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1. INTRODUCTION 
 
1.1 Purpose 
 
The Spallation Neutron Source (SNS), a major new user facility for materials research funded by 
the U.S. Department of Energy (DOE), is under construction at Oak Ridge National Laboratory 
(ORNL), see the Spallation Neutron Source web site at:  www.sns.gov/aboutsns/source/htm.  
The SNS will operate at a proton beam power of 1.4 MW delivered in short pulses at 60 Hz; this 
power level is an order of magnitude higher than that of the current most intense pulsed 
spallation neutron facility in the world, ISIS at the Rutherford-Appleton Laboratory in the United 
Kingdom:  160 kW at 50 Hz.  When completed in 2006, the SNS will supply the research 
community with neutron beams of unprecedented intensity and a powerful, diverse instrument 
suite with exceptional capabilities.  Together, these will enable a new generation of experimental 
studies of interest to chemists, condensed matter physicists, biologists, materials scientists, and 
engineers, in an ever-increasing range of applications. 
 
The Long-Wavelength Target Station (LWTS) complements the High-Power Target Station 
(HPTS) facility, which is already under construction, and will leverage the significant investment 
in the remainder of the complex, providing important new scientific opportunities.  The fully 
equipped SNS will offer capabilities for neutron scattering studies of the structure and dynamics 
of materials with sensitivity, resolution, dynamic range, and speed that are unparalleled in the 
world. 
 
1.2 Background 
 
From the outset, the arrangement of the SNS has included the capacity for two target stations:  a 
high-power target station, HPTS, and a long-wavelength target station, LWTS (see Fig. 1.1).  
The funded construction project includes only the HPTS.  In November 1999, a consortium was 
formed to submit a proposal to the National Science Foundation (NSF) requesting funding to 
develop a conceptual design for the LWTS.  The purpose of the conceptual design was to extend 
the capabilities of the SNS to address the large field of new applications for long-wavelength 
neutrons.  The basis of the proposal took shape during six months of preliminary target system 
conceptual design and meetings on instrumentation and the science case for the station. 
 
The 1999 proposal resulted in funding by the NSF of a one-year study that included technical 
design activity, development of the scientific case for the LWTS, and development of a suite of 
neutron-scattering instruments.  Thom Mason, project director of SNS, served as principal 
investigator of the consortium with Lee Magid, professor of chemistry at the University of 
Tennessee, Knoxville, as coordinator of the science case; Jim Richardson, group leader, Neutron 
Scattering, Intense Pulsed Neutron Source (IPNS) as coordinator of instrumentation; and Jack 
Carpenter, technical director of IPNS, as coordinator of target systems development.  The 
experienced Argonne National Laboratory (ANL) IPNS target systems design team completed 
the conceptual design activity, while the IPNS instrument scientists conceived and evaluated 
scattering instruments.  Groups of university scientists representing a number of disciplines 
assembled the scientific cases for the LWTS.  To ensure a broad input into the specification of 
instruments and the overall design of the LWTS, a series of small workshops on specific areas 
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(soft matter, disordered materials, magnetism, crystallography, fundamental neutron physics) 
was held in early 2000, followed by the Users Meeting and Instrumentation Workshop on May 
22–24, 2000, in Washington, D.C.  These activities converged in an instrumentation and science 
review held in November 2000 at ANL.   
 

 
 
Fig. 1.1.  A computer-generated aerial view of the SNS, showing, at the top, the ion source, the 
preaccelerator, the 1-GeV linac, and the storage ring, at center right.  The extracted beam travels to the 
HPTS, at center right.  The Central Laboratory and Office building is at the lower left.  The proposed 
LWTS is at the lower right. 
 
In February 2001, the consortium submitted a proposal for construction of the LWTS, funded by 
the NSF and involving DOE and an extended interagency partnership, and envisioned continuous 
design refinement and research and development (R&D) activities extending beyond May 2001.  
However, the size and complexity of the partnership and its implications led to a hiatus in the 
program and to the convening of an interagency working group (IWG) involving the NSF, DOE, 
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the U.S. Department of Commerce, and the National Institutes of Health.  The one-year design 
activity concluded in April 2001.  The February 2001 proposal was withdrawn and the 
development work put on hold until IWG establishes the necessary framework for interagency 
collaboration.  This report summarizes the conceptual basis for the LWTS, documenting the 
accomplishments of the NSF-funded study.  It will serve as a basis for future discussions of the 
implementation of the LWTS. 
 
1.3 LWTS Benefits 
 
When the LWTS is constructed, it will provide the scientific community with unprecedented 
capabilities using the world's most powerful beams of long-wavelength neutrons in an 
installation carefully optimized for scientific applications. 
 
Only the LWTS and its neutron-scattering instruments will provide opportunities to investigate 
materials in which the characteristic lengths extend to 10,000 Å and time scales range up to 10-7 
seconds.  The gains for such measurements, well matched to the capabilities of the LWTS, 
average about three times — and in some cases more than an order of magnitude — greater than 
those that can be achieved at the HPTS.  The second target station will immediately increase the 
science output of the SNS beyond what could be accomplished by using HPTS alone.  Most 
important, in the long term, the LWTS will more than double the scientific capability of the SNS, 
for about 20% of the capital cost. 
 
The simplest measure of performance is the neutron intensity scattered from a sample.  One of 
the LWTS design goals has been to deliver, on average, a factor of three more neutrons per pulse 
than the HPTS.  Given the substantial leap forward that the HPTS represents over current sources 
(gains of order 100 for combined source/instrument performance), the LWTS will open up 
qualitatively new areas of investigation that are not feasible at existing sources simply because 
the majority of neutron-scattering experiments are flux limited.  Further, this factor-of-three gain 
over the HPTS does not take into account more subtle, but significant, advantages such as 
improved pulse resolution, reduced backgrounds for longer-flight-path instruments, greater 
wavelength band due to the reduced repetition rate, and wider d-spacing coverage for restricted 
geometries such as pressure cells (again because of the lower repetition rate). 
 
In general, increased intensity in and of itself is the least exciting feature of improved 
performance expected from the LWTS.  Of greater significance is the new science that the 
facility will enable because of the improved resolution it offers.  The combination of moderators 
tailored to produce long-wavelength neutrons with appropriate pulse width and the 100-ms 
interval between pulses provide unique capabilities in the LWTS.  For example, a backscattering 
spectrometer with 200 neV resolution that is 10 times better than anything available in the 
United States today will reveal new information on growth processes and chemical reactions 
through spectroscopy of rotational tunneling, translation, diffusion, and hindered motion that is 
complementary to nuclear magnetic resonance (NMR).  High intensity is useful for studying 
smaller or weakly scattering samples and is important in determining details of protein structure 
such as the location of water in the ribosome.  These studies require neutron sensitivity to 
hydrogen in cases where the water is not well bound, but they are not possible at present sources 
because of the requirements for large crystals.  Off-specular reflectivity, providing access to in-
plane momentum transfer, will reveal details of two-dimensional structures in magnetic 



Technical Concepts for a LWTS for the SNS November 2002 

4 

multilayers, on surfaces, and in complex polymer assemblies.  In fundamental physics 
investigations, improved signal-to-noise, polarized beams, and use of time structure to eliminate 
systematic errors will offer better insight into the weak interaction. 
 
The proposed plan ensures that an experienced, diverse, and dynamic scientific contingent will 
exploit the capabilities of the LWTS and that the facility will serve the full potential of the 
university-based user community.  The two facilities, HPTS and LWTS, both offer opportunities 
for the scientific community to participate in formulating the case for, prioritizing, and taking 
part in the design and development of the SNS instruments.  The combined capacities of the two 
target stations represent wide opportunities for instruments conceived by teams from universities, 
industry, and government laboratories.   
 
1.4 Why Neutrons? 
 
Neutron scattering is a unique and powerful tool used by scientists to study the structure and 
dynamics of materials at the atomic, molecular, and macromolecular levels.  The past 30 years 
have seen an immense broadening of the fields of science addressed by neutrons, driven to a 
large extent by developments in the use of long-wavelength (cold) neutrons.  Cold-neutron 
applications have grown with special vigor in recent years — examples abound at the research 
reactors at the National Institute of Standards and Technology (NIST), Institut Laue-Langvin 
(ILL), the modified Japan Research Reactor-3 (JRR-3M) at the Japan Atomic Energy Research 
Institute (JAERI), and at IPNS and the ISIS pulsed spallation neutron source, which show that 
good cold-neutron scattering facilities attract large numbers of users.  Cold-neutron instruments 
represent the largest contribution to the shift from neutrons’ being principally a tool of physicists 
to their being a probe used by the much broader community of scientists. 
 
Neutrons offer the following advantages as scientific probes: 
 

• Neutrons are electrically neutral; they penetrate centimeters of most materials, 
enabling in-situ studies. 
 

• Neutron cross sections exhibit no regular dependence on atomic number and are 
similar in magnitude across the periodic table, so they are sensitive to light elements 
in the presence of heavy ones. 

 
• Certain large differences in isotopic scattering cross sections (e.g., H/D and 6Li/7Li) 

make neutrons especially useful for the study of light atoms in materials. 
 

• The range of momentum transfers available allows researchers to examine a broad 
range of length scales (0.1 to 105 Å); this capability is important for many different 
materials and applications. 
 

• Thermal and cold (long-wavelength) neutrons cover a range of energies sufficient to 
probe a wide range of atomic or magnetic excitations (1.0 to 10-7 eV), as well as slow 
dynamic processes such as polymer chain reptation, on time scales up to 10-7 seconds. 
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• Neutrons have magnetic moments and are sensitive probes of magnetic ordering and 
excitations. 
 

• Neutrons can be polarized, allowing separation of the nuclear and magnetic cross 
sections. 
 

• The simplicity of the magnetic and nuclear interactions facilitates straightforward 
interpretation of results. 
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2. GENERAL DESCRIPTION OF THE PROPOSED LWTS 
 

This section briefly describes the reference technical concept for the proposed LWTS target 
system design, arrangement of neutron-scattering instruments, and proton beam and accelerator 
systems.  
 
The LWTS design concept incorporates a number of innovative, yet well-verified elements 
derived from the experience of the designers and from knowledge of recent successful 
developments elsewhere.  Applied to the LWTS, these contribute to the accomplishment of the 
LWTS goals, which are themselves a departure from precedent.  An expert review of a 
preliminary version of the LWTS conceptual design, held in January 2000, endorsed the ideas 
presented here.  
 
2.1 Overview 
 
Throughout the concept development, the LWTS facility and instrument design groups 
maintained close collaboration with the scientific community and those formulating the science 
case to produce the best possible facility. 
 
The guiding theme of the LWTS design is to build a facility that augments the capabilities of the 
HPTS.  Emphasizing the use of long-wavelength neutrons means using the coldest possible 
moderators with low pulsing frequency and consequent low target power; all of these are 
complementary requirements.  Tentatively and to give scale to the development of the concept, 
we assumed that the LWTS will operate at 10 Hz and 333 kW (1/6 of the nominal SNS beam 
power).  The goal is to exceed the intensity of the HPTS by at least a factor of three on a per-
pulse basis for long-wavelength neutrons.  The proposed design surpasses the goal, quite 
substantially in some cases.  We adopted several target system innovations on the basis of recent 
successful developments elsewhere that apply to the use of long-wavelength neutrons.  In 
January 2000, we subjected the preliminary design to review by a panel of world experts, who 
approved the proposed design. 
 
Work so far has led to a preliminary configuration of the target, experimental hall, and 
instruments that are — for reasons of economy — similar to those of the HPTS, with a number 
of innovative features and a distinct design.  The proposed target is a vertically extended, water-
cooled solid tungsten target.  However, we have continued to evaluate the mercury target 
alternative (similar to that used in the HPTS), which could provide operational advantages.  All 
three proposed moderators are cryogenic (20 K pelletized, solid methane cooled by supercritical 
hydrogen, and 100 K circulating liquid methane), with extensive use of guides in two 
configurations: large-aperture gently curved guides and compact benders.  The design also 
includes some beams with line-of-sight view of at least one moderator.  The use of guides and 
benders allows two viewing moderators to be arranged in “slab” configuration.  The third 
moderator, viewed through straight holes, is arranged in a “wing” configuration upstream from 
the target.  Moderators move vertically for service and replacement.  The asymmetric 
experimental hall has heavy crane coverage and attached galleries for distant long-flight-path 
instruments, which have lighter-duty crane coverage. 
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Before May 2001, we completed extensive neutronic and engineering optimizations and 
evaluations of alternatives to the base-case assumptions.  Later sections of this document 
describe the LWTS conceptual design in technical detail, including the results of engineering 
evaluations, and contain an extensive discussion of the scientific case and of the instrument 
concepts. 
 
The current version of the LWTS concept provides 21 neutron beams, three of which view the 
100 K moderator directly, while the remainder view 20 K moderators — one decoupled for high 
resolution, the other undecoupled to provide highest intensity — through curved guides.  From a  
preliminary selection of 20 instruments, we chose three on which to concentrate first.  In the 
longer term, we will prepare specifications for a larger number of instruments.  The following 
paragraphs describe, very generally, the target systems, neutron-scattering instruments, and 
protein beam and accelerator systems. 
 
Figure 2.1 illustrates the target and the target/moderator/reflector concept of the LWTS.  
 
Figure 2.2 illustrates the target. 
 
Figure 2.3 shows the preliminary layout of target, guides, and instruments; the layout matches 
moderator types, flight path, and guide systems with conceptual instruments. 

 
Fig. 2.1.   Target/moderator/reflector concept. 
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Fig. 2.2.  Target concept. 
 

 
Fig. 2.3.  Preliminary layout of target, guides, and instruments. 
 
2.2 Target Systems Design 
 
The LWTS reference concept includes a vertically extended target constructed of high-density 
metal plates (e.g., tantalum, clad tungsten) measuring 7 cm wide × 20 cm high × ~40 cm thick, 
with deuterium oxide (D2O)("heavy water") cooling (see Fig. 2.2).  The proton beam footprint is 
a 5- × 15-cm elliptical shape with a flat distribution similar to that of the HPTS.  The nominal 
proton beam power is 1/3 MW, corresponding to 10-Hz operation.  Preliminary engineering 
assessments indicate that thermal power densities allow convective cooling without excessive 
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dilution of the target material and that thermal shock stresses are acceptable.  The shape of the 
target maximizes neutron production and coupling to the moderators while minimizing proton 
leakage to the surroundings.  The total target length is sufficient to exhaust the nuclear cascade 
and leave little power in the downstream shielding. 
 
The proposed design affords high atomic number and mass density for high neutron yield, high 
strength, and good material properties at high temperatures.  Coolant passes across the faces of 
the target plates, maintaining single-phase convective heat transfer at the surfaces and limiting 
plate-center temperatures. Where needed, a thin cladding of the target plates furnishes corrosion 
resistance. Plates are spring loaded to take up dimensional changes caused by thermal- and 
radiation-induced growth.  The target vessel is welded stainless steel with D2O-flow plena that 
distribute the coolant.  Additionally, the flat target vessel walls are filled and cooled with water 
to provide a premoderator volume and assist in heat removal from the target region. 
 
2.2.1 Target-Moderator-Reflector 
 
Reflectors placed around the target and the moderators, as shown in Fig. 2.1, reflect neutrons 
into the moderators.  Active cooling removes the considerable heat generated in the reflectors 
and moderators by the slowing of neutrons and the absorption of gamma radiation.  The target-
moderator-reflector assembly has space for all the beam ports and coolant piping. The reflectors 
are D2O-cooled beryllium.  The side slab moderators are of solid methane (S-CH4) or liquid 
hydrogen (L-H2), and the front-wing moderator consists of liquid methane (L-CH4). 
 
The target-moderator-reflector assembly includes portions of the piping for each cooling system, 
portions of the neutron beam channel, and mechanisms for moving or changing out components.  
This arrangement allows the target to be removed horizontally into a hot cell.  Independently of 
the target location, any of the moderators can be individually removed from the reflector.  
Raising the moderator-reflector assembly allows easy replacement of components.  During 
operation, the target-moderator-reflector assembly rests inside a sealed space defined by a 
stationary liner inside the biological shield.  The sealed space contains the radioactive gases and 
activated solids produced in the target-moderator-reflector assembly. A helium atmosphere 
surrounds the target-moderator-reflector; the neutron beamlines are helium-filled or provided 
with vacuum, and a helium atmosphere bathes the shielding. 
 
2.2.2 Beamlines and Shielding  
 
The biological shield consists of an inner core of iron and iron-loaded concrete and an outer layer 
of concrete, as shown in Fig. 2.4.  The shield permits all parts of the hall that houses the 
scattering instruments to be occupied during operation.  The innermost portion of the shield is 
equipped with an active cooling system.  Protons from the accelerator system enter the biological 
shield from the high-energy proton transport line through a water-cooled, double-walled vacuum 
window.  The window is the interface between the vacuum of the proton beamline and the 
helium atmosphere of the target tank.  
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Fig. 2.4.  Shield and beam transport arrangements in the LWTS. 
 
Beam benders, curved guides, and associated shielding bend the beams away from the straight-
through component of fast and high-energy neutrons, which stop in the shielding.  The two 
curved-guide clusters shown at the bottom of Fig. 2.4 emerge into a shielded bunker; their lines 
of sight end within the curved guides in the bunker.  At the top of the figure, guides extend 
through movable gates to shielded compact beam benders, then through guides to neutron beam 
instrumentation.   
 
2.3 Neutron-Scattering Instruments 
 
Instruments for the LWTS are being selected on the basis of how well they match the overall 
science needs of the SNS.  The instruments will capitalize on the following features of the 
LWTS design concept:  high flux of long-wavelength neutrons, use for magnetic scattering, etc.; 
long flight paths, enabling high resolution; very wide accessible wavelength band, for example, 
for kinetic experiments requiring minimal adjustment of instrument parameters during 
measurement; and extensive use of neutron optic devices, which work best at long wavelengths.  
Figure 2.3 illustrates one possible arrangement of instruments around the source. 
 
Instrument designs follow an established protocol developed for the SNS HPTS and other 
facilities.  Because the slab geometry for the LWTS moderators requires the use of curved 
beamlines, designers must pay careful attention to neutron guide components that efficiently 
transport long-wavelength neutrons and minimize loss of useful short-wavelength neutrons. 
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2.4 Proton Beam and Accelerator Systems 
 
The operation of the LWTS concurrently with the HPTS presents no insurmountable problems.  
The most significant requirement is that the accelerator systems be capable of delivering a 2-MW 
beam to HPTS with pulses that do not exceed 34 kJ during each acceleration cycle, while 
providing the LWTS with its proton beam. 
 
An optical model developed for the beamline to the LWTS (RTBT2), includes a pulsed dipole 
and a pulsed quadrupole for achromatic beam matching into the LWTS. 
 
Additional requirements for LWTS operation include two beamline protection devices, which are 
required for operation of the LWTS during periods of maintenance for HPTS and vice versa.  
The scheme for providing redundant protection is a Fermi National Accelerator Laboratory–style 
beamstop, which will be installed in RTBT1, the beamline to HPTS, between a pair of 
collimators.  Brookhaven National Laboratory (BNL) has undertaken development of concepts 
and detailed design of the RTBT2. 
 
2.4.1 Pulse- and Power-Sharing 
 
The most promising option to achieve the pulse- and power-sharing goals for the LWTS is to 
increase the energy of the linac, which is possible in the SNS superconducting machine.  With 
the energy of the linac at 1.3 GeV and the ion source peak current at 52 mÅ, the linac pulse 
length (i.e., the number of accumulated turns in the ring) would be reduced to maintain the 34-
kJ-per-pulse limit on HPTS.  We could then extend the surplus duty cycle to provide an 
independent pulse train at about 10 Hz to the LWTS.  The linac would then run dual pulse trains 
with the 10-Hz LWTS pulse train interleaved between 60-Hz HPTS pulses exactly 180 degrees 
out of phase with the HPTS pulses.  This arrangement would allow the maximum time between 
pulses for recovery of kicker voltages, etc., while preserving regular 60-Hz HPTS operation and 
providing low-frequency, lower-power beam to the LWTS.  Table 2.1 illustrates this option.  
(The length of the pulse delivered to the target would remain unaffected at about  
0.5 µsec.). 
 

Table 2.1.  Sharing of pulse and power between HPTS and LWTS. 
 

Target Station Pulse Rate 
(Hz) 

Linac Pulse 
Length (µsec)

Ion Current 
(mA) 

Energy   
(GeV) 

Power (MW)

HPTS 60 1000 52 1 2.04 
HPTS 60 770 52 1.3 2.04 
LWTS 10 up to 1000 52 1.3 up to 0.44 

 
2.4.2 Buildings and Conventional Facilities 
 
The design and construction of the buildings and conventional facilities supporting the LWTS 
and ancillary equipment are, to the extent practicable, the same as those of the facilities 
supporting the HPTS.  The goal of this approach is to minimize the cost of these facilities by 
using available and proven designs for the HPTS, while maintaining a LWTS concept and layout 
that optimizes the facility’s unique aspects for long-wavelength neutron scattering. 



Technical Concepts for a LWTS for the SNS November 2002 

13 

 
The concept and general layout of the LWTS buildings and conventional facilities (see Fig. 1.1) 
was developed at Argonne and ORNL as a part of the specifications of the LWTS proton beam 
delivery, neutron generation, scattering instrument, and ancillary equipment systems.  Argonne 
will work with ORNL and the SNS design team at ORNL, because ORNL will eventually be 
responsible for the costing, schedule, detailed design, and construction of the LWTS, including 
the buildings and conventional facilities. 
 

Table 2.2.  Parameters of the LWTS. 
 

PARAMETER  
Pulsing frequency 10. Hz 
Proton energy 1.0 GeV 
Beam power on target 333 kW 
Energy per pulse 33.3 kJ 
Target material Tungsten 
Primary coolant D2O 
Premoderators H2O 
Moderators (3) 
All 20-cm h x 12-cm w 

High Resolution Cold Moderator: 
Poisoned decoupled slab, flat 
L- H2-cooled S-C H4 @ 20 K 

 High Intensity Cold Moderator: 
Coupled slab, grooved 
L- H2 or L- H2–cooled S-C H4 @ 20 K 

 High Resolution Broadband Moderator: 
Poisoned decoupled front wing, flat 
L- CH4@ 100 K or L- H2–cooled S-C H4 @ 20 K 
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3. TARGET SYSTEMS DESIGN 
 
3.1 LWTS Target Design Features and Assembly 
 
The LWTS target consists of D2O-cooled, high-density metal plates in a water-cooled stainless 
steel vessel, as shown in Fig. 3.1.  The stainless steel target vessel is a weldment fabricated from 
five separate pieces, also shown in Fig. 3.1.  This target design and depiction are adapted from a 
solid target backup concept developed for the SNS [3.1.1] and from an earlier concept for a  
1-MW IPNS upgrade [3.1.2]. 
 
3.1.1 Design Features 
 
The largest, central vessel piece is machined from a solid forging. The D2O supply and return 
cooling headers on the top and bottom are left open to facilitate machining of the interior features 
and the rear of the proton beam window. A large rectangular box cavity is machined from the 
center of the forging to hold the target plates. The side surfaces of the large forging are machined 
to receive flat plates that form the cooling water passages for the vessel. 

 
 
Fig. 3.1.  Stainless steel target vessel weldment. 
 
The cooling passages are milled into the inner side of the flat side plates, and the plates are 
welded to the large forging.  The individual cooling passages in each plate are separated by ribs 
that slide into dovetail grooves in the large forging.  This arrangement provides good separation 
between the flow passages and reduces the deflections and stresses in the vessel and the plates. 
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3.1.2 Assembly 
 
The side plates are welded on the vessel, and the half-pipe sections are welded on the large 
forging to form the D2O supply and return headers and complete the weldment.  After this step, 
the spring-loaded pusher plate and springs are installed.  Then the backing plate is installed with 
the proper preload, and it is welded to the target vessel to hold it in place.  At this point, the D2O 
pipes that supply the D2O headers and provide support for the target are ready to be assembled.  
First, a transition piece is welded to the target vessel attached to each header, and then the pipes 
are welded to the transition pieces.  Then a target chamber flange is welded to the opposite ends 
of the D2O supply and return pipes.  
 
Finally, stainless steel tubes are brazed between the rear of the target vessel and the target 
chamber flange to provide cooling water to the target vessel. 
 
3.2 Moderator and Neutron Beam Port Locations 
 
Figures 3.2, 3.3, and 3.4 illustrate the locations of the target, moderators, and reflector as well as 
the neutron and proton beamline cutouts in the reflector.  
 
A 20-mm-thick H2O premoderator and target vessel cooling layer separate the slab moderators 
from the target. Guides can approach to within about 1 m of the target center.  Cut A-A in  
Fig. 3.3 is the location used for Fig. 3.2. 

 
Fig. 3.2.  A cross-sectional view taken at the horizontal midplane of the target and showing the relative 
positions of the target-moderator-reflector components.  Cuts B-B and C-C are the locations of the views 
in Figs. 3.3 and 3.4. 
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Fig. 3.3.  Cross section at the vertical midplane (cut B-B) through the target and slab moderators.  These 
are usually 22 K solid methane moderators, one decoupled and poisoned, the other coupled.  The coupled 
moderator may, at times, be a liquid hydrogen moderator. The two slab moderators each serve 
instruments on their respective sides. 
 

 
Fig. 3.4.  Cross section (cut C-C) through the front moderator, a decoupled, poisoned liquid CH4 
moderator.  This moderator serves three beams. 
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3.3 Moderators 
 
3.3.1 Moderator Materials 
 
We have selected moderator materials for LWTS on the basis of extensive knowledge of the 
experience and developments worldwide.  After careful evaluation, we adopted innovative 
technologies that will provide the highest level of performance of the LWTS.  In some instances, 
implementation will require continued R&D efforts.  Participants in the LWTS design continue 
to take part in those efforts in the course of their regular work. 
 
Moderators for an LWTS-scale source must not only provide effective coupling to the primary 
source and spectra and pulse characteristics appropriate for the instruments, but also must be able 
to withstand the high-radiation environment.  (Recall that the source power of LWTS, 333 kW, is 
more than twice that of ISIS [160 kW] and about 20 times that of IPNS [equivalent to about  
15 kW on account of its uranium target].)  The following candidate materials are likely to satisfy 
performance and radiation-tolerance requirements: 
 
 • Liquid hydrogen (L-H2) at 20 K 
 • Liquid methane (L-CH4) at 100 K 
 • Solid methane (S-CH4) at 20 K 
 
Each of these materials has its problems, which are the subject of ongoing research at various 
institutions; other materials are also currently being studied. 
 
We chose L-H2, L-CH4, and S-CH4 as the basis for LWTS performance estimates and 
engineering analyses.  In the case of the coupled moderator, we leave open the question of L-H2 
or S-CH4, which present different advantages.  We offer evaluations of both because we expect 
that the demands of the instruments will dictate the final choice. 
 
3.3.1.1 Liquid Hydrogen 
 
Because the products of radiation damage are only different forms and combinations of hydrogen 
atoms, which disappear or recombine to the original material, L-H2 suffers no permanent 
macroscopic radiation damage effects, which makes it attractive for use in the LWTS.  In L-H2 
(actually, supercritical H2 at about 15 atm pressure to avoid the possibility of bubbles) flows 
through the moderator system, cooled in an external heat exchanger.  There are two molecular 
spin states:  ortho hydrogen (spin 1, the two proton spins aligned) and para hydrogen (spin 0, the 
two spins antialigned).  The para state is favored in thermodynamic equilibrium (approximately 
99.8% at 20 K).  Moreover, the two have very different low-energy neutron scattering cross 
sections and produce considerably different spectra and pulse characteristics.  Measurements on 
operating pulsed sources provide no definitive answer about what ortho-para ratio is best in a 
given situation.  Further, ionizing radiation tends to force the thermodynamic equilibrium toward 
the “normal” state of room-temperature hydrogen with an ortho-para concentration ratio of 3:1.  
This effect, which has not been well accounted for in measurements to date, leaves doubt as to 
the concentration ratio of the measured materials and may require that engineering measurements 
be taken to control the ratio at the desired value.  Most studies assume pure para hydrogen, as we 
have done in LWTS studies of L-H2 moderators.  The drawbacks of L-H2 are its rather low 
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proton density, which makes for longer pulses than those from more dense materials, and the 
lower low-energy intensities and nonmaxwellian spectra that follow from the low scattering 
cross section of para hydrogen below about 15 meV.  Some of these subjects were addressed at 
the International Workshop on Cold Moderators for Pulsed Neutron Sources, held at Argonne in 
1997 [3.3.1].  All these questions were addressed at a special topical session of the American 
Nuclear Society in June 2001.  Because of its performance drawbacks and in spite of its apparent 
operational advantages, we did not choose L-H2 for the LWTS, but will consider it as a backup. 
 
3.3.1.2 Liquid and Solid Methane 
 
The condensed phases of methane are very attractive in cold moderator applications because 
their high proton densities translate into short pulse widths. Also, methane has a high density of 
rotational states (spacing about 1.0 meV) that facilitates loss of the last bits of energy in the 
thermalization process and produces a good maxwellian spectral shape with an effective 
temperature near its physical temperature.  However, L-CH4 suffers permanent radiation damage 
because the products of radiolysis combine into nonvolatile and solid products that deposit in the 
moderators and piping.  S-CH4 may be subject to similar effects, although these have not been 
definitively observed in practice.  Accumulation of the radiolysis products is quantitatively 
different in the two materials because of the different mobilities of intermediate entities in the 
low-temperature solid and the higher-temperature liquid. 
 
Liquid Methane 
 
Liquid methane moderators in IPNS and ISIS exhibit radiation aggregation problems; however, 
even in ISIS, the operational problems are few enough that they are tolerated because of the 
neutronic advantages offered by L-CH4.  The L-CH4 moderator in the LWTS is located where 
the radiation damage rate is similar to that in the ISIS case in spite of the higher power of LWTS.  
Furthermore, a premoderator around the LWTS moderator will reduce the radiation damage rate 
by about a factor of two with little penalty on the intensity.  We are confident that the L-CH4 
moderator will have sufficient service lifetime (about six months in the ISIS case) to qualify for 
use in LWTS.  The vertical moderator access provided in the LWTS, which does not require 
moving the target or reflector, will make for relatively easy replacement compared to that at ISIS 
and IPNS.  An alternative to liquid methane — liquid propane — has been used successfully for 
many years at the 5-MW reactor at the Kurchatov Institute in Moscow, Russia [3.3.2].  Tests of a 
liquid propane moderator in a pulsed spallation neutron source have not yet been conducted. 
 
Solid Methane 
 
Solid methane moderators may have problems of solid product accumulation similar to those 
encountered when using liquid methane.  (Recently, after six years of operation, the IPNS S-CH4 
“H” moderator had to be replaced, possibly for this reason, but it has not yet been examined.)  In 
addition, cold (~20 to 30 K) S-CH4 exhibits a radiation-induced thermochemical instability, 
“burping,” in which reactive, metastable radiolysis products, assumed to be CH3

+, accumulate in 
the solid matrix.  When their density reaches a critical value, these products spontaneously 
recombine, heating the material and increasing their recombination rate until all the stored 
energy is released.  Fairly high temperatures can result [3.3.3].  In addition, H2, which collects in 
the solid matrix, is released when the temperature exceeds about 65 K, increasing the pressure in 
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the container.  Periodic annealing, carried out about every two and a half days in IPNS, releases 
the stored energy before it accumulates to dangerous levels.  The LWTS design incorporates 
several moderators to alternate in service in each of the slab positions.  This arrangement 
facilitates exchange for annealing and replacement on a regular schedule. 
 
Because the thermal conductivity of solid methane is rather low, in IPNS and in the 
neutronically-evaluated LWTS basis concept, the moderator vessel contains 10%-dense 
aluminum foam that is thermally anchored to the cooled surfaces to transport the heat.  The 
engineering analysis of the effectiveness of this concept is not yet complete.  However, we 
follow closely the experience at the 2-MW IBR-2 reactor at the Joint Institute for Nuclear 
Research (JINR) in Dubna, Russia, where a solid methane moderator has been operating 
successfully for several years [3.3.4].  We maintain frequent communication with scientists at 
Dubna who, with support from the laboratories involved in the Advanced Cold Moderator 
Collaboration (ACoM), are working on the problem of methane irradiation-induced 
thermochemical instability. 
 
A new development is pelletized solid moderator media, cooled by flowing cold helium (He) gas 
or L-H2.  There are at least two research efforts underway to investigate this concept.  In both, 
the participants communicate through ACoM.  The more advanced effort is by C. A. Foster of 
Cryogenic Applications F Inc. (CAF Inc.), of Oak Ridge, Tennessee, under DOE Small Business 
Innovative Research (SBIR) sponsorship.  CAF Inc. has succeeded in forming 3-mm prisms of 
solid methane and of solid ammonia in substantial quantities, and has demonstrated their 
transport to a collection vessel and developed a method of removal by rapid sublimation.  
Methane pellets are sticky at the 70 K temperature of formation, while ammonia pellets are not, 
and flow freely to fill a container.  Figure 3.5 shows a stack of S-CH4 pellets in the collection 
vessel.  The packing fraction — that is, the ratio of the volume of the solid to the total volume — 
is approximately 62%.  In application, L-H2 would flow through the pellet-filled vessel, cooling 
the material and adding to the proton density. 
 

 
Fig. 3.5.  Methane pellets in a collection vessel [3.3.2]. 
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The combination of methane, with a proton density of 7.8 × 1022 protons/cm3, and L-H2, with a 
proton density of 4.4 × 1022 protons/cm3 filling a container with 62% solid, provides an average 
proton density of 6.5 × 1022 protons/cm3, which is nearly equal to the proton density of the 90% 
methane in the foam-filled system assumed in the neutronic analysis: 7.0 × 1022 protons/cm3.  
(For reference, the proton density of water at 300 K is 6.7 × 1022 protons/cm3.)  Thus the 
analyses closely approximate the prospects for the L-H2–cooled pelletized methane moderator.  
We have completed Monte Carlo calculations of L-H2–cooled pelletized S-CH4 moderators with 
colleagues in the Nuclear Engineering Department of the University of Illinois, Urbana-
Champaign (UIUC).  The calculations indicate that pellets of reasonable sizes (e.g., ~3.0 mm) 
behave neutronically as homogenized systems.  These results will allow us to carry out more 
detailed optimizations of L-H2–cooled pelletized S-CH4 moderators in a simple way.  Continuing 
work at CAF Inc., supported by a Phase II SBIR grant, aims for larger-volume production of 
pellets and a cooling system to reduce the temperature of produced S-CH4 pellets and render 
them unsticky.  A video presentation of the production and processing of methane and ammonia 
pellets is available from CAF Inc., Oak Ridge, TN. 
 
3.3.1.3 Ammonia 
 
Experience with pellet production at CAF Inc. has encouraged interest in using ammonia (NH3) 
as cold moderator material.  The mechanical properties of the as-formed pellets are already 
suitable for use in a pelletized moderator.  Furthermore, the proton density of solid ammonia,  
9.3 × 1022 protons/cm3 at 23 K [3.3.5], substantially exceeds even that of solid methane.  
Additionally, the rotor modes of the ammonia molecule are of comparable spacing to those of the 
methane molecule, spaced about 1.0 meV apart.  If these remain in the cold solid, ammonia may 
serve as a suitable cold moderator in the LWTS.  A drawback of natural ammonia is its rather 
large absorption cross section, caused by capture in 14N; these losses render it inferior to other 
choices as a moderating medium.  However, the separated isotope 15N has almost no capture 
cross section for low-energy neutrons.  Using old data on natural ammonia and invoking a new 
procedure for correcting for the absorption effect [3.3.6], we found that the spectral intensity of 
the separated-isotope ammonia, 15NH3, exceeds that of solid methane in the conditions tested  
(77 K).  The cost of a charge of 15NH3 would be approximately $100,000, too much to 
contemplate for a direct test but affordable in a major installation such as the SNS, provided that 
a system of replenishment — i.e., a small-scale, special-purpose isotope separator — were 
available. 
 
In an L-H2–cooled, pelletized 15NH3 moderator with 62% solid, the proton density would be  
7.4 × 1022 protons/cm3.  A new set of moderator spectrum and pulse width data, such as might be 
obtained, for example, at the Hokkaido linac with natural ammonia and using the correction 
procedure, would enable a definitive assessment of the prospects for solid 15NH3 moderators.  In 
addition, quasi-elastic neutron-scattering data, which are easy to obtain at the IPNS spectrometer 
QENS, would show whether low-energy energy-transfer modes remain in the solid to the extent 
useful for low-temperature moderation.  The radiation-thermochemical instability problems and 
the problems of managing radiation products in ammonia moderators still need to be addressed.  
Nitrogen compounds do not agglomerate in long chains like carbon compounds involved in 
radiolysis of hydrocarbons; therefore, we maintain active interest in a L-H2–cooled pelletized 
15NH3 moderator option for use in the LWTS.  Section 9 further discusses palletized moderators 
as a significant R&D need. 



Technical Concepts for a LWTS for the SNS November 2002 

22 

3.3.2 Summary 
 
Table 3.1 lists the proton densities of some relevant moderator materials. 
 

Table 3.1.  Proton densities in some moderator materials. 
 

 
Material 

 
Condition 

Proton Density, 
Molecules/cm3 

H2 22 K, 15 atm 4.4 × 1022 
CH4 22 K 7.9 × 1022 
NH3 23 K 9.3 × 1022 
H2O 300 K 6.7 × 1022 

 
3.4 Reflectors  
 
The reflector redirects some of the source neutrons that would otherwise miss the moderator 
back into it and returns those that leak out while slowing down.  The purpose of decoupling a 
reflector from a moderator is to prevent neutrons thermalized in the reflector from entering the 
moderator and leaking out with long time constants characteristic of the reflector.  In a room-
temperature reflector, decoupling the two components requires the use of cadmium; this 
conclusion is based upon the cut-off energy of the transmission cross section and the spectral 
temperature of the thermalized neutron field within the reflector.  
 
3.4.1 Reference Design 
 
The reference reflector is a D2O-cooled beryllium structure, inerted with helium and decoupled 
with cadmium at the appropriate moderators and decoupled from the bulk shielding by Boral.  
 
3.4.2 Other Reflector Materials Considered 
 
3.4.2.1 Cold Beryllium 
 
Although beryllium (mass 9.01) metal is the best reflector known for pulsed source applications 
and is ubiquitous in present spallation sources operating at room temperature, there is a chance 
that beryllium cooled to lower temperature (say, 77 K) may provide improved intensity because 
the long-lived thermal neutron spectrum is depressed to lower energies at the lower temperature 
than at room temperature.  The lower energies of the spectrum, in turn, allow decoupling at 
lower energies (say, using gadolinium) than is necessary in the room-temperature reflector 
(decoupling with cadmium or thick boron), resulting in a gain in the low-energy neutron range.  
The effects are calculable and the cooling system design is straightforward engineering.  
Beryllium provides a significant neutron multiplication because of Be(n,2n) processes (threshold  
~ 2.0 MeV). 
 
Although this option has not yet been exploited in our base design, we have calculated the 
performance of a variant design in which the beryllium is cooled to 77 K; this design results in a 
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20% increase in long-wavelength intensity on decoupled moderators and a 50% increase in long-
wavelength intensity on coupled moderators. 
 
3.4.2.2 Lead 
 
The advantage of lead, used as a reflector, is that it provides shielding as well as serving as the 
reflector.  The disadvantage of lead is that it produces a long tail on the pulse of neutrons from 
the moderator, because of the long slowing-down time in the (mass-207.2) material.  The tail 
represents a background for important classes of neutron-scattering measurements.  This tail may 
be tolerable for coupled moderators.  Lead also provides a small neutron multiplication because 
of Pb(n,2n) processes (threshold ~10.0 MeV).  On the other hand, lead has a rather low melting 
temperature and a tendency to creep under load. 
 
3.4.2.3 Heavy Water 
 
The use of D2O (deuteron mass number D = 2.01) as a reflector is almost as good as beryllium 
metal because of its low mass and in spite of its lower atomic density and scattering cross 
section.  Moreover, it is easy to remove the heat deposited by nuclear processes, and it has no 
cracks or voids.  However, D2O has little shielding value although it provides a significant 
neutron multiplication because of D(n,2n) processes (threshold ~ 2.5 MeV). 
 
3.4.2.4 Metal Deuterides 
 
Certain metal hydrides have, theoretically, substantially higher hydrogen densities than water.  
As deuterides, the practical deuterium density may exceed that in D2O, in which case the metal 
deuteride would present advantages both in slowing-down power and in shielding, because of the 
metal matrix. 
 
Initial studies have shown no significant advantage for the metal deuterides. 
 
3.5 Neutron Beamlines 
 
3.5.1 Neutron Beam Transport 
 
Figure 3.6 shows the shielding and beam transport arrangements at a larger scale than the 
preceding figures. 
 
At the bottom of Fig. 3.6 are the two curved-guide clusters, which emerge into a shielded bunker.  
Their lines-of-sight end within the bunker.  At the top of Fig. 3.6, guides extend through movable 
gates to the shielded compact beam benders, where the lines-of-sight end, and then through 
guides to neutron beam instrumentation.  
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Some Guide Formulas 
Guide Tube Gain 
Straight Guide 
The guide tube gain for a fully and uniformly illuminated, straight one-dimensional guide is 

 

   
G = 1 + (θc /ψo)2 ; θ c ≤ ψo

2θc /ψo ; θ c ≥ ψo
 

where θc is the critical angle, θc = γcλ, and ψ0  = H/L.  H is the width of the guide and L is the length of the 
guide.  γc = m γc

Ni, where the factor m relates the critical angle for the guide material to that for natural 
nickel, γc

Ni = 0.0017 radians/Å. 
 
Curved Guide 
For a fully, uniformly-illuminated, one-dimensional curved guide, the gain is that calculated for a straight 
guide multiplied by the factor T  

   

T =
2
3 K 2 ; K ≤ 1

2
3 K 2 [1 – (1 – 1 /K 2) 3 / 2] ; K ≥ 1

  
where λ* = (1/γc) √2H/R .  Here, λ* is the characteristic wavelength for the guide, R is the radius of curvature 
of the guide, and K = λ/λ*. 
 
Line-of-Sight Distance 
The line-of-sight distance through a curved guide is Lsight = √8HR  as the 
figure illustrates.  The (shielded) length of a guide required to provide 
background reduction may be substantially greater (typically, ~10-20%) 
than the line-of-sight distance.  In the instance of a compact bender (a 
stack of curved guides with many channels) the length required for 
background suppression must exceed the line-of-sight calculated for the 
outside dimension of the stack, not for a single channel. 
 
Partially Illuminated Guide 
It is usually impractical that the entrance to a guide be adjacent to the source, but rather the guide must 
begin some distance away.  Then there may be no source to illuminate some paths that the guide might 
otherwise transmit.  This is the partially illuminated case that we treat here.  Defining 

   ψo = H / L , as above,
ψ* = (H* – H) / 2L* ,
ψ M = (H * + H) / 2L* , and
ψs = (H * + H) / 2(L* + L) ,  

in which H is the width of the guide, H* is the width of the (symmetrically located) source, L is the length of 
the guide and L* is the distance from the source to the entrance of the guide, the gain for a partially-
illuminated straight guide is 

   

G =

1 + (Θ c /ψo)2 ; Θ c ≤ ψo

2Θ c /ψ o ; ψ o ≤ Θ c ≤ ψ*

(Θ c + ψ*) / ψ o +
+ (Θ c – ψ *)(ψ M – Θ c) / (ψo(ψ M – ψ*)) ; ψ* ≤ Θ c ≤ ψ M

(ψ M + ψ*) / ψo ; Θ c ≥ ψ M

.

 
This is for the most common case of a long guide, that is, for the situation 0 < ψ0 <ψs < ψ* < ψM. (ψs is 
irrelevant to the gain factor in this case.)  The general result (see reference) includes several more cases. 
 
Reference 
J. M. Carpenter and D. F. R. Mildner, “Neutron Guide Tube Gain for a Remote Finite Source,” Nucl. Instr. & 
Meth. 196 (1982) 341-348. 
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3.5.2 Neutron Guides and Benders 
 
Figures 3.7 and 3.8 illustrate the curved-guide cluster and the compact beam bender concepts. 
 
Measurements at SINQ at Paul Scherrer Institute (PSI) have indicated little transmission of fast 
and high-energy neutrons past the line-of-sight point (downstream, outside the bunker wall) in 
this structure.  The radius of the bunker is about 25 m, and the guides extend about 5 m into the 
primary shield.  The figure does not show the extensions of the guides into the guide hall.  In 
SINQ (~1-MW proton beam) the guides view the cold source tangentially.  Figure 3.8 
schematically illustrates a compact beam bender. 
 

 
 
Fig. 3.6.  Plan view of the shield and beam transport arrangements in the LWTS (Fig. 2.3 provides the 
reference set of scattering instruments). 
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Fig. 3.7.  The SINQ curved-guide cluster at PSI and its shielding bunker. 
 

 
Fig. 3.8.  Schematic representation of a compact beam bender.  These are essentially stacks of narrow, 
curved guide channels.  In practice, it is possible to efficiently bend a beam of 4-Å neutrons about 2 deg 
in a length of about 1 m.  Standard curved-guide formulas describe their performance. 
 
3.6 Shielding for Neutron Guides and Benders 
 
Shielding issues relating to the fast and high-energy neutron backgrounds caused by the slab 
moderator configuration and the curved guides and compact beam benders are appropriate 
subjects for experimental evaluation in the Alternating Gradient Synchrotron (AGS) Spallation 
Target Experiment (ASTE) testing program at BNL.  We will take part in this collaboration, 
already underway for this and other purposes, which involves several other laboratories 
committed to high-power spallation neutron source developments in Europe, Japan, and the 
United States. 
 
3.7 Cooling Systems 
 
3.7.1 Target 
 
The components of the water-based cooling systems, including the D2O target cooling system, 
will be sized for more than a tungsten or tantalum target requires to accommodate potential 
upgrades in the target material, e.g., use of depleted uranium alloys. 
 



Technical Concepts for a LWTS for the SNS November 2002 

27 

The target station will have five independent cooling systems.  The target plate cooling system 
and the reflector cooling systems are heavy-water systems.  The target vessel wall cooling  
system, the combined cooling system, and the moderator/premoderator cooling systems are de-
ionized water systems.  The combined system cools the biological shield, the target tank, and the 
proton beamline window.  Whenever possible, components will be identical across the various 
systems to simplify design, procurement, and spare parts inventory. 
 

For reference and general evaluations, the table below lists the shielding mean free paths 
for high-energy neutrons (E > ~ 200 MeV) and for fast neutrons (~1. < E < ~ 20 MeV). 
 
High-energy neutron mean-free-paths and fast neutron removal mean-free-paths in 
representative shielding materials. 

 
Material 
(At Wt.) 

Density, 
gm/cm3

Number Density, 
at/cm3 λHE, cm λFast, cm 

Beryllium (9) 1.85 1.2 x 1023 50. 8.34 
Iron (55.8) 7.8 8.3 x 1022 17.34 6.25 
Copper (63.5) 8.96 8.5 x 1022 15.8 5.92 
Tungsten (183.9) 19.3 6.3 x 1022 10.1 5.08 
Lead (207.2) 11.3 3.3 x 1022 17.8 9.25 
Uranium (238.0) 19.0 4.8 x 1022 11.1 5.97 
Concrete 2.39 NA 46.1 10.4 
Chemtree 1-20-26*  NA 32.9 8.7 
Water 1.0 6.7 x 1022 a 90.25 9.62 
Earth 1.6 NA ca. 85.  
Superdense iron-
concrete ** 5.5 NA 24.1 7.6 

* A proprietary formable iron mortar 
** Recent entry not in original table; 55 vol% Iron, 45 vol% concrete 
a protons/cm3 

 
Reference:  M. Barbier, "Shielding and Activation Study for the Intense Pulsed Neutron 
Source at Argonne National Laboratory," MITRE Corporation report MTR-6998. 
September 1995. 

 
3.7.2 Liquid Drain and Retention Tank System 
 
Included in the design of the target cooling systems is a suspect liquid waste retention system.  
This collection system serves as a radioactive containment and ensures that no release to the 
environment or unwanted contamination of facilities and personnel will occur in the event of 
component failure. 
 
All piping and components are welded whenever possible, with the exception of some flanged 
fittings to allow component removal for maintenance.  Piping runs are housed in metal troughs to 
capture any leakage and, by gravity drain, direct the waste to the suspect liquid retention tank. 
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4. PROPOSED INSTRUMENTS 
 
The technical concept for the LWTS described in Section 2 provides for up to 21 independent 
neutron beams: 9 viewing the coupled slab moderator, 10 viewing the decoupled slab moderator, 
and 3 viewing the front wing- like moderator.  In this section, we describe 
11 instruments that capitalize on the unique capabilities of the LWTS.  These instruments 
emerged from discussions of scientific needs and opportunities summarized in Section 8.  Table 
4.1 lists their key parameters.  We have studied four instrument concepts in greater detail than 
the others, carrying out simulations to confirm performance projections:  the broad-range intense 
multipurpose small-angle neutron scattering (BRIMS SANS), the 200-neV crystal analyzer 
spectrometer, the magnetism and diffuse scattering spectrometer (MiDaS), and the high-
resolution powder diffractometer.  The remaining instrument concept descriptions are less 
detailed but are sufficient to allow performance comparisons with existing instrumentation and 
proof-of-principle tests and to provide meaningful guidance for facility design. 
 

Table 4.1.  Parameters for proposed instruments. 
 
 Moderator L1 (m) L2 (m) Wavelengths 

used (Å) 
Range Incident Beam     Optics

 
Broad-range intense 
multipurpose SANS 

 
Coupled       S-CH4 

 
27 

 
4–8 

 
1–14.5 
1–12.7 

 
0.0025–0.7 Å -1 

0.0020–0.4 Å -1   

 
supermirror bender 

 
200-neV crystal 
analyzer 
spectrometer 

 
Decoupled    S-CH4 

 
63.4 

 
2 

 
Variable 

6.22  Å band 

 
0.05–1.2 Å -1    
±420 µeV  

 
curved guide       

funnel, chopper 

 
Magnetism 
diffractometer 

 
Decoupled    S-CH4 

 
32 

 
1 

 
1–13 

 
d = 0.5–23 Å   

∆d/d 2 × 10-3 (1Å)  

 
natural nickel guide,  
polarizer, choppers 

 
Broad-band 
reflectometer 

 
Coupled       S-CH4 

 
18 

 
2 

 
1–20 

 
Qmax ≥ 0.3  Rmin ≤ 10-6 

 
supermirror bender 

 
Grazing incidence 
SANS reflectometer 

 
Coupled       S-CH4 

 
18 

 
1–3 

 
1–20 

 
0.0008–0.5 Å-1 

 
supermirror bender 

 
Neutron spin echo 
spectrometer 

 
Coupled       S-CH4 

 
17 

 
22 

 
7–22 

 
0.03–200 nsec  

 
supermirror bender, 
polarizer, choppers 

 
Polarized neutron 
reflectometer 

 
Coupled       S-CH4 

 
18 

 
2 

 
1–20 

 
0–60o 

 
supermirror bender, 

polarizer 
 
Ultra-cold ne utron 
station 

 
Coupled       S-CH4 

 
18 

 
varies 

1–20 
especially 9 

 
varies  

 
supermirror bender, 

choppers 
 
Direct-geometry 
spectrometer 

 
Decoupled   S-CH4 

 
25 

 
5 

 
1–13 

 
Emax 200 meV  

∆E 2–1000 µeV 

 
curved guide  

choppers 
 
High-resolution  
powder 
diffractometer 

 
Decoupled   S-CH4 

 
120 

 
4–7 

 
0.5–6.5 (5 Hz) 

 
d = 0.4–3.1 Å  ?d/d  

3 × 10-4 (1Å) 

 
ballistic guide  

choppers 

 
Protein 
diffractometer 

 
Decoupled   S-CH4 

 
32 

 
0.5 

 
1–13 

 
d = 1.5–10 Å   

∆d/d 4 × 10-3 (90°) 

 
supermirror bender 

 
We have selected the instruments proposed for the LWTS because they provide unique new 
capabilities for the scientific community and because they exploit the large bandwidth and high 
cold-neutron brightness provided by the LWTS — features not available at other neutron 
sources. All these concepts are based on existing technology and could be built immediately.  
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This suite of instruments supplements the range and performance of existing instruments and 
instruments proposed for other neutron sources, complements those of the HPTS, and permits 
rapid, broad-band measurements on evolving sample systems. They will help to close the gap 
between energy energy/time and wave vector/length scales measurable on existing neutron 
spectrometers and those currently observable by other methods and, consequently, allow entirely 
new classes of experiments. 
 
The instrument design concepts are the joint work of those who prepared the science case and 
experienced instrument scientists from Argonne's IPNS. We are continuing to optimize these 
designs and expect to discover numerous opportunities for improvements in performance, some 
of which depend upon the success of modest developments of new components and techniques. 
We emphasize that the performance of instruments so far evaluated represents a lower limit on 
what can be achieved. 
 
4.1 Broad-Range Intense Multipurpose SANS 
 
4.1.1 Requirements of the Science Community 
 
Small-angle neutron scattering has extensive uses for characterizing materials in such fields as 
polymers, biology, ceramics, metallurgy, porous materials, and magnetism. SANS has high 
sensitivity in the size range of 1 to 100 nm and enables probing complex hierarchical structures 
that have several distinct length scales.  Small-angle x-ray scattering has high sensitivity in the 
same length scale, but the differing scattering cross sections for neutrons offer unique advantages 
for the study of multicomponent systems and magnetic materials.  Hydrogen/deuterium 
substitution is notably powerful in studying polymers and biological materials. 
 
The broad SANS community needs an instrument that combines the best features of the reactor-
based and time-of-flight (TOF) SANS instruments and that is at the same time capable of 
measuring data in a Q-range of 0.001–0.7 Å in a single, fast measurement.  With such an 
instrument, scientists will be able to carry out new kinds of studies such as pressure-dependent 
protein folding kinetics [4.1.1] and temperature-dependent phase separation and crystallization 
kinetics in polymers and metallic alloys. 
 
4.1.2 Instrument Design and Advantages 
 
We have designed a versatile, high-throughput TOF SANS instrument, BRIMS SANS for the 
proposed LWTS.  BRIMS can cover a Q-range of 0.002–0.4 Å in a single measurement.  Options 
will be available to extend the Q-ranges on both ends by selecting collimation options and beam-
stop size as well as the position of the area detector.  We set the maximum length of the 
instrument at 31 m with the sample at 23 m and the entrance aperture at 15 m from the source. 
We are optimizing BRIMS to take advantage of the 10-Hz source frequency (offering broad 
wavelength bandwidth) and of the cold-neutron spectrum from a tall, coupled, solid methane 
moderator.  Frame definition choppers or mirror filters eliminate neutrons with wavelengths 
greater than 15 Å, the maximum wavelength enabled by the 10-Hz pulsing frequency.  BRIMS 
employs a movable, 100 × 100-cm2 position-sensitive area detector with small pixels and a high 
data rate.  The detector can be either 27 m (λmax = 14.6 Å) or 31 m (λmax = 12.75 Å) from the 
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source, providing for different compromises in flux, Q-range, and Q-resolution, depending on the 
experiment.  For example, the longer sample-to-detector distance gives slightly higher resolution 
and higher density of Q points, while shorter sample-to-detector distances allow higher flux on 
samples and a broader Q-range.  Offsetting the detector horizontally will increase Qmax and 
improve the resolution and statistical quality of the data at middle- and high-Q regions. The Qmin 
and Qmax in this instrument are 
 
Qmin = 4π sin θ min/λmax and 
 
Qmax = 4π sin θ max/λmin         . [4.1] 
 
The available bandwidth (∆λ) or the maximum wavelength (λmax) useful in a given frame can be 
calculated using the following: 
 
∆λ = λmax = 3955.Å-m/sec/fL [4.2] 
 
where f is the repetition rate and L is the length of the instrument.  A bank of detectors at high 
scattering angles, for which there is already precedent, can extend the Qmax and increase the 
counting rate at the larger Qs, but we have not yet included one in our proposed concept. 
 
One essential consideration in this design is to separate the neutrons useful for SANS  
(λ = 1–15 Å) efficiently from the high-energy and γ-ray components of the direct beam to reduce 
the background.  The prompt neutron spectrum from the target and moderator system contains 
large numbers of fast and high-energy neutrons and γ-rays that must be prevented from entering 
the collimation system.  Currently, four different techniques are in use at different pulsed neutron 
sources to reduce or eliminate the fast neutrons. The SANS instrument at the KENS pulsed 
source at the High Energy Accelerator Research Organization (KEK) in Japan uses a long curved 
neutron guide to bring the detector out of sight of the source [4.1.2].  The low-Q (LOQ) 
instrument at ISIS [4.1.3] employs a beam bender (an array of short, narrow curved guides 
placed side by side) for this purpose.  The two SANS instruments at IPNS employ cold MgO 
filters [4.1.4-4.1.6], and the low-Q diffractometer (LQD) instrument at the Manuel Lujan 
Neutron Scattering Center (MLNSC) at Los Alamos National Laboratory (LANL) [4.1.7] uses a 
T0 chopper to attenuate the fast neutrons.   
 
In the conceptual BRIMS, a guide and bender assembly separates the cold neutrons from the 
direct fast neutron and γ ray beam so that the area detector is completely out of the line of sight 
of the source.  To improve the flux at short wavelengths, we have assumed the use of high-index 
supermirrors.  The input snout guide from the source leads to a 2-m-long, 44.625-mm-wide 
bender consisting of several 15-cm-tall vertical blades.  Each consists of a 0.2-mm SiO2 substrate 
with 3.5-µm-thick, m = 3.5 supermirror on the reflecting side, a proven technology.  The width 
(w) of each guide channel is as follows: 
 

W= l
B2θ

 (mλCγNi)2 [4.3] 

 



Technical Concepts for a LWTS for the SNS November 2002 

32 

where λC is the critical wavelength (we design for λC = 1 Å), l = 2 m (the length of the channel), 
θB is its bend angle, and γNi = 1.7 mrad/Å determines the critical angle of the coating.  Thus, the 
number of blades depends on the required bend angle.  For example, a 2-m-long, 11.95-mR 
bender has 15 channels while a 40-mR bender has 50 channels. 
 

 
Recipes for Instrument Shielding Materials 
 
Here we provide recipes for several types of shielding materials that we manufacture locally and use successfully 
for various purposes in IPNS instruments. 

“Caramel Corn” 
Typical Purposes:  Bulk shielding 
around instruments and detectors. 
Composition (for blocks 8 x 12 x 
12 in3 ~20 x 30 x 30 cm3):  
Ingredient Weight, kg 
wt. %  
 
Epoxy 828 
  3.93 
22.7 
 
Epoxy 3030 
  2.73 
15.8 
 
Polyethylene 
beads 
  8.45 
48.9 
 
Borax 
  2.18 
12.6 
 
Total 
17.3 
 
 
Note: Proportions of liquid and 
solid adjusted to fill container 
uniformly. 

“Crispy Mix” 
Typical Purposes: High-density Boron, 
Low-albedo shielding; detector backing, 
flight path liners, collimators; sheets and 
shapes. 
Composition (for sheet ~1 x 30 x 30 cm3): 
Ingredient 
Weight,  
gm 
wt. %  
 
Epoxy 828 
  100. 
  6.2 
 
Epoxy 3030 
    70. 
  4.3 
 
B4C 
1440. 
89.4 
 
Total 
1610. 
 
 
Note: The less epoxy (pre-mixed), the 
better.  Mix thoroughly, be patient, have 
faith, pack carefully into mold corners.  
Top (“up” side) is dryer (lower albedo) 
than bottom. 

Lead-borated-epoxy Bricks 
Typical Purposes: High density 
shielding around choppers, 
collimators, fast-neutron hot 
spots.  Composition (for 10 
bricks 2 x 4 x 8 in3 ~ 5 x 10 x 
20 cm3):  
Ingredient 
Weight, 
 kg 
wt. %  
 
Epoxy 828 
  3.05. 
  4.1 
 
Epoxy 3030 
  2.05 
  2.8 
 
Borax 
  0.57 
  0.8 
 
Lead shot 
68.2 
92.3 
 
Total 
73.8. 
 
 
Note: Proportions of liquid and 
solid adjusted to fill container 
uniformly. 
 

Materials: 
Epoxy (Shell), cured density ~ 1.20 gm/ cm3 
Lead shot ~ 1.-mm dia. spheres 
B4C ~ 0.5-mm grit; US standard sieve grades 14 to 36  
Borax (anhydrous) technical fine grade Na2B4O7 
Polyethylene (low-density) mold stock, beads ~ 5. mm dia x 2.5 mm thick, density ~ 0.92 gm/ cm3 

 
 
 
Eliminating radiological and detector background problems caused by high-energy neutrons in 
the beam requires heavy shielding material along the line of sight through the bender and 
collimator system.  A straight section of guide and shielding after the bender gives this 
protection.  This configuration separates the direct beam from the beam incident on the sample, 
with the heavy shielding ending 2 m upstream from the sample position. 
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We evaluated the instrument using acceptance diagrams and the Los Alamos Neutron Instrument 
Simulation Program (NISP) Monte Carlo simulation package.  The basis of performance 
calculations is the flat coupled solid methane moderator of LWTS (see Sec. 7.0), viewed 
perpendicularly.  BRIMS (Fig. 4.1) combines features from the best steady-state and pulsed-
source SANS instruments.  Table 4.2 lists key design parameters for the instrument.  By using 
Monte Carlo simulations with the scattering kernels for spherical particle and delta function 
scatterers, we characterized the effects of various collimation choices on count rate,  
Q-resolution, and Qmin, as described in Table 4.3.  
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Fig. 4.1.  Schematic of the BRIMS instrument proposed for the LWTS at SNS. 
 

Table 4.2.  Instrument design parameters for the BRIMS. 
Component Description 

Moderator Coupled solid CH4 slab 
Beam size at moderator 12 cm (width) × 20 cm (height) 
Source-to-beam bender 11.0 m 
Bender length, supermirror index 2.0 m, 3.5 times that of Ni 
Source-to-entrance aperture 
distance 

15.0 m 

Source-to-sample distance 23.0 m 
Sample-to-area detector distance 4.0 to 8.0 m (variable) 
Area detector active area 100 × 100 cm2 

Pixel resolution 3 to 5 mm (fwhm) 
 
Using neutrons with λ ranging from 1–14.5 Å in a TOF mode, BRIMS will produce higher count 
rates than any instrument currently existing anywhere in the world and will do so in a single 
measurement.  Figure 4.2 compares Monte Carlo simulations and analytical calculations for 
BRIMS (in its high-throughput configurations) with the current world's best SANS instrument, 
D22 at ILL.  Simulations assume a 2-cm sample diameter for the ILL-D22, but a 1.5-cm sample 
diameter for BRIMS.  BRIMS’s counting rate excels for each Q value in the typical SANS  
Q-range of 0.0025–0.7 Å, while retaining comparable resolution. Moreover, D22 requires three 
settings to cover a Q range of 0.002–0.5 Å. 
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Table 4.3.  Some instrument settings for BRIMS.  (Parameters in bold and regular text correspond to 4 m 
and 8 m sample-to-detector distances, respectively.  The configurations marked with an (*) were 

extensively modeled using NISP). 
Entrance 
Aperture 
Diameter 

(cm) 

Sample 
Aperture 
Diameter 

(cm) 

 
Beam Stop 
Diameter 

(cm) 

Entrance 
Aperture to 

Sample 
Aperture (m) 

 
Sample-to-
Detector 

Distance (m)

Relative 
Intensity from 
Acceptance 
Diagrams 

 
 
 

λmax (Å) 

 
 

Qmin 
 (Å-) 

Qmax  
 with 1-Å 
Neutrons 

(Å-1) 
4* 1.33 4 8 4 1.00 14.5 0.00217 0.785 
3* 1.5 6 8 8 0.72 12.75 0.00185 0.393 
3 1 3 8 4 0.32 14.5 0.00163 0.785 
2* 1 4 4 4 0.57 14.5 0.00217 0.785 
2 1 4 8 8 0.141 12.75 0.00123 0.393 
2 0.67 2 8 4 0.063 14.5 0.00108 0.785 

1.35 0.67 2.67 8 8 0.029 12.75 0.00082 0.393 
1.35* 0.45 1.35 8 4 0.0130 14.5 0.00073 0.785 
0.9 0.45 2 8 8 0.0058 12.75 0.00062 0.393 

 
The best cold-source reactor-based SANS instruments currently have an advantage over those at 
present-day pulsed sources in terms of both flux and resolution for Q < 0.002 Å-1.  However, as 
the figure shows, the use of multiple converging aperture collimation on the BRIMS 
substantially reduces this advantage.  Simulations of the multiple aperture geometry and 
experimental tests of the feasibility of constructing such a device are underway, as are 
evaluations of further refinements of the design. 

 
Fig. 4.2.  Comparison of count rates and resolution at BRIMS and D22 using the results of Monte Carlo 
simulations and analytical calculations. 
 
4.2 Crystal Analyzer Spectrometer 
 
4.2.1 Requirements of the Science Community 
 
Studies of chemical and biomolecular dynamics often require systematic investigation of many 
similar molecules under slightly different conditions, demanding a large range of energy 
transfers and energy transfer resolutions for optimum study.  There is a gap between the 
resolution accessed by neutron spin echo (NSE) techniques (in the time domain) and that 
accomplished in existing high-resolution direct- and inverse-geometry spectrometers.  Filling 
this niche in energy resolution will allow systematic studies over the large ranges of energy 
transfer required by many disciplines. 
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4.2.2 Instrument Design Advantages 
 
The proposed 200-neV crystal analyzer spectrometer (CAS), using the mica (002) (d=10…Å) 
reflection, offers a remarkable Q-range — 0.05 Å-1 ≤ Q ≤ 0.6 Å-1 — with a high Q-resolution 
(0.002 Å-1 < δQ < 0.015 Å-1) and excellent energy transfer range (- 60 µeV < ω < 60 µeV).   The 
resolution of this spectrometer, 200 neV, lies well below that achieved in existing instruments of 
the same type, including the design goal of the HPTS backscattering spectrometer.  The initiative 
for the inverse geometry spectrometer came about with the plans to build the LWTS [1.1], which 
will provide a high flux of long-wavelength neutrons and a long interval between pulses. The 
instrument design employs mica analyzers close to backscattering geometry (scattered-neutron 
wavelength of 20 Å) to provide extremely high-energy transfer resolution [δω ≤ 0.2 µeV full-
width half-maximum (FWHM) elastic].  We used the Monte Carlo simulation program McStas 
[4.2.1], developed at Risø National Laboratory, to optimize the layout of individual components 
and to estimate the instrument performance.  Figure 4.3 shows the scattering chamber of the 
CAS. 

 
Fig. 4.3.  The scattering chamber and the CAS guide system at the LWTS. 
 
We adopt the simple, traditional formalism to guide our initial analysis and choices of parameters; that 
formalism is the basis for the following discussion.  Consider that the uncertainty in the energy transfer 
for a CAS can be separated into a term dependent on the primary spectrometer (δωP, components before 
the sample) and on a term dependent on the secondary spectrometer (δωS, components after and 
including the sample).  If, as is traditional, we assume that the terms are independent and that the 
uncertainties add in quadrature, the energy transfer resolution is [4.2.2], 
 

22
SP δωδωδω +=   , [4.4] 

where 
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where Ei is the incident neutron energy, Li is the moderator-sample distance, ti is the incident 
neutron flight time, t0 is the emission time of the neutron from the moderator, and tf is the time 
for the scattered neutron of selected final energy to travel from the sample to the analyzer to the 
detector. 
 
In a CAS, the final neutron wavelength,  λf, is fixed by Bragg reflection from the analyzer 
crystals,  λf. = 2dsinΘB, and Ef = h2/2m λf

2.We assume that the first term in Eq. 4.5 is small 
compared to the second and, therefore, that the contribution from the primary spectrometer to the 
resolution arises from the moderator pulse width (δt0). On the other hand, the contribution from 
the secondary spectrometer (Eq. 4.6) represents uncertainty in the lattice parameter (δd) of the 
crystal analyzers and the uncertainty of the Bragg angle δθB, which has contributions both from 
the analyzer crystal mosaic and the sample dimensions.  
 
The decoupled poisoned solid methane moderator at LWTS generates a pulse with a width of 90 
µsec for λ = 20 Å, corresponding to elastic scattering of a scattered neutron wavelength of λf = 
20 Å (Ef = 0.2045 meV) reflected from the (002) planes of mica. To achieve the timing 
resolution necessary for the desired δω  requires that the spectrometer have a long primary flight 
path.  An initial flight path around 63 m long from moderator to sample provides the desired 
primary-flight-path resolution.  
 
According to the traditional analysis and for practical reasons, the analyzers should be slightly 
off the backscattering orientation. We find that this component of the resolution, cot( Bθ )δ Bθ , 
can be relaxed from exact backscattering (θΒ = 180°, cot θΒ = 0) without increasing the overall 
resolution significantly [4.2.3]. A sample/detector geometry with a Bragg angle of 87.5˚ is a 
reasonable choice.  In contrast to spectrometers such as the ISIS spectrometer IRIS that have less 
stringent resolution requirements, the sample size in our CAS can easily dominate the first and 
second terms in Eq. 4.6.  Restricting the sample size is not an issue in cases where only limited 
amounts of sample are available. However, when sufficient sample is available, a restricted beam 
size lowers the counting rate in the detector.  Optimization of the secondary spectrometer 
requires keeping the first term of Eq. 4.6 small compared to the second. Constraining the design 
to a 2-m sample-analyzer flight path leads to an optimized sample size of 2 × 2 cm2 and a 
contribution of 0.41˚ to δθB due to sample size. The total contribution of the sample size to  
Eq. 4.6 is then 163 neV (to be added in quadrature to the δθB contribution from the analyzer 
mosaic). At this stage, we ignore resolution contributions associated with the detector and those 
caused by zigzag paths [reference] in the guide. 
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It is also important to understand the contributions to the Q-resolution for energy transfers near 
the elastic peak. In this case, the momentum transfer is 
 

   
Q =

4πsin ϕ / 2
λ f  [4.7] 

 
where φ is the angle between the incident neutron beam and the scattered beam directions. 
Differentiating Eq. 4.6 and considering that the uncertainty in λf is small, the uncertainty in Q is 
 

   
δQ =

4πcos ϕ / 2
λ f

δϕ
2 .

 [4.8] 
 
The contributions to δφ  are the incident beam divergence (δφi), the divergence due to sample 
size δφS, and the angular acceptance of the analyzer (δφA). 
 
We carried out a preliminary guide optimization by iterating a Monte Carlo simulation.  We 
selected a curved guide 30 m in length with a radius of curvature of 1 km, giving a characteristic 
wavelength of 7.9 Å when the critical angle is equal to that of natural nickel.  The guide begins 
at 8.34 m from the moderator, accepting 20-Å neutrons with 0.5˚ divergence.  The straight guide 
extends a total of 18.77 m and terminates in a 6-m-long natural-nickel funnel with an exit cross 
section of 2 × 2 cm that ends 25 cm from the sample position. The total initial flight path length 
is thus 63.36 m.  The estimated total guide gain (ratio of neutrons on the sample with and without 
a guide) is 360 for 20-Å neutrons.  The spectrometer tank is a 4-m-dia vacuum vessel.  Table 4.4 
describes the guide components.  Figure 4.3 illustrates the scattering chamber design. 
 

Table 4.4.  Instrument design parameters for the CAS. 
Component Description 

Moderator Decoupled solid CH4 slab (30 mm 
poisoned); δt0 = 90 µsec for λ = 20 
Å 

Source-to-sample distance 63.36 m 
Source-to-start of guide distance 8.34 m 
Curved guide length 30 m 
Straight guide length 18.77 m 
Guide funnel length 6 m (natural Ni) 

End of funnel– to-sample distance 0.25 m 

Sample– to-analyzer distance 2 m 
Guide 20 cm (H) × 15 cm (V) guide/funnel 
Analyzer crystal mica (002), Bragg angle = 87.5° 
Sample 2 × 2 cm2 cross section (geometry 

varied) 
 
The time required to obtain a desired number of counts (PT) in the peak channel is 

2
1 NN

F
Pt R

Q
D

T ×××= , [4.9] 
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where FD is the counting rate per Q-point and per energy transfer bin; NQ is the total number of 
single Q-points summed into the detector (equal to 10 in this case); and NR is the number of bins 
across the elastic peak into which counts are stored, with a typical value of 20.  The factor 2 
corrects for the approximately triangular shape of the resolution function.  For this example, for a 
10% scattering sample, the time required to obtain 4,000 counts in the peak time channel is 
approximately 15 min.  
 

We conducted a similar analysis to measure the performance of this instrument if positioned at 
the HPTS.  The results show a decrease of a factor of 4 in flux on samples at the HPTS.  
Moreover, pulse-suppression choppers, required on HPTS to eliminate intervening pulses, would 
cause uncertainty in background. 

 
A disk chopper located directly outside the bulk shielding eliminates frame overlap at the sample 
position.  The bandwidth chopper gives a wavelength band of 6.219 Å delivered to the sample.  
This band provides a range of energy transfers for the mica (002) reflection of ± 60 µeV.  Table 
4.5 shows the performance of the instrument for near-elastic scattering. 
 

Table 4.5.  Spectrometer performance for near-elastic scattering. 
Analyzer 
Crystal 

λf (Å) ∆λ(Å) ω-range 
(µeV) 

δω (FWHM) 
(µeV) 

Q-range  
(Å-1) 

δ Q (FWHM) 
(Å-1) 

Mica (002) 20 6.219 -60–60 0.215 0.05–0.6 0.015–0.002
Mica (004) 10 6.219 -420–420 1.14 0.1–1.2 0.03–0.004

 
These simulations assume that the analyzer crystals are made of micas, alumino-silicate minerals 
with a sheet structure that has two layers of silicate tetrahedra arranged between a layer of 
hydrated metal-oxide octahedra.  They exist in different species such as muscovite, annite, 
phlogopite, fluoro-phlogopite, and biotite.  Slabs of single-crystalline mica are of interest as 
cold-neutron monochromators or analyzers in high-resolution spectrometers because of their 
large lattice spacing (about 20 Å).  Recent investigations [4.2.4] of synthetic fluorinated mica, 
fluoro-phlogopite K2Mg6(AlSi3O10)2F4, show strong (002 and 006) reflections and a weak (004) 
reflection with very low thermal diffuse scattering.  In natural phlogopite, 
K2Mg6(AlSi3O10)2(OH)4, all reflections are consistently strong but have higher diffuse 
backgrounds. Fluorinated mica has unique characteristics: high chemical stability, excellent 
reflectivity, freedom from outgassing at high temperature in vacuum, excellent electrical 
insulation, high heat tolerance (up to 1100° C), nonradioactive background, and high flexibility 
and cleavability, which are much superior to those of natural micas. Furthermore, fluorinated 
mica is hydrogen-free, which helps reduce incoherently scattered neutron background.  Large 
fluorinated mica crystals of high quality can be grown by a Bridgeman-Stockbarger method 
[4.2.5]. Given these advantages it is reasonable to consider fluoro-phlogopite as an option, 
despite its higher price than natural materials. However, optimization of the crystal analyzers is 
crucial to the operation of the spectrometer. Parameters such as neutron reflecting properties 
[4.2.6] and ideal crystal thickness, mosaic width, and relative plane spacing uncertainty (δd/d) 
have not yet been fully explored.  
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Possible improvements to the current design could include changing the moderator poison depth 
to a shallower position. This choice would improve the resolution but cause a loss of flux on 
sample.  Moderator studies reveal that as poison depth varies, the time average flux varies 
approximately as the inverse square of the pulse width at each wavelength.  The instrument 
design is also constrained by the initial flight path length. Because of the high transmission of the 
natural Ni guide, this distance can be increased without significantly changing the instantaneous 
flux on sample. The sole effect of increasing the length of the flight path would be to decrease 
the range of energy transfers accessible in a single-frame measurement.  This increased length 
option could increase the resolution of the instrument by improving the resolution of the primary 
spectrometer. 
 
Other optional possibilities include moving the spectrometer to a coupled moderator and using a 
pulse-shaping chopper to modify the long time tail of the moderator pulse. However, because of 
the large bandwidth necessary (6.219 Å) for the instrument, this solution may not be viable. 
Another possibility is to use a Drabkin filter [4.2.7]; the basic idea of this option is to create a 
resonance condition so that only neutrons with two parameter values (time and wavelength) 
related in a selected way will be transmitted. Neutrons that do not fulfill the conditions (for 
example, neutrons from the moderator tail) will not appear in the filtered beam. After 
transmission through the energy filter, the wavelength-time relation is much sharper than before. 
The device also will filter out any steady background of delayed neutrons, the small fraction of 
neutrons that are constantly emitted from the target.  The Drabkin filter produces and requires a 
polarized neutron beam and a consequent loss in the neutron flux on the sample of at least a 
factor of 2. 
 
Including higher-order reflections in the data analysis to extend the ranges of both energy and 
momentum transfer would also improve the instrument. 
 
We have envisioned this instrument as a backscattering spectrometer, which is the best-
understood version but is still a limiting case of the time-focused crystal-analyzer family of 
spectrometer instruments. A recently completed, general analysis of CASs will soon appear in 
the literature [references].  No instrument has yet incorporated the results of that analysis, but we 
will use the new theory to guide further refinements of the design of the 200-neV CAS proposed 
here.  The opportunities for improvement in the design of this class of spectrometers will surely 
lead to significant enhancements in its performance. 
 
Issues that require further R&D are characterization of mica and other crystals and detector 
development. 
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4.3 Magnetism Diffractometer 
 
4.3.1 Requirements of the Science Community 
 
The working group on magnetism identified spin density measurements and diffuse/critical 
scattering as areas of neutron research that are currently not served by existing neutron facilities 
in the United States and are of the highest priority for magnetism research in the future.  We 
propose to construct a magnetism and diffuse-scattering spectrometer, MiDaS at the LWTS to 
meet these needs. 
 
4.3.2 Instrument Design and Advantages 
 
The MiDaS will have the following characteristics: 

• High intensity at long wavelengths for magnetic and diffuse scattering, 
• Access to large volumes of reciprocal space to map out diffuse scattering, 
• Low angular divergence (0.1°) and d-spacing resolution (∆d/d~0.2%) for distinguishing 

critical scattering around Bragg reflections as well as for diffuse scattering 
• Use of polarized neutrons to resolve magnetic from nuclear scattering and to measure 

Bragg flipping ratios 
• Construction with nonmagnetic materials (aluminum or stainless steel) to facilitate use of 

high magnetic fields 
• Low backgrounds for measuring weak scattering and/or small samples 

 
Table 4.6 lists MiDaS instrument design parameters, and Fig. 4.4 provides a conceptual sketch of 
the MiDaS instrument. 
 
We have completed a detailed study of the resolution and neutron transport systems.  The 
following paragraphs describe the primary components of the spectrometer and their roles and 
calculated performance. 
 

Table 4.6.  Instrument design parameters for the MiDaS. 
Component Description 

Moderator Decoupled solid CH4 
Source-sample distance 30 m 
Flight path 7 × 7 cm supermirror guide 
Resolution ∆d/d ≈ 2 × 10-3 at d ≈ 1 Å 
d-Spacing range 0.5–23 Å 
Detector 2-D PSD with 1 × 1 cm resolution 
Polarization Removable polarization cavities 
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Fig. 4.4.  Sketch of the MiDaS at the LWTS. 
 
4.3.2.1 Moderator 
 
The resolution requirements for critical and diffuse scattering and cold neutrons are best met by 
the decoupled solid methane slab moderator (see Sec. 7).  A considerable gain in intensity can be 
obtained by using a coupled moderator (at the expense of resolution).  Scientists have recently 
proposed using a Drabkin filter [5] to chop the tail of the neutron pulse while maintaining the 
higher peak flux of this type of moderator; however, the performance of this device for this 
purpose is still under investigation.  
 
4.3.2.2 Primary and Secondary Flight Paths 
 
The time-resolution performance of a solid methane moderator gives ∆d/d of ~0.2% at 
backscattering angles with a primary flight path of 30 m (see Table 4.7).  A secondary flight path 
of 1 m provides a secondary divergence of 0.06° for a 1 × 1 × 1 mm3 sample, roughly matching 
the primary divergence.  
 

Table 4.7.  Resolution of MiDaS at various scattering angles. 
Scattering Angle 

(°) 
Secondary Flight 

Path (m) dmax (Å) ∆d/d (%) 

148 1 6.3 0.2 
90 1 8.5 0.27 
60 1.5 12 0.3 
30 2.5 23 0.5 

 
4.3.2.3 Neutron Transport 
 
Monte Carlo simulations show that a straight 7 × 7 cm supermirror guide (with collimation 
before the sample) provides considerable flux of thermal neutrons for crystallographic 
investigations.  Assuming unpolarized operation using neutrons from the proposed decoupled  
20 K solid methane moderator with wavelengths from 0.5 to 12 Å, the flux at the sample position 
is 2.4 × 107 n/s/cm2 assuming an rms incident beam divergence of 0.06°.  For polarized operation 
using wavelengths from 2 to 10 Å, the flux at the sample position is 6.0 × 106 n/s/cm2 assuming a 
90% transmission efficiency for the polarizing optics.  Simulations indicate that the divergence 
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of the beam from a 23-m supermirror guide will be ~0.05° at the sample (see Fig. 4.5). We 
performed simulations using a straight guide to simplify and improve our understanding of the 
results; however, it will be necessary to use a curved guide or a T0 chopper to avoid the intense 
fast neutron and gamma flash of the slab moderator.  
 

 
Fig. 4.5.  Maps of (a) horizontal and vertical divergence and (b) beam spatial intensity distribution 
calculated using Monte Carlo simulation of the MiDaS neutron transport system.  The simulation model 
places a 23-m straight supermirror guide 6 m away from the moderator. In front of the sample is a 
collimation package reducing the beam cross section from 7 × 7 cm to 0.1 × 0.1 cm over a distance of  
0.5 m.  
 
4.3.2.4 Polarized Beam 
 
The Hahn-Meitner Institute (HMI) in Berlin has recently demonstrated solid-state supermirror 
polarizing cavities [7] that efficiently transmit one spin state over a broad wavelength range  
(2–10 Å) while rejecting the other.  A radio-frequency spin flipper can be used to change the spin 
state over the same wavelength range.  MiDaS employs a similar spin filter/spin flipper assembly 
that will be interchangeable with a section of normal supermirror guide for use in unpolarized 
experiments. 
 
4.3.2.5 Choppers 
 
Frame-definition choppers will select an optimum wavelength range for the polarizing cavity or 
define an optimum wavelength band for unpolarized neutron scattering.  It may be necessary to 
use a T0 chopper in addition to the frame-definition choppers to control the fast-neutron 
background. 
 
4.3.2.6 Detector Arrangement 
 
The arrangement of detectors around the sample is still under investigation.  On the basis of 
current experience with TOF spectrometers, we plan to place detectors to cover a large solid 
angle around the sample.  To improve resolution at lower scattering angles, we plan to consider 
increased secondary-flight-path lengths (see Table 4.7).  
 
4.3.3 Conclusions 
 
MiDaS will take advantage of the peak in brilliance at 4 Å from the solid methane slab 
moderator at LWTS. If MiDaS were placed at the HPTS, it is possible that it would function 
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adequately at 20-Hz. However, because the methane moderator at the LWTS provides a gain of  
9 on a per-pulse basis over the hydrogen moderators at the HPTS, MiDaS at the LWTS will have 
an overall intensity advantage of four and a half times compared to 20-Hz operation at the HPTS. 
 
4.4 Ultra-High Resolution Powder Diffractometer 
 
4.4.1 Requirements of the Science Community 
 
Structural complexity, in the form of very large unit cells, phase coexistence, subtle superlattices 
and distortions, or expanded length scales, is increasingly important in the physical sciences; 
examples range from proteins, designer porous solids, and self-assembled nanostructures to 
engineering alloys and cement.  Existing synchrotron x-ray diffractometers offer excellent 
resolution (∆d/d ~10-4) and have expanded our understanding of many important materials such 
as C60 derivatives, high-Tc superconductors, zeolites, and piezoelectrics.  Neutron 
diffractometers with comparable or better resolution and good data rates (as proposed here) will 
be even better suited to addressing these problems because of their sensitivity to light atoms, 
different scattering contrast levels, good intensity at high Q, and sensitivity to magnetic ordering. 
 
4.4.2 Instrument Design and Advantages 
 
The ultra-high-resolution powder diffractometer (UHRPD), with an excellent data rate (about 
five times that of ISIS-HRPD) and resolution matching that of x-ray diffractometers operating at 
synchrotron sources, will enable qualitatively new capabilities for neutron powder diffraction.  
Results from the UHRPD will be the basis for properly optimized joint refinements of neutron 
and highest-resolution x-ray data.  Table 4.8 lists the proposed design parameters for UHRPD; 
Fig. 4.6 shows a schematic illustration of the instrument.  
 

Table 4.8.  Instrument design parameters for the UHRPD. 
Component Description 

Moderator Decoupled solid CH4 
Source-sample distance 120 m 
Flight path Ni guide with frame-overlap choppers 
Flux at the sample ~1 × 106 n cm-2 s-1 
d-Spacing range 0.4-3.1 Å in the first frame at 5-Hz repetition rate 
Resolution ∆d/d ≈ 3 × 10-4 at d ≈ 1 Å 
Detector 4 m for the highest resolution 
 2-D PSD with 1 × 1 cm resolution; ~5.8 m2 total 

area 
 

 
Fig. 4.6.  Schematic illustration of the UHRPD, backscattering detector. 
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The very sharp pulses provided by a decoupled, poisoned solid methane moderator in the under-
moderated wavelength regime at the LWTS (see Sec. 6) are the basis for the high-resolution 
performance of the UHRPD.  The UHRPD is located either at the upstream wing moderator 
(assuming that it is of 20 K solid methane) or at one of the curved guides viewing the solid 
methane slab moderator.  Monte Carlo simulations, based on a simple disk-shaped detector at 
back-scattering angles, confirm the resolution of the instrument, ∆d/d = 3 × 10-4 at d = 1 Å, and 
provide our estimate that ~10 min is sufficient to collect a high-quality data set for a typical  
1-cm3 sample.  The resolution degrades slowly at d-spacings larger than 1 Å. 
 
Detailed design optimizes the guide and detector arrangements.  While the instrument can 
operate at 10 Hz, we expect that the broader bandwidth achieved with 5-Hz operation (by 
eliminating alternate pulses with choppers) is desirable for many experiments.  Adjusting the 
phases of the frame definition choppers makes it possible to move the d-spacing range to larger 
values to study large-cell structures.  The combination of a cold moderator and guide tube 
provides an excellent neutron flux of long-wavelength neutrons for such applications.  
 
Including detector coverage at smaller angles significantly enhance the performance of this 
instrument.  Experience with simulations of the SNS HPTS powder diffractometer shows that it 
can also be cost effective to consider partial-arc detector coverage with the horizontal plane 
scattering optimized for resolution and the vertical plane scattering optimized for flux on sample. 
 
4.5 Broadband Reflectometer 
 
4.5.1 Requirements of the Science Community 
 
Neutron reflectometry is a powerful technique for resolving the structure of materials in thin 
films and at surfaces and interfaces.  Routine uses include studying the adsorption of surfactants, 
biologically relevant lipids, proteins, and polymers upon substrates of interest and probing the 
nature of thin polymer films and biological membranes.  The knowledge gained from neutron 
reflectometry underpins improvements in such diverse products as adhesive tape, nonstick 
surfaces, surgical materials, and drug delivery systems. High-flux broadband neutron-diffraction 
and reflectometry instruments allow researchers to observe the kinetics of the processes 
occurring in evolving samples by making several rapid measurements over the timescale of the 
process.   The interesting possible applications of this reflectometry technique include studies of 
the relaxation of polymers upon melting, the organization or collapse of biological membranes, 
and real-time growth of layers in an in situ sputtering chamber. 
 
4.5.2 Instrument Design and Advantages 
 
Because many of the most interesting applications for broadband reflectometry involve 
relaxation in liquids, the sample surface of this instrument is horizontal with active vibration 
isolation of the sample position and a goniometer to allow solid samples to be tilted. While we 
have not investigated the design of this instrument in detail, we base our considerations on the 
successful surface profile analysis reflectometer (SPEAR) instrument at the Lujan center at Los 
Alamos. Table 4.9 shows the preliminary design requirements for this reflectometer.  The 
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instrument uses a compact supermirror bender to suppress the higher gamma-ray and fast-
neutron background that results from viewing a slab moderator. 
 

Table 4.9.  Instrument design parameters for the BROAD-REF. 
Component Description 

Moderator Coupled solid CH4 slab 
Source-to-sample distance 16 m 
Source-to-detector distance 19.5 m 
Wavelength range 1–20 Å 
Nominal Q range 0.008–0.3 Å-1 
Nominal range of reflectivity Better than 10-6 

Detector 100 × 100 cm2 area detector, 3–5 mm FWHM 
pixel size 

Sample environments Solid/liquid interface cells, solid/liquid interface 
Poiseuille shear cell, Langmuir trough, UHV 
evaporator, UHV oven 

 

The LWTS coupled solid methane moderator provides an excellent basis for a broadband 
reflectometer with substantially better performance than that of the SPEAR instrument.  The 
higher power of the LWTS and the improved long-wavelength neutron flux from this target-
moderator geometry produce a relative gain in intensity (a factor of 15–30).  Furthermore, the 
10-Hz source pulsing frequency provides greater bandwidth than SPEAR and allows researchers 
to place the instrument farther away from the moderator, yielding more space for shielding. 
Experiments that require 1-h measurement times with SPEAR will be measurable in minutes by 
this instrument.  We estimate that, when access to reflectivities below 10-4 is not required, we 
can perform meaningful studies of the kinetics of processes with timescales of a few minutes or 
less. 
 
4.6 Grazing Incidence SANS Reflectometer 
 
4.6.1 Requirements of the Science Community 
 
The ability to measure structures in a range from the angstrom up to the micron size has major 
applications in structural biology and biotechnology — two rapidly growing disciplines. These 
applications include interfacial structure in drug delivery systems, membranes and their 
intermolecular interaction, protein adsorption and critical phenomena in fluid systems, 
biocompatibility, and sensors (see, for example, Ref. 4.6.1).  Grazing incidence small-angle 
scattering (GI-SANS) allows researchers to access a much greater resolvable length scale than 
conventional SANS.  Also, as noted by Gliss et al. [4.6.2], GI-SANS is complementary to atomic 
force microscopy but is able to probe internal composition by virtue of neutron contrast.  Further 
applications involve studies of phase separation in polymer films, correlations among magnetic 
domains, inorganic templating at air/water interfaces [4.6.3], as well as investigations of complex 
fluids under flow, vesicles and gels, reaction kinetics, and surfactants at interfaces 
 
Despite the wealth of information available from scattering at grazing incidence, few successful 
studies have been reported.  The most significant reason for this is that all experiments have been 
conducted on instruments optimized for either SANS (with the sample placed in reflection 
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geometry and using only the intrinsic beam divergence for illumination) or reflectometry (using 
collimation tightened for the experiment). These awkward adaptations of existing 
instrumentation for tests of GI-SANS have furnished compromised results.  The proposed 
instrument, designed for the purpose, will overcome these problems. 
 
4.6.2 Instrument Design and Advantages 
 
In reflection geometry, the specularly reflected beam and the diffusely scattered intensity are 
significantly offset from the incident beam.  Thus, the detector shielding, while still necessary, 
does not limit the largest resolvable length scale.  The GI-SANS instrument at the LWTS will be 
the first dedicated instrument optimized for such measurements and will be located on the most 
intense source of long-wavelength neutrons available.  These factors will provide the LWTS with 
an instrument far surpassing any other available in the world. The GI-SANS instrument has 
similarities to the off-SPEC instrument proposed for the second target station at ISIS (shown in 
Fig. 4.7); However, the GI-SANS instrument would have greater flexibility, allowing movement 
of the two-dimensional detector to ≥ 90˚ laterally. The inclusion of an additional one- or two- 
dimensional position sensitive detector (PSD) would enable simultaneous measurement of 
grazing incidence diffraction in parallel with specular/off-specular studies. 

 
Table 4.10 lists parameters of the instrument. 
 

 
Fig. 4.7.  Schematic illustration of a GI-SANS instrument. 
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Table 4.10.  Instrument design parameters for the GI-SANS. 
Component Description 
Moderator Coupled S-CH4 slab 
Source-to-sample distance 17 m 
Sample-to-detector distance Variable, typically 6 m 
Flight path Bender, frame overlap mirror λ > 20 

Å), supermirror guide 
Resolution Variable 3–10% ∆Q/Q 
Nominal range of reflectivity Better than 10-5 

Incident energy 1–20 Å 

 
The broad-pulse, high-intensity beam available to the GI-SANS instrument from the LWTS 
coupled cold moderator is ideal for both small-angle scattering and reflectometry.  This hybrid 
instrument simultaneously measures GI-SANS and grazing incidence diffraction data with 
specular and off-specular reflectivities, with emphasis on the former.  Its design offers great 
flexibility in the choice of resolution and wave vector range; both can be optimized to the 
systems of interest. 
 
Potentially large gains in flux are also possible through the use of spin-echo techniques [4.6.4].  
This area of active study will be evaluated in detail at a later time.  The distances listed in Table 
4.10 are for the conventional instrument only. 
 
4.7 Neutron Spin Echo Spectrometer 
 
4.7.1 Requirements of the Science Community 
 
Neutron spin echo is a proven technique for achieving very high energy resolution in a scattering 
experiment, examining slow dynamics in condensed matter, and directly measuring the 
intermediate scattering function S(Q,t).  Its applications include virtually all types of soft 
condensed matter systems, polymers, complex fluids, and studies of glassy dynamics and 
magnetic fluctuations. 
 
The current state of the art in terms of resolution is IN15, where the maximum measurable 
Fourier time tmax = 200 ns.  Many soft-matter systems reveal interesting features only at low Q in 
SANS (e.g., Q < 0.05 Å-1), where the relaxation is already too slow for current instruments to 
observe.  An ambitious (but realistic) goal for a next-generation NSE instrument is to probe 1-µs 
Fourier times.  The relaxation rate Γ(Q) ~ Q, so that extension to lower Q (mesoscopic 
structures) automatically requires larger tmax.  However, it is necessary to achieve this extension 
while keeping the flux high and the background low. 
 
4.7.2 Instrument Design and Advantages 
 
The first NSE instrument, IN11, was built in the late 1970s (Mezei, ILL).  NSE spectrometers 
now exist only at research reactor installations [4.7.1–4.7.5].  Further versions of this generic 
type are IN15, NSE-Jülich, NSE-NIST, MESS (Saclay), and C2-2 (JRR3, Tokai).  Other 
instruments using NSE are SPAN (HMI), which has wide angular coverage but lower resolution 
and is otherwise similar to IN11; resonance (zero field) NSE (Saclay/Munich); resonance/TAS 
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on a triple axis spectrometer (HMI and Munich [planned]); coils on TAS (ILL, Zeyen); PONTA 
(Tokai); and SPINS (NIST). 
 
Recently, measurements at IN15 configured in TOF mode demonstrated the feasibility of NSE 
on a pulsed source.  While this instrument is still very much in the testing phase, the preliminary 
results are quite promising in two configurations: the standard configuration using 8- to 15-Å 
neutrons probed 0.03–200-ns Fourier times, while a configuration using 17.5- to 25-Å neutrons 
(reflected by a focusing mirror) provided access to 0.1–450-ns Fourier times — already a 
significant advance over the 200-ns maximum Fourier time that can be achieved with 
conventional NSE. 
 
A TOF-NSE instrument such as the aforementioned maps out in one measurement a broad area 
in the Q–t plane, where t is the Fourier time, while a conventional NSE instrument quickly 
measures a broad range of Fourier times for a single value of Q.  For simple diffusion processes, 
the information at the different values of Q is similar and can be combined, making TOF-NSE 
spectrometers competitive in performance with conventional, steady-state NSE instruments.  In 
situations where the scattering function S(Q,t) varies strongly with Q, the two classes of 
instruments are complementary.  In these situations, a high-flux TOF instrument can rapidly map 
S(Q,t) to identify the Q values of greatest interest so that the conventional spectrometer can 
precisely study the Fourier spectra at these values. 
 
For reference, we record the expression for the Fourier time: 
 
 [4.10] 
where  
 
in which γn is the neutron gyromagnetic ratio, µN is the nuclear magneton, mn is the neutron 
mass, h is Planck’s constant, λ is the neutron wavelength, and Bl is the magnetic field integral 
along the precision path.   
 
The Jülich/HMI collaboration intends to form an instrument design team to design an advanced 
NSE spectrometer at the HPTS, in anticipation of further developments at the European 
Spallation Source (ESS) (currently under consideration).  As instrument design studies proceed, 
it will become clearer whether such an instrument would be better sited at the LWTS. 
 
Our current plan is to roughly follow the design choices of IN11 (with appropriate 
improvements) for the first spallation-source instrument.  This design, shown in Fig. 4.8, will 
resemble the Jülich or NIST spectrometer but will be more compact.  Note that the second arm 
can rotate around the sample position to achieve larger scattering angles and larger Qs. Table 
4.11 summarizes our preliminary estimates for key instrument parameters; we will refine these 
values after further optimization. 
 
As part of this effort, we are investigating the possibility of using superconducting main coils, 
needed to reasonably access 1-µs Fourier times.  The development of improved magnetic field 
correction elements is also a vital part of this preliminary study of NSE at spallation sources.  In 
addition, we are considering other, more speculative concepts, including an instrument with 

   tseconds= 1.8635 × 10– 10λangstroms
3 (Bl) Tesla–meter

   t = (2 γn µ Nmn
2 / h 3)λ 3Bl
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multiple second arms fixed in a ring around the sample for parallel measurements over a very 
broad range of Q and a SANS instrument that uses spin-echo techniques to access micron length 
scales [4.7.6]. 

 
Fig. 4.8.  Schematic illustration of a typical NSE spectrometer:  

1. π/2 flipper (starts Larmor precession),  
2. π flipper (performs equivalent of time inversion of spin at sample) 
3. π/2 flipper (stops Larmor precession) 
4. main solenoid (field integral < 0.5 Tm) 
5. compensation coil (in anti-sense series with main coils; reduces coupling) 
6. radial correction coil (satisfies echo condition for nonaxial and divergent neutrons) 
7. polarization analyzer (radial array of polarizing supermirror blades), and 
8. area detector (30 × 20 cm2) 

 
Table 4.11.  Instrument design parameters for the NSE spectrometer. 

Component Description 
Moderator Coupled solid CH4 slab 
Source-to-sample distance 17 m 
Sample-to-detector distance 5 m 
Beam conditioning elements Bender, frame overlap mirror λ > 25 Å), supermirror 

guide, frame definition choppers, broadband 
transmission polarizers, broadband radio-frequency spin 
flippers 

Resolution Variable 3–10% ∆Q/Q 
Fourier time range 0.05–1,000 ns 

Incident wavelength Variable 15-Å band, usually 7–22 Å 

 
The NSE instrument at the LWTS will provide access to features of S(Q,t) at long length and 
time scales.  Fourier times of 1 µs will enable researchers to study slow processes at mesoscopic 
scales that overlap with dynamic light scattering.  The neutron pulse width from the coupled 
solid methane moderator produces a wavelength resolution ∆λ/λ around 5%, which allows better 
definition of the wavelength than is typical at reactor instruments (which use ∆λ/λ around  
∼10 to ~20%).  The better definition provides additional benefits in terms of Q-resolution and 
reduction of echo-signal distortion. 
 
A rough scaling argument, based on the time-average fluxes of the ILL cold source and of the 
LWTS coupled moderator, indicates that the LWTS TOF NSE would have a data rate at least 
three times that of the ILL TOF-NSE test, assuming otherwise comparable instrument 
configurations.  The LWTS instrument will perform substantially better after optimization, 
providing still higher intensity, allowing access to 1-µs Fourier times, and opening new vistas in 
NSE spectroscopy. 
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4.8 Polarized Reflectometer 
 
4.8.1 Requirements of the Science Community 
 
Polarized neutron reflectometry (Pol-Ref) can unambiguously determine multiaxial magnetic 
depth profiles in systems of scientific and technological importance, such as spin valves and 
spring magnets.  One application of the proposed instrument is to determine the size and 
distribution of magnetic domains and their correlation in magnetic materials.  Until now, 
scientists could only infer certain information about the microscopic underpinning of the 
magnetization process through the application of models (Preisach models) of the hysteresis 
cycle, fitted to measurements of the depolarization of the beam transmitted through the sample 
and scattered at small angles.  Only if a large range of wavelengths is available, as in a TOF 
instrument is it possible to monitor the consistency of the results.  
 
4.8.2 Instrument Design and Advantages 
 
The design of the LWTS polarized reflectometer allows researchers to measure reflectivities over 
a large range of momentum transfers without changing the instrument geometry.  A full 
determination of the magnetic structure requires the free and independent choice of the neutron 
polarization axes before and after reflection (see Fig. 4.9).  The full definition of the magnetic 
state of the sample requires that magnetic fields be applied to the sample according to a 
predetermined magnetic history.  An assembly of three mutually perpendicular magnets satisfies 
that requirement.  Table 4.12 lists the proposed instrument parameters for the polarized 
reflectometer. 
 
The coupled S-CH4 slab moderator of LWTS provides adequate resolution and high intensity for 
Pol-Ref, and the 10-Hz pulsing frequency enables efficient use of a broadband of wavelengths. 
 

Fig. 4.9.  Schematic illustration of Pol-Ref. 
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Table 4.12. Instrument design parameters for the Pol-Ref. 
Component Description 

Moderator Coupled S-CH4 slab 
Source-to-sample distance 18 m 
Sample-to-detector distance 20 m 
Footprint at sample 50 mm2 

Range of reflection angles: (2θ) 60o 
Range of angles subtended by counter 10° 
Range of angles subtended by analyzer 2o 

Magnetic field 0 to 2 Tesla, in the x-y-z directions 

Polarization Polarizer/spin rotator in front of the 
sample, analyzer/spin rotator after the 
sample 

Temperature 1.2–300 K 

 
Final selection of incident and scattered beam polarization techniques will come only after 
carefully reviewing the progress of developments now underway.  The similar magnetism 
reflectometer planned for the HPTS, with full polarization capabilities, utilizes systems of 
stacked polarizing supermirrors for incident beam polarization and scattered beam polarization 
analysis. Although 3He spin filter technology is undergoing rapid development and may 
ultimately become viable for Pol-Ref and the HPTS instrument, limitations in the degree and 
constancy of polarization and the resulting transmission preclude its strong consideration in the 
near term. As with the HPTS instrument, Pol-Ref includes provisions for spin flippers 
downstream from the incident polarizer and upstream from the analyzer, along with field 
isolation for strong magnetic fields at the sample.  Physical separation of polarization optics from 
the sample position accomplishes this isolation in some instances. Otherwise in extreme 
circumstances, additional electromagnetic guide field arrangements will be required to 
counteract the effects of the sample magnetic field. 
 
The proposed LWTS polarized reflectometer provides for detailed studies of magnetic 
phenomena not possible before or elsewhere. 
 
4.9 High-Resolution Chopper Spectrometer 
 
4.9.1 Requirements of the Science Community 
 
Among the spectrometers we describe, the direct geometry spectrometer — the high-resolution 
chopper spectrometer (HRCS) — is the one of greatest general utility.  The scientific 
applications of such instruments demand definition of vector Q, a wide, continuous coverage of 
(Q, E) space, and incident energy selectable over a wide range, i.e., 1–1,000 meV.  Studies of the 
dynamics of water in its many states, aqueous systems, and other liquids; dynamics of glassy 
solids; proton conduction in liquid electrolytes; and the behavior of water in cement require these 
capabilities. 
 
4.9.2 Instrument Design and Advantages 
 
The HRCS employs a chopper in the direct beam to generate incident neutrons of well-defined 
energy and a filter to define polarization.  Linear position-sensitive detector (LPSD) arrays 
covering a very large solid angle record the intensities of the scattered neutrons, with energies 
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and polarization states determined by TOF and possibly spin analyzers.  The goal is to achieve 
an efficient measurement of the scattering function S(Q, E; α, T, P, …) over a wide range of 
momentum transfer (Q), energy transfer (E), and spin states (α) for a controlled sample 
environment characterized by temperature (T), pressure (P), and other parameters.  
 
The HRCS offers the flexibility to access a wide range of continuous (Q, E) space with tunable 
resolutions ∆Q and ∆E.  For experiments requiring different resolving power and intensity for 
distinct features of scattering, a user may select several incident energies, thereby varying the (Q, 
E) range and  (∆Q and ∆E) without disturbing the sample. The array of LPSDs enables the user 
to determine dispersion relations of collective excitations such as long-wavelength Brillouin 
scattering and spin-density waves in magnetic systems.  Because of the wide dynamic range and 
good energy resolution, the HRCS can efficiently measure excitations of individual particles 
from atoms to macromolecules, including translational and rotational diffusion, quantum 
tunneling, and localized vibrations.  
 
Optimization of the LWTS instrument will be in the direction of long-wavelength applications.  
Table 4.13 lists the proposed design parameters for the HRCS at the LWTS; Fig. 4.10 is a 
schematic illustration of the proposed instrument.  The appropriate location for the HRCS is the 
decoupled front wing moderator (see Sec. 6), which will provide high-resolution pulses and 
admit short-wavelength as well as long-wavelength neutrons. 
 

Table 4.13. Instrument design parameters for the HRCS. 
Component Description 

Moderator Decoupled S-CH4 slab 
Source-to-sample distance 25 m 
Sample-to-detector distance 5 m 
Flight path Straight supermirror guide 
Beam preparation Multiple Fermi and/or disk choppers 

Spin polarizing filters 

Flux at the sample Variable depending on filters ~104 to 106

n/cm2 sec 

Resolution 1% < ∆E/E0 < 4%, ∆Q/Q better than 5% 

Incident energy 0.2–100 meV 
Detectors 1-D position PSDs from –20° to 140° 

 
This spectrometer will be superior to all current world-class instruments, as Table 4.14 shows.  
The availability of polarization analysis will allow scientists to fully characterize magnetic 
scattering processes and discriminate against incoherent scattering.  Polarized 3He filters in the 
incident beam and in the scattered beams seem to be most appropriate choices for these 
functions.  The resolution at low energies will surpass those of all the existing direct geometry 
cold-neutron spectrometers.  The dynamic range is wide enough to overlap the epithermal-
neutron energies with those of the chopper spectrometers at the HPTS, to which HRCS will be a 
powerful complement. 
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Fig. 4.10.  Schematic illustration of the HRCS. 
 
This instrument, comparable in scale with the current world’s best, MAPS at ISIS, will provide 
resolution superior to that of MAPS, access to lower energies and wavevectors, and higher 
intensity on sample.   

 
Table 4.14.  Characteristics of comparable spectrometers world wide. 

Instrument Maximum  
E-Loss (meV) 

∆E (FWHM) 
Range µeV) 

Polarized Beam 
Capability 

This instrument, 
HRCS 

200 2–1000 Yes 

IN4-ILL 100 200–500 No 
IN5-ILL 20 3–200 No 
IN6-ILL 3 50–170 No 

IN10-ILL 0.02 0.3–1.5 No 
IN11-ILL 0.02 0.015 No 

NEAT-HMI 15 2–2000 No 
MIBEMOL-Saclay 15 20–2000 No 

DCS-NIST 15 2–2000 No 
MARI-ISIS 1500 100–30000 No 

HRMECS-IPNS 800 200–32000 No 
HET-ISIS 1500 100-30000 No 

MAPS-ISIS 1500 100-30000 No 
 
4.10 Protein Crystal Diffractometer 
 
4.10.1 Requirements of the Science Community 
 
Through hydrogen-bonding interactions, steric interactions, and charge compensation and 
transport, hydrogen plays an important role in the function of proteins.  Consequently, a precise 
knowledge of the distribution of hydrogen atoms within protein molecular structures is critical.  
However, hydrogen is not easily observable in x-ray structures, and protein crystal structures are 
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difficult to measure on current neutron diffractometers because of limitations in flux and sample 
size. 
 
4.10.2 Instrument Design and Advantages 
 
The proposed protein diffractometer (PXD) enables fast and efficient measurement of Bragg 
intensities from macromolecular single crystals.  This instrument consists of a Kappa or full-
circle goniometer with an array of two-dimensional position-sensitive area detectors covering a 
large solid angle (up to five steradians).  At the LWTS, the long-wavelength neutron spectrum 
and low repetition rate are well suited for a single-crystal macromolecular diffractometer, which 
will dramatically increase the number of protein and nucleic acid structures that can be 
determined.  Table 4.15 lists the design parameters for the PXD at the LWTS; Fig. 4.11 is a 
schematic illustration of the proposed instrument.  The decoupled solid CH4 moderator of LWTS 
provides the wavelength resolution needed for PXD, and the low, 10-Hz pulsing frequency 
allows efficient use of a broadband of wavelengths. 
 
The PXD collects full hemispheres of diffraction data with a resolution of 1.5 Å on 
macromolecule crystals (on the order of 1 mm3 in volume) in a few days or less.  These data, in 
combination with x-ray diffraction data, will provide direct observation of hydrogen atoms in 
waters of hydration and within protein molecules. 
 
Figure 4.12 shows the k-space covered by three of the six detectors of the PXD. 
 

Table 4.15.  Instrument design parameters for the PXD. 
Component Description 
Moderator Decoupled S-CH4 
Source-to-sample distance 30 m 
Sample-to-detector distance 0.5 m 
Flight path Curved guide 
d-Spacing range 1.5–10 Å 
Resolution ∆d/d ≈ 4 × 10-3 at 2Θ = 90º 
Incident wavelengths 1–13 Å 
Detector Array of 2-D PSDs 
Sample orienter Kappa or full-circle goniometer 

 
 

Fig. 4.11.  Schematic illustration of PXD. 
 
It is possible to achieve an increased neutron current density on the sample using focusing 
devices.  A firm, XOS of Albany, N.Y., has developed a polycapillary optics technology that is 



Technical Concepts for a LWTS for the SNS November 2002 

55 

effective in focusing a beam of cold neutrons onto a small spot (Figs. 4.13 and 4.14a). This 
concept uses the property of total external reflection of neutrons at small grazing angles from 
smooth solid surfaces.  Hollow glass capillary tubes, curved gently so that the incidence angle at 
each reflection is less than the critical angle, deflect the neutrons through angles up to several 
degrees.  An array of thousands of such fibers then collects neutrons and takes them to a 
wavelength independent focus at a point.  We have demonstrated the focusing ability of a 
monolithic optic (Fig. 4.14b) in the incident beam of the IPNS single-crystal diffractometer 
(SCD) as shown in Fig. 4.15.  Such devices increase the flux on the sample but sacrifice angular 
resolution.  The experimenter can adjust this compromise according to the needs of the 
experiment, possibly even synchronously as a function of time (wavelength). 
 

 
Fig. 4.12.  Projection of three area detectors onto a sphere in Q-space for seven (numbered) orientations 
of the sample.  These three detectors (distinct colors), in fixed locations, represent half of the detector 
array shown Fig. 4.11. 
 

 
 

Fig. 4.13. Photograph of a multifiber polycapillary neutron focusing optic. 
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Fig. 4.14.  Schematic drawings of (a) multifiber polycapillary neutron focusing optic and (b) monolithic 
polycapillary focusing optic. 
 

 
 
Fig. 4.15.  Image of focused beam of neutrons on the IPNS SCD beamline with wavelengths of > 4 Å.  
The focal spot is about 0.5 mm in diameter, and the intensity in the spot is about six times the intensity 
without the optic. 
 
4.11 Ultra-Cold Neutron Station 
 
4.11.1 Requirements of the Science Community 
 
The ultra-cold neutron (UCN) station will be the site of a variety of experiments, each with its 
own geometry, to be installed in sequence for periods of about six months to two years, to 
explore aspects of fundamental neutron physics.  The beamline will be designed for flexibility 
and access, and thus will benefit from an extreme location on the beam cluster.  The figure of 
merit for most cold-neutron-beam experiments is the capture flux (i.e., the flux weighted by 1/v).  
In contrast, for the UCN source, we need the most neutrons possible at 9 Å without concern for 
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beam divergence.  Many experiments are sensitive to the uniformity or symmetry of the neutron 
intensity distribution coming out of the guide (the more uniform and symmetric, the better).  
 
Because these experiments are lengthy and limited by counting statistics, they are extremely 
sensitive to fast-neutron and gamma background and thus must be out of line of sight of the 
moderator and target assembly and must be well shielded.  Table 4.16 summarizes the design 
parameters of the UCN station. 
 

Table 4.16.  Instrument design parameters for the UCN station. 
Component Description 

Moderator Decoupled slab 
Source-to-detector distance 15 m 
Flight path 3 m supermirror, compact bender; 4-m clear space 

for optics, choppers, etc; extreme of beam cluster 
Detector Flexible for 6-monthly changes 
Ancillary equipment Dilution refrigerator 

 
4.11.2 Instrument Design and Advantages 
 
To provide the largest possible area and divergence from the beam while maintaining uniformity 
and reducing the fast neutron and gamma background, the beamline should have the widest 
possible compact bender assembly (with a supermirror coating of around m = 3) and should 
efficiently pass neutrons with wavelengths greater than 1 Å.  The beamline should also be 
relatively short (around 15 m) to allow for the use of a broad spectrum (up to 20 Å) with no pulse 
overlap in a large experimental apparatus.  It should have up to 4 m available space for its own 
incident optics.  In addition, certain experiments will require choppers for additional prompt-
radiation background suppression (T0 chopper), frame definition, and energy definition.  For 
these experiments, researchers will require routine access to neutron flux monitors, supermirror 
polarizers and analyzers, and other neutron and gamma detectors for beam and background 
characterization. 
 
To evaluate design details, we will complete simulations of the transmission efficiency and 
output beam profile for benders and chopper assemblies.  These studies will contribute needed 
information for characterizing the beam in specific experimental installations.  
 
Use of the beam as a UCN source requires a high-cooling-power dilution refrigerator.  Specific 
experimental groups will supply other primary and ancillary apparatus when they install their 
experimental equipment. 
 
The coupled cold slab moderator beam cluster at the LWTS, which provides the maximum per-
pulse long-wavelength neutron flux, would be the ideal location for the UCN station.  This 
station will also benefit from the large wavelength range accessible without frame overlap 
contamination that results from the 10-Hz pulse frequency.  Because the sharpness of pulses is 
not a significant concern for any of the experiments currently envisioned, the long tail on the 
emission times from this moderator will not pose any difficulties. 
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5. CONVENTIONAL FACILITIES 
 
5.1 Introduction  
 
The proposed LWTS building offers a serviceable and appropriately shielded environment for 
the LWTS neutron-scattering research programs.  The building (a) shelters the experiment 
facilities for most of the scattering instruments; (b) meets their space and utility requirements;  
(c) encloses the proton beamline shielding; (d) provides a hot-cell complex used for target 
systems maintenance; and (e) houses the electrical, cooling, waste, and HVAC systems that serve 
the proton beamlines, the target-moderator-reflector-shield assembly, and the experimental 
facilities.  To save design and construction costs, the LWTS building will be identical to the 
HPTS building  
 
5.2 Long-Wavelength Target Station Building 
 
The LWTS building consists of two main areas:  (1) the non-nuclear facility, which includes the 
experiment hall and associated neutron scattering instruments, and (2) the nuclear facility, which 
contains the target, the high bay, the bulk shielding, the maintenance hot-cell complex, target 
primary utility systems, and the waste handling systems. 
 
The large main floor contains the target area, the instrument floor area, and the target and 
instrument shops.  A partial basement houses utility systems and waste handling systems.  This 
basement also provides a secure and controlled area for loading casks of activated and/or 
contaminated materials and devices onto trailers for transport to other locations.  The design of 
this area is a structure configured to transfer the extremely heavy loads of the target area 
shielding to the building foundations. 
 
The location of the target cell on the main floor enables large floor areas on either side for 
neutron instruments.  A high bay over the target cell provides for controlled access to the target 
area, removal and replacement of the moderator components, and servicing of the target 
monolith.  This high bay extends the length of the main building.  Ther high bay area is also a 
cryogenic refrigeration room with a hydrogen equipment room (HER).   
 
In addition the LWTS building includes several small satellite buildings that house the 
instruments for beamlines that extend beyond the enclosed instrument floor.  A compressor 
building located adjacent to the LWTS building houses the helium compressor and systems 
supporting the cryogenic equipment in the high bay area.  A support pad outside the target 
building will contain a hydrogen storage tank, with blast protection. 
 
The proposed target control room offers space for operator workstations, equipment racks, and 
safety-related control equipment.  The room has a raised floor for equipment cables and cooling. 
 
5.3 Structural and Architectural Considerations 
 
The LWTS building supports, encloses, and protects equipment and personnel from normal 
environmental conditions and natural phenomena (e.g., seismic activities, wind, flood) as 
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required for PC-2 structures in DOE STD 1020-94.  The 1997 Standard Building Code has been 
used as the building code of record.  Wind design is in accordance with ASCE 7-95 and is based 
on a wind speed (gust) of 90 mph with exposure (C) and an importance factor of 1.07.  Seismic 
design is in accordance with the 1997 Uniform Building Code and the site-specific seismic 
response spectra.  Inelastic code reduction factors (R) are applied only to the earthquake portion 
of the total design load.  No R factor is applied to the wind loads.  To limit inelastic behavior, R 
is not greater than 1.75. 
 
The design floor live loads in the LWTS building vary depending on shielding, equipment loads, 
fork truck loads, etc., but in no place are they designed for less than 500 psf. 
 
The HER houses active components of the cryogenic moderator system, such as the circulators 
and related valves.  It is not expected to be a radiological area, and the major hazard in the HER 
is hydrogen. 
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6. TARGET AND MODERATOR NEUTRONICS  
 
The LWTS includes state-of-the-art features applicable to long-wavelength neutrons, uniquely 
combined to enhance the intensities and pulse characteristics of neutron beams:  a vertically 
extended target; tall slab moderators; a tall, upstream wing moderator; pelletized cryogenic 
moderators; premoderators; and a combination of decoupled poisoned moderators and a grooved 
coupled moderator.  The target is tungsten with D2O cooling, which is the most efficient possible 
in the 333-kW proton beam, and the reflector is beryllium, the most effective in all its impacts. 
 
We arrived at this combination of features in the target/moderator/reflector system on the basis 
of careful consideration of worldwide experience and recent developments and after extensive 
Monte Carlo neutronic simulations.  We carried out a certain amount of parameter optimization, 
but there remains a need for further refinement.  We responded to those who formulated the 
scientific requirements in numerous disciplines and delivered extensive guidance to the 
instrument designers, who responded with suggestions.  In this section, we record indicative 
assessments of the several alternatives that we have identified and representative appraisals of 
systems that remain subject to detailed optimization.  We expect that as refinements of 
instrumental needs become evident, appropriate choices and compromises will become clear. 
 
This section reports the results of neutronics calculations performed for the LWTS target station 
described in Sec. 2.  The following discussion describes the models and methods used, 
thoroughly characterizes the base case, reports on the results of sensitivity studies, and briefly 
discusses target activation and afterheat.  Sec. 8 discusses heat deposition in the target and 
moderator in detail. 
 
6.1 Computational Model 
 
We used the Monte Carlo radiation transport code MCNP-X version 2.1.5 [6.1.1] to calculate 
moderator performance and thermal power generation in the target and moderator systems. 
While MCNP-X is still considered a beta-release code, it is based on the LAHET [6.1.2] and 
MCNP [3] codes, which are well-accepted standard codes for this type of analysis. MCNP-X has 
the advantage that it calculates both the high-energy (E > 20 MeV) and low-energy (E < 20 
MeV) portions of the calculation for all particles.  The code employs the Bertini model, which is 
generally accepted for particle energies less than 3 GeV, for the intranuclear cascade calculation.  
We used no pre-equilibrium particle emission, since we found no difference in results with that 
feature turned on. 
 
The MCNP-X code employs a combinatorial geometry that represents the physical system using 
generalized quadratic surfaces to define cell boundaries.  The modeled system is somewhat 
simpler than the actual design of the target station. For example, the model does not include 
coolant pipes for moderators and approximates the multiplicity of nested vessels surrounding the 
moderators as single homogenized volumes. However, the model provides sufficient detail to 
obtain adequate estimates for quantities such as neutron beam characteristics of the moderators 
and energy deposition in the moderators and target. 
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The basis of most calculations is a 1-GeV proton beam with a two-dimensional beam current 
density profile (see Fig. 6.1) represented in terms of an error function with the equations 
 

   














 −
+

a
rr

erf 01
2
1    r < r0 

ρ(r) = ρ(x,y) = 

   






 −
a

rr
erfc 0

2
1    r > r0 

where 22 yxr += , 2
0

2
00 yxr += , x0 and y0 are defined by the ellipse 1

5.25.7

2
0

2
0 =







+






 yx
, 

and a = 1.52⋅(r0/7.5) [chosen so that ρ(10,0) = 0.01].  

 
Fig. 6.1.  Proton beam profile used for neutronics analysis of LWTS. 
 
The reference model (Fig. 6.2) contains three moderators adjacent to the neutron-producing 
target, two in slab geometry and one in a wing position upstream of the target. The “port slab” 
moderator is the slab moderator to the left of the target when viewed from the perspective of the 
incident proton beam. It is fully coupled to the reflector. It consists either of solid methane at  
22 K (90% by volume) and aluminum (10% by volume) or of liquid hydrogen at 20 K. Each 
moderator material has its own particular advantages and disadvantages, and the choice between 
the two materials should be based on the needs of instruments that view the moderator. The 
“starboard slab” moderator is to the right of the target when viewed from the perspective of the 
incident proton beam.  It consists of solid methane at 22 K (90% by volume) and aluminum 
(10% by volume).  It is decoupled from the reflector with cadmium and poisoned with 
gadolinium at a depth of 2.5 cm beneath the viewed surface. The front wing moderator is on the 
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starboard side, just upstream of the target. It consists of either liquid methane at 100 K or the 
methane-aluminum mixture at 22 K, and it is decoupled with cadmium and poisoned with 
gadolinium at a depth of 2.5 cm beneath the viewed surface.  We present results for all of these 
moderator materials.  
 
Table 6.1 summarizes the important neutronics parameters of the LWTS reference model. 

 
Fig. 6.2.  Horizontal (left) and vertical (right) cutaway views of the LWTS neutronics model (decoupler 
layer not to scale). Protons are incident from below in the left panel. 
 

Table 6.1.  Geometrical and material features of the MCNP-X LWTS neutronics model. 
 

Component Geometry and Dimensions Material 
Target Rectangular plates 7 cm wide × 20 cm tall Tungsten 

Housing Rectangular, 0.6 cm thick Stainless steel 
Coolant Channel gap between plates 0.1 cm; 1 cm 

thick above and below target 
Heavy water 

Premoderator 2 cm-thick region on target sides Light water 
Moderators   

Coupled slab 20 cm tall × 12 cm wide × 5 cm deep L-H2 or S-CH4 
Decoupled slab 20 cm tall × 12 cm wide × 5 cm deep S-CH4 
Decoupled wing 20 cm tall × 12 cm wide × 5 cm deep Liquid or solid S-CH4 

Decoupler 1 cm around decoupled moderators and 
neutron beamlines (except moderator 

faces) 

Cadmium (diluted), 
density 0.0046 
atoms/bn-cm 

Poison 50 µm thick Gadolinium, density 
0.0304 atoms/bn-cm 

Reflector Cylinder, 100 cm diameter × 100 cm high Heavy-water-cooled Be
Shield Radially to 6 m, vertically ± 4 m Water-cooled Fe 

 
All three moderator materials have a high hydrogen density (L-H2 to a lesser extent), which 
makes them very efficient moderators. By proper choice of overall thickness and poisoning 
depth, it is possible to tune each moderator to optimize trade-offs between neutron pulse width, 
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spectral temperature, and overall flux as appropriate for the instruments.  We have not yet 
undertaken optimizations of this type, so the performance figures given here can be improved 
upon. In any case, the moderators provide a high standard of performance. 
 
6.2 Quantities Calculated 
 
The spectral intensity i(E) of a moderator is a measure of the number of neutrons leaving the 
entire viewed face of the moderator, per unit solid angle in the direction of view (customarily, 
normal to the viewed moderator surface) at a particular energy E.  It is related to the differential 
flux φ(E) at a point some large distance, L, from the moderator through a “1/r2” relationship.  
That is, 
 

LELEi )()( 2 φ= , 
 
where the flight path is normal to the viewed moderator face. This intensity characterizes the 
moderator independently of the distance from which it is viewed. If the flight path is not normal 
to the moderator face, the observed intensity is approximately proportional to the cosine of the 
angle between the direction of view and the normal to the moderator surface (Lambert’s Law).  
 
The code calculates the spectral intensities in two ways:  by point detector tallies, which give 
rapid convergence, absolute scaling, and directional sensitivity, and by leakage current tallies, 
which provide intensities for high-energy neutrons (the way that the point detector tally works in 
MCNP-X does not permit contributions from high-energy neutrons).  The use of slab moderators 
requires careful examination of the high-energy neutron source term.  Therefore, we calculate the 
spectral intensities up to 500 MeV using leakage current tallies, which we normalize using point 
detector results in an energy range where both tallies function properly. 
 
The emission time distribution i(E,t) of the moderator for a given neutron energy, also called the 
pulse shape function, is simply the intensity distribution as a function of the time at which the 
neutrons leave the viewed moderator surface following a delta-function proton pulse at time  
t = 0.  The spectral intensity is the time integral of the pulse shape function, 
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The emission time distribution of the neutrons leaving the moderator is presumed to depend on 
the viewing angle only in the scaling of the overall intensity. The energy and time bins for the 
MCNP-X calculations provide 10 energy bins and 20 time bins per decade, such that ∆E/E ≈ 
23% and ∆t/t ≈ 11%. The reported results are differential values averaged over such bins. 
Emission time distributions are calculated by surface-averaged leakage current tallies that are 
normalized by point detector intensity tallies. 
 
In some instances, we present intensity on a per-proton basis, in others, on a per-pulse or per-
second basis.  For LWTS conditions, 1-GeV protons, 333 kW, and 10 Hz, each 33.3-kj pulse 
contains Np = 33.3 µA-sec = 2.08 x 1014 protons. 
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6.3 High-Energy Neutron Distribution Around the Target 
 
High-energy neutrons dominate the shielding requirements around any spallation target.  We 
carried out a simple calculation of the distribution of high-energy neutrons from the target to 
provide a basis for shielding design and to aid in understanding the neutron physics of the 
system.  The model consisted of the tungsten plates from the LWTS target and a 10-m evacuated 
sphere for tallying the neutron current.  Fig. 6.3 shows the neutron energy spectrum for selected 
angular ranges around the LWTS target, as calculated using a leakage current tally.  In the figure, 
the zero angle corresponds to the direction of the incident proton beam.  The figure shows that 
the energy spectrum in the forward direction is much harder (shifted to higher energies), which is 
a result of the kinematics of the spallation reaction.  The overall neutron yield per unit solid 
angle is also higher in the forward direction.  The evaporation neutrons around  
1 MeV are produced isotropically but do not appear so in the curves because of attenuation in the 
target at the forward and backward angles.  The same data appear in Table 6.2.  The total neutron 
leakage from the target is about 20.5 neutrons per proton. 
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Fig. 6.3.  Neutron energy spectra in selected angular ranges around the LWTS target. 
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Table 6.2. Neutron yield per solid angle in selected energy ranges around the LWTS target. 
 

 Angular Neutron Yield (neutrons/proton/ster) 
Angular range 

(degrees) En < 1 MeV 1 MeV < En < 20 
MeV En > 20 MeV Total 

0–10 0.087 0.048 0.074 0.210 
10–20 0.227 0.141 0.151 0.518 
20–30 0.409 0.269 0.206 0.884 
30–40 0.595 0.393 0.222 1.211 
40–50 0.767 0.495 0.216 1.479 
50–60 0.912 0.568 0.200 1.680 
60–70 1.021 0.617 0.176 1.814 
70–80 1.094 0.640 0.150 1.883 
80–90 1.127 0.637 0.124 1.888 

90–100 1.138 0.636 0.103 1.877 
100–110 1.142 0.640 0.087 1.870 
110–120 1.117 0.630 0.074 1.820 
120–130 1.067 0.608 0.063 1.738 
130–140 0.995 0.576 0.055 1.626 
140–150 0.902 0.538 0.049 1.489 
150–160 0.802 0.496 0.044 1.342 
160–170 0.698 0.455 0.041 1.194 
170–180 0.610 0.426 0.039 1.075 

 
6.4 Neutron Spectra and Pulse Widths — Reference Model 
 
6.4.1 Neutron Spectra 
 
The time-averaged neutron spectral intensity E⋅i(E) from a moderator at a pulsed source is the 
number of neutrons per steradian per unit lethargy per unit time.  It can be represented by a 
Maxwellian thermal spectrum joined to a nearly - 1/E epithermal spectrum.  It has the form 
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of a modified Westcott spectrum. In this equation, Et is a characteristic energy of the Maxwellian 
portion of the spectrum; ∆(E) is a joining function that goes smoothly from 0 (for E far below 
about 5Et) to 1 (for E well above about 5Et); Eref is a reference energy, typically taken to be 1 eV; 
and α is a constant, the "leakage exponent," with a value of about 0.05.  Parameters Ith and Iepi 
are scaling constants for the thermal and epithermal portions of the spectrum, respectively. We 
use fits of this equation to the MCNP-X output data to characterize the neutronic performance of 
the moderators and to investigate the effects of changes introduced into the models. For the 
coupled moderators, there is a significant thermal-neutron leakage component from the reflector 
that appears at all angles but most strongly at large angles to the surface normal. To account for 
this in the process of data fitting, we add a room-temperature thermal term to the afore-
mentioned equation corresponding to reflector-leakage neutrons. The coefficient for this term is 
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always much smaller than that for the moderator thermal intensity; it is not reported in any of the 
following tables. 
 
For the reference geometry using flat moderators, Fig. 6.4 shows the neutron intensities for 
directions normal to the moderator faces. For the coupled moderators, liquid hydrogen provides a 
higher spectral intensity than solid methane over nearly the entire energy region. Solid methane 
has the advantage as a coupled moderator over the energy range 0.15–5 meV and might be 
preferred if the instruments viewing the coupled moderator are primarily tuned for these neutron 
energies. The front wing moderator using solid methane gives integrated thermal neutron 
intensity about 62% that of the coupled slab, with the 1-eV intensity about 60% that achieved in 
the coupled slab. With liquid methane in the front wing position, the moderator gives integrated 
thermal neutron intensity about 92% of that for the solid methane decoupled slab but at energies 
characteristic of the higher temperature material (i.e., the peak occurs at around  
20 meV rather than at about 5 meV for the solid methane). 
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Fig. 6.4.  Neutron spectral intensity for selected moderators, for the reference case described in the text. 
 
6.4.2 Neutron Pulse Widths 
 
The pulse shapes of neutrons emerging from a moderator are highly energy dependent 
(referenced to the time of crossing the viewed moderator surface) but do not depend significantly 
on emission angle.  The widths of these pulses can be changed dramatically by varying the 
moderator material, its overall thickness, and the poisoning and decoupling parameters.  In 
general, for a given moderator material, when the poison depth varies, intensities vary roughly 
inversely with the square of the pulse full width at half maximum at any energy.  The 
premoderator geometry may also have an effect.  Thus, there are a large number of degrees of 
freedom that can be varied to optimize moderators for the requirements of specific sets of 
instruments.   
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Figure 6.5 shows the energy-dependent pulse widths, FWHM, for the moderators we have 
considered in the reference model. In this figure, the FWHM for each moderator at each energy 
is that estimated by fitting the time dependence with a log-normal distribution which usually 
provides an acceptable result for this purpose. The flat (decoupled) methane moderators all have 
roughly the same pulse width for neutron energies above 0.1 eV, below which the liquid methane 
moderator exhibits a broader pulse. Liquid hydrogen exhibits a significantly broader pulse than 
the decoupled moderators at all energies, which is compensated somewhat by a higher spectral 
intensity overall. 
 
The FWHM values reported here are only representative values.  Pulse shape details have an 
important effect on the performance of a given instrument.  Small changes in the decoupling 
and/or poisoning can give rise to variations by a factor of 2 in Ith and to correspondingly large 
variations in the pulse width.  Because of the many opportunities for optimizing moderator 
performance, moderator details will necessarily be optimized in conjunction with instrument 
design.  Moreover, moderator choices are likely to change many times over the life of the 
facility. The LWTS target/moderator/reflector system arrangement facilitates these changes. 
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Fig. 6.5.  Pulse width (FWHM) for selected moderators as a function of neutron energy. 
 
6.5 Sensitivity Studies 
 
We performed a large number of sensitivity studies to guide the target and moderator design 
process. Most of these had the objective of determining the effects of a single change around a 
point design and do not represent rigorous attempts to optimize design parameters. Taken as a 
whole, they point to the directions one should take in performing system optimizations.  We 
describe some of these in the next section. 
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6.5.1 Target Position Relative to Moderators for the Slab Moderator Configuration 
 
We calculated the effect of target-moderator position by varying the position of the target in a 
geometry similar to that in Fig. 6.2.  For this study, we fixed two slab moderators on opposite 
sides of the target at the center of the reflector and shifted the target axially from the nominal 
position (target material starts 4 cm upstream from the reflector center) to determine the location 
of maximum performance. 
 
Figure 6.6 shows the relative values of the intensities Ith and Iepi for the coupled and decoupled 
slab moderators as functions of the axial position of the target. The results show that the 
intensities occur at or near the nominal axial positions of the slab moderators and that the peak is 
not sharp, but allows for some axial movement of the moderators about the optimum position 
without sacrificing a great deal of moderator performance. Examination of these results also 
shows that the thermal neutron intensity in the coupled moderator is less sensitive to large 
variations in target position than the epithermal intensity. This is because the reflector storage 
component plays a significant role in coupled moderator performance. 
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Fig. 6.6.  Intensities of thermal and epithermal neutrons relative to their values at the nominal position, as 
functions of target shift (positive values move target upstream). 
 
6.5.2 Beam Void Opening Angle for the Slab Moderator Configuration 
 
The LWTS configuration has only three moderators, which maximizes the use of those 
moderators through curved guides.  The motive of maximizing the number of beams and 
instruments, led us to consider broad angular access to the high-performance slab moderators, up 
to the 90° used in the reference case.  We studied the effect of the beam opening angle for the 
coupled moderator by performing a calculation with this angle at 64°, permitting nine beamlines 
with 8° between adjacent beamlines. 
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Table 6.3 gives the results of this calculation for beamlines normal to the moderator faces. This 
table shows a major impact on thermal neutron intensity of the coupled slab moderator as 
reflector material is removed but the other moderators are little affected. Presumably, widening 
the reflector opening in front of the other moderators would similarly reduce their thermal 
intensity.  To minimize the impact of wide openings, future design work must carefully examine 
the number and type of instruments that would view the coupled moderator. 
 
Table 6.3. Thermal and epithermal spectral parameters for two different values of reflector opening angle 
at the coupled slab moderator (units are n/sr-pulse). 
 

 Front Wing Coupled Slab Decoupled Slab 
 Ith Iepi Ith Iepi Ith Iepi 

90° 1.68E+12 9.04E+11 9.69E+12 2.20E+12 4.43E+12 2.31E+12 
64° 1.70E+12 8.60E+11 1.24E+13 2.30E+12 4.49E+12 2.26E+12 

delta + 1.2% - 4.9% + 28.0% + 4.5% + 1.4% - 2.2% 
 
6.5.3 Flux-Trap Moderator Configuration 
 
A split-target configuration permits the use of “flux-trap” moderators, which might not have to 
be viewed through a curved guide because the target material and the primary neutron source do 
not directly illuminate the beamlines.  This flexibility comes at a significant penalty, as seen in 
Fig. 6.7, which shows the intensity from the two slab moderators as a function of the size of the 
front section of the target (for a constant total target thickness). In this particular flux-trap 
configuration, the gap between the two target sections is 24 cm wide (large enough that no 
beamlines view the target directly) and filled with water.  The data in the figure show that, while 
moderator performance is relatively insensitive to the target division, the overall 1-eV and the 
thermal intensity parameters of the decoupled slab moderator are only about 0.25 to 0.3 those of 
the reference model.  The thermal intensity of the coupled slab is better, between 60% and 70% 
that of the reference model, and shows a maximum at about 8 cm of tungsten in front of the gap.  
If a flux-trap moderator were to be used, the target division could be chosen to optimize the 
thermal intensity of the coupled moderator or another performance parameter such as the front 
moderator intensity or the high-energy neutron background. 
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Fig. 6.7.  Flux-trap moderator performance compared to reference case (24-cm water gap) vs. the size of 
target material on the front section. 
 
Fig. 6.8 shows the variation in neutron beam intensity with the size of the gap (for about 5-cm 
target thickness in front of the gap). Any gap large enough to avoid the target illuminating the 
perpendicularly emerging beamlines (a minimum of 15 cm) results in a factor of 2 reduction in 
the epithermal intensity, while a gap large enough to avoid illuminating any beamlines (24 cm) 
results in a factor of 3 reduction. Similar studies using a more conventional vacuum gap have 
indicated a somewhat smaller penalty, of about a factor of 2 reduction.  The value of the water-
filled gap is seen in the improved thermalization for the coupled moderator, but this advantage is 
not enough to offset the initially lower epithermal intensity.  Table 6.4 shows that the low-energy 
flux on the coupled moderator with a H2O-filled target gap is roughly 21% lower than for a 
conventional split target with a vacuum gap. 
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Fig. 6.8.  Thermal and epithermal intensity parameters compared to reference case for flux-trap 
moderators (water gap) vs. gap size.  
 

Table 6.4. Thermal and epithermal intensity for flux-trap moderators (24-cm water gap, 10-cm target 
upstream) compared to reference model (units are n/sr-pulse). 

 
 Coupled Slab Decoupled Slab 
 Ith Iepi Ith Iepi 
Reference 1.10E+13 3.84E+12 2.28E+12 2.20E+12 
Water gap 7.80E+12 6.53E+11 1.16E+12 6.37E+11 
Vacuum gap 9.40E+12 8.32E+11 1.63E+12 9.03E+11 
Delta – water - 29.1 % - 83.1 % - 49.1 % - 71.0 % 
Delta – vacuum - 14.5 % - 78.3 % - 28.5 % - 59.0 % 

 
6.5.4 Heavy-Water vs. Light-Water Coolant 
 
Light water is usually selected as the target coolant, but because of its superior moderating 
properties, moderation within the target increases losses due to thermal neutron capture in the 
target material. We investigated the effect of changing all the coolant in the vicinity of the target 
to heavy water except that between the target and the slab moderators, which serves as a 
premoderator. In general, the use of heavy water increases the thermal and epithermal spectral 
intensities by about 10% (see Table 6.5).  Therefore, we adopted heavy water as the coolant for 
the reference configuration. 
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Table 6.5. Thermal and epithermal intensities for light vs. heavy water (units are n/sr-pulse). 
 Front Wing 

(solid methane) 
Coupled Slab 

(solid methane) 
Decoupled Slab 
(solid methane) 

 Ith Iepi Ith Iepi Ith Iepi 
H2O 2.85E+12 1.42E+12 1.01E+13 2.40E+12 4.50E+12 2.30E+12 
D2O 3.08E+12 1.53E+12 1.11E+13 2.62E+12 4.93E+12 2.55E+12 
delta + 8.1 % + 7.8 % + 9.9 % + 9.2 % + 9.6 % + 10.9 % 
 Front Wing 

(liquid methane) 
Coupled Slab 

(liquid hydrogen) 
Decoupled Slab 
(solid methane) 

 Ith Iepi Ith Iepi Ith Iepi 
H2O 4.06E+12 1.43E+12 2.55E+13 3.54E+12 4.55E+12 2.32E+12 
D2O 4.50E+12 1.59E+12 2.66E+13 3.74E+12 4.86E+12 2.63E+12 
delta + 10.8 % + 11.2 % + 4.3 % + 5.6 % + 6.8 % + 13.4 % 

 
6.5.5 Shrunken Target 
 
Because the peak power deposition density in the 20 × 7-cm target plates is only about  
250 W/cm3 (see Fig. 8.2), we performed a calculation in which the target and the beam profile 
were smaller by about a factor of 0.7 in each dimension, with the goal of increasing the peak 
power deposition density to about 500 W/cm3.  We saw gains in neutronic performance for all 
three moderators, with about 5 and 13% increases in thermal intensity for the decoupled and 
coupled moderators, respectively, as shown in Table 6.6.  Although the higher power density is 
probably tolerable, for the reference case we have adopted conditions that lead to the 
conservative 250 W/cm3 deposition rate. 
 
Table 6.6. Thermal and epithermal intensities for the full-size and half-size targets (units are n/sr-pulse). 

 Front Wing 
solid methane 

Coupled Slab 
solid methane 

Decoupled Slab 
solid methane 

 Ith Iepi Ith Iepi Ith Iepi 
Full size 2.85E+12 1.42E+12 1.01E+13 2.40E+12 4.50E+12 2.30E+12 
Half size 3.00E+12 1.52E+12 1.15E+13 2.63E+12 4.72E+12 2.49E+12 
% change + 5.3 % + 7.0 % + 13.9 % + 9.6 % + 4.9 % + 8.3 % 
 liquid methane liquid hydrogen solid methane 
 Ith Iepi Ith Iepi Ith Iepi 
Full size 4.06E+12 1.43E+12 2.55E+13 3.54E+12 4.55E+12 2.32E+12 
Half size 4.27E+12 1.50E+12 2.87E+13 3.80E+12 4.84E+12 2.46E+12 
% change + 5.2 % + 4.9 % + 12.5 % + 7.3 % + 6.4 % + 6.0 % 

 
6.5.6 Grooved Moderator 
 
The grooved (coupled) solid methane moderator yields a broader pulse (twice the FWHM) than 
the flat solid methane moderators.  The broader pulse is due to the grooved nature of the 
moderator; a flat, coupled solid methane moderator would have the same pulse width as a 
decoupled one for neutron energies above 0.01 eV.  We carried out calculations for the grooved 
moderator concept shown in Fig. 6.9.  The V-shaped grooves are horizontal with an opening 
angle of 30° on a 2-cm pitch. The groove surfaces are defined by a 2.7-mm-thick layer of 
aluminum that is presumed to be at the moderator temperature, with a front outer jacket of 1-cm 
thick half-density aluminum that represents the layers of the vacuum jacket, etc., surrounding the 
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moderator. The volume of moderator material in the grooved moderators is the same as in the 
flat moderators.  The grooved moderator geometry was not optimized in terms of moderator 
volume or groove configuration for either of the moderator materials studied. 

 
Fig. 6.9.  Schematic diagram of the LWTS geometry incorporating the grooved coupled slab moderator 
(left) and the corresponding MCNP-X model (right). 
 
Fig. 6.10 shows the neutron spectral intensities for the flat and grooved moderators, using both 
solid methane and liquid hydrogen materials, for beamlines normal to the moderator face. For the 
solid methane moderator material, there is a clear improvement in the performance at all 
energies. For liquid hydrogen, the two moderator shapes have equivalent 1-eV spectral 
intensities, but the grooved moderator has poorer thermal neutron intensity. We believe this is 
because liquid hydrogen, which has a lower hydrogen density than solid methane (about half), is 
optically thinner at these energies. However, an optimized moderator design for liquid hydrogen 
would likely yield an improvement over the flat moderator. 
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Fig. 6.10.  Neutron spectral intensities for the flat and grooved coupled moderator (direction is normal to 
the moderator surface). 
 
Figures 6.11 and 6.12 show the thermal and epithermal neutron intensities for the grooved 
moderator relative to the flat moderator at the same selected beamline angles other than the 
normal calculations for light- and heavy-water target coolant give similar results for both, but 
suggest that D2O is favorable over H2O in this comparison.  The enhancement in thermal neutron 
intensity for the solid methane moderator decreases from a maximum of about 35% at the normal 
to the surface to about 10% for a beamline at 45° from the normal but shows an improvement at 
all angles.  The improvement in the epithermal intensity is constant at about 20% for all 
directions.  The liquid hydrogen moderator shows a constant epithermal intensity compared to 
the flat moderator but a decrease in thermal intensity of about 20% at all angles.  We emphasize 
again that this does not represent optimized performance for either moderator. 
 
Comparing the best performance for the solid methane (grooved) and liquid hydrogen (flat) 
coupled moderators, we see that liquid hydrogen provides more total neutrons and more neutrons 
above 5 meV.  Solid methane, however, gives superior performance for a broad range of energies 
below 5 meV, an energy range that we believe is of great interest for instruments on the LWTS. 
Further optimization is required before we can select a moderator material for the coupled slab 
moderator, taking into account the needs of the instruments viewing this moderator. 
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Fig. 6.11.  Thermal neutron intensity of the grooved moderator relative to the flat moderator for solid 
methane and liquid hydrogen moderator materials in the coupled moderator position, for light- and heavy-
water target coolants. 
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Fig. 6.12.  Epithermal neutron intensity (1-eV coupling) for the grooved moderator relative to flat 
moderator for solid methane and liquid hydrogen moderator materials in the coupled moderator position, 
for light- and heavy-water target coolants. 
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6.6 High-Energy Neutron Source Term 
 
One of the most significant and adventurous design features of the LWTS is the use of slab 
moderators, which are historically considered undesirable because of the contamination of the 
neutron beams with significant numbers of fast (0.1 < En < 10 MeV) and high-energy (En >  
10 MeV) neutrons. Because of this contamination, beamlines should not view a slab moderator 
directly but need to use a curved guide, compact beam bender, T0 chopper, or some other filter 
for fast and high-energy neutrons. The calculations presented here show the variation in the fast 
and high-energy neutron source term as a function of selected design choices. 
 
Figure 6.13 shows the variation in spectral intensity of fast and high-energy neutrons from slab 
moderators as a function of the angle between the neutron and proton beam directions for the 
continuous (no flux-trap gap) target. This figure clearly shows that there is a “worst-case” 
beamline angle, around 68° from the proton beam direction, where the increased source term and 
reduced shielding from the target itself combine to the worst effect. The highest energy neutrons 
are still most problematic at the lowest angles relative to the proton beam, which is consistent 
with the conclusions reached in Sec. 6.3.  There is an enormous difference in neutron spectra 
between beamlines, which may have significant implications regarding the choice of beamline 
for a given instrument, as some instruments will have restrictions on background and feasible 
shielding configurations. 
 
Figures 6.14 through 6.16 indicate that the neutron beamline angle influences the fast-neutron 
component more strongly than does the presence or absence of water in the flux-trap gap and 
more even the size of this gap. There is relatively little neutron spectrum dependence on the size 
of the flux-trap gap (Fig. 6.14). Water in the flux-trap gap serves to scatter neutrons, increasing 
the neutron spectral intensity at energies above 10 MeV in the 70° - 110° beamlines (Fig. 6.15) 
while retaining the strong dependence on angle seen for the continuous target. Finally, Fig. 6.16 
shows that the flux-trap 70° beamline has quantities of the highest energy neutrons (En > 200 
MeV) that are equal to those of the 90° beamline for a slab moderator on the continuous target, 
although the fast neutron contribution is lower overall. We see that, depending on beamline 
angle, slab and flux-trap moderators have different energy ranges over which each displays a 
higher fast and high-energy neutron component. These observations represent important 
considerations for designing a complete target/moderator system that best suits the needs of the 
instrument suite to be deployed at LWTS. 
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Fig. 6.13.  Fast and high-energy neutron spectra from the slab moderators as a function of beamline angle 
with respect to the incident proton beam direction.  The target is continuous (no flux-trap gap). 
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Fig. 6.14.  Fast and high-energy neutron spectra as a function of split-target gap (beamline normal to 
moderator face).  Water fills the target gap. 
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Fig. 6.15.  Fast and high-energy neutron spectra as a function of split-target gap fill and beam direction.  
The gap is 24 cm wide. 
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Fig. 6.16.  Fast and high-energy neutron spectra for slab and flux-trap moderators.  The gap is 24 cm 
wide. 
 
Fig. 6.17 shows the fast and high-energy neutron spectra from the front wing moderator, with the 
high-energy spectrum at 90° from the proton beam direction (i.e., normal to the moderator 
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surface) for the slab moderator shown for comparison. As expected, the fast neutron intensity is 
significantly smaller for the front wing moderator, because the beamlines do not view the target 
directly, although there is an increase in fast neutrons for beamline angles that approach looking 
back toward the target. 
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Fig. 6.17.  Fast and high-energy neutron spectra from the front wing moderator as a function of beamline 
angle (F1, 2, 3) with respect to the incident proton beam direction.  The high-energy spectrum at 90° from 
the slab moderator (P5) is shown for comparison. 
 
Our results comparing the LWTS slab to the front wing moderator are roughly consistent at the 
highest energies (En ≥ 40 MeV) with measurements carried out some time ago for the German 
SNQ project.[6.6.1]. Those measurements indicate approximately 300 to 1000 greater fast-
neutron intensity from a slab moderator configuration than from a wing configuration, as shown 
in Fig. 6.18. However, the present calculations indicate substantially lower ratios for energies 
below 20 MeV for the LWTS slab-wing comparison than for the SNQ measurements. 
Measurements in the LWTS configuration will be needed to resolve this discrepancy. However, 
the increase in the undesirable neutron component is not significantly larger for a slab moderator 
than for a flux-trap moderator, which has been successfully employed at the Lujan Center. The 
shielding requirements are also similar to those for the HPTS beamlines when scaled according 
to the beam power of the LWTS.  Moreover, experience and measurements at ISIS and SINQ 
indicate that feasible guide and bender shielding adequately controls the fast and high-energy 
neutron components of the beams and the background in the surroundings. 
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Fig. 6.18.  Ratio of fast and high-energy neutrons for slab moderator beamlines relative to the normally-
emerging front wing beam (all normalized to their values at 1 eV).  Experimental data from SNQ (ratio 
slab/wing) [6.6.1] are shown for comparison. 
 
6.7 Activation and Afterheat 
 
Nuclear activation of the neutron-producing target determines the afterheat that must be 
removed from the target in any accident involving a loss of coolant.  Usually, the afterheat is 
estimated by calculating radionuclide production rates using a code such as MCNPX and 
using these rates as input to a buildup and decay code such as ORIGEN.  Rather than conduct 
detailed target activation studies, which were beyond the limited scope of the LWTS study, 
we reviewed activation and afterheat calculations from both the IPNS-Upgrade study [6.7.1] 
and the SNS HPTS solid target backup study [6.7.2] to determine the afterheat that would 
result from a tungsten target at the 333-kW proton beam power proposed for the LWTS.  The 
comparison of these results reveals some pitfalls that can await one who is not careful 
regarding the details of the physical vs. the computational model. 
 
We found significant differences between the results of the two studies for constant beam 
power.  The SNS results for afterheat were approximately a factor of 2 higher for a tantalum 
target and a factor of 4 higher for a tungsten target than the corresponding values from the 
IPNS-Upgrade study.  Examination of the buildup (see Fig. 6.19) and decay rates for the 
afterheat indicated that the principal nuclides were the same in the two studies.  For example, 
for the tungsten target the afterheat at shutdown for both studies increases an asymptote as a 
function of operating time with a half-life of about 24 hours, which indicates 187W as the 
primary radionuclide responsible for afterheat.  Afterheat decay after shutdown shows the 
same principal half-life.  Similarly, in the tantalum target afterheat at shutdown increases and  
subsequently decays with a characteristic half-life of about 114 days, corresponding to 182Ta.   
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Since the asymptotic values of the curves are different, however, it is obvious that the 
creation rates calculated in the two studies were different. 
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Fig. 6.19.  Target decay heat at shutdown for IPNS-Upgrade and HPTS solid backup target studies. 
 
A more detailed examination of the model used for the IPNS-Upgrade activation calculations 
showed that the model did not contain coolant in the target region (and thus did not 
accurately account for neutron thermalization in the target).  Furthermore, because the model 
did not contain water, neutron transport had not been carried out below 1 eV, thus 
completely neglecting radionuclide production caused by thermal neutrons (which is the 
primary production mechanism for the dominant radionuclides). 
 
To understand these discrepancies and to test the sensitivity of radionuclide production to the 
presence of water in the model, we carried out some simple calculations of neutron activation 
rates in tungsten and tantalum targets using the LWTS target model (we included tantalum 
because it has only one natural stable isotope, thus simplifying analysis of the results).  
Comparing the results from the LWTS target (assuming H2O coolant) with those obtained by 
counting activation caused only by neutrons above 1 eV in a water-free target, we found that 
the production of the dominant radionuclide was underpredicted by a factor of 3.23 in the 
tungsten target and 1.63 in the tantalum target (see Table 6.7).  Without the water present 
around the target, production is increased due to neutrons above 1 MeV and decreased below 
1 MeV due to the lack of moderation.  It is interesting to note, as a result of these 
calculations, that although we usually regard a spallation target as an energetic-particle 
system, thermal-neutron capture is the dominant mechanism for generating radionuclides 
responsible for long-term afterheat. 
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Table 6.7.  (n,γ) production rates in H2O-cooled Ta and W targets (product nuclei per incident proton) 
 

Target 
Material 

Reaction 
(half-life) 

Neutron Energy Range  

  < 1 eV 1 eV - 
1 MeV 

1 MeV - 
20 MeV 

Total 

Ta (H2O) 181Ta(n,γ)182Ta 
(114.43 d) 

1.954 5.355 0.195 7.504 

Ta (no H2O)  (1.323)* 4.383 0.210 4.593 
W (H2O) 186W(n,γ)186W 

(23.9 h) 
1.449 1.061 0.024 2.534 

W (no H2O)  (0.892)* 0.759 0.026 0.785 
*production for En < 1 eV not included in total for target with no H2O 
 
Because the afterheat modeling that was carried out for the IPNS-Upgrade study did not result in 
accurate afterheat values, for the LWTS we chose to adopt the values calculated for the D2O-cooled 
HPTS solid-target for afterheat per unit of incident proton beam power.  Accordingly, the afterheat 
for the 333-kW, D2O -cooled LWTS target would be approximately 1.33 times that cited at the time 
for the 1-MW, IPNS-Upgrade target.  Because we concluded in the IPNS-Upgrade study that the 
target, vessel, and reflector would not melt in a loss of coolant accident (LOCA), and that the 
consequences of such an accident were tolerable, the same is likely also to hold true for the LWTS.  
In any event, the H2O premoderator layer on the target sides serves as an independent cooling system 
in the event of a primary coolant LOCA. 
 
6.8 Summary of LWTS Moderator Performance Parameters 
 
Table 6.8 summarizes performance parameters of LWTS moderators, alluding to options 
described in the preceding sections. 

 
Table 6.8.  LWTS moderator performance parameters. 

 
Moderator Material ITh, 

n/sr/pulse 
ETh, 
meV 

Iepi, 
n/sr/pulse 

∆tFWHM, µsec 
2.0 meV 
10.0 meV 

v∆tFWHM, 
mm 1.0 

eV 
High-resolution 
cold moderator: 
decoupled slab 

L-H2–cooled 
S-CH4 @ 20 K 4.9 x 1012 2.53 2.6 x 1012 71.0 18.0 26.0 

High-intensity cold 
moderator: 

coupled slab, 
grooved 

Option I: 
L-H2 @ 20 K 2.2 x 1013 5.61 3.7 x 1012 160.0 63.0 84.0 

“ 
Option II: 

L-H2–cooled 
S-CH4 @ 20 K 

1.6 x 1013 2.25 3.0 x 1012 200.0 48.0 54.0 

High-resolution 
broadband 
moderator: 

decoupled front 
wing 

Option I: 
L-CH4 @ 100 

K 
4.5 x 1012 9.78 1.6 x 1012 45.0 40.0 29.0 

“ 
Option II: 

L-H2–cooled  
S-CH4 @ 20 K 

3.1 x 1012 2.54 1.5 x 1012 71.0 19.0 28.0 
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7. ENGINEERING ANALYSIS 
 
7.1 Target Thermal Hydraulics 
 
A major challenge in spallation target design is the removal of heat from the target.  Pulsed 
spallation neutron source targets operated to date — IPNS, KENS (the 5-kW pulsed spallation 
source at KEK), ISIS, MLNSC (the 80-kW source at LANL) have employed a plate design, with 
plates of target material oriented perpendicular to the proton beam and separated by narrow 
coolant channels.  Water (heavy water at ISIS) is the coolant in all such systems operated so far.  
This technology is well developed and understood, is well suited to the LWTS power level, and 
is the reference design for the LWTS target. 
 
In this chapter we discuss engineering analyses carried out during the LWTS study.  The study 
terminated before all the relevant work was complete, leaving some significant omissions.  We 
reason, on the basis of earlier studies, that these do not represent problems. 
 
The power density distributions obtained from the LWTS neutronics analyses (Sec. 6) serve as 
inputs to the thermal-hydraulic analyses of the LWTS target plates and vessel.  Plate thicknesses 
and coolant flow velocities are adjusted to provide single-phase flow in the upstream target 
plates and controlled center temperatures in the downstream plates.  The thicknesses and shape 
of the stainless steel window portion of the target vessel, which heats in a fashion similar to that 
of the target, but is cooled on only one surface, are adjusted to control the stresses in the window. 
 
The power densities of the LWTS vessel and target disks are lower than in the similar IPNS  
1-MW target study [7.1.1] and the SNS backup solid target study [7.1.2].  All stresses are within 
tolerable limits for the IPNS 1-MW target and SNS solid target studies, so stresses are expected 
to be within acceptable limits for the LWTS target.  The spring-loaded design accommodates 
thermal expansion of the target disks, as in the IPNS target and plans for the SNS backup solid 
target. 
 
The spatial energy deposition followed as part of the neutronic analyses of the LWTS target-
moderator-reflector assembly.  The analyses assumed a shape similar to the rather flat proton 
beam profile of the HPTS (Sec. 6.1) as shown in Fig. 7.1. 
 
Figure 7.2 shows the energy deposition rate along the target centerline for the reference LWTS 
proton beam power of 333 kW. The peak energy deposition is about 253 W/cm3 and occurs in 
the second target plate. The energy deposition falls rapidly as the proton beam is depleted due to 
nuclear interactions, but a small Bragg peak can still be seen at the end of the proton beam range 
(about 30 cm for 1 GeV incident energy). Approximately 62% of the incident beam power 
appears as heat in the target plates and coolant. 
 
The second target plate from the front of the target (for tungsten plates) has (a) the highest 
overall plate power density per unit volume and (b) the highest energy deposition per proton and 
power per cm2 in any analytical model element.  Figure 7.3 shows the distribution of energy and 
power deposition in plate 2. 
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Table 7.1 lists LWTS target plate total power, average, and maximum power densities for a  
333-kW proton beam power.  The target plates increase in thickness from the front to the back of 
the target, which keeps the total plate powers (and thus the surface heat flux) relatively constant 
while the average and maximum power densities drop markedly toward the back of the target. 
 

Table 7.1. Total, average, and maximum heating rates for each target plate. 
 

Target Plate Total Average Centerline 
 (kW) (W/cm3) (W/cm3) 

Plate 1 30.8 113 252 
Plate 2 33.4 113 253 
Plate 3 32.8 112 248 
Plate 4 31.9 108 242 
Plate 5 33.0 105 233 
Plate 6 31.4 99.6 219 
Plate 7 31.7 94.4 207 
Plate 8 31.6 88.4 193 
Plate 9 31.3 82.7 180 

Plate 10 32.1 76.2 164 
Plate 11 31.9 69.0 144 
Plate 12 29.0 62.8 130 
Plate 13 45.4 54.0 108 
Plate 14 37.1 44.1 87.2 
Plate 15 36.6 34.8 65.1 
Plate 16 32.5 25.8 45.8 
Plate 17 23.3 18.5 32.0 
Plate 18 21.7 12.9 20.4 
Plate 19 17.1 9.03 10.2 
Plate 20 21.0 1.11 7.16 
Plate 21 13.9 0.737 5.48 

 
The maximum power and maximum thermal energy density per pulse in the spallation target 
plates and the proton beam window in the target vessel are good indicators of the severity of 
difficulties in the design of a target in terms of operating heat removal, stresses, shock, lifetimes, 
LOCA temperatures, etc. The energy and power depositions in the LWTS target are low, so a 
detailed target analysis and an acceptable design should not be difficult to achieve. 
 
With 333-kW time average proton beam power (2.08 × 1015 proton/sec) distributed on the target 
as in Fig. 7.1, the maximum thermal power density is 253 W/cm3

.  The designs of the similar 
IPNS 1-MW target study and the SNS solid backup target study at 1 MW, for tungsten, have 
expected maximum power densities of 1650 and 540 W/cm3, respectively. The operating heat 
removal and target plate stresses were found to be acceptable in these studies; therefore, they 
should be acceptable for the LWTS with its lower power densities. 
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Fig. 7.1.  The LWTS proton beam profile. 
 

 
Fig. 7.2.  Thermal power density along the LWTS target centerline.  
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Fig. 7.3.  Thermal power density and thermal energy deposition in the second target plate of the LWTS.  
The volume of each model element is 0.7 cm3.  The power density corresponds to 2.08 × 1015 protons 
incident on the target, distributed as in Fig. 7.1. 
 
7.2 Moderator Energy Deposition 
 
Moderators absorb heat and suffer radiation damage from the nuclear radiations (principally fast 
neutrons) in their environment.  The LWTS design includes H2O premoderators that reduce 
cryogenic cooling requirements and radiation damage rates in the moderator media.  The 
Japanese (Watanabe, Teshigawara, Kiyanagi, and others) are conducting extensive programs 
aimed at optimizating premoderator systems; as these results become available, we will use the 
data in our detailed design.  A 20-mm-thick H2O premoderator layer in the target vessel wall 
separates the slab moderators from the target plates in the LWTS base-case configuration (Fig. 
2.2, 2.3, 2.4). Some of this H2O premoderator layer also lies between the target plates and the 
front wing moderator. 
 
The modeled LWTS moderator containers contain low-density (10 vol%) foam aluminum to 
assist in removing heat from the moderator material and conducting it to cooled container 
surfaces.  Such a system works in IPNS, as does a comparable arrangement in KENS.   
 
Our base-case design includes a moving solid methane moderator concept (Fig. 1.2) for both slab 
moderators, in which one moderator in three is in the service position (and cooled).  The 
moderator moves vertically, with accompanying reflector pieces, to its annealing position, then 
into a chilling position, and finally returns to the service position.  The Jülich-based ACoM is 
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addressing the engineering aspects of high-power liquid hydrogen-cooled, pelletized solid 
methane systems.  We have participated in these developments, which may prove useful in 
designing the LWTS.  Developments of liquid hydrogen-cooled, pelletized solid methane and 
solid ammonia moderators taking place at CAF Inc. (at Oak Ridge, Tenn.) point to a successful 
method for cooling the cryogenic moderator medium at LWTS power.   
 
The modeled systems are fairly realistic for neutronic purposes because the proton density in the 
L-H2–pelletized methane is very close to that in the aluminum-foam-diluted solid methane that is 
the basis for LWTS neutronic performance calculations.   
 
The front wing moderator is of liquid methane.  In some of the cases computed, the coupled slab 
moderator consists of liquid hydrogen in a nonmoving moderator assembly. 
 
Table 7.2 summarizes the heating rates in each moderator where all moderators are assumed to 
be solid methane.  The volumes of the three moderators are 20 × 12 × 5 cm3.  The total powers in 
the moderators are as follows:  front wing, 870 watts; left slab, 1275 watts; and right slab,  
1868 watts.  These total powers are similar to those in the IPNS 1-MW target study, where the 
moderator total powers ranged from 780 to 1580 watts.  Heat removal from the LWTS 
moderators is expected to be realizable. 
 

Table 7.2.  Heating rates in watts for various moderator components. 
 
 Moderator + Poison Jacket Decoupler Total 
Front wing 361 355 154 870 
Left slab 762 513 - 1275 
Right slab 871 754 243 1868 

 
Table 7.3 lists the heating rates in watts by segments in each moderator where all moderators 
were assumed in the calculations to be solid methane.  The segments are ordered from nearest (to 
the target) to farthest for each moderator in the direction of the nominal neutron beam direction 
in the slab moderators, transverse to the direction of the nominal neutron beam direction in the 
wing moderator.  The segments are 0.5 cm thick for the slab moderators and 1 cm thick for the 
wing moderator  
 

Table 7.3.  Heating rates in watts for various moderator segments. 
 

Segment Front Wing Left Slab Right Slab 
1 52.3 107.1 113.5 
2 45.3 98.9 105.8 
3 39.7 90.9 98.7 
4 35.1 83.6 93.1 
5 31.3 70.6 83.0 
6 28.1 77.7 93.6 
7 25.5 65.5 75.5 
8 23.1 60.3 68.9 
9 21.2 55.5 63.3 

10 19.5 52.1 59.8 
11 17.9   
12 16.8   
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7.3 Thermal Shock in Target 
 
We carried out a series of analytical calculations to provide estimates of the maximum 
temperature and corresponding stress wave amplitude in the LWTS tungsten target plates by 
using the calculated energy deposition distribution for the LWTS.  The results of the calculations 
show that maximum stresses in the target material are less than about 1/50 of the tensile yield 
strength for tungsten. 
 
Members of the LWTS design team took part in SNS-motivated thermal-shock strain 
measurements on various target materials at the LANL Weapons Neutron Research (WNR) 
facility.  Figure 7.4 represents raw unprocessed strain data for a solid tungsten disk subjected to 
an 800-MeV proton beam pulse having a duration of 300 nsec.  The strain gage was located  
3.2 cm from the center of the .063-cm-thick, 7.62-cm-diameter disk and oriented to respond to 
radial strain.  The figure shows a maximum relative strain amplitude of approximately 10 × 10-6.  
Preliminary experimental results show that the tungsten target should easily withstand the 
measured strain.  These data are not yet fully processed, and final analyses may show additional 
contributions due to higher frequency components. 
 

Strain Data (LANL 2000)
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Fig. 7.4.  Measured strain in a tungsten plate.  The driving proton pulse occurs at about 0.0005 sec. 
 
7.4 Loss-of-Coolant Analyses 
 
Calculations of the transient temperatures under LOCA conditions provided an assessment of the 
consequences of a LOCA for the IPNS 1-MW target [5].  With a tungsten target and the decay 
heat data available for that study, a LOCA would have no impact on the facility as a whole even 
for 1-MW operation, but the target would have to be replaced.  This is a tolerable consequence of 
a hypothetical LOCA.  In the context of that study, tantalum was thought to be unacceptable 
because calculations had indicated higher decay heat powers than in tungsten. 
 
Recent decay heat analyses (Sec. 6.7) for tungsten and tantalum show they have similar 
saturation magnitudes but different temporal behaviors; i. e., tungsten activates and decays more 
quickly than tantalum.  Because (a) the LWTS target operates at 1/3 the power of the IPNS  
1-MW target, (b) the latest tungsten and tantalum decay heat values are less than four times 
higher than those used for the IPNS 1-MW target, and (c) the LWTS target is larger, it is possible 
that both materials are acceptable for the LWTS target plates without the need for a backup 
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decay heat removal system.  This result slightly favors tantalum as the target plate material. The 
decay heat behaviors of the materials will receive further investigation.  While passive LOCA 
mitigation is desired, the benefits of using the vessel wall cooling system for LOCA mitigation 
as a required active backup cooling system will be evaluated. 
 
7.5 Engineering R&D Activities 
 
Numerous engineering and materials issues have arisen during concept development that require 
more information than is now available to provide a basis for a detailed design and for potential 
design innovations.   Literature and experience searches and/or an R&D testing program can 
address the following issues in support of the current reference design target (forced-convection-
cooled target plates in a vessel).  At this time, they represent areas that need better 
documentation before the engineering design is complete. 
 
1. Assess thermal shock stress in the proton beam window and target plates.  We will track 

progress in the ASTE testing program at BNL.  This collaboration is already under way 
for this and other purposes. 

 
2. Assess the effects of realizable proton beam footprints in terms of neutron production 

efficiency and minimizing target and target window stresses. 
 
3. Assess tantalum and various high-tungsten target alloys and cladding materials for 

fabricability, clad/plate integrity, clad corrosion resistance, embrittlement, cyclic 
operation damage, radiation damage, radionuclide buildup, and radiation-induced growth. 

 
4. Assess proton beam vacuum window and the vessel proton beam window 

materials/thicknesses for embrittlement, cyclic operation damage, and radiation damage. 
 
5. Assess LOCA consequences and the need for independent and active afterheat removal 

systems. 
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8. SCIENTIFIC JUSTIFICATION 
 
The LWTS will greatly impact a number of areas of science.  These typically involve structures 
and interactions that span relatively large distances or vary greatly in length (10–10,000 Å) and 
processes that occur over a large range of timescale, 10-7 to 10-13 sec.  The discussions of 
applications are the results of more than a half-dozen workshops held since early 2000, which 
involved dozens of scientists drawn from universities and other laboratories working in the 
subject fields.  Workshops dealt with soft matter; disordered materials; magnetism; powder 
diffraction; biological materials; fundamental neutron physics; and chemical spectroscopy, 
protein folding dynamics, and polymer dynamics.  The workshop activities were carried out with 
NSF support and formed the basis for development of concepts for the LWTS facility and its 
instrumentation. 
 
Two criteria form the basis for selection of LWTS instruments.  First, the instruments must serve 
the needs of the scientific community that uses neutron scattering techniques, either by providing 
improved capabilities where the benefits are known or by expanding the capabilities of neutron 
scattering to probe phenomena on broader scales of length, energy, and time.  Second, the 
instruments must require the large bandwidth and high cold-neutron brightness provided by the 
LWTS that is not available at other neutron sources.  In this way, the LWTS instruments 
augment the range and performance of existing and proposed instruments at other neutron 
sources and either allow for rapid, broadband measurements on evolving sample systems or 
allow entirely new classes of experiments.  Table 8.1 summarizes the importance of the proposed 
instruments and beamlines for the subject fields addressed in the workshops.   
 
Table 8.1. Importance of proposed LWTS instruments to key areas of science (more asterisks indicate 
greater importance). 
 
 Soft 

Matter 
Disordered 
Materials 

 
Magnetism 

Powder 
Diffraction 

 
Biology 

Fundamental 
Physics 

Broad Range Intense  
Multipurpose SANS *** ** *  ***  

200-neV Backscattering 
Spectrometer   *** **   ***  

Magnetism                     
Diffractometer   *** **   

Broad Band                     
Reflectometer ***    ***  

Grazing Incidence SANS  
Reflectometer *** **   ***  

Neutron Spin Echo     
Spectrometer *** *** *  **  

Polarized                       
Reflectometer   ***    

Ultra-Cold                   
Neutron Station      *** 

High-Resolution        
Chopper Spectrometer * *** *  *  

High-Resolution         
Powder Diffractometer   *** ***   

Protein Diffractometer *   ** ***  
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8.1 Soft Condensed Matter 
 
8.1.1 Introduction 
 
Soft matter is generally based on macromolecules, both nonbiological and biological (or 
biologically inspired), and their interactions in mixtures with other macromolecules, solvents, 
and non soft materials.  These interactions provide for an enormous richness of structural phases 
and complexity [8.1.1, 8.1.2].  The structural phases are either disordered or ordered to varying 
degrees in one, two, or three dimensions, and they sometimes can be systematically tailored to 
control the ordering and the resultant macroscopic material properties.  Thus, soft matter forms a 
major component of complex materials, with biomolecular materials as a subset.  The relatively 
long length scales involved, coupled with the large number of both intramolecular and 
intermolecular degrees of freedom, distinguish soft matter from hard “atom-based” materials, 
that is, those that we understand in terms of interatomic interactions and structural units 
consisting of small numbers of atoms.  The structural complexity exhibited by soft matter 
includes local bonded and nonbonded interactions in the length range of 0.1 nm to long range 
ordering at 100 nm and greater.  The dynamics of these materials vary from the very short 
timescales of intramolecular vibrational motions to the very long timescales of slow diffusive 
motions.   
 
8.1.2 Opportunities for Neutron Scattering in the Study of Soft Matter 
 
The significant difference in scattering cross sections between hydrogen and deuterium,  
(1H and 2H), coupled with the large amounts of hydrogen present in soft materials, allows for 
studies with a high degree of sensitivity to structural detail in soft matter systems.  Researchers 
can use contrast variation and/or selective labeling by isotopic substitution of hydrogen to 
examine the structural detail of soft matter.  Because of the large penetration depth of neutrons, 
scientists can conduct structural investigations of complex systems under confinement or in 
extreme environments at conditions that are either at or far from equilibrium.  The relationship 
between energy and wave vector implied by the neutron mass and the large incoherent cross 
section for 1H versus 2H allows for a high sensitivity via inelastic and quasielastic scattering to 
selected intramolecular and intermolecular dynamics over a wide range of timescales [8.1.3–
8.1.5].  Both the long length scales and slow motions of soft complex systems are best explored 
by means of the elastic/inelastic scattering of long-wavelength (i.e., cold) neutrons.   
 
Pulsed neutron sources are ideal for kinetic studies of structure evolution in soft materials 
because of both the large bandwidth and the high peak flux per pulse.  The spectrometers 
proposed for the LWTS will provide unsurpassed opportunities for studying these materials.  For 
structural characterization of soft matter, the following instruments will provide unparalleled 
capabilities: the broad-range intense SANS instrument (BRIMS; Sec. 4.1), the broadband 
reflectometer (Sec. 4.4), the grazing-incidence SANS instrument (GISANS; Sec. 4.5).  For the 
study of long-timescale dynamic processes typically found in soft matter, the 200-neV crystal 
analyzer spectrometer (Sec. 4.2) and the spin echo spectrometer (Sec. 4.6) will provide more 
capabilities than HPTS instrumentation.  The 200-neV instrument offers 10 times better 
resolution then the backscattering instrument on the HPTS; the spin echo machine is practical 
only on the LWTS.   
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Science will drive the development of instrumentation that will be based on LWTS.  These 
developments already involve close interaction with the user community, which extends across 
academia, government, and industry.  At existing neutron scattering facilities throughout the 
world, soft matter research continues to be the area of fastest growth and researchers in this field 
constitute the largest single group of users.  We expect this growth to continue and the use of 
neutron scattering in the biological field to expand still further. 
 
8.1.3 Potential Areas of Study 
 
8.1.3.1 Small Sample Volumes 
 
Neutron scattering, through deuterium labeling, provided the first direct evidence for the 
Gaussian nature of the conformation of bulk polymer chains. This finding had a profound impact 
on the understanding of polymers [8.1.5].  Neutron scattering, combined with the selected 
deuterium labeling of phospholipid molecules within thick multilayer films, similarly provided 
the first direct indication of their time-averaged, temperature-dependent conformation within a 
bilayer [8.1.6, 8.1.7].  Studies of chain conformation have extended to ultrathin films and dilute 
solutions, but the available flux at present neutron sources limits this increase in scope [8.1.8–
8.1.10].  Figure 8.1 shows the data for polymer radius of gyration (RG) as a function of film 
thickness (D); the data are derived from many experiments over a two-year period with current 
neutron sources.  The measurements required stacking up to 20 films together.  The results are 
intriguing because they show that RG is independent of D down to RG/D ~ 0.75.  Studies of this 
kind cannot be readily extended to thinner films or more complex systems with existing sources.  
 
With the current push toward controlling structure at nanometer length scales, the need to probe 
small sample volumes and dilute concentrations is of paramount importance.  The existence of a 
next-generation, long-wavelength neutron source and the concomitant development of 
instrumentation and optics will bring new capabilities to the characterization of soft matter using 
neutrons.  For example, SNS instruments will likely enable scientists to characterize 
biomolecular and polymeric ultrathin microelectronics and photonics films in situ directly on a 
silicon (Si) wafer at concentrations and/or with dimensions that are impossible to access today.   

 
Fig. 8.1.  Polymer chain RG as a function of film thickness D (data from Ref. 8.1.8). 
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8.1.3.2 Biomolecular Materials 
 
Through a series of elegant SANS experiments that employed selective labeling of pairs of 
protein subunits combined with contrast matching of the remaining molecule, researchers were 
able to determine the three-dimensional quaternary structure of the ribosome [8.1.11].  Now, 
incorporating the deuterium labeling of selected intramolecular sites within a particular 
macromolecular component, workers are extending this approach to structural studies that 
explore the richness of phases provided by the interactions of natural proteins, synthetic proteins, 
and nucleic acids with lipids and polymers [8.1.3].  Figure 8.2 shows two of the self-assembled 
structures formed from DNA and cationic lipids that are important in the study of synthetic gene 
delivery systems [8.1.12].  The studies of such new materials in bulk, fiber, and thin-film forms 
provide the basis for potential technological devices based on biological catalysis, ligand binding 
specificity (or “recognition”), and macromolecular machines.  The potential role of neutron 
scattering for the characterization of such systems is tremendous but is limited by flux and beam 
time.  The LWTS at SNS will help researchers realize this potential. 

 

 
Fig. 8.2.  Lamellar phase and columnar inverted hexagonal phase formed from cationic lipid/DNA 
complexes taken from Ref. 8.1.12 (based on work performed at the Stanford Synchrotron Radiation 
Laboratory). 
 
8.1.3.3 Complex Polymer Structures 
 
Neutron scattering has provided key insights — unattainable by other means — into the behavior 
of polymers with compositionally and topologically complex structures.  These include mixtures, 
block copolymers, networks, star polymers, dendrimers, and graft polymers.  Significant 
discoveries already made by using neutron scattering include the following: chain stretching in 
block copolymers, the role of conformational asymmetry parameter in controlling polymer 
miscibility, the micellar structure of copolymers in supercritical fluids for use in new, 
environmentally benign solvents, the location of end groups in dendrimers, and the dependence 
of linear polymers on molecular weight to determine the degree of penetration of linear polymers 
into highly grafted molecules [8.1.13–8.1.17].  A recent explosion in the number of techniques 
for synthesis of complex, controlled macromolecular architectures has substantially heightened 
the need for instruments capable of probing structural conformations and kinetic responses to 
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external stimuli across the broad range of length and timescales represented in the proposed suite 
of LWTS instruments. 
 
8.1.3.4 Confinement and Extreme Environments 
 
The penetrating power of neutrons has allowed scientists to investigate polymer intermolecular 
ordering/disordering under nonequilibrium flow conditions through confined spaces; 
understanding this phenomenon is important for processing polymers and colloids [8.1.4, 
8.1.18].  The high penetrating power of neutrons also allows researchers to develop sample cells 
and environments for the study of soft matter under conditions that directly match the final end 
use.  For example, the structure of a complex fluid used as a lubricant in a high-speed bearing 
subject to high shear rate and/or high pressure is of great technological significance. In situ 
experiments could be conducted on such materials using a high-power, next-generation neutron 
source.  Figure 8.3 shows the neutron scattering intensity distribution in an in situ experiment to 
determine the structure in a micellar solution under shear flow near a surface.  Similarly, the 
structure and dynamics of natural or synthetic proteins could be studied under high pressure to 
provide important information about the physiochemical basis of its structure and folding within 
biomolecular materials. 

 
Fig. 8.3.  SANS from the surface structure of a micellar solution under shear flow.  Top:  fully aligned 
structure; bottom: partially relaxed (Ref. 8.1.17). 
 
8.1.3.5 Dynamics 
 
Scientists have employed inelastic neutron scattering (INS) techniques to demonstrate that the 
dominant relaxation mechanism in entangled linear polymers is reptation [8.1.19, 8.1.20].  
Similarly, we have just begun to investigate the intramolecular dynamics of the photosynthetic 
protein bacteriorhodopsin within a lipid bilayer membrane. These experiments aim to provide 
key insights into the role of the protein’s environment in its light-induced proton transport 
function [8.1.21, 8.1.22].  The full range of INS spectrometers proposed for the LWTS will be 
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key to enabling such studies of the role of intramolecular dynamics in controlling the 
macroscopic response of soft-matter-based materials. 
 
8.1.3.6 Interfaces and Surfaces 
 
Because interfacial control is crucial to successful implementation of nanotechnology, the study 
of interfaces is an active area of current research.  With a high-flux neutron source optimized for 
long-wavelength neutron production, scientists will be able to directly follow the dynamics of 
interfaces in response to perturbations.  The broadband reflectometer on LWTS (Sec. 4.5) will 
allow us to study a wide Q-range without the need to move the sample, a key feature for the 
study of kinetic processes at fluid surfaces.  For example, it will be possible for researchers to 
observe the response of an interface after exposure to an incident laser pulse during a chemical 
reaction or in response to local heating (e.g., the pulsed laser polymerization of polydiacetlyene 
monolayers).  The laser pulse could be applied either in phase or out of phase with a harmonic of 
the neutron pulse.   
 
Many systems form monolayers on fluid surfaces (often on water).  The study of these systems 
requires high flux because of the very small sample volumes.  With a high-intensity, low-
repetition-rate neutron source, it will be possible for scientists to routinely study the time-
dependent evolution of such systems, including the formation of monolayers, structural changes 
with applied lateral pressure (in situ Langmuir trough studies), kinetics of two-dimensional phase 
transitions, and formation of protein ion channels in lipid films. 
 
8.2 Disordered Materials 
 
8.2.1 Introduction 
 
Liquids, glasses, and amorphous materials (including amorphous semiconductors, molten salts, 
liquid alloys, and electrolytes, colloids, gels, and polymers) constitute the preponderance of 
condensed matter in our planet.  Such materials are of great commercial importance in modern 
industrial society [8.2.1–8.2.2].  Depending on the structural units and interaction potentials in 
the system under study, the time and length scales of these features vary from 10-7 to 10-13 sec 
and 1 to 104 nm.  The structures and dynamics of disordered systems are complicated; the 
complexity varies from modest orientational disorder of molecules in crystalline solids to the 
extreme disorder limit encountered in a multicomponent true glass.  Confining material to 
catalytic surfaces and in porous sieves also creates disorder and new phenomena.  The dynamic 
behavior of disordered materials ranges from local vibration and rotational tunneling of 
individual molecules to many-body collective phonon-like excitations and from excess “local” 
vibrational modes (the boson peak) to slow relaxations and diffusion processes.   
 
8.2.2 Opportunities for Neutron Scattering in the Study of Disordered Materials 
 
Much neutron data today lack the statistical precision or resolution to distinguish between 
different models of many phenomena.  Both limitations (precision and resolution) can be 
dramatically removed by the LWTS and accompanying new instruments such as the SANS 
(BRIMS) diffractometer (Sec. 4.1), the 200-neV crystal analyzer spectrometer (Sec. 4.2), the 
spin echo spectrometer (Sec. 4.7), and the high-resolution chopper spectrometer (Sec. 4.9).  
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These instruments, coupled with the high signal-to-noise ratio possible on the LWTS, will bring 
a revolution in precision — taking experimental testing of theory to a new level. 
 
8.2.3 Potential Areas of Study 
 
8.2.3.1 Water, Ice, and Water-Rich Complex Fluids 
 
Water is crucial to life on earth.  Basic to biological function and a great range of chemical 
processing technologies and serving as a prototype hydrogen-bonded liquid and solid, water has 
received concentrated scientific attention for many years.  Even so, we do not adequately 
understand the physicochemical properties of water even in its pure form, let alone its complex 
roles in biological, ecological, and geological systems.  Neutron studies have provided key 
information on the organization of atoms in no less than a dozen structural forms of water and 
clarified the origin of differences between excitation spectra of water, amorphous ices, and 
hyperquenched water.  However, to date, the data allocated fail to distinguish the many 
competing models of hydrogen bonding or of interatomic potentials such as those employed in 
computer simulations.  Making the situation even more complicated, the soft nature of disorder 
in water and water-rich systems promotes arrangements of structural units that are extremely 
sensitive to changing temperature, dilution, pH, etc. Forefront challenges are to understand the 
following:  (a) aqueous solutions, (b) hydrolysis reactions, (c) mobility of drugs and nutrients in 
organs, (d) mobility of nutrients in soils, (e) proton conduction in liquid electrolytes, (f) the 
formation of liquid crystals in lipids and water in biological membranes, (g) entrapment of water 
in concrete, and (h) denaturation of proteins.  Present neutron scattering instrumentation lacks 
the resolution and the ranges of energy and momentum transfer to allow researchers to critically 
address these challenges.  Better understanding of these materials will lead to improvements in 
fields as diverse as drug delivery, road quality, and food preservation.  The very high resolution 
and wide dynamic range of cold-neutron instruments at LWTS will be keys to scientific progress 
in studies of water-related materials.   
 
8.2.3.2 Fragility, the Boson Peak, and Relaxation in Glassy Materials 
 
Many glass-forming phenomena are poorly understood [8.2.6–8.2.7], in spite of the widespread 
occurrence of real materials in amorphous states.  The excess specific heat, the vanishing excess 
entropy around the glass transition temperature (Tg), and the plateau in the thermal conductivity 
at low temperatures are well known but still inadequately explained universal features of glassy 
solids.  These phenomena — the occurrence of Boson peaks, the diverging relaxation time, and 
the variation of the fragility defined by Tg-scaled Arrhenius plots of the viscosities — all call for 
high-precision INS measurements to illuminate what features of the potential energy 
hypersurface define them.  INS has already surpassed Raman scattering in characterizing of the 
Boson peaks.  To reveal the nature of two-level systems or floppy modes [8.2.8], scientists must 
make high-resolution, low-energy-transfer measurements.  High-temperature measurements, 
carried out over a wide range of wave vector and energy transfer, provide information regarding 
anharmonic decay of vibrational states [8.2.9].  At present, there are not a sufficient number of 
appropriate instruments, and those that are available are not capable of carrying out the 
measurements needed to progress in these fields.  LWTS instruments will provide the capacity 
essential for new discoveries in glass dynamics in the 21st century. 
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8.2.3.3 Neutron Brillouin Scattering  
 
Conventional Brillouin scattering (NBS) using laser light probes only the region very near Q = 0, 
the hydrodynamic continuum regime. Brillouin scattering carried out with neutrons (also x-rays) 
provides access to the region far into the first Brillouin zone, where low-energy dispersive 
excitations merge into the continuum excitations.  NBS results will reveal the viscoelastic 
properties of aqueous solutions and molten metals and the distinction between localization and 
plane-wave-like propagation in orientational glasses and structural glasses. 
 
The realization of NBS is fraught with difficulties.  Measurements require high (and clean) 
energy transfer resolution (< ~0.1 meV), as well as a wide range of rather small wave vectors  
(~ 0.01–1.0 Å-1).  Moreover, kinematics requires use of neutron speeds in excess of the speed of 
sound — sometimes implying rather high neutron energies. Spectrometers available even at the 
premier neutron sources lack the intensity and resolution to observe the low-energy excitations 
near the elastic line.   
 
Even though the technical challenges have not yet been overcome, there has been much debate in 
the past 20 years regarding the data that do exist.  Examples are the controversies about the 
existence of fast sound in liquid water [8.2.10, 8.2.11] and the interpretation of the transition 
from normal to fast sound (hard clusters, acoustic-like and optic-like mode interactions, the 
dynamic cage model, etc.) [8.2.11–8.2.12].  Many scientists have exchanged ideas on the decay 
of acoustic excitations in vitreous silica and glassy selenium (Ioffe-Regel crossover, mode-
coupling theory, anharmonicity, etc.) and the possible evolution to Boson peaks via localization 
[8.2.13–8.2.21].  The evidence leads to the compelling conclusion that contemporary models will 
be clarified and new theories will emerge with new instrumentation such as the HRCS at the 
LWTS. 
 
8.2.3.4 Quantum Systems, Porous Media, and Disorder 
 
The properties of disordered and confined liquids, solids, membranes, and films (quantum and 
classical) are of great fundamental interest [8.2.22].  Indeed, 20 to 25% of NSF-funded initiatives 
in the Condensed Matter Physics Program of the Division of Materials Research address some 
aspects of disorder.  The scientific goals are to reveal the impacts of disorder, doping, or 
confinement on Bose-Einstein condensation; or superconductivity; or phase transitions; and on 
the magnetic, thermodynamic, elastic, chemical, and biological properties of these systems.  
There are many examples in which the role of disorder is not yet understood: quantum liquids 
(4He and 3He) in confined geometries [8.2.23], electrons (Fermions) in disordered materials 
[8.2.24], Cooper-paired electrons (Bosons) in Josephson arrays and films [8.2.25], Cooper pairs 
and flux lines in high-Tc materials [8.2.26], and disordered polymers and membranes.  These 
widely different systems share common physical principles such as scaling, universality classes, 
Bose condensation, superfluidity (conductivity), commensuration, and localization [8.2.22].  
Understanding and discovery in one system can be transferred to the others. 
 
Underlying and driving most of the afore-mentioned properties (e.g., superfluidity and phase 
transitions) are the excitations, especially the Bose excitations [8.2.27].  Disorder introduces 
subtle changes in these excitations, such as small energy shifts, new low-energy excitations, gaps 
in dispersion curves, and small (but critical) excitation lifetimes.  Detecting these small changes 
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requires neutron spectrometers that have high resolution and high signal-to-noise ratios, which 
can be provided only by a brand-new facility such as the LWTS.  The IRIS instrument at ISIS 
(energy transfer resolution of 15 µeV) is now the one that is generally best adapted to these 
measurements.  An instrument that offers resolution below 1 µeV, such as the 200-neV crystal 
analyzer spectrometer described in Section 4.2, is needed.  That instrument will provide the 
combination of high flux and resolution sufficient to reveal the underlying, low-energy 
excitations in materials such as those previously listed and in biological systems.  Such an 
instrument, in conjunction with the 2-µeV instrument at the HPTS, would allow scientists to 
make the connections between excitations, phase transitions, and Bose condensation and open 
doors to new discoveries in this fundamental field. 
 
8.3 Magnetism 
 
8.3.1 Introduction 
 
Correlations between multiple degrees of freedom are the essence of magnetism.  Consequently, 
most breakthroughs in many-body physics are linked to this field.  Magnetism is intrinsic to the 
technologies that shape our present and future.  Efficient transformers for energy transport, 
transducers, motors, sensors, and electronic information storage — all these technologies rely in 
essential ways on understanding and controlling magnetic materials.  The vitality of both science 
and engineering related to magnetism has led to a rapid and lucrative concept-to-product cycle.  
A recent spectacular example was multilayer giant magnetoresistance (GMR), a phenomenon 
that went from laboratory to consumer in less than 10 years [8.3.1].  
 
8.3.2 Opportunities for Neutron Scattering in the Study of Magnetism 
 
Since its inception, neutron scattering has played a pivotal role for magnetism R&D.  Past 
achievements — including the discovery of Néel and spin glass order, spin waves, and critical 
fluctuations — have been acknowledged with major awards, including the Buckley Prize to R. J. 
Birgenau and the Nobel Prize to Cliff Shull.  More recently, the fields of thin-film magnetism, 
colossal magnetoresistance (CMR), high-temperature superconductivity, and quantum 
magnetism have benefited immensely from knowledge derived from neutron scattering. 
 
8.3.3 Potential Areas of Study 
 
Major challenges that emerged from our workshop in magnetism at the LWTS include  
(a) understanding and controlling the interplay between charge, spin, and lattice degrees of 
freedom in oxides; (b) identifying and characterizing novel phases and phase transitions in 
interacting Fermi systems; and (c) determining the magnetic structure, excitations, and 
interactions in nanoscale engineered magnets ranging from multilayers, through granular solids, 
to molecular magnets.  The LWTS will play an important role in meeting these challenges. 
 
8.3.3.1 Competing Spin, Charge, and Lattice Degrees of Freedom 
 
The competition between charge, lattice, and spin degrees of freedom can lead to complex 
ordered phases in which strong short-range interactions balance against longer range interactions 
such as strain and coulomb forces.  These competing degrees of freedom can give rise to a large 
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number of interesting and potentially useful physical properties.  Examples are reports of the 
formation of dynamic charge ordering in superconducting La2-xSrxCuO4 and YBa2Cu3O7-x 
[8.3.2–8.3.4] and of short-range charge correlations that melt with the onset of ferromagnetism 
and lead to CMR in the manganites La1/3Ca2/3MnO3 and La1.2Sr1.8Mn2O7 [8.3.5–8.3.7] (Fig. 8.4). 

 
Fig. 8.4.  Diffuse neutron scattering from La1.2Sr1.8Mn2O7, above TC (at 130 K in the (0k0) plane showing 
a rod of magnetic scattering along the h0 direction [8.3.7]). TOF single diffractometers measure large 
volumes of reciprocal space in a single crystal orientation.  
 
Similar effects are also important in quasi-one-dimensional oxides [8.3.8], conducting organic 
materials, magnetic semiconductors, and geometrically frustrated magnets [8.3.9].  
Understanding and ultimately predicting the complex order parameters, low-energy normal 
modes, and physical properties of these systems have proven to be formidable challenges for the 
materials science community.  Because they relate to all the relevant degrees of freedom, 
neutrons can furnish many of the needed insights.  However, to realize this potential, researchers 
need instrumentation that can probe small quantities of materials with high signal-to-noise ratio 
over a wide dynamic range in energy and wave vector transfer (Q=0.01–10 Å-1, E=100 µeV–20 
meV).  The LWTS will allow dramatic progress in this area.  The bright cold-neutron pulses 
enable optimized instrumentation to probe the key nanoscale structure and low-energy dynamics 
much more efficiently and with greater sensitivity than is currently possible.  The proposed 
magnetism and diffuse scattering instrument (Sec. 4.3) is one such instrument. 
 
8.3.3.2 Quantum Criticality 
 
In recent years, it has become evident that the usual paradigms for understanding metals and 
magnets break down dramatically near a quantum phase transition [8.3.10].  These breakdowns 
occur when varying parameters — such as pressure, magnetic field, or dopant concentration — 
have driven to absolute zero the critical temperature of a classical phase transition.  Although the 
quantum critical point (QCP) then lies at the absolute zero temperature, its existence can have 
profound consequences for physical properties over a large portion of the phase diagram.   
 
Quantum critical phenomena may play an important role in a wide class of correlated systems, 
including itinerant magnets, heavy Fermion systems, ferroelectrics, and unconventional 
superconducting compounds [8.3.11].  While theoretical work on quantum criticality has 
progressed rapidly, experiments are only just beginning to access critical exponents and scaling 
functions in selected model systems.  Important questions remain regarding: (a) the extent and 
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role of spatial magnetic correlations at the QCP in metals [8.3.12], (b) the role of disorder close 
to the QCP [8.3.13], and (c) whether real materials fall into quantum critical universality classes.  
Neutron scattering, and the LWTS in particular, will be important tools for answering these 
questions.  Future experiments will need to probe fluctuations over a wide range of energies and 
temperatures, examine a wide range of materials (many of which can only be produced as small 
single crystals), and probe materials under extreme thermodynamic conditions.  The LWTS, as a 
bright cold-neutron source, will provide unique capabilities for probing low-energy fluctuations 
with high sensitivity and will have a definite impact in this emerging area of condensed matter 
physics.  A long-wavelength, single-crystal TOF diffractometer at the LWTS would also 
facilitate discovery and characterization of weak order parameters close to QCPs in small single 
crystals.  
 
8.3.3.3 Magnets by Design 
 
Advances in synthetic chemistry, materials processing, and thin-film deposition techniques have 
greatly expanded our ability to pattern magnetic materials at the nanometer scale.  Nonvolatile 
electronic information storage systems are largely based on thin-film magnetism, so this subject 
is of immense technological importance.  Potential benefits from greater understanding of 
magnetism at the nanometer scale include faster and denser information storage systems [8.3.14] 
and ultrafast quantum computing [8.3.15].  Many of the challenges in the field lie in developing 
processing techniques. Neutron scattering will, however, be crucial to improving our 
understanding of (a) the chemical and magnetic interface between materials, (b) dynamic 
phenomena in magnets confined to the nanometer scale, and (c) magnetic interactions through 
nonmagnetic material.  The greater brightness of the LWTS will be essential if neutron scattering 
instrumentation is to keep up with increased technological complexity and miniaturization.  
Long-wavelength neutron reflectometry (Sec. 4.5) and diffraction (MiDaS, Sec. 4.3) are the 
dominant techniques for studying magnetism [8.3.16].   
 
Researchers will also need to probe lateral magnetic structure, such as magnetic dots, on scales 
up to 1 µm.  The wide dynamic range of TOF reflectometers and SANS instruments (BRIMS, 
Sec. 5.1) at the LWTS may also facilitate an entirely new class of experiments that probe 
nonequilibrium structure following perturbations phased to the proton pulse.  Such experiments 
could result in essential new insights regarding domain wall structure and dynamics in a wide 
range of magnetic materials.  In the area of high-resolution spectroscopy (Sec. 4.9), the LWTS 
may enable direct observation of quantum-tunneling-induced gaps in the excitation spectrum of 
magnetic nanoparticles.  These experiments using LWTS instruments could open a new window 
on quantum coherent phenomena at the nanometer scale.   
 
An alternative tool for designing new magnetic materials is synthetic chemistry.  The soft 
structural constraints provided by organic ligands enable molecular-level control of the topology 
and strength of magnetic interactions.  Because of the covalency and complex geometry of 
molecular magnets, our understanding of interactions and spin density distributions in these 
materials is rudimentary.  Polarized neutron diffraction provides direct access to spin density 
distributions [8.3.17], but unfortunately, there is currently no scientifically competitive 
instrumentation in the United States to conduct these studies.  Moreover, the large unit cells and 
small sample sizes that characterize novel molecular magnets make these experiments difficult, 
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even on the best machines at the ILL.  The availability of high-intensity, long-wavelength, 
polarized neutrons at the LWTS will enable dramatic progress.   
 
Ultra-high-resolution spectroscopy of quantum tunneling in molecular magnets is another area in 
magnetism where, for example, the CAS (Sec. 4.2) at the LWTS can have a major impact 
[8.3.18–8.3.20]. 
 
8.4 Powder Diffraction 
 
8.4.1 Introduction 
 
Existing powder diffractometers at both neutron and synchrotron radiation sources attract a broad 
user community because the technique is applicable to many different classes of materials.  
Currently, areas under study range from proteins, fundamental materials physics and chemistry, 
earth science, designer porous solids, and self-assembled nanostructures to engineering alloys 
and cement.  The development of new instruments and capabilities will spur the growth of the 
user community in terms of both numbers and diversity. 
 
8.4.2 Opportunities for Neutron Scattering in the Study of Powder Diffraction 
 
The LWTS will provide an opportunity to construct powder diffractometers with characteristics 
that complement those of the HPTS and provide world-class performance.  The envisioned 
HPTS instrumentation will cover a d-spacing range well matched to many materials and provide 
good resolution combined with very high data rates.  The instrumentation will be invaluable for 
performing parametric studies, such as the examination of phase transitions and thermal 
expansion characteristics.  However, the high repetition rate at the HPTS, its moderator 
characteristics, and optimization for high data rates make the proposed powder diffractometer 
(POW-GEN3) at the HPTS less than ideal for two important classes of experiments: 
 
The materials problems examined by scientists and engineers are becoming increasingly 
complex.  This complexity is often associated with new, fascinating, and potentially useful 
properties and may show up structurally as very large unit cells, phase coexistence, subtle 
superlattices and distortions, or additional length scales that have to be considered.  To handle 
these structural problems, scientists need a powder diffractometer optimized for both excellent 
resolution (∆d/d) and low background. 
 
We propose the construction of an ultra-high-resolution (∆d/d ~3 × 10-4) instrument, UHRPD 
(Sec. 4.4) to meet these needs (see Fig. 4.6).   
 
Cases involving an additional length scale, such as ordered nanoporous materials or arrays of 
self-assembled nanoparticles, also require, an instrument that is capable of accessing very large 
d-spacings.  The proposed SANS instrument, BRIMS (Sec. 4.1), at the LWTS will initially meet 
these needs (see Fig. 4.2).  However, we foresee the need, at some time in the future, for a long-
wavelength powder diffractometer, capable of delivering data over a very large d-spacing range 
to enable the high-resolution examination of materials with orders at both the atomic and 
multinanometer length scales. 



Technical Concepts for a LWTS for the SNS November 2002 

107 

8.4.3 Potential Areas of Study 
 
8.4.3.1 Complexity and the Need for Ultra-High Resolution 
 
The scientific impact of the current generation of ultra-high-resolution synchrotron powder x-ray 
diffractometers illustrates the need for a new ultra-high-resolution neutron powder 
diffractometer.  Instruments such as those on beamlines X3B1 and X7A at the National 
Synchrotron Light Source at BNL and BM16 at the European Synchrotron Radiation Facility at 
Grenoble, France, offer resolutions (∆d/d) in the low 10-4 range.  They have aided in developing 
our understanding of many important classes of materials such as C60 derivatives [8.4.1–8.4.4], 
high-Tc superconductors [8.4.5–8.4.8], zeolites [8.4.9–8.4.12], piezoelectrics [8.4.13–8.4.15], 
and manganite CMR/GMR compounds [8.4.16–8.4.19].  
 
The high resolution of these synchrotron instruments has facilitated the solution of complex new 
zeolite structures [8.4.9–8.4.12], the examination of phase coexistence [8.4.20] in 
superconductors [8.4.7, 8.4.8] and manganite CMR materials [8.4.16, 8.4.17, 8.4.20], and the 
observation of subtle distortions in lead zirconium titanate compositions close to the 
morphotropic phase boundary [8.4.13, 8.4.14].  This kind of work can have significant scientific 
and technological implications.  Synchrotron powder diffraction was used to characterize the 
first ultralarge-pore zeolite to be prepared (UTD-1) [8.4.9–8.4.11].  Its pores are large enough to 
facilitate improvements in petroleum refining [8.4.9, 8.4.10].  The observation of a monoclinic 
distortion in Pb-Zr-Ti-O (PZT) close to the morphotropic phase boundary [8.4.13, 8.4.14] led to 
a reinterpretation of the piezoelectric response of this important material [8.4.15].  
 
Figure 8.5, showing a synchrotron diffraction pattern for a two-phase BaBiO3 sample, illustrates 
the benefits of ultra-high resolution.  Laboratory x-ray and typical neutron instruments are 
incapable of resolving this kind of splitting.  The combined synchrotron and neutron studies of 
Woodward [8.4.17] on phase coexistence in (Nd1/2Sr1/2)MnO3 also make it clear that relying on 
medium-resolution neutron diffraction data alone could lead to grossly incorrect conclusions.  
 
Synchrotron x-ray diffractometers are often the instruments of choice because of their superb 
resolution.  When neutron diffractometers with comparable or better resolution and good data 
rates become available, many problems involving complex materials will be better handled 
because of neutron sensitivity to light atoms, different scattering contrast levels, good intensity at 
high Q, and sensitivity to magnetic ordering.  For very complex structural problems, the 
combination of ultra-high-resolution neutron data with synchrotron data will provide 
unprecedented capabilities.  The UHRPD and BRIMS at the LWTS will be the first to provide 
the neutron capabilities needed to complement the x-ray instruments. 
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Fig. 8.5. Synchrotron data for “BaBiO3.”  The splittings indicating the presence of two phases would not 
have been observable at medium resolution, but the use of x-rays led to problems with the superlattice 
peaks. 
 
8.4.3.2 Long-Wavelength Powder Diffraction at LWTS 
 
Many materials of current interest display structural features on multiple length scales; examples 
include mesoporous oxides with pores of nanometer dimensions [8.4.21, 8.4.22] and self-
assembled arrays of nanoparticles [8.4.23].  In mesoporous oxides prepared using surfactant 
templates [8.4.21, 8.4.22, 8.4.24], an ordering of the pores in the system often occurs; there may 
or may not be ordering on atomic length scales within the walls separating the pores from one 
another.  The self-assembly of nanometer-scale building blocks is currently attracting 
considerable attention.  One interesting group of materials is the self-assembled metal 
nanoparticles studied by Whetten et al. [8.4.23, 8.4.25].  Each of the individual nanoparticles is 
crystalline, and they pack together to form well-ordered arrays (see Fig. 8.6a).  The diffraction 
data provide information on nanoparticle packing at low Q and particle internal structure at 
higher Q (see Fig. 8.6b).  Neutron experiments on these materials would, for example, allow 
scientists to examine the passivating organic groups on the surface of the nanoparticles in the 
self-assembled solid, leading to improved synthesis techniques.  This study cannot be done with 
x-rays because the scattering from high-Z (large atomic number) atoms in the nanoparticle core 
is dominant. 
 
The high flux of long-wavelength neutrons from the LWTS is well suited to the construction of 
an instrument capable of providing good-resolution diffraction data over a very large d-spacing 
range.  We have not yet worked out the design of the instrument that will provide the necessary 
combination of wide range and medium resolution, although a wide-angle detector on BRIMS 
(Sec. 4.1) may initially suffice. 
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a)       b) 
 
Fig. 8.6. (a) Self-assembled arrays of nanoparticles show order on two distinct length scales giving rise to 
(b) information at both high and low Q in the diffraction patterns. 
 
8.5 Biological Sciences 
 
8.5.1 Introduction 
 
Knowledge and activity in the life sciences have experienced unprecedented growth in the 20th 
century.  Most experts believe this growth will continue at an enormous rate in the 21st century.  
Complete sequencing of the human genome, which is considered to be one of the most 
significant achievements of all time, is a prime example of such progress.  Although many of 
life’s mysteries are encoded in the genetic blueprint, the genome sequence gives us only the 
instruction sets for synthesizing the 50,000 or more proteins present in the human body and tells 
us very little about how they work in concert to maintain life [8.5.1].  We do know that any 
single physiological function is carried out by 10 or more protein molecules in concert and that 
each of these molecules may interact with much larger macromolecular assemblies [8.5.2]. 
 
A prerequisite for understanding function is knowledge of the structure of the molecule or 
molecules of interest.  The structure-function hypothesis is well accepted in modern biology; its 
validity has been confirmed at all levels of molecular organization, from the three-dimensional 
atomic structures of molecules to the structures of highly complex molecular assemblies in cells.  
The development and improvement of modern structural biology techniques will be instrumental 
in realizing some of the lofty expectations that have arisen from the genome project. 
 
Although detailed examination of their structure has revealed much about the function of 
biomolecules, full understanding of their operation as molecular machines requires information 
on the wide variety of motions exhibited by these molecules.  As well as understanding the 
principles that lead from sequence to structure — the "protein folding problem" — we also need 
to understand those principles that lead from structure to dynamics and function [8.5.3].  
Moreover, the study of macromolecular dynamics provides us with a rather stringent test of 
models of intermolecular forces, which are the basis for understanding protein stability and 
rationalizing protein design [8.5.4–8.5.6].  Neutron scattering offers invaluable tools for studying 
the structure-function relationship of biological processes in the postgenome era. 
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8.5.2 Opportunities for Neutron Scattering in the Study of Biological Materials 
 
The following features of neutron scattering methods make them especially useful for 
investigating the structure and dynamics of macromolecules:  (a) Neutron diffraction makes it 
possible to locate and identify hydrogen atoms as easily as heavy atoms within a macromolecule 
[8.5.7]; (b) neutron diffraction easily distinguishes deuterium from hydrogen in contrast 
matching and H/D exchange experiments [8.5.8]; (c) thermal neutrons do not cause radiation 
damage to biological samples [8.5.9]; and (d) inelastic neutron scattering enables characterizing 
the dynamics of atoms and molecules [8.5.10].  In the past, U.S. researchers have not been able 
to make full, effective use of these methods because of the low fluxes and limited access to 
neutron sources in the United States [8.5.11].  However, the field of macromolecular neutron 
diffraction outside of this country has exploded.  In the past two years, groups in Europe and 
Japan have published research revealing improvements in molecular models based on neutron vs. 
x-ray diffraction data [8.5.7, 8.5.9, 8.5.12–8.5.14].  The development of high-efficiency detectors 
and novel techniques for processing neutron diffraction data is reducing the long measuring 
times that previously limited neutron diffraction studies [8.5.15, 8.5.16].  The LWTS will make it 
possible for molecular biologists to perform systematic studies of a large variety of homologous 
molecules or structurally similar molecules.  In these studies, it is the small differences between 
closely related systems that are important; the high fluxes of long-wavelength neutrons will help 
to reveal them. 
 
The enormous increase in usable neutron flux provided at the LWTS, along with the increased 
dynamic range accessible by its spectrometers, will also have a substantial impact not only on 
structural biology, but also on several areas of biochemistry. 
 
8.5.3 Potential Areas of Study 
 
8.5.3.1 Neutron Single-Crystal Diffraction to Determine the Positions of Protons 
 
In the latter half of the 20th century, worker have applied NMR and x-ray crystallography to 
discern the three-dimensional structures of several macromolecules such as proteins and nucleic 
acids, including the intact ribosome, shedding light on many of life’s mysteries [8.5.17, 8.5.18].  
However, x-ray studies do not readily reveal the structural hydrogen, which constitutes 50% of a 
macromolecule’s atoms.  Although high-resolution x-ray structures, combined with molecular 
modeling, have traditionally been used to determine the positions of hydrogen atoms, a recent 
study makes it clear that more structural information can be generated from moderate-resolution 
(2.4-Å) neutron data than from ultra-high-resolution (0.9-Å) x-ray data [8.5.12, 8.5.19, 8.5.20].  
The contributions of hydrogen atoms to biological function cannot be overstated.  For instance, a 
hydrogen atom is invariably required to facilitate catalysis.  Neutron diffraction structure studies 
elucidate H/D exchange, enabling us to understand catalytic processes at the molecular level 
[8.5.21, 8.5.22].  For instance, Kossiakoff and coworkers investigated the catalytic mechanism of 
the serine protease trypsin using neutron diffraction [8.5.23]; their study showed that the proton 
is attached to the His-57 rather than the Asp-102 within the catalytic triad.  Moreover, scientists 
can exploit observations of the hydrogen-bond formation between macromolecules and ligands 
and the water-mediated second-sphere hydrogen-bond formation for drug and ligand design 
[8.5.24–8.5.28]. 
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Examples of macromolecular single-crystal structures solved by neutron diffraction to date 
include the following: (a) trypsin [8.5.23, 8.5.29]; (b) RnaseA [8.5.21, 8.5.30, 8.5.31];  
(c) crambin [8.5.32]; (d) insulin [8.5.33]; (e) myoglobin [8.5.34, 8.5.35]; (f) lysozyme [8.5.36–
8.5.38, 8.5.15], a portion of which is shown in Figure 8.5.1; (g) concanavalin A [8.5.12];  
(h) bovine pancreatic trypsin inhibitor [8.5.39]; (i) glycolipids with respect to bacteriorhodopsin 
[8.5.40]; and  (j) endothiapepsin [8.5.13]. 
 
Figure 8.7 shows a portion of the structure of HEW lysozyme determined by neutron diffraction 
illustrating water molecules and hydrogen bonds. 

 
Fig. 8.7.  A portion of the HEW lysozyme structure from neutron quasi-Laue diffraction data [8.5.7]. 
Hydrogen bonds between a water molecule and Tyr53 are shown in red. 
 
The neutron single-crystal TOF Laue technique, successfully employed for small molecules 
[8.5.41, 8.5.16], will be very effective for use in macromolecular crystallography because of its 
ability to measure many Bragg reflections by using a stationary sample and stationary detectors 
and because of its inherently low backgrounds.  At the LWTS, the cold-neutron spectrum and 
low repetition rate are well suited for a single-crystal macromolecular diffractometer (Sec. 4.12) 
and will dramatically increase the number of protein and nucleic acid structures accessible by 
using neutron diffraction.  
 
8.5.3.2 Macromolecule-Solvent Interactions 
 
Hydration of macromolecules is necessary for both biological activity and thermodynamic 
stability; moreover, the use of proper solvent models is extremely important for computational 
biology.  However, it has been very difficult to model solvation reliably, making it difficult to 
accurately compute biochemical parameters such as protein-ligand binding constants.  A long-
standing controversy regarding the hydration of macromolecules concerns the formation of 
solvation spheres around macromolecules, as inferred from early x-ray structures.  Neutron 
scattering provides important information on macromolecule-solvent interactions by 
distinguishing D2O from H2O [8.5.42–8.5.45].  The comparison of deuterated neutron structures 
with corresponding x-ray structures validated the solvation sphere models [8.5.46].  These 
studies clearly show that the density of bound solvent is greater than that of bulk solvent.  
Neutron and x-ray data have been the basis for modeling a solvent as a series of shells with well-
defined spatial and physical characteristics [8.5.35, 8.5.44].  The expected high flux in the 
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desirable spectral range from the cold moderators at the LWTS will make the SANS instruments 
there ideal for studying solvation of macromolecules and will contribute to the development of 
accurate solvent models that will benefit in the field of computational biology.  
 
8.5.3.3 Biological SANS as a Tool for Studying Macromolecular Assembly 
 
X-ray crystallography is the single most powerful method for accurately characterizing 
macromolecular structures, but it is difficult to produce the required crystals of those very large 
complexes.  One alternative, solution-based SANS in contrast-matching experiments, has proven 
its ability to gather global information on multiple subunit assemblies and large conformational 
changes.  Well-known SANS success stories include the solution of the structures of ribosomes 
[8.5.47], viruses [8.5.48], and RNA and DNA-protein complexes [8.5.49].  The power of 
deuterium labeling in SANS permits researchers to compare one component to the others in a 
multicomponent assembly, and it contributes a significant advantage over complementary 
techniques such as electron microscopy and small-angle x-ray scattering.  SANS complements 
both x-ray and neutron single-crystal diffraction techniques because it is solution-based and can 
probe the kinetics of macromolecules.  Major hindrances to biological SANS so far have been 
the limited access to experimental stations and long measuring times.  The planned SANS station 
at the LWTS (BRIMS, Sec. 4.1) will promote the application of neutron scattering to solve 
challenging biological problems. 
 
8.5.3.4 Protein Dynamics: “Complete” Dynamical Information Made Possible by a 
Versatile Set of Instruments 
 
Protein dynamics relates to two very important biomolecular processes: conformational 
flexibility that is essential for enzyme catalysis and the several changes that occur in the final 
stages of protein folding.  Experimental studies of macromolecular dynamics normally employ 
such optical techniques as photon correlation spectroscopy [8.5.50], fluorescence correlation and 
photobleaching recovery techniques [8.5.51, 8.5.52], and Brillouin light scattering [8.5.53].  
These techniques cover relatively long timescales compared to the neutron spectroscopic 
methods of quasielastic scattering and spin echo spectroscopy.  Although workers have used 
multidimensional NMR to study slow local incoherent dynamical motions, the method does not 
provide information on long-range correlations [8.5.54–8.5.56].  On the other hand, neutron 
scattering spectroscopies cover a much wider dynamic range — from nanoseconds to 
picoseconds — permitting, for example, studies of conformational flexibility of macromolecules 
[8.5.3, 8.5.10, 8.5.57–8.5.59], protein folding [8.5.3, 8.5.59], and dynamics of molecules tethered 
to a surface [8.5.57, 8.5.60, 8.5.61].  The methodologies are therefore complementary rather than 
competitive.  There is enormous potential for new insights into biomolecular dynamics from the 
use of quasielastic and inelastic neutron scattering at pulsed neutron sources.  The TOF methods 
used at sources such as the LWTS offer inherent advantages, including potentially greater Q-
resolution, a larger dynamic range, access to the lowest energy transfers, and high-energy 
resolution [8.5.62].  A particularly important new direction involves accessing slow (~10-7 sec) 
dynamics with the use of long-wavelength neutrons, as will be possible using the 200-neV-
resolution crystal analyzer spectrometer at the LWTS (CAS, Sec. 4.2). 
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8.5.3.5 Membrane Proteins and Lipid Dynamics 
 
About 30% of all proteins encoded in the human genome are incorporated in or attached to a 
lipid matrix; moreover, the membrane proteins require a lipid matrix for proper folding and 
function.  Among the many important problems of macromolecular dynamics that we expect to 
address using the LWTS are lipid dynamics in lipid/water interfaces and in the hydrophobic core 
of lipid bilayers.  Scientists can achieve specificity by selective deuteration of lipid head groups 
and hydrocarbon chains or by exploiting differences in timescales (e.g., intramolecular chain 
dynamics vs. lateral diffusion) that can be observed using specific spectrometers.  We can 
evaluate collective and molecular motional processes by using a combination of LWTS spin 
echo (Sec. 4.6) and backscattering instruments (Sec. 4.2), respectively.  Varying the scattering 
angle and using appropriately oriented samples enables researchers to separate in-plane from out-
of-plane motional processes.  By collecting quasielastic data from highly oriented bilayer stacks 
at different hydration levels, we can answer such questions as "What is the origin of 
intermolecular forces acting between lipids and proteins?" and "What is the origin of forces 
acting between opposing membranes?"  
 
8.5.3.6 Low-Angle Diffraction and Reflectometry: Macromolecular Assembly in 
Membranes and Fibers 
 
Scientists have obtained definitive information concerning the intramolecular structures of 
selected macromolecular components and their assembly within these supramolecular structures 
by conducting low-angle diffraction studies of oriented biological membrane multilayers, 
oriented fibers of nucleic acids, and filamentous proteins and viruses [8.5.63–8.5.70].  Contrast 
matching and deuteration of selected intramolecular sites are key advantages of neutron 
scattering in these applications.  The combination of these results with high-resolution structures 
of individual macromolecular components provided by x-ray crystallography greatly enhances 
our understanding of these supramolecular structures.  The dramatic gains in long-wavelength 
neutron flux provided by the LWTS will have a major impact on studies of the structures and 
kinetics of supramolecular complexes in oriented fibers, multilayers, and single monolayers 
conducted using low-angle neutron diffraction (Sec. 4.1) and neutron reflectometry (Sec. 4.4).  
Most importantly, the facility will provide for a dramatic reduction in data collection times for 
experiments that involve an extensive systematic series (for instance, comparisons of 
isomorphous samples with deuterated vs. protonated components, whose long-term stabilities 
can be problematic).  Scientists can extend the studies on oriented multilayers down to the level 
of single bilayers and single monolayers, both on alkylated inorganic multilayer substrates and 
on a liquid/vapor interface (where the surface pressure controls an additional key thermodynamic 
parameter).  In the former case, the multilayer substrate allows unique phasing of the reflectivity 
data, providing the scattering length density profile of the bio-organic overlayers directly [8.5.71, 
8.5.72]. 
 
8.5.3.7 Neutron-Scattering-Based Potentials for Molecular Dynamics 
 
Perhaps two of the most important aspects of macromolecular dynamics accessible at the LWTS 
are the connection between pico- and nanosecond motions on the Å length scale in native 
proteins and the results of computer molecular dynamics (MD) simulation studies.  For scientists 
to realize the full potential of MD as a predictive tool, accurate interatomic potentials must be 
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available.  Neutron-scattering data are ideally suited to verifying such potentials because of the 
ease of calculating neutron-scattering spectra in absolute scale for comparison with experimental 
results.  This approach will become even more powerful as future increases in computing power 
make it routinely possible to “tune” potentials by comparison with neutron-scattering results.  
The combined use of MD and INS has already made a significant impact in the study of 
relatively complex disordered systems [8.5.73].  Examples include biologically important 
interacting ligands in solution, as well as organic and inorganic materials that are increasingly 
important to modern technologies.  These advances will spur a revolution in materials design and 
optimization. 
 
8.6 Fundamental Neutron Physics 
 
8.6.1 Introduction 
 
A wide variety of investigations employing low-energy neutrons shed light on important issues 
in nuclear, particle, and astrophysics; the elucidation of quantum mechanics; the determination of 
fundamental constants; and the study of fundamental symmetry violation.  In many cases, these 
experiments provide information that is not otherwise available from accelerator-based nuclear 
physics facilities or high-energy accelerators.  An energetic research community in the United 
States is engaged in “fundamental” neutron physics — the use of neutrons in the study of 
fundamental physics issues.  The LWTS and the HPTS will allow an exciting program of such 
work in the next decade.  
 
8.6.2 Opportunities for Neutron Scattering in the Study of Fundamental Neutron Physics 
 
Current experiments in fundamental neutron physics address scientific issues in four general 
categories: 
 

1. The nature of time reversal noninvariance and the origin of the cosmological baryon 
asymmetry 

2. The nature of the electroweak theory and the origin of parity violation 
3. The nature and detailed description of the weak interaction between quarks 
4. The origin of the heavy elements and other issues in stellar astrophysics 
 

The first category, which lies at the heart of modern cosmology and particle physics, includes the 
search for the neutron electric dipole moment [8.6.1] and the search for T-odd correlation 
coefficients in neutron beta decay (“D-coefficient” [8.6.2] and “R-coefficient” [8.6.3]).  The 
following are among the important issues addressed by neutron experiments: whether the baryon 
asymmetry of the universe is directly related to fundamental T-violation [8.6.4] and whether the 
magnitude of T-violation is consistent with the predictions of the Standard Model [8.6.5].   
 
The second category involves accurately characterizing the parameters that describe neutron beta 
decay (lifetime and correlation coefficients [8.6.6]).  Comparison of these results provides a basis 
to determine whether the weak interaction in the charged-current sector is completely left-handed 
(as it is in the Standard Model) or has right-handed components [8.6.7].  These precision 
measurements can also furnish important information regarding the completeness of the three-
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family picture of the Standard Model through a test of the unitarity of the Cabibbo-Kobayashi-
Masakawa matrix [8.6.8].  Neutron beta decay also provides the timescale for big bang 
nucleosynthesis [8.6.9] and remains the largest uncertainty in cosmological models that predict 
4He abundance [8.6.10]. 
 
Category three involves the study of the weak interaction between quarks in the strangeness-
conserving sector [8.6.11].  This study is very problematic because of the overwhelming direct 
effects of the strong interaction. As a result, the effective weak couplings in the usual meson-
exchange model of the process are poorly understood [8.6.12]; different experiments have 
yielded contradictory results [8.6.13].  Sensitive experiments conducted using polarized cold 
neutrons to determine parity violation (an unambiguous tag for the weak interaction) in the n-p, 
n-D, and n-4He systems afford an opportunity to measure NN weak interactions in simple 
systems that are free of unknown nuclear structure effects [8.6.14].  Knowledge of these 
interactions is necessary for understanding parity-violating phenomena in nuclei, such as the 
recently discovered nuclear anapole moment [8.6.15]; this knowledge is also relevant to quantum 
chromodynamics (QCD) in the strongly interacting limit. 
 
The final category examines stellar astrophysics and the origin of the heavy elements.  Light 
element nucleosynthesis occurred during the first few minutes of the big bang; however, all 
isotopes with an atomic mass number greater than seven are created only in stellar processes 
[8.6.16].  Typically, these stellar processes (“r, “s, “p, etc.) involve competition between neutron 
capture, which moves isotopes to increasing atomic mass number, and beta decay, which 
increases atomic number.  The relative isotopic abundances are particularly sensitive to the 
neutron capture cross sections of radioactive nuclei with lifetimes comparable to s-process 
timescales (months to years [8.6.17]).  Intense neutron sources in the few-keV energy regime 
(corresponding to stellar temperatures) provide the only experimental method for obtaining this 
information.  
 
Both statistics and systematic effects significantly limit essentially all the experiments in this 
program.  During the last few years, it has become apparent that a pulsed source offers unique 
opportunities for addressing potential systematic errors in these very sensitive experiments.  For 
example, the current generation of experiments employs neutron TOF to accurately determine 
neutron polarization [8.6.18], account for the effects of stray magnetic fields, identify 
momentum-dependent parasitic effects, and improve signal-to-noise ratios.  A dedicated 
fundamental neutron physics beamline at the SNS — the most intense pulsed source in the world 
— accommodating long-term experiments in sequence, will be uniquely suited to address both 
the statistical and systematic issues in future experiments. 
 
8.6.3 Potential Areas of Study 
 
A recent international workshop [8.6.19] identified the following categories of specific 
experiments that should be pursued and technical facilities that should be developed in the initial 
fundamental physics program at the SNS.  We have included brief comments regarding the 
advantages of a pulsed neutron source following each category description. 
 

(1) Experiments to measure the weak NN interaction for example, gamma asymmetry in np 
and possibly nD capture, neutron spin rotation measurements in np and possibly nD, and 
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n-4He.  A spallation neutron source provides TOF information that allows important 
checks of possible systematic effects. 

 
(2) In-beam neutron decay experiments that require absolute neutron polarization 

measurements (A and B coefficients).  A spallation source provides neutron TOF 
information, which allows scientists to exploit polarized 3He neutron polarizers in a 
powerful way. 

 
(3) Neutron cross-section measurements in the keV range on radioactive samples for nuclear 

astrophysics.  Only spallation sources produce neutrons of adequate fluxes in this energy 
regime.  Neutron TOF allows for the resolution of nuclear resonances.  The increased 
intensity of the SNS allows researchers to study interesting radioactive isotopes that are 
only available in very small samples.  

 
(4) Measurements with UCNs (such as neutron beta-decay measurements and the neutron 

electric dipole moment), which operate in a short-fill, long-counting mode.  A high-peak-
intensity pulsed source allows for greatly increased signal-to-noise ratios. 

 
(5) The production of ultracold neutrons [8.6.20] using a stand-alone, low-current spallation 

target would provide a very high density of UCN and would allow improved 
measurement of neutron beta-decay parameters [8.6.21] and, perhaps, the neutron electric 
dipole moment.  A very low power spallation source for UCN production is possible only 
at an accelerator. 

 

Participants in the TUNL workshop concluded that in each of the scientific areas in which 
fundamental neutron physics measurements have an important impact, there are crucial 
experiments that can best be performed at the SNS — some at the HPTS, some best suited for 
the LWTS. 
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9. PELLETIZED MODERATORS AND OTHER R & D EFFORTS 
 
9.1 Pelletized Moderator Development 
 
This section describes results of some efforts that have already progressed significantly and lists 
others in which work needs to be undertaken.  Numerous issues have arisen during concept 
development that require more information than is now available to provide the basis for detailed 
design and for potential design innovations.  Our R&D program will address these data gaps. 
 
Pelletized moderators are a possibility for the LWTS.  Having solid moderating material 
dispersed in a flowing liquid coolant, which may also be a moderating material, a pelletized 
moderator might accomplish the following: 
 
• Enhance heat removal, enabling use of moderator materials with good neutronic and poor 

thermal properties 
• Limit the spontaneous release of stored radiation damage energy to small volumes,  
• Stabilize against the spontaneous release of stored radiation damage energy 
• Dissipate the energy and gases released without damage to moderator structures 
• Allow the use of coolants (e.g., liquid helium) with no moderating properties, enabling lower 

moderator temperatures  
• Permit a moderator configuration in which solid moderator material can be exchanged 

continuously or in batches in the active region 
 
9.1.1 The Pelletized Moderator Concept 
 
Solid methane in liquid hydrogen is an example of a pelletized moderator concept for use at 
high-power spallation sources where monolithic solid moderators would not be feasible [9.1.1–
9.1.5].  Designers often consider solid methane to be the best material for high-resolution 
moderators on pulsed spallation sources because it has a high hydrogen density (leading to 
narrow pulses) and favorable low-energy inelastic neutron scattering (leading to low spectral 
temperatures). Unfortunately, the thermal conductivity of solid methane is very poor (except near 
the 20.4 K phase transition), which precludes its use as a moderator material in high-power 
sources. Also, solid methane is subject to radiation damage that builds up stored chemical energy 
in the material.  This energy can spontaneously and precipitously appear as heat (burping), 
resulting in temperature and pressure increases so large and fast that they threaten the integrity of 
the moderator vessel. The intent of a pelletized moderator is to avoid the radiation damage by 
increasing the heat removal capabilities of the moderator system; limiting the volume of solid 
moderator material involved in the spontaneous, highly nonlinear energy release process; and 
providing a way to dissipate the pressure surge following a burp. We envision a pelletized 
moderator as a randomly packed bed of solid methane pellets 1–5 mm in diameter that is cooled 
by flowing liquid hydrogen.  Table 9.1 shows mean hydrogen densities for various methane and 
hydrogen moderator systems. 
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Table 9.1. Hydrogen densities for various methane and hydrogen moderator systems.  (Percentages 
indicated are by volume.) 
 

Material H Density 
(p/b-cm) 

H Density 
(relative) 

Solid methane at 22 K  0.0787 1.11 
Liquid hydrogen at 15 bar and 22 K 0.0439 0.49 
Solid methane at 22 K with 10% aluminum 0.0709 1.00 
48% methane at 22 K with 52% hydrogen at 15 bar 0.0632 0.89 
62% methane at 22 K with 38% hydrogen at 15 bar 0.0655 0.92 
78% methane at 22 K with 22% hydrogen at 15 bar 0.0709 1.00 

 
All methane moderators at current facilities use a methane-aluminum mix (about 10 vol% 
aluminum) to provide adequate cooling to the methane. A randomly packed bed of mono-
disperse spheres has 62% of the density of the solid.  Researches have developed prototypes that 
accomplish this packing density in 3-mm hexagonal prism pellets of methane and ammonia 
[9.1.5].  Matching the hydrogen density of a methane-hydrogen pelletized moderator to that of a 
solid methane/aluminum moderator would require a particle packing fraction of 78%, which is 
theoretically possible (in a hexagonal close-packed arrangement) but might challenge thermal 
hydraulics requirements.  Nevertheless, the hydrogen density of the 62% packed bed is attractive. 
 
9.1.2 Simulation Techniques 
 
Optimization of a spallation neutron source requires accurate calculations of neutronic 
performance. A pelletized moderator, with heterogeneity on length scales comparable to those of 
neutron mean-free-paths, may not perform as a homogenized mixture of its constituent materials. 
Because previous work [9.1.6] predicts a strong effect of pellet size on moderator performance, 
we have examined techniques for (a) analyzing the neutronic performance of pelletized 
moderators, in particular, heterogeneity effects in pelletized moderators and (b) assessing the 
performance of pelletized moderators in comparison to conventional monolithic moderators.  We 
use the MCNP code package, [9.1.7] which, like most neutronic codes, usually involves defining 
volumes of specific shape having a specific composition at each location.  Unfortunately, this 
method is ill-suited to the task of modeling a pelletized moderator in detail.  Because (a) it 
requires a great deal of manual setup and (b) it requires a large amount of computer memory and 
CPU time.  However, most neutron transport codes include an alternative capability for treating 
regular array geometries. MCNP provides this capability in terms of the “lattice geometry,” in 
which a regular array of identical cells fills a larger region — in our case, an array of methane 
pellets in a hydrogen matrix. 
 
The lattice geometry technique substantially reduces the manual setup time and the computer 
memory required but still requires significantly more CPU time than the homogenized 
calculation. For example, calculations with a relatively coarse lattice (7.4-mm pitch with 48% 
packing fraction) required 60% more CPU time than did a homogenized mixture.  Smaller 
pitched lattices are even more demanding, but CPU time at this level does not present a 
significant problem.  
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Finally, we observed that the simple cubic lattice has unrealistic clear streaming paths through 
the moderator, which do not occur in a randomly packed bed. We have not examined any effects 
from these clear paths, although we have identified ways to do so. 
 
9.1.3 Calculations of Heterogeneity Effects 
 
The details of the MCNP lattice geometry implementation limit the array to a simple cubic lattice 
with a maximum packing fraction of π/6 ≈ 52% for spherical pellets. This fraction is lower than 
the desired pellet fraction and lower even than the realistic fraction in a randomly packed bed. 
However, when we compared calculations for spherical pellets with those for cubic pellets of the 
same volume, we found no differences in moderator performance. Thus, we modeled our pellets 
as cubes within a simple cubic lattice, which permits any desired packing fraction.  
 
We performed a series of calculations for a moderator consisting of 48% methane and 52% 
hydrogen (by volume). This packing fraction permits comparison of a lattice of spherical pellets 
to one having cubic pellets. We found no significant difference in either the spectral-shape or 
emission-time distributions between these cases for cell pitches of 0.74 to 7.4 mm and no 
difference in performance between pellets and a homogenized mixture of the same materials. 
These findings contrast with the results of work performed elsewhere, [9.1.6] which revealed 
changes as large as 20% in 1-eV-normalized spectral intensity between pelletized and 
homogeneous configurations. Although our results seem to indicate that we do not need to 
consider heterogeneity effects in our calculations, the disagreement with other results and the 
relatively low cost of modeling heterogeneity justify continuing to include it.  
 
9.1.4 Pelletized Moderator Performance:  An Example 
 
We calculated spectral intensities and corresponding emission time distributions for a pelletized 
moderator having a 48% packing fraction of solid methane, the remainder parahydrogen, both at 
22 K and compared the results with those from a conventional methane/aluminum moderator.  
Figure 9.1 shows normalized lethargy spectra for the two moderators.  The integrated neutron 
thermal intensities are nearly identical.  The spectral temperature for the pelletized moderator is 
slightly higher, but we anticipate that it will decrease at higher pellet packing fractions. Although 
the pelletized moderator in this case has only 89% of the hydrogen density of the conventional 
moderator, its spectral intensity is quite respectable. 
 
Figure 9.2 shows a significant difference in the emission time distributions from the two 
moderators.  At the energy shown (5 meV), the pelletized moderator has a slightly higher peak 
intensity and a lower tail  (good aspects) but a slower rising edge and slightly broader pulse (bad 
aspects). The pelletized moderator pulse shape has some features that seem similar to those of 
the para-hydrogen moderator pulse shapes.  This result may be caused by the clear paths between 
the methane pellets. Such paths through para-hydrogen (which has a mean-free-path of 450 mm 
at neutron energies below 15 meV) might result in an unrealistically leakage-dominated 
moderator. 
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Fig. 9.1. Moderator spectra for pelletized (48% packing fraction) and conventional moderators, 
normalized to 1 eV. 

 
Fig. 9.2. Emission time distributions (5 meV) for pelletized (48% packing fraction) and conventional 
moderators. 
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9.2 R&D Program 
 
More R&D relating to the source and instruments is necessary to meet design requirements. 
 

• Guide and bender effectiveness and shielding:  Conduct numerical simulations, collect 
data from ISIS and SNQ at PSI in Switzerland, complete AGS ASTE tests at BNL, and 
conduct prototype tests at IPNS. 

 
• Solid methane moderators:  Track and collaborate in DOE-sponsored pelletized 

moderator development at CFI Inc.; support cell calculations at UIUC; participate in the 
ACoM collaboration; cosponsor, track, and collaborate in URAM measurements at 
Dubna; conduct tests at a small reactor; examine (destructively) the removed IPNS 
moderator. 

 
• Solid 15NH3 alternative:  Obtain S(Q,ω) measurements at IPNS, collaborate in 14NH3 

moderator tests at Hokkaido University, and conduct tests at a small reactor. 
 

• Compact benders:  Conduct tests at IPNS and collect data from ISIS and elsewhere. 
 

• Focusing optics:  Conduct prototype tests at IPNS. 
 

• Crystal analyzer spectrometer time focusing:  Conduct proof-of-principal tests at IPNS. 
 

• Neutron polarization:  Study theory of new techniques and conduct prototype tests at 
IPNS. 

 
• Drabkin filter:  Conduct tests at IPNS. 

 
• Detectors:  Acquire and test prototypes at IPNS (e.g., LiGd borate scintillators), and 

participate in evaluations at ISIS and elsewhere. 
 

• Neutron beam diagnostics:  Develop and test techniques at IPNS. 
 
This list is incomplete; we will prioritize and set detailed plans in the areas ultimately chosen for 
investigation. 
 
9.3 Neutron Physics and Moderator Development Laboratory 
 
The SNS will be the largest and best pulsed neutron source facility in the world.  To leverage the 
investment in that facility, to take best advantage of the expertise that will be concentrated and 
developed during the design and construction of that facility, and to optimize the performance of 
that facility, we propose a development center, a Neutron Physics Laboratory (NPL) dedicated to 
studying the science and engineering of such a neutron source.  The NPL might be located at 
SNS or at another institution.  This proposal represents our acknowledgment that pulsed neutron 
source engineering is at the cutting edge and that new information will make room for new ideas 
for improving the SNS.  Because the SNS project is the world’s first greenfield pulsed spallation 
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neutron source, it presents a unique opportunity to maximize its performance and the long-term 
scientific impact of fundamental development efforts in neutron production and neutron 
scattering.  In addition, the proposed NPL will serve as a proof-of-principle for small, university-
scale neutron source facilities, which will expand teaching and research capabilities within the 
neutron source user community. 
 
The NPL will consist of a balanced combination of experimental and analytical capabilities.  The 
laboratory will require a neutron source based on a small, low-energy accelerator but one just 
large enough to perform the experiments necessary to characterize the phenomena being studied.  
The earlier work of Graham and Carpenter at the University of Michigan, as well as the ongoing 
work of Kiyanagi at the University of Hokkaido, suggest a likely scale for this operation.  The 
low intensity of this source makes it far more amenable to modification and reconfiguration than 
a higher power installation.  Fewer components require active cooling, far less shielding and 
personnel access will be far easier.  SNS personnel will carry out much of the R&D activity at 
NPL in collaboration with other interested parties: ISIS (TS2), ESS, and JNF (ACoM, URAM). 
 
We therefore propose that the NPL include a neutron source that produces 5 × 1012 neutrons per 
second (time averaged), operating in a short-pulsed mode. In such a mode, the accelerator will 
operate at no more than 240 Hz with a pulse length of no more than 5 µs.  The machine should 
also be capable of operation significantly shorter pulse lengths than at the SNS (an attendant 
decrease in total yield will be acceptable) because the characteristic pulse length for short-
wavelength neutrons at the SNS will approach 0.6 µs, and this range should be accessible to the 
NPL efforts as well.  The recent proposal [9.3.1] to construct a low-energy neutron source 
(LENS) based on the facilities of the University of Indiana, can serve the purpose we outline 
here (we are taking part in the planning for that laboratory). 
 
9.4 Conclusions 
 
We have developed a method for modeling the performance of heterogeneous pelletized 
moderators with relatively little effort. Our results differ from those obtained by others, in that 
treating a pelletized moderator as a homogenized block gives nearly the same results as the 
heterogeneous calculation.  
 
Our calculations indicate very promising performance from pelletized methane moderators, 
which is comparable to that of monolithic methane/aluminum moderators used today.  
Continuing R&D should include modeling of the polyethylene/hydrogen pelletized systems 
measured elsewhere [9.4.1, 9.4.2], calculations for other packing fractions and more pellet sizes, 
the effects of unrealistic clear streaming paths through regular lattices of pellets, and treating 
randomly packed beds of pellets. 
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10. CONTRIBUTORS TO THE DEVELOPMENT OF THE LWTS 
CONCEPTUAL DESIGN AND SCIENTIFIC CASE 

 
The technical concepts for the, LWTS, the LWTS Science Case, and for the LWTS preliminary 
instrument package came about in a series of steps, which began in 1998.  Initial questions had to 
do with scale: opening a second target station at SNS would roughly double the number of 
instruments that SNS could accommodate, based on the already committed accelerator and 
conventional components of the project.  However, beam power diverted to the second target 
station would diminish the performance of many of the instruments on the first, HPTS.  (Later, 
we found means to deliver adequate power to LWTS while maintaining full power to HPTS.)  
But then again, a second target station, operating at a fraction of the frequency of the HPTS (but 
with the same charge delivered per pulse), would better accommodate the instruments that use 
long-wavelength neutrons and are poorly suited to the 60-Hz HPTS. Moreover, the lower time-
average power of a lower-frequency installation would place lower engineering demands on the 
target and moderators, enabling more effective optimization for long-wavelength applications. 
 
Thus arose the fundamental concepts of LWTS, mutually complementary as well as 
complimentary: low frequency so as to provide the wavelength bandwidth needed for long-
wavelength neutron applications and consequent low power to enable the most effective target 
and cold moderator design for long-wavelength neutrons.  The U.S. National Science Foundation 
provided funds to further evaluate the LWTS ideas. 
 
The initial list of about 35 instruments for SNS, with estimates of the desired operating 
frequency and wavelength range, provided a basis for quantifying the division of instruments 
between the HPTS and LWTS and for setting the performance goals for LWTS.  LWTS would 
provide clear advantages for the total SNS facility, if the pulsing frequency were about 10 Hz, 
and if the moderators were on average about three times more efficient for producing long-
wavelength neutrons as those of HPTS.  The early considerations were based on SNS beam 
power of 2.0 MW.  Although the goal for the near term is now 1.4 MW, the basis for LWTS 
design is still one-third of 2 MW, namely 333 kW. 
 
In summary, the goals for LWTS arose as follows: 
 

• Low frequency — 10 Hz 
• Low power, same charge per pulse as HPTS — 33.3 kJ/pulse, 333 kW 
• Moderator efficiency for long wavelengths three times greater than HPTS 

 
Further in the vein of conceptual complementarity and complimentarity, optimization for long-
wavelength neutron applications leads to extensive use of neutron guides, while curved guides 
(increasingly effective as wavelengths become longer) act as filters against fast and high-energy 
neutrons.  Incorporating curved (long) guides and/or beam benders (short) enables use of the 
unconventional “slab moderator” (radial source/moderator) geometry, avoided in multipurpose 
sources, but more effective.  (Multipurpose sources must serve short-wavelength applications 
and cannot profit from universal use of guides and benders.  To minimize the contamination of 
the beams by fast neutrons, all sources to date have used “wing moderators,” that is, tangential 
source/moderator geometry.) 
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Still further, a goal for LWTS is to adapt as closely as possible (while optimizing for long-
wavelength neutrons and capitalizing on the benefits of lower power) the design of the HPTS, so 
as to minimize the engineering, design, construction, and operating costs of the second facility. 
 
The following pages list the names of participants in the various activities that took place during 
the concept development and the technical and scientific evaluations of the LWTS. 
 
Once the participants agreed on these ideas, the Concept Design Group set to work in early 1999 
and formulated and evaluated a set of preliminary concepts that led to a preliminary Concept 
Design Review in January 2000 and the submission of a proposal to the NSF to support further 
work. 
 
Argonne convened a review of the Concept Design, which took place in January 2000 and 
endorsed the LWTS concepts.  Participants in that review, listed on the following pages, 
included the most experienced target systems designers; leaders in the use of neutron scattering, 
especially of long-wavelength neutrons; and experienced designers of neutron-scattering 
instruments. 
 
Various breakout meetings on the general subject of soft matter science took place during the 
May 2000 meeting of the Neutron Scattering Society of America in Washington, D.C., which 
focused attention on the prospects for LWTS.  A Reference List of instruments evolved from 
these and from the ongoing scientific workshops, which provided a basis for evaluating possible 
physical layouts of the LWTS experimental area. See Section 2.1.  
 
The NSF rapidly approved a program that supported further work on the LWTS technical design, 
the formulation of a science case for LWTS, and the conceptualization and evaluation of 
instruments designed to serve the needs of the foreseen scientific applications.  The Concept 
Design Group continued its work, and workshops on behalf of LWTS convened in 2000 to 
evaluate the uses of LWTS in six different general fields: Polymers, Colloids and Structural 
Biology; Magnetism; Disordered Materials; Long-Wavelength Powder Diffraction; Chemical 
Spectroscopy, Protein-folding Dynamics, and Polymer Dynamics; Structural Biology; and 
Fundamental Physics.  The following pages list the participants in those workshops.  The 
sections in Chapter 8 of this report are summaries of the products of their discussions. 
 
Argonne convened a review of the Science Case for LWTS in October 2000 and a general 
review of the LWTS project in November 2000. 
 
Needs for instrumentation that emerged from the science workshops led eleven groups to 
develop concepts for eleven instruments or classes of instruments, carried out to varying levels 
of completeness. The following pages list the names of those who took part in those efforts. 
 
Throughout, the theme of the work was to provide a source design that responds to scientific 
needs.  The work was to have been a repeatedly iterated process in which science drives 
instruments, instruments drive the source, and source opportunities stimulate instruments that 
inspire new science.  All participants in the LWTS development dedicated their efforts to the 
process in this spirit. 
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University of Maryland – April 19, 2000 
 

Contributors 
J. F. Ankner, SNS-ORNL T. E. Mason, SNS-ORNL 
S. Baker, Harvey Mudd Univ. A. Palmer, Howard Univ. 
J. Briber, Univ. Maryland J. W. Richardson, IPNS-ANL 
E. B. Iverson, SNS-ORNL T. Russell, Univ. Massachusetts 
E. Kaler, Univ. Delaware J. K. Zhao, SNS-ORNL 
L. Magid, Univ. Tenn. Knoxville  

_______________________________________ 
Magnetism Workshop 
ANL - April 27, 2000 

 
Contributors 

D. Argyriou, MSD-ANL J. D. Jorgensen, MSD-ANL 
C. Broholm, Johns Hopkins Univ. M. Lumsden, ORNL 
G. Aeppli, NEC Research J. W. Lynn, NIST 
D. Abernathy, SNS-ORNL J. L. Manson, MSD-ANL 
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M. Greven, Stanford Univ.  

_______________________________________ 
Disordered Materials Workshop 

University of Delaware - April 28-29, 2000 
 

Contributors 
C. A. Angell, Arizona State Univ. D. D. Klug, NRC-Canada 
S. Baker, Harvey Mudd Univ. J. D. Londono, DuPont 
F. J. Bermejo, C.S.I.C. Madrid Spain C-K Loong, IPNS-ANL 
J. M. Carpenter, IPNS-ANL L. Magid, Univ. Tenn. Knoxville 
H. R. Glyde, Univ. Delaware D. L. Price, MSD-ANL 
K. W. Herwig, SNS-ORNL M. L. Saboungi, MSD-ANL 
L. E. Iton, MSD-ANL P. Sokol, Penn State Univ. 
S. M. Kauzlarich, UC-Davis H. L. Strauss, UC-Berkeley 
D. G. Kearley, Univ. Delft G. X. Tessema, NSF 
M. L. Klein, Univ. Pennsylvania J. Turner, Univ. Tenn. Knoxville 

_______________________________________ 
Long Wavelength Powder Diffraction Workshop 

ANL - May 12, 2000 
 

Contributors 
J. D. Jorgensen, MSD-ANL P. W. Stephens, SUNY Stony Brook 
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D. Argyriou, MSD-ANL J. Turner, Univ. Tenn. Knoxville 
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J. W. Richardson, IPNS-ANL R. Whetten, Georgia Tech. 
A. Stein, Univ. Minnesota  

_______________________________________ 
Spallation Neutron Source Users Meeting 

Washington, DC- May 21-24, 2000 
~300 Attendees 

_______________________________________ 
Workshop on “Fundamental Physics with Pulsed Neutron Beams” 

Research Triangle Park, North Carolina – June 1-3, 2000 
~60 attendees 

Proceedings published in “Fundamental Physics with Pulsed Neutron Beams”, eds. C. Gould,  
G. Greene, F. Plasil, M. Snow, World Scientific, 2001 
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_______________________________________ 
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Structural Biology 
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G. Lynn, CSMB-ORNL C. Wilson, ISIS-RAL 
L. Magid, Univ. Tenn. Knoxville J. K. Zhao, SNS-ORNL 

 



Technical Concepts for a LWTS for the SNS November 2002 

142 

INSTRUMENT CONCEPT DEVELOPMENT TEAMS 
_______________________________________ 

Broad-Range Intense Multipurpose SANS 
Contributors 

J. M. Carpenter, IPNS-ANL P. Seeger, LANSCE-LANL 
K. C. Littrell, IPNS-ANL P. Thiyagarajan, IPNS-ANL 

_______________________________________ 
200-neV Backscattering Spectrometer 

Contributors 
H. N. Bordallo, IPNS-ANL K. Herwig, SNS-ORNL 
J. M. Carpenter , IPNS-ANL K. C. Littrell, IPNS-ANL 

_______________________________________ 
Magnetism Diffractometer 

Contributors 
D. Argyriou, MSD-ANL J. D. Jorgensen, MSD-ANL 
J. M. Carpenter, IPNS-ANL K. C. Littrell, IPNS-ANL 

_______________________________________ 
Broad-Band Reflectometer 

Contributors 
J. Ankner, SNS-ORNL E. Gilbert, IPNS-ANL 
G. Felcher, MSD-ANL  

_______________________________________ 
Grazing Incidence SANS  Reflectometer 

Contributors 
J. Ankner, SNS-ORNL E. Gilbert, IPNS-ANL 
G. Felcher, MSD-ANL  

_______________________________________ 
Neutron Spin Echo Spectrometer 

Contributors 
G. Felcher, MSD-ANL J. Lal, IPNS-ANL 
F. Klose, SNS-ORNL K. C. Littrell, IPNS-ANL 

_______________________________________ 
Polarized Reflectometer 

Contributors 
G. Felcher, MSD-ANL S. te Velthuis, MSD-ANL 
F. Klose, SNS-ORNL  

_______________________________________ 
Fundamental Neutron Physics 

Contributors 
G. Greene, LANSCE-LANL M. Snow, Indiana Univ. 
K. C. Littrell, IPNS-ANL  

 
_______________________________________ 

Direct-Geometry Spectrometer 
Contributors 

C. J. Benmore, IPNS-ANL C-K Loong, IPNS-ANL 
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Instrument Concept Development Teams (cont) 
_______________________________________ 

High-Resolution Powder Diffractometer 
Contributors 

J. P. Hodges, SNS-ORNL J. W. Richardson, IPNS-ANL 
J. D. Jorgensen, MSD-ANL A. Wilkinson, Georgia Tech 

_______________________________________ 
Protein Diffractometer 

Contributors 
C. Dealwis, Univ. Tenn. Knoxville A. J. Schultz, IPNS-ANL 
K. C. Littrell, IPNS-ANL P. Thiyagarajan, IPNS-ANL 
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