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A NATIONAL SPALLATION NEUTRON SOURCE FOR NEUTRON SCATTERING 
BILL R. APPLETON 

Oak Ridge National Laboratory, Oak Ridge, TN 37830 

The National Spallation Neutron Source is a collaborative project to perform the conceptual design for a next-generation 
neutron source for the Department of Energy. This paper reviews the need andjustijkatiun for a new neutron source, the 
origins and structure of the collaboratwn formed to address this need, and the community input leading up to the current 
design approach. A reference design is presented for an accelerator-based spallation neutron source that would begin 
operation at about 1 megawatt power but designed so that it could be upgraded to signifiantly higher powers in the future. 
The technology approach, status, and progress on the conceptual design to date are presented. 

1 Introduction 

Neutron scattering is a unique probe capable of 
determining the microscopic structure and 
dynamics of the atoms that make up matter. The 
enormous utility of neutron scattering for such 
studies was eloquently stated in the 1994 Nobel 
Prize for Physics awarded to Clifford Shull and 
Bertram Brockhouse  for  their  pioneering 
development of neutron scattering. Furthermore, 
since neutrons are neutral particles, they interact 
weakly with materials compared to charged 
particles and consequently are able to probe much 
greater depths and interrogate a more versatile 
range of experimental  si tuations.  But this 
characteristic is also a disadvantage; so few of the 
neutrons scatter that very intense sources are 
required for neutron scattering studies. 

Neutron sciences is one of the few remaining 
areas where fundamental breakthroughs are limited 
by available source intensities. Synchrotrons and 
lasers have largely removed this limitation for 
x-rays and light, but many uses of neutrons, vital as 
they are for science and technology, are still 
intensity limited. That is  why the scientific 
community has pushed continuously for a more 
intense source since the early 1970s. 

2 Need and Justification 

Because of the complexity and expense of major 
facilities such as neutron and synchrotron sources, 
the Department of Energy (DOE) in the United 
States has assumed almost unique responsibility for 
their design, construction, and operation. These 
sources are utilized routinely by the entire scientific 
community and have had enormous impact in both 

science and industry. The first studies of neutron 
scattering by Shull and Brockhouse were done in 
the 1940s and 1950s at Oak Ridge National 
Laboratory (ORNL) and Chalk River Nuclear 
Laboratories, respectively, at research reactors that 
were, for their time, unique major facilities. In the 
intervening years until they received the 1994 
Nobel Prize, there were eight other Nobel Prizes 
that benefited directly from the neutron work done 
at second generation neutron facilities. During this 
time, the use of neutrons in science and industry has 
exploded. Neutrons were init ially used for  
fundamental condensed matter studies, specialized 
isotope production, and reactor development. Now 
they are used in virtually every part of science and 
industry from physics to materials engineering. 
New materials development using neutrons has 
spread from magnetic materials to polymers and 
plastics, to complex fluids, and to biological 
materials. A diverse industry exists now around the 
use of reactor-produced isotopes for medical, 
industrial, and military applications. 

There have been numerous studies by the 
scientific community sponsored by the National 
Research Council (NRC) and DOE since the early 
1970s detailing the need for a new, more intense 
neutron source. In 1984, for example, the NRC 
report “Major Facilities for Materials Research and 
Related Disciplines” (so-called Seitz-Eastman 
report) detailed the science that could be done at 
major facilities and recommended the priorities for 
construction of four major facilities-6 GeV 
synchrotron, an advanced steady-state neutron 
fac i l i ty ,  a 1-2 GeV synchro t ron ,  and a 
high-intensity pulsed neutron source. DOE has 
since completed construction of the two photon 
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sources [the Advanced Photon Source at Argonne 
National Laboratory (ANL), and the Advanced 
Light Source at  Lawrence Berkeley] and has 
thoroughly examined the options for construction 
of a next-generation neutron source. The most 
recent community-wide assessment, completed in 
1993, was the DOE Basic Energy Sciences 
Advisory Committee (BESAC) report “Neutron 
Sources for America’s Future,” which provided a 
comprehensive assessment of the utility of neutron 
sc ience  and again s t rongly recommended 
construction of both an advanced research reactor 
and a spallation neutron source. 

Although the United States largely pioneered 
in the early development of neutron sources, the 
best sources in the world are currently in Europe 
and have been for the last 15 years. And while the 
United States has remained a significant player, the 
European and Japanese neutron communities are 
more than twice the size of the U.S. community, and 
they have  cont inued  to  deve lop  new 
instrumentation, have upgraded their existing 
facilities, and have planned for new, more powerful 
sources. The ISIS facility at Rutherford Appleton 
Laboratory in England is the most powerful 
spal la t ion neutron source,  and the Insti tut  
Laue-Langevin (ILL) research reactor in Grenoble, 
France, has the most useful array of neutron 
energies and instrumentation of any reactor. 
Fur thermore ,  ILL has j u s t  been recent ly  
refurbished; Germany is well along to building a 
new research reactor; the Japanese have started a 
new spallation source and have others in the design 
stage; and the European Spallation Source project 
has nearly completed feasibility studies for a 5-MW 
source. The United States is significantly behind 
our colleagues abroad and must move quickly to 
design and construct new sources to be competitive 
in the future. 

3 Origins of the National Spallation Neutron 
Source Project 

Although a thorough conceptual design was 
completed for a new steady-state reactor, the 
Advanced Neutron Source (ANS), this project was 
not approved for construction. In the 1996 budget 
submission, DOE canceled the ANS Project, citing 
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the large project costs ($2.9 billion) in times of 
shrinking budgets, and recommended design of a 
more cost-effective, accelerator-based spallation 
neutron source to meet the future needs of the 
neutron science community. Congress appropriated 
$8 million for design of the new source, asked DOE 
to determine the site in a fair and unbiased manner, 
and charged DOE to evaluate upgrades of existing 
sources as a cost effective means of providing 
neutrons while the next-generation source was 
developed. 

The Office of Energy Research of DOE 
directed the $8 million to ORNL to initiate 
conceptual design and research and development 
(R&D) on the new spallation neutron source. DOE 
a lso  asked the  1996 BESAC to  make 
recommendations on the source characteristics and 
trade-offs for a new spallation source that could be 
built  for  about $1  bil l ion and for  upgrade 
possibilities for existing reactors and spallation 
sources that could be accomplished for about 
$100 million each. Regarding the new spallation 
source, BESAC concluded that “There is an urgent 
need to build a short-pulse spallation source in the 
1-MW power range with suff ic ient  design 
flexibility that it can be operated at a significantly 
higher power a t  a la ter  stage.” They a l so  
recommended that the linear accelerator design 
should not exclude direct injection for a long-pulse 
source option, that the source should have high 
reliability and user availability, and that it should 
rely on low risk technology initially. 

The National Spallation Neutron Source 
(NSNS) has been organized as a fully collaborative 
design effort in order to obtain the best available 
expertise to accomplish the conceptual design. The 
project management structure is shown in Figure 1.  
The project is being managed by ORNL. The ion 
source and low energy beam transport are being 
designed by Lawrence  Berkeley Nat iona l  
Laboratory, the linac accelerator system by Los 
Alamos National Laboratory, and the ring system 
to produce a short-pulse beam by Brookhaven 
National Laboratory (BNL). The accelerator design 
is being coordinated by a design coordination group 
at ORNL. The target system is being designed by 
ORNL, and ANL and ORNL are responsible for 
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Figure 1. A schematic detailing the NSNS collaborative design project (see text). 

planning and designing the experimental systems 
for the new source. 

The NSNS has also established international 
collaborations to share R&D, technical expertise, 
and personnel with other laboratories and with 
design projects working on spallation neutron 
sources. Examples include the European Spallation 
Source (ESS) project and its member laboratories, 
who are designing a future 5-MW source, the ISIS 
spallation source facility at Rutherford Appleton 
Laboratory, and the SINQ project at the Paul 
Scherrer Institut. Additional collaborations with 
industry, universities, and other laboratories will be 
initiated as the project matures. 

4 Technical Approach for the NSNS Design 

The technical approach of NSNS is to design an 
accelerator-based, short-pulse, neutron source 
capable of about 5 MW of power that can be 
constructed in stages. The technology choices and 
performance criteria will be aligned with guidance 
from the neutron user community and DOE. The 
first stage of the source will be capable of about 
1-MW beam power with clear options for upgrading 
to the higher powers in the future as funds and 
developing technology allow. 

The  NSNS des ign  e f fo r t  wi l l  benef i t  
enormously from a number of feasibility studies on 
spallation sources performed recently in the United 
States and Europe. ANL completed feasibility 
studies for upgrading their spallation source, IPNS, 
to  as  much as  5 MW; BNL completed a 
preconceptual design for a 5-MW pulsed spallation 
neutron source; Los Alamos performed studies for 
upgrades of LANSCE and possibilities for a 1-MW 
short-pulse source upgradeable to 5 MW, as well as 
a long-pulse upgrade option; the ESS is in the final 
stages of i ts  5-MW design; the AUSTRON 
feasibility study is available; etc. These studies, 
plus the collective expertise of the NSNS design 
team and the cooperative agreements with the 
Europeans, will enable a conceptual design to be 
completed with far less funds and elapsed time than 
would have taken otherwise. 

In order to identify a design whose first stage 
can be built for about $1 bilIion, a costing mode1 
has been developed that allows rapid cost trade-off 
studies of various design options. The model 
calculates total project costs and component costs 
and provides  informat ion  on schedule ,  
performance, and risks. It is not intended for 
determining actual project costs but in settling on 
design choices and understanding their cost 
implications. The model was developed utilizing 
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technology trends and costing information from 
numerous project studies and was validated against 
the ANL IPNS Upgrade Feasibility Study, the BNL 
5 - M W  Pulsed Spal la t ion Neutron Source  
Preconceptual Design Study, and the ANS Project. 
The model continues to be validated and improved 
and will be used throughout the project design to 
aid in value engineering and performance choices. 

5 Initial Design Concepts 

5.1 Accelerator System Reference Design 

The NSNS collaboration considered a wide range 
of options to achieve the design and cost goals. 
Although assessments are continuing, the reference 
design choice at present is a full-energy linac 
injecting into an accumulator ring. While a lower 
energy linac and synchrotron combination would be 
slightly cheaper, the technical risks are considered 
greater, and a future long-pulse upgrade as 
suggested by BESAC is less effective. The 
reference design parameters selected for the NSNS 
accelerator system are listed in Table 1. The first 
column lists the parameters that would be used in 
the initial stage to achieve 1 MW of beam power. A 
potential layout of the initial 1-MW reference 
system is shown drawn to scale in Figure 2. 

5.2 Accelerator System 

The initial stage would consist of an ion source 
delivering 35 mA of pulsed H- current at a duty 
factor of 6%. Beam chopping would be done in 
three stages, two in the low energy beam transport 
region and one in the medium energy beam 
transport, to facilitate clean extraction from the 
accumulator ring. A three-stage linac would 
accelerate the beam to a final energy of 1 GeV. The 
H- ions would be run through a stripper foil and 
injected into the accumulator ring as H' ions, where 
they would be bunched into ps pulses. The stored 
protons would be extracted in single, ps pulses 
containing about 1 x 1014 protons at a frequency of 
about 60 Hz initially. These pulses would be 
directed onto a liquid mercury target system where 
neutron beams are produced via the spallation 
process. 

Bble 1. Reference design parameters for a 1-MW accelerator system 
that could be upgaded to 2 MW 

Reference design parameters 

on source: assume H- pulsed current (mA) = 

RFQ: assume capturehunching factor = 

Linac: assume capture and accel. eff. = 

Assume final beam energy (Gev) = 

Assume sourceflinac duty factor (%) = 

Ring: accumulator with circumference (m) = 

Assume ring filling fraction = 

Insertion efficiency fraction = 

Assume ring pulse rate (Hz) = 

Orbit rotation time (pec)  = 

Number of tu rn  injected = 

Time to fill ring (msec) = 

Injected pulse charge (@-sec) = 

m 
!ad 

m m  
m m  
ps'ol 
la 

p=O.8737 

0.80 0.80 

1279 1279 

1.02 1.02 

16.7 33.3 

Particles per pulse = 1.04E+14 2.08E+14 

Extracted pulse length (pec)  = 0.52 0.52 

Beam kicker gap (pec)  = 0.28 0.28 

Time-average particles per second = 6.3E+15 1.3E+16 

Time-average beam current (mA) = 1 .OO 2.00 

Average beam wwer (MY) = 1 .o 2.00 

Beam loss is a primary concern in design of the 
entire accelerator system, but particularly in the 
rings. Stray beams at these powers can cause severe 
damage to accelerator, vacuum, and magnet parts. 
Furthermore, lost beams can activate components 
and dr ive  up  cos ts  by requi r ing  remote  
maintenance. The ring systems will require 
injection through a striper foil that produces 
negative, neutral, and positive hydrogen, scatters 
the beam, and, in general, complicates confinement. 
Consequently, careful consideration is being given 
to all loss mechanisms in the design. 

A more thorough technical description of the 
accelerator system and its operation is given later 
in these proceedings by J. Alonso.' 

4 



National Spallation Neutron Source 
Reference Design 

1 : : : : : : : : : :  

Figure 2. A schematic drawing to scale showing a potential layout of the NSNS 1-MW spallation neutron source. 

5.3 Target System 

Traditionally, spallation sources have had solid 
targets, but both the ESS project and NSNS have 
concluded that liquid metal targets can offer some 
s ignif icant  advantages.  In March 1996, an 
international workshop2 in Austria was jointly 
sponsored by ORNL and the Paul Scherrer Institut 
to examine in detail the possibilities for liquid 
metals as targets for high-power spallation sources. 
This workshop examined the technology, materials 
compat ib i l i ty  issues ,  cr i t ical  R&D, and 
opportunities for international cooperation. The 
conclusion was that mercury was the most 
promising of the liquid metals and offered 
significant advantages over solids as a target for a 
pulsed spallation source. Mercury has higher 
thermal neutron yields than water-cooled Ta or W; 
it does not radiation damage as solids do; it can 
d iss ipa te  and t ransport  the deposited heat 
effect ively;  i t  has attractive transmutation 
properties; it has negligible decay heat problems; 
and it is particularly suited as a target medium when 
going from 1 MW to higher powers. 

A potential problem is thermal shock initiated 
by very high-power, short, proton pulses, but the 
workshop participants concluded that this was not 
likely to be a serious problem at the 1-MW level, 

and that injection of He bubbles could possibly be 
used to mitigate such shock effects at high powers. 
Furthermore, collaborative opportunities were 
identified that could test these concepts, and 
experiments are planned to do so. 

A second international workshop3 was held in 
Oak Ridge on April 23-25, 1996, on spallation 
materials technology. This workshop concluded 
that at the 1-MW power level and for temperatures 
in the expected operating range of NSNS (about 
200°C), the austinitec stainless steels were quite 
suitable for the mercury target and beam windows. 
Experiments are planned as part of the NSNS 
conceptual design to validate these materials for 
use. 

A potential layout of the target system and 
experimental facilities for NSNS are shown 
schematically in Figure 3 along with mock beam 
lines and instruments. Each target hall will 
accommodate 18 beam lines. A closer view of the 
target assembly is visualized in Figure 4 showing 
how the mercury target could be removed for 
remote maintenance and the other shielding 
components accessed. Figure 5 is a view of the 
target station showing the target in place, the 
moderator assemblies, the flight tubes, etc. A more 
detailed description of the target for NSNS is given 
later in these proceedings by T. A. Gabriel,4 and a 
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Figure 3.  Layout of the NSNS target facility and experimental area. 
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Figure 4. Cross sectional view of the NSNS 

discussion of the materials issues associated with 
spallation sources is given by L. Mansur.5 

5.4 Upgrade Possibilities 

The parameters listed in the first column of 
Table 1 that constitute the first 1-MW stage of 
NSNS are considered to be conservative values that 
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1 target assembly with the target removed. 

could be achieved without extensive development. 
There are several possible options to upgrade NSNS 
from 1 MW to higher powers and increased 
performance. The first upgrade would probably be 
construction of a second target station operating at 
10 Hz to address user needs for more experimental 
possibilities. As the second column of Table 1 
shows, upgrades leading to higher powers such as 
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Figure 5. Close-up view of the target, moderator, shielding, and beam tube layouts. 

2 MW can be accomplished by doubling the average 
beam current injected into the linac. This could be 
achieved either by increasing the output of the ion 
source to 70 mA or by funneling two 35-mA 
sources. This is an extremely cost effective upgrade 
that  may well  be achievable in the init ial  
construction. Additional increases in beam power 
could be achieved in a number of ways such as 
increasing beam currents, funneling, adding a 
second accumulator ring, adding a booster 
synchrotron, extracting directly from the linac for a 
long-pulse target, etc. The conceptual design for 
NSNS will be performed to hold open as many 
options as possible. 

6 Summary 

The NSNS collaborative project has been formed to 
comple te  the  conceptual  des ign  for  an 
accelerator-based spallation neutron source that 
could begin operation at 1-MW average beam 
power, but that could be upgraded to significantly 
higher powers as technology and funds allow. An 
exceptionally strong design collaboration has been 
formed that integrates the relevant technical 
exper t i se  f rom the  Argonne ,  Berkeley,  
Brookhaven, Los Alamos, and Oak Ridge National 
Laboratories, and that capitalizes on the expertise 
from European laboratories, facilities, and design 

7 



projects as well. Preliminary evaluations indicate 
that the initial 1-MW facility could be constructed 
from low-risk technologies for about $1 billion and 
completed on a six- or seven-year schedule, 
depending on available funding profiles. There are 
several future upgrade options preserved in the 
current design, and, building on the initial 
investment, these upgrades would be very cost 
effective. 

The staged construction approach has some 
attractive features. I t  will enable tests and 
experiments to be done at 1 MW that will be very 
valuable in building the 5-MW facil i ty.  In 
particular, there are several target and materials 
issues that need validation before finalizing the 
target design for high powers (see refs. 4 and 5 ) ,  and 
the modularlremovable target allows this to be 
implemented. Similarly, instrumentation can be 
developed and can evolve to accommodate the 
higher performance of the higher power source. 

The NSNS is currently on schedule for a line 
item request to DOE in FY 1998. There is a clear 
need for an advanced neutron scattering source in 
the United States ,  and we look forward to 
completing the NSNS to address this need. 
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