to other experi-
mental stations. Although this arrangement made effective
use of beam that might otherwise go unused, it was not
optimal for two reasons:
• The beam energy is too high to produce desired isotopes

selectively.

• The beam is not available on a year-round basis.
Isotope production is limited to the months each year
that the accelerator operates. Short-lived isotopes can
only be produced and distributed at these times, and
thus cannot be delivered to customers on a regular basis.
While longer-lived isotopes are stockpiled and distrib-
uted year round, the lack of year-round availability of
short-lived isotopes is a serious issue.  

In 1995, the Isotope Production and Distribution Program
proposed to optimize its program and to ensure its contin-
ued ability to produce radioisotopes by purchasing a new
cyclotron that would be capable of extracting proton beams
between 30 MeV and 100 MeV.1 It was noted in the pro-
posal that most of the goals could be achieved with a novel
targeting technique and a 100-MeV beam with a current of

about 250 µA. Subsequently, the Laboratory solidified
plans to convert LAMPF into a neutron science center
known as LANSCE. A determination has been made that
an H+ beam can be extracted from the 100-MeV transition
region of the accelerator without interfering with the exist-
ing neutron science mission or new programmatic opportu-
nities of the facility. However, the new programmatic
opportunities will interfere with the current 800-MeV IPF.
Thus, the Isotope Production and Distribution Program
proposes to use this 100 MeV beam option to fulfill and
enhance its isotope production commitments.2

The Laboratory and the Department of Energy, in recogni-
tion of the importance of the isotope production mission,
have included the new 100-MeV IPF in the LANSCE 
master plan.

The new IPF will be simple in concept. A switching 
magnet will be installed in the beam line between the drift-
tube linac and the side-coupled cavity linac where the
beam energy is 100 MeV. The accelerator will simultane-
ously deliver H+ and H- beams at different phases of the
radio frequency (rf). Some of the H+ beam will be extract-
ed and sent to the IPF and the remainder of the H+ beam
will be accelerated to 800 MeV for use by LANSCE
experiments. A short spur for 100-MeV beam extraction
that was provided in the original LAMPF construction for
100-MeV beam extraction will be extended with a tunnel
and target room. A new beam line with steering and focus-
ing magnets to deliver the beam to the IPF target station
will be installed in the tunnel. The tunnel and target room
will be below ground so that they are at the same elevation
as the accelerator with earth used as radiation shielding. A
facility will be built on the ground above the beam tunnel
and target room. The aboveground facility will contain the
power supplies and other equipment required to support
the beam line and target irradiation systems. The above-
ground facility will also contain a simple hot cell for
extracting irradiated targets from the target chamber and
transferring them to a shipping cask without exposing the
staff to high levels of radiation. Access to the below-grade
facilities for maintenance and repair activities will be
through the aboveground facility, which will contain a
stairwell and protective clothing change facilities.  

The execution of the project is driven by an important con-
straint. The project will require 4 months for installation
work in the transition region that must be scheduled around
the LANSCE operating schedule, so that it does not inter-
fere with routine beam delivery. We envision that this will
occur when the accelerator will be taken out of service for
upgrades. All work to be performed within the accelerator
tunnel, such as installation of the 100-MeV extraction 

New Target Irradiation Facility for Isotope Production
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system, must be accomplished when the accelerator is out of
service. Capital funds were appropriated in the FY 1999
federal budget. Long-lead items, principally the extraction
and focusing elements that must be installed in the accelera-
tor tunnel, will be purchased with project funds during 1999
so that they will be available for installation on schedule. 

To execute the project, the plan requires continuous design
and construction without time lapses. Long-lead-time
equipment will be purchased while independent design
activities are being completed. This challenging plan has
the competitive bid process scheduled between the title
design work and the construction phase. In this way, the
project can be carried out in a highly efficient, seamless
stream of activity with the first isotope production run
scheduled for April 2001. 

The project will be executed by a team consisting of three
collaborating organizations: Los Alamos National Laboratory,
an architect/engineering (A/E) firm, and a constructor, under
the auspices of the Department of Energy, Office of Isotope
Programs. The Los Alamos team consists of the Isotope
Production Program staff responsible for the irradiation and
target-handling equipment; the LANSCE program staff
responsible for the beam extraction and beam line equipment;
and the facility engineering staff responsible for the facilities
and project coordination. The A/E firm and the constructor
will be responsible for facility design and construction.
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The Accelerator-Driven Transmutation of Waste (ATW)
project is dedicated to providing the nation with a techno-
logical solution to the disposition of nuclear reactor waste.
Since 1996 we have focused on a system concept that pro-
vides performance enhancement to the nuclear waste repos-
itory using advanced and substantially proven technologies.
The current ATW system concept consists of an APT-class
accelerator, a liquid lead-bismuth eutectic (LBE) integral
spallation target and nuclear coolant reactor with solid
metallic fuels, and a pyrochemical processing plant for
spent reactor fuel and ATW waste treatment. We initiated
development work in nuclear design , LBE technology, and
pyroprocesses, and have made significant progress.

ATW System Description
An AT W facility consists of three major elements: (1) a
high-power proton linear accelerator based on technology
developed for the A P T project; (2) a pyrochemical spent-fuel
treatment/waste cleanup system; and (3) a liquid lead-bis-
muth cooled burner that produces and uses an intense neu-
tron flux for transmutation in a heterogeneous (solid fuel)
core. The concept is the result of many years of development
at Los Alamos National Laboratory1 as well as other major
international research centers.2

In the spent-fuel treatment system (Figure 1), uranium and a
majority of the fission products are separated from the
transuranics and the targeted long-lived fission products by
pyrochemical (non-aqueous) processes. One essential
requirement is the separation of enough uranium (99%) so
that no significant new plutonium or other actinides are pro-
duced during transmutation. Fission product extraction is not
explicitly sought but comes out naturally from the process. 

In one reference design concept, a third of the core is
extracted and processed every year. In the ATW waste

cleanup process, eventually all the fission products in the
irradiated waste are partitioned into three forms: active
metals, noble metals, and lanthanides. This remnant waste
is prepared for permanent storage as (1) oxides in engi-
neered containers for the active metals (including strontium
and cesium), (2) oxides for the lanthanides, and (3) metal
ingots and oxides for the noble metals including zirconium.
An average of 50 kg of fission products, per ton of spent
fuel, is discharged as waste after transmutation (including
the fission products originally present in the spent fuel),
contaminated with less than 100 ppm of transuranics
(mostly in the metal oxide waste form). Most of the
radioactivity in the discharges would decay within 300
years. The ability to tailor waste forms to the environment
of an underground repository by segregation in the ATW
waste treatment processes offers advantages over the dispo-
sition of untreated spent fuels.

The waste burner consists of a heavy-metal spallation tar-
get (liquid LBE) providing a high-intensity neutron source
and the surrounding subcritical core containing the trans-
mutation assemblies (Figure 2). Since significant neutron
multiplication and heat production occurs from the fission
of waste actinides in the transmutation assemblies, ade-
quate means for heat removal must be present, analogous
to the situation in critical reactors of similar power level. 

ATW takes advantage of the exceptional properties of liquid
LBE, both as a nuclear coolant and as a spallation neutron
source, for use in the subcritical waste burner. The technol-
ogy, successfully developed and used in Russia for nuclear
submarine propulsion of very fast, deep diving vessels, is
becoming accessible to western researchers and engineers. 
The subcritical liquid LBE systems presently being devel-
oped at Los Alamos operate in a fast neutron spectrum to
ensure optimal destruction efficiency for the actinides and

▲ FIGURE  1. Schematic ATW waste treatment flow sheet. ATW waste treatment is based on pyro-
chemical processes developed at Los Alamos and Argonne national laboratories.

Accelerator-Driven Transmutation of Waste Uses Advanced Technologies

▲ FIGURE  2. A schematic of an ATW burner with a typical power of 2000 MWt.
Accelerator drive (subcriticality) enables versatile and effective nuclear waste destruction.



large neutron availability for transmutation of the targeted
fission products. Very low end-of-life inventories can be
rapidly achieved by burn-down strategies involving gradual
thermalization of the spectrum to exploit the large capture
and fission cross sections of resonances.

Subcriticality does not make ATW by definition “safer”
than critical reactors. Rather, subcriticality facilitates tasks
that would be exceedingly difficult or inefficient in critical
systems. Subcritical systems do not rely on delayed neu-
trons for control and power change; they are driven only by
the externally generated neutron source (i.e., by the proton
beam coming from the accelerator). Control rods and reac-
tivity feedback have very low importance: these systems are
neutronically (but not thermally) decoupled from their neu-
tron source. Subcriticality therefore allows the ATW system
to work with any composition of fuel (or waste) and to
greatly relax the required separation in the waste treatment
steps. This makes possible, in principle, the destruction of
any isotopes (actinides or fission products or mixture of
both) with little concern for their neutronic behavior. Fertile
materials are not needed to compensate for the neutronic
uncertainties or undesirable reactivity responses of the fuel,
and extended burnup is achieved by increasing the power of
the accelerator drive to compensate for reactivity drops.

Because of its subcritical mode of operation, ATW will be
ideally suited as an “incinerator” of material that (1) is not
well characterized, (2) burns very poorly or not at all in
reactors, (3) has potentially unstable and hazardous reactivi-
ty responses, and (4) should not for whatever reason be iso-
lated and placed in reactors. This includes higher actinides
such as neptunium, americi-
um, and curium, all isotopes
of plutonium, and some
long-lived fission products.
In addition, the neutron-poor
thorium-uranium fuel cycle,
never successfully imple-
mented in critical reactors,
can be used rather straight-
forwardly in accelerator-dri-
ven subcritical systems.

ATW Project  Support
In January 1998, the ATW
project team went to the
Massachusetts Institute of
Technology (MIT) and pre-
sented the program and the
technical underpinnings to a
nuclear engineering techni-
cal review panel. The panel
concurred with our choice of
technologies and system
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concept, and also strongly advocated our planned develop-
ment program because of the tremendous spin-off benefits,
such as the lead-bismuth coolant for advanced reactors, pyro-
chemical processes for nuclear waste treatment, and high-
powered spallation neutron sources for scientific research.

The technical underpinning of these significant program
development efforts was supported by a vigorous
Laboratory-Directed Research and Development (LDRD)
research program over the last few years. With a project
team composed of members from many laboratory divisions
and with the support of LANSCE Division, the ATW pro-
ject has investigated several key areas, which include
nuclear system design, LBE technology development, and
pyrochemical processes for waste treatment.

Neutronics Calculation of ATW Burner Core
Significant progress was made in FY 1998 related to design-
ing the ATW Waste Transmutation Region (WTR). Point
designs for two WTRs were completed: one for an initial
WTR demonstration and one for an operational ATW. A
computer code was developed for calculating time-depen-
dent waste compositions and physics parameters for all
destruction scenarios of interest. The code divides a destruc-
tion scenario into several individual burn steps, for which
the time interval, power, and material feed and reprocessing
rates can be varied. Fuel shuffling schemes were devised
that allow for high burnup and power flattening while main-
taining linear heat rates and other parameters within demon-
strated bounds. Schemes for transmuting technetium-99 and
other isotopes were devised and shown to have more than
adequate performance (Figure 3). Various blanket composi-

Advanced Projects

400

350

300

250

200

150

100

50

Into region 3 (0 mo.) - 1055 kg of transuranic
Into region 2 (4 mo.) - 990 kg of transuranic Beginning of cycle =2960 kg

Fnd of 4 mo. cycle =2720 kgInto region 1 (8 mo.) - 915 kg of transuranic
Out of region 1 (12 mo.) - 815 kg of transuranic (40 kg Tc99 burned per cycle)

0

System transuranic inventory

U
23

8

N
p2

37

P
u2

38

P
u2

39

P
u2

40

P
u2

41

P
u2

42

A
m

24
1

A
m

24
2

A
m

24
3

C
m

24
2

C
m

24
3

C
m

24
4

C
m

24
5

C
m

24
6

C
m

24
7

C
m

24
8

T
c9

9

M
as

s 
(k

g)

▲ FIGURE  3. Isotopic compositions and burnup in a steady-state ATW batch (2-GW, 4-month burn cycle). Batch moves from region 3 to region 1; then
actinides concentrated and enriched with light water reactor discharge, and move into region 3 (the difference between the first and last bar is the steady-
state feed rate, except for U238).



the corrosion control techniques employed in LBE coolant
systems. This technique, through the control of the thermo-
dynamic activities of the oxygen content, can prevent cor-
rosion of structural materials in LBE and remove solid
admixture contamination from the coolant.

We have also examined the polonium hazards associated
with using LBE as a nuclear coolant. Polonium is produced
in irradiated bismuth. It is a strong alpha emitter and very
mobile. Working with IPPE specialists using their LBE-
cooled reactor experience, we investigated the polonium
release mechanisms during normal conditions and acci-
dents and found that the polonium problem can be well
controlled and should not pose major radiological hazards.4

1-MW LBE Test Target
An LBE spallation target for installation at LANSCE is
being constructed at IPPE (Russia) within the framework of
International Science and Technology Center Project 559.

tions were studied to determine the effect of neutron energy
spectrum on transmutation. It was found that the harder
(faster) the neutron energy spectrum, the better the actinide
transmutation characteristics of the system. It was demon-
strated that the fast neutron spectrum of both the ATW demo
and the operational ATW allows any actinide waste compo-
sition to undergo fission while generating enough excess
neutrons to transmute select fission products.

Fast spectrum systems were also shown to have total waste
actinide inventories comparable to or lower than those of
realistically designed thermal spectrum systems and much
easier waste-processing requirements. The use of LBE
coolant was shown to enable both the ATW demo and oper-
ational ATW to have significant natural circulation, reduc-
ing pumping power requirements and enhancing safety.
Large design simplifications were achieved by combining
coolant and target fluid in a single one-liquid circuit. Fast
flux, polonium production, time-dependent neutron multi-
plication, reactivity feedback coefficients, and other para-
meters of interest were also calculated and factored into the
designs. Qualitative efforts to devise refueling machines
and other equipment required for operation were initiated.

LBE Technology Development
The LBE technology task group successfully constructed and
operated an LBE test loop during 1997.3 It is a large-scale
loop that can transport LBE at over 5 m/s speed in 2-in.
inside-diameter pipes, providing a substantially realistic
dynamic environment for thermohydraulic and material stud-
ies (Figure 4). The loop is the first of its kind in over 35 years
outside Russia, where LBE coolant technology has been
developed and deployed for submarine reactors. Our task is to
transfer, verify, and extend this technology for spallation neu-
tron source and nuclear coolant applications in ATW.

Working with our Russian partners at Obninsk (IPPE) and
U.S. universities, we have acquired the basic knowledge of
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▲ FIGURE  4. The LBE test loop station before fully assembled. It was successfully started and
operated in December 1997.
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After finalizing the
Statement of Work and 
a complete set of mile-
stones for the next 3 years,
a final engineering design
of the target has been 
produced, and detailed
thermohydraulics and 
neutronics calculations 
are being performed in
coordination with Russian,
French, and German 
scientific laboratories 
participating in the inter-
national project (Figures 5
and 6). Arrival of the 
target at Los Alamos is
expected in FY 2000, 
with first in-beam tests
scheduled in the FY 2001
run cycle.

Pyrochemical Processes
for ATW Fuel
Preparation and Cleanup
Pyrochemical processing
is the technology of
choice for treatment of commercial spent nuclear fuel.5 The
processes are tailored for group separations rather than the
isolation of single elements, are robust, radiation resistant,
and allow the process media to be recycled numerous
times. A process chemistry flow sheet for the conversion of
spent commercial nuclear fuel to ATW fuel was established
in FY97. Work in FY98 focused on process chemistry
modeling6 (Figure 7) bench-scale solvent-anode/solvent-
cathode Pu electrorefining experiments, and fission product
separation chemistry experiments. The process modeling
effort used models currently available in the literature to
develop an initial mass balance for the ATW flow sheet.
Both the front-end conversion of commercial fuel to ATW
fuel and the back-end recycle of ATW fuel were considered
in the system mass balance. The mass balance results were
the basis for the process chemistry presentation at the
review by MIT.1 Experimental Pu electrorefining and 
fission product separation studies were initiated in FY 1998
and will be continued in FY 1999.
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▲ FIGURE  7. Comparison of (a) cathodic deposition; (b) cell voltage; (c) concentrations in molten salt media; and (d) anodic concentrations from ANL
experiments with the diffusion-layer model simulation.
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Throughout the 1998 fiscal year, LANSCE personnel
worked on a variety of upgrades to improve the safety,
reliability, and performance of the facility, especially in the
area of neutron scattering. As part of a $35M, Department
of Defense-funded project called the LANSCE Reliability
Improvement Project, two major changes were made:

• New hardware was installed in the Proton Storage Ring
(PSR) to permit direct injection of H- particles, rather
than the neutral hydrogen ions that had been used in the
past. This change will reduce the losses in the PSR and
eventually permit higher stored currents to be achieved.

• Acompletely new target and moderator system was
installed at the Lujan Center, together with a handling
system that will allow the target to be exchanged in a few
weeks rather than the 10 months that was needed when
this operation was last undertaken a decade ago. The new
t a rget will also provide neutron beams for flight paths 12
through 15 at the Lujan Center. These flight paths were
drilled during an earlier facility upgrade started in 1987
and have been unused since that time. For the first time, a
spallation source will be able to make use of partially
coupled moderators, and we can learn how these can be
used to enhance instrument performance.

While the injection system for the PSR was being modified
and the ring was not operational, personnel at LANSCE
took the opportunity to install a replacement radio-frequency
(rf) buncher that is capable of providing the voltage required
to keep the proton beam out of the extraction gap. This step
is part of a second, currently ongoing upgrade project—the
Short-Pulse Spallation Source (SPSS) Enhancement
Project—that is jointly funded by the LANSCE facility’s
principal sponsors, the DOE Offices of Defense Programs
and Basic Energy Sciences. The rf buncher is one of several
upgrades to the accelerator, described further in the section
on Advanced Projects, that is supported by the Defense
Programs part of the SPSS Enhancement Project.

Several upgrades to Lujan Center neutron scattering spec-
trometers were also made during the FY98 shutdown:

• Wide-angle detectors were installed on the PHAROS
inelastic scattering spectrometer, thereby completing con-
struction of an instrument that was started a decade ago.

• In collaboration with the National High Magnetic Field
Laboratory, design was started for a 30-tesla pulsed 
magnet that will provide a unique capability.

• Several new neutron optical components were installed
on spectrometers, including radial collimators for
residual strain measurements on the neutron powder 

diffractometer, and a Meissner sheet polarization flipper
made of a high-temperature superconducting film on the
reflectometer SPEAR.

In addition, Lujan Center personnel initiated two major
efforts in support of the spectrometer construction project
that is funded by the Basic Energy Sciences part of the
SPSS Enhancement Project:

• An extensive, user-friendly Monte Carlo simulation
package was developed to facilitate the design of new
neutron scattering spectrometers, both at the Lujan
Center and elsewhere.

• Design was started for a new data acquisition system
based on communication using the Internet.

Many of the projects described above resulted in significant
construction of complex hardware—always a source of
pride to the designers and builders. Photographs of much of
this hardware are shown in the articles of this section.

Facility Upgrades

Facility Upgrades Enhance LANSCE Performance

▲ The new target-modulator-reflector system is one of the recent facility upgrades at LANSCE.



An upgrade is in progress to the Proton Storage Ring (PSR)
that will allow direct injection of the H– beam into the ring,
and provide a beam bump system to move the circulating
beam off the stripper foil. The primary benefit of this
upgrade is a reduction in beam losses in the PSR by up to a
factor of 5. Beam losses at the PSR and the resulting
radioactivity of ring components are the dominant factors
limiting average beam current, a significant cause of equip-
ment failure, and a major element in repair times. Reducing
the beam-loss rate is key to achieving the following overall
performance objectives for the PSR and the beam delivery
system for the LANSCE neutron spallation source: 
• routine operation at a beam current of 100 µA at 20 Hz

(a 43% increase in current)
• beam availability > 85%
• less than 5% downtime from intervals > 8 hours

There are two main contributors to beam losses in the PSR:
circulating-beam losses and beam losses at injection.

Circulating-beam losses are primarily caused by nuclear and
large-angle Coulomb scattering in the injection stripping
foil.1,2 These losses can be reduced by reducing the num-
ber of times the circulating beam hits the foil. In the
upgrade this is accomplished by offsetting the injection hor-
izontally and vertically and by bumping the stored beam off
the foil. A vertical closed-orbit bump is introduced at the
foil, and the bump is collapsed linearly to zero by the end of
injection. In the old injection system, this scheme would not
have been effective in reducing beam losses. A two-step
injection process converted H– to H0 in a stripper magnet,
then H0 to H+ in the stripper foil. This process tripled the
horizontal beam emittance in the stripper magnet and pro-
duced a mismatch of the injected beam. As a result, circulat-
ing-beam foil hits could not be reduced below approximate-
ly 30%. To eliminate these problems, we are replacing the
two-step process by direct (H– to H+) injection of the beam,
allowing us to inject a much smaller beam
that is optimally matched to the ring and to
implement effective orbit bumping.
Simulations predict that these measures
will reduce circulating-beam foil hits by a
factor of 10.

Beam losses at injection are caused by
excited H0 states produced in interactions
of the injected beam in the stripper foil.
These excited H0s are stripped in the mag-
netic field of the PSR dipole downstream
of the foil and are lost. We have demon-
strated that production of excited H0s can
be suppressed by increasing the foil thick-
ness.3 A thicker foil will, of course,
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▲ FIGURE 2. Layout for PSR injection upgrade.

increase scattering losses in the circulating beam. Therefore,
we will optimize the thickness of the stripper foil to mini-
mize the total of injection and circulating-beam losses.
Figure 1 shows the results of an optimization study of total
losses versus foil thickness. With a foil thickness of 400
µg/cm2, total losses are reduced by a factor of 5 from that
for the former PSR with a 220 µg/cm2 foil.

Carbon foils produced with Dr. Isao Sugai’s modified con-
trolled ac/dc arc discharge (mCADAD) method have signif-
icantly improved the operational performance of the PSR.
The mCADAD foils are produced by arc evaporating alter-
nating layers of carbon produced with ac and then dc cur-
rent. They have been tested and used for high-current 
800-MeV beam production in the PSR since 1993. The
decreased shrinkage rates associated with these foils allow
the use of smaller width foils, thereby decreasing stored-
beam losses. Lower beam losses imply that the ring compo-
nents become less radioactive, and therefore worker radia-
tion exposures are reduced. In addition, foils produced by
the mCADAD method have demonstrated lifetimes an order
of magnitude higher than commercially available foils.

Facility Upgrades
Proton Storage Ring Injection Upgrade Project
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▲ FIGURE 1. Total losses in PSR versus foil thickness.



The mCADAD technique is
limited in that it is not possi-
ble to produce foils with a
mass density greater than the
range of 50 to 130 µg/cm2.
With this limitation, a mini-
mum of three foils will be
necessary to achieve an
equivalent thickness of 400
µg/cm2 for operation at 100-
µA average current. Work is
currently in progress to
improve on this limit.

Figure 2 is a “folded” plan
view of the injection line, PSR injection section and adja-
cent ring sections, and the waste-beam dump line. A skew
section transports the beam from the H– transfer line to the
PSR level. A general drawback is that skewed beam-line
elements couple the transverse planes, leading to emittance
growth. In this design, skew quadrupoles upstream and
downstream of the skew section, together with a quadru-
pole at the dispersion crossover point, uncouple the beam
transfer matrix and eliminate beam emittance growth. A
four-quadrupole matching section is used to tailor the beam
at the stripper foil to optimize orbit bumping. The matching
section is in a zero-dispersion region so transverse and lon-
gitudinal beam parameters can be tuned independently. An
achromatic final bend diverts the beam around a PSR dipole
and injects the beam into the merging dipole. Injection with
zero dispersion reduces the size of the injected beam and
thus the number of foil hits by the circulating beam.

Changes to the PSR include the merging dipole, programmed
bump magnets to produce the closed-orbit bump, and using
two C-magnets to replace the first dipole downstream of
injection. Implementation began in August 1997 with
removal of existing equipment; installation of new and
upgraded equipment began 2 months later. Commissioning of
the upgraded ring began in July 1998. The expected perfor-
mance of the upgraded ring is summarized in Table 1.
Figures 3 and 4 show a portion of the newly installed injec-
tion line near the stripper foil and downstream of the foil. 
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TABLE 1. PSR Parameters Before and After the Injection Upgrade
Parameter Former PSR Upgraded PSR

Current and repetition rate 70 µA @ 20 Hz 100 µA @ 20 Hz

Proton beam energy 797.2 MeV 798.7 MeV

PSR accumulation time 650 µs 825 µs

Protons per pulse 2.2 x 1013 ppp 3.1 x 1013 ppp

Injected beam offset (x0, x0’) = 0 mm, 0 mrad (x0, x0’) = 7.2 mm, -2.0 mrad
(y0, y0’) = 8 mm, 0.9 mrad (y0, y0’) = 22.4 mm, 3.1 mrad

Closed orbit bump (linear) None from (y0, y0’) = 16.0 mm, 2.2 mrad
to (y0, y0’) = 0.0 mm, 0.0 mrad

Foil thickness 220 µg/cm2 400 µg/cm2

Stored beam loss 0.257% 0.046%

Injected beam (excited H0) loss 0.259% 0.048%

Extraction loss 0.05% 0.008%

▲ FIGURE 4. View of the C-magnets and H-/H0 dump line leading to the beam dump. The
magnet labeled ELSIE is the first of the two C-magnets in the ring. Those labeled MARY and
BETTY in the top of the picture are part of the extraction line that transports beam from the PSR
to the neutron production target.

▲ FIGURE 3. A technician (in anti-C clothing) adjusting a mounting bracket for a detector to monitor
foil hits. The detector is located just downstream of the vacuum chamber housing the stripper foil. 



▲ FIGURE 1. The refurbished rf buncher has a redesigned gap assembly installed in the beam line
that sits on top of the final power amplifier. The new intermediate power amplifier is in front.
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During 1997 and 1998, the radio-frequency (rf) buncher in
the Proton Storage Ring (PSR) was refurbished as part of
the Short-Pulse Spallation Source (SPSS) Enhancement
Project (see complete article on the SPSS Enhancement
Project in the Advanced Projects section). The objective of
this upgrade was to increase the peak rf voltage capability
from 12 kV to 18 kV and to eliminate rf instabilities in the
existing system. The higher voltage is required for future
200-µA (at 30 Hz) operation. Major elements of the bunch-
er refurbishment were
• upgrades to the rf amplifiers, including the development

of a new intermediate power amplifier (IPA)
• relocation of the IPA from the ring equipment building to

the PSR
• modification of the buncher gap, ferrite assembly, and

bias circuit
• upgrades to the electrical and cooling-water utilities

We installed the refurbished buncher (Figure 1) in July 1998,
and commissioned it in September 1998. The system has met
or exceeded all of its design goals and is now 100% opera-
tional. In particular, testing has shown that
• the buncher can reliably provide the required 18 kV at

2.8 MHz
• the effective output impedance is very low, resulting in

minimal beam loading
• the rf instabilities have been eliminated

—Paul Lewis (LANSCE Division) 

Radio-Frequency Buncher Refurbished for the Proton Storage Ring

Facility Upgrades
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The LANSCE materials science user community has long
protested the inability of the accelerator-driven spallation
source to deliver the reliability, availability, and predict-
ability that reactors produce. In 1992, the Kohn Committee
expressed the dissatisfaction of the community clearly and
challenged the builders of new spallation sources to meet the
expressed needs of the user community. Unfortunately, the
needs of the materials community for improvement occurred
during a time when the sponsors of the Los Alamos Meson
Physics Facility (LAMPF) were phasing out their interests in
continued operation, and the materials science community
was not able to fund improved operation.  

The recent collaboration of the Department of Energy
Offices of Defense Programs and Basis Energy Sciences to
operate LANSCE provided a window of opportunity to repair
some deficiencies and catch up on deferred maintenance. 

Accelerator and Beam Delivery Upgrades
LANSCE responded to users’needs during the past 4 years
with a number of upgrades selected to improve operational
reliability and beam predictability. In addition, workers
emphasized processes to increase availability and reduce
operating costs.  

The largest single effort has been the LANSCE Reliability
Improvement Project. This project was designed to develop
and install a new targ e t - m o d e r a t o r-reflector system (TMRS)
for the Lujan Center and to install a new direct H- i n j e c t i o n
scheme in the Proton Storage Ring (PSR) and has occupied a
major fraction of the Division’s resources during 1996 through
1998. As FY 1998 drew to a close, this effort paid off. On
November 19, 1998, 100 µAwere delivered to the Lujan
Center target and moderated beams of neutrons therefore
became available in the Lujan Center on a continuing basis.

The drift-tube linac accelerator has often accounted for a
significant portion of unplanned downtime. Vacuum, radio-
frequency (rf) power, and the mechanical structures have
each contributed to the problem. A 4-year-long installation
of a “soft” vacuum system for the drift-tube linac was com-
pleted in 1998. This “soft” vacuum space buffers the
“hard” vacuum from atmospheric pressure within the drift-
tube cavity. The modification was necessary because the
vacuum seals originally separating the hard vacuum space
from atmosphere had deteriorated and could not be easily
replaced. The vacuum integrity of the linac is now greatly
improved, and recovery from venting of the vacuum space
is much improved. The net result is improved availability
of beams from the linac.

Several improvements to the linac rf power systems have
been completed. The first amplifier stage has been replaced

with a custom-designed, commercially constructed 5-kW,
201.25-Mhz solid-state amplifier. Operation has been high-
ly reliable and maintenance costs have been reduced over
the original vacuum tube units. The four drift-tube-linac
capacitor rooms were cleaned up of PCB oil spills and
modified to eliminate oil-bath cooling systems. The final
and intermediate power amplifier power supplies were 
separated by the addition of new power supplies for the
intermediate amplification stage. This modification
improves operational stability by eliminating the interac-
tions between these two stages.  

An improvement program for the personnel access control
systems throughout the accelerator modernized the design
and technology used to ensure that personnel are excluded
from hazardous areas. The implementation at LANSCE has
followed Laboratory-designated modern standards that con-
form to the best practices in the accelerator community.

The LANSCE accelerator-control system (Figure 2) is a
distributed computer-based system that has evolved from
the original LAMPF system, which was the first accelera-
tor-control system to rely entirely on a computer. Because
the technology of computing and network communications
is changing rapidly, a careful and continuous effort is
required to avoid obsolescing. The worldwide user 

Accelerator Upgrades Improve Reliability

▲ FIGURE 1. The TMRS insert during installation. The Lujan Center can be seen in the
background.
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community and LANSCE staff require information from
the computer system on both present and past performance
of the facility as well as on maintenance and operations
procedures. During the past year, the control console was
extensively modernized to eliminate obsolete equipment
and to incorporate modern technology. A 5-year plan inte-
grates the controls into a single architecture, and a long-
term maintenance plan ensures attention to all require-
ments. The Year 2000 issue was addressed to ensure that no
serious consequences might interrupt operation.  

Water systems have contributed to increasing linac down-
time. Over the past several years, the tube-and-shell heat
exchangers were replaced with stainless-steel plate and
frame heat exchangers that have improved heat-exchange
efficiency and maintenance characteristics. Some soldered
copper piping was replaced with a Victaulic-fitting technol-
ogy to reduce joint failures that have in recent years leaked
water and interrupted beam delivery.

LANSCE uses over 800 magnet power supplies (up to
3,000 amperes) for operations. The power supplies for the
quadrupoles in the linac were replaced with solid-state
improvements to eliminate mechanical regulators. Failures
of the old equipment occurred randomly with frequencies
as often as once per week.  

As a result of this emphasis on reliability improvements
and the availability of funding to achieve them, LANSCE
achieved a record performance for beam delivery during
FY 1997 (see the Experimental and User Program section).
The recent achievement of 100 µAto the Lujan Center tar-
get simultaneous with 1-mA beam delivery to Area A and
2-µA micro-chopped beam to WNR establishes a new level

of performance for LANSCE. Higher beam current and
longer operating periods are well within reach.  

The results and activities of LANSCE operations, mainte-
nance, and minor upgrades are detailed in Laboratory
reports LAMPF/MLNSC/WNR Operations—FY 1994–1995
(LA-UR-96-3258), Accelerator and Beam Delivery
Operations Progress Report—FY 1996 (LA-UR-97-4015),
and Accelerator and Beam Delivery Operations Progress
Report—FY 1997 (LA-UR-98-2264). The Accelerator and
Beam Delivery Operations Progress  Reports for FY 1996
and FY 1997 are on the compact disk located on the inside
back cover of this report. The FY 1998 report will be pub-
lished soon. 

Future Improvements
LANSCE management is now faced with the task of bal-
ancing resources to maximize the productivity of the facili-
ty by continuing to improve operations while pursuing
research programs that yield compelling results.  

The largest single pending improvement project is the
Short-Pulse Spallation Source (SPSS) Enhancement
Project, which will install a higher brightness negative-ion
source and an improved beam-bunching system in the PSR
to allow increased average currents to 200 µA at a 30-Hz
repetition rate. Some additional upgrades, such as more
cooling for the target moderators, are required to support
the improvements of the SPSS Enhancement Project.  

The proposed long-pulse spallation source (1,250 µA at 
60 Hz and 15 flight paths) has the potential of making
major contributions to the facility as well as fostering new
directions in neutron scattering facilities. 

▲ FIGURE 2. The modernized control console at LANSCE.
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The long-range maintenance plans for some systems (e.g.,
controls, rf power, and water) will accommodate the criti-
cal need for resources to support the major upgrade pro-
jects. Some personnel and instrument access control sys-
tems will be completed. Spare magnets, especially the ring
extraction septum magnet, will be procured to ensure rapid
recovery from both anticipated and unanticipated failures.

The new target and beam-injection facilities call for addi-
tional improvements. A second target needs to be completed
and plans developed for assembly and storage of spare
devices. An irradiated materials facility will allow examina-
tion and diagnosis of radioactive components of the TMRS
when failures occur. A weather-resistant enclosure for the
Lujan Center target crane (Figure 3) will prolong the life of
that facility and provide more expeditious repairs and main-
tenance when crane use is required. Additional improve-
ments that will increase our ability to tune quickly and
understand the operation of the facility include a long-
stroke wire scanner for the PSR, bump-tracking data acqui-
sition, and as-built drawings and documentation.

The vision is clear and planning is in progress. Our goal of
a flexible and highly reliable neutron science center is in
sight and highly attainable.

201-MHz Capacitor Room Upgrades

Before the capacitor room upgrade, each of the four 
201-MHz capacitor rooms had crowbar resistors that were
immersed in oil tanks for cooling. We considered the oil
tanks to be an environmental and fire hazard, so we decid-
ed to replace these units with air-cooled resistors as shown
in Figure 4.

With forced-air cooling, it was necessary to reduce the heat
load, so we decreased the total crowbar resistance from 

▲ FIGURE 3. Lujan Center target crane.
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10 to 3 ohms. This led to a need for faster crowbar trigger-
ing, which was accomplished with an improved direct-
trigger circuit to fire the ignitron. 

A subsequent personnel safety improvement was also includ-
ed in the upgrade. A combination fuse-spring apparatus was
attached to each capacitor as shown in Figure 5. When a
high-voltage capacitor fails, the fuse-wire opens; the spring
automatically places an external short across the capacitor.

The faulty capacitor is not only removed from the high-
voltage circuit, but also placed in a safe mode before per-
sonnel enter the room. Previously, we depended upon a
ceramic wire-wound resistor to act as the fuse, and it was
necessary for personnel to manually short each capacitor
with a wire.

The initial upgrade—completed in February 1997—was on
the module 2 capacitor room. Upgrading of the other three
capacitor rooms was completed during December 1997.

▲ FIGURE 4. This low-inductance air-cooled resistor replaces an oil-immersed crowbar resistor.

▲ FIGURE 5. This fuse-spring assembly rapidly removes failed high-voltage capacitors from the bank
and automatically applies an external safety short.
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circuit. The prefilter section performs the functions of
reducing the ac line voltage to a manageable level and 
curtailing the line voltage sine-wave impurities. Once the
prefilter has conditioned the input, the ZX is detected in the
PLL section using a precision comparator. The ZX pulse
train is subsequently filtered with the narrow-band filter
also contained in this section. The bandwidth of this filter
was selected to prevent the cumulative phase error between
the raw and filtered reference signals from exceeding an
available window of several hundred microseconds.

Recent measurements on the linac revealed that strict syn-
chronization to the ac line is not required, and
proper beam operation is maintained as long as machine
cycles occur within this window. Following the filtering
action of the PLL, the pulse train enters the fault detection
circuit where the time delay from pulse to pulse is checked
for instantaneous frequency shifts. When a fault is detect-
ed, an oscillator, which was synchronized to the last known
good ZX pulse, is switched into operation. The circuitry
will automatically switch back to the detected ZX signal
once the fault has cleared.

— J. Rybarcyk (LANSCE Division)

Development of the Personnel Access 
Control System 
The personnel access control system (PACS) is an upgrade
and replacement for the personnel safety systems and
instrument personnel safety systems that are used at 
LANSCE to control access to radiological (prompt radia-
tion) and, in some cases, high-voltage hazards. This system
was designed to achieve compliance with requirements
developed to standardize and improve the reliability and
quality of access control systems used at accelerator facili-
ties. These requirements are embodied in DOE Order
5480.25 and its guidance and the Los Alamos Laboratory
Standard LS107-01. During the annual maintenance peri-
ods for 1995/96 and 1996/97, eighteen PACSs were

This work won a 1997 Division Director’s Award for the
LANSCE-5 radio-frequency team.

— C. Friedrichs (LANSCE Division)

New Zero-Crossing Detector for the 
LANSCE Accelerator Timing System

The LANSCE linac provides pulsed beams of protons for
direct use and for production of spallation neutrons. One of
the instruments using the pulsed neutron beam at the Lujan
Center, the PHAROS high-resolution chopper spectrometer,
employs a fast monochromating Fermi chopper for neutron
energy selection. For the Fermi chopper to be effective, its
rotor position must remain precisely synchronized to the
proton beam arrival time on the spallation target. The finite
bandwidth of the combined chopper rotor and drive system
implies that precise synchronization is most easily achieved
when the linac reference clock frequency is fixed and stable. 

However, because certain klystrons used in the accelerator
exhibit gain sensitivities relative to their ac line phase oper-
ating point, optimal linac operation requires the reference
clock remain well synchronized to the ac line. Previously, to
satisfy this latter constraint, each machine cycle occurred a
fixed delay after each zero-crossing (ZX) of the ac line volt-
age. Because of phase and frequency fluctuations present in
the ac line, this resulted in inefficient chopper operation. In
January 1997, however, the Master Timer System, which
generates the accelerator timing signals, was upgraded with
a new ZX detector to improve the phase and frequency sta-
bility of the linac reference clock and related timing signals
without impacting accelerator performance.

A block diagram of the new ZX detector is shown in
Figure 6. The heart of the upgrade is a narrow-band filter,
which is implemented in the form of a simple phase-locked
loop (PLL) circuit. 

Overall the new ZX detector consists of three major 
components: the prefilter, the PLL, and the fault detection
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▲ FIGURE 6. Block diagram of new zero-crossing circuit.
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installed in the LANSCE beam-delivery system, and a plan
is being developed to complete the upgrade of all accelera-
tor facility access control systems to the PACS.

The PACS is a component of the radiation security system
(RSS). The RSS is the umbrella accelerator safety system
at LANSCE. As such, the PACS is subject to the same
requirements as engineered safety systems. The PACS pro-
vides redundant interlock contacts indicating its protective
state from redundant strings of sensors. These are
processed by the RSS to provide the required protective
functions. A typical PACS would include barrier sensors
and personnel interface in and near the area being con-
trolled, a main electronics enclosure, a battery backup and
key release node, and an operator interface in the Central
Control Room.

The PACS design was a team effort lead by the RSS team.
This task was cross-organizational, very large in scope, and
involved the stakeholders from the beginning of the pro-
ject. Accelerator operations personnel were involved in a
review of the proposed system and were included in any
modifications that were felt to have an operational impact. 

The PACS was designed to replace several older personnel
safety systems with a single, modern, unified design.
Lessons learned from the operation over the last 20 years
were incorporated into a redundant-sensor, single-point
failure safe, fault-tolerant, and tamper-resistant system that
prevents access to the beam areas by controlling the access
keys and beam stoppers. The design includes innovative
concepts that are not prevalent in the accelerator communi-
ty.A graded approach was applied to the design philoso-
phy. Critical safety circuits are separated physically from
circuits that control the administrative and data collection
and distribution functions. This allows maintenance to be
performed on the noncritical portions of the system without
affecting the configuration control over those sections that
provide the safety functions. Modular construction allows
for rapid replacement of line-replaceable units to minimize
downtime for service. The most critical assemblies are bat-
tery-backed-up, relay logic circuits; less critical devices use
programmable logic controllers for timing functions and
communications. Most of these replaceable units can be
changed without powering down or dropping the “secured”
access control state. Reviewers external to Los Alamos
National Laboratory have examined the operational safety
of the design.

The PACS has proven to be a reliable system in the field.
The first 10 installations operated without failure during
the operations period in 1996. The interlocked nature of the
key release systems completely eliminated RSS trips asso-
ciated with entry into PACS-controlled areas. The APT pro-
ject recognized the value of the system and is installing the

PACS on the LEDA. A variation of the original PACS
design, called “PACS Lite,” is being developed to offer the
PACS advantages to the experimental areas in the Manuel
Lujan Jr. Neutron Scattering Center, WNR facility, and
future LANSCE experimental areas.

— J. C. Sturrock, F. R. Gallegos, M. J. Hall (LANSCE
Division)
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We are upgrading the short-pulse spallation target at the
Manuel Lujan Jr. Neutron Scattering Center in order to pro-
vide four new flight paths and to increase the beam power
capability from 56 kW to 160 kW. This upgrade will
improve beam availability and will reduce the target
change-out time from about 1 year to about 3 weeks. 

The key to a 3-week replacement time is a modular target-
moderator-reflector system (TMRS) design and a new roof
penetration. Figure 1 shows a cutaway view of a target
change operation. The tungsten targets, moderators, and the
inner reflectors are integrated into a single TMRS module.
A new bridge crane will pull the spent target module
through the roof into a special transport cask. 

To accommodate the new, modular TMRS insert, the
shielding inside the target crypt vacuum vessel had to be
redesigned. All of the old target components and the crypt
shielding were removed using remote handling techniques.
The major vacuum leaks in the crypt were repaired during
this process. The shielding was pre-assembled in a staging
area before it was installed in the crypt using the new
bridge crane. 

Moderator performance requirements (plus the need to
simultaneously service 16 neutron flight paths with high-
intensity neutron beams) presented a significant challenge to
the Lujan spallation physics/engineering team. This team
performed extensive calculations both for the neutronic per-
formance and for support of the engineering design. Figure 2
shows the basic target/moderator geometries that are used in
the design of target systems for spallation neutron sources.
Los Alamos pioneered the concepts of split-target/flux-trap
moderators and upstream/backscattering moderators. The
new upgraded Lujan Center target system uses both of these
moderator concepts in two tiers (Figure 3). There are four
flux-trap moderators viewed in transmission (serving twelve
neutron flight paths) and two upstream/backscattering mod-
erators (serving four neutron flight paths). The designers of

the Lujan Center scientific instruments dictated the modera-
tor types and required neutronic performance. The design
power capability of the upgraded target system is 160 kW
(200 mA of 800-MeV protons). 

Moderators slow down and thermalize these fast neutrons
by collisions with hydrogen atoms in the moderators, pro-
ducing useful neutron probes for basic and applied research
programs. Reflectors enhance neutron production by send-
ing neutrons escaping from the target system in unwanted
directions back into the moderators for other tries at
becoming useful neutrons. Useful neutrons have the requi-
site energy, head in the right direction, and arrive at the
sample location at a beneficial time. In addition to the
choice of target, moderator and reflector materials, poisons,
decouplers, and liners (neutron-absorbing materials) tailor
the intensity, temporal, and energy characteristics of the
neutron pulses emitted by a moderator. 

The upgraded Lujan Center target system uses tungsten 
targets, light-water and liquid-hydrogen moderators, and
beryllium and lead reflectors. Ambient temperature 
light-water moderators produce room-temperature 

New Spallation Target and Moderator System at the Lujan Center

TMRS insert

Crypt shielding

Transfer cask open on both
ends for 10-ton hoist to reach
through

Bridge crane with 30-ton and 
10-ton hoists

Access port and docking plate
for TMRS insert

▲ FIGURE 1. Cutaway view of a target change operation.
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▲ FIGURE 2. Basic target/moderator geometries for spallation target systems. Wing-moderator
geometry in (a) is the classic geometry used worldwide. In 1977, the first moderator at the Lujan
Center used the solid-target/slab-moderator geometry of (b). In 1980, the unique T-shaped
target/moderator system (employing wing-moderator geometry) of (c) was implemented. From
1985 to 1997, the Lujan Center target system used the split-target/flux-trap-moderator concept of
(d). The new upgraded Lujan Center target system uses both the split-target/flux-trap-moderator con-
cept of (d) and the upstream/backscattering moderator idea of (e).
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▲ FIGURE 4. Final design of the target-moderator-reflector system module.

“thermal” neutrons, whereas liquid-hydrogen moderators
(at 20 K) produce “cold” neutrons having lower energies.
In the flux-trap region of the upgraded target system, there
are three ambient-temperature light-water moderators and
one liquid-hydrogen moderator. In the upstream/backscat-
tering location, there is one light-water moderator and one
liquid-hydrogen moderator. The three light-water flux-trap
moderators are neutronically decoupled and optimized to
produce short pulses of neutrons with minimal tails in the
time distributions. The liquid-hydrogen flux-trap moderator
has been partially coupled to the reflector (some decoupler
material removed) to gain neutron intensity at the expense
of some broadening in the neutron time distributions. The
upstream/backscattering moderators are partially neutroni-
cally coupled to the reflector to gain neutron intensity, and
the thicknesses of the moderators are also optimized for
neutron intensity. Detailed time and energy spectra for each
of the moderators are provided to the scientist designing
scientific instruments at the Lujan Center.

Table 1 compares the relative neutronic performance of the
new upgraded moderators to the original flux-trap modera-
tors (which have been in use since 1985). A design goal for
the neutronic performance of the new target system was to
prevent any reduction in the neutronic performance of the
four flux-trap moderators when adding the two new

upstream/backscattering moderators. As can be seen in
Table 1, the new target system design achieves this goal.
In addition, we performed engineering fluid dynamics cal-
culations of rod-target thermo-hydraulics and performed an
extensive set of engineering experiments for rod-target
thermo-hydraulics using electrically heated rods. We car-
ried both a bare tungsten plate and an Inconel-clad tungsten
rod-target design through to final design. We have also
been in close communication with people who are perform-
ing corrosion-related measurements in the LANSCE 1-mA
proton beam. Our final choice was a bare tungsten plate
target. This optimizes neutronic performance and simplifies
the design, and the water activation is tolerable.

The final TMRS design is shown in Figure 4. The beam
enters vertically from the top and strikes the upper tungsten
after passing through a profile monitor and vacuum win-
dow. The upper-tier moderators view the target in back-
scattered geometry. The lower-tier moderators view the
flux trap between the upper and lower targets. The inner
reflector is edge-cooled beryllium, and the outer reflector is
lead. The edge-cooled reflector and the plate target design
minimize the capture of neutrons in water and allow excel-
lent neutronic performance. 

TABLE 1. Comparison of moderator performance in the new upgraded target system to that
of moderators in the original split-target/flux-trap-moderator target system

Lujan Center Flight Paths Relative Time Integrated Performance

Original Target Upgraded Target 
System System

FP 16, 1, 2 (high-resolution H2O) 1.0 1.7

FP 3, 4, 5 (high-intensity H2O) 1.0 1.0

FP 6, 7, 8 (high-intensity H2O) 1.0 1.0

FP 9, 10, 11 (flux-trap LH2) 1.0 2.5

FP 12, 13 (upper tier LH2) 4.3*

FP 14, 15 (upper tier H2O) 4.1**

*Relative to existing FP 9, 19, 11
**Relative to existing FP 6, 7, 8
Note: Integrals are for E < 5 MeV for LH2, E < 100 MeV for H2O

(a) (b)

▲ FIGURE 3. Monte Carlo geometry model of the new upgraded Lujan Center target system show-
ing (a) the elevation view, (b) the plan view through the lower moderator tier, and (c) the plan view
through the upper moderator tier.

(c)
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▲ FIGURE 6. The completed TMRS insert next to its assembly
stand.

▲ FIGURE 5. The TMRS insert during installation through the
roof of the target cell.

▲ FIGURE 7. The TMRS insert being placed into the target crypt.

▲ FIGURE 8. Top view of the TMRS as installed in the target cell with its 
service connections.

Facility Upgrades

The construction and installation process was documented
with digital photographs and videotape. Figure 5 shows the
TMRS insert hanging from the new bridge crane during
installation. Figure 6 shows the completed TMRS insert in
its support stand. Figure 7 shows the insert being installed
through the seal plate in the target cell, and Figure 8 shows
the target cell after the service connections were installed.

In addition to the new TMRS module and shielding, we
have made improvements to the target support systems that
will improve beam availability. The helium refrigerator

and compressors for the liquid hydrogen moderators have
been moved to two new buildings on the north side of the
target service area. The instrumentation panels have also
been moved to this location. This move allows us to ser-
vice these components without turning off the proton beam
and prevents radiation damage to sensitive electronics.

The target system is now operational, and on November 19,
1998, we raised the current delivered to the Lujan Center
target to 100 µA.

— J. B. Donahue, T. O. Brun, P. D. Ferguson, R. J. Macek,
M. A. Plum, G. J. Russell, W. M. Tuzel (LANSCE
Division), G. D. Baker, J. E. Roberts (Nuclear Materials
Technology Division), N. K. Bultman (Engineering
Sciences and Applications Division), W. F. Sommer
(Accelerator Production of Tritium Project)
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Facility Upgrades

the single-crystal diffractometer (SCD). The reduction in
radiation levels will reduce not only personnel dose levels,
but also backgrounds in the spectrometer detectors.
As upgrades to the sample environment capability at the
Lujan Center, we purchased a three-stage displex to reach
temperatures below 10 K without cryogens, a room-tem-
perature access displex, and radial collimators and focusing
optics for spatially-resolved strain measurements. We are
purchasing a 12-tesla superconducting magnet, a cryo-dis-
plex and a cryo-furnace to use particularly with catalysis 
experiments, and an open-cycle cryogenic system for tem-
peratures down to 2 K.

Installation of the Wide-Angle Detector Bank
on PHAROS

During the latest long shutdown, the existing low-angle
secondary spectrometer on PHAROS was dismantled and
the vacuum vessel for Phase II was installed. This increases
the available solid angle by an order of magnitude and has
the potential to increase data rates by the same ratio, in
addition to opening up completely new fields of study for
the community.

LANSCE’s high-resolution chopper spectrometer
PHAROS1 has now run successfully for 3 years with 
~1 m2 of detectors in the forward direction. However, it
was planned from the beginning2 that the spectrometer
should have a wide-angle secondary flight path ranging
from forward scattering to 140°, with a total detector area
of ~10 m2. In fact, the 34-ton 20-m3 vacuum vessel for this
flight path was delivered in 1991, but progress toward
installation of the wide-angle capability was halted because
of uncertainties in future funding for the neutron program
at LANSCE. Nevertheless, in 1996, a University-Los
Alamos National Laboratory collaboration3 succeeded in
obtaining funds from the Scientific Facilities Initiative for
the installation of the wide-angle bank along with 33% of
its detector coverage.

The difference in the spectrometer before and after this
installation is shown schematically in Figure 2, and 
Figure 3 shows a photograph of the outside portion of the
wide-angle vacuum vessel before fitting of its vacuum win-
dows, detectors, and external shielding.

During the same time, improvements were made to the T0
chopper bearings. Also, a larger Roots-blower pumping sys-
tem is being installed, and a dry-air venting system is being
implemented to shorten turnaround time when changing sam-
ples. In addition, the crane in Experiment Room (ER) 2 has
been modified, and it can now reach the T0 chopper shielding.

Over the past 3 years, the Manuel Lujan Jr. Neutron
Scattering Center has obtained funding to upgrade the capa-
bilities of its existing spectrometers. The Department of
Energy’s (DOE’s) Scientific Facilities Initiative in 1996
funded three major new capabilities at the Lujan Center.
These include a wide-angle capability on PHAROS in con-
junction with five U.S. universities; a 30-tesla pulsed magnet
for neutron diffraction in conjunction with the National High
Magnetic Field Laboratory (NHMFL); and new supermirror
polarizers for our reflectometer SPEAR in conjunction with
University of California at San Diego. A brief report on each
of these developments is given in this section.

For several instruments, we made significant improvements
in detector capabilities, shielding improvements, and sample
environments. In particular, the high-intensity powder dif-
fractometer (HIPD) increased its detector coverage by
approximately a factor of two, allowing for the first time
near-real-time experiments to be conducted on this diffrac-
tometer. This also greatly improved our capability to conduct
high-pressure experiments, which require small samples. We
upgraded the detector for the small-angle, low-Q diffrac-
tometer (LQD) to operate at the higher count rates possible
with the beam current increase to 70 microamperes.
Additionally, a chopper to eliminate the initial high-energy
neutrons from the pulsed source decreased the background
in this spectrometer and extended the size range over which
data could be collected. On the filter difference spectrometer
(FDS), we installed 60 new detectors to eliminate the ran-
dom noise problems that have previously existed.  

With the increasing beam current, we determined the shield-
ing on some of the older spectrometers was no longer suffi-
cient for the projected 100−µA current. An extensive effort
in modeling studies by the spallation physics team at the
Lujan Center incorporated effects from neighboring flight
paths. This effort resulted in a new design for shielding on
FDS, the neutron powder diffraction (NPD), PHAROS, and

Lujan Center Improves Spectrometer Capabilities

▲ FIGURE 1. Manuel Lujan Jr. Neutron Scattering Center.
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30-T Pulsed Magnet for Neutron Diffraction
Scientists and engineers from LANSCE and the NHMFL
are collaborating on the construction of a novel high-field
pulsed magnet for neutron diffraction. This project is fund-
ed at the $1.1M level and should be ready for use in a neu-
tron beam by the end of 1999. The high-field pulsed mag-
net is being designed to reach a maximum field of 30 T,
has a split in its midplane for the incident and scattered
neutrons, and will be water-cooled.

At present, materials research with neutrons is limited to
magnetic fields of around 16 T. To reach the higher mag-
netic fields1 that presently are available for complementary
resistance, magnetization, and optical measurements, one
needs to use resistive magnets made from high-strength
copper alloys. Furthermore, power and cooling costs can be
kept down by pulsing the magnet, using a capacitor bank
as driver. Los Alamos National Laboratory is a partner in
the NHMFL, and is host to its pulsed magnet facility.
Combining pulsedmagnetic fields with pulsedneutrons at
LANSCE is a sensible approach. In fact, collaboration
between the NHMFL and LANSCE has been funded by the
DOE, under the Scientific Facilities Initiative, to build such
a magnet for neutron-scattering studies.2,3

The project consists of three major components: the magnet,
the capacitor power supply and charging system, and inter-
faces to the LANSCE building facilities/spectrometer/data-
acquisition system. Table 1 lists key technical parameters.

Several factors lead to this specification. First, we chose a
vertical-field split-pair geometry. This is the most flexible
geometry for a wide range of scattering angles, which are
horizontal or near-horizontal in most neutron instruments.
This geometry also ensures perpendicularity between Q
and the field direction, for all scattering angles. Second, we
quickly discovered that the magnet must be cooled continu-
ously with water—this is very different from most pulsed-
field magnets, which are effectively single-shot devices in
which the energy is dissipated in the thermal mass of the
magnet, which is in turn immersed in liquid nitrogen.
Third, given the high repetition rate and the length of typi-
cal neutron experiments, the whole system will experience

Sample

Primary chopper

T   chopper

Alternative 
detector positions

ER-2ER-1

Moderator

Bulk shield

0

(a)

Sample

Primary chopper

T   chopper

Wide-angle
detectors

ER-2ER-1

Moderator

Bulk shield

Alternative low-angle
detector positions

0

(b)

R = 4.0 m

Phase II (1998 onwards)

Phase I (up to 1997)

▲ FIGURE 2. Diagram showing PHAROS before and after installation of the wide-angle bank.

▲ FIGURE 3. The wide-angle vacuum vessel of PHAROS after placement, alignment, and installation
of B4C internal shielding. The vertical elements are the boron-fibre aluminum-alloy ribs that support
the 3 large (~3m2 each) aluminum-alloy vacuum windows. Neither the windows nor the external
shielding had been installed at the time that this photograph was taken (March 1998).
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power supply and recharging system. We anticipate the
magnet initially will be on a dedicated cold-neutron beam
line, and will be used primarily for the study of magnetic
phase diagrams and the structures that occur above 16 T.
However, we plan to build the power supply, which likely
will be the size of a medium-sized container, in such a way
that it can be moved onto other diffractometers and spec-
trometers at LANSCE. We expect to have the magnet ready
to install in a neutron beam line early in 2000.
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107 cycles in 2 months at the full repetition rate. This is far
beyond what most pulsed-field facilities ever experience
and it imposes constraints on the type of capacitors and the
nature of the main electrical switch, and makes fatigue per-
formance of all the materials critical. We measured several
candidate high-strength conductors4 (Figure 3), in addition
to reinforcement and insulation materials. Materials
strength is the limiting factor for the fields in pulsed mag-
nets, while cooling provides the constraint on fields from
dc-resistive magnets; in this magnet, we are pushing on
both limits. The present plan is to fabricate the magnet in
Tallahassee, using CuAg conductors and MP35N steel 
reinforcement, and to use the four-coil design shown in
Figure 4. The purchase request for magnet construction
was submitted in March 1998.

While the magnet design is technically the most challeng-
ing part of the project, it accounts only for ~15% of the
cost. The major cost components are the capacitor-bank

Facility Upgrades

Parameter
Maximum magnetic field 30 T
Field pulse length                             2–3 ms, half-sinusoidal
Magnet repetition rate 2 Hz
Gap 5 mm
Vertical divergence ±4°
Horizontal divergence 4 x 73°
Bore 20 mm
Magnet inductance 107 µH
Capacitance 5 mF
Peak voltage 14.1 kV
Peak current 90 kA
Stored energy in capacitor bank 500 kJ
Average heat dissipation 262 kW

TABLE 1. Current Parameters for the 30-T Pulsed Magnet for Neutron Diffraction
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CuAg@393 K
CuAg@293 K
CuBe@293 K

▲ FIGURE  3. Typical fatigue testing data taken by our colleagues at NHMFL-Tallahassee for several
possible high-strength conductor materials. Our design is such that the von-Mises stresses are below
400 MPa in the conductor, at full field.
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▲ FIGURE  4. Schematic diagram of the present 30-T, 20-mm-bore magnet design, showing the 
four-coil system, each layer with its own reinforcement shell, to take the radial load. Each coil is
water-cooled on its inner conductor surface, and the electric current flows through all eight coils (four
in each half of the magnet) in series. The neutrons illuminate the sample by entering within the 
horizontal plane; neutron detectors can observe the neutrons scattered within the gap.
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YBCO Cryo-Flippers for Polarized Neutrons

The SPEAR polarization neutron reflectometry user pro-
gram requires a method for reversing the polarization of a
neutron beam that is independent of neutron wavelength.
This is accomplished using a high-temperature supercon-
ducting thin film of YBCO as a cryo-flipper. Advantages
of the new approach include passive and maintenance-free
operation; compatibility with polarized neutron beams of
large cross section, while compact in size (~0.02m3); and
best of all, low cost (the cryo-flipper is very inexpensive). 

Magnetic and nuclear scattering can be determined inde-
pendently by measuring the intensities of the scattered neu-
tron beams whose polarizations are parallel and antiparallel
to the sample magnetization. On the reflectometer SPEAR
at the Lujan Center, magnetic and nuclear scattering is
accomplished using a broad band of neutron wavelengths
polarized with supermirrors1 in reflection geometry.2 The
experiments require a method for reversing the polarization
of the neutron beam.

One method, tried previously on SPEAR, used a Mezei 
π-flipper3 to reverse the neutron spin relative to the direc-
tion of the fields that magnetized the polarizers and sam-
ple. This approach has two disadvantages: a source of
small-angle scattering is introduced, and the process used
to determine the currents in the coils of the flipper is time
consuming. Recently, the Meissner effect produced by a
thin superconducting YBCO film called a Meissner screen
has been used to create a discontinuity in the magnetic
field through which the neutrons travel. By reversing the
current through the electromagnet that magnetizes the
polarizer, spin-flip of the neutron beam in the reference
frame of the sample can be made to occur in a manner that
is wavelength independent.

The Meissner screen consisted of a 5-cm-diameter YBCO
film (c-axis parallel to the surface normal) grown on a 
1-mm-thick single-crystal substrate. The critical current
densities, Jc, of the film parallel to the ab-plane (in the plane
of the film) exceeded 2•1010 A/m2 at 77 K (Tc ~87 K). A
YBCO-coated wafer was mounted separately in a Cu holder,
which was attached to a Displex cryostat in an ultra high-
vacuum (UHV) tee (Figure 5). The film was cooled to 20 K.
The neutron beam entered and exited the UHV tee through
Suprasil windows. Magnetic fields generated by solenoids
placed between µ-metal sheets defined the quantization of
the neutron spin within the tee. The solenoids in the guide
on the polarizer side of the film were connected to a dc
bipolar supply and produced a field of about Hb = ±25 Oe.
The solenoids in the guide on the sample side of the film
were connected to a dc unipolar supply and produced a field
of Hs = +25 Oe in the direction parallel to the field that
would be applied to a sample. The device consisting of

UHV tee, guides, cryostat, and Meissner screen is called a
cryo-flipper. Tasset earlier developed a cryo-flipper using
superconducting niobium (Nb) for applications with mono-
chromated neutron beams.4

The performance of the YBCO cryo-flipper was deter-
mined from a neutron scattering experiment in which the
intensity of the neutron beam was measured after reflection
from two polarizing supermirrors. Two measurements were
made: one when the magnetic fields on the polarizers were
aligned—a condition requiring the guide fields before and
after the Meissner screen to be parallel, and a second when
the fields were opposite. (The ratio of the two measured
intensities is called the flipping ratio.) Figure 6 is an exam-
ple of one such measurement.

Thin YBCO c-axis-grown films performed well as
Meissner screens when they were cooled in near-zero
fields or uniform fields, and the fields to which they were
exposed were applied along the ab-plane of the film. The

▲ FIGURE 5. YBCO Meissner screen (black disk) mounted to the cold finger of a
Displex cryostat.
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▲ FIGURE 6. Flipping ratio measured for the polarized neutron reflectometer. The polarizing super-
mirrors were adjusted to reflect neutrons with wavelengths greater than 2.8 Å. The decay in the flip-
ping ratio at 10 Å was caused by reflection of the spin-down state from the glass substrate of the
polarizing supermirror. In the future, the polarizing supermirrors will be replaced with ones grown on
Si substrates rather than glass, thus extending the polarized neutron wavelength band to 16 Å.

Facility Upgrades
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advantages of the YBCO cryo-flipper over the more con-
ventional Nb cryo-flipper include near-zero small-angle
scattering (YBCO and its substrate are single crystals), less
susceptibility to the magnetic field environment during
cooling (Jc is much larger for YBCO than pure Nb), and
affordability and ease-of-use (a closed-cycle cryostat is less
expensive than a liquid-helium cryostat to purchase and
maintain). Since Jc is so large for YBCO (compared with
pure Nb), the YBCO cryo-flipper can be used in reason-
ably close proximity (within 1.5 m) to superconducting
magnets, whose fringe fields may quench a Nb cryo-
flipper, or introduce perturbations to the magnetic field
gradient of more conventional electromagnetic flippers
(e.g., Mezei spin-turn coils, Drabkin flippers, or radio-
frequency-flippers), producing a loss in flipping efficiency.
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Achievement of Simultaneous High Pressure
and High Temperature
Structural and physical properties of materials under high-
pressure (P) and high-temperature (T) conditions are of
great interest in condensed-matter physics, materials sci-
ence, and earth science. High-pressure/temperature tech-
niques are being used to create new and exotic materials
with industrial applications. The possibility of making bet-
ter ceramics, superhard substances, and materials with
superconductive properties has already stimulated collabo-
ration among different scientific fields. Diffraction experi-
ments at simultaneous high P-T conditions provide the
means of studying the structural response of different 
materials to pressures and temperatures as described by
thermoelastic equation of state (EOS), crystal structural
parameters, and atomic thermal vibrations (Debye-Waller
factors). A full description of the thermal expansion and
bulk modulus over P-T-X space (where X stands for com-
position) is the primary thermodynamic data for metals,
alloys, ceramics, and minerals. The thermoelastic EOS data
and Debye-Waller factors are essential for computer mod-
eling the response of materials to static and dynamic
changes in P-T conditions.

Compared with synchrotron x-ray diffraction, the high P-T
neutron diffraction experiments require much larger sample
volumes (100 mm3 versus 1 mm3), longer data collection
times (hours versus minutes), and very restricted scattering
geometry (only for 2θ = 90° diffraction optics). All of these
impose tremendous experimental difficulties on the design
of a cell assembly for neutron diffraction working under
simultaneous high P and T conditions. The development of
the high P-T cell assembly needs to optimize the dimen-
sion, material, and shape of the gasket and furnace for
pressure and heating efficiency, for thermal and electrical
conduction and insulation, and for neutron scattering and
absorption properties.

We have successfully developed a cell assembly (Figure 7)
for neutron diffraction experiments capable of performing
simultaneous high P and T conditions up to 10 GPa and
1500 K. We have collected high-quality neutron diffraction
data of metals, oxides, and halides at the HIPD beam line
of LANSCE using this cell assembly under stable, uniform
temperature and sustained hydrostatic pressure. Our cell
assembly (Figure 8) uses a ceramic gasket that has the
mechanical strength as well as plastic deformation neces-
sary to build up sustained hydrostatic pressure on a sample
at high temperatures. The ceramic gasket is of great ther-
mal/electric insulating properties, and it is also somewhat
transparent to neutrons. We designed a disk-capped cylin-
drical furnace made of amorphous carbon that heats the
sample to high temperatures in a stable and uniform man-
ner at high pressures. The accurate measurement of 
pressure, temperature, and diffraction peak positions
depends on the success of thermocouples and the calibra-
tion of the diffraction optics. We have successfully worked
out an analytical method and experimental procedure to
obtain correct P-V-T data from the high P-T neutron dif-
fraction spectrum of multiple phases.

▲ FIGURE 7. High-pressure cell.
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The in-situ high P-T neutron diffraction experiments provide
a unique opportunity to study texture, hydrogen bonding,
magnetic moments, and structural and thermal parameters of
light elements (e.g., hydrogen, lithium, carbon) and heavy
elements (e.g., tantalum, uranium, plutonium), which are vir-
tually impossible to determine by x-ray diffraction tech-
niques. We expect to extend the high P-T neutron diffraction
capability at LANSCE up to 30 GPa and 2000 K with our
ongoing design of a new diffractometer called HIPPO (for
high-pressure preferred orientation) and a new toroidal-anvil
press referred to as TAP-98. 

—Y. Zhao, R. B. Von Dreele (LANSCE Division)

Macrostrain Measurement Using 
Radial Collimators

We have implemented a series of “short” radial collimators
in the 90° scattering geometries on NPD at the Lujan
Center. The capability to perform macrostrain measure-
ments has been improved by the ability to rapidly select a
sampling volume appropriate to the specimen. The com-
pact design of the collimators was dictated by the need to
fit them in a cylindrical vacuum chamber as well as pro-
vide space in which to manipulate a specimen in three
dimensions. Collimators of different vane lengths were fab-
ricated to give four different resolutions for which 2/3 of
the diffracted intensity comes from distances of 0.75, 1.25,
2.5, and 4 mm along the incident beam. We performed
qualifying scans and a demonstration on a cracked ring,
containing a steep stress gradient.

At LANSCE we perform spatially resolved measurements 
of macro-residual strains by masking a sampling volume
(from which diffraction to a detector is possible), moving a

specimen through it, and examining different internal posi-
tions. Definition of the incident and diffracted neutron
beams is a prerequisite but, for the diffracted beam, is per-
formed differently at a pulsed than at a steady-state source
because of the different detection philosophy of the scattered
radiation. In either case, incident collimation is simple using
an aperture in a cadmium or boron mask to define an
approximately parallel incident beam. However,  at a pulsed
source, neutrons scattered in all directions are eligible for
detection in contrast with a steady-state source for which the
neutron intensity is scattered at discrete angular positions.
Using the time-of-flight (TOF) method, the wavelength of a
neutron detected in any direction can be determined. Thus,
individual detectors that collectively subtend a continuous
range of angles simultaneously record spectra that are com-
bined to give a single spectrum. Summation over a range of
angles is usually necessary for effective count times.

The distinction between having usable diffracted intensity
over an angular range instead of concentrated at one angle
affects the manner in which collimation is used to define
the sampling volume dimension parallel to the incident
beam. For monochromatic diffraction at an approximately
fixed angle, a single slit aperture is sufficient and may be
several centimeters from the object (although it is prefer-
able to keep it closer). For comparable count times at a
pulsed source, radiation over a spread of angle must be col-
lected simultaneously. Thus a single aperture is ineffective
unless it is very close to the incident beam because parallax
rapidly expands the sampling volume.

At LANSCE, early attempts to use a single diffracted beam
slit close to the incident beam did give good results for mea-
surements in flat specimens. The averaging in strain direc-
tion of 5.5° that results from summing over an 11° detector
proved negligible compared to changes in the macrostrains
between principal directions. Nevertheless, the approach was
limited to in-plane profiles in plate specimens because the
aperture was usually placed in contact with the surface (to
minimize the parallax effect). This aperture impeded the
manipulation options in one dimension precluding through-
thickness scans or objects with irregular geometries.

At ISIS in the United Kingdom, these problems were over-
come using radial collimators pioneered on the ENGIN
instrument. Using two permanently mounted radial colli-
mators, spatial resolution along the incident beam of 3 mm
was possible with a distance of 15 cm between the sam-
pling volume and the front of the collimator. This space
buffer allowed objects of irregular geometry to be easily
translated and rotated into various positions.

Specifications for the LANSCE radial collimators were 
chosen to give spatial resolution along the incident beam
(XMAX) of 4, 2.5, 1.25, and 0.75 mm. The inner radius of
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▲ FIGURE 8. Diagram of the high P-T cell assembly.

Facility Upgrades



LANSCE • Activity Report 147

the NPD chamber is 370 mm and each 90° detector sub-
tends 84.5° to 95.5°. For simplicity of manufacture, a con-
stant angular vane separation of 0.31° was used, and vane
lengths were altered to give the nominal spatial resolutions.
The principal difference between the NPD collimators and
those at ISIS is that the vanes at ISIS extend all the way
between collimator and detector—offering ultrafine angular
resolution at the expense of mobility. Installation of ISIS-
style collimators on the NPD would be impractical because
the detectors are 1.5 m from the sample position and are
separated by the wall of a vacuum chamber. Fortunately, in
almost all problems, ultrafine angular resolution is not
needed. We could place the collimators inside or outside
the chamber. A collimator outside the sample chamber
would have been substantially long and would have been
difficult to install between the detectors and the chamber
wall, precluding rapid manual interchange. Fortunately,
short vanes can provide the required spatial resolution
without impeding the free volume around the specimen.

Astandard choice for vane materials is mylar coated with
gadolinium oxide paint. The techniques used to precisely
stretch large numbers of mylar vanes on a divergent pattern
without wrinkling or kinking (which would render the 
collimators useless) are difficult to achieve and require 
considerable experience. Three manufacturers were
approached: Eurocollimators (formerly L&H designs) in 
the United Kingdom, JJ X Ray in Denmark, and Ohashi
Industries in Japan. The manufacturing approach of each
company differed in their choice of materials, and we 
selected Ohashi industries on the basis of cost, speed of
d e l i v e r y, and lightness of each collimator. Their construction
used a frame and spacers made of epoxy-glass fiber, and
vanes comprising mylar sheets 50 µm in thickness with 
25 µm of GdO2 paint on both sides. Each collimator was
manufactured with a carrying handle, and the weight of the
longest was less than 5 kg, making the collimators easy to
m a n e u v e r. The four collimators are shown in Figure 9.

One concern in interchanging the collimators for different
experiments is the need for accurate alignment and reposi-
tioning. The center of the sampling volume must be repro-
ducible to at least 0.1 mm. Because the back face of each
collimator is 350 mm from the sampling volume, even
small errors in angle or position can displace the actual
from the nominal center of the sampling volume. To mini-
mize this possibility, each collimator is mounted on a preci-
sion inverted V-base that mates with permanently mounted
supports on the equipment. These supports provide XYZ
motion for the specimen. Each support can be precisely
moved parallel, perpendicular, or rotated using optical
slides. The supports are shown in Figure 10.

Before use, we assessed the performance of each collima-
tor by moving a 3.15-mm-diameter steel pin parallel to the

incident beam through each defined volume. We evaluated
the diffracted intensity (measured as an integral over a
range that included several reflections) profile by numeri-
cally convoluting a triangular resolution function with a
function describing the circular (in the horizontal plane)
pin. Convoluted intensity profiles are plotted from “first
pick up” to “last pick up” in Figure 11. The lines are dotted
for the experimental measurements and solid for the pre-
dicted profiles. For all four collimators, the measured and
calculated profiles are in close agreement.

To evaluate the performance on a real specimen, we exam-
ined a cracked ring. The ring was 5 mm thick and contained
a fatigue crack partially propagated through an autofrettage
residual stress distribution. The resulting redistribution pro-
duces a steep strain gradient around a radial position of 
16 mm. In that region, over approximately 4 mm, the hoop
strain increases from a compressive value of -400 µstrain to
a tensile value of close to 2000 µstrain. This increase
demands small sampling volumes to satisfactorily resolve
the change between extremes, but also provides a test speci-
men in which the increasing spatial resolution provided by
the collimators can be monitored. In practice we only made
measurements using three collimators and did not use the
finest spatial resolution (XMAX=0.75). In Figure 12, the

▲ FIGURE  9. Collimators of varying length can easily be exchanged to 
provide different sampling volumes as warranted by the experiment.

▲ FIGURE 10. View along incident beam path. In the foreground is the 
incident boron nitride mask. The radial collimators are mounted on either side
of the specimen (a titanium fan blade in the background).
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maximum to minimum strain variation increases as XMAX
is reduced. Also shown in the graph is a comparable scan
obtained using the ENGIN instrument.

— M. A. M. Bourke (Materials Science and Technology
Division and LANSCE Division), J. A. Roberts, D. Davis
(LANSCE Division)

Monte Carlo Tool for Simulations of Neutron
Scattering Instruments

The design of neutron scattering instruments and the explo-
ration of novel techniques in neutron scattering are activi-
ties that have recently picked up pace. The trend is expect-
ed to continue with the recent endorsement by the U.S.
Congress of the Spallation Neutron Source (SNS) project
and with support for a number of pulsed or continuous
sources enhancement projects at Los Alamos, Oak Ridge,
and Brookhaven national laboratories. Meanwhile, the
European Spallation Source project is well underway:

Germany is building a new research reactor in Munich, and
the Paul Scherrer Institute in Switzerland is about to go
into production. Japan is also planning a 5-MW spallation
source. Given the cost of these sources, carefully choosing
and optimizing the performance of their associated suite of
instruments is highly desirable. This task is less costly and
more efficient than optimizing the neutron production tar-
get itself. At pulsed sources, however, the neutron pulse
emitted by a moderator has a complex dependence on time,
neutron energy, and direction of emission, all of which
directly affect the performance of a given instrument. This
greatly complicates the task of the instrument designer,
who now needs design tools beyond the traditional ray-
tracing techniques of conventional optics. Even at continu-
ous sources, there are many aspects of instrument design
and optimization that cannot be addressed through ray-
tracing techniques. 

Analog Monte Carlo techniques provide a powerful com-
plement to analytical design tools such as ray-tracing meth-
ods. Monte Carlo consists of sampling at random, but in a
statistically representative manner, the phase space of the
moderator to select the characteristics of a neutron. This
neutron is then transported down the instrument axis and
undergoes along the way all the interactions an actual neu-
tron would feel in the real instrument until it is either lost
or detected. The interactions in such a history can be deter-
ministic or statistical models of the relevant physical
processes. The final answer is obtained by combining the
results of many histories. While this approach has been
used in the past to simulate isolated optical components or,
less frequently, entire instruments, the associated codes
were very much ad hoc. They lacked generality, took an
excessive amount of time to program, and required
advanced knowledge of Monte Carlo techniques.

The main purpose of our Neutron Instrument Simulation
Package (NISP) was to overcome these shortcomings by
providing a general, easy-to-use simulation tool to the gen-
eral user with little or no experience with Monte Carlo
techniques. This tool would allow the user to produce or
modify a computer model of an instrument and simulate its
performance on widely available computer platforms. The
effort to make the code general started in 1994 and pro-
duced a package that consists of three components:

• MCLIB: a library of Fortran subroutines that deals with
elementary tasks such as geometry representation and neu-
tron transport and that contains all the models for optical
elements. Associated with this library is a set of source
files representing more than 25 different types of modera-
tors and a set of scattering kernels for sample simulation.

• MC_RUN: a Monte Carlo engine that runs the Monte
Carlo simulation itself and produces a series of output
files with detector output and general information about
the outcome of the simulation.
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• MC_Web: a Web-based application that allows the user
to set up the instrument geometry interactively without 
having to learn any of the data structures of MCLIB.

NISP has been used extensively during the past few years to
design instrumentation for a number of LANSCE-based pro-
jects including the long-pulse spallation source project and
the LANSCE Enhancement project. NISP has many uses
beyond instrumentation design. It can be used to optimize
optical components or entire instruments, analyze the perfor-
mance of existing instruments, test novel ideas and concepts
for components or instruments, verify design specifications,
analyze experimental results, plan experiments on existing
instruments, and teach neutron scattering techniques. NISP
currently has about 50 registered users in the neutron scatter-
ing community and is available at the LANSCE Web site at
strider.lansce.lanl.gov/mlnsc/computing.html.

The following example illustrates the power of NISP: 
The addition of a large mirror to the LQD at LANSCE
would increase the intensity of the beam at the sample
location and would greatly increase the range of feasible
small-angle scattering experiments. Ideally, an ellipsoidal
mirror should be used to retain a sufficiently well-focused
beam and thus resolution. Large ellipsoidal mirrors are dif-
ficult and expensive to make, and one may ask whether a
simpler mirror made of more easily fabricated sections of
cylinders or toroidal surfaces would emulate the effect of
the ellipsoidal mirror reasonably well. Figure 13 shows
that is not the case. Figure 13(a) is the beam spot produced
by the ellipsoidal mirror. Figure 13(c) is the beam spot
produced by a single toroidal surface. It is rather clear that
the latter produces a beam spot that is not tightly focused.
Other arrangements of sections of surfaces were tested,
and the conclusion reached was that the ellipsoidal mirror
was definitely superior. While the ellipsoidal mirror was a
more expensive solution, NISP showed that the benefit
justifies the cost. Figure 13(b) illustrates another use of
NISP: namely, the quantitative evaluation of the effect of
imperfections on the performance of the mirror. The calcu-
lation of the effect of surface roughness, surface distor-
tions, or uncertainties in the value of the ellipsoidal axes
would be difficult by means of other techniques. Using
NISP, we quickly concluded that distortions well above the
tolerance that can be achieved during fabrication would
not result in excessive growth of the beam spot.

NISP is designed to allow users to add new optical ele-
ments and new features to MCLIB, thus making NISP a
highly flexible tool for the designer. Collaborative efforts
under LANSCE leadership with Oak Ridge and
Brookhaven national laboratories, the National Institute of
Standards and Technology, and the Rutherford-Appleton
Laboratory in the United Kingdom, have helped us—and
continue to help us—expand MCLIB. NISP is now being
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considered as the basis for an international standard for the
construction of a Monte Carlo library of subroutines for
neutron scattering instrument simulation. This effort, under
the guidance of the SNS project and Argonne National
Laboratory, would provide the neutron scattering commu-
nity with a much-needed tool and a unified approach to
instrument design. At the same time, it would avoid dupli-
cation of efforts and guarantee a rapid and universal bench-
marking and validation of the final code. This approach is
similar to that followed extraordinarily successfully by the
SHADOW code—the analog of NISP for x-ray instrumen-
tation at synchrotron sources—now in use by thousands of
users and the recognized authoritative tool in the field.
This is our ultimate goal for NISP.

—L. L. Daemen, P. A. Seeger, R. P. Hjelm (LANSCE
Division), T. G. Thelliez (Computing, Information, and
Communications Division)

Web-Based Data Acquisition

In response to the need for new instruments at the Lujan
Center, we have designed a new data acquisition system
based upon neutron scattering requirements, market trends,
and developments within the data acquisition community.
We placed high value on designs that facilitated experi-
mental scalability, user flexibility, and hardware/software
availability. These values lead us to Web-based software
systems and modular hardware systems.

We chose our new data acquisition hardware to be commer-
cially successful VXI and VME systems, so that we may
build our systems with any of the off-the-shelf processor
modules incorporating virtually any microprocessor chip
(PowerPC, Intel, Alpha, MIPS) and with other numerous
VXI/VME modules useful for instrument control. In collab-
oration with scientists from Argonne National Laboratory’s
Intense Pulsed Neutron Source, we participated in the
design of the single custom VXI module required to time
stamp and buffer events from our scattering experiments.

Just as the hardware leverages commercial products, we
want to exploit successful commercial and public domain
software products. The three data acquisition components
shown in Figure 14, the user interface, the data acquisition
Web server, and the real-time system, will employ a
generic Web browser, WindowsNT, and VxWorks as these
software operating systems, respectively. WindowsNT is
the industrial-strength version of the Windows system
from Microsoft. VxWorks, the real-time kernel used
throughout the high-energy and nuclear physics data
acquisition communities, will work in conjunction with
the Experimental Physics and Industrial Control System
(EPICS) software to control environmental conditions for
the sample and the configuration of the neutron beamline.

We will develop extensions to EPICS to support event
counting and histogram construction.

As indicated in Figure 14, the data acquisitions configura-
tion consists of the user’s Web browser, the data acquisition
Web server, and the real-time systems. Thanks to the flexi-
bility offered through the Internet, the experimenter may be
located in a data room, office, another laboratory, home, or
hotel. The real-time systems are tied to the Web server
through a separate private network. These real-time systems
are either VXI crates or PC IOCs (input/output computers).
Each VXI crate will include up to 11 custom VXI TOF
modules to capture the data from a pulse of neutrons and
one microprocessor to handle the real-time event processing,
histogram construction, and storage of the histograms.
Optional PC IOCs may share the private network and pro-
vide controls to temperature controllers, motors, shutters,
etc. In addition to serving the graphical user interface for
Web users for data inspection and run control, the server
also prepares the databases, histogramming algorithms, and
software support for the real-time systems.

In December 1997 we demonstrated a prototype system at
the NOBUGS ‘97 conference held at the Argonne National
Laboratory. This prototype incorporated features of run
control, data monitoring, and control of EPICS channels.
While the prototype system did not include any VXI crates
or TOF modules, it demonstrated the feasibility of our
approach. In October 1998, we plan to field a partial
implementation for use of the PHAROS wide-angle bank
that includes VXI crates and TOF modules. We expect full
production systems by the end of 1999.

—R. O. Nelson, R. G. Aguilar, G. M. Cooper, T. J. Kluegal,
J. J. Ross, J. P. Sandoval, J. R. Seal, B. C. Williams, 
A. Gjovig-retired (LANSCE Division), P. J. Trujillo
(Computing, Information, and Communications Division)
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▲ FIGURE 14. Block diagram for the data acquisition system.
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LANSCE is a National User Facility whose goal is to 
provide state-of-the-art neutron instrumentation; safe, 
reliable operation; and expert collaborators for the defense
and civilian research communities. 

LANSCE has two spallation neutron sources: the Manuel
Lujan Jr. Neutron Scattering Center (Lujan Center) and the
Weapons Neutron Research (WNR) facility. Together they
provide neutrons over an unprecendented range of energies
—extending from sub-milli-electron-volts to hundreds of
mega-electron-volts—that are used for both neutron scat-
tering and nuclear physics research. In addition, LANSCE
provides protons for radiography of dynamically evolving
systems as well as for materials irradiation and isotope 
production. Users of the facility span a broad spectrum of
institutions in the U.S. and abroad (Figure 1) and scientific
disciplines (Figure 2).

Experiments at the Lujan Center and WNR are selected on
the basis of proposals that are peer reviewed by the appro-
priate subcommittee of our Program Advisory Committee
(PAC). The areas of expertise of these subcommittees and
the current membership are shown in Table 1.  

By charter, members of the PAC are selected by LANSCE
management for 3-year terms on the basis of recommenda-
tions by members of the LANSCE User Group (LUG)
through the LUG Executive Committee. 

▲ FIGURE 2. Primary disciplines as reported by LANSCE users during 1995 to 1998. The physics 
category includes condensed-matter physics.

▲ FIGURE 1. LANSCE users come from around the globe.    

LANSCE:  A User Facility for Defense and Civilian Research

A c c e l e r a t o r and Beam Delivery

The accelerator and beam delivery facilities at LANSCE
are operated for proton ion beam delivery to and/or neu-
tron production at the Lujan Center, the WNR facility, the
high-intensity experimental Area A, and experimental 
Areas B and C. Performance generally improved starting in
1995 as shown in Figures 3 and 4, and Table 2. 

Performance peaked in FY 1997 when beam was delivered
to the Lujan Center spallation target for 3604 hours

Experimental and User Program
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(7 months). During FY 1997, an additional month of beam
was delivered to all areas except the Lujan Center.

During FY 1998, operation of the facility was interrupted to
install a new injection system in the Proton Storage Ring
(PSR) and to construct and install a new targ e t / m o d e r a t o r
system for the Lujan Center. In June 1998, beam was deliv-
ered to support proton radiography and continued as other
LANSCE facilities prepared to accept beam. The year ended
with these new facilities being commissioned and beam
delivery in progress to WNR and Area A.  

Commissioning of the New Facilities
A major activity in 1998 was the startup and commissioning
of the upgraded PSR injection line, beam buncher, and the
new, re-engineered Target/Moderator/Reflector System at

the Lujan Center. The PSR received beam August 1, 1998,
and beam was directed to the new target October 24, 1998.

Neutron Production
During FY 1995 through FY 1997, the reliability of H-

beam delivery to the neutron spallation target steadily
increased as a result of our maintenance and improvement
efforts. The average beam current was limited to 70 µA
because of the assessed capability of the target system.

H+ Beam Delivery
The reliability of beam delivery to users in the high-inten-
sity experimental area declined from FY 1996 through 
FY 1997. Accelerator performance remained higher than in
the recent past, but the reduced support for this experimen-
tal area resulted in an increasing number of equipment

Experimental and User Program



TABLE 2. 1995–1997 Operations Performance Summary.

FY 1995 FY 1996 FY 1997

Lujan WNR H+ Lujan WNR H+ Lujan WNR H+

H- H- H- H- H- H-

Scheduled Hours 1095 2241.6 2773.3 2808 2324 2074.4 3604.3 3073.9 4192.3

Scheduled Current (µA) – 70 – 1000 70 – 1000

Delivered Hours 849 1855.6 2558.2 2341.8 1922.8 1831 3240.4 2695.7 3092.4

Ave. Delivered Current (µA) 62.9 2.2 981.8 69.3 2 957.2 70.3 2.36 9214

mA.hr Scheduled – 196.6 – 2074.4 252.3 – 4192.3

mA.hr Delivered 53 4 2512 163.8 2.4 1739.8 217.1 5.9 2828.9

Availability (hours) 78% 83% 92% 83.4% 83.2% 88.3% 90% 87.7% 73.8%

Note: H+ was available on schedule in 1998, but experiments were delayed by 3 months.
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Useful World Wide Web Addresses
Helpful Information http:// …

LANSCE Home Page lansce.lanl.gov
Beam Availability & Schedules lansce.lanl.gov/operations/index_op.htm
Instrument Availability bayberry.lanl.gov/lm1/Welcome.html
Facility Upgrades lansce.lanl.gov/facilities/upgrades.htm
Lujan Instrument Specifications lansce.lanl.gov/lujan/instruments.htm
WNR Flight Path Information wnr.lanl.gov/facility/index.htm
Getting To & Around LANSCE lansce.lanl.gov/users/visitors.htm
Proposal Submission lansce.lanl.gov/users/proposals/index_prop.htm
Proposal Writing Tips lansce.lanl.gov/users/proposals/index_prop.htm#hints
User Home Page lansce.lanl.gov/users/index_users.htm
User Group lansce.lanl.gov/users/lug/lug_index.htm
User Training www.atdiv.lanl.gov/aotfm/factra/Userstrain.htm

failures. Frequent arcs in the high-voltage injector that
marred the performance of beam delivery in FY 1997 were
cured and absent during FY 1998.  

Areas B and C
The beam lines served by Line X were restored in 1995 for
several projects requiring 800-MeV proton beams at low to
average intensity. These areas had been removed from ser-
vice in 1993 to reduce operating costs. In 1997, 25 beam
pulses were delivered for proton radiography to Area B in
synchronism with the detonation of experimental samples.
Close teamwork between the experimental team and the
accelerator operators allowed a perfect record of beam syn-
chronism with the detonation process. During 1998, 20 days
of beam delivery to users at Areas B and C were provided.  

Weapons Neutron Research Facility
Beam hours, current, and reliability for Target 4 at WNR
improved between FY 1995 and FY 1998. Additionally,
work on Neutron Resonance Spectroscopy (NRS) in the

Blue Room (Target 2) at WNR required synchronizing
beam delivery from the PSR to the detonation of small
explosive charges. 

Operations Progress Reports
Detailed beam delivery statistics for FY1996 and FY 1 9 9 7 ,
including goals and measures, accelerator control system
maintenance, and beam diagnostics are available in the
Operations Progress Reports included on the compact disk
(CD) located on the inside back cover of this Activity Report.

Instrument Availability at the Lujan Center

In 1997, the Lujan Center initiated an automated system
for tracking instrument and hydrogen moderator availabili-
ty during scheduled beam time. The goal is 95% reliability
for the instruments and the moderators with respect to the
schedule. We measure the data-collection time (run time);
the setup time (changing environmental conditions, sam-
ple, instrument configuration, and so forth); and the

▲FIGURE 3. Beam availability by year for Area A H+, WNR H -, and Lujan H - beams. (Availability is
defined as the percentage of scheduled beam hours that are actually delivered. It does not include
unscheduled beam hours delivered to compensate for downtime.)
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data, yellow when the instrument was in setup mode, and
red when there was unscheduled downtime. Blue indicates
the instrument was not scheduled to operate at that time.
On the right, a summary of the time each instrument spent
collecting data (green), being set up (yellow), or in
unscheduled downtime (red) is given as a percentage of the
total scheduled instrument time. The three percentage 
values below the bars on the right correspond, respectively.
For the 1997 run cycle, all but one of the instruments were
available to users (collecting data or in setup mode) greater
than 95% of the time.  

Liquid Hydrogen Moderator
The liquid hydrogen moderator avail-
ability (H2-MOD) is also tracked as
shown in Figure 5. The moderator
only allows binary states—it is filled
and at temperature (green) or it is not
(red). The moderator was a little
shaky at the beginning of the 1997
run cycle, but its availability
improved significantly after the first
month to an overall value of 92.4%.

Figure 6 shows the percentage of total
instrument time affected by various
unscheduled downtimes incidents. All
incidents greater than 24 hours were
investigated. A report was written
describing the incident and the reme-
dy in order to document and incorpo-
rate lessons learned.

Beam Schedule Definition
The bottom row in Figure 5 indicates
the beam schedule, which is usually
completely overlapped by the 

Instruments

*H2 MOD

Up Setup Down Beam off
03/01/97  02:34 AM 07/31/97  02:34 AM

92.3 0.00 7.60

0.00 1.00 0.00

0.00 1.00 0.00

72.7 25.8 1.37

82.4 16.9 0.66

69.0 20.3 10.6

83.3 15.9 0.73

69.0 29.4 1.56

66.1 33.8 0.00

FDS

HIPD

LQD

NPD

PHAROS

SCD

SPEAR

Runtimes
Availability

Percentages

*Beam Schedule
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unscheduled downtime for each instrument. For the
hydrogen moderator, we track whether the moderator was
operating properly or not operating.

Figure 5 represents 1997 run cycle data at the Lujan Center.
These data, as well as additional useful information, are
accessible on the LANSCE World Wide Web site at 
bayberry.lanl.gov/lm1/Welcome.html.

Neutron Scattering Spectrometers
On the left part of the bar graph in Figure 5, green indi-
cates the time period when the instrument was collecting

▲FIGURE 4. H- beam charge delivered to the Lujan Center target, H- beam charge delivered to WNR, and H+ beam charge delivered to Area A.. 

▲ FIGURE 5. Instrument and hydrogen moderator availability at the Lujan Center for the 1997 run cycle from March 1, 1997, through 
July 31, 1997. Information for interpreting the bar graphs is provided in the text.

Experimental and User Program

WNR

FY
19

89
FY

19
90

FY
19

91
FY

19
92

FY
19

93
FY

19
94

FY
19

95
FY

19
96

FY
19

97

7

6

5

4

3

2

1

0

m
A

-h
r

FY
19

98

Area A

3000

2500

2000

1500

1000

500

0

m
A

-h
r

FY
19

90
FY

19
91

FY
19

92
FY

19
93

FY
19

94
FY

19
95

FY
19

96
FY

19
97

FY
19

98



The obvious synergy between the DP uses of LANSCE 
and the areas of basic research that have traditionally used
reactor or spallation neutron sources, particularly in the
area of condensed-matter science, has led to a strong
alliance between DP and the DOE Office of Basic Energy
Sciences (BES) to support and use LANSCE (Figure 8 
and Table 3). BES provides funding for a National User

Program at the Lujan Center that attracts scientists in 
various disciplines who use neutron scattering in support 
of their research (Figure 9). The synergy between DP
and BES allows scientists from different institutions
(Figure 10) to perform defense, basic, and industrial
research (Figure 11) at LANSCE.

Published versus Proprietary Research
Experiments at the Lujan Center or WNR that involve
either results that are publishable in the open literature or
support the DOE’s stockpile stewardship mission receive
beam time from LANSCE at no cost to the user. Beam
time for proprietary work can be purchased by a special
user agreement under DOE’s full-cost recovery rules.

instrument schedule. The green indicates that the beam was
scheduled to be delivered to the Lujan Center. The blue
indicates times when the beam is not scheduled. Activities
during “blue” periods include H- source recycling, proton
radiography experiments, and NRS experiments.

The LANSCE User Program

The major portion of the funding for the LANSCE facility
is provided by the Department of Energy (DOE) Office of
Defense Programs (DP), which uses LANSCE in support
of its stockpile stewardship mission to ensure that U.S.
nuclear weapons remain safe, secure, and reliable without
nuclear testing. Work at LANSCE in support of the DP
mission includes

• neutron scattering measurements that interrogate 
materials aging, equations of state, and so forth

• nuclear cross section measurements required, for 
example, for more extensive interpretation of 
radiochemical data from past nuclear tests

• proton radiography of dynamically evolving systems
such as implosions

• NRS measurements of temperature and particle velocity
in dynamically evolving systems

• materials irradiation experiments required to certify
materials for a new Accelerator Production of Tritium
(APT) plant at the Savannah River site

Most of the DP users of LANSCE are from one of the
three defense laboratories: Lawrence Livermore, Los
Alamos, and Sandia as shown in Figure 7.

LANSCE • Activity Report 157

▲ FIGURE 6. The percentage of total instrument time affected by unscheduled downtime as a result
of various factors (i.e., moderator, choppers, sample environment, etc.). The percentage is the 
product of the number of instruments affected by the total number of beam days the instrument was
unavailable, divided by total instrument time. The total instrument time is the number of instruments
multiplied by the number of scheduled beam days. 

Los Alamos

76%

11%

10%
3% Lawrence 

Livermore

Sandia

Other

▲ FIGURE 7. Defense Program users during 1997 run cycle.

The DOE Offices of Defense 
Programs and Energy Research 

have long-term synergistic needs 
for accelerator and neutron science.
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Major Civilian Companies Performing Work 
at LANSCE from 1995–1998

Aerospatiale Aeronautique Hitachi Limited
Boeing Company Honeywell BCAS
Digital Equipment Corporation Intel Corporation
Fujitsu Laboratories Limited Lockheed Martin
General Electric PPG Industries Incorporated
Hewlitt Packard Texas Instruments Incorporated



TABLE 3. Number of days requested, proposals received, and experiments completed for the Lujan Center, the WNR facility, and the nuclear physics beam lines at the Lujan Center by calendar year.  

Days Requested Proposals  Received Experiments   Completed

1995 1996 1997 1998 1995 1996 1997 1998 1995 1996 1997 1998

Lujan Center

(#:#  = 1997 instrument oversubscription rate)

FDS —Basic 57 80.5 66 86 7 12 9 12 7 9 6 *

(1:1) —Defense 14     20 5 2 3 1 1 2

HIPD —Basic 110 155.5 139 129 29 38 46 34 21 17 32 *

(3:1) —Defense 121 62 92 11 10 14 7 7

LQD —Basic 27 45.5 49 77 8 10 11 19 0 8 16 *

(2:1) —Defense 23 25 20 6 6 3 5 5

NPD —Basic 82 152.5 149 133 20 18 24 22 19 11 19 *

(2:1) —Defense 32 29 57 5 4 6 3 3

PHAROS —Basic 96 77 139 199 9 7 10 19 5 6 8 *

(2:1) —Defense 7 0 20 1 0 2 1 0

SCD —Basic 95 68 101 72 7 5 12 8 5 1 6 *

(2:1) —Defense 24 0 0 1 0 0 1 0

SPEAR —Basic 69 163 96.5 215 18 28 16 30 10 16 19 *

(2:1) —Defense 25 25.5 10 7 5 2 3 5

WNR and Nuclear Physics Beam Lines at Lujan Center

Defense Nuclear 198 327 482 349 6 7 12 11 5 6 11 8
Physics

Nuclear Technology 122 312 442 244 19 16 18 24 17 14 12 13

Basic Physics 331 284 200 700 4 6 20 18 3 8 14 6

*At time of printing, the 1998 Lujan Center User Program had not commenced.
Note: Breakout for defense and basic research proposals not available for 1995.
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▲ FIGURE 9. Basic research disciplines carried out at the Lujan Center,
as reported by users on 1998 proposals for beam time.

BES
16.3%

SBSS-Nuclear
Science
18.5%

Nuclear and 
Particle Science

14.4%

Nuclear 
Technology

13.6%
Neutron 

Radiography
7.6%

Source
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5.2%

SBSS-Materials
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4.8%Development
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Proton
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Ultra cold
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▲ FIGURE 8. Allocation of LANSCE beam lines in 1998.
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▲ FIGURE 10. Number of LANSCE users by affiliation. Each user is counted only once, regardless
of the number of experiments and/or visits. All LANSCE experimental areas are represented.
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1
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6

9

▲ FIGURE 11. Numbers of defense, basic, and industrial research experiments run during 1997 on
neutron scattering spectrometers at the Lujan Center (left), and nuclear physics flight paths at the
Lujan Center and WNR (right).

Safety Training

No activity is permitted at LANSCE that could in any way
jeopardize the safety of users, visitors, or employees. The
facility is complex, posing a number of potential hazards
that are mitigated both by engineered controls and appro-
priate training. Although users are exposed to only a small
part of the overall facility during their visit, it is important
that they understand how to use equipment safely and what
to do under both normal and abnormal circumstances. 

A variety of training methods are used to accommodate
different learning styles and provide preparatory materials
to make the training process as efficient as possible.
Methods include:
• User Training Study Booklet
• On-line web-based training
• Interactive Computer-Based Training
• Quick Reference Job Aids
• Challenge Exams

Presently, five computer terminals are dedicated to comput-
er-based and web-based training applications in the 
LANSCE Training Lab. Training sessions are offered three
times daily. Written study materials are available to users
before their scheduled visits in order to minimize their
training time when they arrive. On average, the entire train-
ing and check-in process takes no more than 2 to 3 hours
once the user arrives at LANSCE.

To provide valuable training information to users who have
English comprehension difficulties, a new program was
developed to assist Russian visitors with basic environ-
ment, safety, and health terminology. The Russian Training
Introduction is the first in a series of translated training

materials to be developed, and includes graphics and on-
screen text.

Student Training and Education

LANSCE recognizes that it has a key role to play in science
education, not only of the graduate students who use the
facility as part of their higher education, but also of younger
students, especially those from Northern New Mexico.
Students, as well as postdoctoral fellows, learn from and
contribute to the research at LANSCE (Figure 12). A listing
of theses completed that used LANSCE facilities is avail-
able following the Publications section.

The Lujan Center takes great pride in serving as a training
ground for undergraduate and graduate students in the use
of neutron scattering techniques. Many students spend
summer months as Los Alamos National Laboratory
employees working at the Lujan Center, sometimes at the
recommendation of their thesis advisor. Students who avail
themselves of this opportunity are paid a salary during their
visit. More information on student employment programs
available at the Laboratory can be obtained from the
Laboratory’s Human Resources Division Web site at
www.hr.lanl.gov/Students/.

Experiment Reports

Experiment reports are required for all experiments per-
formed at the Lujan Center or WNR. (We “encourage”
those who forget this responsibility by reminding them that
their approved experiments cannot be scheduled until the
report from their last experiment is received!) Experiment
Reports from 1995 to 1997, which describe what was done
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• improving processes for user access, orientation, 
training, and services

• communicating beam-schedule information to users
• supporting conferences and workshops 
• supporting the User Group and other committees integral

to the user program
• organizing and supporting the Annual User Meeting
• collecting and reporting statistical information about the

facility and users
• assessing and reporting user satisfaction
• arranging travel support and funding support for students
• coordinating user/visitor communications
• reception for all visitors and users to the facility
• arranging facility tours

The User Program Evolves
In 1997, a formal User Satisfaction Survey was developed
to better evaluate the needs and concerns of users and to
establish benchmarks for continuous improvement. The
survey, piloted in 1997 with Lujan Center and industrial
users, covers aspects of administrative and technical sup-
port, beam reliability, instrument and equipment, data col-
lection and analysis, and user amenities. Survey results
(Figure 14) have been used to prioritize funding for ancil-
lary equipment, improve facility access procedures, and to
set priorities for user program improvement projects.

As a result of the 1997 User Survey, LANSCE has:
• improved safety training by designing a user-specific

facility training module
• produced a study guide that users can read before their

arrival, reducing the amount of time spent in training
• centralized the check-in process to reduce time users

must spend attending to administrative issues
• improved the quality and quantity of information avail-

able about the facility on the Web
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▲ FIGURE 13. Some friendly and helpful faces for LANSCE users, visitors, and staff. The
User Office staff consists of (standing L to R) Sandy Roybal, Database Administrator, Joan
Thompson, Direct User Services, (seated L to R) Audrey Archuleta, User Program Coordinator,
and Sandy Booth, Visitor Center Receptionist.

1995 1996 1997 1998

Neutron Scattering
(Lujan Center)

Others

0

5

10

15

20

25
Graduate Students

Neutron Scattering
(Lujan Center)

Others

1995 1996 1997 1998
0

5

10

15

20

25
Postdoctoral Fellows

Neutron Scattering
(Lujan Center)

Others

1995 1996 1997 1998
0

10

20

30

40

50

60 Undergraduate Students

▲ FIGURE 12. LANSCE supports and values undergraduate and graduate students, as well as postdocs.

with allocated beam time, are included on the CD in the
inside back cover of this Activity Report. Current reports
can be obtained by contacting the LANSCE User Office.

The LANSCE User Office

The LANSCE User Office (Figure 13) develops, organizes,
and administers the user program, including:
• assisting users and visitors with planning and 

coordinating their visit
• administering the proposal, review, and scheduling

processes
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(4) Instrument/FP Readiness

(5) Beam Reliability
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(7) Sample & Support Labs

(8) Sample Environment Equip.
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(11) Facilities for Data Analysis

(12) Sending Data

▲ FIGURE 14. User Satisfaction Survey results for 1997 users. 

The Voice for Users

In 1996, the LANSCE User Group (LUG) was established
to provide users and potential users of LANSCE with an
opportunity to influence the way in which the facility is
managed and improved. To ensure that we only hear from
active users, biennial renewal of membership is required to
maintain active status in the LUG. As of September 1998,
membership included 487 individuals from across the
diverse spectrum of facility users (Figure 15). The formally
adopted charter of the LUG is available on the Web at 
lansce.lanl.gov/users/lug/charter.rtf.

The User Group is represented by an 11-member Executive
Committee (ExecCom). ExecCom membership (Figure 16) is
structured so there is appropriate representation of the princi-
pal activities at LANSCE: neutron scattering, defense-related
research, and nuclear physics and technology. Additionally,
there is at least one graduate student or postdoctoral fellow
on the ExecCom. The ExecCom holds monthly conference
calls and meets at LANSCE on a quarterly basis.

LANSCE User Group Executive Committees

1996-1997
Alan Hurd, Chair Sandia National Laboratories
Collin Broholm, Vice Chair Johns Hopkins University
Ronald Fleming University of Michigan
Philip Howe Los Alamos National Laboratory
Tonya Kuhl University of California at Santa Barbara
Stephen Nagler Oak Ridge National Laboratory
William Nellis Lawrence Livermore National Laboratory
John Szymanski Indiana University
Merri Wood Los Alamos National Laboratory
Kennard Wright GE Aircraft Engines

1998
Collin Broholm, Chair Johns Hopkins University
Frank Dietrich, Vice Chair Lawrence Livermore National Laboratory
David Dunand Northwestern University
Ronald Fleming University of Michigan
Philip Howe Los Alamos National Laboratory
Tonya Kuhl University of California at Santa Barbara
June Matthews Massachusetts Institute of Technology
Stephen Nagler Oak Ridge National Laboratory
Eugene Normand The Boeing Company
John Sarracino Los Alamos National Laboratory
Alan Hurd, Past Chair, Ex-Officio Sandia National Laboratories

▲ FIGURE 15. LANSCE User Group membership by affiliation as of September 1998.

Annual User Meetings
Annual User Meetings are organized by the LUG ExecCom.
The annual meeting, usually held in August, brings together
current and potential users of LANSCE to share recent sci-
entific discoveries and to discuss instrumentation upgrades
and other changes that could enhance scientific output.
Scientific areas represented at the meeting include materials
science, condensed-matter physics, defense-related research,
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Following a period of much uncertainty, neutron science in the United States now
seems headed for a renaissance. One of the important signs of this has been the
commitment of BES and DP to fund the development of LANSCE into a world-class
user facility for neutron science. We are fortunate that John Browne, Roger Pynn,
and LANSCE management in general went out of their way to involve the general
user community in this process right from the beginning. They established the 
LANSCE User Group, started a user support office that Audrey Archuleta so cleverly
has headed, supported our annual meetings, and chose to involve users in the
design and construction of five new spectrometers at the Lujan Center through
Spectrometer Development Teams. If LANSCE operations are successful, as we cer-
tainly expect, in generating a reliable pulsed neutron beam with brightness similar
to the ISIS source, then everything should be in place for spectacular scientific pro-
ductivity from LANSCE as we enter the next millennium. 

Of course, the other important data point that has us bullish on the future is the
fact that a second generation Spallation Neutron Source (SNS) is now a line item
in the nation’s budget. LANSCE is an important player in this $1.3B project; it will
be delivering the 1-GeV linac. But I think LANSCE will be playing an equally impor-
tant role in developing instrumentation technology as well as the user community
that is required to turn that investment into scientific results. How about after
2005 when SNS turns on, will LANSCE still be a competitive facility? Definitely!
The experience in Europe has been that the high-intensity sources (ISIS and ILL)
can only be used efficiently when there is a network of smaller neutron sources
that can educate users and where innovative and exploratory experiments can be
initiated. Generally, it is only when you know how an experiment needs to be

done and that it will work that you move to the expensive and highly competitive
maximum intensity sources. As a university-based neutron scatterer, I am particu-
larly anxious that we maintain medium-size facilities even as SNS comes online.
There is a human time scale for moving up the learning curve as well, and it is
often best matched to the pace of experiments at medium flux sources.

One of the things that I have enjoyed in working on the Executive Committee over
the past 2 years has been to learn about the many interesting activities outside of
my professional area of neutron scattering in materials science. It is a challenge
but also a strength that LANSCE encompasses such a wide range of science and
technology. I was very pleased to hear from Stephen Younger and Robin Staffin at
the 1998 annual LUG meeting that stockpile stewardship activities at LANSCE
have been very successful. It was also clear from the technical talks at the meet-
ing that there is a vibrant nuclear physics and technology program being conduct-
ed at the WNR facility. LANSCE is an expensive facility to run and it would be hard
to justify its cost for one segment of users only. Therefore, it is vital for each of us
that all the programs at LANSCE remain highly productive in their respective areas.

These are my last months as the last appointed chairman of the LUG Executive
Committee. I think we have established a solid foundation for an institution that
will help users realize the potential of LANSCE. I thank you for your support and I
look forward to seeing the new 1999 Chair, Frank Dietrich, and Vice Chair,
Christopher Durning, take over in this exciting period for LANSCE and for neutron
scattering in general.

Comments from the Chair

Collin L. Broholm, Professor of Physics, Johns Hopkins University
1998 LANSCE User Group Executive Committee Chair

engineering, nuclear technology, and nuclear and particle
physics. Summaries of the 1996 to 1998 Annual User
Meetings, including plenary talks and abstracts, are avail-
able on the Web at lansce.lanl.gov/users/lug/news.htm.

Student participation is encouraged through special social
activities, travel support, reduced registration fees, and stu-
dent poster prizes (Figure 17). Additionally, the annual
Louis Rosen prize, established by the LAMPF Users Group,
Inc., in 1983 to recognize the outstanding contributions
made by Louis Rosen in the development and leadership of
what is now the Los Alamos Neutron Science Center, is
awarded at the Annual Meeting (Figure 18). The LUG
awards the Rosen Prize for the outstanding thesis based on
experimental or theoretical research performed at LANSCE.

At the 1997 and 1998 Annual User Meetings, short courses
were offered to introduce new users to various aspects of
neutron scattering research. These workshops have proven
popular with the student meeting attendees as they also
provide the opportunity to interact with local scientists and
guest lecturers from the neutron scattering community.

▲ FIGURE 16. The 1998 members of the LANSCE User Group Executive Committee.
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▲ FIGURE 18. Roger Pynn, LANSCE Division Director; Joseph Comfort (Gaulard's PhD advisor),
Arizona State University; Carole Gaulard, 1998 Rosen Prize recipient; Louis Rosen; and Alan Hurd
(Rosen Prize Committee Chair), Sandia National Laboratories; at the entrance of the Louis Rosen
Auditorium after the Rosen award presentation.

Louis Rosen Prize
for the outstanding thesis based on experimental or theoretical research
performed at LANSCE

1995
Linh Phuong Nguyen, University of Maryland

pi- p → pi0 n Cross Sections in the Region of the ∆(1232) Resonance

1996
Rathnayaka Gunasingha, Louisiana State University

Search for Neutrino Oscillations in the Appearance Channel 
numubar->nuebar and Measurements of Neutrino-Carbon Cross Sections

1997
Sharon Stephenson, North Carolina State University 

Parity Violation in 232Th–A Study of the ‘Sign Effect’

1998
Carole Gaulard, Arizona State University

Analyzing Powers for the π-p → p˚n Reaction Across the 
∆(1232) Resonance

During the 1997 meeting, a 5-hour General Structure
Analysis Systems (GSAS) workshop was offered that was
designed to increase awareness of the GSAS application
and to encourage collaboration between users in the fields
of crystal structure refinement, neutron scattering, materi-
als research and geoscience. The eight separate modules
were presented by Linda Mansker, University of New
Mexico; Davor Balzar, National Institute of Standards and
Technology; George Kwei (now in the Director’s Office)
and Angus Lawson, Materials Science and Technology

Student Poster Prize
for student science posters at LANSCE User Group Meetings 

1997
First Prize, 10-troy-ounce silver ingot 
Neil Dilley, University of California at San Diego

Magnetic Structure and Lattice Distortion in UPd2Pb
Runners-up, silver coins
Bjorn Clausen, Technical University of Denmark

Validation of a Self Consistent Modeling Scheme Using Neutron Diffraction
Paul Hubbard, University of New Mexico

A Neutron Reflectivity Study on the Aging of Tantalum Nitride 
in Harsh Environments

1998
First Prize, 10-troy-ounce silver ingot
Michael Manley, California Institute of Technology

Low-Temperature Inelastic Neutron Scattering Study of Phases of Cerium
Runner-up, silver coin
Andrew Christianson, Colorado State University

Low-Energy Excitations, Symmetry Breaking, and Specific Heat in YbBiPt Division at Los Alamos; and Kristin Bennett, Dimitri
Argyriou, Mark Daymond (now at ISIS), and Yusheng
Zhao, the Lujan Center.  

Also offered was a 6-hour course on Long Length Scale
Structures taught in six units by Christopher Durning,
Columbia University; and Rex Hjelm and Gregory Smith,
Lujan Center. The units were organized to provide the
novice with an introduction into neutron scattering probes
of long length scale structure.

Two courses were offered in conjunction with the 1998
Annual User Meeting: Use of Neutrons for Probing Long

▲ FIGURE 17. Michael Manley, California Institute of Technology, and Rob McQueeney, Lujan
Center, proudly displaying the 10-troy-oz silver ingot given for the first place student poster prize.

Experimental and User Program
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I  first heard of something special happening at LANSCE when I got a call one
afternoon in December 1994 from Roger Pynn and Steve Sterbenz. LANSCE
planned a new life around its new science-based defense mission. While the idea
sounded interesting, I struggled with how I could help.

The Los Alamos February 1995 conference on stockpile stewardship was a great suc-
cess. An extraordinary strategic vision emerged, and it was remarkable how well neu-
tron science fit the mission. Even more energizing was the proposed close coupling
between defense and basic research, entailing openess and collaboration on unclassi-
fied issues. Intrigued, I still wondered how I could help.

Over the next few months, I was able to help organize visits by LANSCE staff to
Sandia National Laboratories, helping to educate staff on the advantages of neu-
trons and culminating in a Sandia meeting on October 3, 1995. Our choice of date
was terrible: not only were we pre-empted by an emergency meeting of the Sandia
executive management, Judge Ito chose that day to announce the O.J. Simpson
trial verdict. Attention was a bit diffuse.

The basic research and neutron communities began to pull together for 
LANSCE as a rejuvenated user facility. Indeed, the press referred to LANSCE as a
phoenix rising from the ashes—quite a change from 1994 talk of closing.  By
May 1996 the LANSCE Advisory Board (LAB) began to meet biannually, and in
August the first LANSCE User Group (LUG) Meeting was held in Los Alamos. The
talk by Patricia Dehmer of the DOE Office of Basic Energy Sciences (BES) was
memorable during that first meeting: the lack of solidarity in the neutron communi-
ty flew in the face of heavy annual BES investments, and Dehmer made it clear
that she expected a turnaround.

Having been involved with LANSCE over some years, I was pleased to accept John
Browne's invitation to serve on the first Executive Committee (hey, free dinner!)

As I expected, it was a pleasure to serve over the next 2 years with highly capable
people, both on the LANSCE staff and on the ExecCom.  In the first meeting, we
each tried to avoid being appointed chair, but I blinked and found myself leading
the group.

An important order of business during the first few months of life in LUG was the
establishment of bylaws. Here we borrowed heavily from the previous user group,
LUGI, from the LAMPF days, relying on Jim Bradbury (former LAMPF Director) who
worked closely with us on details during many conference calls. As a result, we
now own a very flexible structure that guarantees fair representation across the
rainbow of researchers at LANSCE, from students to defense to nuclear physics.
The reins were passed from LUGI to LUG at a dinner meeting on October 25,
1996—the evening of a terrific New Mexico snowstorm—at which time LUGI
donated $2000 to LUG to continue the Rosen Prize for the outstanding thesis on
the mesa. 

As chair of the LUG Executive Committee, I held an ex-officio position on the 
LANSCE Advisory Board (LAB). This board advises the highest levels of Laboratory
management on LANSCE activities and it has always paid keen attention to User
Group concerns. User metrics, for example, were deemed highly important to 
LANSCE success, and the addition of Audrey Archuleta to the LANSCE staff in 1996
as User Coordinator guaranteed that such concerns would be given full attention.  

Of course, the greatest attention of the LUG Executive Committee, the LAB, and
LANSCE management since 1996 has been toward the multiple concerns of the
accelerator upgrade and spectrometer development projects. It is surprising how
complex and interlocking these pieces of LANSCE are and how the pieces’ fit will
be explored over the next decade.

A History of the LANSCE User Group
Alan J. Hurd, Sandia National Laboratories
1996-1997 LANSCE User Group Executive Committee Chair

Length Scale Structure (LLSS) and Introduction to Monte
Carlo Techniques for Neutron Scattering Instrument Design.
The objective of the LLSS course was to provide a basic
introduction to neutron scattering techniques used to probe
length scales from 10 to 1000 Å to students and scientists
interested in applying neutron scattering methods to structur-
al problems. Participants were asked to select specific scien-
tific areas of interest before the workshop so the instructors
could customize the examples presented. The course was
taught by Christopher Durning, Columbia University; Brent
Heuser, University of Illinois; and Rex Hjelm, Gregory
Smith, and Jarek Majewski, the Lujan Center.

The Monte Carlo workshop consisted of morning lectures
presenting the basics of the Monte Carlo techniques as
embodied in the Los Alamos Neutron Instrument

Simulation Package code and the code’s use. (More infor-
mation, as well as the code, is available on the Web at 
bayberry.lanl.gov/lansce/Welcome.html.) In the afternoon,
hands-on portion of the workshop, participants used the
code and its Web-based interface to produce a computer
model of a neutron scattering instrument and to simulate
the operation of this instrument. Lecturers included Thom
Mason, Oak Ridge National Laboratory; Phil Seeger,
Sumner Associates; Thierry Thelliez of Los Alamos’
Computing Division; and Luke Daemen and Rex Hjelm,
Lujan Center.

Experimental and User Program
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▲ Andrew Christianson, Colorado State University, second place student
poster prize winner, discussing his poster with fellow meeting attendee
Yicheng Zhong, City College of New York. 

▲ The poster session reception provided an excellent opportunity for impromptu 
discussions. From L to R, Ray Osborn, Argonne National Laboratory; Ron Nelson and
Kristin Bennett, Lujan Center; and Brian Annis, Oak Ridge National Laboratory.

▲ First place student poster prize winner Michael Manley(on the left),
California Institute of Technology, stands ready to provide more 
information on his presentation to other meeting participants. ▲ Iran Thomas, DOE Office of Basic Energy Sciences, Brent Fultz, California

Institute of Technology, and Alan Hurd, Sandia National Laboratories and past LUG
Chair, discuss the day's presentations.

Snapshots
from the
1997 and
1998
LANSCE User
Group
Meetings

▲ LUG Executive Committee Chair, Collin Broholm, Johns Hopkins
University, and the Laboratory’s John Wheatley Scholar, Ferenc Mezei,
enjoy a private discussion during the poster reception.

▲ A lively discussion between Associate Director of DOE's Office of Basic Energy
Sciences, Patricia Dehmer, and LANSCE Director, Roger Pynn, during the evening’s
student poster presentation and reception.

Experimental and User Program
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▲ A recent addition to LANSCE is our Chief of Staff, Mauri Katz (formerly of DOE’s Defense
Programs), here sharing a lighter moment with banquet guests.

▲ Massachusetts Institute of Technology postdoctural fellow, Darrell Irvine, presents a talk
on “Design of Tailored Polymeric Materials for Cell Biology and Tissue Engineering” during
the soft condensed-matter session. Parallel sessions for condensed matter and nuclear
physics, which allowed LANSCE’s diverse user community to take advantage of a full 
program, worked well for the 1998 meeting.

▲ Dimitri Argyriou, Lujan Center, presents “A Practical Guide to Rietveld Refinement of
Lattice Anomalies and Magnetic Structure in the Layered CMR Manganites” to GSAS 
workshop attendees.

▲ 1998 Keynote speaker and “father of spallation neutron
sources,” Jack Carpenter, Argonne National Laboratory, appears
quite relaxed at the banquet reception shortly before delivering a
top-notch presentation on the “History of Spallation Neutron
Source Development.”

▲ Roger Pynn, LANSCE Director, and Ferenc Mezei, John Wheatley
Scholar, take advantage of an outdoor break.

▲ During a morning break, Andre Michaudon, LANSCE’s Nuclear Physics
Group, and Arthur Kerman, Massachusetts Institute of Technology, have
an animated discussion about the day’s program.

Experimental and User Program
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▲ From L to R, Arthur Kerman, Massachusetts Institute of Technology; Physics Division
Director, Peter Barnes; and Associate Laboratory Director for Strategic and Supporting
Research, Hans Ruppel; are caught in an animated discussion during the banquet reception,
held at Rancho Encantado, a premier resort nestled in the foothills outside of Santa Fe.

▲ LANSCE Director, Roger Pynn, performs his stand-up act before presenting
awards to the 1998 User Group Executive Committee members.

▲ A guided hike to McCulley Warm Springs in the picturesque Jemez Mountains attracted some
adventurous meeting attendees: L. Laughlin, NMSU; Guide J. Studebaker, Los Alamos Mountaineers
Club; V. Gudkov, U. of South Carolina; J. Carpenter, Argonne; B. Maranville, UCSD; Y. Alexandrov,
JINR; A. Pichlmaier, ILL; R. Osborn, Argonne; and J. Hanan, Caltech. Photo by Joan Thompson, 
LANSCE User Office, who also joined the hike.

▲ Eugene Normand, Boeing Company, receives a certificate of appreciation for his participation on
the 1998 User Group Executive Committee.

Experimental and User Program
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Student Scholarship Program

In 1998, LANSCE created the LANSCE Student Education
Scholarship Program and awarded $8,000 in scholarships
to 19 undergraduate students who worked in the Division.
Approximately 80 students worked in the Division this
summer.

Of the 19 undergraduate students who received scholar-
ships, 15 attend New Mexico schools. Scholarship amounts
ranged from $250 to $500 per student. The scholarship
funds came from annual patent royalties derived from
LANSCE-developed technologies. All student scholarship
funds went to the students' respective universities and were
used to credit their educational accounts.

The students’ areas of study encompass a wide range of
disciplines, including electrical, computer, civil, mechani-
cal, and optical engineering; political science; accounting;
environmental science; communication disorders; and elec-
tronics. Award criteria included overall performance and
contributions to their respective groups, academic promise,
and level of community involvement.

Electro-Mechanical Technical Student
Training Program

The Electro-Mechanical Technical Student Training
Program, developed by the University of New Mexico at
Los Alamos (UNM-LA) and LANSCE, is designed to help
participants develop new skills in order to make them more

1998 LANSCE Student Education Scholarship Program
Recipients and their Educational Institutions
Crystal Archuleta Northern New Mexico Community College
Ken Cardell University of Arizona
Everett Espinosa University of New Mexico
Julianne Konkel Technical Vocational Institute
Erin Maes New Mexico State University
Georgette Maestas Northern New Mexico Community College
Carlos Manzanares New Mexico State University
Gene Martinez New Mexico Highlands University
Tim Martinez University of New Mexico
Carly McNeese New Mexico State University
Jessica Montoya University of New Mexico
Eric Olivas University of New Mexico
Stephanie Radzinski Texas Tech University
Dan Riley University of New Mexico 
Eric Salgado University of California at San Diego
Holly Sanchez University of New Mexico
Richard Stein University of New Mexico at Los Alamos
Francisco Varela Texas Christian University
Marsha Wenzel University of New Mexico at Los Alamos
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Educational Tour Project

The LANSCE Educational Tour project was created in
1998 to bring classroom teachers together with LANSCE
staff to create a guide for student tours of the facility along
with pre- and post-tour classroom activities. This educa-
tional outreach program highlights the many research uses
and practical applications of the linear accelerator and of
neutron science. 

This year’s project focused on grades 4 through 8. The
teachers came from local school districts:  Phyllis Stahm,
Pojoaque Schools; Marilyn Peabody, McCurdy School;

Tom Sisneros, Belen
Schools; and Ted Greer,
Jemez Valley Schools.
During the summer,
these four teachers
worked at LANSCE
developing the tour
curriculum, classroom
activities, a booklet, a
teacher recruitment
brochure, and a Web
site with mail links to
LANSCE scientists to
allow students and
teachers to ask ques-
tions. Also, tour sta-
tions, which will be
based on information in
the tour booklet, are
being designed using
cartoon characters that
help explain the science
related to each tour

stop. Each station will provide visual aids to help the tour
guide and participants interpret the facilities and functions
linked to that area of the tour.

The teachers recommended LANSCE conduct between 20
and 30 of these specialized tours per year. Future plans for
this program include
• having high school teachers come to LANSCE to con-

tinue development of the program and to adapt a similar
program for grades 9 through 12 

• creating a tour station with a permanent collection of
working models and hands-on activities to illustrate sci-
ence concepts

• creating a short video introducing students to the site and
giving a brief virtual tour with connections to science
concepts used in different parts of the facility

News and Events

▲ LANSCE’s Educational Tour project will highlight the
many applications of LANSCE-based research to students
in grades 4 through 8. This student got a preview during
the 1998 "Take Our Children to Work Day" of just one
of many activities planned for the Educational Tour 
project.
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marketable in the business community. The program was
created by LANSCE’s Diversity Committee, consists of
courses developed and taught by LANSCE technical staff,
and is administered by Marilyn Thomas in the LANSCE
Dvision Office. Students spend a half-day in class at UNM-
LA attending courses especially designed for their jobs at
the Laboratory. The second half of the day is spent working
at the Laboratory as an entry-level technician partnered with
a mentor. At the conclusion of the two-year program, stu-
dents receive a certificate in Electro-Mechanical Technology
from UNM-LA; in December 1998, six of the original ten
students will complete the school’s certificate requirements.

The first group of 10 students was hired on January 13,
1997, and since inception, the program has grown to 25
students. In August 1998, LANSCE hired nine new stu-
dents in addition to the ten already employed at LANSCE
through this program. In 1998, the local ABC affiliate tele-
vision station featured the program and interviewed stu-
dents about the educational and practical portions. After the
program aired, LANSCE received calls from throughout
New Mexico for information on how to implement a simi-
lar program at other companies.

Group Members Serve as 
Science Fair Judges

In April 1998, several LANSCE engineers and a LANSCE
property specialist served as judges for a science fair at the
Larragoite Elementary School in Santa Fe. The science fair
included entries from approximately 300 students, who pre-
sented projects in such areas as electricity, computers, solar
energy, biology, and waste management. Judges were
Patrick Kelly, Paul Leslie, and Robert Valdiviez of the 
LANSCE-1 Accelerator Physics and Engineering Group and
Chris Vigil of the LANSCE-4 Division Services Group.

LANSCE Users Win Top DOE and
Presidential Awards

Two long-term LANSCE users were honored by the
Department of Energy’s (DOE’s) Office of Defense
Programs when they received the DOE Defense Programs
Early Career Scientist and Engineer Award. Shenda Baker,
Harvey Mudd College, was the 1996 recipient, and Tonya
Kuhl, University of California at Santa Barbara, received
her award in 1998. Both Baker and Kuhl were then nomi-
nated by the DOE for the Presidential Early Career Award
for Scientists and Engineers. Baker was selected for the
Presidential award, and she received recognition at a White
House ceremony.  (The 1998 recipients of the Presidential
award had not been announced when this report went to
print.) Both Baker and Kuhl were nominated for the DOE
award by Greg Smith of the Lujan Center.

Baker is not only an active user of the LANSCE facility
but is also a member of the LANSCE Division Review
Committee and the LANSCE Materials Program Advisory
Committee. She was recognized by this award for her work
at LANSCE in developing techniques for the examination
of advanced materials (polymers) under shear.

Kuhl has served on the LANSCE User Group Executive
Committee for the past 2 years and has just been elected to
another term. She is also the User Group’s representative
on the Proposal Evaluation Committee, which reviews and
recommends new instruments for the Spectrometer
Development Project. Kuhl was cited by DOE for her stud-
ies of “smart” materials and surface coatings.

A Popular “Tourist Attraction”

LANSCE’s tour program plays a key role in increasing
awareness of the facility and in educational programs. A
recent tour in September 1998 of the Utah, Colorado,
Arizona, and New Mexico Navajo Nation Coalition
Advisory Board, which helps targeted schools strengthen
their math, science, and technology programs, was treated
to a detailed overview during their tour by Deputy Division
Director Stan Schriber. Many LANSCE tours are custom
tailored to meet the individuals’ interests.

One of the more interesting tours conducted here was a visit
by the local Public Broadcasting System (PBS) channel star,
Bill Nye “the Science Guy,” who conducts a weekly televi-
sion program aimed at increasing awareness in the sciences
for children ages 10 to 16. The program is syndicated out to
other PBS channels and the Discovery Channel. Nye visited
LANSCE in 1997 to shoot footage for use in an episode on

▲ Shenda Baker (center) receiving the Presidential award from Charles Curtis (left), Deputy
Secretary of Energy, and Jack Gibbons (right), former Presidential Science Advisor.
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“smashing atoms.” The LANSCE accelerator was used as a
backdrop for “the Science Guy” to demonstrate how protons
and neutrons are separated from atoms. One of the shots
included Nye running down one-third the length of the half-
mile-long accelerator tunnel, but with the camera speeding
up his run to about 5 seconds, to show how far and how fast
the protons must travel. During the filming, this particular
shot required three takes, making for one very winded tele-
vision personality!

In May 1998, several science fiction writers from across
the nation visited LANSCE to gather information on the
science behind the fiction they create. The writers were in
Santa Fe for a weekend conference.

A number of tours involved Laboratory sponsors reviewing
projects; for example, the Accelerator Production of

Tritium project. Tours have included representatives of the
Economic Development Partnership from South Carolina,
the New Mexico Environmental Department, the American
Society of Medical Association Counsel, and schools from
Texas and New Mexico. The Laboratory’s Public Affairs
Office often showcases LANSCE for photo opportunities,
from the Cockcroft-Walton injector to the suite of instru-
ments at the Lujan Center.   

Joint Assistant Professorship with 
New Mexico State University

As part of a broader effort to strengthen the relationships
between the Laboratory and nearby universities, a joint 
position has been established
between the Physics Department
at New Mexico State University
(NMSU) in Las Cruces and
LANSCE. A Memorandum of
Understanding to this effect was
signed by the president of
NMSU and former Laboratory
Director Sig Hecker in
September 1996. A wide search
conducted by a committee of rep-
resentatives of both institutions
commenced in December 1996.
From a broad field of excellent
candidates, Dr. Heinrich “Heinz” Nakotte was appointed to
the position and began work at NMSU in August 1997.

Nakottestarted his career at the University of Amsterdam. In
addition to his work at the High Magnetic Field Laboratory
in Amsterdam, he performed neutron scattering experiments
at the Institut Laue-Langevin, LANSCE, and the National
Institute of Standards and Technology. 
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▲ Requests for tours come from groups including the media, government
officials, sponsors, academia, industry, and the public sector. These data
reflect the number of public and programmatic tours conducted from 1995
to 1998. Programmatic tours usually involve smaller groups of 2 to 6 
people while public tours tend to range from 5 to 30 people per tour.

▲ This enhanced picture shows world-renowned science fiction writer Poul Anderson standing next to
the Cockroft-Walton injector at LANSCE.

▲ Bill Nye “the Science Guy” visited LANSCE for an episode of his science show for children.

News and Events

▲ Heinz Nakotte, the New Mexico State
University–LANSCE Joint Assistant Professor.



Nakotteworked at the Lujan Center starting as a postdoctor-
al fellow in 1994 until taking the NMSU-LANSCE position.
More information on Nakotteis available on the Lujan
Center Web pages and information on the NMSU Physics
Department can be found at thor.nmsu.edu/index.html.

Similar joint professorships with the University of
California and the University of New Mexico are also
being discussed.

First Wheatley Scholar Appointed
A new scientific position named for the late John Wheatley
has been established at Los Alamos National Laboratory.
The Wheatley Scholar position is designated for visiting
scientists at the Los Alamos Neutron Science Center, the
Laboratory's Materials Science and Technology Division,
or the Laboratory’s Theoretical Division.

The recipients are distinguished researchers who bring
expertise to Los Alamos in the areas of neutron scattering,
thermal physics, or condensed-matter science and whose
career achievements are recognized as outstanding by the
scientific community. The position will generally be for 
1 year but can be extended for another year with approval
of the Laboratory Director.

The first Wheatley Scholar is Ferenc Mezei of the Hahn
Meitner Institute in Berlin. Mezei is renowned for his inno-
vative contributions to neutron scattering research. He has
joined LANSCE at a time of significant growth in the use
of spallation neutron sources for neutron scattering
research, a field to which he has already made substantial
contributions. Mezei is a member of Academia Europaea

and the Hungarian
Academy of Sciences and a
recipient of the Hewlett
Packard Europhysics Prize
for the invention of Neutron
Spin Echo spectroscopy.

John Wheatley was a lead-
ing low-temperature experi-
mental physicist who made
major contributions to the
understanding of the
physics of liquid helium
and low-temperature tech-

nology. He was at Los Alamos from 1981 to 1985, working
on conventional and natural heat engines, superfluid 
helium-3, and other low-temperature phenomena. He held
the first joint fellowship between the University of
California at Los Angeles (UCLA) and Los Alamos and was
working at UCLA at the time of his death in 1986.

▲ The Laboratory’s first John Wheatley Scholar,
Ferenc Mezei, joined the LANSCE staff in 1997.
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Mesa-wide Cleanup Activities

LANSCE is a facility with a long, multi-use history. Until
September 1998, it was plagued with a legacy of unused
and abandoned equipment, supplies, and even cars left by
visiting researchers. In January 1998, the LANSCE Facility
Management Office took a hard look at what could be done
to improve its general “housekeeping” and to formulate a
plan to avoid this problem in the future. It was discovered
that most of the unused items could be removed as reuse-
able salvage, but the groups on the mesa did not have the
time nor manpower necessary to get the items removed.
Authorization was obtained to use the proceeds generated
from the sale of recycled materials to pay for the cleanup. 

A major, coordinated effort was carried out by Facility
Management’s Bernadette Pesenti-Valdes, along with 
members of the local contractor company Johnson 
Controls Northern New Mexico. Cleanup at LANSCE began
on February 18, 1998, including a building-by-building
sweep and removal from parking lots and storage yards. At

▲ Before (top) and after (bottom) pictures of the site cleanup effort.
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the end of September 1998, approximately 1,600 tons of
scrap, at least 30 truckloads of equipment that was later
reused or resold, and minimal loads of trash were removed.
To ensure that the problem of improper storage and 
accumulation of excess does not reoccur, LANSCE created
10 salvage collection points that are serviced every week.
LANSCE Facility Management has also taken a proactive
approach by constructing a warehouse for the storage of
property for future projects. The result is a more attractive
and organized place in which to work.

Conferences, Workshops, and Seminars

LANSCE sponsors or supports a variety of conferences,
workshops, and seminars to educate and inform the scien-
tific community about accelerator science and technology
and the uses of neutrons and neutron scattering techniques.
An average of 20 to 25 major conferences and workshops
per year are hosted by the staff at LANSCE. Afew key
meetings are summarized.

LANSCE also provides opportunities at the formal and infor-
mal level to train newcomers and students in the applications
of neutrons in their research. The Lujan Center conducts a
weekly seminar series, with speakers from around the world
presenting various topics of interest to the neutron scattering
c o m m u n i t y. The speakers are hosted by LANSCE  scientists.

Defense, Basic, and Industrial Research at the Los
Alamos Neutron Science Center
Aworkshop on “Defense, Basic, and Industrial Research at
the Los Alamos Neutron Science Center” was held February
12–15, 1995, and has helped to identify and clarify many
key stockpile stewardship needs that can be addressed at
LANSCE. This workshop gathered scientists from DOE
national laboratories, other federal institutions, universities,
and industry to discuss the use of neutrons in science-based
stockpile stewardship.  

The workshop began with presentations by government off i-
cials (M. Greenwood, Associate Director of the Office of
Science and Technology Policy; V. Reis, Assistant Secretary,
DOE Office of Defense Programs; and I. Thomas, DOE’s
O ffice of Basic Energy Sciences), senior representatives
from the three weapons laboratories (R. Fortner, A s s o c i a t e
Director of Physics and Space Technology at Livermore; 
D. Hayes, Director of Defense Programs Capabilities at
Sandia; and S. Hecker, Los Alamos Director), and scientific
opinion leaders (A. Cheetham, Director of the Materials
Research Laboratory at UC Santa Barbara; G. Aeppli, AT & T
Bell Labs; S. Freedman, UC Berkely Department of Physics;
and F. Dietrich, Physics and Space Technology Division of
Livermore). Then the approximately 200 workshop 
participants met in breakout sessions on materials science

News and Events

Conferences and Workshops
1995
February 6–10 Materials for Spallation Neutron Sources Workshop
February 12–15 Defense, Basic, and Industrial Research at the Los Alamos Neutron

Science Center
April 18–21 Neutron Instrumentation for a Long Pulse Spallation Source Workshop
May 8–10 The High-Intensity SRF Proton Linac Workshop
September 11–13 IFMIFAccelerator Team Meeting Workshop
December 4-6 Workshop on Critical Beam Intensity Issues in Cyclotrons
December 13–15 Hydrogen and Quantum Mechanical Phenomena in the

Coordination Sphere of Transition Metals Workshop

1996
June 5 Technical Advisory Committee on Accelerator Production of Tritium

Superconducting Linac Design
July 31–August 1 Oak Ridge Spallation Source Workshop
August Texture Analysis Workshop
August 19–20 First Annual LANSCE User Group Meeting
September Workshop on Numerical Methods for Simulating Neutron Scattering Instruments
October DOEResidual Stress Workshop
December 4–5 Workshop on Critical Beam Intensity Issues in Cyclotrons

1997
February 7 1996 LANSCE Run Cycle Round-up
February 27 Diffuse Scattering in Plutonium, Mesoscopic Working Group Seminar
March 3-4 National Spallation Source Design Meeting
March 4–7 Electron Effects in High Cur rent Proton Rings Workshop
July 14–August 1 First Neutron Scattering Summer School
July 28-–30 Research Workshop on Residual Stresses
July 31–August 2 National Spallation Neutron Source Collaboration Workshop
August 6–8 Second Annual LANSCE User Group Meeting
August 8 General Structure Analysis System Workshop
August 8 Long Length Scale Structures Workshop
August 25–29 EPICS Training Workshops
September 9–11 EPICSCollaboration
October 6–10 RFSuperconductivity Workshop
November 3–7 International Conference on Accelerator and Large Experimental

Control Systems
November 6–7 Beam Diagnostics Workshop
November 16–20 1997 American Nuclear Society Winter Meeting
December 2 Spectrometer Development Team Workshop
December 11 Small Angle Neutron Scattering Spectrometer Development Team Workshop
December 12–14 Probing Frontiers in Matter with Neutron Scattering Workshop
December 16–17 Spallation Neutron Sources and Export Control Issues

1998
January 22 Spallation Neutron Source Project Management Workshop
January 23–24 Spallation Neutron Source Collaboration Workshop
March 4–5 Beam Halo Workshop
March 9–13 EPICS Training Workshops
April 20 WNR Workshop for High Energy Neutron Irradiation of Electronics
April 29 1997 LANSCE Run Cycle Round-up
April 29–-May 1 EPICSCollaboration
May 10-–14 DOECouncil on Chemical Sciences Workshop
June 20 Electric Dipole Moment Collaboration
August 10–11 Third Annual LANSCEUser Group Meeting
August 12 Use of Neutrons for Probing Long Length Scale Structure Workshop
August 12 Introduction to Monte Carlo Techniques for Neutron Scattering

Instrument Design Workshop
October 26-27 E866 Collaboration
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Lujan Center Seminar Series

1997
April 4
D. Clemens
Instrumentation for Reflectometry and Neutron Polarization at SINQ/PSI

May 7
R. Pynn, LANSCE
Low-Energy Spin-Fluctuations in Chromium Metal

May 16
I. Grigorov, Johns Hopkins University
Magnetic and Structural Properties of Expanded Manganese

June 13
D. Argyriou, LANSCE
Two-Dimensional Ferromagnetic Clusters Above and Below T c in the Layered Manganite LA2-2xSR1+2Mn2O7

July 18
I. Eyssa, National High Field Magnetic Laboratory
Conceptual Design for a 30-T Neutron-Scattering Split-Pair Magnet

September 12
T. Kelley, LANSCE
Recent Experiments on PHAROS

October 10
P. Ferguson, LANSCE
An Overview of the Lujan Center Spallation Physics Team Activities

October 14
W. Li, Carnegie Institutionof Washington
Synthesis of Diamonds and Hydrous Magnesium Silicate Minerals Under High Pressure

October 17
P. Seeger, Sumner Associates
MCLIB:  A Monte Carlo Library for Neutron Scattering Instrument Design and Analysis

October 24
M. Luett, LANSCE
Growth Behavior of Self-Assembled Polymer Multilayers

October 25
H. Bordallo, LANSCE
Structure and Dynamics in BaZnF 4 Crystals

October 31
T. Brun, LANSCE
Thermal Diffuse Scattering in Pb

November 7
J. Lashley, Los Alamos National Laboratory
Preparation of Gallium Stabilized Delta-Plutonium Single Crystals

November 14
G. Cocognani, Institut Laue-Langevin
A Two-Dimensional Microstrip Gaseous Detector for Thermal Neutrons

November 21
F. Mezei, LANSCE
How to Beat the ILL on its Own Game?

1998
January 16
C. Marques, Rhone Poulenc/CNRS
Polymer-membrane Interactions: Embedding of Polysoaps in Lyotropic Phases

January 23
R. Heffner, Los Alamos National Laborator y
Effects of Polaronic Degrees of Freedom on the Spin Dynamics in the Magnetoresistive
Manganites (La, A)MnO3 and (La, A)3Mn2O7, A=Ca and Sr

1998, continued
January 30
A. Sharma, Los Alamos National Laborator y
Ultrasonic Spectroscopy of Solid-Liquid Suspensions

February 6
K. Bennett, LANSCE
Applications in Texture Analysis at the Lujan Center

February 13
R. Robinson, LANSCE
Neutron Scattering from Heavy Fermions

February 27
M. Costantino
Livermore High Pressure Gas Installation

S. Stishov, Institute for High Pressure Physics
Versatile High Pressure Gas Apparatus

March 6
S. Schorr, Hahn-Meitner-Institut
Critical Dynamics in Heisenberg Ferromagnets Above and Below the Curie Point

March 11
D. Argyriou,H. Bordallo, R. McQueeney,and R. Robinson, LANSCE
Preview of the American Physical Society Meeting Talks

March 13
R. Hjelm, LANSCE
Particle Form and Stability in Mixed Colloids: A Problem in Complex Fluids from Medicine to Physics

March 20
C. Durning, Columbia University
Surface Architectures from Polymers Ir reversibly Adsorbed from Melt

March 31
J. Lipkowski, University of Guelph
Electrochemical and Spectroscopic Studies of Ionic Adsorption at the (Au(111) Electrode Surface

April 3
H. Warriner, LANSCE
X-ray Scattering Studies of an Undulation-Driven Long-Ranged

April 10
M. Torikachvili, San Diego State University
Kondo Insulators

April 17
J. Sarrao, Los Alamos National Laborator y
Physics of YbInCu4 and Related Compounds

April 24
C. Mielke, National High Magnetic Field Laboratory
Highly Correlated Materials at Very High Magnetic Fields

May 8
D. Louca, Los Alamos National Laborator y
Local Lattice Effects in Magnetic Oxides

May 15
N. Harrison, National High Magnetic Field Laboratory
Quantum Interference in the Spin-Polarised Heavy Fermion Compound Ceb_6: Evidence for
Topological Deformation of the Fermi-Surface in Strong Magnetic Fields

May 22
H. Bordallo, LANSCE
Effect of Hydrogen Absorption in TbNiAl and UNiAl
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Lujan Center Seminar Series, continued

1998 continued
May 29
B. Von Dreele, LANSCE
HIPPO: High Intensity Powder Diffraction for Texture and High Pressure

M. Bourke, LANSCE
SMARTS: A Next Generation Instrument for Studying Stress in Engineering Materials

F. Trouw, Argonne National Laboratory
Neutron Scattering and Molecular Dynamics Simulation of Molecular Sieve Compounds

June 1
D. Wechsler, Hahn-Meitner-Institut
Powder Dirrfaction on a Long-Pulse Spallation Source

June 3
H. Roder, Los Alamos National Laboratory
Theoretical Studies of Electron-Lattice Interactions in CMR Materials

June 5
G. Bendele, State University of New York
Alkali Fullerides: Effect of the Charge State on Interfullerence Bonding Geometry

June 12
P. Rangaswamy, LANSCE
How Lujan Center’s X-rays and Neutrons Impact MST Residual Stress/Strain Problems

June 19
R. Movshovich and A. Balatsky, Los Alamos National Laborator y
Instability of the High-Temperature Superconducting Order Parameters Due to Magnetic Impurities

June 8
M. Bourke and K. Bennett, LANSCE
SMARTS & HIPPO: An Information Overview

July 31
J. Smith, Los Alamos National Laboratory
Heavy Fermion Materials and Plutonium

August 7
J. Cooley, Los Alamos
Gap Physics in Kondo Insulators

August 14
A. Christianson, Colorado State University
Low-Energy Excitations, Symmetry Breaking and Specific Heat in YbBiPt and Crystal Field
Spectrum of PrAg2In

August 21
M. Shima, Univ. of Maryland
Structural and Magnetic Properties of Electrodeposite Co/Cu Multilayers

August 28
G. Kwei, LANSCE
The Dynamics of Methane Trapped in Fullerene Interstices

September 4
C. Booth, Los Alamos National Laborator y
Relating Electronic, Magnetic and Structural Properties of Partially-Localized F-Electron
Systems Using X-Ray-Absorption Spectroscopy

September 8
H. Riegler, Max-Planck-Institut
How Well is the Wetting Behavior of Simple n-alkanes Understood?

September 11
L. Bulaevskii, Los Alamos National Laborator y
Josephson Plasma Resonance as a Tool to Study Vortex State in Layered Superconductors

September 18
A. Lawson, LANSCE
Extreme Neutron Diffraction

1998 continued
September 25
H. Green II, University of California at Riverside
Deep Earthquakes: A Shearing Instability Triggered by an Exothermic Phase
Transformation Under Conditions Where the Product Phase is NanocrystallineSeptember
30
P. Dai, Oak Ridge National Laborator y
Spin and Lattice Dynamics of the Collossal Magnetoresistance Perovskite Manganites

October 2
M. Rodriguez, Sandia National Laboratories
Characterization Via In-Situ Analysis Techniques

October 9
M. Daymond, ISIS, Rutherford Appleton Laborator y
Engineering Science at ISIS

October 16
P. Langan, Los Alamos National Laborator y
Neutron and X-ray Fibre Diffraction Studies of DNA

October 23
G. Smith, LANSCE
The Structure of Organized Lipid Bilayers

October 30
R. Von Dreele, LANSCE
Protein Crystal Structures from Powder Diffraction Data

Other LANSCE Seminars
1998
May 26
D. Barr
Embedded Systems and Signal Processing: A Work in Progress

September 23
I. Lazarev, Russian Federal Nuclear Center
A Super Light Source as a Means for Solving the Problems of Present Microwave Technologies

P. Petrov, Russian Federal Nuclear Center
A Charged Particle Microwave Accelerator

September 24
R. Davidson, Princeton University
E-P Instability

October 29
J. Garrett, Oak Ridge National Laboratory
Plans for Constructing a Radioactive Ion Beam Facility at the Spallation Neutron Source
Site in Oak Ridge

October 30
J. Nolen, Argonne National Laboratory
The Argonne Advanced ISOLFacility Concept

November 2–4
D. Louca, Los Alamos, and F. Mezei, LANSCE
Traditional and New Techniques for Studying Short Range Atomic Order in Crystalline Solids

November 2
P. Colestock, Fermi National Accelerator Laboratory
Nonlinear Coherent Phenomena in Storage Rings

November 3
R. McCurdy, Carnegie Mellon University
Spin-Parity Analysis of p-bar p-wπ+ππ°
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and engineering; polymers, complex fluids, and biomateri-
als; fundamental neutron physics; applied nuclear physics; 
condensed-matter physics and chemistry; and nuclear
weapons research.  

The conclusion reached at the workshop was that neutrons
will play an essential role in science-based stockpile 
stewardship and that there is overlap and synergy between
defense and other uses of neutrons in basic, applied, and
industrial research from which defense and civilian
research can benefit. Since the workshop, ideas and poten-
tialities have been consolidated into a program of experi-
mental and analytical efforts.

Electron Effects Workshop
An Electron Effects in High-Current Proton Rings work-
shop was held March 4–7, 1997, in Santa Fe, New Mexico.
The planned scheme for Spallation Neutron Source (SNS)
is similar to that used at LANSCE’s Proton Storage Ring
(PSR), which experiences peak intensity limitations from a
fast loss of particles during accumulation believed to be an
electron-proton (e-p) instability. The workshop was spon-
sored by the SNS project to aid the SNS and the LANSCE
PSR upgrade project in understanding and remediating this
instability. The approximately 50 attendees came from the
laboratories participating in the SNS project (Brookhaven,
Berkeley, Argonne, Oak Ridge, and Los Alamos) as well as
strong representation from institutions including Fermi
National Laboratory, KEK, CERN, Rutherford Appleton
Laboratory, TRIUMF, JAERI, the University of Maryland,
and SAIC.

The first day was devoted to plenary talks that included a
review of e-p instability theory, an overview of PSR obser-
vations, observations at other laboratories, reviews of 
electron-production mechanisms, theoretical studies on the
PSR instability, and design issues of the SNS ring. For the
second day, the workshop was organized into three working
groups: theory and computation, past experiences and pro-
posed experiments, and SNS design strategy. The groups’
charters were to summarize previous work in their respec-
tive areas and to originate a course for future progress. T h e
results of the working groups and the workshop were sum-
marized in a joint session the morning of the third day.

Methods for Neutron Scattering Instrument Design
The future of neutron and x-ray scattering instrument
development and international cooperation was the focus
of the workshop “Methods for Neutron Scattering
Instrument Design” held September 23–25, 1996, at the
E.O. Lawrence Berkeley National Laboratory. The meeting
was organized by staff from the Institut Laue-Langevin,
National Institute of Standards and Technology, Argonne 
National Laboratory, Oak Ridge National Laboratory,
Rutherford-Appleton Laboratory, and LANSCE.

This international gathering, representing 15 national facili-
ties, universities, and corporations, looked at a number of
issues concerning neutron scattering instruments and the
tools used in instrument design. Objectives included
• determining the needs of the neutron scattering commu-

nity in instrument design computer code and informa-
tion sharing to aid future instrument development,

• providing for a means of training scientists in neutron
scattering and instrument techniques, 

• facilitating the involvement of other scientists in deter-
mining the characteristics of new instruments that meet
future scientific objectives, and  

• fostering international cooperation in meeting these needs. 

The meeting comprised six sessions covering a review of
x-ray scattering instrument design tools, the present status
of neutron scattering instrument design tools and models of
neutron optical elements, and discussions of the present
and future needs of the neutron scattering community.

News and Events
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Acronym� 

ACRONYMS 

A e·p electron· proton 
ACL Advanced Computing Laboratory EPICS Experimental Physics and 
ADC analog-to·digital conveners Industrial Control System 

AlE architect/engineering ER Experiment Room 

AFEL advanced free-electron laser ESA Engineering Sciences and 

AGS alternating gradient synchrotron Applications 

ANL Argonne National Laboratory ESS European Spallation Source 

APS Advanced Photon Source EW equation of state 

APT Accelerator Production of Tritium ExecCom Executive Committee 

ASCI Advanced Scientific Computing 
F Initiative 

ATW Accelerator-Driven Transmutation FCG flux compression genemtor 
of Waste FDS filter difference spectrometer 

FE finite element 
B FEL free-electron laser 
BES Basic Energy Sciences FEM finite element model 
BNL Brookhaven National Laboratory FeS-1 iron silicalite-1 

FP flight path 
c FPA final power amplifier 
CA channel access FTIR Fourier tnmsform infrared 
CCD charge-coupled device FY fiscal year 
CCDTL coupled-cavity drift tube linac 
CCL conventional coupled-cavity linac G 
CD compact disk GA General Atomics 
CD competency development GEANIE Germanium Array for Neutron-
CDEV object-oriented device support layer Induced Excitations 
CDR conceptual design review GFLOPS billions of floating point operations 
CIT California Institute of Technology per second 
CMR colossal-magneto resistance GNP gross national product 
CRITS Chalk River Injection Test Stand GSAS Generalized Structure Analysis System 
CRL Chalk River Laboratories 
CT compact tension 

H 
cvs Concurrent Version System 

HELlOS high·intensity chopper spectrometer 
cw continuous wave 

HEPA high-frequency particulate air filter 

D HERA High-Energy Resolution Array 
HERF high-energy rate forging 

D dimensional, as in 3-D 
HERMES high resolution backscattering 

de direct current 
spectrometer 

DDS damped and detuned structure 
HIPD high-intensity powder diffmctometer 

DMPC dimyristoylphospatidylcholine 
HIPPO High Pressure and Preferred 

DoD Department of Defense 
Orientation (Diffractometer) 

DOE Department of Energy 
HPRF high-power radio-frequency 

DP Office of Defense Programs 
HVDC high-voltage direct current 

DSP digital signal processing 
HVPS high-voltage power supply 

d-spacing lattice spacing 
DTL drift-tube linac 

I 

E lAP Institute of Applied Science 

ED&D engineering design and development IF intermediate frequency 

EIS electrochemical impedance IGBT integrated-gate biopolar transistor 

spectroscopy IHE insensitive high explosives 
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ILL lnstitut Laue-Langevin M 
INS inelastic neutron scattering MEU multiple-event upset 
IOC input/output controller MIT MassachusctL-. Institute of Technology 
IP Individual Projects MLNSC (now Manuel Lujan Jr. Neutron 
IP industry packs Lujan Center) Scattering Center 
IPA intenncdiate power amplifier MRS Materials Research Society 
IPF Isotope Production Facility MST Material Science and Technology 
lPNS Intense Pulsed Neutron Source Division 
IPPE Institute of Physics and Power 

Engineering 
N 

1/Q (I&Q) in-phase and quadrative 
Nb niobium ISIS Rutherford-Appleton Laboratory 
NC nonnal-conducting 

Neutron Facility 
NCMS National Center for Manufacturing 

J 
Sciences 

NERSC National Energy Research Scientific 

K 
Computing Center 

nH nanoHenries 
KEKB Japanese B-Factory NHMFL National High Magnetic Field 

L 
Laboratory 

NISP Neutron Instrumentation Simulation 
L(30CJQL) left of the incident proton beam Package 
LAB LANSCE Advisory Board NIST National Institute of Standards and 
LAMPF Los Alamos Meson Physics Facility Technology 
LANL Los Alamos National Laboratory NLC next linear colider 
LANSCE Los Alamos Neutron Science Center NMSU New Mexico State University 
LAS REF Los Alamos Spallation Radiation NPD neutron powder diffractometer 

Effects Facility NRS Neutron Resonance Spectroscopy 
LB Langmuir-Blodgett 
LBE lead-bismuth eutectic 0 
LBNL Lawrence Berkeley National OBES Office of Basic Energy Science 

Laboratory OBER Office of Biological and 
LCLS linac coherent light source Environmental Research 
LORD labomtory directed research and Oe oersted 

development OFE copper 
LEBT low-energy beam transport ORNL Oak Ridge National Laboratory 
LEDA low-energy demonstr.ttion accelemtor 
LHC large hadron collidcr 

p linac linear accelerator 
LLNL Lawrence Livermore National p high pressure 

Laboratory PAC Program Advisory Committee 

LLRF low-level radio-frequency PACS personnel access control system 

LLSS Long Length Scale Structure PARMELA Phase and Radial Motion in 

LPSS long-pulse spallation source Electron Linear Accelerators 

LQD low-Q diffractometer PBS Public Broadcasting System 

LRIP LANSCE Reliability Improvement PO Program Development 

Project PEl polyethyleneimine 

LS Life Sciences (Division) PET positron-emitter-tomography 

LSND liquid scintillator neutrino detector PHAROS high-resoluition chopper spectrometer 

LUG LANSCE User Group PID proportional integral differential 

Lujan Center Manuel Lujan Jr. Neutron PLL phase-locked loop 

Scattering Center PSI Paul Scherrer Institute 
PSR proton storage ring 
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Q 

R 
RAFEL 

rf 
RFQ 
RHEED 

RHIC 
RSS 

s 
SASE 
SBSS 
sc 
SCD 
SCL 
SCR 
SEU 
SLAC 
SLS 
SMARTS 

SNS 
SPA 
SPEAR 
SPSS 
SPSS-EP 

STD 

T 

T 
T/B 
TCP/IP 

TFLOPS 

3-D 
Ti02 
TJNAF 

TMD 
TMRS 
TNS 
TOF 
TS-1 
TSZ 

regenerative-amplifier free-electron 
laser 

radio-frequency 
radio-frequency quadrupole 
Reflection High-Energy Electron 

Diffraction 
relativistic heavy ion collider 
radiation security system 

self-amplified spontaneous-emission 
Science-Based Stockpile Stewardship 
superconducting 
single-crystal diffractometer 
side-coupled linac 
silicon-controlled rectifier 
single-event upset 
Stanford Linear Accelerator Center 
Swiss Light Source 
Spectrometer for Materials Research 

at Temperature and Stress 
Spallation Neutron Source 
Sub-Picosecond Accelerator 
Surface Profile Analysis Reflectometer 
short-pulse spallation source 
Short Pulse Spallation Source 

Enhancement Project 
Spectrometer Development Teams 

high temperature 
target/blanket 
transmission-control·protocol/ 

internet protocol 
trillions of floating point operations 

per second 
three-dimensional 
anatove 
Thomas Jefferson National 

Accelerator Facility 
theoretical maximum density 
target-moderator-reflector-system 
tungsten neutron source 
time-of-flight 
titanium silicalite-1 
titanosilicate zeolites 

u 
UCLA 
VCR 
UCSD 
UHV 
UNM-LA 

v 
YME 
VXI 

w 
WNR 
WTR 

X 

X 

y 
YBCO 

z 

zx 

University of California at Los Angeles 
University of California at Riverside 
University of California at San Diego 
ultra-high-vacuum 
University of New Mexico at 

Los Alamos 

Versa Module European 
VME extension for instrumentation 

Weapons Neutron Research (facility) 
Waste Transmutation Region 

composition 

zero-crossing 
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Publications

Neutron Scattering—Materials Science

A L B I N ATI, A., CHALOUPKA, S., ECKERT, J., VENANZI, L. M.,
and WOLFER, M., “Synthetic, Structural, and Spectroscopic
Studies of the Hydrido-Bridged Cationic Complexes [L2Y P t ( m -

H ) P t Y L2]+ (L= PMe3, Y= C6H5 and C6F5; L= PEt3, Y= C6H5

and C6F5) and [(PEt3)2H P t ( m - H ) P t ( C6H5) ( P E t3)2]+,” I n o rg a n i c a

Chimica A c t a 2 5 9, 305 (1997)

ALBINATI, A., ECKERT, J., PREGOSIN, P. S., RUEGGER, 
H., SALZMANN, R., and STOESSEL, C., “NMR Studies of
Chiral P,S Chelate Pt, Rh, and Ir Complexes and the X-Ray
Structure of the Pd(II) Allyl Derivative,” Organometallics 16,
579 (1997)

A L B I N ATI, A., KLOOSTER, W. T., KOETZLE, T. F., BORTIN, 
J. B., RICCI, J. S., ECKERT, J., FONG, T. P., LOUGH, A. J., 
MORRIS, R. H., and GOLOBEK, A. P., “Single-Crystal X-Ray 
and Neutron Diffraction Structure Determination and Inelastic
Neutron Scattering Study of the Dihydrogen Complex Tr a n s
[ R u H ( H2) ( d p p e )2] [ B P h4],” I n o rganica Chimica A c t a 2 5 9, 351 (1997)

ANDERSON, C., GOLDMAN, P., RANGASWAMY, P.,
PETRUS, G., FERGUSON, B. L., LATHROP, J., NIKKEL, D.,
and LOWE, T., “Development of a Carburizing and Quenching
Simulation Tool: Numerical Simulation of Rings and Gears,” In
Proceedings of the 2nd International Conference on Quenching
and Control of Distortion, Totten, G. E., Howes, S. J., Sjostrom,
Funatani, K., Eds. (ASM Heat Treating Society, 1996) 377-383

ANDERSON, W. W., ZHAO, Y., and AHRENS, T. J., 
“Equation of State of Clay, Shale, and Slate,” Defense Nuclear
Agency Report, DNA001-92-C-0128, 1-45 (1995)

ARANDA, M. A. G., BRUQUE, S., ATTFIELD, J. P., PALACIO, F. ,
and VON DREELE R. B., “Changes in Magnetic Couplings A f t e r
Chimi Douce Reactions: Magnetic Structures of LiMnXO4( O D )
( X = P, As),” J. Solid State Chem. 1 3 2, 202-212 (1997)

ARGYRIOU, D. N, and ELCOMBE, M. M., “ANeutron-
Scattering Investigation Of Cubic Stabilized Zirconia (Csz) .2.
Lattice-Dynamics of Y-CSZ and Ca-CSZ,” Journal of Physics and
Chemistry of Solids 57, 343-351 (1996)

ARGYRIOU, D. N., and HOWARD, C. J., “Reinvestigation of
Yttria-Tetragonal Zirconia Polycrystal (Y-Tzp) By Neutron
Powder Diffraction:  A Cautionary Tale,” Journal of Applied
Crystallography 28, 206-208 (1995)

ARGYRIOU, D. N., ELCOMBE, M. M., and LARSON, A C., 
“ANeutron-Scattering Investigation of Cubic Stabilized Zirconia
(CSZ) .1. the Average Structure Of Y-CSZ,” Journal of Physics
and Chemistry of Solids 57, 183-193 (1996)

ARGYRIOU, D. N., GARCIA, J. A., MITCHELL, J. F., 
JORGENSEN, J. D., and HINKS, D. G., “Phase Development of
Bi-2212 Superconductor:  ATime-Resolved Neutron Powder
Diffraction Investigation,” Journal of Materials Research 11,
277-280 (1996)

ARGYRIOU, D. N., HINKS, D. G., MITCHELL, J. F., POTTER,
C. D., SCHULTS, A. J., YOUNG, D. M., JORGENSEN, J. D.,
and BADER, S. D., “The Room-Temperature Crystal-Structure of
the Perovskite Pr0.5Sr0.125MnO3+Delta,” Journal of Solid State
Chemistry 124, 381-384 (1996)

ARGYRIOU, D. N., JORGENSEN, J. D., HITTERMAN, R. L.,
HIROI, Z., KOBAYASHI, N., and TAKANO, M., “Structure and
Superconductivity without Apical Oxygens in (Ca,Na)2CuO2Cl2,”
Physical Review B 51, 8434-8437 (1995)

ARGYRIOU, D. N., KELLEY, T., MITCHELL, J. F., ROBINSON,
R. A., OSBORN, R., ROSENKRANZ, S. and JORGENSEN, J. D.,
“ Two-Dimensional Ferromagnetic Correlations Above Tc in the
Naturally Layered CMR Manganite La2 - 2 xS r1 - 2 x M n2O7 ( x = 0 . 3 - 0 . 4 ), ”
J. Appl. Physics 8 3 11, 6374-6378 (1998)

ARGYRIOU, D. N., MITCHELL, J. F., GOODENOUGH, J. B.,
CHMAISSEM, O., SHORT, S., and JORGENSEN, J. D., 
“Sign Reversal of the Mn-O Bond Compressibility In
L a1 . 2S r1 . 8M n2O7 Below Tc:  Exchange Striction In the
Ferromagnetic State,” Physical Review Letters 7 8, 1568-1571 (1997)

ARGYRIOU, D. N., MITCHELL, J. F., POTTER, C. D.,
BADER, S. D., KLEB, R., and JORGENSEN, J. D.,
“Unconventional Magnetostriction In Layered La1.2Sr1.8Mn2O7:
Evidence For Spin-Lattice Coupling Above Tc,” Physical 
Review B 55, 11965-11968 (1997)

Publications

The following publications relate to all work carried out at LANSCE.  Work performed elsewhere by LANSCE staff is
included where relevant. This list does not include publications submitted or in press.

Publications are an important “product” of LANSCE and a valuable metric to its sponsors and review boards. All facility
users are requested to send complete references of all publications resulting from work done at LANSCE to the LANSCE
User Office as soon as the publications appear.

Authors should remember that LANSCE is funded by the United States Department of Energy and an appropriate 
acknowledgement is required. A recommended acknowledgement citation is:

This work has benefited from the use of the Los Alamos Neutron Science Center at Los Alamos National
L a b o r a t o ry. This facility is funded by the U.S. Department of Energy under Contract W- 7 4 0 5 - E N G - 3 6 .
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ARGYRIOU, D. N., MITCHELL, J. F., POTTER, C. D.,
HINCKS, D. G., JORGENSEN, J. D., and BADER, S. D.,
“Lattice Effects and Magnetic Order In the Canted Ferromagnetic
Insulator La0.875Sr0.125MnO3+delta,” Physical Review Letters 76,
3826-3829 (1996)

ARONSON, M. C., OSBORN, R., ROBINSON, R. A., LYNN, 
J. W., CHAU, R., SEAMAN, C. L., and MAPLE, M. B., “Non-
Fermi Liquid Scaling in UPdxCu5-x(x=1, 1.5),” Physica B 206 &
207, 108-111 (1995).

ARONSON, M. C., OSBORN, R., ROBINSON, R. A., LYNN, 
J. W., CHAU, R., SEAMAN, C. L., and MAPLE, M. B., “Non-
Fermi Liquid Scaling of the Magnetic Response in UCu5-xPdx
(x=1,1.5),” Physical Review Letters 75, 725 (1995)

BAKER, S. M., CALLAHAN, A., SMITH, G. S., TO P R A K C I O G L U ,
C., and VRADIS, A. A., “Shear Effects on the Geometry of
Polystyrene-Polyethylene Oxide Copolymers at the Solid-Solvent
Interface,” Physica B 2 4 1 - 2 4 3, 1041-1047 (1997)

BAKER, S. M., SMITH, G. S., BROWN, J. J. S., HUBBARD,
K., and NASTASI, M., “Observation of Non-Standard Fickian
Diffusion at the Interface of Isotopically Pure Amorphous 11B on
10B by Neutron Reflectometry,” Phys. Rev. B 55, 7255-63 (1997)

BAKER, S. M., WU, K., SMITH, G. S., HUBBARD, K. M.,
NASTASI, M., DOWNING, R. G., and LAMAZE, G. P., “Non-
Standard Fickian Self-Diffusion of Isotopically Pure Boron
Observed by Neutron Reflectometry and Depth Profiling,” In
Proceedings of Neutron Scattering in Materials Science II
Symposium, Neumann, D. A., Russell, T. P., and Wuensch, B. J.,
Eds. (Mater. Res. Soc., 1995) 209-15

BALZAR, D. and LEDBETTER, H., “Elastic Strain and Stress by
Rietveld Refinement, Materials Structure in Chemistry, Biology,
Physics, and Technology,” Bulletin of the Czech and Slovak
Crystallographic Association 5A, 28 (1998)

BALZAR, D., VON DREELE, R., BENNETT, K. A., and
LEDBETTER, H., “Elastic-Strain Tensor by Rietveld Refinement
of Diffraction Measurements,” Journal of Applied Physics 84,
4822-4833 (1998)

B A R A N O V, N., MARKIN, P. E., NAKOTTE, H., and LACERDA,
A., “Magnetic and Transport Properties of T b3Co Studied on Single

Crystals,” J. Magn. Mater. 1 7 7 - 1 8 1, 11 3 3 - 1134 (1998)

BARDEAU, J-F., BULOU, A., KLOOSTER, W., KOETZLE, T. F. ,
JOHNSON, S., SCOTT, B., SWANSON, B. I., and ECKERT, J.,
“Neutron Diffraction Study of [Pt(en)2] [ P t ( e n )2I2] ( C l O4)4 at 20K:
Structure and Evidence of a New Phase Transition,” A c t a
C rystallographica B 5 2, 854 (1996)

BARTHES, M., BORDALLO, H. N., ECKERT, J., MAURUS,
D., DE NUNZIO, G., and LEON, J., “Dynamics of Crystalline 
N-Methlacetamide: Temperature Dependence of Infrared and
Inelastic Neutron Scattering Spectra,” Journal of Physical
Chemistry 102, 32, 6177-6183 (1998)

BENDER, B. R., JONES, L. H., SWANSON, B. I., ECKERT, J. ,
KUBAS, G. J., KAPPS, K. B., and HOTT, C. D., “Why Does D2
Bind Better Than H2?  ATheoretical and Experimental Study of the
Equilibrium Isotope Effect on H2 Binding in a M(eta2- H2) Complex,
Normal Coordinate Analysis of W ( C O )3( P C y3)2( e t a2- H2),” J o u r n a l
of  Am. Chem. Soc. 11 9, 9179 (1997)

BENMORE, C. J., OLIVIER, B. J., SUCK, J. B., ROBINSON, 
R. A., and EGELSTAFF, P. A., “ANeutron Brillouin Scattering
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