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Executive Summary

For many decades, neutron fluxes from civilian nuclear research reactors 
have been important in the advancement of science and industry. Since 
1978, the policy of the United States has been to reduce and ultimately 
eliminate the use of highly enriched uranium (HEU)1 in civilian research 
reactors, encouraging by example worldwide efforts to reduce nuclear 
proliferation risks. Significant progress has been made on this front, with 
many reactors having been converted to low enriched uranium (LEU)2 

fuel or shut down. 

However, there still exist HEU-fueled reactors in the United States and 
abroad. An important reason for their continued use is their capability to 
produce intense sources of neutrons that can probe matter and trigger 
interactions at a level that no other technique currently can achieve. 
This capability is critical to scientific research and industrial applications. 
HEU-fueled reactors are used in materials research that engenders 
economic development, tests of fundamental laws of the physical world 
that enrich our understanding of nature, and advanced treatments that 
improve medical outcomes. 

This report, commissioned by the American Physical Society’s Panel on 
Public Affairs (APS POPA), focuses on the competing goals of reducing 
nuclear proliferation risk while maintaining intense controlled sources of 
neutrons for vital scientific and industrial work.

In developing this report, several issues were examined, including 
the current and future needs of neutrons for science and industry; the 
landscape of neutron facilities in the United States and worldwide; the 
complementary merits of spallation sources and nuclear reactors; the pros-
pects for converting research reactors from HEU to LEU fuel usage; and 
the economic motivations for maintaining and growing neutron science 
and its industrial applications. 

1 Natural uranium is 99.284% 238U isotope, with 235U only constituting about 
0.711% of its mass. Enriched uranium is a type of uranium in which the percent 
composition of uranium-235 has been increased. Highly Enriched Uranium is 
fuel enriched to at least 20% U-235 concentration and has “direct use” for the 
manufacture of a nuclear explosive device.
2 Low Enriched Uranium is fuel enriched to less than 20% U-235 
concentration.
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The examination culminated in the following key findings and recommendations:

KEY FINDINGS: 

1. Investigations performed at neutron sources are essential components of R&D 
in numerous areas of science and engineering.

2. Neutron scattering is often an essential part of a broader experimental 
study that uses a complementary suite of tools (e.g., light sources, high- 
performance computers). Thus, neutron sources play a key role in overall U.S. 
innovation capacity.

3. The United States has lost important capability in neutron R&D in the last two 
decades and is no longer the world leader. The United States cannot afford to 
lose its remaining capacity and capability without significant detriment to the 
quality and quantity of science, engineering, and even medical and manufac-
turing processes that rely on neutron sources. 

4. Reactor fuels containing HEU represent a risk for proliferation, which should 
be considered when planning for the future infrastructure for neutron R&D.

5. Current HEU-fueled research reactors provide unique R&D capabilities relative 
to other neutron sources available today. Eliminating them without developing 
and deploying alternative methods of producing neutrons with the same prop-
erties (e.g., from high-density LEU-fueled reactors and/or a new generation of 
spallation sources) would compromise U.S. innovation capacity.

6. World-class neutron science and engineering require the comprehensive 
benefits of spallation facilities, research reactors, and high-performance 
instrumentation. While there is some overlap in the capabilities provided by 
spallation and reactor sources, each provides certain capabilities that cannot 
now be duplicated by the other type of source.
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RECOMMENDATIONS:

1. The United States should continue to support its diversity of neutron R&D 
capabilities, including both research reactors and spallation sources, for scien-
tific, engineering, and economic capacity and capability. Decisions regarding 
potential new neutron sources should be guided by the principle of reducing 
and ultimately eliminating the use of HEU while retaining or enhancing current 
neutron capabilities.

2. The United States should sharply increase its investments in neutron instru-
mentation development and deployment to partially compensate for the 
country’s dramatic decrease in neutron R&D capacity and capability in recent 
decades; to offset any loss of capability arising from the elimination of HEU 
fuel from research reactors; and to complement continuing investments in 
complementary tools such as light sources and high-performance computing.

3. The United States should reaffirm its commitment to the timely develop-
ment and deployment of high-density LEU fuels for use in existing high- 
performance research reactors. Any transition from HEU to LEU reactor 
fuel must not compromise neutron research and engineering capabilities, 
especially those that cannot be duplicated using spallation sources. The United 
States should also consider options to cost-effectively maintain reactor perfor-
mance and simultaneously reduce HEU consumption while awaiting a suitable 
LEU fuel.

4. The United States should initiate an effort to competitively design and build a 
new generation of LEU-fueled high-performance research reactors that would 
satisfy all needs presently met by current HEU-fueled U.S. high-performance 
research reactors and provide new capabilities.
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Introduction

Neutrons are essential, precious, and powerful. Their unique properties as 
a probe of the structure and dynamics of materials have led to numerous 
advances and discoveries in basic materials science and made them 
invaluable tools in industrial product development and manufacturing. 
They are vital to a number of scientific disciplines, including condensed 
matter and materials research, and nuclear physics. In addition, they 
are essential for materials irradiation testing and the production of mate-
rials, especially radioisotopes. Thus, neutrons not only enable scientific 
advances, but also are crucial to the development of applied technologies 
and other industrial uses important to the U.S. economy.

Neutrons for civilian scientific and engineering uses are generally produced 
in either spallation sources or research reactors. Research reactors 
provide a continuous stream of neutrons and are well suited for applications 
requiring a high “time-averaged flux.” Spallation sources typically provide 
a pulse of neutrons, where instruments are optimized for applications 
requiring high “peak flux.” These two types of sources are complementary 
in their scientific capabilities. Since neither alone is capable of providing 
neutrons with the properties to meet all needs, both are indispensable 
components of a vibrant infrastructure for frontier research and develop-
ment (R&D).

Highly enriched uranium (HEU) fuel, which is defined as an enrichment 
of the uranium-235 (235U) isotope to greater than 20%, is currently used in 
many of the highest performance research reactors.3 Since HEU can be 
used as a nuclear explosive, it presents a nuclear proliferation risk. For 
decades, a goal of U.S. policy has been the worldwide reduction toward 
elimination of the civilian use of HEU. 

HEU fuel is classified as a “direct-use material” by the International Atomic 
Energy Agency (IAEA), whereas low enriched uranium (LEU) fuel, with 
less than 20% uranium-235, is classified as an “indirect-use material” that 
cannot be used for “the manufacture of nuclear explosive devices without 
transmutation or further enrichment” [1]. Hence, the policy objective of 
reducing/eliminating proliferation risks gave rise to the goal of converting 
HEU-fueled reactors to LEU-fueled reactors.4 However, while converting 
all research reactors to operate using LEU fuel would meet U.S. policy 
goals, it is not currently feasible to make this conversion and maintain 
the unique capabilities provided by existing facilities for critical scientific  

3 For a list of all HEU-fueled reactors operating worldwide in 2016, see table 2.2 
of ref. [2].
4 The goal of reducing the enrichment of uranium in civilian applications to 
20% or less was established in the earliest years of the U.S. program to remove 
HEU from civilian applications around the world. An enrichment level of less than 
20% was established as balancing overall proliferation concerns with the ability 
to continue important civilian programs [3]. That standard was soon adopted 
internationally, as well [4]. See also [5].
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investigations and engineering applications. Those reactors that cannot be 
converted to LEU fuel without significantly degrading their capabilities are the 
high-performance research reactors discussed in this report. Therefore, there is 
a current challenge in meeting both the needs of the scientific and engineering 
communities and the U.S. policy goal to reduce proliferation risks. 

Meeting both future U.S. R&D needs and policy goals requires decision makers and 
stakeholders to answer several important questions, including: 

• What are the unique contributions of existing HEU-fueled reactors to the U.S. 
scientific enterprise, technology development, and industrial competitiveness?

• Can the use of HEU fuels in reactors be reduced or eliminated while 
preserving needed characteristics of neutrons produced by these reactors? 

• What functions currently performed by research reactors can be assumed by 
spallation neutron sources? 

• What complementary roles do spallation neutron sources and nuclear 
reactors play? 

• What are the economics of various paths that can be taken to meet future 
U.S. needs for neutrons? 

• What policies could contribute to a healthy, cost-effective, and safe neutron 
science enterprise in the United States? 

This report considers these questions, describes the unique roles neutrons play 
in scientific and engineering endeavors, and discusses the neutron source char-
acteristics that constitute a world-class R&D enterprise. This report also examines 
the need for investments in U.S.-based neutron sources in order for the United 
States to both remain globally competitive and to remove the proliferation threat of 
HEU-fueled neutron sources. 
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 1
Why Neutrons?

Neutrons have unique properties that enable a number of critically important scien-
tific investigations and engineering applications. Unlike X-rays and light, they only 
interact with the atomic nuclei in a material, which makes many dense materials nearly 
transparent to neutrons. For example, neutrons pass through titanium and aluminum 
easily such that water flow can be observed within fuel cells, lubricant flow can be 
imaged in engine blocks, and stress flaws can be observed in welded metals. Because 
of their large scattering cross section with hydrogen and especially deuterium, 
neutrons can reveal the interior structure of complex fluids, polymer nanocompos-
ites, and biopharmaceuticals. The magnetic spin of neutrons enables scientists and 
engineers to measure the magnetic nanostructure of materials such as supercon-
ductors and magnetic storage devices. As a consequence of all these applications, 
sources of neutrons are used broadly by industry as well as researchers in many 
fields of science and engineering including hard condensed matter physics, soft 
matter physics, biology, and materials science. Neutron sources are also critical 
for answering fundamental science questions pertaining to the underlying structure 
and properties of the neutron and the subatomic structure of matter.

NEUTRONS FOR RESEARCH

Spanning the full breadth of neutron contributions to scientific research is beyond 
the scope of a short report; however, some examples presented here illustrate 
the range and depth of their impact. As a first example, research conducted using 
neutrons played a critical role in the discovery of giant magnetoresistance (GMR) 
by providing direct information on the role of interlayer coupling of ferromagnetic 
layers. This was critical to understanding the mechanism relating the dramatic 
changes in resistance with small changes in magnetic field. The discovery led to 
a Nobel Prize in Physics [6], rapid growth in the magnetic storage industry, and 
entirely new areas of exploration including spintronics. 

In materials research, neutron scattering has played a key role in understanding 
many of the fundamental concepts that enable the design and discovery of new 
materials and material properties. Neutron scattering helped to establish the reality 
of quantized collective excitations, such as phonons and magnons, as well as the 
idea of broken symmetry in phase transitions. Due to the sensitivity of neutron scat-
tering to both magnetic and lattice degrees of freedom, studies involving neutrons 
have underpinned our understanding of the role of magnetism in quantum materials 



4

used in high temperature superconductors, the emergence of quantum states from 
specific structures, and the relationship between magnetism and heat transport. 

Neutron scattering experiments made it possible for scientists to solve the puzzle 
of the missing magnetism in plutonium (see inset 1). Neutrons also enable deter-
mination of the atomic structure and vibrational modes of novel materials, essential 
for connecting structure to functionality. For example, in 2008, researchers in China 
and Japan discovered a new and completely unexpected family of high-temperature 
superconductors. Research at U.S. neutron facilities contributed to elucidating the 
microscopic magnetic properties of these new superconductors, thereby giving the 
United States a leading role in this emerging field.

Inelastic neutron scattering experiments have been vital to the development of 
thermoelectric materials, which are used broadly for converting heat to electricity 
and vice versa, allowing for an understanding of a material’s thermal conductivity 
via measurements of phonon dispersion (see inset 2).

The study of fundamental properties of the neutron at neutron sources is critical to 
our understanding of the fundamental laws of nature. These include searches for 
an electric dipole moment of the neutron, measurements of the neutron lifetime, 
and the search for matter-antimatter oscillation in the form of neutrons oscillating to 
antineutrons [8]. Furthermore, the study of neutron cross-sections yields important 
quantitative understanding of nuclear fission reactions.

■  INSET 1 
SOLVING THE MYSTERY OF 
MISSING MAGNETISM

Inelastic neutron scattering experiments enabled 
researchers to solve the decades’ old puzzle of 
the missing magnetism in plutonium and hence 
the large sensitivity of its volume to small changes 
in temperature and pressure. Elemental pluto-
nium is the most electronically complex of any 
element in the periodic table and has defied 
understanding for well over seven decades. This 
complexity arises because its 5f electrons cannot 
be described as being either localized (magnetic) 
or itinerant and nonmagnetic. Because of this 
electronic complexity, plutonium adopts six 
different phases, with the large-volume, face- 
centered cubic δ-phase being important for 
national security. 

Conventional electronic structure calculations 
that predict the correct atomic volume of δ-Pu 
do not predict the correct magnetism from the 5f 
electrons. However, recent dynamical mean-field 
theory (DMFT) electronic calculations suggested 
a subtle quantum-mechanical superposition 
of electronic configurations that gives rise to 
magnetic fluctuations. Inelastic neutron scat-
tering experiments were the only way to defin-
itively test these predictions. Indeed, neutron 
scattering measurements [7] found a large 
magnetic moment of 0.8μB/Pu that fluctuates on 
a characteristic time scale of 0.015 psec. This 
discovery of evidence for valence fluctuations 
and associated magnetic fluctuations in δ-Pu 
resolves a long-standing controversy over an 
appropriate description of Pu’s 5f electrons and 
provides an explanation for the large sensitivity of 
plutonium’s volume to small changes in tempera-
ture, pressure, and alloying. 

Left image: Measured energy- and momentum-dependent magnetic scattering 
in δ-Pu. Right image: DMFT-calculated magnetic scattering that accounts for 

dynamic fluctuations in 5f4 and 5f5 configurations. From [7].
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Neutrons have also been essential to the modern scientific exploration of nanoma-
terials, soft matter, and biological systems because they enable isotopic labeling 
[10], which provides critical information for structure determinations and enables 
study of chemical and mass exchange kinetics. Neutrons can also be used to 
access the relevant length and time scales that govern the structure and prop-
erties of such materials. They are most powerful when used as part of a larger 
study that combines them with other radiation sources (e.g., X-rays and light), as 
well as direct imaging (optical and electron microscopy), and high-performance 
computing for simulation and data processing. Neutrons are an essential “eye” into 
the nanoscale world; they can penetrate deep into soft materials, such as polymers, 
proteins, colloids, and nanoparticles, as well as biological systems, to resolve the 
atomic-to-nano-to-mesoscale structure nondestructively. 

Neutron scattering can be used to probe the microstructure of thermoelastic 
polymers, while the material is deformed mechanically (see inset 3). Such measure-
ments are needed to design new materials with improved mechanical response. 

Importantly, the examples presented above all involve the use of multiple measure-
ments and/or computational methods to obtain a more complete picture of the 
phenomena being investigated. Neutrons complementary yet essential role is high-
lighted in many of the examples of the research described in the insets of this 
report. This multi-pronged approach is a key aspect of forefront condensed matter 
and materials research.

Figure: Anomalous features of phonon dispersions observed 
for PbTe at 300 K. From ref. [9].

■  INSET 2 
UNDERSTANDING HEAT 
CONDUCTION AT THE 
MICROSCOPIC LEVEL

Understanding thermal conductivity is important 
in various energy-related technologies from 
building insulation, to heat exchangers, to 
nuclear reactor fuels. Modern inelastic neutron 
scattering instruments enable a microscopic 
view of thermal conductivity via measurements 
of phonon dispersions and lifetimes over a full 
Brillouin zone. Thermoelectric materials, which 
require low thermal conductivity, offer great 
potential for superior energy efficient devices. 
For example, measurements in PbTe revealed 
a giant anharmonic coupling between a “ferro-
electric” optic mode and longitudinal acoustic 
mode, explaining the low thermal conductivity 
of PbTe, and more generally why many good 
thermoelectric materials occur near ferroelectric 
lattice instabilities [9]. 

This example illustrates also the critical impor-
tance of recent progress in instrumentation 
(here: time-of-flight spectrometers) and also the 
catalyzing role of computational progress to enable 
direct comparisons of theory with experiment, 
which enabled the discovery.
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NEUTRONS FOR INDUSTRY AND MEDICINE

Intense sources of neutrons are used to produce medical isotopes. The medical 
community is the largest consumer of radioisotopes, especially for diagnostic 
purposes. The dominant radioisotope is an isotope of technetium, over 95 
percent of which is produced through neutron irradiation in an HEU-fueled high- 
performance reactor. Worldwide, more than 30 million patients annually benefit from 
diagnostics based on this radioisotope [12].

Neutrons played a key role in resolving the challenge to design and synthesize 
a new jet fuel additive that prevents the fluid from becoming a flammable mist 
upon impact, while still maintaining performance and efficacy (see inset 4). The 
design and synthesis invoked a multi-pronged approach, and the characterization of 
the resulting material required multiple techniques—including structural measure-
ments using small-angle neutron scattering—in order to verify that the synthesized 
material met the design criteria. 

In addition to serving as a probe of the structure and properties of matter, intense 
sources of neutrons are also useful for modifying and testing materials. Irradiation of 
a material with a very high neutron flux is important for inducing radioactivity, intro-
ducing radiation damage, and irradiation testing of proposed nuclear fuel designs 
(see inset 5). All nuclear power plants make use of fuel that was developed, tested, 
and qualified in the neutron irradiation environments produced by research reac-
tors. A handful of reactors around the world provide this service, which also enables 
capability for much of the $300B semiconductor industry. 

■  INSET 3 
MEASURING MOLECULAR 
REARRANGEMENT IN 
MICROSCOPIC BENDING OF 
POLYMERS

Elastomers’ mechanical properties are greatly 
influenced by their microstructural features, e.g., 
cross-link density, type of crosslinking (physical 
or chemical), concentration and morphology of 
hard domains and/or nanofillers. Therefore, engi-
neering new elastomers with improved properties 
requires deep understanding of the interrelations 
between mechanical response and microstruc-
ture evolution during deformation. To achieve 
this, in-situ nanostructure probes integrated with 
mechanical probes are needed. This can be 
accomplished by a combination of small-angle 
neutron scattering (SANS), as the microstructure 
probe, along with an extensional rheometer that 
provides uniaxial deformation and measures the 
stress response from the sample. 

Such in-situ tensile-SANS measurements 
were performed on thermoplastic elastomers 
consisting of ABA-type triblock copolymers with 
styrenic end blocks and a rubbery middle block, 
specifically sphere-forming blends of a styrene- 
isoprene-styrene (SIS) block copolymer with a 
low molecular weight deuterated polystyrene 
(dPS) [11]. The Figure shows the stress-strain 
curve of the SIS/dPS blend measured in the 
rheometer, along with the 2D SANS profiles 
measured during the deformation. The initially 
isotropic circular profile becomes elliptical in the 
elastic and yield regimes, which indicates that the 
lattice is extended in the stretching direction and 
compressed in the transverse direction. 

An important new quadrulobe microstructural 
feature was observed at high elongations, 
which originates from the rearrangement of 
the glassy spheres into strings that orient into 
preferential angles inclined towards the stretch- 
ing direction. Further, this technique revealed 
that strain-hardening, hysteresis, permanent 
set, as well as the affine to non-affine deforma-
tion transition are the result of rearrangement in  
the nanostructure of the sphere-forming block 
copolymer thermoplastic elastomers.

Figure: The stress-strain curve of the SIS/dPS blend measured in the rheometer, 
along with the 2D SANS profiles measured during the deformation. From ref. [11].
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U.S. industry relies on neutron scattering and imaging for discovery, development, 
and processing of superior materials. These include semi-crystalline polyethylene 
[14] polymers with branched topologies [15], filled elastomers (see inset 3), paints 
and coatings [16], and a variety of commonly used consumer products [17]. The 
biopharmaceutical industry utilizes the unique capabilities of neutron scattering to 
develop stable formulations for improved drug delivery [18, 19] and improvements 
in drug processing and formulation [20, 21]. The oil and gas industries employ 
neutron scattering to improve enhanced oil recovery [22] and methods of shale 
gas production [23]. Fuel cell development has been greatly accelerated by the 
unique capabilities of in situ neutron imaging [24], as well as the development of 
high-performance turbine blades [25] and detecting corrosion in aluminum aircraft 
components [26]. In the United States, the Shull Wollan Center, a Joint Institute for 
Neutron Sciences [27], provides a gateway for U.S. industry to use the High Flux 
Isotope Reactor (HFIR)/Spallation Neutron Source (SNS). Additionally, the n-SOFT 
consortium at the NIST Center for Neutron Research (NCNR) enables U.S.-based 
manufacturers to access neutron tools to solve manufacturing challenges [28], 
and the LANSCE accelerator at Los Alamos provides a test-bed for semiconductor 
irradiation damage used by many aerospace and computing companies [29]. 
These U.S.-based consortia have European [30] and Japanese counterparts [31], 
further demonstrating the importance of neutron research facilities to international 
industrial competitiveness. 

Still frames captured from high-speed video showing the flammability 
of a sheared mixture of jet fuel with (top frame) a commercial anti-mist-
ing agent (ultralong polymer polyisobutylene), and with (bottom frame) 
an anti-misting agent based on megasupramolecules. In both cases, 

the mixtures were subjected to a high-speed impact and attempts were 
made to ignite the resulting spray. From ref. [13].

■  INSET 4 
SAFER JET FUEL

Designing and synthesizing materials fit for 
a specific purpose is a key goal of mate-
rials science and engineering. Scientists have 
successfully synthesized a new material based 
on self-assembling “megasupramolecules” that 
demonstrate a remarkable ability to prevent 
misting in fluids such as jet fuel that have been 
subjected to large impact and can contend with 
the harsh shearing environment experienced in 
the fuel injection process [13]. The secret to the 
additive’s effectiveness is that these megasupra-
molecules are composed of ultra-long polymers 
which have end associations enabling them to 
self-assemble after breaking apart, mitigating the 
destructive effect of shear. 

Successfully designing, synthesizing, character-
izing, and verifying the desired functional properties 
was an investigative tour-de-force. In addition to 
small angle neutron scattering measurements, 
success required a number of other powerful 
investigatory methods including theoretical statis-
tical mechanics, computational methods, light 
scattering, nuclear magnetic resonance, rheology, 
and materials synthesis in order to develop this 
material. The neutron measurements ensured that 
the end associations of the ultra-long polymers 
were suitable to prevent the additive chains from 
collapsing—crucial knowledge that could only be 
measured using neutron methods. 
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As we see from these many applications of neutron sources, HEU-fueled research 
reactors serve the dual purposes of providing crucial high-flux neutron sources 
that currently cannot be generated by any other means, and they contribute to 
overall neutron science capacity, which is being increasingly squeezed and over-
subscribed. Increasing capacity through advances in instrumentation at existing 
facilities and developing new sources that do not require HEU fuel to achieve similar 
performance are two of the themes discussed below with the goal of reducing 
reliance on HEU fuel.

■  INSET 5 
THE ROLE OF RESEARCH 
REACTORS IN DEVELOPING 
PROLIFERATION-RESISTANT 
REACTOR FUEL

The research, development, and qualification 
of proliferation-resistant low-enriched uranium 
(LEU) fuel for high-performance research reactors 
requires a type of reactor known as a materials 
test reactor. Candidate fuel materials, as well 
as full-scale fuel elements and assemblies are 
irradiated in environments that closely mimic the 
conditions the fuel will experience during use. 
Significant radiation doses must be delivered 
over large areas in a relatively short time to allow 
timely determination of fuel performance, life-
time, and limits of safe operating conditions. Only 
research reactors can meet these requirements. 
Even in a research reactor, the time required to 
irradiate a test fuel assembly for a single test can 
take 6–12 months. The most closely equivalent 
test in an accelerator-based system would take 
many times longer.

Materials often undergo significant, some-
times catastrophic changes during irradiation. 
They can experience swelling, transformation 
into unstable forms, creep, and degradation of 
mechanical properties.

Substituting LEU fuel in an existing research 
reactor requires a much higher density (up to a 
factor of 5 or so) of uranium in the fuel in order 
to maintain the same or even greater amount 
of the fissionable 235U in the fuel in the same 
volume. Such a dramatic increase in the amount 
of uranium in the same volume means that an 
entirely new type of fuel must be developed—
either so-called “monolithic” fuel or high-density 
dispersion fuel, both using an alloy of uranium 
and molybdenum. The fuel “meat” must be clad 
with additional materials in order to ensure safe 
and sustained operation. The entire fuel element 
package must retain mechanical, geometric, 
and hermetic integrity throughout its use in the 
extreme environment of the reactor.

Testing under reactor conditions is critical to 
identify and qualify any fuel, and particularly one 
that differs so significantly from previously devel-
oped fuels. The figure (modified fig. 21 from Ref. 
[32], to highlight features of interest) shows the 
development of blisters and delamination in a 
test monolithic fuel assembly irradiated under 
conditions beyond those expected in a high- 
performance research reactor. Understanding 
the conditions that give rise to such features is 
essential if safe and proliferation-resistant fuels 
are to be available for current and future high- 
performance research reactors.

KEY FINDING 2

Neutron scattering is often an essential part of a broader experimen-
tal study that uses a complementary suite of tools (e.g., light sources, 
high-performance computers). Thus, neutron sources play a key role in 
overall U.S. innovation capacity.

KEY FINDING 1

Investigations performed at neutron sources are essential components 
of R&D in numerous areas of science and engineering.
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Given the large variety of uses for neutrons, with the different characteristics 
required by each, it is not surprising that a spectrum of facilities is needed to meet 
all needs. Countries with strong neutron-based R&D typically host a variety of 
neutron sources—from small sources based at universities or smaller research 
institutes catering to local and regional needs, to state-of-the-art reactors and spall-
ation sources that attract users from around the world. As with other R&D capabil-
ities such as light sources and high-performance computer centers, a combination 
of facilities that provides diverse and complementary capabilities is most effective.

WORLDWIDE NEUTRON SCATTERING FACILITIES

As a matter of international scientific and economic competitiveness, it is useful 
to compare the U.S. facilities with those available overseas. Though a detailed 
technical comparison of specific neutron measurement capabilities is beyond the 
scope of this report, we can draw some reasonable conclusions using available 
facility data.

EUROPEAN FACILITIES 

Europe has dominated neutron scattering science in recent decades as measured 
by capabilities, capacity to support users, and scientific output. European labora-
tories operate two world-class facilities: the Institut Laue-Langevin (ILL) in France 
and the ISIS Neutron and Muon Source in the United Kingdom. A third facility, the 
Swiss Spallation Neutron Source (SINQ) at the Paul Scherrer Institut (PSI) near 
Zurich, provides a continuous source of neutrons that was the world’s first spallation 
source to operate in excess of 1 MW for a proton beam on a liquid metal target. 
ISIS was upgraded with a second target station that began operation in 2008, and 
the United Kingdom is considering an additional major upgrade of ISIS to MW-class 
operation in a short pulse mode. In addition to the ILL, ISIS, and SINQ, a network 
of other sources—both reactors and spallation sources—provide for the health of 
the European neutron scattering ecosystem [2]. One example is the 20 MW FRM II 
research reactor at the Technical University of Munich that began operation in 2005 
and features cold neutron (<0.025 eV energy) flux comparable to that of ILL. FRM 
II operates 22 neutron scattering instruments with four more scattering instruments 
currently under construction [33].

The Neutron  
Facilities Landscape
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The European Union is now constructing what will be the world’s highest power 
spallation source, the 5 MW European Spallation Source (ESS) in Lund, Sweden. 
The ESS will be co-located with the groundbreaking, diffraction-limited, synchrotron 
radiation source MAX-IV. In 2014, PSI officially started the SINQ upgrade project to 
deliver a significant increase in instrument performance and to evaluate all integral 
parts of SINQ for their upgrade potential. ISIS is building out instrument capacity 
at its second target station, and ILL is in the middle of a 60 M€ upgrade program. 

Europe has taken a strategic look [2] at its future capabilities in neutron scattering 
for the coming era in which the ESS is projected to be the world’s leading facility for 
neutron research. In developing its strategic plan it recognized various challenges: 
1) intense competition for European research funds, 2) limited availability of funds 
from European members of the ESS necessary to construct a major international 
neutron user facility with a commensurate budget for operations, and 3) an aging 
fleet of neutron sources. With respect to the aging fleet, it is projected that the 
majority of operating neutron sources in Europe constructed in the 1960s and 1970s 
are likely to close within the next decade [2]. The highly productive reactor-based 
sources, Orphée in Saclay and BER-II in Berlin, are scheduled to cease operations 
in the next few years. A special concern regarding such closures, as noted by the 
European Strategy Forum on Research Infrastructures (ESFRI), is the important 
role that the network of neutron facilities—not just the flagship-class facilities—has 
played in the overall health of the European scientific community. 

ASIA-OCEANIA FACILITIES 

The Asia-Oceania region has hosted significant recent neutron facility develop-
ments. Over the past decade, new major neutron sources have been built in both 
China and Japan. The China Advanced Research Reactor (CARR) is a 60 MW LEU 
reactor located outside of Beijing. It was commissioned with nine scattering instru-
ments, although it is not yet in routine operation. The China Mianyang Research 
Reactor (CMRR) is a 20 MW LEU reactor located at Mianyang in Szechuan 
Province that began operations in 2013. It operates routinely with eight scattering 
instruments and two imaging instruments. The Chinese Spallation Neutron Source 
(CSNS) is a 120 kW spallation source located at Dongguan in Guandong Prov-
ince. The CSNS produced its first neutrons on August 28, 2017 and is expected 
to commence regular operations in 2018. It has capacity for 18 beam instruments 
although only three are currently funded [34].

The most important new neutron source in Japan is the Japan Proton Accelerator 
Research Complex (J-PARC), located in Tokai. J-PARC has a dual programmatic 
functionality: powering the Japan Spallation Neutron Source (JSNS) for neutron 
physics and providing a powerful source of neutrinos for a world-class program in 
high-energy physics. JSNS started operation in 2008, but the Great East Japan 
Earthquake (March 2011) and a Hadron Facility accident interrupted operations. 
During 2017, JSNS has been operating at ~160 kW (similar to ISIS) on target, 
although operation at its design level of 1 MW operation is foreseen. JSNS is 
designed with 23 beam ports; 17 scattering instruments are presently available to 
outside users.
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Australia’s OPAL reactor is a 20 MW LEU-fueled light-water-moderated reactor 
that serves 12 scattering instruments and one imaging instrument. It came on line 
in 2006 and provides for in-core irradiations, as well as commercial production of 
isotopes for medicine and other needs.

Another noteworthy neutron source is the pulsed, fast reactor IBR-2 at the Joint 
Institute for Nuclear Research (JINR) in Dubna, Russia. IBR-2 hosts 13 scattering 
instruments that perform 150 experiments annually, mostly in condensed matter 
physics and biophysics.

U.S. FACILITIES

In contrast with other parts of the world, the United States has not benefited from a 
similar, vibrant network of smaller neutron facilities that contribute to overall national 
scientific productivity. The peak of U.S. capacity (based on number of neutron scat-
tering instruments) occurred in 1996, when there were 55 scattering instruments 
available at the nation’s major facilities. The last 20 years have seen a net decrease 
in this capacity, with some fluctuations, as the United States ceased operations 
at neutron facilities such as the HFBR (High Flux Beam Reactor), IPNS (Intense 
Pulsed Neutron Source), and the BES (Basic Energy Sciences program of the 
Department of Energy) user program at the Lujan Center. No high-performance 
research reactor has been commissioned in the United States since 1969, a period 
of nearly 50 years. On a positive note, the world-leading SNS was constructed 
at Oak Ridge National Laboratory (ORNL) and commenced operations in 2006. 
In addition, the National Institute of Standards and Technology (NIST) Center for 
Neutron Research, with its National Bureau of Standards Reactor (NBSR), has 
enjoyed a significant expansion of its cold neutron capacity and capability. 

The net result of these developments over the last ten years is that the U.S. capacity 
has grown back to 45 scattering instruments (plus three imaging instruments); 
nevertheless, it is well below the peak U.S capacity of over 20 years ago. This has 
led to oversubscription rates in recent years of a factor of ~2–3 at facilities of NIST 
[35] and ORNL [36].

■  MAP 
MAJOR NEUTRON SCATTERING 
FACILITIES WORLDWIDE

Map of the major neutron scattering facilities 
worldwide and the number of neutron scattering 
and imaging instruments from each region in 
2017 [37]. A major neutron scattering facility is 
defined in this report as having eight or more 
beam instruments and a thermal power of 10 
MW or more if the source is reactor based. Pins 
( ) denote reactor-based facilities and stars ( ) 
represent spallation neutron sources. Green,  
orange, and red symbols represent facilities that 
are currently operational, under construction, and 
not operational at present, respectively. 
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The scientific productivity of a facility, as measured by peer-reviewed publica-
tions (especially high-impact publications), depends on the number of high-quality 
neutron instruments available. Generally, the number of users and proposals to 
use the facility are also correlated with the number of instruments available [38]. 
In the last 40 years, the neutron measurement capacity of the U.S. facilities has 
declined, failing to keep pace with the capability and capacity of both Europe and 
the Asia-Oceania region. 

Nevertheless, the United States has significant capabilities. Major neutron scat-
tering facilities at ORNL and NIST are essential elements of the U.S. research 
enterprise. The SNS at ORNL provides intense pulsed neutron beams, and the 
reactor-based sources at NIST and ORNL provide high-flux continuous beams 
of neutrons. Decades of operating experience with neutron science facilities has 
shown that the most important aspects of a neutron source are flux, signal-to-
noise ratio, availability, reliability, capacity for instrumented beamlines, and cost- 
effectiveness. Though flux is mentioned first, it is important to note that neutron 
source improvements have been evolutionary, not revolutionary. As neutron flux 
is closely related to the power density in the source, the primary obstacle to 
subsequent revolutionary advances in source development is the removal of heat, 
whether neutrons are produced through spallation or fission. Therefore, advances in 
neutron instrumentation related to neutron optics, detectors, and devices (see inset 6) 

■  INSET 6 
A REVOLUTION IN NEUTRON 
SCATTERING

Progress in neutron scattering science is the 
result of developments in neutron source tech-
nology, advances in instrumentation, ancillary 
equipment and materials synthesis. Arguably 
most of the progress in the last two decades 
has been due to advances in neutron instru-
mentation and the ingenuity of instrument 
builders. Consider for example that the perfor-
mance of the triple-axis spectrometer, invented 
in the 1950s [39], has improved approximately 4 
orders of magnitude (data rate) since its inven-
tion [40]. Instrument performance improvements 
as measured by increases in data rates have 
been due to advances in neutron optics and 
improvements in solid angle coverage of neutron 
detectors. See the accompanying figure and 
caption for an example.

To make optimal use of the neutrons produced 
by the source, the neutrons are now trans-
ported to the instruments via a highly efficient 
system of (low-loss) neutron guides, including 
additional beam-conditioning optical devices 
such as converging guides, choppers, and/or 
lenses that have been tailored to provide beam 
characteristics that matches instrument require-
ments. Modern scattering instruments at reactor 
sources can be equipped with large double- 
focusing monochromators that capture and focus 
large monochromatic neutron beams towards the 
sample position. The back end of a scattering 
instrument is often equipped with large analyzer 
and detector systems that can capture a signif-
icant fraction of a solid angle of the scattered 
neutrons. 

The results of these improvements are evident 
in the science being performed. For example, 
inelastic neutron- scattering measurements had 
been limited in application due to low data rates 
for systems with small cross-sections of inelastic 
features. This situation has improved dramati-
cally. The performance improvements described 
above now make it routine to measure things that 
just two decades ago could only be performed 
in very special and limited circumstances: 
measuring spectral features of systems with small 
magnetic moments, determining the magnetic 
structure of a single atomic layer in a buried 
interface, measuring thickness fluctuations in a 
biomembrane, and collecting vibrational spectra 
in a minute. Simply put, advances in instrumenta-
tion have revolutionized the window on the world 
accessible to the scientific community.

Schematic illustration of a new energy-dispersive neutron detector for use 
in an advanced neutron reflectometer on a reactor-based neutron source. 

In this instrument a polychromatic neutron beam is reflected from a sample 
and the energy-dispersive detector selects many different reflected wave-

lengths simultaneously, thus resulting in significantly higher data rates than 
on a conventional reactor-based reflectometer.
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have driven the progress of the scientific capabilities of neutron sources over the 
past two decades. Though the importance of a world-leading neutron source should 
not be underestimated, the global competitiveness of the ORNL and NIST neutron 
facilities is attributed largely to the continual development of technologies that 
support new, advanced neutron instruments.

Though no plans for new U.S. facilities have received construction funding, ORNL 
has proposed a second target station for the SNS and has received some funding for 
conceptual design. In addition, a preliminary conceptual design effort is underway 
at NIST for an LEU-fueled, reactor-based neutron science facility that could replace 
the existing reactor source. 

In summary, considering all major facilities, the United States currently has about 
one-third of the neutron scattering instruments of Europe and one-half those of the 
Asia-Oceania region.

WORLDWIDE NEUTRON IRRADIATION FACILITIES

At present, nuclear reactors are capable of producing much higher continuous 
radiation environments than spallation sources. Therefore, facilities specializing in 
producing the highest neutron irradiation environments all have a nuclear reactor as 
their centerpiece. The neutron fluxes in the highest performance facilities are used 
for materials irradiation needs, including materials testing in neutron environments, 
isotope production, and transmutation for analytical and other needs. The reactors 
used for these purposes are called “irradiation facilities.” They tend to have very 
compact cores to maximize peak power densities and peak neutron fluxes. The 
most powerful of these reactors are found in the United States, Russia, and Europe. 

There are four high-performance reactors in the United States that have signifi-
cant irradiation capability, all of which operate on HEU fuel to achieve the fluxes 
needed. The HFIR at ORNL is now used primarily for neutron scattering, though 
it was originally constructed for the production of heavy transuranic isotopes 
requiring multiple neutron captures, for example, Californium-252 (252Cf).5 

It is still the only reactor outside of Russia to efficiently produce such isotopes. 

The Advanced Test Reactor (ATR) at Idaho National Laboratory is the only U.S. 
research reactor capable of providing large-volume, high-flux neutron irradiation 
in a prototype environment. This capability is particularly useful for studying the 
effects of intense neutron and gamma radiation on reactor materials and fuels. ATR 
was specifically designed for in-core irradiation to test the performance of materials 
under naval reactor conditions. However, since 2007, approximately 50 percent of 
the irradiation positions in ATR have been made available for civilian use as part of 
a national science user facility for broader materials testing applications.

5 Californium-252 is essential for the start-up of nuclear reactors by the navy, in detectors 
of hazardous materials by the U.S. Customs and Border Control, Homeland Security, and 
the U.S. Armed Forces, and oil and gas exploration, among other critical uses.
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The MIT Research Reactor (MITR-II) is used primarily for the investigation 
of advanced materials, fuel, and instrumented irradiation tests using in-core 
experimental facilities. The University of Missouri Research Reactor (MURR) is 
specifically designed for in-core irradiation. While the reactor still performs this 
mission, its focus has shifted to medical isotope production in recent years.

The most significant materials irradiation capabilities in Russia (SM-3 and MIR.
M1) are at the Research Institute of Atomic Reactors (RIAR) in Dimitrovgrad. SM-3 
is designed primarily for the production of heavy transuranic elements (this is the 
Russian source of 252Cf), but its mission has expanded to include the production of 
isotopes with high specific activity and to test materials. The MIR.M1 is also located 
in RIAR and is mainly used to test materials. 

There are two operating high-performance reactors in Europe with a significant role 
in materials testing and irradiation. The Belgian Reactor 2 (BR2) focuses primarily 
on in-core irradiation experiments, with focus on radiation damage of materials 
and accelerated testing of materials for nuclear energy applications. It is also used 
for radioisotope production. Forschungs-Neutronenquelle Heinz Maier-Leibnitz-II 
reactor (FRM-II) in Garching, Germany hosts five irradiation facilities and a medical 
application facility, in addition to neutron beam capabilities. Other operating reac-
tors in Europe, for example, the High Flux Reactor (HFR) in the Netherlands, also 
produce intense irradiation environments, but they are dedicated to purposes such 
as production of medical isotopes and do not support as much R&D. The Jules 
Horowitz Reactor (JHR) is under construction at CEA Cadarache and is scheduled 
to begin operations in 2020. The mission of JHR will be material and fuel testing as 
well as radionuclide production for medical applications.

KEY FINDING 3

The United States has lost important capability in neutron R&D in the 
last two decades and is no longer the world leader. The United States 
cannot afford to lose its remaining capacity and capability without 
significant detriment to the quality and quantity of science, engineering, 
and even medical and manufacturing processes that rely on neutron 
sources. 
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3
As discussed in Section 1 of this report, neutrons are essential to science and engi-
neering, especially materials research, nuclear physics, isotope production, and 
materials irradiation testing. Neutron sources not only lead to scientific advances 
and discoveries, but are also essential to the development of applied technologies 
and industrial uses. Thus, the availability of a diverse suite of neutron sources is a 
measure of scientific competitiveness and economic vitality for a country. As Section 
2 indicates, there are threats to U.S. competitiveness in neutron science that should 
motivate enhancement of the nation’s neutron capabilities.

Today, neutrons for civilian scientific and engineering use are produced in research 
reactors and spallation sources. Research reactors have at their heart a nuclear 
chain reaction in which neutrons induce nuclear fission of a radioactive element 
(usually uranium), producing neutrons that both propagate the reaction and are 
available for the uses discussed in this report. Spallation sources are accelerator 
facilities, rather than nuclear facilities. Here, bombarding a heavy metal target, such 
as tungsten or mercury, with an accelerator-produced beam of protons produces 
neutrons.

As discussed in the introduction, research reactors and spallation sources have 
relative advantages with respect to each other depending on the desired source 
attributes for a particular problem or challenge. The commencement of full opera-
tion of the European Spallation Source (ESS), planned for the middle of the 2020s, 
will be the dawn of a new era, in which a spallation source will produce roughly the 
same average neutron flux as today’s most powerful research reactor. At that time, 
the relative merits of the two types of neutron sources for scattering experiments 
may shift. Even then, the needed capacity of facilities to support large quantities 
of neutron scattering work is likely to require the continued availability of scattering 
stations at research reactors. A research reactor can provide neutrons for up to 50 
neutron scattering stations, whereas a pulsed spallation facility is limited in practice 
to about 20 such stations. 

Reactors and Spallation Sources: 
Challenges and Opportunities
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RESEARCH REACTORS

Research reactors are the facilities of choice for the irradiation of materials and 
isotope production. Both are typically performed in the core of the reactor at loca-
tions where the neutron flux (#neutrons/cm2-s) is high and the spectrum (neutron 
energy) is appropriate for the specific phenomenon being studied. Other uses 
depend on beams of “slow” neutrons (energy ~ 1–10 eV) extracted from the reactor 
through beam tubes to an experimental station where they are used as a probe 
to study fundamental properties of materials; spallation sources are also suitable 
for many beam studies. Since neutron flux levels are directly proportional to the 
reactor power density, high-performance research reactors (HPRRs) are needed 
to provide sufficiently intense neutron fluxes for many applications, particularly 
material irradiation and fuel testing, isotope production, and multiple simultaneous 
extracted beam applications. 

Because of their use of enriched radioactive material, research reactors are nuclear 
facilities, which brings a particularly high level of rigor to their design, licensing, 
construction, and operation. Nearly all of the HPRRs in operation today, including 
five in the United States (ATR, HFIR, MITR, MURR, and NBSR) operate using 
HEU fuel.

Minimization, and ultimately elimination, of HEU in civilian uses worldwide, including 
in research reactors, has been a goal of U.S. policies and programs since 1978, 
resulting in the conversion of many civilian reactors to LEU fuel usage and the shut-
down of others [41]. The HPRRs operating in the United States were constructed 
before the decision to move away from use of HEU in civilian applications. These 
reactors continue to operate using HEU fuel because they either cannot operate 
at all or would experience very significant degradation in performance with any 
currently available LEU fuel. While R&D efforts to develop and certify a suitable 
LEU fuel are ongoing, current projections state that a suitable fuel will not be 
available until 2028 or later and that these reactors will not be converted to LEU 
until the mid-2030s at the earliest.

Despite the extremely long delays and technical difficulties in transitioning the 
remaining HPRRs from HEU to LEU, a continuing research opportunity exists to 
design LEU fuels with characteristics that enable HPRRs to be retrofitted to operate 
with LEU fuel at a level that replicates most, if not all, of their HEU-fueled perfor-
mance. While such efforts have been initiated in the United States and abroad 
[42], these efforts have encountered both unanticipated technical challenges and 
insufficient financial and political support to make rapid progress. To accelerate 
progress, increased investments in the research, development, and manufacturing 
of suitable LEU fuel are required, as are incentives to motivate individual research 

KEY FINDING 4: 

Reactor fuels containing highly enriched uranium represent a risk for 
proliferation, which should be considered when planning for the future 
infrastructure for neutron R&D.
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reactors to convert to LEU. One should also take note of the important role of 
existing research reactors in the development of proliferation-resistant reactor fuel 
(see inset 5).

Given the long lead time to either develop and qualify LEU fuel for existing research 
reactors or to build new reactors that are designed to operate on LEU, a National 
Academies study suggested the possibility of converting existing HPRRs to a 
currently qualified fuel enriched to a level between LEU (<20% enrichment) and 
the ninety-three percent enrichment in use today [41]. Such a step would only be 
taken as an intermediate one between the current situation and the final state of 
full elimination of HEU usage. It would have the advantage of lowering the level of 
enrichment, and hence the risk of proliferation, at least one decade sooner than 
full LEU conversion is expected to occur. The primary disadvantage is the need for 
two conversions, which would bring associated costs and regulatory requirements. 
Nevertheless, given the timeline for conversion of these reactors to LEU fuel, which 
has expanded by 17 years since 2009 (from target 2018 to current target 2035 for 
full conversion), it would be prudent to investigate whether or not such intermediate 
conversions can be done cost effectively.

SPALLATION SOURCES

Spallation sources are an attractive alternative to reactors as sources of neutrons, in 
particular because they do not require HEU fuel to produce neutrons. Techniques to 
exploit their capabilities as time-dependent neutron sources have been developed, 
yielding important scientific results at the SNS as well as at other international spall-
ation neutron sources. Because nuclear material is not used, the waste footprint 
and proliferation risk of a spallation source are qualitatively different than those of 
a reactor source. On the other hand, as discussed in the economics section below, 
maintenance and operations costs can be higher because a working accelerator is 
required to produce the neutrons and the heavy-metal target needs to be replaced 
on a regular basis.

The structure of data from spallation sources is very complex due to the time 
dependence of their neutron scattering spectra. The advent of advanced computing 
and data analytics methods has been a boon to the interpretation of such data 
and creates greater opportunity for spallation sources to increase their impact on 
neutron-based science and engineering. Over time, spallation sources are likely to 
fulfill an increasing percentage of the need for neutrons.

KEY FINDING 5: 

Current HEU-fueled research reactors provide unique R&D capabilities 
relative to other neutron sources available today. Eliminating them with-
out developing and deploying alternative methods of producing neutrons 
with the same properties (e.g., from high-density LEU-fueled reactors 
and/or a new generation of spallation sources) would compromise U.S. 
innovation capacity.
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COSTS OF NEUTRON SOURCES AND SOCIETAL BENEFITS

The costs of HPRRs and spallation neutron sources accrue in somewhat different 
ways. The total cost of owning and operating a research reactor includes the initial 
investment, the annual costs of the fuel and of the non-fuel operation and main-
tenance (O&M), regulatory costs associated with designing, constructing, and 
operating a nuclear facility, and the cost of decommissioning after the facility has 
ceased operations. Spallation sources without subcritical multipliers do not have 
the fuel cost (including the cost of disposal of spent fuel) but do have the additional 
costs of the electricity to power the accelerator and of periodically replacing the 
target. The sophistication and limited lifetime of targets mean that the target cost 
is significant [43]. They do not experience, however, the level of regulation asso-
ciated with nuclear reactor facilities. The cost of operating the instrumentation for 
the users and of conducting experiments depends on the type of applications and 
instrumentation provided to the users and is not directly attributable to the type of 
neutron source.

Fuel Costs. Reactor fuel costs include the cost of natural uranium, its enrichment, 
and its manufacture into a fuel assembly. These costs are substantially higher for a 
kg of HEU fuel relative to a kg of LEU fuel. However, high-density LEU fuels require 
a factor of five or more uranium per unit volume than HEU fuel. The cost of achieving 
this higher density in LEU fuels partially cancels the cost saving of not having to 
enrich to HEU levels. The cost difference may narrow further since the manufac-
turing complexity for high-density LEU fuels is likely to be more complicated than 
for low uranium density HEU fuel, due to the greater challenge of preserving fuel 
integrity of the higher uranium content LEU during reactor irradiation.

In summary, while the actual fuel cost differential can only be determined after 
detailed analysis of the manufacturing cost of advanced fuels, including learning 
effects, it is likely that the overall fuel cost will be higher with LEU fuel than with HEU 
fuel, at least initially. If the manufacturing process of LEU fuel achieves a similar 
level of mastery as that of today’s HEU fuel, the cost of LEU fabrication is likely to 
be similar, or even slightly lower, to that of HEU fuel in the future due to the lower 
criticality control challenges and lower requirement for safeguards for LEU fuels 
as compared to HEU fuel.

Capital Costs. Comparing the capital costs of new research reactors and of new 
spallation neutron sources, it appears that, based on the limited information on 
construction costs publicly available for a number of recently constructed facilities, 

KEY FINDING 6: 

World-class neutron science and engineering require the comprehen-
sive benefits of spallation facilities, research reactors, and high-perfor-
mance instrumentation. While there is some overlap in the capabilities 
provided by spallation and reactor sources, each provides certain capa-
bilities that cannot now be duplicated by the other type of source.
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state-of-the-art spallation sources are roughly a factor of two more expensive to 
construct than the most capable reactors. For example, publicly available informa-
tion on the European Spallation Source (ESS) under construction in Lund, Sweden 
[2] put the total construction cost at €1.85 billion (i.e., approximately $2.1 billion) for 
the source itself (no beamlines or instrumentation), with an operational date for the 
facility of 2019. Costs of a similar order of magnitude were reported for the ORNL 
Spallation Neutron Source (SNS), at $1.4 billion, completed in 2006 [44]. On the 
other hand, the PALLAS reactor, under construction at Petten in the Netherlands, 
is expected to cost €600 million (i.e., approximately $680 million) [45]. Similarly, 
the FRM-II reactor in Germany [2] has a replacement value of €600 million (i.e., 
approximately $680 million). However, it is not obvious how to normalize these to 
the cost of a potential new high-performance research reactor in the United States 
because no HPRRs have been constructed in the United States since 1969.

Operations and Maintenance Costs. Annual budget information for research 
reactors and spallation sources is rather sparse, but the data suggest that the O&M 
costs of reactors and spallation sources are fairly comparable.6 A similar conclusion 
is reported in [2]: “Interestingly there does not appear to be a significant difference 
between the figures for spallation sources and those for reactor facilities. This is 
explained by the fact that annual costs are heavily influenced by staff numbers 
and that the cost of the fuel cycle of a reactor source (increasing on every future 
scenario) is balanced by electricity costs for a spallation source (also a resource 
that is becoming more costly). Of course, the statistics are rather low to be able to 
extract statistically significant differences in the two kinds of source. Instead they 
provide a guideline that indicates equality.” Unfortunately, it is not always possible 
to assess whether the annual budget information includes the fuel cost for reac-
tors or the cost of electricity and annualized target replacement costs for spallation 
sources, among other data points. 

Decommissioning Costs. One final economic consideration for neutron facili-
ties is the cost of decommissioning, especially in light of the fact that several of the 
current sources are approaching the end of their expected lifetimes. The amount 
and type of activation that generates radioactive isotopes from neutron capture 
(and consequently increases the complexity and costs of the decommissioning 
operations and of the required waste disposal) are unique to each facility, requiring 
analysis of its detailed design and operational history. The complexity and cost 
of the decommissioning operations are not expected to be substantially different 
between spallation sources and reactors, as activation products will be present in 
both types of facilities. Reactors will have high-level wastes that contain both fission 
products and transuranics, which require geologic disposal. This adds to decom-
missioning costs, in addition to having to manage the disposal of the activated 
material. Spallation sources will have extra decommissioning costs related to the 
activated material associated with the accelerators and the associated shielding. 
Typical estimates of the total cost of decommissioning neutron facilities are of the 
order of $200–300 million, for both reactors and spallation sources.

6  Annual budgets for research reactors range from €22M (~$25M) for BERII to €95M 
(~$107M) for ILL. Annual budgets for spallation sources range from €30M (~$34M) for 
SINQ to $178M for SNS (see refs. [2,46,47,48]).
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Societal Benefit. While the costs of constructing, operating, and decommis-
sioning neutron sources of any type are significant, the positive societal and direct 
economic impact of neutron R&D is enormous. One example is the role of neutron 
scattering in the development of biologic medicines, including the development of 
the first FDA-approved virus-based cancer therapy formulation [49]. And as has 
been alluded to earlier, the penetrative ability of the neutron has been used by the 
paints and coatings industry to gain a fundamental understanding of paint under 
flow conditions, leading to advanced product formulations. The total estimated 
global market for nanomagnetics, paints and coatings, and biologic medicines is in 
the hundreds of billions of dollars [50]. Additional applications of neutron research 
with broad societal and direct economic impact include advances in automotive 
lightweighting, the development of safer jet fuel, formulation of new materials in 
body armor for law enforcement and the military, advances in materials for energy 
storage, and improving personal care products. These are just a few of the many 
advances enabled through the use of neutrons.

Likewise, the use of neutrons in more applied areas has also had significant 
economic and societal impact, ranging from radioisotopes used for medical 
diagnostics to the testing and qualification of fuels for power-generating nuclear 
reactors and on to doping of bulk semiconductor crystals vital for the semiconductor 
industry. It is clear that neutron science and technology continues to be an essential 
part of the nation’s innovation engine and a key tool for technological progress. It is 
equally clear that the availability of a suite of neutron sources to meet these needs 
is a measure of the scientific competitiveness and economic vitality of a country.



Research reactors and spallation sources provide different and comple-
mentary capabilities for science and engineering. Both are needed for a 
world-class neutron R&D enterprise. Economic data (construction and 
operating costs plus the number of studies that can be supported at a 
facility) suggest that research reactors are somewhat less expensive to 
build and operate per unit of R&D output, but the difference is small. 
Advances in the capabilities of new spallation sources may change this 
equation over the next decade. Still, some applications of neutrons will 
continue to require high-performance research reactors for the foresee-
able future. While most of today’s highest performance research reactors 
present a proliferation risk since they operate using HEU fuel, it is possible 
to design and build reactors that operate on non-proliferant LEU fuel 
that provide almost all of the capabilities of today’s highest performance 
HEU-fueled reactors, with the potential exception of materials performance 
testing in some reactor environments. Further, it is possible to develop an 
LEU fuel that can be used in existing reactors, although it is likely to be 
nearly two decades before such a conversion can be carried out.

To ensure the continued availability of neutrons from research reactors for 
science and engineering, while also being responsive to the proliferation 
risk, investment is needed to reduce and ultimately eliminate reliance on 
HEU. A multi-track substitution and replacement strategy is appropriate. 
As already discussed, many scientific investigations that rely on beams of 
neutrons can be performed using neutrons from either research reactors 
or spallation sources. When possible, spallation sources should be used 
for such research efforts. This will not, however, eliminate the need for 
research reactors. For those applications that demand the unique charac-
teristics of the neutrons provided by research reactors, two paths should 
be pursued. First, qualification and manufacture of fuels that can meet the 
performance requirements of existing HPRRs at lower levels of enrich-
ment should be pursued with renewed vigor, including the intermediate 
pursuit of fuels with lower enrichment levels en route to LEU. Second, 
any new research reactors should be designed to operate using LEU 
fuel. Although the policy advantages of LEU are evident, little progress 
has been made in reducing the U.S. HEU footprint for civilian reactors in 
recent years. Policy and financial incentives may be required to change 
the status quo.

Summary:  
The Path Forward
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We recommend the following steps be taken:

RECOMMENDATION 1: The United States should continue to support its 
diversity of neutron R&D capabilities, including both research reactors and 
spallation sources, for scientific, engineering, and economic capacity and 
capability. Decisions regarding potential new neutron sources should be 
guided by the principle of reducing and ultimately eliminating the use of 
HEU while retaining or enhancing current neutron capabilities.

RECOMMENDATION 2: The United States should sharply increase its 
investments in neutron instrumentation development and deployment to 
partially compensate for the country’s dramatic decrease in neutron R&D 
capacity and capability in recent decades; to offset any loss of capability 
arising from the elimination of HEU fuel from research reactors; and to 
complement continuing investments in complementary tools such as light 
sources and high-performance computing.

RECOMMENDATION 3: The United States should reaffirm its commit-
ment to the timely development and deployment of high-density LEU fuels 
for use in existing high-performance research reactors. Any transition from 
HEU to LEU reactor fuel must not compromise neutron research and 
engineering capabilities, especially those that cannot be duplicated using 
spallation sources. The United States should also consider options to 
cost-effectively maintain reactor performance and simultaneously reduce 
HEU consumption while awaiting a suitable LEU fuel. 

RECOMMENDATION 4: The United States should initiate an effort to 
competitively design and build a new generation of LEU-fueled high- 
performance research reactors that would satisfy all needs presently 
met by current HEU-fueled U.S. high-performance research reactors and 
provide new capabilities.
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